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bstract

Surface modified titania dioxide composite nanoparticles prepared by hydrogen reduction reaction and a mesoporous TiO2 foam made from a
urface modifier and a long chain organic surfactant were characterized by diffractive, spectroscopic and microscopic techniques and studied for
heir catalytic activity towards the decomposition of an industrial water pollutant, methyl orange. The surface deposition of ruthenium and silicon
articles improved the photocatalytic activity of the composite particles resulting in a faster decomposition of the methyl orange compared to
ommercial TiO2 alone. Modification of TiO2 with RuO2 only offered a marginal benefit over TiO2 while the incorporation of RuO2 and SiO2 into
iO2 resulted in a marked increase in the rate constant and catalytic activity. These results are consistent with the enhanced surface properties of

he composite materials resulting from the modification of TiO2 with RuO2 and SiO2. This surface enhancement effects appear synergetic to the
harge separation process and hence the photocatalytic results are explained on the basis of a mechanism involving efficient charge transfer across

he interfaces of the composites involving photogenerated electron–hole pairs. Results obtained in this study show that the percentage degradation
fter 1 h of illumination was 47.15% for TiO2 foam, 75.5 and 106.4%, respectively, for TiO2/RuO2 (SiO2 5%, w/w) and TiO2/RuO2(SiO2 10%,
/w) and 34.15% for commercial TiO2.
2008 Elsevier B.V. All rights reserved.
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. Introduction

Due to its ability to degrade a variety of toxic organic com-
ounds in air and water, TiO2 remains the most frequently
tudied semiconductor photocatalyst. Many reviews of differ-
nt aspects of single-crystalline metal oxide surfaces have been
eported [1–4] and significant research efforts using a variety of
nalytical methods have been devoted to study various TiO2 sur-
aces [5–8]. TiO2 surfaces for films and particles have become

odel systems in the science of metal oxide surfaces because

educed TiO2 single crystals are easy to work with and the
rowth morphology, interfacial oxidation and reduction reac-
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ion, thermal stability and geometric structure of surface are the
ritical parameters on which the reactivity of these materials
epends [8].

Modifications of semiconductor surfaces by the addition
f metal ions, binary or tertiary metal oxides is beneficial in
ecreasing the electron–hole recombination rate and thereby
ncreasing the efficiency of the catalyst towards the degrada-
ion of a host of water and air pollutants [8]. Metal-doping of
emiconductors decreases the band gap energy and increases
he photocatalytic activity of titania by enhancing its surface
roperties and generating a ‘barrier’ which acts as an electron
rap for the metal in contact with the semiconductor surface.

imilarly, modification of semiconductors with transition metal

ons improves the trapping of electron and inhibits electron–hole
ecombination because the low photoactivity of titania is due to
he fast recombination of photogenerated electrons and holes.

mailto:a.o.ibhadon@hull.ac.uk
dx.doi.org/10.1016/j.jphotochem.2008.01.010
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n recent years, researchers have focused on the combina-
ion of different kinds of metallic oxide particles including the
uthenium–titanium metallic oxides, known for many years to
e very active catalysts. The presence of SiO2 in TiO2/RuO2
eads to an increase in the effective surface area of titania and
elps to promote the efficiency of the photocatalyst [9–12].

Methyl orange (MO) is an intensely colored compound used
n dyeing, foodstuff, paper and pulp, leather and printing textiles
nd is thus a common water pollutant in these industries. The
elease of these materials and their products into the environment
reates major problems and so there are intense research efforts
imed at the decolorization of these dyes [13–15]. The aim of
his study was to modify the surface properties of pure TiO2 by
ncorporating RuO2 and SiO2 into it and evaluate the catalytic
ctivity of the resulting materials towards the decomposition
f this pollutant. The study also investigates the degradation of
ethyl orange using a porous TiO2 foam prepared from a long

hain surfactant and a surface modifier and compares with the
ctivity of the nanoparticles. This would enable the identifica-
ion of key parameters such as coating thickness, particle size,
urface area, pore size and crystal phase, that can be experimen-
ally manipulated to control photoactivity as studies have shown
hat photoactivity is dependent on processing conditions and the
urface morphology of catalyst materials.

