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Pozenanymo enaue memnepamypu, Konyenm-
pauii KUCHIO ma eumpamu 2a30N08iMpaHoL Cymi-
wi Ha eeKMuUBHICMb OKUCTEHHA MepMoanmpa-
UUMHO20 6Y2/1eU€e6020 3EPHUCMO20 Mamepiany
3 ymeopenHam MoHOOKCUOdy ma 0iokcudy eye-
Jaeyto. 3modenvosana ycmanosxa nepedéauana
Hazpieanns 6 mepmoxamepi 3pasKy 6yaieue60z0
Mmamepiany npu nocmiiHoMy NPOnYcKanHi uepes
30HY Hazpi6aHHs 2a30N0GIMPAHOL CYMiwi, OMpu-
Manoi npu pezymosanni nodaui nogimps ma eye-
aexucnozo zasy. Temnepamypuuii dianazon cma-
nosue 20-850 °C.

Bcmanosneno, wo nomimne oxuciaenns eyene-
Ue6020 mMamepiany 6 mepmoxamepi npu npooyea-
Hi 2a30N0GIMPAHUX CYMiweld i3 8MICIMOM KUCHIO
8-21 % nouunaemvcsa npu memnepamypax sumux
500 °C, a 3nauni KoHyeHmpauii MOHOOKCUOY BYyee-
uro ymeoproromocs npu memnepamypax 600—-800 °C.
Busnaueno, wo 3a xonuewmpauii xucuro 14 %
eMicm MOHOOKCUOY KAPOOHY Y OUMOBUX 2a3aX MiHi-
Manvhull y eubpanomy oianasoni xonuenmpaii
xucuro 8-21 %.

Iloxasano, wo npu suxopucmanmi 2a3060i Cymi-
wi, Hacuuenoi 800aAHUMU napamu, edexmusHicmo
000KUCIeHHA MOHOOKCUOY KapOOHy 3pocmae npu
memnepamypax 650-850 °C, npome npu euxopuc-
MaHHi MapP2anye6020 KamManizamopy Kamanimuy-
Hoi 0ii napie 600u ne cnocmepizacmocs.

3anpononoBano GUKOPUCMAHHS MAP2aHUEB020
Kamanizamopa, Hamecenoz0 y 6u2i0i MiKpOKpuUc-
manie Ha NOBEPXHIO BY2NeUe6020 Mamepiany, wo
3a0e3neuye cymmese 3nudicenns xonyenmpauiii CO
npu memnepamypax 500-850 °C. Hedonixom npo-
uecy € 30invuenns empam syeaieuesozo mamepiany
6 1,6-2,0 pa3u 3a paxynox npuckopenus npoyecis
oxucaenns eyeinnsn 0o CO ma COy.

IIpedcmasneno mosxcausicmo cmeopents 6uUsHa-
YEHUX YMOB 011 NPOBEOCHHA MEXHOL02IMH020 NPO-
Uecy OKUCAEHHS MEPMOAHMPAUUNMHO20 8Y2I1eUeB0-
20 3epHUCMO20 Mamepiany Ha niOnpuemcmeax 0s
3a0e3neueHHs 3HUNCEHHS BMICMY MOHOOKCUOY Kap-
001y 6 NPOOYKMAX OKUCIEHHS

Kniouosi caosa: monooxcud eyeneuro, oumosi
2a3u, mepmMoanmpayumna nepecunka, epagimauis,
syeneyeeull mamepiau, 0ioKcu0 Mapeanulo, oKuc-
JIeHHS, eKO0JI02IMHULL KamaJli3

| =,

1. Introduction

In the technological processes with heat treatment of car-
bon, such as coking, graphitization, coal combustion, carbon
oxides are always formed if gas mixtures contain oxygen at
higher or lower concentrations. Typically, these processes are
accompanied by the formation of carbon dioxide and toxic
carbon monoxide.

Despite the considerable number of methods of carbon
monoxide reoxidation before flue gases are released into the
atmosphere, creating conditions for effective oxidation at
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the production stage is an important problem that has not
been sufficiently studied.

There has been an acute problem of protecting the po-
pulation from carbon monoxide poisoning since the 1950s.
No less acute problem is greenhouse gas emission. But in
recent years there has been no decrease, but an increase in
carbon oxide emissions to the atmosphere due to a significant
reduction in volumes of natural gas used and growth of solid
fuel combustion. Atmospheric pollution with carbon mono-
xide in electrode production by graphitization is particularly
significant [1, 2].




2. Literature review and problem statement

It is known that carbon monoxide, one of the most
harmful components of flue gases of industrial enterprises
and vehicles, is also called the <«silent killer» [3]. This gas
has no smell, color, taste and irritating effect, so it cannot
be felt by the sensory organs. Lighter than air by about 3 %,
carbon monoxide rises up and freely spreads. It is known
that at present the atmosphere contains 5-10!! kg of carbon
monoxide and 20-30 % more are added annually as a result
of human activity [4].

