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Abstract 

Activity and selectivity of titanium pillared clay (Ti-PILC) are higher than those obtained with a zeolite (Y-82) in dehydration 
of 1-phenylethanol. Under hydrogen, 48% conversion and 98.4% selectivity are obtained on Ti-PILC as compared with 30% 
conversion and 81.4% selectivity on Y-82 zeolite in the same conditions. Physico-chemical characterizations (adsorption of 
nitrogen and TPD of ammonia) suggests that these results may be explained by a better accessibility of the strong acid sites of 
the Ti-PILC. 
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1. Introduction 

Pillared clays derived from smectites interlay- 
ered with inorganic polymeric cation represent a 
relatively new class of porous materials [ 1-3]. 
These solids behave as sieves for molecules with 
a shape selectivity comparable to that of the zeo- 
lites. The main difference resides in their bidi- 
mensional character. These materials can possibly 
replace zeolite-containing catalysts for certain 
reactions. 

Titanium pillared clays have been investigated 
for several years and interesting textural and acid- 
ities properties have been reported [4-11 ] from 
polymeric titanium hydroxides of different origin. 
The properties of TiOz as catalyst were a principal 
incentive to study the titanium pillared clays. 
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In the least years, catalytic studies on pillared 
clays have motivated the possible use of these 
materials as catalysts. Pillared clays have been 
practically applied as catalysts for cracking, olig- 
omerization, alkylation, disproportionation, etc. 
In recent works, the catalytic behaviour in the 
transformation of m-xylene [ 12], the dispropor- 
tionation of alkylsilanes [ 13 ], the disproportion- 
ation of toluene [ 14 ], the 
dehydrocyclodimerization of propane [ 15 ] and 
the propene alkylation of biphenyl [ 16 ] over pil- 
lared clays and zeolites was taking into account. 
The relative amount and strength of the acid sites 
and the geometrical limitations to explain the 
results obtained have been proposed. 

It has been shown [ 17] that in the dehydration 
of alcohols to olefins and ethers over zeolite, both 
reaction rate, and selectivity are strongly influ- 
enced by the pore geometry. In order to shed light 
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on the accessibility and the catalytic properties of 
the strong acid sites of the titanium pillared clay, 
the dehydration of 1-phenylethanol over a tita- 
nium pillared clay and a zeolite has been 
compared. 

2. Experimental 

The starting material used in this work was 
montmorillonite (Kunipia F), kindly supplied by 
Kunimine Co,. This commercial product is avail- 
able in the sodium-exchanged form with a particle 
size less than 2/xm. This Na-montmorillonite was 
dispersed in water and aged for at least 2 months. 
Finally, the suspension was then washed by dial- 
ysis and the solid content of the dialyzed clay 
dispersion was 10 g 1-1. 

The preparation of the intercalating solution of 
titanium involved the slow addition of titanium 
tetraethoxide to a 5 M HC1 solution under stirring 
vigorously, so that the H/Ti mole ratio was equal 
to 2 [ 18]. This solution was used for intercalation 
without prior aging. The titanium solution was 
added to the aqueous montmorillonite suspension 
(pH = 1.4) at a ratio of 10 mmol Ti/g of clay. The 
solid was kept in contact with the solution at room 
temperature for 3 h, washed by centrifugation, 
dried at 398 K and then calcined at 623 K for 48 
h. 

The zeolite studied to compare his properties 
with the pillared clay was supplied by Union Car- 
bide (Y-82, SiO2/A1203 = 5.9). 

The basal spacing of the Ti-PILC was measured 
by X-ray diffraction (XRD) on a thin layer of the 
clay deposited on glass slides using a D-5000 
Kristalloflex Siemens diffractometer with Ni-fil- 
tered Cu-K~ radiation. 

Nitrogen adsorption experiments were per- 
formed at 77 K using a static volumetric apparatus 
(Micromeritics ASAP 2000M adsorption ana- 
lyzer). The samples were previously degassed at 
393 K for 24 h. Specific total surface areas were 
calculated as the sum of the specific micropore 
surface areas obtained by the Dubinin-Radush- 
kevich method and the specific external surface 

areas obtained by the as-method [ 19] (montmo- 
rillonite and Ti-PILC) and t-method (Y-82). The 
specific total pore volumes were estimated from 
the nitrogen uptake at P / P o  = 0.99. 

Temperature-programmed ammonia desorp- 
tion (TPD) experiments were performed to char- 
acterize the acidic properties of catalysts. In each 
TPD experiments, a sample weighing about 0.1 g 
(200 < d o < 350/zm) was placed in the cell, which 
was evacuated at 673 K for 150 min and then 
cooled to 373 K. Ammonia gas at 65 Torr (1 
Torr= 133.3 N m -2) was adsorbed at 373 K for 
15 min. The sample was kept in the stream state 
flow, prior to heating at a rate of 4 K rain- 1 to 973 
K. As H20, which was produced from dehydrox- 
ylation, was desorbed simultaneously after heat- 
ing at 673 K with NH3, the ammonia TPD 
spectrum was compared with the spectrum 
obtained with the same catalyst which had not 
adsorbed NH3. In all cases, the molecules 
desorbed were detected by a thermal conductivity 
detector (Intersmat IGC 120ML) and the NH3 
was determined by the Kjeldhal method. 

