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Iron-porphyrin encapsulated in poly(methacrylic acid) and mesoporous
Al-MCM-41 as catalysts in the oxidation of benzene to phenol
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Abstract

Poly(methacrylic acid) (PMAA) and mesoporous molecular sieve Al-MCM-41 with Si/Al = 20 were used as supports for the encapsulation
of bulky iron(III)-5,10,15,20-tetra-(4-pyridyl)porphyrin (Fe-TPyP). Metalloporphyrin of Fe(III) was encapsulated inside the mesopores of Al-
MCM-41 by a process of sequential synthesis of Fe-TPyP by treatment of FeCl3 with 5,10,15,20-tetra-(4-pyridyl) porphyrin (TPyP), followed
by encapsulation of Fe-TPyP. Fe-TPyP complexes were also successfully encapsulated in PMAA by polymerizing a monomer (MAA)
with a cross-linker around the Fe-TPyP complexes. The materials obtained were identified using XRD, UV–vis DR, FTIR and luminescence
spectroscopies. The oxidation of benzene to phenol using aqueous hydrogen peroxide has been studied using both iron-porphyrin encapsulated
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n poly(methacrylic acid) and mesoporous Al-MCM-41 as catalysts. The encapsulated iron-porphyrin in PMAA (Fe-TPyP–PMAA
igher catalytic activity compared to Fe-TPyP encapsulated in Al-MCM-41 (Fe-TPyP–MCM-41). However, the product selectivity
egenerability of Fe-TPyP–PMAA are not as good as than those of Fe-TPyP–MCM-41. One considers that the hydrophobic na
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. Introduction

Iron-porphyrin has been the subject of intensive study
1,2] largely because of their ability to catalyze a wide variety
f oxidation transformations, e.g. alkenes epoxidation, alka-
es hydroxylation, etc. with molecular oxygen. In the last two
ecades, therefore, increasing attention in catalytic oxidation
as been focused on the use of biomimetic systems based
n Fe(II), Ru(II) and Mn(II) porphyrin[3–5]. Fig. 1shows a
nique iron-porphyrin structure.

Synthetic metalloporphyrins are widely used as homoge-
eous catalysts for hydrocarbon oxidation[6–8]. There are,
owever, several disadvantages in using metalloporphyrins
s catalysts in homogeneous oxidation processes. The diffi-
ulty in separating the catalysts from the product substantially
ncreases the cost of using homogeneous catalysis in com-

ercial processes. One approach to achieve this goal is to

∗ Corresponding author. Tel.: +60 7 5536061; fax: +60 7 5536080.
E-mail address: hadi@kimia.fs.utm.my (H. Nur).

immobilize homogeneous catalysts on porous solid supp
which simultaneously has the advantages of turning the
uid phase oxidation from homogeneous into heterogen
Supporting metalloporphyrins on porous solid supports
provides a physical separation of active sites, thus mini
ing catalyst self-destruction and dimerization of unhinde
metalloporphyrins[9].

Mesoporous MCM-41 with its hexagonally ordered str
ture has attracted much attention because of their pot
use as catalyst supports[10–14]. Transition metal com
plexes and organometallic compounds can be encaps
in the mesoporous MCM-41 supports by physical ads
tion or covalent linkage. More recently, much effort w
focused on the encapsulation of metalloporphyrins in
pore of MCM-41[15–18]. For example, Che and coworke
[18] have immobilized a ruthenium porphyrin on modifi
MCM-41. However, the MCM-41, an inorganic material
hydrophilic and rigid. In this study, we also propose a pro
dure to encapsulate iron-porphyrin on the polymer sup
namely poly(methacrylic acid) (PMAA). One expects t
254-0584/$ – see front matter © 2005 Elsevier B.V. All rights reserved.
oi:10.1016/j.matchemphys.2005.07.023
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Fig. 1. Iron(III)-tetra-(4-pyridyl)-porphyrin (TPyP).

the flexibility and hydrophobicity of the polymer as sup-
port give the advantages in oxidation of organic compounds.
Here, we demonstrated the single step liquid phase oxida-
tion of benzene to phenol with aqueous hydrogen peroxide
over iron-porphyrin encapsulated in poly(methacrylic acid)
in comparison to iron-porphyrin encapsulated in mesoporous
Al-MCM-41.

