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Nickel deactivation during steam gasification of carbon is shown to be two types which depend 
upon the chemical nature of the carbon. For graphite, deactivation is moderate and may be attrib- 
uted either to catalyst clustering or to effects of the carburization of the nickel. With less-ordered 
carbons, like Spherocarb, deactivation is severe and rapid. The catalyst particles apparently lose 
surface area due to encapsulation by a graphite overlayer. Dual-bed gasification indicates that the 
carbon substrate releases hydrocarbon species which subsequently decompose on the nickel. Anal- 
ogous results are obtained during the CO1 and H2 gasification reactions. o 1985 academic press, lnc. 

INTRODUCTION 

In the steam gasification of carbon, 
nickel is many times more active as a cata- 
lyst than potassium (I), whereas potassium 
has been identified and developed for com- 
mercial application in coal gasification (2). 
One problem encountered with nickel cata- 
lysts for steam gasification of carbon is a 
propensity to deactivate (I). The deactiva- 
tion of nickel has been attributed to many 
causes; this study has been undertaken in 
order to identify the cause for nickel cata- 
lyst deactivation. The findings from this in- 
vestigation may also have implications in 
the steam reforming area where supported 
nickel is most often used (3). Supported 
nickel steam reforming catalysts are often 
decoked in steam, and at least part of the 
decoking is catalyzed by the nickel (4). 

Many researchers have examined the 
nickel catalyzed steam gasification of car- 
bon. However, it is dimcult to formulate a 
consistent model of the process because 
there are many forms in which carbon is 
found. For example, the catalytic behavior 
of nickel during steam gasification of petro- 
leum coke need not be the same as that of 
graphite. In addition to differences in basic 
structure, even carbons which are structur- 
ally similar may still differ markedly with 
respect to the amount and types of impuri- 

ties which they contain. Also, Holstein (5) 
has demonstrated that it is important to ap- 
ply appropriate reactor design procedures 
in the analysis of the steam-carbon reac- 
tion. 

The literature concerning catalyzed 
steam gasification of carbon is extensive, 
but it has been reviewed recently (6, 7). The 
dissociation of Hz0 at the nickel surface 
has been proposed to be the rate-limiting 
step in the overall reaction mechanism. 
Thus, it has been suggested that the al%nity 
of the catalyst for oxygen will determine 
the catalytic activity. 

Thus deactivation of nickel has also been 
studied many times, but a consensus does 
not exist regarding the mode of catalyst 
deactivation. Colle et al. (8, 9) observed 
sintering of the dispersed nickel catalyst 
during gasification but found that the 
concomitant metal surface area decrease 
did not account for the lost activity. The 
extent of nickel reduction measured by 
magnetization was observed to increase as 
the catalytic activity decreased. Moulijn 
and co-workers (I, 10, II) also investigated 
nickel deactivation during steam gasifica- 
tion. When the total rate was normalized 
using the fraction of the ultimately convert- 
ible carbon present, the resulting “rate” 
was constant. Deactivation was attributed 
to the formation of an amorphous carbon 
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layer on the metal surface preventing diffu- 
sion of the carbon substrate through the 
metal. 

McKee (12) reported that nickel did not 
show significant catalytic activity in HZ0 
unless Hz was added to the feed. The H2 
was suggested to be necessary to maintain 
the catalyst in the metallic state. Both these 
interpretations appear to conflict with ex- 
perimental results from other studies (1, 8- 
II). Tamai et al. (13-15) reported that the 
catalytic reaction proceeded through three 
stages: devolatization, low temperature- 
high activity, and high temperature-low ac- 
tivity. Those researchers, like many others 
who have studied the nickel steam gasifica- 
tion system, did not observe or did not ex- 
amine catalyst deactivation. 

METHODS 

Catalyst activity was monitored in a 
quartz tubular reactor equipped with a bas- 
ket which housed the catalyzed carbon. 
The basket bottom was a quartz frit, and 
the basket diameter was only slightly less 
than the reactor tube wall so that gas by- 
passing of the sample was minimal. The 
basket was supported on a movable ther- 
mocouple probe which allowed the sample 
to be rapidly repositioned from outside the 
furnace to a location within the heated 
zone. The reactor was supplied Nz, Ar, 
COZ, CO, CH4, and HZ from cylinders; all 
gases were of better than 99.99% stated pu- 
rity. Water was added by bubbling the gas 
through heated, distilled water; saturation 
of the gas was assumed. Measurements of 
the water content of the gas by condensa- 
tion and weighing showed at least 95% satu- 
ration at all flow conditions with this partic- 
ular equipment. After the reactor step the 
gas was dried and analyzed chromatograph- 
ically for CO, COa, Hz, and CH4. 

