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A B S T R A C T

Titanium-supported oxide layers of W, W + Zn and W + Mn, formed by plasma electrolytic oxidation, were
established to catalyze the peroxide oxidation of thiophene. The most active compositions based on Zn-W-
containing PEO layers were also tested in the oxidation of a number of organosulfur compounds and diesel fuel
desulfurization. Preliminary covering the samples by zwitterionic liquid (ZIL) made it possible to achieve re-
sidual sulfur content as low as 6 ppm. The change in the morphology and composition of samples with and
without ZIL was studied during catalytic tests. It was found that ZIL reduces the etching of the sample surfaces
when interacting with the reaction medium.

1. Introduction

The directed formation of active compositions on the surface of a
solid support to simultaneously achieve both high catalytic activity and
chemical and thermal stability is the most important problem of het-
erogeneous catalysis. Oxide coatings that meet these requirements can
be formed on the surface of valve metals in electrolytes of suitable
composition under electric spark and microarc discharges, that is, by
plasma electrolytic oxidation (PEO) technique [1,2]. Regulation of PEO
synthesis conditions can contribute to the creation of highly efficient
catalytic systems. Metal-supported catalysts formed with using the PEO
technique are studied in the reactions of deep oxidation of CO [3] and
hydrocarbons [4], afterburning of exhaust gases [5], oxidation of hy-
drogen [6], oxidative dehydrogenation of cyclohexane [7], dehydration
of alcohols [8], steam reforming of naphthalene [9], photocatalytic
decomposition of organic pollutants [10], and electrochemical evolu-
tion of oxygen [11].

In accordance with applicable environmental standards, various
approaches to producing fuels with ultra-low sulfur content
(< 10 ppm) are considered [12]. The traditional hydrotreatment pro-
cess is ineffective with respect to heterocyclic compounds [13], for
example, dibenzothiophene. Therefore, an important task is the search
for alternative methods of processing hydrocarbon raw materials.

Due to its high efficiency and mild conditions, oxidative desulfur-
ization is a promising hydrogen free technology aimed at increasing the
polarity of sulfur-containing substances followed by their removal by
adsorption or extraction [14]. The mechanism and conditions of this
process directly depend on the choice of oxidizing agent and catalyst.
Oxygen [15], ozone [16], nitrogen dioxide [17], organic peroxides
[18], hydrogen peroxide [19] are usually used as an oxidizing agent,
and compositions containing individual and mixed oxides or salts of
transition metals in high oxidation states can serve as catalysts [20–22].

Previously we found aluminum- or titanium-supported PEO layers
based on oxygen compounds of W [23], Ce, and Zr [24] to be potential
candidates as catalysts in oxidative desulfurization. Later studies
showed that mixed oxide layers containing W and other transition
metals, in particular Zn, are most effective [25]. The positive effect of
Zn additives to polytungstates on catalysis is associated with the for-
mation of mixed oxometallates, whose active center has increased
electrophilicity, which is necessary for peroxidation of a sulfur-con-
taining substrate [26]. The promoting effect of Mn additives to tungsten
oxide layers was described in [23]. However, we did not investigate
further on the evolution and the stability of such mixed oxide layers
during the oxidation reaction. Meanwhile, for testing the catalysts, we
use the model process of thiophene oxidation (the most difficultly
oxidized compound among thiophene derivatives) with hydrogen
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peroxide, which leads to the formation of sulfuric acid. Under such
conditions, ‘PEO layer/valve metal’ catalysts can lose activity due to
corrosion. Using Ce, Zr-containing catalysts as an example, we found
that their pretreatment with a zwitterionic compound, such as - 4-(3′-
ethylimidazolium)-butanesulfonate, prevents corrosion [24]. Further-
more, this treatment helps to increase the activity of the compositions.
The concept of using ionic liquid (IL) or ZIL to stabilize the active phase
of heterogeneous catalysts and increase their efficiency is called a solid
catalyst with ionic liquid layer (SCILL) [27,28].

Another important factor that allows increasing the efficiency of
catalysis by slowing down the side process of hydrogen peroxide de-
composition is the fractional loading of the oxidizing agent. We used
this approach, well known in the literature [29,30], in studies on the
thiophene oxidation of on catalysts of various nature [24,31].