Despite numerous studies in this area, the problem of
converting carbon monoxide into carbon dioxide does not
lose relevance. The paper [5] presents the results of studies,
which note that CO oxidation to CO4 without a catalyst at
temperatures below 650 °C is very limited. As available ac-
tive catalysts for CO oxidation, it is proposed to use MnOs,,
Co304, CuO oxides, which allows reducing the process
temperature to 120-150 °C. However, catalytic oxidation
of carbon monoxide has been most studied when used in the
automotive industry, since the catalyst efficiency particular-
ly depends on the temperature of exhaust gases during cold
engine start [6].

As for production, recent studies have focused on the use
of manganese compounds for catalytic purposes. The possi-
bility of using CuMnO, hopcalite as a promising catalyst for
low-temperature CO oxidation, obtained by KMnOy co-pre-
cipitation is noted [7]. Doping with metal oxides (CeO,,
AgO,, AuO,) increases the ability of hopcalite catalysts to
adsorb CO [8].

According to the authors of [5], electrochemical manga-
nese dioxide, obtained from fluorine electrolytes, is a more
active catalyst for CO oxidation compared with chemical
MnO,. That is, the catalytic properties of manganese dioxide
can be significantly improved by changing the method of
production. At the same time, high efficiency of cobalt-, cop-
per- and lithium-doped manganese dioxide obtained by the
electrochemical method for the catalytic conversion of CO
into CO, is noted [9]. However, despite the high efficiency
and stability of the considered catalysts, there is no hope
for large-scale introduction of them in the coming years for
various reasons, among which the most significant are high
price and complicated methods of production. In general,
known catalytic exhaust systems at enterprises in the form of
carrier applied noble metals, metal oxides and high-tempera-
ture superconductors require a significant amount of active
components [4].

Separately, for combustion or oxidation of carbon mate-
rials, a number of technical solutions have been developed
to reduce carbon monoxide emissions. Thus, in [10], moder-
nization of the rules of electrode products firing is proposed,
which can be applied only if the firing duration and the
maximum process temperature are increased. The use of the
CO local afterburning plant in the form of a heat exchanger-
utilizer [11] will be associated with excessive consumption
of natural gas which will be spent for heating the gas-air
flow. Radical replacement of Riedgammer’s multi-chamber
annular furnaces with tunnel furnaces [12] will also face sig-
nificant capital expenditures on re-equipment of production.
The introduction of catalytic exhaust systems in particular in
the process of electrode graphitization is also impossible due
to the high content of resinous substances in flue gases [13].

As a result, the introduction of the proposed solutions
at enterprises is limited or impossible at all. Thus, the issue

of reducing the carbon monoxide content in flue gases in an
economically feasible way without reducing the quality of
the resulting products remains unresolved.

One of the ways to overcome the above obstacles in the
process of catalytic conversion of CO into CO4 can be the
use of manganese dioxide film coatings, whose high efficiency
for the catalytic oxidation of organic compounds in aqueous
solutions is confirmed in [14, 15]. In this case, the stability
of carrier applied coatings is easily provided by adjusting the
process parameters of the medium [14]. Also, this catalyst is
proposed to be used instead of expensive noble metals, because
the surface of the platinum catalyst is poisoned in the oxida-
tion process with adsorbed carbon monoxide particles [15].

At the same time, the works [14, 15] deal with the pro-
cesses of neutralizing organic compounds in aqueous solu-
tions. Therefore, it was interesting to study the oxidation
efficiency of carbon monoxide by catalytic oxidation of CO
using the manganese dioxide film coating in a gas environ-
ment at enterprises where heat treatment of carbon occurs.
In addition, the possibility of easy application of this catalyst
to the components of the technological process, in particular,
to the thermoanthracite charge in electrode production by
graphitization, should cause minimum capital costs for the
catalytic conversion of CO into COs.

3. The aim and objectives of the study

The aim of the work is to determine conditions for re-
ducing the carbon monoxide content in carbon material
oxidation products.

To achieve the aim, the following objectives were accom-
plished:

—to study the processes of carbon material oxidation,
depending on the temperature, composition and flow rate of
the gas mixture;

— to determine the effect of water vapor on the processes
of carbon material oxidation during heat treatment;

— to estimate the effect of manganese oxide (IV) applied
on carbon material on the carbon oxidation intensity and the
ratio of carbon monoxide and dioxide in oxidation products;

—to determine conditions for effective reoxidation of
carbon monoxide.

4. Materials and methods of study of carbon material
oxidation processes in a heat chamber

Thermoanthracite charge with a particle size of 2.8—6.0 mm
was used as carbon material in the studies.

