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The chemisorption of hydrogen both on bare and carburized Ni/SiOl catalysts was studied using 
a low-field magnetic method, infrared spectroscopy, and mass spectrometry. With a freshly re- 
duced and evacuated sample of one of the catalysts, Hz chemisorption was investigated as a 
function of the temperature (30 < 7’ < 100°C). It was found that the slope of the magnetization- 
volume isotherm decreased with increasing temperature, which does not agree with the theory of 
superparamagnetism. The smaller slope at more elevated temperatures was ascribed to a more 
extensive coverage of the smaller nickel particles after admission of the initial Hz doses. Carburiza- 
tion of the catalysts was established by the decomposition of CH4 at temperatures from 30 to 300°C. 
At low surface coverages the carbon was deposited as N&C strongly affecting the magnetization. 
At higher surface coverages CH,-complexes without any effect on the magnetization were chemi- 
sorbed. After the decomposition of CH4 the catalysts were evacuated at 25O”C, which was found to 
result in the conversion of a part of the carbonaceous deposit into methane. Also with the subse- 
quent chemisorption of hydrogen on the carburized catalysts (T = 30°C) the reaction between 
chemisorbed H-atoms and deposited carbon was apparent from the production of CH4. From a 
comparison of the magnetization-volume isotherms for H2 chemisorption before and after the 
deposition of small amounts of carbon it was derived that the decomposition of methane preferen- 
tially proceeds on small nickel crystallites. Finally it was found that hydrogen was adsorbed not 
only on bare nickel (with magnetic effect) but also on nickel carbide (without magnetic effect). 

INTRODUCTION 

In earlier work (I, 2) we reported on the 
interaction of methane with nickel-on-silica 
catalysts at temperatures from 30 to 350°C. 
It was established that methane reacted ac- 
cording to CH4 --, C(ads) + 4H(ads). At 
more elevated temperatures hydrogen de- 
sorbed. Low-field magnetic measurements 
showed that Ni$ and Ni-H were formed 
up to a surface coverage of 0.8. Beyond 
coverages of 0.8 methane was chemisorbed 
without any effect on the magnetization. 

The first of the above papers also dealt 
with the reaction of the deposited carbon 
with a flow of hydrogen. Reaction was ap- 
parent from gaseous reaction products de- 
tected gas chromatographically. From 30 to 

* To whom correspondence should be addressed. 

450°C the deposited carbon was observed 
to react exothermally to methane; above 
300°C the reactivity sharply dropped. In 
this paper the interaction of gaseous hydro- 
gen with nickel-on-silica catalysts having 
decomposed known amounts of methane is 
studied in more detail. To that end the ex- 
tent of hydrogen chemisorption on carbu- 
rized samples has been measured volumet- 
rically. 

The interpretation of the results of the 
volumetric measurements, however, ap- 
peared to be difficult. After exposure to 
CHq the nickel surface is covered by carbon 
and hydrogen atoms. Subsequent evacua- 
tion at 250°C prior to hydrogen chemisorp- 
tion leads to the desorption both of hydro- 
gen and of methane. As a result the 
amounts of C(ads), CH,(ads), and H(ads) 
present before the admission of hydrogen 
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are not accurately known. To meet this 
problem three techniques have been ap- 
plied. To establish whether CH, (1 < x < 4) 
surface species were present prior to or af- 
ter the admission of HZ to a carburized cata- 
lyst sample infrared spectroscopy was 
used: this is a suitable technique to detect 
the presence of a C-H bond, the hydrogen 
atom of which is not strongly interacting 
with other atoms. Low-field magnetic mea- 
surements proved to be very useful to es- 
tablish the extent of reaction to gaseous 
CH4 during evacuation (after CH4 chemi- 
sorption) and subsequent hydrogen adsorp- 
tion. Finally, the composition of the gas 
phase could be monitored by means of a 
high-frequency mass spectrometer. 

Previously we obtained evidence that at 
low temperatures small nickel particles re- 
act more extensively with methane than 
large particles. To confirm the effect of the 
size of the nickel particles we used two dif- 
ferent types of Ni/Si02 catalysts, namely, 
one containingONi particles of diameters up 
to about 150 A and one with particles of 
diameters up to 80 A. Moreover, the prepa- 
ration method was varied. 

EXPERIMENTAL 

The catalysts were prepared by precipita- 
tion of Ni(I1) ions from an aqueous solution 
onto suspended silica (Aerosil, Degussa). 
Precipitation was effected by means of urea 
decomposition at 90°C (catalysts denoted 
by U), or by injection of hydroxyl ions at 90 
or 25°C (catalysts denoted by I). Both prep- 

aration procedures were dealt with in detail 
by Hermans and Geus (3) and Van Dillen et 
al. (4). The pretreatment and the character- 
ization of the catalysts were described be- 
fore (2); Table 1 summarizes some of their 
characteristics. 