The catalyst was calcined at 673 K for 12 h, 
then cooled in a desiccator under vacuum. Before 
introduction of 1-phenylethanol, the reactor con- 
taining a suspension of the catalyst (0.1 g) in 
cyclohexane ( 135 ml) was purged with a flow of 
hydrogen followed by a pretreatment at room tem- 
perature for 1 h with stirring under a hydrogen 
pressure of 0.9 MPa. Temperature was then raised 
to 353 K and 1-phenylethanol (42 mmol) was 
introduced as the reaction proceeded, samples 
were with drawn from the reaction mixture and 
analyzed by gas liquid chromatography. For the 
GLC a packed column (4 m ×  1/8 in) with OV 
210 10% +XE 60 5% on chromosorb WHP 80/ 
100 was used with nitrogen as carrier gas at a flow 
of 20 ml min- 1. The temperature conditions were 
as follows: isothermal at 378 K during 20 min, 
heating up to 453 K at a rate of 10 K min-1. 
Dodecane was used as internal standard. Authen- 
tic samples of 3-oxa-2,4-diphenylpentane and 3- 
oxa-2-phenylpentane were prepared according to 
the procedure described by Kim [20], they have 
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Table 1 
Specific surface areas, specific pore volumes and basal spacings [d(001 ) ] for the samples indicated 

187 

Sample A~, o ~ t V~,p b.~ A~xt a2 VpTo~at b.2 A'ro~,l ,.3 d( 001 ) 
(m2g -1 ) ( m l g  J) (m2g -~) ( m l g  - I  ) (m2g - I  ) (A) 

Na-montmorillonite 23 0.008 6 0.040 29 12.0 
Ti-PILC 313 0.160 45 0.242 358 22.2 
Y-82 591 0.186 61 0.323 652 - 

Specific surface areas: a~ specific surface areas; a2 specific external surface areas; ~.3 specific total surface areas. 
b Specific pore volumes: b.i specific micropore volumes; b: specific total pore volumes. 
c Basal spacings. 

Table 2 
Amounts of ammonia desorbed from 373 to 673 K and from 673 to 
973 K for the samples indicated 

Sample /-*mOlNm g -  ~ /zmOINH 3 m-2  

373-673 673- Total 373- 673- Total 
K 973K 673K 973K 

Na-montmoriUonite 52 ~ 1.82 a 
Ti-PILC 527 190 717 1.47 0.53 2 
Y-82 1464 303 1767 2.48 0.51 3 

"Not measured. 

been used for the quantitative measurements of 
the reaction products. 
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3. Results 

Table 1 presents the specific surface areas (A), 
specific pore volumes (V) and basal spacings 
[d(001)] of the samples studied. The standard 
adsorption isotherm of nitrogen on Na-montmo- 
rillonite calcined at 1073 K was used as reference. 

Table 2 presents the amounts of NH3 desorbed 
between two temperature ranges: 373-673 K and 
673-973 K. The total amount desorbed is also 
presented. It can be seen, the high acidity that 
presents the zeolite as if one compares with Ti- 
PILC and Na-montmorillonite. This difference is 
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Fig. 1. Ammonia TPD experiments of  Ti-PILC and Y-82. (a) Temperatures from 373 to 673 K and (b) temperatures from 673 to 973 K. In 
(b) the open symbols correspond to the ammonia TPD experiments for the samples and the solid symbols correspond to the blank experiments. 
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Fig. 2. Reaction scheme. 
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Table 3 
Yield (%) of B, C, D and E as a function of the conversion of A 
(%) over PILC 

Time A B C D E ( B + C ) / ( D + E )  

(h) 

0.5 10.1 9.9 0 0.20 0 50 
1 17.8 17.5 - 0.30 0.01 56 
2 23.5 23.0 - 0.44 0.02 50 
4 40.3 39.6 - 0.66 0.05 56 
5 47.9 47.1 - 0.71 0.06 61 
6 53.6 52.7 - 0.86 0.08 56 
8 67.2 66.0 - 1.08 0.12 55 

Fig. 1 shows the results of the NH3 TPD exper- 
iments for Ti-PILC and Y-82. Included in the fig- 
ures (b) are curves for blank samples in the 
absence of adsorbed ammonia. This behaviour of 
the blank samples has been attributed to volatile 
products resulting from structural rearrangement 
[21]. 

Fig. 2 shows the most likely overall reaction 
scheme that is proposed. 

Table 3 and Table 4 show the evolution of the 
reaction products with the time. 

