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CHEMICAL BINDING OF SULFUR
DIOXIDE IN A BUBBLING REACTOR
WITH THE USE OF UREA

Introduction. Integration of Ukraine into the European Union requires a significant reduction in pollutant emis-
sions from industrial enterprises. Special attention is paid to the entry of suspended solid particles, nitrogen oxi-
des, carbon dioxide and sulfur dioxide from thermal power plants into the atmosphere.

Problem Statement. Sulfur dioxide is one of the main pollutants of the environment. Its entry into the atmospheric
air leads to the formation of acid rain, which negatively affects people, soil, plants, and ground structures.

Purpose. To study the influence of the initial mass content of urea in an aqueous solution and its temperature
on the efficiency of the process of chemical binding of sulfur dioxide.

Material and Methods. Several scholarly research publications dealing with the removal of sulfur oxides
from waste gases of thermal power plants by various methods and technologies with the use of urea have been
considered. The research is based on a mathematical model of a bubbling type chemical reactor.

Results. A series of numerical experiments on a chemical reactor where urea is used as a source of ammonia
to bind sulfur dioxide in solution has been conducted. The calculations have made it possible to determine the
optimal temperature of the solution at a certain urea content. The temperature should be equal to approximately
57 °C, at an initial urea content of 1%, 40 °C, at a content of 5%, and 35 °C, at 10%. Under such conditions, the
efficiency of the process of chemical binding of sulfur dioxide in the solution is close to 100%.

Conclusions. The analysis of the results of mathematical modeling of processes in a chemical reactor has shown
that for the pair of parameters “temperature-urea content” there are values at which the efficiency of the binding
process reaches almost 100% . 1o control the efficiency, it is advisable to use the potential of hydrogen of the solution
at alevel of 7 £ 0.5. The lower values of the potential of hydrogen indicate a drop in the process ef ficiency, while the
higher values indicate an increase in the concentration of ammonia in the treated gases at the reactor outlet.
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When coal is burned in thermal power plants of
power plants and other industrial enterprises,
many pollutants are formed and released into the
environment. Suspended solid particles, carbon
dioxide (CO,), nitrogen oxides (NO,), and sulfur
dioxide (SO,) enter the atmosphere the most. In
recent decades, the spread of harmful emissions
has caused serious environmental problems, such
as urban smog, acid rain, and ozone depletion.
The order of the Ministry of Ecology and Natural
Resources of Ukraine [1] requires compliance with
certain technological standards for permissible
emissions of pollutants from thermal power plants.
An electrostatic filter is widely used to reduce
dust emissions. Several techniques have been de-
veloped and used to reduce NO, emissions. Among
them, there is selective catalytic reduction (SCR)
[2] with an efficiency of 90—95% at an operating
temperature of 200—500 °C and selective non-
catalytic reduction (SNCR) [3] with an efficien-
cy of 60—65% at an operating temperature of
800—1200 °C. In SCR and SNSR processes, a re-
ducing agent is introduced into the flue gas to
reduce NO, to harmless molecular nitrogen (N,).
Currently, the most popular reducing agent is
ammonia (NH,) in aqueous or liquid form. The
disadvantage of the methods is that SCR-tech-
nology has a high cost, and the surface of the cat-
alyst is sensitive to poisoning by “dirty” gas flow,
and SNCR-technology works only at high ex-
haust gas temperatures. In addition, during the
reconstruction of the boiler unit of the thermal
power plant, the SCR-method must be integrated
into the high-temperature area of the process be-
cause it is not part of the original design. The
method is used before the air heater. The SNCR-
method is used behind the screens or further
along the flow of flue gases in front of the convec-
tive shaft of the boiler unit. The use of SCR and
SNCR requires a significant restructuring of the
technological process and the design of the gas
path of the boiler unit. The use also requires a sig-
nificant reconstruction of the construction of the
gas path of the boiler unit. The implementation of
such solutions can disrupt the production proc-
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ess and have negative consequences for the opera-
tion of the boiler unit and lead to significant ca-
pital costs. This makes the methods less attrac-
tive for industrial use.

