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Abstract

Plasma-liquid systems are best recognised in biomedicine, where the gen-
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eration of plasma-treated water and complex organic-containing solutions
affords biological effects. However, plasma interactions with liquids are more

diverse. In this review, we look from the chemical point of view at the three
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fields of plasma-liquid interaction in which plasma is used to convert
organic substrates. In wastewater treatment, plasma decomposes organic
substances: the selectivity towards specific products is less crucial than
process energy costs. In the conversion of organic liquids for sustainable
energy purposes, the carbon
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1 | INTRODUCTION: PLASMA-
LIQUID SYSTEMS

Advances in the field of electrical discharges and the
associated extensive research of atmospheric pressure
low-temperature plasma systems led to shifting the para-
digm of plasma usage and technology. The restricted

nonthermal plasma, organic chemistry, plasma-liquid systems, selectivity, synthetic

applications of plasma in conditions compatible with low
pressure and/or high temperature expanded towards more
benign processes.! Many of the modern-day applications
of plasma-liquid systems at atmospheric pressure[z] span
from biomedical (e.g., plasma treatment of aqueous media
to induce specific biological effects!®) and nitrogen
fixation to polymer synthesis/modification>® and

Abbreviations: pP, micropollutant; AOP, advanced oxidation process; DBD, dielectric barrier discharge; GA, gliding arc; MW, microwave; PFAS,
perfluoroalkyl and polyfluoroalkyl substances; PFOS, perfluorooctanesulfonic acid and derivatives; RNS, reactive nitrogen species; RONS, reactive

oxygen and nitrogen species; ROS, reactive oxygen species.
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preparation of nanomaterials,”” with numerous reviews—
both field specific'® and generalised.”!

Plasma-liquid systems can be distinguished by sev-
eral parameters, for example, the type of plasma used,
the type of plasma-liquid contact and so on. Two plasma
categories commonly used are warm plasmas (slightly
nonequilibrium, the electron temperature is much higher
than the gas temperature, which is still in the order of
1000°C) and cold plasmas (highly nonequilibrium, gas
temperature in the range of 10-100°C)."?! Examples of
warm plasmas include microwave (MW) plasma,
(rotating) gliding arcs (GA), and spark discharges,
whereas dielectric barrier discharges (DBD) are the most
common examples of cold plasmas. In turn, the contact
with the liquid can be realised via (i) direct contact with
the gaseous plasma (plasma positioned above the liquid,
impinging on it); (ii) bubbling gaseous plasma through
the liquid; (iii) igniting plasma inside the liquid, with the
initial evaporation of the liquid near the electrodes and
subsequent plasma initiation inside the saturated vapour
phase. Some of these concepts are illustrated in Figure 1.

Plasma treatment of wastewater is an environmentally
benign way to remove organic contaminants and various
'forever’ chemicals from water."”) The interest in the use
of plasma for water treatment started growing in the early
1970s, beginning with the generation of H,O, and other
active species by glow discharges above liquids.!"™ The
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primary interest in the use of plasma in contact with li-
quids is defined by the possibility of generating a large
variety of highly reactive species, including radicals,
solvated electrons, and atoms that can oxidise almost any
organic contaminant.'>** The main limiting factor of the
water treatment process is the transfer of reactive species
generated in the gas phase by nonthermal plasmas to-
wards the liquid phase."*'*! The unique chemical and
physical processes taking place at the boundary between
plasma and liquid, often referred to as a plasma-liquid
interface,!*! can be implemented to effectively decompose
dyes,!"®" micropollutants''”! and other chemicals."'®!

Similarly, the conversion of bio-derived liquids and
organic chemicals (e.g., bio-alcohols and oils) into syn-
gas'! or H,* is an attractive route for the transfor-
mation of renewable and waste organic feedstock into H,
and building blocks. Plasma was introduced into the field
as an extension of the Huels process,lm but soon ex-
panded to the reforming of gasoline and diesel,**! waste
oils,!**! glycerol,’** methanol'®*! and ethanol.!”?! Gener-
ally promising results in syngas production using com-
pact reactors, largely without the use of catalysts, make
such processes a good fit for coupling with renewable
resources and energy.

Atmospheric pressure plasmas are also a very inter-
esting tool for synthetic organic chemistry. Historically,
most plasma research was in the gas phase, hence the
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FIGURE 1 Plasma-liquid interactions for the conversion of organic chemicals discussed in this work: plasma types, types of plasma-

liquid contact, and applications.

85U8017 SUOLILLOD BATea1D 3edlidde aup Aq pausenob ae sajoie YO ‘88N JO Sa|nJ Joj A%eiq1T8UlUO A8]IA UO (SUOTIPUOO-PUB-SWLBYWI0D A8 | 1M AeIq 1 BU1|UO//SANL) SUORIPUOD PUe SWLB | 8L 885 *[6Z02/T0/yT] uo AriqiTauliuo A ‘Uediemiuy 1eISBAIUN Ad 67100202 dedd/Z00T 0T/I0p/wo A8 | 1M AeIq Ul |UO//Sdny Wouy pepeojumod ‘T ‘SZ0Z ‘69882TIT



GORBANEYV ET AL.

first applications involved gas-phase reactions. These
ranged from the degradation of volatile organics to cya-
nation of unsaturated hydrocarbons to yield, for example,
acrylonitrile (an important commercial precursor for
polymers), as summarised in reviews from the
1980s.12¢27! Later studies report transformations of
benzene, including hydroxylation,[z&zg] dimerisation,*"!
reduction," amination!®?! and even substitution of one
of the C atoms for N.[**! Despite the promising prospects
of using the reactive pathways offered by plasma in the
transformation of organic chemicals, the applications
were restricted to volatile compounds. In contrast, the
interaction with liquids extends the applicability of
plasma reactive systems far beyond gaseous compounds.

With this review, we aim to demonstrate the three
conceptually similar, yet different ways of plasma appli-
cation for the conversion of organic molecules, as shown
in Figure 1. First, we discuss wastewater treatment by
plasma, including the fundamental concepts of plasma-
liquid interaction, such as the source of reactive species
induced by plasma. Second, we show examples of organics
conversion into syngas or H,. Because of the multiple
existing review works in this field, both for wastewater
treatment!'***=*! and syngas production,****! we do not
intend to give a complete and detailed list of various
reactor types and specific organics removal from water by
plasma, or all possible liquid substrates converted into
CO/H,. Instead, we demonstrate the concept of non-
selective plasma conversion of organics using selected
examples.

In contrast, despite active investigation of using
plasma as an environmentally friendly agent for organic
chemical synthesis, to the best of our knowledge, there are
no literature reviews on this topic to date. We aim to give a
near-exhaustive list of plasma uses for synthetic organic
purposes in liquids. We believe that this is an important
application of the reactive chemistry of plasmas, which
opens routes for performing organic reactions in a more
benign way than used traditionally.

2 | PLASMA-LIQUID
INTERACTION FOR WASTEWATER
TREATMENT

Due to the very large difference in the energy of electrons
and heavy particles achieved in nonthermal plasmas,
very unique chemistry can take place in such conditions
at relatively low gas temperatures.'**! Because of the
efficient activation of various reactions, such systems are
often viewed as chemical reactors where selectivity and
performance can be tuned to specific demands by
changing the operational parameters.
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One of the first applications of nonthermal plasma at
atmospheric pressure as a chemically active medium was
the generation of O; in the gas phase for disinfection,
almost one and a half century ago.[*! In the early 1980s
and 1990s, the first attempts were made to couple high-
pressure electrical discharges with liquids, primarily
pulsed streamer discharges, for wastewater treat-
ment.[***”) It was found that various oxidative species,
including H,0,, -OH radicals, singlet oxygen 'O,, and
others, can be effectively generated in the gas phase and
transferred to a liquid.

Nonthermal plasmas, colloquially called 'cold plas-
mas' because of the near-ambient gas temperature, can
be a very attractive alternative to other methods of water
treatment due to their properties such as (i) facile gen-
eration of various reactive oxygen (ROS) and nitrogen
species (RNS); (ii) no additional chemicals are required
to initiate the degradation of pollutants; (iii) the plasma-
initiated processes are characterised by a low affinity for
a specific substrate and hence can be applied to remove
almost any pollutants from water. Despite the green
nature of the plasma-assisted water treatment, the main
drawback yet to be solved is the high energy cost of
pollutant decomposition, which is typically 3-10 times
higher compared with the state-of-the-art advanced oxi-
dation processes (AOPs).

2.1 | Reactive species generation and
phase transfer

Plasma treatment induces multiple types of reactive
oxygen and nitrogen species (RONS) in liquid water, the
nature of which depends on the specific design of the
plasma-liquid system. In-water (i.e., plasma in liquids)
systems mainly generate -OH and *OOH/O,¢" radicals, H
atoms and Hzoz.[‘“‘] Over-water (e.g., plasma jets
impinging onto the surface of liquids) systems add to this
list the RONS produced by the interaction of the dis-
charge with the gas located between the plasma source
and the treated liquid. In ambient air, these are RNS,
such as -NO and *NO, radicals, HNO,, HNO;, HO,NO,
03, O atoms and 102,[2’49] whereas in inert gases, any
additional RONS may be created only from the evapo-
rated H,0,°°! thus chemically making such system
similar to in-liquid plasmas.

