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bstract

Natural mordenite, replacing the synthetic zeolites, has been employed as the support of TiO2, and its photocatalytic activity has been examined
n methyl orange (MO) aqueous under UV light. AFM, TEM, XRD, FTIR and fluorescence spectra have been used to reveal the loading effects
f TiO on mordenite. The results show that the photocatalytic degradation (PCD) reaction rates are sharply increased by natural zeolite supports.
2

ince mordenite is photo-inert, the PCD-enhancement is mostly caused by the bonding effects of Ti–O–Si and Ti–O–Al. Moreover, another two
istinct natural zeolites have been employed as the supports of TiO2, in order to check the universality of PCD-enhancement effect of natural
eolites on TiO2. And the factors of PCD reaction on TiO2–zeolite, such as pH and catalyst dose, have been investigated.

2007 Elsevier B.V. All rights reserved.
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. Introduction

Nanoscaled TiO2 particles have attracted a great deal of
ttentions in waste treatment, due to their high photocatalytic
egradation (PCD) rate of various organic compounds [1–6].
ut the recycling difficulties restricted the utilization of finer
iO2 particles. Thus, in practical applications, TiO2 nanopar-

icles have been considered to be fixed on inert and ideal
upports [7–15]. Among various supporting materials, zeolites
eem attractive candidates due to their unique uniform pores,
uper adsorption capability and special ion-exchangement abil-
ty [14–18]. Moreover, their inorganic framework keeps them
rom photo-decay.

As a typical porous material, zeolites can be divided into nat-

ral zeolites and synthetic zeolites. Natural zeolites are cheaper
nd more abundant, but have smaller channels as compared
ith synthetic zeolites. As a natural mineral resource, natural
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eolites are easy to obtain and cause negligible chemical pollu-
ions during the production process, but meet some difficulties
n purification.

Previous works have simply emphasized on the synthetic
eolites as supports, and found that the employment of spe-
ial species of synthetic zeolites benefit the photo-activity of
oaded TiO2 to some extent [14,19,20]. The reasons for such
nhancement were explained variously, such as the adsorption
bility [21], the preconcentration near the photoactive sites, the
tability of intermediates (like hydroxyl radical), the delivery of
rganic substrates, and even the active structure of zeolite itself
14,22], etc. All of the origins indicate somewhat relationship
ith the porous structure, the adsorption capability and the ion-

xchangement ability of zeolite supports, which are peculiar not
nly to the synthetic zeolites but also to the natural zeolites.
hat means natural zeolites are likely to be used as a potential
ubstitute for the synthetic ones.

Considering the large-scale utilizations in practical, natu-
al zeolites seems more ascendent than synthetic ones, due to

heir low cost, abundant and less chemical pollution during pro-
uction. But, as we have known, comparing with the synthetic
eolites, natural zeolites have smaller channel size, and their
pecies of structure are multiform. In view of these facts, whether
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he PCD-enhancement effect would be preserved after replacing
ynthetic zeolites with natural ones remains a question. How-
ver, studies on the natural zeolite supports are rare. It would
e instructive to investigate the interaction between TiO2 and
atural zeolite supports in order to promote the practical appli-
ations of PCD on supported photoactive semiconductors for
nvironmental purpose.

Based on the above point, in this article, the principal objec-
ive was to verify whether the PCD-enhancement effect could
ecur in the natural zeolite–TiO2 system. A typical natural zeo-
ite, mordenite, was employed as the support of nanoscaled TiO2.
nd the kinetic process of PCD in methyl orange (MO) solution
n different catalysts were monitored under UV irradiation. In
ddition, AFM, far FTIR, XRD and Fluorescence spectra were
aken in order to reveal the interaction between natural zeolite
nd TiO2. Moreover, another two widely used natural zeolites,
aumontite and clinoptilolite, were also examined to check the
niversality of PCD-enhancement effect on natural zeolites.

