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bstract

Hydrogen peroxide and Pt activated mixture of gaseous O2 and H2 have been applied to oxidation of aromatic compounds in the pres-
nce of redox active heteropoly compounds in the form of acid H4PMo11VO40 and tetrabuthylammonium (TBA) salts TBA4PMo11VO40 and
BA4HPW11Fe(OH)O39. Benzene, toluene and phenol were subjected to hydroxylation of the ring, which was accompanied by secondary oxida-
ion in the reaction with hydrogen peroxide. Oxygenation of toluene was equally directed to the ring and to methyl group. The total reactivity of
ubstrates was increased in the order of benzene < toluene < phenol in oxidation by both O2/H2 and H2O2. Analysis of products yield and compo-
ition indicated the identical nature of active intermediates for both oxidants. It was suggested that HPC bonded radical species are responsible for
he oxidation of hydrocarbons.

2007 Elsevier B.V. All rights reserved.
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. Introduction

Diluted solution of hydrogen peroxide is a universal, ecolog-
cally clean and convenient way to handle reagents for different
xidations in the liquid phase [1–2].

In comparison to molecular oxygen, hydrogen peroxide is a
ore active oxidant working for most difficult oxidations, such

s oxygenation and hydroxylation of aromatic rings. In synthesis
f phenols and quinines, hydrogen peroxide should be consid-
red indispensable to refuse application of organic peroxides,
ulfuric acid and stoichiometric reagents.

Reactions of hydrogen peroxide with aromatic compounds
roceed in the presence of transition metal ions of variable oxi-
ation state [3,4]. The redox active ions, such as Mo6+/Mo5+,
5+/V4+, Fe3+/Fe2+, and Co3+/Co2+, constitute a general base
f molecular structure of heteropoly anions, or can be incor-
orated into the heteropoly anions. This composition of the

PCs makes them oriented to catalysis of peroxide reactions.
xidation of aromatic hydrocarbons under the action of HPC-
2O2 has been widely covered in a number of revues, take, for

∗ Corresponding author. Tel.: +7 383 339 75 57.
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xample, the fresh one [5]. Benzene is reported to be selec-
ively converted to phenol under the action of 30% H2O2
n CH3CN solution at room temperature in the presence of

5PW10V2O40 and H6PW9V3O40 [6] or P-Mo-V HPC [7], and
t 70 ◦C in the presence of PW11Fe(OH or H2O)O39

5− or 4−
8]. In CH3COOH solution of P-Mo-V HPC, hydrogen per-
xide readily oxidized 2,3,5- and 2,3,6-trimethylphenol to
,3,5-trimethyl-1,4-benzoquinone [9,10]. The catalytic activ-
ty was ascribed to peroxide complexes of heteropoly anions
r VO(O2)+ peroxo species resulted from decomposition of
he P-Mo-V heteropoly anions. For alkylaromatic compounds,
xidation of the alkyl group to form corresponding alcohols,
ldehydes, ketones and acetates was observed [11]. Apart from
xidation of the hydrocarbon substrates, hydrogen peroxide is
ubjected to decomposition to evolve oxygen.

By analogy with Fenton reagent (Fe3+/Fe2+ + H2O2) [3], the
echanism of the HPC catalyzed oxidation is suggested to

nclude radical intermediates [6,8,11]. The radical intermediates
re generated from peroxide by reversible oxidation and reduc-
ion of metal ions. A definite character of the active intermediates
ust be obviously controlled by composition of a catalytic sys-
em. As a result, catalyst and reaction conditions along with
unctional groups in aromatic ring determine the composition
f the oxidation products, in particular, a ratio between the ring

mailto:kuznina@catalysis.ru
dx.doi.org/10.1016/j.jhazmat.2007.04.058
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nd alkyl group oxygenates in the oxidation of alkyl aromatics
12–16].

The reductive activation of molecular oxygen is expected
o develop new pathways of hydrocarbon oxidation [17]. In
articular, a mixture of molecular oxygen and hydrogen was
sed for benzene oxidation to phenol under mild conditions
18]. Catalysts of the O2/H2 oxidation include two components
19–22]. Platinum metals catalyze incomplete reduction of oxy-
en with hydrogen to peroxide species. Interaction of peroxide
ith hydrocarbon is assisted with the HPC [19,22]. The oxida-

ion process with in situ generation of peroxide from a mixture
f molecular oxygen and hydrogen may be more complex than
eaction with hydrogen peroxide.

In the present study, the redox active HPCs were investigated
s catalysts in oxidation with hydrogen peroxide, and as compo-
ents of catalytic systems in the O2/H2 oxidation. The study was
imed at comparing the behaviour of the HPCs in oxidation with
ydrogen peroxide and with an O2/H2 mixture under identical
onditions.

. Methods

.1. Preparation of catalysts

Pt/SiO2 was prepared by impregnation of a silica powder
purchased reagent of KSK type, S0 = 280 m2/g) with H2PtCl6
olution. The sample was dried at 100 ◦C, then calcined at
50 ◦C, and reduced in H2 flow at 300 ◦C for 1 h. The sample
ontained 5 wt. % Pt.

