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The formation of Mo(V) was studied in the hydrogen reduced MoQsALO, system
at different times and temperatures of reduction (by observing its electron spin
resonance signal). The necessary computational procedure and appropriate standards
were developed to measure the absolute concentration of Mo (V) in these samples.
The ESR signal intensity increased rapidly with time of reduction, attained a max-
imum, then decayed and rcached a plateau with continued reduction. Increase in
reduction temperature decreased the amount of Mo(V) formed, and the maximum
occurred at shorter reduction times. The spectra were interpreted in terms of Mo(V)
occupying axially symmetric sites and the observed g-values indieate that Mo(V)
is in slightly different environments in 5- and vy-ALO..

INnTRODUCTION

Hydrodesulfurization (HDS) of fossil fuels
has become recently increasingly important.
Typically, the process uses a catalyst, the
major component of which is molybdenum
and promoters such as cobalt or nickel sup-
ported on active alumina. The overall HDS
reaction is complex, but, considering the
molybdenum only, it is known that this
active component is reduced to lower va-
lence states and is also sulfided during the
process. The active sites at which the HDS
reaction takes place have been the subject
of several investigations (1). A detailed
study of the reduction of molybdena-alu-
mina was undertaken to better define the
overall role of its surface structure and the
phases produced during reduction and/or
sulfiding in the HDS process.

Supported hexavalent molybdenum is re-
dueced to lower valence states, including
the pentavalent state, by hydrogen, hydro-
carbons, and hydrogen and hydrogen sul-
fide mixtures, while in the reduced unsup-
ported molybdenum oxide no pentavalent

*To whom inquiries should be addressed.

state has been detected. This information
has been provided by electron spin reso-
nance study of these systems (2). Both
penta- and tetravalent molybdenum species
are paramagnetic; but the ESR signal due
to Mo(IV) is hard to detect at room tem-
peraturc, whereas the resonance absorption
due to Mo(V), in a suitable environment,
is readily observable even at room temper-
ature. In addition to identifying the
Mo (V), the spin resonance spectra can
give information concerning the bonding
and the environment of the molybdenum
oxide. Extensive investigation (3) of the
bonding in halogen complexes of Mo(V)
by a study of their spin resonance and
electronic spectra has been made. By care-
ful measurement of g-values, information
on the erystal field can be obtained. It is
also possible to measure the absolute con-
centration of Mo(V) formed. These kinds
of information, when combined with addi-
tional data from other techniques, can
hopefully provide a better insight into the
behavior of molybdena-alumina catalysts.

The present work was undertaken with
three aims in mind: (1) to follow the con-
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centration of Mo(V) with different time
and temperature of reduction, (2) to relate
certain spectral parameters to the environ-
ment of Mo(V) in aluminas, and (3) to
develop appropriate standards and a pro-
cedure to measure the absolute concentra-
tion of Mo (V) in the reduced MoO;s-5- and
y-AlL,O,. In connection with this last point
and because of the uncertainties that often
plague determination of absolute concen-
trations, we have chosen to make a detailed
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ESR to the determination of absolute

Mo (V) concentration. Of course, the tech-
nique is more widely applicable to other
systems containing transition metal ions.

EXPERIMENTAL

The catalysts used in this investigation
were prepared by wetting the support (-
and v-Al,0;) with an aqueous solution of
ammonium paramolybdate to give 10% by
weight Mo in the final sample. Impregna-
tion was followed by drying at 100°C for
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stream of dry air at 500°C for nearly 18
hr. Then 0.5g of the material in 2040
mesh pellet form was loaded into a Pyrex
glass reactor and heated to the required
temperature in helium; then helium was
replaced by hydrogen. After passing hy-
drogen for the required time, the reduced
sample was cooled in helium to room tem-
perature, evacuated for about 15 min, and
the sample transferred to a side ESR tube
to a height of 10 cm and sealed. The heat-

ing and cooling periods were 15 min. Re-
va{-nroc an Ann Rnn
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and 750°C with reduction tlmes of 5 15
25, 35, and 120 min. A quartz reactor was
used for the 750°C reduction. During the
entire operation, care was taken to rigor-
ously exclude air.

