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W-containing oxide layers fabricated on titanium and aluminum alloys by Plasma electrolytic oxidation
(PEO) have been tested in the reaction of the peroxide oxidation of thiophene. Samples with two types
of coatings have been investigated. Coatings I contained tungsten oxide in the matrix and on the surface
of amorphous silica-titania or silica-alumina layers, while coatings Il comprised crystalline WO3 and/or
Al;(WO4)s. Aluminum-supported catalyst containing a smallest amount of transition metals in the form
of tungsten oxides and manganese oxides in low oxidation levels showed high activity and stability.
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1. Introduction

The more stringent limitations on the content of sulfur in the
petroleum raw materials stimulated in recent years new research
dealing with catalytic desulfurization processes. The key trend in
the purification of liquid hydrocarbon raw materials is hydrotreat-
ment in which sulfur is removed as hydrogen sulfide, which is
then subjected to the Claus process to be converted to elemental
sulfur [1-4]. However, the achievable degree of sulfur removal is
now insufficient; in addition, this brings about new environmental
problems related to the storage of sulfur. Therefore, hydrogen-free
processes are being rapidly developed based on adsorption, oxida-
tion, and extraction as well as biodesulfurization [5-15]. Recently,
the method of oxidative desulfurization (ODS) with H,0, as an
oxidizing agent has become one of the most widely used for the
desulfurization of petroleum fractions [16-18]. The homogeneous
process is conducted in the presence of organic (acetic or formic)
or mineral acids [19]. In case of the heterogeneous reaction, a
number of individual and mixed oxides and salts containing tran-
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sition metals, in particular V, Nb, Mo, W, Cr, Zr, Fe, Zn, Cu, Co, Ni,
are used as catalysts [20-24]. In Ref. [20], the effective catalytic
oxidative desulfurization of diesel fraction by hydrogen peroxide
was conducted in the presence of such compounds as Na;MoOQy,
Nay W04, NaV0O3, W03, W0O3&903;H,0 and H3PMogWg04, at that
the W-containing compounds showed the most activity. The best
results were achieved by using the tungsten acid (W03&903;H,0),
as well as the mixed heteropoly tungstate/molybdate complexes.
The application of active compounds grafted on mineral carriers
simplified the process of separating the catalyst and reduced the
consuming of transition metals. Silicates [25,26], aluminum oxide,
aluminosilicates [10,19], and titanium oxide [27,28] are usually
used as carriers.

In some cases it is convenient to use catalysts fixed on a sur-
face of metal substrate - such systems are characterized by high
thermal conductivity and mechanical strength, and they can be
variously shaped [29-31]. For deposition of the catalytically active
substances on a metal substrate, a sublayer or a secondary car-
rier is required, which improves adhesion to the substrate and
increases the specific surface area of the catalyst, as compared with
that of metal, and dispersion of the catalytically active compo-
nents. Such oxide sublayer can be formed by Plasma electrolytic
oxidation (PEQ) technique. The PEO method consists in electro-
chemical formation of oxide layers on valve metals under spark
and microarc electric discharges [32]. This method also has other
names: anodic spark deposition, microarc oxidation, anodizing
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Fig. 1. SEM images of the surfaces of composites I-3 (a, b) and I-5 (c, d) at different contrast: topographic (a, ¢), compositional (b, d).

at high anodic potentials, anodic spark electrolysis [32]. Several
studies have shown that PEO is a promising alternative for fab-
ricating both secondary carriers [33-36], and catalytically active
oxide layers [37,38] on metal substrates. This method has been
used for obtaining catalysts, which are active in different pro-
cesses, including CO oxidation into CO, [33,34,36,37], afterburning
of hydrocarbons [33] and diesel soot [35], oxidative dehydrogeniza-
tion of cyclohexane to cyclohexene [38], dehydration of ethanol to
ethylene [39], conversion of phenol [40]| and naphthalene [41], and
biomass gasification [42].