Heteropoly acids H4PMo11VO40·13H2O (H-PMo11V) and
5PMo10V2O40·9H2O (H-PMo10V2) were prepared by ether-

xtraction procedure [22]. Preparation of the tetrabutylammo-
ium (TBA) salts TBA4PMo11VO40 (TBA-PMo11V),
BA5PMo10V2O40 (TBA-PMo10V2), TBA4HPW11Co(H2O)
39 (TBA-CoPW11), and TBA4HPW11Fe(OH)O39 (TBA-
ePW11) was described elsewhere [23].

.2. UV–vis spectra

UV–vis absorption spectra of solutions were recorded with a
pecord M-40 spectrometer in the range of 30000–11000 cm−1

t room temperature in a 0.5 cm cuvette.

.3. Catalytic experiments

Catalytic reactions were conducted in a 30-ml glass round-
ottom batch reactor under vigorous agitation of liquid at a
ontrolled temperature, which prevents a runaway during hydro-
en peroxide decomposition [24]. To measure the volume of a
as evolved or consumed during the reaction, the reactor was
onnected with a graduated burette.

In experiments with H2O2, the solution of 0.2 ml ben-
ene (2.2 mmol) or equimolar amount of toluene or phenol,

.2 ml 30% aqueous H2O2 (∼2 mmol), and 20 mg HPC
0.01–0.005 mmol) in 2 ml CH3CN was prepared in the reac-
or. The reactor was blown through with N2 and sealed,
nd agitation was started. Decomposition of H2O2 with

u
H
p
c
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ime was monitored by measuring the volume of oxygen
volved.

In experiments with the O2/H2 mixture, the reactor was
oaded with the same reagents taken in half amounts, and 50 mg
t/SiO2 was added. The reactor was blown through with the
2/H2 mixture (O2:H2 = 1:2) and sealed, and agitation of liquid
as started. Volume of the gas consumed was fixed.
GC analysis of organic products was made using a

ristall-2000M device supplied with capillary columns HP-
(30 m × 0.25 mm) for pyrocatechol and hydroquinone, and
B-1701, JW Scientific Inc. (30 m × 0.53 mm) for the other oxi-
ation products. The products were identified according to their
etention times and by means of GC–MS analysis (a CV-2091
pectrometer).

.4. Reagents

Benzene, toluene, phenol (Aldrich), acetonitrile (chemi-
ally pure, Kriokhrom) were used as given. Concentration of
ydrogen peroxide (chemically pure, Akros) was checked with
MnO4 immediately before use.

. Results

.1. Decomposition of H2O2 and oxidation of benzene,
oluene and phenol with H2O2

Prior to oxidation of aromatic hydrocarbons with hydro-
en peroxide, we studied decomposition of hydrogen peroxide
issolved together with HPC in acetonitrile. The reaction was
arried out at 65 ◦C. The amount of oxygen evolved according
o the equation

H2O2 → O2 + 2H2O

as determined experimentally, and conversion of H2O2 (mol%)
as calculated from these data.
It is well known that the phosphomolybdic and phos-

homolybdovanadic HPCs catalyze this reaction owing to
o6+/Mo5+ and V5+/V4+ reversible electron transfer. Phospho-

ungstic HPCs are active in H2O2 decomposition if they contain
dditional redox active metal ions. In our experiments, activ-
ty of phosphomolybdovanadic heteropoly acid and two TBA
alts in decomposition of hydrogen peroxide decreased in the
rder of H-PMo11V > TBA-PMo11V ≈ TBA-Fe PW11. The het-
ropoly acid catalyzed a very rapid H2O2 decomposition that
as completed in 1 h. In the presence of the TBA salts, reaction

tarted very slowly and proceeded with progressive acceleration
Fig. 1). Complete decomposition of hydrogen peroxide took
bout 2 h.

Aromatic substrates added in amounts of 2 mmol were
ompletely soluble in the reaction solution. Benzene, toluene
nd phenol slowed down hydrogen peroxide decomposition
atalyzed by the TBA-PMo11V and TBA-Fe PW11 salts, where-

pon phenol produced the strongest effect (Fig. 1). When the
PC was taken in acidic form, the hydrogen peroxide decom-
osition was so rapid that no retardation by the aromatic
ompounds was detected (Fig. 2).
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Fig. 1. Time dependency of the oxygen evolved in decomposition of H2O2 in the
presence of TBA-FePW11 and TBA-FePW11 together with phenol. Conditions:
2 ml acetonitrile, 0.2 ml ∼30% (1.65 mmol) H2O2, 0.2 g (1.9 mmol) phenol,
20 mg (0.0054 mmol) TBA-FePW11, T = 65 ◦C.

Fig. 2. Time dependency of the oxygen evolved in decomposition of H2O2 in
the presence of H-PMo11V and H-PMo11V together with benzene (2.2 mmol),
phenol (2,1 mmol) or toluene (1,9 mmol). Conditions: 2 ml acetonitrile, 0.2 ml
∼30% H2O2 (1,8 mmol), 20 mg (0,01 mmol) H-PMo11V, T = 65 ◦C.

