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bstract

Photocatalytic oxidation of organic compounds in gas phase appears to be a promising process for remediation of polluted air. In the present
ork, the photocatalytic degradation of acetone, which is a typical pollutant of indoor air, was investigated by using an annular photoreactor.
fter a modelling by a cascade of elementary continuously stirred tank reactor, the annular photoreactor was assimilated to a plug flow reactor

PFR). No transfer limitation (external and internal) has been demonstrated for this reactor with the fibreglass photocatalytic support. The influence
f several kinetic parameters has been studied such as pollutant concentration, incident light irradiance, contact time and humidity content. The

angmuir–Hinshelwood model has been verified for acetone. It can be noticed that no by-products have been detected by FID suggesting almost

otal mineralization. The possible minor gaseous by-products have been accumulated into a mixture of ethanol–liquid nitrogen at −50 ◦C then a
ample of it has been injected into a GC/MS for analysis. A mechanistic pathway is then proposed for the photocatalytic degradation of acetone.

2008 Elsevier B.V. All rights reserved.
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. Introduction

Photocatalytic oxidation of airborne contaminants appears to
e a promising process for remediation of air polluted by volatile
rganic compounds (VOCs) or by bacteria [1]. VOCs are well
nown to be malodorous, toxic and some of them can be con-
idered as carcinogenic, mutagenic and teratogenic. There are
number of available photocatalytic reactor configurations for

he abatement of airborne pollutants: (1) flat plate fluidized bed
eactor, (2) fluidized bed reactor, (3) fixed layer photocatalytic
eactor, (4) photocatalytic reactor with fibre optic bundles, and
5) annular photocatalytic reactor [2]. This annular geometry
s widely used for controlling VOC emissions in indoor air. A
arge diversity of reactor configurations has been considered to
tudy the efficiency of photocatalytic degradation of air pollu-

ants. Photocatalytic reactors require several of important reactor
arameters such as [2,3]:

∗ Corresponding author. Fax: +33 3 83 37 81 20.
E-mail address: Orfan.Zahraa@ensic.inpl-nancy.fr (O. Zahraa).
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atalytic degradation mechanism

UV source;
reactor configuration;
catalyst type, distribution and impregnation;
interaction between the light, catalyst and reacting flowing.

This work focuses on the photocatalytic degradation of ace-
one. Natural pollution sources: acetone is mainly produced
ia oxidation of humic substances and it occurs naturally as
metabolic by-product of plants and animals. Artificial pollu-

ion sources: acetone is widely used as solvent for fats, oils,
axes, resins, rubbers, plastics and pharmaceuticals. Indoor air,

he presence of acetone is due to the use of domestic materi-
ls and products as paints and cleaning products. Acetone was
etected at concentrations between 14.9 ng L−1 (35.8 ppb) and
6.0 ng L−1 (158.4 ppb) at dwelling houses. This ketone has
threshold limit value (TLV) in air of 1.2 mg L−1 (500 ppm)

4]. The threshold limit value is the maximum permissible

oncentration of a pollutant generally defined in workplace
tmospheres. Our photocatalytic reactor could be used to reduce
OC emissions in workplace atmospheres or in dwelling house

ndoor air.

mailto:Orfan.Zahraa@ensic.inpl-nancy.fr
dx.doi.org/10.1016/j.jphotochem.2007.12.021
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Fig. 1. Schematic representation (a) and se

The first part of this work deals with the results of the acetone
inetic study. Our annular photocatalytic reactor was modelled
y a cascade of continuously stirred tank reactors (CSTRs) in
rder to classify the category of reactor. The second part of
his work consists in summarizing the study of by-products,
hich were formed during the photocatalytic degradation of ace-

one. A mechanistic pathway was proposed for its photocatalytic
egradation.

. Experimental

.1. Experimental set-up and procedure

The annular photocatalytic reactor was equipped with four
nlets and four outlets in order to ensure a good flow distribu-
ion (Fig. 1). A fibreglass support (effective porosity ε = 0.95)
mpregnated of TiO2 Degussa P25 was inserted between two
yrex glass tubes with a thickness of 1.8 mm. This low thickness
rovides a best contact between polluted air and photocatalyst.
commercial Philips® TLD 18 W/08 fluorescent tube is placed

n the centre of the unit offering the best conditions of light
rradiance. It can be noticed that the UV lamp has a spectral
eak centred at about 365 nm. In a previous work, the 3-W light
ower has been verified by actinometry [5]. The fluorescent tube
nd the photocatalyst were separated by a liquid filter in order to
ontrol both temperature and light irradiance during the degrada-
ion process. The light transmission was attenuated by a specific
igrosine concentration in aqueous solution. The total diame-
er, the volume and the photoactive length of the annular reactor
ere, respectively 5.2 cm, 66.4 cm3 and 25 cm. The diameter of

he space for the fluorescent tube was 30.5 mm. The thickness

vailable for the photocatalyst support was about 1.8 mm. The
breglass support apparent area exposed to UV was 300 cm2.
he experimental unit permits to generate a polluted air with
specific VOC concentration and humidity content. The func-

2

a

l drawing (b) of the annular photoreactor.

ioning of the experimental set-up has been widely detailed in
revious works [5,6]. Several kinetic parameters can be tested
n the photocatalytic degradation efficiency as initial concen-
ration of pollutant, light irradiance, contact time and humidity
ontent.

