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VOC photodegradation at the gas–solid interface of a TiO2 photocatalyst
Part I: 1-butanol and 1-butylamine
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Abstract

The gas–solid heterogeneous photocatalytic oxidation of 1-butanol and 1-butylamine in air was investigated using supported TiO2 as
a catalyst. The supported catalyst was prepared using a sol–gel method and irradiated employing two different light sources, a medium
pressure mercury lamp or a xenon-chloride excimer lamp. The experimental set-up was especially designed for generating a gas stream
containing stable and defined concentrations of the model pollutants. The gas stream at the reactor exit was analyzed on line by gas
chromatography and the structures of the intermediates were established by gas chromatography coupled with mass spectrometry. Six
major intermediates (butanal, butanoic acid, 1-propanol, propanal, ethanol and ethanal) were identified in the case of the photocatalytic
degradation of 1-butanol. 1-Butylamine was less efficiently adsorbed on the catalyst and its degradation was slower. Three intermediates
could be identified in this case (N-butylidene-1-butylamine,N-ethylidene-1-butylamine andN–butylformamide). Based on these results,
a degradation mechanism is proposed for both compounds. Mineralization could be achieved under various conditions of concentrations
and flow rates and was confirmed by infrared spectroscopy. © 2000 Elsevier Science S.A. All rights reserved.
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1. Introduction

Remediation of volatile organic compounds (VOC) has
become a major area of investigation in environmental pro-
tection during the last decade. Adsorption (on activated car-
bon or zeolites) or scrubbing are the most current recovery
processes but further treatments are required to regenerate
the supports and dispose off the organic matter. Complete
degradation of toxic organic contaminants may only be
achieved by incineration or chemical treatment. Photochem-
ical degradation processes (also referred to as advanced ox-
idation processes, AOP) have become increasingly popular
as alternative or complementary treatments [1,2]. Several
AOPs have been investigated for VOC abatement, including
UV photolysis, H2O2/UV, O3/UV, H2O2/O3/UV (see e.g.,
[3–5]) photocatalysis [2] and more recently, vacuum ultra-
violet (V-UV) photolysis using a new type of light sources
(Xe-excimer lamps) [6–8]. Solid–gas phase heterogeneous
photocatalysis using TiO2 has attracted considerable inter-
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est for VOC removal, in particular due to the possible use
of solar radiation, and numerous applications have been
proposed [9–11]. A large variety of organic compounds
may be oxidized by TiO2 photocatalysis in the presence of
molecular oxygen. For instance, Péral and Ollis [12] studied
in a project on air quality the photocatalyzed oxidation of
oxygenated compounds, such as acetone, 1-butanol (BU),
butanal, formaldehyde andm-xylene, detected at working
places (offices, workshops). Suzuki [13] applied photocat-
alytic oxidation to achieve elimination of odors and studied,
in particular, the degradation of organic compounds such
as ethanal, butanoic acid, toluene, methylmercaptan, tri-
ethylamine. We have been interested in the photocatalytic
degradation of aliphatic compounds bearing an alcohol or
amine function and we have chosen BU and 1-butylamine
(BA) as model compounds. The first authors who studied
the degradation of BU could only identify butanal as an
intermediate [14,15]. Blake and Griffin [14] proposed the
parallel formation of butene. However, this hypothesis was
invalidated by the work of Peral and Ollis who could not
detect this compound, and the mechanism for the oxidative
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226 F. Benoit-Marquíe et al. / Journal of Photochemistry and Photobiology A: Chemistry 132 (2000) 225–232

degradation of BU by photocatalysis has not been estab-
lished so far. Up to now, very few studies have been carried
out on amines and none of them suggests a degradation
mechanism [16]. In this work, photocatalytic degradation
of BU and BA was performed using two different types
of light sources: a medium pressure mercury arc (poly-
chromatic irradiation) and a xenon-chloride excimer lamp
emitting at 308 nm. Experimental conditions for complete
degradation of these substances were established and a
reaction mechanism is proposed.

