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Although the removal of steroid estrogens by enzymatic treatment with free fungal enzymes has been
already demonstrated in previous batch experiments, the main limitations associated to this system are
the low productivity and degradation yield, typical of batch operations, as well as the unfeasibility of
reusing the enzyme. With the aim of overcoming these drawbacks, an enzymatic membrane reactor
(EMR) was designed for the continuous removal of estrone (E1) and estradiol (E2) by a commercial
laccase from Myceliophthora thermophila. The use of an ultrafiltration membrane allowed the
separation of the enzyme according to its high molecular weight while the degradation products could
pass through it. Not only the continuous operation was proved, but also different operational
parameters were assessed for their relevance on the efficiency of the process. Accordingly, the effects
of laccase activity (500-1,000 U/L), hydraulic residence time (1-4 h) and oxygen frequency supply (2-8
pulses of oxygen each HRT) were investigated. Removal efficiencies between 64-100 % and
degradation rates of 0.96-2.92 mg/(L-h) were attained. Furthermore, the residual estrogenic activity of
the effluent was largely reduced up to 97 %. The present work proves the feasibility of using a laccase-
mediated reactor for the continuous removal of estrogenic compounds.

1. Introduction

Over the last years, a large number of investigations concerning the effect that hormones may have on
the environment and on living organisms have been carried out (Auriol et al., 2007). The endocrine
disrupting chemicals (EDCs) are believed to disrupt the synthesis, secretion, transport, binding, action
and elimination of the endogenous hormones which are responsible for maintaining homeostasis,
reproduction, development and integrity in living organism and their progeny (Cabana et al., 2007).
These natural and synthetic estrogens have been frequently detected at various levels in sewage
effluents since existing wastewater plants are unable to remove this type of compounds completely
(Auriol et al., 2007).

Several advanced treatment technologies (including ozone and Fenton treatment) have been
evaluated with the objective of degrading these compounds (lkehata et al., 2006). Nevertheless, they
present a number of disadvantages such as high cost, potential formation of toxic products, long
treatment periods, etc. These negative aspects make it necessary to search for alternative treatments
(Kim and Nicell, 2006). A potential alternative may be based on the use of white-rot fungi and the
enzymes that they secrete (Rodarte-Morales et al., 2010). Indeed, it has been recently demonstrated
that laccases are effective in removing the estrogenic activities of endocrine disrupting chemicals such
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as bisphenol A, nonylphenol (Tsutsumi et al., 2001), estrone (E1), estradiol (E2) and ethinylestradiol
(Auriol et al., 2008).

We recently demonstrated the ability of a commercial laccase from Myceliophthora thermophila to
degrade E1 and E2 in batch mode (Lloret et al., 2010). However, the possibility of using continuous
removal systems is sought because the efficiency of the processes could be significantly enhanced.
Nevertheless, the retention of the biocatalyst in the reactor is imperative when a continuous prolonged
operation is attempted. Therefore, an enzymatic membrane reactor (REM) was proposed in the current
study for the continuous degradation of E1 and E2. This bioreactor was based on a stirred tank reactor
coupled with an ultrafiltration membrane which allowed the retention of laccase and its subsequent
reuse.

2. Materials and methods

2.1. Chemicals

Estrone (E1) and estradiol (E2) were purchased from Sigma-Aldrich (USA). 2,2’-azinobis-(3-
ethylbenzothiazoline-6-sulfonate) (ABTS) was supplied by Fluka (USA). All solvents were HPLC grade
(Sigma-Aldrich, Germany).

2.2. Enzyme
Commercial laccase (Novozym 51003) from Myceliophthora thermophila was supplied by Novozymes

(Denmark). This enzyme (molecular weight of 56 kDalton) was produced by submerged fermentation of
genetically modified Aspergillus sp.

Laccase activity was determined by the oxidation of ABTS (50 uM) to its cation radical (ABTS™) in 1
mL sodium acetate buffer (0.1 M, pH 5) at 30 °C. The monitoring of ABTS oxidation was carried out in
a Shimadzu UV-1603 spectrophotometer at 436 nm (¢ = 29300 L/(mol-cm)). One unit (U) of activity
was defined as the amount of enzyme forming 1 pmol of ABTS™ per min.

