Atmospheric pressure non-thermal plasma for air purification: ions and ionic reactions
induced by dc+ corona discharges in air contaminated with acetone and methanol
Agata Giardina, Milko Schiorlin® Ester Marotta* and Cristina Paradisi

Department of Chemical Sciences, Universita di Padova, via Marzolo 1, 35131 Padova, Italy

#Present address: Leibniz Institute for Plasma Science and Technology (INP Greifswald), F.-Hausdorff-Str. 2, D-17489 Greifswald,

Germany

E-mail: ester.marotta@unipd.it

Abstract

Atmospheric pressure mass spectrometry (APCI-MS) was used to investigate the positive ions in air
containing acetone (A), methanol (M) and mixtures thereof (A + M), subjected to +dc corona
discharges. The results of experiments with isotopically labelled analogues, perdeuterated acetone
Agew and methanol Mgyey, and relevant thermochemical data found in the literature allowed us to
identify the main ionic reactions occurring in single component systems (A or M) and in binary
mixtures (A + M). It is concluded that, thanks to its significantly higher proton affinity, A is very
efficient in quenching M-derived ions at atmospheric pressure. These conclusions provide a rationale
for interpreting the results of a parallel investigation on the reciprocal effects of M and A when treated
together in air at atmospheric pressure with +dc corona in a non-thermal plasma reactor developed
previously in our laboratory. Specifically, we observed a marked drop in the degradation efficiency
of methanol when it was treated in the presence of an equivalent amount of acetone. This effect is
attributed to acetone interfering with ion-initiated degradation processes of methanol, and supports
that ions and ionic reactions are important in dc+ corona induced oxidation of volatile organic

pollutants in air.
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Introduction

Corona discharges and dielectric barrier discharges in a gas at room temperature and atmospheric
pressure generate non-thermal plasmas (NTP) which are useful in air purification treatments [1-3].
Laboratory-scale NTP set ups described in the literature for the removal of volatile organic
compounds (VOCs) are based on different electrode configurations, energization modes, and reactor
designs [2, 4]. Coupling of non-thermal plasma with heterogeneous catalysts and photocatalysts is
also being applied with success in pursuit of synergic effects [5-8]. The achievements and knowledge
gained over a few decades of fundamental research and modeling studies have led to the development
of large scale pilot plants which are in operation in various parts of the world and to the
commercialization of smaller devices for domestic use [1, 9]. Despite this rather advanced level of
maturity of plasma based air purification technology there are still important aspects which need to
be investigated in detail in fundamental research. These include among others the characterization of
chemical reactions, products and mechanisms and of possible mutual interferences arising in
treatment of air containing mixtures of various VOCs. This paper addresses both issues, as it reports
and discusses the reciprocal effects of two model VOCs, acetone and methanol, when treated together
in air at room temperature and atmospheric pressure with dc+ corona discharge and it also provides
insight into the role of ionic intermediates and reactions in the degradation processes. Corona
discharges are indeed a very convenient means to produce ions at atmospheric pressure and are widely
used for this purpose in applications ranging from electrostatic precipitators to commercial
instrumentation for mass spectrometric analyses. While the role of ions and ion-molecule reactions
in non-thermal plasma based air purification treatments has been recognized and highlighted in

several studies [10-18], the majority of mechanistic investigations on NTP induced degradation of



VOCs neglects their reactions with ions. Ions have been indeed classified as “less important plasma
particles”, in contrast with neutral reactive species (atoms, radicals and excited molecules), in reason
of their very fast reactions, orders of magnitude faster than radical-molecule reactions, and of the

typically dilute concentrations of VOCs [8].

Previous work in our laboratories has investigated the ions in non thermal plasmas generated by
corona discharges in VOC-contaminated air at atmospheric pressure. An Atmospheric Pressure
Chemical Ionization — Mass Spectrometer (APCI-MS) was used to investigate the behavior of VOCs
belonging to various classes of organic compounds, notably aliphatic [15, 19] and aromatic
hydrocarbons [20], chlorinated hydrocarbons [14], halons and other fluoro-, perfluoro- and bromo-
substituted alkanes [17, 21-23], and esters [18, 24]. In all cases, VOC-derived positive ions were the
major species recorded at the mass spectrometer detector, in spite of the fact that the VOCs were
present in low relative concentrations (typically a few tens to a few hundred ppm). This outcome is
due, as detailed further in the paper, to the very fast redistribution of charge at atmospheric pressure
via exothermic ion molecule reactions, notably proton transfer and electron transfer reactions from

“background” ions to VOC molecules.

