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The Model for Theoretical Determination of
Composition of a Heterogeneous Equilibrium
Mixture in the Course of Chemical Reactions
C+H,0 < CO+H, and C+2H, < CH,

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
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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 C+H,0 < CO+H, and

C+2H, & CHy 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
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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]:

C+CO, < 2CO, 1)
C+H,0 < CO+H,, )
C+2H, < CHy. 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 C+H,0<«< CO+H, and
C+2H, < CHy is considered.

2.1. The calculation based upon the number of
kilomoles

In the course of reactions C+H,0 < CO+H,
and C+2H, < CH, the number of kilomoles of the

components in the mixture after the chemical
equilibrium has been established amounts to:
- for the reaction (2)

Carbon: n(cz) =ay —z,, 4)
Water vapor: ”I({ZZ)O =by —z,, 5)
Carbon-monokside: n(cz(% =2z,, (6)
Hydrogen: "1({22) =1z, @)
- for the reaction (3)

Carbon: ng) =a3—z3, (®)
Hydrogen: ngz =c3—2z3, C)
Methane: ”8)14 =z3, (10)

where: a,,ay- number of carbon kilomoles taking part

in the reactions (2) and (3) respectively, b, - number of

water vapor kilomoles taking part in the reaction (2),
c3- number of hydrogen kilomoles taking part in the

reaction (3), z,-number of carbon-monoxiode (hydro-

gen) kilomoles in the mixture after the chemical
equilibrium has been established the reaction (2), zj-

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)

Nomenclature

2 (€3]

2 2
n(s)(z) = ”C( ) +nH20( )+ neo tng, s

n($)? =(ay =2))+(by=2))+ 2y +23 =ay +by,  (11)
- for the reaction (3)

3 3 3
n(s)(3) = ”C( ) 4 nHz( ) 4 ”CH4( ),

n(s)(S) =(a3 —z3)+(c3—223)+z3 =ay +c3 223 (12)

homogeneous mixture (gaseous phase only):
- for the reaction (2)

@) @) 2

+ ’/lH2 9

n(@)? =ny 0% +nco

n(@)® =(by —2,)+ 2y +2y =by +2,. (13)
- for the reaction (3)

3 3
n(g)® =”H2( : +”CH4( ',

}’l(g)(3) :(63*223)4-23 :C3*Z3. (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)

2
o= nC( ) :a2—22 (15)
C ) a,+b ’
n(s) 2 2
2
N "0 by-z) 16)
M0 (@ ay+hy
2)
o %
O T @ T aythy 1n
n. @
_ H, )
XH2 - n(S)(Z) - a2+b2 H (18)

a, [kmol] - number of C kilomoles entering the reaction
2),
as [kmol] - number of C kilomoles entering the reaction
(3),
b, [kmol] - number of H,O kilomoles entering the
reaction (2),
3 [kmol] - number of H, kilomoles entering the reaction
3),
n [kmol] - number of kilomoles in the equilibrium
mixture,
K Ps [Pa] - chemical equilibrium constant of the reaction
C+H,0 < CO+H,,
K 3 [Pa_l] - chemical equilibrium constant of the reaction
C+ 2H2 < CH 4>
K p' [-] - chemical equilibrium constant of th reactions
(2) and (3) reduced to pressure of 101300 Pa ,
p [Pa] - pressure,
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kmol, - mole content of the component in the
[kmol] heterogeneous equilibrium mixture (solid and
gaseous phase),

kmol mole content of the component in the homo-
kmol"  geneous equilibrium mixture (gaseous phase),
[kmol] - number of kilomoles in the equilibrium
mixture, number of CO and H, kilomoles in the
equilibrium mixture after the chemical equi-
librium has been established the reaction (2),
[kmol] - number of kilomoles in the equilibrium
mixture, number of CHy kilomoles in the
equilibrium mixture after the chemical equi-
librium has been established the reaction (3).

