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The preparation of vanadium—phosphorus catalysts from V,05/H;PO,/benzyl- and isobutyl alco-
hols leads to the formation of VOHPO, - $H,0 with the organic alcohols trapped between the layers
of the phosphate structure, which provoke disorder in the plane of layer stacking. During the
successive calcination, a pseudomorphic (VO),P,0; forms with corresponding disorder in the plane
of layer stacking. Disorder in this plane influences: (i) the catalytic activity in n-butane selective
oxidation, and (ii) the redox properties of the catalyst, both modifying the rate of vanadium(IV)
oxidation to V(V) and the reducibility of the catalyst in a flow of 1% n-butane/air. It is suggested
that during calcination the alcohol induces the formation of local structural deformations which are
responsible for the increase of activity in n-butane, but not in 1-butene, selective oxidation of the
catalysts prepared in an organic solvent as compared with those prepared by precipitation in an

aqueous solvenl. © 1986 Academic Press, Inc.

INTRODUCTION

The selective oxidation of n-butane is
one of the few examples of industrial utili-
zation of a paraffin in heterogeneous cata-
Iytic reactions, and therefore is a useful
model for studying the characteristics of
catalysts able to selectively activate a par-
affin. Furthermore, in recent years the use
of n-butane for the production of maleic an-
hydride has been considered more favor-
able as compared to the traditional process
from benzene for two principal reasons: (i)
economical, since a substantial price differ-
ence has developed between benzene and
n-butane feedstocks, and (ii) environmen-
tal, since there are strict controls on ben-
zene emissions, particularly in the United
States. These factors make the n-butane
route most attractive, in spite of the lower
productivity of the process from n-butane
as compared to that from benzene (/).

Almost all of the catalysts utilized in in-
dustrial plants for the synthesis of maleic
anhydride from n-butane are vanadium-—
phosphorus oxide-based catalysts with a
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phosphorus : vanadium (P: V) atomic ratio
near 1.0 (/, 2). However, notwithstanding
the academic and scientific effort in recent
years on the characterization of this cata-
Iytic system (2—-28), some questions are still
open. In particular, a survey of the patent
literature (I, 2) indicates a large number of
preparation procedures which differ in re-
spect of (i) the solvent utilized (water or an
organic solvent), (ii) the starting vanadium
compound (such as V,0s, NHVO;, or
VOPO,), (iii) the reducing agent (HCl, ox-
alic acid or other organic acids, the organic
solvent itself, other reducing agents), and
(iv) the P: V ratio and activation procedure.
In spite of the great number of parameters
varied in the preparation procedures, a gen-
eral aspect is that the preparations which
utilize an organic solvent, either as solvent
or both as solvent and reducing agent, lead
to catalysts which are more active as com-
pared to those prepared with water as the
solvent (//, 13, 17, 18, 29-32). The higher
activity has been attributed only to the
higher surface area of these catalysts; in
all cases always the same active phase
{(VO),P,0,] was found to be present.
Recently we reported differences in line



(VO),P,0; AS SELECTIVE OXIDATION CATALYST

intensities in the X-ray diffraction patterns
of (VO),P,0, prepared utilizing water or an
organic alcohol as the solvent (13, 17). Also
Bordes et al. (18, 20, 21), studying the prep-
aration of (VO),P,0O, with different proce-
dures, found different forms of (VO),P,0;
(B- and v-). Therefore the question is
whether or not the higher activities of the
vanadium—phosphorus oxide catalysts pre-
pared in an organic solvent derive only
from the higher surface areas (29-32) or if
in these preparations some special type of
modification of the catalyst texture and
structure occurs which is able to enhance
the number of active sites for n-butane se-
lective activation.

The aim of the research reported in this
paper was to investigate this aspect further,
by comparing the structural and catalytic
properties of (VO),P,0; active phases pre-
pared utilizing water or an organic alcohol
as the solvent and studying their mecha-
nisms of formation from the VOHPO, -
3H,0 precursor phase (9, 10, 23).

EXPERIMENTAL
Catalyst Preparation

a(l) Preparation in aqueous medium.
Fifteen grams of V,0s (Carlo Erba RPE)
were dissolved in 200 ml of 37% HCI. The
solution was boiled and stirred until com-
plete reduction to vanadium(IV) (about 3
h); 19 g of 85% 0-H;PO4 (Carlo Erba RPE)
were then added to obtain a P:V atomic
ratio of 1.0. This solution was allowed to
boil for 2 h and concentrated to 20 ml of
solution to which hot water was then added
to obtain a blue precipitate. The precipitate
was removed from the solution by filtra-
tion, washed, and dried at 420 K overnight.

