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Abstract

The adsorption of typical acylating agents (acetic acid, acetic anhydride and acetyl chloride) on the Brgnsted-acid sites in H-ZSM-5 has
been investigated with temperature-programmed-desorption (TPD) and thermogravimetric analysis (TGA), infrared spectro$¥py and
NMR. Acetic acid forms a hydrogen-bonded complex with the Bransted sites that is characterif€d-Hy stretching frequencies of 1740
and 1750 cm®. Both acetyl chloride and acetic anhydride react with the Bransted sites below 400 K, forming an acetyl-zeolite intermediate
and either HCI or acetic acid, characterized by(@—-H) stretching frequency of 1705 ci The acetyl-zeolite intermediate reacts readily
at room temperature with either water (forming acetic acid) or ammonia (forming acetatd@®&)MR isotropic shifts for the C-2 carbon
of the acetic-acid adsorption complex and the acetyl-zeolite intermediate occur at similar frequencies, making them difficult to distinguish
by this technique. In TPD, the acetyl-zeolite intermediate decomposes, witta@Dacetone being the primary initial products. Most of
acetic acid desorbs unreacted, although a fraction also formsa@@®acetone, suggesting the formation of an acetate intermediate at higher
temperatures. The implications of results for understanding acylation reactions on zeolites are discussed.
© 2003 Elsevier B.V. All rights reserved.
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1. Introduction that prevent the utilization of these catalysts universally.
Usually, heterogeneous catalysts show poor activity and poor
Zeolite, solid—acid catalysts have shown potential to selectivity with respect to the desired products. Also, cata-
replace homogenous catalysts for synthesizing aromatic ke-lyst deactivation due to coking or strong adsorption of one
tones via Friedel-Craft acylation reactions and the related of the reactants or products is frequently obseréd
Fries rearrangement of aromati¢$,2]. The traditional One problem with applying heterogeneous catalysts to
method for preparing these aromatic ketones involves re- many of these reactions is that the chemistry at the acid sites
action of the hydrocarbon with carboxylic acid derivatives is not well understood. The typical approach for developing
using a solid Lewis-acid or a solution-phase Brgnsted-acid. a new process with solid acids involves reactor studies where
The major problem with these traditional approaches is a variety of catalysts are tested under a wide range of con-
the requirement of using a stoichiometric quantity of acid ditions. It is true that this approach must be taken as a final
relative to the formed ketone. In the case of a Lewis-acid, step, but there are many experimental variables (type of cat-
the reaction products (ketones) form a stable complex with alyst, temperature, partial pressures, reactant compositions,
the acid sites. The product recovery is generally carried out etc.) that need to be considered. Without insights into the
with water, which results in the total destruction of the cat- interaction of typical reactants or products with the active
alyst, generating a great deal of corrosive and toxic waste sites on the molecular level, it is very difficult to determine
products[1]. the reason why a particular reaction fails. More importantly,
Despite the potential that heterogeneous solid—acid cata-understanding how typical acylating agents interact with the
lysts show for acylation reactiorj8—6], there are problems  active sites can provide alternative strategies for achieving
the best combination of catalyst and reaction conditions.
mspondmg author. Tel¢ 1-215-898-8351: In this paper, the ngture of intergctio.ns between typi-
fax: +1-215-573-2093. cal acylating agents with the acid sites in H-ZSM-5 have
E-mail address: gorte@seas.upenn.edu (R.J. Gorte). been investigated with temperature-programmed-desorption

1381-1169/$ — see front matter © 2003 Elsevier B.V. All rights reserved.
doi:10.1016/S1381-1169(03)00511-9