. Experimental

.1. Synthesis

Ti(OC4H9)4 (CR), ethanol (AR), HNO3 (AR) were obtained
rom Beijing Chemical Co. All chemicals were used as received.
hree types of natural zeolites were employed in this study.
atural mordenite was produced from Jiutai (Jilin province, PR
hina). Natural clinoptilolite was from Panshi (Jilin province,
R China). And natural laumontite was from Yangcaogou
Liaoning province, PR China). Some of their properties are
isted in Table 1 [23]. The raw zeolites were grinded, puri-
ed, washed and then dried at 120 ◦C. All of the resultant raw
atural zeolites were kept in desiccator until the synthesis of
iO2–zeolite.

A transparent TiO2 solution was prepared firstly. And the
ompound catalyst was synthesized by dropping a certain
mount of TiO2 solution onto the clean natural zeolite. The
etailed preparation method for TiO2–zeolite has been described
reviously [24–26]. The content of TiO2 in natural zeolite was
stimated to be 5 wt.%.

.2. Photocatalytic experiments

The typical conditions of the PCD experiments are as fol-
ows: 0.04 g of TiO2–zeolite (or 0.002 g pure TiO2 powders)
as put into 10 mL of MO aqueous solution, and was illu-
inated under high-Hg lamp of 250 W (Philips) having main
avelength 365 nm. The photocatalytic reactor configuration is

hown in Scheme 1. The PCD reaction was monitored by UV-
54 spectrophotometer at 463 nm-light [27]. The pH value of the
eaction liquor was adjusted to 8. And the detailed experimental
rocedures have been described previously [24–26].

The PCD rate of MO was determined in two ways, k1 and R0,

ased on the absorbance data (A) collected by spectrophotometer
uring PCD reaction. A0 was the initial absorbance value of
O solution at 463 nm. The pseudo-first-order rate constant (k1)
as calculated from the plotting of ln(A0/A) versus t. The initial Ta
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Scheme 1. Experimental photocatalytic reactor.

eaction rate (R0) was expressed as

0 = dC

dt
= C0

A0

dA

dt

here C0 is the initial concentration of MO. In order to get
eliable data for R0, the value of A was measured every 2 min
t the initial stage of the PCD reaction. And the value of dA/dt
as determined by the slope of the tangent line at experimental
ata points located on the curve of A versus t, i.e. the initial rate
R0) was calculated from the tangent linear period.

Considering the slight degradation of MO under UV light, the
CD processes of pure MO and raw zeolites had been measured.
uring the calculation process of k1 and R0, mordenite were

reated as the fundi of the PCD curves of TiO2–mordenite, and
he curves of MO were treated as the fundi of the PCD curves
f pure TiO2, respectively. Thus, the base degradation effects
ould be eliminated.

.3. Characterization method

The structures of the samples were examined with an X-
ay diffractometer (XRD; Shimadzu, D/max-rA with Cu Ka
adiation). The morphology of the samples were obtained by
tom force microscope (AFM; Dimension 3100, USA) and
ransmission electron microscope (TEM). And the bond vibra-
ion was analyzed by far Fourier transform infrared ray (far
TIR; Nexus 6700, USA) spectroscopy, which was carried out
y polyethylene film and collected 70 scans at the range of
00–50 cm−1. The fluorescence spectra were taken by He–Cd
aser at λex = 325 nm with resolution of 0.2 nm. Chemical oxy-
en demand (COD) was measured by the dichromate titration
ethod.

. Results and discussion

.1. Characterization

Natural mordenite, whose structure was much approximate

o the characteristics of synthetic zeolites, was employed as the
upport of TiO2 in the beginning, due to its abundant reserve,
arge pore size and two-dimension channel network among vari-
us species of natural zeolites. And the XRD patterns are shown

i
X
t
p

ig. 1. XRD patterns of raw natural mordenite and TiO2–mordenite: M and Q
epresent Mordenite and Quartz, respectively.

n Fig. 1. It should be noted that despite the raw zeolites had
een purified before preparation, there still existed some inert
mpurities in the zeolites to some extent.

