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a b s t r a c t

The degradations of triclosan (5-chloro-2-(2,4-dichlorophenoxy)-phenol), a potent broad-spectrum
antimicrobial agent, were compared in TiO2-only in the dark condition, photolysis, and TiO2 photocataly-
sis with a UV-A lamp. TiO2 photocatalysis more effectively degraded and mineralized triclosan compared
to TiO2-only and photolysis conditions. While triclosan removed only 30% by TiO2-only condition within
20 min, the triclosan degradation in photolysis and photocatalysis at the same time was 75 and 82%,
respectively, and TOC removal was significantly higher in photocatalysis than in photolysis. The data of
kinetics showed that triclosan adsorption onto TiO2 was fitted to Langmuir isotherm, and TiO2 photocatal-
ysis was fitted to Langmuir–Hinshelwood model (b = 27.99 mM−1, Ktriclosan = 9.49 mM−1). The neutral range
angmuir–Hinshelwood
adical scavenger
ibenzo-dichloro-p-dioxin
ibenzo-p-dioxin

of pH was favorable to photocatalysis due to the charge effect between TiO2 and triclosan. The addition of
2-propanol, a radical scavenger, significantly reduced the degradation of triclosan both in photolysis and
photocatalysis. Dioxin-type intermediates such as dibenzo-dichloro-p-dioxin (DCDD), dibenzo-p-dioxin
were produced in photolysis with and without 2-propanol, and also in photocatalysis with 2-propanol,
but these intermediates were not detected in photocatalysis without 2-propanol. This result indicates
that the photocatalytic degradation of triclosan is mainly achieved by radicals, and these radicals can

pe in
further degrade dioxin-ty

. Introduction

Triclosan (5-chloro-2-(2,4-dichlorophenoxy)-phenol) is a
otent broad-spectrum antimicrobial agent that is included as an
dditive in many products [1]. Triclosan resistance in bacteria may
rise by inhibiting the enzyme enoyl-acyl carrier protein reductase,
locking lipid biosynthesis in E. coli, and promoting a mutation in
he FabI gene [2].

Triclosan in wastewater treatment plant is primarily subjected
o biological degradation, sorption to sludge, or discharged to
eceiving surface water untreated [3,4]. Triclosan discharged to
urface water, which has the typical pH between 7 and 9, is
esistant to ionization since the pKa of triclosan is 7.9–8.1 [5].
lthough the adsorption of triclosan onto particulate matter can
e expected because of its high octanol–water partition coefficient
log Kow = 5.4) [6,7], it requires the post-treatment for treated water
s well as adsorption process. Since the biological degradation of
riclosan has been found to be inefficient [8], an alternative or post-

reatment is required after adsorption and biological treatment
rocesses.

Singer et al. [7] reported a significant removal rate (0.03 day−1)
f triclosan by photolysis in the epilimnion of Greifensee lake in

∗ Corresponding author. Tel.: +82 2 745 9104; fax: +82 2 745 9104.
E-mail address: zohkd@snu.ac.kr (K.-D. Zoh).

304-3894/$ – see front matter © 2008 Elsevier B.V. All rights reserved.
oi:10.1016/j.jhazmat.2008.11.107
termediates once they are produced in photocatalysis.
© 2008 Elsevier B.V. All rights reserved.

Switzerland. Since Tixier et al. [9] reported a high quantum yield
(0.31) of triclosan for light at 313 nm, therefore photolysis may be
main reason of the elimination of triclosan in the lake.

Photolysis can be a promising method to supplement the exist-
ing treatment of triclosan in wastewater treatment plants. However,
one of the major drawbacks of using photolysis to treat triclosan is
the production of harmful intermediates. It was found that the pho-
tolysis can produce dioxin- and phenol-type intermediates in the
presence or absence of chloride ions, as a result of the structural
similarities between triclosan and dioxin compounds [10]. Dioxin
and phenol are environmentally important materials because of
their high toxicity and potential for bioaccumulation; therefore,
preventing their production may be more important than degrading
triclosan by photolysis.

