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The kinetics of sulfur deactivation of alumina-supported nickel and ruthenium catalysts are 
examined under methanation conditions in the presence of low concentration of H,S (< 10 ppm) 
added to the feed stream (H&O = 4/l). Based on a theoretical analysis of catalyst deactivation 
by irreversibly adsorbed surface sulfur atoms, we calculate the deactivation rate constants for the 
poisoning process. The Ru/Al,O, catalyst exhibits a higher poisoning rate constant than Ni/Al,O,. 
The catalytic properties of Ni/Alz03 are greatly modified by the addition of low concentrations of 
Ir. The Ni/Ir/Al,Os catalyst exhibits higher methanation activity and greater resistance to sulfur 
deactivation. Temperature-programmed desorption and surface reaction studies indicate the 
formation of new binding states for CO adspecies on the surface of the Ni/Ir catalyst. Surface 
composition measurements by means of Auger electron spectroscopy demonstrate considerable Ir 
enrichment on the surface of the Ni/Ir/Al,O.l catalyst. 

1. INTRODUCTION 

Catalytic methanation with nickel-based 
catalysts represents an important process 
for the production of substitute natural gas 
(SNG). However, the use of nickel cata- 
lysts requires careful cleanup of the feed 
gas (removal of sulfur- and halogen-con- 
taining compounds as well as organic mate- 
rials) and control of temperature, because 
of the catalysts’ sensitivity to feed stream 
impurities and thermal sintering. On a fun- 
damental level the interaction of sulfur 
compounds with single-crystal nickel sur- 
faces of various orientations has received 
considerable attention (I -3). The dynamics 
of catalyst poisoning have dealt predomi- 
nantly with intraparticle mass transfer ef- 
fects of porous catalysts in the presence of 
various types of adsorption mechanisms of 
the deactivating species (4). 

Studies of reversible chemical adsorption 

1 Support of this research by the Gas Research 
Institute is gratefully acknowledged. 

of sulfur on nickel surfaces (5, 6) have 
demonstrated that the enthalpy of forma- 
tion of the sulfur adlayer is larger in abso- 
lute value than the energy of formation of 
the three-dimensional bulk sulfide Ni&. 
The large heat of formation of the surface 
adlayer demonstrates further that the loss 
in catalytic activity of a nickel-based cata- 
lyst is associated with changes in the sur- 
face properties, and does not require the 
formation of a three-dimensional sulfide. 
However, for dispersed Ni catalysts no 
detailed information is available on the rela- 
tionship between methanation activity, the 
degree of sulfur surface coverage, and the 
change in the absorbate binding states. In 
the present study we examine two Ni-based 
catalysts, one an alumina-supported Ni cat- 
alyst, the other an alumina-supported Ni/Ir 
catalyst. In addition we present some re- 
sults on sulfur poisoning of a Ru/A1,03 
catalyst. The objective of our research is 
the evaluation of rate constants for sulfur 
poisoning of these catalysts under methana- 
tion conditions. 
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II. EXPERIMENTAL DETAILS 

A. Catalysts 

A commercial nickel catalyst” (25 wt% 
Ni supported on alumina), in the form of 
A-in. extruded pellets, was crushed and 
screened to a particle size range from 61 to 
88 pm (170 to 250 mesh size). Preceding an 
experimental measurement an aliquot of 
the powdered catalysts was reduced in situ 
in flowing hydrogen at 1 atm and 723 K over 
a period of 15 h. 

The Ir-promoted catalyst was prepared 
by impregnation of G-65 with a sufficient 
quantity of an aqueous solution containing 
K,IrC1,j to deposit 1.0 wt% iridium. For 
reduction to the metallic phase the catalyst 
sample was exposed at room temperature 
to a solution of 5 wt% hydrazine in 0.5 N 
NaOH. Subsequent washing in hot distilled 
water was carried out until no Cl- ions were 
detectable, as monitored by exposure of an 
aliquot of the wash water to 1 M AgNO,,. 
Finally the catalyst samples were reduced 
in H, at 1 atm and 723 K for 15 to 114 h. 

