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Desorption isotherms for H2S on unsupported nickel and alumina-supported nickel, nickel- 
platinum, nickel-cobalt, and ruthenium were calculated from elution curves of H$S from a 
packed bed of each catalyst. All elution experiments were run initially at 45O’C and at H& 
concentrations in the exiting hydrogen stream from 30 to 0.1 ppm. Elution curves and isotherms 
for supported nickel-platinum were also obtained at 450 and 520% from which an estimate of 
the heat of HzS chemisorption was calculated. The heat of HzS adsorption on nickel is estimated 
to be 3040 kcal/mole at 450°C and high coverage (50-90%). The stoichiometry of sulfur ad- 
sorption was determined by comparing the total quantity of sulfur adsorbed at 450°C with the 
corresponding quantity of hydrogen chemisorbed at 25°C for each catalyst. The data suggest 
that H& chemisorption is strong and dissociative at low coverage and nondissociative at high 
coverages. Ruthenium apparently has a lower capacity for sulfur adsorption than nickel or 
nickel alloys. 

INTRODUCTION 

Poisoning of metallic catalysts by hydro- 
gen sulfide and other sulfur-containing 
compounds in extremely low concentra- 
tions is a major problem in hydrogenation 
reactions, such as methanation of coal 
synthesis gas (I,.%‘). Methods used to attain 
low sulfur concentrations and/or longer 
catalyst life include: (i) purification of the 
synthesis gas to remove sulfur, (ii) installa- 
tion of guard chambers to adsorb sulfur 
compounds, and/or (iii) installation of 
excess catalyst to ahow for sulfur adsorp- 
tion. Each of these methods suffers signifi- 
cant economic limitations. Thus, there is 
considerable economic incent,ive to find a 
catalyst with relatively high methanation 
activity in the presence of l-10 ppm H&S. 
Unfortunately, the steady-state activity of 

supported nickel in 10 ppm HZS is much 
too low (3). This behavior undoubtedly 
relates to the manner in which HzS adsorbs 
on nickel. 

Previous work (Q-6) suggests that the 
surface nickel-sulfur bond is more stable 
than the bulk nickel-sulfur bond, but the 
adsorption is nevertheless reversible (5). 
For example, in his work on the sulfiding 
of Kieselguhr-supported nickel catalysts, 
Richardson (6) found that if the nickel 
was completely sulfided by relatively large 
concentrations of H2S in the bulk-sulfide- 
forming region (7), the bulk sulfur could 
be removed by reaction with pure hydro- 
gen. The surface sulfur, apparently, could 
not be easily removed, as the catalytic 
activity was not restored. 

Assuming that the surface nickel sulfide 
is more stable than bulk sulfides, the heat 
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of adsorption should be larger in magnitude 
than the heats of formation for bulk phases. 
However, estimates for the heat of adsorp- 
tion of H&J on nickel from Perdereau and 
Oudar (Q), Roberts (8), and Rostrup- 
Nielsen (9) range from 10 to 50 kcal/mole. 
Since the enthalpy of adsorption is in doubt, 
entropy of adsorption data for H.8 on 
nickel are also lacking. 

There are also apparent discrepancies 
regarding mechanisms of H2S adsorption 
on metals, although it is generally reported 
to be dissociative. Den Besten and Selwood 
(10) inferred from magnetochemical mea- 
surements at O-115% that HzS forms four 
bonds with the nickel surface: 

HzS(,, + -Ni-Ni-Ni-Ni- -+ 

They also found that at high coverages 
sulfur displaces hydrogen from the surface. 
Saleh et al. (11) suggested a three-site 
mechanism in the temperature range 80 to 
lOO”C, whereas Rostrup-Nielsen (5) sug- 
gested a one-site mechanism at 5FjO to 
645”C, 

&SW + Ni(.) -+ Ni-Sm + HZ(~), 

based on the value of one obtained for the 
power, n, in a Langmuir fit for his data. 

There is apparently only fair agreement 
as to the stoichiometry of HZS adsorption 
on nickel. Saleh et al. (11) reported that 
HB readily displaced adsorbed hydrogen 
from nickel films at -8O”C, and that one 
molecule of the sulfide covered the same 
surface area as three atoms of hydrogen 
or one atom of krypton. Selwood’s mecha- 
nism suggests one H,S molecule adsorbing 
(at 25°C) per four nickel atoms (10). 
Rostrup-Nielsen (5) calculated a value of 
0.54 sulfur atoms per nickel atom at 550- 
645°C. 

