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a  b  s  t  r  a  c  t

Removal  of 2,4-dichlorophenol  (2,4-DCP)  by  TiO2/UV  photocatalytic,  laccase,  and  simultaneous
photocatalytic–enzymatic  treatments  were  investigated.  Coupling  of  native  laccase  with  TiO2/UV  showed
a negative  synergetic  effect  due  to  the  rapid  inactivation  of  laccase.  Immobilizing  laccase  covalently  to
controlled  porous  glass  (CPG)  effectively  enhanced  the stability  of laccase  against  TiO2/UV  induced  inacti-
vation.  By  coupling  CPG–laccase  with  the  TiO2/UV  the degradation  efficiency  of 2,4-DCP  was  significantly
increased  as  compared  with  the  results  obtained  when  immobilized  laccase  or TiO2/UV  were  separately
used.  Moreover,  the  enhancement  was  more  remarkable  for  the degradation  of  2,4-DCP  with  high  concen-
tration,  such  that  for the  degradation  of 5 mM 2,4-DCP,  90%  removal  percentage  was  achieved  within  2  h
with the  coupled  degradation  process.  While  for  the  TiO2/UV  and  CPG–laccase  process,  the  removal  per-
hotocatalysis
iO2

accase

centage  of 2,4-DCP  at 2  h  were  only  26.5%  and  78.1%,  respectively.  The  degradation  kinetics  were  analyzed
using  a intermediate  model  by  taking  into  account  of the  intermediates  formed  during  the degradation
of  2,4-DCP.  The  high  efficiency  of the  coupled  degradation  process  therefore  provided  a  novel  strategy
for  degradation  of  concentrated  2,4-DCP.  Furthermore,  a thermometric  biosensor  using  the  immobilized
laccase  as  biorecognition  element  was  constructed  for  monitoring  the  degradation  of  2,4-DCP,  the  result
indicated  that  the  biosensor  was  precise  and  sensitive.
. Introduction

Chlorophenols are extensively used as fungicide, herbicide,
ood preservative and pesticide intermediate. Because of their

arcinogenicity, toxicity and persistence, chlorophenols are listed
mong top priority control pollutants by the US EPA [1] and
he EU [2].  Photochemical method with TiO2 as photocatalysts
nd biochemical method with microorganism or enzymes have
een widely applied for chlorophenols removal. However, the
pplication of photochemical method is limited by low photonic
fficiency that makes it difficult to treat highly loaded chemical
ndustry wastewaters or wastewater less transparent [3–5], while
he biological degradation methods are related to long treatment
eriod and strong inhibitory effect from higher concentration of
hlorophenols such that 20–30 mg/L chlorophenol was  reported to
ead to a severe inhibition to activated sludge bacteria [6].

In recent years, a variety of hybrid methods by coupling photo-

hemical and biochemical treatment have been highly focused on
nd proven to be more efficient for degradation of chlorophenols
7–9] and other biorecalcitrant pollutants [10–12].  In most cases,

∗ Corresponding author. Tel.: +86 10 82544958; fax: +86 10 82544958.
E-mail address: spzhang@home.ipe.ac.cn (S. Zhang).

304-3894/$ – see front matter ©  2011 Elsevier B.V. All rights reserved.
oi:10.1016/j.jhazmat.2011.12.052
© 2011 Elsevier B.V. All rights reserved.

hybrid methods were operated in a sequential manner, that is to
say, the photocatalytic pretreatment was  followed with biologi-
cal process. The chemical oxidation breaks down toxic and poorly
biodegradable pollutants into less toxic and more biodegradable
molecules that can then be easily biodegraded [4,8,9,11,13–15].
Above sequential process will, however, largely increase the cost on
reactor construction and operation, furthermore, the whole treat-
ment process will take rather long time due to the slow biological
transformation.

