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We have examined the adsorption of methanol, 2-propanol, and 2-methyl-2-propanol on H-ZSM- 
5 samples with silica/alumina ratios of 38, 70, and 520 using temperature-programmed desorption 
(TPD) and thermogravimetric analysis (TGA) to examine the effect of Al concentration on the 
strength of the acid sites. In agreement with the results of a previous study [M. T. Aronson, R. J. 
Gorte, and W. E. Farneth, J. Catal. 98, 434 (1986)], a clearly defined adsorption state correspond- 
ing to a coverage of one molecule per Al atom could be identified for each of the alcohols on each of 
the zeolites, with the possible exception of methanol on H-ZSM-5(520). Furthermore, the unimo- 
lecular reactivities of the molecules in these 1 : 1 adsorption complexes are unaffected by the Al 
concentration. Only secondary reactions, such as the extent of the oligomerization of olefin prod- 
ucts formed from 2-propanol and 2-methyl-2-propanol, are found to be different for the different 
samples. Adsorption complexes with a 1 : 1 stoichiometry are also observed following adsorption 
and evacuation of 2-propanamine and 2-propanone on several zeolite samples, showing that mole- 
cules with other functional groups also form adsorption complexes at the Al sites. These results 
imply that the acid sites in H-ZSM-5 are identical and are present at a concentration of one per Al 
atom. 0 1988 Academic Press, Inc. 

INTRODUCTION 

To better understand the acidic proper- 
ties of H-ZSM-5, we have been investigat- 
ing the chemisorption of simple adsorbates 
which can undergo classical acid-catalyzed 
chemistry, such as alcohols which can un- 
dergo dehydration (1-4) and toluene which 
can participate in H/D exchange (5). An im- 
portant discovery in this work was that a 
well-defined adsorption state correspond- 
ing to one molecule per Al site can be ob- 
served for toluene and most of the simple 
alcohols. The trends observed in these ad- 
sorption experiments implied that proton 
transfer from the hydroxyls at the Al sites 
to the adsorbed molecules plays an impor- 
tant role in adsorption (3). Furthermore, 
the reactivities of the molecules associated 
with the 1 : 1 adsorption complex are con- 
sistent with all of the Al sites having identi- 
cal acid strengths. 

In our previous work, all of the zeolite 
samples had a Si02/A1203 ratio of approxi- 
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mately 70. While the linear dependence be- 
tween n-hexane cracking rates and Al con- 
tent in H-ZSM-5 samples that have been 
pretreated under mild conditions (i.e., in 
the absence of steam) suggests that Al con- 
centration does not affect the strength of 
the acid sites in H-ZSM-5 (6), the acid 
strengths of other zeolites have been shown 
to be strongly dependent on Al content (7, 
8). Therefore, to check the effect of Al con- 
centration on the acid sites in H-ZSM-5, we 
have extended our previous investigations 
by examining the adsorption of methanol, 
2-propanol, and 2-methyl-2-propanol on H- 
ZSM-5 samples with SiOz/A120j ratios of 38 
and 520. The three alcohols that we studied 
were chosen because they showed large dif- 
ferences in their reactivities for the 1 : 1 ad- 
sorption complex during temperature-pro- 
grammed desorption (TPD) (3). In this 
paper, we will show that a clearly defined 
state corresponding to one molecule per Al 
atom is found for each of these alcohols on 
H-ZSM-5, independent of Si02/A1203 ratio, 
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with the possible exception of methanol on 
H-ZSM-5(520). Furthermore, the unimo- 
lecular reactivities of the 1 : 1 adsorption 
complexes for dehydration, as measured by 
TPD, are also found to be independent of 
the Al concentration. Finally, we wiff show 
that a I : 1 adsorption complex can also be 
observed for compounds with other chemi- 
cal groups such as amines and ketones. All 
of our results imply that carefully prepared 
H-ZSM-5 consists of identical, noninteract- 
ing sites associated with the tetrahedral Al 
atoms in the zeolite framework. 

EXPERIMENTAL TECHNIQUES 

The equipment and procedures used to 
measure adsorption in these studies were 
very similar to those used previously (1-5). 
TPD and thermogravimetric analysis 
(TGA) experiments were carried out simuf- 
taneously using a Cahn 2000 microbalance 
mounted within a high vacuum chamber. 
The system was evacuated with a turbomo- 
lecufar pump and had a base pressure below 
1 x low7 Torr. The sample weight could be 
continuously measured using the microbal- 
ante, and desorption was carried out in 
ZJQCUO so that the desorbing species could 
be directly observed using a Spectramass 
mass spectrometer. This spectrometer was 
interfaced with a microcomputer to allow 
several mass peaks to be monitored simuf- 
taneously during a TPD experiment. A 
thermocouple placed near the sample was 
used for temperature measurement, and the 
heating rate during desorption was main- 
tained at IO Kimin by a feedback control- 
ler. The samples consisted of between 13 
and 27 mg of zeofite spread over a flat pan 
to avoid bed effects (9). 

