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ABSTRACT: Plasma-assisted catalysis of the reaction between CO2 and C2H6 in
a single-pass, ferroelectrically moderated dielectric barrier discharge reactor has
been studied at near ambient temperature as a function of physicochemical and
electrical reaction variables. The presence of small amounts of a vanadia/alumina
catalyst dispersed on the BaTiO3 ferroelectric markedly enhanced the production
of formaldehyde, the focus of this work. A maximum HCOH selectivity of 11.4%
(defined with respect to the number of ethane carbon atoms consumed) at ∼100%
ethane conversion was achieved, the other products being CO, H2O, H2, CH4 and
a small amount of C3H8. N2O was also an effective partial oxidant (HCOH selectivity 8.9%) whereas use of O2 led to complete
combustion, behavior that may be rationalized in terms of the electron impact excitation cross sections of the three oxidants.
Control experiments with the coproducts CH4 and C3H8 showed that these species were not intermediates in HCOH formation
from C2H6. Analysis of reactor performance as a function of discharge characteristics revealed that formaldehyde formation was
strongly favored at low frequencies where the zero-current fraction of the duty cycle was greatest, the implication being that
plasma processes also acted to destroy previously formed products. A tentative reaction mechanism is proposed that accounts for
the broad features of formaldehyde production.
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1. INTRODUCTION

The energy-efficient conversion of lower alkanes, especially
CH4 and C2H6, the principal components of natural gas, into
added-value oxygenates is difficult and demanding. Conven-
tional heterogeneous catalysis using supported metal oxides in
the presence of a gaseous oxidant has often been used in the
research laboratory for the production of C1 and C2 aldehydes
from CH4 and C2H6, with varying degrees of success. However,
this approach necessarily involves the application of temper-
atures in excess of 600 °C (see, for example, reference 1 and
references therein). With respect to industrial significance,
formaldehyde is an important high volume product in the
global economy, widely used in the chemical industry and in
construction, wood processing, furniture manufacture and
textiles: the annual global rate of production being in the
order of 12 000 kilotons.2 Although laboratory scale Mo oxide-
catalyzed oxidation of ethane to formaldehyde has been
reported, see for example,3 temperatures in the order of
∼600 °C are required. Current commercial process technology
involves high temperature heterogeneous catalytic oxidation of
methanol over Ag or oxides of Fe, Mo or V. This is a multistep
route, first requiring hydrocarbon reforming, followed by

methanol synthesis, and finally formaldehyde production. The
alternative one-step route via direct oxidation of light
hydrocarbons is not industrially viable because formaldehyde
is more readily oxidized than the hydrocarbon reactants under
the high temperatures required.2

Plasma-assisted heterogeneous catalysis has often been used
a means for the destruction of a variety of pollutants at low
temperatures4−6 and a comprehensive review of such work is
provided in.7 However, this approach has seldom been explored
for synthetic processes aimed at chemicals production.
We have previously reported on plasma reforming of

hydrocarbons in the absence of a conventional solid catalyst
but with BaTiO3, a ferroelectric material, incorporated in the
plasma excited volume.8−10 In every case, 100% selective
conversion to CO + H2 was achieved, the ferroelectric serving
to markedly reduce the operating voltages required, thus
increasing overall energy efficiency. Here we report on the
plasma-assisted selective oxidation of ethane to formaldehyde
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by CO2 in the presence of both a ferroelectric and an
appropriate catalyst. Encouraging results are obtained which
demonstrate that formaldehyde can be produced at useful
selectivity in a single pass atmospheric pressure reactor at high
reactant conversion and near ambient temperature.

2. EXPERIMENTAL METHODS
2.1. Dielectric Barrier Reactor. The dielectric barrier

discharge (DBD) reactor has been described in detail
elsewhere.8 It consisted of two concentric stainless steel
cylindrical electrodes with diameters of 15 and 36 mm and
115 cm overall length. The interelectrode gap was filled with
∼200 g of 2−4 mm BaTiO3 pellets (Alfa Aesar) with dielectric
constant 1250−10 000 over the temperature range 20−120 °C.
This ferroelectric material enabled the discharge to be sustained
at much lower applied voltages (i.e., from approximately 1.2 to
3 kV for a separation between the electrodes of 1.05 cm). Glass
beads (∼10% by volume) were incorporated in the
interelectrode space to prevent the compaction of the
ferroelectric material. These enabled a more homogeneous
distribution of microdischarges, which, for reasons explained
below, enhanced the efficiency of chemical conversion. For
higher operating frequencies, the applied voltage was limited by
the power supply characteristics. The gas lines and the reactor
(void volume ∼ 60 cm3) were maintained at 120 °C to avoid
condensation of water. All experiments were carried out at
atmospheric pressure.
The plasma was ignited by a purpose-built bipolar AC power

