
A

s
a
o
t
i
a
U
d
©

K

1

(
(
t
i
s
p
A
o
s

t

0
d

Available online at www.sciencedirect.com

Journal of Hazardous Materials 151 (2008) 507–514

Photodegradation of polychlorinated dibenzo-p-dioxins and
polychlorinated dibenzofurans: Direct photolysis and

photocatalysis processes

Chung-Hsin Wu a,∗, How-Yong Ng b

a Department of Environmental Engineering, Da-Yeh University, 112 Shan-Jiau Road,
Da-Tsuen, Chang-Hua, Taiwan, ROC

b Division of Environmental Science and Engineering, National University of Singapore, Singapore

Received 3 April 2007; received in revised form 4 June 2007; accepted 6 June 2007
Available online 12 June 2007

bstract

This study employed direct photolysis to treat mixed polychlorinated dibenzo-p-dioxins (PCDDs) and polychlorinated dibenzofurans (PCDFs)
olutions. The solutions included a synthetic standard 17 2, 3, 7, 8-substituted congeners solution and a practical liquid extracted from the bag filter
sh of an electric arc furnace. Additionally, this work utilized a coupled catalyst (ZnO/SnO2) under UV irradiation for photocatalytic degradation
f 1, 2, 3, 6, 7, 8-HxCDD and OCDD. The direct photolysis rate of PCDFs was faster than that of PCDDs. The degradation rate of international
oxicity equivalency quantity (I-TEQ) for PCDDs and PCDFs in the synthetic standard solution was 1.369 and 1.472 h−1, respectively, and that
n the ash-extracted solution was 0.061 and 0.117 h−1, respectively. The rate of photocatalytic degradation declined as the number of chlorine

toms increased. No 2, 3, 7, 8-substituted congeners were identified during photocatalytic degradation; additionally, the photolytic rate of the
V/coupled catalyst was higher than that of UV/single catalyst system. Experimental results suggested that the primary degradation pathway for
irect photolysis and photocatalysis of PCDD/Fs was the C Cl cleavage and C O cleavage, respectively.

2007 Elsevier B.V. All rights reserved.

eywords: PCDD/Fs; Direct photolysis; Photocatalysis; Coupled catalyst

P
i
d
t
r
d
h
s
T
w
[

. Introduction

There are 75 different polychlorinated dibenzo-p-dioxins
PCDDs) and 135 different polychlorinated dibenzofurans
PCDFs). The PCDD/Fs persist in the environment with lit-
le or no degradation [1]. The PCDD/Fs enter the environment
n ultra-trace amounts from various combustion sources. More
ubstituted-chloro dioxins typically correspond to a lower vapor
ressure, and have lower solubility and higher half-life [2].
lthough the presence of PCDD/Fs is a health risk to humans,
nly the 2, 3, 7, 8-substituted congeners are toxicologically

ignificant.

Dioxin emission sources in Taiwan included waste incinera-
ors, power plants, cement kilns and electric arc furnaces. The

∗ Fax: +886 5 5334958.
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CDD/Fs are emitted into the environment via flue gases and
ncineration ash. A total of 67.25 g I-TEQ/year of PCDD/Fs was
ischarged in Taiwan [3]. Electric arc furnaces were estimated
o release 6.9 g I-TEQ/year of dioxin annually in Taiwan. The
elease of PCDD/Fs from this source accounts for 10.3% of total
ioxin emissions in Taiwan, and, as a percentage, is significantly
igher than that in other countries, which is typically have emis-
ions from electric arc furnaces at <5% of total emissions [3].
he PCDD/Fs concentration of stack gas in electric arc furnaces
as 2.2 ng/m3 and the TEQ concentration was 0.14 ng I-TEQ/m3

4]. Furthermore, Chang et al. [4] indicated that >90% PCDD/Fs
xist in the particulate-phase in electric arc furnaces. Various
pproaches have been applied to decrease PCDD/Fs emissions;
hese techniques either inhibit the formation of PCDD/Fs or

emove PCDD/Fs from gas streams and ash. Activated carbon
njection technology effectively decreases PCDD/Fs concen-
rations in flue gas, but increases total PCDD/Fs emissions
rom municipal waste incinerations [5]. Additionally, this prac-

mailto:chunghsinwu@yahoo.com.tw
dx.doi.org/10.1016/j.jhazmat.2007.06.020
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ice has the disadvantage of spent carbon requiring disposal.
ne method is to extract PCDD/Fs from spent carbon or ash