In this paper, desorption isotherms of 
HzS on Ni, Ni-Co, Ni-Pt, and Ru catalysts 
determined at 450°C and isosteric heats of 

adsorption of H& on Ni and Ni-Pt 
(450-520°C) are presented and discussed. 
The application of these data in determin- 
ing the stoichiometry and mechanism of 
HZS adsorption on metals and supports is 
also discussed. 

EXPERIMENTAL METHODS 

Materials 

Three grams of a high-purity carbonyl 
nickel powder (Into) initially containing 
less than 1 pg/g of sulfur were reduced at 
450°C for 2 hr, and the Hz chemisorption 
isotherm was measured before poisoning. 

Supported nickel and nickel-alloy cata- 
lysts were all prepared in this laboratory 
by impregnation to incipient wetness using 
Kaiser alumina beads having a surface 
area of 301 m2/g. A large batch of each 
catalyst was reduced and passivated ac- 
cording to procedures described previously 
(12). The ruthenium catalyst (Engelhard 
Industries) was received in a reduced and 
passivated state. Ail supported catalysts 
were crushed to a powder before use in the 
poisoning experiments to minimize mass 
transfer effects. A sample of each previ- 
ously reduced and passivated catalyst was 
analyzed for initial sulfur content. Separate 
samples of each catalyst were re-reduced 
at 450-500°C for 2 hr, following which 
their Hz chemisorption isotherms were mea- 
sured at room temperature before poison- 
ing. Table 1 gives the nominal composition 
and initial Hz uptake for each catalyst. 

Hydrogen (99.995%) was purified us:ng 
an Engelhard industries Deoxo catalyst 
followed by a molecular sieve trap. The 
H2S in Hz calibration mixture was prepared 
by Matheson. 

Procedure 

Sample poisoning and H& elution curves. 
Hz adsorption isotherms were measured at, 
25°C using an apparatus and procedure 
described earlier (la). Samples were heated 
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TABLE 1 

Sulfur Atom vs Hydrogen Atom Uptakes 

Catalyst H atom uptake Saturation, S/H &S 
at 25°C R atom uptake concentration 

(pmoleslg at 45O’C (wm) 
of sample) (rmoles/g 

of sample) 

3y0 Ni/A1903 
3% Ni/A1203 
3% Ni/AleOl 
Nickel powder (Into) 
10% Ni-107, Co/A1203 
16% Ni-O.5’% Pt/AleOs 
Ruthenium (Engelhard) 

(0.570 Ru/A1203) 
Alumina support 

80.0 86.5 1.08 25 
80.0 68.3 0.86 8 
80.0 60.4 0.76 12 

3.71 4.23 1.14 23 
229.8 205.9 0.90 25 
229.0 194.0 0.85 26 

22.0 8.53 0.39 25 
1.0 4.4 - 25 

to 450°C in flowing hydrogen and then 
exposed to a gas mixture containing 8 to 
30 ppm H2S in Hz, provided by combining 
pure Hz with a gas stream containing 120 
ppm H2S in Hz. The flow rate of gas 
through the samples was about 255 ml/min 
(measured at room temperature and 640 
Torr, 1 Torr = 133.3 nm-2). The concen- 
tration of Hk? in the gas was measured for 
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both entering and exiting streams of the 
catalyst bed. When the H8 concentrations 
of the entering and exiting gas streams 
were the same (usually after 16-24 hr), it 
was assumed the catalyst was saturated 
with sulfur. 

After the catalyst was saturated with 
sulfur, pure hydrogen was passed through 
the sample at a rate of 200 ml/min. The 

Time (minutes 

FIG. I. H,S elution curve for pure nickel. 
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12 16 

H2S Concentration (ppm) 

Fro. 2. HZS desorption isotherms at 450°C normalized to Hz uptake: (0) 3% Ni; (V) Ni 
powder; (A) Ni-Pt ;- (0) Ni-Co ; (0) Ru. 

HzS leaving the bed via the Hz stream 
was collected continuously and analyzed 
periodically so that an elution curve of 
H& concentration versus time could be 
made for each sample. Desorption iso- 
therms were obtained from the elution 
curves using the method of characteristics 
(13, 14, Appendix). 

In addition, individual catalyst samples 
were exposed over long periods (16-24 hr) 
to HzS (in Hz) at concentrations ranging 
from 3 to 25 ppm to establish single equi- 
librium points in the same manner as 
Rostrup-Nielsen (5) for comparison with 
the desorption isotherms obtained from the 
elution curves. 

Sulfur analysis. Gas-phase hydrogen sul- 
fide was analyzed calorimetrically by ab- 
sorption in a cadmium acetate solution 
followed by reaction to form methylene 
blue according to Zutshi and Mahadevan 
(15). Catalysts were analyzed for sulfur 
content by reducing the sulfur to hydrogen 
sulfide according to Gustafsson (16, 17), 
then absorbing the H&J removed by a Nz 

purge stream, and finally carrying out the 
color reaction to methylene blue as indi- 
cated above. 