supply incorporating two output transformers (15 kV
maximum) each connected to an electrode. This configuration
provided voltages of 10−30 kV at frequencies from 750 to 8
kHz. In all experiments, the electrical parameters were
monitored by means of a digital oscilloscope (Tektronix TDS
2001C) used to display voltage/current characteristics via a
high voltage probe and an inductively coupled current/voltage
convertor. The overall reactor set up is illustrated in Figure 1.

In plasma reforming processes, the discharge current and
voltage depend on factors including the type of dielectric
material and its configuration, pressure, gas composition,
interelectrode gap and electrode design.11−13 With such
reactors, assessment of I(t) and V(t) curves provides useful
information about discharge conditions and can be used to
predict the efficiency of the reforming processes.14 Here,

electrical characterization was carried out by varying the
frequency from 900 to 7474 Hz at constant applied voltage
(peak value 1.8 ± 0.1 kV). Figure 2 shows typical I(t) and V(t)

curves recorded at frequencies of 900 and 7474 Hz. Note that
at 900 Hz the discharge current is concentrated within a small
temporal region whereas at high frequencies the I(t) curves do
not reach a zero current regime, a point that we shall return to.
The spikes are due to microdischarges that spread over the
electrode surface when a high local electric field causes local
breakdown of the gas.15,16 The presence of solid particles in the
discharge volume may modify the system’s electrical behavior
and performance by promoting surface discharges on these
particles.17

The discharge power (P) can be calculated from the area of
the Lissajous curves.18 This parameter allows estimation of the
reaction efficiency defined as σ/P, where σ refers to the amount
of C2H6 consumed. P was strongly dependent on the operating
frequency (ν) and voltage: at fixed voltage, P increased with
frequency due to progressively increasing discharge current (see
Supporting Information S1).

2.2. Catalyst Preparation. The vanadia/alumina catalyst
was prepared according to the method used by Blasco et al.19

Materials of this type have been widely used as conventional
catalysts for oxidative dehydrogenation of ethane, following
their introduction many years ago by Thorsteinson et al.20,21

Figure 1. Schematic of the reactor.

Figure 2. V(t) (black curve) and I(t) (red curve) curves obtained at
(a) 900 Hz and (b) 7474 Hz for a nominal applied voltage of 1.8 ± 0.1
kV.
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A solution of oxalic acid (30.3 g, Sigma Aldrich) and
NH4VO3 (24.7 g, Sigma Aldrich) in 100 mL of water was
prepared by heating and stirring. Portions of this solution were
then added to alumina powder (Sigma Aldrich) to achieve the
desired loading of vanadium. After impregnation, the precursor
was calcined at 600 °C for 6 h to produce the final catalyst,
which contained 1.74% (w/w) of vanadia. The BET specific
surface area of the catalyst(s) determined by means of N2
adsorption, (MicromeriticsTristar II 3020) was 67 m2/g with a
total pore volume of 0.164 cm3/g and average pore diameter of
7 nm. Small pellets of this catalyst (∼1 mm diameter) were
fabricated by compressing and then crushing the initially
synthesized powder. The catalyst pellets were then mixed with
BaTiO3 pellets (∼3 mm in diameter), loaded into the reactor
and used to investigate the effects of catalyst loading on the
system’s performance. The weight ratio catalyst/ferroelectric
material was varied from 0 to 2.5 × 10−3, with 2.5 × 10−3 being
used in most experiments as standard operating conditions.
XRD revealed that the used catalyst was amorphous and XPS

showed that the vanadium was present as V5+. The
corresponding Raman spectra were uninformative, which is
perhaps unsurprising, given that the catalyst constituted only a
small component of the mixture with BaTiO3. However, SEM
images and corresponding EDX spectra were revealing. They
clearly showed the two components of the BaTiO3/catalyst
composite and demonstrated that the vanadia was exclusively
associated with the alumina phase. A representative image and
spectra are shown in the Supporting Information (S2).
2.3. Gas Delivery and Analysis of Reactor Output.

