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A novel thin-layer photoelectrocatalytic (PEC) reactor has been developed and successfully applied to the
degradation of tetracycline, a typical pharmaceutical and personal care products (PPCPs), in bulk wastew-
ater treatment. The reactor is designed with double thin-layer in order to increase the A/V ratio (ratio of
electrode area and solution volume) and improve the mass transfer as well as the photonic efficiency of
the system. The efficiency of organic degradation by the new reactor is much higher in comparison with
conventional PEC process under similar treatment conditions. Using 20–120 mg L−1 model tetracycline
hin-layer PEC reactor
itania nanotube arrays
etracycline

wastewater as the target organics, the PEC removal rate of tetracycline in the reactor reached 96.4–54.8%
with a single-side illumination, much higher than that of conventional PEC reactor (about 80.4–14.6%)
within 1 h. When the reactor was illuminated from double sides, the treatment efficiency of thin-layer
reactor was doubled without increasing new electrodes. This novel reactor always keeps high quantum
efficiency regardless of the different concentration levels of the organic compounds, especially superior
for the treatment of high concentration solutions. Repeated experiments in the treatment of 400 mg L−1

onstr
tetracycline solution dem

. Introduction

Photocatalytic (PC) and photoelectrocatalytic (PEC) oxidation by
itanium dioxide (TiO2) has been demonstrated to be an inexpen-
ive and a promising alternative technology for the treatment of
astewater with refractory and toxic organic pollutants [1–3]. In
ractice, there are two key factors affecting the overall treatment
fficiency of a typical TiO2-based PEC process: (a) the TiO2 photo-
atalyst and (b) the configuration of reactor. In the study of TiO2
atalysts, many efforts have been made to improve the photocat-
lytic capability of TiO2 including synthesizing new TiO2 structures
4–6] or modifying TiO2 with other elements or compound [7–9].
ecently, the new kind of Ti-foil-based TiO2 nanotube arrays
TNAs) [10–16] electrodes have attracted considerable attention
wing to its unique microstructures. In the TNAs, the well-aligned
anotubes are perpendicular to the electrically conductive Ti sub-
trate, forming a Schottky-type contact naturally and providing
unidirectional electric channel for the transport of photogen-
rated electrons. When a positive bias is applied across the TiO2
hotoanode, excellent properties of separation of photogenerated
lectron-hole pairs offer it superior photochemical reactivity over
iO2 nanoparticulate electrode in the photoelectrocatalysis (PEC)

∗ Corresponding author. Tel.: +86 021 54747351; fax: +86 021 54747351.
E-mail address: zhoubaoxue@sjtu.edu.cn (B. Zhou).
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ated excellent stability and reliability of the TNAs electrode.
© 2010 Elsevier B.V. All rights reserved.

[17–22]. In our previous work, we have reported the prepara-
tion of highly ordered TiO2 nanotube arrays or nanopore arrays
with different morphological characteristics, and applied them as
photoanodes in photoelectrochemical applications such as water
splitting, organic pollutant degradation and COD determination,
etc. [23–30].

On the other hand, the treatment efficiency is also affected
by the configuration of reactor; however, the relevant studies
are pretty less in comparison to those on the TiO2 photocata-
lyst. The reactors were mostly designed to two types, including
slurry reactors and immobilized reactors [31–37]. As one of typi-
cal immobilized PEC reactor, rotating disc reactor/drum reactor is
of certain interest, in which a thin water film between the light
source and photocatalyst is formed. Recently, Xu et al. [38] devel-
oped a rotating disc reactor for dye wastewater treatment, which
was reported to possess enhanced mass transfer properties and
treatment efficiency. In that work, TiO2 nanoparticulate/Ti elec-
trode was used as round disk photoanode, and the upper half of the
round disk photoanode was coated with a thin layer of wastewa-
ter and exposed to UV radiation in air, meanwhile, the other half
of the disk electrode was immersed in bulk wastewater to per-

form conventional treatment. The reaction was carried out in an
open system, the high PEC efficiency was achieved by only half
area of the electrode. This kind of reactor was further developed to
a Cu–TiO2/Ti dual electrode oxidation process in their latest report
[39].

