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a b s t r a c t

Fe-C-TiO2 photocatalysts were prepared by mechanical mixing of commercial anatase TiO2 precursor
with FeC2O4 and heating at 500–800 ◦C under argon flow. These photocatalysts were tested for dyes
decomposition: Methylene Blue (MB), Reactive Black (RB) and Acid Red (AR). The preliminary adsorption
of dyes on the photocatalysts surface was performed. Modification of anatase by FeC2O4 caused reducing
of zeta potential of the photocatalyst surface from +12 to −7 mV and decreasing of their adsorption ability
towards RB and AR, which were negatively charged, −46.8 and −39.7, respectively. Therefore, unmodified
TiO2 showed the highest degree of RB and AR decompositions in the combination of dyes adsorption
and UV irradiation. Methylene Blue, which had zeta potential of +4.3 in the aqueous solution was poorly
adsorbed on all the tested photocatalysts and also slowly decomposed under UV irradiation. The high
rate of dyes decomposition was noted on Fe-C-TiO2 photocatalysts under UV irradiation with addition
of H2O2. It was observed, that at lower temperatures of heat treatment such as 500 ◦C higher content of
carbon is remained in the sample, blocking the built in of iron into the TiO2 lattice. This iron is reactive
in the photo-Fenton process resulting in high production of OH radicals and also high activity of the
photocatalyst. At higher temperatures of heat treatment, less active FeTiO3 phase is formed, therefore Fe-
C-TiO2 sample prepared at 800 ◦C showed low photocatalytic activity for dyes decomposition. Fe-C-TiO2

photocatalysts are active under visible light irradiation, however, the efficiency of a dye decomposition is

lower than under UV light. In a dark Fenton process there is observed an insignificant generation of OH
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the dyes decomposition.

. Introduction

Industrial dyestuffs including textile dyes are recognized as
eing an important environmental threat. Physical, chemical, and
iological methods are available for treatment of such waste, how-
ver, they are not sufficient and advantageous, therefore applying
dvanced oxidation processes (AOPs) seems to be reasonable. AOPs
re attractive in providing a promising and competitive solution for
he abatement of numerous hazardous compounds in wastewater
ncluding Fenton or photo-assisted Fenton process, ozone or/and
eroxide photolysis, and semiconductor photocatalysis process.
enerated in AOPs hydroxyl radicals drive an oxidation processes,

hich are suitable for achieving the complete elimination and min-

ralisation of various pollutants such as phenols, chlorophenols,
esticides, alcohols, azo dyes, pharmaceutics, humic acids, organic
cids and others [1–6].
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osition of a dye, what suggests the powerful of photo-Fenton process in

© 2008 Elsevier B.V. All rights reserved.

Both, photocatalysis and photo-Fenton reactions can give rise of
H radicals formation, which have been known as the strong and
o selective oxidisers of the organic matter in water. Iron is the
ost commonly used metal as a Fenton reagent and can be used

n the form of iron salt as a homgeneous catalyst or as a heteroge-
eous catalyst in the form of a supported metal. The latter one is
eing more advantageous, because can be reused in the following
rocesses. In photo-Fenton process OH radicals are produced in the
ollowing reactions [1]:

e2+ + H2O2 → Fe3+ + HO• + HO− (1)

e3+ + HO− + h� → Fe2+ + HO• (2)

The reaction (1) proceeds much faster than reaction (2), thus the
ield of photo-Fenton reactions is higher in the excess of the Fe2+
ons. Reduction of Fe3+ ions occurs in the presence of UV light.
Doping of iron to TiO2 has been widely described by the others,

ecause iron doping can give some benefits such as retarding
he inconvenient recombination reaction, which proceeds after
hotocatalyst excitation and also can extend the photocatalytic

http://www.sciencedirect.com/science/journal/03043894
http://www.elsevier.com/locate/jhazmat
mailto:beata.tryba@ps.pl
dx.doi.org/10.1016/j.jhazmat.2008.05.057
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bility of the photocatalyst to the visible region [7–10]. However,
t was proved that the photoactivity of Fe/TiO2 catalyst depended
n the way of preparation that influenced the amount and state of
ron [11–14].

