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Abstract. Titania pillared montmorillonite clay was prepared by two different routes viz. 1) conventional ion ex-
change method and 2) modified method wherein the post hydrothermal treatment after ion-exchange was employed.
The influence of the post hydrothermal treatment on the textural properties of titania-pillared clays was studied.
The calcined clay was characterized by different physico-chemical techniques such as XRD, EDX, low temperature
(77 K) nitrogen adsorption and UV-Vis diffuse reflectance spectroscopy. The content of pillared titania remained
unchanged irrespective of the method of preparation. The method of preparation and severity of the conditions
employed for the hydrothermal treatment resulted in alteration of the crystallinity and crystallite size of the anatase.
The changes in the average pore diameter was found to comensurate with the changes in crystallite size of anatase
phase. The increase in total pore volume as a function of the severity of the post hydrothermal treatment resulted in
the decrease in micropore volume. The severity of the post hydrothermal treatment governed the extent of the blue
shift in UV-Vis DRS spectra.

The behaviour of titania pillared clays in adsorptive capacity and in photo-catalytic oxidation of methylene blue
and victoria pure blue in aqueous medium was studied as a function of their physico-chemical characteristics. The
titania pillared clays prepared by post hydrothermal route has shown enhanced adsorption capacity and photo-
catalytic oxidation.

Keywords: titania pillared clay, hydrothermal treatment, anatase, photo-oxidation, methylene blue, victoria
pure blue

Introduction

The pillared clays have created tremendous poten-
tial for adsorption and catalysis because of high sur-
face area and permanent localised porosity in the
larger micropore region. Also introduction of Bronsted
and Lewis acidity, improved thermal stability and

*To whom correspondence should be addressed.

increased pore width open a wide scope for the
pillared clays in its utility in various organic transfor-
mations and adsorption. Since last two decades, the
photo-catalytic removal of trace contaminants from air
and water is recognized as a growing research area.
Organic compounds such as phenol, trichloroethylene,
di-Bu phthalate in water, also toluene, benzaldehyde
associated with pharmacaeutical and perfume indus-
tries (Vincenzo et al., 1999; Alemany et al., 1997;
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Ooka et al., 2000), dyes from dye industries (Zheng
et al., 1997), discharged effluent from the textile dye-
ing and finishing industry are important pollutants usu-
ally found in air and or/wastewater (Arslan et al., 2000;
Yiqun et al., 1999; Guangming et al., 1999). Studies on
treatment of the wastewater containing organic pollu-
tants is one of the important needs today. Few adsorp-
tion (Correia et al., 1994; Houas et al., 1999; Mall and
Upadhyay, 1998; Khattri and Singh, 1999) as well as
photo-oxidation (Arslan et al., 2000; Yiqun et al., 1999;
Yoshida et al., 1999; Lavson et al., 1994) methods are
reported for their removal. The catalytic activity of tita-
nium dioxide to degrade air borne pollutants has led to
the utility of TiO; in paints, papers etc. But the use of
TiO, for purification of water is found not much useful
as that for treating air. The textile dyeing and finish-
ing industry is one of the major polluters of effluent
water from industry. Appreciable amount of reactive
azo dyes remain in waste water. So it is essential to
study photocatalytic degradation of pollutants on more
eco friendly basis. Zheng et al. (1997) has studied the
photoremoval of Acid Red 2B dye by TiO, suspension
solution and found that catalytic activity depends on
crystalline form of the catalyst and adsorption ability of
the catalyst for Acid Red 2B. Though photo-oxidation
by titania is well known documented, the use of titania
pillared clay as a photocatalyst for removal of organic
pollutants has not been exhaustively reported in view of
the method of their preparation and its influence on the
efficiency in photocatalysis. In view of this, attempts
were made to investigate the performance of titania pil-
lared clay in photo-catalysis of dyes as a function of
method of its preparation and their physico-chemical
characterization.

In the present communication, we are reporting the
performance of titania pillared montmorilionite pre-
pared by conventional ion exchange method, with and
without post hydrothermal treatment in adsorption and
photo-catalytic degradation for removal of basic dyes
like methylene blue and victoria pure blue in aqueous
medium.

