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Sulfur deactivation of supported Ni in CO hydrogenation was studied in an all-quartz internal- 
recycle reactor with a feed containing 4% CO in H,. Thirteen ppb H,S reduced the steady-state 
methanation activity of Ni/y-AlzOa about 200-fold at 661 K; 100 ppb H,S reduced the activity 5000- 
fold. A dual site Langmuir-Hinshelwood rate expression predicts both the CO partial pressure 
dependence and the S poisoning. Poisoning and chemisorption data indicate formation of a stable 
two-dimensional, surface sulfide with a S : Ni surface atom ratio of 1 : 2 for 13 ppb H,S in Hz at 661 
K. The surface sulfide has a free energy of formation of at least - 26 kcaYmole which is 15 kcaVmole 
more stable than bulk Ni,S,. Sulfur poisoning is due to geometric effects, i.e., site blockage, rather 
than electronic effects since the activation energy for methanation over S-poisoned Ni was the 
same as that over unpoisoned Ni, 24 kcalimole. 

INTRODUCTION 

The conversion of synthesis gas (CO + 
H,) produced by gasification of coal or 
other organic matter into high-quality fuels 
and chemicals is catalyzed by supported 
transition metals, which are very sensitive 
to the low concentrations of S-containing 
compounds which are inevitably present in 
the feed. For example, in the presence of 
gas streams containing 1 ppm H2S, Ni and 
Co catalysts for methanation and Fischer- 
Tropsch are progressively poisoned until 
replacement of the catalyst becomes neces- 
sary, placing an undesirable burden on the 
process economics. Regeneration of S-poi- 
soned Ni catalysts has not been success- 
fully demonstrated (I -3) and, therefore, 
catalysts which maintain acceptable activ- 
ity in the presence of moderate concentra- 
tions of S-containing gases are needed. 

Few quantitative data are available on S 
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deactivation of Ni catalysts. Losses of 
methanation activity from lOO- to lOOO-fold 
have been reported at S concentrations of 1 
to 10 ppm H2S (4-7), indicating the ex- 
treme sensitivity of Ni to S. The effect of S 
on the methanation rate was found to be 
nonlinear over Ni on magnesium aluminum 
spine1 pellets (6), but the activation energy 
remained constant indicating that the poi- 
soning was geometrical. The data that are 
available (5-/O) have many severe limita- 
tions that make fundamental interpretation 
impossible. Steady state was frequently not 
demonstrated, and in none of the studies 
was the presence of a dynamic equilibrium 
between gas and metal surface demon- 
strated, although this is essential if the 
results are to be quantitatively interpreted. 
It is frequently stated that S poisoning is 
irreversible but such statements have little 
quantitative value without at least some 
equilibrium information. No catalytic 
studies have determined the amount of S 
adsorbed by the metal. The extreme sensi- 
tivity of transition metals to S even under 
conditions where the bulk metal sulfide is 
clearly not stable has led to suggestions that 
S deactivation was due to pronounced elec- 
tronic effects but other evidence to support 
this speculation is lacking. Similarly there 

369 

0021-9517/82/080369-16$02.00/O 
Copyright 0 1982 by Academic Press, Inc. 

All rights of reproduction in any form reserved. 



370 FITZHARRIS, KATZER, AND MANOGUE 

is no information available on the rates of S 
deactivation although such data could help 
greatly in the interpretation of S poisoning. 

Many of the problems with the available 
data arise from the experimental techniques 
used to obtain them. Sulfur poisoning 
studies have usually involved fixed-bed re- 
actors and metal catalysts on porous sup- 
ports. It is impossible to measure intrinsic 
rates of deactivation with such techniques 
because a poisoning wave moves slowly 
through the reactor axially, and a second 
poisoning wave moves slowly radially into 
each porous catalyst particle. An a priori 
model must be fitted to the data to calculate 
poisoning rates, making fundamental inter- 
pretation difficult if not impossible because 
of model discrimination problems. 

The objectives of this study were to mea- 
sure the rate and extent of S poisoning 
(H&S) of Ni catalysts in CO hydrogenation 
and to develop a fundamental understand- 
ing of the mechanism of S poisoning. Ex- 
perimental techniques (discussed below) 
were first developed to allow quantitative 
measurement of the rate and extent of S 
poisoning, and rates and extents of poison- 
ing by H2S were determined for 10 to 100 
ppb H,S in the hydrogenation of CO to 
CHI . The effects of dispersion and support 
interactions were assessed by comparing 
poisoning data on Ni foils and on Ni films 
on a-A&O3 and SiOz with that of Ni sup 
ported on (Y-A1203. 

EXPERIMENTAL METHODS 

To allow quantitative determination of 
rates of S deactivation, of extents of S deac- 
tivation at required very low H2S concen- 
trations, of true dynamic equilibrium be- 
tween gas and metal surface, and of the 
amount of S adsorbed, the experimental ap- 
paratus and procedure must satisfy the fol- 
lowing requirements: 

(1) The reactor must be gradientless with 
respect to reactant and to S concentration 
so that all parts of the catalyst are exposed 
to the same gas-phase S concentration. 

Even a shallow bed of catalyst operated at 
< 1% CO conversion is not necessarily gra- 
dientless with respect to H&S. Because of 
the very strong adsorption of S on metals, a 
poisoning wave moves through even a very 
shallow catalyst bed. 

(2) All surface metal atoms must be ex- 
posed to the same gas-phase concentration 
of H2S and of reactants. Because of the 
very strong adsorption of S, metal atoms a 
short distance back into a pore will not see 
the same concentration of S as the metal 
atoms near the pore mouth or on the exte- 
rior surface of the catalyst. 

(3) The reactor system must neither ad- 
sorb nor give up S at H2S levels as low as 10 
ppb, and feed gas containing controlled Hz!3 
concentrations as low as 10 ppb must be 
reproducibly preparable. 

(4) Analytical capabilities to measure S 
concentrations below 5 ppb and CH, below 
1 ppm must be on-line. 

In no previous study have all, and in 
most cases none, of these requirements 
been met. 

A continuous-flow stirred-tank reactor 
(CSTR) was developed for this study be- 
cause it satisfies the relevant requirements 
listed above and allows investigation over a 
broad range of both product and reactant 
concentrations. Furthermore, poisoning 
rates can be measured directly, without re- 
quiring assumption of a model for poisoning 
as long as internal diffusion effects are ab- 
sent in any porous regions of the catalyst. 
To eliminate the porous diffusion problem 
catalysts were prepared on nonporous sup- 
ports or on very thin exterior peripheral 
regions of porous supports. The CSTR with 
a volume of 1260 cm3 was fabricated from 
quartz to prevent pick-up of S or release of 
S under reaction conditions and to permit 
operation at temperatures above 875 K. De- 
tails of the design are described elsewhere 
(11-13). 

