Published on 01 January 1996. Downloaded by George Mason University on 10/03/2016 23:55:52.

View Article Online / Journal Homepage / Table of

Influence of zirconium phosphate on the properties of (VO),P,0,
catalysts for the selective oxidation of n-butane to maleic anhydride
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The effect of zirconium phosphate on the catalytic, textural and structural properties of (VO),P,0, catalysts has been studied.
Catalysts with different P/V and Zr/V ratios were prepared using different preparation methods and characterized by thermo-
analytical and texture measurements, X-ray diffraction (XRD), potentiometric titration, FTIR, X-ray absorption [X-ray absorp-
tion near-edge structure (XANES) and extended X-ray absorption fine structure (EXAFS)] and laser Raman spectroscopy. The
n-butane conversion and the maxima of maleic anhydride (MA) yield shift to lower reaction temperatures on modification of
(VO),P,0, with zirconium phosphate. There is no correlation between catalytic and textural properties of the modified catalysts.
The zirconium phosphate modification causes a partial amorphization of the (VO),P,0, catalysts and leads to an enhancement
of the VOPO, microdomains (%-, -VOPO, and amorphous VOPQ,).

(VO),P,0, catalysts are widely used as industrial catalysts for
the selective oxidation of n-butane to maleic anhydride (MA).
Catalysts employed in several technological processes differ in
the method of preparation, the conditions during the activa-
tion and the nature and amount of promoters. The effect of
promoters has been examined in a series of papers.!~> In par-
ticular, the modification of (VO),P,0, catalysts with zir-
conium phosphate leads to an enhancement of the catalytic
activity*~® and to an improvement in the mechanical proper-
ties of the catalysts.”® The preparation method during the
modification of the precursor with the promoter component
influences the catalytic activity significantly.® Although the
effect of the promoter modification on the properties of
(VO),P,0- catalysts has been investigated intensively the
cause of the efficiency of the promoter interaction is still a
matter of discussion.

The aim of the present investigation was to utilize different
preparation and characterization methods to obtain more
detailed information about the influence of zirconium phos-
phate promoters on the catalytic, textural and structural
properties of (VO),P,0, catalysts.

Experimental
Preparation of the catalysts

The preparation of the precursor VOHPO,-0.5H,O was
carried out in an organic medium.’ V,O, was suspended in a
mixture of benzyl alcohol and butan-2-ol. The suspension was
stirred, heated under reflux at 383 K for 1.75 h and cooled to
room temperature. A solution of H;PO,(85 wt.%) in butan-2-
ol was added and the reaction mixture was stirred and heated
under reflux at 383 K for 5 h. The reaction mixture was
cooled and filtered. The precipitate was washed twice with
butan-2-ol and dried at 423 K in air for 24 h. Precursors with
P/V ratios of 1.0, 1.1 and 1.2 were prepared.

The modification with zirconium phosphate was carried out
by precipitation deposition using two preparation methods:
method A:® Solutions of ZrOCl, -8H,0O in ethylene glycol
and H,PO, (85 wt.%) in ethylene glycol were prepared and
added simultaneously to an ethylene glycol suspension of the
precursor. Precursors with P/V = 1.0, 1.1 and 1.2 were modi-
fied. Method B: Zr(OC,H,), (70 wt.% in propan-1-ol) and a

solution of H,PO, in propan-2-ol were added together to the
propan-2-ol suspension of the precursor with P/V = 1.1. The
solvents were evaporated while stirring the suspension.

All precursors with Zr/V ratios of 0.05, 0.10 and 0.15 were
dried at 423 K for 24 h. The samples were then pressed (25 kN
c¢m~2, 5 min) and sieved to a granular fraction of 0.1-0.315
mm. Thermal activation was carried out in reaction gas
mixture (1.5 vol.% n-butane in air). The samples were heated
at a heating rate of 5 K min~! from room temperature to 723
K, calcined at this temperature for 24 h and then cooled in the
reaction gas.

