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Abstract

A perfusion basket reactor (BR) was developed for the continuous utilization of insolubilized
laccase as cross-linked enzyme aggregates (CLEAs). The BR consisted of an unbaffled basket
made of a metallic filtration module filled with CLEAs and continuously agitated by a 3-blade
marine propeller. The agitation conditions influenced both the apparent laccase activity in the
reactor and the stability of the biocatalyst. Optimal laccase activity was obtained at a rotational
speed of 12.5 rps and the highest stability was reached at speeds of 1.7 rps or lower. The activity
and stability of the biocatalyst were affected drastically upon the appearance of vortices in the
reaction medium. This reactor was used for the continuous elimination of the endocrine
disrupting chemicals (EDCs) nonylphenol (NP), bisphenol A (BPA) and triclosan (TCS).
Optimization of EDC elimination by laccase CLEAs as a function of temperature and pH was
achieved by response surface methodology using a central composite factorial design. The best
conditions of pH and temperature were, respectively, 4.8 and 40.3°C for the elimination of
p353NP (a branched isomer of NP), 4.7 and 48.0 °C for BPA, and 4.9 and 41.2 °C for TCS.
Finally, the BR was used for the continuous elimination of these EDCs from a 5 mg l-1 aqueous
solution using 1 mg of CLEAs at pH 5 and room temperature. Our results showed that at least
85% of these EDCs could be eliminated with a hydraulic retention time of 325 min. The
performances of the BR were quite stable over a 7-day period of continuous treatment.
Furthermore, this system could eliminate the same EDCs from a 100 mg l-1 solution. Finally, a
mathematical model combining the Michaelis-Menten kinetics of the laccase CLEAs and the
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continuous stirred tank reactor behavior of the BR was developed to predict the elimination of
these xenobiotics.

Keywords: Nonylphenol, Bisphenol A, Triclosan, Immobilized laccase, Bioreactor design,
Basket reactor
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Introduction

Laccase (polyphenoloxidase, EC 1.10.3.2) is a class of multicopper lignin-modifying enzymes
catalyzing the oxidation of phenol-like compounds, aromatic amines and some inorganics. Over
the last two decades the use of laccase has been explored for the bioremediation of xenobiotics
(Durán and Esposito, 2000; Torres et al., 2003), for bleaching in the pulp and paper industry
(Call and Mucke, 1997; Crestini and Argyropoulos, 1998) and for decolourization in the textile
industry (Wesenberg et al., 2003).

Phenolic compounds used in personal care products and substances which are either known or
suspected endocrine disrupting chemicals (EDCs) can be transformed by laccases (Cabana et al.,
2007b; Kim and Nicell, 2006a; Tanaka et al., 2000). Nonylphenol (4-nonylphenol) (NP),
bisphenol A (2,2-bis(4-hydroxyphenol)propane) (BPA) and triclosan (5-chloro-2(2,4-dichlorophenoxy)phenol) (TCS) are known or suspected EDCs frequently detected in receiving waters
downstream of intense urbanization (Boyd et al., 2004; Kolpin et al., 2002). These chemicals
have been reported to interact with estrogen, androgen and thyroid hormone receptors (Veldhoen
et al., 2006; Ishibashi et al., 2004; Jobling et al., 2003; Soto et al., 1991).

The application of lignin modifying enzymes (LMEs) including laccase in free form (in solution)
for the treatment of EDCs is beset by significant operational barriers: reusability, cost and
denaturation of the enzyme (Cabana et al., 2007b). Laccase immobilization has been proposed as
a strategy to overcome these limitations (Duran et al., 2002). Generally, the immobilization of
such LMEs on solid supports significantly enhances enzyme stability against several denaturing
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conditions and allows the continuous utilization of these biocatalysts. However, as a rule, the
immobilization of most proteins on such supports results in low activity/weight ratios. Recently,
to overcome this important limitation, procedures for the production of insoluble but catalytically
functional enzyme aggregates have been proposed (van Pelt et al., 2008; Sheldon, 2007a;
Sheldon, 2007b; Sheldon et al., 2005; Cao et al., 2003). The general approach involves the
precipitation of soluble enzyme with an appropriate aggregation additive and its subsequent
cross-linking with a bifunctional agent leading to the formation of so-called cross-linked enzyme
aggregates (CLEAs), i.e., biocatalysts that exhibit high activity/volume ratio (Cao et al., 2003).