Moreover, besides the aforementioned RONS, plasma
can be seen as an electron bombardment source aimed at
the plasma-liquid interface.*’**! Although the depth of
the electron penetration into the bulk liquid water ex-
posed to plasma is reported to be between 2 and
15 nm, >3] this can be enough to ensure the reactivity if
the mass transfer in the solution is sufficiently high.
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Likewise, the UV irradiation of many plasma sources can
be responsible, for example, for the homolytic splitting of
H,0 molecules, although the typical UV flux generated by
nonthermal plasmas operating in air is relatively low.!>*! It
can be significantly enhanced by the pulsed mode of
operation of the discharge above or inside the liquid and is
an important factor in water bio-decontamination.*”

However, despite the extensive research in the field of
pollutant removal from water by plasma, the source of
the reactive species that are responsible for the in-liquid
chemistry is still perplexing. In the case of plasma jets
interacting with liquid water, the contradictory findings
by various research groups indicate that some of them
may or may not originate from the direct interaction of
plasma with the molecules of liquid water. Although the
gas phase plasma is unambiguously a direct source of
solvated electrons, the origin of, for example, *OH radi-
cals was proposed to be either through the direct inter-
action of gaseous plasma with molecules of liquid
H,0,°%! or through interaction with the evaporated lig-
uid only."*378] In a similar manner, the formation of
NH, and NO, species in nitrogen fixation by N, plasma
over liquid water was shown to occur (i) in the gas phase
from the evaporated water,”°'! and (ii) through direct
interaction of plasma species with the top layer mole-
cules of liquid H,0.1°%! Furthermore, the O atoms
detected in liquids are usually considered to originate
from the oxygen content in the gas phase plasma,®*°%
and yet computational studies also suggested that it can
originate from *OH, which was initially formed from
H,O exposed to plasma.l®® Clearly, the origin of RONS is
not constant but rather depends on the specific system,
such as the properties of the gaseous discharge, the
geometry of the plasma-liquid interaction, and so on.

Correspondingly, the primary direction of research in
the field of plasma-assisted water treatment is to optimise
the generation of active species and their transport to the
liquid, where they can be utilised for pollutant removal.
To enhance the energy efficiency of the treatment and
enable efficient scaling up of the process, the enlarge-
ment of the plasma/liquid interface was identified as a
primary point of concern. At the current stage, research
studies are mainly dedicated to reactor optimisation and
improvement of energy costs of the treatment because of
the industrial demands for the uptake.

22 |
water

Plasma removal of pollutants from

Wastewater treatment is the most studied and developed
application of plasma-liquid systems of the three appli-
cations discussed in this review article, with the largest

number of dedicated reviews. Next, we discuss the two
pathways of organic reactions—oxidation and reduction—
caused by different plasma-generated RONS and applica-
ble to different pollutants.

221 | Oxidation pathway
Plasma treatment of water is often considered as a new
type of AOP in which various oxidative species are gen-
erated by an electrical discharge above or in contact with
the liquid. The decomposition of chemical pollutants,
both conceptually and with regard to the process effi-
ciency, was tested on numerous compounds.!!®343537]
Commonly, a chemical of high reactivity and a rather
simple chemical structure is employed as a reference
pollutant. Among different compounds, phenol was
treated as a reference for understanding various AOPs
because the intermediate products of its oxidation are
well known. The oxidation is initiated primarily by -OH
attacks, resulting in the formation of various inter-
mediates, including hydroquinone and catechol.l®”! The
intermediate products are easily oxidised further under
the action of the ROS: radicals and atomic O. The
opening of the aromatic ring leads to the formation of
low-molecular-weight compounds, mainly organic acids.
Dissolved Os, also typically present in plasma-treated
water,[>*®! yields muconic acid as another stable inter-
mediate.[®® Importantly, the exact composition of the
mixture of various oxidation products is strongly
dependent on the type of electrical discharge and con-
centration of RONS generated and/or transferred to the
liquid medium. With the aim of wastewater treatment,
the formed by-products should preferably be completely
decomposed and mineralised. In general, plasma AOP
results in low selectivity towards specific oxidation
products. In this context, additional effort is required in
analysing the oxidation pathways as some intermediates
can possess high toxicity. Despite numerous studies,
complete mineralisation towards CO, and H,O was
rarely achieved in plasma processing of wastewater or
required high-energy inputs.[3*3

Many configurations of plasma-liquid reactors were
studied to enhance the extent of mineralisation, includ-
ing reactors with falling water film,° droplets and
aerosols,!”*’!! with underwater plasma in bubbles,!”?
and many others, as discussed in recent reviews.[®3%3!
In all these cases, cold plasmas generate a large set of
oxidative species providing a nonselective oxidation
chemistry, which can be applied to remove many pollu-
tants, including the ones difficult to decompose by other
means. One such important example is the class of mi-
cropollutants (uPs) comprising various types of highly

[68
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SCHEME 2.1 Some of the most abundant initial products of alachlor degradation induced by air plasma during wastewater treatment.

toxic organic compounds, pharmaceuticals and personal
care products, pesticides and industrial compounds. Most
of them are very stable in aqueous media with a lifetime
exceeding 6 months. Unfortunately, it has been shown
that municipal wastewater treatment plants, which are
responsible for the treatment of domestic wastewater, act
as the major source for the distribution of uPs in the
aquatic environment. In plasma conditions, destruction
of uPs can take place with reasonable energy costs
varying in the range of 2-20kWh/m’, depending on
operational conditions, type of plasma reactor, and sta-
bility of the pollutant.!”>7#!

To get insight not only into the pathways of oxidation
but also into the energy costs of the treatment, various
dyes are typically used due to the simplicity of detection
(optical methods, without detailed pathway analysis) and
their importance for textile chemistry. It has to be noted
that the change of the dye concentration observed in
treatment is often incorrectly referred to as decomposi-
tion, although only decolourisation (due to the partial
decomposition of the chromophore group of the dye) is
measured experimentally.!””!

The key species responsible for plasma oxidation are
expected to be -OH radicals reacting with most organic
compounds at nearly diffusion-controlled regime with
reaction rates in the range K.op = 10°-10'° 1/(M-s).l7¢"7®!
Overall, three main reaction mechanisms between -OH
and organic compounds have been established: (1) the
abstraction of a hydrogen atom, (2) the electrophilic
addition of -OH to multiple bonds, especially C=C, C=N
and S=0 bonds and (3) electron transfer reactions.””! In
the presence of other RONS, multiple other pathways
were also investigated, confirming nonselective oxidation,
which is a key point of wastewater treatment, where
complete mineralisation is desirable and oxidation path-
ways are less important. The overall degradation kinetics
of uPs can be rather complex and strongly depend on both
gas and liquid phase composition, and plasma type.

To study the oxidation mechanisms, the herbicide
alachlor C4H,,CINO, often was used as a reference pLP.[SO]
The studies revealed five types of degradation steps:
(i) hydroxylation, (ii) oxidation (O addition), (iii) deal-
kylation, (iv) reduction with the loss of aromaticity and

(v) dechlorination, as shown in Scheme 2.1. The latter
mechanism, if initiated selectively, can play an important
role in water treatment: the formed dechlorinated inter-
mediates are less stable and less toxic than the parent
compound and can be completely oxidised by other
(complementary) AOPs. Unfortunately, such selectivity of
plasma processes is difficult to achieve due to the gener-
ally nonselective nature of radical reactions.

In both Ar and O, discharge, various products of
alachlor oxidation were formed through reactions
with ROS,®"! whereas in air plasma also nitrosylation (and
possibly nitration)®!! occurs (see Scheme 2.1), clearly
indicating that the more complex is the plasma feed gas
composition (and hence the plasma RONS 'cocktail’), the
more complex is the chemistry of these RONS interacting
with the organic substrate. The exact contribution of
various RONS in oxidation is still under debate. Similar
complexity of decomposition with the formation of
multiple intermediates was detected for diuron, iso-
proturon and other uPs./*!! As RONS produced by plasma
react with any organic substrate, the efficiency
of treatment is strongly dependent on the composition of
the treated liquid and the content of organic matter in
it.17%2] Naturally, a higher total organic content (matrix)
results in lower energy efficiency of the micropollutants
removal, due to scavenging of the active species by the
matrix components via competition between oxidation of
emergency pollutants and other organics. The reduced
efficiency of real matrix treatment and low selectivity of
the oxidation has been tackled in various works by cou-
pling plasma oxidation with other AOPs, nanofiltration

and Dbiological steps, suggesting possible future
improvements.*3-5°
2.2.2 | Reduction pathway

As mentioned above, plasma-liquid interactions result in
both the generation and solvation of various reactive
species. Besides atomic, radical and molecular RONS, the
in-liquid induction of solvated electrons e,y was shown to
be important. Efficient generation of e,q at the average
local concentration of ca. 1mM at the plasma-liquid
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interface has been measured for the cases of plasma
impinging onto liquid water.**! In contrast to most RONS
having a strong oxidative effect, e,; can enable redox
reactions that open the possibility of removing pollutants,
which are otherwise very hard to destroy. Other species,
such as H atoms (or Ar,* ions in Ar plasmas), can also
participate in reduction reactions, albeit with a low con-
tribution to the overall pollutant removal due to their
short lifetimes and rapid recombination at atmospheric
pressure, which significantly reduces their presence at the
plasma-liquid interface.[>>¢!

Reduction chemistry induced by electrical discharges
in liquid was used to treat perfluoroalkyl and poly-
fluoroalkyl substances (PFAS) and perfluorooctane sul-
phonic acid, its salts, and derivatives (PFOS).[**°! Both
pollutants are man-made 'forever chemicals' that pose a
significant environmental threat due to their toxicity and
high chemical stability (i.e., they are difficult to oxidise).
Solvated electrons can initiate the breakage of a C-F bond,
leading to the formation of short-chain products and,
ultimately, to complete mineralisation. Unfortunately, as
in the case of the oxidation processes induced by RONS,
the e,q chemistry also lacks selectivity towards the
C-F bond. The reduction chemistry of PFAS can be acti-
vated by e,q through H/F exchange, decarboxylation-
hydroxylation-elimination-hydrolysis,”” ~ C-F  bond
dissociation in the a-CF, at the carboxyl group,°’! and
desulfonation in case of PFOS.**?l The C-chain short-
ening, the key chemical process in wastewater treatment,
can take place by either e, attachment on the middle
-CF, group I or by the formation of the perfluoroalkane
anion, which further can dissociate into a shorter chain
compound and an alkene due to the reductive cleavage of
the C-C bond.!® In practice, all indicated reactions take
place in parallel, yielding a large variety of fluorinated
compounds.®”! Some of the products of desulfonation,
defluorination and chain reduction during PFOS degra-
dation in water are shown in Scheme 2.2.

