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The oxidation of toluene and o-xylene on «-Ti(HPOy), - H,O-
supported vanadium oxide catalysts is reported. Vanadium is incor-
porated at different loadings by VOCI; grafting and by vanadyl ox-
alate wet impregnation. Their catalytic properties and the results of
the physico-chemical characterisation (Laser Raman, XRD, SEM,
N adsorption, XPS, and thermal analysis) were compared with
those of a conventional V,0s/TiO; catalyst (with an 8 V05 wt%
loading). It is shown that toluene oxidation is as selective in Ti-
phosphate-based catalysts as in the conventional system, whereas
o-xylene oxidation is less selective: a much lower phthalic anhydride
yield is obtained. Vanadium uptake on Ti phosphate reaches a limit
value when the grafting method is used: V,0s loadings higher than
5 wt% cannot be surpassed. A vanadium oxide-Ti phosphate sup-
port interaction exists at V loadings lower than 5 V,05 wt% as sug-
gested by the fact that the same VOPO4-like environment is detected
irrespective of the method used to incorporate V. Higher vanadium
loadings by using wet impregnation result in the formation of larger
V,0s crystallites than in the case of the conventional V,05/TiO;
catalyst. The lack of interaction at high V loadings leaves the sup-
port uncovered. The poorly covered Ti phosphate surface exposing
acid surface sites must account for the lower o-xylene oxidation to
phthalic anhydride. (© 1999 Academic Press

Key Words: toluene; o-xylene; selective oxidation; vanadium
oxide; titanium phosphate.

INTRODUCTION

The partial oxidation of alkylaromatics such as o-xylene
and toluene results in the formation of products such as
phthalic anhydride, maleic anhydride, benzaldehyde, and
benzoic acid. These products have higher added value be-
cause they are used in industrial processes for the synthe-
sis of plastics, polyester resins, plasticizers, pesticides, dyes,
etc. (1-4). Indeed, the oxidation of o-xylene is now well im-
plemented in industry and has replaced the older process
based on the oxidation of naphthalene to obtain phthalic
anhydride (2). The best catalyst known so far for o-xylene

1To whom correspondence should be addressed. Fax: 00-34-91-
5854760. E-mail: jlgfierro@icp.csic.es.

and toluene oxidation is V,0s supported on anatase, one
of the isomorphs of TiO, (5-7). This system has been char-
acterised in depth, and it has been reported that the P is
present in industrial catalysts (2, 3). The bulk percentage
of promoters is very low, but they are concentrated at the
surface (8), where their local concentration is much higher.
There is some controversy in the literature as to whether
P should be considered an impurity, a promoter, or a poi-
son to the V,0s5/TiO, system. Van Hengstum et al. have
reported that it is not easy to obtain a P-free TiO, and that
P is present at low bulk concentrations. These authors also
showed that the addition of P to V,0s/TiO; improves the
catalytic oxidation of toluene and o-xylene on the V-Ti-O
system. Unfortunately, their results were incomplete be-
cause the yields to all possible products were not followed,;
despite this, the improvement of catalyst performance ob-
tained with the addition of P was clearer at higher conver-
sion (9). Wachs et al. (10) reported that the incorporation
order of P and V is very important in the preparation of V-
Ti—P-O catalysts used for the oxidation of methanol. Ac-
tually, van Hengstum et al. (9) impregnated V in a second
step on a support previously impregnated with P. By con-
trast, Anderson et al. prepared the catalyst by simultaneous
wet impregnation of V and P (11); this resulted in a clear
reduction in the performance of the catalyst.

The above controversy prompted us to study the be-
haviour of the V-Ti—P-O system in the catalytic oxidation
of alkylaromatics, not only to test the catalytic properties
of this system but also to gain information on the role of
P in such reactions. The approach followed in this work
consisted in using a hydrated titanium hydrogenphosphate,
a-Ti(HPOy), - H,0 («-TiP), as a support since the impreg-
nation of TiO, by P results in the formation of Ti hydrogen
phosphate (12). This solid has already received much at-
tention (13-18), which is obviously an advantage as regards
gaining insight into the role of P in the catalytic properties
of the V-Ti-O system.

The actual method of adding vanadium to anatase has
been reported not to affect the final chemical and cata-
Iytic properties of vanadium oxide. In this sense, chemical
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vapour deposition or grafting by vanadyl chloride or vana-
dium alkoxides (19, 20), incipient wetness impregnation or
wet impregnation of any vanadium-containing salt (21), or
solid state reactions between V,0s and anatase when cal-
cined or under reaction environment (22) all essentially
result in the same V,0s/TiO, system as long as other vari-
ables, such as the percentage composition or temperature
of calcination, are the same and as long as the system has
reached the chemical equilibrium. V,0O5 wets the TiO; sur-
face viaastrong interaction between the surface of TiO,and
VO moieties (7, 22-25). Here, the effect of the method of
vanadium deposition on the vanadium oxide-support inter-
action, and therefore on its catalytic properties, is studied.
The first method, VOCI; grafting, is based on the ability of
vanadium chloride to react with an acid —-X-OH (X can be
P or Ti), which affords a monolayer of vanadium oxide on
the surface of the support. The second method, wet impreg-
nation of vanadyl oxalate, is simple and safe, and it allows
the deposition of higher vanadium oxide loadings. A com-
parison of both methods should provide information about
the conditions, if any, under which the vanadium oxide—Ti
phosphate support interaction develops and the effects it
has on the properties of the catalyst.

