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Abstract: Commercial dyes are often slightly susceptible to de-
colorization by conventional treatment because of their unique
and stable chemical structures. In this paper laccase from Cer-
rena unicolor was used for continuous decolorization of Reactive
Blue 81 in a membrane reactor. It was shown that the enzyme
was stable in the presence of substrate and its product and that
membrane from polyethersulphone of cut-off 5 kDa is imperme-
able for laccase and permeable for both reactants. Then, 7 days
continuous process of dye decolorization confirmed the possibil-
ity of EMR use in which the enzyme was very stable after the
first 3 days. Although laccase lost 50% of its initial activity, this
can easily be counterbalanced by controlling theresidence time
and/or by the fresh enzyme supplementation.

1. Introduction

Reactive dyes are widely used in fabric industry due their broad variety of color
shades, brilliant color, easy application or minimal energy consumption. The most
common ones are anthraquinone, phthalocyanine and azo dyes like Reactive Blue
81. However, complete degradation and/or removing of these dyes with chemical
and physical processes are very difficult and more environmentally friendly methods
attract the attention of researchers. Among them, enzymatic treatment of textile
waste water is regarded to bea promising way of dyes degradation in a safe and
effective manner (Stolz, 2001; Axelsson et al., 2006).

Laccases (EC 1.10.3.2) are part of a larger group of enzymes termed the multicop-
per enzymes, widely distributed among plants, insects, and fungi. They have been
described in different genera but mainly in Basidiomycetes like Cerrena unicolor. Lac-
cases can catalyze the oxidation of many phenolic compounds of low molecular weight,
including aminophenols, polyphenols, benzenediols, polyamines and lignin-related
molecules with simultaneous reduction of oxygen to water molecule (Witayakran and
Ragauskas, 2009). For that reason, laccases can be used for the treatment of effluents
containing phenolic compounds from many industrial sectors by reactions of cross-
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coupling, homo- or hetero-polymerization or simple degradation reactions (Kulikova
et al., 2011).

In our research a membrane reactor was used, in which laccase in a soluble form
was closed in the volume of the reactor by means of ultrafiltration (UF) membrane
(membrane segregated enzyme reactors; enzyme membrane reactors; EMR). EMR
allows to combine in a single unit an enzymatic reaction with isolation of the product
from the reaction mixture in a continuous manner. The most important part of such
reactor is a semipermeable membrane which can serve as a separation element (Fig.1).
EMR has many advantages: almost all enzymes are effectively stopped by membrane
with a nominal molecular weight cut-off of 5-10 kDa; no enzyme activity lost typ-
ical for most standard immobilizations; easy supplementation with fresh portion of
biocatalyst in the case of an enzyme instability; homogeneous reaction unaffected by
diffusion resistance (Giorno and Drioli, 2000).

Fig. 1. Set-up of a membrane reactor.

However, several limitations of EMR applications must be considered: the fil-
tration rate can be limited by fouling or concentration-polarization layer formation;
all reactants must be soluble; a biocatalyst must be stable in process conditions;
membrane has to reject an enzyme totally but should be permeable for product(s);
membrane material should be stable in process conditions and cannot react with any
mixture component.

The membrane reactor seems to be very promising for dye decolorization, although
it is not very popular (Katuri et al., 2009; Mendoza et al., 2011) and its potential
is not fully exploited. The present paper focuses on some aspects of the use of C.
unicolor laccase for decolorization of Reactive Blue 81 dye in the membrane reactor.

