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The Model for Theoretical Determination of  
Composition of a Heterogeneous Equilibrium 
Mixture  in the Course of Chemical Reactions 

22 HCOOHC +⇔+  and 42 CHHC ⇔+ 2  

 
The work presents a new way of calculation of the composition of a 
heterogenous equilibrium mixture in the course of chemical reactions 
important in engineering practice: soot production, coal gasification, 
waste pyrolysis, refining flue gases by dry and semi-dry treatments. In the 
avaiable literature, the calculation of equilibrium composition of only the 
homogeneous (gaseous) phase is applied. This work presents three ways 
of calculation: based upon the number of moles, based upon the sum of 
the number of moles, and the calculation of the composition of only the 
homogeneous mixture. The reactions 22 HCOOHC +⇔+  and 

42 CHH2C ⇔+  have been considered, since in the available reference 
literature there is the largest number of data on the composition of the 
equilibrium homogeneous mixture concerning these reactions. The 
results of the calculation of the composition of the homogeneous 
(gaseous) phase, as a part of a heterogeneous mixture are identical with 
the results obtained by the ortodox calculation of only the homogeneous 
phase. 

Keywords: chemical equilibrium, content of the solid phase, model. 
 

 
 

1. INTRODUCTION 
 
 The calculation of content of the solid phase in the 
course of heterogeneous chemical reactions are 
important for a great number of processes: waste 
material treatment by applying the pyrolysis procedure, 
soot production, coal gasification, and flue gas treat-
ment. In the available reference literature neither 
methodology nor results of calculation of the solid 
phase content in the equilibrium mixture can be found. 
The derived expressions refer solely to chemical 
reactions in the gaseous mixture [1], with note that the 
equilibrium constant applies both to homogeneous and 
heterogeneous equilibrium mixtures. In the hetero-
geneous reactions the Law on the effect of masses takes 
simplified form mostly, i.e. in the heterogeneous 
mixtures the pressure and the concentration of solid 
phase components need not to be taken into account [2]. 
However, there are processes in which it is necessary to 
determine the content of the solid component in the 
equilibrium mixture. 
 In heterogeneous reactions the chemical potentials 
of solid components remain constant indenpendently on 
the degree of the course of the reaction. The necessary 
condition is that these components should not be 

consumed until the chemical equilibrium has been 
established [3]. The model offered in these paper gives 
an answer to what conditions (pressure, temperature, 
initial components concentration) the solid phase 
components are completely consumed.  
 Since the content of the solid phase in the 
heterogeneous mixture is determined only by measuring 
it [4], the importance of the present paper is best 
supported by this reason of devising such a model. In 
order to satisfy the material balance of the chemical 
reaction, the solid phase must also be taken into account 
in the calculation of the reaction products. 
 
2. THE CALCULATION METHODOLOGY 

 
By calculating we assume that reactions occur by 

solid fuel gasification [5]: 
2COCOC 2 ⇔+ ,                           (1) 

22 HCOOHC +⇔+ ,                      (2) 

42 CHH2C ⇔+ .                            (3) 

The calculation methodology of content of the 
equilibrium mixture of the reaction (1) is shown in the 
available literature [6]. 

The following three methods of the content 
calculation are shown in this paper: 
- calculation based upon the number of moles, 
- calculation based upon the sum of the number of 

moles, and 
- calculation of compositions of only homogeneous 

mixture. 
The calculation of only a homogeneous mixture is 

well known and it can be found in the literature [7]. In 
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this paper the reaction 22 HCOOHC +⇔+  and   

42 CHH2C ⇔+  is considered. 
 
2.1.  The calculation based upon the number of 

kilomoles 
 

In the course of reactions 22 HCOOHC +⇔+  
and 42 CHH2C ⇔+  the number of kilomoles of the 
components in the mixture after the chemical 
equilibrium has been established amounts to: 
- for the reaction (2) 
Carbon: 22

)2(
C zan −= , (4) 

Water vapor: 22
)2(
OH 2

zbn −= , (5) 

Carbon-monokside: 2
)2(

CO zn = , (6) 

Hydrogen: 2
)2(

H 2
zn = , (7) 

- for the reaction (3) 
Carbon:            33

)3(
C zan −= , (8) 

Hydrogen:                     33
)3(

H 2
2

zcn −=  , (9) 

Methane:            3
)3(

CH 4
zn = , (10) 

where: 32 , aa - number of carbon kilomoles taking part 
in the reactions (2) and (3) respectively, 2b - number of 
water vapor kilomoles taking part in the reaction (2), 

3c - number of hydrogen kilomoles taking part in the 
reaction (3), 2z -number of carbon-monoxiode (hydro-
gen) kilomoles in the mixture after the chemical 
equilibrium has been established the reaction (2), 3z -
number of methane kilomoles in the mixture after the 
chemical equilibrium has been established the reaction 
(3). 

