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FAPO-5 molecular sieves synthesized with Fe(Il) and TEAOH and differing in iron content have
been characterized by using various physicochemical methods to elucidate the incorporation of the
iron ions into the aluminophosphate matrix. In as-synthesized FAPO-5, a large portion of Fe(III)
ions are located in the framework position of AIPO,-5, and Fe(II) ions are introduced in place of
AI(III) ions in the form of Fe(INTEA ™. Fe(l) ions are oxidized to Fe(III) while remaining in the
framework position in the course of calcination to remove the template. In the case of Fe-silicate
ZSM-5, some of the Fe(IIl) ions located in the framework seem to be removed after the calcina-

tion. © 1992 Academic Press, Inc.

INTRODUCTION

Recent advances in the area of hetero-
atom substituted aluminosilicate and alumi-
nophosphate (AIPO,) molecular sieves have
opened a new area in zeolite catalysis (/, 2).
Especially, considerable interest has been
centered on the isomorphous substitution of
iron into various molecular sieve zeolites
(3~15). Several studies concerning the iron-
incorporated aluminophosphate molecular
sieve (FAPO) have recently been reported
(12~15). FAPO material has been shown to
modify the acidity of AIPO, and has poten-
tial applications as a catalyst for hydrocar-
bon conversion and oxidative combusion re-
actions (16, 18).

In the present study, the possibility of the
isomorphous substitution of iron into
an AIPO,5 matrix has been investigated
with the help of various physicochemical
methods.

EXPERIMENTAL
Sample Preparation

FAPO-5 samples were synthesized by the
method described by C. A. Messina et al.
(16) using pseudoboehmite (74.2 wt%,
Conoco), FeCl, (Kanto, EP), H,;PO,

(Kanto, 85%), and TEAOH (Aldrich, 40%).
Pseudoboehmite was added slowly to
H,PO, solution with vigorous stirring until
a homogeneous ge! was obtained. Then
FeCl, - 4H,0 was added to the gel with con-
tinuous stirring, followed by a dropwise ad-
dition of the organic templating agent
(TEAOH). The pH of the final gel was
3.5-3.8. A gel with the molar composition
1.0 TEAOH:xFe,05:(1 — x) ALO;:1.0 P,Os:
80H,0 with x = 0, 0.02, 0.04, 0.06, and 0.08
was hydrothermally crystallized in a teflon-
lined autoclave (250 ml) at 430 K for 70—-80
hr. The samples are designated as F0, F1,
F2, F3, and F4, respectively. Fe-silicate
ZSM-5 for a comparison study was prepared
by the method described by R. Szostak and
T. L. Thomas (3) having a Si/Fe mole ratio
of 65. The samples were filtered, washed,
and dried at 400 K for 24 hr and kept in an
as-synthesized form. The calcined form was
prepared by flowing N, at 780 K for 5 hr,
followed by flowing air at the same tempera-
ture for 5 hr.

Characterization

X-ray diffraction patterns were obtained
with a Rigaku Ru-200B X-ray analyzer. The
morphologies of the samples were observed
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with an ISISX-30E scanning electron
microscope. Adsorption capacities of N,,
n-hexane, and benzene at 295 K and of 1,3, 5-
trimethylbenzene (TMB) at 363 K were ob-
tained with a volumetric adsorption unit
(19). The chemical analysis was performed
by a combination of wet analysis, atomic
absorption, and ICP methods. The surface
compositions were determined by X-ray
photoelectron spectroscopy (XPS, VG
Scientific XPSLAB MK-2). The electron
paramagnetic resonance (EPR) spectra
were obtained with a Varian E-4 electron
spin resonance spectrometer at room tem-
perature or liquid nitrogen temperature us-
ing DPPH as standards. The relative inten-
sity measurement of the g = 4.3 signal was
made by integrating the derivative curve
twice and comparing the result with a total
integration of the spectrum. The photo-
acoustic (PA) spectra were obtained using a
home-made PA spectrometer system (20).
TGA/DTG and DSC were performed using
a Rigaku Thermal Analyzer Station TAS-
100 in the range 303-873 K by heating the
sample (20-25 mg) at a rate of 5 K/min in
an air or nitrogen flow. The temperature pro-
grammed decomposition (TPDE) measure-
ments were conducted using a microcata-
lytic reactor attached to a quadrupole mass
spectrometer (Finnigan 400). The catalysts
(~100 mg) were placed in a quartz tubular
microreactor (O.D. = 11 mm) and heated at
a rate of 6 K/min in a helium (Matheson,
99.999%) flow of 160 ml/min. The products
were passed through a jet separator and in-
troduced by way of a Granville Phillips vari-
able leak valve into the mass spectrometer.