EXPERIMENTAL

Preparation of Catalysts

The support was prepared by a sol-gel methodology. A
solution of Ti(OiPr), (Aldrich purity 93%) in n-propanol
(Prolabo pure quality) was hydrolysed by slow addition of
1 M H3POq, (final (P/Ti=1). The gel thus obtained was sol-
ubilised in 85% H3PO,4 (Analar) (P/Ti =10.2), and after5 h
of vigorous stirring at 295 K a white gel was formed. Stir-
ring was then maintained for a further 70 h. The solid was
rinsed in several cycles of centrifugation and addition of
n-propanol and finally with distilled water, and it was fi-
nally air-dried at 333 K. This solid was called «-TiP, and its
XRD pattern corresponded to Ti(HPO,), - H,O. The spe-
cific BET area of this uncalcined solid was 10 m?/g.

The incorporation of vanadium to the support was ac-
complished following two different methods, grafting by
VOCI; (Aldrich 99%) in organic medium and wet impreg-
nation by vanadyl oxalate. The grafting procedure was car-
ried out by stirring a suspension of the «-TiP solid in a so-
lution of VOCI3 in n-hexane at room temperature for 24 h.
The «-TiP used for graftingwasdried a473 Kand keptindry
atmosphere before VOCI; solution in n-hexane was added.
The amount of VOCI; was varied in order to see whether
it might be possible to increase the V loading. The atmo-
sphere was carefully controlled in order to exclude humid-
ity. The solid was rinsed with hexane. The wet impregnation
technique was carried out using an impregnation solution
prepared by adding V.05 (Fluka >99% purity) to a solu-
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tion of oxalic acid (Panreac 99.5%) in water (2.3 g oxalic
acid/g V,0s) at 323 K. Addition must be slow enough to
avoid loss of solution by spilling, due to the strong evolu-
tion of CO,. The volume of the blue solution thus obtained
was brought up to 30 cm?, and then the support was added
to the solution. Finally, the excess water was removed by
evaporation in a rotary evaporator.

Precursors were air-dried at 333 K, and catalysts were
obtained by calcining the precursors at 923 K in the case of
grafted samples and at 723 K in the case of wet impreg-
nated samples. The precursors are hereafter referred to
as XVTiPy, where x indicates the expected wt% V,0s5 of
the samples according to the amount of V added during
the preparation procedure and y denotes whether the sam-
ple was prepared by the grafting (g) or the impregnation
(i) method. To indicate that the sample had been calcined
(catalysts) the suffix “c” is added to the name of the pre-
cursor. Thus, 20VTiPi-c would be a catalyst obtained from
aprecursor prepared by the wet impregnation method with
a theoretical 20 wt% V,0s.

A reference TiO; (anatase)-supported-V,0Os catalyst was
prepared in order to compare some of the chemical and
catalytic properties of the V-Ti—-P-O system. The method
used to add the V.05 was the wet impregnation method ex-
plained above. The precursor was dried at 333 K and cal-
cined at 723 K in dry air. Anatase was supplied by Than and
Mulhouse (pigment grade). V,0s loading was 8 wt%b, and
hence the precursor is referred to as 8VTi.

Characterisation of Samples

N, adsorption isotherms were recorded at the temper-
ature of liquid N, with a Micromeritics ASAP 2000 ap-
paratus. Samples were previously outgassed at 413 K for
6 h. XRD patterns were recorded on a Seifert 3000 diffrac-
tometer using Ni-filtered CuKa radiation (A =0.1541 nm).
Raman spectra were recorded on a single-monochromator
Renishaw 1000 spectrophotometer equipped with a CCD
cool detector (200 K), with an argon laser as the exciting
source (A =>514.5 nm), a single monochromator, a super-
notch filter, and an in situ cell which enables treatment
of samples under a flow of gases. Raman spectra were
recorded at room temperature with a laser power of 2 mW.
Chemical analysis of the samples to determine the V, Ti, and
P composition was carried out by ICP using a Perkin—-Elmer
Optima 3300 DV apparatus. Samples were previously di-
gested in a microwave oven using an HF/HCI/HNO3; mix-
ture. SEM micrographs were take with an 1SI DS-130 mi-
croscope equipped with a secondary electron detector with
a maximum resolution of 10 nm and with a Si(Li) Kevex
detector, which allows chemical analysis by energy disper-
sion analysis of X-rays. Electrons can be accelerated in the
1-40 keV range. The sensitivity of the chemical analysis
is 0.5% for elements Z > 11 in a minimum area of 1 um?.
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Thermogravimetric analysis was carried out on a Perkin-
Elmer TGA-7 apparatus. The samples (ca. 15 mg) were
loaded and heated under a flow of dry air at a rate of 40 ml/
min and a heating rate of 10 K/min. Thermal differential
analysis was accomplished on Perkin-Elmer DTA-T equip-
ment. The samples (ca. 40 mg) were heated under a flow
of dry air at a rate of 100 ml/min and a heating rate of
10 K/min. Photoelectron spectra were acquired with a VG
Escalab 200R spectrometer equipped with a hemispherical
electron analyser and an Mg Ko 120 W X-ray source. The
powder samples were pressed into small aluminium cylin-
ders and then mounted on a sample rod placed in an in situ
pretreatment chamber and outgassed at room temperature
for 1 h prior to being placed inside the analysis chamber.
During data acquisition the pressure in the ion-pumped
analysis chamber was maintained below 2 x 10~° mbar. In-
tensities were estimated by calculating the integral of each
peak after smoothing and subtraction of the “S-shaped”
background and fitting the experimental curve to a combi-
nation of Lorentzian and Gaussian lines. All binding ener-
gies (BE) were referenced to the adventitious C 1s line at
284.9 eV. This reference gave BE values with an accuracy
of £0.2 eV.