The total number of kilomoles in the mixture after 
the chemical equilibrium has been established are 
following: 
heterogeneuos mixture (solid and gaseous phases): 
- for the reaction (2) 

)2(
H

)2(
CO

)2(
OH

)2(
C

)2(
22

)( nnnnsn +++= , 

22222222
)2( )()()( bazzzbzasn +=++−+−= ,    (11) 

- for the reaction (3) 

)3(
CH

)3(
H

)3(
C

)3(
42

)( nnnsn ++= , 

33333333
)3( 2)2()()( zcazzczasn −+=+−+−= ,  (12) 

homogeneous mixture (gaseous phase only): 

- for the reaction (2) 

)2(
H

)2(
CO

)2(
OH

)2(
22

)( nnngn ++= , 

222222
)2( )()( zbzzzbgn +=++−= .     (13) 

- for the reaction (3) 

)3(
CH

)3(
H

)3(
42

)( nngn += , 

33333
)3( )2()( zczzcgn −=+−= .          (14) 

The mole contents of the components in the mixture 
after the chemical equilibrium  of reactions (2) and (3) 
has been established amounts to: 
heterogeneuos mixture: 
- for the reaction (2) 

,
)( 22

22
)2(

)2(
C

C ba
za

sn

n
x +

−
==                     (15) 

,
)( 22

22
)2(

  (2)
OH

OH
2

2 ba
zb

sn

n
x +

−
==                (16)  

,
)( 22

2
)2(

)2(
CO

CO ba
z

sn

n
x +==                    (17)  

,
)( 22

2
)2(

)2(
H

H
2

2 ba
z

sn

n
x +==                  (18) 

 
 Nomenclature 
 

 
a2 [kmol] - number of C kilomoles entering the reaction 

(2), 
a3 [kmol] - number of C kilomoles entering the reaction 

(3), 
b2 [kmol] - number of H2O kilomoles entering the 

reaction (2), 
c3 [kmol] - number of H2 kilomoles entering the reaction 

(3), 
n [kmol] - number of kilomoles in the equilibrium 

mixture, 

2pK

 

[Pa] - chemical equilibrium constant of the reaction 
  22 HCOOHC +⇔+ , 

3pK

 
][Pa 1−

 

- chemical equilibrium constant of the reaction 
 42 CHH2C ⇔+ , 

'pK

 

[-] - chemical equilibrium constant of th reactions 
(2) and (3) reduced to pressure of Pa101300 , 

p [Pa] - pressure, 

x ]
kmol
kmol[

 

- mole content of the component in the 
heterogeneous equilibrium mixture (solid and 
gaseous phase), 

y ]
kmol
kmol[  mole content of the component in the homo-

geneous equilibrium mixture (gaseous phase), 
z2 [kmol] - number of kilomoles in the equilibrium 

mixture, number of CO and H2 kilomoles in the 
equilibrium mixture after the chemical equi-
librium has been established the reaction (2), 

z3 [kmol] - number of kilomoles in the equilibrium 
mixture, number of CH4 kilomoles in the 
equilibrium mixture after the chemical equi-
librium has been established the reaction (3). 

Subscripts 

C - carbon,    CH4 - methane, 
CO - carbon-monoxide,  H2 - hydrogen, 
g - gaseous,    s - solid, 
I, J, M - supplementary value. 
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- for the reaction (3)   

,2)( 333
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homogeneous mixture: 
- for the reaction (2) 

,
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- for the reaction (3) 

,
2

)( 33
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−
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The partial pressures of the components in the homoge-
neous mixture (gaseous phase) after the chemical 
equilibrium has been established are: 
- for the reaction (2) 

,
22

22
OHOH 22

pzb
zb

pyp
+
−

==               (27) 

,
22

2
COCO pzb

z
pyp +==                  (28) 

,
22

2
HH 22

pzb
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- for the reaction (3) 

,pzc
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pyp
33

33
HH

2
22 −
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==               (30) 

 ,
33

3
CHCH 44

pzc
z

pyp −==               (31) 

where p  is the total pressure in the reactor space after 
the chemical equilibrium of the reactions (2) and (3) has 
been established. 
The chemical equilibrium constant of the reactions (2) 
and (3) is defined by expression: 

