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Degradation of 4-chlorophenol by reactive oxygen species was studied, the latter being gen-
erated by photo-assisted reactions of thiophene oligomers, synthesized in channels of the
Na-ZSM-5 zeolite. The photoreaction was carried out in an aqueous suspension of photo-
catalyst, irradiated with visible light (A > 400 nm). The spin-trapping method was used to
detect the generated “OH radicals. The main products of the photodecomposition of
4-chlorophenol were found to be phenol, hydroquinone and maleic acid.
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Oxidative decomposition and transformation of organic substrates with
oxygen using photocatalysts is one of the most frequently used methods for
purification of waste waters. Among these methods photocatalytic reactions
on semiconductor powders are of great interest because of a large variety of
pollutants®2. During photocatalytic processes, photoinduced electrons and
holes can reduce and oxidize species adsorbed on semiconductor particles?.
One of the semiconductors most widely used as a photocatalyst, triggering
the oxidative destruction and mineralization of organic substrates, is TiO,.
Due to the width of the band gap of TiO, (3.2 eV), the processes of catalytic
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oxidative destruction are accomplished upon irradiation with UV light,
when only approximately 4% of the solar radiation is effective.

Anchoring of pigments, in particular phthalocyanine complexes on
wide-band gap semiconductors®-®, is an alternative method in which a dye
(sensitizer) adsorbed on TiO, surface gets excited by absorbing visible light
and an intercomponent electron transfer takes place in the couple molecu-
lar semiconductor-TiO,.

On the other hand, it has been reported that T-conjugated poly(arylene)s
(organic semiconductors with A, > 400 nm), such as poly(1,4-phenylene),
poly(pyridine-2,5-diyl), and poly(2,2'-bipyridine-5,5'-diyl), make possible
photocatalytic reduction of water, ketones, and CO, in the presence of tri-
ethylamine as a sacrificial electron donor’®. As a first application of T-con-
jugated polymers to the degradation of water pollutants, photocatalytic
degradation of four agrochemicals using poly(3-octylthiophene-2,5-diyl)
and poly[2,5-bis(hexyloxy)-1,4-phenylene] films under gas bubbling (oxy-
gen) and UV light irradiation was investigated®. Since the poly(3-octylthio-
phene-2,5-diyl) film possesses a strong absorption band at A, = 504 nm,
it can be activated by visible light. Therefore, the visible-light-induced cata-
lytic degradation of a fungicide (iprobenfos) using a poly(3-octylthiophene-
2,5-diyl) film, by varying the oxygen pressure of bubbling gases can be
used!t12,

In our earlier work2, we have found that thiophene oligomers, serving as
models of conducting polythiophenes embedded in the channels of zeolite
ZSM-5 structure, generate in aqueous media electrons, when irradiated by
visible light, ultimately producing superoxide (O,™") and H,. This finding
inspired us to design a heterogeneous photocatalytic system (thiophene
oligomers-ZSM-5 zeolite) for photolytic degradation of selected pollutants
(4-chlorophenol) by visible light. We now present the results of the study
of photocatalytic degradation of 4-chlorophenol as a model chlorinated
contaminant of the environment. The study concentrated on identification
of the reactive oxygen species (ROS), participating in decomposition reac-
tions proceeding in aqueous media and degradation products of 4-chloro-
phenol.

EXPERIMENTAL

Oxidation polymerization (oligomerization) of thiophene was performed in channels of the
Na-ZSM-5 zeolite (VURUP Co., Slovak Republic) after ion exchange of Fe3* for Na* according
to our previous work'3. The exchanged Fe3*-ZSM-5 was prepared by refluxing (4 h) 5 g of
zeolite with 100 cm® of aqueous 0.3 m FeCl;:6H,0 (Aldrich).
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The X-ray microanalysis of zeolite samples was conducted by scanning electron micro-
scopy with a JXA-840 A instrument (JEOL). The synthesized sample contained 0.1 wt.% Fe
and 3.1 wt.% S. The morphology of zeolites was studied by the analytical transmission mi-
croscope JEOL, model TEM 2000FX equipped with an ASID 20 and energy-dispersive probe
Link AN 10000. Transmission electrons were generated by electron gun with acceleration of
160 kV; resolution 0.28 nm. Photographic records were made on Kodak film sheets. For di-
rect observation by TEM, zeolite sample were pretreated by the following procedure: some
0.01 g of a sample was mixed with 100 cm® of ethanol and homogenized in an ultrasound
apparatus (Power Sonic PS 01000, NOTUS-P.S. Co., Vrable, Slovakia) during 10 min. Finely
suspended particles of zeolite in alcohol were transferred with a micropipette on to a copper
mesh with mesh size 10 x 10 um, on which a graphite layer of 5-10 nm was previously de-
posited. Vacuum deposition was used to cover dry samples (24 h at 40 °C in vacuo) with an-
other layer of ca 5 nm of graphite. The pretreated samples produced images allowing
assessment of iron distribution in zeolite after ion exchange.