The surface composition of the bimetallic 
catalyst was determined by means of Auger 
electron spectroscopy (AES) using the 
M,N,O, (230 eV) transition for Ir, and the 
L:,M,.,M.,, (850 eV) transition for Ni (7). A 
nearly lo-fold enrichment of Ir near the 
surface was noted (Table 1). This composi- 
tion was found to undergo little change 
during prolonged catalytic reaction. 

B. Apparatus and Measurements 

The experimental measurements em- 
ployed in this study fell into two categories. 
One dealt with surface studies of CO inter- 
action with the catalysts in the presence of 
different degrees of sulfur coverage. For 
this purpose the techniques of temperature- 
programmed desorption (7, 8) (TPD) and 
temperature-programmed surface reaction 
(TPSR) (9) were used. The other involved 
methanation studies in a differential reactor 

’ The catalyst carried the designation G-65 and was 
kindly supplied by United Catalysts, Inc., Louisville, 
KY. 

TABLE 1 

Surface Composition of Ni-Ir-Al,O, Catalyst” by 
Auger Electron Spectroscopy 

Element ratio 

O/Al 
Ni/AI 
Ir/AI 

Nominal Observed 

1.50 1.50 
1.46 1.42 
0.012 0.19 

(I 25 wt% Ni, 1 wt% Ir; catalyst reduced in H, for 
115 h at 723 K. 

with feed gas (CO, H,) containing low con- 
centrations of H,S. 

In the TPD and TPSR experiments the 
catalyst sample was located in a pulse-flow 
microreactor. Approximately (10 to 
30) x 1O-3 g of powdered catalyst was 
spread uniformly over a fritted glass sup- 
port (1 cmZ in cross-sectional area) in a 
cylindrical glass reactor (3 cm” in volume). 
Helium (in TPD) or hydrogen (in TPSR) at 1 
atm was used as carrier gas. Pulses of H,S 
(2 x 1O-7 to 2 x lo-’ mole) in helium or 
hydrogen were introduced into the carrier 
by means of a switching valve located up- 
stream of the reactor. Gases leaving the 
catalyst bed were continuously analyzed by 
leaking a small fraction of the reactor 
effluent into an EAI Quad 300 mass spec- 
trometer system. The sample was indirectly 
heated by a resistance wire wrapped 
around a quartz glass tube surrounding the 
reactor and extending 3 cm above and 
below it. The reactor could be heated at a 
linear rate of 0.1 to 1 K s-’ from room 
temperature to 1000 K. A small chromel- 
alumel thermocouple, 0.005 in. in diameter, 
in contact with the bed recorded the cata- 
lyst temperature. The heating rate was con- 
trolled by a programmable temperature 
controller. 

In the continuous-flow methanation 
studies (space velocities 5 1.4 x 10: h-l) 
with the differential reactor, the catalyst 
sample (25 to 50 x lo-:’ g) was first reduced 
in sifu in 1 atm H, at 723 K, and then 
exposed at 555 ? 2 K to reactant gas 
(HZ/CO = 4/ 1 v/v) containing low concen- 
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trations of H,S (2 to 10 ppm). Sample 
aliquots of the product stream were with- 
drawn at regular intervals for chemical 
analysis by gas chromatography after re- 
moval of water by passage through a trap 
cooled by a dry ice/acetone mixture (200 
K). For the determination of CO, COz, and 
CH, concentrations we employed a chro- 
matographic column at 315 K containing 
Spherocarb (Analabs) and thermal conduc- 
tivity detection. For separation and quanti- 
tative measurement of sulfur compounds 
(IO), such as HBS, COS, and CS2, a sample 
aliquot from the reactor efflux passed 
through a column containing Chromosil-3 10 
(Supelco) at 315 K into the flame photome- 
tric detector (Tracer). The differential con- 
tinuous-flow experiments provided infor- 
mation of the continuous change in catalyst 
activity in terms of changing methane yield 
and CO conversion, as well as on the 
progressive buildup of H,S in the exit 
stream. 

