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photocatalysts: II. Photocatalyzed degradation of the model
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A considerably arduous test of a novel class of composite materials consisting of [Ru(bpy);]** and TiO, codoped
zeolites Y is presented here. The [Ru(bpy),]** and TiO, codoped zeolites Y served as photocatalysts in the oxidation
of the model compounds 2,4-dimethylaniline (2,4-xylidine) by H,0, in an acidic aqueous medium. Zeolite-embedded
TiO, (nano)particles play an important role in the degradation mechanism. The first step in this complex mechanism
is the photoelectron transfer from photoexcited [Ru(bpy);]***, located inside the supercage of zeolite Y, to a
neighboring TiO, nanoparticle. During this electron transfer process, electron injection into the conduction band

of Ti0, is achieved. The second decisive step is the reaction of this electron with H,0,, which was previously
chemisorbed at the surface-region of the TiO, nanoparticles. In this reaction, a TiO, bound hydroxyl radical (TiO,—
HO") is created. This highly reactive intermediate initiates then the oxidation of 2,4-xylidine, which enters the zeolites
framework in its protonated form (Hxyl"). The formation of 2,4-dimethylphenol as first detectable reaction product
indicated that this oxidation proceeds via an electron transfer mechanism. Furthermore, [Ru(bpy);]**, which was
created in the initiating photoelectron transfer reaction between [Ru(bpy);]*** and TiO,, also takes place in the
oxidation of Hxyl™. [Ru(bpy);]*" is recycled in that reaction, which also belongs to the group of electron transfer
reactions. In addition to the primary steps of this particular Advanced Oxidation Process (AOP), the dependence of
the efficiency of the 2,4-xylidine degradation as a function of the [Ru(bpy);]*" and TiO, loadings of the zeolite Y
framework is also reported here. The quenching of [Ru(bpy),]*** by H,O, as well as the photocatalytic activity of the
[Ru(bpy),]** and TiO, codoped zeolite Y catalysts both follow a distinct percolation behavior in dependence of their

TiO, content.

Introduction

In the recent literature, great attention has been given to the
synthesis and characterization of zeolite-based catalysts for
various applications.' Most of the work reported is concerned
with catalysts for thermal processes; however, applications of
zeolite-based photocatalysts are increasingly reported in the
literature.” The very important step of light harvesting is either
achieved by using semiconductor-photocatalysts, such as
(doped) titanium dioxide® or by incorporating organic* or
inorganic? sensitizers into the zeolite’s framework. The latter
strategy depends on the development of synthetic “ship-in-
bottle” strategies, which allows the in-situ synthesis of the
sensitizers within the zeolites supercages.® The 2,4,6-triphenyl-
pyrylium cation was employed as organic sensitizer” and was
successfully applied for the photooxidation of pollutants, dis-
solved in water, such as methyl parathion® or propoxur.’
Further applications of the zeolite embedded 2.4,6-triphenyl-
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pyrylium cation consist of its use as a selective electrode for the
electrochemical determination of dopamine in the presence
of ascorbic acid.!” The inorganic sensitizers consist either of
d-group metal cations* or d-group metal cations possessing
organic ligand systems.!' The synthesis of organic sensitizers
within the zeolite’s supercages often enhances their light
absorption properties and their lifetimes of the photoexcited
states, in comparison to the photophysical properties of the
corresponding d-group metal cations in (aqueous) solution.'?
The doping of zeolite Y with [Ru(bpy),]*" has already been
performed in 1980 by DeWilde, Peeters and Lunsford,” and
during the last 22 years, many physical and photophysical
studies were accomplished with [Ru(bpy);]*" doped zeolites.'*
Assuming that zeolites are insulators, electron-transfer can
only occur by electron-hopping between different metal
complexes or other redox-active dopands in the cavities of
these materials."® In general, the light harvesting efficiency of
zeolite-based photocatalysts containing [Ru(bpy),]** or related
compounds as photosensitizers is found to be low when there
are no electron relays embedded in their structural frame-
work.'® The presence of electron relays within the zeolite is a
necessary condition for directed electron transfer and therefore,
for an enhanced charge separation. Following this paradigm,
the photocatalytic treatment of waste-water was achieved
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employing a platinized [Ru(bpy),]** doped zeolite Y catalyst."”
Das and Dutta doped zeolite Y encapsulated [Ru(bpy);]** with
ruthenium oxide and achieved the photochemical generation of
dioxygen from water.'® In 2001, the team from the University of
Karlsruhe presented a [Ru(bpy);]**/TiO, codoped zeolite Y
catalyst.’ The catalysts consisted of zeolite Y-encapsulated
Ru(bpy);** (bpy = 2,2’-bipyridine) sensitizers in close proximity
to TiO, nanoparticles on the same support. The photoexcited
MLCT state of the zeolite-entrapped Ru(bpy),*"* reacts via
electron transfer with Co(dpphen);** (dpphen = 4,7-diphenyl-
1,10-phenanthroline) at the exterior of the zeolite particles. The
quenching of Ru(bpy),>** by external Co(dpphen);** increases
as the TiO, content within the zeolite is increased. Excited
Ru(bpy);>**- complexes located within the interior of the zeo-
lite Y are able to transfer electrons to the external electron
acceptor Co(dpphen),**. Principally, our results are supported
by a time-resolved study of Scaiano and coworkers.® Both
studies show that static quenching occurs between the photo-
excited sensitizer and the neighboring TiO, (nano)particles.
Slight differences in the observed photophysical behavior can
be attributed to the different synthetic approaches.

