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Abstract

Removal of isovaleraldehyde from air was investigated experimentally by three processes:
dielectric barrier discharge (DBD) plasma, photocatalysis and a DBD plasma/photocatalysis
combination. The latter led to a synergetic effect.

Many operating parameters were investigated in this study such as the specific energy of
discharge, the inlet concentration of isovaleraldehyde and the relative humidity. The UV light
generated by the DBD plasma reactor did not activate the photocatalytic medium. Thus, its
contribution to the removal of isovaleraldehyde by photocatalysis could be ignored. On the
other hand, the use of external UV light significantly improved the removal efficiency.

Using a photocatalytic reactor in the presence of water vapor, in small amounts, had a
promoting effect on the degradation due to the formation of OH  radicals. The same

phenomenon has been observed in other processes for small amounts of water in air.
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The identified and analyzed byproducts were classified into four groups: intermediate
products (propionic acid, acetic acid and acetone), carbon monoxide, carbon dioxide and

ozone. The carbon balance on carbon products was achieved at about 90%.

Keywords:

Continuous reactor; synergetic effect; plasma-photocatalysis process; VOC removal;

byproduct identification

1. Introduction

Odor pollution control is an important and ‘challenging issue in the world. Therefore, the
treatment of air pollutants has been widely studied during recent years [1]. Air pollution has
become a major public concern in the last few decades. The main substances causing odor
pollution are sulfur compounds (mercaptans, sulfides), nitrogen compounds (amines and
ammonia), and many «volatile organic compounds (VOCs) (fatty acids, aldehydes, ketones,
alcohols, etc.) [2]. Many industries have seen their gas emissions controlled and limited for
environmental reasons. Since 1979, each international protocol has fixed new regulations and
gradually reduced the emission limit of major pollutants [3].

To solve this problem, research has been conducted to find cost-effective approaches to
reduce odor emissions [4, 5]. As a result, many conventional techniques have been proposed
to remove VOCs, such as ozone oxidation [6], incineration [3] and photocatalysis [7]. This
latter process is a promising air purification technology for trace contaminants because it can
degrade a wide range of VOCs to H,O and CO, at room temperature and atmospheric

pressure [8].
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Recently, non-thermal plasma (NTP) has been investigated by many researchers for various
applications such as methanol synthesis [9], and hydrogen generation [10]. For environmental
applications, NTP is used for surface sterilization in order to eliminate bacteria [11], for water
treatment, and for controlling hazardous air pollutants emitted from solvents, paints,
automobile exhaust gas, etc. [12-14]

In addition, a variety of dielectric barrier discharge (DBD) plasma reactors have been used for
the destruction of various VOCs [15-21]. The use of a catalyst in the plasma zone has been
reported to improve the efficiency of VOC removal [22]. Moreover, a synergetic effect can be
expected when combining volumic plasma with a photocatalyst [21, 22]. On the other hand,
Ochiai and co-workers investigated and developed a photocatalysis-plasma hybrid air-
purification reactor using a titanium mesh sheet modified with TiO, (TMiP ™) and a surface
discharge-induced plasma (SPCP) unit [20]. In present study, a novel photocatalysis-plasma
hybrid is established in a pilot reactor to investigate the influence of some operating parameters
on the removal of VOCs in atmospheric conditions. In our system, the surface dielectric barrier
type, is generated by a helicoidally wire electrode which maintain the photocatalyst on the inner
wall of the reactor, so that the plasma can be formed directly on the surface of the photocatalyst
whereas it was simultaneously illuminated by the external UV radiation.

The removal efficiency of isovaleraldehyde by photocatalysis (using external UV) and plasma
are tested separately. Isovaleraldehyde (ISOVAL) was chosen since this pollutant is the main
molecule detected in the exhaust gases from animal quartering centers.

In this paper, the ISOVAL byproducts are identified and evaluated with DBD plasma,
photocatalysis and a DBD plasma/photocatalysis combination. In addition, a possible pathway

is proposed.