RESULTS 

Hydrogen sulfide elution curves were 
obtained for each sample at 450°C ; an 
additional elution curve was obtained for 
Ni-Pt at 520°C. The elution curve for the 
unsupported nickel sample is shown in 
Fig. 1 and evidences exponential decay. 
Using the method of characteristics (see 
Appendix), the elution curves were trans- 
formed into HZS desorption isotherms. The 
isotherms were normalized to the initial 
hydrogen uptakes of each catalyst and are 
presented in Fig. 2 in terms of atoms of 
adsorbed sulfur per atom of adsorbed hy- 
drogen. Saturation levels of adsorbed sulfur 
and S/H ratios at saturation were deter- 
mined for each sample from the linear 
portions of the desorption isotherms (above 
10-25 ppm) and are tabulated in Table 1. 
The saturation sulfur coverages were calcu- 
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lated for each sample by adding the total 
amount of sulfur eluted from the bed to 
the amount remaining on the catalyst in 
the bed. The small amount of sulfur ini- 
tially present in each unpoisoned supported 
catalyst was assumed to play a negligible 
role in the desorption isotherm and was 
subtracted from the initial coverage for 
each sample. 

The experimental desorption isotherms 
(Fig. 2) appear to follow an equation of the 
Langmuir form, 

e = (bP)““[l + (bp)““]-1. 

To find the value of n, this equation can 
be linearized to the following form: 

In (q/q0 - q) = In b’ + l/n (In p). 

In this equation p is the partial pressure 
of H2S in the gas phase, 8 = q/q0 is the 

coverage of sulfur on the surface, and 
b’ = (b)l’%. The value chosen for qo in the 
above equation was found to depend to a 
small degree upon the method of extrapola- 
tion, but in all cases was only slightly 
greater than the coverage at 25 ppm be- 
cause the isotherms are fairly flat in this 
region. To obtain consistent values of q. 
each data set was linearized by plotting 
ln Cln (q/q0 - dl versus In p and extrapo- 
lating to the high In p range ; this q. value 
was then used to calculate n by linear re- 
gression analysis. 

Figure 3 shows plots of In (q/q0 - q) 
versus In p for each sample run. For the 
nickel catalysts the data points obtained 
at the lower partial pressures of H&S (i.e., 
at lower values of H2S surface coverage, q) 
show a Langmuirian fit with a slope ap- 
proximately equal to one-third ; at higher 

-211 """"'1 ""I 'I 
-18 -17 -16 -15 -14 -13 -12 -11 -10 -9 

In P 

Fro. 3. Langmuir curve fits of Hk3 desorption isotherms. (0) Ni-Pt; (V) Ru; (A) Ni-Co; 
(0) Ni/AlpOS; (0) pure Ni; ( l ) AltOa. 
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Fro. 4. Effects of hydrogen flow rate on hydrogen sulfide adsorption on 3% Ni/A1203: (0) 
100 ml/min; (0) 200 ml/min; (A) 400 ml/min. 

pressures (2-5 ppm) the slope increases to 
slightly greater than one. For the A1203 
support and supported ruthenium the slope 
is approximately one-half at low pressures, 
also increasing to one at higher pressures. 

Since the assumption of local equilibrium 
in the catalyst bed is requisite for the 
analytical method of characteristics, the 
effects of hydrogen flow rate on hydrogen 
sulfide elution curves were studied. Hydro- 
gen was passed at three different flow rates 
over samples of 3% Ni/AL03, each of 
which had been previously saturated at 
HZS concentrations of approximately 25-30 
ppm. Hydrogen flow rates of 100, 200, and 
400 ml/min were used and the differences 
in uptake versus concentration, as shown 
in Fig. 4, were found to be negligible within 
experimental error ; hence, the assumption 
of equilibrium in the bed was considered 
valid and a flow rate of 200 ml/min was 
used throughout the remainder of the study. 

To determine the effect of H& concentra- 
tion on the sulfur saturation level, H2S de- 
sorption isotherms for identical samples of 
37& Ni/ALOs catalyst were determined at 
HZS concentrations of 8, 12, and 30 ppm 
and individual equilibrium adsorption points 
(each for a different sample of 3% Ni/AlzOa) 
were determined at various concentrations 
between 3 and 25 ppm. The data are repre- 
sented graphically in Fig. 5 and saturation 
coverages are tabulated in Table 1. Com- 
parison of data at 8 and 12 ppm with those 
at 30 ppm shows that saturation sulfur 
coverage increases with increasing concen- 
tration of HZ’S in the gas phase. Good 
agreement is observed for the single ad- 
sorption points below 10 ppm compared to 
the desorption data for samples saturated 
at 8 and 12 ppm. 

