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The morphology of silica supported catalysts, prepared by impregnation of ammonium heptamo-
lybdate and for various weight loadings up to 35 wt%, was studied using X-ray diffraction, transmis-
sion electron microscopy, and X-ray photoelectron spectroscopy. In addition to the orthorhombic
phase, the behavior of the rarely studied hexagona] phase was fully characterized. All morphologies
of silica supported MoO; appear to be thermodynamically driven. At low loadings there appeared
one stable dispersion, independent of initial precursor dispersion. For high loaded catalysts there
appeared three states: a metastable sintered hexagonal state and a well dispersed hexagonal state at
moderate temperature calcinations (300°C), and the sintered orthorhombic state at high temperature
(500°C). Whereas the sintered orthorhombic phase is detected by XRD at loadings in excess of 1.1
atom Mo/nm?, the well dispersed hexagonal phase is not evident until 4.0 atoms Mo/nm?. It is
possible to produce the well dispersed hexagonal phase from the sintered orthorhombic phase with
an ammonia impregnation and subsequent calcination at 300°C. The apparently higher dispersion of
the hexagonal phase may arise from some role of ammonia which results in a stronger MoO;—surface

interaction. © 1992 Academic Press, Inc.

INTRODUCTION

Supported molybdenum trioxide catalysts
have a vast abundance of industrial uses.
Continual effort is put into characterization
of the types of Mo oxide species which exist
over various supports, their stability, and the
optimal preparation techniques to obtain
them. Various morphology influencing fac-
tors have been proposed for the impregna-
tion and calcination steps of preparation. For
example, a strong adsorption technique (/)
has been employed to ensure that the nega-
tively charged ionic complexes of molybde-
num are uniformly adsorbed onto a posi-
tively charged surface (in an aqueous phase
at a pH below the isoelectric point of the ox-
ide). Many other groups have cited the im-
portance of the oxide isoelectric point and
other electrochemical factors regarding im-
pregnation, a positive surface charge being

! To whom correspondence should be addressed.

necessary to achieve good dispersion of the
negative Mo complexes adsorbed from liquid
solution (2-9). On the other hand, a number
of groups have reported that well dispersed
morphologies can be produced simply by
calcining mechanical mixtures of MoQO; with
the oxide supports (10-17), implying that
morphology arises from a thermodynamic
solid-solid wetting process. In situ Raman
studies have shown that the degree of surface
hydration strongly influences the Mo species
present (6, 18—-23). Allyl complexes (24-27)
and chloride complexes (17, 28-31) whichin-
teract with surface hydroxyl groups have
been used in an attempt to initiate and main-
tain good molybdenum dispersion. Other au-
thors have cited correlations between the
number of Mo species deposited and the num-
ber of “‘reactive’” hydroxyl groups (6, 7, 32).

A recent series of comprehensive works
performed with Raman and UV over a num-
ber of supports and supported oxides and
with a wide array of preparation procedures,
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including all those listed above, have syn-
thesized many of these concepts into a gen-
eral theory (33-36). First, it was postulated
that the surface species of molybdenum
present in the air exposed, hydrated catalyst
is only a function of pH in the hydrated
layer, which can be calculated from the
point of zero charge (or ‘‘pzc,” which is
equivalent to the isoelectric point in the ab-
sence of specific adsorption) of the oxide,
adjusted for the surface composition of mo-
lybdenum oxide or other oxide. The types
of surface species are independent of the
preparation procedure and complex. Sec-
ond, the amount of material deposited in
well dispersed form depends on the number
of reactive hydroxyl groups present. For ex-
ample, large amounts of well dispersed spe-
cies can form over alumina and titania,
which have high hydroxyl group surface
densities, but only small amounts can form
on silica, which has a low hydroxyl density
(33). Presumably, over the same support,
allyl and chloride complexes exhibit a higher
dispersion because they interact with the
support at low temperatures at which more
hydroxyl groups are present, whereas with
typical impregnations with ammonium salts
this interaction occurs at a high calcination
temperature at which the surface is substan-
tially dehydroxylated. This general picture
would appear to be a good yardstick with
which to compare any new characterization
results of supported metal oxide systems.
It is generally agreed that over alumina,
molybdena exists at lowest loadings as a
monomeric, tetrahedrally coordinated spe-
cies, at higher loadings, as polymeric but
well dispersed octahedrally coordinated
species, and finally, at higher loadings as
poorly dispersed bulk MoO, (2, 18, 37-39).
Molybdenum can also form compounds
with this strongly interacting support. Ac-
cording to the general theory above, at low
loadings of molybdena the pzc of alumina
isn’t appreciably affected by MoO; surface
groups, so the pH of the hydrated layer re-
mains high and the resulting Mo species are
monomeric (tetrahedral). At higher load-

ings, however, the pzc is brought down by
acidic Mo species to the point where the pH
in the hydrated layer is that at which the
octahedral Mo complexes form (35). Alu-
mina is often the choice of oxide support for
molybdena, since the stronger interaction
means that the well dispersed and more cat-
alytically active forms of molybdena persist
to higher loadings. A common value cited
for maximum surface loading before the on-
set of bulk MoO; over alumina is about 5
atoms/nm? (6, 36, 39, 40).

There is still discussion as to the nature
of surface species over silica. Many reports
have it that the monomeric surface specics
exist at low loadings, polymeric at interme-
diate loadings, and bulk at high loadings,
roughly in parallel to alumina, except that
the formation of the polymolybdate and the
bulk species occurs at lower loadings (I8,
24, 41-48). More recent in situ works (35,
49), in which only the polymeric species is
observed before the formation of the bulk
form at higher loadings, have brought this
idea into question. According to the general
synthesis theory as pertains silica (35), the
pzc of silica is very low and so low pH values
of the hydrated layer are always present giv-
ing rise only to the polymeric, octahedral
species. Tetragonal signals were shown to
arise from NaMoO; and CaMoO, crystalline
impurities stemming from Na and Ca impu-
rities in precipitated silica.

Silica is a more weakly interacting sup-
port than alumina, as Mo-Si compounds do
not form and the reported loadings at which
bulk compounds form are much lower.
Whereas a high temperature calcination of a
mechanical mixture of MoO; with alumina,
titania, zirconia, or magnesia will result in
the extensive or complete redispersion of
MoO,, over silica it will not (10, 13, 15, 16).
The maximum surface loading of molybdena
before formation of bulk MoO; is much
lower for silica than for alumina; given in
Table 1 are values culled from the literature
for weight loadings of the onset of bulk
MoQ,. Values were taken from works in
which series of samples with increasing
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TABLE 1

Reported Onset of Bulkk MoO; on Si0;, AHM Impregnated Catalysts

Reference Surface area MoO; Surface loading Technique
(m%/gm) (Wt%) (atom Mo/nm?)
28 397 12.0 1.3 XRD
“n 633 17 1.1 XRD
44) 179 8.2 1.9 XRD
45) 384 13 1.4 XRD
“7) 450 5.0 0.48 XRD
“48) 40 2.4 2.4 XRD
“9) 465 10 0.90 XRD
Gh 360 8.6 1.0 XRD
52) 672 9.0 0.36 XRD
(53) 240 8.6 1.5 TEM
(67)] 360 34 0.4 TPR
45) 384 5.0 0.54 XPS
18) 782 5.0 0.27 Raman
35 280 0.4 0.09 Raman
44) 179 6.7 1.6 Raman
“7) 450 2.0 0.19 Raman
48) 40 1.2 1.2¢ Raman
49) 465 5.0 0.457 Raman
Based on monomer area, 19 A: 5.0

4 No lower loading tested.

loadings were studied; crystalline limits so
derived are only approximate as only dis-
crete weight loadings are reported. These
are converted to atomic surface loading
(atom Mo/nm?) for the sake of comparison.