In a typical gasification experiment, a 
measured mass of carbon/catalyst was put 
in the quartz sample basket while the reac- 
tor system was purged with Ar. The sample 
basket was then introduced, through a large 
compression fitting, into the bottom of the 

quartz reactor tube (but outside the pre- 
heated furnace zone). The argon purge was 
maintained throughout the loading process 
and for a period after loading sufficiently 
long to sweep out any air which entered 
with the sample basket. The basket was 
then pushed up into the furnace tube to a 
position where the temperature was 1000 K 
and held there for 5 min in 100 sccmi At-; 
this was the standard pretreatment. If de- 
sired, the sample temperature was then 
changed by repositioning the sample bas- 
ket. Once the temperature was stable, the 
feed gas was changed to the desired compo- 
sition by resetting the mass flow controllers 
and/or passing the gas through the the satu- 
rator. After the experiment was finished the 
sample was removed and weighed. Thus in 
a typical experiment the weight change of 
the sample was measured as well as the dry 
reactor outlet gas composition at specific 
times into the experiment. 

The catalyzed samples used in these ex- 
periments were prepared using one of two 
carbons. The first was SP-1 graphite pur- 
chased from Union Carbide and guaranteed 
to have 6 ppm total maximum spot impuri- 
ties. The second carbon was Spherocarb, a 
carbon molecular sieve purchased from 
Analabs, which was assumed to behave 
similarly to char during nickel-catalyzed 
steam gasification. Spherocarb has been re- 
ported to be nearly devoid of mineral impu- 
rities (0.1% ash) but has high reported oxy- 
gen content (2.2 wt%) (16). The nickel 
catalyst was typically added to either of 
these carbons by dissolving in methanol an 
appropriate amount of Ni(NO& . 6Hz0 for 
the catalyst loading desired and adding the 
carbon to the solution. The solvent was 
then evaporated, and the sample was vac- 
uum-dried at 373 K for ca 4 h. 

In some experiments uncatalyzed carbon 
was used. Spherocarb, SP-1 graphite and 
activated coconut charcoal (Fisher Scien- 
tific) were used as received. A sample of 
Illinois No. 6 coal, pretreated to remove all 

’ Standard cubic centimeters per minute. 
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minerals except pyrite, was heated for 1 h 
at 1273 K in flowing Ar before use. 

For electron microscopy studies, natural 
single-crystal graphite was cleaved and 
mounted on microscope grids using stan- 
dard procedure (17). Nickel was evapo- 
rated onto the sample from a nickel wire 
wrapped around a tungsten filament. Evap- 
oration was done by resistive heating of the 
filament in a bell jar evacuated to below 
10e4 Pa. The amount of nickel on the sam- 
ple was estimated to be one monolayer. To 
examine actual samples from the reactor in 
the scanning transmission electron micro- 
scope (STEM), the samples were ground in 
an agate mortar and dispersed on a holey 
carbon film (28). 

The rate of low-temperature water-gas 
shift (LTWGS) was also used as a catalyst 
probe. The LTWGS rate was measured 
during a steam gasification experiment by 
stopping the steam flow and cooling to 
250°C in flowing Ar. Shift rate was mea- 
sured by then saturating 100 seem of 65% 
Ar, 35% CO with distilled water at 70°C 
and passing the gas over the sample. The 
effluent CO:! flow rate then equals the net 
rate of LTWGS. Under these conditions, 
the reactor was not differential, but it was 
modeled as differential because the relative 
catalytic activity was all that was needed. 
The kinetic expression determined by Gre- 
noble et al. (19) was used to calculate a site- 
specific rate at these conditions. The ratio 
of the measured rate to the calculated rate 
yielded the relative number of sites under 
these conditions. The site density reported 
by Iglesia and Boudart (20) was then used 
to convert the number of sites to a surface 
area of nickel from which an average par- 
ticle size was also calculated. In this man- 
ner, it was possible to measure the surface 
area changes of a sample without remov- 
ing it from the reactor. 

RESULTS 

The effect of the standard 5-ruin pretreat- 
ment (1000 K, I atm, 100 seem dry Ar) 

conversion of both catalyzed and uncata- 
lyzed Spherocarb and graphite was ascer- 
tained using the flow reactor. In all cases, a 
weight loss was measured which corre- 
sponded to conversion of less than 4% of 
the carbon. During the pretreatment, car- 
bon oxides were evolved; however, at the 
end of the 5-min pretreatment, these gases 
were released at an apparent gasification 
rate more than 10 times slower than the rate 
observed when steam was subsequently 
added to the reactor feed. Also it was ob- 
served that increasing the duration of the 
pretreatment further reduced the apparent 
gasification rate measured at the end of the 
pretreatment but that subsequent reactivity 
in steam was lessened as well. 

