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Abstract

The paper presents the values of thermodynamic functions AH, AG, AS re-
actions CO+H,0=CO0O, +H, inthe temperature range 298 - 1500 K. In the
considered temperature interval, the reaction is exothermic (AH < 0) with a
negative entropy change ( AS < 0). Free reaction enthalpy (AG ) is determined
by the ratio of the enthalpy and entropy terms. This means that the reaction is
CO+H,0=C0,+H, thermodynamically favorable at lower temperatures.
Above 1092 K the free reaction enthalpy is positive (AG >0) so the reaction
enters thermodynamically unfavorable conditions. At lower reaction tempera-
tures the equilibrium reaction constant CO+H,0=CO, +H, is much larger
than one (K, > 1) which means that the products of the reaction are in excess
of the reactants, Ze. the reaction is shifted in the direction of building up the
products of the reaction. In an equilibrium mixture with a stoichiometric ratio
of reactants CO:H,0=1:1 and at an ambient temperature of 298 K, the de-
gree of conversion of reactants into products is 99.69% and at 1500 K it is
38.08%.
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1. Introduction

Solid fuels are still the main sources of primary energy in the world today and
provide about 30% of global production [1]. The increasing need for energy re-
quires the increasing use of various technologies for upgrading solid fuels such as
gasification and pyrolysis. The problem of landfilling municipal solid waste is a

major environmental problem, especially in developing countries. Therefore, cer-
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tain thermal processes such as gasification or pyrolysis of solid fuels or municipal
solid waste enable the production of high-quality gaseous fuel. Gaseous fuel is
known as synthetic gas and contains valuable compounds such as: CO,, CO, H,,
H,0, CH; and No. In gasification, the starting fuel is partially oxidized either by
air, oxygen, or water vapor. Many authors [2]-[5] theoretically and experimentally
investigate the influence of gasification process parameters on the yield of syn-
thetic gas. In this regard, various types of gasifiers have been developed [6] [7].
However, the choice of gasifier depends on the properties of the feedstock and the
desired quality of the syngas. In industrial practice, two types of gasifiers are most
commonly used: fixed-bed gasifiers and fluidized-bed gasifiers. Recently, mathe-
matical models of solid fuel gasification have been widely used in engineering
practice. Various studies have been conducted to model the gasification process
in order to predict the performance of solid fuel gasifiers and the composition of
the produced syngas [8]-[13]. The composition of the synthetic gas depends on
the type of fuel, its composition, the gasification medium such as air, oxygen or
water vapor, as well as the process parameters of the gasification process such as
temperature and pressure. A number of authors [14] [15] assumed that during the
gasification of solid fuel the following reactions take place:

C+2H, =CH, (1)
C+CO0, =2CO )
C+H,0=CO+H, 3)

Equilibrium constants ( Kpl'sz , Kpg) chemical reactions (1), (2) and (3) de-

pending on temperature can be determined using the expression [16]:

logK, = —18.06361+@— 2.09594x107° T

4
+0.38620x107° T2 +3.034338log T W
09K, =8.26730 - 20 1 208714x10°T 5
+0.153734x10° T2 +2.295483log T
logK,, = —28.45778—@—5.671122 x10°T ©

+0.8255488x10° T2 +14.515760log T

of which:
p _
Kpl = CH‘; ,Pa™t —equilibrium constant of a chemical reaction (1).
Hy
pco2 T . .
sz = ,Pa —equilibrium constant of a chemical reaction (2).
co,
Peo - sz el e . .
K b = p—, Pa —equilibrium constant of a chemical reaction (3).
H,0

T —absolute temperature during the considered chemical reactions, K.

Pch, » Pr,s Peos Peo, » Pr,o —Ppartial pressure of methane, hydrogen, carbon
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monoxide, carbon dioxide and water vapor in an equilibrium mixture, Pa.

