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Abstract

A plasma-catalyst reactor was used to eliminate a low concentration (180 ppm) of 2-heptanone in air by total oxidation. This VOC is
representative of a class of odorous ketones. A DBD-type plasma was generated through a platinum-based catalyst supported on an alumine
wash-coated honeycomb monolith by means of a high voltage bi-polar pulsed excitation.

The 2-heptanone elimination efficiency increases with the energy density. More than 97% of 2-heptanone conversion is observed, in dry
air condition for an energy density of 200 J/L.

An important synergy effect has been observed between cold plasma and catalyst, the 2-heptanone conversion remaining less than 50% or
an uncoated monolith, even at an energy density value higher than 500 J/L.

The presence of water (3 mol%) in the gas phase, slightly decreases the efficiency of the 2-heptanone elimination, but strongly decreases
the ozone formation in the 100-300 J/L energy density range.
© 2003 Elsevier B.V. All rights reserved.
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1. Introduction temperature. Alternatively, a two-stage system can be used
to first concentrate the pollutant in the effluent followed by

The legislation concerning the gaseous wastes cominga catalytic reactor, which is then able to work in autothermal
from human activity becomes more and more restrictive. In conditions, but such a system is very heavy to marjape
Europe, the protocol of Goteborg (1999) stipulates a strong  Our preliminary work have shown that a Pt phase cat-
reduction of hazardous gas emissions such as sulfur andalyst supported on a alumina wash-coated monolith needs
nitric oxides, ammonia and Volatile Organic Compounds at least 200C to eliminate almost completely 1900 ppm of
(VOC) by 2010. On average, the VOC released in the atmo- 2-heptanone in air at a GHSV of210°h~1 [7].

sphere will have to decrease of 35% (Jable J). The cat- Since the beginning of 1990s, many researches on nitric
alytic oxidation is a very efficient technique for the VOC's oxides elimination from diesel and lean burn gasoline en-
elimination[1]. gines exhaust gases have shown that the combination of a

Among the different catalysts tested for the VOC elim- pulsed electrical discharge with a catalyst is very promis-
ination those based on noble metals as Pt and Pd presening for atmospheric pollutant remov@8]. The use of a
the best performancg2-6]. However, in the case of a high non-thermal plasma has been already used in VOC elim-
flow of polluted air containing a low concentration of VOC, ination [9,10]. By adding a catalyst to a plasma reactor,
typically in the range from 1 up to 1000 ppm, an expensive it seems possible to avoid some drawbacks of both ther-
heating of the air flow is needed to reach the catalyst working mal catalysis (high energy consumption) and plasma alone

(ozone formation) and to improve the efficiency of the

* Corresponding author. process. ' '
E-mail address: jean-michel.tatibouet@esip.univ-poitiers.fr Only few studies on the plasma and catalyst coupling have
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Table 1
Goteborg protocole

Country VOC (KT) Change (%)
Austria 159 -33
Germany 995 —42
Belgium 144 —48
Denmark 85 —-36
Spain 669 -73
Croatia 90 +12
France 1100 —-41
Ireland 55 —-52
Italy 1159 —-34
Luxembourg 9 -30
The Netherlands 191 —36
UK 1200 —-37
Czech Republic 220 -8
Hungary 137 -3
Poland 800 +8
Slovakia 140 +37
Slovenia 40 0
Switzerland 144 -16

Allowing VOC'’s emission in Europe in 2010 in kT and equivalent re-
duction in comparison with 1998 for each country.
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2. Experimental

The experimental set-up is made of three parts: the gas
mixing part, which allows to make the reactant flow mixture,
the hybrid plasma-catalytic reactor, and the analytic system
(Scheme 1

The non-thermal plasma is generated within a honey-
comb monolith slice cut parallel to the channels axis, by
a dielectric barrier discharge (DBD) in a plane-to-plane
geometry, the dielectric barrier being formed by a 2mm
thick glass plate (se8cheme 2 The two planar electrodes
(10cmx 2.5cm) are made of a conducting enamel painted
directly on the monolith for one electrode and on the glass
plate face for the other one. The electrodes are connected
to a high voltage (HV) bi-polar pulse generator (A2E EN-
ERTRONIC) by using a copper adhesive tape on which the
HV wires were soldered. The honeycomb slice has been cut
from a 400 cpsi type cordierite monolith (400 channels by
square inch) corresponding to about 1 fnfor each chan-
nel section. This slice is of three channels height with a
total thickness of about 4 mm. According to the size of
the electrodes and the thickness of the monolith slice, the
volume where the plasma is formed is about 1§ cithe

