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Abstract

Thermally stable trivalent iron-substituted hexagonal mesoporous aluminophosphate (FeHMA) molecular sieves were synthesized and system-
atically characterized using analytical and spectroscopic techniques, including XRD, TEM, ICP-AES, TGA-DTA, N> sorption, DRUV-vis, EPR,
and Mdssbauer spectroscopy. The characterization studies showed that framework substitution of trivalent iron in tetrahedral framework position
of the mesoporous aluminophosphate has taken place. Mdssbauer revealed the presence of a small amount of divalent iron. This material has high
thermal stability with regard to the dislodgement of trivalent iron from the framework structure on calcination and showed excellent activity in
the liquid-phase oxidation of cycloalkanes such as cyclohexane, cyclooctane, and cyclododecane in presence of molecular oxygen or air under
mild reaction conditions. FeHMA behave as a heterogeneous catalyst; the catalytic activity was practically unaffected by recycling experiments.
Furthermore, the oxidation was successful for the bulkier cycloalkane molecules. A comparative study with selected iron-containing molecular
sieve-based catalysts indicated that FeHMA is a promising heterogeneous catalyst with respect to its microporous analogue (FeAPO-5) as well as
the silicate analogues, microporous FeS-1 and mesoporous FeMCM-41.
© 2005 Elsevier Inc. All rights reserved.
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1. Introduction pose; however, the leaching of active metal ions resulted in a
short catalyst lifetime [9]. Trivalent iron-substituted molecu-
lar sieves (silicates, aluminosilicates, and aluminophosphates)
have attracted considerable attention. Although the fact that
trivalent iron occupies the tetrahedral site in zeolitic framework
was established long ago, McNicol and Pott [10] showed in
1972 that the iron impurities in faujasite occupy the substitu-
tional framework sites. A detailed synthesis, characterization,
and description of the catalytic properties of a ferrisilicate with
MFI structure were first published in 1985 [11]. The isomor-
phous substitution of trivalent iron in the framework structure of
many silicate and aluminosilicate topologies, including ZSM-5,
ZSM-11, ZSM-12, ZSM-23, EU-1, EU-2, zeolite-L, sodalite,
beta, faujasite, and mordenite have also been reported [12,13].
The isomorphous substitution of trivalent iron in aluminophos-
* Corresponding author. Fax: +91 22 2572 3480. phate molecular sieves with APO-5, APO-11, and VPI has also

E-mail address: selvam@chem.iitb.ac.in (P. Selvam). been published [14-17]. All of these catalysts have been used in

The importance of trivalent iron complexes in biological ox-
idation as well as their use as catalysts in conjunction with
a variety of oxidants in organic synthesis has prompted ex-
tensive studies under homogeneous reaction conditions [1-8].
However, these homogeneous catalyst systems are often im-
practicable because of easy deactivation, difficulties in regen-
eration, and separation of the catalyst. This has led to the de-
velopment of cleaner, environmentally benign heterogeneous
catalytic routes, which may replace conventional stoichiometric
or homogeneously catalyzed organic synthesis. Over the years,
various supported catalysts have been suggested for this pur-
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numerous catalytic reactions, including the oxidation of cyclo-
hexane and phenol and the Prins condensation reaction [18-22].

The small pore opening of these microporous materials re-
stricts their use in processes with bulky molecules, however.
Although the trivalent iron-substituted mesoporous silica mole-
cular sieves [23-33] showed much promise for large molecules,
they have the same disadvantages as the microporous materi-
als. A major problem with both microporous and mesoporous
molecular sieve-based materials is the instability of trivalent
iron in the tetrahedral framework during heat treatment. This
problem is well documented in the literature and, hence the ap-
plication of iron-substituted molecular sieves has been limited,
in contrast to many other transition metal-containing molecular
sieves. To the best of our knowledge, no one has reported the
synthesis of trivalent iron-substituted hexagonal mesoporous
aluminophosphate (FeHMA) molecular sieves. These sieves are
similar to the mesoporous silicates/aluminosilicates in that they
have the MCM-41 structure [34-38]. Compared with the sil-
icates/aluminosilicates, the low pH synthesis and the flexible
network of HMA are the main factors favoring stabilization
of large amounts of trivalent iron in the matrix. Here we give
a detailed account of the synthesis, characterization, and cat-
alytic properties of FeEHMA. A preliminary description of this
work was given elsewhere [39]. For comparison, we also stud-
ied mesoporous iron-substituted silicate (FeMCM-41) as well
as microporous iron-substituted aluminophosphate (FeAPO-5)
and silicate (FeS-1) catalysts.

The development of environmentally benign catalytic oxida-
tion processes with eco-friendly oxidants such as hydrogen per-
oxide, molecular oxygen, and air under mild reaction conditions
is of immense industrial importance [40,41]. In recent years,
several groups have described a number of promising hetero-
geneous catalysts for the oxidation of cyclohexane [42-45]. No
reports are available on the oxidation of higher cycloalkanes
such as cyclooctane and cyclododecane, in contrast to homo-
geneous catalysts for the oxidation of these bulky cycloalkane
molecules. But low yields, longer reaction periods, deactivation
of the catalysts through the oxidative degradation of ligands,
problems with separation, and the production of hazardous
byproducts have made these catalysts uninteresting [46—48]. In
this investigation, we used trivalent iron-substituted hexagonal
mesoporous aluminophosphate (FeHMA) molecular sieves for
the selective oxidation of cycloalkanes under mild reaction con-
ditions. A preliminary account of the work has been published
elsewhere [39].