Phenol is produced globally on a scale of £17 billion/year
and is expected to maintain an annual growth rate of 4%
through the year 2002 due to demand for bisphenol A (poly-
carbonate resins), phenolic resins and caprolactam (nylon 6)
[19]. Phenol is currently produced industrially via the three-
step cumene process. Unfortunately, this process is energy
intensive, generates considerable waste, and leads to a 1:1
mixture of phenol and acetone[19]. An attractive alternative
is the direct oxidation of benzene to phenol using aqueous
hydrogen peroxide and a suitable catalyst. A one step pro-
cess such as this would require less energy and generate zer
waste, while producing only phenol.

Selective oxidation of hydrocarbons under mild condi-
tions is of academic interest and industrial importance. In
recent years, as a result of increasing environmental con-
straints, “clean” oxidants such as dioxygen (or air), hydrogen
peroxide and alkyl hydroperoxides, which are inexpensive,
is becoming more important both in industry and academia,
and chemical processes based on cleaner technologies ar
e
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5,10,15,20-Tetra (4-pyridyl) porphyrin (TPyP) was pur-
chased from Fluka (97%). FeCl3 anhydrous was purchased
from Merck. Methacrylic acid (MAA), ethylene glycol
dimethacrylate (EGDMA),�,�′-azoisobutyronitrile (AIBN)
were purchased from Fluka.

The samples were characterized by X-ray diffraction
(XRD) analysis using Bruker D8 Advance diffractometer
with a scanning range of 2θ scale of 1.5–10◦ using Cu K�
radiation (λ = 1.5418Å, kV = 40, mA = 40) as the source of
radiation.

Infrared spectra were recorded on Shimadzu Fourier trans-
formed infrared (FTIR) 8300 spectrometer. The technique
of KBr wafer was used by mixing about 0.25 mg sample
with 300 mg KBr powder and then pressed under vacuum
ca. 10 tonnes. The pellet was then put in a sample holder to
determine its characteristic peaks. IR spectra were set and
detected in transmittance (%) rather than absorbance unit.
Twenty scans over the range 4000–400 cm−1 were carried
out for all of the sample.

Ultraviolet visible diffuse reflectance (UV–vis DR) spec-
tra were recorded on Lamda 900 spectrometer. Luminescence
spectra were recorded on Perkin-Elmer LS 55 spectrom-
eter. About 0.04 g of the sample was placed on a sam-
ple holder. After locating and locking sample holder in a
proper place in the analyzer, samples were measured in the
emissionλ (wavelength) scale of 200–900 nm at excitation
λ
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xpected to increase significantly in the next few years.
To the best of our knowledge, there is no report in o

iterature of the use of iron-porphyrin encapsulated in PM
n the catalytic oxidation of benzene to phenol with aque
ydrogen peroxide.

. Experimental

.1. Materials and characterizations

Unless otherwise stated, all reagents were of com
ial reagent grade and used without further purifica
o

e

= 333 nm.

.2. Synthesis of Al-MCM-41

The Al-MCM-41 with Si/Al = 20 was synthesized acco
ng to Ref.[20]. First, a clear solution of sodium silicate w
repared by combining 2.595 g of 1.00 M aqueous Na
olution (pellet from Merck) with 10.015 g rice husk a
90 wt% SiO2) and the resulting solution (mixture A) w
hen heated under stirring for 2 h at 80◦C. A mixture of
.05 g of 25 wt% aqueous NH3 solution (Merck), 9.1115 g o
etylN,N,N-trimethyl ammonium bromide (CTABr) (Fluk
nd 1.417 g of NaAlO2 (54 wt% Al2O3, Riedel-de Haen®