In the present work, we used the entire set of the above-described
approaches to increase the activity and stability of W-, Mn- and W-, Zn-
containing PEO-coated catalysts in the oxidation of typical sulfur-con-
taining compounds of oil: thiophene, dibenzothiophene (DBT) and
methyl phenyl sulfide. For comparison, samples containing only tung-
sten(VI) oxides were studied.

Thus, the aim of the work is to perform a comparative analysis of
the composition and structure of titanium-supported W, WeZn, and
WeMn PEO layers as well as their catalytic properties in the thiophene
oxidation. The most active composition will be studied during perox-
idation of sulfur-containing compounds and the effect of the ZIL
treatment on its surface structure, activity and stability will be estab-
lished. Based on the testing of the selected sample in the desulfurization
of diesel fuel, we will be able to answer the question of whether our
proposed approaches will allow us to obtain raw materials that meet
modern environmental requirements for sulfur content (< 10 ppm).

2. Experimental

2.1. Plasma electrolytic formation of titanium-supported composites

Oxide layers were formed on VT1–0 titanium (99.9% Ti) samples of
a size of 20 × 20 × 0.5 mm. As a pretreatment the samples were
chemically polished in a mixture of concentrated acids
(HF:HNO3 = 1:3, volume relation) at 70 °C in order to remove the
surface layer of natural oxide film and standardize the surface. Then the
samples were washed with running and distilled water, and air-dried at
room temperature.

Electrolytes were prepared using commercially available chemicals:
Na2WO4·2H2O, NaOH, Mn(CH3COO)2·4H2O, and Zn(CH3COO)2·2H2O
of analytical grade, glacial CH3COOH of reagent grade, 0.05 М H2SO4

(standard titrimetric substance) and distilled water. The compositions
of the electrolytes used and the designations of the catalysts obtained in
them are indicated in Table 1. Acetic acid or sulfuric acid was in-
troduced to avoid alkalization of the electrolyte during PEO and to
reduce the degree of hydrolysis of metal cations. As it was established
earlier in [32], the pH of electrolyte containing only sodium tungstate
increases by 3–4 units during PEO treatment due to the formation of
WO3 in the coating composition. In addition, acetate buffer (base
electrolyte 2 in Table 1) was used to stabilize the pH.

PEO treatment of titanium samples was carried out at a constant

effective current density of 0.2 A/cm2 for 10 min. The electrochemical
cell consisted of a thermal glass of 1 L in volume with a spiral-shaped
hollow nickel cathode. The electrolyte was agitated by a magnetic
stirrer. The system was cooled by cold water pumped through the
cathode to keep the electrolyte temperature below 25 °C. TP4-500/
460N-2 thyristor unit (Russia) operating in a unipolar mode was used as
a current source. After PEO treatment, the samples were rinsed by
distilled water and dried in air at room temperature.

2.2. Composites characterization

The X-ray diffraction (XRD) patterns of the coated samples were
recorded on a D8 Advance X-ray diffractometer using the Bragg-Bretano
method with rotation of the sample in CuKα-radiation. The corre-
sponding analysis was carried out using the EVA retrieval program
based on the PDF-2 database.

To determine the elemental composition of the coatings and ex-
amine their surface microstructure, a Hitachi S-5500 scanning electron
microscope (SEM) (Japan) equipped with a Thermo Scientific accessory
for energy dispersive X-ray spectroscopy (EDS) analysis was used. The
depth of scanning beam penetration was about 1 μm. Gold was pre-
liminarily sputtered on the sample surfaces for preventing surface
charging. Using EDS, we investigated both the average elemental
composition of surface areas of 60 × 80 μm and the composition of
characteristic formations, focusing the analyzing beam on smaller areas
(from 50 × 50 nm and larger). The compositions of the surface areas
were found as average of at least 5 measurements.

Note that prior to microscopic investigation, the PEO-coated sam-
ples with the deposited ZIL (before and after catalytic tests) were dried
in nitrogen atmosphere at 150 °C for 4 h. This operation was performed
to avoid contaminating the analyzer with volatile organic substances.

The thickness of PEO coatings was measured using an eddy-current
thickness gage VT-201 (Russia) and was calculated as the average of at
least 10 separate thickness measurements on both sides of a flat sample.

2.3. Catalytic tests and deposition of zwitterionic liquid

Before catalytic tests, PEO-coated samples of size
20 × 20 × 0.5 mm were cut into 8 approximately equal parts with a
surface area of ~1 cm2 and a weight of ~0.1 g.