Interestingly, in contrast to the plasma AOP
described above, the effect of the organic matrix on the
removal of PFAS/PFOS is less critical and was even
suggested to be beneficial in some studies. The reason is
mainly linked to the surfactant properties of fluorinated
long-chain organic molecules, which results in their
accumulation at the liquid surface (i.e., plasma-liquid
interface), where they react with e,q.%¢!

ai plas a
W 3 H 20
O

Thus, the combination of oxidative chemistry (due to
RONS at the surface and in the bulk) with reduction
chemistry (mainly due to e,q at the surface) for removal
of PFAS/PFOS from wastewater represents an industrially
feasible method for perfluorinated pollutants removal at
reasonable energy costs. Currently achieved energy met-
rics on a lab scale are in the range of 20-200 kWh/m®
for the plasma water film reactor®! or gliding arc, 8
whereas energy demands of other alternative methods
based on sonochemistry (460-600 kWh/m?), MW-induced
thermal degradation (4800-7300kWh/m?®), or photo-
catalysis (13000-49 500 kWh/m?) are a lot more energy
demanding and thus not feasible.!*¥

The discussed mechanisms highlight the complexity
of plasma-initiated chemical processes, emphasising
their low selectivity with the formation of multiple oxi-
dation/reduction products. Despite the challenges in
achieving complete mineralisation, these processes can
still be effectively implemented to remove specific classes
of pollutants that are otherwise difficult to destroy (e.g.,
PFAS/PFOS).

3 | CONVERSION OF LIQUID
CHEMICALS FOR ENERGY AND
INTO CHEMICAL BUILDING
BLOCKS

Plasma provides an interesting way for the processing of
renewable feedstock, such as waste oils and bio-
alcohols.®! Waste oils are considered a valuable source
of energy in the form of H, produced from them and also
as a source of syngas used for the synthesis of value-
added chemicals. Bio-alcohols (e.g., bioethanol) are
already used as renewable fuels in combustion engines,
but H,/syngas production from them greatly expands
their range of applications. In addition, plasma offers a
potentially cleaner alternative to the oil refining process.
Such conversion is done in solvent-free conditions, such
that the plasma interacts directly with the organic sub-
strate molecules.

In the 1970s, simultaneously with the first attempts of
wastewater treatment by plasma, the studies of plasma-
based conversion of liquid hydrocarbons, such as heavy
and residual oils, were started commercially to enhance
the Huels process and expand the possible feedstock for

o R

SCHEME 2.2 Some of the initial products of PFOS degradation by air plasma during wastewater treatment.
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acetylene production.*! The first published works on

this topic employed powerful (30-70 kW) plasma reactors
based on DC arc discharges used for the Huels process,
with hydrogen as the plasma feed gas.!°*"”)

Plasma in these experiments was essentially a heat
source for two purposes: (i) evaporation of the liquid
hydrocarbons and (ii) pyrolytic decomposition of hydro-
carbon vapour.”! Thus, although the interaction of
plasma with liquid did technically occur, the organic
substrates underwent transformations almost exclusively
in the gas phase. In comparison, in wastewater treatment
(see Section 2) and in organic reactions in liquids (see
Section 4), whereas some evaporation of solvent or sub-
strate is inherently present, at least a portion of the
reactions occurs with/in the liquid phase, with the dif-
fusion of the species from the gas phase into the liquid
(see Section 2.1). Gas-phase reactions are beyond the
scope of this review, and hence, a short discussion on
them will suffice.

Products of decomposition included H,, a range of
gaseous hydrocarbons, such as CH,, C,H, and C,H,, and
soot, but no light liquid hydrocarbons were observed.
Higher conversions were observed for nonaromatic
hydrocarbons (cyclohexane) compared with partially aro-
matic substances (coal and crude oil, ethylbenzene,
tetralin, toluene). Using steam as plasma gas was con-
sidered an alternative to hydrogen and resulted in higher
liquid-to-gas conversion with reduced energy cost and soot
formation.”® With the addition of steam, a significant
amount of CO appeared in the reaction products, leading
to the production of syngas alongside light hydrocarbons.

In light of increased concerns regarding growing en-
vironmental pollution and greenhouse gas emissions, the
1990s and 2000s saw a renewed interest in plasma-based
hydrocarbon decomposition or reforming with additional
agents (O,, CO, and H,0) as a source of H, for use in
transportation vehicles (either as fuel or an additive to
other fuels) or as a precursor for syngas production.!®!
This shifted the research focus to converting hydro-
carbons into H, or syngas and expanded the field to
include oxygen-containing bio-derived alcohols.

A major complicating factor in assessing plasma-
based hydrocarbon and alcohol reforming processes lies
in various plasma reactor configurations and reactant
combinations used in the existing studies. Several path-
ways for plasma-based hydrocarbon reforming can be
highlighted depending on the reactants used: pyrolysis,
partial oxidation, steam reforming and dry reforming
(Scheme 3.1). These were sometimes combined to adjust
the composition of the products. An assortment of hy-
drocarbons and alcohols was studied: heavy oils, diesel,
gasoline, light liquid hydrocarbons, waste and bio-oils,
toluene, glycerol, ethanol, and methanol. Plasma reactors
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(@) 2cH,0,+(x2)0, —> 2xCO+yH,

(b) 2cH,0,+2x2)C0, —=  2(2x2)CO+yH,

(C) 2cH,0,+20x2)H,0 — =  2xCO + (y+2x-22) H,

SCHEME 3.1 Main pathways for plasma-based hydrocarbons
and alcohols reforming for syngas production: (a) partial oxidation,
(b) dry reforming, (c) steam reforming.

include plasma torches, GA discharges, MW discharges,
DBDs and many others.

3.1 | Conversion of liquid hydrocarbons
into syngas and H,

Initially, plasma use for converting fossil fuels and oils,
such as gasoline, diesel, fuel oils and bio-oils, was limited
to steam reforming'®>®°! and partial oxidation®®! in
thermal plasma sources designed around electric arcs. In
those cases, plasma was mainly responsible for main-
taining high reaction temperatures (over 2000 K%,
providing energy for reforming. Plasma-liquid interac-
tion in such systems was limited to quick evaporation of
the liquid feed and pyrolysis of gasified components.

While capable of high conversion, thermal plasmas
were highly energy-consuming, which led to the devel-
opment of nonthermal plasma reactors for the cracking
of liquid hydrocarbons based on GA,"**"1%7! corona dis-
charge[wg] and DBDs.'3] [n most cases, liquid reac-
tants were introduced into plasma as aerosols with a flow
of air, N, or Ar, with or without steam. In these setups,
the main role of plasma was considered not as a heat
source (although at least partial evaporation of the
aerosol still occurred), but as a source of high-energy
electrons enhancing the cracking process via electron
impact reactions.!"**''”! Syngas production was the main
goal of plasma-based reforming. However, research
showed that it was hard to completely shift the selectivity
of the process to syngas. Besides H, and CO, the rest of
the experimental cracking products are mainly composed
of a mix of CO, and CH,, with small quantities of C,H,,
C,H,, C,Hg and heavier hydrocarbons, depending on the
initial reactants. Different plasma gases impacted the
H,/CO ratio in the reforming products, ranging from
approximately 0.8 for air plasma (partial oxidation) to 2
for steam plasma (steam reforming).

Another approach for the cracking of fuel oils or their
surrogates involved the use of in-liquid plasma. These
systems included pin-to-plate,l'*®1%3 pin-to-pin,124-12¢]
MWI277139) and spark!*! discharges, ignited inside the
gas bubbles in the liquid hydrocarbon, with Ar, N, or
CH, as plasma gases. Unlike the introduction of droplets
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in-liquid
Ar bubble plasma
H3C/\/\/\CH3 I Hy
- CoH,
-CyHy H-selectivity 59%
- CHy

SCHEME 3.2 Production of H, via n-heptane decomposition
by Ar plasma bubbles.

(including aerosols) in the feed gas and its vaporisation
by plasma, these cases are more directly related to the
plasma-liquid interaction phenomena—although eva-
poration of the liquid organics still occurred when in
contact with the plasma bubbles, or with the feed gas-free
in-liquid plasma discharge. The product composition of
such processes contained mainly H,, C,H,, C,H, and
CH,, with the addition of higher hydrocarbons depend-
ing on the length of the reactant carbon chains. While
the H-selectivity to H, reaches 59% (Scheme 3.2),1'*”! the
main by-product is C,H,, from approximately 20% in
MW plasma reactors">’ ") and up to 50% in a pulsed
pin-to-pin reactor.['>*! CO was present in the conversion
products in cases when CO, was used as the plasma feed
gas,*% or when alcohols were added to the reac-
tants.['?>123] The lack of selectivity and control over
conversion products was illustrated by the cracking of
n-hexadecane with the addition of methanol, which
featured both decomposition and hydrogenation of
n-hexadecane and the production of ethanol due to the
dimerisation of methanol molecules.'*?! The same
work estimates that the main free radicals during dis-
charge in liquid are generated by the electron impact
reactions and include H, *OH and <CH;. Additional
observations show that compounds with higher aro-
matic content appear to be more resistant to plasma
cracking, which results in lower energy efficiency of
their decomposition."*!] There are mixed reports re-
garding the soot or carbon formation during the
cracking, reflecting the dependence of the process on
specific operating conditions.