Experimental

Titania pillared clay was synthesized by following
the procedure reported by Yamanaka et al. (1987)
using Kunipia-F montmorillonite clay (Na form,
Kunimine Industries) with a cation exchange capacity
1.28 meq. g_1 and having structural formula (Nag 35
Ko.01Cag2) (SizsoAloa1) (Al eoFeo0sMgo32)-O10

(OH),;-nH,0. Titanium tetraisopropoxide was added
to 1 M HCI solution under vigorous stirring at 323 K
keeping HCI to alkoxide molar ratio 1. The resulting
slurry was peptised till clear TiO;, sol was obtained.
The TiO; sol was mixed with aqueous clay slurry (1%)
keeping molar ratio of TiO,/CEC of the clay 30. The
suspension was stirred for 3 h at room temperature. The
product was washed several times with water and sep-
arated by centrifugation technique. For hydrothermal
treatment the intercalated pillared clay was dispersed
in water resulting into slurry containing 2% solid. Then
it was further hydrothermally treated at 433, 473 and
523 K for 24 h, 2 h and 1 h respectively under autoge-
neous pressure and at static condition. The hydrother-
mally treated product was centrifuged and washed till
effluent showed no sodium and then dried in air-oven
maintained at 373 K for 4 h. All the intercalated clay
samples synthesized with/without hydrothermal treat-
ment were further calcined in an air-oven at 773 K for
3 h. The calcined clay was characterized by powder
XRD (Rigaku 3070E using Cu K, radiation). The %
crystallinity due to anatase phase in pillared clay sam-
ple was evaluated by taking ratio of areas under (101)
reflection of the test sample to the reference sample
which was prepared by mixing clay homogeneously
with pure anatase which contributes 57.3% part (w/w)
of the mixture. The crystallite size of the anatase in pil-
lared clay was determined by applying Scherrer equa-
tion to XRD data. From low temperature nitrogen ad-
sorption (BELSORP 28SA automatic Gas adsorption
apparatus) isotherms BET surface area, pore diameter,
total pore volume and pore size distribution curve was
determined. Prior to the determination of adsorption
isotherm, the sample was evacuated at 1072 torr and at
423 K to remove all of the physi-sorbed species from
the surface of the adsorbent. The samples were fur-
ther characterized by EDX (HORIBA MESA-500NA)
and UV-Vis diffuse reflectance spectroscopy (Perkin
Elmer UV-Vis spectrometer attached with labsphere
RSA-PE-18 reflectance spectroscopy accessory) tech-
niques. The specifications of the pillared clays are listed
in Tables 1 and 2.

For photo-catalytic oxidation of the methylene blue
(M.B.) and victoria pure blue (V.P.B.) Xenon short arc
lamp (Ushio Inc. Japan) was used for photo-irradiation.
50 mg of the calcined sample was dispersed in 50 ml
of 10 ppm dye (M.B./V.P.B.) (aqueous) solution in a
beaker and stirred magnetically in dark for 10 minutes.
The absorbance measurement was done at A =
665 nm and 615 nm for M.B. and V.P.B. respectively
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Table 1. Preparation conditions and details regarding titania phase in pillared clays.

Preparation conditions L .
Sample % anatase Crystallite size % TiO,
designation Method Temp. (K) Time (h) crystallinity® of TiO,? (A) content®
S-1 uT? - - 38 19.5 57.80
S-2 HT? 433 24 66 34.0 57.20
S-3 HT 473 2 60 34.0 57.10
S-4 HT 523 1 85 40.0 57.15
Clay - - - - - -
a0y, Anatase crystallinity — ArArea under the (101) reflection of the test sample % 100.

ea under the (101) reflection of the reference sample

bCalculated from diffraction peak of anatase (101) using Scherrer equation.

“Estimated by EDX.

dUT, HT-hydrothermally untreated and hydrothermally treated.

Table 2. Detailed data derived from analysis of low temperature
nitrogen adsorption.

