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Abstract

The application of heterogeneous catalysis to the oxidation of alkanes in mild conditions still remains a challenge although in the last decade
many interesting approaches were proposed and examined delivering numerous significant results. Following our interest in C—H bond activation
by photocatalysis with sodium decatungstate research on the possibility of its heterogenization on ion-exchange organic resins and a carbon
material was undertaken. The photocatalytic activity of obtained heterogenized decatungstate for cyclohexane oxidation with molecular oxygen
was examined. It was found that the highest activity was observed for decatungstate supported on an ion-exchange resin. The decatungstate
concentration and loading effect on the reaction progress and selectivity was investigated. Catalyst loading on the support, contrary to catalyst
concentration in the irradiated solution, determined the oxidation selectivity, i.e. the formation of cyclohexanone, cyclohexanol and cyclohexyl
hydroperoxide. The lower loading of decatungstate promoted cyclohexanone production whereas the catalysts of high decatungstate loading

favoured cyclohexyl hydroperoxide generation.
© 2007 Published by Elsevier B.V.
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1. Introduction

The development of mild and selective methods for the
functionalization of carbon-hydrogen bonds to carbon—oxygen
functional groups continues to be a challenging area of inves-
tigation [1]. The oxidation of cyclohexane to cyclohexanol and
cyclohexanone, intermediate products in the synthesis of, e.g.
synthetic fibbers and fine chemicals, is an example of this trans-
formation. The reaction remains in the centre of interest of many
research groups [2—4] as it is one of the least efficient of all major
industrial chemical processes. Catalysis for the partial oxida-
tion of alkanes was also identified as a highly attractive and
compelling investigation field by the leading researchers at the
forum on future directions in catalysis [5]. The new technology
is yet to be developed for reducing the process burden on the
environment.

The low efficiency and selectivity of C—H bonds oxygena-
tion on the one hand and the benefits that can be gained from
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heterogeneous photocatalysis on the other hand have moti-
vated the search for solid catalysts that could be used for
the photocatalyzed oxidation of small hydrocarbons. Hetero-
geneous catalysis may be achieved by employing a catalyst
naturally occurring in solid state or a catalyst immobilized
on various supports. Heterogenization of active (photo)catalyst
may lead to substantially different catalytic activities and
selectivities.

One of the most commonly and widely investigated solid
photocatalysts, also towards oxygenation of hydrocarbons, is
titanium oxide [6-8]. Selective photooxidation of cyclohexane
by TiO; has been briefly reviewed and thoroughly studied by
Du et al. recently [9]. The photocatalysis over TiO, yielded
mainly cyclohexanone if only photolysis was prevented. The
surface hydroxyl groups on the semiconductor oxide were found
to be an important factor in controlling the catalyst activity and
the reaction rate. The competitive adsorption effect on product
formation and selectivity was examined using various solvents
[10]. Non-polar solvents were reported to enhance deep oxi-
dation. Photon flux and wave effects examined by Brusa and
Grela [8] delivered an insight into the origin of the selectivity
changes.


mailto:efornal@kul.lublin.pl
dx.doi.org/10.1016/j.jphotochem.2006.12.023

280 E. Fornal, C. Giannotti / Journal of Photochemistry and Photobiology A: Chemistry 188 (2007) 279-286

Besides titanium oxide various supported catalysts were
tested for photooxidation of cyclohexane. High selectivity
to partial oxidation compounds (cyclohexanol and cyclohex-
anone) was achieved using alumina supported vanadium oxide
[11,12]. The catalysts obtained in the immobilization process of
n(BusN)4W1003,2 and NagW100O3,2 on mesoporous and amor-
phous silicas by impregnation was demonstrated to be successful
in oxidizing cyclohexane and cyclododecane. The mesoporous-
silica supported catalyst promoted the process with higher
chemoselectivity defined as a ketone/alcohol ratio. The hetero-
genized catalysts were stable and as efficient as decatungstate
in homogenous phase [13,14]. Polystyrene-bound Mn(TPyP)
was used for oxidation of various alkanes with sodium peri-
odate under ultrasonic irradiation. The system allowed their
conversion to the corresponding alcohols and ketones [15].
Highly selective oxidation of cyclohexane to cyclohexanone
with molecular oxygen was achieved using Cr—Si binary oxide
prepared by sol-gel method under visible light irradiation [16].