Usually, the catalyst is located either in the plasma zone time evolution of the discharge electrical parameters is mea-

(packed-bed reactor) or after the plasma z¢hd-16]

sured by using a high-impedance probe (Tektronix P6015A,

Whatever the catalyst location, the treatment of high flow 75MHz) for the applied voltage and an inductive probe
of gas as required in industrial processes needs to minimize(Stangenes Industries, 60 MHz) for the current, connected
the pressure drop due to the presence of the pellets. A posto a fast digital oscilloscope (Lecroy LT374L, 500 MHz,
sible answer is to use a honeycomb monolith to support the4 GS/s).

catalytically active phase as already successfully used in

automotive exhaust gases treatment.

The catalyst, supplied by Infragas S.p.A., is an alumina
wash-coated monolith of cordierite (IM#l4SisO18) con-

The VOC model molecule we have chosen was the taining 0.3wt.% of platinum and 7wt.% of alumina. The
2-heptanone since it is an odorous molecule contained incatalyst was calcined under air at 68Dduring 8 h and re-

various meals such as blue cheese.
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Scheme 1. Experimental set-up.
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The 2-heptanone containing air was passing through the
monolith with a flow rate of 420 mL/min and can be analyzed
on-line.

The CO, CQ and CH, are analyzed by a gas chromato-
graph (Varian 3400) equipped with a methanizer and a FID
detector.

Ozone formation is continuously monitored by an UV
ozone analyzer (942 M, Environnement SA).

Other products are analyzed by a GC-MS (Perkin—Elmer)
apparatus equipped with a “purge and trap” system (ATD
400, Perkin—Elmer). After trapping for various times in the
cold trap (-30°C) filled by Tenax TAM adsorbent, a ther-
mal rapid desorption under the chromatograph carrier gas
flow (He) allows to inject, in the gas chromatograph, the
accumulated products in the trap.

77
20 . . — 30
15- ]
] =20
10+ .
< 5] 410
SIS
o o Wwawo 3
< 1 1 =1
= g g
S 7 {102
_10_
1 4-20
15
_20 T T T T T T T T T T T T T _30
15 -10 05 00 05 10 15
Time (us)

Fig. 1. Time evolution of voltage and curreMpp = 34KkV; f = 132 Hz;

According to the trapping duration, our system is able to total flowrate = 420 mlimin (GHSV = 1800Hh1); dry air containing

detect traces amount until the ppb range.
The amount of 2-heptanone and water were controlled by

the temperature of the saturators (2-heptanone and water)

and by the respective flows (Brooks mass flow controllers)
of air and N (seeScheme 1

The standard conditions are 180 ppm of 2-heptanone in
dry or wet air (HO = 3%) at ambient temperature 24°C),
with a total flow rate of 420 mL/min.

We have check to that the formation of nitric oxides, NO
and NQ does not exceed 10 ppm at the reactor exit, for the
highest energy densities used in our experimghi

3. Results and discussion

3.1. Plasma formation within the monolith

A CCD-videocamera equipped with a fast electronic shut-
ter has been used to measure the spatial distribution of the

plasma into the inter-electrode volume. It has been found

that plasma filaments, following development of streamers
across cordierite channel walls, are randomly distributed
within the honeycomb structure. These filaments do not ap-

pear at the same location from one HV pulse to the other 4

when the discharge is running with a given pulse frequency,
so that free radicals (N O*, H*, OH®) are created through
dissociation of the background gas molecules, @b, H20)

in all the volume between the glass and the lower electrode.

