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a b s t r a c t

Novel TiO2 nanoparticles (TNP) having a high specific surface area were successfully synthesized in a
vortex reactor by sol–gel process with optimized operating parameters. These 10–20 nm TNP were char-
acterized and compared with TiO2 synthesized by solution combustion (TSC) method and commercially
available TiO2 (degussa P25 and anatase by Aldrich). Characterization was performed by X-ray diffraction
spectroscopy (XRD), specific surface area analysis, energy dispersive X-ray spectroscopy (EDX), scanning
electron microscopy (SEM), diffuse reflectance ultraviolet–visible spectroscopy (DR/UV–vis), and Fourier
transformed-infrared spectroscopy (FT-IR). TNP showed comparatively smaller size with little poros-
ity between them, good crystalline anatase with small rutile phase, higher BET surface area, confined
band gap energy, and higher OH groups. Photocatalytic oxidation of ethylene (a naturally occurring gas
thylene

xidation
hotocatalysis

produced by plant tissues, engine exhausts, and plant and fungi metabolism) has been investigated at
ambient temperature in an ad hoc designed pyrex glass photocatalytic reactor, by using these TNP and
compared with TSC, and commercial TiO2. Higher photocatalytic conversion of ethylene was observed
for TNP compared to TSC and commercial TiO2. Mixed phase of TN with high surface area might induce
the adsorption of ethylene pollutant and water with generation of OH groups (oxidizing agent) on the

highe
surface of TNP leading to

. Introduction

The first discovery of the photochemical hydrolysis of water by
ujishima and Honda [1] has opened the field of diverse appli-
ations of titania in areas such as photovoltaics [2], self-cleaning
oatings [3], photocatalysis [4], and electrochronic display devices
5]. Photocatalysts are solids that can promote reactions in the
resence of light without being consumed [6].

TiO2 is an ideal photocatalyst in several ways. It is relatively
heap, highly stable from a chemical viewpoint, and easily avail-
ble. Moreover, its photogenerated holes are highly oxidizing,
nd the photogenerated electrons are reducing enough to pro-
uce superoxide from dioxygen. It promotes ambient temperature
xidation of the major classes of indoor air pollutants, and does
ot need any chemical additives [7–9]. Air pollution is considered
orldwide a serious problem. Volatile organic compounds (VOCs)

he main part of the air pollution are from the indoor as well as

xternal sources. Conventionally, VOC pollutants are removed by
ir purifiers that employ filters to remove particulate matters or
se sorption materials (e.g. granular activated carbon) to adsorb
he pollutants. These techniques only transfer the contaminants to
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another phase rather than eliminating them. Hence, additional dis-
posal or handling steps are needed. Photocatalytic oxidation (PCO)
of VOCs is a promising alternative technology for air purification.
It has been demonstrated that organics can be oxidized to carbon
dioxide, water and simple mineral acids at low temperature on TiO2
catalysts in the presence of UV or near-UV illumination [10–19].

Most of the studies have shown that the photocatalytic activity
of titanium dioxide is greatly influenced by the crystalline form,
although controversial results are reported in the literature. For
example, some authors state that anatase works better than rutile
[17,20], others found the best photocatalytic activity for rutile
[21–23], and some others detected synergistic effects in the photo-
catalytic activity for anatase–rutile mixed phases [24–26]. Besides,
recently it was demonstrated that photoactivity in organics degra-
dation depends on the phase composition and on the oxidizing
agent [27]. Moreover the ability of titanium dioxide particles to
degrade organic compounds depends also on the size of the parti-
cles, since small particles offer larger specific surface areas [28].

