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CHO Gas Phase Compositions in Equilibrium with Carbon, 

and Carbon Deposition Boundaries at One Atmosphere 

E. J. CAIRNS and A. D. TEVEBAUGH 
General Electric Research Laboratory, Schenectady, New York 

Gas phase compositions in equilibrium with carbon (graphite) have been calculated 
for the full composition range of the CHO system and for temperatures in the range 
of 298" to 1500' K., all at atmospheric pressure. The equilibrium gas phase compo- 
sitions are presented graphically as a function of the O/H atom ratio, and are discussed. 
The species of major importance were found to be C, CO, COZ, H2, H20, and CH,. The 
species of secondary importance are GHs, C2H4, and C2H2, while species such as 
CHIOH, HCHO, GHiOH, and CIOHE were found to be present in amounts several 
orders of magnitude below the amounts of the species of secondary importance. The 
amount of any trace component can be easily calculated from these data. The carbon 
deposition boundaries are presented on triangular coordinates and are discussed. 

THE CHO SYSTEM is of great importance in many 
areas of modern technology, including fuel cells, combus- 
tion, gasification processes, hydrogen production, and 
chemical synthesis processes (8, 9). As a result, many 
studies, both experimental (6, 12, 14, 15,  17,  18, 20, 23) and 
theoretical (2-4, 11, 19, 22) have been carried out. How- 
ever, the results on the thermodynamics of the CHO system 
available in the open literature are of rather limited scope, 
usually because of the small ranges of the variables covered 
in specific processes ( e . g . ,  hydrocarbon or alcohol synthesis) 
of interest to those authors. All data available considered 
together cover but a small fraction of the total possible 
range of composition included in the CHO system. 

This paper considers the CHO gas phase compositions 
in equilibrium with graphite over the temperature range 
298-1500°K., a t  a pressure of one atmosphere, for O / H  
atomic ratios from 0.026 to 4.5,  and the carbon deposition 
boundaries under the same conditions, except over the full 
range of O / H  atomic ratios. 

GENERAL THERMODYNAMIC CONSIDERATIONS 

Before considering the computational methods, the 
system and chemical species of interest will be outlined, 
since they influence the choice of method. The species 
most likely to be present in the greatest amounts are 
among those which are most stable under the conditions of 
interest, i.e., those having the lowest value of the free 
energy of formation. In  the system containing the elements 
carbon, hydrogen, and oxygen, in the temperature range of 
298" to 1500" K., and a t  a pressure of one atmosphere the 
most stable species are carbon, hydrogen, water, carbon 
dioxide, carbon monoxide, and methane, with other species 
such as ethane, methanol, and some of the other hydro- 
carbons being less stable. In  order to perform a completely 
rigorous set of thermodynamic calculations, it  would be 
necessary to consider every possible species containing the 
elements C, H, and 0. The elimination of the very large 
number of high molecular weight species and their isomers 
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from the equilibrium calculations on the basis of tabulated 
free energy of formation data alone is particularly difficult 
at low temperatures. These species would have very low 
vapor pressures and could collectively result in significant 
changes in the over-all gas phase composition. Fortunately, 
the inclusion of the high molecular weight species would 
not be realistic since it is observed that even a t  high temp- 
eratures, there are kinetic hindrances which reduce their 
rates of formation to insignificantly small values, allowing 
many syntheses of low molecular weight materials to take 
place, with only a very minute amount of tar formation. 
For these reasons, then, high molecular-weight materials 
will not be considered in this analysis. It must be resolved 
as to whether or not species in the C2 to Clo range will 
be present in important amounts (ix., 1 mole in lo6 moles 
of total products). First, a review of the equilibrium 
constants of formation for the species will give a rough 
approximation as to the relative importance of the various 
molecules. Consideration of equilibrium constant of forma- 
tion data, which indicates the relative importance of the 
more stable species, shows that the most important species 
to consider are H20, CO2, H,, CO, C, and CH,. The equi- 
librium constants of formation for H20 and CO, are so 
large that the oxygen concentration will not be large 
enough to affect the sixth significant figure for the partial 
pressures of the various species reported here, even at  
1500" K. Secondly, more quantitative evidence is given 
by considering the equations: 

n C + ( n + l ) H z - C . H 2 , + 2  (1) 

i t  was possible to write fairly simple nonlinear algebraic 
equations, allowing solution in a few minutes on an JBM 
650 computer, or in an  hour on a desk calculator. 

The system is composed of six components and two 
phases; the phase rule indicates that  six constraints on 
the system are necessary for a complete definition of the 
system. These constraints were chosen to be temperature, 
pressure, one material balance constraint, and three equi- 
librium constant equations which collectively include all 
six species. As a material balance constraint, the condition 
of one mole total reactants (a moles of HzO, j3 moles of 
C 0 2  and l-c~-j3 moles CH,) containing a fixed O / H  ratio 
was used. The gas phase composition, as readily shown by 
the phase rule, will be determined by the O / H  ratio and 
will be independent of the chemical identity of the reactant 
gases. The three chemical equations chosen to link the 
six species through material balance and mass action 
laws were: 

C H d Z C + 2 H z  Ki (4) 

C + HzO(g) 2 CO + Hz Kz (5) 

CO + HzO(g) 2 CO, + Hz K3 (6) 

A group of three species were chosen as the independent 
unknowns such that a$ least one appears in each of the 
above chemical equations. Upon application of the 
material balance constraint to the chemical equations, 
the equilibrium amounts of all six species can be written 
in terms of the chosen three. For the three independent 
unknowns Con, HzO and HP were chosen, and expressed 
as x moles of COZ, y moles of H20 and z moles of H?. The 
expressions for the equilibrium amounts of all six species 
in terms of x ,  y ,  and z are given in Table I. 

Low pressures favor the lower molecular weight species, 
and therefore in systems where the partial pressure of H? 
is much less than one atmosphere ( -  atm. at  298" K. 
as in the cases we are considering), the amount of gas phase 
paraffin species of higher molecular weight decreases with 
the (n + 1) power of the hydrogen partial pressure, where n 
is the number of carbon atoms in the species being 
considered. 