b(1) Preparation in organic medium. Fif-
teen grams of V,0; (Carlo Erba RPE) were
suspended in 90 ml of isobutyl alcohol and
60 ml of benzyl alcohol. The suspension
was stirred continuously under reflux for 3
h, then cooled to room temperature and left
stirring at this temperature overnight before
adding 16.16 g of 99% 0-H;PO, (Carlo Erba
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RPE). After the phosphorus addition, the
solution was heated and maintained under
reflux with constant stirring for 2 h; then
the slurry was filtered and, after washing,
the filtrate was dried at 430 K for 24 h.

c(l) Catalyst c¢(1) was prepared in
the same way as catalyst b(1), except the
solution was not cooled to room tempera-
ture before the phosphoric acid solution.

d(1) Catalyst d(1) also was prepared us-
ing a method analogous to that for catalyst
b(1) except that (i) the time of reduction of
the vanadium was shorter (0.5 h), (ii) the
reduction was made under nitrogen reflux,
(iii) the phosphoric acid was added without
cooling of the solution, and (iv) the time
under reflux after the addition of the phos-
phoric acid was longer (6 h).

The following notation has been adopted
in this paper: the first letter (a, b, c, or d)
indicates the type of preparation, whereas
the subsequent number (1 or 2) indicates
whether it is the precursor after the drying
stage (1), or the active phase after calcina-
tion (2).

Catalyst Characterization and
Experimental Techniques

The P:V atomic ratio of the catalysts,
determined by the method previously re-
ported (/2), was 1.06 for the sample pre-
pared in an aqueous medium by precipita-
tion [a(l)] and 1.01 for the samples
prepared in an organic medium [b(1), c(1),
and d(1)]. In all the samples before calcina-
tion, the percentage of vanadium(1V) with
respect to the total amount of vanadium
was 100%. The method used for the chemi-
cal analysis of the valence state of vana-
dium has been reported previously (14).

X-Ray diffraction (XRD) analysis (pow-
der technique) was carried out with a Phil-
ips diffractometer, using nickel-filtered
CuKa radiation.

Infrared spectra (FT-IR) were obtained
using a Nicolet MX 1 Fourier transform in-
frared spectrometer connected to conven-
tional evacuation ramps and measurements
cells.
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Differential scanning calorimetry (DSC)
and thermogravimetric (TG) data were ob-
tained using a Perkin-Elmer DSC-2 and
TG-2 apparatus, respectively, operating un-
der nitrogen flux at a heating rate of 20 K/
min.

Scanning electron microscopy (SEM)
analysis was performed on a ISO SS40 in-
strument.

The catalytic tests were carried out in a
tubular isothermal flow reactor (15) at at-
mospheric pressure. The effluent, kept at
450 K to prevent condensation of the prod-
ucts, was analyzed by gas chromatography
and then, after cooling to room tempera-
ture, was analyzed a second time by gas
chromatography to determine noncondens-
able gas. Further details of this method
have been reported elsewhere (15, 16). Be-
fore the catalytic tests, the catalysts were
conditioned in a flow of the reacting mix-
ture (1% n-butane/air) for 3 h at the reaction
temperature for the tests. After this time,
no changes in activity or selectivity were
noted in about 3 days of working time. The
tests to verify the absence of diffusion phe-
nomena have been reported elsewhere (15).
All catalytic tests were carried out with the
following gas composition: 0.56% n-butane,
11.6% oxygen, and 87.4% nitrogen.

RESULTS
X-Ray Diffraction (XRD)

Figure 1 shows the XRD patterns of the
precursor of the active phase prepared in an
aqueous medium [a(1)] and in an organic
medium [b(1) — d(1)]. In samples b — d,
the method of adding the phosphoric acid
was varied according to the procedures
given in the experimental section. All prep-
aration methods gave only the same com-
pound, corresponding to VOHPO, - :H,0
(9, 10, 20, 23), but only the precursor pre-
pared in an aqueous medium by precipita-
tion [a(1)] shows line intensities which cor-
respond well to that of VOHPO, - $H,0. In
the precursors prepared in an organic me-
dium [b(l) — d(1)] disorder always is
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FiG. 1. X-Ray diffraction patterns of precursors.

present along the (010) plane, as shown by
the width of the (010) reflection as com-
pared with that of the (202) reflection. The
XRD reflections are indexed according to
Bordes et al. (20); due to a different space
group for the VOHPO, - $H,0, Johnson et
al. (9) have reported a different (hkl) index
for the same XRD diffraction line.