2. Experimental details

2.1. Experimental set-up

A schematic representation of the experimental set-up
used for performing photocatalytic degradation processes at
the solid–gas interface is given in Fig. 1. It includes three
parts: generation of a defined gas mixture containing the or-
ganic substrate, photochemical reactor and on-line analyti-
cal equipment.

The gas mixture containing a defined and stable concen-
tration of the compound used as a model pollutant (BU and
BA) was generated using a diffusion cell [17]. This cell
consisted of a reservoir containing the pure (liquid) pollut-
ing agent and linked to a mixing flask by means of a cap-
illary tube of characteristic diameter and length. Reservoir
and capillary tube were both immersed in a thermoregulated
bath. The flow rate of the gas stream (synthetic air, N2/O2,
80/20, Air Liquide, France) was electronically controlled by
a massic flowmeter (Brooks® 5800, Lyon Vannes et Rac-
cords, France) before being loaded with a defined amount
of pollutant by passing through the mixing flask. The tem-
perature of the thermoregulated bath, the gas flow rate and
the geometric characteristics of the capillary tube determine
the concentration of pollutant in the mixture [18]. For each
pollutant, a specific cell was built and calibrated by weigh-
ing. The flow rate of the air stream was varied from 10 to
34 ml min−1, corresponding to residence times in the pho-
tochemical reactor of 6 and 1.7 min, respectively. The pol-
lutant concentration was varied from 900 to 5000 mg m−3.

Fig. 1. Scheme of the experimental set-up.

The diffusion cell exit was linked to a continuous flow
annular Pyrex reactor of 19.8 cm height, 4.1 cm external di-
ameter and 3 cm internal diameter. The reactor could be
used with two different types of lamps inserted in its cen-
tral axis. Irradiations were carried out using either a medium
pressure mercury lamp (TQ 150, Heraeus Noblelight, Ger-
many), cooled by a slow stream of compressed air, or a
xenon-chloride (XeCl) excimer lamp [19,20] of 25 cm in
length and 3 cm of external diameter. The latter lamp emits
a quasi-monochromatic radiation centered at 308 nm and
is plugged into a ENI Model HPG-2 power supply oper-
ated at 150 W of electrical power and at a frequency of
200–220 kHz. When the excimer lamp was in use, the ex-
ternal tube of the lamp (Suprasil quartz) replaced the in-
ternal tube of the annular reactor. Incident photonic rates
were determined by actinometry using potassium ferriox-
alate as an actinometer [21,22]. A value of 1.6×1019 pho-
ton s−1 was obtained for the excimer lamp. The total rate
of photons emitted by the Hg mercury arc (between 240
and 600 nm) was 1.1(±0.1)×1019 photon s−1. However, a
Pyrex internal tube was used in the reactor and radiations of
wavelength higher than 380 nm are not able to excite TiO2.
Therefore, the incident photon rate which may be absorbed
by the photocatalyst (between 300 and 380 nm) was only
5.0(±0.5)×1018 photon s−1 The temperature in the photo-
chemical reactor was continuously monitored using a tem-
perature sensor (HI 92804, HANNA Instruments) and was
stable at approximately 30◦C.

The tubing used for the various connections was ei-
ther in copper or in PFA (Perfluoroalkoxy, Lyon Vannes
et Raccords, France) and Swagelock joints (Lyon Vannes
et Raccords) were employed.

2.2. Catalysts and chemicals

Supported catalysts were prepared in our laboratory from
an amorphous TiO2 gel deposited on porous quartz cylin-
drical beads (diameter=1.5 mm, length=10 mm) [23]. The
specific surface area of the catalyst was 80 m2 g−1. An array
of 38 photocatalytic beads (total TiO2 mass of 107 mg) fixed
on a non-porous quartz mesh (Coton Textiles pour Materi-
aux Innovants, France) was inserted into the reactor around
the lamp well before each experiment. After irradiation, the
catalysts were thermally regenerated (450◦C). BU (99.9%)
and BA (99%) were purchased from Aldrich and Prolabo,
respectively, and used without further purification.