Representative steam gasification behav- 
ior of 5 wt% Ni-catalyzed graphite is dem- 
onstrated by the bumoff of curve plotted 
in Fig. 1. In that figure, as in subsequent 
bumoff curves, the integral rate of carbon 
conversion, calculated from the effluent re- 
actor composition and flow rate, is plotted 
as a function of the percentage of the car- 
bon gasified. The percentage of the carbon 
gasified was determined by integration of 
the observed rate over the time of reaction 
using the measured change in sample mass 
for normalization. Figure 1 also includes a 
time scale for reference. Under the same 
conditions, the rate of gasification of uncat- 
alyzed graphite is over 100 times smaller 
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PERCENT CARBON CONVERSfON 

FIG. 1. Burnoff behavior of 5 wt% Ni-catalyzed 
graphite. Integral rate was determined at 810 K and ca. 
0.1MPain125sccmflowofU)%HzOinArusingan 

used throughout this investigation upon the initial sample mass of 180.8 mg. 
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than the rates shown in Fig. 1 (using a hy- 
pothetical 5 wt% catalyst loading to allow 
comparison on an approximately equal ba- 
sis). The composition of the reactor effluent 
was observed to more closely approach wa- 
ter-gas sift equilibrium as conversion in- 
creased. At 1000 K the carbon conversion 
was greater than 80% when the integral rate 
had declined by the same relative amount 
as that shown in Fig. 1. 

In separate experiments the burnoff of a 
5 wt% Ni-catalyzed graphite under condi- 
tions like those of Fig. 1 was stopped after 
5, 15, and 60 min of steam flow. The aver- 
age nickel particle size of the sample recov- 
ered from the reactor in each case was mea- 
sured by X-ray diffraction (XRD) line 
broadening of the metallic nickel signal 
(21). In another experiment, it was shown 
that stopping the reaction, removing the 
sample, storing overnight, reloading the 
sample into the reactor, and resuming 
bumoff did not change the course of the 
bumoff from that in Fig. 1. The low-tem- 
perature (523 K) water-gas shift reaction 
rate was also used as an in situ surface area 
probe. A single 5 wt% Ni-catalyzed graph- 
ite sample was reacted under conditions 
like those in Fig. 1. However, after 5, IS, 
and 30 min in steam flow, the LTWGS rate 
was measured, and the nickel surface was 
estimated. The sample condition after 5 min 
in steam was chosen as a reference condi- 
tion, and the integral rate of steam gasifica- 
tion and the surface area at this point were 
assigned relative values of 100%. Table 1 
presents the changes in these quantities as 
bumoff progresses. 

A nickel-catalyzed single-crystal graphite 
specimen, mounted on a gold microscopy 
grid, was steam-gasified under conditions 
similar to those of Fig. 1 except the temper- 
ature was 1000 K. The bumoff was termi- 
nated approximately halfway through its 
course, and the specimen was removed and 
examined in a scanning transmission elec- 
tron microscope. Figure 2 is a low-magnifi- 
cation micrograph of the specimen showing 
an edge region of the graphite single crys- 

TABLE 1 

Relative Changes in Steam Gasification Rate and 
Metal Surface Area During Bumoff of 5 wt% 

Ni-Catalyzed Graphite 

Time 
bin) 

Integral 
steam 

gasification 
rate 
(%I 

Nickel 
surface 

area 

by by 
XRD LTWGS 
(%) (%I 

5 100” 1OOb 100’ 
15 76 104.6 99.4 
30 52 n.m.d 95 
60 28 83 n.m. 

a 2.1 x 1O-2 mmol Umin . mg Ni. 
b 1.5 x lo-l3 m*/g Ni. 
c 2.2 x lo-l6 m*/g Ni. 
d n.m. = not measured. 

tal. The edges of the single crystal are the 
regions where most catalytic attack is ex- 
pected to occur (22), and indeed this is ob- 
served. No evidence of channels is found in 
this particular micrograph. 

