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The decomposition mechanisms of methanol, n-hexane and tetrachloromethane treated as binary
mixtures in air were studied in a wire-cylinder corona reactor energized by positive and negative
DC. Competition and entrainment effects between the different organic compounds were
evidenced and rationalized on the basis of the chemical characteristics and reactivities of the
molecules under investigation.

The application of atmospheric plasma-based technologies to the decomposition of organic
compounds in air and water is rapidly growing and under continuous development. Atmospheric
plasmas are very conveniently produced by corona or dielectric barrier discharges in air at room
temperature and atmospheric pressure and can be used to induce the exhaustive oxidation of the
organic pollutants to CO2. To optimize the efficiency and the product selectivity of these processes, it
is important to study and understand the complex reactions of the organic compounds within these
plasmas. The majority of studies so far have involved simplified models of air and water containing a
single organic pollutant [1,2]. From such investigations it was recognized that, besides the effects due
to the specific experimental apparatus and to the type and polarity of the voltage applied to produce
the discharge, there is also generally a dependence of the process efficiency on the chemical nature of
the organic compound used and on its initial concentration [1-4]. In a step towards more realistic
models, we have recently undertaken the investigation of binary mixtures of two different organic
pollutants to identify possible competition and entrainment effects in the treatment both of air and
water using two different experimental systems. In this report, the experiments and the results obtained
in the treatment of air will be presented.
Air purification from Volatile Organic Compounds (VOCs) is performed with a wire-cylinder
corona reactor, in which electrical discharges are produced by the application of a negative or positive
DC voltage [3]. Common chemical diagnostics includes on-line analysis with FT-IR and GC coupled
with different detectors (TCD, MSD, FID). Optical Emission Spectroscopy was also recently applied
for the detection of excited species. Additional studies dealing with the ion chemistry of the organic
compounds in air plasma are conducted with an APCI (Atmospheric Pressure Chemical Ionization)
mass spectrometer and allow to identify major ions present in the plasma and the ion-molecule
reactions responsible for their formation [5]. For the present investigation, three important VOCs of
widely different chemical nature and properties were selected, namely methanol (CH3OH), n-hexane
(n-C6H14) and tetrachloromethane (CCl4). Preliminary experiments were performed to characterize the
behaviour of each individual VOC, specifically with regard to the effect of the VOC initial
concentration. Subsequently the behavior of the three binary mixtures (CH3OH + n-C6H14; CH3OH +
CCl4; n-C6H14 + CCl4) was examined. The efficiency of VOC removal is expressed by the energy
constant kE, which is derived by interpolation of the residual VOC concentration, [VOC], as a function
of the specific input energy (SIE), i.e. the energy per unit volume (kJ⋅L-1), with equation (1)
[VOC ] = [VOC ]0 ⋅ e− k E ⋅SIE
(1)
where [VOC]0 is the initial VOC concentration [2,6].
The energy constants obtained in the treatment of methanol, n-hexane and tetrachloromethane,
alone and in mixture, with negative DC corona (−DC) are reported in Table 1.
The order of reactivity when the three organic compounds are treated separately with −DC is nC6H14 > CH3OH > CCl4. This order reflects the reactivity of the organic molecules with O atoms and
OH radicals, which were previously recognized as the main reactive species responsible for the
initiation of the VOCs decomposition with −DC [7]. It is also found that, for each VOC, kE decreases
with increasing VOC initial concentration (Table 1). This is a well known phenomenon due to the
competition for the reactive species by oxidation intermediates formed from the original VOC [8].
Considering now binary VOC mixtures, if one assumes that the two different VOCs react with the
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[VOC]/[VOC]0

[VOC]/[VOC]0

same reactive species and that they do not interact one with the other in any specific way, then a
decrease of the kE obtained when each VOC is treated alone at the same concentration is expected.
This is due to the competition for the reactive species.
The results reported in Table 1, however, show that the situation is more complex as the result of
specific chemical reactions. Thus, it was observed that in many cases the treatment in mixture does not
entail a significant
change of kE with Table 1. Energy constants obtained in the treatment of CH3OH, n-C6H14 and CCl4,
respect
to
that alone and in mixture, with −DC.