It is well documented that polyoxometalates, well known of
their photocatalytic properties [17], are also effective photocat-
alysts for the oxidation of a C—H bond in hydrocarbons. One
of the most promising catalysts is decatungstate W19Oz*~,
which application was widely studied over the last few years.
Both the mechanistic aspects of reactions [14,18-21] and the
synthetic [22,23] and environmental [24,25] application pos-
sibilities were examined. A few attempts at heterogenizing
decatungstate on various materials for divers photocatalytic pur-
poses were made. Decatungstate immobilization on silica by
impregnation [13,14,26], the catalyst incorporation into the net-
work of silica formed via sol-gel technique [27,28] and into
polymeric membrane [25] were reported and the photocatalytic
activity of the obtained heterogeneous catalysts was demon-
strated.

The aim of this paper is to investigate the possibility of
decatungstate immobilization by ion-exchange onto organic ion-
exchange resins: poly(4-vinylpyridine), cross-linked, methyl
chloride quaternary salt, poly(4-vinylpyridinium tribromide)
and poly(4-vinylpyridinium p-toluenesulfonate), which has not
been examined yet, as well as its heterogenization on a carbon
material (Ambersorb®). The photocatalytic properties, activity
and selectivity, of so-obtained supported decatungstate are tested
for the partial oxidation of cyclohexane. Decatungstate loading
and catalyst concentration effects are investigated.

2. Experimental
2.1. Materials

Sodium decatungstate Nag W 1003, was synthesised and char-
acterised according to a literature method [29].

The following materials were used as supports for decatun-
gstate: ion exchangers poly(4-vinylpyridine), cross-linked,
methyl chloride quaternary salt—material A, poly(4-vinylpy-
ridinium tribromide)—B and poly(4-vinylpyridinium p-
toluenesulfonate)—C, a carbon material Ambersorb®
348F—material D, all purchased from Aldrich Chemical
Company (Milwaukee, WI, USA).

Acetonitrile, propanol-2, both HPLC grade and cyclohexane,
which was purified by distillation before use, were purchased
from SDS (Peypin, France). Analytical grade thymol and tri-
ethylphosphine were purchased from Fluka (Sigma-Aldrich
Chemie, Lyon, France).

2.2. Methods

2.2.1. Preparation of supported catalysts

Sodium decatungstate was dissolved in deionised water acid-
ified with HC1O4 (pH 2.35) and added to powders of organic
polymers obtained by fine grinding of materials A, B and C and
to carbon material D. A solution to support material ratio was
kept at 20:1 (v/w). Mixtures were stirred gently for 3 h. In the
case of carbon material, water was removed in vacuum at 50 °C.
Suspensions of organic polymer powders were filtered. Then
catalysts were dried under vacuum overnight.

All obtained catalysts were washed three times with acetoni-
trile and the UV-vis spectrophotometry method was used to
control the quantity of decatungstate desorbed from the support.

The catalysts were analyzed for carbon, hydrogen, oxy-
gen and tungsten content by microanalysis (CNRS, Vernaison,
France).

2.2.2. Adsorption experiments

Batch adsorption dynamic and equilibrium studies were per-
formed using 2mL of solution and 100mg of dry polymer.
For the adsorption dynamic experiments, the concentration of
decatungstate ions was 50 gdm™3. For the adsorption equi-
librium experiments, the concentration of decatungstate ions
was varied between 50 and 190 gdm~3. The suspensions were
stirred at room temperature. For the adsorption dynamic experi-
ments, the aliquots of solution were collected every 90 min. All
supernatants were analyzed for decatungstate content by UV-
spectrophotometric method. The amount of adsorbed catalyst
was calculated by mass balance end expressed in mg per g of
dry support.

