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The equilibria of the decomposition reactions of carbon monoxide and methane 
were studied in the temperature range 451%700°C on various nickel catalysts by 
means of a thermogravimetric apparatus. As previously, equilibrium constants were 
obtained which imply deviations from constants based on graphite data. The equi- 
librium constants varied from catalyst to catalyst and were correlated with nickel 
crystallite size. Examination in the electron microscope showed a whisker-like struc- 
ture of the carbon formed, and that the diameter of the whisker was very close to 
that of the nickel crystallite attached to it. Deviations from graphite data may be 
explained by a disordered structure of the carbon and by a higher surface energy 
depending on the whisker diameter. The chemical composition and the activity of 
the catalyst appeared to be of minor importance for the deviations from graphite 
data. The reactions were prevented by sulfur chemisorbed on the nickel surface. 

It is well known that coking of catalysts 
for steam naphtha reforming may take 
place in two ways. First, coke may be 
formed due to poor activity or selectivity 
of the catalyst for conversion of naphtha 
to gaseous products, i.e., hydrogen, carbon 
monoxide, carbon dioxide, and methane. 
The carbonaceous deposits may be stable 
in a steady state condition even if the 
equilibrium composition predicts no forma- 
tion of carbon. Secondly, carbon may be 
formed from the products carbon monoxide 
and methane when the equilibrium composi- 
tion shows positive affinity for decomposi- 
tion of these components. The present 
work, being part of a study on coking of 
naphtha-reforming catalysts, deals with 
decomposition of carbon monoxide, i.e., the 
Boudouard reaction, and with decomposi- 
tion of methane: 

2C0 = C + COz + 41.2 kcal; (1) 
CH, = C + 2Hz - 17.6 kcal. (2) 

Normally, coking originating from these 
reactions is eliminated by operating with 
an excess of steam so that thermodynamics 

predict no formation of carbon after estab- 
lishment of equilibrium. However, early 
studies by Dent (1) revealed that the 
Boudouard equilibrium was influenced by 
the carbon modification involved. Later, 
Dent et al. (2) studied the equilibria of 
both reactions on a nickel catalyst. Both 
reactions showed equilibrium constants de- 
viating from those based on graphite data, 
implying that higher contents of carbon 
monoxide and methane, respectively, were 
allowed before coking was observed. The 
results indicated formation of nonideal 
graphite. Later, Nicklin and Whittaker (3) 
reported equilibrium constants for other 
catalysts showing extremely high deviations 
from graphite values when Urania is pres- 
ent in the catalyst. On this basis the present 
study of the two reactions was performed 
over a wide range of nickel catalysts to 
elucidate the influence on the observed non- 
ideal equilibrium constant of various cata- 
lyst parameters. 

Chemisorption studies of carbon mon- 
oxide have shown results varying from 
catalyst to catalyst. This was previously 
explained by an influence of the carrier on 
the chemisorption properties of the metal 
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due to the electronic properties of the junc- 
tion met,al/support (4), whereas more re- 
cent studies (5, 6) favor an explanation in 
terms of different amounts of specific nickel 
sites from catalyst to catalyst. 

The formation of carbon by the 
Boudouard reaction on monocrystalline 
nickel was studied at 550°C by Leidheiser 
and Gwathmey (7, 8)) who found a strong 
influence of crystal orientation. Carbon was 
found on the (111) faces, whereas no car- 
bon was detected on the (100) and (110) 
faces. Gwathmey (9) also studied the in- 
fluence on the reaction of the d-character 
of the metal, using copper-nickel alloys. 
Again, carbon was formed selectively on 
the (111) faces, indicating that the proper- 
ties of the individual surface atom and its 
neighbors are more important for the re- 
action than are the electronic properties of 
the bulk phase. 

The surface structure of carbon on nickel 
has been studied recently by Coad and 
Riviere (10) using Auger spectroscopy. Two 
structures were observed and attributed to 
nickel carbide (NC) and to graphite on 
the surface. On heating above about 400°C 
the carbide decomposed, forming graphite. 
This is in accordance with bulk chemistry, 
nickel carbide being unstable between about 
400 and 1600°C. In this temperature range 
carbon is dissolved to a small extent in 
nickel (11). A similar result was obtained 
by magnetic studies by Escoubes and 
Eyraud (12) in a study of the Boudouard 
reaction. Above 350°C no modification of 
the magnetic propcrtics of nickel was de- 
tected. The existence of an intermediate 
carbide phase during the Boudouard reac- 
tion at temperatures above 400°C has been 
discussed by Renshaw, Roscoe, and Walker 
(13). However, the existence of a precursor 
for carbon in the form of an intermediate 
carbide or some carbon dissolved in nickel 
would not change the equilibrium constant. 