ere put in a polypropylene bottle and the mixture (mix
) was then heated with stirring for 1 h at 80◦C. Subse
uently, mixture B was added dropwise to a polypropy
ottle containing mixture A with vigorous stirring at roo

emperature. After stirring for 1 h at 90◦C, the gel mix
ure in the bottle was heated to 97◦C for 24 h. The CTA
luminosilicate gel was then cooled to room tempera
he pH of the reaction mixture was then adjusted to 10.
dding 25 wt% acetic acid (CH3COOH) (Merck). Repeate
H adjustments were performed in order to increase the
tability and textural uniformity of the product. The he
ng and pH adjustment procedures were repeated two t
he precipitated product, as-synthesized Al-MCM-41 c

aining CTA-template was filtered, washed thoroughly w
oubly-distilled water and dried in an oven at 97◦C. Al-
CM-41 was calcined in air under static conditions i
uffled furnace. The calcination temperature was incre
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from room temperature to 550◦C for 10 h and maintained
at 550◦C for 6 h.

2.3. Synthesis of iron-porphyrin (Fe-TPyP)

Iron insertion into TPyP by heating (at 100◦C) TPyP
(250 mg, 0.404 mmol) and FeCl3 anhydrous (100 mg,
0.606 mmol) at reflux in ethanol (30 ml) using oil bath for
1 h. The hot solution was filtered, washed with water and
dried under vacuum.

2.4. Synthesis of Fe-TPyP encapsulated in Al-MCM-41
(Fe-TPyP–Al-MCM-41)

Fe-TPyP–Al-MCM-41 was synthesized via the method
of Li et al. [9]. A suspension of Al-MCM-41 (250 mg) in
methanol containing Fe-TPyP (0.24 mmol) was stirred for
24 h at 20◦C. The resulting materials was filtered and washed
with CH2Cl2 and acetonitrile until the filtrate becomes col-
orless. The solid obtained was dried at 100◦C for 4 h which
afforded Fe-TPyP.

2.5. Synthesis of iron-porphyrin encapsulated in
poly(methacrylic acid) (Fe-TPyP–PMAA)
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Fig. 2. FTIR spectra of (a) Fe-TPyP, (b) Al-MCM-41, (c) Fe-TPyP–Al-
MCM-41, (d) poly(methacrylic acid) (PMAA) and (e) Fe-TPyP–PMAA.

3. Results and discussion

3.1. Characterization of catalysts

The FTIR spectra of Fe-TPyP, Al-MCM-41, Fe-TPyP–Al-
MCM-41, poly(methacrylic acid) and Fe-TPyP–PMAA are
shown inFig. 2. The FTIR spectra of Fe-TPyP–Al-MCM-41
and Fe-TPyP–PMAA are in excellent agreement with that
of neat Fe-TPyP with additional peaks due to Al-MCM-41
and PMAA, respectively (Fig. 2). The spectrum of Fe-
TPyP–PMAA exhibits absorptions at 1724 cm−1 (C O) and
1159 cm−1 (C H) which are typical of PMAA, whereas
absorptions at around 1100 cm−1 of Fe-TPyP–Al-MCM-
41 is typical of Al-MCM-41. Similarly, absorptions at
1650 cm−1 (C N) and 1452 cm−1 (C C) are identical
with that of free Fe-TPyP. The presence of Fe-TPyP is
obvious, because its bands in the region 1700–1300 cm−1

are not observed in the spectrum of the pure Al-MCM-41
and PMAA. This suggests that Fe-TPyPs are structurally
unchanged and uniformly distributed in the PMAA and
Fe-TPyP (1 mmol), toluene (12 ml) and MAA (4 mm
ere placed into a 25 ml glass tube and the mixture wa

n contact for 10 min. Subsequently, EGDMA (20 mmol) a
IBN (30 mg) were added. The glass tube was sealed

hermostated at 60◦C in an oil bath to start the polymerizati
rocess. After 24 h, the obtained micro-spheres were air
nd weighted.

