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The loss of methanation activity of alumina-supported nickel catalysts was investigated at 
pressures up to ca. 600 kPa and temperatures from 400 to 740 K. Deactivation is attributed 
primarily to growth in nickel particle size. A mechanism involving Ni(CO), formation, diffusion, 
and subsequent decomposition is proposed to explain the observed growth in nickel particle size. A 
region of “safe” operating conditions for achieving stable catalytic activity for methanation was 
identified. These safe operating conditions were sensitive to temperature and carbon monoxide 
partial pressure. A criterion based on the equilibrium partial pressure of Ni(CO), is proposed for 
assessing the safety of a set of operating conditions. Specifically, conditions for which the 
equilibrium Ni(CO), pressure is less than ca. I x IO-@ Pa result in stable methanation activity. 

INTRODUCTION 

Catalytic methanation over nickel has 
been extensively studied for more than 40 
years, from the early work of the British 
Gas Research Board (I, 2) to the more 
recent work dealing with kinetics, reaction 
mechanisms and catalyst characterization 
(3-15), and pilot plant studies (16-18). Ex- 
cellent reviews are available in the litera- 
ture (19-21). In commercial applications, 
considerations of reactor size require that 
the reaction be carried out at elevated pres- 
sures, in the range of 1 to 3 MPa (22). Yet, 
with increasing CO pressure comes the 
possibility of volatile nickel carbonyl for- 
mation. This can lead to a loss of nickel 
surface area (with concomitant catalyst de- 
activation) due, for example, to the re- 
moval of nickel from the catalyst bed. In 
this respect, the present paper is a detailed 
study of catalyst deactivation phenomena 
attributable to nickel carbopyl formation, 
from which criteria are offered for main- 
taining stable nickel surface areas (and 
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hence stable activities) under methanation 
reaction conditions. 

EXPERIMENTAL METHODS 

High-Pressure Reaction System 

Kinetic data were measured in the all 
stainless-steel (type 3 16) reaction system 
shown schematically in Fig. 1. The system 
can be operated at pressures up to 6.8 MPa. 
The reactor is made of a 1.27-cm-OD x 
l.OZcm-i.d. tubing. The use of type 316 
stainless steel prevents the formation of 
Fe(CO),, and minimizes the formation of 
Ni(CO)d, from the reaction between CO 
and the tube wall at high CO pressures and 
high temperatures (23). Composition 
changes of both reactant mixtures and 
effluent gases can be monitored continu- 
ously using a Gow-Mac high-pressure ther- 
mal conductivity cell. The kinetic data were 
measured after the system had reached 
steady state, as determined by the steady 
voltage output from the thermal conductiv- 
ity cell. The portion of the system down- 
stream from the reactor was wrapped with 
heating tape to prevent water from con- 
densing. Analyses of both effluent gases 
and reactant mixtures were carried out us- 
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FIG. 1. Schematic diagram of the all stainless-steel system for high-pressure kinetics studies (most 
on-off valves omitted). 1, Deoxo unit; 2, copper turning trap; 3, 3A molecular sieve trap; 4, 13X 
molecular sieve trap; 5, filter with 2-pm filter element; 6, Tylan FM-360 flowmeter with readout box 
RO-14; 7, Chatham precision needle valve; 8, Grove 90W back pressure regulator; 9, Grove 1% small 
volume regulator; 10, Gow-Mac 10-454-25 WX thermal conductivity cell; with 40-001 power supplier; 
11, Valco V-6-HPaX C20 sampling valve; 12, Linberg 54356-V three-zone furnace with 59744-A 
control console; 13, 316 S.S. tubular reactor; 14, Valco CV-8-HPaX C20 sampling valve; 15, auxiliary 
exit, which can be connected to wet test meter for flowmeter calibration. 

ing a Carle Basic 8700 gas chromatograph 
operated at 388 K with 1.8 m of SO/l00 
mesh Spherocarb column. 

Hydrogen (National Cylinder Gases) was 
purified by passage through a Deoxo unit 
followed by an activated 13X molecular 
sieve trap at room temperature. Carbon 
monoxide (Matheson, C.P. grade) was 
purified by passage through a system com- 
posed of a copper turning trap (with 60 cm 
of preheating section) at 593 K, and acti- 
vated 3A and 13X molecular sieve traps at 
room temperature. Such an arrangement 
was effective in completely removing 
Fe(CO)S from the CO stream. 

Particle Size Determinations 

Hydrogen chemisorption measurements 
were carried out in an all-glass high-vac- 
uum system described elsewhere (24). Prior 

to chemisorption measurements at room 
temperature, whether on fresh or used cata- 
lysts, the sample was reduced in flowing 
hydrogen (atmospheric pressure, 50-100 
cm3/min) at 723 K for 1 h, evacuated for 1 h 
at this temperature, and then cooled under 
vacuum to room temperature. Desorption 
isotherms, rather than adsorption iso- 
therms, were measured, because hydrogen 
chemisorption on Ni involves a fast chemi- 
sorption process followed by a slow, acti- 
vated chemisorption process (25-27). A 
similar procedure has been used for ruthe- 
nium (28) and nickel-copper catalysts (29). 
The amount of strongly adsorbed hydrogen 
was estimated by extrapolating the initial 
portion of the desorption isotherm back to 
zero pressure. X-Ray diffraction measure- 
ments were made on a Picker biplanar 
diffractometer. Magnetization measure- 
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ments were carried out using a Cahn RG 
microbalance and an Alpha model 4800 
electromagnet. 