Depending on the method of preparation
it is possible to obtain precursors with dif-
ferent degrees of disorder along the (010)
plane [b(1) — d(1)]. The possibility that the
observed broadening of the (010) reflection
derives from the presence of other com-
pounds either of V(V) or of V(IV) with a
P:V ratio higher than 1.0, such as the
VO(H,PO,), found by Hutchins and Hig-
gins (33), can be excluded on the basis of
the chemical analysis of the b(1), c(1), and
d(1) samples which had a P: V ratio of 1.0
and 100% of V(V). Furthermore, neither
the XRD reflections nor the IR bands char-
acteristic of VO(H,PO,), (34) are present in
our case.
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FiG. 2. X-Ray diffraction patterns of active phases.

Figure 2 shows the XRD patterns of the
same compounds of Figure 1 after calcina-
tion at 670 K (3 h) in a mixture of 1% n-
butane/air to limit the formation of crystal-
line VOPO,. As before, all preparations
gave the same compound corresponding to
(VO),P,0O4 (19, 22), but only in the sample
prepared in an aqueous medium did the in-
tensities of the diffraction peaks corre-
spond to those reported by Bordes and
Courtine (/9) and Gorbunova and Linde
(22) for (VO),P,0,. The preparations in an
organic medium all gave disorder along the
(020) plane as indicated by the different
peak widths of the (020) and (204) reflec-
tions. The degree of disorder depends on
the method of preparation, but the same se-
quence of degree of disorder was found in
the precursor and in the active phase, i.e.,
the most deformed precursor structure
gave the most deformed active phase.

Fourier Transform Infrared Spectra

(FT-IR)

The absorption bands of the VOHPO, -
3H,0 [sample b(1)] and, for comparison,
the (VO),P,0; [sample b(2)], are reported in
Table 1. Assignments were made on the ba-
sis of the structure reported by Torardi and
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Calabrese (23) and by Johnson et al. (9, 10),
and by comparison with the spectra of com-
pounds having similar structural units such
as: (i) metal hydrogen and dihydrogen
phosphates (35, 36), (ii) other V(IV)=0
salts (37, 38), and (iii) other bridged aquo-
metal complexes (39, 40). Based on this
spectrum, which has been reported previ-
ously (/2), further considerations on this
structure can be made. In general, all spec-
troscopic features agree with a very weak
bonding between the layers containing
V—O—P bonds which constitute the 0K0
family of planes. In fact, the very low fre-
quency of the P—OH in-plane deforma-
tion, and the high value corresponding to
v(PO)—H (probably identified as a broad
absorption superimposed on vOH of wa-
ter), certainly greater than 3050 cm™!,

TABLE 1

Infrared Spectra of VOHPO, - {H,0 and (VO),P,0-.
Absorption Bands (cm™') and Vibration Assignments

VOHPO, - $H,0¢ (VO),P,0;,

3590 »,0H,

3370 »,0H,

3050 »(P)—OH

2320 8H,0 + wH.0 2445 2 X 1,,PO,

2240 2 X »,PO; 2300 v, + »,PO;
2230 2 X »,,PO,

2015 v, + »,PO, 1995 »,.PO, + »,POP

1985 2 x »,PO, 1940 2 X V=0

1950 2 x »V=0 1865 vPO; + vPOP

1818 8,POH + 8,,,POH

1645 8 H,0

1132 5,POH 1235

194 1220}“5?0“

1103 b, ,PO, 1140

1050} 1115}"“”})03

976 »V=0 (+»,PO) 1095 ».PO,

930 ¥P—(OH) 966 »V=0

686 wH,O 960 v, POP

641 8,,POH 792 »V—(O=V)
740 v, POP

548 627

531 577

183 [© OPO 204 (8 OPO

416 420

¢ On the basis also of the IR spectrum of VODPO, -
4D,0 reported by Johnson et al. (9).
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Fi1G. 3. FT-IR spectra of precursors in the region
1400-1800 cm~!.

clearly indicate that H-bonding involving
hydrogen-phosphate ions is very weak.
Correspondingly, the vV=0 frequency is
relatively high, indicating a poor perturba-
tion. This agrees with the short O—H bond
characterizing this structure (23). Water
molecules also appear not be involved in
strong H-bonding.

