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Abstract: The study is focused on the determination of the most effective
chemical leaching process for the simultaneous demineralization/deashing and
desulfurization of subbituminous coal from the Bogovina Basin. Coal was
treated for 30 min, at different temperatures, using variable concentrations of
hydrochloric, nitric, acetic and citric acids; hydrogen peroxide, mixture of hyd-
rogen peroxide and nitric acid (pH 2), as well as by the stepwise leaching pro-
cess (nitric acid + mixture of hydrogen peroxide and nitric acid, pH 2). The
changes in mineral composition, caused by the chemical leaching, are followed
using X-ray diffraction, whereas alterations of coal organic matter are tracked
by Fourier-transform infrared spectroscopy and the content of fixed carbon.
Inorganic acid leaching, regardless of the temperature and acid concentration,
enabled the successful deashing of coal, whereas the percent of desulfurization
was insufficient. The organic acid leaching was not satisfactory for both,
deashing and desulfurization. Leaching by H,0, and H,O,/HNO; mixture (pH
2) resulted in moderate desulfurization, but the ash reduction was low. The
most suitable method for the simultaneous effective ash (78 wt.%) and the
sulfur (66 wt. %) removal from Bogovina coal is the two-step leaching, com-
bining 10 vol. % HNOj; and mixture of 35 vol. % H,0,/10 vol. % HNOj; of pH
2 at 60 °C.
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1114 PANTOVIC SPAJIC et al.

INTRODUCTION

Coal is fossil fuel and an important source of power generation all over the
world.! However, the coal combustion is associated with the release of a large
quantity of pollutants that have negative impact on ecosystem and human health,
agricultural products and also causes corrosion of metal in stokeholes. 24 The
major coal components that cause problems with combustion are sulfur/its com-
pounds and mineral matter (MM), which is transformed into ash.# Sulfur in coal is
present in the elemental form, as well as in inorganic compounds and organic
matter (OM). The latter includes “free” sulfur compounds in bitumen, but are also
part of sulfur bounded in kerogen. The inorganic sulfur forms comprise sulfides
(e.g., pyrite, marcasite) and sulfates (gypsum, barite, etc).* The organic sulfur com-
pounds in bitumen are represented by: thiols, sulfides, disulfides, thiophenes, ben-
zothiophenes, dibenzothiophenes, benzo[b]naphtho[d]thiophenes, etc. In the addit-
ion to ash formation by combustion, MM in coal decreases the calorific value and
increases transport costs.

Therefore, the processes of demineralization/deashing and desulfurization of
coal may prevent the serious environmental problems caused by the coal com-
bustion.! Methods for deashing and desulfurization can be conducted using chem-
ical treatments, physical processing and microbial treatments.!->~7 Some of phys-
ical methods like dry fluidization, jigging, dense media/heavy media separation,
hydrocyclone washing, magnetic separation, oil agglomeration, float and sink, air
dense medium separation efc. can remove ash to a limited extent.3 The combin-
ation of physical and chemical methods (e.g., flotation and leaching with potassium
hydroxide/methanol) applied on Mezino coal is shown to achieve the reduction of
ash content of up to 83 wt. % and total sulfur up to 82 wt. %.9 Treatment of
Mezino coal by froth flotation and nitric/hydrochloric acid leaching process res-
ulted in ash reduction of 54.7 wt. %, whereas sulfur reduction was 74.1 wt. %.10

Numerous chemical leaching processes, single acid leaching,!1-12 stepwise
acid leaching,!3-15 leaching with oxidizing and chelating agents,10-19 alkali
treatments20 and combined alkali-acid leaching3-2! was applied to decrease the
ash and the sulfur content in coal, with relatively high efficiency. The percentage
of ash reduction was between 38.9 and 90.0 wt. %, whereas the degree of desul-
furization ranged from 52.7 to 89.7 wt. % for different alkali—acid leaching of
diverse coal under variable conditions.!-2!

The microbial treatment of coal under mild conditions (25-75 °C) is also
reported in literature,!-7 but this process is time consuming, with long incubation
period. The biodesulfurization study of Colombian coal sample, using the native
mixture of microorganisms showed 30-50 wt. % of total sulfur removal. Out of
the total sulfur removed, 85-96 wt. % was pyritic sulfur.22

Concerning that coals have very different and complex chemical composit-
ion, depending on biomass sources, depositional and post-depositional factors
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and maturity,# there is no single and unique reagent for the efficient deminerali-
zation/deashing and desulfurization.! Furthermore, since the calorific value of
coal depends on content of organic matter (primarily on the amount of fixed car-
bon, Cfix),* it is important that the applied of demineralization/desulfurization
process does not alter coal OM.