2
2

2
2

2
2

OH

HCO

2

2
2 zb

z
p

p

pp
K p

−
=

⋅
=  ,           (32a) 
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By solving equation (32a) and (32b) at given 2a , 3a , 

2b , 
32

,,,3 pp KKpc  is obtain the unknown values: 

)(
2222 pp KpKbz +±=  ,               (33) 

and 

)K41/11(
2 3
3

3 pp
c

z +±= .              (34) 

 
2.2.  The calculation based upon the sum of the 

number of kilomoles  
 

For heterogeneous mixture after the chemical 
equilibrium has been established, in the course of the 
reactions 22 HCOOHC +⇔+  and 42 CHH2C ⇔+  
the following dependencies hold: 
- for the reaction (2): the above stated expresions (27), 
(28) and (29), 
- for the reaction (3): the above stated expresions (30) 
and (31), 
- for the reaction (2) 

,xxxx 1
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- for the reaction (3) 
1

4CH2HC
=++ xxx ,                  (36a) 
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=
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CHC
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where: 22 O,HC, ΣΣΣ - the total number of kilomoles 
of carbon, hydrogen and oxygen respectively in the 
mixture before the chemical equilibrium has been set 
up, I,J,M - supplementary values. 

The last equation of expression (35a-d) is obtained 
on the following way: 

,1
2HCOO2HC
=+++ xxxx

C2HCOOH 1
2

xxxx −=++ , 

pppp =++
22 HCOOH ,    

p
x

x
p

C

OH
OH 1
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x
y

−
=   ;  

C

H
H 1

2
2 x

x
y

−
=  ; 

C

CO
CO 1 x

x
y

−
=  . 

The last equation of expression (36a-c) is obtained 
in the similar way. The solutions of the system of four 
equations (expressions (35a-d)) with four unknown 
values 

22 HCOOHC ,,, xxxx  and the system of three 

equations (expression (36a-c) with three unknown 
values  4HCHC ,,

2
xxx are: 

- for the reaction (2) 
0C

2
C =++ CxBxA  ,                    (37) 
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Values I and J have been based upon the conditions: 
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- For the reaction (3) 
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The value M has been based upon the condition: 

332 // caHCM =ΣΣ=                              (43) 
 
2.3.  The calculation of the composition of a 

homogeneous mixture only 
 

For homogeneous mixture after the chemical 
equilibrium has been established in the course of the 
reactions 22 HCOOHC +⇔+  and 42 CHH2C ⇔+  
the following dependencies hold: 
- for the reaction (2) 

pyp OHOH 22
=  ;  pyp COCO =  ,     (44),(45) 

pyp
22 HH =  ,                           (46) 

py
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p
pp

K p
OH

HCO

OH
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2
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==  ,             (47) 

1
22 HCOOH =++ yyy  ;  

2HCO yy =  .    (48),(49) 

Keeping in mind that initial concentrations are not 
considered, but only stechiometry of the process - that 
constitutes a fault of this model (calculation) - it can be 
writen: from expression (48) and (49) follows: 

COOH 21
2

yy −=  ,                        (50) 

from expression (47) follows: 

py
y

K p
CO

2
CO

2 21−
=  ,                         (51) 

and there from: 
[ ] pKppKpKppy )(22 222OH2

+−+= ,     (52a) 

[ ] pKppKpKpy )( 222CO ++−=  ,          (52b) 

[ ] pKppKpKpy )( 222H2
++−=  ,          (52c) 

- for the reaction (3) 
pyp

22 HH =   ;  pyp
24 CHCH =  ,        (53), (54) 

42

4
3 CH2

H

CH 1
ypp

p
K p == ; 1

42 CHH =+ yy  . (55),(56) 

The solutions of the system of two equations (55) and 
(56) with two unknown values 

2Hy  and 
4CHy  are: 

3

3
2 K2

K411
H p
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p
p
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=  ,                   (57a) 
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33
4 K2

  K41-K21
CH p

pp

p
pp

y
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The value of the chemical equilibrium constant Kp is 
reduced to the pressure op =1.013⋅105 Pa and is thus 
determined by the expression: 

o
n

pp pKK ∆= /'  ,                        (58) 

whereby the numerical value of the change of the 
number of kilomoles in the gaseous phase in the course 
of the reactions is (2) and (3): 

kmol1111OHHCO2 22
=−+=−+=∆ bbbn , 

kmol121
24 HCH3 −=−=−=∆ bbn , 

o
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o pKppKpKp '' 222
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n
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It is an interesting question at which value of dimension 
2HC/ΣΣ=I  and 2HC/ΣΣ=M , at given temperature, 

in the equilibrium mixture the reactions (2) and (3) does 
not exist solid phase, i.e. 0C =x . The answer can be 
obtained by using expression (37), (41) and, the first 
equation of expressions (42) and (43). 
- for the reaction (2) 

