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Abstract

The enzymatic membrane reactor (EMR) consists on a coupling of a membrane separation process with an enzymatic reaction. The selective
membrane aims to separate the biocatalyst from the reaction products. The main objective of EMR is to ensure the complete rejection of the
enzyme in order to maintain the full activity inside the reacting volume. Depending on the case, enzyme molecules may be freely circulating
on the retentate side or immobilised onto the membrane surface or inside its porous structure. This article intends to report some significant
information showing the last progress realised in the knowledge of the phenomena which limit the performances of EMR, and to mention
openings towards new and more efficient systems. A special attention is also paid to new catalytic membrane devices that could result in
improved enzyme stability and high performance particularly in non-conventional solvents.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction

The enzymatic bioconversion processes are of increasing
use in the production, transformation and valorisation of raw
materials. Important applications have been developed in the
fields of food industries, fine chemicals synthesis (particu-
larly in the pharmaceutical area) or even for environmental
purposes. Most of the time the reactions are carried out in a
classical batch reactor at controlled temperature. At the end
of the reaction the enzyme (animal, vegetable or microbial
origin) is inactivated before recovering the final products.
The use of such reactors is relatively simple at any scale,
the main parameters which need to be controlled being the
temperature and the pH. Nevertheless, this type of bioreac-
tor presents a certain number of disadvantages, in particular
when they must treat large quantities of raw material as is
often the case in industrial practice: low productivity, high
operating costs, loss of catalytic activity due to inactivation,
great variability of the quality of the products, etc.

At the beginning of the 20th century, the idea of immo-
bilizing enzymes appeared as an interesting alternative to
overcome some of these inconveniences. The objective was
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to ensure the localisation of biological catalyst in a definite
space area, the preservation of its global activity and reuse.
In fact theoretical and practical studies realised to develop
the concept just started 50 years ago, the first industrial
process going back to 1978[1]. Various systems have been
proposed for enzyme immobilisation: adsorption or covalent
binding of catalyst molecules on a solid support, reticulation
or inclusion in a capsule, a matrix or a fibre, etc., the choice
of the technical solution being dictated most of the time by
the kind and the scale of the application considered. One
should not hide however that fixing the enzymes presents
also some disadvantages. Particularly it has been reported
a decay of activity as high as 10–90%. Various reasons
have been put forward to explain these phenomena: steric
hindrance effects (the active site of the enzyme molecule
may be distorted by the immobilisation process) or inter-
facial limitation phenomena (the diffusion of substrates or
products in the vicinity of the surface on which the catalyst
molecules are immobilised may be very low).

By introducing membrane technologies, some of these
disadvantages could be circumvented and the concept of en-
zyme immobilisation could be considerably enlarged. The
enzyme membrane reactor (EMR) is a specific mode for run-
ning continuous processes in which enzymes are separated
from end products with the help of a selective membrane.
Whatever the EMR configuration is, the main objective is
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to ensure the complete rejection of the enzyme in order to
maintain the full activity inside the reacting volume. De-
pending on the case, enzyme molecules may be freely cir-
culating on the retentate side or immobilised onto the mem-
brane surface or inside its porous structure.

The selectivity respect to the various species which con-
stitute the reacting solution has been often associated with
the relative size of the molecules and membrane pores. Be-
cause a lot of enzymes have a molecular weight between
10 and 80 kD, ultrafiltration membranes with a molecular
cut-off between 1 and 100 kD are the most frequently used.
In addition, it has also been reported by various authors that
electrostatic or hydrophobic interactions between the bio-
logical molecules and the membrane could also influence
the process performance[2,3].

