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Photocatalytic oxidation of airborne contaminants appears to be a promising process for remediation of
air polluted by Volatile Organic Compounds (VOCs). In the present work, the photocatalytic oxidation of
gaseous 1-propanol has been investigated by using an annular photoreactor. The annular photocatalytic
reactor was modelled by a cascade of heightened elementary continuously stirred tank reactors. The
influence of several kinetic parameters such as pollutant concentration, incident light irradiance, contact
time and humidity content has been studied. The photocatalytic degradation by-products of 1-propanol
has been identified in the gas-phase by GC/MS. Propionaldehyde and acetaldehyde were found to be the
main gaseous intermediates. Propionaldehyde and acetaldehyde have been taken into account in a “two-
site model” to evaluate the possible competition of adsorption between 1-propanol and its by-products of
degradation. A mechanistic pathway is then proposed for the photocatalytic degradation of 1-propanol.

© 2008 Elsevier B.V. All rights reserved.

1. Introduction

1-Propanol is widely used as solvent, chemical intermediate,
ruminant feed supplement and flavour in foods. Emission of 1-
propanol via waste gases and wastewater occurs in industry, and
diffuse airborne emissions occur during the use of this compound.
Volatile Organic Compounds (VOCs) are well known to be malodor-
ous, toxic and VOC emissions contribute to global warming [1].
Vapour phase 1-propanol can provoke eye, nose and throat irrita-
tion. The irritation value seems to be about 400 ppm (1000 mg m~—3)
for an exposition from 3 to 5 min. 1-Propanol has threshold limit
value (TLV) in air of 200 ppm (500 mgm~3). The TLV is the max-
imum permissible concentration of a pollutant generally defined
in workplace atmospheres. A degradation process could be used to
reduce VOC emissions in workplace atmospheres.

Vapour phase 1-propanol is degraded in the atmosphere by
reaction with photochemically-produced hydroxyl radicals OH°.
Therefore, photocatalytic oxidation appears to be a possible
method of elimination [2]. Heterogeneous photocatalysis using
mainly titanium dioxide (TiO,) offers several advantages: (1) the
catalyst is inexpensive, (2) it operates at ambient temperature,
(3) the mineralization products are mainly CO, and H,O and
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(4) no other chemical reagent is needed [3]. The alcohol pho-
tocatalytic degradation is well known to produce by-products
in gas-phase or at the catalyst surface [4-13]. Recently, several
authors have studied the photocatalytic degradation of ethanol
in the gas-phase: doped TiO, (Fe, Pd and Cu) [5], TiO, P25 on
glass plate [14], incorporation of TiO, P25 onto polymers [10] etc.
Nimlos et al. [9] have investigated the photocatalytic degradation
of ethanol and have established the following reaction pathway:
ethanol — acetaldehyde — acetic  acid — formaldehyde — formic
acid — carbon dioxide. Chen et al. [15] and Arafa et al. [7]
have revealed that the corresponding carboxylic acid appears
as an intermediate of the selected alcohol degradation. Benoit-
Marquié et al. [8] have proposed the following degradation
mechanism during the 1-butanol photocatalytic degradation:
1-butanol — butanal — butanoic  acid — propionaldehyde and
1-propanol.

This work focuses on the photocatalytic degradation of 1-
propanol. The first part of this work consists summarizing the
results of the kinetic study carried out on this pollutant. Our annular
photocatalytic reactor was modelled by a cascade of continuously
stirred tank reactors (CSTR) in order to predict the 1-propanol con-
version and the by-product concentrations. A “two-site model” was
developed based on studies addressing multi-site binding of alco-
hols and other oxygenated hydrocarbons. In the second part of
this work, a possible mechanistic pathway has been established,
compared with results obtained by the authors previously quoted.
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Fig. 1. Schematic representation of annular photocatalytic reactor.

2. Experimental
2.1. Experimental set-up and procedure

The annular photocatalytic reactor was equipped with four
inlets and four outlets in order to ensure a good flow distribution
(Fig. 1). A fibreglass support (effective porosity £=0.95) impreg-
nated of TiO, Degussa P25 was inserted between two Pyrex glass
tubes with a thickness of 1.8 mm. This low thickness provides a
best contact between polluted air and photocatalyst. A commer-
cially Philips® TLD 18W/08 fluorescent tube is placed in the centre
of the unit offering the best conditions of light irradiance. It can
be noticed that the UV lamp has a spectral peak centred at about
365 nm. The fluorescent tube and the photocatalyst were separated
by aliquid filter in order to control both temperature and light irra-
diance during the degradation process. The light transmission was
attenuated by a specific nigrosine concentration in aqueous solu-
tion. The total diameter, the volume and the photoactive length of
the annular reactor were, respectively, 5.2 cm, 66.4 cm? and 25 cm.
The diameter of the space for the fluorescent tube was 30.5 mm. The
fibreglass support apparent area exposed to UV was 360 cm?2. The
experimental unit permits to generate a polluted air with a specific
VOC concentration and humidity content. The functioning of the
experimental set-up has been widely detailed in previous works
[16,17]. Several kinetic parameters can be tested on the photocat-
alytic degradation efficiency as initial concentration of pollutant,
light irradiance, contact time and humidity content.

