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Abstract

Destruction of ethane in corona discharge was studied using a tubular coaxial wire AC high-
voltage dielectric barrier discharge flow reactor coupled to a GC/MS and a quadrupole mass-
spectrometer. The experiments were performed at ambient temperature (298 + 3 K) and pressure
(1.00 £ 0.04 bar). Mixtures of 12, 109, 1033 and 10000 ppm ethane in synthetic air (21% O,,
79% N,) were passed through the reactor with the flow rates in the range 0.17 - 4.8 sccs. The
active discharge power was varied in the range 0.01 - 4.0 W. The reactant (ethane) and the
products of the destruction were monitored on line using the electron impact MS as well as the
GC/MS. The degree of the destruction was measured at different ethane concentrations, flow
rates, and the discharge powers. The measured dependences of ethane concentration on the
specific absorbed energy are double-exponential. The energy efficiencies and the G-values were
determined. In addition to H,O, CO, and CO, acetic acid (CH;COOH), ethyl nitrate
(C,HsONQO,), methyl nitrate (CH;ONQO,), ethanol (C,;HsOH), and nitromethane (CH3NO;) were
identified among the major destruction products. The experimental results are in discrepancy
with a detailed free-radical reaction based model. The discrepancy in the destruction energy

efficiency increases at low concentrations of ethane and reaches a factor of 10000 at 12 ppm.



Introduction

During the last decade, corona discharge received significant attention as a prospective
technology for cleaning contaminated air flows (1 - 21). The approach appeared to be almost
universal and was considered for hydrocarbons (“VOCs”) (1 - 6), organophosphorous
compounds (7 - 9), NOx (10 - 14), SOy (14 - 17), soot (18) and fluorohalocarbons (freons) (19)
destruction. Although a large number of applied investigations were performed (2 - 20), the
mechanism of the destruction was not established with certainty. At the early stages the “free-
radical” mechanism for hydrocarbon destruction was generally assumed (20). However, even
then, the basic difficulties of the free-radical mechanism were apparent (1). Simple estimates (as
well as the detailed mechanistic calculations for methane) were in quantitative discrepancy with
the experimental data up to three orders of magnitude (1). However, with respect to the kinetics
and the efficiency of the destruction in corona discharge methane is not a true representative but
rather an exception in the hydrocarbon family (1).

The current work is a detailed experimental study of the destruction of ethane in corona
discharge. It was predicted (and confirmed in the current experiments) that ethane will exhibit a
similar behavior as the majority of hydrocarbons with respect to the destruction in corona
discharge. Such a prediction was made based on the ionization energy of ethane in comparison
with the ionization energies of molecular oxygen — the correlation outlined earlier based on the
extensive study of the destruction of a number of hydrocarbons and other molecules in corona
discharge (1). Ethane is the simplest hydrocarbon molecule after methane. Therefore, a reliable
elementary reaction model for ethane oxidation can be built and compared with the experimental

results.



Experimental

A tubular dielectric barrier AC corona discharge reactor coupled to a mass-spectrometer and
a GC/MS (Fig. 1) was used to study the efficiency and the kinetics of C;Hg destruction in air at
concentrations in the range 12 - 10000 ppm. The flow reactors used were Pyrex glass tubes
(length 80 cm, I.LD. = 4 mm) with a thin Ni-Cr coaxial wire (0.43 mm in diameter) used as a
high-voltage electrode. The second (grounded) electrode is made from aluminum foil wrapped
outside the tube. Corona discharge was excited by application of high AC voltage (up to 20 kV,
60 Hz) to the central wire. This arrangement results in a uniform discharge along the length of
the reactor. The reactant (C,Hg) and the products of the destruction were monitored on-line by a
quadruple mass spectrometer Finnigan 4021 and by a 5973 HP GC/MS equipped with a Valco 6-
port valve with a 0.25 ml sampling loop. The efficiency of the destruction was studied as a
function of the active power dissipated in the reactor, the reactor residence time, the flow rate

and the concentration of ethane. The reactor temperature was sustained at 22 + 2 °C.

