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FeOx,SiO2,TiO2/Ti composites prepared using plasma electrolytic
oxidation as photo-Fenton-like catalysts for phenol degradation
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A B S T R A C T

FeOx,SiO2,TiO2/Ti composites were formed through combination of the methods of plasma electrolytic
oxidation and impregnation. The coatings have been studied by the methods of X-ray diffraction analysis,
electron microscopy, and X-ray photoelectron and IR spectroscopy. The photocatalytic activity of oxide
coatings has been investigated in the phenol degradation reaction. It was shown that the Fe-containing
oxide coatings were highly active in the phenol decomposition under the following conditions: 1. the
presence of hydrogen peroxide; 2. ultraviolet irradiation; 3. the presence of iron hydroxide on the surface
of coatings. The results suggest that the catalysts studied are similar to photo-Fenton-like catalysts in
their mechanism of action. Their activity is determined by the formation of iron-peroxide complexes
fixed on the coating surface and thereafter of active radicals under the UV irradiation. The kinetics of
phenol decomposition and the effect of the solution pH on the phenol decomposition degree has been
studied.
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1. Introduction

Presently, contamination of objects by wastewaters containing
stable high-toxicity contaminants constitutes an urgent problem.
In view of this, a substantial practical interest is concerned with
development of efficient and reliable methods of these contam-
inants destruction. The most promising technologies of destruc-
tion of a broad range of toxic chemicals are those of nonchemical
treatment based on Advanced Oxidation Processes (AOPs) [1].
These processes include the formation of high-reactivity hydroxyl
radical (=?�) – one of the strongest oxidation agents [2].

Among different AOPs, the Fenton reaction is one of the most
powerful oxidation processes of destruction of stable organic
contaminants [3–5]. In the homogeneous Fenton process, the
formation of hydroxyl radicals (=?�) occurs as a result of the
catalytic decomposition of =2?2 in the acidic medium (p= 2.8–
4.0) in the presence of Fe2+ ions [5]:

Fe2+ + H2O2! Fe3+ + HO� + =?� (1)
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According to [6–10], the Fenton process rate increases significantly
under effect of visible or ultraviolet radiation due to decomposition
of photoactive Fe(OH)2+ particles, thus promoting extra generation
of =?� radicals in solution:

Fe (OH)2+ + hn ! Fe2+ + HO� (2)

However, the conventional homogeneous Fenton process has a
number of disadvantages, in particular, the use of substantial
amounts of iron in the soluble form, which must be removed upon
the process completion [11]. To overcome this problem, one can
use heterogeneous Fenton-like catalysts prepared through depo-
sition of iron oxide on solid substrates, such as synthetic and
natural zeolites [12], laterite [13], clays [14–17], and silica [18].

A special interest is associated with FeOx/SiO2 composites, since
iron oxides are characterized with strong affinity to silica and can
be deposited directly on the amorphous silica [19]. In view of this,
the synthesis conditions and properties of FeOx/SiO2 composites
are under intensive research [20–25].

Oxide coatings deposited on metallic substrates can be of
certain interest as heterogeneous catalysts [24,26–42]. The
advantages of such composites include the increased thermal
and mechanical stability, high electric and thermal conductivity,
relatively low cost, and the possibility to produce articles of
complex geometric shapes.
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One of the methods, which allows technologically sound
formation of multicomponent oxide coatings on metals, is plasma
electrolytic oxidation (PEO) – the creation of oxide layers on metals
under effect of spark and arc discharges at the metal/electrolyte
interface [43,44]. The formed composites can be used as
catalytically active compounds supports [26–33], catalysts [32–
34], and photocatalysts [24,35–41] of various chemical processes.
In particular, Fe-containing oxide layers on titanium formed by the
PEO method are studied as photocatalysts of dyes degradation [41],
while those on titanium and carbon steel of the Q235 grade – as
heterogeneous Fenton-like catalysis of phenol degradation
[24,35,36].