Catalyst Preparation and Treatment 

Supported nickel catalysts were prepared 
by incipient wetness impregnation, using 
0.6 ml of Ni(NO& solution per gram of 
80/100 mesh y-A&O, powder (Davison, 
SMR-7). After impregnation, the catalysts 
were dried overnight at 393 K. The “stan- 
dard” reduction procedure consisted of 
treating the catalyst in flowing hydrogen 
(PH2 = 308 kPa) while the sample tempera- 
ture was (i) slowly increased to 403 K (over 
a period of 40 min), (ii) held at 403 K for 0.5 
h, (iii) held at 533 K for 0.5 h, and (iv) held 
at 723 K for 2.5 h. The reactor temperature 
and pressure were then adjusted to the 
desired values before the HZ/CO reactant 
mixture was introduced. 

Space velocities (at reactor inlet condi- 
tions) of 40,000-60,000 cm3 * g-l * h-l were 
used to keep CO conversions low so that 
data analyses could be carried out in terms 
of a differential reactor model. A procedure 
similar to that used by Vannice (12) was 
used to maintain a “clean” metal surface. 
Specifically, after each datum point, CO 
flow was stopped and HZ alone was passed 
over the catalyst surface to effect catalyst 
regeneration. Typically, the catalyst was 
exposed to HZ/CO for approximately 0.5 h 
during the collection of each datum point; 
this was followed by a 2-h regeneration 
treatment in HZ. The exit gas was moni- 
tored by gas chromatography during this 
regeneration. It was established that the 
CH4 concentration in the HZ stream 
dropped to zero within the 2-h regeneration 
period. 

Runs designated by the prefix “A” were 
carried out using a 10 : 1 mixture of 100/120 
mesh y-A&O3 powder and 80/100 mesh 
Ni/y-Alz03 catalyst. The mixture was 
physically separated using a 100 mesh sieve 
after the kinetic studies. This separated 
catalyst was then used for X-ray diffraction 
and Hz chemisorption studies. The use of a 

diluted catalyst allowed the catalyst bed 
height to be kept nearly constant and CO 
conversions to be kept low between kinetic 
runs carried out over greatly different tem- 
perature ranges. In the deactivation studies 
(series A4), the catalyst was not regener- 
ated using hydrogen flushing after each 
datum point, as had been the procedure in 
series 2 and 3. This approach made the 
deactivation studies feasible within a 
reasonable time span. 

Chemical analyses of catalyst samples 
were carried out by Galbraith Laboratories, 
Inc. 

RESULTS 

Experimental conditions are summarized 
in Table 1. The first digit in the run number 
designates the batch number of the catalyst 
preparation. The prefix “A” means that the 
catalyst studied has been diluted with y- 
A&O3 powder. The temperature in paren- 
theses indicates the highest temperature 
recorded after the reactant mixture was 
introduced. Temperatures connected by 
the “+=” sign indicate the temperature 
range studied using step temperature incre- 
ments of 15 to 25 K from the lower limit to 
the upper limit. The “time on-stream” re- 
fers to the total period of time during which 
the catalyst was exposed to H,/CO mix- 
tures under specified conditions. The 
results of catalyst characterization are sum- 
marized in Table 2. The suffix “F” denotes 
a “fresh” catalyst, which has experienced 
only standard hydrogen reduction. The 
values of calculated metal loading are ob- 
tained from the concentration and volume 
of the impregnation solution and the 
amount of y-Also3 powder used for catalyst 
preparation. Since the height of the catalyst 
bed was typically 5.1 to 6.4 cm, it was 
possible to distinguish the upper portion 
from the lower portion of the catalyst bed. 
After kinetic studies, the catalyst was re- 
moved from the high-pressure reactor. The 
first half of the catalyst poured out of the 
reactor was then labeled the upper portion 
of the catalyst bed, and the second half the 
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TABLE 1 

Experimental Conditions 

Run No. Temp. 
WI 

Pressure (kPa) 

HI co 

WC0 
ratio 

Time 
on-stream 

(min) 

Operating 
regime 

2-2 

2-4 

2-3 

2-l 

3-l 

A4-8 

A4-6 

A4-12 

3-2 

A4-11 

A4-9 

A4-I 

397 -+ 477 
723 re-reduction 
474 + 580 

365 123 2.98 

428 --f 543 
723 re-reduction 
523 + 598 
423 

378 121 

381 124 

446 + 561 
723 re-reduction 
457 + 555 

381 124 
381 124 

355 117 

521 (728) 
485 --, 529 

473 
723 re-reduction 
473 
499 

352 118 2.99 

461 150 3.07 
436 145 3.01 

334 79 4.22 

334 79 4.22 
334 79 4.22 

513 307 
562 307 
590 307 

523 
547 
573 

524 
549 
572 
655 
639 Hz flushing 
647 

307 
307 
301 

2% 
292 
292 
294 

521 (576) 
522 (575) 