The formation of CLEAs of laccase from the white rot fungus Coriolopsis polyzona has been
recently described and used for the continuous elimination of NP, BPA and TCS in a fluidized
bed reactor (FBR) (Cabana et al., 2007c). However it was difficult to maintain the fluidized
laccase particles in the bioreactor and this led to a considerable loss of enzyme activity. In order
to overcome this operational difficulty and, by extension, increase the applicability and
reusability of laccase CLEAs in bioprocesses we developed an innovative perfusion type basket
reactor (BR) enabling the continuous use of CLEAs (see Figure 1). Our system consists of a
metallic filtration membrane-like module that allows the retention of the solid biocatalyst in the
reactor by separating the laccase CLEAs in the reaction medium from the EDC-free effluent. The
content of the BR is continuously agitated with an impeller that maximizes the homogeneous
distribution of the CLEAs in the reaction medium and ensures the presence of sufficient oxygen
(the laccase co-substrate) to efficiently remove the xenobiotics by the enzymatic action. Finally,
the treated effluent flows through the porous module by gravity.
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This paper presents the concept of continuous utilization of laccase CLEAs in a BR under
realistic conditions, characterizes the biocatalytic activity as a function of the agitation
conditions, quantifies and models the elimination of p353NP (a branched isomer of NP), BPA
and TCS in such a system. To our knowledge, this is the first time that a BR is used to segregate
an insolubilized biocatalyst in substrate-containing solution and is applied to the continuous
elimination of xenobiotics from aqueous solutions.

Experimental Section

Chemical Reagents

All chemicals were of analytical grade (or of the highest purity available). 3,5-Dimethyl-3heptanol and polyethylene glycol (mean molecular weight of 1 500 amu) were from Alfa Aesar
(Karlsruhe, Germany). All other chemicals were from Sigma-Aldrich (St. Louis, MO, USA). All
solvents were HPLC grade.

Organism and Cultivation Conditions

The WRF strain C. polyzona (MUCL 38443) was provided by the Mycothèque de l’Université

Catholique de Louvain, partner of the Belgian Coordinated Collection of Microorganisms
(BCCMTM/MUCL). The inoculum was grown in a rotary shaker at 150 rpm and 27oC in 250-ml
flasks containing 100 ml of standard medium: 10 g l-1 glucose, 2 g l-1 NH4NO3, 0.8 g l-1 KH2PO4,

0.4 g l-1 Na2HPO4, 0.5 g l-1 MgSO4·7H2O, 2 g l-1 yeast extract. The medium was adjusted to pH
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6.0 with 2 M NaOH prior to autoclaving. After 10 days of cultivation the fungal biomass was
filtered and the solids were separated by centrifugation at 3000 g for 15 min at 4oC. Enzymes

were precipitated using 600 g l-1 ammonium sulfate. The precipitated enzyme preparation was
dissolved in distilled water and dialyzed against distilled water using a 13 kDa membrane. This
solution was used as the source of laccase.

Enzyme Assay

Laccase activity was determined by monitoring the oxidation of 2,2’-azino-bis-(3ethylbenzthiazoline-6-sulfonic acid) (ABTS) to its cation radical (ABTS.+) at 420 nm
(İmax = 3.6 X 10 4 M-1 cm-1) (Bourbonnais and Paice, 1990). The assay mixture contained 0.5

mM ABTS. The pH was adjusted to 3 using citric acid/disodium hydrogen phosphate buffer and
the temperature was set at 30°C. One unit (U) of activity was defined as the amount of enzyme
forming 1 µmol of ABTS.+ per min.

Preparation of CLEAs

CLEAs were prepared using 2 ml of a 1 U ml-1 laccase solution to which were added 2 g of
polyethylene glycol as precipitant and 0.16 ml of a 25% (w:w) solution of glutaraldehyde as the
cross-linking agent. The solution was stored at 4°C for 24 h. Subsequently, the solution was
centrifuged for 15 min at 1000 g. The pellets were washed repeatedly with distilled water until
no laccase activity was detected in the supernatant. The CLEAs used had a laccase activity of
148 U g-1 (Cabana et al., 2007c).
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Perfusion Basket Reactor

The perfusion basket reactor (BR) is a cylindrical device in which the CLEAs were kept in
suspension and retained by a porous medium. The EDC contaminated solution was fed by a
pump to the BR and the treated effluent permeated through the porous medium. Figure 1 shows
the experimental setup used as a BR. The cylindrical BR was made of porous 316L stainless
steel having a particle removal efficiency of 99% for 2.2 µm particles (Mott Corporation,
Farmington, CT, USA). The porous medium was chosen to retain the CLEAs inside of the BR.
The diameter of the unbaffled reactor and the height of the liquid were 0.075 m each. The
solution inside the BR was agitated by a 0.025 m diameter 3-blade marine propeller (pitch of
1.5:1) located at 0.025 m from the reactor bottom. The working volume of the BR was 331 ml.
The EDC containing solution was continuously fed to the BR by a programmable HPLC pump
(Model 590, Waters Corporation, Milford, MA, USA) over a range of flow rates of 0-20 ml min1

. The reactor effluent was transferred into a glass beaker by permeation through the porous

medium. The agitation speed in the BR was varied from 0-25 rps. The BR was filled with 1 mg
CLEAs.

