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ABSTRACT

This work investigated the effect of zeolite on ozonation of p-aminobenzenesulfonic acid
(PAA) as model compound. Four H+-form ZSM-5 samples (labeled as HZSM-5) with respec-
tive silica/aluminum molar ratio of 25, 50, 80, and 360 were employed for comparative
study and characterized before use in terms of framework structure, crystallinity, texture,
surface acidity, and morphology. In ozonation process dealing with PAA, there was no
remarkable impact of HZSM-5 at pH 3.5, while for scenarios of pH 9.5, the decay rate of
target contaminant largely accelerated with addition of HZSM-5 zeolite acting mainly as
ozone catalyst. It was interesting to note that HZSM-5 (25) compared to other zeolite cong-
eners performed to be more effective in catalytic ozonation for degradation and mineraliza-
tion of PAA. Process analysis suggested that the weak Lewis acid sites on zeolite surface
might have played major role in facilitating the consumption of hydroxyl groups (Al–OH or
Si–OH) and anions (OH−) by molecular ozone, expediting locally the progress of HO�

generation and depletion giving rise to advanced oxidation. Leaching of aluminum ion
during ozonation was monitored, and results indicated that elevation of pH, in favor of
zeolite-induced catalysis, could appreciably inhibit de-aluminum coupled to material
stability.
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1. Introduction

Bubbling ozone treatment is a promising alternative
oxidation method dealing with water and wastewater
[1–3]. Molecular ozone can break up aromatic com-
pounds with nucleophilic positions [4] or unsaturated

aliphatics [5], whereas it cannot accomplish deep oxi-
dation for the selectivity and low power (E0(O3/H2O =
2.07 V). Highly oxidative hydroxyl radical ðHO�Þ can
be produced as a result of ozone hydrolysis, allowing
the occurrence of advanced oxidation processes
(AOPs) capable to disrupt or even mineralize organic
contaminants (E0(HO/H2O = 2.80 V). However, the
HO�-induced pathway by plain ozonation normally*Corresponding author.
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presents to be rather weak unless solution pH was
adjusted higher than 10 as suggested by Beltrán et al.
[6], because an ample amount of HO� can not be
produced owing to the finite transformation rate of
aqueous O3 into HO� species consuming mainly hydro-
xyl anions [7]. On the other hand, the short-lived HO�

is susceptible to be quenched once generated in liquid
bulk, which is usually caused by ozonation products
such as carbon dioxide in inorganic form of carbonate
or bicarbonate [8]. A feasible resolution to intensify the
production of HO� and/or its effective utilization for
AOPs is to develop heterogeneous ozonation by virtue
of functionalized solid species. This is because the
presence of some solid phase can potentially exert
chemical impact, including adsorptive removal of
organic loading as molecular sieve, concentration of
oxidant and target molecules as process accelerator [9],
effective transformation of molecular ozone into ðHO�Þ
as catalyst [10], and enhancement of gas–liquid mass
transfer as promoter [11].

Zeolite is aluminosilicates in crystal framework
structures containing cavities that are occupied by
large ions and water molecules. It can be naturally
exploited or artificially synthesized with good
mechanical/hydrothermal stability as well as regular
porosity. Quite recently, zeolite began to be intro-
duced environmentally as low-cost catalyst in combi-
nation with ozone [12–19]. The surface chemistry of
zeolite is recognized to be of paramount importance
in heterogeneous catalysis, which is mainly subject to
HO-groups (Brǿnsted acid centre), aluminum-contain-
ing extra-framework species (Lewis sites), and alkaline
metal contributed cations (or basic sites). Valdés et al.
[13] reported that acid-modified zeolite could be effec-
tive catalyst for ozonation of toxic organics, and they
suggested the hydrous groups present on metal sur-
face oxides of zeolite play a fundamental role. Ikhlaq
et al. [15] reported that aluminum content of zeolite
could promote the formation of superoxide ion radi-
cals (O�

2 ) that in turn facilitates the production of HO�

consuming ozone. Yet the performance of zeolite on
ozonation process is still not a matter of consensus.
Rivera-Utrilla et al. [16] indicated that the surface acid
sites of zeolite principally stabilize O3 molecules and
in turn play negative role on ozonolysis to produce
ðHO�Þ. Amin et al. [17] concluded that zeolite-ozone
system exhibited screening effect for removal of
phenol and COD mainly by adsorption rather than
catalytic process, for which the surface of zeolite could
only contribute to the interaction of molecular ozone
and organics.

