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Abstract: The purpose of this review work is to give an overview of the research reported
on bioprocesses for the treatment of domestic or industrial wastewaters (WW) containing
pharmaceuticals. Conventional WW treatment technologies are not efficient enough to
completely remove all pharmaceuticals from water. Indeed, these compounds are
becoming an actual public health problem, because they are more and more present in
underground and even in potable waters. Different types of bioprocesses are described in
this work: from classical activated sludge systems, which allow the depletion of
pharmaceuticals by bio-degradation and adsorption, to enzymatic reactions, which are
more focused on the treatment of WW containing a relatively high content of
pharmaceuticals and less organic carbon pollution than classical WW. Different aspects
concerning the advantages of membrane bioreactors for pharmaceuticals removal are
discussed, as well as the more recent studies on enzymatic membrane reactors to the
depletion of these recalcitrant compounds.
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1. Introduction

Pharmaceutical compounds have been continuously released in the environment since their first
applications for human or veterinarian purposes at the end of the 19th century. They are used world-
wide, and improved living conditions, as well as the growing demography have led to their constantly
increasing discharges around the world. Pharmaceuticals represent more than 4000 different molecules
with a production of several 100,000 tons per year. Although conventional wastewater treatment
technologies are efficient for a large range of compounds, some persistent organic micropollutants are
very resistant, and traces can be found at the output of the wastewaters plants.

Data regarding pharmaceuticals consumption around the world are difficult to compare, because
they vary each year and depend on the therapeutic doses and the prescription rate, which are specific to
each country. A few studies managed to measure the trend of antibiotics uptake, and the most
commonly used are acetaminophen, clarithromycin, ibuprofen, carbamazepine, ciprofloxacin,
erythromycin, sulfamethoxazole and tetracycline [1-5].

Water Framework Directive 2000/60/CE from 23 October 2000 is a management plan that aims at
achieving a good water quality in 2015 by progressively reducing emissions of priority substances and
eliminating dangerous compound discharges in 2021 with wastewater treatments improvement. The
preservation of the aquatic environment can require the modification of emissions limits for specific
effluents containing micropollutants. Thus, a good ecological and chemical state of surface and ground
water will be expected.

Pharmaceutical pollutants found in waters come from several contamination sources, such as urban
and industrial wastewaters, agriculture, aquaculture or soil contamination in animal husbandry for
therapy or growth promoter purposes [6—8]. After being consumed by humans or animals, some of
these compounds are metabolized, while others remain un-metabolized and are ultimately eliminated
from the body. Depending on the compounds, their uptake by metabolism can reach from 10% to 90%.
A mix of metabolites and medicines can be found in municipal wastewaters and sludge. Effluents
discharged from drug manufacturing plants make the most significant contribution to the total
pharmaceutical concentration in water [9,10]. Sewage sludge can be sometimes used as fertilizer, and
its pollutants reach soils through irrigation systems, spreading them through the ground and
across agriculture [11,12]. Recent studies showed that antibiotics have very high half-lives when they
reach agricultural soils: 60 to 495 days for carbamazepine, 55 to 578 days for tetracycline and even
120 to 2310 days for ciprofloxacin [13].

However, as far as these being relatively diluted in wastewaters, only the development of
sensible-enough analytical methods has opened up the possibility to identify and monitor them in
water effluents. In the past, they have therefore not been considered as priority pollutants to target.
Some studies have noticed the presence of pharmaceutical compounds, as well as their transformation
products at the exit of wastewater treatment plants in surface water, in groundwater, adsorbed on
sediments and even in drinking water [7,14,15].

Conventional biological treatments are able to deplete, to some extent, several pharmaceuticals or,
even completely, some of these compounds, as will be explained later. However, the whole removal of
pharmaceutical compounds from water is not possible with conventional wastewater treatment
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technologies. These compounds are indeed relatively resistant to widely used decontamination
techniques and discharged in treated wastewaters.

The occurrence of different types of pharmaceuticals from antibiotics to antiepileptic drugs or
hormones in different types of treated or raw wastewaters has been reported in Figures 1-4. These
Figures were built with the references given in Table 1 and concern effluents of wastewater treatment
plants (WWTP) of three origins: municipal, hospital and industrial and raw surface waters (rivers,
lakes, ponds, etc.). We can notice that the concentration is very variable, but always ranges between
10* and 10? ug-L™! for treated municipal and hospital wastewaters; even if in the case of municipal
wastewaters, the volumes and dilution have to be much higher than in the case of hospitals. As
expected, industrial wastewaters that come from pharmaceutical production present the highest
pollutant content (between 107! and 10* pg-L™"), whereas surprisingly, raw surface waters from rivers,
lakes and ponds present a relatively high content (between 10™* and 10° pug-L™!) of some pollutants,
like tetracycline, a well-known antibiotic. Moreover, the results reported for tetracycline are relatively
high among the different pollutants reported, although this antibiotic is well known for its
self-degradation initiated by solar radiation [16]. This result is a good indication of the very extensive
use of this pharmaceutical.

Figure 1. Occurrence of some pharmaceuticals in treated municipal wastewaters.
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Figure 2. Occurrence of some pharmaceuticals in treated hospital wastewaters.
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Figure 3. Occurrence of some pharmaceuticals in industrial wastewaters.
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Figure 4. Occurrence of some pharmaceuticals in raw surface waters.
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The risks of the long-term toxicity of pharmaceuticals are not well-known and may have a deep
influence on the evolution of aquatic and terrestrial ecosystems and their fauna and flora. Eco-toxicity
studies have demonstrated that pharmaceutical pollutants could affect the growth, reproduction and
behavior of birds, fishes, invertebrates, plants and bacteria, even at levels as low as a
few ng-L™!' [17-21]. Human health is threatened by the presence of trace concentrations in soils, which
are directly connected to food and drinking water. Even if absorbed quantities from water or food are
below therapeutic concentrations and no acute toxicity is observable, the long-term effects are still
unpredictable and undocumented [5,22]. The emergence of drug-resistant pathogens is another concern
for human health. Infections with antibiotic-resistant bacteria form a major and increasing cause of
mortality in hospitals [23]. Some recently published studies report that the occurrence of very low
concentrations of antibiotics in wastewaters may be at the origin of antibiotic resistance in the
whole environment [24,25].

The objective of this review work is to present the latest developments and research reported on
membrane bioreactors (microbial or enzymatic) for the depletion of recalcitrant pharmaceutical
compounds in wastewaters.
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Table 1. Literature review of the content of pharmaceuticals in effluents from wastewater
treatment plants from municipal, hospital and industrial waters and raw surface waters. The
number of the reference is in brackets. WWTP, wastewater treatment plants.

