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Abstract. Some aspects of boiler toxic pollutant emission reduction in the presence of carbamide are discussed in the pa-
per. Theoretical pollution reduction investigation was conducted by using thermodynamic function calculation methods
and evaluating the Gibbs’ energy value changes at various temperatures. The equations of these changes were derived. It
was determined that the most reliable compounds, formed during the reaction between carbamide and nitrogen oxides, are
CO,, nitrogen and water. Other products are formed when carbamide is oxidized. Also, it was found that carbamide could
reduce sulphur oxides to sulphur, and in some cases — to H,S. The pyrolysis of carbamide is possible at temperatures

above 450 K.
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1. Introduction

After Lithuania joined the European Union, pollution from in-
dustrial enterprises became even more relevant. One of the main
sources of air pollution comes from power stations and boiler-
houses. They emit nitrogen oxides, CO and SO, into the atmos-
phere. In order to lower SO, emissions, magnesium oxide can
be interblended into the fuel (Kaminskas ez al. 1997; Valuziené
et al. 1998). To reduce nitrogen oxides emissions magnesium
oxide, containing traces of ammonia, could be added to the fuel
(Zhang et al. 2002; Jeong et al. 2007; Krocher et al. 2006; Ko-
zub et al. 2001; Amblard et al. 1999, 2000; Gang et al. 1999;
Lietti et al. 1999). The use of SO, converts the magnesium ox-
ide under the influence of air oxygen into magnesium sulphate.
The most desirable reaction product in the process of nitrogen
oxide decontamination using ammonia is nitrogen (Birmantas
and Kaminskas 2001). Recently it was proposed to use car-
bamide for the decontamination of nitrogen oxides (Kiely
1998). Carbamide as well as ammonia reduce nitrogen oxides to
elementary nitrogen. A reducing agent, typically ammonia or
nitrogen, is injected into the combustion process gases. At
suitably high temperatures (871—1149 °C), the desired chemical
reactions occur (Institute of... 2007; Tayyeb et al. 2007). Be-
sides the mentioned oxides, there are carbon oxides, and also
surplus oxygen present in the flue gases. What reactions occur
in the flue gases during the flue gas decontamination process
using carbamide has not been investigated fully up till now. The
objective of this investigation was to determine the reactions,
which occur between carbamide and the compounds present in
the boiler-house flue gases, also to estimate and compare the
reliability of those reactions. The evaluation of reliability was
accomplished by using thermodynamic calculations.

2. Methods

The reliability of the reactions was estimated ac-
cording to their Gibbs’ energy change values at
different temperatures. The enthalpy and entropy
variation values were calculated while the sum of
enthalpies and entropies of reaction products minus
the sum of enthalpies and entropies of reactive
materials. The Gibbs’ energy variation values

(AG7*) were calculated according to the following
formula (Kazragis 1998; Simanavicius 2005):

AGy® = AH7® —=TAS;®
where: AG;° — Gibb’s energy change value,
kJ/mol; AH7° — enthalpy change value, kJ/mol;
T — standard temperature, K (7 = 298 K); AS;° —

entropy change value, J/(mol-K).

The carbamide enthalpy and entropy forma-
tion values were determined at different temperatu-
res, using their standard temperature values and
calculated according to the Gibbs’ energy formula
(Table 1).

The enthalpies and entropies formation values
of other compounds are listed in the references
(Sthal ef al. 1971). The values of enthalpy changes,
used in this investigation, are expressed in kJ/mol,
the entropy values, are expressed in J/(mol-K).
According to Gibbs’ energy variation values, the
reliability of the reactions were evaluated.
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Table 1. Values of carbamide enthalpy and entropy formation values at different temperatures

Thermodynamical T, K
function 298 300 400 500 600 700 800 900 1000
S°, J/(mol-K) 104.60 105.22 131.99 152.76 169.73 184.05 196.52 207.43 217.24
AHt°, kJ/mol -333.10 —33291 | —-323.60 | -314.29 | -304.97 | -295.66 | —286.34 | —277.03 | —267.72

