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Abstract. Thermodynamic stability relations in the C-H-O system are analyzed employing a recently developed 
approach to the stability of chemical species in multiple chemical reaction systems. The approach is based on a new 
quantitative defi nition of the overall stability of chemical species in terms of stoichiometrically unique reactions. 
Analytical equations for the overall stability of the species are generated and shown to be a useful and simple means 
to rationalize and predict the system’s behavior as a function of temperature, pressure and composition.        

1. Introduction  

Chemical thermodynamics is an invaluable tool in determining the feasibility and optimal conditions of 
chemical reaction processes [1,2]. The evaluation of the equilibrium composition is now accomplished employing 
commercial computer software [3]. Due to a large number of independent variables that govern the equilibrium 
composition, however, namely, temperature, pressure and composition, it is often diffi cult to comprehend and 
rationalize the overall behavior of the system based on a large numeric output. In this respect, simple stoichiometric 
and graphical stability relations in complex chemical reaction systems can provide a concise picture of the expected 
behavior of the system as a function of the variables. Thus, the carbon deposition boundary at a given temperature 
and pressure may be graphically depicted employing the well-known C-H-O ternary diagram [4-6]. These diagrams, 
however, are still constructed based on numerical evaluation of the equilibrium compositions of the system for 
various values of the variables. 

We have recently developed a new approach to the stability relations in multiple chemical reaction systems [7-8]. 
Our approach not only results in analytical expressions for stability relations of the species but, concomitantly, provides 
a remarkable interpretation and comprehension in terms of stoichiometric uniqueness of chemical reactions. In this 
contribution, we apply the overall stability approach to the analysis of the C-H-O system that is pertinent to steam and 
carbon dioxide reforming of methane as well as gasifi cation of carbon.      

2. Theoretical Considerations 

Our overall stability approach is in fact the generalization of the fundamental thermodynamic principle according 
to which a single chemical reaction ρ is thermodynamically feasible (spontaneous, favorable) depending on the sign of 
its Gibbs free energy change, ΔG ρ (or, affi nity). That is, if  ΔG ρ  is negative, the reaction should proceed from left to 
right, and, vice versa, if ΔG ρ  is positive, the reaction should proceed from right to left. Alternatively (and equivalently) 
this principle may be formulated in terms of species rather than reactions. Thus, if ΔG ρ  < 0, the reactants are unstable 
(consumed) while the products are stable (formed). Similarly, if ΔG ρ  > 0, the reactants are stable (formed) and products 
are unstable (consumed). It is this equivalent formulation that allows a rigorous generalization of a single reaction 
feasibility principle to multiple chemical reactions systems. 

Below we present a succinct summary of the overall stability approach [7.8]. Let Bi (i = 1,2,…,n) be a set of 

chemical species involved in a multiple chemical reaction process. Let iG (i = 1,2,…,n) be the partial Gibbs free energies 

of the species in an initial (before reaction) state. Let the same quantities at equilibrium (after reaction) state be eq
iG (i = 

1,2,…,n). For each species we defi ne a quantitative measure of stability, eq
iii GG -  (i = 1,2,…,n), referred to as the 

overall stability, such that 
i) species Bi is stable if Σi < 0  
ii) species Bi is unstable if Σi > 0
iii) species Bi is at equilibrium if Σi = 0
The overall stabilities may be evaluated employing a stoichiometrically and thermodynamically constrained 

minimization procedure similar to that used in least square method that has been in detail presented in our previous 

Chemistry Journal of Moldova. General, Industrial and Ecological Chemistry. 2012, 7 (2), 12-20  



13

publications [7,8]. Here we present only the fi nal result in terms of stoichiometrically unique response reactions (RERs) 
[9]. 

         niGii ,2,...,1 ; 1 2       (1)

where 

           
n

i
im 1

221       (2)

and where m is the number of linearly independent reactions, νρi is the stoichiometric coeffi cient of species Bi in RER ρ  
and ΔGρ are the Gibbs free energy changes of RERs. In deriving eq 1 the convention of stoichiometrically distinct RERs 
has been employed, i.e., stoichiometrically equivalent RERs are considered as one RER with a lumped stoichiometric 
factor 2   [8].  