Catalytic measurements

Catalytic measurements were performed in a U-tube integral
flow stainless-steel reactor with id 10 mm. An oven with salt
bath was used. 3 g catalyst in a particle fraction between 0.1
and 0.315 mm mixed with 3 g corund (x-Al,0,) in the particle
fraction of 0.2-0.3 mm was situated in the reactor. The total
gas flow was 10 1 h™! with a gas composition of 1.5 vol.%
n-butane in air. Before the reaction the ex situ calcined cata-
lysts were conditioned in situ at 573 K for 2 h in the reaction
gas mixture. The reaction products were analysed by on-line
gas chromatography (HP 5890 Series 11} with CH, as internal
standard. With the combination of a Carbosieve SII (packed)
column with TCD it was possible to analyse O,, N,, CH,,
CO, and H,0. The combination of Poraplot Q (capillary
column, length 25 m, id, 0.32 mm) with FID allowed the
analysis of C—H-containing compounds.

Thermoanalytical measurements

Differential thermal analysis (DTA), thermogravimetric (TG)
and DTG graphs were recorded with a STA 490 QMS
(Netzsch). The catalyst precursors (particle size 0.1-0.315 mm)
were heated from 293-1073 K with a heating rate of 10 K
min~*! in a helium atmosphere (0.2 | min~?!). By coupling the
thermoanalytical equipment with the mass spectrometer it
was possible to analyse the volatile products which were pro-
duced.

Characterization of the catalysts

Texture measurements. The specific surface areas [S(BET)]
and the pore radii distributions were estimated with an ASAP
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2000 (Micromeritics) using N, adsorption at 77 K.

XRD. XRD patterns were obtained with a D5000 (Siemens)
using Cu-Ko radiation with A = 0.154 nm.

FTIR spectroscopy. FTIR spectra were recorded with an
FTIR spectrometer system 2000 (Perkin Elmer) with DTGS-
MIR detector. 2 mg of catalyst were mixed with 100 mg KBr.
This was then pressed to form a self-supporting disk.

Potentiometric titration. Potentiometric titrations were
carried out using the method of Niwa and Murakami.!® The
amount and the average oxidation number of vanadium were
estimated in three stages: 1, Oxidation of V3* and V** to
V5* with KMnO,; 2, potentiometric titration: reduction of
obtained V3* to V** with (NH,),Fe(SO,), 6H,0; 3, poten-
tiometric titration: reduction of V** (of a new sample
solution) to V** with (NH,),Fe(SO,), - 6H,0. The formation
of V3* species can be ruled out from the obtained experimen-
tal results.

XANES/EXAFS spectroscopy. XANES and EXAFS mea-
surements at the V K edge were used to estimate the coordi-
nation number and the oxidation state of vanadium,
respectively, and the average V—O bonding distance. The
XANES and EXAFS spectra were recorded in transmission at
the EXAFS-II station [double-crystal monochromator with
Si(111) crystals] using synchrotron radiation from DORIS-III
at the Hamburger Strahlungslabor HASYLAB at DESY. The
energy of the electrons in the storage ring was 4.6 GeV, the
current was 25-100 mA and the spectral energy resolution at
the V K edge was 1 eV. The ground powder samples were
held between two Kapton foils.

Laser Raman spectroscopy. Raman spectra were obtained
with the XY 800 (Dilor) with CCD array detector using an
Ar™" ion laser with the emission line at A = 514.53 nm with
different laser power densities. The spectral resolution was
better than 4 cm™!. Two types of samples were investigated:
pressed powder samples after calcination in reaction gas
mixture at 723 K and the powder of the same samples in
closed quartz ampoules heated under vacuum (10~2 Pa) at
673 K for 12 h to avoid influence of the atmosphere during
the experiment.

Results and Discussion
Catalytic measurements

The main products of n-butane conversion were MA, CO and
CO,; small amounts of side products such C, and C; cracked
products, n-butane dehydrogenation products (butenes and
buta-1,3-diene), acetaldehyde, acetic acid, propionic acid,
acrylic acid and furan, with a total selectivity of <3% were
formed. The amount of the promoter present has no influence
on the formation of side products.