Different methods of Fe/TiO2 preparation have been reported
11–14], such as impregnation of TiO2 with aqueous solution of
e(NO3)3·9H2O or sol–gel method from TiCl4 and Fe(NO3)3·9H2O
recursors. It has been reported that Fe/TiO2 prepared by the
ol–gel method was less active than TiO2 due to the fact that
opants acted rather as recombination centers than a trap sites
or charge transfer. Thus, the obtained photocatalysts revealed the
ower amount of surface hydroxyl groups and a lower anatase-
o-rutile ratio compared to TiO2 precursor sample. The extent
f doping is also important, because the presence of separated
ematite or pseudobrookite (Fe2TiO5) phases in samples contain-

ng more than 2% of iron can decrease the catalyst activity [11]. It
as been also proved that the excess of deposited iron on TiO2 can

orm Fe(OH)2+ species, which has the greater adsorption to the inci-
ence light in the range of 290–400 nm than TiO2, and can decrease
he Fe/TiO2 photoactivity [14]. The low temperature of calcination,
uch as 300 ◦C in Fe/TiO2 preparation appeared to be favored taking
nto account its photoactivity [14].

Hematite can work as a photocatalyst and can decompose some
rganic compounds, like aniline or benzo[a]pyren [15,16]. However,
he mixture of Fe2O3 and TiO2 has been reported to be less active
han original TiO2 itself [17,18].

Recently, we have developed a new group of Fe-C-TiO2 photocat-
lysts. It was reported [19–22] that Fe-C-TiO2 photocatalyst could
ork in photo-Fenton process in water purification under UV irra-
iation and hydrogen peroxide addition. The prepared Fe-C-TiO2
hotocatalysts contained both forms of iron, Fe(II) and Fe(III), but
hese samples with low content of carbon contained more iron
n the form of Fe(III). Sample prepared at 500 ◦C showed higher
hotoactivity under UV irradiation with H2O2 than the other sam-
les heated at higher temperatures such as 600–900 ◦C [21]. In this
aper the photoactivity of Fe-C-TiO photocatalysts towards dyes
ecomposition is discussed in relation to dyes adsorption on the
hotocatalyst surface, zeta potential of the photocatalysts and reac-
ivity of iron phases in photo-Fenton process.

. Experimental

.1. Photocatalyst preparation

Commercially available anatase structure TiO2 precursor
btained from the Chemical Factory Police S.A. in Poland has been
sed for preparation. Anatase type TiO2 contained a small amount,
bout 3.5 wt% of rutile, and exhibited high BET surface area, around
00 m2/g. Fe-C-TiO2 photocatalysts were prepared from powders
f TiO2 and FeC2O4, detailed preparation was described elsewhere
22].

.2. Characterization of Fe-C-TiO2 photocatalyst

The phase composition and the crystal structure of Fe-C-
iO2 samples were characterized by XRD powder diffraction and
össbauer spectroscopy techniques. XRD measurements were per-

ormed in X’Pert PRO diffractometer of Philips Company, with CuK�
amp (35 kW, 30 mA). Obtained XRD patterns were compared with
CPDS (Joint Committee on Powder Diffraction Standards) cards.

he Mössbauer spectra were recorded at room temperature by
eans of conventional spectrometer in transmission geometry

sing 57Co in a Rh matrix. The samples were prepared in pellets
ith a thickness of ca. 10 mg Fe/cm2. The spectra were numeri-

ally analyzed by the least-squares procedure assuming Lorentzian
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ine shapes. Isomer shifts are quoted relative to �-Fe. The respective
mounts of various phases present in the samples were determined
ssuming equal recoil-free fractions for all the phases.

Zeta potential of photocatalysts and dyes was measured in their
queous solution in Zetasizer Nano-ZS of Malvern Company.

For characterization of the chemical surface structure of the
hotocatalyst FTIR/DR Spectroscopy was used. The spectra were
ecorded by means of JASCO FTIR 430 spectrometer with scanning
peed of 50 scans/min and the resolution of 4 cm−1. The background
as taken before each measurement.

The content of carbon in the prepared samples was determined
y combustion of carbon in air using TG analysis coupled with FTIR
easurements. The samples were gradually heated up to 1000 ◦C in

ir with simultaneous recording of FTIR spectra of the decomposed
as products. The carbon content in the samples was calculated
rom the mass loss on the TG curve accompanied by appearing of
O2 bands in the spectrum.

