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Photocatalytic discolorization of methyl orange solution
by Pt modified TiO2 loaded on natural zeolite
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Abstract

Pt modified TiO2 loaded on natural zeolites (PteTiO2/zeolites) was prepared by solegel technique and photoreductive deposition method.
The photocatalysts were characterized by UVevis absorption spectrum, FTIR spectrum, BET and X-ray diffraction. Their photocatalytic activi-
ties were examined by the photocatalytic decolorization of methyl orange solution under UV light irradiation. The results show that Pt doping
induced the enhancement of photocatalytic decolorization and optimal Pt doping is about 1.5 wt.% with 86.2% of decolorization rate under
30 min irradiation time. The effects of calcinated temperature, catalyst concentration, oxidant H2O2, and pH on the photocatalytic activities
were studied. The repeatability of photocatalytic activity was also tested and the decolorization rate was 81.9% of initial decolorization rate
after five cycles.
� 2007 Elsevier Ltd. All rights reserved.
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1. Introduction

Heterogeneous photocatalysis based on TiO2, as a new
‘‘advanced oxidation processes’’, has attracted much attention
because of its application in the eliminations of aqueous and
gaseous pollutants [1e7]. Compared with other semiconduct-
ing materials, TiO2 has been studied extensively due to its high
photocatalytic activity, non-toxicity, low cost and chemical
stability. There are two commonly used types for TiO2 photo-
catalyst in experimental investigation and practical applica-
tion: suspended TiO2 particles and supported TiO2. In order
to overcome the trouble of the separation for superfine TiO2

particles after reaction, the main attempts are focused on the
research of immobilizing TiO2 on supports, including stainless
steel [8], activated carbon [9], fiber glass [10], clay [11], zeo-
lite [12], etc. Zeolite seems to be a promising support for TiO2

photocatalyst because of its regular pores and channel sizes,
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and good adsorption ability. TiO2 supported on zeolite inte-
grates the photocatalytic activity of TiO2 with the adsorption
properties of zeolite together, which induce a synergistic
effect, resulting in the enhancement of photocatalytic efficiency.
Some investigation results indicate that zeolites, including
synthetic zeolites such as HZSM-5, ZSM-5, 13X, 4A, b, HY,
Hb, USY, Y zeolites as well as molecular sieve (MCM-41),
are effective supports for TiO2 photocatalyst [12e22]. In re-
cent years, the natural mineral materials, such as a natural
pumice [23], natural zeolite [24], have also attracted an in-
creasing interest due to their layered or porous structure, low
cost and abundant storage. In our previous work, we have
also reported the photocatalysts of TiO2 immobilized on the
natural zeolite by solegel process, and investigated the effects
of the amount of TiO2 loading and the catalysts concentration
on the photocatalytic activities by using methyl orange as
a model compound [25].

Earlier studies have revealed that the photocatalytic activity
of TiO2 can be improved significantly by doping with noble
metals such as Pt, Au, Ag, etc. [26e32], which has been ex-
plained by the action of noble metal as photogenerated
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electron acceptor. Under UV light irradiation, the photogener-
ated electrons quickly transfer from TiO2 surfaces to the Pt
particles, leading to electronehole effective separation and re-
sulting in the improvement of photocatalytic efficiency [31].
To continue our previous work [25], this work is aim at inves-
tigating the photocatalytic activity of Pt modified TiO2 loaded
on the natural zeolite by using methyl orange as a target de-
graded compound; methyl orange is a kind of azo dyes and
has been used as a probe for photocatalytic decolorization
[29,33e36], the degradation process of which has been ana-
lyzed by Baiocchi et al. [33]. The effects of added H2O2, pH
in solution, and amount of doped Pt on the photocatalytic ac-
tivity, and the repeatability of the photocatalytic activity is also
performed in this study.

2. Experiment

2.1. Chemicals

Natural zeolite was a gift from Jinyun Shenshi Kaifa com-
pany, Zhejiang province. Its main components consist of SiO2

(70.45%), Al2O3 (12.35%), MgO (1.68%), K2O (1.14%),
Fe2O3 (0.59%), MnO (0.05%), Na2O (1.09%), CaO (1.66%)
and other materials including water (10.99%). Tetra-n-butyl
titanate and n-butyl alcohol were purchased from Shanghai
Chemical Reagent Company, China. Chloroplatinic acid and
nitric acid were obtained from Shantou Xilong Chemical
Factory, Guangdong Province, China. Methyl orange was
obtained from Beijing Chemical Reagent Company, China.

