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Series of Nily-AlrOr, Co/y-A&Or, and Co-Moly-A&O, catalysts which were previously studied 
by various surface spectroscopy techniques were examined using photoacoustic spectroscopy. 
Metal-support interactions were found to increase with decreasing metal loading and increasing 
calcination temperature, in agreement with surface spectroscopy results. Metal oxides segregate on 
the surface at high metal loading. The qualitative dependence of the tetrahedral metal ion fraction 
and octahedral metal ion fraction on metal loading and calcination temperature is explained by a 
simple model. The model describes the competition between bulk tetrahedral metal ion formation 
and inversion of the spine1 at the surface of the support. 

INTRODUCTION 

Catalysis by metals and metal oxides is a 
much-studied field of chemistry. Because 
of the industrial importance of these materi- 
als, a large body of empirical knowledge 
about catalytic phenomena has been accu- 
mulated. However, the empirical practice 
of heterogeneous catalysis has preceded 
understanding of the nature of catalyst sur- 
faces. Surface spectroscopy techniques 
have recently made important contribu- 
tions to the understanding of the influence 
of preparation parameters on the catalyst 
surface. This study adds photoacoustic 
spectroscopy to the list of spectroscopic 
techniques which have been applied to the 
investigation of supported metal oxide cata- 
lysts demonstrating the value of pho- 
toacoustic spectroscopy for qualitative and 
quantitative study of catalyst surfaces. 

’ Present address: Department of Chemistry, HQ 
USAFADFC, USAF Academy, Colo. 80840. 

* To whom correspondence should be sent. 

Alumina-supported nickel and cobalt cat- 
alysts have been widely studied because of 
their catalytic activity in industrially impor- 
tant reactions, especially hydrocracking, 
hydrogenation, and methanation. More- 
over, knowledge of alumina-supported co- 
balt catalysts may ultimately be extended 
to provide a better insight into the nature 
of alumina-supported cobalt-molybdenum 
catalysts which are particularly important 
in catalytic hydrodesulfurization of crude 
petroleum. Hercules and co-workers (I-4) 
have employed a variety of surface spec- 
troscopy techniques to study metal-sup- 
port interactions in Nily-A1203 and Coly- 
A&O3 catalysts. X-Ray photoelectron 
spectroscopy (ESCA), ion scattering spec- 
troscopy (I!%), and extended X-ray absorp- 
tion fine structure spectroscopy (EXAFS) 
were employed to investigate the change in 
surface species as a function of metal load- 
ing and calcination temperature. In the case 
of the Co/y-A&O3 system, secondary ion 
mass spectrometry (SIMS) was also used to 
help characterize surface species (4). Re- 
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cent popularization of photoacoustic spec- 
troscopy (PAS) prompted its application to 
the study of these catalyst systems. The 
primary objective of this study was to use 
PAS to confirm and, if possible, to extend 
the results of surface spectroscopic investi- 
gations of y-alumina-supported metal oxide 
catalysts using the same samples which 
were characterized by surface spectros- 
copy. 

EXPERIMENTAL 

Catalyst samples were prepared by mem- 
bers of the Pittsburgh research group. De- 
tails of catalyst preparation and character- 
ization of Co/y-A1203 and Nily-Al203 
catalysts have been reported previously 
(1, 2, 4). The y-alumina (Alpha-Ventron, 
90 m2/g) used as a support for catalysts was 
prepared by grinding until the powder 
passed through a 200-mesh sieve. The 
nickel and cobalt catalysts were made by 
impregnation of the powdered y-alumina 
with aqueous solutions of reagent-grade 
Ni(N03)2 or CO(NO~)~, drying at 110°C and 
calcining in air for 5 h. These catalyst sam- 
ples were prepared with various bulk metal 
loadings using calcination temperatures in 
the range 400 to 600°C. The Co-MO/~-A1203 
catalyst samples were prepared by sequen- 
tial impregnation of y-A1203 with molybde- 
num and cobalt. The y-A120j (Harshaw, 190 
m2/g) was prepared by grinding it and then 
passing the powder through a loo-mesh 
sieve. The resulting material was dried 
overnight at 110°C. An aqueous solution of 
(NH&Mo~O~~ ’ 9H20 was mixed with the 
prepared y-alumina. This mixture was dried 
at 110°C overnight. Molybdenum-impreg- 
nated y-alumina was calcined at 550°C in air 
for 16 h. Samples of the molybdenum- 
loaded alumina were mixed with aqueous 
solutions of CO(NO~)~. Then the drying and 
calcination steps were repeated. The 
amount of molybdenum loaded on the sup- 
port was found to be within + 1% MO of the 
calculated value; the amount of cobalt 
loaded on the support was found to be 
within -tO.3% Co of the calculated value. 

Samples of pure materials were obtained 
for comparison with catalyst samples. 
When necessary these materials were phys- 
ically diluted with the y-alumina used in 
catalyst preparation. Before use the y-alu- 
mina was dried at 80°C in a vacuum oven. 
When mixing with y-alumina was inade- 
quate to yield a uniform sample, the mix- 
ture was found for 3 min in a miniature 
stainless-steel ball mill. Samples of 
Ni(NO& * 6H2O (Baker), Co(NO& * 
6H2O (Mallinckrodt), CoA1204 (CERAC), 
and Co304 (Pfaltz and Bauer) were 
prepared by grinding with y-alumina. The 
NiA1204 samples were made by heating a 
mixture of Ni(N03)2 and y-alumina at 
1300°C. The NiA1204 materials were not so 
optically absorbent as to require dilution. 
NiO (Baker, gray-black) was powdered by 
calcining at 600°C for 5 h. Quantitative dilu- 
tions of this material were made by mixing 
with y-alumina. The octahedral component 
of a cobalt oxide sample was enhanced by 
heating powdered Co304 at 1100 t 15°C for 
11 h and then cooling the material under 
vacuum. Although the stoichiometry of the 
resulting material is uncertain, the octahe- 
dral Co(I1) component is enhanced. A sam- 
ple of CoMo04 (Pfaltz and Bauer) was pre- 
pared by dilution with y-alumina for 
comparison with Cc+Moly-A&O3 samples. 