Adsorption dynamic and equilibrium data were fitted to
the pseudo-first-order kinetic model and Langmuir adsorption
isotherm model by GOSA software (BIO-LOG, 22, rue Valade
31000 TOULOUSE, FRANCE; http://www.bio-log.biz).

2.2.3. Irradiation

The samples were prepared by introducing the appropriate
amount of decatungstate catalyst to 5% (v/v) solution of cyclo-
hexane in acetonitrile, sonicated for 30 min, transferred into a
photochemical reactor and saturated with dioxygen for 15 min
before irradiation. A 200 mL cylindrical reactor with a flat bot-
tom for magnetic stirring, equipped with a deep-in pyrex cold
water cut-off filter (A > 280 nm, reactor optical path length 1 cm)
and a preheated Hanovia 125 W medium-pressure Hg arc lamp,
was used for photochemical reactions. During irradiation dioxy-
gen was introduced into the reaction tube at constant speed.
Samples of photolyte were collected in 15 min intervals for 3h
and their aliquots immediately centrifuged and subjected to GC
analysis. The total hydroperoxide concentrations were measured
by iodometric titration.


http://www.bio-log.biz/

E. Fornal, C. Giannotti / Journal of Photochemistry and Photobiology A: Chemistry 188 (2007) 279-286 281

To control decatungstate presence in photolytes, the samples
collected after 3 h of the irradiation were centrifuged, concen-
trated and their UV—vis spectra were registered.

To examine the possibility of re-use of decatungstate/A, the
cyclohexane/acetonitrile solution was irradiated in the presence
of this catalyst for 6 h and then filtered. The catalyst was rinsed
with acetonitrile three times, dried under vacuum overnight and
introduced to the fresh solution of cyclohexane in acetonitrile.
The suspension was irradiated for 6 h. In both cases samples were
collected after 3 and 6h of irradiation and GC analyses were
carried out. The presence of decatungstate anion in the solution
was controlled after 6 h of irradiation by UV-vis measurements.

2.2.4. GC analysis

The quantitative GC analyses were performed on a Varian CP
3800 instrument equipped with a DB-WAX fused silica capil-
lary column (25 m x 0.25 mmi.d.), an autosampler and a flame
ionization detector. Nitrogen was used as the carrier gas. The col-
umn temperature was kept at 50 °C for 2 min and then increased
to 200 °C at arate of 10 °C min~!. The analyses were carried out
in the presence of thymol as an internal standard. The method
coefficient of variation did not exceed 5%.

To determine cyclohexanol, cyclohexanone and cyclohexyl
hydroperoxide content in the photolyte its aliquots were ana-
lyzed by GC before and after the treatment of the sample with
triethylphosphine [30,31]. When it is not indicated otherwise
the cyclohexanol and cyclohexanone concentrations discussed
are the GC measured amounts of the compounds after a sample
reduction with triethylphosphine.

3. Results and discussion
3.1. Effect of support on the cyclohexane oxidation

The ion-exchange immobilization of W1903,*~ on powders
of organic polymers resulted in stable heterogeneous catalysts:
decatungstate/A, decatungstate/B and decatungstate/C, which
did not release W1pOx* ™ to the solution during washing steps
and the irradiation. The concentrated aliquots of the photolytes
were analyzed by UV-vis spectrometry and the characteristic
absorption band of decatungstate at 323 nm was not observed. In
contrast to this, decatungstate/D even after prolonged washing
with acetonitrile still lost approximately 3—5% of Wi0032%
to the irradiated solution. Moreover significant desorption of
W19032%~ was observed from carbon material during washing
steps leading to the removal of about 20-30% of the introduced
catalyst.