2. Experimental set-up and conditions
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The DBD plasma pilot used (Fig. 1.a) consists of two concentric cylinders (@ 58 and
76 mm). To generate the DBD plasma, the reactor is covered by a copper grid, which
constitutes the outer electrode. The inner electrode is made from a continuous aluminum
helix. It is a 2-mm-thick wire electrode, shaped like a coiled spring (12 turns in 250 mm), in
close contact with the inner wall of the reactor. The dielectric medium, the glass reactor wall,
is 4 mm in thickness (Fig. 1.b). The high electric voltage applied is about 30 kV/40 mA and is
a sine waveform. It is delivered by a high voltage amplifier (TREK_30 kV model 30/20A,
USA) coupled with a voltage generator (BFi OPTILAS, France). The outer electrode is
connected to the ground through a 2.5 nF capacity. The high voltage applied and the voltage
across the capacity are visualized using a digital oscilloscope (Lecroy Wave Surfer 24 Xs, 200
MHz) (Fig. 1.b).
The catalytic material, provided by Ahlstrom [23], consists of a Glass Fiber Tissue (GFT)
coated with 13 g.m™ of colloidal silica to ensure the fixation of 13 g.m™ of titanium dioxide
nanoparticles (PC500 Millennium). The coating process involves impregnating the glass
fibers with a SiO, and TiO3 nanoparticle suspension in pure water. The preparation process is
described in detail in the Ahlstrom Patent [23]. The specific surface area was measured
according to the BET method and is equal to 20.6 m®.g"'. This material has a thickness of 2
mm. The GFT is maintained on the inner reactor wall by the wire electrode (see Fig. 1.b) so
that plasma is generated directly on the catalyst surface. The light source is an 80 W UV lamp
with a major wavelength peak emission at 360 nm (Philips CLEO performance). The light
tube, 1.5 m in length, is placed in the inner concentric cylinder (Fig. 1.b). The UV intensity,
which is measured by a UV radiometer (VLX-3W equipped with a sensor CX 365, ALYS
Technologies, Switzerland) at the photocatalyst surface, is equal to 20 +3 W.m™>.

The design of this reactor (Fig. 1.b) is the subject of a French Patent Application [24].
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Two sampling points, sealed with a septum, are used to analyze the inlet and outlet gas
composition of the reactor. The main air flow can be generated by the internal network of
compressed air when dry air is needed (maximum 2 m’h™" at 5% relative humidity) or by
using ambient air when working at a higher flow rate. The compressed air network enables
moisture to be controlled by varying the flow in a packed air-water countercurrent
column. Thus, it is possible to obtain a range of relative humidity (RH) from 5 to 90%. The
pollutant (ISOVAL) is injected into the inlet air through a syringe pump with a manual refill
and a volume of 5 mL. A Venturi system is installed to improve the homogenization of the
contaminated air before it is introduced into the reactor. A gas chromatograph coupled with a
flame ionization detector (GC Thermo Focus, USA) is used to evaluate the inlet-outlet
isovaleraldehyde concentration. ISOVAL and byproduct separation are performed by a
Chrompact FFAP-CB column (25 m in length; external diameter of 0.32 mm), which is
specially adapted for volatile fatty acids. Nitrogen gas is the mobile phase. Byproducts are
identified by a Gas Chromatograph-Mass Spectrometer (GC-MS) (Thermo Scientific)
equipped with an infrared (IR) detector. All injections are performed manually and repeated

three times with a syringe of 500 pul. Analysis conditions are as follows (Table 1).

Table 1: Analysis conditions for the gas chromatograph

The CO concentrations are measured by an NO/CO ZRE gas analyzer while CO; is analyzed
by a Transform Infrared Fourier (FTIR) spectrophotometer from Environnement SA (Cosma
Beryl reference 100). The measurement accuracy is 5%.

The ozone concentration is determined by the iodometric wet-chemistry method [25].

The experiment is carried out at room temperature and atmospheric pressure. The temperature

and relative humidity are measured by a TESTO sensor.



126

127

128

129

130

131

132

133

134

135

136

137

138

139

140

141

142

143

144

145

146

147

148

149

A schematic diagram of the experimental system is illustrated in Figures 1.a and 1.b.

Fig. 1.a: Experimental set-up

Fig. 1.b: General scheme for coupled DBD plasma and photocatalysis

3. Results and discussion

The study of ISOVAL removal, the amount of ozone generated and the selectivities of CO
and CO, was carried out for three reactor configurations (Fig. 1.b): photocatalysis, DBD
plasma, and combined DBD plasma/photocatalysis. The influence of some operating
parameters on each process performance was investigated. The experiments, which were
repeated twice, showed good reproducibility with 5% standard deviation. This is represented
by vertical bars in the experimental results in all figures.

Before every experiment, the power was turned off (UV and/or electric discharge) and then,
once the inlet and outlet concentrations of VOCs were the same (adsorption equilibrium
state), the reactor power was turned on. Output samples were collected at 30- to 60-minute
intervals until a steady state was achieved. At the end of the experiment, the reactor was

cleaned by a flow of clean air for at least one hour.

3.1. Effect of Specific Energy (SE)

SE is related directly to the energy consumption for the removal of the pollutant. Thus,

it can influence the performance of the process.



150  The plasma-injected energy per cycle (E) is determined by the Lissajous plot method [26],
151  which enables the power input injected (P) as well as the specific energy (SE) to be calculated
152 as follows:

153 P (W) =E (J) x frequency (Hz) (D)
154 SE(J/L)=P (W) /Q (m’.s")/1000 2
155  where Q represents the flow rate.

156  The power value (P) is adjusted by changing the applied voltage (U,).

157

158  3.1.1. On the removal of isovaleraldehyde

159

160  The removal capacity of isovaleraldehyde RC (mg.h™") is calculated as:

161 RC = Q.i.lRE(%)
100 (3)
162  where IRE(%) isovaleraldehyde conversion is defined as:
C. -C
L IRE (%):mci””’xloo %
in “)

164  where Ci and Coy are the inlet and outlet pollutant concentrations (mg.m™), respectively and
165 Qs the flow rate (m>h").

