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INTRODUCTION

Both indoor and outdoor air quality has become an important community
concern due to ubiquitous presence of air pollutants like carbon, nitrogen and
sulphur oxides, particulates and volatile organic compounds (VOCs). The
increased amount of personnel time spent in indoor environment makes the
science confront the VOCs as the most abundant chemical pollutants in the
indoor air. Some studies showed that the level of pollutants in indoor
environment actually exceeds that of the outdoors (Wang et al., 2007). VOCs
are emitted from building materials, office equipment, cleaning agents, paints,
glues, solvents, cosmetics, cooking and most manufactured consumer products.
Many VOCs are known to be toxic and considered to be carcinogenic (WHO,
2010). Therefore, there is currently a great interest in developing processes
which can destroy these compounds. Air cleaning is the most feasible option to
improve air quality as the source control is often ungovernable.

Traditionally filters and sorbents are used to remove particulates and odours.
However, the contaminants are only transferred to another phase rather than
eliminated by these techniques and subsequent disposal or treatment steps are
required.

Since a large number of the VOCs are oxidizable, oxidation process can be a
viable method. Thermal catalytic oxidation requires high temperatures (250-
1200 °C) and as high as hundreds of ppm concentrations of VOCs for
successful operation being cost-ineffective for low pollutant concentrations
(Van der Vaart et al., 1991; Gervasini and Ragaini, 2000; Hung and Chu, 2006).
Photocatalytic oxidation (PCO) technique is of extensive interest recently as
potential air-cleaning technology for lower VOCs concentrations and indoor
applications (Zhao and Yang, 2003; Paz, 2010). Photocatalytic processes based
on the absorption of near UV radiation by the semiconductor photocatalyst with
further oxidation of organic molecules possess certain advantages such as (a)
complete mineralisation of organic pollutants achieved under favourable
conditions, (b) efficiency at ambient temperature and pressure, and (¢) cost-
effective character as compared to other conventional techniques.

Hazardous air pollutants, aliphatic heteroatomic acrylonitrile (AN) and aromatic
hydrophobic toluene were chosen for gas-phase PCO studies. Both of them are
included to the Environmental Protection Agency (EPA) list of hazardous air
pollutants. Acrylonitrile is detected as an indoor air component emitted by
commercial fibrous polymeric materials, resins and smoking tobacco (Byrd et
al., 1990; Scherer et al., 2007); it can induce gene mutations, chromosome
aberrations, unscheduled DNA synthesis and cell transformation (Léonard et al.,
1999). Toluene is used in motor fuel octane ratings improvement, in the
synthesis of various organic chemicals and pharmaceuticals, in the production



of polymers and as a solvent in paints, coatings, synthetic fragrances, adhesives,
inks and cleaning agents (EPA, 1999). The central nervous system, kidneys,
liver and heart are the primary targets for toluene toxicity (ATSDR, 1994).

The PCO of toluene using commercial TiO, catalysts has been extensively
studied (Méndez-Roman and Cardona-Martinez, 1998; Augugliaro, et al., 1999;
Piera et al., 2002; Belver et al., 2003; Mo et al., 2009). Toluene presents serious
problem in the long-term photocatalyst activity exhibiting pronounced
deactivation properties (Obee and Brown, 1995; Paz, 2010). The abundance in
published data allows toluene being a reference pollutant in characterization of
the catalysts and, in general, the abatement methods.

The wide diversity of organic pollutants decomposed by PCO at the UV-
irradiated TiO, surface justifies the experimental research into the
photocatalytic degradation of chosen pollutants together with the search for
more active photocatalytic materials.
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1. LITERATURE REVIEW

1.1 Photocatalytic oxidation on titanium dioxide

Studies of TiO, photoactivity have been reported firstly by Fujishima and
Honda in 1972, while carrying out experiments on the photo-oxidation of water
on TiO,; electrodes (Fujishima and Honda, 1972). Heterogeneous photocatalysis
is the catalytic process during which one or more reaction steps occur by means
of electron—hole pair photogenerated on the surface of semiconducting materials
illuminated by light of suitable energy (Palmisano and Sclafani, 1997).

Being extensively studied in early 1990s, photocatalysis was mainly applied to
aqueous solutions. The gas-phase photocatalysis using TiO, was initially
explored by Dibble and Raupp (1990), and the interest to the gas-phase
photocatalytic oxidation has been constantly increasing during the past years
(Paz, 2010). The promising areas of the photocatalysis application are the
removal of organic and inorganic pollutants (Ollis, 2000; Mo et al., 2009;
Shivaraju, 2011; Zhong and Haghighat, 2011), selective synthesis of organic
compounds (Shiraishi and Hirai, 2008; Siham and Hussein, 2009; Hoffmann et
al., 2011), microbial contamination control (Kozlova et al., 2010; Gamage and
Zhang, 2011; Foster et al., 2011) and self-cleaning and anti-fogging materials
(Zhao et al., 2008; Fujishima et al., 2008; Chen et al., 2011).

The most important step of PCO is the formation of hole—electron pairs, which
need energy to overcome the band gap between the valence band and
conduction band. When photons have a higher energy, than this band gap, they
can be absorbed and an electron is promoted to the conduction band, leaving a
hole in the valence band (Wang, 2004). Several semiconductors have band gap
energies sufficient for promoting or catalyzing a wide range of chemical
reactions of environmental interest (Lin, 2008). Among many candidates,
titanium dioxide has proven to be the most suitable for widespread
environmental applications because of its biological and chemical inertness,
stability against photo corrosion and chemical corrosion, and cost-effectiveness
(Diebold, 2003; Zhao et al., 2008).

Titanium is a metal, present in nature in various compounds, mostly oxides. The
titanium dioxide has three different crystal structures: rutile, anatase and
brookite (Winkler, 2003; Beeldens, 2006). Rutile is the most stable form of
TiO, and because of that both anatase and brookite rearrange to rutile form at
elevated temperature: 750 °C for brookite and 915 °C for anatase (Winkler,
2003). Pure brookite without rutile or anatase is rather difficult to prepare and
therefore it is the less studied TiO, polymorph (Di Paola et al., 2008).
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For the PCO application, anatase is superior to rutile because the conduction
band location for anatase is more favourable for driving conjugate reactions
involving electrons as well as very stable surface peroxide groups can be
formed at the anatase during photo-oxidation reaction but not on the rutile
surface (Ollis, 2000; Deng et al., 2002). The energy band-gaps of anatase and
rutile are 3.20 and 3.02 eV, respectively (Fujishima et al., 1999).

The photogenerated holes are highly oxidizing. The redox potential for
photogenerated holes is about 3.00 V (Palmisano and Sclafani, 1997). As a
result of reaction with water, these holes can produce hydroxyl radicals (*OH)
with slightly decreased redox potential of 2.80 V (Zhang et al., 1998 (a)). Both
are more positive than that for ozone 2.07 V (Kaneko and Okura, 2002). The
redox potential for conduction band electrons is —0.52 V allowing reducing
dioxygen to superoxide, or to hydrogen peroxide. Depending upon the exact
conditions, the holes, *OH radicals, O*, H,0, and O, itself can all play
important roles in the photocatalytic reaction mechanisms (Kaneko and Okura,
2002).

The basis of photocatalysis on TiO, is as follows (Reactions 1.1 — 1.6):
TiO, + hv — TiOy* (e, + hyy) (1.1)

This is followed by formation of extremely reactive radicals, mostly *OH, at the
semi-conductor surface and/or a direct oxidation of the polluting species (R):

hy, +H,O — «OH + H' (1.2)
th+ +OH — 'OHads (13)
th+ + Rads - R+ (1 4)

The ejected electrons react with electron acceptors such as oxygen adsorbed or
dissolved in water:

e 0, = 0,” (1.5)

Also, the electrons and holes may recombine together in absence of electron
donors or acceptors:

TlOz* (ch_ + hvb+) — TlOz (1 6)

Commercial pyrogenic titanium dioxide P25 (Evonik) formed in oxy-hydrogen
flame is routinely used as a benchmark photocatalyst in oxidation of VOCs due
to its unselective fairly good photoactivity towards wide spectra of pollutants,
commercial availability and low cost.

However, since the PCO of many organic vapours on P25 is not sufficiently fast
for commercial process implementation and the photocatalyst is often
deactivated, more active catalysts should be developed.
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Crystalline structure, catalyst surface area, pore size, density of OH-groups,
surface acidity, number and nature of trap sites both in the lattice and at the
surface, and adsorption-desorption characteristics play an important role in
photocatalytic efficiencies (Sclafani and Herrmann, 1996). A large surface arca
can be the determining factor in certain photodegradation reactions, since a
large amount of adsorbed organic molecules promotes the reaction rate
(Bahnemann et al., 2002; Chen et al., 2004). However, powders with a large
surface area are usually associated with large amounts of crystalline defects,
which favour the recombination of electrons and holes leading to a poor
photoactivity thus the balance between surface area and crystallinity is the most
important to achieve the high photocatalytic activity (Carp et al., 2004).

Particle size of TiO, photocatalyst could be crucial for photocatalytic efficiency
influencing the electron—hole recombination due to the migration time of
photogenerated charge carriers proportional to the square of the particle size.
Also, the overall number of surface active sites increases with decreasing
particle size (Kortan et al., 1990). The increase of the PCO rate of pollutant with
the decrease in the photocatalyst’s primary particle sizes was studied by many
researchers (Maira et al., 2000; Hao et al., 2002; Nam et al., 2004; Lin et al.,
2006; Moiseev et al., 2011). Some authors suggest the existence of an optimum
photocatalyst’s particle size: Maira et al. (2000) reported the one of 7 nm for the
PCO of trichloroethylene (TCE) in the gas-phase, Moiseev et al. (2011) —around
10 nm for the dichloroacetic acid (DCA) and 4-chlorophenol (4-CP) and
Almquist and Biswas (2002) - in the range of 25 to 40 nm for PCO of phenol in
aqueous solutions.

Jang et al. (2001) supported the idea that the decomposition of pollutant is
affected by the photocatalyst’s particle size: the increase in photocatalytically
oxidised methylene blue was observed with the decrease in the particle sizes.
However, they pointed also to the fact that the increase in anatase mass fraction
has a more profound effect on the decomposition of pollutant than TiO, particle
size. Deng et al. (2002) reported that the photocatalytic activities of titania pure
anatase and pure rutile catalysts with comparable surface area and crystal size
had a very close values in gas-phase oxidation of hexane. Reasons for higher
photocatalytic activity of pyrogenic P25 with average particle size dzgy of 21
nm and rutile fraction of 13 wt.%, as mentioned also in Paper 111, were searched
in the synergism of rutile and anatase fractions (Ohno et al., 2003; Komaguchi
et al, 2006; Hurum et al., 2006). The theory of anatase and rutile synergism,
however, was not supported by Datye (1995), Zhang et al. (1998 (b)), Jung and
Grange (2001), Ohtani, et al. (2010) and Moiseev et al. (2011) concluding that
the photocatalytic performance is governed by the characteristics of anatase
particles; the high photoreactivity of P25 and other flame catalysts should be
mainly attributed to the anatase phase.
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1.2 Flame aerosol synthesis of titanium dioxide

Wet-chemical synthesis methods of nanopowders, for example incipient
wetness impregnation, sol-gel, precipitation and grafting, include several post-
treatment steps: filtration, washing, drying and calcination, whereas flame
synthesis consists only of the evaporation of volatile metal precursors and their
feeding to a flame. The metal precursor is converted into the metal oxide and
starts forming particles by nucleation from the gas phase (Schwarz, 1995; Ertl et
al., 1997).

Among various methods, the flame aerosol synthesis of nanopowders is
favourable technique for controlling crystal structure, particle size and its
distribution varying such process parameters as burner configuration, type of
reactant and fuel. The aerosol flame technology is used in production of the
commercial photocatalyst P25 (Evonik) (Strobel et al., 2006).

As has been previously shown, the flame aerosol synthesis allows synthesizing
the catalysts with an optimum particle size for specific applications in catalytic
processes (Ulrich, 1984; Pratsinis, 1998; Stark et al., 2002; Strobel et al., 2003;
Strobel et al., 2006; Akurati et al., 2007). Nevertheless, the data on particle
properties demonstrating higher photocatalytic activity is scarce due to the
deficiency of well-defined series on particle sizes and phase compositions of
photocatalysts.

The performance of flame aerosol synthesized photocatalysts exceeded, for
example, commercial photocatalyst P25 and in some studies P90 in degradation
of phenol, salicylic acid, DCA and 4-CP in aqueous solutions (Fotou et al.,
1994; Fotou and Pratsinis, 1996; Moiseev et al., 2011). The data on the
efficiency of flame synthesized TiO, catalysts in air treatment, however, are
scarce, only the degradation of acetaldehyde and methanol in batch reactor was
described by Balazs et al. (2011) using relatively coarse (over 50 nm) anatase
nanoparticles from flame synthesis. Systematic studies on flame synthesized
photocatalysts’ series could correlate specific surface, size and structure
properties with catalysts’ photocatalytic activity.

1.3 Sulphation of titanium dioxide

The photocatalytic activity of TiO, depends on the lifetime of charge carriers
generated on its surface. The surface recombination of electron—hole pairs in the
absence of an electron donor or acceptor results in the deterioration of the
quantum yield of the photocatalytic process. The inhibition of surface
recombination of charge carriers can be provided by modifying the TiO, surface
with anions, for example with sulphate (Kumar and Devi, 2011).

The sulphate ion forms S=O and O—-S—O bonds in TiO,, creating unbalanced
charge on Ti-atoms, vacancies and defects in the titania structure (Jung and
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Grange, 2001). In sulphated titanium dioxide, the O=S=0 group anchored to the
surface seems to trap electrons improving the oxidation process, retarding the
recombination of holes and electrons induced by UV irradiation. The O=S=0
species polarize the S=O bonds in presence of water to coordinate its molecules,
giving an anchored sulphate, in which sulphur electron-deficient species are
induced (Gémez et al., 2003). Also, the surface of more acidic TiO, samples
remains free for interaction with the reagents due to the lower adsorption of
PCO intermediates of acidic nature (Kozlov et al., 2003).

In gas-phase PCO Deng et al. (2002) showed higher conversions of hexane,
benzene and methanol over sulphated TiO, and prolonged photocatalyst’s
stability compared to non-sulphated titania. The more stable performance of
sulphated TiO, in PCO of toluene was not unequivocally explained in literature.
Thus, Nakajima et al. (2005) and Keller et al. (2007) attributed the stable
performance of sulphated TiO, in toluene PCO to a possibly increased electron—
hole pairs formation and inhibited recombination of photogenerated charge
carriers on photocatalyst’s surface on the one hand and lower adsorption of
toluene at the catalyst surface on the other hand. On the contrary, the higher
adsorption of toluene on sulphated TiO, was reported by Muggli and Ding
(2001). Also, acetone adsorption at low pollutant concentration was found to be
improved together with the improved PCO performance due to the increased
quantities of TiO, acidic sites and decreased quantities of basic sites on
sulphated titania (Kozlov and Vorontsov, 2008).

