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The effects of exposure to dilute H2S during reaction on the methanation activity of alu- 
mina-supported nickel, cobalt, and nickel bimetallic catalysts in powder, pellet, and monolith 
form were investigated. Results of activity tests at 525”K, 1 atm, and a space velocity of 
30,000 hr-r with 10 ppm HzS in the reactant stream show that cobalt and most nickel bi- 
metallic catalysts are not significantly more or less sulfur tolerant than nickel; Ni-MoOa, 
however, is more active before, during, and after exposure to HZS. The data also indicate 
that monolithic catalysts are significantly more sulfur resistant than either powder or pellet 
catalysts. All of these catalysts, however, are completely deactivated within a period of 
2-3 days under the conditions investigated. During reaction in the presence of H&S, there 
is an exponential decrease in activity accompanied by a gradual breakthrough of the poison. 
Less sulfur is adsorbed on the catalyst during reaction than would be if equilibrium adsorp- 
tion occurred. Data showing the roles of temperature, gas composition, and catalyst geometry 
in the poisoning process and the results of regeneration experiments are presented and 
discussed. 

INTRODUCTION 

Poisoning of nickel catalysts by sulfur 
compounds is a serious problem in a num- 
ber of important catalytic processes, in- 
cluding methanation of coal synthesis gas. 
Yet the adsorption of sulfur compounds 
such as H&4 has seen relatively little study 
(1, 2) and the basic mechanisms of poison- 
ing are poorly understood. Effects of H2S 
on the specific methanation activity of 
nickel were only recently studied by Dalla 
Betta et al. (3, 4) and Bartholomew et al. 
(5-7). These studies show that H2S causes 
significant loss of activity upon several 
hours exposure to a reaction mixture con- 
taining 1 to 10 ppm H&S. 

The present study of alumina-supported 

r Presented at the 71st Annual Meeting of the 
AIChE, November 12-16, 1978, Miami, Florida. 

Ni, Co, and bimetallics of Ni with Co, 
Pt, Rh, Ru, and MoOl, in powder, pellet 
and monolithic form, was undertaken to 
determine effects of catalyst composition, 
metal loading, and support geometry on 
the poisoning by HzS during reaction of 
methanation catalysts. Effects of tempera- 
ture and reactant gas composition as well 
as several regeneration treatments were 
also investigated. 

EXPERIMENTAL 

Analytically pure metal salts and Kaiser 
SAS 0.32-cm alumina spheres (301 m”/g) 
were used in preparation of the supported 
catalyst beads and powders. Cordierite 
monolith supports (Corning Glass Works) 
with 31 square channels/cm2 of cross sec- 
tion were washcoated with A1203 powder 
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(Kaiser SA Medium) and used in prepa- 
ration of monolithic catalysts. Samples 
were prepared by simple impregnation or 
coimpregnation to incipient wetness of the 
support with aqueous metal salt solutions 
followed by oven drying at 355 to 375°K 
for 5 hr. The impregnated, dried samples 
were reduced in flowing hydrogen at a 
space velocity of 1000 to 2000 hr-’ while 
heating at less than 5”K/min to 725 to 
775°K with a 2-hr temperature hold at 
500°K and 10 to 16 hr at 725 to 775°K. 
Samples of 50 to 100 g of catalyst reduced 
in a separate reduction system were care- 
fully passivated with 1% air in nitrogen. 
Additional details regarding the prepara- 
tion and characterization of these catalysts 
have been reported elsewhere (5-9). 

Metal surface areas were determined by 

means of hydrogen chemisorption at 298°K 
(g-11) [375”K for ruthenium-containing 
catalysts (Ia)] using a conventional volu- 
metric apparatus capable of 1.3 X lo-’ 
kPa. Hydrogen adsorption uptake was de- 
termined as a function of pressure and the 
isotherm was extrapolated to zero pressure 
to obtain the amount chemisorbed. Cata- 
lyst compositions (in weight percent by 
metallic constituent) and hydrogen ad- 
sorption uptake data are shown in Tables 
1 and 2. For the purpose of simplicity, 
catalysts are hereafter designated by total 
metal loading, e.g., 20% Ni-Co rather than 
10% Ni/lO(% Co/A1203. 

