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2,3,5-Trimethylphenol (TMP) was oxidized with hydrogen peroxide employing cobalt based solid
materials. Kg[CoW12040]-6H,0 (CoW1,) was probed as selective catalyst for the oxidation obtaining
better results when it was supported over ZSM-5 zeolites (CoW;2-ZSM-5). CoW;,-ZSM-5 was found
to be an efficient catalyst in the oxidation of TMP to 2,3,5-trimethylbenzoquinone (TMBQ) and 2,3,5-
trimethylhydroquinone (TMHQ) under mild reaction conditions. Liquid phase reaction parameters were

evaluated obtaining better results employing hydrogen peroxide as oxidant, with an oxidant/substrate
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molar ratio of 5, methanol as solvent and 60°C as reaction temperature. An apparent activation energy
of 94.19 kJ/mol was obtained.

© 2012 Elsevier B.V. All rights reserved.

1. Introduction

The selective catalytic oxidation of organic compounds using
environmentally friendly and cheap oxidants, such as aqueous
H,0,, and easily recyclable heterogeneous catalysts is a challenging
goal of fine chemistry [1]. Heterogeneous catalysis is generally con-
sidered to be an effective method for oxidation reactions. One of its
major advantages is the facile separation and recovery of catalyst
without tedious experimental workup. These advantages together
with the absence of wash water containing the dead catalyst may
lower the production costs [2,3].

The new green legislations call for the lowering of waste produc-
tion and the use of more friendly alternative reagents and catalysts.
This goal can be achieved through the application of the princi-
ples of green chemistry that provide a framework for designing
more eco-compatible routes to fine chemical production [4]. Het-
erogeneous catalysis suites good these demands, as it appears as a
selective and easily recyclable method.
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Oxidation of phenols to quinones has been the subject of many
studies and it is of industrial interest because various quinones are
used asintermediates in the synthesis of fine organic materials such
as drugs, vitamins and perfume aromas [5].

TMBQ is one of the most important intermediates for production
of vitamin E (a-tocopherol). First, TMBQ is reduced to TMHQ and
then it reacts with isophytol to obtain the a-tocopherol as proposed
by Mercier and Chabardes [6]. Because it functions as anti-free rad-
ical, which provides the effect of preventing aging, apoplexy, heart
disease, cardiovascular vessel disease and cancer, vitamin E is one of
the most important vitamins nowadays and is used extensively as
antioxidant in food, medical treatments and cosmetics [7]. Nowa-
days, the demand reaches several millions pounds every year. The
reason that vitamin E is so expensive is that the TMBQ is difficult
to produce on a large scale. Therefore, in the recent years many
scientists devote themselves to study the way of how to achieve
mass production, that is fast, effective and at low cost for producing
TMBQ [8,9].

The traditional procedure for producing TMBQ involves sulfona-
tion, oxidation and reduction from TMP. The sulfonation of TMP
with sulfuric acid produces 4-hydroxyltrimethylbenzenesulfonic
acid; the oxidation of the 4-hydroxyltrimethylbenzenesulfonic acid
by oxidants, such as MnO, gives TMBQ. In the end, the reduction
of TMBQ by hydrogen produces the final product of TMHQ. This
procedure generally generates a great amount of solid and lig-
uid wastes because of the use of sulfuric acid and stoichiometric
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solid oxidants and reductants [10-12]. So, the development of envi-
ronmentally friendly catalytic methods in last years has become
a promising advance in this way. So far, several protocols have
been established for the direct oxidation of TMP to TMBQ, how-
ever only few of them are of industrial relevance [7]. Liu et al.
[8] showed that copper ferrite nanopowders were good catalysts
for 2,3,6-trimethylphenol oxidation, but the procedure includes
hydrochloric acid incorporation with its well-known corrosive
effect.