Evacuation and subsequent adsorption 
experiments were performed in a Pyrex 
high-vacuum system (2). Hydrogen admit- 
ted to the catalyst sample (weight about 2 g) 
was purified by diffusion through palla- 
dium. During the adsorption measurements 
the magnetization of the catalyst was mea- 
sured in a low-field “permeameter,” tech- 
nical data of which have been given by 
Erkelens and W&ten (5); the alternating 
(260 Hz) field strength was 66 Oe (1 Oe = 
79.58 Am-‘). 

The measurements on the chemisorption 
of CH4 were also performed in this equip- 
ment. The procedures applied have been 
extensively described previously (2). Anal- 
ysis of the gas phase was carried out by 
means of a high-frequency mass spectrome- 
ter (Leybold Heraeus, Topatron B). 

Prior to the adsorption experiments the 
catalysts were verified to be superpara- 
magnetic. To that end the magnetization of 
the freshly reduced and degassed catalysts 
was plotted as a function of H/T (H = mag- 
netic field strength, T = absolute tempera- 
ture). A straight line, indicating superpara- 
magnetic behavior, was obtained for all 
catalysts in the entire temperature range 
from 124 to 392 K (2). The magnetization 
was always measured within this range. 

TABLE 1 

Some Characteristics of the Catalysts Used 

Catalyst 
code 

Surface area 
of aerosil 
W g-‘1 

Temperature of 
preparation 

(“0 

hz@s) 380 25 50 470 
42w 380 90 50 550 
UZO 200 90 10 470 
u42 380 90 50 450 
U42W 380 90 40 450 

Wt% Ni in the 
precipitate 

Reduction 
temperature 

(“(3 

Degree of Surface area 
reduction of Ni 

(%) (m2 g-’ Ni) 

86 81 
99 79 
99 177 
70 90 
70 - 
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The infrared spectra were obtained in the 
apparatus described by De Jong et al. (6). 
The spectra of the catalyst discs (thickness 
about 0.1 mm) were recorded at room tem- 
perature with a Perkin-Elmer 580 B infrared 
spectrophotometer. 

Catalyst UQ was used in isothermal ex- 
periments. Methane was chemisorbed at 
30,77, or 100°C. The effect on the magneti- 
zation was compared with the effect of H2 
chemisorption, also at 30, 77, and 100°C. 
Information about the reversibility of the 
CH4 decomposition was obtained by mea- 
suring the change in the magnetization dur- 
ing evacuation at 250°C. Next, hydrogen 
was adsorbed at 30°C. The nature of the 
resulting surface species was determined 
by means of infrared spectroscopy and 
magnetic measurements. The slope of the 
magnetization-volume isotherm measured 
during admission of Hz at 30°C to the car- 
bon-covered catalyst yields information on 
the reversibility of CH4 decomposition as 
well as on the (already mentioned) prefer- 
ential chemisorption of CH4 on the smaller 
particles. 

Using catalysts I&25), I&O), and IJZO 
the chemisorption of methane was studied 
nonisothermally in a temperature range 
from 30 to 300°C. CH4 was admitted to the 
catalyst kept at -70°C in a dose that was 
just sufficient to lead to a monolayer cover- 
age provided the admitted CH,, completely 
reacted to N&C and 4Ni-H. The tempera- 
ture was subsequently raised stepwise. At 
each temperature (TX) the amount of CH4 
chemisorbed was calculated after the com- 
position of the gas phase had been estab- 
lished by means of the mass spectrometer. 
As the magnetization of superparamagnetic 
Ni particles strongly depends on the tem- 
perature, the magnetization was always 
measured at 30°C. Accordingly, the cata- 
lyst being equilibrated at TX was cooled to 
30°C at which temperature the pressure and 
the composition of the gas phase as well as 
the magnetization were determined. Subse- 
quently the catalyst was brought to the next 
temperature. After equilibration at the final 

temperature (300°C) two additional doses of 
methane were admitted. With these doses 
the procedure to determine the pressure 
and the composition of the gas phase as 
well as the magnetization of the catalyst 
was the same as above. 