The spectra of the precursors prepared in
aqueous and organic media do not differ
greatly in the region 1300-1500 cm™!,
where skeletal vibrations fall. Only slight
differences in the shape of some bands are
observed, confirming that they are substan-
tially formed by the same crystalline com-
pound. However, relevant differences may
be observed at higher frequencies. Re-
ported in Fig., 3 are the spectra (KBr
pressed disks in dry atmosphere) of such
compounds, after calcination at 423 K for
36 h, in the 1800- to 1400-cm~! region. The
precursor prepared in an aqueous medium
[a(1)] shows a single sharp band centered at
1645 cm~!. Such a frequency is typical of
coordinated water (in-plane deformation) in
agreement with the crystal structure. This
band disappears in samples calcined near
670 K, leaving a broader and less intense
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band near 1620 cm™!. This band also is
found in pressed disks of pure compound
(KBr not added) and disappears by evacua-
tion near 670 K. This behavior is due to the
decomposition of VOHPO, - H,0 to pro-
duce (VO),P,0; (as indicated clearly by the
skeletal frequency region), which retains
part of the water in a reversible adsorbed
form. In the spectra of the precursors pre-
pared in organic medium [Fig. 3, samples
b(1) and d(1), characterized by an increased
disorder along the (010) plane], shoulders
both in the higher and lower frequency
sides of this band are observed, namely at
1695 and 1620 cm™!. The last component,
probably related to uncoordinated hydro-
gen-bonded water, is particularly intense in
spectrum d(1), which is characterized by
higher disorder. In samples b(1) and d(1)
then, more than one type of water is
present in the crystals. However, samples
prepared in an organic medium also show
sharp bands at 1496 and 1453 cm™!, very
intense in precursor d(1). During heating
also in a nitrogen atmosphere, such bands
disappear, but an intense band simulta-
neously appears at 2345 c¢cm™!, typical of
nonrotating trapped CO, molecules. The
bands at 1496 and 1453 cm™' may be attrib-
uted to residual benzyl alcohol [19a and 19b
phenyl ring vibrations, according to the
Wilson notation (41)] which burns during
calcination to produce CO,. In confirma-
tion, weak bands at 3090, 3065, and 3030
cm~!, typical of aromatics (vCH) also are
observed in sample d(1).

Figure 4 shows the FT-IR spectra of the
active phases prepared in aqueous and or-
ganic media, obtained from precursors a(1),
b(1), and d(1) by heating in nitrogen at 670
K. Only small differences are found be-
tween samples a(2) and b(2), namely, in the
sample prepared in organic medium [b(2)],
the shoulders at 1285, 1005, 930, 915, 790,
700 cm~! and the band at 570 cm™! are ab-
sent. However, substantially the spectra
imply the same crystalline compound. On
the contrary, the spectrum of sample d(2) is
poorly resolved and XRD analysis indicates
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F1G. 4. FT-IR spectra of vanadium-phosphorus ox-
ide samples after heating in a nitrogen atmosphere at
670 K.

that it is XRD amorphous. After heating in
nitrogen at 670 K for 4 h, organic alcohol is
still present in sample d(2) (Fig. 4). In sam-
ple b(2), after heating in the same condi-
tions, these bands also are present, but are
much less intense.

Figure 5 reports the FT-IR spectra of the
active phases prepared in aqueous and or-
ganic media after the catalytic tests (n-bu-
tane oxidation) and of VOPO, - 2H,0 (spec-
trum e) for comparison. It is worth noting
that in all cases, XRD analysis detects only
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FiG. 5. FT-IR spectra of vanadium-phosphorus ox-
ide samples after catalytic runs (#-butane oxidation)
and of VOPO, - 2H,0 (spectrum e).
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the (VO),P,0; phase in the catalyst, oxi-
dized phases not being observed. On the
contrary, large differences are observed in
infrared spectra. The spectrum of sample
b(2) is the same as after heating in a nitro-
gen atmosphere. Assignments of the bands
are reported in Table 1 according to the
spectra of other metal pyrophosphates. On
the contrary, in the samples a(2) (aqueous
medium) and d(2) (organic medium with
highly disordered structure), after catalytic
tests other bands (namely at 1075, 910, and
676 cm™!, assigned to the hydrated form of
a-VOPO, and corresponding to the more
intense vibrations of VOPQ, - 2H,0 (spec-
trum e) prepared according to Ladwig (42)
also are observed. The observation of V(V)
is confirmed by chemical analysis where
the amount of V(V) with respect to the
amount of total vanadium is 15, 0, and 10%
for samples a(2), b(2), and d(2), respec-
tively.

In conclusion, the FT-IR data, in good
agreement with chemical analysis, indicate
that sample b(2) after catalytic runs is only
(VO),P,05, while in both samples a(2) and
d(2) an oxidized phase (VOPO, - nH,0) is
present together with the vanadyl pyro-
phosphate.

Differential Scanning Calorimetry (DSC)
and Thermogravimetric (TG) Analyses

Figure 6A shows the DSC results (heat-
ing rate 20 K/min in nitrogen) for the trans-
formation

VOHPO4 4 %Hzo i (VO)2P207 + 2H20

on the same precursors as shown in Fig. 1.
Before DSC analysis, the samples were
preconditioned at 423 K in nitrogen to con-
stant weight in order to remove adsorbed
species. The corresponding TG curves are
reported in Fig. 6B.

