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Abstract The decomposition of propane diluted in air has been investigated using a
pulsed high-voltage dielectric barrier discharges reactor. Effects of the temperature (from
300 to 800 K) and humidity in air on propane conversion and on produced species are
studied. CO and CO, are the two main carbon species produced but other carbon species
can be also obtained as functions of electrical parameters or temperature. Total decom-
position of inlet propane to CO, is possible when propane is diluted in wet air from 600 K.
Thermal energy is an important parameter to limit the energy density injected in the plasma
reactor and to reduce the total energetic cost keeping a high propane decomposition yield.

Keywords Non-thermal plasma - DBD - Volatile organic compounds -
Propane - Heating

Introduction

Non-thermal plasma (NTP) discharges are studied for the removal of volatile organic
compounds (VOCs) contained in air at low concentration level [1-3]. VOCs’ are present in
various places: synthetic materials, chemical industry, exhaust gas vehicles, house envi-
ronment.... Most of these species are dangerous for human health and environment.
Conversion rate of the VOCs’ and the nature of the products must to be taken into account
to estimate the efficiencies of the processes. VOCs’ oxidation by NTP is an interesting
technique to obtain good efficiencies, by considering conversion rates and produced spe-
cies, with low energy costs in comparison to the traditional techniques (thermal or catalytic
processes). Thus, many techniques have been developed to convert VOCs’ using NTP:
electron beam, dielectric barrier discharges (DBD) and corona discharges [4-8] or other
techniques combined with NTP such as: catalytic and photocatalytic processes [9-17].
Nevertheless, despite well-established implementations in non-combined NTP techniques,
these processes can be improved to promote VOCs’ conversion and to reduce energetic
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costs and by-products. In a previous study, effects of the propane decomposition in wet air
at 300 K using a pulsed high voltage DBD reactor have been compared to results obtained
in dry air condition [18].

This present paper shows effects of the humidity in air on propane conversion and outlet
by-products using a DBD reactor heated at different initial temperature. We show that the
propane conversion using a heated DBD reactor implies a decreasing of the total energy
cost in comparison to a DBD treatment at ambient temperature. A supplementary thermal
energy added to the plasma treatment can lead to a high decreasing of the energy density in
plasma to convert efficiently propane. Moreover, a heating permits to modify produced
species in comparison to room temperature experiments at a given energy density. Effects
of electrical parameters and temperature on the propane conversion and produced species
are also studied for a temperature range from 300 to 800 K. CO and CO, are the main
carbon species produced. Oxygenated carbon species, C,H,O, (formaldehyde, acetalde-
hyde, etc.), have been also detected but no quantified. Moreover, in this paper, effects of
O-atom and oxygenated radicals on propane conversion and produced species are also
discussed.

Experimental

The experimental plasma reactor used is a wire to cylinder DBD type [18-20]. Figure 1
shows a schematic representation of the experimental device. The dielectric wall is a quartz
tube (thickness: 1 mm). Inner and outer electrodes are a 2 mm diameter wire and an
aluminium foil, respectively. The active volume plasma is about 16 cm®. The DBD reactor
is set in an oven which allows a heating up to 800 K, in this study.

The pulsed voltage generator is a self-made generator [20] which delivers high voltages
(up to 30 kV) into 80 ns (FWHM) and short rise time (40 ns) from charging voltage, Uch
(up to 5 kV). Pulse repetition rates range, f, studied is between 15 and 200 Hz. Applied
voltage and current measurements are displayed with an oscilloscope (Tektronix 6210A)
through high voltage (Tektronix P6015A) and current (Tektronix TCP202) probes,
respectively.
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Fig. 1 Experimental apparatus
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The inlet gas mixture is propane (1,100 ppm) diluted in dry air or in air saturated in
water at 300 K (called wet air conditions in this paper), at atmospheric pressure. Air used
in experiments is a synthetic air from N, (79%) and O, (21%) mixture. Gas mixture is
injected through mass flow controllers with a total flow rate, Q, maintained at 1,000 sccm.
Energy density, Ed, injected in the plasma reactor is expressed from: Ed = (Ep x f)/Q,
where Ep is the discharge pulse energy.

Ep = (4 C x V?) with C the capacitor values of the blumlein line high voltage gen-
erator, V the charging voltage of the capacitors.

