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Abstract−−−−Ultrasonication method was employed for preparation of zirconia-pillared montmorillonite (Zr-PILC) by
using polyhydroxy zirconium cation. The influences of various preparation parameters such as pH, concentration of
pillaring agent, aging period on physico-chemical properties of Zr-PILCs are reported. The characterization was done
by using different characterizing tools such as powder X-ray diffraction (XRD), thermal analysis (TG/DTA), Fourier
transform infrared spectroscopy (FTIR), X-ray photo-electron spectroscopy (XPS), X-ray fluorescence spectroscopy
(XRF) and surface area measurements. Effective pillaring was obtained in the pH range 2.0-2.8 at reduced preparation
time by using ultrasonication. Ultrasonication, especially at higher pH and concentration of pillaring agent with no
aging after ultrasonic agitation of the clay slurry was found to increase zirconium content and specific BET surface
area leaving no scope for remarkable increase in d001 spacing. The presence of -OH groups attached to Zr has been
revealed by pyridine-adsorbed FTIR, TG/DTA and XPS techniques. The acidic character, ease of accessibility and good
dispersion of active sites in Zr-PILC were found to be controlling factors for the challenging activity in hydroxyla-
tion reaction of phenol. Probably, this first report on the use of Zr-PILC in hydroxylation of phenol and its pre-
paration by employing ultrasonication technique may attract great attention in the catalysis area of academic and in-
dustrial importance.
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INTRODUCTION

Pillared clays have now led to the development of new classes
of selective heterogeneous catalysts [Molina et al., 1994; Bartley,
1988; Pinnavaia et al., 1985; Burch et al., 1986] for cracking, acid
catalyzed and hydroisomerization reactions. Pillared clays interca-
lated with Al, Zr, Ga, Si, Fe, Cr, Ti oxides have been well docu-
mented [Zurita et al., 1996; Vaughan et al., 1979]. Two preparation
methods have been reported in the open literature to obtain Zr-pil-
lared clays: 1) ion exchange by aging suspension of clay in fresh
ZrOCl2 solution and 2) by refluxing ZrOCl2 before and after addi-
tion to the clay suspension [Farfan-Torres et al., 1992]. The main
drawback of these methods is the longer preparation time. There-
fore, efforts were made to reduce the intercalation period by using
a novel route, which comprises the use of ultrasonication (u.s.) tech-
nique for preparation of Zr-pillared clays.

Hydroxylation of phenol is one of the commercially important
reactions for production of dihydroxybenzenes. TS-1 is one of the
best-known heterogeneous catalysts [Notari et al., 1989] for hydro-
xylation of phenol to hydroquinone and catechol. Catalytic hydroxy-
lation of phenol over various solid acids had been reported earlier
[Allian et al., 1993]. It was thought interesting to investigate the
catalytic activity of the Zr-PILC clay as a catalyst for the hydroxy-
lation of phenol as the preparation method, and suitable candidature
of Zr-PILC clay may prove a better eco-friendly and cost-effective

process. In view of this, we are reporting for the first time the 
droxylation of phenol over Zr-PILC in the present communicatio

While employing the ultrasonication technique, we also studi
and discussed in this paper, the influence of different preparation
ameters such as pH, concentration of zirconium oxychloride 
aging time after u.s. treatment, on the structural, textural and 
alytic properties of Zr-pillared montmorillonite. The structural an
textural properties of zirconia-pillared clays have been investiga
by using XRD, FTIR spectra of adsorbed pyridine, XPS, low te
perature N2 adsorption and chemical analysis by XRF techniqu
The catalytic activity of Zr-pillared clays in hydroxylation of phe
nol was evaluated under an identical set of experimental conditio

EXPERIMENTAL

Na-montmorillonite (Kunipia-F, Kunimine Industrial Company
with structural formula (Na0.35K0.01Ca0.02)(Si3.89Al0.11)(Al1.60Fe0.08Mg0.32)
O10(OH)2·nH2O and a cation exchange capacity (CEC) 1.28 m
g−1, was used for zirconia pillaring. The clay was used without f
ther purification, sieving or refining. The solid ZrOCl2·8H2O sup-
plied by LOBA Chemie Pvt. Ltd. (99%), India, was used for pr
paring the pillaring agent and ZrO2.

