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Abstract: This work is concerned with photochemical degradation of naphthalene
using non-stoichiometric titanium oxides Ebonex (Magneli phases). Ebonex was me-
chanically pretreated by milling in planetary mills for 20 h in order to reduce the
particle size. For comparison, the photochemical degradation was performed by using
of commercial photocatalyst TiO2 HOMBIKAT UV-100. Structural characterization
of the photocatalysts was performed by means of XRD analysis, Raman spectroscopy
and SEM microscopy. It was found that HOMBIKAT UV shows anatase crystalline
structure with particle size of 10 nm. Ebonex contains mostly the first three non-
stoichiometric oxides of the homologues series: Ti4O7, Ti5O9 and Ti6O11 with particle
size of about 200 nm. The both photocatalysts form spherical micron- or submicron-
scaled aggregates. Photochemical activity within the UV region of the light was deter-
mined by means of FTIR spectroscopy. In both cases intensive activity was registered.
However, Ebonex showed higher activity (the photocatalytic activity is more than 95%)
related to the HOMBIKAT UV (the photocatalytic activity is near 60%). It is expected
their photocatalytic activity to be more intensive in the visible region of the light.
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1. Introduction

Besides the industry, the source of organic pollutants emitted into environment can be
many usual human activities such as driving a car, mowing grass, firewood for heating
etc. Photocatalysis is a very promising method to solve many of the problems related
to the increasing environmental pollution. Since the discover of the photoactivity of
titania (early-1970s) an intensive development has made on the field of photochemistry.
Recently, lot of attention is focused on nano-sized photocatalytic materials [1]. As a
highly active, stable, non-toxic and cheap, TiO2 is one of the most used photocata-
lysts in many fields of environmental remediation such as: decomposition of hazardous
organic and malodorous compounds [2-4], purification and treatment of water [5] and
air [5, 6], decolorization of dyeing waste-water [7, 8] etc. The photocatalytic activity
of TiO2 polymorphs is influenced by the type of crystalline structure, particle size and
specific surface area, pore size and distribution etc. Among the polymorph phases
of TiO2 (brookite, anatase and rutile), anatase has shown the highest photocatalytic
activity [9].
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It is known that TiO2 is photoactive in the UV region of light [10] which is less
than 4% in solar light. It has been shown that addition (doping) of different anions
or cations can effectively improve the photocatalytic activity of TiO2 and promote it
in the visible region of light [11-13]. This kind of activity is result of some lattice
defects during the doping, mainly of oxygen vacancies. On the other hand, it is known
that non-stoichiometric titanium oxides phases (Magneli phases) are formed by the
introduction of oxygen vacancies into the TiO2 structure in ordered arrangement [14].
So, this structure of Magneli phases offers their application in photocatalysis [15]. The
main goal of the present work is application of Magneli phases as a photocatalyst for
degradation of organic pollutants and to compare its activity with anatase crystalline
form of TiO2. As material pollutant for photocatalytic degradation an aromatic
hydrocarbon with two conjugated benzene rings naphthalene was used. It was chosen
as a hazardous pollutant which appears as by-product in the process of oil distillation,
in emitted gases by vehicles etc.