A Fourier Transform Infra Red spectrometer (FTIR, Nicolet Magna IR 550 Series II), an
ozone analyser (BMT 963) and a micro-Gas Chromatograph (Varian CP2002) have been
used to detect and measure the outlet gas from the plasma reactor. The quantified species
are C3H8, CO, COz, CH4, C2H4 and 03.

Results
Propane Consumption

Figure 2 displays propane conversion rate as a function of the energy density (Ed) for
different initial temperature (between 300 and 800 K) and dilution air conditions (propane
in dry or in wet air). Neither propane conversion nor chemical reactions are observed
without plasma even for a temperature equals to 800 K. Thus, this key result shows the
essential effect of the plasma to initiate the propane decomposition.

An Ed increasing from 90 to 1,200 J L™" leads to a rise of the propane conversion rate
in all the temperature range studied. Water vapour in air has not effect on the propane
conversion rate. Moreover, for a given Ed value, initial temperature is an important
parameter which influences the propane consumption efficiency. Indeed, a propane con-
version rate close to 100% is achieved with Ed decreasing from 750 to 90 J L™' and
temperature increasing from 300 to 800 K, respectively.

Fig. 2 Propane conversion rate
as a function of Ed in dry air
conditions
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Produced Carbon Species

Propane conversion leads to the production of two main carbon species: CO and CO,.
Figure 3 show CO concentration, [CO], versus the energy density in both air conditions.
CO concentration levels depend on several parameters: Ed, temperature and adding water
in air.

At 300 K, in both air conditions, when Ed increases from 90 to 1,200 J L~!, CO
concentration increases from about 0 to 1,800 ppm in dry air condition and from 0 to
1,400 ppm in wet air condition, respectively. These results show that CO concentrations in
wet air conditions are lower than those obtained in dry air conditions.

For T > 300 K, an increase of Ed leads to a rise of CO concentration up to a maximum,
[COlmax, then [CO] decreases. The [CO],.x value is strongly dependent on Ed which is
linked to the temperature (e.g. 450 J L™" at 450 K, 300 J L' at 600 K and 150 J L™" at
800 K). Adding water to the inlet propane-air mixture has not significant effect on the Ed
value corresponding to [CO]ax-

On the other hand, the decrease of CO above the Ed value corresponding to [CO] .y 1S
dependent on the temperature and dilution air conditions. Indeed, when Ed increases, [CO]
decreases more quickly when propane is diluted in wet air than in dry air conditions. For
example, at 800 K and Ed > 750 J L, [CO] is close to zero (60 ppm) in wet air con-
dition against 550 ppm in dry air. Moreover, at 800 K, CO is fully disappeared for Ed
higher than 900 J L™" in wet air conditions whereas [CO] is yet higher than 200 ppm in
dry air for an Ed = 1,200 J L.

Outlet CO, concentration, [CO,], as a function of Ed in both dilution air conditions and
temperatures are displayed in Fig. 4.

An increase of Ed leads to a rise of CO, concentration whatever temperature and
propane dilution conditions. At a given Ed, an increase of CO, is obtained when tem-
perature rises: e.g. at Ed = 600 J L~ "in dry air, [CO,] varies from 900 to 2,900 ppm when
temperature increases from 300 to 800 K, respectively.
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Fig. 3 CO concentration as a function of Ed when propane is diluted in dry air and b propane is diluted in
wet air
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Effects of adding water vapour in propane-air mixture on [CO,] strongly depend on T

e At 300 K, no water effect is observed on [CO,] in comparison to dry air conditions.
e For T > 300 K, adding water in air leads to a rise of [CO;] at a given Ed higher than
450 JL™" at 450 K; 300 J L™" at 600 K and 150 J L™" at 800 K.

The inlet carbon contained in C3;Hg is totally oxidized in CO, at 800 K in both air
conditions. Thus, the CO, concentration is equal to the total inlet carbon: [CO,] = 3-
[C5Hg];. When propane is diluted in wet air, total oxidation is only observed at 450 K and
600 K for Ed values higher than 900 and 750 J L™", respectively. In the case of a partial
oxidation, [CO,] < 3-[C3Hg];, other carbon species are also produced. Thus, C;H, and
CH,, produced directly from the propane decomposition, can be only quantified if
T > 600 K. Maximum concentrations of CH, and C,H, are about 36 ppm and 141 ppm,
respectively (at 800 K and Ed = 90 J L~"). In wet air conditions, CH, and C,H, con-
centrations are equal to 37 and 35 ppm, respectively, in the same 7 and Ed conditions. For
Ed > 90 J L™ in both air conditions, C,H, and CH,4 become undetectable whatever the
temperature.

