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Abstract—Adding copper nitrate Cu(NOs3), is known to activate the oxidation of coal and lignite. In the pres-
ent work, the change in its activating properties with increase in the heating rate is studied. The Cu(INO3), is
first dissolved in a 50/50 (by volume) mixture of ethyl alcohol and water. Then it is applied to the fuel by
steeping, to a content of 5 wt %. Activated oxidation is studied by thermal analysis, with different heating rates
(2.5, 10, 20, and 40°C/min) in the temperature range 25—1000°C, at atmospheric pressure. With increase in
heating rate, the catalytic effect of the additive is intensified: the initial (30—115°C) and final (85—180°C) oxi-
dation temperatures fall, with increase in the maximum reaction rate. Mass-spectrometric analysis of the gas-
eous oxidation products shows that, in the presence of copper nitrate, increase in the heating rate leads to
greater CO, emission, with shorter oxidation time. The dependence of the activation energy on the degree of
fuel conversion is determined by the Friedman method. The decrease in the mean activation energy when
using Cu(NOs), is ~14 kJ/mol for lignite and ~35 kJ/mol for coal.

Keywords: lignite, coal, activated oxidation, heating rate, copper nitrate, thermogravimetric analysis, mass-
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Despite continuing research on renewable fuels,
coal will remain the dominant energy source in Russia
and elsewhere for the future [1]. In coal power, the
focus is on more complete conversion of the fuel by
means of new types of heat treatment.

A promising approach is catalytic combustion [2, 3].
Correct choice of the activator and the conditions of
coal combustion not only improves the efficiency of
fuel utilization at low processing temperatures [3]; but
also yields an economically viable process with mini-
mum environmental impact [1]. Various metal oxides
have been proposed as activators [4—6]. However, this
is problematic in bed combustion, for lack of adequate
coal—catalyst mixing.

The influence of metal nitrates—Cu(NOs;),,
Ce(NOs;);, and Fe(NO;),—on the oxidation of coal
and lignite was studied in [7—9]. It was found that
introducing those nitrates accelerates the emission of
volatiles and lowers the subsequent oxidation tem-
perature. It has been suggested that the activation of

oxidation is due to decomposition of the salt in the ini-
tial stage of heating (to 200°C) and the formation of a
metal oxide catalyzing the complete oxidation of the
fuel [6].

In the present work, we investigate the influence of
the heating rate on the activation of coal and lignite
oxidation by Cu(NO,), and the oxidation parameters
(temperature, duration, reaction rate, and activation
energy).

EXPERIMENTAL MATERIALS
AND METHODS

The initial samples are Borodinsk lignite from the
Kansk—Achinsk Basin (sample L) and Alardinsk coal
from the Kemerovo region (sample C).

The samples (initial piece size d = 5—10 mm) are
crushed in a drum mill in the following conditions:
mass ratio of crushing balls and fuel 1 : 1 : crushing
time 9 h; subsequent isolation of d < 80 um fraction.
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Table 1. Characteristics of coal samples*

LARIONOV et al.

Characteristic, % Moisture SleC dlS.tIl‘lbutIOI’l

Sample content, of particles, lm
wr A e cr Cdaf | pdaf | Wdaf | gqdaf | gdaf | mL/g X0 X0 Xop X
L 1.0 45 | 398 | 54.7 | 59.4 | 53 1.7 0.9 | 32.7 34 2.8 13.9 | 34.8 | 18.3
C 0.3 16.5 | 13.1 | 70.1 | 80.0 | 2.8 2.5 0.4 14.3 2.6 4.6 20.4 | 57.6 | 26.5

* The superscripts employed are as follows: r, working mass of fuel; daf, combustible mass of fuel.

The resulting fuel power is dried at 105°C to constant
mass. Table 1 presents the characteristics and compo-
sition of the powder. The methods used to determine
the parameters (including the particle morphology)
may be found in [9].