The ESR measurements were made with

a Varian V-4500 =z-band spectrometer
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“Fieldial”, NMR gaussmeter, and a 100-
kHz modulation unit. A solution of DPPH
in benzene (g = 2.0035) served as calibra-
tion standard in g-value measurements. In-
tensity measurements were made using a
dual sample cavity, one channel modulated

at 100 kHz and the other at 400 Hz. The
spectra on chart were converted to digital
form on a CALMA digitizer and double-
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zero derivative curve, using a computer
program. The program utilizes a gaussian
quadrature formula for the first integration
and Simpson’s one-third rule for the sub-
sequent integration.

The standards for ESR intensity mea-
surement were chosen with particular care.
A transition metal jon, which can be easily
and accurately analyzed by gravimetric
methods that is evenly distributed in a sup-
port similar to that used in catalyst prepa-
ration, can be an appropriate standard.
Cu(Il) in Y- type Na* zeolite and CulIl) -
ALO; were the two standards tested. Sup-
ported hydrated Cu(II) gives broad single-
line absorption (4), and there are excellent
wet chemical methods by which copper
can be analyzed. Three samples of Cu(II)-
zeolite with different levels of copper were
prepared by ion exchange, and in one of
them copper was quantitatively analyzed
by an electrochemical method. Using this
as the standard, copper content in the other
two was measured by x-ray fluorescence
and also by ESR. Three Cu(II)-ALO,
standards were prepared hy stirring ALO,
and CuSO, solution, followed by filtration
and drying of the residue, and the copper
content was analyzed by the procedures
mentioned above. Also, Cu(II) in zeolite
samples was measured by ESR, using one
of the Cu-AlO, standards. Cu(II)—zeo-
lite-(1) standard was used for measuring
the spin concentration of Mo(V) in the
reduced samples. The cross-checking of
the standards and of the computational pro-
cedures gave us confidence that a reliable
method has been developed for the Mo (V)
absolute concentration determination that
is more widely applicable to transition
metals in catalysts in general.

integrated to obtaln the area under
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We will first consider the procedure for
the quantitative determination of Mo (V)
in catalytic samples. Quantitative measure-
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ments by spectroscopic techniques often
employ a comparison method in which the
area under the absorption curve of the un-
known is compared with that of a standard
with known spin concentration. Relating
the spin concentration of the standard to
the unknown involves the substitution of
the standard sample for an unknown sam-
ple in the microwave cavity of the spec-
trometer. In such a procedure, several con-
ditions have to be satisfied (5) if reliable
results are desired: (1) the filling factor of
the standard and unknown must be iden-
tical; (2) materials of high dielectric con-
stant are to be avoided; (3) the spin con-
centration and the signal width of the
standard and unknown should be com-
parable; (4) the RF power used should
be such that signals are not saturated; (5)
the cavity must be matched to the same de-
gree for each sample; and (6) the crystal
leakage must be always adjusted to the
same level. Most of these experimental
difficulties are overcome by using the dual-
sample cavity (6), which permits the simul-
taneous and independent ohservation of the
two signals. When data are available from
the standard and unknown in both the
channels, the following expression is used
to calculate the spin concentration in the
unknown (8):

—_ Mklﬂ/lszulGuz}lﬂ
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where N = number of spins; M = inte-
grated area; G = amplifier gain; k and u
subscripts refer to the known standard and
unknown, respectively, and 1 and 2 are
the two cavities. For the above equation to
be applicable, the modulation amplitude
in a given channel should remain unchanged
for a run. The spin concentrations in the
standards [Cu(Il)-zeolite and Cu(II)-
Al.O,] measured by x-ray fluorescence and
ESR in the manner just outlined are given
in Table 1, while Table 2 gives the spin
concentration in Cu(IT)-zcolite standards,
measured by ESR with Cu-AlLO;(A) stan-
dard. The agreement is within *25%,
which is really the limit of accuracy. The
precision of our measurements, tested sepa-
rately, is better than +10%.
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TABLE 1

ANaLnysis oF COPPER STANDARDS®

Copper (IT) content
(spins/g X 10719)

X Ray (%)
Gravi- Fluores- Differ-

Standard metric  cence ESR ence
CuNa-~YZ (1) 36.0 — — —

CuNa-YZ (2) — 32.5 37.9 +14

CulNa~YZ (3) — 24 .2 22.6 —6
Cu-ALO; (A) 17.2 — — —

Cu-ALO; (B)  — 9.1 17.7 -7

CLI—A1203 (C) —_ 23.5 20.4 —13

¢ The gravimetric and X ray fluorescence methods
have an accuracy and precision of 0.59.