After the photoelectron transfer ability of this novel class of
[Ru(bpy);]**/TiO, codoped zeolite Y materials was successfully
demonstrated, we focused our attention on a set of bench
reactor experiments in order to determine their potential in
Advanced Oxidation Processes (AOPs).! During the last
decades, we have demonstrated that 2,4-xylidine is a suitable
model pollutant in AOP-studies, because it permits the elucid-
ation of the chemical nature of the oxidizing intermediate. If
the hydroxyl radical is generated, 2,4-xylidine will undergo
hydroxylation reactions and form aminophenols, whereas 2,4-
dimethylphenol is produced, among other intermediates, if an
electron transfer reaction takes place.”? The photochemical
reactivity of the [Ru(bpy);]**/TiO, codoped zeolite Y photo-
catalysts as well as the chemical nature of the intermediates
formed from 2,4-xylidine was studied as a function of titanium
dioxide loading. This set of experiments was designed to
elucidate the percolation behavior of 2,4-xylidine through the
zeolite Y's interconnecting network.

Experimental
General procedures

All reagents and solvents used were of the highest purity avail-
able and were purchased from Aldrich and Fluka. H,O was of
triple-dest. quality (UHQ-II). X-Ray powder diffractograms
have been recorded at the Institute for Mineralogy at the
University of Karlsruhe (Prof. E. Althaus). Raster electron
microscopy and X-ray elementary analysis (Zeiss 910) has been
performed in the Laboratories for Electron Microscopy at the
University of Karlsruhe (Prof. D. Gerthsen). N,-adsorption
studies according to the BET-methods have been performed at
the Institute for Petrochemistry at the University of Karlsruhe
(Prof. K. Griesbaum).

Luminescence spectroscopy and H,0,-quenching studies

Steady-state and time-resolved fluorescence measurements were
performed at 7 = 293 K using an Edinburgh Analytical
Instruments (EAI-FS/FL900) Single-Photon-Counting instru-
ment, which is able to fit lifetimes in the range of 500 ps to
500 ps. For these experiments 10 mg of the zeolite samples were
predried for 12 h at 100 °C, then 3.0 ml H,O were added prior
to each measurement. In the H,0,-quenching studies, the
quencher was added from a stock solution (¢ =2.0 M) by means
of a micropipette (Eppendorf).

Photolysis experiments

The heterogeneous photolysis experiments were carried out in a
bench reactor (Fig. 1).
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Fig. 1 Immersion type reactor for photocatalytic experiments.

The total volume of the reactor was 7 = 0.80 L, the total
volume of the photolysis solution was V= 0.50 L (2,4-xylidine:
180 mg C L' (9.37 x 107* mol)). 0.30 g of the heterogeneous
photo-catalysts were added before each photolysis. The pH was
adjusted to the initial value of 3.0 using H,SO,. After 25 min of
equilibration, 30 mL H,0, (32 wt%, corresponding to 2.75 X
1072 mol) was added (¢, = 0) and the light source ignited. An
additional 10 mL (9.18 x 107 mol) of H,0, was added at
exactly 30, 60, 90 and 120 min of photolysis time. The reaction
system was intensively purged by compressed air. The analysis
was performed immediately after taking the samples, which
were filtered using Nylon Luer-Lock-membrane filters (Roth,
0.22 x 10~® m). For quantitative HPLC-analysis an HP Series
II 1090 Liquid Chromatograph, equipped with a diode-
array-detector (DAD) and a LiChrospher-100 RP 18 column
and precolumn were used (mobile phase: 0.10 mol L~!
(C,Hy);N/H;PO, (pH = 7.0)-acetonitrile, 75 : 25 v/v) for the
determination of 2,4-xylidine and reaction intermediates. Total
organic carbon (TOC) was measured by means of a Dohrmann
DC-190-analyzer.

Results and discussion

L. Synthesis and characterization of [Ru(bpy);**/TiO, codoped
zeolite-Y

Zeolite Y belongs to the faujasite family. All faujasites feature
typical structural principles: the first consists of building blocks
of SiO, and AlO,™ tetrahedrons, the second is the formation of
six-membered rings formed by these tetrahedrons, and the third
structural principle is the B-cage formed by the combination of
four- and six-membered rings. The formula of the employed
zeolite Y (Linde NaY-52) is Nag,,(Alsy,S113750354)=235H,0
(300 K, M = 16977.87 g/mol elementary cells).?® These super-
cages exhibit a diameter of approximately 1.30 nm and are con-
nected by “windows”. Their widest diameter is 0.74 nm. The
ratio of cavities to windows in the interior of zeolite Y is 1 : 2.
The cavities form a tetrahedral lattice. Scheme 1 shows such a
large cavity (supercage), the locations of the windows as well as



