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In the production of 1 ton of oxalic acid, 2000 m? of gases with an average content of 2—
2.5% of nitrogen oxides are emitted into the atmosphere. The existing methods of air
purification from nitrous gases have a number of disadvantages and therefore cannot be
widely used in industry. Based on theoretical and experimental studies, a new method
for the thermal decomposition of nitrogen oxides has been developed, which provides
for the sanitary purification of waste gases in the production of oxalic acid, up to the
maximum permissible concentrations. The process of thermal decomposition of nitrogen
oxides in the temperature range from 500 to approximately 5000°C has been studied. To
achieve such temperatures, an arc plasma torch with a tungsten cathode and a copper
anode was used. The degree of decomposition was determined by measuring the NO
concentration at the inlet and outlet by the evacuated flask method. The effects of gaseous
(hydrogen, ammonia, methane, natural gas), liquid (kerosene, gasoline, fuel oil), and
solid reducing agents (coke, coal, graphite) on the decomposition reaction of nitrogen
oxides were also studied.
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Introduction

The problem of air pollution has the most diverse
aspects of the impact on the environment and human.
According to estimates of specialists, over half a billion
hectares of arable land, two-thirds of forests, more
than 150 species of animals and birds have already
been lost on Earth. Millions of tons of steel and
other materials are lost annually from the corrosion
of metals. Human diseases have become more frequent
cardiovascular and cancerous [1]. If further not to
take the necessary measures, the processes of
industrialization will lead to the rapid depletion and
disappearance of biological resources. Moreover, this
is not the last role will play a pollution of atmospheric
air [2].

Humanity has great potential for adapting to the
environment. However, for a normal life it needs
certain conditions in which it has been formed over
many millennia. To ensure the correct and

harmonious development of people, all factors that
adversely affect their health should be eliminated. In
industrialized countries, where the heat and power,
chemical, metallurgical, and petrochemical industries
are concentrated, the atmospheric air is significantly
polluted. Among the harmful substances, nitrous gases
are at the forefront.

Currently, there are various methods of cleaning
gases from nitrogen oxides. The choice of air
purification method depends on a large variety of
technological processes in which nitrous gases are
released into the atmosphere. Exhaust gases differ in
temperature, quantity, degree of NO oxidation, content
of nitrogen oxides, oxygen and other impurities.

Presently the question of neutralization of oxides
of nitrogen is cardinally decided in the production of
nitric acid under pressure. The method of catalytic
neutralization of nitrogen oxides on a palladium catalyst
has been introduced here. However, the catalytic
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method is associated with the installation of complex
equipment and the use of expensive catalyst. In
addition, the catalytic method is suitable for systems
operating under pressure [3]. It is applicable to gases
that have in their composition no more than 1% of
nitrogen oxides and 4—5% of oxygen.

In industry, there are a large number of sources,
emitting into the atmosphere a nitrous gas containing
up to 3—5% of nitrogen oxides and up to 10—20% of
oxygen. Emissions differ in their character (continuous
and periodic), and in terms of their productivity (from
several hundred to several million m3?/h). Such systems
include waste gases produced by oxalic acid, emitting
to the atmosphere 2000 m3*/h of nitrous gas with a
content of 2.0—2.5% of oxides and up to 10% of
oxygen. Naturally, the catalytic method of purifying
gases from nitrogen oxides for such systems is
unacceptable.

Other well-known methods, such as alkaline
ones, are also less effective under these conditions,
which are characterized by cumbersome and low purity
(up to 60—70%). Until recently, neither in our country,
nor abroad, the issue of cleaning exhaust gases from
nitrogen oxides in the production of oxalic acid has
any positive solution. The purpose of this work is to
find an effective method for the sanitary cleaning of
waste gases from nitrogen oxides in the production of
oxalic acid.

Experimental and theoretical considerations

Production of oxalic acid is based on oxidation
of sucrose with nitric acid [4]:

C,,H»,0,,+12HNO;+6H,0=6H,C,0,2H,0+12NOT.(1)

In this case, the reduction of nitric acid to nitric
oxide occurs. Other nitrogen oxides may also be
formed. As a result, in the production of 1 ton of
oxalic acid, 2000 m? of gases with an average content
of 2—2.5% of nitrogen oxides are emitted into the
atmosphere.