In a recent monograph[4], Bouhallab reported the clas-
sification of the main free enzyme systems: dead-end or
crossflow filtration devices; continuous stirred tank or
porous fibre plug flow reactors; enzymatic reactor with
direct or indirect contact of enzyme and substrate; diffu-
sion or convection reactor systems. The most important
advantages and inconveniences of EMR with respect to
the classical reactor configurations like batch, fixed or flu-
idised bed reactors with enzymes immobilised on various
solid supports, were listed by this author (Table 1). As a
whole the interest of enzymatic bioreactors with respect to
productivity, quality and diversity of productions is clearly
established. But the applications at industrial scale are rare
due to the observed decay of activity as a function of time.
The increase in the lifespan of the systems requires a better
stability of the enzyme, and a narrow control of fouling via
the mechanisms which govern the transfer of the species
through the membrane. A key advantage of immobilising
enzymes on the membrane material is to increase their sta-
bility and resistance towards organic solvents. This may be
important for some chemicals synthesis. However, a decay
of activity may also follow as mentioned previously.

Table 1
Advantages and inconveniences of EMR

Advantages
Continuous mode (substrate feeding)
Free enzyme
Retention and reuse of catalyst
Reduction in substrate/product inhibition
Free enzyme end-product
Control of product properties by enzyme (specificity)

and/or membrane (selectivity) choice
Integrated process (single-step reaction/separation)

Inconveniences
Decrease of enzyme activity versus time (loss of catalyst,

effect of shear stress, etc.)
Heterogeneity of reaction conditions between the core of

solution and the membrane surface
Polarisation layer and induced limitation
Membrane fouling

Adapted from Bouhallab.

This article does not intend to provide an exhaustive
review of all the results obtained to date. Simply it aims
giving some significant information showing the progress
realised in the knowledge of the phenomena which limit the
performances of EMR, and mentioning openings towards
new more efficient systems. A special attention is also paid
to new catalytic membrane devices that could result in
improved enzyme stability and high performance particu-
larly in non-conventional solvents. Finally new integrated
processes are introduced as well as new trends in the use
of EMR.

2. Effect of operating conditions on
EMR performance

Membrane fouling and enzyme activity decay are re-
sponsible for strong limitation on performance of EMR.

Membrane fouling directly related to the evolution of
permeate flux has been specifically examined in many
works [5–7]. Mechanisms have been analysed and various
solutions such as membrane modifications, increased turbu-
lence, backflushing, etc., not always easy to realise or energy
consuming, have been suggested for classical separation
processes. In the presence of a reaction, and more precisely
in the case of starch hydrolysis in a dead-end cell reactor,
Darnoko[8] pointed out that the presence of a pre-hydrolysis
step before the continuous operation minimises fouling
troubles. This is due to the decrease of the viscosity of the
initial solution which makes it easier the later implemen-
tation of the membrane reactor. In a more recent work, the
same idea was taken up successfully for the operation of
a tangential EMR intended to carry continuously out in a
one-step process the hydrolysis of raw cassava starch into
low molecular weight compounds like glucose, maltose,
maltotetraose, etc. using Termamyl[9]. The pre-hydrolysed
solution was prepared in the buffer tank shown inFig. 1. The
entire loop was filled with this solution rich in low molecu-
lar weight compounds, and the membrane filtration started.
Then fresh native starch solution was regularly introduced
in the feed tank to compensate permeate flux. As enzymes
cut starch into smaller molecular weight compounds quickly
enough, no major trouble was further observed and a high
flux (>80 l h−1 m−2) could be maintained during more than
10 h. On the contrary, in the absence of the pre-hydrolysis
step, there was a continuous and very fast decrease of flux
(down to less than 20 l h−1 m−2 in a few tens of minutes)
due to membrane pore blocking by high molecular weight
polysaccharides of native starch. As a whole, in addition to
the economy on enzyme and purification costs due to reac-
tion and separation integration, it appeared that hydrolysing
starch in that way led to a reactor productivity clearly higher
than the one obtained in batch process.