The H2O2 oxidation of model substrates (thiophene, thioanizole,
dibenzothiophene) was conducted in the following way: a 1 wt% mix-
ture of a sulfur-containing compounds in isooctane (10 mL) and the
catalyst (0.1 g) were placed into a thermostated reactor, the solution
was heated to 60 °C, and 50% H2O2 (0.4 mL) was added. The fractional
loading was conducted in this way: H2O2 was divided into 2 portions
(0.2 mL) and added at the beginning and after 2 h. The mixture was
thoroughly stirred with an overhead mechanical stirrer at 60 °C, and
samples for analysis were taken at 1 h intervals. After the reaction, the
catalyst was washed with isooctane and used in further catalytic ex-
periments.

The synthesis of ZIL 4-(3′-ethylimidazolium)-butanesulfonate as to
reaction given below was described in [24].

Table 1
Compositions of the electrolytes and designations of the catalysts.

Electrolyte Designation of the catalysts

Base electrolyte (BE), mol/L Additive (precursor), mol/L pH

0.1 Na2WO4 + 0.1 CH3COOH (BE1) – 6.8 Ti/W
BE 1 0.04 Mn(CH3COO)2 6.8 Ti/W,Mn
BE 1 0.04 Zn(CH3COO)2 6.8 Ti/W,Zn
0.1 Na2WO4 + 0.84 CH3COOH + 0.01 NaOH (BE2) – 5.5 Ti/W-2
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To obtain a catalyst with ZIL coating, the piece of PEO-coated
sample was placed in an aqueous solution of 4-(3′-ethylimidazolium)-
butanesulfonate in a mass ratio 1:1 (PEO-coated sample:ZIL) and stirred
for 2 h at room-temperature. Then the sample with ZIL was dried at
80 °C and used in the catalysis and phys-chemical studies.

Quantitative analysis of the organic phase of the reaction mixture
was carried out by gas liquid chromatography on a Kristall 4000 in-
strument equipped with a Zebron ZB-1 capillary column of a length of
30 m (100% dimethylpolysiloxane as the liquid phase) and a flame
ionization detector. The contents of substrates and oxidation products
were determined with linear temperature programming in the
90–220°С range by the internal reference method.

The desulfurization of diesel fuel (S 1080 ppm) was described in
[24]. The fuel (10 mL) and the catalyst (0.02 g) were placed into a
thermostated reactor and heated up to 60 °C; then H2O2 (0.4 mL) was
added. In some experiments, samples with ZIL coating (0.04 g) were
used. After 4 h, the mixture was washed by DMF and refined fuel is
analyzed by X-ray fluorescence spectrometry using ASE-2 sulfur ana-
lyzer. With fractional loading, the oxidant was added by 2 portions
(0.2 mL); wherein the second portion of H2O2 (0.2 mL) was added to
the refined by DMF fuel with used catalyst, the stirring was carried out
for another 4 h.

3. Results and discussion

3.1. PEO coating compositions (features of plasma electrolytic formation
and coating composition)

Table 1 indicates electrolyte compositions and catalyst designations.
Tungstate base electrolytes (BE1 and BE2) are colorless solutions. When
pink manganese acetate solution was added to them, a colloidal pre-
cipitate apparently consisting of manganese (II) tungstate and/or hy-
droxide was formed. During the PEO process, the disperse system ac-
quired a brown color, probably because of the oxidation of manganese
(II) with the formation of dispersed particles of MnO2. Agitating the
electrolyte kept them in suspension.

When zinc acetate was added to the acidified tungstate solution, a
small amount of a white colloidal precipitate was initially formed,
which was probably zinc (II) hydroxide. In addition, under these con-
ditions, zinc paratungstate and sodium tungstozincates, which are
readily soluble in water, could be formed [33,34]. During the PEO
process, the white precipitate disappeared, and the electrolyte acquired
a bright blue color. The formation of tungsten blue indicated a partial
reduction of tungsten to an average valence of 5 < n < 6. Since the
anodic and cathodic spaces were not separated in the electrochemical
cell for PEO, the hydrogen (at the moment of release) and zinc formed
at the cathode could act as reducing agents: H+ + e− → H0;
Zn2+ + 2e− → Zn0. In addition, hydrogen was also formed on the
anode as a result of thermolysis of water in the areas exposed to spark
and/or microarc electric discharges during PEO [35].

