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Temperature-programmed reaction (TPR) with mass spectrometric detection was used to study 
the hydrogenation of adsorbed carbon monoxide on low-weight loading Ni/A1203 catalysts. These 
catalysts are shown to differ from high-weight loading nickel/alumina catalysts and are shown to 
have two distinct pathways for carbon monoxide methanation. These pathways are attributed to 
two forms of adsorbed CO. The CO site which reacts at low temperature (446 K) appears to be from 
carbon monoxide adsorbed on nickel atoms that are bonded to other nickel atoms. It has an 
activation energy for methanation of 51 kJ/mol. The CO site that reacts at high temperature (546 K) 
has an activation energy of 145 kJ/mol. The high-temperature site, which is sensitive to the 
pretreatment temperature, results from CO adsorbed on nickel atoms that are interacting strongly 
with an oxide phase of the catalyst. Interconversion of CO between the two sites occurs and is 
influenced by hydrogen. Neither of the pathways appears limited by direct hydrogenation of sur- 
face carbon; this step is shown to be slightly faster under TPR conditions. The ability of TPR to 
measure specific reaction rates and to separate reaction pathways that might be obscured in steady- 
state kinetic measurements is demonstrated. 

INTRODUCTION 

Temperature-programmed reaction 
(TPR) was used to study carbon monoxide 
methanation on low-weight loading Ni/ 
A120j catalysts. Previous studies have pub- 
lished TPR results for high-weight loading 
Ni/A1203 catalysts (I, 2), but recent studies 
have shown that low-weight loading Ni/ 
A1203 catalysts behave differently (3). On 
Ni/SiOz (4) and on high-weight loading Ni/ 
A1203 (1, 2), methane forms in a distinct 
peak over a relatively narrow temperature 
range during programmed heating. How- 
ever, low-weight loading Ni/A1203 catalysts 
exhibit two distinct methane peaks during 
TPR. This paper will discuss results for a 
3.2 and a 4.7% Ni/A1203 catalyst. 

Temperature-programmed reaction has 
the ability to separate catalytic reaction 
steps in time and thus obtain information 
about reaction mechanisms that is unavail- 
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able from steady-state experiments. In par- 
ticular, the presence of multiple reaction 
sites and parallel reaction pathways can be 
obscured by steady-state experiments but 
easily observed during programmed heat- 
ing. Also, TPR measures the specific rates 
of reaction for individual sites and these 
rates do not depend on surface area mea- 
surements (5). The amount of reaction oc- 
curring at each site can also be measured. 

For the present TPR experiments, car- 
bon monoxide was adsorbed on a Ni/A1203 
catalyst and the reaction products were ob- 
served during a linear temperature rise in 
hydrogen flow. To obtain additional infor- 
mation on the two distinct methane peaks, 
heating rate variation, interrupted reaction, 
and adsorptions in He and H2 were done. 
Additional information can be obtained by 
varying catalyst properties and the results 
for TPR for a series of Ni/A1203 catalysts 
with various weight loadings will be re- 
ported (6). In the present experiments, the 
effect of pretreatment temperature on TPR 
was examined since low-weight loading Ni/ 
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A1203 catalysts are not completely reduced 
at typical reduction temperatures (7). 

EXPERIMENTAL 

The experimental apparatus and proce- 
dure are similar to those previously de- 
scribed (I, 5). In a typical experiment, a 
100-mg catalyst sample (60-80 mesh) rested 
on a quartz frit in a l-cm-diameter quartz 
tube. Following pretreatment in Hz (usually 
at 810 K for 2 h), the carrier gas was 
switched to helium, the sample cooled to 
room temperature and pulses of 10% CO in 
helium injected over the catalyst until satu- 
ration coverage was obtained. The carrier 
gas was switched back to hydrogen and the 
catalyst temperature was then increased at 
1 .O K/s to 810 K. A constant H2 flow rate of 
200 cm3/min was maintained with a Tylan 
mass flow controller. A 0.25mm-diameter, 
shielded thermocouple was located in the 
catalyst bed to measure temperature and 
provide feedback to the derivative-pro- 
portional temperature controller, which 
controlled the current to the electric fur- 
nace. 

The gas immediately downstream of the 
catalyst was continuously analyzed with a 
UT1 quadrupole mass spectrometer. A 
Data-General microcomputer-minicom- 
puter system allowed simultaneous moni- 
toring of time, temperature, and five mass 
peaks: methane, water, carbon monoxide, 
carbon dioxide, and ethane. 

Several variations on the above proce- 
dure were used to obtain details of the reac- 
tion: 

l Heating rate was varied. 
l CO adsorption was done in hydrogen. 
l Interrupted reaction experiments were 

carried out (4, 5). 
l Pretreatment temperatures up to 1020 

K were used. 
l Temperature-programmed surface re- 

action (TPSR) (2), in which CO was ex- 
posed to the catalyst at elevated tempera- 
ture in order to deposit surface carbon, was 
carried out. 