To study gas emission processes during the heat treat-
ment of the material, a laboratory installation was created,
the scheme of which is presented in Fig. 1.

The installation includes a heat chamber 4 consisting of
a ceramic tube 6 with a heating element 8, where by means
of thermocouples 5 and temperature relay 9, the set tempera-
ture level is maintained by a heating element 8. The sample
of dried and weighed carbon material in a stainless steel
cup 7 was placed in a ceramic tube 6 in a heat chamber. The
temperature was raised from room temperature to 850 °C for
7 hours. The gas mixture was passed through a ceramic tube 6
and gas mixture discharge tube 3. At room temperature, by
adjusting the supply of air and carbon dioxide using a gas
analyzer 1, a given oxygen concentration was set. During



heating, the flow rate of CO; and air was not changed. In the
process of heating, the composition of the gas mixture at the
heat chamber output was constantly monitored. After hea-
ting and cooling, the mass of carbon material was determined.
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Fig. 1. Scheme of a laboratory installation for the study
of gas emission processes in the heat treatment of carbon
material: 1 — VARIO PLUS industrial analyzer MRU air fair;
2 — gas analyzer sampler; 3 — gas mixture discharge tube;

4 — heat chamber; 5 — thermocouples; 6 — ceramic tube;
7 — stainless steel mesh cup; 8 — heating element;
9 — TENSE PC-96 temperature relay;
10 — RF-RFM LGFI.407142.002 EF rotameters;
11 — compressor; 12 — reducer; 13 — cylinder with carbon
dioxide; 14 — water-filled flask; 15 — cranes

The change in the carbon dioxide concentration was de-
termined by the difference between the final concentration at
the given temperature and the initial concentration at room
temperature. At the same time, the data on the concentration
of oxygen, which is mainly spent on the formation of carbon
dioxide and monoxide were refined.

The change in the concentration of carbon monoxide,
methane and nitrogen was determined from the data ob-
tained with the gas analyzer.

The specific amount of carbon monoxide (Qco) pro-
duced per 1 g of carbon charge was determined by the formu-

la (mg/(g-h)):

The practical mass loss as a percentage (AM) was found

by the formula (%):

M, -M,

AM = 100 %. 3)

Theoretical mass loss of the carbon material sample
(AMt) during heat treatment was calculated based on the
chemical reactions (g):

2C+0,=2CO, (4)

C+0,=CO0s. )

Considering the recorded concentrations of COy and
CO, the theoretically calculated mass of oxidized carbon was
determined by equation (1) and (2).

The amount of manganese oxide was determined from
a decrease in the potassium permanganate content in a solu-
tion per unit mass of carbon material. When using a 1 %
potassium permanganate solution during treatment for a day,
the content of precipitated MnOj in the carbon material is
0.5 %. When using a 5 % potassium permanganate solution
during contact for a day, the MnO, content in the carbon
material is 1.5 %.

5. Results of studies of carbon material oxidation
during heat treatment

5. 1. Effect of temperature, composition and flow rate
of gas-air mixture, water vapor on carbon material oxida-
tion processes

According to the results of determining changes in the
carbon material temperature over heating time (Table 1), the
temperature in the heat chamber increased for 7 hours from
18.6-21.0 °C to 790-860 °C. At the same time, at different
oxygen concentrations, the temperature of the processes
varies insignificantly. If within the first two hours the tem-
perature increase is accidental, for the last five hours the tem-
perature rises faster with increasing oxygen concentration
in the gas mixture. Perhaps this is due to an increase in heat
emission during carbon oxidation intensification.

Table 1

c-V
Qco ZW' (1) Change in temperature (7) in the heat chamber, CO concentration (Cco) and amount
of formed carbon monoxide (Qcp) over heating time (#)*
where Cis CO concentration, mg/m?; T,°C Cco-10% %/Qco, mg/(gh)
Vis gas mixture flow rate, m3/h; Mis | & h 1 9 3 4 1 ) 3 4
the mass of loaded thermoanthracite
charge, g. 0 21 20 20 | 18,6 0/0 0/0 0/0 0/0
The practical mass loss of the car- 1| 265|270 | 258 | 219 | 0.54/0.05 0/0 0/0 0/0
bon material sample (AM,) during 2 (339335320335 | 1.61/0.16 1.07,/0.10 0.54/0.05 0.54/0.06
?eat tﬁea(tgent was determined by the - [0 M0 o060 T 215001 | 161/0.45 | 215/0.409 | 429/046
ormula (g):
4 | 490 | 476 | 513 | 541 9.66,/0.95 3.76/0.36 2.69/0.23 40.25/4.35
AMP =M, —Mﬁn, (2) 5 | 644 | 634 | 653 | 665 | 43.99/4.33 25.75/2.44 45.60/3.98 35.41/3.83
b b | fh 6 795 | 785 | 731 | 847 61.71/6.07 | 138.43/13.09 | 96.05/8.38 54.73/5.91
Mini _
where M in 1s the initial mass of the 77 ST o e 7060 1185412 | 112.67/10.66 | 84.77/7.39 | 6331/685
carbon material sample before heat
treatment, g; Mfin is the final mass of Z Qco, mg/(gh) 15.9 26.8 20.2 21.5

the carbon material sample after heat
treatment, g.