RESULTS 

Isothermal Experiments 

Infrared spectroscopy. A small amount 
of catalyst UQ was pressed into a disc. No 
CH, absorption bands were observed in the 
infrared spectrum after exposure of the 
freshly reduced and evacuated catalyst to 
51 Torr of CH4 at 95°C (2). After evacua- 
tion, 61 Torr of hydrogen was admitted at 
room temperature; again no CH, absorption 
bands were observed. As compared to the 
spectrum obtained after CH,, exposure the 
only difference was a somewhat enhanced 
transmittance. Also after the catalyst had 
been subsequently kept at 70°C in the hy- 
drogen atmosphere for 1.5 hr CH, absorp- 
tion bands did not appear. Because of the 
poor transparency of catalyst U,Q the ex- 
periment was repeated with catalyst II& 
(ir), for which the Ni/SiOz ratio is smaller. 
Neither exposure to 196 Torr of CH, at 
100°C and a following evacuation at 25O”C, 
nor subsequent admission of 67 Torr of hy- 
drogen at 110°C resulted in the appearance 
of CH, absorption bands in the infrared 
spectrum. Infrared spectroscopy therefore 
shows that irrespective of the experimental 
conditions no C-H bonds were present on 
the nickel surface with a marked compo- 
nent of their bond direction perpendicular 
to the surface. 

Magnetic measurements. In a preceding 
paper (2) the distribution of CH4 molecules 
over the differently sized particles of cata- 
lyst Ub2 was found to be independent of the 
temperature (30 c T < 1OO’C). To establish 
the effect of the temperature on the distri- 
bution of HZ over the same catalyst parti- 
cles, the magnetization-volume isotherm 
for HZ chemisorption was measured at 30, 
77, and 100°C. At 30°C the adsorption pro- 
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FIG. 1. Freundlich isotherm (0) and Temkin iso- 
therm (A) for the adsorption of H2 on catalyst Ud2 at 
30°C. 

ceeded rapidly: at low coverages (0, < 0.6) 
equilibrium was attained within 5 min after 
the admission of H2 (0~ = 1 is defined as the 
surface coverage attained at a final hydro- 
gen pressure of about 300 Ton-). At higher 
coverages equilibrium was established 
much more slowly. For values of 19n above 
0.8 equilibrium was not attained within 1.5 
hr. 

In a large pressure range, 10m2 to 1O+2 
Torr, a plot of V, versus log PHI (Temkin) 
as well as a plot of log V, versus log PHI 
(Freundlich) yielded a straight line (Fig. 1). 
A plot of P$lV, versus P$ (Langmuir) 
showed a linear relation in a more limited 
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FIG. 2. Relative magnetization of catalyst Ud2 as a 
function of the amount of Hz adsorbed. A, El, 0, T = 
30°C; A, T = 77°C; 0, T = 100°C. 

pressure range, 0.5-30 Torr. At 77 and 
100°C the rate of hydrogen adsorption was 
fast even at high surface coverages. In Fig. 
2 the three magnetization-volume iso- 
therms are represented; M is the actual 
magnetization and MO is the magnetization 
when V, = 0. It can be seen that the initial 
slope of the isotherm decreases with in- 
creasing temperature. 

The slope of the magnetization-volume 
isotherm for the decomposition of CH4 was 
observed to be independent of the tempera- 
ture (2). At all temperatures the decompo- 
sition was reported to proceed according to 
CH4 + 7Ni + N&C (surface nickel carbide) 
+ 4Ni-H. The chemisorption of methane 
appeared to be an activated process: the 
amount of CH4 taken up at a fixed exposure 
was larger at higher temperatures. The acti- 
vation energy was previously (1) reported 
to be 6 kcal mole-‘. When after the chemi- 
sorption of methane the catalyst was evacu- 
ated at 250°C for 5 hr, the magnetization of 
the sample considerably increased. After 
chemisorption at 30°C of 2.6 x 1O-2 ml STP 
m-2 Ni of CH4 the relative magnetization 
dropped to 93%. Subsequent evacuation 
raised the relative magnetization by about 
5.5 to 98.5%. The decrease in M/MO by 7% 
owing to the chemisorption of CH4 can be 
divided into two parts: 

formation of N&C: 3/7 x 7% = 3% 

adsorption of H-atoms: 417 x 7% = 4% 

When during evacuation all hydrogen de- 
sorbs, the increase in M/MO can be 4% at 
most. The actual increase was 5.5%. Obvi- 
ously, also N&C was partly removed ac- 
cording to Ni& + 4H(ads) + 3Ni + 
CHd(g). The amount of CH4 thus produced 
was 50% of the originally deposited 
amount. Similar results were obtained on 
evacuation at 250°C after CH4 chemisorp- 
tion at 77 and 100°C. After the decomposi- 
tion of 6 x 10e2 ml STP mV2 Ni (77°C) and 9 
X 10d2 ml STP m-2 Ni (1OoOC) of methane, 
the extent of the conversion of N&C to CH4 
was also about 50%. 
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FIG. 3. Relative magnetization of catalyst Ud2 as a 
function of the amount of H2 adsorbed at 30°C after 
carburization at 100°C and subsequent evacuation at 
250°C. 