From Table 1 it is seen that the reported
values of maximum loading before bulk for-
mation are dependent on the characteriza-
tion technique. Not surprisingly, a less sen-
sitive technique, X-ray diffraction, yields
the higher values. These average 1.1 atom/
nm?. The range of values is rather large;
discrepancies may arise in part from the
wide variety of X-ray diffractometers em-
ployed, but probably also indicate the dif-
ferences in details of the impregnation
techniques employed. With Raman spec-
troscopy, probably the most sensitive tech-
nique, values are much lower and average
about 0.25 atoms Mo/nm?. Of note is that
whenever XRD was compared directly to
a more sensitive characterization technique
by the same research group (44, 45, 4749,

51), the limit of crystallinity was observed
to be lower than that established by XRD.
This implies that a significant portion of
MoO; can exist as microcrystalline material
(44, 45, 47, 48), below the approximately 40
A XRD limit of detection.

Molybdena surface loadings obtained from
equilibrium adsorption preparations at low
pH result in low surface loadings in the neigh-
borhood of the Raman measurements; values
of 0.38 (1) and 0.25 (50) atoms Mo/nm? have
been reported. The maximum loading of well
dispersed MoQ; on silica is many times lower
than that on alumina, by a factor as little as 5
or perhaps even as high as 50.

The present work with silica supported
MoO; has centered on investigating and ex-
ploiting the behavior of the little studied hex-
agonal phase of MoQ;. In all of the above
referenced work, molybdenum trioxide is
produced by a calcination at temperatures in
excess of 450°C, which produces the well
known and characterized orthorhombic
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MoO; phase. The hexagonal phase can be
produced in unsupported or supported form
by adding concentrated acid to an AHM solu-
tion and drying at room temperature; it is
stable to approximately 420°C in air (54-36).
The hexagonal phase is actually yet a precur-
sor to the orthorhombic phase, for it pos-
sesses small amounts of ammonium ions and
varying degrees of water as interstitial impuri-
ties, depending on preparation and drying
conditions (54). The parent compound of vari-
ous partially dehydrated and deammoniated
phases is thought to be ammonium decamo-
lybdate, (NH,)Mos0sH; (54), which can be
written as (NH,),0) - 10MoO; - 5(H,0) or
((NH,),0),; - MoO, - (H,0), 5 to emphasize
the stability of the hexagonal MoO; frame-
work. The hexagonal phase is observed on
silica, with no acid, when the impregnated
ammonium molybdate precursor is calcined
at a temperature of 300°C, but in the absence
of the silica support the bulk orthorhombic
phase is formed instead (55), and without the
ammonia containing precursor the ortho-
rhombic form is produced by a 300°C calcina-
tion over silica (55). The unsupported forms
are cited to convert irreversibly to the ortho-
rhombic form upon a higher temperature
calcination (54-56). Thus the hexagonal form
is somewhat elusive, and there may not ap-
pear to be much motivation for its study.

In preliminary X-ray diffraction studies and
in controlled atmosphere electron micros-
copy studies (57) of the molybdena/silica sys-
tem, however, very interesting and poten-
tially advantageous behavior of the hexagonal
phase was observed. Whereas the formation
of the orthorhombic phase at a high calcina-
tion temperature was accompanied by sin-
tering and crystallite growth, at a lower tem-
perature the formation of the hexagonal phase
from large aggregates of the ammonium mo-
lybdate precursor was followed by continued
disintegration of the crystallites, producing a
highly dispersed form of MoO; at relatively
very high surface loadings.

Better catalysts might result were higher
loadings of well dispersed MoO; possible over
silica, as the well dispersed forms have been

shown to exhibit catalytic activity in the sul-
fided state as good as or better than the similar
morphology over alumina (36, 51). Unsup-
ported and large, supported hexagonal forms
have exhibited higher activity for methanol
oxidation than the respective orthorhombic
forms (58).

It was in the interest of exploring further the
redispersion behavior of the silica supported
hexagonal MoO; phase and exploiting this be-
havior for the control of dispersion and the
production of more highly dispersed MoO,/
SiO, catalysts that this work was undertaken.
It appears that under certain conditions the
hexagonal phase can be spread on SiO, to an
extent much higher than that of the ortho-
rhombic phase. It has been found that the
genesis of a very well dispersed morphology
does not depend directly on the production of
the hexagonal phase at 300°C, but may be the
somewhat coincidental effect of ammonia as
a silica wetting agent. All morphologies pro-
duced are thermodynamically stable or meta-
stable. An equilibrium phase model of all
phases as a function of pretreatment condi-
tions is derived. In this manner, the ability to
control the morphology of silica supported
Mo0O;, even to the point of redispersing the
sintered orthorhombic phase, is obtained.

EXPERIMENTAL

For high surface area catalysts, Degussa
Aerosil (fumed) silica was used. The powder
was 99.8% pure with traces of Al,0,, Fe,O;,
TiO,, and HCl. Na and Ca impurities in
fumed silica are typically on the order of 2
ppm. The silica had a surface area of 380 =
30 m?/gm. To increase its bulk density, it
was washed with deionized water and vac-
vum dried overnight at 40°C and then air
dried at 110°C for 12 hr. Ammonium hepta-
molybdate (IV) tetrahydrate (NH,);Mo,
0O, - 4H,0, (AHM), was purchased from
Aldrich. High loading samples were pre-
pared by physically mixing the desired
amount of dry support and precursor, and
then adding sufficient water to reach incipi-
ent wetness. This technique circumvents
the problem at high loadings that the amount
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of water added to the SiO, is insufficient to
dissolve all of the AHM. This is typically
resolved by performing successive impreg-
nations with a lower concentration solution,
whereas a single step was employed here.
Acid or base impregnations were conducted
with concentrated nitric acid (2.5 N) or am-
monium hydroxide (5 N) in place of water.
The acid preparation follows a standard pro-
cedure to produce hexagonal MoO, (61-63).
MoO; weight loadings varied through 35.3%
MoO;. The most common weight loading
studied, 26.7%, corresponds to a surface
loading of 4 Mo atoms/nm?. The slurries
were thoroughly stirred and dried in air
overnight, after they had been spread in a
thin layer onto a watch glass. When samples
were placed in a small crucible at depths of
1-2 cm, the top 2-3 mm of the sample turned
darker (green) than the bulk of the sample
after drying and calcination. Presumably
some of the Mo containing phase migrated
toward the surface during pretreatment. The
final distribution of material appeared ho-
mogeneous with the use of watchglasses.

The resulting precursors from the ‘‘mix
and wet”’ procedure were rather poorly dis-
persed, such that their X-ray diffraction pat-
terns could be readily detected. (In contrast,
no precursor XRD patterns were observed
when a traditional impregnation with AHM
dissolved in water was employed (49). Some
samples were additionally dried at 110°C;
this step was demonstrated to have no ef-
fect. Calcinations were performed in air in
a standard muffle furnace. Unless otherwise
specified, calcination times were 2 h.

Other samples were made by physically
mixing hexagonal or orthorhombic MoO,
and silica to the desired weight loadings,
adding water to incipient wetness, and dry-
ing and calcining as before. This latter type
of sample will be referred to as ‘‘physically
mixed”’ and will be denoted ‘‘MoO,; +
Si0,,”” whereas the former type will be re-
ferred to as “‘impregnated’” and will be de-
noted ‘“Mo0Q,/Si0,.”’

X-ray diffraction was performed on one of
two Siemens D 5000 diffractometers, at ei-

ther 50 or40kV and 30 mA. For mostsamples
(Figs. 1, 2, 3A, 5-8) approximately 50 mg of
loosely packed powder was backfilled into a
zero background holder. For Fig. 3B, 2 mgof
sample was smeared onto apyrex holder. For
the same sample, the intensity of the back-
filled patterns is approximately 30% higher
than the smeared samples.