On the basis of the above discussion, the six species 
HZ,  HzO, C, CHI, CO, and CO, were deemed most im- 
portant. A final check on the validity of this conclusion 
easily can be made after the calculations on the above 
six species are made. This check consists of calculating 
the partial pressure of the test species using Equation 3 or 
a similar equation together with the partial pressure of 
Hz  previously calculated and comparing the result to the 
partial pressures of the other components in the system. 
If this value is small compared to the other partial pressures, 
then it is valid to assume the absence of that  species for 
the purposes of the calculations a t  hand. 

METHODS FOR CALCULATION 
The literature contains two general methods for calcu- 

lating complex chemical equilibria applicable to the CHO 
system: Algebraic solutions of equilibrium constants and 
material balance equations (1, 3-5, 6, 12, 14-20, 22) and 
the minimization of the free energy of the system (2 ,  10, 
13, 19,21,22,25). 

In  this work, the direct algebraic solution of a set of 
nonlinear equations which were obtained from the material 
balance equations and the nonlinear form of the standard 
equilibrium constant equations was used. 

Since the considerations of possible stable species of 
importance led to only six species of primary interest, 

Table I. Material Balance Expressions 

Moles 
Species a t  start 
C 0 
CH, 1-a-8 
co 0 
COP P 
H? 0 
HzO a 

Total moles 1 
Total gas moles 1 

The equation for n (moles of COZ) in terms of y and z 
was obtained by substituting expressions from Table I into 
the equilibrium constant equation for Reaction (6), and 
solving for x. 

(7) 

Similar equilibrium constant equations for Reactions 4 
and 5 were written and an equation for y in terms of z 
was derived after eliminating z between the two equi- 
librium constant equations: 

By progressive elimination of unknowns, a simple polynomi- 
nal in z (moles of Hz) was obtained: 

C d  + CG'+ c 3 3 +  czz2 + C,Z + co = 0 (9) 

The solution of Equation 9 for z, Equation 8 for y and 
Equation 7 for x requires about an hour using a desk 
calculator. 
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OiH 
0.0263158 

0.0405405 

0.0555556 

0.0882353 

0.125000 

0.214286 

T, K 
298 
500 
700 
900 

1100 
1300 
1500 
298 
500 
700 
900 

1100 
1300 
1500 
298 
500 
700 
900 

1100 
1300 
1500 
a 298 
500 
700 
900 

1100 
1300 
1500 
a 298 

500 
700 
900 

1100 
1300 
1500 
298 
500 
700 
900 

1100 
1300 
1500 

Table II. Gas Phase Compositions in Equilibrium with Solid Carbon 

Product Partial Pressures (Atm.) 

HI 
3.37198 x 
1.81753 x lo-' 
2.68525 x lo- '  
7.55471 x 10 - I  

9.17487 x 10-I 
9.42590 x lo- '  
9.47587 x 10.' 

1.76757 x 10-z 
2.61363 x lo - '  
7.36139 x lo- '  
8.93419 x 10-1 
9.17796~ lo- '  
9.22655 x 10 
3.17975 x 10 ' 
1.71674 x lo- '  
2.54168 x lo-'  
7.16954 x lo- '  
8.69378 x lo-' 
8.93006 x lo- '  
8.97724 x lo-' 
2.97578 x 
1.61248 x lo-' 
2.39694 x lo- '  
6.78911 x 10-I 
8.21360 x 10-I 
8.43435 x lo- '  
8.47866 x lo- '  
2.75777 x lo-' 
1.50476 x lo-' 
2.25128 x lo- '  
6.41148 x lo- '  
7.73412 x lo-'  
7.93874 x lo- '  
7.98013 x lo-' 
2.26651 x 
1.27991 x lo-' 
1.95833 x lo-' 
5.65895 x lo-' 
6.77643 x lo- '  
6.94772 x lo- '  
6.98313 x lo-' 

3.27721 X 

co 
2.96524 X 
1.24855 x 
7.32615 x lo-' 
2.04476 x lo-' 
4.75839 x 10 -' 
4.99349 x 10.' 
5.00368 x 10 ' 
4.57005 x 10 l3 

1.90303 x 
1.10498 x 10.' 
3 .03298~10 ' 
7.12833 x 10.' 
7.48885 x 10 ' 
7.50499 X 10 -' 
6.27422 x 
2.588 x lo-: 
1.48124 x 10 
4.00231 x 10 ' 
9.49252 x lo-' 
9.98328 x lo-' 
1.00060 x lo- '  
9.99985 x lo-' 
4.037 x 
2.24492 X 
5.89329 x lo-' 
1.42047 x lo- '  
1.46699 x lo- '  
1.50070 X lo- '  
1.43788 x lo-'' 
5.5876 x 
3.02255 x 
7.73263 x lo- '  
1.88973 x l o - '  
1.99537 x lo- '  
2.00069 x lo-' 
2.59259 x lo-'' 
9.13115 x 
4.61447 X 
1.12991 x 10-1 
2.82321 x lo-'  
2.99133 x lo- '  
3.00036 x lo- '  

CHI 
9.00055 x 10.' 
8.83613 x lo - '  
6.46949 x lo- '  
1.85497 x l o - '  
3.09528 x 10.' 
7.04809 X 
2.29584 x 
8.50177 x 10-I 
8.53701 x lo - '  
6.12897 x lo - '  
1.76124 x 10 
2.93502 x 10.' 
6.68223 x 
2.17658~10 
8.00362 x 10-I 
7.88332 x 10 
5.79618 x 10. 
1.67064 x 1 0 ~  
2.77918 x lo- '  
6.32583 x 
2.0607 x10 ' 
7.00972 x 10 I 

6.95487 x 10 
5.15481 x lo- '  
1.49805 x 10.' 
2.48066 x lo-' 
5.64298 x 10 ~' 
6.02027 x l o - '  
6.05667 x 10 
4.54735 x 10 - I  

1.33603 x lo- '  
2 .19949~ lo- '  
4.99953 x 10 - 3  

1.62827 x 
4.06646 x lo- '  
4.38186 x 10-I 
3.44091 x lo-' 
1.04081 x 10-I 
1.68850 x lo-' 
3.82905 x 
1.2470 x 

1.8379 X 

H?O(g) 
9.98240 x lo-' 
9.73313 x 10.' 
8.17822 x 10 -' 
3.64132 x 10.' 
3 . 7 9 1 1 8 ~ 1 0 - ~  
4.14963 X lo-' 
7.89073 x lo-' 
1.49583 x 10 -' 
1.44570 x 10 ' 
1.20060 x 10.' 
5.26292 x lo- '  
5.53029 x 
6.06375 x lo- '  
1.15324 x lo-' 
1.99216 x lo- '  
1.90712 x l o - '  
1.56511 x lo- '  
6.76394 x 10 - 2  