nd then apply an effective method for degrading the dioxins.
everal methods have been considered in the development of
n efficient and economically feasible approach for destroy-
ng PCDD/Fs, including catalytic destruction [6], photolysis
7–10], photocatalysis [10–12], radiolysis [13], ozonolysis [14],
nd biodegradation [15,16]. Although biological processes are
requently favored for contaminated site remediation, pho-
odegradation is an effective and rapid treatment. Generally,
egradation via hydroxyl radical addition is the most impor-
ant mechanism for photolysis and photocatalysis for persistent
rganic pollutants. Photodegradation has been considered as an
fficient and economically feasible technique for eliminating
CDD/Fs [7,9–12]. Those studies investigated dechlorinated
roducts associated the degradation of different PCDD/Fs with
nd without the use of photocatalysts. Because non-chlorinated
ioxin has little toxicity, dechlorination reactions of PCDD/Fs
educe PCDD/F toxicity. Most of studies used the synthetic
tandard PCDD/Fs solution to evaluate photodegradation effi-
iency. Moreover, no study examined the degradation efficiency
f PCDD/Fs in a UV/coupled catalyst system. Hence, this study
elected PCDD/Fs in bag filter ash from an electric arc furnace
s parent compounds. The efficiency of direct photolysis for an
sh-extracted solution and synthetic standard PCDD/Fs solu-
ion were analyzed. The photocatalytic efficiency of UV/ZnO
nd UV/SnO2 for 1, 2, 3, 6, 7, 8-HxCDD and OCDD has been
valuated by Wu et al. [12]. Furthermore, to improve the pho-
ocatalytic efficiency of semiconductors, Serpone et al. [17]
roposed an interparticle electron transfer process that cou-
les two semiconductors with different redox energy levels to
ncrease charge separation for corresponding conduction and
alance bands. The efficiency of the photocatalytic reactions is
xpected to be enhanced. Hence, a UV/ZnO/SnO2 system was
pplied to degrade 1, 2, 3, 6, 7, 8-HxCDD and OCDD. The objec-
ives of this work were as follows: (i) identify the effectiveness
f direct photolysis for a synthetic standard PCDD/Fs solution
nd ash-extracted PCDD/Fs solution; (ii) assess the I-TEQ pho-
odegradation rate of PCDDs and PCDFs in both solutions under
irect photolysis; and, (iii) evaluate the enhanced photocatalytic
ate of 1, 2, 3, 6, 7, 8-HxCDD and OCDD in a UV/coupled
atalyst system.

. Materials and methods

.1. Materials

Standard non-labeled and 13C12-labeled 2, 3, 7, 8-position
ubstituted PCDDs and PCDFs were purchased from Welling-
on Laboratories, and utilized as obtained. A 6 g bag filter ash
rom an electric arc furnace was spiked with known amounts
f USEPA 1613 [18] internal standard solution. The XAD-2
nd ash sample was Soxhlet extracted with toluene for 24 h.

he toluene extract was then concentrated to approximately
.5 ml via rotary evaporation; this solution was used as the ash-
xtracted solution in this work. The synthetic standard solution
as prepared by mixing non-labeled 2, 3, 7, 8-position sub-
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tituted PCDD/Fs according to a trend similar to that of the
CDD/Fs concentration in ash-extracted solution. The ZnO was
urchased from Fluka and SnO2 was purchased from Riedel-
e Haen. The diameters of ZnO and SnO2 powders were 27 and
9 nm, respectively. The specific surface areas of ZnO and SnO2
owders were measured at 4.6 and 4.8 m2/g, respectively, and
he band gap energies were 2.92 and 4.13 eV, respectively. The
orresponding maximum photoexcited wavelengths of ZnO and
nO2 were 425 and 300 nm, respectively [12].