Recent research performed in our laboratory [11] showed
that dibenzo-dichloro-p-dioxin (DCDD) and dibenzo-p-dioxin were
detected in the photolysis of triclosan at the low light intensity
at UV-A condition (maximum wavelength = 365 nm), where OH
radical contribution is lower than at UV-C condition (maximum
wavelength = 254 nm). However, DCDD and dibenzo-p-dioxin were
not detected in photolysis of triclosan at UV-C. This result indi-

cates that oxidants such as OH radicals during photolysis are the
key factors in preventing the production of dioxin-type interme-
diates in the photolysis of triclosan. Photocatalytic reaction can
be the alternative to maximize production of oxidants such as
OH radicals [12–14]. Photocatalysis may completely mineralize a

http://www.sciencedirect.com/science/journal/03043894
http://www.elsevier.com/locate/jhazmat
mailto:zohkd@snu.ac.kr
dx.doi.org/10.1016/j.jhazmat.2008.11.107


rdous Materials 166 (2009) 954–960 955

v
t

o
i
e
d
a
e
b
r
m

2

2

F
a
r
s
s
w

2

s
t
t
r
w
w
t
c
l
1

e
(
d
U
r
f

p
t
i
T
t
p
c
w

t
g

2

c
C
t
i
c

H.-S. Son et al. / Journal of Haza

ariety of aliphatic and aromatic compounds under suitable condi-
ions [14,15].

This study investigated the kinetics and degradation mechanism
f photocatalysis and photolysis of triclosan. The kinetic exper-
ments of TiO2 photocatalysis and photolysis of triclosan were
xamined, and the results were compared with TiO2-only in the
ark condition (blank). 2-Propanol, as a radical scavenger, was
dded to photolysis and photocatalysis of triclosan to examine
ffect of OH radical in both processes. Additionally, the relation
etween the production of dioxin-type intermediates and OH
adical was discussed using the qualitative analysis of the inter-
ediates.

. Experimental

.1. Materials and reagent

Triclosan (Merck, solid phase), methanol (J.T. Baker), and
eSO4·7H2O (J.T. Baker), CH3CHOHCH3 (Aldrich), MgSO4 (Aldrich)
nd TiO2 (P-25, Degussa Chemical Co., Germany) were used as
eceived. 1,10-Phenanthroline monohydrate (C12H8N2·H2O), potas-
ium trioxalatoferrate (III) trihydrate (K2Fe(C2O4)3·3H2O), and
odium acetate (NaC2H3) used for the determination of UV intensity
ere purchased from Aldrich and Fisher, respectively.

.2. Experimental set-up

All experiments were performed in a circulating photo-reactor
ystem, consisting of a ventilation system for temperature con-
rol, a reservoir for maintaining constant reaction volume during
he experiment, a metering pump (Cole-Parmer) for circulating the
eactor contents by 0.1 L min−1, and a reactor column connected
ith flexible Teflon tubing. The reservoir was a 1.5 L glass bottle
hose contents were gently stirred during the experiment to main-

ain uniformity of the suspension. The reactor column consists of a
ylindrical piece of quartz which permitted the transmission of UV
ight with an inside diameter of 5 cm, length of 30 cm, resulting in
50 mL per one reactor column.

The cylindrical photo-reactor was encased in steel that was
quipped with two medium-pressure Hg-vapor UV-A lamps
450 W, Ace glass) with the maximum wavelength at 365 nm. The
istance between the reactor column and each UV lamp was 10 cm.
V light intensity during the experiments was measured by fer-

ioxalate actinometry method, which produces one Fe2+ ion as a
unction of every Fe3+ ion lost by light [11,16,17].

Experimental reactions were performed under atmospheric
ressure at 293 K. The initial concentration of 1.73 × 10−2 mM
riclosan was used in every experiment except the experiment
nvestigating the effect of the initial concentration of triclosan.
he light intensity used in all photolytic and photocatalytic reac-
ions was 1.37 × 10−4 Einstein L−1 min−1. In adsorption cases and
hotocatalyic runs, 0.1 g L−1 of TiO2 concentration was used. The
oncentration of 1.3 mM of 2-propanol, as OH radical scavenger,
as used.