Currently, the problem of SO, pollution is ef-
fectively controlled. The most common method
of desulfurization is the wet limestone-gypsum or
ammonium process. Nitrogen monoxide makes
up more than 90% of NO in flue gases and is very
poorly soluble in water. A strong oxidizer must be
used to convert NO into soluble nitrogen oxides.
A urea solution can be used to reduce the cost of
simultaneous SO, and NO, removal and to im-
prove the efficiency of NO, removal from flue
gases. Urea ((NH,),CO) is a weakly alkaline rea-
gent and a strong reducing agent. As compared
with other absorption solutions, urea is a cheap
and non-toxic substance. At the same time, the
reaction products of simultaneous desulfuriza-
tion and denitrification with the use of urea solu-
tion in the liquid phase are ammonium sulfate,
carbon dioxide, and nitrogen. Ammonium sulfate
can be recycled, and the gases can be directly
emitted into the atmosphere.

THE USE OF UREA

To study the absorption of NO, and SO, in urea
solutions, the authors of [4] carried out continu-
ous experiments in a packed column with counter
flow of gas and liquid flows. The absorption co-
lumn 1 m in height is filled with metal rings mea-
suring 16 x 16 mm to increase the contact surface
of the gas with the liquid. Against the background
of the high efficiency of sulfur dioxide removal
under different experimental conditions, the effi-
ciency of nitrogen oxides removal is measured.
The effect of urea concentration, operating tem-
perature, initial value of the hydrogen index, de-
gree of NO, oxidation, SO, concentration, and
oxidizing additive on the efficiency of NO, re-
moval is experimentally studied. The optimal
conditions for the absorption column have been
established. Analysis of the products of chemical
reactions made it possible to find out the mecha-
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nism of reactions and their general equations dur-
ing simultaneous desulfurization and denitrifica-
tion with a urea solution. The molar enthalpy of
reactions, the molar Gibbs function and the equi-
librium constants of chemical reactions have been
calculated by thermodynamic methods. The re-
sults of the calculations have shown that the
technology of simultaneous removal of pollutants
is technically possible with an efficiency of almost
100%. For simultaneous desulfurization and den-
itrification of gas mixtures, urea is a promising
absorption solution. It exhibits high SO, removal
efficiency and more than 40% denitrification ef-
ficiency. The degree of oxidation of nitrogen ox-
ides, additives and other factors have a great in-
fluence on the efficiency of denitrification. The
oxidizer, as an additive in the solution, helps to
increase the efficiency of denitrification by more
than 50%. For the practical application of urea
solution, optimal conditions for simultaneous
desulfurization and denitrification of gases in a
chemical reactor have been determined. At a re-
action temperature of 60 °C, a solution pH of 5—9
and a mass content of urea of 5—10%, the amount
of an additive of H,0, or NaClO, should be about
1%o0 by mass. Thus, the results of experiments
prove the availability of technology for simulta-
neous desulfurization and denitrification of the
outlet gases of thermal power plants with the use
of urea solution.

Simultaneous desulphurization and denitrifi-
cation allows the removal of SO, and NO, from
flue gases in one plant and the use of one absorb-
ent. In [5], a process with the use of urea as an
absorbent has been for the removal of SO, and
NO, in a semi-dry special pseudo-fluidized gush-
ing bed. Such a semi-dry method has a huge po-
tential for development and a wide cutting-edge
value. The method overcomes two disadvantages
of the wet process: the need for a large amount of
urea and the treatment of wastewater. The re-
searchers studied the chemical mechanism of SO,
and NO, absorption and the thermodynamics of
their interaction with urea. It has been found that
nitrogen oxides are reduced to molecular nitro-
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gen. The working conditions of the spouted bed
have been optimized based on the results of a se-
ries of experiments. The effect of the molar ratio
of urea and gaseous pollutant, the temperature of
the flue gases at the reactor inlet and its approach
to the adiabatic water vapor saturation tempera-
ture has been studied based on the efficiency of
SO, and NO, removal. The results of the research
create a basis for the commercial application of
the technology of simultaneous desulfurization
and denitrification of the outlet gases. It allows
almost complete absorption of SO, and NO, in
flue gases. At the same time, it is a clean technol-
ogy that ensures zero pollution. Experiments
have shown that the approach of the gas tempera-
ture to the saturation temperature leads to a de-
crease in the efficiency of the process of removing
both pollutants. The dependence of the efficiency
of the process has a clearly expressed maximum at
amolar ratio of urea to sulfur and nitrogen oxides
of approximately 1.2. An increase in the tempera-
ture of the gases reduces the efficiency due to an
increase in the droplet evaporation rate and a de-
crease in the gas residence time in the reaction
zone. The semi-dry process of flue gas cleaning
from the gushing layer eliminates the disadvan-
tage of the wet process. In the semi-dry process of
flue gas cleaning, the influence of the urea solu-
tion is crucial. Choosing a high-performance at-
omizer is an absolutely necessary step in an in-
dustrial application.