The photoacoustic spectrometer used in 
these studies has been described previ- 
ously, as have the data analysis method and 
calibration procedure (5). The typical mod- 
ulation frequency was 45 Hz. 

RESULTS AND DISCUSSION 

Considerations for Quantitative PAS 

Photoacoustic phase, IJJ, and magnitude 
information, qn, may be combined in a re- 
sponse function which is proportional to 
the bulk absorption coefficient multiplied 
by the thermal diffusion length for the sam- 
ple, Bps. This analysis assumes that the 
thermal and light-scattering properties of 
the sample are identical to those of the cali- 
bration standards which are prepared by 



362 BURGGRAF ET AL. 

loading the y-alumina surface with small 
amounts of K2Cr04. The supported metal 
oxide catalyst samples used in this study 
contain 0.5 to 24% of metal by mass. In 
order to determine the limits for which the 
PAS response function is linear with re- 
spect to sample absorptivity, the PAS re- 
sponse function was evaluated for dilutions 
of NiO. Nickel oxide was chosen instead of 
cobalt oxide because the absorptivities of 
the nickel materials are less than those of 
the corresponding cobalt materials; hence, 
larger fractions of nickel catalyst in diluted 
samples are required to achieve the same 
signal level as obtained for diluted cobalt 
catalyst samples. The calculated thermal 
diffusion length for NiO is smaller than that 
for alumina by a factor of 18. If change in 
the thermal properties of the samples is the 
dominant factor, then the magnitude and 
the phase function,f($) = 2/(tan + - l), are 
expected to show a negative deviation with 
increasing NiO percentage producing a neg- 
ative deviation from linearity for the PAS 
response function. The scattering coeffi- 
cient for the finely powdered NiO is ex- 
pected to be larger than that for the y-alu- 
mina substrate. If this factor is dominant, 

the PAS magnitude and phase function, 
f(+), are expected to show a positive devia- 
tion with increasing NiO percentage, pro- 
ducing a positive deviation from linearity 
for the PAS response function. 

The normalized photoacoustic magnitude 
versus percentage of NiO in y-AlzOj is 
shown for selected wavelengths in Fig. 1. 
From 0 to 10% of NiO the curves have the 
appearance of a typical magnitude response 
curve as the saturation limit is approached. 
However, from 11 to 20% of NiO the 
curves appear to seek a higher saturation 
limit. Similarly, the photoacoustic phase 
function at selected wavelengths versus 
percentage of NiO in y-AlzOj, shown in 
Fig. 2, exhibits typical curve shapes up to 
about 11% of NiO. Beyond this point the 
phase function deviates from linearity in a 
positive direction. These data are combined 
in the PAS response function in Fig. 3. The 
PAS response function is linear with per- 
centge of NiO in y-A&O3 up to 11% NiO 
with zero intercept. It is concluded that the 
deviation from linearity beyond 11% NiO is 
predominantly due to increased light scat- 
tering in the sample. The implication of this 
information for quantitative PAS of cata- 

. 

% NiO in Al,O, 

FIG. 1. Photoacoustic magnitude, qn, versus percentage NiO in y-Al203 for wavelengths 420, 500, 
and 578 nm. 
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FIG. 2. Photoacoustic phase function, f(JI), versus percentage NiO in y-A&O3 for wavelengths 420, 
500, and 578 nm. 
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FIG. 3. Photoacoustic response function, Cf3)~~, versus percentage NiO in y-A&O,. The standard 
deviation at the 95% confidence limit and the correlation coefficient for a least-squares fit of the data up 
to 11% NiO are: 0.0047 and 0.9987 at 420 nm, 0.0012 and 0.9997 at 500 nm, 0.0012 and 0.9994 at 578 
nm, respectively. 
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lysts is merely that the catalyst samples re- 
quire sufficient dilution to limit the maxi- 
mum NiO content of the samples to no 
more than 10%. It was found to be satisfac- 
tory to dilute the Ni catalyst samples hav- 
ing high metal loading to 10% Ni by mass 
for quantitative work. Cobalt catalyst sam- 
ples were diluted to 0.5% Co by mass for 
quantitative work. 

Nickelly-Alumina Catalysts 

Surface spectroscopy summary. Metal- 
support interactions are known to influence 
the surface properties and, hence, the cata- 
lytic activity of alumina-supported metal 
catalysts. During calcination the metal ions 
diffuse into the first few atomic layers of the 
alumina lattice (0.1-0.4 nm) where they 
may occupy sites of tetrahedral or octahe- 
dral symmetry (6). At high metal loading a 
metal oxide species forms on the support 
surface. The octahedrally coordinated 
metal ions and the metal oxide species are 
readily reducible to the metal, while the tet- 
rahedrally coordinated metal ions are not 
readily reduced and are catalytically inac- 
tive. The relative abundance and the distri- 
bution of these species depend on the metal 
loading and the calcination temperature. 

