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Abstract With the aim of improving the microstructures
and properties of TiO, pillared montmorillonite (MMT), a
long-chain polymer (polyoxypropylenediamine, PPO-D
2000) was used as a template to synthesize composite pil-
lared MMT. The materials were characterized by X-ray
powder diffraction (XRD), Fourier transform infrared
(FT-IR) spectrophotometer, Fourier Raman (FT-Raman)
spectrophotometer, thermo-gravimeter/differential thermo-
gravimeter (TG/DSC), transmission electron microscopy
(TEM), and Brunauer-Emmett-Teller (BET) methods.
The results show that as compared to low-molecular weight
surfactant, this polymer significantly expanded the inter-
layer spacing and thus more TiO, could be intercalated into
MMT. The specific surface area of polymer/TiO, pillared
MMT was increased by 13% with comparison to TiO, pil-
lared MMT and rose to 241.52 m*/g. Both the pore dia-
meter and volume are doubled, and thus the pore
structure is optimized markedly. The investigation on the
photo-catalytic degradation of methyl orange in aqueous
solution show that the modulation of polymer molecules
raise the adsorption content of montmorillonite and
improve the photo-catalytic activity. Therefore, this process
provides a novel alternative to design and prepare the
advanced eco-catalytic materials with high adsorption
capacity and photo-catalytic activity.
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1 Introduction

TiO, pillared montmorillonite (TPM), as a novel eco-
material, has become a promising research topic and has
attracted much more attention than before due to its
photo-catalytic activity and high adsorption capacity [1—
3] for organic pollutants. However, it is difficult to pre-
pare TPM containing more than 3 nm size of anatase
TiO, with traditional titanium gel solution, which leads
the photo-catalytic activity of TPM to be low [4]. Thus,
the regulation of the interlayer spacing of MMT and the
control of the size of TiO, crystals in an appropriate range
has become a challenge.

Zhu et al. [5,6] and Montarges et al. [7] proposed a new
synthesis process of regulating TPM by organic additives
that were used to modulate the size and to form the TiO,
precursors for improving the structure and properties of
TPM. In this process, the organic additives can play a
template role while the organic and inorganic compounds
were added into MMT suspension at the same time. Yuan
et al. [8] reported a different preparation process and con-
cluded that the inorganic-after-organic pillaring process
with surfactants CTAB as a modifier could adjust the
interlayer spacing more effectively. The studies on the
structure and photo-catalytic performance of TPM with
the influences of CTAB by Yan et al. [9] have shown that
the inorganic-after-organic pillaring process could
improve the pore structure and avoid the transportation
difficulties of organic macro-molecules to active surface
sites of the catalysts, which increase the catalytic perform-
ance remarkably [10].

Lin et al. [11,12] once used high molecular-weight poly-
oxypropylenediamine (PPO) as intercalating agents to
increase the interlayer spacing of organic-pillared MMT
to ~9 nm. The polymeric surfactant of polyoxypropyle-
nediamine has a higher molecular-weight and long ali-
phatic chain than CTAB. So far, the influence of PPO
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on inorganic pillared MMT has not been reported yet. In
the present paper, a polymer (polyoxypropylenediamine,
PPO-D2000) was employed to prepare the composite
MMT with TiO, and PPO-D2000. A double-step method
was developed to prepare polymer-TiO, pillared MMT.
With the interaction of the organic modifier, the size and
morphology of TiO, between MMT interlayer can be tai-
lored. The pore structure of MMT could also be opti-
mized and the specific surface area of TPM was
increased. This strategy is expected to make the best of
the combination of the photo-catalytic activity of TiO,
and the high adsorption property of MMT. Further
experiments were carried out with application of the com-
posite material obtained to the photo-catalytic degrada-
tion of methyl orange.

2 Experiments
2.1 Materials

MMT with the cationic exchange capacity of

~ 110 meq/100 g was purchased from the Zhejiang

Fenghong Clay Chemicals Co.. Titanium tetrachloride

(AR) and polyoxypropylenediamine (PPO-D)
CH3 CH3

\ \
(H,N— CH —CH,— | OCH, CH | —NH,, n=33

MW =200'0) were purchased from the Beijing Chemical
Reagents Co. and the Shanghai Huishengsheng Co.,
respectively.

2.2 Preparation of TiO, precursor and organic pillared
solution

TiO, precursor solution was prepared by hydrolyzing
TiCly in HCI solution according to the previous report
[13]. The solution of 0.82 mol/L [Ti] and 0.66 mol/L
[HCI] was prepared by adding 6 mol/L [HCI] into a
500 mL flask and then dropping TiCly under N, protec-
tion. The solution color changed from yellow to white
with addition of TiCly.

