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Several  studies  reported  that  natural  and  synthetic  estrogens  are  the  major  contributors  to  the  estrogenic
activity  associated  with  the  effluents  of  wastewater  treatment  plants.  The  ability  of  the  enzyme  laccase  to
degrade  these  compounds  in  batch  experiments  has  been  demonstrated  in previous  studies.  Nevertheless,
information  is  scarce  regarding  in  vitro  degradation  of  estrogens  in continuous  enzymatic  bioreactors.
The  present  work  constitutes  an  important  step  forward  for the  implementation  of  an  enzymatic  reac-
tor for  the continuous  removal  of  estrone  (E1)  and  estradiol  (E2)  by free  laccase  from  Myceliophthora
thermophila.  In  a first  step,  the  effect  of the  main  process  parameters  (pH,  enzyme  level, gas  composi-
tion  (air  or  oxygen)  and  estrogen  feeding  rate)  were  evaluated  in  fed-batch  bioreactors.  E1  and  E2  were
nzymatic membrane reactor
ed-batch
strogenic activity

oxidized by  94.1  and  95.5%,  respectively,  under  the  best  conditions  evaluated.  Thereafter,  an  enzymatic
membrane  reactor  (EMR)  was  developed  to perform  the  continuous  degradation  of  the  estrogens.  The
configuration  consisted  of  a  stirred  tank  reactor  coupled  with  an  ultrafiltration  membrane,  which  allowed
the recovery  of  enzyme  while  both  estrogens  and  degradation  products  could  pass  through  it.  The highest
removal  rates  at  steady  state  conditions  were  up to  95%  for  E1  and  nearly  complete  degradation  for  E2.
Furthermore,  the  residual  estrogenic  activity  of the  effluent  was  largely  reduced  up  to  97%.
. Introduction

Over the past decades water pollution by recalcitrant organic
ompounds has become one of the most serious problems in
nvironmental engineering. The estrogenic activity of endocrine
isrupting chemicals (EDCs) in municipal/industrial wastewaters
nd landfill leachates has been one the main concerns due to their
dverse potential effect on human health and wildlife [1–3]. Hor-
ones such as estrone (E1), estradiol (E2) and ethynilestradiol

EE2) are the major contributors to the estrogenic activity in sewage
ffluents and their presence in water can interfere with animal
ndogenous hormones even in concentrations as low as 0.1 ng/L
4].

The degradation of this type of compounds implies an impor-
ant ecological challenge due to their complex structures and low
ioavailability [5].  They have all been detected in effluents of
astewater treatment plants since conventional physicochemical

r biological treatment can only attain a partial degradation [6].

ertain advanced treatment processes (e.g. ozonation, advanced
xidation processes (AOPs) and reverse osmosis) remove estro-
ens from wastewater effectively; however, these technologies

∗ Corresponding author. Tel.: +34 881816773; fax: +34 881816702.
E-mail address: gemma.eibes@usc.es (G. Eibes).
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present several important disadvantages such as high costs, time-
consuming methodologies and formation of toxic residues [7–9].
Thus, novel processes are required to treat EDCs in a cost-effective
manner.

Enzymatic treatment can be an attractive alternative for the
removal of estrogens since these systems potentially have low
energetic requirements and can operate at high target compounds
concentrations [7,10].  Fungal oxidative enzymes, i.e. manganese
peroxidase, lignin peroxidase, versatile peroxidase or laccase, were
reported to degrade a wide range of xenobiotics [11]. Laccase (E.C.
1.10.3.2., benzenodiol: oxygen oxidoreductase) is a multi-copper
protein which is able to oxidize phenolic substrates by reduc-
ing molecular oxygen to water [12]. This enzyme was  reported
to be a powerful biocatalyst for the biodegradation of recalcitrant
compounds such as dyes, aromatic hydrocarbons and pulp deligni-
fication [13,14]. Moreover, the use of oxygen as the final electron
acceptor represents a considerable advantage for the application
of laccase compared with peroxidases, which require the supply of
H2O2 [15].

