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Abstract

Photocatalytic decomposition of fi7estradiol (E2) and estron (E1) in aqueous solutions was carried out by usexgifidtcatalysts
immobilized on polytetrafluoroethylene (PTFE) mesh sheets and irradiated with black fluorescent lamps.,edii@d PTFE mesh
sheets were stacked in a 0.5 &I1 dn?) or 5| beaker and were reciprocatively immersed in the range of 2—4 cm at the rate of 5-120 rpm.
The first-order rate constant of E2 decomposition (initial concentrationu@30%) was proportional to the ratio of the surface area of
the TiO,-modified PTFE mesh sheets to the volume of the treated water. It was also proportional to the square root of the reciprocation
rate of the TiQ-modified PTFE mesh sheets, which was mainly due to mass-transfer limited condition. In addition, it was increased with
increasing temperature, which was explained by the change of diffusion rate of E2 in water. About 90% of E1 in a practical discharged
water was decomposed by using the 51 reactor in 4 min with good reproducibility. Based on the results, application of this system to
purification of discharged water at a sewage treatment plant could be expected.
© 2003 Elsevier Science B.V. All rights reserved.
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1. Introduction posed E2 by use of TiPphotocatalysts immobilized on
the quartz beads. It is well-known that most organic com-

Natural estrogens of Prestradiol (E2) and estron (E1) pounds are oxidized to Cby TiO, photocatalysis because
are basic female sex hormones, and they are well-known tophoto-generated holes exhibit strong oxidizing pojldr].
exhibit estrogenic activities potently even at a very low con- We previously reported a relatively fast reaction rate (a
centration[1]. They are present at a considerable concen- first-order rate constant of ca. 0.033 m) obtained for the
tration in aquatic environments because they are excreteddecomposition of E2, bisphenol-A and 2,4-dichlorophenol
in the urine of female§2]. E1 exhibits estrogen activity as  (2,4-DCP). In these studies, the Bnodified polytetrafiu-
much as~0.3 times of the most potent E2. Recently, how- oroethylene (PTFE) mesh sheets were stacked in glass
ever, they have been problematic because they were detectedylinder and illuminated with black fluorescent lamps, in
at high concentrations in a discharged water from a sewagewhich the solution was circulated by use of a rotary pump
treatment planf3]. This is because the removing rates of [9]. Also, when the Ti@-modified PTFE mesh sheets were
E2 and E1 in a sewage treatment plant were less than tha@ttached to a bar-rotator in a fan-type arrangement being ro-
of the other endocrine-disrupting chemicals (ED@E)p]. tated, the higher first-order rate constant of ca. 0.050%cm
It might be a significant problem if the concentrations of was obtained for the decomposition of E2 and 2,4-DCP. In
E2 and E1 become higher than allowed levels in the aquaticthis case, the reaction rate was limited by the mass transfer
environment. of EDCs to the TiQ surface[9].

We have been studying TiOphotocatalysis in order to In order to increase the decomposition efficiency, we re-
decompose EDC§5-9]. Tanizaki et al.[10] also decom- cently developed a reciprocation technique of Fiodified

PTFE mesh sheets. The reciprocation technique of the
* Corresponding author. Tel:81-3-5841-7245; fax:+81-3-3812-6227. P TFE mesh sheets has an advantage, that a smaller resis-
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technique, so that a more effective decomposition of EDCs sheets were reciprocated at an amplitude of 4cm and at the

is expected. In the present work, we investigated the de-

composition of E2 and E1 by utilizing the reciprocation
technique. As a result, we could purify a discharge water
(51) from a sewage treatment plant in a few minutes.

2. Experimental

E2 and E1 were purchased from Wako Pure Chemical In-

dustries Ltd. The aqueous solutions of E2 and E1 were pre-

pared with distilled water. The Ti®modified PTFE mesh
sheets (PFG-SW20H) were obtained from Nitto Denko Co.
TiO, phtocatalysts, grain diameter of 0.007—Qr, were
immobilized to the PTFE mesh sheet by 20-450/m

Details of the reactor are described as follows: JFiO
modified PTFE mesh sheets (1 mm square openings, ope
ratio of ca. 49%) were horizontally stacked at a given in-
terval by use of acrylic rods in a 0.5! glass beaker. The
solution was illuminated with four black fluorescent lamps
(Type FL 15 BL-B, 15W, National Co.). The light inten-
sity was 1.2 mW cm?, which was measured by use of a
UV radiometer (UVR-36, Topcon Co.) at the center of the
beaker. The Ti@-modified PTFE mesh sheets were recip-
rocatively immersed at an amplitude of 2—4 cm, and at the
rate of 5—60 rpm by using a wheel and a motor (US590-501
and 5GU3.6KB, Oriental motor Co.).

n

rate of 60—120 rpm.