1.4  Effect of humidity and temperature on the performance of

gas-phase photocatalytic oxidation

The effect of relative humidity (RH) on photocatalytic degradation of gaseous
VOCs has been a major research issue for several authors (Yamazaki et al.,
2001; Lim and Kim, 2004; Demeestere et al., 2007; Korologos et al., 2011).
However, there is still some debate about the role of water in photocatalytic
degradation kinetics and catalyst lifetime. It appears that the effect of water
vapour strongly depends on its concentration as well as on the type and
concentration of the target VOC (Carp et al., 2004). In the absence of water
vapour, the photocatalytic degradation of some chemical compounds, e.g.,
toluene, formaldehyde, is seriously retarded and the total mineralisation to CO,
does not occur (Zhao and Yang, 2003). However, the excess water vapour on
the catalyst surface will lead to the decreased reaction rate due to water
molecules occupying the active sites on the catalyst surface (Zhao and Yang,
2003). Some explanations were proposed in terms of a dual effect of water
vapour (Yamazaki et al., 2001; Krichevskaya and Preis, 2003; Lim and Kim,
2004): higher RH results in enhanced *OH radicals formation and suppressed
electron-hole recombination, favouring the elimination rate of organic
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compounds. On the other hand, the competition between the VOCs and water
for the adsorption sites on the catalyst surface may reduce the adsorbed VOCs
concentration, lowering the pollutants’ elimination rate.

Temperature is one of the most important factors in gas—solid heterogeneous
reactions affecting both adsorption—desorption and chemical conversion
processes during photocatalytic degradation reactions. However, photocatalytic
reactions are less sensitive to moderate variations in temperature because of the
low thermal energy (kT = 0.026 eV at room temperature (Carp et al., 2004))
required for the activation of TiO,. Since the activation energy is close to that of
*OH radical formation, it is suggested that the degradation of pollutants is due
to hydroxyl radical reactions (Fox and Dulay, 1993). The effect of temperature
on the rate of oxidation could also be dominated by the rate of interfacial
electron transfer to oxygen (Anpo et al., 1987).

At lower temperatures the desorption of PCO intermediates becomes the rate-
limiting step of the process. The more rapid desorption from the catalyst at
higher temperatures is probably an additional factor, leading to a larger effective
surface area for the reaction. However, the adsorption of pollutant on the
photocatalyst surface also decreases (Hermann, 1999; Carp et al., 2004).

Studies on the effect of temperature on PCO rate of VOCs showed that in a
temperature range between 60 and 220 °C the photocatalytic TCE removal was
not affected by temperature up to 125 °C, whereas removal efficiencies
decreased significantly at higher temperatures (Avila et al., 1998; Sanchez et al.,
1999). This was explained by limited TCE adsorption at elevated temperatures.
Similar trends have been reported by Yamazaki et al. (2001): temperature
showed no significant effect on tetrachloroethene elimination rate between 44
and 78 °C. Hager et al. (1999) noticed the decreased tri- and tetrachloroethene
conversion with the temperature increased from 20 to 70 °C, giving the rate-
limiting reactant adsorption as an explanation. On the contrary, Westrich et al.
(2011) reported the range of temperatures, over which the PCO of ethylene was
greater than 75%, laying between 60 and 350 °C with the maximum observed
between 100 and 200 °C.

The effect of temperature on photocatalytic degradation of monocyclic aromatic
VOC has been studied by Lichtin and Sadeghi (1998), Hager and Bauer (1999),
and Belver et al. (2003). These authors reported no significant effect of
temperature on benzene conversion in a range between 15 and 70 °C suggesting
a minor number of adsorbed water molecules and hydroxyl radicals causing a
decline of photocatalytic activity at higher temperatures. Wua et al. (2005),
however, stated that at wider temperature scale benzene PCO rates increased
with temperature below 160 to 180 °C, but decreased with further temperature
growth above 160 to 180 °C. They also proposed that chemical reaction rate rise
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with the increased temperature, although the pollutant adsorption on
photocatalyst surface decreased with temperature.

The contradictions in the published results and the lack of knowledge on the
impact of temperature, relative humidity and catalyst sulphation to the PCO
performance in the abatement of target pollutants justify the experimental
research undertaken into the PCO of chosen VOC:s.

1.5 Objectives and strategies of the study

The objectives of the present research include:

the estimation of the PCO potential in degradation of gaseous AN and its
sensitivity towards reaction conditions,

the identification of the products of AN PCO and thermal degradation,

the establishing the potential of sulphated TiO, P25 catalyst improving the
AN PCO performance,

the evaluation of the gas-phase photocatalytic activity of the new flame
synthesized F3 nanopowder photocatalyst compared to commercial P25
towards AN and toluene.

The stated objectives were achieved by experimental research undertaken into:

the PCO of AN dependently on concentration of pollutant, air humidity and
temperature, and the treated air residence time in a simple tubular reactor
in continuous flow mode,

the identification of AN volatile PCO products and products of AN
temperature-programmed oxidation (TPO) obtained on the course of the
transient and the continuous-flow studies,

the PCO performance of sulphated TiO,, P25 and the novel aerosol flame
synthetic photocatalyst F3 was examined in full-factorial experiment
varying the AN concentration, residence time and temperature; the
performance of the F3 photocatalyst was also examined with toluene.

Deactivation of the photocatalysts and restoration of their activity was also
studied.

2.

MATERIALS AND METHODS

The equipment for the studies described in papers I, II and III varied as follows:

17



Paper L.

Paper II.

Paper III.

The experimental runs were carried out in continuous-flow mode
(Fig. 2.1) at the Department of Chemical Engineering of Tallinn
University of Technology (TUT, Estonia) for the tests on the AN
PCO process performance and effects of the process parameters
and at the Department of Chemical Technology of Lappeenranta
University of Technology (LUT, Finland) for the PCO products
analysis. The equipment varied in analytical devices: Wilks
MIRAN 1A infrared analyzer was used at TUT and Perkin Elmer
2000 FT-IR analyzer with Sirocco 10.6-m gas cell at LUT. Also,
the reactors (Fig. 2.2 (a)) were sealed with silicone at TUT and
PbO-glycerol cement at LUT. The air with dew point at 4 °C was
used as the carrier gas at TUT, and synthetic air 80% N,/20% O,
was used at LUT as better suitable for analytical purposes.

The experimental runs on AN PCO on sulphated P25
photocatalyst were performed in continuous-flow mode at TUT
(Fig. 2.1). INTERSPEC 200-X FT-IR spectrometer with the
Specac Tornado 8-m 1.33-1 gas cell with ZnSe-windows was
used as the gas analyzer; the reactor’s (Fig. 2.2 (a)) sealant was
changed to inorganic ZnO-MnO,-Na,B40;,-Na,O(Si0,),. The
transient mode apparatus (Fig. 2.3) was used in studies of AN
TPO and PCO by-products at the Department of Chemical and
Biological Engineering of the University of Colorado at Boulder
(CU-Boulder, USA).

The experimental runs on AN and toluene PCO performance on
F3 photocatalyst in comparison with P25 were carried out in
continuous-flow mode at TUT. The INTERSPEC 200-X FT-IR
was used for the gas analysis. The annular reactor was substituted
with the lamp-in-pipe reactor shown in Fig. 2.2 (b). The F3
photocatalyst was synthesized at the Institute of Particle
Technology and the Institute of Non-Metallic Materials at
Clausthal University of Technology (TU Clausthal, Germany)
and described in detail by Moiseev et al. (2011).

2.1 Continuous-flow mode

Gas-phase photocatalytic experimental equipment (Fig. 2.1) consists of a
thermostatted reactor (Fig. 2.2), gas flow controllers, gas humidifier and
infrared analyzer.

The temperature in the reactor was maintained within a range of 50 to 130 °C
controlled by the heat of the lamp, reactor’s insulation and heating tape with the
temperature controller (Omega CN9000A).
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Fig. 2.1. Experimental device: PI — manometers, FIC — gas flow controllers, TE — thermo-
pair, TIC — temperature controller, MI — gas humidity meter, Atm/Vacuum — connection to
the atmosphere/vacuum
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Fig. 2.2. Continuous flow-mode photocatalytic reactors: (a) — P25- and sulphated P25-
coated reactor; (b) — lamp-in-pipe reactor.
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The gas flow controllers provided gas flow rates from 0.5 to 4.0 L min'
resulting in pollutant residence time in the reactor from 3 to 23 s. The in-line
humidifier allowed the RH in the gas stream to be maintained from 0 to about
70% at 20 °C.

The VOC feed tank was charged with polluted air by tank evacuation and
injection of a pollutant through the injection port. After 10-15 min of
evaporation, the tank was pressurised with compressed air to 3 or 4 bar and left
for the concentration balancing overnight. The diluent feed tank was used to
dilute the polluted gas stream with the carrier gas — dry or humidified air.

The runs lasted for 60 min with the FT-IR outlet gas analysis after every 10
min.

At the end of each run, the photoreactor was treated by water vapour to restore
photocatalyst activity for 2 h and then dried at 120 °C for 2 to 3 h (Paper I). In
further studies (Paper Il and III) at the end of each run, the photoreactor with
UV lamp and air flow remained turned on was heated up to 180 °C for 3 h after
the experiments with AN and for 15 h with toluene to restore the photocatalyst
activity.

The annular lamp-in-pipe borosilicate glass reactor with total volume of 0.191 L
composed of an inner glass tube (35 mm outer diameter) and an outer glass tube
(45 mm inner diameter, 305 mm length) is shown in Fig. 2.2 (b).

A 365-nm 15 W low-pressure mercury luminescent UV-lamp (Philips) with
UV-A intensity of 5 mW cm” at 365 nm was positioned coaxially in the
reactor. The UV-A irradiance passing the TiO,-coating to the reactor’s annular
clearance space was measured with the UVX Radiometer (Micropulse
Technology) averaging 0.6 mW cm™ for both P25- and sulphated P25-coated
reactors, 0.46 for the F3 and 0.15 mW cm™ for P25 in a lamp-in pipe reactor.
No UV-A radiation was detected outside the reactor, i.e. no UV-A radiation
passed through the double coating of titania.

2.2 Transient mode

The experimental device of transient study is schematically depicted in Figure
2.3 (a) and described in more detail by Larson and Falconer (1997). The reactor
was surrounded by a UV-transparent furnace, and twelve 8 W “‘black light’
UV-tubes (BLB Korea, type FSTSBLB), placed in a circle at a distance of 6 cm
from the reactor for the reactor irradiation. The thermocouple provided
feedback to a temperature controller, which produced a constant heating rate of
1 K s™' during TPO. Radiometer measurements showed a UV intensity of 2.5
mW cm™ and a maximum light intensity at 360 nm. The gas-phase species in
the outlet stream were analysed by a quadrupole mass spectrometer (Balzers,
QMA 125). Computer-controlled data acquisition simultaneously recorded

20



multiple mass signals, temperature, and elapsed time. A thin-film annular
reactor was used for transient PCO. This photoreactor consists of two concentric
Pyrex cylinders that form an annular region with a 1 mm gap (see Figure 2.3
(b)). The outer diameter of the inner cylinder is 20 mm, and the height - 160
mm.

PCO and TPO of AN were carried out in 20% O,—80% He mixture flow (120
standard cm® min™). Before each experiment, the catalyst was heated to 400 °C
in the O,/He flow to obtain a reproducible oxide surface. The UV-lights were
turned on and allowed to warm up for approximately 15 min before the cover
over the reactor was removed to start the reaction.

(a) (b)

TiO, coating
FIC

Injection

port —\] l/
UV-lamp . — H @

Reactor

N

—> Atm
MS

Atm

Figure 2.3. Experimental device outline (a): FIC — gas flow controllers, TIC — temperature
controller, MS — mass spectrometer, Atm — connection to the atmosphere; (b) - transient
photocatalytic reactor.
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2.3 Preparation of TiO; coatings

For photocatalytic experiments the photocatalyst material was fixed to the walls
of the reactors.

The reactor’s inner surface and the lamp were coated with TiO, and sulphated
TiO, by about 50-times rinsing with 10-wt. % TiO, slurry in distilled water,
each rinse followed by drying. The weighted TiO, coating mass corresponded to
the catalyst loading of 1.4 or 2.0 mg TiO, per cm’ of irradiated reactor surface
(Paper I and II, respectively).

The total mass of the photocatalyst deposited in the reactor used in transient
study made the TiO, coverage 1.9 mg cm™ (Paper II).

In the lamp-in-pipe reactor the surface of the lamp was free from the catalyst
that was fixed to the inner walls of the reactor. The weighted TiO, coating mass
corresponded to the catalyst loading of 1.2 mg TiO, per cm® of irradiated
reactor surface (Paper III).

The complete description of experimental conditions, materials and analysis
could be found in the part “Experimental” in papers I — III. Experimental
conditions are also summarised in Table 1.

Table 1. Consolidated table of experiments

Photo- AN inlet conc., | Toluene inlet | Residence Relative Tempe-
catalyst ppmv conc., ppmv time, s humidity, | rature, C
%
P25 3.2;6.4; 0 and 66%
Sulphated 10; 25; 40; 100 - 12.8 50; 130
P25 0
P25 . 00)-
transient 20%; 40%; 100* - - - 50; 99,
130
study
P25 6 .
10; 40; 100 10; 40; 100 3,6; 11.5; 0 60; 130
3 23

* - the amounts of the AN injected were 0.1, 0.2 and 0.5 pl constituting the AN
concentration of 20, 40 or 100 ppm referred to the volume of photocatalytic reactor.
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3. RESULTS AND DISCUSSION

3.1 Products of acrylonitrile photocatalytic and thermal oxidation

Acrylonitrile readily reacted on the UV-irradiated TiO, catalyst to form carbon
dioxide as the main gas-phase product. As shown in Fig. 1 (a) of Paper II,
carbon dioxide formed immediately after the AN injection into the irradiated
transient PCO reactor (about 60 s after the start of data acquisition). Carbon
dioxide formation quickly dropped to zero when the UV lights were turned off.

To follow the desorption and thermal degradation of AN at corresponding
temperatures, dark adsorption runs were carried out similarly to the PCO runs
(Fig. 1 (b) of Paper II). No AN desorption or thermal degradation was observed
at 50°C. At 90°C the thermal degradation was minor and slow. At 130 °C,
however, the immediate desorption of AN along with its partial thermal
degradation was followed: all three peaks of AN, HCN and CO, were detected
instantly after the injection. Photocatalytic oxidation (Fig. 1 (a), Paper II) of
injected AN resulted in no AN desorbed at any concentration or temperature
within about 10 min of irradiation. No gaseous products other than carbon
dioxide were observed in AN PCO at temperatures below 130 °C. The HCN
product was seen only at 130 °C at the AN relative concentration as high as 100
ppm; the levels of HCN concentrations were much lower compared to dark
adsorption. Relative concentrations of 20 and 40 ppm are not shown since no
desorption of AN or its thermal degradation products, as well as no other
gaseous PCO products besides CO,, were detected at any temperature.

TPO study shows that PCO leads to practically total degradation of initial
compound at lower AN concentrations (Fig. 2 (b), Paper II). The effectiveness
of PCO found also a proof in the UV-TPO after PCO (not shown), where no
desorbed AN was detected at any temperature and amounts adsorbed.