[ ×+−+
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= 22
2

2
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1 KppKppIKppIIx   

0)(16)(16 2
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The expression (61) is transformed to an equivalent 
expression: 

0
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2

222
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KpKppKppI

x  .       (62) 

Since 01 >+ I  and 0
2
>+ pKp  unequation (62) is 

transformed to unequation: 
0)()( 222 ≥+−+ KpKppKppI  ,           (63) 

whose set of solutions is: 

2
22)(

Kpp
KpKpp

I
+

+
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The set of solutions of unequation (64) is equivalent to 
the set of solutions of the starting unequation (61). 
- for the reaction (3) (expression (42.a)) 

0C ≥x  .                                    (65) 
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The expression (65) is transformed to an equivalent 
expression: 

0
)141()41(

)41212
1(

33

3
2

≥
+++

++−

KppMKpp

KppMM
 .            (66) 

Since 0>M  and 041 3 >+ Kpp  unequation (66) is 
transformed to inequation: 

0
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2
1

3
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+
+−

Kpp
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whose set of solutions is: 

)K41/11(2
1
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The set of solutions of unequation (68) is equivalent to 
the set of solutions of the starting inequation (65). 
 
3. THE CALCULATION RESULTS 
 

The model of theoretical determination of 
composition of a heterogeneous equilibrium mixture 
presented in this paper has been used several times and 
has been confirmed in solving practical engineering 
problems, such as: waste material treatment by applying 
pyrolysis procedure, coal gasification and treatment of 
flue gas. The numerical example has been devised with 

the adopted values of the pressure of Pa105=p  and 
the temperature of 773 K (500°C), so selected for the 
sake of comparison of the results obtained with the data 
quoted in the available literature.  

At the temperature of 773 K the value of the 
chemical equilibrium constants of the reactions (2) and 
(3) are 0215120

2
.'K p =  and 20192

3
.'K p =  [7]. By 

using expression (59) and (60), are obtain the values 
Pa100218.0 5

2
⋅=pK  

and 
155

3
Pa105218.010013.12019.224.0 −−− ⋅=⋅⋅⋅=pK , 

where is: 0.24-coefficient of constant chemical equili-
brium of the reaction 42 CHH2C ⇔+  [5]. By 
substituting p  and pK  for the numerical values in the 
expressions (64) and (68) are obtain conditions: 

146065.0≥I  and 2154310.M ≥  .          (69) 

At the values 1460650.I ≤  and 2154310.M ≤  and the 
temperature of 500°C the solid phase does not exist in 
the equilibrium mixture of the reactions (2) and (3) 
( 0C =x ). 

Table 1. The contents of a heterogeneous and a homogeneous mixture of the reaction 22 HCOOHC +⇔+  at 

temperature of 500°C 

Heterogeneous mixture Homogeneous mixture  

Cx  OH2
x  COx  

2Hx  OH2
y  COy  

2Hy  

Calculation based upon the number of moles – expressions (15) to (21) 
I=0.50     a2=1 kmol 
J=1.00     b2=2 kmol 0.235957 0.569291 0.097376 0.097376 0.754102 0.127449 0.127449 

I=0.75     a2=1 kmol 
J=1.50     b2=1.33 kmol 0.345106 0.487962 0.083466 0.083466 0.745102 0.127449 0.127449 

I=1.00     a2=1 kmol 
J=2.00     b2=1 kmol 0.426968 0.426968 0.073032 0.073032 0.745102 0.127449 0.127449 

Calculation based upon the sum of the number of moles - expressions (37) to (40) 
I=0.50 
J=1.00 0.235957 0.569291 0.097376 0.097376 0.754102 0.127449 0.127449 

I=0.75 
J=1.50 0.345106 0.487962 0.083466 0.083466 0.745102 0.127449 0.127449 

I=1.00 
J=2.00 0.426968 0.426968 0.073032 0.073032 0.745102 0.127449 0.127449 

Calculation of the composition of the homogeneous mixture only – expression (52) 
 - - - - 0.745102 0.127449 0.127449 

 
Table 2. The contents of a heterogeneous and a homogeneous mixture of thereaction C + 2⋅H2 ⇔ CH4 at temperature of 
500°C 