Table 1 Chemical composition, luminescence excitation and emission maxima and emission lifetime(s) of Ru(bpy);*" in zeolite Y under various

loadings of Ru(11) complex and TiO,

Ru(bpy),>* (wt%)“ TiO, (Wt%) Jem”Nm 7,/ns A€ 7,/ns B¢
23.5+04 0 613 141 70 40 30
21.7£0.5 45%0.5 650 171 83 37 17
22+0.5 9.5%£0.5 652 278 97 67 3
23+0.5 12£0.5 652 253 91 64 9
23+0.5 15£0.5 656 231 88 61 12
23+£0.5 1710.5 651 228 81 59 19
23+0.5 19£0.5 660 224 80 62 20
23+£0.5 221+0.5 668 248 78 63 22
23+0.5 24+ 0.5 661 219 75 57 25
23+£0.5 27%0.5 655 205 100
23+0.5 29+0.5 660 217 100
23+£0.5 31.5£0.5 670 227 100
21+0.5 32.5+£0.5 672 250 100
21£0.5 33.0£0.5 670 247 100
23+0.5 345+0.5 672 266 100
20.5%0.5 36.0£0.5 672 270 100
22+0.5 37.0£0.5 668 274 100
19.5+0.5 40.0+ 1.0 671 288 100

“25.1% loading represents one Ru(bpy);?>" complex in each supercage. A, = 481 £ 3 nm in all experiments. ¢ Decays fit to [dexp(—t/t;) +
Bexp(—1/t,)], the experimental error in the photophysical measurements is <t 3 rel. percent.

Scheme 1

the position and geometric extension of [Ru(bpy),]** inside the
supercage. Scheme 2 shows a schematic representation of a
[Ru(bpy),]**/TiO, codoped zeolite Y photocatalyst.

Since [Ru(bpy);]** has a diameter of 1.08 nm,** its synthesis
inside the zeolite Y supercage must be performed using a “ship
in bottle” approach: first, the supercages of the zeolite Y are
doped with Ru®** and subsequently the ligand 2,2'-bipyridine is
added through the windows of the zeolite structure. The exact
procedure for the synthesis of our [Ru(bpy),]** -doped zeolite Y
is published." Note that we aimed to assemble one [Ru(bpy);]**
sensitizer per zeolite supercage. For technical reasons (fil-
tration, recycling of the photocatalysts) we have employed
relatively large particles of an average diameter of 1.0 X 10" m,
hence exhibiting an average number of cavities per particle of
542 x 10%. Our analysis of the materials, (performed by zeolite
Y hydrolysis and consequent HPLC-analysis) before incor-
porating the titanium dioxide indicated that we almost
succeeded in this goal. We have reached reaction yields of
87.5 to 92%, as summarized in Table 1. We have attributed this
increased reaction yield to the use of a solvent (ethylene glycol),
which leads to a better distribution and a higher diffusion of
2,2'-bipyridine than usually found in solid state syntheses,
where ruthenium(mn)-doped zeolite Y powder and solid 2,2’'-
bipyridine are mixed and then heated.

Framework of zeolite Y viewed along the [111] position and geometric extension of [Ru(bpy);]** inside the supercage.

The subsequent synthesis of titanium dioxide codoped zeo-
lite Y containing [Ru(bpy);*" in almost every supercage was
achieved by using TiCl, as the titanium source.”® The different
TiO, loadings of the various photocatalysts synthesized were
achieved by weighing different amounts of solid TiCl; under an
argon athmosphere. Again, ethylene glycol was used as solvent
and dispersion agent, respectively. Ti(1r) cations were able to
diffuse to the surface of zeolite Y and consequently also in its
interior. The following step consisted of a controlled hydrolysis
of the adsorbed and absorped Ti(m) clusters at —5 to 0 °C
under an air atmosphere. This was achieved by the addition of
5.0 g Na,CO;, dissolved in 100 mL H,O. Note that no loss of
titanium(m/1v) was observed during reaction. Consequently,
very close to 100% of titanium(rv) was found to be incorpor-
ated into the zeoliteY/[Ru(bpy),]** framework. Finally, the
formed composite materials were filtered off and heated up to
200 °C in order to obtain well defined Ti(1v) nanoparticles.

L. Characterization of the [Ru(bpy);]**/TiO, codoped zeolite Y
based photocatalysts

The results from X-ray powder diffraction, REM, TEM
and differential pulse voltammography (DPV) were previously
published.” In Table 1, the data from elementary analysis,

Photochem. Photobiol. Sci., 2003, 2, 477-486 479



TiO,

Scheme 2 Schematic representation of a [Ru(bpy),]**/TiO, codoped
zeolite Y photocatalyst.

steady-state and time-resolved luminescence spectroscopy are
summarized. A part of this data was shown already in ref. 19.
As it becomes clear from Table 1, we were able to increase the
titanium dioxide content of the heterogeneous photocatalysts
to up to 40 wt%. However, the ruthenium content, determined
using ICP, only decrease at the highest TiO, loadings. This
puzzling result can be regarded as an indication of the following
processes occurring during TiCl;-exchange and oxidative
hydrolysis: (1) zeolite-bound water reacts either with TiCl, or is
displaced by the growing TiO, (nano)particles. (2) A con-
sequent de-alumination of zeolite Y during synthesis is likely.
In agreement with this hypothesis, the crystallinity of the
[Ru(bpy);]**/TiO, codoped zeolite Y based photocatalysts
decreased stepwise from 98% for [Ru(bpy),;]*" doped zeolite Y
to 41% for the material with the highest TiO, loading (40 wt%).