2. Experimental procedures

As a photocatalysts for the oxidation of naphthalene non-stoichiometric titanium oxides
(Magnelli phases) were used (trade name Ebonex, Altraverda, UK). For comparison,
the photochemical degradation was performed by using of commercial photocatalyst
TiO2 HOMBIKAT UV-100. The used pollutant naphthalene was supplied by Merck
(p.a.). Because the used Magneli phases were graded in micron size (1÷5 µm), their
application as photocatalyst would not have much effect. Therefore, firstly they were
mechanically treated by Fritsch Planetary Mill (Pulverisisette 5) without binder. The
dry ball milling was performed with acceleration of balls of 200 rpm, for different du-
ration - 4, 8, 12, 16 and 20 h. The ball diameter was 1 cm, while the mass ratio of
balls vs. treated material was 3:1. Photocatalytic materials previously were character-
ized by means of X-ray diffraction analysis (XRD), Raman spectroscopy and Scanning
Electron Microscopy (SEM). XRD measurements were carried out by X-Ray diffrac-
tometer Philips APD 15, with CuKα radiation. Raman spectroscopy measurements
were performed using Nicolet Almega XR spectrometer (Thermo electron), with exci-
tation line of 473 nm. SEM observation was carried out by JEOL JSM 6390 microscope
equipped with an INCA Oxford Energy X-Ray Analyser. For oxidation of naphthalene
pure oxygen was used. Equipment for the photocatalytic degradation of naphthalene
was consisted of Pyrex glass vacuum line (pressure of 10-15 Pa). Within the line are
connected solid naphthalene (C10H8) in a test tube with a valve, oxygen in a balloon
and the photoreactor in which chemical vapor deposition taking place. The photo-
catalyst material is located onto glass carrier in the photoreactor. Mixture of oxygen
and naphthalene was collected via vacuum line in Pyrex glass reactor before the UV
irradiation. The excess gases were collected in renegade. The end of the vacuum line,
vacuum pump was linked to achieve the required vacuum. For irradiation the mixture
of naphthalene, oxygen and photocatalyst, mercury lamp was used (medium pressure
and intensity of 100 W). To provide in-situ FTIR spectroscopy measurements, the ends
of the reactor were supplied by KrS 5 (thallium bromide - thallium iodide) windows.
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The change of the gas phase composition during the photocatalytic experiments was
observed by means of FTIR spectroscopy (Nicolet Impact 400).

3. Results and Discussion

Determination of the particle size of the mechanically treated Magneli phases was done
using TEM analysis. These results given elsewhere [16] are summarized in the diagram
shown in Fig. 1. The particle size decreases from above 700 nm in the sample with
untreated Magneli phases to 215 nm in the sample with Magneli phases treated for
20 h. The catalysts containing support material treated for 16 and 20 h show very
close values of support’s particle size, 230 and 215 nm respectively. So, the optimal
duration of the mechanical treatment of Magneli phases would be in range of 16-20 h
and further mechanical treatment is not necessary. This can be explained by the fact
that during mechanical reduction of the particle size, the increase of the surface area
is followed by considerably increase of the surface energy making the treated material
thermodynamically unstable. The mechanism by which the material can be transferred
to thermodynamically stable state (reduction of the overall energy) is agglomeration
of the grains.

Figure 1: Plot of dependence between duration of mechanical treatment and
average particle size of Magneli phases.

SEM images of both used photovatalysts are shown in Fig. 2. Magneli phases
(Fig. 3a) forms aggregates in submicron dimensions and the presence of hole can be
observed. This is suitable for inter-particle porosity of the material which is favorable
for catalytic purposes. TiO2 HOMBIKAT UV-100 (Fig. 3b) forms smaller aggregates
(50÷200 nm) and its real surface area is obviously considerably higher (declared BET
surface area is 250 m2g−1).
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Figure 2: SEM images of a) Magneli phases and b) TiO2 HOMBIKAT UV-100.
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Figure 3: XRD spectra of a) Magneli phases and b) TiO2 HOMBIKAT UV-
100.

Phase composition of the photocatalysts was determined by means of X-ray diffrac-
tion analysis (XRD). XRD spectrum of HOMBIKAT UV-100 is shown in Fig. 3a.. As
can be seen, all identified peaks corresponding to the anatase crystal structure of TiO2.
Fig. 3b shows the XRD spectrum of Magneli phases. It is known that the homologous
series of Magneli phases (TinO2n−1 (4 ≤ n ≤ 9) is large [14] and in the studied material
are present almost all oxides, more or less. According to the presented XRD spectrum,
the first three oxides (Ti4O7, Ti5O9 and Ti6O11) of Magneli phases were detected.
Their contribution is almost uniform. This does not mean that others homologous
oxides are not present, but they are present in very small amounts.

The same phase composition for both photocatalysts was detected by Raman spec-
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Figure 4: Raman spectra of the studied photocatalysts.

