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Abstract

1,2,3,6,7,8-hexachlorodibenpadioxin (1,2,3,6,7,8-HxCDD) and octachlorodibenzaioxin (OCDD) were photocatalytically degraded
using immobilized Ti@, ZnO and Sn@films under ultraviolet (UV) with the wavelength between 300 and 450 nm. The specific surface
areas of TiQ, ZnO and Sn@ powders were calculated as 54.2, 4.6 and £@and the band gap energies were determined to be 3.17,
2.92 and 4.13 eV, respectively. The light source used had wavelengths between 300 and 450 nm, and the main wavelength was approximately
365 nm; hence, the smaller quantum efficiency of Sm@h wider band gap due to poor utilization of the UV light was expected. X-ray
diffraction (XRD) revealed that sintered photocatalysts at°4D@id not alter their characteristics. The first-order rate constants of OCDD
in UV/TiO,, UV/ZnO and UV/Sn@ were 5.30, 0.74 and 0.28h respectively; those of 1,2,3,6,7,8-HxCDD in UV/ZnO and UV/$nO
were 3.28 and 3.191, respectively. As expected, photodegradation rates declined as the number of chlorine atoms increased. Due to the
low dosage (50 ng) of target compounds used, the amounts oéi@l total organic carbon were too small for quantification. No 2,3,7,8-
substituted congeners was identified during the photodegradation, and the UV/photocatalyst treatment might offer an effective treatment for
PCDDs.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction incinerations. The presence of PCDD/Fs is a potential health
risk to humans but only the 2,3,7,8-substituted congeners are
Polychlorinated dibenzp-dioxins (PCDDs) and poly-  toxicologically important. Levels of PCDD/Fs in ambient air
chlorinated dibenzofurans (PCDFs) are considered to beand soil near a municipal solid waste incinerator range from
persistent in the environment, with little or no degradation 0.058t00.127 pg TEQ/frand from 0.524 t0 5.02 pg THQ,
[1]. The average half-lives of tetrachlorodiberzatoxin, respectively[3]. The emission concentration of municipal
1,2,3,7,8-pentachlorodibengedioxin (1,2,3,7,8-PeCDD),  solid waste incinerator at the stack ranged between 0.026 and
1,2,3,4,7,8-hexachlorodibenpadioxin  (1,2,3,4,7,8-HxC-  4.548 ng TEQ/m [4]. Additionally, the carcinogenic risks of
DD), 1,2,3,4,6,7,8-heptachlorodibenpadioxin (1,2,3,4,6, incinerator-emitted dioxin ranged from 1:41078 to 7.1 x
7,8-HpCDD) and OCDD in adult humans are approximately 10~°[5]. The 75 PCDDs and 135 PCDFs all differ in the num-
2840 days, 12.6, 26—45, 80—102 and 112-132 years, respecber and position of the chlorine element. More substituted-
tively [2]. Most PCDD/Fs are formed during municipal waste chloro dioxins generally correspond to a lower vapor
pressure, lower solubility and higher half-lifg,6]. These
* Corresponding author. Tel.: +886 5 533 4958; fax: +886 5 5334958, compounds all have high octanol-water coefficients and
E-mail addresschwu@mail.yust.edu.tw (C.-H. Wu). Consequently partition Strongly in soil/sediment Systé_h]ls
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Cl TiO, immobilized on stainless steel or glads$]. Several
al o al impo_r_tant qharacteristics of _photocatalyti_c powders aqd im-
mobilized films were quantified. For efficiency comparison,
three catalysts, Tig) ZnO and Sn@, were used.
cl 0 Cl

