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Abstract-Ultmsomcation method was employed for preparation of zirconia-pillared montmofillotfite (Zr-PILC) by 
using polyhy&oxy zh-comum cation. The influences of various preparation pm~neters 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 characterizillg tools such as powder X-ray difl'raction (XRD), thermal analysis (TG/DTA), Fourier 
transfoma infiar'ed 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 ultmsomcation. Ultrasonication, especially at lfigher 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 pyridme-adsorbed FFIR, 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 m hych-oxyla- 
lion reaction of phenol. Probably, this first report on the use of Zr-PILC in hydroxylation of phenol and its pre- 
paration by employing uth-asonication 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; Bta-ch et al., 1986] for cracking, acid 
catalyzed and hydroisomerization reactions. Pillared clays interca- 
lated with A1, Zr, Ga, Si, Fe, CI; Ti oxides have been well docu- 
mented [Zta-ita et al., 1996; Vaughan et al., 1979]. %co preparation 
meth~ts have been reported m the open literature to obtain Zr-pil- 
lared days: 1) ion exchange by aging suspension of clay m flesh 
ZrOC12 solution and 2) by refluxing ZrOC12 before mad after addi- 
tion to the clay suspension [Farfan-Torres et al., 1992]. The main 
drawback of ttlese methods is the longer preparation trine. There- 
fore, efforts were made to reduce the intercalation period by using 
a novel route, which comprises the use of ultmsonication (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-tmown heterogeneous catalysts [Notari et al., 1989] for hydi'o- 
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-PmC 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-fi-iendly and cost-effective 
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process. In view of this, we are reporting for the first ~ne  the tay- 
d&oxylation of phenol over Zr-PILC in the present commtmicatiort 

WNle employing the ullrasonication tecNfique, we also studied, 
and discussed in this paper, the influence of different preparation par- 
ameters such as pH, concentration of zirconium oxychloride and 
aging time after u.s. treatment, on the structural, t ex~al  and cat- 
alytic properties of Zr-pillared montmofillomte. The structural and 
textural properties of zirconia-pillared clays have been investigated 
by using XRD, FTIR spectra of adsorbed pyfidme, XPS, low tem- 
perature N2 adsorption and chemical analysis by XRF tedmiques. 
The catalytic activity of Zr-pillared clays in hydi-oxylation of phe- 
nol was evaluated under an identical set of experimental conditions. 

EXPERIMENTAL 

Na-montmorilloifite (Kunipia-F, Kmmnine Industrial Company) 
with smlcttral formula (Na~ 35K001Cao 02XSi389A10 ,)(All 60Fe0osMgo 32) 
�9 and a cation exchange capacity (CEC) 1.28 meq- 
g-~, was used for zirconia pilla-ing. The clay was used without fur- 
ther purification, sieving or refining. The solid ZrOC12.8H20 sup- 
plied by L�9 Chemie Pvt. Ltd. (99%), India, was used for pre- 
paring the pillaring agent and ZrO2. 

In a typical prei:aration procedure for obtaining Zr-pillared clay, 
1.0g of clay was added slowly to 133ml of 0.06M aqueous so- 
lution of ZrOC12.8H20 having pH 2.0 with constant stm-ing. Then 
the mixture was immediately subjected to ultrasonicafion (Sheshin, 
Japan; operating frequency 50 kHz) for 20 min at ambient temper- 
ature. The aging after ultrasonication and/or use of 0.1 M Na~CO3 
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Table 1. Preparation conditions and product characterization of zirconia-pillared clays 

Preparation parameters Product characterization 

No. S a n ~ p l e  Zrdclay Conc. of ZrOC12 "8H20 Aging period after d001 BET surface 
(meq'g-) (M) ult1~sonication (h) pH % ZrO2 (Imp) area (m 2 g-~) 

1. ZrP~ 1.6 0.10 0.0 2.8 19.57 
2. ZrPa 1.6 0.06 0.0 2.8 16.39 
3. ZrP~ 1.6 0.06 4.0 2.8 14.75 
4. ZrP~ 1.6 0.06 4.0 2.0 13.00 
5. ZrO2 - 3.0 100.00 
6. Clay 

1.70 272 
1.70 244 
2.00 230 
1.60 214 

1.16 22 

solution for adjusting the pH at appropriate stages were employed 
wherever required. The product was then separated by cent~-lfuge 
and washed with distilled water till the effluent was flee 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 lreated with 1 M anunonium 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 ZrOC12-8H20 and 
aqueous murnonia. The precipitate along with its mother liquor was 
subjected to the similar ulbasonic lreaanent. The precipitate was 
then Ntered, washed and diied in aft oven maiigained at 383 K for 
6 h. It was further calcined at 723 K for 4 h. 