Many processes can be employed for the production of titanium
dioxide particles, such as flame aerosol synthesis [29], hydrother-

mal synthesis [30], and sol–gel synthesis [31]. Flame aerosol
synthesis presents the main advantage of being easily scalable to
the industrial level, but shows all the disadvantages of high tem-
perature synthesis. Hydrothermal synthesis is instead particularly
interesting for it directly produces a crystalline powder, without the

http://www.sciencedirect.com/science/journal/13858947
http://www.elsevier.com/locate/cej
mailto:nunzio.russo@polito.it
dx.doi.org/10.1016/j.cej.2009.10.043
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eed of a final calcination step, which is necessary in the sol–gel
rocess. However, the lack of knowledge of the chemical equi-

ibria of the species in solution and of the kinetics of nucleation
nd growth of the different phases makes it difficult to control the
verall process. Therefore, the sol–gel process is at the moment
he most common and promising one at a lab scale. Although the
ol–gel process has been known almost for a century and some of
he most important aspects have been cleared, there exists room
or improvement for individuating synthesis conditions that result
n a powder with improved properties, when compared with the
ommercial products available at the moment. Furthermore, up-
caling the process from the laboratory to the industrial scale is
till a complex problem of difficult solution. Mixing plays indeed
big role but its effects are usually underestimated, as proven by

he qualitative statements (e.g. add drop wise or mix vigorously)
enerally used to define ideal mixing conditions.

In our previous studies of synthesis of TiO2 nanoparticles
32,33], we have investigated quantitatively the effect of mixing
nd other operating parameters. This synthesis study was done on
mall scale, where the reported results clearly show that mixing
lays a key role. The use of adaptable mixing devices, such as the
ne described, allows tuning the mixing rate in order to obtain the
esired particle size and morphology.

In the present work, we particularly focused on the synthesis
f novel TiO2 nanoparticles (TNP) on large scale by controlling the
ptimized operating conditions and using a special passive mixer,
.e. a vortex reactor (VR). We made an attempt to get TNP with
igh surface area and mixed crystalline phase with more anatase
nd small amounts rutile. Because of the mentioned synergistic
ffect, the mixed phases are expected to be more attractive for
as-phase photocatalytic application of VOC in the presence of
xygen [24]. Ethylene was chosen as a probe reactant for the appli-
ation of TNP. It is generated by engines; biomass fermentators;
yrolysis of hydrocarbons; fruit ripening; and plants biosynthe-
is. Besides, it is also the parent compound of more widespread
lass of VOCs of environmental concern (e.g. trichloroethylene
nd tetrachloroethylene). Some researchers [10–13] have already
ocused on the ethylene degradation by catalysts at relatively
igher temperature than the ambient temperature. However, in
his study we have focused on the use of the synthesized TNP
hotocatalyst for ethylene degradation at ambient temperature.
new fabricated photocatalytic reaction system with pyrex glass

eactor is used. Comparison was accomplished with TiO2 syn-
hesized by solution combustion method (TSC) or commercial
iO2. Characterization was performed by X-ray diffraction spec-
roscopy (XRD), Brunauer–Emmet–Teller (BET) analysis, energy
ispersive X-ray spectroscopy (EDX), field emission scanning elec-
ron microscopy (FE-SEM), diffuse reflectance ultraviolet–visible
pectroscopy (DR/UV–vis), and Fourier transformed-infrared spec-
roscopy (FT-IR).

. Experimental

.1. Synthesis of TiO2

TNP were synthesized on large scale (2 L gel) by controlling
he optimized operating parameters using the VR shown in Fig. 1,
nd by adopting the small scale (200 mL gel) synthesis proce-
ure [32,33]. Titanium tetra-isopropoxide (TTIP: Sigma–Aldrich)
as used as a precursor in this work, because of its very rapid
ydrolysis kinetics. Two solutions of TTIP in isopropyl alcohol

nd of water (Milli-Q) in isopropyl alcohol were prepared sepa-
ately under nitrogen flux to control the alkoxide reactivity with
umidity. Hydrochloric acid (HCl: Sigma–Aldrich) was added to
he second solution as a hydrolysis catalyst and deagglomeration
gent. TTIP/isopropanol concentration was taken equal to 1 M to
Fig. 1. TNP (sol–gel method) synthesis set-up.