176 O. Kresnawahjuesa et al./Journal of Molecular Catalysis A: Chemical 208 (2004) 175-185

(TPD)-thermogravimetric analysis (TGA), diffuse reflec- entire fragmentation pattern. For those cases where discrim-
tance FTIR, and solid-state NMR in an attempt to provide ination of molecules was difficult using the mass spectrom-
chemical intuition that might be useful for investigating acy- eter, the desorption products were trapped with a liquid-N
lation reactions. The zeolite H-ZSM-5 was chosen for study cold finger and analyzed using a gas chromatograph with an
since the Brgnsted-acid sites in this material are well de- FID detector, as described elsewh§té].
fined and characterizef¥]. When properly prepared, the In all of the adsorption measurements, the sample was
Bragnsted-acid site density in this material has been shownexposed to the vapor pressure of the adsorbate at 295K. It
to be equal to the framework Al concentration. Further- was possible to control the initial uptake of molecules on the
more, the reaction rates forhexane cracking, xylene iso- zeolite by controlling the exposure, and this was found to
merization, propylene polymerization, methanol-to-olefins be crucial for some experiments due to secondary reactions
reaction, toluene disproportionation, and cumene cracking between molecules adsorbed on the Brgnsted sites and ad-
were shown to linearly increase with Al contentin H-ZSM-5 ditional molecules in the zeolite. The TPD-TGA measure-
[8]. Researchers at Mobil also performed Cs-poisoning stud-ments were obtained following evacuation of the samples
ies to show that all framework-Al sites contribute a strong for 45 min to remove some of the weakly adsorbed species.
Bransted sitg9]. Since one would expect each Cs ion to Varying the evacuation time only affected the TPD-TGA
preferentially poison the strongest sites first, the observationresults by changing the amount of weakly adsorbed species
that the activity of partially exchanged materials decreasesdesorbing at low temperature.
linearly with Cs content, with a stoichiometry of one Cs/Al The NMR spectrometer has been described elsewhere
required to eliminate the activity, suggests the activity of [15]. The static spectra were obtained at a field of 3.5T
each site in H-ZSM-5 is essentially identical. (37.48 MHz 13C resonance frequency) and the line shapes
The advantage of working with a material that has essen-were determined from the observation of proton-decoupled
tially identical sites is that most spectroscopic methods tend Hahn Echoes. The echo sequence consisted of a series
to provide information that is “averaged” over all sites. Since of 90°+t-180— pulses, in quadrature, with a delay time,
all sites are catalytically equivalent in H-ZSM-5, the spec- t, of 70us. For the NMR measurements, approximately
troscopic data can be immediately applied to understanding130-150mg of H-ZSM-5 were degassed at 700K and
the nature of species that will be present under reaction con-10- Torr for 24h. The degassed samples were exposed
ditions. It is unlikely that minority sites, not observed in the to controlled amounts of isotopically labeled, carbonyl
spectroscopic measurements, would be responsible for most{C-2) 13C of acetic acid (CH3COOH), acetic anhydride
of the chemistry. ((CH3'3C0),0), or acetyl chloride (CK3COCI) obtained
from Cambridge Isotope Labs, Inc. using a calibrated vol-
ume. To avoid bed effects in adsorption, the zeolite was
2. Experimental spread thinly along the length of an evacuated, 1/2in.
tube during exposure to the adsorbate and then transferred
The Al-containing zeolite used in this study was a stan- into a smaller tube without exposure to air. The smaller
dard reference sample obtained from NIST and reported totube was sealed with a torch and inserted into a home-
have Si/A}p ratio of 60. It was obtained in the ammonium-ion  built, double-resonance, static NMR probe. In all cases, the
form and simply calcined in flowing air at 773 K to convert spin-counting measurements agreed with the measured dos-
it into the protonic (H-ZSM-5) form. The Brgnsted-acid site ing volumes. In some cases, the sealed sample was opened
concentration was determined from TPD-TGA of isopropy- under a N environment to release the gas-phase molecules
lamine to be 50@Qumol/g. In isopropylamine TPD-TGA  formed during the high-temperature treatment.
measurements, the site density is determined from amount The FTIR spectra were collected on a Mattson Galaxy
of isopropylamine that decomposes into propylemée (= FTIR with a diffuse reflectance attachment (Spectra-Tech
41) and ammonianfe = 17) between 575 and 650K Inc., Collector Il). The system allowed measurements to be
[10-13] The site density obtained from this measurement performed at temperatures ranging from room temperature
agrees well with the reported framework Al concentration. to 800K in flowing, dry N, before and after exposing the
The TPD-TGA studies were carried out using a Cahn sample to the adsorbate of interest.
2000 microbalance attached to an ultra-high vacuum cham-
ber equipped with a quadrupole mass spectrometer. The sys-
tem could be evacuated with turbomolecular pump and had 3. Results
a base pressure below<110~7 Torr. Between 20 and 30 mg
of sample were spread thinly over the flat sample pan of 3.1. TPD-TGA measurements
the microbalance to minimize bed effects during adsorption

and desorptiorf13]. The heating rate was 10 K/min in all TPD-TGA results for acetic acid on H-ZSM-5 are shown
cases. During the desorption event, the desorbing speciest Fig. 1following a controlled exposure to a coverage near
were monitored using the entire mass range frolm= 1 to one molecule/site. The small amount of weakly adsorbed