Gases were delivered to the reactor by means of mass flow
controllers (Bronkhorst, EL-flow type); ethane and CO2, O2,
N2O, He, Ar, N2 supplied by Air Liquide were used without
purification and the gas composition at the reactor exit was
monitored mass spectrometrically (Sensorlab, Prima Plus−
Pfeiffer Vacuum). Gas mixtures of known composition were
used to calibrate the quadrupole mass spectrometer (QMS),
thus enabling quantification of reaction products. In the case of
formaldehyde, we used the QMS sensitivity factor directly
determined by Mensch, whose sensitivity factors for CO, CO2,
CH4 and H2 are very similar to ours.22 The m/z values used to
quantify each of the products and reactants were as follows:
C2H6 m/z = 27, CO2 m/z = 44, CO m/z = 28, CH4 m/z = 15,
C3H6 m/z = 39, H2O m/z = 18, COH2 m/z = 29.
Unless otherwise stated, the following standard flow

conditions were used: 5.9 sccm CO2; 1.1 sccm C2H6; 27.1
sccm He. (He is often used as carrier gas as it favors the
attainment of homogeneous glow discharge conditions23). In
the cases of formaldehyde and methane, quoted selectivities are
calculated relative to the number of ethane carbon atoms
consumed.
For the other products (H2, H2O, CO), which may arise

from either or both reactants, the absolute effluent flow rates
are given in sccm.

3. RESULTS AND DISCUSSION
Under most operating conditions, the plasma-assisted catalytic
system converted essentially all the C2H6 in a single pass
accompanied by substantial net conversion of CO2 (which is
itself a reaction product). The principal products were H2,
H2O, CO, CH4 and, most significantly, formaldehyde
(HCOH). Selectivity toward formation of the latter was as
high as 11.4% (0.24 sccm) under some conditions. Very small
amounts of C3H8 were also observed.

We now examine the effect of operating parameters,
including the catalyst, on the selectivity toward HCOH
production and on the energy efficiency of the process. On
the basis of these results, a hypothesis will be proposed to
account for the formation of HCOH by plasma-assisted
catalysis.

3.1. HCOH Production: Effect of Discharge Parame-
ters. Figure 3a,b shows the evolution of reactants and products

expressed in terms of sccm as a function of applied voltage for
the minimum and maximum accessible frequency values. At
intermediate frequencies, the results lay between those
illustrated in Figure 3a,b. These results are also presented in
tabular form in the Supporting Information (S3).
The most striking finding is the formation of substantial

amounts of HCOH and methane at all operating frequencies,
accompanied by very small amounts of C3H6. These results
constitute the first demonstration that a valuable oxygenate can
be obtained with relatively high selectivity in a plasma-assisted
catalytic process at near ambient temperature. It might
reasonably be expected that substantial improvements in
performance could be achieved by optimizing reactor design
and the associated operating parameters, which will be the basis
for further studies. At the lowest frequency (Figure 3a, 900 Hz),
formaldehyde production increased from zero sccm (no
discharge) to 0.244 sccm at 3 kV, equivalent to a selectivity
of 11.4%; the corresponding methane selectivity was 18.6%

Figure 3. Evolution of reactant and product outflow as a function of
applied voltage for (a) 900 Hz, (b) 7474 Hz. See also Table S3.1 in the
Supporting Information. At high frequencies, the applied voltage was
limited to 1.8 kV by the power supply.
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(0.39 sccm). At 7474 Hz and 1.8 kV, the HCOH and CH4
equivalent selectivities were 8.5% and 11.9% (0.16 and 0.23
sccm), respectively.
CO, H2 and H2O were formed in larger amounts, the yield of