3.2. Electrical parameters

Fig. 1shows typical waveforms of the current and applied
bi-polar voltage pulse to the electrodes, for an absolute volt-

180 ppm of 2-heptanone.

pacitanceCg, of the electrical circuit arrangement (first
current pulse, negative on the figure). It is believed that no
discharge breakdown occurs at this time because the ap-
plied voltage is too low. Previous experimefity] have
shown that, for the same discharge structure, no plasma
fluorescence was detected by the CCD-camera vihen

is lower than 20kV. Thus, the value of the peak current
measured, 17 A, may result from the charging of the ca-
pacitanceCg estimated to 20 pF by integrating the cur-
rent pulse in function of the applied voltage at a low
Vp value. It follows that the capacitive current should be
only about 10A, taken into account that the measured
voltage growth is 421.5V/ns. Further works are planned
to determine if some microdischarges at the surface of
the cordierite monolith could be responsible for the dif-
ference between the measured current and the estimated
capacitive one.

Second, the discharge is characterized by a current pulse
with a peak value of about 25A for the conditions of
Fig. 1, which develops during the voltage drop frovp
down to—Vp (middle current puls&pp = 2Vp).

Third, the last pulse corresponds to a displacement current
owing to the voltage reset to zero. The minimum voltage
drop to apply in order to obtain a well reproducible dis-
charge from pulse to puls&pp™", is a function of the rep-
etition frequencyf, of the bi-polar pulse and also depends
on the composition of the gas mixture flowing through
the honeycomb structure. For examplep™"N= 26 kV at

f = 132Hz, for dry air.

The results presented kig. 2for Vpp = 34 kV show that

the variation of the repetition frequency of the bi-polar pulse
does not significantly modify the discharge peak currknt,

in the frequency range investigated for a given gas mixture.
Moreover, the electrical energy deposited per pulse in the
discharge Epuise determined from the computation of the
e First, there is a charge of the equivalent capacitance of theelectric power and integration over the current pulse duration

discharge structure (4.3 pF) in parallel with the stray ca- is approximately constant for a given applied voltage. The

age peak valuéyp, equal to 17 kV; the current is reversed
for a better reading of the figure. The duration of each ele-
mentary voltage pulse is abouj$. The time evolution of
the current corresponds to the following phenomena.
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Fig. 2. Maximum of the current in function of the repetition frequency Fig. 4. Maximum of the current in function of the applied volt-
of voltage pulse for various gas phase compositidfpp(= 34KkV; age (f = 132Hz; GHSV = 1800h1). (®) Nitrogen, (1) 180 ppm
GHSV = 1800 h1). (®) Nitrogen, (1) 180 ppm 2-heptanone in dry air 2-heptanone in dry air and®) 180ppm 2-heptanone in wet air
and @) 180 ppm 2-heptanone in wet air §8 = 3 mol%). (H20 = 3mol%).

energy densityFq (in J/L) deposited in the gas phase in Vvalue depends on the composition of the gas phase. This be-
our experimental conditions is plotted in function\@dp in havior was already observed for the same kind of discharge
Fig. 3 Whatever the monolith used (uncoated or catalytic), in absence of monolith between the electrofes.
the same results are obtained.
It then appears that the gas phase composition plays an3.3. Reactivity
important role in theEy value, at a given applied voltage
and repetition frequency of the bi-polar pulse. However, the  Fig. 5shows the variation of the 2-heptanone conversion
presence of the 2-heptanone does not significantly modifiedin function of the repetition frequency of the bi-polar voltage
the E4 value obtained for dry and wet air. pulse in dry air conditions (180 ppm of 2-heptanone in dry
Typical evolutions of thdc value in function of the ap-  air). Whatever the monolith used (uncoated or catalytic), the
plied voltageVpp are plotted inFig. 4 for three gas phase 2-heptanone conversion increases with the frequency of the
composition, i.e. dry nitrogen, dry and wet air fBl = repetition of the bi-polar voltage pulse.
3 mol%) containing 180 ppm of 2-heptanone. When the volt-  According to the low increase of temperature in the re-
age value increases, the discharge peak current firstincreaseactor (fmax = 40°C, measured on the outer wall of the
linearly with the same slope for all mixtures, which is a char- glass reactor containing the monolith), the improvement in
acteristic behavior of a pure capacitance charge. For higherthe 2-heptanone conversion can be only assigned to the in-
applied voltagesl|c increases with a higher slope, whose crease of the energy deposited in the gas phase. At 132 Hz
and 34 kV, the 2-heptanone removal reaches 98% with the
catalytic monolith whereas the conversion is only 50% with