Measurements of Catalytic Activity

Catalytic activity measurements were carried out in a
plug-flow glass fixed-bed reactor heated by a cylindrical
oven. Circa 0.06 g (W/F =42 g s I"Y) of catalyst diluted
seven times in carborundum was loaded (0.42-0.50 mm).
Gas flows were controlled by mass flow controllers. Toluene
(Fluka >99.8%) or o-xylene (Fluka >99%) were fed as lig-
uid by means of a perfusion pump. Alkylaromatic and O,
molar concentrations in the feed were 0.8 and 20.8%, re-
spectively (balance N,). The inlet lines were heated at 453 K
in order to ensure the evaporation of alkylaromatics. A Var-
ian gas chromatograph (Star 3400 CX) was connected on
line with the reactor outlet in order to analyse permanent
gases and volatile fractions of the reaction mixture. An ice
bath trap was placed between the GC and the reactor outlet
to condense part of the unreacted alkylaromatic and part of
the products. The lines connecting the reactor and the trap
were heated up to 523 K. The temperature of the bottom
part of the reactor, downstream from the catalyst bed, was
higher than 623 K. The GC was equipped with TCD and
FID detectors. O, N2, H20, CO, and CO, were separated
by two packed columns connected in series (HayesSep D
and 5 A molecular sieve). Organic products were separated
by an RTX-5 capillary column.

RESULTS

Table 1 summarises some of the physico-chemical proper-
ties of the catalysts. Fierro et al. have reported that 6V TiPg-c
shows maximum V,0Os uptake when the grafting method
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TABLE 1

Physicochemical Properties of Catalysts

V7,05 wt% V7,05 wt% Number of BET surf.

Catalyst  (theoretical) (chem.anal) monolayers® area (m?%g)
a-TiP-c 0 0 0 30.4
1VTiPg-c 1 1.6 0.4 23.6
6VTiPg-c 6 4.7 11 23.9
2VTiPi-c 2 2.1 0.5 26.3
5VTiPi-c 5 4.3 1.0 19.7
10VTiPi-c 10 111 25 16.3
20VTiPi-c 20 20.5 4.7 11.0
8VTi-c 8 7.2 5.6 9.0

& Calculated assuming that V,Os spreads over the surface of the pre-
cursor (30.4 m?/g) and each V atom (VO,s) occupies 0.105 nm? of the
support surface (40).

is used (ca. 5 wt%) (26). Increasing the concentration of
the grafting solution does not result in a stronger uptake
of V. This value is defined by the availability of the reagent
to surface OH groups. Some calculations can be done to
estimate the amount of VOCI; able to react with surface
OH groups. It must be considered that in the structure of
Ti(HPO,), - H,O, each P-OH group occupies 0.2167 nm?
(13) and when «-TiP support is calcined its specific area
increases to 30.4 m?jg. Assuming that (i) the density of
phosphorous is kept after calcination of «-TiP and (ii) each
P—OH group can anchor one VOCI3; moiety, it can be con-
cluded that only 2.2 VV,05 wt% can be anchored. It should
be taken into account that Ti-OH groups can also react
with vanadium chloride (in which case the value rises to
3.3 V7,05 wt%). It should be also considered that the sur-
face was enriched in P (see XPS results below) and that Ti
phosphate can be hydrolysed while vanadium is added, es-
pecially the surface, resulting in the breaking of the P-O-Ti
bond and the forming of new Ti-OH and P-OH sites, which
increases the amount of surface reactive groups (27). Thus,
the saturation uptake of V by grafting must be greater than
3.3; experimentally it is ca. 4.7%.

Obviously, agreater amount of V05 can be incorporated
if the wet impregnation method is used. Regarding the BET
specific surface area, the wet-impregnated series showed a
decrease with the vanadium loading, readily explainable
in terms of pore filling by the vanadium phase. Table 1 also
summarises the theoretical number of monolayers of V,0s.
This number was calculated assuming that V,0Os is formed
after calcination and that it spreads over the surface, devel-
oping a “monolayer” of V,0s5 (see Table 1). It should be
stressed that since the Ti—-P-O support has higher surface
area than anatase after calcination, higher V loadings are
required to obtain a similar theoretical dispersion of vana-
dium. In fact, the number of theoretical V monolayers of
the 20V TiPi-c sample (20 wt%o) was only slightly lower than
that of the 8VTi-c sample (4.7 vs 5.6, respectively).
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FIG. 1. N, adsorption and desorption isotherms of several catalysts,
(closed symbols) adsorption branch, and (open symbols) desorption
branch.