All experiments except for adsorption cases were repeated three
imes. The qualitative analysis by GC/MS was performed to investi-
ate the intermediates of triclosan photolysis and photocatalysis.

.3. Analysis

Triclosan was extracted via solid phase extraction by C-18 solid

artridges (Waters, USA). A 10 mL sample was filtered through the
-18 cartridge, which was then flushed with water. The column was
hen extracted with 5 mL of methanol, and the MgSO4 was added
nto these extracted samples to remove water. The triclosan con-
entration in the resulting samples was analyzed by HP 6890 gas
Fig. 1. Comparison of triclosan (TCS) and TOC removal efficiency at TiO2-only
(adsorption), photolysis (UV-only), and TiO2 photocatalysis.

chromatography and a mass selective detector (Hewlett Packard
5973) (GC/MS) with a 5% phenyl methyl siloxane capillary col-
umn (HP 5-MS, 30 m × 0.25 mm × 0.25 �m). The sample (2 �L) was
injected into the GC at 250 ◦C with the splitless condition. The mass
detector was operated with the electron ionization at 70 eV and
the mass scan range at 35–550 m/z. The oven temperature was
increased from 70 to 280 ◦C at a rate of 10 ◦C min−1 and held for
6 min at 280 ◦C. Helium was used as the carrier gas at a flow rate of
1.2 mL min−1.

To measure the mineralization of triclosan, TOC measure-
ment was performed using an ultraviolet persulfate oxidation
TOC analyzer with an infrared detector (Phoenix 8000TM, TekMar
Dohrmann). A pH meter (Orion, Model 52A) was used to determine
the pH of the reaction solution during experiments.

3. Results and discussion

3.1. Comparison with TiO2 adsorption, photolysis, and
photocatalysis of triclosan

First, we compared the triclosan removal from water with TiO2-
only, photolysis, and photocatalysis condition. As shown in Fig. 1,
approximately 30% of triclosan was removed from the solution
within 20 min with TiO2-only in the dark condition, and the equi-
librium during the adsorption reaction was achieved within 10 min.
Fig. 1 also showed that TOC reduction in TiO2-only condition is
the same as the triclosan removal, indicating that triclosan adsorp-
tion onto TiO2 is not a chemical reaction, but a physical separation
phenomenon.

Fig. 1 also shows that the photolytic and photocatalytic efficien-
cies of triclosan for the same times were 75 and 82%, respectively.
The removal of TOC was significantly higher in photocatalysis than
in photolysis, indicating that photocatalysis is more efficient than
photolysis in the mineralization of triclosan.

The photolytic and photocatalytic degradation can be achieved
by direct reaction with photons produced by UV, and/or by indi-

rect reaction with OH radicals produced by the reaction between
H2O/OH− ion and TiO2. Since the light source used in this study
is in the UV-A range (365 nm), and OH radical is not known to be
effectively produced in photolytic condition at 365 nm compared
to 254 nm [18–20]. Therefore, the removal of triclosan in photolysis
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Fig. 2. (a) Effect of initial pH and (b) pH change in the

s expected to be mostly achieved by photon from UV irradiation.
nstead, the generation of OH radical in the photocatalysis of tri-
losan is expected to be greater than that in the photolysis.

.2. Effect of pH and initial concentration on adsorption

Next, Fig. 2(a) shows that, as the initial pH of the solution con-
aining triclosan decreased, more effective triclosan adsorption by
iO2 was achieved. This phenomenon can be due to the alteration
f electric charges of triclosan and TiO2 depending on the pH in the
olution. The pzc value of TiO2 is found at pH 6.25. That is, TiO2
urface is positively charged in acid media (pH < 6.25), whereas
t is negatively charged under alkaline conditions (pH > 6.25)[12].
lso, triclosan can be transformed to triclosan anion in the basic
H (pH > 8) since the pKa value of triclosan is between 7.9 and 8.1
5]. Therefore, the less effective adsorption of triclosan with TiO2

n basic pH can be achieved compared to neutral and acidic pH due
o the repulsive force works between triclosan and TiO2 catalyst in
H higher than 8.

