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Adsorption Studies on Hydrodesulfurization Catalysts
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Infrared and volumetric studies were made of NO adsorbed on Co/AL,O;, Mo/Al Oy, and Co-
Mo/Al,O; oxide catalysts in order to elucidate the nature and amount of exposed Co and Mo ions.
The effect of varying the cobalt loading, calcination temperature, and sample pretreatment condi-
tions was studied. Bulk samples of Co30,4 and CoAlL,O, were also investigated. All Co-containing
samples and catalysts give rise to two main infrared bands around 1780-1805 and 1850-1890 cm—1,
The details of the adsorption vary from system to system but in all cases NO seems to be
predominantly adsorbed as a dinitrosyl (or dimeric) species. Low-loading Co/Al, Q4 catalysts have
a majority of the cobalt atoms located at the surface, in octahedral coordination. The remaining
cobalt atoms are probably in tetrahedral coordination inside the alumina. As the cobalt loading
increases the total number of cobalt atoms capable of adsorbing NO nasses through a maximum, at
which point formation of a separate CosO,4 phase is observed. This is accompanied by a decrease in
the amount of cobalt atoms at the alumina surface. Upon increasing the calcination temperature
some cobalt atoms move from octahedral sites at the surface to tetrahedral positions inside the
alumina. Adsorption of NO on the Co—Mo/AlL,O; catalyst leads to an adsorption which differs from
that on all the Co/Al, O3 catalysts. The results give evidence for formation of a Co—Mo interaction
phase which is different from well-crystallized CoMoO, as well as the interaction phase observed
for silica-supported catalysts. Increasing the calcination temperature causes a decrease in the
number of cobalt atoms associated with the Co-Mo interaction phase. In contrast to previous
studies, it is observed that CoAlLO4 adsorbs NO and that this is related to the spinel structure not
being completely normal. Calcined Mo/Al,O4 catalysts only adsorb minor amounts of NO depend-
ing on the degree of reduction which has occurred during the sample pretreatment. The dominant
adsorption seems to be in the form of dinitrosyls with bands around 1690-1710 and 1800-1810
cm™L,

1. INTRODUCTION

Numerous studies by various techniques
have been reported on Co~Mo/Al,O; cata-
lysts. One technique which has been used
to characterize hydrodesulfurization (HDS)
catalysts is infrared spectroscopy. Studies
using this technique have mainly dealt
with the calcined precursor state (/~I1).
However, recently (/2) an investigation
from this laboratory extended the ir work
to in situ studies of sulfided catalysts.
Some structural information concerning
CO/A1203, MO/AIan, and CO—MO/A1203
catalysts was inferred through studies of
the OH frequency region of these catalysts
before and after sulfiding. The results
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confirmed the common belief that for
calcined catalysts the molybdenum is
present in a very high state of dispersion on
the alumina surface. Furthermore, the
results show that after typical sulfiding con-
ditions the active components are also
highly dispersed and are probably present
as two-dimensional phases. Indications of
interactions between cobalt and molybde-
num were presented both for calcined and
sulfided catalysts.

In order to gain more direct insight into
the nature of the surface phases present in
Co-Mo/AlLO; catalysts, ir studies of the
adsorption of selected probe molecules may
be elucidative. Nitric oxide seems to be an
ideal probe molecule for this purpose since
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it interacts strongly with transition metal
ions but only weakly with typical support
materials. Changes in NO bonding can also
easily be detected by ir spectroscopy and
such studies have already been widely car-
ried out to characterize surface transition
metal ions of supported metal and metal
oxide catalysts (/3). Recently, this type of
investigation has been extended to calcined
Co-Mo/Al,O; catalysts (9, 10), reduced
Mo/Al,O; catalysts (/4), and thermally ac-
tivated Mo(CO)g/AlO4 catalysts (/5).

In the present paper, we report results of
nitric oxide adsorption on Co/Al,03, Mo/
Al O3, and Co—Mo/Al,O; catalysts in their
calcined state. The effects of changing pa-
rameters such as the metal loading and the
calcination temperature are investigated.
The ir studies are complemented by volu-
metric adsorption studies to obtain quanti-
tative information. Studies on a few model
compounds are also included in order to aid
the interpretation of the results. A subse-
quent paper (/6) will deal with NO adsorp-
tion on the catalysts in their sulfided and
reduced states.

II. EXPERIMENTAL

The Co/Al,05 (0.26% (wt), 2.0 or 6.5%
Co), Mo/Al,O; (8.0% Mo), and Co-
Mo/AlLO; (1.8% Co and 8.4% Mo) cata-
lysts were prepared by depositing the ac-
tive materials onto 7n-Al,O; (surface area,
230 m? gY) via impregnation, or co-impreg-
nation in the case of Co-Mo/AlLO; (17),
followed by drying and calcining at 773 K
(923 K in some cases) in air for 2 h. The
model compound CoAl,O, was prepared by
mixing citric acid with a solution containing
the stoichiometric amounts of cobalt nitrate
and aluminum nitrate. The mixture was
then dried slowly at 313 K and calcined at
773 K (1073 K for some experiments) in air
for 2 h. The bulk Cos0,4 was prepared anal-
ogously leaving out the aluminum nitrate.
Both these samples were checked by X-ray
diffraction which showed them to be single
phase and stoichiometric.

All the catalysts were ground and pressed
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(0.93 ton cm~?) into self-supporting wafers
11 mg cm~? in thickness and 2.86 ¢cm in
diameter. In the cases of the model com-
pounds, wafers were prepared from physi-
cal mixtures of the samples and the Al,O;
carrier. The wafers were mounted in a
stainless-steel holder and placed in an in
situ quartz infrared cell with NaCl win-
dows, which could be cooled by a water
cooling jacket in thermal contact with each
window. Heat shields inside the cell, which
were removable by an external magnet dur-
ing spectra recording, ensured that the tem-
perature was constant during sample treat-
ment and homogeneous across the sample
wafer. The in situ cell allows treatment of
the sample either under vacuum or in a
flowing gas mixture at temperatures be-
tween 300 and 1000 K.

The pretreatment procedures of the sam-
ples before adsorption experiments are de-
scribed in the following. The oxidic cata-
lysts were pretreated by evacuating at 773
K (if not stated otherwise) for 16 h to 5 X
1078 Torr and were subsequently cooled un-
der vacuum to ambient temperature. In all
cases, adsorption of NO was carried out at
ambient temperature.

Infrared spectra were recorded with a
Perkin-Elmer 180 grating spectrometer.
The reference beam was appropriately at-
tenuated to give reasonably good signal
levels. A Nicolet model 535 signal averager
was used such that the sloping background
spectrum before NO adsorption could be
subtracted from the spectrum of the sample
after adsorption. Thus, in most cases only
changes due to adsorption are reported. All
quantitative information (including band in-
tensity ratios) has been derived from ab-
sorbance spectra.

The volumetric chemisorption measure-
ments were carried out at room tempera-
ture on a constant volume system,
equipped with a Texas Instruments preci-
sion pressure gauge. Following a first iso-
therm, a second isotherm was obtained af-
ter evacuation for about 1 h. The amount of
NO chemisorbed was obtained by either
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taking the difference between the first and
the second isotherm or by extrapolating the
linear part of the first isotherm to zero pres-
sure. Both methods gave quite similar
results but only the values calculated from
the latter procedure are given here.

