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a b s t r a c t

In this work, photocatalytic degradation of different VOCs has been investigated using novel TiO2

nanoparticles (TNP) at near room temperature. The TNP was synthesized in a vortex reactor by sol–gel
process with controlled operating parameters. The final product was optimized through an effective con-
trol of the calcination temperatures (400–700 ◦C) and times (1–7 h). The optimized 10–20 nm particle size
TNPs exposed a high specific surface area (151 m2/g), which was three times higher than the commer-
cial Degussa P 25 TiO2 material. It also showed rather pure crystalline anatase with small rutile traces,
confined band gap energy, relatively more Ti3+ on the surface, and higher OH surface groups as charac-
terized by X-ray diffraction (XRD), Raman spectroscopy, specific surface area analysis, diffuse reflectance
ultraviolet–visible spectroscopy (DR/UV–vis), Fourier transformed-infrared spectroscopy (FT-IR) and X-
ray photoelectron spectroscopy (XPS). The optimized TNP showed superior photocatalytic degradation
of ethylene at ambient temperature, as tested in an ad hoc designed Pyrex glass photocatalytic reactor. It

was found that the mixed phase of the optimized TNP with a high surface area might induce the adsorp-
tion of ethylene and water and generate OH groups which act as oxidizing agents on the TNPs surface,
leading to higher photocatalytic activity. The effects of different factors, including adsorption, flow rates,
concentrations, catalyst weight and reaction temperature were studied in detail for ethylene, propylene,
and toluene oxidation. Moreover, higher photocatalytic activity for VOCs abatement was obtained than

e to t
the Degussa P 25 TiO2 du

. Introduction

Volatile organic compounds (VOCs) are considered to be as
ome of the most important anthropogenic pollutants generated
n urban and industrial areas [1]. These VOCs are widely used in
and produced by) both industrial and domestic activities since they
re ubiquitous chemicals that are used as industrial cleaning and
egreasing solvents [2]. VOCs come from many well-known indoor
ources, including cooking and tobacco smoke, building materials,
urnishings, dry cleaning agents, paints, glues, cosmetics, textiles,
lastics, polishes, disinfectants, household insecticides, and com-
ustion sources [2–4].

Many VOCs are toxic, and some are considered to be carcino-
enic, mutagenic, or teratogenic [5–7]. Carcinogen VOCs have no
afety threshold dose, thus any exposure, however small, implies

finite risk. Long-term exposure to these VOCs is detrimental to
uman health (sick building syndrome, SBS). Furthermore, VOC
missions can contribute to the formation of urban smog and ozone,
tratospheric ozone depletion and the greenhouse effect.

∗ Corresponding author. Tel.: +39 011 0904710; fax: +39 011 5644699.
E-mail address: nunzio.russo@polito.it (N. Russo).

385-8947/$ – see front matter © 2010 Elsevier B.V. All rights reserved.
oi:10.1016/j.cej.2010.10.040
he above-mentioned characteristics.
© 2010 Elsevier B.V. All rights reserved.

New, safe, and clean chemical technologies and processes for
VOC abatement are currently under development [8]. Conven-
tionally, VOC pollutants are removed by air purifiers that employ
filters to remove particulate matters or use sorption materials
(e.g. granular activated carbon) to adsorb the VOC molecules
[9]. These techniques only transfer the contaminants to another
phase instead of destroying them. Hence, additional disposal or
handling steps are needed. Moreover, all these sequestration
techniques have inherent limitations, and none of them is deci-
sively cost effective. Therefore, there is a great demand for a
more cost effective and environmentally benign process that is
capable of eliminating VOCs from gas streams [10], such as pho-
tochemical degradation, UV photolysis and photo-oxidation in the
presence of some oxidants such as ozone. Photocatalytic oxida-
tion (PCO) of VOCs is a very attractive and promising alternative
technology for air purification [11,12]. It has been demonstrated
that organics can be oxidized to carbon dioxide, water and sim-
ple mineral acids at low temperatures on TiO2 catalysts in the

presence of UV or near-UV illumination. PCO requires a low
temperature and pressure, employs inexpensive semiconduct-
ing catalysts, and is suitable for the oxidation of a wide range
of organics. Researchers [11–25] have already focused on this
promising technique and many beneficial advancements have been

dx.doi.org/10.1016/j.cej.2010.10.040
http://www.sciencedirect.com/science/journal/13858947
http://www.elsevier.com/locate/cej
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ade in the field of VOC abatement. The performance of the
emiconducting photocatalyst depends mainly on its nature and
orphology.
Solids that can promote reactions in the presence of light and

hich are not consumed in the overall reaction are referred to as
hotocatalysts [26]. These are invariably semiconductors. A good
hotocatalyst should be photoactive, able to utilize visible and/or
ear UV light, biologically and chemically inert, photostable, inex-
ensive and non-toxic. For a semiconductor to be photochemically
ctive as a sensitizer for the aforementioned reaction, the redox
otential of the photogenerated valence band hole should be suf-
ciently positive to generate OH• radicals that can subsequently
xidize the organic pollutant. The redox potential of the photogen-
rated conductance band electron must be sufficiently negative to
e able to reduce the adsorbed O2 to a superoxide. TiO2, ZnO, WO3,
dS, ZnS, SrTiO3, SnO2 and Fe2O3 can be used as photocatalysts.

TiO2 is an ideal photocatalyst for several reasons [26–33]. It
s relatively cheap, highly stable from a chemical point of view
nd easily available. Moreover, its photogenerated holes are highly
xidizing, and the photogenerated electrons are sufficiently reduc-
ng to produce superoxides from dioxygen groups. TiO2 promotes
mbient temperature oxidation of most indoor air pollutants and
oes not need any chemical additives. It has also been widely
ccepted and exploited as an efficient technology to kill bacteria.