The GC is a Hewlett Packard 5890 Series Il apparatus equipped
with a FID. The GC operational parameters were as follows: ana-
lytical column, Porapak Q column 1/8” (1 m) at 180 °C; carrier gas,
nitrogen and hydrogen at 20 and 10 mLmin~!; injected volume,
1cm3; FID detector at 250°C supplied with air/hydrogen at 300
and 60 mL min~!, respectively.

The by-products generated during the photocatalytic degrada-
tion of 1-propanol were identified by GC/MS. The intermediates
have been simply sampled with a gaseous syringe through a septum
at the photoreactor exit and directly injected into the GC/MS appa-
ratus. The GC/MS is an Agilent 6850 Series apparatus equipped with
a mass selective detector (MSD) Agilent 5973 Network. The GC/MS
operational parameters were as follows: analytical column, HP Plot
Q (30m x 0.32mm i.d.); carrier gas, helium at 1.5 mLmin~!; pro-
gram of temperature, 30°C for 10 min, 25°Cmin~! and 180°C for
20 min; temperature of injector, 250 °C (splitless); detector, MSD at
250°C.

2.2. Catalyst preparation

The catalyst consisted in TiO, P25 Degussa deposited on a
Sintomat® fibreglass support (250 mm x 144 mm). A single rect-
angular section of fibreglass support (360 cm?) was inserted inside
the photoreactor. From Fig. 2, the fibreglass support is like a mat
of thickness 1.8 mm, where fibre bundles of rectangular section

Fig. 2. Optical picture of fibreglass support.

300 wm x 40 um are randomly oriented. The catalyst deposition
followed a specific protocol more detailed in a previous work [18].
TiO, P25 Degussa was dispersed in an aqueous suspension adjusted
at pH 3 with nitric acid in order to prevent the titanium diox-
ide aggregation. The fibreglass support was impregnated with this
suspension. After complete evaporation of water, the support was
dried at 100°C for 1 h and fired at 475 °C for 4 h to ensure a good
adherence between catalyst and support. About 38 mg of TiO, was
deposited on fibreglass support.

3. Photocatalytic results and discussion
3.1. Annular photoreactor modelling

The residence time distribution (RTD) of a chemical reactor is a
description of the time that different fluid elements spend inside
the reactor. Experiments of RTD, using a pulse of hydrogen in the
feed detected at the photoreactor exit by a thermal conductivity
detector (TCD), revealed a cascade of eighteen elementary contin-
uously stirred tank reactors (J=18) as illustrated in Fig. 3. Details
about RTD can be obtained in previous works [17,19]. It is gener-
ally accepted that above a number of 20 elementary reactors, the
experimental reactor can be considered practically as a plug flow
reactor (PFR). In the case of continuously stirred tank reactors, the
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Fig. 3. Residence time distribution E(t,) of the annular photoreactor (J=18).
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Fig. 4. Typical effluent chromatogram with acetaldehyde, propionaldehyde (propanal) and 1-propanol (propanol) identified by GC/MS.

expression of RTD takes the following form [19]:

Jd—1 It /F
E(ty) (i) t/~" exp(-Jts /s)
g-m
where E(ts) is the residence time distribution, ts the time, J the total

number of continuously stirred tank reactors and s is the main
residence time.

(1)

S

3.2. Conversion and identification of by-products

A gas chromatograph equipped with a flame ionization detector
(FID)was used to follow 1-propanol concentration during photocat-
alytic oxidation. Finally the 1-propanol conversion X in the reactor
is expressed by the following equation:

x=1- Cou (2)
mn

where G, is the inlet and Coy: the outlet 1-propanol concentra-

tion, respectively. It is worthwhile to notice that all the obtained

results were measured after a defined stabilization period from 130

to 200 min.

The gaseous intermediates, produced during the photocatalytic
degradation of 1-propanol, were identified by GC/MS and were
quantified by GC/FID. Fig. 4 shows a typical chromatogram of
the effluent obtained after 1-propanol photocatalytic oxidation.
Acetaldehyde, propionaldehyde (propanal) and 1-propanol were
detected at 15.3, 17.3 and 18.9 min, respectively. It can be noticed
that Arafia et al. [4,6] have identified propionaldehyde, propionic
acid and acetaldehyde during the 1-propanol photocatalytic degra-
dation.