Enzymatic methods may  provide a good alternative to
current biological post-treatment step in the sequential
photochemical–biological process for chlorophenols degradation.
Generally, the efficiency of the isolated enzymes is higher, and
its storage and handling are easier than microorganism [16–19].
Furthermore, tolerance of enzyme for concentrated chlorophenols
[20] makes it possible to couple the photochemical and enzymatic
process in a simultaneous way, so that the efficiency may  be
further improved. To our best knowledge, however, simultaneous
photochemical–enzymatic process has not been reported. The
rapid inactivation of enzyme by UV exposure in the presence of

photocatalyst [21] will be the biggest difficulty to overcome. Here
in the present study, we attempted to degrade 2,4-dichlorophenol
(2,4-DCP) by a simultaneous photochemical–enzymatic process
with TiO2 nanoparticles as photocatalyst and laccase as biocatalyst.

dx.doi.org/10.1016/j.jhazmat.2011.12.052
http://www.sciencedirect.com/science/journal/03043894
http://www.elsevier.com/locate/jhazmat
mailto:spzhang@home.ipe.ac.cn
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area of P-25 is about 49.2 m2/g [26].
The degradation kinetics of 2,4-DCP under UV irradiation in

presence of different amount of TiO2 is shown in Fig. 1. In the
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e  showed that after immobilization, laccase exhibited improved
tability against inactivation induced by TiO2–UV, therefore such
imultaneous strategy became feasible and a higher 2,4-DCP
egradation rate was achieved compared to the process with
hotochemical or enzymatic methods was applied separately.
urthermore, the immobilized laccase was also used as biorecog-
ition element to construct an enzyme thermistor biosensor for
onitoring the degradation process of 2,4-DCP.

. Materials and methods

.1. Chemicals

TiO2 (Degussa P25) was obtained from Degussa (Essen,
ermany). Laccase (from Trametes versicolor, EC 1.10.3.2) and 2,2′-
zino-bis(3-ethylbenzothiazoline-6-sulfonic acid) (ABTS) were
urchased from Fluka. Trisoperl controlled-pore glass beads (CPG;
article diameter, 125–140 �m;  pore diameter, 54.3 nm;  specific
rea, 73.28 m2/g) with free amino groups were purchased from
chuller GmbH (Steinach, Germany). 2,4-DCP was obtained from
eijing Chemical Reagents Company (Beijing, China). All other
hemicals were of analytically grade.

.2. Immobilization of laccase on CPG

Coupling of laccase to alkylamino CPG was conducted following
he procedure described by Dey et al. [22]. In a typical immobi-
ization experiment, 0.7 g CPG particles was firstly activated by
7.5 mL  2.5% (v/v) glutaraldehyde for 30 min  under vacuum and
0 min  under atmospheric pressure, then washed with distilled
ater and drained on frit before mixed with 7 mL  5 mg/mL  lac-

ase solution prepared with phosphate buffer (0.1 M,  pH 7.0). The
mmobilization of laccase to CPG was carried out for 24 h at 4 ◦C

ith gentle shaking. The immobilized laccase was then washed
ith phosphate buffer solution (0.1 M,  pH 8.0) till no protein

ould be detected in the supernatant. The unreacted functional
roups on the activated CPG blocked by mixing the immobilized
nzyme with 5 mL  of 0.05 M ethanolamine in phosphate buffer
pH adjusted to 8.0) for 2 h, followed by thoroughly washing
ith phosphate buffer solution (0.1 M,  pH 8.0). Protein concentra-

ion in the supernatant was measured by Bradford method [23].
ased on mass balance, the laccase coupled to CPG was calcu-

ated to be 48.8 mg-laccase/g-CPG. The immobilized laccase was
tored in 0.1 M pH 7.0 phosphate buffer prior to use. The lac-
ase coupled to CPG was referred as CPG–Lac in the following
ext.