7.16617 x 10 - 3  

7.87620 x 10 -' 
1.49404 x lo-' 

2.79192 x l o - '  
2.23696 x lo- '  
9.43124 x 
1.01313~10 ' 
1.11566 x W3 
2.11968 x lo-' 
3.95896 x 10.' 
3.61576 x l o - '  
2.82881 x 10.' 
1.16865 x lo- '  
1.26915 x 10.' 
1.39906 x 
2.65777 x lo- '  
5.86670 x 10 
5.01863 x 10- 
3.75672 x 10-I 
1.50722 x 10-I 
1.66128 x lo-' 
1.83648 x 
3.48528 x lo-' 

2.98001 x 10-1 

COI 
8.71385 x 10 ' 
8.79336 x 10.' 
2.01117 x 
2.17162 x 
1.85749 x 10.' 
1.19479 x lo-' 
1.54343 x 
2.07062 x lo-' 
2.05120 x lo-' 
4.57517 x 

4.16850 x lo- '  
2.68912 x 
3.47481 x 
3.90204 x 10 ' 
3.78398 x 10 ' 
8.22147 x 
8.31992 x 
7.39196 x lo-' 
4.78559 x lo-' 
6.16849 x lo- '  
9.97120 x 10 -' 
9.19224 x 
1.88843 x lo-' 
1.80391 x lo-' 
1.65525 x l o - '  
1.07621 x lo- '  
1.38975 x 10.' 
2.04902 x 
1.77038 x 10.' 
3.42332 x 10.' 
3.10567 x lo-' 
2.92954 x 10 ~ 

1.91121 x 
2.46824 x 
6.66148 x 
4.71425 x lo-' 
7.97895 x lo-' 
6.63107 x lo-' 
6.53860 x 
4.29742 x W4 
5.54704 x 

4.77790 x 

(Continued on page 456) 
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Application of the material balance constraint to the 
equilibrium constant equations provides for the expression 
of whether carbon is deposited from the reactant mixture, 
or is consumed and to what extent, during the establishment 
of equilibrium. A negative carbon result indicates con- 
sumption of carbon by the reactant gases in the amount 
indicated by the negative value; a positive carbon result 
means that carbon was deposited in the amount calculated. 

It is clear from the above discussion that all of the 
present calculations apply to the case where solid carbon 
is in equilibrium with the gas phase. For the situation 
where solid carbin is absent, somewhat different equations 
must be used. 

Since a large number of results were desired from these 
equations, a simple program was written for the IBM 650 
digital computer. A complete solution of this program 
for one temperature and initial gas composition was 
obtained in about two minutes. The input data for the 
computer were tabulated values of temperature, a, p, and 
loglo of K1, K2, and Ks. The source of the equilibrium 
data was APIRP # 44 ( 2 4 ) .  

RESULTS AND DISCUSSION 

The gas phase compositions in equilibrium with solid 
carbon for various O / H  ratios are shown in Table 11. 

The ranges covered by the table are O/H ratios of 0.026 
to 4.5 and temperatures of 298" to 1500°K. This method 
of tabulation is especially useful in connection with 
processes of progressive oxidation, and in cases where either 
the hydrogen or oxygen content is vaned. The system 
is determined by the O/H ratio for a given temperature 
and pressure. Table I11 contains the data for the trace 
species. The data are summarized in Figures 1 through 6. 

All of the values presented for 298" K. were calculated 
as if all the water present existed in the gas phase. I n  fact, 
this is only true for H20 partial pressures less than the 
vapor pressure of pure H20. The 298°K. values in Table 
I1 are useful for interpolation purposes and do not reflect 
the true equilibrium that would exist in the presence of 
liquid H 2 0 .  

Accuracy of Results and Influence of Trace Constituents. 
The limiting accuracy of the calculated data (which were 
calculated to six figures) is that  of the equilibrium constants 
used ( 2 4 ) .  The reported accuracy (24)  of the equilibrium 
constants varies with temperature in the following manner: 
a t  900" K., the values are reported to be accurate to four 
significant figures, while a t  the temperature extremes five 
figures are reported to be significant. This limiting accuracy 
will apply to the present results when the equilibrium 
mixture contains but minute amounts of species other than 
those included in the equilibrium calculations. In  order 

Oi H 
0.333333 

0.40909 1 

0.750000 

1.03846 

2.00000 

4.50000 

T,  K. 
O 298 

500 
700 
900 

1100 
1300 
1500 
a 298 
500 
700 
900 

1100 
1300 
1500 
298 
500 
700 
900 

1 100 
1300 
1500 
298 
500 
700 
900 

1100 
1300 
1500 
298 
500 
700 
900 

1100 
1300 
1500 
298 
500 
700 
900 

1100 
1300 
1500 

~~ 

Table II. Gas Phase Composition in Equilibrium with Solid Carbon (Continued) 
Product Partial Pressures (Atm.) 

Hz 
1.66915 x lo - '  
1.04711 x lo - '  
1.66509 x l o - '  
4.90301 x lo-' 
5.81912 x l o - '  
5.95678 x 10.' 
5.98617 x l o - '  
1.32268 x 
9.30875 x 
1.51905 x lo-' 
4.52169 x l o - '  
5.34014 x l o - '  
5.46127 x l o - '  
5.48769 x l o - '  
5.09532 x 
6.03463 x 
1.08621 x 10.' 
3.35650 x l o - '  
3.89962 x 10.' 
3.97422 x l o - '  
3.99198 X l o - '  
3.32937 x 
4.60012 x 
8.74048 x lo - '  
2.75847 x l o - '  
3.17623 x l o - '  
3.23024 x 10.' 
3.24395 x l o - '  
1.60886 x 
2.55093 x 
5.28567 x lo - '  
1.73290 x lo-' 
1.96380 x l o - '  
1.98924 x l o - '  
1.99683 x lo- '  
7.02149 X 

2.60394 z'fO-' 
8.82(378 x lo- '  
9.86138 x lo-' 
9.95270 x lo-' 
9.98669 x lo- '  

