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Abstract

Volatile organic compound removal from air requires oxidative processes associating high carbon dioxide selectivity like photocatalysis with
fast kinetics like non-thermal plasma. A specially designed coupling reactor has been used to investigate the interaction between photocatalysis and
non-thermal plasma. Acetylene has been selected as a model molecule to evaluate oxidation efficiencies. After determining the oxidative efficiency
of both techniques used separately, the coupling of plasma with titania photocatalyst has been performed. The influence of UV-irradiation of a
photocatalyst placed inside the discharge by external lamps has been investigated. It is reported that photocatalysis leads to a complete
mineralization of acetylene, whereas more than 50% of the carbon balance based on CO and CO, is missing when plasma alone is performed. The
presence of a porous material inside the discharge improves the initial removal rate of acetylene. It tends to favor the formation of adsorbed organic
species, indicating that part of plasma reactivity is transferred to the adsorbed phase. Finally, the use of additional external UV-light is reported to

improve the formation of carbon dioxide, which means that photocatalysis can be usefully performed in an ionized gas.

© 2007 Elsevier B.V. All rights reserved.
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1. Introduction

The removal of volatile organic compounds (VOCs) is one
of the main issues of air treatment. Since VOCs are often toxic
or irritating, the legislation has become more and more
stringent. The first approach consists reducing the emission of
VOCs. Nevertheless gaseous wastes cannot be completely
avoided. Many organic compounds are strongly odorous or
even toxic at concentrations as low as 1 ppmv.

To remove VOCs, various techniques based on adsorption
are efficient [1,2], but they consist of pollution transfer from the
gaseous phase to a solid surface. Advanced oxidation of VOCs
is environmentally safer since VOCs traces are converted to
carbon dioxide and water. Catalysis is an efficient mean for
organic compound oxidation. Thermally activated catalysts
based on noble metal such as Pt and Pd exhibit good
perfomances [3-5]. In parallel, photocatalysis has been
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intensively developed for VOCs elimination during the last
10 years.

Saturated volatile organic compounds advanced oxidation
[6-8] as well as unsaturated [9—11] or oxygenated ones [12—-14]
such as alcohols or ketones, have been intensively studied.
Photocatalysis exhibits a high oxidation ability for each type of
VOC. 1Its efficiency has been demonstrated even with a triple
carbon—carbon bond, as recently reported by Thevenet et al.
[15] for acetylene photocatalytic oxidation.

Dielectric barrier discharge (DBD) has been widely studied
first for ozone generation, and nowadays for VOCs oxidation. It
is reported as the most hopeful air cleaning technology to
remove toxic volatile contaminants in air by Oda et al. [16].
After demonstrating at the end of the 1990s that non-thermal
plasma is efficient for organic compounds removal [17,18], the
dependance of the VOCs chemical structure on DBD efficiency
has been investigated [19]. To improve non-thermal plasma
oxidation efficiency, some authors introduced solids into
discharges. Porous and high dielectric constant materials were
selected. Holzer et al. [20] explored the interaction between
plasma and heterogeneous catalysis on Al,Oj, silica gel and
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quartz. Then, Roland et al. [21] widened the scope to BaTiOs,
PbZrO;, PbTiO;, and LaCoO; materials, leading to the
conclusion that interaction is mainly governed by the
interaction between the plasma phase and the material porosity.
Consequently, several packed reactor were developed and
studied, screening the variety of VOCs. Benzene [22], toluene,
propane [23], and acetaldehyde [24] are the main VOCs
investigated. Many studies selected TiO, as a very interesting
coupling material [22,25-28]. Nevertheless, only very recent
studies tried to understand the interaction between plasma and
the UV-activated material with a photocatalytic approach [25].

Acetylene has been selected as model pollutant for several
reasons. No other study deals with the mineralization of
compounds containing triple carbon/carbon bonding. More-
over, acetylene is the simplest alkyne, making reaction
intermediates easier to identify and to quantify; carbon balance
and reaction pathways get simpler to investigate.

The reasons for coupling plasma photocatalysis are the
following: (i) plasma treatment is expected to improve the
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kinetics of the oxidation reaction, (ii) photocatalysis is expected
to improve significantly the carbon dioxide selectivity and the
mineralization carbon balance, and (iii) plasma generated UV,
due to excited nitrogen relaxation, as well as activated species,
are supposed to activate photocatalytic material.