644 
741 
577 

653 
638 

651 
741 

294 

345 
345 

300 
277 
300 

298 
298 

302 
285 

3.12 

3.01 

3.07 
3.07 

3.03 

85 
85 
85 

85 
85 
85 

3.59 
3.59 
3.59 

3.59 124 
3.59 26 
3.59 17 

81 3.68 
80 3.66 
so 3.66 
17.9 16.4 

17.2 

18.6 
19.3 

17.2 
40.7 
17.2 

17.1 

18.5 
17.9 

17.4 
6.81 

17.4 

19.3 
19.3 

15.4 
15.4 

17.9 16.8 
42.0 6.77 

132 
60 

202 

140 
150 
64 
22 

236 
150 
83 

26 
252 

loo 
150 
29 
49 

930 
22 
17 

128 
27 
23 
33 
72 
24 

44 
1487 

54 
50 
61 

930 
45 

49 
54 

Unsafe 

Unsafe 

Unsafe 

Unsafe 

Unsafe 

Unsafe 

Unsafe 

Safe 

Safe 

Safe 

Safe 

Safe 

lower portion of the catalyst bed. Such a at relatively high CO pressure is shown in 
differentiation between the upper and the Fig. 2. These data are characteristic of 
lower portions of the catalyst bed was made operation in an “unsafe” regime. Figure 3 
for runs 2-4 and 3-l. shows typical results in the search for 

The rapid loss of activity for methanation “safe” operating conditions. “Safe” oper- 
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TABLE 2 

Catalyst Characterization 

Run No. Metal loading (wt%) 

Calculated Analytical 

Particle size (rim) Surface N CHIC 
coverage (sect) 

XRD Chemisorptio# (%) 

(111) (200) 

2-2 
2-4 upper bed 
2-4 lower bed 
2-3 
2-l 
3-l upper bed 
3-l lower bed 
A4-8 
A4-6 
A4-12 
3-2 
A4-11 
A4-9 
A4-7 
3F 
4F 

5.73 0.95 **d _ - - - 
5.73 3.89 50.3 61.6 - - - 
5.73 6.51 39.5 35.4 - - - 
5.73 5.63 40.1 53.3 - - - 
5.73 5.75 33.0 34.9 - - - 
5.96 5.78 36.9 23.7 - - - 
5.96 6.34 43.1 23.7 - - - 
5.98 5.44 20.7 12.3 58.1 64 1.5 x 10-s 
5.98 5.45 16.4 * 19.8 17 4.1 x 10-a 
5.98 - 15.4 * 38.1 60 25.0 x lo+ 
5.96 - *= - - - - 
5.98 - * - 7.6 58 31.4 x 10-X 
5.98 5.64 * - 6.5 51 25.0-42.6 x 1O-3 
5.98 5.82 * - 6.7 53 - 
5.% - * - 4.0 - - 
5.98 6.00 * - 3.2 - - 

a Based on dried-reduced samples. 
b Assuming spherical particles an&72% reduction (as determined by magnetization measurements). Ni atom 

area = 6.78 AZ (the average of (lOO), (1 lo), and (111) planes). -When possible, the values of metal loading 
determined by chemical analyses were used for the particle size calculations. For samples 3F, A4-11, and A4-12, 
the calculated metal loadings were used to calculate Ni particle sizes. 

c Turnover numbers are extrapolated to T = 548 K, P = 101.3 kPa, and H&O = 3 using Eq. (1). 
d No Ni diffraction peak can be observed because there is not enough Ni in the sample. 
e An asterisk denotes that no particle size determination can be made because the peak is too broad. In most 

cases, the extremely broad Ni diffraction peak cannot be distinguished from background. 

ating conditions are defined as those for 
which the catalyst maintains a stable activ- 
ity over a period of time long enough for 
kinetics studies (i.e., several hours expo- 
sure to a H2/C0 mixture). Similarly, the 
“unsafe” operating conditions are those 
under which the catalyst cannot maintain a 
stable activity. Thus, a temperature of 688 
K is classified as safe, while temperatures 
of 526 and 588 K are classified as unsafe, 
when PHz = 305 kPa and PC0 = 18.6 kPa 
(Fig. 3). The results of the search for safe 
operating conditions are shown in Fig. 4. 
For each partial pressure of CO, there is a 
lower limit in temperature for safe operat- 
ing conditions. Above this threshold tem- 
perature the catalyst does not undergo 
rapid deactivation in terms of the time 

frame of our studies. The partial pressure of 
Hz plays only a minor role, if any, in the 
deactivation processes. The deactivation 
rate remained essentially unchanged when 
the HZ pressure was doubled for a run at 
602 K and PC, = 33.8 kPa. 