The luminescence occurring from the [Ru(bpy),**/TiO,
codoped zeolite Y based photocatalysts during steady-state
irradiation was analyzed together with the corresponding exci-
tation spectra. The results are summarized in Table 1. Three
typical examples are shown in Fig. 2. Note that the lumines-
cence bands of the photocatalysts with incorporated TiO,
(nano)particles are found to be very broad, possessing half-
widths larger than 100 nm. In the absence of TiO,, the lumines-
cence arising from [Ru(bpy);]*"* (e = 480 nm, A, = 613 nm)
within the zeolite’s supercage was very similar to [Ru(bpy);***
in aqueous solution.* This observation is, principally, in
agreement with earlier findings.?® With increasing TiO, contents
however, an increased red-shift of the luminescence could be
detected. The excitation and emission maxima shifted to A, =
482 nm, A, = 652 nm at respectably lower TiO, loadings
(9.5 wt%), to finally A, = 482 nm, A, = 672 nm, respectably,
at a TiO, content of 40%. This red-shift in luminescence
corresponds to the previously observed red-shift in UV/Vis-
absorption' and is also consistent with the observed shift of
the oxidation potential of the [Ru(bpy),]*" in the presence of
TiO,. All these effects are indicative of an electronic coupling
between the [Ru(bpy);*" complexes and TiO, nanoparticles
synthesized inside zeolite Y.*

II. Photocatalytic properties: the Fenton-type-reaction using
the sensitizer [Ru(bpy),]** for the photo-enhanced degradation of
2,4-xylidine in the presence of TiO, nanoparticles

Quenching of [Ru(bpy),F*** by TiO,. It is our goal to achieve
a detailed mechanistic understanding of the photochemical
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Fig. 2 Steady-state luminescence spectra (right: emission spectra, left:
excitation spectra): (A) 23 £ 0.5 wt% of [Ru(bpy);*", 0 wt% of TiO,;
(B) 22 £ 0.5 wt% of [Ru(bpy);I**, 9.5 wt% of TiO,; (C) 23 £ 0.5 wt% of
[Ru(bpy)s]**, 34.5 wt% of TiO,.

processes occurring in our codoped heterogeneous photo-
catalysts. The first step toward this challenge consists in the
measurement of the quenching effect of TiO, (nano)particles,
which were, at least partially, synthesized in direct proximity to
the [Ru(bpy),]** sensitizers inside the zeolite’s supercages.
According to the results independently obtained by Scaiano
and coworkers?® and our group,'’ the electron transfer quench-
ing between [Ru(bpy),]*** and TiO, appears to be static. In Fig.
3, a Stern—Volmer plot of the integrated luminesence intensity
in the wavelength range from 600 to 800 nm is presented. It
becomes immediately clear that (a) the observed quenching is
relatively weak and (b) two distinct regions exist. At lower TiO,
quantities (0-27.5 wt%) the quotient 1% increases linearly with
increasing TiO, content. The quenching rate constant was
evaluated to &y~ 1.6 X 107° %" s™". { This finding suggests that
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Fig. 3 Stern-Volmer plot of the quenching of [Ru(bpy),*"* by the
TiO, content of the codoped photocatalysts, plotted as wt% TiO, vs.
1°1 (10 mg in H,0).

i Note that the observed luminescence lifetimes of the various
[Ru(bpy);]**/TiO, codoped zeolite Y based photocatalysts vary (see
Table 1). Therefore, a proper quenching rate constant cannot be
obtained.



the number of titanium dioxide nanoparticles, which were
formed in direct proximity of [Ru(bpy),]** during synthesis (so
that static quenching can take place) increases in this range.?
Beyond a TiO, content of 30 wt%, the quotient %1 was found
to be curving upwards distinctly. Most likely, this enhanced
static quenching is caused by the presence of more than one
TiO, particle, embedded in the zeolite’s superstructure, within
the diffusion range of an excited [Ru(bpy),*"*complex. An
approximate quenching constant for that region was deter-
mined to be ky ~ 5.1 x 107 %' s7'. Since the diameter of
[Ru(bpy);]** (d = 1.08 nm)?*is smaller than that of the zeolite Y
supercage (d = 1.30 nm), there is, especially in the presence of
H,O within the zeolite’s framework, a sufficient mobility of
[Ru(bpy),*"*, permitting frequent collisions with the wall
regions. The latter host the TiO, (nano)particles presumably,
which then act as static quenchers.

