
See	discussions,	stats,	and	author	profiles	for	this	publication	at:	http://www.researchgate.net/publication/222052977

Degradation	of	chlorophenols	catalyzed	by
laccase

ARTICLE		in		INTERNATIONAL	BIODETERIORATION	&	BIODEGRADATION	·	MAY	2013

Impact	Factor:	2.24	·	DOI:	10.1016/j.ibiod.2007.06.015

CITATIONS

26

DOWNLOADS

141

VIEWS

287

5	AUTHORS,	INCLUDING:

Yang	Yu-xiang

East	China	University	of	Science	and	Techn…

56	PUBLICATIONS			95	CITATIONS			

SEE	PROFILE

Available	from:	Yang	Yu-xiang

Retrieved	on:	30	June	2015

http://www.researchgate.net/publication/222052977_Degradation_of_chlorophenols_catalyzed_by_laccase?enrichId=rgreq-a5f8923d-73ae-494f-82ce-bc3a93a156a8&enrichSource=Y292ZXJQYWdlOzIyMjA1Mjk3NztBUzo5ODQ5ODQ4OTg4MDU3N0AxNDAwNDk1Mjc4NDY1&el=1_x_2
http://www.researchgate.net/publication/222052977_Degradation_of_chlorophenols_catalyzed_by_laccase?enrichId=rgreq-a5f8923d-73ae-494f-82ce-bc3a93a156a8&enrichSource=Y292ZXJQYWdlOzIyMjA1Mjk3NztBUzo5ODQ5ODQ4OTg4MDU3N0AxNDAwNDk1Mjc4NDY1&el=1_x_3
http://www.researchgate.net/?enrichId=rgreq-a5f8923d-73ae-494f-82ce-bc3a93a156a8&enrichSource=Y292ZXJQYWdlOzIyMjA1Mjk3NztBUzo5ODQ5ODQ4OTg4MDU3N0AxNDAwNDk1Mjc4NDY1&el=1_x_1
http://www.researchgate.net/profile/Yang_Yu-xiang?enrichId=rgreq-a5f8923d-73ae-494f-82ce-bc3a93a156a8&enrichSource=Y292ZXJQYWdlOzIyMjA1Mjk3NztBUzo5ODQ5ODQ4OTg4MDU3N0AxNDAwNDk1Mjc4NDY1&el=1_x_4
http://www.researchgate.net/profile/Yang_Yu-xiang?enrichId=rgreq-a5f8923d-73ae-494f-82ce-bc3a93a156a8&enrichSource=Y292ZXJQYWdlOzIyMjA1Mjk3NztBUzo5ODQ5ODQ4OTg4MDU3N0AxNDAwNDk1Mjc4NDY1&el=1_x_5
http://www.researchgate.net/institution/East_China_University_of_Science_and_Technology?enrichId=rgreq-a5f8923d-73ae-494f-82ce-bc3a93a156a8&enrichSource=Y292ZXJQYWdlOzIyMjA1Mjk3NztBUzo5ODQ5ODQ4OTg4MDU3N0AxNDAwNDk1Mjc4NDY1&el=1_x_6
http://www.researchgate.net/profile/Yang_Yu-xiang?enrichId=rgreq-a5f8923d-73ae-494f-82ce-bc3a93a156a8&enrichSource=Y292ZXJQYWdlOzIyMjA1Mjk3NztBUzo5ODQ5ODQ4OTg4MDU3N0AxNDAwNDk1Mjc4NDY1&el=1_x_7


This article appeared in a journal published by Elsevier. The attached
copy is furnished to the author for internal non-commercial research
and education use, including for instruction at the authors institution

and sharing with colleagues.

Other uses, including reproduction and distribution, or selling or
licensing copies, or posting to personal, institutional or third party

websites are prohibited.