Catalysts 

Two low-weight loading Ni/A1203 cata- 
lysts were prepared by impregnation of 
nickel nitrate on baked Kaiser A-201 alu- 
mina. The impregnated alumina was dried 
under vacuum at 373 K and then reduced in 
hydrogen according to the procedure de- 
scribed by Bartholomew and Fart-auto (8). 
The final reduction temperature was 773 K; 
the catalyst was then passivated with oxy- 
gen in helium at room temperature. The 
nickel contents of the two catalysts were 
3.2% (determined by atomic absorption) 
and 4.7% (determined by a gravimetric 
method (9)). The percentage reduction of 
the 4.7% catalyst was estimated with the 
TPD apparatus by pulsed oxygen chemi- 
sorbed at 575 K. For a pretreatment tem- 
perature of 773 K, 25% reduction was mea- 
sured; the percentage did not increase 
significantly at higher reduction tempera- 
tures. The 3.2 and 4.7% Ni/A1203 had ap- 
proximate dispersions of 3.9 and 5.4% re- 
spectively, based on complete reduction. 
These dispersions were calculated from 
TPD of Hz, which was adsorbed from flow- 
ing hydrogen as the catalyst was cooled 
from 773 K. This probably provides a lower 
limit on the dispersion, since weakly ad- 
sorbed H2 is not seen. Similar TPR results 
were observed for both catalysts and most 
of the data presented will be for the 4.7% 
catalyst. 

RESULTS 

Product Spectra 

In contrast to TPR results for high-weight 
loading Ni/A1203 catalysts (I, 2), two dis- 
tinct methane peaks were seen for nickel 
loadings below 11% (3, 6). Figure 1 shows 
the TPR spectra for the 4.7% Ni/A1203 cat- 
alyst which was pretreated at 773 K; carbon 
monoxide adsorption was done in hydro- 
gen. For a heating rate of 1.0 K/s, the low- 
temperature methane (peak A) had a peak 
temperature of 446 t 2 K, and the high- 
temperature methane (peak B) had a peak 
temperature of 546 ? 9 K. Peak A is rela- 



382 

I-- 

2- 

KESTER AND FALCONER 

300 400 500 600 700 

Temperature(K) 

FIG. 1. TPR spectra for 4.7% Ni/A120j, p = 1 .O K/s. 
The catalyst was pretreated at 773 K and CO was ad- 
sorbed in hydrogen. 

tively narrow, while peak B is broader, and 
this accounts for the larger variation in 
peak temperatures for peak B in repeat ex- 
periments. The distinct peak structure was 
reproduced on three apparatus over a 2- 
year period. 

The peak temperatures and the ratio of 
peak areas were the same for experiments 
on 100 and 30 mg of catalyst. Thus, read- 
sorption is not causing the multiple peak 
structure nor is it affecting the rate of meth- 
ane formation. Since methane is weakly ad- 
sorbed on nickel, readsorption should not 
affect the methane peaks. The separate 
peak areas were measured by dividing the 
overlapping peaks with a vertical line from 
the minimum point. 

As shown in Fig. 1, unreacted carbon 
monoxide was observed at low tempera- 
tures (395 ? 3 K for 1 .O K/s heating rate); it 
corresponded to approximately 8% of the 
adsorbed CO. Water was detected in small 
quantities above 700 K; its appearance was 

limited by readsorption on the alumina sup- 
port (6). Carbon dioxide was not detected 
and ethane was only slightly above the 
noise level. 

Kinetic Parameters 

As will be shown, the peak temperatures 
depended on pretreatment temperature and 
whether adsorption was in HZ or He. To 
study kinetic parameters, the pretreatment 
temperature was 810 K and adsorption was 
done in helium. The heating rate was varied 
from 0.27 to 2.1 K/s to determine activation 
energies without making assumptions about 
reaction orders or preexponential factors. 
With increased heating rate, peak tempera- 
tures increased, as expected. The peak 
temperature of peak A increased from 419 
to 474 K; that of peak B increased from 588 
to 624 K. However, the ratio of areas of 
peak A to peak B also increased, from 
22:78(A:B)at0.27K/sto42:58at2.1K/ 
s (see Fig. 2). Note that the temperatures 
for peak B in Fig. 2 are higher than those in 
Fig. 1 because higher pretreatment temper- 
ature and adsorption in helium both raised 
the temperature of peak B. 

