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Abstract Iron-substituted MCM-41 materials (Fe-MCM-
41) have been synthesized via a hydrothermal method with
in situ incorporation of Fe(Ill) oxalate complex under
various basic conditions. The resulting Fe-MCM-41 sam-
ples were characterized by X-ray diffraction, N, adsorption
measurement, and UV-Vis spectrometry. By controlling
initial synthesized pH, the Fe-MCM-41 with highly
ordered hexagonal mesoporous structures and high iron
content (Si/Fe = 20) could be obtained. The iron species in
Fe-MCM-41 samples mainly coexisted in isolated iron and
highly dispersed iron oxide nanoclusters. Activity and
stability of the obtained catalyst were evaluated on the wet
peroxide oxidation of phenol under mild reaction condi-
tions (<80 °C, ambient pressure). The Fe-MCM-41 with
highly ordered mesoporous structure and high Fe content
appeared to be the most interesting catalysts for phenol
degradation owing to its high organic mineralization, low
sensitivity to leaching Fe out and good oxidant efficiency.
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Introduction

Wet air oxidation (WAO) is a very attractive and useful
technique for reducing the total organic carbon in industrial
wastewater. WAO is usually practiced between 100—
300 °C and at the pressures in the range of 1-10 MPa [1].
These severe reaction conditions can lead to high instal-
lation costs, and thus practical applications of this process
are limited. The growing concern about the removal of
pollutants from wastewater streams has stimulated the
development of new treatment technologies to meet tight-
ening regulations. In catalytic wet peroxide oxidation
(CWPO) processes, the redox properties of dissolved
transition metals are used to generate hydroxyl radicals
under mild reaction conditions with the presence of
hydrogen peroxide [2]. However, the limited range of the
pH (3-5) at which the reaction proceeds more successfully
and the need of recovery of the homogeneous catalyst are
major drawbacks of this technology. These drawbacks can
be overcome in principle by using a heterogeneous Fenton
type catalyst such as iron-containing zeolites and clays [3,
4]. But zeolites also have resistance to the diffusion
of organic contaminants into them if the molecular size of
organic contaminants is greater than the pore size of
zeolites.

In 1991, the synthesis of a new family of mesoporous
molecular sieves designated as M41S attracted worldwide
interest in many areas of physical, chemical and engi-
neering sciences [5-7]. The mesoporous molecular sieve
MCM-41 (a member of the M41S family) possesses a
hexagonally arranged uniformed pore structure and large
specific surface area, which makes it a very promising as a
catalyst, catalyst support, or adsorbents [8, 9]. The incor-
poration of transition metal ions into the framework sites of
molecular sieve MCM-41 has provided various catalytic
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materials [10, 11]. Among them, iron containing meso-
porous materials are of particular interest thanks to their
unique catalytic properties in various reactions [12, 13].
Fe-MCM-41, which have redox properties, are expected to
enhance intraparticle diffusion when compared to micro-
porous zeolite materials with its special characteristics such
as higher surface area together with large pore size.
However, it is very difficult to introduce the iron ions into
MCM-41 due to its rapid hydrolysis in alkaline medium
forming large iron oxide particles. As a result, it might
reduce the positive textural properties of catalysts. Hence,
many attempts both to increase amount of iron ions into
MCM-41 and to improve textural properties of the meso-
porous structures have been made. Wingen et al. [14]
showed that the incorporation of iron in the form of
K4[Fe(CN)g] into MCM-41 seems to enhance the textural
properties of Fe-MCM-41, however, the incomplete intro-
duction of iron into silica framework is inevitable because
of the solubility of [Fe(CN)g]*~ complex in alkaline
medium. Gokulakrishnan et al. [15] posited that the syn-
thesis of Fe-MCM-41 with molar ratio of Si/Fe = 32 has
high surface area and highly ordered mesoporous
structures.