166  Previous experiments have shown the ability of a non-thermal surface plasma discharge to
167  activate the photocatalyst, such as TiO, [27]. In order to investigate the effect of plasma UV
168  on TiO; activity, a study of ISOVAL removal in a DBD plasma reactor in the presence of

169  photocatalyst was carried out without external UV.

170

171 Fig. 2: Dependence of SE on ISOVAL removal in situ in different plasma systems
172 without external UV.

173



174

175

176

177

178

179

180

181

182

183

184

185

186

187

188

189

190

191

192

193

194

195

196

197

198

Fig. 2 shows that ISOVAL removal efficiency is not enhanced in the presence of
photocatalyst without external UV. Thus, the UV light generated by the DBD reactor is too
weak to activate TiO; and its contribution to ISOVAL removal can be ignored. This result is
in agreement with work on the removal of the ammonia gas [20].

In contrast, the introduction of external UV light to the plasma significantly improves.the IRE.
Fig. 3 shows that when SE increases, the IRE increases as well. For example, with plasma
alone, when SE is three times greater, the IRE increases from 44 to 76%. The same behavior
is observed when DBD plasma is combined with photocatalysis (Fig. 3). This phenomenon is
expected as, by increasing the voltage across the reactor, the electric field in the reactor
annulus can be enhanced, resulting in a higher degree of ionization [18, 21-22]. Therefore, the
pollutant is more likely to be attacked by electrons.or radicals resulting in a greater removal of
ISOVAL.

When only the photocatalysis process is used, the IRE is about 45%.

Fig. 3: Variation of ISOVAL removal efficiency with SE using the three processes (Q

=2m’h’, T=20°C,RH = 5%, I =20 W.m?>).

By comparing the IRE (Fig. 3), it is clear that with coupled DBD plasma/photocatalysis and
external UV, ISOVAL is easily removed. Moreover, for an inlet concentration of 75 mg.m’S,
Fig. 3 shows that ISOVAL can be completely removed by coupled DBD
plasma/photocatalysis when the SE is higher than 17 J.L™".

In fact, the reactive species generated can efficiently oxidize ISOVAL and thus improve the
IRE. Both energetic electrons and atomic oxygen (O°) are the main reactive species
responsible for ISOVAL removal in the air stream. The number of reactive species can be

greatly increased in the presence of a photocatalyst, which explains why combined DBD
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plasma/photocatalysis performs better in terms of ISOVAL abatement than DBD plasma

alone.

3.1.2. On the selectivity of CO and CO,

Isovaleraldehyde is mostly converted to CO,, CO and other organic compounds. The
variations of overall CO and CO, selectivity are represented in Figure 4. These latter
parameters are calculated as follows:

[COX ]Zl:;tv - [COX ]rm

5x[1SOVAL]" x{% IRE }

{co, selectivity (%)} = x10* 5)

where x = 1 for CO and x = 2 for CO,. [COxJ™ and [COx]*™ are the inlet and outlet
concentrations of carbon mono/dioxide respectively (ppmv). [ISOVAL]"™ is the inlet
concentration of ISOVAL (ppmv). The number 5 is the stoichiometric coefficient of the
removal reaction.

In the first instance, it can be seen (Fig. 4) that CO selectivity can be considered negligible
with plasma and coupled DBD plasma/photocatalysis. Certainly, no CO is produced with
photocatalysis alone. This result is in agreement with works on the photocatalytic removal of
cyclohexane [13]; trichloroethylene [11] and formaldehyde [28].

Concerning CO, selectivity, the increase in SE leads to more mineralization because more
electrons and reactive species are produced and thus the ISOVAL byproducts are more
mineralized [29]. In fact, when SE increases from 9 to 17 J .L'l, CO; selectivity (with DBD
plasma alone) increases from 15 to 39%. It is interesting to note that when DBD plasma is
coupled to photocatalysis, CO; selectivity varies from 40 to 66%. Consequently, this behavior
is due to the photocatalytic activity of TiO; in the presence of UV radiation. In fact, when the

two processes are combined, carbon dioxide selectivity improves compared to DBD plasma
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alone, whatever the value of SE [26, 30]. Moreover, some intermediates generated by
ISOVAL removal are probably deposited on the photocatalyst surface where mineralization
can thus occur [10]. This result is similar to many studies reported on acetylene [26, 31].

The photocatalysis process is not concerned by SE variation. However, it is interesting to note
that this process leads to the best CO, selectivity. Many research works confirm that such
mineralization improvements are related to the porosity of the medium: porosity induces a
longer residence time of gas byproducts during diffusion through the solid pore system [10,

27, 32, 33].

Fig. 4: Variation of CO and CO; selectivities vs. SE using three processes:
empty symbol = selectivity of CO and full symbol = selectivity of CO,

([ISOVAL] =75 mg.m>, Q =2 m*h*, T =20 °C, RH = 5%, I =20 W.m?).