The analysis of OH radicals formation on the sample surface
nder UV irradiation with and without Fenton reagent (H2O2)
as performed by fluorescence technique using coumarine, which

eadily reacts with OH radicals to produce highly fluorescent prod-
ct, 7-hydroxycoumarine. The intensity of the peak attributed to
-hydroxycoumarine is known to be proportional to the amount of
H radicals formed [23]. The product of coumarine hydroxylation,
-hydroxycoumarine was determined by means of spectrofluo-
ymeter Hitachi F-2500, the fluorescence spectra were recorded
t excitation wavelength 332 nm for emission spectra in the range
f 335–600 nm with �max at around 460 nm.

.3. Photocatalytic activity test

The photoactivities of prepared samples were tested for dyes
ecomposition (Methylene Blue (MB), Reactive Black (RB) and Acid
ed (AR)), under UV irradiation with and without addition of H2O2.
o check the influence of the light on the yield of photo-Fenton pro-
ess some photocatalytic tests were performed in the dark (dark
enton process) and under artificial visible light. The structures
f dyes are presented in Fig. 1. Each time, for the photocatalytic
est, the beaker with 500 ml of a dye solution of concentration
round 0.03 g/L and 0.1 g of photocatalyst were used. The amount
f H2O2 added to the solution was 9.8 mmol/L. The solutions were
rst magnetically stirred in a dark for 30 min in order to estimate
he adsorption of dyes on the photocatalyst surface and then were
rradiated under UV or visible lights from the top of the beaker. In
ark Fenton process decomposition of dyes was carried out in the
bsence of any light with the preliminary adsorption for 30 min. The
oncentration of a dye solution was analyzed in UV–vis spectropho-
ometer, The Total Organic Carbon (TOC) was measured before and
fter decolourisation. As a source of UV, six lamps of Philips com-
any with power of 20 W each were applied. These lamps emit the
adiation at the visible region of about 100 W/m2 and at UV range
f 154 W/m2 intensities, in the range of 312–553 nm with a maxi-
um at around 350 nm. As a source of visible light the fluorescence

amps were used (4 × 18 W), which emit light in the visible region
ith intensity of 715 W/m2 and insignificant amount of UV with

ntensity of 0.22 W/m2.

. Results
.1. XRD measurements

XRD patterns of the original TiO2 precursor and Fe-C-TiO2 sam-
les prepared by heating at different temperatures are shown in
ig. 2. After heating at 500 ◦C anatase phase in Fe-C-TiO2 has been
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Fig. 1. The chemical structure of dyes, (a) Ac

etter crystallised, a small amount of rutile remained, and Fe3O4
ith Fe2O3 (hematite), as the new phases were formed. At higher

emperatures of heat-treatment, 600–800 ◦C, these phases were
resent in all the prepared samples, additionally anatase was trans-
ormed to rutile and FeTiO3 phase appeared.

.2. Mössbauer spectroscopy measurements

The Mössbauer spectra of the Fe-C-TiO2 samples are shown in
ig. 3. The spectra represent the superposition of one or two dou-
lets and one or three sextets. The Mössbauer parameters obtained
rom the numerical analysis are summarized in Table 1. Doublet

was attributed to the Fe(III) species probably ferric oxide Fe2O3
ut in a paramagnetic form. The value of quadrupole splitting QS
f this doublet, higher for samples A500 and A600 than usually
xpected for paramagnetic Fe2O3 (QS = 0.60–0.70 mm/s) may sug-
est the presence of this phase on the sample surface where the iron

Fig. 2. XRD patterns of TiO2 and prepared Fe-C-TiO2 samples.
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, (b) Reactive Black, and (c) Methylene Blue.

ons have strongly disturbed symmetry. The parameters of Dou-
let II are characteristic for FeTiO3 phase (ilmenite) which content
epends on the temperature of heat treatment during the catalyst
reparation. The higher temperature was applied, the higher con-
ent of this iron phase was observed. It is worthwhile to note that
lmenite was not found in the sample prepared at 500 ◦C.

Sextets I and II were assigned to magnetite and sextet III – to
ematite. The latter phase dominated in sample prepared at 600 ◦C.
he magnetic field of this hematite lower than the value of H = 51.5 T
haracteristic for bulk, well-crystallized material, suggested poor
rystalline and small crystallites.