3.3. Effect of the 1-propanol concentration

The effect of initial pollutant concentration Cy on the photo-
catalytic rate was investigated in the range of 100-300 ppm. In
photocatalytic studies, kinetics of photodegradation are generally
expressed by the Langmuir-Hinshelwood (LH) model. Eq. (3) con-
siders that the adsorption of reaction intermediates and products

is not significant. In this present work, this expression was called
“simple LH model” [20]:

KC

r:km (3)

where ris the rate of photodegradation (ppm min~—1), k an apparent
kinetic constant (ppm min~!), K the adsorption constant (ppm~1!)
and C is the pollutant concentration (ppm). The evolution of the
1-propanol concentration and conversion through the annular pho-
toreactor, with J=18 CSTR, are defined by the set of ] mass balance
expressions:

1% kKC;
Cj—Cj—l—"?E {1+ch] (4)
C
X=1- C%) (5)
_ volume occupied by the flowing fluid _ Qy 7 6)
total volume of photorecator Ty

where Qy is the total volume flow rate, ¢ the effective porosity, C;
the outlet pollutant concentration of the reactor “j”, G;_; the inlet
pollutant concentration of the reactor *j”, C; the optimised pollutant
concentration at the photoreactor outlet, Cy the initial concentra-
tion and V is the total volume of photoreactor. The constants k and K
were adjusted via an optimisation program with a minimised value
of x2, which is defined as below:

Nexp

X = nexpilZ(C],i - C]exp,i)2 (7)
i=1

where nexp is the total number of experiments, (; the optimised
pollutant concentration at the photoreactor outlet, Cjex, the exper-
imental pollutant concentration at the photoreactor outlet and i is
the experiment number for a given initial concentration.

This expression (Eq. (3)) does not take into account possible by-
products. The following expression has been suggested to account
for reactions involving competition between two or more species
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on a single adsorption site:

KC
Sy S S—
1+KC+ 3" KCy

where Ky is the adsorption constant for by-product x and Cy the
concentration of by-product x in the gas phase. We only focus on
propionaldehyde and acetaldehyde as reaction intermediates.

Nimlos et al. [9] have studied the photocatalytic degradation of
ethanol and they have modified the adsorption model to include
the possibility of two adsorption sites. Spectroscopic studies have
demonstrated that alcohols and organic acids can dissociate upon
adsorption to TiO, to form RO~ and RO, ™~ groups. It has been sug-
gested that this occurs at oxygen bridging sites. It can be noticed
that this type of bonding is unlikely with aldehydes. Polar organic
compounds can form hydrogen bond to the OH groups on the TiO,
surface. In this case, the alcohols, acids and aldehydes could all
bind to these sites. In this present work, Type I site is assumed
suitable for the adsorption of alcohols and acids, while Type II site
can accommodate all of the organic compounds considered [21].
In this present work, we have only focused on the by-products
quantified in the gas phase. The “two-site model” can be written as
below:

Type I:

(8)

k
CH5CH,CH,0H— other products
Type II:
k k k
CH3CH,CH,OH—2 CH3CH, CHO—2> CH3 CHO—% other products

Therefore, the evolution of 1-propanol concentration through
the annular photoreactor, with J=18 CSTR, can be defined by the
set of  mass balance expression with the “two-site model”:

4 , e
Cj = Cf—l - SE(klel +ko6y) with6 = T(lcj’
K»G;
O = - 7 9)
1+KG + Kng + K4Cj
k1K1 G koK, G
Cj:qu—sL G 2K G ;
JQv |\ 1+ K G 14 K3G + K3C'j + K4C'

(10)

where 6] is the surface coverage of pollutant on the Type I site and
On the surface coverage of pollutant on the Type II site. Then the
evolution of propionaldehyde concentration through the annular
photoreactor, with J=18 CSTR, is defined by the following expres-
sion considering only the Type II site:

1% I€2K2C~
C = C 1 te
j JQu | 1+KG +K3C + KaCf
k3K3C{
e I . (11)
JQ/ | T+ K2G + K3C) + KaC

And the evolution of acetaldehyde concentration through the annu-
lar photoreactor, with J=18 CSTR, is defined as below considering
only the Type II site:

k3K3C{
"o n J
Cj = Cj—l +& }

JQy [1 +IaG + K3C) + KoY

v [ kaKaC }

10, |1 TKoG + KaC) + KaC) (12)

Table 1
Kinetic and adsorption constants

“Simple LH model” “Two-site model”

1-Propanol k1 =141.6 ppm min~! (Type I)
k=1024 ppm min~! =0.021 ppm!
K=0.014 ppm™! ky=870.2 ppm min~! (Type II)
K> =6.44ppm™!
Propionaldehyde k3 =2701 ppm min~! (Type II)
K3 =4.45 ppm™!