PEO technique has been applied for modifying oxide coatings’
surfaces by tungsten compounds [39], and for the obtaining crys-
talline tungsten oxides attached to the surface of titanium and
aluminum [43-47], and aluminum tungstate on aluminum sur-
face [45,47]. According to the structure and chemical composition,
W-containing PEO layers on aluminum and titanium substrates
are expected to be suitable candidates as catalysts for ODS pro-
cess. The oxide sublayers increase the surface area of the samples
and the absence of narrow pores allows to proceed ODS in the
kinetic regime. In addition, the oxide sublayers can adsorb the ODS
products that significantly increases the efficiency of the process
[4,10,11]. At the same time, the catalytic activity of W-containing
PEO coatings in the oxidative desulfurization has not been inves-
tigated. From the technological point of view, it is important that
the production of such catalytic systems is a one-stage process, the
spent catalyst on a metallic carrier can be easily separated from the
reaction mixture and, as a result, it can be reused and, if necessary,
restored. The PEO technique can be promising for obtaining rather
cheap W-containing catalysts fixed to the metal substrate for ODS
process.

As the object of the study, we chose PEO layers formed:
(1) on titanium (and aluminum) in the silicate electrolytes
with addition of 0.08-0.023 mol/L Na,WO,4 [39], (2) on alu-
minum in electrolytes containing 0.1 mol/LW (VI) in the form of
N32WO4,(NH4)]0[H2W]2042]-01‘ NazH[PW]2040]~[43—47].ACCOI'd-
ing to [39,43-47] coating thickness is in the range of 10-20 p.m.

As a model substrate, we used thiophene that is most diffi-
cult oxidizable compound among sulfur derivatives contained in
petroleum raw [48].

Objective of the work is a comparative analysis of the catalytic
properties of aluminum and titanium-supported W-containing

oxide layers in the model reaction of thiophene oxidation in hydro-
carbon medium.

2. Experimental
2.1. Materials and reagents

PEO-coatings were fabricated on flat samples of a size of
22 x 22mm or 10 x 40 mm made from sheet technical aluminum
(Al>99.3%) of a thickness of 0.3 mm, aluminum alloy Al-Mn
(Al+1.6% Mn) of a thickness of 0.5 mm, and VT1-0 titanium (99.9%
Ti) foil of a thickness of 0.1 mm. To standardize pre-coating sam-
ple surfaces, they were chemically polished to high luster (surface
finish class 8-9) in a mixture of concentrated acids. A mixture
of H3PO4:HS04:HNO3=4:2:1 (by volume) at 110-120°C and a
mixture of HF:HNOj3 = 1:3 (by volume) at 70 °C were used for treat-
ing aluminum and titanium, respectively. Then the samples were
washed with distilled water and dried by air at 70°C.

Electrolytes for plasma electrolytic oxidation contained sodium
tungstate, phosphotungstate, or ammonium paratungstate. To
prepare the electrolytes, we used distilled water and reagents
such as analytical grade (NH4)19[H2W12042]-10H, 0, reagent-grade
Na,WO04-2H,0 and N32H[PW12040] xH>0, Na25i03-9H20, H3BOs3,
Na3P0,4-12H,0, and CH3COOH. Ammonium paratungstate was
dissolved under heating to 70°C. Electrolyte compositions, the
modes of PEO processing, and coating characteristics are shown
in Tables 1 and 2.

2.2. PEO coatings fabrication

Oxide layers were formed on anodically polarized aluminum
and titanium samples immersed into electrolytes at effective
current densities i=0.03-0.2A/cm? during t=5-15min. A PC-
controlled commercial TER-4/460N thyristor unit (Russia) was used
as a current source. JSC Fleron (Vladivostok, Russia) developed the
synchronizer unit and software. The electrochemical cell consisted
of a thermal glass of a volume of 1L and a cathode in the form of a
coil pipe: a hollow tube (0.5 cm in diameter) made of the corrosion-
resistant steel of the grade 12 Kh18N10T. Cold tap water was passed
through the coil pipe for cooling. The solution was stirred using a
magnetic stirrer. The solution temperature during the process did
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Table 1
Conditions of PEO treatment of aluminum and titanium samples in silicate electrolytes containing 0.008-0.023 mol/L Na,WO,, and composition of PEO coatings.