The purpose of this work was to explore and to understand
the interaction between non-thermal plasma and titanium
dioxide nanoparticles supported on glass fibers. The oxidation
capacity for each oxidative technique was separately evaluated.
Subsequently, their coupling was explored, with the joint
influence of plasma input power and additional external UV-
light.

2. Experimental

Coupling of plasma-photocatalysis has been studied in a
specially designed Pyrex-glass reactor allowing a plan-to-plan
geometry (Fig. 1). The active part of the system consists of
rectangular section channel. Two 16 cm? copper electrodes are
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Fig. 1. Scheme of the experimental set up for coupling non-thermal plasma and photocatalysis.
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deposited on each side of the largest walls of the channel and
connected to a high voltage supply, the volume of the plasma
region is 9.6 cm®, the plasma region length is 2 cm. Glass walls
of the channel are both used as dielectric, which drives the
discharge to a dielectric barrier discharge mode (DBD). In
order to get the discharge, electrodes are submitted to a
sinusoidal high voltage ranging from 0 to 25 kV at a 50 Hz
frequency. Over the reactor breakdown voltage, (19 kV),
energy is transferred to the reactor. The plasma-injected energy
is calculated by Lissajou plot method [29,30]. A 2nF
capacitance is place after the dielectric barrier discharge in
order to collect charges transferred through the reactor.
DBD applied voltage and high capacitance voltage are
measured with Lecroy high voltage probes and monitored
on Lecroy a Wavesurfer oscilloscope, calculations developed
by Manley [29] lead to the precise determination of the input
power. The gas gap between the dielectric is 6 mm wide. Dry
synthetic air, containing a controlled amount of organic
volatile pollutants, can flow through this space. Part of the
reactor volume can be filled with two kinds of coated
glass fibers. A 16 cm? sheet of coated woven glass fibers is
deposited on the lower dielectric. The first type of material is
only coated with 40 g/m? of colloidal silica noted Si40. Its
specific area is 28 m?/g. The second one is coated with 20 g/m?
of colloidal silica ensuring the fixation of 20 g/m?* of P25-
Degussa titanium dioxide nanoparticles noted Si20Ti20. Its
specific area is 20.5 m*/g. P25-Degussa nanoparticles are
30 nm in diameter, they are made of two titanium dioxide
allotropic forms, 80% is anatase, 20% is rutile. During
coupling experiments with Si20/Ti20 is the amount of titanium
dioxide nanoparticles inside the coupling reactor is 35 mg. The
coating process consists in impregnating fibers using industrial
size press. Material preparations have been performed by
Ahlstrom Research and Services, preparation process is
precisely described into Ahlstrom Patent [31]. The photo-
catalytic material, is cleaned during 30 min under dry synthetic
air flow and UV-light before operating. Four external Philips
PLL40 UV-lamps are placed around the reactor in order to
illuminate Si40 or Si20Ti20 materials, placed in the reactor,
from the outer part. Then this set up enables both non-thermal
plasma and photocatalytic oxidation of volatile organic
compounds.

Experiments have been carried out in a recirculation mode,
meaning that the same volume of gas is treated during the whole
experiment, the gas goes through the reactor several times.
Under those conditions, the evolution of VOC and by-products
concentrations can be studied as a function of time and other
parameters depending on time like deposited energy. The
recirculation flow is 200 mL min~" and is ensured by a pump
(Fig. 1). The total volume of the batch reactor is 1.5 L, which
leads to a 3 s residence time for a single pass, it means that
7.5 min are needed for a single pass. The analytical system is
part of the recirculation system. Gas phase species are
monitored with Varian gas phase chromatograph. The system
has been especially developed for the experiments. It enables
one to perform simultaneously the elution, on a Carbobond
column, and the analysis of VOCs as well as those of carbon