3.2 | Conversion of liquid alcohols into
syngas and H,

Aside from hydrocarbons, another group of compounds
has been studied as potential reactants in plasma-based
cracking for H, and syngas production—alcohols. Three
alcohols became the research focus: ethanol (EtOH),
methanol (MeOH) and glycerol. The reason for this is
their availability: EtOH and MeOH are easily produced
from renewable feedstock, such as plant biomass, while
crude glycerol is generated in significant amounts as a
waste from biodiesel production.['>

in-liquid
plasma

CH30H H, + CcO

Hy0
- CiHy H-selectivity 90%  C-selectivity 83%

SCHEME 3.3 Syngas production from a 3:1 MeOH-H,0 mixture
by an in-liquid alternating current pin-to-plate discharge plasma.

Some of the first reports describe MeOH decomposi-
tion investigated using DBD!**! or corona plasma.l>*!
Although MeOH is often supplied into such plasma
reactors as aerosol, it evaporates at reported temperatures
of 100-300°C, essentially making plasma an energy
(heat) source for the vaporisation of the liquid organic
substrate, similar to the case of liquid hydrocarbons (see
Section 3.1). Reported conversion values were between
80% (in noncatalytic DBD) and 90% (with Cu-Mn,"**
Cu/ZnO,!"3> 131 Njl'37] catalysts). The H-selectivity to H,
was <40%, while the C-selectivity of the CO production
also suffered from the formation of large amounts of the
overoxidised by-product CO,.['**1*1" Computational
investigation showed that a wide range of electron en-
ergies generated in plasma leads to all possible decom-
position reaction channels, indicating the possibility of
coupling reactions to form C3+ hydrocarbons and alco-
hols in addition to syngas.["*"! Besides cold plasma, warm
plasma setups derived from GAM#11421 or pMwli43:144]
were used, which improved the H-selectivity towards H,
production.

In-liquid plasma was also employed for MeOH reform-
ing. Various plasma configurations (pin-to-plate,'**~'47]
spark,'***! and so on.) were used in pure MeOH or
MeOH/H,O mixtures. Franclemont et al. demonstrated
pulsed in-liquid plasma for MeOH decomposition in
aqueous solutions.'*®! Around 50% selectivity to CO and
H, was achieved regardless of the H,O fraction in the
solution, while by-products comprised various
C2+ alcohols (EtOH, propanol), acetic acid, various esters
and gaseous CH,, C,H,, C,H,. Another example of the
pulsed in-liquid plasma is the work of Xin et al,*"! in
which a 3:1 mixture of MeOH and H,O yielded one of the
highest reported syngas selectivities (Scheme 3.3).

EtOH is another important precursor for H, and
syngas production due to the ease of generating it from
renewable feedstock. As with MeOH, EtOH is introduced
into plasma as a vapour, an aerosol or in the form of in-
liquid plasma ignition. The first examples of EtOH
cracking using plasma were done with the EtOH vapour
injected into the plasma.['**'?I Studies into the kinetics
of plasma-based EtOH cracking posit that high-energy
electrons in plasma initiate the process via electron
impact dissociation, similar to the MeOH decomposition
mentioned above.'>*!>* The dehydrogenation of EtOH
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molecules caused by electron collisions is the main
source of H atoms, which combine to form H,. Dehy-
drogenated species, after a series of transformations,
yield CO, CO,, C,H,, C,Hs, CH, and HCHO.!'%"]

EtOH processing using in-liquid plasma was simul-
taneously researched for the synthesis of carbon nano-
particles!"****7! and H, production.!"**'** In general, H,
production was the main goal regardless of the second
desired product — CO or C particulates. These works used
pin-to-pin discharges submerged in liquid EtOH for
plasma generation. It was found that when the mixture
of EtOH and H,O is used for the reforming, the ratio
between them plays a role in the product composition,
with the highest H, selectivity achieved in the presence
of H,O (up to ca. 75), with the by-products being CHy,
C,H, and C,H,."! Interestingly, it was suggested that
part of the H, originates from the water gas shift
reaction, in which some of the initially formed CO reacts
with H,O to yield H, and CO,. Another study involving
an in-liquid pin-to-pin discharge demonstrated that the
increase of plasma power shifts the composition of re-
forming products towards higher quantities of H, and
CO, reducing the amount of C1-C4 hydrocarbons in the
products.*"!

An interesting approach is to utilise plasma together
with a photocatalyst (TiO,), which would make use of the
UV radiation produced by a spark plasma in liquid
EtOH.1'®! The addition of the photocatalyst, which was
proposed to generate additional *OH radicals and thus
enhance the EtOH decomposition via initial abstraction of
labile H from the a-CH,, helped achieve one of the lowest
energy costs for H, production from EtOH: 0.5kWh/m?
H,, with the typical values in other works ranging from 1
to 19kWh/m3°! An attempt was made to improve
EtOH conversion using Co/ZrO, catalyst rings positioned
on one of the reactor electrodes during in-plasma re-
forming."®! Conversion products contained the same
components (H,, CO, CO,, CH,, C,H,, C,Hs) with and
without the catalyst; however, the use of the catalyst
increased the H, and CO, concentrations in the products
and decreased the CO, C,H,, and C,Hg concentrations.

Other popular plasma reactors for EtOH reforming
included GAs,'* rotating GAs'®*'* and MW tor-
ches.[®>1%] plagsma was brought into contact with the
liquid EtOH by, for example, bubbling the gaseous
plasma through it, which interestingly could contain
oxygen (e.g., in the air) without compromising the H,
production.*!! In all these cases, product composition
contained similar components (H,, CO, CO,, C1-C4),
with light hydrocarbon concentrations depending on the
presence of liquid EtOH near the plasma.

Plasma-based cracking of glycerol received less atten-
tion than the other alcohols, with only a small number of
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works covering the topic. Different reforming processes
were investigated: steam reforming,[24] partial oxida-
tion,"®” reforming with the addition of CO,!"*®! and
pyrolysis.l'®! The process was studied using both warm
plasmas (pin-to-plate discharge,[24] rotating GA discharge
with a liquid electrode'®®! and MW plasmal'®”) and cold
plasma (DBD reactor with and without catalyst!'®)).
Glycerol decomposition using plasma mainly produces H,,
CH, C,H, and O-containing products (CO and CO,).
Computational studies showed that the rate-limiting step is
the same as with MeOH and EtOH in H,O-free conditions:
abstraction of H from any of the hydroxyl groups or
from the CH, group, or even a functional group cleav-
age with a release of *OH or *CH,OH under direct
electron impact reactions.'’®! Carbon deposition oc-
curred during the glycerol decomposition, forming soot
in a warm plasma system,[24] and poisoning catalysts in
cold plasma.l'® The addition of H,O as a reactant was
experimentally!?*1°®! shown to prevent carbon forma-
tion via steam reforming, which was later confirmed
computationally.[*”°!

Thus, the focus on plasma conversion of hydro-
carbons and alcohols into H,/syngas is put on the process
metrics rather than specific pathways of organic
reactions, as long as the ultimate products are H, (and
CO). Net H- and C-selectivity towards them defines the
process metrics.

4 | ORGANIC SYNTHESIS
ENABLED BY PLASMA
CHEMISTRY

As discussed in previous sections, plasma systems are
often used for the degradation of organic pollutants in
water or the conversion of organic and inorganic mole-
cules into syngas or H,. These reactions generally do not
require high selectivity as long as the desired processes
occur: the degradation of pollutants or the generation of
syngas. In the latter, the C-selectivity towards CO and
H-selectivity towards H, are obviously important: their
ratio (and their yield) directly affects the energy costs of
the process. However, the energy efficiency of the process
is usually the main focus, often at the expense of the
desired CO/H, ratio.

A whole different field of plasma-liquid applica-
tions is the conversion of organic substrates in liquid
media with the purpose of selective generation of spe-
cific chemical products. The main difference with the
other two applications is that here the conversion is
nondestructive.

In this section, we discuss the recent advances made in
the field of plasma-liquid interactions for synthetic
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organic purposes. To allow the reader to draw a compar-
ison between the concept of plasma wastewater treatment
and organic synthesis in water enabled by plasma, we
divided the section into two parts: aqueous systems
(which resemble the removal of pollutants from water, as
in Section 2) and organic liquids (resembling solvent-free
conversion of organic molecules, as in Section 3).

Of all three topics discussed in this review, this is the
least developed one. Moreover, to date, there is no review
that would collect various examples of organic synthetic
chemistry in plasma-liquid systems. We attempted to
provide a near-exhaustive list of works which contain
reports on the topics. We note that some of the works
reviewed in this section do not provide the necessary
information allowing us to calculate the yield and/or
selectivity values, hence the absence of such data in the
text. Moreover, some of the reactions are performed as
a batch process, while others are done in single- or
multipass reactors with flowing liquid, making a direct
comparison of yields difficult. It is also worth mentioning
that in many examined works the reaction conditions
remained unoptimised, hence, the yields mentioned are
merely illustrative. Likewise, the energy costs are almost
never assessed in the discussed works. Hence, we instead
put a specific focus on the selectivity towards desired
products.

Being the first review on this topic, the following
section provides a higher level of detail of the listed
processes than the previous ones. Besides addressing
basic mechanisms leading to specific product generation,
we also briefly discuss the limitations of each of the listed
examples.

4.1 | Plasma-driven organic reactions in
aqueous media

Water is the most environmentally benign reaction
medium and/or a reagent (e.g., a source of *OH radicals),
and adding plasma to the reactive system helps avoid
toxic reagents and enables waste-free chemical processes.
In this subsection, we present a list of examples of using

—_—

o) Ar or He plasma
R2 H,O/MeOH

NaClO,

R': MeO, CN, t-Bu, MeCO,, etc.