The gases used in the experiments were
purified as follows. Hydrogen was electro-
lytically generated and Pd-diffused in an
Elhygen unit (Milton Roy Co.). Nitrogen
was purified by passage through Cu turn-
ings at 523 K and a molecular sieve trap
(Linde 5A) kept at 195 K. Nitric oxide, 99%
(AGA A/S), was further purified by the
method described by Turnham (/8). The
gas was precooled to 195 K and passed
slowly at this temperature through a trap of
12- to 28-mesh silica gel (Davison, grade
408, activated under vacuum for >2 h at
710 K and outgassed to <3 x 10~ Torr at
room temperature). The purified gas was
then stored in a flask which had been evacu-
ated to 1078 Torr. Before use, the gas was
frozen at 77 K and evacuated to remove
nitrogen and then passed slowly through an
n-pentane/liquid N, trap at 143 K to re-
move possible remaining traces of N,O.

III. RESULTS

Blank NO adsorption experiments were
carried out with the Al,O; carrier pre-
treated in the same way as the catalysts. In
no cases were absorption bands observed in
the region 1600-2000 cm™!.

(A) Mo/AlLO;

Adsorption of NO on the 8.0% Mo/Al;O3
catalyst, calcined at 773 K and evacuated at
the same temperature for 16 h, gave weak
bands at 1804 and 1693 cm™! (Fig. 1a). The
intensity of these bands was quite low and
was found to depend on the evacuation
temperature (Fig. 1). When the evacuation
temperature was lowered from 773 to 723
K, the absorption bands became less in-
tense (Fig. 1b) and no absorption bands
were detected for samples evacuated at
even lower temperatures (Fig. 1c). Al-
though the bands observed after evacuation
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FiG. 1. Infrared spectra of NO adsorbed on an 8%
Mo/Al,O; catalyst after pretreatment by evacuation
at: (a) 773 K; (b) 723 K; (¢) 673 K.

TRANSMITTANCE———

at 723 K have low intensity, the intensity
ratio, as well as the frequencies of the two
bands, seems similar to that observed after
evacuation at 773 K.

The spectra shown in Fig. 1 were ob-
tained after adsorption and freezing out at
77 K the excess gaseous NO. In order to
obtain information on the configuration of
the adsorbed NO, spectra were recorded
after various lengths of evacuation time at
room temperature. For the sample pre-
treated at 773 K, this desorption treatment
resulted in no change in either the total
band intensities or the ratio of the two
bands (Table 1). The ratio of the high-fre-
quency to the low-frequency band was 0.63
in both cases. Also evacuation at 423 K did
not result in significant changes in the spec-
tra.

Studies were carried out on Mo/AlLO;
catalysts using different aluminas or prepa-
ration procedures. For example, a catalyst
prepared by impregnating aluminum hy-
droxide gave almost no observable bands,
whereas other catalysts gave bands at
slightly higher frequencies than those re-
ported above (Table 4).

The volumetric chemisorption of NO on
the catalyst evacuated at 773 K (Table 2)
gave only a very small uptake correspond-
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TABLE 1
Infrared Parameters of NO Adsorption
Type Sample 1,° ne® Re I, Iy
Iy Iy I, Iy
I CoAl,O, calcined at 823 K 0.43 0.39 0.89 0.64 0.72
CoAl,0, calcined at 1073 K 0.47 0.40 0.86 0.61 0.71
It 0.26% Co/Al,O4 0.31 0.23 0.75 0.59 0.78
2.0% Co/Al;03 0.39 0.31 0.81 0.65 0.80
calcined at 773 K
2.0% Co/Al,O4 0.27 0.22 0.82 0.71 0.87
calcined at 923 K
111 6.5% Co/ALO; 0.70 0.43 0.62 0.39 0.64
Co30, ~3.06 1.23 0.40 0.24 ~0.61
10% Co 8% Mo/ALO, 1.00 0.69 0.69 0.45 0.65
v 2% Co 8% Mo/ALO, 0.46 0.46 0.99 0.96 0.97
calcined at 773 K
2% Co 8% Mo/ALO; 0.46 0.46 0.99 0.94 0.95
calcined at 923 K
A\’ 8% Mo/Al,O4 0.63 0.63 1.00 1.00 1.00

@ I,, Iy are intensities of absorption bands A (high-frequency) and B (low-frequency) after freezing out the
excess gaseous NO at 77 K.

b I',, Iy are intensities of absorption bands A and B after subsequent evacuation at room temperature.

R = (I)/I5)/(I1s/15).

TABLE 2

NO Chemisorption on Calcined Mo, Co, and Co-Mo/Al,O; Catalysts

Catalyst Catalyst NO uptake NO uptake
pretreatment (wmol/g) (mol NO/mol Co,, (0r MOyya)
(calc. temp., K)
Co/AlLO4
0.26% Co/Al, 04 773 44.6 1.02
0.26% Co/Al, 0,4 773 46.2 1.05
2% Co/AlO4 773 167.9 0.49
2% Co/AlLO, 923 88.4 0.26
6.5% Co/Al,0; 773 86.1 0.078
Co-Mo/Al,O,
1.83% Co 8.4% Mo/Al,O4 773 82.6 0.27¢
1.83% Co 8.4% Mo/Al,O; 773 73.0 0.24¢
1.83% Co 8.4% Mo/ALO;, 923 39.4 0.13¢
Mo/AlO,
8% Mo/Al,O4 773 3.7 0.004

¢ Value based on total content of Co and not corrected for the small uptake on Mo.
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ing to less than 1% of the Mo atoms adsorb-
ing NO.

(B) CoBALT MODEL COMPOUNDS AND
Co/Al,03 CATALYSTS

The cobalt-containing samples all show
absorption bands in two frequency regions.
The highest-frequency bands (denoted A)
lie between 1850 and 1900 cm~! whereas the
low-frequency bands (denoted B) fall in the
region of 1780-1800 cm™'.

CoAl,0,

The present ir and volumetric results
show that some adsorption of NO on
CoAlLO4 does occur in contrast to previous
findings by Yao and Shelef (/9). The spec-
trum of NO adsorbed on CoAl,Q, calcined
at 923 K (Fig. 2a) shows two bands. The A
and B bands appear around 1875 and 1790
cm~!, respectively. The spectrum in Fig. 2a
was recorded after the sample had been
exposed to NO for about 1 h and the gas-
eous NO and loosely bound NO had been
removed by evacuation at room tempera-
ture. During the initial exposure to NO the
bands did not vary appreciably with time

CoAl 204

Calc. 923K

o

ABSORBANCE

Calc 1073K
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i S | L L L L 1

1900 1800 1700
FREQUENCY, CM -1

F1G. 2. Infrared spectra of NO adsorbed on CoAl,O,
calcined at: (a) 923 K; (b) 1073 K.
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but some changes occurred upon evacua-
tion.

The spectra before evacuation (but after
gaseous NO had been frozen out) and after
evacuation have been characterized in Ta-
ble 1 by a number of parameters. This table
gives the ratio of the intensity of the A band
to that of the B band, both for the spectra
before and after evacuation (I,/Iz and

"/ I, respectively). The changes occurring
in the I, /Iy ratio as a result of the evacua-
tion are characterized by the parameter R
defined as I',/Iy divided by I,/I5. Table 1
also gives the change in the absorbances of
the A and the B bands before and after
evacuation (I',/1, and Iy/Ig).

It is seen that I,/Ig is slightly smaller
after evacuation than before (R < 1). This
indicates that the A and B bands do not
exclusively arise from one type of NO ad-
sorption. The adsorption of NO on CoAl,O,
is not very strong since about 30% of the
NO could easily be removed by room-tem-
perature evacuation. After raising the evac-
uation temperature to 373 K absorption
bands could still be observed, but further
increase to 423 K resulted in complete re-
moval of the bands. The I,/I ratio during
this desorption process was observed to re-
main constant indicating that the two bands
in these spectra originate from the same
adsorbed species. The higher 1,/1 ratio be-
fore evacuation suggests that in these spec-
tra another type of adsorbed NO, which is
weakly bound, is also present and gives rise
to NO stretching frequencies in the A band
region.