Wu et al. [16] reported a simple and effective method
denoted “pH-adjusting” was used to graft a large amount
of heteroatoms such as Al and Ti to mesoporous silica
material SBA-15. From this point of view, the one-step
incorporation of iron into MCM-41 or silicate may be
controlled by the following two means: (a) covalent
attachment where the complexes of iron were chemically
bonded to the silica surface; (b) pH adjustment to certain
values not so high to limit the precipitates of iron ions nor
so low to reduce the likelihood of forming mesoporous
structure of MCM-41.

Phenol is present in wastewater of various industries,
such as pulp and paper industries and is classified as hazard
chemicals [17]. Current methods for removing phenol from
industrial waste waters include solvent extraction, micro-
bial degradation, adsorption, CWPO [4, 17-19]. For the
last case, catalytic metal containing materials such as Cu-
SBA-15 [20], Ti-MCM-41 [21], Fe-MCM-41 [12], and
diatomite minerals [22] only exhibit the limited oxidation
of phenol to form catechol and hydroquinone (catechol/
hydroquinone = 0.5-2). Few papers [23] have reported
total oxidation of phenol to form inorganic acids using
heterogeneous catalysts in CWPO processes.

In the present paper, one step-incorporation of iron to
silica mesoporous MCM-41 by using Fe(Ill) oxalate as iron
source and the pH adjustment of synthesized gel were
presented. The catalytic oxidation of phenol in aqueous
solution over obtained catalysts was also discussed.
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Experimental procedure
Catalyst preparation

Fe-MCM-41 were synthesized using tetraethyl orthosilicate
(TEOS, Merck) and ferric nitrate (Fe(NO3);-9H,0, Merck)
as silicon and iron precursors, respectively. Cethyltrim-
ethyl ammonium bromide (CTAB, Aldrich) was used as
the structured —directing agent. Five different catalysts with
molar ratio of Si/Fe = 20 in synthesized gel were prepared
in different pH media. In a typical synthesis: 1.78 g of
CTAB was dispersed in m,, (g) of distilled water under
stirring to obtain a homogeneous solution. On the other
hand, another homogeneous solution was prepared by
mixing 9.4 g of TEOS with the solution of 0.9129 g of
FeNO;-9H,0, 1.1388 g of H,C,04-:2H,0 and 10 g of dis-
tilled water. Next, the solution of TEOS and iron salt were
added to the solution of CTAB with stirring, just after, m,,
(mL) of solution of 1 M NaOH was added to form a gel for
4 h and the gel was kept under moderate stirring condition
for additional 24 h. The amount of m,, and a, was pre-
sented in Table 1.

The gel was transferred into Teflon bottle and heated to
the temperature of 100 °C for the aging time of 24 h. After
cooling to ambient temperature, the solid was collected by
filtering, washing and drying at 100 °C. Finally, solid was
calcined at 550 °C for 10 h to remove organic surfactant.
The calcined samples were designated as Fe-MCM-
41(6.3), Fe-MCM-41(7.2), Fe-MCM-41(10.7), Fe-MCM-
41(11.0), and Fe-MCM-41(11.2) where numbers in
brackets were denoted as the value of pH in the filtrate.
Since the filtrate is free of iron ions (indicated by KSCN)
for all samples the molar ratio of Si/Fe = 20 in the syn-
thesized gel is supposed to be equal to that of calcined
sample. In addition, MCM-41 was synthesized by above
mentioned procedure without iron oxalate complex added.

Table 1 The pH value of the filtrate and the amount of distilled water
(m,,) and alkaline solution (m,)

Sample Molar ratio pH of Distilled 1 M NaOH,
of Si/Fe filtrate ~ water, Mgy (mL)
synthesized m,, (mL)
gel
Fe-MCM-41(6.3) 20 6.3 134.7 21.3
Fe-MCM-41(7.2) 20 7.2 129.7 26.3
Fe-MCM-41(10.7) 20 10.7 111.0 45.0
Fe-MCM-41(11.0) 20 11.0 109.0 47.0
Fe-MCM-41(11.2) 20 11.2 100.0 56.0
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Characterization methods