dx.doi.org/10.1016/j.apcatb.2010.05.024
http://www.sciencedirect.com/science/journal/09263373
http://www.elsevier.com/locate/apcatb
mailto:zhoubaoxue@sjtu.edu.cn
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Thin layer cell technology can greatly reduce the loss of irradi-
tion intensity and facilitate the rapid mass diffusion by offering
thin water film. The application of such technology into reac-

ors enlarges the ratio of TiO2 electrode area and organic solution
olume so that organic mass can be degraded rapidly. Zhao et
l. [40,41] have applied the thin layer cell technology and TiO2
anoparticulate electrode into chemical oxygen demand (COD)
etermination and kinetics study of PEC process. During these pro-
esses, the exhaustive redox reaction can be completed in very
hort time. In our recent work [24,25], we also reported that the
NAs-based COD sensor for rapid and accurate COD determination
f wastewater. However, it is evident that this technology cannot
e applied into bulk wastewater treatment because of its small cell
olume (only 0.785 �L).

A powerful and energy efficient PEC reactor for wastewa-
er treatment should ideally possess: (1) a large catalyst surface
rea per unit reactor volume, (2) sufficient mass transfer capac-
ty between the liquid bulk and the reaction sites, (3) effectively

aking use of photons, (4) excellent photoanode for fast electron
ransfer. In the present work, we combined these advantages to
evelop a novel thin-layer PEC reactor with double-faced titania
anotube arrays electrode for the highly effective degradation of
rganic compounds. The reactor was designed with double thin-
ayer configuration in order to increase the A/V ratio (ratio of
lectrode area and solution volume) and improve the mass transfer
s well as the photonic efficiency of the system. Furthermore, a rel-
tively closed design in the reactor can prevent organic pollutant
rom evaporation into air during the operation. The feasibility of the
eactor was demonstrated by the treatment of model tetracycline
astewater. Then the reaction kinetics was analyzed experimen-

ally and mathematically. Important factors were also discussed.
ig. 1 presents the UV–visible spectra and molecular structure of
etracycline (TC), which is a typical pharmaceutical and personal
are products (PPCPs) [42,43].

. Experimental

.1. Materials
Pieces of titanium (Ti) sheets (purity > 99.99%) were pur-
hased from Kurumi works, Japan. Tetracycline hydrochloride
C22H24N2O8·HCl, see Fig. 1a), hydrofluoric acid, sodium sulfate,
odium hydroxide, and acetone were obtained from Shanghai

ig. 1. UV–visible spectra of tetracycline: (a) UV–visible spectrum and molecular
tructure of tetracycline, (b) calibration curve of tetracycline and (c) UV–visible
pectra of tetracycline at different time intervals during the PEC process.
ronmental 98 (2010) 154–160 155

Chemical Reagent Company (China) without further purification.
All solutions were prepared with doubly distilled deionized water.

2.2. Preparation of double-faced TNAs electrode

The doubled-faced TNAs electrodes was prepared by using a
modified route of electrochemical anodization reported by Gong
[10] and our previous work [23]. In a typical fabrication process,
the titanium sheets were cleaned with acetone in an ultrasonic
bath, followed by rinsing in deionized water and finally drying in
air. The doubled-faced TNAs electrodes (40 mm × 50 mm × 0.1 mm
or 80 mm × 50 mm × 0.1 mm in dimension) were grown by poten-
tiostatic anodization at 20 V using a platinum cathode (area:
40 mm × 40 mm) in 0.5 wt% HF solution for 1 h. During the fabrica-
tion, the front side of the electrode is facing the platinum cathode,
and the other surface is the back side. Then the resulting double-
faced TNAs electrode were annealed in the air ambience at 500 ◦C
for 3 h; heating and cooling rates were kept at 1 ◦C min−1.

2.3. Characterization of TNAs electrode

The surface morphology of TNAs was investigated by field emis-
sion scanning electron microscopy (FE-SEM FEI-Sirion200) under
voltage of 5 kV, and the crystal patterns of TNAs were character-
ized by X-ray diffractometer (XRD, Bruker D8) using a Cu target at
the scan rate of 4 deg min−1.