.3. Content of carbon

It has been measured by TG-FTIR method that Fe-C-TiO2 samples
ontained a residue carbon, which came from the carbonization of
xalate. In Table 2, the content of carbon and the conditions of heat
reatment are listed. The highest content of carbon, 1.82 wt% was
ound in the sample prepared at 500 ◦C, the other samples con-
ained less than 1 wt% of carbon. Lower content of carbon in the
amples prepared at higher temperatures could be effected by a
arbon oxidation through TiO2 and its evolving during gas flow.
ample prepared at 600 ◦C has lower content of carbon than these
repared at 700 and 800 ◦C. It is suggested that more oxidative
onditions at 600 ◦C conducted to carbon combustion, additionally
an be noticed that these conditions resulted also in iron oxida-
ion to Fe2O3 (this phase of iron was dominated only in the sample
repared at 600 ◦C).

.4. Zeta potential

The values of measured the electrokinetic zeta potentials of

he photocatalysts particles in the ultra pure water are listed in
able 2. Modification of TiO2 caused reducing of zeta potential of
natase particles from +12.4 to −7 mV. Zeta potential of dyes used
or decomposition are presented in Table 3. RB and AR are rather
table particles in the aqueous solution and have low values of
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Fig. 3. Mössbauer spec

eta potential, −46.8 and −37.9 mV, respectively, whereas MB par-
icles are positively charged in the aqueous medium and their zeta
otential is +4.3 mV.

.5. FTIR measurements

FTIR spectra of the TiO2 precursor and prepared Fe-C-TiO2 sam-
les are presented in Fig. 4. In the original TiO2 some weakly marked
ands could be observed: at the range of 3600–2600 cm−1 the

road band with a maximum at around 3300 cm−1 assigned for
oth, dissociated and molecularly adsorbed water, at 3695 cm−1

he band assigned to the hydroxyl groups chemisorbed on the sur-
ace defect side of the photocatalyst, and at 1623 cm−1 the band
ttributed to the molecular water [24]. In the modified samples

3

s
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the Fe-C-TiO2 samples.

hese bands have been reduced or completely disappeared due to
he deposition of carbon. The sample prepared at 600 ◦C, which con-
ained the lowest content of carbon showed the lowest reduction of
ydroxyl groups, although at the same time some C C groups were
learly observed. It is assumed that carbon deposition takes place
n the site of hydroxyl groups. Reduction of hydroxyl groups on the
urface of Fe-C-TiO2 samples is a result of changes in the nature of
hotocatalyst surface from hydrophilic to hydrophobic.
.6. OH radicals measurements

In Fig. 5, the formation of OH radicals on the photocatalyst
urface during UV irradiation is presented. The increase of OH rad-
cals formation with time of UV irradiation can be observed. The
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Table 1
Mössbauer data for the Fe-C-TiO2 samples prepared from anatase and rutile precursors

Mossbauer parameters Sample

A500 A600 A700 A800

Doublet I paramagnetic iron Fe(III) IS (mm/s) 0.37 (1) 0.38 (3) 0.30 (3) 0.31 (2)
QS (mm/s) 0.86 (1) 0.84 (4) 0.40 (3) 0.57 (3)
A (%) 13.1 (3) 13.2 ± 1.2 5.5 (5) 13.5 ± 1.0

Doublet II ilmenite (FeTiO3) IS (mm/s) – 1.01 (1) 1.05 (1) 1.06 (1)
QS (mm/s) – 0.69 (2) 0.63 (1) 0.62 (1)
A (%) – 8.2 (8) 42.1 (6) 62.1 (8)

Sextet I magnetite Fe3O4 site A IS (mm/s) 0.27 (1) – 0.28 (1) 0.24 (3)
H (kOe) 496.3 (5) – 495.0 (8) 491 (2)
A (%) 13.7 ± 4.5 – 11.5 ± 1.2 5.4 ± 1.2

Sextet II magnetite Fe3O4 site B IS (mm/s) 0.68 (1) – 0.65 (1) 0.56 (5)
H (kOe) 463.3 (2) – 461.6(6) 461(4)
A (%) 31.4 (8) – 23.0 ± 1.3 10.8 ± 2.5

Sextet III hematite Fe2O3 IS (mm/s) 0.33 (1) 0.33 (1) 0.33 (1) 0.35 (4)
QS (mm/s) 0.02 (1) 0.06 (2) 0.02 (1) 0.02 (1)
H (kOe) 503 (1) 506.9 (3) 504 (1) 510 (4)
A (%) 41.8 ± 4.5 78.5 ± 4.3 17.9 ± 1.9 8.1 ± 3.4

IS – isomer shift versus room temperature �-Fe, QS – quadrupole splitting, A – relative contribution to the total spectrum, H – magnetic field.

