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Abstract

It has been shown that it is necessary to carefully control the reaction conditions when silanising a zeolite. It has previously
been shown that using vapour or liquid deposition procedures and static or flow systems influences the properties of the
silanised zeolite. Here it is shown that the deposition temperature and the number of silanisation/calcination cycles are of great
importance. By careful control of the number of cycles it is possible to systematically modify the diffusional properties of the
zeolite while at the same time inertising the external surface acidity. On the basis of the changes in adsorption properties of the
silanised zeolite, itis suggested that diffusional changes are more likely due to blockage of pore entrances, resulting in a greater
diffusion pathway, than due to a controlled narrowing of the pore openings. The amount of Si depositedmindicator of
the efficiency of the silanisation process. A reaction pathway for the silanisation process is proposed as well as the influence
of this procedure on the selectivity of the zeolite for a variety of reactions. © 2002 Elsevier Science B.V. All rights reserved.
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1. Introduction passivating or inertising external acid sites in order to
promote the shape selective reactions.

The structural characteristic of greatest interest for  Inertisation of external surface sites can be achieved
catalysis by zeolites is the channel system because ofby a number of techniques [1,2]. Silanes, disilanes,
the well-known shape selective properties of zeolites. etc. are inappropriate for this purpose since they enter
As it is well known, the size and dimensionality of the entire channel system of the zeolite and result in
these channel systems result in molecules being sub-an inertising of internal and external acid sites. The fo-
jected to different diffusional resistances thus control- cus of this paper is on the use of bulky alkoxy-silanes
ling ultimately the selectivity in catalytic reactions. Wwhich are able to silanise and consequently inertise
Because the external surface is fully accessible to all only the external acid sites [1,3—6]. This treatment
molecules, it promotes non-shape selective reactions.has a most important secondary effect of narrowing or
It is therefore of great interest to study the effects of blocking entrances to pores thus modifying the diffu-

sional properties of the zeolite and ultimately the shape
"+ Corresponding author. Teks 27-21-650-2701; selectivity of zeolites for catalytic reactions since the
fax: +27-21-650-3782. internal acid sites remain catalytically active. This
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chemical vapour deposition (CVD) methods. The sil- 1 deposition — : flushing and 600
icon source is usually a bulky alkoxy-silane complex \\ heating
such as tetramethoxysilane (TMOS) or tetraethoxysi-  os | \ /1%

lane (TEOS). TEOS with a kinetic diameter of about ~ \
|
f
/
/1
|

0.96 nm is particularly suitable [4] in that it minimises
the possibility of silanisation of the internal surface of
zeolites such as ZSM-5, mordenite and beta.

This paper presents results which show that, by con-
trolling the temperature and the number of silanisation
cycles in the silanisation process, the amount of ex-
ternal surface acidity can be reduced in a controlled |
manner, and the diffusional and sorption properties of R 20 60 80 00 120
the treated zeolite modified in a way in which the se- Run time /min
lectivity of certain catalytic reactions are significantly Fig. 1. Typical TEOS breakthrough curve during CVD of ZSM-5 at

changed. Propo;als_ are made on the reactions occursg:c showing deposition, flushing and heating parts of the cycle.
ring during the silanisation process.
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The catalytic activity of the external surface was de-
termined using the cracking of 1,3,5-triisopropyl ben-
zene (TiPB) as a probe reaction. TiPB has a kinetic