III. EXPERIMENTAL RESULTS 

A. Surface Studies with TPD and TPSR 

The two catalysts under study exhibited 
significant differences in the absorption site 

FIG. 1 Temperature-programmed desorption of CO 
from Ni/AI,O, and Ni/Ir/AlzOs with and without 
surface sulfur. -, Clean surface; --, surface ex- 
posed to H,S/H,. Heating rate = 0.5 K s-l. 

TABLE 2 

Temperature-Programmed Desorption Spectra of 
Carbon Monoxide 

Catalyst surface Binding state Peak desorption 
temperature (K) 

NI/AI,O, NI/Ir/Al,O, 

Freshly reduced a-co 396 368 
d-CO 470 
p-co 7% 753 

Exposed to H,S a-co 373 360 
d-CO 
/%co 1 (648) 

” Heating rate = 0.5 K s-’ 

surface density, as measured by CO ab- 
sorption to saturation coverage at 300 K, 
and in the CO surface binding energies, as 
determined in the TPD experiments in 
which the rate of CO desorption was moni- 
tored as a function of temperature. For the 
Ni/A1,03 catalyst the CO adsorptive capac- 
ity corresponded to 6.7 x 10’” CO mole- 
cules per gram of catalyst; for the 
Ni/Ir/Al,O, it amounted to 8.6 x 1Olg CO 
molecules per gram of catalyst, an increase 
of 30%. Typical TPD spectra for the two 
types of catalysts are presented in Fig. 1. 
For Ni/Al,O, the desorption rates showed 
two peaks, a weekly bound state (a-CO> 
and a more strongly bound state (P-CO) 
(Table 2). For Ni/Ir/Al,O, the TPD data 
exhibit three binding states (Table 2). It is 
quite apparent that the intermediate LY’-CO 
binding state is unique to the Ni/Ir/Al,O, 
system, since it is absent from the Ni/Al,O, 
catalyst (7). 

Exposure of the Ni/A1203 catalyst to a 
number of pulses of H,S/H, sufficient to 
yield about 75% of saturation surface cov- 
erage, as monitored by the “breakthrough” 
of the H,S pulse, caused a marked change 
in the CO binding energy state as compared 
to the unpoisoned sample. The total 
amount of CO absorbed was reduced to less 
than 10% of that on the clean catalysts. In 
addition the TPD experiment showed the 
nearly complete disappearance of the high 
binding energy state (P-CO) in the case of 
Ni/A1203 in agreement with the observa- 
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tions (2) on Ni( 111). In the case of 
Ni/Ir/Al,O,, the presence of sulfur adspe- 
ties greatly attenuated the binding states 
associated with a’-CO and P-CO, but 
caused an increase in a-CO (Table 2). For 
both catalysts the a-CO desorption peaks 
shifted downward in the presence of sulfur 
adspecies. It is apparent that surface sulfur 
greatly reduced the number and binding 
energy of the CO adsorption sites. 

For the clean Ni and Ni/Ir samples the 
TPD of CO was accompanied by the forma- 
tion of CO, (Fig. 2). Two main peak desorp- 
tion temperatures were observed (Table 3) 
for each catalyst. For Ni/Ir/Al,O, the total 
amount of CO, formed exceeded that for 
Ni/Al,O,,. Irrespective of the mechanism of 
CO, production, either by disproportiona- 
tion, 

2co -+ co, + c,, 

or by a sequence of dissociative adsorption 
and surface reaction, 

co, * c, + o,, 
co + 0, + coz, 

the catalyst retains an amount of surface 
carbon equivalent to that of the CO, pro- 
duced. The reactivity of the surface carbon 
adspecies so formed toward hydrogen rep- 
resents an important aspect of the methana- 
tion mechanism (9). Consequently we car- 

Li, I i I 1 1 I I 213 213 373 373 473 473 573 573 673 673 713 713 873 873 CATALYST TtMPERATURE , K, CATALYST TtMPERATURE , K, 

FIG. 2. CO* formation during temperature-pro- FIG. 2. CO* formation during temperature-pro- 
grammed desorption of CO chemisorbed on Ni/AI,OB grammed desorption of CO chemisorbed on Ni/AI,OB 
and Ni/Ir/Al,O,. Heating rate = 0.5 K s-r. and Ni/Ir/Al,O,. Heating rate = 0.5 K s-r. 