. Experimental

The pollutant used in this work was methyl orange,
hich has the formula (4-[[(4-dime thyamino)phenyl]-

zo]benzenesulfonic acid sodium salt) and molecular formula
(CH3)2NC6H4N NC6H4SO3Na] or Acid Orange 52, obtained
rom Merck and was used without further purification. It is a
table compound and a typical azo-dye in the textile industry
nd the subject of previous studies [16,17]. Analytical grade
ydrogen peroxide and acetylacetone were obtained from Fisher
cientific Ltd., UK. Hexadecylamine (HDA) was obtained from
luka while Degussa P-25 was kindly supplied by Degussa AG,
acclesfield, England, United Kingdom.

.1. Preparation of TiO2 foam

A detailed procedure for preparing the TiO2 foam is provided
n [18]. Two grams of 1-hexadecylamine (HDA) (Fluka, Assay,
99%), was dissolved in 4 ml aqueous solution of boiling ace-

one. The elevated solvent temperature ensured the necessary
olubility of the organic surfactant. While the solution was still
ot, 1 g of TiO2 (Degussa P-25) and 50 ml of 30% H2O2, were
dded. The long-chain amine (HDA), apart from the ampiphilic
haracter of the molecule, provided the necessary alkalinity for
he hydrogen peroxide to decompose to O2 bubbles. Following
he H2O2 addition, the volume increased rapidly to 150 ml after
h, resulting in the formation of a yellow, and highly porous
iO2 foam material. The titania foam was dried at ambient tem-

erature for 2 days, before storing under vacuum at 20 mbar in
powder form. ‘Foam’ as used in this study actually refers to

he process of formation of the final titania material rather than
he actual material itself. The ‘foam’ is not a structured support
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p
I
c
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r a reticulated foam. It can actually be crushed into powder or
ne particles.

.2. Characterization of the foam

The structure of the titania foam resembles a network of inter-
onnected flakes forming irregular polygonal cavities of 500 nm
n size. Detailed surface images of the foam were obtained by

eans of a scanning electron microscope (SEM) with numerical
mage acquisition (LEICA S440). Carbon deposition was per-
ormed to avoid problems arising from surface charge effects.
-ray from the SEM microscope probe at horizontal incidence
eam was used for non-destructive qualitative and quantitative
hemical analysis of the foam.

The crystallinity of the foam was studied with a Siemens
-500 X-ray diffractometer (XRD, Siemens D-500, Cu K� radi-

tion) using Cu K� radiation. To discriminate the local order
haracteristics of the TIO2 foam, a non-resonant Raman Spec-
roscopy, employing a triple Jobin–Yvon spectrometer (DILOR
MARS 89 spectrometer) equipped with a microscope, a CCD
etector and a 514.5 nm argon laser, was used, Fig. 3.

.3. Preparation of TiO2/SiO2/RuO2 nanoparticles

TiO2/RuO2/SiO2 nanoparticles were prepared by mixing
0 g TiO2 and 1 g SiO2 powders with 10 ml of water to form
composite of TiO2/SiO2 (90%:10%, w/w). Based on the

iO2 (90%)–(10%, w/w) SiO2 composite, a controlled impreg-
ation technique was used to prepare composite particles of
iO2/RuO2 (with SiO2 content from 5 to 10%, w/w) of vari-
us thicknesses. The TiO2–SiO2 (10%, w/w) powder mixture
as placed in a 1 mg/l RuCl3 solution. After the RuCl3 solution
as been absorbed completely into the SiO2–TiO2 mixture, the
uCl3/TiO2-SiO2 catalysts were annealed in an oven at 600 ◦C

or 15 h [19].

.4. Surface area and porosity measurement

Surface area measurements of the nanoparticles was carried
ut using Micromeritics Analyzer, Tri-Star 3000, which used
hysical adsorption and capillary condensation principles to
btain information the surface area and porosity of the nanopar-
icles. The surface properties of Degussa P-25, TiO2/RuO2, and
iO2/RuO2 with SiO2 content from 5 to 10% (w/w) were mea-
ured.