Table 4 
Yield (%) of B, C, D and E as a function of the conversion of A 
(%) over Y zeolite 

Time A B C D E ( B + C ) / ( D + E )  
(h) 

1 12.9 10.7 1.36 0.83 0.04 14 
2 18.0 15.2 1.84 0.94 0,07 17 
4 23.9 19.3 3.10 1.37 0,18 14 
5 29.7 24.2 3.64 1.65 0.21 15 
6 35.9 29.9 3.92 1.80 0.25 17 
7 39.7 33.4 4.13 1.79 "0.30 18 
9 45.9 38.9 4.60 1.99 0.38 18 

22.3 70.1 59.1 6.56 3.19 1.28 15 
25 72.4 60.7 6.86 3.33 1.52 14 
28 76.2 64.0 7.06 3.41 1.76 14 
30.5 80.2 67.7 7.33 3.33 1.83 15 

smaller if one compares the ammonia desorbed as 
/xmol m -2. In the 673-973 K range, the ammonia 
amounts desorbed as/zmol m-2 are almost iden- 
tical in Ti-PILC and in Y-82, therefore the den- 
sities of strong acid sites expressed by square 
metre are very similar in both samples. 

4. Discussion 

4.1. Physico-chemical characterization 

In a previous work [22], the analysis and com- 
parison of the microporosity between Ti-PILC and 
Y-82 has been presented. In this work, it has been 
observed that the microporosity of these samples 
is important and makes a difference. These differ- 
ences can be observed in Table 1. Nevertheless, 
the adsorption isotherms at low pressures indi- 
cated that the microporosity of the samples is very 
different. Two micropore sizes for Ti-PILC and 
one micropore size for Y-82 were observed. How- 
ever, also differences between the micropore sizes 
have been observed. The zeolite presents a smaller 
micropore size than the pillared clay. 

Both samples present differences in the TPD of 
ammonia. The spectra obtained over the temper- 
ature range 373-673 K indicate a very wide 
desorption band for Ti-PILC, suggesting a wide 
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distribution of the strength of the acidic sites. A 
difference in intensity can also be observed. Quan- 
tification of the ammonia desorbed over the tem- 
perature range 373-673 K reveals that the amount 
of NH3 chemically bound to Y-82 is approxi- 
mately three times that for Ti-PILC (Table 2). 
This result indicates the presence of a substantially 
larger number of acid sites for Y-82. Small dif- 
ferences between the samples and the blank can 
be observed in the spectra obtained at the temper- 
ature range 673-973 K. This behaviour indicates 
a significant presence of the volatile products for 
Y-82 [21]. 

4.2. Dehydration of l-phenylethanol 

The dehydration of 1-phenylethanol (A) was 
performed over Ti-PILC and over Y-82 zeolite 
under the same conditions i.e. in a stirred batch 
reactor at 353 K under 0.9 MPa of hydrogen. The 
products found (Fig. 2) were 3-oxa-2,4-diphen- 
ylpentane (B),  3-oxa-2-phenylpentane (C) ,  sty- 
rene (D) and ethylbenzene (E).  No detectable 
amounts of unidentified products were detected in 
the reaction mixtures. As expected B was obtained 
in equal amounts of the meso form and of the 
racemate, but the diastereoisomers are not differ- 
entiated in the yield of B (Tables 1 and 2). 

One can see that the dehydration of l-pheny- 
lethanol to styrene is low over Ti-PILC and that 
3-oxa-2-phenylpentane is not observed over this 
catalyst, therefore the selectivity in B with Ti- 
PILC is higher than that obtained with Y-82 zeo- 
lite. Thus 48% conversion and 98.4% selectivity 
are obtained on clay for a reaction time of five 
hours as compared with 30% conversion and 
81.4% selectivity in exactly the same conditions. 
From these results it appears also that Ti-PILC 
presents a higher activity in the dehydration of 1- 
phenylethanol than Y-82 zeolite. 

In our opinion, 3-oxa-2-phenylpentane results 
form the hydrodealkylation of 3-oxa-2,4-diphen- 
ylpentane, however benzene which should be 
obtained, cannot be observed since the reactions 
were carried out in cyclohexane. One can see that 
this compound (C) was not observed over Ti- 

PILC. The ratio (B + C) / (D + E) remained con- 
stant over both catalysts for extents of the 
dehydration going from 10% up to 80%, therefore 
the formation of B and D are two competitive 
parallel reactions, and according to the catalyst 
these two compounds can react further affording 
C and E, respectively. 

These ratios are representative of the relative 
rates of etherification and olefin production, thus 
the ether selectivity is three times higher over Ti- 
PILC than over Y-82 zeolite. Assuming that ether- 
ification proceeds by an Eley-Rideal mechanism, 
this reaction would be favored in the catalyst with 
the largest pore system. This assumption is borne 
out experimentally, since Ti-PILC which presents 
a larger micropore size than the zeolite [22] dis- 
plays the highest ether selectivity. Thus B can 
readily form and pass out of the cavities of Ti- 
PILC whereas it has difficulty forming and leaving 
the pores of Y-82 zeolite. 

5. Conclusions 

The results obtained in this work indicate that 
the dehydration of 1-phenylethanol is affected by 
the structure of the microporous solids. The activ- 
ity and selectivity of a titanium pillared clay are 
higher than those obtained with a zeolite, in the 
same conditions. The zeolite shows a substantially 
larger number of acid sites than the titanium pil- 
lared clay, but the pillared clay shows a better 
accessibility of its acid sites. 
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