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A series of postsynthesis modified ZSMS5 zeolites was prepared using orthophosphoric acid,
trimethylphosphine, and trimethylphosphite. The density of strong and weak Brgnsted acid sites
was determined by the temperature-programmed desorption of pyridine. The ultimate effect of the
phosphorus treatment was the removal of the strong Bregnsted acid sites. The density of the weak
Brgnsted acid sites was found to increase after treatment with phosphoric acid and trimethylphos-
phite, whereas it was found to be unchanged after trimethylphosphine treatment. The turnover
frequency in n-hexane cracking was constant for a given type of acid site with all samples investi-
gated. The energy of activation increased with the increasing density of weak Brgnsted acid sites
indicating that the H* participated in the rate-determining step. For alkylation of toluene with
methanol, nearly constant energies of activation were observed over all samples investigated,
indicating no influence of the Brgnsted acid site upon the rate-determining step. The decrease in
activity is attributed to a decreased surface concentration of the reacting species in the rate-
determining step or to a substantial decrease in the transition entropy from the reactants to the

activated complex. @ 1989 Academic Press, Inc.

INTRODUCTION

Modifications of ZSMS5 zeolites with
phosphorus compounds have been the sub-
ject of a considerable number of investiga-
tions during the past ten years (e.g., (1-7)).
As a result, detailed information on their
catalytic behavior with respect to reactions
of alcohols and to alkylation is available.
Most of these studies focus on one or two
particular modifications that seem close to
those described in the patent of Kaeding
and Butter (/). We have broadened this ap-
proach by choosing three typical phos-
phorus modification agents (orthophospho-
ric acid, trimethylphosphine (TMP), and
trimethylphosphite (TMPT), all mentioned
in the patent of Kaeding and Butter (/)) and
increasing the amount deposited until we
saw no further changes in the catalytic and
acid—-base properties.

Védrine et al. (5) and Nunan et al. (7)
concluded from their studies of phos-

1 To whom correspondence should be addressed.

phorus-modified ZSMS5 zeolites that pri-
marily the acid sites at the outer surface
which increased the relative fraction of
strong Brgnsted acid sites in the channels
are affected, while the results of Kaeding
and Butter (8) and of Chandawar et al. (6)
suggest a uniform distribution of the modi-
fying agent. At low loadings, the phos-
phorus compound was concluded to block
the sites for reactions that are not subject to
shape selectivity control. It was assumed
that this is achieved, e.g., by reaction of a
proton of the zeolite with one of the func-
tional groups attached to the phosphorus
atom, thus creating a cation, which can
bind to a bridged oxygen between a silicon
or aluminum T atom (7, 5, 9, 10). If such a
cation contains organic functional groups
those may be removed by activating the
sample in oxygen at about 773 K.

In previous papers we have reported the
effects of increasing amounts of phosphoric
acid (9, 10) and trimethylphosphine (/1) de-
posited on the acid-base properties of H-
ZSMS. 1t was found that the density of
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strong acid sites decreased with increasing
amounts of phosphorus loaded. The density
of weak acid sites increased for phosphorus
acid-modified samples and remained con-
stant for the TMP-modified samples. For
the phosphorus acid-modified samples we
interpreted this to be due to increasing con-
centrations of POH groups of phosphorus
species that cover the bridged hydroxyl
groups (1, 5, 9, 10) and for the TMP-modi-
fied samples to the decreasing density of
strong Brgnsted acid sites caused by strong
adsorption of trimethylphosphine on the
bridged hydroxyl groups.

In this paper we describe the catalytic
activity and selectivity for n-hexane crack-
ing and for alkylation of toluene by metha-
nol as a function of the concentration of the
weak and strong acid sites of several phos-
phorus acid-, TMP-, and TMPT-modified
samples. The detailed attribution of the na-
ture of the acid sites (especially the weak
Bregnsted acid sites) and the mechanism of
postsynthesis phosphorus modification will
be the subject of another report (12).