A gas chromatograph equipped with a flame ionization detec-
or (FID) was used to follow acetone concentration during
hotocatalytic oxidation. For this pollutant, the response of the
ID was linear and proportional to the amount of acetone. Finally

he acetone conversion X in the reactor is expressed by the
ollowing equation:

= 1 − Cout

Cin
= 1 − Aout

Ain
(1)

he GC is a Hewlett Packard 5890 Series II apparatus equipped
ith a FID. The GC operational parameters were as follows:

nalytical column, Porapak Q column 1/8 in. (1 m) at 180 ◦C;
arrier gas, nitrogen at 21 mL min−1; injected volume, 1 cm3;
ID detector at 250 ◦C supplied with air/hydrogen at 276 and
8 mL min−1, respectively.

The by-products generated during the photocatalytic degra-
ation of acetone were identified by GC/MS. The GC/MS
s an Agilent 6850 Series apparatus equipped with a

ass selective detector (MSD) Agilent 5973 Network. The
C/MS operational parameters were as follows: analytical col-
mn, HP Plot Q (30 m × 0.32 mm i.d.); carrier gas, helium
t 1.5 mL min−1; program temperature, 40 ◦C for 10 min,
◦C min−1 and 240 ◦C 10 min; temperature of injector, 250 ◦C

split = 4.5 mL min−1); injected volume, 1 �L; detector, MSD at
50 ◦C.
.2. Catalyst preparation

The catalyst consisted of TiO2 P25 Degussa deposited on
Sintomat® fibreglass support (250 mm × 120 mm). A single
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Fig. 3. Geometry for the emission model. dSL is characterized by the bold square
with dSL = dzLR dϕG where R represents the fluorescent tube radius. ϕe rotation
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Fig. 2. Optical picture of fibreglass photocatalytic support.

ectangular section of fibreglass support (300 cm2) was inserted
nside the photoreactor. From Fig. 2, the fibreglass support is
ike a mat of thickness 1.8 mm, where fibre bundles of rect-
ngular section 300 �m × 400 �m are randomly oriented. The
atalyst deposition followed a specific protocol more detailed
n a previous work [7]. TiO2 P25 Degussa was dispersed in an
queous suspension adjusted at pH 3 with nitric acid in order to
revent the titanium dioxide aggregation. The fibreglass support
as impregnated with this suspension. After complete evapora-

ion of water, the support was dried at 100 ◦C for 1 h and fired
t 475 ◦C for 4 h to ensure a good adherence between catalyst
nd support. About 600 mg of TiO2 was deposited on fibreglass
upport.

.3. Fluorescent tube modelling

In general, all of the existing light distribution models are
lassified into two different categories: line source models and
xtensive source models. In line source models, the light source
s assimilated to a line, whereas in extensive source models,
imensions of the lamp are considered [8,9]. Therefore, in the
xtensive source models, the characteristics of the lamps can be
sed as design parameters of the photoreactors. In this present
ork, we have developed a Lambert extensive source model

LESM) to predict the light distribution of the fluorescent tube.
his extensive model is the most complex but it is more realistic.

.3.1. Emission law
The fluorescent tube can be assimilated to a cylindrical area

here each surface element dSL = dzLR dϕG emits in a half space
ia the Lambert’s law as below (Fig. 3):

2F = LT(θe, ϕe)dSLdΩe (2)

here the target element has the angular coordinates θe and ϕe
ompared to a local axis system at emitting point: ϕe rotation
f MN normal to dSL around Mz′ generator giving MN′ and

e which is the angle compared with MN′ in the (Mz′, MN′)
lan. The element corresponding to dθe and dϕe is the solid
ngle dΩe = cos θe dθe dϕe. From the Lambert’s law, the term
os θecos ϕe is the cosine of the emitting angle with the MN

T

d

f MN normal to dSL around Mz′ generator giving MN′ and θe which is the angle
ompared with MN′ in the (Mz′, MN′) plan. The solid angle dΩe is defined by:
Ωe = cos θe dθe dϕe.

ormal and it follows for the luminance LT:

T(θe, ϕe) = L′
T cos θe cos ϕe (3)

he integration of L′
Tcos θecos ϕedΩe = L′

Tcos2 θedθe
os ϕedϕe on the whole half space, with (−π/2, +π/2) for ϕe
nd (−π/2, +π/2) for θe, gives L′

T(π/2)(2). Therefore, the
ntegration on the whole emitting area is given as follows:

◦ = (2πRZ)L′
T(π) ⇒ L′

T = F
◦

2π2ZR
(4)

here F◦ is the total light power of the fluorescent tube (W), Z
he total length of the fluorescent tube from −Z/2 to +Z/2 (cm)
nd R is the fluorescent tube radius (cm). Therefore, the emitting
aw is written as below:

2F = F
◦

2π2ZR
dSL cos θe cos ϕe dΩe (5)

.3.2. Light irradiance model
The light irradiance is established for a target point C at given

istances zC, rC on a surface element dSC, which belongs to Oz-
xis cylinder and going trough C. Where zC is the axial distance
cm) and rC, the radial distance (cm). The emitting law at C
oint is as follows (Fig. 4):

2F = F
◦

2π2ZR
dSL cos θe cos ϕe dΩC with dSL = RdzL dϕG

(6)
he calculus of dΩC is given as below:

ΩC = dSC cos(NC, CM)