The state of metal reduction in the 
Ni/A1203 catalysts was determined by O2 
oxidation (9). The results indicate these 
catalysts have 70-90% of the nickel re- 

TABLE 1 

Effects of HZS Poisoning on Methanation Activity of Nickel and Nickel Bimetallic Catalysts 
(525”K, 110 kPa, GHSV = 30,000 hr-*, in 95% Nz, 47, HZ, 1% CO, 10 ppm HB) 

Catalysta HZ 
adsorption* 
bmoles/g 

cat) 

Percentage Turnover Percentage Percentage 
CO conver- numberc X IO3 activity activity at 
sion (fresh (fresh after 24 hr time/Hz 
catalyst) catalyst) uptake* of 

0.5 hr/ 
pmole Hz 

3% Ni/P 35 7.5 5.1 
14% Ni/P 179 41 6.7 
10% Ni/lO% Co/P 107 29 6.5 
2.5y0 Ni/3% Moos/P 19 4.8 10.8 
2.5‘% Ni/0.5’% Ru/P 52 7.8 5.3 
2.5yc Ni/0.5% Rh/P 30 6.6 6.2 
15’% Ni/0.59c Pt/P 130 24 6.2 
12% Ni/M 75 93 23.4 
5.5% Ni/5.5% Co/M 54 88 25.5 
6% Ni/G% Moos/M 25 85 41.5 
11% Ni/O.Gyc Pt/M 73 75 17.7 
6% Ni/l.2% Ru/M 31 37 18.8 

<l 31 
45 37 
40 40 
13 54 

<l 9 
<l 34 
38 35 
50 50 
35 41 
40 62 
49 45 
-e 59 

a P denotes powdered alumina supported catalyst; M denotes AllOrcoated monolithic support. 
* Total adsorption measured at 298°K. 
c Turnover numbers have units of molecules CHn per site per second. Conversions were very high for the 

monolithic catalysts (80 to 90%) ; however, effectiveness factors were nearly unity and mass transfer film 
resistance was negligible under these conditions. Turnover numbers for the fresh catalysts were determined 
before H2S was added. 

* Ho uptake based on 1 cm3 of sample and corrected for the appropriate density of each sample. Powder 
densities ranged from 0.36 to 0.56 g/ cma; monolithic catalyst densities ranged from 0.6 to 0.8 g/cm3. 

6 Data were taken over a period of 12 hr at which time 60% of the activity remained. 
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TABLE 2 

Effects of H&i Poisoning on Methanation Activity of Nickel and Nickel Bimetallic Catalysts 
(525”K, 110 kPa, GHSV = 30,000 hr+, in 99% HZ, 1% CO, 10 ppm H2S) 

Catalyst” HZ Percentage Turnover Percentage Percentage 
adsorptionb CO conver- numberc activity activity at 
(moles/g sion (fresh X IO3 (fresh after 24 hr time/Hz 

cat) catalyst) catalyst) uptaked of 
0.5 hr/ 

pmole Hz 

37, Ni/P 35 27 31 0 2.5 
20y0 Ni/P 213 90 13 35 4 
20% Co/P 76 90 35 12 4 
10% Ni/lOyO Co/P 107 85 26 23 7 
10% Ni/lOyO Mo03/P 92 60 20 25 16 
3% Ni/S 35 22 25 0 4.5 

= P denotes powdered alumina-supported catalyst; S denotes 0.32-cm A1203 spheres. 
b Total adsorption measured at 298’K. 
c Turnover numbers have units of molecules CH, per site per second. Conversions were very high (20 to 

907,) ; however, effectiveness factors were nearly unity and mass transfer film resistance was negligible under 
these conditions. 

d Hz uptake based on 1 cm3 of sample and corrected for the appropriate density of each sample. Powder 
densities ranged from 0.36 to 0.56 g/cm3. 

duced to the metallic state. The phase 
compositions of alumina-supported nickel 
and nickel bimetallics were previously in- 
vestigated by X-ray diffraction (5, 11). 
The results reveal the presence in these 
catalysts of well-dispersed clusters ranging 
from 3 to 7 nm in diameter and provide 
positive evidence for formation of alloy 
clust)ers in Ni-Co, Ni-Ru, and Ni-Rh. 
The X-ray data for the nickel molybdenum 
oxide catalyst, however, do not provide 
evidence for alloy formation or enable the 
determination of the oxidation state of 
molybdenum. Hence, the composition of 
this catalyst will be arbitrarily designated 
as Ni-Moo, where 2 = 3, although z could 
vary from 0 to 3 throughout the sample. 
The possibility of metallic molybdenum 
cannot be ruled out since R/lo03 can be 
reduced to the metal in hydrogen at about 
770°K (13) which is near reduction tem- 
peratures used in this work. 