Modification of the external surface of zeolites was diameter of 0.85nm and is not expected to enter the
studied using the zeolites ZSM-5, mordenite and beta. channels of the zeolites. Disproportionation and aro-
Specific details on the modification procedures have matic alkylation reactions were used to investigate the
been described previously [5,6]. Crystal sizes gener- influence of silanisation on the shape selective prop-
ally varied from 0.5 to 2uam, but in some cases, the erties of the modified zeolites. These reactions were
size was almost 1am. The Si/Al ratios are shown carried out in fixed bed reactors and the reaction con-
in Table 1. Using TEOS as the silica-source, mod- ditions were chosen variously so as to ensure, as ap-
ification was carried out in two different ways, viz. propriate and desirable, differential operation, constant
in a static vacuum system and a vapour phase flow conversion, or indeed high conversion. Table 2 sum-
system. After the deposition step, the catalysts were marises the reaction conditions used for each reaction.
calcined in air. A typical deposition/calcination cycle Methods used to characterise the samples with
for a vapour phase flow system is shown in Fig. 1. respect to relative percentage of crystallinity, ex-
This shows the TEOS breakthrough curve during ternal and total acidity, and sorption capacity have
CVD at 50°C indicating the deposition, flushing and been described elsewhere [7]. Pyridine (Py) and
heating/calcination parts of the cycle. 4-methylquinoline (MQ) were used to probe total

2. Experimental

Table 1

Effect of various silanisation procedures on the Si/Al ratio, relative percentage of crystallinity and acidity of H-ZSM-5 using different
deposition procedures

Deposition Deposition Temperature Si/Al Crystallinity Py TPD MQ-TPD (relative
time (h) procedure (°C) (%) (mmol/g) percentage of MQ)
0 (ZSM-5) - - 34 100 0.46 100
60 Static vacuum 100 41 101 0.42 97
60 Static vacuum 200 37 99 0.41 55
60 Static vacuum 300 39 102 0.43 40
60 Static vacuum 400 36 105 0.43 35
8 Vapour flow 50 43 100 0.39 42

8 Vapour flow 400 42 94 0.41 20




C.T. O'Connor et al./Journal of Molecular Catalysis A: Chemical 181 (2002) 15-24

Table 2
Operating conditions used in the various reaction studies

Reaction Zeolite WHSV  Temperature Conver-
(b (°C) sion (%)
TDP? ZSM-5 2,4 450 2
TDP ZSM-5 1.8 550 9-2
TiPB° ZSM-5 0.6 270 2-70
TiPB ZSM-5 0.6 270 9-67
TiPB MOR 0.6 200 13-80
TiPB Beta 0.6 160 30-46
TiPB ZSM-5 0.1 270 2-80

aTDP: toluene disproportionation.
b TiPB: tri-isopropyl benzene cracking.

and external surface acidity, respectively, using tem-
perature programmed desorption (TPD) techniques.
MQ has a kinetic diameter a£0.73 nm which would
make it difficult to enter the pores of ZSM-5, but it is
possible that it could enter the channels of mordenite
(0.70nm x 0.65nm) and beta (@6 nm x 0.64 nm)
after long adsorption times (>24h). A shorter ad-
sorption time £3h), however, combined with the
slow diffusion rate of MQ into the channel structure,
resulted in MQ adsorption occurring mainly on the
external surface. Therefore, when relatively shorter
adsorption times~3h) were used, MQ-TPD spec-
tra provided important information on the relative
changes in the external surface acidity of mordenite
and beta after modification.

The capacities of the samples to adsorbexane,
p-ando-xylene were used to estimate the extent of pore
mouth narrowing and pore blocking. The compound
n-hexane was adsorbed at ®D andp- ando-xylene
were adsorbed at 15C. At these temperatures, the
partial pressures fon-hexane,p- and o-xylene are
60.4, 2.36 and 1.72 mbar, respectively.

3. Results and discussion

3.1. Characterisation of acidity and crystallinity

Initial studies of silanisation were carried out
at different temperatures in a static vacuum and a
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temperature, irrespective of the procedure. Table 1
shows these effects on the Si/Al ratio, crystallinity
(%), total (Py TPD) and external (4-MQ-TPD) acid-
ity of ZSM-5. It has previously been proposed that
silanisation has no effect on the overall acidity of the
zeolite, as determined by TPD using ammonia as the
probe molecule [1,9]. However, it is clear from the
results in Table 1 that, irrespective of silanisation pro-
cedure, even though the total acidity has decreased
only marginally, the external surface acidity has de-
creased significantly. The amount of Si deposited was
slightly greater when the flow system was used (even
after lower deposition times and temperatures) as
opposed to the static vacuum system. This has consid-
erable significance for the use of a cyclic procedure.
In the flow system, products of the silanisation reac-
tion are constantly removed from the system and this
seems to enhance silanisation, possibly by provid-
ing unhindered access to reactive sites for oncoming
TEOS molecules. In the cyclic system, this is further
enhanced by virtue of the calcination process which
results in the formation of new reactive sites as will
be discussed later. With respect to relative percentage
of crystallinity, there are indications of significant
decreases in the case of the flow system. It is possible
that in the case of the static system a form of epitaxial
growth occurs but that in the flow system amorphous
silica layers are preferred as a result of the absence
of products of reaction.

