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Abstract

The catalytic membrane reactor and the inert packed bed membrane reactor were studied in the vapour phase selective oxidation of
toluene. Different feeding policies for the membrane were explored and their influence on the selectivity to the desired products
(benzaldehyde and benzoic acid) was investigated. The active phase was prepared by depositing vanadium on a Al,O3;—TiO, support
prepared through the sol-gel technique. Higher selectivity to benzaldehyde was obtained using the catalytic membrane reactor. Differences
were seen in the catalytic membrane reactor performance only when the active phase was heavily charged along the membrane cross-section.

© 2004 Elsevier B.V. All rights reserved.
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1. Introduction

While the gas phase partial oxidation of some
alkylaromatics has become an industrial reality (e.g. o-
xylene oxidised to maleic anhydride), the vapour phase
selective oxidation of toluene with high yields of valuable
intermediate products (e.g. benzaldehyde, benzoic acid,
etc.) is still a challenge [1], the liquid phase route being
industrially preferred [2,3]. For the catalysts studied until
now, the contribution of combustion reactions (which form
CO and CO,) is very high. Among the various catalyst
studied for the selective oxidation of toluene to useful
products, the vanadium-based catalysts gave the best
catalytic performance. Vanadium can be used as bulk V,05
[4] or supported on a oxide like TiO, [5,6] with an eventual
addition of other species (e.g. K or P) to enhance the
selectivity [7—12]. The type of support is a key factor in the
catalyst development for the selective oxidation of
alkylaromatics [13,14].

The use of reactors different from the conventional
packed bed reactor (PBR) to enhance the selectivity to
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useful products in the partial oxidation of toluene is still
poorly investigated. Inorganic membrane reactors have
been studied in several partial oxidation reactions in order
to improve the selectivity to intermediate products [15-28]
or to enhance the safety of the process by separating the
stream of the oxidiser from that of the hydrocarbon
[16,18,19,29].

The membrane itself can be catalytic (catalytic mem-
brane reactor) or support a catalytic bed (inert membrane
packed bed reactor). In the catalytic membrane reactor
(CMR), the catalytic phase can be arranged as a thin layer or
impregnated in the tube porous structure.

In this work, the catalytic performance of the V/Al,O3—
TiO, implemented as inorganic membrane reactors was
investigated for the vapour phase selective oxidation of
toluene. In a previous paper [30] the kinetic parameters for
the oxidation of toluene over a V/Al,O3-TiO; catalyst were
estimated and on the basis of the calculated selectivity-
conversion trends a comparison between the PBR and the
CMR was made. It was shown that efficiency factor of the
CMR depends on the vanadium content and distribution
along the membrane cross-section. This paper gives further
data on the characterisation and use of ceramic membranes
as CMR and IMPBR, moreover the influence of the feeding
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configurations (co-feed and separate feed modes) on the
products selectivity was experimentally studied.

2. Experimental

2.1. Preparation of the V/ALL,O;-TiO, catalyst as
a powder or a catalytic membrane reactor

The mixed Al,03-TiO, oxide was prepared using the
sol-gel technique. The boehmite (about 0.7 M as Al) and the
titania (about 0.2 M as Ti) sols were prepared via acid
catalysed hydrolysis of the respective alkoxides. The two
sols were then mixed in order to give a single sol with a equal
molar content of aluminium and titanium.

To obtain a powdered Al,O3-TiO, oxide, the mixed Al—
Ti-based sol was dried in a Petri dish. The xerogel was then
ground and sieved collecting the 80—-150 wm fraction. It was
finally calcined at 400 °C in an air stream.

Two catalytic membranes were prepared from the same
Al-Ti-based sol after adding 0.34% (w/w) of hydroxipro-
pylcellulose to prevent the formation of drying-stress
defects in the final top-layer. The first membrane, hereafter
called the ATV membrane, was prepared using the dip-
coating method as described in [31]. The ceramic tube used
(Atech, Germany) had an asymmetrical porous structure
with a 0.2 wm nominal pore diameter on the surface of the
internal side. The coating procedure was carried out by
filling the internal side of the ceramic tube with the mixed
sol for 4 s.

