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a b s t r a c t

A series of SiO2 and TiO2 co-pillared montmorillonite photocatalysts with excellent adsorption capacity
and high photocatalytic activity were synthesized via a sol–gel method by pillaring both SiO2 and TiO2

mixed sol into sodium montmorillonite. Various material characterization techniques such as powder
X-ray diffraction (XRD), nitrogen adsorption/desorption isotherms and scanning electron microscopy
(SEM) were used to examine the pillared montmorillonites. 2,4,6-trichlorophenol, a typical hydrophobic
organic pollutant, was used as a model pollutant to evaluate the adsorption capacity and photocat-
alytic activity of the prepared co-pillared montmorillonites. The experimental results showed that large
dsorption
hotocatalysis
,4,6-Trichlorophenol
egradation mechanism

SiO2 content in the pillared montmorillonite was in favor of large adsorption capacity, while large
TiO2 content in the co-pillared montmorillonite was beneficial for the high photocatalytic activity, and
the highest photocatalytic activity was obtained for the prepared co-pillared montmorillonite with a
SiO2/TiO2 molar ratio of 1:2. Additionally, nine intermediates including 2,4-dichlorophenol, 2-chloro-1,5-
diphenol, 1,3,7-trichlorodibenzo-p-dioxin, 2,6-dichlorodibenzo-p-dioxin, hexadiene diacid, butyl alkyd,

l and
osed.
oxalic acid, phloroglucino
TCP was tentatively prop

. Introduction

Up till now, titanium dioxide (TiO2) has been the dominant
hotocatalyst for environmental application due to its superior
hotocatalytic oxidation ability, nonphotocorrosive, nontoxic, and

nexpensive characteristics [1–3]. Nevertheless, there are still some
nherent drawbacks, such as small specific surface area and low
dsorption ability inhabiting its practical application [4]. The inter-
alation of TiO2 and other inorganic cations into the interlayer
f montmorillonite is one of the most promising methods to
mprove the adsorption performance and the photocatalytic activ-
ty of organic pollutants. As reported, TiO2 pillared montmorillonite
isplayed larger specific surface area [5], higher selectivity [6]
nd better adsorption ability [7] to hydrophobic organic pollu-

ants than that of pure TiO2. However, TiO2 particles pillared in

ontmorillonite are often in amorphous phases, resulting in low
hotocatalytic activity. Furthermore, most of the prepared TiO2
illared montmorillonites (TiPM) have poor adsorption capability

∗ Corresponding author. Tel.: +86 20 85291501; fax: +86 20 85290706.
E-mail address: antc99@gig.ac.cn (T. An).

920-5861/$ – see front matter © 2010 Elsevier B.V. All rights reserved.
oi:10.1016/j.cattod.2010.11.014
diphenol were detected, and a photocatalytic degradation mechanism of

© 2010 Elsevier B.V. All rights reserved.

due to their small basal spacing. The synthesis of the TiPM with
large adsorption capacity and high photocatalytic activity is still a
challenging topic in this field.

Recently, the preparation of SiO2 and TiO2 co-pillared montmo-
rillonite (SiTiPM) has been attracting extensive interests because
it is possible to obtain the pillared montmorillonite with both
large adsorption capacity and high photocatalytic activity. Choy
et al. [8] first intermixed SiO2 and TiO2 nanoparticles into the
interlayer space of montmorillonite, and found from the N2
adsorption–desorption data that these pillared montmorillonite
could be used as good adsorptive support for catalyst without con-
sidering activity. Ding et al. [9] also prepared TiPM and SiTiPM
to compare their activities in the photocatalytic degradation of
phenol, and the results showed that the photocatalytic activity
of SiTiPM was much lower than that of TiPM when the con-
tribution of the adsorption was not considered. Although some
SiTiPM composite materials were synthesized previously by other

researchers [8,9], the dependence of photocatalytic activity on the
adsorption performance of SiTiPM has not been investigated. More
recently, we [10] prepared a novel TiO2 immobilized hydropho-
bic montmorillonite photocatalyst which could effectively enhance
the adsorption and degradation efficiencies of decabromodiphenyl