In Table 1, a sample was treated at 4Q0using the
vapour flow method for 8 h. Table 3 shows results at
the same silanisation temperature for a sample treated
for 6 cycles of 10h each. The Si/Al ratios for these
two samples are 42 and 41 respectively which are es-
sentially equivalent and total acidities were found to
be 0.41 mmol/g for both samples. The external acid-
ity of the first sample however is reduced by 80% and
that of the second by 100%. From this, it is deduced
that the cyclic method is more efficient in utilising
the TEOS to inertise external acid sites and that the
vapour flow method results in a build up of silica in a
non-uniform manner on selected sites.

vapour phase flow system. These systems have beerB.2. Effect of number of silanisation cycles on the

previously described [8]. Although, these different
procedures have different mechanisms of silanisation,

acidity and the sorption properties of zeolites

the results are internally consistent and demonstrate As indicated above, to date, there have been few

clearly, for example, the relative effect of deposition

reported detailed investigations into the effect of
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Table 3
Effect of cyclic versus single silanisation procedure on Si/Al ratio, total acidity (mmol Py/g), external surface acidity (relative measure of
4-MQ adsorption), percentage of crystallinity and adsorptiom-bExane ang-xylene of H-ZSM-5, mordenite and béta

Zeolite Si/Al Total acidity Relative external Crystallinity (%) Adsorption wt.% change
(mmol/g) acidity
n-Hexane p-Xylene

H-ZSM-5 (pure) 34 0.46 100 100 10.3 3
H-ZSM-5 (400/6 x 10)° 41 0.41 0 98 104 2.7
H-ZSM-5 (400/60f 36 0.43 35 105 10.2 3.0
Mordenite (pure) 10 1.03 100 100 5.7 1.7
Mordenite (400/6x 10) 11 0.94 0 95 2% 1.2
Mordenite (400/60) 12 1.03 1 95 5.5 1.2
Beta (pure) 18 0.72 100 100 111 3.2
Beta (400/6x 10) 22 0.67 3 95 10.0 25
Beta (400/60) 19 0.75 1 101 10.7 25

a Adsorption was still far removed from equilibrium after 3h.
b Implies silanization at 400C of 6 cycles of 10h each.
¢Implies silanization at 400C of 1 cycle of 60h.

using cyclical methods of silanisation, i.e. cycles of capacity indicates that this method favours the devel-
silanisation followed by calcination [4]. Fig. 1 shows opment of a more uniform silica coating, including the
a typical deposition—silanisation/calcination sequence narrowing and blockage of some pores, but that the
and Table 3 shows the effect of cyclic silanisation of three dimensional nature of the structure minimises
three different zeolites in a static vacuum system. It the effect of this on diffusion of molecules. In the case
compares the properties of the fresh zeolite with those of the one-dimensional mordenite, the pore blockage
of a sample silanised, firstly, in a single step of 60h, phenomenon associated with cyclic deposition is em-
and, secondly, in six sequential steps of 10 h each. In phasised by observing that the only major difference
the case of H-ZSM-5, the cyclic procedure leads to a between the two procedures is the significant decrease
greater deposition of silicon and at the same time to a in hexane adsorption capacity. It must however be
lower total acidity. In the cyclic process when freshly mentioned that in the case of cyclic deposition, the ad-
silanised zeolite is calcined, the reaction products are sorption was so slow that equilibrium was not reached
removed and new sites exposed for further silanisa- even after 3 h adsorption time. The three-dimensional
tion. This may lead to a more uniform silanisation and beta behaved similarly to H-ZSM-5. Interestingly, in
explain the greater deposition of silicon. At the same each case, after the cyclic process, at the stage when
time, there will be a greater possibility of silanisation there is a total loss of external acidity, the total acidity
blocking pores since the reaction will be occurring is about 90-93% of the initial amount. This equates
throughout the external surface and not only on se- approximately with the external fraction of the sur-
lected high energy sites. The lower relative percent- face area of the particles consistent with the loss of
age of crystallinity in the case of the cyclic process external surface acidity. In the single step process, the
compared to the single step process is indicative of a total acidity is very similar to that of the pure sample.
tendency to produce an amorphous silica coating in This is probably due to the Py not being able to access
the former case. In the case of the single step processsome internal acid sites. This again is consistent with
in which there is no change in adsorption capacity the cyclic process causing a more significant amount
for hexane op-xylene, and only 65% loss of external of pore mouth narrowing/blocking.

