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Abstract
This paper presents a series of applications of catalytic membrane reactors (CMR) to oxidation reactions. Four reactions were tested in our

group. Alkane activation (C2, C3 and C4) or total oxidation (WAO) is implemented in various membrane reactor modes, using dense, microporous

or mesoporous membranes. In some cases, a catalyst bed is associated with a membrane, whereas other applications use an intrinsically active

membrane. Progresses in catalyst and membrane design, along with careful operational conditions led to overall higher performances when

compared to conventional processes.
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1. Introduction

Oxidation reactions form an important class of catalytic

processes that play a key role in numerous industrial and

environment-related applications. Either selectivity (partial and

selective oxidation) or conversion (pollution remediation) may

be the main concern in oxidation processes. Beside catalyst

formulation, adapted reactor design is often considered as a

way to improve process performance.

Among innovative reactors, structured systems are subject

of intensive R&D efforts. Catalytic membrane reactors (CMR)

[1] are structured reactors combining in a single unit a

membrane controlling mass transfers, and a catalyst providing

chemical activity [2].

There are different types of CMRs [2], among which the

extractor type is the most commonly studied. In this case, the

membrane is used to selectively extract reaction products from

the catalyst bed. It is particularly well suited to favour conversion

(equilibrium-restricted reactions) or selectivity (selective extrac-

tion of a primary product in consecutive reactions). Our group

have studied other configurations than extractors, where the
* Corresponding author. Tel.: +33 4 72 44 53 84; fax: +33 4 72 44 53 99.

E-mail address: Sylvain.Miachon@ircelyon.univ-lyon1.fr (S. Miachon).

0926-860X/$ – see front matter # 2007 Elsevier B.V. All rights reserved.

doi:10.1016/j.apcata.2007.03.024
membrane, still embedded into the catalytic reactor, plays a

different role. In all cases, these systems can be well adapted to

oxidation or oxidative dehydrogenation reactions that have been

less studied in CMRs [3–9].

Distributor CMRs are set-ups where the membrane is used

to feed one of the reactants to the catalyst bed, in a way that

proves an advantage for the applications. Two examples are

given in this paper. Selective oxidation of butane to maleic

anhydride was carried out with a membrane used to

homogeneously feed oxygen to the catalyst bed. This allowed

operation under conditions that are forbidden, for safety

reasons, with conventional co-feed, while retaining a high

selectivity. Oxidehydrogenation of propane uses a membrane

also for oxygen distribution. In this case, the purpose is to

control oxygen partial pressure, in order to increase the

selectivity towards the targeted product (propene).

Applications of high temperature oxygen-permselective

membranes to oxidative dehydrogenation of light hydrocarbons

utilise a different membrane property: its ability to feed

activated oxygen species to the catalyst, leading to a different

catalytic behaviour than under conventional hydrocarbon/

oxygen co-fed operations.

In a completely different mode, interfacial contactor CMRs

take advantage of the unique catalytic membrane geometry.

Here the membrane is also catalytically active, providing two
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Fig. 1. Maleic anhydride selectivity as a function of the oxygen/butane ratio.

Black symbols: VPO catalyst, white symbols: 3%Co/CPO catalyst.
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ways to reach the catalyst. Reactants are thus admitted

separately from both sides of the membrane, allowing the

reaction to proceed into the membrane wall. This configuration

leads to much better contact between the two reactant phases

and the catalyst. This will be illustrated in the last part of this

paper, in the case of wet air oxidation of water pollutants. Thus,

this contribution intends to present some typical configurations

of catalytic membrane reactors applied to catalytic oxidation

reactions. However, it is not meant to be a full literature review

of this subject.

2. Selective oxidation of butane to maleic anhydride

Maleic anhydride production by butane partial oxidation is

a common process in industry. This catalytic process may

even be the only important one converting directly an alkane

into oxygenated product. The catalyst used for this process is

a VPO-based material [10]. They offer high selectivity

towards maleic anhydride together with high butane

conversion. However, the flammability limits of the

butane–air mixture restricts butane concentrations to very

low values (typically 2 vol.%). Moreover, the possibility of

hot spots in the fixed catalyst bed configuration, and catalyst

attrition problems in fluidized beds, can bring major

difficulties. In this prospect, the distribution of oxygen along

a fixed bed of catalyst can provide an answer to both

drawbacks [11,12].