An ample review of estrogen removal by microorganisms and
enzymes is provided by Cajthaml et al. [16]. Auriol et al. [3]

reviewed the most important data published on estrogenicity
removal by ligninolytic enzymes. Some other previous investiga-
tions reported the ability of different free laccases to degrade EDCs.
For example, Tanaka et al. [17] reported the degradation of EE2 by

dx.doi.org/10.1016/j.jhazmat.2012.01.082
http://www.sciencedirect.com/science/journal/03043894
http://www.elsevier.com/locate/jhazmat
mailto:gemma.eibes@usc.es
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1 ous M

9
n
E
[
t
o
E
a

g
e
h
r
t
t
t
e
o

e
e
t
o
t
t
u
b
m
f
b
t
l
r
s
f
[
r
a
E

t
a
d
t
g
c
a
t
a
t
s

2

2

(
(
w

t
(
m

76 L. Lloret et al. / Journal of Hazard

0% within 48 h using 800 U/L of laccase from Trametes sp. and Pyc-
oporus coccineus. Auriol et al. [9] attained complete degradation of
1, E2 and EE2 after 1 h treatment using 20,000 U/L and Suzuki et al.
18] transformed E2 and EE2 by 100% within 1 h incubation using
he laccase-HBT system. We  recently demonstrated the capability
f laccase from Myceliohpthora thermophila to degrade E1, E2 and
E2 within a very short incubation period (30 min), lower enzyme
ctivity (2000 U/L) and no laccase mediator [5].

However, once the capacity of laccase for the removal of estro-
ens has been demonstrated, technology must be developed for the
fficient application of the biocatalyst. Although several authors
ave dealt with the capability of enzymes to degrade certain EDCs,
elatively low effort has been devoted to the development of the
echnology for its application. Important issues to be considered for
he implementation of the system are the stability of the enzyme,
he non-use of a toxic mediator, the effective reduction of the
strogenic activity after treatment or the stability of the bioreactor
peration.

In addition, the major drawback when operating with free
nzymes in a conventional reactor is the large consumption of
nzyme, which is washed out with the treated effluent. Thus,
he recovery of the enzyme and its reusability for the continu-
us operation of an enzymatic reactor are key factors because
he cost of the biocatalyst may  limit its application. This limi-
ation could be overcome by connecting the bioreactor with an
ltrafiltration membrane enabling the recovery of the enzyme
ack to the reaction vessel. The main characteristic of this enzy-
atic membrane reactor (EMR) is the separation of biocatalysts

rom products and/or other substrates by a semi permeable mem-
rane that creates a selective physical/chemical barrier [19]. That
ype of reactor present several advantages such as high enzyme
oads, prolonged enzyme activity, high flow rates, reduced energy
equirements, simple operation and control of the reactor and
traightforward scale-up [19,20]. Although the feasibility of EMRs
or the removal of different dyes by laccases has been demonstrated
21,22],  the utility of this configuration for the removal of other
ecalcitrant compounds has not been evaluated. Those positive
spects present EMR as a possible sustainable technology for the
DCs removal.

The key goal of the present work was to develop a bioreac-
or for the degradation of estrogens with maximum efficiency
nd minimal enzyme requirements. The first objective was to
etermine the effect of the main variables which could affect
he efficiency of the system (pH, aeration/oxygenation, estro-
en feeding rate and enzymatic activity). These assays were
arried out in fed-batch reactors where the estrogens were
dded in pulses. A second goal was to implement an EMR  for
he continuous elimination of estrogens. Moreover, oxygenation
nd hydraulic residence time were evaluated in the continuous
reatment. The reduction in the estrogenic activity was  also demon-
trated.

. Materials and methods

.1. Chemicals and enzyme

All chemicals were of analytical grade. Both estrogens, estrone
E1) and 17�-estradiol (E2), were obtained from Sigma–Aldrich
USA). 2,2′-azinobis-(3-ethylbenzothiazoline-6-sulfonate) (ABTS)
as supplied from Fluka (USA).
Commercial laccase (Novozym 51003) from Myceliophthora
hermophila was  supplied by Novozymes (Denmark). This enzyme
molecular weight of 56,000 Da) was produced by submerged fer-

entation of genetically modified Aspergillus sp.
aterials 213– 214 (2012) 175– 183

2.2. Enzymatic activity and estrogens analysis

A colorimetric assay was  used to quantify the activity of the
enzyme by the use of ABTS as substrate, and the concentration of
the estrogens was  determined by high performance liquid chro-
matography (HPLC). Both equipments and methodologies used
were described in a previous work by Lloret et al. [5].

2.3. Degradation of estrogens by laccase

2.3.1. Fed-batch degradation
The oxidation of E1 and E2 in fed-batch mode was  carried out

in a 250 mL  reactor, equipped with pH, temperature and pO2 sen-
sors and coupled with an online data collection and acquisition
system. The reaction medium consisted of a mixture of E1 and E2
(5 mg/L each) and a single initial pulse of laccase (500 or 2000 U/L).
Fed-batch addition of the estrogens (625 �L of a stock solution of
2000 mg/L of each compound, prepared in methanol) was  carried
out during the course of the reaction to add 5 mg/L of each estrogen
into the reactor. Temperature was controlled at 26 ◦C and continu-
ous magnetic stirring at 250 rpm.

