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a b s t r a c t

An Mg–Al layered double hydroxide containing intercalated NO3
− anions (LDH-N) was synthesized and

subsequently submitted to a reaction with triethanolamine as modifying agent (LDH-TEA). A neutral
iron(III) porphyrin was immobilized onto both solids LDH-N and LDH-TEA, and the catalytic activity
of the resulting FePor-LDH-N and FePor-LDH-TEA was evaluated in the oxidation of (Z)-cyclooctene,
cyclohexane, and heptane using iodosylbenzene as oxidant. Characterization of FePor-LDH-N and FePor-
LDH-TEA by UV–vis, FTIR, XRD, XPS, EPR, TGA/DTA, and SEM was also accomplished. The products from
ronporphyrin
xidation
atalysis
DH
riethanolamine
mmobilization

the catalytic reactions were analyzed by GC, using an FID detector. The catalytic activity of FePor-LDH-
TEA in the oxidation of cyclohexane was around 5 times higher than that obtained with FePor-LDH-N,
which does not contain the modifying agent. Moreover, the FePor-LDH-TEA solid displayed significant
selectivity in the oxidation of heptane, a substrate that is difficult to oxidize; in fact, a total product
yield over 30.0% was achieved. Finally, the performance of the FePor-LDH-TEA catalyst can be attributed
to the higher FePor load in this solid, which is 3 times larger compared with FePor-LDH-N. A proposal

ePor
eterogeneous catalysis concerning the mode of F

. Introduction

Metalloporphyrins are relevant examples of macrocyclic com-
lexes that have attracted much attention over the last decades
ecause of their role as efficient and selective catalysts in several
xidation reactions [1–6]. Despite their recognized catalytic activ-
ty toward the oxidation of hydrocarbons, the non-recyclability of
hese homogeneous catalysts has motivated researchers to seek
or immobilization processes which could lead to heterogeneous
atalysts with increased catalytic efficiency and higher selectivity
3,6–8]. Layered compounds are suitable materials for metallopor-
hyrin immobilization, including layered double hydroxides (LDH).
he latter solids have recently been targeted because of their vari-
ble anionic exchange capacity and the possibility of chemically
odifying their surface, which enable the controlled preparation of

aterials with specific composition for future potential industrial

pplications [9–14].
LDH consist of positively charged layers of metal hydroxide,

tacked along the basal direction and separated by intercalated

∗ Corresponding author. Fax: +55 41 33613180.
E-mail address: shirley@quimica.ufpr.br (S. Nakagaki).

926-860X/$ – see front matter © 2010 Elsevier B.V. All rights reserved.
oi:10.1016/j.apcata.2010.07.031
immobilization onto the modified LDH is suggested.
© 2010 Elsevier B.V. All rights reserved.

hydrated anions. The positive charges arise from the replacement
of some divalent cations with trivalent ones, and the excess charge
in the layers is balanced by intercalated anions. The LDH generic
formula is [M1−x

2+Mx
3+ (OH)2]x+(An−)x/n·yH2O, where M3+ and M2+

are metallic cations occupying octahedron distorted sites and A is
a hydrated anion with charge n− [15,16].

LDH intercalation processes are widely discussed in the litera-
ture [9,15–21] and can be achieved through different methods, such
as ion exchange, restructuring of layers of calcined samples through
the memory effect, or direct synthesis in the presence of the anion
to be intercalated. These methodologies may be monitored by X-
ray diffraction (XRD), Fourier transformed infrared spectroscopy
(FTIR), and thermal analyses (thermogravimetric analyses (TGA),
differential scanning calorimetry (DSC), and/or differential thermal
analyses (DTA)). XRD may also reveal the nature of the intercalated
anions, according to the expansion of the basal spacing [17–23].
Intercalation of a series of metal complexes has been performed
as a method for the production of mixed oxides [19,24] and com-

plex/support catalysts [11,14,22,25–31].

In this work, along with the structural characterization of all the
prepared materials, we have investigated the effects of the mod-
ification of an Mg–Al LDH with triethanolamine on the catalytic
activity of an iron(III) porphyrin immobilized onto it.

dx.doi.org/10.1016/j.apcata.2010.07.031
http://www.sciencedirect.com/science/journal/0926860X
http://www.elsevier.com/locate/apcata
mailto:shirley@quimica.ufpr.br
dx.doi.org/10.1016/j.apcata.2010.07.031
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. Experimental

.1. Materials

The neutral iron(III)porphyrin [5,10,15,20-tetrakis(penta-
uorophenyl)-1H, 23H-porphyrin iron (III) chloride] (FePor) was
urchased from Sigma–Aldrich (St. Louis, United States). Iodosyl-
enzene (PhIO) was synthesized according to the literature by
ydrolysis of iodosylbenzenediacetate [32]. The resulting solid
as carefully dried under reduced pressure and kept at 5 ◦C, and

ts purity was periodically controlled by iodometric titration [33].
eionized water was employed in all the experimental procedures.
nless otherwise specified, all other reagents were supplied by
igma–Aldrich or Acros (Geel, Belgium) and used as received
ithout further purification.