The study of the AN thermal oxidation products was carried out more
thoroughly with the highest AN relative concentration of 100 ppm (Fig. 3,
Paper II). The AN thermal degradation products mainly contain nitrogen at the
same oxidation state as in the initial compound: only trace amounts of oxidised
nitrogen were observed.

Fig. 1 of Paper I shows the infrared spectra of AN PCO gaseous products
obtained at AN inlet concentration 40 ppmv, 130 °C, RH 0%, and residence
time 6.4 s. The AN PCO volatile products, visible in infrared spectra, included
nitrogen dioxide (in dry air), nitrous oxide, carbon dioxide, water, hydrogen
cyanide and carbon monoxide. One could suppose a two-step mechanism
involving initially the PCO of the CH,=CH- moiety to CO, in adsorbed
CH,=CHCN. PCO of CN- moiety liberated by the first step of oxidation leads to
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formation of nitrogen dioxide NO,. The formation of nitrous oxide N,O may be
explained using the previously obtained knowledge.

The following reaction pathway for the PCO of nitrogen-containing compounds
was proposed by Kolinko et al. (2007), Reaction 3.1:

HNO3(adS) + NH3 —> NH4NO3(adS) or
—)N20+H20+HNO3 +N2 (31)

Kolinko and Kozlov (2009) also showed that the N,O formation occurs as a
result of decomposition of hyponitrous acid (Reaction 3.2), which forms as a
product of ammonia oxidation with OH-radical:

NH3 ++OH + 02 — HNO — NzO + H20 (32)

Also, formation of nitrous oxide N,O, observed among the products, was
described as a result of PCO of ammonia in the presence of nitrogen oxide NO
(Perez-Ramirez et al., 2005).

The desorption of the original compound and its PCO products in TPO takes
place simultaneously with their thermal degradation (Fig. 4, Paper II): the
gaseous AN thermal degradation products, not all of which are shown at
the TPO spectra, were CO,, CO, H,O, acetonitrile, HCN, NH;, NO and NO,.
Nitrogen dioxide and water released starting at about 300 °C may be attributed
to the thermal degradation of adsorbed nitric acid as the AN PCO by-product.

The emissions of hydrogen cyanide and nitrogen dioxide showed the opposite
trends during AN TPO in transient mode. The degradation of cyanide took place
during PCO of AN with lower amounts of HCN desorbed at higher
temperatures and no HCN was observed during UV-assisted TPO at the lowest
AN initial concentration and elevated temperature. On the contrary, ultimate
AN PCO products, like nitrogen dioxide, carbon dioxide and water tended to
accumulate during PCO and UV-assisted TPO. The detected CN moiety
exhibits the behaviour expected for an intermediate species, leading to the final
oxidation of the CN- moiety with increase in temperature or/and longer
residence time.

3.2 Effect of process parameters on gas-phase photocatalytic

oxidation of acrylonitrile

The PCO of AN was examined in a full-factorial experiments. The dependence
of the conversion values of AN ((Cj, - Cou)/Cip or 1 - Co/Ci, %) with different
inlet concentrations on the residence time in reactor is shown in Fig. 2 of Paper
I (run time 10 min) and 7 (b) of Paper II (run time 40 min).
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The AN conversion degree increased with residence time, although not linearly.
The complex mechanism of photocatalytic reactions including adsorption of the
target compound followed by oxidation of adsorbed species, oxidation of by-
products formed and desorption of by-products and unreacted initial compounds
may explain the non-linear increase in AN conversion with residence time
by, for example, the slowdown in desorption processes and therefore
retardation of adsorption of AN.

The poisoning of the photocatalyst was observed during PCO of AN at higher
inlet concentrations and residence time of less than 12.8 s at 130 °C (Paper I).
This indicates that some species adsorbed on the photocatalyst surface during
PCO of AN and caused the deactivation. Thus, the rate-limiting stage for AN
complete oxidation is the PCO of the adsorbed oxidation intermediates. The
degradation rates of the intermediates seem to be slower than the degradation
rate of AN. During PCO of AN at all inlet concentrations up to 100 ppmv and
residence time of more than 12.8 s at 130 °C no poisoning of the photocatalyst
was observed for 1 h of continuous run, the degradation percent of AN
remained the same during this time showing no catalyst deactivation. Because
intermediates form on the surface and their appearance depends on their rates of
formation, desorption, oxidation rate and displacement by other species, the
reactions are neither first-order nor diffusion-controlled. This indicated that the
rate of the process limited by a surface reaction with an order greater than one
would be dependent on the AN concentration.

Fig. 3 (a) of Paper I shows that the presence of humidity (RH 66%) at 130 °C
do not cause alterations in the degradation rate of the AN in 10 min from the
start of the experiments at small inlet concentrations of AN (10 and 40 ppmv).
A slight decrease in AN conversion was observed at high (100 ppmv) AN
concentration in presence of water vapour. The decrease in the PCO rate in the
presence of humidity may be explained by the competitive adsorption of water
and VOC molecules on the photocatalyst surface.

After 1 h of continuous run (Fig. 3 (b) of Paper I), the dual effect of water
vapour was observed. At small inlet concentrations of AN the decrease in
degradation from 10 to 20% compared to dry air was observed. On the contrary,
the degradation of AN with an initial concentration of 100 ppmv in 1 h was
higher in humid air: the conversion of AN in dry air dropped approximately for
19%, while in humid it decreased only for 4%, thus showing the favourable
effect of water vapour extending the photocatalyst deactivation time at higher
AN concentrations. The durability factor (Einaga et al, 2002) defined here as the
ratio of the AN degradation fractions at 1 h to those at the first 10 minutes,
increased from 0.32 to 0.83 with an increase in relative air humidity at AN inlet
concentration of 100 ppmv.
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An important role of water vapour in the regeneration of the photocatalyst was
observed: entire restoration of the photocatalyst activity was achieved by 2-h
PCO of adsorbed oxidation by-products in humid airflow, the colour of the
photocatalyst turned from yellowish to white. UV-irradiation of the
photocatalyst layer in dry air did not restore the photocatalyst’s activity; even
the colour of the photocatalyst remained yellow.

The minor negative effect of increasing temperature from 60 to 130 °C was
observed during PCO of AN and toluene (Papers I and III) over plain TiO,.
PCO reactions are often insensitive towards temperature changes as adsorption
is deteriorated and oxidation reactions are usually accelerated with the
temperature growth. However, a noticeable effect of temperature on the PCO of
AN was observed in the character and quantities of the AN PCO products.
Higher temperature resulted in deeper oxidation of AN on P25 showing more
profound oxidation of hydrogen cyanide and therefore the higher yield of
nitrogen dioxide (Fig. 4, Paper I).

The temperature increase, however, had positive effect on the performance of
sulphated P25 photocatalyst and on the character of gaseous products emissions
during PCO of AN on F3 (see Section 3.2.2 The impact of temperature and
residence time on PCO Performance, Paper II, and Section 3.2 PCO of
acrylonitrile, Paper I1I).

3.3  Photocatalytic oxidation of acrylonitrile over sulphated P25
photocatalyst

The infrared spectra of AN PCO gaseous products formed during the oxidation
on sulphate TiO, differ from the ones on P25 in part of HNCO, appearance of
which was not observed during AN PCO on P25. Isocyanic acid formed as a
result of oxygen addition to HCN hydrolyses further to ammonia and CO,.
Another difference consists of the absence of NO, clearly seen at AN PCO on
plain P25. The acidic surface of sulphated titania thus presume to induce the
formation and adsorption of nitric acid and ammonia ions (see Paper II, section
3.2.1. PCO by-products).

The drastic negative effect of temperature decreasing from 130 to 60 °C on AN
PCO conversion was observed on sulphated P25 (Fig. 8, Paper II). The ‘reaction
rate-adsorption’ balance at sulphated P25 appears to be dramatically negatively
influenced by the temperature decrease practically zeroing its performance. This
behaviour is sometimes attributed to thermal catalytic reactions. This possibility
is supported by the observation of the minor thermal decomposition reaction at
130 °C and the absence of any reaction at 60 °C.

Although thermal catalytic reactions are thought to be similar on both P25 and
sulphated P25, however, they poison P25 more rapidly since P25 better
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adsorption properties and faster PCO reactions along with AN thermal
degradation produce more by-products accumulating on photocatalyst surface.

The dependence of AN PCO conversion rate on its initial concentration at
retention time increased from 6.3 to 12.8 s on sulphated TiO, has a spasmodic
character (Fig. 7 (b), Paper II). It could be explained by the changes in the
reaction pathway and kinetics. The formation of HNCO at retention time of 12.8
s could start to prevail oxidising to CO, and ammonia, possibly further
transforming to N,O and easily desorbing. Thus the accumulation of the
reaction intermediates on the sulphated TiO, surface could catalyse the
conversion at longest retention times.

Thus, sulphated P25 showed better photocatalytic activity at longer retention
times and higher temperatures. The AN PCO performance on sulphated P25
was strongly deteriorated at low temperature and shorter retention times.

3.4  Photocatalytic oxidation of acrylonitrile and toluene over

flame synthesized F3 photocatalyst

The superior character of flame aerosol synthesized catalyst over the benchmark
P25 was confirmed for the gas-phase PCO similar to the previously observed in
aqueous reactions: both well-adsorbed aliphatic DCA (aqueous) and AN (gas),
and weakly adsorbed 4-CP (aqueous) and toluene (gas) yielded better to PCO at
the flame aerosol catalyst (Moiseev et al., 2011; Paper III).

The primary particle size, higher anatase content and lower agglomeration
degree present the apparent reasons of improved PCO performance for AN
adsorbable at the catalyst’s surface. The improved performance in poorly
adsorbable toluene oxidation, however, cannot be solely explained by larger
adsorbing surface: non-adsorbable VOCs should mostly be oxidized by surface
OH-radicals, the yield of which also, but not exclusively, is dependent on the
water content at the catalyst surface. The water surface content showed
disproportional relation to the photocatalysts’ specific surface or saturation time
— two-fold increased contact surface of F3 adsorbed three-fold amount of water
compared to P25 (see Fig. 3, Paper IlI), which may also explain accelerated
toluene PCO with F3 at all temperatures studied.

On the other hand the enhanced dehydration of F3 surface at elevated
temperature causes a poorer catalyst’s performance in PCO of hydrogen cyanide
during PCO of AN. The more incomplete HCN oxidation at elevated
temperature with F3 compared to P25 may follow two explanation patterns, the
dehydration of the catalyst surface resulted in reduced OH-radicals production
at higher temperature (130 °C), and the HCN volatility drastically surpassing the
volatility of AN.
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At 60 °C equal amounts of HCN appear at the same time with both
photocatalysts, thus making the overall yield of gaseous hydrogen cyanide per
unit of oxidised AN higher for P25, where degradation of AN is incomplete
(Fig. 5, Paper 111, see section 3.2 PCO of acrylonitrile).

The faster restoration of F3 photocatalytic activity and slower photocatalyst’s
deactivation could be explained by better UV-light transparency of F3 coating
along with its enhanced oxidative ability.

CONCLUSIONS

The increased amount of personnel time spent in indoor environment makes the
science confront the VOCs as the most abundant chemical pollutants in the
indoor air. Photocatalytic oxidation of indoor VOCs over titanium dioxide could
be efficient pollutant degradable abatement technology. In present study the
author used toluene characterizing the performance of novel catalyst compared
to the commercially available one thus creating a new knowledge in effective
and reliable method of problematic air pollutant abatement. The author failed to
find published information on gas-phase PCO of AN, thus obtaining the new
knowledge on the PCO chemistry.

The objectives of the present research included the study of the pathway of AN
PCO and estimation of the gas-phase PCO performance of new flame
synthesized photocatalyst F3 and sulphated P25 in comparison with commercial
P25 titanium dioxide. The observed features of the photocatalysts found
explanation.

Acrylonitrile readily undergoes photocatalytic degradation in gas-solid systems
by using titanium dioxide. The main reaction products were carbon dioxide,
water and nitrogen dioxide or adsorbed nitric acid; the intermediate products
hydrogen cyanide, nitrous oxide and carbon monoxide were observed. The
thermal oxidation with and without simultaneous UV-irradiation allowed
following the CN” group transformation to nitrogen oxides: HCN behaved as an
intermediate by-product degrading along with the PCO, which resulted in the
accumulation of nitrogen dioxide. The PCO at temperatures about 90 °C and
higher allowed complete degrading of intermediate hydrogen cyanide at initial
relative concentrations of AN up to 40 ppm.

The presence of water vapour extended the photocatalyst deactivation time at
higher AN concentrations. An important role of water vapour in the
regeneration of the photocatalyst was also observed: entire restoration of the
photocatalyst activity was achieved by PCO of adsorbed oxidation by-products
in humid airflow.
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The effect of temperature increasing from 60 to 130 °C was observed to be
slightly negative in terms of AN degradation. However, the effect of increased
temperature was noticeable in terms of the character and yields of the PCO
products on P25: HCN content diminished with growing content of NO, at
elevated temperature.

Sulphated P25 showed better photocatalytic activity at longer retention times
and higher temperatures. The AN PCO performance on sulphated P25 was
strongly deteriorated at low temperature and shorter retention times.

The superior character of the flame aerosol synthesized catalyst over the
commercial P25 titanium dioxide in gas-phase PCO was established for
degradation of aliphatic heteroatomic acrylonitrile and aromatic toluene. This
demonstrates the unselective character of newly designed catalyst universal for
both gaseous and aqueous PCO reactions. The new catalyst surpasses the
commercial P25 in, for example, toluene oxidation for over 50 % under similar
experimental conditions. Slower deactivation and faster complete restoration of
catalytic activity of flame synthesized catalyst under UV-A-radiation are also
the new catalyst’s beneficial key features.

The intense dehydration of the reduced size anatase crystallites in the new
catalyst results in decreased OH-radicals production at elevated temperature.
Along with the enhanced desorption, this causes a poorer catalyst’s performance
in PCO of HCN, the PCO product of acrylonitrile. The process safety thus
requires lower operational temperatures.

The right of photocatalysis technology for air remediation to existence in future
will be depending to a great extent on the development of effective catalytic
materials possessing unselective activity towards VOCs.
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ABSTRACT

Photocatalysis is the process, where semiconductor, usually titanium dioxide,
activated by light energy initiates electrochemical reactions allowing, for
example, to remediate air from indoor pollutants. Hazardous air pollutants
aliphatic acrylonitrile (AN) and aromatic toluene were chosen for gas-phase
photocatalytic oxidation (PCO) studies.

The objectives of the present research were:

- the estimation of the PCO potential in degradation of gaseous AN and its
sensitivity towards reaction conditions,

- the identification of the products of AN PCO and thermal degradation,

- the establishing the potential of sulphated TiO, P25 catalyst improving the
AN PCO performance,

- the evaluation of the gas-phase photocatalytic activity of the new flame
synthesized F3 nano-powder photocatalyst compared to commercial P25
towards AN and toluene.

Carbon dioxide, water and nitrogen dioxide or adsorbed nitric acid were the
main products of AN photocatalytic oxidation. Detected gaseous reaction by-
products of AN PCO were HCN, N,O, and CO. The oxidation of HCN to NO,
and further formation of HNO; adsorbed on a photocatalyst’ surface in the
present of water vapour was followed by means of temperature-programmed
oxidation study.