1.18110 x 

co 
4.55388 x lo-'' 
1.3270 ~ 1 0 . ~  
6.24557 x 10 -' 
1.47661 x 10.' 
3.75136 x 10.' 
3.98646 x 10 ~ ' 
3.99969 x 10.' 
6.23230 x 10 
1.5547 x l o - '  
7.07189 x 
1 . 6 4 7 6 4 ~  10-I 
4.21392 x 10 - '  
4.48378 x l o - '  
4.49922 x 10.' 
1.49179 x 10.'' 
2.2990 x 10 ~s 

9.57532 x 
2.15629 x 10.' 
5.59784 x 10.' 
5.97518 x l o - '  
5.99775 x 10 -' 
1.90266 x l o - "  
2.6848 x 
1.08317 x lo - '  
2.41011 x l o - '  
6.28879 x l o - '  
6.72061 x 10.' 
6.74691 x 10.' 
2.4647 x lo - ' '  
3.2987 x 
1.29181 x l o - '  
2.83544 x 10 ' 
7.44092 x l o - '  
7.96316 x 10.' 
7.99555 x l o - '  
2.84185 x lo- ' '  
3.7787 x 
1.45710 x 10.' 
3.17980 x 10.' 
8.36468 x 10.' 
8.95753 x 10.' 
8.99459 x l o - '  

CH, 
2.20542 x 10.' 
2.93283 x l o - '  
2.48757 x l o - '  
7.81315 x 10 ' 
1.24513 x 10 ' 

1.38487 x l o - '  
2.31784 x 10.' 
2.07035 x 10.' 
6.64513 x 1 0 ~ '  
1.04859 x lo - '  
2.36583 x 
7.67854 x 
2.05515 x 10 ' 
9.74095 x l o - '  
1.05859 x 10 ' 
3.66162 x 10.' 
5.59171 X 
1.25287 X 
4.077 x l o - '  
8.77459 X 
5.66028 x lo - '  
6.85441 x 10.' 
2.47307 x lo - '  
3.70958 x 10 4 

2.6910 x lo-; 
2.04899 x 10 
1.74059X 10. '  
2.50669 x lo- '  
9 . 7 5 9 9 8 ~ 1 0  
1.41807 x 
3.13887 x l o - '  

3.90300 x lo - '  
3.73142 X 

6.08361 X 

2.81469 X 10 
9.159 X 10.' 

8.27749 X l o - '  

1.020 x i o - '  

2.52882 x 10 
3.57600 x l o - '  
7.85691 x 10 ~5 
2.5517 x 

HzOk) 
7.58889 X 10.' 
5.96673 X lo-' 
4.32324 x l o - '  
1.70658 x l o - '  
1.89560 X l o - '  
2.09829 x 
3.99053 X 10.' 
8.23005 x l o - '  
6.21996 x lo-' 
4.46588 X l o - '  
1.75615 x lo- '  
1.95407 x lo-' 
2.16403 X 
4.14902 X lo - '  
7.58890 x lo - '  
5.96723 x lo - '  
4.32382 X l o - '  
1.70606 X l o - '  
1.89558 x l o - '  
2.09845 x 
3.98019 x lo - '  
6 .32446~ l o - '  
5.30691 x l o - '  
3.93580 x l o - '  
1.56713 X 10.' 
1.73452 x lo - '  
1.91834 x 
3.64299 x 
3.95900 x 10 - I  

3.62121 X 10 ' 
2.83855 x lo- '  
1.15823 x l o - '  
1.26889 x lo - '  
1.39980 X 
2.65731 X lo - '  
1.99219 x lo-' 
1.91234 x l o - '  
1.57732 x l o - '  
6.61159 X lo-' 
7.16286 x 
7.87818 X lo - '  
1.49518 X lo-' 

eo2 
2.05524 x 10" 
9.95602 x lo - '  
1.46165 x lo - '  
1.13248 x l o - '  
1.15446 x lo - '  
7.63205 x 
9.87661 x 10 -' 
3.84943 x lo - '  
1.36896 x l o - '  
1.87400 x l o - '  
1.41001 x 10 -' 
1.45671 x lo - '  
9.65636 x lo-' 
1.26006 x lo- '  
2.20554 x l o - '  
2.99809 x lo-' 
3.43563 x 10.' 
2.41499 x 10 ' 
2.57064 x lo-' 
1.71472 X 
2.21515 x 
3.58776 x l o - '  
4.08080 x l o - '  
4.39639 x l o - '  
3.01699 x 10.' 
3.24440 x lo-' 
2.16921 x 10 
2.80666 x 
6.02049 x l o - '  
6.17890 x lo- '  
6.25304 x l o - '  
4.17582 x lo-' 
4.54206 x lo - '  
3.04556 X 
3.94140 x 
8.00390 x l o - '  
8.03816 x lo-' 
7.95574 x lo-' 
5.25168 x lo-' 
5.73981 x lo - '  
3.85365 x 
4.98830 x lo- '  

"These are the values that would hold if all of the water present could exist in the gas phase 
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Figure 1 .  Equilibrium partial 
pressures in the CHO system as a 
function of O/H atom ratio a t  1 

atmosphere and 500" K. 

Figure 4. Equilibrium partial 
pressures in the CHO system as a 
function of O/H atom ratio at 1 

atmosphere and 1100" K. 

I I 

Figure 2. Equilibrium partial 
pressures in the CHO system as a 
function of O/H atom ratio at 1 

atmosphere and 700" K. 

Figure 5. Equilibrium partial 
pressures in the CHO system as a 
function of O/H atom ratio a t  1 

atmosphere and 1300" K. 

to evaluate the magnitude of the error resulting from 
limiting the calculations to the system containing only 
CH,, HP, C, CO, Con, and H20, the equilibrium amounts 
of the other species most likely to be present (CH30H, 
C2Hs, C2H4, CZHZ, C2H50H, CIOHIZ, and HCHO) were 
calculated from equations similar to (3) and partial pressure 
data from Figures 1-6. It was found tha t  CZH~OH,  CloHn, 
and HCHO were present in amounts several orders of 
magnitude below the values found for CH30H, C2H6, 
C2Ha, and C2H2. The partial pressures of all these species 
were less than 2 x atmospheres for all the conditions 
considered here. At 1400" K. and above, trace amounts of 

Figure 3. Equilibrium partial 
pressures in the CHO system as a 
function of O/H atom ratio at 1 

atmosphere and 900" K. 