.3. Photocatalytic and enzymatic degradation of 2,4-DCP

Definite amount of TiO2 was added to 0.1 M,  pH 4.5 sodium
cetate buffer, and then sonicated for 5 min  to get uniformly dis-
ersed TiO2 stock solution of 50 mg/mL. 2,4-DCP stock solution
ith the concentration of 10 mM was also prepared with the

ame buffer. 2,4-DCP degradation experiments were conducted
nder three conditions as follows: (1) TiO2/UV photochemical
egradation, the 2,4-DCP solution was irradiated under UV in
he presence of different amount of TiO2 as the catalyst; (2)
nzymatic degradation, the 2,4-DCP solution was  incubated with
efinite amount of free or immobilized laccase; (3) simultaneous
hotocatalytic–enzymatic degradation, the 2,4-DCP solution was

rradiated under UV in the presence of both TiO2/UV and laccase. All

he above reactions were carried out in 0.1 M,  pH 4.5 sodium acetate
uffer at 25 ± 2 ◦C. The light source for photochemical process con-
ists of six tubular mercury vapor UV lamps (UVP-CPQ-7871) which
mits its maxima radiation at 365 nm.
rials 205– 206 (2012) 150– 155 151

2.4. Analytical methods

Activity of free and immobilized laccase was determined using
ABTS as substrate. The oxidation of ABTS was measured by moni-
toring the absorbance increase at 420 nm (ε420 = 36,000 M−1 cm−1)
with USB2000 UV-Vis Spectrophotometer (Ocean Optics, USA).
The assay mixture (1 mL)  contained 200 �L free enzyme solution
or definite amount of immobilized laccase, 640 �L 0.1 M pH 4.5
sodium acetate buffer and 160 �L 0.5 mM ABTS solution. One unit
of enzyme activity was defined as the amount of enzyme required
to oxidize 1 �mol ABTS per minute at 25 ◦C.

The degradation of 2,4-DCP was monitored by Agilent 1200
HPLC system (USA) equipped with a Supelcol C-18 RP-column
(4.6 mm × 250 mm).  The mobile phase consisting of methanol, pure
water and acetic acid (60:38:2, v/v/v) was applied at the flow rate
of 0.75 mL/min. The 2,4-DCP concentration was detected using the
UV–vis detector at 280 nm.

The degradation of 2,4-DCP was also monitored with thermo-
metric flow injection biosensor [24] with CPG–Lac as biorecogni-
tion element. To construct the enzyme thermistor (ET), CPG–Lac
prepared as above were transferred into a column (5 mm in diame-
ter and 20 mm  in length), and assembled with the thermometric
system. The concentration of 2,4-DCP was tested under follow-
ing conditions: (1) sodium acetate buffer (0.1 M,  pH 4.5) was used
as running buffer at a constant flow rate of 0.5 mL/min; (2) sam-
ples were introduced via a chromatographic valve and each time
0.5 mL  was  injected into the ET. The concentration of 2,4-DCP was
determined from the peak height representing temperature change
caused by heat produced during the enzymatic conversion of 2,4-
DCP.

3. Results and discussion

3.1. Photochemical degradation of 2,4-DCP by TiO2–UV

Because the TiO2 powder called Degussa P-25 shows high activ-
ity for many kinds of photocatalytic reactions, it has been used in
many studies as a standard material in the field of photocatalytic
reactions [13,25]. The P-25 powder contains 75% anatase and 25%
rutile phases, average sizes of the anatase and rutile elementary
particles are 85 and 25 nm,  respectively. The apparent BET surface
Time (min)

Fig. 1. Degradation kinetic curves of 2,4-DCP by TiO2 under UV irradiation. TiO2

concentrations (g/L): (�) 0, (�) 0.2, (©) 0.4, and (�) 0.6. Solid lines present the
results predicted by intermediate kinetic model.
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photocatalytic–enzymatic degradation process of 2,4-DCP, the key
problem need to be solved is how to enhance laccase stability
against TiO2/UV induced inactivation. Conjugating enzyme with
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bsence of TiO2, although the 2,4-DCP concentration reduced from
 mM to 0.85 mM within 60 min  by direct UV irradiation, the
,4-DCP concentration did not decrease further by extending the

rradiation time. The introduction of TiO2 significantly accelerated
he degradation of 2,4-DCP and the removal percentage increased
ith the increase of TiO2 concentration within the tested range.