VOCs and concentration in air
kE (CH3OH) kE (n-C6H14) kE (CCl4)
obtained when the
CH
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1.0
3
VOC is treated alone
CH
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500
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3
at the same initial
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1.7
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1.8
0.095
a
the trend of methanol in this mixture does not fit an exponential decay
tetrachloromethane
(Table 1). This could
indicate that the oxidation of the two compounds is initiated by different mechanisms and/or reactive
species, thus the two VOCs are not much influenced one by the another. The fact that
tetrachloromethane also is not influenced by the presence of n-hexane confirms this hypothesis (Fig.
1a). On the contrary, methanol shows an anomalous behavior (Fig. 1b), as the lowest energy value
applied determines a significant decomposition degree, but for higher energy values the decomposition
efficiency decreases;
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Fig. 1: Decomposition efficiency of a mixture of (a) n-hexane (▲) and
formed from n-hexane.
tetrachloromethane () (250 ppm each) and (b) n-hexane (▲) and methanol (z).
This is the only
compound among the three under investigation which has more than one atom of carbon and which
consequently produces many different intermediates [6]. In contrast, methanol, which is intrinsecally
less reactive than n-hexane, does not succeed to compete with n-hexane and its intermediates.
Particularly interesting is the case of methanol treated in mixture with tetrachloromethane as its
decomposition efficiency almost doubles with respect to that obtained when treated alone at the same
initial concentration and becomes 2.3 times larger than found when treated alone at an initial
concentration of 500 ppm. This increase can be ascribed to the reaction of methanol with atomic
chlorine formed from CCl4, as the kinetic constant of this reaction is far higher than those of the
reactions with O and •OH, as reported below:
CH3OH + O → •CH2OH + •OH
k = 7.99⋅10-15 cm3⋅molecole-1⋅s-1 [9]
(2)
CH3OH + •OH → •CH2OH + •OH
k = 9.26⋅10-13 cm3⋅molecole-1⋅s-1 [9]
(3)
CH3OH + •Cl → •CH2OH + HCl
k = 5.50⋅10-11 cm3⋅molecole-1⋅s-1 [9]
(4)
Contrary to the reactions with neutral species, the negative ion chemistry of the VOCs under
consideration does not seem to have an active role in the decomposition of the organic compounds
with −DC. From the APCI-MS experiments it can be observed that n-hexane does not form negative
ions [7], methanol complexes the ions coming form air, which are mainly O2−• and O3−•, and
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tetrachloromethane produces Cl− by reaction with O2−• [10]. When analyzed in binary mixtures, the
presence of n-hexane is completely invisible in the spectra both with CH3OH and CCl4; in the spectra
of the mixture of CH3OH and CCl4, Cl− is complexed by molecules of methanol, while no ionmolecule reactions are observed supporting the hypothesis that no ionic processes are responsible for
the increase in efficiency observed in the −DC corona processing of methanol mixed to
tetrachloromethane.
When the same organic compounds are treated with +DC, significant differences are observed in their
behavior. The energy constants obtained are reported in Table 2. As it can be observed, the order of
reactivity of the single
Table 2. Energy constants obtained in the treatment of CH3OH, n-C6H14 and CCl4,
compounds
is
alone and in mixture, with +DC.