NO adsorption was also studied on the
CoAlLO, sample after heating to 1073 K for
2 h (Fig. 2b).

It is seen from Fig. 2b that the total ab-
sorbance of the bands has increased but the
frequencies of the A and B bands remain
similar to those in Fig. 2a. Also, all the
parameters in Table 1 are quite similar for
the two samples. (In the following, this type
of adsorption is referred to as Type I.) This
shows that the high-temperature heat treat-
ment has created more of the same type of
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adsorption sites as those found in the sam-
ple treated at the lower temperature. The
fraction of Co surface atoms adsorbing NO
is actually larger in the high-temperature
than in the low-temperature CoAl,Q, sam-
ple, since the specific surface area was
found to be lower in the former sample.

To examine the apparent discrepancy be-
tween the present results and those previ-
ously reported (/9), NO adsorption on
CoAlO4 was also measured volumetrically
(Table 3). A rather great amount of ad-
sorbed NO corresponding to a significant
surface coverage is observed. Moreover,
volumetric results confirm the trend ob-
served in the ir data that the amount of
adsorbed NO increased with an increase in
pretreatment temperature.

(j()s()4

In contrast to CoAl,O,, Co;0, shows NO
absorption spectra which change greatly
upon evacuation after NO adsorption. Be-
fore evacuation (Figs. 3a and b) the spec-
trum appears mainly as a broad band con-
sisting of contributions around 1780, 1850,
and 1865 cm™'. This band does not seem to
vary with time of exposure to NO. How-
ever, upon evacuation (Fig. 3c¢) the contri-
bution at 1850 cm™! disappears. Readmis-
sion of NO to the evacuated sample
produced essentially the same spectrum as
before evacuation. Since the 1850-cm™!
band lies in the A band region, the ratio
I,/1y is very high and the resulting R value
is much less than one (Table 1). The type of
adsorption giving the typical Coz0, parame-
ters is designated as Type III.

TABLE 3
NO Chemisorption on CoAl,0, and CozO4

Compound NO Surface NO uptake
uptake area (molecules/10-'% cm?)
(pmol/g)  (BET)
(m*/g)
CoAl,0,° 119.4 52.9 0.14
Co30, 52.8 6.28 0.51

2 Calcined at 1073 K.
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FiG. 3. Infrared spectra of Co,0, recorded after
adsorbing NO for: (a) 20 min; (b) 1 h; both with the
excess NO frozen out at 77 K; (c) after subsequent
evacuation of the sample at room temperature.

Before exposure to NO, the calcined
Co30, sample was evacuated at 773 K for
16 h. X-Ray diffraction of this sample be-
fore evacuation showed stoichiometric
Co304. However, after the evacuation pre-
treatment the diffraction pattern was largely
that of CoO.

Volumetric adsorption of NO was studied
for the Coz0, sample (Table 3) and the
amount of NO adsorbed (per BET surface
area) is in rather good agreement with the
value determined by Yao and Shelef (/9).

Co /Al,04 Catalysts

The Co/Al,O, catalysts show two ab-
sorption bands (bands A and B) in the same
frequency regions as those of CoALQ, and
Co30,, but the detailed nature of the NO
adsorption of Co/Al,O4 catalysts depends
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Fi1G. 4. Infrared spectra of NO adsorbed on: (a)
0.26% Co/ALQs; (b) 2.0% Co/ALO;; (c) 6.5%
CO/A]an; (d) C0304; (e) COA1204.

strongly on parameters such as the cobalt
loading and the calcination temperature
(Figs. 4-7).

Figures 4a-c show the changes which
occur when the cobalt loading is varied for
catalysts calcined at 773 K. The NO ab-
sorption spectra on the bulk Co;0, and
CoAlLO, samples (Figs. 4d and e) are in-
cluded for comparison. The 0.26% Co/
Al,O3 sample calcined at 773 K shows upon
NO adsorption an A band around 1885 cm™*
and a B band around 1795 cm™. These
bands are shifted downwards in frequency
with increasing Co loading, as seen for the
2.0% Co/Al,Oy (Fig. 4b) and the 6.5% Co/
Al,O; catalysts (Fig. 4c). The relative inten-
sity of the two bands, I,/I, increases with
higher Co concentration (Fig. 5a). As indi-
cated in Table 1 the adsorption of NO on the
0.26 and 2% Co catalysts (referred to as
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Type II) has many similarities with that of
CoAlL,O, (Type I) but differs largely from
that of Co304 (Type III). In contrast to the
two lower-loading catalysts, the 6.5% Co/
Al, Oy catalyst shows an adsorption behav-
ior resembling that of Co;0, (Table 1). For
example, the spectrum of the 6.5% Co/
Al,Q3 catalyst (Fig. 4c) shows a broad A
band with a large contribution at {850 cm™!.
As for Co304 this contribution corresponds
to weakly held NO, and was removed by
evacuation at room temperature. The bands
remaining after evacuation have frequen-
cies similar to those for the Co40,4 sample.
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A A
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COBALT LOADING, WT %

Fi1G. 5. Infrared intensity parameters of the NO ab-
sorption spectra of the Co/Al,O; catalysts: (a) I./I5;
(b) R; (c) I'/I as a function of cobalt loading. The solid
symbols represent the 2% Co/Al,O; calcined at 923 K,
whereas the open symbols represent catalysts calcined
at 773 K.
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FiG. 6. Loading dependence of (a} NO uptake and
(b) absorbances of NO absorption bands A and B for
Co/Al O, catalysts calcined at 773 K. 1 and 2 refer to
the variations expected from the two schemes pictured
in Fig. 11.

The presence of CozO, in the 6.5% Co/
Al,O, catalyst was confirmed by MOssbauer
(20) and X-ray diffraction measurements.
The spectra of the two low-loading
Co/ALO, catalysts as a function of expo-
sure time to NO show virtually no time
dependence. Subsequent to NO adsorption,
evacuation was carried out at increasing
temperatures. The effects of room-tempera-
ture evacuation after NO adsorption are
given in Table 1. For all the Co/Al,O, cata-
lysts, R is found to be less than one. This
shows that the A band before evacuation
contains contributions from a weakly ad-
sorbed form of NO. Evacuation at higher
temperatures resulted in a significant de-
crease in the absolute intensity of both
bands A and B whereas the ratio of the two
bands remained essentially unchanged from
the value observed after pumping at room
temperature. For example, for the 2%
Co/AlLQj catalyst it was found that raising
the evacuation temperature from room tem-
perature to 390 K resulted in a decrease in
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the total intensity by a factor of about 8§,
whereas by the same pretreatment the 7,/Ig
ratio changed only insignificantly (from 0.28
to 0.29). Thus, it can be concluded that the
A and B bands remaining after evacuation
at room temperature are related to the same
adsorption complex.