2.4. The double-faced TNAs electrode based thin-layer PEC reactor

The double-faced TNAs electrode based separate type thin-
layer PEC reactor consists of two interconnected quartz cells:
one cell was 40 mm × 50 mm × 0.5 mm in net dimension with
a 40 mm × 50 mm × 0.1 mm TNAs electrode and the other was
20 mm × 20 mm × 1 mm in net dimension with a Pt electrode (see
Fig. 2a). Such a thin-layer reactor made it possible to keep the pho-
toanode irradiated from both sides. The aqueous layer thickness
at every sides of TNAs electrode in the reactor was about 0.2 mm
and the distance between the working electrode and the center
of UV light source (GE, 4 W, 254 nm) was 3 cm (see Fig. 2b). The
organic solution (in total volume of 50 mL) was kept in a glass con-
tainer connecting to the reactor. A peristaltic pump was applied
to circulate the solution between the quartz cells and the solution
container by a slender hose. The optimal flow velocity was con-
trolled at 10 mL min−1 since relative stable degradation efficiency
can be obtained as the flow velocity above 4 mL min−1 (Supporting
Information Figure S3).

For the control experiment, a conventional reactor was set
up and its parameters were summarized as follows: the effec-
tive volume of the reactor was 40 mm × 50 mm × 25 mm (cell
thickness ∼25 mm) in net dimension with a TNAs electrode of
40 mm × 50 mm × 0.1 mm. The 50 mL of 20–120 mg L−1 model
tetracycline wastewater was kept in the reactor with vigorous agi-
tation during the operation. The distance between the working
electrode and the center of UV light source was 3 cm, and the aque-
ous layer thickness for illumination was 5 mm (see Fig. 2c). The
radiation power from single-side illumination was controlled at
5 mW cm−2.

In the further studies, an additional UV lamp was fixed in
the symmetrical position at the other side of the thin-layer reac-
tor (see Fig. 2b). The radiation power was controlled at 5 or

10 mW cm−2 as required and the dimension of reactor was chose
at 40 mm × 50 mm × 0.5 mm or 80 mm × 50 mm × 0.5 mm with the
corresponding TNAs electrode. 50 mL of 100–400 mg L−1 model
tetracycline wastewater was kept in the thin-layer reactor with
flow velocity of 10 mL min−1.
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ig. 2. Schematic diagram of the TNAs based thin-layer PEC reactor (a, b) and the c
eactor was used as the working electrode and placed 3 cm away from UV lamp fo
tudies in the thin-layer PEC reactor.

.5. Photoelectrochemical experiment

The photoelectrochemical experiments were performed using
three-electrode system with a platinum foil counter electrode, a

aturated Ag/AgCl reference electrode and a TNAs working elec-
rode. The potential and current of the working electrode were
ontrolled by an electrochemical workstation (CH Instruments Inc.
SA, CHI 660C). The polarization dark current and photocurrent

esponse were measured in 20 mg L−1 tetracycline solution (0.1 M
a2SO4 solution as support electrolyte) under UV lamp illumina-

ion of 5 mW cm−2. The photoelectrochemical properties on each
ide of the TNAs electrode were tested, respectively.

.6. Degradation experiments

The PEC experiments were performed in the proposal reactors
as shown in Fig. 2). The supplied voltage was controlled using a
ower supply; UV lamps (GE, 4 W, 254 nm) were chosen as UV light
ource. The PC experiment was performed by using the same sys-
em without applying an external potential. The EC experiment was
erformed without UV illumination and the photolysis process was
one with UV light alone.

.7. Chemical analysis

The concentration of tetracycline was measured using a UV
pectrophotometer (2102-PC, Shanghai Unico Co., China) at the
avelength of 355 nm [44]. The calibration curve of tetracycline

etermined at 355 nm and its linear equation was shown in Fig. 1.
he pH value was measured with a PHS-3C pH meter (Shanghai
eici Apparatus Manufactory, Shanghai, China). The COD determi-
ation of the reaction solutions were carried out according to Refs.
24,25].
tional PEC reactor (c). In the comparative experiment, the TNAs electrode in each
e side illumination, whereas both-side illumination was applied for the extended

3. Results and discussion

The FE-SEM images of the front and back sides of the result-
ing TiO2 nanotube arrays electrode are shown in Fig. 3. It can be
observed from Fig. 3a and b that the nanotubes are highly ordered
and well aligned, with the diameter of ∼100 nm and wall thickness
of ∼10 nm [23]. Observing from the cross-section, the nanotubes
are ∼420 nm in length and closely combined to the barrier layer.
The surface scanning shows that the titania nanotubes were cov-
ered uniformly on both sides of the titanium foil. The short TNAs
appears to be more robust and ordered compared with the long
TNAs, thus, they can offer higher activity and stability in the long
term usage for the degradation of organic compound.

