Journal of Molecular Catalysis A: Chemical 153 (2000) 129-137

JOURNAL OF
MOLECULAR
CATALYSIS

A: CHEMICAL

HVINO3 10N

www.elsevier.com/locate/ molcata

Photochemical transformations of sodium
anthracene-1-sulfonate in oxygen-saturated aqueous titanium
dioxide suspensions

AlZbeta BlaZkova, Bronislava Mezeiova, Vlasta Brezova *, Michal Ceppan,
Viera JanCovicova
Faculty of Chemical Technology, Sovak Technical University, Radlinského 9, SK-812 37 Bratislava, Sovak Republic

Received 19 April 1999; accepted 9 August 1999

Abstract

The decomposition of sodium anthracene-1-sulfonate (AN1S) by irradiation (A > 300 nm) was investigated in oxygen-
saturated agueous solutions and TiO, suspensions. The concentration decrease of AN1S during exposure follows the formal
first-order kinetics. The formation of phthalic and salicylic acids was monitored by high performance liquid chromatography
(HPLO) in both photosystems. Additionally, the formation of alizarin during irradiation in the presence of TiO, was
confirmed. The effect of experimental conditions (initial AN1S concentration, pH value, TiO, concentration) on the formal
initial rate of AN1S photodegradation was studied in details. In situ EPR spin trapping experiments in TiO, suspensions
confirmed the competitive reaction of photogenerated hydroxyl radicals between 5,5-dimethyl-1-pyrroline N-oxide (DMPO)
spin trap and AN1S. © 2000 Elsevier Science B.V. All rights reserved.
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1. Introduction

The photochemical processes of waste water
treatment represent alternative possibilities for
the removal of organic and inorganic contami-
nation from the aguatic environment [1-3]. The
photocatalytic methods of pollutant destruction
using powdered semiconductor or immobilized
photocatalysts (TiO,, ZnO, CdS, ...) were
shown to be very efficient in the decomposition
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of phenols [3—6], halogenated compounds [3—
5,7], surfactants [8—11], pesticides [12—14], etc.
[1-3,15,16]. Due to the effective formation of
hydroxyl radicals, hydrogen peroxide, and other
reactive oxygen intermediates [2], strongly oxi-
dizing conditions are generated in the irradiated
oxygenated TiO, suspensions, enabling finally
the total mineraization of organic compounds
[2,3].

The systematic investigations of photocat-
aytic degradation of surfactants containing sul-
fonate groups [8-11] and sulfonated aromatics
[17] in TiO, systems, confirmed the influence
of substrate structures, and also experimenta
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conditions applied on the destruction rate
[9,20,19]. However, only limited information is
available on the photocatalytic degradation of
sulfonated polycondensed aromatic compounds
[4,5,20-22], although such structures are widely
utilized in industrial dyes [23]. The photocat-
alytic transformations of naphthalene [4,5,20—
22] and anthracene [22] in the aqueous TiO,
suspensions were published. Phthalic acid and
9,10-anthraquinone were found to be the main
intermediates in the degradation of anthracene
[22].

Previously, in the EPR study of UV irradi-
ated agueous oxygen-saturated solutions of so-
dium anthracene-1-sulfonate (AN1S), employ-
ing the spin trapping technique, we confirmed
the formation of intermediate anthracene-1-
sulfonyl radical, as well as the generation of
hydroxyl radicals [24]. Now, in the presented
paper we compare the photochemical transfor-
mations of AN1S in the presence of oxygen, in
homogeneous aqueous solutions and, addition-
ally, in TiO, suspensions.

2. Experimental
2.1. Materials

Sodium AN1S (purity over 99.99%) was pre-
pared and purified at the Department of Organic
Chemistry, Faculty of Chemical Technology,
Bratislava, Slovak Republic. Methanol (for
chromatography), ethanol (spectroscopic grade),
sodium hydroxide, phosphoric acid, sulfuric acid
and BaCl, (al of analytical grade) were pur-
chased from Lachema (Czech Republic), and
were used without further purification. Perchlo-
ric acid from Laborchemie (Germany) and stan-
dard buffer solutions with pH values of 4.0 and
7.0 from Lovibond (Germany), were applied.
Titanium dioxide powder P25 Degussa (Ger-
many), characterized by the ratio anatase/
rutile ~ 70/30, and surface area of 50 + 5 m?
g~ ! [2] was used in the heterogeneous photo-
chemical systems. Deionized and redistilled wa
ter was used for the solutions and suspensions

preparation. The spin trap, 5,5-dimethyl-1-pyr-
roline N-oxide, (DMPO) (Sigma), was freshly
distilled before use (75°C and 0.5 Torr) and
stored at —25°C under argon. Ferrioxalate was
synthesized at the Department of Printing Tech-
nology and Applied Photochemistry, Faculty of
Chemical Technology, Bratidava, Slovak Re-
public.