Considering the above-mentioned problems regarding pollution, and the sig-
nificance of coal as the main source for energy production in Serbia,23 designing
of cheap and efficient methods for removal of MM and sulfur from coal is of
essential importance. Hence, the manuscript is focused on the determination of
the cost and time effective chemical leaching process for simultaneous demine-
ralization/deashing and desulfurization of subbituminous coal from the Bogovina
Basin (Eastern Serbia). For that purpose, the coal was treated by: hydrochloric
acid, nitric acid, acetic acid, citric acid, hydrogen peroxide, mixture of hydrogen
peroxide and nitric acid (pH 2), as well as by the stepwise leaching process (nit-
ric acid + mixture of hydrogen peroxide and nitric acid, pH 2). Variable concen-
trations of mentioned reagents were used (with exception of hydrogen peroxide,
35 vol. %) and the leaching experiments were performed at different tempera-
tures. The changes in mineral composition and alterations in structure of coal
OM, caused by chemical leaching, were followed using X-ray diffraction (XRD)
analysis and Fourier-transform infrared spectroscopy (FTIR), respectively. Fur-
thermore, Cgx was determined in solid residues obtained by chemical leaching,
since the coal calorific value mostly depends on this parameter.

EXPERIMENTAL
Coal sample, proximate analysis and determination of sulfur content

The subbituminous coal sample was collected from the Bogovina East field (Lower Mio-
cene = 20-16 million years ago) of the Bogovina Basin (Eastern Serbia). According to an
average huminite reflectance, R,, which equals 0.42+0.04 %,?* the coal from this deposit
belongs to bright brown coal group (Low-Rank A).* The sample was selected based on the
previous studies of Bogovina East Field,2*25 which indicated the high amount of sulfur, the
relatively high percent of mineral matter and the considerable amount of liptinites for humic
coal, that represent the most reactive maceral group.*? Therefore, it serves as good substrate
for checking the efficiency of demineralization and desulfurization, as well as the influence of
applied chemical leaching treatments on OM structure.

The air-dried sample was crushed using Fritsch mortar grinder pulverisette 2 and sieved
through a 200 pm sieve. Proximate analysis (determination of analytical moisture, volatile
matter, ash and fixed carbon) of the coal was performed according to the ASTM D3172
standard,?® whereas total sulfur content was determined by the Eschka method.2” Bogovina
coal sample, used in this study, contains 16.82 wt. % moisture, 38.44 wt. % of volatile matter,
17.52 wt. % of ash, 27.22 wt. % of fixed carbon and 6.03 wt. % of total sulfur.

Leaching procedure

Chemical leaching of coal was conducted with inorganic acids (hydrochloric and nitric),
organic acids (acetic and citric), oxidizing agent (hydrogen peroxide), and the combination of
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acid/oxidizing agent (nitric acid/hydrogen peroxide) in a single and two-step process. The
acid-leaching treatment was chosen concerning the geological settings which are such that the
coal from the Bogovina East field was formed in a slightly alkaline depositional environment
generated by bentonite from the basement of the Main coal seam.?* It was further confirmed
by our preliminary leaching experiments using diverse concentrations of sodium hydroxide
solution at different temperatures, which showed low efficiency of both deashing and desul-
furization, attaining maximally 11.94 and 8.95 wt. %, respectively.

For each test, 600 cm?® of leaching reagent was added to 30 g of coal sample and the
mixture was heated and shaken on magnetic stirrer for 30 minutes at the constant mixing
speed of 250 rpm. After the leaching, the hot leached residue was cooled, filtered by vacuum
pump and rinsed with hot distilled water until the neutral reaction (pH 7) of filtrate. Finally,
the leached residue was dried in the oven (Memmert UNE 400 drying oven) at 105 °C to the
constant mass. The ash and sulfur contents, as well as of Cg,, in the obtained leached residues
were determined using the same methods as the in initial coal sample.?%-*7 For determining the
optimal temperature of leaching treatment, the first set of experiments (I) was performed at
temperatures 30, 60 and 90 °C using the 10 vol. % water solution of inorganic acids (hydro-
chloric and nitric), whereas treatment with organic acids (acetic and citric) of the same con-
centration (10 vol. %), hydrogen peroxide (35 vol. %), mixture of 35 vol. % hydrogen
peroxide/10 vol. % nitric acid (pH 2), as well as 10 vol. % nitric acid + 35 vol. % hydrogen
peroxide/10 vol. % nitric acid mixture at pH 2 (two-step leaching process) was carried out at
20, 40 and 60 °C. For establishing the influence of acids concentration on deashing and desul-
furization, the second set of experiments (II) was conducted in the same way as previous one
using the following concentrations of acids: 5, 10 and 15 vol. % at optimal temperature, which
was determined in the first set of experiments. This range of concentrations was selected
based on the data from literature, since it was shown that higher concentrations of acids (e.g.,
30 vol. % HNO3) could alter the coal structure.! Considering literature data® which states that
the desulfurization of coal by 20 vol. % hydrogen peroxide is unsuitable for removing organic
sulfur and that 30 vol. % H,0, could remove it up to 36 wt. % of sulfur from coal having
similar content of total sulfur (5.8 wt. %) as here studied Bogovina coal sample, all experi-
ments were done using 35 vol. % H,0, and mixture of 35 vol. % hydrogen peroxide/10 vol. %
nitric acid (pH 2). The performed leaching experiments are summarized in Table I. All experi-
ments were repeated three times and mean values are reported here with standard deviation
less than 0.5 %.