Note: * — conditions at an oxygen concentration in the gas mixture, %: 14.06 (1), 15.50 (2),
17.50 (3), 20.95 (4) at a flow rate of the gas mixture, dm’/h: 376 (1); 350 (2); 323 (3); 350 (4)



It should be noted that the change in the concentra-
tion of carbon monoxide formed was not so clear. First
of all, it should be pointed out that a significant increase
in carbon monoxide concentration occurs at temperatures
close to 500°C and CO concentration increases signifi-
cantly at temperatures of 650—800 °C. The lowest carbon
monoxide concentrations in gas mixtures are noted at an
oxygen concentration of 14 %. With an increase in oxygen
concentration to 15.5 %, the maximum CO content (at the
level of 13,125-16,125 mg/m?) is observed. With a further
increase in oxygen concentration in the gas mixture, carbon
monoxide content in the gases at the heat chamber outlet is
slightly reduced. Similarly, along with oxy-
gen concentration, the specific amount of
carbon monoxide formed changes with
temperature. The maximum amount of
carbon monoxide per 1 g of carbon charge
is formed at an oxygen concentration of

dioxide is close to the mass loss, determined by massometry.
The increase in the mass loss of samples 1, 2, 3 (Fig. 2) is more
likely due to the higher flow rate of the gas mixture than the
decrease in oxygen concentration.

It should be noted that in the process of heat treatment
of carbon material with the gas mixture containing oxygen
at a concentration of 14.06—-17.5 %, an increase in methane
concentration (Fig. 3) is observed already at temperatures
of 258-270 °C.

This can be explained by the fact that methane is released
mainly due to the degassing of hydrocarbons from the carbon
material.

Table 2

Change in the mass (AM) of carbon material for 7 hours,
depending on oxygen content ([O,]), temperature (7) and flow rate

of the gas mixture (V)

15.5 % at temperatures of 785-850 °C. T,°C
The change in carbon dioxide con- - [02], % | V,dm®/h | Ckmnot, % | Min & | Myin, 8 | AM,, g | AMt, g | AM, %
centration during the heat treatment of | ™™ | MaX
carbon material can be judged from the | 21.0 | 860 | 20.95 588 - 376.5 | 3401 | 364 | 364 | 9.668
results in Fig. 2. At an oxygen concen-
18.5 | 885 | 20.95* 588 - 382.3 | 340.2 | 421 41.8 | 11.012
tration of 14.06 %, the increase in CO,
concentration in the mixture after heat | 17.7 | 860 | 2095 | 588 1 362.4 | 3036 | 588 | 58.6 |16.251
treatment ranges from 0.183 mol/m® to | 194 | 855 | 2095 | 588 5 3295 | 2580 | 715 | 709 |21.700
2.036 mol/m3. As for CO, the concentra-
tion varies from 0.0089 to 0.2567 mOl/mS 20.7 | 860 | 20.95* 588 5 385.1 | 325.0 | 60.1 59.3 | 15.606
(Table 1). At an oxygen concentration in 20.0 | 800 | 17.5 323 - 4314 | 4230 | 85 8.4 | 1.970
. o .
the gas mixture of 15.5 %, the maximum 7, ;7,0 1745 57 359 - 4314 | 4215 | 99 | 95 | 2.29
increase in CO, concentration reaches
0.9107 mol/m?, while the maximum in- 21.0 | 822 | 14.0 376 - 445.0 | 430.0 | 15.0 | 144 | 3.37
crease in CO reaches 0.5759 mol/m? |1831| 747 | 7.63 338 5 359.1 | 347.0 | 121 | 109 | 3.36
which is close enough to the change in — — : :
CO? concentration. Note:* — Conditions with air saturation with water vapor
65 F = —he = — = mam m —am o — 0.14 1
60 - 0.12 +
55
c\i 50 < 0.1 +
=45 -~ 0.08 +
4 =
= 40 5 006 +
S - 0.04
2 30 S O Sy i SRS ’
25 0.02 1
Ng e ep— - a - - 0 =ttt
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Fig. 2. Change in the concentration of carbon
dioxide (1; 2; 3) and nitrogen (4; 5; 6) over time when
passing the gas-air mixture at an oxygen concentration
of 14.06 % (1; 4); 15.5 % (2; 5); 17.5 % (3; 6) at a flow
rate, dm3/h: 376 (1; 4); 350 (2; 5); 323 (3; 6) (AM,1=15.00 g;
AM;=9.90 g; AM,3=8.40 g; AMt;=14.37 g; AM=9.30 g;
AMt;=8.35 g)