Figure 5: FTIR spectra of naphthalene before irradiation (1) and after 180
min irradiation by TiO2 HOMBIKAT UV-100 (2) and Magneli phases (3).

troscopy (Fig. 4). As can be seen, the photocatalyst TiO2 HOMBIKAT UV (curve 1)
shows characteristic Raman bands (640, 518, 400 and 142 cm−1) which correspond to
the active modes of anatase crystalline structure [17, 18]. Within the Raman spectrum
for Magneli phases (curve 2) characteristic bands were detected at 608, 420, 265 and
140 cm−1. According to literature data [19, 20], these bands correspond to Magneli
phases, i.e. to the first three of the homologous series: Ti4O7, Ti5O9 and Ti6O11.
Raman spectra for both studied photocatalytic materials are in agreement with XRD
analysis.

Photocatalytic degradation rate of naphthalene was observed by means of FTIR
spectroscopy. Naphthalene oxidation is taking a place by the following reaction: C10H8

+ O2 + hν + photocatalyst → intermediares → CO2 + H20 + photocatalyst Shown in
Figure 5 are the FTIR spectra of naphthalene before irradiation (line 1) and after 180
min irradiation by TiO2 HOMBIKAT UV-100 (line 2) and Magneli phases (line 3).
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The line (1) shows that naphthalene has several characteristic peaks: peak with a
medium intensity at 3060,3 cm−1, peak with low intensity at 1263,4 cm−1, peak with
very high intensity at 781,8 cm−1 and peak with high intensity at 473,3 cm−1. After 3
h irradiation by UV-lamp in presence of commercial TiO2 HOMBIKAT UV-100, FTIR
spectra of degraded naphthalene is shown by line (2) in Figure 6. The peak at 3066
cm−1 is almost disappeared, but as result of that it appear broad peak in the region
from 3040÷2660 cm−1 with a few pronounced maximums at 2970, 2900, 2733 and
2705 cm−1. The first one (2970 cm−1) corresponds to C-H stretching from aliphatic
hydrocarbons [21]. The next peak positioned at 2900 cm−1 appears as result of CH3

stretching from aliphatic hydrocarbons. The peaks at 2733 cm−1 and 2705 cm−1 are
consequence of aliphatic aldehyde CH2-CHO [21]. The peak in the region of 2400 ÷

2300 cm−1 corresponds to a surface CO22 [22]. The peak 781,8 cm−1 (characteristic
one for naphthalene) is reduced for about 60%, and as a consequence of that a new peak
at 668 cmv appears which corresponds to CO2. FTIR spectra of degraded naphthalene
after 3 h irradiation by UV-lamp in presence of Magneli phases, is shown by line (3) in
Figure 5. It can be seen that peak at 3066 cm−1 is totally disappeared which is result
of degradation of aromatic rings. In the region of 2400 ÷ 2300 cm−1 very pronounced
peak exists as result of surface CO2 [22]. Peak 781,8 cm−1 (characteristic one for
naphthalene) is disappeared (reduced more than 95%), and consequently new peak
appears at 668 cm−1 which corresponds to free CO2 [22].

4. Conclusions

The research presented in this paper, was motivated by the idea to perform phocat-
alytic degradation of organic pollutant naphthalene by non-stoichiometric titanium
oxides Magneli phases. This photodegradation was compared with corresponding one
performed by commercial TiO2 photocatalyst HOMBIKAT UV-100 with anatase crys-
talline structure. Structural characterization of the used photocatalysts was done by
means of XRD analysis, Raman spectroscopy and SEM observation, while the processes
of photocatalytic degradation was observed by FTIR spectroscopy. According to the
exposed results, we could draw the following conclusions: TiO2 HOMBIKAT UV is
consisted of anatase crystals, which form spherical aggregates of 50÷200 nm. Magneli
phases after 20 h milling reach submicron particles of about 200 nm. It was shown that
further milling would not contribute to additional reduction of particles. Morphology
of the Magneli phases was consisted of spherical aggregates of submicron and micron
scale. After degradation of naphthalen for 3 h, in presence of HOMBIKAT UV, a lot of
compounds in the gas mixture was detected such as unreacted naphthalen, substituted
derivates of naphthalen and aliphatic hydrocarbons (ethanol, aldehides and ketones).
After degradation of naphthalen for 3 h, in presence of Magnely phases, only CO2 and
water into the reactor was detected, indicating almost total degradation of aromatic
hydrocarbon naphthalene. For total degradation of naphthalene in presence of Magneli
phases the level of degradation was determined over than 95%, while in presence of
HOMBIKAT UV corresponding degradation was less than 60%.
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