To obtain an estimate of the adsorption 
heat of H& on Ni-Pt, the elution of H.S 
was carried out at 450°C until an exit HS 
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gas concentration of about 0.1 ppm was 
achieved; then the Hz flow was shut off. 
The sample cell was heated further to 
520°C and the elution curve was continued 
to enable several more data points to be 
collected. The results are shown in Fig. 6. 
It can be seen that if both curves are cx- 
tended slightly to a value of about 5400 
pg/sample that two different pressures at 
the same coverage are obtained correspond- 
ing to the two temperatures of the isotherm. 
At this point the pressures are about 0.10 
and 1.0 ppm. Putting these values into the 
Clausius-Clapeyron equation, 

In (PdPt) = Q/R(~/Tz - l/T,), 

gives a heat of adsorption, Q, of about 38 
kcal/mole. 

In Fig. 7, log (PH2s/PH,) values for nickel 
and nickel-platinum catalysts are plotted 
versus reciprocal temperature and com- 
pared with previously reported data (4, 5) 
for HtS adsorption on Ni. The solid line 
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corresponds to the equilibrium data re- 
ported by Rosenqvist (7) for formation of 
Ni3S2 (in the temperature range 400- 
535°C). Based on the Clausius-Clapeyron 
equation the slope of this line corresponds 
to an enthalpy of -18.0 kcal/mole. The 
dashed lines in Fig. 2 represent equilibrium 
lines for chemisorbed sulfur with heats of 
adsorption of 20, 30, and 40 kcal/mole, as- 
suming formation of Ni& (i.e., the same 
intercept as the solid line for N&S*). Thus, 
according to these data in Fig. 7, the 
enthalpy of adsorption of H2S on nickel is 
10 to 20 kcal/mole more exothermic than 
the heat of formation of Ni&z depending 
upon temperature and coverage. It is also 
apparent that the absolute value of the 
heat increases with decreasing coverage and 
that the equilibrium partial pressure of 
H&l increases with increasing temperature. 

From the estimate for the enthalpy of 
adsorption of H,S on nickel (or nickel- 
platinum) it is possible to calculate an 

v 
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FIG. 5. Effect of hydrogen sulfide concentration on hydrogen sulfide adsorption on 3% Ni/AleOL. 
(0) Desorption isotherm data after saturation at 30 ppm; (0) desorption isotherm data after 
saturation at 12 ppm; (A) desorption isotherm data after saturation at 8 ppm; (v) single equilib- 
rium adsorption points. 
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FIQ. 6. Ni-Pt desorption isotherms at 450°C (0) and 520% (A). 

entropy of adsorption from the relation ruthenium at 450°C. The shapes of these 
AG = AH - TAS, where AGO = RT In curves show that adsorption is very strong 
(P/P) and P” = 1 atm HzS. For unsup- and that moderately low coverages (i.e., 
ported Ni the entropy of H&S adsorption 30-50%) are observed at only very low 
at 450°C and a coverage of 50% is esti- H2S concentrations (i.e., less than 0.1 to 
mated to be -7.2 e.u. (Cal/OK gmole) 1 ppm). The assumption of equilibrium is 
based upon an enthalpy of -32 kcal/mole supported by (i) the data for 3% Ni/A1203 
of H$ (from Fig. 7) and a free energy of in Fig. 4 showing the coverage to be inde- 
- 26.8 kcal/mole. For nickel-platinum the pendent of flow rate and (ii) the data in 
entropy of adsorption at 450°C and 0 = 0.50 Fig. 5 showing very good agreement be- 
was determined t,o be -10.8 e.u. based on tween the desorption curves and the ad- 
a AH value of -38.0 kcal/mole and a AC” sorption points in the range of 3-12 ppm 
value of -30.2 kcal/mole. H&S. 

DISCUSSION 

The H$S desorption isotherms in Fig. 2 
illustrate the equilibrium adsorption be- 
havior for nickel, nickel bimetallics, and 

The HzS desorption isotherms normalized 
to the Hz uptake for each sample (see Fig. 
2 and Table 1) give direct information re- 
garding the stoichiometry of HzS adsorp- 
tion as a function of concentration. For 
most of the catalysts, saturation coverage 
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FIQ. 7. Equilibrium partial pressure of HzS versus reciprocal temperature. (0) Ni powder, this 
study; (0) 3% Ni/AlzOa, this study; (0) 16% Ni, 0.5% Pt/A1203, this study; (A) 10% Ni/MgO- 
AL03, Ref. (6); (V) Ni foil, Ref. (4). Closed symbols, 0 = 0.50; open symbols, B = 0.80. 