In a typical preparation procedure for obtaining Zr-pillared cla
1.0 g of clay was added slowly to 133 ml of 0.06 M aqueous 
lution of ZrOCl2·8H2O having pH 2.0 with constant stirring. Then
the mixture was immediately subjected to ultrasonication (Shes
Japan; operating frequency 50 kHz) for 20 min at ambient tem
ature. The aging after ultrasonication and/or use of 0.1 M Na2CO3
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solution for adjusting the pH at appropriate stages were employed
wherever required. The product was then separated by centrifuge
and washed with distilled water till the effluent was free from chlo-
ride ions. The material was then air dried overnight at 333 K fol-
lowed by the calcination at 723 K for 4 h. All calcined Zr-pillared
clay samples were treated with 1 M ammonium acetate solution to
remove alkali metal ions, if any, and then calcined again at 623 K
in air for 4 h. Similarly, pure ZrO2 was prepared by conventional
precipitation technique using aqueous solution of ZrOCl2·8H2O and
aqueous ammonia. The precipitate along with its mother liquor was
subjected to the similar ultrasonic treatment. The precipitate was
then filtered, washed and dried in air oven maintained at 383 K for
6 h. It was further calcined at 723 K for 4 h.

The zirconia content in the pillared clays was determined by us-
ing a wavelength dispersive X-ray fluorescence spectrometer, XRF
model, Rigaku, 3070E. To average out the matrix effect of co-exist-
ing elements on the analysis of zirconium, standards for XRF were
prepared by the addition of appropriate amounts of ZrO2 (Aldrich,
99.99%) to the clay itself. A regression calibration curve made for
zirconium was used for the quantitative estimation of zirconium in
the pillared clay.

X-ray powder diffraction patterns of the clay and the calcined
pillared samples were recorded by using an X-ray diffractometer
(Rigaku, D-max III VC) with Ni filtered monochromatic CuKα
radiation (1.5404 Å). Thermal behaviour of the clay and the pil-
lared clay samples was compared by recording DTA/TG thermo-
grams in air (Setaram TG/DTA, 92 model) at a heating rate of 10
K/min. The BET surface area of the samples was determined by
N2 adsorption at 77 K by using Omnisorp 100 CX (Coulter) equip-
ment after degassing the sample at 423 K for 8 h. The FTIR meas-
urements (Nicolet 60 SXB) were carried out by using a self-sup-
ported wafer. The samples were degassed at 673 K under reduced
pressure (10−4 Torr) for 2 h prior to contacting with pyridine vapours
for 5 min at 373 K. The IR spectra were recorded after degassing
at 373, 473, 573 and 673 K for 1 h and were normalized to con-
stant concentration 10 mg cm−2 of the samples. X-ray photoelec-
tron spectra were recorded on V.G. Scientific (UK) ESCA 3000 by
using Mg Kα (1253.6 eV) as the excitation source. The binding
energies measured in the XPS analysis were corrected for speci-
men charging by referencing the C1s level to 285.0 eV.

Phenol hydroxylation reaction was carried out in a 100 ml ca-
pacity, two-necked glass flask, fitted with a mechanical stirrer, con-
denser, feed pump and a septum. The temperature of the reaction
vessel was maintained by using an oil bath. In a standard run, 1 g

phenol, 10 g solvent and 0.1 g catalyst were placed in the rea
flask. Before H2O2 (30% aqueous solution) was added through 
feed pump, the desired temperature of the flask was maintai
The catalytic activities were evaluated by the yield of catechol 
hydroquinone periodically, removing aliquots of reactant mixtu
by using a microlitre syringe and analyzed by GC (HP 5880
equipped with a capillary column (HP 1; 50 m×0.2 mm) and
flame ionization detector.