dx.doi.org/10.1016/j.cattod.2010.11.014
http://www.sciencedirect.com/science/journal/09205861
http://www.elsevier.com/locate/cattod
mailto:antc99@gig.ac.cn
dx.doi.org/10.1016/j.cattod.2010.11.014
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ther, a typical hydrophobic organic pollutant, in water. Meng
t al. [11] also immobilized mixed SiO2 and TiO2 nanoparticle onto
ydrophobic montmorillonite to synthesize SiO2/TiO2-organoclay
ybrids, which possessed both large adsorption capability and high
hotocatalytic activity to hydrophilic organic pollutant, methyl
range, in water. Therefore, it can be concluded that regardless
f hydrophobic or hydrophilic property of the organic pollutants,
he adsorption capacity of the catalysts play a very important
ole in their photocatalytic activity of these pillared or immobi-
ized montmorillonite composites. Thus, the relationship between
he adsorption performance and the photocatalytic activity of the
iTiPM catalyst for hydrophobic or hydrophilic organic pollutants
hould be investigated.

In this work, we synthesize a series of novel SiTiPM photocata-
ysts with different ratios of SiO2 to TiO2 to degrade hydrophobic
rganic pollutants. The main objective is to investigate the influ-
nce of the adsorption performance on the photocatalytic activity
f prepared SiTiPMs. To achieve this, the adsorption and pho-
ocatalytic behaviors of organic pollutants at the SiTiPM were
ystematically evaluated by using the newly prepared SiTiPM as
he photocatalyst. 2,4,6-trichlorophenol (TCP) was selected as a

odel of hydrophobic organic pollutants, because of its toxic prop-
rties, long half life, lipophilicity, bioaccumulation, and widespread
istribution. To better understand its environmental fate and the
ransformation of TCP onto these prepared SiTiPMs, a photocat-
lytic degradation mechanism of TCP was also tentatively proposed
ased on the identified intermediates.

. Materials and methods

.1. Reagents and apparatus

Raw montmorillonite (RM) was obtained from Lin’an (LA),
hejiang, China, while Tetra-n-butyl titanium (98%, Ti(OC4H9)4)
nd tetraethylorthosilicate (98%) were all purchased from Tian-
ing Damao Chemical Reagent Factory, China. 2,4,6-trichlorophenol
TCP, 99%), was obtained from Fluka (Taufkirchen, Germany). All
ther reagents were analytic grade, and all aqueous solutions were
repared with deionized water.

X-ray diffraction (XRD) patterns were recorded on a Rigaku
max X-ray diffractometer with Cu K� radiation. Nitrogen
dsorption/desorption isotherms were obtained at 77 K with a
icromeritics ASAP 2020 system. Scanning electron microscope

SEM, SU-1500) was used to obtain the crystal microstructure and
ize of the prepared pillared montmorillonites.

.2. Preparation of pillared montmorillonites

A 50 g RM was dispersed into 1 L of deionized water under vig-
rous stirring, and then 0.4 L of 0.43 mol/L NaCl solution was slowly
dded into the suspension. After being stirred at 80 ◦C for 3 h, the
esultant mixture was stirred for another 12 h at room tempera-
ure. Then the suspension was isolated by a centrifuge, and washed
ith deionized water to remove the excess chloride ions. Sodium
ontmorillonite (NaPM) was obtained after the sample was dried

t 100 ◦C for 24 h.
In a typical synthesis procedure of TiPM, a mixture containing