Photocatalytic activity of sulphated-TiO, was higher compared to P25 towards
the degradation of AN at the longest residence times and at elevated
temperature. The temperature decrease had negative effect on the performance
of sulphated P25 photocatalyst.

The new flame aerosol synthesized photocatalyst F3 showed the unselective
photocatalytic activity exceeding commercial P25 in the degradation of well-
adsorbed AN and weekly adsorbed toluene. The process safety required lower
operational temperature because of increased desorption of surface hydroxyl
groups from F3 surface resulting in the reduced degradation of HCN.

The future of photocatalysis technology for air remediation will be depending to
a great extent on the development of effective catalytic materials possessing
unselective activity towards volatile organic compounds.
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KOKKUVOTE

Kéesolevas t60s uuriti levinud OShu saasteainete, akriililnitriili ja tolueeni,
fotokataliiiitilist oksiidatsiooni (FKO). Fotokataliiiitiline oksiidatsioon on
protsess, mille kéigus elektromagnetkiirguse toimel kataliisaatori, tavaliselt
titaandioksiidi, pinnal toimuvad elektrikeemilised reaktsioonid, mis lubavad
nditeks lagundada Shus olevaid saasteaineid. Fotokataliiiitilist oksiidatsiooni on
edukalt kasutatud paljude orgaaniliste ainete lagundamiseks, kuid
kirjandusandmeid akriiiilnitriili FKO kohta ei leidu. Samas laialt uuritud
tolueeni on vdimalik kasutada uute kataliisaatorite efektiivsuse madramiseks.

Uurimistoo eesmaérkideks oli:

- Uurida FKO vo&imet lagundada akriiiilnitriili P25 (Degussa/Evonik)
titaandioksiidil;

- Selgitada vilja katsetingimuste moju (saasteainete kontsentratsioon,
temperatuur, viibimisaeg, niiskus) akriililnitriili FKO protsessile
torureaktoris;

- Uurida akriiiilnitriili FKO produkte ja vaheprodukte pideva tdoreziimiga
torureaktoris ning poolperioodilises reaktoris kasutades temperatuur-
programmeeritud oksiidatsiooni meetodit;

- Siistemaatiliselt uurida  akriililnitriili FKO-d  sulfateeritud P25
titaandioksiidil  ning  akriiiilnitriili ja  tolueeni  FKO-d
leekaerosoolmeetodiga siinteesitud F3 titaandioksiidil.

Akriiiilnitriil oksiideerub kiiresti FKO kiigus. Akriiiilnitriili lagundamise
pohiproduktid méiidrati FTIR- ning mass-spektromeetria abil, nendeks on
stisinikdioksiid, vesi ja ldmmastikdioksiid v0i titaandioksiidi pinnal
adsorbeeritud lammastikhape. Reaktsiooni vaheproduktideks on vesiniktsiianiid,
dilammastikoksiid ja siisinikoksiid. Termiline oksiidatsioon titaandioksiidi
pinnal ilma UV-kiirguseta ja UV-kiirguse all néitas, et HCN vdib FKO kédigus
oksiideeruda tdielikult ldmmastikudioksiidini, moodustades vee aurude
juuresolekul ldmmastikhappe, mis adsorbeerub fotokataliisaatori pinnale.

Akriililnitriili  FKO 1dbi  viimisel pikema viibimisajaga ja kd&rgemal
temperatuuril oli sulfateeritud P25-1 fotokataliiiitiline aktiivsus korgem kui
tavalisel P25-1. Temperatuuri alandamisel oli sulfateeritud P25 toime tugevalt
héiritud.

Uudse leekaerosoolmeetodiga siinteesitud F3 fotokataliisaatori toime iiletab
kommertskataliisaatori P25 toimet nii alifaatse akriililnitriili kui ka aromaatse
tolueeni FKO-l. F3 titaandioksiid omab vorreldes P25-ga korgemat
oksiideerimisvdimet, mis vdheneb temperatuuri tdusu ja kataliisaatori pinna
dehiidrateerimisega.
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Fotokataliiiisi tehnoloogia rakendamise tulevik dhu puhastamisel soltub suurel
maiidral lenduvate orgaaniliste {iihendite lagundamiseks kasutatavate
mitteselektiivsete fotokatallisaatorite edasisest siinteesist.
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Photocatalytic oxidation (PCO) of acrylonitrile (AN) on titanium dioxide in the gaseous phase was
studied. AN readily undergoes photocatalytic degradation in a gas—solid system by using TiO, Degussa
P25. The AN PCO volatile products, visible in the infrared spectra, included nitrogen dioxide, nitrous
oxide, carbon dioxide, water, hydrogen cyanide and carbon monoxide. Longer contact time resulted in
deeper oxidation of AN with decreasing hydrogen cyanide and increasing nitrogen dioxide content. The
effect of temperature increasing from 60 to 130 °C was observed to be slightly negative in terms of AN
degradation rate. However, the effect of increased temperature was noticeable in terms of the character

and yields of the PCO products: HCN peaks diminished with growing peaks of NO,.

Introduction

Indoor air quality has become an important community concern
due to the increased amount of personnel time spent in indoor
environment.! Some studies showed that the level of pollutants in
indoor environments actually exceeds that of the outdoors.

Many volatile organic compounds (VOCs) are known to be
toxic and considered to be carcinogenic, mutagenic, or teratogenic.
The Environmental Protection Agency (EPA) original list of
hazardous air pollutants includes two nitrile compounds: acry-
lonitrile CH,=CHCN (AN) and acetonitrile CH;CN. Studies have
demonstrated that AN can induce gene mutations, chromosome
aberrations, unscheduled DNA synthesis and cell transformation.?
Chronic studies provide convincing evidence that AN is carcino-
genic for animals when administered by the inhalation route of
exposure. Epidemiologic studies have associated AN exposure in
the workplace with increased incidence of lung cancer and possibly
prostate cancer.

Population exposure to AN in the environment is small except
near factories or waste sites. However, exposure to AN can also
occur from residual AN in commercial fibrous polymeric material,
usually less than 1 mg kg™, in resins, about 30-50 mg kg™, and
in styrene-acrylonitrile resins, about 15 mg kg™'; concentrations
in rubber and latex vary widely.? Relatively large amounts are
liberated by fires. AN also has been detected in cigarette smoke
as 3 to 15 mg per cigarette, and in commercial acrylamide, 25—
50 mg kg'.** The health authorities of the Federal Republic
of Germany have placed AN in the category of carcinogenic
chemicals for which no threshold limits are established. The US
EPA has classified AN as a “water priority pollutant” and a
“hazardous air pollutant”.

“Department of Chemical Engineering, Tallinn University of Technology Ehi-
tajate tee 5, 19086, Tallinn, Estonia. E-mail: marina.kritsevskaja@ttu.ee;
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Because of the limitations of traditional end-of-pipe tech-
niques, like absorption and adsorption methods, thermal and
catalytic incineration and biotechnological abatement methods
the development of an alternative remediation technology such
as heterogeneous photocatalytic oxidation (PCO) is a research
challenge.

Photocatalytic processes are based on the absorption of UV
radiation by the semiconductor photocatalyst with further oxida-
tion of adsorbed organic molecules. The final result can be, under
favourable conditions, the complete mineralisation of organic
pollutants.

The objective of the present research was to estimate the PCO
potential in degradation of gaseous AN and its sensitivity towards
reaction conditions as well as to disclose routes of AN degrada-
tion. The declared objective was achieved by experimental research
undertaken into the PCO of AN dependently on concentration
of pollutant, its residence time, air humidity and temperature.
The identification of volatile PCO products was also carried out.
Deactivation of the photocatalyst and restoration of its activity
was also taken under consideration.

Results and discussion
PCO by-products of AN

Fig. 1 shows the infrared spectra of AN PCO gaseous products
obtained at AN inlet concentration 40 ppmv, 130 °C, relative
humidity (RH) 0%, and residence time 6.4 s.
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Fig. 1 FT-IR spectrum of the outlet flow containing PCO products of
AN.
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The AN PCO volatile products, visible in the infrared spectra,
included nitrogen dioxide, nitrous oxide, carbon dioxide, water,
hydrogen cyanide and carbon monoxide. Longer contact time
resulted in deeper oxidation of AN with decreasing hydrogen
cyanide peaks and increasing in peaks of nitrogen dioxide.

During the PCO studies of another nitrile compound, the
acetonitrile, it was found that carbon dioxide and hydrogen
cyanide were the main products of acetonitrile degradation.® The
moles of cyanide ions and of produced CO, corresponded to those
of acetonitrile degraded. In other studies of PCO of acetonitrile
the authors claimed the breaking of the acetonitrile C-C bond
and proposed a reaction mechanism where the principal products
were CO, and N,.¢ On the TiO, surface they observed isocyanate
species, subsequently transformed to CO, and N,; nitrogen was
proposed, but not observed by analytic technique. The authors did
not observe hydrogen cyanide, probably because this compound
was not present in adsorbed phase but was released to the gas
phase.

Differently from the results of those works, CO, and NO, were
observed as the main products of the PCO of AN. There could
be supposed a two step mechanism involving initially the PCO
of the CH,=CH- moiety to CO, in adsorbed CH,=CHCN. PCO
of CN moiety liberated by the first step of oxidation leads to
formation of nitrogen dioxide NO,. Formation of nitrous oxide
N,O was described as a result of PCO of ammonia in the presence
of nitrogen oxide NO.” Nitrogen oxide presumably formed in the
PCO reaction from ammonia, was partially oxidized further to
nitrogen dioxide and partially reacted with residual ammonia
forming nitrous oxide. Ammonia was not seen among the AN
oxidation products at shorter residence times (from 3.2 to 6.4 s)
supposedly due to small amounts of ammonia formed. Infrared
spectra obtained for the longest residence time 12.8 s showed
some peaks at 900-1000 cm™ range, which may be attributed
to ammonia or AN. Peaks of initial pollutant AN observed in
this range in FT-IR spectra, disappeared much earlier, already at
residence time 6.4 s, and cannot interfere at 12.8 s. Therefore, we
have indirect proof of ammonia formation among AN PCO by-
products, although ammonia was not pronouncedly seen among
the gaseous products in FT-IR spectra.

The observed CN moiety exhibits the behaviour expected for
an intermediate species, leading to the final oxidation of the CN
moiety with increase in temperature or/and longer residence time
(see also Effect of temperature).

The oxidation of CH,=CH- moiety to CO, apparently involves
formation of oxygenated by-products readily oxidised or dimers
or polymers leading to deactivation of the photocatalyst. The
formation of CO could be attributed to the formation of car-
bonyl groups.® The formation of carbonaceous species (dimers,
polymers) on the surface of the TiO, catalyst was also observed
during PCO of unsaturated organic compounds.®

Effect of residence time and pollutant concentration

The PCO of AN was examined at various contact times. The
dependence of the conversion values of AN ((Cj, — Co )/ Ci, or 1 —
Cou/ Cin, %) on different inlet concentrations and residence time
in reactor is shown in Fig. 2(a) and (b)

The increase in the residence time up to 6.4 s resulted in a growth
of AN PCO conversion at all concentrations.
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Fig. 2 (a) Effect of residence time on the AN degradation after 10 and
60 min of continuous run: AN inlet concentration 10 and 100 ppmv,
RH 0%, 130 °C. (b) Dependence of AN degradation on AN initial
concentration at different residence times: RH 0%, 130 °C, reaction time
10 min.

The AN conversion degree increased with residence time,
although not linearly. Experiments at longer residence time up
to 12.8 s resulted in inadequate measurements due to interference
of oxidation by-products, which absorbed in the same IR spectrum
range as AN. Alterations were observed with all AN inlet
concentrations excluding 100 ppmv. This could be explained with
small amounts of by-products formed at runs with high AN
inlet concentrations. The complex mechanism of photocatalytic
reactions including adsorption of the target compound followed
by oxidation of adsorbed species, oxidation of by-products formed
and desorption of by-products and unreacted initial compounds
may explain the non-linear increase in AN conversion with
residence time by, for example, the slowdown in desorption
processes and therefore retardation of adsorption of AN.

The poisoning of the photocatalyst was observed during PCO
of AN at all inlet concentrations and residence time of less than
12.8 s at 130 °C. For example, at 130 °C the degradation of
AN at initial concentration of 10 ppmv in dry air with residence
time 3.2 s decreased from 51.6% to 12.9% in 1 h from the start
of the continuous run. The photocatalyst changed colour from
white to different shades of yellow. This indicates that some
species adsorbed on the photocatalyst surface during PCO of
AN and caused the deactivation. Thus, the rate-limiting stage
for AN complete oxidation is the PCO of the adsorbed oxidation
intermediates. The degradation rates of the intermediates seem to
be slower than the degradation rate of AN.

During PCO of AN at all inlet concentrations up to 100 ppmv
and residence time of more than 12.8 s at 130 °C no poisoning
of the photocatalyst was observed for 1 h of continuous run, the
degradation percent of AN remained the same during this time
showing no catalyst deactivation.

Experiments with different inlet concentrations of AN (10, 25,
40 and 100 ppmv) were performed. As shown in Fig. 2(b) the
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percent conversion of AN during PCO decreased as the VOC
inlet concentration increased at residence times 3.2 and 6.4 s.
Because intermediates form on the surface and their appearance
depends on their rates of formation, desorption, oxidation rate
and displacement by other species the reactions are neither first-
order nor diffusion-controlled. This indicated that the rate of the
process limited by a surface reaction with an order greater than
one would be dependent on the AN concentration.

Effect of humidity

Fig. 3(a) shows that the presence of humidity, RH 66% at 130 °C,
do not cause alterations in the degradation rate of the AN in 10 min
from the start of the experiments at small inlet concentrations of
AN (10 and 40 ppmv). A slight decrease in AN conversion was
observed at high (100 ppmv) AN concentration in presence of
water vapour. The decrease in the PCO rate in the presence of
humidity may be explained by the competitive adsorption of water
and VOC molecules on the photocatalyst surface.

Conversion
(Cin-Cout)/Cin (%)

0
66

Relative humidity 10 40 100
(%) Inlet concentration (ppmv)

(b)

Conversion
(Cin-Cout)/Cin (%)

Relative humidity -

(%) 4 40 100
Inlet concentration (ppmv)
Fig. 3 Effect of humidity on photocatalytic degradation of the AN:
(a) 10 min from the start of the run; (b) 60 min from the start of the
run (residence time 6.4 s, 130 °C).

After 1 h of continuous run (Fig. 3(b)), the dual effect of water
vapour was observed. At small inlet concentrations of AN the
decrease in degradation from 10 to 20% compared to dry air
was observed. On the contrary, the degradation of AN with an
initial concentration of 100 ppmv in 1 h was higher in humid air:
the conversion of AN in dry air dropped approximately for 19%
(Fig. 3), while in humid air it decreased for only 4%, thus showing
the favourable effect of water vapour extending the photocatalyst
deactivation time at higher AN concentrations. The durability
factor'® defined here as the ratio of the AN degradation fractions
at 1 h to those at the first 10 min, increased with an increase in
relative air humidity from 0.32 to 0.83 at AN inlet concentration
of 100 ppmv.