After the safe operating regime was 
mapped, several runs (the A4 series) were 
designed and carried out to study differ- 
ences in catalyst structure after use in the 
safe and unsafe regimes. The most impor- 
tant differences in catalyst structure are 
those in Ni particle sizes, as determined by 
X-ray diffraction. The time on-stream is 
only of minor importance. As indicated in 
Table 2, the Ni particle sizes for the cata- 
lysts after operation in the safe regime (runs 
3-2, A4-7, A4-9, and A4-11) are always too 
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limo kquencr 

FIG. 2. Rapid loss of catalytic activity for methana- 
tion (run 3-1) at 470 (0) and 500 K (A). X’s are used for 
points where CH, peaks were so small that they were 
not integrated by the electronic integrator. Vertical 
lines on the abscissa denote catalyst regenerations (ca. 
2 h) in flowing hydrogen. The catalyst was typically 
exposed to Hz/CO reactant mixture for 0.5 h between 
hydrogen regenerations. 

small to be determined by X-ray diffraction, 
regardless of the time on-stream. X-Ray 
diffraction was also unable to measure the 
Ni particle sizes in fresh samples (3F and 
4F). On the other hand, the Ni particle sizes 

I I I I 
0 200 400 600 

TIME ON-STREAM (mln) 

FIG. 3. Safe and unsafe operation conditions for 
Ni/AlzOJ catalyst. Pa, = 305 kPa; PC0 = 18.6 kPa. 

lb (kPa1 

FIG. 4. A map of the region of safe operating 
conditions for Ni/AlzOs catalysts. (0) Safe operating 
conditions; (0) unsafe operating conditions. The equi- 
librium curves for various equilibrium partial pres- 
sures of Ni(CO)d are calculated using thermodynamic 
data available in the literature. 

in the catalysts after operation in the un&fe 
regime (runs A4-6, A4-8, and A4-12) are 
always much larger than those in fresh 
samples. In addition, the Ni particle size in 
a catalyst after 16 h of operation in the 
unsafe regime (run A4-8) was not much 
larger than those obtained after 3 h of 
treatment in the unsafe regime (runs A4-6 
and A4- 12). The Ni particle size determina- 
tions using Hz chemisorption always gave 
larger values than those obtained by X-ray 
diffraction (Table 2). The calculation of 
particle size based on H2 chemisorption has 
taken into account the fact that not all the 
Ni present on the alumina support can be 
reduced to a metallic state. Magnetic mea- 
surements indicated that 72% of the Ni 
loading was reduced to the metallic state 
during the standard reduction procedure. 

The kinetics of the methanation reaction 
were studied under safe operating condi- 
tions in separate experiments using an 
alumina-diluted catalyst (similar to the A4- 
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series). Additional studies of the tempera- 
ture (see Fig. 5) and partial-pressure depen- 
dence of the rate (not included in Table 1) 
indicate that the best fit of the data is of the 
form 

rCHl = A &29,000/RT~pOti~~~~& 

where R = 1.987 cal/gmole . K. 

(1) 

DISCUSSION 

Nickel Transportation and Particle Size 
Growth 

The calculated values of metal loading 
agree very well with the results of chemical 
analyses for runs 2-1, 2-3, and 4F. The 
small differences between calculated and 
analytical values in series A-4 are attribut- 
able to the physical-separation technique 
employed. In contrast, the results of the 
chemical analyses for runs 2-2 and 2-4 are 
not in agreement with the calculated metal 
loadings. The Ni metal on the catalyst has 
been almost completely stripped from the 
catalyst bed in run 2-2. In run 2-4, the upper 
portion of the catalyst bed contained far 
less Ni metal than the calculated value of 
the metal loading, while the lower portion 
of the catalyst bed contained far more Ni 
metal than the calculated value of the metal 

FIG. 5. Arrhenius plots for Ni/Alz03. PC0 = 35.8 
kF%; PH, = 257 kF% (0) Data collected on the first day 
(EA = % Id/mole); (0) data collected after catalyst 
had been on-stream for 21 days (EA = 121 kJ/mole). 

loading. The average value of the results of 
the chemical analyses, 5.20%, indicates 
that there was probably no significant strip- 
ping of Ni from the catalyst bed. These 
phenomena show that Ni can be trans- 
ported with the gas stream from the upper 
portion to the lower portion of the catalyst 
bed, and that, in the extreme case, Ni can 
even be stripped from the bed. 

The results from run 3-1 show a more 
subtle effect of Ni transportation. On one 
hand, the results of the chemical analyses 
for run 3-l indicate that there is only minor 
Ni transportation. The average value of the 
metal loading based on chemical analyses, 
6.06%, agrees well with the value of the a 
priori calculation, 5.96%. A small amount 
of Ni, however, appears to have been trans- 
ported from the upper to the lower portion 
of the bed. Yet of major importance is the 
observation that the Ni particle sizes deter- 
mined by X-ray diffraction are very large 
(23-43 nm) compared to the typical size of 
Ni particles in fresh catalysts (3-4 nm) 
(Table 2). 

