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Interaction of H;PO, with extraframework aluminum of ultra-
stable zeolite (USY) leads to the formation of different types of
aluminum phosphates, while there is no indication of the formation
of SAPO zeotype structures. The total acidity of USY slightly
decreases upon the H,PO, treatment, while the maximum in the
distribution of acid strength is shifted to milder acidities. Dealumi-
nation of the zeolite and creation of POH sites associated with
AIPQ, are responsible for the modifications observed. © 1994 Aca-

demic Press, Inc.

INTRODUCTION

Zeolite Y is the active component of most of the com-
mercial cracking catalysts. Its steam dealuminated ultra-
stable form (USY) contains a mesopore system capable of
accommodating the reactants, and combines substantial
hydrothermal stability with desirable activity and selectiv-
ity. According to X-ray diffraction, the USY catalyst re-
tains the topology and crystallinity of the parent structure
and the hydroxyl nest vacancies in the framework, which
are left behind by Al removal, are mostly healed by Si
incorporation (1, 2). Since the SiO, tetrahedra are smaller
than AlO, tetrahedra, the cubic unit-cell parameter de-
creases in the course of dealumination and therefore can
be related to the Si/Al ratio in the framework (3). How-
ever, the steaming of zeolite NH,-Y not only affects the
framework composition, but also fills the zeolite voids
with the extracted Al which remains there as extraframe-
work Al (EFAL). Both framework and extraframework
species can be studied by various spectroscopic tech-
niques, of which infrared spectroscopy combined with
the pyridine adsorption—desorption and solid-state NMR
under magic angle spinning (MAS) are the most powerful.

It is obvious for acid-catalyzed reactions that an ade-
quate information on acidic hydroxyl groups is of para-
mount importance. IR spectroscopy can monitor the
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state, i.e., populations and acidity, of the hydroxyl groups
associated with framework Al (FAL) as well as of those
occurring in the extraframework species (4, 5). Moreover,
IR spectroscopy can provide information on external and
internal defects created in the zeolite structure during
dealumination, and consequently give an idea about the
extent of the defect healing caused by the Si insertion (3).

When IR is combined with the adsorption—desorption
of bases such as pyridine (6) and quinoline (7), it is not
only possible to distinguish between Brgnsted and Lewis
acid sites and to probe their acid-strength distribution,
but also to characterize their accessibility to reactant mol-
ecules of different sizes.

»Si MAS NMR monitors the dealumination process
and, from the relative intensities of the Si(nAl) signals
(n = 0-4), allows one to calculate the corresponding in-
crease in the framework Si/Al ratio (8-12). YAl MAS
NMR shows in turn different types of Al (FAL and EFAL)
{8-12). Thus it was found that upon dealumination the
FAL! signal loses intensity to the advantage of EFAL
resonances, which grow up at 0 (EFALY") and 30 ppm
(EFALY or EFALMY), and shifts from 61.6 ppm in the
parent material to 54.8 ppm in the dealuminated product
because of the Al removal from the second and further
Al tetrahedral coordination shells. The feature at 30 ppm
is probably a separate signal, since it can be selectively
removed by washing the zeolite with NaOH solution (13,
14) and is relatively enhanced by 'H-*"Al cross-polariza-
tion (CP) compared to the signal of 4-coordinated Al
(15-17). The signal at 30 ppm appears very close to the
position of the S-coordinated Al signal in andalusite (18),
so it was suggested (13) that it can originate from EFALY.
Recent *’Al quadrupole nutation study under fast MAS
indicates that both EFALY and EFAL'Y assignments are
possible (15-17) and confirms that the signal at 30 ppm
is an independent resonance rather than a low-frequency
component of a broad second-order quadrupolar line-
shape, the high-frequency counterpart of which overlaps
with the signal of FAL'" (19). Furthermore, the quadru-
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pole nutation study (15, 17) provides valuable information
on two resonances which were formerly resolved in the
4-coordinated spectral region for zeolite Y dealuminated
with SiCl, (20). The higher frequency signal (60 ppm (20),
62 ppm in F, and most intensity at w/27 in F, (17))
decreases, compared to the other, with increasing degree
of dealumination (17, 20) and corresponds to a quadrupole
coupling constant Cq of ca. 2 MHz (17), characteristic
for zeolite Na-Y (12). It follows that it has to be assigned
to FAL!Y. The lower frequency signal (52-54 ppm (20),
56 ppm in F, and substantial intensity at 3w/27 in F,
(17)) corresponds to Cy = 3.5-4 MHz (17) and has to be
assigned to EFAL!Y on the basis of relative intensity and
site symmetry arguments (17, 20, 21). The latter signal
probably comes from amorphous silica-alumina (14, 20),
which also contributes to EFALY 'V and EFALV! reso-
nances at 30 and 0 ppm, respectively.