Surface spectroscopy techniques showed 
that nickel strongly interacts with the y-alu- 
mina support at low nickel loading (1, 2). 
The ESCA peak width for the Ni 2p3,2 line 
was correlated with the presence of two 
surface species: (1) nickel ions in surface 
sites of octahedral symmetry, Ni(O), and 
(2) nickel ions in surface sites of tetrahedral 
symmetry, Ni(T). As expected, increased 
calcination temperature was found to favor 
formation of the Ni(T) species because of 
enhanced diffusion into the y-alumina lat- 
tice. Increased nickel loading favored for- 
mation of the Ni(0) species. The EXAFS 
results supported this interpretation (3). 
The average coordination number was 
found to increase from 4.8 to 5.3 as nickel 
loading increased from 2 to 15% in Nily- 
A&O3 catalysts calcined at 400°C. In the 
ESCA study of the Nily-A1203 catalysts (2), 

the NilAl intensity ratio increased linearly 
with bulk nickel loading up to 17% nickel 
content. Beyond 17% nickel loading there 
was an enhancement of the Ni/Al ratio. 
This result was interpreted to mean that a 
separate phase (NiO) exists at the surface 
for nickel loading greater than 17%. After 
nickel saturates the surface sites, additional 
nickel contributes to an oxide phase on top 
of the substrate surface. The ISS Ni/Al in- 
tensity ratio showed a large increase be- 
yond 20% nickel loading, consistent with 
the ESCA results. However, the intensity 
ratio exhibited a pronounced plateau be- 
tween 10 and 17% nickel loading especially 
at high calcination temperature (600°C). 
This effect was attributed to the greater 
sensitivity of ISS to the depth distribution 
of Ni(T) and Ni(0) species. The ISS sam- 
pling depth is approximately 0.3 nm as 
compared to approximately 2 nm for 
ESCA. It has been proposed that nickel 
cations in tetrahedral surface sites tend to 
move below the surface where they are 
more shielded from the ion beam (7). The 
photoacoustic spectroscopy results are in- 
terpreted in terms of these ideas. 

When Ni(I1) is heated with y-AlZ03 at 
very high temperatures NiA1204 is formed 
by incorporation of Ni(I1) ions into the tet- 
rahedral sites of the y-alumina “defect” 
spine1 structure (8). For a stoichiometric 
material at equilibrium, a disordered spine1 
structure is formed with about 22% of the 
Ni(I1) ions in tetrahedral sites and the re- 
mainder in octahedral sites (6). Inversion 
occurs for the NiA1204 system because the 
energy preferences for octahedral sites 
over tetrahedral sites are not substantially 
different from Ni(I1) and Al(II1) (9). In Fig. 
4 the visible photoacoustic spectra of a 
largely tetrahedral bulk NiA1204 spine1 and 
a disordered bulk NiAlZ04 spine1 structure 
are shown. The enhanced spectral features 
at 41w55 nm (3A2, * 3T1g(P)) and 
650-715 nm (3A~, + 3T1 ,(F)) are due to 
octahedrally coordinated Ni(I1) and the in- 
tense feature centered at about 610 nm 
(3 Tl(F) + 3T,( P)) is due to tetrahedrally 



INTERACTIONS IN Co/y-A&O3 AND Nily-AllO CATALYSTS 365 

400 500 600 700 

WAVELENGTH (nm) 

FIG. 4. Photoacoustic spectra of largely normal NiA1204 spine1 (A) and disordered NiA1204 spine1 
(B). 

coordinated Ni(I1) (20). The photoacoustic 
spectrum of NiO exhibits the same charac- 
teristic octahedral absorption bands as the 
hexahydrate nickel ion and, additionally, a 
broad absorption in the region 500 to 600 
nm which has been attributed to a Ni(II1) 
charge transfer band (II). 

Qualitative PAS results. Selected pho- 
toacoustic spectra of nickel catalysts which 
were calcined at 600°C are shown in Fig. 5. 
For nickel loadings less than 8% the spec- 
trum is dominated by the Ni(T) surface spe- 
cies absorption. The expanded spectrum 
for the catalyst loaded with 2.5% nickel 
shows little evidence for octahedral nickel 
species. The 3Ti(F) + 3T1(P) transition is 
shifted to shorter wavelength by approxi- 
mately 6 nm as compared to the bulk Ni(T) 
spectrum shown in Fig. 4. The tetrahedral 
field is apparently slightly increased for 
sites near the surface. For nickel loadings 
between 7 and 20%, the absorption of the 
Ni(0) species makes an increasing contri- 
bution to the catalyst spectrum. Beyond 
20% nickel loading, NiO is the dominant 
species adding to the absorption spectrum 
as evidenced by the increased absorption in 
the region 500 to 600 nm. At 24% nickel 
loading the Ni(T) spectrum is masked by 
NiO. 

Photoacoustic spectra for selected Ni 
catalysts calcined at 500°C are shown in 
Fig. 6. In this case the octahedral nickel 
species make a substantial contribution 
even at 1.25% nickel loading. At 4% nickel 
loading the spectrum is dominated by ab- 
sorption of octahedral species. These data 
are in agreement with the conclusion of Wu 
and Hercules (2) from ESCA studies that 
the ratio of Ni(T) to Ni(0) decreases with 
decreasing calcination temperature. At the 
lowest calcination temperature used, 
4Oo”C, the simple spectral assignments 
which were applied to the other nickel cata- 
lysts are no longer applicable. Spectral fea- 
tures centered at about 620 nm in the spec- 
trum of the 1.25% nickel catalyst can be 
identified with Ni(T). However, the spectra 
for catalysts with less than 20% nickel are 
dominated by a broad visible absorption 
band which cannot be identified with the 
octahedral species, Ni(0) or NiO, or the 
tetrahedral species, Ni(T). Catalysts 
calcined at 400°C exhibit a broad absorption 
in the visible region with a structureless en- 
hanced absorption at -400 nm. This mate- 
rial is kinetically stable relative to NiO and 
Ni(0) as evidenced by the fact that heating 
the material in air at 600°C produces no ap- 
preciable change in the visible absorption 
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23~. 5. Photoacoustic spectra of Nily-AI&l3 catalysts calcined at 6OO“C: (A) Full range of catalysts 
containing O-24% Ni, (B) 2.5% Ni catalyst with y axis expanded. 
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FIG. 6. Photoacoustic spectra of Nily-AllO3 catalysts calcined at 500°C. 