Several experiments were conducted in order to evaluate the
effect of different process parameters: pH, aeration and oxygena-
tion, frequency of estrogen pulses and enzymatic activity. These
conditions are summarized in Table 1.

It was demonstrated that the commercial laccase used pre-
sented its highest activity at acid pH, although it is quite unstable
under these conditions. On the other hand, the enzyme presents a
great stability at pH 7, although its relative activity decreases signif-
icantly at basic pH [5].  Therefore, pH values of 4 and 7 were selected
to carry out the experiments in order to investigate the effect of the
pH on the degradation as well as on the laccase stability under oper-
ational conditions. The effect of aeration/oxygenation was  studied
in an attempt to improve the enzymatic catalysis action since it
is well known that laccases use oxygen as electron acceptor [12].
In previous batch experiments the capability of the commercial
laccase to degrade the target compounds at an initial activity of
2000 U/L, has been demonstrated [5].  In the current study the ini-
tial amount of enzyme used was  reduced in order to minimize its
consumption. Finally, the frequency of pulses addition was reduced
aiming to increase the efficiency by a longer contact time between
the substrates and the enzyme.

The experimental design is detailed below. In a first step, two
different values of pH (4 with 0.1 M sodium acetate buffer and 7
with 0.1 phosphate buffer) were considered (Experiments 1–2).
Initial activity laccase was  2000 U/L and pulses of estrogens were
added every hour. Since pH 7 provided the highest degradation
levels, it was  selected for further assays. In the following step the
effect of the aeration was  analyzed by supplying the reactor with
0.5 mL/min of air (Experiment 3). No significant improvement on
the removal yields was  observed under air supply. Consequently,
two different strategies were investigated with the aim of increas-
ing the removal of E1 and E2: the change of the estrogens frequency
pulses to 2 h and the gas supply by periodic pulses of pure oxygen
(1 bar for 30 s, every 1 h). Both strategies were studied at two levels
of laccase activity: 500 and 2000 U/L (Experiments 4–5 and 6–7) in
order to study the effect of the initial activity as well as to attempt
to reduce the enzyme required to attain high degradation percent-
ages. Finally, the combination of the conditions which provided the
best results (pH 7, oxygenation, pulses of estrogens every 2 h and
initial activity laccase of 500 U/L) was evaluated (Experiment 8).

To verify that degradation took place only due to enzymatic

oxidation, controls were run in parallel without laccase. Samples
were withdrawn during the course of each experiment to deter-
mine the evolution of laccase activity and the concentration of the
estrogens. Reactions were stopped with 0.25 M hydrochloric acid to
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Table 1
Comparative parameters of different operation strategies for fed-batch experiments.

Experiment pH Aeration/oxygenation Estrogens pulses frequency (h) Initial laccase activity (U/L) Estrone degradation (%) Estradiol degradation (%)

1 4 – 1 2000 59.2 73.3
2 7 – 1 2000  70.9 91.5
3 7  Aeration 1 2000 71.2 91.6
4  7 – 2 2000 92.4 93.8
5 7  – 2 500 90.5 92.0
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8  7 Oxygenation 2 

eactivate the enzyme and samples were frozen for further anal-
sis. The degradation yields were calculated at the end of each
xperiment by taking into account the total amount of each estro-
en added in the experiment as well as the amount degraded.

.3.2. Continuous degradation in an enzymatic membrane
eactor

The continuous enzymatic reactor consisted of the stirred
ank reactor (250 mL)  used in the previous fed-batch operation
hich was coupled to an ultrafiltration polyethersulfone mem-

rane (Prep/Scale-TFF Millipore) with a nominal molecular weight
utoff of 10 kDa, which permits the recycling of the enzyme to the
eaction vessel. The additional volume held by the ultrafiltration
nit and the interconnecting tubing was 120 mL.  Therefore, the
otal volume of the reactor system and which was  considered in
erms of hydraulic residence times (HRT) and reaction rates calcu-
ations was 370 mL.  PTFE tubing was used to prevent adsorption
f the compounds to the inner surface of tubing and the reac-
ion mixture was continuously stirred using magnetic stirrers and
eflon-coated stir bars.

