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Application of an improved successive approximation data reduction program to EXAFS spectra 
of a series of unsulftded experimental hydrodesulfurization catalysts showed that when the MO 
loading increased, the apparent coordination number about the molybdenums decreased; this is 
indicative of major distortions of the Moo6 octahedra. Confirmatory evidence was obtained from 
the near-edge absorption functions which were resolved into three overlapping Gaussians, one of 
which corresponds (nominally) to the 1s + Sp transition. Its area, which is also a measure of 
departure of the coordination shell from a regular octahedron, increased with percentage MO, a 
trend which parallels the decrease in the apparent coordination number. The addition of Co to 
these Mo/A1rOs preparations led to a decrease in distortion, as measured by each of these indepen- 
dent indices. 

INTRODUCTION 

The atomic configurations at the active 
sites of one of the most extensively used 
catalysts in the petroleum industry are still 
unknown. The compositional and chemical 
properties of hydrodesulfurization catalysts 
have been thoroughly investigated, and 
their catalytic effectiveness correlated with 
established protocols for their preparation, 
so as to optimize conversions and extend 
their lifetimes. Yet, there is still consider- 
able debate regarding the physical and 
chemical features which are directly in- 
volved in the mechanism for the extraction 
of sulfur atoms from the large variety of 
organic substrates present in feedstocks, 
and their conversion to H2S. Characteriza- 
tion by surface areas and pore size distribu- 
tions at best constitute boundary conditions 
for any proposed structural model. Because 
the essential ingredients (CO/MO or Ni/Mo) 
are present as amorphous structures on 
high-area supports, large-angle X-ray dif- 
fraction data provide no useful information. 
Physical methods do show promise for 

demonstrating the presence of identifiable 
moieties within a surface layer of a few 
atomic dimensions; these are Raman, infra- 
red, X-ray photoelectron spectra, and elec- 
tron energy loss spectra. In addition, Moss- 
bauer and extended X-ray absorption-edge 
fine structure spectra provide bulk struc- 
tural information (I). At this stage the con- 
clusions derived from the variety of probes 
are not entirely consistent; this raises ques- 
tions regarding the uniqueness of the inter- 
pretations of the respective data. 

Examination of many published Fourier 
transforms derived from EXAFS spectra 
suggest that important information may be 
lost due to the high noise levels. While the 
locations of the radial distribution peaks are 
quantitatively significant, their areas which 
should provide measures of atomic density 
are unreliable and thus lead to misinterpre- 
tations of structural configurations. Due to 
the complexity of the interatomic scattering 
process for photoejected electrons, both 
the distance and amplitude scales of the ra- 
dial distribution functions deduced from 
EXAFS must be calibrated by recording 
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spectra of known structures, similar to the 
ones under investigation. Empirically, it 
was found that when in the calibrating 
structures the distances between the cen- 
tral (probed) atom and the atoms in the se- 
lected coordination shell are uniform, the 
deduced coordination numbers are gener- 
ally low for structures wherein the dis- 
tances are substantially nonuniform 
(NUD#) due to local distortions. This is a 
severe limitation on the utility of EXAFS 
data, since their principal application is pre- 
cisely to those amorphous systems which 
are characterized by structural disorder. 
We developed an EXAFS data reduction 
routine which leads to radial distribution 
curves with substantially lower background 
noise and high reproducibility in the fwhm 
of the major peaks. The improved routine 
was applied to the analysis of absorption 
spectra at the MO K edges of eight calibrat- 
ing compounds of molybdenum and a range 
of MO-Co/Alz03 hydrodesulfurization cata- 
lysts. In this report we describe the oxidic, 
precatalyst stage; structures derived for the 
H2S/H2 reduced sulfided, catalytically ac- 
tive preparations, and their complete char- 
acterization will be presented in succeeding 
reports. 

The basic equations for deriving radial 
distribution curves from EXAFS are sum- 
marized in Section I. In Section II our ex- 
periments are briefly described. Section III 
is devoted to a summary of typical near- 
edge MO K spectra of the nonproprietary 
catalysts prepared for this investigation. 
Structural information on MOO, units in the 
alumina-supported MO/CO oxides, derived 
from the extended absorption coefficients, 
is presented in Section IV. In another re- 
port we have explored the basis for nonad- 
ditivity in conventionally derived radial dis- 
tribution curves, and presented an outline 
of an improved procedure for data reduc- 
tion in which the nonadditivity feature has 
been minimized but not eliminated. 

SECTION I: BASIC EQUATIONS 

The complete theoretical expression for 
the back-scattered contribution to the post- 

edge X-ray absorption cross section of an 
atom surrounded by several coordination 
shells is elaborate, and incorporates terms 
which can be computed only approximately 
(2). In contrast, the generally used expres- 
sion for the reduced absorption coefficient 
over the extended portion of the K edge is 
sufficiently condensed to permit ready 
transfer of empirically deduced parameters 
from known (calibrating) to unknown but 
closely similar structures (3). 