Sulfur poisoning tests were conducted 
at 1 atm, 525”K, and a space velocity of 
30,000 hr-’ using 1 cm3 of catalyst sample 
in an isothermal glass reactor equipped 

with O-ring stopcocks and preheater. In 
the case of monolithic catalysts, 1.3-cm- 
long by 2%cm-diameter samples were used, 
some of the channels of which had been 
plugged with cement to obtain 1 cm3 of 
volume. The reactant mixture contained 
95% Nz, 4y0 Hz, 1% CO, and 10 ppm 
H2S or alternatively 99% HS, 1% CO, 
and 10 ppm H2S (gas compositions ex- 
pressed in molar percent and ppm by 
volume). Chromatographic samples were 
taken every 0.5 hr over a period of 12- 
24 hr. Gas phase H2S concentrations and 
catalyst sulfur contents were determined 
analytically using techniques described 
previously (2). 

RESULTS 

Deactivation Measurements during Reaction 

Normalized activity versus time data 
are plotted in Fig. 1 for 3 and 14y0 Ni/ 
A1203 powders and a 12% Ni/AlzOs-coated 
monolith tested in a reaction mixture con- 
taining 95% Nz, 4% Hz, 1% CO, and 
10 ppm H2S. Normalized activity (hereafter 
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FIG. 1. Normalized activity vs time curves for HtS poisoning of nickel catalysts during re- 
action at 525”K, 110 kPa, and 30,000 hr-‘. Reaction mixture: 950/, Nz, 4yo Ha, 1% CO, 10 ppm 
Ha& 0, 12% Ni monolith; 0, 14% Ni/A1203 powder; A, 3% Ni/AlnOl powder. 

referred to as activity) is defined here as 
the rate of methanation of CO at any 
given time divided by the initial rate of 
reaction. The decrease in activity with 
time appears to be exponential in nature. 
The 3% Ni powder, however, loses ac- 
tivity at a substantially greater rate than 
either the 14% Ni powder or 120/, monolith. 
The higher rate of deactivation for the 
37$ Ni is likely a consequence of its lower 
metal surface area or sulfur adsorption 
capacity relative to the other two samples, 

as indicated by the hydrogen adsorption 
uptake data in Table 1. The rates of de- 
activation for the 14% Ni powder and 
12% Ni monolith are approximately the 
same, although the hydrogen uptake for 
the monolithic catalyst is substantially 
smaller. 

Figure 2 shows activity and outlet H2S 
concentration as a function of time for 
a 3% Ni-Rh powder tested in the same 
nitrogen-diMed, H&containing mixture. 
The data reveal that under reaction con- 

TI?IE (h) 

FIG. 2. Normalized activity and outlet HB concentration (ppm vol) vs time curvea for HtS 
poisoning of 3% Ni-Rh/AltOs powder at 525”K, 110 kPa, and 30,000 hr-I. Reaction mixture: 
95% NZ, 4% H%, 1% CO, 10 ppm HZS. 0, Activity; 0, outlet H& concentration. 
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FIG. 3. Smoothed activity vs time curves for H# poisoning during reaction at 525”K, 110 kPa, 
and 30,000 hr-I. Reaction mixture: 95% Nz, 4% Hz, 1% CO, 10 ppm H8. (a) 3y0 Ni/P; 
(b) 3% Ni-Moos/P; (c) 3% Ni-Ru/P; (d) 3% Ni-Rh/P; (e) 14% Ni/P; (f) 20% Ni-Co/P; 
(g) 15.5% Ni-Pt/P. (/P denotes powdered alumina-supported catalyst.) 

ditions at high space velocity, H2S break- centration is about S ppm. In higher metal 
t!hrough occurs before the sample is com- loading (10 to 20%) catalysts the break- 
pletely deactivated. For example, after through of H2S was much more gradual; 
8 hr approximately 30y0 of the original for instance, the 12% Ni/RI catalyst dis- 
activity remains, while the outlet H2S con- played 507& activity wit,h only 2Ooj, H2S 

20 30 

TIME (h) 