On the other hand, in our study, the byproducts are process-dependent. In fact, with
photocatalysis, the detected byproducts are propionic acid (CH3CH,COOH), acetone

(CH3COCH,3), acetic acid (CH;COOH) and CO..

To evaluate the validity of the analytical method, i.e. to ensure that the majority of byproducts
are detected, the carbon balance was estimated. It is equal to the ratio of the sum of carbon
byproducts to the isovaleraldehyde removed. Therefore, for combined DBD
plasma/photocatalysis, the carbon balance is simply calculated as the sum of the ratios
(expressed in percentage) of the number of moles of carbon present in the reaction products
relative to their respective moles in the isovaleraldehyde removed.

The carbon balance value is expressed as:

CB(%) = z Cm(’asur(’d X 100%

Z CISOVAL removed (6)

10



248 In order to obtain full insight into the intermediates produced in the reaction process, the
249  residence time was varied by varying the gas flow rate.

250 Fig. 5.a shows that the carbon balance is achieved at 90%, which means that all the main
251  organic byproducts are released from the reactor. Certainly, there are some minor byproducts
252 cannot be detected.

253 As can be seen in Fig. 5.a, the byproducts are residence-time-dependent. When this latter

254  parameter increases, more carbon dioxide is formed.

255

256 Fig. 5.a Variation of carbon balances and selectivity of CO; with residence time using
257 photocatalysis alone ([ISOVAL] =100 mg.m'3, T=20°C,I1=20 W.m'z, RH =50%).
258

259  With combined DBD plasma/photocatalysis, CO appears while with plasma alone, the
260  detected byproducts are CO,, CO, acetone and acetic acid. Thus, the possible pathway of
261  ISOVAL removal consists of the simultaneous removal of a carboxylic function and creation
262  of an alcohol function [12, 32-34]. This new function is immediately oxidized into a ketone,
263  initiating a new carboxylic function carried on an ‘n — 1’ carbon molecule. A degradation
264  pathway is proposed from a literature study and checked through experimental investigations
265  [35]. Consequently, the possible pathway of ISOVAL removal is represented in Fig. 5.b.

266

267 Fig. 5.b: Possible pathway of ISOVAL removal by coupled plasma/photocatalysis with
268 external UV.

269

270  3.1.3. On ozone

271
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Ozone plays an important role during VOC oxidation. The atomic oxygen formed, due to in
situ decomposition of ozone, interacts with pollutants [36].
It can be seen that when SE increases, the quantity of ozone increases too. Moreover, it is
interesting to note that the presence of photocatalyst reduces the quantity of ozone in the exit of
the reactor. In fact, according to the results of Taranto and co-workers [37], UV radiation can
favor ozone destruction by the following reaction [37]:

O; + hv(254 <A <350 nm) = O, + O (1)

No ozone was found in the exit of our photocatalytic reactor.

3.2. Effect of inlet concentration of isovaleraldehyde

The second important experimental parameter that can influence process performance is the

inlet concentration.

3.2.1. On the removal efficiency

Fig. 6 illustrates the variation of the IRE versus inlet concentration ranging from 75 to 200
mg.m™. All'experiments were carried out at a constant flow rate (2 m>.h™"), relative humidity
(5%) and frequency (50 Hz). The IRE decreases with increasing inlet concentration in all
three processes. In the DBD plasma reactor, the IRE falls from 70 to 25% when the inlet
concentration increases from 75 to 200 mg.m™.

Many electrons and reactive species (like O" and OH") are needed to remove pollutants from
the air stream at a high inlet concentration [21, 26, 30]. With photocatalysis alone, the
removal efficiency decreases proportionally with inlet concentration. This is due to the

availability of the photocatalytic sites at this concentration range [11, 38, 39].

12
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Fig. 6.a: Variation of removal efficiency with inlet concentration using three

processes (SE =17 J.L', Q=2 m’.h™, T =20 °C, RH = 5%, 1 = 20 W.m™).

Additionally, the synergetic outcome was better demonstrated by comparison of the removal
capacities (Table 2), where the RC of the combined system was higher (=<15%) than the sum
obtained for individually reactors and independent of SE and inlet concentration (100 and 200
mg.m~). This indicated that coupling of the photocatalytic and DBD. reactors significantly
improved removal.

The synergetic effect can be ascribed to:

e several mechanisms occurring when the non-thermal plasma is present since the
plasma produces various species such as high-energy electrons, excited molecules or
radicals (O°, N, OH", O;", O3, NO,, NO,, etc.). These molecules can interact directly
with ISOVAL molecules.

e plasma promotes the desorption of byproducts attached at the TiO, surface and then
accelerates the conversion and mineralization [40].

e plasma can induce activation of TiO, by creating a hole/electron pairs by ion

bombardment [21, 22, 40].

