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bstract

Four etching solutions used on support materials and two coating methods of TiO2 were conducted to investigate the effects of catalytical
reparing methods on the photocatalysis of 2,2′,3,4,4′,5′-hexachlorobiphenyl (PCB congener 138). The results of XRD analyses confirmed that
arious etching solutions used on support substrates did not influence the characteristics of titanium(IV) oxide. The XRD patterns of crystallization
or the catalysts before and after purification remained unchanged. Hydrofluoric acid used as an etching solution for the support substrates provided
he best adhesion stability for the catalysts that demonstrated the highest photocatalytic efficiency for congener 138. Xenon and ultraviolet lamps
ere used to compare the irradiation effect on photocatalysis. The shortest half-lives of congener 138 were 7.4 and 12.2 h using xenon and UV

eactors, respectively. Lower chlorinated biphenyls (lower congener numbers) were identified through the continuous dechlorination of congener
38. PCB congeners 99, 87, 66, 49, 28, 17, 9, and 7 were detected as a result of dechlorination from higher chlorinated congeners to lower

hlorinated congeners along with the extension of exposure times. The concentrations of chloride ion were increased with increasing exposure
ime through dechlorination, while the concentrations of organic chlorine of congener 138 were decreased. Meta-dechlorination was the most
ommonly found mechanism for the photocatalysis of PCB 138. The activation energy of the photocatalysis of congener 138 was 70.8 kJ mol−1.

2006 Elsevier B.V. All rights reserved.
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. Introduction

The deterioration of environmental quality has raised seri-
us safety concerns due to the release of industrial wastes
uch as polychlorinated biphenyls (PCBs). Estimated 30 met-
ic tons of PCBs have been released to the nature and became a
biquitous contaminant worldwide, mostly in sediments [1,2].
ore than one billion dollars has been spent on the clean up

f PCBs contamination with limited progress [3]. In 1979,
ore than 2000 people were poisoned through the consump-

ion of PCBs contaminated rice oil in Taiwan. The chronic toxic
ffects of PCBs include failure of reproduction, birth defect, and
rain damage. Some PCB congeners have the similar structure

s 2,3,7,8-tetrachlorodibenzodioxin (TCDD); thus, their toxic
roperties are similar to that of TCDD. Aroclor® 1254 was
ne of the most commonly used industrial PCB fluids. There

∗ Corresponding author. Tel.: +886 8 774 0470; fax: +886 8 774 0256.
E-mail address: yjlin@mail.npust.edu.tw (Y.J. Lin).
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re 37 congeners (each at greater than 0.5% by weight) that
an be found in Aroclor® 1254. Congener 138 (2,2′,3,4,4′,5′-
exachlorobiphenyl) is one of the major congeners that accounts
or 9.1% of the total mass of Aroclor® 1254.

Photodegradation is one of the most natural decomposition
echanisms for PCBs [4–12]. However, most PCB congeners

o not strongly absorb the wavelength above 380 nm. Indirect
hotodegradation can be greatly enhanced through the use of
hotocatalysts or photosensitizers by exposure to light energy.
hotocatalysis such as using titanium(IV) oxide has been proved

o be an effective mechanism for the degradation of environ-
ental contaminants [13–18]. Titanium(IV) oxide including

hree polymorphs of anatase, rutile, and brookite is commonly
sed to enhance the quantum yields of photocatalyses [16].
pparent quantum yield is calculated as the ratio between

he amount of reactant degraded and the amount of quantum

mitted [19].

Advanced oxidation processes (AOPs) that involve light-
nduced redox reactions are able to generate highly reactive
ntermediates such as hydroxyl radicals (•OH) and superoxide
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on (•O2
−) to initiate a sequence of decomposition reactions for

CBs

iO2 + hv → TiO2
∗(h+

vb + e−
cb) Ebg = 3.2 eV,

+
vb + H2O(ads) → •OH + H+

Two most commonly selected light sources, UV and xenon
amps were applied on the related investigations. UV lamps pro-
ide most light energy in a single line spectrum such as 254 nm
hat can be strongly absorbed by most xenobiotics including
CBs. As a result, UV lamps are the most commonly chosen

ight source on AOPs studies. Contrarily, xenon lamps provide
avelengths ranged between 150 and >900 nm which is similar

o that of natural sunlight (120 ∼ > 1000 nm). Most xenon pho-
oreactors are used to simulate natural sunlight to investigate
he mechanism of solar degradation for pollutants. The most
mportant advantage of using solar energy is because it is one
f the few energy sources having no detrimental impact on the
nvironment.