Mixing Conditions

The power dissipated in the liquid by the marine propeller was estimated by determining the
power number (Np) of the system as proposed by McCabe et al. (1993). The Np is defined by
equations 1 and 2. In an unbaffled tank, at Reynolds number (Re) greater than about 10 000, the
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flow is fully turbulent and the Np is dependent on the Froude number (Fr) and Re as expressed by
equation 1

Np

K t Fr

a log Re
b

(1)

where Kt, a and b are constants depending on the type of impeller and the geometry of the
system (Kt = 0.87, a = 1.7 and b = 18 for a 3 blade marine impeller with a 1.5 pitch) (McCabe et

al., 1993).

The Np is related to the power dissipated into the agitated solution according to equation 2:
Np

P
n D5 U

(2)
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where P is the power (W) dissipated in the solution, n is the rotational speed (rps) of the agitator,

D is the diameter of the agitator (m) and ȡ the density (kg m-3) of the reaction medium.

The intensity of the mixing was also correlated to the average shear rate by using the G factor
which was derived from the fact that, at a particular point in the bulk solution, the product of
shear stress and shear rate represents power per unit volume and is equal to the product of
viscosity by the square of shear rate (Nagata, 1975). In this way, the square root of the power
input per unit volume divided by the viscosity of the solution is directly linked with the shear
rate at that point. Using the effective power input to the system, as determined through the Np
value, equation 3 was used to determine the average shear rate of the system:
G

PP 1V 1

12

(3)

where G represents the mean rate of shear (s-1), P the power input (kg m2 s-3), µ the viscosity of
the solution (kg s-1 m-1) and V the volume of the reactor (m3).
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Impact of Agitation Speed on CLEA Activity and Stability

The impact of the agitation speed on the CLEA activity was assessed by agitating 331 ml of a
solution containing 0.5 mM of ABTS at a pH of 3 and at room temperature in a beaker having
the same dimensions and dispositions (e.g. the same marine propeller) as the BR and containing
1 mg of CLEAs. The rotational speed of the propeller was varied over the range of 0.83 to 25
rps. The absorbance of the reaction medium was monitored spectrophotometrically every minute
at 420 nm over a 10 min period.

This simulation system, without ABTS in solution, was also used to determine the residual
activity of the CLEAs as a function of agitation characteristics. The biocatalytic stability was
monitored over a 24 h period by sampling 100 µl of the solution and determining the residual
laccase activity in solution.

Synthesis of 4(3’,5’-dimethyl-3’-heptyl)-phenol (p353NP)

The p353NP isomers of NP were synthesized by Friedel-Crafts alkylation from phenol and 3,5dimethyl-3-heptanol. The reaction medium contained 1.88 g phenol, 4.33 g 3,5-dimethyl-3heptanol, 35 ml BF3-ether complex and 200 ml anhydrous petroleum ether in a 500 ml two-

necked flask equipped with a reflux condenser. The reaction was run for 15 min at 50°C with
stirring, and then stopped by adding 200 ml water. After intensive stirring for a further 15 min,
the aqueous phase was removed and the organic phase was washed 5 times with water in order to
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remove unreacted phenol, and then dried over Na2SO4 (Corvini et al., 2004). After removing the
petroleum ether under vacuum, the yield of p353NP was 1.72 g with a purity of 98.0% (GC).

Impact of Temperature and pH on the Elimination of EDC by Laccase CLEAs

A two-factor central composite factorial design comprising 4-axial points and 4-factor points was
designed to find the optimal conditions of pH and temperature for the transformation of the
EDCs. For this, a 1-h batch treatment of the different EDCs was performed under the conditions
of pH and temperature presented in Table I using 0.1 mg of laccase CLEAs in a 10-ml reaction
volume. The reaction mixture consisted of 5 mg l-1 of each of p353NP (0.023 mM), BPA (0.022

mM) or TCS (0.018 mM), 1 mg l-1 catalase from Aspergillus niger, citric acid (0.5 M)/disodium

hydrogen phosphate (0.5 M) buffer and 1% v/v methanol. The statistical analysis was performed
using the Design Expert 6.0.11 software (Stat-Ease Inc., Minneapolis, MN, USA).

Continuous Elimination of EDC by CLEAs

The BR was used for the continuous transformation of each EDC at 5 or 100 mg l-1 in an
aqueous solution whose pH was maintained at 5 using a citric acid/disodium hydrogen phosphate
buffer. Catalase (1 mg l-1) from A. niger was added to the solution to eliminate hydrogen
peroxide and contained 1% v/v methanol to ensure a good solubility of the EDCs. The BR was
fed with 5 mg l-1 or 100 mg l-1 EDC solutions (air saturated) at a flow rate depending on the

hydraulic residence time chosen, packed with 1 mg laccase CLEAs and operated at room
temperature. The agitation speed was set at 1.7 rps in order to preserve both the stability and the
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activity of the enzyme (see Results). Prior to continuous elimination, the system was saturated
with EDC by operating for 16 h without laccase CLEAs. After this start-up period, the EDC
concentrations were the same at the inlet and outlet of the reactor. By sampling 250 µl of
solution in the BR the residual laccase activity was spectrophotometrically determined during the
treatment process.
The elimination of these EDCs in the BR was performed under steady-state conditions. For this,
at least 4 BR volumes were allowed to flow through the reactor before sampling.