Feed gas to the reactor was usually sup- 
plied by a gas cylinder containing 4% CO in 
UHP Hz, and the feed gas was passed 
through a bed of activated charcoal at 473 
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K to remove metal carbonyls. Hydrogen 
sulfide was supplied by a cylinder contain- 
ing 0.9 ppm H,S in UHP Hz. This stream 
was metered through a flow controller and 
then split 50/l by a glass-lined variable 
splitter valve (Tracer Instruments) to ob- 
tain the requisite low concentrations of 
H.&S. The low flow stream from the splitter 
was mixed with the reactor feed. The H2S 
concentration in the feed gas to the reactor 
could be varied from 10 ppb to over 100 
ppb. All lines beyond the splitter that con- 
tacted the H,S containing gas stream were 
either Teflon or glass to avoid adsorption of 
S. The Teflon lines (3.18 mm o.d.) feeding 
the reactor were sheathed with polyethyl- 
ene tubing (6.35 mm o.d.), and He was 
purged through the annular region between 
these two lines to eliminate O2 diffusion 
into the feed gas. Helium and UHP H, were 
also connected to the flow system to permit 
the reactor to be purged and heated while 
being purged with He or H2 (12). 

Effluents from the reactor were analyzed 
for 02, N,, CO, COZ, CHI, and H2S by gas 
chromatography utilizing flame ionization, 
flame photometry, and thermal conductiv- 
ity detection. 

Accurate analysis of the H,S concentra- 
tion to a detectability limit of <4 ppb was 
achieved using a deactivated silica gel 
column (Tracer Inc., Austin, TX) at 0°C 
and a Tracer flame photometric detector 
(FPD). The column and all GC tubing con- 
sisted of FEPIS Teflon, and the gas sample 
values were Carpenter-20 steel to minimize 
sulfur pick-up. The FPD utilized quartz 
flame jets and all glass-lined fittings. Ad- 
sorption of the sample was further mini- 
mized by passivating the sample loops, 
column, and FPD by injecting a standard 
gas (0.9 ppm H,S in H,) before analysis of 
the reactor gases. 

Materids 

Gases. All of the reactor feed gases were 
of ultra-high purity. The 4% CO/96% Hz 
mixture was certified “primary standard” 
by Matheson. The H,S/H, mixtures (10.0 

and 0.90 ppm H&S) were prepared, stabi- 
lized and analyzed by Matheson. 

Catalysts were prepared in our labora- 
tory (12) to meet the requirements of all 
surface metal atoms being exposed to the 
same gas-phase H&S concentration. Nickel 
foil, Ni evaporated onto nonporous SiOZ 
and fused (r-A&OS, and Ni impregnated 
onto nonporous fused c~-A1~0~ and onto po- 
rous 6.4-mm (Y-A&O~ spheres were used as 
catalysts. The evaporated film catalysts 
were prepared by vacuum evaporation of 
carbonyl-refined Ni powder onto a rotating 
quartz or a-A1,OB cylinder in an oil-free, 
ion-pumped vacuum system. The Ni sur- 
face was passivated by contact with 
purified O2 in the vacuum chamber prior to 
contact with the atmosphere. The impreg- 
nated Ni/a-A1203 catalysts were prepared 
by dipping fused a-A1203 plates into a 
nickel ammonium nitrate solution. The a- 
alumina plates (Coors Porcelain) had been 
pretreated at 1273 K, first in flowing Hz for 
8 hr then for a similar period in flowing OZ. 
After drying, the catalysts, impregnated 
with Ni, were calcined in flowing O2 at 623 
K. The more disperse impregnated Niicu- 
A1,03 spherical pellets were prepared by 
precipitating the Ni in a thin peripheral re- 
gion around the outside of the porous 
spheres (Catalyst and Chemicals a-A1,OB, 
6.4 mm diameter; BET surface area 1 m?g), 
giving a very thin “egg shell” catalyst con- 
taining 0.22 wt% Ni. Catalysts were rapidly 
blotted, dried, and calcined in O2 at 623 K. 
The Ni foils were “MARZ” grade (Ventron 
Corp.), 0.025 mm thick, and contained ini- 
tially 0.35 ppm by weight of S, according to 
the supplier’s analysis. Foils were cleaned 
by repeated cycles of 923 K oxidation fol- 
lowed by 923 K Hz reduction and were pas- 
sivated by 0, at 298 K before contact with 
the atmosphere. If catalysts were not pas- 
sivated with 02, sufficient S was picked up 
in transfer through the atmosphere to se- 
verely reduce initial activity. 

Ion sputtering combined with AES ap- 
plied to the evaporated Ni/quartz films in- 
dicated film thicknesses of 500 to 1000 A. 



372 FITZHARRIS, KATZER, AND MANOGUE 

The catalysts were examined by scanning 
electron microscopy (SEM) and Auger 
electron spectroscopy (AES). The crystal- 
lites of the fused a-A&O3 were approxi- 
mately 3.5 pm in dimension, and the Ni 
surface was electrically continuous as ob- 
served by AES and had crystallites of Ni as 
large as 800- 1000 A across. Calculations 
based on the quantity of impregnation solu- 
tion wetting the surface predicted a Ni film 
thickness of 500 to 1000 A, in accord with 
the AES sputtering results. 

The surface area of the Ni on the periph- 
ery of the A&O3 spheres was 148 cm2/g cat- 
alyst as determined by H2 chemisorption at 
25°C following reduction at 350°C in flowing 
He, and the dispersion was 0.0065. Assum- 
ing square Ni crystallites the calculated av- 
erage dimension was 350 A. SEM showed 
that the Ni was located in a peripheral shell 
about 1 pm thick on the o-A&O3 spheres, 
which were 0.64 cm in diameter. Hydrogen 
chemisorption could not be carried out on 
the Ni catalysts prepared by evaporation or 
surface impregnation on fused (r-A1203 and 
SiOZ (quartz) because of the extremely low 
Ni surface areas. For these samples, Ni sur- 
face areas were estimated by applying a 
roughness factor of 1.0 to the geometric 
surface area. 