different from that
VOCs and concentration in air
kE (CH3OH) kE (n-C6H14) kE (CCl4)
obtained with −DC, i.e
CH3OH 250 ppm
0.46
CH3OH > n-C6H14 >
CH3OH 500 ppm
0.29
CCl4. In a previous
n-C6H14 250 ppm
0.33
study dealing with nn-C6H14 500 ppm
0.19
hexane, it was found
CCl4 250 ppm
0.071
CCl4 500 ppm
0.069
that
the
crucial
CH3OH 250 ppm + n-C6H14 250 ppm
-a
0.275
initiation steps in the
CH
OH
250
ppm
+
CCl
250
ppm
0.65
0.087
3
4
decomposition of this
n-C6H14 250 ppm + CCl4 250 ppm
0.44
0.095
compound with +DC
a
the trend of methanol in this mixture does not fit an exponential decay
are
mainly
ionic
reactions with the species O2+• and H3O+. Because also for methanol the ion-molecule reactions with
O2+• and H3O+ are faster than its reactions with the oxidizing neutral species (molecules, atoms and
radicals) present in the system, we can hypothesize that also methanol is attacked more efficiently by
ions than by neutrals. Thus, the study of the positive ion chemistry of these compounds in atmospheric
plasma becomes very important. As found earlier [7,11], n-hexane forms mainly the species C6H13+
and some lower alkyl cations; CH3OH is prevalently protonated and at higher energy fragments to
CH3+; CCl4 forms mostly CCl3+, which can be complexed by water molecules [10]. When studied in
mixture, it was observed that methanol exerts with n-hexane the same role as water, that is it
complexes the ions coming from n-hexane and in particular the most abundant species, C6H13+. In the
case of the mixture of n-hexane with water, the complexation phenomenona entail a decrease in the
decomposition efficiency of n-hexane with +DC [6,7]. Interestingly, the same effect is observed when
n-hexane is treated in mixture with methanol as
129
its energy constant decreases by 20% (Table 2). 100
CH3OH2+(CH3OH)3
+
CH3OH2 (CH3OH)2
The efficiency reduction can be attributed to
97
105
%
+C(CH O)
the fact that complexed ions are less reactive
3
3
(a)
than the bare species. On the other hand,
m/z
0
methanol shows again, as in −DC, a decrease in
+CCl(CH O)
109
3
2
+CCl (CH O)
reactivity after the exponential point taken at 100
2
3
111
+C(CH O)
(b)
3
3
the lowest energy value. We think that this also
113
%
CH3OH2+(CH3OH)2 97105 115 129 CH3OH2+(CH3OH)3
can be due to the efficient competition by the
0
m/z
numerous intermediate products formed from
n-hexane [6].
110
100
CD3OD2+(CD3OD)2
On the contrary, when methanol and
+C(CD O)
3
3
tetrachloromethane are present together in the
CD3OD2+(CD3OD)3
%
114
146
(c)
air plasma generated by +DC, new positive
109
145
m/z
0
ions produced by ion-molecule reactions
20
40
60
80
100
120
140
160
180
200
between them are observed. The APCI-MS Fig. 2: APCI-MS spectra in positive ion mode of a
spectra obtained with two different molar ratios mixture of CH OH and CCl (a) 1:1 and (b) a 1:20 and
3
4
of the two VOCs and with deuterated methanol of (c) a 1:1 mixture of CH3OH and CCl4.
instead of CH3OH are shown in Fig. 2.
As reported in the figure, the structure of the new ionic species formed in the mixture of methanol
and tetracloromethane is due to the partial or complete replacement of chlorine atoms by methoxy
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groups. Based on previous studies on similar systems, we can safely ascribe their formation to the
reaction of protonated methanol with tetrachloromethane followed by the loss of two HCl molecules
and subsequent steps of methanol addition and HCl elimination, as reported in Scheme 1. This
reaction could contribute to the increase in the decomposition efficiency of methanol and
tetrachloromethane when they are treated in mixture (Table 2).
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Scheme 1

When n-hexane is mixed with CCl4, the same ions are observed as found in the spectra of the single
compounds, with no products due to ion-molecule reactions. Thus the increase in efficiency observed
for both compounds must be due to a different process. We must consider that, whatever is the
decomposition mechanism of CCl4, as for example mainly due to reaction with O2+• (eq. 5) or to
electron induced dissociation (eq. 6), chloro atoms are formed from this compound. Thus, we can
attribute the higher reactivity observed for n-hexane treated in mixture with CCl4 to its reaction with
Cl atoms (eq. 7). This is true even if the rate constant for reaction of n-hexane with Cl• is lower than
those with O2+• and H3O+ (eq. 8 and 9) because reaction (7) represents an additional decomposition
pathway for n-hexane which can become quite significant in the presence of a high concentration of
Cl•.
k = 1.5⋅10-9 cm3⋅s-1 [14]
(5)
CCl4 + O2+• → CCl3+ + Cl• + O2
CCl4 + e− → •CCl3 + Cl• + e−
(6)
C6H14 + Cl• → Products
k = 3.20⋅10-10 cm3⋅molecole-1⋅s-1 [9]
(7)
+•
-9
3 -1 [12]
k = 1.7⋅10 cm ⋅s
(8)
C6H14 + O2 → Products
k = 3⋅10-11 cm3⋅ s-1 [13]
(9)
C6H14 + H3O+ → Products
In conclusion, the reported results provide evidence for specific chemical interactions between two
different VOCs reacting within the same air plasma. Such interactions can affect quite significantly the
process efficiency.
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