In recent years, ammonia-based wet desulfuri-
zation of flue gases has become increasingly pop-
ular. In the study [6], an aqueous solution of urea
is used instead of anhydrous ammonia or its aque-
ous solution in the wet method of ammonia-based
flue gas desulfurization. The necessary NH, is
formed because of the hydrolysis of urea. The
originality of the work is that a separate chemical
reactor is used to generate ammonia during the
hydrolysis of urea. In the reactor, the aqueous so-
lution of urea is heated to a temperature of 120—
160 °C to accelerate the hydrolysis process, and
the pressure is maintained in the range of 0.4—0.7
MPa. The influence of temperature, pressure, ini-
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tial mass content of urea in the solution on the
intensity of urea conversion in the hydrolysis pro-
cess has been studied. It has been established that
with a mass content of urea of 30%, the optimal
temperature is 140 °C and a pressure of 0.4 MPa.
It should be noted that under these conditions, the
conversion and output of urea can reach 86.75%
and 49.11%, respectively. Finally, ammonia that
is obtained under optimal conditions, is used to
prepare an absorbent in the process of chemical
binding of sulfur dioxide. Experiments on desul-
furization have been carried out in a bubbling re-
actor. The influence of SO, concentration and
liquid-gas ratio on desulfurization has been stu-
died. The experimental results have shown that all
indicators of desulfurization efficiency at different
concentrations of SO, exceed 99%, and a higher
liquid-gas ratio increases desulfurization efficien-
cy. The corresponding range of the hydrogen in-
dicator for an absorbent based on ammonia is
6.5—7.5. It has been also found that a higher con-
centration of SO, and a lower liquid-to-gas ratio
can favor the formation of ammonium sulfate.
Pyrolysis can be used to obtain ammonia from
urea. Pyrolysis of urea, from which ammonia for
denitrification is produced, plays an important role
in the process of removing nitrogen oxides. Re-
search on urea pyrolysis has mainly focused on
three components: urea pyrolysis to form isocya-
nic acid (HNCO), catalytic hydrolysis of HNCO,
and catalytic pyrolysis of aqueous urea. In this
work [7], a detailed review of the progress of urea
pyrolysis research has been carried out. From the
review of the literature, it can be concluded that
although many studies have been carried out, at-
tention has been focused mainly on the analysis
of urea pyrolysis products and the study of cata-
lysts used to increase the yield of ammonia. Little
has been done to study the mechanism and de-
velop a kinetic model with high accuracy, which
is still very much needed today. Ideally, 1 mole of
urea undergoes a two-step reaction to form 2 mo-
les of NH,;: direct thermal decomposition of urea
to NH, and HNCO and hydrolysis of HNCO to
NH, and CO,. Hydrolysis of HNCO over metal