Percent degradation, degradation rate, rate constant, and half-
ife were the most common ways to present the results of photo-
atalytical studies [10–12,20,21]. However, because of different
xperimental settings applied, those data were not practically
o be evaluated among each other on the efficiency of photo-
atalyses. Apparent quantum yields were calculated as the ratio
etween the amount of reactant degraded and the amount of
uantum emitted [8,19,22,23]. It can be used to compare the
hotocatalytic efficiencies of pollutants present in aquatic sys-
ems [22].

Both titanium(IV) oxide and titanium(IV) tetraisopropoxide
Ti(OC3H7)4) have been applied in the homogeneous (suspen-
ion state) or heterogeneous solutions (coated onto support mate-
ials such as glass substrates) [24,25]. The aqueous system of
hotocatalytic suspension, an effective design for the degrada-
ion of xenobiotics, can be readily prepared with the drawback
f difficulty to recover the suspended catalysts. To compensate
his disadvantage, catalysts can be immobilized by coating onto
he surface of glass substrates as a stationary phase [13]. Tita-
ium(IV) oxide particles can also be attached to silica gel on
ol–gel [16]. Poor adhesion of catalysts on support substrates is
common problem existed in the research using immobilized

hotocatalysts. Various etching solutions and processes were
racticed to improve the adhesion stability of catalysts on sup-
ort materials. The objective of this study was to compare the
ffects of different etching solutions used on glass substrates and
iO2 coating methods on the photocatalysis of PCB congener
38.

. Materials and methods

.1. PCB congener 138

Neat PCB congener 138 (2,2′,3,4,4′,5′-hexachlorobiphenyl)

AccuStandard Inc., Connecticut, USA) was dissolved in ace-
one to increase its solubility and used as stock solution. Three
oncentrations of PCB congener 138 were prepared as 0.28,
.4, and 2.8 �mol L−1 (equivalent to 0.1, 0.5, and 1.0 mg L−1,

m
m
d
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espectively). The percentage of organic chlorine in PCBs can
e calculated using the equation below [26]. The ratio of organic
hlorine of congener 138 was 58.97%

Cl0 = CPCBGi × NClGi × MWCl/MWPCBGi

here CCl0 is the organic chlorine concentration, CPCBGi the
CB concentration of ith group (ppm), NClGi the average number
f chlorine atoms of ith PCB group, MWCl the chlorine atomic
eight and MWPCBGi is the average molecular weight of ith
CB group.

The mixture of 209 pure standard PCB congeners (AccuS-
andard Inc., Connecticut, USA) was used to verify the degraded
ntermediates of the photocatalysis of congener 138. The iden-
ifications of 209 pure standard PCB congeners were analyzed
nd confirmed using a HP5995C gas chromatograph–mass spec-
rometer (GC–MS) equipped with a chemstation (HP 59970).
he degraded intermediates of congener 138 photocatalysis
ere verified by comparing the relative retention times (RRT)

nd the relative responses (RR) of the pure standard congeners
27].

.2. Purification of titanium(IV) oxide

Titanium(IV) oxide (Degussa, P-25) (70% anatase, 30%
utile) and titanium(IV) tetraisopropoxide (Ti(OC3H7)4) were
urchased from Sigma–Aldrich and Merck, respectively. The
H of titanium(IV) oxide suspension was adjusted to two using
.2 M HClO4. The upper clear layer of the solution was dis-
arded. Distilled water was added to wash the TiO2 solution
nd then discarded. The procedure was repeated until the pH of
iO2 solution reached 7. The solution of TiO2 was then placed in
reverse osmosis system until the conductivity of solution was

losed to that of distilled water. Finally, the TiO2 suspension was
ried at 103 ◦C until its weight remained constant. The purified
iO2 sample was then ground prior to coating onto glass sub-
trates. Both TiO2 with and without purification were compared
o investigate the effect of purification on the photocatalysis of
ongener 138.