In most cases authors are permitted to post their version of the
article (e.g. in Word or Tex form) to their personal website or
institutional repository. Authors requiring further information

regarding Elsevier’s archiving and manuscript policies are
encouraged to visit:

http://www.elsevier.com/copyright

http://www.elsevier.com/copyright


Author's personal copy

International Biodeterioration & Biodegradation 61 (2008) 351–356

Degradation of chlorophenols catalyzed by laccase$

Jianbo Zhanga,�, Xiaopeng Liua, Zhenqiang Xua, Hui Chena, Yuxiang Yangb

aDepartment of Environmental Sciences, College of Environmental Sciences, Peking University, Beijing 100871, China
bCollege of Chemistry and Pharmaceutics, East China University of Science and Technology, Shanghai 200237, China

Received 10 October 2006; received in revised form 13 May 2007; accepted 30 June 2007

Available online 21 December 2007

Abstract

The degradations of 2,4-dichlorophenol (2,4-DCP), 4-chlorophenol (4-CP) and 2-chlorophenol (2-CP) catalyzed by laccase were

carried out. The optimal condition regarding degradation efficiency was also discussed, which included reaction time, pH value,

temperature, concentration series of chlorophenols and laccase. Results showed that the capability of laccase was the best, while to

oxidize 2,4-DCP among the above-mentioned chlorophenols. Within 10 h, the removal efficiency of 2,4-DCP, 2-CP and 4-CP could reach

94%, 75% and 69%, respectively. The optimal pH for laccase to degrade chlorophenols was around 5.5. The increase of laccase

concentration or temperature might result in the degradation promotion. The trends of degradation percentage were various among

these three chlorophenols with the concentration increase of chlorophenols. Degradation of 2,4-DCP is a first-order reaction and the

reaction activation energy is about 44.8 kJmol�1. When laccase was immobilized on chitosan, crosslinked with glutaraldehyde, the

activity of immobilized laccase was lower than that of free laccase, but the stability improved significantly. The removal efficiency of

immobilized laccase to 2,4-DCP still remained over 65% after six cycles of operation.

r 2007 Elsevier Ltd. All rights reserved.
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1. Introduction

Chlorophenols have been widely used in wood antisepsis,
antirust production, fungicide and other pesticides for a
long time, such as 2,4-dichlorophenol (2,4-DCP), which
was largely used to produce herbicide of 2,4-D (Pandiyan
et al., 2002). Chlorophenols have a strong denaturing effect
on organisms, cause irritability to skin and mucous
membrane, and causticity as well. Chlorophenols may
release a special odd smell, while the intoxicating concen-
trations of these compounds to aquatic organisms are a
little higher than the threshold value of osphresis mostly,
and several organisms may have toxicity once it is breathed
in (Dietz and Traud, 1978). The toxicity of chlorophenols
may increase with the increase of its chlorine atom, and
what is more, its difficulty to be degraded by microorgan-

isms also contributes to the toxicity (Chen et al., 1999). The
removal methods of chlorophenols have attracted much
attention. Physical chemistry measures including adsorp-
tion, mixing coagulation, extraction and chemical measures
such as photo-chemical oxidation, supersonic chemistry
process, hydrogenolysis and radiolysis have been applied
(Wei et al., 1998). Biological degradation technology has
been focused on during recent decades.
Laccase (EC 1.10.3.2) is one of the glucoproteinases

containing coppers, including laccase from rhus and fungal
laccase, classified by source. Research on chlorophenol
degradation by laccase has been reported (Chao and Qian,
2001). In recent years, laccase immobilization was further
studied nationally (Yu et al., 1999), and the tested carriers
include silica gel, corkwood particulate, sodium alginate,
active carbon, calcium alginate, multi-porous glasses,
epoxyethane acrylic particulate and micro hydrophilic
filter membrane, etc. There are many advantages to
immobilize enzyme using chitosan, such as abundant
supply, low cost, simple preparation, stable chemical
property, excellent immobilization efficiency and without
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secondary pollution. The immobilized laccase can be used
repeatedly. The stability of laccase was also improved after
immobilization (Shuttleworth and Bollag, 1986). Most
publications focused on chlorophenol degradation by
enzyme; however, studies on laccase were limited, espe-
cially on immobilized laccase.

The degradations of 2,4-DCP, 4-chlorophenol (4-CP) and
2-Chlorophenol (2-CP) catalyzed by laccase were studied.