TABLE 3 

Temperature-Programmed Desorption Spectra of 
Carbon Dioxide 

Binding statea Peak desorption 
temperature (K)” 

a-CO&O 
p-CO&O 

Ni/Al,O,, Ni/Ir/Al,O, 

565 506 
783 723 

‘I CO,/CO denotes CO, desorption following CO 
adsorption. 

* Heating rate: 0.5 K ss’. 

ried out a series of TPSR experiments in 
which we compared the rate of CH, forma- 
tion by reaction of H, in the carrier stream 
with surface carbon, formed by exposure to 
CO/He pulses at 550 K, and with absorbed 
CO formed by exposure to CO/He pulses 
at 300 K. For Ni/Al,O, the TPSR experi- 
ment indicates two predominant surface 
carbon species, as identified by their differ- 
ence in reactivity toward H,. A very high 
rate of methane formation (Fig. 3) is ob- 
served at 433 K(C,J, followed by a smaller 
TPSR peak at 630 K(C,J. The C,/& ratio is 
about 2, depending on the length of expo- 
sure at elevated temperatures preceding the 
admission of H, (I I). On the other hand, for 
CO chemisorbed at 300 K the TPSR data 
show a single maximum reaction tempera- 
ture at 475 K. It is of interest to note that 
the reaction between surface carbon (CJ 
and hydrogen occurs at lower temperatures 
than that of preadsorbed CO with H,. 

For the Ni/Ir/Al,O, catalyst the TPSR 
experiments with H, demonstrate some- 
what different reaction characteristics (Fig. 
4). A single surface carbon species (C,) is 
found highly reactive toward H.,, with a 
maximum in the rate of methane production 
at 426 K. The Co species (T, = 5.58 K), 
present in the case of Ni/Al,O,, is nearly 
absent from the surface of the Ir-promoted 
catalyst (Table 4). For CO chemisorbed at 
room temperature the maximum rate of 
methane formation occurs at a somewhat 
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FIG. 3 Temperature-programmed surface reaction 
with H, of chemisorbed CO (-) and surface carbon 
(-) on Ni/Al,O,. Heating rate = 1.0 K s-l. 

lower temperature (T, = 453 K) than ob- 
served in the case of Ni/A1203 (Fig. 3). 

Saturation coverage of the Ni/Ir/Al,O:s 
catalyst by exposure to H,S/H, pulses3 
and subsequent pulsing with CO/He mix- 
tures at 540 K yielded much lower concen- 
trations of surface carbon (as determined 
by CO, production), about 10% of that 
found for the clean catalyst. Also this car- 
bon species (C,) exhibited very low reactiv- 
ity toward H, as monitored by the peak 
temperature for methane formation 
(To = 763 K). In the case of Ni/Al,O, pre- 
exposed to H,S/H, to saturation coverage, 
no carbon deposition was detectable. 

B. Continuous-Flow Experiments 

From the decay of methanation activity 
during continuous exposure of a catalyst 
sample to feed gas containing Hz, CO, and 
low concentrations of H,S, one can deduce 
important kinetic parameters on the deacti- 
vation process. The theoretical analysis of 
catalyst deactivation by an irreversibly ad- 
sorbed poison is greatly simplified when the 
contribution of intraparticle and interparti- 
cle diffusional transport is negligible. Ex- 

3 As monitored by the breakthrough of the H,S 

FIG. 4. Temperature-programmed surface reac- 
tion with H, of chemisorbed CO (-) and surface 
carbon (---) on Ni/Ir/AILOz. Heating rate = 1.0 K 
SS’. 

perimentally the contribution of intraparti- 
cle diffusional transport can be diminished 
by reducing the catalyst particle size. Intra- 
and interparticle diffusion will vanish under 
the conditions of low Thiele modulus, high 
Reynolds number, and a large density ratio 
of surface sites in the catalyst to poison 
molecules in the gas phase (as shown in the 
theoretical analysis presented in the Ap- 
pendix). In the absence of diffusional limita- 
tions the mathematical model allows empir- 
ical evaluation of the intrinsic rate constant 