is nearly complete around 5 ppm HB, and 
the further increase in sulfur uptake with 
increasing concentration above 5 ppm is 
relatively small. At a concentration of 25 
ppm (see Table 2) the S/H ratios are 1.08 
and 1.14 for 3% Ni/AlzOs and pure nickel, 
respectively. After correction for sulfur 
uptake by the alumina support and based 
upon a H/Ni, stoichiometry of 1: 1, the 
S/Ni, value for 3% Ni/AlzOs is 1.04. 
Similarly, the S/Ni, stoichiometries for 
saturation at 8 and 12 ppm HS (after 
correcting for the support) are 0.83 and 
0.73. These values of the S/Ni ratio are 
two to four times greater than values re- 
ported by Den Besten and Selwood (10) at 
25°C and Saleh et al. (11) at -78”C, and 
rjO-100% larger than the value of 0.54 
reported by Rostrup-Nielsen (6) for the 
temperature range 550-645°C. A priori, it 
is reasonable to expect that at most about 

0.6 to 0.7 atoms of sulfur chemisorb on a 
clean nickel surface in view of the relative 
areas of about 10 and 6.5 AZ/atom (10 A 
= 1 nm) for S and Ni atoms, respectively. 

These apparent discrepancies can be re- 
solved as follows. First, the values of 0.25 
and 0.33 atoms of sulfur per nickel surface 
atom (IO, II) are observed at the lower 
temperatures because the hydrogen atoms 
from the dissociative chemisorption of H2S 
bond irreversibly with nickel sites, prevent- 
ing further sulfur adsorption. Since at 
higher temperatures the chemisorption of 
hydrogen is reversible, sulfur atoms can 
cover most or all of the nickel sites, and 
thus higher S/Ni, ratios are possible. More- 
over, the value of S/N& of 0.54 reported 
by Rostrup-Nielsen for 10% Ni/A1203 
(550-645°C) is based on the assumption of 
H/Ni. = 0.73. Recent data from this lab- 
oratory (18) have shown that the correct 
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TABLE 2 

Langmuir Isotherms5 

Catalyst Langmuir isotherm 

3% Ni/A1t03 q = 2697 
(2.794 x lo*p)“*J* 

1 + (2.794 x losp)“*.‘* 

Ni powder 
(Into) q = 135 

(1.270 x 109pp.94 
1 + (1.270 X 10*p)r’*.P4 

Ni-Co/A1201 q = 6750 
(5.853 x lo*p)“2.** 

1 + (5.853 x lo*p)“*.8* 

Ni-Pt/Alp08 q = 5908 
(1.313 x 109p)“2.96 

1 + (1.313 x 109p)r’*.9S 

Ru/AlgOa 
q = 275 

(4.027 X lOflp)“*J4 
(Engelhard) 1 + (4.027 X 106p)1’=4 

Ale08 (Kaiser) q = 170 
(2.561 X 106p)“‘Ja 

1 + (2.561 X 106p)“r.93 

a All samples run at 450% and reported on a per 
gram basis; q has units of micrograms per gram of 
catalyst. 

stoichiometry is H/Ni, = 1.0. On this 
latter basis the data of Rostrup-Nielsen 
are consistent with a value of S/Ni, = 0.74 
and in good agreement with the values of 
0.83 and 0.73 for 3% Ni/A1203 at 8 and 12 
ppm and with the value of 0.82 for 16% 
Ni-Pt/AlzOa determined at 25 ppm. Fur- 
thermore, a S/Ni, ratio of 0.74 was ob- 
tained for the same Ni-Pt sample at a 
higher temperature (52O”C), indicating 
that HZS adsorption is more reversible and 
that the saturation coverage is less at 
higher temperatures. Hence, the lower 
saturation coverages obtained by Rostrup- 
Nielsen at 550-645°C may be due in part 
to effects of higher temperature. 

The larger values of S/Ni, observed for 
both supported and unsupported nickel 
upon desorption after saturation at 25-30 
ppm compared to the values after satura- 
tion at 8-12 ppm may be explained by (i) 
a surface reconstruction in the higher con- 
centration range, or (ii) incorporation of S 
into nickel layers below the surface or into 
the support. In accordance with the first 
hypothesis, at HZS concentrations less than 
10 ppm, atomic sulfur is chemisorbed upon 

the nickel surface up to a coverage of 
S/Ni, = 0.7-6.8, consistent with Ni& stoi- 
chiometry ; however, saturation at 25-30 
ppm with subsequent desorption is accom- 
panied by a reconstruction of the surface 
to a surface sulfide of nickel consistent with 
NiS stoichiomet.ry. Apparently this or a 
similar phenomenon results in a hysteresis 
effect for adsorption and desorption, as 
observed in Fig. 5, by a large difference 
between the desorption isotherm data after 
saturation at 30 ppm and the adsorption 
data points from 3 to 12 ppm. Apparently 
there is also a trend of increasing saturation 
coverage for the single equilibrium adsorp- 
tion points with increasing HZS concentra- 
tion which almost completes the hysteresis 
loop. 