X(k) ~ ~ = - ~ ~ e-ZRj/Aj(k) 

J 

SiIl[2kRj + @j(k)] (1) 

Ap is the oscillatory, structure sensitive 
contribution superposed on the smooth 
(atomic) background pBK ; Nj is the number 
of back-scattering atoms in the jth coordi- 
nation shell; Rj, their distance from the cen- 
tral atom; A,, the internal absorption length 
for the scattered electrons; qj, the Debye- 
Waller factor; qj, the phase shift upon scat- 
tering, and ]J;.] the atom-form factor. In 
order to deduce radial distribution-like 
functions from recorded data further sim- 
plifications must be introduced. By collect- 
ing most of the k-dependent terms into the 
left member, and replacing the sum over 
equivalent back-scattering atoms by a con- 
tinuous distribution function, Eq. (1) can be 
rewritten in the form 

k - x(k) e+2(~j)'k2 = 

I 

o: dR D(R) .- 

(I&k 4) 0 R2 

e-2R’?j) sin[2k(R - B) + A] (2) 

where mean values were introduced for the 
atomic scattering factors. The left member 
of this equation is then replaced by k3(Apl 
,.&K), because it is implied (though not ex- 
plicitly stated) that for many atom pairs 
(Ih(k; r)l) * ee2W2k2 varies approximately as 
k-*. [Cramer et al. (4) proposed a more 
extended parameter-fitting calibration 
scheme.] The Fourier transform of the 
function k3(ApIpBK) is p,(R+) which, when 
corrected programatically for false back- 
ground (-+p2), and termination errors 
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(+oj), and then adjusted empirically for the 
displacement of scale, approximates the de- 
sired radial distribution function, D(R) 3 
R2 * p3(Rti + B) * exp(+2Rl(h)). 

While the above procedure leads to reli- 
able values for the mean distances between 
the central atom and the first, second, and 
(sometimes) the third coordination shells, 
the deduced coordination numbers (i.e., the 
areas under the peaks in the radial func- 
tions) may not scale correctly. Eisenberger 
and Brown (5) and particularly Brown (6) 
called attention to this aspect. It is usually 
stated that nonadditivity of pair contribu- 
tions is due to loss of data for the low (0 < k 
< 4) and high values of k (k > 16). When 
D(R) in Eq. (2) is smeared, the resulting 
function in k damps more rapidly than when 
it peaks sharply at a few values. However, 
this is not a cogent explanation. In Fourier 
transforms the resolution is limited by the 
range of integration, as when it is modu- 
lated by a rectangular window or an expo- 
nential decay, but this can be corrected (via 
an appropriate convergence technique); 
then the additivity property is retained. 
Empirically this has been demonstrated in- 
numerable times in the deduction of molec- 
ular structures from gas-phase electron dif- 
fraction data (7). 

SECTION II: EXPERIMENTS 

EXAFS data obtained at the CHESS 
(Cornell High-Energy Synchrotron Source) 
Facility for a representative group of COO/ 
Moo3 preparations, deposited on high-area 
aluminas were reduced according to proce- 
dures outlined in Section IV (8). The com- 
positions listed in Table 1 were prepared by 
impregnating extruded Catapal alumina 
(289 m2/g), which was first calcined at 
823”K, with ammonium molybdate solu- 
tions, by the incipient wetness technique; 
then calcined at 823”K, to give preparations 
having 2,4,6,12, 1824, and 30% Mo03. In 
turn, portions of most of these were reim- 
pregnated with cobalt nitrate solution (and 
after another calcination) to yield catalysts 
with 1.5, 3.0, 6.0, and 12.0% COO. A sec- 
ond series was prepared the same way, us- 

TABLE 1 

Compositions of Catalysts Investigated via EXAFS 
(Nominal Percentages, on Catapal) 

coo (%) MoOj (%) 

2 4 6 12 18 24 30 100 

0 xxxxxxxx 
1.5 x x x x x 
3 x x x x x 
6 x x x X 

12 x x 

Note. Also: Commercial catalysts [ 14.4%/2.7%], 
and three preparations on a lower area base. Calibrat- 
ing compounds: from commercial or friendly scien- 
tists; used as received. 

ing a y-A1203 with a surface area 194 m2/g, 
to determine the effect of a lower area sup- 
port. These were not reimpregnated with 
CO(NO3)2. 

Two commercially available CO/MO/~- 
Al203 catalysts were studied, in addition to 
the one above. One was virgin Nalcomo 
477, and the other was a catalyst with the 
same designation which had seen extensive 
service in a commercial HDS unit, followed 
by a careful laboratory regeneration. 