No. Forming conditions Coating composition Conventional
designation of
the composite

Substrate Electrolyte, Electric mode
mol/L
i, A/cm? t, min U, V XRD C at% C,wt.%
I-1 Ti 0.1 0.05 10 160 TiO; (anatase) 71.43 0 0.40 Na 45.5200.37 Na 1.4 WO3,Si0,.TiO,
Na,SiO3 +0.023 9.19Si17.57 Ti 10.28 Si 33.51 Ti
Na,WO,4 1.41W Ti
10.32W
-2 Ti 0.1 0.05 10 200 TiO, (anatase) 72.06 O 47.720 0.7 W03..Si0,. TiO,
Na,SiOs +0.008 8.62 Si 10.02 Si Ti
Na,WO,4 18.6 Ti 36.86 Ti
0.71W 540W
1-3 Ti 0.1 0.1 10 284 TiO, (rutile and 76.60 O 54.840 1.1 W03, Si0,.TiO,
Na,SiO3 +0.015 anatase) 0.67 Na 0.49 Na Ti
Na; WO4 14.75 Si 19.46 Si
6.89 Ti 15.68 Ti
1.09W 9.51W
-4 Ti 0.1 0.1 5 140 TiO; (anatase) 73.69 0 49.120 1.0 W03,.Si0,. TiO;
Na,SiO; +0.015 0.47 Na 0.45 Na Ti
Na,WO4 7.94 Si 9.29 Si
16.94 Ti 33.79Ti
096 W 735W
-5 Al-Mn alloy 0.1 0.1 5 336 v-Al, 03 62.740 47110 0.7 W03,S5i0,.y-Al; 03
Na,SiO; +0.015 0.55 Na 0.59 Na Al
Na;WO4 26.86 Al 34.02 Al
9.01 Si 11.88 Si
0.14 Mn 0.36 Mn
0.70W 6.04W

Table 2
Conditions of PEO treatment of aluminum and its alloy in electrolytes containing 0.1 mol/LW(IV) and composition of PEO coatings.

No. Forming conditions Coating composition Conventional
designation of
the composite

Substrate Electrolyte, mol/L Electic mode XRD C, at.% C, wt.%
i, Ajlcm? t, min Uy, V
-1 Al 0.1 Na,W04 +0.0013 0.2 7 193 WOs3 0.08 Al 0.05 Al WO;
NazPOy; 16.12W 68.72W Al,03
pH11/12.1 0.82 Na 0.44 Na Al
82.980 30.790
1I-2 Al-Mn 0.0083 0.05 10 216 WO3 19.21W 73.2W WO3
(NH4)]0W12041 +0.4H3BOs; 0.08 Na 0.04 Na Al,03
pH 6.1/6.6 80.710 26.76 0 Al
1I-3 Al-Mn 0.0083 0.1 10 224 WO,9 0.18 Al 0.15 Al Mn-WO, 9
Nay H[PW]2040] +0.083 9.32W 53.5W Al,O3
KMnOg; 0.34P 0.33P Al
pH 1.8 0.76 Mn 1.30 Mn
0.08 Na 0.06 Na
0.06 K 0.07K
89.26 0 44.59 0
11-4 Al-Mn 0.4H3BO5 +0.1 0.03 10 204 Al;(WO0Oy4)3 +Nag2s W03 9.05 Al 6.5 Al Al,(WO4)3
Na; WO4 + CH3COOH; 12.27W 60.0W Al;03
pH 4.0/4.1 78.68 0 3350 Al
11-5 Al-Mn 0.4H3BO5 +0.1 0.03 15 148 WOs3 +amorphous phase Black sites WO03
Na; WOy; AL (WO04)
pH 7.6/7.7 Al, 03
Al
5.59 Al 4.45 Al
102W 55.6W
0.05 Mn 0.09 Mn
0.68 Na 0.46 Na
83.430 3940
Green sites
0.29 Al 0.16 Al
20.23W 74.4W

79.48 0 25440
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not exceed 35 °C. After PEO treatment, the samples were rinsed by
the distilled water and air-dried at room temperature.