spectrum. It is tempting to invoke the 
Ni(II1) oxidation state to account for these 
spectra. The hypothesis of nickel species 
with an oxidation state greater than +2 on 
alumina surfaces was first proposed by Hill 
and Selwood (12) to account for average 
nickel valences between 2 and 3 found in 
reduction studies. This unusual stoichiome- 
try is important only for nickel loadings less 
than 5% and for low calcination tempera- 
tures (12, 13). Stable gray-black nickel(II1) 
hydroxides are known, whereas stable an- 
hydrous nickel(II1) oxides are not. Nick- 
el(II1) hydroxides have broad absorption 
bands and large absorptivities in the visible 
region, supporting this hypothesis. It is 
known that the presence of water influ- 
ences the speciation in these materials (6). 
It is possible that the greater surface hy- 

droxyl coverage in a humid, low-tempera- 
ture preparation enhances the formation 
and stability of Ni(II1) species. Current 
ESCA results have not yet supported or re- 
futed this hypothesis. For high nickel load- 
ing of catalysts calcined at 4OO”C, spectral 
features appear which can be identified 
with octahedral nickel species. 

Quantitative PAS results. As was 
pointed out earlier, NiO can be distin- 
guished from the Ni(0) species by the 
broad absorption in the region 500 to 600 
nm. At about 500 nm the absorption of the 
Ni(T) species exhibits a minimum; hence, 
the absorbance at 504 nm was selected to 
attempt to monitor NiO buildup. In Fig. 7 
the photoacoustic response function at 504 
nm divided by the percentage of nickel is 
plotted versus the bulk percentage of nickel 
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FIG. 7. Photoacoustic response function, C&, at 504 nm divided by the percentage of nickel in the 
catalyst plotted versus the percentage of nickel for catalysts calcined at 600°C (A) and 400°C (B). 

for catalysts calcined at 600 and at 400°C. 
In this type of plot the ordinate is propor- 
tional to the absorbance per unit percentage 
of metal on the surface. For both calcina- 
tion temperatures a plateau is reached at 
about 10% nickel. The absorbance at the 
plateau is much higher for the 400°C calci- 
nation temperature due predominantly to 
the low-temperature absorber. In both 

cases, a large absorption enhancement oc- 
curs at about 20% nickel content. This is in 
good agreement with the NilAl intensity ra- 
tio results of ESCA and ISS which show 
enhancement beyond 17 and 20% nickel, 
respectively. In the case of the photoacous- 
tic results also, this discontinuity can be as- 
sociated with the segregation of a NiO 
phase on the alumina surface. 
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Measures of the absorbance due to Ni(T) 
and Ni(0) species on the surface which ac- 
count for the NiO contribution to the ab- 
sorption were devised. The estimated en- 
hanced absorption of the tetrahedral nickel 
species above the absorption octahedral 
species is designated A5%; 

Asso = CP~d590) 
CP~dW5W - 

[ Qp,(Ni0,504) 1 CPPd504h (1) 

where C&~,,(590) and Cpl~,~(504) are pho- 
toacoustic response functions for catalysts 
at 590 and 504 nm, respectively. 
Qp,(Ni0,590) and CPp.,(Ni0,540) are 
photoacoustic response functions for NiO 
in y-alumina at 590 and 504 nm, respec- 
tively, each determined by a linear least- 
squares fit as illustrated in the section deal- 
ing with considerations for quantitative 
PAS. Similarly, the enhanced absorbance 
at 450 nm, A450, is a measure of the Ni(0) 
absorbance. 

In Fig. 8, AS% and A&% Ni are plotted 
versus the percentage of nickel in catalysts 
calcined at 600°C. As expected, the fraction 
of nickel existing as Ni(T) is greatest at low 
nickel loading. This fraction diminishes 

smoothly to 20% nickel loading. At about 
20% nickel content ASw shows a negative- 
going discontinuity. It is reasonable to sug- 
gest that the NiO phase which segregates at 
about 20% nickel loading optically masks 
the Ni(T) species thereby reducing the 
Ni(T) signal. This interpretation agrees well 
with a catalyst model for which a NiO 
phase is stabilized and supported on top of 
the nickel “surface spinel.” 

In Fig. 9, A450 and Ad5d% Ni are plotted 
versus percentage of nickel for catalysts 
calcined at 600°C. Ni(0) is seen to contrib- 
ute little to nickel loadings less than 5%, 
where the dominant species is Ni(T). The 
fraction of nickel existing as Ni(0) in- 
creases rapidly above 5% nickel loading. 
Ad5,, does not show the discontinuity at 20% 
nickel content that ASso does. The qualita- 
tive interpretation of photoacoustic spectra 
for catalysts calcined at 600°C required ref- 
erence only to Ni(T) and Ni(0) contribu- 
tions for nickel loading up to 20%. The 
quantitative results are also consistent with 
the conclusion that Ni(0) and Ni(T) are the 
dominant species on the surface of these 
catalyst samples. Under this assumption 
the distribution ratio of Ni(T) to Ni(0) is 
found to vary from 1 : 0 for nickel loadings 

0 5 IO 15 20 25 

% Ni 

FIG. 8. Net photoacoustic response function at 590 nm, A 59o, and A&% Ni plotted versus percent- 
age of nickel in catalysts calcined at 600°C. CA&% Ni; O-ASw. 
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FIG. 9. Net photoacoustic response function at 450 nm, A 450, and AdSO/% Ni plotted versus percent- 
age of nickel in catalysts calcined at 600°C. El-Aaol% Ni; O-A450. 

less than 3% to 0.3 : 0.7 for 20% nickel load- 
ing. The latter value is close to the bulk 
ratio for the inverted bulk NiA1204 spinel, 
0.22:0.78 (6). 