74

oxide catalysts can be basically defined as reaction
process under mass-transfer control. It is also re-
cognized that the HNCO hydrolysis reaction pro-
ceeds slowly without the aid of suitable catalysts.
Whether in the presence or absence of water,
TiO, has a relatively higher catalytic effect on
urea pyrolysis and HNCO hydrolysis. Although
much work has been done, the focus is on the
analysis of urea pyrolysis products and the study
of catalysts used to increase ammonia yields.
Ammonia poses a significant hazard and risk to
the environment when used. It is a highly volatile
noxious substance with an unpleasant odor that
becomes unbearable even at very low concentra-
tions. However, it has been known for a long time
that ammonia is a good reagent for treatment of
flue gases that are formed in the process of burn-
ing fossil fuels. Research [8] concerns methods
and means of safe production of a relatively small
amount (up to 50 kg/h) of ammonia. This work
includes an experimental study of the hydrolysis
of urea to produce ammonia in a reactor at a tem-
perature from 110 °C to 180 °C and a pressure of
1 MPa with different initial mass content of urea
(10%, 20% and 30%) and different stirring rates
from 400 rpm up to 1400 rpm. A batch chemical
reactor is used for the experiments. The effect on
the rate of hydrolysis has been studied: tempera-
ture, initial concentration of urea and rate of mix-
ing. The process takes place according to two re-
actions, with the formation of ammonium car-
bamate as an intermediate product. The analysis
of the results of the experiments has shown that
the kinetic equation of urea hydrolysis has the
formr, =2.89 x 107 exp(-8856.79/T) - C,, where
k, is the reaction rate constant, s '; and C, is the
concentration of urea in the solution, kmol /m?. It
can be concluded that initially the reaction rate is
slow. It becomes significant at about 130 °C. At
this temperature, the formation of ammonia is
higher than at lower temperatures. In addition,
the stirring rate has a positive effect on the con-
version, which from the beginning increases dra-
matically with increasing stirring rate. The re-
sults of the study indicate that urea hydrolysis
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for ammonia production is a suitable technique
for safe use in a coal-fired thermal power plant.

The publication [9] is in no way related to the
use of urea in the process of chemical binding of
sulfur and nitrogen oxides. The article is of great
interest because it contains the results of the hyd-
rolysis of (NH,),CO. The authors of the publi-
cation set the following tasks: to determine the
dependence of the urea hydrolysis rate on tem-
perature; to obtain data on the rate of accumula-
tion of ammonia and carbon dioxide in the solu-
tion under different temperature conditions.
Urea and distilled water are used for kinetic stud-
ies. The experiments on a laboratory setup that
has a glass reactor with a thermostat and an in-
stalled stirrer have been made. This design en-
sures uniform heating and chemical composition
throughout the solution volume. The research
has been conducted in the temperature range of
80—100 °C. The amount of urea remains constant
and corresponds to a concentration of 120 kg/m?.
The content of urea in the solution is monitored at
constant time intervals. At the same time, the con-
tent of free ammonia in the solution and carbon dio-
xide has been determined. As a result of research,
kinetic curves of urea hydrolysis have been ob-
tained in the form of changes in urea concentra-
tion over time. The experimental data have shown
that the hydrolysis reaction is of the first order,
the activation energy of urea is 88.36 kJ /mol, and
the pre-exponential factor in the Arrhenius equa-
tion is 1.53 x 1010 s71,

With the growth of industrialization in the en-
ergy sector, the air is polluted by many substances
emitted from coal-fired thermal power plants.
Cleaning flue gas, especially at such power plants,
requires the production of ammonia. The experi-
ments on the kinetic study of urea hydrolysis
with the use of a glass reactor have been carried
out in [10]. First, the reactor is operated without
stirring the solution, and then with its stirring.
The study has shown that the conversion increas-
es exponentially with increasing temperature and
urea concentration. In addition, the influence of
stirring rate, temperature, and concentration on
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the conversion has been studied. With the use of the
theory of collisions, the temperature dependence
of the rate constant of the direct reaction has been
found. Based on the dependence, the activation
energy of the reaction and the frequency coeffi-
cient, given the frequency of effective collisions
between urea and water molecules, have been cal-
culated. It has been observed that the rate constant
of the forward reaction increases with increasing
temperature. Upon stirring, the activation energy
and frequency coefficient have been found to be
equal to 59.85k]J /mol and 3.9 x 10 min~!, respecti-
vely, with the correlation coefficient and the stan-
dard deviation being equal to 0.98% and +0.1%,
respectively.

In [11], the process of thermal decomposition
of urea in a chemical reactor with laminar flow
has been studied. According to the results of the
experiments, the mechanism of urea conversion
and the rate of ammonia formation have been es-
tablished. Processing of the measured concentra-
tion of urea during the process at different tem-
peratures made it possible to determine the ki-
netic parameters of the decomposition reaction.
The activation energy is 87.84 kJ/mol, and the
pre-exponential factor is 9.925 x 105 s7!,

This research is aimed at studying the process
of chemical binding of sulfur dioxide in a bub-
bling-type reactor with the use of an aqueous so-
lution of urea as part of the technology for simul-
taneous desulfurization and denitration of flue
gases. To determine the influence of the variables
on the efficiency of SO, removal, various operat-
ing parameters have been tested and optimal con-
ditions for the process have been established.