When calculating the composition of synthetic gas in gasification processes,
some authors [17] start from the molecular formula of the solid fuel CH,O/N,
of which C,H,0,N are mass fractions (kg/kg) of carbon, hydrogen, oxygen and

nitrogen in the fuela X,y and z are determined using the expression:

x=H M

7

e %
0 M,

——._ ¢ 8

y=2 M (8)
N M,

7=—.—C 9

c M )

of which:
Mc, M, My and M are molar masses of carbon, hydrogen, oxygen and
nitrogen, kg/kmol.
Authors [18] investigate the water-gas shift reaction and the steam reforming
of methane:
CO+H,0=CO0O,+H, (10)
CH,+H,0=C0O+3H, (11)

The thermodynamics of reaction (10) as well as its composition of the equilib-
rium mixture is dominant during the gasification of solid fuel, which is the aim of
the research in this paper.

2. Mathematical Formulation
2.1. Thermodynamic Functions

For a chemical reaction:
aA+a,A +a,A+---=bB +b,B, +b,B; +-- (12)
of which:
A, B;—labels for chemical substances;
a, —stoichiometric coefficients for reactants;
b; —stoichiometric coefficients for products.

Thermodynamic functions AH, AS, AG at 298 K and 1.013 - 10° Pa are de-
fined by the expression [18]:

AH =%"b;-Ah; - a -Ah, (13)
j i
AS=3"b;-s;—> a5 (14)
j i
AG=3"b;-Ag; - > & -Ag, (15)
i i

of which:
a, —the number of kilomoles of the /~th reactant components;

b, —the number of kilomoles of the j-th component for products;
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Ah,—bond enthalpy of the i-th component;

Ah; —bond enthalpy of the j-th component;

s, —specificentropies and connections of the /-th component;

§; —specific entropies and connections of the j-th component;

Ag; —specific free enthalpies of the /-th component;

Ag ; —specific free enthalpies of the j-th component.

The dependence of enthalpy, entropy and free enthalpy of reaction (12) on tem-

perature are defined by the expressions:

.
AH; = AH g + [ Ac,, (T)dT (16)
298
T Ac, (T
AS; = AS,eq + | A (T) )dT (17)
298 T
AG =AH -T -AS (18)
of which:
ACmp :ij.cmpj_zbl.cmp, (19)
i i

the sum of the specific molar heat capacities of the components.

Cop(T)=a+b-T+c-T?+d-T*+e-T* kJ/(kmol-K) (20)

dependence of molar heat capacity on temperature.
a,b,c,d,e, f —polynomial coefficients C, (T).

If AG >0, the reaction proceeds from right to left, i.e. in the direction of the

formation of reactants of the reaction. If AG <0 the reaction proceeds from left

to right, Ze. in the direction of the formation of reaction product.

Values of enthalpy, entropy and free enthalpy of reaction components
CO+H,0=C0, +H, at298 Kand 1.013 x 10° Pa are shown in Table 1, in Table
2 the values of the polynomial coefficients (20) are shown.

Table 1. Thermodynamic data of the reaction components CO +H,0=CO, + H,

at 298 K and 1.013 x 10° Pa [19].

Ah  (kJ/kmol) Ag  (kJ/kmol) s kJ/(kmol-K)
CO -110,520 -137,150 197.56
H>O(g) -241,820 —228,590 188.72
CO: -393,510 —394,360 213.64
H, 0 0 130.57
Table 2. Numerous coefficient values a, b, ¢, d, e polynomial (20) [20].
a b c d e Temperature range, K
CO 29.5560 -6.5807 - 1073 2.0130-10°° -1.2270 - 1078 2.2617 - 10712 60 - 1500
H.0(g) 33.9330 -8.4186 - 1073 2.9906 - 10°° -1.7825-1078 3.6934 - 10712 100 - 1500
CO2 27.4370 4.2315-1072 -1.9555-107° 3.9968 - 107° -2.9872 1071 50 - 5000
H: 25.3990 2.0178 - 102 —3.8549 - 107° 3.1880-10°% —8.7585 - 10712 250 - 500
DOI: 10.4236/jamp.2025.133037 680 Journal of Applied Mathematics and Physics
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For a chemical reaction:
>.a-A=>b"B (21)
i i
The chemical equilibrium constant expressed in terms of partial pressures is:

H( Pe, )bj

=1 (22)
p aj
H( Ps)
Value of chemical equilibrium constant K| reduced to pressure
P, =1.013x10° Pa is determined by the expression:
,RAGT —[ij —Zaij
r U — ] 1
K, =e =K, Py (23)

of which:
R, =8.314 kJ/( kmol- K) —universal gas constant.

Using numerical thermodynamic data for the pure components involved in the
reaction CO+H,0=CO, +H, at298 K and 1.013 x 10° Pa (Table 1 and Table
2) and using expressions from (13) to (23) the values of the thermodynamic func-
tions AH,AS, AG, K; reaction can be calculated considered depending on the
reaction temperature (Table 3).

Reaction equilibrium constant CO+H,0 =CO, +H, (reaction (10)) can also
be determined by combining Equations (2) and (3), i.e.

K

K,o=—P, (24)
p sz

Substituting Equations (6) and (5) into Equation (24) gives:
log K p =—36.72508 + 3994.704/T —4.462408 x107°.T

(25)
+0.6718146x107° -T2 +12.220277 -log T
concluding that the equilibrium reaction constantis CO+H,0=CO, +H,:
K = 10—36.72508+3994.704/T —4.462408x10~3.T +0.6718146x107° -T2 +12.220277-log T (26)

p

Values of reaction equilibrium constant CO+H,0=CO, +H, obtained us-
ing expression (23) is in agreement with the values of the equilibrium constant
presented in the literature (Equation (26)) (Table 3).

In the temperature interval 298 K to 1500 K, thermodynamic functions AH
and AS are negative, so the signis AG determined by the relative ratio of the
enthalpy and entropy terms (Equation (18)) (Figure 1). This means that the reac-
tion temperature is the decisive factor for the thermodynamic equilibrium of the
reaction under consideration. In the temperature range 298 K to =1090 K, the free
reaction enthalpy is less than zero (AG <0) and the equilibrium reaction con-
stant under consideration is very large K, >1 (Figure 2), which means that the
reaction is shifted towards the formation of reaction products. Above 1090 K, the
reaction enters an unfavorable area and the reaction equilibrium shifts towards

the formation of reaction reactants.
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The values of the thermodynamic functions of the considered reaction shown
in Table 3 are in agreement with data from the literature [21] [22].

2.2. Determining the Composition of the Equilibrium Reaction
Mixture CO+H,0=CO,+H,

Balance of reaction components:

CO+H,0=CO, +H, (27)

can be formulated as follows.

Table 3. Thermodynamic reaction functions CO+H,0=CO,+H, depending on tem-

perature.

T AH AS T-AS AG K, (=) K, (=)
X (kJ) (kJ/K) (kJ) (kJ) Equation (23) Equation (26)
298  —41,170 -42.07 -12,537  -28,633 1.05 - 10° 4.42 - 10°
400  —40,583 -40.39 -16,156  —24,426 1.55-10° 2.41-10°
500  —39,814 -38.68 -19,342  -20,472 1.38 - 10? 1.52 - 10?
600  —38,930 -37.08 -22,245  -16,686 2.84- 10! 2.80 - 10!
700  -37,985 -35.62 -24,933  -13,052 9.42 9.02
800  -37,014 -34.32 -27,458 -9556 421 4.03
900  —36,038 -33.17 -29,856 -6183 2.28 2.20
1000  -35,068 -32.15 -32,151 -2918 1.42 1.38
1100  —34,107 -31.23 -34,358 251 0.97 0.95
1200  -33,154 -30.40 -36,487 3332 0.72 0.70
1300  -32,210 -29.65 -38,544 6334 0.56 0.54
1400  -31,278 -28.96 -40,542 9264 0.45 0.44
1500  -30,368 -28.33 -42,496 12,128 0.38 0.37