CO increased continuously with applied voltage while that of
H2 exhibited a maximum at ∼1.8 kV at 900 Hz and ∼1.5 kV at
7474 Hz. The decrease in H2 production was likely due to
increasing formation of H2O.
In a plasma-assisted catalytic system, both plasma and surface

reactions are expected to contribute to the product distribution,
a topic that we consider below. An indication of the relative
importance of purely plasma reactions in formaldehyde
formation may be obtained by referring HCOH flow to plasma
power. This is exemplified in Table 1, which shows C2H6

converted and HCOH flow produced as a function of
frequency and discharge power at a constant voltage of 1.8
kV. The fourth and fifth columns show that although reactant
conversion increases markedly with frequency (and power), the
efficiency toward both conversion and HCOH production
decreases very strongly with increased frequency. A compilation
of data for CH4 and HCOH production and selectivities for
other frequencies and voltages is given in the Supporting
Information, along with corresponding data for the other
products (see Supporting Information S3).
In this regard, the profile of the I(t) and V(t) curves in

Figure 2 is revealing. Maximum energy efficiency toward the
desired chemistry is obtained at low frequencies. This strongly
suggests that the effect is linked to the zero current fraction of
the duty cycle (∼60% at 900 Hz and ∼0% at 7474 Hz). Purely
plasma processes can both activate reactants (see below) and
also destroy previously formed products. For any given reaction
product, the balance between these two effects will determine
the net reaction yield. In the present case, it appears that net
HCOH production is disfavored by destructive secondary
reactions that occur while the plasma is lit.
It is also likely that the relative importance of micro-

discharges versus surface discharges in determining overall
reaction efficiency is frequency dependent.17 These findings
signpost future developments whereby reaction selectivities
may be substantially increased by suitably engineering both the
reactor geometry and the electrical characteristics of the
discharge.
For a frequency of 900 Hz, Figure 4 shows the voltage

dependence of reaction efficiency (i.e., product flow or reactant
consumption per unit injected power) for ethane consumption
and formation of the various products. At 7474 Hz, the
efficiency was much lower, for reasons discussed below, and
corresponding results are presented in the Supporting
Information (S4).
In all cases, the efficiency exhibits a pronounced maximum at

∼1.8 kV, suggesting the occurrence of a plasma resonance at
around this operating voltage.7

The decline in efficiency at higher voltages suggests that the
more active plasma discharges obtained under such conditions
induce undesired side reactions and/or further conversion of
the desired product. The slower decline in CO production
compared to the other products for V > 1.8 kV suggests that
secondary reactions that convert HCOH and/or CH4 into CO
are responsible for the observed behavior. Similar results were
obtained at higher frequencies (see Supporting Information S4
for ν = 7474 Hz).

3.2. HCOH Production: Effect of Gas Composition and
Catalyst Load. To obtain additional insight into the reaction
mechanism, especially with respect to formation of HCOH, the
use of O2 and N2O as alternative oxidants was investigated.
Likewise, the effects of using Ar and N2 as carrier gases and the
use of methane and propane as alternative reactants were also
studied. Experiments were carried out under the standard
conditions defined above, and Table 2 summarizes the results.
Uncertainties in the CO yield, estimated as described below, are
given in the final column.
In the cases of C2H6 + CO2 with Ar, N2 or He, to calculate

the CO yield, the m/z = 28 signal had to be corrected for the
contribution from ethane, CO2 and HCOH and the associated
carbon balances are shown in Figure 5 for the case of He. At
900 Hz, for voltages above 2 kV, the apparent carbon balance
closed within the experimental uncertainty; at lower voltages,
for both 900 and 7474 Hz, the data were such that the
estimated errors in the CO yield expanded rapidly, precluding
estimation of the carbon balance, as indicated in the figure.
Because measurements were always made at steady state, we
conclude that no accumulation of carbon within the reactor
could have been occurring.
When N2 was the carrier gas, the very large contribution to

m/z = 28 from N2 had also to be allowed for. This was done by
also measuring the m/z = 14 signal, which has a significant
contribution from N2, a negligible contribution from CO and
small contributions from ethane and methane. Thus, knowing
the fragmentation patterns of all three species as measured with
our mass spectrometer, it was possible to estimate the CO yield
in this case also, though inevitably, the associated error was
large. In the case of N2O as oxidant, CO2 is a product of
reaction. The mass interferences between N2O, CO2 and CO
are such that the only signal unambiguously ascribable to CO2
is m/z = 22 (CO2

2+), which appears only very weakly. Using

Table 1. Dependence of Reactant Conversion and
Formaldehyde Production on Discharge Frequency and
Power for a Nominal Applied Voltage of 1.8 ± 0.1 kV