WWTP Effluents Surface
Chemical
Municipal Hospital Industrial waters
Ibuprofen [3,8,12,15,26-36] [33,34,36] [37] [3,6,8,28,30,38—-42]
Erythromycin [3,7,15,29,32,34,40,43-46] [34] [37] [3,6,7,39,46-49]
[2,3,7,8,15,26-30,32-34, [2,3,6-8,28,30,38,3941,
Sulfamethoxazole [33,34,50,55] [37]
40,43,46,50-56] 46-50,57,58]
Tetracycline [3,7,15,29,44,51-53,56,59-61] [33,34,59,61] [9,37,59] [3,6,7,9,38,39,48,59,61]
Carbamazepine [2,3,8,15, 26-29,32,34,40,62] [34] [37] [2,3,8,28,38-42,62]
17a-estradiol [3,8,29,36,63] [36] [8,63]
17a-ethinylestradiol [3,8,29,32,63,64] [37] [8,39,63,64]
17pB-estradiol [3,8,29,32,45,63-65] [33] [37] [8,63-65]

2. Biological Treatments

As explained above, classical biological treatments are not able to deplete completely all of the
pharmaceuticals present in wastewaters. However, some microorganisms are able to metabolize these
molecules and even to totally degrade some of them. Current wastewater treatment processes always
involve biological technologies; among the different processes used, the activated sludge (AS) system
is the most common one. It is based on aeration and agitation of wastewater, which contains a very
large spectra biomass population; some strain consortiums are able to degrade classical macro
pollutants (C, N, P), whereas other consortiums are able to adapt to particular pollutants, like
chemicals, allowing their degradation. As reported in recent reviews [63,66,67], some bacteria are able
to assimilate and transform pharmaceutical micropollutants, like endocrine disrupting compounds
(EDCs) or antibiotics, as long as the conditions are favorable for biomass growth. In fact,
pharmaceutical micropollutants are highly biologically active molecules, and they could have a
negative impact on the metabolism of microorganisms. Onesios and Bouwer, who studied the
biological removal of pharmaceuticals compounds, as well as personal care products (PPCPs), showed
that a mixture of PPCPs can suppress biofilm growth [68]. Biodegradation of PPCPs was also studied
in anaerobic conditions [69—71]. The removal rates obtained depend on the targeted compounds.
Hormones can be degraded by anaerobic bacteria, but only to some extent. Indeed, although endocrine
disruptors, such as 17-estradiol, could be converted to estrone or 17a-estradiol, the decrease of the
estrogenicity of the water remains suggesting that those compounds would accumulate in anoxic
environments [71]. Nevertheless, Carballa et al. reported excellent removal efficiencies (>85%) in
anaerobic conditions for natural estrogens, musks and some pharmaceuticals, like antibiotics and
naproxen; however, carbamazepine was not depleted in such conditions [70]. It was also reported that
the use of an activated sludge system for nitrification and denitrification can be very useful to degrade
pharmaceuticals with nitrogen active sites. Most of the studies that focus on the
nitrification/denitrification process for endocrine disruptors removal, such as estrone (E1), estriol,
17B-estradiol or 17a-ethinylestradiol, showed that it was possible to eliminate up to 90% of natural and
synthetic hormones within a few hours [72—-74]. It is possible to extend the use of nitrogen removal
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processes to a wide range of pharmaceuticals with variable results regarding their high biodegradation
potential [32,75,76].

The mechanism of biodegradation of micropollutants depends on the compounds and on the
bacteria species. However, it has been demonstrated that large amounts of pharmaceuticals are
adsorbed on sludge, whereas some of them will be more or less degraded by the bacteria [77]. Some
molecules will be adsorbed more easily (Figure 5), thus a lot of care has to be taken when sludge is
recycled, for example, for agricultural purposes.

Figure 5. Quantity of pharmaceuticals degraded, adsorbed on sludge and discharged in the
effluent. From Jelic et al. 2011 [77], with permission from Elsevier.
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However, in the study reported by Gao et al. [78], it is reported that the depletion of pharmaceutical
compounds (acetaminophen, caffeine, carbamazepine, chlortetracycline, demeclocycline, doxycycline,
erythromycin, lincomycin, meclocycline, oxytetracycline, sulfadiazine, sulfamerazine, sulfamethazine,
sulfamethoxazole, tetracycline and tylosin) was mainly caused by biological transformation (from 22%
to 99%), while the sorption into sludge contribution was relatively irrelevant (7%).

Many other studies have reported the incidence and removal efficiencies of a broad spectrum of
PPCPs in wastewater treatment plants (WWTPs) of different countries [26,43,58,78,79]. All of the
studies concluded that the effectiveness of the conventional treatment for the PPCPs’ depletion was
dependent on the chemical structures and physiochemical properties of the contaminants, as well as on
the specific treatment processes of every WWTP.

Meteorological conditions, the presence of inhibitors and process conception (effluent, retention
time, other treatments) can lead to changing degradation rates [80]. For aerobic treatment, increasing
temperature is not beneficial, because it has a negative impact on oxygen dissolution in water. Water
pH modifications can also inhibit the action of biomass. Actually, the major parameter that can affect
the biodegradation performance is the retention time. Even if Carballa et al. [70] reported that
temperature and a long retention time do not have a huge impact on the degradation yield in anoxic
conditions, activated sludge systems need high retention times compared to other processes, like ozone
or advanced oxidation processes [81-84].

Indeed, biological treatments rarely allow the total depletion of all wastewater pollutants, and even
though the effluent quality may match the regulation, some recalcitrant compounds can be still present
in treated wastewaters at very low concentrations and then be still dangerous for human health. For
example, a recent work reports that the occurrence of very low concentrations of antibiotics (i.e.,
sub-inhibitory concentrations) in wastewaters may favor the apparition and dissemination of bacterial
resistance [85]. Consequently, it is needed to add a complementary treatment to improve the water
quality before disposal.

3. Membrane Bioreactors (MBR)

Membrane bioreactors (MBRs) combine biodegradation with a separation step to retain sludge
(suspended solid) in the system for higher pharmaceuticals removal. These reactors can be composed
of two units: a bioreactor tank and a membrane module, but generally, these two units are combined in
only one, where the membrane bundle of hollow fibers or an assembly of flat membranes are
submerged inside the bioreactor (Figure 6).