Table 1
Oxidation products obtained in reaction of benzene, toluene and phenol with H2O2 in the presence of HPCs

Substrate Catalyst Oxidation products (�mol)

Total amount

Benzene H-PMo11V 38.9 30.8 8.1
H-PMo11V(*) 2.1 2.1 0
TBA-PMo11V 1.7 1.7 0
TBA-FePW11 5.8 5.8 0
TBA-CoPW11 0 0 0
Pt/SiO2

(**) + H-PMo11V(*) 2.6 2.6 0

Substrate Catalyst Oxidation products (�mol)
Total amount

Toluene

H-PMo11V 46 20.3 2.7 3.9 0.6 1.7 14.4 2.4
TBA-PMo11V 3.4 0.4 0.3 1.9 0.3 0.5 0 0
TBA-FePW11 9.4 2.2 1.7 2.7 0.9 0.9 0 1

Substrate Catalyst Oxidation products, (�mol)
Total amount

Phenol

H-PMo11V 69.3 0 36.3 31.0 2.0
TBA-PMo11V 9.2 0 0 7.9 1.3
TBA-FePW11 42.0 0 0 31.0 11.0

Conditions: 0.2 ml benzene (2,2 mmol) or toluene (1,9 mmol) or 0,2 g phenol (2,1 mmol), 2 ml acetonitrile, 0.2 ml ∼30% H2O2 (1,8 mmol), 20 mg HPC (0,01–0,005
mmol), T = 65 ◦C, with the exception of T 30 ◦C for exps.(*), reaction time 1 h, 10 mg of Pt/SiO2 in exp. (**).
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ig. 3. Time dependency of H2O2 decomposition and phenol accumulation in
xidation of benzene. For conditions, see caption for Fig. 2.

Oxidation of the aromatic substrates proceeded along with
ecomposition of hydrogen peroxide in the presence of the
PC catalysts. About 2, 5 and 10% of the hydrogen peroxide

otally consumed was converted into the products in reactions
ith benzene, toluene and phenol, respectively. Fig. 3 shows

he time dependence of H2O2 conversion and amount of phe-
ol accumulated in the oxidation of benzene. Identical shape of
hese two curves indicates a rapid accumulation of the products
o occur during intensive decomposition of hydrogen perox-
de. Amount of the products stopped to grow after 1 h, when
ecomposition of hydrogen peroxide was completed. Catalytic
ctivity of the HPCs in oxidation of the aromatic hydrocarbons
as estimated from the amount of the products obtained for 1 h

Table 1). Among the HPCs tested, H-PMo11V heteropoly acid
ppeared the most active in oxidation. Fe-containing heteropoly
ungstate was more active than another TBA salt in the oxidation
f benzene, toluene and especially phenol.

Reactivity of substrates varied in the order of ben-
ene < toluene < phenol in all oxidations catalyzed by the HPCs
ested.

Oxidation of the aromatic substrates resulted in the formation
f a number of products. An exception was benzene, the low
onversion of which produced mainly one product, phenol. 1,4-
enzoquinone was obtained only in the presence of H-PMo11V
eteropoly acid as a minor product in addition to phenol.

Oxidation of toluene was equally directed to methyl group
nd to the ring, preferably to ortho-position. In the most active
-PMo11V system, secondary oxidation products 2-methyl-
,4-benzoquinone and 2-methyl-1,4-dioxocyclohexene-2 were
btained in substantial amount.

In oxidation of phenol, para-position was subjected to
ydroxylation/oxygenation, whereas no ortho- and meta-
ubstituted products were obtained. TBA salts produced
,4-benzoquinone and 1,4-dioxocyclohexene, whereas H-
Mo11V gave nearly equal amounts of 1,4-benzoquinone and

ydroquinone.

Oxidation with hydrogen peroxide was carried out at the
emperature of 65 ◦C. At a lower temperature, the oxidation pro-
eeded slowly. An example of the low-temperature experiments

w
z
t
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s given in Table 1. As seen, the amount of phenol produced
n the oxidation of benzene was very low even in the presence
f the most active H-PMo11V catalyst. Similarly, low amounts
f oxidation products were obtained from the other substrates
t 30 ◦C. At this temperature, the decomposition of hydrogen
eroxide proceeded also slowly.

The time and temperature dependencies showed an agree-
ent between hydrogen peroxide decomposition and oxidation

f substrates, which indicates that the oxidation may result from
nteraction of the substrates with radical intermediates involved
n hydrogen peroxide decomposition. It is often assumed that
ree hydroxyl radicals are responsible for oxidation [3].