Figure 6. Equilibrium partial 
pressures in the CHO system as a 
function of O/H atom ratio at 1 

atmosphere and 1500" K. 

species such as atomic hydrogen and methyl radicals are 
present in amounts similar to tha t  of C2H2 (11). Therefore, 
extrapolation of these results to temperatures above 
1500°K. should be approached with caution. It is valid 
to calculate the amounts of any of these other species in 
the manner indicated above if they are present in amounts 
too low to significantly alter the equilibrium compositions 
reported from the original calculations. The calculated 
partial pressures of the trace species are shown in Figures 
1-6, where the amounts were great enough to be plotted. 
The influence of these trace species on the values shown 
in Figures 1-6 for the major species was determined by 
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assuming the extreme case of all of the hydrogen required 
to form the trace species being supplied from the hydrogen 
gas in Figures 1-6. The amount required (as calculated 
from the equilibrium constant of formation for the trace 
species) was then deducted from the hydrogen value in 
Figures 1-6. The influence of this change in the hydrogen 
value on the other equilibrium constants for the system 
was such that the values of Figures 1-6 were found to be 
unaffected to 5 significant figures, even when 2 x moles 
of C2H2 were present at  1500°K.; and unaffected to 6 
significant figures when 1 x lo-' moles of CSH6 were present 
a t  700°K. The results (to six figures) are not influenced 
a t  lower temperatures. 

Since the presence of minor species does not appreciably 
alter the results, it  is possible to use the reported gas 
phase compositions to calculate the amount of any minor 
gas phase constituent. 

On the basis of the above discussion one can conclude 
that the present results are as accurate as the log K 
values ( 2 4 ) .  

Relationship to Phase Rule. Of the 18 reactant mixture 
compositions studied, six pairs were chosen to have identical 
O / H  atom ratios, while having different reactant gas com- 
positions. The results showed that the gas-phase compo- 
sitions were identical for the pairs of cases with identical 
O / H  atom ratios. The correspondence in gas-phase 
composition for identical O / H  ratios follows from phase 
rule prediction: 

F = C-P + 2 
Components: C, H, 0 (3) 
Phases: gas, solid ( 2 ) .  
.'. Degrees of freedon = 3; temperature, pressure 

(1 atm), and O/H ratio. 

For such systems in equilibrium with solid carbon (gra- 
phite), the gas phase composition is completely determined 
by the temperature, pressure and O / H  ratio. 

General Trends. At all temperatures studied, the CH, 
partial pressure decreases smoothly by about two orders 
of magnitude due to oxidation as the O / H  ratio increases 
from 0.02 to 4.5. The general level of CH, partial pressure 
decreases with increasing temperature due to thermal 
instability. As a special case, the CH, partial pressure 
at  high O / H  values shows a maximum near 700°K. prob- 
ably due to competition between the following two 
reactions: 

CO + 3H2 5 CH, + €320 (11) 

Reaction 10 is favored a t  high temperatures, while Reaction 
11 is favored near 700°K. because of the rapid increase 
in the partial pressures of both CO and H,, most evident a t  
high O / H  ratios. 

Over the entire temperature range the HP partial pressure 
decreases smoothly due to oxidation through about one 
order of magnitude as the O / H  ratio increases from 0.02 
to. 4.5. The general level of the H2 partial pressure in- 
creases with increasing temperature due to the decomposi- 
tion of CH,, and the gasification of carbon. 

At all temperatures, the partial pressure of CO:! increases 
by two to three orders of magnitude as the O / H  ratio 
increases similarly, because CO, is an oxidation product of 
both CH, and solid carbon. The  concentration of C 0 2  is 
insensitive to temperature below 900" K. Above this value, 
C 0 2  decreases rapidly with temperature due to the 
Boudouard equilibrium (CO, + C 2 2CO). 

The CO partial pressure is more sensitive to temperature 
than to the O / H  ratio below 900" K. Above 900" K., the 
CO partial pressure has reached almost one atmosphere 
and is insensitive to temperature because of the shift in 
the Boudouard equilibrium toward CO, and because of the 
excess of solid carbon (graphite) available. In  addition, CO 
is also favored by the equilibrium ( H 2 0  + C 2 CO + H2),  
while the amount of H in the system is fixed. 

The partial pressure of H 2 0  increases with the O/H 
ratio (since it is an oxidation product), until a maximum 
value is achieved a t  the stoichiometric point (O/H = 0.5), 
whereupon the partial pressure decreases with further in- 
creases in the O/H ratio, primarily due to the dilution 
effects of the CO and CO, produced from the excess of 
solid carbon present. For a given O / H  ratio, the HSO 
partial pressure decreases with increasing temperature, 
mainly due to its consumption in the carbon gasification 
reactions. 

Generally, CH, is the most important species a t  low 
temperatures and low O / H  ratios. As oxidation proceeds 
a t  low temperatures, H20 and COS are the major oxidation 
products. Near 900" K., all gaseous species are present in 
nearly the same amounts over the O/H range of 0.1 to 1.0. 
This behavior is expected in view of the fact that  the 
equilibrium constants of these species are all nearly one 
a t  900" K. At 1100" K. and above, HP and CO are the most 
important species. At 1500K K., no other species are present 
in excess of 3 x atmospheres partial pressure. Since 
CO is the most stable oxidation product a t  high tempera- 
tures, H2 and CO are the primary species present and will 
exist in equal amounts when O/H = 0.5 ( i . e . ,  O / H ?  = 

The main reason for the decreasing partial pressures 
of Hz and H20 a t  O / H  ratios >0.5 is the dilution effect 
due to the formation of CO and/or COS from the solid 
carbon phase. 

By far, the most rapid changes in the partial pressures 
of all species occurs in the range 0 to 0.5 O / H  a t  all temper- 
atures. This effect is most evident when the data are 
plotted on a linear O i H  scale. In the O/H range below 
0.5, the gaseous species are being oxidized, while above 
this value, the main oxidation is that of solid carbon, 
adding to the gas phase. 