FeOx/SiO2 composites promising for application as heteroge-
neous Fenton-like catalysts can be fabricated as by the single-stage
PEO method in silicate electrolytes with additives of iron
compounds [24] as by impregnation of SiO2,TiO2/Ti composites
formed by the PEO method in silicate electrolytes in iron salts
solutions [31]. In the latter case, it is possible to obtain oxide layers
with higher content of a transition metal manifesting higher
catalytic activity in CO oxidation, as compared to oxide layers
formed by the single-stage PEO method [32]. In SiO2,TiO2 oxide
layers, silicon is concentrated in the coatings external parts as an
amorphous silica characterized with high porosity and humidity
absorption [28,45].

In view of the above, the objective of the present work consisted
in studies of the activity of Fe-containing composites fabricated
through combination of PEO and impregnation methods with
subsequent annealing in the reaction of phenol degradation under
ultraviolet radiation in the presence of hydrogen peroxide.

2. Materials and methods

2.1. Samples preparation

Electrodes for plasma electrolytic oxidation were produced
from sheet titanium of the VT1-0 grade as plates of a size of
2.0 � 2.0 � 0.1 cm2. Samples were chemically polished in a mixture
of concentrated acids HF:HNO3 = 1:3 at 60 � 80�E for 2–3 s and
washed in distilled water.

For solutions preparation, commercial reagents (Na2SiO3�5H2O
of the analytical grade and Fe(NO3)3 of the chemically pure grade)
and distilled water were used.

Silicon oxide layers on titanium (SiO2,TiO2/Ti) were formed
within 10 min in the galvanostatic mode at an effective current
density of 0.1 A/cm2 on anode-polarized titanium in 0.1 M aqueous
electrolyte Na2SiO3. A TER4–63/460R–2–2–UKhL4 thyristor device
with the unipolar current waveform was used as a current source.
The process was carried out in a vessel made of heat-resistant glass
of a volume of 1000 mL. The cathode comprised a tubular coil made
of stainless steel of the Kh18N9T grade cooled by tap water. The
oxidized samples were washed with distilled water and dried in
air.

The fabricated SiO2,TiO2/Ti composites were immersed for 1 h
into an aqueous solution containing 1 mol/L Fe(NO3)3, after which
the remained solution was removed by filtering paper and the
samples were dried over the stove and annealed for 4 h in a muffle
furnace in air at temperatures from 100 to 750 �C.

2.2. Structure and composition characterization

The samples phase compositions were determined by the
method of X-ray diffraction analysis using a D8 ADVANCE
diffractometer (Germany) in Cuka-radiation in accordance with
a standard technique. Identification of compounds contained in the
samples under study was performed in an automatic EVA search
mode using the PDF–2 database.
The surface morphology was studied using a Hitachi S-3400
high-resolution scanning electron microscope (SEM) with an Ultra
Dry energy-dispersive spectrometer (Thermo Scientific, USA) and a
SUPERPROBE JXA-8100 microprobe X-ray spectral analyzer (JEOL,
Japan).

To determine the element composition of the oxide coating
surface, the method of X-ray photoelectron spectroscopy (XPS) was
used. Measurements of X-ray photoelectron spectra were carried
out using a Specs superhigh-vacuum device (Germany) with 150-
mm hemispheric electrostatic analyzer. MgKa-radiation was used
for ionization. The depth of the analyzed surface layer was about
3 nm. To remove the upper layer, etching by Ar+ ions was used
(energy 5000 eV, scanning time 5 min, etching rate �0.1 Å/s). The
spectra calibration was performed on E1s-lines of hydrocarbons
with the energy that was stated to be equal to 285.0 eV.

IR spectra were recorded using a TENSOR 27 Fourier IR
spectrometer (Bruker, Germany). A drop of Vaseline was put on
the PEO sample. The Vaseline-wetted area was peeled by a scalpel
on a KBr glass, which was then placed into the spectrometer inside
the sample holder.