The hypothesis of reconstruction of the 
nickel surface by adsorbed sulfur finds con- 
siderable support in the literature. Somorjai 
(19) suggested that adsorbed sulfur on 
platinum causes reconstruction to a new 
equilibrium distribution of crystallographic 
planes having less activity. In three differ- 
ent LEED studies of sulfur on nickel 
(20-22), reconstruction of the (110) and 
(111) surfaces was observed as the coverage 
was increased above one-third to one-half. 
In fact, two different reconstructions were 
observed on the (111) surface. 

It is expected that the extent of recon- 
struction and the capacity of H&S adsorp- 
tion on the nickel surface might be in- 
fluenced by the presence of supports, pro- 
moters, alloying atoms, and by the range 
of metal crystallite sizes affecting the dis- 
tribution of crystallographic planes and 
edge and corner sites. These influences may 
explain the lower sulfur capacities of nickel 
bimetallics relative to supported nickel and 
the different isotherm shapes observed for 
well-dispersed, supported nickel and poorly 
dispersed, unsupported nickel. 

Since X-ray diffraction data for the Ni-Pt 
and Ni-Co catalysts provide evidence for 
the presence of Ni-Pt and Ni-Co alloys 
(d3), these catalysts may demonstrate the 
effects of alloying on sulfur capacity. How- 
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ever, the Ni-Pt catalyst contains only 1 
atomic y0 Pt and calculations suggest that 
the surface should be very rich in nickel 
($4) ; hence the Ni-Pt surface would be ex- 
pected to behave similar to a nickel surface. 
Nevertheless, it has been shown that very 
small amounts of platinum enhance the re- 
duction of nickel to the metallic state (25). 
Perhaps the platinum also stabilizes the 
nickel in such a way as to minimize recon- 
struction of the surface when sulfur is ad- 
sorbed. The cobalt might play a similar role 
in the Ni-Co catalyst, although the surface 
composition of Ni-Co is expected to be 
about 50 atomic ‘% cobalt (24) and Auger 
measurements (26) have shown this to be 
true. 

In comparison with the supported nickel 
catalysts, the unsupported nickel powder 
sample evidences more reversible H&S ad- 
sorption at low partial pressures of HZS, 
as shown in Fig. 2. In other words, the 
monolayer coverage of sulfur is completed 
at a lower partial pressure of H2S on sup- 
ported nickel, indicating that small, sup- 
ported crystallites of nickel adsorb sulfur 
more strongly. 

The data in Fig. 2 and Table 1 showing 
ruthenium to have approximately one-third 
to one-half as much sulfur capacity as the 
nickel catalysts possibly explain the greater 
susceptibility of ruthenium catalysts to 
sulfur poisoning (8, 27, 28). However, be- 
cause these data are based upon only one 
sample the results should be interpreted 
with caution, particularly because the fresh 
sample had an unusually low activity for 
methanation (28) and may have been con- 
taminated with hydrogen chloride during 
its preparation. 

For all catalysts except alumina and 
ruthenium the slope of the linear, low 
coverage portion of each Langmuir iso- 
therm as shown in Fig. 3 is approximately 
equal to one-third, which is equivalent to a 
value of n = 3 in the Langmuir equation. 
This suggests that upon adsorption at the 
lower coverages, H2S dissociates into three 

species covering three adsorption sites : 
H S H 
I I I 

H2S (9j + -Ni-Ni-Ni- + -Ni-Ni-Ni- 
The value of n = 2 for ruthenium and 
alumina suggests that partial dissociation 
of HZS is the more prevalent mechanism 
for adsorption on these samples. The high- 
pressure portion of each curve (in Fig. 3) 
where n equals one is consistent with non- 
dissociative adsorption of HZS on sites of 
lower energy. 

The proposed two- or three-site mecha- 
nism for dissociative adsorption is in agree- 
ment with the previous work on nickel by 
Den Besten and Selwood (10) at 25°C and 
on alumina by Glass and Ross (29). The 
latter workers observed dissociative ad- 
sorption of H2S on alumina at low cover- 
ages. Our Langmuir exponent of one-third 
for nickel at 450°C does not agree with the 
value of one determined by Rostrup-Nielsen 
(5) at 550-645°C. This disagreement pos- 
sibly stems from the differences inherent 
in the adsorption and desorption tech- 
niques, the latter involving less scatter in 
the isotherm data. 