RESULTS AND DISCUSSION
Coal leaching with inorganic acids

The treatment with 10 vol. % HCI at all temperatures (30, 60 and 90 °C)
resulted in ash reduction from 17.52 wt. % in the initial coal to about 3.65 wt. %
in leached samples (Table 1), indicating the deashing efficiency of about 79 wt. %
(Table II). The sulfur reduction was also very similar at all temperatures, how-
ever, slightly better results were obtained at 60 and 90 °C (8.62 and 8.29 wt. %,
respectively) than at 30 °C (7.46 wt. %; Table II). Independently of temperature,
the amount of Cgy increases uniformly from 27.22 wt. % in initial coal to ~39.5
wt. % in all samples treated by HCI (Table I), due to the considerable removal of
MM. This has a positive impact on calorific value. Although, the data from
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Tables 1 and II clearly show that temperature plays insignificant role in coal
treatment by 10 vol. % HCI, but the best results are obtained at 60 °C. Therefore,
this temperature was chosen as optimal leaching temperature.

TABLE I. Summary of the performed experiments and contents of ash, total sulfur and fixed
carbon (Cg,) in initial coal sample and solid residues obtained by chemical leaching

Exp. . Leaching reagent Reaction Amount, wt.%
set Leaching reagent  #/°C concentration, vol. %  time, min  Ash Sulfur Cgy
Initial coal sample 17.52 6.03 27.22
I HCl 30 10 30 3.65 5.58 39.57
60 3.62 551 39.64
90 3.68 5.53 3934
HNO; 30 10 30 3.62 564 41.17
60 316 49 3825
90 329 4.77 35.76
CH;COOH 20 10 30 6.78 537 38.17
40 6.21 533 39.11
60 5.80 532 3892
Citric acid 20 10 30 11.26 556 32.08
40 9.59 539 3587
60 893 537 3593
H,0, 20 35 30 11.01 4.90 33.00
40 8.60 4.14 3424
60 13.08 4.94 35.80
H,0,/HNO; 20 35 (H,0,)/10 (HNO3) 30 13.73 540 31.70
pH2 40 8.81 4.64 3525
60 7.12 4.04 36.57
HNO; followed by 20 10 (HNO») 15 followed 4.09 5.05 40.96
H,0,/HNO;,pH2 40 followed by by 15 4.08 4.25 3882
(two-step process) 60 35 (H,0,)/10 (HNO3) 3.86 2.03 37.59
I HCI 60 5 30 335 5.69 40.84
60 10 3.62 551 39.64
60 15 333 549 4345
HNO; 60 5 30 347 5.13 36.02
60 10 3.16 490 38.25
60 15 341 445 3499
CH;COOH 40 5 30 851 550 36.28
40 10 6.21 533 39.11
40 15 7.04 547 3744
CH;COOH 60 5 30 579 472 3945
60 10 580 532 3892
60 15 527 522 39.12
Citric acid 60 5 30 8.08 5.35 3595
60 10 893 537 3593
60 15 10.18 5.38 34.85
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TABLE II. Ash and sulfur reduction in solid residues obtained by chemical leaching; the
results for optimal concentrations and temperatures are marked by bolded text