Nitrogen adsorption/desorption isotherms of calcined
samples were obtained using Micromeritics at 77 K. The
pore-size distribution (PSD) was determined by the
Barrett-Joyner—Halenda (BJH) method from desorption
isotherm data. The mesopore volume, V,,.,, was obtained
by integrating the PSD curves from pore size of 20 to the
500 A. Mesoporous diameter (main channel), d, was
determined from the maximum peak of PSD plot. The
mesoporous phases of Fe-MCM-41 were monitored by
powder low-angle X-ray diffraction (XRD), recorded on
8D Advance Bucker, Germany with CuK, radiation in the
range of 260 from 0.5 to 10° with a scan step size of 0.01°
and a scan step time of 0.04 s. The length of the hexagonal
“unit cell” a, was calculated using the formula a, = 24w
[24]. Pore wall thickness, ?,, was assessed by subtracting
d, from a,. The pH values of filtrates without dilution
separated from precipitates after aging were measured by
pH meter (Denver Instrument) at room temperature. The
elemental analysis was conducted by Atomic Absorption
Spectrometry (AAS-3300-Perkin Elmer). UV-Vis diffuse
reflectance spectra were recorded on JASCO V-550 UV/
Vis spectrophotometer using BaSO, as matrix.

Catalytic activity

In oxidation experiments [3], the runs were made in a two-
neck, 250 mL pyrex round-bottom flask. The flask was
heated with a thermalstat. For a typical run, 100 mL of a
known concentration of phenol, catalyst in powder form,
and H,0, solution were loaded into the flask and heated to
the desired temperature. The mixture was stirred with
magnetic stirrer. The aliquots of suspension were with-
drawn during reaction and filtered in order to remove the
catalyst. The analysis of samples was performed by high
performance liquid chromatography (HPLC) (Class VP
Shimadzu). The HPLC was equipped with C-18 column
using mobile phase (acetonitrile:methanol:water = 1:1:8)
and a UV detector operating at 254 nm. The identification
of the main products including catechol, hydroquinone,
oxalic acid, formic acid, acetic acid was further confirmed
by using corresponding standard chemicals.

Results and discussion
Catalyst characterization
Figure 1 shows low angle XRD patterns of Fe containing
MCM-41 materials which were synthesized at different pH

values. It is observed that the sample obtained from lowest
pH value (6.3) treatment shows no reflections and the
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Fig. 1 XRD patterns of Fe-MCM-41 synthesized at different pH

intensities of reflections which are characteristic of meso-
porous structure increase as synthesized pH increases. The
sample (pH = 10.7) has well-resolved peaks of (100),
(110), and (200) while the sample prepared at highest pH
value (11.2) as well as lower pH value (pH <6.3) are
unfavourable for maintaining the preformed mesostructure
of MCM-41.

The introduction of iron ions into MCM-41 framework
requires very strict conditions, indeed even small amounts
of iron ions via ferric nitrate cause the collapse of pre-
formed mesostructure MCM-41 due to the rapid hydrolysis
of metal ions in basic media.

In the present work, the direct introduction of iron ions
via iron oxalate complex [Fe(C50,)3]°~ aims to retard the
hydrolysis of iron ions. MCM-41 materials are synthesized
under basic conditions via STI~ type [25], hence modified
reaction pathway based on charge interactions may be
conducted via ST(X"M"NI~ where M"" is Fe**, ST cat-
ionic quaternary ammonium surfactant (CTA™), I anionic
silicate species, X~ oxalate. Due to the alkaline conditions
during the synthesis of MCM-41 materials the iron(IIl) is
precipitated as Fe(OH); in the synthesis gel. These
hydroxide precursors are in equilibrium with aqueous ferric
ions, as expressed by this equation

Fe(C,04); (aq) + 30H™ = Fe(OH),(solid) + 3C,04*".
(1)

The iron hydroxide precursors are incorporated into
silica framework, while the iron—oxalate complex remains
dissolved. The obtained iron contents in the samples are

therefore pH dependent. On the other hand, template
CTAB exchanges ion with iron oxalate complex anion
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Fe(C,04)5°~ +3CTABr~ = Fe(C,04);(CTA);+3Br .
(2)