2. Experimental
2.1. Sarting materials

We used phosphoric acid (85%; Qualigens), aluminium iso-
propoxide (97%; Merck), tetramethyl ammonium hydroxide
(TMAOH, 25 wt% in water; Aldrich), cetyltrimethylammo-
nium chloride (CTAC, 25 wt% in water; Aldrich), CABOT
fumed silica (99.8%; Aldrich), cetyltrimethylammonium bro-
mide (CTAB, 99%; Aldrich), sodium hydroxide (NaOH, 98%;
Loba), ferric nitrate (>98%; Aldrich), triethylamine (99.5%;

Thomas Baker), pseudoboehmite (70%; Vista), tetrapropyl-
ammonium bromide (TPAB, 98%; Lancaster), cyclohexane
(99.5%; Merck), tert-butyl hydroperoxide (TBHP, 70% aque-
ous solution; Lancaster), cyclooctane (99%; Lancaster), cy-
clododecane (99%; Lancaster), methyl ethyl ketone (MEK,
99.5%; SD fine), and glacial acetic acid (>99%; Fischer).

2.2. Hydrothermal synthesis

2.21. FeHMA

The synthesis was carried out as follows. Phosphoric acid
(1.4 mL) was diluted with 11.7 mL of water. Then 4.08 g of
aluminium isopropoxide was added under vigorous stirring, fol-
lowed by the addition of an iron nitrate solution (0.378 g in
5 mL of water). The mixture was stirred for 1 h at 343 K, af-
ter which TMAOH (7.3 mL) was added dropwise. The slurry
was stirred for few hours, then drops of CTAC (13.2 mL) were
added and the mixture was stirred for another 12 h. The pH of
the gel was maintained at 10. The final gel, with a molar com-
position of (1 — x) Al203:P205:x Fe,03:CTAC:2.8 TMAOH:
70 H20, was kept in a Teflon-lined autoclave and heated in an
air oven at 373 K for 6 days until crystallization. The resultant
solid was washed repeatedly with distilled water, filtered, and
dried at 343 K for 12 h. Calcination was performed at 823 K
for 1 hiin a flow of N and for 2 h in air. By varying the value of
x, we prepared samples of varying molar ratios ([Al 4+ P]/Fe):
FeHMA(200), FeHMA(100), FeHMA(50), and FeHMA(25).

2.2.2. FeMCM-41

The synthesis was carried out as described previously [24].
First, TMAOH was dissolved in water, and the mixture was
stirred for 15 min. Fumed silica was added slowly (solution
A). Another mixture was prepared by mixing CTAB and NaOH
in distilled water and stirring it for 30 min (solution B). Solu-
tion A was then added dropwise to solution b, and the resulting
gel was stirred for 1 h to achieve homogenization. Acidified fer-
ric nitrate solution was added dropwise to the gel to prevent the
precipitation of iron; the pH of the gel was maintained at about
11.3-11.5. The final (molar) gel composition was 1 SiO,:0.27
CTAB:0.26 NaOH:0.26 TMAQOH:60 H,0:0.01 Fe;O3 (Si/Fe =
50). The gel was transferred to Teflon-lined stainless steel au-
toclaves and kept in an air oven for crystallization at 423 K for
216 h. The solid products were washed, filtered, and dried in
an oven at 353 K for 12 h. The as-synthesized samples were
calcined at 823 K in a flow of N2 for 2 h and in air for 8 h.

2.2.3. FeAPO-5

The synthesis was performed according to the following pro-
cedure. Pseudoboehmite (13.1 g) was hydrolyzed in 20 mL of
distilled water for 2 h until a slurry was obtained. Phosphoric
acid (13.2 mL) was added dropwise to this slurry, which was
stirred for 2 h until a homogeneous gel was obtained. During
stirring, 1.84 g of ferric nitrate, dissolved in 10 mL of acidi-
fied water, was added dropwise to the homogeneous gel for 1 h.
The organic template, 36 mL of TEAOH, was added dropwise,
and the mixture was stirred vigorously for 3 h. The final gel
(0.09 Al;03:0.1 P205:0.1 TEAOH:0.0038 Fe;03:4 Ho O; [Al +
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P]/Fe = 50), with a pH of 3.8, was subjected to a hydrothermal
treatment at 423 K for 24 h in a Teflon-lined autoclave. The
as-synthesized sample was calcined at 873 K in air for 10 h.

2.2.4. FeS1

The synthesis with done with a typical molar gel compo-
sition of 1 Si07:0.5 Nay0:1 TPAB:0.01 Fe;03:100 H20 (Si/
Fe = 50) and a pH of 11.8. The gel was prepared by mixing
fumed silica (4.0 g), acidified ferric chloride (4.84 g) solution,
TPAB (17.3 g), sodium hydroxide (2.6 g), and water (120 mL)
for several hours. Crystallization of the gel was carried out in
a Teflon-lined autoclave at 453 K for 192 h under static condi-
tions. The as-synthesized samples were calcined at 823 K for
12 h under air.

All of the as-synthesized FeHMA samples with differ-
ent [Al + P]/Fe (molar) ratios as well as the as-synthesized
FeMCM-41, FeAPO-5, and FeS-1 with a [Al + P]/Fe (molar)
ratio of 50 were white. The as-synthesized FeHMA(25), cal-
cined FeHMA(25), FeMCM-41, FeS-1, and FeHMA(25) were
off-white; the bulk Fe,O3 was brown; and the metal-free HMA,
MCM-41, APO-5, and S-1 were white.