In the precursor prepared in an aqueous
medium by precipitation [a(1)], both DSC
and TG analyses show that the transforma-
tion occurs at high temperatures and in a
single step. The weight loss corresponds
well to the theoretical weight loss of two
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F1G. 6. DSC (A) and TG (B) curves (nitrogen atmo-
sphere; heating rate 20 K/min) of precursors,

water molecules (10.5%). On the contrary,
for the samples prepared in an organic me-
dium, the transformation occurs over a
broader range of temperatures and starts at
much lower temperatures. The total weight
is higher than that of the sample prepared in
an aqueous medium and increases from
sample b(1) to sample d(1), in good agree-
ment with the previously shown increase in
the amount of alcohol retained inside the
structure. Two stages of the transformation
can be distinguished in the samples pre-
pared in an organic medium; in fact the
DSC curves derive from the superimposi-
tion of a sharp peak on a broader peak. The
temperature of the maximum of the sharper
peak (see Fig. 6) decreases in the order b(1)
— d(1), in agreement with the increasing
disorder of the structure of the samples.

IR analysis of the catalysts after the max-
imum of the sharper peak suggests that this
peak is associated with the loss of crystalli-
zation water, whereas the broader peak is
associated with the loss of water deriving
from the condensation of two hydrogen-
phosphate groups.
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TG isothermal experiments in a nitrogen
atmosphere at 670 K (Fig. 7) indicate that
after about 50 min, none of the samples lose
further weight. The rate of weight loss in-
creases from sample a(1) to sample d(1), in
good agreement with the results from tem-
perature scanning (see Fig. 6b). IR analysis
(see Fig. 4) after the isothermal experi-
ments indicates that the transformation to
vanadyl pyrophosphate is complete. How-
ever, in the samples prepared in an organic
medium, organic alcohol is still present and
can be removed only by further heating at
higher temperatures (770 K), as indicated
both from TG and IR analyses. In isother-
mal experiments in air at 670 K, on the con-
trary, after 50 min the bands due to organic
alcohol completely disappeared in all sam-
ples prepared in an organic medium. Fur-
thermore, after the isothermal heating at
670 K in nitrogen atmosphere, the chemical
analyses of the samples prepared in an or-
ganic medium indicate a reduction of the
vanadium [6% of V(III) found in sample b],
not present in the sample prepared in an
aqueous medium. This suggests that in the
absence of oxygen, the process of alcohol
release from the catalyst structure is very
slow and that also a slight amount of or-
ganic alcohol can be retained in the vanadyl
pyrophosphate structure.

Figure 8 shows the rate of oxidation (in
air at 670 K) of vanadium(1V) to V(V) for
(VO),P,0; prepared in an aqueous medium
by precipitation [a(2)] and prepared in an
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FiG. 7. TG isotherms (nitrogen flow) of precursors.



(VO),P,0; AS SELECTIVE OXIDATION CATALYST

60 Ved

%
a
=]
O\
o
[

AN
3

(+] 60 120 180 210
time ,min

Fic. 8. Rate of vanadium(IV) oxidation to vana-
dium(V) (temperature 670 K; air flow) of active
phases.

organic medium with different degrees of
disorder [b(2) — d(2)]. The active phase
prepared in an aqueous medium shows a
higher rate of oxidation of vanadium(lV) as
compared with that for the active phase
prepared in an organic medium. However,
the degree of disorder of the structure also
influences the rate of vanadium(iV) oxida-
tion; the lower rates of vanadium(l1V) oxi-
dation are found for samples b(2) and c¢(2),
whereas sample d(2) shows a higher rate of
vanadium(IV) oxidation.

Scanning Electron Microscopy (SEM)

Figure 9 reports SEM micrographs of the
precursor catalysts prepared in an aqueous
solvent [a(1)] and in an organic solvent [b{1)
and d(1)]. In contrast to sample a(l), sam-
ples prepared in an organic solvent clearly
show a lamellar morphology with well-
formed plate-like crystals; in agreement
with XRD results, the lamellar morphology
is more accentuated in sample d(1).

After the transformation to vanadyl pyro-
phosphate [samples a(2) and b(2)], the dif-
ference in morphology between the aque-
ous [a(2)] and organic [b(2)] preparations
still remains. In particular, a lamellar mor-
phology in sample b(2) is still present, al-
though less evident than in the precursor
samples.
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Catalytic Data

Figure 10 reports the comparison be-
tween the specific rate (per m? of surface
area of the catalyst) of maleic anhydride
formation from n-butane and from 1-butene
for active phases prepared in an aqueous
medium (a(2)] and in an organic medium
[b(2)]. The preparation in an organic me-
dium is more active than the preparation in
an aqueous medium which is active only at
temperatures about 100 K higher. Further-
more, considering also the different surface
areas of the two catalysts (27 and 5.6 m¥/g
for samples b(2) and a(2), respectively), the
difference in activity becomes more rele-
vant.