Most of the studies have shown that the photocatalytic activity
f titanium dioxide is influenced to a great extent by the crys-
alline form, although controversial results have also been reported
n the literature. Some authors have stated that anatase works
etter than rutile [22], others have found the best photocatalytic
ctivity for rutile [34], and some others have detected synergis-
ic effects in the photocatalytic activity for anatase–rutile mixed
hases [35]. It has recently been demonstrated that photo-activity
owards organic degradation depends on the phase composition
nd on the oxidizing agent; for example, when the performance
f different crystalline forms was compared, it was discovered
hat rutile shows the highest photocatalytic activity with H2O2,
hereas anatase shows the highest with O2 [36]. Moreover, the

bility of titanium dioxide particles to degrade organic compounds
lso depends on the size of the particles, since small particles offer
arger specific surface areas [37]. It has also been found that photo-
ormed OH species, as well as O2

− and O3
− anion radicals, play a

ignificant role as a key active species in the complete photocat-
lytic oxidation of ethylene with oxygen into carbon dioxide and
ater [11].

In our previous work [25], we focused in particular on the syn-
hesis of TNPs at a large scale by controlling the optimized operating
onditions and using a special passive mixer, i.e. a vortex reactor
VR). An attempt was made to obtain TNPs with a high surface
rea and a mixed crystalline phase with more anatase and small
mounts of rutile, and it was found to guarantee good photocat-
lytic activity.

Instead, in the present work, an attempt has been made to
ptimize TNPs catalyst by optimizing the synthesis operating
onditions. The optimized TNPs were then tested for the photo-
atalytic oxidation of several key pollutants: ethylene (generated
y engines, biomass fermentators, pyrolysis of hydrocarbons, fruit
ipening, and plants biosynthesis), propylene (produced from non-
enewable fossil fuels, natural gas processing, coal, oil refining),
nd toluene (emitted by refining processes, paints, thinners, adhe-
ives, nail polish, automobile exhausts, cosmetics, rubber, cement,
abric dyes, inks). Various operating conditions, including adsorp-

ion, specific flow rate, pollutant concentrations, catalyst weight,
nd reaction temperature have been studied in detail for ethylene,
ropylene, and toluene VOC abatement. The materials were char-
cterized through X-ray diffraction (XRD), Raman spectroscopy,
pecific surface area analysis, diffuse reflectance ultraviolet–visible
ng Journal 166 (2011) 138–149 139

spectroscopy (DR/UV–vis), Fourier transformed-infrared spec-
troscopy (FT-IR) and X-ray photoelectron spectroscopy (XPS) in
order to analyze the reaction mechanism. The photocatalytic
activity of the optimized TNP was then compared with that of
commercially purchased Degussa P 25 TiO2.

2. Experimental

2.1. Synthesis of the TNP photocatalysts

The TNPs were synthesized at a large scale (2 L gel) by control-
ling the optimized operating parameters using the VR according
to our previous work [25]. Titanium tetra-isopropoxide (TTIP:
Sigma–Aldrich) was used as a precursor in this synthesis, because
of its very rapid hydrolysis kinetics. Two solutions, one of TTIP
in isopropyl alcohol and the other of water (Milli-Q) in isopropyl
alcohol, were prepared separately under nitrogen flux to con-
trol the alkoxide reactivity with humidity. Hydrochloric acid (HCl:
Sigma–Aldrich) was added to the second solution as a hydrolysis
catalyst and deagglomeration agent. A TTIP/isopropanol concentra-
tion was taken as 1 M/L to obtain the maximum TiO2 yield (1 M),
W ([H2O]/[TTIP]) = 4, whereas for H the [H+]/[TTIP] ratio was set
to 0.5. The two TTIP and water in isopropyl alcohol solutions were
stored in two identical vessels, then pressurized, at 2 bar, with ana-
lytical grade nitrogen at inlet flow rates of 100 mL/min with two
rota meters and were mixed in the VR. Equal volumes of reac-
tant solutions (i.e., 1 L) were mixed at equal flow rates at 28 ◦C and
then for both configurations the solutions exiting from the VR were
collected in a beaker thermostated at 28 ◦C and gently stirred.

The mixed solutions (i.e. gel) were then dried using a rotary
evaporator. Complete drying was obtained at 150 ◦C overnight. The
resulting dried powders were eventually calcined at different calci-
nation temperatures of 400, 500, 600 and 700 ◦C for 3 h in order to
screen the optimized calcination temperature. The dried samples
were also calcined at different calcination times of 1, 3, 5, and 7 h
at 400 ◦C to highlight the effect of calcination time. The Degussa P
25 TiO2 was purchased from Aerosil.

2.2. Characterization of the TNP photocatalysts

The XRD patterns were recorded to determine the differ-
ent polymorphs, on an X’Pert Phillips diffractomer using Cu K�
radiation, under the following conditions: 2� = 10–90; 2� step
size = 0.02. The Raman spectra were measured by means of a Ren-
ishaw Ramanscope with a green laser (Ar+, 514 nm), a notch filter,
lenses, a spectrograph and a CCD detector. The BET specific sur-
face area measurement was carried out on powders previously
outgassed, at 150 ◦C, by means of N2 sorption at 77 K on a Quan-
tachrome Autosorbe 1 C instrument. The DR/UV–vis spectroscopy
was accomplished using a UV–vis double beam spectrophotome-
ter Varian Cary 500. The reference for background subtraction was
Spectralon® and the spectra were collected in 200–600 nm regions
with a resolution of 2 nm. CO2 and CO were measured by carbon
analyzer (AO 2000 Series; ABB Automation Products Germany) at
the outlet of the reactor.