monoxide and carbon dioxide. Organic species are detected by
flame ionization (FID) chromatography, whereas CO and CO,
are converted into methane over a Ni catalyst in a hydrogen
flow, which is analyzed by FID. Acetylene, CO and CO, are
monitored with a 20 ppm precision. Gases used during the
experiments are all provided by Air Liquide. Synthetic air
contains less than 0.5 ppm of hydrocarbon and less than 3 ppm
of water. Pure acetylene was collected at atmospheric pressure
in a cell from a 15 bar tank. After filling the 1.5 L reactor with
dry synthetic air at atmospheric pressure, 4.5 mL of pure
acetylene are introduced with a gas syringe through a septum
inside the coupling reactor, corresponding to a concentration of
3000 ppm of acetylene. U-type helium was used to feed gas-
chromatograph column. If coated glass fibers are placed in the
reactor, air and acetylene are flowed in the reactor during 1 h to
reach adsorption equilibrium. Subsequently, the experiment
began.

Four types of experiments have been carried out to
understand the interaction between non-thermal plasma and
photocatalytic material:

(1) Photocatalysis: Si20Ti20 materials are placed inside the
reactor and the four UV-lamps are on, no voltage is applied,
no discharge is obtained.

(2) Plasma: no material is placed in the reactor, and no UV-
lamp is on. Dielectric barrier discharge is the only oxidative
process performed. The plasma-injected energy has been
adjusted to two different input powers (0.22 and 0.32 W) in
order to evaluate its influence on acetylene removal.

(3) Plasma + material: fiber coated material is placed inside
the reactor, no UV-lamp is on. These experiments have been
performed with Si40 and Si20Ti20 materials. Two input
powers have been studied: 0.22 and 0.32 W.

(4) Plasma + irradiated material: these experiments have been
performed using Si40 and Si20Ti20 materials. UV-lamps
are on in order to evaluate their influence on plasma
reactivity: and the possibility of material activation inside
the discharge. Two input powers have been studied: 0.22
and 0.32 W.

Adsorbed acids on porous Si40 and Si20Ti20 solids placed
inside the discharge during coupling experiments have been
analyzed by HPLC. It consists in a Varian ProStar device
equipped with Sarasep-Car-H column to perform acids
separation. Detection is ensured by UV absorption at
210 nm. First, a 1 h extraction, including a 5 min sonication,
is performed on Si40 and Si20Ti20. The extraction solution
consists in a pH 2 H,SO,4 solution corresponding to HPLC
device eluent. This procedure was characterized by first
extraction coefficients ranging from 92% to 97% for all the
acids and supports considered. Gas phase analysis method has
been especially developed for gaseous acids. It consists in an
acids solubilization into pure water. Bubblers containing pure
water are placed on line the reactor after the discharge, they
have only been used on line for special analyses experiments,
and are removed for usual experiments. Water samples are
analyzed by HPLC too.
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3. Results

First, results dealing only with acetylene removal are
presented and analyzed. Then results concerning carbon
monoxide, carbon dioxide and other by-products are reported
and discussed.

3.1. Acetylene removal

3.1.1. Coupling 0.22 W non-thermal plasma and
photocatalysis, influence of material nature and UV-light

Fig. 2 reports the evolution of acetylene concentration as a
function of time corresponding to the four oxidation conditions
described above.

The main observation is the slow kinetics of photocatalysis
regarding plasma process. Plasmas performed for this part of
the experiments are 0.22 W. The initial degradation rate of
acetylene is 50 ppm/min with the photocatalytic process,
whereas it reaches 190 ppm/min with plasma process. The
presence of Si20Ti20 coated glass fibers inside the discharge
modifies the initial degradation rate, which is improved of
14 £+ 1% and reaches 215 ppm/min for plasma coupled with
Si20Ti20, later called plasma + Si20Ti20. Acetylene degrada-
tion rate reaches 250 ppm/min if Si20Ti20 material is irradiated
inside the discharge. This process is noticed in the following as
plasma + Si20Ti20 + UV. The presence of a solid inside the
dielectric barrier discharge modifies the parameters of the
discharge. The capacity of the DBD slightly decreases from
4.2 pF for an empty reactor to 4.0 pF when coated glass fiber
based photocatalyst is introduced between the electrodes. Then,
the 19 kV breakdown voltage is nearly 1 kV lower. Precise
study of the influence of such dielectric material placed inside
DBD has been intensively studied by Guaitella et al. in 2005
[32]. Consequently, all plasma experiments have been
performed at constant input power by adjusting the applied
voltage. The increase of initial degradation rate noticed when
material is placed in the discharge is not due to an increase of
plasma input power but to effective improvement of plasma
reactivity. This phenomenon has already been observed and
reported by various authors studying the interaction between
plasma and catalyst or photocatalyst. Kim et al. [28] suggest
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Fig. 2. Evolution of acetylene concentration as a function of time during the
four acetylene oxidation processes.