MATHEMATICAL MODEL

The process parameters in chemical reactor have
been calculatedby the modified mathematical
model [12]. To determine the content of 18 types
of molecules and ions, which are dissolved in wa-
ter, the mathematical model considers 13 chemi-
cal protolytic reactions. The model is supplemen-
ted with the equation of hydrolysis of urea in so-
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Fig. 1. Dependence of the reaction rate constant of urea
hydrolysis according to the data: 7 — [8]; 2 — [9]; 3 — [10];
4—[11]

lution. The amount of decomposed urea during
hydrolysis is determined by the reaction rate
through the basic Arrhenius equation of chemical
kinetics. The content of individual gases in the
mixture is determined by inter phase mass trans-
fer. The double film model is used to describe the
process of mass transfer of gases through the sur-
face at the gas-liquid boundary.

On the basis of literature data, it has been es-
tablished that the process of removing sulfur dio-
xide from the outlet gases of thermal power plants
with the use of an aqueous solution of urea is so-
mewhat different from the process with ammonia.
The difference is that urea is not a reactant as such
but is a starting substance in a two-step process.
At the first stage, urea is submitted to hydrolysis
during which an intermediate product, ammoni-
um carbamate (NH,CO,NH,), is formed. In the
second stage, NH,CO,NH, decomposes into am-
monia and carbon dioxide. The urea hydrolysis
reaction is exothermic, and the ammonium car-
bamate decomposition reaction is endothermic.
As a result, the formation of NH, and CO, re-
quires heating and quickly stops when the heat
supply ends. The urea hydrolysis reaction is very
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fast, and the carbamate decomposition reaction,
on the contrary, is slow. Thermodynamic analysis
of the resulting reaction has shown that the proc-
ess can proceed spontaneously (the change in
Gibbs free energy in the reaction is less than zero
because the energy of the starting substances ex-
ceeds the energy of the products) and the direct
reaction prevails (the equilibrium constant is much
larger than one). For the decomposition reaction,
ammonium carbamate molecules must overcome
an energy barrier, the activation energy (E,).
Therefore, the rate of the decomposition reaction
has a finite value, in contrast to the protolytic re-
action. The rate depends on the activation energy
and temperature, according to the Arrhenius equa-
tion of chemical kinetics, and the concentration
of urea in the solution.

To determine the rate of the hydrolysis reaction,
special attention is paid to the activation energy.
According to literature, the value of the activa-
tion energy ranges from 44 to 96 kJ/mol. As is
known, E, decreases in the presence of catalysts.
For example, the metal body of the reactor can be
a catalyst. Based on the Arrhenius equation, the
activation energy does not depend on either tem-
perature or pressure. The reaction rate constant
(k) depends on the temperature. Increasing the
pressure in the reactor allows increasing the tem-
perature of the aqueous solution without evapo-
ration. This increases the rate constant of the
urea hydrolysis reaction.

In works on determining the kinetic parameters
of hydrolysis without the use of catalysts, the re-
sults are somewhat different. The difference is influ-
enced by the accuracy of the measurement of the
process parameters, the conditions of the physical
experiments, and possibly other factors. Figure 1
shows the dependence of the urea hydrolysis
reaction rate constant according to data [8—11]
in the temperature range of 20—100 °C. For clar-
ity, the dependence is plotted in In(k) — T-! coor-
dinates.

The mathematical model uses the kinetic pa-
rameters of the urea hydrolysis in an aqueous so-
lution, which are given in [8]. As can be seen from
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Fig. 1, they correspond approximately to the ave-
rage reaction rate constant depending on the
temperature, which is calculated according to the
equation k, = A -exp (E,/(R - T)), when the ac-
tivation energy E, = 73.64 kJ/mol and the pre-
exponential factor A =2.89 x 107 s™'.