The Cu(NOs;), - 3H,0 additive is introduced in the
fuel samples by steeping [10]. It is first dissolved in a
50/50 (by volume) mixture of ethyl alcohol and water.
That is necessary because the initial fuel is hydropho-
bic. The moisture content of the dried fuel samples
(mL/g) is determined immediately before applying the
steeping solution (Table 1). These data are used to cal-
culate the quantity of salt that must be dissolved in the
alcohol—water mixture. The Cu(NOs;), solution is
applied to the coal powder by means of a mechanical
dosing unit. This method ensures a sufficiently uni-
form distribution of the additive in the fuel particles, as
established by EDX mapping in [7]. The results also
show that, after sample combustion, the distribution
of modifier in the mineral residue remains uniform.

The steeped fuel powder is held at 105°C for 20 h in
a drying chamber. The modified samples contain 5 wt %
Cu(NOs), - 3H,0 (recalculated for dry salt). For com-
parison, we prepare control samples with no additive,
which undergo the same treatment. We denote the
modified lignite and coal samples by L/Cu and C/Cu,
respectively.

The oxidation of the samples is investigated by
means of an STA 449 C Jupiter synchronous thermal
analyzer (Netzsch, Germany). The experiments are
conducted at atmospheric pressure. In a corundum
crucible with a perforated lid, a ~15-mg sample is
heated in the range 25—1000°C at rates of 2.5, 10, 25,
and 40°C/min. The oxidant is a mixture of air
(60 mL/min) and nitrogen (10 mL/min). The nitro-
gen ensures reliable operation of the system and cor-
rect recording of the results. The presence of CO, and
NO, in the gaseous oxidation products is determined
qualitatively by means of an STA attachment in the
form of a QMS 403 D Aeolos quadrupole mass spec-
trometer (Netzsch, Germany).

On the basis of thermal analysis, the following
characteristics are determined: the initial (7;) and final
(T} temperatures of intense oxidation; the maximum
reaction rate (w,,,,) at the corresponding temperature
T..ax; the heating time before oxidation (z,); the total

oxidation time (#); and the time to reach the maximum
oxidation rate (,,,). These parameters are calculated
from the results of thermogravimetric analysis (TGA)
by a graphical method (described in detail in [7, 8]).

We also calculate the activation energy E, of sample
oxidation by the Friedman method [11, 12]. The basic
formula employed here is derived from the Arrhenius
equation

In(doy/dr),,; = In[f()A4,] - E,/RT,,,

where (doi/dr),, ; is the conversion rate when the level
of conversion is o, with heating rate i/ (K/min), s7';
f(0) is the kinetic function with conversion o; A, is the
preexponential factor with conversion o, s™!; E, is the
activation energy with conversion o, J/mol; R is the
universal gas constant, J/mol K; and T, ;is the sample
temperature for conversion o, with heating rate
i (K/min), K.

The kinetic constants corresponding to each degree
of conversion ¢ are determined by means of the con-
stants in the linear approximation of the experimental
plot of In (doi/dr) against 1/7. To determine A4,, we use
the kinetic model of a first-order reaction: flat) =1 —
o [13]. The dependence of the kinetic parameters on o
is determined at increments of 0.05 in the range 0.05—
0.95, according to the recommendations in [13].

RESULTS AND DISCUSSION

The TG and DTG curves in Figs. 1 and 2 show the
results of thermal analysis of the fuel samples with
variation in the heating rate.

We see in Figs. 1 and 2 that, in all cases, oxidation
is shifted to higher temperatures with increase in the
heating rate. In addition, the total oxidation time
decreases, while the mean and maximum oxidation
rates increase (Fig. 2). The slope of the TG curves is
decreased (Fig. 1).

The change in the TG curves is also seen in the
DTG curves (Fig. 2). With increase in heating rate, the
curves change from bimodal to unimodal. This is most
evident for the coal samples (C and C/Cu). In that
case, the first peak, corresponding to oxidation of the
volatiles at minimum heating rate (2.5°C/min) is con-
verted to the shoulder of a single peak on the DTG
curve corresponding to the maximum heating rate
(40°C/min). Note that, with increase in the heating
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Fig. 1. TG data for the oxidation of lignite (a) and coal (b)
samples at different heating rates: curves for the initial and
modified samples are shown in black and red, respectively.

rate, the width of the DTG peaks increases; that is
consistent with literature data [14].

For all the samples, the use of Cu(NO;), changes
the oxidation process: the TG and DTG curves are
shifted to lower temperatures.