0 g of Ti(OC4H9)4 and 15 mL of ethanol was added dropwise to
0 mL acetic acid solution (20%, v/v) under vigorous stirring. The
ixture was sealed and stirred for 2 h and then was slowly added
nto 1 wt% of NaPM suspension and stirred for another 24 h. The
olar ratio of TiO2 to cation-exchange capacity (CEC) was 40:1. For

iPM, SiO2 sol was also prepared by hydrolysis of 10.9 g Si(OC2H5)4)
ith 3 mL acetic acid solution and 5 mL ethanol. After stirring for
h, the pure SiO2 sol was added to 1 wt% of NaPM suspension and
164 (2011) 364–369 365

stirred for another 24 h. The molar ratio of SiO2 to CEC was also 40:1.
As for SiTiPM, it was prepared by mixing 1 wt% NaPM suspension
with TiO2 sol and SiO2 sol with the molar ratios of 2:1, 1:1 and 1:2.
The wet solid was obtained after centrifugation and triplet washing
with deionized water, and then was dried at 100 ◦C and finally cal-
cinated at 450 ◦C for 4 h. These three prepared SiTiPM were labeled
as SiTiPM21, SiTiPM11 and SiTiPM12, respectively.

2.3. Isothermal adsorption test

Isothermal adsorption experiments were performed by allow-
ing 0.1 g of various pillared montmorillonites and 50 mL TCP
solution to reach the adsorption equilibrium. The initial concentra-
tions of TCP ranged from 5 to 150 mg/L. After reaching adsorption
equilibrium, the resulting suspension was separated by centrifuge
and the supernatant was collected for subsequent analysis.

2.4. Photocatalytic activity and analytical methods

The photocatalytic activities of the prepared TiO2 or pillared
montmorillonites were tested by the degradation of TCP with
the initial concentration of 20 mg/L. The detail photocatalytic
experiments were described in our previous publication [12].
The concentrations of TCP were measured by an UV–Vis spec-
trophotometer (HE�IOS �) at a wavelength of 293 nm. For the
intermediates analysis, filtered solutions were extracted by re-
distilled CH2Cl2 three times and the extracted liquid was dried
under N2 blowing. Before analysis, some dry samples were re-
diluted into 200 �L hexane and the rest was silylated in 50 �L
of bis(trimethylsilyl)trifluoroacetamide (BSTFA) in a sealed vial
overnight with 50 �L pyridine as catalyst. The intermediates were
identified by gas chromatography/mass spectrometry (GC/MS,
HP 6890, Micromass Platform II) equipped with a HP-5 capil-
lary column (30 m × 0.32 mm × 0.25 �m, Agilent Technology). The
injector and the ion source temperature were 230 ◦C and 270 ◦C,
respectively. The temperature program: 80 ◦C (8 min), 80–295 ◦C
at 10 ◦C/min. The MS was operated in full scan mode with m/z
40–300 amu. Data acquisition and processing were controlled by
a HP Chemstation data system.

3. Results and discussion

3.1. Characterization

The small angle XRD patterns of RM and NaPM are shown in
Fig. S1. The RM and NaPM display the (0 0 1) diffraction peak at
6.82◦ and 7.12◦, respectively, indicating that the basal spacing of
the montmorillonite shrinks from 1.296 to 1.242 nm after being
exchanged with Na+ which can be estimated by the Bragg for-
mula. It is also found that the diffraction peak of montmorillonite
becomes sharper reflecting the uniform pore structure forms [13].

The wide angle XRD patterns of the prepared TiO2 and various
pillared montmorillonite are also shown in Fig. 1. It can be found
that the XRD pattern of SiPM exhibits very similar characteristic
peaks as that of NaPM, indicating that the SiPM has a similar struc-
ture as NaPM. This is because that Na+ was exchanged by Si4+ with
the similar element radius. Nevertheless, the characteristic peaks
of NaPM at 2� = 20.9◦ and 26.7◦, which are consistent with those
of SiO2 (JCPDS No. 46-1045), are weakened remarkably for the pil-
lared montmorillonites, implying that the layer structures of these
pillared montmorillonites are almost destroyed and SiO2 pillars

existed in amorphous phase. No obvious diffraction peaks of TiO2
anatase (2� = 25.3◦) can be found in XRD patterns of both SiTiPM21
and SiTiPM11 samples possibly because the contents of TiO2 in these
two pillared montmorillonites are too low to be detected by the
XRD [9]. With the increase of the TiO2 content, an obvious anatase
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Table 1
The adsorption characteristics of the pillared montmorillonites.