MC2 (7)
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Fig. 4. Geometry for the light irradiance model. The incident light irradiance is
established for a target point C at given distances zC, rC on a surface element
dSC, which belongs to Oz axis cylinder and going through C. Where zC is the
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xial distance and rC, the radial distance. dSL is characterized by the bold square
ith dSL = dzLR dϕG where R represents the fluorescent tube radius. The solid

ngle dΩC is defined by: dΩC = dSCcos(NC, CM)/MC2.

here NC is the normal to dSC. The coordinates of M, C, CM
nd NC are given as follows:

M(R cos ϕG, R sin ϕG, zL)

C(rC, 0, zC)

CM[(R cos ϕG − rC), R sin ϕG, (zL − zC)]

NC(−1, 0, 0)

cos(NC, CM) = − (R cos ϕG − rC)

MC
with MC2

= (R cos ϕG − rC)2 + (R sin ϕG)2 + (zL − zC)2 (8)

he calculus of cos θecos ϕe is established as below. It can be
oticed that cos θecos ϕe corresponds to cos(NM, MC) which is
he angle cosine between the normal to dSL, NM and the MC
mitting direction:

NM(cos ϕG, sin ϕG, 0)

cos(NM, MC) = −cos ϕG(R cos ϕG − rC) − sin ϕG(R sin ϕG)

MC

cos(NM, MC) = rC cos ϕG − R

MC
(9

he incident light irradiance I0 is given as below:

2
[ ◦ ]
2I0 = d F

dSC
= F

2π2ZR
[R dzL dϕG]cos(NM, MC)

dSCcos(NC, CM)/MC2

dSC
(10)

r
t
b
c
c

Fig. 5. Geometry for the limit value of ϕG.

2I0=
[

F
◦

2π2Z

]
[dzLdϕG][rC cos ϕG−R]

rC − R cos ϕG

MC4 (11)

he calculus of incident light irradiance in C has been realised
y a numerical integration of d2I0 with: zL (−Z/2, +Z/2) and ϕG
−ϕGL, +ϕGL). The limit value of ϕG, as illustrated in Fig. 5, is
efined by the following equation:

GL = cos−1
(

OGL

OC

)
= cos−1

(
R

rC

)
(12)

I0(rC, zC) =
[

F
◦

2π2Z

] ∫ +ϕGL

−ϕGL

∫ +Z/2

−Z/2

× (rC cos ϕG − R)(rC − R cos ϕG)[
(R cos ϕG − rC)2 + (R sin ϕG)2 + (zL − zC)2

]2 dzLdϕG

(13)

t can be noticed that the incident light irradiance model pre-
icts only the light distribution for a fluorescent tube. The target
oint C can be located on the internal reactor wall but not inside
he photocatalytic bed. The reflected, absorbed and transmitted
ight fractions on a TiO2 flat plate can be easily determined, using
spectrophotometer equipped with an integrated sphere. This

echnique has been well detailed in a previous work [10]. How-
ver, the absorption and scattering properties of TiO2 deposited
n fibreglass could not be measured by spectrophotometry due
o the non-homogeneous nature of support. Therefore, the radi-
tion absorption and scattering are not taken into account. It
an be noticed that the Pyrex absorption is insignificant for this
avelength (365 nm) and the light transmission is almost total.
he axial and radial distribution experiments were investigated,

espectively at different axial and radial positions using an UV-
ensitive radiometer (VLX-365). The total light power (F◦) has
een assimilated to 3 W as described in a previous work [5]. The
xial distribution of the light irradiance was investigated in the
ange of 0–50 cm. It can be observed from Fig. 6 that experimen-

al data seem to be well fitted by the simulated results predicted
y the LESM. Here we show that the light irradiance is relatively
onstant as far as zC = 20 cm (constant from −20 to +20 cm). It
an be noticed that the annular reactor has a 25-cm photoactive
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Fig. 6. Axial distribution for the fluorescent tube (rC = 5 cm).

ength, where the light irradiance is stable and constant. The
adial distribution of the light irradiance was investigated in the
ange of 5–20 cm. Fig. 7 indicates that the simulated results pre-
icted by the LESM agreed well with the experimental data.
ere we can see that the light irradiance decreases as the radial
osition increases from 5 to 20 cm.

. Photocatalytic results and discussion

.1. Annular photoreactor modelling

It is evident that elements of fluid taking different routes
hrough the reactor may take different lengths of time to pas
hrough the vessel. The distribution of these times for the stream
f fluid leaving the vessel is called the residence time distribu-
ion (RTD) of fluid. Experiments of RTD were carried out using
pulse of hydrogen in the feed detected at the photoreactor exit
y a thermal conductivity detector (TCD). To simulate a pulse

unction (Dirac function), a tracer substance (hydrogen) was
njected during a very short time interval into the reactor. The
TD E(ts) is expressed as a function of time (ts) by the following

Fig. 7. Radial distribution for the fluorescent tube (zC = 0).
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ig. 8. Residence time distribution E(ts) of the annular photoreactor, J = 26.

quation [11]:

(ts) = C(ts)∫ ∞
0 C(ts)dts

∼= y(ts)∑n
0y(ts)�ts

(14)

here C(ts) is the tracer concentration at the reactor output;
(ts) the response of the detector and n is the total number of
erformed measurements. The tanks in series model describe
ystems with a complete mixture like the ideally stirred tank
eactor (J = 1) or the ideal cascade of continuously stirred tank
eactors (J > 1). It is generally accepted that above a number of
0 elementary reactors, the used reactor can be considered prac-
ically as a plug flow reactor. The experiments of RTD revealed
hat our annular reactor could be assimilated to a cascade of
6 elementary continuously stirred tank reactor (J = 26) close to
plug flow reactor (PFR) (Fig. 8). In a previous study, J = 18

as been found with the same reactor but with another packed
atalyst [6].