.5. Photocatalytic studies

To evaluate the catalytic activity of the TiO2 foam, TiO2
nd TiO2/RuO2/SiO2 particles towards azo-dye degradation,
hotocatalysis experiments were conducted in round-bottomed
hotocatalytic pyrex glass cells, cut off wavelength 320 nm and
O was the model pollutant used. Previous studies have indi-
ated that this azo-dye was not decomposed even after prolonged
eriods of irradiation in the absence of a photocatalyst [20].
t was therefore considered appropriate to express the photo-
atalytic activity as a percentage of the disappearance of this
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Raman spectroscopy is a non-destructive technique and is
capable of elucidating the structural complexity of semiconduc-
tor surfaces and other materials as peaks from each crystalline
phase can be separated in frequency making the anatase and
A.O. Ibhadon et al. / Journal of Photochemistry

ollutant measured as changes in the characteristic peak inten-
ity with time.

To 250 ml of dye solution containing 5 mg/l methyl orange,
he modified titania photocatalyst (0.2 g foam) was added and
he suspension was subjected to irradiation. The irradiation sys-
em is equipped with two parallel F15 W/T8 UV light tubes
hich have maximum emission at 350 nm. The radiation from

he system was measured using a 28-0925 Ealing Research
adiometer–Photometer operating in conjunction with a 28-
982 silicon detector and a 28-0727 flat response filter. Aqueous
olutions of methyl orange were photocatalysed using different
oads (initial load of 10% SiO2, 90% TiO2) of the compos-
te nanoparticles of RuO2 and TiO2/RuO2/SiO2 and the TiO2
oam (0.2 g), particle size 500 nm [18]. All solutions were O2
ubbled to achieve dissolved oxygen saturation and spectropho-
ometrical analytical determination was carried out at 465 nm
MO = 25,100 M−1 cm−1) and constant stirring was achieved
sing magnetic stirrers. At different time intervals, an aliquot
rom the solution was syringed from the solution and filtered
hrough Millipore Syringe filter of 0.45 �m. The absorption
pectra was then recorded and the rate of decolorization was
etermined from the change in intensity of λmax of the MO.
nitial pollutant concentration and pH were set at 5 mg/l and
H 8 as previous studies on MO indicated that the progress of
ecomposition can be followed easily at this concentration and
H [20]. The photocatalytic decomposition rate was determined
rom the following equation [21].

hotocatalytic decomposition rate = C0 − C

C0
(1a)

here C0 is the initial concentration of the methyl orange solu-
ion and C is the final concentration after illumination by UV
ight. This enabled us to determine the decolorization efficiency
%) according to the equation:

fficiency (%) = C0 − C

C0
× 100 (1b)

. Results and discussions

.1. Characterization of TiO2 nanoparticles

Table 1 shows the surface area properties of the nanoparticles.

he data shows that TiO2 (Degussa P-25) has the largest surface
rea and the smallest pore size. Modification of semiconductors
y incorporating binary metal oxides has been shown to increase
he surface area of TiO2 [22].

able 1
urface properties of RuO2/SiO2/TiO2 and Degussa P-25 TiO2

ample Surface area
(m2/g)

Pore volume
(cm3/g)

Pore size
(nm)

iO2 (Degussa) (100%) 17.49 0.055 5.60
uO2/TiO2 (5% RuO2) 18.10 0.062 6.70
uO2/SiO2/TiO2 (5% SiO2) 19.22 0.059 6.75
iO2/TiO2 (10% SiO2) 21.65 0.055 7.35
uO2/SiO2/TiO2 (10% SiO2) 22.08 0.052 7.53
Fig. 1. SEM image of the TiO2–HDA foam.

