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Abstract

Our objective was to further assess the capabilities of Ti(purify/deodorize indoor air and industrial gaseous effluents.
Using a laboratory photoreactor including a lamp emitting around 365 nm and actided fiber glass mesh, we first
determined that the removal rate of three very different pollutants (@@tane, pyridine) was 5-30mol per Wh consumed
by the lamp for 50—-2000 ppmv concentrations and 25-58 flow rates (dry air or @). We inferred that this order of magnitude
allows, by use of a reasonable-size apparatus, the abatement of pollutants in constantly renewed indoor air, except£O and CH
that are too concentrated. Using a 3ighotocatalysis-based individual air purifier prototype, we showed, through distinctive
analytical measurements, that the average concentrations of benzene, toluene and xylenes were indeed reduced by a factor
of 2-3 in an ordinary non-airtight room. We also showed that@dition in @ very markedly increases the mineralization
percentage offi-octane, under otherwise identical conditions, in the laboratory photoreactor without photoexcitatigin of O
this property of @ can expand the application field of photocatalytic air purification in industry, at least in some cases.
© 2000 Elsevier Science B.V. All rights reserved.
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sumed by the UV lamp) of three very chemically
different air pollutants. From this data, we concluded
Treatment of air at room temperature, particularly that the concentrations of most indoor air pollutants
indoor air in housings, by heterogeneous catalysis in- can be reduced by TiOphotocatalysis. This was
volves heating which can be prohibitory; the use of checked, at much higher air flow rates than in the
mere adsorbents, such as activated carbon, implies thdaboratory photoreactor, by measuring the effect of
change, disposal or regeneration of the adsorbents.a TiO, photocatalysis-based prototype air purifier
Therefore, photocatalysis over TiG appears attrac-  upon the concentrations of typical aromatic pollu-
tive in this field. tants in an ordinary room under usual conditions. For

1. Introduction

In this study, we have first determined, by use
of an appropriate laboratory photoreactor, the order
of magnitude of the photocatalytic degradation rate
(expressed inumol per Wh of electrical energy con-

* Corresponding author. Tel433-4-72-18-6495;
fax: +33-4-78-33-0337.
E-mail addresspierre.pichat@ec-lyon.fr (P. Pichat).
1 As most recent reviews see, e.g., [1,25-27].

that, we used novel analytical means. Concerning the
photocatalytic treatment of industrial gaseous efflu-
ents, we have shown that the addition of ozone to
dioxygen allows one to achieve the mineralization of
n-octane, chosen as a model pollutant, whereas the
mineralization was incomplete with dioxygen alone
in the same photoreactor under otherwise identical
conditions. Until now, the effect of ©in photocat-
alytic air purification was assessed only for removing
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an organic pollutant and not for reaching a higher
percentage of transformation into ¢@f a pollu-
tant containing several C atoms, which is of greater
interest.

2. Experimental
2.1. Materials

In the laboratory photoreactor, we used the
TiO,-coated fiber glass mesh (ca. 65g# pro-
duced by Matrix Photocatalytic [2]. The TiQweight
percentage was ca. 6.8.
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2.2. Photoreactors

The laboratory photoreactor (Fig. 1) comprised a

Philips PLS 9W/10 UV lamp, emitting 2.2 W around
365 nm surrounded by an optimized number of layers
of the Matrix material corresponding to a total geo-
metric area of ca. 1300 dnso that the air flow was
turbulent and the radiant flux emitted by the lamp was
completely absorbed/diffracted by the Matrix mate-
rial. We also used, in the case og @ecomposition,
a photoreactor with the same configuration and which
includes two jackets, one external, the other around
the lamp enabling one to vary the temperature. Ozone
was generated in a BMT 802 ozoner fed with & a

Ahlstrom Paper Group Research and Competence pressure of 187 Pa.

Center [3] supplied the Ti@coated fibrous material
employed in the prototype air purifier. The pristine ma-
terial (50 g nT2) was first impregnated with an aque-
ous suspension of Tigdand colloidal SiQ by use of

Mass flowmeters were used to insure a constant
flow (6—241H1) of air containing a given concentra-
tion of the pollutant studied and, in some cases, of
ozone.

a size press and then dried in ambient conditions. The  The prototype air purifier (patent FR2774914) com-

coating corresponded to a Ti®nass of 20 gm? and
to a TiG,/SIiO; ratio equal to 1. TiQ@ was prepared by
Rhodia from TiOSQ: it was anatase with a surface
area of 320rAg~.

