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Abstract

Different catalytic membranes containing V/MgO catalyst in a commercial ceramic support structure have been prepared. These mem-
branes have been employed for the selective oxidation of butane to butene and butadiene. The effects of the vanadium concentration in
the catalytic layer, the reactor configuration, the structural properties of the membrane and the operating conditions have been studied.
The membrane reactor operating with segregated butane and oxygen feeds clearly outperforms (in terms of both selectivity and yield) the
case of premixed feed on the same membrane. It is also shown that the structural characteristics of the membrane, (and in particular, the
relative laminar and Knudsen contributions to permeation) have a strong influence on the reactor performance. Yields up to ca 20% have
been obtained in this work.
© 2002 Elsevier Science B.V. All rights reserved.

1. Introduction improve not only reaction selectivity but also the safety of
reactor operatiorfl0]. Examples of usd11-19] include
Vanadium supported on magnesium oxide (V/MgO) cat- methane oxidative coupling, oxidative dehydrogenation of
alysts have been described in the literature as active andethane, propane and butane and the oxidation of butane to
selective for the oxidative dehydrogenation of alkanes in maleic anhydride. Several reviews on the use of membrane
general and butane in particulfir]. Also, this catalyst is  contactord20-22]describe in depth the proven advantages
stable under the usual operating conditions for this reaction. and future perspectives of membrane reactors.
The most selective catalysts have been found to contain In addition to IMRs, another possibility within the field
between 10 and 60% of XDs respect to the total catalyst of membrane reactors is the catalytic membrane reactor
weight, and in this interval the most active catalysts have (CMR), where the membrane itself possesses catalytic ac-
20-40% weight of \$Os. tivity. Research on this type of contactor was pioneered
A large number of studies have been devoted to the char-by Zaspalis et al[23,24] who employed a thin layer of
acterisation of V/MgO catalyst, as may be seen in several \//y-Al,03 catalyst deposited on a flat-Al,O3 support
reviews[2,3] and recent articles (e.p#—8]), where a variety  for the reduction of NQ with NHz, and a thin layer of
of experimental techniques (SEM, X-ray diffraction (XRD), Ag/y-Al,O3 on the same support, for methanol oxidation
5y RMN, XPS, SSITKA, HRTEM, FT-IR) have been em-  to formaldehyde. The selectivity obtained with a segregated
ployed. The VP atoms in tetrahedral co-ordination have feed was higher than by cofeeding both reactants to the
been identified as the sites responsible for the selectivity in same side of the membrane. A CMR with a thin layer of
the V/IMgO systeni9]. V/vy-Al,03 also provided improved yields in the oxidation
In spite of the extensive research in this reaction system, of etilene to acetaldehyd@5].
the oxidation of both reactant and products to CO ang CO  Harold and co-worker§26,27] simulated a CMR, for a
still occurs to a significant extent, resulting in an undesir- general reaction of the type:
able loss of selectivity. In addition to catalyst development, -
an alternative way to improve the selectivity is to find im- A+B—R ri=kCyCy
proved modes of contact between catalyst and reactants,anh y R _, p, ,, = koClR2Ch2
between the reactants themselves. Inert membrane reactors
(IMRs), also known as membrane-enclosed packed bed re-The above reaction scheme may represent any oxidation

actors, have been used in catalytic oxidations as a way toreaction in which the desired product (R) may be fur-
ther oxidised to CQ (P). These simulation worki26,27]
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Fig. 1. Simplified scheme of a CMR used for a selective oxidation reaction.