ν (Hz) P (w) σ (sccm) σ/P (sccm·w−1) HCOH flow/P (sccm·w−1)

900 4.80 0.697 0.145 0.0229
4000 12.32 0.786 0.064 0.0089
5500 23.60 0.860 0.036 0.0056
7474 24.44 0.958 0.039 0.0067

Figure 4. COH2 and CH4 process efficiency (flow (sccm)/P) and CO,
H2 + H2O and C2H6 flows referred to the applied power as a function
of the reactor voltage (ν = 900 Hz). The C2H6 curve refers to the
consumption of this reactant.
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this as a basis for estimating the amount of CO2 formed
resulted in such a large error that the carbon balance could not
be achieved.
It is clear that CO2 was the most effective partial oxidant,

yielding the largest amount of formaldehyde and a comparable
amount of methane. Interestingly, when N2O was used as
oxidant, the yield of formaldehyde (8.9%) was only slightly
smaller than that obtained with CO2, although methane
production was drastically reduced (3.2%). On the other
hand, using O2 resulted in the complete combustion of ethane
to yield carbon dioxide and water.
Substitution of He by N2 as carrier gas produced a decrease

in methane production, whereas with Ar as carrier gas, both
formaldehyde and methane production decreased substantially.
This correlates with the well-known behavior of He in
promoting homogeneous discharges in DBD plasmas due to
formation of higher concentrations of high energy long-lived
metastable species.24 In the present case, this effect was
confirmed by demonstrating that the relative intensity of
microdischarges was smallest when using He as carrier gas,
again, this is consistent with the view that microdischarges
induce undesired chemistry (see Figure 2).
Given the presence of methane and small amounts of

propane in the effluent gas, we investigated the possibility that
these species could be reaction intermediates in the formation
of formaldehyde. Accordingly, we carried out DBD−catalysis
reactions with CO2 + CH4 and CO2 + C3H8 under
experimental conditions similar to those shown in Table 2.
With methane, the HCOH selectivity was only 2.2%, even at an
overall CH4 conversion of ∼90%. As expected, hydrogen and
CO were the main reaction products. With propane, also at a
conversion of ∼90%, no traces of HCOH were detectable, with
CH4, water, CO and H2 being the sole reaction products. We
therefore conclude that CH4 and C3H8 are unlikely to be
important reaction intermediates in the partial oxidation of

ethane to formaldehyde under conditions of plasma-assisted
catalysis.
The influence of catalyst load on reactor performance was

also examined by varying the amount of catalyst mixed with the
BaTiO3 from 0 to 0.5 g. The amount of catalyst was kept very
low so as to maintain unchanged the plasma characteristics of
the reactor. As noted below, even though present in very small
amounts, the catalyst had a very significant influence on HCOH
selectivity.
Thus, at the optimum catalyst loading of ∼0.2 g, form-

aldehyde production was increased by a factor of ∼3 compared
to the catalyst-free case (BaTiO3 only). Increasing the catalyst
loading beyond this value did not increase formaldehyde
production. See Supporting Information (S5). Thus, it appears
that the vanadia/alumina catalyst plays no significant role in
methane production, whereas it is of importance in form-
aldehyde production, which process is in any case our chief
concern, which we now consider.

3.3. Mechanistic Considerations. The complexity result-
ing from the simultaneous occurrence of gaseous and surface
processes taking place in any plasma-assisted catalytic system
makes detailed interpretation in terms of reaction mechanism
speculative at best. Nevertheless, by observing broad trends,
useful indications may be obtained. We may simplify the
discussion by first considering the consumption of reactants
and yields of major products before proceeding to discuss
formaldehyde production, which is our principal focus.
From Figure 2, it is apparent that the maximum consumption

of C2H6 and CO2 is in the ratio ∼1:2 and at ∼2.5 kV, the
relative yields of H2:CO:H2O are ∼1:3:1. Making the
simplifying approximation that these five species are the only
ones involved, one may formally write a balanced equation as
follows:

+ → + +
∼

C H 4CO

1 2

6CO H 2H O

3.5 1 1
2 6 2 2 2

(1)

