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Abstract—The thermal transformation of coal and lignite in the presence of Cu(NOj), activator (5 wt %) is
investigated as a function of the atmospheric composition. The copper nitrate is supported on to the samples
by the incipient wetness with Cu(NOs), solution in water and alcohol. The effect of the activator is studied as
a function of the gas (air/argon) composition, by thermogravimetric analysis with heating at 10°C/min in the
range 25—800°C, at atmospheric pressure. With change in gas composition, the activity of Cu(NO3),
changes. Specifically, the thermal transformation is shifted to lower temperature: Ar = 33°C for lignite and
70°C for coal. With increase in oxidant (air) content in the gas, the activity of the added Cu(INO;), increases:
that is, Af increases. By mass spectrometry, the gaseous oxidation products of the coal are analyzed. The
upper temperature limits on the peaks of nitrogen-oxide (NO,) liberation are determined as a function of the
gas composition.
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The catalytic combustion of coal is a promising means
of converting solid fuel to thermal energy. The degree of
coal conversion is high thanks to activation of combus-
tion at relatively low temperature. That also minimizes
the pollutant yield in the exhaust gases [1—4]. Most
research concentrates on the use of metal oxides to accel-
erate the oxidation of the organic fuel [5—9].

The precursors of metal oxides (metal salts) have
greater action on the thermal conversion of coal, as
established in [10—12]. Specifically, the conversion
temperature is lowered, and the liberation of volatiles
is accelerated. We assume that the intensification of
coal oxidation in the presence of precursors is associ-
ated with decomposition of the salt in the first stage of
sample heating (to 200°C) and the formation of metal
oxide (CuO,), which catalyzes the complete oxidation
of organic substrates [13].

The catalytic activity of metal oxides may be regu-
lated by adjusting the gas composition (the O,/N,
ratio), according to [14]. The research showed that

increase in the O,/N, ratio in the gas flux (increase in
its oxidative character) intensifies the activity of the
catalytic oxide additives, which lower the temperature
at which intense oxidation begins and hasten the ther-
mal decomposition of coal. For coal samples of little
metamorphic development (lignite), the temperature
at which volatiles are released under the action of
CuSQ, additive changes more significantly in an inert
atmosphere, as shown in [11].

In the present work, we study experimentally the
influence of added Cu(NO;), activator on the thermal
conversion of lignite and coal, with variation in gas
composition.

EXPERIMENTAL MATERIALS AND METHOD

The initial samples are as follows: 2B lignite (Boro-
dinsk field) and T coal (Alardinsk field). Initial coal
samples of size 5—10 mm are crushed in drum mills for
8 hwitha1: 1 massratio of the crushing balls and coal.
The samples are then sorted on screens with 80-um
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Table 1. Characteristics of samples
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Sample Technical analysis, % Elemental analysis, wt % Moisture content. | Content, % in size class, tm
wr oA % Cr | cdaf | pdaf | Ndaf | gdaf | ydaf mL/g X0 Xso Xoo | Xine

2B lignite | 1.0 45 (13985471594 | 5.3 1.7 | 0.9 | 32.7 3.4 2.8 13.9 34.8 18.3
T coal 03 | 16.5]13.1{70.1|80.0| 2.8 | 25| 04 | 143 2.6 4.6 204 | 57.6 | 26.5

As a preliminary, the coal powder is dried at 105°C to constant mass.

cells. Table 1 presents the size distribution of the coal
particles, according to an Analysette 22 laser-diffrac-
tion instrument (Fritsch, Germany).

Although the samples are prepared by the same
method, the mean particle diameter varies from 18.3 um
(2B lignite) to 26.3 um (T coal). This may be
explained by the different structure and morphology
of the coal and lignite [15]. Table 1 also presents the
technical analysis and elemental analysis of the sam-
ples; standard methods are employed [16]. The con-
tent of the basic elements (C, H, N, S, and O) in the
samples is determined by means of a Euro EA 3000
analyzer (EuroVector, Italy).

The initial lignite and coal samples are very differ-
ent in their physicochemical properties (Table 1). For
example, the lignite has high content of volatiles
(~40%) and a relatively low ash content (no more than
5wt %). That is associated with the limited metamor-
phic development. The T coal, by contrast, has low
content of volatiles (~13%) and high ash content
(16.0 wt %) and carbon content (~80%).

The Cu(NOs;), - 3H,0 activator is introduced in the
samples by incipient wetness procedure [17]. To pre-
vent hydrophobic behavior of the coal powder, a
water/alcohol (C,H;OH) mixture (50 : 50, by volume)
is employed. The moisture content of the dried coal
samples (mL/g) is determined immediately before
deposition (Table 1). Then the solution is applied to
the coal powder by mechanical dosing. The steeped
samples are held in the drying chamber at 105°C for 20 h.
The Cu(NO3), - 3H,0 content in the modified sample
is 5 wt % (recalculated for dry salt). For comparison,
we prepare control samples without Cu(NOs), activa-
tor, which undergo exactly the same treatment. The
modified coal and lignite samples are denoted by
C/Cu and L/Cu, respectively.