There is also another pH dependent equilibrium in
synthesized gel [26]

Si0,(OH),*"(aq) + H" = SiO(OH), " (solid). (3)

The divalent silica species, which only exist in solution
in significant amounts of about pH 12, are very soluble and
do not polymerize and precipitate into the mesoporous
framework. Only the monovalent silica species precipitate
and form the mesoporous structure [26], the obtained
amount of precipitated silica material is therefore pH
dependent. Thus, the mesoporous structures of synthesized
materials are dependent upon pH value of media as seen in
Fig. 1. The OH™ concentration greatly affects the charge
density on the silica surface, which influences the obtained
structure of the synthesized materials as the surfactants
self-assemble into the mesoporous structure that provides
the best match to charge density on silica surface. All the
equilibria in Egs. 1-3 above affect the charge density
matching process: through by the amount of aqueous iron
ions in solution, and by the amount of the precipitated
silica phase, respectively. Therefore, by controlling all
these equilibria, the obtained structures and the iron
content in the samples may be simultaneously controlled.

In the wide-angle region (the inset of Fig. 1) no reflec-
tion peak corresponding to crystalline iron oxides could be
observed. Possibly, iron species were introduced into the
framework of ordered mesoporous silica or particles of iron
oxides in the sample were too small to be detected by X-ray
diffraction.

To make the point clear, we analyzed the sample by
using UV-Vis spectroscopy since it is an effective tool to
determine the coordination environment of iron species in
different materials.

Generally, the absorption band below 300 nm is attrib-
uted to isolated iron species and the absorption band
between 300 and 600 nm is attributed to iron oxide
nanoclusters, bulk iron oxide exhibits the absorption band
between 400 and 600 nm [12, 13, 15].

Figure 2 shows UV-Vis spectroscopy of Fe-MCM-
41(10.7), Fe-MCM-41(6.3) and Fe-MCM-41(11.2). All the
samples exhibited a strong broad absorption between 200
and 600 nm, indicating that, for example, the iron species
in Fe-MCM-41(10.7) mainly existed as isolated iron spe-
cies and partly iron oxide nanoclusters. Also, the as-syn-
thesized samples were white in color, suggesting that no
bulk iron oxide was present and that all the iron cations
were probably incorporated into the framework during
synthesis. After calcination the Fe-MCM-41(10.7) became
off-white in color suggesting the presence of extra frame-
work iron.
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Fig. 3 Adsorption isotherms of Fe-MCM-41 synthesized with dif-
ferent concentrations of H' in gel

The pH effect on the textural properties of Fe-MCM-41
was evaluated by nitrogen physisorption as shown in
Fig. 3. In Fig. 3, there are dramatic changes in the iso-
therms of the samples synthesized at different initial pH.
For MCM-41 and Fe-MCM-41(10.7), the N, adsorption
isotherms corresponded to typical type IV [27]. This means
that they exhibit uniform hexagonal mesoporous structure.
Their condensation steps are sharp at p/p, of ~0.3 while
condensation step of Fe-MCM-41(7.2) becomes unclear
and one of Fe-MCM-41(6.3) could not be observed. These
results indicate that a mesoporous structure increases in
the order of MCM-41 > Fe-MCM-41(10.7) > Fe-MCM-
41(7.2) > Fe-MCM-41(6.3). The adsorption data also
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showed that the Sggt value decreases with the same order
of the degree of ordered mesoporous structure (Table 2).
The sample Fe-MCM-41(10.7) with high surface area,
uniform mesoporous structure, and high iron content may
expect excellent catalytic activity.

Catalytic activity in phenol oxidation and formal
kinetics

Figure 4 presents a comparison of the activities of the
catalysts prepared. In the case without catalyst the phenol
conversion is only around 5% after 120 min whereas it
increases significantly as catalyst is used. The catalysts can
be ranked as follows in terms of activity in phenol oxi-
dation Fe-MCM(10.7) > Fe-MCM-41(11.0) > Fe-MCM-
41(7.2) > Fe-MCM-41(6.3).

