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Abstract

New precursors to vanadium phosphorus oxide catalysts have been synthesized based on alteration of the layered
structure found in the active VPO catalysts. n-Alkyl amine intercalation compounds of vanadyl hydrogen phosphate
hemihydrate have been prepared that are transformed into active vanadyl pyrophosphate catalysts. Catalytic performance for
selective oxidation of n-butane to maleic anhydride improves with length of alkyl chain. Vanadyl phosphonates and vanadyl
phosphite have been prepared containing vanadyl dimer structures that are thermally transformed into vanadyl pyrophos-
phate below 650 K for the phosphonates and 550 K for the phosphite. The VPO catalyst from the vanadyl phosphite
precursor had a high surface area of 35 m? /g, and displayed better selectivity for maleic anhydride from n-butane oxidation
than the conventional unpromoted catalyst. Mixed vanadyl phosphite—phosphate materials, which were found to be very
reactive for intercalation of amines, were intercalated with 3-aminopropyltriethoxysilane and calcined to produce the first

thermally stable pillared VPO catalyst.

1. Introduction

Vanadium serves as an important oxidation
catalyst in both chemical and biochemical sys-
tems [1-4]. The utility of vanadium as a cata-
lysts stem from its facile inter-conversion among
the higher oxidation states of vanadium and its
ability to activate molecular oxygen [5].

The 14-electron selective oxidation of n-
butane to maleic anhydride (2,5-furandione) on
vanadium—phosphorus—oxide (VPO) catalysts is
the only industrial significant process of selec-
tive oxidation of an alkane [6-8], and one of the
most fascinating and unique heterogeneous cat-
alytic processes. Bergman and Frisch first re-
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ported the selective oxidation of n-butane to
maleic anhydride by VPO in 1966 [9], and since
commercialization in 1974 this route has re-
placed the use of benzene in over 70% of
maleic production worldwide [10]. Under typi-
cal conditions a 2 mol% n-butane in air feed is
converted to maleic anhydride over an unsup-
ported VPO catalyst at 673—-723 K and space
velocities of 1100-2600 h~". Typical selectivi-
ties for maleic anhydride of commercial cata-
lysts are 65-75% at 70-85% n-butane conver-
sions.

VPO catalysts for n-butane oxidation have
been extensively characterized, and the most
selective catalysts consist principally of crys-
talline vanadyl(IV) pyrophosphate (VPP),
(VO),P,0, [11,12].

The vanadyl pyrophosphate is derived from
vanadyl hydrogen phosphate hemihydrate
(VHP), VOHPO, - 0.5H,0, by calcination and
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subsequent aging under reaction conditions.
Various routes are available to prepare the VHP
precursor, as outlined in Fig. 1. The aqueous
route entails the reduction of V°* by NH,OH -
HCI or other reducing agents followed by the
addition of phosphoric acid. VOHPO, - 0.5H,0
is recovered by crystallization or evaporation.
The organic route involves the reduction of
V,05 by an organic solvent (an alcohol), fol-
lowed by the reaction with phosphoric acid and
recovery of the solid. After recovery of the
VHP precursor, it is washed to remove trace
amounts of water soluble V¥ compound and
then calcined in nitrogen at 773 K, followed by
final activation in air or n-butane /air at 673 K.
It is critical that calcination and activation be
carefully controlled or the catalyst can be over
oxidized resulting in the formation of VOPQ,,
which is a non-selective catalyst for n-butane.
The synthesis route, and the reaction condi-
tions during synthesis affect the morphology of
the VOHPO, - 0.5H,0, and ultimately the cata-
lyst performance. The VHP precursor prepared
by the aqueous synthesis route are generally
more crystalline (as defined by X-ray diffrac-
tion) than the catalysts prepared by the organic
route [7,8,13]. The organic synthesis route re-
sults in platelet crystalline morphology; the size
of the platelets and the way they pack are
determined by the choice of organic solvent.
Isobutanol produces a rosette morphology where
the platelets agglomerate. With sec-butyl or t-
butyl alcohol well formed platelets form that do
not agglomerate [12). The crystal ordering of
the hemihydrate is also affected by the solvent.
Large alcohols, such as benzyl alcohol, appear
to produce platelets with stacking faults, de-
duced from the broadening of the (200) reflec-
tion in the XRD [12,13]. Stacking fault defects
in the VOHPO, - 0.5H,0 precursor have been

Organic Route:
V205 + H3PO4 + i-ButOH ~——7

[ VOHPO4+0.5H,0 —> (VO;P207
773K

Agqueous Route .__J
V205 + NHOH-HC] + H3PO4

Fig. 1. Synthesis routes for vanadyl pyrophosphate catalysts.