Specific BET Total pore  Micropores

surface area®  Average pore  volume® volume!
Sample  (m?g')  diameter® (A) (ecm3g™!)) (em?g!)
S-1 216 22.0 0.1581 0.1286
S-2 152 36.0 0.1845 0.0804
S-3 147 36.0 0.1814 0.0737
S-4 140 38.8 0.2147 0.0187
Clay 21 - - -

4Determined from N, adsorption isotherm.

YDetermined from pore size distribution curve of N, adsorption
isotherm.

¢Calculated from N, adsorption isotherm.

dCalculated from ‘t’ plot of Ny adsorption isotherm.

using UV spectrometer, Hitachi U-3200. The mixture
of sample and dye solution was then photo-irradiated/
not irradiated at room temperature for 10 minutes, and
absorbance of clear solution was measured. This proce-
dure was consecutively repeated 6 times without chang-
ing the concentration of reaction mixture.

Results and Discussion

The sample designations, preparation conditions and
product characterization including textural properties
are listed in the Table 3.

It is clearly evident from the table, that the pil-
lared clays prepared with and without hydrothermal
treatment routes showed almost the same amount of
TiO, (57.5 &+ 0.4%). Thus the method of preparation
was found no influence on the extent of inclusion of
TiO,.
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Figure 1. Powder XRD profiles of pillared clay samples (1) S-1,
(2) S-2, (3) S-3 and (4) S-4.

Figure 1 shows powder XRD profiles of the pillared
clays prepared with (S-2, S-3 and S-4) and without
(S-1) hydrothermal treatment in the 26 range from 20
to 60°. S-1 sample has shown a broad, less intense (101)
reflection due to anatase phase at around 26 ~ 25°. The
samples S-2, S-3 and S-4 have exhibited the sharp and
more intense (101) reflection as compared to S-1. Com-
paring any XRD profile of hydrothermally treated sam-
ple with untreated sample, the crystallinity of anatase
phase has found to depend on the method of prepa-
ration. With increase in anatase crystallinity, the main
peak of anatase 26 ~ 25° sharpened with appearance of
additional anatase peaks at ~37, 48 and 55°. The more
intense (101) reflection with reduced FWHM may at-
tribute to the long range order in the pillared clay. A
prominent peak appeared at 7° (not shown in XRD)
for the original clay has been found to be absent in
all the pillared clays indicating that the pillaring has
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been successfully occured, irrespective of the method
of preparation. The crystallinity and crystallite size of
anatase determined from XRD profiles are included
in Table 1. The analysis of the XRD data shows that
the % crystallinity and crystallite size of anatase phase
depend upon preparation method and conditions em-
ployed for preparation. Furthermore, it is seen that, at
higher temperature the transformation of amorphous
titania to anatase is faster resulting in the larger crys-
tallite size at comparatively less period. The crystallite
size of anatase in all the pillared clay samples was found
to be in the range of 19-40 A.

Figure 2 depicts the nitrogen adsorption-desorption
isotherms at 77 K of the samples S-1, S-3, S-4 and
the original clay. Sharp increase in the adsorbed N,
volume at relative pressure below 0.02 followed by
steady increase in the range of 0.1 to 0.5 of relative
pressure indicated the bimodal pore size distribution
in S-1 sample. Moreover, the presence of micropores
in these samples was confirmed by analysing the same
data in terms of t-plot. Hence, the preparation without
post hydrothermal treatment may be operative in the
formation of a pillared clay wherein micropore contri-
bution is greater than the mesopore. The influence of
the post hydrothermal treatment on the formation of
the pillared clay containing essentially mesopore can

150
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Figure 2. Nitrogen adsorption-desorption isotherms of the samples
(a) clay (adsorption (s), desorption (o)), (b) S-1 (adsorption (@),
desorption (0)), (c) S-3 (adsorption (M), desorption (J)) and
(d) S-4 (adsorption (»), desorption (>>)).