The activity of the obtained heterogeneous catalysts was
investigated towards the photooxidation of cyclohexane in ace-
tonitrile (5%, v/v solution). Fig. 1 presents the curves of
turnover numbers calculated as millimols of oxidized products
(cyclohexanol and cyclohexanone) per millimol of W 100324_
when decatungstate/A, decatungstate/B, decatungstate/C and
decatungstate/D were used as photocatalysts. The highest
turnover values during 3h of UV irradiation were observed
for decatungstate/A. The turnover numbers for decatungstate/A
were about 50% greater than these for decatungstate/B at the
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Fig. 1. The turnover numbers, calculated as millimols of oxidized products
(cyclohexanol and cyclohexanone) per millimol of decatungstate Wi003%,
observed during irradiations of 5% (v/v) cyclohexane/acetonitrile solution in the
presence of (A) decatungstate/A, (B) decatungstate/B, (C) decatungstate/C and
(D) decatungstate/D. The concentrations of decatungstate in irradiated mixture
was 2 x 10™* mol dm 3.

beginning of irradiation and about two times higher after 3 h. The
change of the concavity of the curve relevant to decatungstate/B
with time was observed. The different initial concavity with
respect to the other curves was also apparent. Further study
is needed to identify the source and nature of the differ-
ences. In the case of cyclohexane photocatalytic oxidation with
decatungstate/C significantly lower turnovers were measured
during the whole period of irradiation. The significant differ-
ences in the results might be attributed to the spatial conditions
or the different ability of support to adsorb/desorb substrates
and/or products from/to the solution. Yet, it is most likely that
inhibited reoxidation of decatungstate/C is responsible for low
turnover of cyclohexane oxidation. The catalyst remained blue
even when the oxygen flow was increased; the blue colour of
the catalyst is associated with the reduced form of decatungstate
anion HW100324_.

The turnover numbers calculated for cyclohexane oxidation
with decatungstate/D are close to those for decatungstate/A. One
may say that they resulted from the fact that the surface of carbon
materials was especially prompt to adsorb cyclohexane enhanc-
ing and facilitating its oxidation. However, it should be taken
into account that this catalyst released W 10032 into the solu-
tion (3—5%) hence homogeneous catalysis was likely to have
been involved and take a part in the process as well. Moreover,
when the time of irradiation was increased the destruction of
material D structure was observed (the solution became darker)
leading to the change of light conditions and making re-use of
the catalyst impossible.

In the light of the obtained results it appears that the nature
and strength of interaction/bond between decatungstate and the
support should be considered carefully. It is as an important
factor responsible for ensuring the catalyst stability, prevent-
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ing its leaching, providing adequate ad-/de-sorption condition
for reagents and products as well as guaranteeing fast cata-
lyst reoxidation, which determine the progress of photocatalytic
process and the catalyst usefulness. The catalyst prepared by
immobilization of decatungstate on material A showed the
most favourable properties for cyclohexane photooxidation.
It both yielded the highest turnover numbers and did not
release decatungstate to the solution. The heterogenization of
decatungstate on material A and the catalytic efficiency and
selectivity of the obtained catalyst were further examined in
more details.

3.2. Catalyst heterogenization process

Two essential evaluation parameters for decatungstate het-
erogenization process are the mechanism and the adsorption
rate.

3.2.1. Adsorption kinetics

Adsorption kinetics depends on the adsorbate—adsorbent
interaction and system condition. Solute uptake rate determines
the residence time required for completing the heterogenization
reaction. The rate of decatungstate adsorption onto support A
was determined by taking supernatant aliquots at various time
intervals and measuring anion concentrations. Results are shown
in Fig. 2. The amount of adsorbed decatungstate increases over
time. The sorption of decatungstate by polymer A support, which
is a strong anion exchanger, is fitted well by the pseudo-first-
order kinetic equation (R* =0.999):

qr = qe(1 —e )

9

where ¢; and g are the amounts of decatungstate adsorbed at
time ¢ and at equilibrium (in mg g~ 1), respectively, and k is the
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Fig. 2. Pseudo-first-order kinetic model fit of decatungstate sorption onto
polymer support (material A) at room temperature; initial concentration of
decatungstate 50 g dm—3; the experimental data (diamonds).

adsorption rate constant (in min~!). Fig. 2 besides data points
presents the simulation of the pseudo-first-order equation for
the experimental kinetic data. In the pseudo-first-order kinetic
reactions reaction rate do not depend on adsorbate concentration
but only on the number of occupied adsorption centrums.