The second catalytic membrane, called ATVimp mem-
brane, was obtained by letting the sol infiltrate twice into the
porous structure of a ceramic tube (20 kD supplied by Atech,
Germany). The infiltration apparatus consisted of a water
ejector connected to one end of the membrane, while the
other end was closed. The tube was then dipped for 30 s in
the sol, which under the driving force of the pressure
difference, flowed from the external side towards the internal
side of the membrane. The two membranes were dried at
room temperature for 12 h and then calcined in air up to
400 °C.

Vanadium was deposited on both the powders and
membranes using the equilibrium adsorption technique from
an ammonium metavanadate water solution (250 mg/L,
24 h). The powders and the membranes after precursor
deposition were calcined in air up to 400 °C.

2.2. SiO, membrane preparation

The SiO, membrane was prepared using the dip-coating
technique from a commercial aqueous colloidal SiO, (40%
(w/w)) sol (Ludox ASGI, Du Pont) [32,33]. An aqueous
solution of polyvinylalcohol was added as a binder. The
ceramic tube used was supplied by SCT US Filter and had a
0.2 pm nominal pore diameter in the inner layer. The tube
was 15 cm long and was enamelled to 50 mm at both ends.

2.3. Characterisations

Specific surface areas and pore dimensions were
determined by the BET and the DFT methods, respectively,
using a Micromeritics ASAP 2010 instrument. The Raman
spectra were recorded on a Renishaw 1000 instrument
equipped with a Leika microscope and an Ar laser at
633 nm. The measurements were carried out in air.

The vanadium loading on the catalytic powder and
catalytic membranes was first determined by dissolving a
catalytic sample with HF and hot “‘aqua regia” (1 part of
concentrated HNO; and 3 parts of concentrated HCI) and
then through flame atomic absorption spectroscopy (AAS,
Varian SPECTRAA 55B).

The surface morphology and cross-section structure of the
membranes along with the element location of vanadium,
were analysed using a Leo Stereoscan scanning electron
microscope (SEM) equipped with an EDX (Ge probe Link
Oxford) and a back scattering probe (Centaurus, Oxford).

The transmission electron microscope (TEM, Jeol Jem-
2010, with EDS detector, Oxford—Link Pentafet) was used to
observe the eventual presence of vanadium oxide crystal-
lites.

Permeation measurements were carried out at room
temperature using pure nitrogen or helium. One of the ends
of the membrane was closed so that the gas flowed through
the membrane area from the lumen to the external side of the
tube. For each fixed flow rate the trans-membrane pressure
and entry pressure were measured. In this way defects in the
membrane preparation process were highlighted by both
high permeance values and a high contribution of the
laminar flow regime.

2.4. Catalytic tests

The rig is composed of a gas supply apparatus, the reactor
and the analytical system. All the gases came from
containers (supplied with a purity of 99.99% by Siad, Italy)
and were regulated through mass flow controllers (Brooks
Instruments). Toluene was passed to the vapour phase by
flowing part of the inert gas (He) through a bubbling
contactor. The total flow rate was set between 60 and
80 cmgTP/min. Toluene concentration in the feed mixture
ranged from 0.2 to 0.5 mol%. The O,—toluene molar ratio
(0O,/T) was varied from 5 to 22. All the reactors worked
isothermally and the temperature was kept constant by an
electrical oven (mod. CTF, Carbolite).

A brief description of the reactors used is given below.

(I) The packed bed reactor was made of a quartz tube with
an internal diameter of 12 mm. The catalytic powder
(0.1110 g) was diluted with inert SiC (400 mesh,
Aldrich) in a ratio of 10. A thin thermocouple was
inserted in the middle of the catalytic bed.

(I) The catalytic membranes (ATV or ATVimp) were
placed in a stainless steel housing designed to allow for
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Fig. 1. Feeding modes used in the catalytic membrane reactors (monolith-
like, flow through and mixed modes) and in the inert packed bed membrane
reactor (co-feed mode and mixed-feed mode).

different feeding configurations. The gastight between
the internal and external side of the membrane was
assured through graphite gaskets. During the experi-
ments, the reactor was fed in three different ways:
monolith-like mode (Fig. 1a, toluene, O, and helium
flow tangentially to the membrane surface in the
internal side of the ceramic tube), flow-through mode
(Fig. 1b, all the reactants were fed in the internal side of
the membrane and were forced through the membrane
surface while the other internal side outlet was closed)
and the mixed mode (Fig. 1c, toluene and helium were
fed inside the ceramic tube while oxygen was
externally fed to the membrane. The reaction products
and the unconverted reactants left the reactor from the
internal side outlet).