Relationships Among Species. Relatively simple relation- 
ships among the species exist because the gas phase is in 
equilibrium with solid carbon, fixing its chemical potential 
a t  a constant value for a given temperature. Equation 12 
shows that the CH1 partial pressure varies: 

CO/Hz = 1). 

as the square of the HS partial pressure. Equation 13 
shows that the CO? partial pressure varies with the square 
of the CO 

(13) 2CO 2 COP + C. .  . . . . . . . K7 

[COP] = K;[CO]' 

partial pressure, and Equation 14 show that the H20 partial 
pressure varies directly as the product of the H? and CO 
partial pressures. 
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Table Ill. Equilibrium Compositions of Minor Constituents in Contact with Solid Carbon 
and at a Total Pressure of one Atmosphere 

Product Partial Pressures (Atm.) 

O i H  
0.0263158 

T, K. 
298 
500 
700 
900 

1100 
1300 
1500 
298 
500 
700 
900 

1100 
1300 
1500 
298 
500 
700 
900 

1100 
1300 
1500 
298 
500 
700 
900 

1100 
1300 
1500 
298 
500 
700 
900 

1100 
1300 
1500 
298 
500 
700 
900 

1100 
1300 
1500 
298 
500 
700 
900 

1100 
1300 
1500 
298 
500 
700 
900 

1100 
1300 
1500 

298 
500 
700 
900 

1100 
1300 
1500 
298 
500 
700 
900 

1100 
1300 
1500 
298 
500 
700 

. . .  
2.51 x lo- '* 

6.36 x lo-'' 
1.58 x lo- ' '  

. . .  
2.21 x lo - '  
1.85 x lo- '  
7.68 x lo-' 
3.42 x 
4.71 x l o - '  

. . .  
1.28 x lo- ' '  

2.27 x lo-. 
8.58 x l o - '  
1.69 x 
2.68 x l o - '  

. . .  

. . .  
4.27 x lo-= 

5.11 x lo - ' '  

6.01 x lo- '  
9.19 x 10-6 

. . .  

. . .  

. . .  
4.15 x l o - =  

4.98 x lo-'' 
. . .  

8.09 x lo-'' 2.27 x l o - '  
2.03 x l o - '  
1.70 x l o - '  
7.08 x 
3.17 x lo-' 
4.35 x 10.' 

2 .09x10- '  
1.86 x 10-a 
1.56 x 10 
6.51 x 
2.92 x lo - '  
4.01 x lo- :  

. . .  

0.0405405 
3.62 x lo-'' 

8.96 x lo-'' 
2.25 x lo-'' 

1.15 x l o - ' '  

. . .  

. . .  

1.21 x lo- ' *  
. . .  

2.16 x lo-' 
8.13 x l o - '  
1.60 x l o - '  
2.54 x 

5.85 x 10.- 
8.95 x 

0.0555556 
4.64 x lo-'* 

. . .  
1.12 x 
2.83 x 10.'" 

1.45 x 10." 
. . .  

. . .  

. . .  

. . .  

. . .  
. . .  
. . .  

. . .  
7.70 x 
1.52 x 
2.41 x 

1.01 x l o - ' *  
. . .  
. . .  

1.84 x lo- '  
6.87 x lo-' 
1.35 x 
2.15 x 

. . .  
8.77 x 10- l3 

. . .  
5.69 x l o - '  
8.70 x 

0.0882353 . . .  
1.29 x 
5.46 x l o - '  
2.48 x 10-6 
3.38 x 10 ' 

. . .  

. . .  

. . .  . . .  
5.38 x l o - '  
8.22 x 

0.125000 . . .  . . .  
1.05 x 10 ' 
4.52 x 10 ' 
2.09 x 10 ' 
2.82 x 10 ' 

. . .  

1.64 x l o - '  
6.10 x l o - '  
1.20 x 10-6 
1.9ox 10 

. . .  

. . .  

. . .  

. . .  

. . .  

. . .  
5.06 x io- '  
7.74 x 10-6 . . .  

. . .  
6.47 x 10 . 
2.98 x 10 ' 
1.44 x 10 
1.90 x 10 

0.214286 
6.35 x 1 0 - 1 ~  

. . .  
1 . 2 8 ~  10-I 
4.68 x 10- 
9.19 x 10 -' 
1 . 4 6 ~  

. . .  

. . .  
. . .  
. . .  
. . .  

4.43 x l o - '  
6.77 x lo - '  . . .  . . .  

0.333333 
3.54x 10 ' 

1.83 x 10-6 
9 .35x10 ' 

1.20 x 10.: 

4.25 x 

9.58 x 10.' 
3.45 x 10 -: 
6.75 x 10.' 
1.07 x 10 -6 

3.36 x 10 - I 3  

8.14 x 

. . .  

I . .  

. . .  

. . .  

. . .  
8.99 x 10.: 

1.41 x 10-l3 
. . .  
. . .  

4.49 x 
1.55 x l o - '  
3.01 x 10-1 
4.76 x l o - '  

. . .  
8.20 x 10." 

1.03 x i o - '  

. . .  
3.03 x lo-' 
1.99 x 10.' 
3.14 x l o - '  

. .  . . .  

. . .  

. . .  
. . .  

3.80 x 
5.81 x 

2.19 x l o -=  

3.06 x lo-'' 
3.48 x l o - '  
5.32 x lo-' 

. . .  

. . .  
8.17 x 

. . .  

0.409091 . . .  
8.22 x lo-' ' 

. . .  
2.49 x 
1.39 x 10 - 6  

7.33 x lo-:  . . .  
4.75 x l o - ' '  

. . .  
2.44 x 10." 

. . .  

. . .  

. . .  
4.40 x 10.~ 

. . .  
6.78 x 10-8 
5.08 x l o - '  
3.00 x lo- '  
3.62 x 10.' 

0.750000 . . .  
. . .  
. . .  . . .  

2.53 x io- '  
3.87 x 

. . .  

. . .  . . .  
1.03846 . . .  

3.00 x lo-g 
2 . 6 5 x 1 0 - '  
1.67 x 10 -' 
1.95 x lo - '  . . .  

. . .  

. . .  

. . .  
2.06 x lo - '  
3.15 x . . .  

. . .  
5.12 x 10.' 
5.85 x l o - *  

2.52 x 10-l~ 
. . .  . . .  . . .  