Comparison of the results for the initial and modi-
fied samples shows that increase in the the heating rate
boosts the activating effect of Cu(NO;),: the initial
and final oxidation temperatures are decreased. Tables 2
and 3 are based on analysis of the TG and DTG curves.

We find that, for the C/Cu sample, the greatest
change in 7; (115°C) is observed at the maximum
heating rate (40°C/min). At 2.5°C/min, by contrast,
AT, = 70°C. For the L/Cu sample, at the maximum
heating rate, AT; = 75°C. A similar pattern is seen for
AT:. The greatest decrease in the final oxidation tem-
perature 7; (180°C) is observed for the C/Cu sample
heated at 40°C/min. For the L/Cu sample, by con-
trast, the corresponding figure is 120°C.

Most likely, this may be attributed to the catalytic
activation by the nonstoichiometric copper oxide
CuO, at high temperatures, which is more evident at
higher heating rates. With more intense oxidation
transfer in the oxidant—catalyst—substrate system, the
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Fig. 2. DTG data for the oxidation of lignite (a) and coal
(b) samples at different heating rates: curves for the initial
and modified samples are shown in black and red, respec-
tively.

maximum oxidation rate w,,,, of the carbon residue
increases (Figs. 1 and 2). Consequently, thermal
decomposition ends sooner for the modified sample.

Note that, with increase in the heating rate, the val-
ues AT .. and AT, . corresponding to the maximum

max; max,

oxidation rate are practlcally the same (Tables 2 and 3).

In Fig. 3, we present mass-spectrometric data for
CO, liberation (m/z = 44) in the gaseous oxidation
products, at different heating rates.

The resulting profile for CO, (m/z = 44), which is
the main oxidation product, strongly resembles the
corresponding DTG curve (Fig. 2). For lignite, the
curve becomes unimodal with increase in the heating
rate. For modified samples, we note a shoulder associ-
ated with the oxidation of the carbon residue. For the
coal sample, the mass-spectrometric profile for CO,
emission is bimodal, regardless of the heating rate or
the presence of Cu(INO;),. With increase in the heat-
ing rate, for all the samples, the rate of CO, liberation
increases. The maximum value at a heating rate of
40°C/min corresponds to that for the L/Cu sample:



360

LARIONOV et al.

Table 2. Influence of the heating rate on the oxidation of lignite samples (L and L/Cu)

Heating rate, °C/min
Parameter 2.5 10 25 40

L L/Cu L L/Cu L L/Cu L L/Cu
Initial temperature of intense oxidation 7;, °C 300 270 330 290 400 340 430 355
Time of volatiles emission 7., min 110.0 | 98.0 | 30.5 | 26.5 | 150 | 12.6 | 10.1 8.3
Final oxidation temperature 7¢, °C 500 415 700 590 770 640 870 720
Total oxidation time #, min 80.0 | 58.0 | 37.0 | 30.0 | 148 | 12.0 11.0 9.1
Temperature corresponding to maximum oxidation rate | 380 290 410 330 500 400 550 430
Tmax’ °C
Maximum oxidation rate wy,,,, wt %/min 4.7 3.2 6.2 6.5 9.7 10.2 | 10.3 11.2
Time to reach maximum oxidation rate 7,,,,,, min 32.0 8.0 8.0 4.0 4.0 24 3.0 1.9
Table 3. Influence of the heating rate on the oxidation of coal samples (C and C/Cu)