Here, VPO-based catalysts, especially adapted to highly

reducing conditions, are combined with a microporous zeolite-

alumina nanocomposite membrane [13] to operate this reaction

with a higher feed flux of butane to the catalyst.

2.1. Catalyst

Co-doped VPO catalysts were prepared via the organic

route [14], using cobalt acetonate, phosphoric acid and

vanadium pentoxide precursors [15], with a Co/V ratio of

3%. Standard VPO catalyst was prepared in the same way

for comparison purposes. The catalyst was then activated

under reaction conditions (1.5% butane in air at 470 8C) for

72 h.

2.2. Membrane

An MFI based membrane, presenting a nanocomposite

structure within a porous alumina tube, was used. The tube was

15 cm long (13 cm used length, 1 cm enamel endings), 1 cm

external diameter, and 1.5 mm thick. This support was

submitted to hydrothermal synthesis conditions in a 3-day

aged precursor solution of silica (Aerosil 380) and tetra-

propylamonium hydroxide). The material was then calcined in

air at 773 K for 3 days.

The resulting MFI/alumina membrane was tested for defect

using a butane/hydrogen gas mixture separation at room

temperature [16]. It offered an equivalent thickness of about

5 mm. More details on the preparation and membrane structure

can be found elsewhere [13].
2.3. Reactor and testing

A stainless steel module, equipped with graphite fittings, was

used to mount the membrane, in the lumen of which was packed

2.5 g of catalyst, diluted 3:1 in quartz. The temperature profile

was measured along the axis of the membrane tube (internally),

and was homogeneous within more or less 8 8C for a nominal

value of 400 8C. The reactor could be fed both through the

membrane from the outer compartment (oxygen) and directly

into the inner compartment (butane). Both oxygen and butane

(1.2–22 kPa) were diluted in helium, and fed through mass flow

controllers for an overall oxygen/butane ratio of 0.5–12 and a

GHSV varying from 15 to 180 h�1. A differential manometer, a

regulator and an automatic valve connected to the outlet if the

inner compartment was used to regulate the pressure difference

across the membrane, in order to allow the desired oxygen flux

through the membrane to the catalyst bed. The reactor outlet

stream was analysed on line, using gas chromatography (FID &

TCD). More details on the set-up can be found in Ref. [15].

In this work, the catalytic performance is mainly expressed

in terms of volumetric productivity (with respect to the catalyst

bed volume).

2.4. Catalyst adaptation to membrane reactor conditions

Due to the distributor effect, there is a continuous change of

oxygen/butane ratio along the catalyst bed. Therefore, the

VPO-based catalyst used for this work was adapted to the low

oxygen/butane ratio present at the inlet of the catalyst bed

(reducing conditions). The addition of Co proved quite efficient

in this purpose, as can be seen on Fig. 1.

The reason why this formulation keeps such a high maleic

anhydride selectivity over the whole oxygen/butane ratio range

(and particularly at low values of this parameter) can be

examined in the following way. V4+ species on themselves favour

butane oxidative dehydrogenation, whereas in presence of V5+

only, total oxidation is favoured. The formation of maleic

anhydride necessitates both oxidation states of vanadium [17].

Spin-echo mapping NMR previously showed the role of Co

in the stabilisation of V5+ species in reducing conditions [14].

The substitution of V4+ by Co2+ is charge-balanced by a V5+O�



Fig. 2. Comparison of maleic anhydride productivity as a function of the global

oxygen/butane ratio on 3%CoVPO in the conventional fixed-bed Reactor (CR)

and membrane reactor (MR).

Fig. 3. Propene selectivity vs. propane conversion at 500 8C for the hybrid

membrane reactor; full marks: separate feeds with C3H8 at the inner compart-

ment (distributor mode), empty marks: co-feed (conventional fixed bed); iso-

yield at 15%.

J.-A. Dalmon et al. / Applied Catalysis A: General 325 (2007) 198–204200
group (instead of V4+ O), leading to a stable catalytic site in

reducing conditions. Moreover, Co2+ is the only divalent cation

small and stable enough to play this role [18].

2.5. Catalytic membrane reactor performance

Fig. 2 shows the compared productivity of a conventional

fixed-bed reactor and a membrane reactor using the same

catalyst. In similar conditions, both offer similar performances.

However, the CMR allows higher feed butane partial pressure

operation, leading to a large increase in maleic anhydride

productivity at low oxygen/butane ratio.