Cl

2. Materials and methods
(a) 1,2,3,6,7,8- HxCDD

2.1. Materials
cl cl
al o a The target compounds, 1,2,3,6,7,8-HxCDD and OCDD
were purchased from Wellington Laboratories (concentra-
tion in nonane at 5Q.g/ml) and used as obtained. The labeled
c o c compounds, ¥C]-2,3,7,8-TCDF, }3C]-1, 2,3,7,8-PeCDF,
a al [*3C]-2,3,4,7,8-PeCDF, 1fC]-1,2,3,4,7,8-HXCDF, £C]-
1,2,3,6,7,8-HxCDF, £C]-2,3,4,6,7,8-HXCDF, FC]-
(b) OCDD 1,2,3,7,8,9-HXxCDF, £C]-1,2,3,4,6,7,8-HpCDF, fC]-
1,2,3,4,7,8,9-HpCDFfC]-2,3,7,8-TCDD, {3C]-1,2,3,7,8-
Fig. 1. Structural formulas of 1,2,3,6,7,8-HxCDD and OCDD. PeCDD, E‘3C]-1,2,3,4,7,8-HXCDD, ][3C]—1,2,3,6,7,8—
HxCDD, [*3C]-1,2,3,4,6,7,8-HpCDD, andjC]-OCDD,

In Taiwan, incineration is becoming a dominant method were also purchased from Wellington Laboratories (Canada).
of treating municipal solid waste (MSW). Various methods The TiQ; used from Degussa (P-25) (Germany), ZnO was
have been used to reduce the dioxin emission from MSW purchased from Fluka (Switzerland), and Sn@om
incinerations; they either inhibit the formation of dioxins or Riedel-de Haen (Germany).
remove them from gas streams. Activated carbon injection
technology can effectively reduce the concentration of diox- 2.2. Characteristics of photocatalysts
ins in flue gas. However, the practice has the disadvantage of
disposal of spent carbon. One approach is to extract dioxins  Specific surface areas of photocatalysts were measured us-
from the spent carbon and then identify an effective method ing the BET method with Micromeritics ASAP2010 device.
to degrade dioxins. Several methods have been considered iThe UV-vis spectrum results were used to calculate the semi-
developing an efficient approach for destroying PCDD/Fs, conductor band gap energy. Moreover, UV-vis spectroscopy
including catalytic destructiof8], photolysis[9,10], photo- was used to profile the absorbance spectrum of the semi-
catalysig11] and ozonolysi$12]. Those studies essentially conductors from wavelengths 190 to 1000 nm at 500 nm/min
address the dechlorinated products that associated thewith a GBR Cintar 20. Furthermore, the energy of the band
degradation of different PCDD/Fs, with and without the use gap was calculated by exprapolating a straight line to the
of photocatalysts. Almost all studies of the photodegradation abscissa axis. The band gap energies of photocatalysts were
of PCDD/Fs use catalytic particles suspended in solution determined by substituting the critical wavelengths of photo-
with a few exceptions, e.g., Choi et §l1] and Muto et al. catalysts into the Planck equatida £ hv). The crystallinity
[13] use immobilized Ti@ film. The advantage of using of the photocatalytic powders and the immobilized films was
fixed catalysts is apparent, since the system can prevent: (i)elucidated by the XRD using Scintag X1. The accelerating
the decline in the availability of light due to the absorption voltage and the applied current were 30kV and 20 mA, re-
of UV light by particles; (i) the difficulty in recycling the  spectively. The XRD patterns were recorded fob2tween
photocatalysf14]; and (iii) the difficulty in filtering and 20° and 80 and the scanning speed w&grbin.
separating photocatalyst particles from decontaminated wa-
ter. Consequently, this study is undertaken to evaluate dioxin2.3. Photolytic experiments
degradation in a fixed catalyst system. The target dioxin com-
pounds selected are 1,2,3,6,7,8-HxCDD and OCBD.(1). A TiO> film was coated on the quartz plate (20 mm
OCDD is the most common compound of seventeen 2,3,7,8-20 mm) by dipping the plate into a 5wt.% TiGuspension
subsituted chlorine PCDD/Fs, representing approximately and pulling it upward manually. The suspension of catalysts
35% of the total PCDD/Fs concentration in TaiwHb]. was prepared via stirring for 30 min. Before it was dipped, the
Also, 1,2,3,6,7,8-HXCDD represents a higher-chlorinated quartz surface was first treated using 1% HCI, washed with
congener of PCDD/Fs and to our best knowledge there hasdistilled water and dried at 10€. The film was then dried
been no study using photocatalysts to degrade HXCDD. Thein air, and heat-treated in an atmosphere at4Dfbr 30 min
present study utilizes photocatalytic films immobilized on [11]. Subsequent XRD observations revealed that sintering at
quartz to degrade target compounds, sinceTil@nobilized 400°C did not alter the crystallinity of photocatalysts. This
on quartz exhibited stronger photocatalytic activity than 400°C-sintering process was performed five times consec-
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Fig. 2. X-ray diffraction diagram of Ti@(a) powder, (b) immobilized film.
utively to increase the total thickness of the fi[dil,17] was helium at a flow rate of 1.2 ml/min. The HRMS (Mi-