3. Investigation results and discussions

3.1. Carbamide reaction with nitrogen oxides and
nitric acid

Carbamide reduces nitrogen oxides first to nitric acid and
then to nitrogen. In the presence of oxygen in the flue
gas, it can participate or not in the reaction. The reaction
proceeds according to the following possible derived
equations:
CO(NH,), + N,O = C + 2N, + 2H,0, €))
CONH,), + NO = C + 3/2N, + 2H,0, 2)
CONH,), + NO = CO + 3/2N, + H,O + N, 3)
CO(NH,), + 2NO = CO + 2H,0 + 2N,, @)
CO(NH,), + NO, = CO + 3/2N, + 2H,0, ®)
CO(NH,), +2NO, = CO, + 2H,0 + 2N, + 1/20,,  (6)
CO(NH,), + 2HNO; = 2N, + CO, + 3H,0 + 2N, + O,, (7)
CO(NH,), + N,O + O, = CO, + 2N, + H,0, ®
CO(NH,), + NO + O, = CO, + 3/2N, + 2H,0, )
CO(NH,), + 2NO + 1/20, = CO, + 2H,0 +2N,, (10)
CO(NH,), + NO, + 1/20, = CO, + 3/2N, + 2H,0. (11)
The enthalpy changes also stimulate reactions, since

the values of enthalpy changes of all the reactions are
negative. Besides that, the absolute values of enthalpy

AG o,
kI/mol
-500

—1000

changes increase with an increase in temperature. The
more complete the carbamide oxidation process, the
higher the absolute values of enthalpy changes. The
maximum values of enthalpy changes correspond to
equation 10 when nitrogen oxides, being reduced up to
nitrogen, oxidize carbon and hydrogen, in the carbamide
compound up to CO, and water. The minimum values of
enthalpy changes are obtained in the case of reaction 3,
where non-oxidized hydrogen is evolved into the atmos-
phere.

The entropy changes stimulate the nitrogen oxide
and nitric acid decontamination process, since the values
of entropy changes of all the reactions are positive. The
entropy change values increase only slightly with in-
creases in temperature. The maximum entropy change
values are for the reaction, in which nitric acid is present
(reaction 7). They are slightly less when nitrogen dioxide
participates (reactions 5 and 6). The minimum entropy
change values occur during the nitrogen oxide and car-
bamide interaction, in the absence of oxygen, when car-
bon is formed (reaction 2). When the reaction takes place
between carbamide and N,O in the presence of oxygen
(reaction 8), entropy changes are greater than those in a
non-oxygen atmosphere (reaction 1). This means that
oxygen initiates this interaction. Conversely, when the
reaction occurs between carbamide and nitrogen dioxide
in the absence of oxygen (equations 5 and 6), entropy
change values are larger than those in the presence of
oxygen (equation 11). This means that, according to the
entropy change values, nitrogen dioxide is a much more
active carbamide oxidator than oxygen. Oxygen is unnec-
essary for this reaction.

The reaction‘s reliability can be judged according to
the Gibbs’ energy change values, which are presented in
Fig. 1.