.2. Characterization of titania foam

Fig. 1 shows a scanning electron microscopy image of the
itania foam, revealing a spongy, rough and porous microstruc-
ure. Low magnification image of the foam presents an extended
etwork of features separated by large pores with a diameter of
–2 �m approximately. By increasing the SEM magnification,
he fine texture of the foam features can be seen. No existence
f grainy matter was observed, demonstrating that a complete
eaction had occurred. The structure resembles a network of
articles of 500 nm in size, where walls with thickness of about
00 nm are visible. The XRD diffractive analysis in Fig. 2 shows
he anatase (A) and rutile (R) peaks at 1 0 1 and 1 1 0 reflections.
he photocatalytic activity of titania is due to the anatase phase

23] which judging from the XRD results, was fully formed in
he TiO2 foam as the peaks are clearly distinguishable.

.3. Raman spectroscopy
Fig. 2. XRD of TiO2 foam.
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Fig. 3. Raman sp

utile phases easily distinguishable [24]. The Raman spectra,
ig. 3, show that the foam is well crystallized as the rutile and
natase phases are clearly obvious as shown also in the X-ray
iffraction data. There are no overlapping broad peaks and the
ibration peaks at 393, 514, 637 cm−1 and 414, 525, 660 cm−1

ue to the Degussa P-25 and the TiO2 foam, respectively, are
nambiguously attributed to the anatase modification. Although
he anatase phase is the predominant specie, the rutile phase
s observed as a broad peak at 446 cm−1 for the Degussa P-
5 sample. The presence of this peak is attributed to the initial
omposition of the TiO2 powder (rutile/anatase). In the TiO2
oam, these peaks are more intense and slightly shifted to higher
requencies, due to smaller size particles [25,26].

.4. Differential scanning calorimetry

To characterize the position of the hexadecylamine in the
oam structure, a differential scanning calorimeter (DSC, TA
nstruments 2920, heating rate, 2 ◦C/min) was used (full details
iven elsewhere [18]). The DSC profiles reveal that the TiO2
oam is stable until 190 ◦C where an irreversible destruction
akes place. DSC analysis suggests that the HDA forming the
ackbone of the lamellar structure of the foam is un-affected by
he photocatalytic experiment carried out at room temperature in
queous solution, the reversible melting enthalpies being 12.99
nd 11.04 J/g at 57 and 54 ◦C, respectively [18].

.5. Photocatalytic studies

Photocatalytic experiments were undertaken to evaluate the
arious TiO2 photocatalysts as materials for water pollutant

urification. The rate of decolorization was determined as a func-
ion of the change in intensity of the absorption peak at 463 nm
ith time. The absorption peak of the dye diminished with time

nd finally disappeared during the course of the reaction which

w
fi
C
(

m of TiO2 foam.

ndicated that the dye had been degraded. The photocatalytic
ecolorization of the dye is initiated by photoexcitation of the
emiconductor and the formation of electron hole pairs on the
urface of the catalyst, Eq. (2). The high oxidative potential of
he hole (h+

VB) in the catalyst allows the direct oxidation of the
ye to reactive intermediates, Eq. (3)

MO

MO2
+ hv →

(
MO

MO2

)
(e−

CB + h+
VB) (2)

+VB + dye → dye·+ → oxidation of dye (3)

nother reactive intermediate responsible for the degradation of
O is the hydroxyl radical (OH•) formed either by the decom-

osition of water, Eq. (3) or by the reaction of a hole with OH−,
q. (4). The hydroxyl radical is a powerful non-selective oxidant
ith (E0 = +3.06 V) the use of which can lead to the partial or

omplete mineralization of a host of organic compounds [27]

+
VB + H2O → H++•OH (4)

+
VB + OH− → •H (5)

OH + dye → degradation of dye (6)

We observed from previous studies of MO degradation
sing gold modified titanium thin films that the degradation
f this pollutant fitted first order kinetics [20,28,29] and it
s well established that photocatalysis experiments follow the
angmuir–Hinshelwood model, where the reaction rate, R, is
roportional to the surface coverage, θ, according to the equa-
ion,

= −dc

dt
= krθ = krKC

1 + KC
, (7)
here kr is the reaction rate constant, K is the adsorption coef-
cient of the reactant and C is the reactant concentration. When
is very small, KC is negligible with respect to unity and Eq.