Modeling EDC Elimination in the BR

A continuous stirred tank reactor (CSTR) model of the EDC elimination process in the BR was
developed. The following assumptions were made: the reaction occurred in a continuous, ideally
and instantaneously mixed reactor, it followed Michaelis-Menten type reaction kinetics and it
was not oxygen limited. The governing CSTR model equations may be described as follows:
Equation 4 represents the mass balance of the EDCs under steady-state conditions:
Fin C EDC ,in  Fout C EDC

VrEDC

(4)

where Fin, Fout represent the volumetric flow rates, CEDC the molar concentrations of each EDC,
V the volume of the reactor and rEDC the reaction rate. This rate was represented by the

Michaelis-Menten kinetic expression shown in equation 5:
 rEDC



k cat mCLEA C EDC
K m  C EDC

(5)

with kcat indicating the rate constant, mCLEA the mass of the laccase CLEAs in the BR and Km the

affinity constant. Combining equations 4 and 5 the hydraulic residence time (Ĳ) could be
determined as a function of the concentration of the EDCs in the BR:
12

A c c e p t e d P r e p r i nt
W



C EDC ,in  C EDC * K m  C EDC
k cat mCLEA * C EDC

(6)

The kinetic constants, kcat and Km used were published by our group elsewhere (Cabana et al.,
2007c).

Extraction of EDC Prior to Quantitative Analysis

The p353NP isomers were extracted using a C18 solid phase extraction cartridge (Alltech, IL,
USA). The cartridge was conditioned with 4 ml of methanol and 4 ml of distilled water prior to
extraction. It was filled with 5 ml of the treated solution and eluted at a flow rate of
approximately 2 ml min-1 under vacuum. The p353NP isomers were eluted from the cartridge

using 3 ml of ethyl acetate and 6 ml of methylene chloride. BPA and TCS were extracted using
methylene chloride in a 1:1 (v/v) ratio (methylene chloride:treated solution). The solutions were
acidified to pH 2 with HCl and shaken for 20 min. The organic phase was then separated and
evaporated under a gentle stream of nitrogen gas. Each sample was dissolved in 100 µl of
methylene chloride prior to quantitative chemical analysis.

GC-MS Analysis

The gas chromatography-mass spectrometry (GC-MS) analysis was performed on a G1800A gas
chromatograph (Hewlett-Packard, Palo Alto, CA, USA) equipped with an electron ionization
detector and an HP-5 MS fused-silica column (30 m X 0.25 mm i.d., 0.25 mm film thickness)
(Hewlett-Packard, Palo Alto, CA, USA). Analysis was conducted in full-scan mode over an m/z
range of 50 to 450 amu. Helium was used as carrier gas at a flow rate of 0.70 ml min-1. The
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column was held at 70°C for 3 min, then the temperature increased to 160°C at a rate of 20°C
min-1, and it was finally increased to 300°C at a rate of 10°C min-1 and held for 7 min (Diaz et
al., 2002). The injector temperature was set at 250°C.

Results

Effect of Agitation Conditions on the Activity and Stability of Laccase CLEAs

The influence of the agitation conditions on the apparent laccase activity was determined by
changing the rotational speed of the marine impeller and using ABTS as substrate. Table II
presents the experimental design used and the impact of the mixing intensity on the laccase
apparent activity and on the stability of the CLEAs as a function of rotational speed, mixing
energy and the rate of shear. Over the range of conditions tested, the maximum laccase activity
was obtained for a rotational speed of 12.5 rps. Above this value, the laccase activity did not
change up to a rotational speed of 25 rps. For speeds lower than 12.5 rps, the laccase activity
significantly decreased. The relative activity was 87%, 63%, 53% and 46% of the maximum for
a rotational speed of 8.3, 4.2, 2.5 and 0.8 rps respectively.

The stability of the laccase CLEAs as a function of the agitation conditions was monitored over a
24-h period. Table II shows the residual laccase activity after that incubation period for the
agitation conditions tested. The residual activity of the CLEAs subjected to different mixing
conditions decreased from 97% when the system was not agitated to 42% when the agitation
speed was set at 25 rps. Specifically, the CLEAs were not denatured over the range of agitation
14
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from 0 to 1.7 rps but the residual activity dropped drastically between 1.7 and 4.2 rps from 98%
down to 54%. For rotational speeds between 4.2 and 25 rps, the residual activity, after the 24-h
incubation period, decreased linearly from 54% to 42%.