The burnoff behavior of 5 wt% Ni-cata- 
lyzed Spherocarb was similarly studied. 
Figure 3 is a plot of the integral rate of 
steam gasification of 5 wt% Ni-catalyzed 
Spherocarb as a function of the carbon con- 
version; as in Fig. 1 an elapsed time scale is 
also included. The apparent deactivation in 
the Spherocarb case is greater in magnitude 
and more abrupt than in the graphite case. 
The final observed rate is less than 1% of 
the maximum observed rate. As with the 
graphite case, initially the uncatalyzed gas- 
ification rate is negligible. However, at the 
end of the run the observed integral steam 
gasification rate was only 5 to 10 times 
larger than the rate measured with an 
equivalent amount of fresh uncatalyzed 
Spherocarb. Also with 5 wt% Ni-catalyzed 
Spherocarb the reactor effluent was ob- 
served to become less equilibrated with re- 
spect to water-gas shift as the bumoff pro- 
ceeded. The carbon conversion at which 
the catalyst was fully deactivated was 
nearly constant at 35 to 40% over the tem- 
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FIG. 2. Transmission electron micrograph of nickel-catalyzed single crystal graphite after steam 
gasification at loo0 K and ca. 0.1 MPa. 

perature range from 723 to 1000 K in agree- 
ment with the results reported by Wigmans 
and Moulijn (I). 

The nickel surface area and particle size 
as a function of bumoff in steam at 813 K 
were also probed. Particle sizes were esti- 
mated using XRD line broadening and also 

0 20 40 60 60 100 
PERCENT CARBON CONVERSfON 

FIG. 3. Burnoff behavior of 5 wt% Ni-catalyzed 
Spherocarb. Integral rate was determined at 810 K and 
ca. 0.1 MPa in 125 seem flow of 20% Hz0 in Ar using 
an initial sample mass of 180.0 mg. 

by direct examination of the samples by 
STEM after the standard pretreatment, 5 
min in steam, 15 min in steam, and 60 min 
in steam. Figure 4 is a micrograph of the 
sample which only was pretreated while 
Fig. 5 is a micrograph of a sample after 
steam gasification for 60 min. For each of 
the four samples just described, a number 
of micrographs similar to Figs. 4 and 5 were 
obtained. From these micrographs particle 
size distributions were determined by 
counting between 62 and 283 particles per 
sample. There were no significant differ- 
ences in the shapes of the particle size dis- 
tributions. From the particle size distribu- 
tions, a number-average particle size was 
calculated. The resulting particle sizes 
along with those determined by XRD line 
broadening are listed in Table 2. 

The rate of LTWGS was also used to 
probe the nickel catalyst surface area in situ 
as with the graphite samples. The apparent 
surface area measured in this way is plotted 



FIG. 4. Transmission electron micrograph of 5 wt% nickel-catalyzed Spherocarb after pretreatment 
at 1000 K and 0.1 MPa for 5 min in flowing Ar. 

FIG. 5. Transmission electron micrograph of (initially) 5 wt% nickel-catalyzed Spherocarb after 
pretreatment and steam gasification at 813 K for 60 min. 



NICKEL CATALYST DEACTIVATION 77 

TABLE 2 

Nickel Particle Sizes as a Function of Bumoff in 
Steam at 813 K for 5 wt% Nickel-Catalyzed 

Spherocarb 

Time reacted 
in steam at 813 K 

(min) 

0 
5 

15 
60 

Average particle 
size (A) 

by STEM by XRD 

215 n.m. 
209 160 
298 170 
286 190 

against time in the semilogarithmic graph of 
Fig. 6. Data are shown for gasification in 
steam at. 813 and at 1000 K. The data are 
adequately fit by an exponential relation- 
ship of the form 

A = Ag-at, (1) 

where A is the apparent nickel surface area 
measured by LTWGS, r is the time exposed 
to steam gasification, and A0 and (Y are con- 
stants. The constants A0 and (Y were deter- 
mined to be 7.4 x 1019 &/mg Ni and 0.057 
min-l , respectively, at 813 K by least- 

squares fitting. At 1000 K the values were 
8.2 x 1019 AVmg Ni and 0.187 min-I, re- 
spectively. Chemisorption of CO (during 
CO2 gasification-discusssed later) evi- 
denced a significant decrease in metal sur- 
face area also. 