Theoretical studies and techno-economic
calculations showed that for low-power systems with
a high content of nitrogen oxides and oxygen in the
gas (and waste gases in the production of oxalic acid
refer specifically to such systems), it is most expedient
to construct treatment plants operating on the principle
of thermal decomposition of nitrogen oxides on neutral
products [5].

This method is based on the decomposition
reaction of nitric oxide:
2NO=N,+0,. (2)

A method differs in simplicity, compactness,
small capital and operating costs.

Oxygen compounds of nitrogen can exist in the
form of the following oxides: nitrous oxide N,O; nitric
oxide NO; nitrogen dioxide NO, and its dimer,
dinitrogen tetroxide N,O,; dinitrogen trioxide N,O;;
and dinitrogen pentoxide N,O;.

Depending on the nitrogen oxidation level,
oxygen compounds of nitrogen possess different
physicochemical properties. For example, dinitrogen
tetroxide (N,0,) is an active compound reacting with
almost all inorganic and organic compounds. Nitric
oxide (NO) is an indifferent compound that does not
react with most compounds. Other properties of various
nitrogen oxides differ sharply.

The degree of oxidation of nitrogen is largely
determined by temperature. Depending on the
temperature, there may be some nitrogen oxides. In
the presence of oxygen or ozone and low temperature,
the oxidation reaction of nitric oxide proceeds
spontaneously and irreversibly in the following
direction:
NO+NO,-»N,0,-»N,0;. (3)

Dinitrogen pentoxide can exist in the solid state
at low temperatures. When heated in a gas form, it
dissociates into NO, and NO,. Nitrogen dioxide easily
polymerizes into dinitrogen tetroxide in a reversible
reaction:

N,0,2 2NO,. (4)

The degree of polymerization depends on the
temperature. At a temperature of 21.15°C, the N,O,
liquid dissociates into NO, molecules. At temperatures
above 140°C, the reaction equilibrium is completely
shifted to the right and only NO, can exist in the gas
phase. With further heating of nitrogen dioxide, it
decomposes:
2NO, 2 2NO+0,. (3)

The complete decomposition of NO, into nitric
oxide and oxygen occurs at a temperature of 600°C.
Nitric oxide is stable. However, at temperatures above
1000°C it is in a very dissociated state:
2NO 2 N,+0,. (6)

Thus, the temperature range of the existence of
various nitrogen oxides in the gas phase can be
represented as follows:

N,O, (at 21.15—140°C)—>NO,;

NO, (at 150—600°C)—NO;

Method of neutralization of nitrogen oxides in area of low-temperature plasma
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NO (at 600—1000°C)—N,+0,.

Heating higher oxides of nitrogen can be
achieved by decomposing them into lower, down to
elemental nitrogen and oxygen. This regularity is the
basis of the developed method.

The reaction of formation and decomposition
of nitric oxide is reversible:
2N,+0, 2 2NO0—-179.9 J. (7

The equilibrium concentration of nitric oxide,
which is obtained from nitrogen and oxygen in the
temperature range from 1000 K to 4000 K, can be
determined by the following formula:

4726

1gX =——-2.152.
X =-— (8)

The rate at which dynamic equilibrium is
established by reaction (6) is determined by the
following equation of the second order:

dx
- =K, (CNz —O.SX)-(C02 —O.5X)—K2X2, 9)

where X is the current concentration of nitric oxide;

Cy, and C, are concentration of nitrogen and

oxygen in initial gas (vol.%), respectively; K, and K,
are the rate constants of forward and reverse reactions,
respectively.

The temperature dependences of the equilibrium
concentration of nitric oxide, X, (Eq. (8)) and dynamic
equilibrium time, t, (Eq. (9)) are shown in Table.

The value of the equilibrium concentration of nitric oxide

Equilibrium Dynamic
Temperature, . e .
K co.nc.entrqtlon of | equilibrium time,
nitric oxide, % S

1000 0.02 4-10°

1500 0.044 1.8-10°

2000 1.34 1.0

2500 2.4 5-10°

3000 4.0 7-10”°

By using high temperatures, it is possible not
only to synthesize nitric oxide from the elements of
nitrogen and oxygen, but also to decompose it into
starting materials.