EXPERIMENTAL

Catalysts and Reagents

The ZSMS5 zeolite (Union Carbide, Linde
Division, New York, Lot No. 8496-68) con-
tained 99.35 mol% Si0,, 0.59 mol% Al,O;,
and 0.06 mol% NayO. To prepare the
H;PO4-modified zeolites (ZSMS5P), 10 g of
the starting material was suspended in 100
ml distilled water and the desired amount of
H;PO, was added. This suspension was re-
fluxed for 2 h and then the water was evap-
orated under reduced pressure. The re-
mainder was dried at 373 K and calcined at
773 K for 1 h in air. The resulting catalysts
contained 1, 2, and 5 wt% H;PO,, denoted
ZSM5P1, ZSMSP2, and ZSMSPS, respec-
tively. Trimethylphosphine-modified sam-
ples were prepared by adsorption—calcina-
tion cycles. The starting material was
calcined at 873 K under vacuum (10~! Pa)
for 1 h. Then 900 Pa of TMP was admitted
for 15 min into the reactor, which was evac-
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uated subsequently for 15 min at ambient
temperature. Then the sample was calcined
in air at 573 K for 12 h. The treatment was
repeated up to three times and the samples
are denoted ZSMSTMP1, ZSM5TMP2, and
ZSMS5TMP3, respectively. The modifica-
tion of H-ZSM5 with trimethylphosphite
was made according to the example given
in Ref. (/). Ten grams H-ZSM5 was dried
in flowing N, for 1 h. Subsequently the sam-
ple was suspended in 50 ml n-octane and 4
ml TMPT and refluxed for 14 h. The sus-
pension was filtered and the remainder was
washed with methylene chloride and #-pen-
tane. Then the sample was dried at 400 K
for 1 h and at 500 K for 2 h in flowing N, and
finally calcined at 773 K for 17 h in air.

Pyridine, n-hexane, toluene, and metha-
nol were obtained from Merck (Uvasol
grade). All gases used had at least 99.995
vol% purity.

Temperature-Programmed Desorption
(TPD)

TPD was carried out under vacuum (be-
low 1072 Pa) using a temperature increment
of 10 K min~! between 400 and 1000 K. The
reactor was a continuously pumped quartz
glass tube, connected to a Balzers 311
quadrupole mass spectrometer, which was
controlled by a Digital MINC computer.
For details of the experimental setup, see
Ref. (13). The sample (50 mg) was calcined
in situ at 873 K for 1 h, cooled to ambient
temperature, and contacted with 3 kPa of
pyridine for 15 min. It was found that
higher exposures did not lead to increased
amounts of base adsorbed. Then the sample
was evacuated at 423 K for 40 min prior to
TPD.

In order to quantify the results the open-
ing of the leak valve to the mass spectrome-
ter and the amount of catalyst were kept
constant during all experiments. Thus the
signal of the mass spectrometer due to pyri-
dine was proportional to the partial pres-
sure of pyridine above the catalyst, which
is directly proportional to the rate of de-
sorption of pyridine, because high and con-
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Fi1G. 1. TPD traces of pyridine from ZSMSP sam-
ples.

stant pumping speed was realized. The inte-
gral of the rates was therefore proportional
to the total amount of pyridine desorbing
from one adsorption state. From the con-
centration of tetrahedral aluminum atoms
and hence the concentration of strong
Brgnsted acid sites in the starting sample all
TPD maxima could be quantified. The re-
producibility of this method was better than
3%.