Acetaldehyde k=477 ppmmin-! (Type II)

K4=2118 ppm~!

Regular conditions used were: total volume flow rate, Q, =320 mLmin~"'; relative
humidity, RH = 10%; photoreactor temperature, Tg =30 °C; incident light irradiance,
Ip=1.076 mW cm~2; oxygen content, air (20 vol% O,). Effect of the initial concen-
tration on the 1-propanol and its by-product outlet concentrations after a 132 min
illumination time.

where Q is the total volume flow rate, ¢ the effective poros-
ity, G the outlet 1-propanol concentration of the reactor “j”, Gj_;
the inlet 1-propanol concentration of the reactor “j”, C]’ the out-
let propionaldehyde concentration of the reactor “j”, C ,_1 the inlet
propionaldehyde concentration of the reactor “j”, Cj” the out-
let acetaldehyde concentration of the reactor “j”, ¢y the inlet
acetaldehyde concentration of the reactor “j”, V the total volume
of photoreactor, k; an apparent kinetic constant for 1-propanol on
the Type I site, ky an apparent kinetic constant for 1-propanol on
the Type Il site, k3 an apparent kinetic constant for propionaldehyde
on the Type Il site, k4 an apparent kinetic constant for acetaldehyde
on the Type Il site, K; the adsorption constant for 1-propanol on the
Type I site, K, the adsorption constant for 1-propanol on the Type
Il site, K3 the adsorption constant for propionaldehyde on the Type
Il site and Kj is the adsorption constant for acetaldehyde on the
Type II site. Constants have been optimised via a minimisation of
x2 expressed as below:

2 -1 2
X™ = Nexp Z(Cjt_cjexpz +Z jexp1

i=1

+Z(C” Clopi)’ (13)

where neyxp is the total number of experiments, C; the optimised
1-propanol concentration at the photoreactor exit, Ciexp the exper-
imental 1-propanol concentration at the photoreactor exit, C]’ the
optimised propionaldehyde concentration at the photoreactor exit,

] exp the experimental propionaldehyde concentration at the pho-
toreactor exit, CJ” the optimised acetaldehyde concentration at the
photoreactor exit, C]”exp the experimental acetaldehyde concentra-
tion at the photoreactor exit and i is the experiment number.

The constant values optimised via solver program are sum-
marised in Table 1. In this present work, two different LH models
were used, a “simple LH model”, the other one corresponding to
“two-site model”. The 1-propanol conversion is also partially lim-
ited by the adsorption of intermediates on the catalyst surface and
the profile of 1-propanol does not strictly follow the rate form in
Eq. (3). The adsorbed intermediates can block the reactive sites at
the catalyst surface and can inhibit the photocatalytic degradation
of 1-propanol. Here, we found that a “simple LH model” was inade-
quate for fitting this 1-propanol conversion curve in Fig. 5 and that
best fit could be obtained if intermediates were included. It can
be noticed that the 1-propanol conversion decreases slightly with
an increase of illumination time. This trend could be attributed to
a possible reversible deactivation of photocatalyst, which is well
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Fig. 5. Effect of the initial concentration on the 1-propanol conversion after
a 132min illumination time. Regular conditions used were: total volume flow
rate, Q,=320mLmin~'; relative humidity, RH=10%; photoreactor temperature,
Tr =30°C; incident light irradiance, Ip = 1.076 mW cm~2; oxygen content, air (20 vol%
02).

known in this type of reaction or a photostationnary state estab-
lishment. For these reasons, the photocatalyst was regenerated
after each experiment in order to recover its initial activity. From
Table 1, it can be noticed that k, and k3 are higher than k4, which
suggests that the acetaldehyde degradation is slower than propi-
onaldehyde and 1-propanol. From Table 1, it can be also noticed
that K4 is higher than K, and K3 suggesting that the aldehyde
adsorption is more important than 1-propanol and propionalde-
hyde on the Type II site. The constant values optimised can explain
the possible accumulation of acetaldehyde at the TiO, surface
during the 1-propanol photocatalytic degradation. As by-products
could be potentially more toxic for the human health than the ini-
tial pollutant, identify and quantify them is necessary. The TLV
is the maximum permissible concentration of a material, gen-
erally expressed in ppm in air for some defined period of time
(often 8h, but sometimes for 40h per week over an assumed
working lifetime). 1-Propanol, propionaldehyde and acetaldehyde
have a TLV in air of 200 ppm (500 mg m—3), 20 ppm (48 mgm3)
and 100 ppm (180 mgm—-3), respectively. Fig. 6 deals with the
predicted outlet concentrations of 1-propanol, propionaldehyde
and acetaldehyde. It can be noticed that the outlet concentra-
tions seem to be well fitted with the constants optimised via
the “two-site model”. For a 300 ppm inlet concentration of 1-
propanol, the value obtained for the exit concentration (Coyt) of
propionaldehyde is higher than its TLV (1-propanol: Coyut/TLV=0.7;
propionaldehyde: Coyu/TLV =3.1; acetaldehyde: Coy/TLV = 0.4). This
photoreactor seems to be inefficient in our experimental conditions
for the photocatalytic degradation of 1-propanol, as it produces
intermediates more toxic than the initial pollutant. The inefficiency
of the photocatalytic reactor could be explained by the accumu-
lation of aldehydes at the TiO, surface. Thus the efficiency could
be improved with other experimental conditions such as a higher
contact time.