C,H, and CH, are not the main by-products species containing carbon atoms, oxy-
genated carbon species such as formaldehyde or acetaldehyde are also observed in FTIR
spectra (Fig. 5). FTIR spectra show that temperature has a strong effect on by-products
natures and amounts.

Discussion

Energy Cost

To evaluate the plasma process efficiency, the energy cost must be taken into account. The
total energetic cost, tEd, of the propane conversion process is expressed using the fol-
lowing expression: fEd = Ey, + Ed with Ed, the electrical energy density defined in the

experimental section and Ey,, the thermal energy supplied when the temperature is higher
than 300 K.
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Ey, corresponding to the heating of the DBD reactor is calculated from the total flow rate
and the inlet gas mixture heat capacity, Cp. Thus, calculated Ey, are equal to 120, 180 and
220 J L' at 450, 600 and 800 K, respectively.

Figure 6 shows propane conversion rates as a function of fEd in wet air conditions.

From an energy point of view, a high propane conversion rate obtained with a moderate
heating (i.e. 600 K) and a low Ed is more interesting than a propane treatment at 300 K
with a high Ed. Indeed, for total propane consumption, an increase of the temperature from
300 to 600 K leads to a high decrease of the total energetic cost from 750 to 350 J L™,
respectively.

Taking into account both DBD electrical power and additional heating power, the total
power corresponding to a 100% propane conversion is determined from experiments
(Fig. 7).

Total power to convert efficiently propane is highly depending on the temperature: from
12.6 to 5.2 W at 300 and 800 K, respectively. At 300 K, no additional heating is used, so
heating power is equals to zero. In order to obtain a propane conversion close to 100%, we
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Fig. 7 Power balance as a function of the temperature to convert 100% propane

show that the main consumed power is the heating power when the temperature is higher
than 600 K.

This underlines the plasma effect on the actives species production and that the heating
can strongly influenced chemistry ways.

Propane Consumption

Propane consumption can be described by reactions between propane and active species
(such as O, OH or H) produced from decomposition of H,O and O, by electron impact in
plasma discharge. In thermal processes, rate constants of O, decomposition are lower than
107%° cm™> molecule ™! s7! even at 800 K (Eg. 1) [21]. H,O decomposition requires high
temperatures to be initiated but its rate constant is weak even at 2,000 K (Eq. 2) [22]. No
data on H,O dissociation rate constant is described in the literature below 2,000 K.

02(+M) — 20(+M)  kspox = 1.03107%* cm~> molecule ! s~! (1)
I —1

ksook = 2.1310~*' cm—3 molecule ™' s
H,0+M —-H+OH+M kygook = 1.891072 cm~=3 molecule ™! s~ (2)

Once active species are produced, they can react with propane to produce n-CzH;
(Eqg. 3) [23]. In dry air conditions, propane consumption is possible only by O-atom. A
temperature increasing leads to a rise of the rate constant and consequently to an increase
of the propane consumption which corresponds to experimental results presented in par-
agraph 3.
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C3Hg + O — n-C3H7 + OH  k3oox = 2.7310715 cm 3 molecule™! s~! 3)
kgooxk = 1.861072 ¢cm—3 molecule ! s!

On the other hand, when inlet propane is diluted in wet air some supplementary reac-
tions between C3;Hg and OH or H (Egs. 4, 5) [23, 24] can explain C3Hg consumption.
Constant rates of reactions implying OH or H and C;Hg are highly dependent on the
temperature.

C3Hg + OH — n-C3H; + HyO  ksoox = 2.2610713 cm—3 molecule™! s~!
ksoox = 4.3210712 cm—3 molecule™! s~!

(4)
CsHg +H — n-C3H; + Hy  kagox = 5.15107"7 ¢cm 3 molecule™ s~ (s)
ksooxk = 7.4210~13 cm—3 molecule™! s~!

Rate constants of propane and O, reaction (Eq. 6) [23] are lower (<8.35
1072 ¢cm ™3 molecule ™! s’l) than constant rates for O, OH and H reactions (Egs. 3-5) in
the temperature range from 300 to 800 K.