It can be seen that the catalyst of Fe-MCM-41(10.7) is
the most active one. The lowest activity of the catalyst
Fe-MCM-41(6.3) should be related to its very low surface
area and amorphous silica structure. It seems that the cat-
alytic activity depends remarkably on the ordered hexag-
onal mesoporous structure. The more ordered and uniform
the mesoporous structure, the higher the catalytic activity
is. The highest ordered mesoporous structure of
Fe-MCM(10.7) provides excellent catalytic activity.

In the present kinetic investigation, the H,O, content in
the liquid phase was maintained at an excessive level for
complete oxidation of phenol. Hence, the H,O, depen-
dence of the CWPO reaction kinetics was avoided. The
oxidation reaction kinetics can be represented by

dcC

— = —kC" 4
o (4)
where C is phenol concentration, k the reaction rate
constant, 7 the time and n the order of reaction. For a first-

order reaction (n = 1). Equation 4 is integrated to yield

In <%> _ (5)

in which C, is the initial phenol concentration. According
the above equation, a plot of In(C,/C) versus ¢ will yield the
reaction rate constant. Figure 5 displays such plots for
Fe-MCM-41(10.7) at different temperatures. Apparently,
two-stage, first-ordered reaction Kkinetics describes

Table 2 Textural properties of MCM-41 and Fe-MCM-41 samples

reasonably well the present catalytic CWPO treatment of
phenol solution.
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Fig. 4 Comparison between the catalytic activity over different
Fe-MCM-41 catalysts reported as Fe-MCM-41(7.2), Fe-MCM-
41(10.7), Fe-MCM-41(11.0), and Fe-MCM-41(11.2) (phenol: 2.5 g/
L; catalyst: 0.01 g/L; H,O,: 0.588 mol/L; t°C = 70 °C)
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Fig. 5 Effect of reaction temperature on the conversion of phenol in
catalytic wet peroxidation over Fe-MCM-41(10.7)

Sample Digo (A) a, (A) dpore (A) t (A) Vines (em® g7") Sger (em® g ')
MCM-41 39.2 453 28.1 17.2 0.84 929.7
Fe-MCM-41(6.3) - - - - - 44.4
Fe-MCM-41(7.2) 36.1 41.7 21.6 20.1 1.10 751.9
Fe-MCM-41(10.7) 36.8 43.5 25.4 18.1 0.90 886.6
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Figure 5 shows that the transition time from the first-
stage reaction to the second stage tends to decrease with an
increase in the operating temperature. It is can be explained
as follows: At a low temperature, the process occurs in the
surface kinetic region

V = kgurface reactionC (6)

where kgurface reaction 1S rate constant of surface reaction.

When temperature increases, a breaking point appears in
the plot of In(C,/C) versus t but it still observes linear plot
with less sloop than that of the first stage indicating that the
process would transfer from kinetically controlled region to
diffusion-controlled one, then its rate constant must take
account of both the diffusion (kgifrusion) and kinetic (Kpege-
tion) Steps [28, 29] so that

V = kreactionC (7)
where
k o kaitfusionKsurface reaction

reaction — .

kdiffusion + ksurface reaction
Obviously,

k _ Ksurface reaction k 3

reaction — surface reaction « ( )

1 + Ksurface reaction
Kaiffusion

The reaction rate constants observed in Fig. 5 clearly
reflect their dependence on the treatment temperature. Such
dependence can be represented by the Arrhenius equation

©))
E
k= koexp(—ﬁ). 9)

The reaction rates of the present catalyst CWPO process
are strongly influenced by the catalyst dosage. Hence it
would be of much interest to develop the correlations
between the reaction rate constant and the catalyst dosage.
Plots of In(C,/C) versus ¢ for various Fe-MCM-41(10.7)
dosages are shown in Fig. 6.