The influent containing a mixture of the estrogens (4 mg/L of
ach in 100 mM sodium phosphate buffer, pH 7) was continuously
ed into the vessel by a peristaltic pump, while the laccase was only
dded in a single initial pulse of 500 U/L. A second pump was used to
irculate the vessel effluent into the membrane module and is also
eturning the concentrate (enzyme) back into the reactor. Then, a
alve located in that module was used to control both the reactor
ffluent and the recycling flow rates. The enzyme was  recycled in a
ecycling:feed flow ratio 12:1 and the flow rate of the effluent of the
eactor system was maintained in the same value as the influent.

An electrovalve located at the end of a flexible membrane tube
FMT) controlled by a cyclic timer was used to inject oxygen with a
ulsing flow of 1 bar for 30 s each pulse. Two oxygen supply strate-
ies were assayed: (i) a less regular addition every 1 h and (ii) a
ore frequent addition every 30 min. The lowest oxygenation fre-

uency was assayed at a HRT of 2 h (which corresponded to a feed
ate addition of 2 mg/L h). In order to investigate the effect of the
RT and to improve the degradation, the highest oxygenation fre-
uency was evaluated at two different values of HRT: 2 and 4 h (feed
ddition rate 1 mg/L h). The conditions of these assays are detailed
n Table 2.

At the start-up of the operation, the whole system (tank reactor,
embrane module and pipes) was filled with the reaction solutions

nd at time zero, the reaction was initiated by the addition of the
nzyme into the reactor. In order to evaluate the potential stripping
f the estrogens by gas flushing, a control lacking laccase was run
n parallel under the highest oxygenation conditions. No removal
f the compounds was observed after 10 h of continuous operation
o it is assumed that the elimination occurred completely due to
he enzymatic effect.
.3.2.1. Membrane efficiency analysis. The suitability of the selected
embrane was demonstrated by circulating a solution of laccase

hrough the membrane under the operational conditions described
0 90.1 93.5
0 83.7 90.2
0 94.1 95.5

above, and measuring enzyme activity in permeate and retentate.
No loss of activity in the permeate was observed, concluding that
the membrane retained the enzyme efficiently. Moreover, it was
proved that no physical adsorption of the estrogens onto the mem-
brane took place.

2.4. Evaluation of estrogenic activity

The estrogenic activity was  measured by the LYES (lyticase yeast
estrogen screen) assay assisted by enzymatic digestion with lyt-
icase previously described by Routledge and Sumpter [23]. The
recombinant yeast Saccharomyces cerevisiae was  kindly provided
by the Laboratory of Microbial Ecology and Technology (Labmet,
Ghent University, Belgium). Yeast pre-cultures were inoculated in
yeast-peptone-dextrose medium (yeast extract 10 g/L, casein pep-
tone 20 g/L, dextrose 20 g/L in distilled water) and incubated at
30 ◦C for 48 h. Standards and samples withdrawals of 50 �L were
delivered into a spectrophotometer cell. Distilled water was used
as control. Each well was inoculated with 450 �L of yeast sus-
pension. The plate was sealed and incubated at 37 ◦C. After 24 h,
200 �L of a lyticase solution diluted in Z-buffer containing 10×
(60 mM  Na2HPO4·7H2O, 40 mM NaCl, 1 mM MgSO4·7H2O, 50 mM
2-mercaptoethanol) was added. The solution was incubated for
45 min  at room temperature and then 175 �L Tween 80 (0.1% v/v)
was added. After 20 min  of incubation (room temperature), 125 �L
chlorophenol red galactopyranoside (1/g L) was added. Finally,
absorbances at 550 nm and 630 nm were measured after 2 h. The
estrogenic activity was calculated as shown below:

Response = (AX
550 nm − Ab l k

550 nm) − (AX
630 nm − Ab l k

630 nm) (1)

where X corresponded to the sample and b l k to the control.
Biotic controls incubated without estrogens showed no estro-

genic activity.

2.5. Identification of biodegradation products

The monitoring of degradation products from each target com-
pound was attempted in batch experiments performed at pH 7 with
an initial concentration of each estrogen of 5 mg/L and 2000 U/L of
laccase in a final volume of 100 mL.  The reaction was  conducted for
8 h and then the mixture was  acidified to a final pH of 2 to inac-
tivate the enzyme. Acidified samples (20 mL)  corresponding to 0
and 8 h were diluted in 100 mL  of water. The Solid Phase Extrac-
tion (SPE) was carried out with 60 mg  OASIS HLB cartridges (Water
closet, Milford, MA,  USA) previously supplemented with 3 mL of
ethyl acetate, 3 mL  of methanol and 3 mL  of distilled water (pH 2)
adjusted to pH 2 by hydrochloric acid (1 M).  The cartridges were
then dried with nitrogen stream for 45 min  and eluted with 3 mL  of
ethyl acetate. An aliquot of 800 �L of the extract was withdrawn

and 200 �L of BSTFA (N,O-bis(trimethylsilyl)trifluoroacetamide)
was added for the derivatization of the species. Afterwards, sam-
ples were analyzed by Gas Chromatography–Mass Spectrometry
(GC–MS) (Saturn 2100T, Varian, USA).
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Table 2
Estrone and estradiol degradation (%) after continuous operation in the enzymatic membrane reactor.

