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Introduction 
Carbiding iron with carbon monoxide or hydro

carbons in the temperature range 200-300° results 
in the formation of a product having the approxi
mate composition Fe2C.2-8 This carbide is formed 
and can be reduced in the same temperature range 
in which the Fischer-Tropsch synthesis is carried 
out; as a matter of fact, examination of used 
Fischer-Tropsch catalysts shows some of this car
bide to be present.4 It was proposed years ago6'6'7 

that the carbide is an intermediate in the forma
tion of hydrocarbons. It seemed worthwhile, 
therefore, to attempt to obtain values for the free 
energy of formation of Fe8C in the temperature 
range of interest in the Fischer-Tropsch synthesis. 
Such information would help considerably in de
termining the role, if any, of Fe2C in hydrocarbon 
formation in the Fischer-Tropsch synthesis. 

The present paper reports equilibrium measure
ments of methane and hydrogen over Fe2C and 
iron according to the reaction 

CH4 + 2Fe - Fe2C + 2H2 JiT1 = (H2)V(CH4) (1) 

in the temperature range 295-350°. In view of 
the fact that no consistent data for the equilib
rium of methane and hydrogen with the system 
of Fe3C-Fe have been reported below 450°, 
measurements were also made of the equilibrium 
in the temperature range 320-468° according to 
the reaction 
CH4 + 3Fe(a) = Fe3C(/3) + 2H2 

K2 = (H2)V(CH4) (2) 

Fe3C (/J) being designated by Kelley8 as the form 
existing above 190°. 

Experimental 
Apparatus and Procedure.—A diagram of the apparatus 

used is shown in Fig. 1. The general procedure was to 
circulate gas of the desired initial composition over a pre
viously prepared sample of Fe-Fe8C or Fe-Fe8C, until the 
pressure became constant. The gas was then analyzed 
for hydrogen; methane was obtained by difference. The 
circulating system consisted of the sample container, a 
trap used for removing water during an analysis, a trap 
containing copper oxide used to oxidize hydrogen to water 
during an analysis, a magnetic glass pump9 for circulating 
the gas, and a by-pass which allowed gas to be circulated 
through the catalyst during equilibration or around it 
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during analysis. Pressures were read to 0.1 mm. on a 
single-leg absolute mercury manometer. An adsorption 
buret was used to determine the adsorption of nitrogen at 
— 195°, and hence, by the B. E. T.10 method the surface 
area of the original iron sample. Additional apparatus, 
not shown, consisted of a furnace to heat the sample, a 
mercury diffusion pump, a mechanical backing pump, a 
gas purification train, and storage bulbs for the purified 
gases. 

AOSORPTION AND CIRCULATING SYSTEM USED 
IN EQUILIBRIUM STUDIES IN THE SYSTEM C-M-F* 

Fig. 1.—Apparatus for the determination of equilibria 
in the systems Fe8C-CH4-H8-Fe and Fe8C-CH4-H2-Fe. 

The glass sample container was 12 mm. in diameter and 
100 mm. long. It contained a centrally located thermo
couple well. Both inlet and outlet connections to the 
container were made of 2 mm. capillary tubing. The 
linear velocity of the gas was sufficiently high (5 cm./sec.) 
to avoid errors due to thermal diffusion. 

The sample was heated by means of a nichrome wound 
furnace having an aluminum core of one inch inside di
ameter and two inches outside diameter. The tempera
ture of the furnace was controlled by the change in re
sistance with temperature of an auxiliary winding. The 
controller circuit was somewhat similar to that described 
by M. Benedict.11 The temperature of the furnace was 
constant to within ±0.25° during an experiment. Meas
urement of the temperature distribution over the sample 
container showed a lengthwise variation of about 0.5° at 
400°. 

Temperatures were measured by means of a chromel-
alumel thermocouple inserted in the well of the sample tube. 
The cold junction of the thermocouple was contained in an 
ice-bath. Temperatures were read in millivolts on a 

(10) Brunauer, Emmett and Teller, THIS JOURNAL, 60, 310 (1938). 
(11) Benedict, Rev. Sci. Inst., 8, 232 (1937). 
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Leeds and Northrup precision portable potentiometer to 
±0.25°. The thermocouple used, 30 gage chromel-
alumel, was calibrated against a previously standardized 
chromel-alumel couple. Total temperature uncertainty 
was estimated to be ±1°. 

The procedure for a typical experiment was as follows: 
Gas of the desired initial composition was circulated over 
the sample for an additional eight to ten hours after the 
pressure became constant. At the end of this time, the 
pressure was read, and the sample closed off. The gas 
mixture was then analyzed for hydrogen by circulating it 
through the by-pass, over copper oxide at 300° and 

1.5(1 

K)3, T, :'K. 
Fig. 2.—Preliminary equilibrium data for reactions 1 and 

2. Points labeled "a" represent two points, one from the 
hydrogen and one from the methane side; the one labeled 
"b" represents six points, four from the methane and two 
from the hydrogen side. Curves 1, 2 and 3 are plots of 
the best values for the equilibrium data for the systems 
C-H2-CH4 (as given by Rossini14), Fe3C-Fe-H2-CH1 

(our data as per Fig. 4), and Fe2C-Fe-H2-CH4 (our data 
as per Fig. 3), respectively. Open symbols, equilibrium 
approached from hydrogen side; solid symbols, equi
librium approached from methane side. 