2.3. Photocatalytic studies

The photocatalytic activity of the fabricated samples was
determined through photodegradation of phenol in an aqueous
solution (p= 3–7, 50 mg/L) containing 10 mmol/L =2?2 under
ultraviolet radiation. To attain pH 3 or 4, the phenol solution with
pH 5 was added with a certain amount of H2SO4, for p= 6 4 7–
NaOH. Total phenols content in the solutions under study was
determined by the spectrophotometry method in accordance with
the Folin–Ciocalteu method [46].

A UV-mini 1240 spectrophotometer (Shimadzu, Japan) was
used to measure concentration changes using the Bouguer–
Lambert–Beer equation: A = e � l � C, where A, e, l, and C – the
solution optic density, the molar absorption coefficient, the beam
path length, and the solution concentration, respectively. Since e
and l are constants, C is directly proportional to the optic density
and can be obtained by measuring the parameter A.

For photocatalytic studies, 100 mL of phenol solution with
hydrogen peroxide and a sample of a size of 20 � 20 mm used as a
photocatalyst were placed into a quartz cell. An SB-100P UV-lamp
(radiation maximum at a wavelength of 365 nm) was used as a
radiation source. In each experiment, prior to radiation, the
solution with a sample inside it was left in darkness for 30 min to
establish the adsorption/desorption equilibrium, after which the
solution optic density was measured – it was used as a reference
point A0. Thereafter, the sample inside the solution was UV-
irradiated for different time periods – from 30 to 300 min.

To determine the phenol content, 50 mL of the studied solution
diluted in 10 times was added with 1 mL of the Folin–Ciocalteu’s
reagent and 1.5 mL of 20% solution of Na2CO3. The obtained
mixture was stirred for 30 min for color development. The optic
density measurement was carried out at l = 700 nm. The degree of
phenol degradation was calculated according to the formula

X = (A0–A)/A0� 100%, (3)

where A – the solution optic density upon irradiation, A0 – that
prior to irradiation upon holding in darkness with the sample for
30 min.

Total concentration of the dissolved iron after photocatalytic
tests, including the sample holding in phenol aqueous solution
with hydrogen peroxide for 30 min and subsequent irradiation for
2 h, was determined by the spectrophotometry method using 1,10-
phenanthroline (FerroVer method) and a UV–vis DR 2800
spectrophotometer (Hach Lange, USA).



Table 1
Phase and element composition data

Annealing temperature, �C Phase composition

100 TiO2 (anatase, rutile), FeOOH (traces)
200 TiO2 (anatase, rutile), FeOOH (traces)
300 TiO2 (anatase, rutile), a-Fe2O3 (traces)
400 TiO2 (anatase, rutile), a-Fe2O3

500 TiO2 (anatase, rutile), a-Fe2O3

600 TiO2 (anatase, rutile), a-Fe2O3

700 TiO2 (anatase, rutile), a-Fe2O3

750 TiO2 (anatase, rutile), a-Fe2O3
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3. Results and discussion

3.1. Oxide coatings characterization

Fig. 1 and Table 1 show the phase composition data for Fe-
containing oxide layers on titanium fabricated through combina-
tion of the methods of PEO and impregnation that underwent extra
thermal treatment at different temperatures. The X-ray image of
the coating annealed at 100 �C contains reflections assigned to
titanium oxide in rutile and anatase modifications and small peaks
corresponding to FeOOH (Fig. 1a). The coatings annealed at 200 �C
Fig. 1. X-ray diffraction patterns for FeOx,SiO2 composite annealed at temperatures,
�C: a – 100; b – 400; c – 700.
have the same phase composition as at 100 �C (Table 1). On the X-
ray image of the coating annealed at 300 �C, one observes traces
(on those of the coating annealed at 400 �C – small reflections)
assigned to a-Fe2O3 (Fig. 1b), which increase along with the
increase of the annealing temperature up to 700 �C (Fig. 1c). In
other words, the FeOOH transformation into hematite occurs at
temperatures above 200 �C, which is in agreement with the
literature data [47].