100 of the mass spectrometer to identify products from the acetic acid Ve = 60) leaving the sample below 400K,
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Fig. 1. TPD-TGA results for acetic acid on H-ZSM-5 following controlled
exposure at 298K. The TPD peaks correspond to watée & 18),
unreacted acetic acidnfe = 60), CQ (n/e = 44), acetonerfle = 58),
propylene (Ve = 41) and C6 hydrocarbonsn(e = 74).

observed as an inflection point in th&e = 60 peak, is as-

sociated with non-acidic sites or with molecules adsorbed

177

shortly. However, the acid catalyzed decomposition of acetic
acid shown in Reaction 2 could also responsible for the
formation of these moleculd46,17]

2CH3COOH — CO; + CH3COCH; + Ho0 @)

Whichever mechanism is responsible for £&hd acetone,
itis clear that only a fraction of the acetic acid reacts and that
this reaction occurs at higher temperatures. At still higher
temperatures, above 600K, the TPD shows a wide range of
hydrocarbon products (from C-2 to C-8), although a more
careful analysis by GC shows that the majority of the des-
orbing species were propyleneve = 41) and C-6 hydro-
carbonsifVe = 74). The formation of propylene and carbon
dioxide can be attributed to thermal decomposition of acetic
acid, a reaction that has been observed in many geological
studieq18]. The formation of C-6 compounds is due to the
oligomerization of either acetone or propylene in the pres-
ence of acid sites above 500[K9-24]

The TPD-TGA results following exposures of acetyl chlo-
ride and acetic anhydride to H-ZSM-5 are showrFigs. 2
and 3 For both acetyl chloride and acetic anhydride, the re-
sults indicate that an acetyl-zeolite intermediate is formed
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on occupied sites, since the amount desorbing between 30(
and 400K increases significantly when the coverage is in-
creased above one molecule/site. Even for the molecules
that are hydrogen-bonded to the Brgnsted sites, most des
orb unreacted between 400 and 500 K, with only one third

leaving the sample as other products above 500 K. The mas:
spectra indicate that two of the major desorbing species are
CO, (m/e = 44) and acetonenfe = 58), and the formation

of these products was further confirmed by GC analysis of
the products trapped between 500 and 600 K. Based on the
fact that CQ and acetone are formed by decomposition of

the acetyl-zeolite intermediate, to be discussed shortly, we
believe that formation of water at higher temperatures is as-
sociated with the formation of this intermediate,

CH3COOH+H* ... ZO™ « CH3CO" ---ZO™ + H20
@)
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Fig. 2. TPD-TGA results for acetyl chloride on H-ZSM-5 follow-
ing controlled exposure at 298K. The TPD peaks correspond to HCI

and the formation of C@and acetone are associated with the (nve — 36), unreacted acetyl chioridente = 63), CQ, (Ve = 44), ace-
decomposition of acetyl-zeolite intermediate, to be discussedtone (wWe = 58), propylene ifie = 41) and C6 hydrocarbonsn(e = 73).
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800 desorbs between 500 and 700 K, while acetylene cannot be
700 k observed due to its high reactivity at this temperaf@dg.
el 2CH3CO"-..ZO™ — CO, + C3Hg 4)
o 500 | CH3CO"...ZO™ < CHyCO+H*...ZO™ (5)
£ 0T < CsHg + CHCO — CH3COCH; + CoHo (6)
300 b
As with acetic acid, hydrocarbon products ranging from C-2
200 r to C-8 were detected between 500 and 750K; again the
100 predominant products are propylene/d = 41) and C-6
0 . . . s hydrocarbonsriVe = 74).
300 400 500 600 700 800 ' The adsorpti'on chemistry for gcej[ic anhyc'iride,'includ-
T ing the formation of acetyl-zeolite intermediate, is very

similar to that found with acetyl chloride=ig. 3 shows

a TPD-TGA measurement following adsorption of acetic
anhydride on H-ZSM-5 at a coveragel molecule/site.
Some of the acetic anhydridenfe = 43) desorbs unre-
acted below 400 K. While the intensity of this peak in the
mass spectrum is high, the gravimetric results indicate that
the amount that leaves the sample unreacted is relatively
small. Above~400K, significant amounts of acetic acid
(mle = 60 and 43) are detected. Since the fragmentation
patterns for acetic acid and acetic anhydride are similar, the
formation of these products was confirmed by GC analysis.