2.3. Coatings characterization

X-ray analyzer SUPERPROBE ]JXA-8100 (JEOL) was used for
determining the elemental compositions of the coatings surface
parts and obtaining electron microscopic images of the surfaces
and element distribution maps. The depth of the analyzed layer was
about 2-5 pm. Before the measurements, graphite was sputtered
on sample surfaces to create an electrically conductive layer.

In some cases, the data on the samples morphology and element
composition were obtained using a Hitachi S5500 high-resolution
scanning electron microscope (Japan) equipped with a Thermo Sci-
entific accessory for energy-dispersive analysis (USA). Gold was
preliminarily sputtered on the samples to prevent surface charging.
The depth of scanning beam penetration was ~1 pm.

The phase coatings compositions were determined previously
[39,43-47] from X-ray diffraction (XRD) patterns obtained on X-
ray diffractometers DRON-2 (Russia) and Bruker D8 ADVANCE
(Germany)in Cu K, -radiation according to standard procedure. The
identification of compounds was carried out in an automatic mode
using EVA search program with PDF-2 database.

2.4. Catalytic tests and analysis of the reaction products

A reactor kept in a thermostat was charged with the model
mixture (1% solution of thiophene in isooctane (10 mL), 35% H,0,
(0.4mL), and a catalyst (0.1-0.12 g). The mixture was stirred at
60°C for 1-6h. Samples were taken at intervals, and the organic
phase was analyzed quantitatively by GLC on a Kristall 2000M
chromatograph (Chromatec, Russia) equipped with a flame ion-
ization detector and a 3m long column with SE-30 non-polar
phase. Decane was used as the internal reference. The products
in the aqueous and organic phases were identified by high reso-
lution mass spectra (HR MS) on a Bruker micrOTOF II instrument
using electrospray ionization (ESI) and by 1TH NMR on a Bruker
Avance-600 instrument (600 MHz for 1H), T=298 K. To reuse the
catalyst, the reaction solution was decanted and the solid sedi-
ment was washed by the isooctane. When carrying out additional
experiments with catalyst I-5, 50% H,0, was used, and the oxi-
dant was loaded either at once or in batches by 0.2 or 0.4 mL every
1.5-3 hours respectively.

3. Results and discussion
3.1. Coatings composition

Elemental and phase compositions of PEO coatings formed in
the electrolytes containing tungtates, as well as isopoly and het-
eropoly tungtates are shown in Tables 1 and 2. According to these
data, the coated samples can be divided into two large groups. The
samples with coatings I contain about 1 at.% W (VI) in the matrix
and on the surface of SiO, + TiO, or SiO, +Al, 03 layers. Outer lay-
ers of coatings Il comprise crystalline tungsten compounds such
as W03 and Alz(WO4 )3.

3.1.1. Coatings I

According to XRD, coatings I formed in silicate-tungstate elec-
trolytes comprise crystal oxides of metal substrates; those are
titanium dioxide, mainly in form of anatase, for titanium samples
and y-Al, O3 for aluminum samples (Table. 1). Despite the relatively
high silicon concentration (8-15 at.%) and significant tungsten con-
tent (up to 1.4 at.%), crystalline compounds of silicon and tungsten
are not found in the coatings compositions. The presence of SiO,
and WOs, apparently in an amorphous state, was concluded in [39]

C, at. %

Element | 5 3 4

C 17.77 22.47 13.18 23.45
@) 48.54 48.18 66.85 53.90
Na 3.07 8.04 1.00 1.05
Si 19.33 16.58 1541 18.81
Ti 946 3.17 2.06 231
WY 1.83 1.57 1.51 0.48

