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Zr-Containing pillared interlayer clays have been prepared by reaction of zirconyl chloride 
solutions with washed montmorillonite clays. The catalytic properties have been determined for 
the conversion of methanol into hydrocarbons in a flow microreactor at atmospheric pressure. The 
results show that the selectivity of the various samples is essentially independent of the method 
preparation. The major products are CT-C4 olefins, which are formed with a selectivity of about 
65%. The activity, however, is critically dependent on the method of preparation. It is found that 
the activity decreases rapidly as the surface area of the samples is increased. Possible reasons for 
this unusual effect are discussed. 0 1986 Academic Press. Inc. 

INTRODUCTION 

Zeolites represent one of the most versa- 
tile and important classes of catalytic mate- 
rial. They are highly acidic and can catal- 
yse, for example, dehydration reactions. 
They can also influence the selectivity of a 
catalytic process because of the physical 
constraints imposed by the dimensions of 
the zeolite channels. One of the best known 
recent applications of zeolites is the use of 
ZSM-5 to convert methanol into gasoline or 
lower olefins (I, 2). Inorganic hydroxy 
compounds of Al (3-13) and Zr (4, 5, 13, 
14) have been used to prepare zeolite-type 
materials from layer clay structures. In Part 
I (15) we have described the preparation of 
Zr-containing pillared interlayer clays (Zr- 
PILC) and have shown how the structure 
and physical properties of the PILC are af- 
fected by the method of preparation. These 
PILC materials are also acidic and contain 
narrow channels between the clay layers. 
Kikuchi et al. (13) have demonstrated for a 
single Zr-containing PILC that quite high 
activity and selectivity for the conversion 
of methanol into &-Cd olefins is possible. 

The objective of the work described in 
the present paper was to extend the earlier 
work and to investigate the interrelation- 

I To whom correspondence should be addressed. 

ship between the structural and physical 
properties of Zr-PILC and their catalytic 
properties for the conversion of methanol 
into hydrocarbons. 

EXPERIMENTAL METHODS 

1. Preparation of PZLC. Full details of 
the different methods of preparation used 
have been given in Part I (15), together with 
details of the measurement of surface ar- 
eas, and Zr analysis. XRD patterns showed 
that PILC prepared from washed clay were 
more homogeneous than those prepared 
from the as-received clay. Consequently, 
catalytic experiments have been performed 
only on samples prepared from washed 
clay. Table 1 gives details of the methods of 
preparation used, of the surface areas ob- 
tained, and of the Zr contents of the sam- 
ples used in the catalytic work. 

2. Cutulytic measurements. The activity 
and selectivity of the catalysts was deter- 
mined for the conversion of methanol into 
hydrocarbons under continuous flow condi- 
tions in an atmospheric pressure, all-glass 
microreactor. The samples were calcined 
for 16 h at 673 K and a portion (0.200 g) 
loaded into the glass reactor which was 
coupled through ball and socket joints to a 
stainless-steel gas manifold. Pretreatment 
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TABLE 1 

Details of Preparation, Surface Area, and Zr Content of PILC 

Sample State of Zr Ageing Ageing Surface areab Zr 
solution” temperature time Cm* g-9 (wt%) 

W (h) 

w2 U 290 1 153 8.6 
w3 U 340 1 254 13.6 
W4R R 290 1 214 13.2 
WS U 290 24 176 9.2 
W6 u/o.05 290 1 153 8.5 
w7 U 273 1 132 6.8 
WF8’ u 290 1 148 8.1 

D U indicates unrefluxed 0.1 A4 zirconyl chloride solution R indicates 
0.1 M zirconyl chloride solution refluxed for 24 h U/O.05 indicates 
unrefluxed 0.05 M zirconyl chloride solution. 

b After heating in air for 16 h at 673 K. 
c F indicates that only a fine fraction of the clay was used. 

involved heating in NZ at 673 K for 2 h at a 
gasflowof6dm3g-l h-l. 

Methanol (0.8 cm3 h-l) was injected from 
a motor-driven syringe into a stream of N2 (6 
dm3 g-l h-r) and the mixture passed 
through the catalyst which was heated by a 
small electric furnace. Products were ana- 
lysed by gas chromatography, the separa- 
tion being achieved by using a composite 
column of Poropak P (2 m) + Poropak Q (3 
m), operated at 373 K for 9 min, then pro- 
grammed to 433 K at 6 K min-r. The signal 
from the FID detector of the GC was inte- 
grated electronically. Product distributions 
are given as weight percentage, and the ac- 
tivity is given as the wt% methanol con- 
verted into products, either total products 
(including dimethyl ether, Cr) or into hy- 
drocarbon products (Cu). 