Fig. 2 shows the IR spectra of iron-containing oxide layers on
titanium annealed at 100 and 500 �C. The IR spectrum of the
sample annealed at 100 �C contains bands at 1091 and 468 cm�1

corresponding to vibrations of Si��O��Si groups. The range of
Si��O��Si bonds vibrations around 1090 cm�1 can include
superposition with those of Me��OH bonds (;e – metal) [48].
That is why the band at 1091 cm�1 can include the signal from
Fe��OH.

The IR spectrum of the sample annealed at 500 �C contains
bands at 1050, 520, and 460 cm�1. The band at 1050 cm�1 could
correspond to stretching vibrations of Si��O��Si groups. This band
is shifted relatively to similar one in the sample annealed at 100 �C.
Such a shift can be explained by disappearance of Fe��OH bonds,
whose vibration frequency is similar to that of Si��O��Si bonds.
The bands at 520 and 460 cm�1 characterize iron oxide in the
hematite modification [49]. The IR spectroscopy data corroborate
the XRD results.

According to the data of X-ray spectral element analysis, all the
coatings under study (the analyzed layer depth �1–2 mm) contain
iron, silicon, and oxygen, whose concentration dependencies on
temperature are shown in Fig. 3. The highest contents of iron (�37
at.%) and oxygen (�51 at.%) and the lowest content of silicon (�12
at.%) were found in oxide layers annealed at 100 �C (Fig. 3). In oxide
layers annealed at 200 �C and higher, the iron content decreases by
5–10 at.% in average, the oxygen content – by 1–4 at.%, whereas the
silicon content in such layers increases by 7–10 at.%. Besides, the
coatings annealed at 100 and 200 �C do not contain titanium,
which was found in quantities of 1–3 at.% in coatings annealed at
300 �C and higher (Fig. 3). Changes in the element composition
correlate to changes in the surface structure (Fig. 4).
Fig. 2. IR spectra of Fe-containing layers on titanium annealed at 100 �C (a) and
500 �C (b). (c) – Vaseline spectrum.



Fig. 3. The elemental content for FeOx,SiO2 compositions in dependence on
annealing temperature (from the XSA data).

Fig. 4. SEM images of the surfaces of samples annealed at diff
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As can be concluded from SEM images of Fe-containing coatings
annealed at different temperatures (Fig. 4), the surfaces of all the
coatings were heterogeneous with high degree of roughness and
the presence of numerous coral-like structures, which generally
characterizes coatings formed in the silicate electrolyte [32]. At the
annealing temperature near or higher than 200 �C, there occurs, as
seen from above data of IR spectroscopy and X-ray diffraction
analysis, the FeOOH decomposition until Fe2O3 and H2O (with
evaporation), which is accompanied with contraction and cracking
of initially virtually solid hydrated iron-containing layer deposited
through impregnation. Thereafter, the element composition of the
coating external layer stabilizes. Finding titanium at the annealing
temperature above 200 �C must be related to the emergence and
development of cracks (Fig. 4) and the contribution of the opened
parts of the TiO2-containing initial coating into the composition to
be determined.

Table 2 and Fig. 5 show the data of X-ray photoelectron
spectroscopy used to analyze the surface layer of a thickness of
erent temperatures, �C: a, b – 100; c, d – 400; e, f – 500.



Table 2
Binding energies (eV) and elemental content (at.%) in the studied samples from XPS data, in the numerator – before etching, in the denominator – after etching.