During hydrogen adsorption at 30°C on a 
carburized and evacuated catalyst sample 
the above conversion of N&C into CH4 can 
also proceed. Reaction to CHJ will affect 
the slope of the magnetization-volume iso- 
therm: owing to the reaction a pressure 
drop is observed (two HZ molecules are re- 
quired to produce one CH4 molecule), 
which will be erroneously interpreted as an 
increase in the extent of hydrogen adsorp- 
tion (no partial pressures were recorded in 
the measurements). Moreover, the regener- 
ation of metallic Ni from N&C will lead to 
an increase in magnetization. As a result, 
an apparent increase in VH~ is accompanied 
by an increase in the magnetization. This 
effect, superimposed on the decrease in 
magnetization during H2 chemisorption, 
will lead to a smaller slope of the magneti- 
zation-volume isotherm. In Fig. 3 the mag- 
netization-volume isotherm for H2 chemi- 
sorption on a catalyst sample which had 
been previously carburized at 100°C and 
evacuated at 250°C is shown. The isotherm 
was measured twice; in each isotherm a dis- 
continuity exists where the interval be- 
tween successive hydrogen doses was 
larger than the usual, viz. 16 hr as against 
1.5 hr. During that period the pressure in 
the sample cell decreased, whereas the 
magnetization of the sample rose. From the 

apparent increase of VH2 and of the magne- 
tization it can readily be seen that at 30°C 
the rate of the surface reaction between 
N&C and H(ads) is very small. Conse- 
quently the initial slope of the magnetiza- 
tion-volume isotherm will only slightly dif- 
fer from the one measured with the bare 
nickel surface. This is illustrated in Fig. 4. 
After interaction with CH4 at 100°C and 
evacuation at 250°C the carbon surface cov- 
erage was about 2.9 X lo-* ml STP m-* Ni. 
The initial slope of the HZ isotherm subse- 
quently measured is almost the same as on 
the clean surface. After carburization at 30 
or 77°C where the residual carbon cover- 
age was about 1.3 x lo-* and 2.2 x lo-* ml 
STP m-* Ni, the slope of the H2 isotherm 
has even become larger. As will be dis- 
cussed later, the larger initial slope is re- 
lated to the preferential decomposition of 
methane on the smallest nickel particles. 

Nonisothermal Measurements 

Using catalysts U20, I&Xl), and Id2(25) 
the decomposition of methane was also 
studied nonisothermally in a temperature 
range from 30 to 350°C. A freshly reduced 
and evacuated catalyst sample was exposed 
at 30°C to a methane dose. To prevent tran- 

B&,(rnl STPlg Ni) 

FIG. 4. The initial slope of the magnetization-volume 
isotherm for the adsorption of H2 on catalyst U42 at 
30°C. 0, W, A, Bare nickel; 0, after carburization at 
30°C and evacuation at 250°C; A, after carburization at 
77°C and evacuation at 250°C; 0, after carburization at 
100°C and evacuation at 250°C. 
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FIG. 5. The relative magnetization of catalysts UZO, 
I&90), and I&25) as a function of the amount of meth- 
ane adsorbed. A, 0, 0, Adsorption during a tempera- 
ture rise from 30 to 300°C; A, n , 0, adsorption at 
300°C. 

sient heat effects the methane was admitted 
at -70°C. Provided each CH4 molecule is 
bonded to seven Ni surface atoms, the dose 
was sufficient to lead to a monolayer cover- 
age. Next the temperature was raised 
stepwise up to 300°C. At several intermedi- 
ate temperatures the amount of CH4 taken 
up after equilibration was determined. For 
all catalysts it was observed that above 
150°C H2 started to desorb from the catalyst 
surface. Because the magnetization was al- 
ways measured after cooling to 3O”C, the 
amount of methane taken up, V,, was estab- 
lished also at 30°C after determination of 
the P&PH2 ratio by means of the mass 
spectrometer. Figure 5 shows the results; 
those for catalysts I&90) and UX-, have al- 
ready been published (2). For all catalysts 
the magnetization decreased linearly with 
V,. However, additional adsorption of 
methane at 300°C no longer brought about a 
decrease in magnetization with catalysts 
I&25) and I&90); the magnetization of cat- 
alyst UZo, on the other hand, continued to 
decrease, though exhibiting a much smaller 
slope. 