.3. Etching and coating processes

Glass substrates (3 mm) were used as the support materials
or TiO2. Four etching solutions (listed as G1, G2, G3, G4)
ere prepared to create a rough surface of support materials

o improve the adhesion stability for TiO2. Sodium hydroxide
5 M) and hydrofluoric acid (48%) were used to etch the 3 mm
lass substrates at 100 ◦C labeled as G1 and G2, respectively. A
ixed solution (7:3 v/v) of sulfuric acid and hydrogen peroxide
as used as G3 at 90 ◦C. The etching solution of G4 was prepared
sing a mixed solution of HF (48%), H2O2 (30%), and NH3
29%). Etched glass substrates were coated with titanium(IV)
xide (1 or 5 wt.%) at 105 ◦C for 2 h. The coating process was
epeated twice.
The other coating method was conducted using the sol–gel
ethod. Zeolites and glass substrates were chosen as support
aterials. Titanium(IV) tetraisopropoxide (Ti(OC3H7)4) was

issolved in the mixed solution of ethanol, distilled water and
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itric acid for 8 h [25]. Zeolites were added to the solution and
ried at 50 ◦C for 3 h and then at 120 ◦C overnight. The final
alcination temperature was 450 ◦C in an oven for 12 h [28].
or the other preparing method, titanium(IV) tetraisopropoxide
as dissolved in ethanol overnight. Glass substrates were sub-
erged and then removed out of the solution at the speed of

.3 cm min−1. Glass substrates were then calcined at 400 ◦C for
h.

.4. Irradiations

PCB samples placed in quartz vessels were exposed to a
50 W xenon lamp (L2274, Hamamatsu Photonics, Japan) and
35 W UV lamp with the major spectrum of 254 nm (RPR-

00 Rayonet, USA) (Fig. 1). The radiant energy (mW cm−2)
nd luminous flux (Foot-Candle, Ft-cd) of both light sources

ere measured by a LI-250 light meter equipped with a LI-
90SA pyranometer sensor (LI-COR Inc., Nebraska, USA) and
LX-105 light meter (Lutron Inc., Taiwan), respectively. Four

xposure times used were from 0, 8, 16 to 32 h. The temper-

Fig. 1. Schematic drawings of xenon and ultraviolet photoreactors.
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tures of the reaction chambers and reactor vessels were also
onitored.
For quality control, the experiments were conducted in three

eplicates. To study the effect of increasing temperature while
xposed to irradiation, samples covered with aluminum foil
ere exposed to the xenon and UV lamps. Samples without

he catalyst were also used to investigate the effect of direct
hotodegradation of PCB congener 138. Another set of samples
as placed in dark to determine the amount of PCB congener
38 been absorbed by the catalyst.

.5. Analytical methods

BET multipoint method was used to measure the specific
urface areas of photocatalysts using a SA3100, Beckman Oul-
er. After coated onto glass substrates the compositions of TiO2
ere determined by X-ray diffraction (XRD) patterns using a
INET 200 XRD (Rigaku, Japan). The crystalline particles of

itanium(IV) oxide with and without purification were also com-
ared using their relative intensities of XRD patterns.

Chrysene-d12 was added to hexane solvent prior to the extrac-
ion of congener 138 acted as an internal standard to compensate
he loss of sample during extraction and analysis [29]. The
xtraction was conducted using an orbital shaker at 280 rpm for
h, and the extraction procedure was repeated once. PCB con-
ener 138 and its degraded intermediates were analyzed using a
as chromatograph equipped with an electron capture detector
GC–ECD) (HP 6890). A HP 5, 30 m (id = 0.32 mm) column
0.25 �m film thickness) was used for analyses. Helium gas was
sed as carrier gas. The oven temperature was set at 170 ◦C
nitially for 1 min, then to 230 ◦C at 5 ◦C min−1, then ramp to
80 ◦C at 3 ◦C min−1 with the final holding time of 5 min. The
emperatures of injector and detector were set at 250 and 280 ◦C,
espectively. The amount of sample injected was 1 �L with the
etection limit of 0.1 ng mL−1 for congener 138. The photo-
atalytical pathways of congener 138 were constructed by the
erification of degraded intermediates with 209 pure standard
ongeners (AccuStandard Inc., USA). The confirmations of their
elative retention times (RRT) and relative responses (RR) were
erformed [19,26]. The amounts of chloride ion that generated
rom the dechlorination of congener 138 were analyzed using an
on meter (inoLab, WTW, Germany). The minimum detection
imit of chloride ion was 0.01 mg L−1.