The various preparations were fully char- 
acterized, and will be described in detail in 
a forthcoming report. Briefly, the changes 
in surface area and pore volume, as the 
Moo3 was added, were about what one 
would predict by dilution of the alumina 
with MOOS. The pore sizes were not radi- 
cally reduced, and there was no apparent 
pore blockage. These results and X-ray dif- 
fraction data are consistent with the model 
in which Moo3 is deposited as a monolayer 
on the surface of the alumina. The addition 
of Co0 behaved as an equal quantity of 
Mo03. The only discernible large-angle X- 
ray diffraction peaks were those of the alu- 
minas. Reflectance spectra show that the 
intensity of the peak at 17,200 cm-‘, due to 
octahedral Co( +2), is not only a function of 
percentage of Co, as is to be expected, but 
also a function of percentage of Moo3 at 
1.5-3% COO. This is an indication of inter- 
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action between the cobalt and molybdenum 
oxides. 

At the MO K edge all spectra were re- 
corded in the transmission mode. In order 
to eliminate changes in intensity due to 
sample inhomogeneities, the samples were 
ground to pass a 180-mesh sieve. They 
were then packed into plastic sample hold- 
ers of selected thickness, with a packing 
density of about 0.7 to 1.0. The thickness 
was chosen such that the product of the 
total absorption coefficient and the holder 
thickness was approximately 2.5 on the 
high-absorption side of the edge. Mylar (1 
mil) was used for the windows. Monochro- 
maticity was obtained with a channel-cut 
Si(220) monochromator which was detuned 
to minimize the harmonic content. The en- 
ergy spread was due primarily to beam di- 
vergence, which could be partially con- 
trolled by the width of the final slit (0.5 
mm). The beam shape could be approxi- 
mated by a Gaussian with afwhm of about 6 
--, 12 eV (for a slit width of (0.5 + 1 mm) 
(9). The monitoring counter was calibrated 
relative to the recording counter for each 
beam fill, as a function of energy, at low 
counting rates to minimize lost counts due 
to limited counter recovery time. The ab- 
sorption spectra were recorded by sequen- 
tial stepping of the crystal angle, for 1-eV 
intervals at the K edge and for 3-eV inter- 
vals for energies from about 40 eV beyond 
the edge, when the monitoring counter had 
accumulated a specified preset count ( IO4 - 
105). A scan of MO metal foil was taken at 
the beginning and toward the end of each 
fill for calibration of the monochromator. 
The photon flux at MO K edge was about lo8 
photon/set on exit from the monochro- 
mator. 

SECTION III: NEAR-EDGE FEATURES 

The spectral resolution available at the CZ 
station at CHESS allowed us to record 
characteristic features due to molybdenum 
ions in a variety of known crystal field envi- 
ronments. These included: (a) regular tetra- 
hedral symmetry [K2Mo04]; (b) regular oc- 

tahedral symmetry [Ba$aMo06; MoS,; 
MO metal]; (c) a range of distorted octahe- 
dra, including a mixed octahedral/tetrahe- 
dral case [(NH4)2M0207]. Typical near-edge 
absorption curves for MOO, units are illus- 
trated in Fig. 1. The spectra of all the model 
compounds, except of BaZCaMo06, MO&, 
and MO (metal), show a weak peak (or a 
shoulder) on the low-energy side of the 
edge. An interval of 50-60 eV which incor- 
porates this portion of the scan was re- 
solved into three Gaussians by least-square 
fitting of nine parameters. Prior to deconvo- 
lution, all {p(E) * x} values were normalized 
by dividing them by the magnitude of the 
total jump from zero level to the back- 
ground level extrapolated from the high-en- 
ergy side (p&). Although the convergence 
was sensitive to the voltage range allocated 
to each of the Gaussians, the position of the 
first peak remained unchanged, and the po- 
sitions of the other two peaks varied only 
by +1 eV. Furthermore, the relative areas 
under the three Gaussians were not af- 
fected by the assigned voltage ranges. [Of 
course, resolution into four Gaussians gave 
better fits, and moved the third peak toward 
lower energies, generally by 3-6 eV.] The 
near-edge absorption curves were also de- 
convoluted into three Lorentzians. The lo- 
cations of the three maxima were the same 
as for the Gaussians, generally within 1 eV, 
but the overall fit was considerably less sat- 
isfactory. Table 2 is a summary of the peak 
positions and areas derived from three re- 
solved Gaussians; each incorporates the 
apparatus transmission function which is 
presumed to be Gaussian. 

The simplest interpretation of the re- 
solved components of the near-edge spec- 
tra is based on the pseudoatomic model 
(10); the assignment sequence is Is --, 4d; 
1s * 5s; 1s + 5p. In a tetrahedral field the 
first transition is allowed, but it is forbidden 
in a strictly octahedral field. This selection 
rule breaks down when the octahedra are 
distorted. The extent of distortion of the 
octahedron of oxygen atoms in the first co- 
ordination shell in the calibrating com- 
pounds is measured by 
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(b) 

(e) 

FIG. 1. Resolved near-edge (fl spectra for MO in three calibrating compounds, and for typical 
catalyst preparations: (a) MO metal; (b) Mo03(cryst); (c) K*MoO,; (d) 2% Moo3 (0% COO); (e) 18% 
Moo3 + 6% COO, all on Catapal. 