It was also found that, while no pH change in the solution
ontaining TiO2 for triclosan adsorption were observed at initial

ig. 3. (a) Effect of triclosan initial concentration in the adsorption of triclosan and (b) La
.5 ± 0.3).
rption of triclosan by TiO2 (the deviation of pH ±0.3).

pH less than 8, the solution pH during adsorption at initial pH 8
and 10 reduced to 7.5 and 7.9 after 30 and 90 min, respectively
(Fig. 2(b)). This result implicates that the best condition for the
triclosan adsorption can be neutral pH.

In photocatalysis, pH also can affect the reaction of OH radi-
cal production from H2O/OH− and TiO2. It is already known that
TiO2-photocatalytic efficiency was not changed at neutral pH, but
significantly decreased in the acidic condition by inhibiting the gen-
eration of OH radical [21]. Therefore, considering effect of pH on
both TiO2 adsorption and photocatalysis, the experiments of TiO2
photocatalysis and photolysis were conducted at neutral pH, and
no pH adjustment on the reaction solution was needed.

Fig. 3(a) shows the equilibrium isotherm of triclosan adsorp-
tion to TiO2. Fig. 3 shows that the higher the initial concentration
of triclosan is, the longer the time for adsorption equilibrium was
achieved. This adsorption data is consistent with the Langmuir

isotherm expressed in Eq. (1) that the activities on the adsorbent
surface depend on the concentration of adsorbate [22].

1
qe

= 1
qmaxb

1
Ce

+ 1
qmax

(1)

ngmuir isotherm plot of triclosan adsorption onto TiO2 using data of (a) (initial pH
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Table 1
The effect of the initial concentration on the pseudo-first-order rate constant (kobs)
at the initial reaction time of 5 min in photocatalytic reaction.

Initial concentration of triclosan (mM) kobs (min−1) R2

0.030 0.167 ± 0.013 0.932
0.017 0.171 ± 0.012 0.935
0
0
0

w
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t
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.010 0.187 ± 0.011 0.957

.007 0.202 ± 0.011 0.964

.003 0.216 ± 0.010 0.973

here qe (mg-triclosan/g-TiO2) is an adsorbed mass of triclosan on
iO2, Ce the equilibrium concentration of triclosan (mM), qmax (mg-
riclosan/g-TiO2), and b (mM−1) is maximum adsorption capacity,
nd empirical parameter, respectively. Linearity was achieved with
2 of 0.998 by plotting 1/Ce vs. 1/qe using Eq. (1) (Fig. 3(b)). The
alues of qmax and b were 39.7 mg/g and 28.0 mM−1, respectively.

.3. Effect of initial triclosan concentration and reaction
haracteristics in photocatalysis

TiO2-photocatalytic reaction is known to be the heterogeneous
eaction between triclosan and TiO2, and the oxidation reaction can
e achieved by OH radicals produced from the reaction with TiO2
nd H2O under UV irradiation. Table 1 shows that triclosan degrada-
ion within first 5 min followed the pseudo-first-order kinetics, and
he removal efficiency of triclosan in the photocatalysis decreased
s the initial triclosan concentration increased. The result indicates
hat the photocatalytic reaction rate is dependent on the initial
oncentration of triclosan.