NUMERICAL EXPERIMENTS

Calculations of the parameters of the process of
chemical binding of sulfur dioxide in the aqueous
solution of the bubbling reactor are performed at
an initial SO, content of 758 ppm in the flue gases
produced by burning anthracite coal. The experi-
ments are carried out at an initial mass fraction of
urea in an aqueous solution of 1%, 5%, and 10%.
The temperature of the solution is kept constant
during a certain time of reactor operation. The tem-
perature values are taken from 20 °C to 90 °C
with a discreteness of 10 °C, which makes it pos-
sible to carefully study the behavior of the pro-
cess parameters in the reactor. The figures below
show the change in the chemical binding efficien-
cy of sulfur dioxide in the solution and the hydro-
gen value of the solution over the course of one
hour of reactor operation.

Figure 2 shows the dependence of the binding
process efficiency in a solution with an initial
urea mass content of 1%. At a solution tempera-
ture of 20 °C, a sufficient amount of ammonia to
bind 99.82% of sulfur dioxide accumulates in just
10 seconds. However, in 20 minutes of reactor ope-
ration, the efficiency of the process drops sharply
to 6.21%, and after 60 minutes it reaches 2.41%.
At 56 minutes there is an inflection point of the
efficiency curve. The solution approaches the sta-
te of SO, saturation, as indicated by a decrease in
the rate of absorption. The efficiency behavior is
explained by the lack of ammonium (NH,") in the
solution, which reacts with sulfur dioxide. The
fact is that due to the absorption and formation
during hydrolysis of urea, carbon dioxide accu-
mulates in the solution, which also reacts with
ammonium. The worsening of the process condi-
tions is also indicated by a sharp drop in the po-
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Fig. 2. Efficiency of the process at an initial mass fraction of
urea of 1% in the solution with temperature: 7 — 20 °C; 2 —
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Fig. 3. The potential of hydrogen of the solution at an initial
mass fraction of urea of 1% and temperature: 7 — 20 °C; 2 —
30°C;3—40°C;4—50°C; 5 —60°C; 6 —70°C; 7—80°C;
8—90°C

tential of hydrogen pH from 5.83 to 2.69, as can
be seen from Fig. 3. A positive fact is the absence
of ammonia in the waste gases, which is a very
harmful air pollutant.
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Fig. 5. The potential of hydrogen of the solution at an initial
mass fraction of urea of 5% and temperature: 7 — 20 °C; 2 —
30°C;3—40°C;4—50°C;5—60°C; 6 —70°C; 7— 80 °C;
8—90°C

The further temperature increase to 30 °C and
40 °C has a little effect on the nature of the pro-
cess. The same inflection points are observed on
the efficiency curves. They appear earlier in time
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due to a decrease in the solubility of gases in wa-
ter, according to Henry’s law, and with greater ef-
ficiency of the process. At a temperature of 50 °C,
the efficiency behaves similarly, but for the first
16 minutes it remains at the level of 99.82—
99.56%, and the value of pH remains close to 6. In
addition, partial desorption of ammonia into the
gaseous environment occurs with a maximum
concentration of 2 mg/Nm? (Nm? is normal cubic
meter). At a temperature of 60 °C and above, the
efficiency of the process is about 100% for at least
one hour. The flaw in the use of such operating
modes of the reactor lies in the significant con-
centrations of ammonia in the gas mixture at the
outlet, on average more than 90 mg/Nm?,

As compared with the initial mass content of
urea of 1% in the solution, increasing the content
to 5% allows reducing the temperature at which
the efficiency of the process remains at a high level
for a long time. In Fig. 4, after 10 seconds from
the start of reactor operation, at a solution tem-
perature of 20 °C, the efficiency of the process
reaches 99.87%. Then it drops sharply to 32.06%.
The inflection point on the efficiency curve ap-
pears at 22" minute due to a significant decrease
in the absorption rate of sulfur dioxide, the effi-
ciency drops to 30.72%. After 60 minutes of reac-
tor operation, the efficiency becomes 4.39%. The
potential of hydrogen in Fig. 5 from 5.83 is quickly
falling to almost 3 and has been at the same level
lately. There is no ammonia in the gases at the
outlet of the reactor. In the mode of operation of
the reactor at a temperature of 30 °C, the beha-
vior of the process efficiency is like operation with
a urea content of 1% and a temperature of 50 °C.
The behavior differs in that the potential of hyd-
rogen is lower, and there is no ammonia at the
reactor outlet.