The possibility of uncoupling the hydraulic and sludge retention time (HRT and SRT) in tangential
filtration is a clear advantage with respect to traditional gravity settling [86], as it allows MBRs to
achieve a high sludge retention time (SRT) within compact reactor volumes, which is a great
improvement in comparison to conventional AS systems. Indeed, they can achieve better degradation
yields than classical AS processes. However, a continuous aeration in the lower part of the membrane
bundle is generally necessary in order to ensure the saturation in oxygen, while creating enough
turbulence to decrease as much as possible the membranes’ fouling and clogging, which are the major
drawbacks of such processes. A detailed study case of the operating advantages and drawbacks of an
MBR has been recently reported by Kaya et al., 2013 [87], who reported the depletion of etodolac, a
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nonsteroidal anti-inflammatory drug. They demonstrated that the etodolac depletion diminished from
80% to 27% with the decrease of the SRT from 30 to 15 days. At the same time, they observed a
dramatic decrease of the permeate flux from the initial to steady state flux (approximately five- to
10-times) during the process for both SRT.

Figure 6. Two possible configurations of a membrane bioreactor (MBR). (a) Separated
bioreactor and membrane unit; (b) bundle of hollow-fibers or assembly of flat membranes
submerged into the bioreactor.
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Clara et al., 2005 [88], analyzed the degradation of different pollutants, including pharmaceuticals,
fragrances and EDCs, in several WWTP. For this purpose, they operated a pilot scale MBR at diverse
SRT, and the results were compared with those of the AS systems. They concluded that some
compounds, like carbamazepine, are really refractory to decomposition in the MBR, even at high SRT,
whereas others, like ibuprofen, were removed by more than 90%. MBR and AS processes have been
applied for the removal of some poorly persistent polar contaminants, like diclofenac, mecoprop and
sulfophenylcarboxylate, by Bernhard et al. [89]. They determined that the MBR allows obtaining
significantly better depletion. Other interesting works have been performed to compare both biological
treatments [90-93]. These authors reported a better removal of some certain pharmaceuticals and
similar degradation rates for the others in the case of MBR (Figure 7). However, like in the work of
Clara et al., 2005, they observed that carbamazepine, which is a hardly-degradable micropollutant, is
not depleted at all.

Radjenovic et al. [94,95] have reported the degradation of different pharmaceutically active
compounds using two pilot-scale MBRs. The first MBR was equipped with a bundle of hollow-fiber
ultra-filtration membranes, whereas the other MBR was operated with a micro-filtration flat-sheet
membrane module. In most of the cases, they concluded that MBR is more efficient than activated
sludge for the removal of antibiotics and EDCs, because the membrane can filter suspended solids with
adsorbed pollutants [95]. However, membrane fouling can occur and needs to be regulated by mixing
or air injection. In addition, pH has to be controlled to optimize the biodegradation. As is the case in
AS, adsorption occurs also in MBR, and sometimes, the depletion observed is a mixed contribution of
both processes: adsorption and degradation. The relative contribution of both processes has been
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recently studied by Fan et al., 2014 [96]. For this purpose, they conducted experiments with a
sterilized sludge and with an AS to study the relative contributions of biodegradation and sludge
adsorption for the depletion of acetaminophen, 17p-estradiol, naproxen, diclofenac and carbamazepine
in a submerged MBR. They concluded that diclofenac removal mainly resulted from adsorption,
whereas for the other pharmaceuticals tested, the biodegradation coupled with adsorption were
responsible of the depletion observed (up to 98% for 17p-estradiol).

Figure 7. Comparison of removal efficiency of MBR and activated sludge (AS). HMBR,
hybrid membrane bioreactor; CMBR, conventional membrane bioreactor; CAS,
conventional activated sludge; JMS, jet mixed separator (coagulation/sedimentation). From
Kimura ef al., 2005 [90], with permission from Elsevier.
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Hence, MBRs can be coupled to other complementary treatments with a positive impact on traces of
compounds not fully removed by biodegradation [97-99]. Figure 8 shows that complementary
treatment with granular activated carbon (GAC) may be a promising solution for high overall removal
of reluctant pharmaceuticals.

Figure 8. Complementary treatment of MBR with granular activated carbon (GAC). From
Nguyen et al., 2012 [97], with permission from Elsevier.
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Other authors have imagined original configurations of the MBR in order to enhance the
degradation of refractory micropollutants. Chen et al., 2014 [100], reported the application of a novel
MBR with a multi-sparger multi-stage airlift loop for the depletion of 7-aminocephalosporanic acid in
wastewaters. They reported that their system presents some advantages, like a better volumetric mass
transfer coefficient and higher gas holdup, while having less mixing time than a single-stage loop
reactor. More recently, Dutta er al., 2014 [101], reported the application of a two-stage anaerobic
fluidized membrane bioreactor with two MBRs for the treatment of municipal wastewater. Granular
activated carbon was used as the support medium for the microorganisms, but also as the adsorbent for
the pharmaceuticals. They reported that a relatively good efficiency (90%) for the depletion of some
pharmaceuticals, like sulfadiazine, ciprofloxacin and naproxen, and even the very recalcitrant
carbamazepine, can be reached simultaneously with the removal of 95% of the chemical oxygen demand
(COD). However, this result cannot be only attributed to the biotransformation, but also to the adsorption
onto activated carbon and biofilms. As is usual in anaerobic processes, biogas was also produced.

The efficiency of biological treatments, as well as MBRs to deplete some recalcitrant
pharmaceuticals is related to the ability of some microorganisms or consortia to metabolize or to
become resistant to these molecules. Three major mechanisms are displayed by microorganisms to
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develop active drug resistance: efflux of the drug from the cell, the modification of the compound
target or by the synthesis of enzymes able to selectively target and destroy the action of such
compounds; some of these mechanisms are relatively well known in the particular case of
antibiotics [102]. Indeed, bacteria are able to develop resistance to antibiotics; it is particularly the case
of microbial consortia, which become resistant to erythromycin [103]. Erythromycin-resistant bacteria,
in fact, have developed mutations that allow the starting of the synthesis of erythromycin esterase, an
enzyme able to degrade this antibiotic. Actually, this property is used for the bio-production and
isolation of this enzyme [104].

Moreover, the bioprocesses described above can be not well adapted for the treatment of some
industrial effluents, which usually contain a relatively high concentration of pharmaceuticals, because
some of these active molecules can obviously inhibit some metabolic ways of microorganisms, be
toxic or even completely destroy the bacteria flora.

The drawbacks of the biological treatment of effluents described above have encouraged some
research groups to work on the direct biodegradation of pollutants, but not with whole-cells, but with
enzymes, which are one of the biochemical ways used by microorganisms for degradation. In the next
section, the treatment of wastewaters by an enzymatic treatment, including the enzymatic membrane
reactors, will be described.