Table 2 shows data on the elemental and phase composition of the
coatings. The content of W in all coatings is approximately the same —
15.8–18.7 at. %. The oxygen concentration varies from 65.6 to 74.0 at.
%. When manganese or zinc acetates are introduced into the electro-
lytes, these metals are found in the coating composition (5.3 at.% Zn
and 7.3 at.% Mn). The detected carbon may be due to contamination of
the coatings during handling, as well as the presence of acetate ions in
electrolytes. The reasons for the presence of carbon in PEO coatings
were discussed in detail in Refs. [36, 37].

The elemental and phase compositions of the coatings (Table 2) are
in good agreement with the formulas and states of the electrolytes. In
base electrolytes without the addition of manganese and zinc acetates,
PEO coatings with WO3 and TiO2 are formed. When manganese acetate
is added to the base electrolyte, the formed coatings contain TiO2, WO3,
and MnWO4. The presence of manganese tungstate in the coatings is
apparently associated with the incorporation of Mn-containing dis-
persed particles from a colloidal electrolyte and their subsequent high
temperature transformations in the channels of electrical breakdowns.
When zinc acetate is introduced into the base electrolyte, tungsten blue
is formed during PEO, and Zn0.3WO3 zinc-tungsten bronze may be
present in the coatings, according to weak reflections on XRD patterns.
Note that air annealing such samples at 700 °C leads to crystallization of
ZnWO4 in them; therefore, one can assume that amorphous or fine
crystalline zinc tungstate is present in the initial coatings too. All the
coatings formed have salad-green color due to the high content of
tungsten trioxide in the surface layer.

Fig. 1 shows examples of SEM images of the surface of PEO coatings.
The surface morphology of coatings formed in tungstate electrolytes
(Fig. 1a, b) is typical for PEO layers: pores are randomly distributed on
the surface, the sizes and density (number of pores per surface unit) of
which depend on the pH of the electrolyte. The thickness of the coatings
is 9–16 μm (Table 2). The addition of zinc acetate to the tungstate
electrolyte leads to an increase in size and a decrease in density of the
pores (Fig. 1c) with an increase in coating thickness to 27 μm. The
addition of manganese acetate to the tungstate electrolyte reduces the
thickness to 4 μm and sharply changes the surface morphology of the
formed oxide layers: large pores disappear and the surface becomes
more developed (Fig. 1d), apparently due to the incorporation of dis-
persed particles from the colloidal electrolyte.

3.2. Catalytic tests

Fig. 2 shows typical time dependences of thiophene conversion at
single and fractional H2O2 loading for titanium-supported catalysts
including those containing WO3 without manganese or zinc (Fig. 2a)
and those containing WO3 and MnWO4 or ZnWO4 (Fig. 2b). Note that in
all cases, fractional loading of peroxide contributes to an increase in the
conversion of thiophene.

Analysis of Fig. 2a shows that Ti/W samples are more active than
Ti/W-2 (Fig. 2a); therefore, tungstate electrolyte with a pH 6.8 is pre-
ferable for coating formation than electrolyte with a pH 5.5. That is
why we further used BE1 electrolyte with the addition of acetates of the
corresponding metals for obtaining W-, Mn-containing and W-, Zn-
containing PEO coatings (Table 1).

Table 2
The average elemental compositions of PEO coatings formed in various base electrolytes with the addition of 0.04 mol/L Mn(CH3COO)2 or Zn(CH3COO)2.

Catalyst Thickness of coating, μm Phase composition of PEO coating Elemental composition, at. %

С O Ti W Mn (Zn) Na

Ti/W 9 ± 1 Ti + WO3 – 71.1 10.3 18.7 – –
Ti/W,Mn 4 ± 1 TiO2 (a), WO3, MnWO4 – 65.6 10.3 16.8 7.3 –
Ti/W,Zn 27 ± 1 WO3, ?Zn0.3WO3 5.0 65.6 6.4 17.7 5.3 –
Ti/W-2 16 ± 1 TiO2 (a), WO3, ?Na0.28WO3 – 74.0 9.3 15.8 – 0.9

Note: (?) - the presence of this phase is possible; TiO2 (a) - anatase.
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Of the studied samples, Ti/W, Zn showed the highest activity
(Fig. 2b, c). The higher activity of W-, Zn-containing samples correlates
with the presence of zinc-tungsten bronze in their composition
(Table 2). At the same time, microscopic studies with high resolution
reveal crystal-like formations with approximately equal concentrations
of tungsten and zinc on the surface of the coatings (Fig. 3), which in-
dicates the presence of amorphous zinc tungstate in their composition.
It is known that amorphous compounds often have higher reactivity
than crystalline ones. It is possible that both bronze and zinc tungstate
determine a higher activity of Ti/W, Zn samples.