7) describes a first order kinetics. The integration of Eq. (7)
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ig. 4. Photodecomposition kinetics of 5 mg/l MO, pH 9 in (a) TiO2/RuO2, (b)
iO2, (c) TiO2/RuO2 (5% SiO2), (d) TiO2/RuO2 (10% SiO2) and (e) TiO2/(10%
iO2).

ith the limit conditions that at the start of radiation, t = 0, the
oncentration is the initial one, C = C0, yields Eq. (8)

ln

(
C

C0

)
= kappt (8)

here kapp is the apparent first order rate constant. Fig. 4 presents
he MO degradation kinetic parameters and permits a direct com-
arison of the photocatalytic activities of the TiO2 particles.
nder the experimental conditions, the photocatalytic curves

ollow first order reaction kinetics with R2 values approaching
nity in most cases. Kinetic parameters resulting from the appli-
ation of Eq. (8) are summarized in Table 2 for TiO2 composite
atalysts, TiO2 foam and pure TiO2. The data presented in Fig. 1
nd Table 2 show that the modified materials are more effective
hotocatalysts compared to pure TiO2.

We have carried out the degradation of many water and air
ollutants using various modified TiO2 catalysts [20,28–29]
nd have come to similar conclusions. Photocatalysis is a sur-
ace process and the kinetic parameters obtained depend on
he actual surface of the semiconductor exposed to radiation.
or example, immobilized TiO2 films possess the same porous
urface, however only a part of the photocatalyst surface is avail-
ble for the catalytic reaction. In addition, light interactions are
ot negligible and in the case of nanoparticles, the packing of
he particles in TiO2/RuO2/SiO2 does not permit all photons,
ecause of scattering effect, to reach every part of the catalyst
urface.
These results though interesting, should be interpreted with
ome caution. This is because the data are valid for the initial
ate of degradation. It has been reported that as the reaction
rogresses, the KC term in Eq. (7) is no longer negligible and

M

t

able 2
inetic parameters and photocatalytic efficiency (%) of TiO2 nanoparticles towards M

TiO2 foam TiO2 (SiO2, 10%)

egradation after 1 h illumination (%) 47.1 24.6

app, rate constant (min−1) 0.370 0.376

surf (cm−2 min−1) × 10−4 3.06 2.91
ime for complete decolorization (min) 127.3 245.4
2 0.9220 0.9601
hotobiology A: Chemistry 197 (2008) 321–328 325

he Langmuir–Hinshelwood kinetic model is not sufficient under
his scenario to explain the observed kinetics [30].

A more appropriate approach to the analysis of photocatalytic
ata might be to develop a novel kinetic parameter to explain
he degradation efficiency per unit area of the catalyst [30]. This
actor, ksurf, can be derived by dividing the apparent rate constant
ith the surface area of the catalyst as in Eq. (9).

surf = Kapp

S
(9)

here Ksurf (min−1 cm−2), is the novel parameter, kapp (min−1),
s the rate constant and S (cm2), is the surface area of the photo-
atalyst. Ksurf provides the net heterogeneous process efficiency,
aking into account the area of the photocatalyst that can be
tilized for decomposition processes.

Ksurf values calculated from Eq. (9) are summarized in
able 2. The Ksurf values for all particles are nearly the same,
ut the photoefficiency are different. These results suggest that
he photocatalytic efficiency does not just depend on the amount
f catalyst surface exposed to radiation, but also on the type and
ature of this exposed surface in terms of the chemical compo-
ition and microstructure. In this regard, silicon and ruthenium
ehave differently with regard to the effect each has on TiO2 in
he composite materials. This treatment assumes that all of the
hotocatalyst material was uniformly illuminated.