Catalytic Measurements

Cracking and alkylation experiments
were carried out in continuous flow mode.
n-Hexane was fed with a rate of 7 x 1073
mol h~! and a partial pressure of 15.9 kPa.
The feed rates of toluene and methanol
were 5.34 X 1072 mol h~!; the partial pres-
sures were 26.6 kPa. In both experiments
the total pressure was 1 bar using He as
make-up gas. The amount of catalyst was
between 50 and 150 mg. For n-hexane
cracking the effluent was kept at 400 K and
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injected into the GC column (Chromosorb
102) via a six-port valve. A Hewlett—Pack-
ard 5840A gas chromatograph with FID
was used. For alkylation experiments the
effluent was sampled at the reactor exit
with a syringe and injected into the GC
(Perkin—Elmer F11, FID, column: 5%
SP1200/5% Bentone 34). Both sets of cata-
lytic data were analyzed by the differential
method and conversions were below 5%.

RESULTS

Figures 1 and 2 show compiled plots of
the rates of desorption of pyridine from
H;PO4-, TMP-, and TMPT-modified sam-
ples. Three maxima have been found which
are denoted «, y*, and vy in the following.
The temperatures of the maxima were 373
K (a), 500 K (y*), and around 800 K (y). By
comparison with the corresponding IR ad-
sorbate spectra the TPD desorption max-
ima were attributed to pyridine from weak
Lewis acid sites (physisorption), weak
Brgnsted acid sites, and strong Brgnsted
acid sites, respectively (9-12). For quantifi-
cation, we removed weakly adsorbed pyri-
dine by evacuation at 373 K prior to TPD.

ZSM5TMPT
Z5MS TMP3
ZSM5 TMP2

ZSMSTMP1

ARB. INTENSITY

HZSMS

1 i

673 873
TEMPERATURE (K)

373 473 1073

F1G. 2. TPD traces of pyridine from ZSMSTMP and
ZSMSTMPT samples.
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TABLE 1

Notional Surface Area and Quantification of
the Acid Sites

Sample Notional Molecules Molecules
surface area desorbing in y desorbing in y*
m2g™1 ™" g1

H-ZSMS5 300 1.098 x 102 1.367 x 101
ZSMS5P1 304 6.988 x 1019 4708 x 1019
ZSMSP2 310 3.646 x 1019 6.988 x 101°
ZSMSPS 265 0 8.564 x 101°
ZSMSTMP1 283 2.102 x 1019 2.286 x 101
ZSMSTMP2 274 6.130 x 108 2.354 x 101
ZSM5TMP3 273 0 227 x 108
ZSM5STMPT 278 0 9.405 x 1019

The following discussion will focus only on
pyridine molecules desorbing in the y* and
v peaks. In contrast to the opinion ex-
pressed by Topsge et al. (14), we demon-
strated (10-12) that pyridine could be used
for characterization of the acid sites of
ZSMS5 and that it was a probe equivalent to,
if not better than, NH; for quantification of
the sites.

Pyridine TPD from unmodified H-ZSM5
showed both the y and the y* peaks, the
former being significantly more intense
than the latter. With increasing amounts of
H3PO, deposited the y* peak increased in
intensity, while the v peak decreased. The
v peak was not present in H;PO, samples
with 5 wt% H;PO, deposited. The intensity
of the y peak also decreased with increasing
concentrations of TMP deposited. The y*
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peak and hence the concentration of pyri-
dine molecules desorbing from weak
Brgnsted acid sites did not change. With
ZSMSTMPT the y peak was absent and the
peak was substantially larger than that with
H-ZSMS. The quantifications of the areas
under the TPD peaks are compiled in Table
1.

Cracking of n-Hexane

Areal yields, turnover frequencies, and
the energy of activation are collected in Ta-
ble 2. By modification with any of the phos-
phorus compounds the areal yields de-
creased from 10% to 10'? molecules s~! m~2.
Thus, for samples that did not exhibit a y
peak  (ZSMSP5, ZSMSTMP3, and
ZSMS5TMPT) the same activity was found.
The somewhat higher selectivity to C4 hy-
drocarbons suggests that some of the crack-
ing products stem from larger molecules
that had been formed by oligomerization.