The present paper deals with mixtures of two important VOCs, acetone and methanol, chosen as
representative models in reason of their wide diffusion in the environment and their occurrence as
indoor organic pollutants in civil and industrial settings including wood processing and pulp mills
plants [25]. Acetone is one of the most abundant oxygenated VOCs in air. It is both a primary
pollutant, released as such in the atmosphere from its use as solvent in many products and
applications, and a secondary pollutant, formed as a reaction intermediate in the tropospheric
oxidation of hydrocarbons. It is relatively persistent in the troposphere, with an estimated lifetime
due to reaction with OH radicals of 65 days [26]. Methanol is more reactive, its lifetime being 15
days [26]. Both methanol [27, 28 and refs. cited therein] and acetone [13, 29, 30] have been subjected

to NTP based treatments in previous investigations employing different types of discharges and



reactors, processed alone and also together [25, 31] as well as in mixtures with other VOCs [32, 33].
In most cases, the mechanism proposed involves initial attack by reactive neutrals (OH radical, O
atom) or homolytic dissociation following quenching of nitrogen metastable states. On the other hand,
more than twenty years ago Penetrante et al. [27] proposed that reaction with positive ions is the most
important initiation route for methanol degradation in air and nitrogen NTP generated by pulsed
corona discharges. These and related data were used to develop a mathematical model by
Derakhshesh et al. [34]. We provide in this paper experimental evidence for the involvement of VOC-
derived ions and their reactions in NTP plasma produced by dc+ corona in air containing acetone,

methanol and mixtures thereof.

Experimental

Chemicals. ‘Air’ used in the experiments was a syntethic mixture (80% nitrogen — 20% oxygen)
from Air Liquide with specified impurities of H>O (< 3 ppm) and of C,Hm (< 0.5 ppm) (‘synthetic
air’). Acetone (>99.5% purity, HiPerSolv CHROMANORM), acetone-d¢ (99.9 atom % D, Sigma
Aldrich), methanol (>99.5% purity, HiPerSolv CHROMANORM) and methanol-d4 (99.8 atom % D,

Sigma Aldrich) were used as received.

Corona reactor, gas line and experimental procedures. The corona reactor is described in detail
in previous publications [17, 18, 20, 35]. It consists of a cylinder in stainless steel (38.5 mm i.d. x
600 mm) which is electrically grounded and has a small window (10 x 1 cm) cut through its wall for
visual inspection of the plasma. The active electrode is a stainless steel wire (1 mm o.d.) fixed along
the cylinder axis. The assembly is snugly enclosed into a pyrex cylinder of only slightly wider
diameter and made leak-free by means of Teflon caps at both ends. The reactor can be energized by
dc or pulsed high-voltage power. For this study a dc power supply with the following operating ranges
was used: input voltage 0 — 220 V, output voltage -25 — +25 kV, output current 0 — 5 mA. To measure

power input we used a digital oscilloscope (Tektronix 410A, bandwidth 200 MHz, two channels),



two high voltage probes (Beckman HV-211-22, ratio 1000:1, peak voltage 50 kVdc and Tektronix
P6015, 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 Q for pulsed current and 52 Q

for dc current).

