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We have examined the adsorption of methanol, ethanol, 1-propanol, 1-butanol, 2-propanol, and
2-methyl-2-propanol on H-ZSM-5 using temperature-programmed desorption (TPD) and thermo-
gravimetric analysis (TGA). For each of the alcohols except I-butanol, there exists a clearly
defined desorption state corresponding to one alcohol molecule per Al atom in the zeolite. For 2-
methyl-2-propanol and 2-propanol, this molecule at the Al site completely reacts to olefin products
and water; however, reaction occurs at 295 K for 2-methyl-2-propanol, while 2-propanol does not
react until 360 K. Most of the methanol, ethanol, and 1-propanol adsorbed at the Al sites at this
coverage desorbs unreacted. A substantial amount of the 1-butanol adsorbed near the Al sites
reacts, but differs from the other alcohols in that it reacts through a dibutyl ether intermediate.
These results can be understood in terms of the stabilities of the carbenium ion intermediates which
can be formed during reaction. A potential energy scheme, based on gas-phase proton affinity, is
developed. This scheme provides a formalism for explaining relative reactivities of alcohols on H-

ZSM-S in TPD. © 1986 Academic Press, Inc.

INTRODUCTION

The dehydration of alcohols is one of the
simplest acid-catalyzed reactions. In strong
homogeneous acids, the reaction occurs
through carbenium ion intermediates which
can be stabilized and studied spectroscopi-
cally (/-3). Similar chemistry occurs in
zeolites, and there have been numerous
suggestions that carbenium ions or
carbenium-like intermediates are involved
(4, 5). In addition, evidence has been pre-
sented that 2-propyl carbenium ions,?
formed by the dehydration of 2-propanol,
can be stabilized in a H-ZSM-5 zeolite (6).
It was found that 2-propanol reacted with a
stoichiometry of one alcohol molecule for

! Supported by NSF, MRL Program, under Grant
DMR 82-16718.

2 We do not distinguish between a 2-propyl group
bound to the zeolite framework in a covalent bond or
in a completely ionic bond. The intermediate formed
by 2-propanol decomposition exhibits the reaction
properties of a true carbenium ion; therefore, we will
refer to the intermediate as a carbenium ion, even
though the extent of charge transfer is unknown.

cach Al atom in the zeolite structure under
vacuum conditions. In another paper, it
was reported that methanol did not react in
H-ZSM-5 under vacuum conditions even
though preferential adsorption near the Al
sites was observed (7).

The differences in reactivity for methanol
and 2-propanol are consistent with differ-
ences in the stability of the carbenium ion
intermediates that could be formed from
these alcohols. To further investigate the
alcohol/zeolite interaction in H-ZSM-5, we
have studied the adsorption and TPD be-
havior of a series of simple alcohols. Us-
ing temperature-programmed desorption
(TPD) and thermogravimetric analysis
(TGA), we have examined the effect of car-
bon chain length on the alcohol/zeolite in-
teraction by investigating the primary alco-
hols: methanol, ethanol, 1-propanol, and
1-butanol. To determine the effect of carbe-
nium ion stability on the alcohol/zeolite in-
teraction, we have examined the adsorption
and TPD of 2-methyl-2-propanol, 2-pro-
panol, and 1-propanol. We find that a car-
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ALCOHOL ADSORPTION ON H-ZSM-5

benium ion model gives a good description
of the behavior within this series of simple
alcohols. Furthermore, we develop a for-
malism for making this model quantitative.

EXPERIMENTAL TECHNIQUES

TPD and TGA experiments were carried
out simultaneously using a microbalance
mounted within a high vacuum chamber.
The base pressure of this system was 1 X
107 Torr. It was pumped with a CTI cryo-
torr 7 with a rated pumping speed of ap-
proximately 103 liters per second for N,. The
sample weight could be continously moni-
tored using a Cahn RG microbalance and
the desorbing species could be measured
using a UTI-100 quadrupole mass spec-
trometer. The sample temperature was
measured with a thermocouple placed near
the sample and the heating rate during the
desorption was maintained at 5 K/min by a
feedback controller.