Figures 5 and 6 show the loading depen-
dence of the I,/I; ratio (Fig. 5a), R (Fig.
5b), the I,/1, and I/ ratios (Fig. 5c), the
NO uptake (Fig. 6a), and the total absorb-
ance of the A and B bands after evacuation
(Fig. 6b). When the loading is increased
from 0.26 to 2.0% Co the absorbance (Fig.
6b) increases drastically, whereas the other
spectral parameters (Figs. 5a—c) vary only
slightly. Consequently, the main changes
occurring when the cobalt loading is in-
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F1G. 7. Infrared spectra of NO adsorbed on 2%
Co/Al,0; catalyst calcined and evacuated, respec-
tively, at: {a) 773 K and 773K; (b) 923 K and 773 K; (c)
773 K and 723 K; (d) 923 K and 723 K.
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creased in this region involve formation of
more of the same Co species. The results of
independent volumetric chemisorption ex-
periments provide additional information.
It was observed that after pretreatment
identical to that used in the ir experiments,
the 0.26% Co/Al,0; catalyst strongly
chemisorbed 45 pwmol NO/g catalyst. This
corresponds to about 1.05 mol NO/mol Co
in the catalyst. Thus, this result shows that
for the low-loading catalyst the fraction of
Co atoms at the surface must be very large.
However, a further increase of the loading
from about 2.0 to 6.5% Co results in an
actual decrease in the total absorbance.
This suggests the formation of a bulk Co
phase which, as mentioned above, can be
assigned to Co30;,.

It is seen in Fig. 6 that the loading depen-
dence of chemisorbed NO is rather similar
to the variation in the ir absorbances. The
volumetric results show directly as men-
tioned above that a large fraction of Co is
present at the surface of the low-loading
catalyst containing 0.26% Co. The fraction
of cobalt atoms adsorbing NO is still quite
large for the 2.0% Co/Al,O, catalyst but
much smaller for the 6.5% Co/Al,O5 cata-
lyst (Table 2).

The Co species at the surface of the alu-
mina in the low-loading Co/Al, O, catalysts
resemble those present in CoAl,O,. There
are, however, some distinct differences
(Fig. 4 and Table 1). For the catalysts, the A
and B bands appear at higher frequencies
and the I,/Iy and I,/Iy ratios are smaller
whereas both the R values and the I,/I,
and the I/l ratios are greater.

The effect of increasing the calcination
temperature to 923 K is shown in Fig. 7 for
the 2% Co/Al,O4 catalyst, and some of the
spectral parameters are included in Table 1
and Fig. 5. The main effect of such an in-
crease is a decrease in the intensity of the
absorption bands by a factor of about 2.
Moreover, a slight shift in the band position
toward higher frequencies is observed. This
finding, as well as some of the other spec-
tral parameter changes (Table 1), may sug-
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gest a type of adsorption that closely resem-
bles that of the 0.26% Co/Al,O; catalyst
calcined at the lower temperature.

Increase in the evacuation temperature
used in the pretreatment of the samples be-
fore NO adsorption was studied for the 2%
Co/AlO; catalyst. Such a change is seen
(Fig. 7) to result in an increased NO adsorp-
tion, but the effect is much less pronounced
than that for the Mo/Al,O, catalyst (Fig. 1).
The higher evacuation temperature leads to
a slight increase in the [I,/Iy ratio and a
small frequency shift downwards.

(C) Co-Mo/Al,O; CATALYSTS

The 1.8% Co 8.4% Mo/Al,O, catalyst,
calcined and evacuated at 773 K, showed
after adsorption of NO (Fig. 8a) three ab-
sorption bands at 1880, 1796, and 1695
cm™!, For comparison, the spectra of the
2% Co/Al,0; (Fig. 8b) and the 8%
Mo/Al,O; (Fig. 8c) catalysts are also
shown. These two individual component
catalysts have about the same metal loading
as that of the combined catalyst. Figure 8d
shows an addition of the spectra of the 2%
Co/Al, O3 and 8% Mo/Al,O; catalysts. By
comparing Figs. 8a and d it is obvious that
there are many differences between the
spectrum of the Co—Mo catalyst and the
addition spectrum of the individual Co and
to adsorption on cobalt. The 1796-cm™!
band contains contributions from adsorp-
tion both on cobalt and molybdenum but is
dominated by the contribution of the former
since the contribution of molybdenum as
shown by the 1695-cm™ band is rather
weak. Qualitatively, these assignments
agree with those of Peri (9) but differ from
those of Hardee (10).

It is noteworthy that several results indi-
cate that the cobalt atoms adsorbing NO in
the Co-Mo/ALO; catalyst are different
from those in the Co/Al,O; sample. One
striking difference is that for the catalyst
also containing Mo, the frequencies of the
Co bands are significantly higher than those
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F1G. 8. Infrared spectra of NO adsorbed on: (a) Co-
Mo/AlLOs; (b) Co/ALQj3; (¢) Mo/ALO;. Spectrum (d)
is the theoretical sum spectrum obtained by adding (b)
and (c).

for the catalyst that contains Co alone. The
bands are also much narrower in the case of
the combined catalysts. Moreover, the
band intensities and the changes occurring
after the evacuation are different in the two
cases (Table 1). For the Co—~Mo/Al,O5 cat-
alyst the relative band intensity ratio 1,/
is around 0.46 and does not change after
evacuation. This is also in contrast to the
Co/Al,O; catalyst which showed a lower
intensity ratio which decreased upon evac-
uation. Furthermore, the absolute intensi-
ties of the A and B bands hardly decrease
upon evacuation. The above characteristics
of the adsorption of NO on the Co-
Mo/Al,Q; catalyst are not only different
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from those of the adsorption of NO on the
2% Co/Al,O; catalyst but also differ from
those of the adsorption of NO on the higher-
(6.5% Co) and the lower- (0.26% Co) load-
ing Co/Al,O; catalysts as well as on
CoAl,O4 and Co30, (Table 1). To stress this
distinction, the adsorption on the Co-
Mo/Al,O;, catalyst is called Type IV in Ta-
ble 1. The observation that the total integral
intensities of the cobalt absorption bands
are almost the same for the 1.8% Co 8.4%
Mo/Al,O; and the 2% Co/Al,O; catalysts
while the total NO uptakes (Table 2) on the
two catalysts are quite different also sug-
gests that the nature of the NO adsorption
complex on the two systems is different.

Regarding the adsorption on the Mo
atoms in the Co—Mo/AlLQj; catalyst definite
conclusions are more difficult to reach since
only the rather weak 1695-cm™! band is re-
solved. Nevertheless, the frequency of this
band is very similar to that observed in the
Mo /Al,O, catalyst (Fig. 8c) but a compari-
son of spectra a and ¢ in Fig. 8 shows that
the total intensity of the molybdenum band
at 1695 cm™! is slightly smaller for the Co-
Mo/Al,O; catalyst than for the catalyst
containing only Mo.

Increase in the calcination temperature of
the Co-Mo/Al,O4 catalyst from 773 to 923
K results (Fig. 9) in a noticeable intensity
decrease of the two high-frequency bands
associated with the Co atoms, as well as of
the 1695-cm™! band associated with Mo. At
the same time, the bands shift upwards
from 1880, 1796, and 1695 cm™ to 1884,
1802, and around 1702 cm™, respectively.
The relative intensity ratios (Table 1) are,
however, the same as after calcination at
773 K. Thus, the main effect of increasing
the calcination temperature is to decrease
the number of cobalt sites at the surface but
the remaining sites are quite similar to those
in the catalyst calcined at the lower temper-
ature.

The effect of increasing the Co loading
was also investigated for the Co—Mo/Al,O4
catalyst. Figure 10 shows the spectra of a
catalyst (calcined at 773 K) with an in-
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Fi1G. 9. Infrared spectra of NO adsorbed on Co-
Mo/AlQO; catalyst calcined at: (a) 773 K; (b) 923 K.

creased Co loading of 10.4%. The type of
absorption observed is quite different from
that of the low-loading Co-Mo/Al,O, cata-
lyst (Table 1) in that the I/l ratio is much
higher and is sensitive to length of adsorp-
tion and evacuation (R < 1), The total band
intensity also decreases significantly upon
evacuation at room temperature. In fact,
the adsorption behavior resembles in many
respects the Type III adsorption behavior
observed for the high-loading Co/Al,O3
catalyst and Co30,. The presence of Co30,
in this and other similar catalysts has in-
deed been revealed by Mossbauer spectros-
copy (20, 21).