Effect of Temperature and pH on Elimination of p353NP, BPA and TCS by Laccase CLEAs

Preliminary results indicated that the elimination of these EDCs by free laccase from C. polyzona
were temperature and pH dependent (Cabana et al., 2007a). Further results highlighted the ability
of CLEAs formed with laccase from the same WRF to remove these xenobiotics but without any
information as to the potential influence of the wastewater conditions on the elimination
performances of the CLEAs (Cabana et al., 2007c). In order to investigate the effect of pH and
temperature on the removal of p353NP, BPA and TCS, a Central Composite factorial design was
used. This design can determine statistically the impact of each condition on the reduction of the
concentration of each substance in solution and could be used to develop a second order model
that could determine the optimal conditions necessary for the conversion of these xenobiotics.
The class of model that best fitted the experimental observations based on the limited factorial
design used turned out to be of the linear-plus-interactions form represented by equation 7 as
seen from data of Tables III and IV:
Y

2

2

i 1

i 1

E 0  ¦ E i X i  ¦ E ii X i2  ¦i  j ¦ E ij X i X j

(7)

where Y represents the relative efficiency of elimination, ȕ regression coefficients and Xi the

coded symbol representing the independent variables pH and temperature.
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Table III shows the results obtained for each set of operational conditions and Table IV presents
the corresponding analysis of variance (ANOVA). The coefficient of determination (R2) value
provides a measure of how much variability in the observed response values can be attributed to
the experimental factors and their interactions. The model R2 of 0.976 for the elimination of
p353NP, 0.929 for that of BPA and 0.978 for that of TCS suggested that the fitted linear-plusinteractions models could explain 97.6, 92.9 and 97.8% respectively of the total variation. This
implies satisfactory representations of the processes by the above models. The F-values of 56.5
for p353NP elimination, 26.2 for BPA elimination and 61.1 for TCS elimination and p values <
0.001 for p353NP and TCS eliminations and of 0.001 for BPA elimination indicate that these
linear-plus-interaction models are statistically significant and can predict well the experimental
results. The ANOVA analysis highlighted the statistical significance of the independent variables
on the elimination of these EDCs by laccase CLEAs. The Central Composite design can
determine the quadratic response surface over the range of parameters tested. The second order
models for the relative efficiency of elimination (Yi) of p353NP, BPA and TCS respectively are

presented through equations 8-10 considering only the significant terms determined by the
ANOVA analysis:

Y p 353 NP

259.3  106.4 u X 1  4.76 u X 2  12.87 u X 12  0.086 u X 22  0.45 u X 1 u X 2 (8)

YBPA

311.65  124.52 u X 1  4.7 u X 2  13.25 u X 12  0.049 u X 22

YTCS

266.65  107.43 u X 1  4.99 u X 2  13.04 u X 12  0.09 u X 22  0.49 u X 1 u X 2 (10)

(9)

The 3D-surface responses obtained by these quadratic expressions are presented in Figure 2 to
show the effects of the independent variables temperature and pH and the interactive effects of
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each variable on the relative biocatalytic removal efficiency. The optimal conditions of pH and
temperature for the removal of p353NP, BPA and TCS by laccase CLEAs could be determined
by calculating the derivative of the regression models (equations 8-10) with regards to the
independent variables X1 and X2. The optimal temperatures are 40.3, 48.0 and 41.2 °C for
p353NP, BPA and TCS respectively. As regards the optimum pH values, they are 4.8, 4.7 and
4.9 respectively for the elimination of p353NP, BPA and TCS.

Continuous Elimination of p353NP, BPA and TCS Using Laccase CLEAs in the BR

The elimination of the EDCs was monitored as a function of the hydraulic residence time in the
BR. Figure 3A shows the time course of the elimination of p353NP, BPA and TCS present in 5
mg l-1 solutions as a function of the hydraulic retention time at a pH of 5, a temperature of 20°C
and an agitation of 1.7 rps using 1 mg of laccase CLEAs retained in the BR. Eliminations of
p353NP, BPA and TCS of more than 85% were achieved at a hydraulic retention time of 325
min. Figure 3B highlights the ability of the system to eliminate high concentrations of EDCs by
using 1 mg of laccase CLEAs. At a residence time of 400 min, more than 95% of the p353NP
and TCS present in aqueous solutions at a concentration of 100 mg l-1 was removed. For a

residence time of 425 min, a BPA elimination of 80% was achieved in the perfusion bioreactor.
The EDC elimination process involves the formation of oligomers (Cabana et al., 2007a) but
these do not seem to aggregate into particulate matter and, hence, they permeate with the effluent
across the porous BR walls without any visible clogging.
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Using the Michaelis-Menten kinetic constants obtained from data of batch experiments for the
removal of these EDCs (Cabana et al., 2007c), the modeled elimination is presented in Figure 3
in parallel with the experimental data from the continuous BR run. The models predicted
adequately the behavior of the system with regard to its capacity to remove the target
compounds.