Besides the effect of material surface chemistry,
solution pH is commonly an influential factor that
may even affect the process of heterogeneous

catalytic ozonation. This is because the pH environ-
ment may chemically alter the surface acid–base
property which closely correlates with the process of
catalysis, locally giving rise to a synergistic effect
facilitating or accelerating the generation of HO�

[20,21]. Concerning zeolite-induced catalytic ozona-
tion, moreover, it is still in argument where the
reactions between HO� species formed by catalysis
and organic compound principally take place, since
either in liquid bulk phase [22] or the surface region
of zeolite [14] has been documented by researchers.
In addition to the power of catalysis, material stabil-
ity should be evaluated for utilization of zeolite as
the leaching of aluminum content could inevitably
occur during reactions, and this undesired issue in
application of zeolite may have significant implica-
tions with the pH environment. In view of the rele-
vant works completed, therefore, efforts still need to
be made for collection of information with guiding
significance for development of zeolite-ozone
multiphase systems.

The surface property of zeolite largely depends on
the proportional silica (Si) to aluminum (Al) arrange-
ment in framework and extra-framework structures
[23]. In this study, four ZSM-5 samples, with respec-
tive Si/Al molar ratio of 25, 50, 80, and 360, were
comparatively characterized and experimented for cat-
alytic ozonation of p-aminobenzenesulfonic acid
(PAA) as model compound, where the catalytic role
played by zeolite during ozonation process was
analyzed and discussed.

2. Experimental

2.1. Materials

Granular ZSM-5 zeolites with respective Si/Al
molar ratio of 25, 50, 80, and 360 were purchased from
Catalyst Plant of Nankai University (Tianjin, China).
Prior to use, they were rinsed with boiled distilled
water until the pH reached a constant level, dried at
100˚C for 12 h, and then calcinated at 550˚C for 4 h in
muffle furnace to decompose the NH3-form and
remove the organic impurities [24]. Then, H+-form
ZSM-5 samples were produced labeled as “HZSM-5”.
The PAA was supplied by Damao Reagent (Tianjin,
China) and employed as the model contaminant.

2.2. Ozonation and catalytic ozonation

Experiments were carried out in a batch mode
Plexiglas cylindrical column with 0.1 m internal
diameter (see Fig. 1). Ozone mixed gas (containing
mainly O3, O2, and N2) was bubbling introduced at
the bottom of reactor at 3 L min−1 with inlet gaseous

1950 S. Zhang et al. / Desalination and Water Treatment 57 (2016) 1949–1958



ozone concentration of 25 g Nm−3. The initial PAA
concentration of 60 mg L−1 was preset in 1.5 L ultra-
pure water for each experiment, and the liquid tem-
perature was controlled at 20 ± 0.5˚C by a thermostat
(Scientz Biotechnology Co. Ltd., Ningbo, China). Solid
loading of zeolite particles was kept at 5 g L−1 for cata-
lytic ozonation tests. Solution pH was initially
adjusted by adding 0.1 M hydrochloric acid or 0.1 M
sodium hydroxide solutions and maintained during
reactions by means of dropwise regulation. All the
reactions were completed under atmospheric pressure
condition.

2.3. Analysis methods

Fourier transform infrared (FT-IR) spectra were
recorded between 1,400 and 400 cm−1 with Bruker
Vector FT-IR spectrometer (sample amount was about
1 wt.%; pure potassium bromide was utilized as refer-
ence). X-ray diffraction (XRD) patterns were acquired
using DX-3000 X-ray diffractometer (Shimadzu, Japan)
with Cu Kα monochromatic radiations and operated
at 40 kV and 100 mA. The surface morphology was
examined using scanning electron microscopy (SEM)
(S4800, Hitachi, Japan). The surface acidity was evalu-
ated by NH3 temperature-programmed desorption
(NH3-TPD) using CheBET Pulsar TPD Analyzer
(Quantachrome, USA). Experimental runs were
recorded by heating the samples in N2 (30 mLmin−1)
from 100 to 800˚C at a heating rate of 10˚C min−1.

Diffuse reflectance (DRIFT) spectra of pyridine
adsorbed at 150˚C and 450˚C were obtained with
EQUINOX55 (Germany) spectrometer. Textural prop-
erties were determined by Autosorb-1 (Quantachrome,
USA). The N2 adsorption/desorption isotherms at
about −196.15˚C were measured, and the specific
surface area (SSA) was calculated using the Brunauer–
Emmett–Teller (BET) model.