Experiment pH Estrogens
addition rate
(mg/L h)

Hydraulic
residence time
(h)

Initial laccase
activity (U/L)

Oxygenation
pulses
frequency

Estrone
degradation (%)

Estradiol
degradation (%)

1 7 2 2 500 1 h 58.9 65.9
2 7  2 2 500 30 min  68.4 80.6
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a Concentration of estrogens was below the detection limit.

. Results and discussion

.1. Fed-batch degradation of estrogens

Different operational conditions, such as the most relevant oper-
tional parameters in an enzymatic treatment: substrate feeding
ate, pH and enzyme activity [24], were tested in order to obtain the
ptimal conditions for the transformation of the estrogens in fed-
atch reactors. The degradation yields calculated after each assay
re summarized in Table 1.

.1.1. Effect of pH
Two different values of pH were considered according to previ-

us results carried out in batch experiments [5].  In this report, pH
 implied the maximal enzyme activity although enzyme stability
as very low. On the contrary, the activity of enzyme was lower at
H 7 but remained highly stable for hours [5].

Fig. 1 shows the profiles of estrogens and laccase activity for
his set of experiments. As expected, remarkable inactivation at
H 4 was observed during the initial minutes of the reaction. Lac-
ase activity immediately decreased from 2000 U/L to 500 U/L and
eached values close to 80 U/L after 6 h. Conversely, no initial inac-
ivation was observed at pH 7, and enzyme was stable during the

 h of operation. This difference in enzymatic activity was proba-
ly the reason behind the different removal percentages (Table 1

 Experiments 1 and 2). Both E1 and E2 were degraded more effi-
iently at pH 7 (70.9 and 91.5%, respectively) than at pH 4 (59.2 and
3.3%).

The same effect was observed by Kim and Nicell [25] who
ttained the maximum conversion bisphenol A by laccase from
rametes versicolor in batch experiments at pH 6, which corre-
ponds to a value of pH that implies higher stability of the enzyme.
hey explained this phenomenon due to two possible reasons: (1)
ower loss in activity due to inactivation and/or (2) increased rate
f interaction between the substrate and enzyme.
Envisaging the operation of a continuous reactor, the stability of
he enzyme is a key parameter. It was observed that the operation
t pH 7 was beneficial for enzyme stability and removal percent-
ges. Neutral values of pH are also favorable when working with
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real effluents, avoiding their acidification for the laccase treatment.
Auriol et al. [9] evaluated the removal of estrogens from synthetic
wastewaters by laccase and they observed that the optimal pH was
6–7, which was  related to the enzyme stability; additionally no
significant effect on the catalytic performance of the enzyme was
derived from the use of the municipal wastewater.

It is also interesting to remark that apparently the degrada-
tion rates attained after each estrogens pulse increased with the
subsequent batches in spite of the enzyme inactivation at pH
4. For instance, 2 mg/L of estrone was  degraded during the first
batch, while the elimination increased to 3 mg/L after the two  next
additions. It can be explained by the higher initial estrogens con-
centration due to their accumulation into the reactor, which may
imply greater reaction rates. Nevertheless, the values of reaction
constants calculated by fitting the experimental data of each batch
to first order reaction kinetics (data not shown) evidenced the cor-
relation between the initial enzyme activity and the degradation
rates: the reaction constants decreased progressively from the first
to the sixth batch.

3.1.2. Effect of aeration/oxygenation
Oxygen actively participates in the catalytic cycle of laccase. It

acts as the electron acceptor, which in turn is reduced to water
while the oxidation of the laccase takes place for the subse-
quent oxidation of the substrate. Thus, the degradation yields are
expected to be improved when the reaction rates between the lac-
case and the oxygen increase due to high oxygen concentrations.
Two strategies were evaluated aiming to raise the oxygen concen-
tration into the reactor: continuous aeration and oxygenation by
pulses (every 1 h).

When the experiment was carried out with continuous air sup-
ply, no differences were observed in terms of estrogens degradation
(Table 1 – Experiment 3) in comparison with non-aerated experi-
ment (Table 1 – Experiment 2). However, under oxygen supply, the
removal percentages increased (Fig. 2), especially for E1 reaching

an elimination of 90.1% (Table 1 – Experiment 6).