2.3. Characterization

All of the as-synthesized and calcined samples were sys-
tematically characterized using various analytical and spectro-
scopic techniques. Powder X-ray diffraction (XRD) patterns
were recorded on a Rigaku-Miniflex diffractometer using Ni-
filtered Cu-K, radiation (» = 1.5418 A) and a step size of
0.02°. Transmission electron microscopy (TEM) images were
recorded on a Philips 200 microscope operated at 160 kV.
The fine-powder sample was dispersed in ethanol with soni-
cation (Oscar Ultrasonics); a drop of this solution was placed
on a carbon-coated copper grid (300 mesh; Sigma-Aldrich).
Elemental analysis of the samples was done by inductively
coupled-plasma atomic emission spectroscopy (ICP-AES) us-
ing a Labtam Plasma Lab 8440 instrument. Thermogravime-
try/differential thermal analysis (TG/DTA) measurements were
performed with about 15 mg of the sample in a Dont 9900/2100
TG/DTA system in nitrogen atmosphere (40 mLmin—1) at a
heating rate of 10 Kmin—!. The catalyst was also subjected
to temperature-programmed desorption (TPD) of ammonia.
About 400 mg of sample was placed in quartz reactor and ac-
tivated at 823 K in air for 6 h, followed by 2 h in helium with
a flow rate of 50 mL min—%. Then the reactor was cooled to
373 K and maintained for 1 h under the same conditions. Am-
monia adsorption was carried out by passing the gas through the
sample for 15-20 min at this temperature, followed by purging
with helium for 1 h. The desorption of ammonia was carried out
by heating the reactor to 873 K at a rate of 10 Kmin~! using a
temperature programmer (Eurotherm). The amount of ammonia
desorbed was estimated with the aid of a thermal conductiv-
ity detector (TCD) response factor for ammonia. The ammonia
desorption profile was deconvoluted using a Gaussian function
with temperature as the variant.

Surface area analysis was performed with a Sorptomatic
1990 instrument. Before measurement, the calcined sample was

evacuated at 523 K for 12 h under vacuum (10~2 Torr). Sur-
face area (Sget) was determined by the Brunauer-Emmett—
Teller (BET) calculation, and pore size was determined by the
Horvath—-Kawazoe (HK) method. The pore volume was de-
termined from the amount of nitrogen adsorbed at p/pg =
0.5. Diffuse-reflectance ultraviolet-visible (DRUV-vis) spectra
were recorded on a UV-260 Shimadzu spectrophotometer with
Whatman-40 filter paper as the standard. Fourier transform in-
frared spectra of the samples were recorded in the mid-infrared
(IR) region (4000-400 cm~1) using a Nicolet Impact 400 spec-
trometer at a resolution of 4 cm~1 and with 128 scans using the
KBr pellet technique. About 100 mg of dry KBr was ground
with 10 mg of the sample until the mixture was homogeneous
and then dried using an IR lamp. The fine powder was then
pressed into a transparent thin pellet at 5 tons cm—2. These pel-
lets were used for the IR spectral measurements. EPR spectra
(X-band) of all of the materials were recorded both at room
temperature (298 K) and at liquid nitrogen temperature (77 K)
on a Varian (E-line Century series E-112) spectrometer with
100-kHz field modulation. The magnetic field was calibrated
with a proton resonance meter and tetracyanoethylene (geff =
2.0077) as a reference. Mdssbauer spectra were recorded in
transmission geometry by placing the sample inside a variable-
temperature bath cryostat. A ®’Co source in an Rh matrix and a
proportional counter were used for these measurements. The
velocity was chosen to accommodate the full velocity range
of the spectrum. Assuming a Lorenzian line shape, the spec-
tra were fitted via a least squares method using the computer
program NORMOS.

2.4. Catalytic activity

The activity of the various catalysts was evaluated for the
oxidation reactions of cycloalkanes. The oxidation reaction was
carried out using 18 mmol of cyclohexane in 5 mmol of initiator
(MEK) at 373 K for 12 h under ambient pressure using 50 mg
of catalyst with 18 mmol of oxidant (30% H,0;) and 10 mL of
solvent (acetic acid). The influence of the oxidants air, oxygen,
and TBHP on the reaction was also investigated. The oxida-
tion of cyclooctane (18 mmol) and cyclododecane (12 mmol)
were carried out under similar conditions, except with mixed
solvents (5 mL of acetic acid + 5 mL of dichloromethane) used
to achieve a homogeneous reaction mixture. The catalyst was
filtered after the reaction, washed three times with distilled wa-
ter, dried in an air oven, activated at 773 K for 6 h, and used
for subsequent recycling studies. After the reaction, the cata-
lyst was separated, and the products were extracted with ether
and analyzed in a gas chromatograph (Nucon) in a Carbowax
column. Further identification of the oxidation products was
confirmed by combined gas chromatography-mass spectrom-
etry (GC-MS) using a Hewlett Packard G1800A equipped with
an HP-5 capillary column.
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Sample? ag (A) Composition?

As- Calcined Al/ [AlI+P]/ Si/ Fe

synthesized P Fe Fe  (wt%)
HMA 45.4 33.7 - - -
FeHMA(200) 45.6 36.0 1.31 170 - 0.65
FeHMA(100) 46.5 36.7 130 75 - 1.47
FeHMA(50) 47.3 36.8 1.29 40 - 2.30
FeHMA(25) 47.8 38.5 1.28 27 - 3.10
APO-5 13.68 13.61 1.00 - - -
FeAPO-5(50) 13.71 8.42 098 37 - 1.95
MCM-41 46.6 40.4 - - - -
FeMCM-41(50) 57.9 51.2 - - 42 210
S-1 20.07 19.98 - - -
FeS-1(50) 20.11 19.98 - - 45  1.90

& Number in parentheses indicates the nominal [Al 4+ P]/Fe or Si/Fe ratio.
b For calcined samples.
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Fig. 1. XRD patterns of (a) HMA, (b) FeHMA(200), (c) FeHMA(100),
(d) FeHMA(50), (e) FeHMA(25), and (f) FeHMA(50) after cyclohexane ox-
idation.