Concentration of PAA was detected by HPLC
(Waters Alliance HPLC 2695-2996) at wavelength of
250 nm. The stationary phase was Ultimate XB-C18
5 μm column (250 × 4.6 mm) with an eluent solution
mixed by A (0.3% acetic acid and 0.3% triethylamine)
and B (methanol) under flow rate of 0.8 mLmin−1

(VA/VB= 90/10). Total organic carbon (TOC) was
measured using TOC-VCPH analyzer (Shimadzu,
Japan). Solution pH was measured by digital pH
meter (Cyber Scan pH1500). Electron paramagnetic
resonance test was conducted for detection of free rad-
icals using Bruker A200 (Germany). The concentration
of aluminum ions (i.e. Al3+) was measured by a simul-
taneous inductively coupled plasma optical emission
spectrometer (ICP-OES, Optima 2000 Series, Perkin
Elmer, USA) with axial views at wavelength of
396.153 nm.

Gaseous ozone concentration of inlet ð½O3�g;inÞ and
outlet ð½O3�g;outÞ was monitored by Portable-BD5Gas2610
Ozone Analyzer (BigDipper Co. Ltd, Beijing, China),
and the consumption rate (%) of feeding ozone was
calculated by the following equation:

Fig. 1. The schematic diagram of experimental apparatus for zeolite-ozone treatment.
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Ozone consumption ð%Þ ¼ ½O3�g;in � ½O3�g;out
½O3�g;in

� 100 ð%Þ

(1)

3. Results and discussion

3.1. Characterization of zeolite samples

The thermal-treated HZSM-5 zeolites were compar-
atively characterized in this section. FT-IR spectra are
displayed in Fig. 2. There are two frequency groups
including internal vibration insensitive to structure and
vibration of external linkages between tetrahedral due
to topology and the mode of structure arrangement
[25]. Peaks at band of 455.2 cm−1 and 796.6 cm−1 are
respectively assigned to the bending and symmetric
stretching vibration of internal tetrahedron, while at
1,099.4 cm−1 and 1,224.8 cm−1 denotes asymmetric
stretching vibration of external tetrahedral. Band at
549.7 cm−1 may represent a pseudo-lattice or secondary
vibration. The vibration intensity of external tetrahe-
dral structure referring to 1,099.4 cm−1 and 1,224.8 cm−1

decreased with increasing Si/Al molar ratio, suggest-
ing aluminum species is the key node for tetratomic
rings in external aluminosilicate framework. The bands
due to zeolitic water commonly lie in the range of
1,600–3,700 cm−1. IR band at 1,622.1 cm−1 is connected
to the deformation vibration of absorbed water mole-
cules and at 3,460.3 cm−1 is attributed to vibration of
bonds HO–(Si4+ or Al3+). The XRD pattern shown by
inset of Fig. 2 demonstrates that the HZSM-5 zeolites
employed were well crystallized, and data in Table 1

show that they own similar intensity of spectra peaks
to starting material. Results of textural properties of
HZSM-5 were also recorded in Table 1 where all the
zeolites presented quite close in micro-porous
structure, pore volumes, and SSAs.

NH3-TPD was used to characterize the total
amount of surface acidity (see Fig. 3). The relative
position of the temperature maximum in the plot of
the ammonia desorption vs. temperature is an indica-
tion of the magnitude of the ammonia desorption acti-
vation energy and consequently the relative acid
strength of the sites (above 100˚C was considered as
chemisorbed NH3). It can be seen in Fig. 3 that the
total acidity decreased with increasing Si/Al
molar ratio, and HZSM-5 (25) sample exhibited the
highest density of acid under whatever desorption
temperature.

Infrared spectroscopy of adsorbed pyridine dis-
criminates the nature of the acid sites composed of
Brǿnsted sites and Lewis sites [26]. Pyridine bound to
Brønsted acid sites is associated with IR band at
1,545 cm−1, bound to Lewis acid sites is tied to a band
at 1,450 cm−1, and at 1,490 cm−1 was due to pyridine
adsorbed on both Brønsted and Lewis acid sites. As
indicated by Fig. 4, the amount of Brǿnsted acid was
generally higher than Lewis acid under whatever tem-
perature (150˚C for weak acid and 450˚C for strong
acid sites). The calculated ratio of Lewis and Brønsted
acid amount was presented in Table 1. One can see
that HZSM-5 (50) sample compared to others exhib-
ited to own a relative higher amount of Brǿnsted sites
(remarkably lower in values of L*/B*), suggesting that
much more aluminum atoms for HZSM-5 (50) are in
protonated tetrahedral structures rather than a state of
trivalent coordination linked to Lewis acid sites [23].