. CO(NH; p+N;O=C+2N,+2H,0

. CO(NH,),NO=C+3/2N,+2H,0

. CO(NH» ), tNO=CO+3/2Ny+H,O+H,

. CO(NH,),+2NO=CO+2H,0+2N,

. CO(NH,);NO,=CO+3/2N,+2H,;0

. CO(NH; ), 12NO=CO,+2H,0+2N,+1/20,
. CO(NH; ),+2HNO=2N2+CO,+3N,0+0,
. CO(NH; )N, O+0,=C0O,+2N,+H,0

. CO(NH»)»+NO+0=C0O»+3/2N,+2H,0

. CO(NH;),#2NO+120,=C0,+2H,0O+2N,
. CO(NH3); tNO3+1/205=CO3+3/2N31+2H,0

300 400 500 600 700 800 900
TK

T T
1000 1100

Fig. 1. The Gibbs’ energy value changes dependency on temperature while carbamide reduces nitrogen oxides
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As it can be seen from Fig. 1, all the nitrogen oxides
can be reduced to nitrogen in the presence of carbamide.
The reaction reliability increases with an increase in tem-
perature. The least reliable reactions are reactions 1-3
during which elementary carbon with hydrogen is evol-
ved. The most reliable reactions may be represented by
equations 6, 7, 8, and 10. The decontamination process of
N,O and nitrogen oxide is more reliable, when oxygen
participates in the reaction and when, during the decon-
tamination process of nitrogen dioxide and nitric acid,
oxygen is emited to the atmosphere (equations 6 and 7).
The reliability of these reactions increases with an increa-
se of nitrogen valency in the compound. Carbamide redu-
ces nitric acid most easily by equation 7, and the least
reliable reactions are those, in which N,O and nitrogen
oxide takes part (equations 1-3). However, the reliability
increases when oxygen is introduced into the reaction
(equations 8—10). The reaction reliability increases with
an increase of nitrogen oxide concentration because po-
ssibility for one carbamide molecule to react with a larger
number of nitrogen oxides molecules increases. It is
known that the more negative AG:° value, the more re-
liable the reaction. As we can see from Fig. 1, carbamide
reacts more reliably with NO, than with NO in this case.

As it can be seen from the data in Fig. 1, the effi-
ciency of nitrogen oxide decontamination process is rela-
tively high enough and is determined by the reaction
products. Here, the maximum AGr® values are reached,
when during the reaction carbon and hydrogen are oxi-
dized up to CO, and water, and nitrogen oxides are re-
duced to nitrogen. Therefore, there should be enough of
nitrogen oxides present in the flue gas, and in their ab-
sence or in the presence of their insufficient quantities
additional oxygen is required.

3.2. Pyrolysis of carbamide

Carbamide belongs to the class of toxic substances, there-
fore, its concentration in the indoor air environment can-
not be higher than 0.2 mg/m’. In the absence of oxygen,
carbamide decomposes as follows:

AG,
kJ/mol

3004
200- ~

—-300

—400-

CO(NH,), = CO + N, + 2H,, (12)
CO(NH,), = CO + NH; + 1/2H, + 1/2H,, (13)
CO(NH,), = HCN + NH; + 1/20,. (14)

As follows from equations 12—14, during carbamide
pyrolysis new noxious substances can be evolved into
the atmosphere: CO — its MAC is 3 mg/m’, ammonia —
0,04 mg/m® and hydrogen cyanide — 0,01 mg/m’. This
means that during the carbamide pyrolysis process more
noxious substances are evolved, which present a greater
danger than the carbamide itself. The carbamide pyrolysis
reactions AGt° value dependencies on temperature are
given in Fig. 2. As it follows, the carbamide pyrolysis
process according to equation 13 is possible only above
70 K, while according to equation 12 — only above 85 K,
and according to equation 14 — above 880 K. The most
reliable pyrolysis of carbamide reaction up to 400 K pro-
ceeds according to equation 13, while above 400 K —
according to equation 12. The least reliable is the car-
bamide pyrolysis equation during which hydrogen cya-
nide is produced (equation 14). All the carbamide
pyrolysis reaction AGr°® values are substantially lower
than those for the case of carbamide reactions with nitro-
gen oxides. This means that carbamide can be used for
decontamination of nitrogen oxides if nitrogen oxides and
oxygen are present in the atmosphere, without concern
that its pyrolysis will proceed further.