The catalyst dosage dependent rate constant of reaction
kinetics is assumed to be described by the following mth
order equation [29]

k = k,W™ (10)

where W is the catalyst dosage (mg/L) and m the order of
catalyst dosage dependence. The logarithmic plot of k
versus W is illustrated in Fig. 7. The slop of this plot
provides the order of dependence (m). The value of m is
equal to 0.9638 or approximately 1. The first order of the
catalyst dosage dependence for the first-stage kinetics
indicates that the Fe-MCM-41(10.7) possesses rather uni-
form surface properties.

In which E is the activation energy, k, the frequency
factor, R the gas constant and 7 the treatment temperature.

@ Springer

| 05 mg/l
54 @ 10mg/l
| A 20mg/l
¢ 30mg/l
49 % 40mg/l
OO
S ¥
s |
2 —
1
0 T I T I T I T I T I T I T
0 20 40 60 80 100 120 140

Time (min.)

Fig. 6 Influence of catalyst dosage on the reaction kinetics of the
catalytic CPWO process
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Fig. 7 Plot of Ink versus InW at 70 °C

A plot of log k versus 1/T permits determinations of E. The
activation energy obtained for the first stage is 15.9 kcal/
mol. This value of E confirms that the CWPO reaction of
phenol in the first stage occurs in the kinetic region (kinetic
surface reaction).

Phenol oxidation reactions

It is well known that in the phenol oxidation process, in the
first step, the phenol is oxidized to hydroquinone, catechol
and small amount of benzoquinone and tar [4]. Subsequent
oxidation of these products, after opening of the aromatic
ring, leads to the formation of aliphatic carboxylic acids
such as acetic acid, oxalic acid, and maleic acid.
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Fig. 8 Chromatography diagrams of phenol oxidized by H,O, over
Fe-MCM-41(10,7) catalyst (phenol: 2.5 g/L; catalyst: 0.01 g/L;
H,0,: 0.588 mol/L; t°C = 70 °C)

Figure 8 shows chromatography diagrams of initial
mixture of phenol and hydrogen peroxide and, the products
of phenol oxidized at 10 and 30 min. The retention times of
main components including oxalic acid, hydrogen perox-
ide, acetic acid, catechol, and phenol are around 1.4; 2.2;
2.8; 3.1; 4.0, respectively. The oxidation reaction occurs
fast, converting phenol up to ca. 95% just after 30 min. It is
noted that in the phenol oxidation using Fe-MCM-41(10.7)
catalyst, firstly, catechol and back tarry materials are
formed, and then further these products are converted to
oxalic acid and small amount of acetic acid and formic
acid. No benzoquinone and hydroquinone were detected as
in [12, 30, 31]. We think that thermodynamically substi-
tutions at both ortho and para position to form catechol and
hydroquinone, respectively are possible. But, the main

phenol and OH radical of the peroxide. The reaction
mechanism for the oxidation of phenol employing transi-
tion metals has been studied [3, 12, 30, 31].

To gain further insight the phenol oxidation of obtained
Fe-MCM-41 catalyst the CWPO of hydroquinone and
catechol was investigated separately. HPLC analyses show
that main product of the CWPO of hydroquinone over
Fe-MCM-41(10.7) catalyst is formic acid while that of
catechol is oxalic acid. The reaction pathway proposed for
the present study involves a first stage called “heteroge-
neous Fenton” where the interactions of Fe-MCM-41 cat-
alyst with hydroperoxide yields HO* and HO,* species via
redox mechanism. Hydroquinone and catechol are subse-
quently obtained in parallel processes involving the attack
of HO* radicals to aromatic ring as proposed by Franco
et al. [30]. Benzoquinone can be obtained by the consec-
utive oxidation of hydroquinone. Subsequent oxidation of
catechol and hydroquinone by HO* radicals produces
oxalic acid and formic acid, respectively. Reaction path-
way of phenol oxidation by hydrogen peroxide over
Fe-MCM-41 is shown in Scheme 1. In the present work,
the main dihydroxylphenol is catechol. It means that the
reactions of (13) are prominent while those of (14) and (15)
occur negligibly.

