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Catalysts containing MO or CoMo on various supports were prepared. Oxygen chemisorption on 
the sulfided catalysts was measured by a flow gravimetric technique. Activities of the catalysts 
were determined for thiophene hydrodesulfurization (HDS) and hexene hydrogenation in a cata- 
lytic microreactor at atmospheric pressure. Oxygen chemisorption increased with adsorption tem- 
perature. A definite adsorption was only obtained at -78”C, adsorption at higher temperatures 
continuing for over 4 hr. For O2 chemisorption at -78°C: (i) CoMo versus MO catalysts showed 
only marginally higher values; (ii) O2 chemisorption did not correlate with HDS activity; and (iii) O2 
chemisorption showed a reasonable correlation with hydrogenation activity. It is probable that Q 
chemisorption reflects the general state of dispersion of the active MO phase rather than specific 
HDS or hydrogenation sites. 

INTRODUCTION 

Chung and Massoth (I) were among the 
first to report O2 chemisorption values for 
sulfided CoMo/A1203 catalysts. Using a 
flow microbalance technique at O”C, they 
showed that the O2 uptake was: (i) propor- 
tional to MO content in Mo/Al203 catalysts; 
(ii) small and essentially independent of Co 
content in Co/A1203 catalysts; and (iii) es- 
sentially independent of Co level in CoMo/ 
A&O3 catalysts of constant MO content, and 
only slightly greater than the comparable 
Mo/A1203 catalysts of constant MO content. 
The latter result was independent of the 
mode of catalyst preparation. Subsequent 
thiophene hydrodesulfurization (HDS) mea- 
surements on these catalysts (2) showed 
appreciable variations in HDS activities 
of the CoMo/AlzOJ catalysts and much 
lower activity for the Mo/Al203 catalyst. 
These results showed that 02 chemi- 
sorption was not directly related to HDS 
activity, and it was tentatively concluded 
that if O2 chemisorption was occurring on 
active HDS sites, then the presence of Co 
does not affect the number of active sites 
but rather their intrinsic activity. 

Tauster et al. (3) have employed an 02 
pulse technique at ambient temperature to 
measure O2 chemisorption on a number of 
unsupported MO& samples. They found a 
direct correlation between O2 adsorption 
and HDS activity for dibenzothiophene. 
On the basis that edge sites of MO& crys- 
tals should selectively adsorb O2 in prefer- 
ence to basal sites, they concluded that the 
edge sites are the active HDS centers, con- 
trary to earlier findings of Stevens and Ed- 
monds (4). (See also Refs. (5) and (6) on 
continuing discussion of this point.) In fur- 
ther limited studies, Tauster and Riley have 
suggested that the pulse 02 chemisorption 
technique is also promising for characteri- 
zation of supported CoMo catalysts (7) and 
coked catalysts (8). 

In an attempt to resolve these differ- 
ences, we undertook further studies of 02 
chemisorption, in particular, investigating 
the effect of adsorption temperature, com- 
parison of O2 chemisorption with catalytic 
activity for different catalysts, and effects 
of pyridine and coke. 

EXPERIMENTAL 

Catalysts containing 8% MO or 3% Co 8% 
432 
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MO on various supports were prepared by 
incipient wetness impregnation followed by 
calcination at 540°C. For the CoMo cata- 
lysts, MO was added first (ammonium para- 
molybdate), and the catalyst was heated to 
110°C before adding the Co (cobalt nitrate). 
The following commercial catalysts were 
also tested: 2.75% Co 9.7% Mo/A120~; 
Topsoe-8% Mo/A1203 and 3% Co 8% MO/ 
Al (same A1203 support); and Ketjenfine 
124, 1.5E-3% Co 8% Mo/A1203. 