The zirconia content m the pillared clays was detelmined by us- 
itlg a wavelmgth &spersive 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 mnounts of ZrO2 (Alchicb, 
99.99%) to the clay itself A regression calibration curve made for 
zirconium was used for the quantitative estilnation of zirconium m 
the pillared clay. 

X-ray powder diflS-action patte1~ls of the clay and the calcined 
pillared samples were recorded by using an X-ray diffi-actometer 
(Rigaku, D-ma,r III VC) with Ni filtered monochromatic CSaK0~ 
radiation (1.5404A). Theirnal behaviour of the clay and the pil- 
lared clay samples was compared by recording DTA/TG the~-mo- 
grams in air (Setarmn TG/DTA, 92 model) at a heating rote of 10 
K/mitt The BET surface area of the samples was detemained by 
N2 adsorption at 77 K by using Omnisorp 100 CX (Coulter) equip- 
inert after degassing the sample at 423 K for 8 k The FIIR 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 Toir) for 2 h prior to contacting with pyridine vapours 
for 5 rain at 373 K. The IR speclra were recorded after degassing 
at 373, 473, 573 and 673 K for 1 h and were normalized to con- 
stant concentration 10 nag cm -2 of the samples. X-~,y photoelec- 
b-on spectra were recorded on VIG. Scientific (UK) ESCA 3000 by 
using Mg K g  (1253.6 eV) as the excitation source. The binding 
energies measured m the X~S analysis were con'ected for speci- 
men charging by referencing the C~, level to 285.0 eV 

Phenol hydi'oxylation reaction was carried out in a 100 ml ca- 
pacity, two-necked glass flask, fitted with a mechanical stirrei; 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 
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phenol, 10 g solvent and 0.1 g catalyst were placed m the reaction 
flask. Before H202 (30% aqueous solution) was added through the 
feed pump, the desired temperature of the flask was maintained. 
The catalytic activities were evaluated by the yield of catechol and 
hydroqumone periodically, removing aliquots of reactant mixture 
by using a microlitre syringe and analyzed by GC (HP 5880A) 
equipped with a capillary column (HP 1 ; 50 m • mm) and a 
flame ionization detector. 

RESULTS AND DISCUSSION 

The preparation parameters for four different pillared clays and 
pure Z1s sample, their compositional and tex~-al characteristics 
are summarized along with their designation in Table 1. For all sam- 
ples, the ultrasonic agitation time (20 min) was kept constant and 
they were calcined at 723 K for 4 h m ait: 

Fig. 1 illustrates the powder XRD profiles of the calcined pil- 
lared clay samples and the original clay in the 20 range, 3.0 to 8.5 ~ 
The XRD pattern of the original clay with d001 reflection shows 
basal spacing of 1.16nm (profile 5). All calcined pillared clay sam- 
ples have shown the d001 reflection for basal spacing at lower 20 
values in the range of 4.3-5.6 ~ The d001 values for each sample 
are presented in Table 1. The change in the position of 20 seems to 
be associated with the preparation conditions. The change in the 
position of 20 as a function of each preparation parameter is dis- 

Fig. 1. XRD patterns of clay and pillared days (1) ZrP~, (2)ZrP~, 
(3) ZrPc, (4) ZrPd and (5) clay. 
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cussed m the following appropriate section. The salient feature of 
this fgure is the absence of the diffraction peak --7 ~ in all pillared 
clay samples a~-ibuted to the d001 reflection found in the original 
clay. This suggests that there is not any con~aibution due to talpil- 
lared portion in the product obtained. Mixed species containing zir- 
conia-pillared clay and ncn-pilla'ed clay were reported [Suzuki et 
al., 1991] as a result of conventional ion exchange ofmonlmorillo- 
nite with CEC in tile range of 0.51 to 0.66 meq.g -z. Moreno et al. 
[Moreno et al., 1999] have reported heterogeneous pillamg in Zr- 
P]LC prepared by conventional ion exchange. Thus, the ultrasonic 
techilique provides a novel route to ove~'ccme tile drawback of tile 
coireenticnal ion exchange method as far as successful pillmmg to 
mmximum extent leaving no possibility for tile presence of nonpil- 
lared portion is concerned. 
1. Influence of Preparation Parameters  