ESR Spectra

Representative spectra of reduced MoO;—
AlLLO; and evacuated at 500°C for 2 hr are
shown in Figs. 1 and 2, respectively. The
signal is attributed to Mo(V) in an en-
vironment of axial symmetry. When sup-
ported on Al,O;, hexavalent molybdenum
is reduced, to some extent, to the penta-
valent state during ecalcination in air or
evacuation at elevated temperatures. The
spin concentration in the air-calcined sam-
ple is about 107 spins/g and is slightly en-
hanced in the evacuated sample. The
amount of pentavalent molybdenum is
about a hundredth of a percent and prob-
ably would not affect any bulk properties,
such as magnetic susceptibility. Reduction
by hydrogen enhances the spin concentra-
tion by nearly a factor of about 1000.

TABLE 2
Seix ConceNTRATION IN Cu-Y Zrourts:
Stanparps Using Cu-ALO; (A)
AS THE STANDARD

Copper (I1) content
(spins/g X 10719)

Cu-ALO; ESR (%)

(A) iravi- Cu-YZ Differ-
std metric (1) std  ence
Cu-YZ (1) 45.9 36.0 —21
Cu-YZ (2) 47.7 — 37.9 —20
Cu-YZ (3) 26.5 — 22.6 —-15
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Fie. 1. ESR spectrum of reduced (Hs,, 25 min, 300°C) MoQ;—-Al:0; (109% Mo by wt).

Variation of Mo(V) Signal Intensity with
Reduction Tvme and Temperature
The spin concentrations of Mo(V)/g
plotted against time for two (4 and y) alu-
minas at different temperatures are shown
in Fig. 3. Figure 4 shows similar variations
on the same support (3-Al,0;) at four dif—

farant toamnaratiires Tha raciilta chaom
ierent wenmplratures. iiie résuivs Siowi in

Fig. 3 indicate that there is little difference
between the amount of Mo(V) formed in
n- and y-Al,O;. But a significant difference
exists between %~ and y-ALO; in the
amounts of Mo(V) formed in the air-ecal-
cined and high-temperature evacuated sam-

/

ple. The two aluminas have different cata-
Iytic activity and behave differently
towards the reduction of TCNE to TCNE-
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(7); m-alumina is more active than v-
Al,O; for the double-bond isomerization of
I-pentene (8). It may be expected that this
difference will be reflected in the formation
of Mo(V) on these two supports. The dif-
ference in the high temperature evacuated
samples has been attributed by Dufaux et
al. (9) to difference in the basicity of the
two supports. Little difference in Mo (V)
formation observed between 7- and -
Al,O; on reduction suggests that the reduc-
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Fia. 2. ESR spectrum of high-temperature evacuated (2 hr,

by wt).
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Fig. 3. Variation of Mo(V) concentration in reduced MoQO;~Al;O; (1 and v) with time and temperature.

tion of molybdena in hydrogen to form
Mo (V) is not a strong function of the alu-
mina surface.

Concerning the variation of signal in-
tensity with time of reduction, a salient
observation is that there is rapid formation
of Mo(V) in the first few minutes of re-
duction, followed by a slower increase to
a maximum followed by a decrease, even-
tually reaching a plateau. This suggests

I'OIQ spins/g
o) 300°C @
(b) 400°c B
(c) 500°C A
(d) 750°C O

QO

Mo (V)

TIME [(min)

Fig. 4. Variation of Mo(V) concentration in re-
duced MoO;—-AlLO; with time and temperature.