A flow gravimetric technique (2) was 
used to measure O2 adsorption, except that 
adsorption temperatures of -78, 0, and 
24°C were used by application of a suitable 
bath surrounding the reactor. Measured in- 
ternal temperatures with a thermocouple 
were close to the respective bath tempera- 
tures. Although helium was purified by 
passing through a Hydrox purifier followed 
by a molecular sieve trap, a small and con- 
tinuous weight gain was observed when 
passing over the sulfied catalyst at -78°C. 
This was eliminated by employing an acti- 
vated charcoal-molecular sieve trap held at 
liquid N2 temperature in the He line just 
prior to the reactor inlet. 

Catalyst charges of about 150 mg of 
20-40 mesh size, contained in a fine mesh 
gold cylinder, were used in the microbal- 
ante. Catalysts were sulfided in 9% H2S/H2 
at 400°C for 2 to 4 hr, followed by a I- to 2- 
hr flush in He. After lowering to the desired 
adsorption temperature in He, a 5% air/He 
mixture was admitted at a flow of about 125 
cm3/min, and the weight gain recorded. Pre- 
liminary results showed no difference in O2 
chemisorption values with air/He mixtures 
between 5 and 20% air. Some physical ad- 
sorption of 02 on the catalysts at -78°C 
was evidenced by a weight loss (-0.9 mg/g 
for the CoMo Topsoe catalyst) after switch- 
ing back to He. The net chemisorption was 
usually taken as the difference in weight in 
He before and after O2 exposure. In some 
cases, the weight data were corrected for 
physical adsorption to generate chemisorp- 
tion curves. All chemisorption values re- 
ported were obtained at -78°C. 

For the effect of pyridine on O2 chemi- 
sorption, the presulfided catalyst was sub- 
jected at 350°C to an He stream saturated 
with pyridine at 0°C. Following a 1-hr He 
flush to remove weakly bound pyridine, the 
temperature was lowered to -78°C and O2 
adsorbed as before. Different amounts of 
added pyridine were accomplished by vary- 
ing the time of exposure. 

Adsorption of O2 was also measured on 
sulfided catalysts after exposure to a thio- 
phene/HZ mixture at 350°C for an overnight 
period. The latter hydrodesulfurization re- 
action is accompanied by a small amount of 
coke on the catalyst. These tests were done 
in the flow microbalance reactor under 
identical conditions as employed in the cat- 
alytic activity tests. 

Catalysts were tested for HDS and hy- 
drogenation activity in a fixed bed micro- 
reactor at atmospheric pressure as previ- 
ously described (9). Catalysts were 
presulfided in 9% H2S/H2 at 400°C for 2 hr, 
followed by a 1-hr flush in He. Conversion 
of thiophene to butenes and butane, and 
hexene-I to hexane was used to assess 
HDS and hydrogenation activities, respec- 
tively. A catalyst charge of 0.5-1.0 g of 
20-40 mesh size mixed with 3 g of glass 
beads was employed. Catalysts containing 
CoMo were tested at 350°C and MO cata- 
lysts at 400°C. Conversions were mea- 
sured after exposing the catalyst to a thio- 
phene/Ha flow overnight to achieve catalyst 
line out. Appropriate rate constants were 
calculated from the conversion data as de- 
scribed previously (9). 

RESULTS 

The effect of adsorption temperature on 
the rate of O2 adsorption for Topsoe MO 
and CoMo catalysts is shown in Fig. 1. The 
first point to note is that with either cata- 
lyst, a definite weight line out was obtained 
at -78°C but not at the higher tempera- 
tures, even after 4 hr. Second, virtually the 
same uptake was obtained for the two cata- 
lysts at -78”C, although at the higher tem- 
peratures, the CoMo/Al,O catalyst gave 
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FIG. 1. Oxygen chemisorption on Topsee CoMo/ 
AIrOr (-) and Mo/AlrOr (--) catalysts. Weights cor- 
rected for physical adsorption of Or. 

greater weight pickup. The chemisorption 
values at -78°C were 0.97 mg/g for the MO 
catalyst and 0.94 mg/g for the CoMo cata- 
lyst. Chemisorption measurements on sam- 
ples of the same catalysts using a volumet- 
ric technique at -78°C gave values of 1.44 
and 1.11 mg/g, respectively (10). Although 
the values for the two techniques were 
somewhat different, the presence of Co did 
not significantly affect O2 chemisorption. 