be clearly evident from the adsorption isotherms of S-2
(not shown in figure), S-3 and S-4 samples. The original
clay showed slight hysterisis indicating some porosity.
The analysis of the data on low temperature adsorp-
tion for the pillared clays is summarized in Table 2. All
the pillared clay samples exhibited an increase in, BET
surface area. Eventhough, the pillared clays S-2, S-3
and S-4 showed increased surface area than the original
clay, the extent of increase was found much less as com-
pared to S-1. The post hydrothermal treatment parame-
ters such as temperature and time seem to be operative
in lowering the specific BET surface area on account
of increased extent of disorder in the oriented silicate
layers. It is interesting to note, eventhough, the spe-
cific BET surface area decreases due to post hydrother-
mal treatment, the total pore volume was found to in-
crease depending upon the preparation conditions. The
increase in total pore volume as a function of the sever-
ity of the post hydrothermal treatment was found to be
associated with the decrease in micropore volume. Mi-
cropore volume was determined by plotting the amount
of N, sorbed/cm® g~! at S.T.P. against the thickness
(nm) of the sorbed layer. Extrpolation of the curve to
the ordinate gives the positive intercept from which
micropore volume of the sample was determined.
Figure 3 shows the pore size distribution curves
of S-1, S-2 and S-4 samples calculated using
Cranston-Inkley (Cranston and Inkley, 1957) method
using the adsorption isotherm. S-1 sample shows the
presence of both micropores and mesopores which sup-
ports its bimodal shaped nitrogen adsorption curve. The
contribution due to micropore however, is higher as
compared to mesopore. It is clearly evident from the
figure, that by employing hydrothermal treatment only
presence of mesopores were observed in case of S-2

€00
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200+

AVp/BRp (mm3nm™! g7l

Pore Radius, Rp/nm

Figure 3. Pore size distribution curve of pillared clay samples (1)
S-1, (2) S-2 and (3) S-4.
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and S-4 samples. As hydrothermal conditions became
more severe, the pore size distribution curve shifted to
larger pore size region. Since during the preparation of
S-2, S-4 samples, the step by which S-1 is prepared
was initially followed before subjecting to hydrother-
mal treatment, it can be concluded that mesopores are
formed at the cost of micropores. Formation of meso-
pores due to hydrothermal treatment may be due to the
orientation of silicate layer structure. The severity of
the hydrothermal treatment was found to influence the
average pore size diameter of the pillared clay samples,
determined from nitrogen adsorption isotherm and in
turn anatase crystallite and the crystallite size in the
TiO, pillars.

The charge transfer transition of Ti in anatase
with octahedral configuration was reported (Grohmann
etal., 1994) at 333.3 nm. Figure 4 illustrates the UV-Vis
diffuse reflectance spectra of all calcined titania pil-
lared clays in the range of 300—450 nm including pure
anatase phase. It is evident from the figure, irrespec-
tive of the method employed for the synthesis, all the
calcined titania pillared clay samples have shown the
blue shift when compared with pure anatase. However,
the extent of the blue shift was found greater in case of

DIFFERENTIAL REFLECTANCE {(a.u)

320 360 400 440
WAVELENGTH (nm)

Figure 4. UV-Vis DRS spectra of pillared clay samples (a) S-4, (b)
S-3, (c) S-2, (d) S-1 and (e) pure anatase.

hydrothermally untreated sample. The changes in the
hydrothermal treatment were found to influence the
crystallinity and size of the anatase phase. Hence both
the crystallinity and crystallite size are the prominent
responsible factors for the extent of blue shift in an
optical transition. The S-4 sample possessing higher
crystallinity and crystallite size was found to exhibit
the least extent of blue shift in the present studies.