Quenching of [Ru(bpy);]*** by H,0,. Our preliminary photo-
lysis (see ESIT) experiments show that, neither [Ru(bpy),]**
doped zeolite Y nor the [Ru(bpy);]*"/TiO, codoped photo-
catalysts were efficient in the degradation of 2,4-xylidine.
Therefore we decided to add hydrogen peroxide (H,0,) in order
to obtain a (photochemically enhanced) Fenton-type reaction
system.?

The next logical step in our investigation consisted in the
elucidation of the quenching effect of H,0, on the lumines-
cence from [Ru(bpy),*"* in dependence of the TiO, loading
of the heterogeneous photocatalysts. As it can be seen from
Fig. 4(A), which shows a typical example (9.5 wt% of TiO,),
the slope of the resulting Stern—Volmer plots were linear. The
quenching effect caused by the addition of H,0, to the
[Ru(bpy);]**/TiO, codoped photocatalysts was found to be in
the range of k, = 0.177 + 0.001 M~ s' (measured for 0%
TiO,) to k, =2.335 £ 0.005 M ™' s (obtained for 34.5 wt% of
TiO,).

A plot of the quenching rate constant (luminescence
quenching by H,0,) k,/M ' s™' vs. the TiO, content (Fig. 4(B))
reveals that the reactivity of the [Ru(bpy),]*"/TiO, codoped
photocatalysts with hydrogen peroxide generally follows
a percolation behavior;*” the lowest quenching rate constant
can be found in the absence of TiO, (nano)particles in the
zeolite framework. The observed quenching rate constants
increase with rising TiO, content until a distinct maximum
is reached, and then decrease with further increasing TiO,
content.

This effect can be attributed to the presence of the TiO,
(nano)particles, which are deposited during synthesis, in a
manner so that they block the “window” regions in the zeolite’s
interior. These “windows” interconnect the supercages where
the [Ru(bpy),*" sensitizers are located. Through these “win-
dows” (d = 0.74 nm) H,0, can reach the zeolite-encapsulated
sensitizers. However, if these “windows” are blocked by TiO,
(nano)particles, the excited [Ru(bpy);]*" sensitizers cannot be
reached by the H,0,. Consequently no quenching can be
observed. On the other hand, in the presence of TiO, the
quenching of [Ru(bpy);]*** is remarkably enhanced (by a factor
up to 13 when we compare the quenching rate constants in the
absence and at the maximum loading of TiO,). Therefore, the
increase in the number of accessible TiO, (nano)particles leads
to the observed increase in the quenching rate constants before
their blocking-effect limits the diffusion of H,O, into the
interior of the codoped zeolite, and then the quenching of
[Ru(bpy);]*** by H,0, decreases.

On the basis of this experimental data, the following
paradigm for the photoinduced reactivity inside the codoped
photocatalysts was developed:

[Ru(bpy);]*** can be quenched directly by H,0,. However,
this reaction is relatively slow (see above). According to the
literature,”® the quenching can proceed under electron transfer
from [Ru(bpy),]*** to H,0, (eqn. (1)).
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Fig. 4 (A) Stern—Volmer plot of a zeolite Y based photocatalysts
(22 + 0.5 wt% of [Ru(bpy);*", 9.5 wt% of TiO,, quenched by H,0,.
(B) Plot of the quenching constant k,/M ™" s™" of [Ru(bpy);]*** by H,0,
vs. the TiO, content (wt%).

[Ru(bpy)]*"* + H,0, — [Ru(bpy);]** + HO" + HO™ (1)

The hydroxyl radical (E.(HO",,/H,0,,) = 2.59 V vs. SHE (pH

= 0)%®) is formed, which acts as highly reactive intermediate
in many AOPs?' The photooxidized complex [Ru(bpy),]**
(E°(Ru?*®*) = 1.28-1.31 V vs. SHE) undergoes a thermal
electron transfer reaction with excess H,0, (E,(H,0,,,/0,) =
0.682 V vs. SHE (pH = 0)?®). In this reaction the hydroperoxyl
radical is generated (HO,’), which may participate in a
manifold of thermal reactions.”!

[Ru(bpy);]*** can apparently be quenched more efficiently
by H,0,, when TiO, (nano)particles act as electron relays.
From the comparison of the luminescence behavior in the
absence and the presence of TiO,, we have developed
the following reaction sequence: The first step consists in the
chemisorption of freely diffusing H,0, at the surface of the
TiO, (nano)particles (eqn. (2.1)). The adsorption of H,O,
at TiO, enhances the rate of photoinduced electron trans-
fer between [Ru(bpy);]*"* and H,0, ((eqn. 2.2)). As dis-
cussed above, [Ru(bpy);]*" and also [Ru(bpy);]*"* possess a
definite degree of mobility inside the zeolite Y supercage
and can, therefore, bounce against TiO, (nano)particles inside
or at the boundaries of the supercages. Based on the weak
quenching of [Ru(bpy);*** by TiO,, we concluded that not
every collision between [Ru(bpy),?** and TiO, leads to a
successful electron transfer event. The chemisorption of H,0,
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at TiO, enhances apparently the probability of electron transfer
during such a collision. This effect leads to an improvement of
electron transfer quenching of [Ru(bpy);*"* by TiO,. After
electron transfer has taken place, the injected electron is trans-
mitted through the valence band to H,0, and causes the gener-
ation of a hydroxyl radical, which remains chemisorbed at TiO,
by means of eqn (2.3).