It has been already shown that both FAL and EFAL
species play a significant role during gasoil cracking on
zeolites USY (20). Therefore, it is not surprising that any
modification of their concentration and properties due
to chemical post-treatments seriously affects the gasoil
cracking activity and selectivity (22). Recently, it has been
found that a strong interaction occurs between H,PO, and
both framework and extraframework species of ZSM-5
and that it affects zeolite acidity and catalytic activity
(23-26). This is because H,PO, dealuminates the zeolite
and reacts with EFAL species to form aluminum phos-
phate. The opinion prevails that incorporation of P atoms
into the zeolite framework and Si-O-P bond formation do
not occur (23, 25). However, other spectroscopic methods
could be helpful to achieve more conclusive information
on this matter. We note that all the preliminary solid-state
NMR work on P-impregnated ZSM-5 (23-26) indicates
clearly that by an adequate H;PO, treatment it should be
possible to modify the physicochemical characteristics of
zeolite USY, and consequently the cracking activity.

In our work a series of H,PO,-impregnated USY zeo-
lites containing various amounts of P and treated under
various thermal conditions have been jointly studied by
IR spectroscopy combined with the pyridine adsorption-
desorption, by thermoprogrammed desorption of ammo-
nia (TPDA), and by #Si, *’Al, and *'P solid-state MAS
NMR.

EXPERIMENTAL

Zeolite USY was prepared from zeolite NH,Y (Si/Al
ratio of 2.7) by 5 h steaming at 823 K. This sample was
then impregnated with H;PO, solution to obtain zeolites
with 0.5, 1, 2, 4, and 6 wt% of P, which were next calcined
for 1 h at 773 K (PO samples). A second series of the
USY samples was obtained by steaming the PO samples
during 5 h at 1023 K (PS samples). Table 1 collects the

TABLE 1

Physicochemical Characteristics of USY Samples

Cryst.” Si/Al Si/Al
Sample ay (nm) (%) (XRD) (NMR)
USY000 2.448 95 59 5.4
USYO05P0 2.448 96 59 —
USYI1PO 2.443 96 7.7 7.9
USY2P0 2.443 95 7.6 —
USY4P0 2.440 81 9.2 7.3
USY6P0 — 22 — 12.7
USY00S 2.428 9 35 —
USYO05PS 2.428 89 35 —
UsSYIpS 2.428 84 35 —
USY2ps 2.428 85 35 —_—
USY4PS 2.428 80 35 —
USY6PS —_ 21 —_ —

“ The crystallinity was calculated by comparing the peak height of the
(5.3, 3) reflection and considering YNa (LZY-52) to be 100% crystalline.

physicochemical
studied.

IR experiments were performed using vacuum cells.
Wafers of 10 mg cm~2 were degassed overnight under
vacuum (1073 Pa) at 673 K. The spectra were recorded
and then pyridine (6 x 10° Pa) was admitted and, after
equilibration, desorbed for 1 h at increasing tempera-
tures (523 K/623 K/673 K). After each desorption step
the spectra were recorded at room temperature.

The TPD of ammonia from USY samples (0.1 g) was
carried out in a stream of He (100 ml min~!) with a
heating rate of 10 K min~'. Prior to the TPDA experi-
ments the samples were activated at 723 K for 2 h in
a stream of O, (50 ml min~'). Ammonia adsorption was
carried out at 450 K in order to eliminate the physically
adsorbed NH,, and the amount desorbed was detected
using a TCD device and determined from the area of
the desorption peak.

Solid-state 3'P, Al, and 2°Si NMR spectra were
recorded under magic angle spinning (MAS) at ambient
temperature on a Varian Unity VXR-400 WB spectrome-
ter at 161.9, 104.2, and 79.5 MHz, respectively. For
3P and 2°Si both the conventional Bloch decay (BD)
and cross-polarization (CP) spectra were measured. A
high-speed MAS Doty probe with zirconia rotors (5 mm
in diameter) was used for *'P NMR and a Varian MAS
probe with zirconia rotors (7 mm in diameter) was used
for YAl and ¥Si NMR. The acquisition parameters are
given in Table 2. The MAS rotors were driven by dry
air and the magic angle was set precisely by observing
the "Br resonance of KBr. The CP spectra were re-
corded with single contacts and the contact times were
optimized on the original samples. »Si spectra were
deconvoluted with standard Varian software and the

characteristics of all the samples
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TABLE 2
MAS and CP/MAS NMR Acquisition Parameters