VOC adsorption experiments were performed at 25 ◦C for
220 min in a Pyrex glass reactor. 0.1 g TNP sample was used for the
adsorption of ethylene/propylene/toluene at 200 ppm concentra-
tion and 100 mL/min flow rate. The adsorption runs were carried
out under continuous flow for about 220 min, a time that was in

any case sufficient to saturate the TNP sample. The overall equilib-
rium amount of adsorbed hydrocarbons could be estimated from
the related breakthrough curves.

Information about the nature of the surface groups on tita-
nia was obtained through FT-IR spectroscopy. The powders
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Fig. 1. Schematic photocatal

ere pressed into thin, self-supporting wafers. The spectra were
ollected, at a resolution of 2 cm−1, on a PerkinElmer FT-IR spec-
rophotometer equipped with an MCT detector. The XPS spectra
ere recorded using a PHI 5000 Versa Probe with a scanning

SCA microscope fitted with an X-ray source of Al monochromatic
1486.6 eV, 25.6 W), a beam diameter of 100 �m, a neutralizer at
.4 eV 20 mA, and a FAT analyzer mode. All the binding energies
ere referenced to the C 1s peak at 284 eV of the surface adven-

ious carbon. The individual components were obtained by curve
tting after proper subtraction of the baseline.

.3. VOC photocatalytic oxidation tests

All the ethylene, propylene, and toluene photocatalytic degrada-
ion test were performed in a Pyrex glass reactor with a total volume
f 2 L. A schematic of the photocatalysis reaction experimental
etup has been shown in Fig. 1. The setup includes a Pyrex glass
eactor (transparent to UV light), connectors, mass flow controllers
MFC, Bronkhorst high tech), a UV lamp (Osram ULTRA-VITALUX
00 W; has a mixture of light of UVA ranging 320–400 nm and UVB
ith 290–320 nm wavelength which produces 13.6 and 3.0 W radi-

tions, respectively; is ozone-free and radiations are produced by
mixture of quartz burner and a tungsten wire filament, as pro-

ided in manufacturer’s informations), gas cylinders (1000 ppm
thylene/propylene/toluene), and a gas chromatograph (Varian CP-
800) equipped with a capillary column (CP7381) and a flame

onization detector (FID) with a patented ceramic flame tip for ulti-
ate peak shape and sensitivity, which was used for the products

as analysis.
The calcined TiO2 photocatalyst sample was spread homoge-
eously through hands inside the Pyrex glass reactor. An initial
umidity of 60% was provided to the photocatalyst to initiate the
hotocatalytic reaction. The VOC (ethylene or propylene or toluene)
as continuously flushed in the reactor, with the help of the MFC, at
constant flow rate of 100 mL/min. After achieving equilibrium in
action experimental set up.

the peak intensity, the UV light was turned on, the reaction products
were analyzed by GC, and the conversion was eventually calculated.
The reaction experiments were repeated twice and the results had
shown reproducibility.

3. Results and discussion

3.1. Characterization and optimization of the TNP photocatalyst

Fig. 2a shows the effect of calcination temperatures at spe-
cific moderate calcination time (3 h) on the TNP by XRD patterns
in order to screen the optimized calcination temperature. It was
found that when the calcination temperature was below 500 ◦C,
the TNP sample dominantly displayed the anatase phase with just
small amounts of rutile. The Raman spectroscopy (Fig. 3) sup-
ported the XRD results by showing the anatase phase peaks at 395,
513, and 639 cm−1 and the rutile peak at 447 cm−1 [33]. When
the calcination temperature was increased to 600 ◦C, the anatase
to rutile phase transformation gets accelerated as shown by the
transition peak of the Raman spectra in Fig. 3 which indicates
the Raman shift. A further increase in the calcination tempera-
ture to 700 ◦C resulted in the clear transformation of anatase into
rutile, as demonstrated by the growth in the XRD rutile peaks (R)
in Fig. 2a. The synthesized TNP was dried in a rotary evaporator
and this was followed by complete water evaporation at 150 ◦C
in the oven before calcination. Just after drying, the powder was
mainly amorphous and no distinct peak was found, as shown in
Fig. 2b, except very low intensity peaks at 2� = 38.47, 44.7, 65.0
and 78.2, which are due to the aluminum sample holder. These
aluminum sample holder peaks are also dominantly observed in

other samples as shown in Fig. 2. The effect of calcination times
on the characteristics of TNP is shown in Fig. 2b; these data indi-
cate that even the longer calcination time (7 h) has no significant
effect on the TNP and the main phase remain anatase with minor
rutile. Therefore, the effect of calcination times at 400 ◦C is not so
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Fig. 2. XRD patterns of TNP at different calcination (a) temperatures and (b) times.

Fig. 3. Raman spectra of TNP calcined at different temperatures.

Table 1
Calcination temperature and time effect on BET surface area analysis of TNP.