Examination in an elect’ron microscope 
of the carbon product indicated that it was 
very porous and consisted of “tangled 
threadlike segments” (8) ; Hofer, Sterling, 
and McCartney (14) found that many of 
the whisker-like threads appeared to be 
tubules. They assumed that the tubules 
were not hollow, but contained material 

less dense than the outside walls. Most of 
the threads contained nickel nuclei of about 
the same diameter as that of the corre- 
sponding thread. The nuclei appeared al- 
most invariably at the ends of the threads. 
Renshaw, Roscoe, and Walker (13) ob- 
served this structure and a flake-like ma- 
terial as well. 

Two different structures were also re- 
ported by Robertson (15)) who studied the 
decomposition of methane at 750°C on 
nickel films. The two types of deposit were 
identified as “flake” and “polycrystalline.” 
The “flake”-carbon showed a perfect crys- 
talline graphite nature whereas fibrous poly- 
crystalline carbon showed a disordered 
structure containing nickel particles simi- 
lar to that observed in carbon formed by 
decomposition of carbon monoxide. How- 
ever, some degree of graphitic order was 
indicated, as the basal planes (0001) of 
the crystallites were in a preferred orien- 
tation parallel to the long axis of the fiber. 
These result,s were confirmed by Baird et 
al. (16), who also observed the basal 
graphite planes to be parallel with the sur- 
face of the metal particle, but, the struc- 
ture showed no preference of direction of 
growth. The fibers were surrounded by an 
amorphous layer. 

The component to be decomposed ap- 
pears to be of minor importance for the 
structure of the carbonaceous deposits. 
LEED studies by Edmonds and Pitkethly 
(17, 18) indicated that the structure of car- 
bon formed by decomposition of carbon 
monoxide is very close to that formed in 
LEED studies involving cracking of ethpl- 
ene. It has been claimed (19)) also on basis 
of LEED studies, that similar structures 
of carbon are observed from decomposition 
of methane and ethylene. The similarities 
between structures obtained from methane 
and other hydrocarbons have also been dis- 
cussed by Walker et al. (13) and Baird et 
al. (16). 

METHODS 

Apparatus 

The experiments were carried out in a 
t,hermogravimetric system (Fig. 1). The 
cat’alyst was placed in a basket hung in a 
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FIG. 1. Apparatus for coking studies. 

REEC-EMBl electro-microbalance having 
a recorder output sensitivity of 100 mV/mg. 
Weight changes of 0.1 mg could be ob- 
served. The basket was placed in a reactor 
surrounded by an electrically heated fur- 
nace. The reactor and the microbalance 
were separated by a nitrogen sealing 
system. 

The basket was made of gold (14 carat 
covered by 18 carat). For experiments 
above 600°C a basket of inconel was used. 
The walls of t.he basket were perforated by 
holes with a diameter of approx. 1.2 mm. 
The reactor was made of inconel. CO and 
COz, or Hz and CH,, were introduced 
through capillary flowmeters to the bottom 
of the reactor, and left the system at the 
reactor t,op together with the sealing gas. 
Calculations showed back-diffusion of N, 
to have a negligible effect on the gas com- 
position over the catalyst. 

Measurements of axial temperature pro- 
files in the empty reactor indicated temper- 
ature gradients of less than 2°C in the 
basket zone. During the experiment, the 
temperature was measured just below the 
basket. The mean temperature in the cata- 
lyst was l-2°C higher than measured. The 
temperature was adjusted by means of a 
thyristor controller. 

Gases 
All gases were taken from cylinders. CO 

and CO, were used unpurified. Gas-chro- 

matographic analyses indicated impurities 
(mainly N,) to be less than 1%. N, and 
H, were purified over Cu wire at 250- 
275°C. CH, was taken unpurified from a 
cylinder. Gas-chromatographic analyses in- 
dicated impurities of N, and COz of 1.4 
and 0.7 vol %, respectively. A minor con- 
tent of C&H, (0.02 vol %) was found, but 
no traces of higher hydrocarbons were de- 
tected. A few experiments including re- 
moval of CO2 over ascarite showed this to 
be of no importance. With no purification 
CO, passed unconverted through the 
reactor. 

Catalysts 

The catalysts, most of which were based 
on magnesia (A-types) are described in 
Table 1. The samples of preparations in- 
clude examples of sulfur poisoning, various 
reduction procedures, sintering, and coking. 
Moreover, the nickel content was changed, 
and cobalt and copper were introduced. 
Other catalysts (types B-D) were prepared 
by impregnation on various commercial 
carriers such as magnesium aluminium 
spinel, v-alumina (Pechiney Saint Gobain 
SAS-350)) and a-alumina (Carl Otto). Some 
of the catalysts were promoted with alkali. 
One catalyst was promoted with Urania 
following the preparation technique de- 
scribed by Nicklin et al. (3) in relation to 
their studies of the Boudouard reaction. 