Table 2
Zeta potentials of photocatalysts and carbon content in the prepared Fe-C-TiO2

samples

Sample HTT (◦C) Zeta potential, � (mV) Carbon content (wt%)

TiO2-A – 12.4 –
A500 500 2.3 1.82
A600 600 3.4 0.23
A700 700 3.3 0.70
A800 800 −7 0.38

Table 3
The chemical structures and zeta potentials of dyes

Dye Molecular weight (g/mol) Zeta potential, � (mV)

A
R
M

F
t
g
w
i

cid Red 604.5 −39.7
eactive Black 991.8 −46.8
ethylene Blue 319.9 +4.3

e-C-TiO samples showed lower amount of OH radicals formation
2
han the original TiO2. Deposition of carbon on the site of hydroxyl
roups could cause decreasing the yield of OH radicals formation,
hich are mainly generated by the reaction of photoinduced holes

n semiconductor with the adsorbed molecular water on its surface.

Fig. 4. FTIR spectra of TiO2 and prepared Fe-C-TiO2 samples.
Fig. 5. Formation of OH radicals on the photocatalysts surface, (a) under UV radia-
tion, (b) under UV radiation with addition of H2O2.
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ig. 6. Acid Red decomposition on TiO2 and prepared Fe-C-TiO2 samples, (a) under
V radiation, (b) under UV radiation with addition of H2O2.

he higher deposition of carbon in Fe-C-TiO2 samples the lower rate
f OH radicals formation is observed with time of UV irradiation.

After addition of H2O2 to the reaction solutions, Fe-C-TiO2
hotocatalysts indicated significant increase of the OH radicals
ormation, what was certainly caused by an iron oxidation in photo-
enton reaction. The differences in the amount of OH radicals
ormation upon the UV irradiation on Fe-C-TiO2 samples in the
resence of H2O2 were caused by the different activity of the iron
hases. Fe-C-TiO2 samples, which showed higher rate of OH radicals
ormation than the other samples consisted from higher amount of

agnetite.

.7. Adsorption and decomposition of dyes under UV irradiation

Decomposition of AR on TiO2 and Fe-C-TiO2 samples under UV
rradiation only and under UV with addition of H2O2 is shown in
ig. 6. The anatase type TiO2 indicated higher adsorption of AR
n its surface than prepared Fe-C-TiO2 samples and also higher
ate of AR decomposition. TiO2 itself decomposed AR in 98% after
0 min adsorption and 210 min of UV irradiation, whereas Fe-C-
iO2 prepared at 600 ◦C decomposed AR at the same time in 92%.
he other samples showed much slower decomposition rate than
he original TiO2. Addition of H2O2 to the reaction mixture acceler-
ted AR decomposition on all Fe-C-TiO2 samples. The highest rate
f reaction was observed on A500 sample which revealed nonlin-
ar character of decomposition. Similar tendency, but with lower

eaction rate, can be seen for A700 and A600 samples. The decom-
osition of AR on A800 seems to be linear and much slower. The
otal Organic Carbon (TOC) measured before and after decolouriza-
ion showed mineralisation degree in the range of 42–50%, so some
yproducts of AR degradation remained in the solution.

o
c
e
i
s

ig. 7. Reactive Black decomposition on TiO2 and prepared Fe-C-TiO2 samples, (a)
nder UV radiation, (b) under UV radiation with addition of H2O2.

Decomposition of RB on TiO2 and Fe-C-TiO2 is shown in
ig. 7. Similar behaviour of RB adsorption and decomposition was
bserved as it was in case of AR solution, anatase type TiO2 exhib-
ted high adsorption of RB and high degree of decomposition under
V irradiation, however, this decomposition rate was much slower

han on Fe-C-TiO2 when H2O2 was added to the RB solution. A500
nd A700 samples decomposed RB under UV with H2O2 within
0 min of UV irradiation whereas with TiO2 photocatalyst this
rocess took place 180 min. Hydrogen peroxide itself was not effi-
ient for RB decomposition, only 20% of dye was decomposed after
10 min of UV irradiation.