get the maximum TiO2 (1 M), whereas the water and hydrochlo-
ric acid concentrations were chosen in order to result in a water
to precursor ratio, W = [H2O]/[TTIP], equal to four, and acid to pre-
cursor ratio, H = [H+]/[TTIP], equal to 0.5. The two solutions of TTIP
and water in isopropyl alcohol were stored in two identical vessels,
then pressurized at 2 bars with analytical grade nitrogen, and even-
tually fed and mixed in the VR. The inlet flow rates were kept equal
to 100 mL/min by using two rotameters. This inlet flow rate guar-
antees very fast mixing, thus inducing the formation of very fine
particle. Equal volumes of reactant solutions (i.e. 1 L) were mixed
at equal flow rates at 28 ◦C and then for both configurations the
solutions exiting the VR were collected in a beaker thermostated
at 28 ◦C and gently stirred. The TTIP conversion into TiO2 through
hydrolysis and condensation can be summarized into the following
global chemical reaction:

Ti(OC3H7)4 + 4H2O → TiO2 + 2H2O + 4C3H7OH

As it is well known that a very fast chemical reaction character-
ized by an equilibrium completely shifted toward the products, as
TiO2 is a thermodynamically very stable substance, thus resulting
in almost 100% yield.

The reaction product (i.e. gel) was then dried in three different
ways; dried by rotavapor, directly in oven, and in oven after fil-
tration. The resulting dried powders were eventually calcined at
400 ◦C for 3 h.

TSC was synthesized by following the procedure reported in
[34] but with modified precursors and ratios. Particularly TTIP was
used as precursor, glycine/urea as fuel, under stochiometric as well
as non-stochiometric ratios, and 400/500 ◦C as combustion tem-
perature. After combustion reaction, the samples were followed
for calcinations at 400 ◦C for 3 h. Different commercial TiO2 were
purchased from Sigma–Aldrich and Aerosil to make comparison.

2.2. Characterization

In order to determine the different polymorphs, XRD patterns
were recorded on a X’Pert Phillips diffractomer using Cu K� radi-
ation, in the following conditions: range = (10–90◦) 2�; step size
2� = 0.02◦. The BET surface area measurement and pore size anal-
ysis were carried out on powders previously outgassed at 150 ◦C,
by N2 sorption at 77 K on a Quantachrome Autosorbe 1C instru-
ment. FE-SEM pictures were collected on a high-resolution FE-SEM
instrument (LEO 1525) equipped with a Gemini field emission col-

umn to see the particle morphology; with the same instrument,
elemental composition was checked by EDX analysis.

Information about the nature of OH groups was obtained
with a FT-IR spectroscopy. Powders were pressed into thin, self-
supporting wafers. Spectra were collected, at a resolution of 2 cm−1
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with the other drying conditions are reported in Table 1. For
most photocatalytic reaction systems, it is generally accepted
that anatase demonstrates a higher activity than rutile and this
enhancement in photoactivity has been ascribed to the Fermi level

Table 1
BET surface area and crystalline phases of different TiO2.

Sample SBET (m2/g) Anatase:rutile
(%)

TNP (rotavapor dried and calcined) 151 80:20
TNP (filtered, dried and calcined) 130 71:29
TNP (oven dried and calcined) 121 69:31
TSC (glycine, 400 ◦C, 1:1) 85 55:45
TSC (glycine, 500 ◦C, 1:1) 90 60:40
Fig. 2. Photocatalysis r

n a Perkin Elmer FT-IR spectrophotometer equipped with a MCT
etector.

DR/UV–vis was done by a UV–vis double beam spectropho-
ometer Varian Cary 500, equipped with an integrating sphere. For
ackground subtraction, the reference was Spectralon® and spec-
ra were collected in 200–600 nm regions with a resolution of 2 nm.
he measuring set-up permits the analysis of diffuse radiation,
xcluded the specular one.

.3. Ethylene photocatalytic reaction

All tests of ethylene photocatalytic degradation were performed
n a pyrex glass reactor with total volume of 2000 cm3. A schematic
f the experimental setup is depicted in Fig. 2, that includes the
yrex glass reactor (transparent to UV light), connectors, mass flow
ontrollers (MFC, Bronkhorst high tech), UV lamp (Osram ultra
italux, 300 W), gas cylinders (1000 ppm ethylene, air), and gas
hromatograph (Varian CP-3800) equipped with capillary column
CP7381, fused silica) and flame ionization detector (FID) with a
atented ceramic flame tip for ultimate peak shape and sensitivity,
sed for the product gas analysis.

