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This paper reports and discusses the beneficial effects on the quality of electrospun
polycaprolactone nanofibers brought about by pretreatment of the solvent with
non-thermal plasma. Chloroform/dimethylformamide 9:1 (CHCI3:DMF 9:1) and pure
chloroform were pretreated by a few minute exposure to the plasma generated by
an atmospheric pressure plasma jet (APPJ). Interestingly, when pure chloroform was
used, the advantages of plasma pretreatment of the solvent were way less pronounced
than found with the CHCI3:DMF 9:1 mixture. The chemical modifications induced by
the plasma in the solvents were investigated by means of complementary analytical
techniques. GC-MS revealed the formation of solvent-derived volatile products, notably
tetrachloroethylene (CoCly), 1,1,2,2-tetrachloroethane (CoH»>Cly), pentachloroethane
(CoHCI5), hexachloroethane (CoClg) and, in the case of the mixed solvent, also
N-methylformamide (CoHsNO). The chlorinated volatile products are attributed to
reactions of -Cl and Cl-containing methyl radicals and carbenes formed in the
plasma-treated solvents. -Cl and -CCl3 radicals were detected and identified by EPR
spectroscopy analyses. lon chromatography revealed the presence of CI~, NOg, and
HCOO™~ (the latter only in the presence of DMF) in the plasma-treated solvents, thus
accounting for the observed increased conductivity and acidification of the solvent after
plasma treatment. Mechanisms for the formation of these solvent derived products
induced by plasma are proposed and discussed. The major role of radicals and ions in
the plasma chemistry of chloroform and of the chloroform/dimethylformamide mixture
is highlighted. The results provide insight into the interaction of plasma with organic
solvents, a field so far little explored but holding promise for interesting applications.
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INTRODUCTION

It was recently reported that the application of non-
thermal plasma leads to remarkable improvements in the
electrospinnability of polymer solutions to form nanofibers (Shi
et al,, 2011; Colombo et al., 2014; Grande et al., 2017; Rezaei
et al., 2018b) but no explanation was given for the origin of
these effects.

Electrospinning is an efficient and powerful fabrication
process to obtain high quality nanofibers with a wide range
of diameters, from several micrometers down to a few tens
of nanometers (Frenot and Chronakis, 2003; Reneker and
Yarin, 2008). Because of its ease of use and versatility, this
technique has led to an exponential increase in the production
of nanofibers and their application in many different fields
such as filtration (Shabafrooz et al., 2014), sensors (Huang
et al., 2003), electronics (Long et al., 2012), and biomedicine
(Venugopal and Ramakrishna, 2005). A typical electrospinning
process involves the application of a high voltage (HV) between
a tip, from which the polymer solution is extruded, and a
collector (Bhardwaj and Kundu, 2010). The HV acting on free
charges present in the polymer solution attracts the liquid
toward the collector generating a jet which upon evaporation
of the solvent leads to the formation of fibers on the
collector itself (Teo and Ramakrishna, 2006). Various parameters
influence the properties and quality of electrospun nanofibers,
a major role being played by the characteristics of the polymer
solution, notably its electrical conductivity, viscosity and surface
tension. Indeed, a commonly used strategy to enhance the
electrospinnability of polymer solutions consists in increasing
the solution conductivity with additives such as salts or polar
organic solvents (Hsu and Shivkumar, 2004; Qin et al., 2007; Ryu
and Kwak, 2013). However, the use of additives can affect the
chemical composition and properties of electrospun nanofibers
and pose safety and environmental issues (Zong et al., 2002;
Hsu and Shivkumar, 2004).

Non-thermal plasma is a partially ionized gas in non-
equilibrium thermal state in which the electrons temperature is
much higher than that of ions and neutrals. Such plasmas are
conveniently generated by electrical discharges in a gas at room
temperature and atmospheric pressure. When applied in contact
with liquids, the discharges generate intense UV radiation, shock
waves and active radicals, which can induce variations of the
chemical composition of the liquid itself as well as directly
affect any organic or biological material present in the system
(Bruggeman and Leys, 2009; Bruggeman et al., 2016). Many
electrode configurations and experimental set-ups have already
been employed to work with liquids (Bruggeman et al., 2016), but
only a few studies involve organic solvents for polymer solution
modification (Shi et al., 2011; Colombo et al., 2014; Grande et al.,
2017; Rezaei et al., 2018b).