Pyridine poisoning tests were performed 
on the Cyanamid CoMo/AlzOj catalyst. 
Figure 2 shows that preadsorbed pyridine 
reduced the 02 adsorption capacity of the 
catalyst in an almost linear manner. 

Table 1 presents results of O2 adsorption 
for various catalysts exposed to thiophene/ 
H2 at 350°C overnight. Values of coke 
added are also given. It is clear that signifi- 
cant additional O2 chemisorption on the 
coked catalysts occurred, although these 
did not directly relate to the amount of coke 
added. As shown in Fig. 3, further slow 
continued uptake of O2 was observed for 
these catalysts after an initial rapid pickup, 
in contrast to the sulfided catalysts (-78°C 
curves in Fig. 1). The values reported in 

TABLE 1 

Effect of Coke on Oxygen Chemisorption for 
Different Catalysts 

Catalyst 

Y+W, 
Co/y-A&O, 
MO/-~-A&Or 

(Tops0d 
COMOI~-AI~ 

(TopJe) 

Oxygen 
chemisorption 

bwkl 

Sulfided Coked 
catalyst catalyst 

0.00 0.22 
0.00 0.13 
0.97 2.55 

0.94 1.29 

Amount 
of coke 
bwkl 

12.1 
0.1 
2.5 

2.3 

Table 1 were estimated by extrapolation of 
the slow adsorption line back to meet the 
fast adsorption line. 

Catalysts containing MO and CoMo on 
different supports and the commercial cata- 
lysts were tested for thiophene HDS and 
hexene hydrogenation activities. Table 2 
lists the catalysts employed and the resul- 
tant O2 chemisorption values on the sul- 
fided catalysts. Except for the Topsoe cata- 
lyst, O2 chemisorption values for the 
laboratory-prepared catalysts were some- 
what higher when Co was present. Figures 
4 and 5 present correlations of HDS and 
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FIG. 2. Oxygen chemisorption as a function of pyri- 
dine loading on American Cyanamid catalyst. 



TABLE 2 CoMo are sensitive to the chemisorption 

Oxygen Chemisorption on Different Catalysts temperature used. We take the constancy 
in weight at -78°C to be a true indication of 

Catalyst 02 the O2 chemisorption capacity. At higher 
chemisorption temperatures, continued O2 addition indi- 

No. support bwk9 cates slower oxidation of the sulfide phases 
MO” CoMob is taking place, with possible sulfate forma- 

tion. Brinen and Armstrong (II) have re- 
1 y-Al203 0.58 0.76 ported the presence of sulfate by ESCA on 
2 10% Si02-A1203 0.48 0.70 a sulfided CoMo/A1203 catalyst after expo- 
3 25% Si02-A1203 0.36 0.59 
4 75% S102-A1203 0.19 0.36 

sure to air. Vyskocil and Tomanova (12) 
5 SiOz 0.05 0.11 have also indicated similar difficulty with 
6 75% SiO,-MgO - 0.47 continued oxidation of sulfided catalysts 
7 TiO, - 0.13 using a pulse technique. Tauster and Riley 
8 5% Zn-A1203c - 0.64 
9 y-A1203 (+5% zn)d 

(7) refer to a “quasi-invarient” residual up- 
- 0.63 

10 American Cyanimid 0.87 
take, possibly due to surface oxidation, - 

11 Topsee 0.97 0.94 which they have corrected for in their cor- 
12 Ketjenfine - 0.64 relations. 

The data of Table 2 show that the pres- 
a 8% MO. 
b 3% Co 8% MO. 