3.2.2. Adsorption isotherm

In an attempt to determine the adsorption capacity of the poly-
mer support for decatungstate anions the empirical correlation
of Langmuir:

_ gmkce
4 =7 + kee’

in its linearized form:

Ce 1 Ce

Qe_Qm7k Clm’

where ¢y, is adsorption capacity (mg g~"), k is adsorption con-
stant (L mg™ 1), and ¢ is the equilibrium concentration (mg L™ 1y
was used to fit data. The linearized equilibrium isotherm of
decatungstate sorption onto polymer A support is shown in
Fig. 3. As can be seen from the figure within the concentration
range studied the adsorption equilibrium data are modelled well
with the Langmuir equation (R? =0.98). The adsorption capac-
ity for decatungstate anions calculated from Langmuir isotherm
gm=1976.03mg g~ corresponds well to the exchange capac-
ity of the support, which is 3.4 mequiv. g~'. An ion-exchange
material A used as support for decatungstate has a measured
CEC of 2.25 thus it is theoretically able to take up (exchange)
1997.84 mg of decatungstate (W100324_ from the solution) per
gram of material. It can be concluded that the adsorption of
decatungstate ions on polymer adsorption centra under experi-
mental conditions studied is of ion-exchange nature solely and
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Fig. 3. Linearized Langmuir isotherm fit of decatungstate adsorption on
polymeric support (material A) at room temperature; initial decatungstate con-
centrations range from 50 to 190 g dm~3; the experimental data (diamonds).
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the interactions between decatungstate and a organic resin stud-
ied have ionic character.The shape of the Langmuir isotherm can
be investigated by dimensionless constant Ry, defined as

1

RL=——,
L 1 + kco

where ¢ is the initial concentration of decatungstate (mgL™").

All Ry, values for the studied system were found to be
between 0 and 1, and ranged from 0.061 to 0.181 for the lowest
and highest initial concentrations, respectively, indicating high-
affinity adsorption. Low reversibility suggests that the adsorbed
decatungstate is bound very tightly by surface charges and that
the heterogenized decatungstate catalyst will be stable and it is
not likely to leak to the solution.

3.3. Effect of the amount of catalyst on cyclohexane
oxidation

In order to define the efficiency of decatungstate/A catalyst,
the influence of the catalyst amount on the rate of oxidation
and turnover was investigated. Plots of the concentration of the
sum of oxygenated products (cyclohexanol and cyclohexanone)
after 3 h irradiation of cyclohexane in acetonitrile and corre-
sponding turnovers calculated as mmol of cyclohexanol and
cyclohexanone per mmol of the catalyst versus catalyst con-
centration is shown in Fig. 4. At low catalyst concentrations the
accumulation of oxygenated products (cyclohexanol and cyclo-
hexanone) was directly proportional to the amount of catalyst
and the highest values of turnovers were obtained. When the con-
centration of the decatungstate was reaching 107> mol dm™3,
which corresponds to 0.1 mgem™ of decatungstate/A cata-
lyst in the mixture, the rate of oxygenation slowed down.
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Fig. 4. The concentration of the sum of oxygenated products, cyclohexanol
and cyclohexanone, after 3 h of irradiation of 5% (v/v) cyclohexane/acetonitrile
solution with decatungstate/A vs. concentration of decatungstate (diamonds)
accompanied by calculated turnover numbers, millimols of oxidized products
per millimol of decatungstate W10O03%~, (stars) fitted with inverse square root
equation.