RESULTS

Figure 1 shows the XRD patterns of as-
synthesized AIPO,—35 and FAPO-5. They
agree with those of AIPO,-5 and FAPO-5
published in the literature (16, 17). Both the
peak position and the intensity of FAPO-5
were quite similar to those of AIPO,-5. After
the calcination, however, there was a slight
change in the relative peak intensities. The
XRD patterns did not reveal any minor
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F1G. 1. XRD patterns of (A) as-synthesized AIPO,-5
(F0), (B) as-synthesized FAPO-5 (F4), and (C) cal-
cined F4.

phase in either as-synthesized or calcined
forms. Also, the crystal structure of FAPO-
5 was thermally stable up to 1000 K. The
color of the three as-synthesized samples
(F1, F2, and F3) was white, while F4 was
light tan. After the calcination, the color of
the F3 sample changed from white to off-
white.

Figure 2 shows the scanning electron mi-
crographs of FAPO-5(F4). All samples are
homogeneous and consist of spherical ag-
gregates with diameter of 30-40 pm and
composed of small plates.

Chemical composition and sorption ca-
pacities of the samples are summarized in
Table 1. The sorption capacity and the up-
take rate of 1,3,5-trimethylbenzene (TMB)
decreased slightly with increasing iron con-
tent, as shownin Fig. 3 and Table 1. Elemen-
tal analysis showed that the at.% of Fe +
Al nearly equaled that of P for all FAPO-5
samples. The surface concentration of iron
in samples F1 and F2 was similar to that of
the bulk. A slight enrichment of iron at the
surface was observed in F3 and F4 samples.

Figures 4(B) and (C) show the photo-
acoustic spectra of as-synthesized and cal-
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F1G. 2. Scanning electron micrographs of FAPO-5 (F4).
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TABLE 1

Elemental Analysis and Sorption Capacities of AIPO,-5 and FAPO-5 Samples

Sample Composition (atomic %) Sorption Capacity (mmol/g)*
Bulk Surface? Nitrogen®  n-Hexane®  Benzene®  1,3,5-TMB?
Fe Al P Fe Al P
FO 51.0  49.0 4.82 1.08 1.32 0.80
F1 0.9 496 495 08 494 49.8 4.90 1.13 1.39 0.83
F2 1.8 482 500 1.6 485 499 4.94 1.10 1.35 0.74
F3 22 471 507 2.8 48.2 49.0 4.83 1.04 1.35 0.73
F4 3.1 47.0 499 39 46.8 49.3 4.69 0.98 1.30 0.69

? Calcined in fiowing nitrogen at 780 K, followed by air at 780 K.

b PPy = 0.4 at 77 K.
¢ P/P, = 0.4 at 295 K.
4 Py = 30 Torr at 363 K.

cined FAPO-5’s, respectively, in the visible
region. For comparison, the spectra of Fe-
silicate ZSM-5 are shown in Fig. 4(A). The
as-synthesized Fe-silicate ZSM-5 showed
four weak but apparent bands at about 375,
410, 435, and 480 nm which were assigned to
Fe(III) surrounded tetrahedrally by oxygen
(5, 8, 29, 30). After the calcination in air, the
background level was increased up to 10-
fold compared to that of the as-synthesized
form. The ligand to metal charge-transfer
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FiG. 3. Dependence of sorption kinetics of 1,3,5-
trimethyl benzene (TMB) at 363 K on Fe content.