The reactor works in a flow-through mode of operation. It is connected to a gas line made of teflon
tubing (4 mm i.d.) which allows to prepare and feed to the reactor the gas of desired composition, i.e.
air contaminated with one or two VOCs each present at the set concentration (Figure 1). For this
purpose, a flow of air is split into two portions, each going to a separate loop used to prepare the
desired mixture of a single VOC in air (one loop for VOC 1 and one for VOC 2). Each loop is
equipped with two flowmeters, a bubbler containing a sample of the liquid VOC and a mixing
chamber (a 150 mL stainless steel canister lined with teflon). Proper adjustment of the two flows and
of the liquid VOC volume and temperature in each loop allows to achieve the VOC desired
concentration. Finally, the two flows containing the two different VOCs are mixed in a third mixing
chamber and fed to the reactor. The VOC:s initial concentration was determined by GC analysis and
verified to remain stable in time prior to switching on the discharge. All experiments reported in this
work were run at a constant gas flow rate of 500 mL-min™! while changing the applied voltage and
thus the SIE, the Specific Input Energy (kJ/L), which was determined as described previously [35].
The efficiency of the process was determined by measuring the VOCs residual concentration in the
treated gas sampled at the reactor outlet as a function of SIE. The analyses were performed using a
GC/TCD/FID (Agilent Technologies 7890). The experimental concentration data, [VOC], measured
at given SIE values were interpolated with the exponential equation [VOC]/ [VOC]o = e ¢S, where
[VOC]o is the VOC initial concentration, to obtain the fitting constant, kg, which is a measure of the
process efficiency. Each experiment was carried out at least twice, the repeatability of the results
being within 10%. After each experiment the reactor was “cleaned” by flowing pure air for several

minutes prior to switching to the air/VOC mixture to be used in the next experiment.
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Figure 1. Schematics of corona discharge reactor and set-up used in this work for treatment of one

VOC and binary VOC mixtures. F: flowmeter; M: mixing chamber; P: manometer.

Analysis of ions. Ion analysis was performed with an Atmospheric Pressure Chemical Ionization -
mass spectrometer (APCI-TRIO 1000 II by Fisons Instruments, Manchester, U.K.) as described
previously [14, 15, 19, 20, 36].

The APCI ion source operates at atmospheric pressure, with synthetic air flowing in at 4000-5000
mL-min~! through the nebulizer. Vapors of the VOC of interest are stripped from a small liquid
reservoir by an auxiliary flow of air (typically 5-50 mL-min') and enter the APCI source through a
capillary (i.d. = 0.3 mm) running coaxially inside the nebulizer. Two such lines are available, one for
each VOC, and allow to produce the mixture of desired composition. The VOC concentrations within
the APCI source were determined by GC analysis of samples withdrawn at the source exhaust. Corona
discharge occurs between a needle electrode set at + 3 kV and a counter electrode, held at 0-150 V
relative to ground, shaped as a cone (the ‘sampling cone’) with an orifice of ca 50 um in diameter on
its tip. The ions leave the source through this orifice, cross a region pumped down to ca. 10 Torr

and, through the orifice in a second conical electrode (the ‘skimmer cone’, kept at ground potential),



reach the low pressure region hosting the focusing lenses, the quadrupole analyzer and the detector.
The ions kinetic energy and therefore their collision energy can be modulated by changing the voltage
(Vcone) applied to the sampling cone. Analysis and comparison of spectra recorded at increasing values
of Veone (energy resolved spectra) provide information on the ions fragmentation behaviour and thus

on their structure.

Results and Discussion
Efficiency of oxidation of methanol and acetone treated individually and together

Air contaminated with methanol (M), acetone (A) or methanol plus acetone was treated in our large
non-thermal plasma flow-through reactor powered by +dc high voltage. Since our focus in this study
was on the kinetics and mechanisms of VOC oxidation, reliable and reproducible results were
mandatory, which can only be achieved under controlled and stable experimental conditions,
including gas composition and flow and discharge and plasma stability. For this reason we did not
use ambient air but a synthetic mixture of nitrogen and oxygen of high purity (“synthetic air”,
hereafter indicated simply as “air”) and contaminated it with the desired concentration of one or both
the VOCs considered. These mixtures were prepared by flowing synthetic air through a bubbler
containing a liquid sample of the VOC of interest and by mixing this VOC containing air flow with
one of pure air in proportions such as to reach the desired VOC concentration and total flow for the
experiment (see schematics in Figure 1). For experiments with mixtures of the two VOCs, two such
gas loops were used in parallel (Figure 1). The total gas flow through the reactor was always 500
mL/min which corresponds to a reaction time of 1.4 min. The VOC degradation profile as a function
of supplied energy was obtained by performing a series of experiments in which the energy was
changed by changing the applied voltage and the VOC residual concentration was measured by
GC/FID at the reactor outlet. Approximately exponential decay profiles were typically obtained in

these experiments, as exemplified by the plots in Figure 2. Values of kg, the process energy constant,



obtained by interpolation of the experimental data with the first order exponential function are

collected in Table 1, which includes the results of experiments in which A and M were treated

individually at two different initial concentrations (250 and 500 ppm) and together, each at an initial

concentration of 250 ppm.
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Figure 2. VOC conversion as a function SIE, the specific input energy, in dc+ corona treatment. Each

VOC was treated individually at an initial concentration of 250 ppm in air at room temperature and

atmospheric pressure.