... Figure 1 goes near here ...

Determinations of the active power absorbed in the reactor were based on the current-voltage
measurements. The output voltage of the high voltage transformer was measured using a two-
resistor voltage divider. The discharge current was monitored by measuring the voltage across a
resistor connected in series with the output grounded wire. Oscilloscope traces of the voltage and
current recorded using a digital oscilloscope (HP 54501) were multiplied and averaged to
produce the average value of the active power. The parasitic losses in the high-voltage

transformer were determined in the same manner with reactor disconnected from the high-



voltage cable. These losses were subtracted from the active power measured with the reactor
connected to the high-voltage power supply. The discharge power was varied by varying the
input voltage of the high-voltage transformer over the range 0 — 8 W.

The ion source temperature of the quadrupole MS was kept at 40 °C. In the current work, due
to the interference of the background mass-spectrum, no attempt to quantify the major final
products of the destruction (CO, CO, and H,0), was made. The research was mainly focused on
the other carbon and nitrogen containing products of the destruction.

Chromatographic separations and analyses were performed using two capillary columns:
30 m x 0.25 mm HP-5MS column and 50 m x 0.25 mm Chrompack Al,O3/KCI1 PLOT column.

Calibration of the GC/MS was performed using gas calibration mixtures prepared in a 2 L
static dilution bottle (Kontess company) with Mininert valve using air as a dilution gas. Mixtures
were prepared by injection of measured amounts of liquid compounds by a syringe through the
valve into a calibrated volume with subsequent vaporization. Nitromethane, acetaldehyde,
propionaldehyde, acetic acid, formic acid, and ethanol, purchased from Aldrich, were used for
preparation of the calibration mixtures of these compounds. Ethyl nitrate and methyl nitrate were
synthesized (25, 26) and purified before the preparation of the calibration mixtures. All the
sensitivity coefficients were determined relative to propanal, used as a standard.

Chrompack Al,O3/KCl PLOT column was used to measure concentrations of C;Hg and N,O.
This column also ensures analysis of all C;-Cs hydrocarbons. However, CHy4, C,Ha4, CH30H, and
CH,O0, indicated as possible intermediate products of ethane destruction in the preliminary model
calculations, were not detected in the experiments. Commercially available gas mixtures of

ethane in zero air, 1034 ppm of nitrous oxide (N,O) in nitrogen (Matheson Tri-Gas, Inc.) and a



multicomponent mixture of 1.00% CO, 1.00% CO,, 1.00% H,, 1.01%CH,4, and 1.01% O; in
nitrogen (Scott Specialty Gases) were also used for the GC/MS calibration.

Two methods were used to protect GS columns from ozone formed in the discharge. The
reactor outlet flow was either passed through an additional reactor heated up to 230 °C to
thermally decompose ozone or through a manganese oxide (Aldrich, catalog #24,344-2) trap at
ambient temperature. Manganese oxide is an efficient catalyst of ozone decomposition even at
room temperature (27). Destruction of ozone in the samples of the reaction mixture exiting the
reactor can potentially affect the mixture composition. Only minor effect of the passing of the
outlet mixture through the additional heated reactor or through the manganese oxide trap on the
products concentrations was found. Experimentally, it was found that the impact of the ozone
destruction in the heated reactor or manganese oxide trap on the concentrations of ethane is less
than 10 %. The measurements of the degree of destruction of ethane were performed without
using these ozone-destroying devices using the Chrompack Al,O3/KCI column, which is relative
stable towards ozone.