Fig. 2. Termination of the (200) plane of vanadyl pyrophosphate
and proposed active sites for oxidation. Active sites proposed to
exist on the vanadyl pyrophosphate surface. (S;) Brensted acid
site; (S,) Lewis acid site; (S;) terminal oxygen; (S,) bridging
oxygen; (Ss) m’-superoxo or m'-peroxo site; (S¢) VV/VIY redox
couple.

correlated with improved catalyst performance
[14].

The active sites for n-butane oxidation has
been proposed as being the (200) plane of
vanadyl pyrophosphate. Crystallites that prefer-
entially expose the (200) plane have been found
to exhibit higher selectivities for n-butane oxi-
dation [7]. Transmission electron microscopy
has shown that catalyst selectivity correlated
with the disappearance of an amorphous surface
layer on vanadyl pyrophosphate platelets [15].
Seven different types of active sites have been
suggested for the (200) plane of vanadyl pyro-
phosphate catalysts, shown in Fig. 2: (i)
Brgnsted acid sites, probably —POH groups, (ii)
Lewis acid sites, probably VIV and V", (iii) one
electron redox couples, VYV /VI VIV /v (iy)
two electron redox couple VV/V™, (v) bridg-
ing oxygen, V-0-V, or V-O-P, (vi) terminal
oxygen VV=0, VV=0 and (vii) activated
molecular oxygen m'-peroxo and m’-superoxo
species. Centi et al. [7] have suggested that the
vacant apical coordination site on the vanadium
in the vanadyl dimer V,QOy is a Lewis acid site
for a methylene hydrogen atom abstraction.
Grasselli et al. [16] have suggested that this
vacant coordination site on the vanadyl dimers
activates molecular oxygen forming surface-
bound m'-peroxo and m>-superoxo species; a
‘pseudo-ozonide’ species formed by the interac-
tion of a chemisorbed O, molecule and an
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adjacent V = O moiety is suggested as activat-
ing n-butane.

The critical feature of the (200) surface of
vanadyl pyrophosphate for selective oxidation
of n-butane appears to be the vanadyl dimer.
Other vanadium phosphates, such as VOPO, are
capable of selectively oxidizing olefins, such as
1-butene or butadiene to maleic anhydride, but
these other VPO phases lead to almost total
combustion of n-butane [17]. The vanadyl dimer
at the surface has a ligand missing from one of
the vanadium center in the dimer structure, and
the belief is that vanadium can activate the C-H
bond in n-butane [7,18,16].

Vanadyl hydrogen phosphate hemihydrate,
the precursor to the active pyrophosphate cata-
lysts also is composed of vanadyl dimers, and it
has been suggested by Bordes that the hemihy-
drate precursor is converted to the pyrophos-
phate phase by a topotactic process [19]. Ebner
and Thompson have questioned the idea of a
topotactic conversion because the orientation of
the two apical oxygen change during the con-
version, and amorphous phases are observed at
intermediate stages during the conversion [20].
Nevertheless, the vanadyl dimers are still identi-
fied as crucial for the activation of alkanes.

In the existing patent and scientific literature
there is a vast array of procedures outlined for
synthesizing vanadyl hydrogen phosphate hemi-
hydrate and the subsequent conversion into an
active vanadyl pyrophosphate catalyst [6,21,7,8].
These procedures involve aqueous and organic
media for the synthesis, different reducing
agents, additives that facilitate crystal growth
and granularity, promoters for the catalyst, etc.
Except for some recent work by Moser using an
aerosol technique to directly prepare VPO cata-
lysts [22], all the preparation techniques have
been based on the vanadyl hydrogen phosphate
hemihydrate precursor. We have recently devel-
oped new types of precursors for VPO catalysts
based on intercalation compounds, and V"V-p™
compounds, that have produced active and se-
lective partial oxidation catalysts. In several
cases we have synthesized new materials that

have exhibited superior performance to catalysts
prepared by existing patent procedures. The
conceptual construct for these new materials
and the procedures for preparation are presented
here.

2. Intercalated vanadyl hydrogen phosphate
hemihydrate as VPO catalyst precursors

VPO oxidation catalysts are generally unsup-
ported (the one exception is the new DuPont
fluidized bed process which will use a modified
type of supported catalyst to improve attrition
resistance [23]). The surface areas are quite
modest, typically in the range of 10 m*/g. A
fact that had not been widely appreciated, nor
exploited is that the vanadyl hydrogen phos-
phate hemihydrate precursor is a layered com-
pound. By forcing the layers apart and inserting
pillars, the active surface area of the catalyst
could be increased.