4. Enzymatic Treatments
4.1. Biocatalysts

For the last two decades, the application of enzymes for environmental remediation has been widely
studied [105-109]. Indeed, the use of enzymes instead of microorganisms for pollutant depletion from
waters has several advantages. In fact, these biocatalysts, which are not a biological living system, but
a biochemical one, are able to reach very high reaction kinetics for the degradation within mild
conditions (temperature, pH) without being affected by the biological activity of the targeted compounds.

According to Demarche et al. [106], oxidoreductases EC1 (i.e., peroxidases, polyphenol oxidases
(PPO)), hydrolases EC3 (i.e., proteases, esterases, lipases and cellulases) and lyases EC4 are suitable
for wastewater treatment applications. Hydrolases can treat biological wastes, while oxidoreductases
are good candidates for the detoxification of textile effluents or wastewaters containing phenols,
aromatic compounds or hormones [110]. The use of a laccase, a lipase or a cellulase or an association
of these enzymes can permit the inactivation of antibiotics in wastewater effluents, thus preventing the
pollution of the environment [111].

Enzymes, like oxidoreductases (i.e., peroxidases and laccases), are able to react with a large
spectrum of substrates. These extracellular enzymes, generally extracted from ligninolytic fungi, are
very efficient in PPCP removal. [105,112].

Peroxidases, which degrade some substrates in the presence of H202, are able, in proper conditions
(optimal pH, temperature, H202 concentration, enzyme/substrate ratio, efc.), to achieve 80% or higher
removal of natural and synthetic hormones from synthetic waters within 1 h of treatment [113—115].
However, lower degradation rates (about 30%) were obtained in actual wastewater samples, because of
the negative impact of other organic compounds inhibiting the enzyme activity or competing for H202



Membranes 2014, 4 704

or horseradish peroxidase (HRP) oxidation sites [116]. Peroxidases also proved to be active in
removing PPCPs, such as triclosan [117], diclofenac [118] and tetracyclines [119]. Between 70% and
99% of tetracycline antibiotics can be eliminated during a 4-h treatment [120,121]. Nevertheless, the
degradation was very limited for other reluctant substrates, like carbamazepine [122]. In addition, as
explained above, peroxidases need the presence of H202 as a co-substrate to initiate the degradation
reactions, unlike laccases, which catalyze the oxidation of some aromatic compounds and, more
specifically, phenols, simply using the dissolved Oz as the electron acceptor [105,123,124].

The potential of laccase-catalyzed reactions was investigated and successfully used in research and
industry for the synthesis or removal of persistent pollutants [121,125-128]. As ligninolytic enzymes,
laccases can be used for the detoxification of highly concentrated wastewater from the forest product
industry [129]. However, laccases also proved to be very efficient for nearly complete depletion of
estrogens (natural or synthetic) from water within 1 h of reaction [115,130,131]. These enzymes
present also some activity towards antibiotics, like tetracycline, chlortetracycline, doxycycline and
oxytetracycline, which have been degraded without adding any chemicals by 16%, 48%, 34% and 14%
after 4 h of reaction, respectively [121]. Their efficiency towards reluctant anti-inflammatory drugs’
removal depends on the compounds and the biocatalyst origin. Margot et al. [132] showed that 25% of
diclofenac and 95% of mefenamic acid could be depleted in 20 h with laccase from Trametes
versicolor, whereas Lloret ef al. [131] reported that laccase from Myceliophthora thermophila could
degrade up to 65% of the diclofenac, but was ineffective towards naproxen.

To sum up, peroxidases and laccases can successfully remove hormones and phenolic pollutants
with equivalent results [114,115], even though laccases seem more interesting, because they
do not need the addition of H20:2 and are less affected by other organic pollutants in
wastewater [133]. Nevertheless, the activity of laccases towards non-phenolic pharmaceutical
compounds is not very important, but can be significantly enhanced by adding a redox mediator in the
reaction medium [121,124,134-138].

Indeed, redox mediators can react with the enzyme to create very reactive intermediates, which will
degrade the targeted substrate and then be regenerated for a new cycle (Figure 9).

Figure 9. Catalytic cycle of a laccase with a mediator of oxidation. Adapted from
Banci et al., 1999 [139].
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Many natural and synthetic mediators, such as 2,2'-azino-bis(3-ethylbenzothiazoline-6-sulphonic
acid) (ABTS), acetosyringone, syringaldehyde, vanillin or violuric acid, allow increasing the laccase or
peroxidase degradation potential [117,119,120,131,134,140]. Their use allowed the depletion of
antibiotics, such as tetracyclines [119—121] or sulfonamides [134], by increasing the reaction rate up to
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80-times with respect to the baseline degradation rate and degrading them almost completely in one
hour. Similar results were obtained for the treatment of estrogen hormones [114,131],
triclosan [117,141] and other pharmaceuticals, such as oxybenzone [140] or even the refractory
carbamazepine [122]. Moreover, the addition of a mediator allows reducing the amount of enzymes
needed for the successful removal of estrogens [114,130]. Nevertheless, the addition of redox
mediators could not be an economically viable option for continuous wastewater treatments; it
seriously increases the cost and may lead to increased toxicity, due to the difficulty of removing them
from the effluent.

4.2. Enzymatic Reactors

Even if enzymatic catalysis has shown at the industrial scale its capacity to achieve, under mild
conditions, complex reactions with high selectivity and conversions, the choice of this technology for
environmental remediation needs consequent efforts in research and development, because an
important gap still exits to ensure the economic and technical viability of this process at the industrial
scale. Batch reactors with free enzymes may not be an economically viable solution for wastewater
treatment; the volumes to be treated are enormous, as well as are the enzyme quantities to be used for
this purpose. In addition, at the end of the process, enzymes need to be removed from the effluent and
be treated like waste. As far as enzymes are relatively expensive, the global economic viability of the
process should be demonstrated. Indeed, for industrial-scale requests, using immobilized enzymes
appears to be essential in view of the reuse of the biocatalyst, then decreasing the cost, while allowing
a continuous process. In addition, enzyme immobilization generally results in an enhancement of the
biocatalyst stability regarding the temperature, pH, organic solvents or storage [142,143], even if,
sometimes, a loss of activity has been observed. Immobilization of enzymes could also allow
increasing the surface of contact between enzymes and substrates, avoiding too much shear stress due
to mixing, which could inactivate enzymes, and maintaining a good catalytic efficiency over many
reaction cycles [124,144,145].