40 50 60 70 

FIG. 4. Smoothed activity vs time curves for HSS poisoning during reaction at 525OK, 110 kPa, 
and 30,000 hr-‘. Reaction mixture: 99% Ht, 1% CO, 10 ppm H,S. (a) 3?& Ni/P; (b) 20% Co/P; 
(c) 20% Ni/P; (d) 20% Ni-MoOa/P; (e) 20% Ni-Co/P. 
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FIG. 5. Smoothed activity VB surface area normalized time during reaction at 525”K, 110 kPa 
and 30,000 hr-1. Reaction mixture: 99% HZ, 1% CO, 10 ppm H& (a) 3% Ni; (b) 20% Ni- 
MoOa; (c) 20% Ni-Co; (d) 20% Ni or 20% CO. (All powders supported on alumina.) 

breakthrough after 17 hr. Complete break- 
through was not observed for the lO-20% 
catalysts even after 2 to 3 days. 

Smoothed activity-versus-time curves are 
shown in Figs. 3 and 4 for Ni, Ni-Co, 
Ni-Moos, Ni-Pt, Ni-Rh, and Ni-Ru cata- 
lyst powders tested in the nitrogen-diluted 
reaction mixture containing 10 ppm H2S 
and for Ni, Co, Ni-Co, and Ni-MoOo 
powders tested in a hydrogen-rich mixture 
(99% HP, 1% CO, 10 ppm H2S). From 
the data in both figures, it is apparent 
that the 3 to 6 wt% catalysts lose activity 
at a substantially greater rate in the first 
10 to 20 hr than do the 14 to 20 wt% 
catalysts, again most probably because of 
the larger adsorption capacity for the latter 
group. It would be tempting to attempt 
to compare the relative sulfur resistances 
of the different catalysts from the curves 
in Figs. 3 or 4. However, because of the 
significant differences in surface areas for 
these catalysts (see Tables 1 and 2) such 
a comparison is not meaningful, unless 
these differences are taken into account. 

Figure Yj shows activity plotted versus 
time divided by hydrogen uptake (surface 
area normalized time) for l-cm3 powdered 
samples of 3% Ni, 20% Ni, 2Oye Co, 
20% Ni-Co, and 20% Ni-Moos tested in 
99% Hz, 1% CO, and 10 ppm H$. The 
results of normalizing the effects of surface 
area are very interest,ing. The deactivation 
curves for 3 and 20% nickel are very 
nearly coincidental. The curves for 20% Ni 
and 20% Co are essentially the same and 
are represented by a single curve. The 
curve for Ni-Co shows slightly higher 
activity compared to Ni for values of the 
abscissa from 0.1 to 0.5. The activity of 
20% Ni-Mo03/A1203, however, is signifi- 
cantly higher for values of the abscissa 
above 0.2. 

Turnover numbers (molecules of meth- 
ane produced per site per second) at 525’K 
for fresh samples and activities at 24 hr 
and at a surface area normalized time of 
0.5 hr/rmole HZ are listed in Tables 1 
and 2 for powdered and monolithic cata- 
lysts tested in the nitrogen-diluted and 
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FIG. 6. Normalized activity vs surface area normalized time for 3y0 Ni in powder and pellet 
form during reaction at 525”K, 110 kPa, and 30,000 hr-’ in 99% HZ, 1% CO, 10 ppm H&J. 
0, 0.32 cm pellets; A, powder. 

hydrogen-rich reactant gas mixtures, re- of the fresh catalysts are not significantly 
spectively. For a given catalyst geometry different than observed for Ni, with the 
and reactant gas mixture, the activities exception of Co and Ni-Moo, which are 
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FIG. 7. Normalized activity vs surface area normalized time for 3% Ni/P during reaction 
at 525,600, and 675”K, 110 kPa, and 30,000 hr-’ in 99% Hz, 1% CO, and 10 ppm H$. (a) 525°K ; 
(b) 6OO’K; (c) 675OK. 
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about a factor of 2 more active. Catalyst TABLE 3 

geometry apparently influences the specific Effects of Poisoning and Regeneration Treatments 
rate to the same or even greater extent on Normalized Activity 

than catalyst composition, as the data in 
Table 1 reveal that the turnover numbers 

Catalyst? Treatment Per- 

for the fresh monolithic catalysts are 2 to 
centage 

4 times larger than those for the fresh 
activityb 

after 
powders. That initial activity is also in- treat- 

fluenced by reactant gas composition is ment 

evidenced by a comparison of the data 
in Tables 1 and 2 for the powders ; that is, 

14% Ni/P 35 hr in reaction mixturec 
containing 10 ppm HIS 
at 525°K the turnover numbers determined for fresh 

catalysts in the hydrogen-rich reactant 
mixture (HJCO = 99) are 2 to 3 times 
higher than those determined in the ni- 
trogen-diluted mixture (HJCO = 4). 