The largest decrease in the mass of the carbon material
sample during heat treatment at an oxygen concentrations
of 14.0-17.5 % was observed at oxygen concentration of
14.0 %, and the lowest mass decrease at concentrations of
17.5 % (Fig. 2, Table 2). The theoretically calculated mass
loss in terms of the amount of formed carbon monoxide and

Fig. 3. Dependence of methane concentration of (1; 2; 3)
on the heat chamber temperature at a flow rate of oxygen
in the gas-air mixture, dm3/h: 52.60 (1), 54.25 (2), 56.53 (3)

As for the intensity of carbon oxidation by the mixture
of air and carbon dioxide, according to the results in Fig. 4, 5
and Table 2, it can be said that oxidation intensity increases
with increasing temperature and with increasing flow rate of
the gas-air mixture. In this case, at an oxygen concentration
of more than 14 %, the increase in the content of this gas has
little effect on carbon oxidation intensity. The main para-
meters are the temperature and flow rate of the mixture. So,
at oxygen concentrations of 14.0, 15.5 and 17.5 % at the gas
flow rate of 376.0, 350.0 and 323.0 dm?/h, respectively, 52.60,



54.25 and 56.53 dm? of oxygen respectively per hour were
supplied in the heat chamber. Therefore, this had little effect
on the intensity of carbon monoxide and dioxide formation.
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Fig. 4. Dependence of carbon monoxide
concentration (1; 2; 3) on the heat chamber temperature
at a flow rate of oxygen in the gas-air mixture, dm3/h:
52.60 (1), 54.25 (2), 56.53 (3)

On the other hand, when air, saturated with water va-
por is fed into the heat chamber, during the preliminary air
bubbling through the water layer, the results of gas emission
differ substantially (Fig. 5). If at temperatures of 546—660 °C
carbon monoxide concentrations were close when supplying
dry and moist air (5,875 and 6,062 mg/m? at 546 °C and
4,313 and 5,378 mg/m® at 660 °C, respectively), then at
temperatures of 660-850°C, CO concentration reached
6,375 mg/m® when supplying dry and 1,125 mg/m? when
supplying moist air. The difference in carbon monoxide
concentrations reached 6,000 mg/m? in the temperature
range of 850—870 °C. Obviously, this is due to the catalytic
effect of water vapor on high-temperature carbon monoxide
oxidation. At the same time, when supplying air saturated
with water, the mass of carbon material decreased by 42.1 g,

whereas when supplying unsaturated air, the mass of carbon
material reached 36.4 g.
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Fig. 5. Effect of the heat chamber temperature
on the concentration of carbon monoxide (1; 2),
methane (3; 4) and specific amount of carbon monoxide
formed (5; 6) when passing air (1; 3; 5) and moist air (2; 4; 6)
through the thermoanthracite carbon material at a flow
rate of 588 dm3/h

5. 2. Effect of manganese oxide (IV) applied on carbon
material on carbon oxidation intensity and ratio of carbon
monoxide and dioxide in oxidation products

To intensify the processes of reoxidation of carbon oxide
during the heat treatment of carbon material, it was modified
by 1% and 5 % potassium permanganate solutions by the
method [14]. At the same time, when interacting with coal,
permanganate is reduced to MnO, and remains on its surface
in the form of microcrystals.

The results of using carbon material, modified with a 1 %
potassium permanganate solution, are given in Table 3. When
passing clean air, an increase in carbon dioxide concentration
reached 5.59 % at a temperature of 674—847 °C, and carbon
monoxide concentration decreased from 5,875-7,375 mg/m?
to 2,400-2,875 mg/m3.

Table 3

Change in temperature (T), concentration of O,, CO,, CO, CH4and Qo over heating time of carbon material,
modified with a 1 % KMnOy solution *