Several conclusions can be drawn from 
the photoacoustic spectroscopy study of 
impregnated Nily-AlzOj oxide catalysts 
correlated with surface spectroscopy 
results. First, PAS qualitative and quantita- 
tive results for 600°C are consistent with 
the presence of Ni(T) and Ni(O), the ratio 
of which varies from 1 : 0 for nickel loadings 
less than 3% to 0.3 : 0.7 for 20% nickel load- 
ing. The fraction of nickel existing as Ni(T) 
decreases with decreasing calcination tem- 
perature. Second, a nickel species exists on 
the surface having a spectrum not identified 
with Ni(T), Ni(O), or NiO for 400°C calci- 
nation temperature. Finally, NiO segre- 
gates on the surface above 20% nickel load- 
ing for catalysts calcined at 400 and 600°C. 

Cobalt/y-Alumina Catalysts 

Surface spectroscopy summary. Surface 
spectroscopy investigations of the Coly- 
A120j catalyst system have offered evi- 

dence for significant metal-support interac- 
tion. In ESCA spectra of these catalysts, 
the Co 2~3,~ line became less symmetrical 
and shifted to lower binding energy with 
increasing cobalt loading (4). At low cobalt 
content the peak shape and binding energy 
resembled those of the tetrahedral CoA1204 
spinel, whereas, at high cobalt loading the 
peak shape and binding energy resembled 
those of CojOd. The cobalt oxide, CojOd, is 
a normal spine1 oxide having Co(I1) ions in 
tetrahedral interstices and an equal number 
of Co(II1) ions in octahedral interstices (24, 
15). The ESCA Co 2p line of Co304 corre- 
sponds to an unresolved cobaltous-cobaltic 
doublet. As the cobalt loading on y-alumina 
was increased the cobaltic line was en- 
hanced. Higher calcination temperature fa- 
vored formation of the tetrahedral cobal- 
tous species, Co(T). Indirect evidence for 
octahedral cobalt on the catalyst surfaces 
was obtained from EXAFS (3). The aver- 
age coordination number increased from 
4.2 at 2% cobalt content to 5.2 at 16% co- 
balt content. (The average coordination 
number in Co304 is 5.3.) The ESCA Co/Al 
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intensity ratio increased gradually with 
metal loading up to 10% cobalt content. 
Above 10% cobalt loading the Co/Al inten- 
sity ratio was abruptly enhanced suggesting 
that a cobalt-rich layer is formed at the sur- 
face. The ISS Co/Al intensity ratio shows a 
similar discontinuity at about 12% cobalt 
content (3). The reduction studies showed 
a corresponding effect. The percentage re- 
ducibility of cobalt steadily increased with 
cobalt loading up to 12% cobalt loading, 
above which the increase was much less 
pronounced (3). A picture of cobalt specia- 
tion emerges in which Co(I1) ions predomi- 
nantly diffuse into tetrahedral y-alumina 
surface sites at low cobalt loadings. As the 
cobalt concentration on the surface in- 
creases, Co(II1) occupies octahedral sur- 
face lattice sites; and above 12% cobalt 
content Co304 segregates on the y-alumina 
surfaces. Again, the photoacoustic spec- 
troscopy results are interpreted in terms of 
these ideas. 

Qualitative PAS results. Photoacoustic 
spectra of reference materials were re- 
corded for comparison with catalyst spec- 
tra. In Fig. 10 selected spectra in the visible 
region of Co/y-Al203 catalysts calcined at 
600°C are shown. At 0.5% cobalt loading 
the spectrum is very similar to that of 
CoA1204 except that the Co(T) spectrum is 
shifted to shorter wavelengths by approxi- 
mately 6 nm as compared to that of bulk 
CoA1204, just as in the case of the Nily- 
A120s system. Again, it is concluded that 
the surface tetrahedral sites experience a 
slightly larger ligand field at the surface of 
the y-alumina than in the bulk material. For 
cobalt loadings larger than I%, the catalyst 
spectrum is dominated by a spectrum simi- 
lar to that of Co304. Above 12% cobalt con- 
tent the visible catalyst spectrum is indis- 
tinguishable from that of Co304. 

Unlike the Nily-AlzOj system, the spec- 
tral differences with calcination tempera- 
ture are only differences of relative magni- 
tude, not differences of kind. In the 
catalysts calcined at 400°C the Co(T) com- 
ponent is smaller than that for catalysts 

calcined at 600°C. A difference spectrum 
accentuates the effect of calcination tem- 
perature on catalyst spectra. In Fig. 11 a 
difference spectrum is shown for two cata- 
lysts loaded with 0.5% cobalt in which the 
spectrum of the catalyst calcined at 400°C is 
subtracted from the spectrum of the cata- 
lyst calcined at 600°C. The spectral feature 
labeled Co(O) is consistent with an assign- 
ment for the ‘A,, + ‘Tzg transition of octa- 
hedrally coordinated Co(II1). There is no 
evidence for octahedral Co(I1). The assign- 
ments for Co(T) and Co(O) are in agree- 
ment with those made by Asmolov and 
Krylov in the diffuse reflectance spectros- 
copy study of the Co/y-A&O3 system (16). 