(2.1)

H,0,
D\
(oo o’
N w
(2.2)
e_

24 %
[Ru(bpy)ls H,0,

(2.3)

TiOy(e") +Hz0509s ——> TiO, + HO'ygs + HO™

Photooxidation of the model pollutant 2.4-xylidine by
[Ru(bpy),]**ITiO, codoped zeolite Y based photocatalysts in a
bench reactor. In order to perform a test of the photocatalytic
properties of our novel photocatalysts, 2,4-xylidine has been
chosen as the model pollutant. As discussed in the Intro-
duction, this model compound is of great importance as far
as applied research is concerned. The oxidation experiments
have been performed in a bench reactor (V' = 500 mL); a
mercury medium pressure lamp (HPK, quartz filter) was
employed as light source (see Fig. 1). The 2,4-xylidine start-
ing concentration was equivalent to 180 ppm C (9.37 x 107%)
mol, and then 0.30 g of the heterogeneous photocatalysts
have been added. All photolysis suspensions were adjusted
to pH = 3.0 by addition of H,SO, (1.0 M). After exactly
25 min of equilibration, 30 mL H,0, (32 wt%) was added at
t = 0 and the light source switched on. An additional 10 mL of
H,0, were added at exactly 30, 60, 90 and 120 min of photolysis
time. The reaction system was intensively purged by com-
pressed air.

In Fig. 5, the photooxidations of 2.4-xylidine by two
[Ru(bpy),]**/TiO, codoped zeolite Y photocatalysts possessing
a TiO, content of 9.5 wt% (A) and 34.5 wt% (B), respectively,
are compared. In both cases, the concentration of 2,4-xylidine
decreases much faster than the DOC (dissolved organic
carbon), which was monitored to obtain information about the
mineralization processes occurring in the photoreactor. A more
detailed HPLC analysis of the reaction intermediates (see
below) revealed that the major product from the oxidation of
2,4-xylidine was oxalic acid. It becomes clear from Fig. 5 that
the further oxidation of oxalic acid to carbon dioxide is very
sluggish under our conditions, because the main intermediate
oxalic acid cannot be retained and further oxidized by the
heterogeneous photocatalyst. However, the resulting aqueous
solutions contain no aromatic hydrocarbons, but only oxalic
acid and other aliphatic carboxylic acids. These solutions can
be easily treated further in municipal water remediation plants,
because they are no longer toxic!

Because the pH of the solution outside the zeolite particles is
3.0, our model compound 2,4-xylidine forms the xylidinium ion
[Hxyl]" at the exterior side of the zeolite’s framework. [Hxyl]"
enters the zeolite framework through the “windows”. Accord-
ing to results from simple molecular modeling, both, [Hxyl]*
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Fig. 5 (A) Photochemically enhanced [Ru(bpy);** Fenton-type
reaction: 0.50 L of an aqueous 2,4-xylidine solution (180 ppm C, pH =
3.0, 0.30 g photocatalyst (22 * 0.5 wt% of [Ru(bpy);]**, 9.5 wt% of
TiO,), H,0, (30 mL (32 wt%) at = 0 min + 10 mL H,0,/30 min); filled
triangles: 2.4-xylidine, open triangles: DOC. (B) Photochemically
enhanced [Ru(bpy);]*" Fenton-type reaction: 0.50 L of an aqueous 2,4-
xylidine solution (180 ppm C, pH = 3.0, 0.30 g photocatalyst (23 * 0.5
wt% of [Ru(bpy),]**, 34.5 wt% of TiO,), H,0, (30 mL (32 wt%) at r =0
min + 10 mL H,0,/30 min); filled triangles: 2,4-xylidine, open triangles:
DOC.

and [Ru(bpy),]** fit together in one zeolite Y supercage. § In the
interior of zeolite Y (3 > pH > 7),* the xylidinium ion is depro-
tonated and forms the neutral organic compound 2,4-xylidine,
which can also percolate through the zeolite structure. There is
a detectable loss of dissolved organic carbon (DOC) before the
ignition of the mercury medium pressure lamp, which can be
explained by the absorption of 2,4-xylidine within the codoped
zeolite Y. The ability of [Hxyl]" to percolate through the zeolite
Y’s superstructure strongly depends on the availability of
open “windows”. The reaction rates of initial 2,4-xylidine dis-
appearance were obtained from the plot of —In(cy/c) vs. ¢. Their
dependence on the TiO, content of the codoped photocatalysts
is shown in Fig. 6.