The substrate was also coated with ZnO or Sfiltns using cromass Autospec Ultima, UK) uses a positive electron ion-
the same procedure. In the photodegradation experimentsjzation detector. The analyzer mode for selected ion record-
1wl aliquot of the target compound (at a concentration in ing had a resolution of 10,000 (10% valley definition). The
nonane of 5Qug/ml) was loaded on the catalyst coated quartz electron energy was 35eV, and the source temperature was
plates, and the nonane was evaporated in air and the plat&50°C.

was then exposed to UV light. The UV light source was a

400 W medium-pressure Hg lamp (HPA-400), with a spec-

trum mainly between 300 and 450 nm. Light intensity of the 3. Results and discussion

UV light was 6.33 mW/crf. The lamp was situated 40 cm

from the phoFocataIysts.and the. infrared light was not re- 5 1 characteristics of photocatalysts

moved by a filter. The air humidity was not specially con-
trolled and was monitored it in the range 70-85% and the
temperature of the photocatalysts was'@5or all the pho-
tocatalytic experiments.

Fig. 2presents the XRD diagrams of TiPowders and the
immobilized photocatalyst film, respectively. For practical
purpose, the pattern for both powders and immobilized films
is essentially the same for all three catalysts (ZnO and,SnO
2.4. Analysis of PCDD/Fs are not shown here). The sintering temperature of°400

used for immobilization preparation apparently did not alter

For the extraction of dioxin compounds from the quartz the catalyst crystallization. The@peaks at 254 37.8, and
plates, the plates were first treated using 10 ml methanol,48.1°, elucidate the typical structure of anatase-type,JiO
and the extracts were spiked with 2Dof labeled PCDD/F and those 27%6and 36.1 reveal rutile-type TiQ (Fig. 2.
standard18]. The treated samples were further chromato- The distribution between these two phases is affected by tem-
graphically purified using a silica gel column (70-130 mesh, perature, and 400C appears to provide more active anatase
Acme’s) with 20 ml of hexane. Extracted PCDD/Fs were phase[17]. However, the relative intensity of anatase-type
then analyzed in the Super Micro Mass Research and Tech-TiO2 slightly decreased after 40C sintering in this study.
nology Center of Cheng-Shiu University of Technology, us- ZnO exhibits a hexagonal zincite type structure and the 2
ing a gas chromatograph/high-resolution mass spectrometepeaks were 3272 34.8, 36.6’, 47.9 and 57.0. SnQ crys-
(GC/HRMS). The GC (Hewlett Packard 6890) includes a tallizesin atetragonal cassiterite phase witp@aks at 26.8
60 m length of a DB-5MS capillary column (F&W Scientific, 34.1°, 38.2 and 52.0.

USA), with film thickness 0.2m and the column internal The crystallite size can be determined from the broadening
diameter 0.25 mm. The oven temperature program was set a®f the diffraction peak, by applying the Scherrer equation, or
follows: 150°C held for 4 min, then gradually increased to d = 0.89./8 cosf, whered represents the crystal size of the
310°C and finally held for 5min at 310C. The carrier gas  photocatalystj is the X-ray wavelengthg is the full width



194 C.-H. Wu et al. / Journal of Hazardous Materials B114 (2004) 191-197

600

500

400

300

Intensity (W/m?)