Quantitative PAS results. In this case 
there are no visible spectral features which 
can be used to differentiate between Co(O) 
and CoJ04. However, the Co(O) feature is 
especially enhanced compared to the Co304 
spectrum. As in the case of the Nily-Alz03 
system, measures of the absorbance due to 
Co(T) and Co(O) species are determined. 
For example, the enhanced absorbance of 
Co(T) above the estimated absorbance of 
octahedral species is designated A578; 

478 = ChW8) 

CP1dCodhS78) - 
C13&Zo304,722) cpP+s(722)’ (2) 1 

where Cpk,(578) and Cpt~.,(722) are pho- 
toacoustic response functions for catalysts 
at 578 and 722 nm, respectively. Cl3~~ 
(Co304,578) and C&~..,(Co30~,722) are pho- 
toacoustic response functions for Co304 in 
y-alumina at 578 and 722 nm, respectively. 
The enhanced absorbance at 420 nm, A4*~, 
associated with the Co(O) species is calcu- 
lated in a similar way. 

In Fig. 12, A578 and A&% Co are plotted 
versus percentage cobalt for catalysts 
calcined at 400 and 600°C. The amount of 
Co(T) reaches a plateau at about 2% cobalt 
content. The fraction of cobalt existing as 
Co(T) is greatest below 2% cobalt content. 
As expected, higher calcination tempera- 
ture enhances Co(T) formation. The aver- 
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FIG. 10. Photoacoustic spectra of Co/y-Alp,O, catalysts calcined at 600°C: (A) 2 and 1% Co cata- 
lysts; (B) 0.5% Co catalyst. 

age ratio of Co(T) formed at 600°C com- 
pared to that at 400°C is 0.70. From this 
ratio an approximate activation energy for 
Co(T) formation relative to the formation of 
Co(O) is calculated to be 2.1 kcal/mol. For 
catalysts calcined both at 400 and 600°C the 
Co(T) signal, AS,*, decreases at 12% cobalt 
content. This suggests that the tetrahedral 
component is optically masked by the oxide 
phase at 12% cobalt content, analogous to 
the Nily-A&O3 system. This is in complete 
agreement with the interpretation of ESCA, 
ISS, and reduction studies (4). 

In Fig. 13, Adz0 and A.&% Co are plotted 
versus the percentage of cobalt in catalysts 
calcined at 400 and 600°C. There is little 

Co(O) formed for cobalt content less than 
2% where Co(T) is greatest. The fraction of 
cobalt existing as Co(O) increases steadily 
up to approximately 2% cobalt content be- 
yond which the fraction is insensitive to co- 
balt loading. At both calcination tempera- 
tures the quantity of Co(O) increases in a 
nearly linear way for cobalt loadings 
greater than 2%. This is in good agreement 
with reduction studies (4). The average ra- 
tio of Co(O) formed at 400°C compared to 
that at 600°C is 0.65. From this ratio an ap- 
proximate activation energy for Co(O) for- 
mation relative to Co(T) formation is calcu- 
lated to be -2.5 kcallmol. 

Assuming that Co(O) and Co(T) are the 
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FIG. 11. Difference spectrum for 0.50% Co/y-AllO3 catalysts in which the spectrum of the catalyst 
calcined at 400°C is subtracted from that of the catalyst calcined at 600°C. 

only species which make significant contri- 
bution to the visible absorption, the distri- 
bution ratio of Co(T) to Co(O) was found to 
vary from 09 : 0.1 for 0.5% cobalt content to 
0.2: 0.8 for 8.0% cobalt content at 600°C 
calcination temperature. For catalysts 
calcined at 4WC, the ratio of Co(T) to 
Co(O) was found to vary from approxi- 
mately 0.8: 0.2 for 0.5% cobalt content to 
0.1 : 0.9 for 8.0% cobalt content. However, 
the data suggest that, unlike the Nily-A&O3 
system, the Co(O) and Co(T) species can- 
not account for the total cobalt loading in 
this concentration range. A report (17) of 
Co304 detected by X-ray diffraction on Co/ 
y-A1203 catalysts with cobalt content as low 
as 2% suggests a contribution from oxide 
material. 

Several conclusions are supported by the 
PAS study of impregnated Co/y-AIZOj ox- 
ide catalysts, correlated with surface spec- 
troscopy. First, spectral features in the visi- 
ble photoacoustic spectra can be identified 
with tetrahedral Co(II), designated Co(T), 
and octahedral Co(III), designated Co(O). 
The Co(T)-to-Co(O) ratio in Co/y-A&O3 
catalysts is consistently larger for catalysts 
calcined at 600°C as compared to those 
calcined at 400°C. An apparent activation 

energy for Co(T) formation relative to 
Co(O) formation is approximately 2.3 + 0.5 
kcal/mol. Second, the ratio of Co(T) to 
Co(O) diminishes steadily with increasing 
cobalt loading. For 600°C calcination tem- 
perature, the Co(T)-to-Co(O) ratio varies 
from approximately 0.9 at 0.5% cobalt con- 
tent to approximately 0.25 at 8.0% cobalt 
content. Finally, masking of the Co(T) sig- 
nal at 12% cobalt content is associated with 
Co304 segregation on the catalyst surface. 

Cobalt-Molybdenumly-Alumina Catalysts 

Background. The role of cobalt in 
Co-Moly-AllO3 hydrodesulfurization cata- 
lysts is not known with certainty. It is 
known that various molybdenum com- 
pounds are catalytically active in the desul- 
furization process while cobalt compounds 
which contain no molybdenum are not cata- 
lytically active. However, the presence of 
cobalt enhances the catalytic activity. The 
most active catalysts are those prepared by 
impregnation of alumina with solutions of 
ammonium molybdate and a cobalt salt, fol- 
lowed by drying and calcining. 

