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The activity of NiOla-A120j and NiO/ZrO,! in the fuel-rich oxidation of methane was measured as 
a function of time-on-stream for different initial calcination temperatures and for different reduc- 
tion-reoxidation treatments. The activity was found to decrease substantially with increasing 
temperature of calcination. However, the activity of the calcined catalysts increased sharply fol- 
lowing reduction in Hz prior to reaction. The changes in total activity are discussed in terms of 
changes in surface area and specific activity, the latter being the dominant factor. The change in 
specific activity is discussed in terms of changes in the content of excess oxygen. 

INTRODUCTION 

The present paper reports results on the 
activity of supported nickel catalysts whose 
chemical and physical structure were inves- 
tigated in the preceding paper (Part I). The 
test reaction employed in the activity mea- 
surements was the fuel-rich oxidation of 
methane. One objective of these experi- 
ments was to relate activity to surface area 
and nature of the nickel species. The struc- 
ture of the catalyst was varied by varying 
the temperature of calcination and by sub- 
jecting the catalyst to successive cycles of 
reduction and reoxidation. 

EXPERIMENTAL 

1. Materials. The samples used in the ac- 
tivity measurements were obtained from 
the same batches as the samples examined 
in Part I. Tables 1 and 2 list the metal and 
total surface areas of the samples tested. 

The reaction mixture contained CH4 
(Linde, 99.997% purity), O2 (Amweld, 
99.95% purity), with diluent N2 (Linde, 
99.996% purity). The mixture was further 
purified by passing it through a bed of dehy- 
drated 13X molecular sieve. 

2. Equipment and analytical. Figure 1 
shows a schematic of the experimental sys- 
tem. The reactor consisted of an alumina 
tube, 0.47-cm i.d. and 45cm long heated by 
two independently controlled heating sec- 
tions (furnaces) of 15 and 30 cm length, rated 
at 500 and 1000 W. The temperature was 
measured by a movable axial Chromel- 
Alumel thermocouple surrounded by a 
0.15-cm quartz thermowell located at the 
reactor axis. The packing consisted of lo- 
100 mg of catalyst diluted with low surface 
area a-Al~0~ to reduce the heat release per 
unit volume. To achieve isothermal opera- 
tion and obtain uniform velocity profile, 
packings of 5 cm length of low surface area 
a-A1203 were placed before and after the 
catalyst bed. The reactor was operated in a 
differential mode with CH4 conversion of 
2% or less. The temperature variations 
along and across the catalyst bed were 
always within +-2°C. On this basis, the 
reactor could be considered isothermal. 
Pressure was in all cases slightly above at- 
mospheric. 

The product gases were passed through a 
drierite column and the dry gases were ana- 
lyzed by an HP 5830A gas chromatograph 
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TABLE 1 TABLE 2 

Surface Areas of Zirconia-Supported Catalysts Rate Parameters of Catalysts and Supports 

Catalyst 
(nzg) 

ST - SA 

(m*k) 

NiO/Zr02 noncalcined 0.93 0.54 
NiO/Zr02-750 0.85 0.46 
NiO/ZrO,-850 0.68 0.29 
NiO/ZrOr950 0.80 0.41 
NiO/Zr02- 1050 0.61 0.22 
Zr02 (Norton SZ5464) 0.39 - 

Note. ST: total surface area, SA: surface area of sup- 
port. 

with a lo-foot Carbosieve (1001120 mesh) 
column and a thermal conductivity detec- 
tor. The carrier gas was He (99.997% pu- 
rity). Using temperature programming from 
room temperature to 150°C (30Wmin) al- 
lowed the separation of all components: 02, 
Nz, CO, CO*, Hz C&. Certified gases 
(Scatty) were used for calibrating the gas 
chromatograph. 

3. Experimental procedure and data re- 
duction. A run was started by heating the 
reactor to the desired temperature under 
flow of nitrogen. flow was then switched to 
the reacting mixture and chromatographic 

Catalyst E a P 
(kcal/mol) 

Ni0/Zr02-750 23.6 
NiO/Zr02-850 21.0 
NiO/Zr02-950 21.7 
NiO/ZrOz-1050 53.3 

NiObA1201-750 28.2 0.43” 0.43” 
NiO/a-A120,-850 29.3 
NiO/a-A120s-950 26.1 
NiO/cz-A1203- 1050 52.4 

zfl2 36.7 
a-A120j 35.9 

a At 600°C. 

analyses were conducted every 10 min. A 
typical run lasted 5 h or longer allowing the 
measurement of the activity as a function of 
time-on-stream. In some runs the catalyst 
was subjected to periodic reduction-reox- 
idation treatments. Reduction was carried 
out by flowing hydrogen for 1 h at 600 to 
650°C. Reoxidation was effected simply by 
resuming flow of the reactant mixture, fol- 
lowing which the activity was measured for 
another period of about 5 h. 