The amount of oxygenated products (sum of cyclohexanol
and cyclohexanone) increased slightly when decatungstate
amounts was increased from 2 x 10™% t0 5.5 x 10~% moldm 3,
which meant the introduction of 2-5 gdm™3 of heterogeneous
decatungstate/A. At low catalyst concentration the rate of pho-
tooxidation was directly proportional to the light intensity
absorbed by decatungstate. When the catalyst was present in
higher amounts the screening effect of polymer particles started
to play the key role. Nevertheless the increase in catalyst con-
centration was followed by the increase in the reaction rate.
Although not all the particles of organic polymer were illumi-
nated, the probability of photon absorption by decatungstate
ions dispersed on the resin appeared to rise with the number
of decatungstate molecules. In heterogeneous systems when a
photoactive compound is deposited on photocatalytically inert
materials the light dependencies seem to be complex and need
thorough studying, which is beyond the subject of the paper.

3.4. Effect of decatungstate loading on cyclohexane
oxidation

To determine the effect of decatungstate loading, catalysts
of various tungsten content were prepared and used during
irradiation of cyclohexane/acetonitrile mixture. The turnover
numbers observed after 3 h of irradiation were 4.41 at the cata-
lyst concentration of 407 pmol dm™3; 3.00 at 440 pmol dm™3;
2.03 at 602 wmoldm—3; 2.73 at 530 wmoldm—> for the cata-
lysts of 24.64, 32.03, 41.29 and 43.3% W, respectively. The
turnovers matched the turnover curve of Fig. 4 for the catalyst
of 20.86% tungsten content well. The change in decatungstate
loading on support does not influence cyclohexane oxidation
significantly. The process turnover appears to depend only on
decatungstate concentration in the irradiated mixture. The decay
in the turnover number with the increase in catalyst concen-
tration is of power nature. The turnover number is inversely
proportional to the square root of catalyst concentration: TN =
170'326‘\;/?65032 —4.56 (R2=0.999), where TN is the turnover
number and Cw,,0,, is the concentration of decatungstate during
irradiation (wmol dm—3).

3.5. Kinetics of cyclohexane oxidation

In order to determine the progress and selectivity of cyclohex-
ane oxidation with decatungstate/A catalyst the kinetics of the
reaction was investigated. The samples of photolyte were col-
lected in 15 min intervals for 3 h and analyzed for cyclohexanone
and cyclohexanol content by GC before and after the treatment
of the sample with triethylphosphine. The method of the two
chromatograms comparison delivers not only the information
about the levels of alcohol and ketone in the solution but also
about the existence or non-existence of cyclohexyl hydroperox-
ide [30,31]. Cyclohexyl hydroperoxide present in non-treated
sample subjected to GC analysis totally decomposes in the
chromatograph onto cyclohexanol and cyclohexanone. When an
excess of triethylphosphine is added to the sample before the GC
the peroxide is quantitatively reduced to cyclohexanol. On the
chromatogram an increase in cyclohexanol peak and a decrease
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in cyclohexanone peak are observed. The cyclohexanone peak
after reduction represents real concentration of the compound
in the solution. By comparing the data of chromatographic anal-
ysis of the reaction solution before and after reduction with
the phosphine, the amounts of cyclohexanol, cyclohexanone
and cyclohexyl hydroperoxide formed during irradiation can be
estimated quantitatively.