2. Materials and methods

The Reactive Blue 81 dye (RB81) was donated by Boruta-Kolor Sp. z o. o. The
2,2-azino-bis(3-ethylbenzothiazoline-6-sulfonate) sodium salt (ABTS) was supplied
by Sigma-Aldrich. The other reagents were purchased in POCH.
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Production of laccase. The wood-rotting fungus C. unicolor (Bull.ex.Fr.)
Murr, No. 139, was obtained from the culture collection of the Department of Bio-
chemistry, University of Lublin (place country-region Poland). Microorganism culti-
vation, laccase production and purification was performed according to the method
described earlier (Bryjak and Rekuć, 2010).
Enzyme activity. Laccase activity was measured in the presence of 0.23 mM

ABTS in 0.1M phosphate-citrate buffer at pH 5.25 (FCB) and 30◦C. The oxidation
was followed by monitoring of the absorbance (UNICAM HELIOSα) increase at 420
nm. One unit of enzyme activity (U) was defined as the amount of the enzyme that
increases absorbance by 1.0 per minute under the assay conditions.
RB81 decolorization in a batch reactor. To 20 mL of enzyme (5U) in FCB

at 30◦C, 0.05 mL (1.82 g/L) of RB81 solution was added (final concentration 45.5
mg/L). The decolorization was followed by the monitoring of the absorbance decrease
at 584 nm. Next, consecutive 20 portions of the substrate were added after substrate
depletion. Laccase activity was measured in the presence of RB81 and was defined
as the amount of enzyme that decolorizes 1 mg of RB81 per minute under the assay
conditions. To check the influence of oxygen consumption on the enzyme activity,
the concentration of oxygen was monitored using luminescent dissolved oxygen probe
(LDO10101,Hach Lange).
Studies on a membrane separation properties in the presence of reac-

tants. Studies were carried out at 28◦C in a LabscaleTM TFF System (Millipore,
Bedford, USA) consisting of a 500-mL reservoir stir base, retentate valve, pressure
gauges and a diaphragm pump and with Pellicon§XL device Biomax-5 (Millipore) that
is plate-and-frame style cassettes with 50 cm2 of filtration area. Biomax-5 membrane
is made of polyethersulphone and its cut-off is 5 kDa. To test separation properties
of the membrane in the enzyme presence, the reservoir was filled with 50 mL of lac-
case solution (4.5U) and the transmembrane pressure was set at 0.137 MPa. The
retentate was recirculated for 20 min with permeate turned back to the retentate and
then diafiltration was started using the buffer solution. Hydraulic residence time was
set at 13.9 min and permeate samples of 50 mL were collected.After the diafiltration
and retentate drainage, 50 mL of the buffer were added to the system. Permeate and
retentate were recirculated without transmembrane pressure for 30 min to wash pro-
teins loosely bound to the membrane. Retentate from this step was named wash-out
solution. Feed, wash-out, retentate and permeate samples were analyzed for laccase
activity.

Similar procedures were applied using RB81 solution (45.5g/L) as the substrate
that was continuously fed into the membrane reactor (3.5mL/min). In all the samples
absorbance was monitored at 584 nm. To test the membrane in the reaction product
presence, 2 L of the substrate solution were incubated at room temperature with
laccase (2U) for 12 hours. After that time, decolorized solution was used as a feed in
a membrane reactor and absorbance was monitored at 470 nm.
Continuous RB decolorization in EMR. Continuous decolorization of RB81

was done at 28◦C, using 45.5 g/L of RB81 in the buffer as the feed and 50 mL of
laccase solution (5U). Decolorization experiments were performed at different perme-
ate flux, controlled by transmembrane pressure. Permeate samples were collected at
regular intervals and the absorbance was monitored at 584 nm to determine substrate
concentration and decolorization rate. The reaction rate was calculated in steady-
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state conditions after, approximately, 4-5 reactor volume exchange. The continuous
process was run for 7 days.

3. Results and Discussion

It was mentioned previously that native enzymes, immobilized in the volume of the
membrane reactor, should be stable in the presence of all reactants. Therefore, sta-
bility of laccase from C. unicolor was tested in the presence of RB81 and product of
decolorization in a stirred batch reactor. In the experiments the substrate was added
to the enzyme solution and after reaction depletion (stable absorbance level) new 24
consecutive RB81 portions were added. On the basis of obtained results (Fig. 2) it
can be concluded that laccase activities even slightly increased and therefore enzyme
stability in the reaction mixture was very good. Thus, EMR should be successfully
applied.