leads to improvements in selectivity and yield. A more Because in most cases of selective oxidations the selectivity
sophisticated model was developed recefi#l@], and its to the desired product is favoured by a low partial pressure
results also agree with this prediction. of oxygen, the decreased oxygen partial pressure results in
The conceptual basis for the improvements obtained with a higher selectivity and yield to the desired product. This ef-
a CMR in selective oxidations is illustrated frig. 1 There fect cannot be obtained in a conventional fixed bed reactor
are two zones within the membrane contactor: a catalytic (FBR), where lowering the oxygen partial pressure in the
(active) layer and a diffusion (inert) layer. The feed is seg- feed in order to increase the selectivity leads to low per pass
regated, i.e. the hydrocarbon containing stream is fed to theconversion and yield. On the other hand, the permeation flux
side where the catalytic layer is located, while the oxygen in a CMR contributes to a rapid removal of products from
containing stream is fed to the inert layer side. Since a partial the vicinity of the catalyst, an important advantage with re-
pressure gradient exists for every reactant, both of them tendspect to the IMR in partial oxidation reactions. Therefore, a
to diffuse in opposite directions. The reaction takes place at CMR has been used in this work.
the catalytic layer, where the partial pressure of oxygen is Few experimental works have been published on the ox-
lower than in the feed, due to the diffusion resistance of the idative dehydrogenation of alkanes using CMES,29-32]
inert layer and to the consumption of oxygen in the reaction. and they deal with the reaction of propane. Some of the

Table 1
Some results published on the oxidative dehydrogenation of alkanes using CMRs
Type of catalytic membrane T (°C) Propane Selectivity to Yield to Reference
conversion propene propene
Thin V/IMgO layer on a SCT support (200 nm pore size) 600 9.8 47.8 4.7 [15]
Thin NiO layer on a SCT support (5 nyralumina) 254 10 42.4 4.3 [15]
V/AI 03 layer on a 160 nm membrane (SCT) 480 9 57 5.1 [29]
V/AI O3 layer on a support with pores filled with silica 600 45 33 15 [30]
VIMFI zeolite both in the internal surface and the pores 555 10.2 40.6 4.1 [31]
of a 200nm SCT membrane
579 14.7 39.7 5.9 [31]
604 11.7 42.6 5
628 14.7 42.5 6.2
650 19.8 43 8.5
V/AI ;03 and V/MgO membranes on alumina supports 585 48 315 15 [32]

50 30 15
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results obtained are summarisedTable 1 Two studies able solutions, as described in more detail elsewf&2é
[15,30] that used a thin catalytic V/ADs3 layer found that Briefly, the support was impregnated repeatedly with a
the yield obtained with segregated propane and oxygenMg(NOs)2 solution, and then calcined at 700. The pro-
feeds was higher than when both reactants were cofed atcedure was repeated until the desired weight increase was
the same side. Conversely, other works used a thin layerachieved, (i.e. the load of MgO in the pores of the support).
of V/IMgO [15] or V/zeolite [31] and found no significant  To prepare the V/MgO catalyst, V was then incorporated by
improvement. However, in a recent wdi@], it was shown impregnation from the inner membrane side with a saturated
that a large increase in propene yield (up to three times) NH4VO3 solution followed by calcination. The depth of
could be achieved by using a thicker V/IMgO layer cou- the penetration of the V-containing solution was limited by
pled with a diffusion layer. In this case, the results were controlling the impregnation time. Previous tests using both
explained by the larger catalyst load compared to previous optical photography on reduced samples and SEM—EDX

works, and by the fact that the diffusion layer (which was measurement§32] showed that with 6 min of impregna-
not present in the other oxidative dehydrogenation studiestion the V deposit was limited to approximately half of

with V/MgO) allowed to work with a lower oxygen patrtial
pressure in the reaction zone.

Since it is well known that V/IMgO is a better catalyst
for the oxidative dehydrogenation of butane than (24

the membrane thickness. The impregnation steps were re-
peated until the desired concentration of V was obtained.
The membranes prepared were characterised by XRD,
temperature-programmed reduction (TPR) and permeation

[2], in this work a V/MgO catalytic membrane will be em- measurements.
ployed in the oxidative dehydrogenation of butane. The aim  Several reactor feed configurations were tested, as shown
of the investigation is to study for this process the effect of in Fig. 2 Configuration 1 is a monolith-like arrangement in
the main reactor-related variables: vanadium content of thewhich the reactants are premixed and fed to the same side
catalytic layer, permeation characteristics of the membrane (inner side of the membrane), exiting from the same side. In
and reactor feed configuration. configurations 2 and 3 oxygen is supplied to the inert-zone
side of the membrane (outer side), while butane is fed to the
inner (active layer) side, from which the product stream ex-
its. The difference between configurations 2 and 3 lies in the
side to which the inert gas (He) is fed, as showrrig. 2

The starting material in all cases were tubular (7 mm i.d., All the reactants were supplied by means of mass-flow con-
10mm o.d.) a-Al203 microfiltration membranes (SCT), trollers and the reaction products were analysed by on-line
with 10 mm pores and with a 10cm long permeable zone. gas chromatography. More details of the reaction system
This material was modified by impregnation with suit- were given elsewher80].