2. Materials and methods

2.1. Materials and equipment

Laccase was from Coriolus versicolor, Fluca, Switzerland; 2,4-DCP

was from Aldrich, USA; 4-CP, 2-CP, potassium ferricyanide

(K3[Fe(CN)6]), glutaraldehyde, acetic anhydride, dimethylbenzidine,

4-amidoantipyrine (4-AAP), chitosan, and Petroleum ether were locally

purchased.

The UV757 Ultraviolet–visible Spectrophotometer was made in China;

GCQ GC-MS in Finnigan, USA; and 79–3 Magnetic Homoiothermal

Mixer again in China.

2.2. Principle

Laccase is a single-electron oxidoreductase and able to deoxidize

oxygen into water. Without hydrogen peroxide and other secondary

catabolite, laccase may catalyze the oxidation of organic pollutants such

as chlorophenols (Chao and Qian, 2001). Oxidation of chlorophenols is

achieved by four copper ions coordinating in the transferring electron and

by variation of the valence state. In the catalytic reaction, chemical

constitution, concentration of substrates, pH value of the mixed reaction

system, enzyme activity, time, temperature and addition agents may

impact the oxidation efficiency of substrates (Qin et al., 2001).

2.3. Determination of chlorophenols concentrations and laccase

activities

At pH 7.970.1, with the presence of K3 [Fe (CN)6], chlorophenols may

react with 4-AAP, forming chromatic antipyrine dyestuff. The dyestuff

has a special absorption peak in the range of visible-light wavelength;

hence the concentrations of chlorophenols can be measured by absorbency

(American Public Health Association et al., 1985). 2,4-DCP, 4-CP and

2-CP were determined at the wavelengths of 509, 505 and 510 nm,

respectively. The standard curves were drawn with the R2 coefficients

higher than 0.9990, the detection limit was 0.1mgL�1 and the recovery

efficiency was above 95%.

Due to the strong polarity of chlorophenols, there is strict requirement

for a chromatographic column and system to inject samples directly.

Chlorophenols should usually be converted into some nonpolar derivants

before analysis (Huang and Sun, 2000; Law et al., 2003). Acetic anhydride

was used as the derivation agent to convert chlorophenols into

corresponding esters in alkaline condition, and then the esters were

extracted by petroleum ether and determined by GC–MS.

A unit of laccase activity (U) is defined as the quantity of laccase

needed to increase the absorbency of 0.001 per mmol substrate per minute

under the specified condition of 25 1C (Wang and Liu, 2000). Dimethyl-

benzidine aqueous solution (1mmolL�1) is used as the substrate, and

adding HAc–NaAc buffer solution (pH ¼ 4.0), laccase activity is

determined at 600 nm.

2.4. Immobilization of laccase by chitosan

The optimal condition to immobilize laccase was determined (Xiao

et al., 2003). 1.0 g chitosan was dissolved into 2% acetic acid solution, and

diluted to 200mL; a chitosan solution of 5.0 gL�1 was obtained, i.e., a

certain amount of chitosan solution was dropped into 2molL�1 NaOH

aqueous solution, resulting in the formation of white flocculent deposition,

which was then washed by water to make it neutral and the filtrate was

pumped into a wet chitosan carrier. About 20mL 5% glutaraldehyde

aqueous solution was added into the carrier and mixed for 8 h, placed

overnight, followed by the pumping of filtrate and washing repeatedly to

eliminate the unwanted glutaraldehyde, and then the wet yellow powdery

carrier of chitosan crosslinked by glutaraldehyde was obtained. The

carrier was added into 50mL of 0.4 gL�1 laccase aqueous solution, and

then 5mL HAc–NaAc buffer solution (pH ¼ 4.37) was added and mixed

at room temperature for 16 h, and then placed overnight at 4 1C. After the

filtrate was pumped, yellow powdery immobilized laccase by chitosan was

prepared.

2.5. Degradation of 2,4-DCP, 4-CP and 2-CP catalyzed by laccase

A certain amount of 2,4-DCP or 4-CP or 2-CP was taken and

HAc–NaAc buffer solution with certain pH and laccase aqueous solution

were added. The concentration of chlorophenol in the reactor was

adjusted by water to 10mgL�1. The reactor was then placed in an aqueous

thermostat, and 10mL of sample was taken out after a certain time and

diluted to 50mL, 1.25mL of 0.5molL�1 NH3 �H2O were added and the

pH was adjusted to 7.9070.02 by a phosphate buffer solution

(pH ¼ 6.70). About 0.5mL 2% 4-AAP aqueous solution and 0.5mL

80 gL�1 K3[Fe(CN)6] were then added, and then mixed for 30 s and kept

for 15min; the absorbency was measured at the corresponding wavelength

by a spectrophotometer.