Figure 1 shows the N, isotherms of the calcined samples
a-TiP-c, 5VTiPi-c, 20VTiPi-c, and 8VTi-c. The isotherms
correspond to mesoporous materials of type A according
to the de Boer classification (hysteresis type H3 according
the IUPAC classification) (28). These types of isotherms
and hysteresis loops are typical of mesoporous materials
defined by plate-like particle aggregation. The figure clearly
shows that the vanadium added to the support seems to fill
the mesopores and therefore the space between the parti-
cles. Figure 2 offers SEM microphotographs of «-TiP-c and
20VTiPi-c. The V-free sample is shaped in plate-like parti-
cles clustered in a major extension in a rose-blossom-like
shape. The 20V TiPi-c sample, the richest V catalyst, dis-
plays a similar morphology, and no grains of different mor-
phology, suggesting phase segregation, were seen. Chemical
analysis by EDAX revealed that this sample was homoge-
neous in all the spots analysed: V, Ti, and P were detected at
molar concentrations closer to the composition determined
by ICP. It can be concluded that at the resolution used to
make the pictures no V phase segregation occurred.
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Figure 3 shows the XRD patterns of some of the sam-
ples calcined at 723 K (however, as explained below, the
diffractogram of the calcined precursor shown in the fig-
ure belongs to samples calcined at 1023 K instead of at
723 K). TGA and DTA analysis showed (see below) that
at 723 K the transformation of hydrogenphosphate to lay-
ered pyrophosphate is not totally achieved and an ill-
crystallised phase is reached. The rehydration of the re-
maining Ti(HPO,),, the phase resulting from the partial
dehydration of the support (the samples were stored un-
der room air can occur. Indeed, the diffraction lines of
the vanadium samples are broad and of low intensity, in-
dicating that the samples are quite amorphous. The diffrac-
tion pattern with the clearest reflections belongs to the
20VTiPi-c sample. Peaks at 0.419, 0.341, 0.302, 0.290, and
0.250 nm together with the wide peak at around 20 = 10°
suggest the presence of layered «-TiP,O7 (14). Evidence
in favour of the notion that no cubic TiP,O; peaks were
present in the former diffractograms is that when the sup-
port is calcined at much higher temperatures (1023 K) than
the V-containing samples (723 K) it displays the reflec-
tions of cubic-TiP,O7 (d =0.456, 0.394, 0.353, 0.322, 0.279,
0.237,0.218, 0.191, 0.176, 0.161, 0.152, and 0.139 nm) (29).
(We show this diffractogram to demonstrate that crystalline
cubic-TiP,Oy is absent in samples calcined at lower temper-
atures.)

One striking observation was that no diffraction lines
arising from V,Os or any other vanadium compound were
detected. In order to verify the dispersion reached by the
impregnation method, a physical mixture of the impreg-
nating vanadium phase and support (20 wt% V,0s) was
prepared as follows: the solid resulting from water evap-
oration of the impregnating vanadyl oxalate solution was
mixed with the bare support and both were calcined to-
gether at 723 K. The XRD of this physical mixture is also
shown in Fig. 3. Very intense V,Os diffraction lines were vis-
ible. By contrast, such reflections are absent in the sample
that has the same composition but was prepared by impreg-
nation (20VTiPi-c). This result indicates that the V phases
present either are amorphous or have a small crystal size,
and then that the vanadium phase appears to be dispersed
by the impregnation method.

The thermogravimetric analyses of several samples
heated under a flow of air can be seen in Fig. 4a. The
mathematically obtained differential curve is also plotted
in order to clarify the weight loss processes (Fig. 4b). The
TG traces for «-TiP, 6VTiPg, 5VTiPi, and 20V TiPi precur-
sors are compared. The first loss of weight associated with
hydration water, located between the layers of the phos-
phate, occurs in a wide temperature range, i.e., between
room temperature and 573 K. This process affords the
Ti(HPOy), (17, 18). The second weight loss corresponds
to the evolution of water molecules existing in the struc-
ture, due to the condensation of HPO, groups, yielding
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20VTiP

FIG. 2. SEM micrographs of (a) the «-TiP-c sample and (b) the 20V TiPi-c sample.
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the formation of layered Ti pyrophosphate (TiP,O7) (17,
18). In the vanadium-containing samples prepared by wet
impregnation, together with these two processes, an addi-
tional loss of weight is also observed at ca. 523 K, which
is superimposed on the first loss of water. This loss should
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be assigned to the removal of the oxalate residues intro-
duced during wet impregnation. This feature, less visible
in 5VTiPi, was clearly detected in the thermogravimet-
ric analysis of 20VTiPi due to its higher oxalate load-
ing and was not observed in the samples prepared by
grafting.

