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Acidic properties of P-modified H-ZSM-5 have been characterized by means of ammonium
exchange, temperature-programmed desorption of ammonia (NH; TPD), as well as IR, Al MAS
NMR, and P MAS NMR spectroscopy. The introduction of phosphorus by impregnation of the
zeolite with an aqueous solution of orthophosphoric acid decreases the number of Brgnsted acid
sites. Brgnsted acidity can be restored completely by elution of the orthophosphoric acid with hot
water. Only after calcination or steaming at elevated temperatures of the H;PO,-impregnated sample
is an irreversible decrease of Brgnsted acidity caused by dealumination observed. The formation
of aluminum phosphates in nonframework positions proceeds simultaneously. Thermal treatment
of H;POimpregnated H-ZSM-5 results in degrees of dealumination lower than those with nonim-
pregnated samples, indicating that phosphorus partially protects aluminum ions from being removed

from their substitutional positions in the silica framework.

INTRODUCTION

ZSM-5 zeolites have been extensively in-
vestigated as the active components of cata-
lysts for a variety of chemical reactions
(1-5). The aptitude of this type of zeolite for
catalysts is based on its acidity combined
with the special features of the pore
structure.

The acid catalytic behavior of ZSM-35, ex-
pressed in terms of activity, selectivity, and
stability, is usually assumed to be connected
with sites involving tetrahedral aluminum
ions in substitutional positions in the frame-
work of silica. Therefore the value of the
acidity, being thus related to the number of
aluminum ions within the zeolite frame-
work, can be adjusted by a proper choice of
conditions of zeolite synthesis to achieve
the requirements of a reaction of interest. A
reasonable way to decrease the content of
framework aluminum of a zeolite with an
originally low Si/Al ratio obtained, e.g., by
synthesis in the absence of a template is
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offered by subsequent dealumination (6).
Another method to reduce acidity is the in-
troduction of a further chemical component
into the zeolite system. Apart from metal
cations and boron, phosphorus has been
used successfully to improve the desired ca-
talytic properties of ZSM-5 (7-11).

The subject of the present paper is the
characterization of P-modified ZSM-5 by
means of several spectroscopic and physi-
cochemical methods. As temperatures of
catalytic reactions often reach or even ex-
ceed 500°C, investigations include the study
of the influence of thermal or hydrothermal
strain on zeolite acidity. The methods of
characterization used are NH, exchange,
temperature-programmed desorption of am-
monia (NH; TPD), IR, Al MAS NMR, and
3P MAS NMR spectroscopy, and tempera-
ture-programmed decomposition of pre-
viously NH; -exchanged samples. The ex-
periments have also included nonmodified
zeolite. The investigation has been based on
a ZSM-5 with a Si/Alg (framework) ratio of

0021-9517/91 $3.00
Copyright © 1991 by Academic Press, Inc.
All rights of reproduction in any form reserved.



230

about 19 corresponding to the total composi-
tion of

Na, Al 3Sig; ,015, X H,0.

EXPERIMENTAL

(a) Preparation of Samples

ZSM-5 type zeolite (HS-30, Chemie AG
Bitterfeld-Wolfen) was converted into the
H* form by a four-times repeated treat-
ment with 0.2 M HNO; solution in a simple
batch procedure. For dealumination, sam-
ples were held in a stream of air and steam
(Pwater = 90 kPa) at 500°C in a quartz tube
for 4 h. Modification with phosphorus was
carried out by impregnation with an aqueous
solution of phosphoric acid and subsequent
drying at 120°C for 1 h. After careful homog-
enization, the powdered material was
steamed or calcined at elevated tempera-
tures.

(b) Ammonium Exchange

The protons of H-ZSM-5 zeolites were
exchanged by NH; ions by treatment with
an aqueous solution of an ammonium salt.
For this purpose the sample (approx. 4 g)
was placed on a glass frit and exposed to a
flow of 300 ml of an aqueous 0.2 M
NH,(CH,COO) solution at 70 to 80°C for at
least 4 h. After careful washing, the content
of ammonium was determined by the Kjel-
dahl method.

(c) Determination of Phosphorus in
Aqueous Solutions

The same device as that used in the am-
monium exchange was used to analyze
phosphorus removed from H,PO,-impreg-
nated samples by elution with hot water.
Quantitative determination of the eluted
phosphorus was based on the spectrophoto-
metric molybdo-vanado-phosphoric acid
method.

(d) Temperature-Programmed Desorption
of Ammonia (NH; TPD)

After zeolite samples were cleaned by
heating to 500°C in a He gas stream (v = 1
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ml/s) for 1 h, ammonia was adsorbed at
120°C from a He gas stream containing 3
vol% of NH,. After flushing by pure He at
120°C for 2 h, desorption of ammonia up to
500°C was started (flow rate of helium: 1
ml/s; heating rate 12 K/min). The concen-
tration of NH; in the exit gas was deter-
mined using a thermoconductivity cell. The
curve of the desorptogram, which normally
exhibited two maxima, was recorded. In
case of unsatisfactory separation, ammonia
was adsorbed at 250°C, thus avoiding the
low-temperature peak. Additionally ammo-
nia was absorbed from the exit gas stream
by a 0.05 M H,SO, solution. Its total amount
was determined by back titration of excess
sulfuric acid.