Table.2: RC values for isovaleraldehyde removal by plasma DBD, photocatalysis and a

coupled process at different inlet concentrations and specific energies.

3.2.2. On the selectivity of CO and CO;

13
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Using photocatalysis alone, when the inlet concentration increases, the selectivity of CO,
decreases (Fig. 7). This means that the quantity of intermediate byproducts generated, except
for CO,, is greater. This behavior is due to the fact that the increase in inlet concentration
leads to a lower availability of active sites. Assuming that removal is a series of successive
reactions, the competition for the active sites of the catalyst becomes greater when. the inlet
concentration increases, thus the intermediate byproducts generated cannot be mineralized
(7,18, 41,42].

Using DBD plasma alone, the low values of overall CO, selectivity are-explained by the fact
that the quantity of reactive species generated becomes insufficient and the chemical reaction
is the limiting step. This result is similar to those in the literature for toluene [43] and benzene
[18, 44].

On the other hand, combined DBD plasma/photocatalysis enhances CO, selectivity
significantly, compared to DBD plasma alone. This is attributed to the formation of more
reactive species due to the presence of TiO; in the plasma discharge zone. Moreover, UV light
is able to activate ozone <on the surface of TiO, in order to improve mineralization.
Consequently, possible  pathways for pollutant removal in combined DBD
plasma/photocatalysis mainly include gas-phase radical attacks due to various other species
such as high-energy electrons, excited molecules or radicals (O°, N, OH’, O,", O3, NO,, NO,

etc.) [4, 5].

Fig. 7: Variation of CO and CO; selectivities with inlet concentration using three
processes: empty symbol represents selectivity of CO and full symbol represents

selectivity of CO,(SE=17J.L7,Q=2m’h", T=20 °C, RH=5%, 1 =20 W.m?)

3.2.3. On ozone

14
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Fig. 8 represents ozone production using the three different processes at different inlet
concentrations. With DBD plasma alone, increasing the isovaleraldehyde inlet concentration
in the air stream from 75 to 200 mg.m" halves the amount of ozone. The amount of ozone
produced is dependent on ISOVAL concentration. This could be due to the plasma process. A

similar trend was observed when using the coupled process.

Fig. 8: Variation of amount of 0zone with inlet concentration using three processes (SE =

17JL,Q=2m*h!, T=20°C,RH=5%,I=20 W.m?>).

3.3. Effect of relative humidity

The study of the effect of relative humidity (RH) is of great interest since practical
applications deal with ambient air that usually contains large amounts of water.

In order to understand the influence of RH on the IRE and byproduct formation by DBD
plasma and photocatalysis, each oxidative configuration was tested separately: (i)
photocatalytic oxidation of ISOVAL (ii) DBD plasma oxidation of ISOVAL and (iii) DBD

plasma/photocatalysis combination.

3.3.1. On isovaleraldehyde removal

Using photocatalysis alone, it is well known that the presence of water molecules in the air
stream leads to the formation of OHe radicals [28, 39] which improve the IRE.
Here, the IRE increases and then drops. In fact, when RH increases, the competitive effect

towards the active sites of water becomes predominant and thus the IRE decreases. In our

15
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case, an optimum RH value around 50% is seen (Fig. 9). Many other VOCs like
trichloroethylene [45] and cyclohexane [13] show the same behavior toward RH.
Nevertheless, when DBD plasma is used, the influence of water vapor on the IRE is not
significant (Fig. 9), regardless of the value of SE. The IRE is around 40% whatever the value
of RH at SE equal to 17 J.LL™.
With combined DBD plasma/photocatalysis, the IRE increases significantly with increasing
RH content up to 60%. Certainly, water vapor content enhances the formation of reactive
species as in the equation [45-46]:

H,0 +¢ — H + HO' 2)
On the other hand, at higher levels of RH, an inverted trend occurs and the IRE becomes
slightly lower. This is because the increased water vapor content limits the electron density
and quenches the active chemical species [4, 5]. This behavior is similar to that reported in the

literature for some VOCs [44-46].

Fig. 9: Variation of IRE vs. RH using three processes (ISOVAL]y = 100 mg.m>, Q =2

m’.h', T=20°C,SE =17 J.L'', 1 =20 W.m?).

Moreover, as shown in Table 3 the variation of RH does not affect the synergistic effect in
combined DBD plasma/photocatalysis. In fact, at each value of RH, the RC due to the
combined process is higher than the value corresponding to the sum of the removal capacities

of each process taken separately.

Table.3: RC values for isovaleraldehyde removal by plasma DBD, photocatalysis and a

coupled process at different RH.
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3.3.2. On the selectivities of CO and CO,

As shown on Fig. 10, water vapor has a significant effect on CO, selectivity. In fact, when RH
increases from 5 to 90%, with DBD plasma alone, CO; selectivity increases from 31 to 48%.
As previously described, a small amount of water vapor is essential for the formation.of active
species (such as OH" and O") which leads to more mineralization of byproducts: Additionally,
it is interesting to note that there is no CO when RH is equal to 90%.