Kholdeeva et al. [13] described the use of molybdovanadophos-
phoric heteropolyacid (HPA) for the selective oxidation of TMP to
TMBQ but in a homogeneous system. Even when catalytic results
were promising it was still present the catalyst separation prob-
lems. So, the use of HPA supported catalysts appears as a promising
alternative to reach heterogeneous reaction systems. The catalytic
properties of heteropolycompounds (HPC) have drawn much atten-
tion in the last decades owing to the versatility of these compounds
as catalysts, which has been demonstrated both by promising lab-
oratory results and successful industrial applications [14,15]. The
Keggin-type heteropolycompounds are well known as oxidation
and acid catalysts in which the acid-based and redox properties
can be tuned by variation of the central heteroatom (X) and the
addenda (M) atoms [16].

The general formula for the heteropolyanions with Keggin-type
structure is [XM;2040]®8™~, where M is usually W or Mo and X
is P, Si or Co, being the oxidation state of X. This is a well-known
structure consisting of a central tetrahedron X04 surrounded by
twelve octahedra MOG6 arranged in four groups of three edge-
sharing octahedra, which are linked by corners. Such compounds
show high catalytic activity both for acid-base and redox reactions
[17].

HPC are reversibly acting oxidants widely used as a media-
tor system for liquid phase oxidations [13]. Also, the HPC have
other special properties, which are very useful in catalysis, such
as high solubility in water and organic solvents, and a moder-
ately high thermal stability in solid state. All these properties make
possible the use of HPC both in homogeneous and heterogeneous
catalysis.

The low surface area (typically 1-10m2 g~1) and porosity (lower
than 0.1cm3 g 1) of bulk HPC [18,19], together with a high sol-
ubility in polar solvents, lead to the search of supports that can
properly immobilize them. The catalytic activity of the immobilized
HPC strongly depends on the support properties, the HPC concen-
tration, and the pretreatment conditions to which the material is
subjected [20]. Basic solids such as Al,03 tend to decompose HPC
[21,22]. Acidic or neutral substances such as SiO,, active carbon, or
ZrO; [22-24] were reported as suitable supports. Having in mind
the acid nature of ZSM-5 zeolites, we may assume they are suitable
HPC supports.

Their crystalline structure provides access to very large and
well-defined surfaces with uniform pore structures which can act
as a convenient compartment for HPC or metal cations deposition.

Cobalt-containing zeolites have drawn a great deal of atten-
tion in recent years. These materials may contain at least two
different kinds of cobalt species in cationic ion-exchange pos-
itions in ZSM-5 and cobalt oxide particles in the zeolite channels
or over the external surface of the zeolite microcrystals when
the samples are heated in an oxidant atmosphere. These cobalt
species may exhibit interesting catalytic behavior in oxidation
reactions [25].

In this paper, we propose and discuss the use of supported
Kg[CoW12049]-6H20 (CoWq,) with Keggin structure over ZSM-5
zeolites as active and selective solid catalysts for the production
of TMBQ and TMHQ from the oxidation of TMP using aqueous
hydrogen peroxide as oxidant and their comparison with other
traditional metal-zeolites, such as Co-ZSM-5.

2. Experimental
2.1. Catalysts preparation

ZSM-5 zeolite (Si/Al=17) was obtained by hydrothermal
crystallization in the Na;0-Al,03-SiO, system, using TPAOH
(tetrapropylammonium hydroxide, Fluka) as a structure directing
agent by known methods [26] with some modifications made by
our group. Aqueous solution of sodium aluminate was introduced
into a Si, O solution which was prepared previously by partial dis-
solution on TPAOH aqueous solution. The obtained gel reached a
pH>9 and was maintained at 120-160°C for 10 days under self-
generated pressure on autoclave. Afterwards, the reaction product
was extracted, washed and dried at 110°C for 12 h. The structure
directing agent (TPA) was desorbed in N, atmosphere (20 ml/min)
at programmed temperature (10 °C/min) from room temperature
to 500°C for 8 h and then it was calcined in air at 500°C for 12 h to
obtain Na-ZSM-5. The ammonium form of the catalyst (NH4-ZSM-
5) was prepared by ion-exchange of Na-zeolite with NH4Cl (Fluka,
1 M) for 40 h at 80 °Cin a batch reactor with continuous mechanical
agitation. To prepare H-ZSM-5, the ammonium form was desorbed
for 8 hin N, (10 ml/min) at 500 °C and later calcined in air at 500 °C
for 8h.