Mg–Al LDH intercalated with nitrate anions was prepared
s described previously [34]. Under inert atmosphere, a sodium
ydroxide solution was added to a solution of magnesium and
luminum nitrate salts previously prepared at the appropriate sto-
chiometry, and the pH was controlled to 10. The resulting white
olid (LDH-N) was exhaustively washed with water, centrifuged at
000 rpm, and dried at 50 ◦C for 48 h.

In a reaction flask, 15 mL triethanolamine (TEA) were added to
.5217 g LDH-N, and the system was kept under reflux conditions
nd stirring for 3 h. The obtained brown viscous suspension was
entrifuged, and a light brown solid (LDH-TEA) was separated and
hen washed several times with isopropanol, followed by drying at
0 ◦C [35].

The FePor-LDH-X (where X = N or TEA) catalysts were pre-
ared according to a methodology described in the literature
22]. The immobilization process was conducted by dispersing
round 150 mg of the support (LDH-N or LDH-TEA) in 10 mL of
toluene FePor solution (4.69 × 10−6 mol FePor). This suspension
as refluxed and stirred for 2 h. Next, the resulting solid was fil-

ered and washed with toluene, and the supernatant was analyzed
y UV–vis spectroscopy, in order to quantify the FePor that could
ave been removed from the matrix by leaching. The light brown
olids FePor-LDH-X were dried at 60 ◦C for 48 h.

.2. Catalytic oxidation reactions

Catalytic oxidation reactions were carried out in a 2 mL
hermostatic glass reactor equipped with a magnetic stirrer,
laced inside a dark chamber. The oxidation of (Z)-cyclooctene
previously purified on alumina column), cyclohexane, and hep-
ane by iodosylbenzene was accomplished in the presence
f the catalyst FePor-LDH-N or FePor-LDH-TEA. In a standard
xperiment, the solid catalyst FePor-LDH-X and the oxidant
FePor/PhIO molar ratio 1:50) were suspended in 400 �L solvent
dichloromethane/acetonitrile 1:1 mixture, v/v) and degassed with
rgon for 15 min, inside a 2 mL vial. The reaction started after addi-
ion of the substrate (FePor/substrate molar ratio 1:5000), and the
xidation reaction was carried out under magnetic stirring for 1 h.
t the end of the reaction, sodium sulfite was added to the reac-

ion mixture, in order to eliminate the excess iodosylbenzene. The
upernatant along with the reaction products were separated from
he solid catalyst by centrifugation and transferred to a volumetric
ask. The catalyst was washed several times with dichloromethane
nd acetonitrile, in order to extract any reaction products that
ight have remained adsorbed onto the solid catalyst. The wash-

ng solutions were added to the previously separated reaction

upernatant, and the product content in these combined solutions
as analyzed by gas chromatography, using n-octanol (acetonitrile

olution,1.0 × 10−2 mol L−1) of high purity degree (99.9%) as inter-
al standard. Product yields were based on the mass of PhIO added
o each reaction.
s A: General 386 (2010) 51–59

The influence of reaction time on product yield and selectivity
was investigated for the solid with the best catalytic performance,
with reaction times ranging from 15 min to 72 h. Control reactions
were carried out using this same procedure, and were performed
as follows: (a) substrate only, (b) substrate + PhIO, and (c) sub-
strate + PhIO + LDH-X (supports without FePor). A solution of the
parent FePor also had its catalytic activity (homogeneous catalysis)
measured in the same conditions as those employed for the solid
catalysts FePor-LDH-X. All heterogeneous catalysts were exhaus-
tively washed and dried for reuse in further reactions.

2.3. Characterization techniques

Electronic spectra (UV–vis) were obtained on an HP 8452A
Diode Array UV–vis spectrophotometer, in the 200–800 nm range.
Spectra of the solid samples were recorded from nujol mull
smeared on a quartz plate (Hellma).

Transmission Fourier Transform Infrared (FTIR) spectra were
registered on a Biorad 3500 GX spectrophotometer in the
400–4000 cm−1 range, using KBr pellets. KBr was ground with a
small amount of the solid to be analyzed, and the spectra were
collected with a resolution of 4 cm−1 and accumulation of 32 scans.

For the X-ray diffraction (XRD) measurements, self-oriented
films were placed on neutral glass sample holders. The measure-
ments were performed in the reflection mode using a Shimadzu
XRD-6000 diffractometer operating at 40 kV and 40 mA (Cu K�
radiation � = 1.5418 Å) with a dwell time of 1◦/min.

Electron paramagnetic resonance (EPR) measurements of the
powder materials were accomplished on an EPR BRUKER ESP
300E spectrometer (standard concavity: 4102-SP, frequency X band
9.5 GHz), at room temperature or at 77 K (using liquid N2).