3.3. Carbamide reaction with oxygen and carbon

The flue gases of boiler-house smokestacks contain CO,
and oxygen playing a dominant role which is only next to
that of nitrogen. The quantity of these substances depends
on the air surplus coefficient. When carbamide is intro-
duced into the atmosphere with small quantities of nitro-
gen oxides, it can react with oxygen and CO,, according
to our derived equations, as follows:

1. CO(NH2)2 = CO + N2 + 2H2
2.CO(NH,), = CO + NH, + 1/2N,+1/2H,
3.CO(NH,), = CHN + NH; + 1/20,

-500 —
300 400 500 600 700 800

T,K

T T 1
900 1000 1100

Fig. 2. The Gibbs’ energy value change dependency on temperature during carbamide pyrolysis according to the equations

presented in the diagram
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AGp,

kJ/mol ][\

—
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1.CO(NH,),+0=CO+N,+2H,0
2.CO(NH,),+3/20,=CO,+N,+2H,0

3. CO(NH,),+CO;=2CO+N,+N,+H,0

4. CO(NH,),+2C0O;=3CON,+N+2H,0

T, K

T 7 T T T T T T
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Fig. 3. The Gibbs’ energy value change dependency on temperature during reactions between carbamide and CO, and air

oxygen according to the equations presented in the diagram

CO(NH,), + 0, = CO + N+ 2H,0, (15)
CO(NH,), + 3/20, = CO, + N,+ 2H,0, (16)
CO(NH,), + CO, =2CO + N, + H, + 2H,0, (17)
CO(NH,), + 2CO, = 3CO + N+ 2H,0. (18)

The Gibbs’ energy change values of these reactions
are dependent on the temperature and are presented in
Fig. 3. As follows, the carbamide oxidation process by air
oxygen is possible at a room temperature (equations 15,
16). The higher the temperature, the larger the absolute
AGt° values. However, they are relatively smaller than
the values which are obtained for carbamide reactions
with nitrogen oxides. Carbamide reacts with oxygen
much more effectively when there is a sufficient amount
of it (equation 16) and when the reaction product is CO,.
As follows from Fig. 3 data, carbamide can reduce CO,
to CO above 400 K according to equation 18, and above
450 K — according to equation 17. Such a process is po-
ssible when the air surplus coefficient is low enough and
is introduced into the flue gases with an insufficient
oxygen concentration.

Comparison of AGt® values in its oxidation process
with air oxygen (Fig. 3, curves 1, 2) and with reaction
equations, in which carbamide reacts with nitrogen
oxides (Fig. 1), shows that when nitrogen oxides do not
participate in the oxidation reaction, AGt° values are
equal to 1000 kJ/mol under 1000 K, and when nitrogen
oxides take part — under 700 K. So it follows that nitro-
gen oxides can lower the carbamide oxidation reaction
process temperature by not less than 300 °C.

3.4. Carbamide reactions with sulphur (VI) oxide

The use of sulphureous fuel in boiler-houses leads to
large amounts of sulphur dioxide emitted into the atmos-
phere (Nimmo et al. 2004). It is well known that SO,

easily oxidizes up to SOj; in the presence of oxygen, and a
catalyst for this reaction is nitrogen oxide. Nitrogen ox-
ides are used as a catalyst during the production of sul-
phuric acid by the nitrosation way. Therefore, when
carbamide is introduced into the boiler-house flue gases,
it can react not only with nitrogen oxides, but also with
SO,. The reactions can be illustrated by the following
equations:

CO(NH,), + SO;=CO, + N, +2H,0 + S, 19)

CO(NH,), + SO; + 1/20, = CO, + N, + 2H,0 + SO, (20)
CO(NH,),+280; + 1/20,=CO, + 280, + 2H,0 + N, (21)
CO(NH,), + 280, = CO, + 2S + NO, + NO + 2H,0, (22)

CO(NH,), + SO; = CO, + H,0 + N,0, 23)