In order to obtain Co-ZSM-5, the ammonium form was sus-
pended in a solution of CoCl,-6H;,0 (Fluka) in the least amount of
distilled water in order to obtain a 1 wt%. Water was evaporated
using a rotator-evaporator at 80 °C under vacuum until complete
dryness. After that, the samples were dried at 110 °C and desorbed
in N, flow (10 ml/min) at programmed temperature (10°C/min)
from room temperature to 500 °C for 12 h followed by calcination
in air at 500°C for 12 h.

The synthesis of the potassium dodecatungstocobaltate (II) salt
Kg[CoW12040]-6H,0 (from now on named CoW;;) was adapted
from that reported by Baker and McCutcheon [27] taking into
account the modifications made by Nolan et al. [28]. It was charac-
terized by FT-IR and the purity was checked spectrophotometrically
[29].

For CoW3-ZSM-5 samples, wet impregnation method was
employed, as in the case of Co-ZSM-5 catalyst. NH4-ZSM-5 was
used as starter matrix and 1 wt% of cobalt was deposited over ZSM-5
matrix. Afterwards, samples were dried at 110 °C and treated under
N, flow at 350°C for 12 h, followed by calcination in air at 350°C
for 8 h to obtain the final material.

2.2. Catalysts characterization

The metal effective percentage of all the samples under study
was determined by Atomic Absorption in a Perkin Elmer AAnalyst
800 spectrometer after the digestion of the samples by microwave
inaMilestone ETHOS 900 digester. BET surface area determinations
were carried out with an ASAP 2000 equipment. Crystal struc-
ture determinations were performed by means of X-ray diffraction
patterns collected in air at room temperature in a Philips diffrac-
tometer using Cu Ko radiation. Diffraction data were recorded
between 26 =5° and 60° at an interval of 0.05°. A scanning speed
of 2°/min was used. Infrared measurements in the lattice vibra-
tion region (400-1800cm~!) were performed on a JASCO 5300
FT-IR spectrometer using KBr 0.05% wafer technique. Thermogravi-
metric analysis and differential scanning calorimetry (TGA-DSC)
measurements of the solids were carried out using a Shimadzu DT
50 thermal analyzer. The TGA and DSC analyses were performed
under argon or nitrogen, respectively, using 20-30 mg samples and
a heating rate of 10°C/min. The studied temperature range was
20-700°C.
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2.3. Catalytic activity

2,3,5-Trimethylphenol (99%, Aldrich) oxidation with H,0,
(aqueous solution 30wt%, Cicarelli) as oxidant agent was car-
ried out in a glass flask reactor (25cm?3) with magnetic stirring
immersed in a thermostatized bath, equipped with a reflux con-
denser. The catalytic tests were performed varying the following
parameters: hydrogen peroxide/TMP molar ratios (R) from 0 to
7.5; reaction temperatures between 25 and 60°C and catalyst
mass from 0.05 to 0.2g. Several solvents with different dielec-
tric constants were tested for the reaction: acetonitrile (99.5%,
Cicarelli), acetone (99.5%, Aldrich), ethanol (99.5%, Cicarelli), 2-
propanol (99.5%, Aldrich), 2-butanol (99.5%, Merck) and methanol
(99.5%, Cicarelli). Additionally, tert-butyl hydroperoxide (70 wt%,
Aldrich) as oxidant agents in the reaction was evaluated.