Figure 5 shows the DTA curves obtained in the corre-
sponding previous TGA experiments. The DTA pattern of
a-TiP shown in Fig. 5, a-Ti(HPOy), - H,0O, can be explained
interms of the results reported in the literature (17, 18). The
DTA trace corresponds to the sequence of the following
processes: (i) loss of hydration water (endothermic feature
at 400 K which corresponds to the formation of Ti(HPOy),,
which occurs in TGA between RT and 573 K), (ii) the «-
Ti(HPOy), to ¢-Ti(HPO,), transition, a barely visible en-
dothermic feature at 600 K), (iii) pyrophosphate formation
(endothermic feature at 750 K), and (iv) phase transition
of layered a-TiP,0O5 to cubic-TiP,O at 1125 K. The weak
exothermic feature appearing in 5VTiPi at ca. 500 K must
involve the combustion of oxalate groups, clearly visible in
the 20V/TiPi trace. The peak located trace at 1125 K in «-TiP
shifts to lower temperatures as vanadium loading increases
(in the 20 VTiPi sample it is located at 872 K). Therefore
the addition of V promotes the transformation of layered
a-TiP,07 to the cubic-TiP,0O7 phase.
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(a) TG analysis of several catalysts under a flow of air. (b) Derivative curves of the former TG traces.
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Raman spectra of the support «-TiP and some V-contain-
ing samples calcined at 723 K are shown in Fig. 6. Calci-
nation was carried out ex situ under room air, but before
the spectra were recorded the samples were recalcined in
the in situ cell by flowing 100 mL(STP)/min of dry air and
were then cooled down under the same flow to room tem-
perature for the recording of the spectra. The Raman spec-
trum of «-TiP calcined at 723 K has the bands 193 (s),
250 (w), 320 (s), 412 (s), 528 (w), 569 (m), 1024 (vs),
1042 (m), 1144 (w), and 1261 (w) cm~%, which can be as-
signed to the stretching and deformation of HPO?{ groups
(18). According to TG and DTA analyses, hydrogenphos-
phate groups are not totally condensed at 723 K. Therefore,
the Raman spectrum must represent an intermediate state
inwhich Ti hydrogenphosphate and pyrophosphate coexist.
The lack of P-O-P symmetric stretching of other metal py-
rophosphates (ca. 741 cm~1) (30) has also been observed in
Ti phosphate calcined at 1023 K (not showed in this figure).
The Raman spectra of the vanadium-containing samples
can be described as the contribution of two Raman spectra,
that of the support and that of other bands arising from
vanadium phases. The intensity of support bands decreases
as V loading rises: this effect has been attributed to the loss
in efficiency of the Raman scattering process as the colour
deepens with increasing the vanadium loading.
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In some cases, the assignation of the new bands to any
vanadium phase is not definitive, although at the end of
the discussion of Raman results a general understanding
of the situation can be obtained. 5VTiPi-c, 20V TiPi-c, and
6VTiPg-c are the clearest catalysts in terms of the assig-
nation of bands to a vanadium phase. Along with bands
assignable to the titanium phosphate support, 5VTiPi-c dis-
played the bands 168 (w), 298 (m), 457 (w), 539 (m), 579 (m),
927 (s), 949 (w), and 969 (w). These new bands correspond
to «)-VOPQ,. Some bands do not show the same intensity
as those corresponding to the published results of the bulk
phase (31), but intensity changes can be expected when
a)-VOPO; is supported. The band at 1038 (vs) cm~* can
be attributed to the V=0 stretching vibration of a iso-
lated tethraedral monomeric O=VOj3 (25) unit, but it coin-
cides with a very intense band of the support (see above).
The 6V TiPg-c spectrum presents the same Raman features
as the 5VTiPi-c spectrum, which clearly indicates that the
method of vanadium incorporation (grafting or wet im-
pregnation) does not affect the final vanadium phase ob-
tained in the calcined state. Five percent V,Os is close to
the theoretical amount needed to develop a monolayer of
well-dispersed VO, units on the surface of the support
(see Table 1). Therefore, it seems that vanadium precursor
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FIG. 6. Raman spectra of several catalysts (@, Ti phosphate; *, «)-
VOPOQOy; ¢, V,0s; V, see text).
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deposited on the surface of the support, when calcined,
forms a vanadium phosphate-like phase due to the reac-
tion with the P-OH groups remaining on the surface of Ti
phosphate, and the remaining vanadium atoms form iso-
lated O=VO3 units anchored on other OH groups.

At the extreme end of the composition range, the rich-
est vanadium sample (20VTiPi-c) displays Raman fea-
tures clearly assignable to V,0s, 142 (s), 192 (w), 283 (5),
300 (sh), 404 (m), 476 (w), 525 (m), 664 (w), 702 (m), and
993 (vs) cm™* (32). Since no V.,Os diffraction reflections
were detected by XRD, small crystals must be present on
the surface of the support. Raman bands at 833 (w) and
877 (w) (V in Fig. 6) cannot be assigned either to V,0s
crystallites or to any vanadium phosphate. A tentative as-
signment could be dimeric vanadate-type and polymeric
polyvanadate-type species supported on Ti phosphate since
similar frequencies have been observed for these species in
V,0s5 deposited on other supports (25, 33, 34). The band
at 1038 cm~?, already discussed above, can be assigned
to overlapping of isolated O=VO3; and to the support.
The 10VTiPi-c sample displayed a Raman spectrum dif-
ferent from the former spectra. Bands at 168 (w), 298 (m),
417 (m), 579 (w), 664 (w), 833 (w), 877 (w), 931 (w), 1033 (s),
1063 (sh), and 1131 (w) are detected. The assignations of
these bands are proposed in Fig. 6. This is not definitive,
but it is clear that the 10V TiPi-c sample represents an in-
termediate state of the vanadium phase between that of
the 5VTiPi-c (only «-VOPQO, was detected) and that of
20VTiPi-c (mainly V,Os is detected). The spectrum of the
2V TiPi-c catalyst shows one band not assignable to the Ti
phosphate support, at 294 cm~2, which can be attributed to
O(|-VOPO4.