(CT) band became too strong to clearly de-
termine the resolution of all transition
bands.

The spectra of all FAPO-5 samples exhib-
ited different patterns from that of Fe-
silicate ZSM-5. The spectra of as-synthe-
sized FAPO-5 samples showed a band
around 425 nm, while in F1 and F2 a band
around 380 nm was observable as a shoul-
der. With increasing iron content there was
an increase in the intensity of both the CT
band and the 425 nm band. All calcined
FAPO-5 samples showed spectra of four
well resolved bands at about 380, 410, 435,
and 480 nm, similar to that of as-synthesized
Fe-silicate ZSM-5.

Figures 5 (A) and (B) show the effect of
thermal treatments and hydration, respec-
tively, on the PA spectra of the FAPO-5
samples. When the as-synthesized F2 was
treated in flowing helium at 620 K, all transi-
tion bands were obscured by the CT band.
When it was heated further to 770 K in he-
lium, no peak could be observed due to
strong absorption by black residue not fully
removed. After the sample was treated in
air at 800 K for 5 hr the PA spectra of four
clearly resolved bands could be observed.
The reductive treatment in flowing H, at 800
K for 24 hr did not affect the above four
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F1G. 4. PA spectra of (A) Fe-Silicate ZSM-5, (B) as-
synthesized FAPO-5s, and (C) calcined FAPO-3s. (A):
(a) as-synthesized; (b) calcined. (B) as-synthesized (a)
F0; (b) F1; (¢) F2; (d) F3; (e) F4; (b’) calcined F1 for
clarity comparison of spectra. (C) calcined FAPO-5s,
(a)-(e) same as (B).

transition bands. But exposure of the cal-
cined F3 sample to water vapor resulted in
the gradual disappearance of the four transi-
tion bands and the appearance of a 425 nm
band. The PA spectra obtained were similar
to those of the as-synthesized F3 sample.
Figure 6 shows the EPR spectra of as-
synthesized FAPO-5’s taken at 77 K after
the samples were dried in air at 400 K. All of
the as-synthesized FAPO-5 samples showed
the resonance absorptions around g = 4.3
and g = 2.0, except for the difference both in
peak height (H) and peak-to-peak line width
(H,_,). The intensity of the g = 4.3 signal
(H,_, = 95 G) leveled off at F2, whereas that
of the g = 2.0 signal increased rather linearly
with increasing iron content (H,,_; increased
from 150 G (F1) to 400 G (F4)). When the
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recording temperature was lowered from
298 to 77 K, the increase in the intensity of
the g = 4.3 signal was 2.5-3-fold larger than
that of the g = 2.0 signal.

Figure 7 shows the effect of various treat-
ments on the EPR spectra of the calcined,
dehydrated sample (F2). When the calcined
sample was treated under the severe reduc-
tive condition in flowing H, at 780 K for 2
days, no changes were observed in the EPR
spectra. Exposure of the calcined sample to
water vapor, however, resulted in an in-
crease in the intensity of the g = 4.3 signal,
while that of the g = 2.0 signal decreased.
The EPR spectra obtained after the treat-
ment were similar to those of the as-synthe-
sized F2 sample. In the case of Fe-silicate
7ZSM-5, the decrease in the intensity of the
g = 4.3 signal was observed after the
calcination (3). When the calcined Fe-sili-
cate ZSM-5 was exposed to water vapor,
the intensity of the g = 2.0 signal increased
without any effect on the intensity of the
g = 4.3 signal, and the signal decreased upon
evacuation. When the calcined F2 sample
was exposed to ammonia vapor, a new g =
6.0 signal appeared. When the F2 sample
saturated with ammonia vapor was evacu-
ated at room temperature, the g = 6.0 signal
reappeared, while the intensity of the g =
2.0 signal decreased. The original EPR spec-
trum of the calcined sample could be re-
stored after the sample was heated to 430 K
in vacuum for 1 hr.