Element Sample annealing temperature, �C

100 300 100 300

Surface chemical composition

Eb (eV) C (at. %) Eb (eV) C (at. %) Chemical groups or compounds

Fe (2p) 711.8
710.8

4.1
16.1

711.2
710.3

11.7
23.0

FeOOH
FeO

Fe2O3

FeO
O (1s) No signal

534.5
0.0
11.3

533.6
533.9

13.1
10.1

NOx

532.5
532.2

27.6
11.9

531.9
532.0

10.7
7.6

SiO2, -COx

530.4
530.0

14.8
33.3

530.1
530.0

35.7
32.9

FeOx

Si (2p) 104.0
104.8

7.4
10.9

104.1
104.4

9.4
10.2

SiO2

C (1s) No signal
289.4

0.0
1.4

289.0
289.2

2.1
1.3

-COO

288.2
287.4

3.5
2.4

287.2
286.9

1.7
2.2

-CO

285.0
285.0

39.9
10.2

285.0
285.0

15.6
10.5

-CC

N (1s) 407.0
403.1

2.7
2.5

No signal
399.0

0.0
2.2

NOx, N2

Fig. 5. Fe 2p1/2 and Fe 2p3/2 XPS spectra of oxide layers on titanium annealed at
different temperatures.
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�3 nm. According to the XPS data, the surface layer of samples
annealed at 100 and 300 �C contains iron, silicon, oxygen, carbon,
and nitrogen (Table 2). Similarly to the XSA data, titanium was not
found in surface layers of the studied samples, which indicates to
the fact that they consist mainly of compounds of electrolyte
elements and impregnation solution and do not contain the
titanium base material.

In accordance with the XPS data (analysis depth �3 nm), in the
composition of the surface layer of the sample annealed at 100 �C,
the iron content is 4.1 at.%. In the subsurface layer of the same
sample (upon etching of the upper layer of a thickness of �3 nm),
the iron content increases 4-fold. In the surface layer of the sample
annealed at 300 �C, the iron content is 11.7 at.%, whereas in the
subsurface layer it increases 2-fold. Thus, for two samples
annealed at different temperatures, one observes a substantial
increase of the iron content along with the increase of the coating
depth and, therefore, the presented data do not contradict the XSA
data providing higher iron contents. Analysis of the XPS spectra
(Fig. 5) indicates that iron in the surface layer of the sample
annealed at 100 �C is present in the oxidation state of +3, probably,
in the form of FeOOH characterized with the binding energy (Eb)
Fe2p3/2 about 711.5 eV. Besides, the presence of Fe2O3 (from
literature data, the average Eb Fe2p3/2 �711.2 eV). Possibly, a small
part of iron is present in the form of nitrate, since one observes a
substantial increase of the content of the metal-oxide oxygen over
that of iron (Table 2). In the subsurface layer (upon etching by ion
bombardment of the layer of a thickness of a few nm), the iron state
changes significantly: Eb decreases down to 710.8 eV, the shake-
up-satellite shifts to the side of 2p3/2 band, which indicates to the
presence of Fe2+. One must not exclude that these changes are
induced by the effect of high-energy argon used for etching.

In the sample annealed at 300 �C, iron is present predominantly
in the form of Fe2O3 (Fig. 4, Table 2).

The above peculiarities correlate to the oxygen state and
content. In the upper layer of the sample annealed at 100 �C, one
observes three types of oxygen � bound to nitrogen, contained in
SiO2 and metal-oxide ones. The contents of oxygen forms are in
agreement with those of silicon and iron.

3.2. Photocatalytic activity of the samples under study

Preliminary tests demonstrated that phenol degradation did
not occur: a) in the absence of PEO-coatings; b) on SiO2,TiO2/Ti
composites not modified with iron; c) in the absence of hydrogen
peroxide in solution; d) without application of UV irradiation on
the solution. In other words, the process of phenol decomposition
occurs only in the presence of an iron-containing sample, hydrogen
peroxide, and UV radiation. Therefore, one can assume that the
reaction of formation of radicals responsible for phenol decompo-
sition proceeds through formation of hydroperoxide surface
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complexes PEO = Fe3+� OH(H2O2)s in accordance with the mecha-
nism suggested in [50] for the heterogeneous Fenton-like catalysis:

PEO = Fe3+� OH + H2O2! PEO = Fe3+� OH(H2O2)s (4)

PEO = Fe3+� OH(H2O2)s + hn ! PEO = Fe2+ + �O2H + H2O (5)