RESULTS 

The conversion of methanol into hydro- 
carbons involves two distinct stages. Dehy- 
dration occurs first with the formation of 
dimethyl ether, and this reaction proceeds 
even on the external surfaces of the clay. 
The dimethyl ether is then further dehy- 
drated to give hydrocarbon products. This 
reaction only proceeds on acidic sites situ- 
ated between the layers of the clay struc- 

ture. Formation of PILC opens up the inter- 
layer region and makes acidic sites 
accessible to the dimethyl ether. 

With our PILC there is a decline in activ- 
ity initially but in most cases the activity 
changes only slowly after about 3 h on 
stream. We have chosen the activity after 3 
h on stream as being representative of the 
activity of a particular sample. The opti- 
mum temperature for the formation of Cz- 
Ch olefins was found to lie in the range 623- 
673 K. To facilitate comparison with the 
results reported by Kikuchi et al. (23) we 
have chosen 623 K as a standard test tem- 
perature. 

Influence of Method of Preparation on the 
Activity and Selectivity 

Kikuchi et al. (13) prepared and reported 
data for a single Zr-PILC. Table 2 shows 
our results for seven different preparations. 
The activity for the conversion to hydrocar- 
bons ranges over 2 orders of magnitude. 
The highest activity is observed for samples 
(W2, W7) prepared using unrefluxed Zr 
chloride solutions and aged for 1 h at low 
temperatures. The lowest activity is found 
with samples (W3, W4R) where the ageing 
temperature is raised, or the Zr chloride so- 
lution is refluxed prior to addition of the 
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TABLE 2 

Influence of Method of Preparation on the Activity 
and Selectivity of Various PILC’ 

Sample W2 W3 W4R W5 W6 W7 WFS 

Cl 2.18 77.8 15.3 4.86 3.66 2.84 2.54 
c2= 15.4 22.2 18.7 21.5 20.8 17.4 17.1 
c2 0.28 ndb nd nd nd 0.55 0.36 
c3= 22.5 nd 30.1 32.2 31.5 23.5 23.8 
c3 0.16 nd nd nd 0.39 0.41 0.34 
c4= 27.0 nd 29.7 19.0 16.8 20.9 20.7 
c4 14.9 nd 6.26 12.4 16.6 14.6 14.3 

c5+ 17.6 nd nd 10.1 10.3 19.8 20.9 

CT 69.7 77.2 75.4 98.7 77.9 41.6 39.1 

CH 13.2 0.15 0.81 2.54 5.88 14.4 8.46 

SZ-4 64.9 22.2 78.5 72.6 69.1 61.8 61.6 

n Conditions were: heated for 2 h in Nz at 673 K, tested at 623 K, and 
data taken after 3 h on stream 

b None detected. 

clay. Intermediate behaviour is exhibited 
by samples in which the ageing time is in- 
creased (W5) or when the concentration of 
Zr chloride is reduced (W6). 

These activity data fit a consistent pat- 
tern. The samples prepared from solutions 
in which the minimum amount of polymeri- 
sation of the Zr tetramers has occurred 
have by far the highest activity. 

The selectivity data shown in Table 2 for 
the more active catalysts indicate that there 
is only a minor influence of the method of 
preparation. For these catalysts the selec- 
tivity to C2-C4 olefins is close to 65% al- 
though the proportions of Cz, C3, and C4 
olefins do vary somewhat. 

Effect of Water Vapour on Activity and 
Product Distribution 

Water is produced in the methanol reac- 
tion. It is known (26) that in the case of 
zeolite catalysts the selectivity for the for- 
mation of olefins may be affected by the 
partial pressure of water vapour. Figure 1 
shows the effect of adding water (30% v/v) 
to the methanol feed. The activity for the 
formation of hydrocarbons drops by about 
40% when water is added. Replacement of 
the water/methanol mixture with pure 
methanol results in the recovery of most of 
the original activity. These changes in ac- 

tivity are repeated when the feedstock is 
alternated between dry and wet methanol. 