A similar preparation technique was used
for low loading, high surface area samples
used in conjunction with XPS measure-
ments, except that to the physical mixtures
of support and precursor an excess of liquid
was added (wet impregnation) so that pH
could be controlled and measured. These
mixtures were dried in a rotary vacuum drier
at 40°C and subsequently calcined in a muf-
fle furnace. The spectroscopy was per-
formed at the Amoco Research Center in
Naperville, Illinois, using an SSX 100 spec-
trometer with an AlK« source at 25°C. All
samples contained Mo in the + 6 oxidation
state. The Mo/Si ratio was used as an esti-
mate of dispersion.

Model, low surface area catalysts for elec-
tron microscopy were prepared from planar
silica substrates and nonporous silica
spheres as described elsewhere (57).
Briefly, dry impregnations as described
above, with a surface loading of 4 atoms
Mo/nm?, were performed with the spherical
silica powder. Samples were dispersed onto
holey carbon substrates on gold finder grids.
Catalyst impregnation was mimicked over
the planar silica substrate by depositing a
drop of the precursor solution onto the sub-
strate and allowing the water to evaporate
in air. Gold finder substrates were also used
with the planar samples. A particular area
of a sample was photographed through a
series of calcination treatments. Micros-
copy was performed with a JEOL 100 CX,
operated at 100 kV.

RESULTS

X-ray Diffraction Characterization of
High Loading Catalysts

An X-ray diffraction study was first made
of the unsupported and silica supported pre-
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FiG. 1. XRD patterns of dried, unsupported and 36.5 wt% supported MoOs: (a) supported, neutral
AHM (monoclinic); (b) unsupported AHM; (¢) supported acid precursor (hexagonal); (d) unsupported
acid precursor; (e) supported basic precursor (mixed monoclinic and triclinic); (f) unsupported basic

precursor.

cursor phases taken after drying at room
temperature, as a function of pH of the lig-
uid solution. The results are shown in Fig.
1. The monoclinic pattern of the water
impregnated ammonium heptamolybdate
(AHM) precursor, (NH,)M0,0,, - 4H,0 is
shown in pattern (b), and is unchanged from
the stock material taken directly from the
container. The precursor phase is also un-
changed after AHM impregnation of silica
at neutral pH, as seen in Pattern (a). Peaks
for the silica supported samples in general
are less intense due to dilution. With the
addition of acid, both the unsupported (Pat-
tern (d)) and supported (Pattern (c)) precur-
sors are in the hexagonal form of MoO;, or
((NH,),0), - MoO; - (H,0), (0.05 =x = 0.1,
y = 0.5 (54)), at room temperature. With
the addition of base (NH,OH), some of the
monoclinic (NH,)¢Mo,0,, - 4H,0 phase was
still present, but a large fraction of it
was converted to the triclinic phase
(NH,),Mo0,0, (62) (Pattern (f)). The same

mixture of phases was seen for the sup-
ported sample, Pattern (e).

Thus the presence of silica appears to
have no effect on the precursor phase found
at any of the liquid pH values employed.
This makes sense in light of the ‘‘mix and
wet’”” impregnation procedure, in which the
AHM was probably not completely dis-
solved in the liquid phase. However, the
precursor form was a strong function of pH.
The net effect of the acid was the lowering
of the NH; : MoO, ratio in the solid phase,
from 6: 710 0.05or 0.1 : 1, while the addition
of base increased the NH; :MoO; ratio
slightly to 1:1, according to

+ H,0— 7(NH,),M0,0,.

In terms of MoO, units, this can also be
written as
14 ((NH4)20)1/2 ° MOOS.
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F1G. 2. XRD patterns of calcined 36.5 wt% supported and unsupported MoQs: (a) 300°C calcined
supported basic precursor (hexagonal); (b) 300°C calcined supported neutral precursor (hexagonal); (c)
300°C calcined supported acid precursor (hexagonal); (d) 300°C calcined unsupported acid precursor
(hexagonal); (e) 300°C calcined unsupported basic precursor (orthorhombic and some hexagonal); (f)
300°C calcined unsupported neutral precursor (orthorhombic); (g) 500°C calcined supported neutral

precursor (orthorhombic).

X-ray diffraction patterns for the unsup-
ported and supported precursors calcined at
300 or 500°C are shown in Fig. 2. All of
the three different unsupported precursor
phases formed orthorhombic MoO, after a
500°C calcination. Only the pattern which
resulted from the neutral pH precursor,
(NH,)¢Mo,0,, - 4H,0, is shown (Pattern
(g)); the others are identical. Additionally,
the unsupported neutral pH and the basic
precursors largely formed the orthorhombic
phase upon a 300°C calcination (Patterns (f)
and (e)), though a small amount of the hex-
agonal phase was also seen for the basic
precursor. The peak breadths of the ortho-
rhombic phases produced at 300°C are
somewhat broader than those formed at
500°C, meaning that they are more poorly
crystallized. The unsupported and sup-
ported hexagonal precursor phases main-
tained the hexagonal phase after the calcina-
tion (Patterns (d) and (¢), respectively), but

sintered somewhat, as the peak breadths
have reduced in Fig. 2 relative to Fig. 1.
Finally, the 300°C calcination of the neutral
and basic precursor phases resulted in a rel-
atively very dispersed hexagonal phase. The
crystallite size of the fraction of crystallites
observable by XRD was estimated from the
Scherrer equation to be 320 A, using the full
width at half maximum of the unsupported
phases as standards for instrumental broad-
ening. However, since the integrated inten-
sities of the dispersed phase are well below
those of the sintered phases, a good portion
(Zf the material also exists as very small (<40
A) particles beyond the detection limit of
XRD. These could be truly amorphous or
microcrystalline. No material was lost
through volatilization; a high degree of crys-
tallinity can be reestablished in the dis-
persed samples by subsequent high temper-
ature treatments as will be shown in later
figures.
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Samples in which AHM powder was not
thoroughly mixed with SiO, before or after
the addition of water yielded the orthorhom-
bic phase and not the well dispersed hexago-
nal after a 300°C calcination. Proximity to
the silica surface is thus necessary for the
hexagonal phase to be produced; a pH
change of the liquid impregnant solution
caused by SiO, is not a sufficient expla-
nation.

The dispersion of the supported hexago-
nal MoO, phase, produced by a 300°C
calcination, was compared to that of the
supported orthorhombic phase, produced at
500°C, by treating a series of increasingly
loaded samples at the respective calcination
temperatures, and observing the MoO, load-
ing at which crystallinity is first evidenced
by XRD. The results from these experi-
ments are shown in Fig. 3A, for the 500°C
calcination, and Fig. 3B for the 300°C
calcination. The weight percent loading at
which the orthorhombic phase is observed
is 8.8 wt%, which translates to a surface
loading of 1.1 atom Mo/nm? and is in good
agreement with the average of reported val-
ues (Table 1) of 1.1 atom/nm?. However, the
weight percent loading at which hexagonal
crystallites are detected is 26.7 wt% (4.0
atom Mo/nm?). There is the possibility that
the particles are not well dispersed, but are
X-ray transparent amorphous particles.
However, the TEM studies presented later
confirm that spreading and not the growth
of an amorphous phase is the cause for the
decrease in X-ray peak intensities. These
two series of catalysts, analyzed on the
same X-ray instrument, definitively illus-
trate a lesser degree of crystallinity for the
hexagonal samples compared to the ortho-
rhombic samples. The surface loading for
the onset of crystallinity as detected by
XRD is about 4 times higher for the well
dispersed hexagonal phase than for the or-
thorhombic samples.

The interconversion between the hexago-
nal and orthorhombic phases for 26.7 wt%
samples, is illustrated in Fig. 4, starting with
the dispersed hexagonal phase (Pattern (a)).

