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Abstract Endocrine-disrupting phenolic compounds in the water were degraded by laccase
from Trametes sp. followed by activated sludge treatment. The effect of temperature on the
degradation of phenolic compounds and the production of organic compounds were investi-
gated using endocrine-disrupting chemicals such as bisphenol A, 2,4-dichlorophenol, and diethyl
phthalate. Bisphenol A and 2,4-dichlorophenol disappeared completely after the laccase treat-
ment, but no disappearance of diethyl phthalate was observed. The Michaelis-Menten type
eguation was proposed to represent the degradation rate of bisphenol A by the lacasse under
various temperatures. After the laccase treatment of endocrine-disrupting chemicals, the acti-
vated sludge treatment was attempted and it could convert about 85 and 75% of organic com-
pounds produced from bisphenol A and 2,4-dichlorophenol into H,0 and CO,, respectively.
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INTRODUCTION

Recently a lot of evidence on the hormonelike effects of
many xenobiotics in fish, animals, and human beings has
been reported [1-3]. The endocrine-disrupting chemicals,
i.e. chemicals that disrupt hormonal signals in living or-
ganisms, are used on factories, farmlands, golf courses,
and other areas in many countries. Since factories, farm-
lands, and golf courses connect closely with water sys-
tems, i.e. rivers, lakes, and coastal seas, the endocrine-
disrupting chemicals cause water pollution and provide a
bad influence on the natural water ecosystem. To prevent
destroy of ecosystem the direct treatment of wastewater
containing endocrine-disrupting chemicals using micro-
organisms seems to be one of the most effective methods.
However, the endocrine-disrupting chemicals have com-
plex structures and aromatic rings that are hardly de-
graded by microorganisms [4,5]. On the other hand, lig-
nin-degrading enzymes from Basidiomycetes such as lig-
nin peroxidases, manganese peroxidases, and laccases
have been known to cleave the aromatic rings of phenolic
compounds [6-9]. Therefore, the treatment using lignin-
degrading enzyme followed by microorganisms seems to
be an effective method for the complete degradation of
endocrine-disrupting chemicals into H,O and CQO,,.

This work investigated the operational conditions for
the efficient treatment of endocrine-disrupting phenolic
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compounds by laccase and the degradation of organic
compounds produced using microorganisms such as acti-
vated sludge.

MATERIALS AND METHODS
Materials

Bisphenol A, 2,4-dichlorophenol, and diethyl phthalate
were purchased from Wako Pure Chemical Co. Ltd.,
Osaka, Japan.

Laccase produced from Trametes sp. (Laccase Daiwa,
Daiwa Kasei Co. Ltd., Osaka, Japan) was used for the
biodegradation of endocrine-disrupting chemicals.

Activated sludge from Kanazawa municipal wastewater
treatment plant was used for the biodegradation of or-
ganic compounds produced from endocrine-disrupting
chemicals by laccase treatment.

Biodegradation of Endocrine-disrupting Chemicals

Laccase treatment were carried out using the reaction
mixture containing 5-100 ppm of endocrine-disrupting
chemicals and 0.8 U/mL laccase in a 300 mL Erlenmeyer
flask containing 100 mL of 0.1 M phosphate buffer (pH
7) at 100 rpm under various temperatures of 5-70°C. In
this experiment, the laccase treatment was carried out at
pH 7, because pH of river and lake water contaminated
by endocrine-disrupting chemicals seems to be about 7.
After the laccase treatment for 0-48 h, 1 ml. activated
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Fig. 1. Degradation of bisphenol A, 2,4-dichrolophenol, and
diethyl phthalate by laccase at 30°C. Symbols: O, bisphenol
A; O, 2,4-dichrolophenol; A, diethyl phthalate.

sludge was added into the reaction mixture and then it
was incubated at 37°C for 0-72 h.

Analysis

The concentrations of endocrine-disrupting chemicals
were measured by high performance liquid chromatogra-
phy (HPLC) with Wakosil Agri-9 column (Wako Pure
Chemical Co. Ltd., Osaka, Japan). The sample was
eluted with 45% acetonitrile containing 50 mM KH,PO,,
H;PO, buffer (pH 3.7) at a rate of 1.0 mL/min (LC-
10AD, Shimadzu Co. Ltd., Kyoto, Japan) and analyzed at
275 nm by a UV detector (SPD-10AV). Chemical oxygen
demand (COD) of sample was measured following Japa-
nese Industrial Standards method (JIS K0102).