The mordenite materials before and after TiO2 loading were
haracterized by AFM, TEM and XRD analysis. Fig. 2 shows
he AFM phase images of mordenite and TiO2–mordenite.
t is obviously that the surface of mordenite is significantly
hanged after TiO2 loading. The comparison between the
wo images indicates that the natural mordenite is covered
ith TiO2 spheres of 50 nm or so. The loaded TiO2 parti-

les are in a non-dense-packing arrangement with some pores
eft.

Moreover, TEM image (Fig. 3) shows that the particle size
f resultant pure TiO2 nanopowders is around 80 nm, which is a
ittle larger than the loaded TiO2 on mordenite revealed by AFM
nalysis. This phenomenon consists with the previous results of
ther group [14]. It indicates that the colloid TiO2 are no longer
ree particles at the presence of zeolites, and their crystal growth
re restricted by the porous supports, leading to the observed
ecrease in the size of loaded TiO2 particles.

Furthermore, XRD studies were undertaken to understand
he crystalline structure of the mordenite before and after TiO2
oading. According to Fig. 1, pattern of TiO2–mordenite consists
ith the raw mordenite very well and there are no diffrac-

ion peaks corresponding to typical TiO2, including anatase,
utile and brookite, can be observed. And similar results have
lso been reported by other researchers [17,28]. This should
e due to the less amount and small-size of TiO2 loaded on
ordenite, which also corresponds to the morphology analy-

is. Particle size of TiO2 loaded on zeolite is 50 nm (Fig. 2),
hich is the size of second sphere. That means the first sphere

ize must be much smaller than this, which might be below the
etection sensitivity of the XRD technique (<40 Å) [29], result-

ng in the absence of the peaks of TiO2 in the TiO2–zeolite
RD pattern. The results also indicate that the frame struc-

ure of mordenite has been remained in the resultant compound
hotocatalyst.
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Fig. 2. AFM phase images of r

.2. Photocatalytic activities of TiO2–mordenite and pure
iO2

In this study methyl orange (MO) was chosen as model
ompound, which was considered to be one kind of recal-
itrant azo dye. And the PCD processes of MO in aqueous
eterogeneous system were measured under UV light, in
rder to determine the photocatalytic activities of different
hotocatalysts.
As the effect of pollutant concentration was important in
ny process of water treatment, PCD processes at various initial
oncentrations of MO (C0) were investigated for the two photo-
atalysts. As shown in Fig. 4, all of the A–t curves follow linear

Fig. 3. TEM image of pure TiO2 powders heated at 200 ◦C.
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ordenite and TiO2–mordenite.

rinciple at the initial stage, and match the pseudo-first-order
iscipline as a whole.

That means there are two reaction rates to describe the PCD
rocess. The first is the initial reaction rate (R0), which is deter-
ined by the slope of the tangent line at the initial stage of

he experimental data points. The second is the pseudo-first-
rder reaction rate (k1), which is calculated by a linear plot
f ln(C0/C) − t. Both of the two reaction rates are summa-
ized as a function of C0 in Fig. 5 for different catalysts. It
an be seen that the k1 decreases with the initial concentra-
ion, which is quite common in PCD studies for many organic
ompounds in dilute solution [8,30]. And the value of R0 of
ach catalyst fluctuates with C0, which is approximate to a
onstant.

Taking the results of Fig. 5 into account, in both cases
iO2–mordenite shows higher reaction rate than pure TiO2
owder no matter how much the value of C0 is, indicating
hat the photo-inert mordenite support has increased the photo-
ctivity of TiO2 significantly. That means, despite the impurities
nd smaller channels, natural mordenite also shows the PCD-
nhancement effect which is similar to the synthetic zeolites.
nd this must be of grate moment for natural zeolites to replace

he synthetic zeolites in large-scale utilizations of PCD treatment
or environmental purpose.

.3. Interaction between natural mordenite and TiO2

Mordenite is photo-inert, and do not participate in the PCD
rocess forthrightly. In order to reveal the PCD-enhancement
echanism, further investigations were carried out by FTIR and
uorescence spectra to understand the loading effect between
atural mordenite and TiO2.