CO(NH,), +3S0; = CO, + N, + 2H,0 + SO,.  (24)
The AGr° values of these reactions under different tem-
peratures are given in Fig. 4. As it can be seen from
Fig. 4, the most reliable is reaction 20, during which SO;
is reduced to SO, and carbon and hydrogen, present in
the carbamide composition, is oxidized up to CO, and
H,0. Oxygen also participates in this reaction. The abso-
lute AGr® values are slightly lower in equations 21, 24
when larger quantities of SO; take part in the reaction and
more molecules of SO, are formed. Substantially less
reliable is reaction 19 in which oxygen does not take part,
and even less reliable is reaction 23 during which N,O is
generated. The formation possibility of nitrogen oxides
NO, and NO according to equation 22 is possible only
above 700 K. The lower reliability of nitrogen oxide for-
mation is determined by the fact that their formation en-
thalpies are positive. As it follows from Fig. 4, carbamide
introduction into the flue gases disturbs the SO, oxidation
process.
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1.CO(NH,), + SO, = CO, + N, + 2H,0 + §
2.CO(NH,),+S0;+1/20,=C0, N, +2H,0+S0,
3.CO(NH,),+2S05+1/20,=CO,+2S0,+2H,0+N,
4.CO(NH,);+2S03=C0,#28+NO, +NO+2H,0
5.CO(NH,)+S0;=C0,+N,S +H,0+N,0

6. CO(NH,)+380;=CO,+N, +2H,0+3S0,

\
=
~10004

Fig. 4. The Gibbs’ energy value change dependency on temperature during carbamide reaction with sulphur (VI) oxide
according to the equations presented in the diagram

AGr, -100 1. CO(NH,),+80,=H,S+CO+N,+H,0
kymol 8 — 2.CO(NH,),+S0,=S+CO-+N,+2H,0
— 3.CO(NH,),+S0,+1/20, =S+CO, +Ny+2H,0
ol T
500 \ \

u
600 - \ 1

—700 A\A3

-800

T T T T T T T 1
300 400 500 600 700 800 900 1000 1100
T,K

Fig. 5. The Gibbs’ energy value change dependency on temperature during reaction between carbamide and SO, according
to the equations presented in the diagram

800
k?GT’I 1\ 1. CO(NH,),+H,0=CO+N,0+2H,
/mol 600 - —— 2.CO(NH,),+2H,0=CO+2N,O+4H,
.\.\ 3. CO(NH2)2+H20=C02+N2+3H2
400 -'\'\\.\. =\. 4. CO(NH,),+H,0=CO,;+2NH;,
200 A \'\Q‘\
| S A %
0 oot mmm - A.m .......................
\V\' "\A\ “\A 3
\'\v
-200 -
\v\v 4
-400 .

1 I 1 1 1 1 1
300 400 500 600 700 800 900 1000 1100
T,K

Fig. 6. The Gibbs’ energy value change dependency on temperature during reaction between carbamide and water vapour
according to the equations presented in the diagram
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3.5. Carbamide reactions with sulphur (IV) oxide

Sulphur in the boiler-house flue gases is present mainly
in the form of SO,. Carbamide, introduced into the flue
gases, can react with SO,, while reducing it to hydrogen
sulphide and sulphur according to the following equa-
tions:

CO(NH,), + SO, = H,S + CO + N, + H,0, 25)

CO(NH,), + SO, =S + CO + N, + 2H,0, (26)

CO(NH,), + SO, + 1/20,=S + CO, + N, + 2H,0. (27)

The AGt® values of these reactions dependent on
temperature are given in Fig. 5. As it follows from Fig. 5,
carbamide is a potential SO, reduction agent. It can redu-
ce SO, to sulphur or even up to hydrogen sulphide at any
temperature. The most reliable SO, reaction (equation 27)
is when oxygen participates in the reaction and the reac-
tion product is sulphur. Since carbamide reduces SO,
this factor must be taken into account, while evaluating
the amount of carbamide introduced into the boiler-house
flue gases, to prevent formation of hydrogen sulphide, the
MAC of which is equal to 0,008 mg/m’. The formation of
H,S should be avoided if oxygen is present in the boiler-
house flue gases because hydrogen sulphide is easilly
oxidized with air oxygen.