(IIT) The inorganic membrane reactor was assembled in the
same stainless housing used for the catalytic mem-
brane reactor. The SiO, membrane contained a bed of
the same powder catalyst used in the packed bed
reactor. In this case, a higher catalyst dilution with inert
carborundum (2.33 g of SiC and 0.155 g of catalyst)
was used to obtain a catalytic bed with a sufficient
length to completely fill the permeable part of the
ceramic membrane. The performance of the inorganic
membrane reactor was exploited using two configura-
tions: co-feed (like the CMR shown in Fig. 1a, toluene,
O, and helium were fed premixed to the packed bed

contained inside the inert ceramic tube) and mixed-
feed (Fig. 1d, toluene and helium were fed directly on
the catalytic bed while oxygen was supplied through
the membrane wall).

The line from the reactor exit to the gas sampling point
was heated to 150 °C, to prevent product condensation. The
analytical system consisted of two gas chromatographs (-
Perkin-Elmer Sigma 3B equipped with a TCD for analysing
non condensable gases on a Carbosphere 80/100 mesh c-
olumn and a Perkin-Elmer 8700 to analyse the organic c-
ompounds by FID on a FFAP 10% column).

3. Results and discussion
3.1. Characterisations

The specific surface area of the V/Al,O5-TiO, powder
was about 211 m%/g. The surface area (normalised to the
tube length in order to carry out better comparisons) of the
starting ceramic tubes and the catalytic membrane are
summarised in Table 1. The specific surface area of the
catalytic powder was higher than other catalytic systems
reported in literature for the selective oxidation of toluene.
The surface area for the unit of tube length of the catalytic
membranes (ATV and ATVimp) is noticeably higher than
that of the original supports. This fact is due to the presence
of the added catalytic phase, V/Al,05-TiO,. Fig. 2 shows
the pore dimension distributions for the catalytic powder and
membranes. The V/Al,03-TiO, catalytic phase (powder or
catalytic membrane) was mesoporous with a pore diameter
of about 6 nm. The comparison of pore dimension
distribution for the powder (Fig. 2a) and membranes
(Fig. 2b and c) indicate that they had very similar textural
characteristics.

The amount of vanadium in the catalytic V/Al,O3-TiO,
powder is about 5.4% (w/w). Catalyst loading on the
catalytic membranes is reported in Table 1. The ATVimp
catalytic membrane had a greater amount of vanadium
deposited because in its porous structure the total amount of
Al,O5-TiO, was greater than in the ATV membrane.

Fig. 3 shows the SEM micrographs of the active catalytic
V/AlL,O5-TiO, coating in the inner side of the ATV
membrane (a) along with its surface (b). The ATV

Table 1

Specific surface area and catalytic loading for the catalytic membranes

Membrane SSA Pore Specific V Total V
(m*/cm) diameter loading loading

(nm) (mg/cm) (mg)

0.2 wm Atech 0.22 200" - -

ATV 0.48 6.8 0.035 0.42

20 kD Atech 0.29 13 - -

ATVimp 1.45 6.6 0.07 0.83

SSA: specific surface area.
? Nominal value as reported by the supplier.
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Fig. 2. Pore diameter distribution (BJH method applied to the adsorption branch) for the (a) V/Al,O3-TiO, powder, (b) ATV membrane and (c) ATVimp

membrane.

membrane is formed of a very thin catalytic layer (about
2 wm), as can be seen in Fig. 3a. Neither vanadium nor
presence of the titania—alumina support were found on the
rest of the ceramic tube. The surface was defect-free and
homogeneous (Fig. 3b).

The differences between the cross-section of the original
ceramic tube and AT Vimp were not easily visible by SEM.
The sol nanoparticles were so small that they failed to fill the
membrane pores. Instead, a very thin layer of sol formed on
the grain surface (revealed by EDX analyses). Since in the
more internal layers the exposed surface was greater (and the

pore dimensions smaller), the titania—alumina concentration
was higher than in the other zones. In other words, vanadium
is present in the entire membrane cross-section the with a
concentration profile growing from the outside to inside the
tube.