Activation energies were determined 
from the slopes of two independent plots 
(20): In p/T; versus l/T, (/3 is the heating 
rate and Tp is the peak temperature) and In 
iVP versus l/T, (iVP is the maximum desorp- 
tion rate, i.e., at the peak temperature). A 
correction was necessary for this second 
plot since it requires constant coverage 
(ZO), but the ratio of peak areas depended 
on heating rate. Thus, instead of plotting In 
NP, the In of the ratio of NP to the amount 
of methane desorbed under that peak was 
plotted versus inverse peak temperature. 
Table 1 presents the activation energies ob- 
tained. The agreement between the two 
plots was excellent, particularly for peak A, 
which had an average activation energy of 
51 + 3 kJ/mol. The high-temperature peak, 
peak B, had an average activation energy of 
145 + 39 kJ/mol. The preexponential fac- 
tors (A) in Table 1 were calculated from 
Redhead’s formula (II). The uncertainties 
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FIG. 2. Methane spectra from TPR on 4.7% Ni/ 
Al203 at heating rates of (a) 2.1 K/s; (b) 0.59 K/s. 
Carbon monoxide was adsorbed in helium and the cat- 
alyst was pretreated at 810 K. 

reported both in the text and the tables are 
standard deviations. 

The activation energies were also esti- 
mated from half-width and three-quarter 
width measurements (12) by assuming first- 
order processes. For peak A, an average 
value of 53 2 3.5 kJ/mol was obtained. For 
peak B, measurements were made after in- 
terrupted reaction and an average value of 
144 ? 3 kJ/mol was obtained. These values 
are very close to those obtained from heat- 

TABLE 1 

Methane Kinetic Parameters: 4.7% Ni/A1203 

Parameter Peak A Peak B 

& (kJ/mol): In & vs l/Tp 49 + 3 (OxMy 144 + 31 (0.939)” 
E. (WhoI): In I$ vs UT, 54 -c_ 3 (0.994)’ 146 S 39 (0.9016)” 
E. (kJ/mol). average 51 * 3 145 f 35 
A (SC’) 2.5 x 104 2.1 x 10” 

a Linear correlation coefficient. 

TABLE 2 

Methanation of CO Adsorbed in He and HZ 

Catalyst,J Canie1 
w 

Peak Peak area 
tempera- (arbitrary units) 
ture (K) ___I__ 

A B A B 

3.2% NilAlz03 He 446 591 34.6 t_ 1.3 53.5 -e_ 0.6 
3.2% NilAl Hz 441 584 32.8 + 0.6 71.8 2 0.6 

4.7% Ni/AIzO, He 445 613 27.8 38.3 

4.7% Ni/AhOT ff2 446 592 28.5 + 1.0 48.8 2 3.5 

a Pretreatment temperature, 810 K. 

ing rate variation, and indicate that the as- 
sumption of a first-order process is reason- 
able. 

Adsorption in Hydrogen 

For both catalysts, when CO adsorption 
was carried out in hydrogen instead of he- 
lium, more CO adsorbed. During subse- 
quent TPR, more unreacted CO desorbed 
and more methane formed in peak B. Also, 
the peak temperature of peak B decreased 
by 7 to 19 K. Peak A was unchanged for 
adsorption in hydrogen (see Table 2). 

Interrupted Reaction 

By partially desorbing or reacting a frac- 
tion of the adsorbed CO before a TPR was 
carried out, the initial coverage was varied. 
Several procedures were used for inter- 
rupted reaction experiments. In the first 
procedure, following CO adsorption in he- 
lium at 300 K, the catalyst was heated in 
helium to a temperature between 435 and 
523 K, heating was stopped and the catalyst 
quickly cooled to 300 K. The carrier gas 
was then switched to hydrogen and a nor- 
mal TPR was carried out. During the initial 
heating in helium for 3.2% Ni/A120,, the 
weakly bound CO desorbed, but little reac- 
tive CO desorbed. Thus, almost the same 
amount of methane formed for interruption 
in helium up to 523 K. 

In each of the interrupted reactions in he- 
lium, a third peak, with a peak temperature 
of 750 K, appeared in the TPR methane 
spectra. This peak was quite small and ac- 
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counted for no more than 5% of the meth- 
ane formed. With increased interruption 
temperature the percentage of methane 
formed under this peak increased slightly, 
from 3% at an interruption temperature of 
435 K to 5% at 523 K. 

For the second procedure, CO was ad- 
sorbed in hydrogen and the catalyst was 
heated in hydrogen to the interruption tem- 
perature. During this heating, methane 
peak A was observed. The catalyst was 
then cooled in hydrogen and a normal TPR 
was carried out. As shown in Fig. 3 for the 
3.2% Ni/A1203, with increased interruption 
temperature in hydrogen, the area of peak 
A decreased. 