Vanadyl hydrogen phosphate hemihydrate
(VHP-VOHPO, - 0.5H,0) was prepared by the
standard patent procedure in an alcohol medium
[18,16]. After washing the VHP in acetone and
drying at 423 K for 2 h, C,—C, n-alkyl amines
were intercalated by heating 1 g of VHP in a
large excess of the neat amine for 7-10 days.
Longer chain amines and secondary or tertiary
amines did not intercalated directly into the
VHP lattice. However, C,-C,, primary amines
could be exchanged into VHP intercalated with
n-amyl or n-hexyl amine by refluxing the inter-
calated VHP in a large excess of the neat amine.
Ammonia was also intercalated into VHP by
passing gaseous ammonia over the VHP at room
temperature for 24 h.

The inter-layer spacing in the (100) direction
increased linearly with the length of the alkyl
chain as the alkyl amines formed a close-packed
interlayer structure with the amino groups bond-
ing to POH groups and structural water
molecules (see Table 1). The stoichiometry of
intercalation yielded 1.5 amines per VHP unit
indicating hydrogen bonding of the amines with
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Table 1
Properties of vanadyl hydrogen phosphate hemihydrate interca-
lated with n-alkylamines (VOHPO,-0.5H,0 xRNH,)

Base dooy x(CHN  Catalytic selectivity
(A)  analysis)  for maleic anhydride ®
Ammonia 738 171 19% (28%)
Propylamine 1470  1.63 22% (36%)
n-Butylamine  16.11  1.64 27% (32%)
n-Hexylamine  20.38  1.57 44% (34%)
n-Octylamine 2509 1.73 50% (31%)

* Numbers in parentheses are n-butane conversion. Reaction con-
ditions are 675 K and GHSV 700 h™ !,

both POH groups and structural water groups as
shown in Fig. 3. Unfortunately, the interlayer
bonding was too strong to permit substitution of
the alkyl amines with silicon amines that would
be the basis of thermostable pillars. The n-alkyl
amine intercalated hemihydrate species were
thermally converted to vanadyl pyrophosphate
catalysts, and tested for the oxidation of n-
butane. The intercalated VHP precursors were
activated in a 1.2% n-butane in air mixture at
698 K for 4 days after which the temperature
was decreased to 673 K and the conversion of
n-butane to maleic anhydride, carbon oxides
and C, acids was measured. The results, which
are summarized in Table 1, show these are
selective partial oxidation catalysts though they
perform poorer than a commercial catalyst. The
results also show an increase in catalyst selec-
tivity with increasing chain length of the inter-
calated amine. This increase in selectivity is
suggested to arise from stacking disorders cre-
ated in the vanadyl pyrophosphate due to the

Fig. 3. Proposed arrangement of n-amylamine bilayers in
VOHPO, -0.5H,0 along the (100) direction. An acid—base adduct
is formed with POH groups, while structural water is proposed to
hydrogen bond to the amine.

larger interlayer spacing in the catalyst precur-
sor.

3. Vanadyl phosphonates as VPO catalyst
precursors

To permit intercalation of thermally stable
pillar materials, it appeared to be necessary to
weaken the interlayer bonding in the precursor,
suggesting the desirability of replacing the hy-
droxyl groups of the POH groups with more
weakly interacting groups such as alkyl groups,
as shown in Fig. 4.

Johnson and co-workers reported the synthe-
sis of vanadyl methyl, ethyl and propyl phos-
phonates VOC,H,,, PO, -H,0 (n=1-3),
VIV_P™ compounds with POH groups replaced
by PR groups [24]. This synthesis was analo-
gous to the synthesis of VHP, but introduced
the phosphorus via a phosphonic acid ester,
rather than phosphoric acid. Based on magnetic
susceptibility data Johnson concluded that the
methyl and ethyl phosphonates contained
vanadyl dimers analogous to the structure in
vanadyl hydrogen phosphate hemihydrate. John-
son suggested that for alkyl groups smaller than
the OH group the preferred structure contains
vanadyl dimers, whereas for larger groups sin-
gle vanadyl octahedra are preferred.