We observe here that though the nanoparticles are effective
owards the decomposition of the azo-dye, the efficiency of SiO2
n enhancing the activity of TiO2 appears to strongly depend on
he presence of RuO2 as well. In the absence of RuO2, and
or 10% (w/w) SiO2 in the composite material, the percent-
ge decomposition decreased by a factor of 3, from 28.2 to
.8%. In the absence of RuO2, TiO2/SiO2 is not an efficient
omposite nanocatalyst material. The reason for this could be
hat because SiO2 is an amphoteric oxide, it could be charged at
he experimental pH. The pH is related to the acid–base property
f the metal oxide surface and can be explained on the basis of
ero point charge. The adsorption of water molecules at surficial
etal sites is followed by the dissociation of OH− charge groups

eading to coverage with chemically equivalent metal hydroxyl
roups (M–OH) [31]. Due to the amphoteric behaviour of most
etal hydroxides, the following equilibrium reactions could be

nvoked to explain the observed behaviour

–OH + H+ → M–OH2
+ (10)
–OH → M–O− + H+ (11)

It is possible that at pH of 8, the surface of SiO2 is posi-
ively charged and the formation of OH radicals, the principal

O degradation

RuO2/TiO2 RuO2/TiO2 (SiO2, 5%) RuO2/TiO2 (SiO2, 10%)

50.1 75.5 106.4
0.415 0.429 0.530
2.70 2.90 3.01

100 79.5 57.2
0.9601 0.9947 0.9974
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xidizing species, is not favoured and hence photoefficiency is
ot enhanced with respect to SiO2 [32] due to its inability to
enerate e–h pairs on the surface. In terms of efficiency, the rate
onstants and percentage decomposition of MO decreased in
he order TiO2/RuO2 (SiO2 10%, w/w) > TiO2/RuO2 (SiO2 5%,
/w) > TiO2/RuO2 (90:10%, w/w) > TiO2/SiO2 (90:10%, w/w).
It was observed that RuO2 concentration less than 5% (w/w)

n TiO2 did not result in significant decolorization of MO. On
he other hand, increasing the concentration of RuO2 more than
0% (w/w) in TiO2 did not result in any proportionate increase
n photocatalytic activity either. Similarly, increasing the SiO2
oading in the composite more than 10% (w/w) did not result
n any photocatalytic benefit. This has also been observed with
old and silver modification of TiO2 [16,33].

.6. Photocatalytic activity of TiO2 foam

Different loads of TiO2 foam were evaluated for their cat-
lytic activity towards MO decomposition and Fig. 5(a–c) show
he photodecomposition kinetic data. The kinetic plots indicate
hotocatalytic rate dependence on the amount of catalyst used,
ith percentage decomposition (decrease in MO concentration)
arying from 95.8% with 9 g of foam, 71.4% with 2 g of foam,
5.7% with 0.5 g of foam to 29% with 0.2 g of foam. After
00 min of irradiation, the 95.8% of decomposition achieved

ith 9 g of foam, compared to 29% obtained for 0.2 g of foam,

epresented only a 3.4-fold increase in decomposition compared
o a 45-fold increase in catalyst load. The semi-logarithmic plot
hown in Fig. 5(a) gave a straight line with R2 values ranging

3

P

Fig. 5. (a–c) Decomposition kine
hotobiology A: Chemistry 197 (2008) 321–328

rom 0.9977 to 0.9988 while Fig. 5(c) shows a decrease in MO
oncentration with time in accord with first order kinetics.

Results show that the same loads of TiO2 foams in different
oncentrations of MO produced different photocatalytic effects.
he rate of decomposition was higher with 5 mg/l MO than with
0 mg/l dye, but lower with 1 mg/l dye (not shown). Therefore,
he ability of the photocatalyst to decompose the dye should
e determined by comparing the initial decomposition rates
pon illumination as explained earlier. Concentrations of methyl
range more than 10 mg/l were also studied but no marked dif-
erences in the rate of degradation were observed. This has been
eported in similar studies [34]—where it was observed that for
ye concentrations of 5–10 mg/l, almost 100% complete degra-
ation occurred within 60 and 120 min of irradiation. However as
he concentration was increased, the time for complete degrada-
ion was observed to increase significantly; to 4 h using 25 mg/l
oncentration of MO. The explanation for this is that as the
nitial concentration of the dye increases, the path length of
he photons entering the solution decreases leading to a slow-
own or decrease in photocatalytic efficiency as the catalyst load
ncreases [34]. The same effect has been observed by Neppo-
ian et al. [35] in a study of the degradation of three commercial
extile dyes (Reactive Yellow, Reactive Red and Reactive Blue)
sing TiO2 photocatalysts.
.7. Comparison with commercial TiO2