TABLE 4 

Temperature-Programmed Surface Reaction (TPSR) 
of Surface Adspecies with Hydrogen” 

Binding state Peak TPSR 
temperature (K) 

Ni/Alp, Ni/Ir/AlzOl 

C(a) 433 426 
C(P) 630 - 
co* 475 453 

C(4lW) -2 >30 

(1 Freshly reduced catalyst surface. 
b Saturation surface coverage at 300 K. pulse. 
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of catalyst deactivation from measurements 
of the change in activity of a catalyst 
caused by progressive occupation of active 
surface sites with irreversible bound adspe- 
ties. In this model the catalyst bed of finite 
depth L is exposed to the reactant gas 
mixture at velocity V (space velocity 
U = V/L). The deactivation process in- 
volves an irreversibly adsorbed gaseous 
contaminant of concentration n. As shown 
in the Appendix the relationship between 
contaminant density at the inlet (ni) and the 
outlet (nJ of the catalyst bed is found to be 

ln[(&/nJ - l] = ln[exp(ksO/U) - 11 
- kni[f - (l/u)17 tl) 

where s,, identifies the initial catalyst site 
density and t the total exposure time. 

Thus from experimental measurements 
of the variation in outlet concentration of 
catalyst poison with exposure time, the rate 
constant k and the site density s,-, can be 
evaluated. A plot of the quantity on the 
LHS of Eq. (1) versus the time parameter 
[t - (l/U)] yields a straight line whose 
slope is proportional to kniy and whose 
intercept is given by ln[exp(ks,/U) - 11. It 
will be recognized that the term kso/ I/ is the 
first similarity parameter of Damkohler, 
defined as the ratio of reaction time to 
contact time with the catalyst. 

A typical time history of the deactivation 
process for Ni/A1203 is shown in Fig. 5, in 
which the concentrations of methane and 
H,S in the product stream are plotted as a 

FIG. 5. Chemical composition of reactor efflux. 
HZ/CO = 4/l; H,S = 10 ppm; space velocity = 1.2 x 
lo5 h-‘; temperature = 573 K; catalyst = 25 wt% 
Ni/Ai203. 

10’ b 

E 

FIG. 6. Kinetics of deactivation by H,S for Ni/AI,O,, 
(0) and Ni/Ir/Al,O, (0) (Hz/CO = 4/l; H,S = 10 
ppm; space velocity = 2.1 x lo” h-l; temperature = 
563 K. 

function of time.” The rapid decay in meth- 
ane formation with sulfur uptake by the 
catalyst is apparent. Similarly the gradual 
buildup of H,S in the reactor efflux is no- 
ticeable. 

From the graphical analysis of the H,S 
data in accordance with Eq. (l), the rate 
coefficients for catalyst poisoning by H,S 
have been evaluated for the two types of Ni 
catalysts (Fig. 6). Comparison of the values 
of k (Table 5) demonstrate a 2-fold increase 
in sulfur resistance brought about by pro- 
moting the Ni/Al,O, catalyst with small 
amounts of Ir. These results were repro- 
ducible over a lo-fold variation in space 
velocity. 

Also the analytical model permits calcu- 
lation of the total number density of accep- 
tor sites s0 in the catalyst that can be 
poisoned by sulfur adspecies. From the 
intercept of the curves presented in Fig. 6 

’ Low concentrations of CO.9 were detectable in the 
product stream. The COS levels paralleled the H,S 
curve but did not exceed 1 ppm. 
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we calculate the site densities listed in 
Table 5. The values of s0 so obtained are 
somewhat smaller than determined by CO 
adsorption measurements at 300 K on re- 
duced catalyst samples. 

By way of comparison, an Al,O,-sup- 
ported Ru catalyst (5 wt%) exhibited much 
higher susceptibility to sulfur poisoning as 
compared to the Ni-based catalysts (Table 
5). Although the Ru dispersion was higher, 
as reflected by the high acceptor site den- 
sity, the rate constant for deactivation in 
the case of Ru exceeded that of Ni by a 
factor of 2, and that of Ni/Ir by a factor of 
5. 