2. Experimental system and membrane preparation
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Fig. 2. Scheme of the three reactor feed configurations employed in this work. X indicates a closed inlet/outlet.
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3. Results and discussion [ M11VMgO | 670°
80 [riee |7

Three membranes, with different V loadings have been
prepared. They will be designated asWMgO, wherex is 607 [2eThie0 | 645 °C

the percentage by weight of V respect to the total amount of
V205 + MgO added to the support. The contents in V and
MgO and the total amount of catalyst in each membrane are
shown inTable 2

XRD analysis of the prepared membranes (results not 615°C
shown) displayed mainly the AD3 pattern, although
smaller-intensity reflections of MgO and M\g2Og could o - ; !
also be observed. A study of the XRD patterns also indicated 100 200 300 400 500 600 700 800
that the proportion of detectable Mg vanadates on the mem- Temperature
branes prepared in this work was lower Fhan that observed Fig. 3. TPR patterns of a conventional V/MgO catalyst (C14V/MgO) and
for powdered catalysts when prepared with the same V/Mg of powder obtained by grinding some catalytic membranes used in this
ratio in a single treatment. The results of TPR experiments work.
carried out on two of the membranes are showifrig 3,
where they are compared with the TPR pattern of a typical compared to 8.6 Rig for MgO), this would necessarily be a
VIMgO catalyst (C14V/MgO), prepared as described in the minor contribution. Finally, at least part of the displacement
literature [17]. The main peak of hydrogen consumption of the main reduction peak towards higher temperatures
appears at higher temperatures in the case of membranessould be due to the sintering of theo®s phase caused
Taking into account the XRD results just discussed this py repeated heating at 760G involved in the preparation
could be interpreted as a result of the different preparation procedure. Larger crystallites are more difficult to reduce
procedure employed for the membranes, yielding a catalystand, under a fixed temperature ramp, this would translate
where V is less easily reduced. Reaction with éhél,03 into a higher apparent reduction temperature.
support (to form aluminates, although these were not de- There are several works with CMRs in which the inert
tected in the XRD analysis) could also be invoked; however, gas was distributed at either side or at both sides of the
in view of the low surface are of the-Al,03 (0.06 n/g, membrang15,25,30] The optimal distribution is not obvi-
ous and probably depends on the specific reaction system
investigated. In this work, a series of experiments was run
by varying the amount of inert gas (He) fed at each side of
the membrane, while keeping constant the total amount of

H, consumption (a.u.)
N
(=]

N
o
T

Table 2
The V and Mg content in the catalytic membranes prepared

Membrane Mgooa V2?)5 ) V2005 ) CaFaLVSt He introduced. In this way, the reactor configuration varies

(W% (%) (W% weight (g) from the configuration 2 (all the inert gas fed to the external
M11VIMgO 5 0.6 20 1 side) to configuration 3 (all the inert gas fed to the internal
M16V/MgO 6.5 1.2 28 12

side). The total pressure was approximately 1atm in the
: inner side, and was varied in the outer side to obtain the
*Referred to the total weight of the membrane. desired permeation flux. The results are showiable 3

bThe catalyst weight (¥Os + MgO), in the catalytic zone of the
membrane, assuming that MgO deposits are distributed homogeneoustWhere theFHe"” and FHe’OUt values are the flow rates of

in the membrane pores while V only penetrates the inner half of the He supplied to the internal (aCtive Iayer) and external (inert

M29V/MgO 5.8 3.2 52 13

membrane thickness. layer) sides of the membrane, respectively. As more He is
Table 3

Results obtained by varying the inert gas distribution from configuratiof12 = 0) to configuration 3 Fne out = 0)2