The selectivity for the formation of CZ, 
C3, and Cq olefins follows the changes in 
activity. When water is added the selectiv- 
ity for the formation of CZ and Cj olefins is 
increased at the expense of C4 olefins. This 
trend towards the formation of shorter C-C 
chains is paralleled by the decrease in the % 
CS+ hydrocarbons produced, as is also 
shown in Fig. 1. In zeolites this increase in 
selectivity for the formation of light olefins 
has been attributed to a deactivation of the 
strongly acidic sites by water (17). These 
sites are believed (18) to be responsible for 
the further reaction of light olefins to pro- 
duce aromatics. The actual increase in light 
olefin selectivity observed in the present 
work with PILC is less than that observed 
with some zeolites (19). This probably re- 
flects the fact that the PILC already have 
lower acidities than zeolites so the capacity 
for improving the selectivity is limited. 

Effect of Surface Area on Catalytic 
Activity 

Figure 2 shows the variation in activity of 
our catalysts as a function of the apparent 
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FIG. 1. Effect of adding water to the methanol feed 
on the total activity CT (open circles), and the selectiv- 
ity to Cz, C3, or C4 olefins or to C5+ products. A indi- 
cates pure methanol feed; B indicates feed containing 
30% water. 
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FIG. 2. Variation in activity for the formation of 
hydrocarbons from methanol as a function of BET sur- 
face area of various PILC. 

surface area of the fresh sample after calci- 
nation at 673 K for 16 h. 

The activities decline very rapidly as the 
surface area is increased. The activity per 
unit area decreases by a factor of 200 when 
the surface area is increased from 140 to 
250 m2 g-l. 

DISCUSSION 

In their work on PILC Kikuchi et al. (13) 
reported that the activity for the conversion 
of methanol into olefins decreased as the 
interlayer spacing decreased. We have ob- 
served exactly the opposite trend. (The sur- 
face areas of our samples are closely re- 
lated to the interlayer spacing.) We believe 
that the discrepancy arises because Ki- 
kuchi et al. compared the activity of PILC 
prepared using different pillaring ions and 
assumed that the nature of the pillaring spe- 
cies was unimportant. In fact it is clear 
from their results that this is not correct. 
Thus the interlayer spacings for Cu, Zn, Si, 
and Cr PILC are, respectively, 0.54, 0.57, 
0.45, and 0.30 nm. The activity, however, 
decreases, in the order Si > Cr > Zn = Cu, 
with the last two materials being totally in- 
active. 

The inverse relationship observed in the 
present work between surface area and ac- 
tivity could be due either to changes in the 
acidity or the physical structure of the 
PILC as the method of preparation is 
varied. 

Differences in catalytic activity due to 

variations in acidity could arise for different 
reasons depending on whether the active 
site is situated on the inner clay layers, on 
the pillars themselves, or at the point of 
contact between the clay and the pillar. If 
the acidity is only due to the clay then a loss 
of activity could occur if sites are blocked 
or shielded by the pillaring species. On the 
other hand if the active acidic sites are as- 
sociated with the pillars changes in the stoi- 
chiometry of the pillars could affect the ac- 
tivity. The fact that for the different 
catalysts the product distribution hardly 
changes suggests that it is the number 
rather than the nature of the active sites 
which is varying. 

It is also possible that the physical di- 
mensions of the cavities in a PILC affect 
the activity. Whereas in a zeolite the reac- 
tant molecule in a cavity may be acted upon 
by the force field of several acidic sites si- 
multaneously, in a PILC most of the inter- 
nal surface will be either nonacidic or only 
weakly acidic. Consequently, if the cavity 
is much larger than the dimensions of a re- 
actant molecule the activity of an acidic site 
will be equivalent to that of a comparable 
site on the external surface of the clay. 
However, if the cavity is just large enough 
for the reactant molecule to diffuse in the 
activity could be greatly enhanced due to 
an increase in the number of successful 
molecule-active site collisions (20). 

In conclusion, our experiments have 
shown that the activity of Zr-PILC for the 
dehydration of methanol is dependent on 
the method of preparation. There is an in- 
verse relationship between the activity and 
the surface area of the PILC. At this stage it 
is not known whether this reflects differ- 
ences in the acidity or in the physical di- 
mensions of the materials. 
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