NUD# = ; 2 IRi imRrnI 
gests that the NUD# correlates with the 

(3) magnitude of Al but not with AZ. Possibly a 
measure of the angular distortion (i.e., the 

where R,, is the arithmetic mean of the direction of the hybrid orbitals) must also 
MO-O distances. Inspection of Table 2 sug- be included; i.e., 
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TABLE 2 

Summary of Parameters of Resolved Gaussians-Near Edge 

Compounds VP V2 V3 Alb A26 A3b NlJD#lComments 

MO (metal) - 20,010.7 20,039.3 - 107 411 
K2M00., (24) 20,001.4 20,018.4 20,039.7 16 2.5 360 
MO& (I 7) 2.7 19.0 40.9 16 45 376 

Ba2CaMo06 (23) 
Di-bu-at (22) 
Mo,O& (18) 
MOOR (19) 
MoKMPQ)~ (20) 

Catalysts 
MoO$.ZoO 

2/o 
4/o 
6/O 

12/o 
18/O 
2410 
30/o 

- 17.1 33.4 - 8 155 
1.2 15.7 31.4 8 27 346 
3.0 17.8 34.4 12 30 320 
3.1 18.8 37.4 13 46 344 
2.3 16.2 32.5 14 29 353 

20,OOl.O 
2.5 
2.2 
2.1 
2.3 
3.2 
2.9 

2.0 
2.3 
1.9 

20,017.l 
18.7 
18.2 
18.0 
18.2 
19.2 
18.9 

20,037.7 
38.9 
38.7 
37.7 
37.8 
38.8 
37.9 

38.7 
38.0 
38.6 

5 17 141 
8 24 212 

10 27 259 
11 34 317 
12 40 348 
12 41 357 
12 40 355 

611.5 
613.0 
616.0 

12/l .5 
1213.0 
12/6.0 
12/12.0 

14.412.7 
14.412.7 

lUl.5 
lW3.0 
lW6.0 
18112.0 

24/l .5 
2413.0 

30/l .5 
30/3.0 
3016.0 

12/O 

246 
229 
209 

2.1 
2.0 
3.0 
2.1 

2.1 
2.4 

2.3 
2.1 
2.1 
2.0 

2.4 
2.2 

2.5 
2.5 
2.2 

2.3 

18.2 
18.3 
18.2 

18.2 
18.0 
19.2 
18.2 

17.8 
17.9 

17.8 
18.0 
18.0 
18.4 

18.4 
18.2 

18.4 
18.6 
18.6 

18.2 

38.0 
37.8 
39.1 
38.2 

37.0 
36.3 

37.0 
37.6 
37.7 
39.1 

37.7 
37.6 

37.4 
38.1 
39.0 

38.1 

9 25 
8 24 
8 22 

11 34 
10 30 
10 31 
9 27 

11 31 
9 28 

11 39 
11 36 
11 33 
II 35 

12 40 
12 39 

12 41 
12 40 
13 41 

10 34 

306 
297 
277 
244 

299 
260 

336 
332 
316 
306 

353 
348 

361 
356 
355 

313 

18/O 2.5 17.9 

17.7 

36.5 

2410 2.6 36.2 

11 

12 

35 329 

36 342 

bee 
0 tetrahedra 
0.094 Mixed: 

tet : act 
0 Reg. act 
0.070 Dist. act 
0.085 Dist. act 
0.105 Dist. act 
0.125 Dist. act 

d 

Lower area 
support 

Lower area 
support 

Lower area 

L? All voltage readings were corrected with reference to their midpoints at the K-edge jumps, referred to 
Mo(metal) at 20,002.O eV. 

b Areas are in a consistent set of (arbitrary) units for normalized absorption curves. 
C Commercial sample. 
d Commercial sample (regenerated), see text. 
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NUA# = -& i 1”’ ;,2T’21 (4) 

Of special interest in the study of hydro- 
desulfurization catalysts is the clear depen- 
dence on composition of the magnitudes of 
Al ; AZ; A3 (interpreted as measures of tran- 
sition probabilities for the corresponding 
transitions), while the values VI; V2; V, re- 
main essentially unchanged. A, = 16 for 
MOO:- and MO&; this high value may be 
used as a measure of tetrahedral content. 
Also note Al, and to a more marked extent 
AJ, which increase with Moo3 loading but 
decrease (for a constant MO) with Co0 
loading (Table 2 and Fig. 2). This correla- 
tion holds approximately for externally pre- 
pared samples as well. The commercial vir- 
gin 14.4/2.7 sample is close to our 12/3 
preparation. Regeneration induced a reduc- 
tion in the peak areas. We propose that the 
magnitudes of these areas measure the de- 
gree of distortion of the octahedral unit, 

suggesting that the effect of the promoter is 
to reduce distortion for a given MO loading; 
regeneration has a similar effect. The sensi- 
tivity to Co0 decreases with increasing 
Moo3 loading, as expected when the mono- 
layer is crowded. 