Fig. 2. High-resolution SEM images of the surfaces of composites I-3 (a, b) and
elemental compositions (at.%) of the sites 1-4.

based on the data of X-ray photoelectron spectroscopy and infrared
spectroscopy of samples with similar coatings. Therefore, the com-
posites I hereinafter will be designated as WO3 +SiO, +TiO,/Ti and
WO03 +Si0; + 'Y-A1203 /Al

The surface of coatings I on titanium (composites
WO3 +Si0, +TiO, /Ti) is melted, microporous, and a predominant
pore size pore is 1-2 wm (Fig. 1a, b). Under the same conditions,
the coating formed on aluminum have larger fragments of the
surface relief (Fig. 1c, d), Along with pores of a size of ~1 um, there
are pores of a size of 3-6 um, some of them merge with each other.
Rollers (“hills” or elevations) surround the pores; fused spherical
formations of 1-10 wm in diameter are on their surfaces.

High-resolution SEM images of WO3 + SiO, + TiO, /Ti composites
(Fig. 2a, b) show that their surface is very developed. There are both
protuberances and dispersed particles of regular shape on the sur-
face of the coatings. Analysis of the composition of these particles
shows that tungsten concentration in them is somewhat higher
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Table 3

The catalytic properties of composites in the oxidation of thiophene (10 mL of 1% thiophene solution in isooctane and 0.4 mL of 35% H,0,, 60°C).
No. Maximum thiophene Weight loss (%) after 3 Ro? TOF® (h1)

conversion (%) cycles (mmol L' min~1g1)

I-1 55 1 7.2 53
1-2 48 0.7 5.4 83
I-3 21 0 29 23
1-4 28 2 3.0 32
I-5 34 0 24 178
-1 59 8 0.07 13
11-2 46 8 1.1 34
-3 47 10 2.1 14
-4 45 5 1.4 11
1I-5 51 6 2.0 13

a Ry is the initial rate of thiophene consumption, normalized to the catalyst weight.

b TOF turnover frequency was calculated as the ratio of the initial rate of thiophene consumption to the tungsten concentration.

Fig. 3. SEM images (a, b - top view, ¢, d - the view at the 45° to the surface) of coatings 1I-4 (a), II-5 (b), II-2 (c, d).

than its average concentration in the coatings. This may indirectly
confirm the assumption made in [39] on formation well dispersed
clusters of WO3 on the surface of composite WOj3 +SiO; + TiO, /Ti
that are embedded into a growing silica layer.

3.1.2. Coatings Il

A high content of tungsten (9-20 at.%) is found in the coatings
Il (Table 2). The coatings have layered structures. Depending on
the formation conditions (pH and electrolyte composition, elec-
tric charge Q=It passed through the cell during the formation of
coatings), the outer layer of coating consists of WO3 (coatings II-1,
I1-2, 1I-3, Table 2) or Al,(WOg)3 (II-4 coating). It may also contain
both phases (coating II-5). The surface of the coatings containing
crystalline aluminum tungstate (Fig. 3a) is constructed from drop-
threadlike structures, its appearance resembles ornament.

Coatings comprising tungsten oxide in the external layer have
a developed surface constructed of spherical fragments of a size
of ~1 wm (Fig. 3¢, d). Fig. 3b shows the surface of coating, outer
layer of which contains both WO3 (green sites) and Al;(WO4)3 (of
black color) according to [47]. At the same time, according to the
method of preparation, a sublayer of oxide of the metal under treat-
ment will always be located between the coating and the substrate
metal. The latter allows us to designate the resulting composites
as WOg/Aleg/Al, Alz(W04)3/A1203/A1, W03/A12(W04)3/A1203/Al,
and Mn-WO, g/Al,03/Al (for manganese-modified coated sample).