Table 3 presents the results of the catalysts test in five consecutive
reaction cycles with a single loading of H2O2. It can be seen that all the
catalysts gradually lose their weight and activity, but to a lesser extent,
a loss of activity is observed for the W-, Zn-containing sample. The
rather low activity of Ti/W, Mn samples in comparison with Ti/W
samples can be associated with their smaller thickness.

Since the best results (the highest activity and its smallest decrease)
were obtained using Ti/W, Zn catalyst, catalytic tests in the desulfur-
ization of various S-containing organic compounds were carried out
specifically for it (Fig. 4). In addition, the effect of additional deposition
of ZIL on catalytic activity of Ti/W, Zn was clarified upon a single and
fractional loading of H2O2. These data, as well as the results of de-
sulfurization of real diesel fuel are summarized in Table 4.

Analysis of Fig. 4 and Table 4 shows that the ways proposed of
fractional loading of the oxidizing agent and treatment of the catalyst
by ZIL are very effective for increasing the conversion of organosulfur
substrates and producing diesel fuel that meets modern environmental
requirements (sulfur content< 10 ppm).

As can be seen from Fig. 4, the catalytic activity of the Ti/W, Zn
decreases by the fifth cycle (conversion is reduced by 20–25%), but
after ZIL treatment it does not change from cycle to cycle.

3.3. Behavior of Ti/W, Zn with and without ZIL

3.3.1. Appearance of samples before and after catalysis
The structure of the Ti/W, Zn catalyst has been investigated at

different stages of its preparation and use in catalysis. Photographs of
samples before (Ti/W, Zn) and after applying ZIL (Ti/W, Zn + ZIL), as
well as after 5 cycles of catalytic oxidation of thiophene (Ti/W, Zn (Cat)
and Ti/W, Zn + ZIL (Cat)) are shown in Fig. 5. The surface of the initial
sample Ti/W, Zn is homogeneous and has green color. When the sample
was cut, the outer layer of green color (I) partially peeled off, leaving
the inner layer of gray color (II), Fig. 5a. After applying ZIL, white
spherical translucent drops of ZIL appeared on the surface of both the
initial coating I and the underlying layer II, Fig. 5b. These spherical
regions are presented both in the form of individual droplets
~40–50 μm in size and in the form of their clusters.

After 5 cycles of thiophene oxidation, green areas were not found on
PEO-coated samples with (Fig. 5d) and without ZIL (Fig. 5c). Rounded
darker areas with dimensions of ~100–350 μm are visible on the sur-
face. These may be traces of etching or corrosion. There are translucent
light drops of ZIL on the surface of Ti/W, Zn + ZIL and Ti/W, Zn + ZIL
(Cat) samples. In the second case, the drops are visible on the right edge
of the sample in Fig. 5d. This indicates that after 5 cycles of thiophene
oxidation, ZIL still remains on the surface of the samples.

From the analysis of Fig. 5, it follows that in the first cycle of cat-
alysis, we investigated the samples, on the surface of which there were
both outer green layer and inner gray layer (Fig. 5a). After five test
cycles, no green layers were detected (Fig. 5c). Given the weight loss of
Ti/W, Zn sample in 5 cycles of thiophene oxidation (Table 3), one can
assume that the loss of catalytic activity is associated with a decrease in
the thickness of the PEO layer. To understand the reasons for the op-
eration of the catalyst, it is necessary to establish the evolution of the
morphology and composition of the coating.

Fig. 1. SEM images of the surface of PEO-coated samples containing: (a, b) W, (c) W and Zn, (d) W and Mn. Signatures correspond to the notation in Table 1.
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3.3.2. SEM studies of samples before and after catalysis
Fig. 6a shows the surface morphology of the coatings in the cleavage

region (peeling of green layer). According to our estimates, based on
this image, the thickness of the cleavage (or green layer) is ~4–7 μm,
while the total thickness of PEO coatings is ~27 μm (Table 2). Com-
paring the element distribution maps (Fig. 6c) and the PEO coating
morphology in the cleaved area (Fig. 6a) shows that Zn, W, O, Ti are
present in I and II areas. Different signal intensities from both areas on
the element distribution maps can be associated with different surface
levels with respect analyzer.