O2H $ H+ + �O2
� (6)

PEO = Fe3+� OH(H2O2)s + �O2H/�O2
�! PEO = Fe3+� OH + H2O/

OH� + �OH + O2 (7)

PEO = Fe2+ + H2O2! PEO = Fe3+� OH + �OH + H2O (8)

Besides, additional formation of hydroxyl radicals is possible
through that of unstable surface complexes PEO = Fe4+ = O in
accordance with the mechanism [50]:

PEO = Fe3+� OH + hn ! PEO = Fe4+ = O + HO� (9)

PEO = Fe4+ = O + H2O ! PEO = Fe3+� OH + HO� (10)

Comparison of the photocatalytic activity of iron-containing
samples annealed at different temperatures was performed under
identical conditions: 50 mL of phenol solution (C = 50 mg/L),
irradiation time 2 h, p= = 3, C(=2?2) = 10 mmol.

According to the obtained results, the degree of phenol
degradation depends on the samples annealing temperature
(Fig. 6). At using iron-containing oxide layers annealed at 100
and 200 �C as photocatalysts, this parameter attains more than
88%. However, for samples annealed at 300 �C, the degree of phenol
degradation decreases more than 2-fold (Fig. 6).

Probably, such a difference in photocatalytic activity of samples
annealed at different temperature is caused by the difference in
their surface composition.

According to the XRD, IR spectroscopy, and XPS data, the surface
of coatings annealed at 100 and 200 �C contain iron meta-
hydroxide that transforms to hematite (a-Fe2O3) along with the
temperature increase. Hematite and FeOOH comprise semicon-
ductors of the n-type with small widths of the forbidden band
equal to �2.2 and �2.1 eV, respectively [47]. However, their
Fig. 6. Dependence of the degradation degree on the sample annealing tempera-
ture.
application as photocatalysts is limited due to high rate of
electrons and holes recombination [47,51,52].

In our case, at the conditions of UV irradiation, the samples
under study are not active in phenol degradation in the absence of
hydrogen peroxide. The latter could be caused by the fact that
hydrogen peroxide has the role of a scavenger in Fenton-like
processes, i.e., it serves as a trap and could significantly reduce the
rate of electrons and holes recombination [52].

The fact that the samples activity decreases at the FeOOH
substitution by a-Fe2O3 in them can be explained by dehydrox-
ylation of the samples surface along with the increase of their
annealing temperature, i.e., the decrease of the number of hydroxyl
groups Fe-OH participating in the photocatalytic reaction. Besides,
hydroxyl groups bound to one iron atom (mono-coordinated
groups), which are more reactive in comparison with two- and
three-coordinated ones, can be predominant in the goethite
structure [47].

The authors of [53] explained higher activity of goethite in
comparison to that of hematite by higher goethite dissolution and,
as a result, a substantial contribution of the homogeneous Fenton-
process (reactions 1, 2) into total process of hydroxyl radicals’
formation. However, as was shown in our studies, the iron
concentration in phenol solution upon photocatalytic tests
depended insignificantly on the studied sample and experimental
conditions (Table 3). Therefore, the dissolved iron does not have a
determining effect on the degree of phenol degradation in the
presence of samples annealed at different temperatures.

In addition, one must not exclude changes in the surface
morphology on the degree of phenol degradation. The increase of
the number and sizes of cracks formed at samples annealing
(Fig. 4) could result in diffusion slowdown related to penetration
and delay of the studied phenol solution in PEO-coatings cracks.

3.3. Dependence of the phenol degradation degree on the reaction time

It was also established that phenol degradation depended on
the irradiation time (Fig. 7). For example, in case of the sample
annealed at 300 �C, the phenol degradation within first 60 min of
irradiation does not occur. The phenol degradation degree for such
a sample attains 36% within 2 h and increases up to 92% within 3 h.
Thereafter, it changes insignificantly (up to 95%) along with the
increase of the irradiation time from 3 to 5 h.