For the purpose of studying cobalt inter- 
action with the alumina support and mo- 
lybdenum, a series of Cc+Moly-AlzOx 
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FIG. 12. Net photoacoustic response function at 578 nm, An8 (A), and A&% Co (B) plotted versus 
I percentage of cobalt in catalysts calcined at 400°C (m) and 600°C (0). 

catalysts were prepared by sequential 
impregnation of y-A&O3 with molybdenum 
and cobalt. All the catalysts in this series 
were first loaded with molybdenum, 15% 
molybdenum as Mo03. (The final molybde- 
num loading on the catalysts was found to 
be 14.2% molybdenum as Mo03.) Calcining 
this material produces what is believed to 
be a MO monolayer on the alumina surface 
(17). Samples of molybdenum-loaded alu- 
mina were impregnated with various 

amounts of cobalt nitrate and calcined. The 
competition between the cobalt interaction 
with the Moo3 layer and the -+l,O, sup- 
port was of interest. 

Qualitative PAS results. The visible pho- 
toacoustic spectrum of CoMo04 is charac- 
terized by an absorption maximum cen- 
tered at about 570 nm, with spin-orbit 
splitting features at about 528, 560, and 584 
nm. These spectral features are sufficiently 
well separated from the spin-orbit triplet of 
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FIG. 13. Net photoacoustic response function at 420 nm, Adlo (A) and A&% Co (B) plotted versus 
percentage of cobalt in catalysts calcined at 400°C (m) and 600°C (0). 

Co(T) to permit a qualitative statement 
about which cobalt species is dominant in 
the visible spectrum. At 7% cobalt the spec- 
trum becomes dominated by the broadband 
absorbance of Co304 just as for large cobalt 
loading of r-Al,O, alone. For cobalt load- 
ings less than 7% the spectrum resembles 
that of the Co(T) spinel. There is no evi- 
dence for Co(O) buildup. For 0.8% cobalt 
the spectrum appears to be intermediate be- 
tween that of a surface spine1 and that of a 

bulk spinel. Although this evidence is not 
conclusive, it is possible that Co(T) is bur- 
ied beneath the Moo3 phase. This would 
also reduce formation of Co(O) at the sur- 
face. At 5.5% cobalt loading minor spectral 
features are observed which are correlated 
with the CoMo04 spin-orbit features. The 
C&MO oxide is, however, not a major con- 
stituent. The presence of a Moo3 mono- 
layer prevents formation of octahedral Co3+ 
at the support surface. 
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On the basis of a comparison of the anion) are occupied by M” ions and one- 
Co-MO/-~-A1203 system with the Co/y-A&O, half of the octahedral holes (one per anion) 
system it is concluded that the dominant are occupied by M1n ions. This arrangement 
form of cobalt at low cobalt loading is Co(T) is designated Mn[M~“]04, where the square 
in both systems. In the case of Co-Moly- brackets enclose the ions which occupy oc- 
Al203 there is evidence that the Co(T) spe- tahedral interstices. Other mixed metal ox- 
ties is not formed as close to the support ides take on an inverse spine1 structure, 
surface as in Co/y-A1203. M1n[MnM1n]04, in which the M” ions oc- 

At very high Co loading an oxide phase is cupy octahedral interstices instead of tetra- 
formed which masks other spectral fea- hedral interstices. In disordered spinels, 
tures . i.e., partially inverted spinels, a fraction of 

The presence of MO inhibits the forma- M” ions occupy tetrahedral interstices (28). 
tion of Co(O); instead, there is evidence for The degree of inversion, x, in the hypotheti- 
formation of a small amount of a cobalt- cal reaction in Eq. (3) has been related to a 
molybdenum oxide. site preference energy for various transition 

metal ions relative to AP+ in A&O3 (9). The 

Model for Metal-Support Interactions values of x and the interchange enthalpy for 

The phenomenon of metal-support inter- 
NiA1204 are 0.78 and -2 kcal, respectively; 

actions as a function of metal loading and 
the corresponding values for CoA1204 are 

calcination temperature for Ni/y-Alz03 and 
0.05 and+13 kcal. 

Co/y-AhO3 catalysts has been described. A Mn[M;n]04 + M:‘,M:n[M:1M:i!,]04. (3) 
simple model is advanced here to account 
for the qualitative dependence of surface 

The catalyst support is a spine1 structure 

speciation on metal loading and calcination 
which can be represented by Al~/j 0113 

temperature in these catalysts. 
]A~~]O~. The formation of M(T) can, there- 
fore, be represented by diffusion of M” into 

Mixed metal oxides, M”M~“04, often these lattice vacancies 
have a spine1 structure based on a cubic 
close packed array of oxide ions in which M” + 3 Al&1,~[A12]04 + 
one-eighth of the tetrahedral holes (two per 3 &/3M/3[&1% (4) 

I.0 

(MO) 
(Ml 

0.5 

0 

, 

1.0 

(M(O)) 
(Ml 

3.5 

0 

FIG. 14. Model prediction of relative amounts of M(T) and M(0) versus metal loading, represented 
by mkiPIDA. 
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The formation of M(0) can similarly be de- 
scribed as inversion of these M(T) sites. 

3 &/&MAMQ + 3 NM A15/3104. (5) 

For M(0) formation, there is a net ex- 
change of an A13+ from an octahedral posi- 
tion to a tetrahedral position. The activa- 
tion energy for this process is expected to 
be higher than that for M(T) formation. 
Navrotsky and Kleppa (9) report the octa- 
hedral site preference energy for AP+ to be 
10.6 kcal/mol. The Tammann temperature 
for bulk lattice mobility in alumina (melting 
point = 2015°C) is approximately 870°C 
(19). Hence, it is surmised that the inver- 
sion process is slow at the calcination tem- 
peratures used in this study. This conjec- 
ture is supported by experiment. After 
calcining a Nil?-A1303 sample (4% Ni, 
600°C) for an additional 54 h at 600°C no 
detectable change in the M(T)/M(O) ratio 
was observed. However, this is not ex- 
pected to be the case for the inversion pro- 
cess at the surface where the activation en- 
ergy will be less. Surface diffusion is often 
important at a much lower temperature 
than bulk diffusion (20). The Tammann 
temperature for surface mobility in alumina 
is approximately 410°C. This phenomenon 
is very dependent on the surface history. A 
model for speciation in these catalysts is 
developed based on an inversion process 
important only at the surface of the r-Al,O, 
support, 

A hypothetical model for speciation at 
the r-Al203 surface is given in Eq. (6). 