Processes with enzymes grafted on a support represent an interesting option to degrade the reluctant
pollutants, which are not completely eliminated during classical wastewater treatment, while
decreasing the processing costs by reusing the biocatalyst [145-147]. Enzymes are generally
immobilized on particulate solids via different technics, such as adsorption, entrapment, encapsulation
or covalent bonding [145,147—153]. Among the immobilization methods available, covalent bonding
formation on carriers seems very promising for industrial applications. This enables avoiding the
leaching of enzymes with a strong link between the enzyme and the support, making it possible to
degrade a large range of pollutants, especially with laccases [154—156]. Besides conventional
immobilization on solid supports, cross-linking enzyme aggregates (CLEAs) also allow one to enhance
enzyme stability [152]. Recently, laccase-grafted particles, as well as laccase CLEAs have been
efficaciously used for the depletion of EDCs in fixed-bed reactors [157,158] or in fluidized-bed
reactors [142,143,159,160]. However, those kinds of reactors fall outside of the scope of this review,
which aims to focus on membrane reactors, as previously asserted in the Introduction.
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5. Enzymatic Membrane Reactors (EMRs)

According to the role played by the membrane, Sanchez and Tsotsis [161] and Jochems et al.
distinguished two types of enzymatic membrane reactors (EMRs) (see Figure 10) [148]. In the first
case (Figure 10a), the enzymatic reactor is associated with a filtration unit, and the membrane acts as a
barrier; it retains the biocatalysts inside the reactor throughout the process, while reaction products are
transferred through the membrane. Actually, only the second case (Figure 10b) corresponds to a
genuine enzymatic membrane reactor. In such a reactor, the membrane acts as a selective barrier, and
at the same time, it is the support of immobilized enzymes. The reaction takes place where the
biocatalyst is immobilized: at the external or internal surface of the membrane or inside the porosity
and during the transfer through the membrane. This configuration has many advantages, as it provides
enzyme stability by immobilization and reduces the external or internal diffusion phenomena present
on a classical porous support. Another advantage of EMRs is the fact that the substrates are forced to
approach the biocatalytic sites during filtration process; this concept, called “flow through membrane
reactor”, is being considered as the main benefit of this process intensification [161]. Moreover, both
of the configurations presented in Figure 10 have been explored for the depletion of recalcitrant
pollutants from wastewater.

Figure 10. Enzymatic membrane reactors (EMRs). (a) Enzymatic reactor coupled with
filtration unit: the membrane is only used as a selective barrier; (b) enzymatic membrane
reactor (the membrane acts as a selective barrier and biocatalyst support).
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5.1. Enzymatic Reactor Coupled to a Membrane Unit

In such EMRs called stirred-tank membrane reactors (STMRs), the substrate is continuously fed
into the reactor, where enzymes have been previously added to the reaction medium. The reaction
mixture is flowed in the tangential direction along the membrane and then is recycled into the reactor.
In this configuration, separated reaction and separation devices are placed in series and, then, can be
controlled independently: the variation of the reactor volume and membrane surface, as well as the
operating conditions, like temperature, pH, substrate, biocatalyst concentration, fluxes, HRT and
pressure, allow optimizing the whole process straightforwardly. According to Nguyen et al. [162], the
removal of diclofenac after a contact of 8 h in a batch reactor was only 30%, while a removal of 60%
was achieved during continuous operation of the EMR at an HRT of 8 h. One drawback of this
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configuration concerns the value of tangential flow required to avoid as much as possible the
polarization of concentration and to ensure a feasible filtration rate; if the tangential flow is too high, it
can result in a high shear stress and then inactivates the enzymes.

In this configuration, the choice of the membrane is crucial in terms of cut-off. The right membrane
has to be selected in order to guarantee the retention of enzymes, as well as the substrate; but the
membrane pores must be large enough to allow the product to pass to the permeate. Historically,
stirred-tank membrane reactors have been investigated for hydrolysis reactions, which involving large
amounts of substrate and leading to small products [163—166], but such reactors were also investigated
for environmental applications (see Table 2). Recent studies have focused on the application of an
enzyme STMR for the removal of polyphenols or dyes [167,168] and estrogen or EDCs [169,170]. For
the depletion of bisphenol A (BPA), diclofenac, carbamazepine, sulfamethoxazole and atrazine,
Nguyen et al. [162,171] proposed submerging a hollow fiber module into the bioreactor. In that case,
as the biocatalyst is not recirculated, denaturation due to the shear stresses is avoided, and the catalytic
potential of enzymes is thus preserved.

Table 2. Free enzyme membrane reactors for waste water treatment.

Enzymes Membrane Type Reactor Type Applications Ref.
Laccase from . .
] PAN UF membrane 20 kDa CSTR Degradation of triarylmethane dyes [168]
C. bulleri
Tyrosinase PES UF membrane 30 kDa CSTR Degradation of polyphenols [167]
Laccase from )
PS UF Membrane 10 kDa CSTR Degradation of dyes [172]
T. versicolor
laccase from )
PES UF membrane 10 kDa CSTR Degradation of estrogen [157]
M. thermophila
Laccase and Flat sheet polymeric NF .
CSTR Degradation of BPA [170]
HRP membranes

Membrane submerged in . .
Degradation of BPA and diclofenac [171]
the reactor

Laccase from 6 kDa polyacrylonitrile - ]
. Degradation of carbamazepine,
A. oryzae hollow fiber membrane Membrane submerged in

diclofenac, sulfamethoxazole [162]
the reactor; GAC was added

and atrazine

Notes: PAN, polyacrylonitrile; UF, ultrafiltration membrane; PES, polyethersulfone; PS, polysulfone; BPA,

bisphenol A; GAC, granular activated carbon; CSTR, continuous stirred tank reactor.

All of these studies have concluded the feasibility of the continuous degradation of reluctant
pollutants. However, even if the authors have chosen membranes with an adequate cut-off in order to
avoid the loss of enzymes in the permeate, a gradual decrease of the enzymatic activity has been
generally reported, indicating that enzyme denaturation occurs during this continuous operation. This
decrease of the enzymatic activity can be caused by a normal activity decay of free enzymes or by
denaturation due to shear stresses, as explained above. The decay of the enzymatic activity in such
EMRs has been sidestepped by Nguyen et al. [162,171] by adding periodically a dose of the
commercial laccase solution during several days in order to maintain an interesting degradation rate of
carbamazepine and other pharmaceutical products. Nevertheless, this continuous feed of enzymes
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could be discarded from an economical point of view. Gasser et al. [173] report a more interesting
solution: the use of laccases immobilized onto silica nanoparticles instead of free enzymes. They
observed an efficient removal of BPA (75%), all along a period of 45 days.