The value of 38 kcal/mole for the iso- 
steric heat of H2S adsorption on nickel- 
platinum at 450-520°C and a coverage of 
about 85% and the heats of adsorption for 
nickel of 30-35 kcal/mole for 0 = 0.5 (from 
Fig. 7), although somewhat approximate, 
establish that HZS chemisorption on nickel 
is very strong even at high coverages. 

The thermodynamic data for the Ni-Pt 
catalyst are believed to be applicable to 
supported nickel in a highly reduced state 
(25) because the metal contains only 1 
atomic y0 Pt and the surface composition is 
most likely very rich in nickel (24). This is 
confirmed by the close proximity of data 
for Ni and Ni-Pt in Fig. 7. 

The adsorption stoichiometries of 0.7-0.8 
observed at 8-12 ppm H2S for 3% Ni/AlzOs 
are consistent with the formation of a 
NirSz surface structure. This observation 
finds support from the LEED studies of 
Perdereau and Oudar (4), who observed a 
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surface structure very similar to Ni&. 
Demuth et al. (SO), however, observed 
Ni-S bond lengths shorter than the nearcst- 
neighbor distance in Ni&& and more char- 
acteristic of NiS. Perhaps the discrepancy 
in the two LEED studies stems from recon- 
struction effects at different coverages. 

The differences in heats of adsorption 
for the supported Ni, unsupported Ni, and 
Ni-Pt catalyst may possibly be a result of 
support and extent of reduction effects. 
They suggest, for example, that H2S ad- 
sorbs most strongly on highly reduced, 
supported nickel and least strongly on un- 
supported nickel. Certainly, more experi- 
mental work is needed to confirm if these 
effects are significant. 

The gas-phase entropies of HZS and Hz 
at 450°C (reference states at 1 atm) are 
56.9 and 37.4 Cal/mole “K, respectively 
(31). Accordingly, the predicted entropy 
change between Hz and HzS is -19.5 
Cal/mole “K. Thus, the experimental en- 
tropy change of 7-10 e.u. for HzS adsorp- 
tion on Ni and Ni-Pt is less than the pre- 
dicted entropy change SQ - Sn+ This 
difference may be explained in a number 
of ways. For example, the entropy differ- 
ence between empty and occupied or re- 
arranged sites may account for this differ- 
ence. Alternatively, the experimental heat 
of adsorption is expected to increase with 
decreasing coverage and this would result 
in a larger entropy decrease more in line 
with the prediction, 

CONCLUSIONS 

1. HZS chemisorption on nickel and ru- 
thenium catalysts is very strong even at 
high coverages. Values of the heat of H2S 
adsorption on nickel are estimated to be 
30-40 kcal/mole at surface coverages of 
SO-90%. This heat of adsorption includes 
heats for dissociation and adsorption of 2H 
and S. 

2. H&J chemisorption on nickel at 450°C 
is dissociative in the range of low to mono- 
layer surface coverages (up to about O.& 

0.9 S atoms/H atom). At higher coverages 
H# may adsorb as molecular H$. 

3. If HzS is desorbed after saturation at 
gas-phase concentrations of 25-30 ppm 
there is apparently a reconstruction of the 
surface consistent with Ni-S stoichiometry. 
For saturation at 8-12 ppm HZS the surface 
stoichiometry is consistent with N&&. 
Agreement is observed between adsorption 
and desorption data in the lower concentra- 
tion range (8-12 ppm). 

4. Well-dispersed, supported nickel cata- 
lysts show a tendency to adsorb HzS more 
strongly than the unsupported nickel pow- 
der. Ni-Co and Ni-Pt catalysts have lower 
saturation coverages than nickel catalysts. 
These differences may be attributed to 
alloying, support, and crystallite size effects. 

5. Supported ruthenium (0.5y0 Ru/AlsOJ 
has a much lower capacity for H2S adsorp- 
tion than supported nickel catalysts. 

6. The determination of equilibrium data 
from desorption isotherms has the follow- 
ing advantages relative to the adsorption 
techniques previously used: (i) The de- 
sorption data can be obtained more quickly 
(2-3 days compared to 8-10 days for ad- 
sorption isotherms), and (ii) the desorption 
isotherms evidence considerably less scatter 
because the desorption data are determined 
from a single sample, whereas a separate 
sample is used for each point in the adsorp- 
tion technique. The equilibrium data ob- 
tained from desorption isotherms at high 
surface coverages have practical value be- 
cause in most catalytic processes involving 
H&S as a poison, the surface is likely to be 
nearly saturated with HZS. Unfortunately, 
the data show that removal of H&J by 
hydrogen is slow even at high temperatures 
and not likely to result in significant 
regeneration since the elution curves are 
exponential. 