.2. External and internal mass transfer

Mass transfer phenomena can be classified as external, within
he fluid in the vicinity of the catalyst pellets or deposits, and
s internal within the catalyst pores. The rate of external mass
ransfer (ND) is generally expressed according to the model of
he boundary layer on the catalyst surface via the expression as
elow [3]:

D = kD(Cb − Cs) (15)

here Cb is the bulk concentration and Cs the surface concen-
ration. The rate constant kD depends on the flow regime of the
uid, characterized by the dimensionless Reynolds number Re
ia the following empirical expression [3,12]:

D = 3.49 × 10−7 Re0.77 (16)

The rate constant kD increases parallely with the flow tur-

ulence. Therefore, a good stirring is necessary to prevent an
xternal mass transfer. When the mass transfer influence is sig-
ificant, the degradation rate of the pollutant increases parallely
ith the flow rate. The effect of external mass transfer of the cat-
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Fig. 9. Effect of the total flow rate on the rate of degradation. Regular
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onditions used were: incident light irradiance, Ī0 = 1.7 mW cm−2; relative
umidity, RH = 10%; photoreactor temperature, TR = 30 ◦C; initial concentra-
ion, C0 = 1.2 mg L−1; oxygen content, air (20 vol% O2).

lyst was investigated using different flow rates of the gas Qv
anging from 150 to 300 mL min−1. It can be noticed that the
ate is expressed per unit of reactor apparent volume. In a PFR,
he rate of disappearance of acetone is defined by the following
xpression:

= −d[Acetone]s

d(εV/Qv)
(17)

ith

= volume occupied by the flowing fluid

total volume of photoreactor
= Qv

V
ts (18)

here r is the apparent rate of disappearance of acetone;
Acetone]s the outlet concentration of acetone; Qv the volumet-
ic flow rate; ε the effective porosity and V is the total volume of
hotoreactor. In the absence of an external mass transfer limita-
ion, the reaction rate in a fixed bed reactor does not depend on
he volumetric flow rate. From Fig. 9, the apparent rate of dis-
ppearance of acetone is directly obtained with the slope of the
traight line. No significant differences in the degradation rate
ere observed under experimental conditions with the variation
f volumetric flow rate studied. Therefore, the reaction rate was
ot kinetically limited by the external mass transfer. The fibre-
lass photocatalytic support allows preventing an external mass
ransfer due to a turbulent flow in this annular geometry.

The presence of a kinetic limitation by internal mass transfer
ould be evaluated using the non-dimensional Weisz modulus ϕ′,
hich is a modified of the Thiele modulus. The Weisz modulus
′ is only based on observable parameters and its expression is
iven by the following equation [3,12]:

′ = rL2

with De = εpD (19)

DeCs τp

here r is the experimental mean rate of reaction per unit of
atalyst; L the characteristic dimension of the deposit; De the
ffective diffusion coefficient of VOC within the porous solid;

X

otobiology A: Chemistry 197 (2008) 177–189

the diffusion coefficient of VOC in air; εp the catalyst grain
orosity (εp about 0.5 for TiO2 Degussa P25); τp the pore tor-
uosity (about 3 [5]) and Cs is the mean surface concentration
equal to the mean concentration in the reactor due to the absence
f external mass limitation). A previous study has showed that
he catalyst on fibreglass support was consisted of TiO2 isolated
ggregates of diameter of about 5–10 �m [5]. Under the most
evere conditions, a maximum diameter of 5 �m for the catalyst
rain was chosen for the characteristic dimension of the deposit.
he diffusion coefficient in air for acetone has been evaluated to
.42 × 10−6 m2 s−1. After calculation ϕ′ was estimated to about
.7 × 10−6 for the photocatalytic degradation of acetone in the
nnular reactor. It is generally assumed that an internal mass
imitation occurs when ϕ′ � 1. Therefore, it could be considered
hat there was no kinetic limitation by internal mass transfer due
o the low value determined ϕ′ 	 1.

.3. Effect of the acetone concentration

The effect of initial pollutant concentration C0 on the
hotocatalytic degradation rate was investigated in the
ange of 0.29–1.73 mg L−1. In photocatalytic studies, kinet-
cs of photodegradation are generally represented by the
angmuir–Hinshelwood (LH) model. The reaction rate (r) is
efined by the following relationship [13]:

= kdeg
KLHC

1 + KLHC
(20)

here KLH is the adsorption constant (L mg−1); C the concentra-
ion of acetone in the gas-phase (mg L−1) and kdeg an apparent
inetic constant (mg min−1 L−1). It can be noticed that the rate
s expressed per unit of reactor apparent volume. The impor-
ance of substrate preadsorption on a given photocatalyst can
e evaluated by the use of an LH kinetic model, considering
hat the adsorption of reaction intermediates and products is not
ignificant. In our case, no by-products were detected by the
ID during the photocatalytic process. Previously our annular
eactor has been assimilated to a cascade of 26 elementary con-
inuously stirred tank reactors (J = 26) close to a PFR. Therefore,
he mass balance through the annular photoreactor is given by
he following equation:

dC

d(εV/Qv)
= kdeg

KLHC

1 + KLHC
(21)

here V is the total volume of photoreactor; Qv the volumetric
ow rate and ε is the effective porosity. The integration of Eq.
21) is possible only when there is no limitation by mass transfer:
o difference of concentration between bulk flow and the catalyst
urface. By integrating and rearranging Eq. (21), it follows:

1

kdegKLH
ln

(
Cout

C0

)
+ 1

kdeg
(Cout − C0) = −ε

V

Qv
(22)

q. (22) can be written introducing the pollutant conversion

= 1 − Cout/C0:

1

kdegKLH
ln

(
1

1 − X

)
+ 1

kdeg
(C0X) = ε

V

Qv
(23)
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Fig. 10. Effect of the initial concentration on the acetone conversion. Regu-
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Fig. 11. Effect of the average incident light irradiance on the acetone conver-
sion. Regular conditions used were: total volume flow rate, Q = 300 mL min−1;
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ar conditions used were: total volume flow rate, Qv = 300 mL min−1; relative
umidity, RH = 10%; photoreactor temperature, TR = 30 ◦C; incident light irra-
iance, Ī0 = 1.7 mW cm−2; oxygen content, air (20 vol% O2).

plot of −εV/QvC0X vs. ln(1–X)/(C0X) should be linear and
ill allow the two constants kdeg and KLH to be determined.
rom this optimization, the values of kdeg and KLH obtained are,
espectively 2.63 mg min−1 L−1 and 8.16 L mg−1. It is possible
or a given inlet concentration to determine the pollutant conver-
ion by solving Eq. (23). The effect of the acetone concentration
s shown in Fig. 10. At low adsorption or low concentration, r is
qual to kdegKLHC (first-order kinetic) and at high adsorption or
igh concentration, r is equal to kdeg (zero-order kinetic). This
ehaviour is in agreement with the LH model proposed by Kim
nd Hong [14].

.4. Effect of the incident light irradiance

The effect of the incident light irradiance on the photocat-
lytic degradation of acetone was investigated in the range of
.21–3.94 mW cm−2. The light transmission was attenuated by a
igrosine solution in the temperature-regulated bath. From Wang
t al. [15], the kinetic constant is a function of light irradiance
s below:

deg = k′′In
0 (24)

here k′′ is a rate constant independent of incident light irradi-
nce; I0 the incident light irradiance and n is the kinetic order
ith respect to I0. Therefore, the mass balance through the annu-

ar photoreactor is given by the following equation:

dC

d(εV/Qv)
= k′′In

0 θ with θ = KLHC

1 + KLHC
(25)

he incident light irradiance has been measured by an UV-
ensible radiometer (VLX-365). As described previously, the
bsorption and scattering light inside the photocatalytic bed

re not taken into account due to a non-homogeneous support.
herefore, the model of light distribution allows estimating the

ncident light irradiance reaching the surface of photocatalytic
upport. In first approximation, we have only considered that

l
t

r

v

elative humidity, RH = 10%; photoreactor temperature, TR = 30 ◦C; initial con-
entration, C0 = 1.2 mg L−1; oxygen content, air (20 vol% O2).

he reaction took place on the surface of photocatalytic sup-
ort. It can be noticed that the reaction takes place in the whole
eactor volume but the constraints of fibreglass support and its
on-homogeneous nature prevent the modification of the light
rradiance model. The incident light irradiance is relatively con-
tant on the photoactive length of reactor but an average value
hould be considered as the employed light irradiance model
ives a local value:

¯0(rC) =
∫ +L/2
−L/2 I0(rC, z)dz

L
exp(−εdappx) (26)

here Ī0 represents an average value of incident light irradiance;
a global extinction coefficient of light through the photo-

atalytic media, which takes into account both absorption and
cattering of light; dapp the apparent density of photocatalytic
upport; x the fibreglass thickness; L is the photoactive length
f reactor and −L/2 < z < + L/2. By integrating and rearranging
q. (25), it follows:

′′Īn
0 θε

V

Qv
= C0 − Cout (27)

here θ is the surface coverage of acetone. Eq. (27) can be
ritten introducing the pollutant conversion X = 1 − Cout/C0:

¯n
0 β = C0X with β = k′′θε

V

Qv
(28)

plot of ln(C0X) vs. ln (Ī0) should be linear and will allow
he two constants n and β to be determined. The plot is linear
ith a slope (n), which is equal to 0.38. The effect of the inci-
ent light irradiance on the photocatalytic degradation of acetone
s shown in Fig. 11. The photodegradation rate of acetone fol-

ows linear dependency with Ī0.38

0 in the studied range according
o

= k′′Ī0.38
0 θ (29)
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Fig. 12. Representation of X vs. Ī0.38
0 .