Table 1. Efficiency of decomposition, expressed as kg, of acetone (A) and methanol (M)

treated individually and in mixture in pure air at room temperature and atmospheric pressure

[Alo [M]o ke (A) ke (M)
Entry | N
(ppmy) (ppmy) (L'kI™) (L'kI™)
1 - 500 - 0.49
2 250 - 0.58
3 500 - 0.090 -
4 250 - 0.14 -
5 250 250 0.10 0.24




The results of the experiments with a single VOC show that, both for A and M, the value of kg
increases as the VOC initial concentration is decreased. This inverse dependence of kg on the VOC
initial concentration has been observed in previous studies [13, 16-18, 37] and has been attributed to
inhibition of the reaction of the primary VOC with plasma reactive species due to competition by its
oxidation intermediates as originally proposed by Slater and Douglas-Hamilton [37]. A second
observation concerns the different reactivity of the two investigated VOCs which clearly shows that
under the same experimental conditions M is intrinsically more reactive than A (compare entries |
and 3 for VOC initial concentration of 500 ppm, and entries 2 and 4 for VOC initial concentration of
250 ppm). Last and most interesting are the results obtained in experiments in which A and M were
treated together (entry 5) each at an initial concentration of 250 ppm. These results are to be compared
for each VOC with those obtained in the experiment in which each was treated individually at 500
ppm initial concentration. In other words we compare the results of the experiment in which A (250
ppm) competes with M (250 ppm) with those of the experiment in which A (250 ppm) competes with
A (250 ppm). It is seen that the reaction efficiency of M is significantly reduced in the presence of an
equivalent amount of A, ke decreasing from 0.49 (entry 1) to 0.24 L'kJ! (entry 5). In contrast, there
appears to be no significant effect due to the presence of M on the reaction efficiency of A, as can be
appreciated by the ke data reported in entries 3 (0.090 L'kJ™!) and 5 (0.10 L-kJ!) which are equal
within the experimental error in these determinations (10%).

One important fact to be considered in analyzing and interpreting the results of experiments with A
+ M mixtures is the possibility that M is produced as a byproduct of acetone degradation induced by
electric discharges, as reported in a few papers [25, 31]. The formation of significant amounts of M
from A could in principle provide a rationale for the lower efficiency of M degradation observed
when treated in mixture with A than when treated alone. Using GC-MS analysis, we did not detect
any methanol in the gas at the reactor outlet during treatment of acetone containing air. Our findings
are consistent with those of other studies which failed to detect methanol among the byproducts of

acetone oxidation [38]. They are also consistent with the intrinsic reactivity of methanol which in our



reactor is considerably higher than that of acetone. Specifically, the results obtained in experiment 5
cannot be explained considering that acetone degradation produces some methanol even under the
absurd hypothesis that acetone is instantaneously and quantitatively converted into methanol
producing an initial methanol concentration of 500 ppm because the kg value determined for methanol
in experiment 5 is lower than that in experiment 1. So there must be some specific phenomena causing
the reduced reactivity of methanol in the presence of acetone.

Previous work has pointed out the important role played by ionized species and their reactions in dc+
corona induced oxidation of hydrocarbons and halogenated hydrocarbons in air [15-18, 20]. There
are however no data, to the best of our knowledge, on the possible involvement of ionic
decomposition pathways in the case of oxygen containing VOCs. Thus, in order to gain insight into
the mechanisms of dc+ corona induced oxidation of M and A and on their reciprocal influence we

carried out an investigation of their gas phase ion chemistry in air at atmospheric pressure.

Ions and ionic reactions induced by dc+ corona in air containing methanol, acetone and

mixtures of methanol plus acetone

An APCI-MS instrument was used to investigate the ions generated by dc+ corona in air at
atmospheric pressure and their reactions [36]. A typical spectrum recorded with pure synthetic air is

shown in Fig. 3a.