The reaction was monitored by taking aliquots of the reac-
tion mixture at different reaction times. Prior to analysis, the
catalyst was separated by filtration. Products were analyzed quan-
titatively by gas chromatography (Hewlett Packard HP-5890) with
a methyl silicone capillary column (30m x 0.32mm i.d.) and a
flame ionization detector (FID), and qualitatively, by mass spec-
trometry GC-Mass (Shimadzu QP 5050 GC-17 A), using a HP-S
(25m x 0.2 mm i.d.) capillary column. The substrate conversions
are reported as mol%.

3. Results and discussion
3.1. Catalyst characterization

The UV-vis spectrum of [COW1,040]5~ water solution had an
absorbance band at Amax =624 nm with gg24 = 199 dm3 mol~! cm~!
that agree with that reported in the literature [29,30] indicating
the purity of the compound. It also displayed two strong bands
at 202 and 261 nm assigned to the charge transfer from bridging
or terminal O 2p to W 5d (W—0—W and W—0y, respectively) and
characteristic of the polioxocompounds with Keggin structure like
tungstophosphoric acid [22,31].

The FT-IR spectrum of CoW1, (Fig. 1) displays the characteristic
bands of a Keggin-type structure at 941, 873, 762, and 451 cm™!
assigned to the stretching vibrations W—04, W—0,—W, W—0—W,
and Co—O, respectively, which are in agreement with the results
previously reported [32]. The subscripts indicate oxygen bridging
W corner sharing (b) and edge, sharing (c) oxygen belonging to
WOg octahedra, and terminal oxygen (d). Those main characteris-
tics bands are also present in the FT-IR spectra of CoW;, treated
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Fig. 1. FT-IR spectra of CoW;; samples at different temperatures.
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Fig. 2. Thermal analysis diagrams of CoW;, sample.

at 200, 300, and 400°C. However, a new group of bands appeared
in the spectrum of the heteropolycompound treated at 500 and
600°C, as result of the transformation and decomposition of the
HPC.

The DSC diagram of CoW;, (Fig. 2) showed three endothermic
peaks at 150, 178 and 262 °C, associated with the loss of water, and
two exothermic peaks at 482 and 554°C. They are attributed to
the transformation and decomposition of the [COW1,049]6~ Keggin
anion [32], that as we showed before produce changes on the FT-IR
(Fig. 1). Moreover, according to the TG pattern, dehydration takes
place in two main steps. The number of water molecules released
per Keggin anion estimated from the weight loss ascribed to the first
and second step were 11 (below 200°C), and 6 (in the temperature
range 200-450 °C), respectively, in agreement with those reported
in literature [28].

The FT-IR spectrum of CoW;,-ZSM-5 (Fig. 3) presents the char-
acteristics bands of [CoW;,040]%~ overlapped to those of the
zeolite, suggesting that the structure of the [CoOW1,040]%~ anion
was preserved after the impregnation of the ZSM-5 and the thermal
treatment of the final material.

The X-ray diffraction pattern of the CoWp,-ZSM-5 sample
only displays the characteristic peaks of ZSM-5 zeolite. The
absence of the lines corresponding to crystalline structures of
Kg[CoW12040]-6H20 may be attributed to a high dispersion of the
CoW, of its presence as an amorphous phase.
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Fig. 3. FT-IR spectra of CoW;;, CoW;,-ZSM-5 and H-ZSM-5 samples.
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Fig. 4. DSC diagrams of supported CoW;; (CoW,-ZSM-5) and H-ZSM-5 samples.

The DSCdiagram of CoW,-ZSM-5 (Fig. 4) presents an endother-
mic peak at 84°C and two exothermic peaks at 479 and 558°C.
The endothermic one is also present in the ZSM-5 DSC diagram
(Fig. 4) and it is assigned to the loss of water. On the other
hand, the exothermic peaks are those previously assigned to the
[COW120401 anion transformation. According with these results,
the thermal stability of the Keggin anion in the CoW,-ZSM-5 is
similar to that in the potassium salt.