Table shows that from the point of view of
sanitary disposal of nitrous gases, the residual
equilibrium concentration of nitrogen oxides, achieved
by simple thermal decomposition, is too high, and
the time for establishing the equilibrium

concentrations at low temperatures is too long. For
example, by heating the nitrous gas to a temperature
of 2000 K, its concentration can be easily reduced to
1.34%. This will take only 1 second. But in order to
reduce the concentration to 0.02%, it will take 4-10° s
already, which is impossible under production
conditions, since will be associated with the installation
of the reaction apparatus with a capacity of 1000 m?3
per 1 m? of nitrous gas. It should be added that the
conditions for cooling the gas must correspond to a
gradual decrease in concentration to an equilibrium
state. Otherwise, the residual concentrations of nitrogen
oxides in the nitrous gas will be higher than the
equilibrium, and the degree of their thermal
decomposition will be reduced.

It follows from Eq. (9) that the rate of formation
of nitrogen oxides is directly proportional to the content
in the mixture of oxygen. If oxygen is removed from
the system in the process of decomposition, the rate
of formation of nitrogen oxides and the equilibrium
concentration can be reduced. This provision was also
used in the developed method of thermal
decomposition of nitrogen oxides.

Gaseous, liquid or solid reducing agents can be
used as oxygen-binding components. For example,
hydrogen, carbon monoxide, methane, ammonia,
kerosene, gasoline, fuel oil, coke, coal, graphite, etc.
The same combustible components are used to heat
the gas to the decomposition temperature.

Of particular interest was the study of the process
of thermal decomposition of nitrogen oxides in the
temperature range from 500 to 5000°C. To achieve
such temperatures, an arc plasma torch [6] with a
power of 20 kW with a tungsten cathode and a copper
anode, which were cooled with running water
(Fig. 1), was used. The arc stabilization is magnetic-
vortex. The position of the plasma torch is vertical
with the lower position of the cathode. A reactor 2
was connected to the exhaust nozzle of the plasma
torch, which simultaneously served as a heat exchanger
for preheating the gas. Nitrogen supplied from cylinder
10 was used as a plasma-forming gas. Liquid dinitrogen
tetroxide, was used as a source of nitrogen oxides and
evaporated from cylinder 9 located in a thermostat.

Plasma-forming gas with a temperature of 1000—
15000°C leaving the plasma torch enters the reactor
and is mixed with nitrous gas, which is preheated in
a heat exchanger to a temperature of 600°C. As a
result of mixing the gas flows, the mass-average
temperature of the mixture in the reactor ranges from
1000°C to 3500°C. The concentration of nitrogen
oxides at the inlet and outlet was determined by the
method of evacuated samples. The installation is
equipped with a set of instrumentation for determining
flow, temperature, etc.
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The electric circuit of the plasma torch is shown
in Fig. 2. It is designed on VKDu-150 type diodes,
connected via a bridge circuit. The plasma torch is
powered from the AC network 50 Hz, 220 V through
an autotransformer of the type RNO-0-250. In the
circuit of the anode and cathode installed ballast
inductive resistances, which serve to protect the diodes
from short circuit and steady burning of the arc of
the plasma torch.

The described power scheme provides a good
current-voltage characteristic of the plasma torch,
whose work is highly stable and noiseless. For proper
and stable operation, a plasma-forming gas and a
cooling fluid are first introduced into the plasma torch,
and then voltage is applied to the anode and cathode.
When the voltage reaches 65—75 V, the electrodes are
closed and divorced at a distance of 4—5 mm. A gas
mixture with a given concentration of nitrogen oxides

B
i b

Fig. 1. Technological scheme of the plasma torch: 1 — plasma torch; 2 — reactor; 3 — rotameters; 4 — receiver; 5 — air;

6 — pressure gauges; 7 — thermocouple; 8 — balloon with CH,; 9 — balloon with NO; 10 — balloon with N,;

11 — sampling point

m==="

O

Fig. 2. Electric circuit of the plasma torch
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is introduced into the working plasma torch. Then
the gas mixture is heated to a temperature of 2000—
4000°C. At this temperature, nitrogen oxides
decompose into elements, nitrogen and oxygen. The
degree of decomposition is determined by measuring
the concentration of NO at the inlet and outlet by
the method of evacuated flasks.

Results and discussion

The research results are presented in Fig. 3,
which shows the dependence of the degree of
decomposition of nitrogen oxides on their initial
concentration in the gas mixture.