IV. DISCUSSION

Adsorption of NO on Co/AlQO;,
Mo/Al,O;, and Co-Mo/Al,O; catalysts

TOPSOQE AND TOPSOE

gives rise to absorption bands in the region
1600 to 2000 cm™!, whereas the Al,O3 car-
rier does not show bands in this region. It is
seen that the frequencies and the intensities
of the NO absorption bands depend, among
other parameters, on the metal loading, the
calcination temperature, and on whether
Co or Mo or both elements are present.
This reflects that changes occur both in the
nature and in the abundance of the surface
phases and indicates that NO adsorption is
well suited as a probe of the surface chem-
istry of these catalysts.

NO is well known as a ligand in coordina-

TRANSMITTANCE
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FiG. 10. Infrared spectra of NO adsorbed on Co-
Mo/ Al Q4 catalyst containing 10.4% Co and 7.6% Mo.
Spectra (a) and (b) are obtained after 15 min and 2 h
adsorption with NO, respectively. Spectrum (c) is ob-
tained after subsequent evacuation at room tempera-
ture.
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tion complexes of transition metals and, as
with metal carbonyls, the accepted bonding
picture is that of donation of electron den-
sity from nitrogen to the metal (o bond) and
back-bonding by the metal d electrons into
the NO #* orbital (13, 22 -24). The greater
the back-bonding into the antibonding 7* or-
bital, the weaker the N-O bond and the
lower its ir stretching frequency. In con-
trast to CO, however, there is already an
electron in the =* orbital in neutral NO.
This electron is readily transferred to the
metal, nominally producing NO*, and the
transfer out of the antibonding #* orbital
accordingly strengthens the N-O bond and
raises the ir stretching frequency.
Different transition metal ions may ex-
hibit various modes of NO bonding depend-
ing on parameters such as their electronic
structure and their coordination (24). NO
may be bonded as linear or bent monomers,
dimers, dinitrosyls, or polynitrosyls. In ac-
tual catalysts several nonequivalent transi-
tion metal ions may exist giving rise to quite
complicated spectra. For example, Peri
(25) found eight bands when NO was ad-
sorbed on an alumina-supported chromia
catalyst and assigned these to a mixture of
monomers, dimers, and dinitrosyls. On the
other hand NO has been reported to adsorb
mainly as a mixture of monomers and di-
mers on silica-supported chromia catalyst
(26) or mainly as dinitrosyls on Cr-X and
Cr-Y zeolites (27). Furthermore, in certain
cases, the NO may undergo reactions. Such
reactions may in some catalysts take place
even at room temperature. For example,
Davydov and Bell (28) found that the initial
adsorption of NO on a reduced Ru/SiO, cat-
alyst occurs dissociatively and partially oxi-
dizes the Ru. The subsequent NO adsorp-
tion was thus observed to take place
predominantly on these oxidized species.
It is evident that the nature of the adsorp-
tion process and the interpretation of the
absorption bands may be quite complex.
Despite this, NO adsorption can still pro-
vide detailed information about the nature
of the surface phase in Al;O3-supported Co,
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Mo, and Co-Mo catalysts, as is discussed
below.

(A) Mo/AlLO;

The results on the Mo/AlL,O; catalyst
(Fig. 1) show that the calcined state of the
catalyst without pretreatment or only de-
gassed at low temperature does not adscrb
NO. It is generally believed (e.g., Ref. (29))
that in calcined Mo/Al,O; catalysts the Mo
is present as Mo®". Molybdenum in this
state has a &® structure, and is thus not
expected to adsorb NO strongly.

On the other hand, absorption bands
were observed when the sample was evacu-
ated at elevated temperatures (Figs. la and
b). These results show that the pretreat-
ments modify the surface as to create Mo in
configurations capable of adsorbing NO.
Such species are most likely to be some
coordinatively unsaturated forms of Mo
with valence states lower than 6 and they
become more abundant with increasing
evacuation temperature.

It is interesting that similar bands are ob-
served for NO adsorbed on hydrogen-re-
duced Mo/Al,O, catalysts (9, /4, 16), and
thermally activated supported Mo(CO)g
catalysts (/5). In these studies it was con-
cluded that the two NO bands are strongly
coupled as in, for example, a dimeric or
dinitrosyl species.

The present results also indicate that the
two bands are related to the same adsorbed
NO species. The fact that the adsorption
complex is stable well above room tempera-
ture seems to favor a dinitrosyl species as
opposed to a dimeric species. The observed
frequencies are also typical of other molyb-
denum dinitrosyl species (Table 4). Thus,
following this interpretation, the high-fre-
quency band arises from the symmetric
stretching mode, whereas the low-fre-
quency band is due to the asymmetric
stretching mode. The relative intensity of
the two bands is related to the angle 26
between the two N-O bond directions by
the relation (30):
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TABLE 4

Infrared Parameters for Some Cobalt and Molybdenum Dinitrosyl Adsorption Complexes

System Uxo 20 A X 1077 Ref.
(cm™1) ) (¢cm/molecule)?
Cobalt systems
CoALO, (Type I) 1860,1780 115 1.3 This work
Co/ALO; (=2% Co) (Type 1) 1860-1870, 1780-1795 120-130 0.8-1.0 This work
Co304 (Type III) 1865, 1780 =110 ~0.3 This work
Co-Mo/Al, Oy (Type 1V) 1880-1890, 17951805 112 2.1 This work
Co?*-Y zeolite 1910, 1830 123 (42)
Co/Si0, 1875, 1797 110 43)
[Co(NO),Cl], 1859, 1790 110 (44)
[Co(NO).I]- 1846, 1792 118 (45)
[Co(NO)(NOg)], 1878, 1783 112 (46)
Molybdenum systems
Mo/Al,O; calcined (Type V) 1804, 1692 103 2.5 This work
18072, 1708°

Co-Mo/Al,O; calcined ~1800, 1695 This work
Mo/AlLO,4 reduced 1804-1820, 1690-1710 9, 14, 16)
Mo(CO)s/ Al 04 1815, 1705 (15)
[Mo(NO).CL], 1805, 1690 47)
Mo(NO),Clo[P(CeHy)sl, 1790, 1670 (48)

2 A is the integral molecular absorption coefficient defined by: A = (1/c 1) [ In (I,/I) dv, where c is the
concentration (molecules/g), / the thickness (g/cm?), I, the intensity of the incident radiation, and I the intensity

of the emerging radiation.
? Obtained with a different alumina support.

I symmetric/ I asymmetric — cot? 6. (N

For the Mo(NO); species this intensity ratio
is 0.63, which corresponds to 260 = 103°.
Although the frequencies of the NO ab-
sorption bands are the same for the high-
temperature evacuated and the hydrogen-
reduced Mo/Al,O; catalysts, the total band
intensity is much lower for the evacuated
catalysts (/6). This indicates that only a
small fraction of the Mo atoms at the sur-
face of the alumina are reduced by the
evacuation pretreatment to a state capable
of adsorbing NO. In fact, the volumetric
NO chemisorption results (Table 2) show

that less than 1% of the Mo atoms are ad-
sorbing NO.