The reactor works with the efficiency of chemi-
cal binding of sulfur dioxide almost 100% at tem-
peratures of 40 °C and above. The potential of hyd-
rogen reaches values of 7—9. At a temperature of
40 °C, the average concentration of ammonia in
the output gases reaches 22 mg/Nm?, and at high-
er temperatures it exceeds 130 mg/Nm?.
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When the initial content of urea is doubled,
the nature of the process is similar to the opera-
ting modes of the reactor with a content of 5% in
the same temperature range (see Fig. 6 and 7).
The hydrogen index is slightly higher at tempera-
tures up to 40 °C, and ammonia in the output
gases is no more than 2 mg/Nm?. At a tempera-
ture of 40 °C and above, the pH value is in the
range of 7..9. The concentration of ammonia at
the outlet of the reactor exceeds 60 mg/Nm?®.

Additional calculations made it possible to de-
termine the optimal temperature of the solution
at a certain urea content. The temperature should
be approximately 57 °C, at an initial urea content
of 1%; 40 °C, at 5%; and 35 °C, at 10%. Under
such conditions, the efficiency of the process of
chemical binding of sulfur dioxide in the solution
is close to 100%, and the concentration of ammo-
nia in the outlet gases from the reactor does not
exceed 30 mg/Nm?.

Ammonia is a very dangerous chemical and the-
refore its production, storage, transportation, and
use are associated with potential risks. The use of
NH, requires compliance with strict safety and
environmental regulations, which significantly
limits the convenience of its use. In this regard, it
is proposed to use urea as an alternative due to its
non-toxicity, harmlessness, and impossibility of
explosion. Ureais not an active substance in tech-
nologies for reducing emissions of sulfur dioxide
and nitrogen oxides, but it is a source of obtain-
ing ammonia in the processes of hydrolysis, ther-
molysis, or pyrolysis. The review of the literature
has shown the possibility of effective use of urea
to reduce emissions of SO, and NO, with the waste
gases of thermal power plants. For the purifica-
tion of gases from harmful substances, research-
ers have proposed a variety of installations both
in terms of technology and design.

In this research, there has been conducted a se-
ries of numerical experiments for a laboratory-
scale bubbling-type chemical reactor that uses urea
as a source of ammonia for the chemical binding
of sulfur dioxide in solution. With this method,
the rate of hydrolysis of urea and the rate of ab-
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mass fraction of urea of 10% and temperature: 7 — 20 °C; 2 —
30°C;3—40°C;4—50°C;5—60°C; 6 —70°C; 7— 80 °C;
8—90°C

sorption of sulfur dioxide are the key factors af-
fecting the efficiency of the reactor. According to
Henry’s law, the rate of absorption depends on
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the temperature of the medium, the partial pres-
sure of the individual gas in the gas mixture, and
its concentration in the liquid. In addition, the
rate also depends on the specific surface area of
the phase interface at the gas-liquid boundary of
the bubble. According to chemical kinetics, the
rate of hydrolysis depends on the temperature of
the solution and the concentration of dissolved
urea. The calculations have shown that increas-
ing the temperature 5 times increases the rate of
hydrolysis 650 times and increasing the initial
urea content 5 times accelerates hydrolysis as lit-
tle as 9 times. For effective removal of sulfur di-
oxide from the gas mixture, the rate of hydrolysis
of urea must be matched with the rate of absorp-
tion of SO,. During the hydrolysis of urea, am-
monia and carbon dioxide that is chemically bo-
und by the reagentappear in the solution. It has
been found that, at a high concentration of dis-
solved ammonia, it is desorbed into a gaseous en-
vironment and worsens the environmental frien-
dliness of the process. Thus, when determining
the operating parameters of the reactor, it is ne-
cessary to consider the presence of CO, and NH,
in the outlet gases.

The analysis of the results of modeling the pro-
cess in the chemical reactor revealed that for the
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IncTuryT Tennoenepreruynnx texuosoriiit HAH Yipainu,
ByJ1. AnppiiBebka, 19, Kuis, 04070, Ykpaina,
+380 44 425 5068, ceti@i.kiev.ua

XIMIUHE 3B AA3YBAHHA AIOKCUAY CIPKN Y BAPBOTAJKHOMY
PEAKTOPI 3 BUKOPUCTAHHAM CEHOBNHN

Beryn. Inrerpauis Ykpainu y €sporieiicbkuii Coto3 BUMAra€ CyTTeBOro CKOPOUEHHs BUKUJIIB 3a0pPYAHIOIOUNX PEUYOBUH BiJl
MPOMUCTOBUX TiampueMcTs. OcobIMBY yBary 30cepe/pKeHo Ha HaJIXO/UKEHH] B aTMochepy CyCreH/I0BaHIX TBEPANX JaCTH-
HOK, OKCHUJIIB a30TY, IOKCUY BYIJICIIO Ta IIOKCUY CIPKH BiJl TEIIJIOEHEPTeTUYHUX YCTAaHOBOK.