Scan AP+

37 H,0%(H,0) 668

100 -
H_:,C)+ NO*
% 19
| 30 (a)
0 T ! Ll bl bt Ikl Wb Rt Rl bl Bl bl R |
100 59/AH+ % ges
+
% ano+ A
60 117
/ 88 1 (b)
O ~frrrprerererperer Ll M R Bl Ml Rkl bl R |
S AP+
100 MH* 65/M2H+ O 15es
33
%
(c)
0 r T T T T T T T T T T T T T m/Z
10 30 50 70 90 110 130 150

Figure 3. APCI positive mass spectra of a) pure air; b) acetone (500 ppm in air); ¢) methanol (500
ppm in air). All spectra were recorded at a voltage of 30 V applied to the counterelectrode, the

sampling cone.

The observed signals are due to H3O" (m/z 19), its hydrate H3O"(H,0) (m/z 37), and NO" (m/z 30).
All are “secondary” ions formed via a cascade of fast exothermic reactions of the primary ions (N2,
0" produced by the interaction of high energy electrons with the main gas components, molecular
nitrogen and oxygen. Remarkably, the hydronium ion and its clusters H3O"(H2O), are observed also
when dry air is used, as was the case in this work, with a specified H>O content of less than 3 ppm.
This is the consequence of the fact that at atmospheric pressure exothermic reactions are very fast
and thermodynamic equilibrium is reached within the ions residence time in the source (500 us) [36],
so the most stable ions are prevalent also if their precursors are present in very low concentration.
The formation of hydronium ions and their hydrated clusters is accounted for by reactions (1) - (4).

D No"+ 0= Na+ 0"
2) 02" +Hy0 + Nz — O2(H20)™ + N»
3) 02(H20)" + H,0 — H30" + O+ "OH

4) H30"(H20)n-1 + H20 + Nz — H30*(H20)n + N2 n=1,2,3,...



The size and relative amounts of cluster ions H3O"(H20). depend not only on residual humidity and
temperature but also on the ions kinetic energy, which is determined by the potential, Vcone, applied
to the counterelectrode, the sampling cone. Thus, Vcone determines the energy of ion-neutral inelastic
collisions and consequent collision induced ion dissociation and ultimately the appearance of the
recorded spectrum. The spectrum reported in Fig. 3a was recorded with Veone set at 30 V. By changing
Veone in the same experiment the recorded spectra changed drastically, as described in previous
publications [22-24, 36]. Notably, at lower values of Veone larger H3O"(H20)s clusters are observed
which undergo collision induced declustering as Veone 1S progressively increased.
As for NOY, it can form from NO via charge exchange (eq. 5) or via ionic pathways (eq.s 6 -9).

5) 02" +NO"— NO" + 02

6) N2 +e — N+ N +2¢

7) N"+0,—>NO"+0

8) Or+e— 0" +0+2¢

9) O™ +N,— NO" +N°

The presence of small amounts (500 ppm) of acetone or methanol in the air alters completely the
mass spectra, as can be appreciated by comparison of the spectra reported in Fig. 3b - ¢ with the
“background” spectrum shown in Fig. 3a recorded with only air in the ion source. The signals of the
“background” disappear and are substituted by VOC derived signals. Specifically, in the presence of
acetone (A) the observed signals are due to AH" (m/z 59), ANO" (m/z 88) and A;H" (m/z 117) (Fig.
3b), and with methanol (M), they are due MH" (m/z 33) and MoH" (m/z 65) (Fig. 3¢). Due to their
low concentration (500 ppm), ionization of VOCs by interaction with high energy electrons is
unlikely at atmospheric pressure, but rather occurs via ion-molecule reactions, notably proton transfer
(10) and charge transfer reactions (11):

10) VOC + H3;0"— VOC-H" + H,0O AH =PA (X) - PA (VOC)

11) VOC+X"— VOC"™ +X AH =1E (VOC) — IE (X)

where X7'=0,", N,™, H,O™



Exothermic proton and electron transfer reactions generally occur at collision rate in the gas phase at
atmospheric pressure. Thus, considering the thermochemical data reported in Table 2, reaction 10) is
estimated to be very fast both for acetone and methanol, the reaction free enthalpy being — 121 and —
63.3 kJ-mol!, respectively. The same applies to ionization of acetone and methanol via charge
transfer (reaction 11) to N>, O>™ and H,O™. In contrast, since the ionization energy of NO is lower

than that of either acetone or methanol, reaction 11) does not occur with NO™.