3.4. Effect of the incident light irradiance

The effect of the incident light irradiance on the 1-propanol
conversion was investigated in the range of 0.078-3.94 mW cm 2.
The incident light irradiance was measured by an UV-sensible
radiometer (VLX-365) and the 3W light power has been verified
by actinometry in a previous work [16]. The light transmission was

attenuated by a nigrosine solution in the temperature-regulated
bath. From Wang et al. [22], the kinetic constant is a function of
light irradiance as below:

1-Propanol (Type I):

ki = 1 x I§! (14)
1-Propanol (Type II):
k2 = ,32 X 18(2 (15)

Propionaldehyde (Type II):

ks = B3 x I3 (16)
Acetaldehyde (Type II):
k4 = 54 X 134 (17)

where B1, B2, B3 or B4 are rate constants independent of incident
light irradiance, Iy the incident light irradiance and o, o3, o3, 0ty
are kinetic orders with respect to I.

Consequently, the evolution of 1-propanol concentration
through the annular photoreactor, suggesting the adsorption on
two-sites and the possible competition with aldehydes, with J=18
CSTR, is defined by the set of ] mass balance expression with the
“two-site model”:

v B1 x I§1 x Ky G B2 x I$? x K>G;
787
Jjo, T+kG )7 T4 16+ KsC 1 KaC)

(18)

G=Gj1

Then the evolution of propionaldehyde concentration through the
annular photoreactor, with J=18 CSTR, is defined by the following
expression:

192 % K5 C;
Cf=Cf_]+8L B2 x I§? x K2G ]
J J ]Qv 1+K2CJ‘+K3C’J‘+K4CJ‘
v B3 x 133 x K3

—&— 19
1o | TH10G + K6C + Ko (19)
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Fig. 6. Effect of the initial concentration on the 1-propanol and its by-product out-
let concentrations after a 132 min illumination time. Regular conditions used were:
total volume flow rate, Q, =320 mLmin~'; relative humidity, RH=10%; photoreac-
tor temperature, Tz =30°C; incident light irradiance, Ip =1.076 mW cm~2; oxygen
content, air (20 vol% O,).
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And the evolution of acetaldehyde concentration through the annu-
lar photoreactor, with J=18 CSTR, is defined as below:

vl B3 x I§? x K3
1700 | T+1KG +KsC o+ KaC

"o
G=q

(23 1
v Ba x I§* x K4Cj

_ﬁ@'1+&q+@q+mq (20)

A plot of k versus Iy should be proportional to I§ and will allow the
two constants 8 and « to be determined (Fig. 7). The kinetic orders
are summarised in Table 2. It can be noticed that kq, k;, k3 and
k4 are proportional to I3-9! (1-propanol Type 1), 134! (1-propanol
Type 1), I3 (propionaldehyde Type 1I) and I3-1! (acetaldehyde
Type II), respectively. From Fig. 8, 1-propanol conversion rate
increases dramatically from 0.17 to 0.75 as the light irradiance
enhances from 0.078 to 3.94 mW cm~2. We found that a “two-site
model” was adequate for fitting the 1-propanol conversion curve
in Fig. 8. The kinetic order values were lower than 1, suggesting
that the rate of electron-hole formation exceeds the rate of pho-
tocatalytic oxidation, resulting in electron-hole recombination. It
can be noticed that at low light irradiance, r is a linear function
to Iy (first-order kinetic) [23]. At medium light irradiance, r is a

Table 2
Kinetic orders and adsorption constants

“Two-site model”

o1 =0.91 (Type )
Ky =0.021 ppm~!

oy =0.41 (Type II)
K> =6.44ppm™!

1-Propanol

Propionaldehyde a3 =0.15 (Type II)

K3 =4.45ppm™!

Acetaldehyde o4 =0.11 (Type II)

K4=2118 ppm~!