The data summarized in Fig. 6 represents a typical percol-
ation behavior, as already found for the quenching of
[Ru(bpy);]*** by H,0, (see Fig. 4). The presence of TiO,
(nano)particles greatly enhances the photocatalytic activity of

§ Chemdraw 3D was used to estimate the van der Waals radii of
[Ru(bpy),]**, [Hxyl]" and 2.,4-xylidine.
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Fig. 6 Plot of the rate constant of initial 2,4-xylidine disappearance
(=kyfs™" g7") vs. the TiO, content (wt%).

the heterogencous photocatalysts. On the other hand, if the
TiO, (nano)particles block the “windows” increasingly, the
photocatalytic activity of the codoped photocatalysts reaches a
maximum and then decreases, because the diffusion of [Hxyl]*
inside the zeolite Y becomes increasingly difficult. Unfortu-
nately, the microkinetics of these processes are occurring
inside the framework of zeolite Y and exact data about the
blocking of “windows” by TiO, (nano)particles are not yet
available. Therefore, we abandoned the attempt to fit these
data to a specific percolation model. However, the prevalence
of percolation conditions is evident. Further support for this
mechanistic explanation comes from the measurements of
adsorbed N, as a function of TiO, loading of the zeolite Y/
[Ru(bpy);]**/TiO, photocatalysts. Since classic BET analysis *!
cannot be employed for the investigation of zeolites because
important mechanistic prerequisites are not met if zeolites are
investigated,*® we did not establish typical BET-parameters
such as BET-surfaces (accessible for N, at its boiling
temperature), but rather compared the volumes of zeolite
Y/[Ru(bpy);]**/TiO, adsorbed N, (Fig. 7). For zeolite
Y/[Ru(bpy);]** 0.0082 mol N, per g of photocatalyst were
measured. The plot of the molar amounts of adsorbed N, as a
function of the TiO, loadings reveals a sharp drop in the region
between 29 and 37.5%, where the highest photocatalytic
efficiency was observed. We attribute this decrease in the
N,-adsorption to the blocking effect of zeolite Y pores by TiO,.
The final value was 0.0039 mol N,, found at a TiO, loading of
40%.

The long-term stability of the photocatalyst systems is of
importance. In Fig. 8, first results in this respect are presented:
2.4-xylidine was injected three times at ¢ = 0, 240 and 480 min
during continuous irradiation. Each time, the oxidation of 2,4-
xylidine proceeded with a comparable reaction rate. The follow-
ing rate constants were calculated: —k',, = 0.00618 s™' g,
—I? e =0.00603 57" g7, —k%,; =0.00612/s ' g .

Whereas 2,4-xylidine was oxidatively degraded after each
injection, the DOC rose after each injection. Again, the DOC
remaining after the disappearance of 2,4-xylidine could be
mainly attributed to the presence of oxalic acid as well as other
aliphatic carboxylic and dicarboxylic acids. A straightforward
interpretation of this finding is that oxalic acid becomes depro-
tonated at the higher pH inside zeolite Y, where this carboxylic
acid is formed among other oxidation products. The formed
oxalate anion is doubly negatively charged. Thus, charge
repulsion occurs between the oxalate anion and the negatively
charged framework of zeolite Y at 3 < pH < 7. Therefore,
oxalate is rapidly departing from zeolite Y and cannot enter
efficiently once it reaches the aqueous phase outside the hetero-

N,, adsorbed [mol g'] x 10°

9

N
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Fig. 7 Plot of the amounts of N,/mol g, adsorbed at 77 K, vs. the
TiO, content (Wt%) of the photocatalysts.
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Fig. 8 2,4-Xylidine injection (equivalent of 180 ppm [C] each) at =0,
240 and 480 min 0.50 L of an aqueous solution, pH = 3.0, 0.30 g
photocatalyst (23 % 0.5 wt% of [Ru(bpy),]**, 34.5 wt% of TiO,), H,0,
(30 mL (32 wt%) at = 0 min + 10 mL H,0,/30 min).

geneous photocatalyst. In accordance with this hypothesis,
we observed an additional DOC plateau region after each
2,4-xylidine injection.

Mechanistic considerations

As already pointed out in the Introduction, 2,4-xylidine proves
to be a very valuable model pollutant, because its intermediates
during oxidative degradation permit the elucidation of the pre-
vailing oxidation mechanism.?? In Fig. 9, the result of the
HPLC-analysis of the oxidative degradation of 2,4-xylidine in
our heterogeneous photocatalytic system (TiO, content: 17.5
wt%) is shown.

It appears that only very few reaction products are detectable.
Note that several semiquinones and quinones, which were
found in trace amounts, are omitted, because they do not
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Fig. 9 Reaction intermediates of the photochemically enhanced
[Ru(bpy);]** Fenton-type reaction: 0.50 L of an aqueous 2,4-xylidine
solution (180 ppm C, pH = 3.0, 0.30 g photocatalyst (23 + 0.5 wt% of
[Ru(bpy);]**, 17.5 wt% of TiO,), H,0, (30 mL (32 wt%) at ¢ = 0 min +
10 mL H,0,/30 min).

account for an amount which causes a visible change in the
calculated DOC. The main intermediates were 2,4-dimethyl-
phenol and, again, oxalic acid. There is a slight difference
between the measured DOC and the DOC calculated from the
concentrations of 2,4-xylidine and oxalic acid in the time inter-
val from 10 to 90 min, which clearly exceeds the limits of error
of our analyses. The experimental error was determined to be
smaller than * 8 rel.% for DOC-measurements and smaller
than * 3 rel.% for the HPLC-results. The chemical nature of
the identified intermediates was verified by co-injection using
commercially available compounds.