(e) IR Spectroscopy

ZSM-5 zeolite samples were compressed
to thin self-supporting wafers (approx 7 mg/
cm?) and placed in a quartz IR cell. The
wafers were calcined at 400°C in vacuo.
After cooling to 200°C, pyridine vapor was
admitted into the system for 30 min. After-
ward, the cell was degassed and evacuated
to eliminate physisorbed pyridine. Trans-
mission spectra were recorded in the range
from 4000 to 1300 cm ~! both before and after
pyridine adsorption, using a Specord M 85
spectrometer (Carl Zeiss, Jena) with a
4-cm™! resolution.

() YAl and *'P MAS NMR Measurements

The NMR spectra were obtained on a
Bruker MSL400 multinuclear spectrometer
operating at a field of 9.4 T with a standard
Bruker double-bearing MAS probe. The zir-
conium dioxide rotors were spun near S kHz
with dry nitrogen as driving gas. About 200
mg of sample material was filled in the rotor
with a volume of about 0.35 cm’.

Typically, 1500 to 2400 free induction de-
cays were accumulated per sample for both
nuclei. The pulse widths were 3.9 us (7/2
pulse) with repetition times between 5 and
30 s and 0.6 us (7/12 pulse) with a repetition
time of 1 s for 3P at 162 MHz and for ?’Al
at 104 MHz, respectively. The line positions
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are given on the 8 scale with a maximum
uncertainty of 0.5 ppm, referred to H;PO,
(85 wt%) or to an aqueous Al(NO,); solu-
tion, respectively. The chemical shifts given
for aluminum were not corrected for sec-
ond-order quadrupole effects. In order to
obtain reliable quantitative results by the
27 Al MAS NMR measurements, the samples
were hydrated in a desiccator in an atmo-
sphere saturated with water for more than
20 h (12).

RESULTS AND DISCUSSION
(a) Ammonium Exchange

Protons of the acid sites of the zeolite can
be exchanged totally by NH, ions (6). This
is why determination of the number of these
sites can be based on the quantitative analy-
sis of the ammonium ions present in the
zeolite after treatment with ammonium salt
solutions. Provided that Brgnsted sites are
identifiable with the Al-O-Si groups of the
zeolite framework, the Si/Alg ratio can be
calculated directly from analytical NH;
data. Values of the conventional chemical
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analysis of ZSM-5 show that, within the
margins of error, total aluminum is identical
with that found by the ammonium exchange.
Hence it follows that the original zeolite is
free of nonframework aluminum.

Exchange data with the nonimpregnated
zeolite (Table 1) show that the number of
Brgnsted acid sites is decreased after hydro-
thermal treatment of the sample at elevated
temperatures. The degree of dealumination
increases as temperature is raised (sample
B and O).

Impregnation of the zeolite with ortho-
phosphoric acid including subsequent dry-
ing at moderate temperatures does not in-
fluence NH, exchange capacity (sample I).
As the exchange procedure itself includes
the treatment with a hot aqueous solution,
exchange data of H;PO,-impregnated sam-
ples must be compared with results of the
otherwise eluted samples. After hydrother-
mal treatment at higher temperatures, the
exchange value diminishes (sample J and
K); i.e., the number of Brgnsted acid sites
is reduced.

TABLE 1
Nondealuminated P-Free H-ZSM-5

Sample Treatment NH; exchange NH; TPD IR pyridine adsorption 1546 cm™!  ?7A] MAS NMR
Cy*  S/H® H*fuc. Cyx+ Si/H® H*fuc. Absor- Cy* SUH® H¥/uc. Si/Alp Alfuc.
(umol/g) (umol/g) bance (umol/g)

A H form dried at 840 18.9¢ 4.8 610 26 3.6 0.45 840 18.9¢ 4.8 18.94 4.8
120°C

B Sample A hy- 469 34 2.8 310 53 1.8 0.16 300 53 1.8 42 22
drothermally
treated at
400°C for 3 h

C Sample A hy- 130 122 0.8 110 136 0.7 0.04 76 209 0.46 190 0.5

drothermally

treated at
750°C for
0.5h

D A impregnated — — — 590 27 34 0.29 550 29 32 23 3.6
with 0.1 M
AI(NOy); so-
lution, dried
at room
temp.

E Sample D —_ — — 620 26 3.6 0.34 640 25 3.7 18 4.8
washed with

hot water

4 Experimental data of IR pyridine adsorption and 2’Al MAS NMR are related to the value of the NH; exchange.
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TABLE 2

Nondealuminated, H;PO,-Impregnated H-ZSM-5 (P Content 2.5 wt%)

Sample Treatment NH{ exchange

NH; TPD

IR pyridine adsorption 1546 cm~!  77A1 MAS NMR

Cyt Si/H* H*/u.c.

(pmol/g)

Cyt
(umol/g)

Si/H* H'/u.c.