The elemental compositions of I and II areas were determined by
scanning at least 5 sites with subsequent averaging of data. An example
of the selected sites, whose elemental composition was determined, is
shown in Fig. 6a. The elemental compositions of I and II areas (Fig. 6)
are close to the average that of the initial Ti/W, Zn sample (Table 5).

Fig. 2. Time dependences of thiophene conversion, comparison of single (straight line) and fractional loadings (dashed line) for the samples: (a) Ti/W and Ti/W-2,
(b) Ti/W, Zn and Ti/W, Mn; and (c) thiophene conversion in 4 h with a single (2) and fractional (2) loading of H2O2. Reaction conditions: 60 °C, 0.1 g of catalyst,
0.4 mL of 50% H2O2, 4 h.

Fig. 3. Morphology and composition of individual surface areas of W-, Zn-containing PEO coating.

Table 3
Conversion (%) of thiophene in five consecutive oxidation cycles on different
catalysts.

The sample Cycle number Loss of activity in
5 cycles, %

Weight loss in
5 cycles, %

1 2 3 4 5

Ti/W 34 31 31 29 26 24 2.4
Ti/W-2 20 21 19 17 15 25 2.9
Ti/W,Mn 24 23 23 20 18 25 4.3
Ti/W,Zn 49 50 48 45 39 20 4.8

Reaction conditions: T = 60 °C, m = 0.1 g of catalyst, single loading of 0.4 mL
of 50% H2O2.
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Smooth (1) and rough (2) areas are observed on the surface of the II
inner layer (Fig. 6b). Their average compositions are close to each other
and practically do not differ from the composition of I and II areas.
Consequently, the elemental composition of the surface in the cleavage
region differs slightly in the transition from the outer green layer to the
inner gray layer. Obviously, the initial coating consists of at least two
layers. Above the dense dark gray layer adjacent to the metal, there is a
green layer penetrated by large pores. Since both layers are similar in
terms of the content of the main elements, including the tungsten
content, the difference in their color is due to a change in the oxidation
state of tungsten. WO3 gives the green color to the outer layer, and the
gray color of the inner layer obviously indicates the presence of W in
the oxidation state 5 < n < 6, for example, in the form of non-stoi-
chiometric tungsten oxide WO3-x or tungsten bronzes.

The surface of Ti/W, Zn (Cat) sample after 5 cycles of catalytic
testing is shown in Fig. 7a. The morphology of the coating surface after
5 cycles of catalytic tests is close to that of the cleaved surface (area II in
Fig. 6). At higher resolution (Fig. 7b), it is seen that the surface is rough
with uplifts and depressions. The etched coral-like structure indicates
the processes of selective leaching of individual areas of the coating.
Among the features of the surface structure, one can note the presence
of exposed sites of titanium substrate (area 4 in Fig. 7c contains 99.7 at.
% Ti). Their presence is consistent with dark spots on the sample sur-
faces in Fig. 5c. From the analysis of Fig. 7c it follows that the thickness
of the stored oxide layer on titanium is ~ 1 μm, i.e., after 5 cycles of
catalytic tests, the layer thickness decreased from ~20 to ~1 μm. Ele-
mental composition of the stored oxide layer noticeably differs from the
composition of surface layer before catalytic tests, Table 5 and Fig. 7.
The tungsten concentration decreased by ~9 times, the zinc content
became very low, and the titanium concentration increased by 5 times.
All these facts indicate that the catalytic layer is being washed off from
cycle to cycle. As was shown earlier [23,24,38], such leaching can be a
consequence of the action of sulfuric acid formed during the thiophene
oxidation. Meanwhile, despite a decrease in the content of tungsten and
zinc, the sample exhibits a rather high catalytic activity. For 5 cycles,
the conversion of thiophene decreased by 20% (Table 3). This means
that this catalyst is active in a wide range of tungsten and zinc con-
centrations in the TiO2 oxide layer. Possibly, not only the oxide layer
predominantly containing tungsten and zinc (as a sample in the first test
cycle), but also W-, Zn-doped TiO2 layer (the sample after 5 test cycles)
possesses catalytic activity.