Enzyme activity decay constitutes a more original topic
far less investigated. It seems to be in tight connection
with several phenomena such as catalyst leakage, but also
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Fig. 1. EMR pilot-plant for starch hydrolysis. Adapted from Paolucci et al.

enzyme denaturation under the effects of pH, temperature,
shear effects or adsorption/deposit at wall. If enzyme leak-
age is quite easy to evaluate by continuous measurement
of permeate activity[10–16], adsorption[11] or shear ef-
fects [15] are more difficult to characterise and less often
reported. In a recent paper[13], the loss of enzyme activity
during enzymatic starch hydrolysis in a continuous EMR
was examined in detail. Various factors contributing to the
loss of enzyme activity were thoroughly analysed with the
aim to suggest specific ways to reduce it. From this work
it followed that the effects of temperature and denatura-
tion of catalyst by adsorption/deposit onto the membrane
were the most limiting phenomena. Reducing temperature
to overcome thermal denaturation did not always appear as
an efficient solution since by increasing viscosity it could
lead to decrease in permeate flux and reactor performance.
Insofar as adsorption/deposit of enzymes is directly linked
to membrane fouling, it was suggested that every mecha-
nism lowering the accumulation of high molecular weight
products in the vicinity of the membrane should reduce this
phenomenon. Finally it is worth noting that the presence of
yet still active enzymes on the membrane could also offer
attractive prospects and open over new interesting reacting
devices as further explained hereinafter.

3. EMR with catalytic active membranes

Microreactors represent a new efficient tool for optimum
reactor design[17,18]. Microfabrication techniques and
scale-up by replication have already fuelled spectacular ad-
vances in the electronics industry. Today microreactors also
raise new opportunities for applications of the reaction engi-
neering toolbox, and microreaction technology is expected

to have a number of advantages for chemical production.
Such systems have feature sizes in the submillimeter range.
The reduction in size and integration of multiple function
has the potential to produce structures with capabilities that
exceed those of conventional macroscopic systems, and to
add new functionality while potentially making low cost
and more reliable process. The outstanding property of a
microreactor is its extremely large surface-to-volume ratio.
The difference with a classical reactor may be as high as
105 [19]. Thus the mass transfer path is minimal, and the
high transfer rates possible in microfluidic systems allow
reactions to be performed under more aggressive condi-
tions, with much higher yields and selectivity than can be
achieved with conventional reactors. Even new reaction
pathways deemed too difficult in macroscopic equipment
could be pursued. The small dimensions imply laminar
flow, making it possible to fully characterise phenomena
and extract chemical kinetic parameters. By using the con-
trol of fluid contacting patterns afforded by microsystems,
reaction engineering has the opportunity to design reactors
that achieve specific research and development objectives.
Scale-up to production by replication of microreactor units
would eliminate costly redesign and pilot-plant experiment,
thereby shortening the development time from laboratory
to commercial application.

One of the important issues in catalytic microreactors is
the proper incorporation of the active catalyst on surface.
In the field of biocatalysis, Drott et al.[20] have investi-
gated the use of porous silicon as a carrier matrix in mi-
crostructured enzyme reactors, increasing the surface area
on which enzymes (glucose oxidase) could be coupled. The
microreactor was fabricated using flow-through silicon cell
comprising 32 channels of 50�m wide, 250�m deep and
separated by 50�m. The matrix was generated by anodis-
ation. The system was used to study glucose turnover rates
and compared to a classical non-porous reference device.
The authors found that the enzyme activity was increased
100-fold when compared with the reference reactor.

The use of permeable membrane allows the natural inte-
gration of separation with chemical reaction. From a struc-
tural point of view, a membrane can be considered as a
specific macrosystem resulting from the assembly of many
microsystems. Indeed each pore could be looked upon as a
particular microsystem. In a permeable membrane a chal-
lenge could consist in depositing correctly enzymes at pore
mouth and within the microchannels, in order to get very
efficient contacting conditions, i.e. a very high probability
of capture of substrate molecules by catalyst as well as an
improved contact time. With such a system a precise con-
trol of the reaction with minimised substrate and catalyst
losses, faster reactions and higher yields, cleaner products
and lower operating costs could be expected.