The decay in the rate of methane forma- 
tion with H,S exposure of the Ni/Al,O, 
catalyst (Fig. 5) appears to be related to the 
loss in active Ni surface sites. If we assume 
that methanation activity is proportional to 
the number density of unpoisoned sites, we 
find that each S adatom eliminates two 
sites. Thus the relative loss in CH, forma- 
tion rate is about twice the capture rate of 
H,S by the catalyst. 

IV. DISCUSSION 

The interaction of H,S with nickel sur- 
faces involves a number of steps including 
molecular adsorption, dissociative chemi- 
sorption, surface diffusion, reconstruction 
of the sulfur adlayer into a two-dimen- 
sional nickel/sulfur compound (I), bulk in- 
corporation by dissolution, and finally pre- 
cipitation of a three-dimensional nickel 
sulfide phase. Experimental data (12-15) 
indicate rapid dissociative chemisorption of 

TABLE 5 

Evaluation of Rate Constant for Catalyst 
Deactivation and Sulfur Acceptor Site Density 

Catalyst 
(wt%) 

Deactivation rate Acceptor site 
constant density 

((min-I ppm,:J x 103) (g-1 cat x 10’9) 

25Ni/A203 2.0 2 0.2 6.0 + 0.6 
25Ni/lIr/Al,O, 0.8 2 0.1 8.1 T 0.8 
SRu/Al~O~ 4.2 k 0.3 9.1 + 0.9 

H,S on nickel at temperatures as low as 175 
K. The rapid interaction of H,S with Ni and 
the high and constant sticking probability 
indicate low energy barriers for adsorption, 
surface diffusion, and dissociation. Thus 
one might expect that the degree of surface 
coverage is close to thermodynamic equi- 
librium at the gas-surface interface. 

Thermodynamic data for chemisorbed 
sulfur in equilibrium with sulfur in the gas 
phase (1, 5, 16) suggest a significant exo- 
thermic heat of segregation. Recent quanti- 
tative measurements (16) of reversible ad- 
sorption on alumina-supported nickel 
catalysts including G-65 indicate an equilib- 
rium sulfur activity corresponding to the 
H&S/H, < lo+ ppb at 600 K near satura- 
tion coverage. As a result catalyst surface 
poisoning occurs at partial pressure ratios 
of H,S/H, lower by several orders of mag- 
nitude than those needed for bulk forma- 
tion. At 600 K the equilibrium phase bound- 
ary for N&S2 is reached at H,S/H, = 85 
ppm, well above the H&S/H, levels em- 
ployed in our measurements. 

Surface studies by means of LEED 
(1, 27, IS), indicate the preferential adsorp- 
tion of sulfur atoms at high coordination 
sites. For CO adsorption the same sites 
appear to be involved for Ni(lOO), but on 
the other low-index planes the CO admole- 
cules accommodate at lower coordination 
sites than in the case of sulfur adspecies. 
The admission of H&S to a nickel surface 
covered with CO admolecules results in the 
displacement of the CO adsorbate by sulfur 
atoms as observed in infrared absorption 
studies (19). 

In addition we have observed that the 
adsorption of sulfur species causes a trans- 
formation of reactive surface carbon to the 
less reactive carbon form. A measure of 
this surface deactivation of the carbon in- 
termediate is to be found in the results of 
the experimental measurements in which a 
sample of Ni/Al,O, catalyst, after reduc- 
tion in H, at 723 K, was exposed to pulses 
of CO/He carrier gas at 553 K. From the 
amount of CO, formed, as measured by gas 
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chromatography, the amount of carbon de- 
posited by dissociative chemisorption of 
CO was established. After flushing the cata- 
lyst with He, the carbon adspecies were 
exposed to pulses of H2 and the concentra- 
tion of CH, in each pulse leaving the micro- 
reactor was determined by gas chromatog- 
raphy. Quantitative conversion of the 
surface carbon to methane was noted under 
these conditions as reported previously (9). 
However, if a pulse of H,S/He preceded 
the exposure of the carbon deposit to the 
hydrogen pulses, the conversion of the sur- 
face carbon to methane was progressively 
reduced (Table 6). The gradual conversion 
of the active surface carbon to a nonreac- 
tive surface species is quite apparent. At 
the same time it was noted that less and less 
of the CO pulse dissociatively adsorbed as 
the nickel surface became populated with 
the sulfur adsorbate. We are led to con- 
clude that sulfur poisoning of the nickel 
catalyst is the result of two concurrent 
effects: (1) preemption of surface sites 
needed for CO dissociation, and (2) conver- 
sion of surface carbon species to a rela- 
tively nonreactive form. 