Symbol 

O 

E 

E / 

<•>
 

V 

r-:: 
A 

A 

Kxpt 

1- It) 
17-24 
25-26 
27-40 
41-42 

48-54 
55 
83-84 

Sample 

A 
A 
A 
B 
C 

)) 
D 
K 

Ttmp. of car-
biding or heat 
treatment, 0C. 

370 
500 (12 hr.) 
450 
450 
275 
450 (12 hr.) 
275 
495 (12 hr.) 
235 

Carbidin£ 
gas 

CH, 

CH4 

CH4 

C4H10 

C4HiO 

CO 

Carbidic 
carbon, 
..._%_ 
0.5 
0 .5 
1.7 
Oto 1 
7.4 
7.4 
7.0 
7.0 
4.7 

through a Dry ice-acetone trap. The equilibrium con
stant Ki or .K2 for reaction (1) or (2) was then calculated. 

Preparation of the Iron Carbides.—Fe2C can be prepared 
either by carbiding iron with carbon monoxide at 200-
300 ° or by using butane or some other hydrocarbon as the 
carbiding agent.12 The use of a hydrocarbon has the ad
vantage of being easier to control than the use of carbon 
monoxide. There is no tendency for the catalyst to heat 
up and deposit free carbon when butane is used for car
biding at 250-300°, whereas sudden exposure of a reduced 
iron catalyst to carbon monoxide at such temperatures 
would result in the formation of much free carbon and a 
Midden rise in temperature. Furthermore, some iron oxide 
tends to form when carbon monoxide is used as the carbid
ing agent. Accordingly, most of the samples were pre
pared using butane as the carbiding gas. X-Ray diffrac
tion patterns of samples so prepared are identical with 
those prepared by carbiding with carbon monoxide12 and 
are the same as those prepared by Hagg.2 Samples A to 
C mentioned in the legend for Fig. 2 were prepared from 
an iron synthetic ammonia catalyst (#423) containing 
2.26% Al2O3, 0.62% SiO2, and 0.2% ZrO2 as promoters. 
All other samples were prepared from a synthetic ammonia 
catalyst (#339) containing 2.2% A1,03 and 0.76% ZrO2 
as promoters. The surface area of each of these two cata
lysts was about 17 sq. m./g. as determined by the B.E.T. 
method.'" Prior to carbiding the iron oxide catalysts were 
reduced in a stream of pure dry hydrogen at 500°. 

Fe.,C was prepared by heating the Fe2C to 475-500° for 
two to three hours. This treatment causes a complete 
disappearance of the Fe2C lines in the X-ray diffraction 
pattern, and the appearance of Fe3C lines. Unfortu
nately, the conversion of Fe2C to Fe3C was accompanied by 
a slight decomposition of the carbide, as evidenced by the 
presence of some carbon that would not reduce in hydrogen 
at 275°. In the temperature range employed, however, 
this small amount of free carbon did not affect the final 
equilibrium values for reaction 2 because apparently the 
formation or reduction of free carbon during a run was 
slow compared to the formation or reduction of the car
bide. 

Results 
The experimental data in the present work may 

be divided into the following three categories: 
preliminary experiments (Fig. 2) ; final experi
ments on the system Fe -Fe 2 C-CH 4 -H 2 (Table I 
and Fig. 'S); and final experiments on the system 
Fe -Fe 3 C-CH 4 -H 2 (Table II and Fig. 4). 

A total of about fifty preliminary experiments 
was carried out. These are plotted in Fig. 2. 
There were several reasons for designating certain 
experiments as preliminary. Experiments 1 to 40 
are so classed because the solid phase either con
tained no carbide or contained only about 1.0% 
carbidic carbon, all of it formed by the reaction of 
CH4 with the iron. In experiments 1-16 the 
equilibrium constants correspond closely to those 
later found for the F e - F e 3 C - C H i - H 2 system, but 
are slightly high. Since the methane carbiding 
was carried out at 370° for these runs, the carbon 
was present principally as Fe3C. However, since 
the carbiding and measurements were all made in 
the temperature range 360 to 400°, some slight 
influence of free carbon on the equilibrium might 
have been involved. Before run 17 the sample 
used in runs 1 to 16 was heated for twelve hours 
a t 500°. Accordingly, experiments 17 to 24 were 
made in the temperature range 400 to 490° on a 
sample t ha t had been subjected to this heat t reat-