A series of steam gasification experi- 
ments were performed at 1000 K and ca. 0.1 
MPa using two consecutive carbon beds 
within the reactor. Thus, the products of 
reaction in the first, upstream bed passed 
immediately into the second, downstream 
bed which was less than 1 cm below and 
separated by a small quartz wool plug. In 
all cases, the second, downstream bed was 
5 wt% nickel-catalyzed graphite. Also, in 
all cases, the first, upstream bed was an 
uncatalyzed carbon. The results of these 
experiments are shown in Fig. 7 which 
shows resultant burnoff curves. The inte- 
gral rates are normalized by the mass of 
nickel catalyst in the second, downstream 
bed, thus assuming that the first upstream 
bed (being uncatalyzed) makes a negligible 
contribution to the measured rate. An up- 
stream bed of graphite exerted no signifi- 
cant effect upon the behavior observed in 
the absence of an upstream bed. Sphero- 
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FIG. 6. Decrease in apparent nickel surface area as 
determined by LTWGS as a function of steam gasitica- 
tion time for 5 wt% nickel-catalyzed Spherocarb (0, 
813 K; 0, 1000 K). 

d 
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FIG. 7. Dual-bed steam gasification bumoff curves 
for 1080 K, 0.1 MPa reaction in 125 seem of 20% Hz0 
in Ar. In all cases, downstream bed is 5 wt% nickel- 
catalyzed graphite. Upstream beds are 0, none; 0, 
graphite; 0, Spherocarb; W, activated charcoal; and 
A, demineralized Illinois No. 6 coal. In all cases, each 
bed is ca. 150 mg. 
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FIG. 8. CO2 gasification behavior at 1000 K and ca. 
0.1 MPa in 120 seem of 13% CO2 in Ar. Cl, 5 ivt% Ni- 
catalyzed graphite; 0, 5 wt% Ni-catalyzed Sphero- 
carb; and A, dual beds of uncatalyzed Spherocarb up- 
stream and 5 wt% Ni-catalyzed graphite downstream. 

carb or activated carbon as upstream beds 
caused rapid catalyst deactivation in the 
downstream bed, and coal char in the up- 
stream bed eliminated completely the cata- 
lytic activity of the downstream bed. 

Gasification using CO2 and H2 were also 
examined. The results were very similar to 
those observed with steam. Figure 8 sum- 
marizes the CO* gasification behavior. With 
5 wt% nickel-catalyzed graphite at 1000 K 
and ca. 0.1 MPa, the burnoff extends to 
high limits with only slight indications of 
deactivation. On Spherocarb the catalyst 
displays marked deactivation. Signifi- 
cantly, H2 was detected in the product mix- 
ture from this reaction. As observed with 
steam in dual-bed gasification, an upstream 
bed of uncatalyzed Spherocarb alters the 
activity of the catalyst in a downstream 5 
wt% nickel catalyzed graphite bed. Figure 9 
shows the same phenomena for H2 gasifica- 
tion, but due to the lower rate of this reac- 
tion, the carbon conversion levels are much 
lower. 

DISCUSSION 

The results presented in the previous sec- 
tion show that the chemical form of the car- 
bon being catalytically gasified impacts 
upon the course of nickel catalyst deactiva- 
tion (compare Figs. 1 and 3). In all cases 

considered, the uncatalyzed reaction rate 
was observed to be too small to directly 
account for the behavior differences. Fur- 
thermore, as noted previously, the standard 
sample pretreatment procedure was dem- 
onstrated to be effective in removal of a 
large fraction of the residual oxygen and 
hydrogen remaining in or on the samples 
after preparation and atmospheric han- 
dling. In light of their different deactivation 
behaviors, nickel-catalyzed graphite and 
Spherocarb will be discussed separately be- 
ginning with the graphite system. 

The primary reaction during steam gasifi- 
cation may be written as 

C + Hz0 + CO + H2 (1) 

However, the products also include CO2 
and CH4 which might be considered to arise 
from the secondary reactions 

CO + Hz0 + CO2 + Hz (2) 

C + 2H2+ CH4 (3) 

Indeed, many other reactions can also be 
written to describe the observed product 
mixture, and reactions (1) through (3) are 
not necessarily the only routes to produce 
each of the products. A nickel catalyst does 
accelerate each of these reactions relative 
to the uncatalyzed situation. 

0 I 2 
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FIG. 9. H2 gasification behavior at 1000 K and ca. 0.1 
MPa in 120 seem of 13% HZ in Ar. 0, 5 wt% Ni- 
catalyzed graphite; 0, 5 wt% Ni-catalyzed Sphero- 
carb; and A, dual beds of uncatalyzed Spherocarb up- 
stream and 5 wt% Ni-catalyzed graphite downstream. 
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A. The NilGraphite System 

