
 

I. INTRODUCTION 
 

Non-thermal plasma catalysis is being actively 
pursued for the abatement of volatile organic compounds 
(VOCs) [1-5]. In non-thermal plasmas (NTPs), which are 
conveniently produced by electric corona discharges in 
air at atmospheric pressure, high energy electrons induce 
ionization, excitation and dissociation of the bulk gas 
molecules (N2 and O2). The resulting reactive species, 
ionic and neutral, as well as thermalized electrons, can 
attack VOC molecules and initiate a chain of reactions 
leading eventually to their oxidation. The goal of 
exhaustive oxidation to CO2 is however seldom reached 
[1]. Undesirable VOC-derived byproducts include CO, 
volatile and non-volatile organic compounds, and 
nanosized particles [6,7]. Additional components of air 
NTP processing which need to be controlled are NOx, 
ozone and hydrogen peroxide. More recent developments 
concern various combinations of NTP with 
heterogeneous catalysts to achieve better energy 
efficiencies and product selectivities [1]. However, it is 
usually impossible to compare the results from different 
laboratories due to the widely different experimental set-
ups used and, especially, to the non-linear nature of the 
corona phenomena. Moreover, despite the numerous 
well-established applications of NTP and the important 
recent technological advancements in the field of 
combined catalysis, fundamental knowledge of the 
underlying chemical processes is still insufficient: 
product analysis and mass balance data are not often 

available, particularly as far as the aerosol and non-
volatile fractions are concerned, and the reactions and 
mechanisms involved in VOCs decay are far from being 
well understood and characterized. It is generally 
accepted that NTP-induced VOC oxidation proceeds via 
VOC-derived organic radicals, R•, which are trapped by 
molecular oxygen and further decomposed in a similar 
manner to that accounting for their tropospheric 
oxidation [8]. As for the origin of such radicals, i.e. the 
nature of the initiation steps of NTP-induced VOC decay, 
the general consensus favors reaction with neutral and 
radical reactive species, notably O(3P) and •OH. However, 
a few literature reports have suggested that in some cases 
ionic initiation steps might prevail [9-14].  

With the intent to gain insight into the chemistry of 
corona induced VOC abatement, especially with regard 
to the crucial initiation steps, we have recently 
undertaken a systematic study of the processing of model 
hydrocarbons with different types of corona, but 
otherwise under identical experimental conditions. To 
this end we have built a large corona reactor which can 
be energized with DC or with pulsed voltage of either 
polarity, and have developed standard protocols for 
chemical and electrical diagnostics. With this 
experimental apparatus we intend to explore the 
chemistry of some model VOC under different 
energization conditions and to interpret it in the light of 
known chemical and physical features pertaining to the 
ensuing specific corona regimes. Thus, although the 
general features of the overall decomposition process 
might be very similar, different initiation steps may well 
prevail under different corona regimes. A knowledge of 
what these initiation steps are will not only contribute to 
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our fundamental understanding of NTP plasma chemistry 
but will also help optimizing the process and mastering it 
towards the desired end products. Originally we turned 
our attention to pulsed corona since current research and 
development are focussed on such type of NTP sources 
[1,6,7,15]. This paper reports and discusses the results of 
a mechanistic study on pulsed corona processing of a 
model hydrocarbon VOC, n-hexane. A preliminary 
comparison with +DC processing is also presented.  
 
 

II. EXPERIMENTAL SECTION 
 

The reactor is a stainless steel cylinder (38.5 mm i.d. 
x 600 mm) with a coaxial stainless steel emitting 
electrode (1 mm i.d.). The stainless steel cylinder, which 
has a window (1 cm x 10 cm) for the observation of the 
corona luminescence, is contained into a Pyrex glass 
cylinder of slightly larger diameter held in place by two 
teflon caps connected by steel guys and viton o-rings.  

For pulsed corona the reactor is energized by a pulsed 
high voltage power with DC bias (PHVDC), based on a 
spark gap switch with air blowing, with the following 
specifications: DC bias 0 - 14kV (input voltage 0 - 100V), 
peak voltage 25 - 35kV with DC bias (input voltage 120 - 
220V) peak current 100A, maximum frequency 300Hz, 
rise-time of pulses less than 50ns.  