rd

1000

800
800

T (K)

Fig. 3. TPD-TGA results for acetic anhydride on H-ZSM-5 following 600

controlled exposure at 298 K. The TPD peaks correspond to acetic acid
(m/e = 60), unreacted acetic anhydrid&/¢ = 43), CQ, (m/e = 44), ace- 400 [
tone fn/e = 58), propylenerfye = 41) and C6 hydrocarbonsn(e = 74). o
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in the zeolite above 373 K. In these experiments, the expo-
sure was again controlled to obtain an initial coverage bf 300 400 500 600 200 WBOO
molecule/site to minimize secondary chemistry. Considering T(K)

first the results for acetyl chloride Fig. 2, the formation of
the acetyl-zeolite intermediate zeolite (gED. - . ZO™) is
demonstrated by the production of H@We = 36) accord-
ing to Reaction 3:

CH3COCI+HT ... ZO™ <> CH3CO" --.ZO™ + HCl  (3)

m/e=15

rd

Based on the mass changes, it appears that approximately
two thirds of the initially adsorbed acetyl chloride reacted, mle=18 /
leaving one third, 15Q.mol/g, to desorb intact. This unre- XEAF/_,_./ \
acted acetyl chloridenfe = 63) leaves the sample between
400 and 500K. Also desorbing between 400 and 600K 300 400 500 600 700 800

is CO, (mle = 44), which is probably a product of the T(K)

bi-molecular reaction of the acetyl-zeolite intermediate

(Reaction 4). Obviously, the bimolecular reaction requires Fig. 4. TPD-TGA results on H-ZSM-5 after exposure to acetyl chloride
desorption of the intermediate from the acid sites, probably 2t 383K, followed by ammonia. Unreacted ammontie(= 15) desorbs

from the sample initially. Formation of acetamidev¢ = 61) from 430

as ketene (Reactlon 5)' PrOpylene’ the other prOdUCt of ReaC'to 530K implies the formation of acetyl-zeolite. The acetamide which

tion 3, reacts further with ketene to form acetomée(= 58) associated with Brgnsted site decomposes to acetonitnite=£ 42) and
and acetylene (Reaction 6). The TPD data show that acetonevater (e = 18) from 550 to 650K.
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The production of acetic acid implies formation of the chloride not present at the acid sites. The majority of the

acetyl-zeolite intermediate, as shown in Reaction 6: product desorbs as acetonitrite/¢ = 42) and waterrfVe =
18). Based on earlier worf24], the decomposition feature
(CH3CO)20+H*t ... ZO™ between 550 and 700K is due to the reaction of protonated
< CH3CO" ... ZO™ + CH3COOH (7) acetamide at Brgnsted sites in H-ZSM-5.

Again, the formation of C@ (m/e = 44) above 400K and  CH3CONHz---ZO~ — CH3CN + H,O+H*"...ZO~

the formation of acetoner{e = 58) above 500 K are similar (8)

to the chemistry observed for the acetyl-zeolite intermedi-

ate formed by the adsorption of acetyl chloride (Reactions It is interesting to notice that the dehydration of the proto-

4 through 6). nated acetamide occurs at essentially the same temperature
To further substantiate whether the intermediate formed at which the decomposition of protonated amines react via

by acetyl chloride is consistent with the acetyl-zeolite in- the Hoffman eliminatiof10-12]

termediate, we exposed it to ammonia and looked for the

formation of acetamide. In these measurements, the zeolite3.2. FTIR measurements

was again exposed to acetyl chloride to a coverage bf

molecule/site and then heated to 373K in vacuum to re- Infrared spectroscopy was employed to investigate the

move the by-product HCI. Finally, the sample was exposed nature of acetic acid and acetyl chloride adsorption in the

to ammonia and a TPD-TGA measurement was performed,zeolite. The data for acetic acid are shownFig. 5 Be-