After an additional 4 hr of calcination at
300°C (Pattern (b)), the small hexagonal
peaks had diminished completely. In some
trials, however, the small peaks observed
after 2 hours (as in Pattern (a)) remained
after 6 hr calcination time. This may again
be an effect of the thoroughness of mixing of
the sample. The pattern of the orthorhombic
phase which forms upon a direct, 500°C
calcination for 2 hr is shown in Pattern (¢);
an additional 4 hr calcination at 500°C
heightens the peaks by about 5 or 10%. The
well dispersed hexagonal phase is converted
to the sintered orthorhombic upon calcina-
tion at 500°C (Pattern (d)), and again contin-
ued calcination for 4 hr at 500°C increases
the peak heights only slightly. Pattern (e),
which exhibits the same sintered ortho-
rhombic pattern and intensity as Patterns
(¢) and (d), was taken after a 300°C, 6 hr
calcination of the sintered orthorhombic
phase (as in Pattern (¢)) and shows that the
hexagonal-orthorhombic phase transition
for the supported phases is irreversible in
air, as reported for unsupported compounds
(54-56).

The same set of calcinations were per-
formed with the basic (monoclinic plus tri-
clinic) precursor, with virtually the same re-
sults. That is, the crystalline phases, peak
breadths, and intensities produced by the
neutral and basic precursors are essentially
the same upon calcination at or above
300°C.

The fraction of MoO; in the hexagonal
and orthorhombic phase observable by
XRD was found from the experiment illus-
trated in Fig. 5. Pure hexagonal MoO, was
mixed to 26.7 wt% with SiO, powder (Pat-
tern (a)). The acid impregnated and 300°C
calcined hexagonal sample is shown in Pat-
tern (b). While the peaks heights are some-
what lower, they are also broader; the inte-
grated areas are equal, meaning that
virtually all the sintered hexagonal phase is
observed by XRD. In contrast, almost all of
the well dispersed hexagonal phase (Pattern
(¢)) is below the limit of detection of XRD. A
26.7 wt% physical mixture of orthorhombic
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Fic. 3. (A) XRD patterns of various loadings of AHM calcined at 500°C (orthorhombic MoO;: (2) 4.6
wt% (0.53 atom Mo/nm?); (b) 8.8 (1.1); (c) 12.6 (1.6); (d) 16.3 (2.1); (e) 26.7 (4.0); () 35.3 (6.0). (B)
XRD patterns of various loadings of AHM calcined at 300°C (hexagonal MoOs): (a) 4.6 wt% (0.53 atom
Mo/nm?); (b) 8.8 (1.1); (c) 12.6 (1.6); (d) 16.3 (2.1); (e) 26.7 (4.0); (f) 35.3 (6.0).

MoOQ; + SiO, is shown in Pattern (d), and a
26.7 wt% impregnated orthorhombic sample
in Pattern (e). The integrated intensities of
the impregnated sample are about 90-95%
of those of the physically mixed sample,

meaning that the vast majority of MoO; is
observable by XRD. Thus XRD provides a
good measure of the difference in dispersion
of the two phases, and this difference is
quite large.
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FiG. 4. XRD patterns of 26.7 wt% MoO;, calcinations of: (a) 300°C, 2 hr; (b) 300°C, 6 hr; (c) 500°C,
2 hr; (d) 300°C, 6 hr + 500°C, 2 hr; (e) 500°C 2 hr, 300°C, 6 hr.

The dramatic effect of ammonia on the
dispersion of silica supported MoO; was
found in a series of experiments with physi-
cal mixtures of silica and hexagonal MoO,
(formed by the acid precursor and 300°C
calcination) and orthorhombic MoO;. The
first experiment is shown in Fig. 6A, for the
physically mixed hexagonal MoO; + SiO,.
Pattern (a) was taken from the initial mix-
ture. Upon continued calcination at 300°C
(2, 4 tir, Patterns (b) and (¢)) the morphology
remained stable. However, when the initial
sample was reimpregnated to incipient wet-
ness with a solution containing S N NH,OH,
dried at room temperature, and calcined 2
hr at 300°C, drastic spreading occurred (Pat-
tern (e)).

The behavior of a physically mixed silica
and orthorhombic sample is shown in Fig.
6B. The orthorhombic MoO, for these sam-
ples was prepared by an acid impregnation
of AHM and calcination at 500°C. The acid

was employed to make the preparation con-
ditions otherwise identical to the physically
mixed hexagonal sample. Similar to the hex-
agonal MoO; + SiO, physical mixture, the
pattern of orthorhombic MoO, was un-
changed after an air calcination at 300°C of
2 hr (Pattern (b)) and was slightly diminished
in intensity after 4 hr calcination time (Pat-
tern (¢)). After reimpregnation of the initial
sample with the 5 N ammonia solution, dry-
ing, and another 300°C, 2 hr calcination as
before, not only was spreading again dras-
tic, but the majority of the observable crys-
talline phase was present in the hexagonal
form. The final degree of crystallinity of
both samples, Figs. 6A and 6B, approaches
that of the dispersed, neutral and basic im-
pregnated (thoroughly mixed) precursors
(Figs. 1-5). While there are small amounts
of orthorhombic remaining, this morphol-
ogy will also be referred to as the ““well
dispersed hexagonal’’ phase.
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F1G. 5. XRD patterns of 26.7 wt% MoO;: (a) hexagonal MoO; + SiO,; (b) hexagonal Mo0O,/Si0O,,
300°C calcination (acid impregnation); (c) hexagonal MoQ,/SiO,, 300°C calcination (neutral impregna-
tion); (d) orthorhombic MoO; + SiO,; (e) orthorhombic MoO,/Si0O,.

In Fig. 6C, the physically mixed ortho-
rhombic and silica sample (Pattern (a))
shows little or no change in morphology
upon continued calcination at 500°C (Pat-
terns (b) and (c)), in agreement with similar
experiments (10, 13, 15, 16). After impreg-
nation with ammonia solution and a 500°C,
2 hr calcination, some peak broadening was
observed (Pattern (d)), but no conversion to
the hexagonal phase was evidenced.

The reversibility of MoO, wetting of silica
via ammonia reimpregnation and the hexag-
onal to orthorhombic phase change were
examined in a further XRD experiment. In
Fig. 7, the physically mixed orthorhombic
MoO; + SiO, mixture is again shown,
Pattern (a), and the redispersed morphol-
ogy formed by ammonia impregnation and
a 300°C, 2 hr calcination is shown in Pat-
tern (b). A 500°C, 2 hr calcination produces
the sintered orthorhombic phase once
again, with no hexagonal phase remaining,

Pattern (c), while a second ammonia im-
pregnation and 300°C calcination produces
the dispersed mixture of phases again, Pat-
tern (d). In another experiment not shown,
distilled water was used in place of an
ammonia solution in an attempt to redis-
perse orthorhombic MoO,. Without ammo-
nia, however, no change occurred. Thus,
the redispersion and sintering processes
are reversible contingent upon the pres-
ence of ammonia. In an attempt to remove
the ammonia from a well dispersed sample,
a portion of this catalyst was reimpreg-
nated with nitric acid, and then calcined
at 300°C for 2 hr. The resulting pattern is
shown as Pattern (e); some sintering had
been induced by the acid treatment.
Finally, the redispersion mechanism of
the sintered hexagonal and orthorhombic
phases was investigated by preparing XRD
samples of the ammonia reimpregnated
samples just after drying. These are shown



66 DATTA, HA, AND REGALBUTO

in Fig. 8. Reimpregnation of unsupported
orthorhombic MoQ, yields the ammonia
rich mixture of monoclinic and triclinic
phases (Pattern (a)). This sample was di-
luted (physically mixed) to 26.7 wt% with
silica; the diluted pattern is shown in Pattern
(b). Next, a 26.7 wt% physical mixture of
hexagonal MoO; + SiO, was reimpregnated
with ammonia and dried. It is shown in Pat-
tern (c). The pattern is mainly monoclinic,
and degree of crystallinity of this sample is
lower than that of the 26.7 wt% sample in
Pattern (b). Reimpregnation of pure hexago-
nal MoO; with ammonia led again to the
ammonia rich monoclinic and triclinic pre-
cursors (Pattern (d)), although the ratio of
the monoclinic to triclinic material is higher.
A 26.7 wt% diluted sample is shown in Pat-

tern (e), and an ammonia reimpregnated
physical mixture of hex MoO; + SiO, is
shown in Pattern (f). Again the pattern is
mostly monoclinic, and the degree of crys-
tallinity of the reimpregnated physical mix-
ture is less than that of the reimpregnated-
then-diluted sample.