2.3. Analyses

The reactor exit was linked to a gas chromatograph
(GC, Chrompack 9001) allowing continuous monitoring
of gaseous products leaving the reactor. Injections were
made using a 2.5 ml automatic injection loop heated up to
120◦C. The GC was equipped with a CP-Sil-5 CB column
(Chrompack) of 25 m length and 0.32 mm internal diameter.
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Helium was used as a carrier gas. The injector tempera-
ture was 250◦C and the flame ionization detector (901A
Chrompack) was maintained at 300◦C. The temperature
gradient was fixed at 20◦C min−1 between 40 and 200◦C,
with initial and final periods of 5 and 1 min, respectively.
Some of the intermediates were also identified by GC-MS,
using a Hewlett–Packard 5892 series 2 GC (column GE
BPX5, 50 m, 0.22 mm, 0.25mm) coupled to a mass spec-
trometer (Hewlett–Packard 597 lA). CO and CO2 were
detected by infrared spectroscopy (Perkin–Elmer 1760-x,
DTGS detector). For this purpose, the gaseous sample was
led through a 90 ml cell with CaF2 windows.

3. Results and discussion

3.1. Adsorption

Adsorption of the pollutant is required for an efficient
photocatalytic oxidation. We have therefore investigated the
adsorption of gaseous BU and BA onto the TiO2 catalytic
beads (see Section 2.1 for the experimental set-up). This
study was carried out in the photochemical reactor for vari-
ous gas flow rates and pollutant concentrations. The evolu-
tion of the concentrations of BU and BA detected by GC in
the gas stream at the reactor exit is shown in Fig. 2 (points
at zero time correspond to the concentrations of pollutant in
the gas stream at the entrance of the photochemical reactor).

Adsorption of both compounds was very efficient within
the ranges of concentration and flow rate investigated, and
was even more efficient for BU than for BA. Using the
lowest flow rate (10 ml min−1), the gas at the reactor exit
did not contain any pollutant for 200 or 700 min in the case
of BU and for 300 or 500 min in the case of BA (for gas
phase concentrations of 5000 or 1500 mg m−3, respectively).
The corresponding saturation time was then approximately
900 or 2200 min for BU and about 1000 or 1600 min for
BA. At higher flow rates (34 ml min−1), the gas stream at
the reactor exit contained some contaminant from the very

Fig. 2. Adsorption of BU and BA by an array of photocatalytic beads:
evolution of pollutant concentration at the reactor exit as a function of
time (gas flow rate: 10 ml min−1); concentrations at reactor entrance:
[BU]=1500 mg m−3: open circles; [BU]=5000 mg m−3: open squares;
[BA] =1500 mg m−3: dashes; [BA]=3200 mg m−3 open triangles.

beginning of the experiment. Under these conditions, the
catalyst saturation time was shorter, 500 to 1200 min for
BU (depending on the concentration) and 200 min for BA
(5000 mg m−3).

These results confirm the good adsorbing properties of
the catalytic beads prepared [23] and show the efficient ph-
ysisorption of BU and BA. The arrangement of the beads
fixed onto the quartz mesh folded around the lamp well (Sec-
tion 2.2) appears to be favorable. The amount of adsorbed
pollutant at catalyst saturation depending on the nature of
the compound, a maximum of 25 mg of BU and of 18 mg
of BA could be adsorbed on the array of 38 catalytic beads
under he experimental conditions used.

3.2. Photocatalytic degradations

Photocatalytic degradation experiments were carried out
using a medium pressure mercury arc, but also, for the first
time in the context of gaseous pollutant degradation, using a
XeCl excimer lamp emitting at 308 nm. The electrical power
of these two lamps is similar (Section 2.1), but in the case of
the excimer lamp, the incident radiant power is concentrated
within a narrow mission band at a favorable wavelength for
absorption by TiO2. The experiments were performed with
thermally treated catalytic beads. Irradiation was started at
the same time as the gas stream was introduced into the pho-
tochemical reactor, i.e. under conditions where the catalytic
beads were not saturated with the model pollutant prior to
irradiation. Therefore, irradiation times longer than needed
for reaching adsorption equilibrium (Section 3.1 and Fig. 2)
were used.