The concentrations of the E2 and E1 were evaluated
by two methods. The concentration of E2 (&d1~1) was
evaluated with a high-performance liquid chromatograph
(HPLC) equipped with a fluorescence spectrometer, whose
details were described in the previous paf$#8r The con-
centration of E1 (>1.gl~1) was also evaluated with HPLC
equipped with an absorption spectrometer (detection wave-
length was 220 nm). The concentrations of E2 and E1 below
1ugl~1 were evaluated by radioimmunoassays (RIZJ].

3. Results and discussion

3.1. Dependence of E2 decomposition rate on the ratio
of surface area of the Ti&®modified PTFE mesh
sheets to water volume

TiO2-modified PTFE mesh sheets were horizontally ar-
rayed at 5, 10 or 20 mm intervals by use of acrylic rods in
the 0.51 reactor. The ratios of the surface area of the sheets
(STio,) to the volume of the treated wate¥\ater) Were
fixed as 1.0, 0.50, and 0.25 éml~1 for the mesh intervals
of 5, 10, and 20 mm, respectivelifig. 2 shows the time

c course of the concentration changes of E2 (initial concentra-

tion of 250ug I~ 1) at 20°C. The TiG-modified PTFE mesh

On the other hand. 25 sheets of the PTEE mesh modifiedSheets were reciprocated at the width of 2cm and rate of

with TiO, were arrayed horizontally at 10 mm intervals in
a 51 glass beaker (180 mm diameter), as showfRiqm 1
The solution was illuminated with eight black fluorescent
lamps (15 W). The UV-light intensity was 1.2 mW chat
the center of the beaker. The Ti®nodified PTFE mesh

Wheel MOW0T 1 odified PTFE
1 mesh sheets
Acrylic rod
0.5 mm
- U
" el [ Top view
— Side view
# 0.3 mm

Black-light
fluorescent lamp

] -
5-L Glass beaker

Fig. 1. Schematic illustration of the 5I reactor. Twenty five sheets of
TiO2-modified PTFE mesh sheets were arrayed horizontally at 10 mm
intervals by use of acrylic rods in a 51 glass beaker (180 mm diameter).
The solution was illuminated with eight black fluorescent lamps (Type
FL15 BL-B, 15W, National Co.). The Ti@modified PTFE mesh sheets
were reciprocated at a width of 4cm and at the rate of 60—120 rpm.

60rpm. As a result, the E2 concentration was decreased in
the dark. This was explained by the adsorption on the,TiO
surface of the PTFE mesh sheets. Under UV-light illumina-
tion, the E2 concentration was decreased more rapidly than
in the dark. The semi-logarithmic plots of the concentration
of E2 as a function of the UV illumination time showed
a nearly linear slope, indicating that the reaction followed
an apparent first-order kinetics. This should be due to the
mass-transfer limited condition caused by the low concen-
tration of E2 in the aqueous solution. Incidentally, the E2
concentration did not change under UV illumination with-
out the TiQ-modified PTFE mesh sheet.

The first-order rate constants of the photocatalytic de-
composition of E2 were plotted against the ratioSfo,
to Vwater In Fig. 3. As a result, they were proportional to
the ratio of Stio, t0 Vwater This result indicates that the
arranged Ti@-modified PTFE mesh sheets were irradiated
sufficiently with black fluorescent lamps. The E2 would be
decomposed to COcompletely[7].

3.2. Dependence of E2 decomposition rate on the
reciprocation rate of the Tiggmodified PTFE mesh sheets

As shown inFig. 2, the reaction was proceeded under
mass-transfer limited condition due to the low concentration
of E2 in the aqueous solution. In order to verify this, the re-
ciprocation rate was changed from 5 to 60rpm. The value
of the Reynolds numbeRg at 60 rpm was estimated to be
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Fig. 2. Decomposition of E2 by the Ti@modified PTFE mesh sheets (stacked interval of 5mm) &C20nder UV light (1.2 mW cm?); the ratio of
the surface area of the Tganodified PTFE mesh sheets$t(p,) to the volume of treated wateW(aer); (@) 1.0; @) 0.50; (A) 0.25 cnf mi~1 under
UV light, and ©) 1.0; (J) 0.50; (&) 0.25cnf ml~ in the dark; @) without mesh sheet.