The concentration of 0zone in the output flow from the reactor was measured simultaneously
by two independent methods: by UV absorption and by a quadrupole MS. The UV absorption
allowed reliable determination of the absolute concentrations of ozone using absorption at the
wavelength of 253.7 nm with a 1.00 cm cell. The ozone absorption cross sections at this
wavelength is 1.15 x 107" cm? (28). A small fraction of the flow exiting the cell was sampled
into the ion source of the quadrupole MS. The calibration of the MS for ozone was performed by
comparison of the MS peak m/z = 48 with the UV absorption. It was found that at temperatures
of the ion source above 140 °C the MS measurements underdetermined ozone compared to the

UV measurements due to the thermal decomposition of ozone in the ion source. Therefore, the



ion source temperature was kept at 40 °C in the measurements of ozone concentration. In all

other experiments the temperature of the ion source was kept at 140 °C.

... Figure 2 goes near here ...

Results and Discussion

The dependence of the mole fraction of ozone on the specific energy deposition at different
concentrations of ethane at the flow rate of 1.2 sccs is shown in Fig. 2. There is only a minor
impact of ethane on the ozone production at the concentration of ethane 109 ppm. When 1033
ppm of ethane is used, the outlet ozone concentration is reduced by ca. 30%. Addition of 1% of

ethane reduces concentration of ozone 2.6 times.

... Figure 3 goes near here ...

Fig. 3 shows the destruction of 12 ppm ethane in corona discharge as a function of the
specific energy deposition at different flow rates. Variation of the flow rate by a factor of four
has no impact on the destruction efficiency at a given specific energy deposition, the specific
energy deposition being the only parameter that determines the efficiency of the destruction. The
dependence of the outlet concentration on the specific absorbed energy has distinct “double-
exponential” character.

A similar dependence for 1% C;Hg in air is shown in Fig. 4. At this high concentration the

dependence is single-exponential. Due to the non-exponential character of the destruction curves



the value of the destruction parameter E, (1) defined by equation E1 depends on the specific

energy:

Evo = -Ey In((C2He)ou/(C2He)in) (E1)

In this equation, (C,Hg)ou and (C,He)in are the outlet and the inlet concentrations of ethane,

respectively, E, is the specific deposited energy:

E, = Absorbed Energy / Gas Volume = Active Power / Volumetric Flow Rate (E2)

... Figure 4 goes near here ...

The destruction parameters E, (defined by equation E1) determined from the experimental
data at different concentrations of ethane are shown in Fig. 5. Filled squares refer to a small
specific energy of 0.004 J/cm® which is equivalent to the definition of E, o through the initial
slopes of the destruction curves (1). In the figure, the destruction parameter determined from the
initial slopes (at a small energy deposition of 0.004 J/cm®) as well as these determined at the
specific deposited energy of 1 J/cm® are shown vs. the ethane concentration. The efficiency of
the destruction in terms of the energy required per unit volume of the gas mixture decreases with
ethane concentration. For example, at the lowest concentration used, 12 ppm, the destruction
parameter determined using the initial slopes of the destruction curves is 0.067 J/cm’. The energy

consumption increases with the concentration and reaches 8.5 J/cm® for 1 % ethane in air.



... Figure 5 goes near here ...

The experimental data were compared with the preliminary calculations using a detailed
model of free radical reactions. The model consists of several processes of molecular
dissociation by electron impact with subsequent 803 reactions of 87 atoms, free radicals and
excited states. The original mechanism of the high-temperature oxidation of hydrocarbons (29),
that contains more than 1207 elementary reactions, including reactions of nitrogen-containing
species, was modified. Only reactions of C; and C, species were left in the mechanism
(excluding C;HsCHO and C,HsCO). Reactions involving HOCN, HNCO, C,;N,, CNN, HCNN,
HCNH, N;H,, N,H3;, N,H; were excluded. Additional 79 reactions, important at low
temperatures of the current study were added to the mechanism based on the data available in the
NIST database (30). Additional 4 reactions of C;HsO and CH;30 radical with NO and NO, (25,
26) were added to the mechanism.