The organic pillared solution was prepared as follows:
PPO-D was dissolved into the de-ionized water and then a
double amount of HCI was added so that PPO-D turned
to PPO-Diamine. The solution obtained was aged for 3 h
after stopping agitation.

2.3 Preparation of pillared montmorillonite

Inorganic pillared MMT: the diluted TiO, precursor was
dropped into a hydrated MMT suspension under continu-
ous agitation. After 16 h, the white precipitate was
obtained by centrifuging the mixture and washed with
de-ionized water until it was free of Cl~ ions according
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to a test with AgNO;. The white solid obtained was dried
at 80°C for 20 h (labeled as PMT) and then calcined at
500°C for 20 h (labeled as PMT 500).

Organic pillared MMT: the organic pillared solution as-
prepared was added into MMT suspension and stirred at
70°C for 4 h. By using the same procedure, the organic
pillared MMT was dried and calcined to get OMT at 80°C
and OMT 500 after calcination at 500°C, respectively.

Polymer-modified TPM: the solution of titanium hydrate
(precursor of TiO,) was dropped into MMT suspension
under continuous agitation. After 4 h, the organic pillared
solution as-prepared was added and stirred at 70°C for
16 h. The polymer-TiO, pillared MMT was washed and
dried by using the same procedure to get POMT at 80°C
and POMT 500 after calcination at 500°C, respectively.

2.4 Characterization of TPM and their photo-catalytic
performance

X-ray powder diffraction (XRD) analysis was performed
on a Philips X’Pert diffractometer. FT-IR and FT-Raman
spectrum were obtained by Bruker VECTOR22 and
RFS100, respectively. Thermal gravimetric analysis
(TGA) was conducted by using ZRY-2P thermal analysis
system. TEM image was observed on a FEI TECNAI20
transmission electron microscope.

The photo-catalytic performance was tested by using
methyl orange solution degradation method. The original
MMT and pillared MMT (3 g/L) were added into methyl
orange solution of 15.4 mg/L under magnetic stirring. The
samples were collected at specific intervals and filtrated by
a Millipore filter. The filtrates obtained were analyzed by
UV-Vis spectroscope.

3 Results and discussion
3.1 XRD analyses

Figure 1 shows the small angle XRD patterns of MMT and
pillared MMT (0.5°-10°). The interlayer spacing d (001) of
the intercalated MMT was analyzed by Bragg’s equation
(n4 = 2dsin 0). The d(001) of the original MMT and inor-
ganic pillared montmorillonite (PMT) is 1.42 nm and
1.50 nm, respectively, while the d (001) of organic pillared
montmorillonite (OMT) increased up to 4.20 nm. The d
(001) of polymer-TiO, pillared montmorillonite (POMT)
is 3.97 nm which is smaller than that of OMT. It shows
that the long-chain polymer modifier can significantly
expand the interlayer spacing of MMT as compared to
the low molecular-weight surfactant CTAB (3.40 nm).
However, a broad hump in the low angle range instead of
sharp d (001) peak was observed in the XRD patterns of the
samples. It has been reported that MMT layers could be
damaged by acid in the pillared solution [14].
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Small angle XRD patterns of MMT and pillared

Figure 2 shows the XRD patterns of pillared samples
after calcination (including MMT, PMT, POMT,
PMT500, POMTS500). The characteristic peaks at 25.38°,
37.98°,47.68° and 54.88° confirm the presence of anatase. It
shows that after calcination the amorphous titanium pre-
cursor was completely transformed into anatase TiO, with-
out the rutile phase. Thus, it can be concluded that the
addition of long chains polymer was helpful to the trans-
formation of the amorphous titanium precursor to anatase
TiO,. The mean size of the anatase particles was estimated
to be 7 nm by the Debye—Scherrer equation at 20 = 25.38°.
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Fig. 2 XRD patterns of pillared MMT after calcination
3.2 FT-IR and FT-Raman analyses

Figure 3 shows the FT-IR spectra of MMT and pillared
MMT. After the introduction of PPO-D into the inorganic
pillared MMT, the characteristic band at 3425 cm™!
became weaker due to the loss of water molecules in the
interlayer. The stretching vibrations of —CH- at 2800-
3000 cm™! indicate that the polymer has replaced the inter-
layer water. The characteristic band at 1033 cm™' is

assigned to the stretching mode of Si—-O-Si. A small
shoulder peak at 1090 cm™! is observed in OMT, which
is assigned to the stretching mode of C—O-C. There are
no obvious differences between the FT-IR spectra of
PMT and MMT because PMT has not been calcined.
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Fig. 3 FT-IR spectra of MMT and pillared MMT