For several years, works have been developed at IEM,
which relate to the preparation of catalytic active membranes
elaborated by immobilisation of enzyme on porous ceramic
supports[21,22]. A well-adapted procedure that preserves
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all the activity, and takes the best of the membrane config-
uration in order to create a very favourable environment, as
regards reaction yield, was thus elaborated. Enzyme immo-
bilisation is carried out following three main steps. Firstly,
zirconia/�-alumina membranes (20 nm Pall Exekia® mem-
branes) are coated with an ultra-thin gel layer obtained dur-
ing dynamic filtration of an inert protein solution such as
gelatin [23]. Then these dynamic layers are activated with
a cross-linking agent (glutaraldhehyde) and after they are
put in contact with the enzyme in order to immobilise the
enzyme by a covalent bond.

First works were devoted to the study of the synthetic
activity of a covalently attached�-chymotrypsin deriva-
tive onto a gelatin-zirconia/�-alumina dynamic membrane
as a function of the reaction media: liquid (aqueous and
nearly-dry organic media) or supercritical carbon diox-
ide (SCCO2). Actually, this derivative has been used as
catalyst for the continuous synthesis of the analgesic dipep-
tide, kyotorphin, fromN-benzoyl-l-tyrosine ethyl ester and
l-argininamide in DMSO: 0.1 M phosphate buffer (40:60
by vol.) or in hexane:ethanol:water (57:40:3 by vol.)[24],
and for the continuous synthesis ofl-tyrosine methyl ester
by transesterification ofl-tyrosyne ester and methanol in
SCCO2 [25]. In both cases, the catalytic properties and
operational stability of the membrane derivative were com-
pared with an adsorbed�-chymotrypsin-celite derivative.
Whatever the reaction and the operational conditions, the
enzyme-membrane derivative always showed higher syn-
thetic activity and stability than the enzyme-celite one.
Additionally, the hydrophilic nature of the gelatin shell
on the inner surface of the ceramic membrane allowed a
good environment to preserve enzyme towards deactivation
by a direct contact with the organic solvent. In this way,
the high selectivity parameter showed by this derivative
could be explained by changes on the enzyme microenvi-
ronment produced by this hydrophilic colloid, favouring
the synthetic reaction. Furthermore, the choice of ceramic
filtration membrane as support of the dynamic gelatin layer
was attractive for two main reasons. Firstly, it allowed the
use of this active membrane with a wide range of solvents
and in particular with supercritical media which present
a great interest in enzymatic conversion processes. And
secondly, it was possible to recover the properties of the
original ceramic support when the enzymatic activity tended
to zero.

Fig. 3. Schematic view of an active membrane.

a-alumina support

Fitration of water for 60 min

Deposition of gelatin and/or PEI 
by cross-flow filtration for 60 min

Rinsing with water for 15 min

Activation by treatment with
glutaraldehyde at 25 ºC

Rinsing with buffer pH 7.8 for 15 min

Enzyme attachment at pH 7.8

Enzymatic Membrane

Cross-flow

Polymer

First Step

Second Step

Third Step

Fig. 2. General procedure for preparing active membrane. Adapted from
Lozano et al.

More recently the method for preparing active mem-
brane (Fig. 2) has been improved through the study of
Candida antarctica lipase immobilization[22]. The use
of polyethyleneimine (PEI), an other hydrophilic and
water-soluble polymer which has a high free primary amino
group content as coating agent allowed to increase the num-
ber of potential centers for enzymatic attachment. The best
results (Fig. 3) were obtained with an equal part mixture of
gelatin and PEI. With the preparation previously explained
pore sizes of about a few nanometers were obtained. They
are very favourable for the treatment of small substrates. To-
day new studies try to extend the process to larger pore sizes
with a specific aim to transform or modify macromolecules.