3.2. Catalytic properties of the samples

The catalytic properties of the samples in the model reaction at
a molar ratio H,O,:thiophene equal to 4 are shown in Table 3. As
it can be seen from the Table, the initial oxidation rate (Rg), taken
relative to the weight of the corresponding catalyst, is generally
higher for samples of the first group. Close to 50% thiophene con-
version, it has been able to achieve only for the samples I-1 and I-2.
The low values of the maximum conversion of thiophene in cases
of the other samples of this group may be because of the deacti-
vation of the catalysts, and the parallel consuming of peroxide due
to its catalytic decomposition [49]. On the other hand, the samples
of the group II have allowed obtaining a higher substrate conver-
sion under relatively low initial rates. The main drawback of these
catalysts is their low stability; the probable reason for deactivation
may be due to the poisoning by the sulfur deposition on surface
or catalyst destruction [49]. The first reason is unlikely, since the
main S-containing product SO42~ has a low poisoning activity [49].
Furthermore, this deposition should increase the mass of the cata-
lysts, but we have observed the opposite effect. The measurement
of the samples’ weights after three consecutive cycles of the model
reaction showed that virtually all the coating was washed off and
tungsten oxide proceeded into the reaction solution. This was also
noticeable in the disappearance of the colored sites correspond-
ing to tungsten compounds on the surface of coatings: green sites
of WO3, beige sites of WO, 9 and black sites of Al,(WO4)3. The
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(e) W

20um  (f) Mn ‘ ' um

Fig. 4. SEM image of [-5 coating surface (a) and distribution maps of aluminum (b), oxygen (c), silicon (d), tungsten (g), and manganese (e).

loss in weight, although in a lesser degree, was observed for cat-
alysts 1-1, I-2 and I-4. The composites WOs3 +SiO, + TiO,/Ti and
WO3 +Si0, +v-Al;03/Al, containing WO3 and SiO; in the amor-
phous state, turned out the most stable.

It should be note that in case of the group I, silicate titanium-
oxide layers are apt to display catalytic properties along with the
W-containing components. As it was showed in [49-51], the Ti-
containing silicate composition carriers (TS-1, Ti/HMS, Ti/MCM-41)
were able be used as catalysts in reactions of selective oxidation of
sulfur compounds with hydrogen peroxide. Catalyst I-3, however,
showed the least activity among the all investigated compositions.
Thus, catalyst I-5 has approved oneself as the most perspective for
further researches.

After using this catalyst, we analyzed the composition of thio-
phene oxidation products in the both aqueous and organic phases.
According to [19,51-53] reaction proceeds with the formation of
sulfate anion, hydrocarbons, such as styrene, carboxylic acids (ben-
zoic, formic) or, in case of the deepest oxidation, carbon dioxide.
According to the C!3 PMR and NMR data, the organic phase con-
tained only thiophene and starting alkanes. The HR MS-technique
did not indicated carboxylic acids in the aqueous phase. The addi-
tion of BaCl, to the aqueous phase resulted in a white precipitate of
barium sulfate. All these results showed thatin the system proceeds

Table 4

Total thiophene conversion (%) at different ways of peroxide introducing in the reac-
tion mixture (10 mL of the 1% solution of thiophene in isooctane, 0.1 g of catalyst
1-5, 0.8 mL of 50% H,0,, 60°C)

Time, h The ways of 50% H,0, introducing
1x0.8mL 2 x 0.4mL 4 x0.2mL
Thiophene conversion (%)

1 27 22 20

3 61 43 49

6 69 77 82

deep oxidation of thiophene, accompanied by the destruction of the
aromatic structure. Low conversion of thiophene (see Table 3), are
obviously the results of lack of hydrogen peroxide. To increase the
conversion of thiophene, molar ratio [H,0,]:[S] not less than 10 is
required [52]. To reduce the possible impact of the side reaction
of peroxide decomposition and increase the efficiency of its use,
we applied the method of fractional loading H,0. Such technique
has been described in the literature on the oxidation of various sub-
strates by hydrogen peroxide [54,55]. Our findings are summarized
in Table 4.
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Table 5
The average elemental composition (at.%) of pores, rollers around the pores and
surface of I-5 coating according to energy dispersion analysis.