APPENDIX 

Derivation of Sulfur Equilibrium Equations 

The poisoning of a catalyst bed by sulfur 
may be thought of as a fixed-bed chro- 
matographic operation. Sulfur may be ad- 
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sorbed or eluted from the bed by changing Multiplying Eq. (7) by E and defining 
feed conditions. This result allows sulfur (1 - ~)CA, as PBQA results in 
equilibrium curves to be determined by 
saturating the catalyst bed with sulfur and 
then eluting the sulfur with a sulfur-free 

dCA/at + ,,t, % + e2)z ‘f; = 0, (8) 

hydrogen stream. 
The equation of continuity for a fixed-bed 

where PB is the bulk density of the bed and 

separation may be developed by making a 
PA is the solid concentration per unit mass. 

material balance over a column segment 
Equation (8) must be coupled with an 

AZ, for a solute A : 
equation representing the solid phase alone : 

(rate of A in) - (rate of A out) 

= rate of accumulation of A. (1) 
PI3 ;; = kaF(CA, qA), (9) 

The rate of transfer of A into the system where ka is the interphase mass-transfer 
at 2 is coefficient and F (CA, qA> is the driving 

es[vzcA - DA,(acA/az) \z] (2) force. 

Here S is the cross section, e is the void 
If k is assumed to be very large, then the 

fraction, v, is the fluid velocity, and CA is 
solid-phase concentration is always in equi- 

the bulk gas concentration. The term DA, 
librium with the gas phase and hence, 

is the effective diffusity of this solute in the qA = qA* = f(cA>, (10) 

bed. Since mass leaves the system by the 
same mechanisms as it enters, the left side where * denotes equilibrium and f(cA) is 

of Eq. (1) becomes the equilibrium curve function. Since lc is 

es{[‘bcA - D,.(ac,/ax>] Iz 
assumed to be large, 

- [&CA - DA,(~CA/~Z)] jz+h]. (3) aqA acA 
-- = 

f’(CA> $. (11) 

The rate of accumulation of A within the acA at 

system is Substituting Eq. (11) into Eq. (8) results in 
sAZ[e(acA/at) + (1 - c>(~cA,/wlJ (4) 

1 +‘fl(CA) 

acA 

where CA, is the bed concentration of A. 
Combination of Eqs. (3) and (4) and divi- c 1 dt + &g = 0. (12) 

sion by SAz results in The equilibrium curve may be deter- 

DA,{[(acA/&> Iz+~a- @cA/w /zl)/AZ mined by solving Eq. (12) jointly with the 

=%(cA \z+A.B-CA iz)/A.d (wA/w 
total differential of concentration : 

+[(1-c>/tl(aCA,/at>). (5) 

Taking the limit as Ax approaches zero 
(1>dt + (%)d.% = dCA. (13) 

yields 

DA,(a2cA/aX2) = vz(acA/&> + (a/at> 
Equations (12) and (13) are two equations 
in two unknowns. Solving for dcA/at re- 

X {CA + CC1 - ~>/EICA~J* (6) suits in 
Equation (6) is the continuity equation 

for solute A in a fixed-bed operation. This 
equation may be simplified by assuming 
that no axial mixing occurs. This assump- 
tion yields 

&@cA/w + @/at)[cA 

+ ( (1 - ~>/t)c,,l = 0. (7) 

0 fJ2 

acn I I dc,, da 
--=- __- -__- . (14) 

at 
1 + p” f’(C,) 2); 

E 

IAt t1.c 
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There are certain ratios dx/dt which make 
the denominator equal to zero. However, 
aCA/at must remain bounded, which im- 
plies that &‘A is equal to zero. Hence, the 
characteristic equation for the bed is 

dX VZ 
-=1+ (15) 
at (PB/e)f’(CA) ’ 

Integrating the previous equation will allow 
solution of the equilibrium curve. The inte- 
grated equation is 

VZ 
x/t = 

1 + bB/dfl(CAj * 
(16) 

Solving for j’(cA) results in 14. 

f’(c,) = ;$ = ; c; - 1). (17) 
A 

From Eq. (17), the slope of the equilibrium 
curve is determined as a function of time. 
Noting, however, that the elution curve 
relates time to concentration, dq.4*/dCA is 
known as a function of concentration. The 
integration of dqA*/dCA with respect to 
concentration results in 

f(C-4) = 
/ 

‘= &A* 
- dCA, 

cl dCA 
(18) 

which is the desired equilibrium curve as- 
suming local equilibrium through the bed. 
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