.2. Degradation experiments

A ZnO film was coated on a quartz plate (20 mm × 20 mm)
y dipping the plate into a 5 wt.% ZnO suspension and pulling
t upward manually at a constant velocity. Before the plate was
ipped, the quartz surface was first treated using 1% HCl, washed
ith distilled water and dried at 100 ◦C. The film was then air
ried, and heat-treated in an ambient atmosphere at 400 ◦C for
0 min [11]. This 400 ◦C-sintering process was performed five
imes consecutively to increase the total thickness of the film
11]. The substrate was also coated with SnO2 or ZnO/SnO2
w/w of ZnO:SnO2 = 1/1) films using the same procedures. In
irect photolysis experiments, the synthetic standard solution
nd ash-extracted solution was loaded onto quartz plates, the
olvent was evaporated in air and the plates were then exposed
o UV light. In the photocatalytic experiments, 1 �l aliquot of
he parent compounds 1, 2, 3, 6, 7, 8-HxCDD and OCDD (at a
oncentration in nonane of 50 �g/ml) was loaded on the catalyst-
oated quartz plates. The nonane was evaporated in air and the
late was then exposed to UV light. The UV light source was
400 W medium-pressure Hg lamp (HPA-400), with a spec-

rum of 300–400 nm; the light intensity of the UV light was
.33 mW/cm2.

.3. Analysis of PCDD/Fs

To extract the PCDD/Fs from the quartz plates, the plates
ere first treated using 10 ml methanol and the extrac-

ors were spiked with 20 �l of labeled PCDD/Fs standard
18]. The treated samples were further purified chromato-
raphically using a silica gel column (70–130 mesh, Acme)
ith 20 ml hexane. Extracted PCDD/Fs were then analyzed

t the Super Micro Mass Research and Technology Cen-
er at Cheng-Shiu University of Technology, Taiwan, using

high-resolution gas chromatographer/high-resolution mass
pectrometer (HRGC/HRMS). The HRGC (Hewlett-Packard
890, USA) has a 60 m long DB-5MS capillary column (F&W
cientific, USA), with a film thickness of 0.25 �m and column

nternal diameter of 0.25 mm. The oven temperature program
as as follows: 150 ◦C for 4 min, then gradually increased to
10 ◦C and finally held for 5 min at 310 ◦C. The carrier gas
as helium at a flow rate of 1.2 ml/min. The HRMS (Micro-
ass Autospec Ultima, UK) uses a positive electron ionization
etector. The analyzer mode for selected ion recording had
resolution of 10,000 (10% valley definition). The electron

nergy was 35 eV, and the source temperature was 250 ◦C
12].
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. Results and discussion

.1. Direct photolysis of synthetic standard solution and
sh-extracted solution

Analytical methods were validated by determining recovery
fficiencies. The US EPA method 1613 [18] requires samples
o be reanalyzed when the recovery efficiency of the [13C12]-
abeled internal standards is outside the range of 30–140%. The
ecovery efficiencies obtained by the 1, 2, 3, 6, 7, 8-HxCDD
nd OCDD analyses ranged from 75 to 140%, indicating the
eliability of the analytical method. Consequently, the results of
CDD/Fs quantified with reference to the known concentration
f the [13C12]-labeled internal standards should be valid.

Table 1 presents a summary of initial concentrations of the
ombined 17 PCDD/Fs in synthetic standard and ash-extracted
olutions. The 1, 2, 3, 4, 6, 7, 8-HpCDF, OCDD and OCDF
re the major contributors to the PCDD/Fs concentrations for
lectric arc furnaces. The percentage of PCDD/Fs increases as
he chlorination level of the PCDD/Fs congeners increase; this
esult is similar to that obtained by Chang et al. [4]. Figs. 1 and 2
lot the direct photolysis of PCDDs and PCDFs for the synthetic
tandard solution, respectively. The correlation coefficients are
onsidered a measure of goodness-of-fit for the first-order kinet-
cs, and the r2 values for PCDD/Fs in synthetic standard solution
re typically ≥0.800 (Table 2). Reaction rates followed the
rst-order kinetics as were also reported by other studies for
ioxin photodegradation [7,9,11,19]. The average photodegra-
ation rate constant of PCDD/Fs in synthetic standard solution

emonstrated that the rate constant increased as the chlorination
evel of PCDD/Fs congener increased (Table 2). The photodegra-
ation rates for PCDD/Fs generally decrease as the degree of

able 1
nitial concentration of the combined 17 PCDD/Fs in synthetic standard and
sh-extracted solutions

ame I-TEFsa Standard
(pg)

Ash-extracted
(pg)