These data indicate that the equilibrium
form of MoO; subjected to an ammonium so-
lution and dried at 25°C is the ammonia rich
precursor phases. The SiO, supported sam-
ples are mainly monoclinic, while small
amounts of triclinic also form in the unsup-
ported materials. The reammoniation of an-
hydrous orthorhombic MoO; to this extent
has not been reported, although hexagonal
MoO; has been produced from mixing Mo
0O, - 2H,0 with excess liquid solution con-
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F16. 6. (A) XRD patterns of 26.7 wt% physically mixed hexagonal MoO; + SiO,: (a) initial mixture;
(b) after 300°C, 2 hr calcination; (c) after 300°C, 4 hr calcination; (d) after reimpregnation with ammeonia
solution, calcination for 300°C, 2 hr. (B) XRD patterns of 26.7 wt% physically mixed orthorhombic
MoO; + SiO,: (a) initial mixture; (b) after 300°C, 2 hr calcination; (c) after 300°C, 4 hr calcination; (d)
after reimpregnation with ammonia solution, calcination for 300°C, 2 hr. (C) XRD patterns of 26.7 wi%
physically mixed orthorhombic MoO; + SiO,: (a) initial mixture; (b) after 500°C, 2 hr calcination; (c)
after 500°C, 4 hr calcination; (d) after reimpregnation with ammonia solution, calcination for 500°C,

2 hr.
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FiG. 7. XRD patterns of 26.7 wt% supported MoO;:(a) 500°C calcined, orthorhombic MoO,/SiO,; (b)
ammonia reimpregnated and 300°C calcined; (¢) 500°C calcined; (d) ammonia reimpregnated and 300°C
calcined; (e) acid impregnated sample, 300°C calcined.

taining NH,CI (54). The pathway from the
sintered hexagonal or orthorhombic phases
to the well dispersed hexagonal phase, as
seen in Figs. 6A and 6B, appears at least in
part to pass through the basic precursor
phase. From there it becomes paraliei to de-
composition of the impregnated basic pre-
Cursor.

Transmission Electron Microscopy
Characterization of Model Catalysts

An ammonium molybdate precursor, de-
posited onto a planar substrate by allowing
a drop of 2 x 10~* molar solution to dry at
room temperature on the substrated grid,
is shown in Fig. 9A just after drying. This
precursor was mainly in the form of very
large bundled aggregates, with a number of
maller such aggregates, one of which is la-
beled “‘C” in the figure. After a 500°C
calcination, the precursor had spread dra-

matically (Fig. 9B). A higher magnification

- image of region ““C”’ from Fig. 9A is shown

in Fig. 9C before calcination, and in Fig.
9D after calcination. The original material
almost completely disintegrates, leaving
only three smaller crystallites. These exhibit
aprons of surrounding material. In addition,
patches of material appeared over the sub-

. strate. These did not diffract, and neither

was a third dimension apparent upon chang-
ing the sample orientation, meaning that the
patches were thin. These 100 to 400 A
patches are somewhat similar to small, ill
defined MoO;, patches observed on alumina
(60), although larger in size. This behavior
implies that the material can drastically
spread as the precursor transforms to the
trioxide. This change in morphology could
likely have occurred during the warmup to
500°C. Appreciable migration of material
was observed in another TEM study as a
supported Mo metal and Mo suboxide sam-
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F1G. 8. XRD patterns of ammonia reimpregnated, dried samples: (a) unsupported orthorhombic MoQ;;
(b) sample (a) after dilution with SiO, to 26.7 wt%; (c) reimpregnated physical mixture of orthorhombic
MoO; + SiO,; (d) unsupported hexagonal MoOs; (e) sample (d) after dilution with SiO, to 26.7 wt%;
(f) reimpregnated physical mixture of hexagonal MoO; + SiO,.

ple was transformed to trioxide by heating
from 200 to 300°C in air (61).

The dispersion of the hexagonal phase
and its conversion to the orthorhombic is
illustrated in Fig. 10. The very large crys-
tallite attached to the silica sphere in Fig.
10A was produced by a 300°C, 2 hr air
calcination. It was found to be hexagonal
from an analysis of its spot electron diffrac-
tion pattern. Most of the area of the silica
sphere was empty. After an additional
300°C, 4 hr calcination, shown in Fig. 10B,
most of the MoO, appeared to have dis-
persed over the silica sphere. This finding
supports the conclusion that the hexagonal
phase disperses over the silica surface. (An
opposing explanation of the previous XRD
results showing low intensity of the hexago-
nal phase would be that the 300°C phase
is poorly dispersed but amorphous, which
would also be X-ray transparent.)

Figures 10A and 10B illustrate the further
dispersion of the highest loading hexagonal
MoO; XRD sample in Patterns (a) and (b) of
Fig. 4. The remaining multigrained cluster
in Fig. 10B appears to wet the silica surface.
Upon a 500°C calcination for 2 hr, the crys-
tallite cluster’s volume decreased somewhat
further and individual grains in it appeared
to have sintered together. The sintered crys-
tallite would produce a sharper XRD peak,
while the multigrained aggregate in Fig. 10B
would produce a peak of similar integrated
intensity, but of smaller height and greater
breadth. The area was not monitored after
further calcination time to see whether the
orthorhombic crystallite grew more in size.
As another indication of a weaker MoQ,/
SiO, interaction, however, a smooth junc-
tion of MoO; with the silica surface is no
longer apparent in Fig. 10C; it does not ap-
pear that this crystallite strongly wets the
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surface. In an earlier work (57) the stability
of the orthorhombic phase at 500°C was doc-
umented.

Transformation of the hexagonal crys-
tallites, produced by another 300°C, 2 hr
calcination of the dried precursor, Fig. 11A,
into the orthorhombic form by a 500°C, 2 hr
calcination is shown in Fig. 11B. The vol-
ume of the crystallite phase did increase
considerably in this instance. In fact, some
material appears to have come from the sur-
rounding grid bar. Figure 11 is indicative
of the many XRD sequences in which the
sintered orthorhombic phase was produced
from the hexagonal phase. The same trends
in dispersion with respect to calcination
temperature, that is, increasing dispersion
during a low temperature calcination of the
hexagonal phase and decreasing dispersion
during a high temperature calcination of the
orthorhombic phase, were reported in an
earlier work (57).