A variation on this procedure was also 
used. After the initial heating in hydrogen 
to the interruption temperature (490-515 Temperature(K) 
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FIG. 3. Methane spectra from interrupted TPR on 
3.2% Ni/A1209. The catalyst was initially heated in Hz, 
heating was interrupted and the catalyst was then 
cooled in hydrogen before TPR. Interrupted tempera- 
tures: (a) 436 K; (b) 462 K; (c) 511 K. Carbon monox- 
ide was adsorbed in helium. The curves are displaced 
vertically for clarity. 

J 
FIG. 4. Methane spectra from interrupted TPR on 

4.7% Ni/A1rO1. (a) The catalyst was heated in Hz to 
500 K, flow was switched to He and sample was held 
for 10 min in He before cooling to 300 K. After an 
additional 10 min in He, flow was switched back to H2 
and a TPR carried out. Initial CO adsorption was in H2 
on a catalyst pretreated at 773 K. (b) Same as (a), 
except that additional CO exposure was given in He at 
300 K before the final TPR. 

K), the carrier gas was switched to helium 
and the catalyst held in helium for 10 min to 
desorb hydrogen. Separate TPD experi- 
ments for adsorbed hydrogen showed that a 
significant fraction of adsorbed hydrogen 
desorbed at these temperatures. After 10 
min, the catalyst was cooled to 300 K in He 
and held there for 10 min before the carrier 
gas was switched to hydrogen. A normal 
TPR was then carried out. Unlike the inter- 
rupted experiments shown in Fig. 3, both 
methane peaks were present. As shown in 
Fig. 4, a somewhat broader peak A was 
present even though peak A was observed 
during the initial heating in hydrogen. Peak 
B was also much smaller than for a normal 
TPR or for an interrupted TPR. A mass bal- 
ance indicated no change in total CH4 yield. 

This interrupted experiment was re- 
peated, but after cooling to 300 K in He, the 
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catalyst was again exposed to CO pulses 
until saturation was reached. The subse- 
quent TPR, shown in Fig. 4, is very similar 
to the normal TPR in Fig. 1. Any changes 
caused by the interruption in hydrogen and 
heating in He were apparently completely 
reversible. 

Pretreatment Temperature Variation 

A series of TPR experiments were car- 
ried out in which successively higher pre- 
treatment temperatures were used. Follow- 
ing a l-h pretreatment in hydrogen at 810 K 
and a TPR, the 4.7% Ni/A1203 catalyst was 
heated for 1 h at 860 K in hydrogen. Carbon 
monoxide was then adsorbed in helium at 
300 K and a standard TPR, up to the pre- 
treatment temperature, was carried out. 
This experiment was repeated at 50 K in- 
crements to a pretreatment temperature of 
1020 K. 

As indicated in Fig. 5 and Table 3, the 
peak temperature of peak A increased 

I’ ’ ’ ’ ’ ’ ’ ’ ’ ’ II 

Temperature(K) 

FIG. 5. Methane spectra from TPR on 4.7% Nil 
AlzOJ. Pretreatment temperatures: (a) 1021 K; (b) 860 
K. Carbon monoxide was adsorbed in helium. 

TABLE 3 

Pretreatment Temperature Variations: 4.7% Ni/AIZO, 

Pretreatment Methane Peak area Peak 
temperature peak (arbitrary coverage 

W temperature units) ratio 
(K) A:B 

A B A B 

807 453 584 27.0 54.7 0.50 
860 446 634 33.2 47.2 0.79 
914 447 676 31.4 40.5 0.78 
%7 451 701 31.6 41.3 0.76 

1021 451 723 27.6 31.5 0.88 

slightly while that of peak B increased dra- 
matically with pretreatment temperature. 
With each increase in pretreatment temper- 
ature, the methane yield decreased due to 
the steady decrease in the amount of meth- 
ane formed in peak B. The amount of meth- 
ane formed in peak A went through a slight 
maximum with increasing pretreatment 
temperature. The small methane peak at 
750 K was present following a pretreatment 
temperature of 860 K. 

Surface Carbon Hydrogenation 

Temperature-programmed surface reac- 
tion (TPSR) (2) was used to measure rates 
for direct hydrogenation of surface carbon. 
Carbon was deposited on the 4.7% Ni/A1203 
catalyst by CO disproportionation at 573 K 
in helium flow (2). The catalyst was then 
cooled to 300 K, flow was switched to hy- 
drogen and the catalyst was heated at 1 K/s. 
A broad methane peak with a peak temper- 
ature of 430-436 K was observed. A sec- 
ond, small methane peak was seen with a 
peak temperature of 580-615 K. The TPSR 
curves in Fig. 6 are for three carbon cover- 
ages. Note that these spectra are different 
from those in Fig. 1. The low-temperature 
methane peak is broader in TPSR and at a 
lower temperature. The higher temperature 
peak is much smaller in TPSR. The half- 
width measurements (22) indicated an acti- 
vation energy of 44 + 7 k.T/mol for the first 
peak. 
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FIG. 6. Methane spectra from TPSR on 4.7% Ni/ 
A1203. Carbon was deposited from CO exposure at 573 
K in He. Pulses of CO (a) 2, (b) 4, (c) 6. The curves are 
displaced vertically for clarity. 