.6. Catalytic test

Oxidation of benzene was carried out using the ab
atalysts. Benzene (2 ml), 30% aqueous H2O2 (1 ml), cat-
lyst (50 mg) and methanol (2 ml) were placed in a g

ube and the reaction was performed with stirring at 7◦C
n an oil bath. GC (Hewlett-Packard 5890 GC Series
as used to identify the reaction product equipped w
ame ionization detector (FID) and a non-polar capillary
mn (carbowax). 100�l of yields was added with 100�l of

nternal standard (2-propanol in methanol). Operating co
ions of GC were as follows: oven temperature, 50◦C; initial
emperature, 50◦C; initial time, 5 min; rate, 10◦C min−1;
nal temperature, 200◦C; hold time, 5 min. GC/MS (Agilen
890N-5973 Network Mass Selective Detector) equip
ith HP-5MS column (30 m× 0.251 mm× 0.25�m) was
sed in order to provide some definite information abou
ompounds. Sample was analyzed on splitless method
elium (He) as the carrier gas. The samples (0.2�l) were

njected to GC/MS using 10�l syringes at initial temperatu
0◦C without hold time, with rate 15◦C min−1 until 250◦C
nd hold 2 min.
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Fig. 3. Luminescence spectrum change of PMAA with various Fe-TPyP
concentrations (mole of Fe-TPyP per 1 g of PMAA). The concentration Fe-
TPyP was calculated with assuming that the molar amount of Fe is similar
to TPyP. The concentration of Fe was analyzed by Atomic Absorption Spec-
trometer. The excitation wavelength is 333 nm.

Al-MCM-41 matrixes, which proves that Fe-TPyPs preserve
their identity after immobilization. Uniform dark-purple
powders were obtained in all cases indicating that iron(III)
has been included in porphyrin. The IR bands of metal-
complexes are weaker due to their low concentration in the
PMAA and Al-MCM-41.

Fig. 3shows the luminescence emission spectrum of Fe-
TPyP–PMAA with different amount of Fe-TPyP loading. The
quenching behavior of the luminescence was monitored in
order to investigate what happened to the luminescence of
PMAA after Fe-TPyP loading. It is clear that luminescence
intensity of Fe-TPyP–PMAA at around 550 nm decreased
with increase of the amount of Fe-TPyP loading. Based on
the above results, it is suggested that the Fe-TPyP molecules
are encapsulated in high-affinity binding to PMAA.

The Fe-TPyP encapsulated in molecular sieve Al-MCM-
41 and PMAA have also been characterized by UV–vis DR
spectroscopy and the typical UV–vis DR spectra are given in
Fig. 4. In the UV–vis absorption spectrum, the highly con-
jugated porphyrin macrocycle shows intense absorption at
around 400 nm (the Soret band), followed by several weaker
absorptions (Q bands) at higher wavelengths (350–600 nm)
[21]. Fe-TPyP presents a broad single band at 418 nm and
three typical bands attributed to high spin Fe(III)-porphyrin
species in the region of 500–700 nm (bands at 516, 557 and
648 nm). The presence of the band at 589 nm in the spectra
o ce
o yrin
a ,
t olid-
s een

Fig. 4. UV–vis DR spectra of (a) Fe-TPyP–Al-MCM-41 and (b) Fe-
TPyP–PMAA.

porphyrin is the dominant interaction in solid-state form, the
encapsulation of porphyrin by MCM-41 and PMAA may
cause lowering the interaction because porphyrin is now
surrounded by MCM-41 and PMMA. This might be the
reason why the spectra of Fe-TPyP–Al-MCM-41 and Fe-
TPyP–PMAA are almost similar to that of the spectrum of
Fe-TPyP in solution.

