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The article considers a pressing environmental problem — the purification of gas emissions of thermal power plants from carbon
monoxide. The relevance of the study is due to the growth of carbon monoxide emissions and its harmful effects on human health and
the environment. The currently known carbon monoxide secondary oxidation catalysts cannot be used for the sanitary purification of
large volumes of gases due to the need to use precious metals for their manufacture, as well as high energy costs during operation. For
the effective purification of exhaust gases from carbon monoxide, copper-manganese catalysts have been synthesized and studied. In
addition to catalytically active substances, they use cement, aluminum powder and ammonia water. Thanks to these ingredients, a porous
pasty mass of the catalyst is formed, which is applied to the inner surface of the catalytic reactor tubes. The developed catalysts are
characterized by high activity, selectivity, mechanical and thermal stability. They have low cost, low hydraulic resistance, low ignition
temperature and are not susceptible to catalytic poison. The technology of catalyst manufacturing does not require the use of scarce
raw materials and complex equipment. The work studies the kinetics of the reaction, determines and investigates the main parameters
that make it possible to provide a comprehensive assessment of the developed catalysts. Determination of the kinetic parameters of the
reaction made it possible to establish the dependence of the reaction rate on the change in the concentration of each reactant, calculate
the time of carbon monoxide conversion and determine the slowest stage of the process. The studied catalysts begin to show activity
already at a temperature of 150°C, and the maximum values are reached at a temperature of 300°C. The synthesized tubular catalysts
show higher activity than the industrial low-temperature catalyst LTK-4. The presence of water vapor in the gas does not reduce the
activity of the proposed catalysts. Key words: kinetic parameters, carbon monoxide oxidation, copper-manganese catalysts.

JocaipxeHHsl KIHeTHYHHMX NAPAMETPIiB KATAJITHYHOIO J00KHCHEHHs] MOHOOKcuay kapoony. Kysnenos C.I., bednajabyenko
B.M., Cemenuenko 0.0., Iekina €.C.

VY cTarTi po3MISHYTO aKTyallbHa €KOJIOT YHa MpobieMa — OUUIIEHHS ra30BUX BUKHUIIB TEIJIOCHEPTETUYHUX MiAIPHEMCTB Bil MOHO-
OKCUIly KapOOHY. AKTyalbHICTh JOCIIIPKCHHs 3yMOBJIEHA 3pOCTaHHSIM OOCSTiB BUKHIB MOHOOKCHAY KapOOHY Ta iHoro maryoHHM
BIUTMBOM Ha 3]I0pOB’S JIOAWHM ¥ CTaH HABKOJMIIHBOTO CepeloBHINA. BimoMi Ha ChOTO/HI KaTanizaToOpH JTOOKHUCICHHS MOHOOKCHIY
KapOOHY HE MOXYTh BHKOPHCTOBYBATHCH JUISl CAHITAPHOTO OYHMILCHHS BEJMKUX OOCATIB rasiB y 3B’S3Ky 3 MOTPEOOI0 BUKOPHUCTOBY-
BaTH KOLITOBHI METAJH ISt iX BUTOTOBJICHHS, @ TAKOXK 3 BEJIMKUMH €HEPreTHYHUMH BUTpaTaMH IpH ekcrutyarauii. g edexruBHoro
OYHMIIIEHHS BiIXIJIHUX r'a3iB BiJl MOHOOKCH/y KapOOHY CHHTE30BaHO i JOCIIKEHO MiTHO-MapraHieBi karanizaropu. B HUX KpiMm KaTa-
JITHYHO aKTUBHUX PEYOBUH, BUKOPHCTAHI IIEMEHT, AIIOMiHi€Ba ITyApa Ta aMiadyHa BoAa. 3aBIsKH I[UM IHIPEIIEHTaM YTBOPIOETHCS
MOpHCTA TTACTONONIOHA Maca Karaii3aTopa, sika HAaHOCHTHCS Ha BHYTPIIIHIO MOBEPXHIO TPYO KaTaliTHYHOTO peakropa. PozpobieHi
KaTai3aToOpH XapaKTEePU3yIOTHCSI BUCOKOIO aKTHBHICTIO, BUOIPKOBICTIO, MEXaHIYHOIO 1 TEPMIYHOKO CTiHKicTIO. BOHM MaroTh HU3BKY
cOo0iBapTiCTh, MW TiApPaBIiYHUII OMip, MOHIKEHY TEeMIIepaTypy 3amajioBaHHs 1 HECHPUSATIMBICTh IO KaTaNiTUYHOI OTPYTH.
TexHoJOTisI BUTOTOBIICHHS KaTalli3aTopiB He NOTpeOye BUKOPHCTaHHs Ae(IIMTHOI CUPOBHHU i CKIagHOTO oOnamHaHHS. Y poOoTi
BHBUCHO KiHETUKY peakilii, BU3HAUCHO H JOCIIIKEHO OCHOBHI ITapaMeTpH, SKi Jal0Th MOXIIMBICTh HaJlaTH KOMIUIEKCHY OIIHKY pO3-
pobneHnM KarasizaropaM. BuzHadeHHS KIHCTHYHUX MapaMeTpiB peakiii JO3BOIIIO BCTAHOBUTH 3aJISKHICTh HIBUAKOCTI peakiii Bix
3MiHM KOHLIEHTpALil KOXKHOI pearyioqol pe4oBUHH, PO3paxyBaTH 4ac KOHBEPTYBaHHS MOHOOKCHIY KapOOHY i BU3HAYUTH HAHMOBLIb-
Hily cranito npouecy. JocnimkeHi karanizaTopy MOYWHAIOTH MPOSIBIATH aKTUBHICTH BXe Npu Temmeparypi 150°C, a MakcumanbHi
3Ha4YEHHS JocsATaroThes npu Temieparypi 300°C. CuHTe30BaHi TpyO9acTi KaTaIi3aTopH MPOSBISIOTH OLTBII BUCOKY aKTHBHICTH HIXK
MIPOMHUCIIOBHN HU3bKOTeMneparypauii karanizarop HTK-4. HasBHicTs y Ta3i BOnsSHOI Mapu HE 3HUKY€E aKTHBHICThH 3aIIPOITOHOBAHUX
KaTanizaropiB. Knouogi cnosa: KIHETHYHI TapaMeTpH, OKUCHEHHS] MOHOOKCHY KapOOHY, MiTHO-MapraHIleBi KaTali3aTopH.