PREHATER 

MIXER 1 

Q---THERMOCOUPLE 

PLAIN ALUMINA 
+&PRESSURE CATALYST BED 

PRESSURE CAuCEPu,lN ALUMINA 
FLOW METER CERAMIC FILTER 

NEEDLE VALVE 

MOLECUIAR SIEVE 13X 

FIG. 1. Microreactor for fuel-rich oxidation of methane. 
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FIG. 2. Activity of noncalcined and calcined cata- 
lysts vs time-on-stream. 

Preliminary tests showed that the extent 
of gas phase reaction and reaction at the 
reactor wall were negligible. From the ana- 
lytical criteria reviewed by Mears (I), the 
reaction rates were free of mass and heat 
transfer effects. Since the conversion was 
kept below 2%, the rate of methane con- 
sumption was calculated from 

F 
r=-X W 

where F is the flow rate of methane in 
moles per second, W is the catalyst loading 
in g, and X is the fractional conversion of 
methane. 

RESULTS AND DISCUSSION 

1. Catalytic Activity 

Figure 2 shows the activity of the non- 
calcined NiO/ZrO* and NiO/A1203 catalysts 
and of the NiO/A&O&UO catalyst versus 
time on stream. The activity of the non- 
calcined catalysts declines rapidly during 
the first few hours and more slowly thereaf- 
ter. By contrast, the catalyst that has been 
calcined at 850°C displays a much lower ac- 
tivity which, however, remains constant 
with time. 

Figures 3 and 4 present the activities of 
zirconia-supported and alumina-supported 
catalysts calcined at different tempera- 
tures. The reaction rates of the catalysts 
that have been calcined at 950 and 1050°C 
were corrected by subtracting the contribu- 
tion of the supports. The activities are seen 
to decrease dramatically with calcination 
temperature. The activation energies de- 
rived from the Arrhenius plots are listed in 
Table 2. The catalysts calcined below 950°C 
have very similar activation energies. The 
variation of activity with calcination tem- 
perature is evidently due to variation in the 
A-factor. The calculated activation energies 
of the catalysts calcined at 1050°C are much 
higher than those corresponding to the 
lower calcination temperatures. These high 
values are probably an artifact of calcula- 
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FIG. 3. Arrhenius plots for zirconia-supported catalysts. 
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FIG. 4. Arrhenius plots for alumina-supported catalysts. 

ting the specific activity by subtracting the 
activity of the support from the total activ- 
ity. Since the support contributes roughly 
half of the total activity of the NiO/Zr02- 
1050 and NiO/A120r1050, the calculation of 
the oxide activity by difference is subject to 
considerable error. 

Table 2 also lists the reaction order with 
respect to methane and oxygen for the NiO/ 
A&O,-750 catalyst, based on the empirical 
rate expression 

i = k [CH# [O,]@ 

The reaction order with respect to CH4 was 
obtained by varying the mole fraction of 
CH4 from 0.1 to 0.4 while keeping the mole 
fraction of oxygen at 0.15. The order with 
respect to 02 was obtained by varying the 
mole fraction of O2 from 0.1 to 0.35 while 
keeping the mole fraction of methane at 
0.25. 

To interpret the variations of catalytic ac- 
tivity we first inquire about the state of the 
surface under reaction conditions. The 
small conversion of methane, about 2%, 
implies that the system CH4-02-Ni does 
not reach equilibrium. Thus the state of the 
surface is determined by the competition of 
oxidation and reduction reactions. We will 

tentatively assume that the surface is main- 
tained in the oxide form under reaction con- 
ditions. 