2.2. Preparation of photocatalyst

Pt modified TiO2 loaded on natural zeolite was prepared by
solegel process and photoreductive deposition method. The
precursor solution composites consist tetra-n-butyl titanate,
n-butyl alcohol, chloroplatinic acid (H2PtCl6$6H2O) and nitric
acid. The nitric acid was used as catalyst to control the hydro-
lysis process. The typical steps are as follows:

(1) A given amount of tetrabutyl titanate was dissolved in pure
ethanol with a volume ratio of 1:3 of tetrabutyl titanate to
ethanol, and then nitric acid solution was added dropwise
into the solution to readjust the pH value to 4. During
these procedures, the solution was stirred vigorously to
avoid precipitate. After stirring for 8 h, weak yellow and
clear TiO2 sol was obtained. Subsequently, requisite
amount of natural zeolite, which was preheated at
450 �C for 4 h, was mixed with the TiO2 sol with vigorous
stirring, and a mixed suspension formed. After being
stirred for 6 h, the mixture solution of ethanol and distilled
water was added gradually into the mixed suspension, the
mixed suspension became gel, then dried at 80 �C for 6 h,
ground to fine powder in an agate mortar, and moved to
oven to be further calcined at different temperatures
(110 �C, 200 �C, 300 �C, and 500 �C) for 4 h. By this pro-
cedure, TiO2 loaded on natural zeolite was prepared, de-
noted as TiO2/zeolite.
(2) Pt modified TiO2/zeolite was prepared by a photochemical
reduction process [26]: certain amount of chloroplatinic
acid was dissolved in the mixture solution of distilled water
and methanol, and then a weighted amount of TiO2/zeolite
was put into the solution. The mixture solution was irradi-
ated by UV light for 5 h, followed by washing and drying
at 80 �C for 6 h. Pt modified TiO2/zeolite composite was
achieved, denoted as PteTiO2/zeolite. Our previous investi-
gation has revealed that the decolorization rate increased
with the amount of TiO2 loading and then decreased with
further increase of TiO2 loading. The decolorization rate
was about 66.9% with 25% TiO2 loading heated at 200 �C
at 30 min irradiation time [25]. For a convenient compari-
son, in this experiment, the photocatalyst with 25% TiO2

loading was used throughout experiments. Six final samples
of PteTiO2/zeolite with different Pt contents of Pt to TiO2

(0, 0.5, 1.0, 1.5, 2.0, 3.0 wt.%) were prepared.

2.3. Characterization of photocatalyst

The XRD patterns of prepared samples were recorded by
Bruker D8 Advance X-ray diffractometer with Cu Ka irradia-
tion (operating at 40 KV and 30 mA, l¼ 0.154059 nm). The
FTIR spectra were performed on the Nicolet Nexus-470 FTIR
spectrometer. The absorption spectra were measured by using
a Shimadzu UV-3100 UV-VIS-NIR recording spectrophotome-
ter equipped with an integrating sphere. The Morphology of
sample was observed by Hitachi S-3500N scanning electron mi-
croscope and elemental analysis was performed with energy
dispersive X-ray (EDX) spectroscopy (Oxford Inca). The Spe-
cific surface area was measured by N2 adsorption at low
temperature on Micromeritics ASAP 2010 apparatus.

2.4. Evaluation of photocatalytic activity

The photocatalytic activity of the catalyst was evaluated by
the photodecolorization of methyl orange (MO) solution. The
photocatalytic experiment was performed in a cylindrical reac-
tor. A 500 W U-shape high-pressure mercury lamp with max-
imal emission at 365 nm was used as UV light source, located
in a cylindrical center, the reactor was cooled by a cooling
jacket to keep the chamber temperature at 298 K. The methyl
orange was used as a target decolorized matter. A 200 ml
methyl orange solution mixed with a certain amount of cata-
lyst was injected into the reactor chamber and stirred continu-
ously. A 15 ml mixture solution was taken from the chamber
at a regular interval under UV light irradiation, followed by
centrifugation and filtration, finally clear solution was ob-
tained. Its absorption spectrum was analyzed by Shimadzu
UV-3100 UV-VIS-NIR recording spectrophotometer (Japan).
The decolorization rate of methyl orange was calculated by
the following equation [13]:

h¼ C0�C

C0

¼ A0�A

A0

� 100% ð1Þ
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where C0 and A0 are the initial concentration and absorbency
of methyl orange solution at 462 nm corresponding to maxi-
mum absorption wavelength; C and A are the concentration
and absorbency of methyl orange solution at 462 nm after
UV light irradiation at any time.