In analogy to the mechanism developed for the elucidation of
the key reactions of the thermal and photochemically enhanced
Fenton reaction,” we propose the reaction sequence shown in

[Ru(bpy)ls***

CH,

Scheme 3: the first step was already discussed (see reaction
(2.1)): (A) photoexcited [Ru(bpy);]*** reacts with H,O, using
the TiO, (nano)particles as electron relays thus generating a
hydroxyl radical and a hydroxide anion. (B) The formed
hydroxyl radical oxidizes the 2.4-xylidinium cation, which
possesses two distinct oxidation waves at 0.670 and 0.760 V
(vs. SHE) in acidic aqueous solution (pH = 3).2! This oxidation
takes place via an electron transfer reaction between the TiO,
adsorbed hydroxyl radical and the 2.4-xylidinium cation. It is
known that hydroxyl radicals can principally undergo three
different types of reaction with an organic target: hydrogen
abstraction, addition to double bonds, or electron transfer.? If
the hydroxyl radical can diffuse freely, hydrogen abstraction
and addition are favored and therefore numerous reaction
intermediates, among them hydroxylated aromatic amines, are
formed in the presence of 2,4-xylidine. For instance, hydroxyl-
ated aromatic amines are found when 2,4-xylidine is oxidized
in the process of H,0, photolysis.*! These typical intermediates
of the hydroxyl radical oxidation of 2,4-xylidine were also
obtained when intermediate peroxyl radicals make a significant
contribution to the manifold of AOP processes.*® Instead of
many intermediates, we observe exclusively 2,4-dimethylphenol
as first intermediate in the degradation of the 2.4-xylidine
inside the zeolite Y framework. The formation of 2,4-dimethyl-
phenol is typical for an AOP-mechanism involving 2,4-xylidine
as starting material, which proceeds exclusively via an electron
transfer reaction. In order to compete successfully, electron
transfer must be faster than hydrogen abstraction or addition.
The detection of 2,4-dimethylphenol as first and only inter-
mediate allows the mechanistic conclusion that the hydroxyl
radical generated in step A must be adsorbed at the surface of
the zeolite embedded TiO, (nano)particles during its lifetime,
because it can only react via electron transfer! (C) The last step
consists in the completion of the 2.4-xylidine mineraliz-
ation. [Ru(bpy);]** was generated during the photooxidation
[Ru(bpy),]*"* in step A. This Ru(1ir) complex can also partici-
pate in (thermal) electron transfer reactions, leading eventually
to the formation of oxalic acid or mineralization. [Ru(bpy),]**
further participates in the oxidation of the aromatic amine
group of 2,4-xylidine to hydroxylamine, which is then leaving
the aromatic hydrocarbon. These electron transfer reactions
are of importance for the regeneration of the heterogeneous
photocatalysts, because [Ru(bpy);]** is formed again by one-
electron reduction of [Ru(bpy),]**.

H,0, —> [Ru(bpy)ls™ + HO‘ + HO’

NH,*
N ET CH,
Ho- >
~—_"
CH,
NH, H
CH, CH,
+ [Ru(bpy)s]** + 2H,0 ———> + [Ru(bpy)s]** + H2N-OH
CH,

D

NH,
N Hy
~__

CH,

+ 2H*

Scheme 3 Mechanistic key steps during the oxidation of the 2,4-xylidinium cation.
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Conclusion

We have successfully employed a group of [Ru(bpy),*"/TiO,
codoped zeolite Y based photocatalysts for the catalytic oxid-
ation of the model pollutant 2,4-xylidine by H,0, in a bench
reactor. In accordance with the chemical nature of the hosting
zeolite Y, percolation behavior was found for the luminescence
quenching of [Ru(bpy);*"* by H,0, and for the oxidation of
2,4-xylidine by H,0, under continuous irradiation. Our
experiments led to the conclusion that zeolite-embedded TiO,
(nano)particles play an important role in the degradation
mechanism of the organic model pollutant. In the first step,
H,0, is adsorbed at the zeolite-embedded TiO, (nano)-
particles.

Photoexcited [Ru(bpy);]*** reacts in the second step with the
TiO, adsorbed H,0,. The TiO, nanoparticles act as catalysts in
this process and transmit the photo-generated electrons via
the conduction band to H,0,. At the surface of TiO,, H,0,
reacts then with the electron under formation of an adsorbed
hydroxyl radical (HO') and a hydroxide anion. The TiO,
adsorbed HO" radical reacts via electron transfer with the
model pollutant 2,4-xylidine. This reaction behavior is indi-
cated by the exclusive formation of 2,4-dimethylphenol as first
reaction intermediate. [Ru(bpy),]**, which is produced in the
photoelectron transfer reaction between [Ru(bpy);*"* and
TiO,, can participate in the oxidation of the model pollutant.
The latter process occurs also by electron transfer and leads to
the recycling of [Ru(bpy);]**. The relatively high reaction rate
constants found for the photooxidation of 2.4-xylidine can be
attributed to suitable electron transfer conditions inside
[Ru(bpy),]** and TiO, codoped zeolite Y.
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