3.2.1. Irradiations using a medium pressure mercury arc
Under conditions of lowest concentration and flow rate,

BU was totally mineralized (Fig. 3). FTIR study revealed
only the presence of CO2 and water vapor at the reactor exit
and no products could be detected on the catalytic beads.
Irradiation was carried out during 3000 min for controlling
the continuity of the catalyst performance leading to total

Fig. 3. Photocatalytic degradation of BU (open circles) and of BA
(crosses): pollutant concentrations at the reactor exit as a function of ir-
radiation time (medium pressure Hg arc, 1500 mg m−3 of pollutant in gas
stream at reactor entrance, gas flow rate: 10 ml min−1.
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degradation of BU. Under the same conditions of concentra-
tion and flow rate, BA was not completely mineralized but a
stationary state was reached after 1000 min, corresponding
to 80% degradation.

When flow rate and concentration were increased
(34 ml min−1 and 3200 or 5000 mg m−3), rates of conver-
sion decreased to 50% for BU and 30% for BA. This is due
to the fact that a lower fraction of the starting material could
be adsorbed on the catalytic beads (Fig. 2). A less efficient
adsorption on TiO2 also explains the slower degradation
of BA compared to BU. The fact that stationary states are
reached during photodegradation indicates that degradation
rates are larger than desorption ones (adsorption–desorption
equilibrium).

3.2.2. Irradiation using a XeCl excimer lamp
A higher efficiency of photodegradation should be ob-

served when using the XeCl excimer lamp, due to the higher
incident photonic rate emitted by this lamp in the wave-
length range of TiO2 absorption (Section 2.1). Therefore the
experiments were performed under the less favorable condi-
tions, i.e. for highest pollutant concentrations and gas flow
rate. As expected, the conversion rates were found to in-
crease significantly, from 50 to 85% for BU, and from 30
to 60% for BA (Fig. 4). The efficiency of TiO2 photocatal-
ysis may, hence, be significantly improved by replacing a
medium pressure Hg arc by a XeCl excimer lamp of com-
parable size and electrical power.

3.3. Identification of intermediates and mechanism:
1-butanol

In order to establish the mechanism of the photocatalytic
degradation of BU and BA, the evolution of the concentra-
tions of the substrate and of the intermediates was followed
by gas chromatography at the reactor exit during irradiation.
However, in contrast to experiments described in Section 3.2,
irradiation was started only after saturation of the catalytic

Fig. 4. Photocatalytic degradation of BU (triangles) and BA (circles):
pollutant concentrations at the reactor exit as a function of irradiation
time; open symbols: XeCl excimer lamp; full symbols: medium pressure
Hg arc (5000 mg m−3 of pollutant in gas stream at reactor entrance, gas
flow rate: 34 ml min−1).

Fig. 5. Chromatogram obtained during the photocatalytic degradation
of BU (1500 mg m−3 in gas stream at reactor entrance, gas flow rate:
10 ml min−1, catalytic beads saturated with BU before irradiation).

beads by the pollutant, so that significant amounts of pollu-
tant and intermediates reached the reactor exit. Quantitative
determinations could be made under the following condi-
tions: [BU]=1500 mg m−3, [BA]=3200 mg m−3, flow rate:
10 ml min−1. Irradiations were performed using the medium
pressure Hg arc.