These apparent stoichiometries may be compared with the
observed values for relative consumptions and yields, which are
shown beneath eq 1.
The observed values for C2H6 consumption and H2

production are in line with eq 1. The observed CO and H2O
yields and the CO2 consumption are all about half what would
be expected on the basis of eq 1. This may be rationalized in
terms of simultaneous occurrence of the water gas shift reaction

+ → +CO H O CO H2 2 2 (2)

which would act to decrease the apparent CO2 consumption
and also decrease the apparent CO and H2O production.
Indeed, the occurrence of side reactions, especially at high
voltages, is suggested by the shape of the curves in Figure 3.
The decrease in H2 production that eventually occurs above
∼2.6 kV correlates with a rapid increase in H2O production,

Table 2. Effect of Oxidant and Carrier Gas on Reactant Conversion and Product Selectivities (3 kV)a

conversion % selectivity % flow (sccm)

gas composition CO2 C2H6 COH2 CH4 H2 H2O CO

1.1 sccm C2H6 5.9 sccm CO2

Ar 32.2 92.1 6.7 13.9 1.18 1.16 3.4 ± 0.5
N2 23.2 79.0 11.7 11.8 0.92 1.03 1.5 ± 1.9
He 39.0 97.8 11.4 18.6 0.22 1.96 4.4 ± 0.6

aData for O2 as oxidant not shown as only complete combustion occurred in that case.

Figure 5. Apparent carbon balance (%) as a function of the voltage at
two frequencies (carrier gas: He).
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suggesting that hydrogen oxidation becomes increasingly
important at high voltages.
Turning now to the process of principal interest, under the

most favorable conditions, formaldehyde selectivities in excess
of 11% are achieved with CO2 (N2O is only slightly inferior as a
partial oxidant, mechanistically interesting and relevant, but not
of significance from the viewpoint of technical application).
Conventional vanadia-based catalysts are capable of convert-

ing ethane/oxygen mixtures to formaldehyde at 600 °C, with
very high selectivity (>90%), but at very low conversion
(∼1%).25 Appreciable amounts of CH4 are also produced under
these conditions.26,27 Wada et al. suggested that, in such cases,
formaldehyde production involved prior formation of acetalde-
hyde, whereas Lou et al. concluded that formaldehyde arose
from the oxidation of ethylene formed from ethane.1

On the basis of these results obtained by conventional high
temperature heterogeneous catalysis, we may tentatively
propose a surface + gas phase mechanism for low temperature
formaldehyde formation under DBD conditions, as observed
here, where excited species derived from the plasma are
involved in generating active oxygen species on the catalyst
surface and also participate in gas phase reactions.
As explained in section 3.2, control experiments were carried

out by substituting C2H6 by other hydrocarbons to determine
whether these molecules could be intermediates in the
production of formaldehyde. In neither case was any form-
aldehyde production detected using He carrier gas with flow
and discharge conditions equivalent to those specified in Table
2. These experiments discard that these species are
intermediate reactants for the production of formaldehyde.
We therefore propose the following reaction scheme, involving
both plasma species and surface driven processes with these
activated species, as a plausible mechanism for formaldehyde
production:

1. Low temperature activation of catalyst by plasma-excited
CO2* species

+ * → − +BaTiO /catalyst CO (g) BaTiO /catalyst O CO3 2 3 (3)

2. Plasma-assisted oxy-dehydrogenation of ethane at the
activated oxide surface

+ − +

→ + +

C H (g) catalyst O discharge species

C H (g) H O catalyst
2 6

2 4 2 (4)

3. Gas phase and/or surface catalyzed partial oxidation of
ethylene to acetaldehyde by discharge-activated CO2*
molecules

+ * → +C H CO (g) CH CHO CO2 4 2 3 (5)

4. Oxidative decomposition of acetaldehyde: the overall process
can be formally written as

+ *

→ + + +

CH CHO(g or a) 3CO (g)

HCHO CO H O 3CO
3 2

2 2 (6)

The above scheme for formaldehyde production is consistent
with the high temperature oxidative chemical processes
proposed by Lou et al., Wada et al. and Wang et al.1,26,27

under conditions of conventional heterogeneous catalysis.
Under our conditions, it is envisaged that the oxidative
chemistry is carried out at low temperature not by O2 but by
excited CO2* molecules produced in the discharge but acting

on the surface of BaTiO3 and more efficiently on that of the
catalyst. Recall now that N2O was nearly as effective as CO2 in
producing formaldehyde, whereas O2 led only to complete
combustion of ethane. These observations are also consistent
with the proposed scheme from the point of view of the
discharge-induced electron impact excitation of CO2, N2O and
O2. Thus, the cross sections for electron impact excitation of
CO2 and N2O in the range 10−1000 eV are very similar and 1
order of magnitude greater than the corresponding cross
section for O2.