that Mo (V) is an intermediate in the re-
duction path of Mo(VI) to lower valent
Mo states. Our results are similar to those
published by Peacock et al. (10) in their
work on oxidation of propene over bismuth
molybdate catalysts. Evidently, there are
two reactions taking place at different
rates, depending on the temperature and
duration of reduction. The initial reduc-
tion results in the formation of Mo(V),
which is then reduced to lower valence
states. This explains the rapid increase in
Mo (V) concentration, reaching a maxi-
mum, and then decreasing with time. How-
ever, instead of decaying to zero after the
maximum, the signal intensity becomes
practically constant with reduction time,
showing a residual stable state with con-
tinued reduction. As the reduction temper-
ature is increased, the amount of Mo(V)
formed decreases, and the maximum occurs
at shorter times for higher temperatures.
The difference is quite dramatic, the maxi-
mum being attained at 750°C almost im-
mediately, while at 300°C the maximum is
attained at about 25 min. At elevated tem-
peratures, the further reduction of penta-
valent molybdenum to the tetra- and lower
valence states is rapid both more and ex-
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tensive than at lower temperatures, which
will account for the decrease in the amount
of Mo(V) formed and also the shift in
maxima to shorter times.

g-Values of Mo (V)

It has been established that (2, 9) the
ESR properties of Mo(V) in Al,O; and in
other similar supports can be described by
the axially symmetric Hamiltonian, in
which the hyperfine term, which is appli-
cable to only 25% of the molybdenum iso-
topes with nonvanishing spin, is neglected,

H = Big,H.S. + 9. (HS; + H,S))),

where ¢, and ¢, are the spectroscopic
splitting factors, parallel and perpendicular
to the symmetry axis; H is the applied
field; S the effective spin of the system;
and B, the Bohr magneton. Since an axial
symmetry has been assumed, the spin
resonance properties of the ion will depend
on the angle between the external magnetic
field and its symmetry axis. In polycrystal-
line material, the ions are randomly ori-
ented, and the observed spectrum will be
the sum of the resonances for all orienta-
tions. An expression for the intensity dis-
tribution can be derived, which is (11)
S(H) = dN/dH = Ny(4H?/H?)

X [(g)* — g ) {2H/H) — g},
where N, is the total number of spins, H
and H, the values of the magnetic field.
S(H) has the properties of Dirac delta
function, while the observed spectra have
finite width. Mathematically, the observed
distribution can be expressed by (12),

I(H) = [, F(H — H)S(Ho)dH,

where F(H — H,) is either a Lorentzian or

Gaussian function. For weak anisotropy

S(H), can be replaced by (H, — H )72
Hence

I(H) = fHIi" F(H — Ho)(Hy — H)7'*dH,,

which by the following substitutions,
x = (H — H,)/AH;
6= AHM,/AH,';
y = (Hy— H)/AH ;

SESHADRI AND PETRAKIS

where 2AH; is the width of the function
F(H — H,) at half the maximum height and
AHy = |Hy — H | can be transformed to

P
I@ = [P = yyiray.

Lebedev (12) has calculated this function
for several values of 8, both for Gaussian
and Lorentzian distributions. By comparing
the experimental spectra with theoretical
spectra in which F(z — y) is Gaussian, we
have extracted ¢, and g, values. The spec-
trum of the reduced sample corresponds to
the theoretical speetrum with § = 2, while
the spectrum of the high-temperature
evacuated samples corresponds to § = 3.
This is to be expected, since AH; is larger
in the former than in the latter. The ¢
values are given in Table 3 along with
those reported by Burlamacchi et al. (13)
for bismuth molybdate and by Dufaux et
al. (9) for aluminas and for MgO, measured
by us earlier.

Discussion

In the reduced MoQ,-AlO; system, sev-
eral valence states of Mo are possible;
Mo (VI) is nonparamagnetic. Hydrogen-re-
duced, unsupported MoO, has been studied
by X ray, and no phase corresponding to
the trivalent oxide has been detected (14).
Although a similar behavior on the part of
supported MoQO; cannot be expected, no
line has been observed in the spin resonance
spectra of reduced samples that can be as-
signed to Mo (III). It has been established
that only a minor portion of the total
molybdenum is in the pentavalent state;
so a significant portion must be present as
Mo (IV). Tetravalent molydenum is a d*
ion and, In its possible environment on
Al,O,, rather short spin-lattice relaxation
times can be expected. This would lead to
very broad resonance absorption, which
would be unobservable at room and per-
haps even at extremely low temperatures.
The resonance absorption of Mo (V) is ob-
servable at room temperature, when present
in an environment of symmetry less than
cubic. The hyperfine structure due to the
odd isotopes of molybdenum (I = 5/2 for
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TABLE 3
SprcTRAL PARAMETERS OF Mo(V) SIGNAL