Several investigators (6, 3/-37) have
shown that in catalysts with less than about
10% Mo, the molybdenum may exist as
both tetrahedral monomeric species (Moq)
and as polymeric species with molybdeum
in octahedral coordination (Moy). Reduc-
tion studies of such catalysts have shown
that Mo, is resistant toward reduction,
whereas Mo, is reducible (6, 34, 37). It is
thus possible that Mo reduced by the evac-
uation pretreatment is related to some form
of polymeric Mo (or possibly trace amounts
of MoOj;) which may easily achieve the
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proper state of reduction and degree of co-
ordinative unsaturation. Moreover, the
very low NO band intensity observed for
the Mo/AlQOj catalyst prepared by impreg-
nating aluminum hydroxide is in accord
with the above since such a catalyst pre-
sumably contains more tetrahedrally coor-
dinated molybdenum and aluminum molyb-
date-like configurations.

(B) CoBALT MoODEL COMPOUNDS AND
Co/Al,O3 CATALYSTS

As for the Mo/Al,0; catalysts, the
Co/Al,O; catalysts also show two bands
after NO adsorption but the frequencies of
the bands are different for the two catalyst
systems.

Before discussing in detail the NO ad-
sorption results on the Co/Al,O; catalyst,
the NO adsorption behavior on CoAl,O,
and Co30,4 will be considered since these
compounds represent two extreme situa-
tions which might be encountered in
calcined Co/Al,O; catalysts. CoAl,O, rep-
resents a case where all Co atoms have
interacted with the support, whereas Co;0,
represents the situation where no interac-
tion with the support occurs.

CoAl,0,

Yao and Shelef (/9) attempted to study
volumetrically the adsorption of NO on
CoAl,O, but observed no appreciable ad-
sorption. Also, the Co ions were found by
ion-scattering spectroscopy to be largely
shielded from the surface (38). This was
explained by a tendency (39) of tetrahedral
cations in the spinel structure to move be-
low the surface thus becoming more
shielded than cations in octahedral sites.
However, the present ir and volumetric
chemisorption results (Table 3) show that
some adsorption of NO on CoAl,O, does
take place and gives rise to two distinct ir
absorption bands (Fig. 2). The NO adsorp-
tion may be related to the presence of octa-
hedrally (or incipient-octahedrally) coordi-
nated Co?* ions since CoAl,O, is not a
completely normal spinel. The increase in
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adsorption which is observed (Fig. 2) for
the CoALO, sample after pretreatment at a
higher temperature seems to confirm this
proposal since it is known (40, 41) that the
fraction of Co atoms located in octahedral
coordination (or the degree of inversion of
the spinel structure) increases by such a
treatment. It can also be added that Yao
and Shelef (/9) did observe that com-
pounds containing octahedrally coordi-
nated Co readily adsorb NO.

Adsorption of NO on CoAl,O, occurs ap-
parently in two modes. One type of adsorp-
tion gives a species which is easily removed
by room-temperature evacuation and pro-
duces a band at around 1875 c¢cm™1. This
species most probably corresponds to a
weakly bound mononitrosyl. After evacua-
tion, bands at 1875 and 1790 cm™! remain.
The increase in the evacuation temperature
affects the absolute but not the relative in-
tensity of these bands. Thus, these bands
belong to the same adsorpton complex,
which is probably a dinitrosyl species. In
fact, the frequencies, as well as the angle
20, agree rather well with those reported for
other cobalt dinitrosyl species (Table 4).
The value of 260 suggests that the adsorption
complex may have tetrahedral symmetry
which is also found for the other Co dinitro-
syl complexes (Table 4). The results that
the octahedrally coordinated cobalt ions
after NO adsorption become quasi-tetra-
hedrally coordinated show that the NO
adsorption process extracts (or ‘‘recon-
structs’’) the surface Co atoms.

Co;0,

The study of NO adsorption on Co,0, is
complicated by the fact that the high-tem-
perature evacuation pretreatment causes
drastic changes in the structure of the sam-
ple. This pretreatment not only removes
species adsorbed at the surface but appar-
ently leads to bulk reduction of the Co,0, to
CoO as shown by the X-ray diffraction
results and thus the spectra correspond to
adsorption on CoQ. The importance of the
pretreatment procedure is further discussed
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elsewhere (49). The ease with which the
changes occur may be related to both the
structural similarity of CoO and Co;0,
(both having similar closed-packed oxygen
lattices) and the multivalent character of
the Co ion. Upon admission of NO to the
pretreated Co;0, sample, a broad band ap-
pears (Figs. 3a and b) which contains
definite contributions around 1790, 1850,
and 1870 cm™. The 1850-cm™! band is very
intense and the I,/ ratio (Table 1) is by far
the highest of all the samples studied. Most
probably the 1850-cm~! band is due to a
weakly held mononitrosyl which can be re-
moved by evacuation at room temperature
(Fig. 3c). The large changes occurring as a
result of evacuation at room temperature
give rise to the smallest R value for all the
cobalt samples (Table 1). As discussed in
the following sections, this feature, as well
as the high I,/I; ratio, can be used as
fingerprints for the presence of Co;0, in
calcined Co and Co-Mo catalysts.

The two bands at 1790 and 1870 cm™! that
remain after evacuation at room tempera-
ture probably arise mainly from a dinitrosyl
species. The high I,/I intensity ratio cor-
responds to a relatively small angle (84°)
between the two NO groups. This could
indicate an octahedral adsorption complex
but in view of the somewhat larger angles
observed for all the other cobalt dinitrosyls
(Table 4) it is also conceivable that the
mononitrosyl species have not been com-
pletely removed by evacuation at room
temperature.

In CoO, cobalt is octahedrally coordi-
nated. Thus, similar to that for CoAl,O,,
the adsorption of NO seems to involve oc-
tahedrally (or incipient-octahedrally) coor-
dinated Co?* cations. However, in the
present case, the NO adsorption may also
lead to reconstruction of the surface Co
atoms.

Co/Al,O5 Catalysts

Most previous studies of calcined
Co/Al,Oj catalysts have dealt with the bulk
properties and have, therefore, given no di-
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rect information on the Co atoms possibly
exposed at the surface of such catalysts. In
order to obtain surface information, Ratna-
samy and Knozinger (7) used ir studies of
CO adsorption. No absorption bands were
observed and the authors concluded that
the Co atoms associated with the alumina
are not exposed at the surface but are lo-
cated in subsurface positions. However,
the present results show that such catalysts
do adsorb NO, and that Co must be located
in surface positions. Therefore, the re-
ported absence of CO adsorption seems to
be linked to an inability of the surface Co to
adsorb CO strongly rather than to the ab-
sence of surface cobalt atoms. Indeed, it
has been reported for CoO-MgO catalysts
(50) that NO adsorbs more strongly than
CO. NO, therefore, appears to be a better
probe molecule than CO for investigation of
the surface cobalt atoms.

One interesting feature of the NO adsorp-
tion results on Co/Al,O; catalysts is the
ability to probe the changes occurring when
the loading is varied. These changes indi-
cate that the nature of the exposed Co
atoms is different in low-loading (<2% Co)
and high-loading (=2% Co) catalysts.

Co/AlLOs catalysts with 2% Co. The
two low-loading catalysts (0.26% Co/Al,O,
and 2% Co/Al,O;) give rise to spectra
(Figs. 4a and b) with quite similar spectral
parameters (Table 1) during adsorption and
desorption. The adsorption of NO on cata-
lysts in this loading region was termed Type
II. When the loading is increased from 0.26
to 2%, one observes a marked increase in
the NO uptake (Fig. 6a) and the total ab-
sorbance (Fig. 6b) indicating that the main
difference between catalysts in this region
is in the amount of exposed Co atoms
rather than in the nature of such atoms. The
results given in Table 2 show that a large
fraction of the total number of Co atoms in
such catalysts are surface atoms.