50, which was calculated frolRe = dv/v, whered is the TiO2 photocatalysf9]. E2 was adsorbed to a greater extent
cross-sectional diameter (0.1 cm), v the fluid velocity of the than 2,4-DCP on Ti@. As E2 was adsorbed much more than
solution (4.0cms! at 60 rpm) and the kinematic viscos-  2,4-DCP when the reciprocation rate of the Fifodified

ity of the solution (0.008 cfs~1). Thus, a laminar flowwas ~ PTFE mesh sheets became fast, the photocatalytic decom-
assumed in the solution. The mass transfer is assumed to b@osition of E2 was enhanced more than that of 2,4-DCP.
proportional to the one-third power of the flux of the solution

in the case of laminar flod 3]. The other experimental con- 3.3, Effect of temperature

ditions were as follows: the sheets were stacked at a 5mm

interval, the ratio ofStio,/ Viwater was 1.0cmi~!, the E2 The rate constant of E2 decomposition was changed by
initial concentration was 250g ™", the temperature of wa-  temperature of the treated solutidfig. 5shows the decom-
ter was 20C, and the UV light intensity was 1.2 mW crh position of E2 as a function of the UV illumination time
As a result, the first-order rate constant was proportional to 44 10, 20, and 36C in a 0.5 beaker. E2 decomposition
a square root of the reciprocation rafeid. 4. The value  \yas carried out with the following condition: initial con-

of the power of the reciprocation rate was larger than the centration: 25@gI=2; UV light intensity: 1.2 mW crm2;
theoretical one. Incidentally, we previously reported that the

first-order rate constant was proportional to one-third power

. : : 0.20
of the reciprocation rate in the case of 2,4-D{1B]. The -
difference in the present case might be probably due to the §
difference in the adsorption between E2 and 2,4-DCP onthe % 0.15 |
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Fig. 4. Dependence of first-order rate constant of the photocatalytic de-
Ratio of surface area of TiO,-modified PTFE sheets to composition of E2 on the reciprocation rate of 3i@odified PTFE mesh
water volume/ cm?+mL™* sheets (mesh interval, 5mm; ratio 8fio, t0 Viater, 1.0 cn? mi=2; initial
E2 concentration, 250g1~1; water temperature, 2@; UV light inten-
Fig. 3. Dependence of first-order rate constant of the photocatalytic de- sity, 1.2 mW cn12). The first-order rate constant of the experiment result
composition of E2 on the ratio dfrio, t0 Vwater. These plots were derived (@), in the case of proportion to the square rdaf)(and one-third power
from Fig. 2 (A) of the reciprocation rate.
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Fig. 5. Temperature dependence of E2 decomposition rate at therfi@ified PTFE mesh sheets @) 30; (ll ) 20; (A) 10°C and €) without
mesh sheet (mesh interval, 5mm, reciprocation rate, 60 rpm; rat¥ief to Viater, 1.0 cnt ml~1; UV light intensity, 1.2 mW cm?).

reciprocation rate of the Ti®@modified PTFE mesh respectively. Thus, the rate constants were found to be pro-
sheets: 60 rpm; arranged interval of sheets: 5mm; ratio of portional to the calculated value of the two-third power of
(Stio,/ Vwaten): 1.0cn? mi~L. The first-order rate constant the diffusion constants.
was found to increase with increasing temperature.

The temperature effect was considered to be caused by3 4. Decomposition of E1 and E2 in discharged water
the mass transfer of the compounds to the sTEDirface
[15]. This effect was analyzed based on a conventional fluid  for applying this system to the practical water treat-
mechanics as follows. The mass transfer is assumed to b&yent with a large volume, we used the 51 reacteig( 1)
proportional to the one-third power of flux of the solution g4 the solution containing E1 (concentration, p§0~2).
in the case of laminar flo}l13]. Mass-transfer rate being  The TiO,-modified PTFE mesh sheets were reciprocated
dimensionless is expressed with Nusselt number as at the width of 4cm and at the rate of 60 rpm. As shown
Re Sa/\ /3 in Fig. 6(a), about 98% of the initial E1 was decomposed

) (1) under UV light for 16 min. The semi-logarithmic plots of
the concentration of E2 as a function of the UV illumina-

whereScis the Schmidt numbew(D), L the length of reac-  tion time showed a nearly linear slope, so that the reaction
tion part (in this case, 0.3 mm thickness of the Fi@odified followed an apparently first-order kinetics. The first-order
PTFE mesh sheet) aridithe diffusion constant. First-order rate constant of the photocatalytic decomposition of E1 was