800p——— the uncoated monolith, showing the important role of the
: Pt/Al,O3 catalytic phase.
700
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Fig. 3. Energy densit§y in function of the applied voltagef(= 132 Hz; Fig. 5. 2-Heptanone (180ppm in dry air) conversion on the catalytic
420 mL/min; 2-heptanone: 180 ppm). @) Wet air (H,O = 3 mol%) and monolith (J) and on uncoated monolith) in function of the repetition

(C) Dry air. frequency of the voltage pulsé/p = 34 kV, GHSV= 1800 IT'1).
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Fig. 6. 2-Heptanone (180ppm) conversion in function of the applied
voltage. ) Uncoated monolith (dry air),[{]) catalytic monolith (dry air) Fig. 7. Catalytic behavior of 2-heptanone (180 ppm in dry air) conversion
and @) catalytic monolith (wet air) f = 132 Hz; GHSV= 1800 1), on the catalytic monolith in function of the applied voltage=£ 132 Hz;

GHSV = 180011). (+) Carbon balance,[{l) 2-heptanone conversion,
(A) CO, formation (%) and £) CO formation (%).

A similar result is obtained with variable voltage exper-
iments. The conversion of the 2-heptanone in function of
the value of the pulse voltage is shownhig. 6. Accord-
ing to Fig. 3, the 2-heptanone conversion starts to increase 100
with the increase oy, for dry air conditions. According %
to the residence time (1.5s) and to the repetition frequency g -
(f = 132Hz) of the voltage pulse the gas flow is submit-
ted to 198 discharges in the plasma zone, when it is passing
through the reactor. This value, which is not enough to re-
move the 2-heptanone in presence of the uncoated monolith
shows the important role played by the catalytic phase for
the VOC molecules removal.

The behavior of the 2-heptanone conversion on the cat- 207
alytic monolith in dry or wet air conditions is different. In
wet air conditions, the conversion at low voltages is higher 0
than that in dry air, but the conversion increases with volt- 20 24 28
ages applied more slowly than in dry air, so that at 31kV Fig. g catalytic behavior of 2-heptanone (180ppm in wet air:
the conversion reaches 95% in dry air and only 63% in wet H,0 = 3mol%) conversion on the catalytic monolith in function of the
air conditions while theEq values are 220 and 300 J/L for applied voltage ( = 132Hz; GHSV= 1800r%). (+) Carbon balance,
dry and wet air conditions, respectively. It should be noticed (®) 2-heptanone conversionA) CO, formation (%) and 4) CO for-

. . " L mation (%).
that in wet air conditions, the 2-heptanone conversion is not
negligible, even for applied voltages as low as 20-24 kV.

Figs. 7-9present the carbon balance and the catalytic be-
havior of 2-heptanone conversion to carbon oxides on the 100
catalytic and uncoated monolith in dry and wet air condi- %
tions. The main products observed by gas chromatography 801
are carbon oxides, with small traces of acetic acid, particu-
larly in wet air conditions and for the lowest applied volt- 60 1
ages.

After more than 100h under the plasma, the catalyst 40 1
presents few traces of carbonaceous deposits on its surface

60 o

32 Ve KY) 34

(0.2wt.%). After solvent extraction and characterization 20

by mass spectrometry these products have been identified

to heavy acids and esters containing 10-19 carbon atoms. 0 . . .

Those products could be formed by the combination of 20 24 28 32 Vw&V) 34

2-heptanone fragments due to the partial oxidation at low i . , . . .

) ig. 9. Catalytic behavior of 2-heptanone (180 ppm in dry air) conversion
voltages and can explain the lack of the carbon balance. Theyp the uncoated monolith in function of the applied voltage<( 132 Hz;
formation of such compounds has been already observed, iNGHSV = 180011). (+) Carbon balance,] 2-heptanone conversion,
absence of plasma, at 100 on the same kind of catalyst (4) CO, formation (%) and 4) CO formation (%).
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Table 2
Conversion of 2-heptanone, GO ratio and selectivity §) of carbon oxides formation on the catalyst and uncoated monoliths= (132 Hz,
2-heptanone= 180 ppm, flow rate= 420 mL/min, wetair= 3 mol% H,O)?