1 g calcined TiO2 sample was dispersed inside the pyrex glass
eactor. 100 ppm ethylene was continuously flushed in the reac-
or with the help of MFC at constant flow rate of 50 mL/min. After
chieving equilibrium in the peak intensity, UV light was turned on,

eaction products were analyzed by GC, and ethylene conversion
as calculated.

We repeated our experiments and the results were repro-
ucible. Therefore, we safely state that the errors are quite limited
nd can be neglected.
n experimental setup.

3. Results and discussion

3.1. Characterization and comparison of TiO2 samples

TNP were dried in three different commercial process leading
easy ways to find the optimized one. After drying and before cal-
cination the powder is mainly amorphous and no distinct peak is
found, as shown in Fig. 3(a). However, after calcination at 400 ◦C
for 3 h the main crystalline form was anatase (denoted as “A”)
and minor part in rutile (denoted as “R”) (Fig. 3(a)). The opti-
mal drying condition was found by drying in rotavapor, resulting
in an anatase to rutile ratio of 80:20. Details and comparison
TSC (urea, 500 ◦C, 1:3) 108 61:39
TSC (urea, 500 ◦C, 1:1) 65 58:42
TiO2 commercial (Aldrich, technical) 15 80:20
TiO2 commercial (Aldrich, anatase) 10 100:0
TiO2 commercial (degussa P25) 53 70:30
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Fig. 3. XRD patterns of (a) TNP, (b) TSC, and (c) different commercial titania.

f anatase being higher than that of rutile [35]. The origin and

he method of preparation affect the physico-chemical proper-
ies of the specimen. In recent years degussa P25 TiO2 has set the
tandard for photoreactivity in environmental VOC applications.
egussa P25 is a non-porous 70:30% (anatase to rutile), having
Fig. 4. TNP (rotavapor dried): (a) adsorption/desorption isotherm, (b) average pore
diameter.

rutile phase but considered even more reactive than pure anatase
[6].

Compared to TNP, TSC showed more rutile phase in all the cases
shown in Fig. 3(b). However, TSC (glycine, 500 ◦C, 1:1) and TSC
(urea, 500 ◦C, 1:3) were comparatively better in this category as
shown in Table 1. Also, Fig. 3(c) represents the XRD patterns of
three different commercial TiO2 for the comparison. TiO2 by Aldrich
(anatase) showed the pure anatase phase whereas the TiO2 by
Aldrich (technical) has a mixed phase. Degussa P25 also showed
mixed anatase and rutile phases.

The effect of the specific surface area of TiO2 in photocatalysis is
always important [6,16]. The primary objective was to synthesize
the TNP that have the highest surface area. Table 1 shows that all
the TNP samples exhibit higher specific surface area than the TSC as
well as all the commercial TiO2. TNP dried in rotavapor and calcined
showed the highest surface area (i.e. 150 m2/g), in contrast to the
degussa P25 (53 m2/g). It was also reported [6] and shown in Table 1
that surface area of degussa P25 is five times that of Aldrich TiO2.
Therefore comparing all, TNP showed the best available surface
area. As shown in Fig. 4(a and b) by adsorption/desorption isotherm
and average pore diameter (APD), TNP also have porosity with a

pore volume of 0.20 cm3/g and average pore diameter of 7 nm. This
porosity is considered to be the void spaces between the particles in
contrast to the non-porous degussa P25. The sample with a poros-
ity and rough surface showed a characteristics of high surface area
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Fig. 5. SEM images of TNP (a and b), degussa P25 (c and d), and TiO2 comm

nd high adsorptive capacity [16]. Also, the increased surface area
f TiO2 should be helpful to enhance the surface reaction of TiO2
36].