In previous work by some of the authors of this paper, an
atmospheric pressure plasma jet (APPJ), explicitly designed to
ensure a close and intense contact between the plasma plume
and the liquid (Grande et al., 2017; Rezaei et al., 2018a,b), was
used to treat solutions of polycaprolactone (PCL) or polylactic
acid (PLA) in solvent mixtures of chloroform (CHCI;3) and

N,N-dimethylformamide (DMF) (Grande et al., 2017; Rezaei
et al., 2018b). It was found that plasma treatment of these
solutions before electrospinning leads to nanofibers of better
quality, i.e., with a bead-free morphology and uniform diameter,
than obtained in control experiments without plasma. The
analysis of the polymers by size exclusion chromatography
(SEC) and X-ray photoelectron spectroscopy (XPS) showed that
the molecular weight and the surface chemical composition of
electrospun PCL nanofibers were not significantly affected by
the APPJ treatment. Significant changes were instead observed
in some important solution properties, notably conductivity and
viscosity, both of which were found to increase after plasma
treatment, and pH, which instead decreased. Thus, the enhanced
electrospinnability was mainly attributed to these modifications.

Analogous improvements in the quality of electrospun fibers
were obtained by plasma pretreatment of PLA solutions (Rezaei
et al, 2018a,b). Interestingly, some improvement was also
observed when the pure solvent, or solvent mixture, was treated
with plasma prior to the addition of PLA (Rezaei et al., 2018a).
Building on these promising results we studied the behavior of
PCL in two organic solvents, pure chloroform and CHCl3:DMF
9:1 mixture, with the dual objective of verifying the scope and
generality of the phenomenon observed for PLA and, more
importantly, of studying in detail what happens to the organic
solvent when it is treated with plasma. The latter subject is of
great interest per se, as our present knowledge of the interaction
between plasma and organic solvents and of its outcomes is very
limited. Analyses were thus performed both on the nanomaterials
produced and on the solvents. The quality and morphology
of electrospun PCL nanofibers obtained according to various
experimental protocols were investigated by means of SEM
analysis, while plasma treated solvents were analyzed by gas
chromatography coupled with mass spectrometry (GC-MS), by
EPR spectroscopy, with the use of spin traps, and by ion
chromatography, to gather information on the ions formed in
the plasma-treated solvents. The combination of these techniques
provided a powerful diagnostic array to gain insight into the
complex mechanisms induced by plasma treatment. Comparison
of the results obtained with pure CHCl3 and with a CHCl3:DMF
9:1 mixture turned out to be particularly informative.

MATERIALS AND METHODS

Materials

PCL pellets (M, = 80,000 g/mol), chloroform (CHCl3, >
99%), N,N-dimethylformamide (DME, > 99%) N-tert-butyl-a-
phenylnitrone (PBN, 98%), sodium carbonate (Na;CO3), sodium
bicarbonate (NaHCOs3), sodium nitrate (NaNOs), potassium
chloride (KCI), and formic acid (HCOOH) were purchased from
Sigma-Aldrich and used without further purification. Argon gas
(Alphagaz 1) was purchased from Air Liquide. Ultrapure grade
water (milliQ water) was obtained by filtration of deionized water
with a Millipore system.

APPJ Treatment of PCL Solvents

The plasma source used in this work to treat PCL solvents is an
APPJ specifically designed for liquid treatment. The set-up was
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already described in detail in a previous work (Grande et al.,
2017). In short, the plasma was generated inside a thin quartz
capillary fed by an argon flow. A tungsten needle was placed
within the capillary and acted as high-voltage electrode, while
a ring-shaped copper grounded electrode was placed around
the quartz capillary at 4.5cm from the tip of the tungsten
needle. A constant argon flow of 1 standard liter per minute
(slm) was sent through the capillary. Successively, the discharge
was ignited by applying an AC high voltage (fixed frequency
of 50kHz) to the high-voltage electrode with a peak-to-peak
value of 7.6 kV. A small reactor chamber, which can contain
the solvents, was placed on top of the capillary exit by fixing
a quartz tube with an inside and outside diameter of 13 mm
and 20 mm respectively to a stainless-steel flange possessing a
small opening where the APP] quartz capillary can be inserted.
The distance between the top of the grounded electrode and
the bottom of the stainless-steel flange was maintained at 0.5 cm
to ensure electrical isolation. For all experiments, a fixed liquid
sample volume of 10 mL was introduced into the reactor chamber
using a glass syringe. Afterwards, the top of the reactor chamber
was covered with a stainless-steel flange containing a small
opening of 2mm acting as gas outlet, thereby limiting solvent
evaporation during plasma treatment. In this work, pure CHCl3
and a mixture of CHCl3:DMF (9:1 v/v) were exposed to the
APP] for a fixed plasma exposure time of 3 min. This treatment
time was chosen based on the results obtained in plasma
treatment of the polymer solutions (Grande et al., 2017). Under
those conditions, it was observed that extending the treatment
time beyond 3min did not bring any further improvement
on the morphology of electrospun nanofibers. Thus, the same
treatment time was applied in this study to allow for a
direct comparison of the results obtained with the two plasma
activation protocols.