Fheout (Ml/min)P FHe,in (ml/min)® AP (bar) XcyHg Xo, Sc, Soutadiene Soutenes Yield Cy4
168 0 0.21 24.5 79 54.3 29.2 25.1 13.3
152 16 0.12 23.6 77.9 54.4 28.4 26 12.8
144 24 0.11 23.6 77.5 54.3 28.8 25.6 12.8
128 40 0.1 23.3 76.5 53.8 28.1 25.7 125
96 72 0.09 225 76.3 51.8 26.4 25.4 11.6
80 88 0.08 22.7 76.7 50.8 25.2 25.7 115
48 120 0.06 21.9 76.6 48.5 23 25.6 10.6
0 168 0.03 21.7 78.8 46.2 21 25.2 10
Co-feed (configuration 1) 22 77.2 50 23.1 27 11

aMembrane M29V/MgO;T = 550°C; butane flowrate 16 ctn(STP)/min; oxygen flowrate 16 ch(STP)/min.
b Fhein and Freout are the flow rates of He fed to the inner (active) and outer (inert) sides of the membrane, respectively.
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shifted to the inner membrane side (i.e. as we change from T
configuration 2 to 3), a decrease in yield to olefins is ob- © 550°C
served. While the selectivity to butenes remains almost un- 60 9
changed, the selectivity to butadiene is nearly 50% higher 55| i
with configuration 2 compared to configuration 3. Also, the 5, ..
butane conversion is slightly higher (24.5 versus 21.7), while E 50 F
there is little change in the oxygen conversion. The higher & ® Conf.2, 200 mi/min. .
butane conversion can be explained by taking into account ¢3 45F | o cont1,200 mi/min. | " A
t_he higher average butang concentration in the iqner side 4o} 2 g:::f::gg mm o | ...-‘.A
(i.e. in contact with the active zone), as well as the increase B Cont.2, 50 mi/min.
in residence time that takes place as more He is supplied 35f | O Conf.1, 50 mi/min. "D‘."é.‘ A 13
at the outer side. As for the higher selectivity, there are at 4 [ vietd e gy
least two contributing factors. On the one hand, the oxygen )
feed becomes more diluted as more He is fed to the outer ~ 488 =12 16 20 24 28 32 36 40
side, which means that the oxygen partial pressure atthe in- 44 [ s e ' o
ert/active layer i L 580°C
yer interface decreases. On the other, as may be -

expected, a&e out increases (and therefore, the total per- 40F. "
meation flux across the membrane increases) the pressures 36k .
drop through the membran@&P) becomes larger. A higher },3, o, 0. ® T a194
pressure gradient across the membrane reduces the back per-g 32F '
meation of butane to the external side, and thus, the amount o8 . e
of butane in the zones with high oxygen concentrations also L 0 15
decreases, with the corresponding increase in selectivity. 24} o ) R L

From these results it can be concluded that for the system ol i ea O g4 B
investigated the best feed arrangement consists in supplying P S S T Ry TOUU ST
the inert gas together with oxygen at the outer membrane 25 30 35 40 45 50 S5 60

Conversion

side (configuration 2). This was the configuration used for
the remam"_]g experiments. . . . Fig. 4. Selectivity to olefins as a function of butane conversion for

The data inTable 3also show that the yield obtained with  two different membrane configurations and temperatures. Membrane:
configuration 2 is generally higher than with configuration 1 M11v/MgO; different gas flow rates and butane/oxygen ratios.
(premixed feed). The only exceptions are the last two cases
of the segregated feed arrangement, where little or no dilu- ) )
ent s fed to the outer side, and a highly concentrated oxygeniS related to the different permeation patterns of both mem-
stream reaches the active zone of the membrane. The combPranes, as will be discussed next. The permeation flux of a
parison between the results obtained with segregated ancfingle gas through a membrane can be represented by the
premixed feeds has been carried out on a wider range of op-following equation[33]:
erating conditionskig. 4 shows, as a selectivity-conversion .