The declining integral gasification rate 
shown in Fig. 1 is probably primarily a 
result of catalyst sintering under reaction 
conditions. The rates plotted in the figure 
are normalized using the catalyst mass, and 
consequently, decreases in the metal sur- 
face area would cause apparent deactiva- 
tion. In this study, two methods were uti- 
lized to estimate the nickel surface area. 
The first was XRD line broadening from 
which a mean crystallite diameter can be 
calculated. The particle diameters esti- 
mated using this technique on steam gasifi- 
cation samples ranged from 210 to 265 A. 
These estimates seem quite reasonable. 
The second method involved measuring the 
rate of the WGS reaction and calculating a 
surface area based upon reported kinetic 
parameters for a similar system. In this 
case the analysis yielded values ranging 
from 7.90 to 8.32 A. These estimates are 
unreasonably low, most probably because 
the kinetic parameters are not the same for 
Ni/C as for Ni/Al203. Nonetheless, the rel- 
ative changes in these values will reflect the 
relative change in particle size provided the 
reaction is not in a structure sensitive re- 
gime. The XRD particle size of greater than 
200 w indicates this is likely. Therefore, the 
changes indicated in Table 1 should reflect 
the change in metal surface area. In addi- 
tion, the surface area measurement using 
WGS rates is effective in tracking the gasifi- 
cation activity of Ni/Spherocarb as will be 
discussed later in this section. Table 1 thus 
indicates that were the integral rates nor- 
malized using the metal surface area, the 
catalyst would still exhibit deactivation. 

In the metal-catalyzed gasification reac- 
tions one step in the mechanism is often 
assumed to be the activation of carbon on 
the metal surface (23): 

Cbulk + M --* M-C (4) 

Once the carbon has been activated, i.e., is 
present on the metal surface as so-called 
carbidic carbon (24), it then reacts with 

other adsorbed species, such as oxygen or 
hydroxyl species resulting in gasification. 
However, there is a second route for the 
carbidic carbon, namely, dissolution into 
the bulk of the metal. This second route 
remains available as long as the metal is not 
saturated with carbon. Experiments with 
graphite-supported iron indicate that in the 
absence of strongly carburizing gases like 
acetylene the saturation of the metal may 
require hours (25). The decreasing catalyst 
activity shown in Fig. 1 may be caused by 
the increasing carbon content of the metal. 
Increasing the carbon content of the metal 
might cause deactivation in several ways. 
For example, it has been reported that Fe& 
does not wet graphite (26). Thus, as the 
metal becomes more carburized, the inter- 
action between it and the graphite may 
weaken so that carbon activation [reaction 
(4)l is reduced. It is important that (i) this 
deactivation is distinct from that of Ni/ 
Spherocarb and (ii) even at the latest stages 
the system is lOO-fold more active than the 
uncatalyzed graphite. 

The low-magnification micrograph of 
Fig. 2 evidences another possible explana- 
tion for the deactivation of the catalyst dur- 
ing reaction. The individual catalyst parti- 
cles are seen to cluster together into large 
aggregates. In this form the nickel surface 
area is largely unaccessed by the carbon 
substrate and yet still measurable via XRD 
or gas-phase probes like WGS. However, 
before extending this observation to inter- 
pret the activity decline shown in Fig. 1, it 
must be noted that the graphite in the mi- 
croscope specimens is large single-crystal 
material in contrast to the kinetic samples 
which contain much smaller graphite do- 
mains. The ratio of basal carbon to edge 
carbon sites is therefore expected to be 
smaller in the kinetic samples. Since ag- 
glomeration is often observed on the basal 
surfaces whereas catalytic attack occurs at 
edges (22), the situation in Fig. 2 may be 
exaggerated. 

Finally, with respect to nickel-catalyzed 
steam gasification of graphite, it has been 
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observed (22) that the reaction rate is de- 
pendent upon the catalyst particle diame- 
ter, varying in proportion to the inverse 
square root of the diameter. Using the 
XRD-determined particle sizes, this effect 
can only explain a decline in rate of ca. 
lo%, which is significantly less than the 
amount in Table 1, even when corrected for 
the metal surface area. 

B. The NilSpherocarb System 

While the carburization processes dis- 
cussed above, in conjunction with the 
graphite system, are likely also operative 
with Spherocarb, the apparent deactivation 
of nickel during steam gasification of 
Spherocarb shown in Fig. 3 is most proba- 
bly, primarily a result of encapsulation of 
the metal by an inactive, graphitic carbon 
overlayer. This situation has been observed 
during the Pd-catalyzed CO2 gasification of 
amorphous carbon (27), and many observa- 
tions from the present study support this 
hypothesis. 