For DC corona experiments the reactor is energized 
with a DC (- 30 kV to + 30 kV) power supply. 

Measurements of power input are made using a 
digital oscilloscope (Tektronix type 410A, bandwidth 200 
MHz, two channels), a high voltage probe by Tektronix 
(ratio 1000:1, bandwidth 75 MHz, peak voltage 40 kV), 
and two homemade current probes with 10 resistors in 
parallel housed in an electromagnetic shield (1.1 Ω for 
PHVDC current measurement and 52 for DC only 
current measurement). 

For pulsed corona experiments, considering the short 
duration of the voltage pulses, the mean power input 
produced by PHVDC is the sum of the mean DC power 
of the DC bias (PDC), calculated as the product of the 
current measured during the interval between two pulses 
multiplied by the DC bias voltage, plus the mean pulsed 
power (Ppulsed), which is the product of pulse frequency 
times the energy per pulse. The energy per pulse is 
obtained by integrating the product of the current 
waveform times the voltage waveform which are 
monitored during the experiment.  

The DC corona experiments, the mean power input is 
the product of the mean current times DC high voltage 
when only DC power supply is applied to the reactor. 

Energy density (E, J⋅L-1), i.e. the energy delivered to 
the gas per volume unit, is defined as the mean power 
input divided by the gas flow rate.  

The reactor is inserted in a continuous gas flow line 
made of teflon tubing (4 mm i.d.) and equipped with 
flowmeters, a loop for air humidification and a probe to 
measure the humidity. Cylinders of synthetic air and of 
synthetic air containing the compound to be treated (n-
hexane, CO or CO2) in 500 ppm concentration 

(Airliquide) are connected to the gas line. Gas flow-rates 
are in the range 150 - 800 mL⋅min-1. The gas exiting the 
reactor goes through a small glass reservoir equipped 
with a sampling port from which samples are withdrawn 
with a gas tight syringe for off-line chemical analysis by 
GC/MS (HP 5973) and GC/FID (Varian 3600). On-line 
IR analysis is performed with an FTIR Nicolet 5700 
spectrophotometer using a 10 cm long gas cell with NaCl 
windows. The IR signals were calibrated by means of 
standards for CO2 and CO (Airliquide) and by means of 
iodometric titration for ozone. 

The carbon mass balance is calculated as the ratio 
between the recovered carbon (the sum of contributions 
due to residual n-hexane, abbreviated here as VOC, CO, 
CO2 and all volatile organic byproducts) and the carbon 
initially present in the VOC. The percentage of 
undetected carbon (%Cundet) is, therefore, expressed by 
equation (1) 

 where nVOC and nbyproduct are the number of carbon 
atoms present in n-hexane and in each one of the various 
byproducts, respectively. 

The process efficiency is evaluated by interpolating 
the fraction of residual VOC as a function of the energy 
density using the exponential equation (2) 

Ek
eVOCVOC E⋅⋅=
−

0][][                 (2) 
 
where [VOC]0 is the initial VOC concentration, 

[VOC] is its concentration after applying the energy 
density E and kE (kJ-1⋅L) is the characteristic energy 
constant for the given VOC under the specific 
experimental conditions used [1]. 
 
 

III. RESULTS AND DISCUSSION 
 

Preliminary experiments with positive pulsed corona 
were devoted to investigate the effects on process 
efficiency due to the different electric variables: the DC 
bias voltage (VDC), the voltage of the pulses (Vpulsed) and 
the frequency of the pulses (f). Numerous experiments 
showed that the higher efficiencies are obtained when the 
contribution by the DC bias power (PDC) is negligible 
with respect to that by the pulsed power (Ppulsed). Thus, in 
order to maximize the Ppulsed/PDC ratio, VDC was usually 
set at a value lower than the corona onset and was further 
reduced for frequencies higher than 75 Hz. Another 
system variable which was used to change the energy 
input is the gas residence time within the reactor, i.e. the 
gas flow-rate. 