The validity of this assumption for our catalytic systems was
ested in two experiments with catalysts extremely active in the
ecomposition of hydrogen peroxide. In the presence of TBA-
oPW11 HPC at 65 ◦C, we observed a very rapid decomposition
f hydrogen peroxide, but no oxidation of benzene was detected
nder these conditions. In the second experiment, the reaction
etween hydrogen peroxide and benzene was carried out with
combination of solid Pt/SiO2 and soluble H-PMo11V HPC.
he platinum sample is known as an active catalyst of hydrogen
eroxide decomposition, but a poor catalyst of peroxide oxida-
ion. The combination of Pt/SiO2 and H-PMo11V HPC provided
ntensive decomposition of peroxide, but produced only a small
mount of phenol, equal to that obtained with Pt/SiO2 in the
bsence of HPC. From these results, we concluded that free
ydroxyl radicals could be hardly responsible for the oxidation
f benzene.

.2. Oxidation with the O2/H2 mixture

The stoichiometric mixture of O2/H2 = 1/2 (vol/vol) reacted
n suspension of the platinum catalyst in HPC and substrate
olution. Along with production of water, a part of gases was
tilized in oxidation of the aromatic substrates. Estimation of
he gases consumed and products obtained showed 10 to 30 mol

of gases to be spent for the oxidation of substrates.
Benzene was hydroxylated by the O2/H2 mixture to form

henol that was subjected to secondary hydroxylation to hydro-
uinone. Activity of the catalytic systems containing HPC was
ound to decrease in the following order: H-PMo11V > TBA-
Mo11V > TBA-FePW11 (Table 2).

Under the same conditions, oxidation of toluene resulted in
oth hydroxylation of the ring to form cresols, and oxygena-
ion of methyl group to form benzaldehyde and benzyl alcohol.
ctivity of the HPCs varied in the order of H-PMo11V > TBA-
ePW11 > TBA-PMo11V, that meant phosphomolybdovanadic
eteropoly acid together with Pt/SiO2 represented the most
ctive catalytic system.

Phenol was oxidized to pyrocatechol and hydroquinone.
ccording to the order of HPCs activity TBA-FePW11 > TBA-
Mo11V ≈ H-PMo11V, Fe-containing heteropoly tungstate
xhibited the highest activity in the oxidation of phenol.
Reactivity of the aromatic compounds in reaction
ith the O2/H2 mixture increased in a series of ben-

ene < toluene < phenol, which was observed with each of
he HPCs tested. Irrespective of catalyst and substrate, the
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Table 2
Oxidation products obtained in reaction of benzene, toluene and phenol with O2/H2 in the presence of Pt/SiO2 and HPCs

Substrate Catalyst Oxidation products, (�mol)

Total amount

Benzene Pt/SiO2 + H-PMo11V 19.3 12.2 7.1
Pt/SiO2 + TBA-PMo11V 8.9 7.3 1.6
Pt/SiO2 + TBA-FePW11 4.5 2.7 1.8

Substrate Catalyst Oxidation products, (�mol)
Total amount

Toluene

Pt/SiO2 + H-PMo11V 43.8 2.6 16.4 14.5 7.7 2.6 0 0
Pt/SiO2 + TBA-P Mo11V 10.8 1.1 2.7 4.7 1.8 0.5 0 0
Pt/SiO2 + TBA-FePW11 15.1 5.5 1.8 5.2 1.7 0.9 0 0

Substrate Catalyst Oxidation products, (�mol)
Total amount

Phenol

Pt/SiO2 + H-PMo11V 71.4 49.9 21.5 0 0
Pt/SiO2 + TBA-PMo11V 68.8 50.5 18.3 0 0
Pt/SiO2 + TBA-FePW11 128.1 97.2 30.9 0 0
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spectrum of the solution (spectrum 3 in Fig. 5). For compar-
ison, Fig. 5 shows the other two spectra. Spectrum 1 belongs
to acetonitrile solution of H-PMo11V containing benzene. After
addition of H2O2 to the solution and its heating to 65 ◦C to start

Fig. 4. Accumulation of benzoquinone at storing the mixtures after reaction
onditions: 0.1 ml benzene (1,1 mmol) or toluene (1.0 mmol) or 0,1 g phenol

2/H2 = 1/2, T = 30 ◦C, reaction time 1 h.

xidation of aromatic ring with the O2/H2 led to hydroxylation,
uinones were detected in trace amounts, if any. However,
,4-benzoquinone appeared in the absence of hydrogen. When
eaction of benzene with the O2/H2 mixture was stopped, and
ir was substituted for the O2/H2 mixture in the reactor, 1,4-
enzoquinone formed after some time in substantial amounts
ecause of secondary oxidation of hydroquinone (Fig. 4).

The secondary oxidation of the aromatic hydroxyl derivatives
ith air proceeded at room temperature. As seen in Fig. 4, the

eaction was catalyzed by the HPCs. 1,4-benzoquinone formed
ore rapidly in the presence of heteropoly acids than with TBA

alts, and in the presence of V2-, better than with V1-substituted
hosphomolydovanadic heteropoly compounds. In other words,
he higher the redox potential of the HPC was, the larger the
mount of the secondary products accumulated in the absence
f hydrogen.