Carbon Monoxide Desorption 

Figure 7 shows temperature-programmed 
desorption (in helium) of carbon monoxide 
which was adsorbed at 300 K in helium. 
The small, low-temperature CO peak has 
been attributed to CO from the A120x sup- 
port (6). Carbon monoxide desorbs at high 
temperature from Ni/A1203, and a signifi- 
cant fraction disproportionates to CO,; CO 
desorption from Ni/A1203 is quite different 
from CO desorption from single-crystal 
nickel. 

DISCUSSION 

Low-weight loading Ni/A1203 catalysts 
exhibit significantly different temperature- 
programmed reaction spectra from either 
Ni/SiOz (6) or high-weight loading Ni/A1203 
(I, 2, 6) catalysts. Wu and Hercules (13) 
also found that low-loading Ni/A1203 cata- 
lysts exhibited XPS and 1% spectra differ- 

ent from Ni/SiOz. The TPR peak tempera- 
ture of the low-temperature methane peak 
on Ni/AlzOJ is lower than the Ni/Si02 peak 
temperature. Fujimoto et al. (14) also ob- 
served, for other Group VIII metals, that 
the peak temperature for methane in TPR 
was lower on alumina-supported than sil- 
ica-supported catalysts. The lower peak 
temperature is indicative of a higher spe- 
cific activity at that temperature. 

We will discuss a kinetic model for TPR 
on Ni/A1203 and then discuss the type of 
methanation sites present. 

Reaction Mechanism 

Two distinct sites for CO adsorption, 
designated sites A and B, are present on the 
nickel surface. Carbon monoxide at these 
sites is hydrogenated via parallel reaction 
pathways to methane. In addition, inter- 
conversion of CO between the sites can oc- 
cur (see Fig. 8). Hydrogen appears to facili- 
tate the conversion of CO(A) to CO(B) and 

I “I”“’ ’ I 
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FIG. 7. TPD spectra in He following CO adsorption 
at 300 K on 4.7% Ni/A1203. The CO has been corrected 
for mass spectrometer cracking. 
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CO + 3HZ - CH4 + Hz0 

(SITE Al EA= 51 kJ/mol (PEAK A) 
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FIG. 8. Reaction scheme for CO adsorption and 
methanation on low-weight loading Ni/A1203 cata- 
lysts. 

to inhibit the reverse step. The activation 
energies for the two methanation reactions 
were measured by varying the heating rate, 
and an upper limit to the activation energy 
for the interconversion step was deduced. 
The rate of conversion of CO(B) to CO(A) 
is very slow under reaction conditions. The 
reaction of CO to methane involves car- 
bon-oxygen bond-breaking to form an ac- 
tive carbon. The rate of C-O bond-breaking 
must be faster for CO(A) than CO(B), since 
the rate of methane formation does not ap- 
pear to be limited by carbon hydrogenation. 
The next sections will explain how the data 
are consistent with this reaction scheme. 

The effect of heating rate. With in- 
creased heating rate, the amount of meth- 
ane in peak A increased and that in peak B 
decreased. This is expected if the activation 
energy for methanation of CO(A) is greater 
than that for conversion of CO(A) to 
CO(B). Thus, as the temperature increased, 
the rate of methanation of CO(A) increased 
faster than the rate of the conversion of 
CO(A) to CO(B). Since higher heating rates 
shift all reactions to higher temperatures 
(10) (see Fig. 2), higher heating rates should 
favor CO(A) methanation over conversion 
to CO(B), as observed. 

Interrupted reactions. For interrupted re- 
actions with initial heating in helium little 
reactive CO desorbed below 520 K, since 
the methane yield was almost unchanged. 
Apparently most of the CO that desorbed 
during this heating was from the alumina 
support (6, 15). Though CO did not desorb 

from nickel at interruption temperatures (in 
He), it was able to react with hydrogen at 
these temperatures. The initial heating in 
helium did not convert CO(A) to CO(B) 
since the peak ratio was unchanged; appar- 
ently hydrogen is necessary for this conver- 
sion. 