39 
0 

20 

37 
0 

12 
0 

33 

30 
22 

According to the data in Table 1, after 
24 hr of exposure to the nitrogen-diluted, 
H&S-containing mixture the monolithic 
samples with metal loadings of 8 to 12 
wt% range in activity from 35 to 50% 
while the 14 to 20 wt% powders retain 
38 to 45% of the original activity. The 
3 wt% catalyst powders, however, retain 
less than 1% of their original activity 
after 24 hr. 

Based on their higher activities for the 
same surface area normalized time in 
Table 1, the monolithic catalysts appear 
to be significantly (10 to 200/,) more sulfur 
resistant than the catalyst powders. On the 
other hand, activity data in Table 2 and 
Fig. 6 for 3y0 Ni/AlzOa in powder and 
spherical pellet form show very little dif- 
ference, i.e., the activity of the pellets is 
not more than 2 to 3% higher than that 
of the powder at any given time. Thus, 
the monolithic catalysts are probably 
somewhat more sulfur resistant than cata- 
lysts in pellet form. 

Comparison of the activity data at a 
surface area normalized time of 0.5 hr/ 
pmole Hz for catalysts of different metal 
composition (any given geometry and re- 
actant gas composition) in Tables 1 and 2 
reveals that Ni-Moo3 catalysts (Ni-Co 
catalysts to a lesser extent) retain a higher 
percentage of their initial activity, i.e., 

2 hr in pure HI at 725°K 
200/, Ni-Co/P 88 hr in reaction mixture” 

containing 10 ppm Ha 
at 525°K 

3 hr in CO; then 30 min 
in air and 11 hr in Hz 
all at 525°K 

1 hr in Ht at 725°K 
0.5 hr in 02 and 1 hr in 

HI at 525°K 

127, Ni/M 
0.5 hr in Hz at 725°K 
27 hr in reaction mixturec 

containing 10 ppm HrS 
at 525°K 

3.5 hr temperature ramp 
from 525 to 675°K and 
2.5 hr at 675°K in re- 
actant mixturee 

30 hr in Hs at 675 “K 

o P denotes powdered alumina-supported cata- 
lysts; M denotes AlpOrcoated monolithic support. 

b Percentage of initial activity, i.e., normalized 
activity. 

c Reactant mixture contained 1% CO, 4y0 Ht, 
95% Nr. 

exhibit greater resistance to H2S than Ni 
or other Ni bimetallics. 

A comparison of the activities of 3% 
Ni/P and 20% Ni-Co/P after 24 hr or at 
0.5 hr/pmole between Tables 1 and 2 
shows, as does comparison of Figs. 3 and 4, 
that the rates of deactivation are signifi- 
cantly greater for catalysts tested in the 
hydrogen-rich mixture. 

Figure 7 shows the activity versus sur- 
face area normalized time curves for the 
30/, Ni powder in the hydrogen-rich re- 
action mixture at 525, 600, and 675”K, 
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FIG. 8. Normalized activity vs time for HZ’S poisoning of 3y0 Ni-Ru/AlzOa during reaction 
at 525’K followed by attempted regeneration in Has-free reaction mixture at 635 and 695°K 
(110 kPa and 30,000 hr-I). Reaction mixture: 95% Nz, 4% HZ, lt& CO, 10 ppm HzS. 

respectively. The data show that the rate 
of deactivation increases slightly with in- 
creasing temperature. 

Regeneration Experiments 

Attempts were made to regenerate se- 
lected poisoned catalysts with flowing hy- 
drogen, carbon monoxide, oxygen, or a 
Hz/CO reaction mixture. Representative 
results are shown in Table 3. Several 
poisoned catalyst powders (such as the 
14y0 Ni in Table 3) treated in flowing 
hydrogen at 725°K for 0.5 to 2 hr lost all 
remaining measurable activity and surface 
area. Although 5% of the surface area 
(measured by Hz chemisorption at 298°K) 
could be recovered by a 24-hr treatment 
in HZ at 725”K, no measurable activity 
was recovered. However, a Ni-Co powder 
treated in CO for 3 hr, then in air for 
30 min followed by an 11-hr reduction in 
Hz at 525’K showed an increase in activity 
(measured at 525°K) from 20 to 37%. 
Upon treatment at 725°K in Hz all re- 
maining activity was lost ; nevertheless, 
a treatment in 02 followed by Hz reduction 
at 525°K restored 12% of its activity. 