RESULTS AND DISCUSSION

The preparation parameters for four different pillared clays a
pure ZrO2 sample, their compositional and textural characteris
are summarized along with their designation in Table 1. For all s
ples, the ultrasonic agitation time (20 min) was kept constant 
they were calcined at 723 K for 4 h in air.

Fig. 1 illustrates the powder XRD profiles of the calcined p
lared clay samples and the original clay in the 2θ range, 3.0 to 8.5o.
The XRD pattern of the original clay with d001 reflection shows
basal spacing of 1.16 nm (profile 5). All calcined pillared clay sa
ples have shown the d001 reflection for basal spacing at lower 2θ
values in the range of 4.3-5.6o. The d001 values for each samp
are presented in Table 1. The change in the position of 2θ seems to
be associated with the preparation conditions. The change in
position of 2θ as a function of each preparation parameter is d

Table 1. Preparation conditions and product characterization of zirconia-pillared clays

No. Sample

Preparation parameters Product characterization

Zr4/clay
(meq·g−1)

Conc. of ZrOCl2·8H2O
 (M)

Aging period after
ultrasonication (h)

pH % ZrO2

d001
 (nm)

 BET surface
 area (m2 g−1)

1. ZrPa 1.6 0.10 0.0 2.8 19.57 1.70 272
2. ZrPb 1.6 0.06 0.0 2.8 16.39 1.70 244
3. ZrPc 1.6 0.06 4.0 2.8 14.75 2.00 230
4. ZrPd 1.6 0.06 4.0 2.0 13.00 1.60 214
5. ZrO2 - - - 3.0 100.00 - -
6. Clay - - - - - 1.16 22

Fig. 1. XRD patterns of clay and pillared clays (1) ZrPa, (2) ZrP b,
(3) ZrPc, (4) ZrPd and (5) clay.
March, 2001



Zr-Pillared Clay by Ultrasonics 259

 the
reat-

eat-
 of

after
ation
ZrP
ters
ZrP
he

rco-

Sim-
at-
 the
rary,
ob-
nica-
ll-
hus,
ing

e-

bute
er-
e a

are
ssi-
th/
nm
ace

pec-
con-
at.

se in
ement
 a
ow-
r the

era-

rther
ine

ehy-

ob-
cussed in the following appropriate section. The salient feature of
this figure is the absence of the diffraction peak ~7o in all pillared
clay samples attributed to the d001 reflection found in the original
clay. This suggests that there is not any contribution due to unpil-
lared portion in the product obtained. Mixed species containing zir-
conia-pillared clay and non-pillared clay were reported [Suzuki et
al., 1991] as a result of conventional ion exchange of montmorillo-
nite with CEC in the range of 0.51 to 0.66 meq·g−1. Moreno et al.
[Moreno et al., 1999] have reported heterogeneous pillaring in Zr-
PILC prepared by conventional ion exchange. Thus, the ultrasonic
technique provides a novel route to overcome the drawback of the
conventional ion exchange method as far as successful pillaring to
maximum extent leaving no possibility for the presence of nonpil-
lared portion is concerned.
1. Influence of Preparation Parameters

Attempts were made to investigate the influence of various pre-
paration parameters on the textural and compositional characteris-
tics of the product by employing the ultrasonication technique.
1-1. Influence of pH

In order to examine the effect of pH on the product quality, ZrPc

and ZrPd were prepared at different pH (2.8 and 2.0, respectively),
keeping all other preparation conditions almost identical. The runs
were also conducted at different pH viz. 1.8, 1.9 and 3.0. It was ob-
served that below pH 2.0, the structure of the clay was found to be
collapsed due to higher acidity. On the contrary, the clay structure
was found to remain unaltered, but the precipitation of Zr hydrox-
ide occurred from the pillaring solution at higher pH (>2.8). It is
evident from Table 1 that ZrPc has exhibited larger basal spacing
(2.0 nm), increased BET surface area (230 m2 g−1) and high zirco-
nia content (14.75%) as compared to ZrPd. This may be attributed
to the formation of bigger size polymer of the hydrolyzed species
at higher pH due to the hydrolysis of the salt, thereby resulting in
larger basal spacing and higher zirconia content as well. The opti-
mum pH of the pillaring agent for successful pillaring was found
to be in between 2.0 to 2.8.
1-2. Influence of Concentration of Pillaring Agent