Furthermore, as has been described earlier for classical enzymatic reactors, the addition of
redox mediators, like ABTS, enhances the removal of pollutants, like dyes [168]. In the work of
Nguyen et al. [162] described above, they studied also the removal of pharmaceutics, like
carbamazepine, diclofenac, sulfamethoxazole and even atrazine, using the syringaldehyde as the
mediator. However, as far as the molecular weight and size of these mediators are relatively low, they
were not retained by the membrane used in this work. Indeed, it is difficult to imagine an industrial
process with mediator addition, even though some authors have reported their recycling.
Chhabra et al. [168] suggested that ABTS can be recovered from permeate by precipitation with a
solution of ammonium sulfate. Nguyen et al. [162] used another strategy: they added the
syringaldehyde together with granular activated carbon (3 g-L™!) to a solution of pharmaceuticals. The
concomitant addition of both products resulted in an enhancement of 14%-25% for the removal of the
pharmaceuticals named above. They confirmed that the improvement observed was not due solely to
adsorption, but also due to enhanced biodegradation, thanks to a mass balance analysis.

As has been stated above in the first part of this section, the use of membrane reactors offers some
drawbacks: besides the problem of enzyme deactivation by shear stress, membrane fouling has been
generally reported. Actually, in order to retain the biocatalyst, most of the studies have been carried out
with ultrafiltration membranes (UF) made of polyethersulfone (PES) or polyacrylonitrile (PAN) with
cut offs between 6 and 30 kg-mol!. Other authors have reported the use of a nanofiltration (NF)
unit [170] or more exceptionally submerged 0.2-um membranes [162,171,173]. If UF membranes are
able to retain the enzymes, they also retain polymeric products, resulting in the oxidative coupling
reactions of some phenolic substrates. By the action of the pressure gradient, these polymeric products
can be accumulated on the membrane surface, with the subsequent reduction of the permeate flow rate.
A similar effect can be produced by the enzymes themselves, as they are proteins that can form a
dynamic gel layer on the membrane surface, resulting in a flux decrease or a transmembrane pressure
enhancement, which finally reduces the cost-efficiency of the process. The use of EMRs in
Configuration B shown in Figure 10, where enzymes are immobilized at the membrane surface or
within the membrane porosity, could be a solution for reactions resulting in polymeric products.
Indeed, in such a case, the oxidation occurs while the reactants are forced-flowed through the
membrane, and then no-polymerization occurs on the retentate side, thus limiting the membrane
fouling. This type of EMR is presented below.

5.2. The Genuine Enzymatic Membrane Reactor

In genuine EMRs, the biocatalyst is retained within the membrane itself, and the contact between
the substrate and the enzyme occurs during the mass transfer process result of the transmembrane
pressure. Indeed, the reaction takes place simultaneously with the mass transfer process through the
membrane, and products are collected in the permeate (see Figure 11).
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Figure 11. Enzymatic degradation within the pores of a membrane.
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This special configuration results in better control of the reaction through the “micro-reactor
concept”, where the distance between the catalyst and the substrate is reduced considerably, then
increasing the probability of reaction. Indeed, the membrane can be considered as a specific
macro-system resulting from the assembly of pores, micro-systems or micro-reactors. In such a
system, the contact between the molecules of the substrate and biocatalysts is improved as the mass
transfer path is reduced, while the contact time can be controlled through the mass transfer rate.
Theoretically, with this special configuration, a good choice of the membrane and process parameters
allows one to expect process optimization, with good control of the reaction kinetics, contact time and
reduced losses of substrate and catalyst, resulting in higher yields and cleaner products [174].
Moreover, the energy costs of such EMRs should be reduced in comparison with a classical packed
bed reactor, because the membrane thickness and pressure drop are much smaller. Another advantage
of EMRs is that these processes are modular, and their scaling up is very simple. Moreover, in cases
where the conversion in one step is not very high, recycling or a configuration with various EMRs in
series can be easily implemented. Nevertheless, the process optimization needs to find a balance
between mass transfer through the membrane and enzyme kinetics [148].

The choice of enzyme immobilization method depends on the characteristics of the membrane
(material, properties, etc.), the chosen enzyme properties (activity, stability, working conditions
resistance, temperature, pH, solvent), the advantages of the method (a process easy to be carried out,
strong bonding, etc.) and also the cost (enzyme, products for immobilization process, membrane
regeneration, final product value) [148]. Whatever the working conditions are, one of the most
important points is the appropriate integration of the biocatalyst on or within the membrane. As seen in
Figure 12, there are three main methods for active membranes preparation: entrapment within the
membrane porosity, deposition of a gel layer of enzymes on the membrane surface and attachment
through covalent or non-covalent bonds on the membrane [148].
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Figure 12. Diverse types of enzymatic membrane preparation adapted from [175].
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The entrapment of enzymes within a membrane structure can be accomplished either during
membrane elaboration or by filtering an enzymatic solution. In the first case, the enzymes are mixed
with a polymeric solution before membrane conditioning. The biocatalyst can be simply physically
entrapped or it can be covalently linked to the polymer matrix to avoid enzyme leakage [176]. In order
to reduce enzymes loss during the reaction, it is possible to add a bifunctional agent, like
glutaraldehyde, in the mix to create a covalent bonding between enzymes and the polymer and then
create aggregates [177,178]. Enzymes can also be attached on a solid support before mixing them with
the polymeric solution [179]. Whatever the chosen solution is, these methods of active membrane
preparation are not the most interesting, because the membrane cannot be regenerated when the
enzymes lose their activity. This drawback has been bypassed by other researchers who have developed
another method that is simpler and more widespread [180—182]. They filtered the enzyme solution through
the membrane in order to retain them within the porosity of the membrane support. This method increases
the quantity of immobilized enzymes, but also the risk of enzymes leaching. However, it is possible to
prevent loss by forming enzymes clusters inside the membrane pores.

Enzymatic membranes can also be prepared by creating a gel of enzymes on the membrane surface.
This method is based on the well-known protein ability to form a gel on membrane surface during
filtration. For this purpose, an enzymatic solution is filtered through a membrane (UF or MF), and the
retained proteins create a continuous gel film on the filtration surface [183,184]. In this case, the
biocatalyst film is not firmly attached to the membrane surface with covalent bonds, and then, the risk
of enzyme loss is relatively important. However, this method is very interesting, because when the
enzymes lose their activity, membranes can be easily regenerated and a new enzymatic layer formed
again. The stability of the enzymatic layer can be improved by creating covalent bonding between
enzyme molecules using a di-aldehyde, like glutaraldehyde [182]. This immobilization method is
certainly easy to carry out and results generally in interesting immobilization ratios. However, as in the
case of physical entrapment, it is possible that the totality of enzyme molecules are not available or
even active because of diffusion limitations or steric hindrance. Enzymes can also be tied to the surface
by non-covalent bonding with low energy interactions, such as Van der Waals interactions, hydrophobic
interactions, hydrogen bonding, ion bonding, charge transfer or chemisorption [148]. The greatest
advantage of this method is its simplicity. It is a cheap one-step process, because there is no need to
add any activating agent. Although it has been reported that protein adsorption is enhanced on hydrophobic
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surfaces and then membranes [185], there is a high risk of enzymes desorption due to temperature or pH
changes, because of the bonding weakness, which can reduce the process efficiency [186].