Figure 8 shows the DTG results obtained
in flowing air. The TEAOH-AIPO,-5 sample
showed two stages of weight loss, one
around 320-400 K and the other around
570-620 K. The first stage of weight loss is
due to the desorption of physically adsorbed
water. The second stage of weight loss is
probably due to the oxidative decomposi-
tion of occluded TEAOH. In the case of
TEAOH-FAPO-5, there was an additional
weight loss at about 710 K. The number
of the templating agent obtained from the
weight loss per unit cell is given in Table 2.
It is one both for the AIPO,-5 and the FAPO-
5 samples.
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F16. 5. PA spectra of FAPO-5 on thermal (A) and hydration (B) treatment. (A): (a) as-synthesized
F2; (b) activated at 620 K in helium atmosphere for 6 hr; (c) activated at 770 K for 3 hr; (d) activated
in air at 800 K for 5 hr; (e) treated in flowing hydrogen for the sample (d) at 800 K for 24 hr. (B): (a)
calcined, dehydrated F3; (b) exposed to water vapor for 3 hr; (¢) exposed to water vapor for 9 hr; (d)

exposed to water vapor overnight.

Figure 9 shows the DSC results of the as-
synthesized AIPO,-5 and FAPO-5 samples
in air atmosphere. There are two peaks, one
around 570-620 K and the other around
700-750 K, associated with the decomposi-
tion of templates. Only one peak (570-620
K) was observed for the AIPO,-5 sample,
whereas both peaks were observed for
FAPO-5 samples.

Figure 10 shows the changes in nitrogen
surface area with increasing calcination
temperature. No change in the surface area
was observed for the first stage (470 K) in
all samples. The surface area increased in
the second stage of thermal treatment
(470-620 K), but the amount of increase be-
came progressively less with increasing iron
content. After the third stage (620-770 K),
the surface area of the FAPO-5 samples be-
came comparable to that of AIPO,-5. These
results are consistent with the TG/DSC re-
sults.

Figure 11 shows the TPDE/MS spectra of
TEAOH-AIPO,-5 (F0) and TEAOH-FAPO-

H
—>

FiG. 6. EPR spectra of as-synthesized FAPO-5s: (a)
F1; (b) F2; (¢) F3; (d) F4.
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F1G. 7. EPR spectra of F2 on the various treatments:
(a) calcined, fully evacuated; (b) treated with H, at 770
K for 2 days; (c) exposed to water vapor overnight for
(a); (d) exposed to ammonia vapor (300 Torr) for 30 min,
followed by vacuum evacuation at room temperature
overnight.

5 (F4). In AIPO,-5, the template decom-
posed mainly into ethylene, water; and tri-
ethyl-amine in the temperature range where
DTG and DSC peaks were observed. For-
mation of a small amount of diethylamine
was also observed. The mass chromatogram
of the decomposed products from FAPO-5
was different from that of AIPO,-5. In the
case of FAPO-5, the appearance of an ethyl-
ene peak and a considerable increase in bu-
tene formation were observed in the high
temperature region where the second DTG
and DSC peaks were observed. The notice-
able difference in the decomposition pattern
between AIPO,5 and FAPO-5 was the
formation of aromatic compounds such as
toluene, xylene, and trimethylbenzene in
FAPO-5.

DISCUSSION

The FAPO-5 materials synthesized with
Fe(Il) and TEAOH and differing in iron con-
tent were characterized by using various
physicochemical methods to elucidate the
incorporation of the iron ions into the alumi-
nophosphate matrix.
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F1G. 8. DTG curves of as-synthesized AIPO,-5 and
FAPO-5s: (a) FO; (b) F1; (c) F2; (d) F3; (¢) F4.