100 23

80 20

60 15

40 1.0

NO concentration at the output, %

Degres of degomposition oPNC, %

20 0.3

1 2 3 4 5 6 7 8 9 10

NO concentration at the input, %

Fig. 3. Dependence of the degree of decomposition of nitrogen
oxides on the initial concentration of NO

The initial concentration of nitrogen oxides was
from 0.01% to 10%, and the average bulk temperature
in the reactor was 2000—2100°C. The temperature in
the reactor was determined by calculation based on
the heat balance of the plasma torch.

With an increase in the concentration of nitrogen
oxides, the degree of their decomposition grew. With
an initial concentration of nitrogen oxides in the gas
of 5%, the degree of decomposition was 52% at a
concentration of NO at the output of 2.4%. With an
increase in the initial concentration of nitrogen oxides
from 5 to 10%, the degree of their decomposition
increased to 77%, while the concentration of NO at
the outlet remained 2.4%.

The constant value of the concentration of
nitrogen oxides at the outlet (at the inlet of 4% and
above) is explained by the approach of the system to
the equilibrium state at a given temperature (Table).

It should be noted that the concentration of
nitrogen oxides after decomposition remains high.
This degree of decomposition in terms of sanitization
is unsatisfactory. Therefore, the second series of
experiments was devoted to the question of studying
the effect of reducing agents on the decomposition of
nitrogen oxides.

As reducing agents, gaseous (hydrogen, ammonia,

methane, natural gas), liquid (kerosene, gasoline, fuel
oil) and solids (coke, coal, graphite) substances were
investigated.

Studies of gaseous and liquid reducing agents
showed that in their presence the equilibrium of the
decomposition reaction of nitrogen oxides is shifted
to the right side, i.e. towards the decomposition of
NO into N, and O,. The degree of decomposition
does not depend on the nature of the liquid or gaseous
reducing agents. Figure 4 shows the results of studies
on the decomposition of nitrogen oxides in the presence
of some reducing agents at 2000°C.

100 25

71‘"7__:

80 20

|
\

60 L5

40 1.0

NO concentrationat the output, %

20 0.5

The degree of decomposition of NO, %

1 2 3 4 5 6 7 g 9 10

NO concentrationat the input, %0

Fig. 4. The dependence of the degree of decomposition of
nitrogen oxides on the initial concentration of NO:

1 — ammonia reducing agent; 2 — hydrogen reducing agent;

3 — natural gas reducing agent; 4 — without reducing agent

The investigated reducing agents almost equally
affect the decomposition of nitrogen oxides. Their
efficiency differs by 3—5%. The concentration of
nitrogen oxides after decomposition can be reduced
to 0.1—0.3% at an initial concentration of 2—3% and
if we take into account the cost of reducing agents,
then preference should be given to natural gas.

Analyzing the experimental data, we can
conclude that the degree of decomposition of nitrogen
oxides in the presence of gaseous or liquid reducing
agents increases, and the equilibrium content of
nitrogen oxides in the exhaust gases decreases by 5—
10 times. If the absolute amount of gases emitted into
the atmosphere is small (up to 5—10 thousand
m?/hour) decomposition of nitrogen oxides in the
presence of gaseous or liquid reducing agents can serve
as a method of sanitary cleaning of gases. With a
larger volume of emitted gases, this method does not
provide the maximum permissible concentration of
nitrogen oxides in the surface layer.

Solid reducing agents such as coke, coal, and
graphite behave quite differently. These components
interact with nitrogen oxides by the reaction:
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C+2NO—-CO,+N,+Q (10)

The process of decomposition of nitrogen oxides

in the presence of coke for 2.5% of gas begins at a
temperature of 500°C (Fig. 5).
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Fig. 5. Influence of temperature on the degree of
decomposition of nitrogen oxides in the presence of coke

As the temperature rises, the rate and degree of
decomposition increase. At 800°C, a fairly high degree
of decomposition of nitrogen oxides is observed (96%).
With a further increase in temperature, the degree of
decomposition increases and approaches 100% at
1000°C.