The catalysts were reduced in hydrogen 
at 850°C for a period of 2 hr, unless other- 
wise stated. The content of nickel in the 
reduced state was determined by chemical 
analysis involving selective dissolving of 
nickel metal by treatment with a bromine- 
methanol solution. 

The nickel area was expressed as the 
sulfur capacity, using a method described 
previously (2U). Cobalt and copper were 
assumed to chemisorb sulfur as does nickel. 
On the basis of the analysis of reduced 
nickel and the sulfur capacity, a mean 
radius of the nickel crystallites was calcu- 
lated by the formula: 

rmean = 1.48 X lo4 (ZNi/SO)A, (3) 

where XNi = reduced nickel (wt s/o), and 
so = sulfur capacity (wt ppm) . The formula 
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TABLE 1 
C.\TALYST PROPERTIES 

Ni-area 
Particle size 

Content of (expressed w 
Cat,alyst reduced h’i S-capacity) 

no. Comments (wt %I (PPm s) 

A-types, fixed chemical composition (25cc Ni) 

Al 23 x 
A2 Al, S-poisoned : 25.2 

760 S ppm 
A3 Reduced in 16 4 

excess drv 
Hi, 2 hr 

A4 A3, reduced in 23 1 
HgO/H, = 3, 
16 hr 

A5 6 wt y:, C 64 
A6 A5, regenerated 19.5 
A7 Sintered 23 5 

A-t,ypes, modified composition 

A8 
A9 
Al0 
All 
Al2 
Al3 

Al4 

R-t.ypes 

Bl 
B2 
B3 
B4 

c-types 

Cl 
C8 

D-type 

Dl 

29c/1 Ni 
19%;, Ni 
147; Ni 
llYc Ni 
6c/; Ni 
Ni/Cu = 

0.7/1.3 
Co replaring Ni 

1.60 wt oi; K 
1..53 wt yc K 

1.65 wt y0 K 

10.0 wt Tc Ii, 
0.07 wt ‘yO K 

27.6 3400 120 75-400 
18.9 2580 109 75-400 
13.9 1844 112 50-125 
9.1 1880 x5 50-200 
5 0 1110 67 <iO~200 
7.6 Fig.5 206 50-150 

59 

58 

22.9” 2420 140 -(500) 

<l 

<l 

80 1!)5 607 
12.4 246 745 
16.6 X78 282 
17.5 390 665 

~500-2500 
-2000 

500-2500 
-2000 

8.5 

0.26 

16.5 2840 X6 100-400 23 
11 5 2800 61 30-250 <l 

13.7 1400 147 -1000 

885 398 250-2500 
760 490 500-4000 

4100 59 50-2.50 

1670 205 .X0-1000 

(525) (179) 100G1.500 
980 293 100-750 
470 740 150-2000 

Calc. Electron microscope 
~“Ym particle diarretel 
(A) Lb 

Activity CsHc 
conversion 

(74) 

12 
<I 

44 

28 

2.4 

a Percent, red. Co. 

is derived assuming the nickel crystallites 
to be half-spheres exposing the spherical 
surface, the saturated surface being as- 
sumed to contain 44.2 X 1CP g S/cm2. The 
distribution of nickel crystallite sizes was 
examined by means of an electron 
microscope. 

The catalyst activity was estimated from 
experiments on the steam reforming of 

ethane. The figures are conversions obtained 
at standard conditions (500°C ; 1 atm ; 
H,0/C2Hs = 8 mole/mole; space velocity 
= 42 X lo3 vol CzH,/vol catalyst hr; cata- 
lyst particle size = 0.1-0.3 mm). Although 
this way of comparing catalyst activities 
may be doubtful, it is sufficient for the 
present study in serving as a rough classi- 
fication of the catalysts. 
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Procedure 

A sample of reduced catalyst as 2-3 mm 
particles was placed in the basket. A cata- 
lyst bed length of 10 mm (volume 0.79 ml) 
was used provided the catalyst weight did 
not exceed 0.72 g. The catalyst was heated 
in H, (4 nliter/hr) until temperature and 
sample weight had stabilized. When study- 
ing the Boudouard reaction, H, was re- 
moved by purging with Nz (4 nlit,er/hr) 
for a period of 5 min. Nz was replaced by 
CO, (10 nliter/hr) and immediately after 
that, CO was added. The CO flow was in- 
creased stepwise at intervals of 5-10 min 
until an increase in weight was indicated 
on the recorder. Then, the CO flow was de- 
creased stepwise, until a decrease in weight 
was indicated. By interpolation, the CO 
concentration corresponding to a stable 
weight of the catalyst was found. This was 
defined as the equilibrium state. In several 
experiments this procedure was repeated 
and no hysteresis effects were observed. 
The experiments on methane decomposition 
followed a similar procedure, CH, being 
added stepwise to H,. 