Solid Gas phase Vpp = 27kV Vpp = 34kV

Conversion (%) C@CO Sco, (%) Sco (%) CB (%) Conversion (%) C@CO Sco, (%) Sco (%) CB (%)

Monolith  Dry air 38 1.2 29 24 53 50 1.1 46 42 88
Catalyst Dry air 49 3.0 55 18 73 98 1.8 64 36 100
Wet air 46 2.8 17 6 23 86 2.2 56 26 82

aCB: carbon balance.

[7] and could explain the 2-heptanone conversion observed |,
at low voltages in presence of watéiigs. 6 and 8 In pres- [0] ppm
ence of water, this reaction seems to be the main reaction 100 {
for voltages lower than 30-32kV, as shown by the poor
carbon balance for voltages lower than 32kV (5é&g 8). 801
The CQ/CO ratio is favored by both the presence of a
catalyst and water in the gas phase, and seems to decrease

with the conversion (se@able 2. This behavior should re- 04
sult from complex reactions both on the catalyst surface and
in the gas phase, but the only small variations in the/CO 20 1
ratio when the conversion varies in a large range, strongly ]
; i 0 ¥ r =LA S .
suggests that C£and CO are mainly produced by two dif ’ o . o o Es D) 500

ferent ways.

In standard experimental conditions (34kV; 132Hz; Fig. 10. Variation of the ozone concentration in function of the energy
420 mL/min; 180 ppm of 2-heptanone), the conversion is densityEq (2-heptanone= 180 ppm; GHSV= 1800 ). () Catalytic
maximum in dry air (98%) and is obtained with the cat- mono:!tn (gry air), @) catalytic monolith (wet air) and+{ uncoated
alytic monolith, whereas with the uncoated monolith only monolith (dry ai).

50% of 2-heptanone is transformed. It is then obvious that

a high synergy effect exists between the catalyst and theShown that in our standard conditions at 34kV, the value is
non-thermal plasma. less than 32C, whereas the temperature of the outer wall

of the reactor, in the plasma zone reache§@QThis dif-
ference means that one of the plasma effect is to heat the
catalyst rather than the gas phase, and then some hot spots
As already observefL8], a non-thermal plasma leads to able to decompose ozone can exist on the catalyst surface.
ozone formation through the production of oxygen atoms by A Similar behavior was observed with the uncoated

3.4. Ozone formation

electron collisions on § monolith (seeFig. 10 but the maximum of the ozone con-
centration never exceed 50 ppm (against 100 ppm with the
O+e —» 20" +e catalytic monolith) suggesting that the ozone formation

could occur on the catalyst surface.

The presence of water in the gas phase which induces a
O*+02+M— O3+ M, withM =NzorO, drastic decrease in the ozone formatiig( 10 could be
explained by the following series of radical reactions leading
to a fast ozone consumptigh8,19}

followed by an addition reaction

The influence of the energy densky and gas phase compo-
sition on the ozone formation is presentedrig. 10 which
shows the comparison between the ozone concentrations obfl) HoO+ e~ — H®* + HO® + e~

tained with the catalytic monolith in dry and wet air and on (2) H®* 4+ O3 — HO® + O,

the uncoated monolith in dry air. Whatever the system used, (3) HO® + O3 — HO2* 4+ O,

the ozone formation follows the same trend, by increasing (4) HO;* 4+ O3 — HO® + 20,

with the energy densitizq and then passing through a max-

imum before a rapid decrease until ppb range concentration.

The maximum concentration value strongly depends on the4. Conclusion

conditions used, the lower ozone formation being observed

for wet air conditions. The decrease in the ozone formation Experiments on 2-heptanone elimination by a plasma-
by increasing the deposited energy in the gas phase could beatalytic hybrid reactor have been performed. A non-thermal
due to an increase in the temperature but measurements oplasma has been generated within a honeycomb monolith
the gas phase temperature at the exit of the monolith haveusing a high voltage pulse excitation.
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