X-ray Photoelectron Spectroscopy
Characterization of Low
Loading Catalysts

Precursor and calcined samples of 1.8 and
6.8 weight percent catalysts, or 0.2 and 0.8
atom/nm’? surface loading, were character-
ized with XPS. For each loading, two initial
pH values were used, one below the point of
zero charge of silica, where strong adsorp-
tion of negatively charged molybdate ions
canoccuroverapositively charged silica sur-
face (J-9), and the other over a pH of 9, far
above the pzc and so over a negatively
charged silica surface. After the impregna-
tion and drying at 40°C for 2 hr in a rotary
vacuum drier, samples were calcined at both
300 and 500°C for 2 and 6 hr. Mo dispersion
was estimated by the Mo/Si ratio; this is
charted as afunction ofinitial pH, calcination
temperature, time, and loadingin Fig. 12. For

bothloadings the initial dispersion of the high
pH sample was much higher than the low pH
sample: a factor of almost 2.5 higher for the
0.2atom/nm?sample, and over 5 times higher
for the 0.8 atom/nm? sample. In every case,
the dispersion of the highly dispersed sam-
ples decreased upon calcination, while that
of the poorly dispersed precursors increased
upon calcination. Because the final disper-
sion is below maximum, the “‘patchy mono-
layer’” morphology is evidenced in all of the
calcined samples.

The final dispersion for the respective
weight loadings appeared to be almost inde-
pendent of initial dispersion, and only a
weak function of calcination temperature.
For the high loading catalyst, the Mo/Si ra-
tio of the 500°C calcined samples is about
20% higher than the average final Mo/Si ra-
tio of the 300°C calcined sample, 32 x 1073
to 25 x 1073, The average final Mo/Si ratios
of the lowest loading samples are about the
same, 8 X 1073, The final surface composi-
tions are roughly proportional to loading.
These results support the earlier TEM ex-
periment (Fig. 9) which shows that drastic
rearrangement of material can occur in the
conversion from precursor to trioxide.

DISCUSSION

Equilibrium Phase Model for Silica
Supported MoO,

A summary of the various phases pro-
duced by calcinations of the unsupported,
high loading supported and low loading sup-
ported catalysts is shown in Fig. 13. In the
series of unsupported materials, Fig. 13A,
the acid precursor which resulted in a hexag-
onal precursor at room temperature after
drying remained in this phase after a 300°C
calcination and formed the orthorhombic
phase at 500°C (Figs. 1 and 2). However,
even at 300°C the neutral precursor con-

Fi6. 9. TEM micrographs of calcined MoOs/planar SiO,: (A) AHM impregnated, dried; (B) sample (A)
calcined at 500°C, 2 hr; (C) closeup region of dried sample; (D) closeup of same region as (C) in calcined

sample.
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verted entirely to the orthorhombic phase,
and the basic precursor converted almost en-
tirely to the orthorhombic phase (Fig. 2).
With this reimpregnation of ammonia and
drying at room temperature, the unsup-
ported orthorhombic and hexagonal samples
convert back to the basic precursor (Fig. 8).
While the hexagonal-orthorhombic phase

transition is irreversible in air, in an ammo--

nium solution the ammoniated basic precur-
sors form and persist after drying at room
temperature.

The supported precursors (Fig. 13B) are
composed of the same phases as their un-
supported counterparts {as seenin Fig. 1). A
300°C calcination of the acid pH, hexagonal
precursor resulted in a sintered hexagonal
phase (Fig. 2), which is the same behavior
as observed for the bulk trioxide. The differ-
ence between the unsupported and sup-
ported forms is seen in the behavior of the
neutral and basic precursors calcined at
300°C. Whereas the unsupported forms con-
vert totally or almost totally to the ortho-
rhombic phase, the supported forms convert
to a well dispersed hexagonal phase (Fig.
2). (The orthorhombic phase also resuits at
300°C if contact between the silica and
MoO, is not good.) Thus there are two equi-
librium supported phases produced by a
300°C calcination. One, the sintered hexago-
nal phase, forms with an acid impregnation,
and the other, the dispersed hexagonal
phase, forms from an impregnation at neu-
tral pH or in the presence of ammonia. The
sintered hexagonal phase is metastable in
that once it is reimpregnated with ammonia
and forms the basic precursor phase, further
calcination can only lead to the sintered or-
thorhombic phase (when performed at the
higher temperature). An acid treatment of
the dispersed hexagonal phase and a 300°C
calcination leads to the formation of a mix-
ture of sintered orthorhombic and hexago-

nal crystallites (Fig. 8) and not to a pure
sintered hexagonal phase.

At 500°C the one and only thermodynami-
cally stable supported phase is the sintered
orthorhombic. (The slightly broadened
peaks in Fig. 6C, Pattern (d) probably would
have narrowed with continued calcination
time.) However, in striking contrast toits sta-
bility in the absence of ammonia, as evi-
denced in this work (Figs. 4, 6B, and 6C) and
reported previously by others (10, 13, 15, 16),
a reimpregnation of ammonia and drying at
room temperature results in the basic precur-
sor phase (Fig. 7), which upon calcination at
300°Cleadstothe dispersed hexagonal phase
(Figs. 6 and 8). The high degree of reversibil-
ity of this transformation is seen in Fig. 8.

Finally in Fig. 13C, the ‘‘patchy mono-
layer’” morphology is shown in low loading
catalysts arising from either a poor or good
initial dispersion of the precursor. In Fig.
12, the poorly dispersed sample spread and
the highly dispersed sample sintered upon
calcination at 300 or 500°C, attaining ap-
proximately the same degree of dispersion.
The final morphology of the MoO; in these
low loading catalysts appears to be indepen-
dent of the initial precursor dispersion. In
fact, the morphologies of all loadings of sil-
ica supported MoQO, appear to arise as ther-
modynamically stable or metastable phases.
Ammonia appears to be a key link between
these states, as will be discussed later. Fig-
ure 13 represents a crude equilibrium phase
model for silica supported MoO; phases.

Low Loading Catalysts

For the low loading catalysts, there are
two factors which might be used to explain
the trends in initial (precursor) dispersion
versus pH; these are the surface charge on
silica and the type of Mo ionic complex pres-
ent in the liquid solution. The pH of near 1.4
was chosen in this work to be below the pzc

Fi16. 10. TEM micrographs of calcined MoO,/nonporous spherical SiO;: (A) AHM impregnated,
calcined 300°C, 2 hr; (B) sample (A) calcined an additional 4 hr; {C) sample (B) calcined at 500°C, 2 hr.
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of noncalcined silica, which is about 2 (62).
That is, at this pH the silica surface should
be positively polarized (protonated such
that — OH groups become —OH;) and ca-
pable of strongly attracting the negatively
charged molybdenum species. Above:the
pzc, the surface becomes negatively polar-
ized (deprotonated such that —OH groups
become —O7), meaning no coulombic in-
teraction would exist. Thus in consideration
of the surface charge, high dispersion at the
low pH is favored. On the other hand, the
Mo species in solution in a pH range from 2
to 6 is Mo,0%; , while above a pH of 8.9, the
species is entirely MoO3;~ (7). This transfor-
mation is written as

Mo,0%; + 4H,0 < TMoO2~ + 8H*.

Thus consideration of the liquid phase speci-
ation would have it that the higher pH prepa-
ration would yield a higher dispersion.

In these samples the pH of the liquid
phase was known, as an excess of liquid was
used precisely so that pH could be measured
and controlled (were dry impregnation used,
the liquid pH would be considerably altered
by the solid since the mass percent of oxide
is so high (63, 64). The present results sup-
port the second consideration, that the lig-
uid phase speciation is the predominate fac-
tor in determining the dispersion of the
precursor. In other words, even though the
MoOj~ species present at high pH is not as
strongly attracted to the surface as the
Mo,0%; species would be below the pzc of
silica, the dispersion of the former species
after deposition is higher. It is known that
silica does not accumulate a large positive
charge below the pzc (I, 62), which is to
say that only a small extent of the surface
becomes positively polarized. This is appar-
ent in the relatively low loadings of MoO,
obtained by the equilibrivm adsorption
method (I, 50), which are well below the
values for other oxides such as alumina and
titania (7).