When the residual concentrations of chlorophenols were lower than the

detection limit of the spectrophotometer method, therefore, GC–MS was

used to substitute to determine their concentrations.

2.6. Degradation of 2,4-DCP catalyzed by immobilized laccase

About 10mL 2,4-DCP solution of 100mgL�1was transferred to the

reactor, 5mL HAc–NaAc buffer solution (pH ¼ 5.50) and 0.18 g prepared

chitosan-immobilized laccase were added, and then diluted to 50mL. The

reactor was then placed in an aqueous thermostat and the reaction

progressed at 30 1C for some time. The solution was filtered to separate

the immobilized laccase; the filtrate of 10mL was collected to determine

the concentration of DCP. Then the residual filtrate was mixed with the

immobilized laccase again and the reaction continued; this operation was

repeated.

3. Results and discussion

3.1. Effect of time on the removal of chlorophenols

With the temperature at 30 1C, pH at 5.5, and, the initial
concentrations of chlorophenols and laccase at about 50
and 80mgL�1, respectively, the removal efficiency (RE) of
the three chlorophenols versus time is shown in Fig. 1. For
2,4-DCP, it was much higher than that of 4-CP and 2-CP.
2,4-DCP can be degraded 94% after 10 h; it was 69% and
75% for 4-CP, 2-CP, respectively.
In general, the degradation of o-substituted chlorophe-

nols catalyzed by laccase is faster than that of p-substituted
ones. The possible reason is that the �OH on the benzene
ring is such an active group that it makes the benzene ring
activate and easy to react with an electrophilic substitute
(Hirvonen et al., 2000). The electrophilic substitution
would firstly react at the o- and p- positions, and then
the cyclohexadienyl cation intermediate produced at the
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o- or p- positions in the substitution process, which can
be stable with the unpaired electron in the ring. The
O- position is relatively easier for electrophilic substitution
compared to the p-position, while the cation intermediate
produced at the m- position reaction is unstable. With the
stability of cation increase, the reaction rate will be
improved, and so for the conversion efficiency of phenols.

At the beginning of dechlorination, due to the inhibition
of free radical for 4-CP but the promotion for 2-CP, the
removal rate for 2-CP is faster than that for 4-CP
(Kazuhito et al., 2000). Much later, the effect of
intermediate on the catalyzing process of laccase gradually
reduced by polymerization, and with further degradation
of the intermediate, the RE of two monochlorophenols
became close. As 2,4-DCP has two positions available for
the chlorine atom to substitute, laccase may catalyze the
dechloration on the 2- position firstly, producing free
radicals to promote laccase dechlorinating on 2- and
4- positions. This chain promotion made the RE of 2,4-
DCP much more than that of the two monochlorophenols;
therefore, the degradation is more thorough.

3.2. Effect of pH and temperature on the removal of

chlorophenols

At 30 1C, the initial concentrations of the three
chlorophenols were about 10mgL�1, with the laccase
being 60mgL�1. The RE of chlorophenols reacting for
4 h at different pH was determined and the results
are described in Fig. 2 degradation rate (DR) refers to
the percentage of degraded chlorophenols accounting for
the initial system.

It can be seen from Fig. 2, at pH ¼ 4.0, that the RE of
the three chlorophenols was relatively low, and the laccase

activity is likely to be inactivated in highly acidic condition.
In weaker acidic condition, the laccase activity improved.
The maximum RE at pH range 5.0–6.0 was more than 80%
for 2,4-DCP. For 4-CP and 2-CP, the maximum RE
appeared near pH 5.5 and 5.0–5.5, respectively. It was
reported (Bollag et al., 1988) that laccase may be gradually
inactivated when pHX7.
The different removal efficiencies of chlorophenols with

temperature are shown in Fig. 3. When the initial
concentrations of the three chlorophenols were about
10mgL�1, with the laccase being 60mgL�1 and pH at
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5.5, the RE increased rapidly with the rise of temperature
at the beginning of the reaction. When the temperature was
higher than 35 1C, the increase of temperature had little
effect on the RE. In the same condition, the RE of 2-CP
was more than that of 4-CP, but with the temperature rise,
the increase of the latter was faster than that of the former.
Both the removal efficiencies for 4-CP and 2-CP were lower
than that of 2,4-DCP.