The evolution of the oxidation products during irradia-
tion of cyclohexane/acetonitrile solution in the presence of
decatungstate/A catalyst of various decatungstate loading is pre-
sented in Figs. 5 and 6 for the catalysts of 20.86 and 43.3% W
content, respectively. The upper graphs present the concentra-
tion of cyclohexanol and cyclohexanone before and after the
reduction with triethylphosphine. The estimated from upper
graphs real concentrations of cyclohexyl hydroperoxide and
cyclohexanol are presented in the middle graphs. The bottom
graphs show the percentage of real cyclohexanone and the con-
centration ratio of cyclohexanone before and after reduction.
The concentration plots before and after the reduction dif-
fers significantly. It is apparent that besides cyclohexanone and
cyclohexanol cyclohexyl hydroperoxide is formed during cyclo-
hexane photocatalyzed oxidation with decatungstate/A catalyst.
The amount of produced cyclohexanone is higher for the catalyst
of lower decatungstate loading. It oscillates around 30% while
for the catalyst of higher decatungstate loading it does not excide
13% of the total concentration of cyclohexanone, cyclohexanol
and cyclohexyl peroxide accumulated. The investigation of the
ratio of cyclohexanone concentration before and after reduc-
tion with triethylphosphine allows to indicate which system
generates more cyclohexyl peroxide. The cyclohexanone con-
centration after reduction is equal to its real concentration in the
photolyte whereas that before reduction is a sum of real cyclo-
hexanone concentration and cyclohexanone that is a product
of cyclohexyl hydroperoxide decomposition in the chromato-
graph. The higher the ratio the more hydroperoxide is present
in the sample. The real concentrations of cyclohexyl hydroper-
oxide and cyclohexanol were also estimated from before and
after reduction with triethylphosphine cyclohexanol and cyclo-
hexanone data. When two catalysts of different decatungstate
loading were used the photocatalytic system employing the
catalyst of higher content of decatungstate produced more cyclo-
hexyl hydroperoxide. It is a dominant product in this case. The
observations were confirmed when the catalyst of 24.39% tung-
sten content was used. The percentage of cyclohexanone and the
ratio of cyclohexanone concentration before and after reduction
with triethylphosphine were around 25 and 2.4, respectively.

Fig. 5. Kinetics of the oxidation of cyclohexane in acetonitrile in the presence
of decatungstate/A photocatalyst. (Top) The accumulation of cyclohexanol and
cyclohexanone: before the reduction with triethylphosphine—black triangles
and diamonds, respectively; after the reduction with triethylphosphine—white
triangles and diamonds, respectively. (Middle) The calculated (real) concen-
tration of cyclohexyl hydroperoxide and cyclohexanol—a solid and dashed
line, respectively. (Bottom) Cyclohexanone percent content after reduction
with triethylphosphine—a solid line, the ratio of cyclohexanone before reduc-
tion (BR) to after reduction (AR) concentrations—a dashed line. Catalyst
tungsten content: 20.86%; decatungstate concentration in irradiated solution
5.7 x 10~* mol dm~3.
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It is generally accepted that illumination of W103,*~ gener-
ates a charge-transfer excited state W100324_*, which decays in
about 30 ps to a longer-lived species, which does not react with
O; but exclusively with organic substrates (RH) through hydro-
gen abstraction, to give radicals, which in presence of oxygen
may lead to formation of peroxy compounds [19]. It appears
that heterogenized decatungstate/A, decatungstate immobilized
by ionic interactions on a ion-exchange organic resin A, revealed
similar properties. In the investigated catalytic system the cyclo-
hexyl hydroperoxide formed as the major product was stable
under the reaction conditions, the other oxygenated products
(cyclohexanol and cyclohexanone) derived from it through sub-
sequent reactions involving radical species, oxygen and the
decatungstate in its oxidized and photoreduced forms. Cyclo-
hexanon is believed to be a product of the consecutive direct
photocatalyzed oxidation of cyclohexyl hydroperoxide similarly
as in homogeneous catalysis with decatungstate [32].

To determine the effect of catalyst concentration on the
catalyst selectivity, the cyclohexanone and cyclohexanol con-
centration before and after reduction were measured in
cyclohexanol/acetonitrile irradiated with decatungstate/A of
20.86% W. Three decatungstate concentrations were examined
570,340 and 170 wmol dm~3. Samples were collected in 15 min
intervals for 3 h. It was found that for all concentrations both the
cyclohexanone percent content and the cyclohexanone before- to
after-reduction-concentration ratio were similar (i.e. approach-
ing 30 and 2, respectively).