In order to limit enzyme leaching, which can sometimes be observed when the immobilization
methods described above are applied, covalent bonding has been used to strengthen the
enzyme-membrane links. The formation of covalent bonding between enzymes and the functional
groups on the membrane surface can be carried out using diazonium salts, carbodiimides, cyanogen
bromide, glutaraldehyde or epichlorohydrin [175]. The use of bifunctional agents, such as
glutaraldehyde, has been broadly reported [128,187-190]. These agents can indeed stabilize the
biocatalyst regarding environmental factors [144,191]. It is also possible to enhance the
immobilization efficiency by functionalizing the membrane with TiO2 [192]. Laccase and catechol
oxygenase covalent bonding with glutaraldehyde for immobilization on nylon and polyamide
membranes has already been carried out for phenolic compounds degradation [190,193-195]. Covalent
bonding immobilization enhances enzymes’ stability, while avoiding biocatalyst leaching, particularly
in non-aqueous reaction media. Unfortunately, when the enzymes lose their activity, the irreversibility
of this grafting method may become a drawback, because the carrier regeneration is more difficult than
with a simple adsorption. Other disadvantages can be considered, as the immobilized enzymes by this
method can present lower activity when compared with free enzymes if they are immobilized in an
inactive conformation or if the active site is involved in the bonding reaction. This method is
interesting for the cases where there is a small amount of denaturized enzymes or the support can be
regenerated easily [175]. Moreover, the covalent bonding immobilization is expensive, due to the cost
of chemicals for carrier activation. In order to avoid this issue, Belleville et al. [187] developed a
simple method to functionalize ceramic membranes in order to immobilize enzymes. The porous
support is first hydrated and then coated with a biopolymer layer by filtering a gelatin solution. In the
next step, this layer is cross-linked and activated with a glutaraldehyde solution. Bonds are created
between gelatin free -NH2 groups and glutaraldehyde = CO groups. Finally free = CO groups of
glutaraldehyde react with enzyme free -NH2 groups in the last step of the process. This method was
used to successfully immobilize proteases [196], lipases [189] and laccases [128]. The advantage of
this method is the possibility of cleaning the membrane support when the enzymatic activity decreases,
a fact that allows the preparation “in situ” of a new enzymatic membrane on the same support.

Most of the enzymatic membranes presented in the literature for environmental applications
concerns active membranes prepared with lipases, laccase or, more generally, oxidoreductases.
However, these enzymatic membrane reactors have been studied generally for the depletion of some
pollutants, like phenols or related compounds; only one very recent example has been reported
in the literature for the degradation of pharmaceuticals and, more particularly, of tetracycline [197]
(see Table 3).
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Table 3. Oxido-reductase grafted membranes and their applications in wastewater treatment.

Type of Applications
Enzymes Membrane Types Immobilization Types Ref.
immobilization (removal of)
Entrapment within
Crude enzyme o o
Flat polyacrylonitrile (PAN) membrane by mixing [198]
extract of ) phenols
UF membrane the enzymes with
Pseudomonas sp. ) )
casting solution
Spira-cel spiral wound module L
Laccase from ) Entrapment within
with a polyethersulfone ] phenols [199]
P. oryzae membrane by filtration
Entrapment membrane
Laccase and o hydroxylated
) Polypropylene hollow fiber Entrapment within .
horseradish . aromatic [200]
) membrane (0.2 pm) membrane by filtration
peroxidase compounds
TiO2 blended polyethersulfone )
Laccase from . Adsorption or covalent .
(PES) membranes and TiO: sol- ) . Bisphenol A
Trametes bonding on TiO2 [192,201]
gel coated PVDF membranes . (BPA)
versicolor nanoparticle
(0.1 and 0.45 pm)
0.45 pum flat nylon membrane Adsorption with
and polysulfone capillary glutaraldehyde cross- phenols [202]
membrane linking
Polyphenol Polyethersulfone and polysulfone )
) ) Adsorption phenols [203,204]
oxidase capillary membranes
Polyethersulfone capillary Adsorption or adsorption
membranes and hydrophilic with glutaraldehyde p-cresol [205]
nylon flat-sheet membranes cross-linking
Crude enzyme
extract of Flat polyamide membrane Covalent bondi phenol and [193]
M ovalent bondin
embrane Pseudomonas (0.2 pm) 8 catechol
attachment .
syringae
Horseradish Flat polyacrylonitrile (PAN) UF Adsorption and
) ] phenol [206]
peroxidase membrane covalent bonding
Flat modified PVDF )
) ) Covalent bonding phenols [207]
microfiltration membrane
Laccase from Chitosan/poly(vinyl alcohol) "4
Trametes composite nanofibrous Covalent bonding ) ’ [156]
dichlorophenol
versicolor membranes
a-alumina membrane ) phenols [128]
Covalent bonding
(0.2 and 1.4 um) tetracycline [197]

As shown in Table 3, these active membranes can be obtained either by enzyme entrapment or by

covalent or non-covalent attachment on the membrane surface. In most cases, polymeric membranes

were used, but inorganic membranes can also be employed [128,197]. Polymeric membranes enable

direct covalent bonding of enzymes without using any activating chemicals, due to the fact that some

polymers can present functional groups or be easily functionalized. However, as the mechanical,

thermal and chemical resistances of polymeric membranes are quite low compared to those of
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inorganic ones, they cannot be easily regenerated when the biocatalyst becomes inactive. Similar
problems have arisen when the biocatalyst is entrapped in a porous support. Moreover, as explained
above, in spite of the obvious interest in the enzymatic treatment for the removal PPCPs from
wastewater, most of the research has been focused on the use of a laccase-grafted membrane for the
depletion of phenolic compounds present in some wastewaters. In such reactors, a high level of
removal can be achieved, but the performances can be affected by membrane fouling [128].

There is only a recent work describing the potential of covalently grafted laccase on ceramic
membranes for tetracycline antibiotic degradation in an EMR [197]. Grafted enzymes prove to be more
efficient than free biocatalyst during batch tests for equivalent amounts of enzymes. It was
demonstrated that the enzymatic reaction could be carried out in the reactor (119 mg of tetracycline
degraded per hour and per m?) for more than 200 h without losing catalytic activity.