A Jupiter STA 449C synchronous thermal analyzer
(Netzsch, Germany) is used to study the thermal
transformation of the modified samples in identical
conditions at atmospheric pressure. The ~15-mg sam-
ple is heated in a corundum crucible with a perforated
lid in the range 25—800°C at 10°C/min. The gas (air +
argon) is supplied at a rate of 200 mL/min. The
air/argon ratio varies as follows: 10/90, 30/70, 50/50,
70/30, and 90/10.
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The NO, liberation is recorded by means of a QMS
403D Aecolos (Netzsch, Germany) quadrupole mass-
spectrometer.

The following characteristics of thermal transfor-
mation are determined: the initial #; and final # tem-
peratures of the process; the maximum reaction rate
Wiy at the corresponding temperature 7,,,,; the time 7T,
for which the sample is heated before decomposition
begins; the total time 7} of thermal decomposition;
and the time 7,,, to reach the maximum reaction rate.
These parameters are calculated from the measure-
ment results by a graphical method (described in detail
in [10]).

For the T coal samples with bimodal differential
thermal gravimetric (DTG) curves, this range is
divided into two: 1) emission of volatiles; 2) oxidation
of the coke residue.

RESULTS AND DISCUSSION

In Figs. 1 and 2, we show TG and DTG curves for
the samples in atmospheres of different compositions.
We see that, in all cases, the Cu(NOs;), activator mark-
edly changes the process: the temperature #; at which
thermal transformation begins is lowered.

The thermal decomposition of coal in analogous
consists of 3—4 main stages (depending on the coal
rank), according to [10—12]. These stages are associ-
ated with the evaporation of physically adsorbed water,
the vaporization and oxidation of volatiles, and the
oxidation of the coke residue.

With increase in content of the inert gas (argon),
thermal decomposition of the unmodified samples is
shifted to higher temperatures (Figs. 1 and 2). In the
presence of Cu(NO;), activator, the displacement of
the TG and DTG curves is less pronounced. That may
be associated with activation of the thermal transfor-
mation as a result of decomposition of the added
Cu(NOs;), in the low-temperature region (~200°C).

In Figs. 3 and 4, we show the change in the thermal
decomposition of the samples with variation in gas
composition.

It is evident that, in all cases, the initial 7, (Fig. 3a)
and final #; (Fig. 3b) temperatures of thermal decom-
position are decreased as the oxidant content in the gas
increases. Note that the final decomposition tempera-
ture cannot be recorded in the gas with the maximum
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Fig. 1. Thermogravimetric (T'G) data for the thermal decomposition of 2B lignite (a) and T coal (b) samples in the presence (red
curves) and absence (black curves) of Cu(NO3), activator in mixtures of air and argon (supplied at 200 mL/min) with heating at
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Fig. 2. DTG data for the thermal decomposition of 2B lignite (a) and T coal (b) samples in the presence (red curves) and absence
(black curves) of Cu(NOs3), activator in mixtures of air and argon (supplied at 200 mL/min) with heating at 10°C/min.

argon content (90%), since the total mass loss in the
given range 25—800°C (Fig. 3b) is no more than 70%
for 2B lignite and 50% for T coal.

The greatest displacement of ¢, (At = 70°C) is
observed for the modified T coal sample with a 90 : 10
air/argon ratio. In that case, it is also found that, with
increase in oxygen content in the gas, the activity of
the added Cu(NO,), declines. For the lignite sample,
different behavior is observed: stronger influence of
Cu(NO;), on the yield of volatiles and their subse-
quent oxidation. This is most likely associated with the
nonuniform lignite structure and a greater quantity of
lateral bonds and crosslinks, in the form of oxygen-
bearing molecular groups [18]. Such groups actively
react with nitrogen oxides to form copper nitrite [19].

Note the symbatic variation of the heating time 7
before oxidation of the volatiles and the parameter #,
(Fig. 3a), since the temperature at the onset of sample
heating is 25°C. The total oxidation time of the active
sample mass T} (oxidation of the volatiles and the coke

residue) behaves differently (Fig. 3b). For example,
with increase in argon content, #;and 7;increase. That
may indicate decrease in the sample’s mean decom-
position rate. With maximum air content in the gas
mixture, the decrease in # is greatest (Fig. 3b). Thus,
AT} is 1 min for the modified T coal sample and 5 min
for the modified lignite sample. The increase in trans-
formation rate may be associated with the stronger
reaction between the oxidative medium and the liber-
ated nitrogen oxides and the nonstoichiometric car-
bon oxide formed [13]. That is typical of high activity
in the oxidation of a combustible substrate.

With increase in oxidant content in the gas, T, is
displaced downward (Fig. 4a). The displacement of
fmax DEtween the maximum and minimum oxidant
content in the gas is 51°C for the unmodified T coal
sample and 75°C for the unmodified 2B lignite sam-
ple. Note also that, for the samples with bimodal DTG
curves, the parameters in Fig. 4 correspond to the first
maximum, characterizing the oxidation of volatiles.
2020
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Fig. 3. Influence of the gas composition on the initial decomposition temperature #;and time 7;, (a) and final decomposition tem-
perature #rand time 7} (b) of the modified and unmodified T coal and 2B lignite samples, according to data from the synchronous

thermal analyzer.