Two mechanisms have been proposed for 
the growth of metal particle sizes in sup- 
ported catalysts (30): The crystal migration 
model and the interparticle transport 
model. The crystal migration model 
(31, 32) envisages the growth in particle 
size as resulting from migration of metal 
particles over the support surface, followed 
by collision and coalescence. This model is 
not believed to be applicable for the condi- 
tions of the present study. Specifically, this 
mechanism requires a high mobility of 
metal particles on the surface of the sup- 
port; however, the Tammann temperature 
of Ni, 964 K, is much higher than the 
temperatures involved in these runs. In- 
deed, particle mobility is not generally ob- 
served at temperatures below the Tam- 
mann temperature (33). Furthermore, this 
model is not consistent with the results of 
this study, which show that particle size 
growth becomes less extensive as the tem- 
perature is increased (see Tables 2 and 3). 
For example, the Ni particle size in the 
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TABLE 3 

Thermodynamic Calculations of Ni(CO), 

Run No. Temp.” P,, 
W @‘a) 

P N,,co,,b 
(Pa) 

Loss of 
Ni from 

bede 

Transport 
of Ni down 

the bed” 

Ni particle 
size growtheee 

Stable 
catalytic 
activitye 

2-2 
2-4 
2-3 
2-l 
3-l 
A4-8 
A4-6 
A4-12 
3-2 
A4-11 
A4-9 
A4-7 

397 123 67 
423 124 47 
446 117 4.5 
485 145 0.46 
473 79.2 0.10 
513 85.5 8.0 x 10-s 
523 85.5 4.2 x 10-s 
524 80.6 3.1 x 10-a 
576 18.6 4.6 x lo-’ 
577 17.2 3.2 x lo-’ 
653 19.3 1.6 x 10-s 
651 17.9 1.3 x 10-e 

* 

* 

- 

- 
- 

- 

- 
* 

-d 

-d 
* 

- 

- - 

- - 
* - 
* - 
* - 
* - 
* - 
* - 
* - 

- * 
- * 
- * 
- * 

e Asterisk indicates that phenomenon was observed 

catalysts used in runs A4-7, A4-9, and A4- 
11 (which have experienced temperatures 
as high as 741 K) is too small to be deter- 
mined by X-ray diffraction indicating that 
the temperatures used in this study were 
not high enough to cause surface migration 
of metal particles. This conclusion is also 
supported by reported observations. 
Richardson and Crump (34) showed that 
the dispersion of a Ni/SiOz catalyst was 
very stable at 673 K in helium. Williams et 
al. (35) showed that the nickel surface area 
of a coprecipitated Ni-A&O3 catalyst re- 
mained constant during a 1000-h treatment 
at 673 K in a steam and hydrogen mixture. 
It also remained constant during treatment 
at 1073 K in hydrogen. Temperatures in 
both studies were higher than the tempera- 
tures employed in runs 2-2, 2-4, and 3-l. 

The second model for particle size 
growth, the interparticle transport model 
(36, 37) involves escape of atomic or mo- 
lecular metal species from crystallites, mi- 
gration of these species along the surface 
(or vapor-phase transport), and their recap- 
ture by crystallites via collision or read- 
sorption. A mechanism similar to the inter- 

Q The lowest temperature in each run. 
b Equilibrium partial pressure of nickel carbonyl based on calculated equilibrium constant. 
c X-Ray diffraction peak observable. 
d Separation of the upper from the lower portion of the catalyst bed was not attempted. 

particle transport model is postulated to 
explain the phenomena observed in the 
present studies. Upon exposure to an ap- 
propriate HJCO reactant mixture, the Ni 
metal particle reacts with adsorbed CO or 
with CO molecules in the gas phase to form 
Ni(C0)4 species. The formation of Ni(C0)4 
from Ni on SiOp maintained in a CO atmo- 
sphere has been reported by Vannice and 
Garten (38). The formation of Ni(COX un- 
der room temperature CO chemisorption 
conditions indicates the ease with which it 
is formed (39). Van Meerten et al. (40) have 
in fact raised the possibility of having 
Ni(C0)4 as an intermediate for the trans- 
port of Ni from small to large Ni particles in 
a Ni on SiO, catalyst. Product Ni(C0)4 
molecules can leave the metal particle and 
diffuse through the gas phase and/or over 
the catalyst support. Depending on the op- 
erating conditions, these species then de- 
compose to metallic Ni on either a nearby 
Ni particle or a Ni particle on a catalyst 
granule downstream from the original. In- 
deed, Ni(C0)4 partially decomposes at tem- 
peratures as low as 298-303 K (41). De- 
rouane er al. (42) studied the preparation of 
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Ni catalysts by decomposing Ni(C0)4 on 
AlSO3 fibers at 473 K. The industrial pro- 
duction of high-purity Ni pellets is carried 
out by decomposing Ni(C0)4 at 443-523 K 
(43). Temperatures employed in most of 
our runs are higher than these decomposi- 
tion temperatures. Finally, under certain 
conditions, the Ni(C0)4 molecules may 
even be flushed out of the reactor, causing 
the stripping of Ni metal from the catalyst 
bed as will be discussed later. 