This result shows that with an adapted catalyst formulation,

a distributor CMR offers interesting improvement for partial

oxidation productivity. This is due to the fact the reactor is

operating globally within the flammability zone, while keeping

local mixture compositions out of it in any point of the catalyst

bed.

To go further, a benefit could be drawn from the change of the

oxidizing character of the gas mixture along the catalyst bed.

This leads to a progressive gradient of the catalyst oxidation state,

being over-reduced at the inlet (hydrocarbon feed) and over-

oxidized at the outlet. By reversing the butane feed stream, it has

been observed a transient state of maleic anhydride over-

production, due to the locally accumulated oxygen species inside

the VPO catalyst [2]. By cycling this reversal, one can imagine to

further increase the productivity of the system.

3. Oxidative dehydrogenation of propane

The oxidative dehydrogenation of alkanes to olefins is a

promising alternative to conventional non-oxidative cracking

processes (cheap available feedstocks and no coke formation).

However, it still suffers from yield limitation due to COx

formation. Thus, for the oxidative dehydrogenation of propane

(ODHP), a maximum yield towards propene of about 15% is

obtained under steady-state conditions (when oxygen is co-fed

with hydrocarbon) with the best identified systems like VMgO

catalysts [19–21]. This limitation comes from a Mars–van

Krevelen mechanism implying surface and bulk reactions with

competing selective and non-selective steps [22,23]. Similar
conclusions were achieved for the case of oxidative dehy-

drogenation of butane (ODHB) [24].

Among the various ways attempted to improve the yield in

alkene, two were thoroughly investigated in our laboratory,

based on the statement that a reducing environment enhances

the dehydrogenation reaction at the expenses of the total

combustion: (i) using membrane reactor as a distributor to get a

better control of oxygen concentration along the catalyst bed,

(ii) running the ODH process under non-steady-state conditions

in order to favour the selective routes.

3.1. Catalytic membrane reactor for ODHP

As mentioned in Section 1, catalytic membrane reactors can

be set up in different ways. In a first study [25], various

contactor modes were tested. For this purpose, several MFI

membranes, including modifications, were prepared. However,

no positive effect was observed in comparison to conventional

fixed-bed processes.

In another approach the reaction was carried out in a

distributor CMR. In this case, a tubular zeolite membrane,

similar to that previously described, was used as an oxygen

distributor to feed, in a controlled way, a VMgO catalyst fixed

bed enclosed in the inner compartment. The purpose here is to

limit the local oxygen concentration on the catalyst, in order to

favour the alkene production.

The catalytic performance of this reactor was compared to

that of an equivalent fixed-bed system. Fig. 3 shows the data

obtained at 500 8C while varying the PðC3H8Þ=PðO2Þ ratio from

1:0.66 to 1:8, and the feed flow from 100 to 20 ml min�1.

Over the whole conversion range, propene selectivity in the

CMR is constantly above the values obtained in the

conventional reactor, by 15–80% in relative values at similar

conversions. This allows reaching propene yields up to 15%.

However, this positive effect was less important at higher

propane conversions, obtained at high oxygen pressures. The

trans-membrane pressure gradient DP was also found to

influence propene selectivity and yield: at high oxygen partial

pressure (PðC3H8Þ=PðO2Þ ¼ 1 : 8), the propene yield increased

from 12 to 16% when decreasing the DP.



Fig. 4. Response signals for C3H6 in a step transient of propane over a: (i) 5V/VMgO and a (ii) 14V/VMgO catalyst (solid line: experimental; dashed line: simplified

model based on the existence of two distinct pools of oxygen, bulk and surface) [27].

Fig. 5. Reactor scheme for the oxidative dehydrogenation of ethane using

surface modified dense membrane with electronic and ionic conductivity

properties.
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This could be due to a higher oxygen flux through the

membrane with a negative impact on propene selectivity. In this

distributor configuration, oxygen permeates all along the

zeolite membrane onto the catalyst bed, and propane consumes

practically all the diffused oxygen in the dehydrogenation

reaction. This gradual permeance of oxygen through the

membrane permits high C3H8/O2 ratios, thus enhancing

propene selectivity.

As reducing atmospheres are proven to favour ODHP, we

also explored another way to keep a controlled oxidation state

of the catalyst: non-stationary operation using the same VMgO

catalyst.