RESULTS AND DISCUSSION

Treatment of Endocrine-disrupting Chemicals by
Laccase

Fig. 1 shows the degradation of endocrine-disrupting
chemicals, i.e. bisphenol A, 2,4-dichlorophenol, and di-
ethyl phthalate, by laccase at pH 7 and 30°C. The sub-
strate concentration and the laccase concentration were
10 ppm and 0.8 U/mL, respectively. The concentrations
of bisphenol A and 2,4-dichlorophenol decreased with the
increase of reaction time reaching almost O at a reaction
time of 2 and 24 h, respectively. The concentration of
diethyl phthalate, however, remained 10 ppm without
degradation even for 24 h of reaction time. The reason
why no disappearance of diethyl phthalate was observed
by laccase treatment seems to be that the laccase can oxi-
dize phenolic compounds while the diethyl phthalate does
not have a phenolic structure [10]. Furthermore, the slow
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Fig. 2. Degradation of bisphenol A by laccase under various
temperatures. Symbols: O, 5°C; [, 10°C; A, 20°C; <&, 30°C;
V, 40°C; @, 50°C.

disappearance rate of 2,4-dichlorophenol depended on
the fact that it has a chlorine group tolerable to degrada-
tion by lignin-degrading enzyme [11,12].

Fig. 2 shows the time courses of bisphenol A concen-
tration in the laccase treatment under various tempera-
tures from 5 to 50°C. The bisphenol A concentration de-
creased gradually from its initial value of 30 ppm with the
increase of reaction time and then reached almost O after
a few hours. The disappearance rate of bisphenol A be-
came greater with the increase of temperature and reached
a maximum value beyond 40°C. At high temperatures of
40 and 50°C, the bisphenol A concentration became al-
most O after only an hour of reaction time. On the other
hand, since the complete disappearance of bisphenol A
was also observed at 5 or 10°C, it seems that the laccase
treatment can be applicable to the degradation of bisphe-
nol A even under a comparatively low temperature envi-
ronment.

Fig. 3 shows the time courses of bisphenol A concen-
tration in the laccase treatment under various initial con-
centrations from 5-100 ppm at 30°C. The bisphenol A
concentration decreased with the reaction time and then
reached almost O after a reaction time of 0.5-2.5 h. The
complete disappearance of 100 ppm bisphenol A for 2.5
h of reaction time suggests that the laccase treatment is
effective for bioremediation of water or soil contaminated
with a comparatively high concentration of bisphenol A.

In order to express the disappearance rate equation of
bisphenol A by laccase, Michaelis-Menten equation [13],
was used:

Ve V.S (1)
VL.+S

where V, V,, K, and S are reaction rate, maximum re-
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Fig. 3. Degradation of bisphenol A by laccase under various
initial concentrations of bisphenol A at 30°C. Symbols: O,
5 ppm; O, 10 ppm; A, 30 ppm; <&, 50 ppm; V, 100 ppm.
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Fig. 4. Linweaver-Burk plots between reaction rate, V, and
bisphenol A concentration, S, under various temperatures.
Symbols: O, 5°C; [, 10°C; A, 20°C; <, 30°C; V, 40°C; @,
50°C.

action rate, Michaelis constant, and substrate concentra-
tion, respectively. Straight correlations between 1/V and
1/S were confirmed under various temperatures of 5-
50°C and the parameter values of V,, and K, were deter-
mined directly from Fig. 4.

Fig. 5 plots the maximum reaction rate and the Micha-
elis constant against a reciprocal of temperature. These
plots from 3.6 x 107 K' (T=5°C) to 3.2 x 10* K (T=
40°C) obeyed Arrhenius reaction, i.e. straight relation-
ships were obtained, and the activation energies concern-
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Fig. 5. Effect of temperature, T, on maximum reaction rate, V,,
and Michaelis-Menten constant, K, in the degradation of
bisphenol A by laccase. Symbols: O, V,; O, K,...

ing maximum reaction rate and the Michaelis constant
calculated from the slopes are 12,720 and 12,410 cal/mol,
respectively. Since the plots at 3.12 x 10 K!' (T=50°C)
were away from the straight lines; they were almost same
as those at 3.22 x 107 K'! (T=40°C), it was confirmed
that Arrhenius reaction held from 5 to 40°C in the
disappearance of bisphenol A by laccase.