The combination or interface reaction effects were confirmed

y far FTIR analysis. As shown in Fig. 6, the peak of compound
atalyst shows red shift from 238 cm−1 (pure TiO2) to 205 cm−1

TiO2–mordenite), which is considered to be the bonding effects
f Ti–O–Si and Ti–O–Al [24].
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Fig. 4. PCD of MO as a function of illumination time for various initial concentrations (at the range of 4–40 mg/L) on TiO2–mordenite and pure TiO2.

Fig. 5. k1 and R0 values of TiO2 and TiO2–mordenite at various in

Fig. 6. Far FTIR spectra of pure TiO2, raw mordenite and TiO2–mordenite.
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itial concentration of MO (C0 is at the range of 4–40 mg/L).

Furthermore, the fluorescence spectra (λex = 325 nm) were
aken. As shown in Fig. 7, the peak at 402 nm is the character-
stic absorbing band of mordenite, which is caused by regular
ramework of porous silica, and its intensity is invariable. The
eaks at the range of 475–600 nm reflect the existence of surface
efects of natural mordenite. After TiO2 loading, these peaks
ecay, indicating that a certain percentage of surface defects on
aw mordenite combine with TiO2 during the synthesis process
nd create new bonds such as Ti–O–Si and Ti–O–Al.

As has been discussed previously [24], the existence of the
ondings of Ti–O–Si or Ti–O–Al may generate positive ion
efects, which is considered to be the electron trapper at inter-
ace between mordenite and TiO2, due to the combination of
igh positive ion (TiIV) with the surface O of mordenite. And
his might be one of the origins for the PCD-enhancement effect.

.4. Mineralization studies
Since the decrease in COD reflected the extent of mineral-
zation of organic species, the COD removal percentage was

easured to ascertain the complete degradation of MO. And the
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Fig. 7. Fluorescence spectra of mordenite before and after TiO2 loading.

esults are displayed in Fig. 8. As compared with the decoloriza-
ion process, the COD removal process shows a little delay, due
o the formation of smaller colorless intermediates during the
CD of MO. Furthermore, when the decolorization efficiency
omes to 96.58% at the later period of PCD reaction (100 min),
he corresponding COD removal percentage is 87.82%, indicat-
ng the overwhelming mineralization of MO. And considering
he upward trend of the COD curve, longer irradiation is required
n order to achieve the complete mineralization of dyes.

.5. Effect of catalyst dose on PCD reaction

As the catalyst dose was one of the major kinetic factors of
CD reaction, a series of experiments were carried out by vary-
ng the amount of TiO2–mordenite from 0.006 to 0.08 g/10 mL
C0 = 20 mg/L, pH 8). The values of k1 for various catalyst
ose are depicted in Fig. 9. As seen, the PCD rate exhibits a
harp increase by increasing the catalyst dose from 0.006 to

ig. 8. The decolorization and mineralization process of MO on TiO2–
ordenite (C0 = 20 mg/L, pH 8, catalyst dose 0.04 g/10 mL).

u
4
v
T

F
(

ig. 9. PCD rate k1 as a function of the dose of TiO2–mordenite (C0 = 20 mg/L,
H 8).

.04 g/10 mL, and the slop of the curve decreases with further
ncrease in catalyst dose up to 0.08 g/10 mL, indicating that
edundant catalyst shows little benefits in increasing the PCD
ate.

.6. Effect of initial pH on adsorption and PCD

As known, the value of pH makes great impressions on the
onditions of medium, the surface charge distribution of TiO2,
nd the adsorption behavior of absorbent. Therefore, the role
f pH on the PCD and adsorption of MO on TiO2–mordenite
as studied at the pH range of 4–11 (C0 = 20 mg/L, catalyst
ose 0.04 g/10 mL). The pH of the solution was adjusted before
rradiation and it was not controlled during the course of the
eaction.