Exp Leaching reagent Reaction Amgunt
' Leaching reagent t/°C > L . reduction, %
set concentration; vol.%; time, min ——————
Ash®  Sulfur’
1 HCI 30 10 30 79.17  7.46
60 79.34  8.62
90 79.00  8.29
HNO; 30 10 30 7934 647
60 81.96 18.74
90 81.22  20.90
CH;COOH 20 10 30 61.30 10.95
40 64.55 11.61
60 66.89 11.77
Citric acid 20 10 30 3573 7.79
40 4526 10.61
60 49.03 10.95
H,0, 20 35 30 37.16 18.74
40 50.91 31.34
60 2534 18.08
H,0,/HNO;3 20 35 (H,0,)/10 (HNO3) 30 21.63 1045
pH2 40 49.71  23.05
60 59.36  33.00
HNO; followed by 20 10 (HNO3) 15 followed 76.66  16.25
H,0,/HNO;, pH 2 40 followed by by 15 76.71  29.52
(two_step process) 60 35 (HzOz)/lO (HNO3) 77.97 66.33
11 HCI 60 5 30 80.88  5.64
60 10 79.34  8.62
60 15 80.99 8.96
60 5 30 80.19 14.93
HNO; 60 10 81.96 18.74
60 15 80.54  26.20
40 5 30 51.43 8.79
CH;COOH 40 10 64.55 11.61
40 15 59.82  9.29
60 5 30 66.95 21.72
CH;COOH 60 10 66.89 11.77
60 15 69.92 1343
60 5 30 53.88 11.28
Citric acid 60 10 49.03 10.95
60 15 41.89  10.78

Ash reduction = 100(Ash content in initial coal — Ash content in leached coal)/Ash content in initial
coal; Pbulfur reduction = 100(Sulfur content in initial coal — Sulfur content in leached coal)/Sulfur
content in initial coa

The results from Table II indicate that the HCI concentration (515 vol. %)
does not considerably affect deashing of Bogovina coal (being in range from
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79.34 to 80.99 wt. %), whereas the influence on desulfurization is obvious. The
percentage of desulfurization increases from 5.64 wt. % for 5 vol. % HClI to 8.62
wt. % for 10 vol. % HCI, being similar to 15 vol. % HCI (8.96 wt. %). The con-
tents of Cgy in leached residues are also comparable for all studied concen-
trations of HCl (39.64-43.45 wt. %), however the highest abundance is observed
for 15 vol. % HCI. Considering all data related to HCI treatment, it can be noted
that the best results are achieved using 15 vol. % acid concentration at 60 °C.

Leaching with 10 vol. % HNO3 at 30 °C resulted in almost identical deash-
ing efficiency as leaching with 10 vol. % HCI at all temperatures (the ash content
in leached residue was 3.62 wt. %; the ash reduction was 79.34 %; Tables I and
II). At 60 and 90 °C slightly greater ash reduction is achieved using 10 vol. %
HNO3 (81.96 and 81.22 wt. %, respectively) than by 10 vol. % HCI (Table II). In
difference to deashing, the influence of temperature on desulfurization by leach-
ing with 10 vol. % HNOj3 is more evident.

The percent of sulfur reduction was 6.47 wt. % at 30 °C, 18.74 wt. % at 60
°C and 20.90 wt. % at 90 °C. The contents of Cgy in residues after leaching by
10 vol. % HNOj are higher than in the initial coal (Table I), as expected. How-
ever, the continuous decrease of Cgy content from 41.17 to 35.76 wt. % with the
temperature rise was observed (Table I). This can be attributed to the oxidizing
effect of HNOj3, which becomes more pronounced with the increase of tempera-
ture. The aforementioned data indicate the diverse efficiency of leaching by 10
vol. % HNO3 depending on temperature. Since the highest efficiency for deash-
ing by 10 vol. % HNOj is observed at 60 °C and considering that heating of
HNOj3 from 60 to 90 °C reduces the sulfur content for 0.13 wt. %, only, but also
decreases Cgx for 2.5 % (Table I), as well as, the energy consumption (that is
lower at 60 °C than at 90 °C), the temperature of 60 °C was chosen as optimal.