The zeofites were exposed to the various 
adsorbates at 295 K by admitting the vapors 
from a liquid sample into the vacuum cham- 
ber until no further uptake could be mea- 
sured by the microbalance. We did not 
make any effort to control the pressure of 
the various adsorbates since, in the pres- 
sure range we were working, a substantial 
fraction of the zeolite pore volume was 

TABLE 1 

Saturation Gravimetric Uptakes for Each Adsorbate 
in H-ZSM-5 at 295 K 

Adsorbate g/loo g 
zeolite 

-- 
Fraction pore” 
volume filled 

methanol 9.9 0.66 
2-Propanof 12.7 0.85 
2-Methyl-2-propanof 10.8 0.73 
2-Propanamine 11.5 0.88 
2-Propanone 12.3 0.82 

- - 
Nore. The values shown are the averages of those 

found for the different zeolites. 
(i Assumes that each adsorbate packed at its liquid 

density into the zeolite and that the porosity of the 
ZSM-5 is 0.19 cm3/g. 

filled with each of the adsorbates, making 
the saturation coverage only weakly depen- 
dent on pressure. The saturation coverages 
for each of the molecules were found to be 
approximately independent of the SiOJ 
A1203 ratio of the sample and did not differ 
by more than 8% from the average values 
given in Table I for any of the zeofites stud- 
ied. Following saturation of the samples by 
the adsorbate, the system was evacuated 
for varying lengths of time to remove 
weakly adsorbed molecules. 

To identify the products that were 
formed during the TPD experiment, the 
mass range lo-70 mle was examined at 15 
K intervals. The desorption experiments 
were then repeated using the computer to 
monitor the mass peaks which could be 
used to identify each product. The particu- 
lar m/e ratios used for each of the products 
are shown in Table 2. Over the course of an 
experimental sequence involving one ad- 
sorption/desorption cycle, the total mass 
change in the zeolite was found to be negli- 
gible for each of the molecules examined, 
with the exception of methanol on a sample 
with a SiOz/Af203 ratio of 520, indicating 
that no residual products were left unde- 
tected in the zeolite. 

Zeofite samples with Si02/A1203 ratios of 
38,70, and 520 were obtained as NH,-ZSM- 
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TABLE 2 

Values of mle in the Mass Spectra 
Which Were Used to Monitor 

Desorbing Products 

Product mie 

Water 18 
Ammonia 17 
Methanol 31 
2-Propanol 45 
2-Methyl-2-propanol 59 
Propene 41 
Butenes 41, 55 
Olefins larger than butene 41,69 
2-Propanamine 44 
2-Propanone 43 

5 powders from the Mobil Oil Company and 
are designated as ZSM-5(38), ZSM-5(70), 
and ZSM-5(520) in this paper. Electron mi- 
croscopy indicated that the particles of 
ZSM-5(70) and ZSM-5(520) were uniformly 
between 0.4 and 0.5 pm in diameter and 
that the particles of ZSM-5(38) were uni- 
formly between 0.9 and 1 .O ,um in diameter. 
X-ray diffraction of these samples agreed 
with the published data for ZSM-5( 10). The 
Al content was checked using 27A1 NMR of 
the hydrated samples, with an aqueous so- 
lution of Al(NO& as a reference (II). 
While only tetrahedral Al was observed in 
the samples of ZSM-S(70) and ZSM-5(520), 
a small amount (5-10%) of octahedral alu- 
minum was detected in the samples of 
ZSM-5(38). The results of the calibration, 
listed in Table 3, show that the measured Al 
concentrations agreed with those reported 
to us by Mobil within 10%. Due to uncer- 
tainties in the 27A1 NMR technique (12), we 

TABLE 3 

Measured Silica/Alumina Ratios for the H-ZSM-5 
Samples Used in the TPD-TGA Experiments 

Sample 

H-ZSM-5(38) 
H-ZSM-5(70) 
H-ZSM-5(520) 

Reported 
by Mobil 

38 
70 

520 

From 
“Al NMR 

35 
62 

470 

used the Al concentrations reported to us 
by Mobil to calculate adsorption stoi- 
chiometries. For all of the experiments re- 
ported in this paper, the hydrogen form of 
the zeolite was prepared by heating NHd- 
ZSM-5 to 700 K in uucuo. 