X-ray Photoelectron Spectroscopy (XPS) spectra were measured
on a VG ESCA 3000 with a base pressure of 2 × 10−10 mbar. Mg K�
(1253.6 eV) radiation was employed, and the overall energy resolu-
tion of the collected spectra was approximately 0.8 eV. The energy
scale was calibrated using the Fermi level and the adventitious C
1s peak at 284 eV. The spectra were normalized to the maximum
intensity after subtraction of a constant background.

Scanning Electron Microscopy (SEM) characteristics of the sam-
ples were imaged by either a JEOL 5190 microscope operating at
15 keV or a JEOL JSM-6360LV operating at 15 keV. A small amount
of the sample was placed on a sample holder, which was submit-
ted to a gold metallization process and measured by a scan mode.
The cross-section analyses were performed by electron dispersive
X-ray (EDX). Mapping of elements was carried out to investigate
the distribution of these elements in the surface layers. The Image
Pro Plus software was employed to process the images

Products from catalytic oxidation reactions were quantified
using a Shimadzu GC-14B gas chromatograph (FID detector)
equipped with a DB-WAX capillary column (J & W Scientific).

3. Results and discussion

A dark yellow solid was obtained after reaction between TEA
and LDH-N, suggesting that the modification was successful. Both
solids LDH-TEA and LDH-N were characterized by XRD, EDX, XPS,
TGA/DTA, FTIR, and SEM.

Although the XRD patterns revealed broad peaks, the first basal
diffraction peak of LDH-N (Fig. 1b) shifted from 8.10 Å to only 8.45 Å
in LDH-TEA (Fig. 1a). Since the peak shift was not large, one might

believe the intercalation reaction was not successful.

Previous studies on the intercalation and functionalization of
layered materials by TEA found that the thickness of a single layer
of this molecule between inorganic layers is around 4 Å [35]. Con-
sequently, the intercalation of TEA in LDH-N should not change the
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Fig. 1. X-ray powder diffraction patterns for (a) LDH-TEA and (b) LDH-N.

asal distance much, for 4 Å is roughly the same space occupied by
itrate anions in LDH-N. Therefore, the use of other techniques was
ecessary to confirm the presence of TEA intercalated between the
DH layers.

EDX analyses (data not shown) attested the presence of Mg, Al,
, N, and C in LDH-N. While the first four elements were expected,

he presence of carbon can be assigned to contamination of LDH-N
y a small content of carbonate anions in the LDH, since this anion

s commonly found in this class of compounds [36]. Moreover, from
his analyses it was established that the Mg/Al ratio is around 3:1.
he same elements Mg, Al, O, N, and C were detected in the LDH-TEA
DX analyses, which also confirmed the 3:1 ratio between Mg and
l. This means that the LDH layer composition remained the same

fter reaction with TEA. Moreover, higher percentages of C and N
ere observed, which could be evidence of the presence of TEA. XPS

nalyses confirmed this information. In a wide scan of both LDH-
EA and LDH-N (Fig. 2a and b), electrons from Mg2p, Al2p, and O1s
ere detected with binding energies of 50.6, 75.0, and 531.5 and

Fig. 2. Low-resolution XPS spectra of (a) LDH-TEA and (b) LDH-N.
Fig. 3. High-resolution XPS spectra of (a) LDH-TEA and (b) LDH-N.

532.3 eV, respectively [37]. Peaks in the region of N1s and C1s were
also observed; the latter, which is related to adventitious carbon,
was used to calibrate the spectra.

The ratio between areas of two peaks of elements enables deter-
mination of their relative abundance on a surface. The N/Al ratio in
the LDH rose from 0.77 to 1.11 upon LDH-N modification with TEA,
which is evidence of increased nitrogen content. This relative ele-
vation in nitrogen content is thus another evidence of the presence
of TEA in the LDH, since TEA was the only source of nitrogen during
the modification reaction.

In order to further characterize this nitrogen excess, higher res-
olution spectra of the N1s region were recorded for both materials
(Fig. 3). While the spectrum of LDH-N displayed only one peak, cor-
responding to nitrate N1s, the spectrum of LDH-TEA presented two
peaks, the first (from right to left) related to nitrate and the other
to TEA. Comparison of both spectra led to attribution of the 408 eV
peak to nitrate due to its binding energy [38]. A lower binding
energy should be expected for TEA N1s, since the electronic shield-
ing of the nucleus charge by valence electrons is more effective
in the latter molecule than in the nitrate anion, where the valence
electrons are attracted away from the nucleus by the oxygen atoms.