2.3. High-performance liquid chromatography analyses

Determination of the estrogen concentration was carried out through high performance liquid
chromatography (HPLC) in a HP-1090 system equipped with a diode array detector and a reverse
phase column Lichrocart 250-4 packed with Lichrosphere 100 RP-18 5 ym (Merck). The operation
conditions for the analysis were 200 plL injection volume, wavelengths of 210 and 275 nm, 50 mM
acetonitrile:phosphate buffer (pH 4.5) with the following gradient 50:50 and 90:10 and a flow rate of 0.8
mL/min.

2.4. Determination of estrogenic activity

The estrogenic activity was measured by the LYES (yeast estrogen screen-assay assisted by
enzymatic digestion with Iyticase) assay previously described by Routledge and Sumpter (1996). The
recombinant yeast Saccharomyces cerevisiae was kindly provided by the Laboratory of Microbial
Ecology and Technology (Labmet, Ghent University, Belgium).

2.5. Continuous removal of estrogens in an enzymatic membrane reactor

The enzymatic reactor consisted of a 250 mL stirred tank reactor operated in a continuous mode
coupled to an ultrafiltration polyethersulfone membrane (Prep/Scale-TFF Millipore) with a nominal
molecular weight cutoff of 10 kDalton, which permits the recycling of the enzyme to the reaction vessel.
The additional volume held by the ultrafiltration unit and the interconnecting tubing was 120 mL.
Temperature was maintained at 26 °C by circulation of thermostated water and the agitation rate was
250 rpm. PTFE tubing was used to prevent adsorption of the compounds to the inner surface of tubing
and the reaction mixture was continuously stirred using magnetic stirrers and Teflon-coated stir bars. A
scheme of the reactor is shown in Figure 1.
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Figure 1: Scheme of the EMR used

The reactor was equipped with dissolved oxygen (DO), temperature, and pH sensors. A stock solution
containing E1 and E2 (4 mg/L of each) in 100 mM sodium phosphate buffer (pH 7) was continuously
fed into the reactor by a peristaltic pump. The feed addition rate was selected according to the HRT
considered in each experiment (Table 1). Laccase was added in a single initial pulse and the enzyme
was recycled in a recycling:feed flow ratio 12:1. At the start-up of the operation, the whole system (tank
reactor, membrane module and pipes) was filled with the reaction solutions and at time zero, the
reaction was initiated by the addition of the enzyme into the reactor. An electrovalve located at the end
of a flexible membrane tube controlled by a cyclic timer was used to inject oxygen with a pulsing flow.
Samples were withdrawn during the treatment time (8 h) to determine the concentration of the
estrogens in the effluent and to measure laccase activity.

Table 1: Experimental conditions for E1 and E2 removal in the EMR

Run Inffluent concentration  Laccase activity HRT Oxygen supply
(mg/L) (U/L) (h) (pulses/HRT)
1 1,000 2 2
2 500 2 2
3 4 500 4 2
4 500 4 8
5 500 1 8

3. Results and Discussion

3.1. Membrane efficiency analysis

The suitability of the selected membrane was demonstrated by circulating a solution of laccase through
the membrane and measuring the enzyme activity in permeate and retentate. No loss of activity in the
permeate was observed, concluding that the membrane efficiently retained the enzyme. It was also
proved that no physical adsorption of the estrogens onto the membrane took place.

In addition, the EMR was run under the maximum oxygen supply in order to evaluate the potential
stripping of the estrogens by gas flushing. No removal of the compounds was observed indicating that
the removal of the target compounds in the subsequent experiments could only be attributed to the
oxidative action of laccase.
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3.2. Continuous removal of estrogens in an enzymatic membrane reactor