RZ H, Me

plasma-liquid interaction to perform organic chemical
synthesis reported to date.

4.1.1 | Pinacol coupling

Solvated electrons are the simplest reactive species that
can enable organic redox coupling reactions. In a recent
study, the pinacol coupling reaction, that is, essentially
an electron transfer reaction, was realised in a plasma-
electrochemical system. This demonstrates that reductive
C-C bond formation reactions can be performed in a
benign manner using solvated electrons from plasma,
instead of the waste-generating catalytic pathways with
toxic organometallic compounds.

Conceptually, the plasma setup consisted of a plasma
jet impinging onto a solution of the organic substrate.['”!
An inert gas (Ar or He) plasma jet, comprised of a hollow
quartz tube and a needle, was powered by a DC power
supply. The substrate was dissolved in a mixture of
MeOH and water, and exposed to the plasma jet, with
a Pt/Ti mesh ground electrode submerged in the liquid
with added sodium perchlorate as an electrolyte. The
study showed the possibility of performing the pinacol
coupling reaction with a variety of para-substituted
organic carbonyl-containing compounds (ketones and
aldehydes; Scheme 4.1). By varying the MeOH content in
H,O0, it was found that the proton originating from H,O
is the one participating in the reactive mechanism:
higher H,O content afforded higher yields and faradaic
efficiency. In general, the substrate conversion reached
values up to 80%, with the yield of respective vic-diols
ranging between 18% and 57%, with isomer selectivity
shifted towards meso compounds. However, the method
of using plasma-generated solvated electrons for stoi-
chiometric synthetic reactions remains in its infancy,
with further studies and optimisations (i.e., product
selectivity, conversion and faradaic efficiency) required
to make this route feasible. Besides, using a noble gas for
plasma ignition increases the costs dramatically, and
thus decreases the possibility of upscaling, whereas using
ubiquitous gas such as air (N, + O,) inevitably results in

OH
HO

selectivity 23-71%
(yield 18-57%)

SCHEME 4.1 Pinacol coupling of p-substituted aromatic ketones and aldehydes driven by plasma-generated solvated electrons.

85U8017 SUOLILLOD BATea1D 3edlidde aup Aq pausenob ae sajoie YO ‘88N JO Sa|nJ Joj A%eiq1T8UlUO A8]IA UO (SUOTIPUOO-PUB-SWLBYWI0D A8 | 1M AeIq 1 BU1|UO//SANL) SUORIPUOD PUe SWLB | 8L 885 *[6Z02/T0/yT] uo AriqiTauliuo A ‘Uediemiuy 1eISBAIUN Ad 67100202 dedd/Z00T 0T/I0p/wo A8 | 1M AeIq Ul |UO//Sdny Wouy pepeojumod ‘T ‘SZ0Z ‘69882TIT



GORBANEYV ET AL. PLASMA PROCESSES 11 of 24
AND POLYMERS
SCHEME 4.2 Hydroxylation of arenes by (a) in-liquid OH
plasma in aqueous media: (a) transformation of g:Z‘;"r:;SCharge OH OH
benzene into phenol and benzenediols by glow © I + OH
discharge plasma-generated *OH radicals; H,0, pH 2
(b) hydroxylation, oxidation, nitration, and Na,SO, OH
nitrosylation of hydroquinone by air plasma. Fe?*, Cu?* selectivity 80%
(yield 8%)
(b)
OH 0 OH OH
R air plasma R R ON R
e | | + +
H,0, pH 5.5 - O,N HO
OH (6] OH OH

R = C(O)NHC,H4OH, C(O)OMe

oxidation and nitration/nitrosylation (see Scheme 4.2b
and the related discussion).

4.1.2 | Hydroxylation and oxidation of
arenes and alkanes

Transformation of benzene into phenol is one of the
largest reactions in industrial organic chemistry, with the
annual phenol production reaching several Mt. It is done
via the Hock process, where benzene is first converted to
cumene via Friedel-Crafts alkylation of benzene (at
30 atm and 250°C), then oxidised to a peroxide radical in
air with radical initiators, and finally transforms in the
presence of water into phenol, releasing acetone as a by-
product.'”?! This multistep process is not only energy-
intensive (due to the first step), nonenvironmentally
benign and waste-generating but also affords final phenol
yields of around 5%. An interesting approach to phenol
production via in-liquid ignition of a DC glow discharge
plasma in a suspension of benzene in an aqueous sodium
sulphate solution was suggested by Liu et al.'”*! The
plasma system consisted of a Pt wire anode and a Cu
sheet cathode submerged in the suspension. The eva-
poration of benzene due to the plasma heating of the
mixture was suppressed via temperature control (water
bath) and mitigated by a condenser.

Water was both a reaction medium (and a solvent for
the products) and a reagent: it was the source of *OH
radicals, which enabled the direct phenol hydroxylation.
Because some of the *OH is inevitably lost due to
recombination into H,0,, the addition of Fe?* and/or
Cu”* ions helped increase the yield and the selectivity of
phenol generation via the Fenton (with Fe?*) and the
Fenton-like (with Cu®") reactions producing *OH from
H,0,. Decreasing pH to 2 afforded the highest yield of
phenol of 8%, with ca. 80% selectivity, whereas the by-
products were double ortho- and para-hydroxylated

benzenes: catechol and hydroquinone (Scheme 4.2a).
Despite this being a one-step reaction that can be carried
out at ambient conditions, it still requires the addition of
Fenton catalysts, pH adjustment and temperature con-
trol, and suffers from low selectivity, which introduces
inevitable costs for product separation.

In the reaction shown in Scheme 4.2a, the plasma
was ignited in the liquid water, and thus the main
reactive species was the hydroxyl radical. However, when
liquid water is exposed to plasma either operated in air or
the plasma feed gas contains oxygen molecules, the for-
mation of other species, specifically O atoms, can
occur.'’#175! 1t was suggested that O atoms have very
similar reactivity to that of *OH, yielding hydroxylated
phenols in a similar way to hydroxylation.!**17®! This
creates a potential to perform liquid-phase reactions with
O atoms—a species that is not easily attainable in liquids
by conventional chemical means.!®®! However, we must
note that according to the current state-of-the-art, the
ability of O atoms to penetrate into the bulk liquid is
debated, with the most recent studies showing that
reactions involving O occur mostly near the interface
layer of a liquid, separating it from gaseous plasma.[68] In
any case, O,-containing plasmas can also yield hydrox-
ylation products. The associated limitations of such a
synthetic approach are, again, the limited selectivity of
the reaction due to the unavoidable formation of dual
and triple-hydroxylated compounds: catechol, hydro-
quinone, resorcinol, pyrogallol, and so on,[(’s] similar to
the products observed during phenol plasma AOP
described in Section 2.2.

Regardless of the nature of reactive species respon-
sible for the transformation of arenes, simultaneous
hydroxylation and oxidation of substituted arene diols to
quinones can be performed by air plasmas (Scheme 4.2b)
as demonstrated by Hahn et al. using an AC pin-to-liquid
plasma.'””! Hydroxyl moiety was introduced in the
substrate hydroquinone in para- or ortho-positions to the
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initial substitute group, depending on its chemical
structure. Interestingly, it was also shown that using
plasma-treated water can yield different products than a
'mock’ solution prepared by dissolving nitrite, nitrate and
hydrogen peroxide in pH-adjusted H,O, suggesting the
presence of other RONS besides those above. The
reactions can be carried out in the absence of catalysts,
under ambient conditions. However, since the work is
conceptual (e.g., without quantitatively reported yields or
optimised selectivity), this method is still nascent, and its
applicability is dramatically limited by the selectivity due
to the formation of products of nitration and nitrosation
reactions (with the RNS formed in air plasmas), and di-
merisation reactions.!'””)

Furthermore, the oxidation of n-hexane and cyclo-
hexane was also investigated in a so-called water film
plasma reactor.*”®17"! Functionalisation of higher satu-
rated hydrocarbons is usually performed at elevated tem-
peratures and harsh oxidising conditions, which often lead
to C-C bond cleavage and thus overoxidation to formic
acid or even CO,. Hence, oxidation of long-chain alkanes
at mild conditions is very sought-after."*! In short, the
reactive system comprised Ar feed gas which contained
vaporised alkane or cycloalkane, and a DBD-type pulsed
DC discharge occurring over a liquid H,O surface.
Although the substrate here was technically a gas, the
presence of liquid H,O enabled its conversion via C-H
bond activation by the *OH radicals originating from
water, and subsequent transformations of the formed alkyl
radicals. The product distribution between alcohols, al-
dehydes, ketones and acids depended on various studied
conditions. Interestingly, the main products of the
n-hexane and cyclohexane oxidation were an alcohol
(3-hexanol; selectivity 26%) and a ketone (cyclohexanone;
selectivity 47%), respectively. In general, the suboptimal
selectivity is typical for radical reactions, as was also
shown by further computational studies.''”®! Overall, this
is a nonenergy intensive, catalyst-free, environmentally
benign method of oxidative transformations of alkanes on
the C-H bond. However, the fact that the alkanes had to
be gaseous under the studied conditions limits the range
of possible substrates to shorter C-chains. Besides, the
suboptimal selectivity (due to the multiple routes leading
to different oxidation products) and conversion, as well as
the necessity to use inert gasses (to avoid plasma RNS
which could introduce nitro and nitroso groups into the
products) limit the applicability of the process.