t has been frequently reported that n values range between 0, 0.5
nd 1 in various kinds of photocatalytic reactions: n = 1 at low
ight irradiance, n = 0.5 at medium light irradiance and n = 0 at
igh light irradiance. In the first-order regime, the electron–hole
airs are consumed more rapidly by chemical reactions than
y recombination reactions. In the half-order regime, the rate
f electron–hole formation exceeds the rate of photocatalytic
xidation, resulting in electron–hole recombination. In the zero-
rder regime, the reactions are mass transfer limited [16,17].
he reaction rate could be limited by the external and/or inter-
al mass transfer since the kinetic order n is lower than the
alf-order (n = 0.5). Ohko et al. [18] have mentioned a possible
ixed control where the experimental regime was in a transition

egion between the two asymptotic values (here, 0 < n < 1/2). In
previous work, Ohko et al. [19] have attributed the formation
f a plateau in r vs. Iabs (absorbed photon flux) curves to sit-
ations where the reactions were limited by the mass transfer.
owever, in our case, the absence of a plateau in X vs. Ī0.38

0
uggests absence of significant external and/or internal mass
ransfer limitations (Fig. 12). Chen and Chou [20] have studied
he photodecolorization of methyl orange using titanium dioxide
s catalyst. The chemical reaction was the rate-determining step
n this system since both external and internal mass transfer resis-
ances were insignificant. These authors have studied the effect
f irradiation intensity and they have observed that the initial
eaction rate was proportional to 0.25 order of the light inten-
ity. Recently, Rincón and Pulgarin [21] have mentioned that a
on-linear correlation between light intensity and degradation
f organic compounds could be due to the fact that excessive
H• radical generation at high intensity leads to their self-

ecombination. A recombination between radicals could take
lace in the photocatalysis process that allows explaining the
btained value, which is lower than the half-order (n = 0.38).
he following elementary reaction equations have been taken

nto account:
iO2 + h�
k1−→ e− + h+ (30)

− + h+ k2−→ heat (31)

k
t
p
s

otobiology A: Chemistry 197 (2008) 177–189

+ + OH−(H2O)
k3−→ OH•(+H+) (32)

H• + C
k4−→ P (33)

H• + OH• k5−→ H2O2 (34)

q. (30) refers to the photonic activation step. Eq. (31) depicts the
ecombination step between e− and h+, Eq. (32) represents the
ormation of hydroxyl radicals, Eq. (33) characterizes the trans-
ormation of the organic compound C into product P by OH•
ttack and in Eq. (34) the recombination between two hydroxyl
adicals is suggested. The photocatalytic degradation rate of the
rganic compound r is represented by the following expression:

= k4[OH•][C] (35)

he concentration of photo-induced holes [h+] can be obtained
sing the steady state assumption as below:

d[h+]

dt
= k1I − k2[h+]

2 − k3[h+][OH−] ≈ 0 (36)

evertheless, under low irradiation intensities, the term [h+]2 in
q. (36) can be omitted leading to

h+] = k1

k3[OH−]
I (37)

nder high irradiation intensities, where the recombination of
lectron–hole is predominant, k2[h+]2 � k3[h+][OH−]. Conse-
uently, [h+] takes the following form:

h+] =
(

k1

k2
I

)1/2

(38)

nder high irradiation intensities considering mainly the forma-
ion and the recombination of hydroxyl radicals [OH•] can be
btained using the steady state assumption as below:

d[OH•]

dt
= k3[h+][OH−] − 2k5[OH•]2 ≈ 0 (39)

onsequently, [OH•] takes the following form:

OH•] =
√(

k3

2k5

)
[h+][OH−] (40)

he hydroxyl radical concentration [OH•] can be written intro-
ucing the hole concentration [h+] = (k1/k2)1/2I1/2 as below:

OH•] =
√(

k3

2k5

)
[OH−]

(
k1

k2

)1/4

I1/4 (41)

n this case, the photocatalytic degradation rate of the organic
ompound r is proportional to I1/4 explaining the obtained value
f kinetic order (1/4 < n < 1/2) which is lower than the half-order
n = 0.5). Therefore, in this present work, the obtained value of

inetic order (n = 0.38) could be attributed to a mixed recombina-
ion of electron–hole and hydroxyl radicals in the photocatalytic
rocess. From our point of view, the above original demon-
tration can supply a solid interpretation concerning the low
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Fig. 13. Effect of contact time on the acetone conversion. Regular conditions
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sed were: incident light irradiance, Ī0 = 1.7 mW cm−2; relative humid-
ty, RH = 10%; photoreactor temperature, TR = 30 ◦C; initial concentration,

0 = 1.2 mg L−1; oxygen content, air (20 vol% O2).

alue (1/4 < n < 1/2) without mass transfer limitations. In a pre-
ious study, we have found a similar order (n = 0.34) for the
hotocatalytic degradation of methyl ethyl ketone [6].

.5. Effect of contact time

The effect of contact time εV/Qv on the photocatalytic degra-
ation of acetone was investigated in the range of 0.21–0.42 min.
t can be noticed that the effect of the contact of the reactant
as studied by varying the volumetric flow rate with a constant

oncentration of acetone. Fig. 13 shows that acetone conver-
ion increased from 0.40 to 0.77 as the contact time increased
rom 0.21 to 0.42 min (volumetric flow rate decreased from 300

o 150 mL min−1). This behaviour has been obtained at high
oncentration where the rate is independent of concentration
zero-order kinetic). It can be noticed that the photocatalytic
egradation rate is independent of contact time (or volumetric

ig. 14. Effect of water vapour on the acetone conversion. Regular condi-
ions used were: total volume flow rate, Qv = 140 mL min−1; photoreactor
emperature, TR = 30 ◦C; incident light irradiance, Ī0 = 1.7 mW cm−2; initial
oncentration, C0 = 1.2 mg L−1.
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ig. 15. Typical chromatograms of the effluent obtained by GC/MS after acetone
hotocatalytic oxidation.

ow rate). In our case, the photocatalytic degradation rate was
ot mass transfer limited (see Section 3.2). When the constants
deg and KLH are determined, it is possible for a given inlet con-
entration and for a given contact time to calculate the acetone
onversion X by solving Eq. (23).