As pointed out earlier, one of the promi- 
nent differences between catalysts after op- 
eration in the safe regime and catalysts 
after operation in the unsafe regime is the 
Ni particle size determined by X-ray dif- 
fraction. After 16 h of treatment at 653 K in 
the safe regime (run A4-9) a catalyst still 
has a Ni particle size comparable to that of 
a fresh sample. However, after 3 h of 
treatment at lower temperatures in the un- 
safe regime (run A4-6) a catalyst shows a 
five-fold increase in Ni particle size relative 
to those of fresh samples. As can be seen in 
Tables 1 and 2, the correlating factors are 
(i) the CO partial pressure, which was 
higher in the unsafe treatments than in the 
safe treatments, and (ii) the temperature, 
which was lower in the unsafe treatments 
than in the safe treatments. Thermo- 
dynamically the higher CO pressure and the 
lower temperature used in the unsafe treat- 
ment favor the formation of Ni(CO)I. These 
data are consistent with the argument that 
the deactivation proceeds via the interparti- 
cle transport model rather than via the 
crystallite migration model. 

Kinetic and Thermodynamic Aspects of 
Ni( CO), Formation 

Thermodynamic data for the reaction 

Ni + 4C0 (9j * Ni(C0)4 (9) 

are available in the literature (44-48). The 
data summarized by Goldberger and 
Othmer (47) were used for calculating equi- 
librium partial pressures of Ni(COL The 
calculated values are tabulated in Table 3. 

Goldberger and Othmer (47) found that 

the rate of Ni(CO)* formation reaches a 
maximum at 348 K at all CO pressures 
studied, while Kipnis et al. (49) and Kipnis 
and Mikhailova (50) have determined the 
kinetic rate expression for this reaction. 
Accordingly, for all runs in the present 
study, the rate of Ni(CO)* formation would 
be approximately 10es mole/cm2 . h in the 
absence of gaseous Ni(CO)*. This corre- 
sponds to about 102 monolayers of Ni re- 
moved from each Ni particle per hour. 
(These kinetic data are only semiquantita- 
tive due to the fact that a much larger Ni 
particle size, 38 pm, was used in the studies 
of Kipnis et al. (49) and of Kipnis and 
Mikhailova (50).) Yet, small Ni particles 
(consisting of several tens of monolayers) 
are in fact stable for long times in runs 3- 
2, A4- 11, A4-9, and A47. Thus, the ki- 
netics of Ni(C0)4 decomposition must 
also be considered in interpreting the 
phenomena of the present study. In 
short, it has been found (51-54) that the 
rate increases with increasing temperature 
up to approximately 400 K, while above 
this temperature the rate-determining step 
in the thermal decomposition is the gas- 
phase diffusion of Ni(C0)4 to the surface 
of metallic nickel (51, 53). In other 
words, the intrinsic rate of Ni(C0)4 de- 
composition on metallic Ni at tempera- 
tures higher than ca. 400 K is fast com- 
pared to the rate of gas-phase diffusion of 
Ni(C0)4 to the Ni surface. In the present 
case, the fast rates of Ni(C0)4 formation 
and decomposition suggest that thermody- 
namic equilibrium with respect to forma- 
tion of Ni(CO), from nickel and carbon 
monoxide is achieved at the surface of 
the Ni particles during methanation. 

The equilibrium partial pressures of 
Ni(CO)* vary from 67 Pa for the run in 
which Ni was stripped from the catalyst 
bed to 1.3 x lo-* Pa for a run in the safe 
regime. Under those conditions for which 
the thermodynamics of Ni(CO)* formation 
are unfavorable (small Ni(CO)r partial pres- 
sure), the flux of Ni(CO)I away from each 
Ni particle is expected to be small. The Ni 
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particle size distribution is then stable, be- 
cause the various particles do not exchange 
nickel via Ni(C0)4 transport. When the 
reaction conditions are changed such that 
the Ni(CO)I partial pressure at the Ni sur- 
face is increased, the flux of Ni(CO)I away 
from the Ni particles is expected to in- 
crease. However, as long as the decompo- 
sition of Ni(CO)I is fast compared to the 
rate of diffusion, the Ni(CO)* will subse- 
quently decompose near the site at which it 
was formed. This provides a mechanism for 
exchange of Ni between neighboring Ni 
particles. There would not be any growth in 
particle size if Ni(CO), decomposed at the 
same rate on Ni particles having different 
sizes. However, the rate at which a particle 
gains metal atoms by the processes de- 
scribed in the interparticle transport model 
is proportional to the effective diameter of 
the particle (36). Kipnis and Mikhailova 
(46) have reported that nickel carbonyl is 
easier to form from smaller Ni particles. 
Hence one expects larger particles to grow 
at the expense of smaller ones, and this is 
the mechanism by which the Ni particle 
size increases. This expectation is 
confirmed by observations of Evans and 
Simpson (55) on an industrial process pro- 
ducing Ni pellets via decomposition of 
Ni(CO)I. Finally, as the temperature is de- 
creased, the intrinsic rate of Ni(C0)4 de- 
composition decreases faster than the rate 
of Ni(CO)I diffusion. This allows the 
Ni(C0)4 to diffuse and decompose further 
from the site at which it was originally 
formed. At sufficiently low temperatures, 
the Ni(CO), would be able to diffuse out of 
the catalyst granule in which it was formed, 
and then be decomposed in another granule 
further downstream in the catalyst bed. In 
the limiting case of slow intrinsic rates of 
Ni(CO), decomposition, the Ni(CO), would 
be swept from the catalyst bed by the gas 
flowing through the reactor. 