Each of the different alcohols was ad-
sorbed by exposing the sample to 10 Torr of
vapor until no further uptake could be mea-
sured by the microbalance. To determine
which chemical species were desorbing
from the zeolite, we examined the mass
range from 10 to 120 amu at 10 K intervals
during the temperature ramp to measure
the cracking patterns of each of the desorb-
ing species. After the desorbing species
were determined, the TPD experiments
were repeated monitoring the major mass
peak of each of the desorbing products. For
all of the TPD curves shown in this paper,
we have used the M/E = 31 peak for the
alcohols and the M/E = 41 peak for the ole-
fin products, except for ethene (M/E = 28),
since these were always the largest peaks in
the cracking pattern, in agreement with tab-
ulated data. Comparison of TPD curves for
several masses was used to identify the spe-
cific species desorbing in each peak. As
many as five mass peaks could be moni-
tored simultaneously using a multiplexer.
Following an adsorption/desorption cycle,
the weight of the zeolite returned to its orig-
inal value. Over the course of an experi-

435

mental sequence involving one cycle for
each alcohol, the total mass change in the
zeolite was less than 0.05%.

The zeolite samples were obtained as an
NH4ZSM-5 powder from the Mobil Oil
Company. Electron microscopy indicated
that the zeolite particles were uniformly be-
tween 0.4 and 0.5 um in diameter. X-Ray
diffraction of these samples agreed with the
published data for ZSM-5 (8). We checked
the silica—alumina ratio by measuring the
desorption of NH; from NHZSM-5 and
obtained a ratio of 72, in good degreement
with the value of 70 reported to us by Mo-
bil. All experiments reported in this paper
were performed on H-ZSM-5 prepared by
heating NH,ZSM-5 to 700 K under vac-
uum.

RESULTS
Gravimetric Uptakes

The quantities of each alcohol that
could adsorb onto H-ZSM-5 are shown in
Table 1 along with the fraction of the zeolite
pore volume that would be filled if each al-
cohol packed at its liquid density into the
zeolite. A substantial fraction of the zeolite
pore volume is filled for each of the alco-
hols after equilibrium is established with 10
Torr of vapor at 295 K; however, there are
modest differences which can be explained

TABLE 1

Gravimetric Uptakes Obtained after Exposing the
Sample to 10 Torr of Adsorbent Vapor at Room
Temperature until no Further Weight Gain Could be

Measured
Adsorbent g adsorbed Molecules Fraction
per 100 g per pore volume
zeolite at Al atom at filled at
saturation saturation® saturation”
Water 7.82 9.1 0.41
Methanol 10.24 6.7 0.68
Ethanol 12.83 59 0.86
1-Propanol 13.72 4.8 0.92
2-Propanol 13.10 4.6 0.88
1-Butanol 14.54 4.3 0.96
2-Methyl-2-
propanol 11.26 33 0.75

“ Determined using a silica~alumina ratio of 72.
® Assumes that each alcohol packed at its liquid density into the zeo-
lite. A value of 0.19 cm¥g was used for the porosity of H-ZSM-5.
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in terms of the hydrophobicity of the ZSM-
5 channels and the steric bulk of the alco-
hols. For the primary alcohols and water, a
steadily increasing fraction of the pore vol-
ume is filled, going from 41% for water to
96% for 1-butanol. This is due to the in-
creasingly organic nature of the larger al-
chols, which are stabilized in the pores by
favorable interactions between the hydro-
carbon chains and the channel walls. 2-
Methyl-2-propanol and 2-propanol are less
effective in filling the pores due to ineffi-
cient packing of bulky carbon skeletons in
the small zeolite pores. Differences in the
packing effectiveness are also observed in
alkanes and we note that the ratio of pore
volume filling for 2-methyl-2-propanol to 1-
butanol is very similar to the ratio of filling
for 3-methyl-pentane to n-hexane reported
by Olsen et al. (9).

For each of the alcohols, between one
and two alcohol molecules remained in the
zeolite per Al atom after evacuation for 1.5
h at 295 K as shown in Table 2. The only
exception was 1-butanol, for which 20 h of
evacuation were needed to bring the cover-
age to 2.0 alcohol molecules per Al atom.
Water could be completely removed by
evacuation at room temperature; however,
none of the alcohols could be removed be-
yond the one alcohol molecule per Al atom

TABLE 2
TGA Results following Evacuation at Room
Temperature
Adsorbent g adsorbed Molecules per
per 100 g Al atom
zeolite after after
1.5 h evac. 1.5 h evac.¢
Water 0.0 0.0
Methanol 1.53 1.0
Ethanol 3.04 1.4
1-Propanol 5.70 2.0
2-Propanol 4.56 1.6
1-Butanol? 7.09 2.0
2-Methyl-2-
propanol 3.52 1.0