With photocatalysis alone, when RH increases from 5 to 60%, CO, selectivity remains stable.
However, a further increase in RH reduces mineralization. This behavior arises because water
vapor can deposit on the surface of the photocatalyst and occupy its active sites. If the number
of active sites is considered constant, it becomes evident that the competitive effect increases
with increasing RH.

With coupled plasma DBD plasma/photocatalysis, CO, selectivity increases by about 20%
compared to DBD plasma alone (Fig. 10). For the above reason, it might be concluded that
the photocatalyst leads to more ISOVAL mineralization because the presence of OH’ radicals
greatly improves the oxidation of CO into CO, [48]. This result is similar to that found in the
literature for acetylene [48]. In fact, several authors [48] have reported that CO and CO, are
related by an equilibrium reaction under plasma action. Moreover, Futamura et al. [49] take
this equilibrium between CO and CO; into account and suggest that the presence of OH

radicals shifts the equilibrium towards the formation of CO..

Fig. 10: Variation of the overall selectivity of CO; vs. RH

([ISOVAL] =100 mg.m>, Q =2 m*h”, T =20 °C, SE =17 J.L", I = 20 W.m™).

3. 3. 3. On ozone
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The results of ozone production at different RH are reported in Fig. 11. With DBD plasma
alone, ozone is strongly reduced when RH increases (Fig. 11). Its formation is probably
inhibited. For example, the quantity of ozone is reduced three times when RH increases from

30 to 60-65%.

Fig. 11: Variation of the amount of ozone with RH using three processes (ISOVAL], =

100 mg.m>, Q=2 m’.h*, T =20 °C,SE =17 J.L'', 1 = 20 W.m?).

The consumption of ozone in the presence of radicals (H"+ HO® ) can be explained by these
two reactions [50, 51]:
03+ OH'—= 0, + HO,® 3)
03+ H" — 0, + HO' 4)

Similar trends were observed for coupled DBD plasma/photocatalysis.

Conclusion

Many parameters were investigated in this work such as SE, inlet concentration of
isovaleraldehyde and RH. Their influences on the performances of three processes (DBD
plasma, photocatalysis and combined DBD plasma/photocatalysis) were studied.

An increase in inlet concentration greatly modifies the oxidative processes: (i) the IRE is
considerably slowed down; (ii) the mineralization of ISOVAL is reduced. However,
increasing SE improves both the IRE and mineralization of ISOVAL.

Water vapor plays a very important role in the elimination of ISOVAL. An optimum RH

value is observed with photocatalysis alone and with the combined process. Water vapor also
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improves CO; selectivity and decreases the amount of CO. On the other hand, RH reduces
ozone formation.

For each operating parameter, we have shown unambiguously that a synergetic effect on
ISOVAL removal can be observed when DBD plasma is coupled with TiO, catalyst irradiated
by external UV.

Moreover, the byproducts of DBD plasma, photocatalysis and combined. DBD
plasma/photocatalysis have been identified and evaluated. A possible pathway for ISOVAL

removal is proposed.
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Table:

Table 1: Analysis conditions for the gas chromatograph

Table 2: RC values (mg.h") for isovaleraldehyde removal by DBD plasma, photocatalysisand
a coupled process at different inlet concentrations and specific energies (Q = 2 m>.h™, T=20

°C, RH=5%, =20 W.m™).

Table 3: RC values (mg.h™) for isovaleraldehyde removal by DBD plasma, photocatalysis and

a coupled process at different relative humidity (Q = 2 m>.h™'y T = 20 °C, I =20 W.m?).
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Table 1: Analysis conditions for the gas chromatograph
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727

728
729
730
731
Inlet concentration 100 rng.rn'3 200 mg.m'3
Photocatalysis 59.80 84.00
DBD plasma 37.87 37.60
SE=5J/L
Coupled process 126.6 180.05
DBD plasma 58.00 59.02
SE=9J/L
Coupled process 133.2 223.60
DBD plasma 64.39 76.48
SE=11J/L
Coupled process 143.8 261.61
DBD plasma 79.80 93.20
SE=17J/L
Coupled process 171.8 309.43
732

733 Table 2: RC values (mg.h™) for isovaleraldehyde removal by DBD plasma, photocatalysis and
734 a coupled process at different inlet coneentrations and specific energies (Q = 2 m*>.h™", T = 20
735 °C,RH = 5%, =20 W.m"™)

736
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754
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757
758
759
760
761
762
763
764
765
766
767
768
769
770
771

Specific energy SE=9J.L"' | SE=17J.L"'
Photocatalysis 63.04
RH=25% DBD plasma 73.47 82.00
Coupled process 133.8 178.80
Photocatalysis 70.04
RH=60% DBD plasma 64.00 85.02
Coupled process 148.68 189.20
Photocatalysis 58.10
RH=90% DBD plasma 56.05 71.60
Coupled process 130.40 158.08

Table 3: RC values (mg.h") forisovaleraldehyde removal by DBD plasma, photocatalysis and

a coupled process at different relative humidity (Q =2 m*>.h”', T =20 °C, I =20 W.m?)
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Figures:

Fig. 1.a: Experimental set-up.