In Fig. 1 and 2 the n-butane conversion and the MA yield
are shown as a function of the reaction temperature for cata-
lysts with different Zr/V ratios using preparation methods A
and B. The n-butane conversion increases with increasing
reaction temperature and is complete at temperatures above
760 K for all catalysts. The MA yield passes through a
maximum. Comparison between the catalysts with respect to
the P/V ratio reveals the highest n-butane conversion for cata-
lyst with P/V = 1.0. With increasing P/V ratio the n-butane
conversion decreases but the MA selectivity increases leading
to an optimum in MA yield for the catalyst with P/V = 1.1.
The results obtained are in accordance with the literature.!!-!2
The zirconium phosphate modification causes a shift of the
n-butane conversions and of the maxima of MA yields to
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Fig. 1 Dependence of n-butane conversion and MA yield on reac-
tion temperature for catalysts with Zr/V: [J, 0; O, 0.05; A, 0.10 and
O, 0.15, preparation method A; W/F, =003 g h17', 1.5 vol.% n-
butane in air; (a) P/V = 1.0;(b) P/V = 1.1
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lower reaction temperatures. For all investigated catalysts a
significant influence of the zirconium phosphate modification
is observed on catalysts with Zr/V ratios between 0.05 and
0.10, with a less distinct effect for catalysts with Zr/V = 0.15.
With the exception of the catalyst with P/V = 1.2 and Zr/
V = 0.05 the maximal values of the MA yields decrease in
comparison to the sample without zirconium phosphate (Zr/
V = 0). The influence of the modification method A and B is
documented in Fig. 2 for catalysts with P/V = 1.1. Precipi-
tation deposition of the zirconium phosphate using method B
leads to significantly lower MA yields in comparison with
method A, due mainly to a decrease in the MA selectivity.

Thermoanalytical measurements

Fig. 3 gives a general view of the thermoanalytical investiga-
tions of precursors with P/V = 1.0 and different Zr/V ratios
using preparation method A. First the DTG curves of the zir-
conium phosphate free sample should be discussed [Fig. 3(a)].
The peak at 385 K indicates the desorption of physically
adsorbed water. The peak at 664 K is assigned to the loss of
crystal water of the precursor phase VOHPO, - 0.5H,0 and
that at 730 K corresponds to the water loss due to the con-
densation of two hydrogen phosphate groups. The mass loss is
16.6 wt.%, (after subtraction of the adsorbed water) over the
whole temperature range and is higher than the value for a
dehydration and dehydroxylation process (10.5 wt.%) accord-
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Fig. 2 Dependence of n-butane conversion and MA yield on reac-
tion temperature for catalysts with Zr/V: ], 0; O, 0.05; /\, 0.10 and
¢, 0.15; P/V = 1.1; reaction conditions from Fig. 1; (a) preparation
method A; (b) preparation method B
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Fig. 3 Thermoanalytical investigations for precursors with
P/V =10 and Zr/V: ( )0, (rrrree ) 0.10 and (- - --) 0.15;
preparation method A; heating rate = 10 K min~': (a) DTG; (b)
water loss detected by MS; (c) loss of CO, detected by MS

ing to eqn. (1) and (2):
2 VOHPO, - 0.5H,0 - 2VOHPO, + H,0 )
2 VOHPO, - (VO),P,0, + H,0 )

It was found by mass spectrometry that the dehydration of the
sample coincides with the removal of organic species from the
(VO),P,0, lattice in the form of CO, [Fig. 3(b) and (c)].
During the preparation process some of the alcohol can be
trapped between the layers of VOHPO, - 0.5H,O and stabil-
ized as phosphoric ester.'® The peaks at higher temperatures
(>770 K) were assigned to the removal of organic species
from the lattice of the precursor exclusively. This result is in
agreement with that of Cavani et al.'* Furthermore, in the
temperature range 573 to 893 K the release of small amounts
of benzyl alcohol could be detected by mass spectroscopy
(tropylium ion with m/z 91).