RESULTS 

We have previously reported the TPD- 
TGA results for simple alcohols on a H- 
ZSM-5 sample with a Si02/A1203 ratio of 70 
(3). In work presented in this paper, only 
methanol, 2-propanol, and 2-methyl-2-pro- 
panol were examined since they each 
showed a clearly defined adsorption state 
corresponding to a coverage of one mole- 
cule/Al site, with significant differences in 
reactivity during desorption of this 1 : 1 
complex. Methanol was completely unreac- 
tive in desorption; 2-propanol reacted com- 
pletely to propene and water but only after 
heating to above 360 K; and 2-methyl-2- 
propanol reacted completely at room tem- 
perature, with the water formed by dehy- 
dration desorbing during the evacuation 
period at 295 K. In the present study, these 
same trends emerge, independent of Si02/ 
Al203 ratio. To determine the effect of the 
functional group on adsorption, we have 
also examined the adsorption of 2-pro- 
panamine and 2-propanone. The results for 
each of the different molecules will be dis- 
cussed individually. 

In all of our adsorption experiments, the 
samples were initially saturated with the 
compound of interest so that a substantial 
fraction of the pore volume was filled with 
the adsorbate molecules, followed by a pe- 
riod of evacuation. Table 4 shows the ad- 
sorbate coverages after evacuation for 60 
min and after longer times. For most of the 
adsorbates examined, between one and two 
molecules per Al site remained in the zeo- 
lite after prolonged evacuation, regardless 
of Al content, the exception being 2-pro- 
panamine. Not surprisingly, evacuation to 
coverage of one molecule per Al required 
much longer times for the H-ZSM-5(520) 
sample. Assuming that the absolute cover- 
age of weakly adsorbed molecules will de- 
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TABLE 4 

Coverages following Evacuation for Each of the Different Adsorbates on Each of the Zeolite Samples 

Adsorbate SiOz/AIz03 Following Following 
60 min of evacuation prolonged evacuation 

g/l00 g molecules/Al gllO0 g molecules/Al 

Methanol 

2-Propanol 

2-Methyl-2-propanol 

2-Propanamine 

38 2.2 
70 - 

520 0.4 
38 5.3 
70 - 

520 1.6 
38 6.4 
70 - 

520 0.69 
70 5.7 

520 2.1” 
2-Propanone 70 2.7 1.0 2.6 0.95 

a Following 30 min of evacuation. 

cline exponentially with time, it is reason- 
able that evacuation times would need to be 
almost ten times longer on the H-ZSM- 
5(520) sample to reach the one molecule per 
Al value. While the absolute coverages for 
each of the adsorbates on H-ZSM-5(520) 
following evacuation were always much 
lower than those on the samples with higher 
Al concentrations, coverages expressed in 
terms of molecules per Al site were much 
more sensitive to small amounts of weak 
adsorption. The fact that this additional ad- 
sorption is due to weakly adsorbed species 
for most of the molecules studied, and not 
to additional strong adsorption states, will 
become more apparent in our discussion of 
the TPD results. 

Alcohol Adsorption 

The TPD-TGA results for methanol on 
H-ZSM-5(38) and H-ZSM-5(520) are shown 
in Fig. 1; the results for H-ZSM-5(70) have 
been published previously (1, 3). TPD mea- 
surements on all three zeolites showed 
mainly methanol (m/e = 31) desorbing from 
the samples in a peak centered at approxi- 
mately 400 K. Some dimethyl ether (m/e = 
45) was also observed at higher tempera- 

0.85 
- 

1.9 
1.0 

4.0 
1.3 
- 

2.0 
2.1 
5.5a 

2.1 0.82 
1.5 1.0 
0.4 1.9 
4.9 0.93 
4.6 1.0 
0.89 2.3 
5.6 1.1 
3.5 1.0 
0.49 1.3 
4.9 1.8 
1.4 3.8 