In the earlier report [Bartley, 1988], the zirconyl chloride solu-
tion was used in the preparations in the range of 0.1 to 0.33 M with-
out using ultrasonication. Since pH of the solution varies with the
change in the concentration and hence influences the degree of poly-
merization to different extent, an attempt was made in the present
studies to investigate the quality of the product as a function of con-
centration of solution keeping identical pH by using ultrasonic tech-
nique. The results obtained were totally different compared to that
of the earlier report wherein ultrasonication and adjustment in pH
was not employed. Keeping Zr4/clay ratio, pH and ultrasonication
period constant, ZrPa and ZrPb were obtained by using the concen-
tration of pillaring agent 0.10 M and 0.06 M, respectively. It is in-
teresting to note that the identical d001 basal spacing was obtained
for both the samples ZrPa and ZrPb (refer Table 1). The incorpora-
tion of zirconia in the clay was also found to be increased with the
increase in the concentration of the pillaring agent. This can be at-
tributed partly to higher population of identical polyhydroxy-cat-
ionic species in 0.1 M solution than in 0.06 M solution. This is well
reflected in an increase in BET surface area for ZrPa (272 m2 g−1)
as compared to that of ZrPb (244 m2 g−1). Probably, instead of in-
creasing pillar height, the increase in number of pillars might have

resulted by the combined effect of increased concentration of
pillaring agent at the same pH level and the same ultrasonic t
ment.
1-3. Influence of Aging after Ultrasonication

It is well established from the above studies that ultrasonic tr
ment during the preparation of Zr-pillared clay forms the basis
one of the key controlling parameters. Furthermore, the aging 
this ultrasonic treatment was considered as yet another prepar
parameter and studied systematically in the present studies. c

and ZrPb were obtained by keeping all the preparation parame
constant except a parameter viz. aging after ultrasonication. c

and ZrPb were prepared with and without aging, respectively. T
basal spacing of d001 reflection for ZrPb was found to be lower (1.7
nm) than that of ZrPc (2.0 nm). Surprisingly, the zirconia content
was found to decrease upon aging. In spite of having lower zi
nia content, the increase in the basal spacing in case of ZrPc sug-
gested that aging seems to favour the degree of polymerization. 
ilar results were reported [Clearfield et al., 1956] while investig
ing the influence of temperature and they were correlated with
increased rate of hydrolysis at higher temperature. On the cont
a diffuse and broad XRD profile of the pillared clays has been 
served when subjected to an aging in the absence of ultraso
tion [Toranzo et al., 1998] at lower pH condition. However, a we
defined d001 reflection was observed in the present studies. T
the unique feature of ultrasonication when coupled with post ag
is the uniform distribution of polyhydroxy cations with higher d
gree of polymerization.

Even though all the above parameters were found to contri
significantly in governing the textural and compositional charact
istics of the product, it is believed that all of them seem to hav
substantial interplay between them.

The dimensions of Zr tetramer reported [Cool et al., 1998] 
0.89 nm in width and length and 0.58 nm in thickness. The po
bility of condensation of tetramers is by two ways, either leng
breadth wise or thicknesswise. Taking into account the 0.96
thickness of silicate layer of montmorillonite, the interlayer free sp
of Zr-pillared clays (ZrPd, ZrPa, ZrPb) with 1.6 and 1.7 nm basal
spacings were estimated to a value of 0.64 and 0.74 nm, res
tively. The increase in interlayer space by 0.69±0.05 nm can be 
sidered justifiable due to fixation of a single Zr tetramer lying fl
The interlayer free space of Zr-pillared clay (ZrPc) with 2.0nm basal
spacing was estimated to be a value of 1.04 nm. The increa
interlayer space by 1.04 nm can be considered as a close agre
with the fixation of either double layer flat lying Zr tetramers or
single layer of Zr tetramer standing normal to the silicate layer. H
ever, the influence of preparation parameters such as aging afte
ultrasonication and higher pH condition are believed to be op
tive in fixation of double layer flat lying Zr tetramers in ZrPc.