C3Hg + O, — n-C3H; + HO,  k3oox = 5.47107%8 ¢cm ™3 molecule™! s~! (©)
1 .—1

kgook = 8.3510~% cm~> molecule™! s

Thus, a high efficiency of the propane conversion can be obtained with reactions
between CsHg and O, OH or H compared to the reaction between C3Hg and O,.

Produced Species

CO and CO, yields, Yco and Yco, respectively are expressed by:
Yco, = loo[coz]/(3([C3H8]c0nsumed>)
Yeo, = IOO[COZ]/(3([C3H8]consumed>)

where [CO] and [CO,] are the outlet concentrations of CO and CO,, respectively.
[C3Hglconsumed 1S the consumed propane concentration; [C3Hgleonsumed = [C3Hglintet
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[CsHglhon-consumed” Yco and Yco, as functions of rEd are displayed in Fig. 8a, b,
respectively.

At 300 K, in both air conditions, Ycq increases when 7Ed rises. However, Yo values in
wet air are lower than in dry air ones whatever fEd. For example, at tfEd = 1,200 J L
Yco = 42 versus 55% in wet and dry air, respectively. In these latter energy cost and
dilution air conditions, CO is the main produced carbon species. For T > 450 K, CO yield
strongly depends on rEd: when fEd is increasing, Yco increases up to a maximum value
(upper than 80%), which is dependent on the temperature, then Yoo decreases. The
maximum Yco value is achieved more quickly when T increases: 570 J L™ at 450 K,
400 J L™" at 600 K.

Adding water in inlet gas mixture has an effect above the maximum Ycq value: Yo
depletion is faster in wet air conditions that in dry air conditions.

For high 7Ed values, there is a decrease of the converted carbon into CO. Yo can be
close to zero for the higher temperature. This shows that CO is not the final carbon species
produced even if 80% of the inlet carbon can be converted in CO at low fEd values. Then,
inlet carbon contained in propane is converted in another species containing C-atom such
as CO,. For Yco, higher than 50%, the main produced carbon species from propane
conversion is CO, and when Yo, is equal to 100%, the total propane oxidation into CO,
occurs in the DBD reactor.

At 300 K, Yco, and Yo profiles are similar: Yco, increases from 10 to 60% when Ed
increases from 50 to 1,200 J L™, respectively. However, CO, yields are unaffected by
adding water in the inlet propane-air mixture. In both air conditions, inlet carbon can be
efficiently converted in CO,: Yco, > 50% for tEd upper than 700 J L~! at 450 K;
500 J L' at 600 K and 250 J L™" at 800 K.

Yco, = 100% can be reached in wet air conditions for fEd values depending on tem-
perature: 1,200 J L' at 450 and 600 K and from 750 JL™' at 800 from 450 K.
Conversely, in dry air condition, total oxidation is only obtained at 800 K with fEd higher
than 750 J L™"'. Temperature is a key parameter in both studied propane-air mixtures:
when T increases from 300 to 800 K, CO, yields strongly rise from 46 to 97%,
respectively.

Carbon Balance

Total carbon by-products (mainly C,H,O,) concentration can be estimated from measured
outlet carbon species concentrations (CO, CO,, CHy, C,H, and non-consumed propane).
Indeed, carbon species are missing in the carbon balance if the measured carbon, MC, is
lower than the inlet carbon. MC is expressed in the following equation:

MC = 3[C3Hg] + [CO] + [CO] + 2[C,Ha] + [CHL].

Figure 9 displays MCl/inlet carbon ratio, R = MC/(3-[C5Hg];), as functions of fEd and
the temperature in both air conditions.

In both air conditions, between 300 and 600 K, when rEd increases, R decreases down
to a minimum level then increases up to R =~ 1 (corresponding to MC = 3-[C3Hg];). The
lowest R value corresponds to the maximum missing carbon amount in the carbon balance.
This lowest R is due to the highest production of C,H,O,. Above the minimum
MC/(3-[C;3Hg];) ratio, carbon by-products are consumed or less produced corresponding to
R increasing up to about 1.

At 300 K, by-products are promoted when propane is diluted in wet air. In this case, R is
lower than in dry air conditions. In wet air, fEd needs to be moved towards higher values to
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Fig. 9 Measured carbon/inlet
carbon ratio as functions of the
tEd (open symbols wet air
conditions and full symbols dry
air conditions)
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convert propane in only CO and CO,. For T > 450 K, adding water to the inlet gas mixture
has almost no effect on the MC/inlet carbon ratio value; same by-products amounts are
observed in both air conditions.