tures on the samples with silica/alumina ra- 
tios of 38 and 70. Since methanol does not 
evacuate easily in ultrahigh vacuum, we be- 
lieve this dimethyl ether is formed by the 
reaction of background gases over the zeo- 
lite at high temperatures during TPD and is 
not the result of a different type of adsorbed 
methanol. The formation of a I : 1 methanol 
adsorption complex was easily observed on 
the H-ZSM-5(38) and H-ZSM-5(70) sam- 
ples. On H-ZSM-5(70), evacuation down to 
a coverage of one molecule per site oc- 
curred fairly rapidly at room temperature, 
while evacuation to lower coverages was 
not possible in reasonable times (3). Also, 
TPD curves measured after short evacua- 
tion times in which the initial methanol cov- 
erage corresponded to more than one mole- 
cule per Al site exhibited an additional low- 
temperature feature (I). The results were 
very similar on the H-ZSM-5(38) sample, 
except that the coverage of the strongly ad- 
sorbed methanol was only 0.8 molecule/Al. 
Since a stoichiometry of approximately 0.8/ 
Al was also observed for strongly bound 2- 
propanol on this sample, this probably indi- 
cates that some of the Al atoms in this 
sample are not associated with acid sites, 
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FIG. 1. (a) TPD and TGA results for methanol on H-ZSM-5(38). Most of the methanol (m/e = 31) 
desorbed unreacted; however, some secondary products (dimethyl ether, m/e = 45) were observed at 
higher temperatures. (b) TPD and TGA results for methanol on H-ZSM-S(S20). The residual weight 
change in the sample following the temperature ramp is believed to be due to methoxylation of silanol 
groups in the zeolite. 

either due to incomplete exchange of the 
cations or to some of the Al atoms being 
outside the zeolite framework. Indeed, the 
27A1 NMR results in Table 2 suggest the 
presence of nonframework Al in the H- 
ZSM-5(38) sample. 

An additional aspect of methanol adsorp- 
tion became apparent on the H-ZSM-5(520) 
sample. In terms of absolute methanol cov- 
erages, the amount remaining in the zeolite 
during evacuation on this sample was al- 
ways much less than was found on the zeo- 
lites with higher Al concentrations. How- 
ever, in terms of molecules per Al site, we 
were able to evacuate only to a coverage of 
1 molecule/Al after prolonged evacuation 
(-50 h). We also found that, following 
evacuation to a coverage corresponding to 
between one and two molecules per Al, not 
all of the methanol that was adsorbed in 
excess of the 1 : 1 ratio could be removed 
easily during TPD. While the majority of 
the methanol (m/e = 31) on this sample de- 
sorbed in a peak centered at approximately 
400 K, a coverage corresponding to be- 
tween 0.15 and 0.3 molecule/Al would not 

easily desorb even at 700 K in UCICUO. The 
zeolite sample weight could be returned to 
its original value following the adsorption 
and subsequent desorption of methanol 
only by prolonged evacuation at tempera- 
tures above 700 K or by heating the sample 
in 02. We tentatively attribute this small 
quantity of methanol which remained in the 
zeolite to high temperatures as being due to 
methoxylation of silanol groups (13). 

The formation of a 1: 1 adsorption com- 
plex was observed more easily with 2-pro- 
panol. In previous TPD-TGA measure- 
ments on H-ZSM-5(70), we found that it 
was possible to evacuate the saturated sam- 
ple to a l/Al coverage and that all of the 2- 
propanol in this 1 : 1 complex desorbed as 
propene and water at 400 and 405 K, re- 
spectively (3). When shorter evacuation 
times or poorer evacuation techniques were 
used so that the initial coverage of 2-pro- 
panol was greater than l/Al, the excess 2- 
propanol desorbed unreacted below 360 K 
(2). The results for the other two zeolite 
samples were virtually identical, as shown 
in Fig. 2. In TPD curves for H-ZSM-5(520) 
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with an initial coverage of 2.3 molecules/ 
Al, shown in Fig. 2b), more than half of the 
alcohol desorbed unreacted below 400 K. 
The remaining 2-propanol, at a coverage 
corresponding to approximately l/Al, de- 
sorbed as water (m/e = 18) and propene (ml 
e = 41) between 400 and 450 K. The sample 
weight returned to its initial value following 
the TPD experiment. While the desorption 
features for all species on this sample oc- 
curred at slightly higher temperatures and 
were somewhat broader than was found on 
H-ZSM-5(70), this is probably related to the 
experimental conditions and not a reflec- 
tion of the strength of the acid sites since 
desorption features can be strongly influ- 
enced by transport properties and experi- 
mental conditions (9). Since the reactivities 
of the I : 1 species to form propene and wa- 
ter on both zeolite samples were so similar, 
we conclude that the 2-propanol molecules 
associated with this complex are essentially 
identical. 