Inspection of Table 3 shows that the 
experimental observations are in accord 
with the above arguments. The various 
experimental runs are listed in the order of 

decreasing equilibrium Ni(CO)I partial 
pressures for the temperatures and CO par- 
tial pressures used in the methanation 
studies. The presence of an asterisk as an 
entry in the table indicates that one or more 
of the following phenomena were observed 
in the run in question: (i) loss of Ni from the 
catalyst bed, (ii) transport of Ni down the 
catalyst bed, (iii) growth of Ni particle size, 
and (iv) stable nickel particle size and cata- 
lytic activity. 

It can be seen that those runs with the 
highest Ni(C0)4 partial pressures combined 
with the slowest intrinsic Ni(CO), decom- 
position rates showed the most dramatic 
effects of Ni transportation. (The intrinsic 
rate of Ni(CO)I decomposition, which in- 
creases with increasing temperatures, is 
used for comparison among various runs, 
since the effect of Ni(C0)4 diffusion is 
considered separately .) For example, the 
conditions of run 2-2 corresponded to the 
highest equilibrium Ni(CO)I partial pres- 
sure with the slowest Ni(CO)I decomposi- 
tion rate, and significant loss of Ni from the 
catalyst bed was observed in this run. Run 
2-4 had a smaller Ni(CO)I equilibrium par- 
tial pressure with a higher Ni(C0)4 decom- 
position rate; less removal of Ni from the 
bed was observed. On the other hand, 
significant transport of Ni down the catalyst 
bed was observed during this run. The 
equilibrium Ni(CO)I partial pressure of run 
3-l was still lower while the Ni(C0)4 de- 
composition rate was higher; less extensive 
Ni transport down the catalyst bed was 
observed, compared to that of run 2-4. 
Furthermore, no loss of Ni from the cata- 
lyst bed was observed for run 3-l. The 
conditions of runs A4-8, A4-6, and A4-12 
gave equilibrium Ni(CO), partial pressures 
lower than those of run 3-l. Accordingly, 
no transport of Ni out of the catalyst bed or 
down the catalyst bed was observed. How- 
ever, the Ni particles were observed to 
increase in size under these reaction condi- 
tions. That is, the equilibrium Ni(C0)4 par- 
tial pressure was still high enough to allow 
Ni particles within a given catalyst granule 
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to exchange matter via Ni(C0)4 transport. 
Finally, the lowest equilibrium Ni(C0)4 
partial pressures were those of runs 3-2, 
A4-11, A4-9, and A4-7. Indeed, the size of 
Ni particles did not increase and the cata- 
lysts maintained stable activity during each 
of these runs. The temperatures and CO 
partial pressures of these runs correspond 
to safe operating conditions. 

Figure 4 shows calculated equilibrium 
partial pressure curves for Ni(C0)4 as a 
function of temperature and CO partial 
pressure. The equilibrium curve for PNi(co)I 
= 1.0 x lo+ Pa outlines the border be- 
tween the safe operating regime and the 
unsafe regime. This is to be expected, be- 
cause, as mentioned earlier, thermody- 
namics plays an important role in determin- 
ing the conditions for safe operation. Thus, 
the equilibrium partial pressure of Ni(C0)4 
can be used as an empirical criterion for 
determining the “safety” of a given set of 
operating conditions. 

Similar deactivation behavior has been 
observed for a commercial 30% Ni/a-A&O3 
catalyst (15) and a 5% Ni/A1203 monolithic 
catalyst (56). The corresponding equilib- 
rium Ni(C0)4 partial pressures are 7.18 x 
10e2 Pa and 2.7 x 1O-6 to 1.3 x lop5 Pa, 
respectively. These values are larger than 
the suggested safe value of 1.0 x 10e6 Pa. 
Van Meerten er al. (40) have recently 
shown by magnetization measurements 
that the Ni particle size of a 4.88% Ni/SiOz 
catalyst grows gradually during methana- 
tion. The equilibrium Ni(C0)4 partial pres- 
sure corresponding to their operating con- 
ditions is 4.0 x 10ms Pa. These facts suggest 
that the present criterion for judging the 
“safety” of operating conditions can be 
applied to other systems with higher metal 
loadings and/or different geometry. The 
previously stated conclusion concerning 
the insensitivity of this deactivation 
process to the hydrogen partial pressure is 
also supported by these studies. Vannice 
and Garten (15) used a partial pressure of 
HZ which is twice that employed in this 
study. Bartholomew (56) found no differ- 

ence in deactivation behavior between runs 
with HZ/CO = 2 and those with H.JCO = 
3. 