Activated Sludge Treatment of Endocrine-disrupting
Chemicals Treated by Laccase

Fig. 6 shows the change of COD in the activated
sludge treatment of endocrine-disrupting chemicals, i.e.
bisphenol A and 2,4-dichlorophenol, treated by laccase.
The laccase and activated sludge treatments were carried
out at 30 and 37°C, respectively. The same initial values
of COD of untreated and treated endocrine-disrupting
chemicals suggest that the laccase treatment could extin-
guish endocrine-disrupting chemicals but not converted
them up to H,O and CO,, so for the complete degrada-
tion of endocrine-disrupting chemicals a further degrada-
tion treatment, i.e. an activated sludge treatment, is nec-
essary and carried out in this work. No decrease in COD
of both untreated bisphenol A and untreated 2,4-
dichlorophenol were observed even if the activated sludge
treatment was carried out for a comparatively long time,
i.e. 3 days. This means that the activated sludge that con-
tained many microorganisms could not degrade bisphe-
nol A and 2,4-dichlorophenol at all due to their aromatic
ring structures reluctant to microbial degradation. The
COD of bisphenol A treated by laccase for 1, 2, and 6 h
decreased from its initial value of 120 ppm with the in-
crease of incubation time and then reached their constant
values, 40, 25, and 20 ppm, respectively. On the other
hand, the COD of 2,4-dichlorophenol treated by laccase
for 6, 24, and 48 h decreased from its initial value of 140
ppm with the increase of incubation time and then
reached their constant values, 60, 35, and 35 ppm, re-
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Fig. 6. Time course of COD in the activated sludge treatment
of bisphenol A and 2,4-dichlorophenol treated by laccase. Sym-
bols: O, untreated bisphenol A; [J, bisphenol A treated for 1
h; A, bisphenol A treated for 2 h; <, bisphenol A treated for
6 h; @, untreated 2,4-dichlorophenol; B, 2,4-dichlorophenol
treated for 6 h: A, 2,4-dichlorophenol treated for 24 h; #,
2,4-dichlorophenol treated for 48 h.

spectively. The reason why the time courses of COD in
the 2,4-dichlorophenol treated by laccase for 24 and 48 h
were almost same seems to be that no further degrada-
tion of 2,4-dichlorophenol into lower-molecular organic
compounds occurred beyond 24 h of laccase treatment.
Since the laccase treatment and then activated sludge
treatment decreased COD values of bisphenol A and 2,4-
dichlorophenol up to 15 and 25% of their initial values,
respectively, it seems to be that 85 and 75% of organic
compounds produced from bisphenol A and 2,4-
dichlorophenol by laccase treatment were converted into
H,O and CO,. As a result, it was found that this con-
secutive treatment is a very effective method for the al-
most complete degradation of bisphenol A and 2,4-
dichlorophenol. Future study will be focused on the iden-
tification of lower-molecular organic compounds pro-
duced from endocrine-disrupting chemicals by laccase
treatment and the screening of microorganisms that can
degrade the compounds rapidly and efficiently.

CONCLUSION

The effect of laccase treatment on the degradation of
endocrine-disrupting chemicals and the activated sludge
treatment of organic compounds produced by laccase
treatment were investigated experimentally. The following
findings were obtained.

(1) The concentrations of bisphenol A and 2,4-
dichlorophenol decreased and then reached almost O by
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laccase treatment, but no decrease in the concentration of
diethyl phthalate was observed.

(2) The enzymatic reaction rate equation was proposed
for presenting the disappearance of bisphenol A by lac-
case treatment and the temperature dependencies of ki-
netic parameters were confirmed from 5-40°C.

(3) The laccase treatment followed by activated treat-
ment could degrade and convert bisphenol A and 2,4-
dichlorophenol into H,O and CO, almost completely; i.e.
about 85 and 75% of their initial COD values were dis-
appeared by this consecutive treatment.
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