MAS
Pulse Flip angle Recycle delay MAS rate
Resonance (us) (radians) (s) (kHz)
3p 3.0 (3/8)r 15 7.0-7.3
Al 0.6 /20 0.5 8.5
»Si 4.0 w5 40 6.0
CP/MAS
w/2 Pulse Contact time Recycle delay MAS rate
Resonance (us) (ms) (s) (kHz)
ip 5.5 1.5 3 6.5
Si 9.0 3.0 2 5.0

(Si/Al)yygr ratios were calculated from the peak areas
using the classic equation given in the literature (8-12).

RESULTS AND DISCUSSION

Infrared and Temperature-Programmed Desorption

IR spectroscopy (Fig. 1, al) detects various kinds of
hydroxyl groups in the USY zeolite (4). Bridging hydroxyl
groups from the =zeolite framework (conventional
Bronsted sites) give bands at 3632 and 3559 ¢cm™', so
hereafter are refered to as the high frequency (HF) and
low frequency (LF) hydroxyls, respectively. The bands
at 3600 and 3525 cm ! are assigned to the HF and LF
framework hydroxyls, respectively, interacting with
EFAL species. Because of this interaction the hydroxyl

groups become more acidic (superacid sites) and the cor-
responding bands are shifted to the lower frequences.
Hydroxylated EFAL species are responsible for the 3670
cm™! (pseudobohemite) and 3600 cm ™! bands, the latter
being a background for all four bridging hydroxyl bands.
The highest frequency band at 3746 cm~! has been as-
signed to external silanol groups.

After the pyridine adsorption (Fig. 1, a2) all the accessi-
ble acidic hydroxyls disappeared, while the nonacidic hy-
droxyls, i.e., the external silanols (the band at 3746 cm ™)
and the hydroxylated EFAL species (the bands at 3700
and 3600 cm™ "), remained unreacted (4).

Upon P-incorporation (1-4 wt%) the intensity of the hy-
droxyl bands decreased (Fig. 2) and so did the Brgnsted
and Lewis acidity measured by the pyridine adsorption
(Table 3). This can be a result of zeolite dealumination by
the H;PO, treatment, in accordance with the contraction of
the zeolite unit cell (Table 1). Furthermore, the decreased
intensity of the EFAL hydroxyl band at 3600 cm ~! as well
as the effect on the Lewis acidity (Table 3) would indicate
stronginteraction of H;PO, withthe EFAL species, leading
probably to the aluminum phosphate formation (IR results
for the steamed samples, vide infra). The effects for the
USY4P0 sample are particularly notable (Fig. 2¢).

The NH; TPD technique monitors the acid strength
distribution. Our results (Fig. 3) show that the H,PO,
treatment preferentially removes the strong acid sites
(635 K) while increasing the amount of those with the
medium-low acidity (535 K). We submit that the dealumi-
nation alone would decrease the total amount of the acid
sites and increase a fraction of the stronger Bronsted acid
sites. It turns out that H,PO, is not only a dealuminat-
ing agent.

ABSORBANCE

BN
[v]

3800 3600 "3400

FIG. 1.
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IR spectra of the USY000 sample. (a) Hydroxyl range (1) before and (2) after pyridine adsorption, and (3) difference spectrum. (b)

Spectra of pyridine adsorbed at room temperature and desorbed at (1) 523 K, (2) 623 K, and (3) 673 K.
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The shift towards the milder acidity could be explained
by preferential interaction of P-containing species with
the strong acid sites, and/or by their interaction with this
EFAL, which induces the superacid hydroxyls having the
IR bands at 3600 and 3525 cm ™', However, the IR results
in the OH region (cf. Fig. 1 and 2) do not support the latter
conclusion because the P-impregnation and subsequent
calcination hardly affect the superacid hydroxyl bands.
We believe that the H;PO, treatment creates some acid
sites of medium and low acid strength, probably POH
groups, if the aluminum phosphate formation is assumed.
According to the molecular orbital calculations (27, 28),
such POH groups have acidic properties and are quite
stable. Moreover, AIOH groups can enhance the POH

TABLE 3

Brensted and Lewis Acidity of the USY Samples as a Function
of the Degassing Temperature (Values in umol g~! of Pyridine
Adsorbed)