Thermal analyses curves of these materials gave further evi-
dence of the presence of TEA in the modified LDH. According to
Fig. 4b, there are two mass loss events for LDH-N, around 200 ◦C
and 450 ◦C. The first event can be attributed to evaporation of inter-
calated/physisorbed water molecules (mass loss = 15%), while the
second is characteristic of dehydroxilation reaction and decom-
position of intercalated nitrate (mass loss = 36%). All these events
are endothermic, as shown by DTA, and their temperatures match
those reported for nitrate-intercalated Mg–Al LDH [39], showing
that carbonate contaminations are very small. Also, the mass loss
percentages of these events match those calculated for a 3:1 Mg/Al
ratio.

Although LDH-TEA also undergoes two mass loss events, its TGA
curve (Fig. 4a) differs from that of LDH-N with respect to its larger

total mass loss. While the second event remains unchanged (mass
loss = 35%), the first one amounts to a mass loss of 23%, which
accounts for the difference in total mass loss. This increased mass
loss up to 200 ◦C for LDH-TEA can be assigned to evaporation of
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Fig. 4. Thermal analyses (TGA/DTA) curves of (a) LDH-TEA and (b) LDH-N.

ntercalated TEA, which is probably held to the layers solely by
eak interactions. Conversely, a small exothermic event centered

t 460 ◦C followed by a steeper mass loss, which are both charac-
eristic of combustion of organic matter, might suggest grafting of
ome TEA molecules onto the LDH layers. These grafted TEA would
e covalently bound to the LDH, and would therefore burn instead
f evaporate [35].

In order to shed light on the nature of the interaction between
EA and LDH layers, FTIR spectroscopy was performed on these
aterials. Along with the above mentioned techniques, the FTIR

nalyses revealed that only a small amount of the modifier is
resent in the LDH after interaction with TEA. The infrared spectra
howed differences between the LDH-N and the solid obtained after
eaction with TEA (Fig. 5). In the latter case, there was an absorp-
ion band in the region of 3600–3200 cm−1, centered at 3464 cm−1,
hich can be ascribed to the OH group present on the surface of the

DH as well as to the hydroxyl groups present in TEA (C6H15O3N).
he absorption band at 1385 cm−1 is due to the nitrate ion and indi-
ates that these ions are present in the interlayer space of LDH-TEA.
his band thus suggests that not all the nitrate ions were exchanged
40] as already evidenced by XPS analyses (Figs. 2 and 3).

Moreover, bands characteristic of the vibration modes of sym-
etric and asymmetric CH groups present in TEA were detected

n the region of 2900–2850 cm−1, as well as bands in the region of

260–1350 cm−1, typical of the C–O chemical bond observed after

ntercalation with TEA [41].
Evidence that some of the TEA molecules may be grafted onto

he LDH layers is the presence of a characteristic absorption band of
Fig. 5. FTIR spectra of (a) LDH-TEA, (b) TEA, and (c) LDH-N.

bound hydroxyl groups [41] centered at 3150 cm−1. In this sense,
it is expected that the grafting should occur between the highly
hydroxylated surface of the LDH and the modifying agent and also
be attached through a hydrogen bond between the LDH layer and
the OH group on the surface of the modifier.

Thus, the different hydroxyl groups evidenced by the FTIR spec-
tra suggest the presence of a small amount of grafted TEA, whereas
the remaining TEA molecules are intercalated. Some characteris-
tic bands of TEA, such as the C–N stretching bands in the region
of 1310–1360 cm−1, could not be seen in the FTIR spectrum due
to the low concentration of the modifier in the LDH and the very
intense bands characteristic of the nitrate anion. Also, other bands
typical of CH2 groups were hard to detect. The absorption bands
observed in the regions of lower frequency, namely in the region
of 850–400 cm−1, can be assigned to M–O and O–M–O (M = metal)
vibrational modes [41].

When inorganic ions predominantly intercalate into the LDH,
SEM images usually have platy morphology with hexagonal habits,
bound in such a way that many authors call them “pink sand”
(Fig. 6b) [42]. In contrast, when organic anions intercalate into the
LDH, the formation of round-edged particles is observed [42]. LDH-
TEA does not present hexagonal crystals, as expected, since it was
modified with organic molecules and submitted to the stirring pro-
cess. Fig. 6a shows that the particles tend to agglomerate, and it
significantly differs from the image obtained for LDH-N, containing
intercalated nitrate anions (Fig. 6b).

As for FePor immobilization onto the LDH-X, modification of the
support caused higher percentage of complex immobilization and
hence higher FePor concentration on the matrix. Table 1 lists the
FePor loading in the FePor-LDH-X catalysts, which was determined
by UV–vis spectroscopy, as described in the experimental section

The way this neutral FePor is immobilized onto the LDH
support is not completely understood. Interactions between the �-
conjugated cloud of the macrocyclic ring of the FePor and the highly
hydroxylated surface of the LDH cannot be dismissed, together
with some kind of interaction between the modifying agent of the
coverslip and the FePor. In addition to these two possibilities, the
suggestion that the FePor might also be caught between the random
“house-of-card” structure probably acquired by the LDH layers dur-

ing the magnetic stirring process cannot be overlooked. All these
proposals are still under investigation.