The X-ray diffraction (XRD) patterns of the as-annealed TNAs
electrode are shown in Fig. 3c. The nanotube without calcinations
maintained an amorphous structure in Fig. 3c (ii), while the amor-
phous regions were gradually crystallized to form anatase phases
via the calcinations at 500 ◦C in Fig. 3c (i). It can be seen from pattern
a that the sample possesses characteristic peaks at 25.35◦ (1 0 1),
38.1◦ (0 0 4), and 48.2◦ (2 0 0) for the anatase phase. The titanium
peaks can also be found owing to the Bragg reflection of Ti substrate.

To study the photoelectrochemical response of TNAs on each
side of electrode, cyclic sweep photovoltammetry was applied in
0.1 M Na2SO4 supporting electrolyte under UV irradiation. The
test was carried out in a three-electrode configuration and the
results are shown in Fig. 4. It can be seen that the photocurrent
increases with potential until reaching the saturated current; when
the potential is above the oxygen releasing potential, the current
increases in proportion with potential, showing the characteristic

of conductive materials.

Comparing with the photocurrent obtained from the front side
(Fig. 4a), the back side illumination (Fig. 4b) demonstrated similar
photoelectrochemical response, implying that the entire surface of
the electrode is covered with the homogeneous nanotubes. In other
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to the photocatalyst, it promoted the separation of photogener-
ig. 3. FE-SEM top-view and corss-section (inset) of titania nanotube arrays on fro
c).

ords, illuminated by both sides, the photogenerated current of
NAs electrode could double in PEC process; hence higher photo-
atalytic reactivity can be obtained using this kind of electrode. The
alue of dark current was so small that it can be neglected.

Tetracycline was degraded under various processes such as
hotodegradation, photocatalysis (PC), electrolysis (EC), and photo-
lectrocatalysis (PEC) and the experimental results are summarized

n Fig. 5. It can be seen that almost no tetracycline can be directly
egraded by only applying the electrolysis under +1.0 V bias; and
V photolytic reaction only resulted in a removal ratio of 28.8%
ithin 1 h. Compared to direct UV irradiation, the TNAs electrode

ig. 4. Photocurrent density versus applied potential (V vs. Ag/AgCl) of the TNAs on
ach side of electrode: (a) front side of the electrode, (b) back side of the electrode
experimental condition: 0.1 M Na2SO4 and light intensity 5 mW cm−2).
lectrode (a) and back of electrode (b), XRD patterns of the titania nanotube arrays

(without bias supply) degraded 45.3% of the tetracycline in the
same time. However, it is easily observed from Fig. 5 that the PEC
process obtained the removal rate of 76.8% under the same con-
ditions. The TNAs electrode has been approved to be an excellent
photoanode in the previous reports [20–22] since its advantage of
fast electron transfer. When the given electric bias was supplied
ated holes and electron. This charge separation prevented the
photoinduced electron and the hole from recombination and conse-
quently leads to higher degradation efficiency. In short, electrolysis

Fig. 5. Decolorization of tetracycline using different process in thin-layer reactor
(experimental condition: natural pH 4.2, total 50 mL of 20 mg L−1 initial concentra-
tion of tetracycline, 0.1 M Na2SO4, +1.0 V bias potential, light intensity 5 mW cm−2

and irradiation time 90 min).
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Fig. 7. Absolute quantity of tetracycline removed by each cm2 electrode surface area

ig. 6. Color and COD removal of 20 mg L−1 TC by thin-layer reactor (experimental
ondition: natural pH 4.2, total 50 mL of 20 mg L−1 initial concentration of tetracy-
line, 0.1 M Na2SO4, +1.0 V bias potential, light intensity 5 mW cm−2 and irradiation
ime 120 min).

r photolysis only plays a very insignificant role for tetracycline
egradation in the PEC process. Fig. 6 shows that the color of tetra-
ycline was almost totally removed in 120 min, whereas ∼31.6% of
OD was still present in the solution. Observing from Fig. 1c, the
bsorption peaks of tetracycline in the ultraviolet band were grad-
ally decreasing. After 120 min degradation, the absorption peaks
ere almost disappeared. Since no new absorption peaks were

ormed during the degradation process, it can be deduced that the
etracycline molecules might be mineralized into CO2 and H2O and
ome small organic molecules during the PEC process. The effect of
H and bias potential on the PEC degradation of tetracycline was
lso investigated. The optimum bias potential and value of pH was
hose at 2.0 V and 8.0, respectively. Accordingly, the PEC removal
ate of tetracycline reached 96.4% within 1 h treatment (Supporting
nformation Figures S1 and S2).