For the points measured at 300°C indi- 
cated by filled symbols in Fig. 5, the surface 
coverages of carbon and hydrogen, as ob- 
tained after cooling from 300 to 30°C are 
given in Table 2. It can be seen that with 
catalyst I&25) almost all hydrogen evolved 

readsorbed upon cooling, resulting in a H/C 
surface ratio of nearly four. Furthermore it 
is clear that on all catalysts at the last mea- 
suring point the extent of carbon chemi- 
sorption surpasses the monolayer capacity 
of N&C (a monolayer would correspond to 
about 0.19 ml STP “C” me2 Ni). Finally it 
is striking that also the amount of hydrogen 
eventually taken up exceeds the monolayer 
capacity of about 0.28 ml STP H2 mm2 Ni, 
despite the presence of a large amount of 
carbon at the surface. 

In Fig. 6 the decrease in magnetization of 
catalyst UzO due to the decomposition of 
CH4 is compared with the magnetic effect 
of hydrogen chemisorption on the bare and 
carbon-covered catalyst at 30°C. During 
CH4 decomposition the relative magnetiza- 
tion dropped to a level that was also at- 
tained when a monolayer of hydrogen was 
chemisorbed (final H2 pressure about 300 
Tort). The slope of the curve was, how- 
ever, much smaller after uptake of 0.06 ml 
STP rnd2 Ni. Subsequent evacuation at 
250°C caused the relative magnetization to 
rise considerably, from 0.61 to 0.88. In a 
calculation, similar to that made above for 
catalyst Ud2, it is readily derived that at 
least 29% of the originally deposited carbon 
desorbs as CH4 from the surface during the 
evacuation. The results of hydrogen chemi- 
sorption at 30°C on the carburized and 
evacuated catalyst U20 are also represented 

TABLE 2 

The Amounts of Carbon and Hydrogen Adsorbed at 
30°C on Catalysts LJZO, I&90), and I&25) after CH, 

Chemisorption at 300°C 

Catalyst Amount of carbon Amount of hydrogen H/C ratio 
adsorbed adsorbed on the 

(ml STP “C” m-2 Ni) (ml STP Hz m-z Ni) surface 

0.066 0.113 3.4 
0.126 0.195 3.1 
0.235 0.325 2.8 
0.062 0.100 3.2 
0.108 0.129 2.4 
0.274 0.360 2.6 
0.056 0.109 3.9 
0.122 0.169 2.8 
0.301 0.411 2.7 
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FIG. 6. The relative magnetization of catalyst UID as 
a function of the amount of CH4, or HZ, adsorbed. A, 
Chemisorption of CH4 during a temperature rise from 
30 to 300°C; A, subsequent chemisorption of CH4 at 
300°C; 0, chemisorption of H2 at 30°C on the bare 
catalyst; cl, chemisorption of H2 at 30°C after CH, 
chemisorption and subsequent evacuation at 250°C. 

in Fig. 6. The initial slope of the hydrogen 
isotherm is very much the same as on clean 
nickel. The main difference is that at sur- 
face coverages above about 0.20 ml STP HZ 
me2 Ni the magnetization no longer de- 
creases upon further adsorption. The final 
relative magnetization attained is about the 
same as with H2 adsorption on bare nickel. 

In Fig. 7 the results obtained with cata- 
lyst Id2(90) are represented. In several as- 
pects this catalyst behaved differently as 
compared to catalyst UX,: 

(a) During the decomposition of CH4 the 
magnetization did not drop as far as was 
observed during the chemisorption of HZ, 
whereas on catalyst UzO eventually the 
same level was attained. 

(b) The rise of the magnetization (AM) 
from 0.76 to 0.85 during evacuation at 
250°C was much smaller than with catalyst 
UZO (0.61 to 0.88). Actually AM was so 
small that it can be derived that only part of 
the hydrogen desorbed from the surface 
during evacuation. 

(c) The initial slope of the Hz isotherm 
after carburization (~3 was less steep than 
that measured on bare nickel (sb): S,/SI, = 
0.8. At saturation the decrease in magneti- 
zation was equal to that measured after hy- 
drogen adsorption on the bare Ni surface. 

As we argued above, the smaller initial 
slope can be ascribed to the conversion of 
chemisorbed carbon into CHd(g>. Whereas 
the rate of this reaction was slow on cata- 
lyst UQ, the larger surface coverage of car- 
bon remaining after evacuation may have 
raised the reaction rate on catalyst I&90). 
The increased production of CH, was also 
confirmed by means of the mass spectrome- 
ter. At a final HZ pressure of 206 Torr an 
amount of CH4 of 0.5 x low2 ml STP rnw2 Ni 
was detected in the gas phase. Additionally 
the slope of the magnetization-volume iso- 
therm may have been smaller because of 
simultaneous adsorption of hydrogen both 
on N&C and on ferromagnetic Ni from the 
first Hz dose on. With catalysts U42 and U20, 
containing less Ni$Z after evacuation, the 
hydrogen initially admitted is taken up 
mainly by ferromagnetic nickel. 