Absor- Si/H* HY/u.c. Al/u.c.

bance

Cy*
(umol/g)

Si/Alg

Sample dried at 160 95
120°C

Sample F hy-
drothermally
treated at
400°C
for4 h

Sample F hy-
drothermally
treated at
700°C
for 0.5 h

1 Sample F

eluted re-
moved frac-
tion of total
P: 99.6%

J Sample G
eluted re-
moved frac-
tion of total
P: 89.7%

Sample H
eluted re-
moved frac-
tion of total
P: 60.0%

120 136

75 191

837 4.8 620 26

711 22 4.2 510 31

642 25 3.7 260 63

1.0 0.15 340 47 2.0 25 37

0.7 0.14 260 61 75 1.3

0.5 0.08 150 106 0.9 150 0.6

36 0.43 810 20 4.7 5.6

3.0 0.24 450 35 2.6 31 3.0

0.17 320 50 71 1.3

Comparison of data given in Tables 1 and
2 clearly indicates that a reduction of the
number of the protonic sites by hydrother-
mal treatment is more effective with the
nonmodified samples. Obviously, dealumi-
nation is rendered more difficult in the pres-
ence of phosphoric acid.

(b) Temperature-Programmed Desorption
of Ammonia (NH, TPD)

With solid catalysts, NH,; TPD is a valid
method of identifying acid sites of various
strength and to determine their number.
With ZSM-5 samples, desorptograms show
two well-resolved peaks with maximum in-
tensities at 230 to 250°C and at 400 to 450°C
(Fig. 1). The high-temperature peak (HTP)
is assigned to Brgnsted type acid sites of
bridged hydroxyl groups of the zeolite
framework. Therefore the determination of
the number of Brgnsted acid sites can be
based on the amount of ammonia desorbed

within the upper-temperature region. Low-
temperature desorption is caused by weakly
bonded ammonia.

Impregnation with orthophosphoric acid
sharply decreases the analytical value of
ammonia desorbed from Brgnsted acid
sites: The HTP area appears as a shoulder
only (sample F). The reduction of the num-
ber of Brgnsted acid sites by H,PO,, how-
ever, does not mean that the amount of alu-
minum ions within the framework is
decreased equivalently. After treatment
with hot water, which results in a practically
complete elution of phosphorus, the original
value of strong acid sites is recovered (sam-
ple D).

Hydrothermal treatment at elevated tem-
peratures reduces Brgnsted acidity in every
case (Table 1 and 2; Fig. 2). The effect in-
creases as the temperature is raised. With
the P-free sample the portion of strong acid
sites remaining after treatment at 700°C
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FiG. 1. Temperature-programmed desorption of NH; from thermally nontreated H-ZSM-5. Sample A:
parent sample. Sample F: sample A after H;PO, impregnation (content of phosphorus: 2.5 wt%).
Sample I: sample F after elution (eluted fraction of phosphorus: 99.6%). Sample weight, heating rate,
and helium flow rate were 0.6 g, 12 K/min, and 1 ml/s, respectively.

(sample C) amounts to only 18% of the value raised again by subsequent elution with hot
found with the parent sample. water. The recovered values (samples J and

Hydrothermal treatment causes a further K) clearly exceed those of the correspond-
decrease of Brgnsted acidity (sample G and  ing nonmodified samples (samples B and C,
H). The number of strong acid sites can be respectively). They are, however, signifi-
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FiG. 2. Temperature-programmed desorption of NH; from hydrothermally treated, H;PO-impreg-

nated H-ZSM-S (content of phosphorus: 2.5 wt%). Sample H: H;PO,impregnated H-ZSM-5 after

hydrothermal treatment at 700°C. Sample K: sample H after elution (eluted fraction of phosphorus:

60.0%). Sample weight, heating rate, and helium flow rate were 0.6 g, 12 K/min, and 1 ml/s, respectively.
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cantly smaller than those with the original
sample A (Table 1; Fig. 1).

Similarly to the NH; exchange, NH, TPD
data reveal that impregnation with ortho-
phosphoric acid protects the zeolite frame-
work against dealumination by hydrother-
mal treatment. It is evident that with H;PO,-
impregnated, hydrothermally treated sam-
ples, the concentration of Brgnsted acid
sites per unit cell (H*/u.c.) derived from
the data of ammonium exchange strongly
exceeds the values found by other methods.
An explanation of this remarkable effect is
given later.

(c) IR Spectroscopy

IR spectra were recorded both in the
wavenumber range between 3800 and 3400
cm ™! characterizing OH groups of the zeo-
lite and between 1700 and 1400 cm ™!, repre-
senting the interaction of pyridine with dif-
ferent surface sites. The main results of
spectroscopic investigation of the samples
prior to pyridine loading are the following.

—The IR spectrum of the original zeolite
(sample A) shows two OH bands, a weak
one at 3740 cm~! and a strong one at 3610
cm~!, which are due to terminal Si—-OH
groups and to bridged hydroxyls (Brgnsted
sites), respectively (Fig. 3).

—Hydrothermal treatment (samples B
and C), which is known to result in a re-
moval of aluminum from its position within
the zeolite framework (dealumination),
gives rise to a band at 3665 cm~!, which can
be ascribed to nonframework aluminum OH
groups formed due to dealumination. Simul-
taneously a sharp decrease of the band at
3610 cm™! is observed.

—Impregnation with orthophosphoric
acid (sample F) causes a distinct decrease
of intensity for the band at 3610 cm™! ac-
companied by broadening (Fig. 4).