Heating rate, °C/min
Parameter 2,5 10 25 40
C |C/Cu| C |C/Cu| C |C/Cu| C |C/Cu

Initial temperature of intense oxidation 7;, °C 325 | 250 | 360 | 255 | 390 | 285 | 410 | 295
Time of volatiles emission 7, min 120.0( 90.0 | 33.5 | 23.0 | 146 | 10.4 | 9.6 | 6.8
Final oxidation temperature 7%, °C 580 | 525 | 640 | 585 | 800 | 780 | 900 | 720
Total oxidation time #, min 102.0| 110.0 | 28.0 | 33.0 | 16.4 | 19.8 | 12.3 | 10.6
Temperature corresponding to maximum oxidation rate 360 | 300 | 420 | 350 | 480 | 510 | 500 | 420
of volatiles 7, , °C
Maximum oxidation rate of volatiles wy,, , Wt %/min 09 (09 | 36|34 45|47 |57 |78
Time to reach maximum oxidation rate of volatiles #,,,, , min 14.0 1 200 | 6.0 | 95 | 3.6 | 9.0 | 2.3 | 3.1
Temperature corresponding to maximum oxidation rate 495 | 450 | 540 | 510 | 690 | 590 | 705 | 610
of solid residue Tj,,,,, °C
Maximum oxidation rate of solid residue wy,,, , Wt %/min L5 | L2 | 50 | 35| 61 | 68 | 76 | 89
Time to reach maximum oxidation rate of solid residue 7.,y , min 26.0 | 28.0 | 6.0 | 9.5 | 64.0 | 44.0 | 62.0 | 48.0

6 x 10~ A~'. For the C/Cu sample, the corresponding
value is 5 x 10~8 A~! at the same heating rate.

For the modified samples, the NO, liberation is
described by a bimodal mass-spectrometric curve.
The first maximum may be attributed to the decom-
position of copper nitrate; and the second, which is
less extreme, to the release of molecular nitrogen N, in
combustion of the carbon residue.

With increase in the heating rate of the modified
samples, the first peak corresponding to NO, libera-
tion is shifted to higher temperatures. The initial tem-
perature of nitrate decomposition is different for lig-
nite (~200°C) and coal (230°C). This may be
explained by the morphology of the coal and lignite.
For example, the nonuniform and porous structure of
lignite means that it undergoes thermal destruction
more quickly [9]. That intensifies the reaction of the
oxidant with the internal volume containing the acti-
vating additive.

Comparison of the DTG curves and the mass-
spectrometric data indicates that the shift AT; in the

temperature at which intense oxidation begins is
directly correlated with the decomposition tempera-
ture of the corresponding metal nitrates [8]. A mecha-
nism for the action of Cu(NO;), on the oxidation of
coal and lignite was proposed in [7]. According to that
mechanism, the first stage (130—170°C) is decompo-
sition of the Cu(INO3), to form the nitrogen oxides NO
and NO,. We know that NO, is a strong oxidant of the
volatiles formed and the solid residue [15]. Note that
the active decomposition of the nitrate will be accom-
panied by microscopic explosions in the fuel structure,
intensifying the oxidation process [16].

The decomposition of Cu(NO;), produces a
disperse nonstoichiometric copper oxide, which may
include phases such as CuO, Cu,0, and Cu,O;. Nev-
ertheless, further temperature rise to 400°C or beyond
in an oxygen-bearing atmosphere stabilizes the copper
(IT) oxide. At the same time, the copper oxide CuO,
formed in the reaction is a very active catalyst of com-
plete oxidation in various heterogeneous processes.
Thus, the appearance of CuO, particles at the sample

COKE AND CHEMISTRY  Vol. 63

No. 8 2020



INFLUENCE OF THE HEATING RATE ON THE ACTIVATION 361

Intensity, 1078 A~!

5 - A~ @
— 2.5°C/min o \/"
....... 10°C/min /' ; }\ \
4 e 25°C/min /S AN\
—= 40°C/min /! NN
/AR
. R \‘
§ Y
RAYERY
\\\. \
\\\v '\
A\
. \L
....... - ::.7.‘-§:’9-~—I )

100 200 300 400 500 600 70
Temperature, °C

800 900 1000

Intensity, 1073 A~!
5 -

— 2.5°C/min
weee 10°C/min
L 25°C/min
—— 40°C/min
3 -
2 -
1 -

s n
100 200 300 400 500 600
Temperature, °C

Y L F O &+

700 800 900 1000

Fig. 3. Temperature dependence of the CO, liberation for
the oxidation of lignite (a) and coal (b) samples at different
heating rates: curves for the initial and modified samples
are shown in black and red, respectively.

surface obviously tends to speed up the oxidation of
the solid fuel.

In Figure 4, we show the activation energy E, cal-
culated by the Friedman method as a function of the
conversion o. For all the approximate dependences
obtained, the determination coefficient exceeds 0.99.