ence of cobalt does not greatly affect O2 

c 5% Zn impregnated on y-AlzO3. 
chemisorption, despite large differences in 

d 5% Zn impregnated on catalyst 1. thiophene HDS activity, as seen in Figs. 4A 
and 5A. If O2 selectively adsorbs on HDS 

hydrogenation rate constants versus O2 sites, then it must be concluded that the 

chemisorption for the MO and CoMo cata- number of these sites is not greatly affected 

lysts, respectively. Triplicate runs on the by Co, but rather the intrinsic activity of the 

CoMo catalyst 1 gave kT = 32.5 + 0.9 cm3/g sites is increased, as has been proposed 

min atm and kH = 64.2 + 2.8 cm3/g min atm. earlier (2). However, in a series of catalysts 

For both sets of catalysts, the HDS plots 
show curvature, whereas, the hydrogena- 
tion plots are linear. Despite the fact that 
the MO catalysts were tested at a higher 
temperature than the CoMo cataylsts, the 
dramatic promotional effect of Co on HDS 
activity (Fig. 4A vs B) is not reflected in O2 
chemisorption for the two sets of catalysts. 
This was further confirmed by testing the 
Topsoe MO catalyst at the same tempera- 
ture (350°C) as the Topsoe CoMo catalyst; 
kT values of 1.1 and 33.5 were obtained, 
respectively. Thus, although O2 chemisorp- 
tion was the same for these two catalysts, 
HDS activity was greatly promoted by the 
presence of Co. 

DISCUSSION FIG. 3. Oxygen chemisorption on A1203 catalysts 

The results of Fig. 1 show that sulfided, 
after reaction in thiophene/H2. (A) AllO3 support, (B) 

supported catalysts containing MO or 
Co/A1203, (C) Mo/A1203, (D) CoMo/A1203. Weights 
corrected for physical adsorption of Oz. 
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having the same CO/MO ratio, a rough cor- 
relation between HDS activity and O2 che- 
misorption may be obtained (as indicated in 
Fig. 5A) if the promotional effect is the 
same. The appreciable scatter in Fig. 5A 
may be due to somewhat different promo- 
tional activity for the Co in these catalysts. 
A more consistent plot is obtained for the 
MO catalysts in this regard. Then the O2 
chemisorption and catalytic activity reflect 
the general degree of dispersion of the ac- 
tive molybdenum sulfide phase. Thus, a 
lower dispersion would result in less HDS 
sites (and lower HDS activity) and a lower 
O2 adsorption, even though the latter may 
not truly represent adsorption on HDS 
sites. A further argument against O2 mea- 
suring HDS sites comes from the Zn-con- 
taming catalysts (8 and 9 of Table 2). 
Whether added to the support first or to the 
catalyst, Zn caused only about a 15% low- 
ering in O2 chemisorption compared to the 
catalyst without Zn (1 of Table 2), whereas, 
the HDS activity was drastically reduced, 
the more so when Zn was added to the cata- 

0 I , , I , 

OO 
I I I I I 

0.2 a4 0.6 

O2 WT., Y6/6 

FIG. 4. Catalytic activity at 400°C of diierent MO 
catalysts versus O2 chemisorption. (A) 4, rate con- 
stant for HDS, cm3/g min atm, (B) kH, rate constant for 
hydrogenation, cm3/g min. Numbers refer to catalysts 
listed in Table 2. 

1 

02 WT.. M6/6 

FIG. 5. Catalytic activity at 350°C of different CoMo 
catalysts versus O2 chemisorption. Symbols same as in 
Fig. 4 

lyst. We may interpret this as indicating 
that the Zn does not radically affect the MO 
dispersion, but rather poisons HDS sites or 
perhaps the Co-promotional effect. 