3. Resultsand discussion
3.1. Mesopore structure

XRD patterns of all of the as-synthesized FeHMA samples
(Fig. 1) show features characteristic of the hexagonal crystal
system [34-38]. On calcination, the unit cell dimension (Ta-
ble 1) decreased for all of the samples as a consequence of the
removal of the surfactant from the mesopores. Furthermore, the
110, 200, and 210 reflections disappeared, and only a broad
single reflection, corresponding to the (100) plane, was ob-
served. Similar observations were also reported for HMA, and
it was concluded that this was probably due to the finite size

Fig. 2. (a) TEM and (b) ED of calcined FeHMA(50).

effects of very fine particle morphology or to the disordered
structure [49-51]. The results are strongly supported by the
TEM image and ED pattern of calcined HMA showing a dis-
ordered hexagonal pattern (Fig. 2). Thus it is concluded that
mesoporous aluminophosphate materials belong to the disor-
dered materials with a tubular pore system. At this juncture,
it is noteworthy that the single broad reflection was also ob-
served for hexagonal mesoporous silica (HMS), synthesized by
neutral templating [49], and for disordered mesoporous MSU-1
silica materials, synthesized by neutral assembly using a non-
ionic poly(ethyleneoxide) surfactant, KIT-1 [50], prepared by
electrostatic templating in the presence of tetrasodium salt of
ethylenediaminetetraacetic acid [51]. But the materials pro-
duced in this study show greater disorder than the materials
reported in the literature. Fig. 3 depicts the XRD patterns of
different FeMCM-41 samples, which exhibit well-defined re-
flections typical of the hexagonal MCM-41 structure. The XRD
patterns of FeAPO-5 and FeS-1 (not reproduced here) showed
well-crystallized AFI and MFI topology, respectively [12,17].
TG of all of the as-synthesized FeHMA samples demon-
strated a total weight loss of about 60-65% of three different
stages, corresponding to adsorbed water molecules, template,
and TMA ions [45]. The calcined FeHMA samples showed a
weight loss of 20-23% due to the adsorbed water/gaseous mole-
cules with a corresponding endotherm at 473 K in DTA, indi-
cating the mesoporous nature of the samples. It also indicates
complete removal of the templates by thermal calcinations.
A representative TG/DTA trace, along with a NH3-TPD pro-
file of calcined FeHMA(50), are displayed in Fig. 4. The first
peak at around 373-423 K (Fig. 4b) is attributed to weak acid
sites originating from surface hydroxyl groups (defect sites),
whereas the peaks at 423-623 K originate from moderate to
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Fig. 3. XRD patterns of (a) as-synthesized MCM-41, (b) calcined MCM-41,
(c) as-synthesized FeMCM-41(50), (d) calcined FeMCM-41(50), and (e) cal-
cined FeMCM-41(50) after cyclohexane oxidation.

Table 2
Topology data of calcined FeHMA and FeMCM-41

Sample? Surface area Pore volume H-K pore FWT
(m2g=1) (mlg™1) diameter (&) (AP
HMA 985 0.47 25 8.7
FeHMA(200) 975 0.48 26 10.0
FeHMA(100) 950 0.50 27 9.7
FeHMA(50) 923 0.48 28 8.8
FeHMA(50)¢ 940 0.50 28 9.2
FeHMA(25) 890 0.43 28 10.5
MCM-41 1080 0.80 30 10.4
FeMCM-41(50) 637 0.50 33 18.2

& Number in parentheses indicates the nominal [Al 4+ P]/Fe or Si/Fe ratio.
b Framework wall thickness (FWT) = ag — H-K pore diameter.
C Spent catalyst.

strong structural acid sites, plausibly due to the presence of two
different ions, AI** and P>*, with distinct electronegativities.
This view is consistent with the TG/DTA data showing that the
adsorbed water molecule desorbs at 323-423 K. On the other
hand, the peak at higher temperature (823-923 K) is assigned
to the presence of tricoordinated aluminium/iron or octahedral
aluminium/iron oxide or oxyhyroxide species present in the
matrix due to incomplete condensation of AI-O—P/Fe—O-P net-
work.

Nitrogen adsorption—desorption (sorption) analysis con-
firmed the mesoporous nature of all of the samples (Table 2).
A representative nitrogen sorption isotherm of FeHMA(50)
is shown in Fig. 5. It follows the type IV isotherm, typi-
cal of mesoporous materials [52,53]. As the relative pressure
increases (p/po > 0.2), the isotherms exhibit an inflection
characteristic of capillary condensation within the mesopores.
Adsorption at low relative pressures (p/po < 0.2) is caused
by monolayer adsorption of N2 on the walls of the mesopores

Weight (%)
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Temperature (K)

w
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Fig. 4. (a) TG/DTA of calcined FeHMA(50). (b) NH3-TPD of calcined
FeHMA(50).

[52,53]. At p/ po = 0.5, the pore volume was 0.48 cm® g~ 1 with
a specific surface area of 923 m?2 g~—1. A narrow pore size distri-
bution was observed (Fig. 5, inset) with a mesopore diameter of
28 A. These values are close to the surface parameters of HMA
(surface area, 985 m?g~1; pore volume, 0.47 cm3g~1; pore
diameter, 25 A), indicating the absence of nonframework iron
oxides inside the pore. In contrast, a significant decrease in sur-
face area was observed in FeMCM-41 (637 m? g—1) compared
with Fe-free MCM-41 (1080 m2 g—1). The FTIR spectra of the
as-synthesized samples (not reproduced here) showed the char-
acteristic bands corresponding to the mesoporous aluminophos-
phate matrix and the template molecules. The calcined samples
exhibit almost complete removal of the template molecules
(absence of peaks at 2827, 2861, and 1480 cm~1) from the
as-synthesized sample. All of the above results clearly demon-
strate the hexagonal structure and mesoporosity of FeHMA.