The iron in as-synthesized FAPO-5 may
have both oxidation states Fe(III) and Fe(II)
in the framework or nonframework of
FAPO-5, although the sample is prepared
with an Fe(Il) source, due to the oxidation
of some of the Fe(Il) ions during the gel
preparation (12-14).

It is difficult to observe the very weak,
spin-forbidden d-d transition bands of
Fe(III) ions obscured by the charge transfer
band. But, in general, the electronic spectra

TABLE 2

Thermogravimetric Analysis of AIPO,-5 and
FAPO-5 Samples

Sample Weight loss (%) Total (%) Template/U.C
530-650 K 650-770 K
Fo 9.17 9.17 1.03
F1 6.57 2.66 9.23 1.06
F2 4.94 4.34 9.28 1.08
F3 4.52 4.73 9.25 1.08
F4 3.64 5.60 9.24 1.06
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F1G. 9. DSC profile of as-synthesized AIPO,-5 and
FAPO-5s: (a) FO; (b) F1; (c) F2; (d) F3; (e) F4.

of Fe(11]) ions having tetrahedral symmetry
give a characteristic d—d transition in the
visible region similar to that observed in as-
synthesized Fe-silicate ZSM-5, while
Fe(I1I) ions having octahedral symmetry
give one absorption band around 410-430
nm, observed in iron-containing phosphate
glass (31) and pillared clay (32) materials.
7Al-NMR studies have shown that in some
of the AIPO, molecular sieves a substantial
secondary coordination of a certain frame-
work AI(II]) site may occur with water mol-
ecules entrapped within the channel system,
and also rehydration of the calcined AIPO,
results in the symmetry change of a certain
framework tetrahedral AI(III) to pseudo-
octahedral AI(III) (33-36). The observation
that the intensity of the band around 425 nm
increased with increasing iron content of the
FAPO-5 samples suggests that this band
may be related to the octahedral Fe(IIl)
jons. The spectra due to the framework
Fe(Ill) ions having tetrahedral symmetry
were obscured by the band due to the octa-
hedral Fe(I1I) ions, but the shoulder band at
380 nm in as-synthesized FAPO-5 clearly
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indicates the presence of spectra due to the
tetrahedral Fe(III) ions.

The fact that the intensity of the bands
due to tetrahedral Fe(I1l) ions in the spectra
of calcined FAPO-5 samples was high and
the spectra were well resolved compared to
those of as-synthesized FAPO-5, and that
these transition bands were not affected by
a severe reductive treatment, indicate that
Fe(ID) ions located in the framework posi-
tion are oxidized to Fe(Il) ions while re-
maining in the framework position.

Hydration of the calcined FAPO resulted
in a gradual change of the spectra due to
tetrahedral Fe(III) ions to that of octahedral
Fe(IIl) ions (425 nm) similar to that ob-
served for as-synthesized FAPO-5. These
facts suggest that the 425 nm band may be
attributed to pseudo-octahedral Fe(1II) ions
in the framework similar to the pseudo-
octahedral framework AI(III) in AIPO, ma-
terials.

The results of EPR seemed to be in line
with the results of PAS. The EPR pattern of
calcined, hydrated FAPO-5 was similar to
that of as-synthesized FAPO-5. The revers-
ible change of some of the g = 2.0 signal to
the g = 4.3 signal upon hydration for cal-
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F16. 10. Change of nitrogen surface area on thermal
treatment: (@) FO; (M) F1; (@) F2; (B F4.
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FiG. 11. TPDE/MS spectra of (A) as-synthesized AIPO,-5(F0) and (B) as-synthesized FAPO-5 (F4).
The ion signals represent the following: m/e = 26 (ethylene), m/e = 86 (triethylamine), m/e = 73
(Diethylamine), m/e = 41 (butene), and m/e = 17 (ammonia); ar*, which represents the aromatic
compounds, is the combination of m/e = 92, 106, and 120.