Fig. 4 shows the Raman spectrum of the V/Al,03;-TiO,
powder. The Raman lines at 643, 520, 408, 158 cm ™! can be
assigned to the presence of the anatase phase. The frequency
blushifts of about 10 cm™' in the Raman bands, when
compared to those of bulk anatase, are attributed to the
smaller particle size of TiO, [34]. The weak bands of the

a-Al,O53 macroporous support

Al,03-TiO, top-layer

Fig. 3. SEM micrographs of the (a) cross-section and (b) surface of the ATV catalytic membrane.
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Fig. 4. Raman spectra of the V/Al,05-TiO, powder.

brookite phase were at 363, 324, and 247 cm~ !, The typical
bands of crystalline V,05 (994, 694 and 530 cmfl) were
absent [35]. The broad band at 930 cm ™! could be assigned
to the V-O-V stretching in the bi-dimensional vanadia layer
[36]. The band at about 1030 cm ™!, which is known to
correspond to V=0 stretching in the isolated VO, species
was not detected. These facts (which are also supported by
TEM pictures in which no vanadium aggregates were
observed) suggest that the polymeric vanadium oxide
species were homogeneously dispersed over the Al,Oz;—
TiO, support. Similar results were also obtained for the
active phase of the catalytic membrane reactor.

Fig. 5 shows changes in the permeance behaviour
between the prepared catalytic membranes and the
respective starting ceramic tubes. For both the ATV and
the ATVimp membranes the overall permeance decreased
showing a lower permeance dependence on the average
pressure than the starting ceramic tubes, which demon-
strated a remarkable contribution of Poiseuille to the overall
permeance.

40

30 1

@

e}

e

© 20 1

3 i | ]

g L

@ [
10?%

Pav (bar)

Fig. 5. Helium permeance against the average pressure for the o-
Al,03200 nm support (), Atech 20kD (@), ATV ([1]), the ATVimp
(O) membranes and the SiO, membrane (A ).
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Fig. 6. Toluene conversion towards the reaction temperature for the (@)
packed bed reactor and the (<) ATVimp and (A) ATV catalytic membrane
reactors.

The SiO, membrane had the lowest permeance (about
0.4 mol s ' m 2 bar ') with a predominant Knudsen trans-
port regime (the permeance was practically independent on
the average pressure).

3.2. Reaction results

Fig. 6 compares the conversion-temperature trends for
the PBR and CMRs. These trends were obtained by varying
the temperature between 300 and 400 °C. The packed bed
membrane reactor reached higher toluene conversions than
the CMRs due to the very different amount of catalytic phase
present in the two systems.

The mean residence time of reactants, 7, is directly
proportional to the catalyst amount in the reactor when all
the other operating conditions are fixed. Therefore, in our
experimental conditions

Tpacked-bed © TATVimp : TATV = Whpacked-bed : WATVimp
:WATV%14:2:1

where W, is the vanadium amount in the reactor.

For the PBR and ATVimp CMR, the selectivity toward
the useful products (benzaldehyde and benzoic acid) was
higher at the lowest temperature studied (300 °C) and
reached a value of about 80%. When the temperature was
increased up to 400 °C the benzoic acid and benzaldehyde
dramatically decreased, while CO, selectivity increased and
CO also appeared over 370 °C for high toluene conversion
levels.

For the ATV membrane the mean residence time of
toluene and its intermediate products was very low and over
oxidation, which formed carbon oxides, was minimised
being always smaller than 15%.

For the PBR two different O,/T ratios were investigated.
The results are reported in terms of product yield at various
temperatures in Table 2. The O,/T ratio influenced more the
toluene conversion rather than the intermediate products
selectivity, with a higher benzoic acid yield for higher O,/T
ratios. Moreover, at the highest O,/T ratio the CO, yield
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Table 2

Effect of the O,/T ratio on the performance of the V/Al,05-TiO, catalyst in a packed bed reactor

O,/T Temperature (°C) Conversion (%) Yield (%)

Benzaldehyde Benzoic acid Carbon dioxide

5 300 20.9 2.3 18.5 0.2
325 22.8 3.1 19.2 0.5
350 23.5 4.1 18.4 1.0
375 25.5 52 17.8 2.5
400 484 4.3 15.5 5.6

12 325 29.8 3.1 254 1.3
350 38.0 5.0 29.4 3.6
380 555 34 29.6 9.3
400 76.7 2.4 23.8 18.0

increased greatly, revealing the consecutive character of the
combustion reaction with respect to the reaction that leads to
benzoic acid.