Procedure 

The unreduced supported nickel oxide 
catalysts or surface-passivated Ni films and 
foils were placed in the reactor. This proce- 
dure greatly minimized contamination of 
the catalyst surface during transfer to the 
reactor. To further safeguard the catalyst 
from contamination, all transfers were 
made directly from the furnace preparation 
tubes to either the reactor or a gas-tight 
storage bottle via a nitrogen-purged glove 
bag. Improper handling resulted in suf- 
ficient sulfur adsorption from the atmo- 
sphere (30 ppb sulfur compounds) to mark- 
edly reduce the initial activity. 

With the catalyst sealed in the reactor, 
He was purged through the CSTR at room 
temperature to remove all other gases; re- 

moval was verified in each experiment by 
analyzing reactor effluent gas by TC. The 
reactor was next purged with H2 and then 
heated to the desired temperature in flowing 
Hz. When the desired temperature was 
reached, the feed mixture of CO, H,, and 
H2S was started, and the activity-time be- 
havior was followed until steady state was 
reached. Standard operating conditions in- 
cluded 1.1 atm total pressure, 661 K, 4% 
CO in UHP Hz, and a feed rate of 90-100 
cm3/min; sulfur (H&S) concentration (0 to 
100 ppb) was the main variable. The reac- 
tion temperature and feed gas composition 
were varied to determine the activation en- 
ergy for methanation and the rate depen- 
dence on CO and H&S concentration for 
each catalyst. 

The S/Ni ratio on steady-state poisoned 
Ni impregnated fused a-A&O3 plates was 
measured by AES. After the poisoning 
study was completed, the catalyst was 
cooled to 298 K in the reactor. The surface 
was passivated with a stream of 5% O2 in 
He, and the catalyst was transferred to the 
Auger spectrometer. The sample was 
heated in Hz at lo-’ Torr to remove the 
oxide formed during passivation, and the 
surface was analyzed by AES to determine 
the nickel (100 eV) to sulfur (15 1 eV) peak 
ratio. The surface was then sputtered with 
A+ ions to determine the depth of the sul- 
fur-containing layer present. 

RESULTS 

Sulfur-Free Methanation Kinetics 

Kinetic validity. The plate and “egg 
shell” catalysts used in this study were 
chosen to be free of internal diffusion ef- 
fects. Mass-transfer calculations indicated 
that under the conditions studied the rates 
of external transport of gaseous species 
even at concentrations as low as 50 ppb 
were lOOO-fold greater than the rates of sur- 
face reaction and that intraparticle mass- 
transfer limitations were also absent. This, 
coupled with the excellent mixing in the 
reactor, ensured that each metal site was 
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exposed to the same known uniform gas 
concentration as a function of time. This 
allowed direct measurement of the rate of 
poisoning by sulfur and carbon and of the 
rate of reaction in kinetic studies. Reactor 
and catalyst transients were not perturbed 
by mass-transfer effects, and the effluent 
analyses unequivocally indicated when 
steady state had been reached. The ab- 
sence of any mass-transfer effects in a gra- 
dientless reactor also permitted direct anal- 
ysis of the data without assumptions of any 
kinetic or poisoning models. Except during 
approximately the first hour of operation 
the reactor was in essentially steady-state 
operation. Nevertheless, instantaneous re- 
action rates were calculated from a tran- 
sient reactor model based on CHI concen- 
tration in the reactor effluent. The rates are 
expressed as turnover numbers, reaction 
events per surface Ni atom per second. 

Initial trcrnsient behavior. During the first 
hour the methanation rate rose sharply 
from zero to about eight times the final 
steady-state rate and then declined to the 
steady-state value. This transient was due 
to both physical and chemical phenomena. 
The CO concentration increased from zero 
to 4.0% over a 40- to 50-min period during 
the early part of the startup of the H,-filled 
reactor; this coupled with the positive order 
kinetic dependence on CO concentration 
should have caused the rate to increase 
asymptotically to the steady-state value in 
less than 1 hr, which was about four aver- 
age residence times for the reactor. The 
eightfold overshoot observed was therefore 
attributed to transient behavior in the cata- 
lytic activity of the Ni, possibly arising 
from residual oxygen in the catalyst, but 
this was not studied further. 

Fresh Niia-A&O3 reached a steady-state 
rate within less than 60 min and maintained 
that activity thereafter with only very slow 
deactivation, less than 10% per 24 hr. The 
activity loss after several days’ operation 
was totally recoverable by treatment in H2 
at reaction temperature for several hours. 
From this it was concluded that this slow 

activity loss was due to carbon build-up on 
the Ni and not due to background contami- 
nant sulfur. 

Methanation kinetics. The variation in 
the steady-state methanation rate with the 
CO partial pressure is shown in Fig. 1. Data 
were obtained by varying the CO concen- 
trations from 0.5 to 4%, then increasing the 
concentration to 20% CO and repeating 
consecutively the points at 0.5 and at 20%. 
The lower methanation rate at the highest 
CO partial pressures is indicative of com- 
petitive adsorption of CO and Hz and can 
best be understood on the basis of 
Langmuir-Hinshelwood kinetics; the line 
through the data is a best fit Langmuir- 
Hinshelwood rate expression which will be 
discussed below. With increasing CO par- 
tial pressure more CO adsorbs, reducing the 
surface available for hydrogen, and thus the 
methanation rate decreases. The effect of 
CO partial pressure was reversible and ki- 
netic since decreasing the gas-phase CO 
concentration from 20 to 0.5% reproduced 
the rate at the lower CO concentration; re- 
turn to 20% CO reproduced this rate again 
also. 

Figure 2 shows the temperature depen- 
dence of the CO hydrogenation rate for 
three of the Niicu-A&O3 catalysts studied. 

PARTIAL PRESSURE OF CARBON MONOXIDE (ATM) 

FIG. 1. CO pressure dependence of methanation rate 
catalyzed by Ni film. Reaction conditions: 661 K, P,, 
= 0.88 atm, Pqs = 0.0. (The indicated curve is a non- 
linear least-squares fit.) 
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FIG. 2. Temperature dependence of the CO hydroge- 
nation catalyzed by 0, evaporated NL/a-A&O, ; Cl, Nil 
a-A&O, (impregnated on fused a-Al,Oa plate): 0, Ni/ 
a-AlzOs pellets. Reaction conditions: PC0 = 0.044 atm, 
PH2 = 1.056 atm, PHts = 0.0. 