9 Determined using a silica—alumina ratio of 72.
¢ Evacuated 20 h.
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coverage, even after several days of evacu-
ation at 295 K. Desorption to a coverage of
two alcohol molecules per Al atom oc-
curred rapidly for all alcohols. In the case
of methanol, ethanol, 2-propanol, and 2-
methyl-2-propanol, one of these two alco-
hol molecules could be removed by more
prolonged evacuation. Previous work with
infrared spectroscopy has shown that the
adsorbed methanol (7) and 2-propanol (6)
molecules are, in fact, interacting with the
hydrogen cations which are associated with
the Al atoms.

TPD

The TPD results for each of the alcohols
are shown in Figs. 1-6. The coverages are
also shown in each figure as a function of
temperature. For discussion, we have cho-
sen to group the alcohols into two catego-
ries. The first category includes only pri-
mary alcohols and will be wused to
demonstrate the effect of chain length on
the alcohol/zeolite interaction. The second
category includes I-propanol, 2-propanol,
and 2-methyl-2-propanol and will be used to
discuss the influence of carbenium ion sta-
bility on the alcohol/zeolite interaction.

Primary Alcohols

The primary alcohols that we studied in-
clude methanol, ethanol, 1-propanol, and 1-
butanol. The TPD curves for methanol, eth-
anol, and I-propanol are similar and
indicate that these alcohols are relatively
unreactive in H-ZSM-5. The curve for 1-
butanol is complex and indicative of the
trend to higher reactivity for the longer
chain alcohols.

The TPD results for methanol, shown in
Fig. 1, indicate that most of the methanol
(M/E = 31) desorbs unreacted. We ob-
served a single desorption state for metha-
nol at 400 K, with only a very small amount
of dimethyl ether (M/E = 45) forming at
620 K. Previous work by Ison and Gorte (7)
using infrared spectroscopy showed that
methanol is adsorbed at the Al sites within
the zeolite. They reported that there were
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Fi1G. 1. TPD and TGA results for methanol on H-
ZSM-5. Gravimetric uptakes are expressed as mole-
cules per Al atom (8) M/E ratios: methanol (31), wa-
ter (18), and dimethyl ether (45).

two desorption states for methanol; how-
ever, they were not able to reduce the cov-
erage of methanol on the sample to below
two alcohol molecules per Al atom by
evacuation at room temperature. They at-
tributed the low-temperature desorption
state to weakly adsorbed methanol, which
we were able to remove at room tempera-
ture with the more efficient pumping in
these experiments.

Ethanol desorption, shown in Fig. 2, also
indicated that most of this alcohol desorbed
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F1G. 2. TPD and TGA results for ethanol on H-
ZSM-5. M/E ratios: ethanol (31) and ethene (28).
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before it could react. Unlike methanol, eth-
anol could not be evacuated to a coverage
of one alcohol molecule per Al atom within
reasonable (24 h) pumping times; however,
the TPD curve did show that this additional
ethanol (M/E = 31) was removed intactin a
low-temperature desorption state at 370 K.
The more strongly adsorbed ethanol ex-
isted at a stoichiometry of one alcohol mol-
ecule per Al atom and desorbed in a state
centered at 440 K. A small fraction, ap-
proximately 10%, of this strongly adsorbed
ethanol reacted to ethene (M/E = 28) and
water (M/E = 18) during desorption.

The results for 1-propanol, shown in Fig.
3, are very similar to ethanol. After 90 min
of evacuation, the zeolite sample still con-
tained two molecules of I-propanol per Al
atom and one of them desorbed in a low-
temperature state centered at 380 K. The
more strongly bound 1-propanol (M/E =
31) is associated with a coverage of one al-
cohol molecule per Al atom and can be
seen as a shoulder at 430 K on the more
weakly bound state. Approximately 40% of
the strongly adsorbed alcohol reacted dur-
ing desorption to propene (M/E = 41) and
water.