Initiation of the reaction was described by the formation of oxygen and nitrogen atoms in the
ground and the excited electronic states by electron impact dissociation of the major components
of the reacting mixture. The initiation processes include electron impact dissociation of
molecular oxygen, nitrogen, ozone and water. The rates of formation of ozone measured without
ethane added at variable flow rates and the discharge power, were used to calibrate the rates of
the initiation reactions forming oxygen atoms.

Preliminary calculations with this detailed mechanism can be summarized as follows. The
model qualitatively predicts some of the destruction products. The model predicts the energy
efficiency of the destruction factor of 10 lower than the experimentally observed for the

concentration of ethane of 1%. The discrepancy in the destruction efficiency increases at low
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concentrations and reaches a factor of 10* at 12 ppm - the experimentally observed destruction

efficiency is ca. 10000 times higher than the model prediction.

... Figure 6 goes near here ...

Water and carbon dioxide, the final products of the destruction, were observed using the MS
detection. Due to the background contributions, no attempt of quantitative measurements of these
products was made in this study. A search for CH4, C;H4, CH,0, and CH3;0H was performed.
These products were not detected. The following intermediate products were identified and
quantified: acetic acid, ethyl nitrate, methyl nitrate, ethanol and nitromethane.

The relative yields of the products per one ethane molecule destroyed for the 1% and 1033

ppm mixtures of ethane in air are shown in Fig. 6 and 7.

... Figure 7 goes near here ...

The pattern of N-containing products is consistent with the following simplified mechanism.
The major C-containing products of the primary steps involving ethane (irrespective of the
nature of these processes) are ethyl and methyl radicals, C;Hs and CHj. They can be formed by
H-atom abstraction in the free radical reactions, in the ion-molecule reactions, in the reactions of
ion-electron dissociative neutralization, and via the direct electron impact dissociation.

It should be noted, that the current model, which does not take into account the ion-molecule
reactions, completely fails to explain the absolute energy efficiency of ethane destruction. Still,

the spectrum of the products to a significant degree could be determined by the secondary free
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radical reactions. Some of the destruction products observed in the current study could be
explained by the following elementary reactions.
At not very high temperatures and in the oxygen-containing mixtures peroxy radicals play an

important role. As a result, methoxy and ethoxy free radicals are formed (30):

CoHs + Ox(+M) —> CH505(+M) (1)
CH; + O5(+M) —> CH;0,(+M) 2)
CH; + O; —> CH;0 + O, 3)
C,Hs + 03 —> C,H50 + 0, 4)
CH;0, + O —> CH;0 + O, (5)
C,H;50, + NO3 —> C,H;0 + NO, + 0, (6)
C,H;50, + NO —> C,Hs0+NO, (7)
C,Hs0; + C,Hs50, —> C,H50+C,H50+0, (8)
CH;0, + CH;0, —> CH;30+CH;0+0, 9)
CH30,4NO —> CH;0+NO;, (10)

Further reactions of methoxy, ethoxy, and methyl and ethyl peroxy radicals lead to formation

of the observed nitrates (25, 26, 30):

CszO + NOz —_> C2H5ON02 (1 1)
CH;0 + NO, —> CH;0NO;, (12)
C2H502 +NO —> C2H50N02 (13)

CH;0, + NO —> CH;0NO;, (14)
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In addition, these products can be formed directly from ethyl and methyl radicals in reactions

with NO; (30):

C,Hs + NO; —> C,H5s0ONO, (15)

CH3 + NO3 —_> CH3ON02 (16)

Other observed reaction products, CH;NO, C,HsOH and CH3C(O)OH, are also predicted by
the free radical mechanism. Several products, predicted by the model (C,H4, CH4, CH3;0H, and
CH;0), were not observed.