Catalyst Ib2(25) showed a behavior analo- 
gous to that of catalyst I&90). During CH4 
decomposition (Fig. 5) the relative magneti- 
zation did not drop below 0.77, whereas af- 
ter Hz chemisorption a much lower value, 
viz. 0.65, was attained. Evacuation at 
250°C caused the relative magnetization to 
rise from 0.77 only to 0.82. The ratio s$sI, of 
the initial slopes of the hydrogen isotherms 
(see above) was much smaller than with 

I * 1 
0 4 8 12 16 20 24 28 

FIG. 7. The relative magnetization of catalyst I&O) 
as a function of the amount of CH4, or HZ, adsorbed. 
A, Chemisorption of CH, during a temperature rise 
from 30 to 300°C; A, subsequent chemisorption of CH4 
at 300°C; 0, chemisorption of HZ at 30°C on the bare 
catalyst; 0, chemisorption of HZ at 30°C after CHd 
chemisorption and subsequent evacuation at 250°C. 
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catalyst I&90): s,/sb = 0.6. This low value 
indicates an enhanced rate of CH4 produc- 
tion. At a final Hz pressure of 220 Torr the 
amount of CH4 in the gas phase was 1.2 x 
10e2 ml STP mm2 Ni. 

DISCUSSION 

Distribution of Admitted Hydrogen 
Molecules over the Nickel Particles 

We first will deal with the distribution of 
the admitted gas molecules over the differ- 
ently sized nickel particles present in the 
catalysts. Previously (2) the slope of the 
magnetization-volume isotherm for the che- 
misorption of CH4 on catalyst U42 was re- 
ported to be unaffected by the temperature 
(30 < T < 100°C). In Fig. 2 it is shown that 
the slope of the Hz isotherm decreases with 
increasing temperature. According to the 
low-field theory of superparamagnetism the 
decrease of the magnetization which is due 
to the adsorption of hydrogen at 30°C can 
be described for a monodisperse system by 
the following equation (7): 

M 
- = 1 - 1.31 x IO-2 v, 
MO 

+ 4.31 x 10-5 v,2 

V, = ml STP H2 g-i Ni. 

This “theoretical” curve is indicated in 
Fig. 2 by the dashed line. It can be seen that 
the hydrogen isotherm at 30°C initially fits 
well the theoretical curve. When V, ex- 
ceeds 10 ml STP g-i Ni the experimental 
isotherm deviates from the dashed line. 
This can be ascribed to the nonuniform par- 
ticle size of the nickel crystallites in the cat- 
alyst: Reinen and Selwood (8) have shown 
that for samples containing a distribution of 
particle sizes the decrease of the magneti- 
zation may become smaller than expected 
from the above equation. The spontaneous 
magnetization, MS,,, is lower at higher tem- 
peratures (7). The initial slope of the mag- 
netization-volume isotherm, which is in- 
versely proportional to MSp, is therefore 
expected to be larger at more elevated tem- 
peratures. As can be seen, however, in Fig. 

2 the initial slope of the isotherm decreased 
as the temperature rose. It has been pointed 
out previously (2) that preferential adsorp- 
tion on the larger particles of a given size 
distribution causes the initial slope to be 
larger than preferential adsorption on the 
smaller crystallites does. Hence it is con- 
cluded that at 30°C the hydrogen is ad- 
sorbed mainly on the larger particles. The 
smallest crystallites in the narrowest pores 
of the catalyst are only partly reached. 
When the temperature increases, the equi- 
librium constant for the equilibrium Hz(g) 
@ 2H(ads) drops. Moreover, the time of 
adsorption, 7, of a hydrogen atom on the 
nickel surface decreases (9). The transport 
of hydrogen through the pores of the cata- 
lyst is consequently facilitated and initially 
the smallest crystallites are more exten- 
sively covered. Hence the initial slope of 
the isotherm decreases. 