acidity, the main silanisation reactions do not seem As already indicated, a major objective of the
to be occurring at the pore entrances. On the other silanisation of zeolites is to inertise the external sur-
hand, the entire loss of external acidity in the case of face acidity and to modify the diffusional properties
the cyclic process with no change in hexane adsorp- of the zeolite in a controlled manner so as ulti-
tion capacity but a decrease paxylene adsorption  mately to modify the resistance to diffusion for the
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molecules of interest. In this way, the shape selective at each cycle. As the number of modification cycles
properties of the zeolites can be modified. Changes increases, it can be seen that the apparent TEOS

in diffusional resistance can occur either as a result
of increased diffusional path lengths resulting from
blockage of some pore openings or of pore narrowing
which will inhibit the diffusion of larger molecules
through pore mouths. Decoupling these two effects is
not simple. For example, it is well known that crystal
size of a zeolite, and thus diffusional path length, can
significantly influence selectivity in a reaction [10].
Table 3 has shown that there is little difference be-
tween the sorption properties of the various zeolites
for the different silanisation methods although for the
one-dimensional mordenite there is a significantly
lower rate of adsorption of hexane in the case of cyclic
deposition. This may be indicative of pore blockage
which would have a more significant effect for this
dimensionality. Beta also shows a lower hexane ad-
sorption rate for the cyclic deposition sample whereas
there is little difference in the case of H-ZSM-5.

3.3. Effect of temperature on silanisation
Fig. 2 shows that the higher the silanisation tem-

perature, the higher the initial TEOS conversion, thus
resulting in a higher deposition of silica on the surface

conversions converge to a steady-state value. This is
indicative of a change of reaction mechanism with
temperature. In order to investigate the extent of depo-
sition and to quantify the effects on the catalytic prop-
erties, the number of Si atoms deposited per surface
area (Si/nrf) per cycle was calculated, based on TEOS
conversion and the BET adsorption area. Fig. 3 shows
that similar Si coatings of, for example, 20 Si/Aman
be achieved by using a combination of temperatures of
400, 300, 200 and 5CC and 2, 4, 13 and 16 cycles, re-
spectively. Therefore, both temperature and number of
cycles are important parameters. Although, the amount
of silicon deposited is roughly the same in each case,
this gives no indication of the physical characteristics
of the deposited layer required to provide the desired
reaction behaviour. These characteristics are best de-
termined by carrying out appropriate probe reactions.
The above results allow a preliminary proposal to
be made regarding the mechanism for the silanisation
process. A mechanism for the reaction of TMOS with
the zeolite surface was first proposed by Niwa et al.
[11] with reference to mordenite. It is generally ac-
cepted that the alkoxysilane (TMOS and TEOS) inter-
acts with the surface silanols forming the respective
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Fig. 2. Integral TEOS conversion at different deposition temperatures versus cycle number using ZSM-5.
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Fig. 3. Si atoms deposited/fnof external surface area as a function of CVD cycle number for different deposition temperatures using
ZSM-5.