An important role of water vapour in the regeneration of the
photocatalyst was seen: entire restoration of the photocatalyst
activity was achieved by 2 h PCO of adsorbed oxidation by-

products in humid airflow, the colour of the photocatalyst turned
from yellowish to white. UV-irradiation of the photocatalyst layer
in dry air did not restore the photocatalyst’s activity; even the
colour of the photocatalyst remained yellow.

Effect of temperature

Temperature is one of the most important factors in gas-solid
heterogeneous reactions. Photoctalytic reactions, however, are not
sensitive to minor variations in temperature.! This is explained by
the fact that at low temperature, desorption of the products from
the photocatalyst surface is the rate determining step, whereas
at higher temperatures adsorption of reactants becomes the rate
determining step.

The minor negative effect of increasing temperature from 60
to 130 °C was observed after 10 min of PCO and after 1 h of
continuous run. However, a noticeable effect of temperature on
the PCO of AN was observed in the character and quantities
of the AN PCO products. Fig. 4 shows the infrared spectra of
hydrogen cyanide and nitrogen dioxide—the gaseous products of
PCO of AN at 60 and 130 °C.
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Fig.4 Theinfrared spectra of AN products at 60 and 130 °C: (a) nitrogen
dioxide and (b) hydrogen cyanide (inlet AN concentration 30 ppmv, RH
0%, residence time 6.4 s).

One can see the evolution of the AN PCO products with
increasing temperature, the growth of nitrogen dioxide peaks at the
IR bands from 1550 to 1650 cm™ and the decrease of hydrogen
cyanide peaks at the IR bands from 3200 to 3400 cm™: higher
temperature resulted in deeper oxidation of AN showing more
profound oxidation of hydrogen cyanide and therefore the higher
yield of nitrogen dioxide.

Experimental

TiO, powder was obtained from Degussa AG (P-25). Concentra-
tion of gaseous AN (Sigma-Aldrich, 299.5%) varied from 10 to
100 ppmv.

The gas-phase PCO of AN over UV-illuminated TiO, was
studied using an annular photocatalytic reactor having an inner
diameter 33 mm and total volume of 0.105 L used in a continuous
gas-flow mode. The annular gap between the lamp and the inner
wall of the reactor was 3.5 mm. A 365 nm 15 W low-pressure
mercury luminescent UV-lamp was positioned coaxially in the
reactor. The reactor was coated inside with TiO, by rinsing 50 times
with a TiO, aqueous suspension, each rinse followed by drying.
This made the TiO, coverage in the reactor 1.4 mg cm™ and the
total mass of the photocatalyst 0.9 g. Before the experiments the
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reactor was washed by liquid 50% H,O,. At the end of each run, the
photoreactor was treated by water vapour to restore photocatalyst
activity for 2 h and then was dried at 120 °C for 2-3 h.

The irradiance of the TiO,-coated UV-lamp was measured with
a UVX Radiometer at the surface next to the lamp and average
about 0.6 mW cm™.

The equipment consists of a thermostatted reactor, gas flow
controllers, gas humidifier and Wilks MIRAN 1A infrared
analyzer. The gas samples for the reaction products analysis by
means of FT-IR (Perkin Elmer 2000, Lappeenranta University of
Technology) were collected to a Sirocco 10.6 m gas cell.

The temperature in the reactor was maintained within a range
of 60 to 130 °C. The gas flow controllers provided gas flow rates
from 0.2 to 2.0 L min™". The in-line humidifier allowed the RH in
the gas stream to be maintained from 0 to about 70% determined
at 20 °C.

The VOC feed tank was charged with polluted air by tank
evacuation and injection of a pollutant (AN) through the injection
port. Then the tank was charged with compressed air (3 atm). Time
for vacuum evaporation was 10 min and time for mixing was 24 h.

The diluent feed tank was used to dilute the polluted gas stream
with the carrier gas—dry or humidified air.

The run procedure was the same through the study. The runs
lasted 60 min, and the gas leaving photoreactor was analyzed
every 10 min. Each experiment was repeated two or three times,
arithmetic mean values are presented in figures and tables.

Conclusions

The photocatalytic degradation of AN successfully occurs in gas—
solid systems by using TiO, Degussa P25. The main reaction
products were CO,, H,O and NO,; the intermediate products
HCN, N,O and CO were observed. These findings suggest
breakage of the AN C-C bond. Longer contact time resulted in
deeper oxidation of AN.

The AN conversion values increased with residence time,
although not linearly. At longer residence time up to 12.8 s resulted
in inadequate measurements due to interference of oxidation by-
products, which absorbed in the same IR spectrum range as AN,
possibly ammonia.

The poisoning of the photocatalyst was observed during PCO of
AN at all inlet concentrations and residence time of less than 12.8 s
at 130 °C. However, within the AN concentration limits used in
experiments (up to 100 ppmv) no photocatalyst deactivation was
observed at 130 °C and 12.8 s residence time.

The presence of water vapour did not affect the degradation rate
of AN within the first 10 min from the start of the experiments at
130 °C. However, after 1 h of continuous run, a dual effect of water

vapour was observed. At relatively small inlet concentrations, up
to 40 ppmv, the AN degradation rate decreased from 10 to 20%
compared to dry air. On the contrary, at higher AN concentrations,
about 100 ppmv, the presence of water vapour alleviated the
photocatalyst deactivation. An important role of water vapour
in the regeneration of the photocatalyst was also seen: entire
restoration of the photocatalyst activity was achieved by 2 h PCO
of adsorbed oxidation by-products in humid airflow.

The effect of temperature increasing from 60 to 130 °C was
observed to be slightly negative in terms of AN degradation during
1 h of continuous run. However, the effect of increased temperature
was noticeable in terms of the character and yields of the PCO
products: HCN content diminished with growing content of NO,.
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Abstract The gaseous products of photocatalytic oxida-
tion (PCO) of acrylonitrile on sulphated P25 in concen-
trations from 10 to 100 ppm at 60 to 130 °C were CO,,
HCN and HNCO. This photocatalyst showed dispropor-
tionally improved performance at higher temperature and
longer retention times. The temperature-programmed oxi-
dation (TPO) after PCO disclosed possible reaction routes.

Keywords 2-Propenenitrile - Photocatalytic oxidation -
Thermal degradation - Sulphated titanium dioxide - Air
pollution

1 Introduction

The hazardous air pollutants include acrylonitrile (AN)
CH,=CH-CN exhibiting mutagenic, carcinogenic and ter-
atogenic properties [1]. This volatile organic compound
(VOC) is detected as an in-door air component emitted by
commercial fibrous polymeric materials, resins and smok-
ing tobacco [2, 3]. Traditional VOCs control technologies
include adsorption [4], thermal incineration at temperatures
of 1000-1200 °C, catalytic incineration at temperatures of
250-500 °C [5-7] and bio-filtration [8—10] suffering from
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high operating costs, secondary waste stream problems and
narrow range of working conditions (bio-filtration).

The problem of emerging pollution of the atmosphere
with VOCs and their insufficient or costly abatement
strategies necessitate the search for effective alternatives.
One of the methods of cleaning air from various VOCs in
dilute concentrations is photocatalytic oxidation (PCO)
employing a UV-irradiated semiconductor catalyst, usually
TiO,: the method has oxidation potential sufficient to
oxidize the widest spectrum of pollutants at near-ambient
temperature using direct solar energy. The general draw-
backs of PCO, such as low reaction rates and the catalyst
poisoning, require relevant improvement to expand
PCO application area. A potentially cost-effective way to
improve the photocatalysts performance is increasing the
number and the adsorption capacity of surface acid sites
since PCO activity has been shown to increase with cata-
lyst surface acidity [11, 12]. Sulphated metal oxides are
particularly effective acid catalysts [13—15], indicating a
promising way of development.

The sulphate ion forms S=O and O-S-O bonds in TiO,,
creating unbalanced charge on Ti-atoms, vacancies and
defects in the titania structure [16]. In sulphated titanium
dioxide, the O=S=0 group anchored to the surface seems to
trap electrons improving the oxidation process, retarding
the recombination of holes and electrons induced by UV
irradiation. The O=S=0 species polarize the S=O bonds in
presence of water to coordinate its molecules, giving an
anchored sulphate, in which sulphur electron-deficient
species are induced [17].

The preliminary results of PCO of AN vapours on TiO,
P25 were described briefly in the recent publication [18].
The present study uses both transient and continuous-flow
methods for disclosing the PCO mechanism for AN. The
PCO reaction can be started and stopped by turning the UV
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lights on and off in transient studies combined with the
mass-spectrometry. The adsorbed intermediates may be
subsequently identified in temperature-programmed oxi-
dation (TPO) also combined with the mass-spectrometry
[19]. Also TPO is an important tool for characterizing of
used catalysts and their regeneration [20].

The major advantage of PCO is the reaction at room-
temperature. The geometry of photocatalytic reactors,
however, is supposed to optimise utilization of light by
bringing the irradiated photocatalyst surface sufficiently
close to the source of radiation, usually the mercury UV
lamp, thus increasing the temperature of treated gas. For
example, in the present study the working low-pressure
Hg-lamp maintained the temperature in the reactor from 60
to 130 °C dependent only on the insulation of reactor. The
PCO reaction rate depends on temperature on account of
adsorption, reaction kinetics, and desorption of products.
Higher temperature accelerates the reaction and makes the
removal of reaction products from the photocatalyst sur-
face easier [21], providing more active sites for PCO
reaction and thus extending the photocatalyst activity,
while low temperature is beneficial for adsorption. The
interaction of these trends results in a variety of the PCO
performance, oxidation products and the catalyst stability
at various temperatures.

The current study was focused on the identification of
the products of AN thermal degradation and PCO obtained
on the course of the transient and the continuous-flow
study, as well as on the effects of temperature and the
potential of sulphated TiO, P25 catalyst to improve the AN
PCO performance.

2 Experimental
2.1 Transient PCO

A thin-film annular reactor was used for transient PCO
[22]. The catalyst, Degussa P25, was coated onto the Pyrex
glass by rinsing it for 50 times with the photocatalyst
aqueous suspension with each rinse followed by drying.
This photoreactor consists of two concentric Pyrex cylin-
ders that form an annular region with a 1 mm gap. The
outer diameter of the inner cylinder is 20 mm, and the
height—160 mm. The total mass of the photocatalyst
deposited in the reactor was 0.4 g making the TiO, cov-
erage 1.9 mg cm™2 The reactor was surrounded by a
UV-transparent furnace, and twelve 8 W “black light”
UV-tubes (BLB Korea, type FSTSBLB), placed in a circle
at a distance of 6 cm from the reactor for the reactor
irradiation. Radiometer measurements showed a UV
intensity of 2.5 mW cm ™2 and a maximum light intensity
at 360 nm [23]. The gas-phase species in the outlet stream
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were analysed by a quadrupole mass spectrometer (Balzers,
QMA 125).

The PCO reaction in transient mode can be started and
stopped by turning the UV radiation on and off to have
adsorbed intermediates identified by TPO subsequent to
PCO; the temperature was increased at a constant rate of
1 K s~'. Heating was stopped at 400 °C to avoid irre-
versible changes in the TiO, structure from anatase to
rutile. PCO and TPO of AN were carried out in 20%
0,-80% He mixture flow (120 standard cm® min™").

Before each experiment, the catalyst was heated to
400 °C in the O,/He flow to obtain a reproducible oxide
surface. The UV-lights were turned on and allowed to
warm up for approximately 15 min before the cover over
the reactor was removed to start the reaction. Acrylonitrile
was adsorbed onto the catalyst by its injecting into the gas
stream at the top of the reactor at three different temper-
atures of 50, 90 and 130 °C. The amounts of the AN
injected were 0.1, 0.2 and 0.5 pl constituting the AN
concentration of 20, 40 or 100 ppm referred to the volume
of photocatalytic reactor. This was to observe the impact
of the AN concentration to the character of the PCO
by-products.

Each transient PCO run was carried out in three ways:
(a) dark adsorption at temperature of 50, 90 or 130 °C
followed by dark TPO, (b) PCO at the specified tempera-
ture followed by dark TPO and (c) PCO at specified tem-
perature followed by TPO with the UV lights being
constantly switched on during the PCO and TPO.

2.2 Continuous-Flow Mode

The experimental equipment consists of a thermostatted
reactor, gas flow controllers and INTERSPEC 200-X FTIR
spectrometer with the Specac Tornado 8-m 1.33-1 gas cell
with ZnSe-windows. The annular photocatalytic reactor
having an inner diameter 33 mm and total volume of
0.105 1 was used in a continuous gas-flow mode. A 365 nm
15 W low-pressure mercury luminescent UV-lamp was
positioned coaxially in the reactor. The annular gap
between the lamp and the inner wall of the reactor was
3.5 mm. The reactor’s inner surface and the lamp were
coated with sulphated TiO, using the same procedure as for
reactor used in transient mode. TiO, P25 was obtained
from Degussa AG and treated with H,SO,4 by the method
described in [24]. The total mass of the photocatalyst in the
reactor was 1.3 g and thus the catalyst coverage was
2.0 mg cm 2. The irradiance of the TiO,-coated UV-lamp
was measured with a UVX Radiometer at the surface next
to the lamp averaging 0.64 mW cm 2.

The VOC feed tank was charged with polluted air by
tank evacuation and injection of AN through the injection
port. After 10 min of evaporation, the tank was pressurised
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with compressed air to 3 to 4 bar and left for the concen-
tration balancing overnight. The diluent feed tank was used
to dilute the polluted gas stream with the carrier gas, dry
air. The gas flow controllers provided gas flow rates from
0.5 to 2.0 1 min~". The runs lasted for 60 min with the
continuous FT-IR outlet gas analysis. The concentration of
AN (Sigma-Aldrich, >99.5%) vapours varied from 10 to
100 ppm. The temperature in the reactor was maintained
within a range from 60 to 130 °C controlled by the heating
tape with the temperature controller.

3 Results and Discussion
3.1 Transient PCO and TPO Studies
3.1.1 Transient PCO

Acrylonitrile readily reacted on the UV-irradiated TiO,
catalyst to form carbon dioxide as the main gas-phase
product. As shown in Fig. | (a), carbon dioxide formed
immediately after the AN injection into the irradiated
transient PCO reactor (about 60 s after the start of data
acquisition). Carbon dioxide formation quickly dropped to
zero when the UV lights were turned off. To follow the
desorption and thermal degradation of AN at corresponding

temperatures, dark adsorption runs were carried out simi-
larly: the AN injection to the reactor in dark was monitored
(Fig. 1b). No AN desorption or thermal degradation was
seen at 50 °C. At 90 °C the thermal degradation was minor
and slow: slight AN desorption along with carbon dioxide
and HCN formation were observed in about 180 s after AN
injection. At 130 °C, however, the immediate desorption of
AN along with its partial thermal degradation was seen: all
three peaks of AN, HCN and CO, were seen instantly after
the injection. Photocatalytic oxidation (Fig. 1a) of injected
AN resulted in no AN desorbed at any concentration or
temperature within about 10 min of irradiation. No gaseous
products other than carbon dioxide were observed in AN
PCO at temperatures below 130 °C. The HCN product was
seen only at 130 °C at the AN relative concentration as
high as 100 ppm; the levels of HCN concentrations much
lower than for dark adsorption were seen. Relative con-
centrations of 20 and 40 ppm are not shown on the Fig. |
since no desorption of AN or its thermal degradation
products, as well as no other gaseous PCO products besides
CO,, were seen at any temperature.