3.2. Nature of iron species

In molecular sieve-based catalysts, the nature/coordination
of the iron species is very important from the standpoint of
catalysis, in which the adsorption of the substrates generally
occurs on these sites. In particular, iron is known to exist in
many forms, including isolated Fe?t/Fe3+ species, various iron
oxides, hydroxides, and oxyhydroxides. Hence, distinguishing
the various species by a specific technique is very difficult. To
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Fig. 6. DRUV-vis spectra of (a) FeHMA(200), (b) FeHMA(100), (c) FeHMA
(50), (d) FeHMA(25), and (e) bulk Fe2O3.

distinguish these very different species, we used several charac-
terization techniques. These methods were particularly useful
in demonstrating the isomorphous substitution of iron species
in the matrix. Furthermore, a major problem associated with
both microporous and mesoporous silicate materials is the in-
stability of trivalent iron in the tetrahedral framework during
heat treatment. Thus, in contrast to many other transition metal-
containing silicate molecular sieves, the application of iron-
substituted molecular sieves has been limited, and hence it is
necessary to use various characterization techniques to demon-
strate the stability of trivalent iron in the matrix.

Fig. 6 shows the DRUV-vis spectra of various iron-contain-
ing as-synthesized and calcined FeHMA samples. The FeHMA
(200), FeHMA(100), and FeHMA(50) samples showed two

prominent bands (a strong band at ~290 nm associated with a
shoulder at 230 nm) in the UV region, explaining the Laporte-
allowed ligand-to-metal charge-transfer transitions (t1 — t2
and t; — e) involving Fe3t in [FeO4]~ tetrahedral geometry
[54-56]. None of the samples exhibited significant absorption
above 350 nm, indicating that the as-synthesized FeHMA sam-
ples were free of octahedral iron species (iron hydroxide, iron
oxyhydroxide, and iron oxide clusters). In contrast, the spec-
trum of as-synthesized FeHMA\(25) contained broad transitions
in the 350-500 nm range. This increase in the spectra broaden-
ing with increasing iron concentration of the FeHMA samples
indicates that after a certain time, iron may shift to the extra-
framework lattice position. Fig. 6 also shows that the spectra
of the corresponding calcined FeHMA samples were similar
to their as-synthesized analogues. The weak bands in the 350—
500 nm region (Fig. 6, inset) are assigned to spin-forbidden d—d
transitions, originate from a weak crystal field in the calcined
sample, and indicate the stability of the tetrahedral iron in the
FeHMA matrix [54-56]. These bands are usually considered
to strongly indicate a tetrahedral environment of Fe3* species
in zeolite frameworks [57]. The spectrum of the as-synthesized
FeMCM-41 sample (Fig. 7b) showed similar transitions to that
of as-synthesized FeHMA (Fig. 7a) corresponding to Fe3* in
a tetrahedral network. However, after calcination, the FeMCM-
41 (Fig. 8b) spectra broadened considerably in the case of the
former (with the sample color also changing from white to
off-white), leading to the disappearance of the weak d—d tran-
sitions corresponding to Fe3*t ions in the tetrahedral network.
This clearly indicates a change in the coordination/environment
around Fe3* in FeMCM-41 materials. This broadening of the
spectrum corresponds to a possible shift of some of the frame-
work Fe3* ions to the extra-framework lattice during calcina-
tion [54]. Similar findings were also observed for FeS-1.

Fig. 9 depicts the ESR spectra of as-synthesized FeHMA
samples at room temperature (298 K) and liquid nitrogen tem-
perature (77 K). The as-synthesized FeHMA(200), FeHMA
(100), and FeHMA(50) samples showed a strong signal at
geff = 4.3, assigned to high-spin Fe** in the distorted tetra-
hedral environment, and a very weak (or no) signal at geff =
2.0, attributed to high-spin Fe3t in a symmetrical tetrahe-
dral/octahedral coordination [54-56]. The intensity of the sig-
nal at gesf = 4.3 increased sharply (4- to 5-fold) at 77 K,
suggesting that the ions were in an isolated tetrahedral envi-
ronment. Similar findings were observed for calcined samples
(Fig. 10). In contrast, as-synthesized FeHMA(25) showed a
distinct signal at gefr = 2.0, but this signal was weak com-
pared with the signal at gefr = 4.3. The spectra of the calcined
FeHMA samples did not change significantly, but the inten-
sity of the signal at geff = 2.0 increased for the other molecular
sieves under investigation. This suggests that the Fe3* ions in
the FeHMA samples did not become dislodged from the ma-
trix even after calcination; these results are in line with results
of DRUV-vis studies. The reused catalyst (for the oxidation of
cyclohexane) also showed a similar ESR pattern and signal in-
tensity as the parent calcined FeHMA(50) catalyst (Fig. 10e),
confirming the stability of the iron species in the matrix under
reaction conditions. FeMCM-41 showed two strong signals at
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Fig. 8. DRUV-vis spectra of calcined (a) FeHMA(50), (b) FeMCM-41(50),
(c) FeAPO-5(50), and (d) FeS-1(50).

geff = 2.0 and geif = 4.3 and a weak signal at gefsf = 2.1-2.3
(Fig. 11). The additional feature at gefr = 2.2 was due mainly to
the presence of nonframework (superparamagnetic) iron oxy-
hydroxide/oxide nanoparticles located inside the pores [58,59].
The change in color after calcination and the decrease in signal
intensity at gesf = 4.3 followed by the increased signal inten-
sity at geff = 2.0 suggest that the signal at geff = 4.3 is due
to tetrahedral substitution of Fe3* ions in the molecular sieves
and the signal at gesf = 2.0 is due to the extra-framework iron
in the matrix. Thus, these samples may contain octahedral iron

Table 3
M@dssbauer data of various FeHMA
Sample? T Subspectra®  §¢ AEY Relative area
(K) (mms~h  (mms™H) (%)
FeHMA(100)® 298 | 0.04 0.48 95
1 0.52 1.56 5
FeHMAGBO)f 298 | 0.15 0.76 89
1 0.56 2.50 11
FeHMA(50)® 298 | 0.17 0.69 93
1 0.62 2.10 7
77 | 0.25 0.72 93
1 0.85 1.90 7
42 1 0.31 0.66 97
1 0.81 2.35 3
FeHMA(25)¢ 298 1 0.34 0.76 90
1 0.79 2.80 10
& Number in parentheses indicates the nominal [Al 4+ P]/Fe or Si/Fe ratio.
by, strong doublet; and 11, weak doublet.
C Isomer shift.
d Quadruple splitting.
i Calcined.