The results for 2-propanol on H-ZSM- 
5(38), shown in Fig. 2a, reinforce this con- 
clusion. Just as we observed with methanol 

T(K) 

k n 
t I\ I 

300 400 500 600 700 
T(K) 

adsorption on this sample, we were able to 
evacuate 2-propanol below the coverage 
expected for the I : 1 adsorption complex; 
and the amount of 2-propanol that reacted 
to water and olefin products during TPD 
corresponded to approximately 0.8 mole- 
cule/Al. Therefore, results for both metha- 
nol and 2-propanol on the H-ZSM-5(38) 
sample are consistent with a fraction of the 
Al not being associated with acid sites. The 
remaining 2-propanol molecules which are 
associated with acidic Al sites react com- 
pletely to form dehydration products above 
400 K, in the same temperature range ob- 
served on both of the other samples. 

The new feature in the TPD results for 2- 
propanol on H-ZSM-5(38), not observed 
with the other two zeolite samples, is the 
formation of higher molecular weight olefin 
products, as evidenced by the peak at 
m/e = 55 in the mass spectrum of the de- 
sorbing products. Since butenes and larger 
olefins have major peaks at both m/e = 41 
and m/e = 55 in their cracking patterns 
while propene would not exhibit a peak at 
m/e = 55, the olefins desorbing above 420 

i ‘Ii J L,. I 
400 500 600 700 

T IKI \.., --- 
m/e=45 

I 1-b m/e =41 

T(K) 

FIG. 2. TPD and TGA results for 2-propanol on (a) H-ZSM-5(38) and (b) H-ZSM-5(520). On both 
samples, a complex corresponding to a coverage close to I molecule/Al can be identified in the TPD 
curves which desorbs as propene (m/e = 41) and water (m/e = 18). 2-Propanol (m/e = 45) adsorbed in 
excess of l/Al desorbed unreacted at lower temperatures. Some oligomerization of the desorbing 
propene also occurred on H-ZSM-5(38), as shown by the presence of a peak at m/e = 55 in the mass 
spectrum of the desorbing products. 
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K (in Fig. 2a) have undergone secondary 
reactions. Only propene was observed dur- 
ing the desorption of 2-propanol from the 
samples with lower Al concentrations. 
Since propene oligomerization occurs rap- 
idly on H-ZSM-5 upon propene adsorption, 
even at room temperature (2), the observa- 
tion of bimolecular chemistry on the H- 
ZSM-5(38) sample must be due to the 
higher intrazeolite concentrations of pro- 
pene during desorption. The dependence 
on acid site density of the extent of second- 
ary oligomerization chemistry during TPD 
was also observed in the experiments with 
2-methyl-2-propanol. 

While oligomerization chemistry and the 
effect of acid-site concentration on second- 
ary reactions in TPD become more pro- 
nounced for 2-methyl-2-propanol, the 
concept of identical acid sites in a concen- 
tration of I/Al atom, with a unimolecular 
activity for alcohol dehydration indepen- 
dent of SiOz/A1203 ratio, still applies. On 
H-ZSM-5(70), the weight change following 
exposure to the alcohol for 5 min and then 
evacuation corresponds to slightly less than 
one butene molecule per Al (3, 4). During 
TPD, mainly olefin products larger than bu- 
tenes were observed leaving the sample, 
with no unreacted alcohol and only a small 
amount of water being observed. As dis- 
cussed in previous papers, this implies that 
2-methyl-2-propanol reacts on the acid sites 
at room temperature and that the water pro- 
duced by dehydration is removed during 
evacuation along with the alcohol in excess 
of l/Al. 

The results for adsorption of 2-methyl-2- 
propanol on H-ZSM-5(38) are shown in Fig. 
3 and are identical to those on H-ZSM-5(70) 
with the exception that the initial coverage 
following evacuation is slightly greater than 
l/Al. Again, no unreacted alcohol and only 
a small amount of water are observed in 
TPD. Some of the olefins (m/e = 41) de- 
sorbing from the sample have a higher mo- 
lecular weight than butene, as evidenced by 
the peak at m/e = 69 in the cracking pattern 
of the products in the mass spectrum. The 

T(K) 

FIG. 3. TPD and TGA results for 2-methyl-2-pro- 
panol on H-ZSM-5(38). No unreacted alcohol (m/e = 
59) and only a small amount of water (m/e = 18) are 
observed in TPD. Some of the olefins (m/e = 41) de- 
sorbing from the sample in a peak centered at 420 K 
have a higher molecular weight than butene, as shown 
by the peak at m/e = 69 in the cracking pattern of the 
products. 