The latter effect is demonstrated further 
in observations made with Auger electron 
spectroscopy (20). Rapid conversion of a 
surface carbon species with carbidic fine 
structure to graphitic-type carbon was seen 
to occur on admission of low concentration 

TABLE 6 

Deactivation of Surface Carbon by Hydrogen Sulfide 
on Ni/Al,O, Catalyst” 

H,S exposure Surface carbon Fractional 
(moles x 10’) (moles x 10’) deactivation of 

surface carbon 
Deposited” Converted’ (%) 

0 1.05 1.11 0 
0.4 0.95 0.53 44 
1.2 0.93 0.32 66 
2.4 0.73 0.15 80 
3.2 0.42 0.06 86 

n 15.2 x 1O-3 g of Ni/Al,O, (25 wt%). 
* From pulse of CO (4.86 x 10e6 mole) at 553 K. 
e Surface carbon converted to CH, by exposure to 

hydrogen pulses. 

of H,S to a nickel surface on which carbon 
had previously been deposited by exposure 
to CO. The presence of sulfur adspecies 
appears to favor the growth of islands of 
carbon with the formation of carbon-to- 
carbon bonds and the production of amor- 
phous or graphitic carbon. Undoubtedly 
this process is caused by reconstruction of 
the crystallite surface brought about by 
sulfur. 

How does the addition of small concen- 
trations of Ir affect the surface properties of 
the Ni catalyst? For one we note an in- 
crease in site density for CO adsorption, 
and a change in the distribution of binding 
states (Table 2). Such a change in surface 
coordination undoubtedly affects the bond- 
ing of sulfur atoms by altering the number 
density of fourfold and threefold coordi- 
nated sites preferred by the sulfur adspe- 
ties on a number of crystallographic planes 
(18). 

The effect exhibited by the addition of 
low concentrations of Ir is magnified by the 
high degree of surface enrichment with Ir, 
as observed by Auger electron spectro- 
scopy. The large atomic radius of the Ir 
atom appears to be responsible for surface 
segregation from the Ni lattice. Reduction 
in lattice strain is achieved by moving the Ir 
atom from the lattice interior to the surface 
(21). Based on the known bulk and shear 
moduli of solute (Ir) and matrix (Ni) we 
calculate an exothermic heat of segregation 
of 32 kJ mole-‘. The Gibb’s regular solution 
model would favor Ni surface enrichment, 
since its surface free energy is lower than 
that of Ir. But the opposite effect is noted 
experimentally. 

A series of Ni/Pt/Al,O, and Ni/Pd/A1,03 
catalysts, spanning a range of weight load- 
ings of the respective noble metals, were 
prepared by the same procedure as em- 
ployed for Ni/Ir/Al,O,. However little en- 
hancement in catalytic methanation activity 
and sulfur resistance was observed. In the 
Ni/Pd system (Pd < 1 atom%) surface seg- 
regation of Pd has been reported (22). Simi- 
larly Pt would be expected to enrich at the 
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surface of Ni/Pt. The absence of a homoge- 
neous random bimetallic phase on the sur- 
faces of Ni/Pd or Ni/Pt may be responsible 
for the absence of a promotional effect. 
Thus in the case of Ni/Ir not only would the 
metal atom distribution at the surface be 
different, but an electronic alloy effect may 
come into play. Further work is in progress 
to elucidate the surface properties of these 
mixed-metal systems. 