The apparent energy of activation in-
creased from approximately 80 kJ mol~! for
H-ZSM5 to 180 kJ mol™' for the phos-
phorus-modified samples. Note that
ZSM5P5 and ZSMSTMP3 had approxi-
mately the same apparent energies of acti-
vation, whereas that of ZSM5TMPT was
somewhat lower (150 kJ mol™!).

Alkylation of Toluene with Methanol

The areal yields, the apparent energies of
activation, and the product selectivities are

TABLE 2

Cracking of n-Hexane

Sample Areal yield Turnover frequency  Energy of activation
[mol s~! m~2%] [mol s~! H+ 1} [kJ mol-1]
ZSM5 1.07 x 10% 2,92 x 1073 79
ZSMSP1 6.9 x 10" 3.00 x 1073 110
ZSMSP2 3.15 x 10 2.68 x 1073 120
ZSMSPS 2.7 x 1012 — 171
ZSMSTMPI1 2.15 x 10" 2.89 x 1073 115
ZSM5TMP2 8.9 x 102 3.98 x 104 130
ZSMSTMP3 2.8 x 1012 - 172
ZSM5TMPT 1.6 x 1012 — 151
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TABLE 3

Alkylation of Toluene with Methanol

Sample Areal yield, 773 K Energy of activation  Xylene distribution  p-Selectivity®
[mol s7! m?] [k mol-1] (773 K, mol%) 773 K
plmio
H-ZSM5 2.44 x 109 61.5 66/24/10 55.8
ZSM5P1 1.77 x 10" 64.0 71/19/10 62.3
ZSMS5P2 1.20 x 10% 58.0 76/16/ 8 68.8
ZSM5PS5 1.20 x 10 34.0 100/ 0/ 0 100
ZSMSTMPI1 1.87 x 108 71.6 84/10/ 6 79.2
ZSMSTMP2 1.28 x 10 69.9 88/ 7/ 5 84.4
ZSM5TMP3 1.66 x 105 69.9 81/11/ 8 75.3
ZSMSTMPT 7.10 x 10" 49.7 75/12/13 67.5

2 Sel = (y — y.)/(100 — y,) - 100, where y, is the mole percent at equilibrium and y is the mole

percent observed.

listed in Table 3. Impregnation with H;PO,
led to a sharp decrease (one order of magni-
tude) in the areal yield compared to the un-
modified H-ZSM5. However, only an ap-
proximately 30-50% decrease in the
activity was found with TMP-modified sam-
ples. While the selectivity to p-xylene in-
creased to 100% by deposition of 5 wt%
H,PO,, it increased only to approximately
95% by TMP and TMPT treatment and re-
mained approximately constant indepen-
dent of the phosphorus loading. The energy
of activation was about 60-70 kJ mol~! for
alkylation over all samples investigated, ex-
cept for ZSM5P5 and ZSMSTMPT where
the apparent activation energies were 34
and 50 kJ mol~!, respectively. This may in-
dicate a change in mechanism or the influ-
ence of diffusional constraints.

As indicated in the literature (2, 15) the
selectivity to p-xylene decreased with in-
creasing converston and increased (for a
given conversion) with temperature (see,
e.g., Fig. 3). For a given conversion and
temperature the selectivity to p-xylene al-
ways increased symbatically with the phos-
phorus concentration on the catalyst. It
should be especially noted, however, that
the activity and selectivity of the zeolites
are not mutually dependent. The catalytic
activity of ZSMTMP2 is slightly higher than

that of ZSMS5P2 and it showed significantly
higher selectivity for the formation of p-xy-
lene.