\12) lMdgurski, private communication. 
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TABLE I 

EQUILIBRIUM CONSTANTS" FOR THE REACTION CH4 4- 2Fe (a) Fe2C + 2H2 

Expt. 
43 
44 
45 
46 
47 
56 
57 
58 
59 
60 
61 
62 
68 
64 
65 
66 
67 
74 
75 
76 
79 
81 
82 

T, 0C. 
321.0 
351.0 
341.0 
343.9 
331.0 
316.1 
306.2 
296.3 
305.2 
308.0 
310.3 
310.3 
312.0 
316.1 
329.5 
323.3 
326.5 
333.4 
336.6 
337.8 
336.1 
344.2 
359.1 

0 Details of prep 
mples 

Composition of 
the initial gas, % 
Hs CH4 

14.87 
16.83 
6.41 

100.00 
100.00 
100.00 
100.00 
100.00 

0.00 
100.00 
100.00 

0.00 
0.00 
0.00 

100.00 
0.00 

100.00 
100.00 
100.00 
100.00 
100.00 

15.11 
13.24 

85.13 
83.17 
93.59 

0.00 
0.00 
0.00 
0.00 
0.00 

100.00 
0.00 
0.00 

100.00 
100.00 
100.00 

0.00 
100.00 

0.00 
0.00 
0.00 
0.00 
0.00 

84.89 
86.76 

Hs, % 
3.92 
5.26 
5.01 
5.28 
4.54 
3.44 
3.07 
2.50 
2.36 
3.35 
2.04 
2.61 
2.95 
3.08 
4.08 
3.19 
4.18 
3.84 
4.71 
4.56 

• 4.52 
4.62 
5.01 

iration and pretreatment of the 
for these runs may be tabulated as 

compos 

CHi, % 

97.08 
94.74 
94.98 
94.92 
95.46 
96.56 
96.93 
97.50 
97.64 
96.65 
97.36 
97.39 
97.05 
96.92 
95.92 
96.81 
95.82 
96.16 
95.29 
95.42 
94.98 
95.38 
94.99 

Runs 
43-47 
56-«7 
74-76 
79 
81-82 

uun ui me eqi 
Pressure 

OfH2, 
atm. 

0.0121 
.0232 
.0248 
.0170 
.0140 
.0166 
.0095 
.0075 
.0104 
.0143 
.0113 
.0118 
. 0102 
. 0135 
.0181 
.0173 
.0149 
.0168 
.0216 
.0200 
.0185 
.0185 
.0229 

Sample 
D 
F 
H 

J 
K 

uiiDratea gas 
Pressure 
of CH1, 
atm. 

0.2963 
.3189 
.4687 
.3050 
.2945 
.3257 
.3007 
.2930 
.4283 
.4133 
-.4161 
.4384 
. 3356 
. 4263 
.4264 
.5249 
.3405 
.4201 
.4371 
.4160 
.3917 
.3814 
.4341 

Temp, of 
carbiding 
or heat 

treatment, 0 C 

275 
275 
275 
275 
275 

Total 
pressure, 

atm. 
0.3084 

.4421 

.4935 

.3220 

.3806 

.3373 

.3103 

.3005 

.4387 

.4276 

.4274 

.4501 

.3485 

.4398 

.4425 

.5422 

.3554 

. 4369 

.4587 

.4360 

.4103 

.3999 

.4570 

Carbiding 
gas 

C4H10 
C4HjO 
C4HiC 
C4HiO 
C4HiO 

Kp/ atm. 

0.00049 
.00128 
.00130 
.00095 
.00067 
.00041 
.00030 
.00019 
.00025 
.00050 
.00031 
.00032 
.00031 
.00043 
.00094 
.00057 
.00065 
.00067 
.00107 
.00086 
.00083 
.00090 
.00120 

Carbidic 
carbon, % 

7.0 
6.9 
6.2 
4.6 
4 .3 

ment. Runs 25 and 26 were made after a further 
carbiding with CH4 at 450° to a 1.68% carbidic 
carbon content following run 24. The results of 
experiments 17 to 26 are clearly intermediate be
tween values for the Fe-Fe3C-CH4-H2 and the 
C-CH4-H2 systems, respectively. Apparently 
sufficient quantities of Fe3C and free carbon were 
present to make the rate of reaction of the CH4-H2 
mixture with Fe3C-Fe comparable with the rate 
of reaction with the free carbon supported on the 
iron. Experiments 27-40 were made either with 
no prior carbiding or with as much as 1% carbidic 
carbon formed by the reaction of iron with CH4 at 
450°. In general, these experiments are in fair 
agreement with the data later selected (shown as 
Curve 2, Fig. 2) as characteristic of the system 
Ke3C-Fe-CH4-H2. Only experiment 40 appears 
for some unknown reason to have been consider
ably in error. 