alcohols. The silanisation process can be divided into  (CoHs0)(OH)2Si—-O-S&=

the following reaction steps. Each sequential step in — (HO)(0)Si—O—S= + H,0 + CoHa. (5)
the following proposed mechanism is enhanced as the
temperature increases. Overall:

1. Adsorption: fully reversible adsorption of TEOS on (CoH50)3Si-O-Si=

the zeolite surface. . )
2. Deposition of TEOS: — 3CGHs + (HO)sSI-O-S=. )

5. Side reactions:
@ EtOH — CyH4 +H>O (T > 200°C); @)

TEOS+ HO-Si=
— CoHs0H + (CoH50)3Si—O-Si=.

3. Water-induced series decomposition of TEOS: nCzHg — oligomers (8)

(C2H50)3Si—0-S&= + H0
— (C2H50)2(0OH)Si—-O-Si= + CoHsOH;  (2)

(CoHs50)4Si
— Polymerization productél’ > 450°C). (9)

(C2H50)2(OH)SI-0-Si= + H20 In the low temperature range, viz. up to 1@ ph-
— (C2H50) (OH)2Si—-O-Si= + CoH50H.  (3) ysisorption is predominant. Only highly active sites
on the external surface—those on the pore mouth

4. Termination reactions: close to the Al-sites in the secondary building layer—

(CoH50) (OH),Si—O—-Si= promote the surface reaction of the alkoxysilane, viz.
, . the bonding of an alkoxysilane molecule accompanied
— (C2Hs0)0SI-O0-S= + H20 by the formation of the corresponding alcohol (Rxn

— (HO)3Si—O-Si= + CoHa; 4) 1) and the deposition of a small amount of silica in a
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highly selective manner. When increasing the deposi-
tion temperature to 200-30C chemisorption begins

to dominate. Additionally, alcohol-dehydration (Rxn
7) takes place over the acid catalyst from aboutZD0
thus resulting in the introduction of in-situ produced
water into the reaction [12]. Water is known to hy-
drolyse the alkoxy groups of the alkoxysilanes, which
decompose to the respective alcohol and silanols.
The water-induced decomposition of chemisorbed
alkoxysilane (Rxns 2 and 3) thus creates additional

21

the overall process. The importance of silanisation of
zeolites on their selectivities in various catalytic reac-
tions has already been alluded to earlier in this paper
and the results of the present study are presented here.
The results reported here refer to the ZSM-5 sample.
Similar results were observed in the case of beta and
mordenite in the case of TiPB cracking. The effect
of the silanisation process were investigated by study-
ing the performance of the modified zeolites using the
cracking of TiPB, which probes the extent of inerti-

attachment sites. Furthermore, it is proposed that the sation of external surface acidity, and disproportiona-

shielding effect of the bulky ethoxy-groups is di-
minished to the size of small silanols and previously

tion and alkylation of toluene which probes changes
to diffusivity by monitoring the selectivities to specific

covered attachment sites are re-exposed for further product isomers. Fig. 4 shows the cracking activity

reaction. Each additional layer of inert silica further
reduces the acidity of the external surface. The al-
cohol dehydration reaction over the zeolite is thus
ultimately inhibited and the water-catalysed decom-
position reaction terminates since there is no more
water formed (Rxn 4). At higher temperatures, how-
ever the tri-silanol species will readily dehydrate to
form the siloxane ($i0O) and silanol (Si—OH) groups
(Rxn 5) thus facilitating the next sequence of TEOS
deposition.

