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ABSTRACT: The ignition of anthracite with arc plasma has not | =

been applied due to its low chemical effect and volatile content in ‘ Spectrometer
anthracite. The nonequilibrium plasma generated by a microwave-

induced discharge has the ability to break branch chains and
aromatic ring structures by kinetic effects, which has the potential
for anthracite cracking and ignition. This work investigated

|
Microwave
en

anthracite cracking by microwave-induced discharges under an remperature [l e’

Ar/N, atmosphere. Results showed that the maximum levels of CO " —

production, total gas production, and total gas generation rate N, /
occur in 20% argon content due to an increase in the number of Fiter E

electrons and a decrease in the total electronic states excitation rate

constant with an increase in the argon content. The total gas production in plasma cracking is larger than that by pyrolysis, indicating
the crack of polycyclic aromatic hydrocarbon by plasma. In addition, we attempted anthracite combustion under an 80% N, and 20%
O, atmosphere.

1. INTRODUCTION Ar, H,0, and He, can regulate the energy transfer pathway in
plasma,'®~*" leading to changes in production components. So
far, the influence of the atmosphere on the cracking of
anthracite by microwave-induced discharge is not clear.

This work investigated anthracite cracking by microwave-
induced discharge and its effects on gas production by argon
contents in this process. To reveal the kinetic effects of
microwave-induced discharge, we detected the spectrum of
plasma to identify excited-state molecules. This work also
attempted to assess anthracite combustion assisted by

microwave-induced discharge under the conditions of 80%

Tele e S5 1. .
mosjc of t'he nonetélulhbrlun} plasma su.ch as corona, dielectric N, and 20% O, atmosphere to study the possibility of high-
barrier discharge,” and microwave discharge’ have excellent rank coal ignition by microwave-induced discharge.

kinetic effects due to their high electron temperatures.®

Microwave-induced discharge is a type of nonequilibrium 2. EXPERIMENTS AND CALCULATION

plasma triggered by metal and dielectric materials under

microwave irradiation below the breakdown threshold.” It has 2.1. EXPe”ments' In th.ls work, tbe cracking and ignition
been applied in many areas, such as biomass gasification, """ of anthracite by microwave-induced discharge was conducted,
) )

chip etching,'* and volatile organic compound processing.'> while the pyrolysis of anthracite was carried out as the control

Microwave-induced discharge shows the ability to break the grcl)(up - The ;nass of coke and coal is 1 g.dThe sizes of coal and
chain and aromatic ring structure when applied for cracking coke range from 0'159 to 0.178 mm and 0.425 to 0.850 mm,
. . 14 respectively. The proximate and elemental analyses are shown
cyclic organic compounds such as toluene, ™ cyclohexane,
xylene, and ethylbenzene.15 Therefore, it has the potential for
cracking the carbon skeleton of coal. In our previous work, we Received: September 14, 2023
observed a centimeter-scale plasma produced by microwave- Revised:  December 21, 2023
induced discharge, which can upgrade the air ionization and Accepted:  December 27, 2023
expand the range of a flame.'®'” However, the enhancing effect Published: February 15, 2024
of microwave-induced discharge on anthracite cracking is still
unclear. Moreover, the addition of other working gases, such as

Some new advanced ignition technologies have been
developed in recent years in thermal power plants for saving
oil and stabling flame." Among these technologies, plasma-
assisted ignition has great potential for coal combustion.
However, its application still has difficulties with regard to
high-rank coal due to its low reactivity” and volatile content.”
Most of the current plasma ignition technology is based on arc
plasma,* which is a type of equilibrium plasma. Equilibrium
plasma has a strong thermal effect but weak kinetic effect, while

© 2024 The Authors. Published b
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Table 1. Proximate Analysis and Elemental Analysis of Coal and Coke

proximate analysis (wt %)

elemental analysis (wt %)

Sample Mar Aar Var FCET
coal 3.63 13.05 5.99 77.33
coke 5.35 18.39 4.06 72.21

“The result is attained by the subtraction method.