As-synthesized.

species (even if not in bulk form). The intensity of the sig-
nal at gesf = 4.3 decreases further after the reactions, reflecting
the difference in stability of the iron species in the FeMCM-41
and FeHMA materials (although much speculation about these
two signals persists). Thus, for comparison, we also give the
spectrum of bulk Fe;O3 (Fig. 8e), which showed a broad sig-
nal at gesr = 2.0. This supports our proposal that the signal at
geff = 2.0 may contribute in part to the octahedral iron species.
However, the signal at gesf = 4.3 is unambiguously supported as
the tetrahedral iron, because it increases sharply at low tempera-
ture (Curie—Weiss behavior), which is possible only for isolated
paramagnetic species [16]. Similar findings were also observed
for FeS-1 (spectra not reproduced here).

To gain further insight into the state of iron, we carried
out °'Fe Méssbauer studies at different temperatures. Discrim-
ination between framework and extra-framework iron species
in zeolites by Mdssbauer spectroscopy is usually made on
the basis of the isomer shift (IS). At room temperature, an
IS < 0.3 mms~! with narrow quadruple splitting (QS) indi-
cates tetrahedral Fe3t ions, whereas IS > 0.3 mms~1 with
broad quadruple splitting characterizes six-coordinated iron
species [12]. Figs. 12 and 13 show the Mdssbauer spectra of
various FeHMA samples; more detailed information is given in
Table 3. The room temperature Mdssbauer spectrum of all of
the samples can be fitted by two doublets, a narrow one (sub-
spectrum 1) assigned to high-spin Fe3* and a wide one (sub-
spectrum 1) assigned to high-spin Fe?*, with the latter having
higher IS and QS values than the former. In all of the samples,
subspectrum | is very intense compared with subspectrum 11, in-
dicating that in all of these samples, Fe3* species predominate
and the amount of Fe2* is around 10%. Table 3 lists various pa-
rameters of the Mdssbauer studies for all of the iron-containing
samples. The IS values of the subspectra | of FeHMA(200),
FeHMA(100) and FeHMA(50) are <0.3 mms~1, confirming
the tetrahedral substitution of iron in these samples. It is note-
worthy that the values of the calcined samples are similar to
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Fig. 10. ESR spectra of calcined (a) FeHMA(200), (b) FeHMA(100), (c) FeHMA(50), (d) FeHMA(25), and (e) calcined FeHMA(50) after cyclohexane oxidation.

those of the as-synthesized samples, an indication of the excep-
tional stability of iron in the tetrahedral matrix. The presence of
the minor QS indicates that the Fe3+ jons in the FeHMA lattice
deviate from the ideal tetrahedral symmetry [15-17]. The weak
doublet (subspectra Il) is attributed to Fe?* ions in tetrahe-
dral coordination, originating from the reduction of Fe3+ during
synthesis [15-17].

The calcined FeHMA(50) catalyst was taken as a representa-
tive sample to study the effect of various temperatures (Fig. 13).
The spectrum of FeHMA(50) at 77 K can be fitted with two
doublets, similar to the spectrum at 298 K. A similar spectrum
is also observed at 4.2 K. The increase in IS values with de-
creasing temperature is due to the second-order Doppler effect
(Table 4). The absence of the sextet pattern at low temperature
(4.2 K) confirms the absence of iron oxide superparamagnetic
particles inside the pores of the FeHMA material. For com-
parison, the spectra of FeMCM-41 are also shown in Fig. 14.
A similar tetrahedral coordination of Fe3* ion was also ob-

Table 4
Massbauer data of FeMCM-41(50)2

Sample? T Subspectra  s¢ AEY Relative area
(K) (mms=1) (mms=1) (%)

As-synthesized 298 | 0.19 0.68 88
1 0.81 3.20 12
Calcined 298 | 0.32 0.90 94
1 0.95 2.80 6
42 1 0.43 1.03 67
11 0.50 0.0 33

& Number in parentheses indicates the nominal [Al + P]/Fe or Si/Fe ratio.
b |, strong doublet; 11, weak doublet; 11, sextet.

¢ Isomer shift.

4" Quadruple splitting.

served for as-synthesized FeMCM-41, but after calcination, the
increase in IS (>0.3) indicates the formation of octahedral fer-
ric ions (Table 4). This is further confirmed by the sextet pattern
obtained at 4.2 K in the spectra of calcined FeMCM-41, which
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Fig. 11. ESR spectra of: (a), (d) as-synthesized FeMCM-41(50); (b), (e) cal-
cined FeMCM-41(50); (c), (f) calcined FeMCM-41(50) after cyclohexane oxi-
dation.
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Fig. 12. Mossbauer spectra of (a) as-synthesized FeHMA(50), (b) calcined
FeHMA(100), and (c) calcined FeHMA(25) at 298 K.

was absent in the calcined FeHMA material. Thus, these com-
plementary techniques clearly reveal that in the mesoporous
aluminophospate matrix, iron exists as Fe3* (to a larger extent)
and Fe?* (to a lesser extent), both of which are tetrahedrally
coordinated with O%~. This conclusion is further substantiated
by the ICP-AES results for FeHMA (see Table 1), in which a
decrease in Al/P ratio with increasing iron content indicates
isomorphous substitution of Fe3* in the matrix. A similar trend
was also noted earlier for the substitution of Fe3+ for AR+
APO-5 topology [14]. In contrast, the decreased molar ratios
in the calcined samples compared with the starting gel com-

(©)

Relative transmission (a.u.)