Since Δ and 2  in eq 1 are necessarily positive quantities the sign of the overall stability Σi  are entirely determined 
by the sign of the products νρi ΔGρ. This property of Σi  allows a clear physicochemical interpretation: namely, if ΔGρ< 0 
then the RER ρ proceeds from the left to the right, which in turn means that the reactants (νρi < 0) in this particular RER 
are unstable (consumed) while the products (νρi > 0) are stable (formed). Similarly, if ΔGρ > 0 then the RER ρ proceeds 
from the right to the left and, hence, the reactants (νρi < 0) are stable (formed) while the products (νρi > 0) are unstable 
(consumed). The total overall stability of a species is a sum over the RERs involving this particular species. 

3. RERs in the C-H-O System 

Since the overall stabilities of the species are expressed in terms of RERs we consider fi rst the generation of a 
complete set of RERs along with their stoichiometric factors and Gibbs free energy changes [8]. Our starting point is 
the formula matrix 

  
C

H
CO
CO

OH
CH

001
020
201
101
120
041
OHC

2

2

2

4

Rank ε = 3 and, hence, any 3 + 1 = 4 species defi ne a RER [9]. Four species may be selected from a total of six species 
in 6!/4!/2! = 15 ways, i.e., the total number of RERs does not exceed 15. For instance, selecting CH4, H2O, CO, and, C 
results in the RER [8] 

 (CH4, H2O, CO, C): 

C001
CO101

OH120
CH041

2

4

 = -2CH4 + 4H2O - 4CO + 6C  

 = 2(-CH4 + 2H2O - 2CO + 3C) = 0  

with a stoichiometric factor equal to 2. Not all of the RERs, however, are stoichiometrically distinct. For instance, the 
following RERs are, in fact, stoichiometrically equivalent
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(CH4, CO, CO2, C): 

C001
CO201
CO101

CH041

2

4

 = 4(0CH4 - 2CO + CO2 + C) = 0  

(H2O, CO, CO2, C): 

C001
CO201
CO101

OH120

2

2

 = -2(0H2O - 2CO + CO2 + C) = 0  

(H2O, CO, CO2, C): 

C001
H020

CO201
CO101

2

2  = -2(0H2 - 2CO + CO2 + C) = 0 

As may be seen that, the stoichiometric coeffi cients of CH4, H2O and H2 are equal to zero and, hence, all of these three 
RERs essentially represent the following RER 

2CO = C + CO2 
Table 1 

A Complete Set of RERs and their Stoichiometric Factors for the System C-H-O. Gibbs Free Energy Changes 
were Evaluated at P = 1 atm and Equimolar Composition of the Gas Phase Using Data from 

Table 2

RERs     2   G , kJ/mol 
      T = 5000K T = 12000K 
 

1  = -CH4 - H2O + CO + 3H2 = 0  1 83.15  -109.39  

2  = -CH4 - 2H2O + CO2 + 4H2 = 0 1 63.04  -106.18  

3  = -CH4 - CO2 + 2CO + 2H2 = 0  1 103.26  -112.59  

4  = -CH4 - 3CO2 + 4CO + 2H2O = 0 1 143.49  -119.01  

5  = -H2O - CO + CO2 + H2 = 0  1 -20.11   3.20  

6  = -3C - 2H2O + 2CO + CH4 = 0  1 87.61  -47.39  

7  = -2C - 2H2O + CO2 + CH4 = 0  4 10.58  8.07  

8  = -C - 2H2 + CH4 = 0   6 -26.23  57.13  

9  = -C - CO2 + 2CO = 0   6 77.03  -55.46  

10  = -C - H2O + CO + H2 = 0  1 56.92  -52.26  

11  = -C - 2H2O + CO2 + 2H2 = 0  1  36.81  -49.06  
 

Upon generating all RERs and thus their stoichiometric factors, it is found that the set of stoichiometric factors may be 
simplifi ed by a factor of two. For instance, the stoichiometric factors of the above three RERs are, respectively, equal to 
2, 1 and 1 which gives a squared sum 2  equal to 6. 

Table 2 
Gibbs Free Energy Changes (kJ/mol) of the RERs (Table 1) in the System C-H-O for an Ideal Gas - Pure Solid 