that material surface, especially titanium dioxide, can be
activated by high-energy particles such as electrons, excited
molecules or radicals. Indeed, mean electron energy in similar
plasma reactor is 5 eV [33]. Roland et al. [21] suggest that such
oxidation improvements are related to the porosity of the
structure. Porosity would induce a longer residence time of gas
species during diffusion through the solid pore system. They
also noticed a significant role of ozone, produced by DBD,
interacting with material surface. This hypothesis has to be
taken into account with titanium dioxide since a positive effect
of ozone on organic compound photocatalytic oxidation is
reported [33]. Moreover, as noticed by Kim et al. [28], part of
plasma energy is converted into UV-light. Although being small
in their intensity, photocatalysis could be performed inside the
plasma without classical UV-lamps. In order to determine if
plasma UV and excited species activate significantly photo-
catalytic titanium dioxide particles, experiments have been
carried out with the corresponding amount of colloidal silica
particles. Results are reported in Fig. 3.

The presence of non-irradiated Si40 or Si20Ti20 materials
inside the dielectric barrier discharge induces a similar
improvement on the initial degradation rate of acetylene
ranging from 12% to 15% in comparison to plasma process
alone. This indicates that the nature of the particles deposited
on glass fibers does not influence the oxidation efficiency of the
system without additional UV-light. The low intensity of UV
radiations emitted by plasma species such as metastable
nitrogen is not able to activate titanium dioxide particles, even
if plasma emission spectrum fits TiO, absorption spectrum.
Plasma activated species and UV radiations are not able to
activate photocatalytic material. Consequently, the improve-
ment observed on acetylene removal is only related to the
interaction between plasma and the porous surface indepen-
dently of the surface chemical nature. This conclusion has been
reported with a similar plasma and SiO, or TiO, device by
Chang and Lin [25] about toluene and acetone oxidation. If
experiments are carried out with external UV, efficiency
remains constant if SiO, coated glass fibers are employed. On
the contrary, a strong increase is noticed, with additional UV, if
titanium dioxide particles are supported on glass fibers. In that
case, initial degradation rate is improved by 32%. It represents
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Fig. 3. Evolution of acetylene concentration as a function of time during five
different plasma oxidation processes all performed at 0.22 W.
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an improvement of 35 ppm of acetylene removed per minute. It
means that photocatalysis can be performed into a plasma phase
if sufficient UV photons are supplied to the photocatalytic
material.

Plasma process induces a much higher initial degradation
rate in comparison with photocatalysis. Efficiency can still be
improved without any increase of energy consumption when
porous material is introduced inside the discharge. The
improvement is equivalent with titanium dioxide and silica
but the use of additional UV induces a significant photocatalytic
effect improving acetylene removal.

3.1.2. Influence of input power

Experiments involving plasma and titanium dioxide have
been carried out at two different input powers: 0.22 and 0.32 W.
Those experiments aim at evaluating the influence of deposited
energy on global acetylene removal efficiency. Results dealing
with both energies are reported in Fig. 4a and b.