The zirconium phosphate modification using preparation
method A leads to a significant change in the thermal behav-
iour of the precursors. First, a new DTG peak at 574 K
appears and, second, the peak at 672 K is shifted to lower
temperatures [658 K, Fig. 3(a)]. It can be recognized that the
main peak of the zirconium phosphate modified samples at
658 K corresponds to a loss of water and removal of organic
species [Fig. 3(b) and (c)]. The DTG peak at 574 K corre-
sponds to both the dehydration and the removal of organic
species from the framework. The dehydration step can be
attributed to the transformation of Zr(HPO,),-H,0O to
ZrP,0,.'* In contrast to the zirconium phosphate-free
sample the dehydration and removal of organic species is
complete at temperatures > 830 K.

The results of the thermoanalytical investigations of zir-
conium phosphate modified precursors with P/V = 1.1 and
1.2 using preparation method A are comparable to those
obtained with P/V = 1.0.

A significant difference in the thermal behaviour of the pre-
cursors was found between the preparation methods A and B.
It was established that the DTG curves of zirconium phos-
phate modified samples prepared by method B are not distin-
guished significantly from the DTG curve of the
VOHPO, - 0.5H,0 precursor. The dehydration is also super-
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imposed by the removal of organic species. Only the mass loss
enhances with increasing Zr/V ratio owing to the zirconium
phosphate transformation.

Characterization of the catalysts

Texture measurements. In Table 1 the specific surface areas
are summarized for catalysts with different P/V and Z1/V
ratios. The values obtained are expected for (VO),P,0, cata-
lysts prepared in an organic medium.’® The specific surface
areas do not reveal large variations and do not depend signifi-
cantly on the preparation method and amount of zirconium
phosphate. The pore analysis data showed that the samples
contain only meso- and macro-pores with pore diameters pre-
dominantly in the range 10-25 nm. Therefore, it is concluded
that the zirconium phosphate influence on the catalytic activ-
ity and selectivity cannot be attributed to textural effects.

XRD. XRD analysis of the precursor samples exhibits only
the XRD patterns for the VOHPO, - 0.5H,0 phase.'® Calcin-
ation at 723 K in the reaction gas mixture leads to the forma-
tion of (VO),P,0,. The XRD patterns of the catalyst with
P/V = 1.0 modified with zirconium phosphate using method
A are shown in Fig. 4. In comparison with the (VO),P,0,
sample (Zr/V = 0) zirconium phosphate modification does not
give rise to a shift in the reflection position in all investigated
samples. This was also found on samples prepared using
method A or B with different P/V ratios. Therefore incorpor-
ation of the zirconium component in the (VO),P,0, lattice
affording [{(VO), _, M,},P,0,]* can be ruled out. However,
with increasing Zr/V ratio a decrease in the peak intensity and
an increase in the background are observed. It can be con-
cluded that modification with zirconium phosphate causes a
partial amorphization of the investigated (VO),P,0O, cata-
lysts. In the diffraction pattern of the sample with Zr/V = 0.05
a small additional reflection at d = 0.412 nm (20 = 21.5°) is
detected and is assigned to the most intense (200) reflection of
the ZrP,0, phase. At higher zirconium phosphate contents
the peak cannot be identified because of broadening of the
(200) reflection of the (VO),P,0, phase and increasing back-
ground.

In a series of publications it was shown that the n-butane
conversion is a structure sensitive reaction with respect to the
special action of the (200) plane of the catalytically active
(VO),P,0, phase.!’?° In this connection, the intensity ratio
I(200)/[1(200) + 1(042) + 1(202) + 1(063)] using the integral
intensities (peak areas) was calculated. The exact estimation
requires a very small step width (26 = 0.025°) during the XRD
measurements. The results obtained are summarized in Table
2. With increasing Zr/V ratio a formal enhancement of the
intensity ratio (200)/[1(200) + I(042) + 1(202) + 1(063)] is
recognizable. Considering the overlapping of the (200) reflec-
tion of the (VO),P,0, phase with that of the ZrP,0O, phase
and the higher amorphization of the modified samples there is
no definite indication of the influence of the zirconium phos-
phate modification on the exposure of the (200) plane of the
(VO),P,0, phase.