Problem statement. When boilers operate on liquid,
solid or gaseous fuel, a number of harmful substances are
emitted into the atmosphere [1, 2]. The most dangerous of
which are nitrogen oxides, sulphur dioxide, carbon mon-
oxide, and suspended solids [3-5]. The quantitative and
qualitative composition of exhaust gases depends on the
type of fuel, the design of the furnace and burners, as well
as on the operating mode of the boilers [6]. Considering
that several dozen, and sometimes hundreds of boilers
operate in each city or industrial region, the absolute mass

of harmful substances emitted into the atmosphere is
thousands of tons per year. In 2020, combustion processes
in Ukraine’s energy industries produced 202,993 tons of
carbon monoxide out of 707,337 tons emitted into the air
across the country as a whole [7].

Actualization. A person breathes about 20 m? of air
through their lungs every day. Even small doses of pol-
lutants have a cumulative negative effect. Carbon mon-
oxide has strong toxic properties, in particular, the gas
interacts with haemoglobin in the blood 300 times faster
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than oxygen, and its concentration of 0.32% is lethal [8].
Once in the atmospheric air, carbon monoxide is oxi-
dized to carbon dioxide very slowly. On average, under
natural conditions, such conversion can take from one to
three months. Existing methods for cleaning gas emis-
sions from carbon monoxide are often highly special-
ized and expensive [9]. For example, catalytic oxidation
using platinum catalysts, which is widely used in auto-
mobile gasoline engines, is economically impractical for
large volumes of gases [10].

Analysis of recent research and publications.
There are known methods for cleaning process gases
from carbon monoxide, for example in ammonia syn-
thesis, but these methods are not at all suitable for eco-
logical cleaning of waste gases, because they require the
use of high pressures (up to 300-10° Pa) and complex
technological equipment. The most effective method for
neutralizing carbon monoxide is its catalytic oxidation
to carbon dioxide, because under normal conditions it is
an indifferent gas [11]. The reaction of catalytic oxida-
tion of CO with oxygen or water vapor is well studied:
CO+1/20,=CO0O,; CO+H,0=CO,+H,.

Allocation of previously unresolved parts of the
general problem to which the specified article is
devoted. Currently known methods and catalysts for
carbon monoxide oxidation are not used for the sanitary
purification of large volumes of gases [12, 13]. There are
several reasons preventing the use of these methods. The
main one is the high cost of catalysts and the high energy
costs of heating gases to the ignition temperature of the
catalyst, which is 200-250°C [14, 15]. In addition, the
exhaust gases often contain solid impurities that poison
the catalyst. Currently, the issue of effective industrial gas
purification from carbon monoxide remains unresolved.