The increase of 50% of the input power induces a general
shift of acetylene degradation curves, for the three plasma
conditions, to highest initial degradation rates as reported in
Fig. 4a. Acetylene initial degradation rates have been
calculated for each oxidation process at both input powers.
Values are reported and correlated in Fig. 4b. The comparison
between plasma and plasma + Si20Ti20 exhibits and quantifies
the improvement relative to the non-irradiated porous surface
introduced inside the plasma. The sum of initial degradation
rates calculated for photocatalysis and plasma + Si20Ti20
exceeds the value corresponding to plasma + Si20Ti20 + UV
showing that no synergy occurs for low energy discharge. At
0.32 W, the interaction between the plasma phase and the
porous surface is clearly enforced. The intensity of the
interaction phenomenon gets similar to photocatalysis oxida-
tive power. Besides, plasma treatment performed with
irradiated Si20Ti20 leads at 0.32 W to a slightly higher initial
degradation rate than the cumulative effect of photocatalysis
and plasma + Si20Ti20. Nevertheless it can hardly lead to the
conclusion of synergism between both techniques since the
difference is into the same range than experimental error.
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The improvement noticed when TiO, is placed inside the
discharge, but not irradiated, is only related to the interaction
between plasma gas phase and the porous surface. A synergetic
effect is observed between non-thermal plasma and photo-
catalytic oxidation of acetylene performed on irradiated TiO,.
This effect is directly related to plasma-injected energy. In
order to perform air cleaning, the removal of the initial
pollutant is not the only issue to optimize, attention has to be
paid to by-products and final products of the processes.

3.2. By-products and final product formation

As gas phase analysis of acetylene oxidation has been
performed by non-thermal plasma and/or photocatalysis carbon
monoxide and carbon dioxide are the main detected gaseous
by-products. Only traces of carboxylic acid have been detected
in the gas phase. On the contrary, various carboxylic acids have
been detected in a larger amount, in the adsorbed phase. First,
results dealing with organic intermediates are presented. Then
results dealing with carbon monoxide and carbon dioxide
formation are discussed.

3.2.1. Organic intermediates analysis

Organic intermediates adsorbed on the material placed
inside the discharge cannot be easily detected because of the
increasing deposited energy in the batch reactor. Nevertheless,
those species can give interesting pieces of information on
plasma and plasma/material reactivity. Parallel experiments
have been carried out under gas flow to favor intermediates
formation. In order not to introduce another porous solid inside
the discharge, which would have modified its reactivity,
adsorbed species have been directly analyzed on coated glass
fibers employed for coupling experiments. Analytical proce-
dure is described above in Section 2. Seven different carboxylic
acids containing one, two or four carbon in their structures have
been identified on each support when plasma is performed
(Table 1). This means that the nature of the support does not
influence the variety of acids. Moreover, the presence of acids
composed by four carbon atoms indicates that plasma reactivity
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Fig. 4. (a) Evolution of [C,H,] as a function of time during three oxidative plasma processes performed at two input powers: 0.22 W (low energy, L.E.) and 0.32 W
(high energy, H.E.). (b) Evolution of acetylene initial degradation rate as a function of oxidation process at two different input powers: 0.22 W and 0.32 W.
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Table 1
Carboxylic acids detected in the gas phase and the adsorbed phase during
acetylene oxidation as a function of the oxidation process

Acids Photocatalysis Plasma + Si20Ti20 or Plasma
plasma + Si20Ti20 + UV

Oxalic acid X X

Diglycolic acid X

Glycolic acid X

Formic acid X X X
Acetic acid X X

Fumaric acid X

Butyric acid X

can lead to recombination of organic activated species.
Photocatalytic process lead to a small amount and a reduced
variety of adsorbed acids (Table 1), corresponding to the
completion of its carbon balance. Gas phase analysis
experiments indicate that traces of formic acid is present in
the gas phase (Table 1). Further investigation could lead to a
better understanding of plasma/photocatalysis reaction path-
ways.

3.2.2. Comparison of photocatalytic and plasma processes
for CO and CO, formation

In Fig. 5, the evolution of CO, CO, and C,H, contribution
into the carbon balance is reported as a function of time. For the
experiment dealing with photocatalysis, carbon monoxide
concentration starts to increase until reaching a maximum of
570 ppm, corresponding almost to 10% of the carbon balance,
and then decreases slowly. As reported in Fig. 5 and by the
authors [15], carbon monoxide is a by-product of acetylene
photocatalytic oxidation. One possible way to get CO, from
acetylene is to consider CO as an intermediate of the
degradation pathway. Moreover, since CO, initial formation
rate is superior to zero, a second way, directly leading from
C,H, to CO,, exists. This way is the main one since, as reported
by Thevenet [34], the photocatalytic conversion from CO to
CO, exhibits very low kinetics. Carbon balance is completed as
acetylene is removed since the minimum of carbon dioxide and
monoxide cumulative carbon balance curve does not undergo
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Fig. 5. Evolution of CO, CO, and C,H, contribution into carbon balance as a
function of time during acetylene photocatalytic oxidation process with
Si20Ti20 material.