Individual model tetracycline wastewater, with the concentra-
ion ranging from 20 to 120 mg L−1, was treated by thin-layer PEC
nd conventional PEC under single-side illumination. The results of
he removal rate are listed in Table 1. The thin-layer PEC removed
ate of tetracycline reached 96.4–54.8% within 1 h, while only
0.4–14.6% by conventional PEC under the same conditions. It also
an be seen from Table 1 that the ratio of their removal rate between
hin-layer reactor and conventional reactor apparently increased
ith the solution concentration, implying that the oxidation capa-

ility of the thin-layer PEC is more stable in the high concentrated

olution. Fig. 7 shows the absolute quantity of tetracycline removed
y each cm2 electrode surface area when applying the two types
f PEC method to treat tetracycline solution at different concentra-
ion within 1 h. With tetracycline concentration increasing from 20
o 120 mg L−1, tetracycline removed by thin-layer reactor steadily

able 1
he degradation of tetracycline in thin-layer reactor and conventional reactor within
h treatment under single-side illumination (light intensity 5 mW cm−2).

C0 (mg L−1) (I) Thin-layer PEC (%
removal)

(II) Conventional PEC
(% removal)

Ratio (I/II)

20 96.4 ± 1.7 80.4 ± 1.5 1.20
40 86.6 ± 2.0 59.9 ± 1.8 1.45
60 82.5 ± 2.4 50.7 ± 2.1 1.63
80 73.6 ± 1.5 33.4 ± 2.3 2.21

100 62.5 ± 2.3 19.3 ± 2.1 3.23
120 54.8 ± 2.1 14.6 ± 1.9 3.71
using thin-layer PEC and conventional PEC procedure to treat tetracycline solutions
at different concentration levels (experimental condition: bias potential +2.0 V, pH
8.0, single-side illumination, total 50 mL tetracycline solution, 0.1 M Na2SO4, light
intensity 5 mW cm−2 and irradiation time 1 h).

increased, whereas the maximum amount of tetracycline removed
by the conventional reactor was 60 mg L−1. Beyond that concen-
tration, tetracycline removal decreased. The main reason for the
undesirable performance of the conventional reactor when treating
the high-concentration solution is that the UV radiation had been
mostly absorbed by the sample solution; without light transmission
almost, and then the conventional PEC process actually became a
weak electrolysis procedure. The effect was also demonstrated by
the measurement of the apparent quantum efficiency of the two
PEC processes (the calculation procedure was shown in supporting
materials). As given in Table 2, it is evident that the apparent quan-
tum efficiency of the PEC process almost kept constant regardless
of the different concentration levels of the tetracycline in the thin-
layer reactor. In contrast, it decreased sharply in the conventional
reactor as the concentration of organic compounds increased. These
results approved that the thin layer structure actually reduced the
absorption of light by the solution. As well known, higher irradi-
ation intensity provides higher photocurrent in the electrode in
leading to more photogenerated holes in the reaction. Therefore,
excellent photocatalytic activity is benefited from effectively uti-
lization of photons in thin-layer reactor. In contrast, conventional
reactor cannot avoid great loss of light intensity, especially in treat-
ment of high concentration solution. This means that the thin-layer
PEC reactor can be readily applied to the treatment of the high
concentration organics without influencing its apparent quantum
efficiency.
Apart from the property of reactor, the irradiation area of elec-
trode, irradiation power and solution concentration, the three
factors, also can greatly influence the treatment capacity. Differ-
ent from the conventional reactor, the thin-layer PEC reactor has

Table 2
The quantum efficiency of degradation in the different model tetracycline wastew-
ater using conventional reactor or thin-layer reactor (light intensity 5 mW cm−2).