The next question concerns the large var- 
iation of activity with calcination tempera- 
ture. The rates presented in Figs. 3 and 4 
are given per unit weight of the catalyst 
(support plus nickel oxide). To calculate 
the specific rates, i.e., the rates per unit 
surface area requires determining the sur- 
face area of nickel oxide. This cannot be 
readily related to the metal surface area 
given in Table 5 of Part I because of the 
redispersion accompanying reduction. 
However, upper and lower bounds for the 
oxide surface area SNio can be easily ob- 
tained in terms of the surface area of the 
support SA and the total surface area ST. If 
Si is the interfacial area between oxide and 
SUppOrt, ST = SNiO + S* - SI or SNio = Sr 
+ Si - SA from which Sr - SA < SNio < Sr. 
Table 1 shows that the oxide surface area 
varies by at most a factor of 4 over the 
range of calcination temperatures while the 
activity, shown in Fig. 3, varies by several 
orders of magnitude over the same range. 
Thus the variation of catalytic activity is 
dominated by the variation in the specific 
activity of nickel oxide caused by calcina- 
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tion. Although the areas of nickel oxide in 
the alumina-supported catalysts are not 
available, they are expected to have suf- 
fered comparable loss of oxide area during 
calcination. The loss of catalytic activity 
must be again attributed to the decrease of 
specific activity accompanying calcination. 

The large changes of specific activity 
with calcination temperature may be re- 
lated to the color changes listed in Tables 3 
and 4 of Part I. While the noncalcined cata- 
lysts were all black, the calcined zirconia- 
supported catalysts were gray to gray-yel- 
low and the calcined alumina-supported 
catalysts were gray to greenish. Inspection 
of used catalysts shows that the color of the 
noncalcined catalysts changes from black 
to grayish black with time-on-stream, 
whereas that of the calcined catalysts re- 
mains the same. While changes in color 
may be due to several phenomena, the 
change from black to gray has been attrib- 
uted in the literature to a decrease in the 
concentration of excess oxygen in the bulk 
and the surface of the oxide upon calcina- 
tion (2-5). The excess oxygen is in turn 
related to the concentration of N?+ ions by 

&O*(g) + 2Ni2+ = 02- + 2Ni3+ + Ni[] 

where Ni[] is a cation vacancy. Thus, two 
lattice Ni3+ ions are formed for each ex- 
cess oxygen ion, although this relationship 
becomes less accurate at the surface be- 
cause of the possibility of O- as well as 02- 
ions (2). 

Several studies (6-20) have interpreted 
the catalytic properties of NiO in terms of 
its semiconductivity which can be modified 
by introducing altervalent cations or excess 
oxygen. Being a p-type semiconductor, 
NiO has electrical conductivity that in- 
creases with the concentration of Ni3+ ions, 
or excess oxygen ions. Hauffe et al. (7) and 
Winter (8) have shown that the activity of 
lithium-doped NiO in the decomposition of 
N20 increases with conductivity, and 
hence, with the concentration of excess ox- 
ygen ions. Krauss (6) has shown that the 
activity of NiO in the oxidation of NH3 to 

N20 is proportional to the amount of excess 
oxygen in the lattice. Taking these prior 
facts into account, as well as the color 
changes with calcination, it appears quite 
plausible that the main parameter that de- 
termines the surface activity of NiO in 
methane oxidation is excess oxygen or con- 
centration of Ni3+ cations. 

The gradual activity decline of the non- 
calcined catalysts and the constant activity 
of the calcined catalyst observed in Fig. 2 
can be explained by a slow loss of surface 
area or by a loss of excess oxygen, The 
latter explanation is consistent with the ob- 
served color changes of catalysts that have 
been subjected to reaction conditions. 
However, the former explanation is more in 
line with the results of the experiments re- 
ported below. 

2. Effect of Reduction 

To explore the variation of catalytic ac- 
tivity further, rate measurements were 
made after reduction of the catalysts in hy- 
drogen. Although most nickel is converted 
to metal during reduction, it is quite likely 
that it is reoxidized upon exposure to the 
reactant mixture. Figure 5 shows the activi- 
ties of zirconia-supported and alumina-sup- 
ported catalysts before and after reduction 
at 650°C for 1 h. Although the activities of 
the two zirconia-supported catalysts dif- 
fered greatly because of different calcina- 
tion temperatures, the activities after re- 
duction are essentially equal and 
comparable to that of the noncalcined cata- 
lyst (Fig. 2). These results suggest that 
upon reduction and exposure to the reac- 
tant mixture the catalyst reverts to the state 
of the noncalcined catalyst. Figure 5 also 
compares the alumina-supported catalysts 
before and after reduction. The activity of 
the NiOla-A1203-850 and NiO/ar-A1203- 1050 
catalysts increases by 1 and 3 orders of 
magnitude, respectively. The activity level 
after reduction is somewhat different in the 
two catalysts and lower than the activity of 
the noncalcined catalyst. These differences 
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FIG. 5. Activity of various catalysts before and after 
reduction. 

may be due to the irreversible formation of 
some nickel aluminate during calcination. 