Steady-state turnover numbers at standard 
reaction conditions and activation energies 
for all catalysts studied are summarized in 
Table 1. The activation energy of all of the 
Ni/cr-AlzOs catalysts for methanation was 
24.0 ? 0.5 kcaYmole, regardless of the cata- 
lyst and its preparation procedures. 

The NiSiO, (quartz) gave reproducible 

activation energies of 18.4 * 0.2 kcaVmole. 
With the exception of the support used, all 
preparation and run conditions were the 
same for the Ni/a-AlsO3 and the Ni/SiOz 
catalysts. 

Sulfur Poisoning Studies 

Sulfur poisoning studies were carried out 
by in situ poisoning in which CO, Hz, and 
H2S were all fed to the reactor at the same 
time, and the rate of methanation was fol- 
lowed as poisoning occurred during reac- 
tion. Sulfur poisoning was also studied by 
prepoisoning in which the Ni/cu-A1203 was 
first equilibrated with H,S in Hz at the reac- 
tion temperature, and when adsorption 
equilibrium for H&S had been achieved, the 
feed gas was changed to H, , CO, and H2S at 
the prepoisoning concentration. In all ex- 
periments the concentration of CHI and of 
H2S in the exit gas from the reactor was 
determined as a function of time. Separate 
studies with the reactor alone and with the 
reactor containing the several supports 
used but without Ni on them showed that 
neither the reactor nor the support ad- 
sorbed measurable quantities of H&S. The 
observed H&S transients were only slightly 
different from the predicted reactor tran- 
sient for no H2S adsorption. At steady state 

TABLE 1 

Sulfur-Free Steady-State Methanation Kinetics 

Catalyst” Method of preparation Methanation 
turnover number* 

(s-3 

E, (kcalimole) 

Nila-AlzOa (pellets) 

Ni/cr-AIZOs (fused plate) 

Ni/a-AIZOs (fused plate) 
Ni/SiOz (quartz)” 

Precipitation 

Impregnation 

Evaporation 

1.0 24.0 
1.2 - 
0.9 23.5 
1.1 - 
1.0 24.3 
0.9 18.3 
1.3 18.5 
1.1 18.0 

a Multiple entries represent determinations on separate catalysts. 
* Steady-state rates at standard reaction conditions: 661 K, 4.0% CO in Hz, 1.1 atm total pressure, < 1.0 ppb 

sulfur. 
c Active surface area was assumed to be the geometric area of the support, i.e., roughness factor = 1.0. 
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the reactor effluent contained the same H,S 
concentration as added to the reactor 
(12, 13). Thus when sulfur adsorption was 
observed, it was associated solely with the 
Ni. 

Figure 3 shows the decay in the methana- 
tion activity of a fused a-A1203 plate im- 
pregnated with Ni, and Fig. 4 shows the 
corresponding H,S concentrations in the 
CSTR as measured by the exit H&S concen- 
tration as a function of time. The presence 
of just 13 ppb H2S in the gas phase in the 
reactor caused more than a loo-fold reduc- 
tion in methanation activity. In the run 
shown in Fig. 3 steady-state activity was 
achieved in about 3500 min, at which point 
the H,S concentration was increased from 
13 to 62 ppb. Other runs which were carried 
on for considerably longer times with 13 
ppb H,S in the gas phase demonstrated that 
the steady-state turnover number was from 
0.5 x 1O-3 to 0.6 x 1O-3 s-l. 

Over 3000 min was required to reach 
steady-state activity for 12 to 15 ppb H$ in 
the feed. No H,S could be detected in the 
CFSTR effluent for over 1000 min indicating 
that all H,S added was adsorbed by the 
catalyst (Fig. 4). Although the reactor con- 

I I I I I I 
0 2000 4000 6000 

REACTION TIME (min) 

FIG. 3. Sensitivity of the Ni/wA1203, impregnated 
on fused Al,O, plates, to H,S poisoning. Reaction con- 
ditions: CFSTR, 661 K, PaI = 1.056 atm, P,, = 0.044 
atm, PHzs = 13ppbfromt=0.0topoint(l);Paz,=62 
ppb from point (I) to point (2); Pats = 95 ppb from 
point (2) to point (3). 

01 7 I I I I I I I 
0 2000 4000 6000 

REACTION TIME (min) 

FIG. 4. Transients in the H2S concentration in the 
reactor exit observed during the S poisoning of the Nii 
a-A&O1 (impregnated on fused a-AlrOs plates). Reac- 
tion conditions: 661 K, Pa2 = I .056 atm, P,, = 0.044 
atm, P,, = 13 ppb in feed from t = 0 to 3500 min; P,, 
= 62 ppb from 3500 to 6500 min, PHzS = 95 ppb beyond 
6500 min. 

tained only about 30 cm* of Ni surface area, 
a long time was required before the reactor 
reached steady state with respect to S be- 
cause of the very low concentrations of H,S 
added (13 ppb). About 5000 min is required 
to feed enough H2S to add one S atom per 
surface Ni atom, i.e., the observed rate of 
deactivation over a major portion of the 
time was governed by the S addition rate. 

AES analysis of Ni films which had been 
poisoned to steady-state CO hydrogenation 
activity in the presence of 13 ppb H2S, pas- 
sivated, transferred to the spectrometer, re- 
duced in Hz ( 1 O-’ Torr), and analyzed gave a 
S ( 15 1 eV) to Ni ( 100 eV) peak height ratio 
of 1.2 to 1 .O; this ratio is representative of a 
monolayer of S on Ni which should be 
about 0.5 to 0.6 S atoms per surface Ni 
atom (14-19). The SiNi peak ratio of bulk 
NiS is 4.0 (19). When the surface was sput- 
tered with A+ ions, the S signal went to zero 
in approximately the time required to sput- 
ter away one monolayer. Clearly the equi- 
librium Ni surface for 13 ppb H.&S in Hz 
contained essentially a monolayer of S 
atoms and no more under conditions in 
which no bulk nickel sulfide was thermo- 
dynamically stable. 
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Increasing the H2S concentration to 62 
ppb resulted in an additional lo-fold reduc- 
tion in methanation activity; an increase to 
95 ppb HIS reduced the activity more than 
fivefold further (Fig. 3). Comparing the 
methanation rates, in Fig. 3 with the H&S 
concentration transients in Fig. 4 indicates 
that for the prolonged adsorption of H.$ 
during the 13 ppb deactivation the H2S level 
reached a steady state at about the same 
time as the methanation rate. Figure 4 
shows that increasing the H2S level 
stepwise above 13 ppb resulted in little fur- 
ther pickup of H&S by the Ni, although the 
methanation activity continued to decline 
for periods of time markedly beyond that 
required for the exit S level to equal that 
added (Fig. 3). Careful examination of the 
results indicated that small but difficult to 
quantify amounts of S were adsorbed. 