APPENDIX: THEORETICAL ANALYSIS OF 
CATALYST DEACTIVATION 

In the following analysis we consider the 
passage of a gas mixture containing reac- 
tants and contaminants through a catalyst 
bed made up of catalyst particles so that all 
surface sites are in contact with the gas 
stream. The catalyst bed lies between two 
cross sections of a tube that holds the 
flowing gas. The average gas flow is nearly 
uniform at velocity V (or space velocity U 
= V/L, where L is the bed depth) so that 
variables, such as the local concentration n 
of contaminant species, are uniform over 
each cross section and functions only of the 
distance x into the bed and the time t. The 
rate of catalyst deactivation by the contam- 
inant in the feed stream is taken to be of 
first order in n and the number density s of 
active sites. The differential equation for 
convective transport of the contaminant 
species through the catalyst reads 

- g + V g 
> 

= km, 

where k is the rate constant for 
deactivation. 

(Al) 

catalyst 

The poisoning process is considered to 
involve a gaseous contaminant species that 
is irreversibly adsorbed so that the site 
density is reduced at the rate 

as 
z = -km. 

Although the differential system is nonlin- 
ear, a general solution can be obtained by 
changing to the characteristic independent 
variables 

u = x/v and 7 = t - (x/V). 

Equations (Al) and (A2) become 

an as 
a(T=d7= -km. (A3) 

The first equality shows that there is a 
single function whose partial derivatives 
are n and s. By taking the function to be 
(I/k) In cp one obtains 

,=1a1ncP- 1* 
k a7 - FaT' 

s= 1a1ncp- 1* 
644) 

k au -&iai 

The second equality in Eq. (A3) becomes 

z= 0, 

which has the general solution 

(c = P(u) + Q(T), 

where P and Q are arbitrary functions of 
their arguments. By Eq. (A4) 

1 Q’ 1 P’ 
n=kp+Q’ 

s=~P+Q, W) 

where the prime denotes the derivative. 
Functions P and Q are determined by the 

auxiliary conditions 

s = sg at 7 = 0, 
n = ni at x = 0 or (T = 0, 

where s,, and Izi are constants. By integra- 
tion one obtains 

P(u) = [P(O) + Q(O>]ek8@ - Q(O), 
Q(T) = [P(O) + Q<O>]e@ - P(O), 

so that by Eq. (A5) 

n = nif3/(0 + 6 - l), (AW 

s = d/(e + 4 - 11, Mb) 

where 
0 = ekn,r = eknd-WV)l 

and 
4 = eksoa = ekadV. 

For reduction of experimental data on 
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the exit stream it is convenient to write Eq. 
(A6a) in the form 

M(nilfld - 11 = In 65. - 1) 

- kni[r - (L/V)], (A-7) 

where the subscript L denotes values at x = 
L. Thus, from experimental measurements 
of the concentration of gaseous poison at 
the inlet and outlet of the catalyst bed, the 
poisoning rate constant k can be evaluated 
by graphical means from a plot of the 
quantity ln[(n,/n,,)- l] versus the time pa- 
rameter [t - (L/V)] (Fig. 1). The latter 
parameter represents the difference be- 
tween the total exposure time and the recip- 
rocal space velocity. The slope of the re- 
sulting line yields the rate constant k for a 
given level of gaseous poison in the feed 
stream. The density of adsorption sites for 
the poison s,, can be obtained from the 
intercept, which by the definition of 6 is 
given by 

ln@, - 1) = ln[exp(ks,,/U) - I]. 

To identify the governing parameters one 
may rewrite Eq. (A7) as 

lll[(ni/tZJ - l] = In (exp D, - 1) 
- (h/P) (U/t - I), (A81 

where 

D, = ks,/U, p E So/ni. 

Thus the solution for the inlet-to-exit con- 
centration ratio of catalyst poison is a func- 
tion of the dimensionless time Ut and pa- 
rameters D, and p. Parameter p is the ratio 
of site density to gas-phase poison concen- 
tration, while D, is the first similarity pa- 
rameter of Dammkohler, the ratio of reac- 
tion time to contact time. 

A striking feature of the time history of 
the poison concentration in the exit stream 
is the point of inflexion, identified as the 

breakthrough time, f,,.‘, that occurs when 
the concentration of poison in the exit 
stream is just half that in the feed. From 
Eq. (A8) with n,. = nJ2, 

ml,2 = 1 + (/3/D,) ln(exp D, - 1). (A9) 
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