Fig. 1 collects in a single plot of n-hexane (500 ppm 
in dry air) conversion vs energy density the results of a 
number of experiments in which the energy density was 
changed by adjusting any of the variables listed above. A 
reasonably good fit of the data to the exponential decay 
of equation 2 is evident, from which an energy constant 
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of 3.47 kJ-1⋅L is derived for +pulsed corona processing of 
n-hexane in dry air. Expectedly, the corresponding +DC 
corona induced process is significantly less efficient, kE 
being in this case 0.17 kJ-1⋅L . 
 

Fig. 1.  Removal of n-hexane (500ppm in dry air) by +pulsed corona 
at room temperature and pressure. 

 
A full characterization and quantification of the 

products formed in these processes is, in our view, even 
more important than efficiency evaluations, considering 
that these are air-cleaning treatments. Exhaustive 
hydrocarbon oxidation would lead to H2O and CO2. 
However, as mentioned in the introduction, numerous 
byproducts are usually formed in NTP processing of 
VOCs in air. We used FT/IR analysis for monitoring CO2, 
CO, O3 and NOx and quantitative GC/FID and GC/MS 
analysis for volatile organic byproducts.  

Fig. 2 shows typical FT/IR spectra recorded before 
and after processing of n-hexane in dry air with +pulsed 
corona. Besides CO2, the characteristic bands of CO, 
N2O and O3 are also seen. Moreover, a band due to C-H 
stretching is also evident, which is due mainly to residual 
n-hexane (the conversion was 84% in this particular 
experiment) but also possibly to minor amounts of VOC 
byproducts as detailed later. Plots of CO2 and CO 
production as a function of n-hexane conversion in dry 
and humid air (40% RH) show that the concentration of 
both increases as the fraction of consumed n-hexane is 
increased (Fig. 3). Interestingly, the data also show 
further increases of both CO2 and CO concentrations 
when energy densities are used which are in excess to 
that required for the total consumption of n-hexane 
(points marked with arrows in the plots).  

Besides CO2 and CO, numerous volatile organic 
compounds form, although in very small amounts, from 
+pulsed corona processing of n-hexane. A list is shown 
in Table 1. They include small organic molecules like the 
hydrocarbons propane, butane, the alcohols methanol and 
ethanol and several aldehydes and ketones of various 
chain lenghts ranging from 2 to 11. In addition, more 
complex organic compounds of lower volatility, most of 
which contain nitrogen have also been detected (entries 
10-24 in Table 1).  The concentration of byproducts 1-9 
was monitored as a function of energy density. As an 
example, a plot of byproduct concentration vs n-hexane 
conversion is shown in Fig. 4 for two of the most 

abundant byproducts, acetaldehyde and 3-hexanone. It 
should be noted that when the conversion of n-hexane is 
complete, the byproducts concentration also drops to zero. 
Similar trends were found for the other volatile organic 
byproducts.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

Fig. 2.  FT/IR spectra of the gas mixture (a) before and  
(b) after treatment of n-hexane with +pulsed corona.  

(c) Expansion of spectrum (b) from 2300 to 2000 cm-1. 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
Fig. 3.  CO2 and CO production as a function of n-hexane (VOC) 

conversion in +pulsed corona processing. 
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TABLE  I 
VOLATILE ORGANIC BYPRODUCTS  

FOR N-HEXANE PROCESSING WITH PULSED POSITIVE CORONA  
IN AIR AT ROOM TEMPERATURE AND PRESSURE 

 

Entry Byproducts  Entry Byproducts 

1 Lower hydrocarbons 13 Heptanal 

2 Acetaldehyde 14 Octanal 

3 Propanaldehyde 15 Nonanal 

4 Acetone 16 Decanal 

5 Butyraldehyde 17 Undecanal 

6 Methanol 18 Butyl octanoate 

7 Ethanol 19 8-Pentadecanone 

8 2-Hexanone 20 Hexadecanoic acid 

9 3-Hexanone 21 Methylnitratea 

10 Pentanal 22 Ethylnitratea 

11 Hexanal 23 Butylisocianatea 

12 Hexanol 24 N-Butylformamideb 
a  Detected only for energies > 1 kJ⋅L-1.   
b  Detected only in dry air for energy > 1 kJ⋅L-1 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 4.  Concentration of (a) acetaldehyde and (b) 3-hexanone as a 
function of n-hexane (VOC) conversion in +pulsed corona processing. 