28 Thus, in a general sense, given the much
greater abundance of excited CO2 and N2O species likely
present under DBD conditions compared to excited oxygen
species, one might expect selective oxygen-transfer reactions
such as 1, 3 and 4 to be of comparable importance in the cases
of discharges containing CO2 and N2O and much less
significant in the case of O2. Finally, note that this proposal
is at least consistent with the finding that no formaldehyde
production at all was detectable when using either methane or
propane instead of ethane, with both CO2 and N2O, because
the key processes (reaction eqs 2 and 3) are precluded with
methane as a reactant and are far less likely when starting with
propane because any propene intermediate would undergo
rapid combustion rather than selective oxidation due to the
presence of allylic hydrogen atoms in the molecule.29 The
direct involvement of surface-related processes in formaldehyde
production is strongly suggested by the characteristic I(t)
curves in Figure 2, already discussed; species activated in the
gas phase react with the activated solid surface and with
adsorbed species to yield products that diffuse, desorb and
escape or are further modified by secondary gas/surface
processes. The latter act to limit net production of form-
aldehyde, higher frequencies and shorter discharge “off” times
therefore lead to reduced formaldehyde yield.
Finally, although it is not our principal interest here, it will be

recalled that, under our conditions, methane production is
comparable to that of formaldehyde. It seems most likely that
ethane is the source of this product. Significant methane
production was observed by Chao et al. in their study of high
temperature ethane → formaldehyde conversion by means of
conventional heterogeneous catalysis, although no explanation
for its formation was offered.25 The fact that methane
formation, in contrast with formaldehyde production, is
insensitive to the presence of catalyst suggests that CH4 is
formed principally by gas phase processes. Given that the main
dissociative channels for electron impact reactions of ethane at
energies pertinent to plasma conditions yield, variously, CH4 +
CH2, CH3 + CH3, CH4 + CH+

2 and CH3 + CH+
3
30 one may

speculate that under DBD conditions, methane production
arises from electron impact-induced gaseous reactions of ethane
that yield radicals and ions which react further by hydrogen
abstraction to form methane.

4. CONCLUSIONS

Partial oxidation by CO2 of ethane to formaldehyde in a
ferroelectrically moderated single-pass DBD reactor yields up
to 11.4% formaldehyde at ∼100% ethane conversion at near
ambient temperature.
The presence of a small amount of vanadia/alumina catalyst

dispersed on the ferrolectric phase substantially increases
formaldehyde production.
Control experiments indicate that the coproducts CH4 and

C3H8 are not intermediates in formaldehyde formation.
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Analysis of reactor performance as a function of discharge
frequency indicates that formaldehyde production is favored by
maximizing the zero current fraction of the duty cycle. This
implies that in addition to providing the necessary activation of
the system, the plasma also produces unwanted destructive
secondary reactions, which take place while the plasma is lit,
thus limiting the overall desired chemistry.
Subject to plausible assumptions, a tentative reaction scheme

may be devised that accounts for the main features of the
system.
The present findings are encouraging and suggest future

developments whereby reaction selectivities may be substan-
tially increased by suitably engineering both the reactor
geometry and the electrical characteristics of the discharge.
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Appl. Phys. 2009, 47, 22805.
(15) Li, M.; Xu, G.; Tian, Y.; Chen, L.; Fu, H. J. Phys. Chem. A 2004,
108, 1687−1693.
(16) Eliasson, B.; Kogelschatz, U. IEEE Trans. Plasma Sci. 1991, 19,
1063−1077.
(17) Tu, X.; Gallon, H. J.; Twigg, M. V.; Gorry, P. A.; Whitehead, J.
C. J. Phys. D: Appl. Phys. 2011, 44, 274007−2740017.
(18) Manley, T. C. Trans. Electrochem. Soc. 1943, 84, 83−96.
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