EPR spectra were measured with an ERS-230 apparatus (ZWG, Academy of Sciences,
Germany) in the X-region at microwave output 5 mW and modulation amplitude 0.5 mT.
As a 1O2 (singlet oxygen) and O, detector, 2,2,6,6-tetramethylpiperidine (TEMP, synthe-
sized by Dr D. Végh, Department of Organic Chemistry, Slovak University of Technology;
99.3%, 1.4 x 107 mol dm™) was used. The 5,5-dimethyl-4,5-dihydroxypyrrole N-oxide
(DMPO, Sigma) was used as spin trap (3.4 x 10™* mol dm™). Samples (water suspension of
the treated zeolite at pH 5.63) were irradiated with a metal-halogen lamp (250 W, Tesla,
=60 W m™2) from the distance of 50 cm through a 5-cm water filter in the cavity of the
EPR apparatus at 25 °C.

The photodegradation of 4-chlorophenol and phenol was carried out in a magnetically
stirred round-bottom flask (250 cm?). The reaction mixture (pH 5.6) was composed of
250 cm® of an aqueous solution of the reactant (2.5 x 10~ mol dm™3) and 250 mg of
photocatalyst. For irradiation, a metal-halogen lamp (150 W, Osram, =35 W m™2) was placed
about 30 cm from the reaction flask, its light being filtered with 10-cm aqueous filter kept
at 25 °C.

The analysis of photodecomposition products were performed by high-performance lig-
uid chromatography (HPLC). The HPLC system consisted of a pump Maxi-Star K-1000,
an on-line degasser Model A1050, a refractive index (RI) detector Type 298.00, an injector
valve equipped with a 10-mm? loop, all from Knauer (Berlin, Germany), and a column ther-
mostat Jetstream Plus Il (Therotechnic Products, Germany). Separation was carried out using
a Tessek column, model CGX C18 (150 mm x 3 mm i.d.; Tessek, Prague, Czech Republic). As
a mobile phase, 50% ethanol in redistilled water was used at a flow rate of 0.5 cm® min™.
The column temperature was set to 25 °C. The Rl detector was operated at 25 °C. The chro-
matographic data were recorded and evaluated using the EuroChrom 2000 Integration
Package Software (Knauer, Berlin, Germany).

RESULTS AND DISCUSION

As can be seen from Fig. 1a showing a TEM image of the Na-ZSM-5 crystal,
prior to exchange of Fe3* for Na* the crystal remains smooth, without
visible changes or perturbations (cf. the TEM image in Fig. 1b showing
Fe-ZSM-5 after ion-exchange). Dark spots of various sizes can clearly be
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identified (ranging from 5 to about 50 nm). These “morphological” changes
are attributed either to clusters of various Fe forms aggregated after ex-
change for Na*, or to surface defects containing larger clusters of Fe ions.
Figure 2 shows records of analysis of a Fe3*-ZSM-5 sample after oligo-
merization of thiophene, whereby Fig. 2a represents analysis of zeolite sur-
face without visible defects, whereas Fig. 2b shows analysis of the faulted
zeolite surface. It appears that Fe3* ions are found predominantly in the
channels of zeolite, or in surface defects. Such faults are ion clusters of vari-
ous sizes (Fe,03; Fe**~0O-Fe®*), as has already been assumed in our earlier re-
port'# (higher Fe content on the “defect” surface - Fig. 2b; cf. Fe/Si). Sample

a b

Fic. 1
TEM image of a Na-ZSM-5 zeolite crystal (a); TEM image of a Fe-ZSM-5 crystal (b)
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Fic. 2
Analysis of upper layers of a Fe-ZSM-5 crystal, doped with thiophene oligomers, obtained in
the region without visible morphological perturbations (a) and in the region with higher inci-
dence of morphological disturbances (b)
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2b also contains more sulfur suggesting that oligomerization of thiophene
took place mainly in parts with higher concentrations of Fe3* ion clusters.
Thus it appears that the photocatalytically active locations of thiophene
oligomers follow no pattern; in addition to being in regular zeolite chan-
nels, they are “bound” to irregularly distributed surface clusters of Fe ions,
created after ion-exchange.