When contacting with the O2/H2 gaseous mixture in the pres-
nce of Pt catalyst, the HPCs solutions changed their color: from

ellow to blue for H-PMo11V, and from pale yellow to black for
BA-FePW11. To refine the oxidation state of the HPC during
atalysis, we stopped catalytic reaction in the (Pd/SiO2 + H-
Mo11V + benzene) mixture several minutes after beginning,

w
3
P
2
T

mmol), 1 ml acetonitrile, 50 mg Pt/SiO2, 10 mg HPC (0,005–0,0025 mmol),

ltered off the solid platinum catalyst, and recorded the UV–vis
ith the O2/H2 in air at room temperature for 20 h. 1, 2, 3, 4 and 1-O2, 2-O2,
-O2, 4-O2–mixtures containing H-PMo11V, H-PMo10V2, TBA-PMo11V, TBA-
Mo10V2 after reaction with O2/H2 and after storing, respectively. Conditions:
ml acetonitrile, 0,2 g (1,9 mmol) phenol, 0,2 ml ∼30% H2O2, 20 mg HPC,
= 30 ◦C.
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Fig. 5. Absorbance of the H-PMo11V + benzene solutions in acetonitrile:
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—10 mg H-PMo11V, 0.1 ml benzene in 2 ml acetonitrile; 2—solution 1 added
ith 0.1 ml H2O2; 3—solution 1 after reaction with 25 mg Pt/SiO2 in O2/H2

tmosphere.

xidation, we recorded spectrum 2. Both spectra 1 and 2 are typ-
cal of the phosphomolybdovanadic heteropoly acid, whereas
pectrum 3 was close to the spectrum of reduced form of the
eteropoly acid [25].

. Discussion

Hydroxylation of aromatic compounds by the Fenton reagent
oes via attack of the ring by hydroxyl radicals [3]. In the systems
nder study, •OH radicals could be generated from hydrogen
eroxide and also from molecular oxygen reductively activated
ith hydrogen. Nevertheless, the experimental data obtained

ndicate the reactive species other than free hydroxyl radicals
o be responsible for oxidation under the given conditions. First
f all, this follows from inertness of benzene in the presence of
ther active HPC catalysts of H2O2 decomposition. Intensive
ecomposition of hydrogen peroxide proceeded in the presence
f the TBA-CoPW11 at 65 ◦C in CH3CN solution, but no oxi-
ation of benzene was detected. Furthermore, decomposition
f H2O2 was slow in the presence of H-PMo11V at the room
emperature. Addition of the platinum catalyst accelerated low-
emperature decomposition of hydrogen peroxide and, probably,
he production of •OH radicals. However, we did not manage to
erform the oxidation of benzene in the Pt - H-PMo11V system
t low temperature as rapidly as in the typical reaction at 65 ◦C
ithout Pt.
Presumably, the HPC bonded radical species are more reac-

ive intermediates in the oxidation of aromatic as compared to
ree hydroxyl radicals. This assumption has been made ear-
ier for the catalytic system containing TBA-PW11Fe HPC that
orked under close conditions [8], and was confirmed by the

esults presented below.
The HPC bonded hydroxyl radical intermediates arose from
eroxide interacted with reduced Fe2+, Mo5+, and V4+ ions of
he HPC (1).

n+ + H2O2 = [M(n+1)+(•OH)] + OH− (1)

t
a
t
h

ous Materials 146 (2007) 569–576

Oxidized form of the HPC may generate coordinated hydro-
eroxyl via the preliminary coordination of peroxide [4] and
urther inner-sphere electron transfer (2). Some changes in coor-
ination sphere of V5+ ion under the action of hydrogen peroxide
ccounted for enhanced visible absorption of the HPC observed
or H2O2 containing solution (Fig. 5, spectra 1 and 2) [23].

(n+1)+ + H2O2 �
−H+

[Mn+(•OOH)] �
−H+

[Mn+(•OO)−] (2)

he HPC bonded radical intermediates are involved in competi-
ive reactions (3) with aromatic substrate, for example, benzene
o form phenol, and (4)–(6) without substrate to evolve molec-
lar oxygen.

M(n+1)+(•OH)] + C6H6 = Mn+ + C6H5OH + H+ (3)

M(n+1)+(•OH)] + Mn+ = 2M(n+1)+ + OH− (4)

(n+1)+ + H2O2 = Mn+ + •O2H + H+ (5)

(n+1)+ + •O2H = Mn+ + O2 + H+ (6)

wo-way conversion of the active intermediate explains pos-
ible retardation of hydrogen peroxide decomposition in the
resence of substrate, as shown in Fig. 1. The retardation was
ubstantial for the system with moderate activity in hydrogen
eroxide decomposition, and was undetectable in the presence
f H-PMo11V heteropoly acid active in H2O2 decomposition.