Caaf Hesr Ouaf Nt Saaf
91.62 3.11 3.75% 1.46 0.07
83.62 0.98 14.32¢ 1.02 0.06

in Table 1. The proximate analyses were determined according
to the Chinese National Standard GB/T 212—2008, while the
ultimate analyses were determined according to the Chinese
National Standard GB/T 476—2008 (carbon and hydrogen),
GB/T 19227-2008 (nitrogen), and GB/T 214—2007
(sulfur).”’ The total gaseous flow was 0.5 L/min in all cases.

In pyrolysis experiments, coke and coal were placed in a tube
furnace, heated from 25 to 900 °C at 10 °C/min, and retained
for 2 h under a nitrogen atmosphere. Micrographs of the coal
and coke particles were measured by scanning electron
microscopy (SEM, JSM-7401F), as shown in Figure S1. The
gas produced during pyrolysis was cooled and filtered to
remove the tar before component analysis.

In the cracking and combustion experiments, coal and coke
within a quartz reactor were placed in a microwave oven. The
argon contents of the atmosphere in cracking experiments were
set as 0, 20, 40, 50, 60, 80, and 100%, while the atmosphere of
combustion experiments constituted 80% N, and 20% O,. The
microwave power was 800 W and the running time of each
case was 20 min. The plasma was generated by a microwave-
induced discharge between cokes. Without coke and coal,
microwaves cannot directly induce discharge in the reactor.
The spectrum of plasma during cracking was detected by a
spectrometer through an observation hole on the top of the
microwave oven. The method and process of gas component
analysis were set to be consistent with the pyrolysis
experiments.

The tube furnace used in pyrolysis experiments was a GSL-
1100X. The microwave oven used in cracking experiments was
an MAS-II operator, and its frequency value was up to 2.45
GHz, as shown in Figure 1. A plasma spectrum detector
(Avaspec-ULS4096CL-EVO) was used to detect excited-state
molecules created by discharge. Its integral time was set to 50
ms, and the measurement range of wavelength was 200—1100
nm. A Fourier transform infrared spectrometer (FTIR, DX-
4000) was used to analyze gaseous production in cracking and
pyrolysis experiments. CO, CO,, H,O, HCN, NH;, NO, NO,,

Spectrometer
— Il
Microwave
Oven
Quartz
Temperature bottle
Probe FTIR
[_— Coal&Coke
- =
N,
Filter

Figure 1. Microwave-induced discharge system.
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and SO, were detected in each experiment. Because of the
drying and filtering of gas products, the data on H,0O do not
reflect the real contents of H,O in gas products.

2.2. Calculation. To reveal the mechanisms of this
phenomenon, we calculated the reaction rate constant and
electron energy transferred in the electron impact reactions
with different argon contents. The reactions considered in the
nitrogen and argon discharge are shown in Table 2. The cross
sections of electron impact reactions were obtained from Ixcat.

Table 2. List of Reactions and Rate Constants

reaction energy (eV) references
e+Ar—>e+Ar (1) 0 a
e+ Ar — e + Ar(4s)  (2) 11.55 a
e+ Ar— e+ Ar(4p)  (3) 13.00 a
e+ Ar > e + Ar(4d)  (4) 14.00 a
e+ Ar—2e+ At (5) 1570 a
e+N,»>e+N, (6) 0 b
e+ N, - e+ Ny(rot) (7) 0.02 b
e+N,>e+N,(v=1) (8) 0.29 b
e+ N, - e+N,(v=2) (9) 0.59 b
e+ N, > e+N,(v=3) (10) 0.88 b
e+ N, > e+N,(v=4) (11) 1.17 b
e+ N, e+N,(v=5) (12) 1.47 b
e+ N, > e+N,(v=6) (13) 1.76 b
e+ N, > e+ N,(v=7) (14) 2.06 b
e+ N, > e+ N,(v=8) (15) 2.35 b
e+ N, > e+ Ny,(4) (16) 6.17 b
e+ N, > e+ N,(B) (17) 7.35 b
e+ N, > e+ N,(W) (18) 7.36 b
e+ N, — e+ N(B® (19) 8.16 b
e+ N, > e+Ny(a') (20) 8.40 b
e+ N, > e+N@d) (21) 8.55 b
e+ N, e+ N,w') (22) 8.89 b
e+ N, >e+2N (23) 9.75 c
e+ N, > e+ N,(C) (24) 11.03 b
e+ N, > e+ N(E)  (25) 11.87 b
e+ N, > e+Nya') (26) 12.25 b
e+ N, > e+ N,(sum) (27) 13.00 b
e+ N, > 2 +N," (28) 15.60 b