Laccases catalyze oxidation of a wide range of substrates that is coupled with
reduction of molecular oxygen to water. Thus, in many processes too quick oxygen
consumption can be a limiting factor of the reaction rate. As it is seen from Fig. 2
(grey dots), RB81 decolorization by laccase was not this case, as oxygen concentration
decreased slightly during the first reaction run and remained on a high, stable level.

Fig. 2. Repeated batch decolorization of RB81 using native laccase. Symbols: mea-
sured absorbance at 584 nm after baseline correction (...); laccase activity(�);
oxygen concentration (...). Reaction conditions: 45.5 mg/LRB81; pH 5.25;
30◦C.

The proper selection of ultrafiltration membrane used in EMR is critical. An
ideal membrane should reject enzyme entirely, be permeable to product, not interact
with reactants or generate enzyme inactivation. The selection of a membrane with an
appropriate nominal molecular weight cut-off began with the membrane with cut-off
10 kDa. Although the loss of laccase was very small, in the long term process it will
be significant (data not shown) and in the further experiments membrane with cut-off
5 kDa was used (Fig. 3).

It has been found that the amount of laccase in permeate was negligible and de-
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Fig. 3. Total relative activity of laccase in retentate, wash-out solution and perme-
ate after enzyme diafiltration in EMR(transmembrane pressure 0.137 MPa;
residence time 13.9 min; pH 5.25; 28◦C). Inserted figure shows the change of
activity in permeate fractions.

creased significantly in time. Moreover, activity balance (95.4%; sum of total activity
in retentate, permeate and wash-out solution, divided by initial activity) indicated
almost no activity lost during 2.5 h of the test. However, about 18% of the enzyme
were adsorbed (Sorption in Fig. 3) in the EMR and the membrane participation in
this phenomenon is not clear.

Similar experiments were done using RB81 or its oxidized product as feed (Fig.
4). In this case it is obvious that the membrane has to be permeable for the product,
whereas for substrate this requirement is not so evident. As it is seen, both reactants
are not rejected by the membrane although at the beginning of the processes their
sorption on the membrane was observed. Therefore, polyethersulphone ultrafiltration
membrane with a nominal molecular weight cut-off of 5 kDa meets the basic require-
ments for use in EMR to decolorization of RB81 with the help of laccase from C.
unicolor.

Ability of laccase from C. unicolor for decolorization of RB81 dye in EMR was
tested in 7 days continuous process. The reaction was run at different residence
time to evaluate the possibility of substrate conversion to be controlled by altering
permeate flux (Fig. 5a).

Results of enzyme stability, achieved in the stirred batch reactor (Fig. 2), sug-
gested that laccase was very stable but in the long-term process in EMR the enzyme
lost 50% of its initial activity within the first 3 days. However, after that time laccase
was operationally stable for the next 4 days and allowed to carry the decolorization
process (Fig. 5b). As has previously been mentioned, the EMR operating mode
allowed to supplement loss of enzyme activity during the process.

4. Conclusions

This study has shown that the laccase from C. unicolor can be successfully used
for decolorization of Reactive Blue 81 dye in the EMR. Although 50% activity loss
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Fig. 4. Absorbance in permeate during membrane test using RB81 (�) and oxidized
RB81 (�) in relation to feed solution. 896-000-58-51 transmembrane pressure
0.137 MPa; residence time 13.9 min; pH 5.25; 28◦C.

Fig. 5. RB81 decolorization in EMR with laccase. a) The effect of residence time on
substrate conversion. b) Stability of laccase in process conditions. Reaction
conditions: RB81 concentration 45.5 mg/L; reactor volume 50 mL; pH 5,25;
28◦C; residence time in b) 20,6 min.

in the first 3 days of continuous process was noticed, this type of reactor allows
supplementation of enzyme and keeping decolorization complete by controlling of
reactant residence time.
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