Pillared montmo-
rillonites

NaPM TiPM SiTiPM12 SiTiPM11 SiTiPM21 SiPM
2 theta (degree)

Fig. 1. Wide angle XRD patterns of the prepared samples.

haracteristic peak at 2� = 25.3◦ can be observed for SiTiPM12. From
iO2, TiPM to SiTiPM12, the characteristic peak at 2� = 25.3◦ broad-
ns gradually. According to the calculation, the average crystal sizes
f anatase TiO2 were 15.3, 12.1 and 10.9 nm, respectively. This is
ue to the fact that the insertion of certain SiO2 into TiO2 particles
an reduce the size of TiO2 particles in the pillar, which makes it
ossible to prepare better catalyst with high photocatalytic activity
14].

Nitrogen adsorption/desorption isotherms and
arrett–Joyner–Halenda (BJH) pore size distribution of the
M and NaPM are illustrated in Fig. S2. It is apparent to find that
he shapes of the isotherms are similar (not a distinctive type
V) with H3 hysteresis loops [15] and the pore sizes are 3.69 and
.56 nm for RM and NaPM, respectively (inset in Fig. S2). The
esults reveal that although the pores are almost the same, the
ore size of the montmorillonite reduces gradually after the Na+

illared resulted in the shrinkage of the basal spacing.
As shown in Fig. 2, nitrogen adsorption/desorption isotherms

nd Barrett–Joyner–Halenda (BJH) pore size distribution of various

iPM, SiPM and SiTiPMs exhibit a type IV isotherm with different
esorption hysteresises (IUPAC classification), indicating the exis-
ence of mesoporous structure [15]. TiPM exhibits a H1 hysteresis
oop, implying that the pillared montmorillonite has relatively uni-

ig. 2. The N2 adsorption/desorption isotherms and BJH desorption pore size dis-
ributions of the pillared montmorillonites.
BJH total volume
(cm3/g)

0.0425 0.3351 0.2307 0.2711 0.2536 0.1901

BET surface area
(m2/g)

22.7 133.0 258.9 352.0 360.1 137.0

form pore size distribution [15]. Similar to NaPM, SiPM also shows a
similar type IV isotherm with a typical H3 hysteresis loop providing
evidence of similar structure with NaPM. All SiTiPMs exhibit wide,
triangular and high-pressure hysteresis loops, which indicates the
collapse of lamellar structures of montmorillonites and may give
rise to highly similar adsorption capabilities [16].

The average pore sizes of SiTiPM21, SiTiPM11, SiTiPM12 and SiPM
are calculated almost the same as 3.78, 3.78, 3.74 and 3.85 nm,
respectively. Obviously, these pillared montmorillonites are meso-
porous materials. In addition, the inset in Fig. 2 showed that the
dominant pore sizes of SiTiPMs are much smaller than that of
TiPM (11.06 nm), indicating that smaller sized TiO2 particles may
be formed in the smaller pores, resulting in better photocatalytic
activity for SiTiPM.

The other adsorption parameters of prepared pillared mont-
morillonites are also listed in Table 1. It can be seen that with
the increase of the molar ratio of SiO2 to TiO2 from 1:2, 1:1 to
2:1, the specific surface area of pillared montmorillonite increases
from 258.9, 352.0 to 360.1 m2/g, by companying with the pore vol-
ume changes from 0.2307, 0.2711 to 0.2536 cm3/g, respectively.
In contrast, the specific surface area of TiPM prepared by the
similar procedure is only 133.0 m2/g although its pore volume is
0.3351 cm3/g which is much bigger than other pillared montmo-
rillonites. Comparatively, the SiPM has the smallest pore volume
(0.1901 cm3/g) though the specific surface area (137.0 m2/g) is just
slightly larger than that of TiPM. This result is similar with the
data reported by Endo et al., where the specific surface areas were
found to be 40–190 m2/g [17]. In this work, the SiPM still has a
structure as the NaPM with the same order of the specific surface
area (22.7 m2/g) and pore volume (0.0425 cm3/g). In addition, very
similar XRD patterns and N2 adsorption/desorption isotherms also
clearly demonstrate similar results with SiPM. The possible reason
is due to only partial SiO2 successfully pillared into the montmoril-
lonite. This is in line with previous observations that the silica sol
was hardly pillared into the montmorillonite [18] and only a few
amount of SiO2 is responsible for the pillars [9].