3.6. Carbamide reaction with water vapour

Water vapour, which is formed during combustion of
organic fuel, is always present in the boiler-house flue
gases. The thermodynamic investigation of the following
equations can answer the question whether or not car-
bamide can reduce water and evolve hydrogen into the
atmosphere:

CO(NH,), + H,0 = CO + N,O + 2H,, (28)
CO(NH,), + 2H,0 = CO + 2NO + 4H,, (29)
CO(NH,), + H,0 = CO, + N, + 3H,, (30)
CO(NH,), + H,0 = CO, + 2NHs. 31)

The dependency of the Gibbs’ energy change values
on the temperature of these equations is presented in
Fig. 6. Here it follows that, during the carbamide and
water interaction up to 1000 K, nitrogen oxides cannot be
formed, but ammonia can be evolved according to
equation 31, while carbon oxide, arising from the carba-
mide composition, is oxidized to CO,. Equation 30 is less
reliable when hydrogen is released during the reaction.
This reaction is possible only above 700 K.

4. Dependency of the Gibbs’ energy value changes on
temperature

The AGt® values of all our analysed reactions decrease
with an increase in temperature. The AGt° value depend-
ency on temperature can be described by the reaction
curves of equations which are presented in Table 2.

As follows from the data in Table 2, the AG° de-
pendency on temperature is expressed by linear equations
with negative angular coefficients. This means, that with
an increase of temperature, the probability of all the reac-
tions increases. The higher the angular coefficient, the
greater the Gibbs’ energy value decrease. The highest
values of equation coefficients were obtained by reac-
tion 1 (—0.860) when carbamide reacts with nitric acid, by
reaction 7 (—0.7614) when carbamide reacts with CO,, by
reaction 2 (—0.623) when carbamide reacts with nitrogen
oxide. The lowest angular coefficient values were ob-
tained for reaction 6 (—0.4271) when carbamide reacts
with water vapour and by reaction 3 (-0.4914) when
carbamide reacts with air oxygen. The free members of
the curves characterize AGt° values at low temperatures.
Their positive values indicate that carbamide doesn’t
react at room temperatures (equation 8) and cannot react
with CO, (equation 7). The AGt° values are equal to zero
during the pyrolysis reaction of carbamide at 384 K and
in the reaction with CO, at 451 K.

5. Conclusions

1. Carbamide can be used for the decontamination of
boiler-house pollutants, present in flue gases. Carbamide
reduces nitrogen oxides up to nitrogen. It was determined
that AG1® values, during carbamide reaction with nitro-
gen, sulphur or carbon oxides, water vapour, and also
during its oxidation process with air oxygen and

Table 2. The Gibbs’ energy change value dependency on temperature of main reactions between carbamide and other substances,

present in the boiler-house flue gases

No. Reaction equation Linear equation
1. CO(NH,),+2 HNO;=2N,+ CO,+ 3 H,0 + O, AGt =-0.860T—480.0
2. CO(NH,),+2NO,=CO,+2 HyO+2N,+1/2 0, AGr=-0.623T-573.14
3. CO(NH,), + 3/2 0,= CO,+ N, +2 H,0 AGt =-0.4914T-808.57
4. CO(NH;), + SO;+ 1/2 O,= CO,+ N, + 2 H,0 + SO, AGr=-0.5986T — 406.43
5. CO(NH,),+ SO, + 1/2 0,=8 + CO,+ N, + 2 H,0 AGr =-0.5129T —202.14
6. CO(NH,), + HyO= CO,+2 NH; AGr =-0.4271T - 126.14
7. CO(NH;),+2 CO,=3 CO,+ N,+ 2 H,O AGr =-0.7614T + 343.43
8. CO(NH,),=CO+N,+2H, AGr=-0.6871T + 264.14
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pyrolysis, also during the increase of temperature it dec-
reased according to a linear dependency. The linear
equation formulae of this dependency were derived.

2. It was also determined that, during the decon-
tamination process of nitrogen oxides with carbamide, the
most reliable reaction products were CO,, water and ni-
trogen, independent of what nitrogen oxides participated
in the decontamination process.

3. The carbamide pyrolysis process can proceed
above 450 K, in the absence of oxygen, nitrogen and
sulphur oxides in the flue gases. CO, nitrogen, hydrogen
and ammonia are evolved during the reaction. The am-
monia reaction is activated by water vapour.