The hydrogenation activity plots show 
reasonable linear correlations with O2 che- 
misorption (Figs. 4B and 5B). Also, the Zn- 
containing catalysts correlate well. Only 
the commercial Cyanamid catalyst deviates 
appreciably from the correlation in Fig. 5B. 
One may be tempted from this to conclude 
that O2 chemisorption is directly related to 
hydrogenation sites. However, the fact that 
the correlation for the MO catalysts does 
not pass through the origin (Fig. 4B) would 
seem to cast doubt on this conclusion, al- 
though somewhat surprisingly, the CoMo 
data do extrapolate to the origin. Millman 
and Hall (13) have reported a failure of their 
linear 02 chemisorption versus vacancy 
concentration plot for reduced Mo/A1203 
catalysts to pass through the origin, which 
they attributed to single vacancy sites on 
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the assumption that dual sites may be re- 
quired to adsorb Oz. If this is the case with 
the, sulfided catalysts, cobalt may have in- 
creased the number of dual adsorption sites 
at the expense of single ones. It is also pos- 
sible that MO catalysts contain two hydro- 
genation sites, one on which 02 chemisorbs 
and the other which does not chemisorb 02, 
and the presence of cobalt eliminates the 
latter, resulting in only the site which ad- 
sorbs Oz. 

In view of the better correlation of hydro- 
genation activity with 02, chemisorption 
appears to more closely relate to hydro- 
genation sites than HDS sites. If O2 absorbs 
at edge sites, then hydrogenation sites 
might well be involved since Tanaka (14) 
and Voorhoeve and Stuiver (0) have pro- 
posed that the edge sites are active for hy- 
drogenation. Also, Stevens and E&non& 
(6) have proposed that basal plane sites are 
active for HDS. If this is correct, then with 
decreasing dispersion of the active phase, 
both HDS and hydrogenation activity 
would be expected to decrease, as would O2 
chemisorption, and a rough correlation 
would obtain for both catalytic functions 
with O2 adsorption, as observed, but O2 
would only be adsorbed at the edge hydro- 
genation sites and correlate with hydrogen- 
ation activity. 

It is interesting that preadsorbed pyridine 
decreased O2 uptake. The slope of the line 
in Fig. 2 corresponds to about 13 molecules 
of pyridine adsorbed for each 0 chemisorp- 
tion site covered (assuming one 0 per ad- 
sorption site). This would indicate that the 
major part of the pyridine adsorbs on sites 
inactive for O2 adsorption or that O2 ad- 
sorbs on only a fraction of the active sites. 
Since pyridine is known to be a poison for 
both HDS and hydrogenation activity of 
these catalysts (26, 17), we cannot distin- 
guish whether the O2 adsorbs on HDS or 
hydrogenation sites by this experiment. 
Nevetheless, the fact that O2 adsorption de- 
creases along with catalytic activities as 
pyridine is added implies at least an indirect 
relationship between 02 adsorption and ei- 

ther HDS or hydrogenation sites, or both. 
An opposite effect was observed with 

coke on the catalyst. Now, larger O2 up- 
takes were obtained, and the uptake contin- 
ued even at -78°C. This certainly indicates 
adsorption of 02 on or partial oxidation of 
the coke, and places in doubt the general 
utility of this technique for assaying active 
sites on coked catalysts. It is interesting to 
note that Co/A1203 effectively suppressed 
coke formation compared to the A1203 sup- 
port (Table l), demonstrating the hydroge- 
nation ability of sulfided Co; however, its 
effect was considerably less in the presence 
of Mo. 

In summary, it must be concluded that no 
clear evidence comes from our study which 
establishes a direct relationship between O2 
chemisorption and either thiophene HDS or 
olefin hydrogenation sites, invalidating the 
technique for quantitatively measuring ac- 
tive sites for these reactions on sulfided cat- 
alysts. It is more probable that 02 chemi- 
sorption is generally related to the state of 
dispersion of the active phase which is only 
indirectly related to active sites. 
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