The extent of water-gas shift during 
steam gasification reaction (2), is consistent 
with an encapsulation mechanism. Even at 
250°C nickel is a very active shift catalyst 
(19). It is not surprising therefore to ob- 
serve that the shift reaction is close to equi- 
librium throughout the course of nickel-cat- 
alyzed steam gasification of SP-1 graphite. 
In that case, the approach to equilibrium 
increases throughout the burnoff as previ- 
ously noted. This would be expected since 
the steam gasification rate decreases and 
thus the amount of CO produced decreases. 
A decreased CO content requires fewer 
shift turnovers to attain shift equilibrium, 
or conversely at a fixed rate of shift a de- 
creased CO content allows a closer ap- 
proach to equilibrium. When nickel-cata- 
lyzed Spherocarb is gasified, the shift 
reaction falls away from equilibrium at the 
same time the catalyst deactivates for gas- 
ification. This provides evidence that the 
metal surface is no longer available to the 
gas phase, because as already stated, at 
lower gasification rates the CO production 

is low and hence only a small water-gas 
shift rate is necessary for the system to ap- 
proach equilibrium. The water-gas shift 
data are therefore consistent with a nickel 
encapsulation mechanism. (It should be 
noted that the shift reaction presently being 
discussed is that which occurs simulta- 
neously during steam gasification, i.e., re- 
action (2), and not the LTWGS which has 
been used in this study as a surface area 
probe .) 

By conducting the steam gasification re- 
action at 810 K, it was possible to stop the 
reaction at preselected stages of deactiva- 
tion. After 5 min on stream, the reactivity 
of the 5 wt% Ni on Spherocarb was near its 
maximum; after 15 min on stream the sam- 
ple was approximately half as active; and 
after 60 min on stream deactivation was 
complete. These exposure times thus made 
suitable samples for studying the catalyst 
deactivation. 

After 60 min on stream the measured re- 
action rate was greater than the rate mea- 
sured for fresh uncatalyzed Spherocarb by 
a factor of 5 to 10. The sample of deacti- 
vated catalyzed material may have had a 
different structure which accounts for this 
difference. For example, while the catalyst 
was active, the catalytic reaction may have 
opened the pore structure creating more ac- 
cessible reaction sites for the uncatalyzed 
reaction. Also, not all the catalyst might 
have been deactivated, but some fraction 
may have remained active after 60 min. In 
short, it is not possible to discern whether 
the catalyst was totally inactive after 60 min 
or not, but it is certain that the rate had 
declined by a factor of over 100 from its 
most active state. 

In the case of encapsulation, techniques 
which directly probe particle size or vol- 
ume (e.g., STEM and XRD) should not in- 
dicate significant changes in these quanti- 
ties during the course of the deactivation. 
In contrast, techniques which probe the 
metal surface directly (chemisorportion, 
catalytic kinetics, etc.) should indicate 
massive apparent surface area changes. 
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The standard pretreatment for 5 min at 1000 
K in Ar was sufficient to sinter the catalyst 
to an average size of ca. 215 A as deter- 
mined from the transmission electron mi- 
crograph shown in Fig. 4. Generally, the 
catalyst particles appear round with no dis- 
tinct features. Examination of a number of 
areas on this specimen did not indicate any 
sign&ant differences from Fig. 4. The 
sample which had been gasified for 60 min 
(Fig. 5), indicates that the particle size did, 
indeed, increase during the reaction. How- 
ever, the changes observed could not be re- 
sponsible for the rate decline shown in Fig. 
3 based solely upon sintering. 

X-ray diffraction line broadening was 
also used to estimate the nickel particle size 
of samples prepared the same way the 
STEM samples were prepared. The results 
of STEM and XRD analyses are listed in 
Table 2. The mean particle sizes from XRD 
are approximately 25% smaller than the es- 
timates from the electron micrographs. 
This agreement is satisfactory for the 
present purposes. More importantly, the 
change in particle size reported in Table 2 
would result in a metal surface area de- 
crease of only 15%. Thus, the XRD and 
STEM provide a consistent indication that 
sintering is not responsible for the deactiva- 
tion experienced during gasification. 

The rate of the low-temperature water- 
gas shift was again used to probe the avail- 
able metal surface area. The apparent sur- 
face area as a function of time on stream is 
shown in Fig. 6. The actual value of the 
area expressed in Fig. 6 is probably not ac- 
curate as already discussed. However, the 
change in the apparent surface area is the 
desired information, and this can be ascer- 
tained with relative certainty from the fig- 
ure. Clearly, the apparent surface area de- 
clines roughly in proportion to the extent of 
deactivation. Indeed, when the rate is nor- 
malized using the apparent nickel surface 
area, catalyst deactivation is not indicated. 