2.2. Methods and apparatus

The samples were irradiated in a quartz cell
(1-cm path length) using apparatus with the
focused light beam of a 400-W medium-pres-
sure mercury lamp (RUK, HoleSovice, Czech
Republic). A Pyrex filter was used to cut-off the
radiation below 300 nm. The prepared aqueous
solutions and suspensions were continuously
bubbled by oxygen, 15 min before irradiation,
and also during exposure the dlight stream of
oxygen was introduced into the cell. All photo-
chemical experiments were performed at tem-
perature of 295 K. The initia pH values of
solutions and suspensions were adjusted by 0.5
M HCIO, and 0.1 M NaOH addition.

The source light flux (&,=1.1x 10~" mol
s 1, corresponding to the light intensity of 0.01
W cm™?2) was determined by a standard proce-
dure using ferrioxalate actinometer [25]. The
monochromatic light with A = 365 nm was se-
lected by a filter (Schott Glaswerke, Germany)
in the actinometry experiments.

The concentrations of AN1S and its degrada-
tion products in the irradiated samples were
determined by the high performance liquid
chromatography (FPLC Pharmacia, Sweden) us-
ing Separon SIX C-18 column (Tessek, Czech
Republic) and UV detector (A =280 nm). A
mixture of methanol-water (15:85) was applied
as a mobile phase.

The UV /VIS spectrawere recorded by means
of UV /VIS spectrometer PU 8800 (Philips).

The pH measurements were performed using
a combined glass electrode (Radelkis, Hungary).

The EPR spectra were recorded at a tempera-
ture of 290 K on a Bruker 200D spectrometer
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coupled with an Aspect 2000 computer. The
standard spectrometer settings were as follows:
center field, 349 mT; sweep width, 8 mT; scan
time, 20 s; microwave frequency, 9.72 GHz;
microwave power, 10 mW; modulation, 0.05
mT; spectrometer gain from 10 X 10* to 4 X
10°. The prepared TiO, suspensions(cy;o, = 0.3
g dm~3) of AN1S and DMPO spin trap (Cpompo
=0.01 M), were saturated by oxygen, then
placed in a flat quartz cell, and irradiated di-
rectly in the TM cavity by the light of a 250-W
medium-pressure mercury lamp (Applied Photo-
physics, England). Also here, a Pyrex filter was
used to cut-off the radiation below 300 nm.

The concentration of sulfate ions in the sam-
ples was measured nephelometrically (A = 530
nm) as BaSO,.

3. Results and discussion

3.1. Phototransformation of ANLS in agueous
solutions

The effective formation of photogenerated
charge carriers (electrons, holes) in TiO, P25
photocatalyst requires the ultra band gap irradia-
tion below 400 nm [2,3]. Unfortunately, AN1S
molecule absorbs significantly in the region of
300—400 nm (selected by the given experimen-
tal conditions) (Fig. 1). Therefore, at first it was
necessary to investigate the photochemical
transformations of AN1S in the TiO,-free aque-
ous solutions. Fig. 1 represents the set of
UV /VIS spectra obtained during irradiation of
5X 107° M ANI1S aqueous solutions. These
spectra unambiguously demonstrate the de-
crease in the AN1S concentration during illumi-
nation. The decomposition of AN1S in the irra-
diated samples was precisly monitored by
HPLC for the solutions with various initial con-
centrations of AN1S (Fig. 2). The obtained
dependencies of AN1S concentration on the
irradiation time (Fig. 2) may be described by
the forma first-order kinetics, and the forma

0.5
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Fig. 1. Changesin UV /VIS spectra monitored during the irradia-
tion of agueous oxygen-saturated solution of AN1S. Initial AN1S
concentration, ¢, =5X10~° mol dm~3. Exposure: 0, 1, 3, 5, 10,
15, 20 and 30 min. Cell length: 1 cm.

rate of ANLS disappearance, r, may be written
as follows:

dc ‘ L
r= dtexp - fC ( )
C = Coexp( —Kitep) (2)

where c is the actual AN1S concentration; t,,
istheirradiation time; k; isthe formal first-order
rate constant; c, is the initial AN1S concentra-
tion.