Fig. 7 depicts some of the proposed modes of FePor immobiliza-
tion onto the surface of the LDH-N and LDH-TEA supports.
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Fig. 6. SEM micrographs of (a) LDH-TEA and (b) LDH-N.

Table 1
Immobilization of FePor on LDH.
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FePor
immobilization (%)

Loading (concentration of
FePor in the LDH) (mol g−1)

FePor-LDH-N 17.4 3.2 × 10−6

FePor-LDH-TEA 54.0 1.0 × 10−5

Fig. 7a brings two proposals representing the interaction
etween the metallic center of the macrocycle and the highly
ydroxylated surface of the support. These representations differ
nly in terms of the positioning of the porphyrin: tilted (top) and
arallel to the layer (bottom).

According to the TGA results, the Mg/TEA molar ratio is approx-
mately 1:7. On the basis of the large amount of modifying agent in
ePor-LDH-TEA, in Fig. 7b it is suggested that TEA may be present
n two positions, on the surface of and intercalated between the
DH layers. In this sense, it can be assumed that FePor immobiliza-
ion might take place via interaction between the �-conjugated
lectronic cloud of the meso porphyrin-substituents and the mod-
fying agent.The XRD pattern of FePor-LDH-N (Fig. 8b) is similar
o that obtained for the LDH-N support, indicating that immo-
ilization does not occur by FePor intercalation in the LDH [20].

owever, a diffraction peak at 7.10◦ of 2� (peak indicated by an
rrow), related to a basal distance of 12.45 Å, is observed for FePor-
DH-TEA (Fig. 8a). The presence of this peak suggests that part of
he FePor may also intercalate between the layers of the support
reviously modified with TEA.

ig. 7. Proposed modes of FePor immobilization onto the LDH support. (a) FePor-LDH-N
upport, and (b) FePor-LDH-TEA immobilization by interaction between the meso substit
Fig. 8. X-ray powder diffraction patterns for (a) FePor-LDH-TEA and (b) FePor-LDH-
N.
Compared with the spectrum of LDH-TEA (Fig. 2), changes in the
XPS spectrum of FePor-LDH-TEA (Fig. 9) confirmed the presence of
the FePor in the latter solid, which was evident from the higher
concentration of carbon and the increased N/Al ratio. However, it

interaction between the FePor metallic center and the hydroxilated surface of the
uent on the FePor and the modifying agent.
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Fig. 11. UV–vis spectra of (a) FePor-LDH-TEA and (b) FePor-LDH-N.

Table 2
(Z)-cyclooctene oxidation by PhIO catalyzed by FePor in homogeneous and hetero-
geneous mediaa.

Catalystb Run Epoxide (%)

FePor 1 76.0
FePor-LDH-N 2 66.0
FePor-LDH-TEA 3 97.8
LDH-N + PhIO (control) 4 10.5
LDH-TEA + PhIO (control) 5 10.2
PhIO (control) 6 5.0
Fig. 9. Low-resolution XPS spectra of (a) FePor-LDH-TEA.

as not possible to detect the presence of iron, which was below
he detection limit of the technique.

The presence of FePor in the FePor-LDH-X solids was also con-
rmed by EPR spectroscopy. The LDH-X solids (figure not shown)
isplay EPR-silent spectra. The absence of EPR signals indicates
hat the solids are free of contaminating paramagnetic species that
ould have been inserted into the LDH during the synthetic proce-
ure.

Both FePor-LDH-TEA and FePor-LDH-N (Fig. 10b and c, respec-
ively) display an EPR signal at g = 4.3, typical of high-spin Fe(III)
n rhombic symmetry, while a signal at g = 6.0 (1000–1200 gauss)
s observed in the spectrum of the free FePor (Fig. 10a), which is
haracteristic of high-spin Fe(III) in axial symmetry [43]. These
esults demonstrate that the immobilization procedure causes an
rthorhombic distortion in almost all porphyrin rings [44]. This
istortion can be associated with the need of the porphyrin to

emain as close as possible to the hydroxylated surface, in order
o maximize charge interactions, which might reinforce the model
resented in Fig. 7 [44].

ig. 10. Room temperature EPR spectra of (a) FePor, (b) FePor-LDH-TEA, and (c)
ePor-LDH-N.
a The yield of cyclooctene oxide was calculated on the basis of the amount of PhIO
used in the reaction. The results represent an average of at least duplicate reactions.
FePor/PhIO/(Z)-cyclooctene molar ratio = 1:50:5000. Reaction time: 1 h.

The FTIR spectra of all the FePor-LDH-X solids were similar to
those of the corresponding LDH-X matrix prior to FePor immobi-
lization (figure not shown). Vibrational bands of the FePor were
not detected in the FTIR spectra probably because of the low FePor
loading on the solids (Table 1).