Attempts were made to investigate tile influence of vm-ious pre- 
paration pmametca~ on the tex~-al and compositional ct~acteris - 
tics of  the product by employing the ultiasonication technique 
1-1. Iiffluence o fpH 

In order to examine file effect ofpH on file product quality, ZrP~ 
and ZrP~ were prepared at different pH (2.8 and 2.0, respectively), 
keeping all other preparation conditions almost identical. Tile runs 
were also conducted at different pH viz. 1.8, 1.9 and 3.0. It was ob- 
served that below pH 2.0, tile structta-e of the clay was found to be 
collapsed clue to higher acidity. On the coim-my, tile clay sb-uc~e 
was fotnld to remain unaltered, but the precipitation of Zr hydrox- 
ide occurred fi-om the pillaring solution at tugher pH (>2.8). It is 
evident from Table 1 that ZrP~ has exhibited l~:ger basal spacing 
(2.0 nm), incrcased BET surface area (230 m 2 g-~) and high zirco- 
nia content (14.75%) as compared to ZrP~. Tim may be attributed 
to the formation of bigger size polymer of tile hydi-olyzed species 
at higher pH clue to tile hydrolysis of tile salt, thereby resullmg m 
linger basal spacing and higher zirconia content as well. The opti- 
mum pH of tile pillaring agent for successful pillmng was found 
to be m between 2.0 to 2.8. 
1-2. Influence of Concentration of Pillming Agent 

In tile earlier report [Bartley, 1988], the zirconyl chlcdde solu- 
tion was used in tile prepalatiom in the range of 0.1 to 0. 33 M with- 
out using ultrasonicatioi1 Since pH of the solution varies with file 
change in the concermation and hence influences the degree of poly- 
merization to different extent, an attempt was made in the present 
s~dies to investigate the quality of the product as a function of con- 
cer~a-ation of solution keeping identical pH by using ultt-asonic tech- 
nique. The results obtained were totally different compared to that 
of the earlier report whereto ultrasonication and adjusmlent in pH 
was not employed Keeping ZrJclay ratio, pH and ultrasonication 
period constant, ZrP~ and ZrP b were obtained by using the concen- 
bation of pillaring agent 0.10 M and 0.06 M, respectively. It is in- 
terestmg to note tilat the identical d001 basal spacing was obtained 
for both the samples ZrP~ and ZrPb (refer Table 1). The incorpora- 
tion of zirconia in the clay was also found to be increased with the 
increase in tile concer~tion of the pillaSng 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 ZrP~ (272 m 2 g-l) 
as compared to that ofZrPb (244m 2 g-l). Probably, instead of in- 
creasing pillar height, the increase in number of pillars might have 

resulted by the conlbined effect of increased concenlration of the 
pillaring agent at the same pH level and the same ultrasonic treat- 
ment. 
1-3. hffluence of  Aging after Ultlasonication 

It is well established fi-om the above studies that ultrasonic treat- 
me~lt duing tile preparation of Zr-pillared clay fonus the basis of 
one of the key controlling parameters. Furthermore, the aging after 
tiffs ultrasonic treamlent was considered as yet another prepa'ation 
parameter and studied systematically m tile present studies. ZrPc 
and ZrPb were obtained by keeping all the preparation parameters 
constant except a t ~ n e t e r  viz. aging after ult~onication. ZrPc 
ancl ZrPb were prepared with and without aging, respectively. Tile 
basal spacizg of d001 reflection for ZrPb Was found to be lower (1.7 
inn) than that of Z r P  c (2.0 I~l). Suwrismgly, the zircollia content 
was found to decrease upon aging. In spite of having lower zirco- 
nia content, the increase m the basal spacing in case of ZIPc sug- 
gested that aging seems to favour the degree ofpolymefizatiotl Sim- 
ilar results were reported [Clearfield et al., 1956] while investigat- 
ing the itfflue,lce of tempomture and they were correlated with tile 
increased rate of hydrolysis at higher temperature. On the contrary, 
a diffuse and broad XRD profile of the pillared clays has been ob- 
served when subjected to an aging m the absence of ultt-asonica- 
tion [Toranzo et al., 1998] at lower pH conditiotl However, a well- 
defined d001 reflection was observed in tile present studies. Tiros, 
the unique feature of ulb-asonication when coupled with post aging 
is the uniibnu distribution of polyhydroxy cations with tw, her de- 
gree of polymerization. 