3.2. Catalytic activities

3.2.1. Catalyst effect

The performance of cobalt based catalysts in the oxidation of
TMP when H;0, was used as oxidant and acetonitrile as solvent
at 60°C is shown in Fig. 5. It could be seen that TMP conversion
continuously increases with reaction time, for CoW;, and CoW1,-
ZSM-5 catalysts.

The main products of the TMP oxidation using CoW;, and
CoW1,-ZSM-5 as catalysts were 2,3,5-trimethylbenzoquinone
(TMBQ) and 2,3,5-trimethylhydroquinone (TMHQ), together with
2,3-dimethylmaleic anhydride and 2-hydroxyl-3,5,6-trimethyl-
1,4-benzoquinone as secondary products.

50

45 4

401 CoW, -ZSM-5

354 /

30 4

25

20 4

Conversion (mol%)

Reaction time (h)

Fig. 5. Evaluation of Co-based catalysts for 2,3,5-trimethylphenol oxidation with
H,0,. Reaction conditions: 0.1 g of catalyst; acetonitrile as solvent; R=5; tempera-
ture: 60°C.

Table 1
Comparison of catalysts for the oxidation of 2,3,5-trimethylphenol with hydrogen
peroxide.

Catalyst Conversion (mol%) Stmeq (mMol%) Stmuq (mol%)
H-ZSM.5 2.9 86.5 -
Co-ZSM-5 34 68.4 1.8

CoWr, 29.7 38.9 214
CoW13-ZSM-5 429 30.3 22.7

Reaction conditions: catalyst mass: 0.1 g; reaction temperature: 60 °C; acetonitrile
as solvent; R=5; reaction time: 6 h.

A blank experiment was performed in identical conditions, but
in absence of catalyst. In this case, the oxidation reaction occurs at
a very low rate, obtaining a final conversion in the order of 1 mol%
after 6 h of reaction.

According to the results presented in Fig. 5 and Table 1, CoW1;
and CoW,-ZSM-5 materials could be consider as promising cat-
alysts due to their high activity and good selectivity to the main
products (TMBQ and TMHQ).

On the other hand supported CoW;; (CoW{2-ZSM-5) seems
to be considerably more active than the bulk counterpart. These
results could be assigned to the presence of more dispersed
[COW12040]8~ anions than the bulk counterpart, favoring the inter-
action of TMP and/or H, 0, with the active sites. Among that, as was
reported by Kholdeeva and co-workers [9], surface hydrophilicity
of ZSM-5 zeolite is a very important factor governing the catalytic
activity, which ensures optimal conditions for the reagent adsorp-
tion.

Taking into account that CoW,-ZSM-5 results in the most active
one considering its highest conversion values (Table 1) and the
good performance in terms of selectivity toward TMBQ (30 mol%)
and TMHQ (23 mol%), this catalyst was chosen to study reaction
parameters effects.

3.2.2. Oxidant effect

The TMP oxidation reaction was extremely sensitive to the
nature of the oxidant used. The results obtained for TMP oxida-
tion using CoW;,-ZSM-5 with H,0, (30wt%) and TBHP (70 wt%)
are shown in Table 2.

Using TBHP the reaction was highly selective toward the forma-
tion of TMBQ, while no TMHQ was obtained using this oxidant.
Since TMP conversion was considerably higher with H,O, than
TBHP, the following studies were done with this oxidant.

3.2.3. Influence of solvent

It is well-known that the solvent plays an important and some-
times decisive role in the catalytic behavior of a catalyst [25,33].
Therefore, the effect of solvents on the activity of CoW,-ZSM-5 for
TMP oxidation was studied in the current catalytic system at 60 °C,
H,0, as oxidant agent with an oxidant/substrate molar ratio of 5
and 0.1 g of the catalyst. Table 3 shows the influence of solvents
such as acetonitrile, acetone, methanol, ethanol, 2-propanol and
2-butanol on TMP conversion after 7 h of reaction. These solvents
were chosen because they form a single phase with the organic
substrate and the aqueous hydrogen peroxide solution, so mass
transfer problems associated to the presence of different liquid

Table 2
Effect of the oxidant in TMP oxidation.