—After hydrothermal treatment (samples
G and H) only one extremely broad band
remains in the region between 3450 and 3650
cm™! (Fig. 4). Elution of phosphorus results
in some restoration of the band at 3610 cm ™!
(samples J and K) but with an intensity
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Fi1G. 3. IR spectra of P-free H-ZSM-S5 (cf. Table 1).

clearly diminished as compared with the
parent zeolite (sample A). The shoulder at
3665 cm™! indicates the presence of non-
framework aluminum.

After adsorption of pyridine, the band of
the Si-OH groups remains unchanged,
whereas that of the bridged hydroxyl groups
completely vanishes. New bands in the re-
gion of lower wavenumbers are detected at
1446, 1456, 1490, 1546, 1600, and 1636 cm ..
Quantitative estimation of the absorbance
as given in Table 3 is based on the bands at
1546 cm ™! and at approximately 1450 cm ™!,
which characterize adsorption of pyridine at
acid OH groups or coordinatively bonded
pyridine, respectively. Both bands are pres-
ent in all of the spectra; i.e., each of the
samples shows acidity of both Brgnsted and
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F1G. 4. IR spectra of H,PO,-impregnated H-ZSM-5
(cf. Table 2).

Lewis type. Data reveal that impregnation
with orthophosphoric acid results in a de-
crease of the intensity of both bands. The
intensity of the band at 1450 cm ™! is raised
sharply for eluted samples, exceeding even
the original value. This increase indicates
that sites of coordinative adsorption are gen-
erated as a result of the interaction between
the orthophosphoric acid and the zeolite as
well as by hydrothermal treatment. Concen-
tration of Brgnsted acid sites (umol/g), the
Si/Brgnsted site ratio, and the average num-
ber of Brgnsted sites per elementary unit of
the zeolite, derived from the value of ab-
sorbance of the band at 1546 cm™!, are rep-
resented by Tables 1 and 2. As can be seen
clearly, hydrothermal treatment results in
a drastic decrease of the concentration of
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TABLE 3
Absorbance (Standardized) of Pyridine
Absorption Bands

Sample Agsag % Ao
A 0.45 100 0.17
B 0.16 36 0.33
C 0.04 9 0.08
F 0.18 40 0.11
G 0.14 31 0.10
H 0.08 18 0.14
I 0.43 96 0.42
J 0.24 53 0.23
K 0.17 38 0.22

strong acid sites. Their number is also di-
minished by modification with phosphorus
and can be increased again by subsequent
elution with hot water. As observed by
TPD, Brensted acidity of thermally treated
samples after elution with hot water, how-
ever, does not reachieve the original value
of the parent sample. Obviously partial de-
alumination during hydrothermal treatment
proceeds in every case, as is indicated by
the appearance of the bands at 3665 ¢cm™!
and by the increase of the band at 1450 cm ™!
with the eluted modified samples. A com-
parison of hydrothermally treated samples
reveals a much sharper decrease of
Brgnsted acidity in the case of the unmodi-
fied zeolite.

(d) Al MAS NMR Spectroscopy

NMR spectroscopic evaluation of the Si/
Al ratios of samples A to K is based upon
the signal of the tetrahedrally coordinated
framework aluminum atoms at 54 ppm (Fig.
5). For quantitative estimation its intensity
is related to that of the parent sample A, the
molar Si/Alg value of which is 18.9 as is
known from NH, exchange.

At first the influence of impregnation with
H,PO, without subsequent thermal treat-
ment (sample F) was investigated. Addition-
ally the parent sample was impregnated with
a dilute aqueous solution of AI(NO;); (sam-
ple D) in order to investigate whether the
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FiG. 5. Y AIMAS NMR spectra of the samples A to K (cf. Tables 1 and 2). Asterisks denote spinning
sidebands. The sharp signal at 0 ppm in spectrum D arises from AI(NO;);.

Al NMR spectrum is influenced by the
presence of aluminum cations. Spectro-
scopic data (Tables 1 and 2; Fig. 5) of both
impregnated samples differ from that of the
parent sample. The observed changes, how-
ever, are completely reversible. After re-
moval of the impregnating agent by elution
with hot water and subsequent drying (sam-
ples E and I), nearly the original intensity of
the signal of the tetrahedrally coordinated
framework aluminum reappears.

Spectroscopic results are clearly differ-
ent, if impregnation with orthophosphoric
acid is followed by hydrothermal treatment
at 400°C (sample G) or at 700°C (sample
H), respectively. Considerable changes are
found:

—The intensity of the signal of tetrahe-
drally coordinated framework aluminum de-

creases sharply at 54 ppm. Simultaneously
signals at about — 11 ppm and 39.5 ppm ap-
pear. The positions of both signals are
known from the literature (13); they are
characteristic of octahedrally or tetrahe-
drally coordinated Al nuclei, respectively,
in aluminum phosphates, which are proba-
bly present here in an amorphous state.

—The spinning sideband patterns differ
from those of the noncalcined samples, indi-
cating local structural changes within the
zeolite framework.