Even though all the above parameters were found to coil~a-ibute 
significarNy in governing the textural and compositional character- 
istics of the product, it is believed that all of them seem to have a 
substantial interplay between them. 

The dmlensions of Zr telramer reported [Cool et al., 1998] are 
0.89 iml m width and lengti1 and 0.58 nm in thickness. The possi- 
bility of condensation of telramers is by two ways, either length/ 
breadth wise or thicknesswise. Taking into account the 0.96 nm 
thictaless of silicate layer ofmormlofillonite, the hlterlayer free space 
of Zr-pillared clays (ZrPj, ZrP,, ZrPb) with 1.6 and 1.7 nm basal 
spacings were estimated to a value of 0.64 and 0.74 rim, respec- 
tively. The increase in interlayer space by 0.69t0.05 tea can be con- 
sidered justifiable due to fixation of a single Zr teb-amer lying flat. 
The interlayer free space of Zr-pillared clay (ZrP~) with 2.0 rml basal 
spacing was estimated to be a vakle of 1.04 nm. The increase in 
interlayer space by 1.04 rim can be considered as a close agreement 
with the fLxation of either double layer flat lying Zr tett-amers or a 
single layer of Zr telramer standitg normal to the silicate layca: How- 
ever, the influence of preparation parametcas such as aging after the 
ultrasonication and higher pH condition are believed to be opera- 
tive in fixation of double layer flat lying Zr tetramers m ZrP~. 

ZrP~ sample was selected as a representative sample for further 
characterization by TG/DTA, FrIR speclra of adsorbed pyridme 
and XPS studies. 
2. Thermal Behaviour by TG/DTA 

The themlal analysis results of ZrP~ and clay are presented in 
Fig. 2A and 2B, respectively. The DTA and TG curves of ZrP~ have 
revealed the three stages of weight loss due to dehydi'ation-dehy- 
droxylation process es. 

(1) Room temperat~'e - 531 K: A weight loss of 17.23% was ob- 
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Fig. 2. Thermograms of (A) ZrP~ and (B) clay. 

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 strface. The DTA profile has 
exhibited a broad eiMotheml, the minima of which was fotad to 
appear at 390 K. VVtlen 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-zirconkan cations and dehydroxy- 
lation of hydroxy-zirconium. Fig. 2B illus~-ates that no weight loss 
has occun-ed up to 819 K in clay sample as there is no conaibution 
clue to hydi-oxy-zirconium cations. 

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

The infi~ed spectra of pyridine adsorbed on the clay and pil- 
lmed 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 speclmm of the clay has exhibited a very weak be_nd at 
~1,550 ca'n -~ characteristic of pyridmitma ion due to Bronsted acid 
sites arising from hydration spheres of cations and hydroxyl groups 
at the edges [Lambert et al., 1997]. The bond at ~-1,550 cm -1 in the 
spectaa~aa of ZrP~ is strong even after degassing at 673 K. This in- 
dicates sla'otlg acidic character of the Bronsted acid sites in the pil- 
lared clay. These may arise fi'om 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, iota exchanged Zr polyhydroxy-cation is converted to hy- 
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Fig. 3. FFIR speclra of pyridine adsorbed on (A) clay and (B) ZrP~ 
heated at different temperatures: (1) 373 K, (2) 473 K, (3) 
573 K and (4) 673 K. 