Org. Int.

Scheme 1. Kinetics scheme of C,H, oxidation into CO, performed by photo-
catalytic process.

92%. The slight deviation indicates the existence of small
amount of intermediates. Some have been identified as
carboxylic acids as reported before. This leads us to suggest
Scheme 1 in order to describe photocatalytic oxidation of
acetylene. Detected organic intermediates are noticed as ‘Org.
Int.’” on the scheme. C is the main kinetics way, on the contrary,
A and B, as well as D and E are very minor way in
photocatalysis.

The shape of carbon monoxide and carbon dioxide
contribution curves into carbon balance is appreciably modified
as plasma process is employed (Fig. 6). Plasma oxidation
process leads to a sharp maximum relative to carbon monoxide
concentration at short reaction time. CO concentration reaches
1120 ppm corresponding to 18% of the carbon balance. Then,
CO is rapidly converted into CO, once acetylene is completely
removed. Carbon dioxide maximum concentration is reduced in
comparison to photocatalytic process (Fig. 6). Part of the
kinetics scheme proposed by Scheme 1 is still convenient for
the reaction. Nevertheless, favored ways are different as plasma
is performed. Carbon monoxide is clearly identified as an
intermediate between acetylene and carbon dioxide. Even with
a slow kinetics, conversion from CO into CO, still occurs over
2 h treatment. The fact that CO, initial formation rate is
superior to zero indicates that even with plasma treatment, a
direct way leading from C,H, to CO, exists. The presence of
traces of gas phase carboxylic acids indicates that those
compounds have to be taken into account for a kinetics scheme.
Attention has to be paid to the low carbon balance calculated
considering carbon dioxide and carbon monoxide. During the
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Fig. 6. Evolution of CO, CO, and C,H, contribution into carbon balance as a
function of time during acetylene oxidation by plasma process (input power:
0.22W).
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first 30 min, carbon balance is tremendously reduced corre-
sponding to the formation of numerous by products. As
acetylene is removed it reaches its minimum, 49%. During the
following hour of treatment, a 5% improvement is noticed. We
suggest that it corresponds to the plasma oxidation of organic
by products such as carboxylic acids, which have been
identified for those conditions. The equilibrium reached into the
batch over 2 h treatment indicates that unidentified carboneous
species are produced. First we can suggest that it consists in a
polymer deposit, or in a large amount of organic intermediates
deposition. But no disactivation of TiO, particles is observed
when several experiments are carried out. Moreover, if
polymerization or a large amount of organic intermediates
formation occurred on the material, it would have been further
oxidized and removed under plasma oxidative action. But the
stationary regime indicates that it is not sensitive to plasma
oxidation. Consequently, hypotheses on the formation of
deposited carboneous species out of the reactive part of the
device can be made. The missing of 45% of the carbon balance
would correspond to the formation of at least 4.6 mg of this
kind of carboneous compound into our conditions. According
to those considerations, Scheme 1 could be modified into
Scheme 2 for the plasma process. As plasma oxidation is
performed, the main way is A and B. The lack into carbon
balance is due to the strong presence of way F. Besides, the
direct way C and the successive ways D and E are minor
pathways.

3.2.3. Influence of coupling non-irradiated Si20Ti20
coated fibers with plasma

If Si20Ti20 material is introduced in the discharge without
additional UV, a significant reduction of carbon monoxide
formation peak maximum has been noticed (Fig. 7). This
phenomenon is not modified if Si20Ti20 coated fibers are UV
irradiated (Fig. 8). In presence of Si20Ti20, irradiated or not,
CO concentration does not exceed 770 ppm corresponding to
12% of the carbon balance. The maximum is simultaneously
reached, at 30 min, into both conditions. Carbon monoxide
amount reduction is then only related to the interaction with
the porous surface and not with UV induced photocatalytic
process. It can be suggested that solid porous surface acts as a
meeting point for plasma-activated species. Their residence
time is supposed to be increased on the solid surface,

p Carb.

Csz _> CO _> CO:

D E

> Org. Int.