220V

prised a fan generating an air flow rate of 250hm?,

ca. 1300 crf of the Ahlstrom material and two lamps
of the same type as in the laboratory photoreactor with
a total electrical power of 48 W.

> GC/FID
Uj\/’— GC/catharometer
55 mm [:l
[ I —
Ew 130 mm
190 mm :":

[potedar |—

reactor diameter =40 mm

Fig. 1. Scheme of the laboratory photoreactor used in this work.
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2.3. Analyzes producing many intermediate products) and pyri-
dine (malodorous and relatively stable because of its
Analyzers based on IR and UV absorption mea- aromaticity).
sured CO and @ concentrations, respectively. Pyri- Our objective was not to provide various data cor-
dine, n-octane and carbon dioxide were analyzed by responding to given conditions but to determine an
gas chromatography (GC) with flame ionization (FID) order of magnitude for the removal rates of these pol-
or catharometer detectors. lutants at concentrations in the range 50—2000 ppmv
Benzene, toluene and xylenes in ambient air were in dry air or G, and flow rates comprised between
collected on a solid phase microextraction (SPME) 25 and 501h%. We found removal rates in the range
fiber [4] exposed at the exit of the air purifier dur- 5-15umol per Wh consumed by the UV lamp. Ac-
ing 15min. They were subsequently desorbed from cording to our own results — and considering liter-
the fiber directly at the entrance of the column of the ature data [5-16] obtained with other types of pho-
GC-FID apparatus. Calibration was performed on the toreactors and Ti@coated materials or Ti©pow-
basis of the SPME-GC-FID analysis of the atmo- ders — the changes caused by variations in the am-
sphere obtained by introducing into a 6.275 | reservoir bient humidity and temperature generally do not al-
1-5ul of a 20-30Qumol I=1 solution of each of these  ter the order of magnitude. Also, for a large number
aromatics in diethylether which is poorly adsorbed on of pollutants the relative photocatalytic removal rates

the SPME fiber. To our knowledge, these novel analyt-

[16—20] generally remain within an order of mag-

ical procedures have never been used to estimate thenitude, with the exception of formaldehyde, which

efficacy of photocatalytic air purification under real
conditions.

3. Results and discussion

3.1. TiG photocatalytic efficiency from
laboratory-scale experiments

To assess the capabilities of Tigphotocatalysis
for air purification/deodorization, we used the labo-

is very unstable, and some short chlorinated alkanes
and alkenes for which contradictory results have been
obtained.

Our purpose was to use the order of magnitude we
measured to determine a priori whether an individ-
ual air purifier/deodorizer can be based on the same
type of UV lamp and a similar Ticoated fiber glass
mesh. 1Qumol corresponds to about 10 ppbv in aroom
of ca. 24 i. Therefore, it is clear that an air purifier
including UV lamps with an electrical power of some
tens of W should very significantly decrease, within

ratory photoreactor (see Section 2.2) whose electrical a reasonable period of time, the concentrations of al-

power corresponded to about one-fifth of what was
thought reasonable to improve air quality in an indi-
vidual room. The data thus obtained could also pro-
vide information regarding the treatment of industrial
gaseous effluents.

The disadvantage of this type of photoreactor is that
air flow rates are limited to a maximum of ca. 501h
This requires increasing the pollutant concentration in
order to operate with pollutant flow rates equivalent to
those expected for indoor air decontamination. Con-
sequently, the TiQ surface coverage by the pollutant
is higher, which corresponds to the case of industrial
effluents and not to that of indoor air.