cined FAPO-5 is apparently different from
the case of Fe-silicate ZSM-5, in which the
g = 2.0 signal was increased by hydration
without any effect on the g = 4.3 signal. An
isotropic g = 2.0 signal is attributed to the
Fe(11D) ions in a rather symmetrical environ-
ment (8, 23, 26). In the iron phosphate
FePO, system where Fe(IIl) ions are located
in a tetrahedral environment, only the g =
2.0 signal is observed (8), and this suggests
that the g = 2.0 signal may be assigned to the
tetrahedral Fe(IIl) ions in calcined FAPO-5
samples. There is some disagreement over
the assignment of the EPR signal with
g = 4.3. The g = 4.3 signal can arise from
distorted tetrahedral or octahedral Fe(III)
ions depending on the ligand distortion, al-
though the presence of this signal is consid-
ered as one indication of the incorporation
of Fe(IIl) ions into the tetrahedral frame-
work in a zeolite system (3, 22-28). Consid-
ering the PAS results, it seems appropriate
to assign the g = 4.3 signal observed both
in as-synthesized and rehydrated FAPO-5
to pseudo-octahedral Fe(Ill) ions in the
framework.

The results of PAS and EPR indicate that
a large portion of Fe(IIl) ions are located

in the framework position of AIPO,-5 both
tetrahedrally and pseudo-octahedrally in the
as-synthesized form, and even after the
calcination a substantial portion of Fe(IlI)
ions remained in the framework position
having tetrahedral symmetry.

It is known that the organic base such as
TEAOH used in the synthesis of zeolite is
present at least in two types of tetraethyl-
ammonium ions; one is TEAOH, which is
less strongly bound to the surface, and the
otheris TEA™" ion acting as a charge balanc-
ing cation if any acidic sites are present (13,
21, 37, 38).

Results of the thermal analysis of as-
synthesized AIPO,-5 and FAPO-5 samplies
suggest the presence of two different tem-
plate species.

Thermal analysis of as-synthesized
AlPO,-5 and FAPO-5 samples by DTG and
DSC showed that there are two peaks, one
around 570-620 K and the other around
700-750 K, associated with the decomposi-
tion of templates. For the AIPO,-5 sample,
only one peak around 570-620 K was ob-
served. For FAPO-S5 samples, both peaks
were present, and the intensity of the high
temperature peak increased with increasing
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iron content. The thermal decomposition
pattern of the templates in AIPO,-5 and
FAPO-5 studied by TPDE/MS was also dif-
ferent. For FAPO-5 samples, the formation
of acid-catalyzed product was observed in
the temperature range where high tempera-
ture DTG and DSC peaks were observed.
Parker et al. observed similar results in the
decomposition of TEA*' ions in AI(III)-
substituted silicate ZSM-5 (21).

It seemed that in the course of synthesis,
Fe(ID) ions are introduced into the frame-
work in place of AI(III) ions in the form
of Fe(Il) TEA™* together with Fe(IIl) ions.

Here the template seemingly served both as

the templating agent and the charge com-
pensating agent (13, 38).

After the calcination, these framework
Fe(l) ions in FAPO-5 samples seemed to
be oxidized to Fe(lll) ions and remain in

the framework position having tetrahedral

symmetry. In the case of Fe-silicate ZSM-
3, however, some of the Fe(Ill) ions in the
framework seemed to be removed after the
calcination.

In calcined FAPO-5, adsorption of ammo-
nia resulted in the appearance of a new sig-
nal with g = 6.0. The species responsible
for the g = 6.0 signal are not clear, but
Loveridge and Parke showed that in amber
glasses Fe(I1l) ions surrounded by three ox-
ygen and one sulfur in a tetrahedral arrange-
ment would give g = 6 resonance (23). Also,
Castner et al. showed that tetrahedra with
one of the ligands different from the other
three would give absorption at g = 6 (24).
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