Calcination temperature effect Calcination time effect

Sample SBET (m2/g) Sample SBET (m2/g)

TNP (400 ◦C/3 h) 151 TNP (400 ◦C/1 h) 109

TNP (500 ◦C/3 h) 140 TNP (400 ◦C/3 h) 151
TNP (600 ◦C/3 h) 26 TNP (400 ◦C/5 h) 130
TNP (700 ◦C/3 h) 3 TNP (400 ◦C/7 h) 127

severe.
It is generally accepted that anatase demonstrates a higher

activity than rutile, for most photocatalytic reaction systems, and
this enhancement in photoactivity has been ascribed to the fact
that the Fermi level of anatase is higher than that of rutile [38]. The
precursors and the preparation method both affect the physico-
chemical properties of the specimen. In recent years, Degussa P
25 TiO2 has set the standard for photoreactivity in environmental
VOC applications. Degussa P 25 is a non-porous 70:30% (anatase
to rutile) material. Despite the presence of the rutile phase, this
material has proved to be even more reactive than pure anatase
[26]. Therefore, a mixed anatase–rutile phase seems to be prefer-
able to enable some synergistic effects for photocatalytic reactions
since the conduction band electron of the anatase partly jumps to
the less positive rutile part, thus reducing the recombination rate of
the electrons and positive holes in the anatase part. The synthesized
TNP is actually characterized by the similar anatase–rutile mixture.

The effect of the specific surface area of TiO2 in photocatalysis
is always important [26]. The primary objective was to synthesize
the TNPs with the highest possible surface area [25]. Table 1 shows
all the specific surface areas of TNP samples at different calcination
temperatures and times. The results of the calcination temperature
effect entailed a more severe decrease in the BET surface area, as
shown in Table 1. Calcination at 700 ◦C entailed a very low sur-
face area of 3 m2/g. This decrease in surface might be related to the
increased amount of rutile. Hence the BET results seem to be con-
sistent with the XRD and Raman findings. However, the TNP sample
calcined at 400 ◦C for 3 h showed an optimized higher BET surface
area that was 3 times higher than that of the reference Degussa P
25 material (53 m2/g). TNP also shows a good porosity with a pore
volume of 0.20 cm3/g and an average pore diameter of 7 nm [25]
which favors a high adsorptive capacity. Moreover, the increased
surface area of TiO2 should be helpful to enhance the surface reac-
tion. An increase in calcination time from 1 to 3 h increased the
BET surface area as a likely consequence of a loss of impurities and
water molecules, but a further increase of 5–7 h caused a gradual
decrease.

Fig. 4a and b and Table 2 show the UV–vis absorption profiles of
TNP at different calcination temperatures and times. The DR/UV–vis
spectroscopy provides some insight into the interactions of the
photocatalytic materials (e.g. TiO2) with photon energies [33,38].
It is clear that the absorption spectrum of TNP calcined at differ-
ent calcination temperatures exhibits the onset of absorption at
� = 391, 396, and 422 whereas calcination times at � = 395, 391,
393, and 398 nm, exhibit the more intensive effect of tempera-
ture and the less prominent effect of time on the evolution of
the crystalline structure. After the impurities and water molecules
had left the sample, a gradual decrease and shift in the absorption
peaks was observed due to the increased calcination temperatures
and times. The band gap energy of the titania samples was cal-
culated using these UV–vis DRS spectra values with the equation,

E(eV) = hc/� = 1239.95/� [33], where E is the band gap energy (eV), h
is Planck’s constant, c is the velocity of light (m/s) and � is the wave-
length in nm. Table 2 shows the calculated band gap energies and
the comparison. The average literature values for the absorption
and the corresponding band gap energies for bulk anatase TiO2 are
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Table 2
Effect of calcination temperature and time of TNP on band gap energy.

Calcination temperature effect Calcination time effect

Sample Absorption edge
wave length, � (nm)

Band gap
energy, E (eV)

Sample Absorption edge
wave length, � (nm)

Band gap
energy, E (eV)

400 ◦C/3 h 391 3.17 400 ◦C/1 h 395 3.14
600 ◦C/3 h 396 3.13 400 ◦C/3 h 391 3.17
700 ◦C/3 h 422 2.94 400 ◦C/5 h 393 3.16

400 ◦C/7 h 398 3.12

F
t
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t
t
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o
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ig. 4. DR/UV–vis spectra of TNP at different calcination (a) temperatures and (b)
imes showing the difference in wavelength.

on 385 nm and E = 3.2 eV [39] whereas these are �on 413 nm and
= 3.0 eV for rutile TiO2 [30]. Therefore, from Table 2 it is clear that
ll the presented data are reasonably in line with expectations and
hat the higher calcination temperatures and times have increased
he rutile phase since the overall binding energies have decreased.

.2. Ethylene photocatalytic degradation over the TNP

hotocatalyst

The PCO of ethylene was performed at ambient temperature
ver TNP calcined at different calcination temperatures and times
Fig. 5) in order to check the catalytic performance of the devel-
Fig. 5. Ethylene oxidation over TNP photocatalysts at different calcination (a) tem-
peratures: (�) 400 ◦C/3 h; (�) 600 ◦C/3 h; (�) 700 ◦C/3 h and (b) times: (�) 400 ◦C/1 h;
(�) 400 ◦C/3 h; (�) 400 ◦C/5 h; (�) 400 ◦C/7 h. Operating conditions: feed concentra-
tion = 200 ppm; flow rate = 100 mL/min, room temperature; 1 g of TNP catalyst.

oped TNP material. Air was used instead of conventional oxygen to
get data more representative for practical application conditions,
leading towards commercialization. After a preliminary saturation
of the sample under an ethylene flow, there was no conversion in
the dark in any of the experiments even in the presence of catalyst
or in the presence of UV light and the absence of catalyst. Therefore,
it can be concluded that the reaction results reported hereafter are

only photocatalytically induced. Fig. 5a and b shows the percent-
age conversion of ethylene as a function of illumination time. A
steady-state conversion is reached after approximately 6 h of illu-
mination time for all the samples. This rather long time is required
for the experimental apparatus employed, on the one hand because
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lene and toluene and the saturation line were calculated from Fig. 7.
The relative size is 1:1.25:7.24, respectively. Based on further cal-
ig. 6. FT-IR spectra of TNP samples calcined at different temperatures showing the
omparison of OH groups.

f fluid-dynamic reasons and on the other hand to get the surface
f the sample at a steady, equilibrium coverage value. The CO and
O2 measurements of the outlet gases demonstrated that ethylene
ompletely oxidizes to CO2 with just traces of CO.

