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Abstract

The efficient removal of emerging pollutants from water by a chemical-free approach is important
for a sustainable water reclamation system. Laccase is an enzyme that is capable of degrading a
wide variety of phenolic contaminants in water. Its stability and lack of inhibitors have made it an
attractive agent in enzymatic degradation. In this study, soluble laccase and laccase immobilized
on resins are prepared to test its efficiency on the removal of Ibuprofen and Naproxen, which are
both emerging pharmaceutical pollutants. Batch systems were adopted for the degradation tests.
Various mediators, including 2,2 A-azinobis-(3-ethylbenzthiazoline-6-sulfonate) (ABTS), 2,2,6,6-
Tetramethyl-1-piperidinyloxy (TEMPO), and violuric acid (VA), are used to test the performance
of the enzyme-mediator system. Results indicate that VA is the only mediator that can increase the
overall removal efficiency of Ibuprofen and Naproxen. The immobilized laccase can remove
approximately 50% of Ibuprofen in water, but cannot remove noticeable amount of Naproxen.

Keywords
Laccase; immobilization; emerging pollutants; water reclamation

INTRODUCTION

The continuing presence of emerging water pollutants such as pharmaceuticals, personal care
products, surfactants, and various industrial additives has made water reclamation more expensive
than before due to the use of membrane filtration process, which is highly energy-intensive. Other
alternatives to remove these pollutants are unconventional chemical and biological treatment
processes. The Advanced Oxidation Processes (AOPs) have been proved to be an effective
chemical treatment method in degrading these pollutants; however, their costs could be high if large
quantities of water are to be treated. Consequently, various enzymatic treatments that are used alone
(Garcia et al., 2011) or in combination with the filtration method (Kim et al., 2011) have been
developed recently so that the goal of cost-effective treatments of these pollutants can be achieved.

Laccases are multi-nuclear copper-containing oxidases that can catalyse the monoelectronic
oxidation of substrates at the expense of oxygen (Riva, 2006). After the catalytic oxidation by
laccases, the substrate becomes reactive radicals, which can further undergo laccases-catalyzed or
nonenzymatic reactions such as polymerization, hydration, and hydrogen abstraction to produce less
toxic derivatives (Majeau et al., 2010). With their low specificity on substrates, laccases have been
applied to pulp delignification (Camarero et al., 2007) and to the oxidation of various environmental
pollutants such as phenols, dyes (Zille et al., 2005), pesticides, endocrine disrupters, and polycyclic
aromatic hydrocarbons (Collins et al., 1996). Very often laccases are employed together with the
mediators, which are easily oxidizable substrates that can act as redox intermediates between the
active sites of enzyme and a non-phenolic substrate. Due to the high redox potential of the mediator,
laccases-mediator system can further oxidize contaminants that cannot be oxidized using laccases
alone (Bourbonnais et al., 1997).

The immobilization of laccases is an important step in field applications because it can eliminate
some undesirable constraints of enzymatic proteins such as their non-reusability and high sensitivity
to denaturing agents (Duran et al., 2002). Both physical and chemical immobilization methods are
available. In general, chemical immobilization has the advantage to provide strong stable enzyme
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attachment, and, in some cases, to reduce enzyme deactivation rate. For the laccase enzyme to be
workable in field operations, a simple and effective immobilization method must be developed. The
goal of this study is to understand the performance of enzymatic degradation of emerging pollutants,
exemplified by Ibuprofen and Naproxen, using soluble and immobilized laccase. A simple
procedure to crosslink the laccase to the support resin was used. The effects of mediators were also
examined.

MATERIALS AND METHODS

Preparation of soluble laccase

A buffer solution of pH 4.5 was first prepared using 68.2 mM of soduim tartrate dibasic dehydrate.
Then, 1 mg of laccase (EC 1.10.3.2, from Rhus vernificera) was dissolved in 1 mL of the buffer
solution to make the stock solution of soluble laccase. The laccase activity was determined from the
degradation rate of the ABTS (2,2'-Azino-bis(3-ethylbenzothiazoline-6-sulfonic acid) diammonium
salt) substrate. One unit of activity represents 1 mM of ABTS*, oxidized ABTS, produced per
minute. The concentration of ABTS* was measured via Beer’s law under the wavelength of 420 nm.

Preparation of immobilized laccase

The procedure used in the immobilization of tyrosinase (Wada et al., 1993) was employed as a
reference method for the immobilization of laccase on resins in this study. A weakly acidic cation
exchange resin (Daiaion WK10, Mitsubishi Chemical Co., Japan) was used as support. The
crosslinking agent used was EDC (1-Ethyl-3(3-dimethylaminopropyl) carbodiimide hydrochloride).
To start the immobilization procedure, 500 mg of the resin was first added to a 2 mL solution of
laccase in 0.1 M phosphate buffer controlled at pH 7. Then, 0.9 mL of the EDC solution, containing
57.6 mg of EDC, was added fractionally to the buffer solution, with 60-uL aliquots every 4 minutes
under constant stirring at 4 °C. After the addition of all EDC, the mixture was stirred 4 °C for
another 17 hours. Then, the immobilized laccase was washed multiple times with buffer solution to
remove residual soluble laccase. After the washing process, the immobilized laccase is now ready
for use.