4. New integrated and non-conventional processes

Well beyond its simple use as reactor, the EMR can
also acts as a membrane contactor. The last 10 years in-
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teresting applications have been described in literature.
This is the case when one of the products is poorly sol-
uble into aqueous or organic solutions or when an unde-
sirable by-product has to be extracted from the reaction
device. The lipase-catalysed synthesis of optically active
(2R,3S)-3-(4-methoxyphenyl)-glycidic acid methyl ester
(−MPGM) (a diltiazem chiral intermediate, which is an
important calcium channel blocker used for hypertension
and angina treatment) by asymmetric hydrolysis of the
racemic compound (±MPGM) has been reported by Furui
et al. [26] and Lopez and Matson[27]. The reaction was
realised by using two different vessels (one containing an
aqueous and the other a toluene organic solution) separated
by a commercial hollow-fiber membrane bundle. The li-
pase was immobilised into the hydrophilic UF fibers. The
±MPGM was solubilised in the organic phase and the reac-
tion took place at the membrane interface; a by-product, the
methoxyphenylacetaldehyde, which is an enzyme inhibitor,
was also produced; however, it was eliminated continuously
by an adduct formation with bisulfite in the aqueous phase.
This concept could be easily applied to new enzymatic
reactions which need also the coupling of a membrane sep-
aration process with a solvent extraction steep. This is the
case of the production of hemorphins like the opioid peptide
(LVVH-7) from the hydrolysis of bovine hemoglobin. This
reaction has been reported recently by Dhulster et al.[28].
These authors coupled the hydrolysis of the hemoglobin in
an EMR with pepsine. In a subsequent steep they extract
the LVVH-7 from the ultrafiltrate with octanol. The same
type of reactor has been used recently for the optical reso-
lution of racemic 2-hydroxy octanoic acid with lipase (from
Candida rugosa or Pseudomonas cepacia) into a biphasic
enzyme reactor as reported by Sasaki et al.[29].

Substrates with low solubility in water are equivalent
with low substrate concentrations. Large volumes of aque-
ous phase are needed which leads to complicated down-
stream processing. Two different concepts could be used for
this case. The first one is the use of an EMR where the
membrane separates two different phases: an aqueous and
an organic one. A novel emulsion membrane reactor de-
scribed by Liese[30] overcomes these limitations. From an
emulsion consisting of an organic substrate and an aque-
ous buffer phase, the aqueous phase is separated selectively
by using a hydrophilic ultrafiltration membrane and fed to
a subsequent enzyme membrane reactor. The product out-
flow is recirculated to the emulsion stirred vessel and, due
to the partition coefficients, the aqueous phase is recharged
with substrate while the product is extracted. This new re-
actor concept was compared to the classical EMR working
in the solubility range of the substrate. The latter was oper-
ated under the same conditions over a period of 4 months at
a space-time yield of 21.2 g l−1 per day. As a model system
the enantioselective reduction of 2-octanone to (S)-2-octanol
by a carbonyl reductase fromCandida parapsilosis was cho-
sen. NADH is regenerated by formate dehydrogenase from
Candida boidinii. In comparison to the classical EMR, the

Fig. 4. Schematic of the enzymatic olive oil conversion in a hollow fiber
bioreactor. Adapted from Hoq et al.

total turnover number (mole of product per mole of cofactor
consumed) could be increased by a factor 9 using the novel
emulsion membrane reactor.