All the samples include the following features.
First, the curves in Fig. 4 are similar for the modified
and unmodified samples. That may be due to the
compensation effect. Second, analysis of the activa-
tion energy for all the samples indicates that conver-
sion includes two stages: in the ranges oo = 0.05—0.25
and oo = 0.3—0.9. In the first stage, F, is higher (up to
111 and 160 kJ/mol for coal and lignite samples,
respectively), and the spread is broader. For example,
the difference between the maximum and minimum
activation energy is 33 kJ/mol for lignite and 70 kJ/mol
for coal. This may be due to the complexity of pyroly-
sis and the emission of volatiles: many processes in
series and parallel may affect the activation energy.
The second stage of conversion is associated with oxi-
dation of the solid residue. In this case, E, is lower, and
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Fig. 4. Dependence of the activation energy £, on the con-
version o for modified and unmodified lignite (a) and coal
(b) samples.

the spread is narrower. That may be due to the occur-
rence of fewer reactions.

The influence of Cu(NOs), is different for the lig-
nite and coal samples. For lignite (Fig. 4a), the differ-
ence from the unmodified behavior is greatest at the
beginning of the second stage (o, = 0.25—0.65). Spe-
cifically, in the presence of Cu(NOs;),, £, may be only
a third as much (47.8 kJ/mol). At other stages of con-
version, the influence of the additive is not as signifi-
cant. For modified coal samples, the decrease in acti-
vation energy with respect to the unmodified coal is
relatively uniform over the whole range of o. The
decrease in the first and second stages (68.7 and
42.0 kJ/mol) is observed at oo = 0.15 and 0.7, respec-
tively. The sharp increase in E, at oo = 0.95 is probably
associated with fuel combustion and the appearance of
diffusional effects. In other words, it has no explicit
physical meaning.

Analogous behavior is seen for the coal samples
(Fig. 4b). Howeyver, the values of the activation energy
are higher (40—160 kJ/mol). For the C/Cu sample,
decrease in E, is observed over the whole range of a.
Summarizing, at higher degrees of coalification, the
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added Cu(NO;), simultaneously promotes both
pyrolysis and conversion of the carbon residue.

The mean decrease in the activation energy E, on
account of the added Cu(NOs;), is ~14 kJ/mol for lig-
nite and ~35 kJ/mol for coal. The maximum differ-
ence in the activation energy for the initial and modi-
fied samples is ~48 kJ/mol for lignite when oo = 0.35;
and ~60 kJ/mol for coal when o = 0.1. Note that that
the additive has a different effect on the conversion of
lignite and coal samples. For lignite, the minimum
and maximum £, values are unchanged; the decrease
is greatest for oo = 0.2—0.6. For coal samples, by con-
trast, the decrease in activation energy is relatively uni-
form over the whole range of o; the decrease is most
pronounced at o/ = 0.05—0.30 and 0.5—0.9.

We see that, at high o (0.90—0.95), E, increases
sharply for all the samples. That is associated with rup-
ture of the strongest chemical bonds in the carbon res-
idue.

CONCLUSIONS

We have found that the catalytic effect of Cu(NO;),
additive on the oxidation of lignite and coal samples is
greatest at heating rates of 2.5—40°C/min: specifically,
the initial (30—115°C) and final (85—180°C) oxidation
temperatures fall, with increase in the maximum reac-
tion rate.

Mass-spectrometric analysis of the gaseous oxida-
tion products shows that, with increase in the heating
rate, the first peak of NO, liberation, associated with
decomposition of the Cu(NOs),, is shifted to lower
temperatures. In the range 2.5—40°C/min, the differ-
ence between the minimum and maximum tempera-

tures is AT %™ — 15°C for the L/Cu sample and

max
30°C for thelC/Cu sample. The difference in these
values may be attributed to the morphological differ-
ences between the lignite and coal samples. Note that,
with increase in the heating rate, the rate of NO, emis-
sion increases, with marked narrowing of the charac-
teristic peak (by 40—60°C, depending on the type of
coal).

On the basis of the calculated activation energy, we
may conclude that activation by Cu(NO;), lowers the
kinetic barrier to thermal destruction and oxidation of
the lignite and coal samples. Ultimately, that acceler-
ates the oxidation process and shifts it to lower tem-
peratures.
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