3.3. Feed configuration

Fig. 7 reports the selectivity-conversion behaviour at two
different temperatures for the monolith-like and the flow-
through modes in the ATV catalytic membrane. At both the
studied temperatures the selectivity was practically constant
and no differences were observed between the two feed
configurations tested. In the ATV catalytic membrane the
catalytic phase was arranged as a very thin mesoporous
layer. The catalyst was both efficiently and completely used
in the two configurations and as mentioned before, this
membrane had the lowest residence time when compared to
the other reactor arrangements.

Fig. 8 shows the effect of different contact modes on the
performance of the ATVimp catalytic membrane reactor. In
the AT Vimp catalytic membrane reactor the various feeding
policies changed the selectivity of the main intermediate
product (benzaldehyde). The flow-through configuration
gave a lower benzaldehyde selectivity than the other two
configurations. The best feed contact mode was the mixed-
flow mode with a benzaldehyde selectivity of about 76% at
the lower toluene conversion value (6%). In the AT Vimp

100 .
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Fig. 7. Benzaldehyde (circles) and CO, (triangles) selectivity for the ATV
catalytic membrane reactor working in the (filled symbols) monolith-like of
(empty symbols) flow-through modes.

membrane the catalytic phase V/Al,05-TiO, was distrib-
uted along the catalytic membrane cross-section. The
performance of this type of catalytic membrane reactor is
linked to the amount of catalyst and distribution profile
along the membrane cross-section. The back permeation of
toluene and intermediate products is avoided by externally
feeding oxygen and He (mixed-flow mode) and then the
consecutive reactions of combustion were minimised [20].
The flow-through configuration improves the contact
between the reactants and the catalyst especially when
the catalytic membranes work in the Knudsen regime [37].
The reactant profiles across the membrane section were
more favourable in the mixed-flow mode than in the other
two (flow-through and monolith-like modes) since the wider
reaction zone present in this type of catalytic membrane
reactor better exploited these profiles.

The influence of the feeding modes on the performance of
the inert membrane reactor are reported in Fig. 9 as a
function of the O,/T molar ratio. The mixed-feed config-
uration compared with the co-feed configuration did not
improve the selectivity. Probably an inert membrane with a
lower oxygen permeance would further improve the
selectivity to intermediate compounds as found by Ramos
et al. [19] who increased the selectivity to propylene
(reaction of oxidehydrogenation of propane) by about

80

BA Selectivity (%)
~ ~
o o

[}
(9]
|
T

B0
4 6 8 10 12 14
Toluene Conversion (%)

Fig. 8. Benzaldehyde selectivity vs. toluene conversion for the ATVimp
catalytic membrane reactor working in the (A\) mixed flow, (@) monolith
flow, (O) and flow-through modes. O,/T between 9 and 40. Temperature =
350 °C and flowrate = 60 cm>/min.
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Fig. 9. The co-feed (full symbols) against mixed-feed (empty symbols)
configurations for the inert membrane reactor at various O,/T molar ratio. In
the above figure: (circles) benzoic acid, (square) benzaldehyde and (trian-
gles) CO, selectivities. T = 325 °C, total flowrate = 77 cm’/min.

5-10% at a fixed conversion by lowering the membrane
permeance. In this sense further investigations are in
progress.

4. Conclusions

The catalyst, V/Al,05;-TiO,, gave interesting selective
oxidation of toluene to benzoic acid and benzaldehyde. The
support was developed using the sol-gel technique and
procedure of vanadium deposition allowed for avoiding the
presence of bulk V,0s. High benzoic acid selectivity was
obtained in the PBR. When toluene conversion was lower
than 15%, high benzaldehyde selectivity was obtained with
the V/Al,O3-TiO, catalytic membranes. The CMR was able
to further improve the selectivity of the main intermediate
product of the process by using both an opportune feeding
configuration and a particular catalyst distribution along the
membrane cross-section. The IMPBR poorly improved the
benzoic acid selectivity with respect to the PBR. This should
be pursued by preparing inert membranes with a suitable
oxygen permeability.
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