4.1.3 | Propylene epoxidation

A similar way of oxidative transformation of nonwater
soluble organics was proposed by Lee et al. to produce

/\ He plasma o
_—
N » <]
TiSiO4

selectivity 98%

SCHEME 4.3 Plasma-catalytic epoxidation of propylene in water.

propylene oxide, a chemical precursor in the production
of polyurethane plastics.'*"! Epoxidation of propylene
with H,0, has been actively investigated to find a benign
alternative to industrial processes that employ dangerous
intermediates, but H,O, itself is produced industrially
with the use of carcinogenic reactants.!'®?)

Gaseous propylene was bubbled through liquid water
with dispersed titanium silicate, which acted as a cata-
lyst. DC He plasma was ignited inside a tube submerged
in the liquid, with a Pt rod as an HV electrode and an Al
wire as a ground. The epoxidation of propylene to pro-
pylene oxide with 98% selectivity was driven by the
plasma-generated H,O, in combination with the catalyst
(Scheme 4.3).I"81) The reaction proceeded only in the
presence of the catalyst, with the rate-limiting factor
being the initial H,0, generation from H,O by plasma. In
brief, it was proposed that H,O is initially split into H
and *OH, the latter further combining into H,O,. This
H,0, epoxidises propylene on a TiSiO, catalyst via the
formation of the secondary *OH radicals.

Such a concept of in situ H,0, production and
immediate utilisation is an interesting substitute for
commercial H,0,. However, nonplasma-based systems,
for example, comprised of an electrocatalyst to produce
H,0, in water and a heterogeneous catalyst to epoxidise
propylene,®3! or even a single-catalyst electrocatalytic
system,['®* are cheaper electricity-based alternatives
because they do not use noble gas (He) which adds costs
to the process.

4.1.4 | Transformation of glycerol into
formic acid

A shift from fossil to more sustainable forms of energy
involves the employment of biomass-derived diesel, as
discussed in Section 3.2. However, glycerol can be va-
lorised not only by converting it into syngas but also by
transforming it into value-added chemicals.[***! Specifi-
cally, an efficient transformation of glycerol into formic
acid (a potential H, carrier) is a sought-after process.
Although such C-C cleaving oxidative conversion was
reported in the presence of H,0O, as the oxidant at
elevated temperatures and in the presence of various
catalysts, Bang et al. recently published the first study
dedicated to plasma-based formic acid production from
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SCHEME 4.4 Oxidative cleavage of C-C bond by the plasma-
generated *OH to convert glycerol into formic acid.

glycerol.l'® A nanosecond DC pulse discharge was used
to ignite plasma in Ar bubbles, created by passing Ar gas
through an aqueous solution of glycerol. Plasma was
ignited in the bubbles between the high voltage electrode
which also served as the inlet for the gas, and a metal
ground electrode also submerged in the liquid.

Two reaction pathways towards formic acid were
proposed (Scheme 4.4). By varying the fraction of glyc-
erol in the aqueous mixture, it was found that the energy
cost of formic acid production was the lowest when the
glycerol content was 10vol%. Substrate concentration
below 10vol% expectedly lowered the reaction rate, but
with the increased concentration (above 10vol%) the
rate-limiting factor was the generation and propagation
of *OH. Similarly to the synthetic routes discussed for
other reactions above, water here was an essential com-
ponent of the reaction because it acts as a source of *OH,
the latter being responsible for the H abstraction from
glycerol, and (i) the subsequent formation of inter-
mediates which undergo carbon bond cleavage to yield
formic acid or (ii) enolisation with multiple further oxi-
dation steps leading to formic acid. Likewise, adding H,O
vapour to the Ar feed gas increased the product yield via
the generation of additional «OH.!'®! Adding H,O,
helped improve the yield even further. Hypothetically,
this may mean that plasma pretreatment of H,O to
produce H,0, before this H,0,/H,O solution is mixed
with glycerol can enhance the process metrics.

Although due to the oxidative shortening of the C-C
chain, this reaction resembles the degradation of organic
components in water like in the plasma wastewater
treatment processes, we discriminate it from them because
the aim of this route is the selective production of formic
acid rather than simply decomposition of contaminants.

Because this process has little preparative interest but
rather aims at the energy sector (with HCOOH as a
hydrogen carrier), the drawbacks should also be viewed
from the industrial perspective. As such, the method
suffers from a suboptimal carbon economy, that is, only
67% (top route in Scheme 4.4) and 33% (bottom route in
Scheme 4.4) of the carbon atoms remain in the formic

AND POLYMERS

acid; generation of CO, as the by-product; and the
product separation costs (e.g., acetic and formic acid).
Moreover, changing the feed gas from Ar to air to make
the process more feasible economically could suppress
the desired mechanism altogether, and/or yield multiple
undesired by-products, due to the in-liquid chemistry of
the plasma-produced RNS.

4.1.5 | Production of oxalic acid from CO,
One of the most burgeoning fields of plasma application
is CO, conversion and utilisation."'®*®! The most direct
method is CO, plasmolysis into CO and O,, but it is often
limited by the recombination of CO and 0."*”! An
alternative way of CO, conversion was recently proposed
by Zhang et al., where plasma with CO, as the feed gas
was bubbled through water, and CO, is converted into
C,0,%."®81 In such a system, the chemistry is driven by
an AC pulsed spark plasma ignited in a perforated quartz
tube containing the HV electrode and submerged in
water, and the ground electrode is also positioned in
water at a distance from the plasma tube. Both electrodes
were produced from W to ensure chemical stability over
extended periods of time.

By comparing bubbling CO, plasma through water
with bubbling Ar plasmas through CO2-saturated water,
it was found that the former case afforded higher selec-
tivity towards oxalic acid. In turn, the lowest CO, flow
rate afforded the highest total selectivity towards liquid
products (as opposed to the formation of gaseous CO).
The overall process is essentially a C-C coupling (see also
the pinacol coupling described above). Mechanistically,
the proposed pathway is electron attachment to CO,
forming CO,”, which yields HCO,™ in aqueous en-
vironment. The coupling of two HCO,™ results in C,04~
and emitted H,. Thus, the reaction proceeds catalyst-free,
and without additional sacrificial hydrogen donors.

Oxalic acid finds its use as an antirust agent and was
recently proposed as a C2 building block for plastics and
pharmaceuticals.'**"! Multiple literature sources describe
electrocatalytic production of oxalate from CO, in vari-
ous media, from ionic liquids to aqueous solutions, but
they have higher energy costs and lower production rates
than in the case of using CO, plasma in liquid, and in the
latter H,O is also partially converted into the value-added
H,0,, making the process even more appealing.['®®!
However, we must note that the high selectivity towards
oxalic acid was achieved only at low throughput values
(e.g., CO, feed gas flow rate of 5mL/min). Besides, the
separation from by-products, that is, other carboxylic
acids (formic, acetic), puts restrictions on direct appli-
cations of the process.
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4.1.6 | Deiodination of arenes

The chemical reactions of organic molecules described
above utilise plasma-produced species (hydrated elec-
trons, H,O,, *OH, H) in a stoichiometric manner. In
some cases, this general approach is hindered by several
factors: (i) a fairly low amount of the desired RONS per
volume of the used gas which implies impractical vol-
umes of gas and plasma treatment time, (ii) the need to
use noble gasses because the production of RONS may
create undesired by-products and (iii) low selectivity due
to the radical nature of reactions. In contrast, using
plasma to initiate chain radical reactions requires limited
exposure of substrates to plasma: akin to a conventional
radical initiator, plasma here is used to 'kickstart’ a chain
reaction in the presence of a chain transfer agent.!'*"!
Conceptually, this process resembles plasma poly-
merisation when a liquid monomer substrate is exposed
to gaseous plasma.!'!)

Plasma as a radical initiator was used for the deha-
logenation of ortho and para iodo-substituted benzoates
and phenolates (Scheme 4.5). A solution containing the
substrate arene and sodium dibasic hypophosphite was
circulated through a planar DBD reactor with a nano-
second pulsed DC plasma (with both live and ground Cu
electrodes embedded in polyether ether ketone), with He
or N, as the feed gas. Na,HPO; acted as both the chain
transfer agent and the H donor in the deiodination
reaction. NaOH was added to an aqueous solution to
allow solubilisation of the substrates.

The proposed pathway was the abstraction of hydro-
gen atom from HPO,*~ by *OH, forming a P-centred
radical anion, which in turn may abstract the halogen
from the arene. The resulting C-centred radical abstracts
H from another HPO32_ anion, thus continuing the chain
reaction. When the feed gas was switched to air, the
reaction did not proceed because the presence of oxygen
terminated the chain propagation. He as the plasma feed
gas afforded the highest reaction rate, albeit making the
process costly due to the use of noble gas. N, as the feed
gas still allowed near-quantitative yields but made the
process a lot more practical than with He. Interestingly,

R He or N, plasma R
NazHPO3
—>
|/ / H,0, NaOH
|

selectivity >99%

R=COOH,OH (yield 60-95%)

SCHEME 4.5 Deiodination of substituted 2- and 4-iodoarenes
initiated by plasma in the presence of the chain transfer agent.

the deiodinated product was produced exclusively, despite
the likely presence of NH and NO and other radicals from
the reaction of N, plasma with H,0.!*!

Dehalogenation of arenes is often done with homo-
geneous organic solvents. Overall, the process uses
the radicals produced by plasma from H,O to initiate the
radical reaction. This waste-free process is a sustainable
alternative to conventional methods that employ noble
metal catalysts,'”?! organic solvents!’>*! or toxic radical
initiators.'**) However, the method did not work for
other halogens such as CL'*°! and for 1 required a
complex system with the solution continuously circulat-
ing through the plasma discharge zone. Besides, the
plasma discharge had to be completely oxygen-free, to
avoid chain termination.