The SEM images of the NaPM and pillared montmorillonites
are shown in Fig. 3. The NaPM sample (see Fig. 3a) has com-
pact and integrated lamellar structures, which may be suitable
for preparation of regular pillared materials. The similar lamel-
lar structures can also be easily found in the SiPM (see Fig. 3b)
and TiPM samples (see Fig. 3f) although the structure of SiPM is
more uniform. Moreover, the uniform size and distribution of the
pores in the TiPM image verified well the N2 adsorption/desorption
results of the TiPM. For the SiTiPM, the lamellar structures of mont-
morillonite can hardly be found (Fig. 3c–e). However, more and
more connective pores and integrated surface are formed with the
increase of the content of SiO2 in pillared montmorillonites from
the SiTiPM12 to SiTiPM21, suggesting that higher specific surface
area and better adsorption capacity can be obtained, which can be
well supported by the results of nitrogen adsorption/desorption
and isotherm adsorption experiments.
3.2. Isothermal adsorption and photocatalytic degradation of TCP

Dark adsorption for 12 h is conducted after adding the prepared
pillared montmorillonites into the TCP solution to ensure that the
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Fig. 3. SEM images of the montmorillonite samples ((a) Na

dsorption equilibrium is achieved. The adsorption isotherms of
CP on different pillared montmorillonites are displayed in Fig. 4.
t is obviously found that with increasing the molar ratio of SiO2
o TiO2 from 0 to 2.0, the adsorption capacity of TCP on pillared

ontmorillonites increases from 2.55 to 3.01 mg/g which is con-
istent with the increasing trend of specific surface area of pillared
ontmorillonites. Notably, the SiPM shows the best adsorption

apacity of 6.48 mg/g although its specific surface area is not the
argest among all pillared montmorillonites. It is because that the
dsorption of organic pollutants onto montmorillonites is affected
ot only by the hydrophobicity but also the polarity of the adsor-
ents, i.e., TCP. Interlayer surface of the pillared montmorillonites is
ell known as hydrophobic after pillared [19,20]. It is also reported

hat the hydrophilicity of zeolites decreased significantly after Si4+

reatment [21] and the zeolites with a high Si/Al ratio became
ore hydrophobic [22]. Thus, with the increase of the SiO2 con-
ent in the pillared montmorillonites, the hydrophobicity of the
illared montmorillonites will be enhanced, which results in the

ncrease of adsorption capacity for hydrophobic TCP with the order
f TiPM < SiTiPM12 < SiTiPM11 < SiTiPM21 < SiPM. On the other hand,
he SiO2 pillared montmorillonite may possess additional polar-

250 50 75 100 125 150

0

TCP Concentration (mg/L)

Fig. 4. The TCP adsorption isotherms at the pillared montmorillonite samples.
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ty because SiO2 is a dominant chemical composite [9] and polar
tructure [23]. In other words, the higher content of SiO2 can lead
o the stronger polarity of pillared montmorillonite. Thus, polar
CP can be therefore easier adsorbed and accumulated on SiPM
han other pillared montmorillonites. The adsorption results indi-
ate that the SiO2 pillared montmorillonites display higher affinity
oward the hydrophobic and polar organic pollutants, such as
CP.