Fe’t /MCM-41 + H,0, = Fe’* /MCM-41 + *OOH + H"
(11)

Fe’* /MCM-41 + H,0, = Fe’* /MCM-41 + *OH + H"
(12)

OH OH
Fea*/MCM 41 Fe?*/MCM-41 OH
*
H
k_/; + H* —> HyC50, (13)
Fea*/MCM 41 Fe?*/MCM-41
"OH
+ H* ——>HcooH  (14)
H OH OH

—_—
_—

HOOOH + 2"0OH

selectivity to catechol in this case shows that steric factors
might play an important role. The steric constraints become
more relevant when iron species are fitted within the
MCM-41 channels and then, the reaction might go in a
transition state, involving an iron complex with OH of

o:<—>:o + 2H0 (15)

Fe*t /MCM-41 + *OH + 2H,0, = Fe’" /MCM-41 + O,
+H,0+H".

(16)
Effect of solvents on phenol conversions was also inves-
tigated. As shown in Fig. 9, phenol conversion was ca. 100%
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Scheme 1 Illustration of reaction pathway of phenol oxidation by
hydrogen peroxide over Fe-MCM-41 catalyst
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Fig. 9 Effect of solvents on phenol conversions at 70 °C over
Fe-MCM-41(10.7)

in water and ca. 11% in acetonitrile. Phenol oxidation vir-
tually did not proceed in acetone (less than 5%). In water,
both phenol and H,O,, dissolved easily and active hydroxyl
radicals can be formed effectively upon contact with Fe sites.
This effect of solvents strongly supports that radical reaction
mechanism is in operation in catalytic phenol oxidation over
Fe-MCM-41. Radicals generated are more stable in polar
solvents, and the polarity order of the solvents is water
(1) > acetonitrile (0.65) > acetone (0.56), which is the same
order as in phenol conversion obtained in this study.

Leaching experiment

During phenol oxidation process, the concentration of H*
increases because of the formation of organic acids and in
fact, pH of the reaction medium showed significant drop in
pH from 6 to around 2.8 at the end of reaction. It can be
conjectured that under this acidic condition iron species is
partly removed from solids.

@ Springer
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Fig. 10 Leaching experiment for phenol over Fe-MCM-41, the
catalyst has been hot-filtrated off after 15 min

As the leaching of iron species could play an important
role on the CWPO of phenol further catalytic studies were
carried out as follows. The resultant solution after 15 min
of reaction using Fe-MCM-41(10.7) as a catalyst was fil-
tered in hot conditions to remove the catalyst. Figure 10
shows phenol conversion in the filtered solution compared
with that carried out in presence of Fe-MCM-41(10.7).

The evolution of phenol conversion for filtered solution
evidenced a very low activity in comparison with that
shown by the heterogeneous catalytic system. After
120 min of reaction, phenol conversion increases from
~50 to 60% whereas that increased up to 90% for heter-
ogeneous system with catalyst. Elemental analysis showed
that almost 16% of Fe atoms have been removed from the
framework (before Si/Fe ratio = 20, and after = 35). This
data demonstrates beyond doubt that the activity of the
solid catalysts is not due to only a homogeneous contri-
bution of iron leached, but rather from the activity of
heterogeneous catalyst.

Conclusions

Highly ordered mesoporous Fe-MCM-41 catalysts with up
to 5 mol% Fe content were successfully synthesized by in
situ incorporation of Fe(IIl) oxalate complex in terms of
pH adjusting process. The obtained Fe-MCM-41 was found
effective as catalyst in phenol oxidation. The final degra-
dation product was mainly oxalic acid. It has been
observed that during the reaction only a small amount of
iron is leached from Fe-MCM-41. Hence, it can be con-
cluded that wet hydrogen peroxide oxidation using a solid
Fenton-type catalyst like Fe-MCM-41 may be a promising
technology for treating aqueous solutions containing
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organic contaminants. The proposed process of synthesized
Fe-MCM-41 materials can be extended to apply to syn-
thesize other Me-MCM-41 (Me: transition metal).
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