with the results shown iifrig. 4. A small amount of NH cause we were unable to control exposure to the sample
(m/e = 15) is observed at the beginning of the temperature in the FTIR measurements, all measurements started from
ramp, followed by a small amount of acetamided = 61) high initial coverages and lower coverages were obtained

between 400 and 500 K. We assign this initial acetamide for- by heating and flushing the sample with inert, dry. Nhe
mation to the reaction between ammonia and excess acetykpectrum inFig. 59 is that of H-ZSM-5 before exposure.
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Fig. 5. Diffuse reflectance FTIR spectra of the following samples: (a) clean H-ZSM-5 at 473 K; (b) H-ZSM-5 after exposure to acetic acid, followed by
flushing with dry N at 298 K; and (c) heat (b) to 373K followed by flushing with drg.N
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The peak at 3605 crt is due to the Brgnsted-acid hydrox- 1790 cnt? indicate that complete removal of these species
yls associated with framework Al sites, while the peak at were difficult.

3740cm! indicates the presence of hydroxyl defects or  The carbonyl stretching frequencies observed for acetic
terminal silanols in the H-ZSM-5 sampl&ig. 5 shows acid in H-ZSM-5 provide important insights into the nature
the H-ZSM-5 sample after it had been saturated with the of the bonding. For acetic acid that is fully protonated by
acetic acid at room temperature, followed by flushing with fluorosulphonic acid, the carbonyl stretches occur at 1615
inert, dry Nbo. The coverage of acetic acid was obviously and 1560 cm? [25]. The shift to 1750 and 1740 cmh for

very high since both the acidic hydroxyls and the terminal molecules adsorbed at Brgnsted sites H-ZSM-5 is therefore
silanols are strongly perturbed. The presence of weakly ad-consistent with the formation of a relatively strong hydrogen
sorbed acetic acid is also indicated by the symmetric and bond, but not proton transfer.

anti-symmetric carbonyl stretches at 1805 and 1790'cm Fig. 6 shows IR spectra of acetyl chloride on H-ZSM-5,
These frequencies are close to that observed for gas- andwith the clean H-ZSM-5 shown again ffig. 6a and bs the
liquid-phase acetic acid. A relatively small, broad feature spectrum obtained after exposure to acetyl chloride at 373 K.
at 1745cm? is due to acetic acid molecules that are inter- As with acetic acid, the disappearance of both the acidic hy-
acting strongly with Brgnsted-acid sites, as will be shown droxyls and the silanol peaks in the spectrum indicate that
in the subsequent discussion. Upon heating the sample tathe coverage is well above one per acid site. Peaks at 1900
373K, Fig. 56 some of the weakly adsorbed acetic acid is and 1810 cm? are associated with th¢C—Cl) andv(C=0)
removed from the sample, as shown by the reappearancestretches of weakly adsorbed acetyl chloride. More interest-
of the silanol peak at 3740 crh. The peaks corresponding ingly, a new feature at 1705 cth appeared, which we as-

to the hydrogen-bonded species at Brgnsted-acid sites als®ign to thev(C=0) stretch of the acetyl-zeolite intermediate.
increase significantly in relative intensity and separate into The spectrum obtained after heating the sample to 423K,
two bands. Even though some weakly adsorbed acetic acid isFig. 6¢ shows that the weakly adsorbed species has been
removed by this heating, the presence of peaks at 1805 andemoved, while the acetyl-intermediate peak at 1705%tm
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Fig. 6. Diffuse reflectance FTIR spectra of the following samples: (a) clean H-ZSM-5 at 473 K; (b) H-ZSM-5 after exposure to acetyl chloride at 373K
followed by flushing with dry N; (c) heat (b) further to 423 K; and (d) exposed (c) to water to produce hydrogen-bonded acetic acid at 423 K.
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remains. It is noteworthy that the(C=0O) stretching fre-
quency of the intermediate is somewhat lower than that 188
observed for organic-acetate esters. Propyl and butyl ac-
etate are reported to have a carbonyl stretching frequency — [ \HAkhHz
of 1760 cm 1 [26]. The lower frequency of the zeolite ester
would suggest that theXD bond is weakened relative to @)
normal esters.