Fig. 1.b: General scheme for coupled non-thermal plasma and photocatalysis.

Fig. 2: Dependence of SE on ISOVAL removal in situ in different plasma systems without external

UV.

Fig. 3: Variation of ISOVAL removal efficiency with SE using the three processes (Q =2 m’.h", T =

20 °C, RH = 5%, 1 =20 W.m™).
Fig. 4: Variation of CO and CO; selectivities vs. specific energy using three processes: empty symbol
= selectivity of CO and full symbol = selectivity of CO, (ISOVAL] = 75 mg.m”>, Q =2 m’.h"', T = 20

°C,RH=5%,1=20 W.m").

Fig. 5.a: Variation of carbon balances and selectivity of CO, with residence time using photocatalysis

alone ([ISOVAL] = 100 mg.m”, T =20 °C, I = 20 W.m”, RH = 50%).

Fig. 5.b: Possible pathway of ISOVAL removal by coupled DBD plasma/photocatalysis with external

UV.

Fig. 6: Variation of removal efficiency with inlet concentration using three processes (SE =17 J.L, Q

=2m’h', T=20°C, RH= 5%, I=20 W.m>).
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Fig. 7: Variation of CO and CO, selectivities with inlet concentration using three processes: empty
symbol represents selectivity of CO and full symbol represents selectivity of CO,(SE=17J.L"',Q =2

m’.h', T=20°C, RH =5%, 1 =20 W.m?).

Fig. 8: Variation of the amount of ozone with inlet concentration using three processes (SE = 17 J.L',

Q=2m’h', T=20°C, RH=5%,1=20W.m?>).

Fig. 9: Variation of isovaleraldehyde removal efficiency vs. RH using three processes ([ISOVAL], =

100 mg.m>, Q=2m’h", T=20°C, SE=17JL", 1=20 W.m").

Fig. 10: Variation of the overall selectivity of CO, vs. RH (ISOVAL] = 100 mg.m>, Q=2 m’.h", T =

20°C,SE=17JL" 1=20 W.m?).

Fig. 11: Variation of the amount of ozone with relative humidity using three processes ([ISOVAL], =

100 mg.m>, Q=2m’h", T=20°C,SE=17J.L", I=20 W.m").
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Fig. 1.a: Experimental set-up.

32




828
829

830

831

832

833

834

835

836

837

838

839

Pyrex tule UV lamp
| N e >
i N N, B i it
Y Y ‘x N
Cluartz tuhe r —— ]
. Il
Inner electrode #
Gas inlet Catalyst Gas outlet
Oscilloscope
20 M H: U,
: Amplifier
. 20A/40
. g
Powcer supply
\ : W Hz
e T

Fig. 1.b: General scheme for coupled non-thermal plasma and photocatalysis.

33



60

<©Plasma with TiO,

OPlasma without TiO,
50 +

L= ]

Removal efficiency (%)

“| 8
* 3

20 +

10 + i

0 2 4 % 8 1I0 1I2 1I4 1I6 18

840 SE(J.LY)

841 Fig. 2: Dependence of SE on ISOVAL removal in situ in different plasma systems without
842 external UV ([ISOVAL] = 100 mg.m?>, Q=1 m*h', T =20 °C, RH=5%, 1 =20 W.m™).
843

844
845
846
847

848

34



100

_ T Ioa 1 L
® 90 | L L 1
oy
5 80 |
Q
g 0 7
— 70 +
: K
g
5 60| N
50
"
40 &
30
20 | @ Photocatalysis
M Plasma
10 r Coupled plasma/photocatalysis
0 1 1 1
0 5 10 15 20
SE(J.LY
849
850 Fig. 3: Variation of ISOVAL removal efficiency with SE using the three processes
851 (ISOVAL] =75 mg.m™, Q=2 m>.h"", T=20 °C, RH = 5%, I =20 W.m™).
852
853
854
855
856
857
858
859
860
861
862
863
864
865

35



866

90

B Plasma - 14
80 A Coupled plasma/photocatalysis

@ Photocatalysis

F12

70 ;

CO, selectivity (%)

50 i g
;

<4+—
40 + i A 0
i -6
30 [ennee >
a Aeceoe > & -4
20
m
<«—8 i
10 | E 2
0 <> 1 L E 1 | L 1 1 1 0
0 2 4 6 8 10 12 14 16 18
-1
867 SE (J.L'Y)
868
869 Fig. 4: Variationof CO-and CO, selectivities vs. SE using three processes:
870 empty symbol = selectivity of CO and full symbol = selectivity of CO»
871 ([ISOVAL] = 75 mg.m>, Q=2 m>.h", T=20 °C, RH = 5%, =20 W.m™).
872
873
874
875
876
877
878
879
880

36

CO selectivity (%)