(Continued on pape  460) 
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Table Ill. Equilibrium Compositions of Minor Constituents in Contact with Solid Carbon 
and at  a Total Pressure of one Atmosphere (Continued) 

Product Partial Pressures (Atm.) 
O/H T , o K .  CH,OH CzH6 C ~ H I  C2Hz 

2.00000 900 . . .  4.13 x lo-' 1.20 x lo-' . . .  
1100 . . .  4.62 x 1 0 - ~  3.93 x . . .  
1300 . . .  . . .  7.53 x lo-' 1.27 x 
1500 . . .  . . .  1.19 x 10-7 1.94 x lo-' 
298 * . .  . . .  . . .  . . .  
500 3.21 X 5.09 X lo-'' 5.40 X lo-'' 2.78 X lo-% 
700 . . .  . . .  . . .  . . .  

4.5oooo 900 1.35 x lo-'' 5.44 x 10 3.10 x lo-' 5.96 x lo-'* 
1100 3.21 x lo-'' . . .  . . .  1.51 x 1 0 - ~  
1300 . . .  . . .  . . .  . . .  
1500 1.61 x lo-'* 2.65 x 10 I '  2.98 x lo-' 9.68 x lo-' 

linear Relationships between log p8 and log (O/H) .  Con- 
sideration of Figures 1-6 for O / H  ratios less than 0.5 reveals 
that  the slopes of log pt us. log (O/H) for the oxidation 
products are nearly unity for CO and H20 and nearly two 
for CO,. The primary reason for these linear relationships 
is that  the partial pressures of the oxidation products are 
related to species having constant chemical potentials 
(e .g . ,  C) or nearly constant partial pressures (H?, CH,), 
and competing reactions are unimportant. The limiting 
numerical values of these slopes can be derived on the basis 
of a simple model involving equilibrium constant expres- 
sions, relating each species to oxygen (i.e., 0," ratio) 
and an oxidizable species of relatively constant chemical 
potential (e .g . ,  C, CH,, H?). 

Under the conditions outlined above, consideration of 
Equation 15 leads to the conclusion that log [CO] us. 
1% [OI 

C (si + 0 2 CO. . . . . . . .  Ks (15) 

[CO] = Ks/O] 

or log [O/H]  has a slope of unity. Similarly, from Equa- 
tion 16: 

(16) Cis) + 20 2 COT. . . . . . . . .  K1o 

[CO?] = K:o[O]' 

a plot of log [CO?] us. log [O/H]  has a slope of two. Finally, 
from Equation 17: 

(17) HZ + 0 2 HZO. . . . . . . . .  K, 

[HjO] = KII[HT][OI 

and since the partial pressure of H r  is nearly constant in the 
region being considered, log [ H 2 0 ]  us. log (O/H)  has a slope 
of unity. 

In  the region of O /H greater than 0.5, the decrease in the 
partial pressures of H2  and H 2 0  can be accounted for largely 
on the basis of dilution effects. The more rapid disappear- 
ance of CH, than that of H, or H20 indicates that  oxidation 
effects in addition to dilution are contributing to its 
disappearance. 

Minor Species. At temperatures below 1100" K., ethane is 
the only minor species present in excess of atm, showing 
a maximum for a given O / H  ratio in the region of 700" K. 
At 1300°K. ethylene is present a t  low O / H  ratios. At 
1500°K. acetylene reaches a partial pressure of atm., 
while ethylene is increasing with temperature' a t  a much 
slower rate. 

Carbon Deposition Boundaries. A convenient and informa- 
tive method for the presentation of the carbon deposition 
boundaries for the ternary CHO system is a set of triangular 
coordinates. The generality of this simple presentation 
becomes clear when it is recognized that C:H:O ratios of 
the system completely determine whether or not carbon will 
form from a given reactant composition. Thus, a single set 
of triangular CHO coordinates may be used to completely 
designate the carbon deposition regions. The effect of 
varying the hydrogen or oxygen content of any carbon con- 
taining system as in hydrogenation or oxidation can also be 
determined by use of the triangular CHO diagram. 

In  addition to the representation of the carbon deposi- 
tion boundaries, the triangular diagram may be used to 
show those CHO composition regions where free oxygen, 
free hydrogen, and solid carbon are important as major 
species at  equilibrium, as shown in Figure 7 .  In  the central 
region bounded by the above areas, the five most important 
gaseous species, CO, CO2, HP, CH,, and HP, are present 
in varying amounts, and solid carbon may or may not be 
present, depending on the C:H:O ratios and the tempera- 
ture, as discussed in the preceding sections. These zones are 
indicated in Figure 7 .  The central, enclosed region of the 
diagram is the most important, and will be discussed in 
detail. 

Carbon deposition boundaries were computed from the 
detailed calculations of the gas phase compositions in 
equilibrium with graphite which were described above. The 
C:H:O atom ratios were determined directly from the gas 
phase compositions and are summarized in Table IV.  These 
data are as accurate as the APIRP # 44 equilibrium data 
( 2 4 )  used in the calculations. 

The carbon deposition boundary for 500" K. is shown in 
Figure 8; above this line, solid carbon is present a t  
equilibrium; below this line, solid carbon is absent. This 
boundary line represents the C:H:O atom ratios of the gas 
phase in equilibrium with carbon. This boundary is useful 
for the determination of the variation of the CHO gas phase 
ratios with a given change in the over-all CHO ratios of any 
given reactant mixture. In  the presence of carbon, the gas 
phase composition is determined by the O / H  ratio. Of 
particular interest is the prediction of reactant compositions 
which will not result in carbon deposition on achieving 
thermodynamic equilibrium. The lever rule may be used to 
calculate the exact amount of carbon which, a t  equilibrium, 
will be deposited from or consumed by a given C:H:O 
mixture. 

In  order to illustrate the utility of Figure 8, consider the 
oxidation process for a mixture of over-all composition a 
(see Figure a), prepared by mixing CnHz,  and HzO. This 
mixture, on approaching thermodynamic equilibrium, will 
deposite carbon, causing the gas phase composition to move 
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along line aC toward d ,  and will have a gas phase compo- 
sition at equilibrium represented by d in Figure 8. The 
amount of carbon deposited can be calculated by the lever 
rule (7). On oxidation of mixture a, the overall composi- 
tion of the system moves along line a0 toward point b. The 
equilibrium gas phase composition follows line db,  during 
the oxidation process. On arrival a t  point b,  all solid carbon 
which was originally deposited will have been consumed, 
leaving only the gas phase of composition b. The composi- 
tion of this gas phase will then move along line bO toward 
c during further oxidation. On arrival a t  point c, the 
system is completely oxidized and contains essentially 
COS and HSO. 