Figure 3 shows time-dependent photogeneration of superoxide (or 1O,)
during irradiation with visible light, monitored by oxidation of TEMP
(spin-trap) in a mixture of dimethyl sulfoxide (DMSO)/H,O (80:20 vol.%).
We assume that even in a DMSO/water mixture, superoxide forms either
directly (O, + e - O,™), or via an intermediary complex of singlet oxygen
and polythiophene (oligothiophenes) (PT + hv - PT* - + O, - [PT* ...
10,79 - PT** + O,™), as has been reported!®. Figure 3 shows that the EPR
signal of the oxidized TEMP (TEMPO) grows under given experimental con-
ditions only during the first 30 min of irradiation. We could show?3 that in

0 min 5 min
20 min 35 min
1mT
—
45 min dark reaction after 45 min

Fic. 3
Time-dependent photogeneration of O,™, monitored by spin-trapping agent TEMP (1.4 x 107
mol dm‘3) in a DMSO/water mixture (80:20 vol.%) and in the presence of 10 mg of zeolite
photocatalyst
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purely aqueous suspensions of modified zeolite, consecutive reactions of
superoxide failed to generate the *OH radical. Now we have designed an in-
direct method, in which we irradiate (A > 400 nm) in DMSO/water mixtures
(50:50, 70:30, 80:20, 90:10 vol.%) in the presence of DMPO and the photo-
catalyst. Whilst the 50:50 aqueous DMSO failed to show clear growth of
EPR signal during irradiation, growth was observed in the 80:20 vol.% mix-
ture. Figure 4a shows such EPR spectrum of the mixture of 10 mg of photo-
catalyst — Fe-ZSM-5-polythiophene, 900 pul DMSO, 100 pl water and 40 ul
DMPO as superposition of several DMPO adducts with various radicals, gen-
erated during decomposition of DMSO and water in the subsequent dark re-
actions. Out of radicals possibly generated during irradiation, we could
identify at least four species, adducts of DMPO with intermediary radicals,
possessing the following splitting constants: *OH with ay = ay = 1.68 mT;
CH;00" with ay = 1.3 mT, ay = 0.8 mT; CH;0° with ay = 1.34 mT, a4 =
1.16 mT; DMPOX"* with ay = 1.34 mT and/or DMPO-0,"" with ay = 1.41
mT, ay = 1.14 mT. For instance, hydroxyl radicals can be generated by the
following reactions'®:

Fic. 4
EPR spectrum of a mixture of 10 mg photocatalyst, 900 pl DMSO, 100 ul water and 40 pl
DMPO (3.4 x 10 mol dm™3) after 5 min irradiation (A > 400 nm) (a); simulated spectrum of
adducts with DMPO (1 DMPO-HO", ¢ DMPO-CH;00°", x DMPO-CH,0°, V DMPOX") (b)
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20, +2H" - O, +H,0,
H,O, +e - "OH + OH"-
OH™ + PT** - "OH + PT

Hydroxyl radicals react very quickly with DMSO forming methyl radicals?.
On the other hand, methyl radicals may react immediately with molecular
oxygen forming CH,0O0" radicals’-'8. The values of splitting constants ay
and ay match those reported for such adducts in the database of EPR spec-
tra'®. Using Bruker software (WINEPR, SymFonia), we simulated the spectra
of the above four adducts (Fig. 4b), and found them to be in good agree-
ment with the experimental spectra. The observed deviations of theoretical
spectrum from experiment probably account for the presence of DMPO ad-

20 min 30 min

40 min dark reaction after 40 min

FiGc. 5
Time-dependent EPR signal of adducts of DMPO with “OH (1), CH;00" (¢), CH;0" (%), and X~
(V) in a mixture of 10 mg of photocatalyst, 900 ul DMSO, 100 pl H,O and 40 ul DMPO (3.4 x
107 mol dm™). All spectra were registered at the same amplification
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ducts with other radicals, e.g. O,"", which possess similar splitting constants
as the above-mentioned four radical species (for instance DMPO-O,"" has
ay = 1.41 mT, ay = 1.14 mT)*°. Such reasoning can be corroborated by the
fact, that the presence of O, was detected also by TEMP 3,

During irradiation with visible light, the concentrations of respective ad-
ducts grow (Fig. 5), with the concentration of the CH;00*-DMPO adduct
growing in the first phase (first 10 min) faster than the others. When TEMP
was used as a spin-trapping agent, the EPR signals also grew, confirming the
role of light in the generation of radicals (Fig. 3).