3.2. ODHP dynamics: step transients experiments

From the known statement that higher yield and selectivity

can be obtained in anaerobic transient operation mode [26,27],

we demonstrated in Ref. [27] how transient in situ electrical

conductivity experiments combined with transient kinetic

studies lead to improved understanding of the mechanism and

allowed us to determine kinetic parameters required for any

scale-up of ODHP in the non-steady-state regime. The

evolution of electric conductivity of VMgO catalysts in

presence of propane allowed to show surface and bulk effects

corresponding to surface reaction and bulk oxygen species

diffusion.

As illustrated in Fig. 4, during an anaerobic step transient, a

significant propene production can be obtained initially,

depending on the nature of the catalysts such as the

concentration of V [27]. The propene yield can then reach

20%, which is even higher than steady state operation in the

distributor membrane reactor (15%). However, this advantage

of the transient operation vanishes for time of exposure to

propane longer than ca. 2 min. In a process where the catalytic

phase (in a fixed-bed or in a membrane reactor) would be

alternatively contacted with pure propane and then regenerated

under air flux, this time limit would correspond to the anaerobic

sequence.
By modelling these transient responses, all kinetic para-

meters (rate constants, diffusion constants, amount of reactive

oxygen available) were also derived. More details about the

model can be found in Ref. [27].

Comparing the performances obtained for ODHP over

VMgO catalysts either in a conventional fixed-bed reactor, in

the distributor membrane reactor, or under transient operating

conditions, it was demonstrated that non-steady-state experi-

ments improve significantly propene yields, as compared to

steady-state operations, either in fixed-bed or in the membrane

reactor. Combining the positive aspects of all these tested

configurations might lead to further yield improvement.

4. Oxidative dehydrogenation of ethane

Although promising catalyst formulations have been recently

discovered for ODHE, their performances in terms of ethylene

space time yield are well below commercial requirements. The

best activity reported so far is 0.06 ml C2H4 min�1 g�1 for

NiTaNb oxides [28]. In this context, dense ionic oxygen

conducting membrane reactors (IOCMR) are highly attractive

solutions, where both separation and reaction are integrated in a

same unit. As depicted in Fig. 5, the IOCMR supplies activated



Fig. 6. Ethane conversion (a) and ethylene selectivity (b) as a function of temperature, for different modified membranes. Total feed to the reaction side of

37 ml min�1 at PðethaneÞ=PO ¼ 0:255.
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oxygen to the reaction compartment by permeation through the

solid phase ensuring herewith an efficient and selective

separation from air fed to the second compartment. Recently,

Wang et al. have reported a per pass ethylene yield of 67.4%

(S = 80%) using a perovskite structured Ba0.5Sr0.5Co0.8Fe0.2

O3�d (BSCFO) IOCM [29,30] at 1073 K. In this part we report on

the concept and implementation of membrane surface modifica-

tions [31] by deposition of micro particles enabling to improve

the reactivity and increase the concentration of active sites by

several order of magnitudes (Fig. 6).

The membrane support is a dense BSCFO perovskite disc of

1 cm in diameter and 1 mm thickness exhibiting high oxygen

permeability, as described previously [32,33]. A detailed

synthesis procedure is given in Ref. [34]. Its modification was

carried out by two different ways: (i) the deposition of a metal

phase by a laser vaporization technique [35] which yields an

excellent dispersion of Pd nano-clusters and a coverage of

about 10% of the area, (ii) the deposition of a very thin layer of

VMgO catalyst by spin casting technique yielding to a loading

of about 1 mg of V/MgO per cm2.

Experiments were performed using a membrane reactor as

described in Ref. [34]. The air side was fed at constant total

pressure of 120 kPa with a total flow of 50 ml min�1 synthetic

air. For oxygen permeation studies a flow of 35 ml min�1. He is

used as a sweep gas whereas for ODHE studies the reaction side

was fed with ethane diluted in helium. A significant

enhancement in oxygen permeability was observed after the

V/MgO membrane surface modification, whereas Pd clusters

improved the membrane performance to a minor extent. Under

ODHE conditions, the catalytic performances of the unmodi-

fied membrane in terms of selectivity and conversion over the

whole range of temperature matches well with data in other

studies [29,30]. Noteworthy, no oxygen was observed in gas

phase and the selectivity to carbon oxides was always lower

than 5%.