The Langmuir–Hinshelwood model can be applied to estimate
he contribution of adsorption and oxidation in the reaction [23,24].
q. (2) shows the equation of the Langmuir–Hinshelwood model;

1
kobs

= 1
KTCSkrxn

+ [TCS]0

krxn
(2)

here kobs (min−1) is the observed pseudo-first-order constant,
triclosan (mM−1) is equilibrium adsorption constants of triclosan
n TiO2, [TCS]0 is the initial concentration of triclosan, and krxn

mM min−1) is the reaction rate between triclosan and OH radicals.

his model implicates that the surface reaction rate on TiO2 is the
etermining step during the adsorption and desorption procedures

n the photocatalysis of triclosan.
As shown in Fig. 4, the data for triclosan photocatalysis was fitted

o Eq. (2), and the resulting values of krxn and Ktriclosan obtained were

ig. 5. (a) Photolysis and photocatalysis efficiencies of triclosan for 60 min and (b)
[C3H7OH] = 1.3 mM).
Fig. 4. Effect of triclosan (TCS) initial concentration on the degradation rate in pho-
tocatalysis by plot of [triclosan]initial vs. 1/kobs using Langmuir–Hinshelwood model.

0.022 mM min−1, and 9.49 mM−1 with R2 value of 0.8748, respec-
tively. The Ktriclosan value of 9.49 mM−1 was less than the value of
b (28.0 mM−1) obtained from Langmuir isotherm, which mean the
ratio of the adsorption rate to the desorption rate of triclosan on
TiO2. This implicates that the chemical oxidation occurred at the
surface of TiO2 in the photocatalytic reaction, and the occupancy of
triclosan on TiO2 was reduced by the surface reaction. This result is
consistent with Ollis’s finding on the surface reaction of TiO2 [25].

3.4. Effect of 2-propanol on triclosan photolysis and
photocatalysis

In this study, in order to investigate the contribution of OH
radical in photolysis and photocatalysis of triclosan, the triclosan
degradation rates were compared in the absence and in the pres-
ence of 2-propanol, as a radical scavenger [24,26–28], and the
results are shown in Fig. 5. Fig. 5 shows that the degradation rate

of triclosan was significantly reduced in the photolytic and photo-
catalytic reaction in the presence of 2-propanol compared with the
cases without 2-propanol.

As shown Fig. 5(a), while triclosan was slightly degraded in pho-
tolytic reaction with 2-propanol for overall time, photocatalytic

pseudo-first-order rate plot using data in (a) within 5 min of reaction time
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Table 2
Intermediates produced in TiO2 adsorption, photolysis, and photocatalysis of triclosan.

Treatment method Dibenzo-dichloro-p-dioxin Dibenzo-p-dioxin Dichloro-phenol Chloro-phenol Phenol Benzoic-acid

Photolysis Detect Detect Detect Detect Detect Detect
Photolysis with 2-propanol Detect Detect Detect Detect Detect Detect
P
P

N

d
t
p
t
u
d
a
F
0
i

t
S
2

hotocatalysis ND ND
hotocatalysis with 2-propanol Detect Detect

D = not detect.

egradation rate of triclosan with 2-propanol was accelerated after
he lapse of time. It indicates that the effect of 2-propanol on the
hotocatalytic reaction of triclosan appeared at the initial reaction
ime. Fig. 5(b) showed the linear regression plot of time vs. ln(Ct/Co)
sing data presented in Fig. 5(a). It shows that the degradation rate
ramatically decreased by adding 2-propanol in both photolytic
nd photocatalytic conditions. By linear regression using the plot in
ig. 5(b), we found that the pseudo-first-order rate decreased from
.155 to 0.006 min−1 in photolysis, and from 0.177 to 0.024 min−1
n photocatalysis, respectively.
The effect of 2-propanol during the triclosan degradation in

his study can be compared with the result of Sumaeth et al. [29].
umaeth et al. reported that, with the similar concentrations of
-propanol and TiO2 used in this study, the photolytic and photo-

Fig. 6. GC/mass spectra of triclo
Detect Detect Detect Detect
Detect Detect Detect Detect

catalytic degradation efficiencies of 2-propanol was approximately
40% for 2 h, which was less than that of triclosan (∼80%) in our study,
but can be comparable. This result indicates that 2-propanol can
compete with triclosan for the reaction with OH radical; therefore
2-propanol addition resulted in the reduction of triclosan degrada-
tion as shown in Fig. 5.