Preferential Adsorption of CH4 on 
Smaller Ni Particles 

Whereas with HZ chemisorption the 
smaller particles of catalyst IJd2 are more 
difficult to reach, the chemisorption of CH4 
displaying a much smaller sticking probabil- 
ity has been reported (2) to proceed prefer- 
entially on these particles. This was derived 
from the larger amount of CH4 taken up per 
unit surface area at 30°C by the highly dis- 
persed catalyst Ulo (1.05 x 10e2 ml STP 
me2 Ni) as compared to catalyst I&90) 
(0.16 x 10m2 ml STP m-2 Ni). Preferential 
adsorption of CH4 on the smaller particles 
is also apparent from the experimental 
results of this paper. After isothermal che- 
misorption at 30 or 77°C on catalyst U42 and 
subsequent evacuation at 25O”C, the initial 
slope of the H2 isotherm is larger than on 
the bare nickel catalyst. Because during 
evacuation of the carbided catalyst UQ a 
large fraction of the deposited carbon re- 
acted to CH4 (see previous section), the 
carbon surface coverage was small when 
hydrogen was admitted. Consequently, the 
rate of the reaction N&C + 4Ni-H + CH4 + 
7Ni will have been small. The larger initial 
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slope of the HZ isotherm can then be ex- 
plained only by assuming that for a fixed 
value of V(H2) the adsorption on the larger 
particles is more extensive with the car- 
bided catalyst than with the clean catalyst. 
Hence, the chemisorption at 30°C on the 
smaller Ni particles, which, as argued 
above, is already suppressed with the bare 
catalyst, is still further diminished. The fur- 
ther drop in the extent of H2 chemisorption 
on the smaller Ni-crystallites of the car- 
bided catalyst is to be ascribed to the pres- 
ence of carbon atoms which apparently are 
deposited preferentially on these particles 
and/or are the most stable during evacua- 
tion. When after evacuation the surface 
concentration of carbon is larger, i.e., after 
CH4 chemisorption at 100°C on catalyst Ud2 
or after nonisothermal carbon deposition 
on catalysts UzO, I&90), and I&25), the 
slope of the HZ isotherm decreases again 
because of the reaction: N&C + 4Ni-H + 
CH4 + 7Ni. Preferential chemisorption of 
methane on small nickel particles has also 
been reported by Martin et al. (10). The 
conclusion of these authors was based on a 
comparison of magnetic effects during CH4 
chemisorption at low and high magnetic 
fields. 

Incomplete Dissociation of Methane 

Our observations about the preferential 
chemisorption of CH4 on the smaller nickel 
particles are in agreement with the results 
of Schouten et al. (11, 22), who found that 
the decomposition of methane on nickel 
single crystals depended on the atomic 
structure of the crystallographic plane: on 
Ni( 110) methane was readily decomposed 
above 200°C and at pressures up to lo-* 
Torr, whereas the reaction was much 
slower on Ni(100). On Ni(ll1) no methane 
at all was decomposed. The selectivity of 
the CH4 decomposition, proceeding at an 
enhanced rate on atomically rough crystal- 
lographic planes, also explains that at sur- 
face coverages above about 6 x lo-* ml 
STP CH4 m-* Ni the chemisorption of CH4 

no longer proceeds according to CH4 + 7Ni 
--) N&C + 4Ni-H (Fig. 5). With catalysts 
U42, I&90), and 42(25) further adsorption is 
not accompanied by a drop in the magneti- 
zation, whereas with catalyst UzO the rate of 
the decrease is strongly diminished. Appar- 
ently, at more elevated surface coverages 
the formation of Ni&J is inhibited. 

At high coverages methane is still chemi- 
sorbed with the release of hydrogen as can 
be concluded from the decrease in the H/C 
surface ratios in Table 2. For some reason, 
however, the penetration of carbon into the 
Ni surface is impeded. Moreover, it is strik- 
ing that the magnetization is not further de- 
creased by the hydrogen released down to 
the level observed during HZ chemisorption 
on the bare Ni catalyst. We feel that the 
chemisorption of methane after completion 
of the fully dissociative chemisorption on 
atomically rough crystallographic planes 
proceeds on more closely packed planes ac- 
cording to CH4 + CH, + (4 - x)H, 1 I x < 
4. Accordingly carbon-hydrogen com- 
plexes CH, CH2, or CH3 are being chemi- 
sorbed without affecting the ferro- 
magnetism. These complexes are covering 
the Ni surface, thus preventing that the hy- 
drogen set free at 300°C is readsorbed (with 
magnetic effect) on cooling to 30°C at 
which temperature the magnetization was 
measured. Because the carbon atom is still 
bonded to hydrogen atoms it cannot pene- 
trate into the nickel surface to form N&C 
and consequently there is no decrease in 
the magnetization. The presence of CH,- 
species explains why even in the presence 
of large amounts of carbon at the surface, 
the amount of hydrogen taken up exceeds 
the monolayer coverage (Table 2). With the 
highly dispersed catalyst II20 the magneti- 
zation continued to drop, though much 
more slowly, at surface coverages above 6 
X lo-* ml STP CH4 m-* Ni. On the small 
particles of this catalyst apparently part of 
the CH,-complexes dissociates at a low rate 
to N&C and adsorbed hydrogen, and this 
brings about the gradual decrease of the 
magnetization. 
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The infrared experiments described in 
this paper were not appropriate to study the 
nature of the CH,-complexes at high sur- 
face coverage. With the exposures used we 
are not sure that the surface coverage at- 
tained was larger than 6 x lo-* ml STP CH4 
m-* Ni (no simultaneous volumetric mea- 
surements could be carried out). Hence, 
the absence of C-H absorption bands may 
be due to the fact that V(CHd was still so 
small that all methane taken up was chemi- 
sorbed according to 7Ni + CH4 + N&C + 
4Ni-H, without the formation of CH,-spe- 
ties. Infrared spectroscopic measurements 
after more prolonged exposures to CH4 at 
more elevated temperatures will be the sub- 
ject of future research. 