“Biagi-v7.1 database, www.Ixcat.net, retrieved on May 27, 2022.
bSIGLO database, www.Ixcat.net, retrieved on May 27, 2022. “Itikawa
database, www.Ixcat.net, retrieved on May 27, 2022.
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Figure 2. (a) Total gaseous production on different ratios of Ar/N,. (b) Gas component production in different ratios of Ar/N,.

Table 3. Gas Component Production under Different Conditions

gas (L) pyrolysis N, 20%Ar 40%Ar S0%Ar 60%Ar 80%Ar 100%Ar
co 0.01636 0.01417 0.09753 0.03007 0.07615 0.0452 0.08514 0.07365
co, 0.04702 0.05350 0.06640 0.05771 0.02501 0.05026 0.05866 0.04659
CH, 7.430 x 107* 1.347 x 1077 2.128 X 107* 1.021 x 107* 1.870 x 107* 1.358 x 107* 1.028 x 1073 9.638 X 10~°
C,H, 4709 x 107° 3.281 x 1073 2.965 x 107° 2.399 x 107° 3321 x 107° 8.742 x 107° 2472 x 107° 3.001 x 107°
HCN 7.100 x 107° 2.624 x 1073 6.294 x 107 6.166 x 107° 2.520 x 107* 4.646 X 107° 6.317 x 107° 4737 x 107°
NH, 2.445 x 107 8.647 X 107° 2.128 X 107° 2.446 X 107° 3.624 X 107 8.722 X 107° 3.561 X 107° 3.543 x 107°
NO 0 1.858 X 1073 2.940 x 1077 7.920 x 107° 7.408 x 107* 7237 x 107° 7.920 x 107° 1111 x 10™*
NO, 0 5275 x 107° 0 0 0 1.636 X 107* 0 0
SO, 7.764 X 107 3.132 x 107° 9.845 x 107° 9.775 x 107° 6.852 x 107° 1.553 X 1073 9.858 x 107 8.442 x 107°
total 0.0711 0.1030 0.1650 0.0960 0.1020 0.0970 0.1540 0.1210
(a) w (b ~588
, ~388 ~670766
AN 1‘ ‘ .
; ,7=" \\ ~ :“wvl; L ‘1 | ‘ Il . “;
7 1 s & L L [ "
s 1 ' ‘ . 3685
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Figure 3. Spectrum of microwave-induced coke discharge in (a) pure N, and (b) pure Ar.

The data of cross sections used in this study are also provided
in the Supporting Information. The reaction rate constants of
electron impact reactions are calculated from the electron
energy distribution function (EEDF) by BOLSIG+,”> which
computes the Boltzmann transport equation by providing cross
sections of electron impact reactions. The conditions of
numerical simulation are set as follows: temperature, 300 K;
range of electron energy, 0.1—20 eV; and interval, 0.1 eV.

3. RESULTS

Figure 2a shows that the maximum total gas generation rate is
above 15 vol % for discharge in 20% argon. The peak in 50%
argon content was the last to appear (149s), while the time of
peak for pure nitrogen appeared earliest (57s). In pyrolysis, gas
production continued for several hours. This means that the
generation rate of total gas production by microwave plasma
cracking is higher than that by pyrolysis.
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Gas component productions of pyrolysis and microwave
plasma cracking are shown in Figure 2b and Table 3. CO and
CO, are the main gaseous products in plasma cracking and
pyrolysis, while the productions of CH,, C,Hs; HCN, NH;,
NO, NO,, and SO, are low. Compared with pyrolysis and
cracking in pure nitrogen, the amount of CO generated
increases as argon is added to the atmosphere. CO is a type of
combustible gas, and the highest level of CO generated is
0.0975 L in 20% argon. The amount of CH, generated in
plasma cracking is lower than that by pyrolysis. In detail,
compared with discharge in pure nitrogen, the production of
methane is higher for the discharge in a mixture of argon and
nitrogen. In the conditions of microwave-induced discharge,
the production of C,H4 and HCN in pure nitrogen is more
than that by pyrolysis and with the addition of argon. The
production of NO, NO,, and SO, for microwave plasma
cracking increased, while NH; production decreased compared
with that of pyrolysis. As shown in Table 3, compared with