Scheme 2. Kinetics scheme of C,H, oxidation into CO, performed by plasma
process.
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Fig. 7. Evolution of CO, CO, and C,H, contribution into carbon balance as a
function of time during the oxidation of acetylene by plasma coupled with
Si20Ti20 material (input power: 0.22 W).

consequently, their reactivity would be enhanced. Moreover,
from a kinetics point of view, the presence of porous surface
could favor way D, which is correlated by the large amount of
carboxylic acids observed on material surface, corresponding
to 2% of the carbon balance. Consequently, way A would be
proportionally reduced, explaining the lowering of CO peak
still occurring at same time. As reported in Fig. 7, the
presence of non-irradiated TiO, coated fibers does not modify
the formation of carbon dioxide. The concentration of which
get stabilized at the same level than when plasma is performed
alone. This indicates that even if way D is favored, plasma
oxidation is not able to lead to a significant mineralization of
the organic by products. The presence of Si20Ti20 does not
significantly modify the carbon balance calculated with
carbon monoxide and dioxide. With or without material, the
same quantity of missing carbon, is observed. The hypothesis
concerning carboneous species deposited out of the active
part of the reactor can be made. Consequently, Scheme 2 is
still convenient to describe plasma coupled with non-
irradiated TiO, oxidation process. Nevertheless, the improve-
ment of way D has to be noticed in presence of porous
material.

100% 1

90% - « C;H, = CO ACO, +C
80% 1
70%
60% 1
50% 1
40% 1
30% -
20% 1
10%

0%

0 50 100 150 200
t (min)
Fig. 8. Evolution of CO, CO, and C,H, contribution into carbon balance as a

function of time during the oxidation of acetylene by plasma coupled with UV
irradiated Si20Ti20 material (input power: 0.22 W).
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Fig. 9. Carbon monoxide concentration profiles as a function of time during the
oxidation of acetylene by (i) plasma, (ii) plasma coupled with Si20Ti20
material, and (iii) plasma coupled with UV irradiated Si20Ti20 material (input
power: 0.22 W).

3.2.4. Influence of coupling irradiated Si20Ti20 coated
glass fibers with plasma

The influence of external UV on C,H,, CO and CO,
concentration profiles during plasma coupled with Si20Ti20
oxidation process is reported in Fig. 8. Carbon monoxide
concentration profile is not modified if UV lamps are added
(Fig. 9). Acetylene removal reaction rate is improved by 16%
and carbon dioxide formation reaction rate is improved by 90%.
This behaviour suggests that UV is able to activate the
photocatalytic material placed inside the discharge. Conse-
quently, organic intermediates such as carboxylic acids get
oxidized by photocatalytic process leading to the formation of
carbon dioxide. Si20Ti20 irradiation favors significantly the
kinetics way E, enabling a significant improvement into carbon
balance. Nevertheless, more than 25% is missing, hypothesis on
carboneous species deposition, organic or not, outside the
discharge and the photocatalytic material area, can still be made
into these conditions. Consequently, Scheme 2 is still
convenient but the kinetics way E is clearly favored as
Si20Ti20 material is irradiated.

4. Conclusion

This study improved the understanding of photocatalysis
coupled with non-thermal plasma. First, it confirmed that
photocatalysis leads to a complete mineralization of
acetylene. The main reaction pathway is one step from
C,H, to CO,. On the contrary, non-thermal plasma is not able
to mineralize completely acetylene, even if removal
characteristic time scales are significantly shorter than in
photocatalysis. It is reported that a large part of CO is
produced. Moreover, the carbon balance based on CO and
CO, does not exceed 50%. If porous material is introduced in
the discharge, part of the reactivity is transferred into the
adsorbed phase, corresponding to the presence of organic
intermediates on material surface. Results reported in this
article are a first approach, this field appeared to be very
interesting from a reaction pathway point of view. Finally, if

additional UV are employed, the photocatalytic material is
efficiently activated in the plasma phase, a significant
activation improvement is noticed for the highest studied
plasma input energies. It improves the formation of carbon
dioxide, enhancing the carbon balance. Studies at higher input
powers have to be carried out since interactions between
photocatalytic material and non-thermal plasma seem to be
modified as energy range increases.
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