At higher temperatures, an increased amount of
alkoxide is deposited onto the external surface but
in a less selective way than at the low temperature.
At temperatures such as 400, there was a high
weight gain due to silica deposition but also a rapid
deactivation with respect to TEOS conversion. In
addition to the deposition via chemisorption and the
water-catalysed decomposition, uncontrolled poly-

of 1,3,5-TiPB as a function of Si deposited/anit is
clear that once a Si loading of approximately 10-15
atoms/nm was achieved, the external acidity had es-
sentially been removed. A small residual cracking ac-
tivity was observed and this is ascribed to the activity
of external surface silanol sites. It has been reported
that the number of external hydroxyls in H-ZSM-5 is
in the range of 1-5.5 OH/nf{13] and that the num-
ber of external cationic sites is about 8.9 sitesinm
[14]. These values agree broadly with the number of Si
atoms deposited on the external surface which result
in the total passivation or inertization of the external
surface catalytic activity. It is of interest to compare
these results to those presented in Fig. 3. Complete
inertisation had virtually been reached after about 5
cycles at 50 and 10(C, after 3 cycles at 200C and
after about 1 cycle at 30(; all of which equate to
+10-15 Si/nM. However at 400C, as illustrated in

merisation of the alkoxide in the gas-phase occurs at Fig. 4, total inertisation of external surface sites was

these high temperatures, thus increasing the probabil-

ity of the TEOS to undergo reactions not only on the

only achieved at a coverage af40 Si/nn?. In ev-
ery case, the performance of the sample silanised at

zeolite surface but also in the gas phase (Rxn 8). As 400°C show this sample to behave quite differently.
a consequence, a high degree of non-specific silica As mentioned earlier, this is most likely due to the

deposition occurs. A parallel ethene oligomerisation
reaction also occurs. Although, this will not happen to
a great extent, it can contribute to pore mouth block-
age. In the cyclic procedure, these oligomerisation
products will be removed in the calcination step.

3.4. Catalytic activity of the silanised zeolites

fact that at this high temperature, there is a significant
degree of homogeneous decomposition of the TEOS
resulting in a much higher conversion of the TEOS
and a much greater but less uniform deposition of Si.
Toluene disproportionation is a useful probe reac-
tion since the selectivity tp-xylene is a good indica-
tor of changes in diffusional properties. Fig. 5 shows
the selectivity tgp-xylene (given as a fraction of total

The results presented here have shown the effectxylene isomers) as a function of Si deposited?nst

of silanisation temperature and number of silanisation
cycles on the Si loading/mMmwhich is indicative of

the very stage that the 1,3,5-TiPB activity has almost
terminated, viz. at a coverage of about 10-15 Sfinm
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the p-xylene selectivity increased most rapidly, ulti-
mately reaching a selectivity of >80% at a Si loading
of about 35 Si/nfh. Fig. 6 shows the selectivity
among the xylenes as a function of nhumber of CVD
cycles at a CVD temperature of 200. Even though

show clearly that Si deposited/fnis the parameter

which probably best indicates the effect of silanisa-
tion, and is a key indicator of the combined effect
of silanisation temperature and number of cycles. It
is also significant to observe that the loading of Si

at this temperature, the TEOS conversion had reachedoccurred in such a continuous manner as illustrated
a steady-state value of almost 15% after 3 cycles, by the uniformly continuous increase ip-xylene

it was only after about 7 cycles that the rate of in-
crease op-xylene relative to the other xylene isomers

selectivity with number of CVD cycles.
Finally, it should be noted that in all the samples

reached a maximum. Table 4 shows the number of used the total acidity as reported in Tables 1 and

cycles and the amount of Si depositedfnrequired
to produce approximately 50%-xylene selectivity

3 are not significantly changed by the silanisation
procedure, whereas the external surface acidity is sig-

for different deposition temperatures. These results nificantly affected. Hence the changes in selectivity

Table 4

Number of cycles and number of Si atoms deposited/rim
obtain approximately 50% xylene selectivity for various deposition
temperatures using ZSM-5

Deposition Number of Si/nm?
temperature °C) cycles (approximately)
50 12 16.1

100 10-11 18.6

200 8-9 18.1

300 3-4 18.8

400 3-4 33.0

of samples can be ascribed to the diffusional changes
resulting from the silanisation process rather than to
any changes in the total number or strength of acid
sites Table 4.

4, Conclusions

It has been shown that it is necessary to carefully
control the reaction conditions when silanising a ze-
olite. Apart from considerations such as using static
or flow systems [8], it is also critical to consider the
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