Table 1 Specific surface area (BET) in m? g~! of the catalysts with
different P/V and Zr/V ratios, calcined at 723 K for 24 h in 1.5 vol.%
n-butane in air

P/V ratio
method A method B
ZrOCl,-8H,0 Z1(OC;H,),
Zr/V ratio 1.0 1.1 1.2 1.1
0 29 29 22 29
0.05 25 25 23 28
0.10 27 23 25 30
0.15 24 25 20 30
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Fig. 4 XRD patterns of catalysts with P/V = 1.0 and Zr/V: (a) 0, (b)
0.05, (c) 0.10 and (d) 0.15; preparation method A

FTIR spectroscopy. Similar information about the phase
composition was obtained using FTIR spectroscopy. The
FTIR spectra of the calcined (VO),P,0, with P/V = 1.0
modified with zirconium phosphate are shown in Fig. 5. The
spectra obtained are characteristic of (VO),P,0, samples. The
mode assignment was carried out corresponding to literature
data®'~2¢ and is summarized in Table 3. The position of the
(VO),P,0O, modes does not change on modification with zir-
conium phosphate. Thus there is no indication for substitu-
tion of vanadium by zirconium in the lattice of (VO),P,0,.
With increasing zirconium phosphate content an enhance-
ment of the spectra background was observed. In accordance
with the XRD data this finding is explained by amorphization
of the modified (VO),P,0, samples.

Determination of the average vanadium oxidation state. The
average vanadium oxidation states estimated by poten-
tiometric titration are listed in Table 4 for catalysts with dif-
ferent P/V and Zr/V ratios. The values for the non-modified
as well as for the zirconium phosphate-containing (VO),P,0,
catalysts decrease with increasing P/V ratio. The existence of
catalytically active V3* sites depending on the P/V ratio of
(VO),P,0, catalysts was reported by several authors.!12:27

Table 2 Intensity ratio I(200)/{1(200) + I(042) + I(202) + 1(063)] of
the most intense reflections in XRD pattern of catalysts with different
P/V and Zr/V ratios
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Fig. 5 FTIR spectra of catalysts with P/V = 1.0 and Zr/V: (a) 0, (b)
0.05, () 0.10 and (d) 0.15; preparation method A

Catalysts with a small deficiency of phosphorus (P/V < 1.0)
are more sensitive to oxidation than catalysts with a small
excess of phophorus (P/V > 1.0). Considering the dependence
on the Zr/V ratio (for constant P/V ratio) it is evident that
modification of the catalysts with zirconium phosphate leads
to an increase in average vanadium oxidation state. The influ-
ence is lower for catalysts with higher P/V ratio. The highest
amounts of V3% sites were found for catalysts with Zr/

Table 3 Assignment of FTIR modes for (VO),P,0, catalysts modi-
fied with zirconium phosphate

wavenumber

cm™! assignment
1244

1220

1143 v.(PO,)
1117

1088

1010 v,(PO,)

974 WV=0)

921 v, (P—O—P)
794 V[V—(0=V)]
744 v(P—O—P)
634 5,(PO)

577

513 5(PO3)

427

Table 4 Average oxidation number of vanadium in catalysts with
different P/V and Zr/V ratios