For interrupted reaction in which initial 
heating was done in hydrogen, peak A was 
observed during the initial heating, and dur- 
ing the subsequent TPR only peak B was 
observed. The conversion of CO(B) to 
CO(A) therefore is quite slow at tempera- 
tures up to 520 K, and conversion may be 
inhibited by hydrogen. Otherwise, CO(B) 
would have converted to CO(A) and then 
reacted rapidly to methane between 425 
and 525 K. The rate of methanation of 
CO(A) in the subsequent TPR is thus lim- 
ited by the rate of conversion of CO(B) to 
CO(A). This conversion may be limited by 
hydrogen occupation of A sites. Indeed, 
when hydrogen was removed from the sur- 
face by switching the carrier gas to He after 
interrupted heating to 500 K in Hz, peak B 
decreased and peak A increased (Fig. 4a). 
Since CO(A) had already reacted com- 
pletely to methane during the initial heat- 
ing, the reappearance of peak A was from 
CO(B) that converted to CO(A). This ex- 
periment cannot be considered proof that 
Hz inhibited the conversion of CO(B) to 
CO(A), however, since the lo-min holding 
time may have had an effect on the conver- 
sion. 

Carbon hydrogenation. During TPR, car- 
bon monoxide dissociates to form surface 
carbon, which then rapidly reacts to meth- 
ane. The results for interrupted reaction in 
Fig. 4 and results for carbon hydrogenation 
indicate that methane peaks A and B are 
not due to hydrogenation of two forms of 
carbon, Peak B is from CO adsorbed in a 
different state than CO(A). If peak B were 
due to a less-active form of carbon, it would 
not convert to a more active form by heat- 
ing in He after interrupted reaction (2) (Fig. 
4a). Moreover, additional CO adsorption, 
after interruption in H2 and heating in He, 
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yielded the same two methane peaks (Fig. 
4b) seen in the normal TPR experiment. 
The same spectra would not be expected if 
CO was being adsorbed onto a surface that 
contained carbon. 

Also, the peak temperatures and curve 
shapes for peak A are different from those 
obtained for carbon hydrogenation, further 
confirming that methane production in TPR 
experiments is not limited by surface car- 
bon hydrogenation. The activation energies 
differ only slightly. The amount of methane 
in the higher-temperature CH, peak in 
TPSR is much smaller than that seen for 
peak B in TPR. Part of this higher-tempera- 
ture peak in TPSR may be due to CO(B) 
since carbon was deposited by CO dispro- 
portionation in He at 573 K. At this temper- 
ature, CO adsorbed in the B sites may not 
dissociate in the absence of hydrogen. 
However, part of this peak may be due to 
hydrogenation of CO2 (from the initial dis- 
proportionation of CO) which desorbs from 
alumina (6). 

More methane was seen in peak B when 
adsorption was done in hydrogen instead of 
helium. This would not be expected if peak 
B were limited by carbon hydrogenation. 

Methanation Sites 

The two distinct methane peaks for TPR 
on low-weight loading Ni/A1203 catalysts 
indicate the presence of two CO sites. It 
appears that these sites differ primarily in 
their degree of interaction with an oxide 
phase (NiO, A1203, or NiAl,04). Site A is a 
CO adsorption site where the nickel atoms 
are bonded to other nickel atoms, and thus 
it is more prevalent on high-weight loading, 
extensively reduced catalysts. Site B is a 
CO adsorption site where the nickel atoms 
are bonded to nickel ions or aluminum ions 
in an oxide phase. Thus it is more prevalent 
on low-weight loading, partially reduced 
catalysts. The TPD results in Fig. 7 also 
indicate that adsorbed CO has more than 
one site on the surface, though dispropor- 
tionation makes separation of these sites 
difficult. 

A very small, third methane peak, which 
appeared only in interrupted TPR and TPR 
with pretreatment temperatures above 8 10 
K, is most likely due to hydrogenation of /3- 
carbon (2) formed on the surface of the cat- 
alyst. 

The next sections will explain how the 
data are consistent with these conclusions. 
These distinct peaks are due to the unique 
interaction of alumina with nickel at low- 
weight loadings. 

Support effects and extent of reduction. 
The support can influence both the specific 
activity and the number of methanation 
sites on nickel. Only a single methane peak 
was seen on Ni/SiOz (4), but multiple peaks 
were seen for low-weight loading Ni/AlzOx 
and for nickel on other supports (16). On 
Ni/AlzOJ, as the nickel loading increased, 
the ratio of peak A to peak B increased sig- 
nificantly (6). Similarly, as the pretreat- 
ment temperature on the 4.7% Ni/AlzOJ 
catalyst increased, the ratio of peak A to 
peak B increased. 