Degradation experiments

The degradation of Ibuprofen by soluble laccase was conducted in an amber glass reactor. The
reactor was operated under continuous air bubbling to provide oxygen. In the experiment without
mediator addition, 22.75 mL of Ibuprofen solution (20 ppm) was first prepared in the glass reactor;
then, 2.25 mL of water plus 0.25 mL of the soluble laccase enzyme was added to start a run.
Samples at selected times were withdrawn, filtered with 0.22 um Millipore filter, and analyzed by
HPLC. In experiments with mediators, the experimental procedures were identical as above except
2.25 mL of mediators were added instead of water. Mediators tested in this study include ABTS,
VA (Violuric acid), and TEMPO (2,2,6,6-Tetramethyl-1-piperidinyloxy), having concentrations of
0.056 mM, 0.56 mM, and 0.83 mM, respectively. In the degradation experiments by immobilized
laccase, Degradation experiments were initiated by adding immobolized laccase (1.5 U/L) to a
beaker containing Ibuprofen (20 mg/L). This system was gently mixed using a stir bar. At selected
reaction times, aqueous samples were withdrawn, filtered, and analyzed for their residual Ibuprofen
concentration by HPLC. An identical degradation experiment was also carried out for Naproxen.

RESULTS AND DISCUSSION
Degradation by soluble laccase
Figure 1 shows the results of Ibuprofen removal by soluble laccase under the influences of various
mediators. It is evident that there is a very rapid decrease in Ibuprofen concentration after 1 minute



regardless of the presence of mediators. This proves that laccase is quite effective in removing
Ibuprofen in water. After 1 minute, the degree of removal becomes insignificant. Such rapid initial
removal implies that multiple mechanisms are involved during the removal process. In fact, it is
suspected that the initial rapid removal of Ibuprofen is mainly due to adsorption onto laccase, which
is always the first step in an enzymatic degradation process. Subsequent slow removal also implies
that the step of oxidation is the rate limiting step in the entire process. Among three mediators tested,
the VA is the only one that can enhance the removal. It has already known that the mediator can act
as strong oxidants, carrying higher redox potentials than the central metal ions in the laccase, to
degrade highly recalcitrant compounds. In addition, the 1-minute data for VA also implies that not
only adsorption, but also a certain degree of oxidation has occurred within 1 minute. Because if the
mechanism is pure adsorption, the 1-minute data for VA and for laccase alone would be the same.
With the presence of VA, the removal efficiency is enhanced more than 20% at the 1-minute
reaction time. Figure 2 shows the results for Naproxen. These results also have rapid removal at 1
minute, implying the existence of the initial adsorption behaviour as observed for Ibuprofen. The
VA is also found to be the best mediator for Naproxen and can cause a 20% increase in degradation
as well.
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Figure 1. Degradation of Ibuprofen by soluble laccase (activity = 30 U/L) alone and in the presence
of three different mediators.



Figure 2. Degradation of Naproxen by soluble laccase (activity = 30 U/L) alone and in the presence
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Effects of mediator concentrations
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experimental condition so that effects of mediator concentration can be observed appropriately.
From Figure 3, it is evident that the best mediator effect occurs at the concentration of 5 uM. At a
higher ABTS concentration of 50 uM, the Ibuprofen removal efficiency becomes lower. This is
to the relatively rigorous oxidation and destruction of the laccase protein by the

mediator. This causes the number of active sites on laccase to decrease.
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Degradation by immobilized laccase

Figure 4 shows the degradation results of Ibuprofen and Naproxen by immobilized laccase. It is
evident that the degradation of Naproxen is low, but is relatively high for Ibuprofen. This differs
from previous results in soluble laccase, where both Naproxen and Ibuprofen have close efficiencies
of removal. It is hypothesized that the size of the substrate molecule (i.e., Naproxen or Ibuprofen)
plays dominant roles in contributing to these discrepancies. Since there is no mediator in the
immobilized laccase system, molecules in the system can only be oxidized when they bind to the
central metals of the enzyme. Thus, if a molecule is too large it may have difficulty accessing the
active sites. Consequently, the presence of mediator could be important in immobilized laccase
systems.
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Figure 4. Degradation of lbuprofen and Naproxen by immobilized laccase

CONCLUSIONS

From this study, it is found that in the soluble laccase system, both Ibuprofen and Naproxen have
very close removal efficiencies under all conditions. The removal efficiency of up to 50% can be
achieved. The only mediator effective for these two pollutants is violuric acid. In addition, it is
observed that an optimum mediator concentration exists for their degradation. In the case of ABTS,
the optimum concentration is 5 uM. Finally, in experiments using immobilized laccase it is found

that Ibuprofen can be removed effectively, but not Naproxen, which is too large to access active
sites on laccase.
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