Figure 11A reports the yields of maleic
anhydride versus conversion (at 530 K) in
n-butane selective oxidation for the sam-
ples b(2), c(2), and d(2) prepared in an or-
ganic medium. Figure 11B reports the
curves of conversion versus W/F. Sample
d(2), which has the more deformed XRD
pattern, is the less active (see Fig. 11B) and
the less selective at high conversion (see
Fig. 11A), but is of comparable selectivity
in maleic anhydride formation at low con-
version. However, it is more active as com-
pared with the preparation in an aqueous
medium. No great differences either in ac-
tivity or selectivity were found for the two
samples b(2) and ¢(2), although the better
results are obtained with sample b(2).

DISCUSSION
Structure of Precursor of Active Phase

Recently several authors (9, 10, 20-23)
have determined the structure of the pre-
cursor of the active phase and have indi-
cated that it is a hydrated vanadyl hydrogen
phosphate [VOHPO, - iH,0] formed by
vanadyl hydrogen phosphate layers stacked
along the c¢ axis. The plane passing through
the layer is the (010) plane in agreement
with the indices of XRD reflections re-
ported by Bordes et al. (20, 21). The infra-
red spectrum of the precursor (Table 1)
agrees with this structural determination,
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A

F1G. 9. SEM micrographs of precursors (A) and of active phases (B): a(l) x2320; b(1) x1630; d(1)
X2460; a(2) X 1500; b(2) x3680.
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F16. 9—Continued.

but indicates that the band of P—OH bend-
ing occurs at lower frequency (1132 cm™')
than that usually found for hydrogen phos-
phates (35, 36). For this reason we previ-
ously suggested a pyrophosphate structure
for the precursor of the active phase (5, §8),
since a band centered near 1200 cm~! is typ-
ical of pyrophosphates (43, 44). However,
the low frequency of the P—OH in-plane
deformation indicates a short O—H bond
length and therefore no strong hydrogen
bonds between the layers. In fact, organic
alcohols can be easily trapped between the
layers, as indicated by thermal analysis
(Fig. 6) and by FT-IR spectra (Fig. 3). Fur-
ther evidence of the presence of a deformed

crystalline structure in the catalysts pre-
pared in an organic medium derive from the
different shapes of the bands in infrared
spectra corresponding to crystallization
water (Fig. 3), which indicate only one type
of crystallization water in the highly crys-
talline precursor prepared in an aqueous
medium [a(1)] and additional types of crys-
tallization water in the catalysts prepared in
an organic medium. These data agree with
XRD analysis, which showed that the cata-
lysts prepared in an organic medium were
disordered along the (010) plane.

All data indicate, therefore, that it is pos-
sible to obtain, depending on the method of
preparation, a VOHPO, - $H,0O structure
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[a(2): (A A)] and in an organic medium [b(2): (O @)].

with different degrees of disorder between
the stacked planes, where the organic alco-
hols utilized as reducing agents in the prep-
aration in an organic medium can be
trapped.

The structure of the vanadyl hydrogen
phosphate suggests a direct analogy with
the layered structure of the hydrogen phos-
phates of zirconium and titanium (45). In
particular, it has recently been found that
these compounds could be pillared by or-
ganic phosphates and phosphonates, where
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the P—OH group of the acid phosphate is
replaced by the P—R group of an or-
ganophosphonate or the P—OR group of an
organophosphate (46). However, in this
case, the interlayer spacing is two times
higher than the interlayer spacing of vana-
dyl hydrogen phosphate, suggesting that
our case is not a pillared compound, but
rather only a deformation in the length of
the stacked layers induced by the presence
of trapped organic alcohol which is not di-
rectly involved in bonds with the inorganic
phosphate. This interpretation also agrees
with recent results on vanadyl organophos-
phonates (47); in these compounds differ-
ent structures are found and in particular
there is little indication of V#*—V#* mag-
netic interaction (47). In contrast, the cor-
responding data for vanadyl hydrogen
phosphate show pairwise antiferromagnetic
exchange interactions arising from the pres-
ence of bridged vanadium(IV) pairs in the
structure (47). This confirms the difference
between the two structure types, a de-
formed VOHPO, - $H,0 structure and the
vanadyl organophosphonates.