4.2 |
liquids

Direct plasma treatment of organic

Besides the syngas production as discussed in Section 3,
plasma treatment of organic liquids is often used for
polymerisation (e.g., for biomedical applications!'**)),
where liquid monomer precursors are treated by plasma to
create polymer structures without the need for environ-
mental unfriendly chemical radical initiators.!"**! Among
other examples are plasma treatment of organic polymer
solutions to enhance properties of nanofibers electrospun
from these solutions!'*’~'); upgradation of bio-oils via
hydrodeoxygenation[zool; preparation of metal-organic
frameworks'®!; and so on. These applications of plasma
are generally well-known, and described in several dedi-
cated reviews.!®1231902%0] However, such processes, argu-
ably, cannot be considered preparative from the chemical
point of view because they focus either on macro-
molecular properties, or nonselective cracking for energy
purposes. Instead, in this subsection, we focus on syn-
thetic organic chemistry reactions enabled by plasma
treatment of organic liquids, which are represented either
by solutions of organic substrates in other organic solvents
or a direct solvent-free plasma exposure.

4.2.1 | Oxidation of alkanes

The oxidation of alkanes in water (see Section 4.1) was
further developed into a completely solvent-free trans-
formation route of n-octadecane into a variety of
alcohols, diols, ketones, and carboxylic acids, as dem-
onstrated by Nguyen et al.l>®"] Oxygen atoms formed in a
pulsed DC DBD plasma operated in He or Ar with 1 vol%
0, admixture were used to abstract H from the substrate,
yielding alkyl and *OH radicals. The alkyl radicals could
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further react with *OH yielding mono- or double-
hydroxylated products, or with O, to proceed via peroxy
radicals into aldehydes, ketones and carboxylic acids.
Like other long alkanes, n-octane is solid at room tem-
perature, but the heat generated by plasma was sufficient
to melt it, thus enabling the plasma treatment of a liquid
substrate. Interestingly, the plasma in Ar gave the same
conversion but lower selectivity towards specific prod-
ucts. Although such a solvent-free method shows an
interesting concept for mild oxidation of alkanes, the
limitations are the same as in the conversion of alkanes
in the presence of liquid water'’®!: noble gas-related
costs and suboptimal selectivity.

A microfluidic plasma device has been investigated to
increase the selectivity of the oxidation. In general, mi-
crofluidic plasma devices allow conducting the exposure
of liquid to plasma with a higher degree of control and
enable multipass treatment to increase conversion and/
or selectivity of plasma-driven oxidation.!**?! Direct oxi-
dation of cyclohexane was done in a microfluidic chip
with a DBD-like plasma discharge in the microchannels
with a mixture of Ar and O, as the feed gas.”**! A high
conversion of cyclohexane (>35%) was achieved in a
single-pass reaction mode with a residence time of the
liquid substrate of only ca. 100s, with a total selectivity
towards cyclohexanol and cyclohexanone of 80%, thus
revealing the potential of microfluidic devices for syn-
thetic chemistry.

4.2.2 | Epoxidation of alkenes with O,- and
CO,-containing plasmas

Conceptually similar to the epoxidation of propylene by
the H,O-originated -OH described above, the epoxidation
of alkene bonds by plasma-formed O atoms was dis-
covered by Xu et al.l>**! Propylene can be epoxidised by
H,0, with a catalyst, whereas more complex alkenes
often require peracids (which are highly corrosive and
explosive) to drive epoxidation. Avoiding these agents
altogether, an AC cross-field radiofrequency plasma jet
consisting of two parallel steel electrodes!’’*! and oper-
ated in He with up to 1vol% O, was used to epoxidise
trans-stilbene (Scheme 4.6a). A solution of trans-stilbene
in acetonitrile was exposed to the effluent of the plasma
jet. Although this plasma jet operated under the listed
conditions can yield various ROS (e.g., O, O; and
10,),1°174 jt was shown that specifically O atoms are
responsible for the production of trans-stilbene oxide,
while reaction with singlet delta oxygen 'O, yields cis-
stilbene oxide. The optimisation of reaction conditions by
varying the applied voltage, oxygen content and the time
of liquid exposure to plasma, resulted in a 70% product

AND POLYMERS

a) He+O, plasma

MeCN
O
O\\W

selectivity 70-91%
(yield 30-75%)

©\\v'©
Qplasy

MeCN

SCHEME 4.6 Epoxidation of trans-stilbene with O atoms
originating from (a) O, and (b) CO, in the plasma feed gas.

yield with a 64% selectivity, with the only by-product
being benzaldehyde produced via interaction of stilbene
with formed 0.4

A microfluidic device was also tested for stilbene
epoxidation. The liquid reaction mixture exiting the AC
DBD plasma microreactor was fed back in for additional
passes, allowing either a manual multipass or a contin-
uous recirculation process. In the latter, by varying the
liquid flow (solution of trans-stilbene in acetonitrile) and
the gas flow (He with O, admixtures) individually, it was
found that a short contact time of the liquid substrate
and the gas bubble of 2s increased the selectivity of
the epoxidation reaction, albeit at a cost of decreased
substrate conversion.°°!

The epoxidation of cis- and trans-stilbenes and other
alkenes was also done by O atoms generated by the
same plasma jet ignited in He with CO, admixtures
(Scheme 4.6b).12%7! Interestingly, the formation of two
stereoisomers, trans- and cis-stilbene oxides, was observed
when trans-stilbene was exposed to plasma. This was ex-
plained by the different reactivity of the two states of
atomic oxygen — O(*D) and OCP), both of which could be
present in the plasma. The reaction with O(*D) is stereo-
selective, where O(°D) epoxidises trans-stilbene into both
cis-stilbene oxide (main product) and trans-stilbene oxide
(minor product), respectively. The substrate range was
also expanded and included styrene, 3-pinene and so on,
all of which yielded the desired epoxides with good
selectivity.*®”) As mentioned previously, the efficacy of
CO, conversion by plasma is often limited by the reox-
idation of the formed CO by O (or O, molecules to which
they recombine), and improving it requires scavenging of
the formed O species.>®®! The unsaturated bond of stil-
bene here is effectively a scavenger for atomic O, that is,
such a process can serve two purposes simultaneously:
improve the CO, splitting and enable the alkene epox-
idation. However, regardless of the source of O atoms, the
efficiency of epoxide formation remains an open question
in its current state, for example, because of the potential
scavenging of O atoms by the organic solvent.

[205]
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4.2.3 | Transformation of anisole into
substituted phenols

A lot of effort is put into converting biomass into poly-
mers, specifically via phenolic compounds which are
important polymer building blocks. Plasma here is a
benign alternative to high-temperature, high-pressure and
high-maintenance thermal catalytic processes.[209] Ani-
sole, a model for lignin-derived chemicals, was converted
into phenol and various methylated products by an Ar
plasma discharge in an AC DBD reactor with flowing
liquid anisole.”'®! The reaction was proposed to proceed
via vibrational excitation of the CqHs;OCH; molecule with
subsequent loss of H or -CHj;, which further reacted with
the formed C¢HsO- to yield C¢HsOH and cresols
(methylphenols) (Scheme 4.7). The side-products were
methylanisoles formed in reactions of -C4H4OCH; and the
remaining anisole with -CHj, or via bimolecular trans-
alkylation reactions. Varying the plasma-deposited energy,
it was found that the maximal conversion of ca. 90% was
achieved at higher plasma power, together with a good
selectivity towards phenol (>50%). In contrast, lower
plasma power resulted in 87% total selectivity towards
methylated products (cresols/methylanisoles 1:1).[2!"!
However, the potential of this process is drastically
restricted by the noble gas plasma: its cost limits possible
upscaling. At the same time, cheaper plasma feed gas (e.g.,
air) will likely result in undesirable (in this case) oxidation
and nitration reactions.

OMe OH OH OMe
Ar plasma
—— + +
Me Me

SCHEME 4.7 Transformation of anisole into phenolics by
plasma.

(a)
© N, plasma
— >

(b)

3 4
RL /Rz R OR

A
H

o

selectivity 16%
(yield 7%)

R, R% Bu, Ph, Bn, H, (CsH+q), (CgH12), i-Pr, etc.

R3: Me, Et, t-Bu, Ph
R* Me, t-Bu

424 | Amination and N-acylation

Aniline, another important precursor for plastics, can
be produced via direct amination of benzene by
N-containing plasmas. This is a greener alternative to the
currently used methods, which involve first nitration,
and then the reduction of the produced nitrobenzene
with transition metal catalysts, with both steps done in
the presence of highly corrosive acids (HNO; and HCI).
Xu et al. used a planar DBD plasma reactor, fed with a
mixture of N, and He.'! Liquid benzene positioned
over a SiO, plate, or over oxide (SiO,, MgO, Al,Os) beads,
was exposed to plasma, allowing direct plasma-liquid
interaction. The initial interaction was proposed to occur
in the gas phase with the benzene vapour, where it was
driven either by N,* excited state or by charged species
(N,* or electrons). Expectedly, the by-products of this
gaseous phase reaction mixture were di- and triphenyla-
mine, together with aminobiphenyl. Optimisation of
reaction conditions (He admixture to N,, oxide support,
voltage, gas flow rate, etc.) gave the total yield of amination
products of ca. 45%, but the main products were isomers of
aminobiphenyl (Scheme 4.8a), while aniline yield was ca.
7%. Interestingly, this was achieved with the addition of
small amounts of aniline to MgO beads over which ben-
zene was distributed during plasma exposure.*'!)