dt-ated ZrQ pillars [Farfan-Totres et al., 1992] and hydroxyl groups 
attached to AFMg are formed [Cool et al., 1998]. However, accoM- 
ing to Cool et al. [Cool et al., 1998] alt~ninol and magnesol groups 
do not possess strong Bronsted acid dlaracter. Therefore, it may be 
inferred that the s~-ong Bronsted aci~ty observed may be associ- 
ated with the hydroxyl groups in hydi~ated zirconia. The 1,450 c m  ~ 
band due to py~idine co-ordinately bound to Lewis acid sites [Mor- 
terra et al., 1990] of the clay is very weak. This may arise due to 
terminal A1 ioils in the clay. This band in the pillared clay is very 
strong indicating the presence of Lewis acid sites due to zirconia 
pillaps. However, the effect of temperature on the intensity of this 
band is quite pronounced, suggesting the weaker nature of the Lewis 
acid sites when compared to the Bronsted acid sites. 
3. Environment of Zirconium by XPS Studies 

Fig. 4 depicts the XPS spectra of O~, and Zr~d levels in Z102 (cur- 
yes A, A', respectively) and Zr-pillared clay sample, ZrPc (craves 
B, B', respectively) The binding energy values of these levels were 
found useful to obtain the inibnnation on the environment of zir- 
coninm in ZrP~. As evident from Fig. 4A, Z r Q  has exhibited a sin- 
gle symmeliic peak of O~, at 530.3 eV The deconvoluted spectra 
of Ol~ level of ZrP~ (Fig. 4t3) show two dismact peaks. A main peak 
which has appeared at 532.8 eV can be attributed [Borade et al., 
1YX)] to silicate lattice oxygen. Another peak appeared at 529.7 eV 
in ZrP~ which may not be associated with the extra lattice oxidic 
zirconium species alone. The X~S spectra of Zr3d level of both the 
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Fig. 4. XPS spectra of O~s levels of (A) ZrO2, (B) ZrP~ and of Zr3d 
levels of (A') ZrO2, (B') ZrP~ samples. 

samples have shown a similar pattern except the difference of 0.8 
eV in the B.E. of Zr3a levels in ZrP~ as compared to ZrQ. Tim in- 
dicates that the environment of zirconitun in ZrP~ ks not exactly the 
sane as the environment of zirconiunl in ZrO2. The binding energy 
(183 eV) of Zr~ 2 level in ZrP~ was found in close agreement with 
B.E. (182.7 eV) of Zr attached to -OH groups [~:agner et al., 1978]. 
Therefore, it can be concluded that the surface of ZrP~ is enriched 
in hydroxy zircoifium species. The thermal analysis data and results 

on pyridine adsorbed FYIR also partly support the findings in rela, 
tionto presence of -OH groups attached to Zr. 
4. Selective Oxidation of Phenol 

Selective oxidation efficiency of Zr-pillared clays obtained by 
employing ullrasonication was evaluated in hy&oxylation of phe- 
nol reaction that is one of the commercially h-nportmlt reactions. 
The better catalytic performance by introducing Zr in the pillar con- 
figuration in the clay may prove a potential catalyst as far as cost 
effectiveness and healthy envirotmlental protection are concerned. 
The Zr-pillared clay samples, ZrO2 prepared by using u.s. tech- 
ifique and clay samples were tested for hy&~axylation of phenol reac- 
tion. The results obtained az'e suImnmzed in Table 2. It is clearly 
evide~lt fi'c~n the tabulated data that introducing Zr in the pillar con- 
figul-ation in the clay ei~ances not only phenol conversion, H202 
selectivity but also the conlribution of catechol in the product. The 
original clay and pure ZrO2 prepared by using u.s. tecNfique fol- 
lowed by calcination at the same temperature as the Zr-pillared 
clays, have exhibited very poor catalytic activity. These results in- 
dicated the demand of large space, which forms one of the basic 
necessities for phenol hydroxylation reactiort In addition, the in- 
creased acidic character in the Zr-pillmed clays was found to favor 
the phenol hydroxylation process. Furthermore, both the zirconia 
content and specific BET surface area have found a remarkable in- 
fluence on the yield (conversion X fi-action in product) of catechol. 
ZrP, sample has not only shown highest catechol yield but also 
higher phenol conversion and H202 selectivity in the present stud- 
ies. It is surprising to note that, the turnover ntrnber in all the Zr- 
pillared clays was fou~ad nearly constant, suggesting the identical 
active site density Thus, it seems that the increase in the ~conkrn  
content alone does not necessarily increase the active sites of re- 
quired strength in a given surface area and hence may perform dif- 
ferently under identical set of experimental conditions. Moreover, 
the initiation of phenol hyckoxylation reaction has been reported 
[Gemlin et al., 1996] as a result of an electrophilic aromatic sub- 
stitution catalysed by the acid function of  the catalyst. 