Oxidation with the O2/H2 mixture proceeded via peroxide
ompound, which was generated on platinum catalyst from oxy-
en and hydrogen and may interact with the HPC to form active
ntermediates, probably, like [M(n+1)+(•OH)] and [Mn+(•OOH)]
adical species suggested for oxidation with H2O2. Activity of
he O2/H2 oxidant toward different hydrocarbons has been stud-
ed earlier versus the HPC composition [22]. It was shown that
he HPC bonded radical species are involved in the oxidation in
he catalytic systems including the redox active HPC. Identity
f intermediates in the HPC catalyzed oxidation with H2O2 and
2/H2 mixture was confirmed by similar behavior of the two
xidants in reactions with benzene and with the other aromatic
ubstrates.

Relative reactivity of the aromatic compounds increased in
he order of benzene < toluene � phenol in both reactions with
he H2O2 and O2/H2 mixture. The difference in reactivity of sub-
trates was more pronounced in reaction with the O2/H2 mixture
han with H2O2, and in the presence of TBA-FePW11 than with
he other HPCs. A substantial increase in reactivity of aromatic
ompound under the action of electrodonating groups in the ring
ndicates the radical intermediate to possess some electrophilic
roperties owing to its bonding with the HPC.

Oxidation products obtained from benzene, toluene and
henol were typical of the radical oxidation. Oxidation of
enzene produced primarily phenol, whose further conversion
epended on oxidative properties of the medium, and led to
,4-benzoquinone under the action of H2O2 or hydroquinone in

he presence of a strong reducer, platinum activated H2. The
bsence of biphenyl in the case of O2/H2 and H2O2 points
o the HPC bonded intermediates. Interaction of benzene with
ydroxyl followed by transformation of phenyl radical occurred
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Table 3
Molar ratio between products of toluene oxidation with the O2/H2 mixture

No. System Benzyl alcohol + benzaldehyde ortho-Cresol meta-Cresol para-Cresol

1 H4PMo11VO40 + Pt/SiO2, O2/H2 57 36 13 4
2 TBA4PMo11VO40 + Pt/SiO2, O2/H2 65 22 10 3
3 TBA4HW11Fe(OH)O39 + Pt/SiO2, O2/H2 52 32 11 5
4 Fe2+

aq + H2O2 [26] 90 7 0.5 2.5
5 TBA4PMo11VO40 + H2O2 [16] 53 30 14 3
6 TBA4PMo11VO40 + H2O2 21 55 9 15

C 2, T =
T eSO4
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onditions: 0,1 ml toluene, 1 ml CH3CN, 50 mg Pt/SiO2, 10 mg HPC, O2/H2 = 1/
= 65 ◦C (No. 6); reaction time 1 h (Nos. 1–3, 6); toluene suspension in aqueous F

q. H2O2, room temperature (No. 5).

ithout penetration of radical species to the volume. Otherwise,
iphenyl could result from recombination of the phenyl radicals.

Oxidation of toluene with both H2O2 and O2/H2 mixture
as nearly equally directed into the ring to form cresols, and

o methyl group to form benzyl alcohol and benzaldehyde
Tables 1 and 2), whereas methyl group is usually more open
or radical attack in Fenton oxidation [26]. The corresponding
atios of the products in oxidation by the O2/H2 mixture and
y Fenton reagent are given in Table 3, Nos. 1–4. Hydroxyla-
ion of the toluene ring was preferably directed to ortho-position
hat was typical of the Fenton system. However, a part of para-
resol appeared surprisingly low, and a part of meta-cresol was
espectively higher in oxidation by the O2/H2 mixture than in
he Fenton system. This specificity can be considered as a result
f bonding between the radical center and metal ion of the het-
ropoly compound. The ratio of products observed in the O2/H2
xidation resembles the ratio reported by Nomiya et al. [16] for
oluene oxidation in two-phase mixture of aqueous H2O2 and
H3CN in the presence of TBA4PMo11VO40 (Table 3, No. 5).
ssential characteristics of the both systems were low temper-
ture and low concentration of peroxide in acetonitrile solution
ontaining HPC.

The percent composition of the products in oxidation of
oluene with H2O2 appeared not quite precise because of low
ctivity of the TBA salts and intensive secondary oxidation
n case of the H4PMo11VO40 heteropoly acid. In addition to
ethyl-1,4-benzoquinone, secondary oxidation of the ring led to

he formation of 2-methyl-1,4-dioxocyclohexene-2. This prod-
ct was detected in reaction with hydrogen peroxide, not with
he OH2/O2 mixture. Both ortho- and para-cresols could be its
recursors. More or less satisfactory estimation of the percent
omposition of products can be made in the case of low-active
BA-PMo11V catalyst. The system was characterized by a small
ontribution of benzylic oxidation and hydroxylation of the ring
referably into ortho-position (Table 3, No. 6).