Sample g1 gy Ag 1/af
Mo-»-AlQ;, evacuated 2 hr 500°C 1.9459 1.8942 0.0517 0.522
Mo—y-ALQ;, evacuated 2 hr 500°C 1.9443 1.8896 0.0547 0.603
Mo—5-Al:Q;, Hs reduced 500°C 25 min 1.9467 1.8986 0.0481 0.536
Mo—y-ALQ;, H, reduced 500°C 25 min 1.9432 1.8998 0.0434 0.576
Mo-9-AlO;, Ha reduced 300°C 25 min 1.9408 1.8960 0.0448 0.578
Mo-y-Al,Q;, Ha reduced 300°C 25 min 1.9421 1.9000 0.0421 0. 588
Mo-MgO, H, reduced 490°C 2 hr 1.9386 1.8996 0.0390 0.620
Bismuth molybdate, evacuated at 450°C 1.935 1.872 0.0630 0.508¢
Mo-—»-AlQ;, evacuated at 600°C 1.955 1.912 0.043 0.523b

(5.4% MoOs)

Mo-v-AlQ3, evacuated at 600°C 1.953 1.922 0.041 0.607°

(6.5% Mo0Q;)

a Ref. (13).
b Ref. (9).
¢ 1o = (g, — g+)/(g. — gu)-

Mo and *"Mo) was not observed. This is
almost certainly due to a large extent to
anisotropic effects.

The erystal field in which the transition
metal ions reside in catalytic samples and
the changes during catalytic reaction have
been the subject of many investigations by
ESR spectroscopy (15). Detailed caleula-
tions on Mo (V) in amorphous media have
not been attempted. We have analyzed the
spectra of Mo(V) in 5- and y-AlLO; and
have extracted ¢ values, which give a fairly
accurate picture of the environment of the
Mo (V) and show a distinction between the
two aluminas. Differences in the X ray
spectra of #- and y-Al,O, have been ob-
served (16) which agree with our results.

It 1s accepted that aluminas possess de-
fect spinel structures, with complex surface
structures; many crystal planes, edges, or
corners may be exposed. X ray diffraction
evidence (15b) shows that, in y-ALO;, a
considerable part of the surface is formed
by the 100 plane of the spinel lattice, which
has open octahedral and tetrahedral sites.
Sites of lower symmetry are also possible.
The speetral features of Mo (V) signal sug-
gest that these ions are occupying the open
octahedral sites rather than open tetrahe-
dral sites. The anisotropic spectrum of
Cu(II) has been interpreted assuming that
these lons arc in open octahedral sites

(15b). The ionic radii of Cu(II) and
Mo(V) are comparable, and it is not un-
reasonable to expect that Mo (V) can also
occupy the same site. The five fold de-
generate levels of d' ion are split into a
doubly degenerate (e,) and a low lying
triply degenerate level (f.g). The levels are
further split by tetragonal distortion of the
crystal fleld: e, to a., and by, and &y, to b,
and e,, which are schematically represented
in Fig. 5(a). Figure 5(b) shows the struc-
ture of Mo(V)-O complex of C,, sym-
metry. The tetragonal distortion gives an
asymmetric signal with

gy = g — (8A/A),
g1 = g. — (2M/9),
where A = Ky, — Ey, and 6 = E,, — E,,,.

The expressions for g; and ¢, are ap-
proximate, because the terms which repre-
sent, the nature of bonding between the
metal and ligand atoms have been ne-
glected. Nevertheless, the quantity
_ge—9¢, _14

Ve ge— gy 48
has been shown by Dufaux, Che, and
Naccache (9) to fairly accurately reflect
the environment in which Mo(V) is situ-
ated. The value of « in y-Al,O; in the
samples which we have studied is con-
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Fi6. 5. Energy levels of Mo(V) ion in a cubic and cubic + tetragonal field and the structure of a Mo(V)a

oxide.