Effect of the incident light irradiance on the 1-propanol and its by-product outlet
concentrations after a 154 min illumination time. Regular conditions used were:
total volume flow rate, Q, =320mLmin~'; relative humidity, RH=10%; photore-
actor temperature, Tg =30°C; initial concentration, 1-propanol =400 ppm; oxygen
content, air (20 vol% O,).
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Fig. 8. Effect of the incident light irradiance on the 1-propanol conversion after
a 154 min illumination time. Regular conditions used were: total volume flow
rate, Q,=320mLmin~'; Relative humidity, RH=10%; photoreactor temperature,
Tr =30°C; initial concentration, 1-propanol =400 ppm; oxygen content, air (20 vol%
02).

linear function of 18-5 (half-order kinetic) [23]. From Fig. 9, it can
be noticed that the outlet 1-propanol concentration decreases
dramatically whereas propionaldehyde and acetaldehyde con-
centrations increase slightly as the light irradiance enhances
from 0.078 to 3.94mW cm~2. About 1-propanol, kinetic orders
are specific to site nature (Type I, «=0.91 and Type I, «=0.41).
In a previous study, Vincent et al. [24] have found that hydroxyl
radical recombination can occur in photocatalysis when «<0.5
without mass transfer limitations. The incident light irradiance
seems to have a low effect on the by-product concentrations.
By-products are generated on Type II sites via the following
pathway: 1-propanol — propionaldehyde — acetaldehyde — other
by-products. Their concentrations do not vary much compared
to 1-propanol concentration. The rate of appearance can be close
to the rate of disappearance explaining the low values of kinetic
orders (e and a3) obtained for propionaldehyde and acetaldehyde.
At maximum light irradiance with a 400 ppm inlet concentration of
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Fig. 9. Effect of the incident light irradiance on the 1-propanol and its by-
product outlet concentrations after a 154 min illumination time. Regular conditions
used were: total volume flow rate, Q, =320 mLmin~'; relative humidity, RH = 10%;
photoreactor temperature, Tg =30°C; initial concentration, 1-propanol =400 ppm;
oxygen content, air (20 vol% O3).
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Fig. 10. Effect of the residence time on the 1-propanol and its by-product outlet
concentrations after a 206 min illumination time. Regular conditions used were:
incident light irradiance, I =0.078 mW cm~2; relative humidity, RH=10%; photore-
actor temperature, Tg =30°C; initial concentration, 1-propanol =400 ppm; oxygen
content, air (20vol% O,).

1-propanol, about 75% of 1-propanol is converted, 92 ppm of propi-
onaldehyde and 84 ppm of acetaldehyde are produced in gas phase.
The photocatalytic reactor seems to be inefficient, as it produces
intermediates more toxics than the initial pollutant (1-propanol:
Cout/TLV=0.5; propionaldehyde: Cou/TLV=4.6; acetaldehyde:
Cout/TLV=0.8). As previously indicated, the photoreactor
efficiency could be improved with other experimental condi-
tions such as a higher contact time. From Fig. 9, we can show that
the outlet concentrations seem to be well fitted by the “two-site
model”.

3.5. Effect of the contact time (gas flow)

The effect of contact time on 1-propanol, propionaldehyde and
acetaldehyde outlet concentrations were investigated in the range
of 25.2s (150mLmin~') to 11.8s (320mLmin~!). From Fig. 10,
we can observe that 1-propanol outlet concentration decreases
from 400 to 200 ppm as the contact time is enhanced from 11.8 to
25.2s. The propionaldehyde and acetaldehyde outlet concentra-
tions seem to be well fitted by the previously established model.
However, the predicted 1-propanol outlet concentration is not well
fitted by the “two-site model”. This shape can be attributed to a
possible competition of adsorption between 1-propanol and other
by-products on the same adsorption site. Arafa et al. [4,6] have
mentioned the formation of propionaldehyde, propanoic acid and
acetaldehyde during the 1-propanol photocatalytic degradation.
Nimlos et al. have [9] investigated the photocatalytic degradation of
ethanol and they have established the following reaction pathway:
ethanol — acetaldehyde — acetic  acid — formaldehyde — other
products. Here we can consider that 1-propanol is degraded via
the same sequence: 1-propanol — propionaldehyde — propanoic
acid — acetaldehyde — other products. Several authors suggests
that Type I site can accommodate only alcohols and acids and
that Type II site can accommodate all of the organic compounds
considered. In our case, we have only detected propionaldehyde
and acetaldehyde in the gas phase. No qualitative and quantitative
measurements are available on the propanoic acid formation in
the gas phase. The absence of propanoic acid can be explained
by its strong adsorption on the photocatalyst surface. Propanoic
acid could be present in gas phase at very low concentrations
and therefore not detectable by FID or GC/MS. An alteration to

photoreactor must be made in order to highlight the possible
formation of propanoic acid at the TiO, surface.