The supply of extra air in a continuous flow did not exert any
significant effect because agitation was sufficient to maintain the
concentration of dissolved oxygen close to the saturation values.
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Fig. 2. Estrone (A) and estradiol (B) concentration during the treatment by lacca

owever, when oxygen was supplied, the concentration of dis-
olved oxygen reached maximum values of 30 mg/L and it did not
ecrease below 13 mg/L. There are only a few reports evaluating

ts effect on the biobleaching of eucalyptus kraft pulp [26–28].  Fil-
at and Roncero [26] studied the influence of aeration/oxygenation,
bserving that kinetics of biobleaching was enhanced in both cases,
specially when oxygen was supplied and reached concentrations
bove 20 mg/L. Ghosh et al. [29] reported improvements in the
emoval of phenol by laccase by means of the increase of dissolved
xygen concentration in the reactor. These authors investigated
ifferent alternatives to increase the concentration of dissolved
xygen: agitation, addition of oxidizing chemicals and air sparg-
ng, and they concluded that the highest efficiency was  achieved
y air bubbling.

.1.3. Effect of frequency of estrogens addition
Due to the evidence of accumulation of E1 and E2 in the pre-

ious experiments, another strategy was proposed in order to
nhance the degradation percentages: reduce the estrogen addi-
ion frequency (2 h) with the objective of increasing the time of
accase action (Fig. 2). As expected, this time was adequate for the
nzyme to transform both compounds at percentages higher than
0% (Table 1 – Experiment 4). Hence, the change in the estrogen
ddition frequency led to a progressive elimination of the estrogens
resent in the effluent. Indeed, the degradation of both estrogens
as quite similar, reaching similar removal percentages (92.4 and

3.8 for E1 and E2, respectively).

.1.4. Effect of enzyme activity
One of the limitations of enzymatic treatment is the amount

f enzyme required to achieve high removal efficiency due to
he susceptibility of the enzyme to inactivation [28]. The primary
bjective of any engineering design should be to minimize the
ost to make the process feasible. In an enzymatic treatment,
he enzyme is the most expensive component and it should be

inimized [30]. Consequently, a 4-fold reduction of the initial
nzyme activity was considered.

An initial activity of 500 U/L was evaluated for non-oxygenated
xperiments with estrogens pulses every 2 h and for oxygen experi-
ents with estrogens pulses every 1 h (Table 1 – Experiments 5 and

). In both cases, the degradation percentages were slightly lower
ompared with their corresponding experiments with 2000 U/L.
hus, the effect of initial laccase activity can be analyzed by compar-
ng two pairs of experiments: Experiments 4–5 and 6–7. From both
airs of operations the conclusions were similar: the removal was
ower when the initial laccase activity was 4-fold lower, but this
eduction was not as significant as expected. For example, E1 and
2 removal decreased from 92.4 to 90.5% and from 93.8 to 92.0%,
espectively, by 2000 and 500 U/L, for non-aerated/oxygenated
h fed-batch estrogens addition: experiment 2 (�), 4 (©)  and 6 (�) from Table 1.

assays (Experiments 4–5). The same phenomenon was observed
for the oxygenated treatments: reductions from 90.1 to 83.7% and
from 93.5 to 90.2% were found (Experiments 6–7). On the other
hand, the degradation percentages attained in Experiment 5 with
500 U/L seemed to be better than those obtained in Experiment 2
with 2000 U/L. However, the global amount of estrogens treated
was significantly lower: 30 mg/L (estrogens pulses of 5 mg/L every
hour) and approximately 15 mg/L when the additions were con-
ducted every 2 h.

Auriol et al. [9] studied the removal of estrogens by laccase at dif-
ferent enzyme activities in the range 2000 U/L to 20,000 U/L. They
found that when activity was  increased, a complete elimination
was achieved, whereas at the lowest activity, the removal percent-
ages varied in the range 50–80% for the different estrogens. We
lowered the enzyme activity down to 500 U/L, without compro-
mising the efficiency of the system. Furthermore, no mediator of
the laccase was needed in order to enhance the catalytic action,
while some previous investigations reported the use of natural or
synthetic mediators when the initial enzyme activity used was low.
For example, Sei et al. [1] reported complete degradation of E1, E2
and EE2 by 100 U/L of a commercial purified laccase in only 1 h, but
1 mM of HBT or ABTS were used as mediators.