ZrPc sample was selected as a representative sample for fu
characterization by TG/DTA, FTIR spectra of adsorbed pyrid
and XPS studies.
2. Thermal Behaviour by TG/DTA

The thermal analysis results of ZrPc and clay are presented in
Fig. 2A and 2B, respectively. The DTA and TG curves of ZrPc have
revealed the three stages of weight loss due to dehydration-d
droxylation processes.

(1) Room temperature - 531 K: A weight loss of 17.23% was 
Korean J. Chem. Eng.(Vol. 18, No. 2)
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served in this stage which can be attributed [Pinnavaia et al., 1984]
to the dehydration of water molecules loosely adsorbed in the in-
terlayer spaces and on the external surface. The DTA profile has
exhibited a broad endotherm, the minima of which was found to
appear at 390 K. When compared with the clay, the dehydration
process was found to complete at higher temperature.

(2) 531-832 K: In the next stage, a weight loss of 3.45% was ob-
served which can be attributed to dehydration of water molecules
strongly associated with hydroxy-zirconium cations and dehydroxy-
lation of hydroxy-zirconium. Fig. 2B illustrates that no weight loss
has occurred up to 819 K in clay sample as there is no contribution
due to hydroxy-zirconium cations.

(3) 832-983 K: In the third stage, the weight loss observed was
2.07%. This can be attributed to the decomposition of the silicate
structure by dehydroxylation [Burch et al., 1986]. The clay has
shown structure collapse at ~793 K, whereas pillaring has shown
enhanced thermal stability up to 832 K.
2. Nature of Acid Sites by FTIR Spectra of Adsorbed Pyri-
dine

The infrared spectra of pyridine adsorbed on the clay and pil-
lared clay (ZrPc) after evacuation at 373, 473, 573 and 673 K (cur-
ves 1, 2, 3, 4 respectively) are shown in Fig. 3A and 3B, respec-
tively. The spectrum of the clay has exhibited a very weak band at
~1,550 cm−1 characteristic of pyridinium ion due to Bronsted acid
sites arising from hydration spheres of cations and hydroxyl groups
at the edges [Lambert et al., 1997]. The band at ~1,550 cm−1 in the
spectrum of ZrPc is strong even after degassing at 673 K. This in-
dicates strong acidic character of the Bronsted acid sites in the pil-
lared clay. These may arise from the hydroxyl groups attached to
Zr and the structural hydroxyl groups in the pillared clay [Farfan-
Torres et al., 1992). It is reported that during the calcination pro-
cess, ion exchanged Zr polyhydroxy-cation is converted to hy-

drated ZrO2 pillars [Farfan-Torres et al., 1992] and hydroxyl group
attached to Al/Mg are formed [Cool et al., 1998]. However, acco
ing to Cool et al. [Cool et al., 1998] aluminol and magnesol groups
do not possess strong Bronsted acid character. Therefore, it ma
inferred that the strong Bronsted acidity observed may be ass
ated with the hydroxyl groups in hydrated zirconia. The 1,450 c−1

band due to pyridine co-ordinately bound to Lewis acid sites [M
terra et al., 1990] of the clay is very weak. This may arise du
terminal Al ions in the clay. This band in the pillared clay is ve
strong indicating the presence of Lewis acid sites due to zirco
pillars. However, the effect of temperature on the intensity of 
band is quite pronounced, suggesting the weaker nature of the L
acid sites when compared to the Bronsted acid sites.
3. Environment of Zirconium by XPS Studies