The overall reaction order of congener 138 photocatalysis
as determined using substitution method. After the reaction
inetic of congener 138 photocatalysis was confirmed as first
rder, the concentrations of congener 138 were presented as
n(Ct/C0) where Ct and C0 were the concentrations at time t
nd 0 h, respectively. The data of ln(Ct/C0) were plotted against
xposure times. The half-lives (t1/2) of PCB 138 were calcu-
ated by the equation of (t1/2 = 0.693/k) where k is rate constant.
esults were analyzed using the analysis of variance (ANOVA)
nd least significant difference (LSD) to determine the signifi-

ant differences (P < 0.05) among samples using various exper-
mental settings. A statistical software, Statistix® (Win V. 2.0)
Analytical Software, Florida, USA), was used for statistical
nalyses.
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ig. 2. XRD patterns of unpurified TiO2 on the support substrates etched by
ifferent solutions (G1: 5 M NaOH; G2: 48% HF; G3: H2SO4/H2O2; G4:
F/H2O2/NH3).

. Results and discussion

.1. Catalyst characterizations

The specific surface areas of TiO2 on glass substrates were
etween 160 and 190 m2 g−1. The BET of TiO2 in this study was
lightly smaller than those data (188–226 m2 g−1) reported by
enard et al. (2005) [30]. The results of XRD patterns showed

hat both rutile (a = 4.59 Å, c = 2.96 Å) and anatase (a = 3.79 Å,
= 9.51 Å) phases of TiO2 were identified in all samples (Fig. 2).
ompared the findings of XRD patterns with the data bank of

CPDS cards, the diffractions of anatase (#21-1272) and rutile
#21-1276) of TiO2 were similar. The peaks of anatase diffrac-
ion pattern of TiO2 at 2θ were 25◦ and 47–49◦. The peaks of
utile diffraction pattern of TiO2 at 2θ were 37◦ and 54◦. There
as no difference in XRD patterns of crystallization among TiO2

amples using different etching solutions (G1, G2, G3, and G4)
n support substrates (Fig. 2). This finding confirmed that four
tching solutions did not influence the compositions of P-25
iO2. The XRD patterns of catalyst crystallization before and
fter purification remained the same (Fig. 3). However, signif-
cant decrease in relative intensities of both rutile and anatase

hases was observed in the samples using titanium(IV) tetraiso-
ropoxide (Fig. 4). The samples using titanium(IV) tetraiso-
ropoxide coated onto zeolite also showed significant decrease
n the intensities of rutile and anatase phases. The hydrofluoric

ig. 3. XRD patterns of purified TiO2 on the support substrates etched by
ifferent solutions (G1: 5 M NaOH; G2: 48% HF; G3: H2SO4/H2O2; G4:
F/H2O2/NH3).

s
r

3

i
(
c
h
p

T
E

R

X
U

M

ig. 4. XRD patterns of TiO2 (P-25) and Ti(OC3H7)4 using different coating
ethods.

cid solution (G2) was used as etching solution for the samples
bove.

.2. Radiant energy

The radiant energy of xenon and ultraviolet photoreactors
as listed in Table 1. The energy levels of two photoreactors
ere statistically different from one another. Xenon photore-

ctor with the light path distance of 15 cm had radiant energy
f 39 ± 0.5 mW cm−2 (mean ± S.D.). The other group was UV
hotoreactor with the radiant energy of 4.5 ± 0.1 mW cm−2. The
nergy levels of xenon and UV photoreactors were equivalent
o (7.8 ± 0.1) × 10−4 and (9.0 ± 0.0) × 10−5 Einstein h−1 L−1,
espectively. The xenon photoreactor had the light energy 8.7
imes higher than that of UV photoreactor. By using the formula
f (ln Ee,o = 2 ln r + ln Ee,r) [31], the respective surface energy
Ee,o) of xenon and UV lamps used in this study were 8.7 × 103

nd 4.5 × 102 mW cm−2 at r = 0 cm where r was the distance
etween the reaction vessel and the lamp. The surface energy of a
50 W mercury lamp was 9 × 103 mW cm−2 reported by Doong
nd Chang (1997) [32]. Under the exposure of xenon and UV
amps, the temperatures of reaction vessels were measured and
tabilized at the range of 38 ± 5 and 34 ± 3 ◦C (mean ± S.D.),
espectively.