The sample used in experiments 41 and 42 was 
prepared in the preferred manner by carbiding 
with butane at 275°. However, the sample was 
heated to 450° for twelve hours to convert the 
Fe2C to Fe3C. An anomalous pressure change 
(initial hydrogen evolution followed by hydrogen 

consumption) suggested that stopcock grease may 
have contaminated the surface of the sample with 
Fe2C during the experiments. At any rate the 
final equilibrium values obtained in these experi-

T, 0K. 
625 600 575 

1.65 1.70 1.75 1.80 
103/T, 0K. 

Fig. 3.—Values of the log of the equilibrium constants 
log (H2)VCH4 for reaction 1: open circles, equilibrium 
approached from the excess hydrogen side; solid circles 
equilibrium approached from the excess methane side. 
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TABLE 11 

IiQUILIBRiUM CONSTANTS" FOR THE REACTION CH< + 3Fe(<*) = Fe3C(S) + 2H2 

I ' . X p t 

I i S 

O ! I 

7 i i 

71 
- • ) 

, •> 

77 

7 S 

80 

S5 

S d 

S 7 

SS 

SH 

on 

" IH 

prctrc'H 
tails 

J "C. 

348 . :•; 

3 4 9 , 0 

MM7.2 
MM7. 2 
329. a 
:!20 5 
:!72 1 
M S O . :•! 

M9 1 S 

3 5 5 i 

3 9 7 ) 

41,") 9 

3 5 S . 9 

17)2 O 

HiS i! 

of prep 
lnieiit of the 

these runs 
follows 

may be t 

Compos i t ion of 
the initial gas. % 
H: C H 1 

H)O. OO 
. " . • i f ) 

H l ( I . I I I ! 

I . M I 

1 0 0 . 0 0 

2.7,( i 

10 (1 .00 

1 t . Oo 

1011,01/ 

Kin 11(1 

1 0 0 . 0 0 

2 7 0 2 

."i OM 

Kin m i 

10!i, m i 

iration and 
samples for 
abulated as 

O . O i i 

04 00 

0 . 0 ( 1 

0.5 (id 

0 . 0 0 

0 7 , 4 4 

11.1)0 

8 5 . 0 0 

(I. m i 

O, on 
I). HO 

7 2 . OS 

d l n 7 

11, i IO 

Il Ol ) 

Uuir-

0 8 - 7 3 

77 -78 

SO 

8 5 - 8 8 

89 -90 

H J 1 

-
0 

7 
0 

4 

M 

!I 

U). 

IM 

7 

IM 
17,, 

I i . 

) -
MM 

,Sn in p 

C, 

1 

K 
J, 

,"ill 

O i 

•1 1 

M 4 

72 
OS 

d l 

i n ; 

H d 

0 8 

I d 

MM 

I l 

07) 

07 

(, 

v—u m p 

c n i , r ; 

0 2 . 5( 

9 3 . 9 d 

04 .7 ,C 

9 4 . 1 if i 

9 5 . 2 8 

97 . M2 

9 0 . 0 9 

SfI. 1)4 

S(J. 91 

9 2 . 0 2 

SO. S l 

S 4 . 0 7 

OM ,'(I 

7 1 . 0 7 , 

0 9 MM 

os iuun oi m e ec 
Pressure 

of Ht, 
a t m . 

0 . 0 2 4 7 ) 

,OMOl 

. 0 2 4 5 

. 0 2 5 2 

. 0 2 1 8 

, 0 1 7 0 

.OMIiO 

. 0 5 1 9 

.04SM 

.0205 

.0590 

. 0 9 0 I j 

.0402 

1214 

.1004 

uuioratea gas 
Pressure 
of CHi, 

a t m . 

0 . 3 0 1 7 

. 4 8 0 5 

. 4 2 0 0 

. 4 4 5 S 

. 4 4 0 2 

. 4 0 2 5 

. MM25 

. 4 2 1 7 

. 3 2 0 9 

. 3 0 5 5 

. 3 8 8 1 

5 3 4 4 

5 8 3 0 

. 3 4 0 0 

. 3 0 2 5 

T e m p , of carbiding 
or hea t t r e a t m e n t , 0 C . 

,Sample I'' reduced at M(X 
Sample H 
Sample J ( 
Carbided ; 
Carbided ; 

(Table 11 hea 

T o t a l 
pressure , 

a t m . 

0.3202 
.5112 
.4511 
. 470(i 
.4620 
. 4455 
.3691 
. 4730 
. 3692 
3320 

. 4471 

.0311 
0238 
4880 
5229 

0 a n d h e a t e d 3 h r . 5 0 0 ° 

ted 3 hr. 500° 
Table 11) heated 3 hr. 500° 
t 235° and heated 3 hr. 500° 
t 235° and he ated 5 hr. 460 ' 

/ \ p / a t m 

0 .00198 

.0019«) 

.00141 

.00142 

.00108 

.00065 

.00402 

.00639 

.00728 
(10230 

.00897 

(11750 

.00277 

.0425 

.071(1 

C a r . Carbidic 
biding carbon, 

gas c'v 

4 , 2 

0 . 2 

4 . 6 

CO 4 . 7 

C O 4 . 4 

merits corresponded more closely to the Fe-Fe2C 
system than to the PV-Fc3C system. 