Concentration (mg L−1) Quantum efficiency of degradation (%)

Conventional reactor Thin-layer reactor

20 20 21.8
40 12.6 21
80 5.93 20.3

120 1.5 19.6
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Table 3
The degradation of tetracycline by thin-layer PEC under single or double side illumi-
nation (dimension of electrode used in the experiment is 40 mm × 50 mm × 0.1 mm
for run 1–2 and 80 mm × 50 mm × 0.1 mm for run 3–7, respectively).

Run C0 (mg L−1) Illumination Light intensity
(mW cm−2)

Time needed after 90%
degradation (min)

1 100 Single-side 5 100
2 100 Double-side 5 47
3 100 Singe-side 5 47
4 100 Double-side 5 22
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5 100 Double-side 10 16
6 200 Double-side 10 36
7 400 Double-side 10 52

he advantage in effective utilization of double-faced TNAs elec-
rode without being worried about the absorption of irradiation
ntensity. Moreover, the reactor can avoid volume restrictions of
he solution container so that larger TNAs electrode can be utilized.
n this experiment, 50 mL of 100–400 mg L−1 model tetracycline

astewater was treated using different experimental parameters.
or the initial concentration of 100 mg L−1 tetracycline solution, it
an be seen from Table 3 that it took almost 100 min to achieve
0% degradation under single-side illumination; whereas the time
as shortened by approx. 50% under both-side irradiations, and

urther by approx. 75% when doubling the area of the TNAs elec-
rode. It also can be seen from Table 3 (run 4–5) that the increase
f light intensity from 5 to 10 mW cm−2 could further shorten
he time needed from 22 to 16 min when other parameters were
ept the same. This result shows that the thin-layer reactor can
ake full use of high irradiation power to treat organic solution

n very short time. In order to estimate degradation efficiency for
igh concentration tetracycline solution, the thin-layer reactor was
sed to treat 200 and 400 mg L−1 tetracycline solution, respec-
ively. Observing from Table 3 (run 6 and 7), it took only 36 or
2 min to degrade 90% of tetracycline under the light intensity of
0 mW cm−2 by double-side illumination, respectively. This shows
hat the designed thin layer structure can provide a large cata-

yst surface area per unit reactor volume; meanwhile, double-side
lluminations further enlarged the catalyst surface area on a sin-
le electrode, resulting in much higher degradation efficiency in
reatment of organics.

ig. 8. Durability of TNAs electrode for treatment of high concentration of tetracy-
line solution in thin-layer reactor (experimental condition: bias potential +2.0 V,
H 8.0, double-side illumination, total 50 mL of 400 mg L−1 initial concentration of
etracycline solution, 0.1 M Na2SO4, light intensity 10 mW cm−2 and irradiation time
h).

[

[

[
[

[

[

[
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Fig. 8 shows the durability of TNAs electrode for treatment of
high concentration of tetracycline solution during a series of 20
identical tests in thin-layer reactor. The experiment was carried
out under the condition: 50 mL of 400 mg L−1 tetracycline, 0.1 M
Na2SO4 as electrolyte, irradiation time of 1 h, light intensity of
10 mW cm−2 and both-side illumination.

As can be seen from Fig. 8, the PEC results of the 20 repeated
experiments for degradation of tetracycline in 1 h shows that the
degradation efficiencies were rather stable with an average degra-
dation efficiency of 93.1 ± 1.3%. This indicates that TNAs electrode
processes excellent stability and reliability in the thin-layer reactor
for the treatment of high concentration solutions.

4. Conclusion

A novel thin-layer photoelectrocatalytic (PEC) reactor with
double-faced titania nanotube arrays (TNAs) electrode was
designed and then applied to degrade tetracycline solution. The
configuration of thin layer of reactor offers pretty thin aqueous
layer in a cycled system during the PEC process, thus, can obtain
much higher degradation efficiency in comparison to the tradi-
tional bulk reactor. Results also show that thin-layer PEC reactor
can efficiently treat high concentration organic solution and pos-
sess excellent stability and reliability during the serial experiments.

Benefited from convenient fabrication process of double-side
TNAs electrode, the new reactor can use much larger TNAs elec-
trode to increase its treatment capacity; similarly, multi-reactor
can be connected in series or parallel for the same purpose. By con-
tinuous improving the configuration and photoanode of the reactor,
this new reactor can be developed into a kind of convenient device
with superior performance to treat various biorefractory environ-
mental organic pollutants.
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