10 -5 0 5 10
Velocity (mm/s)

Fig. 13. Mésshauer spectra of calcined FeHMA(50) at (a) 298 K, (b) 77 K, and
(c)4.2K.
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Fig. 14. Mossbauer spectra of (a) as-synthesized FeMCM-41(50) at 298 K, (b)
calcined FeMCM-41(50) at 298 K, and (c) calcined FeMCM-41(50) at 4.2 K.

position indicates that part of aluminum and/or phosphorous is
lost in the mother liquor during synthesis.

3.3. Catalytic activity

The results of the catalytic oxidation of cyclohexane over
various iron-containing HMA catalysts show that cyclohexane
conversion increased with increasing amounts of iron in the cat-
alyst (Table 5). All of the catalysts produced two primary prod-
ucts, cyclohexanol and cyclohexanone. Of the secondary prod-
ucts, cyclohexyl acetate was predominant. With HMA, the reac-
tion exhibited only about 10% cyclohexane conversion, similar
to the reaction without catalyst (blank). Fe,O3 demonstrated
26% cyclohexane conversion under similar reaction conditions
(Table 5). Thus the observed high activity of FeHMA is at-
tributed to the presence of isolated tetrahedral Fe3* ions in the
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Table 5 Table 7

Effect of iron content in FeHMA on the oxidation of cyclohexane? Oxidation of cyclooctane over various iron-containing catalysts?

Catalyst? Conversion  Selectivity (wt%) TONd Catalyst? Conversion Selectivity (Wt%) TONd

(wt%) Cyclohexanol Cyclohexanone Others® (wt%) Cyclohexanol Cyclohexanone Others®

FeHMA(200) 48.0 92.0 7.0 1.0 1489 FeHMA(50)

FeHMA(100) 72.0 89.9 8.8 1.3 996 Calcined 92.5 51.5 40.0 8.5 832

FeHMA(50) Recycled® 93.0 47.8 45.6 7.7 837
Calcined  84.0 66.0 27.0 7.0 756 FeMCM-41(50) 82.6 47.0 41.2 11.8 790
Recycled® 82.7 734 20.0 6.6 745 FeAPO-5(50) 33.5 42.7 40.0 17.3 346

FeHMA(25) 89.0 62.0 28.0 10.0 579 FeS-1(50) 29.0 44.0 36.8 19.2 306

';IMAK gg 3;? (1)3 ;ig B @ Reaction conditions: substrate:oxidant (H,05) = 1:1; catalyst = 50 mg

FeznOg 26:0 84:0 10:0 6:0 B 2 (2.48 wt%); solvent, acetic acid (5 ml) + CH>Cly (5 ml); MEK, 5 mmol;

& Reaction conditions: substrate/oxidant (H,0,) = 1; catalyst, 50 mg
(3.3 wt%); T = 373 K; time = 12 h. Catalyst (wt%) = [catalyst weight x
100]/[substrate weight + catalyst weight].

b Number in parentheses indicates the nominal [Al + P]/Fe or Si/Fe ratio.

¢ Mainly cyclohexyl acetate is obtained as chain-terminating product.

4" Turn-over number, number of moles of cyclohexane converted per mole of

iron.
€ 3rd recycle or 4th run.

Table 6

Effect of oxidants on the oxidation of cyclohexane over FeHMA(SO)"J‘vb

Catalystb Conversion  Selectivity (wt%) TON®
(Wt%) Cyclohexanol Cyclohexanone Others®

H20, 84.0 66.0 27.0 7.0 756

TBHP 75.4 30.0 64.5 55 633

0y 62.7 62.2 34.0 338 564

Air 46.0 67.8 31.2 1.0 414

@ Reaction conditions: substrate:oxidant (HoO, or TBHP) = 1:1; air and O,
flow rate 40 ml min—1; catalyst 50 mg (3.3 wt%); solvent acetic acid (10 mL);
MEK 5 mmol; temperature, 373 K; time, 12 h. Catalyst (wt%) = [catalyst
weight x 100]/[substrate weight + catalyst weight].

b Number in parentheses indicates the nominal [Al + P]/Fe or Si/Fe ratio.

¢ Mainly cyclohexyl acetate is obtained as chain-terminating product.

4" Turn-over number, number of moles of cyclohexane converted per mole of
iron.

matrix and to the mild reaction conditions, that is, acetic acid
as the solvent, MEK as the initiator, and H»O> as the oxidant at
373 K for 12 h. Table 5 indicates that all of the FeHMA cata-
lysts had good turnover numbers (TONS); the table also shows,
however, that TON decreased with increasing iron content, in-
dicating that the activity was not increasing at the same degree
as the iron content in the catalyst. In other words, in the higher
iron-containing FeHMA catalysts, all of the iron species are not
accessible to the substrate (cyclohexane), due to the steric con-
straint environment around the active iron species. In addition,
the iron incorporated in the interior of the framework (wall)
structure may not be available for the substrate molecules. In
contrast, bulk Fe,O3 had a very low TON, indicating that iso-
lated tetrahedral iron species are vital for functionalization of
C-H.

The reaction was also carried out with different oxidants:
70% TBHP, molecular oxygen, and air (Table 6). The reaction
with H, O, exhibited high conversion at high cyclohexanol se-
lectivity. On the other hand, TBHP yielded cyclohexanone as
the major product, because this oxidant is more reactive than
H,O, [60]. However, the conversion was lower than that of

temperature, 373 K; time, 12 h. Catalyst (wt%) = [catalyst weight x
100]/[substrate weight + catalyst weight].

b Number in parentheses indicates the nominal [Al + P]/Fe or Si/Fe ratio.

¢ Mainly cyclooctyl acetate is obtained as chain-terminating product.