Brgnsted Lewis
Sample 523 K 623 K 673 K S23 K 623 K 673 K
USY000 192 109 49 s2 34 23
USYI1PO 115 60 27 29 29 23
USY2P0 137 60 27 42 29 29
USY4P0 93 71 i3 16 23 23
USY6PO 42 21 4 19 15 12
USY00S 2 <1 <l 6 2 2
USYIPS 2 1 <1 13 4 4
USY2PS 2 1 <1 12 4 4
USY4PS 1 <1 <1 8 3 2
USY6PS <1 <1 <1 4 i <1

IR spectra in the hydroxyl range of (a) USY PO, (b) USY2P0, and (c) USY4P0. The same legend for (1), (2), and (3) as in Fig. 1.

acidity by hydrogen bonding (29). On top of this, the
presence of bridged P-OH-AIl hydroxyl groups, which
are more acidic than the POH groups, cannot be ruled out.

Upon steaming the intensity of the hydroxyl bands dra-
matically decreased (Fig. 4) and only the silanol band and
a band at 3680 cm ™! have been detected. The latter, well
visible for USY4PS (Fig. 4¢), comes from the POH
groups, thus suggesting the presence of the aluminum
phosphate species. As concerns the acidity measured by
the pyridine adsorption, a maximum in the total (Brgnsted
and Lewis) acidity was found for the sample containing
1 wt% of P (Table 3), and all the samples reached the
same final unit-cell size despite the different P-contents
(Table 1).

Solid-State NMR

Our *Si MAS NMR spectra (Fig. 5) show that the
impregnation of USY with H,PO, dealuminates the zeo-
lite. This is reflected in the framework Si/Al ratios ob-
tained by deconvolutions of the NMR patterns, which
data reasonably agree with those deduced from the unit-
cell size (Table 1). Upon steaming a more severe dealumi-
nation occurs since the **Si BD spectra show only a peak
of Si(0A1) (8, 12). We have also found a background
signal from silica (30, 31) (e.g., see the USY6PS spec-
trum in Fig. 5) having in a series of samples an average
chemical shift of —111.9 ppm (the deconvolution re-
sults).

There is no indication of any isomorphous substitution
of framework Si by P during steaming and any formation
of the corresponding P-O-AI-O-Si bonds, at least to the
NMR detectable extent, because a signal at ca. —90 ppm
characteristic for SAPO-37 (32) which is isostructural with
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(a) nonsteamed and (b) steamed.

faujasite, is absent in our spectra of the P-impregnated
samples.

Signal positions in the conventional *’Al spectra are
not usually very characteristic because they are not only
dependent on chemical shifts but also on quadrupolar
parameters of the respective Al sites. However, we have
observed several typical features (Fig. 6). Thus there are
FALY, EFAL!Y"V and EFALY! resonances at 56-58, 30,
and at —3 to 4 ppm, respectively, coming from the part
of the material, which has not been affected by the P-
impregnation (Fig. 6). These can be easily identified for

473 573 673 K

Thermoprogrammed ammonia desorption profiles for the USY samples before (—) and after (---) H;PQ, adsorption (1 wi% P).

the samples without P or those with the low P-content
(0.5 and 1%). Then we note that the spectrum of USY4PS
(Fig. 6) is almost identical with the spectrum of sample
APAI-A (Fig. 3 in Ref. (33)) containing amorphous system
AIPO,~ALO; (75: 25 wt%). It follows that the signals from
USY4PS at 37 ppm (EFAL!) and at —6 ppm (EFAL"")
can be assigned to the similar extraframework material.
The position of 4-coordinated Al signal from the amor-
phous AIPO,-Al,O, phase shows up for the nonsteamed
sample at 44 ppm (USY4P0), while for the steamed mate-
rial it is located at 37 ppm (USY4PS), perhaps because
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FIG. 4.

IR spectra in the hydroxyl range of (a) USYIPS, (b) USY2PS, and (c) USY4PS. The same legend for (1), (2), and (3) as in Fig. 1.
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BSi NMR Bloch decay (full line) and cross-polarization (dashed line) spectra of ultrastable zeolite Y modified with H,PO,.
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samples, respectively. Asterisks denote spinning sidebands.

of its different Al,O; content. We also assume this signal
to be present in the spectra of the nonsteamed samples
with the low P-content, since the 4-coordinated Al signal
gradually broadens from USY000 to USY1P0, before it
finally separates for USY4P0. For the steamed samples
with the low P-content (USYOQSPS and USY1PS) the 4-
coordinated Al signal from the amorphous AIPO,~ALO,
phase is perhaps strongly overlapped with the FAL' sig-
nal of nonmodified USY, so the joint signal has a maxi-
mum at ca. 52 ppm. In order to clarify the problem of the
superimposed Al resonances we plan to do quadrupole
nutation experiments.