First-order kinetic expression has been widely used for the pho-
ochemical degradation of 2,4-DCP [7,27–29] due to its simplicity
ith good agreement for the initial reaction times. However, for
hotocatalytic degradation of a variety of pollutants, when exper-

mental continues, presence of intermediates that compete with
he initial pollutant usually led to the decrease of degradation rate
nd kinetic data do not fit well the first-order kinetics. A new
ntermediate kinetic model proposed by Bayarri et al. [3] with
he consideration of the influence of intermediate on the reaction
ate has been proven to describe the photocatalytic degradation
f 2,4-DCP by TiO2/UV more accurately. Thus, here in this work,
he intermediate model was adopted; the kinetic equation is as
ollowing:

 = dct

dt
= k1ct − k2(c0 − ct) (1)

here r is the reaction rate, c0 and ct are the initial concentration of
,4-DCP and DCP concentration at time t, respectively, k1 the kinetic
onstant related to degradation of 2,4-DCP, and k2 the kinetic con-
tant associated to the intermediates degradation. The boundary
onditions: ct = c0 when t = 0 and ct = ct when t = t.

By integrating Eq. (1),  the function describing the relationship
etween 2,4-DCP concentration, ct, with time t is presented:

t = k2c0 + k1c0 exp(−(k1 + k2)t)
k1 + k2

(2)

By fitting the data for degradation of 2,4-DCP in presence of dif-
erent amount of TiO2 to Eq. (2),  the kinetic constants, k1 and k2,
ere estimated and summarized in Table 1. The model predicted
egradation curves of 2,4-DCP were presented in Fig. 1 as solid lines.

t can be seen that the model predicted results are in good agree-
ent with the experimental results in all the cases. When 0.6 g/L

iO2 was applied, a removal percentage of 95% was  achieved in
00 min. By considering the cost of TiO2 nanoparticles and reac-
ion time, 0.6 g/L TiO2 was adopted in the following photocatalytic
xperiments.

.2. Enzymatic degradation of 2,4-DCP with laccase

Laccase (EC 1.10.3.2) is a multi-copper oxidase that can catalyze
he oxidation of phenolics compounds by generating phenoxy rad-
cals that react themselves or other phenolics to form dimmers,
nd eventually convert the substrate to higher oligomers and poly-
ers of low solubility that can be easily removed by sedimentation

r filtration [30]. Unlike widely used peroxidases, the oxidation
atalyzed by laccase does not require hydrogen peroxide which is
armful to the environment. Therefore laccase is considered to be

 more promising enzyme for the removal of phenol-polluted sys-
em [15,31].  Here in this work, the degradation of 2,4-DCP by native
accase was studied, and the kinetic data were fitted to the inter-

ediate model. As shown in Fig. 2, the enzymatic oxidation process
f 2,4-DCP can also be well described by the intermediate model.
he estimated reaction rate constants were compiled in Table 1.
he kinetic constant related to the degradation of 2,4-DCP, k1, are
.0046, 0.013 and 0.038 min−1, for laccase concentration of 0.05,

.1, and 0.2 mg/L, respectively. The removal percentage of 2,4-DCP
ould reach 94% within 120 min  with 0.2 mg/L laccase. So in the
ollowing enzymatic experiments the amount of laccase was  set as
.2 mg/L.
Fig. 2. Degradation kinetic curves of 2,4-DCP by native laccase. Laccase concentra-
tions (g/L): (�) 0.05, (©) 0.1, and (�) 0.2. Solid lines present the results predicted by
intermediate kinetic model.