4 Turn-over number, number of moles of cyclooctane converted per mole of

iron.
€ 3rd recycled or 4th run.

H,0,, possibly due to deactivation of the catalyst by the forma-
tion of tert-butanol from the decomposition of TBHP. When the
reaction was carried out in O, and air, substrate conversion was
low, with cyclohexanol as the main product. This may be due to
the direct attack on cyclohexane by O, an endothermic process
that impairs the activation of a process. To overcome this prob-
lem, various oxidants, including iodobenzene [61], hydrogen
peroxide [62,63], and alkylhydroperoxide [64,65], have been in
place of energy-consuming dioxygen activation. Of these ox-
idants, H2O» is preferable because it is simple to handle, its
coproduct (water) is environmentally friendly, the oxygen atom
is very efficient, and it is versatile [66,67]. The FeHMA(50) cat-
alyst was also tested for its reusability (Table 5). Interestingly,
no significant loss in activity was noticed (up to three cycles),
and the yield was practically unaffected during recycling exper-
iments. The TON of the reused catalyst also remained nearly the
same, suggesting that the ferric ions were intact in the frame-
work with the same environment as that of the initial catalyst.
These results clearly indicate that Fe3* was stabilized in the
mesoporous matrix and hence that FeHMA behaved truly as
a heterogeneous catalyst. The stabilization of trivalent iron in
the tetrahedral matrix was further confirmed by the ICP-AES
analysis of the filtrate that detected no iron. Thus the ICP-AES
results not only corroborate stability of trivalent iron, but also
substantiate the absence of leaching of the active species from
the mesoporous matrix. Most importantly, the catalyst retained
its structure (Fig. 1f) and porosity (Table 2) even after the third
recycling.

To exploit the mesoporosity of the FeHMA catalyst, the
oxidation of bulkier cycloalkanes, cyclooctane (Table 7) and
cyclododecane (Table 8), was also carried out. FeHMA(50)
showed excellent activity and selectivity for these bulkier sub-
strates. Comparing the results of cyclohexane oxidation to these
substrates, decreased selectivity of the alcohols (cyclooctanol
and cyclododecanol) was observed, due to the lower diffu-
sion rate of the bulky cyclooctanol/cyclododecanol compared
with cyclohexanol inside the mesopores. Thus overoxidation of
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Table 8

Oxidation of cyclododecane over various iron-containing catalysts?

Catalyst? Conversion Selectivity (wt%) TONd
(wt%) Cyclohexanol Cyclohexanone Others®

FeHMA(50) 94.8 48.2 42.1 9.7 568

FeHMA(B0)!  93.5 47.0 453 87 561

FeMCM-41(50) 82.1 48.2 40.0 11.8 524

FeMCM-41(50)¢ 70.5 50.1 38.0 11.9 512

FeAPO-5(50) 31.3 45.7 41.2 13.1 215

FeS-1(50) 26.6 48.3 38.7 13.0 188

& Reaction conditions: substrate:oxidant (HoO5) = 1:1; catalyst, 50 mg (2.48
wt%); solvent (acetic acid 5 ml + CH»Cl, 5 ml); MEK, 5 mmol; temperature,
373 K; time, 12 h. Catalyst (wt%) = [catalyst weight x 100]/[substrate weight
+ catalyst weight].

b Number in parentheses indicates the nominal [Al + P]/Fe or Si/Fe ratio.
¢ Mainly cyclododecyl acetate is obtained as chain-terminating product.
d Turn over number, number of moles of cyclooctane converted per mole of

iron.
€ 3rd recycled or 4th run.

the cycloalkanols to cycloalkanones occurred. FeHMA showed
true heterogeneity for these substrates as well.

For comparison, the oxidation of cyclododecane was also
carried out over FeMCM-41, FeAPO-5, and FeS-1. FeAPO-
5 and FeS-1 showed only very low activity due to the pore
size restriction of these bulky substrates. This may be because
the lower pore wall of FeEHMA(50) is not as thick as that of
FeMCM-41, thus enabling the active species of the former to
interact more with the substrate molecules [68,69]. The activity
decreased in the recycling studies, with a considerable amount
of iron being leached (12%) into the reaction mixture. Thus
FeHMA is a novel catalyst, with good activity and selectivity
for the oxidation of cycloalkanes. We suppose that the reaction
goes through the free radical mechanism in the same way as the
reactions reported for other iron-containing catalysts [20,70].
Because both isolated Fe>* and Fe3* species are known to be
active for C-H activation [71,72], determining the exact contri-
bution of each of these species to the overall catalyst activity is
very difficult. But because Fe3* is the major species and has a
higher oxidation ability than FeZ*, we believe that the activity is
due mostly to Fe3+ species. At this point, it is worth noting that
CoHMA [73] also showed comparable activity for cycloalkane
oxidation, but the -one/-ol ratio was much higher in FeHMA,
and hence CoHMA is quite attractive.

4, Conclusion

In conclusion, iron-substituted mesoporous aluminophos-
phate molecular sieves were successfully synthesized. Various
characterization techniques suggested the presence of isolated
Fe3* ions of distorted tetrahedral framework sites. These tetra-
hedral Fe3+ ions did not become dislodged during heat treat-
ment, indicating the stability of Fe3* ions in a tetrahedral ma-
trix compared with many other molecular sieves. Mdssbauer
studies demonstrated that around 10% of the iron was present
in these materials as Fe?*, with most of the iron present as
Fe3*. The catalyst showed excellent activity and recyclability
for the oxidation of cyclohexane under relatively milder reac-
tion conditions. It was also demonstrated that FeHMA can be

used for the oxidation of bulky cycloalkanes, such as cyclooc-
tane and cyclododecane. These catalysts are viable alternatives
to the homogeneous catalysts because of their easy recoverabil-
ity and recyclability, hence opening up new possibilities for the
iron-based heterogeneous oxidation reactions.
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