FE-SEM was used to analyze the particle size and shape of
he calcined TNP and comparison with commercial TiO2. The SEM
mages of the calcined TNP showed fine nanoparticles of 10–20 nm
ange (Fig. 5a and b). Even though the sample was calcined at high
emperature of 400 ◦C for 3 h, the nanoparticles are more in the dis-
ersed phase and very less in the aggregates. On the other hand,
egussa P25 showed an aggregates of 60–70 nm nanoparticles
Fig. 5c and d) and Aldrich TiO2 has much larger size nanoparticles
n the range of 150–250 nm (Fig. 5e and f).

EDX a chemical microanalysis technique is used to characterize

he elemental composition of the calcined TNP. It demonstrates that
he main components are O and Ti with 67 and 32 at.%, respectively
onfirms the formation of TiO2 and a small amount of Cl that is
ctually from HCl added during the synthesis.

ig. 6. DR/UV–vis spectra of different titania samples showing the difference in
avelength.
l by Aldrich (e and f) showing the morphology and particle size difference.

DR/UV–vis directly provides some insight into the interactions
of the photocatalytic materials (e.g. TiO2) with photon energies
[9,35,37]. Fig. 6 shows the UV–vis absorption profiles of TNP and
TSC calcined at 400 ◦C/3 h, and compares then with those of com-
mercial TiO2. It is clear that the absorption spectrum of TNP exhibits
an onset of absorption at � = 391 nm compared to TSC which shows
at � = 402, 413 nm, whereas degussa P25 represents at � = 380 nm
as shown in Fig. 6 and Table 2. The band gap energy of the tita-
nia samples was calculated by using this UV–vis DRS spectra with
the equation, E (eV) = hc/� = 1239.95/� [37], where E is the band gap
energy (eV), h is Planck’s constant, c is the velocity of light (m/s) and
� is the wavelength in nm. Table 2 shows the calculated band gap
energies and the comparison. The average literature values for the
absorption and corresponding band gap energies for bulk anatase
TiO2 is �on 385 nm and E = 3.2 eV [38]. It has also been reported that
the increased band gap energy could be attributed to the effect of
quantum size [37].

The FT-IR spectra of TNP and TSC calcined at 400 ◦C/3 h, and
degussa P25 is shown in Fig. 7. It is believed that the broad peak at
3400 and the peak at 1650 cm−1 correspond to the surface water
and hydroxyl groups [39]. Obviously, the calcined TNP has more
surface water and hydroxyl groups than the calcined TSC as well as
the degussa P25. This can be attributed to the larger surface area
of the calcined TNP (Table 1). TNP of large surface area might offer
more active sites to adsorb water and generate hydroxyl groups.
3.2. Ethylene photocatalysis

PCO of ethylene over TNP was performed at ambient tempera-
ture (Fig. 2) and compared with different TSC and commercial TiO2

Table 2
Comparison of band gap energies of different TiO2.

Sample name Absorption edge
wave length, � (nm)

Band gap
energy, E (eV)

TNP (sol–gel) 391 3.17
TSC (glycine) 402 3.08
TSC (urea) 413 3.00
TiO2 commercial (degussa P25) 380 3.26
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ig. 7. FT-IR spectra of different titania samples showing the difference in OH
roups.

hotocatalysts. The important feature of this reaction is the use of
ir instead of conventional oxygen. In this situation, the required
xygen for the photocatalytic reaction is obtained from the air,
eading towards the commercialization step. Fig. 8 shows the per-
entage conversion of ethylene as a function of time. TNP showed
ignificantly higher conversion than all other samples. Degussa P25
howed comparable results. Even 100% anatase commercial TiO2
howed very low conversion in this reaction. As it is clear, TSC syn-
hesized with different ways using urea and glycine were also not
uitable for this application. TNP was stable active until 6 h of reac-
ion time in contrast to the degussa P25, which starts deactivation
t this time. This deactivation of degussa P25 is due to its inferior
roperties. Moreover, TNP showed higher activity and good stabil-