The TPD curves for 1-butanol are consid-
erably more complex and are shown in Fig.
4. As with ethanol and 1-propanol, we were
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F1G. 3. TPD and TGA results for 1-propanol on H-
ZSM-5. M/E ratios: 1-propanol (31) and propene (41).
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FiG. 4. TPD and TGA results for 1-butanol on H-
ZSM-5. Small amounts of 1-butanol (M/E = 31) and
dibutyl ether (M/E = 57) desorb from the sample un-
reacted. The majority of the I-butanol reacts to form
olefin products (M/E = 41) and water. The cracking
patterns indicated that the peak at 440 K is due to
butene, while the peaks at 480 and 540 K are due to
higher molecular weight olefins.

unable to evacuate the sample to a cover-
age of one alcohol molecule per Al atom.
Unlike ethanol and 1-propanol, a substan-
tial fraction of even the second alcohol
molecule per Al atom was able to react.
Starting with a coverage of two 1-butanol
molecules per Al atom, we observed the
desorption of some unreacted 1-butanol (M/
E = 31) at 390 K. However, the rapid rise
in the water desorption at this temperature
showed that reaction was occurring simul-
taneously. At 430 K, we observed a second
desorption peak for water as a shoulder on
the main water desorption curve. As the
temperature increased further, dibutyl
ether (M/E = 57) and butene (M/E = 41)
were observed at 440 K along with higher
molecular weight olefins (M/E = 41) at 480
and 540 K. The assignment of the desorp-
tion peak at 440 K to butene and the de-
sorption peaks at 480 and 540 K to higher
molecular weight olefins was made by ex-
amining the cracking patterns of the de-
sorbing species. It should be noted that the
feature at 400 K on the M/E = 41 desorp-
tion curve is due to the cracking pattern for
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1-butanol and does not correspond to an-
other product peak.

The following picture of 1-butanol ad-
sorption emerges from these results. At
room temperature after 20 h of evacuation,
two alcohol molecules are present at each
Al site. At a relatively low temperature, the
rate of bimolecular reaction to dibutyl ether
becomes competitive with the rate of de-
sorption of 1-butanol. This is indicated by
the sharp water peak at 400 K. This sharp
water peak accounts for very close to one
half of the water desorbing from the sam-
ple. Only a small amount of the bulky dibu-
tyl ether can desorb from the sample before
undergoing further dehydration to butene.
A substantial fraction of the butene then un-
dergoes further reaction to form higher mo-
lecular weight olefins.

Primary, Secondary, Tertiary Alcohols

In order to examine the influence of car-
benium ion stability on the alcohol/zeolite
interaction, we have compared the adsorp-
tion of I-propanol, 2-propanol, and 2-
methyl-2-propanol. As we discussed in the
last section, 1-propanol is relatively unreac-
tive. Although more than one 1-propanol
molecule per Al atom was present in the
zeolite at room temperature, the more
strongly adsorbed aicohol molecules,
which existed at a coverage of one per Al
atom, desorbed in a separate state. Only
about 40% of the strongly adsorbed alcohol
desorbed as propene and water.

The results were very different for 2-pro-
panol and 2-methyl-2-propanol, as shown in
Figs. 5 and 6. The initial coverage, after 90
min evacuation for 2-methyl-2-propanol
and after 20 h for 2-propanol, was one mol-
ecule per Al atom. No unreacted alcohol
was observed during desorption for either
of these alcohols. For 2-propanol, only wa-
ter and propene desorbed from the sample
at 400 and 405 K, respectively. For experi-
ments run after shorter evacuation times in
which the initial coverage of 2-propanol
was greater than one alcohol molecule per
Al atom, some unreacted 2-propanol de-
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sorbed at 360 K, as previously reported by
Grady and Gorte (6). For 2-methyl-2-pro-
panol the water desorption feature is small.
Reaction apparently occurs even at room
temperature and most of the water formed
during the dehydration reaction desorbs
during the evacuation prior to the TPD ex-
periment. With longer evacuation times,
the small water peak at 360 K can be elimi-
nated completely. Furthermore, we saw
only a small amount of butene desorbing
from the sample at 350 K. The majority of
desorbing olefin, as determined by the
cracking patterns of the desorbing species,
was octenes at 430 K presumably formed
by the dimerization of butenes.