The FePor-LDH-X solids were also analyzed by UV–vis spec-
troscopy (Fig. 11). The presence of FePor was confirmed by the
typical FePor Soret band that appeared in the region of 400 nm in
both spectra. Also, the recorded spectra displayed a typical peak
enlargement observed for metalloporphyrin bound to solid sup-
ports [45].

However, in the spectra of Fig. 11 the Soret band is shifted to
lower energy compared to the spectrum of the parent FePor reg-
istered before the immobilization process (spectrum collected in
Nujol oil emulsion – figure not show). Such shift can result from
the confinement of the FePor in the support or from interactions
between the FePor and the surface of the support, both of which
may distort the structure of the FePor complex [46].

4. Catalytic oxidation reactions

The catalytic activities of the FePor in solution (homoge-
neous catalysis) and of the supported catalysts FePor-LDH-X
(heterogeneous catalysis) were investigated in the oxidation of (Z)-
cyclooctene, cyclohexane, and heptane. The results are displayed in
Tables 2–4, respectively.
The catalytic yields depicted for FePor-LDH-N and FePor-LDH-
TEA in these tables can be attributed to the immobilized FePor, since
control reactions carried out with the pure matrices LDH-N and
LDH-TEA (containing no FePor) gave only low yields of products.
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Table 3
Cyclohexane oxidation by PhIO catalyzed by FePors in homogeneous and heteroge-
neous mediaa.

Catalyst Run Alcohol yield
(%)b

Ketone yield
(%)c

FePor 1 51.0 2.0
FePor-LDH-N 2 7.5 3.6
FePor-LDH-TEA 3 26.4 2.2
FePor-LDH-TEA Recycling run 1 4 23.0 2.0
FePor-LDH-TEA Recycling run 2 5 25.8 1.0
FePor-LDH-TEA Recycling run 3 6 25.7 1.2
LDH-N + PhIO (control) 7 Trace 0
LDH-TEA + PhIO (control) 8 Trace 0
PhIO (control) 9 Trace –

a The yields of the reactions were calculated on the basis of the amount of PhIO
used in the reaction. The results represent an average of at least duplicate reactions.
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b Cyclohexanol
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. Cyclooctene

Cyclooctene is easily oxidized in the presence of metallopor-
hyrins, leading to a single product, an epoxide. This is consequence
f the larger stability of the radical intermediate generated from
his substrate and which furnishes the epoxide [47,48]. For this rea-
on, cyclooctene is frequently employed as a diagnostic substrate
n catalytic systems involving metalloporphyrins. The catalytic oxi-
ation of this cycloalkene by PhIO was of great value for this
ork, because it demonstrated the efficiency and stability of the

mmobilized FePor-LDH-X as catalysts. This study also provided
nformation on the accessibility of the substrate and the oxidant
o the iron(III) sites of the intercalated FePor.

The results from the epoxidation of cyclooctene by PhIO cat-
lyzed by FePor in solution or by FePor-LDH-X are summarized in
uns 1–3 of Table 2.

As expected, high epoxidation yields were observed for the
ePor in solution. The enhanced catalytic activity of this com-
lex with respect to oxidation reactions is due to the presence of
lectronegative substituents on its phenyl rings, which reduce elec-
ronic density on the porphyrin ring and stabilize the FePor against
xidative degradation [49].

All the FePor-LDH-X solids displayed catalytic activity for (Z)-
yclooctene oxidation, thus confirming that the immobilization
rocess and the experimental conditions did not destroy or inac-
ivate the immobilized FePor (Table 2). However, the yield was
lightly lower in the case of FePor-LDH-N, which can be associ-
ted with the difficult access of the substrate and the oxidant to
he active site of the FePor, limited by the structure of the support
26].

Compared with homogeneous catalysis (run 1), a higher product
ield was observed when FePor-LDH-TEA was employed as catalyst
run 3). Hence, immobilization favored the catalytic activity of the
ePor in this case.

Comparison of the results obtained for the homogeneous sys-
em (FePor in solution) and the FePor-LDH-X systems shows that
he FePor does not undergo any deactivation processes, such as
indered access of the reagents to the catalytic site or iron(III) axial
oordination to ligands on the support.

Control reactions (reactions 4–5) were also accomplished, and
ery low yields were observed. Comparison of these results with
hose achieved in the reactions catalyzed by the FePor-LDH-X solids
onfirms that the immobilized FePor plays an essential role in the

nvestigated reactions.

A UV–vis spectrum of the reaction supernatant was recorded
fter the catalytic reactions in the presence of FePor-LDH-X. The
ypical Soret band of the FePor was not detected in any of the cases,
s A: General 386 (2010) 51–59 57

attesting that no catalyst leaching occurred under any of the reac-
tion conditions investigated in this study, and that the catalysis was
truly heterogeneous.