ZrP, sample has shown higher catechol yield, phenol conver- 

Table 2. Hydroxylation of phenoUover clay and zirconia-pillared clays 

%ZrO2 Phenol conversion ~ H202 selectivity ~ % Product distribution 
No. Catalyst TON* 

incorporated wt% mole % CAT ~ HQ PBQ f 

1. ZrP~ 19.57 10.0 45.2 40.3 49.1 47.1 3.8 

2. ZrP~ 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. ZrO~ 100.00 0.0 0.1 0.2 0.0 100.0 0.0 
7. Clay - 1.0 1.6 15.3 84.8 

~Reaction conditions: Catalyst=0.1 g; phenol/H202 (mole)=3.0; H202=30% aqueous solution; Temp. =353 K; Solvent=water (10 g); Reac- 
tion time = 12 h 
*Turn over number = moles of phenol converted per mole of Zr atom 
bPhenol converted for fonnaation of dihydroxy benzenes (DHB) and quinones (HQ) 

H202 (moles) consumed in formation of DHB and quinones • 100 
CH202 Selectivity Total H202 (moles) added 

~Catechol 
Zp-benzoquinone 
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sion and also U202 selectivity as coml:ared to ZrP~. As discussed 
earlier, if it is assumed that there exists an arrangement of fiNng a 
single and double flat lying Zr tewan)ers into the interlayer space in 
ZrP~ and ZrP~ respectively, it is logical to conclude that flat lying 
single Zr tetramer in between silicate layers enhances catechol yield, 
phenol conversion and H202 selectivity as well. Studies on zirco- 
mum contmning mesoporons 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. Simila'ly, isc~lolphous sub- 
stitution of Si 4§ by Zr 4§ in pentasil framework has been reported 
[Dongare et al., 1991] to be active for hydroxylatic~l of a'omatics, 
whereas total inactivity has been extfibited by pure ZrO~ under the 
same set of experilnental conditions. Thus, it can be believed that 
Zr=pillared clay prepared by using ultrasc~fic tect~fique with no ag- 
ing may be operative in the raifonn dispersion of flat lying single 
Zr t~-amer in between silicate layers at high pH and high concen- 
tration of pillm-mg agent conditions. The controlled calcination of 
such clays resulting in acidic sites with a sb-ength requh-ed for hy- 
&oxylation of phenol may prove a potential catalyst. 

C ONCLUSION 

Zr-PILC with uniform large interlayer basal spacings (1.6-2.0 
nm) was successfully prepared with reduced preparation tmle by 
ultrasomcation. The ulb-asonic techifique was found to provide a 
novel route to overcoming the drawback of the conventional ion 
exchange method as far as successful pillaling to maximum extent 
leaving no possibility for the presence of nonpillared portion in the 
product is concerned. The opfilman pH of the pillm-ixg agent for 
successfifl pillm-hg was found to be in range of 2.0-2.8. The in- 
crease in BET srrface area and zirconia content is favored at higher 
pH irrespective of aging after us. tre~nent. However, without being 
subjected to aging after u.s., the change m the concentration of pil- 
laling agent solution has not shown a considerable change m the 
d001 spacing in spite of yielding increased zirconia content and BET 
strface area Zircoifia pillars were found to introduce both the Bron- 
sted and Lewis acid sites in Zr-pillared clays. However, the strength 
of  fonner is found to be higher than that of the latter. Hydroxyl 
groups attached to Zr form the basis of e~qnced Brorrsted 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 H202. Iiigher Zr content and fiat lying 
single Zr tetran~er in between silicate layers e ~ l c e s  catechol yield, 
phenol conversion and H202 selectivity as well due to better utiliza- 
tion of H2Q and higher conversion level. Thus Zr-PILC may prove 
a potential candidate catalyzing oxidation of phenol fi-om the view- 
point of cost effectiveness and healthy environmental protection. 
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