In the dark adsorption experiments, the TiO2–mordenite was

sed only as absorbent, and the reactor was kept in dark for
h. The resulting decolorization efficiency of adsorption at
arious pH is shown in Fig. 10(a). The adsorption of dye on
iO2–mordenite decreases with the value of pH, and approaches

ig. 10. Effects of initial pH on adsorption and PCD of MO on TiO2–mordenite
a: dark adsorption for 4 h; b: k1 of PCD).
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Fig. 11. XRD patterns of raw natural zeolites: (�) laumon

limit at 3% or so when the pH is more than 8. It might be caused
y different chemical forms of MO at various pH. In strong acid
onditions, MO is likely to change into quinine form, which is
onized and easy to be captured by zeolite absorbent. While in
eutral and basic medium, MO is in azo form and only physical
dsorption is taken place, resulting in the adsorption limit (3%).

As shown in Fig. 10(b), the pseudo-first-order rate (k1) of
CD decreases sharply with pH value, and the value of k1 keeps
t low level in basic solution. As compared with dark adsorp-
ion process, both of the curves (a and b) decrease with pH,
ndicating somewhat relationship between the adsorption and
hotocatalytic activity of TiO2–mordenite, although the basic of
dsorption and degradation effects have been eliminated during
he calculation process of k1. Moreover, the highest adsorption
ecolorization efficiency is 11% (pH 4, 4 h), and the correspond-
ng PCD reaction achieves 98% decolorization efficiency within
5 min. It means that in PCD process most of the decolorization

f MO is caused by mineralization, which is also consists with
he results of COD studies, and the adsorption of dye on catalyst
nly shows very slight effect on decolorization.

T
A
c

ig. 12. k1 and R0 values of different catalysts at various initial concentration
iO2–laumontite.
�) quarts; (�) feldspar; (�) clinoptilolite; (�) cristobalite.

.7. Effect of the species of natural zeolite on the
CD-enhancement effect

In order to examine the universality of PCD-enhancement
ffect on natural zeolites, another two distinct species of natu-
al zeolites were employed as supports of TiO2. Some of their
roperties are listed in Table 1 [23]. And their crystalline struc-
ure are shown in Fig. 11. Natural laumontite has the smallest
ore size of the three and its pores are only in one-dimension.
linoptilolite is a kind of natural zeolite in great reserve, whose
ore size is a little smaller than mordenite. As the XRD pattern
hows, the impurities in the raw clinoptilolite employed here
re in great amount, which is quite common in natural zeolites
ue to the difficulties in purification. And this is constructive to
erive whether the impurities show distinctly hazardous to the
CD-enhancement effect of natural zeolites.

The PCD processes at various C of MO on
0
iO2–clinoptilolite and TiO2–laumontite were monitored.
nd their reaction rates are summarized in Fig. 12 (pH 8,

atalyst dose 0.04 g/10 mL). It is obvious that the PCD rates

of MO (C0): (�) TiO2; (�) TiO2–mordenite; (�) TiO2–clinoptilolite; (�)
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re similar, all of which shows a downward trend with the
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ost structure and impurities. In a whole, the results suggest
hat PCD-enhancement effect is a universal phenomenon in
atural zeolite-TiO2 system, that means the feasibility of the
ubstitution of natural zeolites for synthetic zeolites.

. Conclusion

The comparative study of TiO2 and TiO2–zeolite has shown
hat natural zeolite supports benefit the PCD process of MO on
iO2, indicating the feasibility of the substitution of natural zeo-

ites for synthetic zeolites. Natural zeolites do not participate in
he PCD process forthrightly, but they cause significant varia-
ions in morphology and combinations via interface reactions
etween zeolite surface defects and TiO2 solution. The PCD
rocess of TiO2–mordenite is pH-dependent, and the reaction
ate increases with the catalyst dose. COD studies show that the
ineralization of MO is a little slower than the decolorization.
oreover, the species of natural zeolites and the existence of the

mpurities play a minor role in the PCD-enhancement effect of
iO2.
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