Table 2. Ionization energy (IE) and proton affinity (PA) data (in kJ-mol™!).¢

N2 02 H20 NO Acetone Methanol
PA 493.8 421 691.0 531.8 812.0 754.3
IE 15.581 + 12.0697 + 12.621 + 9.2642 + 9.703 £ 10.84 +
0.008 0.0002 0.002 0.00002 0.006 0.01

@) Ref. [39]

It was shown previously [14, 15, 17-24] that the study of energy resolved mass spectra is most useful
to characterize the ions structure and reactions. As described above, in these experiments the ions
kinetic energy is changed by changing Vcone, the voltage applied to the counter electrode, the sampling
cone. Depending on their kinetic energy, the ions inelastic collisions with molecules of the
background gas will be more or less energetic and lead to ion declustering and fragmentation
reactions. The results of such an investigation applied to acetone (500 ppm in air) are summarized in
Fig. 4a which collects the data obtained in spectra recorded at different values of Vcone and shows the
major ions relative intensities as a function of the ions kinetic energy. To aid interpreting the data of
Fig. 4 and the following figures the major ions observed in these experiments and corresponding m/z

values are collected in Table 3.

Table 3. Major stable ions detected in air containing acetone (A), methanol (M) and their

perdeuterated analogues, Ageyw and Mgeu.



Acetone

A Adeu
AH" | A;H" | ANO" | AoNO' | AgeuH" | AdeuD™ | Adew2H | Adew2D" | AdeuNO" | AgeuaNO™
59 117 88 146 65 66 129 130 94 158
Methanol
M Meu
MH" | MoH" | MsH™ | M4H" | MaaH™ | MgeuD" | Maew2H" | Mgew2D" | MaewsH™ | MaewsD”
33 65 97 129 37 38 73 74 109 110
Acetone + Methanol
A+M Agen + M A + Mdeu
AMH" | A;MH' | AMpH" | AgexMH" | AsMaeuH™ | AoMgeuD”
91 149 123 161 153 154




100 4

——m/z=15
+ (a) —&— m/z=31
JAH o miz=39
—v— m/z=41
—*— m/z=42
—>— m/z=43
—e— m/z=59
—»— m/z=88
m/z=117
—=—m/z=146|
m/z=193

TIC (%)

100 4

b) | < miz=18
90 (b) —o—miz=34
80 —*—m/z=42
—e—m/z=44
704 —»—m/z=45
. . . —>—m/z=46
1 (A ),D (A, )D —&—m/z=47
;\-; 50 /deu 2 / deu m/z=65
G N N —0—m/z=66
= A(Qdeu)ZH (’,Adeu ).H . > m;F?gg
4 » CD,OD * miz=
% L 2 C/:DaCO miz=130
20 (A,.),NO ot miz=158
b + O
-
104 »/fA o) NO /:/4(7,,,,, %

Figure 4. Relative intensities of positive ion signals as a function of energy in APCI-MS spectra of

air containing: a) acetone, A, (500 ppm); b) perdeuterated acetone, Ageu, (500 ppm).

Acetone (A) ion chemistry is dominated by the protonated species AH" (m/z 59) which, at low kinetic
energies, is detected as the ion-molecule cluster A;H™ (m/z 117). Weaker signals observed at low
energies are due to AINO") (m/z 88), A»(NO") (m/z 146) and to the hydrate A,H'(H20) (m/z 193).
Increasing the ions kinetic energy induces declustering, as seen in Fig. 3a by the drop of the signal
intensity of A;H" and corresponding increase of that due to AH". At higher energies ion fragmentation
occurs leading to product ions CH3CO" (m/z 45), CH,OH" (m/z 31) and CH3" (m/z 15). In particular,
the major observed product ion observed at Veone values greater than 90 V is CH,OH, a known
fragmentation product of protonated acetone formed under collision-induced dissociation conditions
[40].