P/V ratio P/V ratio
method A method B method A method B
ZrOCl,-8H,0 Z1(0C;H.), ZrOCl,-8H,0 Zr(OC;H,),
Zr/V ratio 1.0 1.1 1.2 1.1 Zr/V ratio 1.0 1.1 12 1.1
0 0.398 0.424 0.394 0.424 0 4.065 4.051 4.035 4.051
0.05 0.399 0.425 0.400 0.432 0.05 4.193 4.099 4.038 4.101
0.10 0411 0439 0.404 0.430 0.10 4.148 4.043 4.049 4.143
0.15 0.449 0474 0.434 0447 0.15 4.090 4.040 4.032 4.116
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Zr/V = 0.05 and 0.10, independent of the preparation method.
With respect to the XRD measurements it is suggested that, in
the activation process from the precursor to the catalyst, zir-
conium phosphate influences the crystallization of the
(VO),P,0, phase. The partial amorphization promotes the
overoxidation and hence the formation of VOPO, phases.
Different results were obtained using preparation method A
and B comparing catalysts with constant P/V and Zr/V ratio
(Table 4). The lower values in the case of method A
(ZrOCl, - 8H,0 as zirconium component) can be explained by
the presence of small amounts of HCl as reducing agent
formed in the activation process.

XANES/EXAFS spectroscopy. The measured spectra were
background corrected, subtracting the extrapolated contribu-
tion ug from the pre-edge region from the experimental data
using a second-order polynomial function and were normal-
ized at 5590 eV. The energy scale was calibrated using the
pre-edge absorption peak of the standard sample V,0;5 at
5469 eV.2® With the definition of the edge energy at the inflec-
tion point of the main absorption edge conversion of the
energy range in the k-range was carried out. py(k) as an
expression for the atomic absorption was obtained by a
fourth-order polynomial fit. A k3>-weighted Fourier transform-
ation was carried out using a BESSEL window for the trans-
formation to the R space. In the case of the calcined sample
with Zr/V = 0.15 a k*-weighted Fourier transformation was
used owing to the lower statistics of the measured curve. After
this Fourier transformation it was possible to obtain the con-
tribution of the several coordination spheres surrounding the
absorber atom in R space.

XANES. Fig. 6 shows the V K XANES spectra of the cal-
cined catalysts with P/V = 1.0 and different Zr/V ratios
(preparation method A) and of V,0,. The XANES spectra
show the expected typical shape for K absorption spectra of
transition metals with partially filled d orbitals. All spectra
exhibit a pre-edge absorption structure which is attributed to
the 1s — 3d transition. This transition is dipole forbidden in
the atomic case. Nevertheless this transition can occur if the
coordination geometry of the absorber atom does not have an
inversion center or if lattice disorder around the absorber
atom appears. Some dipole character of the transition arises
by d-p mixture. Thus the intensity of the pre-edge absorption
structure gives information about the local geometry around

intensity

1 /I N BRPR |
5.46 5.48 5.50 5.52 5.54 5.56 5.58
energy/keV

Fig. 6 V K XANES spectra of catalysts with P/V = 1.0 and Zr/V:
(a) 0, (b) 0.05, and (c) 0.1, preparation method A and (d) V,0,
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the absorber atom. The energy position of the pre-edge
absorption structure can be correlated with the electronega-
tivity of the ligands and the coordination number. From these
results, information about the oxidation state of the absorber
atom can be derived. The main absorption structure orig-
inates from 1s— 4p transitions. Furthermore, the coordi-
nation geometry influences the multiple scattering processes in
the XANES region.?® The pre-edge absorption peaks have
energy values of ca. 5468 eV (Fig. 6). A shift to higher energy
values was noted on zirconium phosphate modification. The
greatest effect was established for the catalyst with the lowest
Zr/V ratio of 0.05. A change in the coordination number of
vanadium in zirconium phosphate modified samples is
improbable because neither a shift of the position of the reflec-
tions or modes nor new reflections in the diffraction pattern or
new modes in the FTIR spectra, respectively, were observed
on changing the Zr/V ratio of the samples. Considering the
results of XRD and FTIR measurements and that of poten-
tiometric titration, an increase in the energy values of the pre-
edge absorption peak is due to an enhancement in the average
oxidation number of vanadium. In the case of the same atoms
surrounding the vanadium in the first coordination sphere the
energy shift of the pre-edge absorption peak amounts to 1 eV
between spectra of V4* and V3*.3° A similar tendency is indi-
cated in the V K XANES spectra of the precursor.>!