3.1.5. Fed-batch operated under the best conditions
Finally the strategies selected throughout this study were com-

bined in order to obtain an efficient operation of the fed-batch
reactor. The operational conditions were: pH 7, pulses every 2 h,
oxygen supply and 500 U/L of laccase (Fig. 3). With this strategy,
high degradation extent of E1 and E2 was observed during 8 h of
operation, with degradation percentages of 94.1 and 95.5%, respec-
tively (Table 1 – Experiment 8).

3.2. Continuous degradation of estrogens

In the current study, we proposed the use of an EMR  operated
in continuous for the removal of E1 and E2. Once the operational
conditions were selected in the fed-batch system, these conditions
were applied in the continuous reactor.

HRT is related to the desired conversion (degradation) of pol-
lutants, which is directly affected by the pollutant concentration.
Thus, a higher loading rate could lead to a faster but less efficient
process. Therefore, a HRT of 2 h (feed addition rate of 2 mg/L h) and
4 h (feed addition rate 1 mg/L h) were selected in order to study its
effect. Although previous experiments showed an important effect
of the oxygen supply, the frequency of oxygenation was not eval-
uated. Hence, two  different strategies for the oxygenation were

assayed: oxygen supply every 1 h (at HRT of 2 h) and oxygen supply
every 30 min  (at HRT 2 and 4 h). Although O2 concentration in the
reaction medium varied in both cases in the range 13–30 mg/L, dif-
ferent average concentrations of dissolved oxygen were observed:
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treated aqueous solution could be attributed to residual traces of
able  1).

0 and 26 mg/L for the less and more frequent O2 supply,
espectively. These conditions and results are summarized in
able 2.

Fig. 4 shows the E1 and E2 degradation rates during 10 h of con-
inuous operation. It can be observed that steady state was reached
arlier when oxygenation was performed more frequently (less
han 1 h for 30 min  O2 pulses and about 2–3 h for 1 h O2 pulses). Fur-
hermore, when the HRT was 2 h, the removal percentages at steady
tate conditions were superior in the case of the higher oxygenation
68.4% for E1 and 80.6% for E2). Whereas when lower oxygenation
as performed, only 58.9% of E1 and 65.9% of E2 were removed at

tationary conditions. It is important to highlight that enzymatic
ctivity did not decrease throughout the experiment, and it was
ot affected by the oxygen supply.

With the aim of improving the removal percentages and in order
o study the effect of the HRT, a third assay was conducted at the
ptimum oxygenation conditions (pulses every 30 min) and at a
igher HRT of 4 h (feed addition rate 1 mg/L h). Under those con-
itions, E1 was removed up to 95% and no E2 was  detected in the
ffluent. Therefore, as can be observed in Fig. 4, a degradation rate
f 0.95 mg/L h and 1 mg/L h of E1 and E2 was attained, respectively,
nder steady-state conditions.

There is no extensive information concerning in vitro degra-
ation of estrogens in continuous bioreactors. The biodegradation
f E2 and EE2 by Trametes versicolor cultures has been reported,
nd evidences of laccase involvement were found. For instance,
lánquez and Guieysse obtained a removal rate of E2 (0.16 mg/L h)

n the same order of magnitude as those achieved by fun-
al enzymes, bacterial communities or bacterial isolates [31].

owever, in the present article, we operated the continuous biore-
ctor reaching a degradation rate of E2 almost 10 times higher
1.5 mg/L h).
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Fig. 4. Estrone (A) and estradiol (B) degradation rates by laccase in the enzym
Other investigations dealt with the removal of other estrogenic
compounds in continuous processes by immobilized laccases on
solid supports. For example, Nicolucci et al. [32] removed almost
100% of 1 mM of bisphenol A by laccase immobilized on polyacry-
lonitrile beads after operating a fluidized bed reactor for 90 min.
Cabana et al. [33] attained similar removal levels by laccase immo-
bilized on Celite carriers by the use of a packed bed reactor.
However, the technology proposed in the current work (contin-
uous enzymatic treatment by free laccase retained by means of an
ultrafiltration membrane) presents several advantages: (i) opera-
tion with free enzyme, avoiding limitations of mass transfer and,
consequently, low kinetic rates; (ii) minimized loss of enzyme
activity; (iii) lower inhibition by products; (iv) simple operation;
(v) lower variability in the quality of the end-products; (vi) reten-
tion of non-biodegradable molecules with high molecular weight;
etc. [24,30,34].  In addition, one of the main advantages of EMR  is
that fresh enzyme can be easily added to maintain the productivity
[35].