DISCUSSION

All of the molecules we have examined,
with the exception of 1-butanol, show a dis-
crete desorption event from a state with a
stoichiometry of one alcohol molecule per
Al atom. For 2-propanol and 2-methyl-2-
propanol, the strongly adsorbed species re-
acts completely and desorbs as olefin and
water. For methanol, ethanol, and [-pro-
panol, the strongly adsorbed species reacts
only to a small extent, and most of the alco-
hol desorbs intact. For ethanol and 1-pro-
panol, adsorption exceeds the 1:1 stoichi-
ometry after 1.5 h evacuation at room
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Fi1G. 5. TPD and TGA results for 2-propanol on H-
ZSM-5. M/E ratio: propene (41).
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Fig. 6. TPD and TGA results for 2-methyl-2-pro-
panol on H-ZSM-5. Most of the water formed during
the dehydration reaction desorbs prior to the TPD ex-
periment. All desorbing olefins were monitored using
MJ/E = 41; however, the cracking patterns indicated
that the peak at 350 K is due to butene, while the peaks
at 430 K and 600 K are due to higher molecular weight
olefins.

temperature. Even in these cases, how-
ever, alcohol desorption from the state with
1:1 stoichiometry gives a TPD peak that is
clearly separated from the alcohol adsorbed
in excess of this stoichiometry. For etha-
nol, for example, the break in the desorp-
tion curve at approximately 380 K corre-
sponds in temperature with the 1:1
stoichiometry in the TGA output (Fig. 2).
The demonstration of a 1:1 stoichiome-
try between tightly bound alcohol mole-
cules and framework Al atoms over a range
of alcohol structures is an important obser-
vation. It suggests that one can construct a
general model for alcohol chemisorption on
H-ZSM-5 that focuses on the interaction of
the hydroxyl functionality with the acid
sites at each Al atom in the zeolite frame-
work. Other work from our group has
shown that the acidic protons at these sites
are involved in alcohol chemisorption. For
example, infrared results for propene ad-
sorption on D-ZSM-5 showed that all the
deuterium cations were incorporated into
the adsorbed species (6). Prior evidence
from other groups has indicated that the
Brgnsted acid sites in H-ZSM-5 are iso-
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lated and uniformly active.? These points
suggest the following scheme for rationaliz-
ing our results:

HROH + ZOH == HROH; + ZO~

k-
ke
HROH; + ZO~ == HR* + H,0 + ZO~
HR* + ZO- 2 R + ZOH

ScHEME |

This scheme implies that the primary inter-
action between the zeolite (ZOH) and the
alcohol (HROH) is proton transfer to form
an oxonium ion/framework anion pair
(HROH; + ZO7). One such ion pair will be
formed for each Brgnsted acid site in the
zeolite. As shown in Scheme I, this com-
plex may decompose back to free alcohol
or dehydrate via a carbenium ion intermedi-

ZOH, — ZO~ + H*
HROH@ + H* — HROH;
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ate when the system is heated. The compe-
tition between these two decomposition
routes will be sensitive to structure, since
the energy required for ., will fall with in-
creased carbenium ion stability. The gen-
eral features of this mechanism for alcohol
dehydration in zeolites have been pointed
out by Jacobs (4) and alluded to by others
).

In order to put this model on a more
quantitative basis, we would like to be able
to evaluate the relative energies of each
structure in Scheme I as R is varied. To
begin, one could imagine the first step of
Scheme I as a hypothetical gas-phase pro-
ton transfer creating two separated ions. In
this context, the enthalpy change of step 1
can be thought of as the difference between
the two proton affinities:

AH = —P.A.(Zof)
AH = P.A.mron

ZOH(g) + HROH(g) — HROH; + ZO~

In a similar way, the energy of forming a
carbenium ion from an olefin can be esti-
mated as the difference between the proton
affinities of the olefin and the zeolite frame-
work anion.

Of course, on an absolute thermochemi-
cal basis, this gas-phase picture of zeolite
acid-base chemistry is not justified. Solva-
tion energies and interaction energies inside
the zeolite will be large. However, one may
make the model more reasonable by build-
ing the interaction energies into a thermo-
chemical cycle as shown below. In this cy-
cle, the binding energy of HROH in
H-ZSM-5 is considered to be the sum of

3 Evidence that H-ZSM-5 can behave as a collection
of isolated, uniform active sites comes from Ref. (10).
However, it seems likely that whether this is true or
not is a sensitive function of preparation and calcina-
tion conditions, e.g., Ref. (I1).