Oxidant Conversion (mol%) Stmeq (Mol%) Stmuq (mol%)
H,0; 429 30.3 22.7
TBHP 10.2 56.6 -

Reaction conditions: 0.1 g CoW;,-ZSM-5; 60 °C; acetonitrile as solvent; 4 ml of oxi-
dant; reaction time: 6 h.
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Table 3
Oxidation of TMP with H,0,: influence of different solvents on conversion.

Solvents Dielectric constant Conversion (mol%)
Acetonitrile? 375 429
Acetone? 20.7 315
Methanol® 32.7 82.5
Ethanol® 245 37.9
2-Propanol® 19.9 314
2-Butanol® 16.5 29.7
Reaction conditions: 0.1 g CoW;,-ZSM-5; 60°C; R=5; reaction time: 7 h.
a Aprotic.
b Protic.

phases were avoided. It can be seen that the activity increases with
solvent polarity for both the protic and aprotic series.

Another important information obtained from this study
involves the reaction mechanism, since TMP conversion was
noticeable lower when isopropyl alcohol was used as solvent
(Fig. 6) and it is well known that these alcohol act as radical
scavenger. So, an homolytic mechanism previously proposed by
Kholdeeva et al. [13] which includes the formation of the ArO® phe-
noxyl radical that with further transformations results in the TMBQ
should be present in this reaction system. Since no coupling dimers
(biphenol, polyphenylene oxide) were detected, we assume that
this reaction is favored with respect to the other secondary radical
reactions proposed by the authors.

AsTMHQ is obtained as one of the main products, we propose for
our reaction system a combined mechanism which includes a het-
erolytic pathway of electrophilic hydroxylation via the formation
of the TMHQ [34,35].

It was found that in the evaluated reaction conditions, TMP
oxidation showed the highest conversion when the reaction was
performed in methanol media, which could be attribute to the
polarity and proticity of the solvent which can make different
phases uniform, thereby favoring mass transfer.

According to Sheldon et al. [36] and other recognized
researchers in the heterogeneous catalysis field, lixiviation prob-
lems could not be ruled out by experiments demonstrating that the
catalysts can be recovered and recycled without apparent loss of
metal content or activity. So, as was proposed by them, we proceed
to filtrate the catalyst from the reaction system after three hours
and leave the filtrate at the same reaction conditions.

—O— 2-propanol
80 —m— methanol

60—

40 4

0 T T T T T T T

0 1 2 3 4 5 6 7 8
Reaction time (h)

Conversion (mol%)

Fig. 6. Effect of a radical scavenger in TMP oxidation. Reaction conditions: 0.1g
CoW,-ZSM-5; 60°C; R=5.

100

Conversion (mol%)

Reaction Time (h)

Fig. 7. Effect of CoW;,-ZSM-5 amount in TMP conversion. Reaction conditions:
methanol as solvent; R=5; temperature: 60 °C.

In this situation we observed that TMP conversion was not com-
pletely stopped after the catalyst separation. This result is a hint
that leaching of active species could take place.

However, as we have observed that the reaction proceeds not
only by a heterolytic pathway, but also by a combined mechanism,
itis possible that the radicals formed during the first reaction hours,
continue the oxidation process even in the absence of the catalyst.

3.2.4. Catalyst mass

Fig. 7 displays the effect of CoOW,-ZSM-5 amount in the reaction
system, keeping constant TMP and H,0O, initial concentrations in
methanol media. A noticeable increment in TMP conversion (from
42.9 to 82.5 mol%) is observed when catalyst mass goes from 0.05 g
to 0.1 g. However, a further increment from 0.1 g to 0.2 g does not
induce such important increment (from 82.5 to 88.1 mol%). For this
reason, 0.1 g was adopted as the optimum catalyst amount to pro-
duce TMBQ.