The EMR used for the continuous removal of E1 and E2 was operated under the operational conditions
presented in Table 1, with the aim of studying the effect of the main variables which affect the
continuous enzymatic treatment: laccase activity, hydraulic residence time (HRT) and oxygen supply.
The laccase concentration was the main factor evaluated in previous investigations (Khouni et al.,
2010; Murugesan et al., 2007). Nevertheless, the HRT usually affects significantly the results since a
higher HRT implies a longer contact between the compound and the biocatalyst. Therefore, a
remarkable improvement in the percentage of degradation is expected when the system is working at a
high HRT value, being defined as the ratio between the residual concentration of each estrogen in the
effluent and the concentration in the influent (~4 mg/L). On the other hand, the degradation rate
defined as the amount of the compound degraded per volume of reactor and time (mg/(L-h)) would be
lower since the amount of compound treated per unit of time would decrease. Thus, the effect of the
factors tested in the current study on both variables: percentage degradation (%) and degradation rate
(mg/(L-h)), was investigated in an attempt to achieve a compromise solution. The results of percentage
of degradation and degradation rates are shown in Figure 2A and 2B, respectively.
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Figure 2: Degradation percentages (A) and degradation rates (B) of E1 (black bars) and E2 (white
bars). Effects of laccase activity (1), HRT (2), pulses of oxygen each HRT (3) and estrogen addition
rate (4) were studied
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The effect of laccase activity was investigated at two levels: 1,000 and 500 U/L. The results indicated
that the enzyme activity had a less significant effect on the removal than the expected (Figures 2A-1
and 2B-1). E1 and E2 were degraded by 78 and 90 % (1.56 and 1.80 mg/(L-h)), respectively, by 1,000
U/L of enzyme; while reducing the use of the enzyme to the half only implied a removal efficiency 10%
lower. Tavares et al. (2009) studied the effect of the enzyme concentration on the batch
decolourization of reactive yellow 15 and they also demonstrated that laccase activity did not affect the
degradation in the range of activity tested. Thus, a laccase activity of 500 U/L was selected for the
following experiments.

The influence of HRT was also evaluated: 2 and 4 h were tested. The results demonstrated that HRT
had a greater effect on the removal of E1 since it was degraded up to 80 % for an HRT of 4 h, and only
68 % for 2 h of HRT (Figures 2A-2 and 2B-2). Nevertheless, the effect on E2 was negligible: it was
oxidized up to 80 % for HRT 2 h and 90 % when HRT was maintained in 4 h.

The effect of the oxygen supply was studied with 2 and 4 pulses of oxygen each HRT. The higher
oxygen frequency allowed improving the removal efficiencies (Figures 2A-3 and 2B-3). E2 was not
detected in the effluent of the EMR while E1 was eliminated up to 95 % when the frequency of
oxygenation was 4 pulses/HRT. Regarding the degradation rates, the compounds were removed at 1
mg/(L-h) under steady-state conditions. Fillat and Roncero (2009) also reported an enhancement on
the enzymatic treatment applied on biocleaching processes in the presence of high concentration of
oxygen. However, Dasgupta et al. (2007) reported no effect of dissolved oxygen concentration on the
removal of phenolic compounds by laccase.

It is important to remark that although the percentages of removal were improved by means of
increasing the contact time between the compounds and the biocatalyst, the degradation rates were
significantly decreased due to the decrease in the addition rate. Thus, the effect of the addition rate
was also studied by using two different values: 1 and 4 mg/(L-h). The results were promising in terms
of degradation rates: values of 2.56 and 2.92 mg/(L-h) were found for E1 and E2, respectively, for a
feed addition rate of 4 mg/(L-h); however, the percentages of degradation decreased to 64 and 73 %
(Figures 2A-4 and 2B-4). Other authors reported the complete degradation of E1 after 1 h of treatment
with laccase (Tamagawa et al., 2006), while Suzuki et al. (2003) indicated that the use of the mediator
HBT was required to attain removal percentages over 80 % for E2 for an identical period.

3.3. Reduction in the estrogenic activity

In the present study the reduction in the estrogenic activity was calculated for the run 4, in order to
investigate the potential estrogenic activity of the oxidation products. It was found that the residual
estrogenic activity of the effluent was largely reduced up to 97 %. Therefore, the feasibility of the
laccase and the EMR for the continuous degradation of estrogenic compounds was confirmed for the
degradation of this type of compounds.

4. Conclusions

The feasibility of the laccase-catalyzed system to degraded estrogenic compounds was demonstrated
in previously investigations. In the present work, an enzymatic membrane bioreactor was proposed for
the continuous removal of estrogens in an attempt to implement the technology in the treatment of
wastewaters. The effects of laccase activity, contact time between the target compounds and the
biocatalyst and the oxygen supply on the degradation of estrone and estradiol were investigated with
the aim of optimizing the treatment. Not only high degradation percentages and removal rates were
attained but also an important reduction in the estrogenic activity was detected. Therefore, the
technology proposed is a promising system in the application of laccases for the removal of potential
endocrine disrupting compounds. The EMR designed allowed the reuse of the enzyme providing an
important cost reduction as well as to avoid process stream contamination. A further study should be
carried out in order to investigate the individual effect of the variables tested as well as the synergic
effects by response surface methodology.

