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The use of temperature-programmed desorption (TPD) of iso-
propylamine (IPAm) was extended to quantify the Brgnsted acid
site distribution in various modified FAU-type zeolites. We show
that while the protons in nonsteamed H-FAU zeolites are dis-
tributed evenly between the supercages and sodalite cages, steam-
ing perturbs this distribution by generating nonframework alumina
species. Usually, mild steaming reduces the supercage proton den-
sity to below 50% of the total proton density. More severe steaming
and a subsequent aluminum extraction restore the even distribution.
(© 1999 Academic Press
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Zeolites that contain Brgnsted sites are used extensively
in catalysts in the oil refining and (petro)chemical industries
(). The density of the Bransted acid sites often dominates
the catalytic activity and selectivity of these zeolites. Ac-
cordingly, quantification of the Brgnsted acid site density is
essential for understanding zeolite-catalyzed processes.

In the hydrogen form of FAU-type zeolites the Brgnsted
acid site density is traditionally quantified by assuming
that it equals the number of framework aluminum atoms
per unit cell. This framework aluminum density can be
determined from the size of the FAU-type unit cell as
determined by X-ray diffraction (XRD) (2). However, for
steam-stabilized (ultrastabilized) FAU-type zeolites, the re-
lationship between the Brgnsted acid site density and the
unit cell size is not accurate enough to allow an unambigu-
ous correlation to catalytic performance (3).

The XRD quantification of Brgnsted acid site density is
impeded by the disorder created by the steam stabiliza-
tion. Steaming a hydrogen or ammonium form of a FAU-
type zeolite removes some of the framework aluminum,
leaving a considerable number of vacancies (4). This not
only reduces the acid site density, but also creates a lot of
amorphous alumina and aluminosilicate debris. Some of
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the debris can be removed by a subsequent aqueous ex-
traction step. Both the vacancies and the amorphous debris
affect the unit cell size as determined by XRD (4). Ac-
cordingly, the Brgnsted acid site density can no longer be
described as a unique function of the unit cell size. In ad-
dition, steaming leads to the formation of cationic alumina
species, which are able to exchange or react with protons.
The presence of this cationic alumina further decreases the
Brgnsted acid site density, but leaves the framework alu-
minum density—and hence the unit cell size—virtually un-
affected.

The intrinsic flaws in the XRD quantification of Bragnsted
acid site density can be overcome by monitoring the pro-
ton densities directly and in a relatively nonintrusive way
with infrared spectroscopy (5), *H magic-angle spinning nu-
clear magnetic resonance (MAS NMR) (6, 7), or the cata-
lytic decomposition of alkylamines during temperature-
programmed desorption (TPD) (8-13). In this study we use
the TPD method to quantify the proton density in modified
FAU-type zeolites, and compare it with the traditional XRD
method. We have used isopropylamine (IPAm) as a probe
molecule.

H-FAU samples were prepared from commercial sam-
ples of CBV100 (SAR=5.0 Na-FAU) and CP300-63
(SAR =5.3 Na-FAU). Additionally, SAR=9.0 Na-FAU
parent samples were synthesized using tetrapropylam-
monium ion as a void filler (14). Each Na-FAU was
converted into NH4-FAU [having (Na+ K)/Alfamework <
0.05 mol/mol] by means of a potassium exchange followed
by an ammonium exchange, as described elsewhere (15).
The NH4-FAU was converted into H-FAU by thermal de-
composition of the ammonium ion during sample activation
in the thermogravimetric analysis (TGA) apparatus during
the initial part of the IPAm TPD procedure.

Silica-inserted FAU was prepared by partial removal
of the framework aluminum from a partially ammonium-
exchanged NHy4Na-FAU (SiO2/Al,03=5.03 mol/mol,
Na/Al = 0.18 mol/mol). Substitution of silicon into the FAU
framework was achieved by treatment of the NH4,Na-FAU
with ammonium hexafluorosilicate (AHS) followed by a
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treatment to remove the fluorine [as described elsewhere
(16)]. The resulting AHS-FAU product had a SiOy/Al,03 =
14.9, aunitcellsize ag = 2.444 nm, and Na/Al = 0.04 mol/mol
(Table 1).

US-FAU (defined by ag > 2.440 nm) and VUS-FAU (de-
fined by ap < 2.440 nm) samples were made by subject-
ing NH4,Na-FAU and NH4-FAU precursors to various sets
of ultrastabilization steaming conditions, followed by an
(acidified) ammonium exchange or by an acid leaching step.
This extraction of aluminum is called “mild” if the bulk
silica-to-alumina ratio of the final product does not exceed
25and “severe” when it does. All of the US- and VUS-FAU
products had Na/Alfamework < 0.04 mol/mol.