Topotactic Transformation of the
Precursor of the Active Phase

The strong differences between the loss
of water (Fig. 6) for the two preparations in
aqueous [a(1)] and in organic media [b(1) —
d(1)], indicate that the presence of disorder
along the plane of stacking of the layers
drastically modifies the mechanisms of wa-
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Fi1G. 11. Maleic anhydride yield versus conversion (A) and conversion versus W/F (B) at 580 K for
various active phases prepared in an organic medium.
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ter loss and condensation of phosphate
groups. The increasing degree of disorder
along the (010) plane [from sample b(1) to
d(1)], increases the rate of dehydration
(Fig. 7). A comparison between sample b(1)
and d(1), which have similar surface areas
(10 and 9 m?/g, respectively) indicates that
the rate of dehydration is strongly affected
by the morphology of the catalyst (Fig. 9) in
agreement with the change in the mecha-
nism of the transformation to the active
phase as suggested by Bordes et al. (20,
21). Furthermore, the presence of organic
material trapped between the layers also
modifies the mechanism of the transforma-
tion. As indicated by Figs. 4 and 5, for sam-
ple d(1), the transformation to the active
phase does not occur in the absence of gas-
eous oxygen, due probably to the removal
of lattice oxygen during the release of
alcohol as CO, from the catalyst which
destroys the catalyst structure (XRD amor-
phous, and IR spectrum very poorly re-
solved). According to this interpretation,
the process of alcohol release in the ab-
sence of gaseous oxygen is a very slow pro-
cess (Fig. 7) and after the transformation
the catalysts are reduced.

The texture of the precursor not only in-
fluences the solid state transformation to
the active phase, but also the nature of the
texture of the active phase obtained. A
comparison between Figs. 1 and 2 clearly
indicates that a highly crystalline precursor
leads to a well crystallized (VO),P,0,,
whereas precursors showing disorder along
the cleavage plane lead to active phases
with comparable disorder on the same
cleavage plane [(010) and (020), respec-
tively]. SEM micrographs of the precursors
and active phases support this interpreta-
tion, and further indicate that the transfor-
mation from VOHPO, - $H,0 to (VO),;P,0;
is a topotactic reaction, as suggested by
Bordes er al. (20, 21) and Johnson et al. (9).

Nature of the Active Phase

The structure of the active phase
[(VO),P,0O;] has been determined by
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Bordes and Courtine (/9) and Gorbunova
and Linde (22). The vanadyl pyrophos-
phate structure is a three-dimensional net-
work formed by vanadyl phosphate layers
along the ¢ direction joined together by py-
rophosphate groups. During the transfor-
mation

VOHPO4 : %Hzo hd (VO)2P207 + ZHQO

due to loss of crystallization water, the di-
mer vanadyl groups shift to a parallel posi-
tion and after condensation of the hydrogen
phosphate groups, a rearrangement from
cis to trans vanadyl occurs (23). The trans-
formation involves only breaking of
V—OH, and P—(OH)---H bonds and
leaves the V—O—P connections intact.
Therefore the texture of the active phase is
pseudomorphic with that of the initial pre-
cursor structure, as clearly indicated by
Figs. 1 and 2 and by SEM micrographs.
Therefore, although the vanadyl pyrophos-
phate has a three-dimensional structure, it
is possible to induce some disorder in the
structure via the precursor texture.

Influence of the Texture on Redox
Properties

The texture of the catalyst considerably
influences the redox properties of the cata-
lysts. Figure 8 shows that disorder along
the (020) plane [samples b(2) and d(2) as
compared with sample a(2)] considerably
reduces the rate of oxidation of vana-
dium(IV) to vanadium(V), although the
more highly disordered structures are eas-
ier to oxidize than the less disordered ones
[samples d(2) and b(2), respectively]. Fur-
thermore, Fig. 5, in agreement with the
data from chemical analysis, shows that af-
ter the catalytic tests (all after the same cy-
cle of catalytic runs), only sample b(2) has
the infrared spectrum of pure (VO),P,0;.
Samples d(2) and a(2), more easily oxidiz-
able, both present bands due to vana-
dium(V)-phosphate [VOPQ,], more intense
in the sample prepared in an aqueous me-
dium.

In a previous paper (13), in agreement
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also with other authors (25, 28), we indicate
that the stabilization of vanadium(IV) with
respect to its oxidation to V(V) is an impor-
tant factor determining the catalytic proper-
ties in n-butane oxidation. A high rate of
V({IV) oxidation to V(V) causes over-oxida-
tion of the surface of the catalyst, espe-
cially in the zone of the catalytic bed corre-

sponding to high conversion where the.

oxidizing power of the reactant mixture is
greatest (15). The over-oxidation of the cat-
alyst surface considerably enhances the
rate of the successive reaction to carbon
oxides of the maleic anhydride formed (16),
drastically decreasing the yield of maleic
anhydride. This explains the different se-
lectivities at high conversion between sam-
ple b(2) and d(2).