b T,°C Coa, %/Cco2 % Cco-10%, %/ Cens102, % Qco, mg/(gh)
1 2 3 1 2 3 1 2 3 1 2 3

0 |16.7 | 19.8 | 26.0 | 20.95/0.03 | 18.45/15.30 | 16.15/28.81 0/0 0/0 0/0 0.0 0.0 0.0
1 | 288 | 315 | 216 | 20.95/0.04 | 18.46/15.35 | 16.12/28.82 1.07/18.09 0/1.06 0/1.06 0.21 0.0 0.0
2 | 372 | 335 | 320 | 20.95/0.08 | 17.89/15.39 | 16.14/28.78 1.07/11.71 0/0.53 0/3.72 0.21 0.0 0.0
3 | 465 | 427 | 384 | 18.84/1.89 | 17.28/15.93 | 16.12/28.85 1.07/11.18 0.54/1..06 0.54/3.75 0.21 0.07 | 0.08
4 | 528 | 484 | 470 | 18.03/2.66 | 16.51/16.57 | 15.44/28.90 4.29/12.77 2.69/1..60 1.07/3.75 0.84 0.35 | 0.17
5 | 674 | 591 | 593 | 16.51/4.41 | 15.57/17.38 | 12.77/29.65 | 20.92/15.44 24.68/4.78 25.22/4.26 411 3.22 | 390
6 | 847 | 838 | 793 | 14.81/5.59 | 13.73/17.48 | 12.77/32.18 | 24.68/19.16 | 25.75/4.78 | 37.03/7.98 | 4.85 336 | 5.72
7 — 868 | 826 - 12.99/18.35 | 10.47/34.46 - 8.59/4.26 52.58/9.06 - 1.12 | 8.12

£Qco, mg/(gh) 104 | 81 | 180

Note: * — conditions during purging through the heat chamber: 1 — air (V=590 dm’/h), AM,,1=46.0 g; 2 — air and CO, mixture (2:3)
at CO, flow rate of 60 dm’/h (V=392 dm’/h), AM,»=35.3 g 3 — air and CO, mixture (2:3) at CO, flow rate of 130 dm’/h

(V=464 "dm’/h), AM,3=24.2 g



In the case of passing the mix-
ture of air and CO; through the
thermoanthracite carbon material,
a decrease in CO reoxidation effi-

Table 4

Change in temperature (7), concentration of CO,, O, over heating time (¢)
during purging air (1; 3; 4) and moist air (2; 5)* through the chamber

ciency was observed. Thus, at an N T,°C Cco2, %/Co, %

oxygen concentration of 18.45 %, L 112131415 1 9 3 4 5

the maximum CO concentration

reached 3,000 mg/m? and at an ox- | 0 |21.0]185[17.7]19.4|20.7| 0.03/20.95 | 0.03/20.95 | 0.03/2095 |0.03/20.95| 0.03/20.95

ygen concentration of 16.15%, the | 1 [219]207 | 288|315 | 212 | 0.04/20.95 | 0.04/20.95 | 0.04/20.95 | 0.82/19.53 | 0.14,/19.39

maximum CO content was the le-

vel of 6,125 mg/mS. The maximum 2 1335|316 368|390 | 360 | 0.07/20.76 | 0.14/20.94 | 0.09,/20.90 | 2.58/18.08 | 1.61/18.13

increase in CO, concentrations 3 |421| 414 | 464 | 460 | 436 | 0.15/20.59 | 0.34/20.85 | 1.06,/20.88 | 3.91/17.48 | 1.95/17.60

o, -

reached 3.05 and 5.64 %, respec- [T T i T T 0077 20,03 | 1.86/18.76 | 1.74/17.74 | 3.27/17.43 | 2.07/17.51

tively. As oxygen concentration de-

creased, the mass loss was 46.02, 5> | 665|627 | 658|640 | 643 | 2.52/18.02 [ 3.22/16.71 | 3.00/15.74 | 3.35/16.57 | 2.72/17.00

35.50 and 24.20 g, respectively. "¢l m e 5 Toas 839 [ 832 | 3.74/17.11 | 3.81/16.61 | 5.60/14.08 | 4.13/16.54| 4.57/15.31
The results obtained at the air

flow rate of 588 dm?/h using the | 7 |860|885 |860| 855|860 |4.38/16.71 |4.08/13.57 | 7.30/11.63 |4.65/15.92 | 6.18/13.82

carbon material modified with a 5 %
potassium permanganate solution
are shown in Fig. 6, 7 and Table 4.
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Fig. 6. Dependence of carbon monoxide
concentration (1; 2; 3), specific amount of carbon
monoxide formed (4; 5; 6) on the heat chamber
temperature when passing air (1; 2; 4; 5) and
moist air (3; 6) through the thermoanthracite carbon material
modified witha 1 % (1; 4) and 5 % potassium
permanganate solution (2; 3; 5; 6) at the air flow rate
of 588 dm3/h
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Fig. 7. Dependence of methane (concentration 1; 2; 3)
on the heat chamber temperature when passing air (1; 2)
and moist air (3) through the thermoanthracite
carbon material, modified with 1 % (1) and 5 % potassium
permanganate solution (2; 3) at the air flow
rate of 588 dm3/h

Note: * — conditions for the modification of the thermoanthracite carbon material: 1, 2 —
unmodified; 3 — modified with 1 % potassium permanganate solution; 4, 5 — modified with
5 % potassium permanganate solution

As can be seen from Fig. 6, when using the material modified
with a5 % potassium permanganate solution, CO concentration
in the gas mixture did not exceed 500 mg/m?. The use of this
moist air has led to an increase in carbon monoxide concentra-
tion within 2,625-3,375 mg/m? at temperatures of 800—-850 °C.
In this case, the application of moist air has led to a significant
increase in CO, concentration in the gas mixture (Table 4).