Following the lead of Johnson we synthe-
sized series of vanadyl phosphonates from n =
0-4 and phenyl phosphonate. Vanadium pen-
toxide was refluxed in anhydrous ethanol for 16
h to reduce the vanadium to V. Phosphorus
acid or phosphonic esters dissolved in anhy-
drous ethanol was added to achieve a P/V ratio

T T T
0. P P
~o W MM \? SR MM R
*}/ HI H
o O.
5 e
I | 1 |

1
P

I—o

Fig. 4. Schematic showing the hydrogen bonding interactions
between layers of vanadyl hydrogen phosphate hemihydrate and
the proposed concept to replace the OH groups with alkyl groups
to reduce the interlayer bonding.
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of 1.0-1.3. The reaction mixture was refluxed
for another 20 h. Light blue solids were recov-
ered by filtration and were washed with ethanol
and acetone and dried in air. Elemental analyses
were consistent with the formula
VOC,H,,, PO, -xH,0 (n=0-4, x=1 or
1.5).

Powder X-ray diffraction patterns indicated
these were layered compounds with the layer
spacing increasing with increasing carbon chain
length (see Table 2).

Magnetic susceptibility measurements were
collected between 4 and 300 K on a SQUID
magnetometer (see Fig. 5). The magnetic sus-
ceptibility of all the linear alkyl phosphonate
samples and showed a maximum circa 50 K
indicative of spin exchange in vanadyl dimers.
No maximum in magnetic susceptibility was
observed with the phenyl phosphonate indicat-
ing its structure contained only isolated vanadyl
octahedra.

Vanady] phosphite (VOHPO, - 1.5H,0) and
the alkyl phosphonates were all found to have
the same vanadyl dimer structure of vanadyl
hydrogen phosphate hemihydrate, and the inter-
layer spacing increased linearly with the length
of the alkyl chain [25]. Vanadyl phosphite and
the vanadyl alkyl phosphonates were all trans-
formed to vanadyl pyrophosphate upon calcina-
tion in air, with the degree of crystalline order-
ing decreasing with increasing alkyl chain
length. The most significant result was the ease
of this transformation. Vanadyl ethyl, propyl
and butyl phosphonate were converted to

Table 2
Interlayer spacing and elemental compositions for vanadyl phos-
phonates (VOC,H,, , ,PO;- xH,0)
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Fig. 5. Magnetic susceptibility data for (a) vanadyl(IV) phosphite
(VOHPO; - 1.5H,0); (b} vanadyl(IV) phenyl phosphonate
(VO(C4H)PO; -H,0). The data have been fit to Bleaney—Bowers
expressions x = xo + C, /(T — @)+ 4C, /(T3 +

exp(—2J / kgT))), with parameters {vanadyl phosphite (C4(1.9X
1073 em® K/g), 2J /ky (—84.5K), €, (23.6X 1075 cm® K /¢),
® (—10 K), x, (987x1077 cm® K/g), e (1.73 uplh
{vanadyl phenyl phosphonate (C,(0.1X 1073 cm® K/g), 2J/k;
(—685 K), C, (52x107° em? K/g), O (4.0 K), x, (—8.8%
1077 em® K/g), pygr (175 gk

vanadyl pyrophosphate below 650 K, over 100
K lower than the temperature required to trans-
form vanadyl hydrogen phosphate hemihydrate,
and vanadyl phosphite was converted to vanadyl
pyrophosphate below 550 K! This dramatic re-

65

Selectivity to Maleic Anhydride, mol%
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n 0 1 2 3 4
dog; (A) 7.28 8.32 973 1119 1229
V(%) 2826 2756 2378 2316 21.77
P (%) 1593 1730 1533 1452 1265
C (%) 0.77 698 1251 1669  21.83
x 1.75 1.65 1.53 1.51 1.06

n-Butane Conversion, mol%

Fig. 6. Conversion and selectivity for n-butane oxidation over
VPO catalysts derived from vanadyl phosphite (a) and vanadyl
methylphosphonate (c) precursors compared with conventionally
prepared VPO catalyst derived from vanadyl hydrogen phosphate
hemihydrate (b). Reaction carried out at 654 K in 1.2% n-butane
in air.
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duction in the temperature required for conver-
sion can significantly reduces the possibility of
over-oxidation of the VPO catalyst to V37
phases (VOPO,) and could have significant im-
pact on the catalytic activity of the VPO cata-
lysts.