DISCUSSION

The Concentration and Strength of Acid
Sites

To describe the effects of postsynthesis
treatment of zeolites (in particular of H-
ZSM5) with phosphorus compounds sev-
eral authors (2, 5, 9, 10) advanced a model

mol% p—xylene'

% \\\\\

mols conversion

FiG. 3. Alkylation of toluene with methanol over
ZSMS5TMP samples.
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FiG. 4. Proposed model for phosphorus modification
of strong Brgnsted acid sites.

that is shown in Fig. 4. We shall not discuss
whether the phosphate group is present in
the form depicted here or is rotated around
one P-O axis as suggested in Refs. (2, 5).
Formally, the OH™ group is replaced by the
H,PO; group. The substitution of the
Brgnsted acidic hydroxyl group by the
H,PO; group implies three consequences
for the strength and density of the Brgnsted
acid sites, as follows.

(1) Strong Bregnsted acid sites are con-
verted into weak Brgnsted acid sites. The
resulting terminal hydroxyl groups always
have a lower acid strength than the bridged
hydroxyl groups (16, 17).

(i1) The number of acid sites increases.

(iii) Because OH~ and H,PO; groups
have approximately the same intermediate
electronegativity according to Sanderson
(18), the substitution should not change the
polar character of the surface and hence the
acid strength of the remaining unsubsti-
tuted hydroxyl groups.

For H;PO, (9, 10)- and trimethylphos-
phite (/)-treated H-ZSMS these criteria
have been reported to be qualitatively ful-
filled and are also reflected in the TPD of
pyridine (Fig. 1). In contrast to the increase
in the density of the weak Brgnsted acid
sites of H-ZSMS by H;PO, and trimethyl-
phosphite treatment, the number of pyri-
dine molecules that desorbed from weak
Brgnsted acid sites (y* TPD peak) did not
change after postsynthesis modification
with trimethylphosphine (see Fig. 2). As we
described in detail in Ref. (/7), the methyl
groups attached to phosphorus could not be
oxidized and therefore TMP acted as an
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electron pair donor molecule blocking the
strong Brgnsted acid sites by adsorption.

The same temperature of the maximum
of the rate of desorption of pyridine from
weak Brgnsted acid sites suggests that after
all postsynthesis treatments the strengths
of these acid sites were the same. The vari-
ation of the concentration of the acid sites
as a function of the preparation procedure
suggests that the model of the nature of the
phosphorus meodification outlined above
cannot be generalized. Certainly, POH
groups cannot be responsible for the weak
Brgnsted acid sites found in the unmodified
H-ZSMS5 and the TMP-modified samples.
Because of the same temperature of the
maximum of the TPD of pyridine from
these sites, we suggest that the weak
Brgnsted acid sites at least on H-ZSMS$5
and on ZSMS5TMP samples are AIOH
groups on extra-lattice alumina regenerated
by dealumination during calcination steps
or SiOH groups of hydroxyl nests formed
by the same process. Investigations to con-
firm this proposal are described in Ref.
(12).

Cracking of n-Hexane

The decrease in the catalytic activity for
cracking of n-hexane and the increase in the
energy of activation for that process as a
consequence of postsynthesis treatment of
H-ZSMS5 with phosphorus compounds sug-
gest a decrease in the strength and/or the
density of active sites by postsynthesis
treatment of H-ZSMS5 with phosphorus
compounds. The change in energy of acti-
vation indicates that Brgnsted sites partici-
pate in the rate-determining step. (The as-
sumption that the rate-determining step of
cracking of alkanes is the generation of car-
benium ions {(e.g., Ref. (19)) is compatible
with our results.) Consequently, two cata-
lysts showing the same energies of activa-
tion should have about the same strengths
of Brgnsted acid sites acting as active sites.
This was confirmed, because all samples
that had only weak Brgnsted acid sites ex-
hibited an apparent energy of activation of
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Fi1G. 5. Dependence of the activity for cracking of n-hexane upon the density of strong Brgnsted acid

sites.

172-178 kJ mol™! suggesting equal
strengths of these acid sites.