To electrically characterize the plasma, the voltage applied
to the needle electrode was measured using a high voltage
probe (Tektronix P6015A) while the charge on the electrodes
was obtained by measuring the voltage over a capacitor of 10
nF placed in series with the grounded electrode. The obtained
voltage-vs.-charge plot was visualized using a PC oscilloscope
(Picoscope 3204A) enabling the construction of a Lissajous
figure. From the area enclosed by this figure, the electrical energy
consumed per voltage cycle E,| could be estimated. The electrical
power P, was then obtained by multiplying the electrical energy
with the frequency of the feeding voltage, which is equal to 50 kHz
in this work, and was found to be 4.8 W.

The Ar streamed samples, used as control, were prepared
under the same conditions as the plasma treated samples except
for the fact that plasma was turned off. After 3min of Ar
streaming of the mixture CHCl3:DMF 9:1 the remaining liquid
volume was 8 mL.

Preparation and Electrospinning of PCL
Polymer Solutions

Five percent w/v PCL polymer solutions were prepared by
dissolving PCL pellets in pristine and plasma-treated CHCI3 as
well as the pristine and plasma-treated CHCl3:DMF mixture.

Subsequently, the differently prepared PCL solutions were stirred
at room temperature for 3h and electrospun. In this study,
a bottom-up electrospinning process was performed using a
customized Nanospinner 24 electrospinning machine (Inovenso,
Turkey). In a first step, the PCL polymer solution under study
was loaded into a 5mL standard syringe connected to a blunt-
ended copper needle and placed into a syringe pump (NE-300
Just Infusion™ syringe pump). This syringe pump controlled the
flow rate of the polymer solution through a polyethylene tube
(inner diameter: 2 mm) ending in an aluminum pipe containing
a single brass nozzle with an inner diameter of 0.8 mm. During
the electrospinning process, the flow rate of the polymer
solution was maintained at 0.1 mL/min. The metallic nozzle
was placed vertically below a rotating stainless-steel collector
(100 rpm) at a distance of 20cm. During electrospinning,
a DC high voltage of 30 kV was supplied to the nozzle,
while the rotating cylinder was grounded. PCL nanofibers were
subsequently collected on an aluminum sheet placed on top of the
collecting cylinder.

Characterization of the Electrospun PCL

Nanofibers by SEM

The surface morphology of the PCL nanofibers was imaged
using a JEOL JSM-6010 PLUS/LV scanning electron microscope
(SEM). SEM images were acquired with an accelerating voltage
of 5 or 7 kV, after coating the samples with a thin layer
of gold making use of a sputter coater (JFC-1300 autofine
coater, JEOL).

Chemical Characterization of Pristine and

Plasma-Treated Solvents

GC-MS

GC-MS analyses of the PCL liquid solvents under study
(CHCI;3 and a 9:1 mixture of CHCl3:DMF) before and after
plasma treatment were carried out with an Agilent Technologies
instrument (GC System 6850 Series, Mass Selective Detector
5973) using an HP-5ms column (30m x 0.25mm internal
diameter). One microliter samples were injected and analyzed
with the following temperature program: 50°C for 5min, 50-
200°C at 15°C/min and 200°C for 5 min.

lon Chromatography, Conductivity and pH

To quantify the ionic species in the liquid solvents, 5mL of
MilliQ water was added to 5mL solvent into a separating
funnel. Afterwards, the aqueous phase was analyzed by ion
chromatography using a Dionex-ICS-900 instrument equipped
with a Dionex IonPac AS22 column. A mixture of 4.5mM
Na,CO3 and 1.4mM NaHCO3z was used as eluent at a flow
rate of 1.2 mL/min. Standard solutions of KCl and NaNO3;
were used to obtain calibration lines for chloride and nitrate
ions, respectively.

The conductivity of the aqueous phase was also determined
using a FiveEasy'™ conductivity meter (Mettler Toledo)
equipped with an InLab720 conductivity probe operating
in a conductivity range of 0.1 to 500 pS/cm, while the
pH of the aqueous phase was obtained making use of a
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FiveEasyTM pH meter equipped with an InLab Science Pro-ISM
pH probe.