Several other experiments not only ex- 
hibited deactivation similar to that in Fig. 3 
but also showed that the steady-state activ- 
ity of the catalyst depends on the steady- 
state gas-phase H2S concentration and is 
independent of the prior H2S concentration 
history. Another Nila-AlzOs (impregnated 
fused plate) catalyst was deactivated in a 
constant 55 ppb H2S to a steady-state activ- 
ity of 6 x 10e4 s-l, which is the same as that 
observed for the 62 ppb H2S steady state 
for the impregnated plate catalyst in Fig. 3. 

! lo-’ 4 

1 
ii 

:::;I , , , , , , , , ,I 
0 200 400 600 600 1000 

REACTION TIME (min) 

FIG. 5. Methanation transient observed after presol- 
fiding and equilibrating Ni/a-A&OS (impregnated on 
fused plate) for 50 hr using 13 ppb HIS in Hz; T = 661 
K J-h,, = 13 ppb at steady state; 50 hr with 13 ppb H,S 
in Hz at 661 K, then switching to a standard reaction 
feed of 4% CO in Hz, 661 K; 15 ppb HzS, 1.1 atm. 

10-41 ’ ’ ’ ’ ’ ’ ’ ’ ’ ’ ’ ’ ’ 1 
0 3000 6000 9000 I2000 

REACTION TIME (mitt1 

FIG. 6. Sensitivity of the “egg shell” Ni/a-AleOl 
sphere catalyst to H,S poisoning. Reaction conditions: 
CFSTR, 661 K, P,, = 1.056 atm, P,, = 0.044 atm, 
P “$3 = 12 ppb from t = 0 to point (1); PHP = 52 ppb 
from point (1) to point (2); PHIS = 73 ppb from point (2) 
to point (3); P,,, = 93 ppb from point (3) to point (4); 
P HIs = 15 ppb from point (4) to point (5). 

When an impregnated fused plate Ni/cu- 
A1203 catalyst was first equilibrated with 13 
ppb H,S in Hz at 661 K in the absence of CO 
(prepoisoned) and then the reactor feed was 
switched to 4% CO and 15 ppb H&S in Hz, 
steady state was reached at the end of the l- 
hr purge period (Fig. 5). The observed turn- 
over number of 5 x lop3 s-l forprepoison- 
ing is very close to that for in situ 
poisoning, 6 x 10e3 s-l with 13 ppb H&S in 
CO plus Hz (Fig. 3). 

Deactivation behavior of the “egg shell” 
Ni/o-AlsO3 sphere catalyst (Fig. 6) is simi- 
lar to that of the impregnated and evapo- 
rated film plate catalysts. In another experi- 
ment this catalyst was deactivated at a 
constant 55 ppb H2S to a steady-state activ- 
ity of 6 x 10V4 s-l, which is the same as that 
for 62 ppb H2S in Fig. 3. In another part of 
the run shown in Fig. 6, the H,S level in the 
reactor was decreased from 93 to 15 ppb, 
and an increase in the methanation rate was 
observed. In addition to indicating that the 
rates observed represent steady-state rates, 
the data uniquely show that the S adsorp- 
tion and deactivation are reversible. The 
steady-state methanation rate for in siru 
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FIG. 7. Dependence of the steady-state equilibrium 
S poisoned Ni methanation rate on the gas-phase H2S 
concentration. Reaction conditions: CFSTR, 661 K, 
Pq = I .056 atm, PC0 = 0.044 atm; 0, Ni impregnated 
on fused cx-A&O, catalyst; El, “egg shell” Ni/cr-A1,OI 
catalyst. 

poisoning of 13 ppb H&S was 4 x lop3 s-l, 
and the rate for 15 ppb H&S after recovery 
for 500 min was about 2 x 10e3 s-l indicat- 
ing essentially complete reversibility of S 
poisoning and little deactivation from C 
deposition. To the best of our knowledge 
this is the first time that reversibility in S 
poisoning has been demonstrated. These 
results show that S poisoning should be 
totally reversible. 

Figure 7, which shows steady-state equi- 
librium poisoned rates for the impregnated 
and precipitated catalysts as a function of 
gas-phase H,S concentration, summarizes 
the steady-state rate information generated. 
Figure 8 shows the temperature dependence 
of the CO hydrogenation rate for the im- 
pregnated fused a-A1203 plate catalyst with 
13 ppb H&S in the gas phase. The activation 
energy, 24.0 f 0.5 kcal, is the same as with 
the un-sulfur-poisoned catalysts (Table 1, 
Fig. 2). 

The results of a high spot study of the 
sulfur poisoning of a cleaned Ni foil is sum- 
marized in Fig. 9. The foil reached an ap- 
parent steady-state methanation rate of 6 x 
low4 s-l which is lower than that measured 
for the Ni/a-Alz03 catalysts at comparable 

E = 24.0 f 0.5 kcal/male 

I I I I 
I so I.60 

I/T 1000 (OK-‘) 

377 

0 

FIG. 8. Temperature dependence of the CO hydroge- 
nation rate over equilibrium sulfided Ni/cu-A&Oa , 4% 
CO,96% Hz, P,,,2s = 13 ppb at steady state, Nr/A1203. 
Reaction condtttons: Ni impregnated on fused a- 
A1203, CFSTR, P,,* = 1.056 atm, P,, = 0.044 atm, 
P H*S = 13 ppb. 

H&S levels. Much of the difference is attrib- 
uted to initial contamination of the foil, 
which was very hard to clean; many clean- 
ing techniques were tried giving variable 
initial foil activity. The assumptions of 
roughness factors used in calculating the Ni 
surface area of the foil and of the Ni on the 
fused plates may contribute to some of the 
differences. We speculate that S diffusing 
from the bulk of the polycrystalline Ni foil 
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FIG. 9. Sulfur deactivation of a Ni foil; reaction con- 
ditions: CFSTR, 661 K, PHI = 1.056 atm, PC, = 0.044 
atm, P,, = 13 ppb. 
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may have resulted in a significant increase 
in surface S concentration, and that this 
accounts for most of the apparent difference 
in intrinsic activity. 