200

.5

. 100
200 300 400 500 600 700 800 900
Wavelength (am)

200 300 400 500 600 700

Fig. 3. The UV-vis spectrum of Ti§) ZnO and Sn@. @ Wavelength (nm)

100

at half maximum value of the photocatalyst; afds the
diffraction angle[19]. The diameters of the Ti£) ZnO and
SnG powders were thus calculated to be 24, 27, and 59nm, _ 801
respectively. The specific surface areas of J[i@dnO and
SnO powders were calculated to be 54.2, 4.6 and £8m
Fig. 3showed the UV-vis spectrum of T¥0ZnO and Sn@
particles. The figures reveal that Ti@bsorbs UV light at
wavelengths below 390 nm, ZnO absorbs light at wavelengths
below 430 nm and Snf£absorbs UV light at wavelengths be-
low 290 nm. Substituting the critical wavelengths of 3i©

60

40

Power distribution (%

391 nm, ZnO = 425 nm and Spa& 300 nm into the Planck 0 H,r
equation E = hv), the band gap energies of TiZnO and 250 300 350 400 450 500 550 600
SnG are 3.17, 2.92 and 4.13 eV, respectively. For compari- Wavelength (am)

son, the band gap energies of 3i@nO and Sn@ powders

determined by other investigators varied from 3.1 to 3.2 eV Fig. 4. The spectra of light source (a) emission spectrum (b) power distri-
for TiO» [20,21], 3.0-3.2 eV for Zn@21,22), and 3.5-3.9eV  bution.

for SnG [20,23]

TiO, has smaller size and, therefore exhibits a much larger The recovery efficiencies obtained by the 1,2,3,6,7,8-HxCDD
specific surface area than ZnO and Snthe corresponding ~ @nd OCDD analyze ranged from 75% to 140%, implying the
absorption thresholds of T¥DZnO and Sn@were 391,425  acceptability of the analytical procedureiables 1 and 2
and 300 nm, respectively. The light source used had wave-Consequently, the results of 1,2,3,6,7,8-HxCDD and OCDD
lengths between 300 and 450 nm, and the main wavelength
was approximately 365 nrir{g. 4a); hence, the smaller quan-  Table 1
tum efﬁciency of Sn@with wider band gap dueto poor uti- Detection limits and recovery efficiencies of the PCDD/Fs in the HXCDD
lization of the UV light was expected. Based on the power 2nalytical proceduresi= 9)

distribution of the lampFKig. 4b) and the corresponding ab- PCDD/Fs Detection limit (pg) Recovery (%)
sorption thresholds of TiQand ZnO, the quantum yield of  2,3,7,8-TeCDF 0.2& 0.15 112+ 7
ZnO might exceed that of Ti© However, the photodegrada-  1.2,3,7,8-PeCDF 0.5& 0.24 136+6
tion efficiency was not only affected by the quantum yield of 2:3:4.7,8-PeCDF 0.6+ 0.26 115£9
hotocatalyst but was also influenced by the specific surfacel’z’s’éw’g"_'XCDF 1.03:0.43 93k2
P y y P 1,2,3,6,7,8-HXCDF 0.96: 0.40 92+3
area and size of the particles. 2.3,4,6,7,8-HXCDF 0.98 0.41 91+3
1,2,3,7,8,9-HxCDF 1.1%0.48 85+ 3
; 1,2,3,4,6,7,8-HpCDF 0.8%0.28 9243
3.2. Photodegradation of 1,2,3,6,7,8-HxCDD and 12.347.8.9-HpCDF 0.920.33 811 6
OCDD 2,3,7,8-TeCDD 0.58 0.37 99+ 6
1,2,3,7,8-PeCDD 0.48 0.17 108+ 8
The analytical methods were validated by determining re- 1,2,3,4,7,8-HxCDD 0.720.31 90+ 2
covery efficiencies. US EPA method 16[18] requires sam- i‘ﬁi‘i’é’?’?ﬁ%@%o i—%i 8-;3 13&;‘
ples to be reanalyzed if the recovery efficiency of th€]- ochD 0.70.L 0.25 B7LE

labeled internal standards falls outside the range 30-140%.:
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Table 2
Detection limits and recovery efficiencies of the PCDD/Fs in the OCDD
analytical proceduresi= 9)