The experimental data depicted in Fig. 2
were successfully fitted by the non-linear mini-
mization procedure to the exponential function
(Eg. (2)), and the values of the formal first-order
rate constants were evaluated. At the very be-
ginning of irradiation, the concentration of
AN1S may be approximated to the initial con-
centration, c,, as the concentrations of the
degradation products are still negligible. Conse-
quently, the formal initial rate of AN1S decom-
position, r,, can be defined as:

o= K¢ Co (3)
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Fig. 3 illustrates the dependence of the calcu-
lated formal initial rates of AN1S decomposi-
tion on the initial concentration of AN1S. We
obtained excellent linear fit (R? = 0.992) in ac-
cordance with the Beer—Lambert law.

The mechanism of AN1S photodecomposi-
tion in the agueous solutions is not fully ex-
plained yet. The photochemical desulfonation of
anthracene-1-sulfonic acid, and the formation of
anthracene was observed in strongly acidic solu-
tions [26,27]. Competitive photodesulfonation
and photodesulfonylation reactions were pro-
posed for sodium arylsulfonates in aqueous me-
dia [28,29]. Previously, the formation of SO;~
radicals during photolysis of p-toluenesulfonate
solutions was evidenced in our laboratory apply-
ing spin trapping technique [30]. On the other
hand, in our EPR experiments using ANL1S,
SO; ™ radicals were not observed by the irradia-
tion of ANLS neither in the argon- nor oxygen-
saturated agueous solutions [24]. Instead, the
intermediate radical product, AN-1-SO,, with
limited stability was measured and, additionally,
in the presence of oxygen the formation of
hydroxy!l radicals was monitored using DMPO
spin trap [24]. We established previously the
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Fig. 2. The decrease of AN1S concentration during irradiation in
solutions with different initial AN1S concentrations measured by
HPLC.
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Fig. 3. Linear dependence of the formal initiad rate of AN1S
decomposition on the initiadl AN1S concentration evaluated for
photoreaction in homogeneous oxygen-saturated aqueous solu-
tions (R? = 0.992).

formation of anthraguinone-sulfonate by irradia-
tion of AN1S in oxygenated agueous solutions
[24]. The ability of anthraguinone-sulfonates to
activate oxygen and to generate O,~ and OH -
radicals is well described in the literature [31—
34]. The hydroxyl radicals photogenerated in
AN1S solutions play a dominant role in the
destructive oxidation of anthracene or an-
thraguinone skeleton [22,35]. Unfortunately, we
were not able to identify al AN1S photo-
products using HPLC. However, we unambigu-
oudly confirmed the formation of phthalic and
sdicylic acids, and we monitored their concen-
trations during irradiation (Fig. 4).

3.2. Photodegradation of AN1Sin aqueous TiO,
suspensions

In order to eliminate the contribution of di-
rect AN1S phototransformation changing the
initial substrate concentration, we performed our
photocatalytic experiments in the large concen-
tration range from 1 X 107° up to 3 X 1073 M.
The effective and very fast photocatalytic de-
struction of ANI1S in TiO, suspensions was
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peak area, a.u.

t_, min
exp’

Fig. 4. HPLC peak area vs. irradiation time for phthalic acid (@)
and sdlicylic acid (a) measured during the illumination of aque-
ous oxygen-saturated solution of AN1S. Initial AN1S concentra-
tion ¢, =5%10"° mol dm~3,

ascertained (Fig. 5). The experimental depen-
dencies of AN1S concentration on the irradia
tion time were again fitted by the formal first-
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Fig. 5. The decrease of AN1S concentration during irradiation in
oxygen-saturated TiO, suspensions with different initial AN1S
concentrations measured by HPLC (TiO, concentration, Crip, =1
g dm~3).