Element Pores Rollers Surface
C 9.6 26.1 26.2

(0] 35.6 42.2 48.0
Na 0 0.1 0.1

Al 454 254 154

Si 53 4.9 8.5

Mn 2.8 0.2 0.2

w 1.3 1.1 1.6
Mn/W 2.2 0.2 0.1

Thus, the fractional loading of peroxide allows significantly
increase the thiophene conversion. It should again be noted that
the unsubstituted thiophene due to the low electron density on
the atom S is the most stable in comparing with the other thio-
phene derivatives in the hydrocarbon feedstock. Its amount in the
total body of S-containing compounds is less than 1%. For example,
according to [52] the ability to oxidation decreases in the range
BT>2,3,5-3 MT>2,5-2MT >3-MT>2-MT > thiophene. Therefore,
our findings allow us to expect a high ODS capacity of catalyst I-
5 in both diesel and gasoline fractions. It was of interest to analyze
the possible reasons for the high stability and activity of the cata-
lyst. It differs markedly from the other catalysts in low W content
and the presence of commensurate with the latter amount of Mn
in the coating.

3.3. Investigation of I-5 catalyst structure

Fig. 4 shows a general view of I-5 coating surface (a) and dis-
tribution maps of aluminum (b), oxygen (c), silicon (d), tungsten
(g), and manganese (e) obtained by the X-ray analyzer Superprobe
JXA-8100 (JEOL). According to SEM images (Fig. 4a), the surface of
PEO coating I-5 is non-uniform, it is penetrated with round and
oval pores of a size of few microns. The pores are the traces of
electrical breakdown channels, under which the coatings are grow-
ing. The bulk of the coatings consists of aluminum, silicon and
oxygen (Fig. 4b-d). Oxygen is distributed over the surface rather
uniformly (Fig. 4c). On the surface, there are regions enriched by
aluminum (Fig. 4b) and those with increased content of silicon
(Fig. 4d), wherein the second rise over the first. Tungsten and man-
ganese are rather uniformly distributed over the surface, (Fig. 4d, e),
and their localizations in the whole coincide, suggesting the forma-
tion of mixed oxides or polyoxometallates. As to energy dispersive
and microprobe analyzes, coating pores contain increased concen-
trations of metals from support and electrolyte as well as decreased
oxygen concentration (Tables 1 and 5). This allows one to conclude
that part of the metals in the coating pores is in the reduced state.
A similar phenomenon was observed for different PEO coatings, for
example, inrefs. [56,57]. Furthermore, in the pores, one can observe
an increase in Mn/W atomic ratio. The average value of this ratio is
0.1 in the coating surface, and it is approximately 2.2 in the pores.
Thus, the formation of mixed oxides or polyoxometallates of tung-
sten and manganese of different valences in the pores of the coating
may be a possible reason of the I-5 catalyst activity and stability,
which are significantly higher than activity and stability of other
samples. The catalytic properties of polyoxometallates under oxi-
dizing processes with hydrogen peroxide and a variety of organic
substrates are well known from literature [58].

4. Conclusion

For the first time it has been showed that W-containing oxide
coatings formed on titanium and aluminum by Plasma electrolytic
oxidation technique are active in the catalytic oxidation of thio-

phene. The coatings on aluminum and titanium including tungsten
oxides into silica-titania or silica-alumina matrix are more stable
than the layered coatings on aluminum containing crystal tungsten
oxides and/or aluminum tungstate in outer layer. Among them, the
Al-Mn aluminum alloy-supported coatings containing 0.7 at.% W
have higher TOF value and are most stable. The formation of mixed
oxides of tungsten and manganese of different valences in the pores
of the coating may be a possible reason of their activity. These com-
posites may be promising catalysts for the oxidative desulfurization
of heavy fractions of petroleum products.
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