For a wider significance of our results, we
chose three structurally very different air pollutants,
viz. carbon monoxide (yielding only one product
which is volatile), n-octane (poorly adsorbed and

most all indoor air pollutants, since their concentra-
tions are at most 100 ppbv [21], even though the re-
moval rates are lower in the ppbv range compared with
the ppmv range. This conclusion led us to participate
in a project leading to the construction of an individ-
ual air purifier prototype (see Section 3.2). However,
CO and CH concentrations in ambient air are above
1 ppmv (CO concentration can even exceed 10 ppmv).
Consequently, the order of magnitude we determined
shows that even for a UV-lamp power in the range
50-100 W the concentrations of these pollutants will
not be significantly affected by the air purifier, con-
sidering the permanent introduction of gldnd CO
from outside and other rooms and possibly additional
CO from tobacco smoke. For industrial effluents, al-
though the extrapolation is presumably too large, the
order of magnitude we determined indicates that UV
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lamps with an electrical power of 10 kW would be re- 70 -
quired to eliminate a pollutant at a concentration of 1

60 <

ca. 25 ppmv in an air flow of 1001, This value
may serve as a rough guidance to estimate whether a
given air flow can be treated by Ti(photocatalysis.
Clearly, as many very malodorous compounds have
olfactory thresholds in the ppbv range, photocatalytic
deodorization should be effective in the cases where
the concentrations do not exceed the olfactory thresh-
olds too much.

3.2. Evaluation of a prototype air purifier

The prototype air purifier/deodorizer was placedin a 0 1 2 3 4 5 6
non-air tight room having a volume of 83%rOutdoor t (h)
air was admitted in this room before each experiment
for 15 min. Then, the windows were closed and the air ) !

- . . . toluene (diamonds)p-xylene (triangles) and bottm- and p-xylene
purifier fan was SW'tF’hed on to homogenize the air. (squares) in a non-air tight room caused by the prototype air pu-
After 1 h, the SPME fiber was exposed for 15min and rifier; 1 = o refers to the concentrations before the purifier UV
the collected BTX (benzene, toluema, andp-xylene lamps were switched on.

(together), ando-xylene) were analyzed. The same
SPME fiber was used to analyze the air after various 14 our knowledge, it is the first set of experiments

periods during which the air purifier UV lamps were  yemonstrating the effect of a photocatalytic purifier
on. These experiments were repeated several imesy, e quality of ambient air under usual conditions.

to take into account the variations in the initial BTX - preyious demonstrations were based on bench-scale
concentrations from day to day and even within the ;oqig.

same day.

Fig. 2 gives an example of the results obtained for 3.3. Effect of ozone
a day corresponding to high concentrations of BTX
(and other pollutants as well, such asJS&zcording For a concentration of 130 ppmv ofoctane in @
to the local weather reports). This figure clearly shows the elimination percentage ofg;g was comprised
that the concentrations of all BTX were decreased by between 97 and nearly 100% at stationary state for
a factor of ca. 2 by the photocatalytic process to reach, the flow rates indicated in Fig. 3; in other words, the

Fig. 2. Decreases in the concentrations of benzene (crosses),

within the first hour, equilibrium levels correspond-
ing to equal rates of BTX photocatalytic removal and
BTX introduction from outdoor, the corridor and the
neighboring rooms. As Ti@photocatalysis (see Foot-

note 1) is effective for the degradation of any type

of organic compound, except chlorofluorocarbons and

s-triazine, qualitatively similar results would be ob-
tained with the prototype air purifier for other pollu-

maximum removal rate (mol per time unit) @foctane
achievable with our laboratory photoreactor was not
attained under these conditions. This maximum would
correspond to the case where the elimination percent-
age is low (highen-octane flow rate).

By contrast, the percentage of g@btained with
respect to complete mineralization ofoctane was
comprised between ca. 25 and 50 for these flow rates

tants having concentrations on the same order of mag- (Fig. 3). The photoreactor length was insufficient to
nitude. For still less-concentrated pollutants the photo- achieve mineralization of the intermediate products
catalytic elimination rates will be lower because of the which compete with one another and with continu-
lower TiO; surface coverage (Langmuir—Hinshelwood ously introducedn-octane for the photocatalytically
kinetic model), however, decreases in the equilibrium generated oxidizing species.