order kinetic model (Eg. (2)), and the formal
initial rates, r,, were evaluated. Fig. 6 repre-
sents the dependence of the formal initial rate of
photodegradation vs. initial AN1S concentra
tion. Assuming a self-ruling contribution of the
photochemical and photocatalytic processes to
the total AN1S decomposition rate, we at-
tempted to separate the experimental data, as
shown in Fig. 6. Certainly, the presence of TiO,
significantly increases the formal initia pho-
todegradation rate of AN1S due to the effective
production of hydroxyl radicals in the irradiated
oxygenated agueous TiO, suspensions [19].
HPLC analysis of ANI1S irradiated in TiO,
suspensions proved main degradation products
in the liquid phase; phthalic acid, salicylic acid
and dizarin. Furthermore, the formation of these
degradation products was unambiguously con-
firmed by abstract factor analysis [36,37] of the
UV /VIS spectra set. This finding is in accor-
dance with the photocatalytic degradation path-
way proposed by Theurich et a. [22] for
anthracene. Probably, the substitution on an-
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Fig. 6. Dependence of the formal initial rate of AN1S decomposi-
tion on the initidl AN1S concentration evaluated for photocatalytic
reaction in oxygen-saturated TiO, agueous suspensions (R? =
0.946; TiO, concentration, Crig, =19 dm~32). The dashed line
represents contribution of direct photochemical process evaluated
inFig. 3.
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thracene skeleton has only inconsequential in-
fluence on the degradation mechanism initiated
by hydroxyl radicals. Previoudy, it was evi-
denced that sulfonate group of arylsulfonates is
during photocatalytic degradation in TiO, sys-
tems replaced by hydroxyl group [17,18]. Anal-
ogously, the concentration of SO2~ ions corre-
sponding to 30% yield, was measured nephelo-
metrically after 30 min of illumination for 0.001
M ANL1S in titanium dioxide suspension (Cq;q,
=1gdm 3 at 295 K.

The formal initial ANL1S degradation rate
measured in oxygen-saturated TiO, suspensions
is dependent on the titanium dioxide concentra
tion (Fig. 7). Here, we obtained the typical
curve for initial rate vs. TiO, concentration, as
published previoudy for other photocatalytic
processes [16].

3.3. Effect of pH

The dependencies of forma initial rate of
ANL1S decomposition on pH values in homoge-
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Fig. 7. Dependence of the formal initial rate of AN1S decomposi-
tion on TiO, concentration evaluated for photocatalytic reaction in
oxygen-saturated TiO, agueous suspensions (initiad AN1S con-
centration, ¢, = 0.001 mol dm~2).
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Fig. 8. Dependence of the formal initial rate of AN1S decomposi-
tion on pH value evaluated for photochemical reaction in solutions
(@), and for photocatalytic reaction in TiO, agueous suspensions
(m). Initid AN1S concentration, c,=0.001 mol dm~3; TiO,
concentration, Crio, =19 dm~3).

neous solutions, as well as heterogeneous TiO,
suspensions are presented in Fig. 8. The ob-
served variation of formal initial rate vs. solu-
tion pH in homogeneous systems in only small
(Fig. 8). The shift of absorption bands in UV /
VIS spectrum of AN1S caused by change of pH
values was not detected. Consequently, the pri-
mary absorption of incident light by AN1S is
not influenced. The increase of formal initial
rate of AN1S degradation at pH = 12 is proba-
bly caused by acid—base equilibrium of photo-
products, or by ateration of hydroxyl radical
reaction mechanism at high pH values as dis-
cussed below.

On the other hand, the pH values can signifi-
cantly influence TiO, particle surface charge
[6,7,38—41]. The ionization of hydroxyl groups
on the TiO, surface depends on pH according
to the following reactions:

TiOH + OH™ & TiO™+ H,0 (4)

TiOH + H* & TiOH} (5)
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The zero zeta potential for the TiO, P25 De-
gussa sample was previously established at pH
=6+ 0.5[19,39,41]. At pH < 6, the surface of
TiO, particle is charged positively, while at
pH > 6 the surface charge is negative [19].

Under given experimental conditions, the for-
mal initial AN1S degradation rate reaches mini-
mum a pH~ 6 (Fig. 8), where the surface
charge is zero. Therefore the adsorption of
charged AN1S or photoproduced intermediates
plays an significant role in the photocatalytic
degradation mechanism. At first we proposed
that positively charged surface enhance the ad-
sorption of ANI1S anions, and we expect the
highest formal initial rates are possible at pH <
6. However, the highest initial rate of AN1S
degradation was monitored in TiO, suspensions
at pH = 12. The analogous rate enhancements at
pH > 12 was observed in the photocatalytic
degradation of phenol in TiO, systems, and the
possibility of formation different oxidizing
species (oxide radical anion) was proposed,
which provides an additional and/or aternative
pathway of degradation [6]. In the photocat-
alytic degradation of anthracene it was pointed
that the main reaction is probably the hydroxyl
radical attack followed by the subsequent reac-
tion with oxygen forming peroxy! radicals which
eliminate superoxide radicals [22]. The essential
role of superoxide radical-anion as an active
species in the photocatalytic degradation of pol-
|utants was shown by Amalric [42]. Therefore, it
appears that the enhancement of formal initial
ANLS degradation rate at pH > 9.5 reflect prob-
ably an additional pathway of degradation initi-
ated by O or O, [6,42,43].