Surface morphology of HZSM-5 was examined by
SEM, and images are shown in Fig. 5. Numerous
micro-clusters accumulated forming blocky and lay-
ered structure that seemed like a fragmentation of
surface. HZSM-5 (50) sample with higher amount of
Brǿnsted acid presented to be somewhat smoother
and more compact compared to others (see Fig. 5(b)),
which might be explained by that the tetrahedral alu-
minum (associated with H+) accounting for Brǿnsted
acidity is in relative rich amount and well-isolated in
skeleton of zeolite.

3.2. Catalytic ozonation of PAA

Fig. 6 shows the evolution of normalized PAA con-
centration during ozonation with or without HZSM-5
particles. The rate for plain ozonation of PAA at pH
3.5 presented to be much slower than that obtained at

Fig. 2. FT-IR spectra of HZSM-5 zeolites (inset: XRD pat-
tern of HZSM-5 zeolites).
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pH 9.5, because acidic solution in lack of hydroxyl
anion (OH−) restricted transformation of molecular
ozone into more powerful ðHO�Þ species [20]. In the
presence of zeolites at pH 3.5 (Fig. 6(a)), the rate of
PAA disappearance got increased but in a very lim-
ited extent quite similar to plain adsorption effect by
HZSM-5 particles (less than 5%, not shown). As solu-
tion pH elevated to 9.5, however, the oxidation kinet-
ics enhanced remarkably for zeolite-ozone reaction
systems as shown in Fig. 6(b). Ozonation process
occurs mainly through a combination of the molecular
ozone (O3) and hydroxyl free radical ðHO�Þ pathways
as can be globally established by Eq. (2), and for this
work, the oxidation kinetics of PAA followed a
pseudo-first-order trend for which the overall rate

Table 1
Relevant properties of ZSM-5 zeolites used in this work (“S” and “P” represent respectively the starting material and that
underwent thermal pretreatment)

Si/Al (−)

SSA (m2 g−1)
Pore volume
(cm3 g−1)

Average pore
size (nm)

Crystallinitya (%)

L*/B*b (−)

S P S P S P 150˚C 450˚C

25 276.26 307.75 0.263 0.309 3.81 4.01 88.8 0.730 0.663
50 275.19 248.47 0.265 0.239 3.85 3.85 94.9 0.257 0.159
80 291.17 264.20 0.356 0.360 4.89 5.44 98.8 1.197 0.910
360 281.95 287.78 0.288 0.287 4.08 3.99 98.5 0.812 0.314

aCrystallinity was measured by determining the intensities of the main X-ray diffraction peaks. The starting material was assumed to be

100%.
bThe amount ratio of Lewis and brønsted acid sites were calculated by integration of absorbance signal at band 1,450 cm−1 and 1,545 cm−1.

Fig. 3. Profiles of NH3-TPD from HZSM-5 zeolites
(condition: heating rate of 10˚C min−1 under N2 flow at
30 mLmin−1).

Fig. 4. IR spectra of pyridine adsorbed on HZSM-5 zeolites
under (a) 150˚C and (b) 450˚C.
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constants (i.e. the k in Eq. (2)) calculated were listed in
Table 2 where R2 represents the coefficient of determi-
nation.

�d½C�
dt

¼ kO3 ½C�½O3�L þ kHO� ½C�½HO�� � k½C� (2)

where [C] is the concentration of PAA, t is reaction
time, kO3

and kHO are the second-order rate constants,
and ½O3�L and ½HO�� are the respective concentration of
aqueous ozone and hydroxyl radical.

For scenarios under pH 9.5 reading Table 2,
HZSM-5 (25) compared to other congeners performed
to be more effective on catalytic ozonation of PAA,
and the data of kinetics followed HZSM-5 (25) >
HZSM-5 (80) >HZSM-5 (360) >HZSM-5 (50), which
coincided with the order in amount of Lewis acid sites
referring to the total acidity (Fig. 3) and the ratio of
Lewis/Brønsted sites (Table 1). Likewise, the abate-
ment of dimensionless TOC that assigned principally
to HO� followed the same order as that described for

degradation of PAA (see Fig. 7). Results obtained sug-
gested that the presence of HZSM-5 zeolites could
have improved the advanced oxidation pathway dur-
ing ozonation, and this catalytic effect should mainly
be subject to the provision of Lewis acid sites.