Asada (21) claims that the oxidation 
number of the metal atom, rather than the 
coordination number determines the pres- 
ence of the first weak absorption. For 
metals, Grunes (12) found excellent agree- 
ment between one-electron calculations 
and the observed K-edge spectra, but for 
metal oxides, that formulation was not 
“auspicious.” A review of X-ray absorp- 
tion-edge spectrometry, with reference to 
coordination problems, was prepared by 
Srivastava and Nigam (I.?). Seka and Han- 
son (14) presented the initial molecular-or- 
bital interpretation of X-ray absorption- 
edge structures. In MOO:-, Kutzler et al. 
(15) showed, on the basis of SCF-Xa calcu- 
lations, that the first relatively intense peak 

0% Coo; LOW AREA SUPPORT 

. 

-- -.. __ 
NALCOMO-VIRGIN -0 

\ 
b 

ANALCO. 

6% Co0 

REG;N.Y , 
\ 

-Q 12% coo 

9 
tt- 

0% Coo; HIGH AREA SUPPORT 

o.ooa 0.050 0.100 0.150 0.200 0.250 0.300 

UC&ES OF MEW/g OF CATALYST 

FIG. 2. The dependence of A, (nominally assigned to the Is --f 5p transition) on the MOO, and Co0 
content of the catalyst preparations (Table 2). (0) 0% COO; ($X1, 1.5% COO; (A) 3% COO; (m) 6% COO; 
(0) 12% COO; (*) 0% Co0 on lower area support; (A) Nalcomo. 
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is due to a bound anti-bonding state which 
is mainly 4d in character; that the shoulder 
on the rising portion of the absorption 
curve can be described as the beginning of a 
step-like continuum absorption, while the 
main absorption peak is due to a dipole- 
allowed transition to a continuum state of 
T2 symmetry. 

The edge position is clearly dependent on 
the oxidation state of the metal atom (26). 
The edges of the catalysts were found to lie 
within a range of 2 eV (7.5-9.4 eV from MO 
metal), while in the reference compounds 
they span the interval 7.0-9.4 eV. In the 
latter, the oxidation state is +6. Hence we 
conclude that in the various catalyst prepa- 
rations, the oxidation state of the molybde- 
num remains +6, and the small variations 
in edge position have their origin in small 
local perturbations. The K edges moved to- 
ward lower energies when these prepara- 
tions were reduced by H2S/H2. The net shift 
was about 8 eV, from Mo(V1) in the oxide 
to Mo(IV) in the sulfide. The edge position 
is linearly related to the extent of reduction 
but only during the early periods of re- 
duction. 

SECTION IV: EXAFS DATA REDUCTION AND 
RESULTS 

Examination of the many radial functions 
derived from EXAFS spectra published 
during the past 5 years convinced us that a 
considerable improvement could be 
achieved by (A) “smoothing” of the large 
number of data points which can be col- 
lected at synchrotron sources, to minimize 
extraneous noise; (B) deconvolution of the 
spectra to correct for finite energy trans- 
mission by the monochromator, and beam 
divergence; (C) correction for the back- 
ground absorption (& due to the underly- 
ing wings from the L edges of the central 
species, and wings from other absorbers; 
(D) imposing an objective criterion for 
drawing in the background (pBK + &; (E) 
corrections for truncation errors. 

These steps (as well as the “conven- 
tional” procedures for correcting the en- 

ergy scale by appropriate selection of VO, 
etc.) led to improved radial distribution 
curves, with lower background noise and 
enhanced reproducibility of the fwhm’s for 
the major peaks, as can be assessed from 
Fig. 3(a,b,c;d,e,f). We found that for test 
samples, such as a series of mechanical 
mixtures [K2Mo04 + A&03; Moo3 + 
A1203] the peak areas were reproduced to 
+5% for dilutions 20 -+ 75%. Note that 
while the D(R) curves have much less noise 
than the conventional one-step reduction, 
and additionally have a more direct physi- 
cal interpretation, they still do not fully 
comply with the additivity property of 
Fourier transforms, because the starting 
function is badly distorted. Until that inher- 
ent perturbation has been removed we pro- 
pose to use a calibrating curue, to obtain 
estimates of the number of atoms present in 
close proximity to the central atom. This 
number we designate the “apparent” coor- 
dination (r)), which is less than the conven- 
tionally defined C.N. The latter counts all 
the neighbors in the first shell, while the 
former counts only the nearest neighbors. 