The results from Table II indicate that HNO3 concentration (5-15 vol. %)
does not considerably affect the deashing of Bogovina coal (80.19-81.96 wt. %),
with the highest ash reduction for 10 vol. % HNOj3 treatment. Different from the
deashing efficiency, the increase of HNO3 concentration showed significant imp-
act on desulfurization and Cgy content. The percentage of desulfurization inc-
reased from 14.93 wt. % for 5 vol. % HNOj3 to 18.74 wt. % for 10 vol. % HNO3,
being the highest for 15 vol. % HNO3 (26.20 wt. %). Cgx rose in leached resi-
dues from 36.02 wt. % for leaching by 5 vol. % HNOj3 to 38.25 wt. % for treat-
ment with 10 vol. % HNO3 and then decreased to 34.99 wt. % by leaching with
15 vol. % HNOj;. The results of leaching experiments with HNO3 indicated that
the highest efficiency of deashing and desulfurization can be obtained using the
concentration of 15 vol.% at 60 °C. However, for coal utilization processes
where Cgx content plays a more significant role than content of sulfur, leaching
by 10 vol. % HNO3 at 60 °C can be also considered.
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The results from Tables I and II show that deashing has rather high and almost
constant values for both HCI and HNO3, regardless of temperature and acid con-
centration, while desulfurization process is more influenced by these leaching para-
meters, particularly for HNO3. Comparing the results obtained by leaching with 5
vol. % acids at 60 °C, and 10 vol. % acids at 30 °C it can be noticed that
desulfurization efficiency of HCI depends more on concentration, whereas in the
case of HNO3 temperature has a more pronounced impact. The optimal chemical
leaching of Bogovina coal with both acids can be obtained using the concentration
of 15 vol. % at 60 °C. However, it is evident that both single acid leaching
treatments enable successful deashing of Bogovina coal, whereas percent of desul-
furization is insufficient. The better efficiency of HNO3 than HCI in desulfur-
ization can be attributed to the fact that nitric acid in difference to hydrochloric acid
has oxidizing properties. On the other hand, similar efficiency of both acids in
deashing indicates that mineral part of Bogovina coal is relatively resistant to oxi-
dizing agents. This suggests a low amount of sulfides (e.g., pyrite), pointing out
that sulfur in Bogovina coal is mostly present in OM as well as the inorganic
sulfates (anhydrite), which is also documented by XRD data. The changes in quali-
tative composition of MM, caused by chemical leaching, are followed by XRD
after subjecting the initial coal and the leached solid residues to the LTA process
(Fig. S-1 of the Supplementary material to this paper), as explained in more detail
in Supplementary material.

Since the content of OM, particularly Cgx controls heating value of coal, Cgy
is determined (Table I) and the FTIR spectra of the initial and the leached coal
are recorded (Fig. S-2). The FTIR spectra were done for all experiments, how-
ever, due to their great congruence for the same reagent they were done indepen-
dently on concentration and temperature; those corresponding to the optimal con-
ditions are explained in more detail in Supplementary material and shown in Fig.
S-2.

Coal leaching with organic acids

The possibility of Bogovina coal deashing and desulfurization using organic
acids (acetic and citric), that are generally less hazardous than HCI and HNO3,
was investigated as well.

Deashing by leaching with 10 vol.% acetic acid increases from 61.30 to
64.55 wt. % with temperature rise from 20 to 40 °C, being the highest (66.89 wt.
%) at 60 °C. In difference to inorganic acid treatments, the temperature showed
less impact on desulfurization ranged between 10.95 wt. % at 20 °C and 11.77 wt.
% at 60 °C. The same is related to Cgx content, which slightly increases from 38.17
wt. % at 20 °C to 39.11 wt. % at 40 °C, being similar at 60 °C (38.92 wt. %). Since
the results at 40 and 60 °C were rather uniform and considering lower energy con-
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sumption at 40 °C, the influence of acetic acid concentration on leaching efficiency
was tested at both temperatures.

The obtained data indicate greater impact of CH3COOH concentration on coal
deashing at 40 °C than at 60 °C, where results are similar. The sulfur reduction
generally diminishes with the increase of acid concentration at both temperatures.
Contents of Cgx are uniform; the highest values are detected for CH3COOH con-
centration of 10 and 5 vol. % CH3COOH at 40 and 60 °C, respectively. The great-
est efficiency at 40 °C is recorded for 10 vol. % acid concentration, whereas at 60
°C it is achieved with 5 vol. %. Comparison of the data from the experiments with
10 vol. % acid at 40 °C and 5 vol. % acid at 60 °C, clearly shows better efficiency
of the latter, that can be considered as optimal for leaching with CH3COOH
(Tables I and II). This also led to the conclusion that temperature plays more imp-
ortant role in the leaching treatment than acid concentration.

The leaching with citric acid demonstrated a steady increase of deashing
(35.73-49.03 wt. %) and desulfurization (7.79—10.95 wt. %) with the temperature
rise from 20 to 60 °C. The content of Cgy also increases from 20 to 40 °C
(32.08-35.87 wt. %), being almost identical to the latter (35.93 wt. %) at 60 °C.
Therefore, it is evident that optimal temperature for citric acid leaching is 60 °C
(Tables I and II). The coal leaching using different concentrations of citric acid at
60 °C showed greater influence on ash removal, ranged from 41.89 to 53.88 wt.
%., in comparison with percent of desulfurization (10.78-11.27 wt. %) and Cgx
(34.85-35.95 wt. %). The data from Table II clearly indicate that the highest effi-
ciency by leaching with citric acid could be obtained using 5 vol. % concen-
tration at 60 °C.