4. The carbamide oxidation process with air oxy-
gen is possible under any temperature. The most reliable
reaction products are CO,, water and nitrogen.

5. Carbamide reduces the sulphur (VI) oxide up to
sulphur (IV) oxide, and the latter — up to the elementary
sulphur or even hydrogen sulphide, if there are no nitro-
gen oxides present in the smokestack flue gases, since
nitrogen oxides up to 1000 K temperatures participates in
the reaction with carbamide more actively than with su-
Iphur oxides.
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Sthal,

TERMODINAMINIS KATILINIU I§METAMUJU DUJU NO, IR CO TARSOS KENKSMINGUMO SALINIMO

NAUDOJANT KARBAMIDA [VERTINIMAS
D. Stepanonytg, J. J. Blynas

Santrauka

Vienos i$ didZiausiy oro terseju yra elektrinés ir katilinés. Jos iSmeta i atmosfera azoto oksidus, anglies monoksida, sieros
dioksida. Pastaruoju metu azoto oksidams nukenksminti pradétas naudoti karbamidas, kuris redukuoja azoto oksidus iki
elementaraus azoto. Nagrinéjami katilines terSaly nukenksminimo aspektai naudojant karbamida. Sio darbo tikslas yra
iStirti reakcijas, vykstancias tarp karbamido ir katilinés kamino diimuose esanc¢iy junginiy, nustatyti ir palyginti $iy reak-
ciju patikimuma. Teoriniai nukenksminimo proceso tyrimai atlikti termodinaminiais metodais, jvertinant reakciju Gibso
energiju pokycio vertes, esant jvairioms temperattiroms (298—1000) K. I8vestos Siu pokyc¢iy lygtys. Reakciju patikimumas
ivertintas remiantis termodinaminiais skaifiavimais ir gautomis Gibso energijos pokyc¢io vertémis. Aptikta, kad, kylant

temperatirai, visy nagrinéty reakcijy tikimybe didéja.
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Nustatyta, kad, vykstant azoto oksidy nukenksminimo procesui, esant karbamidui, patikimiausi reakcijos produktai yra
anglies dioksidas, vanduo ir azotas; karbamidas gali redukuoti SO, iki sieros ir tam tikrais atvejais — iki vandenilio sulfido.
Nesant kamino dimuose deguonies ir azoto bei sieros oksidy, karbamido terminis skilimas vyksta esant daugiau kaip
450 K. Reakcijos metu i$siskiria anglies monoksidas, azotas, vandenilis ir amoniakas. Nustatyta, kad katilinés terSalams
nukenksminti galima naudoti karbamida, kuris azoto oksidus redukuoja iki azoto; Gibso energijy pokycio vertés, kar-
bamidui reaguojant su azoto, sieros, anglies oksidais, vandens garais, taip pat ir vykstant jo oksidacijos procesui oro de-
guonimi ir pirolizei, kylant temperatiirai maz¢ja pagal tiesing priklausomybe. ISvestos Sios priklausomybés tiesiniy lyg¢iy
formules.

ReikSminiai ZodZiai: karbamidas, Gibso energija, oksidacija, redukcija, piroliz¢, dujy nukenksminimas.

TEPMOJUHAMMWYECKAS OUEHKA ITPU JEKOHTAMUWHALMUN SMUCCHUHN NO, 1 CO BBIXJIOIIHBIX
I'A30B KOTEJIbHBIX ITYTEM UCIIOJIb30BAHUSA KAPBAMUJIA