As suggested by the TPD of pyridine,
only two types of catalytically active sites
are present in our materials, namely strong
and weak Brgnsted acid sites. The acid
strength of these sites does not change with
postsynthesis treatment. The concentration
of the sites, however, changes as a function
of the conditions of the postsynthesis treat-
ment with phosphorus compounds. Pro-
vided the strength of the sites does not
change and diffusional effects do not play a
significant role, the turnover frequencies
(number of molecules reacted per site of a
specific type and unit time) should be differ-
ent for both types of sites, but should not be
a function of postsynthesis treatment con-
ditions.

If this holds true, the activity of a specific
sample must be given by the sum of the
turnover frequencies of both Brgnsted acid
sites multiplied by their concentration. The
turnover frequencies of the two Brgnsted
acid sites were estimated by the activity of
the unmodified H-ZSM5 and the
ZSMS5TMP3 samples. While H-ZSM35 has
a large fraction of strong and a small frac-
tion of weak Brgnsted acid sites,

ZSMSTMP3 has only weak Brgnsted acid
sites (about the same concentration of weak
acid sites as H-ZSMS5). Because the turn-
over frequency of the strong Brgnsted acid
sites is three orders of magnitude larger
than that of the weak Brgnsted acid sites,
the activity is mainly governed by the con-
centration of strong Brgnsted acid sites (see
Table 2). Figure 5 exemplifies the good
agreement between the experimental points
and the calculated variation of activity
(solid line) confirming the validity of our
approach.

Alkylation of Toluene with Methanol

The effects of phosphorus postsynthesis
treatment upon the catalytic properties for
alkylation of toluene with methanol were
quite different from those observed for
cracking of n-hexane. The energy of activa-
tion was about 60-70 kJ mol~! for all sam-
ples, except for ZSMSPS5 and ZSM5TMPT,
which exhibited 34 and 50 kJ mol~!, respec-
tively. For these two catalysts the low val-
ues of the energy of activation are likely to
be indicative of diffusional control as we
have found additional extra-crystalline ma-
terial by SEM (10). Since we determined
significant changes in the concentration of
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F1G. 6. Proposed mechanism for alkylation of toluene with methanol.

strong and weak Brgnsted acid sites, which
are not reflected in the energy of activation,
we suggest that the rate-determining step
does not involve the Brgnsted acid site.

As suggested by the mechanism pro-
posed for homogeneously catalyzed liquid-
phase alkylations (20), the role of the
Brgnsted acid site is to protonize the
methanol molecule (see Fig. 6). Then, the
rate-determining step may be the addition
of the methyl carbenium ion or the desorp-
tion of the resulting xylene. The cleavage of
the proton from the activated complex is
unlikely to be rate determining, because in
that case the reaction should be easier over
weaker Brgnsted acidic sites and this was
not observed.

The areal activity decreased by a factor
of 2 for samples modified with TMP, by a
factor of 3 for samples modified with
TMPT, and by one order of magnitude for
samples modified with H;PQ4. The activity
of the samples which had no strong
Brgnsted acid sites can be ranked as
ZSMS5TMP3 > ZSMSTMPT > ZSMS5PS.
Note that the energy of activation and the
notional surface area (accessible pore vol-
ume) decreased in that order indicating that
diffusional constraints may cause addi-
tional decreases in activity for the latter

two samples. No correlation between the
activity and the density of the strong and/or
weak Brgnsted acid sites was found, in
agreement with the results of Bezouhanova
et al. (21) for H-ZSM5 with varying Si/Al
ratios. Both results support the validity of
the proposed reaction scheme outlined in
Fig. 6.

Because the energy of activation re-
mained constant, except for ZSM5P5 and
ZSMSTMPT, the main cause for the de-
crease in activity after modification with
phosphorus must be a decrease in the pre-
exponential factor (large negative entropy
change to the activated complex) or a de-
crease in the surface concentration of the
reacting species of the rate-determining
step. Although the present data do not al-
low us to differentiate between these two
possibilities unequivocally, recent results
with alkali-exchanged ZSMS5 zeolites (22)
and the independent variation of activity
and selectivity support the latter proposal.