6. Cyclohexane

As both immobilized catalysts FePor-LDH-X were efficient for
the epoxidation of cyclooctene (showing yields higher than 50%),
their catalytic activity was also evaluated in the oxidation of cyclo-
hexane (Table 3), a less reactive substrate. The use of cyclohexane
as substrate is intended not only for evaluation of the catalytic effi-
ciency toward the oxidation of a different compound, but also for
the investigation of the catalyst’s effect on reaction selectivity, since
more than one product might be produced in the oxidation of this
cycloalkane.

The oxidation of cyclohexane by PhIO in the presence of met-
alloporphyrins commonly yields cyclohexanol and cyclohexanone
as major products, so these catalysts are considered cytochrome
P-450 biomimetic models [49,3]. High selectivity for the alcohol
product is also observed. Alcohol formation occurs via oxygen
transfer from the intermediate oxoiron(IV) porphyrin cation radical
complex, which is the active species responsible for the hydroxy-
lation reaction [5,49–51].

The formation of the latter intermediate occurs upon oxidation
of the FePor by a two-electron oxidant such as PhIO [41]. The formed
species, which is supposed to be catalytically active, will abstract
one proton from the substrate, generating a radical from it. In turn,
this radical species will react with the hydroxyl coordinated to
the iron complex and reestablish the FePor [5,3,50–53], with con-
comitant formation of an alcohol, which can be re-oxidized to the
ketone.

Good yields were obtained with the FePor-LDH-X supported
catalysts (Table 3, runs 2 and 3). However, these results might
be considered low if compared to those achieved via homoge-
neous catalysis (Table 3, run 1). When the different matrices were
compared, better results were obtained with the FePor-LDH-TEA
system, which presents a less polar support, due to the partial cov-
erage of the highly hydroxylated surface of the LDH support with
TEA molecules (Fig. 7). As the substrate cyclohexane is only slightly
polar, its access is favored [50] in the latter system, and the product
cyclohexanol (more polar) is also more rapidly released from the
active site into the solution, preventing its further oxidation to the
ketone. In fact, the more polar system FePor-LDH-N leads to lower
cyclohexanol yields and lower selectivity for the alcohol, compared
with FePor-LDH-TEA.

So, although the catalyst FePor-LDH-TEA furnished lower alco-
hol yields compared to the homogeneous catalyst (27% and 51%
cyclohexanol yield, respectively), it is still highly selective, as
expected for cytochrome P-450 models, not to mention the major
advantage that this solid catalyst is recyclable. Table 3 (runs 4–6)
also lists the results achieved in reactions employing FePor-LDH-
TEA after it was recovered from the reaction medium and reused.
Reuse of this solid (recycling) had little if no effect on its catalytic
efficiency and selectivity.

Catalyst reuse in a second reaction led to yields similar to those
obtained with the fresh catalyst in a first reaction, suggesting that
FePor-LDH-X can be reused. The catalytic activity in the recycling
reactions also indicates resistance of the FePor to the harsh reaction
conditions and gives evidence of the strong interaction between
the FePor and the support. FePor-LDH-X was recovered after the
first use by simple filtration and washing in a Soxhlet extractor. In
recovery procedure failed to display the characteristic FePor Soret.
After the second use, the catalyst was recovered and reused in a
third reaction, giving similar results, which was also observed in
three more subsequent reactions.
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Fig. 12. Catalytic reactions on cyclohexane oxida

The solid that exhibited the best performance toward the cat-
lytic oxidation of cyclohexane by PhIO, together with small loss
f catalytic efficiency after recycling processes was FePor-LDH-TEA
Table 3, reaction 3). Hence, this solid was used in a study about the
nfluence of reaction time on product yields.

In general, better yields are not expected with increasing reac-
ion times for this FePor in homogeneous medium, since the
ptimal reaction time reported in the literature was employed here
6,12,22,31]. As for heterogeneous catalysis, an increase in reaction
ime is expected to lead to better yields, as shown in Fig. 12. This
an be explained by longer contact time between the solid cata-
yst and the substrate, thereby facilitating access of the latter to the
mmobilized active catalytic species and favoring the catalysis.

Fig. 12 reveals that the optimal reaction time is about 1 h, when
electivity and good catalytic efficiency are achieved. An increase
n time might lead to better yields; however, the reaction becomes
ess selective. After 6 h of reaction, the equilibrium with respect to
he formation of cyclohexanol is reached (34%). After this time, it
s observed that the generated alcohol is re-oxidized to cyclohex-
none.

Although the yields measured in this study were lower than
hose reported in the literature (for example, the system MgAl-
APTS LDH-FePor yielded 36% alcohol and 57% ketone, with a
electivity of 1.6 for the ketone [22], with the same FePor), the
ePor-LDH-TEA catalyst described here is more selective (26.4%
lcohol and 2.2% ketone, giving a selectivity of 12 for the alcohol).