A certain excess of CO or CH, was re- 
quired to start the reaction. This supersatu- 
ration was reproduced in experiments in- 
cluding two coking-decoking cycles, 
whereas reproduction from experiment to 
experiment was poor. When heating cata- 
lyst Al in pure CO and CH, at a rate of 
4”C/min, carbon formation was detected 
at 280 and 23O”C, respectively. 

RESULTS AND DISCUSSION 

Electron Microscopy 

Catalyst samples exposed to pure car- 
.bon monoxide or methane at 500°C were 
examined in an electron microscope. 
Whisker-like structures as shown in Fig. 2 
were observed, whereas no flake-like ma- 
terial was identified. The whiskers had the 
same tubular appearance as that described 
by Hofer et al. (14). Similar structures 
were observed on samples exposed to 
naphtha. Most of the whiskers contained 
a nickel crystallite, normally located at the 
end, and the diameter of the whisker was 

very close to that of the nickel crystallite. 
This observation is important for the in- 
terpretation of the equilibrium studies and 
will be discussed in more detail. 

The preferred orientations (i.e., the basal 
graphitic planes parallel to the long axis 
of the fiber) observed by Robertson and 
Baird (15, 16) reflect an unusual growth 
habit as the growth of whiskers normally 
leads to single crystals in which the 
whisker axis coincides with a low index 
crystallographic direction (i.e., the 
<OOOl> direction). The normal growth 
may be explained by assuming the presence 
of an axial screw dislocation. However, 
Sears (21) has demonstrated that for 
graphite, in a certain region of supersatu- 
ration, it may be possible to obtain a 
whisker with its axis parallel to the c-plane 
(0001). First, a short whisker is formed by 
the normal mechanism with coincident 
c-axis and whisker-axis. Then a preferen- 
tial two-dimensional nucleation of c-layers 
[ (OOOl)-planes] occurs on the columnar 
a-surfaces. The c-layer grows around the 
parent core whisker. The growth of one 
layer over the other would form the con- 
figuration of a radial edge dislocation pro- 
viding a scroll whisker. Sears’ calculations 
may account for the preferred orientations 
observed by Robertson and Baird, and 
probably for the tubular appearance ob- 
served by Hofer et al. (14) and in the 
present work, as the less dense center could 
be the core whisker. 

Coking studies performed in the electron 
microscope showed some interesting re- 
sults. When heating catalyst samples in 
the electron microscope, residual oil origi- 
nating from the equipment cracked on the 
catalyst. The whisker growth started on 
the smallest crystallites. The growth ap- 
peared spontaneous. The growth on larger 
crystals started later. The smallest crystal- 
lites may be more reactive as they show 
to a greater extent surface irregularities at 
which decomposition might most easily 
occur. The importance of such sites for the 
rate of the Boudouard reaction has been 
emphasized by Gwathmey (9) and Grenga 
(92). 

The whiskers formed in the electron 
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F ‘IG. 2. Elect,ron micrograph of whisker-like carbou formed by decomposition of Cl& ou 
500 “C. 

catalyst Bl at 

microscope were very thin n-ith no de- 
pendence on nickel particle size. This could 
be the core whisker reflecting that the 
supersaturation at the specific conditions 
has not allowed format’ion of a scroll 
whisker. Similar thin whiskers with a di- 
ameter much less than that of the metal 
particle were observed in Pfeffcrkorn’s 
studies of oxidation of metals (23). 

A mechanism resulting in scroll whiskers 
having a diameter close to that of the 
nickel particle has not’ yet been formulated. 
It should be noticed from Fig. 2 that t’he 
core whiskers appear to grow from an edge 
of the nickel crystallites. The scroll whisker 
might be assumed to grow from the core 
whisker in the direction of the nickel crys- 
tallite, as most likely the reaction takes 
place at the interface of carbon and nickel 
11.2). 

EqzliliOrilc7tl Stclclies 

CO Decomposition. The experimental re- 
sults arc shown in Tables 2-4. Equilibriun. 
constants have been calculated from: 

K, = (C0,)/[(CO)2 . P] atm-I. (4) 

Moreover, calculations have been made 
of deviation of the free energy, AG,, from 
that involved in the reaction with graphit&. 
This value reflects the excess energy of the 
carbon formed compared to that of 
graphite : 

AC:‘ = AQ’xtunl resetion - AG’rrrnpt~te reaction; 

(5) 

AC, = - RT 111 K,,,,,,,, + RT In KPgraPhi,. 
(6) 

Experiments with catalyst Al at various 



co AND c& DECOMPOSITION 349 

TABLE 2 
CO DECOMPOSITION: EXPERIMENTS WITH CATALYST Al AT VARIOUS TEMPERATURES 

co vol gi-, 

Exp. no. 
Temp. 