Figure 4 presents the elimination of a these xenobiotics from 5 mg l-1 solutions and the variation
of the laccase activity in the reactor as a function of the number of BR volumes that pass through
the reactor. These treatments were performed over 30 BR volumes which represent 7 days of
continuous operation at a hydraulic retention time (HRT) of 331 min. For this HRT, complete
elimination of p353NP and TCS was initially obtained (for less than 10 BR volumes) while 90%
of the BPA present in solution was eliminated with only 5 BR volumes flow through the BR.
After seven days of continuous operation, the elimination of p353NP, BPA and TCS decreased
respectively by 20%, 10% and 15% compared to the initial BR performances. The laccase
activity present in the BR was stable when incubated in the presence of p353NP and decreased
by 30% and 20% in the presence of BPA and TCS respectively after the 7-day operation of the
bioreactor. Furthermore, these results demonstrated the ability of the BR to retain active CLEAs
to a significant extent within the reaction volume.

Discussion

In the interest of continuous bioprocessing using valuable insolubilized enzymes, we developed a
prototype perfusion reactor consisting of an unbaffled basket that was made of a metallic sievelike module and housed a 3-blade marine propeller.
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Marine type impellers are generally considered to be suitable for agitating fragile biomaterials
such as animal cell cultures because flow characteristics give full suspension of the biocatalysts
and thus reduce the possibility of damage at low speeds from possible shear/interface effects (Jan
et al., 1993). This impeller ensured the good mixing of the reactant medium containing laccase
CLEAs and EDCs and maintained the mass transfer between the substrates and the biocatalyst
particles.

The use of an unbaffled BR allowed a high fluid-particle mass transfer rate for a given power
consumption (Grisafi et al., 1998) while it is known that the existence of a central vortex plays
an important role in enhancing the mass transfer process (Johnson and Huang, 1956). An
increase of the agitation speed resulted in an increase of the energy provided to the system which
translates to a rise of the fluid motion. This motion apparently increases the rate of substrateenzyme collisions. These considerations could explain the variation of the relative activity of the
laccase CLEAs as a function of the rotational speed. The apparent laccase activity dramatically
increased when the agitation conditions above 4.2 rps formed a vortex (Fr > 0.044) in the BR.

The activity profile of the laccase CLEAs as a function of agitation conditions (Table II) showed
that the inactivation is rotation-speed dependent. However, for a range of low rotational speeds
(0 - 1.7 rps) where there were no visible vortices, the stability of the biocatalyst remained the
same. These vortices enhanced the interfacial area and, by extension, the denaturation of the
enzyme. Reports on the inactivation of proteins by shear stress indicate that the disruption of the
protein structure is linked to the acceleration of the turnover of the air-liquid interface and is not

19

A c c e p t e d P r e p r i nt

caused by high shear stress or shear rate (Maa and Hsu, 1997; Oliva et al., 2003). This is
consistent with observations on the denaturation of recombinant human growth hormone and
recombinant human deoxyribonuclease showing that in the absence of air-liquid interface neither
high shear stress nor high shear rate had a significant effect on protein inactivation (Maa and
Hsu, 1996). Conversely, the presence of an air-liquid interface caused the loss of activity of
recombinant human growth hormone (Maa and Hsu, 1997). The inactivation of enzymes at the
interface seems to be due to the amphiphilic nature of proteins that causes them to concentrate at
the phase boundary. Protein denaturation at hydrophobic interfaces is due to the unfolding of the
macromolecule and exposure of the hydrophobic regions to this interface. Finally, the
macromolecules undergo aggregation over their hydrophobic regions (Maa and Hsu, 1997).
Furthermore, in unstirred reactors, the air-liquid interface is typically saturated with denatured
enzymes, thus limiting the inactivation of more protein. Agitation of the reaction medium causes
the movement of the enzyme molecules present at the interface and is apparently responsible for
the renewal of the species at this boundary causing the denaturation of more enzyme (Lencki et
al., 1993).