It is seen from Table 1 that the Type II
adsorption is quite different from the Type
III adsorption which was observed for the
Co30, sample, but it has many similarities
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with the adsorption on CoAl,O, (Type I). In
spite of this similarity to the adsorption on
CoAl,0,, there are small differences and
therefore we do not propose that CoAl,O,
as such is present in these Co/Al,O4 cata-
lysts. Rather, the Co is present in similar
local surroundings but in more dilute con-
centrations than those Co atoms which ad-
sorb NO in CoAl, Q4. This is supported by
the observation that the catalysts with the
lowest surface concentration of active Co
atoms exhibit band frequencies, as well as
other spectral parameters, which differ
most from those observed for CoAl,O,. The
observation that the frequencies are higher
for the ‘*dilute’” catalysts indicates that the
Co atoms in these catalysts have less elec-
trons available for back-donation to the ad-
sorbed NO than in the more concentrated
samples. Similar concentration-dependent
frequency changes are observed for the
calcined Co-Mo catalysts and for sulfided
samples.

As was the case with CoAl,Oy, the ad-
sorption of NO on the low-loading catalysts
can be characterized by the presence of two
different forms of adsorbed NO, a mononi-
trosyl and a dinitrosyl. The angle 26 be-
tween the two NO groups is calculated from
the relative absorbances (1,/1I3), using Eq.
(1), to be around 120 to 130° for the different
Co/Al,Oy catalysts indicating that the ad-
sorption complex has a tetrahedral-like co-
ordination. However, in view of the above
discussion for CoAl,O, and the results dis-
cussed below it seems likely that the Co
atoms capable of adsorbing NO in the
calcined catalyst were octahedrally coordi-
nated prior to pretreatment and adsorption.

The above results suggest that at least
part of the Co ions are present as octahedral
ions at the surface of calcined Co/Al,O4
catalysts. This is interesting in view of the
tendency of Co to occupy tetrahedral posi-
tions in alumina and in CoAlL,QO,. Several
years ago Tomlinson et al. (51) suggested
that octahedral Co ions may form due to the
presence of octahedral vacancies in the alu-
mina lattice, which has a defect spinel
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structure. The above authors proposed that
during calcination of an impregnated and
dried catalyst the Co ions, adsorbed at the
alumina surface, may enter some of the oc-
tahedral vacancies. This mechanism for
formation of octahedrally coordinated Co
ions should be quite unique for catalysts
made by impregnation and should not apply
for catalysts made by coprecipitation. In-
deed, Richardson and Vernon (52) found
that coprecipitated Co/Al,O; catalysts with
low metal loading predominantly contained
tetrahedral cobalt ions.

The present results lend further support
to the mechanism proposed for the forma-
tion of octahedral Co ions since it is shown
that such Co ions are indeed located at the
surface. In fact, it seems that the fraction of
Co atoms adsorbing NO corresponds rather
closely to the fraction of Co atoms in octa-
hedral positions. For example, Ashley and
Mitchell (//) estimated from the magnetic
measurements of Tomlinson et al. (51) that
about 66% of the Co atoms in a 0.34%
Co/AlO; catalyst were octahedral. Mag-
netic measurements (53) on the 0.26%
Co/Al,O; catalyst studied here indicate
that the fraction of octahedral cations is
slightly smaller for this sample. The 0.26%
Co/Al, O, catalyst adsorbs NO (Table 2) in
an amount which corresponds to 1.05 mol
NO/mol Co in the sample. Since the NO is
adsorbed as a dinitrosyl, the adsorbed
amount corresponds to about 53% of the Co
atoms adsorbing NO, a value which is close
to the estimated fraction of octahedrally co-
ordinated Co ions. The tetrahedrally coor-
dinated Co ions giving rise to the triplet in
the uv spectra are most likely positioned in
the subsurface regions of the alumina.

Upon increasing the calcination tempera-
ture, a decrease in the NO adsorption is
seen (Fig. 7 and Table 2), but the type of
NO adsorption remains the same (Table 1).
At the same time, an increase in the amount
of tetrahedral Co occurs, as noted, for ex-
ample, by the change in color to deep blue.
Thus, at higher calcination temperatures
the Co ions diffuse from the octahedral po-
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sitions at the surface to tetrahedral posi-
tions inside the Al,Oj lattice. Nevertheless,
even after calcination at 923 K a significant
fraction (~13% for the 2% Co/Al,Q,4 cata-
lyst) of the Co cations is still located in
octahedral positions at the surface. Recent
Mossbauer results (20) are in agreement
with this proposal.

Co/AlO4 catalysts with =2% Co. When
the cobalt loading is raised from 2 to 6.5%,
the NO adsorption changes character (Figs.
4, 5 and Table 1) such that adsorption on the
latter sample resembles that on the Co;0,
samples. X-Ray diffraction results confirm
the presence of Co;0, in the calcined 6.5%
Co/Al;O; catalysts. The presence of Co;0,
in high-loading Co/AlLO; catalysts has also
been observed by other investigators (e.g.,
Refs. (11, 20, 37, 51, 52, 54)). In the fol-
lowing we will discuss some possible expla-
nations for the loading dependence of the
nature and the amount of NO adsorbed.
The observation of Coz0, in catalysts with
high loadings could be explained by the ex-
istence of only a limited number of sites on
the alumina surface for binding Co atoms.
These sites become progressively filled as
the Co concentration increases and once all
the surface sites are filled, excess Co will
form Co30,. According to the above pic-
ture, which is illustrated by Scheme 1 in
Fig. 11, one would expect an almost linear
increase in the amount of NO adsorbed
with increasing cobalt loading until the sur-
face sites have become saturated. Beyond
this point the increase in the amount of
adsorbed NO will depend on the degree of
dispersion of the ‘‘excess’’ Cos0,. This sit-
uation, which corresponds to a curve lying
in region 1 in Fig. 6a, is clearly not in ac-
cord with the marked decrease actually ob-
served for high loadings in both the NO
uptake and the absorbances. Thus, it ap-
pears that not only is Co30, formed in the
high-loading catalysts but the number of Co
atoms present at the surface of the alumina
actually decreases below the number in the
low-loading catalysts. In fact the concentra-
tion of Co at the surface of the alumina in
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such catalysts may be very low since the
amount of NO chemisorbed on the 6.5%
Co/Al,Oj catalyst may be explained by the
cobalt being present entirely as Coz0,. A
schematic model for all the Co/Al,O; cata-
lysts taking the above features into account
is depicted in Scheme 2 in Fig. 11.

The phenomenon that, for high-loading
Co/Al,O4 catalysts, CosO4 may dominate at
the expense of cobalt associated with the
alumina is also consistent with magnetic
(51, 53), Mossbauer (20), and gravimetric
(37) results. A plausible explanation may be
that during the preparation of the catalysts
two parallel processes can occur, one lead-
ing to cobalt associated with the alumina
and the other leading to formation of Co30,.
The former process dominates when the
concentraton is low, whereas the latter
seems to dominate for high-loading cata-
lysts. An alternative explanation may be
that during the calcination Co atoms mi-
grate from the surface of the alumina to the
Co30,4 phase. Clearly, further experiments
are required to understand in more detail
the processes involved in the genesis of
such catalysts. This problem seems inter-
esting in view of recent results (21, 37)
which show that similar phenomena occur
in Co—Mo/Al,O, catalysts.