3.3.3. W-, Zn-containing PEO coating with ZIL
Fig. 8a shows the surface morphology of a Ti/W, Zn + ZIL sample in

the cleaved region. The ZIL not only spreads over the surface of the
entire sample, but also collects into spherical formations and their ag-
glomerates (Fig. 8). Note that in the case of surface I, globular clusters
of ZIL can fill individual pores (Fig. 8b).

Elemental composition data (Table 5) indicate that ZIL extends over
the entire surface. Unlike the initial PEO coatings, the surface contains
sulfur and a lot of carbon on - the consequences of applying ZIL. Low
concentrations of the elements of the PEO coating (O, Ti, W and Zn) are
associated with the presence of ZIL on the surface.

Fig. 9a shows a general view of the surface of the samples with ZIL
after 5 cycles of catalytic tests. The surface morphology of the Ti/W,
Zn + ZIL (Cat) sample is similar to the surface of the inner gray layer of
the initial PEO coating (area II in Fig. 6a, b). Of the characteristic
features, we note light spherical formations of different sizes. The
concentration of titanium is lower and the concentration of tungsten
and oxygen is higher in the lighter areas, than in the darker areas.

Compared to Ti/W, Zn(Cat) samples, the surface of Ti/W, Zn + ZIL
(Cat) samples has a significantly higher tungsten content and lower
titanium content (Table 5). This means that the application of ZIL sig-
nificantly reduces the rate of leaching of the coating components, i.e., it
stabilizes the oxide layer under experimental conditions. The uniform
distribution of sulfur, which is part of the ZIL (Fig. 9b), indicates

Fig. 4. Conversion of thiophene (a), dibenzothiophene (b) and thioanisole (c)
on Ti/W, Zn and Ti/W, Zn + ZIL samples in 5 cycles of catalytic tests with a
single loading of H2O2 as oxidizer. Reaction conditions: 60 °C, 0.1 g of catalyst
Ti/W, Zn or Ti/W, Zn + ZIL, a single loading of 0.4 mL of 50% H2O2, 4 h for (a,
b) and 0.25 h for (c). Blue – without ZIL, white – with ZIL.

Table 4
Conversion (%) of thiophene, thioanisole, dibenzothiophene and oxidative
desulphurization of diesel fuel on Ti/W, Zn catalyst with and without ZIL.

Substrate Process
time, h

Conversion, % (residual sulfur content, ppm)

Ti/W,Zn Ti/W,Zn + ZIL Ti/W,Zn + ZIL

Single loading
(0.4 mL H2O2)

Fractional loading
(0.2 + 0.2 mL
H2O2)

Thiophene 4 49 82 93
Thioanisole 0.25 75 100 100
Dibenzothiophene 4 63 91 98
Diesel fuel 4 94 (65) 97 (35) 99.6 (6)

Reaction conditions: T = 60 °C, 50% H2O2.
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uniform wetting of the surface by ZIL. An increase in the conversion of
organosulfur compounds after the application of ZIL (Fig. 4) indirectly
indicates that catalysis processes are mainly associated with the surface
of the sample, and not with dispersed coating particles that have passed
into solution. On the other hand, it is possible that the ZIL itself, de-
posited on the oxide layer, has catalytic properties. However, as to [23],
when using only 4-(3′-ethylimidazolium)-butanesulfonate, the conver-
sion of thiophene in the model reaction is about 15%.

4. Discussion

As follows from the data obtained, W-, Zn-containing PEO coatings
have a layered structure — the outer green layer is enriched with zinc
and WO3, the inner layer adjacent to the substrate is enriched with
titanium, and the intermediate gray layer has a composition similar to
that of the green layer.

During catalysis, the studied W-containing PEO coatings are gra-
dually leached from cycle to cycle, but continue to act as catalysts of
desulfurization. From the fact that the catalytically active layers are
leached, it follows that they have their own resource, and the catalysts
have their own service life. It should be noted that after the end of this
resource, the catalytically active layers could be easily regenerated as a
result of repeated PEO treatment in the same electrolyte, which is an

advantage of this method. In addition, the results of the studies show
that the use of ZIL and fractional loading of the oxidizing agent not only
increases their activity, but also reduces the loss of the active layer. As
was shown in [24], the deposition of ZIL on Ce-, Zr-containing PEO
coating also increased their activity and stability. It can be assumed that
the use of ZIL will increase the activity and stability of any coating that
has at least the slightest catalytic activity.