3.1.2 Transient TPO

In Fig. 2 the peak areas of desorbed AN during TPO from
the starting temperature, i.e. 50, 90 or 130 to 400 °C were
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plotted after the AN dark adsorption (Fig. 2a) and after its
10-min PCO (Fig. 2b). One can see that PCO leads to
practically total degradation of initial compound at lower
AN concentrations (Fig. 2b). The effectiveness of PCO
found also a proof in the UV-TPO after PCO (not shown),
where no desorbed AN was detected at any temperature
and amounts adsorbed. The smaller desorption of AN with
TPO observed at higher adsorption temperatures is due to
the partial AN desorption and thermal degradation
(Figs. 2a, 1b).

The study of the AN thermal oxidation products was
carried out more thoroughly with the highest AN relative
concentration of 100 ppm. The AN TPO products after the
AN dark adsorption, i.e. AN thermal degradation products
in presence of oxygen varied slightly with temperature
(Fig. 3). At lower temperatures of approximately
90-110 °C the desorption of CO,, CO, H,O and HCN
started. Species like CH3CH,— as well as the simplest
carbonyl compounds could be assumed to be present in
gaseous phase due to the mass spectra data. At higher
temperatures, at about 250 to 300 °C the AN thermal
degradation products like NH3;, CH3;CN and low levels of
NO, were observed. The possible pathway of formation of
ammonia from AN is hydrolysis of nitrile through the
formation of amide group as intermediate and finally for-

H,C CH§CEN
Thermal degradation
\0;.100-110°C

03, 250-300°C HCNg + COzg) + H2Ogag5) + CO/CH20/CH3CHO iy

H3CCNig + COg + HoOygy + COg
~CN + H30 -» —CO-NH; + H,0 = NH; + CO2
—CN + 02 > NO2 racesi+ CO2

H2C§CH-§,'CEN
N

PCO: COzg + HaOygy + COgy + HCNygy + HNCOgy + N20ygy + NHaNO3(ass:
TPO after PCO: CO; + H20 + CO + HCN + NHz + NO + H3CCN
UV TPO after PCO: CO; + Hz0 + HCNigraces) + NHz + NO>

Fig. 3 Outline of thermal degradation and photocatalytic oxidation
reactions of gaseous AN

mation of ammonia due to the presence of water as thermal
degradation product [25]. Thus, the AN thermal degrada-
tion products mainly contain nitrogen at the same oxidation
state as in the initial compound: only trace amounts of
oxidised nitrogen were seen.

The desorption of the original compound and its PCO
products in TPO takes place simultaneously with their
thermal degradation (Fig. 4): the gaseous AN thermal
degradation products, not all of which are shown at the
TPO spectra, were CO,, CO, H,0, acetonitrile, HCN, NH3,
NO and NO,. The TPO spectra of the AN PCO products
varied with the AN initial concentration. The desorption of
HCN, typical for AN thermal decomposition, started
slowly at about 90 °C with higher AN initial concentration
(100 ppm) and at about 250 °C with lower AN initial rel-
ative concentrations (20 or 40 ppm, see Fig. 4b) increasing
steadily up to 350 °C. Nitrogen dioxide (Fig. 4b) and water
(Fig. 4a) released starting at about 300 °C may be attrib-
uted to the thermal degradation of adsorbed nitric acid as
the AN PCO by-product. One can see from Fig. 4b, that
some thermal desorption of the residual AN also takes
place. No desorbed AN was seen only in TPO combined
with UV-irradiation.

Along with the residual AN desorption, the acetontirile
desorption at temperatures over 300 °C is observed
(Fig. 4b) under all experimental conditions with the
exception of UV-TPO series of experiments indicating
acetonitrile to be solely the thermal decomposition product.

The emissions of hydrogen cyanide and nitrogen dioxide
had the opposite trend during AN TPO. The degradation of
cyanide took place during PCO of AN with lower amounts
of HCN desorbed at higher temperatures and no HCN was
observed during UV-TPO at the lowest AN initial con-
centration and elevated temperature. On the contrary,
ultimate AN PCO products, like nitrogen dioxide, carbon
dioxide and water tended to accumulate during PCO and
UV-assisted TPO. Cyanide thus appears to be the product
of both PCO and thermal decomposition of AN: the
amount of HCN desorbed after 10-min PCO is noticeably
bigger than could be expected from the amount of desorbed
residual AN available after PCO (Fig. 2b).

Fig. 4 TPO after 10-min PCO (a) (b) 2613 400
of AN (50 °C, AN 4R ——co2 400 -
concentration 40 ppm): = = =H20 o ¥ E o
a carbon dioxide and water, ':~ 3611 | o V300 ) :i 300 g
b AN, hydrogen cyanide, 5 A \ 3 @ 2 =1
nitrogen dioxide and acetonitrile g 2811 7 R R g 3 1E:12 200 5
o o
8 1e11 E g L 100 E
2 2 &
0E+00 0 0E+00 0
700 900 1100 1300 700 900 1100 1300
Time, s Time, s
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3.2 Continuous-Flow PCO of AN with Sulphated TiO,
3.2.1 PCO by-Products

Figure 5 shows the infrared spectra of AN PCO volatile
products obtained over sulphated TiO, at AN inlet con-
centration of 100 ppm, 130 °C and retention time of 12.8 s
in dry air including nitrous oxide N,O, carbon dioxide,
water, hydrogen cyanide, carbon monoxide and traces of
isocyanic acid HNCO.

The products formed on sulphated TiO, differ from the
ones formed on Degussa P25 [18] in part of HNCO, the
peaks of which appear in the volatile products spectra
(Fig. 5). The kinetics and the products of the gas-phase
reaction between atomic oxygen and HCN have been
examined in several studies: HNCO intermediate is formed
by rearrangement of oxazarine, the product of oxygen
addition to HCN (Reaction 1) [26]. The HNCO is known to
hydrolyse in presence of water molecules forming ammo-
nia and CO, [27], which explain its minor appearance in
the outlet stream.

H
|

H-C=N+0-— C
N
N—O

— HNCO 90% (HOCN 10%) — NH- + CO (OH- + CN-)

Another difference in behaviour of the catalysts was in
nitrogen dioxide, clearly seen at PCO of AN on Degussa
P25 and not observed with sulphated catalyst. Due to the
presence of water as the AN PCO by-product, the forma-
tion and adsorption of nitric acid and ammonium ions on
the acidic surface of the sulphated P25 is thus presumed.
The following reaction pathway for the PCO of nitrogen-
containing compounds was proposed by [28] (Reaction 2):
HNO3(adS) + NH; — NH4NO3(adS)

— N0 + H,O0 + HNO3 + N, (2)

and [29] showed that the N,O formation occurs as a result
of decomposition of hyponitrous acid (Reaction 3),

which in turn forms in oxidation of ammonia with OH-
radical:

NH3 + OH®* + O, — HNO — N,0 + H,0 (3)

Also, formation of nitrous oxide N,O, observed among the
products, was described as a result of PCO of ammonia in
the presence of nitrogen oxide NO [30]. This suggests the
nitrile group transformation also through the nitrogen
oxide. The absence of the catalyst deactivation with nitric
acid confirmed in this work was earlier reported by [28].

3.2.2 The Impact of Temperature and Residence Time
on PCO Performance

The PCO of AN with sulphated P25 was examined at
various contact times. The dependence of the conversion of
AN (W orl — Cc‘jz’ , %) on the inlet concentration and
retention time is shown in Figs. 6 and 7.

The continuous flow PCO performance exhibited similar
behaviour with both sulphated and plain P25: the maxi-
mum conversions were reached at about 30 min after the
start of the experimental run, although at the maximum
residence time studied the sulphated catalyst showed the
conversion almost two times exceeding the one of P25
(Fig. 6). The increasing performance of the catalysts along
with the experimental run time may be explained by the
accumulation of the reaction products possibly catalyzing
the AN PCO reaction. This observation found also a logical
support in the dependence of the sulphated catalyst per-
formance on the retention time (see below): the dispro-
portional growth of the conversion rate with the retention
time may be explained by the change in the reaction
pathway and, thus, kinetics and adsorption/desorption
equilibrium. Poor adsorption properties of the sulphated
catalyst surface reported previously [12, 15, 24] may
contribute to poor performance at shorter retention times.

The photonic efficiencies were calculated [31] for both
P25 and sulphated P25 at experiment run time of 30 min,
reactor residence time of 12.8 s and temperature 130 °C as

Fig. 5 FT-IR spectrum of the (a} 0,15 -
AN inlet (dashed line) and et
outlet (solid line) flow outlet

containing products of PCO on co,
sulphated TiO; (a) in the end of

60 min run; the enlarged view 4 \ H
allows detection of HNCO (b): &
inlet AN concentration ‘5’ HCN
100 ppm, 130 °C, retention 2 { 3
time 12.8 s. HNCO spectrum =
received by courtesy of Prof.
Noel W. Cant, Macquarie ) g |
University, Australia 3250 2750 2250
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Fig. 6 PCO performance of (a) (b)
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at the highest conversion degrees achieved in the experi- =100
ments. Dependent on the AN inlet concentration, the ——t 80 g
photonic efficiencies reached the highest values of 3.0 and <
0.9% for sulphated and plain P25 respectively at AN inlet i g
concentration of 100 ppm. The lowest corresponding effi- - 40 g
ciencies at AN inlet concentration of 10 ppm were 0.3 and LR 8
0.1%.
The drastic negative effect of temperature decreasing =0
. -
from 130 to 60 °C on AN PCO conversion was observed 130 ¢ ;g%

on sulphated P25 (Fig. 8). The oxidation reaction rates
usually depend on temperature increasing with the tem-
perature growth. At the same time adsorption is deterio-
rated with the temperature increase, compensating the
reaction rate improvement having PCO reactions often
insensitive towards temperature changes as observed
previously with AN PCO at P25 [18]. The ‘reaction
rate-adsorption’ balance at sulphated P25 appears to be
dramatically negatively influenced by the temperature
decrease practically zeroing its performance. This behav-
iour is sometimes attributed to thermal catalytic reactions.
This possibility is supported by the observation of the
minor thermal decomposition reaction at 130 °C and the
absence of any reaction at 60 °C. Sulphated titanium
dioxide was also found to be more active than P25 at
elevated over 100 °C temperatures for PCO of acetalde-
hyde [15, 32]. It was explained by the quicker deactivation
of P25 at elevated temperatures. The sites on P25 were
considered to be more active than those on sulphated TiO,
at lower temperatures, having a broader range of activity
than those on sulphated P25. Although thermal catalytic
reactions are thought to be similar on both P25 and sul-
phated P25, they poison P25 more rapidly during PCO at

@ Springer

Fig. 8 The conversion of AN with PCO on sulphated P25 at different
inlet concentrations and temperatures: retention time 12.8 s, exper-
iment run time 40 min

elevated temperatures, since better adsorption properties of
P25 and faster PCO reactions along with AN thermal
degradation produce more by-products accumulating on
the P25 surface. This explains poor performance of sul-
phated P25 at lower temperatures.

The gradual improvement of the conversion degree with
the increased retention time at Degussa P25 (Fig. 7b) is
explained easily with the diminished dilution effect of the
gas stream through the reactor and the constant oxidation
rate. The disproportional spasmodic increase in conversion
at the sulphated catalyst with the retention time increased
from 6.3 to 12.8 s at elevated temperature (Fig. 7a), how-
ever, may not be simply explained by adsorption properties
of the catalyst or the mechanistic increase in the reaction
time: the change in the reaction pathway and kinetics is
most probably taking place. The AN PCO mechanism
through the formation of HNCO intermediate observed
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only during PCO on sulphated P25 at maximum residence
time studied (12.8 s) could start to prevail and improve the
PCO performance, since the gaseous products of HNCO
degradation, CO, and ammonia, possibly further transform
to N,O (Reaction 3) and easily desorb being seen as gas-
eous continuous-flow PCO products. This observation is
consistent with the PCO performance increased along with
experimental run time described earlier: the accumulation
of the reaction products at the sulphated TiO, possibly
catalyzing the conversion at longer retention times may
result in the observed sudden increase of the performance.

4 Conclusions

The gaseous product distributions were found to be similar
in transient and continuous-flow PCO of AN: CO,, CO,
H,0 and HCN in transient PCO were amended with HNCO
and N,O in continuous-flow mode. The gaseous products
of thermal oxidation were CO,, CO and simplest carbonyl
compounds, H,O, acetonitrile, HCN, NH; and trace levels
of NO,. No carbonyl compounds were found after PCO of
AN, although the presence of CO among the products
shows that they were formed as by-products and further
mineralised.

The thermal oxidation with and without simultaneous
UV-irradiation after 10-min PCO allowed following the
sequence of CN™ group transformation to nitrogen oxides:
hydrogen cyanide behaved as an intermediate by-product
degrading along with the PCO, which resulted in the
accumulation of nitrogen dioxide. The PCO at tempera-
tures about 90 °C allowed complete degrading of inter-
mediate hydrogen cyanide at initial relative concentrations
of AN up to 40 ppm.

Sulphated P25 showed better photocatalytic activity at
longer retention times and higher temperatures. The AN
PCO performance on sulphated P25 was strongly deterio-
rated at low temperature and shorter retention times.
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The experimental evaluation of gas-phase photocatalytic activity of a TiO, nanopowder synthesized in
a flame aerosol reactor was carried out in photocatalytic oxidation (PCO) of volatile organic compounds
(VOCs). The nanopowder has an average particle size of 13 nm, anatase content 97 wt.% and the specific
surface area of 102 m? g~'. The performance was compared to the benchmark photocatalyst, the commer-
cial pyrogenic titania P25, Evonik, with the average particle size of 21 nm. The full-factorial experiments
were carried out varying contact times, concentrations of pollutants and temperatures in continuous
gas-flow mode degrading aliphatic acrylonitrile (AN) and aromatic toluene. Higher conversions at more
stable performance were observed for the flame aerosol synthesized photocatalyst in degradation of
both pollutants. While the primary particle size and specific surface area present the apparent reasons
for improved PCO performance in adsorbable AN, these parameters cannot do the same in oxidation of
poorly adsorbable toluene: the superior generation of hydroxyl radicals and, therefore, advanced oxida-
tive activity are proposed as explanation. The intense dehydration of reduced size anatase crystallites at
elevated temperature (130 °C) presumably resulted in decreased OH-radicals production along with the
improved desorption of HCN, the PCO by-product of AN. The safe performance is thus requiring lower
operational temperatures. Slower deactivation and faster restoration of catalytic activity of flame aerosol
synthesized catalyst under UV-A-radiation are discussed.

© 2011 Elsevier B.V. All rights reserved.