.6. Effect of humidity content

Humidity content is known to significantly influence the pho-

ocatalytic oxidation rates and reaction paths [22]. The water
olecules can be transformed into hydroxyl radicals (OH•) by

eacting with the photogenerated holes (h+) at the photocatalyst
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ig. 16. Photocatalytic degradation pathway of acetone photodegradation on
cetic acid, methyl ethyl ketone, acetaldehyde, ethyl acetate and isopropyl a
cetone = �H = H3C–CO–CH3.

urface as below:

2O + h+ → OH• + H+ (42)

he hydroxyl radicals are well known to be strong oxidants and
hey could enhance the acetone conversion in the presence of
he water vapour. However, humidity content could decrease the
ollutant conversion due to a possible competitive adsorption
etween the pollutant and the water molecules. This behaviour

as been widely reported by different authors for the photocat-
lytic oxidation of acetone [14,23]. Kim and Hong [14] have
xamined the effect of various concentrations of water vapour
howing that the addition of water vapour decreases the pho-

c
s
h
(

2: chain reactions initiated by OH•. Possible formation of methyl alcohol,
l. The main intermediate products identified by GC/MS are written in bold.

ocatalytic degradation rate of acetone. Water vapour seems to
inder the adsorption of acetone molecules on the catalyst sur-
ace. Furthermore a gradual accumulation of water molecules
n the surface of TiO2 can block acetone adsorption sites. In
rder to examine the effect of humidity content on the ace-
one conversion, several photocatalytic degradation experiments
ere investigated at different relative humidity ratio (0–30%).
ig. 14 shows the influence of humidity content on the acetone

onversion: an increase of humidity content seems to have no
ignificant effect on the acetone conversion. The same behaviour
as been revealed in a previous study on the methyl ethyl ketone
MEK) photocatalytic oxidation [6]. The experimental set-up
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esityl oxide. The main intermediate products identified by GC/MS are written

annot deliver a relative humidity higher than 30% because
he water molecules could condense in the experimental set-up
nd high humidity content could damage the analytical system.
orontsov et al. [23] have studied the effect of humidity content

rom 700 to 20,400 ppm on the photocatalytic degradation rate
f acetone. They have mentioned a high decrease of degrada-
ion rate with humidity content ranging from 700 to 12,500 ppm.
n this present work, the effect of humidity content on the ace-
one conversion was investigated up to 30% corresponding to
3,000 ppm. In this case, the range studied seems to be suf-
cient in order to highlight a possible competitive adsorption
etween the pollutant and water molecules.

. By-products of acetone photocatalytic degradation

.1. Identification of acetone by-products

As by-products could be potentially more toxic for the human
ealth than the initial pollutant, identify and quantify them is
ecessary. It can be noticed that no gaseous intermediates have
een detected by FID in the gas phase at the reactor exit sug-
esting almost total mineralization. However, the used GC/FID
pparatus is not equipped with a COx detector: the detection
nd quantification of carbon dioxide cannot be highlighted dur-
ng the photocatalytic degradation of acetone. Reaction products
re condensed in a cool trap placed at the reactor exit. A mix-

ure of ethanol–liquid nitrogen was chosen at a temperature of
bout −50 ◦C for 90 min in order to accumulate and identify the
inor by-products at the reactor exit. This mixture was chosen

o prevent the trap of gaseous oxygen (bp = − 183 ◦C), which

b
[
l
a

chain reactions initiated by OH•. Possible formation of diacetone alcohol and
ld. Acetone = �H = H3C–CO–CH3.

ould jam the air flow. The photocatalytic process was realised
nder dry atmosphere to prevent the trap of water molecules. In
previous study, Vincent et al. [6] have demonstrated that the
roduction of gaseous intermediates seems to be more important
nder dry atmosphere. After accumulation, a restricted volume
f solvent (∼600 �L of pure acetone) has been used in order
o recover the trapped by-products. Then the liquid phase was
njected into the GC/MS apparatus as described in the Sec-
ion 2. In this present work, we have identified acetaldehyde,
ethyl alcohol, isopropyl alcohol, methyl ethyl ketone, ethyl

cetate, acetic acid, mesityl oxide and diacetone alcohol, as
he main intermediate products in gas phase. Fig. 15 shows
he typical chromatogram of the effluent obtained after ace-
one photocatalytic oxidation. Acetaldehyde, methyl alcohol,
sopropyl alcohol, methyl ethyl ketone, ethyl acetate, acetic acid,

esityl oxide and diacetone alcohol were detected at retention
imes of 18.9, 19.5, 30.5, 34.4, 35.1, 38.3, 44.3 and 48.2 min,
espectively. The relative abundance of by-products seems to
e in this order: diacetone alcohol > acetic acid > methyl ethyl
etone > methyl alcohol > other by-products. The peaks located
t retention times of 37.1 and 37.9 cannot be identified by the
S system. These by-products have very low concentrations and

heir quantification is impossible. No deactivation phenomenon
as been reported during the acetone photocatalytic degrada-
ion. It can be noticed that our annular photoreactor is not
quipped with a heating system allowing desorption of possi-

le by-products adsorbed at the TiO2 surface. Xu and Raftery
24] have identified diacetone alcohol, mesityl oxide, propy-
ene oxide and acetic acid, as the main intermediate products
t the TiO2 surface. Further Coronado et al. [25] have also
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ig. 18. Photocatalytic degradation pathway of acetone photodegradation on T
ritten in bold.

dentified by FTIR spectroscopy acetic acid, acetaldehyde and
ormic acid, as the possible main by-products at the TiO2 sur-
ace.