(“Cl 

start 
of coke Equil. 

formation completed 
Pressure Kpobrrvsd K,r,,ite dnta AG, 
(mm W (atm-I) (atm-I) (kcal/mole) 

513a 450 8.27 5.65 764 294 1457 2.30 
322a 500 28.6 12.3 760 58.0 227 2.09 
714 500 15.3 11.5 766 66.5 227 1.89 
719 500 25.9 13.8 764 45.0 227 2.48 
514a 550 44.4 21.6 767 16.6 44.6 1.61 
323a 600 69.7 33.3 761 6.00 10.6 0.97 
330 700 69.7 68.0 769 0.684 0.934 0.60 

a Two or more cycles performed. 

temperatures (Table 2) show results 
broadly in line with those obtained by Dent 
(2). As the free energy of the carbon formed 
is higher (l-2 kcal/mole) than that of 
graphite, higher contents of carbon mon- 
oxide are observed in the equilibrium state. 
The deviations from graphite data diminish 
at higher temperature. From Fig. 3, the 
heat of reaction is estimated as 32 kcal/ 
mole in the temperature range studied 
(450-600°C)) whereas the corresponding 
value based on graphite is 41 kcal/mole. 
Estimates of the entropy of reaction show 
values higher than those based on graphite, 
indicating a more disordered structure. 

Experiments with various catalysts re- 
veal a great influence on the equilibrium 

constant from the catalyst type (Tables 
3 and 4). At 5OO”C, the excess free energies, 
AG,, vary from 1.56 to 3.75 kcal/mole, 
whereas at 600°C lower values are found, 
0.97-2.69 kcal/mole. The data of Dent (2) 
are within these ranges, whereas Nicklin’s 
results on Urania-promoted catalyst (3) 
yield much higher energies. However, cata- 
lyst Dl prepared in accordance with Nick- 
lin, shows AG, in the lower part of the 
range indicating no specific function of 
Urania. In general, examination of the re- 
sults indicates the chemical composition of 
the catalyst to be of minor importance. 
Thus, addition of alkali to the catalysts has 
caused no significant changes of the equi- 
librium constant. On the other hand, among 

/ 

FIG. 3. CO decomposition on catalyst Al. Temperature dependence of equilibrium constant. 
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TABLE 3 
CO DECOMPOSITION: EXPKRIMEKTS AT 500°C WITH VARIOUS CATALYSTS 

Catalyst no. 

Max. 
part. 
size 

c-u 

co vol 7% 

Start of 
coke Equil. Pressure 

Exp. no. formation completed (mm Hg) (az-1) (kcatzole) 

A-types 

Al 
Al 
Al 
A2 
A3 
A3 
A4 
A5 
A6 
A7 
A8 
A9 
A10 
All 
Al2 
A12 
Al3 
Al4 

2500 

(4000) 
250 

1000 
1500 

750 
2000 

400 
400 
125 
200 
200 

(150) 
(500) 

322 28.6 12.3 760 58.0 2.09 

714 15.3 11.5 766 66.5 1.89 
715 25.9 13.8 764 45.0 2.48 
511 (‘30) 56 770 (1.4) (7.8) 
421a 31.1 14.0 770 43.3 2.54 
802 15.3 14.5 763 40.6 2.64 
419= 15.4 12.3 766 57.6 2.11 
526a 18.7 12.7 760 <54.1 2.20 
527 29.6 13.x 757 45.5 2.47 
603 20.0 12.7 767 53 8 2.21 
809 15.3 1X8 76d 45. 0 2 48 
810 15.3 14.6 760 40.1 2.66 
506a 37.2 20.0 771 19.7 3 75 
812 29.6 16.7 75.5 29.9 3.11 
x11 15.3 15.3 757 38.6 2.72 
813 15.3 13.8 760 45.2 2.48 
601 67.7 18.6 770 23 2 3. 50 
602 33.3 12.7 770 53 5 2.22 

Other types 

Bl 
B2 
B2 
B3 
B3 
B3 
B4 
Cl 
c2 
c2 
Dl 

2500 
2000 

2500 

2000 
400 
250 

1000 

42P 31.1 11 .:i 
721 12.3 10.4 
727 15.3 11.0 
503a 31.1 12.3 
722 15.3 13.8 
726 18.7 12.3 
728 12.3 11.5 
4018 33 3 20 0 
405a 42.8 19.2 
804 29.6 20 0 
720 15.3 II .5 

761 
764 
i6X 
767 
762 
764 
766 
760 
759 

764 

6:S.S 1.96 
x2.4 1.56 
72.8 1.74 
57.5 2.11 
45.1 2.4X 
57.7 2.10 
66.<5 1.X9 
20 0 3 73 
21 .<I 3 59 
20.1 3.72 
66 5 1 X9 

Dent (2) 11.0 (760) 73.5 1.73 
Nicklin (S) 41.2 (760) 1.2 x.02 
Graphite dat,a 6.4 (760) 22.7 0 

c Two or more cycles performed. 