DISCUSSION 

Eflect of Sulfur Adsorption on Nickel 
Surfaces 

Figures 3 and 4 show that the Ni surface 
has become equilibrated with S from 13 ppb 
H&S in Hz plus CO within 3500 min. AES 
studies strongly suggested that the amount 
of S present was essentially a monolayer on 
the Ni surface and that the S atom to sur- 
face Ni atom ratio was about 0.6 to 1.0. To 
further quantify the amount of S present 
and hence the extent of coverage of the Ni 
by S the amount of S was determined from 
a material balance around the reactor which 
integrated over time gave the total amount 
of S adsorbed between any two times, in- 
cluding between zero time and equilibrium. 
Since experiments showed that the reactor 
and the catalyst supports did not adsorb S, 
i.e., the H2S transient without Ni present 
was that predicted by a physical model for 
the system, all S which disappeared was 
adsorbed on the Ni surface. For the Ni/a- 
A&O3 spheres the chemisorption measure 
of the number of surface Ni atoms was 3.1 
x lo-’ gatom Ni/g cat (1.6 x lo-’ gmol HZ/g 
cat); the total amount of S adsorbed, as 
determined by integrating the S material 
balance about the CFSTR from zero time to 
steady state, for 13 ppb H2S in Hz plus CO 
at 661 K was 1.6 x lo-’ gatoms S/g cat. 
Table 2 summarizes the results for several 
experiments in terms of the amount of cata- 
lyst in the reactor using 1 to 1 and 0.5 to 1 
adsorbed atom to surface Ni atom stoichi- 
ometry for hydrogen and S adsorption, re- 
spectively. For the Ni-impregnated a-AlZ03 
plates the surface area was estimated from 
the geometric surface area and a roughness 
factor of 1.0 because accurate chemisorp- 
tion was not possible. The S adsorption 
measurements give a good correspondence 
with the expected Ni surface area; the area 

TABLE 2 

Surface Area of Ni Catalysts from Hydrogen and 
Sulfur Adsorption 

Catalyst 

Ni/a-AI,Oa 
(spheres) 

Ni/a-AIZOs 
(flat plates) 

Hydrogen 
chemisorption 

areaa 
(cm”) 

300 
300 

JY 

Sulfur 
adsorption 

area* 
(cm? 

300 
310 

60 
100 
80 

a Calculated assuming I to 1 H atom to surface Ni 
atom stoichiometry and an effective area of 6.3 x IO-‘@ 
cm* per atom. 

b Calculated assuming a 0.5 to 1 S atom to surface Ni 
atom stoichiometry and an effective area of 6.3 x IO-i6 
cm2 per atom. 

c Approximated from geometric area of the flat plate 
using a roughness factor of I .O. 

variations observed are probably real as 
plate size varied. 

These results clearly show that the for- 
mation of a surface monolayer of S on Ni 
and that this monolayer has a stoichiometry 
of about one S atom per two surface Ni 
atoms. This is in accord with the AES 
results and clearly shows the formation of a 
stable surface sulfide phase under condi- 
tions which are very far from those required 
to form any stable bulk nickel sulfide 
phases. 

Saturation at this low level leads to the 
prediction that the free energy of formation 
of the two-dimensional surface sulfide at 
66 1 K is at least - 26 kcalimole. Compared 
with AGr of - 11 kcalimole for the formation 
of bulk Ni& at the same temperature, the 
two-dimensional surface sulfide is 15 kcal/ 
mole more stable than the most stable bulk 
nickel sulfide. 

The number of adsorbed S atoms as a 
function of time can be calculated from the 
area between the measured H,S transient 
curve and the feed H,S concentration up to 
that time and the fraction of a S monolayer 
as a function of time is that area divided by 
the total area obtained from steady state. 
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The measured rate data in the submono- 
layer region of Fig. 3 can be combined with 
the S coverage data to yield a nonlinear 
relationship between the turnover number 
and the fraction of the surface poisoned by 
S. Figure 10 shows that the rate varies with 
the square of the unpoisoned fraction of the 
surface. In the case of these data, this rela- 
tionship is kinetically significant and not co- 
incidental because all of the surface Ni 
atoms are uniformly exposed to a uniform 
gas-phase composition of all species, in- 
cluding H&S. This means that the Ni surface 
is undergoing uniform S poisoning, and the 
observed rate is a fundamental quantity for 
the uniformly S-poisoned surface contain- 
ing the measured amount of S. If the S 
adsorption had been in the form of surface 
islands of adsorbed S, the rate would have 
been expected to be reduced in a linear man- 
ner with the amount of unpoisoned surface 
as it is when activity reduction is due to a 
poisoning wave moving through a catalyst 
bed. The fact that activity reduction is non- 
linear in surface S coverage strongly sug- 
gests that the S is uniformly distributed 
across and randomly located on the surface; 
island formation does not occur under these 

IO , , , , ( , , , , 
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FIG. 10. Variation in methanation rate of N~/(Y-AI,O, 
with the square of the unpoisoned surface fraction. 
Reaction conditions: CFSTR, 661 K, Pap = I.056 atm, 
P co = 0.044 atm, Paz, = 55 ppb: 0, Ni impregnated 
fused a-Al,Oa plates: 0, “egg shell” Ni/a-A&O3 
spheres. 

conditions (20). The mechanism of S poi- 
soning of CO hydrogenation by S blockage 
will be discussed below. 

The development so far fails to account 
for the further decrease in methanation ac- 
tivity when the H&S level is increased above 
15 ppb. Additional information is obtained 
by making the reasonable assumption that 
H,S adsorption can be represented by a 
Langmuir adsorption isotherm (14, 21). 
Thus, when the CO hydrogenation activity 
is reduced 200-fold by 13 ppb H$, we infer 
that a very few active CO hydrogenation 
sites remain and that these are progres- 
sively removed by adsorption of S at higher 
H,S concentrations. The kinetic implica- 
tions of this are considered below. 