AHS-US-FAU samples were prepared by extraction of
mostly nonframework aluminum from two US-FAU sam-
ples (commercial CBV500 materials), using 0.30 g AHS per
gram of US-FAU (17). A lower unit cell size was obtained
using 0.45 g AHS per gram of US-FAU. The three AHS-
US-FAU samples had Na/Al < 0.04 mol/mol.

XRD scans of the FAU samples were obtained using a
Philips 3100 X-ray diffractometer and the procedure and
calculations described in ASTM D3942, “Unit Cell Dimen-
sion of Faujasite Zeolites.”

IPAm TPD measurements were made on a DuPont 951
TGA module combined with a TA Instruments Thermal
Analyst 2200 controller, using high-purity He at a flow
rate of 100 ml/min. Our IPAm TPD method calculates the
Brgnsted acid site density using the appropriate weight loss
of IPAm as determined from the TGA curve of a zeolite
sample (25-35 mg). The sample is first flushed (in flowing
He) at 773 K, then cooled to 373 K and exposed to an IPAm-
in-He stream for about 5 min. Subsequently, the IPAm dos-
ing is switched off, and the sample is equilibrated in flowing
He for 50 min. Finally,a TGA curve is recorded from 373 to
823 K, with a ramp rate of 10 K/min. At the 10 K/min des-
orption rate, the catalytic decomposition of IPAm on FAU
occurs almost exclusively in the range 575-660 K, with a
differential thermogravimetric (DTG) peak maximum at
about 625-635 K. A small amount of IPAm is released in-
tact from strong Lewis acid sites in the range 640-675 K
(13), with a DTG peak maximum at about 660 K. This des-
orption was factored out of the total strong Bragnsted acidity
using the DTG curve as a reference.

Elemental analyses for sodium, aluminum, and silicon
were done using X-ray fluorescence on a Philips X-unique
wave dispersive spectrometer.

To allow direct comparison of the XRD and IPAm TPD
acid site densities, the data generated by each method are
reported in terms of the number of framework aluminum
atoms per unit cell [henceforth referred to as N(Als)] and
the number of strong Bransted acid sites per unit cell [re-
ferred to as N(H™")pam], respectively.

The N(AIlg) values of the three H-FAU samples have
been calculated from their SiO,/Al,O3 ratio, as determined
by elemental analyses. The N(Aly) values of the AHS-FAU

TABLE 1
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[H7]

FAU type ap(nm) SAR (mmol/g) N(Alk) N(Alex) N(H)ipam
H-FAU 2.475 50 227 51.9 0.0 26.2
H-FAU 2472 55 234 51.2 0.0 27.0
US-FAU 2.458 5.7 1.61 404 4.4 18.6
US-FAU 2.458 70 117 40.1 8.5 13.5
US-FAU 2.458 6.3 1.04 40.1 5.0 12.0
US-FAU 2.457 6.9 1.19 39.0 8.1 13.7
H-FAU 2.456 9.0 164 35.0 0.0 18.9
US-FAU 2.456 7.3 1.47 37.9 9.9 17.0
US-FAU 2.453 6.3 1.42 34.3 85 16.4
US-FAU 2.452 7.8 1.22 334 15.4 14.1
US-FAU 2.452 50 121 334 0.0 14.0
US-FAU 2.451 7.7 1.20 323 11.6 13.8
US-FAU 2.451 54  1.02 323 0.0 11.8
US-FAU 2.450 6.3 1.16 316 8.6 13.4
US-FAU 2.450 5.2 1.08 31.2 13 125
US-FAU 2.450 7.0 140 311 12.1 16.1
US-FAU 2.449 9.0 1.22 30.0 16.3 14.1
AHS-FAU? 2449 112 088 34.2 222 10.1
US-FAU 2.448 6.9 082 28.7 8.2 9.4
US-FAU 2.447 57 097 27.8 4.8 11.2
US-FAU 2.445 6.4  1.07 25.1 9.1 12.3
AHS-FAU 2444 149 131 28.7 nd® 15.1
AHS-US-FAU 2442 16.1 1.06 22.2 nd 12.2
AHS-US-FAU 2441 165 1.10 211 nd 12.7
US-FAU 2.441 6.0 0.73 20.8 6.3 8.4
VUS-FAU 2.439 57 0.64 18.8 4.8 74
VUS-FAU 2.435 95 0.56 14.3 17.8 6.5
VUS-FAU 2.435 6.1 0.64 14.3 7.2 7.4
AHS-US-FAU 2434 28 0.74 13.2 nd 85
VUS-FAU 2434 128 0.68 13.2 25.3 7.8
VUS-FAU 2434 83 061 13.2 17.3 7.0
VUS-FAU 2.434 57 046 13.2 4.8 5.3
VUS-FAU 2433 74 039 12.1 13.8 45
VUS-FAU 2432 98 0.63 11.0 18.7 7.3
VUS-FAU 2432 9.6 0.59 11.0 18.1 6.8
VUS-FAU 2432 94  0.64 11.0 20.9 74
VUS-FAU 2.432 92 047 11.0 20.3 5.4
VUS-FAU 2432 9.6 045 10.8 18.2 5.2
VUS-FAU 2431 7.0 034 9.9 12.0 3.9
VUS-FAU 2430 101 050 8.7 19.5 5.8
VUS-FAU 2429 20 0.22 7.8 337 25
VUS-FAU 2429 114 042 7.6 26.0 4.8
VUS-FAU 2429 105 029 7.6 239 33
VUS-FAU 2428 38 0.28 6.5 45.0 3.2
VUS-FAU 2428 100 028 6.5 22.6 3.2
VUS-FAU 2.428 70 0.27 6.5 12.0 31
VUS-FAU 2.428 70 0.26 6.5 12.0 3.0
VUS-FAU 2427 138 012 5.4 26.9 14
VUS-FAU 2427 102 034 5.4 231 3.9
VUS-FAU 2427 100 031 5.4 22.6 3.6
VUS-FAU 2427 30 0.13 5.3 39.2 15
VUS-FAU 2427 60 0.09 49 45.0 1.0
VUS-FAU 2426 82 0.05 43 46.6 0.6
VUS-FAU 2.426 70 017 43 12.0 2.0
VUS-FAU 2.426 70 014 43 12.0 1.6
VUS-FAU 2425 85 0.07 34 46.8 0.8
VUS-FAU 2424 70 0.07 25 45.9 0.8
VUS-FAU 2424 139 0.04 2.0 51.9 05