Calibration for Nj 

To develop an empirical calibration 
curve for a specified coordination shell it is 
necessary to record EXAFS spectra for 
three or four known structures which cover 
a range of structural disorders; i.e., nonuni- 
formity in bond angles and in distances be- 
tween the central atom and the atoms 
which comprise the first coordination shell. 
Transforms of their Px(k) functions (fol- 
lowing our optimized routine) give radial 
distribution (R.D.) peaks, from which one 
can read paired values for the area/atom- 
pair (AMx) and the fwhm, evaluated by di- 
viding the area by the peak height. [Direct 
measures of peak widths were found to be 
inaccurate for cases where the R.D. peaks 
are partially resolved.] The curve drawn 
through these points can be used to interpo- 
late magnitudes of AMx for unknown struc- 
tures, given their fihm values. Then the 
corresponding r)‘s can be estimated from 
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Conventional : 

P, ($1 

DISTANCE IN i 

x s 
0.0 1 .o 2.0 3.0 4.0 5.0 6.0 

DISTANCE IN i 

1 

(a) 

P&J 

5.0 

DISTANCE IN i 

2.0 3.0 4.0 
DISTANCE IN i 

FIG. 3. Successive improvements of the radial distribution functions for Mo20~[PQ], (a,b,c) and a 
catalyst preparation: 12% MOO, + 1.5% Co0 supported on A&O3 (d,e,f). For each material the panel 
marked: p,(R,): conventional, is self-explanatory: p2(Re) is the radial function correction for faulty 
background; p,(R+) results after correction for termination errors; D(R) = RZp3(R, + B) exp(ZRl(A)), 
where R is the phase-shift for the particular atom-pair, and (A), the mean absorption length, was set at 
a constant value, 3 A. 
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Conventional : 

P, (R$r) 

0.0 1.0 2.0 3.0 4.0 5.0 6.0 
DISTANCE IN i 

(e) 

P,(RJI) 

0.0 1.0 2.0 3.0 4.0 5.0 6.0 
DISTANCE IN i 

(d) 

P2 (RJr) 
1 
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the peak areas. Such a calibrating curve for (MOM has also been synthesized (21)); 
distorted octahedra of Moo6 is shown in and [MoO{O~C6H~(t-bu)~}~]2 (22). Samples 
Fig. 4. The following compounds were of BazCaMo06 (prepared by Dr. Arthur W. 
used: (NH&Mo207 (I 7); (NH&M07024 . Sleight, Du Pont Experimental Station; 
4H20 (18); Moo3 (19); Mo*OS(PQ)Z (20); structure by Steward and Rooksby (23)), 
[PQ = 9, lo-phenanthrene quinone] which is presumed to consist of regular oc- 
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FIG. 4. Calibration curve for the first coordination 
shell of oxygen atoms around molybdenum. 

tahedra, and K2Mo04 (24), with regular tet- 
rahedra, were also run. Clearly such a cali- 
bration is not applicable to cases when an 

0.0 1.0 2.0 3.0 4.0 5.0 6.0 
DEmNCE IN i 

unresolved peak incorporates two types of 
widely different scattering contributions 
(MX,, and MY,), as is the case for Moz(02 
CCH& (25), wherein the first peak is a su- 
perposition of MO-MO and MO-O terms. _. 

The Radial Distribution Curves 

The D(R) curve for Mo03(cryst) shows a 
relatively broad first peak, which corre- 
sponds to a coordination shell of 6 oxygen 
atoms in a highly distorted octahedron 
around the molybdenum (Fig. Sa), a broad 
second peak for a coordination shell which 
is comprised of both MO and 0 atoms; and 
a third peak centered at -5.5 A. The D(R) 
of (NH&M07014 + 4H20 is similar but with 
better resolution, as is the D(R) of MOZ 
OSIPQlz (Fig. 3~). In contrast, the oxide 
catalysts uniformly show a narrow first 
peak (Figs. 3f;Sd,e), with subsidiary 
smaller peaks at larger R’s. The D(R)‘s of 
the catalysts confirm the accepted model 
that the molybdenum atoms are extensively 
dispersed on the support surface; contrast 
the relative peak intensities in the catalysts 
with those in the calibrating compounds. 

0.0 1.0 2.0 5.0 4.0 5.0 6.0 
MSVNCE IN 1 

FIG. 5. D(R) curves for (a) crystalline MOO,; (b) (NH&,Mo702, 4H20; (c) K2Mo04, and three 
catalyst preparations: (d) 4% Moo9 + 0% COO; (e) 30% MOO, + 0% COO; (f) 30% MOO, + 1.5% COO. 
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FIG. S-Continued. 

[About 30% MOO, loading is required to fill sented by the main peak, the mean bond- 
a monolayer on a base of this area.] The order (26) increases from 1.6 (d = 1.75 A) 
positions of the primary maxima do change to 2.0 (d = 1.69 A). There is no significant 
slightly with MO composition in the ex- effect on the mean MO-O distances in- 
petted direction for the high-area support duced by the Co0 promoter, but the three 
(Fig. 6). For the MO-O distances repre- preparations on the low-area support show 
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- 0.0 4.0 8.0 12.0 10.0 20.0 24.0 28.0 32.0 

x Mclo~ 

FIG. 6. Dependence of the peak position (phase corrected) of the principal MO-O distance on 
catalyst composition. 

a surprising trend. The narrowing of the ra- 
dial distribution peaks from -0.40 w  for 
Moo3 to a fwhm range (0.27-0.33 A) for the 
catalysts indicates that crystal packing con- 
straints on the edge-shared octahedra in 
Mo03(cryst) were relaxed upon dispersal of 
the oxide over the large surface of the 
support. 