 
 

The quantitative results from these integrated chemical 
analyses were used to calculate the carbon mass balance 

with respect to the amount initially present as n-hexane. 
Fig. 5 shows that, both in dry and humid air, the 
percentage of undetected carbon (defined by (1) in the 
Experimental Section) increases with energy density 
reaching a maximum value of over 70%. However, as the 
energy is increased above 1 kJ L-1, at which stage the 
conversion of n-hexane is complete, the fraction of 
unaccounted carbon begins to decrease. This result is 
consistent with the data of Fig. 3, which show that as 
more and more energy is provided, the production of CO 
and CO2 continues, well after the complete consumption 
of n-hexane. This must be due to the oxidation at high 
energy densities of non-volatile organic byproducts 
which are not detected by GC analysis.   
 
 
 
 
 
 
 
 
 
 
 
 
 

 
Fig. 5.  Percentage of undetected carbon as a function of energy density 

in +pulsed corona processing of n-hexane in dry and humid air 
 
The rate constants for reaction of n-hexane with the 

most important neutral reactive species in dry and humid 
air plasma, i.e. O(3P) and •OH, are known and reported in 
eq.s (3) [16] and (4) [17].  

 
C6H14 + O(3P)  → •OH + products 

k = 9.06·10-14 cm3⋅molecule-1⋅s-1 (T = 300 K)       (3) 
 
C6H14 +  •OH → H2O + products 

k = 5.2·10-12 cm3⋅molecule-1⋅s-1 (T = 298 K)        (4) 
 

The •OH radical, which is significantly more reactive 
than O(3P), is formed from water via electron 
dissociation (eq. 5) and via reaction with O(1D) (eq. 6) 
 

H2O   +   e-   →    •OH   +   •H   +   e-         (5) 
O(1D)   +   H2O   →   2 •OH           (6) 
 

as well as via ionic paths (eq.s 7-11)  
 

N2
+• + H2O → N2H+ + •OH                                       (7) 

                   → H2O+• + N2                                         (8) 

H2O+• + H2O → H3O+ + •OH                                     (9) 

O2
+• + H2O + M → O2

+•(H2O) + M                         (10) 

O2
+•(H2O) + H2O →  H3O+ + •OH + O2                   (11) 
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Therefore, it is reasonable to conclude that while in dry 

air reaction (3) is probably prevailing, in humid air 
reaction with •OH radicals (eq. 4) is largely responsible 
for the abatement of n-hexane.  

Support for this interpretation comes from the 
application of a chemical reactivity probe [18-20] based 
on the well known oxidation of CO (eq. 12) [21]. 

 
CO  +  •OH  →  CO2  +  •H 

 k = 1.66⋅10-13 cm3⋅molecule-1⋅s-1 (T = 296 K)     (12) 
 

Under the effect of +pulsed corona in humid air 
(40% RH) we found that CO is oxidized to CO2, its 
concentration decaying exponentially with energy density 
as shown in Fig. 6. In contrast, in dry air reaction (12) is 
not observed due to the very low concentration of •OH 
radicals, which can be formed only from trace amounts 
of residual water in the apparatus. Assuming that all 
conditions outlined in the literature are fulfilled [19], one 
can attempt to estimate rough average concentration 
values for •OH under any specific energy regime (single 
points in the plot of Fig. 6) by use of (13) 

    
                      (13) 

 
 
where t is the residence time in the reactor, given by 

the ratio of reactor volume over flow rate, and kψ is a 
pseudo-first order rate constant given by 

                        (14) 
 
In (14), k is the rate constant for reaction (12) and 

[•OH] is a stationary concentration, averaged in time and 
space, of the hydroxyl radical under the specific energy 
regime considered. 

Thus, using the experimentally determined kE of 1.07 
kJ-1⋅L (data of Fig. 6), one calculates that the ratio 
[CO]/[CO]0 is equal to 0.5 (50% conversion) for an 
energy density of 0.65 kJ⋅L-1. Under these specific energy 
conditions a stationary •OH concentration, averaged in 
space, of 4.5x1010 molecule⋅cm-3 is calculated using (13) 
and (14).  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 6.  Conversion of CO (500 ppm in humid air, RH: 40%) as a 

function of energy density in experiments performed with +pulsed 
corona at a constant flow rate of 450 mL⋅min-1 

 
One can now use this data to estimate whether the 

observed conversion of n-hexane at this specific energy 
density is reasonably attributed to reaction with the •OH 
radical (eq. 4).  