Conclusions

An effective method has been developed for
cleaning exhaust gases from nitrogen oxides in the
production of oxalic acid, based on their thermal
decomposition at high temperatures in the presence
of reducing agents. It has been established that with
the help of this method, the concentration of nitrogen
oxides can be reduced from any initial concentration
to the equilibrium one at a certain temperature.
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METOJ HEMTPAJI3AIIIL OKCUIIB A30TY B 30HI
HU3BKOTEMITEPATYPHOI TJIA3MU

C.1. Kysueuos, JI.C. Kauyx, O.0. Beneep, €.C. Iexina

Ilin yac BUpOOHMILITBA LIABJIEBOI KUCIOTH B aTMocdepy
Bupisietbest 1o 2000 M* rasiB i3 cepeqHiM BMIiCTOM y HUX 2—
2,5% oxcuaiB azory. IcHyl04Yi METOIM OYMILEHHSI MOBITPST Bil
HITPO3HUX ra3iB MalOThb HU3KY HEIOJIKiB i TOMy HE MOXYTb
IIMPOKO 3aCTOCOBYBATUCS B TIPOMMCIIOBOCTi. ¥ poOOTi 3arpo-
TMOHOBAaHO HOBUI e(heKTUBHUIT METOJ, CAHITAPHOTO OYMLICHHS
BiIMIpallbOBaHUX Ta3iB BiJl OKCUIIB a30Ty TPU BUPOOHUIITBI
1IaBJIeBO1 KUCJIOTH. BiH po3pobiieHnit Ha OCHOBI TEOPETUIHUX
Ta €KCIMEePUMEHTAIbHUX TOCIIKEHb TePMIiUYHOTO PO3KJIadaHHS
OKCHJIB a30Ty NMpPU BUCOKUX TemIiepatypax. Meton mnepe-
nbavyae caHiTapHe OYMILEHHS BEeJIMKMX O0’€MIB BianpalboBa-
HUX Ta3iB TiI Yac BUPOOHUIITBA IIABJIEBOI KUCJIOTU 10 MaKCH-
MaJlbHO JOTMYCTUMUX KOHIeHTpauiil. JociigkeHo mpoiiec
TEPMIUYHOTO PO3KJIaJIaHHSI OKCHUJIIB a30Ty B iHTEpBaJi TeMIlepa-
typ Bixm 500 no mpuGiusHo 5000°C. st HOCSITHEHHS TaKWX
TeMrnepaTyp BUKOPUCTOBYBABCS JAYTrOBUI TJIAa3MOTPOH 3
BOJIbPAMOBUM KaTOIOM i MiZHUM aHonoM. CTyriHb poO3KJa-
NIaHHST BU3HAYaBCsl BUMIipIOBaHHSIM KoHIeHTpallii NO Ha BXopi
Ta Ha BUXOJi METOJOM eBaKyiloBaHMX KoJO. Takox nociimke-
HO BIUIMB Ha peakuilo po3KJalaHHS OKCUIIB a30Ty ra3ornomio-
HUX (BOJEHb, aMOHiaK, MeTaH, MPUPOJHUI ra3), pinkux (rac,
OEH3WH, Ma3yT), TBEPAUX BIIHOBHUKIB (KOKC, BYTijuUIsl, Tpadir).

KimouoBi cioBa: TepMiuHe po3KiIaJaHHS, OKCUIW a30Ty,
CaHiTapHe OYMIIEHHS BilllpallbOBaHMX r'a3iB, IIaBJIieBa KMUCJIOTA,
BUPOOHUIITBO, aTMocdepa.
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In the production of 1 ton of oxalic acid, 2000 m? of
gases with an average content of 2—2.5% of nitrogen oxides are
emitted into the atmosphere. The existing methods of air
purification from nitrous gases have a number of disadvantages
and therefore cannot be widely used in industry. Based on theoretical
and experimental studies, a new method for the thermal
decomposition of nitrogen oxides has been developed, which
provides for the sanitary purification of waste gases in the
production of oxalic acid, up to the maximum permissible
concentrations. The process of thermal decomposition of nitrogen
oxides in the temperature range from 500 to approximately 5000°C
has been studied. To achieve such temperatures, an arc plasma
torch with a tungsten cathode and a copper anode was used. The
degree of decomposition was determined by measuring the NO
concentration at the inlet and outlet by the evacuated flask method.
The effects of gaseous (hydrogen, ammonia, methane, natural
gas), liquid (kerosene, gasoline, fuel oil), and solid reducing agents
(coke, coal, graphite) on the decomposition reaction of nitrogen
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