T, "K. 

0.4 

0.9 

1.4 

l . d 

2 . 1 

2 .9 

M,4 

-

: 

-

a \ 
S 

I 

800 

I I i 

^ 

\ Q \ \ 
\ \ 

X 
\ 

1 i , 1 1 

7 0 0 

I I 

\ 

I I I I 

600 
i 

-
-

~ 
~ 

-

\ 
I I 

I. Kl 1.30 1.50 1,70 
103/T, 0K, 

Fig. 4.—Values of the log of the equilibrium constants, 
log ( H J ) 2 Z C H ^ for reaction 2: open circles, authors' data, 
equilibrium approached from the excess hydrogen side; 
solid circles, authors' data, equilibrium approached from 
the excess methane side; squares, Watase's data; dotted 
One, extrapolation of authors' data. 

Experiments 48-54 were omitted because the 
first three experiments were made in the tempera
ture range .365-3S(J0. It was suspected that some 
Fe3C may have been formed in this temperature 
interval. Actually, experiments 51, 52, 53 and 54 
(Fig. 2> in the temperature range 318 to 353° 
agree very well with the final experiments on the 
Fc-Fe2C system (Curve 3, Fig. 2). Experiment 
55 was made after heating the carbide sample to 
495° for twelve hours; the sample had apparently 
been partly decomposed to carbon and iron. 

Experiments 83 and 84 were made on a sample 
carbided with carbon monoxide. Before these 
runs hydrogen was circulated over this sample at 
327° in an endeavor to remove surface oxide 
which is usually formed when carbon monoxide is 
used as the carbiding agent, and which slows down 
the reaction of methane or hydrogen with the 
solid Fe-Fe2C phase. Actually, the equilibrium 
values obtained in these two experiments are in 
satisfactory agreement with curve 3, and could 
have been included in the final data. 

The final experiments on the Fe-Fe2C-CH4-H2 
system, the results of which are shown in Table I 
and Fig. 3, were made in the temperature range 
296-351° using samples carbided with butane at 
275°. The equilibration with samples carbided 
with carbon monoxide was so slow in this tempera
ture range that only experiments 83 and 84 (Fig. 1) 
were attempted using Fe2C so prepared. 

The final experiments on the Fe-Fe3C-CH4-H2 
system are shown in Table II and Fig. 4. They 
were all made subsequent to the installation of 
grease traps above the reaction vessel as shown in 
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TABLE I I I 

F R E E ENERGY OF FORMATION, AF1I, AND H E A T OF FORMA

TION, AH°i OF Fe3C (/3) IN THE TEMPERATURE RANGE 

298.16-8000K. 

T, 0K. 
298.16 
400 
500 
600 
700 
800 

AF° t , kca l . AH't, kca l . 
W a t a s e P r e s e n t d a t a W a t a s e P r e s e n t d a t a 

4.661 
4.174 
3.542 
2.93 
2.32 
1.72 

4.441 
4.000 
3.447 
2.85 
2.25 
1.68 

5.756 5.453 
6.428 6.028 
6.742 6.341 
6.839 6.446 
6.781 6.380 
6.514 6.122 

TABLE IV 

F R E E ENERGY OF FORMATION (AFI) OF FezC 

T e m p . , 
"K. 

450 
500 
,550 
000 
650 

AF1 , 
kca l . 

3.757 
3.613 
3.570 
3.360 
3.230 

TABLE Y 

1''REE ENERGY VALUES FOR THE REACTION »Fe2C + «H2 = 

CnH2n + 2«Fe 
AF'f, AF»f, 

C n H 2 n , »Fe«C, A F W t . . log K p = log T, 
0 K . n 

450 2 
4 
6 

500 2 
4 
6 

000 2 
4 
6 

650 2 
4 
6 

kcal . 

18.41 
26.32 
37.2 
19.245 
29.430 
42,7 
20.918 
35.85 
54.1 
21.80 
39.13 
60.4 

kca l . 

7.52 
15.04 
22.56 

7.23 
14.46 
21.69 

6.72 
13.44 
20.16 

6.46 
12.92 
19.38 

kcal . 

10.89 
11.28 
14.6 
12.02 
14.97 
20.0 
14.20 
22.41 
33.9 
15.34 
26.21 
41.0 

( C n H 2 n ) / ( H 1 ) " 

- 5.289 
- 5.478 
- 7.091 
- 5.253 
- 6.543 
- 8.741 
- 5.173 
- 8.164 
- 1 2 . 3 5 0 
- 5.158 
- 8.813 
- 1 3 . 7 8 6 

X, 
°K. 
450 

500 

600 

650 

log 

TABLE VI 

F R E E ENERGY VALUES FOR THE REACTION »Fe2C 4-

(n + I)H2 = C n H ^ 2 4- 2«Fe 

AF»f, AF»f, 
CnH2 , , , s, « F e 2 C , A F W i . , 

n kca l . kca l . kcal . 