Oxidation of phenol produced no meta-isomers, which con-
rmed the radical mechanism. Radical attack to phenol started
ith hydrogen removal from hydroxyl group. The radical cen-

er was delocalized between ortho- and para-carbons, which
ttached hydroxyl radical to form pyrocatechol and hydro-

uinone in oxidation with the O2/H2 mixture. We have not found
et an explicit explanation of the fact that only hydroquinone was
etected in reaction with H2O2. It may relate to geometry of the
PC-bonded intermediate.

w
o
a
r

30 ◦C (Nos. 1–3); 0,2 ml toluene, 2 ml CH3CN, 0,2 ml∼30% H2O2, 20 mg HPC,
+ H2O2 at room temperature (No. 4); two-phase system toluene + CH3CN/30%

As seen, most of the regularities were substantially identical
or oxidation with the O2/H2 mixture and with hydrogen per-
xide. However, some details were different. The specificity of
he O2/H2 oxidant was produced by a strong reducer, platinum-
ctivated hydrogen.

The O2/H2 mixture and hydrogen peroxide operate at dif-
erent temperatures. The O2/H2 oxidation proceeded with a
ubstantial rate at room temperature, whereas hydrogen peroxide
xidation required the temperature as high as 65 ◦C. The thing
as that the HPC was involved in the oxidations that include

eversible one-electron transfer, for instance, V4+/V5+. Reduc-
ion of the metal ions proceeded rapidly under the action of H2.
s a result, reduced form of the HPC predominated even at low

emperature, which was indicated by intensive absorbance in
region of frequencies below 18000 cm−1. Oxidized form of

he HPC interacted more slowly with the poor reducer hydro-
en peroxide. As a result, the total reaction appeared limited
y reduction in the case of H2O2, which was confirmed by
bsorbance spectra of solutions in Fig. 5. At increasing tem-
erature, reduction of the HPC was accelerated, which made
ore rapid the total reaction with hydrogen peroxide.
The other thing we should pay attention was secondary oxi-

ation. At low temperature in reductive medium we obtained
roducts of hydroxylation in reaction with the O2/H2 mixture.
n the contrary, intensive secondary oxidation proceeded under

he action of hydrogen peroxide to form quinones and benzalde-
yde. So, strong reducing ability of hydrogen does create some
pecific features of the O2/H2 oxidation, but they do not concern
he principal mechanism.

. Conclusion

Being activators of peroxide compounds, the redox active
PCs catalyzed oxidation of benzene, toluene and phenol with
ydrogen peroxide, and performed similar functions in oxidation
ith the O2/H2 mixture. Active intermediates were suggested

o be HPC bonded radical species in both oxidations. They
ere generated from hydrogen peroxide or reductively activated
xygen, and were responsible for oxidation of the aromatic sub-
trates. Identical nature of the active HPC bonded intermediates

as confirmed in both oxidations by similarities in behavior
f the catalytic systems, in particular, relative reactivity of the
romatic substrates, composition of the oxidation products, and
elative activity of the HPCs. Application of the O2/H2 oxidant
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hich made the O2/H2 oxidant preferable for selective synthesis
f phenols.

cknowledgment

The authors are grateful to L.G. Detusheva for preparation of
PC samples.

eferences

[1] G. Strukul (Ed.), Catalytic Oxidations with Hydrogen Peroxide as Oxidant,
Kluwer Academic, Dordrecht, The Netherlands, 1992.

[2] R. Noyori, M. Aoki, K. Sato, Green oxidation with aqueous hydrogen
peroxide, Chem. Commun. (2003) 1977–1986.

[3] R.A. Sheldon, J.K. Kochi, Metal-Catalyzed Oxidations of Organic Com-
pounds, Academic Press, New York, London, Toronto, Sydney, San
Francisco, 1981.

[4] H. Mimoun, Heterolytic oxygen transfer reactions from d0 metal peroxides
to hydrocarbons, Isr. J. Chem. 23 (1983) 451–456.

[5] I. Kozhevnikov, Catalysis by polyoxometalates, in: S.M. Roberts, I.V.
Kozhevnikov, E. Derouane, (Eds.), Catalysis for Fine Chemical Synthesis,
vol. 2, 2002.

[6] K. Nomiya, H. Yanagibayashi, C. Nozaki, K. Kondoh, E. Hiranatsu, Y.
Shimizu, Hydroxilation of benzene catalyzed by selectively site-substituted
vanadium(V) heteropolytungstates in the presence of hydrogen peroxide,
J. Mol. Catal. A: Chem. 114 (1996) 181–190.

[7] K. Nomiya, S. Matsuoka, T. Hasegava, Y. Nemoto, Benzene hydroxylation
with hydrogen peroxide catalyzed by vanadium(V)-substituted polyoxo-
molybdates, J. Mol. Catal. A: Chem. 156 (2000) 143–152.

[8] L.I. Kuznetsova, L.G. Detusheva, N.I. Kuznetsova, M.A. Fedotov, V.A.
Likholobov, Relation between structure and catalytic properties of tran-
sition metal complexes with heteropolyanion PW11O39

7− in oxidative
reactions, J. Mol. Catal. A: Chem. 117 (1997) 389–396.

[9] V.I. Korenskii, V.D. Skobeleva, V.G. Khartghuk, I.P. Kolenko, V.L.
Volkov, G.S. Zakharova, V.N. Vinogradova, Liquid-phase oxidation of
polymethylphenols with hydrogen peroxide in the presence of poly-
vanadatomolybdates (tungstates) hydrates of alkali metals, Zhurn. Obsch.
Khim. 55 (1985) 1969–1975.