2 From the literature (10).
b Not determined.
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samples have been calculated from the unit cell size [re-
ferred to as ap (nm)] according (4, 18) to:

N(Algy) = 1152 - (3 — 2.4191). [1]

To calculate the N(Al¢) values from the unit cell size of
FAU samples that had been steamed at some point in their
preparation (namely, US-FAU, AHS-US-FAU, and VUS-
FAU) a different relationship has to be used, because a
steamed FAU framework is significantly less ordered than
a nonsteamed FAU (2, 4):

N(Aly) = 1121 - (ag — 2.4222). [2]

Thus, a US-FAU can now be redefined by N(Alg) > 20, and
a VUS-FAU by N(Alg) < 20.

We quantify the change in bulk SiOy/Al,O; ratio [re-
ferred to as SAR (mol/mol)], caused by the aluminum
extraction to make US-FAU and VUS-FAU, as aluminum
atoms per unit cell (referred to as N(Alegxtr)).

The N(H™)pam Values are calculated from the acid site
concentration (i.e., [H]in mmol/g) and the SAR (mol/mol)
as

[HT] 192 ((SAR/Z) - Msio, + MHNOZ)

N(H* = :
(H%eam = 7500 SAR/2+1

[3]

In this formula Msio, =60.08 g/mol and Myaio, =59.99 o/
mol are the molecular weights of framework SiO, and
HAIO,, respectively. Thus, the second factor in formula [3]
calculates the weight of a FAU-type unit cell, not taking into
account the compositional variation in the nonframework
alumina.

The N(Als) and N(H™)pam values are tabulated in
Table 1.

Comparing the IPAm TPD results of the three H-FAU
samples [with 35 < N(Alg) < 52] shows that the N(H")pam
value is 52+ 2% of the N(Algy) value (Table 1, Fig. 1).
A (nonspecified) discrepancy between N(H")jpam and
N(Alg) in nonsteamed FAU was reported earlier (9). It was
attributed to the inability of the protons in the sodalite cage
to catalyze the decomposition of the IPAm probe and so
contribute significantly to the N(H")pam value (9, 10). Ac-
cordingly, the difference between N(H")pam and N(Alg)
indicates that approximately 50% of all the protons reside
inside the supercages. Since protons reside in either the su-
percage or the sodalite cage (5, 7, 19), the other 50% has
to be inside the sodalite cages. Powder neutron diffraction
(19), 'H MAS NMR (7) and infrared spectroscopy (5) data
on H-FAU corroborate this proposed distribution of the
protons between sodalite cages and supercages. Accord-
ingly, in the case of the H-FAU where 35 < N(Alg) <52,
our N(H%)pam value appears to represent, quantitatively,
only the protons in the supercages and none of the ones in
the sodalite cages.
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FIG. 1. Variation of the acid site density [2*N(H")pam] With the
framework aluminum density [N(Alg)] for H-FAU (%), AHS-FAU (4),
AHS-US-FAU (A), US-FAU (@), and VUS-FAU (O). The straight line
connects the points where 2 x N(H")pam = N(Alg).