2 - 2 . 3 1 7.52 - 9 . 8 3 
4 10.15 15.04 - 4 . 8 9 
6 21.28 22.56 - 1 . 2 8 
8 32.69 30.08 2.61 
2 1.17 7.23 - 6 . 0 6 
4 14.86 14.46 0.40 
6 28.46 21.69 6.77 
8 42.32 28.92 13.40 
2 5.97 6.72 - 0 . 7 5 
4 24.59 13.44 11.15 
6 43.18 20.16 23.02 
8 62.03 26.88 35.15 
2 8.42 6.46 1.96 
4 29,54 12.92 16.62 
6 50.66 19.38 31.28 
8 72.03 25.84 46.19 

log K p -
( C n H j n + 2 ) 

(Hs)" + ' 

4.774 
2.375 
0.622 

- 0.127 
2.943 

- 0.194 
- 2.959 
- 5.857 

0.273 
- 4.062 
- 8.386 
- 1 2 . 8 0 5 
- 0.659 
- 5.588 
- 1 0 . 5 1 8 
- 1 5 . 5 3 1 

Fig. 1. Six of the experiments (runs 85-90) were 
made using FejC formed by heating to 500° Fe8C 
prepared by carbiding iron with carbon monoxide. 
The other nine experiments were on samples in 
which the FejC was originally formed by using 
butane as the carbiding gas. 

Discussion 
Reaction (2) has been studied by Watase12a in 

the temperature range 450-603° and by Schenck13 

in the temperature range 350-850°. As can be 
seen from Fig. 4, Watase's data are in very good 
agreement with those obtained in the present work 
at about 500°. Furthermore, his data in the 
range 500 to 600° agree Well with an extrapolation 
of our own data to the higher temperature range. 
On the other hand, the equilibrium values ob
tained by Schenck are considerably lower than 
the curve shown in Fig. 4, and are somewhat scat
tered. The cause of this disagreement with 
Schenck's data is not apparent. 

Kelley8 has represented ACp for reaction 2 by 
the equation 
ACp = 21.13 - 26.26 X 1 0 - 3 r 4- 1.118 X KPT'* (3) 

From equation (3) and the experimental data, 
the heat and free energy of reaction 2 may be rep
resented by the equations133 

AH" = 18,584 + 21.13r - 13.13 X 10-»r 2 -
1.118 X 1 0 6 r - 1 (4) 

AF0 = 18,584 - 48.66F log T + 13.13 X lO"3 T1 -

0.559 X WT-1 + UOAOT (5) 

The maximum deviation of the experimental 
points from equation (5) for free energy and heat 
values was 2.8%; the average deviation was 1%. 

The heat and free energy of formation of FesC 
(/3) according to the reaction 

3Fe(a) 4- C(/3 graphite) = FeiC(/3) (6) 

may be calculated by using the heats and free 
energies of formation of methane as given by Ros
sini14 according to the reaction 

C(/3 graphite) + 2H2(g) = CH4(g) (7) 
and equations (4) and (5). In Table 111 are 
given the calculated values for the free energy and 
heat of formation of FesC(/3) in the temperature 
range 298.1-800 °K., compared with values ob
tained from a smoothed curve through Watase's 
data. Obviously, the two sets of free energy and 
heat values are in excellent agreement. 

(12a) W a t a s e , J. Chem. Soc. Japan, M , 110 (1933). 
(13) Schenck , Z. anorg. Chem., 164, 145 (1927). 
(13a) AH 0 a n d J were o b t a i n e d b y p l o t t i n g t he funct ion 

S = - R In Kp + 48.66 log T- 13.13 X 10~ 8 r + 
0.559 X 106F-2 

aga ins t 1/T a n d o b t a i n i n g t h e bes t s t r a i gh t l ine t h r o u g h t h e po in t s 
by t h e m e t h o d of l eas t squa res . AH 0 is t h e slope, a n d I t he i n t e r cep t 
of t h e line so ob ta ined . T h e l ines d r a w n t h r o u g h t h e expe r imen ta l 
po in ts on the log Kp versus 1/T p lo t s for r eac t ions 1 a n d 2 were ob
ta ined b y ca lcu la t ing log Kp a t t h e va r ious t e m p e r a t u r e s from equa 
t ions (5) a n d (8) . 