Both samples with surface modifications (Pd and VMgO)

showed an outstanding rise in conversion while selectivity

remained high [36]. At 1020 K, conversion increased by a

factor of 8. The maximum yield in ethylene reached 73% for V/

MgO and 75% for Pd at 1050 K at an ethylene selectivity of 80

and 86%, respectively. Carbon containing by-products are

mainly CO and CO2 with some traces of methane.

As in the case of the unmodified membrane, neither oxygen

was detected in the effluent nor coke (usually associated with
thermal cracking) was formed during several days of use. It is

believed that part of the oxygen crossing the BSCFO membrane

reacts as activated species (O2�, O�, or O2
�) with hydrogen

depleted adsorbed C2Hy species before they can polymerize,

thus preventing any coke formation. In addition, a large portion

of hydrogen (up to 80% of the ethylene content) indicates that

direct dehydrogenation of ethane occurs considerably in

parallel to ODHE.

In conclusion, the use of IOCMRs provides a real alternative

to conventional thermal dehydrogenation. A synergy between

oxygen permeation and catalytic oxidation at the membrane

surface is assumed to be responsible for the observed

outstanding performance. On the other hand, it is demonstrated

that catalytic surface modifications allow to decouple oxygen

supply features of a bulk material from the fine tuning of

catalytic entities at the surface. This concept opens new

perspectives in advanced catalysis for several reactions

proceeding according to the Mars and van Krevelen mechan-

ism.

5. Wet air oxidation

Wet air oxidation is a major process for waste water

treatment. It is usually carried out at high temperatures in

conventional reactors either in non-catalytic processes or using

a homogenous catalyst. The Watercatox process (catalytic wet

air oxidation of wastewater) is based on an interfacial gas–

liquid contactor hosting a porous ceramic membrane containing

heterogeneous catalyst nano-particles in the top layer [37]. The

synergy of the catalyst and the membrane, when implemented

in the same device, was decisive in the improvement of the

catalytic performance that clearly overtakes the performances

of a conventional CSTR configuration [38].

In the interfacial contactor mode, the gas and the liquid

phases are separately introduced within the membrane from

opposite sites. The gas–liquid interface is then located within

the membrane, its location being controlled by the trans-

membrane differential pressure that compensates for the gas–

liquid capillary forces within the membrane pores [39]. The

contactor catalytic membrane reactor (CMR) is known to

favour the triple contact between two different reactant fluid

phases and the catalyst, the reactants exhibiting a better

accessibility to the catalyst particles which leads to a significant

improvement of the conversion rates [40,41].



Table 1

Porous structure of the ceramic membrane types used in this work

Structure Membrane ref. (provider)

a/A (Pall Exekia) b/B (Pall Exekia) c/C (Inocermic)

Top-layer

Composition ZrO2 ZrO2 CeO2/ZrO2

Pore size 50 nm 20 nm �80 nm

1st intermediate layer

Composition – TiO2-covered

a-Al2O3

TiO2

Pore size 0.2 mm 0.25 mm

2nd intermediate layer

Composition TiO2-covered

a-Al2O3

TiO2-covered

a-Al2O3

TiO2

Pore size 0.8 mm 0.8 mm 0.8 mm

Support

Composition TiO2-covered

a-Al2O3

TiO2-covered

a-Al2O3

TiO2

Pore size 12 mm 12 mm 5 mm

Capitals indicate multichannel systems, and lower case letters indicate single

tubes.

Fig. 7. Oxidation rate as a function of catalytic membrane material at 3

different gas overpressures [a–c: single tubes, A–C: multichannels].
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5.1. Catalytic membranes

Catalyst supports were ceramic membranes, provided by

Pall Exekia (France) and Inocermic (Germany). Single tube

membranes were designed and developed for lab-scale tests

(10 mm external diameter, 7 mm internal diameter and 250 mm

length). Especially developed multichannel systems have been

used for further tests, including real industrial effluent

oxidation. Two geometries have been used: hexagonal (Pall

Exekia) of 31.5-mm diagonal, 250 mm-long providing 37

channels of 3-mm diameter, and cylindrical (Inocermic) of

25 mm diameter, 250 mm-long, providing 19 channels of

3.3 mm. Both membrane endings have been covered with

enamel or glaze in order to achieve a proper sealing and soften

the surface where adapted rubber seals were applied. The

materials were made of three or four concentric layers, showing

an average pore size decreasing from the outside to the internal

surface of the channel, the top layer being located on the inner

surface of the channels (Table 1). Pure alumina supports were

excluded, due to their limited chemical resistance to the present

acidic effluents [37].