.3. Congener 138 photocatalysis

The photocatalytic degradation of PCB congener 138 was
ncreased as a function of irradiation time from 0, 8, 16 to 32 h

Figs. 5–8). Pseudo-first order reaction of congener 138 was
onfirmed using substitution method. Studies showed that the
ighest initial degradation rate of congener 138 was the sam-
les using HF (G2) etched support substrate and coated with

able 1
nergy of irradiation (mean ± S.D.) of xenon and UV photoreactors

eactors mW cm−2 Einstein (L−1 h−1 × 10−4) Wavelength (nm)

enon 39.0 ± 0.5a 7.8 ± 0.1a 180–1000
ltraviolet 4.5 ± 0.1b 0.9 ± 0.0b 254

eans with different letters are significant different from each other at P < 0.05.
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Table 2
Effect of etching solutions on the rate constant, initial degradation rate, half-life (t1/2) and apparent quantum yield of congener 138 photocatalysis

TiO2 (wt.%) Purified Etched Rate constant (h−1) Ini. degradation rate
×10−8(mol L−1 h−1)

t1/2 (h) Quantum yield ×10−4 (φ)

1 −a G1 0.030 4.15 23.1 5.4
1 − G2 0.063 8.68 10.1 11.3
1 − G3 0.048 6.65 14.4 8.6
1 − G4 0.039 5.37 17.9 7.0
5 − G1 0.054 7.53 12.7 9.7
5 − G2 0.116 16.11 5.9 20.8
5 − G3 0.079 11.00 8.8 14.2
5 − G4 0.066 9.17 10.5 11.8
1 +b G1 0.040 5.59 17.2 7.2
1 + G2 0.091 12.64 7.6 16.3
1 + G3 0.069 9.50 10.1 12.4
1 + G4 0.045 6.31 15.2 8.1
5 + G1 0.041 5.72 16.8 7.4
5 + G2 0.092 12.84 7.5 16.5
5 + G3 0.072 10.00 9.6 12.9
5 + G4 0.049 6.79 14.1 8.8

G1: 5 M NaOH; G2: 48% HF; G3: H2SO4/H2O2; G4: HF/H2O2/NH3.
a − indicates without purification.
b + indicates with purification.
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The initial reaction rates were in the sequence of the samples
using G2 > G3 > G4 > G1 (Table 2). Although these four etching
solutions demonstrated no difference on the XRD patterns of
ig. 5. Photocatalysis of PCB congener 138 using 1% unpurified TiO2 on the
upport substrates etched by different solutions (G1: 5 M NaOH; G2: 48% HF;
3: H2SO4/H2O2; G4: HF/H2O2/NH3).
ither 1% or 5% TiO2. Samples using HF etched support sub-
trate and coated with 5% unpurified TiO2 demonstrated the
hortest half-life of congener 138 (t1/2 = 5.9 h) compared with
he half-life of sample (t1/2 = 23.1 h) using NaOH (G1) and 1%

ig. 6. Photocatalysis of PCB congener 138 using 5% unpurified TiO2 on the
upport substrates etched by different solutions (G1: 5 M NaOH; G2: 48% HF;
3: H2SO4/H2O2; G4: HF/H2O2/NH3).

F
s
G

F
s
G

npurified TiO2 (Table 2). The results of statistical analyses
howed that the types of etching solution contributed significant
mpact on the initial photodegradation rates of congener 138.
ig. 7. Photocatalysis of PCB congener 138 using 1% purified TiO2 on the
upport substrates etched by different solutions (G1: 5 M NaOH; G2: 48% HF;
3: H2SO4/H2O2; G4: HF/H2O2/NH3).

ig. 8. Photocatalysis of PCB congener 138 using 5% purified TiO2 on the
upport substrates etched by different solutions (G1: 5 M NaOH; G2: 48% HF;
3: H2SO4/H2O2; G4: HF/H2O2/NH3).
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Table 3
Effects of light sources and the concentrations of congener 138 on its rate constant, initial degradation rate, half-life (t1/2) and apparent quantum yield

Light Concentration (�mol L−1) Rate constant (h−1) Ini. degradation rate ×10−8 (mol L−1 h−1) t1/2 (h) Quantum yield ×10−4 (φ)