10] M. Shimizu, H. Orita, T. Hayakawa, K. Takehira, A convenient synthesis

of alkylsubstituted p-benzoquinines from phenols by H2O2/heteropolyacid
system, Tetrahedron Lett. 30 (1989) 471–474.

11] R. Neumann, M. de la Vega, Oxidation of alkylaromatic compounds with
hydrogen peroxide catalyzed by mixed addenda Keggin heteropolyanions,
J. Mol. Catal. 84 (1993) 93–108.

[

[

ous Materials 146 (2007) 569–576

12] B. Athilakshmi, Viswanathan, Oxidation of trimethylbenzene by the het-
eropoly vanadomolybdate–hydrogen peroxide system, React. Kinet. Catal.
Lett. 64 (1998) 193–197.

13] B. Athilakshmi, Viswanathan, Homogeneous oxidation of alkylbenzene
catalyzed by heteropoly compounds, Stud. Surf. Sci. Catal. 113 (1998)
301–308.

14] T. Yamase, Method for preparation of aromatic hydroxyl compounds
by direct oxidation of aromatic compounds by hydrogen peroxide, JP
2,002,241,333 A2 (28 August 2002).

15] H. Giera, M. Meiers, U. Hugger, Process and catalysts for the preparation of
nitrosobenzenes by oxidation of the corresponding anilines with hydrogen
peroxide, Eur. Pat. Appl. EP 1,099,682 (May 2001).

16] K. Nomiya, K. Hashino, Y. Nemoto, M. Watanabe, Oxidation of toluene
and nitrobenzene with 30% aqueous hydrogen peroxide catalyzed by
vanadium(V)-substituted polyoxometalates, J. Mol. Catal. A: Chem. 176
(2001) 79–86.

17] T. Punniyamurthy, S. Velusamy, J. Iqbal, Resent advances in transition
metal catalyzed oxidation of organic substrates with molecular oxygen,
Chem. Rev. 105 (2005) 2329–2363.

18] T. Miyake, M. Hamada, Y. Sasaki, M. Oguri, Direct synthesis of phenol
by hydroxilation of benzene with oxygen and hydrogen, Appl. Catal., A:
Gen. 131 (1995) 33–42.

19] J.-S. Min, H. Ishige, M. Misono, N. Mizuno, Low-temperature selective
oxidation of methane into formic acid with H2–O2 gas mixture catalyzed
by bifunctional catalyst of palladium-heteropoly compound, J. Catal. 198
(2001) 116–121.

20] E.D. Park, Y.-S. Hwang, C.W. Lee, J.S. Lee, Copper- and vanadium-
catalyzed methane oxidation into oxygenates with in situ generated H2O2

over Pd/C, Appl. Catal. 247 (2003) 269–282.
21] J.E. Remias, T.A. Pavlosky, A. Sen, Catalytic hydroxylation of benzene and

cyclohexane using in situ generated hydrogen peroxide; new mechanistic
insights and comparison with hydrogen peroxide added directly, J. Mol.
Catal. A: Chem. 203 (2003) 179–192.

22] N.I. Kuznetsova, N.V. Kirillova, L.I. Kuznetsova, V.A. Likholobov, Oxi-
dation of hydrocarbons by dioxygen reductively activated on platinum and
heteropoly compounds, J. Mol. Catal. A: Chem. 204–205 (2003) 591–597.

23] N.I. Kuznetsova, L.G. Detusheva, L.I. Kuznetsova, M.A. Fedotov, V.A.
Likholobov, Oxidation of cyclohexene and decay of hydrogen peroxide cat-
alyzed by heteropolycomplexes, Kinet. Katal. 33 (1992) 516–523 (Kinet.
Catal. 33 (1992) 415–422 (English Translation)).

24] M. Papadaki, Use of reaction calorimetry in thermal risk assessment studies
and safe design of batch reactions that can lead to a runaway: application
on hydrogen peroxide, Top. Catal. 29 (2004) 207–213.
25] L.I. Kuznetsova, E.N. Yurtchenko, R.I. Maksimovskaya, K.I. Matveev, The
study of reduction of phosphomolybdovanadium heteropoly acids in water
solution, Koord. Khim. 2 (1976) 67–71.

26] J.R.L. Smith, R.O.C. Norman, Hydroxilation. Part I. The oxidation of
benzene and toluene by Fenton’s reagent, J. Chem. Soc. (1963) 2897–2905.


	Hydrogen peroxide and oxygen-hydrogen oxidation of aromatic compounds in catalytic systems containing heteropoly compounds
	Introduction
	Methods
	Preparation of catalysts
	UV-vis spectra
	Catalytic experiments
	Reagents

	Results
	Decomposition of H2O2 and oxidation of benzene, toluene and phenol with H2O2
	Oxidation with the O2/H2 mixture

	Discussion
	Conclusion
	Acknowledgment
	References