observation of a coverage above l/Al on 
this zeolite, even though the results for 
methanol and 2-propanol suggest that only 
80% of the Al atoms are associated with 
acid sites, is probably due to oligomeriza- 
tion which occurs during exposure of the 
zeolite to the gas-phase alcohol. It has been 
shown that prolonged exposures (-1-20 h) 
of H-ZSM-5(70) to 2-methyl-2-propanol va- 
por at 295 K can lead to very large oligomer 
chains (II ). This secondary chemistry ap- 
pears to occur more easily on H-ZSM-5(38) 
compared to H-ZSM-5(70) for similar expo- 
sures to 2-methyl-2-propanol. This is prob- 
ably related to increased oligomerization 
rates with increased adsorbate concentra- 
tions and acid-site densities. 

The results with 2-methyl-2-propanol on 
H-ZSM-5(520) are also consistent with the 
alcohol reacting rapidly on the acid sites at 
room temperature; however, the extent of 
oligomerization of the olefin products is 
lower due to the lower acid site density. 
This is completely analogous to our results 
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FIG. 4. TPD and TGA results obtained for 2-methyl-2-propanol on H-ZSM-5(520) following evacua- 
tion for (a) 5 h and (b) 20 h. No unreacted alcohol (m/e = 45) was observed in either case and the water 
peak (m/e = 18) was smaller than that which would be expected for a coverage of l/Al. The olefin 
products were monitored using m/e = 41 and m/e = 69. The observation of a peak at m/e = 69 shows 
that the olefins desorbing in the TPD feature centered at 420 K are due to olefins larger than butenes. 

for 2-propanol, where oligomerization dur- 
ing TPD was not important for the zeolites 
with higher silica-alumina ratios. The TPD 
curve obtained following exposure to the 
alcohol and then evacuation for 3 h is 
shown in Fig. 4a. No unreacted alcohol de- 
sorbs from the sample, but the olefin prod- 
ucts monitored using the m/e = 41 peak 
now show two maxima centered at 360 and 
420 K. Using the fact that higher-molecu- 
lar-weight olefins exhibit an additional peak 
at m/e = 69 in their mass spectrum, the 
maximum at 360 K in the m/e = 41 curve 
can be identified as butene, while the maxi- 
mum at 420 K is due to larger olefins. The 
TPD results also demonstrate the mobility 
of butene in the zeolite at room temperature 
and give further indication of how oligo- 
merization can occur. Figure 4b shows the 
TPD results on this same sample with the 
only difference being that evacuation was 
carried out for 20 h prior to beginning the 
TPD measurement. After this longer evacu- 
ation period, only higher-molecular-weight 
olefins are observed desorbing from the 
sample. The intermediate formed by the de- 

composition of 2-methyl-2-propanol either 
was removed from the sample as butenes 
by evacuation or migrated to adjacent sites 
to form larger olefins which remained in the 
zeolite to higher temperatures. 

2-Propanamine and 2-Propanone 

The TPD-TGA results for 2-pro- 
panamine on H-ZSM-5(70) and H-ZSM- 
5(520) are shown in Figs. 5a and b, respec- 
tively. After saturation exposures, we were 
unable to evacuate to a coverage of l/Al 
site in reasonable times on either zeolite. 
Following 7-13 h evacuation, the cover- 
age on H-ZSM-5(70) corresponded to 2 
molecules/Al and the coverage on H- 
ZSM-5(520) corresponded to almost 4iAI. 
However, during TPD, additional 2- 
propanamine above the 1: 1 coverage de- 
sorbed unreacted (m/e = 44) in a broad fea- 
ture below 500 K, leaving a clearly defined 
adsorption state corresponding to a 1: 1 
stoichiometry with the Al sites. We inter- 
pret this result as indicating that the mole- 
cules adsorbed in excess of the stoichio- 
metric quantity are more weakly adsorbed 
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FIG. 5. TPD and TGA results for 2-propanamine on (a) H-ZSM-5(70) and (b) H-ZSM-5(520). On both 
zeolite samples, a desorption state corresponding to a coverage of l/Al can be identified which desorbs 
as propene (m/e = 41) and ammonia (m/e = 17) between 600 and 650 K. 2-Propanamine adsorbed at a 
coverage above l/Al desorbed unreacted (m/e = 44) below 500 K. The multiple peaks in the high- 
temperature feature of (a) are due to oscillations in the heating rate at this temperature. 

and are not associated with acid sites. 
Weakly adsorbed 2-propanamine is more 
strongly bound to the zeolite channels than 
were the alcohols, but the presence of these 
molecules does not imply weak acid sites. 