Table 2 summarises some of the data obtained from XPS
analysis. The XPS parameters of the 8VTi-c sample are also
tabulated for comparative purposes. In the 8V Ti-c catalyst,
the V/Ti atomic ratio determined by XPS is much higher
than the bulk value. Many authors have reported that at
high vanadium loading vanadium oxide is well dispersed on
the surface of the anatase as multilayers of amorphous V,Os

TABLE 2

Binding Energies (BE) of Core Electrons and Atomic Ratios
of Some Catalysts (Both Sets of Values Obtained by XPS Ana-
lysis) along with the V/Ti Bulk Ratios (Determined by Chemical
Analysis)

Sample XPS VITi atom XPS P/Ti atom Bulk V/Ti atom
a-TiP-c — 2.66 —
2VTiPi-c 0.03 2.56 0.05
5VTiPi-c 0.07 221 0.14
6V TiPg-c 0.13 2.74 0.14
10VTiPi-c 0.35 2.62 0.32
20VTiPi-c 0.85 2.32 0.68
8VTi-c 0.43 — 0.08
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FIG.7. Toluene conversion of several catalysts (see text for experi-
mental conditions): O, «-TiP-c; O, 1VTiPg-c; A, 5VTiPi-c; V, 6VTiPg-c;
+, 20VTiPi-c; ®, 8VTi-c.

(6,7, 35). The photoelectrons arising from the TiO, support
are quenched by outer vanadium oxide, and the XPS V/Ti
ratio is higher than in the bulk. Comparison between the
XPS and bulk atomic V/Ti values in the V-Ti—-P-O series
shows that in all cases the XPS and bulk parameters are sim-
ilar (within experimental error). Thisisto be expected in the
samples poorest in vanadium because, at least theoretically,
vanadium cannot cover the surface, and therefore the XPS
signal rises from both the support and the vanadium phase.
However, at the other extreme of the series, 20VTiPi-c has
enough vanadium to develop several monolayers of vana-
dium on the surface of the support. This indicates that vana-
dium is not very well dispersed, forming monolayers, but
rather, it forms crystallites of V;Os at higher vanadium con-
centrations. In all cases, the XPS P/Ti atomic ratio is higher
than 2 (bulk atomic ratio), which suggests that the surface
is P enriched.

Figure 7 shows the toluene conversion of some of the
catalysts studied in this work. Table 3 shows the product
yields at 723 K for the samples represented in Fig. 7 un-
der the same feed conditions. Among the partially oxi-
dised products detected, benzaldehyde (BCHO), benzoic
acid (BCOOH), phthalic anhydride (PA), maleic anhydride
(MA), and anthraquinone (ANQ) appear at the highest
yields. Other minor products are o- and p-methyl-diphenyl
methanone (o- and p-MDPMO), di-phenyl methanone
(DPMO), and benzene (BZ). It is clearly showed that the
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TABLE 3

Toluene Conversion and Yield to Main Oxidation Products at 723 K

Catalyst: a-TiP-c  1VTiPg-c 6VTiPg-c 5VTiPi-c  10VTiPi-c  20VTiPi-c  8VTi-c
Conv (%) 214 21.8 51.6 52.0 80.0 79.2 80.8
Y COx (%) 13.6 15.9 29.6 249 339 29.1 40.3
Y Bz (%) 0.6 0.7 0.8 0.7 1.2 1.0 0.2
Y MA (%) 0.0 0.0 0.0 25 10.5 11.9 10.5
Y BCHO (%) 2.7 1.9 9.4 7.6 9.8 10.2 6.0
Y BCOOH (%) 1.6 19 54 34 6.3 6.0 7.5
Y PA (%) 24 0.9 4.8 8.3 11.6 8.7 2.1
Y ANQ (%) 0.3 0.3 14 4.4 6.2 49 1.1
Y others (%) 0.2 0.2 0.2 0.2 0.5 7.4 131

Note. Conditions: 0.06 g (W/F =42 gs/l). Molar concentrations: toluene 0.8%, O, 20.8%, N, 78.4%.

incorporation of vanadium improves the catalytic perfor-
mance of the bare support. When temperature was raised,
toluene conversion increased and the selectivity to par-
tial oxidation products decreased as total combustion in-
creased. At similar toluene conversion, the richer V cata-
lysts are more selective to partial oxidation than the V
poorer samples. The carbon balance in most of the Ti phos-
phate supported catalysts are within the experimental error
in all cases and at all temperatures. But in 20VTiPi-c and
in 8V Ti-c the carbon balance is 100% at lower conversion
(within the experimental error) while at higher conversion
it lies between 85 and 95%. The imbalance must be assigned
to heavier oxidised products, such as MDPMQOs, DPMO,
and other even heavier products, with quite high boiling
points (e.g., anthraguinone melts at 558 K), which hinders
their analysis by GC. These heavy products are not totally
soluble in acetone. Thus, at higher conversion and higher
yields they could remain unsolubilised by the acetone. The
use of other solvents such as methanol, cyclohexane, di-
cloromethane, butanol, acetonitrile, benzene, and octanol
did not substantially improve the carbon balance. They are
referred to as “other” products in Table 3 and are derived
from the carbon imbalance. An important aspect is that the
method of V incorporation does not seem to be so critical as
regards the catalytic activity of the system. Thus, 5V TiPi-c
and 6V TiPg-c catalysts, which have similar effective V load-
ings, have fairly similar catalytic properties. The effect of the
calcination temperature, 723 K for the impregnated samples
and 923 K for the grafted series, does not seem to determine
the final catalytic activity.