Finally, the consistency of the assignmentsFigys. 5
and 6are shown by the result iRig. 6d which was ob-
tained after exposing the samplekig. 6¢cto water vapor
at 423 K. After exposure to water, the acetyl-intermediate
peak at 1705 cm! disappears and is replaced by peaks at
1750 and 1740 cmt, which we have previously assigned as
being due to hydrogen-bonded acetic acid. Consistent with
this assignment, the peak at 3605dndue to Bransted
sites, has not reappeared. Unlike the spectra obtained after
exposing the Brgnsted sites to acetic acid, no weakly ad-
sorbed acetic acid is present, as indicated by the absence of o)
bands at 1805 and 1790 cth Since all of the acetyl-zeolite
intermediates should be associated with acid sites, this ob-
servation is again consistent with the chemistry that has been

proposed. — | |e— 0.40kHZ

185

— 0.62 kHz

L

(b)

184

0.55 kHz

—

.
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3.3. 13C NMR measurements )
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To further characterize the nature of the adsorbed species,
13C NMR measurements of acetic acid, acetyl chloride, and
acetic anhydride were performed in H-ZSMF3g. 7 shows
the static NMR spectra of carbonyl (C-ZC of acetic acid Fig. 7. Static state C-23C NMR of acetic acid (CH!3COOH) on
(CH313COOH) at coverages 0f 0.3, 0.8, 1.4 and 2.0 molecule H-ZSM-5 at different coverages. (a) 0.3; (b) 0.8; (c) 1.4; and (d) 2.0
per site following adsorption at room temperature. The spec- molecule/site before heating. HHFW indicates half height line width.
tra show that the carbonyl (C-2fC peak for acetic acid
gradually shifts from 188 to 182 ppm with increasing cov-
erage. For comparison, the isotropic shift for the C-2 car- heating, the spectrum shows a peak at 19 ppm that can be
bon of the carbonyl carbon of acetic acid is 177 pfan). assigned to the formation of aliphatic carbons that was also
Also, the peaks narrow with increasing coverage, starting observed in the TPD measurements as the oligomers (from
with a peak width of 1.4 kHz at the lowest coverage and de- C-2 to C-8) which are desorbing at high-temperature. The
creasing to 0.4 kHz at the highest coverage. The decreasingMAS of sample inFig. 89 at 150K, at spinning frequency
peak width is clear evidence for exchange processes, whichof 995Hz, is shown orFig. 8. The resulting chemical
we associate with weakly adsorbed molecules or the pres-shielding tensor implies that a localized acetyl-zeolite in-
ence of more than one molecule per site. As we have al-termediate is being formed after heating at 528K. The
ready pointed out, there is a great deal of evidence that siteszero-order side band (isotropic chemical shifi§)) of the
in H-ZSM-5 are essentially equivalent; therefore, it appears adsorption complex, at 183 ppm, is indicated by the arrow.
that acetic acid molecules associated with the Brgnsted sitesA simulation, performed according to the method described
at a 1:1 coverage exhibit an isotropic shift of 188 ppm, with elsewherg38,39] was used to obtain acetyl-zeolite inter-
more weakly adsorbed molecules exhibiting shifts at lower mediate principal elements of the carbodyC shielding
values. The isotropic shifts that we have observed are in thetensorsipx = 287,0yy = 177, andoz = 82.
range typically reported for the carbonyl (C-&C labeled The spectrum irFig. 8c was obtained after heating the
acetic acid in various solid salfg8]. The chemical shiftwe  sample with 1.4 molecule/site, the sample in the spectrum
ascribe to the 1:1 species for acetic acid is somewhat higherof Fig. 89, to 528 K for 110 h. After heating, the spectrum
than the value observed by van Bekkum and co-workers shows a narrow peak at 128 ppm that can be assigned to
[29], who reported a chemical shift of 182 ppm at a coverage gas-phasé-3CO, formed by the decompositiofi8] that
0.2 molecule/site for acetic acid carbonyl (C13f peak in was also observed in the TPD measurements. Opening the
H-ZSM-5. sample to allow the gas-phase products to escape eliminated

The spectrum irFig. 8awas obtained after heating the this peak from the spectrum. The other new peak at 20 ppm
sample with 1.4 molecules/site to 528 K for 47 h. After can be assigned to the formation of aliphatic carbons.
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Fig. 8. C-213C NMR of acetic acid (CHCOOH) on H-ZSM-5 at Fig. 9. Static state C-23C NMR of acetyl chloride (CH*3COCI) at
coverage of 1.4 molecules/site. (a) Static state, after heating for 47 h atcoverage of 1.4 molecules/site after the following treatment: (a) before
528K; (b) MAS of (a) at 150K and 995Hzy« = 287, oyy = 177, heating; and (b) after heating for 17 h at 528 K.

oz = 82 andoiso = 183 ppm (the arrow indicates the isotropic chemical

shift); and (c) static state, after heating (a) for 110h at 528 K.