1. Introduction

Volatile organic compounds (VOCs) are common air pollutants
emitted by chemical, petrochemical, pharmaceutical, and food pro-
cessing industries, pulp and paper mills, and printing and painting
works [1]. VOCs catalytic control technologies could be classified
dependently on the pollutants’ concentration levels and contam-
inated air flow rates [2]. Catalytic incineration and combustion
techniques require as high as hundreds of ppm concentrations of
VOCs and high temperatures (250-1200°C) for successful opera-
tion being cost-ineffective for low pollutant concentrations [3-5].
Low concentrations of VOCs are mostly treated by adsorption
and biological oxidation, as well as by non-thermal plasma [2,6].
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E-mail addresses: lanka@starline.ee (S. Joks), deniss.klauson@ttu.ee
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anna.moiseev@tu-clausthal.de (A. Moiseev), joachim.deubener@tu-clausthal.de
(J. Deubener).

0926-3373/$ - see front matter © 2011 Elsevier B.V. All rights reserved.
doi:10.1016/j.apcatb.2011.09.007

Photocatalytic oxidation (PCO) technique is of extensive inter-
est recently as potential air-cleaning technology for lower VOCs
concentrations and indoor applications [7]. PCO usually uses a
near UV-irradiated TiO, semiconductor catalyst: the method has
oxidation potential sufficient to oxidize the widest spectrum of pol-
lutants at near-ambient temperature [8-10], and is also capable
of microbial contamination control of indoor air [11,12]. How-
ever, the efficiency of PCO in pollution abatement seems to depend
on the chemical nature of the pollutant molecule [13]: catalyst
deactivation by oxidation products is the main problem in PCO
of, for example, aromatic compounds, trichloroethylene, sulphur-
and silicon-containing compounds and others [14-16].Commercial
pyrogenic titanium dioxide P25 (Evonik) formed in oxy-hydrogen
flame is routinely used as a benchmark photocatalyst in oxi-
dation of VOCs due to its unselective fairly good photoactivity
towards wide spectra of pollutants, commercial availability and
low cost. However, since the PCO of many organic vapours on
P25 is not sufficiently fast for commercial process implementation
and the photocatalyst is often deactivated, more active catalysts
should be developed. Among various methods, the flame aerosol
synthesis of nanopowders is favourable technique for controlling
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crystal structure, particle size and its distribution, thus resulting
in generation of open-structure agglomerates [17-21] with cat-
alytic performance exceeding commercial photocatalyst P25 in
degradation of aliphatic dichloroacetic acid (DCA) and aromatic 4-
chlorophenol (4-CP) in aqueous solutions [22]. The size and crystal
phase composition of TiO, nanoparticles have been shown cru-
cial for their activity in aqueous phase [23]. However, the lower
hydration of catalyst surface in gas-phase PCO brings forward the
process sensitivity to the pollutants adsorption-desorption and
surface characteristics inducing the difference in photocatalytic
activity with aqueous phase. The data on the efficiency of flame
synthesized TiO, catalysts in air treatment, however, are scarce,
only the degradation of acetaldehyde and methanol in batch reac-
tor was described by Balazs et al. [24] using relatively coarse (over
50 nm) anatase nanoparticles from flame synthesis. The improved
PCO efficiency in aqueous phenol removal was attributed to the
increase in the polyhedral-to-spherical particles ratio, although no
improvement was seen in VOCs oxidation in air. To assure the pho-
tocatalytic activity of the newly synthesized material exceeding the
one of commercially available materials, the gas-phase tests are
necessary.

The continuous gas-flow mode used in present research allows
following the adsorption/desorption equilibrium of initial pol-
lutants and PCO products, as well as higher concentrations of
pollutants could ascertain the deactivation limits of tested photo-
catalytic materials. Hazardous air pollutants aromatic hydrophobic
toluene and aliphatic heteroatomic acrylonitrile (AN) were cho-
sen for gas-phase performance studies of one of the photocatalyst
samples F3 synthesized by Moiseev et al. [22] in comparison with
commercial P25. AN is detected as an in-door air component emit-
ted by commercial fibrous polymeric materials, resins and smoking
tobacco [25,26]; it can induce gene mutations, chromosome aber-
rations, unscheduled DNA synthesis and cell transformation [27].
Toluene is used as admixture to motor fuel improving octane rat-
ings and also in the synthesis of various organic chemicals and
pharmaceuticals, in the production of polymers and as a solvent
in paints, coatings, synthetic fragrances, adhesives, inks and clean-
ing agents [28]. The central nervous system, kidneys, liver and heart
are the primary targets for toluene toxicity [29].

The PCO of toluene using commercial TiO, catalysts has been
extensively studied [30-32]. Regardless of some discrepancies in
the PCO products composition, benzoic acid and benzaldehyde
intermediates were found to be the products deactivating the
photocatalyst [33-35]. Thus, the rate-limiting stage for toluene
complete oxidation is PCO of adsorbed intermediates, the degrada-
tion rates of which are slower than the one of the parent compound
[14,36]. Toluene presents serious problem in the long-term pho-
tocatalyst activity exhibiting pronounced deactivation properties
[7,37]. The abundance in published data allows toluene being a
reference pollutant in characterization of the catalysts and the
abatement methods in general. PCO of AN vapours was less studied,
the results of P25 and sulphated TiO, application were described
in recent publications [38,39].

The objective of present paper was to evaluate the gas-phase
photocatalytic activity of the new flame synthesized F3 nanopow-
der photocatalyst compared to commercial P25: the experiments
were carried out varying the pollutant concentration, residence
time and temperature following the deactivation issues.

2. Experimental
2.1. Materials and analyses

Acrylonitrile (purity >99.5%, Sigma-Aldrich) and toluene
(purity > 99.5%, Lach-Ner) were used as the test air pollutants.

Pyrogenic photocatalyst Aeroxide TiO, P25 from Aerosil® pro-
cess was kindly donated by Evonik Industries (Hanau, Germany)
[40-42]. The photocatalyst material labelled F3 used in this study
was synthesized as described in [22]: the vapour of the catalyst pre-
cursor titanium tetrachloride was formed by passing dry argon gas
through a bubbler submerged to the TiCly-liquid at room temper-
ature. Methane, oxygen and nitrogen were premixed with Ar/TiCly
and the mixture was introduced into the burner. The flame temper-
ature during synthesis was about 900°C. The TiO, particles were
collected on a glass fibre filter placed about 50 cm above the flame.
The overall synthesis reaction is given in Eq. (1):

TiCly(g) + 404(g) + 2CH4(g) — TiOy(s) + 4HCI(g) + 2C0,(g)
+2H,0(g) (1)

The feed flow rate of Ar/TiCl, was varied between 5 and 60 Lh~!
with the synthesized TiO, samples labelled from F1 to F6 in
ascendant row of manufacturing rate. The PCO activity of the photo-
catalyst materials was studied with the aqueous solutions of DCA
and 4-CP (see Section 1) ranking the materials in the ascendant
order: P25 <F6<F5<F4<F3=F1=F2[22]. F3 produced at 12Lh~!
of Ar/TiCl, feed rate was selected for gas-phase PCO study as the
one with high photocatalytic activity.

The specific surface area of titania powders was determined
from the five-point nitrogen adsorption isotherm obtained from
Brunauer-Emmett-Teller (BET) measurements using the Gemini
2360 Surface Area Analyzer (Micromeritics, USA). Transmission
electron microscopy (TEM) micrographs were obtained with the
JEM-2100 microscope (JEOL) operating at 120 kV. The average pri-
mary particle size drgy was estimated as of more than 300 particles.
The crystalline phase composition was analysed by X-ray diffrac-
tion (XRD) using a Siemens D5000 Kristalloflex instrument and
scanning the 20 range from 15 to 70° at the increment of 0.04°.
The relative weight fraction of rutile was determined using Rietveld
full-profile refinement with Topas R Software.

Diffuse reflection spectra of P25 and F3 were obtained on a UV-
Vis-NIR spectrophotometer Perkin-Elmer Lambda 950, equipped
with 150 mm integrating sphere, using Spectralon® as white ref-
erence. Simultaneous thermal gravimetric (TG) and differential
thermal gravimetric (DTG) analyses were performed on Netsch STA
409 PC Luxx thermal analyzer (TG resolution 2 pg) coupled with
mass spectrometer (MS) gas analysis system QMS 403C Aeolos;
100 mg of photocatalyst material was heated in Al O3 crucible with
a heating rate of 10Kmin~! under nitrogen gas conditions (flow
rate of 1 mLmin~1).

2.2. Preparation of TiO, coating

For photocatalytic experiments the photocatalyst material was
fixed to the inner walls of the reactor; the surface of the lamp was
free from the catalyst. The coating was formed by the 10-wt.% TiO,
slurry in distilled water mechanically stirred overnight. The reactor
vessel was repeatedly rinsed with TiO, slurry with each rinse fol-
lowed by drying at 120 °C for 2 h. The weighted TiO, coating mass of
0.9 g corresponded to the catalyst loading of 1.2 mg TiO, per cm? of
irradiated reactor surface. The roughness of both suspension coat-
ings measured by means of surface profiler TENCOR P-10 was in
the range of 1 wm.

Field emission scanning electron microscopy (FE SEM, Dual-
Beam Helios Nanolab 600, FEI) was performed to visualize the
catalyst coating.

2.3. Photocatalytic tests

Gas-phase photocatalytic experimental
described in detail by Krichevskaya and Preis

equipment was
[36]. The
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experimental equipment consists of a thermostatted reactor,
gas flow controllers and INTERSPEC 200-X FTIR spectrometer
with the Specac Tornado 8-m 1.33-L gas cell with ZnSe-windows.
Annular lamp-in-pipe borosilicate glass reactor with total volume
of 0.191 L was operated in continuous gas-flow mode. The reactor
was composed of an inner glass tube (35 mm outer diameter) and
an outer glass tube (45 mm inner diameter, 305 mm length).

A 15W fluorescent lamp (Philips) with UV-A intensity of
5mW cm~2 was positioned coaxially in the reactor. The UV-A irra-
diance passing the TiO,-coating to the reactor’s annular clearance
space was measured with the UVX Radiometer (Micropulse Tech-
nology) and averaged 0.46 for the F3 and 0.15mW cm~2 for P25.
No UV-A radiation was detected outside the reactor, i.e. no UV-A
radiation passed through the double coating of titania.

The VOC feed tank was charged with polluted air by tank evac-
uation and injection of appropriate model pollutant through the
injection port. After 15 min of evaporation, the tank was pressurised
with compressed air to 3 bar and left for the concentration balanc-
ing overnight. The polluted air stream was diluted with the carrier
gas, dry air. The gas flow controllers provided gas flow rates from
0.5 to 4.0 Lmin~! resulting in pollutant residence time in the reac-
tor from 3 to 23s. The runs lasted for 60 min with the continuous
FT-IR outlet gas analysis.

The temperature in the reactor was maintained at 60 or 130°C
controlled by the heat of the lamp, reactor’s insulation and heating
tape with the temperature controller (Omega CN9000A).

At the end of each run, the photoreactor with UV lamp and air
flow remained turned on was heated up to 180°C for 3 h after the
experiments with AN and for 15 h with toluene to restore the pho-
tocatalyst activity. The catalyst’s dark adsorption and reproducible
PCO activity in subsequently repeated experimental runs were con-
sidered as criteria of the catalysts restoration, which practically
coincided with the restored white colour of photocatalysts.

Photocatalytic reaction of acrylonitrile and toluene was stud-
ied in pollutants’ concentration range from 10 to 100 ppm. The AN
peaks at the IR bands from 840 to 1100 cm~! and toluene peaks at

Table 1
Characteristics of TiO, powders.

TiO, BET, m2g! Average particle  Average particle Rutile fraction,

size dggr, nm size drgy, nm wt.%
P25 52 29 21 13
F3 102 15 13 3.4

the IR bands from 700 to 750 and from 2850 to 3130cm~! were
quantified with the detection limit of 1 ppm. The AN and toluene
PCO gas-phase products, i.e. nitrogen and carbon oxides, water and
hydrogen cyanide, were monitored qualitatively and their amounts
were relatively compared in arbitrary units by means of FT-IR outlet
gas analysis.

3. Results
3.1. Characterization of photocatalytic materials and coatings

The characteristics of both powders are shown in Table 1. Pri-
mary particles of P25 and F3 powders and their agglomerates are
shown in Fig. 1.

The morphology of flame aerosol synthesised F3 is similar to
that of the commercial product P25: the individual titania particles
are linked together in chains forming agglomerates of a few hun-
dred nanometres. The primary particles of both materials are of
cubic or polyhedral structure. The calculated average particle size
of F3, however, is considerably smaller than that of P25 with d7gy of
13 nm and 21 nm respectively. The flame synthesised titania is as a
rule non-porous [20,21]: the dger (15 nm) of F3 is in good agreement
with drgy (13 nm), whereas dger of P25 (29 nm) is considerably big-
ger than drgy (21 nm) due to higher degree of agglomeration of
commercial product.

The primary particle size distributions and diffuse reflectance
spectra of P25 and F3 photocatalysts are compared in Fig. 2. The
primary particle size distributions of both materials, as determined

Fig. 1. TEM-images of pyrogenic TiO, powders: P25, upper; F3, lower.
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Fig. 2. Primary particle size distribution (a and b) and reflectance spectra (c) of P25 and F3 powders.

from TEM micrographs, are monomodal with a maximum fre-
quency value for a particle size of 15-20 nm and 10-15 nm for P25
and F3 respectively. The diffuse reflectance spectra of P25 and F3
powders have shown no discrepancies in UV-A range. The higher
reflectance of P25 in the range between 400 and 600 nm is caused
by its higher agglomeration degree.

Although the primary particle size of P25 averages around
21 nm, there is a substantial coarse (about 6% of 35-70 nm) frac-
tion. The inclusions of large crystallites could be also viewed in the
agglomerate photo (Fig. 1). The primary particle size distribution of
F3 is narrower compared to P25 and contains noticeable fraction,
about 25%, of particles sized below 10 nm. The fraction sized above
35nm is practically absent. However, no “blue” shift in absorption
edge of F3 in the range between 300 and 400 nm was observed.

The results of P25 and F3 TG analysis in conjunction with MS
(Fig. 3) show the mass loss and the rate of desorption (DTG) of
adsorbed water. The DTG and the mass loss were about three times
higher for F3 powder at 130°C, the highest PCO temperature stud-
ied, compared to P25, although the difference in specific surface
of photocatalytic materials is about the factor of two (Table 1).
The considerable water desorption started at temperatures over
50°C and was still observed at temperatures over 200 °C. The mass
loss at 222°C (filled symbols) achieved 0.75% and 1.85% for P25
and F3 respectively. The broad and intensive peak of appropriate
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Fig. 3. Thermal analysis profiles of P25 and F3 powders: TG, filled symbols; DTG,
open symbols.

DTG curves (open symbols) located at approximately 100°C was
attributed by mass spectrometry to physically adsorbed water. As
expected, desorption of bigger quantity of water was observed for
F3 having larger surface area.