Within this context Ashton et al. (23) re-
ported that severe steaming conditions de-
creased the toluene conversion. Following
the arguments given above, the decrease in
the concentration of strong acid sites
caused by steaming should not cause the
decrease in activity. The samples with low
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catalytic activity have, however, a signifi-
cant fraction of extra-framework aluminum
oxide, which causes a subtle decrease in
the sorption capacity of the material. We
think that a similar process caused the de-
crease in activity in our case. By means of
MAS NMR measurements a Si/Al ratio of
300 was found for ZSMS5PS5 suggesting sub-
stantial dealumination during the modifica-
tion with H;PO,4 (24). Furthermore, plate-
lets of condensation products of H;PO;
were observed by scanning electron mi-
croscopy (10) on ZSMPS5 indicating a fur-
ther possible cause for the decrease in ac-
cessible pore volume.

With respect to the increase in selectivity
to p-xylene brought about by the modifica-
tion with phosphorus compounds we stress
the independence of activity and selectivity
changes. Selectivity to p-xylene increased
with the decreasing concentration of strong
acid sites. Hence, the possible effect of the
change of transition entropy cannot be cor-
related with more spatial constraints in the
transition state.

High p-xylene selectivity may be caused
by (i) a very slow rate of diffusion of o-
xylene (coke deposits could enhance this
effect (e.g., Ref. (2)), (ii) transition state se-
lectivity favoring p-xylene (25, 26), and (iii)
the conversion of o-xylene to other prod-
ucts (25). Haag and Olson (27) showed that
the selectivity to p-xylene increased with
increasing diffusion residence time for o-
xylene, no matter how they treated the cat-
alyst in order to increase the diffusional
constraints. This is fully consistent with
shape selectivity resulting from a classical
diffusion/reaction mechanism as, for exam-
ple, discussed by Weisz (28). On the other
hand, according to Wei (29), in part, one
could account for the increase in the p-xy-
lene selectivity on the basis of the lower
concentration of acid sites. If this holds
true, the role of the phosphorus compounds
may be to reduce (or remove) strong acid
sites within the pores (catalytically active
for xylene isomerization (30)). Note that
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the effects after postsynthesis treatment
with phosphorus compounds are very simi-
lar to those observed after steaming H-
ZSMS.

CONCLUSIONS

Postsynthesis treatment of H-ZSMS
with phosphoric acid, trimethylphosphine,
and trimethylphosphite decreased the con-
centration of strong Brgnsted acid sites. By
increasing the extent of the treatment, sam-
ples with virtually no strong Brgnsted acid
sites could be prepared. The most subtle of
the reagents was trimethylphosphine,
which only blocked the strong Brgnsted
acid sites without affecting the concentra-
tion of the weak acid sites. The concentra-
tion of the latter sites was found to increase
by H;PO, and TMPT treatment.

The cracking of n-hexane was found to
be a function of the concentration of strong
and weak Brgnsted acid sites. The results
can be explained assuming constant turn-
over frequencies for strong (and weak) acid
sites. This confirms our earlier (9, 10) con-
clusions that the strength of the unmodified
sites is not affected by the postsynthesis
treatments applied for this study.

In contrast, the activity for alkylation of
toluene by methanol was found not to de-
pend upon the concentration of Brgnsted
acid sites. The nearly constant energy of
activation suggests that the rate-determin-
ing step does not involve a Brgnsted acid
site. We propose that the rate-determining
step is the addition of a methylcarbenium
ion to an adsorbed toluene molecule. The
decrease in the rate of xylene formation
was concluded to be due to the decreased
surface concentration of the reacting spe-
cies in the rate-determining step or to a
large negative entropy change to the transi-
tion state caused by the increased spatial
constraints in the channels. Because of the
independent variation of activity and selec-
tivity we conclude that it is the surface con-
centration rather than the change in the
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transition entropy which causes the de-
crease in activity.
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