Novelty. New, relatively inexpensive catalysts have
been developed and studied for the effective removal
of carbon monoxide from exhaust gases from thermal
power plants [16]. They are, to a certain extent, capable
of solving the problem of removing carbon monoxide
from large volumes of exhaust gases.

Statement of the main material. Determination of
the order and rate constant of the oxidation reaction
of carbon monoxide.

Determining the kinetic parameters of a reaction
allows us to establish the dependence of the reaction rate

Four groups of catalysts, each consisting of four
samples were studied. The catalysts in the first group
were prepared by quenching coke in saturated ammo-
nia solutions, heated to a temperature in the absence of
air. In the second group, ammonia solutions, and were
used as catalytically active substances, KMnO, and
CuCO,-Cu(OH ), . The catalysts of the third group were
obtained on the basis of MnCO, and CuCO,-Cu(OH),
. The fourth group demonstrated the highest activity. In
addition to catalytically active substances, cement, alu-
minium powder, and ammonia water were also used.
When the activator (aluminium powder) interacted with
ammonia water, hydrogen was released, which facili-
tated the formation of a porous, paste-like catalyst mass.
This paste was then applied in a thin layer to the inner
surface of the pipes using a special plunger, where it
hardened.

The kinetic equation for the reaction of heteroge-
neous oxidation of carbon monoxide on a catalyst is
expressed by the equation: U = K[C,, |’ -[CO2 ]m , where
K — is the reaction rate constant; Cep,C,, — concentra-
tions of reactants; n, m — exponents characterizing the
reaction order for a given component.

To determine the reaction order and rate constant by
integration, experimental data on the degree of carbon
monoxide conversion as a function of the space velocity
of the gas were used. Based on this, the dynamics of
changes in the concentration of the reacting components
over the reaction time were calculated (table 1).

The reaction rate constant is determined by substi-
tuting the concentration values CO and [1,, at different
reaction times (t=0.56s u t=1.4s) into kinetic equa-
tions of different orders. The calculation data are sum-
marized in table 2.

The table shows that for n = 1 and m = 0, the rate
constant values coincide most closely. Consequently,
with excess oxygen, the catalytic oxidation reaction of
carbon monoxide is first-order with respect to carbon
monoxide and zero-order with respect to oxygen. The
overall reaction order is unity.

With insufficient oxygen, the reaction order with
respect to oxygen can be determined from the relationship:

U 10°
e 1,70 10_5
U _735.10° _,

on changes in the concentration of each reactant, calcu- n= C, 2 ’
late the time required to convert reactants into products, Ig C'z lgf
and also determine the rate-limiting stage of the process. %
Table 1
Changes in the concentration of carbon monoxide and oxygen over time
Concentration of Reaction time, s
components
gmol/dm*10° 0 0,28 0,56 0,85 1,13 1,4
Cco 10,35 4,11 2,36 1,29 1,14 0,56
Co, 98,08 98,52 87,9 87,9 87,9 87,9
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Table 2
Reaction rate constants calculated using kinetic equations of different orders (t =3000C°, d = 30 mm)
Reacti d
caction orcer Speed constant, K
c | By components Type of kinetic equation
enera
Aco B, 11=0,56 =14
-4
0 n=0 m=0 K, = A”T 14,21-107 6,99-10™*
1
n=1 m=0 K, :—-lné 2,61 2,08
T A
1
1 . B,
n=0 m=1 K,=—In—= 0,089 0,044
T B
=0 =2 K it 5880 12000
n= m= A T 4 Ao
(1 1
n=0 m=2 Ky=—| ——— 10 5.6
2 T\ B B,
a ln{A~B‘)}
n=1 m=1 _ 4 B 290 448
S [e-Ao—a~BO]
where U, and U,— reaction rates at oxygen Time, T s 028 056 085 1.13 14
concentrations C, u C(’)Z . Speed N
Experimental data were used to determine the constant, K 3,28 261 245 195 208
reaction order with respect to oxygen. The results
show that with a large excess of oxygen, the pro- 3,28+2,61+2,45+1,95+2,08 5 476!
= =4, S .

cess rate is independent of its concentration in the
gas mixture, while with a deficiency, it is propor-
tional to it. Consequently, with oxygen deficiency
in the gas mixture down to the stoichiometric ratio,
the carbon monoxide oxidation reaction on cop-
per-manganese catalysts proceeds according to a
second-order equation.
The rate constant is expressed by the equation:

wmﬁ«&i
Y
¥ 1[6-4y~a-B)]’

where “a” and “B” are the coefficients of the stoichiometric
equation.