For USY6P0 (Fig. 6) there are some minor peaks of
nonmodified USY at 57 and — 1 ppm and the predominant
peaks at 37 and — 11 ppm, characteristic for amorphous

1
-200
ppm from Al(H20)3*

Al NMR Bloch decay spectra of ultrastable zeolite Y modified with H;PO,. Full and dashed lines denote nonsteamed and steamed

aluminum phosphate (33). Hydrothermal treatment of this
sample results in substantial narrowing and shift from 36.8
to 38.5 ppm of the 4-coordinated Al signal and almost
elimination of the 6-coordinated Al signal at —11.4 ppm
(cf. USY6P0 and USY6PS in Fig. 6¢). The signal positions
and the spectral effects are the same as observed by Sanz
et al. (33) during crystallization of amorphous aluminum
orthophosphates. It follows that the sharp 4-coordinated
Al signal of USY6PS has to be assigned to crystalline
AlPO,.

However, our NMR results reflect only averaged phe-
nomena, that is they cannot distinguish between AIPO, in
an outer shell of zeolite crystals and that deposited in inter-
nal voids. Therefore, nocomment canbe done on agradient
in the AIPO, concentration over individual zeolite crystals
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denote nonsteamed and steamed samples, respectively.

(23). However, we checked that the crystallization of
AIPQO, substantially decreases the BET surface area from
335 to 123 m? g~ ! and causes an increase of silica content
by a factor of 2.6 (our *Si NMR results). The former effect
suggests that crystalline AIPO, is formed at the crystal sur-
face of zeolite, the latter that the process occurs also inside
the framework resulting in its partial destruction.

3'P NMR brings a further evidence of AIPO, formation
during the H,PO, interaction with USY (Fig. 7). Consider
BD spectra. Amorphous AIPO, gives one broad signal at
—26 ppm (cf. USY6PO) (33). After hydrothermal treat-
ment a sharper signal arises at —30 ppm (cf. USY6PS),
which can be assigned to crystalline AIPO, (tridymite
structure) (33). Accordingly, we suggest that USY4P0
and USY4PS contain P mainly in the form of amorphous
AlIPO, (broad BD signals with the maxima at —23.5 and
—25 ppm, respectively). For the low P-content there are
two extra signals: at ca. — 15 ppm of short chain polyphos-
phates (34), which decreases after steaming, and one at
ca. —37 ppm of highly condensed polyphosphates (35),
which appears after steaming. Note that the spectra in
Fig. 7 are not in the absolute intensity mode, but all are
scaled to the same arbitrary amplitude. In reality, the
samples with the higher P-content give more intense spec-

3P NMR Bloch decay (BD) and cross-polarization (CP) spectra of ultrastable zeolite Y modified with H,PO,. Full and dashed lines

tra. The polyphosphate signal is better resolved for the
samples with the low P-content but is certainly bigger,
although more superimposed on neighbor signals, in the
samples with the high P-content. All the *'P signals are
considerably overlapped but it is evident that the AIPO,
signals increase upon steaming.

In order to discuss the formation of mild acid sites
associated with POH groups we refer to the *'P CP spec-
tra. CP favors higher frequency signals (Fig. 7), which is
also proved by the variable contact-time experiment (Fig.
). For the short contact time (100 us) species containing
protons are preferred and they give continuous absorption
roughly in the — 10 to —22 ppm range. Just in this range
a wide POH signal from the amorphous phase has been
detected (36), so our short contact time spectrum suggests
that in the P-containing samples there is a wide distribu-
tion of POH sites residing in chemically varying and ill
defined environments. These hydroxyls are of medium
and weak acidity (37), and can affect the acid strength
distribution observed in the H;PO, treated USY samples.

CONCLUSIONS

On the basis of the IR, TPDA, and NMR results we
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conclude that H,PO, dealuminates the USY framework
and interacts strongly with the EFAL species to give
amorphous AIPO,-Al,O; phase, whose composition de-
pends on the treatment conditions. The interaction in-
creases with the H,PO, concentration and upon steaming,
and some AIPO, crystallizes in the tridymite structure.
The H;PO, treatment causes dealumination of USY, thus
decreasing the total number of Brgnsted acid sites and
the area below the TPDA curve at higher temperatures.
At the same time the H;PO, treatment produces new
milder acid sites, that is POH groups, which are responsi-
ble for the increase in the area below the TPDA curve at
lower temperatures. The overall effect results in a shift
of the acid strength distribution towards milder acidities.
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