Each type of reactor has its own advantages and drawbacks (Table 4). For example, membrane
reactors with free enzymes represent a viable solution when it is possible to carry out reaction and
separation simultaneously. Enzymatic reactors with immobilized enzymes on beads or membranes
seem to provide one of the most interesting configurations for enzymatic degradation of
pharmaceuticals, because these allow the reuse of enzymes in a continuous process. They have been
recently pointed as a very promising alternative for the depletion of such pollutants from wastewaters
or even for groundwater treatment. However, the possibility of grafting on membranes is restricted to
the limited surface or volume (porosity) of membranes, and then, the amount of grafted enzymes is
relatively low. This limitation can be shortened by a very fast kinetics and/or employing several
EMRs in series.

Table 4. Comparison of the advantages and drawbacks of continuous enzymatic processes.

Biological Treatment Advantages Drawbacks
Homogeneous mixing
Membrane reactor with In some cases higher Less stability than with
free enzymes enzymatic activity than grafted enzymes

grafted enzymes

Pressure drop
Preferential pathways
Packed-bed reactor with . ) In some cases lower enzymatic
Biocatalyst recycling ..
grafted enzymes activity than free enzymes
Possibly diffusion limitations

(internal and external)

. . Additional energy cost (gas)
L Biocatalyst recycling i
Fluidized-bed reactor In some cases lower enzymatic

) Pressure drops reduced .
with grafted enzymes activity than free enzymes

Better homogeneit . po et .
& Y Possible diffusion limitations (internal)

) . Membrane cloggin
Biocatalyst recycling gg. 8 ..
. . In some lower enzymatic activity
) Decrease of diffusion
Enzymatic membrane S than free enzymes
limitations .
reactor . . In some cases lower enzymatic
Separation and reaction ..
. activity than free enzymes
take place simultaneously o )
Limited loading of enzymes
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Depending on the composition of wastewaters, preliminary treatments with activated sludge
systems or classic membrane bioreactors may be needed. These previous treatments would eliminate
the biodegradable part of the pollution, while refractory pollutants, like PPCPs and EDCs, would be
treated in subsequent membrane or beads-based bioreactors. The enzymatic bioreactor process is an
alternative solution to other types of refining treatments, like advanced oxidation processes or
ozonation. Unlike them, enzymatic processes are generally environment friendly, as they do not rely
on harsh chemicals and their energy consumption is relatively low.

Enzymatic membrane reactors would conveniently complement existing treatment facilities that are
not equipped with advanced oxidation units. The envisioned enzymatic technology could lead to
cheaper and greener processes, while allowing a full inactivation of the most worrying persistent and
emerging pharmaceuticals in water effluents.

6. Conclusions

We reported in this review the most recent works related to the degradation of recalcitrant
pharmaceuticals present in domestic or industrial wastewaters. Different types of bioprocesses and
membrane reactors have been described: classical activated sludge (AS), MBR, enzymatic reactions
and EMR. Under well-controlled operating conditions, the classical aerobic AS reactors can be
relatively efficient for the removal of poorly biodegradable persistent pollutants: diclofenac,
sulfophenylcarboxylates and antibiotics, like tetracycline or erythromycin, but rarely of
hardly-degradable micropollutants, such as carbamazepine. However, MBR have been reported to be
generally much more efficient than classical AS systems, because their performances can be optimized
by varying separately the reactor volume or the membrane surface, as well as operating parameters,
like temperature, pH, fluid velocity, pressure, enzyme and substrate concentration, as well as the
separate control of different HRTs. It is important to notice that in both configurations (AS or MBR),
the depletion rates observed are not only the result of the microbial metabolism, but also of the
adsorption of the recalcitrant compounds in the sludge. Even if AS and MBR present a clear interest in
the simultaneous depollution of organic matter, phosphates and other classical macro-pollutants
together with recalcitrant micro-pollutants, they present some drawbacks. The first one is the final
disposal of AS with adsorbed micro-pollutants. The second one is the adaptation of bacteria to some
refractory pollutants, like antibiotics, which results in the development of the capacity to degrade the
antibiotics and then to become antibiotic-resistant. MBRs can also be limited by clogging and fouling
due to the accumulation and adsorption of polysaccharides, proteins or even biofilms on the membrane
surface, but this limitation is partially solved at the industrial scale by using a frequent backwash.

The use of enzymes instead of microorganisms for pollutant depletion from waters has several
advantages with respect to classical AS systems. In fact, enzymes are biocatalysts that are not affected
by the biological activity of the targeted compounds, since they are not a biological system, but a
biochemical one. For example, high concentrations of pollutants, which can be toxic to bacteria, can be
treated. In addition, very high reaction kinetics for the degradation within mild conditions can be
reached. Moreover, the enzymatic treatment of wastewaters present also some disadvantages; in fact,
enzymes are very specific for some substrates and can be easily deactivated by concomitant pollutants
in wastewaters. Nevertheless, both of these drawbacks can be partially solved if the enzymes are used
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for the treatment of some wastewaters from pharmaceutical industry or underground waters, which are
relatively clean with respect to macropollutants. It is important to notice that enzymes are relatively
costly, but this disadvantage can be circumvented by using immobilized enzymes on beads (stirred
tank or fluidized bed reactors) or membranes (EMRs). These configurations are interesting for the
enzymatic degradation of pharmaceuticals, because they allow the reuse of enzymes in a continuous
process. Furthermore, EMRs present some other advantages, like the coupling of the filtration process
with the biotransformation. Indeed, grafting enzymes inside membranes pores may be interesting,
because the contact between the substrates and the biocatalyst is enhanced. However, EMRs present
also some drawbacks. A minimal value of tangential flow is required to avoid as much as possible the
polarization of the concentration and to ensure a feasible filtration rate, but if the tangential flow is too
high, it can result in a high shear stress, which leads to enzymes inactivation. Moreover, the possibility
of grafting on membranes is restricted to the limited surface or volume (porosity) of membranes, and
therefore, the amount of grafted enzymes can be relatively low. This limitation can be shortened by a
very fast kinetics and/or employing several EMRs in series.

Only very few studies have been reported for the depletion of pharmaceuticals in EMR, even if
these reactors would conveniently complement existing treatment facilities that are not equipped with
advanced oxidation units. The envisioned enzymatic technology could lead to cheaper and greener
processes, while allowing a full inactivation of the most worrying persistent and emerging
pharmaceuticals in water effluents.
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