EXAFS. Fig. 7 shows the moduli of the Fourier transform-
ation of V K EXAFS spectra of the calcined samples with
P/V = 1.0 and different Zr/V ratios. From these graphs the
relative average V—O bond distances can be determined.
These were not phase and amplitude corrected and thus rep-
resent only relative data. It can be recognized that the zir-
conium phosphate modification results in a significant
increase in the relative average V—O bond distance due to a
greater amorphization in the zirconium phosphate modified
catalysts. The greatest influence was again observed for the
catalyst with Zr/V = 0.05. Hence it can be concluded that the
maximal regrouping of the (VO),P,0, lattice is reached for
very small Zr contents. A further structure is indicated at 2.7
A in the moduli of Fourier transformation of V K EXAFS
spectra of the precursors®! which is assigned to the relative
average V—YV bonding distance in analogy to the moduli of
Fourier transformation of V K EXAFS spectra of V,0; by
Vlaic and Garbassi.?® After calcination of the precursors with
reaction gas a significant decrease in this relative part of the
structure was found owing to the increasing amorphization.

™ T ~ T ~ T~ 1T 17

Fourier transformation

0 1 2 3 4 5 6 7
relative average V-O bonding distance/A

Fig. 7 Moduli of Fourier transformation of V K EXAFS spectra of
catalysts with P/V = 1.0 and Zr/V: (a) 0, (b) 0.05 and (c) 0.15, prep-
aration method A
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Laser Raman spectroscopy. The laser Raman spectra were
recorded to assign the VOPO, phases formed during activa-
tion in the reaction gas mixture. To be sure that no significant
modification of the samples takes place on the laser applica-
tion the power density dependence of the local temperature
was estimated using the results of Stokes and anti-Stokes
Raman measurements. Fig. 8 shows laser Raman spectra in
the anti-Stokes range of (VO),P,0, with P/V = 1.0 using
increasing and decreasing laser power densities, respectively.
The investigated sample is stable up to a power density of 400
W cm™ 2 This result was found for measurements under
vacuum and in air. The temperature, T, of the sample in the
laser focus was estimated considering the intensities of the
modes in the Stokes and anti-Stokes region according to:3?

1 n

anti-Stokes
—anti-Stokes _ =f(T I
1 Stokes n+ 1 f( ) ( )

where n is the Bose—Einstein-factor as defined below:

1
" exphQ/kT) — 1

where # is the Planck constant divided by 2=, Q is the phonon
frequency and k is the Boltzmann constant. Under our experi-
mental conditions, the temperature (in K) in the laser focus
was found to be a linear function of the laser power density
p[W cm~%], which can be described for the sample
(VO),P,0, with P/V = 1.0 by:

T = (304 + 1.6832 W~ ! cm? p)K ()

(I

(In Fig. 8 there is no linear variation of the Raman intensity
with laser power density because of the temperature depen-
dence of the anti-Stokes Raman intensity. From the lowest to
the highest applied power density the temperature in the laser
focus increases by ca. 700 K.) For further investigations of the
modified (VO),P,0, samples a laser power density of 12 W
cm~? was utilised which leads to an increase in the tem-
perature of ca. 20 K according to eq. (III). It is assumed that
no change in the vanadium oxidation state takes place at tem-
peratures <324 K.

Fig. 9 shows the laser Raman spectra of (VO),P,0, cata-
lysts with P/V = 1.0 and different Zr contents, prepared using
method A. The spectra obtained are typical for (VO),P,0,
catalysts. According to Moser and Schrader?? the main modes
of (VO),P,0, at 933 and 925 cm~! can be assigned to v,
(P—O—P) modes. The splitting of these modes is due to two
pyrophosphate groups with different P—O—P angles. Using
the results of the investigation on vanadium phosphate refer-
ence substances®* all modes, with the exception of those at

power density power density
IWeme2
40-120~-200-280

intensity

-1300 -1200 -1100 -1000 -900 -800 -700-1300 -1200 -1100 -1000 -900 -800 -700
anti-stokes wavenumber/cm -1
Fig. 8 Raman intensities vs. anti-Stokes Raman shift for (VO),P,0,
with P/V = 1.0 using different laser power densities; vacuum-heated
sample; (a) increasing laser power density; (b) decreasing laser power
density
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Fig. 9 Laser Raman spectra of catalysts with P/V = 1.0 and Zr/V:
(a) 0, (b) 0.05 and (c) 0.15, preparation method A ; measurement in air;
power density = 12 W cm ™2