PCDDI/Fs Detection limit (pg) Recovery (%)
2,3,7,8-TeCDF 0.3&0.16 91+ 10
1,2,3,7,8-PeCDF 0.9%0.41 105t 15
2,3,4,7,8-PeCDF 1.0£0.43 99+ 15
1,2,3,4,7,8-HxCDF 1.440.39 78+ 4
1,2,3,6,7,8-HxCDF 1.340.36 794
2,3,4,6,7,8-HXCDF 1.36:0.37 78t 4
1,2,3,7,8,9-HxCDF 1.6% 0.43 77+3
1,2,3,4,6,7,8-HpCDF 1.38 0.38 82+5
1,2,3,4,7,8,9-HpCDF 1.5% 0.45 84+5
2,3,7,8-TeCDD 0.82£ 0.39 94+ 10
1,2,3,7,8-PeCDD 0.7#0.23 110t 14
1,2,3,4,7,8-HxCDD 1.0 0.19 92+3
1,2,3,6,7,8-HxCDD 1.02 0.18 99+ 6
1,2,3,4,6,7,8-HpCDD 1.46: 0.38 97+5
OCDD 1.81+ 2.01 112+ 7

quantified with reference to the known concentration of the
[13C]-labeled internal standards should be valid.

Fig. 5plots photodegradation of 1,2,3,6,7,8-HxCDD and
OCDD usingimmobilized TiQ, ZnO and Sn®@. The reaction
rates are found to follow the first-order as was also reported by
others for photodegradation of dioxif-12]. The reaction
of 1,2,3,6,7,8-HXCDD in the UV/Ti@system proceeds too
fast to determine the corresponding first-order rate constants
(Fig. 5a). Table 3compares the reaction rate constants for
PCDDs determined from the present study with those of oth-
ers. In general, the photodegradation of 1,2,3,6,7,8-HxCDD
is faster than that of OCDD, suggesting that the chlorine sub-
stitution pattern on the dibenzwmdioxin affects the selectiv-
ity of photocatalytic reactions. In particular, photodegrada-
tion rates declined as the number of chloro-substituent in-

Table 3
Summary of the first-order reaction rate constakite{ OCDD and HxCDD
k(h~1) Reference
OCDD
UV (pure water) w1 [9]
UV (60% acetonitrile/water) 06 [9]
uv 0.17 [24]
uv 0.01 [25]
uv 1.00 [12]
Sunlight <001 [10]
Sunlight Q016 [24]
O3 0.37 [12]
UV/O3 1.09 [12]
UV/IH,0; 0.04 [25]
UVITIOz 0.12 [11]
UV/TiO» 5.30 This study
uv/ZznO 0.74 This study
uv/snG; 0.28 This study
HxCDD
UV/1,2,3,6,7,8-HxCDD 6 [26]
Sunlight/1,2,3,6,7,8-HxCDD .01 [10]
UV/TiO»/1,2,3,6,7,8-HXxCDD Very fast This study
uv/zn0/1,2,3,6,7,8-HXCDD 28 This study
uv/sSnG,/1,2,3,6,7,8-HXCDD 39 This study
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Fig. 5. Photodegradation of PCDDs by different photocatalysts at the initial
PCDDs dosage =50ng (a) 1,2,3,6,7,8-HxCDD, (b) OCDD. The light inten-
sity = 6.33mWi/crA. The lines represent the first-order predicted values.