The consequence of Moo3 loading on the 
MO-O peak areas is illustrated in Fig. 7. 
The preparations on low-area supports al- 
most match the Catapal preparations when 
they are shifted to higher Moo3 levels in 
proportion to their packing densities. The 
presence of Co0 has no measurable effect 
on the 6% Moo3 but has clearly discernible 

8 

I\ 
4% 

3:: 
a* 

,0X Coo; HIGH AREA SUPPORT 

w 
0% coo; 
LOW AREA SUPPORT 

w 

0.000 0.050 0.100 0.150 0.200 0.250 0.300 
MOLES OF METAL/g OF CATALYST 

FIG. 7. Dependence of the relative area of the principal peak, for the oxided catalysts, on MOO, and 
Co0 content. 



Co/Mo/Alz03 STRUCTURE BY EXAFS, I 

0% COO; HIGH AREA SUPPORT 

” I I I I I 

239 
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MOLES OF METAL/g OF CATALYST 

FIG. 8. Apparent coordination numbers (7) deduced from the areas (Fig. 7), based on the calibration 
curve in Fig. 4. 

effects on 12% and higher loadings of 
Mo03. These areas were translated into 
“apparent coordination numbers (q),” on 
the basis of the calibration curve (Fig. 4), 
derived from known distorted octahedral 
and mixed octahedral/tetrahedral MOO, 
units, which include a range of NUD#. 
They are plotted in Fig. 8; on this scale the 
effect of Co0 loading is more apparent. The 
trends parallel those indicated by the A, ar- 
eas in Fig. 2. For 12% Mo03, the introduc- 
tion of Co0 (1 J-6%) increases the magni- 
tude of r), but a much larger amount of the 
promoter, such that the total metal content 
is greatly increased, drastically reduced 77. 
This trend is also shown by 18% MoOJ. 
Co0 has little effect on heavily loaded cata- 
lysts (>24% MOO,). Note that these plots 
incorporate a correction for some distor- 
tion, expressed by the fwhm values. Hence 
an additional factor is present which further 
reduces the areas of the major R.D. peaks 
in the catalyst preparations. One is forced 
to assume that the highly dispersed molyb- 

denum atoms have 77 oxygens which are 
closely bound, and (6-n) which are present 
over a range of significantly larger distances 
which are observed but at considerably di- 
minished intensities, due to the Re2 weight- 
ing of their contributions. The preparations 
with higher MO content show lower 7’s. 
For the 18-30% level (no COO) the mean 
number is -2.5. Since about half the oxy- 
gens in the extensively dispersed Mo06’s 
must have originated from the support, it is 
not unreasonable to postulate that the 
crowding of the MO’S for these samples 
forces some of the metal atoms into dis- 
torted tetrahedral sites. This is consistent 
with the low values of Al (Table 2) for cata- 
lysts with low MO concentrations (hence in- 
dicative of small distortions of the octahe- 
dra) and with higher Al values for high MO 
loading, indicative of high distortions. 
However, for the catalysts, Al does not at- 
tain the value 16, characteristic of regular 
tetrahedra. 

The D(R) curves of the oxide catalysts 
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FIG. 9. Dependence of the combined areas of peaks a and b on catalyst composition. 

show three additional peaks; labeled a, 6, 
and c (Figs. 3f; 5d, e). They appear consist- 
ently, but due to the Rm2 weighting, estima- 
tion of their areas is less reliable than for 
the principal peak. Generally a and b are 
only partially resolved; they are located at 
2.53-2.57 and 2.85-2.87 A, respectively. 
Peak c appears in the interval 3.35-3.77 A. 
Because there are no matching model com- 
pounds definite assignments cannot be 
made, but the possibility that these are due 
to MO-CO is eliminated since these peaks 
appear on all the preparations where no 
Co0 is present. Peak a occurs at a distance 
too short for MO-MO or MO-AI contribu- 
tions. The only remaining choice is MO-O. 
This is consistent with the available struc- 
tural data; in most of the distorted octahe- 
dra in the model compounds there are Mo- 
0 distances as long as 2.5 A. Indeed, peak 
a, could be part of the Moo6 octahedron. 
Peak b occurs at about 2.8 A but the possi- 
bility that this is an MO-MO distance is dis- 
counted (even though such a distance does 

occur in well-crystallized structures) be- 
cause the positions of peaks a and b do not 
vary with Moo3 and Co0 loading. How- 
ever, whether peak b is due to MO-Al or to 
MO-O, one may argue that both peaks a 
and b are associated with the presence of a 
bond between the molybdenum atoms and 
the substrate (The range of structural types 
of molybdenum oxide species mounted on 
aluminas was summarized by Weigold 
(27)). For 12% Moo3 the Co0 content has 
little effect on the total area for LI and b. The 
presence of the promoter increases the (a + 
b) area for 6% Mo03, but decreases it for 
> 18%. The indicated trend with total metal 
loading (Fig. 9) could be due to increased 
distortion of the octahedron (see Section 
II). Again, the points for the low-area sup- 
port roughly match the higher Moo3 
loadings. 