Adsorption Capacity and Photo-Oxidative
Activity of Dyes

In the present studies, it is well established that not only
the method of preparation but also preparation para-
meters such as temperature and time play a prominent
role in modifying the physico-chemical properties of
the titania pillared clay samples. Ooka et al. (1999)
had also reported similar results during preparation of
Ti pillared clay by hydrothermal treatment and without
hydrothermal treatment by changing different prepar-
tion parameters. The comparison was made in view of
examining the performance of the titania pillared clays
in adsorption and photo-catalytic oxidation in relation
to these properties. Original clay, calcined S-1 and cal-
cined S-4 samples were selected for the adsorption and
photo-oxidation studies on the basis of the considerable
differences in physico-chemical characteristics. Figure
5(A) depicts the results on the adsorption and photo-
catalytic oxidation test using M.B. Period ‘a’ is the
initial time (10 minutes for all samples) for which the
mixture of sample and dye solution is stirred in dark.
Period ‘b’, denotes the results obtained after regular
interval of 10 minutes’ time subjecting the mixture
for exposure with/without UV irradiation. The pur-
pose of undertaking the photo-catalytic runs without
exposing UV irradiation, was to confirm whether fur-
ther adsorption or photo-oxidation were responsible for
the decrease in relative concentration of M.B. to initial
state. In Fig. 5, the dotted line represents the results
obtained without subjecting to UV irradiation whereas
the solid line represents the results obtained with UV
irradiation. It is clearly evident from the Fig. 5(A) that
original clay has shown 20% adsorption in dark and
remained unchanged in period ‘b’ with and without
UV irradiation. Both S-1 and S-4 samples have shown
the adsorption of M.B. in dark, during timeframe of
10 minutes to different extent yielding 50% and 82%
drop in the initial concentration respectively. The orig-
inal clay sample has shown only adsorptive capacity
for M.B. with no further photo-oxidative capability by
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Figure 5. Relative concentration of (A) M.B. and (B) V.P.B. to initial state (%) by Clay (), S-1 (@) and S-4 (A) samples with time on stream.

UV irradiation. Thus, the presence of titania seems to
promote the photo-oxidative and also adsorptive prop-
erty in pillared clays to considerable extent. Higher ad-
sorptive capacity and photo-oxidative activity of S-4
as compared to S-1 indicates that the hydrothermal
treatment provides a novel route to improve the sur-
face quality favouring enhanced ability for adsorption
of M.B. When exposed to photo-irradiation, the con-
tinuous drop in the initial concentration of M.B. was
observed with increase in time on stream. However,
at the end of 60 minutes’ exposure, S-1 and S-4 sam-
ples have shown 85% and 99% drop in concentration
of M.B. respectively. The catalytic runs without ex-
posing to UV irradiation (shown by dotted lines), no
further drop was observed evenif the time on stream
was extended upto 60 minutes in case of S-1 and
S-4 samples. This indicates that the decrease in rel-
ative concentration of M.B. to initial state must be due
to photo-oxidation and not due to further adsorption.
For all pillared clay samples as well as original clay, the
slurry of 50 mg of the catalyst per 50 ml of water was
used for adsorption as well as photo-catalytic oxidation
of dyes.

Similar investigations were made for adsorption and
photo-catalytic oxidation of V.P.B. using clay, S-1 and
S-4 (Fig. 5(B)) samples. Original clay has shown 9%
adsorption in dark and remained unchanged in period
‘b’ with and without UV irradiation. Samples S-1 and
S-4 exhibited more or less identical behavior except

the extent of adsorption and photo-oxidation activity.
The adsorption of V.P.B. in dark was found to result in
decrease by 20% and 66% of the initial concentration
when S-1 and S-4 sample was used respectively. Fur-
thermore, at the end of 60 minutes’ photo-irradiation
exposure, S-1 sample showed 58% drop in initial con-
centration of V.P.B. whereas 93% drop was observed
in case of S-4 sample. Without exposing to UV irradi-
ation, S-1 and S-4 samples showed no further drop in
concentration indicating that decrease in relative con-
centration of V.P.B. to initial state was due to photo-
oxidation and not due further adsorption.

When summarized, it is clear that even though S-1
has higher specific BET surface area as compared to
S-4, the adsorptive and photo-oxidative property of the
latter is higher than that of the former. The higher ad-
sorptive property of S-4 may be attributed to the higher
pore volume whereas higher photo-oxidative property
depends on higher utility of the active sites of S-4 for
the interaction of the basic dyes like M.B. and V.P.B. In
addition to this, the higher interaction between pread-
sorbed dye molecule and incoming molecule seems to
be responsible for higher packing efficiency yielding
more occupancy of the available pore volume.