Moreover, the fEd range with MC/inlet carbon ratio is lower than one highly depends on
the temperature: R < 1 from 0 up to 1,200 J L™! at 300 K, up to 600 J L™" at 450 K and
up to 300 J L~" at 600 K or 800 K. So, by-products amounts can be easily controlled by
avoiding a high energetic cost when the temperature.

Active Species Discussion

The MCl/inlet carbon ratio variation as a function of fEd seems to be linked to the ozone
concentration profile as shown in Fig. 10.

On the whole rEd range, [O3] is maximum when R is minimum and when [O;]
decreases, R increases. At a given temperature, MC/inlet carbon ratio and O3 concentration
have opposite behaviours when 7Ed increases.

At 300 K in wet air condition, carbon balance (with mainly CO and CO,) is obtained
with a higher value than 90% if fEd > 900 J L™". This case corresponds to a total ozone
disappearance. At higher temperature, we observe that Oz completely disappears (con-
sumed or not produced) whatever fEd values. In both air conditions, at 300 K, O3
concentration decreases for /Ed higher than 300 J L™'. This depletion could be explained
by an increase of the temperature inside the reactor due to high Ed values delivered by
discharge electrodes.

Initial active species (such as O, H and OH) are produced in the bulk plasma from O,
and H,O decomposition. Then, these active species can react with O3 (Eqs. 7-11) [25-28].
Ozone consumption becomes more efficient when the temperature increases: rate constants
are increasing when O is decomposed or reacts with O-atom, H, OH or HO, (Egs. 7-11).
Effects of the temperature on ozone consumption rate constants are in agreement with
experimental O3 concentrations. Unfortunately, some data on rate constants are missing in
the literature at 800 K (Eq. 11).
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In wet air conditions, OH and H can be more easily produced from H,O decomposition.
Reactivity of these species with O; explain the strongest experimental O3 concentration
decreasing compared to dry air conditions (Egs. 9-11). Thus, O3 consumption seems to be
linked to the radical (H, OH and HO,) concentrations.

From the previous simplified O3 consumption mechanism (Eqgs. 7-11), we observe that
active species (OH, HO,) can be produced when O; is consumed. Moreover, when [O5]
decreases, more O-atoms are available in the bulk plasma because O-atoms are less
consumed to produce O; or O-atoms concentration increases from O5 conversion (Eq. 7).
The increase of the active species amount can explain the decrease of the carbon
by-products production which corresponds to a rise of the MC/inlet carbon ratio. Indeed, if
we consider HCHO, as a representative oxygenated carbon by-product molecule, CO and
CO, can be produced from reactions between HCHO and active species. A simplified
mechanism is presented from Eqs. 12-17 [22, 29].

HCHO + OH — Products
HCHO + O — HCO + OH
HCO + 0O — CO + OH

(12)
(13)
(14)
HCO +0 — CO, +H (15)
(16)
(17)

13
14

HCO + OH — CO + H,0 16
HCO+H — CO +H, 17

when HCHO and other C,H,O, species are entirely converted in CO and CO,, the MC/inlet
carbon ratio is equal to 1.

Conclusion

In this study, treatments of low propane concentrations (1,100 ppm) in wet or dry air by a
non thermal plasma reactor as function of the temperature are performed. We show that a
moderate heating (up to about 600 K) is very interesting to achieve a low energetic cost
with a high propane conversion rate (about 100%) and to control outlet gas concentration.
Main produced species containing carbon are CO and CO, with concentrations easily
controlled by varying parameters as inlet gas mixture composition, temperatures and
energy density. Moreover, by-products amounts are as functions of the energy density
injected in the plasma and the temperature.
Other main remarks concluding can be deduced from this study:

— No conversion without plasma is observed even at 800 K. Electrons are the reaction
initiators to produce first active species in the DBD streamers: O, OH, O3 from O, and
H,0 decomposition.

— In wet air condition, ozone and by-products consumption increases to reach a total
oxidation of the inlet carbon injected which is converted in CO,.

— A heating leads to a change of produced species at a specific energetic cost. A high
decrease of the C,H,O, species produced is observed when the temperature increases
from 300 to 800 K.
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