Results from a study of MoO; adsorption
over alumina with Raman spectroscopy (65)
are similar:; higher dispersion was reported

for an impregnation at an initial pH of 11, in
which the MoO?~ species was present in the
liquid phase, compared to an initial pH of 6,
below the pzc of alumina. That is, no peaks
corresponding to bulk MoO, were detected
at the higher pH, but were detected at the
lower pH. Actually, the final solution pH in
this system would be influenced by the solid
(64) and would be less than 11 on the high
side and more than 6 on the low side, per-
haps even approaching the pzc of alumina
(which is 7-9 (62)) from both directions.
However the higher dispersion of the high
pH sample does appear to have resulted
from the liquid phase speciation and not the
surface charge, as was the case in the pres-
ent results.

In spite of the great differences in initial
dispersion, however, after calcination the
dispersion of MoO, in the low loading cata-
lysts is almost the same and is also not a
strong function of calcination temperature.
The increases in dispersion of material dur-
ing calcination, even at 500°C, are seen with
both XPS (Fig. 12) and TEM (Fig. 9). This
would imply that the precursor phases are
highly mobile, and much movement oc-
curred in the initial stages of the calcination,
presumedly during the warmup.

That only one equilibrium dispersion is
produced over silica, independent of initial
precursor distribution, compliments the re-
cent in situ Raman works (33-36, 49), which
state that the form of supported MoO; cata-
lysts, when calcined and hydrated at ambi-
ent conditions, is also independent of the
preparation technique. The Mo,08; species
predicted over silica may correspond to the
less than perfectly dispersed phase ob-
served in the present work. While the 0.8
Mo/nm? catalyst-is above the limit at which
microcrystals have been observed by Ra-
man, arelatively small amount of crystalline
material at this loading (35) should affect
dispersion insignificantly. At sufficiently
low loadings. where insignificant amounts of
bulk MoO, form, it is reasonable to expect
that both the form of the Mo species and Mo
dispersion follow the same trends.
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F1G. 11. TEM micrographs of calcined MoQOs/nonporous spherical SiO,: (A) AHM impregnated,
calcined 300°C, 2 hr; (B) sample (A) calcined at 500°C, 2 hr.
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Fi1c. 12. XPS Mo/Si ratios as functions of impregnation pH, Mo loading, and calcination treatments.

High Loading Catalysts

The results for the low loading catalysts
imply that a portion of the material in high
loading catalysts exists in well dispersed
form, independent of the morphology of bulk
crystallites or other well dispersed material.
Thelower intensities of XRD peaks of the im-
pregnated orthorhombic sample and the
broadened peaks of the impregnated hexago-
nal sample compared to the physically mixed
samples in Fig. 5 bear this out to some extent.
The amount of well dispersed material ap-
pears to be lower in these samples thanin the
low loading catalysts, though. This may im-
ply that once MoQ; crystallites form in large
quantity, MoQOj; units prefer to sinter onto
them rather than to remain attached to the
silica surface. There is insufficient surface
characterization on the high loading samples
to ascertain this.

The role of ammonia in the redispersion
behavior of silica supported MoO, will now
be addressed. One definite role of ammonia
in the production of the well dispersed hexag-

onal morphology is the conversion of ortho-
rhombic MoO, crystallites into the ammonia
rich precursor phases at room temperature.
While this extensive reammoniation of MoQ,
has not been reported, it is not altogether un-
expected, as a process of soaking in a 3% am-
monia solution and/or distilled water has
beenused todissolve free (bulk) MoO5 (2, 24,
37, 66) from oxide surfaces.

The absorption of ammonia from liquid
solution by the orthorhombic phase is mark-
edly different from its behavior in the gas
phase. Whereas the hexagonal phase does
adsorb ammonia and water in quantities or-
ders of magnitude beyond physisorption
{67) (and so absorbs them), orthorhombic
MoO, largely does not adsorb these gas
phase species (67). Apparently the lattice
parameters of the hexagonal phase are just
sufficiently larger than those of the ortho-
rhombic phase to permit this to occur. There
are several reasons why this restriction for
the orthorhombic phase is overcome in the
liquid phase. First, at basic pH, the MoO,
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surface would be negatively polarized, since
the pzc of Mo, is low (about 5.5 (2)), and
so attractive forces would exist between the
negatively charged surface and positively
charged ammonium ions. Second, the am-
monium ion is smaller than the ammonia
molecule.

The reammoniation transformation ob-
served for the supported phases appears to
also involve some dissolution, as the degree

Y
/ “"patchy monolayer"”
-~

FiG. 13. Equilibrium phase mode! of MoO; containing phases supported on silica.

of crystallinity of reimpregnated physical
mixtures of MoQO,; + SiO, in Fig. 8 is less
than that of physical mixtures of reimpreg-
nated MoQ; and SiO,. That is, some of the
material appears to have dissolved and dis-
persed onto the silica surface in the course
of the reimpregnation of the MoO; + SiO,
samples, in the manner of the high pH, low
loading samples. Ammonia must be the
cause of dissolution, as control reimpregna-
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tions with water alone did not affect the
morphology. Dissolution will occur if the
concentration of ammonium hydroxide is
high enough to neutralize the effect of the
silica surface on the liquid phase pH, and to
still maintain a pH greater than 6, where
MoO, dissolution occurs (2). As about
2 ml/gm of impregnant are used, the amount
of OH ™ in this liquid is (5 mol/liter) x (0.002
liter) or 10~2 mol. On 1 g or 380 m? of surface
there are 5 hydroxl groups/nm?, or a total of
only 3.2 x 1073 mol. Even assuming all the
hydroxyl groups dissociate, only 16% of the
liquid phase OH~ will be neutralized. The
final pH should be very high.

Thus, once the supported, sintered ortho-
rhombic or hexagonal phases are reimpreg-
nated with ammonia, the route to the forma-
tion of the well dispersed hexagonal phase
becomes partly parallel to that of a calcina-
tion of supported AHM (for the fraction of
material which gets converted to the mono-
clinic phase) and partly parallel to the forma-
tion of well dispersed, low loading precur-
sors (for the dissolved fraction of material).
The question which arises now is why the
hexagonal phase formed by a calcination at
300°C has a stronger interaction with the
surface than the orthorhombic phase at
500°C. At least two possibilities exist; one
is a further role of ammonia in promoting
a stronger MoO;-Si0, interaction, and the
other is the relative abundance of hydroxyl
groups at the respective calcination temper-
atures. Does the loss of hydroxyl groups on
the surface or the loss of ammonia from the
hexagonal phase cause the well dispersed
hexagonal state at 300°C to transform to the
sintered orthorhombic state at 500°C?

The possible role of ammonia will be ad-
dressed first. The difference between the
precursors which did spread on silica, and
the acid precursor which did not, was the
amount of ammonium ions contained in
each. The NH; /Mo ratio of ammonium ions
in neutral and basic precursors which spread
is 6:7 and 1:1, respectively. This can ex-
plain why the two precursors behave simi-
larly. On the other hand, the amount of in-

terstitial ammonium in the acid (hexagonal)
precursor is small, the ammonium to MoO,
ratio being at most about 0.1: 1. Since redis-
persion did not occur for the hexagonal pre-
cursor, it can be said, first, that the redisper-
sion phenomenon cannot be attributed
directly to the presence of the hexagonal
phase and, second, that the redispersion
phenomenon is not caused solely by the
presence of silica. The simultaneous pres-
ence of ammonia and silica has earlier been
reported to be necessary to produce the hex-
agonal phase (55).