Since the external surface area of MCM-41 amounts to
approximately only 10 m2 g−1 [23], which is related to less
than 1% of total surface area, well-dispersed Fe-TPyP can
only to a very small extent be situated at the external surface
and therefore has to be incorporated inside the mesopores.
Theoretically, the surface area of MCM-41 is sufficiently
large to accommodate a well-dispersed layer of Fe-TPyP,
even at loadings as high as 20 wt% Fe-TPyP in which the
expected decrease of surface area of MCM-41 upon Fe-TPyP
incorporation is ca. 99%. In view of the fact that calculated
amount of Fe-TPyP is only ca. 1%, one should expect that
only a small decrease in surface area of MCM-41 could be
observed. As tabulated inTable 1(entries 3 and 5), there was
a decrease of ca. 50% in surface area of Al-MCM-41 after
incorporation of Fe-TPyP. This decrease could be due to a
partial blocking of pores of MCM-41 by Fe-TPyP.

The existence of Fe-TPyP in Fe-TPyP–Al-MCM-41 and
Fe-TPyP–PMAA were also supported by chemical and ther-
mal analysis (see entries 4 and 5 inTable 1). It shows that the
m sting
t

3
e

Al-
M 1
( at-
t risen
f Fe-TPyP–Al-MCM-41 (Fig. 4(a)) suggests the occurren
f axial electrostatic interactions between the iron-porph
nd the anionic Al-MCM-41 pore surfaces[22]. However

hese spectra are typical for solutions, and not for the s
tate. Taking into consideration that the interaction betw
olar amount of Fe and porphyrin is almost equal, sugge
hat the catalysts contain no free Fe or TPyP.

.2. Long-range order structure of iron-porphyrin
ncapsulated in Al-MCM-41

X-ray powder diffraction patterns of mesophase
CM-41, calcined Al-MCM-41 and Fe-TPyP–Al-MCM-4

Fig. 5), which are in excellent agreement with the XRD p
ern for unloaded molecular sieve without any peaks a
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Table 1
Catalytic oxidation of benzene to phenola

Entry Catalyst Fe (�mol) Porphyrin
(�mol)

Surface area of
catalyst (m2 g−1)

Phenol yield
(�mol)

TON per Fe

1 None – – – 0.0 –
2 Fe-TPyP – – – 0.0 –
3 Al-MCM-41 – – 1064 2.0 –
4 Fe-TPyP–PMAA 0.030b n.a.c 48 30.0 1000
5 Fe-TPyP–Al-MCM-41 0.150b 0.14d 497 10.0 67
6 Fe-TPyP–Al-MCM-41 reusede 0.150b – – 10.0 –
7 Fe-TPyP–PMAA reusede 0.025b – – 25.0 –

a All reactions were carried out at 70◦C for 20 h with benzene (2 ml), 30% H2O2 (1 ml) and catalyst (50 mg) with vigorous stirring.
b The concentration of Fe was measured absorption spectrometer.
c Not available. We failed to determine the amount of TPyP in its mixture with PMAA.
d The concentration of porphyrin was analyzed by Thermal Gravimetry Analyzer.
e The reaction was performed after washing and drying of the catalyst.

from Fe-TPyP. A typical XRD pattern after encapsulation of
the Fe-TPyP complex showed weak peaks of (1 1 0), (2 0 0)
and (2 1 0) in the 2θ range 3.5–6.0 indicating that the long
range order of the inorganic host, Al-MCM-41 has decreased
after the encapsulation, but fundamentally the mesostruc-
ture of the host materials is still maintained. This suggests
that that ordered Al-MCM-41 could still be obtained dur-
ing the encapsulation of Fe-TPyP complexes. The Fe-TPyP
lines are not observed in XRD of the encapsulated material
because the amount of Fe-TPyP is considerably small. As
shown inTable 1, it is also revealed that the surface area of
Fe-TPyP–Al-MCM-41 is much smaller compared to those of

F
A

Al-MCM-41. These observations provide strong support for
the suggestion that incorporation of Fe-TPyP complexes, pre-
sumably in internal pore, occurs in Fe-TPyP–Al-MCM-41.