Subscripts
- carbon, CH,; - methane,
CO - carbon-monoxide, H, - hydrogen,
- gaseous, s - solid,

I, J, M - supplementary value.
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- for the reaction (3)

3 _
e a3 — 23
YT @ dayre 2z (19
_ nH2 (3) _ C3 - 2Z3 (20)
2 B n(s)(3) B a3 +C3 -2 Z3 ’
3
_ nCH4( ) _ Z3 (21)
CH, ™ n(s)® S aytey=2zy
homogeneous mixture:
- for the reaction (2)
@)
n
H,0 by —z,
= = 22
YH,0 )@ By, (22)
@)
"co )
= = 2
Yco ()@ by, (23)
2
nHz 22
VH, = = , (24)
H ™ @)@ byt
- for the reaction (3)
3
n
H2 C3 — 2 Z3
= = 2
yHZ n(g)(3) 03_23 s ( 5)
3
nCH4 Z3
= = . 2
Yen, ) G2 (26)

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)

Pu,0 =Yu,0P = Zi ;Z ps 27
Pco =Yco P = b;—zzzp, (28)
Py, =Vu, P= bzzfzz p, 29
- for the reaction (3)
Pu, = Vi, P =% (30)
Pcu, = YcH, p=632_—323p, €2y

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:

PCo * PH 2,2
K,, - 2 ()
pHZO b2 —22
Y4 H . _
K, -TH 1.5 G 232), (32b)
ru P(e3-223)

2
By solving equation (32a) and (32b) at given a,, asz,

by, c3, p, sz , K[73 is obtain the unknown values:

zy =%b, [sz/(p+Kp2) , (33)

and
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232073(1il/1/1+4pr3). (34)

2.2. The calculation based upon the sum of the
number of kilomoles

For heterogencous mixture after the chemical
equilibrium has been established, in the course of the
reactions C+H,0 < CO+H, and C+2H, < CHy4

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)

Xc + tzo +Xco t+ )CH2 =1, (35(1)
ZC _ Xc +Xco J (35b)
ZHZ xHZO -l-)CH2
ZC _ Xc tXco _J (356)
202 lx +lx ,
7 ¥H,0 *5¥co
K. - Pco PH, . XCo *H, (35d)
P2 pu,o xp,0 (1-xc)’
- for the reaction (3)
+ + =1
o tz xCH4 s (36a)
ZC _ XC +xCH4

= =M 36b
TH, oy, +2%u, ’ (360)

Pc xcy, -(1=xc)
Kp, = 2H4 = 2 . (360
sz p tz
where: £C,XH,,X0, - the total number of kilomoles

of carbon, hydrogen and oxygen respectively in the
mixture before the chemical equilibrium has been set
up, IJ,M - supplementary values.

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

X +x +x_  +x_ =1,
C H20 CcO H

XH,0 -i—xCO—i-xH2 =1-x

Pu,0 *PcotPu, =P

X X

_“H 0 . __THy, __*co
pH2O_1—xCp’pH2 _l—xcp’pco_l—xc ’
Yoo = *H,0 | o = “H, e = €O
Hzo 1_.xC ’ H2 l_xC ’ co l_xc

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 Xcs¥H, 00 ¥CO>*H, and the system of three

equations (expression (36a-c) with three unknown
values xc, Xy, XCpy are:

- for the reaction (2)
AxZ+Bxc+C=0, 37
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1(2-J) ) I
)CHZO :m+xC 5 XCO :m—xc, (38),(39)
J+1J-21
= 4
W ST A ¢ (40)
where:
A:J(1+I)(p+Kp2) ,
B:(p+Kp2)[I(2—J)—J(l+I)],
_ 2p]2
C=plJ-K, 12-))-F=
Values 7 and J have been based upon the conditions:
XC _ 9
1= =2 41
SH, b, (41a)
and
>C a
J=2=2% 222 5. 41b
- For the reaction (3)
1 3 3
= S M +2M° —
e 2M(4M2pr3+M2—1)[ P Ky (42a)
—(M? ~ M) T+ 4pKp, ~(4pKp, ~HM> —M]
—1+M1+4
W, = —s PRps (42b)
* M (+4pKpy) -1
XCH, = 2 : [4M2pr3_
Y O2M[M-(1+4pKp,)—1] (42¢)
— (M + M1+ 1+ 4pKp))]
The value M has been based upon the condition:

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 C+H,0 < CO+H, and C+2H, < CH,
the following dependencies hold:

- for the reaction (2)

PH,0 =YH,0P > Pco =Yco P > (44),(45)

pl—[2 =yH2 P, (46)
Pco Pu Yco Yu

K, = co Pu, _YcoH, . @n
2 PH,0 YH,0

YH,0 T Yco t¥u, =1 Yeco =ym, - (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:

YH,0 = 1-2yco » (50)
from expression (47) follows:
y2
_ AP , (51)

P2 1-2yc0
and there from:

Yo =P +2Kpy ~2Kp, (p+ Kpy)) [p.  (52a)
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Yeo = - Kpa + Ko 0+ Ko)) [p . (52b)
Yy, = [— Kp, +Kp, (p+ sz)]/p , (52¢)

- for the reaction (3)

PH, =YH,P 5 Pcu, =Ycu, P »  (33),(34)

_ PcH, 1

= ; YH, *YcH, =1.(55),(56)

K 2
pH2 PYcH,

P3

The solutions of the system of two equations (55) and
(56) with two unknown values yy, and ycy, are:

=1+ 1+4 pKp, (57a)

sz - szp3 5
y :1-1—2pr3—wll-i-4pr3 . (57b)
CH, 2pr3

The value of the chemical equilibrium constant K, is
reduced to the pressure p, =1.013-10° Pa and is thus

determined by the expression:
" An
Kp'=K,/p,™ (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):

Any = beg +bH2 _szo =1+1-1=1kmol,

Any = beyy, — by, =1-2=~1kmol,

1 A Al
Kp, = Kp,'p,™"> = Kp,'p,,, (59)

Kpy = Kp3'p,"" = Kpsy'p," . (60)
It is an interesting question at which value of dimension
1 =%C/ZH, and M =XC/ZH,, at given temperature,
in the equilibrium mixture the reactions (2) and (3) does
not exist solid phase, i.e. xo =0. The answer can be

obtained by using expression (37), (41) and, the first
equation of expressions (42) and (43).
- for the reaction (2)

- 1 2 _
xC_4[(1+I)(p+Kp2)[4I (p+Kpy))—~/p+Kp, x

1614 (p+Kpy)-1612 (01> ~Kp, +K1§12)J >0.  (61)

The expression (61) is transformed to an equivalent
expression:

I(p+Kp,)-— + Kp,) K]
.- (P+Kpy) =P+ Kp)) Kpy 62)
A+1)(p+Kpy)
Since 1+7/>0 and p+K ?s > (0 unequation (62) is

transformed to unequation:

I(p+Kpy)—+/(p+Kpy)Kpy 20, (63)

whose set of solutions is:

J(p+Kpy)K

I> M ) (64)
p+Kp,

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))

X 20 . (65)
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The expression (65) is transformed to an equivalent
expression:

M2(M—%+l/21/1+4p1(p3)
(1+4pKpy)(M 1+4pKpy +1)
Since M >0 and 1+4pKp; >0 unequation (66) is

(66)

transformed to inequation:

the adopted values of the pressure of p = 10°Pa 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 sz’: 0.021512 and Kp3': 2.2019 [7]. By

1 1 . . .
M-+t —m——onu_—>0, (67) using expression (59) and (60), are obtain the values
P A leap Ky, K, =0.0218-10° Pa
whose set of solutions is: ‘ P2
1 an
M>2=(1-1/41+4 . 68
2 PKs;) (68) K, =024-2.2019-1.013-107 = 0.5218 10 Pa™",

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

where is: 0.24-coefficient of constant chemical equili-
brium of the reaction C+2H, < CH, [5]. By

substituting p and K » for the numerical values in the

expressions (64) and (68) are obtain conditions:
12>0.146065 and M > 0.215431 . (69)

At the values 7 <0.146065 and M <0.215431 and the

temperature of 500°C the solid phase does not exist in
the equilibrium mixture of the reactions (2) and (3)

(xc=0).