Figure 8 shows the effect of attempted 

regeneration of 3yo Ni-Ru/P in the ni- 
trogen-diluted reaction mixture. After the 
H2S component was removed from the 
reaction mixture and the temperature in- 
creased to 635”K, the rate of deactivation 
increased rapidly ; an increase in tempera- 
ture to 695°K caused even more rapid and 
essentially complete loss of activity within 
a few minutes. 

Monolithic catalysts showed similar fur- 
ther loss of activity when treated in pure 
H, or an HzS-free reactant mixture, al- 
though the rate and extent of deactivation 
were not as great as for the powdered 
samples. For example, a decrease in ac- 
tivity from 30 to 22% was observed for 
poisoned 12 wt% Ni/M upon exposure to 
hydrogen for 30 hr at 675°K. 

DISCUSSION 

Deactivation during Reaction 

The result of exposing nickel-containing 
catalysts to 10 ppm H,S for 24 hr during 
reaction at 525°K (in the nitrogen-diluted 
reactant mixture) is almost complete de- 
activation (99y0) for 3 wt% samples and 
50 to 60’% loss of activity for 15 to 20 
wt% catalyst powders and 8 to 12 wt% 
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monolith catalysts. The nearly complete 
deactivation for the lower metal loading 
catalysts is in accord with data of Dalla 
Betta et al. (5) showing 2 to 3 orders of 
magnitude loss in activity for 5% Ni/ 
A1203 during 24-hr in situ exposure to 
10 ppm H2S at 525°K. However, when the 
effects of surface area are normalized (see 
Fig. 5) high-loading nickel catalysts show 
time-dependent deactivation behavior al- 
most identical to that of the low-loading 
nickel. 

Nevertheless, the retention of approxi- 
mately half the initial activity by the 
powders and monolith catalysts of inter- 
mediate to high metal loading after 24 hr 
exposure to H&S is quite unexpected, in 
view of calculations based on previously 
reported equilibrium adsorption isotherm 
data for dilute H2S in Ht at 725°K (2). 
According to these calculations the cata- 
lysts in this study were exposed to 3 to 4 
times the amount. of H&S needed to com- 
pletely saturate the surface if equilibrium 
adsorption were assumed to occur. The 
gradual breakthrough curves (see Fig. 2) 
establish, however, that equilibrium (essen- 
tially complete) adsorption does not occur 
under reaction conditions at high space 
velocity. In other words, some of the meta,l 
sites remain available for reaction. This 
behavior suggests that the adsorption of 
H2S may be affected by the presence of 
adsorbed reaction intermediates such as 
carbon, carbon monoxide, and/or COH2 
species as well as other variables such as 
temperature and residence time. 

It should be emphasized that the loss 
of activity measured for the catalysts in 
this study was an effect of HzS poisoning 
and not an effect of sintering or massive 
carbon deposition. These catalysts were 
prereduced in Hz at high temperatures 
(725 to 775°K) for 10 to 16 hr. resulting 
in high thermal stability. Therefore, sin- 
tering is expected to play a negligible role 
in the observed deactivation (14). More- 
over, in long-term steady-state runs using 

a sulfur-free 950/, Nz, 4% Hz, and 1% CO 
reaction mixture, negligible amounts of 
deactivation were observed for the 3% 
Ni/AL03 at temperatures up to 725°K 
(5, 7). In fact, significantly higher CO con- 
centrations, higher temperatures (greater 
than 725”K), and lower HJCO ratios 
(less than 3.0) were found to be necessary 
before a loss of activity due to carbon 
deposition could be observed (5, 7). 