According to previous results (14), tetra-
hedrally coordinated nonframework alumi-
num in the absence of phosphate ions also
gives rise to an NMR signal at about 40 ppm.
Therefore, in the case of calcined H,PO,-
impregnated HS-30 samples, a superposi-
tion of broad signals (at 39—41 ppm) of tetra-
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Fic. 6. Al MAS NMR spectra of the thermally
treated samples L, M, and T. Asterisks again denote
spinning sidebands.

hedrally coordinated aluminum stemming
from different sources (i.e., from alumi-
num—oxygen and from aluminum phosphate
species) cannot be excluded (see also the *'P
NMR data). The results mentioned before
are confirmed by the ¥ Al MAS NMR spec-
tra (Fig. 6) of a dealuminated HS-30 (sample
L, Si/Alz = 95). In addition to the signal
at 0 ppm of the octahedrally coordinated
nonframework aluminum, the spectrum ex-
hibits a broad signal at about 40 ppm (adja-
cent to the main signal at 54 ppm) for the
tetrahedrally coordinated nonframework
aluminum species. After calcination of sam-
ple L at 700°C for 3 h (sample M) the spec-
trum shows reduced intensities for all sig-
nals, especially for the tetrahedrally
coordinated framework aluminum. This
finding can be explained by aluminum spe-
cies invisible in the NMR spectrum due to
larger quadrupole couplings (I/5). Calcina-
tion of the H;PO,impregnated sample T
(with a P content of 1.5 wt%) similarly re-
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sults in a sharp decrease of the signal at
54 ppm. Simultaneously, signals of the two
differently coordinated Al species in the alu-
minum phosphates (39.2 and —11.5 ppm)
appear, whereas a signal of remaining octa-
hedrally coordinated Al in aluminum-oxy-
gen species at 0 ppm could not be identified,
since the signal at —11.5 ppm is broad and
intense.

Elution of the calcined H;PO,-impreg-
nated samples with hot water results in an
increase of the signal of the framework alu-
minum (samples J and K). As distinct from
the thermally nontreated sample 1, the origi-
nal value of the parent sample A, however,
is not reachieved. Elution exerts no signifi-
cant effect on the signals of the nonframe-
work aluminum in the aluminum phosphates
(Fig. 5). It is worth mentioning that the
H;PO,-impregnated sample F, although
nondealuminated, already exhibits a weak
signal in the position of the octahedrally co-
ordinated nonframework aluminum in alu-
minum phosphates (at about —11 ppm).
Contrary to the spectrum of calcined sam-
ples I and K, this signal vanishes here com-
pletely after elution (sample I).

Results of Al MAS NMR measurements
reveal that calcination of HS-30 at elevated
temperatures causes dealumination of the
framework, i.e., a partial conversion of the
tetrahedrally coordinated framework alumi-
num into tetrahedrally and octahedrally co-
ordinated nonframework aluminum species.
Calcination of H;PO,-impregnated samples
gives rise to the formation of nonframework
aluminum phosphates containing aluminum
nuclei in tetrahedral and octahedral oxygen
coordination. The aluminum for this process
is supplied by nonframework aluminum pro-
duced during dealumination prior to impreg-
nation and/or by nonframework aluminum
generated during calcination itself. This
finding is in accordance with the results of
an earlier NMR study of nature and location
of phosphorus species formed by postsyn-
thesis modification of ZSM-5 by orthophos-
phoric acid (16). The fact that the degree of
dealumination for the impregnated samples
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J and K is lower than that of the nonmodified
H-ZSM-5 (samples B and C) indicates a pro-
tective effect of the phosphorus against
‘“‘aging’’ processes simulated by hydrother-
mal treatment at elevated temperatures.

(e) P MAS NMR Spectroscopy

The influence of thermal treatment of
H,;PO,-impregnated H-ZSM-5 on the final
state of phosphorus was studied in detail for
the dealuminated zeolite. Samples P to W
were treated between 400 and 700°C both
with and without steam. The 3'P MAS NMR
spectrum (Fig. 7) of the impregnated parent
material (at least) exhibits three different
resonance lines (sample P). Two of them
(at —5 and — 13 ppm) show chemical shifts
usually obtained for end and middle groups
in pyrophosphates or in other short chain
polyphosphates, respectively (17, 18).
These phosphate species likely to be present
after impregnation with orthophosphoric
acid and subsequent desiccation at 120°C
are removed by elution with water (sample
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Q): both lines vanish (cf. Fig. 7). The re-
maining broadline at about — 28 ppm exhib-
its a chemical shift in the range characteris-
tic of aluminum phosphates (13). They
result from the reaction between nonframe-
work aluminum present due to dealumina-
tion with the orthophosphoric acid used for
impregnation. Aluminum phosphates, al-
though of orthophosphate type, show an ex-
ceptionally high field shift (19). Further evi-
dence for this interpretation is given below,
It should be mentioned that in a recently
published NMR study of the state of phos-
phorus in (NH,),HPO,-impregnated and
subsequently calcined H-ZSM-5 (20), lines
at —6 and — 12 ppm were without further
explanation ‘‘attributed to the phosphorus
compound reacted with different aluminum
sites.”” In our opinion, this assignment is at
least questionable. Furthermore, the results
of Al MAS NMR in the same paper should
be considered with caution. First, the mea-
surements were performed with dry sam-
ples. It is well known (12) that under these

/_/_/\'\0
/\%/LP
. MJ\LS J\\\T
U JLV JLW
B R R, R— 40 0 W0 =80 ) 0 80
PPM PPM PPM

FiG. 7. 3'P MAS NMR spectra of the dealuminated and subsequently P-modified samples P to W (cf.
Table 4). Samples Q, U, V, and W were obtained by elution of samples P, R, S, and T, respectively.
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circumstances ’ Al NMR spectroscopy is by
no means a quantitative method. Second, it
is surprising that the authors did not con-
sider any framework dealumination during
thermal treatment performed at elevated
temperatures.