Even after leaching, W-, Zn-containing PEO coatings continue to
catalyze the reaction of oxidative desulfurization. This means that all
three layers — the outer layer enriched with W and Zn, the inter-
mediate layer, apparently containing non-stoichiometric tungsten

Fig. 5. Appearance of samples: (a) Ti/W, Zn - initial sample; (b) Ti/W, Zn + ZIL - the sample with zwitterionic liquid, (c) Ti/W, Zn(Cat) - the initial sample after
5 cycles of catalytic tests in peroxide oxidation of thiophene; (d) Ti/W, Zn + ZIL(Cat) - the sample with zwitterionic liquid after 5 cycles of catalytic tests in thiophene
peroxide desulfurization.

Fig. 6. Initial Ti/Zn, W sample in the area of peeling: (a, b) SEM images of intact PEO coating (I) and inner layer (II) after peeling, (b) smooth (1) and rough (2) areas
of inner layer II, and averaged elemental composition of corresponding areas.

Table 5
The effect of zwitterionic liquid and catalytic tests on the average elemental
composition of the outer catalyst layer of Ti/W, Zn catalyst.

Catalyst Elemental composition, at. %

С O S Ti W Zn

Ti/W,Zn 5.0 65.6 – 6.4 17.7 5.3
Ti/W,Zn + ZIL 46.6 38.3 3.3 3.5 6.3 2.0
Ti/W,Zn(Cat) 17.7 47.3 – 33.0 1.9 0.1
Ti/W,Zn + ZIL(Cat) 32.1 44.1 0.4 16.0 7.2 0.1
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oxides or tungsten bronzes, and the inner layer, which is titanium di-
oxide doped with tungsten and zinc, possess catalytic activity in thio-
phene oxidation. Therefore, the coatings are catalytically active in a
wide range of tungsten and zinc concentrations (from the first to the
fifth cycle). From the data obtained it follows that it is not necessary to
introduce so much tungsten and zinc into the coatings. Perhaps, it is
enough to dope a layer of TiO2 or other more corrosion-resistant
complex oxide systems with tungsten and zinc.

5. Conclusions

W-containing oxide layers including those enriched with Mn or Zn
were formed on titanium by the plasma electrolytic oxidation in acid-
ified sodium tungstate solution additionally containing acetate of
manganese (II) or zinc (II). Oxide layers containing, along with titanium
and oxygen, 15.8–18.7 at. % W, up to 5.3 at.% Zn or 7.3 at.% Mn were
obtained. All oxide systems exhibit some catalytic activity in the thio-
phene oxidation with hydrogen peroxide. Their activities are reduced

Fig. 7. SEM images of the surface of Ti/W, Zn(Cat) sample after 5 cycles of catalytic tests in peroxide oxidation of thiophene and elemental concentrations in the
areas: 1 – dark site, 2 – light site, 3 – coral-like site, 4 – pore bottom.

Fig. 8. SEM images of the surface of Ti/W, Zn + ZIL sample: (a) ZIL drops on the surface of inner layer of PEO coating after peeling II, (b) ZIL drops in the pores of
impact PEO coating I.
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by 20–25% after 5 cycles of catalytic tests.
The maximum catalytic activity of W-, Zn-containing PEO coatings

among the samples under study can be related with their largest
thickness and with the possible presence of crystalline Zn0.3WO3 and
amorphous ZnWO4 in their composition. Scanning electron microscopy
together with energy dispersive analysis have showed that W-, Zn-
containing PEO coatings have a layered structure with W-, Zn-enriched
outer green layer, intermediate gray layer of similar composition and
W-doped titania inner layer. A decrease in the activity of such catalysts
may be due to surface etching as a result of producing sulfuric acid
during this reaction.

It has been established that applying a zwitterionic liquid, such as 4-
(3′-ethylimidazolium)-butanesulfonate, to the surface of Ti/W, Zn cat-
alyst increases its activity in oxidative desulfurization of thiophene,
dibenzothiophene and thioanisole by 30–40% with a single loading of
hydrogen peroxide. The conversion of these S-containing compounds
was not changed during five consecutive cycles of catalytic tests.
According to SEM, zwitterionic liquid forms a thin film and fills the
pores on the surface, thereby protecting the catalyst from etching. With
fractional loading of hydrogen peroxide, the proposed W-, Zn-con-
taining catalyst with zwitterionic liquid has allowed removing sulfur
from diesel fuel to the residual content 6 ppm that meets the modern
environmental requirements.
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