Further, it is interesting to notice that the degrada-
tion profile of PAA was comparable with the addition
of HZSM-5 (80) and HZSM-5 (360), and these two zeo-
lites exhibited rather similarity in the amount of weak
Lewis acid by analysis on NH3 desorption curve and
IR spectra of adsorbed pyridine at 150˚C. This phe-
nomenon indicated that the weak Lewis acid may be
more responsible for zeolite-induced catalysis. In fact,
the weak Lewis acid sites allow better preservation of
hydroxyl groups bonded in the framework structure
as Al–OH or Si–OH, which is believed not to be the
case for strong Lewis acid that is easy to be deproto-
nated. And these hydroxyl groups could react with
molecular ozone following a way similar to that
reported by Staehelin and Hoigné [7]. On the other
hand, the weak Lewis acid sites with electro-with-
drawing nature are sensitive to capture the free

Fig. 5. SEM image of (a) HZSM-5 (25), (b) HZSM-5 (50), (c) HZSM-5 (80), and (d) HZSM-5 (360), respectively.
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hydroxyl anions under basic environments, allowing
the conjugation of hydroxyl groups on extra-frame-
work aluminum (or more accurately aluminum
oxyhydroxides) at zeolitic surface. Consequently, the
OH-groups being pre-concentrated on zeolite surface

would be fast consumed by aqueous O3 (adsorbed or
diffused), generating locally numerous active ðHO�Þ
species which in turn led to the reduction of organic
loading. As a consequence of analysis and refer to
some literatures [7,27], the possible steps delineating
the mechanistic processes of catalysis played by
HZSM-5 zeolite in progress of ozonation may follow
Reactions (3)–(7).

L� þH2O ðOH�Þ ! L� � � �OH� þHþ (3)

O3 þ L� � � �OH� ! L� � � �HO�
2 þO2 (4)

O3 þ L� � � �HO�
2 ! L� þHO� þ �O2

� þO2 (5)

O3 þ �O2
� ! �O3

� þO2 (6)

O3 þH2O ! HO� þOH� þO2 (7)

where L� represents the active Lewis acid sites
dictating catalysis.

Fig. 6. Evolution of dimensionless concentration of PAA
during ozonation with and without HZSM-5 zeolite at (a)
pH 3.5 and (b) pH 9.5.

Table 2
Pseudo-first-order rate constants for ozonation of PAA with/without HZSM-5 zeolite

Condition

pH 3.5 pH 9.5

k (×10−2 min−1) R2 k (×10−2 min−1) R2

Plain ozonation 1.29 0.990 2.94 0.986
Ozone/HZSM-5 (25) 1.53 0.997 5.64 0.994
Ozone/HZSM-5 (50) 1.48 0.996 3.91 0.992
Ozone/HZSM-5 (80) 1.53 0.994 4.88 0.995
Ozone/HZSM-5 (360) 1.63 0.994 4.56 0.986

Fig. 7. The remaining TOC at pH 9.5 during ozonation
with and without HZSM-5 zeolite.
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In light of these chain reactions, the transformation
of dissolved ozone into ðHO�Þ products could be lar-
gely accelerated in the presence of HZSM-5 zeolites,
and for higher solution pH (i.e. pH 9.5), the effect of
zeolite exhibited to be much more pronounced on
degradation of PAA compared to that under pH 3.5,
due to a fast zeolite-surface concentration (Reaction
(3)) and in situ consumption of hydroxyl ions (HO−)
being the initiator for zeolite-induced catalysis (see
Reaction (4)).

The concentration of gaseous ozone was online
monitored during reaction, and the net absorption rate
of ozone determined according to Eq. (1) is shown in
Fig. 8. One can see that the presence of HZSM-5 (25)
at pH 9.5 substantially accelerated ozone absorption
compared to that in the case of ozonation alone, for
the corresponding ozone consumption was nearly
doubled at the beginning minutes in ozone/HZSM-5
(25) scenario compared to plain ozonation. A more
rational explanation may be that HZSM-5 (25) chemi-
cally sped up the transformation of dissolved ozone
molecules into ðHO�Þ species that interacts very fast
with parent molecules or intermediates, and simulta-
neously this process enhanced interfacial driven force
of ozone dissolution which in turn improved superfi-
cial gas-to-liquid mass transfer (i.e. absorption of
ozone). Upon the total disappearance of PAA at about
60 min, the consumption of gaseous ozone with and
without HZSM-5 (25) was almost in the same level,
implying that the by-product fragments recalcitrant
even against ðHO�Þ species began to prevail inhibiting
the transformation of dissolved ozone molecule as the
source of ðHO�Þ.