Fig. 4 depicts the XPS spectra of O1s and Zr3d levels in ZrO2 (cur-
ves A, A', respectively) and Zr-pillared clay sample, ZrPc (curves
B, B', respectively). The binding energy values of these levels were
found useful to obtain the information on the environment of z
conium in ZrPc. As evident from Fig. 4A, ZrO2 has exhibited a sin-
gle symmetric peak of O1s at 530.3 eV. The deconvoluted spect
of O1s level of ZrPc (Fig. 4B) show two distinct peaks. A main pea
which has appeared at 532.8 eV can be attributed [Borade e
1990] to silicate lattice oxygen. Another peak appeared at 529.7
in ZrPc which may not be associated with the extra lattice oxi
zirconium species alone. The XPS spectra of Zr3d level of both the

Fig. 2. Thermograms of (A) ZrPc and (B) clay.

Fig. 3. FTIR spectra of pyridine adsorbed on (A) clay and (B) ZrPc
heated at different temperatures: (1) 373 K, (2) 473 K, (3)
573 K and (4) 673 K.
March, 2001
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samples have shown a similar pattern except the difference of 0.8
eV in the B.E. of Zr3d levels in ZrPc as compared to ZrO2. This in-
dicates that the environment of zirconium in ZrPc is not exactly the
same as the environment of zirconium in ZrO2. The binding energy
(183 eV) of Zr3d

5/2 level in ZrPc was found in close agreement with
B.E. (182.7eV) of Zr attached to -OH groups [Wagner et al., 1978].
Therefore, it can be concluded that the surface of ZrPc is enriched
in hydroxy zirconium species. The thermal analysis data and results

on pyridine adsorbed FTIR also partly support the findings in re
tion to presence of -OH groups attached to Zr.
4. Selective Oxidation of Phenol

Selective oxidation efficiency of Zr-pillared clays obtained b
employing ultrasonication was evaluated in hydroxylation of ph
nol reaction that is one of the commercially important reactio
The better catalytic performance by introducing Zr in the pillar co
figuration in the clay may prove a potential catalyst as far as 
effectiveness and healthy environmental protection are concer
The Zr-pillared clay samples, ZrO2 prepared by using u.s. tech
nique and clay samples were tested for hydroxylation of phenol r
tion. The results obtained are summarized in Table 2. It is cle
evident from the tabulated data that introducing Zr in the pillar c
figuration in the clay enhances not only phenol conversion, H2O2

selectivity but also the contribution of catechol in the product. T
original clay and pure ZrO2 prepared by using u.s. technique fo
lowed by calcination at the same temperature as the Zr-pilla
clays, have exhibited very poor catalytic activity. These results
dicated the demand of large space, which forms one of the b
necessities for phenol hydroxylation reaction. In addition, the
creased acidic character in the Zr-pillared clays was found to fa
the phenol hydroxylation process. Furthermore, both the zirco
content and specific BET surface area have found a remarkab
fluence on the yield (conversion X fraction in product) of catech
ZrPa sample has not only shown highest catechol yield but a
higher phenol conversion and H2O2 selectivity in the present stud-
ies. It is surprising to note that, the turnover number in all the 
pillared clays was found nearly constant, suggesting the iden
active site density. Thus, it seems that the increase in the zircon
content alone does not necessarily increase the active sites 
quired strength in a given surface area and hence may perform
ferently under identical set of experimental conditions. Moreov
the initiation of phenol hydroxylation reaction has been repor
[Germin et al., 1996] as a result of an electrophilic aromatic s
stitution catalysed by the acid function of the catalyst.

ZrPa sample has shown higher catechol yield, phenol conv

Fig. 4. XPS spectra of O1S levels of (A) ZrO2, (B) ZrPc and of Zr3d

levels of (A') ZrO2, (B') ZrP c samples.