797 and 534 cm ™, can be assigned to (VO),P,0, modes. The
modes at 797 and 534 cm ™! are due to the f-VOPO, and the
o-VOPQO, phase, respectively. Most of the (VO),P,0, modes
overlap with modes of the VOPO, phases (o, oy, 8, y and 9).
It is difficult to decide which of the VOPQ, phases are formed
because of the low content of VOPO, phases in the
(VO),P,0, lattice. Amorphous VOPO, phases cannot be
ruled out and should be present in the samples. The laser
Raman spectra of the zirconium phosphate modified
(VO),P,0, samples are nearly identical to that of unmodified
(VO),P,0,.

Conclusions

Modification of (VO),P,0, catalysts with zirconium phos-
phate enhances the catalytic activity for n-butane conversion
and leads to a shift in the MA yields curves to lower tem-
peratures, depending on the P/V ratio of the catalysts. A sig-
nificant influence is observed on catalysts with low Zr/V ratios
of 0.05 and 0.10. In this connection the preparation method is
of importance. There is no correlation between catalytic and
textural properties of the catalysts.

XRD and FTIR investigations indicate that no incorpor-
ation of the zirconium phosphate in the (VO),P,0, lattice
takes place. During the activation process from the precursor
phase VOHPO,-0.5H,O to the catalytically active
(VO),P,0, phase an amorphous phase is formed:*

VOHPO, - 0.5H,0 — amorphous phase —
(VO),P,0, —» V3" _phases (3)

Recently published results®> using in situ Raman spectroscopy
revealed that, during the process of activation, the crystalline
structure of VOHPO,-0.5H,0 becomes totally disordered.
The reaction products influence the final state of the catalyst
with respect to the amount of the VOPO, phases.?*

From our investigations, it is suggested that zirconium
phosphate influences the transformation of the intermediate
amorphous (disordered) phase into the crystalline (VO),P,0,
phase. As a result, a partial amorphization of the (VO),P,0,
phase is observed. The partial amorphization of the
(VO),P,0, phase by promoter component leads to higher
amounts of VOPO, phases during the activation in the reac-
tion gas mixture as shown by XANES measurements and
potentiometric titration. From the laser Raman spectroscopic
measurements, it is evident that small amounts of «- and -
VOPOQO, are formed. Furthermore, the presence of amorphous
VOPO, phases cannot be excluded. In accordance with the
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literature it is assumed that VOPO, microdomains are formed
in the (VO),P,0, lattice.3~*!

With respect to the obtained results, the effect of the zir-
conium phosphate modification on the catalytic properties of
(VO),P,0, in n-butane oxidation is connected with the for-
mation of VOPO, phases under the influence of the reaction
gas mixture. The role of V** species in the complex reaction
network of n-butane oxidation is still a matter for discussion.’
It is assumed that V>* species participate in the C—H
bonding abstraction of the n-butane molecule and that
both oxygen insertion and total oxidation occur on V3*
centres. !*42*3 High MA yields can be reached if, besides
(VO),P,0, small amounts of isolated V>* species are
present.*> When the density of the V°* centres increases, the
MA selectivity decreases due to preferential total oxidation.**
In this connection it is suggested that the VOPO, phases
formed in the (VO),P,0, lattice due to the zirconium phos-
phate modification influence significantly n-butane conversion,
MA selectivity and MA yield.

The authors thank the Fonds der Chemischen Industrie for
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