At the same time, in case of the sample annealed at 100 �C, the
degradation degree within 60 min of irradiation is already equal to
67%, while upon 90 min it attains 96% and, thereafter, changes
insignificantly.

The latter enables assuming that slow stages related to radicals
formation take place before the start of the active phenol
degradation stage.

According to [50], the formation of hydroperoxide surface
complexes between hydrogen peroxide and Fe(III) active centers
on the surface is an initiating stage of total Fenton-like process
(Eq. (4)). In view of the fact that in our case phenol degradation
does not occur in the darkness and in the absence of hydrogen
peroxide, the formation of surface PEO = FeIIIOH(H2O2)s complexes
must be the limiting, very slow stage (Eq. (4)). Then, along with
Table 3
Iron concentration in phenol solution upon photocatalytic tests under different
conditions.

Annealing temperature, �E pH C (iron), mg/L

100 3.05 0.26
300 3.02 0.27
100 5.97 0.16
100 7.06 0.17



Fig. 7. Dependence of the degradation degree on the time of irradiation of samples
annealed at different temperatures.
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formation of surface complexes, their decomposition under UV
irradiation, and accumulation of a critical amount of hydroxyl
radicals in solution, the process of phenol degradation dramati-
cally accelerates as a result of a combination of reactions (5)–(8)
(Fig. 7).

The increase of the initial period duration (Fig. 5), when the
phenol degradation is not observed, is determined by slower
formation of surface complexes on coatings containing iron oxides,
as compared to those with iron hydroxides.

3.4. Effect of pH on the phenol degradation degree

It is generally known that the efficiency of homogeneous and
heterogeneous Fenton processes depends on pH [10,14,54–58].
Fenton reactions proceed at high rates in acidic media (p= 2.8–
4.0). To decontaminate wastewater streams containing phenolic
compounds, Fenton-like catalysts capable to function in a broad pH
range are of interest.

The effect of pH on phenol degradation for the samples under
study annealed at 100 and 200 �C was estimated in the pH range
from 3 to 7 (Fig. 8). One can see that at pH 3, 4, and 6 the degree of
phenol degradation is rather high and about the same. Its
insignificant decrease occurs at pH 5, while more substantial
one– at pH 7. Therefore, the PEO-coatings on titanium with iron
hydroxide on the surface we fabricated can be used as heteroge-
neous Fenton-like catalysts in the pH range 3–6.

In general, the obtained results corroborate the fact that
heterogeneous photo-Fenton-like processes can be implemented
in a rather wide pH range, which is an advantage before
conventional homogeneous ones.
Fig. 8. Dependence of the degradation degree on the solution pH for the sample
annealed at 100 �C.
4. Conclusions

The composition, surface structure, and photocatalytic activity
in the reaction of phenol degradation of FeOx,SiO2,TiO2/Ti
composites formed by combination of the methods of plasma
electrolytic oxidation and impregnation with subsequent anneal-
ing in air in the temperature range from 100 to 750 �C has been
investigated. Oxide coatings annealed at 100 and 200 �C contain
titanium oxide in anatase and rutile modifications and the
crystalline phase FeOO= that transforms into hematite at higher
temperatures. Photocatalytic activity of oxide coatings was studied
in the reaction of phenol degradation under ultraviolet irradiation
in the presence of hydrogen peroxide. The highest degree of phenol
degradation (90% and higher) is attained in the presence of FeOx,
SiO2,TiO2/Ti composites that underwent thermal treatment at 100
and 200 �C. In the presence of samples annealed at higher
temperatures, the degree of phenol degradation decreases
several-fold. For the samples annealed at 100 and 200 �C, the
degree of phenol degradation of >70% is attained in a rather wide
pH range (3–6), which constitutes an advantage over the
conventional homogeneous Fenton-like process.

The iron-containing oxide coatings on titanium fabricated and
studied in the present work are promising for water decontami-
nation from organic contaminants as Fenton-like heterogeneous
photocatalysts.
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