Overall, our agitation conditions appear to have had two opposing effects: an increase in the
agitation speed enhanced the apparent laccase activity in the BR while the stability of the
enzyme decreased. Since it is preferable to choose conditions in which the long-term activity of
the biocatalyst is ensured compared to merely a higher initial activity (Duran et al., 2002), the
agitation of the BR was set to 1.7 rps for the continuous elimination of the EDCs.
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The Central Composite factorial design used and the ANOVA analysis highlighted the
statistically significant influence of temperature and pH on the enzymatic transformation of
p353NP, BPA and TCS with laccase CLEAs. The statistical models and response surface plots
obtained enabled the determination of the best operational values of temperature and pH. As for
the case of free laccase from C. polyzona, these values represent a compromise between the
stability produced by a higher pH and catalytic activity resulting from a higher temperature and
are consistent with our previous findings (Cabana et al., 2007a). The optimum pH for a
bioreactor based treatment of NP contaminated soil using laccase of Trametes sp. was

approximately 5 (Tanaka et al., 2001). An optimum pH of 3 for the initial rate of BPA removal
by laccase from Coriolus versicolor (Okazaki et al., 2002) and an optimal pH of 5 for

commercial laccase from T. versicolor (Kim and Nicell, 2006a) were shown previously. The

latter laccase exhibited the same optimal pH for TCS as for BPA (Kim and Nicell, 2006b)
whereas its optimal temperature for the bioconversion of BPA and TCS lay between 45 and 50°C
(Kim and Nicell, 2006a; 2006b).

The immobilized laccase from C. polyzona used in the BR for the continuous elimination of the
EDCs under conditions ensuring good biocatalyst stability enabled the system to completely
remove 90% of p353NP and TCS and eliminate 80% of BPA present in solution at
concentrations of 5 or 100 mg l-1 for HRT of less than 500 min using 1 mg of laccase CLEAs.
These results point out the flexibility of this system as to its ability to react to a shock load of
phenolic pollutants. Comparison of the elimination predicted by the CSTR mathematical model
and the experimental data showed that the model developed is suitable for prediction of the
behavior of the biocatalyst in the BR for the elimination of the phenolic EDCs tested. The
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experimental trends are probably slower compared to the model curve due to mass transfer
limitations. The kinetic constants used in the kinetic model were obtained under highly agitated
conditions which facilitate convective transfer to the CLEA particles and, hence, increase access
of the substrate to the active site of the laccase.

The robustness of the system was tested by continuously feeding the BR with EDC solutions at a
concentration of 5 mg l-1 and at an HRT of 331 min over a 7-day period (representing 30 BR
volumes). The performance of the system decreased somewhat over this whole period. This
decrease in efficiency was linked to the reduction of the laccase activity in the BR. Nonetheless,
this represented a reasonable level of durability in the reactor performance attributable to the
high stability of the immobilized laccase (Cabana et al., 2007c; Duran et al., 2002; Palmieri et
al., 2005).

Conclusion

For the first time, a perfusion basket reactor was used for the continuous implementation of a
solid biocatalyst formed by the cross-linking of an enzyme aggregate. An evaluation of the
impact of the operational conditions of this innovative reactor prototype on the activity and
stability of laccase CLEAs showed the robustness of the system in addition to its usefulness in
the successful elimination of the EDCs p353NP, BPA and TCS. The development of this reactor
for the continuous elimination contaminants exemplifies the value of designing a costcompetitive and easily operable treatment scheme to render the enzymatic processes more widely
applicable to the environmental area. From this point of view, this project offers a basis for the
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development of laccase based bioprocesses for EDC elimination. The system used an easy to
produce biocatalyst with high mass/activity ratio that can efficiently remove EDCs over a wide
range of concentrations. The reactor developed represents a promising tool for the use of
immobilized laccase in industrial and environmental biotechnology applications.
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Table I. Variables Under Investigation in the Central Composite Factorial Experimental Design
Levels
Independent variables
Coded symbols
-1.41
-1
0
1
1.41
pH
X1
2.4
3.0
4.5
6.0
6.6
Temperature (°C)

X2

13.8

20.0

35.0

50.0

56.2
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Table II. Impact of Agitation Conditions on the Activity and Stability of Laccase CLEAs in the
Basket Reactor Using ABTS as a Substrate at pH 5 and Temperature 20°Ca
Agitation
speed
(rps)

Reynolds
number

Froude
number

Mixing
G
Relative activity Residual activity
energy factor
(W m-3) (s-1)
(A Amax-1)
(A24 A0-1)
(±
(± std dev.)
std dev.)
0
0
0.00
0.00
0.0
ND.
0.97 (0.06)
0.8
51823
0.0018
0.04
6.5
0.46 (0.07)
0.96 (0.06)
1.7
103647
0.007
0.3
17.2
0.49 (0.10)
0.98 (0.03)
2.5
155471
0.016
0.9
29.8
0.53 (0.09)
0.82 (0.09)
3.3
207294
0.028
1.9
44.0
0.64 (0.10)
0.72 (0.05)
4.2
259118
0.044
3.5
59.3
0.63 (0.03)
0.54 (0.10)
8.3
518236
0.18
21.8
147.5
0.87 (0.06)
0.66 (0.02)
12.5
777355
0.40
62.0
248.6
1.00 (0.09)
0.51 (0.06)
16.7
1036473
0.70
128.8 358.4
0.92 (0.06)
0.47 (0.05)
20.8
1295592
1.11
226.0 474.7
0.96 (0.03)
0.46 (0.03)
25.0
1554710
1.59
356.0 596.1
0.96 (0.10)
0.42 (0.06)
a
The values represent means of triplicate experiments
ND. Not determined