It is obvious that manganese dioxide acts as a catalyst for
CO reoxidation in the presence of oxygen. In the presence
of water vapor, its efficiency at high temperatures (~850 °C)
decreases. The efficiency of CO reoxidation by manganese
dioxide also decreases dramatically when the oxygen concen-
tration in the air mixture decreases to 8.31 % (Fig. 8).

As can be seen from Fig. 8, CO concentration in the gas
mixture after the heat chamber reaches 3,250-7,875 mg/m3
at temperatures of 618—749 °C.
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Fig. 8. Dependence of carbon monoxide (1),
methane (2), carbon dioxide (3) and oxygen (4) concentration
on the heat chamber temperature when passing the gas
mixture through the thermoanthracite carbon material,
modified with a 5 % potassium permanganate solution
at a flow rate of 337 dm3/h

6. Discussion of the results on the processes
of high-temperature oxidation of carbon material

According to the literature, carbon interacts with oxygen
at high temperatures according to reactions [2]:



3C+20,=C30y, (6)
C50,=2C0O+CO,, )
Csu(C304)+09=2CO+2COs. (8)

It is therefore clear that at the first stage of oxidation, the
molar ratios of carbon monoxide and dioxide are 2:1 or 1:1.
However, the results give a somewhat different relationship
(Table 1, Fig. 2). The maximum carbon monoxide concen-
tration reaches 126 mmol/m3, while under similar conditions
carbon dioxide concentration was 455 mmol/m?. In other
cases, CO, concentration even more exceeded the CO con-
centration. This is due to the fact that carbon monoxide in
the presence of water vapor traces interacts with oxygen to
form carbon dioxide. If we consider that the maximum carbon
monoxide concentrations were reached within 500-700 °C,
then we can say that in this temperature range a significant
part of carbon monoxide is not reoxidized completely.

If we consider the process as a whole, then, in addition to
reactions (6)—(8), the following reaction takes place:

CO+%OZA>COZ. 9)

In most cases, the reaction rate (9) is insufficient for
complete reoxidation of carbon monoxide. The speed of this
process can be described by the equation:

Ug9)=K9y[CO]"[O,]"2 (10)

In fact, this reaction takes place in several stages, the
most probable of which are the following:

OH+CO=CO,+H, (11)
H+0,=0H+0, (12)
O+H,0=20H. (13)

Of the reaction stages (11)—(13), the reaction rate (11)
is the highest. The rate constant in the temperature range
of 400-600 °C reaches 1.9-10'2-2.57-10'2 cm?/mole-s [2]. Ob-
viously, the limiting stage of the process is the reaction (12)
whose rate constant in the same temperature range varies with-
in 1.03-10>-6.89-10* cm?/mols. It is obvious that the process
of carbon monoxide reoxidation mainly depends on the oxygen
concentration in the gas mixture. However, the rate of its for-
mation also depends on oxygen concentration with a constant
amount of carbon material. Therefore, its concentration in the
gas mixture (Table 1) depends on both the oxidation rate of
carbon material and the rate of CO reoxidation to COs. On the
other hand, the degree of carbon material oxidation to CO and
CO, within oxygen concentrations of 14.0—17.5 % is less depen-
dent on oxygen concentration than the flow rate of the gas-air
mixture (Tables 1, 2, Fig. 2). During heating of carbon material,
the total loss of its mass at an oxygen concentration of 14.0, 15.5
and 17.5 %, respectively, amounted to 15.0,9.9 and 8.4 g.

It is known that without the formation of hydroxyl radi-
cals, oxidation of carbon monoxide to dioxide is impossible.
Therefore, one should expect a decrease in the concentration
of carbon monoxide in the mixture with an increase in water
vapor concentration. As can be seen from Fig. 5, when passing
air saturated with water vapor through the heat chamber
during bubbling through water, there was a decrease in car-

bon monoxide concentration at temperatures of 630885 °C.
Obviously, this is due to an increase in the rate of hydroxyl
radicals formation and the whole process of CO reoxidation
to COy. Though in general, carbon material loss when passing
ordinary air compared with moist air is slightly smaller and
is 36.4 g compared with 42.1 g. Relatively significant loss of
carbon material compared with the experiments presented in
Table 1 and Fig. 2, 3 (previously 15.0-8.5 g) is due to higher
air flow rate and higher heating temperatures at the final stage.