All 3'P MAS NMR spectra of the hydro-
thermally treated samples R, S, and T are
dominated by an intense line at about —30
ppm, which we also assign to aluminum
phosphate. In comparison to sample Q, the
linewidth is reduced, reflecting structural
changes of the aluminum phosphates during
thermal treatment. With increasing temper-
ature the relative intensity of the broad low
field signal with a maximum at about — 12
ppm decreases, whereas that of the high
field signal at —40 ppm increases. (Note
that due to the spinning frequency used, an
overlap of the center bands and the first
side bands of these two signals occurs.) An
additional fourth line on the high field side
appears after treatment at 700°C only (sam-
ple T). According to the values of chemical
shift, both high field lines can be assigned
to highly condensed polyphosphate species
(18). A chemical shift at —46 ppm is known
for the branching groups in P,0,, (17, 18).
In the above mentioned paper (20), a broad-
line at about —40 ppm was tentatively as-
cribed to phosphorus reacted with impuri-
ties or vacancies in the zeolite structure. We
see no evidence for this interpretation.

The differences among the spectra taken
after different hydrothermal treatment can
be interpreted in terms of a transformation
of less condensed polyphosphates into
higher condensed ones. As shown in Fig.
7, the species represented by the signals at
—12, —40, and —46 ppm are almost com-
pletely removable by simple elution with
water (samples U, V, W). For highly con-
densed polyphosphates, this process can
take place via hydrolysis.

This interpretation of the experimental re-
sults from 3'P NMR is supported by the
findings of the elution experiments with am-
monium acetate solution summarized in Ta-
ble 4. The elution was performed with hot
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TABLE 4

Influence of the Thermal Treatment of H;PO,-
Impregnated, Previously Dealuminated H-ZSM-5 at
Different Temperatures (3 h Each) on the Fraction of
Phosphorus Removed in a 3-Step Elution by Ammo-
nium Acetate Solution

Previous dealumination by steaming at 500°C for 4 h
Si/Alp = 95 = 0.167 mmol Alp/g,eqie

Content of nonframework aluminum: 0.704 mmol
Al/ Bzeolite

Content of phosphorus: 1.5 wt% = 0.484 mmol

P/ Bzeolite

Sample Treatment Fraction of eluted
phosphorus (%)
after the
First Second Third
step step step
P Parent sample 51.7 55.1 59.1
R Sample P 19.7 25.5 25.5
steamed at 400°C
R’ Sample P 24.8 26.9 26.9
calcined at 400°C
S Sample P 9.8 19.6 21.9
steamed at 550°C
S’ Sample P 17.9 20.1 22.1
calcined at 550°C
T Sample P 43 8.0 14.4
steamed at 700°C
T Sample P 10.4 12.8 16.0

calcined at 700°C

0.2 M aqueous solution of ammonium ace-
tate using a three-step procedure with 250
ml of solution per 3.5 g of zeolite. Even in
the case of the merely dried sample P, the
fraction of removable phosphorus is defi-
nitely smaller than that with the correspond-
ing nondealuminated sample I which is free
of nonframework aluminum. The amount of
eluted phosphorus is decreased after ther-
mal treatment. The effect increases as tem-
perature of treatment is raised (samples R,
S, T). The presence of steam during thermal
treatment has nearly no influence on the to-
tal amount of phosphorus being removed,
but distinctly exerts a retarding effect on
the elution. The reduction of the amount of
phosphorus removable by elution is suppos-
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edly due to the formation of aluminum phos-
phates in nonframework positions in the
case of dealuminated zeolite. The 3'P NMR
spectra for the eluted samples are more or
less identical. Hence it follows that the
chemical nature of the phosphorus deposits
that are not removable by water is not influ-
enced if the temperature of treatment is var-
ied in the range between 400 and 700°C.
Thermal treatment without steam results in
the same spectra (not represented in Fig. 7).
Ample evidence for the formation of alu-
minum phosphate species is also found by
3P NMR when part of the nonframework
aluminum was removed prior to H;PO, im-
pregnation by acid leaching. An example is
given in Fig. 8. The line at — 30 ppm domi-
nant with the nonleached sample X is clearly
reduced in the case of the leached sample
Y. The small residual signal at about —30
ppm in the spectrum can be attributed to the
fraction of the nonframework aluminum not
removable by acid leaching (21).

r T T T T T T T T T
40 20 0 20 40
PPM

60 -60

FiG. 8. *'P MAS NMR spectra of two dealuminated,
H;POgimpregnated, and subsequently thermally
treated (700°C, 3h) samples. In the case of sample Y
the nonframework aluminum was removed by acid
leaching prior to the impregnation with H;PQ,.
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Aluminum phosphates were also found in
a previous study of postsynthesis modifica-
tion of H-ZSM-5 by orthophosphoric acid
based on a nondealuminated parent zeolite
synthesized by means of a templating agent
(16).