TMpo6aemarnka. Jliokcus Cipky € otHUM 3 OCHOBHIX 3a0py/IHIOBAYiB HABKOJIMITHBOTO cepeiobuia. Moro norpansisnms
B aTMocdepHe TOBITPS TPU3BOUTD /10 YTBOPEHHS KUCJIOTHUX JIOIIIB, SIKi HEraTHBHO BILJIMBAIOTD HA JIIOJIEH, IPYHT, POCJNHI
Ta HA3eMHi CIIOPYy/u.

Merta. /lociiuTH BIJIMB MOYATKOBOTO MACOBOTO BMICTY CEYOBUHU Y BOJIHOMY PO3UMHI Ta HOTO TeMIiepaTypu Ha e(heKTnB-
HICTB IIPOIIECY XiIMIYHOTO 3B’I3yBaHHS IIOKCU/LY CiPKH.

Marepiamu it MeToau. Po3riisiiyTo HU3KY cTaTeil, IPUCBIYEHNX BUIAJEHHIO OKCU/IIB CIPKU 3 Bi/IXiIHUX ra3iB Terioenep-
reTUYHUX YCTAHOBOK PI3HUMH METO/IaMU Ta TEXHOJIOTIAMM 3 BUKOPUCTAHHAM ce4OBUHU. J{OCIiIPKEHHS TPOBE/IEHO HA MaTe-
MaTUYHIN MogesI XIMiYHOro peakTopa 6ap6OTaKHOIO THUILY.

PesyabraTu. [IpoBeneno cepifo 4McaI0BIX €KCIIEPIMEHTIB HA XIMITHOMY PEakTopi, Jie CeYOBUHA BUKOPHUCTOBYETHCS K
JKEpeJIo aMOHIaKy JIJIst 3B’ 13y BaHHST IIOKCHU/LY CIDKM Y PO3UMHI. PO3paxyHKN [03BOJINIIM BUSHAYUTH ONITUMAJIBHY TeMIepa-
TYPY PO34UHY TIPU [IEBHOMY BMicTi ceqoButu. [1pn moyatkoBoMy BMicTi cedoBuHm 1% TeMiiepaTypa Ma€ csraTn IpuOIn3HO
57 °C, ipu 5% — 40 °C, a ipu 10% — 35 °C. 3a takux yMOB e(eKTUBHICTH TPOIECY XiMIYHOTO 3B'SI3yBAHHS AIOKCULY CIpKU
y posuuHi 6m3bka 10 100%.

BucHoBku. AHari3 pe3yJsbTaTiB MaTEMAaTUYHOTO MOJIEJTIOBAHHS TIPOIIECIB Y XIMiYHOMY PeaKTOPi BHUSBUB, IO [T TTapy
apaMeTpiB «TeMIepaTypa—BMICT CECYOBUHN» ICHYIOTD 3HAYCHHS, 32 AKX e(DeKTUBHICTD MPOIIECY 3B I3yBaHH CATA€ Maiibke
100%. 1711 KOHTPOJTIO e(heKTHBHOCTI OTIIbHO BUKOPUCTOBYBATH BOAHEBUH MOKa3HUK po3unHy Ha piBHi 7 = 0.5. Hiwkyi 3Ha-
YEHHSI [MOKA3HUKA BKa3yOTh HA Na/[iHHs e()eKTUBHOCTI [IPOIIECY, a BUIII — HAa 3POCTAHHS KOHIIEHTPaIlil aMOHiaKy y 06pobJie-
HUX Ta3ax Ha BUXO/Ii 3 peaKkTopa.

Kmouosi cnosa: niokens cipku, 6apOoTakHIN XIMIYHUI PeakTop, PO3YMH CEYOBUH.
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