28

Table III. Observed Responses in Central Composite Factorial Design for the Elimination of the EDCS p353NP, BPA and TCS by
Laccase CLEAS
p353NP
BPA
TCS
Relative
Relative
Relative
Elimination
Elimination
Elimination
Run
pH
Temperature (°C)
efficiency
efficiency
efficiency
(%)
(%)
(%)
(%)
(%)
(%)
1
4.5
35.0
67.5
86.4
60.3
92.5
76.3
91.7
2
2.4
35.0
14.2
18.2
14.6
22.5
16.1
19.4
3
6.0
50.0
56.8
72.7
47.2
72.5
62.4
75.0
4
3.0
50.0
30.2
38.6
24.5
37.5
30.0
36.1
5
6.6
35.0
42.6
54.5
27.7
42.5
48.5
58.3
6
4.5
56.2
55.0
70.5
44.5
68.3
62.4
75.0
7
4.5
35.0
74.5
95.5
65.2
100.0
83.2
100.0
8
6.0
20.0
19.5
25.0
11.4
17.5
20.8
25.0
9
4.5
35.0
69.2
88.6
53.8
82.5
76.3
91.7
10
4.5
35.0
71.0
90.9
58.7
90.0
74.0
88.9
11
4.5
13.8
32.0
40.9
24.5
37.5
32.4
38.9
12
3.0
20.0
24.9
31.8
11.4
17.5
25.5
30.6
13
4.5
35.0
78.1
100.0
52.2
80.0
83.2
100.0
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Table IV. Analysis of Variance (ANOVA) for the Selected Linear Plus Interactions
Model regarding the Relative Elimination of p353NP, BPA and TCS after a 1-h Treatment
with Laccase CLEAs from C. polyzona
Substance

p353NP

BPA

TCS

Source

Sum of
squares

Degrees
Coefficient of Coefficient
Mean
Fof
Prob > F determination
of
square value
freedom
(R2)
variation

Model
pH
Temperature

9885.6
774.2
1159.9

5
1
1

1977.1 56.5 < 0.0001
774.2 22.1 0.0022
1159.9 33.2 0.0007

0.976
-

9.45
-

pH2

5829.8

1

5829.8 166.7 < 0.0001

-

-

Temperature2

2588.5

1

2588.5 74.0 < 0.0001

-

-

Interaction
temperature/pH

418.4

1

418.4

12.0

0.0106

-

-

7
12
4
1
1

35.0
2550.4 26.2
500.6 5.1
1723.6 17.7

0.0001
0.0432
0.0030

0.929
-

16.89
-

Residual error 244.8
Total
10130.3
Model
10201.6
pH
500.6
Temperature
1723.6
pH2

6182.9

1

6182.9 63.4 < 0.0001

-

-

Temperature2

2730.7

1

2730.7 28.0

-

-

Residual error 780.1
Total
10981.7
Model
10802.1

8
12
5

97.5
2160.4 61.1 < 0.0001

0.978

9.3

0.0007

pH

975.3

1

975.3

27.6

0.0012

-

-

Temperature

1421.1

1

1421.1 40.2

0.0004

-

-

pH

5988.5

1

5988.5 169.5 < 0.0001

-

-

Temperature2

2870.2

1

2870.2 81.2 < 0.0001

-

-

Interaction
temperature/pH

493.8

1

493.8

14

0.0073

-

-

Residual error

247.3

7

35.3

-

-

-

-

Total

11049.4

12

-

-

-

-

-

2
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Figure Legends

Figure 1. Experimental setup used as a perfusion basket reactor
Figure 2. Response surface plots showing the effect of temperature and pH on the
efficiency of elimination of A) p353NP. B) BPA and C) TCS from 5 mg l-1 solutions
using 0.1 mg of laccase CLEAs after a 1-h treatment

Figure 3. Continuous treatment of (A) 5 mg l-1 and (B) 100 mg l-1 solutions of (Ÿ)
p353NP. (Ɣ) BPA and (Ŷ) TCS at pH 5 and at room temperature using 1 mg of laccase
CLEAs in the BR as a function of hydraulic residence time. The solid curves (ŷ)
represent the modeling of the processes
Figure 4. Elimination of (Ÿ) p353NP. (Ɣ) BPA and (Ŷ) TCS from 5 mg l-1 solutions at
pH 5 and at room temperature using 1 mg of laccase CLEAs in the BR and variation of
the laccase activity in the BR as a function of the number of BR volumes that flow
through the reactor. The HRT was 331 min
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