Following a similar line of reasoning to that discussed 
above, the oxidation of any CH or CHO compcund or 
mixture of compounds is represented by a straight line 
joining the 0 vertex with the point on the CHO diagram 
representing the over-all composition of the system. For 
example, the line joining C "H2, and the 0 vertex represents 
the oxidation of not only CnH2,, but also many other 
CHO compounds such as (CHP)PO and HCOOH or mixtures 
of compounds which have an overall atom fraction repre- 
sented by some point on this line. The  line passing from 
the C vertex through the CHO composition point of interest 
intersects the carbon deposition boundary a t  a point 
representing the gas phase composition a t  equilibrium. 
I t  is interesting to note that most of the molecules indicated 
in Figure 8 lie above the carbon deposition boundaries 
for most of the temperature range considered (cf. Figure 9).  

The results shown in Table IV are plotted in Figure 9. 
The solid lines and the 298°K. dashed line represent 
the conditions for which complete calculations were made. 
The remaining dashed lines were obtained by interpolation 
from high precision crossplots of the data for the solid lines. 
All intercepts on the C-0 and C-H axes were obtained 
from precise thermodynamic calculations using material 
balance expressions together with the following equations: 

C-0 Axis 

co, + c 2 2co 

C-H Axis 

CH4 2 2H2 + C 

The intercept data are presented in Table V. The boundary 
for 298°K. in Figure 9 represents the situation where, 
mathematically, liquid water was not allowed to form 
and is therefore most useful for interpolation purposes. 

From the detailed gas phase compositions for this system 
which have already been discussed, it is known that above 
1100°K. the major gas phase species are HS and CO. 
Figure 9 shows that above 1100" K. the carbon deposition 
boundary is an essentially straight line joining the points 
H and CO. The relative amounts of these species may 
then be calculated graphically from Figure 9. Below 
1100" K., the other species become increasingly important 
and the gas phase composition may no longer be determined 
by simple graphical calculations. However, the ratios of 
various gas phase species such as CO/COP and HP/CH,  
may be determined using the appropriate intercepts on 
the H-C and C-0 axes. The  progressive fanning of the 
intercepts toward CH4 and C 0 2  a t  the lower temperatures 
is due to the fact that  these species are present in larger 
amounts a t  the lower temperatures. The same holds true 
for the lowering of the lines towards HrO a t  the lower 
temperatures. 

.A..., / \  

" 0  
ATOM PERCENT 0 

Figure 7 .  Regions of the CHO diagram 

fuel at 500" K. (Composition points for other fuels are 
also indicated.) 

C 

I 
0 

Figure 9. Carbon deposition boundaries for the CHO system 
at 1 atm. 

ATOM PERCENT 0 
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Table IV. Gas Phase Atom Ratios in the CHO System 
a (  t h e  ?arbon Deposition Boundaries (1 atm. press.) 

C/O Ratio 
~ - 

H/O Ratio 29' X. 5LtI K. 700" K. 900" K. 1100" K. 1300" K. 1500" K. 
38.0000 9.0bL >7 8.92606 7.50768 3.40036 1.52131 1.13144 1.04420 
24.6667 5.669 1 5.63484 4.74679 2.28322 1.30140 1.08007 1.02737 
18 .OOOO 4.0031 3.99490 3.37845 1.7.3292 1.19201 1.05451 1.01901 
11.3333 2.33993 2.36804 2.03486 1.19783 1.08373 1.02926 1.01072 
8.00000 1.51021 1.57026 1.38835 0.944136 1.03071 1.01694 1.00668 
4.66667 0.688853 0.814109 0.793706 0.715008 0.979917 1.00518 1.00281 
3.00000 0.301371 0.493658 0.548869 0.622303 0.956735 0.999884 1.00104 

1.00050 2.44444 0.196647 0.411581 0.484643 0.598052 0.949748 
1.33333 0.200921 0.332040 0.406522 0.568023 0.938001 0.995754 0.999648 
0.962963 0.272260 0.345027 0.404315 0.566805 0.935204 0.995196 0.999443 
0.500000 0.377561 0.397594 0.428653 0.575835 0.933115 0.994861 0.999301 
0.222222 0.444879 0.448932 0.462859 0.589555 0.933011 0.994954 0.999310 

0.998312 

Table V. Carbon Deposition Boundary Intercepts comDuter calculations. Significant contributions were 

Temp., K. 
298 
500 
700 
800 
850 
900 
950 

1000 
1050 
1100 
1300 
1500 

Temp., O K. 
298 
500 
700 
800 
850 
900 
950 

1000 
1050 
1100 
1300 
1500 

on H-C and 0-C Axes' 

H-C Axis Intercepts 
H /C  Ratio 70 H % C  

4.000 80.00 20.00 
4.038 80.15 19.85 
4.800 82.76 17.24 
6.530 86.72 13.28 
8.479 89.45 10.55 

11.76 92.16 7.84 
17.35 94.55 5.45 
26.17 96.32 3.68 

0-C Axis Intercepts 
C/O Ratio % C  70 0 

0.5000 33.33 66.67 
0.5000 33.33 66.67 
0.5008 33.37 66.63 
0.5128 33.90 66.10 
0.5552 35.70 64.30 
0.6072 37.78 62.22 
0.6860 40.69 59.31 
0.7838 43.94 56.06 
0.8734 46.62 53.38 
0.9316 48.23 51.77 
0.9952 49.88 50.12 
0.9984 49.96 50.04 

CONCLUSIONS 
As a result of the calculations presented here, the CHO 

gas phase compositions are accurately known for a wide 
range of O/H ratios in equilibrium with solid carbon 
(graphite) a t  one atmosphere and in the temperature 
range 298" to 1500" K. 

The amounts of minor constituents present but not 
considered in the primary calculations do not affect the 
results to within the accuracy of the equilibrium constant 
data. I t  was found that the amount of any minor con- 
stituent can be calculated from the equilibrium data 
presented. 

From the triangular coordinate presentation of the carbon 
deposition data it can be readily determined whether or 
not a pure compound or mixture of compounds will deposit 
carbon a t  equilibrium. 

It is practical to solve directly the nonlinear equilibrium 
constant equations for this system. Rapidly converging 
solutions can be obtained on a desk calculator if desired. 
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