. o . . F(ml/minbarcnf) = A + BP

plot, the results obtained with configurations 1 and 2, for (ml/ ) +BFm

different temperatures and total feed flow rates. It may be whereP,, is the mean pressure in the membrane (the arith-
seen that the segregated feed (configuration 2) provided themetic mean of the pressure at both sides), ArahdB cor-
highest selectivity throughout the experimental range inves- respond to the Knudsen and viscous contributions to the gas
tigated, except at the lowest conversion levels (Wthh were flow in the pores. The values é#f andB for the membranes
obtained with low temperature and a hlgh feed flow rate). employed in this work are given iable 4 Under a pure
Under these conditions a large amount of oxygen permeatesknudsen permeation regime, back permeation would be un-
unreacted through the catalytic zone, and the beneficial ef-avoidable, since molecule-wall collisions prevail, rather than
fect of the oxygen distribution is lost. At a higher tempera- molecule-molecule impacts. On the other hand, as the vis-

ture (580°C) little or no oxygen escapes unreacted from the cous contribution increases, molecule—molecule collisions
catalytic zone, and the selectivity obtained with configura-

tion 2 is higher at any of the flowrates investigated. Table 4
However, with the secpnd memb_rane used (M16V/MgQ), Permeation characteristics of the membranes used in this*fwork
the results were considerably different: the selectivity-

conversion behaviour with the segregated feed was at besfembrane F = A + BPn (cn¥/min cn? bar) BIA
comparable, and often inferior to that observed in the pre- M11v/Mgo 5.4+ 2Pp, 0.37
mixed feed modeKig. 5. This cannot be explained by the M16V/MgO 3.2+ 0.6Pm 0.18

M29V/MgO 5.8+ 3.6Pn 0.60

different V loading on both membranes, which should have

a similar effect on both feed modes. Instead, the explanation

aPermeation was measured with nitrogen at ambient temperature.
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Fig. 5. Selectivity to olefins as a function of butane conversion for
two different membrane configurations and temperatures. Membrane:
M16V/MgO; different gas flow rates and butane/oxygen ratios.

become more important, and the convective flux from the
outer side becomes effective in preventing back permeation
of inner-side species.

It can be seen that the permeation in membrane M16V/
MgO takes place mainly in the Knudsen regime (low value
of B), while in membranes M11V/MgO and M29V/MgO
a much larger viscous contribution exists. Therefore, the
back permeation of butane in membrane M16V/MgO will
not be influenced by the permeation of oxygen and He in
the opposite direction. Thus, in the presence of a significant
partial pressure gradient for butane (which is close to 1 bar at

the reactor entrance for configuration 2) a considerable back

permeation of butane (and of reaction products) towards
the oxygen-rich zone can be expected, leading to a lower
selectivity. Conversely, with membrane M11V/MgO, which

has an important laminar contribution to the permeation flow,

the back permeation of butane was strongly reduced and a

higher selectivity could be obtained.

Membrane M29V/MgO has the largest viscous compo-
nent in the permeation flow, as showriliable 4 This means
that the back permeation of butane and hydrocarbon prod-
ucts is further reduced, and as a consequence this mem
brane should provide an even better selectivity-conversion
behaviour than membrane M11V/MgO. This was the case,
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Fig. 6. Comparison of the results obtained with membranes M11V/MgO
and M29V/MgO. Total feed flow rate 100 ml/min, variable butane/oxygen
ratio.

as shown inFig. 6. The importance of reducing the back
permeation of hydrocarbons to oxygen-rich areas in CMRs
was already stressed in a recent w{B®]. Several possible
ways of achieving this objective were proposed: increasing
the convective flow towards the product side, using a higher
diffusion resistance in the support layer and increasing the
catalytic activity of the active layer. Regarding the last point,
the higher V content of membrane M29V/MgO also con-
tributes to reducing the back permeation of reactants.
Finally, although the above results show that a segregated
feed is more efficient than a premixed feed in a CMR, it is
also useful to compare the results of the CMR with those of a
conventional FBR. In order to make a direct comparison (i.e.
using the same catalytic material) between the two modes
of contact (CMR and FBR), the membrane M11V/MgO was
ground, and the resulting powder was packed a fixed bed of
catalyst inside a quartz tube. The results are showrign7
as a selectivity-conversion plot, for two different tempera-
tures. It can be seen that at any given conversion, the CMR

55
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CMR. 550°C.
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Fig. 7. Selectivity to olefins as a function of butane conversion for a CMR
(M11Vv/MgO) and for a fixed bed reactor (FBR) packed with ground
M11V/MgO membrane powder. The= 5.10-3gml~1 min.
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