A certain decrease in carbon monoxide concentration was
achieved using the carbon material modified with a 1 % po-
tassium permanganate solution (Table 3). CO concentration
was reduced to 1,000-3,000 mg/m?3. With a decrease in oxy-
gen concentration, the effect is slightly lower. With the use of
carbon material modified with a 5 % permanganate solution,
the maximum CO concentration was reduced by more than
an order to 500 mg,/m?.

Obviously, this is due to the catalytic action of MnO,
acting by the reaction:

CO+MnOy—COy+MnO, (14)

MnO+03—MnO,. (15)
On the other hand, if we consider that in all cases,
using potassium permanganate-modified carbon material
at the same air flow rate, the carbon mass loss increases
1.6-2.0 times, then this cannot be explained simply by the
growth of the oxidation rate of carbon monoxide. On the one
hand, the acceleration of the second stage of carbon oxidation
at the expense of the catalyst leads to the acceleration of the
first stage due to a reduction in the rate of the reverse process.
This is also noted when using moist air, where water played
a catalyst role. On the other hand, at high temperatures, the
possibility of interaction between manganese dioxide and
coal is not excluded, which is precisely the reason for a signi-
ficant acceleration of the process of carbon material oxidation.
Therefore, in the case when carbon oxidation is undesirable,
manganese dioxide should be applied to an inert material.

As can be seen from Fig. 8, when the oxygen concen-
tration in the gas mixture decreases, the efficiency of the
manganese catalyst is sharply reduced. This can be explained
by the lack of oxygen to convert MnO to MnO,. In this case,
MnO practically does not interact with either CO, or carbon.
Therefore, the carbon material consumption is only 12.1 g,
the concentration of CO, formed decreases, but the concen-
tration of carbon monoxide increases.

Such conclusions may be considered appropriate from the
practical point of view, but there is a need for a more detailed
study of the effect of oxygen concentration on the formation of
carbon monoxide, as well as on the catalytic reoxidation of CO
at an oxygen concentration of 4 to 16 %. This will allow deter-
mining which of the two parameters — oxygen concentration or
gas-air mixture flow rate has a decisive influence on the forma-
tion and reoxidation of carbon monoxide. From the theoretical
point of view, the conclusions made suggest the determination
of the mechanism of reducing the carbon monoxide concen-
tration, which is a certain advantage of this study. However, it
should be noted that the results of the mechanism of high-tem-
perature carbon material oxidation indicate the indispens-
able effect of the time of heating carbon material samples at
a constant temperature, which clearly has a direct relation to
the technological processes in real production. Such uncertain-
ty imposes certain limitations on the use of the results, which



can be interpreted as disadvantages of this study. Failure to re-
move these restrictions within this study generates a potential-
ly interesting direction for further research. It can, in particular,
be focused on identification of the time point of establishing the
maximum constant concentration of CO formation. Therefore,
there is a need to study the processes of formation of carbon
monoxide over a long time of heating of carbon material sam-
ples at a constant temperature within 500—-800 °C.

7. Conclusions

1. It is found that noticeable oxidation of carbon material
in a heat chamber during purging of gas-air mixtures with
an oxygen content of 8-21 % begins at temperatures above
500 °C, and significant concentrations of carbon monoxide
are formed at temperatures of 600-800 °C.

2. The effect of oxygen in the gas-air mixture and its flow
rate during purging it through a heat chamber at temperatures
up to 850 °C on carbon monoxide and dioxide concentrations,
amount of oxidized carbon is determined. It is shown that, at

an oxygen concentration of 14 %, the content of carbon mo-
noxide is minimal in the chosen range of oxygen concentra-
tions. The amount of oxidized carbon in the range of oxygen
concentrations of 8—21 % more depends on the temperature
and flow rate of the gas mixture than on oxygen concentration.

3. It is shown that when using the gas mixture saturated
with water vapor, the efficiency of carbon monoxide reoxida-
tion increases at temperatures of 650—850 °C. When using
the manganese catalyst, the catalytic effect of water vapor is
not observed.

4. Tt is found that when applying manganese dioxide to the
carbon material, the rate of carbon monoxide reoxidation to
dioxide significantly increases with decreasing concentrations
from 13,000-16,000 mg/m? to 500 mg/m? at temperatures of
500-850 °C. The disadvantage of the process is a 1.6—2.0 ti-
mes increase in carbon material losses due to accelerated CO
oxidation to CO, and coal to CO and CO,. The efficiency of
the catalyst is reduced when the oxygen concentration in the
gas mixture is reduced to ~8 %. In this case, carbon losses due
to oxidation are reduced almost 3 times compared with the
process at 21 % oxygen concentration without the catalyst.
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