Evacuation of the carburized catalysts 
brought about the removal from the surface 
of the adsorbed CH,-complexes, as can be 
concluded from the large extent of the sub- 
sequent hydrogen adsorption (Figs. 6 and 
7). Apparently, adsorbed hydrogen atoms 
recombine with the surface complexes dur- 
ing evacuation to yield CH4. This can be 
explained by the slow transport of H2 out of 
the catalyst pores during evacuation. Hy- 
drogen to be pumped off is readsorbed fre- 
quently on the catalyst surface before it 
leaves the catalyst bed. For CH4, which is 
chemisorbed in an activated process and 
hence exhibits a smaller sticking probabil- 
ity, this effect is far less pronounced. As a 
result the equilibrium CH4 & CH,(ads) + (4 
- x)H(ads) is shifted to the left side. On this 
line of argument the magnetization can be 
increased at most by a fraction correspond- 
ing with the desorption of all hydrogen at- 
oms from the surface, for the CH,-species 
were chemisorbed without magnetic effect. 
However, with catalysts U20 and U4* it was 
observed that the rise of the magnetization 
during evacuation was larger than the in- 
crease expected for a complete desorption 
of the chemisorbed hydrogen. As argued 
above, 29% of the N&C of catalyst U2,, re- 
acted to CH4, and of catalyst Uq2 about 
50%. The disappearance of the N&C ac- 
counts for the additional magnetic effect. 

With catalysts I&25) and I&90), on the 
other hand, the increase in magnetization 
during evacuation was smaller than corre- 
sponds to complete hydrogen desorption. 
In our opinion another mechanism was op- 
erative here. Because the evacuation pro- 
cedure for these catalysts (5 hr at 25O’C) 
was the same as that used with the other 
catalysts, there is no reason to assume that 
the extent of hydrogen desorption was ap- 
preciably smaller. We feel that, because ap- 
parently during evacuation not all CH,- 
complexes recombined with H(ads) to CH4, 
the remaining CH,-species dissociated to 
N&C and gaseous hydrogen, thus addition- 
ally lowering the magnetization. This expla- 
nation also accounts for the small initial 
slope of the subsequently measured magne- 
tization-volume isotherm for Hz chemisorp- 
tion. The ratio of slopes, s$sb (see above), 
was smaller for the catalysts I&90) ( saIsr, = 
0.8) and I&25) (sa/sb = 0.6) than for cata- 
lyst UZO (sa/sb > 0.9). The smaller initial 
slope is due (as already discussed) to the 
reaction N&C + 4H-Ni + CH4 + 7Ni, 
which proceeds simultaneously with the 
measurement of the HZ isotherm. Obvi- 
ously, the rate of this reaction was en- 
hanced on catalysts Id2(90) and l&25) owing 
to the larger carbon surface coverage re- 
maining after evacuation. 

Finally it should be noted that at large 
surface coverages hydrogen was adsorbed 
on the carburized and evacuated samples 
without magnetic effect (Figs. 6 and 7). 
This has to be ascribed to adsorption on the 
remaining nickel carbide. From the infrared 
measurements it can be derived that the hy- 
drogen was not bonded to the “carbidic” 
carbon atom without interacting with other 
surface (nickel) atoms, for no C-H absorp- 
tion bands were observed in the infrared 
spectrum. Alternatively, the hydrogen 
atom is not bonded to the carbon atom at 
all, but to the already magnetically decou- 
pled nickel atoms. We feel that the ob- 
served possibility of hydrogen chemisorp- 
tion on a surface nickel carbide may have 
important implications for the mechanism 
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of the methanation reaction. We will report 
on a study of this reaction in a forthcoming 
paper. 
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