Xe 2.8 0.063 17.64 11.0 11.3
Xe 1.4 0.083 11.62 8.4 14.9
Xe 0.28 0.094 2.63 7.4 16.8
UV 2.8 0.047 13.16 14.7 8.4
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identified in this study was through the removal of one chlorine
V 1.4 0.054 7.56
V 0.28 0.057 1.58

iO2 crystallization, their effects on the photocatalysis of con-
ener 138 were significant. Studies showed that samples using
he support substrate coated with 5% unpurified TiO2 demon-
trated higher photocatalytic rates than those using 1% TiO2.
owever, samples using purified 1% or 5% TiO2 did not show

ignificant difference.
The initial degradation rates of congener 138 increased

ith the increasing of initial concentrations (0.28, 1.4, and
.8 �mol L−1) using either xenon or UV reactor (Table 3). The
hortest half-life of congener 138 samples was 7.4 or 12.2 h
sing xenon or UV reactors, respectively. The effect of photore-
ctors on PCB photocatalysis was contributed by two factors.
irstly, the radiant energy of xenon lamp (38.9 mW cm−2) was
ignificantly higher than that of UV lamp (4.5 mW cm−2). How-
ver, the half-lives of congener 138 after exposed to xenon or UV
hotoreactors were not inversely proportional to the energy. This
henomenon was caused by the other factor. Samples exposed
o the UV reactor, mainly 254 nm radiation, had severe and more
ignificant impact on the photocatalysis of congener 138. How-
ver, the wavelengths of visible light (380–780 nm) from xenon
eactor showed less effect on the photocatalysis of congener 138.
s a result, congener 138 exposed to the UV reactor had around
.3–1.6 times longer half-life than those of samples exposed to
enon reactor.

Apparent quantum yields were used to compare the efficiency
f congener 138 photocatalysis. The ranges of apparent quan-
um yield of congener 138 photocatalysis were from 2.1 × 10−3

o 5.4 × 10−4 (Table 2). Dullin and Mill [22] reported that
he quantum yield of p-nitroanisole/pyridine was 5.7 × 10−3

22]. The quantum yields of 1,2,4,7,8-pentachlorodibenzofuran
nd 1,2,3,4,7,8-hexachlorodibenzofuran were 1.3 × 10−2 and
.9 × 10−3, respectively reported by Choudhry et al. (1990) [33].
he quantum yields of these chlorinated xenobiotics were much

ower than those of photosensitive chemicals such as nitroben-
aldehyde which was in the range of 0.45–1.46 reported by our
revious investigation [34]. Dullin and Mill (1982) reported that
unlight actinometer such as nitrobenzaldehyde typically have
he high value of quantum yield (φ > 0.5) [22]. The result of com-
arison indicated that the chlorinated xenobiotics such as PCBs
ere less photosensitive and could be harder for photodegrada-

ion in natural environment.
To reach a more quantitative approach for chemical kinetics

f congener 138 photocatalysis, the following model can be used

o rationalize the Arrhenius equation [35]. The modeling equa-
ion listed below was applied to serve the purpose that allowed
he reduction of the order of reaction law, ideally to pseudo-first

(
9
w

12.8 9.6
12.2 10.1

rder:

ate = −A exp (−Ea/RT )CPCB

here A is the pre-exponential factor or frequency fac-
or (1 × 1011), Ea the activation energy (kJ mol−1), R the
.314 × 10−3 (kJ mol−1 K−1), T the absolute temperature (K)
nd CPCB is the concentration of PCB (mol L−1).

The activation energy (Ea) for hydroxyl radical to initiate the
echlorination of congener 138 was 70.8 kJ mol−1. The activa-
ion energy obtained here was a little less than the result reported
y Murena et al. (2000) which had the activation energy of
2.8 kJ mol−1 [26].

.4. Photocatalytic pathways of congener 138

To investigate the degradation pathway of congener 138 was a
ard task due to its continuous degradation processes and formed
igh number of reaction intermediates with low concentrations.
s a result in this study, lower chlorinated biphenyls were iden-

ified from the photocatalysis of congener 138 through dechlo-
ination. Also, the concentrations of congener 138 decreased as
he number of degraded intermediates increased. Mullin et al.
1984) [27] reported that the numbers and locations of chlorine
tom on PCB congeners were the most important criteria for the
valuation of PCBs degradation [27]. In our study, PCB con-
eners 99 and 87 were detected after 30 min of light exposure
hrough meta- and para-dechlorination (Fig. 9). In addition to
ongeners 99 and 87, congeners 66 and 49 were detected after
h of exposure. In addition to these four congeners, congeners
8 and 17 were identified mainly through meta-dechlorination
fter 2 h of light exposure. In addition to congeners 99, 87, 66,
9, 28, and 17 listed above, congeners 9 and 7 were detected
fter 3 h of exposure through ortho- and para-dechlorination.
n this study, meta-dechlorination was the major photocatalytic
athway which confirmed the findings reported by Kuipers and
ullen (1999) [36] and Lepine et al. (1991) [37]. Xiu et al. (1999)
lso reported that congeners 118, 99, 97 and 87 were identified as
he intermediates of congener 138 through para-dechlorination
38]. Miao et al. (1999) reported that congeners 99, 87, 66 were
ound as the degraded intermediates of congener 138 in hexane
11].