3.2.5. Oxidant concentration

Hydrogen peroxide concentration in the reaction system has a
considerable effect on the oxidation of TMP as has been demon-
strated considering four different oxidant to TMP molar ratios at
fixedamount of TMP (1 g), catalyst (0.1 g), solvent (methanol, 10 ml)
and temperature (60 °C). As it is shown in Fig. 8, TMP conversion
improved from 16 to 83 mol% as result of the increment of the H, 0,
to TMP molar ratio from 2.5 to 5. The results also suggest that a
large amount of oxidant is not an essential condition in improv-
ing the catalytic performance of the catalyst, since TMP conversion
decays when oxidant/substrate molar ratio goes from 5 to 7.5. The
reason for this decreasing trend may be due to dilution of the reac-
tion mixture by the presence of larger amount of water molecules
in Hy O, solution [37].

When H,0, concentration was lower, TMBQ production was
negligible obtaining only TMHQ as main product. This result
could be explained by the heterolytic pathway [35] that involves
a multi-step oxidation from 2,3,5-trimethylphenol to 2,3,5-
trimethylhydroquinone and then to 2,3,5-trimethylbenzoquinone.
So, when hydrogen peroxide has low concentration in the system,
the last step is avoided.

On the other hand, some unproductive decomposition of the
oxidant in the presence of the CoW,-ZSM-5 catalyst could be
observed since TMP conversion was not complete in any case.
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Fig. 8. TMP oxidation over CoW;,-ZSM-5 catalyst. Reaction conditions: catalyst
mass: 0.1g; reaction temperature: 60°C; reaction time: 7 h; solvent: methanol.

3.2.6. Effect of reaction temperature

TMP oxidation over CoW,-ZSM-5 was found to be influenced
by reaction temperature as could be observed from Fig. 9 when
other reaction conditions were kept constant. TMP oxidation was
found to improve with increasing the reaction temperature from
room temperature to 60 °C, especially in the range from 50 to 60 °C
obtaining a 40 mol% of enhancement in TMP final conversion value.
Temperatures above 60 °C were not evaluated since methanol boil-
ing point is 64.7 °C.

TMBQ and TMHQ selectivities were not considerably affected
with reaction temperature variations. So, a temperature increment
favors both: TMP conversion and TMBQ and TMHQ yields.

Effective activation energy (E;) was estimated from the plot of
Ink vs 1/T presented in Fig. 10. According to this results E; was
94.19 k]/mol, this shows that the reaction rate is not limited by the
diffusion of the reactants to the active catalytic sites, because E,
for diffusion-limited process is expected to be considerably lower
[38].
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Fig.9. Reaction temperature effect on TMP oxidation with hydrogen peroxide. Reac-
tion conditions: 0.1 g of CoW;,-ZSM-5; methanol as solvent; R=5.
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Fig. 10. Ink vs 1/T plot for the TMP oxidation with H,O, over CoW;,-ZSM-5. Reac-
tion conditions: 0.1 g of COW;,-ZSM-5; methanol as solvent; R=5.

4. Conclusions

CoW1, supported on ZSM-5 zeolites were successfully syn-
thesized employing the wet impregnation method to deposit the
heteropolyanion over the zeolite matrix. The materials so far pre-
pared were characterized by different techniques to confirm the
species and structures present. The activity of CoW;,-ZSM-5 was
evaluated by studying the oxidation of 2,3,5-trimethylphenol in the
presence of hydrogen peroxide as oxidant.

The effect of various experimental conditions was also stud-
ied. Best results were obtained employing H,0, as oxidant, 0.1g
of catalyst mass, a reaction temperature of 60 °C and methanol as
solvent. A combined homolytic and heterolytic mechanism is pro-
posed. Finally, an effective E; of 94.19 k]/mol was also calculated
for this reaction system, indicating no diffusional limitations.
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