Spin-Trapping Experiments

The spin-trapping measurements have been performed at room
temperature using an X-band Bruker ELEXSYS spectrometer
equipped with an ER 4103TM cylindrical mode resonator for
aqueous and high-dielectric samples. In a first step, a solution of
PBN 1.0-10~2 M was prepared in chloroform and subsequently
treated in the plasma reactor for 3 min. Immediately after plasma
treatment, the solution was transferred to an EPR flat cell (500 L L
capacity) and rapidly introduced in the EPR spectrometer. EPR
spectra were collected at room temperature, at different delays
after the introduction of the sample in the spectrometer, in order
to follow the time evolution of the EPR signals; each spectrum
was the average of 10 scans. The acquisition parameters were:

modulation frequency 100kHz, scan range 100 G, modulation
amplitude 1.5G, receiver gain 60 dB, microwave frequency 9.77
GHz (scaling of the field has been used), power attenuation 18
dB, time constant, 5.12ms, scan time 41.94s, conversion time
40.96ms. All EPR spectra have been reproduced using EPR
WinSim software in order to isolate and identify all the radical
species (Duling, 1994).

RESULTS

SEM Analysis of Electrospun PCL
Nanofibers

The APPJ (Grande et al, 2017), briefly described in the
Experimental Section, was used to treat the pure solvents (CHCl;3
and the CHCl3:DMF 9:1 mixture), after which PCL was dissolved
in the plasma-treated solvents. The obtained PCL solutions were

FIGURE 1 | SEM images of different electrospun PCL polymer solutions: PCL dissolved in untreated CHCl3 (A); PCL dissolved in plasma-treated CHCl3 (B); PCL
dissolved in untreated CHCl3:DMF 9:1 (C); PCL dissolved in argon-streamed CHCIl3:DMF 9:1 (D); PCL dissolved in plasma-treated CHCl3:DMF 9:1 (E).
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subsequently electrospun and SEM analyses were carried out of
electrospun PCL nanofibers obtained under different conditions.
Figure 1 reports SEM images obtained for these experiments and
for controls run without plasma pretreatment of the solvents.
Specifically Figures 1A,B show the SEM images of electrospun
fibers obtained when PCL was dissolved in pristine and in
plasma-treated CHCl3, respectively. In both cases, non-uniform
PCL fibers with a large amount of beads can be observed,
but the average size of the beads appears to be smaller in
the plasma treated samples. The SEM images relative to the
electrospun PCL fibers obtained when PCL was dissolved in
untreated and plasma-treated CHCl3:DMF 9:1 are reported in
Figures 1C,E, respectively.

These images clearly reveal the dramatic improvement in
the nanofibers quality achieved by plasma treatment of the
solvent preliminary to addition of PCL and electrospinning of
the solution. The obtained sample consisted of a uniform and
almost bead-free mesh. A control experiment was carried out

to determine the possible contribution to the effects observed
in Figure 1E by modifications of the solvent composition
due to vapor stripping by the argon flow used to sustain
the discharge during plasma treatment. Figure 1D shows
a SEM image of the sample obtained in this experiment,
which was carried out with the plasma switched off and
flowing argon for a time long enough to achieve the same
volume reduction as obtained in experiments with “plasma
on.” It is seen that without plasma, non-uniform PCL fibers
containing a large number of beads were obtained. However,
the beads are definitely smaller compared to those in the
untreated control sample (Figure 1C). This improvement can
be ascribed to the different ratio of the two solvents in the
final solution which was used to electrospin the fibers shown
in Figure 1D. This effect is the result of the two solvents
different evaporation rates and the consequent increase in the
relative amount of DMF with respect to the 9:1 ratio in the
original mixture.

== pristine chloroform
== plasma-modified chloroform B
. Cc
iy i
- 8 J
A "
5 6 7 8 9 10 time (min)
Ao a 166 B 8 cl c
Cl Cl 129 Cl Cl
94
60 e 131
| |I | |

80 90 100110 120 130 140 150 160 m/z

40 50 60 70 80 90 100110120130 m/z

C 117 167 D 117 201
cl o CIC[ CICI 166
& C 83 cl cl
132 94
a7 - 131
Lo |
40 60 80 100 120 140 160m/z40 60 80 100 120 140 160 180 200 m/z

FIGURE 2 | GC-MS chromatogram of pristine (black) and plasma-treated (red) CHCl3. MS spectra of peaks A to D. The labeled peaks were identified to be (A):
tetrachloroethylene (CoCly), (B) 1,1,2,2-tetrachloroethane (CoH»Cly), (C) pentachloroethane (CoHCls) and (D) hexachloroethane (CoClg).
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Chemical Analysis of Plasma-Treated