(14) Rossini , "Se lec ted Values of P rope r t i e s of H y d r o c a r b o n s , " 
Circular of t h e N a t i o n a l B u r e a u of S t a n d a r d s C461 , 1947. 
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Fe2C.—Expressing the data for Fe8C in the 
form of a free energy or heat change equation is 
much more difficult than it was for similar data 
for Fe3C because no heat capacity data exist for 
the compound Fe2C. As an approximation, it 
may not be unreasonable, however, to assume that 
the ACp change for reaction 1 is the same as for 
reaction 2. With this assumption the data from 
Table 1 for reaction 1 then lead to the following 
expression for the variation of AF0 with tempera
ture 
AF" = 17,081 - 48 .66r iog T + 13.13 X IQ-3T- -

0.559 X 1OT- ' + 113.7-IT (8) 

Although this equation does involve an assump
tion in regard to the change in heat capacity, it 
represents the experimental data well over the 
temperature range studied and presumably, 
therefore, can be used for short extrapolations of 
the experimental data, 

In Fig. 5 are plots ot log A' against 1/7" for both 
the Fe2C and the Fe3C systems, the K values be
ing calculated from free energy equations (3) and 

V, C'K. 

1.40 1.50 1.60 1. 

10 3 / r , 0K. 
Mg. 5. -Authors ' values for the log of the equilibrium 

constant, log (Hj)VCI-U for reactions 1 and 2: open circles, 
reaction 1 equilibrium approached from excess hydrogen 
• ide; solid circles, reaction 1 equilibrium approached from 
i:\cess methane side; open squares, reaction 2 equilibrium 
approached from excess hydrogen side; solid squares, 
reaction 2 equilibrium approached from excess methane 
side. Solid lines were calculated from equations (5) and 
(8). Dotted line represents equilibrium values for reac
tion 2 approximately as given by Kelley,8 slight modifica-
i ions of his values being introduced by employing the 
more recent heal of formation value for CIl4 as given by 
Rossini.' ' 

(8) for the equilibria of reactions 1 and 2. As is 
evident from the plot, the experimental data are 
well represented by the equations. The calcula
tion of Kelley8 for the equilibrium constants for 
reaction 2 are shown by a dotted line. 

The experimental errors involved in getting the 
data shown in Table I for reaction 1 are somewhat 
greater than those involved in getting the data for 
reaction 2. The maximum deviation of experi
mental points from those calculated by equation 
(8) is 4%; the average deviation was 1%. A 
somewhat larger error is to be expected for the 
values for the equilibrium constants for reaction 1 
than those for reaction 2 because of the smaller 
partial pressures and percentages of hydrogen in 
the equilibrium gas mixture for the Fe2C system 
compared to those for the Fe3C system. The 
former were in the range 2.5 to 5% whereas the 
latter extended from about 3.6 to 30%. A given 
reading error in getting the pressure of hydrogen 
would therefore cause a larger percentage error in 
the equilibrium constants for reaction 1 than 
those for reaction 2. 

It should be noted that for both reaction 1 and 
reaction 2 the equilibrium values obtained from 
the reduction side were in good agreement with 
those obtained from the carbiding side. This 
can be seen readily by comparing the experimental 
points from the two approaches in Figs. 3 and 4. 

It is possible to combine the data for reaction 7 
with the data for reaction 1 to yield values for the 
free energy of formation of Fe2C by the reaction 

21''e(a-j + C!'a graphite) = Fe2C (0; 

The results of such calculations for reaction 9 are 
shown in Table IV. The numerical calculations 
have been restricted to a temperature range that 
entails only a short extrapolation since, in the ab
sence of reliable heat capacity data for Fe2C, 
equation (S) ought not to be used over an ex
tended temperature range. The numerical values 
shown for 500 and 6000K. are slightly different 
from the values of 4.070 and 3.542 kcal. previously 
reported16 because of the inclusion in the present 
data of six additional equilibrium values, which 
changed slightly the slope of the line obtained by 
plotting log Kp against 1/7. 

Carbide Equilibrium Data and the Fischer-
Tropsch Synthesis Mechanism.—In a recent 
paper15 some of the results obtained for reaction 1 
were used to calculate approximate values for the 
free energies of formation of Fe2C. These data 
for Fe2C were then employed to show that the 
equilibria for the reaction of hydrogen with Fe2C 
to form any mouoolefius according to the reaction 

WFe2C + «H, = C H 2 n + 2«Fe (10) 

were unfavorable over the temperature range 227 
to 327°. Similarly, the formation of appreciable 
concentrations of the saturated hydrocarbons 

1 •'!,: kinniiKT. lirtAvuiii^ ami h u m i e t t ./- Chem. 7J/;y^., 16, 7:.<N 
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having more than 6 carbon atoms according to 
the reaction 

»Fe2C + in + I)H2 = CnH2M-, + 2«Fe (11) 

was also shown to be thermodynamically unfa
vorable above about 300°. More extended calcu
lations of the equilibrium data for these two reac
tions made by using the values for the free energy 
of formation of Fe2C from Table IV are shown in 
Tables V and VI. It is apparent from these calcu
lations, as from our previous ones, that the forma
tion of any of the monoolefins or of the paraffin 
hydrocarbons having more than 6 carbon atoms 
according to reactions 10 and 11, respectively, is 
thermodynamically unfavorable at 500 and 
6000K., the approximate limits of the temperature 
range for Fischer-Tropsch synthesis over iron 
catalysts. I t may be safely concluded therefore 
that practically none of the olefin content, and of 
the paraffin hydrocarbons having more than 6 or 8 
carbon atoms, can be produced by reactions 10 
and 11 in Fischer-Tropsch synthesis. 