The results showed that the higher the temperature, the
stronger the laccase activity (D’Annibale et al., 1999),
whereas the loss of activity will be faster. As the
temperature increases, dissolved oxygen in the reaction
system will decrease, which is adverse for enzyme catalysis
(Aktas and Tanyolac, 2003).

At 50 1C, the parallel experiment was conducted, with no
addition of laccase. Results showed that the concentration
of chlorophenols was the same, that is, chlorophenols
cannot be removed by volatilization, the loss of chlor-
ophenols is the result of degradation catalyzed by added
laccase in other experiments.

3.3. Effect of laccase concentration/initial concentrations on

the RE of chlorophenols

At pH 5.5, 30 1C and initial concentrations of chlor-
ophenols being 10mgL�1, reacting for 4 h, the concentra-
tions of laccase changed from 20 to 120mgL�1, the RE of
chlorophenols increased with increasing laccase concentra-
tion, and the variation of the degradation quantity (DQ) of
chlorophenols/unit mass laccase was different among the
three chlorophenols (see Table 1).

It can be seen from Table 1 that the ability of laccase
degrading 2,4-DCP is better than its effect on those of the
two monochlorophenols. The degradation quantity/unit
laccase decreased with the increase of laccase concentration
for 4-CP and 2,4-DCP; however, for 2-CP the degradation
quantity/unit laccase increased first and then dropped with
the increase of laccase concentration. Based on the above
results, laccase dosage ranged 20 to 60mgL�1 was
appropriate.

At 30 1C, pH 5.5 and concentrations of laccase being
60mgL�1, the initial concentrations of the three chlor-
ophenols changed from 2.5 to 12.5mgL�1. The degrada-
tion was conducted for 4 h. The RE and degradation
quantities of the three chlorophenols are shown in Table 2.
It showed that with the increase of 2,4-DCP initial
concentrations, the RE decreased gradually; however, the

trend was not very obvious. With the increase in the initial
concentration of 4-CP, the RE decreased significantly. The
RE of 2-CP increased firstly and then dropped with the
increase of the initial concentration of 2-CP, dropping
from 20% to 35%. The degradation quantities of the three
chlorophenols increased as the initial concentration of
three chlorophenols increased, especially for 2,4-DCP and
2-CP.

3.4. Activation energy of 2,4-DCP degradation catalyzed by

laccase

When pH ¼ 5.5, the initial concentration of 2,4-DCP
was about 10mgL�1 and the laccase concentration was
60mgL�1; the kinetical curves of 2,4-DCP degradation at
different temperatures are shown in Fig. 4. The kinetical
curves followed the first-order reaction: C ¼ C0 exp(�k1t),
in which C0 is the initial concentration of the reactant, C is
the concentration of reactant at time t, and k1 is the
reaction constant of first-order reaction. All the correlation
coefficients (R2) are more than 0.99.
According to the Arrhenius Formula ln k ¼ �(Ea/RT)+B,