3.3. Degradation of 2,4-DCP with simultaneous CPG–Lac and
TiO2–UV

Coupling of photocatalytic and enzymatic degradation of 2,4-
DCP with TiO2 and laccase is our focus, while the results shown in
Fig. 3 were not as what expected. The kinetic constant, k1, for degra-
dation of 2,4-DCP in the presence of 0.6 mg/L TiO2 and 0.2 mg/L
native laccase with UV-irradiation is 0.015 min−1 (Table 1), lower
than what obtained when TiO2/UV (k1 = 0.024 min−1) or laccase
(k1 = 0.038 min−1) was separately applied, indicating a negative
synergetic effects by combining TiO2/UV and free laccase. This
result was speculated mainly caused by rapid inactivation of laccase
upon exposure to TiO2/UV. Fig. 4 indicates that 2 h UV-irradiation
led to about 94% loss in activity of laccase, while in the pres-
ence of 0.6 mg/L TiO2, laccase was  completely deactivated within
30 min. The rapid inactivation of laccase was caused by the hydroxyl
and superoxide radicals produced on the surface of photoexcited
TiO2 under UV irradiation [32,33].  The absorbing of hydroxyl and
superoxide radicals by laccase may  in turn lead to decrease in the
photo-degradation efficiency of 2,4-DCP.

To achieve high efficiency for the coupled
Time (min)

Fig. 3. Degradation kinetic curves of 1 mM 2,4-DCP by (�) 0.6 g/L TiO2/UV, (©)
0.2  g/L native laccase, and (�) combination of TiO2/UV and native laccase. Solid lines
present the results predicted by intermediate kinetic model.
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Table 1
Intermediate kinetic model parameters of 2,4-DCP degradation.

Model parameters TiO2/UV (g-TiO2/L) Free laccase (g-laccase/L) TiO2/UV + free laccase

0 0.2 0.4 0.6 0.05 0.1 0.2 0.6 g/L TiO2 + 0.2 g/L laccase

−1
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k1 (min ) 0.0035 0.0072 0.0081 0.024
k2 (min−1) 0.019 0.0013 0.00043 0.003
r2 0.85 0.99 0.99 0.96 

V-absorbing molecules has been reported to enhance stability
f chymotrypsin against photooxidation [32,33].  However, the
ynthesis of UV-absorber and the conjugating process are com-
licated, and the enhancement in stability is still rather limited.

mmobilizing enzymes to solid carrier by multipoint-covalent
inding allows improving enzyme stability effectively [34]. Here

n the present work, laccase was immobilized to alkylamino
PG via glutaraldehyde crosslinking, and the stability of the

mmobilized laccase, referred as CPG–laccase, was examined.
ig. 4 shows that after immobilization, the stability of laccase was
ignificantly improved that about 40% of the original activity could
e retained after 6 h UV irradiation, and more importantly, about
ame stability was attained even in the presence of UV/TiO2. The
perational stability of CPG–laccase was also investigated. When

.2 mg-enzyme/mL immobilized laccase was applied to 2,4-DCP
olution with initial concentration of 5 mM,  removal percentage at

 h could reach 80% (Fig. 5). After 9 repeated usages, the removal
ercentage of 2,4-DCP was about 60%, indicating that more than
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ig. 4. Inactivation of 0.2 g/L native (circle) and immobilized (triangle) laccase
CPG–Lac) upon exposure to UV (©,  �) and 0.6 g/L TiO2/UV (�, �).

0 2 4 6 8 10
0

10

20

30

40

50

60

70

80

R
em

ov
al

 ra
te

 o
f 2

,4
-D

C
P

 (%
)

Reusing cycles

ig. 5. Multi-use of CPG–Lac for degradation of 5 mM 2,4-DCP. The enzyme dosage
s  4.3 g-CPG/L (corresponding to 0.2 g-enzyme/L), each cycle was lasted for 2 h.
0.0046 0.013 0.038 0.015
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70% of the original activity of CPG–laccase was retained. The
significant increased stability of CPG–laccase against UV/TiO2
and good operational stability makes it feasible to combine the
photooxidation and enzymatic process for degradation of 2,4-DCP.