3.6. Effect of the humidity content

Humidity content is well known to possess a key role in pho-
tocatalytic reactions. Consequently, it has been important to study
the effect of humidity content on the 1-propanol conversion and
on the selectivity of gaseous by-products. Selectivity (S) of propi-
onaldehyde and acetaldehyde, which is based on carbon balance,
is, respectively, defined as below:

[propionaldehyde]

Spropionaldhyde = [propanol]OX P CHBCH2CH20H
— CH3CH,CHO (propionaldehyde) (21)
acetaldehyde
Sacetaldehyde = M, CH3CH,CH,OH
5 [propanol]pX
— 3CH3CHO (acetaldehyde) (22)

where [propionaldehyde] is the concentration of propionalde-
hyde produced, [propanol]y the inlet 1-propanol concentration,
[acetaldehyde] the concentration of acetaldehyde produced and X
the 1-propanol conversion.

The effect of humidity content on the 1-propanol conversion and
the by-product selectivity was investigated in the range of 0-30%.
The experimental constraints used (volumetric flow rate in each
way, thermostatic bath temperature, reactor temperature etc.) can-
not deliver a relative humidity higher than 30%. From Fig. 11, it can
be noticed that humidity content has a positive effect on 1-propanol
conversion. Here we can see that 1-propanol conversion increases
from 24 to 62% as the humidity content increases from 0 to 30%.
Humidity content can improve the by-product abatement as the
propionaldehyde and acetaldehyde selectivity decreases from 47
to 18% and from 10 to 3.6%, respectively. The hydroxyl radicals are
known to be strong oxidants and they contribute to an increase in
1-propanol conversion in the presence of water vapour. The water
molecules can be transformed into hydroxyl radicals (OH*) by react-
ing with the photogenerated holes (h*) or superoxide radical (O5*~)
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Fig. 11. Effect of water vapour on the 1-propanol conversion and the selectivity of its
by-products after a 176 min illumination time. Regular conditions used were: total
volume flow rate, Q, = 180 mLmin~'; incident light irradiance, Iy =0.078 mW cm~2;
relative humidity, Tr =30°C; initial concentration, 1-propanol=400 ppm; oxygen
content, air (20 vol% O,).
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at the photocatalyst surface via the following reactions:
h* +H,0 — OH* + H* (23)
20,°~ +2H,0 — 20H* + 20H™ +0, (24)

Benoit-Marquié et al. [8] and Pillai and Sahle-Demessie [13] have
mentioned no significant effect of water vapour on alcohol pho-
todegradation.

3.7. Mechanism of the photocatalytic degradation of 1-propanol

From Arafia et al. [4,6], the photocatalytic degradation of
aliphatic alcohols has been described by two different mechanisms
which lead to the same result: (a) the combined attack of OH® rad-
icals and oxygen and (b) the adsorbed alcoholates reaction with
holes. In this present work, the mechanism (a) has been chosen.
Several mechanisms on TiO, at the gas-solid interface are used
to describe the photocatalytic degradation of alcohols. Here we
have used the literature on mechanisms of homogeneous gas-phase
reactions. The well-known homogeneous mechanisms have been
used as a first approximation to explain the major by-products
formation at the catalyst surface. Nimlos et al. [9] have used this
approach to explain the products from the photocatalytic oxidation
of chlorinated ethylenes.

Nimlos et al. [9] have mentioned the possible formation of
ethanol radical in aqueous-phase during the photocatalytic degra-
dation of ethanol. This remark can be used to explain the possible
formation of the 1-propanol radical. Adsorbed 1-propanol can react
with a hydroxyl radical (OH*) to produce the 1-propanol radical as
below [25]:

CH3CH,CH,;0H + OH* — CH3CH,CH®*OH + H,0 (25)

The 1-propanol radical can react with oxygen to form propionalde-
hyde via the following equation [26]:

CH3CH,CH*OH + 0, — CH3CH,CHO + HO,* (26)

The 1-propanol radical can be also decomposed by S scission with
a cleavage of O—H bond in order to produce propionaldehyde and
hydrogen radical:

CH3CH,CH*OH — CH3CH,CHO + He (27)

In this present work, we have identified propionaldehyde as
gaseous intermediate during the photocatalytic degradation of 1-
propanol. Arafia et al. [4,6] have also mentioned the formation
of propionaldehyde during the photocatalytic degradation of this
aliphatic alcohol. Then propionaldehyde can be directly oxidized
by OH* to form a carbonyl radical [27] which can react with oxygen
through the following series of reactions [28,29]:

CH3CH,CHO + OH* — CH3CH,C*O + H,0 (28)
CH3CH,C*0 + 0O, — CH3CH,C(0)00" (29)
2CH;CH,C(0)00* — 2CH3CH,C(0)0* + O (30)

The carboxylate radical (CH3CH,C(0)0*) can be decomposed by 8
scission with a cleavage of C—C bond in order to produce an ethyl
radical and carbon dioxide:

CH3CH,C(0)0* — CH3CH,® + CO, (31)

The formation of carbon dioxide has been highlighted by a
homemade microreactor of methanation during the photocatalytic
degradation of 1-propanol. However, for a reliable quantification of
carbon dioxide, a chromatographic apparatus should be equipped
with two distinct specific analytical columns and FIDs. In this
present study, the detection of carbon dioxide was realised at 30°C

with the same used-Porapak Q column for the quantification of 1-
propanol. With this low oven temperature, 1-propanol is strongly
adsorbed on the stationary phase of the analytical column involving
a deterioration of the stationary phase and a quantitative determi-
nation of carbon dioxide.