Basically, the toluene conversion on 10VTiPi-c and
20VTiPi-c catalysts is quite similar to that of the conven-
tional catalyst 8V Ti-c. They show less theoretical amounts
of V per m? than does 8V Ti-c but show lower total oxidation
levels (lower COy selectivity), higher BCHO and PA yields,
and less heavy product formation. It can be also seen that V
loadings above 10 wt% V,0s do not improve the catalytic
oxidation of toluene to any remarkable extent; conversions
and yields to partially oxidised products remain rather un-

affected. It is clear that the presence of P in the system
is not detrimental in terms of conversion and results in a
higher formation of PA and BCHO than that afforded by
the conventional catalyst.

The relatively good catalytic properties in toluene oxida-
tion of V-Ti—P-O catalysts as compared to a conventional
catalyst, as well as the high PA selectivity, encouraged us
to test o-xylene oxidation on these catalysts. Figures 8 and
9 and Table 4 summarise the results for the oxidation of
o-xylene on the most selective catalysts in o-xylene oxida-
tion. o-Xylene is transformed to partially oxidised prod-
ucts and, if oxidation proceeds totally, to carbon oxides.
Among the partially oxidised products, o-tolualdehyde (o-
TAL), phthalic anhydride (PA), and phthalide (PL) are
the most important. Conventional 8V Ti-c catalyst oxidizes
the o-xylene faster than Ti phosphate supported catalysts
(which was not the case in toluene oxidation). The 8V Ti-c
catalyst is more active and selective than the V-richer V-
Ti—-O-P samples. The selectivity to PA in the 8VVTi-c system
increases smoothly with temperature to the detriment of the
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FIG. 8. o0-Xylene conversion for most selective catalysts: V, 10V TiPi-
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selectivities of o-TAL and PL: o-TAL and PL are strongly
oxidised to PA as conversion rises, as has also been reported
in the literature (36).

The 8VTi-c catalyst is quite selective to PA, and the
carbon balance is higher than 99% throughout the temper-

TABLE 4

0-Xylene Conversion and Selectivity to Yield Oxidation
Products at 713 K

Catalyst: 10VTiPi-c 20VTiPi-c 8VTi-c
Conv (%) 56.5 81.2 87.3
Y COx (%) 24.3 34.7 19.0
Y o-TAL (%) 2.5 3.2 2.6
Y PA (%) 139 26.4 63.9
Y PL (%) 2.9 4.9 1.8
Y others (%) 12.9 12.0 0.0

Note. Conditions: 0.06 g (W/F = 42gs/l). Molar concentrations: toluene
0.8%, O, 20.8%, N, 78.4%.

ature range studied. However, in V-Ti-P-O catalyst, the
COyyield is higher and PA formation is lower. Additonally,
the loss of carbon balance isimportant at higher conversion
(within 15-25%0), indicating that there are other products
which are not being analysed under these conditions. A
deposit of products was observed at the bottom of the re-
actor (the cooler zone of the glass reactor), upstream from
the condensation trap. This zone is subject to temperatures
higher than 623 K, and hence the observed products must
be nonvolatile and very likely result from the condensation
of aromatics rings (heavy polyaromatic rings) (37-39). For
two reasons, analysis of this deposit was quite difficult. One
fraction was insoluble in acetone and in many other polar
and nonpolar solvents. And the maximum temperature
of the GC injection port rendered volatilisation of these
heavy products almost impossible. In Fig. 9 carbon balance
is accounted for as “other” products. In sum, Ti-phosphate-
supported vanadia catalysts with V loading similar to that
of a convetional V/TiO, catalyst are less active and less
selective, and they present higher yield to heavy products.
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DISCUSSION

One of the first questions to be answered concerning the
use of Ti-phosphate-supported vanadium oxide materials as
catalysts is whether the vanadium phase is dispersed over
the surface of the support, whatever the vanadium and Ti
phosphate phases formed when precursors are calcined, by
an interaction between the vanadium and the Ti phosphate
phases that forces the vanadium phase to spread over the
support phase. If not, only a physical mixture of the vana-
dium phase and the support will be formed, a dilution of
vanadium oxide in Ti phosphate. The characterisation re-
sults can assess whether a dispersed vanadium phase is ob-
tained. No segregation of the vanadium and titanium phases
was detected by SEM, at least up to the resolution permitted
by the magnification. No vanadium phase was detected in
any of the catalysts by XRD, even in the 20V TiPi-c catalyst,
which was the vanadium-richest sample. However, no con-
clusion concerning the dispersion of the vanadium phase on
the support surface can be reached. One very striking obser-
vation, already commented on in Results, is that when the
solid arising from the water evaporation of the impregnat-
ing solution is mixed with the support (at 20 V,0s wt%) and
the physical mixture is calcined at 723 K, very narrow and
intense diffraction peaks of VV,Os are detected. All these re-
sults indicate that wet impregnation or grafting methods are
needed to obtain small a crystal size in the vanadium phase.
Nonetheless, a small crystal size is not itself evidence of a
vanadium phase-support interaction and a more in-depth
scrutiny of the results is needed.