The catalytic performance depending strongly on the

loading and location of the platinum catalyst, the preparation

procedure was adapted to achieve a controlled deposition closer

to the toplayer of the ceramic support. The catalyst deposition

was carried out using an evaporation–crystallization technique.

Further details can be found in Ref. [42].

5.2. Reactor set-up and operation

The catalytic membrane was mounted in a module using a

tight seal separating the liquid and gas feeds. The liquid phase

was introduced on the inner side of the tube and was maintained

close to the atmospheric pressure, while the gas phase was fed

on the shell side. The gas overpressure was monitored and
carefully controlled by the way of the gas feed flow

(50 ml min�1 for single tubes and 500 ml min�1 for multi-

channels). According to Laplace law on capillary pressure, the

gas–liquid interface can be displaced from the support zone

towards the top layer, where the catalyst is concentrated, by

increasing the gas overpressure [39].

The membrane reactor was operated at room temperature, in

single-pass continuous mode, using liquids flows of 7 ml min�1

for the single tubes and 100 ml min�1 for multichannels.

0.1 mol/l formic acid solution was used as an effluent. The

conversion of organic molecules was monitored using a

Shimatzu TOC 5050A total organic carbon analyser. The

reaction rate was expressed as carbon moles converted per unit

time, related to the geometric membrane area. As a matter of

fact, the membrane area is the cost-limiting factor of this

process.

5.3. Performance results

Fig. 7 shows the observed reaction rates, as a function of the

type of membrane and the gas overpressure. Two main trends

can be seen: (i) the gas overpressure strongly enhances the

reactor performance, and (ii) the performance is globally higher

on single tubes than on multichannel systems.

The influence of the gas pressure was attributed to its effect

on the gas–liquid location within the membrane wall rather than

to kinetic order effect [43]. This can be seen when comparing

results on samples a and b. Due to the presence of only three

layers, the membrane a performance shows a important change

when moving from 3.6 to 5 bar overpressure. This is not the

case of membrane b, as the same pressure change cannot push

the gas/liquid interface further than the third layer (see the pore

size of the different layers in Table 1). In the case of membrane

c, the pore size distribution between layers is slightly different,

but, more importantly, the catalyst support material itself

(ceria-doped zirconia) plays an important role in improving the

kinetics [44].

The scale-up of this process implied transferring the catalyst

membrane implementation to multichannel systems. It can be

observed from the above results that, whereas the trend between

the different membrane materials is conserved, the overall
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performance is reduced on such material. This can be attributed

to differences in the catalyst distribution between the channels

during deposition [42].

As a conclusion to this part, one can note that the

performance of this CMR for oxidation of wastewaters

motivated the development of a pilot unit, now in testing

operation on industrial effluents in Norway, under the

responsibility of Due Miljoe [45].

6. Conclusion

The examples of catalytic membrane reactors presented here

cover a wide range of applications from synthesis industrial

processes to environmental remediation applications. These

reactors can be operated in many different modes, using various

membrane materials. Beside adapted membranes, catalysts

must be tuned to fit into the system and match the constraints

and specific operational conditions of membrane catalysis. For

all applications presented in this paper, an enhancement in the

performance of the reactor was observed, over their conven-

tional counterparts. However, these advantages differ from one

system to another one.

In the case of butane to maleic anhydride, the productivity is

increased because the distribution allows much higher butane

feeds, while keeping safe operation. For propane to propene,

the oxygen partial pressure control favours the primary alkene

production, leading to higher selectivities at constant conver-

sion. In both cases, the membrane reactor could take benefit of a

transient operation mode.

Ethane dehydrogenation to ethylene in a dense ionic oxygen

conducting membrane reactor offers a new way to feed activated

oxygen species to the catalyst (VMgO or Pd based), leading

yields significantly over the industrial conventional processes.

The membrane reactor provides wet air oxidation with a

large increase of reaction rate when compared to conventional

reactors. This can be finely monitored according to the

membrane structure and operational conditions that control the

gas–liquid interface location.

The two last applications are still the subject of intensive

research in our group. In particular, the change of membrane

design, where hollow fibre-type geometry could present a

decisive breakthrough is under investigation.
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