The sharp activity increase following re- 
duction observed in Fig. 5 is succeeded by a 
gradual decline that is hardly perceptible in 

I 
1 z 1 4 

TIME :h rb 
6 

the logarithmic scale of the figures. To ex- 
plore this activity decline further, rate mea- 
surements were carried out following a sec- 
ond and third successive reductions (Fig. 
6). The activity increase following these lat- 
ter reductions was modest since it started 
from a much higher level. After each reduc- 
tion the activity declined gradually with 
time-on-stream. The activity increment af- 
ter each reduction decreased slightly with 
each additional cycle. 

Figure 7 shows the results of an experi- 
ment identical to that of Fig. 6 except for 
the duration of the third reduction which 
was 3 h rather than 1 h. The increase in the 
reduction time led to considerably lower 
activity increment than was observed in the 
first two reductions. It appears that the 
slow irreversible deactivation observed 
from cycle to cycle continues even in the 
presence of hydrogen. 

The activity of nickel oxide for different 
reduction temperatures is shown in Fig. 8. 
The reaction temperature in each case is 
equal to the reduction temperature. The ad- 
verse effect on activity of reduction tem- 
perature predominates over the tempera- 
ture dependence of the reaction rate so that 
the overall rate declines with increasing re- 
duction temperature. The activity decline 
in all these cases is consistent with a de- 

REACTION CONDITION: 

FIG. 6. Activity of alumina-supported nickel oxide subjected to a sequence of reductions. 
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FIG. 7. Activity of alumina-supported nickel oxide subjected to reductions of different duration. 

cline in surface area proceeding during re- 
duction and during subsequent reaction. 

The effect of the oxygen-to-methane ra- 
tio on the rate of activity decline is shown 
in Fig. 9. At 710°C the rate of activity de- 
cline appears to be independent of the 02/ 
CH4 ratio in the range 0.2 to 1.2. It is impor- 
tant to note that up to this point CO2 was 
the only oxygenated carbon product. How- 
ever, when the 02/CH4 ratio at the inlet was 

lowered to 0.11, the activity (after reduc- 
tion) did not decline. Under these condi- 
tions, CO and CO2 were formed in compa- 
rable amounts. This shift in reaction 
products was attributed by one of the au- 
thors (Ref. (II), Chap. 2) to the reduction 
of nickel oxide to metallic nickel owing to 
the complete conversion of oxygen. Such 
complete conversion was possible in the 
present experiment because of the lower 
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FIG. 8. Effect of reduction temperature on the activity of alumina-supported nickel oxide. 
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FIG. 9. Effect of partial oxygen pressure on the deactivation of alumina-supported nickel oxide. 

mole fraction of oxygen introduced and the 
higher reaction rate observed. On the other 
hand, the stability of the reaction rate with 
time-on-stream is at variance with the 
results of Fig. 7 which implied loss of activ- 
ity during prolonged exposure to hydrogen, 
conditions under which nickel was also in 
the form of the metal. 

SUMMARY AND CONCLUSIONS 

The following are the principal conclu- 
sions from the experimental results: 

1. The specific activity of supported 
nickel oxide decreases sharply with calci- 
nation temperature but can be restored by 
reduction in hydrogen followed by reoxida- 
tion under reaction conditions. These varia- 
tions of activity could be explained by cor- 
responding changes in the concentration of 
Ni3+ or excess oxygen on the surface. 

2. The activity of calcined catalysts re- 
mains constant with time-on-stream. The 
activity of noncalcined catalysts or cata- 
lysts that have been reduced and reoxidized 
suffer a slow decline with time-on-stream. 
The activity gain foliowing reduction is di- 
minished with higher reduction tempera- 
tures and longer reduction times. 

3. The conclusions in 1 and 2 are based 
on the assumption that under reaction con- 
ditions the nickel is in the oxide form. This 
issue needs further investigation taking also 
into account the stabilization of activity and 
the shift in the reaction products observed 
when the oxygen to methane ratio was re- 
duced below 0.11. 
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