AH = P.A.uron) — P.A.z0-)

two proton affinities (P.A.) and an interac-
tion energy (AHimeraction). Starting with the
noninteracting alcohol and zeolite in the up-
per left, a gas-phase proton transfer can be
imagined leading to the hypothetical ‘‘free”
ions in the lower right. One can then imag-
ine allowing these species to come together
to adopt whatever geometry is preferred by
proton transfer within the zeolite. Absolute
values for the vertical legs of this cycle are
not known.* However, the sum of the two
vertical legs can be calculated for a given
alcohol if the binding energy and the proton
affinity of that alcohol are both known.
Once the sum (AHjeraction + P.A.zo") is

4 However, one nice feature of this formalism is that
the vertical legs of the cycle may be susceptible to
theoretical calculation. Derouane and Fripiat (/2) have
recently published ab initio calculations that yield val-
ues for PA,o- for various models of zeolite framework
acid sites.
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established for one adsorbate, the binding
energy can be calculated for any other mol-
ecule whose proton affinity is known by as-
suming that AHjyeraction 1S independent of R.

HROH,, + ZOH

—PAy0n i

AHhmdmg
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Proton affinities for all of the alcohols and
olefins we have investigated are known
(13).

T AHineracion

HROH,, + Z0~ + H* ——— HROH; + ZO-

PAKROH

The molar heat of adsorption for metha-
nol on H-ZSM-5 is approximately 15 kcal/
mole (I14). With this value and the proce-
dure discussed above, one can estimate the
sum of the vertical legs of the cycle to be
170 kcal/mole, since the proton affinity of
methanol is 185 kcal/mole. To calculate a
binding energy for ethanol, then, one would
use the known proton affinity (190 kcal/
mole) and the sum of the vertical legs (170
kcal/mole) to determine that AH for step |
in Scheme I is —20 kcal/mole. To complete
the determination of the thermochemistry
of Scheme 1 with ethanol, we note that the
standard heat of dehydration of ethanol to
H,0 and C,H, is 11 kcal/mole and the pro-
ton affinity of ethylene is 163.5 kcal/mole.
These values allow C,H, + H,O (+11
kcal/mole) and CH;CHj + Z0~ (+17.5
kcal/mole) to be placed on a potential en-
ergy scale relative to ZOH + C,HsOH.
Similar calculations have been carried out
with all the alcohols to generate Fig. 7.

Figure 7 is useful for understanding a
wide variety of data on absorbate/H-ZSM-5
interactions. It predicts that the binding en-
ergies of all the oxonium ions should be
similar and in a range consistent with the
intact desorption events observed in TPD.
It predicts that the only large difference in
heats of chemisorption among the hydroxy
compounds we have examined will be be-
tween water and methanol. This is consis-
tent with the observation that only water
can be completely removed from the zeolite
at room temperature. The differences in
chemistry among the alcohols are espe-
cially well accounted for. The model clearly

shows that the competition between dehy-
dration and intact desorption will be con-
trolied in large measure by carbenium ion
stability. For methanol, the carbenium ion
is significantly less stable than the free alco-
hol. Hence, heating of the oxonium ion/
framework anion pair leads to reverse pro-
ton transfer and desorption of intact alcohol
(k(—1). For ethanol and [-propanol, the car-
benium ion channel (k) begins to become
competitive; and for 2-propanol, where Fig.
7 predicts that the carbenium ion is actually
more stable than the free alcohol, dehydra-
tion is observed exclusively. For 2-methyl-
2-propanol, the carbenium ion is only 8
kcal/mole less stable than the oxonium ion,
consistent with dehydration at room tem-

50 ~
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—
w I'C3H7+:
2 1-C4H
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g . W
J
3
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Hy0* 2-CaHq
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20 _______/I-Pr()l'l2
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F1G. 7. Potential energy diagram of alcohol/H-ZSM-
5 interactions. The adsorption of alcohols and olefins
on the zeolite is assumed to occur predominantly
through proton transfer, allowing the use of known pro-
ton affinities to calculate relative heats of formation.
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perature. For I-butanol, the picture is more
complicated and would require including
biomolecular dehydration chemistry on the
potential diagram. Reading the surfaces
from the olefin side, one predicts that car-
benium ion formation will be endothermic
for ethene but exothermic for propene, in
accord with the observation of much faster
oligomerization chemistry by the latter at
295 K (15, 16).