The most efficient leaching with both tested organic acids is achieved using
the concentration of 5 vol. % at 60 °C. Better efficiency of acetic than citric acid
is obvious (Tables I and II). This can be attributed to the more pronounced inter-
actions of citric acid with coal OM and complexation with metal ions from MM,
since it contains three carboxylic groups, in difference to monocarboxylic
CH3COOH that favours incorporation (capturing) of the former into coal struc-
ture. These interactions are most probably responsible for the decreasing of
leaching efficiency with the increasing of acids concentration, the exception
being deashing by CH3COOH, which is slightly greater using 15 vol. % in
comparison to 5 vol. %. However, it is obvious that the single step organic acid
leaching is not satisfactory method for both, deashing and desulfurization (up to
67 and 22 wt. %, respectively) of Bogovina coal (Table II).

The results of inorganic and organic acids treatments under optimal condit-
ions (concentration and temperature) clearly indicate that organic acids are much
less effective in deashing, whereas leaching by both, CH3COOH and citric acid
enabled greater sulfur reduction than those by HCl. However, the leaching by
organic acids cannot compete to the treatment with HNOj3 (Table II).
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Coal leaching with oxidizing reagents

It was shown that oxidizing reagents (e.g., hydrogen peroxide) are able to
decrease the content of sulfur in coal, oxidizing both organic and pyritic sulfur to
sulfonic acids and sulfates.!6:18 Therefore, some oxidizing agents were also
tested on Bogovina coal.

The results from Tables I and II indicate that temperature plays significant
role in deashing and desulfurization of Bogovina coal by leaching with 35 vol. %
H»0O», due to the partial thermal decomposition of hydrogen peroxide at tempera-
tures > 40 °C. Deashing increases from 37.16 wt. % at 20 °C to 50.91 wt. % at 40
°C, and falls back to 25.34 wt. % at 60 °C. The same stands for desulfurization,
having maximum value of 31.34 wt. % at 40 °C, whereas at 20 and 60 °C sulfur
the removal was very similar ~18 wt. %. The content of Cgx was uniform (33.00—
—35.80 wt. %); however the highest percent is recorded at 60 °C, consistent with
partial thermal decomposition of hydrogen peroxide at > 40 °C. Since the coal
leaching with 35 vol. % H»O» resulted in the highest degree of desulfurization
among the tested reagents (31.34 wt. %), whereas deashing was low (up to 50.91
wt. %; Table II), in order to improve the latter, as well as thermal stability, HyO,
was mixed with 10 vol. % HNOj at pH 2. 10 vol. % HNO3 was chosen, since it
showed the greatest deashing efficiency among the tested reagents (Table II).

Leaching of coal with this mixture resulted in deashing varied from 21.63
wt. % at 20 °C to 59.36 wt. % at 60 °C, whereas desulfurization raised from
10.45 to 33.00 wt. % in the same temperature range, indicating considerable imp-
act of temperature. Percent of Cgx was higher in leached residues obtained by
acidified H,O» than H>O, treatment at 40 and 60 °C, resulting from more effect-
ive deashing. The sulfur reduction by leaching with acidified HyO, was appar-
ently lower in comparison to treatment with pure HyO» at 40 °C (23.05 vs. 31.34
wt. %), whereas at 60 °C application of HyO>/HNO3 mixture resulted in greater
desulfurization efficiency of 33.00 wt. % (Table II). This signifies that HyO;
plays a major role in desulfurization process and confirms improved thermal per-
formances of acidified reagent. On the other hand, HyO>/HNO3 mixture (pH 2)
demonstrated more effective deashing (59.36 wt. %) than H,O; solely (50.91 wt.
%), implying that HNO3 has dominant role in ash reducing, however at higher
temperature (60 vs. 40 °C). Data from Table II clearly indicate that optimal tem-
peratures for HyO, and H,O»/HNO3 mixture (pH 2) leaching are 40 and 60 °C
respectively. Although, treatment with HyOo/HNO3 mixture (pH 2) resulted in
the most effective desulfurization (33 wt. %) comparing with all previous leach-
ing treatments, the ash reduction was low, attaining maximally 59.36 wt. %
(Table II). Therefore, Bogovina coal was further treated firstly by 10 vol. %
HNO3 (15 min) and then by HyO»/HNO3 mixture (pH 2, 15 min) in the two-step
process, maintaining the total leaching time of 30 min, as in all previous experi-
ments (Table I).
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Temperature does not have significant impact on the deashing efficiency in the
two-step leaching process ranged from 76.66 wt. % at 20 °C to 77.97 wt. % at 60
°C. The result is in accordance with those of leaching by inorganic acids. The two-
-step process showed slightly lower deashing efficiency (77.97 wt. %) than the
treatment with 10 vol. % HNOj3 solely (81.96 wt. %, Table II). Since, former
experiments indicated that 10 vol. % HNOj3 plays the dominant role in deashing in
comparison to HyO»/HNO3 mixture (pH 2) and this result can be attributed to
shorter duration of the acidic leaching in the two-step process than by pure HNOj3
(15 vs. 30 min). On the other hand, desulfurization by the two-step process con-
siderably increases from 20 °C (16.25 wt. %) to 60 °C (66.33 wt. %) which is
evidently the most efficient result among all performed leaching experiments
(Table II). Furthermore, greater percent of desulfurization of 66.33 wt. % by the
two-step leaching process at 60 °C that exceeds the sum of desulfurization percents
by each treatment alone (18.74 wt. % for 10 vol. % HNOj3 + 33.00 wt. % for
H>O»/HNO3 mixture of pH 2, 51.74 %), under the same temperature, indicates
certain synergetic effect resulted from combining of above mentioned reagents.
The percent of Cgy after the two-step leaching process at 60 °C was 37.59 wt. %
which is higher than after treatment with 35 vol. % H»05/10 vol. % HNO3 mixture
(pH 2, 36.57 wt.%) and insignificantly lower than after 10 vol. % HNO3 treatment
(38.25 wt. %).