To summarize, the lower loading of decatungstate on mate-
rial A promoted cyclohexanone production whereas the catalysts
of high decatungstate loading generated more cyclohexyl
hydroperoxide. Cyclohexyl hydroperoxide was produced in all
examined samples. In contrast to decatungstate loading the
change of decatungstate concentration in the irradiated solution
did not cause the change in cyclohexane oxidation selectivity.

Simultaneous monitoring of the photocatalyzed oxidation
of cyclohexane in acetonitrile in the presence of supported
decatungstate/A by iodometric titration and by GC was carried
out and demonstrated that the total quantity of hydroperoxides
in the photolyte exceeded that of cyclohexyl hydroperoxides
indicating that acetonitrile oxidation occurred. The irradiation
of acetonitrile in the presence of heterogenized decatungstate/A
also confirmed the accumulation of a hydroperoxide. The sol-
vent acetonitrile was reported previously to act as substrate,
which was related to an extraordinarily strong precomplexa-
tion of decatungstate anion with CH3CN. The contribution of
acetonitrile to overall hydroperoxide production was the lowest

Fig. 6. Kinetics of the oxidation cyclohexane in acetonitrile in the presence
of decatungstate/A photocatalyst. (Top) The accumulation of cyclohexanol and
cyclohexanone: before the reduction with triethylphosphine—black triangles
and diamonds, respectively; after the reduction with triethylphosphine—white
triangles and diamonds, respectively. (Middle) The calculated (real) concen-
tration of cyclohexyl hydroperoxide and cyclohexanol—a solid and dashed
line, respectively. (Bottom) Cyclohexanone percent content after reduction
with triethylphosphine—a solid line, the ratio of cyclohexanone before reduc-
tion (BR) to after reduction (AR) concentrations—a dashed line. Catalyst
tungsten content: 43.3%; decatungstate concentration in irradiated solution
5.3 x 10~*mol dm~3.
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for the catalyst of the highest decatungstate loading, after 3 h
of irradiation the proportion of hydroperioxides of cyclohexane
to the acetonitrile hydroperoxides was 75:25 for the catalyst of
43.3% tungsten content.

3.6. Catalyst recovery

To examine the possibility of decatungstate/A re-using, two
subsequent 6-h irradiations of cyclohexane/acetonitrile solu-
tions were carried out. After the first irradiation catalyst was
recovered, washed with acetonitrile, dried and used for the
second irradiation. The relevant turnovers were calculated as
millimols of oxidized products per millimol of W100324_. For
the first irradiation turnovers after 3 and 6 h of irradiation were
found to be 7.36 and 14.22, respectively, and for the second 6.21
and 11.06, respectively. The decrease in the catalyst efficiency
was observed by approximately 20%, which is a significant
drawback that may limit its applicability and usability.

4. Conclusions

The heterogeneous catalysts obtained by immobilization of
decatungstate on organic resins and a carbon material proved to
be active in photocatalytic oxidation of cyclohexane in acetoni-
trile. In the case of decatungstate supported on organic resins
the immobilization was strong enough to prevent decatungstate
from releasing into solution during 3h of irradiation. How-
ever, when carbon material was used as a support the leak of
decatungstate anions was observed. The highest turnover num-
bers were obtained for cyclohexane oxidation in the presence of
decatungstate supported on poly(4-vinylpyridine), cross-linked,
methyl chloride quaternary salt (material A). Decatungstate
deposition on this support is governed by pseudo-first kinetic
and Langmuir isotherm laws. Decatungstate loading on the sup-
port, contrary to catalyst concentration in the irradiated solution,
has an influence on and determines the oxidation selectivity, i.e.
the formation of cyclohexanone, cyclohexanol and cyclohexyl
hydroperoxide. The higher loading of decatungstate favours pro-
duction of cyclohexyl hydroperoxide. The catalyst could be
recovered, dried and re-used for another photocatalytic reac-
tion. However, turnover numbers for two 6-h subsequent reaction
decreased by approximately 20%.
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