3. Result and discussion

3.1. XRD and EDX analyses

The XRD patterns of samples are illustrated in the Fig. 1.
For comparison, the XRD pattern of the pure natural zeolite
is also shown in Fig. 1, which is similar to that reported in
Refs. [37e39]. The results reveal that the natural zeolite
used in the experiment is mostly mordenite. At lower calci-
nated temperature, TiO2 existed in the form of amorphous
and few anatase phases. Comparing the XRD pattern of the
pure natural zeolite, the intensities of some diffraction peaks
of PteTiO2/zeolite decrease or disappear, which is due to
that the surface of zeolite is covered by amorphous or crystal-
lized TiO2. The characteristic peak of anatase TiO2 corre-
sponding to 2q z 25.4� (d¼ 0.346 nm) become stronger and
sharper gradually with increase of calcinated temperature. It
can be seen that the main peak positions of natural zeolite
are unchanged, indicating that the structure of natural zeolite
has a good thermal stabilization, and also revealing that
most parts of TiO2 are distributed on the surface of natural ze-
olite while the part of TiO2 encapsulated into the cavities of
natural zeolite. The diffractive peak of Pt is not found
obviously due to the low doping.

Fig. 2(a) shows the SEM micrograph of PteTiO2/zeolite. It
can be seen that the sample has a size smaller than 10 mm. The
analysis of Pt element was performed by energy dispersive
spectroscopy in microarea, shown in Fig. 2(b). It is observed
clear that Pt particles have been dispersed on the sample.
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Fig. 1. XRD patterns of 1.5 wt.% PteTiO2/zeolite at different calcinated

temperatures.
3.2. FTIR analysis

Fig. 3 shows the FTIR spectra of natural zeolite and Pte
TiO2/zeolite samples heated at different temperature. The
region at 3150e3700 cm�1 is attributed to the hydroxyl
stretching region of zeolitic water, its intensity decreases with in-
creasing heating temperature due to the dehydrate in zeolite.
The strongest absorption peak at 1047 cm�1 is assigned to

Fig. 2. Morphologies of PteTiO2/zeolite (a) and the Pt element analysis (b).
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Fig. 3. FTIR spectra of 1.5 wt.% PteTiO2/zeolite at different calcinated

temperatures.
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the framework stretching vibration band of Si(Al)eO in tetra-
hedral Si(Al)O4 in natural zeolite, its position is unchanged at
500 �C treatment temperature, indicating that zeolite structure
is not destroyed at 500 �C. The structural bands at 450e
900 cm�1 are responsible for the stretching vibrations of TeO,
TeOeT, and OeTeO bonds in tetrahedral SiO4 and AlO4.
The band at 1630 cm�1 is attributed to the distorted OH group
vibration in natural zeolite [37e39].

But no obvious band was observed at the region of 950e
960 cm�1 assigned to the antisymmetric stretching vibration
of TieOeSi bond [16]. It is suggested that no strong chemical
interaction took place between TiO2 and zeolite, hence TiO2

maybe only disperse on the surface of zeolite, or encapsulate
partly the zeolite cavity, the detailed results should be further
examined.

3.3. Photocatalytic decolorization experiment

3.3.1. Dark adsorption experiment
Prior to photocatalytic experiment, the methyl orange ad-

sorption in the dark on the photocatalysts of TiO2/zeolite
and PteTiO2/zeolite was measured in the suspension. A
200 ml, 20 mg/l methyl orange solution was mixed with
0.4 g photocatalyst. The suspension was stirred magnetically
for 2 h and reached the adsorption equilibrium. Then, 15 ml
suspension was taken out from the reaction chamber, followed
by several centrifugations to remove the catalyst and clear so-
lution was obtained. Finally, its absorbency was measured by
spectrophotometer, the results are listed in Table 1. It can be
seen that the adsorption capacities of catalysts have only small
difference.