A-types, great variations are observed. 
Even the reduction procedure and sintering 
of the catalyst may influence the results. 
Catalyst activity appears to play no role. 

The sulfur-poisoned catalyst A2 does not 
follow the general trend. It was difficult to 
conclude whether carbon formation oc- 
curred. This is in line with the observa- 
tions made by Sickafus (24) who studied 

the influence of chemisorbed sulfur on the 
adsorption of carbon on nickel by means of 
Auger spectroscopy. The experiments dem- 
onstrated that adsorbed carbon does not 
overlap into the sulfur domains. Therefore, 
it was assumed that the carbon is limited 
to t.he regions that are not already occupied 
by sulfur. Earlier observations of Crell 
et al. (25) showed chemisorption of carbon 
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TABLE 4 
CO DECOMPOSITION: EXPERIMENTS AT 600°C WITH VARIOUS CATALYSTS 

co vol 70 
Max. 

particle Start 
size of coke Pressure AGc 

Catalyst no. ch 
Equil. KP 

Exp. no. formation completed (mm Hd (atm-I) (kcal/mole) 

A-types 
Al 2500 323 69.7 33.3 761 6.00 0.97 
A3 250 422a 63.0 50.0 770 1.98 2.89 
A4 1000 4200 56.4 44.4 765 2.81 2.28 
A10 125 510 69.7 48.2 768 2.22 2.69 

Other types 
Bl 2500 4290 66.7 35.5 756 5.14 1.23 
B3 2500 4308 52.4 35.5 767 5.08 1.25 
B3 505Q 52.4 33.3 769 5.93 0.99 
Cl 400 402a 69.7 49.9 756 2.02 2.85 
c2 250 4068 69.7 43.4 760 3.01 2.16 

Dent (2) 34.5 (760) 5.6 
Nicklin (3) 70.2 (760) 0.60 
Graphite Data 26.4 (760) 10.6 0 

a Two or more cycles performed. 

monoxide restricted to the empty places of 
the sulfur-poisoned surface. Crell’s mono- 
layer formed at low temperature has con- 
tained hydrogen from the dissociative 
chemisorption of hydrogen sulfide, and the 
results can be explained by chemisorption 
of carbon monoxide easily replacing hy- 
drogen (d6’) , whereas chemisorbed sulfur 
remains stable. As the monolayer of sulfur 
formed from hydrogen sulfide at tempera- 
tures above 200°C is a surface compound 
containing no hydrogen (27, S8), no reac- 
tion of carbon monoxide is expected on a 
nickel catalyst covered with sulfur at high 
temperatures. The presence of coke deposits 
before the experiment in catalyst A5 had no 
influence. 

As shown in Fig. 4, the equilibrium con- 
stant correlates with maximum nickel crys- 
tallite size (determined by an electron 
microscope). Correlation coefficients of 0.70 
and 0.96 have been calculated on the basis 
of the data at 500 and 6OO”C, respectively, 
indicating great significance. The greatest 
deviation from graphite data is observed 
over catalysts with the smallest nickel 
crystallites. It should be noticed that 

A-types with nickel-copper alloy or cobalt 
as metal phase fit in the correlation in- 
dicating the bulk properties of the metal 
to be of less importance. This is in accord- 

30 Kp otm-1 

‘irn ,wo Ni-PARTICLE SIZE d m;$ 

FIG. 4. CO decomposition on various catalysts 
at 500°C. Correlation of equilibrium constant and 
maximum diameter of nickel crystallites. Kp 
(graphite) = 227 atm”. 
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ante with the observations of Gwathmey 
(9). 

On the basis of the observations in the 
electron microscope showing the diameter 
of the carbon whisker close to and not 
greater than that of the nickel crystallite, 
it appears reasonable to ascribe the effect 
of the particle size to being geometrical. 
The deviations from graphite data might 
be explained by a contribution of the sur- 
face energy. The surface energy increases 
with decreasing whisker diameter and 
nickel particle size. In a simplified model 
assuming the whisker to be an infinite cyl- 
inder, the Kelvin equation becomes: 

p - /.lo = y . M/r . p, (7) 

where p and ,LL~ are free energies of a cylin- 
der with radius r and of carbon with no 
curvature, respectively. y is the surface ten- 
sion, and M and p are molecular weight 
and density, respectively. The deviation 
from graphite data, AG,, may be expressed 
by: 

AG, = c1 - PO + Pf, (8) 

where pco is the contribution from st’ruc- 
tural defects compared to graphite. Insert- 
ing (7) in (8) yields: 

AGc = (Y . Ml,) - (l/r) + /.A*; (9) 

AG, = k . (l/r) + /.L*. (10) 

When AG, is plotted as function of (l/r), 
a straight line is obtained. 