The catalytic performance of vanadyl pyro-
phosphate derived from vanadyl phosphite syn-
thesized at different P/V ratios and vanadyl
methylphosphonate were examined for n-butane
oxidation to maleic anhydride and compared to
a conventionally prepared VPO catalyst derived
from vanadyl hydrogen phosphate hemihydrate.
The results shown in Fig. 6 indicate that the
VPO catalyst from the vanadyl phosphite pre-
cursor had higher selectivity to maleic anhy-
dride at higher conversions than the conven-
tional catalyst. Furthermore, the surface area of
the catalyst derived from vanadyl phosphite was
44 m*/g, more than twice that for the conven-
tional catalyst.

4. Intercalated mixed vanadyl phosphite—
vanadyl hydrogen phosphate hemihydrate as
VPO catalyst precursors

Further modifications of the vanadyl phos-
phite were attempted by intercalation of amines.
n-Alkyl amines intercalated into vanadyl phos-
phite forming single or double layer structures
depending on the amine concentration in solu-
tion. However, the interlayer bonding was found
to be too great to permit intercalation of bulky
aminoalkoxy-silanes to serve as pillars. The in-
terlayer bonding was further weakened by
preparing randomly mixed vanadyl phosphate—
phosphite materials, VO(HPO,),(HPO,), _, -
2H,0.

V,0, was refluxed in anhydrous ethanol for
16 h. At that time a mixture of orthophosphoric
and phosphorus acids were added to give a
synthesis P/V ratio of 1, and y=0.5 or 0.75.
The reaction mixture was refluxed for another
20 h. Light blue solids were isolated by filtra-

tion, washed with ethanol and acetone and dried
in air. Elemental analyses for the two samples
were: y = 0.75, V: 26.70% (27.38%), P: 16.74%
(16.64%), x(H,0), x=2.02; y=0.50, V:
26.20% (26.70%), P: 16.40% (16.23%),
x(H,0), x=2.08.

Intercalated phases were prepared by contact-
ing the host with a two-fold excess of 0.2 M
t-butylamine or 0.5 M 3-aminopropyltrietho-
xysilane (APS) in anhydrous ethanol at room
temperature for 48 h. Pillared material was ob-
tained by calcining the APS-intercalated phase
in nitrogen at 673 K for 2 h.

The XRD patterns of the mixed phases corre-
sponded to layered solids with low crystalline
order. Only two reflections were observed: the
(001) peak corresponding to the interlayer spac-
ings of 8.14 A (y = 0.75) and 9.58 A (y = 0.50),
and the (220) peak associated with the most
intense in-layer reflection at ca. 2.9 A. The
absence of other hkO reflections indicated no
long range order in the ab plane suggesting
random distribution of the phosphite and phos-
phate groups.

The mixed phosphate—phosphite exhibited
increased interlayer spacing (8.14 A) relative to
both vanadyl hydrogen phosphate hemihydrate
(569 A) and vanadyl phosphite (7.27 A) as a
result of weaker interlayer bonding. The weaker
interlayer bonding permitted intercalation of #-
butyl amine, which could not be intercalated
into either of the pure components. 3-
Aminopropyltriethoxysilane (APS) was interca-
lated into a mixed layer compound,
VO(HPO,), ,5(HPO,) 55 - 2H,0 increasing the
layer spacing from 8.14 to 20.16 A. After calci-
nation of the APS intercalated compound in
nitrogen at 673 K the layers remained separated
by 17.0 A, representing the first thermally stable
pillared VPO. Above 723 K, the APS interca-
lated compound converted into a vanadylpy-
rophosphate with several VV impurity phases
present.

The catalytic performance of the pillared VPO
was tested for n-butane oxidation at 673 K. The
initial selectivity for maleic anhydride was very
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low, < 10%, and a steady selectivity of 25%
was achieved after 6 days on stream with a
conversion of 45%.

5. Conclusions

New approaches to VPO catalyst precursors
for n-butane oxidation have been described
based on altering their layered structure. The
conventional precursor, vanadyl hydrogen phos-
phate hemihydrate was intercalated with n-alkyl
amines which altered the stacking order in the
vanadyl pyrophosphate catalysts derived from
these precursors. By increasing the distance be-
tween layers in the precursor the selectivity of
the catalyst was improved. Vanadyl phospho-
nates containing vanadyl dimers were synthe-
sized to reduced the interlayer bonding in the
precursors. These materials could be converted
into vanadyl pyrophosphate catalysts at substan-
tially lower temperatures than the conventional
hemihydrate precursor, and gave catalysts with
higher surface areas and improved yields of
maleic anhydride. Mixed vanadyl phosphite—
vanadyl hydrogen phosphate materials were
synthesized that served as a host to aminopropy-
ltriethoxysilane which produced a thermally sta-
ble pillared VPO catalyst.
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