3.4. EPR spin trapping of hydroxyl radicals
photogenerated in TiO, suspensions

As the hydroxyl radicals play an important
role in the destruction of the anthracene skele-
ton, we completed our study with in situ EPR
measurements of OH " radicals using DMPO

spin trap.

DMPO reacts with hydroxyl radicals forming
"'DMPO-0OH adduct with characteristic splitting
in EPR spectrum (for aqueous systems a,, = a,
= 1.49 mT [19]). The experimental spectrum of
‘'DMPO-OH adduct measured in the irradiated
oxygen-saturated TiO, suspensions containing
AN1S, as well as its simulation (g = 2.0058,
a, = ay = 1.50 mT), is depicted in Fig. 9. Pre-
viously, the EPR spin trapping technique using
DMPO was successfully applied in the study of
competitive reactions of organic substrates with
hydroxyl radicas (Egs. (6) and (7)), and the rate

experiment

simulation

Fig. 9. Experimental and simulated EPR spectrum of hydroxyl
radical generated and added to DMPO spin trap in the irradiated
TiO, suspension of AN1S. Splitting constants: a,, = ay = 1.50
mT, g=2.0058. Initial concentration of DMPO, cpy;pg = 0.01
mol dm~3; TiO, concentration, Crio, = 0.3 g dm~?; initial AN1S
concentration, ¢, =1x10"* mol dm~3,
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constants for the reaction of "OH radicals with
selected substrates were evaluated [19,44,45].

DMPO + 'OH - DMPO-OH EPR signa
(6)
Substrate + "OH — products EPRsilent  (7)

In our study, we monitored the competitive
reaction of "OH radicals between AN1S and
DMPO in the TiO, suspensions with various
concentrations of AN1S at constant concentra-
tions of DMPO and TiO, (Cpypo = 0.01 mol
dm~3, cg,=03 g dm~°). The increase in
concentration of AN1S which reacts with hy-
droxyl radicals, inhibited the formation of
‘DMPO-OH adduct and, consequently, the
relative intensity of its EPR signal decreased.
During in situ measurements using continuous
irradiation, the relative EPR intensity of
'DMPO-OH radical reaches maximum at 80 s
of irradiation and then decreases. This decrease
is probably caused by the repeated attack of
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3
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Fig. 10. Dependence of maxima relative intensity of EPR signal
of "DMPO-OH adduct (measured after 80 s of irradiation) vs.
initial  AN1S concentration. Inset: Linear dependence of
(18(max)~* on the initid AN1S concentration (R? = 0.996).
Initial concentration of DMPO, Cpypo = 0.01 mol dm~3; TiO,
concentration, Crio,=0.3 g dm™>,

"OH radica on DMPO, which results in the
spin trap destruction.

The maxima relative EPR intensity of
‘'DMPO-OH adduct achieved in systems with
various AN1S concentrations can be chosen for
the evaluation of concentration dependence (Fig.
10) as was described previously [46]. Thus, at a
defined irradiation time, t.,,=80 s, a linear
dependence of the reciprocal values of maximal
relative EPR intensity of 'DMPO-OH signal,
| £5(max), on the various initial concentration
of AN1S, c,, was obtained (inset in Fig. 10).
The excellent linear fit achieved here (R?=
0.996, inset Fig. 10) confirmed the competitive
reaction of "OH radicals between DMPO spin
trap and AN1S substrate.

4. Conclusions

The decomposition of ANI1S in oxygen-
saturated agueous solutions and TiO, suspen-
sions by irradiation (A > 300 nm) follows the
formal first-order kinetics. The presence of tita-
nium dioxide significantly enhances the formal
initial  photodegradation rate of ANI1S. The
formation of phthalic and salicylic acids was
monitored by HPLC in both homogeneous and
heterogeneous photosystems. Additionally, the
production of aizarin during irradiation in the
presence of TiO, was confirmed. The photogen-
erated hydroxyl radicals play an important role
in the degradation mechanism of polyaromatic
skeleton. In situ EPR spin trapping experiments
in oxygen-saturated aqueous TiO, suspensions
of AN1S confirmed the competitive reaction of
hydroxyl radicals between DMPO spin trap and
AN1S.
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