CDDs
2, 3, 7, 8-TeCDD 1 1.13 0.94
1, 2, 3, 7, 8-PeCDD 0.5 14.81 3.96
1, 2, 3, 4, 7, 8-HxCDD 0.1 32.20 4.43
1, 2, 3, 6, 7, 8-HxCDD 0.1 43.37 15.05
1, 2, 3, 7, 8, 9-HxCDD 0.1 48.08 10.60
1, 2, 3, 4, 6, 7, 8-HpCDD 0.01 161.72 364.51
OCDD 0.001 600.18 2231.91

CDFs
2, 3, 7, 8-TeCDF 0.1 0.78 27.09
1, 2, 3, 7, 8-PeCDF 0.05 7.11 19.29
2, 3, 4, 7, 8-PeCDF 0.5 6.45 28.69
1, 2, 3, 4, 7, 8-HxCDF 0.1 14.00 25.84
1, 2, 3, 6, 7, 8-HxCDF 0.1 16.95 19.03
1, 2, 3, 7, 8, 9-HxCDF 0.1 16.04 7.68
2, 3, 4, 6, 7, 8-HxCDF 0.1 14.07 22.72
1, 2, 3, 4, 6, 7, 8-HpCDF 0.01 53.46 84.92
1, 2, 3, 4, 7, 8, 9-HpCDF 0.01 82.30 12.90
OCDF 0.001 449.04 120.74

a Values denoted the I-TEFs of PCDD/Fs from McKay [2].
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Fig. 1. Direct photolysis of PCDDs for synthetic standard solution.

hlorination increased [7,9,10]; however, this study obtained
he opposite finding. Wu et al. [10] revealed that the amount
f 1, 2, 3, 7, 8-PeCDD increased to maximum value and then
eclined during the direct photolysis of 1, 2, 3, 6, 7, 8-HxCDD;
oreover, 2, 3, 7, 8-TCDD gradually increased during the

eaction. Several studies have noted that dechlorination is a prin-
ipal route for decomposition of PCDD/Fs by direct photolysis
6,7,9,10]. Low chlorinated PCDD/Fs can accumulate gradu-
lly during the degradation process via dechlorination from the
igh chlorinated PCDD/Fs [13,20]; hence, the photolysis rate of
CDD/Fs with low levels of chlorination was inhibited. As dif-
erent PCDD/Fs homologues coexist in the synthetic standard
olution, the photolysis rate constants of PCDD/Fs with low lev-
ls of chlorination can be influenced by the byproducts of highly
hlorinated homologues. Therefore, the rate constant of direct

hotolysis increased as the chlorination level of the PCDD/Fs
ongener increased.

Fig. 2. Direct photolysis of PCDFs for synthetic standard solution.



510 C.-H. Wu, H.-Y. Ng / Journal of Hazardous Materials 151 (2008) 507–514

Table 2
The k-values and correlation coefficients of the synthetic standard solution in
direct photolysis process

Name k (h−1) r2 Average k (h−1)

PCDDs
2, 3, 7, 8-TeCDD 1.161 0.830 1.161
1, 2, 3, 7, 8-PeCDD 1.441 0.927 1.441
1, 2, 3, 4, 7, 8-HxCDD 1.538 0.926 1.471
1, 2, 3, 6, 7, 8-HxCDD 1.515 0.932
1, 2, 3, 7, 8, 9-HxCDD 1.361 0.944
1, 2, 3, 4, 6, 7, 8-HpCDD 1.358 0.944 1.358
OCDD 1.487 0.937 1.487

PCDFs
2, 3, 7, 8-TeCDF 0.598 0.913 0.598
1, 2, 3, 7, 8-PeCDF 1.398 0.841 1.316
2, 3, 4, 7, 8-PeCDF 1.234 0.877
1, 2, 3, 4, 7, 8-HxCDF 1.496 0.877 1.547
1, 2, 3, 6, 7, 8-HxCDF 1.523 0.895
1, 2, 3, 7, 8, 9-HxCDF 1.675 0.361
2, 3, 4, 6, 7, 8-HxCDF 1.494 0.862
1, 2, 3, 4, 6, 7, 8-HpCDF 1.591 0.817 1.820
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solution was faster than that of the ash-extracted solution; addi-
tionally, the rate of PCDFs was higher than that of PCDFs in
both synthetic standard and ash-extracted solutions. This study
concludes that the synthetic standard solution was more easily
1, 2, 3, 4, 7, 8, 9-HpCDF 2.049 0.765
OCDF 2.284 0.756 2.284