3.3.1. Intermediates of the photocatalytic degradation of
1-butanol

Two compounds were previously detected and identified
during investigations on the photocatalytic degradation of
BU in the gas phase (see Section 1): butanal [12,14,15] and
1-butanoic acid [12]. During this work, five main products
and five other compounds in trace amounts could be iden-
tified by GC analysis of the gas stream at the reactor exit
(Fig. 5). The following main intermediates were formed: bu-
tanal, ethanal, propanal, 1-propanal, and butanoic acid (iden-
tified by GC-MS). In order to verify that butanal was the first
intermediate in the reaction sequence of the photocatalytic
degradation of BU, degradation of butanal was carried under
the same conditions as used for BU. The same diffusion cell
was used for both compounds since they have similar phys-
ical characteristics. The four other main intermediates al-
ready identified in the case of BU were again present, as well
as the five products already observed as traces during BU
degradation. One of the latter products could be identified as
ethanol. Identifications were performed using GC-MS and
confirmed by injection of original samples. GC-MS analy-
sis did not show the presence of any traces of butane during
the photocatalytic degradation of BU, in contrast to the as-
sumptions of Blake and Griffin [14] and in agreement with
the conclusions of Péral and Ollis [12]. Alcohol dehydra-
tion was not observed either during gas-phase heterogeneous
photocatalytic oxidation of ethanol [24].

Fig. 6 shows the evolution of the concentrations of BU
and of the main degradation intermediates in the gas stream
at the reactor exit as a function of irradiation time. It should
be noted that the evolution of concentrations as shown in
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Fig. 6. Variation of the concentrations of BU (full triangles), butanal
(open circles), 1-propanol (open diamonds), propanal (open triangles) and
ethanal (full squares) in the gas stream at the reactor exit during the
photocatalytic degradation of BU (1500 mg m−3 in gas stream at reactor
entrance, gas flow rate: 10 ml min−1, catalytic beads saturated with BU
before irradiation).

Fig. 6 does not represent the actual conversion rate in the
photochemical reactor. Under the experimental conditions
used, the BU concentration decreased quickly and stabilized
itself close to zero after 300 min. This stationary state was
maintained for more than 3200 min.

At the beginning of the irradiation and during approxi-
mately 50 min of irradiation, the BU concentration at the
reactor exit was higher than in the entering gas stream. This
excess of BU can only be explained by partial desorption
of this compound, adsorbed on the catalytic beads during
the saturation process prior to irradiation. This desorption
might be the consequence of a temperature increase, when
the lamp was in operation, and/or irradiation might induce a
photo-desorption phenomenon [25]. The concentrations of
the intermediates (ethanal, propanal and butanal) also ex-
ceeded the concentration of BU in the entering gas stream
(1500 mg m−3, Fig. 6). It should be noted that the amount
of BU adsorbed on the saturated catalytic beads before irra-
diation was high enough (25 mg) so that such a result was
not unexpected.

Aldehydes desorbed faster than the corresponding alco-
hols. They were present in sufficient amounts at the reactor
exit to be easily quantified, whereas the concentration of
1-propanol was very low and ethanol was only identified in
trace amounts (Fig. 6). It was shown previously that alcohols
and acids bind more efficiently to TiO2 surfaces than alde-
hydes, e.g. the maximum amount of acetaldehyde adsorbed
(mol g−1 of catalyst) was half the value for ethanol or acetic
acid [24]. This result was interpreted in terms of a stronger
binding of alcohols and carboxylic acids to the catalyst
surface due to deprotonation upon adsorption at oxygen
bridging sites [26]. In our experiments, butanal was present
in large amount in the gas stream at the reactor exit at the
beginning of the irradiation, its concentration decreasing
to reach a stationary value of approximately 135 mg m−3

after 300 min of irradiation. Its decrease followed a pattern
similar to that of BU, confirming that butanal is the first
intermediate of the degradation of BU (Section 3.3.1). The
concentration profiles of 1-propanol, propanal and ethanal
are of the same type: their concentration increased during
irradiation to reach a maximum (after 80, 100 and 170 min,
respectively) and decreased to trace amounts after approx-
imately 600 min of irradiation. Within experimental error,
the stationary levels of BU and of the intermediates were
independent of the fact that the catalytic beads were or not
saturated with the substrate before irradiation.