(C) Co~Mo/Al,O; CATALYSTS

The literature on the location of the Co
and Mo atoms in calcined Co-Mo/Al,O,
catalysts is at considerable variance (e.g.,
Refs. (29, 55)). For example, some investi-
gators claim that the Co atoms are located
entirely inside the alumina lattice while
others claim that the cobalt may be present
at the surface of the alumina as separate Co
phases such as CoO or Co30,. In view of
the present results it is interesting to recall
that several investigators have presented
evidence for interactions between Co and
Mo atoms. This interaction has been pro-
posed to lead to formation of CoMoOQ, (usu-
ally for catalysts containing excess Mo),
poorly crystallized cobalt molybdate-like
species (34, 56), a Mo,Co surface com-
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F1G. 11. Schematic models for the Co/Al,O; cata-
lysts. Scheme 1 represents the situation where cobalt
enters the alumina until saturation is reached; excess
cobalt is present as Co30,. In Scheme 2 the formation
of Co;0, is accompanied by a decrease in the amount
of cobalt associated with the alumina.
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pound (57) Co-Mo bilayers (8, 58-61),
and other often nonspecified forms
(2,7,12,20, 21, 37, 62, 63).

The present ir results on the Co-
Mo/ALOj; catalysts show that NO adsorbs
on both Co and Mo atoms with the adsorp-
tion on the Co atoms being dominant. It is
therefore clear that the Co atoms are not all
situated inside the alumina lattice as sug-
gested, for example, in the original mono-
layer model (64). The manner in which the
two absorption bands disappear together
upon evacuation suggests that the bands
arise mainly from a dinitrosyl cobalt com-
plex. This has recently been confirmed by a
BNO-NO adsorption study (49).

The adsorption on the molybdenum
atoms (Fig. 8a) is seen to be similar to that
in the Mo/Al,O; catalyst (Fig. 8¢). How-
ever, it is apparent that the adsorption on
the Co atoms in the Co—Mo/Al,O; cata-
lysts (Fig. 8a) is very different from that
observed on the Co/Al,O; catalyst with
similar Co loading (Fig. 8b). This difference
in adsorption indicates that a Co—Mo inter-
action phase has formed. This conclusion is
further supported by the observation that
the adsorption on the Co-Mo/Al,O; cata-
lyst is not only different from the adsorption
on the Co/Al;O; catalyst with the similar
Co loading but is also very different from
the adsorption on the Co/Al,O; catalysts
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with both lower and higher Co loadings. In
fact, the Type IV adsorption observed for
the Co—Mo/Al,O, catalyst differs from that
of all the other Co systems studied (see
Tables 1 and 4).

In order to elucidate the nature of the
Co-Mo interaction phase in the Co-
Mo/AlLOj; catalysts, a comparison with NO
adsorption studies on Co-Mo/SiO, cata-
lysts is helpful. For the latter catalysts it is
observed (49) that the two absorption
bands on both the Co and the Mo atoms are
shifted with respect to those observed in
Co/Si0, and Mo/SiO, samples, whereas as
mentioned above the Mo bands are similar
in the Co—Mo/Al,O; and Mo/Al,O, cata-
lysts. This indicates that the interaction of
the molybdenum with the support is much
stronger (for catalyst with less than *‘mono-
layer’” coverage) in the alumina-supported
than in the silica-supported catalysts such
that the molybdenum is present in similar
surroundings, irrespective of cobalt being
present or not. On the other hand, in the
case of silica-supported catalysts, the inter-
action between Co and Mo is greater than
the interaction of these elements with the
silica support. Recent EXAFS measure-
ments of alumina-supported catalysts (63)
also show that the local structural sur-
roundings of the Mo atoms are not greatly
affected by the presence of Co atoms. The
Co-Mo interaction phase for Co-Mo/Al,0,4
catalysts is therefore not in the form of the
CoMoOQ, or CoMoO,-like phases observed
for SiO,-supported catalysts (66). Never-
theless, the interaction phase may have as
discussed below some structural features in
common with CoMoO,.

In CoMoQ,, both the Mo and the Co
atoms are octahedrally coordinated and the
structure consists of groups of chains of
edge-sharing CoOg and MoQg octahedra
(65). In view of the results of NO adsorp-
tion on Co model compounds and catalysts,
the cobalt atoms may be octahedral (before
the adsorption of NO). In order that a struc-
tural description of the Co—Mo interaction
phase can satisfy the criteria of having the
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Co atoms in octahedral (or incipient-octa-
hedral) coordination and of having the Mo
atoms in a ‘‘monolayer’’ structure it seems
reasonable that the Mo atoms involved in
the Co—Mo interaction phase are those oc-
tahedrally coordinated and located in one-
dimensional chains on the alumina surface
(7, 34). The Co atoms are probably present
as CoO¢ octahedra associated with these
chains. In agreement with the above picture
of the Co—Mo interaction phase Medema ¢t
al. (34) observed that Co—Mo/Al, Q4 cata-
lysts have a greater fraction of Mo atoms
present in the polymeric (chain-like) form
than Mo/AlLQ; catalysts. It could further
be added that the large isomer shift and
quadrupole splitting in the Mdssbauer spec-
tra of such catalysts (20, 21) are also in
accordance with the Co atoms being octa-
hedrally coordinated in the Co—~Mo interac-
tion phase.

The results on the Co-Mo/AlLO; cata-
lysts containing a very high Co loading (Fig.
10 and Table 1) indicate that CozO,4 has
formed. This behavior is similar to that ob-
served for the Co/Al,O; catalysts. How-
ever, the Co concentration required to ob-
serve Cos0, appears to be higher for the
Co-Mo/Al,O; catalysts than for the
Co/Al,O; catalysts. These findings are in
agreement with other experiments on simi-
lar catalysts (7, 20, 21, 37, 54). The pres-
ence of the Co—Mo interaction phase may
be the reason for this behavior, since the
interaction may suppress the formation of
the separate cobalt oxide phase.

Upon increasing the calcination tempera-
ture of the low-Co-loading catalyst from
773 to 923 K it is observed (Fig. 9) that the
intensity of the absorption bands on cobalt
decreases suggesting that some of the Co
atoms have diffused into the alumina. The
NO uptakes have also decreased accord-
ingly (Table 2). Besides a frequency shift
which is quite similar to those observed for
Co/AlLQ; catalysts (Fig. 7), the ir parame-
ters (Table 1) of the high- and low-tempera-
ture calcined Co-Mo/Al,O; catalysts are
very similar indicating that the major
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changes are in the number of Co atoms
located in the Co-Mo interaction surface
phase rather than in its characteristics. In
view of previous studies of the effects of
high-temperature calcination (8), it is inter-
esting that the present results have shown
that the Co-Mo interaction phase is not
destroyed by such a treatment and that a
significant number of promoter atoms still
remain at the surface in this phase.

V. CONCLUSIONS

From the data presented above it is con-
cluded that NO adsorption studies are use-
ful in characterizing the calcined precursors
for Co—Mo/Al,O3; HDS catalysts. From the
ir spectra one can distinguish between co-
balt and molybdenum atoms located at the
surface of the catalysts and changes in the
nature of the phases in which these atoms
are situated may also be revealed. Conse-
quently, it may be possible to obtain infor-
mation regarding the relative importance of
different phases in forming the active spe-
cies in the sulfided catalysts. In this connec-
tion the presence of the Co-Mo surface
phase seems particularly interesting since it
may be a likely precursor to the active Co—
Mo-S phase (66, 67), the formation of
which has been shown (66, 68) to be fa-
vored by an intimate contact between the
Co and Mo atoms before the sulfiding. This
possibility is presently being investigated.
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