E$ects of Reactant Gas Composition 

Although the same catalysts deactivate 
more rapidly in the hydrogen-rich mixture 
(99% Hz, 1% CO, 10 ppm HZS) than in 
the nitrogen-diluted mixture (95oj, Nz, 
4% HP, 1% CO, and 10 ppm H&S), the 
deactivation rate is still less than would 
be predicted by equilibrium adsorption. 
It is interesting that the rate of deactiva- 
tion for nickel catalysts is greater in the 
reaction mixture having a lower PHzS/PH2 
and a higher PH2. This may be further 
evidence that active carbon deposits (re- 
movable by Hz) inhibit the poisoning of 
the surface by HzS. This hypothesis finds 
additional support from the in situ poi- 
soning experiments of Dalla Betta et al. (4) 
in which nickel catalysts were found to 
poison more severely if both H&S and Hz0 
were added to the reactant mixture rather 
than only H&S. These workers reasoned 
that Hz0 inhibits the formation of car- 
bonaceous deposits, thereby rendering the 
surface more susceptible to attack by H2S. 

Although the value of PHeS/PHe for the 
nitrogen-containing reactant gas mixture 
of 250 X lo+ is greater than that pre- 
dicted from thermodynamics (15, IS) for 
bulk sulfide formation to occur at 525”K, 
there was no experimental evidence to 
indicate that bulk nickel sulfide was 
formed. On the contrary, the amount of 
sulfur in Ni/Al,Ol samples determined by 
chemical analysis was just barely sufficient 
to cover the surface nickel atoms. 
Nevertheless, there was evidence from 
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chemical analysis of nickel molybdate 
catalysts (17) that additional sulfur was 
adsorbed and perhaps absorbed by molyb- 
denum oxide to form molybdenum sulfides 
or oxy-sulfides, which behavior might also 
account for the greater sulfur tolerance of 
the molybdenum-containing catalysts. 

E$ects of Temperature 

Since the strength of H2S adsorption on 
nickel (at least in pure Hz mixtures) is 
observed to decrease with increasing tem- 
perature (1, Z?) the slightly increasing rate 
of deactivation with increasing tempera- 
ture shown in Fig. 7 is the opposite of 
what might be expected. Nevertheless, the 
observed behavior in a reacting system 
may result from a combination of several 
complex, counteracting effects such as : 
(i) weaker adsorption of H2S, (ii) a higher 
rate of carbon deposition, (iii) an increase 
in the rate of carbon gasification to methane 
and (iv) a decrease in surface coverage of 
competing adsorbed reactant species or 
intermediates such as carbon, all occurring 
simultaneously as temperature is increased. 
The latter two effects may predominate so 
that the surface coverage of sulfur is in- 
creased with increasing temperature. 

Effects of Catalyst Composition and 
Geometry 

Of the bimetallic catalysts in this study, 
only Ni-Moo3 evidenced substantially 
greater resistance than nickel to poisoning 
by H&S during reaction. This might be 
explained by (i) the greater sulfur adsorp- 
tion capacity of molybdenum-containing 
catalysts (17) and (ii) the participation in 
the reaction of sulfided molybdenum sites 
which are not taken into account by the 
Hz chemisorption measurement at 300°K. 
A similar phenomenon, namely, the in- 
ability of some of the active Ni-Moo, 
sites to adsorb Hz (5, 17, 18) at lower tem- 
perature, may also explain the larger 
turnover numbers generally observed for 

fresh Ni-IMoOs relative to Ni, since these 
specific rates are based upon Hz chemi- 
sorption at 300°K. It should be noted 
that Mo/Al*Os and A1203 have negligible 
methanation activity under the conditions 
studied (17) ; hence, the enhanced activity 
and sulfur tolerance of Ni-Mo03/A1203 
relative to Ni/A1203 is evidence of bi- 
metallic synergism. 

The somewhat higher sulfur resistance 
of monolithic catalysts relative to catalysts 
powders and pellets is interesting but dif- 
ficult to explain. Since the monolith coating 
of 0.01 to 0.015 cm thickness has an 
average pore length 5 times that of the 
0.005-cm-diameter particles in the catalyst 
powder, the effects of eggshell or pore- 
mouth poisoning might explain the dif- 
ferences in their behavior. However, using 
the same argument, the 0.32-cm spheres 
should be more not less sulfur resistant 
than the monolithic catalysts. It may be 
possible to explain the geometrical dif- 
ferences in terms of a detailed reactor and 
selective poisoning model similar to that 
discussed recently by Lee and Aris (19) 
for nonselective poisoning of monolithic 
catalysts. The observation of larger in- 
trinsic activities for monolithic catalysts 
relative to powders and pellets is also 
interesting and has been discussed in a 
separate paper (20). 