Unlike the reaction with N, plasma, where the for-
mation of diarenes and diarene amines is inevitable
because the substrate arene acts as a source of H for the
amino group, direct amination of benzene with NH;
plasma can avoid such by-products. Conceptually, the
process resembled a combination of NH; plasma ami-
nation of ethylene,'** and the use of microfluidic devices
for (ep)oxidation of arenes.[*>?°! An AC plasma dis-
charge in NH; was in contact with flowing liquid ben-
zene in a microfluidic chip. Amination was proposed
to proceed via the initial H abstraction from C¢Hg by the

sHeasNa ex

1 2
Ar plasma R\N/R
)\
4
- R*"OH o R3

selectivity 65-99%
(yield 2-99%)

SCHEME 4.8 Plasma-driven C-N bond formation: (a) amination of benzene by N, and (b) N-acylation of amines by esters.
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H atom formed from NH; decomposition (into NH, and
H) in plasma. The resulting phenyl radical interacts with
NH; or NH, to yield aniline, while the main by-products
are formed via dimerisation, and reduction with the loss
of aromaticity. The yield of total amination products
was 4% (with a total selectivity of 49%), half of which was
aniline, whereas other saturated and unsaturated sub-
strates (cyclohexane, cyclohexene, dodecene, etc.) gave
much lower selectivity to aminated products.!*'!

A similar process was proposed for N-acylation of
primary and secondary amines.***! A microfluidic device
consisted of a flowing liquid mixture of an ester (acylating
agent) and an amine substrate, in contact with an AC
DBD discharge in Ar. One of the proposed mechanisms
was the plasma cleavage of an ester into an acyl and an
alkoxy radical. The latter abstracted H from the amine,
and the formed N-centred radical reacted with the acyl
radical to yield an N-acylated product. The versatility of
the reaction was demonstrated on a large variety of sub-
strates, including secondary aliphatic/cyclic, and primary
aliphatic/aromatic amines (Scheme 4.8b), with up to fully
quantitative yields. This is an extremely appealing path-
way for acylation of amines, in a solvent-free system
without using highly unbenign agents (toxic metal com-
plexes and solvents, cyanides, intense UV radiation).[***!
However, the process is limited to using noble gases to
avoid other by-products.

4.2.5 | Cyclisation
The synthesis of macrocyclic imines (materials that ex-
hibit properties relevant for industrial separation) suffers
from non-selectivity of the imine bond formation: poly-
mers and oligomers are the undesired by-products of the
target cyclic compounds, and overcoming this requires a
multistep, multisolvent synthetic process.!*'*! In contrast,
a single-step, one-pot synthesis was done in CH,CI,
solutions containing cyclohexane-1,2-diamine and a
range of aromatic meta- or para-dialdehyde, and exposed
to an Ar AC plasma jet.”' Optimised conditions
afforded high yields (e.g, 95% with benzene-1,4-
dicarbaldehyde to yield a 3 + 3 imine macrocycle) after
only 20 min of plasma exposure—in contrast to con-
ventional synthesis which can take up to 24 h. Although
the reaction was carried out with a noble gas and still
with the use of a toxic solvent (which is very volatile
and hence must play a role in the plasma-induced
chemistry), this conceptually demonstrates that plasma
can be used for synthetic cyclisation reactions with high
selectivity.

Another example is C-C radical cyclisation. In Sec-
tion 4.1, we discussed plasma initiating radical reactions

AND POLYMERS

(a) I He plasma
o : ) (Me3Si)sSiH oo ( > \/j
e c
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inert atmosphere

selectivity >99%
(yield 96%)

(b)

He plasma N—

Togni reagent Il

selectivity >99%
(yield 96%)

polyethylene glycol
ambient atmosphere

SCHEME 4.9 Two C-C cyclisation reactions initiated by
plasma: (a) solvent-free deiodination in the presence of chain
transfer agent/H donor and (b) trifluoromethylation in
polyethylene glycol.

in water, with the <OH radical starting the chain
reaction. However, nonaqueous media or solvent-free
conditions can also be used. An AC parallel-field He
plasma jet consisting of a quartz tube with two Cu ring
electrodes positioned on its outer surface!®! was used to
initiate a reaction of deiodination of a substituted vinyl
iodooxyethane (Scheme 4.9a). Screening of various
conditions showed that the optimal chain transfer agent
and H donor was tris(trimethylsilyl)silane, which also
allowed running the reaction solvent-free. The presence
of oxygen terminated the chain propagation, but the
plasma exposure of a liquid mixture (consisting of the
chain transfer agent and the substrate) under an inert
atmosphere afforded quantitative yields of the product.
The exact species initiating the chain process were not
studied, but it may have proceeded via the initial
abstraction of H from the H donor.!**!

Another example is the use of Togni-II reagent
for the radical trifluoromethylation with cyclisation
(Scheme 4.9b).*°°! Here, solvent-free conditions did not
result in high yields. The use of nonvolatile solvents was
advocated, which afforded a selective 95% conversion of
the substrate isocyanobiphenyl. Interestingly, exposing
the solution of the substrate and the Togni-II reagent in
polyethylene glycol to a He plasma jet in ambient air did
not impede the reaction, possibly because O species were
scavenged by the solvent, or their diffusion into the sol-
vent was limited. The reaction was hypothesised to
be initiated by the plasma-produced solvated electrons,
and later this was also further confirmed under plasma-
free electrochemical conditions.[**®!

Generally, plasma-initiated radical reactions are
highly selective, unlike the oxidation or reduction
reactions in wastewater where plasma RONS are stoi-
chiometric reagents, but further optimisation studies are
required to remove the restrictions on the choice of sol-
vents, plasma feed gasses and so on.
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5 | SUMMARY AND OUTLOOK

In this review, we discussed organic reactions in liquids
driven by their interaction with plasma in three appli-
cations: (i) wastewater treatment for degradation of pol-
lutants, (ii) conversion of fossil- and bio-derived organics
into H, or syngas and (iii) preparative synthetic chem-
istry, as summarised in Figure 2.

Among these three fields, plasma-liquid systems with
probably the highest technology readiness level are those
used in wastewater treatment. Plasma interacting with
water generates a large variety of reactive species
(radicals, ions, atoms, electrons, molecules, metastables),
whose exact nature and quantity depend on the plasma
reactor type, discharge gas, method of plasma-liquid
contact and so on. In almost all scenarios, plasma causes
partial evaporation of liquid, regardless of whether the
plasma impinges onto the liquid surface, plasma bubbles
interact with the bulk liquid or plasma is ignited within
the liquid (in which case initially the liquid component/
solvent is first heated up and then the plasma is ignited in
the saturated vapour phase). This means that the transport
of RONS into the liquid phase plays an important role in
the process efficiency.

The RONS ‘cocktail’ drives the degradation of organic
pollutants in water in two generalised directions: oxida-
tive pathway (by -OH, O, -OOH/O,-", H,0,, Os, etc.) and
reductive pathway (primarily by solvated electrons). While
the former pathway meets a lot of competition from tra-
ditional, nonplasma pollutant removal methods, the latter
is very efficient for the removal of polyfluorinated com-
pounds. In general, both pathways can occur in the
plasma-liquid systems at the same time, leading to largely
nonselective transformation. However, in the case of pol-
lutant degradation, the selectivity of products of organic
reactions is usually not the main focus: deep mineralisa-
tion is often desired, and the exact reactions leading to it
are of lower importance.

Plasma interacting with liquids

Degradation of organic
contaminantsin
wastewater

H, and syngas
production from organic
substrates

Conversion of liquid organic compounds (higher hy-
drocarbons, alcohols) into H, or syngas is another appli-
cation of plasma-liquid systems. Here, in-liquid plasmas
or plasmas bubbled through the liquid (i.e., directly
related to plasma-liquid milieu) are relatively scarce
compared with gas phase conversion, where the organic
substrate is introduced into the plasma in an aerosol form
but is vaporised due to the heat of the plasma. In such
processes, the selectivity is usually defined as a net H and
C selectivity, with the focus on H, and CO. Obviously, the
selectivity here defines the metrics of the process (e.g.,
energy cost per mol H, produced).

The final application is synthetic organic chemistry in
liquids driven by plasma. This represents a shift in the
paradigm of plasma-liquid reactivity: in preparative
chemistry, not only the conversion of the substrate is non-
destructive, but the selectivity towards specific products
(achieved via specific pathways) is paramount. Two liquid
milieus are distinguished: aqueous (conceptually resem-
bling wastewater treatment) and organic (resembling the
conversion of liquid organics for H,/syngas). Various
reactions are performed with the help of plasma, forming
various types of bonds (C-C, C-O, C-N) for different
products. In aqueous media, the selectivity of reactions is
low, the same as in the case of wastewater treatment when
a substrate undergoes, for example, hydroxylation at
multiple sites. When RONS generated by plasma are used
as stoichiometric reagents, the selectivity is generally
lower than when plasma is used as a radical initiator. In
nonaqueous media, solvent-free conditions afford good
selectivity and yield (as is the case, e.g., N-acylation).

However, despite the clear rising interest for synthetic
organic chemistry in liquids, most of the methods listed
here are nascent and require much further studies and
optimisation. One of the main factors hindering the
applicability of the synthetic processes is the restrictions
on the plasma feed gas. In the aforementioned N-acylation
and most other cases, the gas needs to be inert to avoid the

Synthetic organic

chemistry

chemical selectivity is
less important

chemical selectivity is
very important

N 2

Selectivity of organic reactions

FIGURE 2 Conceptual diagram of
selectivity of organic reactions in the three
fields of application discussed in this work.
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generation of RONS which can interact with the sub-
strates and yield undesired by-products via reactions of
hydroxylation, oxidation, nitration, nitrosylation and so
on. This is the exact opposite of wastewater treatment,
where oxygen or air are often used as feed gases.

Plasma offers an electrification-compliant green
alternative to many conventional synthetic procedures,
which often require toxic solvents, initiators, catalysts or
harsh conditions such as high temperatures or pressures.
Future research aimed at feed gas-free plasmas generated
directly in liquid, or with more ubiquitous gases (N5, O,,
air) is required to realise the appealing potential of
plasma for preparative organic chemistry.
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