The 1 : 1 adsorption complex which re- 
mains on the surface when the sample is 
heated above 500 K appears to be well de- 
scribed as an isopropyl ammonium ion and 
its chemistry is unaffected by Al concentra- 
tion. First, infrared spectroscopy shows 
that the hydroxyl peak at 3605 cm-‘, which 
has been associated with the Al sites in H- 
ZSM-5 (14, 15), is not present following ad- 
sorption of the amine and heating to above 
500 K in uucuo. Furthermore, on both zeo- 
lites examined, this 1: 1 adsorption com- 
plex reacts in TPD to desorb simulta- 
neously as propene (m/e = 41) and 
ammonia (m/e = 17) between 600 and 650 
K. This chemistry is well known for quar- 
ternary ammonium hydroxides in solution 
where it is the last step of the Hofmann 
degradation sequence. This temperature 
range is well above the desorption tempera- 
tures for either propene (peak temperature 

of 400 K in TPD of 2-propanol) or ammonia 
(-500 K under the conditions of our experi- 
ment), implying that the simultaneous de- 
sorption feature is a measure of the decom- 
position reaction. Again, the temperature at 
which the reaction to form propene and am- 
monia occurs is the same on both zeolites, 
implying that the Si02/A1203 ratio does not 
affect the molecules in the adsorption com- 
plex. 

As a final test of the idea that proton 
transfer plays an important role in adsorp- 
tion on H-ZSM-5, we measured the TPD- 
TGA curves for 2-propanone on H-ZSM- 
5(70), with the results shown in Fig. 6. The 
gas-phase, proton affinity for 2-propanone 
is 197 kcal/g mol, which is considerably 
higher than that of 2-propanol (193 kcal/g 
mol) (16). While no acid-catalyzed chemis- 
try should occur with 2-propanone, a 1: 1 
complex should be expected to form if pro- 
ton transfer is important and the 1: 1 com- 
plex should have a stability similar to that 
found for the simple alcohols. Its stability 
should also be considerably higher than that 
found for simple alkanes which can be eas- 
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FIG. 6. TPD and TGA results for 2-propanone on H- 
ZSM-S(70). 2-Propanone can be evacuated to a cover- 
age of l/Al at 295 K, with the remaining 2-propanone 
(m/e = 43) desorbing unreacted in a broad feature cen- 
tered at 465 K. 

ily evacuated in our apparatus. As ex- 
pected, the results show that 2-propanone 
can be evacuated to a coverage of l/Al at 
room temperature, with the remaining 2- 
propanone desorbing unreacted in a broad 
feature centered at 465 K. Infrared spectra 
of the sample following adsorption and 
evacuation again provided evidence that 
the 2-propanone molecules were associated 
with the Al hydroxyls since the peak at 
3605 cm-’ was completely removed. 

DISCUSSION 

The TPD-TGA results discussed in this 
paper show that the 1 : 1 adsorption stoichi- 
ometry observed between the simple alco- 
hols and the Al sites in previous studies on 
H-ZSM-5(70) can also be observed with ze- 
olites having other Al concentrations and 
with molecules having other functional 
groups. While each of the molecules sub- 
stantially filled the pore volume on each of 
the zeolites under saturation conditions, a 
separate, more strongly bound state with a 
coverage corresponding to a 1 : 1 stoichiom- 
etry could be identified in most cases. The 
only exception to this was observed with 

methanol on H-ZSM-5(520), where a small 
amount of methanol could not be easily re- 
moved by heating. Since strongly bound 
states above the 1 : 1 stoichiometry were 
not observed for any of the other adsor- 
bates and since methoxylation of silanol 
groups has been observed previously on sil- 
ica (13), we do not believe that this addi- 
tional, strongly bound methanol necessarily 
represents new acid sites. 

Furthermore, the unimolecular reactivity 
of the entire series of 1 : 1 adsorption com- 
plexes was unaffected by the Si02/A1203 ra- 
tio. On each of the three zeolite samples, 2- 
methyl-2-propanol complexes at the Al 
sites reacted completely at 295 K, 2-pro- 
panol reacted completely to olefin products 
and water at higher temperatures, 2-pro- 
panamine reacted to propene and ammonia 
between 600 and 650 K, and methanol and 
2-propanone desorbed unreacted. While 
differences in the extent of secondary reac- 
tions, like the formation of olefin oligomers 
from 2-methyl-2-propanol, were observed 
with changes in the Al concentration, these 
effects are almost certainly due to the con- 
centrational dependence of bimolecular re- 
actions and not to any differences in the 
strength of the acid sites. 