The highest calcination temperature (700 ◦C) TNP sample
howed the worst performance as shown in Fig. 5a. However, the
ighest conversion was obtained for TNP calcined at 400 ◦C for 3 h.
s expected, all other sample preparation conditions resulted in
lower catalytic activity. In other words, at the highest calcina-

ion time (7 h), the TNP sample also showed the lowest activity, as
hown in Fig. 5b. These reaction results of TNP calcined at differ-
nt calcination temperatures and times are in perfect agreement
ith their characterization results of the XRD, Raman, UV–vis, and
ET analyses. The TNP sample calcined at 400 ◦C for 3 h proved to
e the best performing one of all the samples. As previously men-
ioned, it possesses superior characteristics of the mixed anatase
80%)–rutile(20%) phase, confined band gap energy of 3.17 eV, and
he highest BET specific surface area, of 151 m2/g, compared to all
he others and therefore showed the best catalytic performance.

.3. Influence of the hydroxyl groups on the optimized TNP
hotocatalyst

It has been observed that the surface OH groups and/or
hysisorbed H2O, as well as the anion radicals, can play a sig-
ificant role as key active species in the photocatalytic oxidation
eaction of various VOCs [8,11,14,27,29,40–45]. It has been stated
hat the presence of water (or humid air) or/and OH• radicals (sec-
nd best universal oxidant) leads easily to total oxidation. Fig. 6
hows the FT-IR spectra of TNP calcined at three different tem-
eratures in order to analyze the status of the surface OH groups.
he broad peak centered at 3400 and the peak at 1650 cm−1 cor-
espond to the surface adsorbed water and hydroxyl groups. The
ptimized TNP calcined at 400 ◦C/3 h with a high surface area has
n fact shown higher bands at 3400 and 1650 cm−1, and this should
e responsible for its higher activity. As the calcination temper-

ture increase, these hydroxyl groups decrease significantly as a
onsequence of the low surface area exposed and of surface dehy-
ration.
ng Journal 166 (2011) 138–149 143

3.4. The optimized TNP photocatalytic mechanism for ethylene
degradation

On the basis of the literature, the first main step should be
the adsorption of water, O2, and ethylene on the surface of TNP
followed by the formation of hole–electron pairs which need suffi-
cient energy to overcome the band gap between the valence band
(VB) and the conduction band (CB) [2]. The TNP catalyst derives
its activity from the fact that when photons of a certain wave-
length hit its surface, electrons are promoted from the valence
band and transferred to the conductance band. This leaves positive
holes in the valence band, which then reacts with the hydroxy-
lated surface to produce OH• radicals, the true oxidizing agents.
In the absence of suitable electron and hole scavengers, the stored
energy is dissipated in a few nanoseconds through recombination.
If a suitable scavenger or a surface defect state is available to trap
the electron or hole, their recombination is prevented and a subse-
quent redox reaction may occur [26]. The synergistic effect of the
anatase–rutile mixed phase in the TNP material which is similar
to the Degussa P 25 one, acts a scavenger. The conduction band
electron of the anatase part jumps to the less positive rutile part,
reducing the recombination rate of the electrons and positive holes
in the anatase part. These •OH and •O2

− which are produced as
shown in Eqs. (2)–(4), further react with ethylene to produce CO2
and water, as represented in Eqs. (5) and (6).

TiO2 + h� → h+(VB) + e−(CB) (1)

H2O + h+(VB) → OH− + H+ (2)

h+(VB) + OH− → •OH (3)

O2 + e− (CB) → •O2
− (4)

•OH + C2H4 → (C2H4OH)∗ (5)

(C2H4OH) ∗ + •O2 → CO2 + H2O (6)

Ti(IV) + e− → Ti(III) (7)

Ti(III) + O2 → Ti(IV) + O2
− (8)

3.5. Factors that affect the optimized TNP for the photocatalytic
abatement of different VOCs

After optimization of the TNP, the PCO of three VOCs,
two alkenes (ethylene, propylene) and one aromatic substance
(toluene) was carried out. The PCO of the VOCs by TiO2 is affected
by several factors, including the adsorption of the pollutant, the
concentration, the flow rate, the humidity, the UV light, and the
catalyst weight [9,16,18,23]. In this section, some of the important
factors are discussed for ethylene, propylene, and toluene PCO over
the optimized TNP.