Decomposition of MB on TiO2 and Fe-C-TiO2 is shown in Fig. 8. It
an be observed that MB is poorly adsorbed on all the tested pho-
ocatalysts, and its decomposition under UV irradiation is going
lowly. Anatase type TiO2 appeared to be the most active in com-
arison with prepared Fe-C-TiO2 photocatalysts. Addition of H2O2
o the MB solution caused significant acceleration of MB decompo-
ition on Fe-C-TiO2 samples, however, this decomposition rate was
uch slower than in case of azo dyes decomposition: AR and RB.
ydrogen peroxide was also not efficient in MB decomposition.

To summarise decomposition of dyes on TiO2 and Fe-TiO2 pho-
ocatalysts it has to be pointed out that photo-Fenton reaction
ccurring on Fe-C-TiO2 samples gives high amount of OH radi-

als formation and significantly accelerates decomposition of dyes,
specially azo dyes: AR and RB. A500 sample was the most active
n dyes decomposition, however, A700 sample prepared at 700 ◦C
howed also high photoactivity, especially for RB decomposition.
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ig. 8. Methylene Blue decomposition on TiO2 and prepared Fe-C-TiO2 samples, (a)
nder UV radiation, (b) under UV radiation with addition of H2O2.

dsorption of dyes on the photocatalysts surface supports their
ecomposition under UV irradiation, however, high quantity of
enerated OH radicals is the most effective factor in the miner-
lisation of dyes. AR and RB are going decomposition through
H radicals much easier than MB. Both azo dyes are anionic

n the aqueous solutions, and they favored adsorb on the pos-
tively charged surface, therefore high adsorption of AR and RB
as observed on unmodified TiO2, which influenced its high pho-

oactivity. These results are consent with those reported by other
uthors, who proved that adsorption of RB 5 was favored on the
ositively charged surface [25]. MB with positive zeta potential was
ot quantatively adsorbed either on TiO2 or Fe-C-TiO2 photocata-

ysts, therefore, was decomposed slower than the other azo dyes.
mproving decomposition of MB through increasing its adsorption
n the photocatalyst surface, especially on carbon/TiO2 was widely
eported in the literature [26,27].

In case of azo dyes, AR and RB the dual hole-radical mechanism
f decomposition probably occurs, because high adsorption of these
yes on the surface of TiO2 resulted in their high decomposition
ate, higher than on the prepared Fe-C-TiO2 photocatalysts, how-
ver, significant increase of OH radicals formation on the prepared

amples in the presence of H2O2 resulted in high acceleration of
yes decompositions.

The dual mechanism of RB 5 decomposition on different semi-
onductors was described by Poulios and Tsachpinis [28], according

F

F
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o this mechanism direct h+ oxidation of the ethyl-sulfuric and sul-
uric groups take place in combination with the OH attack of the
enzene and naphthalene rings. Positively charged TiO2 offers a
uitable surface for adsorption of RB5 from the ethylsulfonic group.
his bond has a relatively high covalent character, and the oxygen
toms of the group, being relatively strong electron donors, are able
o directly interact with valence band holes, thus facilitating direct
lectron transfer. The increased distance between the reactants no
onger allows direct charge transfer, resulting in the reduction of
he reaction state [28]. The reductive pathway has also been pro-
osed by several authors for the degradation of azo dyes [29,30].
ccording to this model, transfer of a photogenerated electron from

he conduction band of TiO2 to the dye molecule takes place, thus
eading to the reduction of the azo linkage and consequently to the
ecolourisation of the solution, the OH radicals attack also occurs.

The radical mechanism of AR decomposition via photo-Fenton
rocess was also reported in the literature [31], which was
xplained due to the Fe3+ photocatalyzed reactions, i.e. photol-
sis of hydroxide complexes of Fe3+ yielding hydroxyl radicals
nd regenerating Fe2+ and photochemical reactions of complexes
ormed between Fe3+ and the organic substrate or its degrada-
ion intermediates, especially organic acids. High efficiency of
R decomposition was observed in the presence of ferrioxalate,
ecause of its high molar absorption coefficient for longer wave-

engths and generation of hydroxyl radicals with a high quantum
ield [31].