Some difficulties arise when applying this 
model to correlate AG, with nickel particle 
size. First, every catalyst displays a broad 
range of nickel crystallite sizes. In prin- 
ciple, the equilibrium should be established 
first over the largest crystallites forming 
carbon with smaller energy. However, when 
few large crystallites are present, the re- 
sults may well reflect the equilibrium over 
a smaller crystallite size because of the 
sensitivity of the balance. Secondly, the 
supersaturation required to start the reac- 
tion might result in coking on smaller crys- 
tallites as well. This is likely, as the 
observations in the electron microscope 
indicated the reaction to start on small 
crystallites, and it may bias the results. 
Thirdly, as mentioned above, whiskers with 

diameter less than that of the nickel crys- 
tallite may be formed. These effects all 
imply whiskers with smaller diameter than 
that of the maximum nickel particle size 
which, consequently, may not be the cor- 
rect but the most appropriate parameter 
for the correlations. Therefore, any strict 
use of AG, is ambiguous. 

These problems and accumulated uncer- 
tainties from the experiments are reflected 
in the plot shown in Fig. 5. By linear re- 
gression analysis the slope was determined 
with a relative error of l&15%. Using a 
density for the whisker of 2 g/ml, the sur- 
face tension, 7, is estimated as 7900 
erg/cm”. The same result is obtained from 
the data at 600°C (Fig. 6). In the litera- 
ture, y for a nonbasal surface is estimated 
to be 4000-6300 erg/cm2 (69, SO). It is 
doubtful to compare these values with the 
experimental results as, according to Baird 
(16’), the carbon structure at the whisker 
surface appears very disordered. Moreover, 
the systematic effects mentioned above re- 
sult in too-high estimates of the surface 
tension. However, on the basis of the ob- 
served correlation it appears reasonable 
to ascribe changes in equilibrium constant 

ul A& Kcollmole 

“0 v 0 A-TYPES 
v vOlHER TYPES 

1.0. 

10’ldmax f-l 
0 10 m 30 40 5D 60 70 60 

FIG. 5. CO decomposition on various catalysts 
at 500°C. Deviation from graphite data and nickel 
crystallite size. 
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FIG. 6. CO decomposition on various catalysts 
at 600°C. Deviation from graphite data and nickel 
crystallite size. 

from catalyst to catalyst to various surface 
energies of the carbon determined by the 
nickel crystallite size. 

The value of EL* is estimated to be 2 and 
1.4 kcal/mole at 500 and 6OO”C, respec- 

tively, indicating the nonideal structure of 
the carbon deposits. This is supported by 
the observation in the electron microscope. 

CH, Decomposition. The experimental 
results are shown in Tables 5 and 6. Equi- 
librium constants have been calculated 
from : 

Kp = [(H2)2 . P]/(CH,) atm. (11) 
The excess free energy, AG,, was calculated 
from Eq. (6). 

Results from experiments with catalyst 
Al at various temperatures are shown in 
Table 5. Contrary to what was obtained 
by Dent (.2), AG, deviates from the values 
calculated from the experiments with car- 
bon monoxide, the deviation being less than 
previously. AG, diminishes with increasing 
temperature, as shown previously. As 
shown in Fig. 7, the heat of reaction 
changes from -25 to - 18 kcaljmole, the 
latter value being close to what is obtained 
on the basis of graphite data. 

Experiments with various catalysts at 
500°C showed trends similar to experiments 
with carbon monoxide. The results are 
shown in Table 6, indicating how the equi- 
librium constant correlates with maximum 

TABLE 5 
CHI DECOMPOSITION; EXPERIMENTS WITH CATALYST Al AT Vaa~ous TEMPXRATURI~S 

CH, vol 70 

Start 
Temp. of coke Equil. Pressure Rpobaerve4 h’,,,,,,,,, data AGC 

Exp. no. (“C) formation completed (mm Hd Mm) (atm) (kcsl/mole) 

616 400 96.2 88.3 758 0.0155 0.0636 1.88 
4940 400 94.9 88.3 761 0.0155 0.0636 1.88 
614 450 88.3 75.0 760 0.0833 0.1826 1.13 
611 500 77.7 56.5 760 0.335 0.4619 0.56 
617 500 77.0 58.4 762 0.296 0.4619 0.68 
495a 500 77.0 59.2 764 0.283 0.4619 0.75 
610 550 60.0 42.8 762 0.764 1.0524 0.52 
618 600 47.3 32.2 762 1.43 2.1957 0.74 
496O 600 41.2 31.0 772 1.38 2.1957 0.80 

Dent (2) 
410 86.0 (705)b 0.0055 0.0785 3.53 
525 61.8 (75O)b 0.214 0.6968 1.80 

Q CO2 removed. 
* N2 as balance to total pressure 760 mm Hg. 
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TABLE 6 
CH, DECOMPOSITION: EXPERIMENTS AT 500°C WITH Vart~ous CATALYSTS 

Max. 

particle 
size 

Catalyst no. LQ 

CH, vol To 

Exp. no. 