In addition to the observed products, which could be explained by the secondary free radical
chemistry, a new compound that reveals itself as a relatively broad peak in the GC - MS
chromatograms, was observed. The mass spectrum identification based on the NIST mass spectra
library indicated 1,2-propanediol, 3,3”-oxidi,- tetranitrate (C¢H;oN4O;3), as the product
responsible for this peak. Fig. 8 shows the measured dependence of the fraction of the
CsH10N4O13 peak area of the total peak area of all observed products vs. ethane concentration in
air for the specific deposited energy of 7.92 J/em® and the gas flow rate of 1.2 cm’/s. This
product represents a relatively minor component at high concentrations of ethane. For example,
for 1 % of ethane in air, the peak area of this product is only 3% of the total area of all peaks.
The relative abundance of this product increases at low concentrations. At 12 ppm this was the

only product of the destruction detected in the experiments (Fig. 8).

... Figure 8 goes near here ...
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Currently, the mechanism of formation of this molecule is not clear. A free radical

mechanism as well as ion-assisted polymerization could be speculated.

Conclusions

A detailed experimental study of the destruction of ethane in zero air in dielectric barrier
corona discharge was performed. The intermediate and minor final products of the destruction
were identified and quantified. The energy efficiency of the destruction was determined over a
wide range of ethane concentrations (12 - 10000 ppm). The efficiency of the destruction
increases at low ethane concentrations in line with the expectations for molecules having
ionization energy lower than the energy of ionization of molecular oxygen (1). The free radical
model predicts the efficiency almost independent of ethane concentration. The detailed free-
radical reaction based model qualitatively predicts some of the destruction products. The
experimentally observed energy efficiencies are higher than these predicted by the model. The
discrepancy is a factor of 10 for the concentration of ethane of 1%. The discrepancy between the
experimentally determined destruction efficiency and predicted by the model increases at low
concentrations and reaches a factor of 10* at 12 ppm.

A number of the destruction products can be qualitatively explained by the free radical
secondary chemistry, while no quantitative agreement can be reached. A new product, tentatively
identified as 1,2-propanediol, 3,3”-oxidi-, tetranitrate (C¢H;oN4O,3), was observed. The relative
yield of this product increases at low ethane concentrations. The results of the current study are
in agreement with the kinetic characteristics of the destruction of other hydrocarbons in corona

discharge.
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Figure Captions

Figure 1. Experimental set-up.

Figure 2. Ozone yield vs. the specific energy deposition for different concentrations of ethane in
zero air. Open circles - air only (measured using UV absorption). Filled circles - air only
(measured using quadrupole MS). Filled squares - 109 ppm (quadrupole MS). Filled triangles
down - 1033 ppm (quadrupole MS). Filled triangles up - 1% ethane (quadrupole MS).

Figure 3. Destruction of 12 ppm C,Hg in air in corona discharge. Outlet concentration of ethane
vs. the specific energy deposition at different gas flow rates. Filled triangles -1.2, open squares -
2.4, filled stars - 4.8 cm®/sec. The solid line is a double-exponential fit: [CoHg]out /[C2Hglin =
A*exp(-Ev/Eyo1)+H(1-A)*exp(-E\/Evo2).

Figure 4. Destruction of 1% ppm C,Hg in corona discharge. Open squares - 1.2, filled squares -
2.5 cm’/sec.

Figure 5. Destruction parameter E, o vs. ethane concentration.

Figure 6. Products yields for C,HsONO,, CH;ONO,, CH3NO, C,HsOH, CH3C(O)OH vs. the
specific deposited energy. Destruction of 1% C,Hs in air. Gas flow rate 1.2 cm’/sec.

Figure 7. Products yields for C,HsONO,, CH;ONO,, CH3;NO, CH3C(O)OH vs. the specific
deposited energy. Destruction of 1033 ppm C,Hg in air. Gas flow rate 1.2 cm’/sec.

Figure 8. Relative yield of a product identified as C¢H;oN4O;3 vs. C;Hg concentration. Gas flow

rate 1.2 cm’/sec, specific deposited energy 7.92 J/cm’.
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