Attention must be focused in the limited V loading
reached by the grafting method. This figure (ca. 5 V05
wt9%b) is also close to the value at which there is a theoretical
monolayer of V,0s on the surface of the support, assuming
that vanadum oxide is spread over the surface. Two results
support the existence of a vanadium phase-support inter-
action at V loadings lower than one theoretical monolayer
of V,0s. First, according to DTA analysis, transformation
from layered to cubic TiP,O; occurs at increasingly lower
temperatures throughout the vanadium loading range,
irrespective of whether the grafting or the wet impregna-
tion method is used. This temperature shift is difficult to
understand without invoking the effect of a vanadium-
support interaction. If only a physical mixture of phases
were present, and therefore vanadium would not affect the
Ti phase through any kind of interaction, the phase change
from layered to cubic would not shift to lower temperatures.

The above result is only evidence of the effect of the
vanadium phase on the phase changes of Ti phosphate.
The following result is a stronger indication of the exis-
tence of an interaction between the vanadium phase and
the support: 5VTiPi-c and 6VTiPg-c show the same vana-
dium phase when calcined (as detected by Raman charac-
terisation). Both samples have a vanadium loading close

213

the theoretical monolayer of vanadium oxide. The fact that
when the vanadium is incorporated «;-VOPOy, is formed
after calcination, irrespective of the V addition method, is
indication of an interaction. The interaction is defined by
the reaction of VO, moieties with Ti-OH and P-OH surface
groups, which occurs directly with the grafting method. In
the case of wet impregnation, a monolayer of VO, moieties
is spread over the surface of the Ti phosphate, also result-
ing in the formation of such bonds (evidently not during
impregnation but when system is calcined).

Wet impregnation permits the vanadium loading to be
increased. However, does the additional vanadium spread
over the surface of such a monolayer of VO, moieties,
driven by a vanadium phase-support interaction? XPS re-
vealed that the atomic V/Ti ratio at the surface is close to
the bulk ratio throughout the V concentration range. These
data suggest that the Ti XPS signal of the support is not
guenched by the presence of a V phase on the surface. If
successive monolayers of vanadium oxide were formed on
the support the Ti signal would decrease considerably, and
this is not the case. For the 8V Ti-c sample, the XPS signal is
much stronger than the bulk ratio: the formation of V,05
crystallites on top of well-dispersed VO seems to be the
cause of this effect (35). It can be concluded that crystals of
vanadium oxide present on the surface of Ti phosphate are
much larger and more poorly dispersed than on the TiO;
support, leaving most of the support surface uncovered.

A model of the relationships between vanadium phases
and the Ti phosphate support can be envisaged. When the
theoretical vanadium loading approaches the amount re-
quired to cover the surface of the support, ca. 5 V.05 wt%,
VO, moieties interacting with the support are present («)-
VOPO,-like environment). Since Ti—-OH surface groups are
available, anchored moieties on Ti sites are also expected to
be present on the surface. In any case, at vanadium loadings
lower than 5 wt%, a vanadium phase-support interaction
exists. Upon increasing the V loading by wet impregnation,
V,0s microcrystals are developed in the 20V TiPi-c sample.
The size of such V,Os crystals is larger and they are more
poorly dispersed than in the V,0s/TiO, catalyst. This means
that the vanadium-Ti phosphate support interaction is
weak at higher vanadium concentrations: vanadium forms
vanadium oxide crystals rather than spreading over the sur-
face. The decrease in large mesopores in the 20V TiPi-c sam-
ple suggests that such oxide crystals fill the pores defined
by the clusters of the support sheets. Samples 8V Ti-c and
20VTiPi-c have nearly the same number of theoretical ;05
monolayers. However, the characterisation results clearly
showed that V dispersion is lower on the Ti phosphate sup-
port, leaving an important fraction of the support uncov-
ered. In contrast, several layers of amorphous vanadium
oxide completely covering the TiO, surface are present in
the 8V Ti-c sample (6, 7, 35). Obviously, a larger number of
vanadium sites are exposed in the conventional catalyst.
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It is clear that the surface of uncovered Ti phosphate
is beneficial for partial toluene oxidation, particularly for
PA formation, and is unfavourable for partial o-xylene ox-
idation. It has been reported that the Ti hydrogen phos-
phate shows medium acid strength sites, of both Lewis and
Brognsted types (40) (P-OH groups and CUS Ti sites). A
conventional V-Ti-O surface also displays such acid sites,
but P-OH Brgnsted sites are expected to be stronger. The
influence of the acid sites on the different paths of oxidation
of these alkylaromatic substrates is far from understood yet.
Any attempt at explanation is out of the scope of this work,
which only intends to report the catalytic properties of Ti
phosphate supported catalysts. But the P-OH acid sites pro-
vided by the uncovered support appear to be a key factor
in explaining these differences. PA formation from toluene
oxidation derives from the condensation of two toluene
molecules and from o-xylene arising from the direct ox-
idation of the side chains (36). Results seem to indicate
that P-OH acid sites of the Ti phosphate support facilitate
the PA formation from toluene oxidation. It is hypothe-
sised that condensation of the alkylaromatic rings demands
stronger Brgnsted acid sites, available in a Ti phosphate
based catalyst, which supply the intermediates for a sup-
posedly more selective PA formation route. However the
same P—-OH groups are detrimental for o-xylene oxidation
and are favourable for heavy products and COy formation.
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