Majority of the dechlorination pathways of congener 138
“de-monochlorination”) including the formations of congeners
9, 87, 49, 28, 17, and 7. However, congeners 66, 28, and 9
ere found possibly through the pathway of the removal of two
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hlorine atoms (“de-dichlorination”). It was proposed that the
ntermediates between congeners 138 and 66 were congeners
18 and 85 through ortho- and meta-dechlorination, respectively
Fig. 9). The anticipated intermediates between congeners 99
nd 28 were congener 74 (ortho-dechlorination) and congener
7 (meta-dechlorination). The suspected intermediates between
ongeners 49 and 9 were congener 31 (ortho-dechlorination)
nd congener 18 (para-dechlorination). These proposed inter-
ediates were rapidly formed, degraded, and dissipated during

he photocatalysis between sampling times. Therefore, the pro-

osed intermediates had not been identified in GC analyses. The
roposed intermediates (congeners 118, 85, 74, 47, 31, and 18)
ere indicated using dotted circles in Fig. 9.

g
b
T

ig. 9. Intermediates of PCB congener 138 photocatalysis (The locators ortho, meta
38).
aterials B136 (2006) 902–910

The initial organic chlorine concentration of congener 138
as calculated as 58.97%. The concentration of organic chlo-

ine was decreased as a function of irradiation time. The results
erified that dechlorination was the major pathway of the pho-
ocatalysis of congener 138. Through the dechlorination of con-
ener 138, the concentrations of chloride ion increased with the
ncreasing of light exposure (Fig. 10). The results showed that
he remaining of congener 138 was inversely proportional to the
oncentrations of chloride ion.

Dechlorination was the initial degradation mechanism of con-

ener 138 as proved and discussed above. This finding can also
e confirmed by comparing the bond energy in congener 138.
he respective bond enthalpies of C Cl, C C, C H, and C C

, and para listed by arrows were the dechlorination locations of PCB congener
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ig. 10. Remaining of PCB congener 138 and the formation of chloride ion as
function of exposure time.

ere 339, 348, 415, and 612 kJ mol−1 [25]. The enthalpy of
Cl was the lowest energy compared to those of other covalent

onds in congener 138. Bond enthalpies can also be converted
o the light wavelengths that are required to break particular
ovalent bonds. The wavelengths required to break C Cl, C C,

H, and C C were calculated as 353, 344, 288, and 195 nm,
espectively using the following equations:

= 6.02 × 1023h̄ (c/λ)

= 1.196 × 105/λ (kJ Einstein−1)

here � is the Plank constant (6.63 × 10−24 J s), c the speed of
ight in a vacuum (3.0 × 108 m s−1) and λ is the wavelength of
ight (nm).

. Conclusions

Etching solutions used on support substrates were compared
ith no finding of difference on the XRD patterns of catalysts.
owever, samples using titanium(IV) tetraisopropoxide showed

ignificant decrease in the relative intensities of both rutile and
natase phases. The support substrate etched by hydrofluoric
cid and coated with 5% TiO2 demonstrated the best photocat-
lytic result for congener 138. Because of the stronger light
ntensity of xenon reactor, samples exposed to that showed
igher efficiency of photocatalysis compared with the samples
sing UV reactor. Initial reaction rates of congener 138 were
ot significantly different among samples using the catalysts
ith or without purification. Although the apparent quantum
ields of congener 138 photocatalysis were similar to those of
ther chlorinated xenobiotics, they were much lower than that
f nitrobenzaldehyde chemical actinometer which confirmed the
ow photosensitivity of congener 138. Meta-dechlorination was
he most important degradation pathway for the photocatalysis
f congener 138. Also, “de-dichlorination” (the removal of two
hlorine atoms) was proposed for congeners 66, 28, and 9.
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