3.3.1.1. Effect of water vapor.When the air stream was
saturated with water vapor before entering the BU diffusion
cell, saturation of the catalytic beads was faster, indicating
that water adsorbs efficiently on the catalytic beads. How-
ever, although water occupies adsorption sites at the expense
of the substrate, no significant effect on BU photodegrada-
tion was observed, as far as the stationary degradation level
and the nature of the intermediates were concerned. Sim-
ilar results were obtained by other authors in the case of
trichloroethylene [27,28].

3.3.1.2. Importance of molecular oxygen.Degradation ex-
periments carried out replacing air by nitrogen as a carrier
gas confirmed the important role of molecular oxygen [29].
Under nitrogen, the products formed were the same as in
the presence of air but the rate of conversion did not exceed
30%. It should be noted that the catalytic beads were not
thoroughly degassed under vacuum before performing these
experiments and that flushing the system with nitrogen was
not sufficient to remove all traces of oxygen. Therefore, the
results obtained may be explained by the presence of resid-
ual oxygen in the reaction system.

3.3.2. Mechanism of the photocatalytic degradation of
1-butanol

Our experimental results combined with previously re-
ported data support the sequence of reactions proposed in
Scheme 1 for the photocatalytic degradation of BU.

Scheme 1. Mechanistic scheme of the photocatalytic oxidation of BU.
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Under irradiation, charge separation at the TiO2 surface
leads to the formation of hole–electron pairs (h+–e−). Ad-
sorbed organic compounds can be directly oxidized by the
holes [30] or, alternatively, holes may oxidize adsorbed wa-
ter (formed during the degradation process or in the pres-
ence of water vapor) yielding hydroxyl radicals [31] which
in turn oxidize the organic material. Oxidation of a primary
alcohol by these highly oxidizing species would lead to the
formation of a C-centered radical (ketyl radical RC•(H)OH)
and trapping of the latter by molecular oxygen would result
in the formation of a hydroxylated peroxyl radical. Heller
et al. [29] have shown recently the important role played
by molecular oxygen in the photocatalytic degradation of
aliphatic compounds in the gas phase. Adsorbed oxygen effi-
ciently traps the electrons from electron-hole pairs produced
at the TiO2 surface under irradiation, leading to the forma-
tion of superoxide anion (O2•−) and its conjugated acid, the
hydroperoxyl radical (HO2•). The mechanism proposed in-
volves reaction of the latter species with peroxyl radicals to
form intermediate tetroxides (RR′COOOOH), as shown by
von Sonntag and Schuchmann using pulse radiolysis experi-
ments [32]. In the case of BU, decomposition of the interme-
diate tetroxide (CH3(CH2)2(H)C(OH)OOOOH) would lead
to the formation of butanal, hydrogen peroxide and oxygen
(Scheme 1).

In agreement with such a mechanism, Fan et al. [33] could
show that all the intermediates formed during the photocat-
alytic oxidation of TCE in the presence of18O2 incorpo-
rated18O2 and that the main intermediate oxidizing species
involved were the O2•− and HO2

•. In contrast to previous
assumptions, no evidence supporting the formation of hy-
droxyl radicals was found in these experiments. In the case
of the photocatalytic degradation of BU at the gas–solid in-
terface, we found similar results in the absence and in the
presence of water vapor (vide supra, Section 3.3.1), support-
ing a major contribution of the holes to BU oxidation. The
important role played by the holes has been demonstrated
in the case of the oxidation of methanol using EPR spec-
troscopy [34].

The formation of butanoic acid may result from autooxi-
dation of butanal [35] (Scheme 2). Butanoic acid may then
be oxidized by the holes yielding carbon dioxide and the
corresponding propyl radical. Trapping of the propyl radi-
cal by molecular oxygen yields the corresponding peroxyl
radical which by dimerization forms the tetroxide. The lat-
ter decomposes to yield 1-propanol, propanal and oxygen
(Scheme 2).

Note that oxidation of butanal by the holes (Reaction 1)
followed by reaction of the radical thus formed with HO2

•.
(Reaction 2) would lead to the corresponding peracid.