The efficacy of the simultaneous photocatalytic–enzymatic pro-
cess with UV/TiO2 and CPG–laccase was examined by measuring
the degradation of 2,4-DCP. Fig. 6(a) and (b) presents the degrada-
tion curves of 2,4-DCP with initial concentration of 1 mM and 5 mM,
respectively. The results show that the coupled degradation process
is remarkably faster than the uncoupled process with TiO2/UV or
CPG–Lac separately used, and the enhancement in the degradation
rate of 5 mM 2,4-DCP is more significant than that of 1 mM 2,4-
DCP. For the degradation of 5 mM 2,4-DCP with TiO2/UV or CPG–Lac
separately used, the removal percentage at 2 h was  only 26.5% and
78.1%, respectively. By coupling the photocatalytic and enzymatic
degradation process, more than 90% of the initial 2,4-DCP could be

removed within 2 h.

Fig. 7 compares the kinetic constants, k1 and k2, derived from
intermediate model. For the TiO2/UV treatment, both k1 and k2
decreased when the DCP concentration was  increased to 5 mM from
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Fig. 6. Degradation kinetic curves of 2,4-DCP by (�) 0.6 g/L TiO2/UV, (©) 0.2 g/L
CPG–Lac, and (�) combination of TiO2/UV and CPG–Lac. Initial concentration of
2,4-DCP was 1 mM (a) and 5 mM (b), respectively. Solid lines present the results
predicted by intermediate kinetic model.
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ig. 7. Comparison of intermediate kinetic model parameters, k1 and k2, of degra-
ation of 2,4-DCP by TiO2/UV, CPG–Lac, and combination of TiO2/UV and CPG–Lac.

 mM,  indicating the photocatalytic degradation process is ineffi-
ient for high concentration 2,4-DCP. The combination of TiO2/UV
nd CPG–Lac led to significant increase in k1 and k2, particularly for
he degradation of 5 mM 2,4-DCP. The high efficiency of the cou-
led degradation process therefore provides a novel strategy for
egradation of concentrated 2,4-DCP.

The mechanisms of laccase-catalyzed degradation and TiO2/UV
hotocatalytic degradation of 2,4-DCP have been widely studied
5,27,29,35,36]. The main reaction pathway of laccase catalysis
ncludes the generation of phenoxy radicals and the subse-
uent oxidative coupling reaction to form oligomer products with
olecular large enough to precipitate from solution. During this

olymerization reaction, chloride ions will be released, and the
echlorination of chlorinated phenols is considered contribute to
he overall detoxification effect which results from enzymatic poly-

erization [35,36].  The polymerization reaction was  even visible in
ur work, as the laccase-catalyzed degradation of 2,4-DCP proceed,
he solution turned red with the formation of precipitation.

As regards the photocatalytic degradation of chlorinated phe-
ols, most of the research work suggested that the reductive
ecomposition by light-generated negative electron is the major
eaction pathway since the release of chloride ion was  detected,
hereas no polymerization product was identified [5,7,37]. In the

urrent study, unlike what was found for the laccase-catalyzed
egradation of 2,4-DCP, no formation of reddish precipitation was
bserved during the TiO2–UV treatment process.