The photocatalytic activity of commercial TiO2 (Degussa
-25) has been studied extensively and compared with stud-

tics of MO in titania foam.
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es carried out with silver modified TiO2 [20], gold modified
iO2 [28] and these studies came to essentially the same con-
lusions, broadly in agreement with the results of the present
tudy. The modified materials were observed to be more effi-
ient than the commercial TiO2. For example, published work
n methyl orange using pure TiO2, gold and silver modified
iO2 materials, indicate that for the modified materials, the time

o completely decolorize methyl orange was twice as fast as for
ure TiO2. In addition, the percentage decolorization after 1 h of
llumination was 34.5% for pure TiO2 compared to 90% for gold

odified TiO2. The rate constant and time for complete decol-
rization were 0.0103 min−1 and 330 min for pure TiO2 [28]. In
his study, the percentage degradation after 1 h of illumination
as 47.15% for TiO2 foam, 75.5 and 106.4%, respectively, for
iO2/RuO2 (SiO2 5%, w/w) and TiO2/RuO2 (SiO2 10%, w/w)
ompared to 34.15% for commercial TiO2.

The reasons given for the better performance of the modified
aterials compared to commercial TiO2 was that in addition

o the reduction in the band gap energy of titania due to the
ncorporation of silver or gold particles, the surface properties
f the titania were also modified as a result, bringing about a
imultaneous reduction in band gap energy and improved sur-
ace properties [36]. The results obtained in this study can thus
e explained on the basis that RuO2 and SiO2 served the dual
urpose of a simultaneous reduction in band gap energy and
ncrease in the surface area of TiO2. Some studies, based on
FM, SEM, and XRD analysis alone, have suggested that the

mproved activity of modified TiO2 materials is due exclusively
o improved surface properties of the modified TiO2 [37]. These
omposite materials as well as the foam should be contaminant
on-specific and hence can be applied to the treatment of low
evels of pollutant organics in water and air including pesticides,
hodamine, metachlor, trichloroethylene, chlorophenol, xylene,
enzene, toluene and nitrogen containing pollutants, etc.

.8. TiO2 surface morphology and catalytic activity

Rough, high surface area titania materials including foams
nd films, show a great ability to efficiently capture protons
hrough a thick semiconducting network. This ‘sponge’ like
rchitecture and porosity of the foam, for example, explain the
nhanced photocatalytic efficiency observed with modified tita-
ia material. On the other hand, the TiO2/RuO2 (SiO2 10%)
resents a composite surface which has a dual function as
hotons capturing material and as SiO2/RuO2 promoted sub-
trate.

The surface coverage and the diameter of the particles pre-
ented in Table 2 are crucial parameters to also take into account
38–48] and the results of this study indicate that in terms of pho-
ocatalytic activity, SiO2 and RuO2 appear to have a synergistic
elationship as they appear to ‘cooperate’ to enhance the pho-
ocatalytic activity of TiO2. With respect to the titania foam,
he highly porous and rough structure makes it ideal for volatile

rganic compound (VOC) remediation in air and water although
egradation rates appear to slowdown with time, due possibly to
eterioration in catalytic activity. The mechanism of decomposi-
ion of methyl orange using the titania foam is far more complex

[

[

[
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nd this is under investigation, including details of the porosity
nd network architecture.

. Conclusions

X-ray diffractive measurements and SEM characterization of
he titania foam show very rough and porous surfaces properties.
hese enhance the photocatalytic activity of TiO2 foam towards
zo-dye degradation. The photocatalytic activity improved sig-
ificantly with an increase in the amount of foam used as
ell as the time of radiation. The photocatalytic behaviour

nd properties of a series of TiO2/RuO2 particles obtained by
ydrogen reduction reactions indicate that a combination of
iO2/RuO2 and SiO2 particles is a more efficient photocata-

yst for the decomposition of methyl orange than TiO2 alone.
ilicon dioxide and ruthenium dioxide appear to work coop-
ratively in enhancing the photocatalytic activity of titanium
ioxide.
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