Solvents

GC-MS Analyses

To investigate possible modifications of the solvent composition
and the formation of new volatile organic compounds due
to the plasma treatment, GC-MS analyses of untreated and
plasma-treated CHCl3 and CHCIl3:DMF (9:1) were performed.
Figure 2 reports the chromatograms of CHCl3 before and after
3 min plasma treatment, respectively. In the chromatogram of
untreated CHCl3 some impurities were detected and are labeled
as i,. After CHCl3 was treated with plasma for 3 min, four
additional peaks (A to D) were detected in the chromatogram.
Based on the analysis of their mass spectra, reported in Figure 2,
and comparison with reference spectra (Linstrom and Mallard,
2019), these additional peaks could be ascribed to chlorinated
ethanes (1,1,2,2-tetrachloroethane, pentachloroethane, and
hexachloroethane) and tetrachloroethylene. The anomalous
isotopic distribution observed in some of our spectra are due to
low signal intensities.

Figure 3 shows the chromatograms of the pristine and
plasma-treated CHCl3:DMF 9:1 mixture, respectively. Figure 3
shows an additional impurity found in DME labeled as i4,
which could be identified as formamide from its mass spectrum.
In the chromatogram of plasma-treated CHCl3:DMF 9:1, the
same peaks as detected in the chromatogram of plasma-treated
CHCl; can be observed, except for the peak attributed to
tetrachloroethylene, which was hidden by the broad peak due

to DMF. Moreover, the relative ratio between the peaks of the
three chloroethanes (B, C, and D) was different with respect
to the case in which these were formed by plasma treatment
of pure CHCIs. In particular, hexachloroethane was no longer
the major chloroethane formed and the relative amount of
1,1,2,2-tetrachloroethane was significantly higher. An additional
peak was also detected in the chromatogram of plasma-treated
CHCIl3:DMF (peak E in Figure 3), which could be attributed, on
the basis of its MS spectrum, to N-methylformamide.

lon Chromatography, Conductivity and pH
As ascertained in previous publications (Sunka et al., 1999;
Rezaei et al., 2018a,b), the plasma treatment of polymer solutions

TABLE 1 | Extracted water: conductivity, pH and concentration of chloride and
nitrate from different solvents.

Sample Conductivity pH [CI7] [NO;]
(wS/cm) (mM) (mM)
CHCl3 untreated 23+02 43+02 0.13+£0.04 n./a.
CHClI3 plasma-treated 520+1.0 34+02 05+02 0.020+0.014
CHCI3 + DMF untreated 5.7 £0.5 4.0+0.2 0.20 £+ 0.04 n./a.
CHCI3 + DMF 73+05 48+02 0.20+0.04 n./a.
Ar-streamed
CHCl3 + DMF 328 +£5 25+02 49+07 0.019 £+ 0.009

plasma-treated

= pristine chloroform:DMF 9:1
== plasma-modified chloroform:DMF 9:1
& D
“ML.L' i o 5 WA.- vy
3 4 5 6 7 8 9 10 1 12 13 time (min)
- 7 Ji§
HN™ "H
|
73
42 44 |
. __|||_ %
35 40 45 50 55 60 65 70 75 80 85 90 95 miz
FIGURE 3 | GC-MS chromatogram of pristine (black) and plasma-treated (red) CHCl3:DMF. MS spectrum of peak E leading to the identification of
N-methyl-formamide (CoHsNO).

Frontiers in Chemistry | www.frontiersin.org 6

May 2019 | Volume 7 | Article 344


https://www.frontiersin.org/journals/chemistry
https://www.frontiersin.org
https://www.frontiersin.org/journals/chemistry#articles

Grande et al.

Investigation of Plasma-Treated Organic Solvents

induces an increase in electrical conductivity of the liquids. In
this work, we investigated whether this increase also occurs when
the solvents are treated by plasma in the absence of polymers.
Table 1 shows the conductivity of the aqueous phase used for
the extraction of water soluble species from the treated solvents
(as described in the experimental part). For pure CHCl3 a
large increase in conductivity was indeed observed after plasma
treatment. In the case of the CHCIl3:DMF 9:1 solvent mixture,
a tremendous increase in conductivity was induced by plasma
treatment of the pristine mixture. In contrast, only a slight
increase was observed after argon streaming of CHCl3:DMF
(Table 1), confirming that the increase in conductivity was really
due to plasma treatment. To identify and quantify the ions
responsible for the solution conductivity, ion chromatography
was applied.