Taking into consideration results of all the performed experiments it can be
concluded that the two-step leaching process combining 10 vol. % HNO3 and
mixture of 35 vol. % H»0,/10 vol. % HNOj3 of pH 2 is the most suitable single
method for the simultaneous effective ash (~78 wt. %) and sulfur (~ 66 wt. %)
removal from Bogovina coal, increasing in the same time Cgx from 27 wt. % in
the initial sample to 38 wt. % in leached residue (Tables I and II). The obtained
results are comparable or even better than those of deashing and desulfurization
by chemical leaching reported in literature.!-28

Our further research would be addressed to the investigation of possible
reuse of HNOs after adjusting the concentration to 10 vol. % and cost effective
recovering of accumulated metals from filtrates, aimed to prevent the negative
environmental impact of applied leaching reagent.

CONCLUSIONS

The study is aimed to determine the most effective chemical leaching pro-
cess for the simultaneous demineralization/deashing and desulfurization of sub-
bituminous coal from the Bogovina Basin. The sample is selected based on the
high amount of sulfur, the relatively high percent of MM and the considerable
amount of liptinites for humic coal, which represent the most reactive OM mace-
ral group.
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The leaching with HCI or HNO3, regardless of temperature and acid concen-
tration, enabled the successful deashing of coal (~80 wt. %), confirmed also by
XRD, whereas the percent of desulfurization (up to 26 wt. %) was insufficient. The
best results for both the inorganic acids are observed for the concentration of 15
vol. % at 60 °C. Nitric acid demonstrated better efficiency than hydrochloric acid,
particularly for the sulfur removal, due to the oxidation properties.

The single step organic acid leaching was not satisfactory for both, deashing
and desulfurization (up to 67 and 22 wt. %, respectively) of Bogovina coal. The
most efficient leaching with organic acids is achieved using the concentration of 5
vol. % at 60 °C. Acetic acid showed greater efficiency than citric acid. The com-
parison of inorganic and organic acids treatments under optimal conditions indi-
cated that organic acids are less effective in deashing, whereas the leaching by
both, CH3COOH and citric acid enabled greater sulfur reduction than those by
HCI. However, the leaching by organic acids cannot compete to the treatment with
HNO;.

The leaching of coal by oxidizing reagents 35 % H»O,, and the mixture of
35 vol. % HyO5, and 10 vol. % HNO3 (pH 2) resulted in better desulfurization
(31-33 wt. %) than single step acidic treatments, whereas the percent of deashing
was low (up to 60 wt. %). The optimal temperatures for HyO, and HyO>/HNO3
mixture (pH 2) leaching were 40 and 60 °C, respectively.

The most suitable method for simultaneous effective ash (78 wt. %) and
sulfur (66 wt. %) removal from Bogovina coal is the two-step leaching, com-
bining 10 vol. % HNO3 and mixture of 35 vol. % H»0,/10 vol. % HNOj3 of pH 2
at 60 °C. XRD data showed the removal of all minerals with the exception of
quartz and olivine, the content of Cgx increased for 11 wt. % in relation to initial
coal, whereas FTIR implied no significant alteration in the structure of coal OM
by the treatment. Furthermore, greater percent of desulfurization by the two-step
leaching process which exceeds the sum of desulfurization percents by each the
treatment alone (10 vol. % HNO3 and HyO»/HNO3 mixture of pH 2), indicates
the synergetic effect resulted from the combination of above-mentioned reagents.