This formalism can be used in a predic-
tive sense as well. For example, benzene,
toluene, and p-xylene have proton affinities
of 186, 193, and 194 kcal/mole, respectively
(13). Using methanol as the anchor as we
have in Fig. 7, one predicts enthalpies of
adsorption for these compounds of 16, 23,
and 24 kcal/mole, in remarkable agreement
with the measured values of 17, 19, and 21
kcal/mole (/7). The binding energy of am-
monia is predicted to be 35 kcal/mole, again
in excellent agreement with the measured
differential enthalpy of adsorption at low
coverage of 34.5 kcal/mole (I/8).

Our results inidcate that there is an at-
traction for at least a second molecule at
the acid site since evacuation of this second
molecule is much slower than is observed
for the additional molecules which adsorb
in the presence of the vapor. Our model for
H-ZSM-5 acidity also provides a formalism
for a qualitative understanding of adsorp-
tion at these higher coverages. In the gas
phase, neutral molecules tend to cluster
around charged species, although the inter-
action energy falls off rapidly with increas-
ing cluster size (/9). For example, when
H,O clusters around K* ions, the binding
energy falls off by roughly 2.5 kcal/mole per
H,0 adsorbed (20). In the zeolite analogy,
the second, third, etc. molecule bound per
Al atom will be associated with a growing
cluster about the primary proton transfer
complex. Each additional alcohol molecule
will be less tightly held.

Several major assumptions have gone
into this model for H-ZSM-3 acidity and
one should be cautious about overinterpret-
ing Fig. 7. First, we have assumed that all
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enthalpy changes due to interaction be-
tween various adsorbates and the zeolite
framework are structure independent.
However, it has been common practice in
solution-phase ion chemistry to ignore
differences in solvation energies in con-
structing structure—reactivity relationships.
Where data exists, it has often been shown
that this assumption is justified at least for
compounds with similar structures (21).
Relative carbenium ion stabilities, for ex-
ample, are essentially the same in the gas
phase, water, and SO,CIF (22). In the con-
text of Fig. 7, this assumption is likely to be
most misleading in predicting the enthalpy
difference between oxonium ions and car-
benium ions because the structural change
here is most severe. It is likely that the rela-
tive oxonium ion stabilities and the relative
carbenium ion stabilities are more accurate
because they represent smaller structural
changes.

Second, the value of 15 kcal/mole, which
we used as our estimate of the heat of ad-
sorption for methanol, should be consid-
ered a lower limit. It is an integral heat of
adsorption calculated from heat of immer-
sion data, and the differential heat of ad-
sorption for binding of the first alcohol mol-
ecule per Al atom may be significantly
larger. It is unlikely, however, that the
binding energy of the first methanol mole-
cule is greater than 25 kcal/mole since this
is what one would predict for a ‘““‘normal”’
desorption event from a nonporous surface
giving T, = 400 K under the conditions of
our experiments. The effects of diffusion
and readsorption from porous samples
tends to raise desorption temperatures, in-
dicating that the binding energy is less than
25 kcal/mole (23, 24). Finally, the scheme
ignores entropy effects.

While the formalism developed in this pa-
per has proven successful in picturing ad-
sorption of a variety of compounds on H-
ZSM-5, it is useful to examine cases where
the formalism breaks down. n-Hexane, for
example, probably has a lower proton affin-
ity than water, yet it binds to H-ZSM-5 with
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a substantial chemisorption energy (25).
For the alkanes in general, the binding pre-
sumably is not proton-transfer induced, but
results from favorable lateral interactions
between the extended hydrocarbon chains
and the channel walls and among the
chemisorbed molecules. The failure of I-
butanol to conform to the general picture
observed here is probably related to the in-
creased importance of these terms for
longer hydrocarbon chains.

SUMMARY

We believe that for a range of alcohols,
and perhaps for a variety of other structural
types of adsorbates as well, the principal
interaction in chemisorption on H-ZSM-5
at 295 K is proton transfer. Proton-transfer
chemisorption creates localized oxonium
ion/framework anion pairs. The binding en-
ergies of these oxonium ions are related to
gas phase proton affinities of the alcohols.
Adsorption above the one alcohol molecule
per Al level is weaker and can be removed
during prolonged evacuation times at room
temperature under vacuum. Adsorbed ox-
onium ions decompose either by reverse
proton transfer or by dehydration via a car-
benium ion when heated. The relative rates
of these competing channels depend princi-
pally on the stability of the intermediate
carbenium ion. We have proposed a general
formalism for systematizing observations
on H-ZSM-5 chemisorption behavior.
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