RCHO+ h+ → RC•=O + H+ (1)

RC•=O + HO2
• → RCOOOH (2)

Similar reaction pathways as indicated in Schemes 1 and 2
lead to the formation of ethanol and ethanal by successive

Scheme 2. Mechanistic scheme of the photocatalytic oxidation of butanal.

oxidation of 1-propanol, propanal and propanoic acid. Fur-
ther degradation would yield methanol, formaldehyde and
formic acid, and finally H2O and CO2 (detected by infrared
spectroscopy).

3.4. Identification of intermediates and mechanism:
1-butylamine

3.4.1. Intermediates of the photocatalytic degradation of
1-butylamine

In the case of BA, GC analysis of the gaseous mix-
ture at the reactor exit showed the presence of at least
six degradation products (Fig. 7). The formation of
N-butylidene-1-butylamine was confirmed by GC-MS.
Two other minor compounds could be identified as
N-ethylidene-1-butylamine (compound 2, Fig. 7) and
N-butylformamide which has a higher retention time than
N-butylidene-1-butylamine. The presence of ammoniac in
the gas stream at the reactor exit was shown using the
Nessler reagent and formation of H2O and CO2 was con-
firmed by infrared spectroscopy.

During the degradation process, the concentration of
N-butylidene-1-butylamine increased until a stationary state

Fig. 7. Chromatogram obtained during the photocatalytic degradation
of BA (3200 mg m−3 in gas stream at reactor entrance, gas flow rate:
10 ml min−1, catalytic beads saturated with BA before irradiation).
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Scheme 3. Formation ofN-butylidene-1-butylamine by photocatalytic
oxidation of BA.

was reached after approximately 300 min. It should be
noted that this imine was stable in the gas phase in spite
of the presence of water. This product was formed at the
beginning of the irradiation, whereas intermediates 1, 2, 3
and 5 could only be detected after 50 min of irradiation and
intermediate 4 after 75 min (Fig. 7). The effects of water
vapor and molecular oxygen on the photocatalytic degra-
dation of BA were similar to those observed in the case of
BU (Section 3.3.1).

3.4.2. Mechanism of the photocatalytic degradation of
1-butylamine

The mechanism of the photocatalytic degradation of
BA might be similar to that proposed in the case of
the electrochemical anodic oxidation of primary amines
[36]. Such a mechanism would explain the formation of
N-ethylidene-1-butylamine as an intermediate (Scheme 3).
BA is oxidized by the holes at the catalyst surface yielding
the corresponding imenium ion. In the presence of traces
of water, ammoniac and butanal are formed, and reaction
of the aldehyde with BA givesN-butylidene-1-butylamine.
Besides, the presence ofN-ethylidene-1-butylamine and
N-butylformamide indicates that butanal was formed and
was partially degraded (Scheme 2), aldehydes and acids
successively formed reacting with BA to yield the two
compounds mentioned above.

4. Conclusion

The photocatalytic degradation of 1-butanol and of
1-butylamine used as model pollutants was carried out us-
ing TiO2 based catalysts prepared by a sol–gel method [23].
Their efficiency for the degradation of organic compounds
in the gas phase was demonstrated and no deactivation of
the photocatalyst during long irradiation periods was ob-
served (more than 50 h). For the first time, a XeCl excimer
lamp was used to irradiate TiO2, and we could show that

this lamp significantly increased the degradation rate of
the model pollutants investigated, especially in the case of
highly loaded gas streams (5000 mg m−3, 34 ml min−1). In
all the cases investigated, experimental conditions leading
to complete mineralization of the pollutant could be found.

Under conditions of partial degradation, several reaction
intermediates could be detected and identified for both
1-butanol and of 1-butylamine. In the case of BU, 6 inter-
mediates, instead of two in previous works [2,4,5], could
be identified. Besides, we have shown that the presence of
water vapor did not increase the degradation rate of BU
and BA. Our experimental results support a degradation
mechanism involving the holes formed under irradiation
at the TiO2 catalyst surface and superoxide anion as main
oxidizing species.
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