In order to know some rate information about the cyclohex-
ne oxidation the first-order kinetics was qualitatively applied for
he cyclohexane oxidation reaction results using the FePor-LDH-

EA as catalysts, according to the equation: ln[P]∞/[P]∞ − [P]t = k·t,
here [P]∞ is the product molar concentration (cyclohex-

nol + cyclohexanone) at infinite time (6 h), [P]t is the product
olar concentration at time (t) and k is the first-order reaction

able 4
eptane oxidation by PhIO catalyzed by FePor in homogeneous and heterogeneous medi

Catalyst Run Heptane/(%)

1-ol 2-ol 3-ol 4-ol

FePor 1 1.7 15.0 15.2 1.7 3
FePor-LDH-TEA 2 3.5 10.2 10.6 5.0 2
Recycling run 3 3.0 10.0 9.0 4.0 2
LDH-TEA + PhIO(control) 4 – – – –
PhIO (control) 5 – – – –

a The yields of the reactions were calculated on the basis of the amount of PhIO used
ePor/PhIO/heptane molar ratio = 1:50:5000. Reaction time: 1 h.
b Heptanol
c heptanone.
Yield based in cyclohexanol and cyclohexanone.

constant (min−1). In this treatment the amount of catalyst was
considered constant. It is well known that the rate constant (k), is
determined from the slope of the linear first-order kinetic graphic.
The k obtained in this qualitative treatment was 9.97 × 10−3 min−1

(1.5835 × 10−4 s−1), similar to the values observed for other hetero-
geneous oxidation catalyst [54]. The rate constants of the oxidation
products formation using metalloporphyrins as catalyst in homo-
geneous catalysis is about 4.0 × 10−4 s−1 [55]. The lower value for
the rate constant qualitatively obtained in the present work was
expected since in the heterogeneous catalysis, the diffusion of the
oxidant and substrate to and from the immobilized catalytic site
should be considerably slow [56].

Since FePor-LDH-TEA was the best catalyst in the oxidation of
cyclohexane, it was also tested in the oxidation of heptane, which
is a linear alkane and, therefore, is more resistant to oxidation. The
oxidation of heptane can lead to the formation of different alcohols
and ketones, and the regioselectivity of the reaction (oxidation at
positions 1, 2, 3, or 4 of the carbon chain) depends on the structure
of the employed catalyst [57,58].

Many catalytic systems based on metalloporphyrins have been
developed for oxidation of linear alkanes in recent years; however,
few systems were selective for the terminal positions. Despite the
difficulty in obtaining efficient and selective catalysts for this type
of oxidation, the research is intense because the oxidation products,
such as alcohols and ketones, are widely employed in the indus-
try, so the oxidation of terminal positions is a major challenge for
researchers [59].

Table 4 presents the results from the oxidation of heptane by
PhIO catalyzed by FePor in homogeneus and heterogeneous media.

In both cases, selectivity for the alcohols is observed.

FePor-LDH-TEA (run 2) was more selective and efficient than
the parent FePor in homogeneous solution (run 1). The majority
of products consisted of alcohols generated from oxidation at posi-

aa.

bTotal ol 2-one 3-one 4-one cTotal one ol/one

3.6 <1 1 <1 2.0 16.8
9.3 – 3.5 – 3.5 8.4
6.0 – 2.0 – 3.0 8.6
– – – – – –
– – – – – –

in the reaction. The results represent an average of at least duplicate reactions.
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ions 2 and 3 of heptane, which are more readily oxidized due to the
igher stability of the organic radical formed on secondary carbon
toms. However, some oxidation at position 1 was also observed,
n higher percentage compared the homogeneous reaction.

Reactions with metalloporphyrins in homogeneous systems are
sually selective for the alcohol and regioselective at positions 2 or
, because less energy is necessary for the oxidation taking place
t these positions compared with position 1 [58]. Apparently, only
uslick and co-authors [58] observed some selectivity for position
of hexane when they used metalloporphyrin-based systems.

Also, it was observed that the FePor-LDH-TEA solid still dis-
layed catalytic activity when it was further reused, with results
imilar to those achieved with the fresh catalyst. This is an advan-
age of heterogeneous catalysis over homogeneous systems, not to

ention that solid catalysts overcome difficulties concerning cat-
lyst solubility in homogeneous catalysis. These facts, added to the
pparent failure to observe catalyst deactivation in heterogeneous
ystems, make catalyst immobilization an interesting alternative
o homogeneous systems.

. Conclusion

The obtained FePor-LDH-X solids displayed good catalytic
roperties under the investigated conditions. Preliminary results
emonstrated that the materials were catalytically active in the
xidation of cyclooctene and cyclohexane by PhIO, as expected
or immobilized FePor. Also, the immobilized FePor-LDH-TEA solid
etained its catalytic activity during recycling procedures, not to
ention that it was able to oxidize the terminal position of heptane,
hich is unusual when metalloporphyrins are used as catalyst. We

an suppose that the influence of the support environment on sub-
trate access to the active catalytic center is responsible for such
egioselectivity, as well as the positioning of the catalyst in the
upport.
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