ty because of several superior properties which are being discussed
n the following paragraphs.
The first superior characteristic of TNP in ethylene photodegra-
ation is that it has main anatase with small rutile phase (Table 1).
he photocatalyst derives its activity from the fact that when pho-
ons of a certain wavelength hit upon a surface, electrons are

ig. 8. Ethylene photodegradation over different titania photocatalysts with time
f illumination.
ing Journal 157 (2010) 45–51

promoted from the valence band and transferred to the conduc-
tance band [6]. This leaves positive holes in the valence band, which
react with the hydroxylated surface to produce OH• radicals which
are the most active oxidizing agents. In the absence of suitable elec-
tron and hole scavengers, the stored energy is dissipated within
a few nanoseconds by recombination. If a suitable scavenger or a
surface defect state is available to trap the electron or hole, their
recombination is prevented and subsequent redox reaction may
occur. In TNP, similar to degussa P25, the conduction band electron
of the anatase part jumps to the less positive rutile part, reduc-
ing the rate of recombination of electrons and positive holes in the
anatase part.

A second favorable feature of TNP in this application is the
small size in combination with little porosity (Fig. 5) accom-
panied by large surface area (Table 1). It is reported that the
photochemical characteristics of ultra small particles (i.e. Q-sized
particles) has many advantages over comparatively macroparticles
such as degussa P25 [40]. These small particles exhibit characteris-
tics between molecular and bulk semiconductor. The high surface
area-to-volume ratios lead to improved effectiveness for surface-
limited reactions. Porosity between the TNP also make it superior to
degussa P25 in ethylene photodegradation. The substances which
are readily adsorbed are degraded at faster rate, indicating that
the reaction is a surface phenomena [6]. The adsorption of ethy-
lene which is competitive to OH groups on TNP surface might be
increased due to this porosity, which causes the higher conversion
after reaction.

The third attractive point of TNP is the numerous OH groups on
the surface (Fig. 7). It is also noted that the type and amount of
surface OH groups and or physisorbed H2O plays a significant role
in the photocatalytic reactions through the formation of OH radi-
cals. The holes can react with water to produce the highly reactive
hydroxyl radicals (OH•). These holes and the hydroxyl radicals are
very powerful oxidants, which oxidize the organic materials [41].
The large surface area of the TNP was one of the most important
factors in achieving a high efficiency through higher OH groups
adsorbed on the surface of TNP in the PCO of the ethylene.

Another factor which is dominant in TNP (mostly anatase) is
its higher bandgap energy (Fig. 6, Table 2) close to degussa P25. It
also shows higher band gap energy than TSC due to more anatase
phase. Moreover, when the crystallite dimension of a semiconduc-
tor particle falls below a critical radius of approximately 10 nm,
the charge carriers appear to behave quantum mechanically [36].
As a result of this confinement, the band gap between the valence
and conduction bands is enlarged as the particle size of the TiO2
decreases. Thus, the oxidation potential of the photon generated
holes (h+) and the reducing potential of the electrons (e−) could
increase with increasing bandgap.

4. Conclusions

In this work, novel TNP was successfully synthesized on large
scale by sol–gel method using VR with optimized operating param-
eters and conditions. Characterization comparison was done with
the synthesized TSC and commercially purchased TiO2 using dif-
ferent analysis techniques in detail. TNP showed many superior
characteristics to other samples such as: main anatase with small
rutile phase, small nanoparticles with little porosity accompanied
by a large surface area, high band gap energy, and numerous OH
groups.

Photocatalytic application of TNP was tested in the newly

fabricated reaction system for the photocatalytic degradation of
ethylene and compared with different TSC and commercial TiO2
in activity. TNP revealed higher photocatalytic conversion of ethy-
lene even than degussa P25, which is the best commercial TiO2. The
enhancement in activity is believed to be due to the all combined



gineer

s
t
t
V

A

C
P
P
m

R

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

M. Hussain et al. / Chemical En

uperior features of TNP, mentioned above. The obtained results in
his study are very encouraging, showing further way for optimiza-
ions and promising applications especially in the photocatalysis of
OCs and many more.
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