3.5.1. Adsorption and flow rate effect
Adsorption of pollutants on the titania surface is one of the

most important parameter the catalyst performance. The adsorp-
tion trends of these pollutants may determine their conversion
rate. As shown in Fig. 7, ethylene undergoes a lower adsorption
phenomenon compared to the other hydrocarbons tested, whereas
propylene has slightly higher adsorption than ethylene on the opti-
mized TNP surface. Compared to both ethylene and propylene,
toluene has very high adsorption which might be due to its larger
size. Total areas above the adsorption curves of ethylene, propy-
culations it could be ascertained that the minimum required TNP
specific surface area for total ethylene adsorption is 0.815 m2/g.
However, the specific surface area of TNP available with the 0.1 g
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Fig. 8. Effect of flow rate on the photocatalytic activity of the optimized TNP for
VOCs abatement (a) ethylene, (b) propylene, (c) toluene, fed at 200 ppm, at room
temperature, over 1 g of TNP (400 ◦C/3 h): (�) 100 mL/min; (�) 200 mL/min; (�)
ig. 7. Adsorption of ethylene, propylene and toluene at optimized TNP photocata-
yst.

sed in the experiment is 15 m2/g. Therefore, ethylene undergoes
uite likely a monolayer adsorption. Similarly, for propylene, spe-
ific surface area required is 1.53 m2/g whereas the available one
s 15 m2/g, which also entails a monolayer adsorption. Conversely,
or toluene, the required surface area for the total adsorbed amount
etected is 19.425 m2/g which exceeds the available 15 m2/g. This
hows that toluene undergoes multilayer adsorption under the
ested conditions.

The first important factor is the feed flow rate of pollutants in
he reactor. Fig. 8 shows the effect of the flow rate on ethylene
Fig. 8a), propylene (Fig. 8b), and toluene (Fig. 8c). As shown in
ig. 8a, the steady-state ethylene conversion decreased as the flow
ate increased from 100 to 300 mL/min. The peak in ethylene con-
ersion observed after 30 min for the higher feed flow rates should
e ascribed to the fact that, at the beginning of the runs, the surface
overage of ethylene is maximized by the preliminary saturation
reatment. This enhances the initial conversion rate which then
rogressively becomes tuned to lower values as the surface cov-
rage reaches its steady-state values. CO2 measurements at the
eactor outlet provided concentration values those were compati-
le with complete oxidation.

In the case of propylene (Fig. 8b), a similar decreasing con-
ersion trend was found along with the increase in the flow
ate. Higher flow rates than 300 mL/min significantly decreased
he conversion as compared to 100 mL/min. Initially, the propy-
ene conversion was high, but as the irradiation time passed,
eactivation was observed. The carbon balance evaluation based
n the CO and CO2 measurements at the reactor outlet, would
eem to suggest that byproducts are formed which may further
olymerize or adsorb onto the surface and cause deactivation.
his deactivation behavior of propylene was further confirmed
y FT-IR analysis shown in Fig. 9. The spectrum for TNP after
eaction with propylene is entirely different than ethylene in the
egion 2900–3800 cm−1. Region 2900 cm−1 shows the formation of
olyethylene/polypropylene as possible byproducts. However, in
ase of propylene spectrum, OH associated carboxylic acids were
bserved in the region 3000–3400 cm−1 which consumed the OH
roups of TNP that caused the main deactivation. Similarly the OH
roups at 1650 cm−1 were also reduced after reaction.
A similar flow rate-conversion trend was noticed in toluene
egradation, but with a much lower conversion and deactivation
t higher flow rates. Moreover, the toluene conversion trend with
he illumination time increased gradually. This could be due to the

300 mL/min.
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Fig. 10. Effect of concentration (ppm) on the photocatalytic activity of the optimized
TNP for VOC abatement (a) ethylene, (b) propylene, (c) toluene, fed at 100 mL/min
flow rate, at room temperature, over 1 g of TNP (400 ◦C/3 h): (�) 100 ppm; (�)
200 ppm; (�) 300 ppm; (�) 500 ppm.
ig. 9. FT-IR spectra of optimized TNP after reaction with ethylene, propylene and
oluene.

low reaction of toluene with TiO2, compared to ethylene or propy-
ene. It could also be due to the higher adsorption of toluene (Fig. 7)
n the form of multilayers on the surface of the TNP, in part due to
ts higher molecular weight. Therefore, the reaction at the begin-
ing might be slow due to the surface flooding of the TNP with the
eavy toluene and it gets accelerated with the passing of time as
oluene reacts, making larger and larger fractions of surface avail-
ble for further reaction. In general, when the flow rate increases,
wo antagonistic effects are brought into play: the decrease in resi-
ence time within the photocatalytic reactor and the increase in the
ass transfer rate [9,16,18]. In this case, a too high flow rate caused

he shorter residence time, which eventually reduced the degra-
ation amount of the pollutant. Although the too high flow rate
esulted in a shorter residence time, it also increased the convec-
ive mass transfer between the pollutant and optimized TNP. This
as proved that the flow rate has dual effects on the photocatalytic
eaction of these VOCs. As previously described, the adsorption of
ollutants on the surface of the optimized TNP is also an important
actor which can be correlated with the flow rate. The TNP pos-
esses a high surface area with porosity, which makes it superior to
he Degussa P 25 in terms of adsorption capacity [25]. The adsorp-
ion of ethylene, propylene, and toluene on the optimized TNP is
lso different. It has been observed that the adsorption on ethy-
ene/propylene is in the form of a monolayer. However, in the case
f toluene, the adsorption appears to be very high due to the multi-
ayers which make it difficult to initiate the reaction as shown in the
eaction trend. The reaction with toluene might also be slow due
o the formation of polymeric substances observed at 3670 cm−1

hich are associated with OH groups as shown in Fig. 9.

.5.2. Concentration effect
The second important factor that should be discussed is the feed

oncentration of the VOCs. A catalyst saturation and adsorption
ompetition phenomenon is usually observed at the higher feed
oncentrations of the pollutants [18]. This effect is shown in Fig. 10
ertaining to ethylene, propylene, and toluene. Fig. 10a shows that
he increased concentration of ethylene led to a gradual decrease in

he conversion rate when the optimized TNP was used. However,
he catalyst has the ability to work even with higher concentration
f 500 ppm but the result is lower conversion rate.