3.3.2. Effect of calcinated temperature
Table 2 lists the relation between calcinated temperature

and decolorization rate with 2 g/l of photocatalyst and
20 mg/l of methyl orange solution irradiated by UV light for
30 min and pH 6.2. For comparison, the result for Pt undoped
sample was also given. From Table 2, it can be seen obviously
that the decolorization rate is improved significantly by doping
Pt, increases from 73% to 87.8% at 110 �C and from 66.9% to
86.2% at 200 �C for Pt undoped and 1.5 wt.% Pt doped cata-
lysts, respectively. The decolorization rate decreases slightly
from 87.8% to 86.2% with increase of the calcinated temper-
ature from 110 �C to 200 �C for 1.5 wt.% Pt doped catalyst,
and then decreases quickly with further increase of the calci-
nated temperature for PteTiO2/zeolite. The decolorization
rate shows a decrease tendency with increasing calcinated
temperature for doped and undoped samples. Although in-
creasing the calcinated temperature will accelerate the forma-
tion of TiO2 anatase phase which is beneficial to the

Table 1

The adsorption capacity for methyl orange on the photocatalysts calcinated at

200 �C with different Pt dopant percentages at pH¼ 6.2

Pt doping (wt.%) 0 0.5 1.0 1.5 2.0 3.0

Adsorption (%) 3.8 4.1 4.5 3.9 3.8 3.5
improvement of photocatalytic efficiency, it will also cause
the conglomeration of catalyst particles, which reduces the
specific surface areas of samples, resulting in the decrease of
photocatalytic efficiency, hence catalyst calcined at lower tem-
perature has a higher photocatalytic activity.

Fig. 4 shows the relation between methyl orange solution
concentration and irradiation time for the two samples of
TiO2/zeolite and 1.5 wt% PteTiO2/zeolite with 20 mg/l of
MO solution, pH¼ 6.2 and 2 g/l of catalyst dosage. It can
be seen that the decolorization rate increases with irradiation
time. The result shows that the photocatalytic activities of cat-
alysts are improved by doping Pt.

For a convenient comparison, the samples of PteTiO2/zeo-
lites calcinated at 200 �C were used in the following
experiments.

3.3.3. Effect of catalyst concentration
The effect of catalyst concentration on decolorization rate

was studied by varying catalyst concentration from 0.5 g/l to
6 g/l. The results are illustrated in Fig. 5. It is found that the
decolorization rate of methyl orange solution increased signif-
icantly from 59.2% to 90.5% with increase of catalyst concen-
tration at a range from 0.5 g/l to 3 g/l and then decreased with

Table 2

The dependence of the decolorization rate and specific surface area of samples

on the calcinated temperature

Temperature

(�C)

TiO2/zeolite 1.5% PteTiO2/zeolite

Decolorization

rate (%)

Specific

surface

area (m2/g)

Decolorization

rate (%)

Specific

surface

area (m2/g)

110 73.0 107.2 87.8 118.7

200 66.9 78.5 86.2 86.1

300 58 63.2 66.9 57.8

500 31 25.2 43.2 34.8
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Fig. 4. The relation between methyl orange solution concentration and irradi-

ation time for the two samples of TiO2/zeolite and 1.5 wt% PteTiO2/zeolite

with 20 mg/l of MO solution, pH¼ 6.2 and 2 g/l of catalyst dosage.
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further increase of the catalyst concentration due to light scat-
tering and screening effect, therefore, there exists an optimum
concentration for a given substrate concentration. These phe-
nomena were also observed in other experiments for the pho-
todegradation of organic materials by TiO2 powder or
supported TiO2 in aqueous solution and the detailed explana-
tions have been given in Refs. [16,17]. It is suggested that at
a lower level of catalyst concentration, increasing catalyst
will provide more reactive sites resulting in the enhancement
of the decolorization rate. At a higher level of catalyst concen-
tration, although the reactive sites increases, the solution be-
came cloudy and opaque, which reduce the light penetration
and lead to the reduction of the availability of active site, while
the increase of concentration maybe result in the agglomera-
tion of the catalyst particles, hence the part of the catalyst sur-
face became unavailable for photon absorption and dye
adsorption, the decolorization rate subsequently decreases.

In this experimental reaction system, the optimum concen-
tration of catalyst is about 3 g/l for a given concentration of
20 mg/l of methyl orange solution. From a practical applica-
tion point of view, the concentration of 2 g/l is moderate.