The unique TPR spectra obtained for 
low-weight loading Ni/A1203 catalysts are 
probably due to the strong interaction of the 
nickel with the alumina support, which also 
affects the ease of reduction (7, 27-19). Wu 
and Hercules (13) observed significant 
changes in XPS spectra with weight loading 
of unreduced Ni/A1203 catalysts. In con- 
trast, on Ni/SiOz , the location and shape of 
nickel XPS spectra were independent of 
nickel content. They concluded that nickel 
has little interaction with SiOz, but at low 
loadings nickel interacts strongly with alu- 
mina. Two types of nickel were concluded 
to be present on the alumina, a readily re- 
duced nickel and a hard-to-reduce nickel 
(23). Others have observed that reduction 
of low-loading Ni/A1203 is not complete by 
810 K and the degree of reduction increases 
with loading and reduction temperature (7, 
15,20,21). Wu and Hercules (Z3) observed 
that at high loadings, Ni/A1203 was more 
like Ni/SiOz because of less interaction 
with the support. We have also observed 
(6) that at high loadings, Ni/A1203 has only 
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one peak in TPR, as does Ni/SiOz. Burg- 
graf et al. (22) also saw a significant differ- 
ence between low- and high-weight loading 
Ni/A1203 catalysts. 

Others have reported a strong interaction 
between nickel and alumina. Dzis’ko et al. 
(20) noted that alumina’s greater capacity 
to chemisorb nickel ions from impregnation 
solutions resulted in greater interaction be- 
tween the nickel ions and the support. 
Zielinski (7) showed that in Ni/A1203 cata- 
lysts of low nickel concentration (2 and 5%) 
most of the reduced nickel came from 
“fixed” nickel oxide; very little “free” 
nickel oxide was present. “Fixed” nickel 
oxide, which is most likely amorphous 
nickel aluminate (7, 21, 22), is much more 
difficult to reduce and requires tempera- 
tures up to 973 K. Reduction of amorphous 
nickel aluminate forms alumina in addition 
to small nickel crystallites, and it is quite 
likely that the alumina will remain in close 
proximity to the nickel atoms. 

Infrared studies of adsorbed CO have 
correlated ir bands and their relative inten- 
sities with weight loading, extent of reduc- 
tion, and degree of dispersion of the cata- 
lyst. For CO adsorbed on Ni/SiOz 
catalysts, Primet et al. (21) assigned a band 
at 2040 cm-i to CO linearly bonded to 
nickel atoms interacting with other nickel 
atoms, and a band at 2070 cm-’ to CO lin- 
early bonded to nickel atoms interacting 
with an oxide phase (SiOz or unreduced 
Ni). Carbon monoxide adsorption sites cor- 
responding to the 2070-cm-i band were rel- 
atively more abundant on partially reduced 
catalysts and catalysts with smaller nickel 
crystallites. In studies on Ni/A1203 cata- 
lysts, Yates and Garland (23) correlated an 
ir band at 2070-2110 cm-’ with a CO mole- 
cule bonded linearly to nickel atoms in 
highly dispersed catalysts. 

Infrared studies of CO adsorption bands 
during methanation reactions on supported 
catalysts have also been made (14, 24). Fu- 
jimoto et al. (14) observed that on 5% Ru/ 
A1~0~ and Rh/A1203 catalysts during metha- 
nation of adsorbed CO between 373 and 423 

K, the broad ir band between 1960 and 1800 
cm-i decreased markedly. The sharper ir 
band at 2020-2080 cm-i decreased slightly 
in this temperature region, but more mark- 
edly between 423 and 573 K. The methane 
TPR spectrum for the Rh/A1203 catalyst 
showed two distinct methane peaks (with 
peak temperatures of 420 and 620 K). The 
methane TPR spectrum for the Ru/A1203 
catalyst also showed two peaks. Miura and 
Gonzalez (25) reported that on oxidized 
Ru, two forms of adsorbed CO are present; 
one form was assigned to CO on reduced 
Ru and the other to CO linearly adsorbed 
on an oxygen-perturbed Ru surface site. 

These data indicate that on partially re- 
duced, low-weight loading Ni/A1203 cata- 
lysts, a linear form of CO, CO(B), is ad- 
sorbed on nickel atoms which directly 
interact with an oxide phase. CO(A) is ad- 
sorbed on nickel atoms that directly inter- 
act with other nickel atoms. Carbon 
monoxide(A) hydrogenates at lower tem- 
peratures and with a lower activation en- 
ergy than CO(B). Thus CO that is adsorbed 
at A sites must hydrogenate more rapidly 
than CO adsorbed at B sites. The inhibition 
results from the interaction of the B sites 
with the adjacent oxide phase. 