Interestingly, the presence of 2-propanol also significantly sup-
pressed the photolytic degradation of triclosan. Since OH radical
is not effectively produced in photolytic condition at UV-A condi-

tion (365 nm) compared to UV-C (254 nm) condition [19,20], the
inhibition of radical by 2-propanol should be minimal in photol-
ysis at UV-A condition. It is also known that 2-propanol has a
maximum absorbance of 204 nm, indicating that 2-propanol can
hardly absorb photon at UV-A region [30]. Since much higher

san and its intermediates.
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Fig. 7. The proposed mechanism of

oncentration of 2-propanol (1.3 mM) was used compared to
riclosan (3 × 10−3 mM), the possible inhibition of triclosan degra-
ation in the photolysis by 2-propanol maybe from the molecular

nteraction between triclosan and 2-propanol, but more detailed
tudy on this phenomenon is required.

While 2-propanol was not degraded during overall reaction time
n photolytic condition, the degradation of 2-propanol occurred

ith the removal of triclosan in photocatalytic process. It indicates
hat no photolysis of 2-propanol by photon may be achieved and
he participation of OH radical in the photolytic reaction with UV-A
as almost not identified. However, photocatalytic degradation of

riclosan was primary achieved by OH radical.

.5. Intermediates during reaction

During triclosan degradation, dibenzo-dichloro-p-dioxin
DCDD), dibenzo-p-dioxin, dichlorophenol, phenol and benzoic
cid, as the intermediates were identified from GC/MS analysis
Fig. 6). DCDD and dibenzo-p-dioxin were found as the interme-
iates within 20 min in the photolysis of triclosan; however these

ntermediates were not detected in TiO2 photocatalysis (Table 2).
nterestingly, DCDD and dibenzo-p-dioxin were detected in
hotocatalysis in the presence of 2-propanol, the radical scavenger.

Fig. 7 presents the proposed mechanism showing the formation
f dioxin- and phenol-type intermediates of triclosan photolysis
nd photocatalysis based on the result represented in Table 2. The
xidation of organic compound by OH radical was mostly derived
y hydrogen abstraction and the electron transfer. That is, the sub-
titution halogen atom with OH radical is difficult reaction because
f their similar electronegativity [18,31]. In addition, Yu et al. [32]

eported that attack of OH radical was facilitated in para-position
f phenol part in triclosan. The asymmetry of electron density of
henol by OH radical attack may break triclosan into two phenol
roup. On the other hand, C–Cl bond may also be broken down by
hoton due to its lower bonding energy compared with O–H and
ysis and photocatalysis of triclosan.

C–H bondings [33]. This mechanism can explain the formation of
DCDD and dibenzo-p-dioxin in the photolysis of triclosan.

The disappearance of the dioxin-type intermediates during pho-
tocatalysis can be closely related to the production of OH radical by
photocatalysis. If there is much production of OH radical, then OH
radical can attack the intermediates such as DCDD and dibenzo-p-
dioxin, break down dioxin bonding, resulting in the production of
dichlorophenol, chlorophenol, and phenol. In fact, dichlorophenol,
chlorophenol, and phenol as intermediates were detected in the
early stage (20 min) in both photolysis and photocatalysis reactions.
The detection of DCDD, dibenzo-p-dioxin and chlorinated phenols
in the photolysis of triclosan is the consistent result with earlier
studies [11,12,34]. Considering degradation efficiency of triclosan
and the toxicity of dioxins intermediates, therefore, photocatalysis
is more effective in triclosan treatment than photolysis.

4. Conclusions

Triclosan as an emerging pollutant is detected to trace amount in
environment, and can be transformed to dioxin intermediates due
to its high sensitivity to photolysis. Therefore, effective treatment
should be needed not only to remove triclosan but also to min-
imize the production of dioxin-type intermediates. The result of
this study showed that the oxidation of triclosan by OH radical can
greatly reduce the production of dioxin-group intermediates as well
as make the effective mineralization of triclosan. This result impli-
cates that photocatalysis of triclosan may be an effective abatement
process for triclosan in water.
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