JI. Crenanonure, 10.-10. Baunac
Pesome

OJHUMH U3 TJIaBHBIX MCTOYHMKOB 3arps3HEHMsI BO3JyXa SIBJISIOTCS 3JIEKTPOCTAHUMU M KOTelbHble. OHM BBIICIAIOT B
atMocepy okcunsl azota, CO u SO,. HemaBHO i e3aKTHBAIMKM OKCHUAOB a30Ta OBUIO MPEATO0KEHO HCIOJIB30BaTh
kapOamua. KapGamua peaynupyer OKCHIBI a30Ta J0 DJIEMEHTApHOTO a30Ta. B Hacrosmiell cTaTthe 00CYX)IAlOTCs He-
KOTOpPBIE ACMEKTHl JAEKOHTAMHMHAIMN SMHUCCHM 3arpsisHATENEl M3 KOTENbHOW € HCMoib30BaHMEM KapOamuma. llemsio
ucceoBaHusl OBIIIO ONPENETNTh PEAKIMH, MPOUCXOASIINE MEXTY KapOaMHUIOM M COEIMHEHUSIMH, HaXOASIIMMMUCS B
rasax BBIYCKHOM TPyObl KOTENBbHOM, a TakkKe OLEHUTb W CPABHUTh HAJEXKHOCTb ITHUX peakuui. Teopernueckoe wuc-
ClIeJIOBAaHME JICKOHTAMMHALIMU 3arpsi3HEHUs TIPOBOJMIOCH C NPUMEHEHHWEM TEPMOJMHAMUYECKMX METOJO0B M OLEHKU
BEJIMYMHBI U3MEHEHUI sHepruu ['mb0ca B peakuusix Nnpu paziudHbIX Temmneparypax — (298 — 1000) K. B pesynbrare
UCCIICZIOBAaHMI OBbLIM TOJY4EHbl YPAaBHEHHWs 3THX M3MeHeHMH. OlLleHKa HaJeXHOCTH peakluii Oblia JOCTMIHYTa Ha
OCHOBAaHMM TEPMOJAMHAMUUYECKMX PACUETOB M MOJIyUCHHBIX BEJIMYMH U3MEHEeHUs sHepruu ['mboca. HanexxHoCTh peakiun
YBEIMYNBACTCS C yBEINUCHNUEM TEMIIEPATYPBEIL.

OmnpezneneHo, 4To HanboJiee HAJEKHBIMHU COCTaBaMHM, MOTYyYEHHBIMU B XOJE PEaKIMH MEXTy KapOaMHIOM M OKCHIOM
azora, aBisioTcs CO,, a3oT u Boga. Kpome Toro, ycTaHOBIEHO, YTO KapOaMUI MOXKET PEaylUpPOBATH OKCHI CEPHI 10
SJIEMEHTApPHO cepbl 1 B HEKOTOPBIX cirydasx — 10 H,S. IMuponums kapbamuna Bo3moxkeH npu Temneparypax Boime 450 K
NpHU OTCYTCTBUM KHCJIOPOJIa, a30Ta U OKCHIOB CEPbl B ra3ax BBIIYCKHOM TpyObl. B TeueHue peakuunn seinenstorces CO,
a30T, BOJOpOA M ammuak. OrnpeneneHo, 4To kapOamMmI MOXKHO HCIOJIb30BaTh JUISl JICKOHTAMUHALMKM 3arpsA3HEHUs W3
korenbHONM. KapOamua peayuupyer okcuisl azorta o asorta. OmnpezaeneHo, yto 3HaueHHMe AGr° B TeueHHE peakLuu
kapbamuaa ¢ a30TOM, CEpOil WM YIJIEPOAMCTHIMM OKCHIAaMM, BOJHBIM MAapoM, a TaKKe B TEUEHHE IpOLEcca €ro
OKCHJIAIMK C BO3YIIHBIM KHCIOPOAOM U MHUPONM3a C YBEIMUEHHEM TEMIEPATyphl YMEHBIIAETCS COTJIACHO JHMHEHHOM
3aBUCUMOCTH. B Xoze nccnenoBanuii mosydeHs! (OpMyIIbl ypaBHEHUH 3TON TMHEWHO 3aBUCUMOCTH.

Kurouesble cioBa: KaPGaMI/IZ[, SHEPrus FI/IGGCa, OoKCHAalus, peaAyKUus, NUpoan3, 1€KOHTaMUHalMs ra3a.
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