3.3. Determination of estrogenic activity reduction

Some investigations reported the removal of estrogens by enzy-
matic treatment; however they have no verified the residual
estrogenicity after the process. In this work, the estrogenic activ-
ity of the effluent was assessed by the LYES assay and compared
with that of the influent. A 97% reduction of toxicity was reached in
the continuous enzymatic membrane reactor, supplying O2 every
30 min. A low estrogenic activity which may  still be present in the
estrogens and to the synergic phenomena between the compounds
that remained in solution. These results are consistent which previ-
ous studies [3,18,36], which reported good removal of estrogenicity
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Fig. 5. Chromatogram of E1 removal samples at times 0 (grey line) an

ssociated with E1 and E2 by manganese peroxidase and laccase-
atalyzed treatment in batch experiments.

.4. Identification of biodegradation products

In order to identify transformation products of E1 and E2, batch
ssays with 2000 U/L of laccase were carried out in Erlenmeyer
asks. Samples at initial time and after 8 h of enzymatic treatment

ere analyzed by GC–MS.

In the case of E1, a major metabolite with a quantification ion of
/z:340 was found. The GC–MS chromatograms of samples at 0 and

 h are shown in Fig. 5A. The peak at a retention time of 31.6 min

metE2-1

metE2-2

(A) 

Fig. 6. Chromatogram of E2 removal samples at time 0 (grey line) and 8 h (black li
(black line) for m/z:340 (A) and mass spectra of E1 (B) and metE1 (C).

for the sample of 8 h may  correspond to a new metabolite of E1
(metE1). Although the retention time was  quite similar to that of E1,
the mass spectrum was different. The mass spectra of E1 and metE1,
after derivatization, are shown in Fig. 5B and C, respectively. With
regard to E2, two different bioproducts (metE2-1 and metE2-2)
were observed by analyzing the sample after 8 h of batch treat-
ment (Fig. 6A). None of these peaks were detected in samples either
at time 0 or in blanks. Thus, those new peaks may  be considered

as bioproducts formed by the laccase-catalyzed treatment of E2.
The mass spectra of those metabolites are presented in Fig. 6B and
C. In spite of the great effort, the identification of the metabolites
previously detailed was not possible. However, a more exhaustive

(C)(B)

ne) for m/z:430 + 356 (A) and mass spectra of metE2-1 (B) and metE2-2 (C).
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tudy will be done aiming to identify those biodegradation products
y other techniques and the comparison with standards to ensure
heir identification.

Some previous authors reported different outcomes regard-
ng the identification of degradation products from estrogens.
uzuki et al. [18] obtained high removal yields of E2 by the
accase-mediator system in batch operation although they found
o metabolites by HPLC analyses and they assumed the cleav-
ge of the aromatic rings of the compounds. This assumption was
onfirmed by Nicotra et al. [37] by NMR  analyses. On the other
and, the removal of E1 and E2 could be due to polymerization
rought about by enzymatic oxidation since those compounds
ave a para-substituted phenol structure. Indeed, the enzymatic-
atalyzed oxidative coupling of phenolic compounds has been
tudied by several authors [7,38],  and they suggested that laccase
xidizes organic substrates to free radicals, which can undergo
xidative coupling reactions, producing dimers, oligomers and
olymers. Other authors reported that E2 is oxidized to E1 which is
urther eliminated in aerobic batch experiments in a STP [2]. Other
ifferent results were found by the removal of estrogens by other
echanisms. For instance, Bila et al. [39] reported the transforma-

ion of E2 to hydroxi-estradiol by ozonation, while Mazellier et al.
40] demonstrated the formation of quinone methide and quinone
erivates after photodegradation treatment.

. Conclusions

In the present work, fed-batch experiments have been carried
ut in order to evaluate the influence of the main operational
arameters: pH, laccase activity, substrate frequency addition and
eration/oxygenation, on the removal of E1 and E2 by a commer-
ial laccase. The influence of aeration was negligible, while the
xygen supply by pulses allowed enhancing the degradation effi-
iency attained. On the other hand, initial laccase activity was
uccessfully reduced in an attempt to decrease the treatment cost.
oreover, free laccase was applied for the first time for the contin-

ous removal of E1 and E2 in an enzymatic membrane bioreactor.
strone was degraded up to 95% and estradiol was not detected in
he effluent under steady state conditions. Additionally, the resid-
al estrogenic activity was significantly reduced by more than
5%. Overall, our results showed that the technology proposed is

 promising tool to increase the applicability of laccases in biore-
ediation processes. Currently, on-going efforts are focused to

nvestigate the transformation products as well as the removal of
strogens at environmental concentrations in real matrices and for
onger treatment periods.
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