The FT-Raman spectra in Fig. 4 show that PMT has the
stretching vibrations of Ti-O at 156 cm™' and different
from MMT, which indicated that the inorganic pillaring
agent has intercalated into the interlayer. The characteristic
bands of organic pillared were located at 1300 cm™',
1444 cm ™" and 2924-2842 cm™', which is assigned to the
vibrations mode of CH3;— and —CH,—. Compared with
PMT, the intercalation of polymer molecule intensifies the
absorption of Ti-O, which implies that polymer modifier
can not only significantly expand the interlayer spacing
but also introduce more TiO, intercalation into MMT.
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Fig. 4 FT-Raman spectra of MMT and pillared MMT

3.3 TG/DSC analyses

It is necessary for TiO, pillared MMT to be calcined
because the hydrated Ti ions should be transformed to
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anatase TiO, for better photo-catalytic performance. In
order to analyze the influence of temperature on the com-
position of organic and inorganic components in POMT,
TG/DSC analyses were conducted for MMT and POMT.
Results are shown in Fig. 5. An endothermal valley below
200°C was observed due to the dehydration of hydroxyl
ions between layers with the weight loss of 2.4%. The
organic carbonization in POMT led to two exothermal
peaks between 200°C-400°C with the weight loss of about
43.8%. The dehydrogenation of MMT at 640°C led to the
weight lost about 7.6%. Due to the phase transition of
anatase to rutile around 600°C-900°C, POMT is ther-
mally stable at 500°C during calcination.
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Fig. 5 TG/DSC curves of composite pillared MMT (POMT)
3.4 TEM analyses
TEM images of POMT 500 in Fig. 6 show the significant

difference from that of POMT. The contrast in POMT’s
image is low due to the presence of organic phases and the
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porosity of the product composites (POMT 500) is
improved by calcination. After the amorphous titanium
precursor was transform into anatase TiO, phase by cal-
cination, the TiO, particles were dispersed between the
layers of POMT.

3.5 BET analyses

Table 1 shows the pore structure parameters of inorganic
pillared MMT (PMT 500) and composite pillared MMT
(POMT 500) after calcination. The specific surface area of
POMT 5000 rises 13% higher to 241.52 m?/g than that of
PMT 500 (213.77 m*g) and of MMT pillared with low
molecular weight surfactant (170.41 m?/g) [15,16] The
pore structure has been improved markedly in compar-
ison with the traditional TiO, pillared MMT, including
the pore volume (), mean pore size (d), and maximal
pore capacity (Vmax). The large pore size provided larger
space for the growth of TiO, particles in the interlayer of
clay, which could increase the adsorption ability of pil-
lared MMT and facilitated larger organic molecules to be
transported to the surface of the photo-catalyst.

Table 1 Pore structure of inorganic and composite pillared MMT
after calcination

Sper/m?-g~! d/nm Videm?-g™'  Viyadem?-g™!
PMTS500 213.77 4.554 0.2433 0.64
POMTS500 241.52 9.097 0.4877 1.06

3.6 Adsorption and photo-catalytic performance

The adsorption and photo-catalytic performance of the
pillared MMT for methyl orange under UV light at
254 nm at room temperature are shown in Figs. 7
and 8, respectively. It can be seen that the relative

Fig. 6 TEM images of composite pillared MMT
(a) POMT; (b) POMT 500
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adsorption ability is OMT >POMT >PMT > MMT.
The relative adsorption ability of POMT 500 is smaller
than that of OMT 500 and reached 55.81% after 1 h,
but much better than that of PMT 500 (42.65%). After
illumination under UV light at 254 nm for 3 h, the
removal efficiency of POMT 500 reached 88.98% and
PMT 500 only 64.84%.
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Fig. 7 Adsorption curves of different pillared MMT
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Fig. 8 Contrast of photo-degradation activity between
POMTS500 and PMTS500

4 Conclusions

The influence of PPO-D on the interlayer spacing of
TiO, pillared MMT was investigated in the present
paper. It was found that the interlayer spacing could
reach to the maximum 3.97 nm. Compared to the low-
molecular weight surfactant, a long-chain polymer
modifier could significantly expand the interlayer
spacing and thus more TiO, could be intercalated into
MMT. The specific surface area of POMT 500 rises 13%
higher to 241.52 m*g than that of PMT pillared with
low-molecular weight surfactant. The pore structure is
also optimally improved in comparison with the tra-
ditional TiO, pillared MMT.
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The investigation on the photo-catalytic degradation of
methyl orange in the aqueous solution shows that the two-
step preparation of intercalation of long-chain polymer into
PMT not only increases the adsorption capacity but also
improves the photo-catalytic activity of the pillared MMT.
Therefore, this process provides an alternative to design and
prepare the advanced eco-catalytic materials with high
adsorption capacity and photo-catalytic activity.
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