20000 - AG (kJ)

10000 -
T
0 ] T T T T T T T A

200 300 400 500 600 700 800 900 1000 1100 1200 1300 1400 1500

-10000 4 . AG<0
-20000 - \

AH (kJ)
-30000 - —
-40000 - —_

T-AS (k
-50000 - (k)

Figure 1. Determining the reaction area for an exothermic reaction CO+H,0=CO, +H,.
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Figure 2. Dependence of the reaction equilibrium constant CO+H,0=CO,+H, of
temperature.
e CO Neo =a— Y, kmol (28)
e H,0 Ny,o =b—y,kmol (29)
e CO, Neo, = Y, kmol (30)
e H, Ny, =y, kmol (31)
of which:

a —the number of kilomoles of carbon monoxide that enters the reaction (27);

b —the number of kilomoles of water (water vapor) that enters the reaction (27);

y —the number of kilomoles of carbon dioxide or hydrogen in the mixture
after establishing chemical equilibrium balance.

The total number of kilomoles in the mixture at any conversion time is equal

to:

Ny =Ngo + My o +Neo, + Ny,
ny =(a-y)+(b-y)+y+y=a+bkmol (32)

The molar fraction of the components in the mixture after establishing chemi-

cal equilibrium is:

Yeo :r;c—: :%, kmol/kmol (33)
Yio = nr:';" =Z_Tz,kmol/kmol (34)
Yeo, = nrc];’z :a—zb,kmol/kmol (35)
Yo, =% - a—ib kmol/kmol (36)

The partial pressures of the components in an equilibrium mixture are:
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a

=Y -P=—=-p,Pa 37
Pco =Yco ' P a+tb p (37)
_ _b_ p
szo—szo'p—a+b'pv a (38)
Pco, = Yeo, " P= Y -p,Pa (39)
R AP
Py, =VYu, P= y —-p,Pa (40)
2 2 a+b

of which:
p —total pressure in the reactor space after equilibrium is established, Pa.
By changing partial pressures Pco,, Py,> Pco and Py into equation (22)
the equilibrium reaction constant CO+H,0=CO, +H, is given by the expres-

sion:

Y 5. Y .

K = pCOz.sz _ a+b P a+b P
P Pco Puo 27, b_iy
a+b a+b

-p
and after rearranging the previous expression, we obtain a quadratic equation of
the form:
(K, -1)-y* =K, -(a+b)-y+ab-K, =0 (41)
By solving equation (40) for the unknown quantity y two solutions are ob-

tained:

(a+b)-K, +,/(a+b)’ K2 -4-ab-K (K, -1)
e = p \/ 2.(Kpi1) " (K1) @)

That solution is taken Yy for which mole fractions Y5, Yco,> Yn,0 and
Yy, theymake physical sense. At an equimolar ratio a=b=1kmol from equa-
tion (42) we get:

K, £,/K
p p
=— (K, #1 43
W= (K, #1) (43)
Under the given conditions 0<y <1 equation (42) takes the form:

y:KpK_—\/?, (Kp;tl) (44)
)

Degree of conversion of reactants CO and H,O is determined using the expres-

sion:
ne =227V Y 4 kmol (45)
a a
b—(b-
Mo :¥:%,kmol/kmol (46)

Results of the calculation of the composition of the equilibrium reaction mix-
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ture CO+H,0=CO0, +H, atanequimolar ratio of reactants in the temperature
range 298 K to 1500 K and pressure p=1.013x10°Pa are shown in Table 4 and
graphical dependence on Figure 3. It can be seen that at an ambient temperature
of 298K, the degree of conversion of reactants into products is 99.69% (Figure 4).
Since the reaction CO+H,0=CO, +H, occurs without changing the number
of moles An= 0 (Equation (23)), changing the pressure in the system has no effect
on changing the equilibrium composition. The equilibrium constant depends only

on temperature (Equation (26)).