By using (2) with the experimentally determined kE = 
4.52 kJ-1⋅L for humid (40% RH) air, one finds that at E = 
0.65 kJ⋅L-1, the fraction of unreacted n-hexane, 
[VOC]/[VOC]0,  is 5.2x10-2.  

Under the assumption that reaction (4) is the only 
decay route for n-hexane one obtains (15) 

                   

(15) 
 

from which a value of 6.1x109 molecule cm-3 is 
calculated for [•OH] using the following data: 
[VOC]/[VOC]0=5.2x10-2, k = 5.2·10-12 cm3⋅molecule-1⋅s-1 
and t = 93 s (reaction time is equal to the residence time, 
i. e. reactor volume over flow rate). This [•OH] value is 
ca. 7 times smaller than the [•OH] density of 4.5x1010 
molecule⋅cm-3 derived from the experiment on CO 
oxidation described above. Considering the rather gross 
assumptions used in applying this very simplified model, 
the match is remarkable and supports the conclusion that 
in humid air the decay of n-hexane is largely due to 
reaction with •OH radicals. 

We have also monitored the concentration of ozone 
obtained by +pulsed corona in dry and in humid air as a 
function of energy density. Ozone was measured by 
integration of the corresponding FT/IR band, after 
calibration of the spectrometer response by simultaneous 
iodometric titration. The data show that ozone 
concentration increases with energy density up to a 
plateau value of ca 5000 ppm in dry air and ca 3500 ppm 
in humid air (40% RH), respectively (Fig. 7).  

 

Fig. 7.  Ozone production as a function of energy density in +pulsed 
corona processing in dry and humid air 

 
 
Since ozone is produced by the reaction of O(3P) 

with O2, it is probably safe to conclude that, at a given 
energy density, a higher concentration of O(3P) is 
achieved in dry air than in humid air. Our ozone 
concentration of 5000 ppm at 1.6 kJ⋅L-1 in dry air 
compares reasonably well with the data reported recently 
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for a similar experiment [22]. 
 
 

IV.  CONCLUSION 
 

A large corona reactor was developed for mechanistic 
studies of non-thermal plasma VOC abatement. The 
reactor can be energized with pulsed as well as DC 
voltage, thus allowing for a direct comparison of removal 
processes induced by either pulsed or DC corona but 
otherwise under identical experimental conditions. 
Specifically, this work has investigated the +pulsed 
corona processing of n-hexane by monitoring efficiency 
and products in dry as well as in humid air. As reported 
by other authors [7], pulsed corona processing is scarcely 
selective in the production of CO2. Although formed in 
very minor amounts, numeorus volatile organic 
byproducts have been detected and identified. Their 
concentration profile with respect to energy density 
shows consistently a rising portion followed by steep 
decay at higher energies. Interestingly, a few such 
byproducts, detected only at high energy densities, 
contain nitrogen. Notably, a significant fraction of the 
total carbon initially present as n-hexane ends up as non-
volatile organic material. It appears, however, that at 
energy densities higher than required for complete n-
hexane conversion, at least part of such organic materials 
are oxidized to release CO2 and CO.  

Expectedly, pulsed corona is more efficient than DC 
corona processing both in dry and in humid air.  Most 
interestingly, while for +pulsed corona the efficiency is 
better in humid than in dry air, the opposite is true for 
+DC corona. These findings are hard to reconcile with 
the hypothesis of a common mechanism under the two 
corona regimes. For +pulsed corona in humid air, both 
the favorable effect of water and the estimated mean •OH 
concentration are consistent with radical initiation steps 
involving •OH. This conclusion is consistent with 
literature reports [1, 2]. As for the +DC corona induced 
process, recent results from our laboratory, comprising 
also analysis of the ions present within the plasma, 
support a proposal that ionic initiation steps are involved 
in this case [23]. 
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