Increasing the oxygen concentration above the
stoichiometric values in the reaction equation CO +
1/20, = CO, reduces the overall reaction order to first.
Considering that industrial gas purification processes
typically proceed with excess oxygen, the first-order

kinetic equation is of greater interest: K, = L ln% .
T
This equation is used in subsequent calculations of rate
constants for carbon monoxide oxidation reactions.
A more accurate value for the rate constant for the
carbon monoxide oxidation reaction can be determined
using experimental data over a wider time range:

5

en the kinetic equation will take the form: U =2,47-AC,,,
The results of the reaction rate constant dependence
on temperature are shown in table 3.
The mathematical dependence of the reaction rate
constant on temperature is determined by solving a sys-
tem of equations:

anT:£+B;1nKT :£+B,
YT T
where
ln% ln01256
— 1 — ) - .
T T
T, T 573 423

B=InK, —§=1n0,156+ 4;2232

1

=7,886.

Then the dependence of the rate constant on
temperature can be expressed by the equation:

InK = —$+7,886. Temperature coefficient of reac-
InK, —InkK -

tion: Inp=—2D0 r_In2 120’156 =0,17, where

B=1,185.
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Table 3
Rate constant (Kt) dependence on temperature
Carbon monoxide concentration
Temperature, at the entrance at the exit Degree of Reaction rate
°C conversion,% | constant, K, s
% (vol) g/mol-dm? % (vol) g/mol-dm?
100 2 8,9-10* 1,8 8,04-10° 10 0,725
150 2 8,9-107* 1,6 7,15-107* 21 0,856
200 2 8.9-107 0,5 2,23-107* 75 0,988
250 2 8,9-10* 0,2 0,894-10* 90 1,641
300 2 8,9-107 0,12 0,56-107* 94 2
Table 4
The degree of conversion of carbon monoxide on a copper-manganese catalyst
Temperature. °C Volumetric velocity of gas, h!
u
P ’ 5000 10000 15000 20000 25000
100 17 12 8 4 3
150 25 18 16 10 7
200 51 42 39 35 30
250 83 78 76 74 68
300 96 94 90 86 78

Knowing the dependence K = f (T), we can deter-
mine the activation energy of the process:

K
Rin" % g3yp 2
_ K 0,156 _
E—1 =7 i =35214 J/mol
T T, 423 573

The degree of carbon monoxide conversion as a
function of temperature and space velocity is shown in
table 4.

Evaluation of the effectiveness of copper-man-
ganese catalysts for the further oxidation of carbon
monoxide. The rate constants, temperature coefficients,
and reaction order determined during a study of the
reaction kinetics for the further oxidation of carbon
monoxide allow for a comprehensive evaluation of the
developed catalysts. As can be seen from the formulas,
the relatively low temperature coefficient and activation
energy values suggest that the carbon monoxide oxida-
tion reaction on the copper-manganese catalyst occurs in
the diffusion region. This is evidenced by the first-order
nature of the reaction. Moreover, with excess oxygen, the
rate of the process is limited by the diffusion of carbon
monoxide within the catalyst pores. The mechanism of
carbon monoxide oxidation on copper catalysts has been
studied quite thoroughly. It is assumed that the conver-
sion involves the cleavage of one @ bond in the carbon
monoxide molecule and the bonds between hydrogen
and oxygen in the water molecule. The total energy of

the cleaved bonds is 1178 kJ/mol, which virtually rules
out the possibility of the reaction occurring without a
catalyst. During catalytic interaction, carbon monoxide
removes oxygen from the catalyst, and water returns it
to the catalyst, with both processes occurring simultane-
ously. The reaction proceeding via a fusion mechanism
leads to a significant reduction in the energy barrier.
This allows the process to be carried out at relatively
low temperatures and high space velocities, as observed
in these studies. The most effective means of acceler-
ating processes occurring in the diffusion region (inter-
nal transport) is to reduce the catalyst grain size and use
catalysts with a developed surface area, in which large
pores serve as transport pathways to the highly devel-
oped surface area created by short, fine pores. Coke, as
the support on which the catalyst is synthesized, fully
meets these requirements.

Main conclusions. New catalysts have been syn-
thesized and studied. They exhibit high performance,
activity, selectivity, mechanical strength, and thermal
stability. They also exhibit low hydraulic resistance,
low ignition temperature, low production cost, and high
resistance to catalytic poisons. The catalyst manufac-
turing technology is simple and reliable, requiring no
scarce raw materials or complex equipment.

Prospects for using the research results. The
developed catalysts can be used in thermal power plants
(boiler houses) to purify large volumes of exhaust gases
from carbon monoxide. This is regardless of the type of
fuel being burned.
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