According to our results no spectroscopic
evidence can be given in favor of a direct
modification of the acid centers as proposed
by several authors (7, 11). The Si—-O-P bond
postulated there is fairly unlikely to occur.
In an NMR study of phosphorus-modified
silica (22), a line at about —32 ppm was
attributed to phosphorus bonded via oxygen
to silicon. In our opinion, however, this as-
signment seems to be inconclusive. Further-
more, with dealuminated samples a line at
this position within the 3P NMR spectrum
is not detectable due to the presence of the
aluminum phosphate species. It should be
noted that 3P NMR lines between —46 and
— 54 ppm have been observed previously for
a silicon pyrophosphate (23). These results
cannot easily be used to assign the lines at
—40 and —46 ppm, observed after high-
temperature treatment of our samples, to
phosphorus atoms bonded to silicon, since
silicon in the case of the silicon pyrophos-
phate is completely in an octahedrally coor-
dinated state. Our ?Si NMR spectra, how-
ever, gave no hint of the presence of any
octahedral coordination for silicon. Conse-
quently, we can neither prove nor disprove
the suggested models for the direct modifi-
cation of the strong acid sites.

(f) Temperature-Programmed
Decomposition of NH] -Exchanged
Samples

Comparison of the values in Table 2
shows that with H,PO -impregnated hydro-
thermally treated samples the number of
Brgnsted sites derived from NH, exchange
data is definitely higher than those found by
the three other methods. As deviation by
random experimental errors can be ex-
cluded, this discrepancy deserves further in-
vestigation to find a plausible explanation.

Ammonium ions can substitute any pro-
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F16. 9. Temperature-programmed decomposition of NH; -exchanged H-ZSM-5. Sample 1: P-free
parent zeolite. Sample 2: sample 1 after H;PO, impregnation (dotted line, TPD curve after adsorption
of ammonia at 120°C). Sample 3: sample 2 after hydrothermal treatment at 700°C. Sample 4: sample

3 after elution with hot water. Sample 5: sample 3 after elution with dilute nitric acid.

ton of the zeolite including those of the phos-
phoric acid surface species of P-modified
samples, which are not removed by aqueous
elution. Temperature-programmed decom-
position of NH; -exchanged P-modified zeo-
lite is considered to be a suitable means of
detecting this type of proton.

The desorptogram of the H;PO -impreg-
nated, thermally nonpretreated sample (2,
Fig. 9) shows a distinct shoulder on the as-
cending front of the high-temperature peak
of ammonia desorbed from the strong acid
Brgnsted sites. The additional area absent
in the desorptogram of the P-free parent
sample (1, Fig. 9) is obviously caused by
the decomposition of less thermally stable
complexes. Hydrothermal treatment of the
H,PO,-impregnated sample at 700°C drasti-
cally reduces the amount of strong Brgnsted
acid sites, whereas the number of sites with

lower Brgnsted acidity is slightly increased
(3, Fig. 9). Elution of the zeolite with hot
water prior to NH; exchange has no sig-
nificant influence (4, Fig. 9). Elution with
dilute HNO;, however, sharply decreases
the amount of lower Brgnsted acid sites (5,
Fig. 9).

These results reveal that the impregnation
of ZSM-5 with phosphoric acid is accompa-
nied by the creation of Brgnsted sites with
an acid strength lower than that of the bridg-
ing hydroxyls. This type of site can be as-
cribed to surface-bonded species of phos-
phoric acid, which are nearly insoluble in
hot water. They are not identified by the
usual NH, exchange characterization, as
this method gives information of the sum of
both types of Brgnsted sites only.

After thermal decomposition of the
NH, complexes, samples can be subjected
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to the normal NH; adsorption procedure.
Subsequent TPD (2, Fig. 9) shows the
broadband of ammonia desorbed from
Lewis acid sites overlapping the signal of the
low Brgnsted acidity. The high-temperature
maxima of the curves of desorption of NH;
and of decomposition of NH; -exchanged
samples coincide, indicating that the inter-
action of both gaseous NH; and NH, ions
with the strong Brgnsted sites gives rise to
the formation of identical surface products.

CONCLUSIONS

With ZSM-5 zeolites, impregnation by or-
thophosphoric acid exerts an effect which
is similar to that obtained by thermal and
hydrothermal treatment: The number of
Brgnsted acid sites is decreased, as is shown
by temperature-programmed desorption of
ammonia and IR spectroscopy. Simultane-
ously the intensity of the YAl NMR signal
of the tetrahedral framework aluminum
atoms is decreased.

The effect turns out to be reversible. By
elution with hot water, which results in a
nearly complete removal of the impregnated
phosphorus, the number of Brgnsted sites
(NH, TPD, IR spectroscopy) of the original
sample is almost completely recovered. In
a like manner the intensity of the NMR sig-
nal of the framework aluminum is increased
again.

The results of the spectroscopic and phys-
icochemical investigations reveal that im-
pregnation with orthophosphoric acid in-
deed gives rise to a decrease of the number
of Brgnsted sites of the zeolite framework,
but that dealumination does not proceed.
The recorded diminution of Brgnsted acid-
ity is due to a reversible interaction between
orthophosphoric acid and part of the acid-
bridged hydroxyl groups of the zeolite
framework. As a consequence of this, the
identity between the number of strong
Brgnsted acid sites and the number of alumi-
num atoms of the zeolite framework, ex-
isting for H-ZSM-5 of different degrees of
dealumination (6), no longer holds for
H;PO,-impregnated samples.