Mechcrnism of Sulfur Poisoning 

Activation energy. Figures 2 and 8 show 
that the activation energy for methanation 
is the same (24.0 2 0.5 kcalimole) for a S 
poisoned and an unpoisoned Niicu-A1,OB 
catalyst (Table 1). This invariance of the 
activation energy with S poisoning and the 
marked (> 1 00-fold) catalyst activity reduc- 
tion indicates that S poisoning is due to a 
geometric blockage mechanism. The ad- 
sorbed S atoms appear to block active Ni 
surface sites without energetically affecting 
neighboring Ni sites. If S poisoning had 
been due to electronic effects, these effects 
should have appeared as a change in the 
activation energy for CO hydrogenation ca- 
talyzed by the sulfur-poisoned Niia-AlzOs ; 
this was not observed. Similar phenomena 
have been observed by Ponec and co- 
workers (22, 23) in studies of methanation 
over Ni/Cu films where Cu segregated pref- 
erentially to the surface and caused severe 
reductions in the rate of CO hydrogenation 
without changing the activation energy for 
methanation as compared to that for pure 
Ni films. Ponec attributed this result to the 
fact that Cu atoms occupied those ensemble 
sites which were active for CO dissociation 
and reduced the rate by purely geometric 
means. He further argued that Cu blocked 
these sites where back-donation of elec- 
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trons is sufficient to dissociate CO (bridged 
sites), preventing dissociation of CO and 
hence preventing methanation. 

Further evidence to support the argument 
that S blocks Ni in much the same manner 
as does Cu comes from infrared studies of 
the effects of S adsorption on the adsorption 
of CO on Ni (24) which demonstrated that 
the addition of S to Ni eliminates the 
bridge-bound or high coordination CO spe- 
cies. However, the presence of the linear 
CO species, a low coordination species, is 
unaffected by the presence of S. Similarly, 
Kishi and Roberts (25) using UPS found 
that as S was adsorbed on Fe the surface 
lost its ability to bond the bridged CO spe- 
cies. They concluded that the sites occupied 
by S were exactly those sites necessary 
for CO dissociation. These spectroscopic 
studies further support the contention that 
S poisons the methanation activity of metal 
catalysts through a geometric or site block- 
age mechanism, in this case blocking those 
sites of multiple coordination which are re- 
sponsible for CO dissociation. No study 
has concluded that S adsorption changes 
the bonding of CO to Ni, reducing the rate 
of or eliminating CO dissociation and thus 
poisoning methanation; all studies have 
concluded that S (or Cu) eliminates or 
blocks specific sites on the surface and thus 
blocks reaction, a geometric effect. By pre- 
venting CO dissociation, the S atoms effec- 
tively poison the reaction at the surface 
carbon-formation step 

CO hydrogenation kinetics. Reaction ki- 
netics can be treated purely empirically by 
fitting a range of Langmuir-Hinshelwood 
or power-law type models until an adequate 
fit is achieved; we prefer to derive appropri- 
ate kinetic models using all available chemi- 
cal information and then to fit these to the 
observed rate behavior. This should pro- 
vide relevant additional insight and inter- 
pretation of the behavior observed keeping 
in mind that kinetic results are never 
definitive. 

The rate behavior will be discussed on 
the basis of two kinetic models which as- 
sume that the reaction involves CO dissoci- 
ation (II, 22-30) and that the rate-deter- 
mining step in the reaction sequence 
requires two Ni sites. The first mechanism 
assumes that the dissociation of adsorbed 
CO molecules is the rate-determining step 
in the reaction sequence; the second as- 
sumes that the rate-determining step is the 
reaction between adsorbed C and H atoms 
on the surface. Both mechanisms assume 
that CH4 formation results from the hydro- 
genation of a surface “carbidic” species on 
the Ni surface rather than of an oxygen- 
containing species. The predictions of each 
model will be examined and compared with 
the observed dependence of the rate on the 
CO partial pressure (Fig. 1) and on the frac- 
tion of unpoisoned sites (Fig. 10). The ele- 
mentary reaction steps considered are: 

6.a) * 2&d, (1) 

co,, * COCadl (2) 

!-, 
CoGad) - CCad) + Otad) (3) 

x2 
C (ad) + &ad) -*C&d) (4) 

cHcad) + Head) 2 --bad) (5) 

C&m) + 2Hmu 4 CHaad) (6) 

0 (ad) + 2&d, 2 HO&ad, (7) 

H&sd) + Hz% (8) 

CH *ad) + -La (9) 

Steps occurring after the rate-determining 
step are not kinetically important, and are 
therefore expressed in an abbreviated man- 
ner. 

Therefore, for Model I [CO dissociation 
is rate limiting]: 

r = k ecoev (10) 

where &--, is the fraction of surface sites 
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covered by adsorbed CO, and 8v is the frac- 
tion of surface sites which are vacant. 

Defining X as the fraction of surface sites 
which do not have sulfur adsorbed on them, 

x = 1 - 0s = 8” + eco + f&j + 80 
+ ec + eHZO + eCH4 + . . . (ii) 

Carrying out the standard kinetic analysis 
for the CO hydrogenation based on the 
above definitions (31-33) and simplifying 
the expression in terms of constants and 
variable terms gives (12): 

For Model II [hydrogenation of adsorbed 
carbon species is rate determining] kinetic 
analysis gives (/2): 

K’P”2P x2 1 Hz co 

r = (K; + Kj P,o)2 . (13) 

The kinetic expressions cannot be distin- 
guished without H2 partial pressure depen- 
dence, not available here. Schoube (34) and 
Agrawal (13, 35) showed that the rate of 
methanation followed half-order depen- 
dence on H2 partial pressure for Ni/A1203 
and Co/A1203, respectively, supporting Eq. 
(13). Araki and Ponec (23) and Wentrcek et 
al. (27) conclude that CO dissociation is 
rate determining; we favor the former con- 
clusion, but further work is needed. A least- 
squares fit to the data in Fig. 2, with X = 1 .O 
and P, constant, gives the equation: 

91.8 P,, 
’ = (1 + 17.6 P,o)2 (14) 

where r in s-l is the rate expressed as turn- 
over number; P,, is in atm. 

b = adsorption constant 
PHts = partial pressure of H2S in pbb. 

The data are fitted well by Eq. (14) (Fig. Figure 11 shows a plot of the data as per 
2). Further, the models, Eqs. (12) and (13), Eq. (16) for Ni-impregnated fused a-A1203 
both predict that the observed rate should plates. There are two linear regions present 
depend on the square of the unpoisoned which suggest that Langmuir adsorption be- 
surface fraction, x2, exactly as observed havior holds and that there are two active 
(Fig. lo), strongly supporting the hypoth- sites involved. One is very active but 
esis that the rate-determining step in metha- strongly adsorbs S and is effectively elimi- 
nation requires two sites. Both the rate be- nated by very low H2S partial pressures; the 
havior in the absence of S poisoning and the other is less active and adsorbs S much less 

kinetic effect of S poisoning support the two 
site model. The success of the model in 
predicting S poisoning behavior further sup- 
ports the conclusion that S poisoning is due 
to a geometric surface blockage mechanism 
rather than an electronic effect. The results 
also indicate that each S atom adsorbs on 
and eliminates one surface site. 