The ion chromatograms of untreated and plasma-treated
chloroform are shown in Figure4A. The untreated sample

A
sL untreated
B —— 3 min plasma treated
cr
6|
3
£ 4r
2 B -
_ N|o3
N\ P
0 v
2 1 i 1 1 1 2 1 2
0 2 4 6 8 10
time (min)
B
80 - crj ----- untreated
X —— 3 min plasma treated
40 |-
3
K
NO’
1 1
6 8 10
time (min)
FIGURE 4 | lon chromatograms of untreated and plasma-treated CHCl3 (A)
and of untreated and plasma-treated CHCl3:DMF 9:1 (B).

gave only a small peak in the chromatogram, corresponding
to chloride ions (Cl7). Quantitative analyses showed that the
intensity of this peak and the corresponding concentration
in solution was considerably higher after plasma treatment
(Table 1). In addition, because of the plasma treatment, a
peak due to nitrate ions (NO3) also appeared in the ion
chromatogram. NO; was most likely present due to the
interaction of the discharge with residual environmental air,
which could be mixed in the solvent during the treatment.

The ion chromatograms of the untreated, argon-streamed and
plasma-treated CHCl3:DMF mixture are shown in Figure 4B.
Similar to pure chloroform, the untreated and argon-streamed
samples only showed a small peak corresponding to CI~, while
the plasma-treated sample revealed a significantly larger CI~
peak and the formation of nitrate ions. Moreover, compared
to plasma-treated chloroform, one additional peak appeared
in the chromatogram of the plasma-treated solvent mixture,
which could be ascribed to formate (HCOO™). Also in this
case, the concentration of chloride ions has been quantified
(Table 1). Compared to pure treated chloroform, the amount of
Cl~ was one order of magnitude higher when DMF was added
to chloroform. On the contrary, the concentration of nitrates
remained more or less the same, confirming the hypothesis that
nitrates were formed from residual environmental air in the
plasma set-up.

The pH of the aqueous extracts from the organic solvents
used in this study was also determined before and after plasma
treatment. The results, summarized in Table 1, clearly showed
a decrease of the solution pH induced by plasma treatment.
The observed increased acidity could be directly linked to the
increased concentration of chloride and to the formation of
nitrate and formate ions, considering that these species were
produced in their acidic form.

Spin-Trapping Experiments

Spin-trapping experiments have been performed to detect and
identify radicals in solution. A spin trap is a diamagnetic
compound (most commonly an organic nitroso or nitrone
compound) that can react with a radical species to form a
paramagnetic adduct with a lifetime long enough to be detected
by EPR spectroscopy (Alberti and Macciantelli, 2009). The spin-
trapping analysis of the plasma treated solvents has already been
presented in detail in a previous work (Rezaei et al., 2018a). Here
we supplemented that analysis with some new results obtained by
spin-trapping experiments done in pure chloroform.

A 1.0-1072 M chloroform solution of spin-trap PBN (N-tert-
Butyl-a-phenylnitrone) was treated in the plasma reactor for
the desired time and, immediately after the treatment, analyzed
by EPR. As an example, the cw-EPR spectrum of a solution
treated with plasma for 3min is reported in Figure 5A. The
careful reproduction of the experimental spectrum by means
of an appropriate simulation software (Duling, 1994) revealed
that the spectrum is the sum of different contributions, as
presented in Figure 5B, with the relative hyperfine interaction
values (a;) which are also summarized in Table 2. Comparison
of these hyperfine values with data reported in the literature
(Davies and Slater, 1986) enabled us to identify the various
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FIGURE 5 | (A) cw-EPR spectrum of a 1.0-10~2 M PBN solution in chloroform treated with plasma for 3 min and analyzed immediately after the treatment. In red the
simulated spectrum, obtained as sum of the three species as reported in (B); the stick-plots in the figure insets report the multiplet structure of the EPR components.

Magnetic field (G)

TABLE 2 | Hyperfine coupling constants for the relative nuclei of the contributions
displayed in Figure 5B used for the simulation of spectrum Figure 5A.

Detected radical ay (G) ay (G) acy (G)
PBN-35C| 12.8 0.85 6.2
PBN-37CI 12.8 0.85 5.2
PBN-CClg 13.7 1.65 0
PBN=O 8.1 0.71 -

components (see the first column of Table 2, and the attributed
structures in Figure 5B). Please note that for the adduct PBN-
Cl (formed by trapping a Cl atom), the simulation takes into
account the presence of both 3°Cl and 37Cl isotopes in fixed
natural abundance (76 and 24%, respectively) (Davies and Slater,
1986); for them, a(*’Cl)/a( Cl) = gN(37Cl)/gN(35Cl). The acyl
nitroxide has been observed in other works (Ohto et al., 1977;
Niki et al., 1983) and is attributed to an oxidation product of the
spin-trap (Davies and Slater, 1986), likely formed by reaction of
PBN with some oxidizing reactive species of the plasma.