3.3. Catalytic properties for oxidation of benzene

Table 1shows the activities of iron-porphyrins for direct
oxidation of benzene to phenol using aqueous H2O2 in solu-
tion and supported on molecular sieve and polymer. Unex-
pectedly, reaction system containing Fe-TPyP catalyst is not
active in the oxidation reaction. Fe-TPyP–Al-MCM-41 and
Fe-TPyP–PMAA give raise higher activity than Fe-TPyP
(entries 4 and 5 inTable 1). This is supported by the rate
of the formation of phenol over Fe-TPyP–Al-MCM-41 and
Fe-TPyP–PMAA (seeFig. 6). The most likely reason for the
high activity of Fe-TPyP encapsulated in Al-MCM-41 and
PMAA is the presence of Fe-TPyP coordination to molec-
ular sieve or polymer, which render them more resistant to
oxidative self-destruction.

The turnover number (TON), the molar ratio of the phenol
to the loaded Fe for the reaction with Fe-TPyP–PMAA was
almost 15 times higher than that of Fe-TPyP–Al-MCM-41
ig. 5. X-ray diffractograms of (a) as-synthesized Al-MCM-41, (b) calcined
l-MCM-41 and (c) Fe-TPyP–Al-MCM-41.

F and
F
b g.
ig. 6. The oxidation rate of benzene to phenol using Fe-TPyP–PMAA
e-TPyP–Al-MCM-41 catalysts. All reactions were carried out at 70◦C with
enzene (2 ml), 30% H2O2 (1 ml) and catalyst (50 mg) with vigorous stirrin
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Fig. 7. The product selectivity of oxidation of benzene with aqueous hydro-
gen peroxide using Fe-TPyP–PMAA and Fe-TPyP–Al-MCM-41. All exper-
iments were done similar to that of reaction conditions shown inFig. 2.

(entries 4 and 5 inTable 1). If the surface area of catalysts is
taking into consideration, the TON per surface area for the
reaction with Fe-TPyP–PMAA becomes much more higher
compared to that of Fe-TPy–PMAA. It confirms that the
oxidation of benzene to phenol is efficiently catalyzed by
Fe-TPyP–PMAA.

The recovered and dried Fe-TPyP–Al-MCM-41 and Fe-
TPyP–PMAA catalysts were reused in a fresh reactant mix-
ture and showed 100% and ca. 75% activities, respectively
(entries 6 and 7 inTable 1). The decrease in activity of
recovered Fe-TPyP–PMAA may be attributed to leaching of
the active sites (entry 7 inTable 1). A negligible decrease
in activity of recovered Fe-TPyP–Al-MCM-41 is observed
because there is no leaching of Fe-TPyP occurs during the
reaction (entry 6 inTable 1). A strong electrostatic interac-
tion of Fe-TPyP and Al-MCM-41 might play a role to prevent
the leaching of the Fe-TPyP species. In summary, although
Fe-TPyP–PMAA showed higher activity compared to Fe-
TPyP–Al-MCM-41, the regenerability of Fe-TPyP–PMAA
is not as good as than those of Fe-TPyP–Al-MCM-41.

Fig. 7 shows the product selectivity of Fe-TPyP–Al-
MCM-41 and Fe-TPyP–PMAA catalysts toward oxidation
of benzene. GC analyses indicated that phenol was the sole
product in the oxidation of benzene over Fe-TPyP–Al-MCM-
41 and other probable by-products such as hydroquinone,
catechol or cresol, were not produced. The product selec-
t ol
w
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h for
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T xi-
d

4

by
i ieve
A ic
a orts,
r vity

compared to Fe-TPyP–Al-MCM-41. However, the regen-
erability of Fe-TPyP–PMAA is not as good as than that of
Fe-TPyP–Al-MCM-41. One considers that the hydrophobic
nature of Fe-TPyP–PMAA may account for the high
activity, and the ordered structure of Fe-TPyP–MCM-41
may contribute to a high selectivity.
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