3.3.4. Effect of Pt doping
The relation between the amount of doped Pt and decoloriza-

tion rate is shown in Fig. 6. It is observed that the decoloriza-
tion rate increases with the increase of the amount of doped
Pt, reaches the maximum at 1.5 wt.% of the amount of doped
Pt, and then decrease with further increase of the amount of
doped Pt. Pt acts as an electron traps, the electrons generated
on the TiO2 surface by UV light illumination quickly move to
Pt particle surface to facilitate the effective separation of the
photogenerated electron and holes, resulting in the significant
enhancement of photocatalytic activity [31]. At lower doping
level, Pt plays a positive role as electron acceptor, more
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Fig. 5. Effect of catalyst concentration on decolorization rate of methyl orange

solution. Catalyst: 1.5 wt.% PteTiO2/zeolite; MO concentration: 20 mg/l;

pH 6.2.
acceptor centers are provided with increasing Pt doping,
therefore the decolorization rate for methyl orange increases
with the increase of Pt doping. But excessive doping will
also induce the conglomeration of Pt particles, which become
the recombination center of photogenerated electron and
hole, leading to the decrease of photocatalytic efficiency.
Suitable Pt doping will enhance the photocatalytic efficiency.
In this reaction system, 1.5 wt.% Pt doping is moderate.

3.3.5. Effect of added H2O2

The effect of added H2O2 on the decolorization of methyl
orange was performed at a range of 0.4e2 mM/l of added
H2O2 concentration, the results are illustrated in Fig. 7. The de-
colorization rate increases with increase of H2O2 concentration
from 0.4 to 2 mM/l, and the maximum appears at 1.2 mM/l,
and then decreases with increase of H2O2 concentration. The
optimum concentration of adding H2O2 is about 1.2 mM/l. In
photocatalytic degradation process, addition of adequate H2O2

is beneficial to the formation of hydroxyl radicals by following
chemical reactions [40e42].

H2O2 þ e� / OH� þ �OH ð1Þ

H2O2 þ �O�2 / O2 þ OH� þ �OH ð2Þ

H2O2 þ hn / 2�OH ð3Þ

The hydroxyl radicals ð,OHÞ is a super strong oxidization
and a dominant species in photocatalytic process, and able to
oxidize a variety of organic substances completely on the sur-
face of TiO2 irradiated by UV light. Therefore, added H2O2

will facilitate the generation of ,OH and promote the photode-
gradation efficiency. However, under the condition of exorbi-
tant H2O2 concentration, following reaction will occur in
Eqs. (4)e(6),
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H2O2 þ �OH / H2O þHO2� ð4Þ

HO2� þ �OH / H2O þ O2 ð5Þ

H2O2 þ 2hþ / O2 þ 2Hþ ð6Þ
H2O2 acts as a scavenger of ,OH and exhaust ,OH in

solution [40e42], and the decolorization reaction will be re-
tarded, therefore, only moderate added H2O2 is beneficial to
achieve higher degradation rate.

3.3.6. Effect of pH
In order to realize the effect of pH on the photocatalytic de-

colorization of methyl orange by PteTiO2/zeolite, the experi-
ment of the photocatalytic decolorization for methyl orange on
the catalyst was performed at different pH values. The results
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are presented in Fig. 8. It can be seen that the decolorization
rates of methyl orange are 98%, 86.2%, and 11.2% at pH
2.5, 6.2 and 11, respectively. The effect of pH on the decolor-
ization rate is remarkable in our experimental condition. The
decolorization rate in acidic condition is higher than that in al-
kaline condition. The similar effect trends of pH were ob-
served in the photodegradation of methyl orange in other
reaction systems [29,35,36].