We followed the time evolution of the cw-EPR spectrum, by
acquiring spectra at different delay times after the end of the
treatment. No further species were observed, but the relative
weight of the three species changed in time, as reported in
Figure 5C. Specifically, the signals due to the PBN-CCl; and
PBN-Cl adducts decreased in time whereas that assigned to

the PBN=O adduct increased. The overall intensity did not
significantly change in 10 min, but a substantial decay of all
adducts intensities was observed after 20 min. Possibly the
PBN=O adduct was produced because of exposure to air, but we
cannot exclude other mechanisms of production. For instance, a
similar rise of the PBN oxidation products has been found for a
system in which Cl radicals were produced (Callison et al., 2012).
In that case the authors invoked as a possible mechanism the
reaction of PBN with relatively long lived molecular chlorine,
produced from atomic chlorine.

DISCUSSION

Considering all the species detected using the various techniques
employed in this study, it is possible to outline the major chemical
processes taking place when the argon plasma jet is applied
to chloroform and to chloroform containing 10% DMEF. It is
reasonable to assume that these chemical processes occur in the
argon plasma bubbles where chloroform and dimethylformamide
will also be present as gases due to the evaporation induced
by the discharge. The stable products formed within the gas
phase are then transferred into the liquid. The formation of
chloroethanes is attributed to radical recombination reactions,
specifically two -CCls radicals in case of hexachloroethane
(Shilov and Sabirova, 1959; Michael et al., 1993), one -CCl;
and one -CHCI, radical in case of pentachloroethane and two
-CHCI, radicals in case of 1,1,2,2-tetrachloroethane, as shown
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in reactions 1-3. Perchloroethane, Cl3C-CCl;, was the most
abundant chloroethane detected by GC-MS analysis in plasma-
treated chloroform. The -CCl;3 radical was indeed observed by
EPR spectroscopy in a freshly plasma treated sample of pure
chloroform. In contrast, Cl, HC-CHCI, was barely detectable in
the GC-MS chromatogram suggesting that the -CHCI, radical
was present in lower concentration than -CClsz. This conclusion
is consistent with the fact that this radical was not observed by
EPR analysis.

2-CCl; — Cl;C—CCl; (1)

CC13 + CHC12 —> C13C—CHC12 (2)

2 ~CHC12 — CleC—CHCIz (3)

The formation of tetrachloroethene can be ascribed

to the recombination of two :CCl, carbene units (4)
(Won and Bozzelli, 1992).

2:CCl, — Cl,C=CCl, (4)

According to the literature, the formation of :CCl, from
chloroform can occur either via loss of ‘H from -CHCI,
(5) (Won and Bozzelli, 1992) or via chloroform dissociation
into :CCl, and HCl (6) (Semeluk and Bernstein, 1954).
The formation of hydrogen chloride was indeed verified
experimentally by the measurement of the solution pH (H*) and
ion chromatography (CI™).

CHCI; — :CCl, + HCl (6)

In the literature :CCl, and HCl are reported to be the
main products of chloroform thermal decomposition (Semeluk
and Bernstein, 1954; Chuang and Bozzelli, 1986) but also of
its decomposition induced by non-thermal plasma (Foglein
et al., 2005; Gaikwad et al., 2013). In the case of the APPJ
used in this work, thermal dissociation is highly unlikely
because the gas temperature was too low. We thus believe
that chloroform/electron interactions are responsible for the
formation of :CCl, and HCI.

Chloroform thermal decomposition (Semeluk and Bernstein,
1954) or chloroform excitation by interaction with electrons,
photons or Ar metastables (Yang et al., 1994) can also induce
the homolytic dissociation of a C-Cl bond (7), and, less likely,
of the C-H bond (8). We succeeded in detecting two of the
radicals formed in these reactions, notably -Cl and -CCls, by spin
trapping and EPR analysis. Evidence for the formation of the
third, -CHCI,, was provided by the observation of Cl3C-CHCl,
and Cl,HC-CHCI, among the products of plasma treatment.
Failure to detect CHCI, by EPR analysis could be attributed to
its low concentration in the system.

e~ or hv or Ar*

CHCl3 -Cl 4 -CHCl, (7)

e~ or hv or Ar*

CHCl3 -H+ -CCl3 (8)

Reaction (8) is less probable than reaction (7) due to the higher
dissociation energy of the C-H bond with respect to the C-
Cl bond [average bond dissociation energies for C-H and C-Cl
bonds are 4.13 eV e 3.43 eV, respectively (Weissman and Benson,
1983)]. Thus, an alternative source of -CCl; must be considered
to account for its higher abundance than -CHCI,, specifically the
reaction of -Cl with chloroform, which proceeds via hydrogen
abstraction (9) (Orlando, 1999).