Propionaldehyde can react with OH* to form propanoic acid
through the following series of reactions:

CH3CH,CHO + OH* — CH3CH,CHOHO® (32)
CH3CH,CHOHO®* + O, — CH3CH,;COOH + HO,* (33)

Here we have not observed propanoic acid in gas phase whereas
Arafa et al. [4,6] have mentioned its formation during the photo-
catalytic degradation of 1-propanol. The absence of propanoic acid
can be explained by a strong adsorption on the photocatalyst sur-
face. Nimlos et al. [9] and Benoit-Marquié et al. [8] have identified
butanoic acid and acetic acid during the photocatalytic oxidation
of 1-butanol and ethanol, respectively. It has been described that
carboxylic acids are known to react by the photo-Kolbe mechanism
with holes (RCH,COOH +h* — RCH,* + CO, ). Propanoic acid can be
directly oxidized by holes to form a propanoate radical. This radical
is decomposed by 8 scission with a cleavage of C—C bond in order
to produce the ethyl radical and carbon dioxide:

CH3CH,COOH + h* - CH3CH,COO0* + H* (34)
CH3CH,CO0* — CH3CH,* + CO, (35)

The ethyl radical can react with molecular oxygen to form the ethyl
peroxy radical which can also be converted to the ethoxy radical by
reactions with peroxy groups [30]:

CH3CH»* + O, - CH3CH,00° (36)

Then the ethoxy radical can react with molecular oxygen to produce
acetaldehyde and hydroperoxy radical via the following reactions
[31,32]:

2CH;3CH,00° — 2CH;CH,0° + 05 (37)
CH3CH,0* + 0, — CH3CHO + HO,* (38)

Arafia et al. [4,6] have mentioned the formation of acetalde-
hyde during the photocatalytic degradation of 1-propanol. Several
authors have detected esters which could be formed by the reac-
tions of alcohols with carboxylic acids [9]. In this present work, no
esters have been detected. It can be noted that the annular photore-
actor is not equipped with a heating system allowing desorption of
by-products adsorbed at the TiO, surface. The proposed mecha-
nism seems to be adapted to explain the formation in gas phase of
major by-products after photocatalytic oxidation of 1-propanol.

4. Conclusion

In this present work, we have adjusted the photodegradation
rate to fit the destruction data for each compound, and we have used
adsorption parameters determined previously (see Section 3.3) in
order to predict the outlet concentrations. It has been demonstrated
that the “simple LH model” was inadequate for fitting the 1-propanol
conversion curve and thatbest fit could be obtained ifintermediates
were included. We have introduced the possibility of two adsorp-
tion sites: Type I site can accommodate only alcohols and acids
and that Type II site accommodate all of the organic compounds
considered.

The effect of initial concentration of pollutant was investigated
and we found that the “two-site model” was adequate for fitting the
1-propanol, propionaldehyde and acetaldehyde curves. The effect
of contact time on 1-propanol, propionaldehyde and acetaldehyde
outlet concentrations was also investigated. It has been observed
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that the 1-propanol outlet concentration is not well fitted by the
“two-site model” only for Fig. 10. Nevertheless, the propionalde-
hyde and acetaldehyde outlet concentrations seem to be well fitted
by the “two-site model”. A possible competition of adsorption 1-
propanol and other by-products could take place on the same
adsorption site. Several authors have reported the formation of
carboxylic acids during the photocatalytic degradation of alcohols.
A more complicated model, where propionic acid is taken into
account, could be developed in order to obtain better results but
no qualitative measurements are available on the propanoic acid
formation in the gas phase because this specie is known to be very
sticky and often at very low concentrations due to the high adsorp-
tion at the TiO, surface [9]. We have showed that humidity content
increase enhanced the 1-propanol conversion and decreased the
by-products selectivity.

Nevertheless, the proposed mechanism seems to be well
adapted to explain the formation in gas phase of major by-
products after photocatalytic degradation of 1-propanol. We have
shown that the photocatalytic degradation of 1-propanol produced
gaseous propionaldehyde and acetaldehyde which are more toxic
than the initial pollutant. The photoreactor efficiency could be
improved in order to reduce the by-product concentrations with
other experimental conditions such as a higher contact time.
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