It is likely that peak c is due to MO-MO; 
there is a corresponding peak at this dis- 
tance in Mo03. It appears that when the MO 
loading is increased the trend in the area of 
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FIG. 10. Dependence of the area of peak c on Moo3 
and Co0 composition. 

peak c is also toward an increase, and the 
peak position shifts somewhat to lower R 
values. When the Co0 content is increased 
the position of peak c is also shifted to 
lower R’s. In 2% Moo3 with no COO, there 
is no c peak. It may have been reduced to 
the level of the noise. In detail, the relative 
areas (Fig. 10) are not readily rationalized. 
Random errors in the data play havoc with 
this region of the R.D. curves. Note that on 
comparing the area of the peak assigned to 
MO-MO with the combined areas of the 
peaks assigned to MO-O, the relative num- 
ber of atom pairs is reduced by the ratio of 
atomic numbers 

n(Mo-MO) A(Mo-MO) Zo 
n(Mo-0) = 

.-. 
A(Mo-0) Z,, 

In concluding this section we call atten- 
tion to the additional information, which 
can be derived from well-conditioned 
EXAFS data but is not available when the 
spectra are reduced following conventional 
programs. Previous investigators found 
strong similarities between their radial dis- 
tribution-like functions for NazMoOb + 
2HzO-type structures and the alumina-sup- 
ported molybdenum oxides (28). All those 
catalyst preparations looked alike and the 
presence of the promoter could not be dis- 

cerned (29). The structures of the catalyst 
preparations which we examined differ 
markedly from those of the available model 
compounds, as well as from the published 
curve for (Y-CoMo04. We noted subtle dif- 
ferences between the radial functions, 
which depend on the molybdenum and co- 
balt loading. Of particular interest, is the 
trend shown by the near-edged resolved 
spectra. However, direct correlation with 
activity data is to be expected only when 
similar analyses are completed of EXAFS 
spectra recorded for the H2/HZS-reduced 
preparations. 

SECTION V: DISCUSSION 

Attempts to describe and quantitate dis- 
torted structures in terms of departures 
from symmetric figures are unavoidably 
frustrating. Indeed, in the pertinent litera- 
ture “disorder” refers both to random 
packing of structural units, and to geomet- 
ric distortions of these units. In Section III 
the terms NUD# and NUA# were intro- 
duced to describe the latter. However, their 
evaluation is arbitrary when large depar- 
tures from a regular tetrahedron or octahe- 
dron are present. 

Of the large variety of probes which have 
been used to explore the structures of HDS 
catalysts the most wide ranging appear to 
be those by Zingg et al. (30) [ESCA, XPS, 
ISS, Raman]. There is general agreement 
that the oxidation number for molybdenum 
in the oxide state is +6, based on binding 
energy measurements (31) [B.E. (MO, 3&) 
= 232.6 eV; B.E. (3&) = 228.6 eV]. Possi- 
bly more detailed structural information 
can be derived from these experiments, and 
from Mossbauer spectra (32) and PAS, re- 
garding the state of the cobalt. However, 
there are apparent discrepancies between 
two types of probes which bear directly on 
the molecular geometry around MO: Raman 
vs EXAFS. 

Interpretation of vibrational bands in the 
range 800-1000 cm-i recorded for typical 
catalyst preparations of alumina-supported 
MO and Co oxides, by several groups of 
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investigators (33), indicate the presence of 
Moo3 (peaks at 820 and 994 cm-‘), at high 
loadings, and polymolybdate species at low 
loadings. These spectra suggest that Co 
hinders the formation of Moo3 by enhanc- 
ing dispersion of the MO. At low coverage 
the MO is presumed (30) to be in tetrahedral 
sites, while at higher concentrations both 
tetrahedral and octahedral units are 
present. In contrast, the EXAFS data show 
higher effective coordination numbers for 
low coverage, and (compared to Moo3 
tryst) relatively little MO-MO scattering 
even at 30% loading. Note the scale factors 
in Fig. 5a (X lo*) vs Figs. 5d and e (X 10’). 
Significant quantities of two-dimensional 
polymolybdates are not sampled by 
EXAFS spectra. The uniqueness of the Ra- 
man assignments in terms of tetrahedral vs 
octahedral units has been called into ques- 
tion (33f). Possibly the observed band fre- 
quencies are due to local modes rather than 
to specific structural moieties. The radial 
distribution functions derived from EXAFS 
suggest a distribution of distorted geome- 
tries which are not readily described in 
terms of small departures from regular 
polyhedra. 
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