creased, implying that higher chlorinated PCDD/Fs are less
susceptible to photodegradation. This may patrtially due to
the fact that with a large number of chlorines on PCDDs, the
electron density on the aromatic ring decreased resulting in
the decreased rate of electrophilic OH additjbh]. Similar
findings of the difficulty to degrade more chlorine-substituted
dioxins were also reported by othdBs-11]. The first-order
reaction rate constant of OCDD by UV/Ti0On this study
was approximately one-order of magnitude higher than that
of Choi et al.[11] who used a similar Ti@film. It is unclear

as to the reason for the observed fast rate in our study; their
slower rate perhaps is due to the use of much higher dioxin
concentration (6200 ng/chversus our 12.5 ng/cf which
may result in potential product inhibition.

In the photolysis of HXCDD, thé& value of sunlight in
general is smaller than that of UMdble 3. The use of cat-
alysts, in particular in the immobilized phase, provides one
to two orders of magnitude higher reaction rates than the
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photolysis alone. The photocatalytic reaction rate of OCDD, 4. Conclusions
as would be expected, exceeds that of the simple photolysis
reaction.Table 3further indicates that the reaction rate con- XRD results revealed that sintered photocatalysts at
stants follow the order: UV/Ti®@> UV/ZnO > UV/SnG > 400°C did not affect their properties. The structure of 7iO
UV > sunlight. For HXCDD, the rate is similar for both ZnO includes both anatase and rutile phases, and that ZnO and
and SnQ due to its easy degradation as compared to OCDD. SnQ, with a typical zincite and cassiterite phase, respec-
With almost the same specific surface area (4.6—4/8n tively. The mean particle sizes followed the order SO
the photocatalytic degradation of OCDD using ZnO is faster ZnO > TiOp; TiO2 had the largest specific surface area of
than that with Sn@. The absorption threshold of photocat- these photocatalysts. The photoactivities of Zi@nO and
alysts might be responsible for the observed higher rate in SnQ, for 1,2,3,6,7,8-HxCDD and OCDD using immobilized
ZnO. The corresponding adsorption threshold of ZnO and photocatalyst films were compared. The photodegradation of
SnG are 425 and 300 nm, respectively, suggesting that ZnO 1,2,3,6,7,8-HxCDD is faster than that of OCDD, suggesting
absorbs a large fraction of UV, and hence more photons thanthat the chlorine substitution pattern influences the selectivity
SnG from the same light source usdeid. 4). Accordingly, of photocatalytic reactions. Photodegradation rates decline as
the rate of photoexcitation of ZnO is higher than thatof gnO  the number of chlorine atoms increases. The first-order reac-
perhaps resulting from more OH radicals, excited holes andtion rate constants follow the order of UV/Ti& UV/ZnO >
electrons. Sakthivel et gl21] also stated that the photocat- UV/SnO, > UV. TiO, and ZnO are believed to absorb a large
alytic activity with the Acid Brown 14 dye also followed the fraction of UV, and probably absorbed more photons than
order ZnO > Sn@, due to the fact that light energy could not  SnQ, from the light source used. Congeners with longitudi-
excite SnQ with a wide band gap. nal chlorines degrade more rapidly than those with laterally

The rate constant of the reaction of OCDD obtained with substituted chlorines from PCDDs in surface-phase reaction,
UV/TiO2 exceeded that obtained with UV/ZnO by approx- and no 2,3,7,8-substituted congeners was detected, therefore,
imately one order of magnituddgble 3. Since TiQ and this work suggests that the cleavage of the aromatic ring may
ZnO could be photoexcited under the light source used in dominate the reaction pathway in UV/photocatalyst systems.
this study, the higher photocatalytic activity of Ti®nay
be due to its larger specific surface area. On the contrary,
numerous studies have demonstrated that ZnO is a moreAcknowIedgements
powerful photocatalyst than Tiglfor photodegrading a va-
riety of organics[21,27,28] However, all these studies in-
volved in the photodegradation of organics in solution with
the suspended ZnO particles. Hence, the extent of pho-
tocatalytic activity obtained from other studies may dif-
fer from that in the immobilized phase used in the present
study.
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