https://doi.org/10.1021/acsomega.3c05977
ACS Omega 2024, 9, 8947—-8953
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Figure 4. (a) Spark-like discharge and (b) arc-like discharge in microwave-induced discharge in nitrogen. (c) Filamentous-like discharge in argon
and (d) combustion with microwave-induced discharge in 20% O, and 80% N,.
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Figure 5. (a) Main gaseous component production and (b) plasma spectrum in the microwave ignition experiment under 80% N, and 20% O,.

pyrolysis, the higher production of element C in the
microwave-induced discharge crack indicates the breaking of
polyaromatic hydrogen by microwave plasma.

The plasma spectra in microwave-induced discharge under
pure nitrogen and argon are shown in Figure 3. The discharge
was hardly triggered in coals without coke affected by the
microwave. In nitrogen discharge, the SPS lines of N,(357.45—
402.51 nm) were detected, as shown in Figure 3a, which
originated from the de-excitation of N,(C) to N,(A) and
N,(B).”® For discharge in argon, the de-excitation lines at
200—450, 588, 670, and 766 nm were detected, as shown in
Figure 3b. The latter three may originate from the de-
excitation of Ar(4d — 4p) and Ar(4p — 4s). The existence of
excited-state nitrogen and argon demonstrates kinetic effects
on anthracite cracking by microwave-induced discharge.
Moreover, plasma transitions were observed in the micro-
wave-induced discharge process. In nitrogen, the plasma
transition from the spark-like discharge to arc-like discharge
occurred at around 2 min, as shown in Figure 4a,b, while the
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plasma transition from spark-like discharge to filamentous-like
discharge occurred at around 10 min in argon, as Figure 4c.

Figure Sa shows the gas component production under an
80% N, and 20% O, atmosphere. The amount of CO increases
sharply at the beginning of the experiment, and the peak
appears at 145s. After that, the CO content decreases to nearly
zero after 6 min and then increases linearly. The amount of
CO, production reaches the maximum level at 255s and
decreases after that. The generation of NO under the
conditions of combustion demonstrates that combustion in
this period is drastic. The production of NH;, HCN, C,Hy,
and CH, is close to zero. Moreover, the image of combustion
is shown in Figure 4d.

The N, SPS lines and de-excitation lines in the ranges of
430—440 and 595—605 nm were detected, as shown in Figure
Sb. The last one may originate from O,(b — a).”’ The de-
excitation lines show the kinetic effects of combustion by
microwave-induced discharge.

https://doi.org/10.1021/acsomega.3c05977
ACS Omega 2024, 9, 8947—-8953
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Figure 6. (a) Total ionization rate constant, (b) total electronic state excitation rate constant, (c) total energy loss rate constant, and (d) energy
loss fraction of microwave-induced discharge in a mixture of nitrogen and argon. Note that the dotted and dashed lines, solid lines, and dashed lines
shown in (d) represent rotational and vibrational excitation, electronic excitation, and ionization, respectively.

4. DISCUSSION

As mentioned above, the gas production and generation rate
increase first and then decrease with the argon content in
cracking experiments. The cracking by plasma can release more
gas than pyrolysis. The results of the spectrum test indicate
that the key factors are the electronic excited-state molecules,
such as N,(A, B, C), Ar(4s, 4p, 4d), and O,(a, b), detected in
the spectrum for cracking and ignition experiments. The
energies of these excited-state molecules are about 1-10 eV,
which are much higher than many chemical bond energies,” as
well as the average molecular energy in the normal combustion
of coal without plasma. Therefore, the molecules with an
excited state in plasma cracking destroy more chemical bonds
to produce more gas than that by pyrolysis. More importantly,
this also means that the generation of the electronic excited
state of molecules should first increase and then decrease with
the argon content.