SUPPLEMENTARY MATERIAL

Additional data and information are available electronically at the pages of journal
website: https://www.shd-pub.org.rs/index.php/JSCS/article/view/10983, or from the corres-
ponding author on request.
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U3BOJ
OTIIEIIEJBABAIGE U OJCYMIIOPABAGE MPKOT YIJbA U3 UCTOYHOG ITOJbA BACEHA
FOT'OBHHA (CPEUJA) XEMHUJCKUM TPETMAHOM

KATAPHHA ITAHTOBHE CIIAJUR', BPAHUCIAB MAPKOBUR', MUPOCJIAB IIABJIOBUE*®, MUPOCJIAB COKHWR',
CHE)XAHA 3WJILIOBUR', HATAIIA FOPEEBUR' 1 KCEHUJA CTOJAHOBUER"

lHucmumym 30 WeXHOIOTUjY HYKTeAPHUX U gPYIUX MUHEpAnHux cuposund, bynesap ®@panwe g‘Etiepea 86,
11000 Beoipag, ZYHueepsuWew y Beoipagy, Hncuiuitiy it 3a xeMujy, ThexHonoiujy u mewanypiujy; Lientaap 3a
enexttipoxemujy, Fbetowesa 12, 11000 Beoipag, 3YHueep3uu76m y Beoipagy, Huctuuttiyii 3a xemujy, WexHo-
J0Tujy u metanypiujy, Lientiap usy3seiinux 6pegrociiiu 3a XeMUujy U UHICEHEPUHT HUBOTHE CPEGUHE,
Fbeiowesa 12, 11000 Beoipag u 4YHueep3umeu7 y Beoipagy, Xemujcxu paxyniieid, CuilygeHiicKu
wpi 12—-16, 11000 Beoipag

Llum pama je ompehuBame HajedHKaCHUjer XeMHjCKOT TPeTMaHa 3a UCTOBPEMEHY IeMH-
HepaM3alyjy/oTIeNne/baBabe U 0JCyMIOpaBamke MPKOT yriba U3 DaceHa borosuHa. Yram je
tpetupad 30 min, Ha paslIWYUTUM TeMmIiepaTypama, Kopucrtehu pasnvyuTe KOHLEHTpauuje
X/IOPOBOZIOHUYHE, a30THe, CUpheTHe M JMMYHCKE KHUCENHHE; BONOHHK-TIEPOKCUA, CMeLly
BOJOHHK-TIEPOKCHIA U a30THe kucenuHe (pH 2), kao 1 OBOCTENEHO HCNHpame (a30THA KUCE-
JWHAa + CMella BOJOHHUK-TIEpOKcHIA U a30THe kucenuHe, pH 2). [IpomMeHe y MHUHEpalTHOM
cacTaBy, ITPOy3POKOBAaHE XEMUjCKUM TpPeTMaHOM, mpaheHe cy mudpakuUjoM PEeHIOTEeHTCKUX
3paka, IOk Cy IPOMEHE OpraHCKe CyIICTaHLe yIba npaheHe nomohy MHpaUpBeHE CIEKTp-
ockonyje ca PypujeoBoM TpaHCHOPMALHjOM U cafipkaja (UKCHOT yIJbeHUKa. TpeTMaH Heop-
raHCKUM KHCeIWHaMa, HE3aBUCHO Of TEMIlepaType U KOHLIeHTpauuje peareHca, oMoryhmo je
YCIELIHO OTIENe/baBamke YIba, JOK je NPOLEHAT OfCyMIIOpaBamba OMO HeNoBObaH. TpeTMaH
OpraHCKUM KHCeTHHaMa HUje O1o 3amoBosbaBajyhu, HU 3a OTNeNesbaBame, HU 3a OLCYMIIO-
paBame. Tperman yrma ca H20:2 u cmemom H20:/HNOs (pH 2) pesynToBao je ymepeHUM
OICYyMIIOpaBambeM, alli je CMameme canp:kaja nemnena duno mano. HajnpuknagHuja MmeTona 3a
UCTOBpEMEHO e(pUKACHO YKIamamwe menena (78 mac. %) u cymnopa (66 mac. %) 13 GOroBHH-
CKOT yIJba je ABOCTENEHO Hcnupame, kombuHanujom 10 3anp. % HNOs u cmewe 35 3amp. %
H:202/10 3amp. % HNOs (pH 2) Ha 60 °C.

(TTpumssero 19. jyna, pesunupano 12. aBrycra; npuxsaheHo 14. asrycra 2021)
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