Table 1. The contents of a heterogeneous and a homogeneous mixture of the reaction C+H,0 < CO+H, at

temperature of 500°C

Heterogeneous mixture Homogeneous mixture
xXc XH,0 Xco *H, YH,0 Yco YH,
Calculation based upon the number of moles — expressions (15) to (21)
IiO.SO azil kmol 0.235957 | 0.569291 0.097376 | 0.097376 | 0.754102 | 0.127449 | 0.127449
J=1.00 bh,=2 kmol
1=0.75  a,=1 kmol
J=150  b=133 kmol 0.345106 | 0.487962 | 0.083466 | 0.083466 | 0.745102 | 0.127449 | 0.127449
21,00 a,=1 kmol 0426968 | 0.426968 | 0.073032 | 0.073032 | 0.745102 | 0.127449 | 0.127449
J=2.00 b,=1 kmol
Calculation based upon the sum of the number of moles - expressions (37) to (40)
51?%% 0.235957 | 0.569291 | 0.097376 | 0.097376 | 0.754102 | 0.127449 | 0.127449
.112(175?) 0.345106 0.487962 0.083466 0.083466 0.745102 0.127449 0.127449
f;;%% 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-H, < CH, at temperature of

500°C
Heterogeneous mixture Homogeneous mixture
Xc XH, XCH, YH, Ycu,
Calculation based upon the number of moles — expressions (22) to (26)
M=0.50  as=1kmol 0.266167 0.532333 0.201500 0.725415 0.274585
c3 =2 kmol
M=1.00  a;=1kmol 0.500000 0.362707 0.137293 0.725415 0.274585
c3 =1 kmol
M=150 a;=1kmol 0.620823 0.275060 0.104117 0.725415 0.274585
¢3=0.66 kmol
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)
; - [ - | 0725415 [ 0.274585

FME Transactions

Vol. 30, No 2, 2002 =

51




Basing upon condition (69) the following values
have been adopted for the analysis [=0.5; 0.75; 1.0; a,=1
kmol (Table 1) and M=0.5; 1.0; 1.5; a;=1 kmol
(Table2). The value /=1.0 corresponds to stechiometric
relationship of C and H,O for the reaction (2),and value
M=0.5 corresponds to stechiometric relationship of C
and H, 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 (x() increases in the heterogeneous mixture,

whereas the mole content of the components in the
homogeneous mixture ( YH,0> Yco> sz) 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 (X()

increases in the heterogeneous mixture, whereas the
mole content of the components in the homogeneous
mixture ( VH, > YCH, ) 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
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with results of the calculation of the homogeneous
phase only (expressions (52) and (57)).
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OAPEBUBAKE PABHOTEXXHOIT CTAHA CACTABA
XETEPOIEHE MELWABUMHE NMPU OABUJAKY

PEAKUWJE C+H,0 < CO+H, U
C+2H, < CHy

C. Bypuh, M. Kybyposuk, A. JoBosuh

Pan mpepncraBiba HOB HAUMH M3payyHaBama cacTaBa
XeTeporeHe paBHOTEXKHE MEIIaBUHE XEMUjCKUX
peaknyja BaXkKHHX y HHXEHEPCKO] MPaKCH: MPOU-
3BOAKU vabu, racudukanyju yribeBa, MUPOJIU3H
oTmnafa, mpeumirhaBamy AUMHUX racoBa CyBUM WU
MOJIyCYBUM TOCTyNIuMa. Paj ommcyje Tpum HadmHa
n3pavyyHaBamka M TO: 3acHOBaHa Ha Opojy KHIIO-
MOJIOBa, CyMH Opoja KHAJIOMOJIOBA U M3payyHaBamy
cacTaBa caMO XOMOT€HE MeIllaBUHE.
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