It was difficult to elucidate clearly the mechanism of the ef-
fect of pH on photocatalytic process. In general, pH change
will affect the surface properties of catalyst, such as surface
charged properties and the absorption behavior for target or-
ganic materials. The zero point charge (zpc) pHzpc for TiO2

is at about 6.8 [16]. At lower or higher than pHzpc, TiO2 is pos-
itively charged or negatively charged, therefore in acidic con-
dition, the positively charged TiO2 surface is available for the
absorption of negatively charged methyl orange facilitating the
degradation reaction, and high photocatalytic efficiency is ob-
tained. On the contrary, in alkaline condition, the absorption of
methyl orange on TiO2 surface decreases because of the cou-
lumbic repulsion between the negative catalyst surface and
dye anions resulting in the decrease of photocatalytic decolor-
ization rate. It was verified in our experiment by performing
the dark absorption of the methyl orange on the catalyst, the
dark absorption rates are 23%, and 3.9% at pH 6.2, only
0.51% at pH 11, respectively. It can be seen clearly that the
dark decolorization of methyl orange is much higher in lower
pH than in higher pH, indicating that the strong adsorption of
methyl orange on the catalyst plays a positive role to enhance
the decolorization rate in the acidic condition. At high pH
values, although the hydroxyl radicals can be formed through
OH� reaction with photogenerated holes, the hydroxyl radi-
cals are rapidly scavenged and they do not have the opportu-
nity to react with dyes, as well as there is a weak
adsorption, resulting in the reduction of photocatalytic decol-
orization rate [40], therefore the decolorization rate is quite
small, only 11.2% at in this experiment.

However, some different trends of pH effect were obtained.
Sakthivel et al. found that the optimal degradation rate did not
occurred in the maximum adsorption of dye on ZnO in the
photocatalytic degradation of azo dye acid brown 14 by ZnO
[43], and Muruganandham and Swaminathan [44] reported
that the effect of dye adsorption on photocatalytic activity is
limited and may not be the only determinative factor for the
photocatalytic degradation in the photocatalytic degradation
of Reactive Orange 4 by TiO2eUV process.

It should be noted that the surface properties of catalyst de-
pend on the synergism effect between Pt, TiO2 and natural
zeolite, intrinsic situation is comparatively complicate because
of various components contained in the natural zeolite in this
experimental system. The mechanism of pH effect on photoca-
talytic decolorization should be further investigated.

3.3.7. The repeatability of photocatalyst activity
The repeatability of the photocatalytic activity for the pho-

tocatalyst is a very important parameter to assess the photoca-
talyst practicability. The related experiments have been carried
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out on the silver supported TiO2 doctor blade films for degra-
dation of methyl orange by Arabatzis et al. [45] and the TiO2

immobilized on pumice stone for the destruction of acid or-
ange 7 by Subba Rao et al. [46]. In our experiment, the repeat-
ability of the photocatalytic activity of 1.5 wt% PteTiO2/
zeolite was performed. The results are presented in Fig. 9.
The concentration of methyl orange was kept constant
(20 mg/l) with pH 6.2 and 30 min irradiation time, and the
photocatalyst was recycled after filtrating and heating treat-
ment at 200 �C for 2 h at every cycle. It can been seen that
the decolorization rate decreases from 86.2% to 70.6% after
five cycles, maintained 81.9% of initial decolorization rate, in-
dicating that the photocatalytic activity has a better repeatabil-
ity. The decrease of decolorization rate was explained by the
TiO2 and Pt loss from the support surfaces and the fouling
of the catalyst by the by-products of degradation [46]. The
TiO2 and Pt attached on the natural zeolite maybe lost during
filtrating and washing processes, on the other hand, it is diffi-
cult that the by-products of degradation adsorbed on the photo-
catalyst surfaces are cleaned thoroughly, which influences the
surface properties of the photocatalyst. The heat treatment will
cause the elimination of by-products of degradation, which is
beneficial to refresh the photocatalyst surfaces resulting in the
recovery of catalytic activity, but the heat treatment will also
induce the catalyst aggregation after several recycles resulting
in the decrease of surface area, finally leading to the decrease
of photocatalytic efficiency.

4. Conclusion

Pt modified TiO2 loaded on natural zeolites has been pre-
pared by solegel technique and photoreductive deposition
method. Pt doping is helpful to the enhancement of photocata-
lytic decolorization and the optimal Pt doping is about
1.5 wt.% with 86.2% of decolorization rate under 30 min of ir-
radiation time. This enhancement is attributed to the Pt
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particles action as electron traps to inhibit the recombination
of photogenerated electron and hole pair. The decolorization
rate is influenced strongly by pH and the addition of H2O2.
The catalyst shows higher activities at lower pH than at higher
pH due to the strong adsorption of methyl orange on the cat-
alyst surface. The catalyst has a good repeatability after five
cycles.
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