LISCHKE ET AL.

With H,PO,-impregnated zeolites, hydro-
thermal treatment results in dealumination,
too. Its degree, however, is clearly weaker
than in the absence of orthophosphoric acid.
Phosphorus obviously exerts a certain in-
fluence that protects aluminum in the frame-
work from being removed from its positions.
Part of the phosphoric acid can be extracted
again by elution with hot water. The fraction
of removable phosphorus is decreased by
calcination or steaming at elevated tempera-
tures.

Phosphate ions react also with nonframe-
work aluminum as is shown by signals of
2TAl NMR spectra, which can be unambigu-
ously assigned to tetrahedrally and octahe-
drally coordinated aluminum in aluminum
phosphates. Evaluation of P NMR spectra
confirms that dealumination is accompanied
by the formation of aluminum phosphates,
which are extremely insoluble in water.

Apart from NH; exchange, methods
commonly used to determine Brgnsted acid-
ity of H-ZSM-5 zeolites can be applied to
P-modified samples, too. Experimental data
are nearly identical. NH; exchange pro-
duces deviating results: The number of
Brgnsted sites is distinctly higher than that
obtained by the three other kinds of charac-
terization. As could be shown, the differ-
ence is caused by the ability of the ammo-
nium ions to react with any protons,
including those of the surface species of
phosphoric acid. Temperature-programmed
decomposition of NH, -exchanged samples
is a satisfactory means of discriminating be-
tween these sites and the bridged hydroxyl
groups attached to framework aluminum
atoms. This method allows a separate deter-
mination of both types of Brgnsted acid sites
due to the different thermal stability of their
NH; complexes.

REFERENCES

1. Chang, C. D., and Silvestri, A.].,J. Catal. 47, 249
(1977).

2. Chang, C. D., Chu, C. T.-W., and Socha, R. F., J.
Catal. 56, 169 (1979).



10.

11

12.

13.

CHARACTERIZATION OF P-MODIFIED H-ZSM-5

. Jacobs, P. A., Martens, J. A., Weitkamp, J., and

Beyer, H. K., Faraday Discuss. Chem. Soc. 72,
353 (1982).

. Ducarme, V., and Védrine, J. C., Appl. Catal. 17,

175 (1985).

. Chan, N. Y., and Garwood, W. E., Catal. Rev.-

Sci. Eng. 28, 185 (1986).

. Ohlmann, G., Jerschkewitz, H.-G., Lischke, G.,

Parlitz, B., Richter, M., and Eckelt, R., Z. Chem.
28, 5, 161 (1988).

. Young, L. B., Butter, S. A., and Kaeding, W. W.,

J. Catal. 76, 418 (1982).

. Védrine, J. C., Auroux, A., Dejaifve, P., Ducarme,

V., Hoser, H., and Zhou, S., J. Catal. 73, 147
(1982).

. Zatorsky, L. W., Wierzchowski, P. T., and Ci-

chowlas, A. A., Bull. Pol. Acad. Sci. Chem. 32,
217 (1984).

Kim, J.-H., Namba, S., and Yashima, T., Bull.
Chem. Soc. Jpn. 61, 1051 (1988).

Vinek, H., Rumplmayr, G., and Lercher, J. A., J.
Catal. 115, 291 (1989).

Luz, Z., and Vega, A. J., J. Phys. Chem. 91, 374
(1987).

Miiller, D., Grunze, 1., Hallas, E., and Ladwig,
G., Z. Anorg. Allg. Chem. 500, 80 (1983).

14.

I5.

16.

17.

18.

19.

20.
21.

22.

23.

243

Samoson, A., Lippmaa, E., Engelhardt, G.,
Lohse, U., and Jerschkewitz, H.-G., Chem. Phys.
Lett. 134, 6, 589 (1987).

MacKenzie, K. J. D., Brown, I. W. M., Meinhold,
R. H., and Bowden, M. E., J. Am. Chem. Soc. 68,
293 (1983).

Caro, J., Billow, M., Derewinski, M., Haber, J.,
Hunger, M., Kirger, J., Pfeifer, H., Storek, W.,
and Zibrowius, B., J. Catal. 124, 367 (1990).
Grimmer, A. R., and Haubenreisser, U., Chem.
Phys. Lett. 99, 487 (1983).

Duncan, T. M., and Douglass, D. C., Chem. Phys.
87, 339 (1984).

Cheetham, A. K., Clayden, N. J., Dobson, C. M.,
and Jakeman, R.J. B.,J. Chem. Soc., Chem. Com-
mun., 195 (1986).

Seo, G., and Ryoo, R., J. Catal. 124, 224 (1990).
Freude, D., Brunner, E., Pfeifer, H., Prager, D.,
Jerschkewitz, H.-G., Lohse, U., and Ohlmann, G.,
Chem. Phys. Lett. 139, 325 (1987).

Bernstein, T., Fink, P., Mastikhin, V. M., and
Shubin, A. A., J. Chem. Soc., Faraday Trans. 1
82, 1879 (1986).

Mudrakowski, 1. L., Mastikhin, V. M., Shmach-
kova, V. P., and Kotsarenko, N. S., Chem. Phys.
Lert. 120, 424 (1985).