The static, 13C NMR spectra of acetyl chloride peak position is the same as that of the 1:1 complex for
(CH3'3COCI) at a coverage of 1.4 molecules/site and acetic acetic acid, the isotropic shifts cannot be used to distinguish
anhydride (CH33C0),0) at coverage 0.9 molecules/site acetic acid from the acetyl-zeolite intermediate.
on H-ZSM-5 are shown irFigs. 9 and 10 respectively. The principal elements of the carbony3C shielding
These two molecules are similar in that they both form tensors obtained from the MAS experiment for acetic acid,
acetyl-zeolite intermediates after heating. Following ad- acetyl chloride and acetic anhydride together, with its
sorption at room temperature, the adsorbed carbonyl (C-2)isotropic chemical shift at different conditions, are summa-
13C of acetyl chloride shows a peak at 185 pphig( 99 rized onTable 1
while that of acetic anhydride shows a peak at 177 ppm It is noteworthy that acetone was not observed in the
(Fig. 109. For reference, the isotropic shifts for the car- NMR results, even though this was a major product in
bonyl (C-2) 13C of acetyl chloride and acetic anhydride the TPD-TGA results. The carbonyl (C-3C of acetone
are reported to be 170 pp[B0] and 166 ppni27], respec- would have been observed at222 ppm if it had been
tively. The observed shift in frequencies for these molecules present in significant quantities on the surf§22]. The ab-
in the zeolite is consistent with shifts observed for other sence of acetone can be explained in two ways. First, since
carbonyl-containing molecules in liquid acii3l]. Upon acetone desorbs below 500K when it is simply exposed
heating the samples containing acetyl chloride and aceticto H-ZSM-5 at room temperaturd2], while the acetone
anhydride to 528K, the peak positions for the carbonyl formed from the molecules in this study desorbed at much
carbon of both molecules shift to 187 ppm; and one again higher temperatures, it would appear that acetone in this
forms CQ (128 ppm) and saturated hydrocarbon species study is formed by decomposition of a different surface
(20 ppm). Based on the TPD-TGA and FTIR results, the intermediate. Alternatively, due to the difference in the total
peak at 187 ppm peak can be assigned, in part, to formationpressure above the sample on the TPD-TGA experiment
of the acetyl-zeolite intermediate in the zeolite. Since this and inside the NMR sealed sample cell, any acetone that



Table 1

Summary of the experimental acetic acid, acetyl chloride and acetic anhydride carbonyl{C-@hielding tensor and isotropic shift at different conditions

Isotropic shift CHz13cooH cHz13coc (CH313c0),0

(ppmf (45) 95K 150K (unheated) 294K (unheated) 150K (heated) 294K (heated) 150K (unheated) 294K (unheated) 294K (unheated) 95K 294K (unheated) 294K (heated)

(solid)b (0.8 molecules/site) (0.8 molecules/site) (1.4 molecules/site) (1.4 molecules/site) (1.4 molecules/site) (1.4 molecules/site) (1.4 molecules/site) (solid)b (0.9 molecules/site) (0.9 molecules/site)
Oxx 268 267 287 263 280
oyy 183 195 177 188 115
o2z 109 98 82 104 115
oiso (MAS)C 186 186 183 185 170
siso (Static) 185 186 185 187 177 187
oiso (MAS) 178 170 166

2 Relative to isotropic shift of low-pressure, gaseous TMS at room temperature.

b Cited from [27].
C oigo = 1/3Tr(0) = 1/3 (oxx + oyy + 0z2).
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shifts in 13C NMR, so that the products and intermediates
are not easily differentiated by this technique.