The SEM images of photocatalyst coatings on borosilicate glass
are given in Fig. 4. The individual nanoparticles of photocatalyst
materials could be seen in the images with higher resolution.
The P25 and F3 coatings show different surface topography and
a smoother surface is observed with F3. The difference in agglom-
eration of TiO, particles is apparent in light transmittance through
the coating: at equal catalyst coverage, 1.2 mgcm~2, the F3 layer
was less opaque and weakens the UV-A intensity about 11 times,
whereas P25 coating makes the UV-A light weaker for about 32
times (see Section 2.3). In addition to the F3 less extensive agglom-
eration, the difference in coatings transparency is also attributed to
the plate-like shape of F3 agglomerates different from the spherical
one of P25 [22].

3.2. PCO of acrylonitrile

Acrylonitrile at its inlet concentration of 40 ppm at 60°C and
residence time of 23 s was completely adsorbed in the dark on F3
and P25 during the first 40 and 20 min respectively. The difference
in adsorption was determined by smaller particles’ size and larger
contact surface area of F3. After 60 min of experimental run of dark
adsorption the concentration of AN in the outlet gas stream com-
prised about 30% of the AN concentration entered the reactor for
both catalysts. At 130°C the AN adsorption showed similar ten-
dency slightly earlier showing AN in the outlet stream at somewhat
smaller adsorbed AN amounts.

The PCO of AN on F3 was examined in the full-factorial experi-
ment at four contact times 3, 6, 11.5 and 23 s, three concentrations
10,40 and 100 ppm, and two temperatures 60 and 130 °C. The tem-
perature was maintained by working UV-lamp dependent on the
insulation of reactor. At 130°C some aid of the heating tape was
applied.

No AN was observed in the outlet of reactor due to its adsorption
and conversion (1 — (Cout/Cin), %) at 130°C at all residence times
and AN concentrations, as well as at 60 °C at residence times from
11.5 to 23 s over both photocatalysts. The difference in P25 and F3
performance appeared only at 60°C at residence times of 3 and 6s
with higher AN concentrations, 40 and 100 ppm. The variations in
the AN conversion with the residence time of 3s at 60°C for both
photocatalysts are shown in Fig. 5.
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Fig. 4. SEM images of TiO, coatings: P25, upper; F3, lower.

From Fig. 5 one can see no AN in the outlet of reactor with F3
coating even at the shortest residence time and high concentra-
tions of AN, whereas deterioration of P25 performance (40 ppm)
and even the tendency of its deactivation (100 ppm) were observed.

Besides carbon dioxide and water, the ultimate PCO products,
by-products of AN PCO include nitrous oxide, hydrogen cyanide and
carbon monoxide in gaseous phase and nitric acid as the product
adsorbed on the photocatalyst. The by-products of AN PCO were
discussed in detail previously [38,39]. No difference in by-products
composition between F3 and P25 was observed.

However, the moment of occurrence of unfavourable HCN
within the experimental run time varied for the photocatalysts at
130°C (see Fig. 6). Hydrogen cyanide did not appear immediately
at the starting point of experimental runs, but did in a few min-
utes; the occurrence of HCN is thus concerned to accumulation of
surface-adsorbed reaction products. Hydrogen cyanide was seen

to oxidise further to NO, forming HNO3 with water [39]. At 60°C
equal amounts of HCN appear at the same time with both photocat-
alysts, thus making the overall yield of gaseous hydrogen cyanide
per unit of oxidised AN higher for P25, where degradation of AN is
incomplete (Fig. 5).

The occurrence of hydrogen cyanide during PCO of AN on the
F3 titanium dioxide coating occurred earlier than on P25 mostly
at the higher temperature, shorter residence time and lower AN
concentrations.

3.3. PCO of toluene

Toluene, being weakly adsorbed on TiO, at relatively low tem-
peratures [43], did not adsorb on P25 at 60 and 130°C. While no
adsorption of toluene on F3 was observed at 130°C, 40% of total
toluene amount in the stream containing 40 ppm at residence time

40 ppm 100 ppm
F3 P25 F3 P25
100 100
X 80 80
g
2 60 60
3]
Z 40 40
3
20 20
0 N T T T T M T T T T 0 M M T T T
10 20 40 60 10 20 40 60 10 20 40 60 10 20 40 60

Experimental run time, min

Fig. 5. Acrylonitrile PCO conversion at 60 °C and residence time of 3s.
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Fig. 6. The occurrence (time, min) of HCN (black columns) during the experimental run with AN at 130°C.

of 23 s were adsorbed before reaching the adsorption equilibrium
at 60°C, indicating a potential for successful PCO of toluene on F3
photocatalyst.

In the present study toluene expectedly deactivated the photo-
catalysts. However, at sufficiently low concentration (10 ppm) at
residence times from 6 to 23 s at both temperatures no poisoning
of both photocatalysts was observed. Moreover, at the longest resi-
dence time 23 s no variations in toluene conversion within 60-min
run over both catalysts were observed at the toluene initial con-
centration of 40 ppm at both temperatures, although slight change
in photocatalyst colour from white to yellowish indicated possible
catalyst deactivation in longer runs. The considerable difference
in photocatalysts’ performance, however, appeared at shorter res-
idence times of 6 and 11.5s. Noticeable deterioration in toluene
conversion took place at P25 photocatalyst (Fig. 7): at the residence
time of 11.5s the toluene conversion dropped two-fold in 1h at
both temperatures, whereas F3 showed no decline in performance.
The F3 photocatalyst showed noticeably slower deactivation in
comparison with P25. Earlier photocatalysts deactivation at higher
temperature was observed.

There was also noticeable difference in restoration of photo-
catalyst activity, which was faster for F3 photocatalyst: necessary
treatment time to restore the photocatalyst activity and white
colour was about 5h for F3 at the highest toluene concentration
and up to 15h for P25 under identical experimental conditions.
This difference could be explained by better UV-light transparency
of F3 coating along with its enhanced oxidative ability.

The UV-A radiation passing the TiO,-coating to the reactor’s
annular clearance space comprised 9% and 3% for F3 and P25 respec-
tively (see Section 2.3). It could be assumed then that the amount
of the UV photons is higher in the intertubular space of F3-reactor
allowing its faster restoration.

4. Discussion
The following observations requiring discussion were made:

- higher conversions and stable performance of flame aerosol syn-
thesized F3 photocatalyst towards the degradation of AN and
toluene;

- slower deactivation and faster restoration of catalytic activity of
F3 catalyst under UV-radiation;

- the earlier, within the experimental run time, appearance of HCN
as the AN PCO by-product and, in general, poorer performance of
F3 catalyst in HCN abatement at elevated temperatures.

The observations somewhat contradict each other in terms of
the new catalyst characterization: the performance of flame aerosol
synthesized catalyst substantially improved in toluene and AN

oxidation, occurs to be accompanied with enhanced emission of
undesired AN PCO by-product hydrogen cyanide, which, although
noticed only at the elevated temperature and thus possibly avoided,
reveals limitations earlier unknown for the photocatalysts devel-
opment.

4.1. Improved photocatalytic performance

The improved F3 unselective PCO performance towards well-
adsorbed AN and weakly adsorbed toluene indicates the higher
oxidative ability of F3 photocatalyst, achieved due to F3 titanium
dioxide particle size, increased TiO,-surface area exposed to irra-
diation, structural properties and, therefore, superior oxidative
ability. The superior character of flame aerosol synthesized catalyst
over the benchmark P25 is thus confirmed for the gas-phase PCO
similar to the observed in aqueous reactions: both well-adsorbed
aliphatic DCA (aq.) and AN (gas), and weakly adsorbed 4-CP (aq.)
and toluene (gas) yielded better to PCO at the flame aerosol catalyst
[22].

One of the apparent reasons for the improved photocatalytic
ability is the catalyst primary particle size and shape: 13 nm F3 par-
ticles at least double the surface of 21 nm P25. The positive impact
of the reduced particle size is known: the undesired recombina-
tion of photogenerated charge carriers in the volume and at the
surface of the particle limiting the photocatalysts’ activity [44] is
reduced due to the migration time of photogenerated charge carri-
ers proportional to the square of the particle size [45]. The overall
number of surface active sites also increases with decreasing par-
ticle size resulting in accelerated interfacial charge transfer and,
consequently, the increased quantum yield [45,46]. Another rea-
son may concern the increased content of anatase thus making
the idea of anatase-rutile synergism in gas-phase PCO requir-
ing more detailed quantification. The decreased particle size and
the increased content of anatase, however, not always result in
improved photocatalytic properties of the catalysts [47], which
makes further research in the catalyst properties needed.

The primary particle size, higher anatase content and lower
agglomeration degree present the apparent reasons of improved
PCO performance for AN adsorbable at the catalyst’s surface. The
improved performance in poorly adsorbable toluene oxidation,
however, cannot be solely explained by larger adsorbing surface:
non-adsorbable VOCs should mostly be oxidized by surface OH-
radicals, the yield of which also, but not exclusively, is dependent
on the water content at the catalyst surface. The water surface
content showed disproportional relation to the photocatalysts’ spe-
cific surface or saturation time - two-fold increased contact surface
of F3 adsorbed three-fold amount of water compared to P25 (see
Fig. 3), which may also explain accelerated toluene PCO with F3 at
all temperatures studied.
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Fig. 7. Toluene PCO conversion at 130 °C (upper) and 60 °C (lower) at inlet concentration of 40 ppm and residence times of 6 and 11.5s.

4.2. Improved stability

Although there was no decrease in toluene conversion over
F3 seen at residence times of 6 and 11.5s at 60°C and 11.5s at
130°C during the 60-min experimental run, the changes in photo-
catalyst colour from white to different shades of yellow indicated
by-products of toluene oxidation adsorbed on the photocatalyst
surface tending towards the catalyst poisoning. At the shortest
residence time of 6s at 130°C, the photocatalyst deactivation
started in 1 h. This could be explained by increased accumulation
of toluene PCO intermediates at higher temperatures [48]. This is
in an agreement with PCO of toluene on P25, where conversion
of toluene dropped from 100 to 60% in 40 min at 130°C, while it
decreased only from 100 to 90% during the same time at 60 °C. No
products other than CO,, CO and H,0 were seen also during the
temperature-programmed oxidation after toluene PCO run, where
the temperature was raised up to 350 °C, as the main adsorbed PCO
by-products also decompose to carbon oxides and water at about
this temperature [14].

The recovery of F3 carried out at 180°C in dry air was accom-
plished about three times faster than of P25 also indicating stronger
photocatalytic potential of the flame aerosol synthesized catalyst.
The photocatalytic activity was restored entirely after each of mul-
tiple runs.

4.3. Hydrogen cyanide emission

The more incomplete hydrogen cyanide oxidation at elevated
temperature with F3 compared to P25 may follow two non-
contradictory explanation patterns, the dehydration of the catalyst
surface resulted in reduced OH-radicals production at higher tem-
perature (130°C), and the HCN volatility drastically surpassing the
volatility of AN.

Photocatalytic reactions usually are not sensitive to minor
variations in temperatures, since the by-product desorption step
determines the rate at lower temperatures, whereas the adsorp-
tion of reactants is rate determining at higher temperatures

[49-51]. When two catalysts with different crystallographic com-
position and average particle size are compared, the difference
in their activity loss at different temperatures is mostly due to
their crystallites structure and surface properties. The alteration
of photo-production of radicals on heated titanium dioxide was
shown by Gonzalez-Elipe et al. [52] and Nakaoka and Nosaka [53]:
the change in the radicals’ production is caused by the desorp-
tion of surface hydroxyl groups and the consequential change in
the surface structure. Different reactivity radicals are thus sup-
posed to be formed at different temperatures. The difference in
photo-produced radicals at different temperatures could cause
the difference in reactivity of the crystallites towards hydrogen
cyanide. Bickley and Stone [54] suggested that the loss of adsorbed
water would appear to be the main factor governing the decrease
in the photoactivity of TiO,. By measuring the photoadsorption
of oxygen and by the quantitative determination of OH groups
on the same sample Boonstra and Mutsaers [55] were able to
relate these two properties. From the linear relation of oxygen
photoadsorption to number of hydroxyl groups after outgassing
at different temperatures they concluded that the photoactivity
of TiO, is determined by the TiOH groups on the surface. It was
also found that anatase is more photosensitive to oxygen than
rutile. It could be also supposed that anatase crystallites of dif-
ferent sizes possess different sensitivities towards the increased
temperature differently loosing the activity due to dehydration.
The activity of Pt-group catalysts is also known to be highly sensi-
tive to their particles’ size, shape and crystallographic orientation
[56-58].

Aqueous photocatalytic oxidation of cyanide was studied earlier
and the results may also support the explanation of HCN emis-
sion at elevated temperature. The aqueous PCO of cyanide occurs
via a pure heterogeneous pathway involving the surface hydroxyl
groups [59]. The quantum efficiency of the photocatalytic oxidation
was found to be low mainly due to the poor adsorption of cyanide
ions onto the titanium dioxide surface and, the most important,
the absence of homogenous reaction between cyanide ions and
diffused hydroxyl radicals.
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Table 2
Vapour pressure of selected compounds [61,62].

Compound Vapour pressure, kPa

20°C 60°C 130°C
Toluene 29 185 170
AN 119 57 1932
HCN 83 356 1858
2 At 100°C.

The gas-phase mechanism of cyanide oxidation is not well-
established yet, although the gas-phase and adsorbed products
of nitrile group oxidation, N,O and NO, [39], differ greatly from
aqueous oxidation products, cyanate and ammonium [59]. There-
fore the photocatalyst surface dehydration at 130°C could be
the factor reducing the photocatalytic activity of the catalysts
towards cyanide oxidation not significantly hindering the AN
oxidation.

Simultaneously, the earlier HCN occurrence on F3 at higher tem-
perature could be attributed to its poor adsorption properties. The
different morphology of catalysts result in the rate of water des-
orption from F3 three-fold exceeding that from P25 indicating poor
retention properties of F3 at a higher temperature, also applicable
to weakly adsorbed hydrogen cyanide [60]. The HCN high volatility,
about six-fold higher than of AN (Table 2) [61,62], also may con-
tribute to the HCN incomplete oxidation at 130 °C. Being extremely
unwanted, hydrogen cyanide, however, is easily avoidable under
properly selected experimental conditions [39].

5. Conclusions

The superior character of the flame aerosol synthesized cata-
lyst over the commercial P25 titanium dioxide in gas-phase PCO
was established for degradation of aliphatic heteroatomic acryloni-
trile and aromatic toluene. This supports the unselective character
of newly designed catalyst universal for both gaseous and aque-
ous PCO reactions. The new catalyst surpasses the commercial
P25 in, for example, toluene oxidation for over 50% under similar
experimental conditions. Slower deactivation and faster complete
restoration of catalytic activity of flame synthesized catalyst under
UV-A-radiation are also the new catalyst’s beneficial key features.

Not only the primary particle size and specific surface area are
the reasons for improved PCO performance: the intrinsic materials’
properties, such as superior generation of hydroxyl radicals and,
therefore, superior oxidative activity may explain the advanced
PCO performance with non-adsorbable toluene.

The intense dehydration of the reduced size anatase crystallites
in the new catalyst results in decreased OH-radicals production at
elevated temperature. Along with the enhanced desorption, this
causes a poorer catalyst’s performance in PCO of HCN, the PCO
product of acrylonitrile. The process safety thus requires lower
operational temperatures.
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