Phase Model

OHCH

3
HCO

0
1

24

2lnln24828.4- 0.25634-234.36
xx
xx

RT
P
PRT

T
TG  
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2
OHCH

4
HCO

0
2

24

22lnln227201- 226990-32204
xx
xx

RT
P
PRT

T
.T..G  

24

2

COCH

2
H

2
CO

0
3 lnln202455- 285680-39264

xx
xx

RT
P
PRT

T
.T..G  

3
COCH

2
OH

4
CO

0
4

24

2lnln272357 344310-31324
xx
xx

RT
P
PRT

T
.T..G  

COOH

HCO
5

2

22ln42373- 029343003230-
xx
xx

RT
T

.T..G  

2
OH

CH
2
CO

0
6

2

4lnln92017 176100-31178
x

xx
RT

P
PRT

T
.T..G   

2
OH

CHCO
7

2

42ln29581 0026150-72410
x

xx
RT

T
.T..G  

2
H

CH

0
8

2

4lnln63891 11219080096
x
x

RT
P
PRT

T
.T..G  

2CO

2
CO

0
9 lnln41436 173490-59167

x
x

RT
P
PRT

T
.T..G  

OH

HCO

0
10

2

2lnln81936- 144150-56137
x

xx
RT

P
PRT

T
.T..G  

2
OH

2
HCO

0
11

2

22lnln23310- 114800-52107
x

xx
RT

P
PRT

T
.T..G  

 
A complete list of stoichiometrically distinct RERs and their stoichiometric factors are presented in Table 1. The 

Gibbs free energies of the RERs for an ideal gas and pure solid phase (graphite) model as a function of temperature, 
pressure and composition (mole fractions) are given in Table 2. Data were computed using the commercial software 
HSC Chemistry® 4.0, Outokumpu.     

4. Overall Stabilities of the Species 
 

Once the complete list of RERs, their stoichiometric factors and Gibbs free energy changes are known, the 
overall stabilities of the species are readily evaluated according to eqs 1 and 2. The results for the C-H-O system are 
summarized in Table 3. 

Table 3 
Overal Stabilities of the Species in the System C-H-O

8764321CH 64----
74
1

4
GGGGGGG  

1110765421OH 2--8-2--22--
74
1

2
GGGGGGGG  

10965431CO 122-42
74
1 GGGGGGG  

11975432CO 6-43--
74
1

2
GGGGGGG  
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111085321H 212-243
74
1

2
GGGGGGG  

11109876C --6-6-8-3-
74
1 GGGGGG  

Numerical evaluation of the overall stabilities of species as a function of T, P and composition allows one 
to determine the species that are stable (formed) or unstable (consumed). For instance, at T = 5000K. P = 1 atm and 

2224 HCOCOOHCH xxxxx  = 0.2 the overall species stabilities are: ΣCH4
 = -4.48, ΣH2O 

 = -5.72, ΣCO = 28.91, 
ΣCO2  = -11.60, ΣH2

 = 14.68 and ΣC = -12.83. Thus, under these conditions CH4, H2O, CO2 and C are stable (formed), while 
H2 and CO are unstable (consumed). At higher temperatures, e.g., T = 12000K, at the same pressure and composition, 
the overall species stabilities are: ΣCH4

 = 5.48, ΣH2O = 10.87, ΣCO = -27.56, ΣCO2
 = 8.34, ΣH2

 = -21.83 and ΣC = 13.74. Thus, 
under these conditions the situation is reversed, i.e., CH4, H2O, CO2 and C are unstable (consumed), while H2 and CO 
are stable (formed). This behavior can be easily rationalized in terms of contributions coming from RERs.

Consider, for example, the overall stability of H2. As can be seen from Table 4, at low temperatures (T = 5000K) 
all of the RERs involving H2 but one are thermodynamically favored toward consumption of H2 

   

CO + 3H2 = CH4 + H2O  1G  = -83.15 kJ/mol 

CO2 + 4H2 = CH4 + 2H2O  2G  = -63.04 kJ/mol  

2CO + 2H2 = CH4 + CO2  3G  = -103.26 kJ/mol  

C + 2H2 = CH4    8G  = -26.23 kJ/mol  

CO + H2 = C + H2O  10G  = -56.92 kJ/mol  

CO2 + 2H2 = C + 2H2O  11G  = -36.81 kJ/mol  

The only RER that, under these conditions, is thermodynamically favored toward the formation of H2 is the water-gas 
shift reaction  

H2O + CO = CO2 + H2   5G  = -20.11 kJ/mol  
Overall, however, the H2 consumption reactions are dominant and, hence, under these conditions, H2 is thermodynamically 
unstable (consumed). As the temperature increases T = 12000K), the Gibbs free energies of the above reactions change 
sign (Table 1) thus producing H2 via all RERs  