The previously reported calculations and the 
present ones for reactions 10 and 11 have been 
purposely restricted to cases in which all of the car
bon of the hydrocarbon would come directly from 
the carbide and not partly from any CO-H2 mix
ture that might also be present. Because of these 
restrictions care was used in the previous publica
tion16 and must also be used here to avoid making 
any implication as to whether or not there are re
actions by which Fe2C could participate in the 
Fischer-Tropsch synthesis as an intermediate. It 
was fully realized and has since been pointed out 
by Schuman16 that numerous reactions involving 
hydrogen and both Fe2C and CO, and leading to 
the formation of olefins and paraffins can be writ
ten and shown to be thermodynamically favorable. 
One can only state from the calculations in this 
and in our previous paper that the reduction of 
Fe2C by hydrogen over the range of temperatures 
and partial pressures of hydrogen employed in 
Fischer-Tropsch synthesis cannot lead to the 
formation by reaction 10 of the partial pressures of 
olefins actually found in such a synthesis or to the 
formation by reaction 11 of observed partial pres
sures of the higher paraffin hydrocarbons if all of 
the carbon in the hydrocarbon is assumed to come 
directly from the reduction of Fe2C. The ques
tion of the extent to which the reduction of Fe2C 
may furnish part of the carbon in hydrocarbon 
molecules by reactions such as proposed by Schu
man16 must be answered by other experimental 
approaches. I t may be pointed out here, how
ever, that the results of the C14 tracer experi
ments17 indicate that, at the most, one of the car
bon atoms out of every 6 to 10 in a hydrocarbon 
molecule comes from the reduction of the surface 

(16) Schuman, / . Chem, Phys., 16, 1175 (1948). 
(17) Kummer, Dewitt and Bmmett, T H I S JOURNAL, TO, 3632 

(1848). 

of any bulk Fe2C that may be present in an iron 
Fischer-Tropsch catalyst. 

In connection with a discussion of reactions 10 
and 11 to form olefins and paraffins, some mention 
should be made of the possible reduction by hy
drogen of Fe3C and of hexagonal Fe2C to form 
hydrocarbons. As pointed out previously, and as 
is evident from comparison of Tables III and IV, 
the free energies of formation of Fe3C and Fe2C 
differ by only a few hundred calories over 
the temperature range 500 to 6000K. pertinent 
to the Fischer-Tropsch synthesis. Accordingly, in 
Fischer-Tropsch synthesis over iron it is equally 
as impossible for Fe8C as for Fe2C to furnish all of 
the carbon for any of the olefins or for the paraffins 
having more than 6 or 8 carbon atoms by direct 
reduction by hydrogen by reactions analogous to 
reactions 10 and 11 above. I t is more difficult to 
make any positive statements relative to the pos
sible direct reduction of hexagonal Fe2C to form 
olefins or higher paraffins because no equilibrium 
data exist on this particular carbide.18 One can 
easily calculate, however, that if all of the ethylene 
observed in a typical fluidized Fischer-Tropsch 
unit operating at about 6000K. and 10 atmos-
spheres total pressure were to be accounted for by 
the reduction of hexagonal Fe2C, the latter would 
have to have a positive free energy of formation 
4,000 to 5,000 calories higher than that of normal 
Fe2C. It seems unlikely that two compounds dif
fering only in crystal structure would have such a 
large difference in free energy of formation. Final 
conclusions on this point must, however, await 
additional work on this rather elusive and diffi
cultly prepared hexagonal Fe2C. 
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Summary 
Equilibrium constants for the reaction 

CH4 + 2Fe(a) = Fe2C + 2H2 (1) 

are reported in the temperature range 295-350° 
and for the reaction 

CH4 + 3Fe(«) = Fe3C(/3) + 2H2 (2) 

in the temperature range 320-468°. Free ener
gies of formation of Fe2C and Fe3C calculated 
from the data for reactions 1 and 2 have led to the 
conclusion that the formation of all monoolefins 
and of saturated hydrocarbons containing more 
than six carbon atoms by the direct reduction of 
Fe2C and Fe3C in the temperature range 450— 
650°K. is thermodynamically unfavorable. The 
results obtained for reaction 2 agree well with 
those obtained at higher temperatures by Watase. 
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(18) Hofer, Cohn and Peebles, ibid., Tl, 189 (1949). 