Hydrolysis of lipids catalysed by lipases are typical reac-
tions for which EMR have been applied in non-conventional
configuration. For these systems one deals ordinary with
complex micellar solutions of reactants and products[31].
The lipase-catalysed hydrolysis of oils takes place in
two-phase reactors, with fatty acids and glycerin as prod-
ucts. Fatty acids are obtained in the hydrophobic phase, and
glycerin in the hydrophilic phase. Hoq et al.[32] studied
the enzymatic hydrolysis of olive oil by lipase in an EMR
using a hydrophobic membrane. The enzyme was adsorbed
on the membrane surface in contact with the aqueous phase,
while the olive oil was recirculated on the other membrane
side (Fig. 4). In this case the membrane separates the two
phases, thus avoiding emulsion formation; it also provides
a means for immobilising the lipase. Lipase-catalysed hy-
drolysis of olive oil using a membrane contactor was also
studied more recently by Giorno et al.[33]. They concluded
that changes in the hydrodynamic conditions have a strong
influence on EMR productivity and enzyme activity.

Very recently, another new and original process to conduct
esterification reactions on oils has been proposed by Pomier
et al.[34]. Basically the idea is to reduce the viscosity of the
sticky liquid by injecting SCCO2 following the procedure
already described by Gourgouillon and coworkers[35] for
the recycling of mineral oils. Then the pseudo-homogeneous
phase thus obtained is put into contact with a catalytic mem-
brane that it crosses by forced convection. The main advan-
tage is that to work at relatively low temperature, with no
addition of solvents (Fig. 5). At the end of the conversion
CO2 is separated from the liquid phase by pressure release.
Fragile products are preserved and there is no damage for
environment. CO2 that is injected will act not only on kinet-
ics through rheology but also by changing the composition
of the liquid phase. In order to validate the concept, an inter-
esterification reaction involving triglycerides (TG) of castor
oil and methyl oleate has been chosen:

castor oil TG+ methyl oleate
lipase−−−→

CO2SC
methyl ricinoleate+ TG
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Fig. 5. Principle of EMR used by Pomier. Adapted from Pomier et al.

The joint use of supercritical fluids as solvent and mem-
branes to prevent catalyst lost during enzymatic reaction has
been already mentioned several times in this article because
of the many advantages that result from coupling techniques.
From this point of view, in addition to already quoted teams,
it is also important to mention the significant work carried
out these last years by the group of Maribor[36,37]. They
develop a high-pressure continuous stirred tank membrane
reactor (HP CSTMR) in which organic membranes were
successfully used as separation unit to retain the biocata-
lyst. The main applications investigated were the hydroly-
sis of sunflower oil and hydrolysis of casein in dense gases
catalysed by non-immobilised enzymes. With the difference
of previous studies, different kinds of supercritical solvents
(particularly hydrocarbons) were used on these works. To-
day new choices of solvents are proposed at laboratory level;
as an example environment-friendly solvents such as ionic
liquids are more and more pushed forward.

Enzyme membrane reactor consisting of variable pieces of
replaceable cell-immobilised membranes was proposed for
the continuous production of bio-products[38]. To demon-
strate the characteristics of the reactor, cell-immobilised
membranes were prepared by the entrapment of perme-
abilised recombinantEscherichia coli cells containing
penicillin G acylase (bags of enzymes) within the gluten
matrices. A stainless-steel net that was created with a mesh
frame was used to support each gluten membrane so that
the membranes could be filled into the rectangular-shaped
reactor. The reactor equipped with either 6 or 12 pieces of
cell-immobilised gluten membranes containing a biomass
concentration of 5% (w/w) was effective in catalysing
the production of 6-aminopenicillanic acid from penicillin
G. In comparison with intact cells, the cell-immobilised

preparation was more stable and the half-life time of the
immobilised cell-associate enzyme in gluten membrane
was estimated to be 36 days by a long-term operation. As
the substrate solution was forced to flow through the re-
actor equipped with six membranes and in the direction
perpendicular to the membranes, the pressure drop was de-
termined to be less than 50 cm of H2O with a flow-rate up to
50 ml/min. This low pressure due to the porous structure of
gluten membrane would lead to a lower operational costs.
Increasing either the number of membranes or the area of
each cell-immobilised membrane facilitates the scale-up of
this membrane reactor.