Important insight into the origin and the reactions of protonated species was gained by performing
experiments with perdeuterated acetone, CD3COCD3 (Ageu) (99.9% - deuterium enriched). The

results, displayed in Figure 4b, show that major signals in the mass spectra are due to AgeuD™ (m/z



66) and to its ion-molecule cluster (Aden)2D ™ (m/z 130), accompanied by somewhat weaker signals
due to protonated analogues (Ades)H™ (m/z 65) and (Aden)2H™ (m/z 129). Ades(NO") (m/z 94) and
(Adeu)2 (NO") (m/z 158) are also detected at low energies, whereas at higher energies (V > 90 V)
fragment ions CD3CO", CD,OD" and CD;" are produced.

The formation of A¢euD" can be accounted for by reactions 12) and 13), whereas that of AgeuH" by
reactions 14)-15). Based on available relevant thermochemical data, collected in Table 4, and
neglecting possible differences due to the presence of D in place of H, most of these reactions are
exothermic and therefore occur at the collision rate. Reaction 15) is endothermic but nevertheless is

expected to occur due to the high energy of Agey'® formed in reaction 12).

12) X* + CD;COCD; — M + CDs;COCD;™ AH =-228,-567,-281.5 kJ-mol™! for X =
02, N2, H2O

13) CD;COCDs*™ + CDsCOCD; — °*CD>COCDs + (CD;COCDs)D" AH = —4.2 kJ-mol’!

14) H;O" + CDs;COCDs — H,O + (CD;COCDs)H* AH = — 121 kJ-mol™!

15) CD;COCD;™ + HO — °*OH + (CD3COCDs3)H" AH = + 51.6 kJ-mol!
It should be noted that due to the high exothermicity of charge exchange reactions 12) fragmentation
of ionized acetone can also occur, as shown in Scheme 1, leading to fragment ions CD3CO" (the
appearance energy of CH3CO" is within 10.2-12.2 €V) [39] and CD3" (the appearance energy of CH3"
is 15eV) [39].

CD;COCD;" — -CD; + CD;CO*

\ l -CO
CD;CO + *CD;

Scheme 1

In the plasma these fragment ions could react via proton transfer to acetone (eq.s 16 and 17).

16) CDsCO' + CD;COCDs — CD,CO + (CDsCOCD:;)D*  AH= + 7.8 kJ-mol!

17) CDs" + CD;COCDs — CD; + (CD;COCD;)D* AH = 0 kJ-mol!



It should also be noted that reactive radicals form in some of these reactions, including carbon radicals
(*CD2COCD:3, *CH3z and CD3C*0) and *OH, which can contribute to radical-induced degradation of

other VOC molecules.

Table 4. Free enthalpy of formation data (in kJ-mol™!) of relevant species.”

Neutrals (molecules and radicals)

Species H,O CH3COCH; CH30H CH.CO :CH» -OH -CH,COCH; -CH,OH

AHf° -241.8 -218.5 -201.6 -47.77 4390 +39 -6.5 -25.9

lons

Species [CH;COCH:]" [CH3OH]'- (CH;COCH3)H®™ (CH:OH)H® CH;CO'  CHs'

AHy¢® +719.2 +845.3 +490 +567 +653 +1098

7 Ref. [39]

Similar investigations were also carried out with methanol (M) and perdeuterated methanol, CD30D,
(Mgeu). The results of these experiments are summarized in Figures 5a and 5b for M and Mgeu,
respectively. Similarly to what observed with acetone, the gas phase ion chemistry of methanol at
atmospheric pressure is dominated by the protonated species MH" (m/z 33), which at low energies is
detected as ion-molecule clusters MuH' (m/z 129), MsH' (m/z 97) and MoH" (m/z 65) (Figure 5a).
At higher energies (V > 50 V) the ionic fragment CH3" is formed. With Mgeu the corresponding fully
deuterated ions are observed, (Mdeu)D" and its clusters (Maeu)sD' (n = 2, 3, 4), alongside with minor

amounts of the corresponding protonated analogues (Maeu)nH " (Figure 5b).

Possible ionization routes are described in eq.s 18) — 21).

18) X™ + CD;OD — X + CD;OD*™ AH=-457.4,-118.6,-171.8 kJ-mol"! for X =N,
02, H2O

19) CD;OD'™ + CD;OD — °*CD:0OD + (CD;OD)D'  AH= — 102.6 kJ-mol’!