concentrations of these pollutants will also be ob-  Since the amount of Ti@coated material was al-
served. ready optimized for the UV lamp used, adding O
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Fig. 3. Stationary-state percentages afHgg eliminated and of
CO, formed (with respect to total mineralization) for the photo-
catalytic treatment of oxygen containing 130 ppmvnebctane in
the laboratory photoreactor for various flow rates.
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Fig. 4. Stationary-state percentages of J0Ormed (with respect
to total mineralization) for the photocatalytic treatment, in the

laboratory photoreactor, of O(flow rate: 241h1) containing
various volumic percentages of;@nd 130 ppmv ofh-octane.

to O, appears as a means of increasing the densitye™ + Oz — 0°" + Oz (k =18x 10°Imol~*s™?)

of these oxidizing species. Alsm-octane mineral-

ization was deemed as a good test to assess to wha

extent the capabilities of Ti©Ophotocatalysis can be
improved by use of @in order to eliminate not only
an organic pollutant but also its numerous intermediate
products.

pr indirectly

and Q° + 0O3—0, + 03°
(k =2.11x 10" I mol~ts™

e+ 0y > 0,0

The above rate constants are given as an indication,

Ozone does not absorb the wavelengths used in thisthey refer to the gas phase in the presence of an elec-

study and is therefore stable in the absence of;TiO
However, at room temperature it is partially split over
the TiOp-coated material in the dark [22], which, for
a 24111 flow rate and 3.5% (v/v) of ®in Oy, led to

an almost complete removal afoctane (130 ppmv),
but to only a few percents of mineralization. Under

trical field [24]. The radical anion §~ is still more
unstable than @and can presumably easily split at
the surface of TiQ

035%™ — 0 + O
TiO2

the same conditions, the mineralization percentage Alternatively, it might react with water adsorbed at the

reached ca. 75% when Ti)Qwas UV-irradiated, ca.
90% when in addition the % (v/v) of was increased
to 5.5 (Fig. 4), and 100% on decreasing the flow rate
at this latter Q/Oo ratio.

Photocatalytic degradation of alkanes over FiO
yields carbonyl compounds and, to a lesser extent,

surface of TiQ, since the photocatalyst was not ther-
mally pretreated and since;B is formed byn-octane
degradation

03°” + H,O— OH° 4+ OH™ + O3
TiO2

alcohols and alkenes as intermediate products [23]. Furthermore, the increase in the scavenging rate of
Ozone can directly react with alkenes but not with Photoproduced electrons resulting from the presence
the other products. Therefore, the very substantial in- ©f 0zone should decrease the recombination rate of

crease im-octane mineralization cannot be attributed €lectrons and holes*hand accordingly augment the
to a direct reaction of ozone. formation rate of hydroxyl radicals from basic OH

The electron affinity of @ is 2.1eV compared  Surface groups
with 0.44 eV for Q. Consequently, in the presence OHs™ + h* — OH°
of ozone, the electrons photopromoted to the 5TiO
conduction band can more easily be captured, either In all cases, very oxidizing species, viZ2Oand OF,
directly would thus be generated.
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100 . " photocatalysis for treating air. The efficacy of a proto-
< 801 - . type to purify/deodorize air in an ordinary room was
”E 60 — - S assessed through the use of adsorbent-coated fibers to
3 40 - . e collect pollutants in ambient air, a procedure which
E, had not been previously used for that purpose. Another
r prmnn” . part of this study has shown that even under conditions
0 o oot : - where the photocatalytic elimination of a hydrocarbon
230 250 270 290 310 330 350 with a relatively long chain is satisfactory, adding O

T(K . . ) )
® enables one to increase the efficiency for mineraliza-

Fig. 5. Stationary-state percentages of @moval in the ther- tion. This may be an alternative to increasing the re-
mostated laboratory photoreactor as a function of the temperature actor size. At least, that result draws the attention on

with the TiO,-coated Matrix fiber glass mesh in the dark (dia— a means to benefit from excess (1) processes that
monds) and under UV-irradiation (squares). Circles refer to the ; PRI

UV-irradiated uncoated fiber glass mesh. Flow rate gfcOntain- use this OXIdIZIng agent.

ing 4.5% (viv) of Q: 231h~1. Note that the radiant flux at and

below 273 and at 343K was decreased by a factor of ca. 1.5 with
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