35



Acknowledgements

This work was funded by the Spanish Interministerial Commission on Science and Technology (CICYT,
CTQ2010-20258). L. Lloret thanks the Spanish Ministry of Education for the FPU grant AP2008-01954.
Gemma Eibes thanks the Xunta de Galicia for an Angeles Alvarifio contract.

References

Auriol M., Filali-Meknassi Y., Adams C.D., Tyagi R.D., Noguerol T.N., Pifia B., 2008, Removal of
estrogenic activity of natural and synthetic hormones from a municipal wastewater: Efficency of
horseradich peroxidase and laccase from Trametes versicolor, Chemosphere 70, 445-452.

Auriol M., Filali-Meknassi Y., Tyagi R.D., Adams C.D., 2007, Laccase-catalyzed conversion of natural
and synthetic hormones from a municipal wastewater, Water Res. 41, 3281-3288.

Cabana H., Jones J.P., Agathos S.N., 2007, Elimination of endocrine disrupting chemicals using white
rot fungi and their lignin modifying enzymes: a review, Eng. Life Sci. 7, 429-456.

Dasgupta S., Taylor K.E., Bewtra J.K., Biswas, N., 2007, Inactivation of enzyme laccase and role of
cosubstrate oxygen in enzymatic removal of phenol from water, Water Environ. Res. 79, 858-867.

Fillat U., Roncero M.B., 2009, Biobleaching of high quality pulps with laccase mediator system:
Influence of treatment time and oxygen supply, Biochem. Eng. J. 44, 193-198.

Ikehata K., Naghashkar N.J., EI-Din M.G., 2006, Degradation of aqueous pharmaceuticals by
ozonation and advanced oxidation processes: a review, Ozone Sci. Eng. 28, 353-414.

Khouni I., Marrot B., Amara R.B., 2010, Decolourization of the reconstituted dye batch effluent by
comercial laccase treatment: Optimization through response surface methodology, J. Hazard.
Mater. 156, 121-133.

Kim Y.J., Nicell J.A., 2006, Impact of reaction conditions on the laccase-catalyzed conversion of
bisphenol A, Bioresour. Technol. 97, 1431-1442.

Lloret L., Eibes G., Lu-Chau T.A., Moreira M.T., Feijoo G., Lema J.M., 2010, Laccase-catalyzed
degradation of anti-inflammatories and estrogens, Biochem. Eng. J. 51, 124-131.

Murugesan K., Dhamija A., Nam I.H., Kim Y.M., Chang Y.S., 2007, Decolorization of reactive black 5
by laccase: Optimization by response surface methodology, Dyes Pigm. 75, 176-184.

Rodarte-Morales A., Moreira M.T., Feijoo G., Lema J.M., 2010, Evaluation of two fungal strains for the
degradation of pharmaceutical and personal care products (PPCPs), Chem. Eng. Trans. 20, 31-36.

Routledge E.J., Sumpter J.P., 1996, Estrogenic activity of surfactants and some of their degradation
products assessed using a recombinant yeast screen, Environ. Toxicol. Chem. 15, 241-248.

Suzuki K., Hirai H., Murata H., Nishida T., 2003, Removal of estrogenic activities of 17(3-estradiol and
ethinylestradiol by ligninolytic enzymes from white rot fungi, Water Res. 37, 1972-1975.

Tamagawa Y., Yamaki R., Hirai H., Kawai S. Nishida T., 2006, Removal of estrogenic activity of natural
and steroidal hormone estrone by ligninolytic enzymes from white rot fungi, Chemosphere 65, 97-
101.

Tavares A.P.M., Cristovdo R.O., Loureiro J.M., Boaventura R.A.R., Macedo E.A., 2009, Application of
statistical experimental methodology to optimize reactive dye decolourization by commercial
laccase, J. Hazard. Mater. 161, 1255-1260.

Tsutsumi Y., Haneda T., Nishida T., 2001, Removal of estrogenic activities of bisphenol A and
nonylphenol by oxidative enzymes from lignin-degrading basidiomycetes, Chemosphere 42:271-
276.

36