The higher adsorption and photo-oxidation activity
of M.B. may be attributed to mode (Galbraith et al.,
1958) of adsorption (edge-on type) and smaller dimen-
sion (16 x 8 x 4 A) as compared to V.P.B. which has
high coverage factor (Galbraith et al., 1958) on account
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Figure 6. Decrease in concentration (%) due to adsorption and photo-oxidation of methylene blue (curves 1 and 3 respectively) and victoria
pure blue (curves 2 and 4 respectively) as a function of [Anatase fraction x crystallite size, A] in titania-pillared clays.

of its larger dimension (18 x 16 x5 A) and end-on
mode of adsorption.

From the above evidences, it can be concluded even-
though, S-1 and S-4 samples possess the same amount
of titania, the higher contribution of anatase phase
with larger crystallite size in S-4 sample improves
both adsorptive and photo-oxidative capability. Thus
at identical level of titania content, not only the ex-
tent of crystallite phase contribution but also crys-
tallite size play an important role in the adsorptive
and photo-oxidative performances. The extent of crys-
talline titania and crystallite size can be controlled by
governing the severity of the hydrothermal treatment.

Since in all the samples, the anatase contribution
is <85% with the variations in the crystallite size in
the range of 19 to 40 /OX, it was rather difficult to con-
clude whether both the fraction of anatase and the
crystallite size are important or one of them is im-
portant for adsorptive and photo-oxidative capability.
Therefore, the combined effect of both [anatase frac-
tion x crystallite size, A] was considered to elucidate
the performance of the samples with identical titania
content obtained by different methods and hydrother-
mal conditions. Figure 6 illustrates the performance of
S-1, S-2, S-3, S-4 samples at the end of period ‘a’ in
dark and period ‘b’ with UV irradiation and presented
to establish the above said correlationship. It is seen
from the figure that as the [anatase fraction x crystallite
size, A] increases, the concentration of M.B. is found
to decrease at the end of both the periods. Similar trend

was also observed in case of V.P.B. Thus the sample
with higher value of product [anatase fraction x crys-
tallite size, A] was found to yield better performance in
photo-oxidative capability. It is also interesting to note
that eventhough S-2 and S-3 possess identical crystal-
lite size, S-2 has exhibited the better performance in
photo-oxidative degradation.

Conclusion

The method of preparation of titania pillared clay was
found to have an impact on the performance in adsorp-
tive and photo-oxidative characteristics. From EDX
study, the content of pillared TiO, was found to be
unchanged irrespective of the method of preparation.
% anatase crystallinity, crystallite size and homogenity
in pillaring of the clay was determined by XRD stud-
ies. Improved anatase crystallinity and higher crystal-
lite size was achieved by modified method wherein the
post hydrothermal treatment after ion-exchange was
employed for the preparation of titania pillared clay.
The preparation method and parameters employed dur-
ing the hydrothermal treatment were found to affect the
contribution and crystallite size of anatase phase. The
severity in hydrothermal treatment seems to be oper-
ative for alteration in the surface area, the crystallite
size and crystallinity of the anatase phase in the pil-
lared clays. Both the crystallinity and crystallite size
of anatase are the prominent factors responsible for the
extent of blue shift in UV-Vis DRS spectra. The higher
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adsorptive property of the samples is attributed to the
higher pore volume. Sample with higher value of prod-
uct [anatase fraction x crystallite size, A] was found to
yield better performance in photo-oxidative capability
of dyes. Titania pillared clay obtained by hydrothermal
treatment route proved its superiority in the adsorption
and photo-oxidation of basic dyes such as methylene
blue and victoria pure blue (99 and 93% respectively) as
compared to sample obtained by conventional method
(85 and 58% respectively) thereby exhibiting its poten-
tiality as efficient economic and environmental friendly
photocatalyst.
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