Time-dependent EPR spectra show that after the initial 10 min the sig-
nal intensity of the DMPO-CH;O00® or DMPO-0,"" adduct decreases,
whereas that of the DMPO-CH;0" adduct keeps growing (Fig. 5). The time-
dependence of EPR spectra can be accounted for by assuming that in the
mixture of photocatalyst, DMSO, water and DMPO, “OH radicals and other
ROS species are generated even in the ensuing dark reactions. Their subse-
gquent reactions with DMSO then generate CH;O0O" radicals, which in turn
immediately attack DMPO (hence higher intensity of the corresponding EPR
signals in the first phase of reaction). Further irradiation converts the
CH;00" radical into CH;0°, causing depletion of DMPO-CH;00" and
growth of the DMPO-CH;0O°" signal.

Transformation of the CH;00" radical to methoxy radicals CH;0" can be
easily observed also in the dark reaction of the studied mixture (Fig. 6). We

0 min 5 min

10 min 20 min ,m

Fic. 6
Time-dependent EPR signal of adducts of DMPO with “OH (1), CH;00" (0), CH;0" (x), X" (V)
generated in dark reactions in a mixture of 10 mg of photocatalyst, 900 ul DMSO, 100 ul H,O
and 40 pl DMPO (3.4 x 10™* mol dm‘3). All spectra were registered at the same amplification
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can see clearly the decreasing intensity of the CH;00" adduct signal with
time. Interestingly, the DMPO-HO" adduct has not been recorded, probably
due to fast consumption of *OH radicals in the transformations to methyl-
peroxy and methoxy radical intermediates.

Having confirmed generation of "OH radical in the photoreaction, we set
out to investigate the possibility of first dechlorination and possible deeper
degradation of selected aromatic compounds. At first we used 4-chloro-
phenol, a known contaminant of the environment. Its photooxidation has
been known to produce in the first phase phenol and hydroquinone?°; the
primary products can further mineralize. Figure 7 shows time-dependent

maleic acid hydroqumone 4-chlorophenol

152 53 phenol 118

Voltage, mV __,

L
Jox U
Jee L

8 10 12 14 16
Time, min

FiGc. 7
Time-dependent HPLC chromatogram of 4-chlorophenol (2.5 x 10~% mol dm’3) irradiated in
aqueous suspension of photocatalyst (250 mg in 250 cm® water, pH 5.6): standards of degrada-
tion products (a); 2 (b), 4 (c) and 8 h (d) after irradiation (A > 400 nm)
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HPLC chromatograms, documenting the concentration growth of four
main products of irradiation (A > 400 nm) in purely aqueous media in the
presence of a photocatalyst. Standard compounds were used to prove a for-
mation of phenol, hydroquinone, maleic acid and an unidentified com-
pound with the retention time of 3.6 min as primary degradation products.
If we assume validity of the known mechanism of ring-opening of hydro-
quinone and catechol, compounds generated by addition of the *OH radi-
cal to phenol are maleic or muconic acid?! and the unidentified compound
can be either catechol or product of its ring-opening.

a
| b
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FiGc. 8
Time-dependent HPLC chromatogram of phenol (2.5 x 10~ mol dm™) irradiated in aqueous
suspension of photocatalyst (250 mg of photocatalyst in 250 cm® water, pH 5.6): irradiation
time 0 (a), 2 (b), 4 (c) and 8 h (d) (A > 400 nm)
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Degradation of 4-chlorophenol continues, even after dechlorination was
confirmed, by irradiation of phenol under identical experimental condi-
tions. Formation of products during irradiation of aqueous solution of phe-
nol in the presence of photocatalyst is shown in Fig. 8. In the presence of
*OH radicals, all main primary degradation products found in irradiation of
4-chlorophenol are formed. Differences in relative concentrations of degra-
dation “products” are probably a manifestation of different distribution of
active sites on the respective photocatalysts, or due to the fact that pho-
todegradation of 4-chlorophenol may be accompanied by changes in pH
caused by released hydrochloric acid??. The effect of distribution of active
sites of the photocatalysts, both in the entrance of the channels and, on its
surface on the kinetics of photodegradation will be the object of further
studies.

CONCLUSIONS

1. Photooxidative oligomerization of thiophene in the channels of zeolite
Fe3*-ZSM-5 affords a photocatalyst absorbing in the visible part of spectrum
(A > 400 nm) and suitable for photodegradation of 4-chlorophenol in aque-
ous media.

2. It can be assumed that *OH radical participates in the photodegrad-
ation; its presence has been confirmed by spin-trapping (DMPO) in a
DMSO/water mixture.

3. Irradiation of 4-chlorophenol with visible light generates, in aqueous
suspension of the generated photocatalyst, three main products: phenol,
hydroquinone, and maleic acid. Ring-opening of phenol was confirmed by
independent irradiation of phenol.

The work has been supported by the Ministry of Education of the Slovak Republic (grant No.
1/8109/01).
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