Blockage of Surface Sites 

For A&O,-supported catalysts the larger 
Ni particle sizes determined by hydrogen 
chemisorption relative to those determined 
by X-ray diffraction have been previously 
attributed to metal-support interactions, 
e.g., formation of a surface spine1 (14). 
Hence, magnetization measurements were 
used to study the reducibility of a typical 
Ni/A1203 catalyst. After the standard re- 
duction procedure a catalyst showed 72% 
reducibility (run 4F). This value was used 
to correct the metal loadings used for calcu- 
lating the particle size based on HZ chemi- 
sorption. For a freshly reduced sample (4F) 
the particle size determined by Hz chemi- 
sorption is 3.2 nm, a value which agrees 
very well with those determined by magne- 
tization measurements. The Langevin low- 
field estimate at 300 K gives 3.4 nm, while 
the Langevin high-field estimate at 77 K 
gives 2.8 nm. However, after exposure to 
HZ/CO reaction mixtures, the reducibility- 
corrected Ni particle sizes determined by 
hydrogen chemisorption are consistently 
larger than those determined by X-ray dif- 
fraction. The difference is too large to be 
attributed to experimental uncertainty and 
it cannot be explained by the presence of a 
particle size distribution. The catalyst sur- 
face must be blocked, probably by carbon 
deposition. In estimating the percentage 
coverages of the surface (see Table 2), it is 
assumed that the actual Ni particle size 
after operation in the safe regime is the 
same as that for run 4F, and that the Ni 
particles are spherical. The first assumption 
is suggested by the fact that these catalysts 
are indistinguishable by X-ray diffraction 
measurements. The X-ray diffraction data, 
however, were suggestive of nonspherical 
particles in several cases, e.g., runs 3-1 and 
A4-8. While the assumption of a spherical 
particle shape may invalidate the quantita- 
tive aspects of the surface coverage calcu- 
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lations, the qualitative trends in the values 
for catalysts exposed to different operating 
conditions can still be observed. (It is noted 
that the calculated surface coverages are 
sensitive to the particle shape assumed.) In 
short, the extent of surface blockage (by 
carbon) is approximately the same, after 
catalyst operation in either safe or unsafe 
regimes. This adds further support to the 
belief that the primary difference between 
the safe and unsafe operating conditions is 
the extent of Ni particle growth, and not 
differences in the extent of surface cover- 
age by carbon. 

Methanation Kinetics 

The Arrhenius plots shown in Fig. 5 
indicate that the catalyst activity decreased 
by only 50% after 21 days on-stream. The 
activation energy increased by 25 kJ/mole 
during this mild deactivation process. The 
activation energy for methane formation is 
presently reported to be 121 kJ/mole, in- 
stead of 96 kJ/mole, because most of the 
kinetic data were collected after long times 
on-stream. This value is within the range of 
reported values for A&O,-supported Ni cat- 
alysts (14). The dependence of the rate on 
reactant partial pressures is somewhat dif- 
ferent from that reported for kinetic 
studies at lower temperatures (14). How- 
ever, for methanation, as the results of 
Bartholomew (56) indicate, the partial-pres- 
sure dependence is a function of the tem- 
perature studied. For purposes of compari- 
son the turnover numbers for methane 
formation are extrapolated and reported at 
the conditions used by Vannice (14). For 
catalysts employed in the safe region (runs 
A4-9 and A4-1 l), the values agree well with 
reported values. However, for catalysts 
employed in the unsafe region (runs A4-6 
and A4-8) the values are an order of magni- 
tude lower than reported values, although 
they agree with each other. In run A4-12, 
the catalyst had first experienced the same 
treatments as employed in run A4-6 (see 

Table 1). The catalyst was then brought 
into the safe region. The turnover number 
for the datum point collected in the safe 
region was indistinguishable from those for 
catalysts that never had been exposed to 
operation in the unsafe regime. This fact 
may indicate that the mechanism of metha- 
nation in the unsafe region is different from 
that in the safe region. Consequently, the 
use of the rate expression determined from 
operation in the safe region for data extrap- 
olation of runs in the unsafe regime can give 
erroneous results. 

CONCbUSIONS 

The conditions of the present study can 
be divided into two different operating re- 
gimes. In the “safe” regime, the nickel 
particles are stable against increases in size 
and the catalytic activity for methanation is 
constant with time. In the “unsafe” re- 
gime, the catalyst deactivates with time due 
to the increase in Ni particle size. Approxi- 
mately 50% of the Ni surface is covered by 
inactive carbon, but this is the same during 
operation of the catalyst in both safe and 
unsafe regimes. Particle size growth in 
Ni/A&O, methanation catalysts during op- 
eration in the unsafe region results from the 
formation of Ni(CO)*, diffusion of this spe- 
cies through the gas phase and/or over the 
catalyst surface, and subsequent decompo- 
sition of Ni(C0)4. Thermodynamic consid- 
erations can be used to predict whether a 
given set of reaction conditions corre- 
sponds to the safe or unsafe regime of 
operation. Specifically, conditions for 
which the equilibrium partial pressure of 
Ni(C0)4 is less than ca. lo+ Pa will give 
stable methanation activity for catalysts 
consisting of nickel on alumina. Con- 
versely, reaction conditions giving much 
higher equilibrium partial pressures of 
Ni(C0)4 will lead to transport of nickel 
through the catalyst bed and ultimately to 
the removal of nickel from the catalytic 
reactor. In addition, the mechanism of 



164 SHEN, DUMESIC, AND HILL 

methanation in the unsafe regime may be 2i. 
different from that in the safe regime. 22. 
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