sistently larger than in #-Al,Q; The dif-
ference is 13% in the high-temperature
evacuated samples, and a similar difference
(16%) has been observed by Dufaux et al.
(9). In the reduced samples, the difference
is not so marked. A more accurate measure-
ment of g, and g, is possible in the high-
temperature evacuated samples than in the
reduced samples, since the lines are nar-
rower and the shoulder corresponding to
the position ¢, is better resolved. We be-
lieve that the structural differences which
exist in the high-temperature evacuated
samples continue to be present, except that,
due to increased concentration of Mo(V),
the lines are broadened. The quantity A is
a function of the equatorial Mo-O distance
(a), while & depends on both the equatorial
and Mo-O distance along the C, axis (b).
Both (a) and (b) or one of them can vary
depending on the degree of tetragonal dis-
tortion. A distortion, in which the distance
along the C, axis is elongated and the
equatorial distances are shortened, results
in a larger value for «; and a smaller value
for & would result from an opposite effect.
Though these effects are not readily quan-
tified, the results suggest that the amount
of tetragonal distortion in »- and y-Al,O,
is not identical, agreeing with the structural
difference observed by X ray diffraction
studies (16). The value of ¢ in bismuth
molybdate and in MgO is similar in mag-
nitude to that observed in aluminas. This
is to be expected. Since resonance absorp-
tion has been observed in all these supports
at room temperature, it is reasonable to

expect that Mo(V) is in a similar environ-
ment, with variations in the degree of
tetragonal distortion.

Although a distinet structural difference
is observed between the two supports, they
favor the formation of Mo(V) to equal
extent upon reduction at high temperatures,
whereas, in samples evacuated at elevated
temperature, more Mo(V) is formed in
7-Al,O; than in y-ALO,. It is likely that
this difference is due to the dissimilarity in
surface characteristics, and this difference
is wiped out to a large extent on hydrogen
reduction. Upon hydrogen reduction, there
is rapid formation of Mo(V) with time,
followed by a slow increase. X ray diffrac-
tion fails to detect any crystalline phase
of Mo for levels up to 10-15%. Hence, it
is reasonable to suppose that MoO; is dis-
persed over the surface, but slight diffusion
into the lattice on calcination at elevated
temperature cannot be ruled out. The sur-
face species is rapidly reduced, while the
bulk Mo*® is reduced more slowly. At this
stage, the formation of Mo(IV) takes over
(see Fig. 5), resulting in an inflection point.
The level of Mo(V), instead of contin-
uously decreasing with time, reaches a
plateau indicating the presence of a resid-
ual stable state. Reduction of Mo(V), an
intermediate in the reduction path of
Mo (V1) to Mo(IV), is enhanced by in-
creasing the reduction temperature. So at
500 and 750°C, for a given period, less
Mo(V) is formed, and the maximum
shifted to shorter reduction time.

It is instructive to compare the conclu-
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sion reached here regarding the environ-
ment of Mo(V) with that of Mo(VI) ob-
tained by a study of ir and uv reflectance
spectra of unreduced MoO;-Al,O; and
Mo0;-Co0-AlL0;. Lipsch and Schuit (17)
have studied the ternary system both by
ir and uv reflectance, while Ashley and
Mitehell (18) have investigated the binary
system, in addition to the ternary, by uv
reflectance, with the general conclusion
that Mo(VI) is both in tetrahedral and
octahedral configuration. Our results in-
dicate that at least the Mo(VI) which is
reduced to Mo(V) and, observed by ESR,
is in octahedral environment. On reduction,
one oxygen atom 1s removed resulting in a
tetragonal pyramidal environment for
Mo (V), which satisfactorily explains the
ohserved KSR spectrum.

CONCLUSIONS

The study reported here demonstrates
that useful information on HDS catalysts
can be obtained by studying the ESR
spectra of Mo (V), particularly by measur-
ing the absolute spin concentration of
Mo(V) and by extracting appropriate in-
formation from the spectrum, which can
be related to the environment of Mo(V).
A study of reduction rates, by following
the formation of Mo(V), suggests: (1) that
Mo (V) is an intermediate in the reduction
of Mo(VI) to lower valence states; (2)
that there are two hexavalent species, one
readily reduced and the other slowly re-
duced; and (3) the rate of formation of
Mo(IV) is enhanced by inereasing the re-
duetion temperature. Structural differences
between »- and y-AlLO; are reflected in the
spectral parameters of Mo(V) signal and
in supports in which the signal is observed
at room temperature. Work is underway
in which the effect of sulfiding and the
presence of cobalt and nickel are studied.
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