Since the primary compounds in the synthetic standard
nd ash-extracted solutions were HxCDD/Fs, HpCDD/Fs and
CDD/Fs; this study focused on these congeners to compare

he photodegradation rates for PCDDs and PCDFs. The photoly-
is rate constants for PCDFs homologues were higher than those
or PCDDs homologues with the same chlorinated substitutions,
mplying that PCDDs are more resistant to photodegradation
han PCDFs (Table 2). Several studies demonstrated that the
hotodegradation rate of PCDFs is higher than that of PCDDs
9,19,20]. One possible reason is that the total concentrations
f PCDFs were lower than those of PCDDs (Table 1); there-
ore, the photodegradation rate of PCDFs is higher than that of
CDDs. This may also correspond with the symmetrical struc-

ure of PCDDs, which was more stable than the asymmetrical
tructure of PCDFs [20]. Additionally, based on the heats of for-
ation, Koester and Hites [21] indicated that PCDDs are more

table than PCDFs due to the more negative heats of formation.
The liquid containing PCDD/Fs was prepared via extraction

rom real bag filter ash from an electric arc furnace using toluene.
igs. 3 and 4 present direct photolytic results. Experimental
esults clearly demonstrated that the ash-extracted solution was
ore difficult to degrade by direct photolysis than the synthetic

tandard solution. The HxCDD/Fs in the ash-extracted solution
ccumulated during direct photolysis. Since the surface of the
ag filter ash can adsorb unburned organic compounds; there-
ore, the ash-extracted solution contained additional organics
hat can retard the rate of direct photolysis. Finally, the rate
f direct photolysis of the ash-extracted solution was signif-
cantly lower than that of the synthetic standard solution. To
dentify the toxicity variation during direct photolysis, the inter-

ational toxicity equivalency quantity (I-TEQ) was calculated
ased on appropriate international toxic equivalent factors (I-
EFs). The initial I-TEQ concentration of PCDDs and PCDFs in
ynthetic standard solution was 23.2 and 11.6 pg I-TEQ, respec-
Fig. 3. Direct photolysis of PCDDs for ash-extracted solution.

ively, and that in ash-extracted solution was 11.8 and 26.6 pg
-TEQ, respectively. Due to the UV irradiation, the decrease of
-TEQ over irradiation time was obvious for both the synthetic
tandard solution and ash-extracted solution (Fig. 5). Particu-
arly, detoxification was more effective for a synthetic standard
olution than for the ash-extracted solution under direct pho-
olysis (Fig. 5(b)). The degradation rate of I-TEQ for PCDDs
nd PCDFs in the synthetic standard solution was 1.369 and
.472 h−1, respectively, and that in the ash-extracted solution
as 0.061 and 0.117 h−1, respectively (Fig. 5(c)). These experi-
ental results implied that the toxicity of the synthetic standard

olution was more easily detoxified than the ash-extracted solu-
ion by direct photolysis. Regardless of whether I-TEQ is high
r low, the rate of direct photolysis of the synthetic standard
Fig. 4. Direct photolysis of PCDFs for ash-extracted solution.
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increased, suggesting that higher chlorinated PCDDs are less
susceptible to photodegradation than lower chlorinated PCDDs.
This may be partially due to the fact that with a large num-

Table 3
The k-values and correlation coefficients of 1, 2, 3, 6, 7, 8-HxCDD and OCDD
in UV/ZnO, UV/SnO2 and UV/ZnO/SnO2 systems (initial PCDDs = 50 ng)

k (h−1) r2 References

1, 2, 3, 6, 7, 8-HxCDD
UV/ZnO 3.28 0.872 [12]
UV/SnO2 3.19 0.806 [12]
UV/ZnO/SnO2 7.47 0.970 This study
ig. 5. The I-TEQ variations of synthetic standard solution and ash-extracted
olution under direct photolysis process (a) I-TEQ, (b) I-TEQ/I-TEQ0 and (c)
rst-order kinetics regression.

egraded than the ash-extracted solution; moreover, the PCDDs
ere more resistant to degradation by direct photolysis than
CDFs.

.2. Photocatalytic degradation of 1, 2, 3, 6, 7, 8-HxCDD
nd OCDD
Figs. 6 and 7 plot the photocatalytic degradation of 1, 2, 3, 6,
, 8-HxCDD and OCDD using immobilized ZnO/SnO2. Table 3
resents the reaction rate constants for 1, 2, 3, 6, 7, 8-HxCDD and

O

ig. 7. Photocatalysis of OCDD by single and coupled photocatalyst. The lines
epresent pseudo-first-order predicted values.