20) H3O"™ + CD;OD — H,O + (CD;OD)H" AH = —63.3 kJ-mol!

21) CD;OD"™ + H,O — °*OH + (CD;OD)H' AH = + 2.5 kJ-mol!

Reactions 18) -19) account for the formation of (CD3OD)D" whereas reactions 20) - 21) account for

the formation of (CD3;OD)H".
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Figure 5. Relative intensities of positive ion signals as a function of energy in APCI-MS spectra of

air containing: a) methanol, M, (500 ppm); b) perdeuterated methanol, Mgeu, (500 ppm).

Experiments with acetone (A)/methanol (M) mixtures were carried out next using the following

relative amounts: A/M = 1:1, 1:10 and 1:100. The results are displayed in Figure 6.
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Figure 6. Relative intensities of positive ion signals as a function of energy in APCI-MS spectra of
air containing mixtures of acetone (A) and methanol (M) in the following ratio: a) 1:1; b) 10:1; ¢)

100:1.

It is seen that the mass spectra of these binary mixtures are dominated by signals due to acetone
derived ions, notably AH', A,H" and their fragments, also in mixtures in which acetone is a minor
component (Fig. 5¢, A/M = 1:100). These observations are consistent with the higher proton affinity
of acetone which makes proton transfer from MH" to A exothermic by 61.4 kJ-mol™!. MxAnH" (m/z
91, 123, 149) and MyH" (m/z 97, 65) can be observed at lower values of Vgmpi, with n > lonly when

methanol is at least in tenfold excess with respect to acetone (Fig.s 6b and c).



Isotope labelling was also applied to binary mixtures of acetone and methanol. Two kinds of mixtures

were prepared and analyzed: perdeuterated acetone (Ageu) With methanol (M) and acetone (A) plus

perdeuterated methanol (Mgeu), €ach tested at two different compositions: A/M = 1:1 and 1:10. The

results of these experiments are collected in Figure 7.
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Figure 7. Relative intensities of positive ion signals as a function of energy in APCI-MS spectra of

air containing mixtures of acetone and methanol in the following ratio: a) Ages/M = 1:1; b) Adge/M =

1:10; ¢) A/Mgeu = 1:1; d) A/Mgeu = 1:10.

The data confirm what observed with unlabeled A and M (Figure 6) as they show that even when

methanol is in large excess with respect to acetone the mass spectra are dominated by the signals of

protonated acetone and its ion-molecule complexes. In addition they provide clear indications that

the reactions leading to the prevailing ions observed in methanol/acetone binary mixtures are the

following:

22) CX30X™ + CX30X — *CX,0X + (CX30X)X*

AH= —102.6 kJ-mol!



23) (CX;0X)X" + CY3COCY; — CX;0X + (CY:COCY3)Y' AH= —61.4kJ-mol’

X, Y=H,D

This scheme is consistent with the observation of A¢euH' (and complexes thereof) in Agew/M mixtures
(X=H,Y =D) and of AMg.uD" (and complexes thereof) in A/Mgeu mixtures (X =D, Y = H). Notably,
both reactions are strongly exothermic (the reported values of AH refer to X = H. They are not

expected to differ significantly for X = D).

Conclusions

The results reported in the first part of this paper show that methanol is significantly more reactive
than acetone in dc+ corona induced advanced oxidation in our non-thermal plasma reactor. However,
when treated in mixture with an equivalent amount of acetone, the efficiency of methanol degradation
was significantly reduced. Clues to rationalize the reciprocal effects observed when the two VOCs
are treated together were gained by mass spectrometric analysis of the ions generated by corona
discharge in air containing acetone and methanol and of their ion-molecule reactions. The results
show indeed that, thanks to its considerably higher proton affinity, acetone quenches all methanol
derived ions quite effectively also when methanol is present in 100-fold excess. It seems therefore
reasonable to associate the drop in the degradation efficiency of methanol observed in the presence
of acetone to the inhibition observed in our mass spectrometric investigation of all ionic reaction
pathways contributing to methanol decay. The results obtained in this investigation also provide
experimental evidence in support of the proposal that ionic reactions are major initiation steps in

methanol degradation in NTPs produced by positive corona discharges [27].
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