CH4 + H2O = CO + 3H2   1G  = -109.39 kJ/mol 

CH4 + 2H2O = CO2 + 4H2   2G  = -106.18 kJ/mol  

CH4 + CO2 = 2CO + 2H2   3G  = -112.59 kJ/mol  

CH4 = C + 2H2   8G  = -57.13 kJ/mol  

C + H2O = CO + H2   10G  = -52.26 kJ/mol  

C + 2H2O = CO2 + 2H2   11G  = -49.06 kJ/mol  

except the reverse water-gas shift reaction

CO2 + H2 = H2O + CO  5G  = -3.20 kJ/mol  

in which H2 is consumed. Since H2 producing RERs are dominant, H2 is overall stable (formed) under these conditions.  
A major problem in steam and carbon dioxide reforming is the deposition of carbon. The carbon formation region 

may be also easily rationalized in terms of contributions associated with RERs. Thus, employing the data presented in 
Table 1, it is seen that at low temperatures (T = 5000K) carbon formation is thermodynamically favored in fi ve RERs, 
namely 

2CO + CH4 = 3C + 2H2O  6G  = -87.61 kJ/mol  

CO2 + CH4 = 2C + 2H2O  7G  = -10.58 kJ/mol  

2CO = C + CO2   9G  = -77.03 kJ/mol  

CO + H2 = C + H2O  10G  = -56.92 kJ/mol  

CO2 + 2H2 = C(gr) + 2H2O 11G  = -36.81 kJ/mol  
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versus only one RER that is thermodynamically favorable toward carbon consumption

C(gr) + 2H2 = CH4   8G  = -26.23 kJ/mol 

Overall, however, at low temperatures (T = 5000K) the carbon formation reactions are dominant. As the temperature 
increases (T = 12000K), four of the RERs become thermodynamically favorable toward consumption of carbon, namely 
carbon gasifi cation  

3C + 2H2O = 2CO + CH4   6G  = -47.39 kJ/mol  

C + CO2 = 2CO    9G  = -55.46 kJ/mol  

C + H2O = CO + H2   10G  = -52.26 kJ/mol  

C + 2H2O = CO2 + 2H2   11G  = -49.06 kJ/mol  

while in the two remaining RERs 

CO2 + CH4 = 2C + 2H2O  7G  = -8.07 kJ/mol 

CH4 = C + 2H2   8G  = -57.13 kJ/mol  

carbon is formed. Overall, as can be easily verifi ed from the stoichiometry and thermodynamics of the RERs, the carbon 
consuming RERs are dominant at the higher temperatures.  

5. Graphical Representation of the Overall Species Stabilities  

The overall stability relations may be best visualized by plotting the equilibrium lines of the overall stabilities 
of the species in various coordinates. As an example, consider the overall stability of carbon (graphite). Employing the 
relations in Tables 2 and 3, the following expression is generated for the overall stability relation for carbon (graphite)    

     

222

4

HCOCOOH

CH
0

C

ln
74

9ln
74

3-ln
74

19-ln
74

25

ln
74

17-ln
74

5-26519-0158904417-

xRTxRTxRTxRT

xRT
P
PRT

T
.T..

   (3) 

The surface 0),,,,,,(
2224 HCOCOOHCHC xxxxxPT  separates the space (T, P, 

2224 HCOCOOHCH and,,, xxxxx ) into 

a stable (ΣC 0< ), unstable (ΣC 0> ) and equilibrium (ΣC 0= ) fi eld. For instance, at constant, equimolar composition of 

the gas phase, i.e., 
2224 HCOCOOHCH xxxxx  = 0.2, the T,P carbon deposition boundary is given by 

-17.4388 - 519.296/T + 0.016795 T - 0.001292 T log P = 0
This line is depicted graphically in Figure 1. Further, it is evident from eq 3 that CH4, CO and CO2 aid in the 

formation of C, while H2O and H2 deter it, especially H2O.
A complete graphical representation of the equilibrium surfaces (lines) for all species is, of course, not practical. 

It is more useful to plot regions in which the overall stability of a given species is dominant. Such type of graphical 
construction may be referred to as “overall predominance diagrams” and may be constructed based on the following 
considerations: 

A) A species, say Bp, is dominant in a certain region if its overall stability Σp in this region is non-positive and 
lower than the overall stability of any other species.  

b) The stability regions of two species, say Bp and Bq, are separated by a line, called predominance line, such that 
the overall stabilities of Bp and Bq at each point on this line are non-positive and equal, i.e., Σp =  

Σq. A predominance 
line separating the stability regions of two species Bp and Bq is stable if their overall stabilities on the predominance line 
are non-positive, equal and lower than the overall stabilities of any other species. 

c) The stability regions of three species, say Bp, Bq and Br, intersects at a point, called the triple point, such that the 
overall stability of the species Bp, Bq and Br at this point are non-positive and equal, i.e., 

rqp BBB . A triple 
point is stable if the overall stabilities of the species Bp, Bq and Br at this point are non-positive, equal and lower than the 
overall stabilities of all other species. 
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Figure 1. Overall stability boundary of C(gr) for equimolar composition of the gas phase 

The easiest way to construct an overall predominance diagram is to generate fi rst the stable triple points. Once 
the location of the stable triple points is known, the fi nal topology of the stability regions of the species may be deduced 
by determining the stable predominance lines.  