Our results imply that a dilute concentra- 
tion of tetrahedral Al atoms in a ZSM-5 lat- 
tice leads to identical acid sites in a concen- 
tration of l/Al; i.e., the zeolite can be 
thought of as a collection of identical, inde- 
pendent sites located near tetrahedral Al at- 
oms. This is in agreement with n-hexane 
cracking results on both H-ZSM-5 and 
dealuminated Y zeolites, where it has been 
shown that the activity increases linearly 
with the Al content for carefully prepared 
samples (6, 17). Furthermore, the specific 
activities for hexane cracking carried out 
under the same reaction conditions over 
dealuminated Y and H-ZSM-5 zeolites with 
the same silica/alumina ratio were virtually 
identical, implying that the specific activity 
of the acid sites is independent of the zeo- 
lite structure (18). 

It should be noted that the conclusions 
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we have reached do not extend to zeolites 
with low silica/alumina ratios or to mate- 
rials that have been steamed. It has long 
been known that the acidity of faujasites is 
a function of silica/alumina ratio; however, 
these measurements are usually performed 
on samples with silica/alumina ratios below 
10. In a study of acid-catalyzed reactions 
on dealuminated Y zeolites, it was shown 
that the linear relationship between activity 
and the number of Al atoms present in the 
zeolite unit cell was not valid above 35 Al/ 
unit cell (Si02/A1203 = 9), implying that 
other factors must be important at higher Al 
concentrations (19). In the case of zeolites 
that have been steamed, changes can be ob- 
served both in the 27A1 NMR spectra (20, 
21) of the zeolite and in the hydrocarbon 
cracking activity (6) following high temper- 
ature steaming. High temperature steaming 
appears to generate a new type of acid site 
by making structural changes in the zeolite. 
In the work which we have discussed in this 
paper, we have attempted to avoid pretreat- 
ment conditions that could lead to these 
complications. 

While the acid sites in nonsteamed H- 
ZSM-5 may be identical and unaffected by 
concentration, other factors may influence 
the observed chemistry in high-pressure, 
high-temperature reaction environments. 
Our methods are designed to promote uni- 
molecular chemistry, but even under these 
conditions bimolecular chemistry is very 
important in certain cases (3). Since Si02/ 
A&O3 ratios will affect the adsorbate con- 
centration, one should expect to observe 
apparent reactivity changes due to the ef- 
fects of this concentration. These reactivity 
changes do not, however, affect the conclu- 
sions we have reached concerning the 
chemical properties of an individual site. 

SUMMARY 

The ideal, dilute sites in our samples 
have Bronsted character since the 1: 1 ad- 
sorption complexes observed in this study 
involve proton transfer between the Al hy- 
droxyls and the adsorbate molecules. Evi- 
dence for the importance of proton transfer 
to alcohols to form oxonium ion-like spe- 
cies has been discussed elsewhere (3,4). In 
the case of the intermediates formed from 
alcohol dehydration, r3C NMR spectra of 
adsorbed (CH&13COH have shown that the 
dehydrated intermediate can best be 
thought of as an alkyl-silyl ether in which 
the t-butyl alkyl group is covalently bonded 
to the oxygen of the zeolite framework (14). 
This ether species can form a gas-phase ole- 
fin by transfer of a proton from the alkyl 
group back to the zeolite, indicating again 
that proton transfer is important in the ad- 
sorption process. Evidence for the impor- 
tance of proton transfer in the adsorption of 
2-propanamine and 2-propanone has been 
discussed earlier in this paper. 

We have demonstrated that adsorption 
complexes with a coverage of one molecule 
per Al atom can be formed with a series of 
simple alcohols and with 2-propanamine 
and 2-propanone in H-ZSM-5. Proton 
transfer from the zeolite hydroxyls associ- 
ated with the Al sites to the adsorbates ap- 
pears to play an important role in forming 
these adsorption complexes. Furthermore, 
the reactivity of these stoichiometric com- 
plexes is unaffected by changing the Si02/ 
Al203 ratio of the zeolite from 38 to 520. 
These results imply that carefully prepared 
H-ZSM-5 consists of identical Bronsted 
acid sites in a concentration equal to the 
concentration of tetrahedral Al atoms in the 
zeolite framework. 
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