100
9% | * + + *
¢
70
o0 | $
50 §
40
30 ¢
20
® Selectivity of CO, (%)
10 r BCB (%)
0 . . . .
0 0.5 1 1.5 2 2.5 3 3.5
881 Residence time (s)
882 Fig. 5.a: Variation of carbon balances and selectivity of CO, with residence time using
883 photocatalysis alone ([ISOVAL] = 75 mg.m'3 ,T=20°C,1=20 W.m"z, RH = 5%).
884
885
886
887
888
889
890
891
892
893
894
895

37



896

897

898

899

900

901

902

903

904

905

906

907

908

909

910

911

912

913

914

915

0 o I Q
I
)\)J\H —_— HSC\_)]\DH —_— H}C/C\CH3 —_— HC/CHCH

N /
~ b

CO+ GD: + HéD

|
El

Fig. 5.b: Possible pathway of ISOVAL removal by coupled DBD plasma/photocatalysis.

38



100

g i
>
& 90 + T
3 )
a;; 80 + T
T l
% 70 +
~
60 +
50 +
40 + s 0
30 + ®
20 + =
BPlasma
10 4 @ Photocatalysis
Coupled plasma/photocatalysis
0 : . | }
0 50 100 150 200 250
916 [ISOVAL] (mg.m?)
917 Fig. 6: Variation of removal efficiency with inlet concentration using three processes (SE =
918 1711, Q=2 m’.h", T=20 °C, RH = 5%, I =20 W.m™>).
919
920
921
922
923
924
925
926
927
928
929
930
931
932

39



933

934
s 9
o)
© 80 f }
o
2
Z |
g 1
60 +
I ¢
L
50 +
i T
L
40
30 | o
|
20 + .
@ Photocatalysis
10 - Coupled plasma/photocatalysis
BPlasma
0 1 1 1
0 50 100 150 200 250
[ISOVAL] (mg.m3)
935

936  Fig. 7: Variation of CO, selectivities with inlet concentration using three processes: (SE =17
937 JL,Q=2m’h"', T=20°C, RH=5%,1=20 W.m?).
938

939

940

941

942

943

944

945

946

947

948

40



5000

>
=
= 4500 B Plasma
g Coupled plasma/photocatalysis
*é 4000 4 # Photocatalysis
il
g 3500 +
o
S

3000 + i i

2500 + A ]

2000 +

1500 +

1000 +

500 +

0 & t f T f
0 50 100 150 200 250
949 [ISOVAL] (mg.m‘3)

950

951  Fig. 8: Variation of the amount of 0zone with inlet concentration using three processes (SE =
952 17JL", Q=2m’.h", T=20 °C, RH = 5%, = 20 W.m™).
953

954
955
956
957
958
959
960
961
962
963

964

41



100

_ T
S T 1
= 90 -
s | !
2 g - T
b= L
[5)
% 70 A
5
& 60
0 | :
40 | L
¢ L
30 | @ ¢ $
20 -
® Photocatalysis
10 A Coupled plasma/photocatalysis
MPlasma
O T T T T
0 20 40 60 80 100
RH (%)
965
966 Fig. 9: Variation of isovaleraldehyde removal efficiency vs. RH using three processes
967 ([ISOVAL]Jy = 100 mg/m?, Q=2 m’.h"!, T=20°C, SE= 17 J.L', T=20 W.m™?).
968
969
970
971
972
973
974
975
976
977
978
979
980

42



981

982
80
S
Sml g : 1
(3
o
2
z 60
: 1
=
Q
50 A
40 B
30 4 @
20 -
M plasma
10 4 A Coupled plasma/photocatalysis
® Photocatalysis
0 T T T .
0 20 40 60 80 100
983 RH %
984 Fig. 10: Variation of the selectivity of CO, vs. RH
985 (ISOVAL] = 100 mg. m*;Q=2m>h"', T=20°C, SE=17JL", 1=20 W. m™).
986
987
988
989
990
991
992
993
994
995
996

43



997

998
999
4,000
M plasma
’é 3.500 Coupled plasma/photocatalysis
g @ photocatalysis
.5 3,000 +
= T
£ L )\
< 2,500 1
2
o
N
o
2,000
1,500
e
1,000 A
500
n
0 —e f —— i 4 L 4
0 20 40 60 80 100
1000 RH (%)
1001 Fig. 11: Variation of the amount of ozone with relative humidity using three processes
1002 (ISOVAL]=100 mg. h'', Q=2 m’h"', T=20°C,SE=17J.L"", 1=20 W. m™).
1003
1004
1005

44



1006
1007
1008

1009

1010

1011

1012

1013
1014

Highlights:

Isovaleraldehyde elimination by DBD plasma and photocatalysis is studied.
Effects of some operating parameters on performance of each process are tested.
A synergetic effect is observed by coupling plasma DBD and photocatalysis.

The byproducts of isovaleraldehyde are identified and evaluated.

A possible pathway of Isovaleraldehyde removal is proposed.
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