For the modified T coal and 2B lignite samples, the
change in 7,,, is practically the same: ~110°C. With
increase in argon content in the gas, the difference
At between the modified and unmodified samples
decreases (Fig. 4a). Thus, with maximum oxidant
content in the gas, At,,,, is 115°C for the T coal and
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Fig. 4. Influence of the gas composition on the sample’s
rate of maximum mass loss w,,, (b) and the corresponding
time 7, and temperature 7, (a), according to data from
the synchronous thermal analyzer.
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60°C for 2B lignite. With the minimum oxidant con-
tent in the gas, Az, is 71°C for the T coal and 30°C for
2B lignite.

With increase in argon content, the time 7,,,, to
reach the maximum oxidation rate for modified sam-
ples begins to behave analogously to ¢, (Fig. 4a). This
is associated with decrease in the influence of the
added Cu(NO;), on the rate of oxidation of the vola-
tiles. Note also that the change in ¢, is greatest for the
T coal samples in gas with maximum oxidant content:
for modified T coal, AT,,,, = 4.5 min. For modified
lignite, AT,,, = 3 min.

With minimum oxidant content in the gas, AT,
becomes negative for T coal. For modified lignite, by
contrast, the maximum effect is observed witha 1 : 1
air/argon ratio (Fig. 4a).

With increase in argon content in the gas (Fig. 4b),
the maximum oxidation rate w,,, declines. This is
most evident for the T coal samples, for which the
variation in w,,,, is nonlinear. When the air/argon ratio
is 30/70, we note sharp decrease in w,,,, in comparison
with the 50/50 mixture: Aw,,,, = 1.7%/min. That is
comparable with the change in ¢,,,, and T,,,, (Fig. 4a).

On modifying the samples with Cu(NOs;),, the
maximum oxidation rate declines as a result of the
intensification of oxidation and its displacement to
lower temperatures (Fig. 4b). The difference in wy,,,
on modifying the T coal with Cu(NO5), is approxi-
mately the same for any gas composition: Aw,,, =
0.2%/min.

In Fig. 5, we show mass-spectrometric data for the
nitrogen oxides formed in the thermal decomposition
of the samples. With decrease in oxidant content in the
gas, the temperature of maximum NO, liberation (m/z =
30) in Cu(NO;), decomposition rises. This is most
evident for the modified lignite, for which the tem-
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Fig. 5. Influence of the air/argon ratio in the atmosphere
(supplied at 200 mL/min) on the temperature correspond-
ing to the maximum rate of NO,, liberation from copper
nitrate in the lower range (a) and in the higher range (b),
according to mass-spectrometric data: heating rate
10°C/min; temperature 25—800°C.

perature shift is 20°C. For the T coal sample, the cor-
responding shift is 17°C.

The mean difference Ary, ' between the modified
samples is 38.8°C. The difference in the temperatures
corresponding to the maximum rate of NO, liberation
from copper nitrate may be attributed to the different
morphology of the samples. Lignite has a nonuniform
structure with numerous open pores and channels and
has lower diffusional drag when gas flows past the
sample, according to [20]. That permits greater inter-
action of the oxidant with nitrate integrated into the
coal sample by capillary steeping, which intensifies the
decomposition.

Comparison of the results from the synchronous
thermal analyzer (Fig. 4a) and the mass-spectrometric
data (Fig. 5) indicates that A¢ is directly correlated

max;

with the temperature Ay, ' corresponding to maxi-
mum NO, liberation from copper nitrate.

For the subsequent NO, liberation in the high-
temperature region (400—600°C), the temperature

AR’ increases with decrease in oxidant content in
the gas. Note that, for the lignite samples, the activity
of the Cu(NO,), is increased in the case, as is evident

max,

from the increase in the difference Azyg * between the
modified and unmodified samples (53—85°C). The

max,

temperature shift Azy * for the T coal samples is prac-

tically independent of the gas composition, remaining
at 56°C.

CONCLUSIONS

We have investigated the thermal transformation of
coal and lignite in the presence of Cu(NO,),, as a
function of the atmospheric composition (the
air/argon ratio). We find that increase in the oxidant
content in the gas sharply changes the thermal trans-
formation. We may note the following aspects of this
change:

(1) shift in the process to lower temperature (At =
70°C);

(2) increase in rate of the process (Aw =
1.7%/min);

(3) decrease in heating time to volatile liberation
(AT, =7 min);

(4) shift in oxidation to lower temperatures;

(5) greater catalytic effect of Cu(INOj;),: in particu-
lar decrease in the initial temperature of active oxida-
tion.

It follows from mass-spectrometric analysis that,
with decrease in oxidant content in the gas, the tem-
perature corresponding to maximum rate of NO, lib-
eration from copper nitrate Cu(NO;), increases. The
peak of the second stage NO, liberation is also shifted
to higher temperatures.
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