.8. Adsorption and decomposition of Reactive Black in a dark
enton and photo-assisted Fenton processes

Comparison of Fenton and photo assisted Fenton processes was
one by testing decomposition of RB on the Fe-C-TiO2 sample pre-
ared at 700 ◦C. Detection of OH radicals in formed dark Fenton and
hoto supported Fenton processes was performed. In Fig. 9, decom-
osition of RB under UV, vis and in a dark on TiO2 and A700 samples

s shown together with generation of OH radicals in these processes.
t can be observed low decomposition rate of RB with H2O2 used
nder UV irradiation. It was reported in the literature that amount
f OH generated directly by the photolysis of H2O2 under UV-A
s very small [32]. H2O2 does not absorb at all the light with the
avelength above ∼320 nm. Almost no decomposition of dye was
bserved in a dark Fenton process, the measured amount of OH
adicals formation in this process was also insignificant in compar-
son with vis or UV irradiation. Fe-C-TiO2 photocatalyst prepared
t 700 ◦C showed photoactivity in photo-Fenton process under vis-
ble light irradiation, its photoactivity was comparable with that of
iO2 irradiated with UV light, however, lower than in case when
V was applied. The other researchers investigated decomposition
f RB 5 (RB5) on the alumina supported iron oxide composites and
hey reported that the presence of UV-A light effectively promotes

ineralisation of RB 5 [32]. They also pointed out that positively
harged surface of photocatalyst favors the adsorption of anionic
zo dye RB 5 [32]. TiO2 particles were more positively charged
han the other prepared Fe-C-TiO2 samples, what could explain the
esult of high adsorption of RB on their surface, which undoubtedly
upported their activity towards dye decomposition.

Poor efficiency of dark Fenton can be explain by the insignifi-
ant amount of OH radicals formation and oxidation of Fe3+ ions
o Fe(HO2)2+, yielding in HOO• radicals reaction (3) and (4) which
e3+ + H2O2 → Fe(HO2)2+ (3)

e(HO2)2+ → Fe2+ + HO2
• (4)
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ig. 9. (a) Decomposition of Reactive Black on TiO2 and A700 samples in Fenton and
hoto-Fenton processes (in dark, under UV and visible lights), and (b) formation of
H radicals in these processes.

OH• radicals can be quantitatively produced in the presence of
ight, according to reaction (5):

e(HO2)2+ + h� → Fe2+ + HO• (5)

Fe(HO2)2+ ion absorbs light at wavelengths up to about 410 nm,
herefore producing of HO• radicals in reaction (5) is possible under
oth, UV and visible lights, however, with UV light this reaction is
ore efficient. The above considerations can explain the photocat-

lytic activity of A700 sample under UV, vis, and in a dark Fenton
rocesses.

. Conclusions

Modification of TiO2 by the carbon and iron changed the nature
f photocatalyst from hydrophilic to hydrophobic and therefore
ecrease of OH radicals formation on the surface of prepared pho-
ocatalysts was observed. However, formation of OH radicals on
e-C-TiO2 surface under UV increased extensively after addition of
2O2, due to the iron oxidation and the photo-Fenton reactions

ccurring. Fenton process without any light was not effective for
ye degradation. Both, UV and visible lights supported the yield of
enton reactions, however, the former was more efficient, because
esulted in higher quantum yield of hydroxyl radicals than the
atter. These hydroxyl radicals took part in the dyes decomposi-

[

[

Materials 162 (2009) 111–119

ions. The dual hole-radical mechanism for dyes decomposition
as observed. According to this mechanism, the direct oxidation of
oles with adsorbed molecules of dyes occurs in combination with
H radicals attack. The azo dyes, AR and RB of anionic character

n the aqueous solutions were adsorbed on the positively charged
urface of the photocatalysts in higher quantity than MB, which
as positive zeta potential in the solution, and therefore they pro-
eeded degradation much faster than MB. The photolysis of H2O2
nder applied UV irradiation was insignificant and did not promote
he dyes decomposition.

In general, Fe-C-TiO2 samples, which contained higher amount
f a residue carbon(A500 and A700) showed higher amount of OH
adicals formation under UV with H2O2 than the original TiO2 and
hose with low content of carbon. The samples with higher content
f a residue carbon had some iron phases like Fe3O4 or Fe2O3 on
heir surface, which were not built in TiO2 lattice. It was observed
hat the presence of paramagnetic iron and Fe3O4 can enhance the
hotocatalytic activity of Fe-C-TiO2 photocatalysts in photo-Fenton
rocess with applied UV and H2O2, whereas FeTiO3 phase is poorly
ctive. Therefore, lower temperature of Fe-C-TiO2 preparation like
00 ◦C is more favored for preparation of photocatalysts active in
hoto-Fenton process.
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