-Cl 4+ CHCl3; — -CCl3 + HCI 9)

When DMF was added to chloroform and the mixture
CHCI3:DMF 9:1 was subjected to plasma treatment, two
significant changes in the product distribution were observed:
the concentration of Cl~ increased by a 10-fold factor and Cl3C-
CCl3 was no longer the most abundant chloroethane produced,
the area of its chromatographic peak becoming similar to those of
Cl3C-CHCI; and Cl,HC-CHCI,. The latter observation implies
that in the mixed solvent the -CHCl, radical was formed
in similar concentration as -CCl;. All these observations are
rationalized if one considers that in the presence of DMF
another important process takes place, i.e., dissociative electron
attachment to chloroform (10). The products of this reaction
are indeed chloride and -CHCI, as known from literature
(Scheunemann et al., 1980; Matejcik et al., 1997). The promotion
of this process in the presence of DMF could be attributed to
the well-known ability of DMF to solvate and stabilize ions,
especially anions.
CHCl; +e¢~ — CI” 4+ -CHCl, (10)

Thus, reaction (10) accounts for both the increase of
recombination products Cl3C-CHCl, and ClLHC-CHCI,
with respect to Cl3C-CCls and the increase of chloride ions
observed in the mixture CHCl3:DMF 9:1 with respect to
pure CHCIls. It cannot be excluded that dissociative electron
attachment may also occur in the liquid phase involving solvated
electrons, formed at the gas/liquid interface and reacting there
or within the solvent in the first layers in contact with the gas.
It is known, indeed, that solvated electrons undergo efficient
dissociative electron attachment reactions with chlorinated
organic compounds in aqueous media producing chloride
(Lichtscheidl and Getoff, 1976; Naik and Mohan, 2005; Yuan
etal.,, 2015) and that they are also involved in organic solvents.

Two additional species observed in the presence of DMF are
N-methylformamide and formic acid. N-methylformamide may
originate from thermal or electron induced decomposition of
DMEF via homolytic dissociation of the N-C bond (11a), followed
by hydrogen abstraction from chloroform (11b). As for formic
acid, we believe it formed via hydrolysis of DMF which can occur
in the presence of traces of water with acid catalysis. The presence
of traces of water was previously detected by the appearance of
the OH signal in the emission spectroscopy spectrum acquired
during the plasma treatment of the mixture CHCI3;:DMF 9:1
(Grande et al., 2017).

HC(=0)N(CH3); + e~ — HC(=0)N-(CH3) + -CH3 + ¢~ (11a)
HC(=0)N-(CH3) + CHCl3; — HC(=0)NH(CH3) + -CCl3 (11b)
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Finally, another process which must be considered is the
ionization of the solvent. Considering the lower ionization energy
of chloroform (EI = 11.37eV) and of DMF (EI = 9.13eV) with
respect to that of argon (EI = 15.76 V) (Linstrom and Mallard,
2019), it is expected that both solvents undergo ionization via
charge exchange with argon ions (12a and 13a). The resulting
radical cations can dissociate leading to CHCI;r and -Cl (12b) and
to HC(=O)N™(CHj3) and -CHj3 (13b), respectively.

CHCl; + Ar- — CHCl; -+ +Ar (12a)
CHCl;-" — CHCIS + -Cl (12b)
HC(=0)N(CH3), + Ar-T — HC(=O)N(CH3),-" + Ar (13a)
HC(=0)N(CH3),- 7 — HC(=0)NT(CH3) + -CH; (13b)

Since the proton affinity of CCl, (8.92eV) is lower than that

of DMF (9.19eV) (Hunter and Lias, 1998), proton transfer
from CHCI to DMF in the gas phase is thermodynamically
favored and expected to be kinetically very fast (14). It is
worth noting that reaction (14) may thus contribute to the
acidification of the solution and provide a direct entry, in
the presence of water traces, to acid catalyzed hydrolysis
of DMF.

CHCIS + HC(=0)N(CH3), — :CCl, + HC(=0)NHT(CH3), (14)

CONCLUSIONS

All the experimental results obtained in the work described
here fit nicely into a coherent mechanistic picture. We can thus
compare and rationalize the effects of plasma treatment of CHCl3
and of the CHCI3:DMF 9:1 mixture, which are useful solvents
for the production of nanofibers by electrospinning of polymer
solutions. It was found that plasma induces the formation of
hydrogen chloride, a process which is more pronounced in
the CHCI3/DMF solvent mixture than in pure CHCl;. The
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