Heterogeneous mixture Homogeneous mixture  

Cx  2Hx  
4CHx  

2Hy  
4CHy  

Calculation based upon the number of moles – expressions (22) to (26) 
M = 0.50     a3 = 1 kmol 
                    c3 = 2 kmol 0.266167 0.532333 0.201500 0.725415 0.274585 

M = 1.00     a3 = 1 kmol 
                    c3 = 1 kmol 0.500000 0.362707 0.137293 0.725415 0.274585 

M = 1.50     a3 = 1 kmol 
                    c3 = 0.66 kmol 0.620823 0.275060 0.104117 0.725415 0.274585 

Calculation based upon the sum of the number of moles – expression (42) 
M = 0.50 0.266167 0.532333 0.201500 0.725415 0.274585 
M = 1.00 0.500000 0.362707 0.137293 0.725415 0.274585 
M = 1.50 0.620823 0.275060 0.104117 0.725415 0.274585 

Calculation of the composition of the homogeneous mixture only – expression (57) 
 - - - 0.725415 0.274585 
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Basing upon condition (69) the following values 

have been adopted for the analysis I=0.5; 0.75; 1.0; a2=1 
kmol (Table 1) and M=0.5; 1.0; 1.5; a3=1 kmol 
(Table2). The value I=1.0 corresponds to stechiometric 
relationship of C and H2O for the reaction (2),and value 
M=0.5 corresponds to stechiometric relationship of C 
and H2 for the reaction (3). By increasing the number of 
carbon kilomoles in the initial components of the 
reaction (2) (the increase in value of I), the mole content 
of carbon ( Cx ) increases in the heterogeneous mixture, 
whereas the mole content of the components in the 
homogeneous mixture ( OH 2

y , COy , 
2Hy ) does not 

change (Table 1). 
By increasing the number of carbon kilomoles in 

the initial components of the reaction (3) (the increase 
in value of M), the mole content of carbon ( Cx ) 
increases in the heterogeneous mixture, whereas the 
mole content of the components in the homogeneous 
mixture (

2Hy ,
4CHy ) does not change (Table 2). 

The results determined by using expressions (15) to 
(21)and (22) to (26) (the calculation based upon the 
number of moles) are identical to the ones determined 
by using expressions (37) to (40) and (42) (the 
calculation based upon the relation of the sum of the 
number of moles). The composition of the 
homogeneous mixture determined by using expressions 
(19) to (26), and (52), (56), respectively, conforms to 
the results of the calculation of the homogeneous 
mixture presented in the available literature [7]. 
 
4. CONCLUSION 
 

The presented model emerged from solutions to 
practical engineering problems (waste material 
treatment by applying the pyrolysis procedure, soot 
production, coal gasification, and flue gas treatment). 
For the sake of satisfying the material and thermal 
balance in heterogeneous systems, the solid phase 
content in the equilibrium mixture must be taken into 
account. At given relationship of the masses of the 
initial components there exists a definite temperature at 
which the solid phase ceases to exist in the equilibrium 
mixture. For the considered reactions, the following 
conditions can be established by utilising the model 
presented here. In course of particular chemical 
reactions the calculation is simplier if expressions (15) 
to (26) are used. With simultaneous reactions taking 
part in the reaction space the complexity of solving of 
the model according to expressions (15) to (26) is the 
same as according to expressions (37) to (42). The 
results of the calculation of the homogeneous (gaseous) 
phase, as a part of the heterogeneous mixture 
(expressions (15) to (26) and (37) to (42)), are identical 

with results of the calculation of the homogeneous 
phase only (expressions (52) and (57)). 
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ODRE\IVAWE RAVNOTE@NOG STAWA SASTAVA 
HETEROGENE ME[AVINE PRI ODVIJAWU 

REAKCIJE 22 HCOOHC +⇔+  I 

42 CHH2C ⇔+  

 
S. \uri}, M. Kuburovi}, A. Jovovi} 
 

Rad predstavqa nov na~in izra~unavawa sastava 
heterogene ravnote`ne me{avine hemijskih 
reakcija va`nih u in`ewerskoj praksi: proi-
zvodwi ~a|i, gasifikaciji ugqeva, pirolizi 
otpada, pre~i{}avawu dimnih gasova suvim i 
polusuvim postupcima. Rad opisuje tri na~ina 
izra~unavawa i to: zasnovana na broju kilo-
molova, sumi broja kilomolova i izra~unavawu 
sastava samo homogene me{avine. 
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