Up to now EMR have found their most classical and
widespread applications in the hydrolysis of macro-
molecules – proteins, poly- and oligosaccharides, lipids,
etc. – for food and pharmaceutical applications[39]. More
recently they started to be used successfully for the removal
of various pollutants from wastewaters. A key class is the
one of phenolic compounds, whose toxicity, hazardous na-
ture, and increasing presence in wastewaters are becoming
well documented. Bodzek et al.[40] have studied the phenol
and cyanide enzymatic removal from coke industry wastew-
aters. For this purpose, they immobilised an enzymatic
fraction, isolated from a bacterial strain ofPseudomonas,
on ultrafiltration membranes. The results obtained showed
that, in spite of long contact times (up to 4 h), only modest
biodegradation rates of real wastewaters were obtained (up
to 25% and 50% for phenols and cyanides respectively).
Edwards et al.[41] studied the degradation of a number of
phenolic compounds (phenol, methoxyphenol, cresol, and
cholorophenol) by polyphenol oxidase (PPO) immobilised
in UF polysulfone, capillary membranes. Though the im-
mobilised enzymes exhibited significantly reduced activity,
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the EMR experiments still showed good oxidation conver-
sion of the phenolic compounds intoo-quinones. This EMR
system of course has the additional advantage of the bio-
catalyst easy separation from the raw water and products.
Jolivalt et al.[42] have reported recently the decomposition
of phenyl urea pesticide in wastewater using an EMR with
immobilised laccase. The authors observed that the grafted
enzyme had an activity which was comparable to that of
the free enzyme, with a good stability. Almost complete
removal of the phenyl urea was obtained after 5 min of reac-
tion for the highest concentrations of immobilised laccase.
Yet more recently[43,44] a dead-end enzyme-immobilised
membrane reactor has been used to investigate the removal
of catechol and phenol from water. A strain coded as AEK1,
identified as a species ofPseudomonas syringae, was used
to obtain the crude enzyme extract. Crude enzyme extract
was totally immobilised onto a flat polyamide membrane
with nominal pore size of 0.2�m. The results obtained
from enzyme-immobilised membrane reactor showed that
the reaction rate was diffusion controlled. The stability of
the immobilised enzyme was better than that of the free
enzyme in solution and the immobilised enzyme kept 70%
of its initial activity for approximately 100 h. The crude
enzymatic extract in the free state was not able to degrade
phenol as a result of extracellular nature of the enzyme. The
technique provides a single-stage phenol removal process
due to the production of linear chain metabolites or end
products with the lowest energy levels.

5. Conclusions

Even if today most of the enzymatic membrane reactors
are yet tools from laboratory rather than systems with broad
industrial applications, it is a fact that a rapid evolution has
been occurring because they offer many advantages com-
pared to the more traditional systems where the enzymatic
reaction and the separation step take place separately. More
particularly it is clearly established that higher productivity,
minimised loss of activity, lower variability in the quality
of the end-products, etc. may be obtained by ensuring the
complete rejection of the enzyme inside the reacting vol-
ume. Depending on the case, enzyme molecules may be
freely circulating on the retentate side, or immobilised on
the membrane surface or inside its porous structure.

Progress in the development and the implementation of
these systems are awaited. They should follow from a better
knowledge of phenomena which still limit their performance
(particularly fouling phenomena) as well as from a better
use of EMR in non-conventional conditions (integrated pro-
cesses, supercritical solvents, etc.). The more extensive use
of active membranes obtained by immobilising enzymes on
inert porous supports should also provide very attractive de-
velopments. Based on the concept of microreactor, these
systems allow to get high reaction rates and efficiency pro-
viding also an easy extrapolation.

Finally one can note that the potential fields of applica-
tions widened considerably these last years. Today people
are suggesting them not only for the production, transfor-
mation and valorisation of raw materials, but also for large
environmental purposes.
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