Regeneration 

The complete loss of measurable activit,y 
observed in this study for the poisoned 
catalyst powders upon exposure to pure Hz 
or a sulfur-free reaction mixture at high 
reaction temperatures (675-725°K) is quite 
unexpected, in view of the reported partial 
recovery of activity for poisoned catalysts 
in the reaction mixture at 675°K reported 
by Dalla Betta et al. (9) and the observa- 
tion in this study that approximately 5% 
of the adsorbed sulfur could be removed 
under these conditions. 

However, a major difference between 
this study and Dalla Betta’s is that the 
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catalysts tested by Dalla Betta were run 
for 24 hr at 673°K in a reaction mixture 
containing up to 20% CO before H2S was 
introduced into the reaction mixture. Sub- 
stantia1 amounts of carbon would be ex- 
pected to deposit on the catalyst surface 
under these conditions. Indeed, Dalla Betta 
reported significant levels of carbon de- 
position after 24 hr of reaction at 673°K. 
This deposited carbon apparently inhibited 
sulfur poisoning since the nickel catalysts 
with the lowest steady-state activity (i.e., 
greatest amounts of carbon deposits) were 
the most sulfur resistant. Moreover, the 
deposited carbon Iayer apparently changed 
the form of the adsorbed sulfur, allowing 
some regeneration to occur when the cata- 
lysts were treated in the HzS-free reaction 
mixture at high temperature. 

The complete failure of catalysts in HP 
at high temperatures observed in this 
study may be explained by thermally in- 
duced (i) restructuring of the sulfur species 
absorbed at 525°K to an inactive metal 
sulfide, e.g., N&S2 or NiS or (ii) formation 
of a sulfospinel such as NiA12S4 as sug- 
gested by Dalla Betta et al. (3). Evidence 
that restructuring of the nickel surface 
occurs in the presence of adsorbed sulfur 
was discussed in a previous paper (9). 

The partial recovery of activity observed 
for the Ni-Co powder after successive CO 
and O2 treatments at 525°K suggests 
several possibilities, including oxidation of 
adsorbed sulfur to SO, and SOa, which 
species are less toxic than H2S (21). 
Rostrup-Nielsen (22) reports that it is 
possible to regenerate steam-reforming 
catalysts partially at 800 to 1OOOOK in 
H20/H2 atmospheres. Unfortunately, these 
same conditions would cause substantial 
sintering of conventional methanation cata- 
lysts containing ~+Al,0~ as the support 
(14, 25). In view of the scarcity of data 
in the literature there is clearly a need to 
investigate in more depth the regeneration 
of nickel catalysts in air and other 
atmospheres. 

CONCLUSIONS 

(1) Under typical low-pressure reaction 
conditions for methanation (525’K, 110 
kPa, and 30,000 hr-‘) in a reaction mixture 
containing 10 ppm H2S conventional alu- 
mina-supported nickel catalysts lose most 
of their activity within a period of 2 to 
3 days. 

However, the rates of deactivation for 
these catalysts under reaction conditions 
are lower than would be predicted if 
equilibrium adsorption occurred. Appar- 
ently, the adsorption of HZS is affected 
by competitive adsorption of reactants 
and reactant intermediates as well as resi- 
dence time and temperature. 

(2) The rate of deactivation due to H&3 
poisoning increases with increasing H2/C0 
ratio, i.e., is greater in a hydrogen-rich 
reactant mixture, possibly because of a 
greater rate of carbon gasification. 

(3) The effect of increasing reaction 
temperature from 525 to 675°K is to 
slightly increase the rate of deactivation 
due to sulfur poisoning. 

(4) Most metal promoters have little 
effect on the sulfur tolerance of nickel. 
Ni-1\/Io03/A1203, however, is moderately 
more and Ni-Co/AlzOo slightly more re- 
sistant to sulfur poisoning than Ni/A1203. 
The rate of deactivation of Co/AllOa is 
essentially the same as Ni/A1203. 

(5) Monolithic catalysts are more sulfur 
tolerant than catalysts in pellet and 
powder form. 

(6) Sulfur-poisoned catalysts can be 
partially regenerated with CO/O2 and 02 
treatments followed by a mild re-reduc- 
tion. However, treatment in HI at 725’K 
causes complete loss of activity, probably 
as a result of a surface restructuring 
phenomenon or phase transition. 
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