Based on the above discussions, as for the simultaneous degra-
ation of 2,4-DCP investigated in the current study, the reaction
athway might be similar to the mechanisms firstly proposed
y Yin et al. [4,5] for a sequential photocatalysis and laccase-
atalysis degradation of pentachlorophenol. Briefly, attributed to
lectron reduction, 2,4-DCP was photocatalytically dechclorinated
tepwise into cyclohexanol and cyclohexanone, which might be
urther decomposed into low alcohols, acid and ketones. At the
ame time, the 2,4-DCP underwent laccase-catalyzed dechclorina-
ion and polymerization. The intermediate radical products formed
rom photocatalysis might also enter the pathway of laccase-
atalysis to form insoluble polymer. Therefore, the overall reaction
ill be accelerated. It is noteworthy that, the degradation kinetic
ata of TiO2/UV and laccase process could be generally described
y the most widely adopted first-order kinetic model (data are not
hown). While for the simultaneous degradation, the data could
ot be fitted to the first order kinetic model at all, indicating that

he competition of the intermediates against the initial pollutant,
,4-DCP, plays an important role. Particularly for the degradation
f high concentration 2,4-DCP, the coupling of photocatalysis and
accase-catalysis afforded a significant positive synergetic effect on
Fig. 8. Degradation curve of 5 mM 2,4-DCP with 0.6 g/L TiO2/UV  monitored with (�)
HPLC and (©) CPG–Lac-based ET. Inset: Calibration curve of 2,4-DCP determined
with ET.

both the degradation of 2,4-DCP and the intermediate product, as
confirmed by the increasing kinetic constants, k1 and k2.

3.4. Monitoring of 2,4-DCPdegradation with CPG–Lac-based
enzyme thermistor

Laccase has been widely used as biorecognition elements
of electrochemical biosensor for determination of phenolic
compounds [38–41].  Compared with electrochemical biosensor,
thermistor-based biosensor, also known as enzyme thermistor
(ET), has many distinguished advantages such as high opera-
tional stability, no electrochemical or optical interference, high
specificity, short response times, and easy automated working for
continuous flow injection analysis [24]. Above advantages make
the ET particularly suitable for on-line monitoring of pollutant.
However, laccase-based thermometric biosensor for DCP and other
phenolic compounds has not been reported. In the present work,
CPG–Lac was constructed into an enzyme thermistor for flow-
injection analysis of 2,4-DCP concentration during the degradation.
Fig. 8 (inset) shows the calibration plots for 2,4-DCP obtained with
ET. A good linear relationship between signal (converted to temper-
ature change) and 2,4-DCP concentration up to 1 mM was  observed.
The slope of calibration curve is 3.514 (r2 = 0.991) for concentration
ranging from 0 to 0.5 mM,  and 2.151 (r2 = 0.998) for concentra-
tion ranging from 0.5 to 1 mM.  The limit of detection is as low
as 0.05 mM.  The degradation of 5 mM 2,4-DCP with TiO2–UV  was
monitored separately by HPLC or CPG–Lac-based ET during the pho-
tochemical degradation. The result shown in Fig. 8 indicates that
ET is a highly precise and sensitive method. This results point to a
potential use of the immobilized laccase as a 2,4-DCP biosensor for
quick and sensitive on-line analysis of DCP with wide measuring
range.

4. Conclusion

In the present work, a simultaneous photocatalytic–enzymatic
process for removal 2,4-DCP was investigated, and an enzyme
thermistor based on immobilized laccase was constructed for mon-
itoring the degradation process of 2,4-DCP. The stability of laccase
against the inactivation caused by TiO2–UV was  found decisive for
the efficiency of the coupled process. With the immobilized laccase,

the coupled method was proved more efficient especially for the
degradation of 2,4-DCP with high concentration. With the coupled
degradation process, 90% removal percentage was achieved within
2 h for the degradation of 5 mM 2,4-DCP. While for the degradation
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rocess with TiO2–UV or CPG–Lac separately used, the removal per-
entage of 2,4-DCP at 2 h were only 26.5% and 78.1%, respectively.
he high efficiency of the coupled degradation process therefore
rovide a promising novel strategy for degradation of concentrated
,4-DCP. With the immobilized laccase as biorecognition element
f thermometric biosensor, the degradation of 2,4-DCP could be
recisely monitored.
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