activation energy may be calculated based on the different

ARTICLE IN PRESS

Table 1

Effects of laccase concentrations on the degradation

Concentration of Laccase (mgL�1) 20 40 60 80 120

Removal efficiency of 2,4-DCP (%) 46 54 67 78 86

Removal amount of 2,4 -DCP (mgg�1) 210 180 148 126 95

Removal efficiency of 4 -CP (%) 5 7 10 12 14

Removal amount of 4 -CP (mg g�1) 20 17 15 12 10

Removal efficiency of 2 -CP (%) 5 10 15 20 27

Removal amount of 2 -CP (mg g�1) 20 22 22 24 22

Table 2

Effects of initial concentrations of chlorophenols on the degradation

Concentration of chlorophenals (mgL�1) 2.5 5.2 7.8 10.0 12.6

Removal efficiency of 2,4-DCP (%) 98 85 85 86 85

Removal amount of 2,4-DCP (mg g�1) 36 64 102 130 166

Removal efficiency of 4-CP (%) 18 15 12 8 8

Removal amount of 4-CP (mg g�1) 5 8 13 15 18

Removal efficiency of 2-CP (%) 20 24 28 32 32

Removal amount of 2-CP (mg g�1) 5 16 30 62 74
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Fig. 4. Degradation curves of 2,4-DCP catalyzed by laccase under

different temperature.
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reaction constants k (k1) at different temperatures T (see
Table 3).

A schematic may be drawn by (�ln k) and (1/T� 103),
and then the activation energy of 2,4-DCP degradation
catalyzed by laccase at pH 5.5 can be calculated, which
should be about 44.8 kJmol�1.

The activation energy of the typical reaction catalyzed by
laccase ranged from 30 to 60 kJmol�1 (Aktas and
Tanyolac, 2001). In general, the lower the activation
energy, the faster the reaction. In case it is less than
100 kJmol�1, the reaction can begin only with little heat.
Based on this, the conclusion can be drawn that the
reaction of laccase catalyzing 2,4-DCP can begin at a
normal temperature and need not be heated.

3.5. Degradation of chlorophenols catalyzed by immobilized

laccase

The activity of prepared immobilized laccase (Xiao et al.,
2003) was determined for 1550Umg�1, and the activity of
free laccase was about 6250Umg�1. Both free and
immobilized laccase were placed at room temperature,
while activities were determined continuously every day
(which is shown in Fig. 5). Although the activity of
immobilized laccase was lower than that of free laccase, the
activity of free laccase was gradually decreasing at room
temperature, being close to that of immobilized laccase in 9
days and continued to decrease. The activity of immobi-
lized laccase was constant for quite a long time. That is, the
stability of immobilized laccase improved significantly.
This property helps in the application of laccase repeatedly
and to cut down the cost of wastewater treatment.

In the experiment, 0.18 g immobilized laccase was used
repeatedly for several days to degrade 2,4-DCP, and the
RE was basically constant (which is shown in Fig. 6).
When the reaction was kept for 6 h, the RE of 2,4-DCP
ranged from 65% to 90%, which showed that the
immobilized laccase can be used repeatedly.

4. Conclusion

The RE at pH 5.5 was higher than that at other pH for
the degradation of 2,4-DCP, 4-CP and 2-CP catalyzed by

laccase. The RE increased with the rise of temperature.
When other conditions were constant, the degradation
quantity/unit laccase increased with the debasement of
laccase dosage. For a certain range of chlorophenol
concentration, the degradation quantity/unit laccase in-
creased with the elevation of initial chlorophenol concen-
tration. It was calculated that the activation energy of
degradation of 2,4-DCP catalyzed by laccase was about
44.8 kJmol�1. In the same condition, the RE of 2,4-DCP
was higher than those of 2-CP and 4-CP.
The activities of immobilized laccase were more stable

than that of free laccase. At room temperature, the activity

ARTICLE IN PRESS

Table 3

Calculation of reaction activation energy of 2,4-DCP degraded by laccase

T/K C ¼ C0exp(�k1t) 1/T� 103 �ln k

k1� 104 s�1 R2

293 0.621 0.99874 3.413 9.686

298 0.789 0.99894 3.356 9.447

303 1.334 0.99883 3.300 8.922

308 1.713 0.99933 3.247 8.672

313 2.180 0.99731 3.195 8.431

318 2.431 0.99487 3.145 8.322

323 3.532 0.99323 3.096 7.948
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of free laccase decreased gradually, while for immobilized
laccase it was almost constant. The prepared immobilized
laccase was used repeatedly for 7 days to degrade 2,4-DCP;
the RE was more than 60%, which proved that the
repeatability of the prepared immobilized laccase was
excellent.

References

Aktas, N., Tanyolac, A., 2001. Reaction kinetics for laccase-catalyzed

polymerisation of 1-naphthol. Bioresource Technology 80 (1), 29–36.