177 It is interesting to compare the interaction between the
Brgnsted sites in H-ZSM-5 and acetic acid, acetyl chloride,
or acetic anhydride with the adsorption of other polar organic
compounds, such as ketones, nitriles, and etf@2s35].
Based on calorimetric measuremefi3€] and 13C NMR
isotropic shiftg[35], it has been argued that molecules hav-
ing a gas-phase proton affinity equal to or greater than that of
ammonia (PA= 858 kJ/mol) are protonated by H-ZSM-5.
Molecules that have a proton affinity less than that of ammo-
nia tend to form hydrogen bonds with the Brgnsted sites and
the strength of the hydrogen bonding appears to vary in a
regular manner with the proton affinity of the adsorbate. The
proton affinities of acetic acid (PA 7984 kJ/mol), acetyl
chloride (PA= 7399 kJ/mol), and acetic anhydride (PA
827.6 kJ/mol) are clearly less than that of ammonia, but are
similar in magnitude to that of simple alcohols, ketones,
and ethers. It is therefore not surprising that the molecules
examined in this study should behave in a similar manner
as the other organic molecules. Considering their proton
affinities, the acylating agents examined in this study should
be considered strong bases. Similarly, the acylium-ion-like,
(b) acetyl-zeolite intermediate that these molecules form is com-
pletely analogous to the carbenium-ion-like, alkoxide inter-
mediates formed at Brgnsted-acid sites by dehydration of
L L L L L L L L alcohols or protonation of small olefif40].

@

128

187

350 300 250 200 150 100 50 0 -50 -100 Our study has shown that H-ZSM-5 is readily capable of
PPM (relative to TMS) forming acylium-ion-like intermediate that is likely required

Fig. 10. Static state C-2*C NMR of acetic anhydride(CHs'3C0),0) for the Fned_eI—Craft, gcylatlpr! react|oq. Fo_r acety! chloride

at coverage of 0.9 molecule/site after the following treatment: (a) before @nd for acetic anhydride, this intermediate is readily formed

heating; and (b) after heating for 46 h at 528K. at 400 K, well below the typical reaction temperatures that

are normally investigated, 450-600[K]. Based on our re-

) sults, we suggest that the reason H-ZSM-5 is often not an
was formed could have undergone secondary reactions dureggrective catalyst for the acylation reaction is not related to
ing the sample pretreatment used in the present study. Atyhe jnapility of the zeolite to activate these acylating agents.
this point, we cannot distinguish between these possibilities. Rather, the problem would appear to be that various other

intermediates are formed, such as ketones and olefins. These
compounds are well known to produce coke in the zeolite,
4, Discussion leading to deactivation of the sites.
If rapid deactivation is indeed the probldi36,37] then
The results from this study demonstrate that acetic acid, the usual approach of looking for solid—acid catalysts that
acetyl chloride, and acetic anhydride on H-ZSM-5 inter- have stronger sites may well be the wrong approach. If de-
act strongly with the Brgnsted-acid sites within the zeo- activation is the limiting issue, one should investigate mate-
lite. In the case of acetic acid, the molecules are primarily rials that are less acidic but more resistant to coke formation
hydrogen-bonded to the Brgnsted sites, as evidenced by theso as to maintain activity. For example, we have recently
relatively large shift in the carbonyl stretching frequencies. demonstrated that the acid sites formed by framework sub-
It has been suggested that a 50¢nshift in the stretching  stitution of FE* in place of APt in the MFI framework
frequency implies that the molecule is adsorbed primarily leads to Brgnsted-acid sites that are less able to promote the
through formation of two hydrogen bonds, involving the do- hydride-transfer reactions that lead to coke formation during
nation of electron density from the lone-pair orbital of car- n-butene isomerizatiofi4]. Even though H-[Fe]ZSM-5 ap-
bonyl carbon to the Brgnsted protf88,34] In case of acetic ~ pears to have weaker sites than H-[Al]lZSM-5, H-[Fe]ZSM-5
anhydride and acetyl chloride, reaction easily occurs at theis much more resistant to coke formation and showed a sim-
Brgnsted site, forming the acetyl-zeolite intermediate with ilar reaction rate for butane because of tfiid]. Similar
the zeolite framework. It is noteworthy that the acetyl-zeolite concepts may prove useful in the development of acylation
intermediate and acetic acid show similar isotropic chemical catalysts.
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5. Conclusions

Acetic acid forms strong hydrogen bonds with the
Bragnsted-acid sites in H-ZSM-5, while acetyl chloride and

185
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