As shown in Figure 6, the generation rate of electronic
excited-state molecules is ks NNy, + ky, NNy, where k,, and
ky, are the reaction rate constants of electronic excited-state
argon and nitrogen, respectively; and N,, Ny, and Ny, are the
number densities of electron, argon, and nitrogen, respectively.
Considering the low ionization degree (much less than 1%) of
microwave-induced discharge under ~1 kW microwave at

atmospheric pressure,”**** the number of argon and nitrogen
molecules is approximately equal to xN, + 1- x)Ng, where x

8951

is the argon content and N, is the number of molecules of gas.

8
Therefore, the generation rate of electronic excited-state
molecules is proportional to [xk,, + (I — x)ky,IN,,

abbreviated as kN,, where k is the total electronic state
excitation rate constant. As shown in Figure 6a, with an
increase in argon content, the ionization rate constant
increases, leading to an increase in the electron number
density, N,. Moreover, Ar has a higher scattering cross section
than N, (shown in Figure S2), resulting in a high total
ionization rate constant with increasing Ar content. However,
the total electronic state excitation rate constant, k, decreases
with increasing argon content, as shown Figure 6b. The energy
loss rate decreases with increasing argon content, leading to an
increase in the electron temperature, as shown in Figure 6c.
With an increase in the argon content, the energy loss fraction
of ionization increases, while the energy loss fraction of
electronic state excitation decreases, as shown in Figure 6d.
There is a competitive relationship between the excited and
ionized states of electrons. Namely, under the same electron
energy supply, the trends of the total ionization rate constant
and the total electronic states excitation rate constant are
opposite. Because of the increase in the ionization rate and
electron energy, and the decrease of total electronic states
excitation rate constant with an increase in the argon content,
the generation rate of electronic states excitation molecules
increases first and then decreases. Indeed, Figure 5d shows that
the electron energy deposition path is affected by the energy
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and gas composition, while the electronic energy is used for
rotational or vibrational excitation, electronic excitation, and
ionization processes, respectively. Therefore, there is a
competitive relationship between the excited and ionized
states of electrons. Namely, under the same electron energy
supply, the trends of the total ionization rate constant and the
total electronic states excitation rate constant are opposite.
Moreover, Ar has a higher scattering cross section than N,
(shown in Figure S2), resulting in a high total ionization rate
constant with increasing Ar content.

5. CONCLUSIONS

This work investigated the microwave-induced discharge
cracking and assisted ignition of anthracite. The main volatile
products are CO and CO, in plasma cracking and pyrolysis.
The gas generation rate of microwave cracking is higher than
that of pyrolysis. This study advances the understanding of the
cracking of low-volatile anthracite and the production of
volatiles through microwave-induced discharge and can
provide a reference for the ignition of low-volatile anthracite.
The main conclusions are as follows:

(1) The total gas production rate, total gas production, and
the amount of CO are the highest in 20% argon. This is
mainly because of the increase in the number of
electrons and the decrease in the electronic state
excitation rate constant with an increase in argon
content.

The production of CO and CO, by plasma cracking is
higher than that by pyrolysis, which indicates the
cracking of polyaromatic hydrogen in anthracite by
plasma. This is mainly because the energies of these
excited-state molecules are much higher than many
chemical bond energies of coal.

The de-excitation lines of N,(C) and Ar(4d, 4p) were
detected in plasma cracking, which shows the existence
of a kinetic effect on anthracite cracking by microwave-
induced discharge.

In the microwave-induced discharge-assisted combus-
tion experiment, the presence of NO demonstrates that
combustion was drastic, and the de-excitation lines of
N,(C) and O,(b) demonstrate that the kinetic effect still
exists in this plasma-assisted combustion experiment of
anthracite.

)

3)

(4)
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