Photocatalytic degradation kinetics of TCP at pure TiO2 and pil-
ared montmorillonites are shown in Fig. 5. The pure TiO2 and
iPM show an excellent photocatalytic activity, and the removal
fficiencies are both beyond 98% within 120 min. In contrast, the
hotocatalytic activities of SiTiPM are relatively weaker, but the
dsorption capabilities of the SiTiPM are actually enhanced by
he addition of SiO2. According to the XRD analysis and photo-
atalytic results, it is found that an optimum molar ratio of SiO2
o TiO2 for SiTiPM with both high adsorption ability and pho-
ocatalytic activity was 1:2. If the ratio is out of this optimum
ange, for instance, it equals to 1:1 or 2:1, the removal efficien-
ies of TCP are only 14.4% (SiTiPM11) and 7.8% (SiTiPM21) within
20 min, respectively. The possible reason for this is that some of
iO2 nanoparticles were surrounded by extra SiO2 and the prepared
illared montmorillonite, leading to lower photocatalytic activity.
hen the molar ratio of SiO2 to TiO2 is within this optimum range

uch as 1:2, SiTiPM12 exhibits relatively higher photocatalytic activ-
ty and the degradation efficiency of TCP can reach 40% within
20 min. From this experiment we can find that although the pre-

ared SiTiPMs have much lower photocatalytic activity than the
iO2 pillared montmorillonite, the high adsorption performance of
hese prepared composites still plays a very important role in the
egradation of low level hydrophobic organic pollutants in water
nvironment.
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Fig. 5. Photocatalytic degradation kinetics of TCP at the TiO2 and pillared montmo-
rillonite samples.

3.3. Photocatalytic degradation mechanism of TCP

To better understand the environmental fate and the transfor-
mation of TCP at these prepared SiTiPM catalysts, the photocatalytic
degradation mechanism of TCP was also investigated. During the
degradation, GC/MS is used to identify the main reaction inter-

mediates with or without BSTFA derivatization. The mass spectra
and molecular structures of nine degradation intermediates are
presented in Fig. S3. Intermediates 1–4 are identified directly
from GC/MS as 2,4-dichlorophenol, 2-chloro-1,5-diphenol, 1,3,7-
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richlorodibenzo-p-dioxin, 2,6-dichlorodibenzo-p-dioxin, respec-
ively; while the intermediates 5–9 are detected after silylation
erivatization and identified as hexadiene diacid, butyl alkyd,
xalic acid, phloroglucinol and diphenol, respectively. Parts of
ntermediates are also detected in the previous reports during the
hotocatalytic degradation of phenols [24–28].

Based on the identified degradation intermediates, a possi-
le photocatalytic degradation mechanism of TCP is proposed

n Scheme 1. As shown in the scheme, there are two possible
athways, which may occur simultaneously during photocatalytic
rocess. Following pathway I, the photoinduced electrons gener-
ted under the UV illumination initiate nucleophilic attack to the
romatic ring and the cleavage of C–Cl bond happens. Then Cl
tom is detached from the benzene ring to generate intermedi-
tes 1. Meanwhile, chlorophenols are aggregated to form bicylic
ompounds such as intermediates 3 and 4. Both of them can be
nally completely mineralized into CO2 and H2O, etc. in sufficient
egradation time. In the pathway II, •OH radicals generated in the
olution can also attack the aromatic ring and obtain the OH addi-
ion intermediates 2, then follow with the •OH substitution of Cl
tom on the ring to obtain intermediates 8 and 9. Likewise, peroxy
ond and epoxy bond are also produced, and then further decom-
osed until the ring is cleaved due to the further attack of •OH
adicals to the aromatic ring. Then, a series of ring-opened inter-
ediates such as 5–7 are also detected in the solution. However,
ith further progress of the degradation reaction, all of the pro-
uced intermediates can be eventually mineralized into CO2 and
2O.

. Conclusions

Various SiTiPMs were synthesized by the sol–gel method. The
repared catalysts were used for the adsorption and photocatalytic
egradation of hydrophobic organic compound TCP in water. The
xperimental results indicate that the adsorption capacity of the
illared montmorillonites increased with the increase of the molar
atio of SiO2 to TiO2. On the other hand, the larger content of TiO2
n the pillared montmorillonite resulted in higher photocatalytic

ctivity. The SiTiPM12, with the molar ratio of SiO2 to TiO2 of 1:2,
ossessed the best photocatalytic activity. Two main photocatalytic
egradation pathways of TCP including the hydroxylation addition
o the parent compound and the Cl atom detached from the benzene
ing were proposed.

[

[
[
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