Monolayer graphite phases have been de- 
tected on single-crystal nickel surfaces af- 
ter various carburization treatments (28, 

29). The graphite monolayer which forms 
epitaxially on the Ni (111) surface is re- 
ported to involve stronger carbon bonding 
than bulk graphite (28). This would explain 
how a carbon layer could prevent carbon 
gasification. Once this graphite monolayer 
forms, there is no metal surface available 
for catalysis and hence the uncatalyzed re- 
action would have to react away the layer 
in order to regain activity. However, the 
uncatalyzed reaction of graphite at these 
temperatures is extremely slow, and conse- 
quently, if a graphite monolayer did form, it 
might survive reaction conditions, thereby 
permanently deactivating the catalyst upon 
which it formed. In addition, it has been 
reported that other surfaces of nickel will 
reconstruct to a (111) surface upon forma- 
tion of the graphite monolayer. The elec- 
tron micrographs of the present study are 
interesting in this regard. In the fresh (i.e., 
only pretreated) sample (Fig. 4), the nickel 
particles appear featureless. However, in 
Fig. 5, a steam-gasified sample, many of the 
metal particles appear to possess regular, 
facetted shapes. Also when nickel is sup- 
ported on basal plane graphite, the metal 
particles exhibit these shapes as seen in 
Fig. 2. One possibility is that these regular 
shapes result from the same forces respon- 
sible for the epitaxial growth of graphite 
monolayers on Ni( 111) surfaces. 

The source of the proposed encapsulat- 
ing overlayer is suggested to be a gas-phase 
species by the results of dual-bed gasifica- 
tion (Fig. 7). Specif&dly, Fig. 7 shows that 
the nickel catalyst on an SP-1 graphite sub- 
strate can be made to deactivate during 
steam gasification simply by passing the re- 
actant steam through a bed of uncatalyzed 
Spherocarb at reaction conditions before it 
contacts the catalyzed graphite. An up- 
stream bed of SP-1 graphite has no effect. 
Spherocarb is not unique in this regard; ac- 
tivated coconut charcoal has the same ef- 
fect, and Illinois coal char is even worse. 

The material causing the deactivation has 
not been detected but is believed to be a 
hydrocarbon present as part of the carbon 
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structure. The concentration of this species 
is apparently very small at the reactor out- 
let. This would explain the detection of H2 
in the products during CO* gasification. The 
hydrocarbon may catalytically decompose 
upon the metal surface generating H2 and 
surface carbidic carbon, and the surface 
carbidic carbon can condense producing a 
graphitic overlayer, as previously dis- 
cussed (28, 29). Spherocarb does contain 
both hydrogen and oxygen (26), and it is 
essentially free of traditional catalyst poi- 
sons like sulfur. 

Finally, though not emphasized in this re- 
port, CO1 and H2 gasification proceed simi- 
larly to HZ0 with respect to deactivation. 
Figures 8 and 9 indicate that similar phe- 
nomena occur with these gases, and deac- 
tivation can be attributed to a common 
cause. As a caution, it should be noted that 
hydrogen reduction of a carbon-supported 
nickel catalyst could result in metal decora- 
tion or encapsulation and anomalous che- 
misorptive and kinetic results. 

CONCLUSIONS 

Nickel catalyst deactivation during steam 
gasification of carbon has been demon- 
strated to differ depending upon the chemi- 
cal nature of the carbon. When high-purity 
graphite is gasified, a moderate deactiva- 
tion is observed which cannot be attributed 
to sintering or particle size effects. A model 
catalyst/single-crystal graphite system ex- 
hibited nickel particle clustering which 
could explain the deactivation, but this phe- 
nomenon has not yet been demonstrated on 
real systems. Carburization of the nickel is 
also possibly responsible for catalyst deac- 
tivation. 

When less-ordered carbon structures, 
which also contain hydrogen and oxygen, 
are steam-gasified, the nickel catalysts un- 
dergo more severe and rapid deactivation. 
Particle size increases only slightly during 
this process, whereas apparent metal sur- 
face area decreases significantly. Encapsu- 
lation of the nickel particles by an epitaxial 
carbon layer is consistent with observed be- 

havior. Dual-bed gasification experiments 
indicate that the proposed carbon overlayer 
arises from the decomposition of a hydro- 
carbon species released during reaction. 

Similar conclusions are indicated in the 
cases of CO* and H2 gasification. In addi- 
tion to obvious implications in catalytic 
coal gasification, the findings suggest cau- 
tion in other processes. Decoking of nickel 
catalysts with steam or hydrogen under 
appropriate conditions might lead to cata- 
lyst encapsulation. Also carbon-supported 
nickel catalysts subjected to high-tempera- 
ture reduction could be subject to similar 
results. 
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