Table 4. Change the composition of the equilibrium reaction mixture
CO+H,0=CO,+H, at an equimolar ratio of reactants CO:H,0=1:1 at constant

pressure of 1.013 x 10° Pa of temperature.

T Yeo Yn,0 Yeo, Yh, Nlco = Mhyo0
(K) (kmol/kmol) (kmol/kmol) (kmol/kmol) (kmol/kmol) (kmol/kmol)
289 0.0015 0.0015 0.4985 0.4985 0.9969
400 0.0124 0.0124 0.4876 0.4876 0.9752
500 0.0392 0.0392 0.4608 0.4608 0.9216
600 0.0790 0.0790 0.4210 0.4210 0.8420
700 0.1229 0.1229 0.3771 0.3771 0.7542
800 0.1638 0.1638 0.3362 0.3362 0.6723
900 0.1992 0.1992 0.3008 0.3008 0.6016
1000 0.2281 0.2281 0.2719 0.2719 0.5437
1100 0.2519 0.2519 0.2481 0.2481 0.4962
1200 0.2705 0.2705 0.2295 0.2295 0.4590
1300 0.2864 0.2864 0.2136 0.2136 0.4273
1400 0.2991 0.2991 0.2009 0.2009 0.4018
1500 0.3096 0.3096 0.1904 0.1904 0.3808

0.6 1

0.5

0.4 1
Yeo = Vu0
0.3 1

0.2 4

Yeo, = Vu,
0.1 1
T (K)
0 T T T T T 1
300 500 700 900 1100 1300 1500

Figure 3. Changing the structure of the reaction equilibrium mixture CO+H,0=CO, +H,
at an equimolar ratio of reactants CO:H,0=1:1 at constant pressure of 1.013 x 10° Pa

of temperature.
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0.8 1
0.6 1 Nco =MH20 (-)
0.4 A
0.2 1
T (K)
O T T T T T 1
300 500 700 900 1100 1300 1500

Figure 4. Change in the degree of conversion of the reactants of a reaction
CO+H,0=CO0, +H, at constant pressure of 1.013 x 10° Pa of temperature

3. Conclusions

The thermodynamic equilibrium model of the reaction CO+H,0=CO,+H,

presented in this manuscript predicts the maximum product yield in the reaction

system. Although thermodynamic equilibrium will not be achieved inside the gas-
ifier, the results presented in this manuscript provide a reasonable prediction of
the yield of the desired product and the following conclusions are reached:

e The reaction is exothermic with a negative entropy change in the temperature
interval 298 - 1500 K.

e The sign of the free enthalpy of reaction AG is determined by the ratio of
the enthalpy and entropy terms (equation (18)), which means that the reaction
temperature is the decisive factor for the thermodynamic equilibrium of the
reaction.

o The reaction is favorable.in the temperature interval 298 K to 1090 K (AG < 0).

e Above 1090K the response enters the unfavorable region (AG > 0).

e The equilibrium reaction constant under consideration is very large ( K| > 1) ) at
lower temperatures, which means that the products of the reaction are in ex-
cess of the reactants, 7e. that the reaction has shifted in the direction of build-
ing reaction products.

e At higher temperatures above 1090 K the equilibrium constant decreases
slightly so the reaction equilibrium shifts slightly towards the reactants of the
reaction.

e At an ambient temperature of 298K, the degree of conversion of the reactants
CO and H,0 is 99.69%. By increasing the reaction temperature, the conversion
of the reactants decreases slightly, reaching only 38.08% at 1500 K.

Research on the kinetics of CO+H,0=CO, +H, was not the goal of this
manuscript further studies of reaction thermodynamics CO+H,0=CO, +H,
should focus on reaction kinetics under different conditions and the possibility of
using catalysts to accelerate the reaction in order to obtain a higher yield CO and

H, which is of practical importance in the gasification of solid fuel.
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