Multiphase catalytic ozonation functionalized by
zeolite comprises a combination of reactions in homo-
geneous and heterogeneous phases. In liquid bulk
actually, terminative production of CO2 would accu-
mulate as a result of mineralization, existing partly in
inorganic form of HCO�

3 and CO2
3� that are known to

be the scavengers of short-lived ðHO�Þ [8]. For this rea-
son, it is usually very hard for the ðHO�Þ-pathway to
take place in bulk phase as a contribution to degrada-
tion of organic contaminants. It can been seen from
the inset of Fig. 8 that in both ozone and ozone/
HZSM-5 (25) cases at pH 9.5, there was no pro-
nounced DMPO-ðHO�Þ adduct signal assigned to
ðHO�Þ species in liquid bulk after 10 min reaction. In
the presence of zeolite fortunately, the promotion of
ðHO�Þ yielding could be accomplished on Lewis acid
sites (see Reactions (3)–(7)) and then quickly con-
sumed by organics concentrated in the vicinity
or neighborhood of material surface, leading to an
evident intensification on degradation of PAA or even
mineralization.

In general, HZSM-5 zeolite performed to promote
the process of advanced oxidation during ozonation at
basic solution, for which the weak Lewis acid sites on
zeolitic surface may be principally responsible for the
formation of ðHO�Þ and its local consumption by
organic contaminant. This process inferred is com-
pletely different with gas-phase reaction where
Brǿnsted acid was reported playing a key role to
remove various volatile organic compounds (VOCs)
[28,29]. Incidentally, higher dosage of zeolite is stoi-
chiometrically beneficial to enhance both degradation
and mineralization of organic load, the outcome of
which is not presented in this study because it is out
of scope of current research.

Aluminum leaching is an important issue for utili-
zation of zeolite, since release of aluminum cation
(Al3+) will lead to a collapse of extra-framework struc-
ture, change material surface property, and even cause
severe secondary contamination once overdosed. Yet
the elution of Al3+ for zeolite-ozone system has seldom
been reported by far. As ozonation of PAA progressed,
the concentration profile of Al3+ over time was
recorded and results are shown by Fig. 9. At pH 3.5
where the catalytic effect of zeolite largely suppressed,
the Al3+ was fast eluted up to concentrations of mg L−1

level, possibly due to the frequent cleavage of Al–O
bonds by dissociative hydrogen ions (H+) at acidic solu-
tion. At pH 9.5 where HZSM-5 zeolite appreciably
works as ozone catalyst, in contrast, the Al3+ concentra-
tion could be well controlled at rather low level (less
than 130 μg L−1) as time prolonged within the covered
range of experiments. Hence, basic pH environment is
suggested in this work for adoption of zeolite in

Fig. 8. The profile of ozone consumption rate over time at
pH 9.5 (inset: The intensity of DMPO-ðHO�Þ adduct signal
for 10 min ozonation at pH 9.5).
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assistance to ozonation both for an expected efficiency
of catalysis and material stability.

4. Conclusions

Zeolite is surface sensitive mineral that is abundant
on earth and naturally available, and extraction of its
application possibility for environmental purpose is
believed to be of great interest. We tried to combine
zeolite with ozone technology in this work for process
intensification of advanced oxidation. Generally, utili-
zation of zeolite for catalytic ozonation was proved to
be feasible which has been analyzed depending on
surface acidity and solution pH. It was suggested that
the Lewis acidity under basic pH mainly contributes
to the catalytic effect of zeolite, for which it was
assumed that both the hydroxyl groups and anions
concentrated on the weak Lewis sites had transformed
molecular ozone into HO�, inducing locally a fast
degradation of organic contaminants or even minerali-
zation. Moreover, the framework of zeolite presented
to be much more stable at pH 9.5 taking leaching of
aluminum ion as reference, which is supportive infor-
mation for implementation of ozone-zeolite system
that better works under basic environments.
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Aranzabal, J.R. González-Velasco, Enhanced activity
of zeolites by chemical dealumination for chlorinated
VOC abatement, Appl. Catal. B 41 (2003) 31–42.

[27] R.E. Bühler, J. Staehelin, J. Hoigné, Ozone decomposi-
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