In the case of propylene (Fig. 10b), the optimized TNP has shown
good performance (90% conversion) due to the low concentration
and monolayer adsorption. As the concentration increased, a grad-
ual decrease and deactivation was observed, which might be due
to the formation of deactivating byproducts.

Finally, the optimized TNP in Fig. 10c shows a good and sta-
ble conversion for 100 ppm of toluene, but when the concentration
is increased from 100 to 200 ppm, the conversion curve shows an
overall decrease. A further increase in concentration to 500 ppm

significantly decreased the conversion to very low levels, likely
because of surface flooding.
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Fig. 11. Effect of catalyst weight on the photocatalytic activity of the optimized TNP
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.5.3. Catalyst weight effect
The third important factor that affects the photocatalytic activ-

ty of the optimized TNP is the catalyst weight that is available
n the reactor, as shown in Fig. 11. Fig. 11a shows the effect of
he optimized TNP weight on the conversion of ethylene. Catalyst
as dispersed on the bottom surface of the reactor and a gradual

ncrease in the catalyst weight resulted in the area available in the
eactor becoming covered. A further increase in the catalyst weight
ed to the formation of the multilayers which were not accessible
o the reaction. As the catalyst weight increased from 1 to 2 g, there
as a gradual increase in the conversion, but a further increase till
g led to a decrease in the conversion. This can also be explained
y the fact that the optimized TNP has a higher surface area, with
orosity, which offers more surface due to the increased weight
hich caused the higher adsorption and consequently the higher

onversion. A further increase in weight made the internal mass
ransfer and light penetration limitations become more and more
mportant. These limitations entailed that the increase in the avail-
ble catalyst mass did not actually lead to an increase in terms of
ncreased ethylene conversion.

However, the increase in catalyst weight was particularly ben-
ficial for the propylene conversion as shown in Fig. 11b. The
onversion increased whenever the catalyst weight was increased
rom 1.5 to 3 g, but no further conversion increase was expected.

oreover, it showed stability for 6 h of illumination time, because
sufficient surface area of the TNP was available for the increased
dsorption of propylene as well as byproducts compared to ethy-
ene. The propylene trend for 1 g instead showed deactivation due
o the fact that an insufficient catalyst surface was available for
dsorption of byproducts. It should be expected that deactivation
ould play a role and also becomes evident for the higher catalyst
mounts. However, this can happen for higher operating times than
h.

Similar trends to those of propylene were also observed for
oluene, as shown in Fig. 11c. An increase in weight from 1.5 to
g showed a dramatic increase in conversion even from the initial

llumination time of 30 min. 3 g of the catalysts resulted in an opti-
ized long term conversion which might be due to the fact that
ore surface was available for the adsorption and reaction.

.5.4. Temperature effect
Another factor that affects VOC photocatalytic abatement is the

perating temperature, as shown in Fig. 12. The main objective
f this study was to use the optimized TNP efficiently at room
emperature. However, a small increase in temperature to 35 ◦C
howed an increase in the ethylene conversion. Conversely, when a
igher temperature of 80 ◦C, was reached, a decrease was observed
Fig. 12a). A similar trend was observed for propylene and toluene
Fig. 12b and c), and the highest conversion was shown at 40 ◦C.
his is due to the best compromise between the increase in reaction
inetics and the decrease in adsorption entailed by the temperature
ise.

.6. Optimized TNP vs. Degussa P 25 for VOC abatement

Fig. 13 shows a comparison of the optimized TNP and the
egussa P 25 catalysts for ethylene, propylene, and toluene at room

emperature.
In all three cases of VOC photodegradation for mineralization,

he optimized TNP has shown a superior activity and stability than
hat of Degussa P 25. TNP has small nanoparticles with a higher sur-

ace area and porosity than the non-porous Degussa P 25 [25]. It is
lso possible that the TNP material has a more amenable anatase-
o-rutile ratio (80:20) compared to Degussa P 25. Anatase phase
ased TiO2 is usually better than rutile for photocatalytic reactions
ue to its better adsorption affinity [33]. This difference is due to the

for VOC abatement (a) ethylene, (b) propylene, (c) toluene, fed at 200 ppm within a
100 mL/min flow rate at room temperature: (�) 1 g TNP (400 ◦C/3 h); (�) 1.5 g TNP
(400 ◦C/3 h); (�) 2 g TNP (400 ◦C/3 h); (�) 3 g TNP (400 ◦C/3 h).
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Fig. 13. Comparison of the optimized TNP vs. Degussa P 25 for VOC abatement (a)
ethylene, (b) propylene, (c) toluene, fed at 100 ppm, in a 100 mL/min flow rate, over
1 g of catalyst at room temperature: (�) TNP (400 ◦C/3 h); (�) Degussa P 25.
ig. 12. Effect of reaction temperature on photocatalytic activity of the optimized
NP for VOC abatement (a) ethylene, (b) propylene, (c) toluene, fed at 200 ppm, in
100 mL/min flow rate, over 1 g TNP (400 ◦C/3 h): (�) room temperature/30 ◦C; (�)
5 ◦C; (�) 40 ◦C; (�) 50 ◦C; (�) 60 ◦C; (�) 80 ◦C.