Aktas, N., Tanyolac, A., 2003. Reaction conditions for laccase catalyzed

polymerisation of catechol. Bioresource Technology 87 (3), 209–214.

American Public Health Association, American Water Works Associa-

tion, Water Pollution Control Federation, 1985. Standard Methods for

the Examination of Water and Wastewater, (Translated by Song,

R.Y., Zhang, Y.J., Wang, W.Y.), 15th ed., Beijing.

Bollag, J.M., Shuttleworth, K.L., Anderson, D.H., 1988. Laccase-

mediated detoxification of phenolic compounds. Applied and Envir-

onmental Microbiology 54 (12), 3086–3091.

Chao, Y.P., Qian, S.J., 2001. Fungal laccase and its applications. Progress

in Biotechnology 21 (5), 23–28.

Chen, Y.S., Zhuang, Y.Y., Dai, S.G., Cai, B.L., 1999. Isolation and

characterization of bacteria degrades 2,4-dischlorphenol. Acta Scien-

tiae Circumstantiae 19 (1), 28–32.

Dietz, F., Traud, J., 1978. Odor and taste threshold concentrations of phenolic

compounds. Gas-Wasserfach, Wasser Abwasser 119 (6), 318–325.

D’Annibale, A., Stazi, S.R., Vinciguerra, V., Di Mattia, E., Sermanni,

G.G., 1999. Characterization of immobilized laccase from lentinula

edodes and its use in olive-mill wastewater treatment. Process

Biochemistry 34 (6-7), 697–706.

Hirvonen, A., Trapido, M., Hentunen, J., Tarhanen, J., 2000. Formation

of hydroxylated and dimeric intermediates during oxidation of

chlorinated phenols in aqueous solution. Chemosphere 41 (8),

1211–1218.

Huang, X.H., Sun, Y.L., 2000. Determination of phenols in water using

GC. China Water and Wastewater 16 (3), 52–53.

Kazuhito, I., Fujita, M., Kumano, K., Suyama, K., Yamaoto, H., 2000.

Phenolic acids affect transformations of chlorophenols by a Coriolus

versicolor laccase. Soil Biology and Biochemistry 32 (1), 85–91.

Law, W.M., Lau, W.N., Lo, K.L., Wai, L.M., Chiu, S.W., 2003.

Removal of biocide pentachlorophenol in water system by the spent

mushroom compost of Pleurotus pulmonarius. Chemosphere 52 (9),

1531–1537.

Pandiyan, T., Rivas, O.M., Martinez, J.O., Amezcua, G.B., Martinez-

Carrillo, M.A., 2002. Comparison of methods for the photochemical

degradation of chlorophenols. Journal of Photochemistry and Photo-

biology A: Chemistry 146 (3), 149–155.

Qin, W.J., Yu, H.S., Fu, S.Y., 2001. Degradation of the organic

contamination by laccase. China Pulp and Paper 5, 58–62.

Shuttleworth, K.L., Bollag, J.M., 1986. Soluble and immobilized laccase

as catalysts for the transformation of substituted phenols. Enzyme

Microbiology Technology 8 (3), 171–177.

Wang, Y.L., Liu, X.T., 2000. Studies on laccase and polyphenol oxidase

activities of corilus versicolor. Biotechnology 10 (6), 15–18.

Wei, C.H., Jiao, X.D., Chen, H.Q., 1998. Advances on the treatments of

biorefractory poisonous organic pollutants in wastewater. Changing

Environmental Science 20 (4), 22–27.

Xiao, Y.Z., Zhang, S.X., Hu, Q.Y., Jiang, W., Pu, C.L., Shi, Y.Y., 2003.

Immobilization of fungal laccase on chitosan and its use in phenolic

effluents treatment. Acta Microbiologica Sinica 43 (2), 245–250.

Yu, Y.L., Sheng, G.Y., Fu, J.M., 1999. Immobilization of a pesticide

degrading enzyme and its degradative characteristics. Chinese Journal

of Applied and Environmental Biology 5 (Suppl), 166–169.

ARTICLE IN PRESS
J. Zhang et al. / International Biodeterioration & Biodegradation 61 (2008) 351–356356