.2. Mechanism of the acetone photocatalytic degradation

Chain reactions initiated by photogenerated hydroxyl radicals
an control the acetone photocatalytic degradation: metathe-
is, addition, � scission, termination, etc. Upon irradiation,
alence band are promoted to the conduction band forming a
ositive hole behind. The positive holes can oxidize adsorbed
ater to produce hydroxyl radical. Acetone can react with
ydroxyl radical (OH•) at the TiO2 surface to form a dimethyl
arbonyl radical (H2C•–CO–CH3) via a metathesis reaction (H-
bstraction). This dimethyl carbonyl radical can be decomposed
y � scission with a cleavage of C–C bonds in order to produce
methyl radical (•CH3) and ketene (H2C C O) as illustrated

n Fig. 16. At low temperature, C–C � scissions are predomi-
ant because the C–C binding energy (∼85 kcal mol−1) is lower
han C–H binding energy (∼100 kcal mol−1). The formation of
cetic acid can be explained by the reaction of addition between
hydroxyl radical and ketene in order to form H2C•–COOH.
his radical can react with acetone (�H) or with TiO2 sur-

ace to produce acetic acid. The methyl radical (•CH3) can
ombine with OH• and H2C•–CO–CH3 to produce methyl alco-
ol and methyl ethyl ketone. Guillard [26] has mentioned the
ossible combination with different alkyl radicals in photo-
atalysis. In a previous study, it has been demonstrated that
cetaldehyde can be formed via the intervention of an ethyl
arbonyl radical (H3C–•C O) during the photocatalytic degra-
ation of MEK [6]. Raillard et al. [27] have mentioned the
ossible formation of esters during the photocatalytic process.
he ethyl carbonyl radical can react with molecular oxygen to
orm the ethyl carbonyl peroxy radical (H3C–C(O)OO•) which
an be converted to the acetate radical (H3C–C(O)O•). Ethyl
cetate can be ascribed to the reaction between the acetate
adical and the ethyl radical (Fig. 16). During the photocat-

t
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aldol condensation. The main intermediate products identified by GC/MS are

lytic oxidation of MEK, an ethyl radical (H2C•–CH3) can
e produced. This ethyl radical can combine with •CH3 to
orm propane. Propane can be attacked by hydroxyl radicals
o form a propyl radical (H3C–HC•–CH3) by metathesis, which
an combine with OH• in order to produce isopropyl alcohol
Fig. 16).

The dimethyl carbonyl radical (H2C•–CO–CH3) pre-
iously described can be added to acetone to form
3C–C(O)–CH2–C(CH3)2–O•, which can react with �H (ace-

one) in order to produce diacetone alcohol as illustrated in
ig. 17. Mesityl oxide can be ascribed to the dehydration product
f diacetone alcohol.

Diacetone alcohol can be also produced by an aldol con-
ensation (Fig. 18), which is an organic reaction in which
n enolate ion reacts with a carbonyl compound to form a
-hydroxyaldehyde or �-hydroxyketone. An enolate ion can
e formed by the chemical reaction between acetone and an
dsorbed hydroxyl group (OH−

ads) at the photocatalyst sur-
ace. Adsorbed hydroxyl groups can be formed by the following
eaction:

2O2ads + O2
•−

ads → OH•
ads + OH−

ads + O2ads (43)

H2O2 can be generated from OH• and HO2
• as follows:

OH•
ads → H2O2ads (44)

HO2
•

ads → H2O2ads + O2ads (45)

esityl oxide can be ascribed to the dehydration product of
iacetone alcohol. The photocatalytic degradation mechanism
f acetone seems to be adapted to explain the formation of minor
y-products after photocatalytic oxidation. In this present work,
e have only proposed a possible mechanism in order to explain

he formation of minor by-products in gas phase after accumula-

ion. The minor by-products can be effectively degraded in CO2
n several steps whose reaction pathways still are too complexes
o be explicated. Recently Tatsuma et al. [28] have mentioned

possible homogeneous reaction in photocatalysis by diffu-
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. Conclusion

In this study, the annular photocatalytic reactor has been
ssimilated to a plug flow reactor. An efficient photocatalytic
egradation of acetone on TiO2 P25 Degussa deposited on fibre-
lass has been observed. No limitation transfer (external and
nternal limitation) was found under the experimental condi-
ions. The Langmuir–Hinshelwood model has been shown to
ive a satisfactory fit to the experimental data. The rate of pho-
ocatalytic degradation increased with the average incident light
rradiance Ī0, being proportional to Ī0.38

0 . Humidity content
eems to have no influence on the rate of acetone degrada-
ion. The reaction by-products have been detected by GC/MS
fter an accumulation into a mixture at −50 ◦C for 90 min.
fter intermediates identification, a possible mechanism of ace-

one photocatalytic degradation has been established in order to
xplain the formation of the minor by-products.
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