CDD in UV/ZnO, UV/SnO2 and UV/ZnO/SnO2. The degra-
ation rates of 1, 2, 3, 6, 7, 8-HxCDD in UV/ZnO, UV/SnO2 and
V/ZnO/SnO2 were 3.28, 3.19 and 7.47 h−1, respectively, and

hose of OCDD were 0.74, 0.28 and 1.41 h−1, respectively. Pho-
ocatalysis rates declined as the number of chloro-substituent
CDD
UV/ZnO 0.74 0.777 [12]
UV/SnO2 0.28 0.973 [12]
UV/ZnO/SnO2 1.41 0.973 This study
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Table 4
Comparisons of k-values for PCDDs in direct photolysis and photocatalysis
processes

Name System k (h−1) References

2, 3, 7, 8-TeCDD

UV 0.09 [27]
UV 0.11 [28]
UV 0.11 [29]
Sunlight 0.01 [9]
Sunlight 0.04 [28]

1, 2, 3, 7, 8-PeCDD
Sunlight 0.01 [9]
Sunlight 0.11 [28]

1, 2, 3, 4, 7, 8-HxCDD

UV 0.01 [27]
UV 0.18 [28]
UV 0.18 [29]
Sunlight 0.01 [9]
Sunlight 0.10 [28]

1, 2, 3, 6, 7, 8-HxCDD

UV 0.07 [10]
Sunlight 0.01 [9]
UV/ZnO 3.28 [12]
UV/SnO2 3.19 [12]
UV/ZnO/SnO2 7.47 This study

1, 2, 3, 7, 8, 9-HxCDD Sunlight <0.01 [9]

1, 2, 3, 4, 6, 7, 8-HpCDD

UV 0.16 [28]
UV 0.16 [29]
Sunlight 0.01 [9]
Sunlight 0.14 [28]
UV/TiO2 0.18 [11]

OCDD

UV 0.06 [7]
UV 0.01 [27]
UV 0.17 [28]
UV 0.17 [29]
Sunlight < 0.01 [9]
Sunlight 0.16 [28]
UV/TiO2 0.12 [11]
UV/ZnO 0.74 [12]
UV/SnO2 0.28 [12]
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er of chloros on PCDDs, electron density on the aromatic ring
ecreased, resulting in a decreased rate of electrophilic OH addi-
ion [11]. Similar findings for the difficulty in degrading more
hloro-substituted dioxins have been reported [7,9,11,13].

In direct photolysis experiments, the 1, 2, 3, 6, 7, 8-HxCDD
n the synthetic standard solution was 43.37 pg and the 1, 2, 3, 6,
, 8-HxCDD in photocatalysis experiments was 50 ng. Although
he concentration of 1, 2, 3, 6, 7, 8-HxCDD in photocatalysis
as markedly higher than that in direct photolysis, the pho-

ocatalytic reaction rate of 1, 2, 3, 6, 7, 8-HxCDD exceeded
hat of direct photolysis. The degradation rate constants follow
he order of UV/ZnO/SnO2 > UV/ZnO > UV/SnO2 (Table 3).
hotogenerated holes are generated after catalyst particles are

rradiated with UV light. However, the rapid recombination of
hotoproduced electrons and holes in catalysts markedly reduces
he efficiency of photocatalytic reactions [17]. The difference
etween the conduction band of SnO2 and that of ZnO allows
nO2 to act as a sink for photogenerated electrons. The holes
ove oppositely to electrons, and the photogenetated holes can

e trapped within ZnO particles, thus increasing the charge sepa-
ation efficiency. The SnO2 particles in a coupled catalyst system
ZnO + SnO2) play an important role in photogenerated electron
cceptance [22]. Externally applied bias drives away accumu-
ated electrons via the external circuit, thus enhancing selective
xidation of PCDDs on the surface of ZnO. The improvement
n charge separation achieved by coupling two catalyst systems
ith different energy levels improves the rate of photocatalytic
egradation. Several studies have demonstrated that photocat-
lytic activity of the coupled catalyst was higher than that of
single catalyst system [17,22–26]. Although SnO2 exhibited

ow activity because the UV light energy was partial to excite
nO2 in a single catalyst system, SnO2 was a suitable scavenger
f photogenerated electrons in coupled catalyst systems.