To see if the proton distribution in FAU changes at
N(Alg) < 35, we included an AHS-FAU with N(Alg) =29
in our study. As with H-FAU, the AHS-FAU should have all
the supercage acid sites available for reactions (4, 17) such
as IPAm decomposition. IPAm TPD on this AHS-FAU
sample yields N(H™)jpam = 15, consistent with the proton
distribution found for H-FAU with 35 <N(Alg) <52. In
marked contrast, an IPAm TPD study in the literature (10)
reports an N(H%);pam value of only 10 for an AHS-FAU
sample with N(Als) = 34 (calculated by formula [1] and in-
cluded in Fig. 1 and Table 1). This would be a significant
deviation from the proton distributions we have found. A
possible explanation for the low N(H™")pam in the literature
AHS-FAU sample isthe recipe used to make AHS-FAU; no
special care was taken to eliminate the cationic aluminum
fluoride species that are formed during the AHS treatment.
These cations can easily occupy acid sites, thereby prevent-
ing such a site from catalyzing the decomposition of IPAm.
In contrast, we added an extra washing step (16) with aque-
ous APt to make sure these species were washed out, and
subsequently found an N(H™)pam value closer to the ex-
pected 0.5« N(Aly,).

AHS-US-FAU represents a class of samples somewhat
more complicated than AHS-FAU (or H-FAU). Similar
to US-FAU, the framework of AHS-US-FAU has been
rendered less ordered by a steam stabilization treatment.
In contrast to US-FAU though, most of the supercage
acid sites in AHS-US-FAU are available for reaction (17).
IPAm TPD of the three AHS-US-FAU samples shows a
N(H™)pam value that is 50% of N(Als) (Table 1), suggest-
ing that the steaming and mild leaching followed by an AHS
treatment do not perturb the proton distribution as we have
observed in H-FAU and AHS-FAU samples.
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Since we consistently find that the supercage proton den-
sities approach 50% of the framework aluminum densities
in FAU-type zeolite samples with little if any nonframe-
work alumina, we plotted 2« N(H");pam against N(Alg)
for all FAU samples (Fig. 1). We added a line represent-
ing 2+ N(H)1pam = N(Alg), and we included data for the
US-FAU and VUS-FAU samples. Figure 1 suggests that the
supercage proton density of VUS-FAU samples [i.e., for
N(Alg) < 20] approaches 50% of the framework aluminum
density, similar to that in nonsteamed H-FAU and AHS-
FAU. A similar correlation between the Brgnsted acid site
density and framework aluminum density was previously
reported for VUS-FAU using n-propylamine TPD (8). Sur-
prisingly, variations in the nonframework aluminum den-
sity in the VUS-FAU zeolites (Table 1) do not significantly
affect this correlation (Fig. 1), indicating that virtually all
supercage protons are freely accessible.

In contrast to VUS-FAU zeolites, US-FAU zeolites [i.e.,
having 20 < N(Alg) < 45] generally show a supercage pro-
ton density significantly lower than 50% of the framework
aluminum density (Fig. 1), indicating a significant blockage
or removal of supercage acid protons by debris (nonframe-
work alumina and some amorphous aluminosilicate). Ap-
parently, the supercages of US-FAU contain significantly
more debris than those of VUS-FAU.

The debris in the supercages of US-FAU and VUS-FAU
can be attributed to either the steaming or the aluminum
extraction step used in forming these materials. To examine
the effect of the aluminum extraction step, we compare the
measured reduction in supercage proton density [quanti-
fied by N(Alg) — 2 * N(H1)] with the number of aluminum
atoms per unit cell that were extracted [i.e., N(Alex)].
There appears to be no definitive relationship between the
N(Alex) and N(Alg) — 2 %« N(H™) values (Fig. 2). Thus, the
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FIG. 2. Impact of the amount of aluminum extracted N(Alg) on the

difference between framework aluminum density and acid site density
N(Alg) — 2% N(H")1pam for US-FAU (@) and VUS-FAU (O).
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extraction step has only a limited effect on the release of
debris from supercage acid sites.

An explanation for the relatively large amount of de-
bris in the US-FAU supercages (as compared with those of
VUS-FAU) is that after mild steaming and extraction (to
make US-FAU), the supercages still contain most of the
alumina just after it has been released from the framework.
During the more severe steaming (to make VUS-FAU), the
nonframework alumina has had a chance to diffuse toward
the outer crystal surface, and after a subsequent extrac-
tion step, the remaining nonframework alumina no longer
interferes with the supercage Bransted acid sites. Interest-
ingly, IPAm TPD allows quantification of the reduction in
the number of accessible acid sites due to the presence of
intracrystalline debris.

In summary, we have shown that IPAm TPD can be used
to determine the proton distribution between supercage
and sodalite cage sites in variously modified FAU-type ze-
olites. This cannot be done by other nonintrusive techniques
such as IR spectroscopy and 'H NMR.
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