tructural difference of anatase and rutile. Both anatase and rutile
ave tetragonal structures with [TiO6]2− octahedra, which share

dges and corners in different manners but maintain the overall
iO2 stoichiometry. Four edges of the [TiO6]2− octahedra in anatase,
re shared, thus forming a zigzag chain of octahedra that are linked
o each other through shared edges, but as far as rutile is concerned,
wo opposite edges of each [TiO6]2− octahedra are shared to form
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Table 3
Atomic concentrations (%) of TiO2 by using XPS.
ig. 14. XPS analysis showing the difference between the Degussa P 25 (a) and the
ptimized TNP (b) materials in terms of O 1s presence.

linear chain and these chains are further linked to each other
y the corner oxygen atoms. For this reason, the surface proper-
ies of anatase and rutile exhibit considerable differences. Rutile is
haracterized by a surface where the dissociation of the adsorbed
rganic molecules takes place much more easily than on anatase.
hese essential differences in the surface chemistry of the two TiO2
hases result in differences in photocatalytic properties since the
hotocatalysis reactions mainly take place on the surface of the
atalyst rather than in the bulk. Rutile titania has a much lower spe-
ific surface area than that of anatase. As the specific surface area of
he catalyst increases, it can adsorb more VOCs. Moreover, anatase
xhibits lower electron–hole recombination rates than rutile due to
ts 10-fold greater electron trapping rate. Therefore, the mixed opti-

ized TNP phase with a high surface area is the main characteristic
hich makes it superior to Degussa P 25.

Moreover, TNP has more surface OH groups than Degussa P 25,
s was observed using FT-IR [25]. However, further confirmation is
ere provided from the results of the direct XPS measurements. XPS

nalysis is extensively used to evaluate hydroxyl groups and the
volution of the valence state of titanium on TiO2 surfaces [8,46].
ig. 14 shows the oxygen O 1s XPS spectra and the deconvolution
esults of the optimized TNP and Degussa P 25 from a quantitative

ig. 15. XPS analysis showing the difference between the Degussa P 25 (a) and the
ptimized TNP (b) materials in terms of Ti species presence.
Catalyst O 1s Ti 2p Ti–O O–H Ti3+ Ti4+

Degussa P 25 69.87 30.13 86.69 13.31 8.93 91.07
TNP 400 ◦C 3 h 70.57 29.43 82.05 17.95 17.77 82.23

point of view. The O 1s spectrum displayed peaks at 529.6 eV asso-
ciated to Ti–O bonds in TiO2, at 530.8 eV which correspond to the
hydroxyl Ti–OH [8,42,47] that can be observed in the XPS spectra
in Fig. 14 (a: Degussa P 25; b: optimized TNP). The optimized TNP
clearly showed more OH groups on the surface than Degussa P 25.
The quantitative results are shown in Table 3. The mass fraction
of O 1s and the hydroxyl groups of the two samples were calcu-
lated from the results of the curve fitting of the XPS spectra for the
O 1s region. The O 1s values for the optimized TNP and Degussa
P 25 were 70.57, 69.87%, respectively, and are similar. However,
the O–H species for the optimized TNP (17.95%) and Degussa P 25
(13.31%) are different. The higher OH groups on the surface of the
optimized TNP could also play a major role than Degussa P 25 due
to its superior photocatalytic activity in VOC abatement.

Fig. 15 shows the Ti peaks which are at binding energies of
456.7 eV (Ti3+) and 458.5 eV (Ti4+) [42] for Degussa P 25 (a) and
the optimized TNP (b). It is very clear that the optimized TNP
has more Ti3+ species than Degussa P 25. After proper calcula-
tion through curve fitting, Table 3 shows that the optimized TNP
and the Degussa P 25 catalysts have similar Ti2P values but differ-
ent Ti species. The optimized TNP material has 17.77% Ti3+ while
Degussa P 25 only shows 8.93%. The Ti3+ species are responsible
for oxygen photadsorption which results in the formation of Oads

−,
and which, together with the OH radical, is essential for photocat-
alytic oxidation [41,48]. The presence of surface Ti3+ causes distinct
differences in the nature of the chemical bonding between the
adsorbed molecule and the substrate surface. These results corre-
late with Eqs. (7) and (8) in mechanism Section 3.4.

4. Conclusions

A new TNP material has been successfully synthesized in a vor-
tex reactor using the sol–gel process with controlled operating
parameters. It has been optimized by controlling the calcination
temperature and time. Small nanoparticles have been obtained
with little porosity and a large surface area, which is mainly
constituted by anatase with small rutile amounts (mixed phase).
These nanoparticles characterized by confined band gap energy and
high surface OH group concentrations. The optimized TNP sam-
ple (400 ◦C/3 h) has shown a better photocatalytic performance
towards ethylene oxidation than other samples at ambient tem-
perature in an ad hoc designed Pyrex glass photocatalytic reactor
due to its superior structural and chemical–physical characteristics.

The optimized TNP has been applied to the abatement of three
different VOCs (ethylene, propylene, and toluene) in order to inves-
tigate its potential for practical applications. The effect of different
factors, including adsorption, flow rate, concentration, catalyst
weight, and reaction temperature has shown a close correlation
between the performance and the nature of the optimized TNP.
The developed material has shown a superior catalytic perfor-
mance of VOCs than that of Degussa P 25 TiO2. The presence
of an anatase–rutile mixed phase, the high specific surface area
with good porosity, and the increase in Ti3+ species might induce
increased adsorption of the VOC pollutants and water with the gen-

eration of OH groups (oxidizing agent) on the surface of the TNP
catalyst, which results in a higher photocatalytic activity. The supe-
rior catalytic performance of the optimized TNP compared to the
best commercial Degussa P 25 TiO2 for VOC application makes it
promising for future research and further applications.
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