Table 2. Hydroxylation of phenola over clay and zirconia-pillared clays

No. Catalyst
%ZrO2

incorporated
TON*

 Phenol conversionb

 wt%
 H2O2 selectivityc

mole %

% Product distribution

CATe HQ PBQf

 1. ZrPa 19.57 10.0 45.2 40.3 49.1 47.1 3.8

 2. ZrPb 16.39 9.3 35.2 32.3 51.0 42.4 6.6

 3. ZrPc 14.75 10.6 35.8 31.1 54.3 44.6 1.1

 4. ZrPd 13.00 10.5 31.3 25.6 51.1 36.6 12.3

 5. ZrO2 100.00 0.0 0.1 0.2 0.0 100.0 0.0
 7. Clay - - 1.0 1.6 15.3 84.8 -

aReaction conditions: Catalyst=0.1 g; phenol/H2O2 (mole)=3.0; H2O2=30% aqueous solution; Temp.=353 K; Solvent=water (10 g); Re
tion time=12 h
*Turn over number=moles of phenol converted per mole of Zr atom
bPhenol converted for formation of dihydroxy benzenes (DHB) and quinones (HQ)

cH2O2 Selectivity=
H2O2 (moles) consumed in formation of DHB and quinones

×100
Total H2O2 (moles) added

eCatechol
fp-benzoquinone
Korean J. Chem. Eng.(Vol. 18, No. 2)
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sion and also H2O2 selectivity as compared to ZrPc. As discussed
earlier, if it is assumed that there exists an arrangement of fitting a
single and double flat lying Zr tetramers into the interlayer space in
ZrPa and ZrPc respectively, it is logical to conclude that flat lying
single Zr tetramer in between silicate layers enhances catechol yield,
phenol conversion and H2O2 selectivity as well. Studies on zirco-
nium containing mesoporous silicas have also reported [Tuel et al.,
1996] that the dispersion of Zr atoms is a necessary condition for
the oxidation reactions in liquid phase. Similarly, isomorphous sub-
stitution of Si4+ by Zr4+ in pentasil framework has been reported
[Dongare et al., 1991] to be active for hydroxylation of aromatics,
whereas total inactivity has been exhibited by pure ZrO2 under the
same set of experimental conditions. Thus, it can be believed that
Zr-pillared clay prepared by using ultrasonic technique with no ag-
ing may be operative in the uniform dispersion of flat lying single
Zr tetramer in between silicate layers at high pH and high concen-
tration of pillaring agent conditions. The controlled calcination of
such clays resulting in acidic sites with a strength required for hy-
droxylation of phenol may prove a potential catalyst.

CONCLUSION

Zr-PILC with uniform large interlayer basal spacings (1.6-2.0
nm) was successfully prepared with reduced preparation time by
ultrasonication. The ultrasonic technique was found to provide a
novel route to overcoming the drawback of the conventional ion
exchange method as far as successful pillaring to maximum extent
leaving no possibility for the presence of nonpillared portion in the
product is concerned. The optimum pH of the pillaring agent for
successful pillaring was found to be in range of 2.0-2.8. The in-
crease in BET surface area and zirconia content is favored at higher
pH irrespective of aging after u.s. treatment. However, without being
subjected to aging after u.s., the change in the concentration of pil-
laring agent solution has not shown a considerable change in the
d001 spacing in spite of yielding increased zirconia content and BET
surface area. Zirconia pillars were found to introduce both the Bron-
sted and Lewis acid sites in Zr-pillared clays. However, the strength
of former is found to be higher than that of the latter. Hydroxyl
groups attached to Zr form the basis of enhanced Bronsted acidity.
XPS data showed that the surface of the pillared clays is enriched
with hydroxy zirconium species.

Zr-PILC efficiently catalyzes the hydroxylation of phenol to cat-
echol and hydroquinone with H2O2. Higher Zr content and flat lying
single Zr tetramer in between silicate layers enhances catechol yield,
phenol conversion and H2O2 selectivity as well due to better utiliza-
tion of H2O2 and higher conversion level. Thus Zr-PILC may prove
a potential candidate catalyzing oxidation of phenol from the view-
point of cost effectiveness and healthy environmental protection.
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