Langmuir adsorption behuvior of Ha. 
The two-site model for methanation can be 
utilized to more fully interpret the poison- 
ing results discussed above and to model 
the dependence of the rate on H2S partial 
pressure. Starting with rate Eqs. (12) or 
( 13), Xcan be expressed in terms of the H,S 
partial pressure using a Langmuir isotherm 
for H,S adsorption (26, 35). From X = 1 - 
t& and 

bPEi,S 
es = 1 + bP,,, . 

Equation (12) becomes 

Kl Pco 1 
r = ( K2 + K3PCo)* ’ (1 + bPH2s)2 ’ (16) 

Equation (13) is similarly transformed. 
Since the H, and CO partial pressure were 
kept the same in the poisoning experi- 
ments, Eq. (15) can be transformed to an 
expression linear in P,,,: 

K/r”* = 1 + bPH2S (17) 

where K = the square root of the methana- 
tion rate for unpoisoned cata- 
lyst 

r = the steady-state methanation 
rate at a given PHzs 
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GAS PHASE FRACTION OF HYDROGEN SULFIDE (PPB) 

FIG. 11. Dependence of the methanation rate cata- 
lyzed by Ni/a-AlpO3 on HIS partial pressure plotted as 
per Eq. (17). Reaction conditions: CFSTR, Ni impreg- 
nated fused a-A&O, plates, 661 K, PaI = 1.056 atm, 
PC0 = 0.044 atm. 

strongly. From Fig. 11 the more active sites 
are over 200-fold more active than the less 
active sites. From the slope of the lines 
(Fig. 11) the one set of sites adsorbs S al- 
most three times more strongly than the 
other. A similar conclusion has been 
reached for the S poisoning of CO hydroge- 
nation catalyzed by Ni/TiOz (36). 

CONCLUSIONS 

This work produces a number of impor- 
tant conclusions which provide unique in- 
sight into the S poisoning of metals. In or- 
der to be able to derive these conclusions 
an experimental procedure was developed 
that exposed all surface Ni atoms to a uni- 
form gas-phase composition of all species 
including H&S; no gradients existed in the 
system making kinetic measurements fun- 
damentally meaningful and interpretable. 
Sulfur poisoning was shown to be revers- 
ible, demonstrating that true equilibrium 
existed between the gas phase and the sur- 
face allowing conclusions to be drawn con- 
cerning equilibrium behavior. Important 
conclusions include: 

(1) Ni is extremely sensitive to poisoning 
by S. Concentrations of H2S as low as 13 
ppb in Hz reduce the steady-state methana- 

tion activity of Ni/a-Al,Os catalysts by 
more than two orders of magnitude. Higher 
H&S concentrations further reduce the 
methanation activity; the activity is reduced 
5000-fold by 100 ppb H,S. 

(2) The activation energy for methanation 
over unpoisoned Ni/cw-AlzOs is 24.0 kcal/ 
mole; it is the same for Ni/cw-AlzOs in equi- 
librium with or poisoned by 13 ppb H2S and 
having an activity reduced by over loo-fold. 
This clearly indicates that the S poisoning is 
due to geometric and not electronic effects. 

(3) Concentrations of H&S as low as 13 
ppb in H, result in monolayer coverages of 
Ni by S at 661 K as shown by AES; chemi- 
sorption studies show that Ni/A1203 chemi- 
sorbs as many H2S molecules as H2 mole- 
cules, yielding a S: Ni surface atom 
stoichiometry of 1 : 2. This is the same 
S : Ni surface atom ratio found for S adsorp- 
tion on Ni single crystal surfaces. Sulfur 
poisoning of Ni methanation catalysts is 
due to geometric blockage with each S atom 
capable of blocking one surface Ni site. 
There is no evidence that poisoning is due 
to electronic factors since those sites re- 
maining active or unpoisoned appear to be 
energetically the same as on a S-free sur- 
face. 

(4) The observed dependence of the 
methanation rate on the fraction of unpoi- 
soned sites (x) and on the CO partial pres- 
sure (P,,) is that predicted by a Langmuir- 
Hinshelwood analysis of the surface 
reactions occurring in methanation cata- 
lyzed by Ni with either CO dissociation or 
hydrogenation of surface carbide as rate- 
determining steps. The rate equation fitted 
to rate vs P,, data for the Ni/~-A1~0~ at 661 
K by nonlinear least-squares analysis is: 

(5) The free energy of formation of the 
two-dimensional surface nickel sulfide at 
661 K is estimated to be -26 kcal/mole. 
This is in contrast to the free energy of 
formation of bulk N&S3 which is about - 11 
kcal/mole at this same temperature. The 
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surface sulfide is therefore at least 15 kcal/ 
mole more stable than the bulk sulfide. 

This study shows that the extreme sensi- 
tivity of metals to sulfur poisoning is due to 
the very high thermodynamic stability of 
surface metal sulfide phases; two-dimen- 
sional phases, as contrasted with bulk 
sulfide phases; bulk thermodynamics can- 
not be easily used to predict sulfur poison- 
ing. The extensive deactivation is due to 
geometric effects with S blocking active 
sites on the surface; there is no evidence for 
electronic effects in S poisoning of Ni. 
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APPENDIX 1: NOMENCLATURE 

Langmuir adsorption constant, 
atm-l 
Gas-phase concentration, gmolel 
cm3 
Reaction activation energy, kcali 
mole 
Reaction rate constant, s-l 
Combination of kinetic constants 
and adsorption coefficient for ad- 
sorbed species on catalyst surface 
in Langmuir-Hinshelwood kinetic 
expression, dimensions defined by 
equations 
Square root of methanation rate of 
unpoisoned catalyst, sec1’2 
Partial pressure of species i in the 
gas phase, atm, except for H2S 
where units used are ppb 
Methanation reaction rate, sL1 
Time, s 
Temperature, K 
Reactor volume, cm3 
Surface fraction of sites not occu- 
pied by sulfur, dimensionless 
Surface fraction of species i, di- 
mensionless 
Surface fraction of vacant sites, di- 
mensionless 
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