Next, we illustrate the approach by constructing an overall predominance diagram in the coordinates T - P at 
equimolar composition of the gas phase species. For these particular conditions, the overall species stabilities are

4CH  = -18.7462 + 539.057/T + 0.0239731 T - 0.00335931 T log P

OH2
 = -10.2556 + 338.492/T + 0.0112517 T - 0.00180886 T log P

CO  = 62.1143 + 298.97/T - 0.0702836 T + 0.00749384 T log P

2CO  = -25.9293 - 318.731/T + 0.029516 T - 0.00284249 T log P

2H  = 47.748 - 1416.61/T - 0.0591979 T +0.00852747 T log P

C  = -17.4388 - 519.296/T + 0.0167945 T -0.00129204 T log P

For the CH4(g) - H2O(g) - CO(g) - CO2(g) - H2(g) - C(gr) system the number of possible triple points is equal to the 
number of ways three species may be selected from a total of six, i.e., 6!/3!/3! = 20.  Consider, for instance, the position 
of the triple point CH4 - H2O - CO2. Solving simultaneously the equations 

224 COOHCH  gives T = 1097.20K 
and log P = 3.3. The overall stabilities of the species at this point are 

4CH  = -4.2 kJ/mol  
2CO  = -4.2 kJ/mol   

OH2
 = -4.2 kJ/mol  

2H  = 12.6 kJ/mol  

CO  =  12.6 kJ/mol C  = -4.2 kJ/mol  

As can be seen, it so happens that the overall stabilities of four species CH4, H2O, CO2 and C(gr) are equal, 
negative and lower than the overall stabilities of the remaining two species at this point. In fact, this means that four 
triple points, namely, CH4 - H2O - CO2, CH4 - H2O - C(gr), CH4 - CO2 - C(gr) and H2O - CO2 - C(gr) coincide and all of 
them are stable.
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Figure 2. Overall stability predominance diagram for the system C-H-O for equimolar composition of the gas phase 

Consider next the triple point CO - CO2 - C(gr). The solution of C(gr)COCO 2
  is T = 2157.9 and log 

P = 5.7. At this T and P the overall stabilities of the species are 

4CH  = -8.0 kJ/mol   
2CO  = 2.7 kJ/mol    

OH2
 = -8.0 kJ/mol  

2H  = 24.1 kJ/mol   

CO  =  2.7 kJ/mol C  = 2.7 kJ/mol   

Since the overall stabilities of CO, CO2 and C(gr) are positive, this triple point is unstable and should not appear 
on the diagram. Continuing the above procedure over the remaining triple points shows that four more triple points, 
namely, H2O - CO - H2, H2O - CO - C(gr), H2O - H2 - C(gr) and CO - H2 - C(gr),  are stable and they coincide. Hence, 
only 2 distinct intersections should appear in the predominance diagram. The fi nal overall predominance diagram is 
presented in Figure 2. 

6. Concluding Remarks   

The equilibrium composition of a multiple chemical reaction system is a complex function of the thermodynamic 
variables. Except for the case of a single chemical reaction system, the prediction and rationalization of the system’s 
response to a change in variables may be obtained only via numerical simulation of the equilibrium composition which 
is diffi cult to interpret. In this respect, the overall species stability approach in multiple chemical reaction systems 
discussed above may be viewed as the generalization of the simple thermodynamic principle valid for a single chemical 
reaction system. Thus, the overall stabilities of the species in a multiple chemical reaction system may be partitioned into 
a linear sum of contributions associated with distinct RERs, such that each individual term retains the same mathematical 
form as that valid for a single reaction system. In this work, we applied this new approach to the analysis of stability 
relations in the C-H-O system. The overall stabilities of the species generated here are shown to be useful in predicting 
and rationalizing the system’s behavior as a function of pressure, temperature and composition.        
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