It has been demonstrated that a portion
of the interstitial ammonia in the hexagonal
phase is very stable, being released only
upon the transformation to the orthorhom-
bic phase (54, 56, 67). (Indeed, this phenom-
enon might be explained from the standpoint
that the loss of ammonia triggers the phase
transition.) Infrared studies of MoQ,/SiO,
catalysts have shown that ammonia from
the AHM precursor remains present in the
catalyst at temperatures up to 300°C, but
not at 500°C (28, 56). The ammonia that is
present in the hexagonal acid precursor
sample is strongly bound within this phase.
On the other hand, as the monoclinic and
triclinic precursors decompose upon their
conversion to the hexagonal phase, an ap-
preciable amount of ammonia would be re-
leased. The higher dispersion of the hexago-
nal phase resulting from the neutral and
basic precursor phases may thus hinge on
the role of excess ammonia and its interac-
tion with the silica surface.

The other potential factor which may ex-
plain the observed differences between the
dispersed hexagonal crystallites formed at
300°C and the sintered orthorhombic crys-
tallites formed at 500°C is the degree of hy-
droxylation of the silica surface. The classi-
cal, widely cited mechanism for the
interaction of MoO, with oxide surfaces dur-
ing impregnation and calcination (68) in-
volves the reaction of MoO3%~ complexes
with two hydroxyl groups. The greater ca-
pacity of alumina or titania for monolayer
MoO, species relative to silica can be attrib-
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uted to the higher concentration of hydroxyl
groups on alumina (33).

The total number of hydroxyl groups over
amorphous silica is generally thought to be
in the neighborhood of 5 sites/nm?® for an
uncalcined surface at room temperature
(69-71). Not all of these hydroxyl groups
are equivalent, with three different types
being reported (70), and in regards to the
interaction with MoQ;, not all are thought
to be reactive. A common method which
has been employed to estimate the number
of “‘reactive’” hydroxyl groups is exchange
with flourine (7, 32). The reported number
of flourine exchangeable hydroxyl groups
varies widely, from 1.9 (7) to 0.25 (32)
groups/nm?>.

The total number of hydroxyl sites at
500°C appears to be diminished, on average,
by about 30% with respect to the number of
sites at 300°C (69-71). There does not ap-
pear to be data presently available on the
variation of the number of ‘‘reactive’” sites
with temperature.

The low loading catalysts do not appear
to be affected by the partial dehydration of
the surface (Fig. 12); the number of reactive
hydroxyl groups is probably always in ex-
cess in those samples. A qualitative correla-
tion between dispersion and the number of
hydroxyl groups does appear to hold for the
high loading catalysts, but it seems ques-
tionable that the apparently drastic changes
in dispersion can be caused by only a 30%
change in the number of hydroxyl groups.
High weight loading anchored allyl and chlo-
ride complexes maintain their high disper-
sion even when calcined at high tempera-
tures (35); in contrast, the well dispersed
hexagonal phase sinters markedly. This sup-
ports the idea that some of the MoO, is pres-
ent in a microcrystalline phase below the
limit of detection of XRD, the behavior of
which does not appear to be governed by
the surface hydroxyl concentration. The
abundance of microcrystalline orthorhom-
bic MoOQ; is implicated in the literature (see
Table 1 and comments in the introduction);
large amounts of microcrystalline hexagonal

MoO; are not unreasonable. A final indica-
tion that the hydroxyl interaction concept is
insufficient to describe the results is that the
acid reimpregnated, well dispersed hexago-
nal sample in Fig. 8 sintered a bit after con-
tinued calcination at 300°C. The effect of
the acid impregnation on the silica surface
would be to bring the surface closer to its
pzc, and to actually increase the number of
hydroxyl groups. According to this theory,
spreading would be expected. On the other
hand, the acid impregnation would tend to
pull NH; out of the trioxide matrix, as oc-
curs in the formation of hexagonal MoO,
from the AHM precursor. According to the
ammonia interaction scheme, this would
lessen the interaction with the surface and
cause sintering.

The persistence of a bulk microcrystalline
phase in the high loading samples explains
why the high loading catalysts exhibit multi-
ple stable morphologies while the low load-
ing catalysts exhibit only a single stable
morphology. In ammonium rich precursor
crystallites, ammonium can be eliminated in
two ways; thermally, and slowly at 300°C,
which permits the spreading to occur and
results in the dispersed morphology, or
more completely in solution with acid at
room temperature. In this case no excess
ammonia is left to promote spreading, and
the sintered hexagonal morphology persists.
In low loading catalysts there is insufficient
material to form bulk MoO, and so to store
NH/ , so that only one morphology is pos-
sible.

A microscopic mechanism of an ammonia
enhanced Mo0O,;-Si0, interaction is impos-
sible to surmise from the experiments con-
ducted here. Several possibilities might be
suggested. One possibility is that ammo-
nium ions in small crystallites themselves
directly interact with the silica surface, per-
haps with a segment of partially negatively
charged hydroxyl groups of insufficient
charge to have undergone the anchoring re-
action, or with negatively charged terminal
oxygens. Alternatively, it may be tempting
to ascribe the behavior to excess NH; re-
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leased into the hydrated layer in catalysts
at ambient conditions, as was done for the
precursors of the low loading catalysts. This
effect would be to raise pH, causing forma-
tion of the more dispersed MoOj;~ species.
While the samples were equilibrated at am-
bient conditions prior to analysis by XRD
and TEM, morphological changes occurred
during the 300 and 500°C calcinations as has
been documented in situ (57), meaning that
equilibrium considerations in a hydrated
water layer are probably inapplicable for the
changes occurring during calcination. This
type of mechanism might apply in some
fashion inside the MoO; crystallites at the
higher temperatures, however. Since both
water and ammonia exist as interstitial im-
purities in the hexagonal lattice, on a very
localized scale the pH may be increased,
promoting the formation of the monomer-
like units. The local environment would
then approach those over AlLO;, TiO,, or
MgO, which possess much higher pzc’s than
silica and naturally have a higher surface pH
and concentration of monomer units
(33-306).

Any of the above mechanisms is in
agreement with the consideration of spread-
ing as an oxide-oxide wetting phenomenon
(16, 72, 73), as has recently been invoked,
for example, to contrast MoQ, redispersion
behavior over alumina and silica in a defini-
tive Raman microscopy study (16). These
microscopic mechanisms can all account for
a global decrease in the surface free energy
between the metal oxide and support, which
swings the balance of surface free energy
considerations to wetting.

In summary, the model suggested here for
high loading catalysts is that excess ammo-
nium ions present in the monoclinic and tri-
clinic precursors are capable of occupying
interstitial sites of microcrystalline MoO;
during moderate temperature calcinations
and in doing so enhance the M0oO,—Si0O, in-
teraction. This results in a “‘well dispersed”’
morphology at high loadings. Sintering at
high temperature is due to loss of ammo-
nium from the oxide framework. Ammonia

reimpregnation, which leads back to the
well dispersed hexagonal phase, may offer
a simple regeneration process for spent Mo
containing catalysts.

The supported hexagonal phases appear
stable at temperatures =300°C, which is
well within the temperature range em-
ployed, for example, in methanol oxidation.
The highly dispersed hexagonal phase re-
ported here may possess potential advan-
tages compared to the orthorhombic and
submonolayer forms normally employed. A
comparison of the catalytic activity of all
the various forms of silica supported MoO,
is now being undertaken.

CONCLUSIONS

All morphologies of silica supported
MoO; appear to be thermodynamically
driven. At low loadings there appears to be
one stable morphology and dispersion,
which agrees with recent in siru Raman data.
For high loaded calcined catalysts there ap-
pear three states: a metastable sintered hex-
agonal state and a well dispersed hexagonal
state at moderate temperatures, and a sint-
ered orthorhombic state at high tempera-
tures (= 400-500°C). It is possible to pro-
duce the well dispersed hexagonal phase
from the sintered orthorhombic phase with
an ammonia impregnation, which forms the
ammonium rich precursor phases, and sub-
sequent calcination at 300°C. The apparent
increase in dispersion of the hexagonal
phase may arise from some role of ammonia
which results in a stronger MoQO;-Si0, in-
teraction.
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