Influence of the Structure on Catalytic
Properties

Figure 10 shows that the preparation in
an organic medium is more active than that
obtained in an aqueous medium, also con-
sidering the specific rate per square meter
of surface area of the catalysts. Further-
more, the surface area is higher in the prep-
aration in an organic medium (/2) and
therefore the real activity in n-butane selec-
tive oxidation (per gram of catalyst) is
much higher. The catalysts prepared in an
organic medium are all active, but slight
variations are found (Fig. 11) depending on
the nature of the texture of the active
phase. The best results in n-butane selec-
tive oxidation are obtained with a catalyst
whose structure is intermediate between
the well crystallized structure of sample
a(2) [preparation in an aqueous medium]
and the structure of sample d(2) [prepara-
tion in an organic medium highly disor-
dered along the (020) plane]. On the con-
trary, no great differences in the specific
rate of 1-butene selective oxidation to ma-
leic anhydride are found between the prep-
arations in aqueous and organic media. The
first step of the mechanism of n-butane se-
lective oxidation to maleic anhydride is its
oxidative dehydrogenation to an intermedi-
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Fi1G. 12. Idealized (VO),P,0; structure (only vanadyl
octahedra).

ate, which in particular conditions that
avoid its successive oxidation, can desorb
as butenes (/4). The considerable influence
of the texture of the catalyst on the rate of
n-butane and not on the rate of 1-butene
selective oxidation, suggests that the spe-
cific nature of the active phase mainly influ-
ences this first step of paraffin selective ac-
tivation. It is worth noting that all catalysts
prepared in an organic medium are much
more active in n-butane oxidation than the
sample prepared in an aqueous medium.
This suggests that in these catalysts some
special modifications of the structure are in-
duced by the presence of the alcohol be-
tween the layers during the calcination
stage. As previously indicated, the precur-
sor — active phase transformation is a to-
potactic reaction which involves the cis —
trans electronic rearrangement of the dimer
vanadyl groups to form the (VO),P,0; ide-
alized structure reported in Fig. 12. During
this transformation the presence of organic
material between the layers can provoke
some local defect structures by steric hin-
drance or as a consequence of oxygen va-
cancies caused by the reaction of the alco-
hol with the structural oxygen to form
carbon oxides. We think, therefore, that
disorder in this plane may derive from the
presence of a defect structure, i.e., one of
the possibilities shown in Scheme 1. The
disorder along the (020) plane can derive
from a missing oxygen atom, from the in-
version from a trans to a cis vanadyl posi-
tion, or from the modification of the V—O
bond strength. In any case, this defective



(VO),P,0; AS SELECTIVE OXIDATION CATALYST

a) ° o b)
>3/,o\\£_ .0 o. o -0 0 _.o
v-
TN oINS
}
o o
c) 0\\ I ’_O~\ I .o
.

ScHEME 1. Possible local structural modifications of
the (VO),P,0; structure.

structure leads to the formation of a highly
reactive pair of vanadium ions, able to acti-
vate the paraffin with a coordinative attack.
In fact, the V-V distance (about 3.33 A)
corresponds well with the distance neces-
sary to interact with the hydrogens linked
to C,; and C; atoms of n-butane.

CONCLUSIONS

The use of an organic alcohol as a reduc-
ing agent instead of hydrochloric acid leads
to the formation of a vanadyl phosphate
(VOHPO, * $H,0) with the organic alcohol
trapped between the layers forming the
structure of the phosphate. During the suc-
ceeding heating, the hydrogen phosphate
topotactically transforms, through the loss
of two water molecules, to a vanadyl pyro-
phosphate [(VO),P,0;] pseudomorphic to
the initial texture of the precursor. It is thus
possible to obtain (VO),P,0; catalysts with
disorder in the plane of layer stacking. Dis-
order in the (020) plane considerably influ-
ences: (i) the catalytic activity in n-butane
selective activation and (ii) the redox prop-
erties of the catalyst, both modifying the
rate of vanadium(IV) oxidation to V(V) and
the reducibility of the catalyst in a flow of
1% n-butane/air. In all the catalysts pre-
pared in an organic medium the specific
rate of n-butane oxidation is higher than
that of the catalysts prepared in an aqueous
medium, whereas no great differences are
found in the oxidation of 1-butene, the in-
termediate in the mechanism of maleic an-
hydride formation from n-butane. The or-
ganic alcohol trapped between the layers
during its removal from the phosphate
structure creates local modifications, in-
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ducing the formation of new active centers
for the activation of n-butane, which is the
rate-limiting step in the n-butane — maleic
anhydride reaction.
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