Start 
of coke Equil. 

formation completed 
Pressure 
(mm Hd 

h’, 
(atm) 

A-types 

Al 
Al 
A2 
A3 
A4 
A7 
A10 
Al3 
Al3 
Al4 

2500 

(4000) 
250 

1000 
2000 

125 

(150) 

(500) 

Other types 

Bl 2000 
B3 2500 
Cl 400 
Dl 1000 

Dent (2) (interpolation) 
Graphite data 

611 
617 
709 
623 
622 
707 
708 
625 
4970 
628 

77.7 56.5 
77.7 58.4 

(100) (99.4) 
79.0 66.7 
81.1 59.1 
77.0 60.5 
83.3 71.5 
96.2 91.5 
90.4 (90.4) 
81.1 63 !I 

706 75.0 55.0 769 0 364 0.366 
702 85.8 61.3 763 0.243 0.986 
629 81.1 68.2 760 0.148 1.75 
712 75.5 59.2 767 0.280 0.77 

760 0.335 0.56 
762 0.296 0.68 
767 (0.4 x 10-b) 14.5) 
761 0.166 1.57 
754 0.286 0.73 
772 0.254 0.92 
771 0.112 2.17 
760 0.0079 6.27 
770 0.0103 5.84 
758 0. 204 1 .25 

760 
io. 142) 
0.4619 

(kcal/mole) 

(1.78) 
0 

o CO2 removed. 

FIG. 7. CH, decomposition on catalyst Al. Tem- 
perature dependence of equilibrium constant. 

nickel crystallite size. A correlation coef- 
ficient of 0.81 has been calculated indicat- 
ing great significance. 

It should be noticed that promotion with 
alkali or Urania and use of cobalt have no 
detectable influence on the results. As pre- 
viously, coking on sulfur-poisoned catalyst 
was unlikely. Contrary to the results with 
carbon monoxide, the nickel-copper cata- 
lyst (A13) does not follow the general 
trend, as AG, is nearly 3 times higher than 
that of the nickel catalyst with smallest 
crystallites. In this connection it should be 
noticed that copper shows no chemisorption 
of methane or activity for exchange reac- 
tions (31) , whereas carbon monoxide is 
chemisorbed on copper already at low tem- 
perature (S.5’). However, additional investi- 
gations are required to explain the behavior 
of catalyst A13. 

The surface tension of the whiskers is 
estimated from a correlation of excess free 
energies and reciprocals of maximum nickel 
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FIG. 8. CH, decomposition on various catalysts 
at 500°C. Deviation from graphite data and nickel 
crystallite size. 

particle sizes as indicated in Fig. 8. By 
linear regression analysis the slope has been 
determined with a relative error of 18% 
and, based on this, the surface tension is 
estimated to be 7440 erg/cm2, which is 
close to the result from the experiments 
with carbon monoxide (7900 erg/cm2). 
Moreover, p* is 0.7 kcal/mole, which is less 
than that obtained with carbon monoxide 
(2 kcal/mole) . In principle, this reflects 
that carbon formed by decomposition of 
methane may have a structure more ideal 
than that formed in the Boudouard reac- 
tion. The result might also be ascribed to a 
nonidentified systematic error introduced 
when studying the CH,/H, system instead 
of the CO/CO, system. 

CONCLUSIONS 

The equilibrium constants of the decom- 
position reactions of carbon monoxide and 
methane are influenced by nickel catalysts 
resulting in higher concentrations of carbon 
monoxide and methane, respectively, in the 
gas phase at equilibrium. The equilibrium 

constant correlates with the maximum 
nickel crystallite size of the catalyst. Thus, 
the greatest deviations from graphite data 
are observed on cata1yst.s with small nickel 
crystallites. The deviation from graphite 
data is explained by a more disordered 
structure of the carbon formed and by a 
contribution from the surface energy of the 
carbon whisker. The latter part changes 
from catalyst to catalyst, as the whisker 
diameter is related to the size of the nickel 
crystallites. This was confirmed by ex- 
amination of the carbon structure in the 
electron microscope. The deviations from 
graphite data were less for the decomposi- 
tion of methane than those observed for 
the decomposition of carbon monoxide. 

The chemical composition of the cata- 
lysts appeared to have no influence on the 
observed equilibrium data. Thus use of 
various carriers, presence of other compo- 
nents such as coke, potassium, and Urania, 
or replacement of nickel by cobalt, had no 
influence, whereas factors determining the 
nickel particle size such as activation 
procedure and sintering are of major 
importance. 

The data obtained on a nickel-copper 
catalyst differed from the general trend in 
the methane decomposition experiments, 
whereas normal behavior was observed in 
the experiments with carbon monoxide. 
Sulfur chemisorbed on the nickel surface 
most likely prevents the decomposition 
reactions. 
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