F 
M,(T) & M,(O) 

I 1 D DO 

i i 
MB(T) = MB@). (6) 

Within seconds of beginning calcination of 
a y-Al203 sample impregnated with a small 
amount of Ni(N03)2 or Co(NO&, the sam- 
ple takes on a gray color as the nitrate is 

decomposed. The gray color slowly gives 
way to the blue color of M(T). The gray 
material, Ms, which is initially formed may 
be an amorphous metal oxide bound on the 
surface. The first step involves incorpora- 
tion of metal ions into available tetrahedral 
defect sites on the surface. Ms(T) is re- 
moved from the surface by inversion to 
M(O), with rate ki[Ms(T)], or by diffusion 
into the bulk y-Al203 lattice which is char- 
acterized by a diffusion coefficient, D. It is 
assumed that inversion does not occur in 
the bulk alumina at the calcination tempera- 
tures used. The rate of diffusion of M(0) 
into the bulk is expected to be much smaller 
than that for M(T). If a vacancy diffusion 
model is involved then M(0) diffuses via 
thermally created lattice vacancies as op- 
posed to defect lattice vacancies. Intersti- 
tial and exchange diffusion mechanisms are 
expected to have higher activation energies 
than a vacancy diffusion mechanism (21). 
When the lattice near the surface becomes 
saturated with M(0) and M(T) both diffu- 
sion and inversion processes slow and 
growth of microcrystals of metal oxide ac- 
counts for the remaining metal. The argu- 
ments used to justify this model are made 
referring only to an inversion reaction at 
the surface. In Table 1 surface reaction as- 
signments are proposed for the three cata- 
lyst systems studied. 

Simple competition between inversion of 
the spine1 forming M,(O) at the surface and 
diffusion of M(T) into the bulk of the y- 
A1203 spine1 is envisaged. If a steady-state 
concentration, CT, or M,(T) is assumed, 
then the rate of removal of M,(T) from the 
surface by diffusion is given by 

diffusion rate = CT (7) 
where A is the area of the surface and t is 
the time. The rate of removal of M,(T) from 
the surface by inversion is 

inversion rate = kiCr. 63) 

The approximate time required to incorpo- 
rate the metal into the lattice is related to 
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TABLE 1 

Assignments for Application of the Interaction Model to Catalyst Systems 

System MST) a 

Nily-A1203 Ni*+ 
Co/y-A120, co*+ 
Co-MO/~-A1203 co*+ 

MEAT) b 

Ni*+ 
co*+ 
co*+ 

M(O) 

N?+(O) 
Co3+(0) 
CO-MO oxide (CoMoO,) 

M,(T) f M(O) 

N&*+(T) -+ N&*+(O) 
Co,*+(T) + Cos3+(0) 
Co,*+(T) + CoMo04 

0 Surface tetrahedral sites. 
b Bulk tetrahedral interstices. 

the metal loading by 

(Wtotal - [2 e t)"* + kit] CT. (9) 

The relative amounts of metal incorporated 
into tetrahedral interstices and octahedral 
interstices are given by Eqs. (10) and (1 l), 
respectively. 

(MB(T)) 2 
- = 1 + (1 + m( kin/DA))1’2 (Ml * (10) 

(Ma(O)) (1 + m( ki,/DA))“2 - 1 
- = 1 + (1 + m( kin/DA))“2 * (Ml (“) 

In these relationships m is given by 

(M) m=-. 
CT (12) 

The relative amounts of M(T) and M(0) are 
plotted versus the metal loading as repre- 
sented by mkp/DA in Fig. 14. An induction 
period corresponding to kin/DA is included 
for achieving steady state. Formation of 
M(T) dominates at low metal loading and 
M(0) formation dominates at high metal 
loading. Even for this crude model, the pre- 
dicted dependence of the formation of tet- 
rahedral and octahedral species on metal 
loading is very similar to the corresponding 
experimental curves for Nily-A120j and Co/ 
r-Al,O, in Figs. 8 and 9 and 12 and 13, re- 
spectively. This model predicts that the rel- 
ative amount of M(T) compared to M(0) 
varies with temperature: a exp(Ei - Ed)/ 
RT, where Ei is the activation energy for 
inversion at the surface and Ed is the activa- 
tion energy for diffusion of M(T) into bulk 

alumina. It has been shown that M(T) in- 
creases at the expense of M(0) with in- 
creasing temperature. On the basis of the 
model, it is expected that the relative quan- 
tity of M(T) to M(0) increases with temper- 
ature as Ed > Ei for inversion in the bulk 
lattice. This is another reason to believe 
that only inversion at the substrate surface 
is significant. 

CONCLUSIONS 

Photoacoustic spectroscopy provided 
useful information on metal-support inter- 
actions in alumina-supported catalysts. The 
PAS studies on Nily-A1203, Co/y-A1203, 
and Co-Moly-Alz03 oxide catalysts are in 
good agreement with previous surface 
spectroscopy results. The results are con- 
sistent with a model which describes com- 
petition between formation of a tetrahedral 
species, M(T), by diffusion of the metal ion 
into the y-A1203 spine1 and formation of an 
octahedral species, M(O), only at the sup- 
port surface. When neither of these pro- 
cesses is important, metal oxide is formed 
on the surface. This mechanism satisfacto- 
rily accounts for the dependence of the 
M(T)/M(O) ratio on metal loading and calci- 
nation temperature in the Nily-A1203 and 
Co/y-A120J catalyst systems. 
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