Nu= 1.85<

rate constant is given as ca. 0.12mim,
D Fig. 6(b) shows the time course of the concentration
k= ENU (2) changes of E2. The Ti®modified PTFE mesh sheets were

reciprocated at the width of 4 cm and at the rate of 120 rpm
Therefore, first-order rate constant could be expressed ag15°C). E2 was decomposed in a similar way to E1. The

follows: first-order rate constant of the photocatalytic decomposition
1.8501/3p2/3 of E2 was also ca. 0.15mid. Although the reciprocation
= T dniz 3) rate and water temperature were different for decomposition

of E1 and E2, almost the same value of decomposition rate
The diffusion constant increases with increasing tempera-was obtained. As mentioned above, this is explained by the
ture, in general. The first-order rate constant is proportional fact that the first-order rate constant of E2 decomposition
to the diffusion constant of the solution to the two-third was proportional to the square root of the reciprocation rate

power. of the TiO,-modified PTFE mesh sheets/(I2 times by the
We obtained the first-order rate constants of 0.16, 0.20, change from 120 to 60 rpm). This was also proportional to

and 0.24min® at 10, 20, and 30C, respectively Fig. 5). the two-third power of the diffusion constant (1.1 times by

Two-third power of the diffusion constants wer&% 104, the change of temperature from 15 to°Z1). Incidentally,

6.9x 1074, and 83x 10~*cm*3s2/3 at 10, 20, and 30C, adsorption behavior of E1 and E2 on the sample sheets was
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Fig. 6. Photocatalytic decomposition of E1(a) and E2(b) in the 51 reactor:
(@) UV illumination; () no illumination; @) UV illumination without
sheets (initial concentration, 25@ 1~1; UV light intensity, 1.2 mW cm’?;
mesh interval, 10 mm, ratio dfrio, t0 Viater, 0.5 cnf mi~1; reciprocation
rate, 60 rpm for E1 and 120 rpm for E2; water temperature,Q6r E1

and 15°C for E2).

similar to each other. Thus, if E2 is decomposed at the sim-
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Fig. 7. Concentration change of E1 in a discharged water from a sewage
treatment plant during photocatalysis. The measurement was repeated
three times (UV light intensity, 1.2mW cm; reciprocation rate of the
TiO2-modified PTFE mesh sheets, 120 rpm; mesh interval, 10 mm; ratio
of Stio, 10 Viwaten 0.5cn? mi~1; water temperature, ).

times. This reproducibility was attributed to regeneration of
the TiO,-modified PTFE mesh sheets under UV illumina-
tion by TiO, photocatalysis. If the experiment was done in
the dark, the reproducibility should not be obtained because,
the surface of TiQ was covered with component of the dis-
charged water.

4. Conclusions

E2 and E1 in aqueous solution (initial concentrations,
2509 1~1) were decomposed relatively quickly by use of

ilar decomposition rate constant as E1 by photocatalysis, the TiO,-modified PTFE mesh sheets under relatively weak

the value of 0.15 min! could be converted t&-0.12 mir 1.

UV illumination (1.2 mW cnt?). The first-order rate con-

This indicates that our system could be explained by the stant of decomposition of E2 was proportional to the square

conventional fluid mechanics model, and the motion of
reciprocation was effective for decomposition of EDCs at
very low concentrations in aqueous solutions.

3.5. Treatment of discharged water from sewage
treatment plant

Finally, we tried treatment of discharged water from Ki-

root of the reciprocation rate of the Ti@nodified PTFE
mesh sheets and corresponded to two-third power of the dif-
fusion constant. For example, the first-order rate constants
of ca. 0.15min! was obtained for E2 at 120 rpm at 16
and that of ca. 0.12 min was obtained for E1 at 60 rpm at
20°C by using a 51 reactorHg. 1).

Samples of discharged water from Kitano sewage treat-
ment plant in the Tama River near Tokyo were successfully

tano sewage treatment plant at the Tama River near Tokyo.treated by this method. We could decompose repeatedly
Concentrations of E1 and E2 in the discharged water were~90% of E1 in a discharged water by using the 5| reactor
140 and 15ngt!, respectively, which were evaluated by in 4 min. By the reciprocation technique of the PTFE mesh
RIA method. The discharged water was treated in the 51 re- sheets, we expect to purify the discharged water at a sewage
actor at 15C. The TiG-modified PTFE mesh sheets were treatment plant effectively with a relatively small energy in
reciprocated at the width of 4 cm and at the rate of 120 rpm. @ short time.

The solution was illuminated with eight 15W black fluo-

rescent lamps. As shown ifig. 7, under UV illumination
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