This study summarized the comparisons of k-values for
CDDs in direct photolysis and photocatalysis processes
Table 4) and that for PCDFs (Table 5). The photodegradation
ates for PCDD/Fs generally decrease as the degree of chlorina-
ion increased in single-compound condition (Tables 4 and 5);
onversely, this study obtained the opposite finding for mixed-
ompound conditions (Table 2). Most works in this area focused
n photolysis of PCDD/Fs in water solution, organic solvents, on
lant surfaces, and in other environments [7–9,27–29]. Kluyev
t al. [6] found that zero valence iron can be utilized for the
tepwise dechlorination of OCDD in water at 250 ◦C. Ukisu and

iyadera [30] dechlorinated 2, 7-DCDD and 1, 2, 6, 7-TCDD
n a solution of NaOH in propanol in the presence of carbon-
upported noble metal catalyst (Pd/C and Rh-Pt/C). The catalytic
estruction method depends on particular experimental condi-
ions, such as high temperature (250 ◦C), alkaline conditions (in
aOH solution) or the presence of noble metal catalyst (Pd and
t). All of these investigations have generated lower rate con-
tants than those obtained by photocatalytic treatment herein.
herefore, photocatalysis is the best method for degradation of

CDD/Fs. The k-values follow the order of UV/coupled cata-

yst > UV/single catalyst > UV photolysis > sunlight photolysis.
otably, the k-value in the UV/coupled catalyst was at least one
rder larger than that in UV photolysis. Experimental results

l
T
2
d

UV/ZnO/SnO2 1.41 This study

emonstrated that a simple approach in which two-photocatalyst
article systems are combined increases the degradation rate,
uggesting that the UV/coupled catalyst system is effective for
reating PCDD/Fs.

Care must be taken to control the generation of byproducts
hat may be more toxic than the parent pollutants when min-
ralization is incomplete. The 2, 3, 7, 8-substituted PCDD/Fs
roducts were not detected in photocatalysis experiments,
erhaps due to the following reasons: (i) the photocatalytic
egradation involved cleavage of the aromatic ring [11], and/or
ii) removal of lateral chloros (2, 3, 7, 8) was favored over
emoval of longitudinal chloros (1, 4, 6, 9) from PCDDs.
lthough photodegradation of OCDD in the solution phase

nvolves preferential chloro loss at lateral positions over loss at
ongitudinal positions [13,31], as with HxCDD [6], congeners
ith longitudinal chloros degrade more rapidly than those with

aterally substituted chloros in the surface-phase reaction [32].

hus, this study speculates that photocatalysis of OCDD and 1,
, 3, 6, 7, 8-HxCDD is that the cleavage of the aromatic ring
ominating the reaction pathway. Experimental data suggested



C.-H. Wu, H.-Y. Ng / Journal of Hazardo

Table 5
Comparisons of k-values for PCDFs in direct photolysis and photocatalysis
processes

Name System k (h−1) References

2, 3, 7, 8-TeCDF

UV 0.17 [28]
UV 0.17 [29]
Sunlight 0.02 [9]
Sunlight 0.08 [28]

1, 2, 3, 7, 8-PeCDF
UV 0.15 [28]
UV 0.15 [29]
Sunlight 0.10 [28]

2, 3, 4, 7, 8-PeCDF

UV 0.10 [28]
UV 0.10 [29]
Sunlight 0.02 [9]
Sunlight 0.13 [28]

1, 2, 3, 6, 7, 8-HxCDF

UV 0.23 [28]
UV 0.23 [29]
Sunlight 0.01 [9]
Sunlight 0.15 [28]

1, 2, 3, 7, 8, 9-HxCDF Sunlight 0.01 [9]

2, 3, 4, 6, 7, 8-HxCDF Sunlight 0.01 [9]

1, 2, 3, 4, 6, 7, 8-HpCDF

UV 0.26 [28]
UV 0.26 [29]
Sunlight 0.01 [9]
Sunlight 0.22 [28]