Low-weight loading and incomplete re- 
duction increase the number of nickel atom 
sites interacting with an oxide phase, and 
thus increase the number of B sites on the 
catalyst. After high-temperature pretreat- 
ment, the low loading, Ni/A&Oj catalyst is 
still not completely reduced, and peak (B) 
is still present, though somewhat smaller. 
Higher pretreatment temperatures not only 
increase the number of A sites, but may 
also increase the interaction of some of the 
nickel crystallites with the oxide phase and 
thus increase the difficulty of hydrogenat- 
ing CO(B). Therefore the methane peak 
from CO(B) shifts to higher temperature 
with higher pretreatment temperature. 

Preadsorbed hydrogen. Preadsorption of 
hydrogen increased the amount of CO ad- 
sorbed and the amount of methane formed 
under peak B. The increased CO adsorp- 
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tion in the presence of hydrogen has been 
reported previously (26-28). The specific 
rate of methanation at site B increased 
slightly since the peak temperature de- 
creased. Additional B sites on the catalyst 
surface are made available, possibly by the 
action of the hydrogen in forming OH 
groups from Ni-0 units, and freeing single- 
atom nickel sites for bonding CO. Such 
sites may be more active for methanation 
than B sites without the adjacent OH 
groups. Martin et al. (29) reported a second 
state of chemisorbed hydrogen on partially 
reduced, supported nickel. Infrared studies 
of Primet and Sheppard (28) and Heal et al. 
(24) showed that preadsorbed hydrogen on 
Ni/SiOz catalysts produced a band at 2070 
cm-’ in the spectrum of adsorbed CO, a 
band elsewhere assigned by Primet et al. 
(21) to CO molecules linearly bonded to 
metallic Ni atoms interacting with an oxide 
phase. We also see an increase in the 
amount of CO bonded to such nickel atoms 
for CO adsorption in hydrogen. 

p-carbon. P-Carbon was observed in two 
types of TPR: interrupted TPR with initial 
heating in helium, and a TPR following pre- 
treatment at 860 K. The peak temperature 
was 750 f. 9 K. The peak temperature for 
peak B steadily increased with increasing 
pretreatment temperature from 664 K for a 
pretreatment temperature of 860 to 723 K 
for a pretreatment temperature of 1021 K. 
For pretreatment temperatures above 914 
K, the second peak in the methane TPR 
spectra may consist of the two overlapping 
peaks, CO(B) and p-carbon. 

Using TPSR on a 25% Ni/A1203 catalyst, 
McCarty and Wise (2) observed this less- 
reactive form of surface carbon, designated 
P-carbon by them, with a methane peak 
temperature of 680 + 30 K. In our TPSR 
experiments on low-weight loading Ni/ 
A1203, we do not see methane formed at 
this temperature. The small, high-tempera- 
ture peak in Fig. 6 is around 600 K and may 
be due to small amounts of CO(B) coad- 
sorbed with a-carbon or to COZ from alu- 
mina (6). 

The conditions under which P-carbon ap- 
peared are conditions conducive to the dis- 
sociation of some adsorbed CO (30) and 
subsequent diffusion of the dispersed car- 
bon on sufficiently large nickel crystallites 
to form the polymerized P-carbon (2). 
Higher pretreatment temperatures may in- 
crease both the number of A sites available 
for CO adsorption and the number of as- 
semblages of nickel atoms large enough to 
allow formation of P-carbon. The result in 
the subsequent TPR was both increased 
production of methane at low temperatures 
from CO at A sites, and increased produc- 
tion of methane at high temperatures from 
P-carbon. 

CONCLUSIONS 

The presence of two pathways for metha- 
nation has been observed on low-weight 
loading Ni/AlzOj catalysts. These two path- 
ways are due to hydrogenation of CO at 
two adsorption sites: (A) CO adsorbed on 
nickel atoms that are interacting with other 
nickel atoms; (B) CO adsorbed on nickel 
atoms interacting with an oxide phase of 
the Ni/A1203 catalyst. Temperature-pro- 
grammed reaction (TPR) detected these 
sites because of its ability to measure spe- 
cific rates of reaction. Conversion between 
these two sites occurs but is influenced by 
surface hydrogen. The alumina support in- 
creases the difficulty of reducing nickel and 
creates B sites on the partially reduced cat- 
alysts and on the catalysts where nickel at- 
oms interact intimately with the oxide sup- 
port. 

Neither of the pathways appears to have 
the hydrogenation of dispersed surface car- 
bon as a rate-limiting step, though there is 
some methane produced at high tempera- 
tures from the hydrogenation of polymer- 
ized P-carbon formed during interrupted 
TPR. The hydrogenation of CO(A) had an 
activation energy of 51 kJ/mol; the hydro- 
genation of CO(B) had an activation energy 
of 145 kJ/mol. Both pathways for the hy- 
drogenation of CO should be present in 
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steady-state kinetic studies on low-weight 
loading Ni/A1203 catalysts. 
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