1, 2, 3, 4, 7, 8, 9-HpCDF Sunlight 0.01 [9]
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References
CDF
UV 0.38 [7]
Sunlight <0.01 [9]

hat C Cl cleavage is a major route for PCDD/Fs in direct pho-
olysis, and C O cleavage may be a primary path for PCDD/Fs in
he photocatalysis processes. The preferred position of hydroxyl
adical attack on PCDD/Fs was dependent on the number and
osition of chlorine in PCDD/Fs. Seventeen 2, 3, 7, 8-subsituted
hlorine PCDD/Fs were detected, and 1, 2, 3, 4-TCDD, 1, 2, 3,
-TCDD, 1, 2, 3, 8-TCDD, 1, 2, 3, 9-TCDD, 1, 3, 6, 8-TCDD,
, 2, 8, 9-TCDD, 1, 3, 6, 8-TCDF, 1, 2, 8, 9-TCDF, 1, 2, 4, 7,
-PeCDD, 1, 2, 3, 8, 9-PeCDD, 1, 3, 4, 6, 8-PeCDF, 1, 2, 3, 8,
-PeCDF, 1, 2, 4, 6, 7, 9-HxCDD, 1, 2, 3, 4, 6, 7-HxCDD, 1, 2,
, 4, 8, 9-HxCDF, 1, 2, 3, 4, 6, 8-HxCDF and 1, 2, 3, 4, 6, 7, 9-
pCDD were also detected during the experiments. Standards of

ll PCDD/Fs could not be obtained, so the isomers of PCDD/Fs
ould not be identified. Restated, only 33 chlorine PCDD/Fs
17 2, 3, 7, 8-subsituted chlorine PCDD/Fs and 16 non-2, 3, 7,
-subsituted chlorine PCDD/Fs) were identified herein. Hence,
his study excludes only the byproducts from these 33 PCDD/Fs
ut does not describe those byproducts in detail. Since the non-
, 3, 7, 8-substitute congeners and the PCDD/Fs with low levels
f chlorination were not monitored in this work; hence, the full
yproduct production and reaction mechanism cannot be con-
rmed. Dechlorination is generally described as the predominant
eaction and dechlorinated products have been identified in dif-

erent solvents and under different light exposures. For a given
hlorinated PCDD/Fs, when more than one degradation pathway
xisted, dechlorination in the most thermodynamically favored
athway occurring at the most positively charged carbon atom
us Materials 151 (2008) 507–514 513

n the ring, which was usually a lateral carbon atom [31]. Few
tudies claimed that photodechlorination is not the major pat-
ern of PCDD/Fs degradation, proposing that C O cleavage is
n important photolytic route [7,8,11]. Rayne et al. [33] pro-
osed that photochemical conversion from 2, 3, 7, 8-TCDD to
echlorinated PCDDs or chlorinated phenoxyphenols are minor
athways, and the chlorinated dihydroxybiphenyls may be an
mportant route. Additionally, Rayne et al. [34] proposed that
, 4-dibenzodioxins was rearranged to spirocyclohexadienone
nd biphenylquinone under UV irradiation. Experimental results
emonstrated that the UV/coupled catalyst process is an effec-
ive method for degrading PCDDs; this method did not generate
, 3, 7, 8-substituted congeners.

. Conclusions

This study employed direct photolysis to degrade the syn-
hetic standard solution and ash-extracted solution. The 1, 2, 3,
, 6, 7, 8-HpCDF, OCDD and OCDF are the major contribu-
ors to PCDD/Fs concentrations in electric arc furnaces, and the
ercentage of PCDD/Fs increases as the chlorination level of
CDD/Fs congeners increases. Average photodegradation rate
onstant of PCDD/Fs in synthetic standard solution indicated
hat the rate constant increased as chlorination level of PCDD/Fs
ongeners increased. This study suggests that the PCDD/Fs with
ow levels of chlorination can be generated and accumulated
radually during the degradation process via dechlorination
rom highly chlorinated PCDD/Fs; thus, the photolysis rate of
CDD/Fs with low levels of chlorination was inhibited. The
hotolysis rate constants for PCDFs homologues are higher
han those for PCDDs homologues with the same chlorinated
ubstitutions, implying that PCDDs are more resistant to pho-
odegradation than PCDFs. Experimental results demonstrated
hat toxicity of the synthetic standard solution was more easily
etoxified by direct photolysis than the ash-extracted solution.
lthough SnO2 showed low activity because the UV light energy
as partial to excite SnO2 in a single catalyst system, SnO2 per-

ormed as an appropriate photogenerated-electron scavenger in
oupled catalyst systems. This work suggests that C Cl cleav-
ge is a major route for PCDD/Fs in direct photolysis, and C O
leavage may be a primary path for PCDD/Fs during photocatal-
sis.
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