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Abstract Plasmas formed in aqueous solutions dissociate water into highly oxidative and
reductive radicals which can induce chemical changes in compounds present in the bulk
liquid. As a result, electrical discharge plasmas have acquired significant importance in
drinking and wastewater treatment. Part II of this manuscript reviews the chemistry of
electrical discharges in liquid water and the chemical effects of plasmas on the degradation
of organic molecules. Due to a wide range of work done with plasmas in water, this review
is limited to streamer-like electrical discharges directly in water excluding the discharges
with gases bubbling through the plasma zone and the presence of additives. The goal was
to summarize and present major findings on the fundamental mechanisms related to the
production of radicals in the plasma as well as to describe chemical pathways for the
degradation of different groups of molecules.
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Introduction

Electrical discharge plasma formed in liquid water is under intensive investigation for
many possible applications in biomedical, environmental and chemical engineering as well
as for general scientific issues in plasma chemistry and other engineering applications
[1-7]. A large fraction of these applications is oriented towards drinking and wastewater
treatment using plasmas and they are the focus of this review article [2, 4, 8-12].
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The earliest studies of electrical discharges in the presence of water date perhaps as far
back as Faraday’s work [13] in 1832. The early studies showed that electrical discharge
could dissociate water into hydroxyl (OH’) and hydrogen (H') radicals [14] and that higher
energy discharge could lead to the dissociation of OH' into oxygen atoms (O) and H'. Later
studies demonstrated the production of hydrogen peroxide (H,O,) [15-18], molecular
oxygen (O,) and hydrogen (H,) [19, 20], hydroperoxyl (HO,), and other radicals [21-23].
In addition, depending upon the solution conductivity and the magnitude of the discharge
energy, shock waves and UV light can also be formed [4, 24, 25].

The real interest in the applications of electrical discharges in water for drinking and
wastewater treatment began after Clements, Sato and Davis in 1987 [26] published the first
results on the chemical effects of high-voltage electrical discharges formed directly in
water on the decolorization of a dye. The result revealed that molecules inside the plasma
channel dissociate into highly oxidative radicals which can induce chemical changes in
compounds present in the bulk liquid.

The primary chemical reactions inside the aqueous plasma result in the formation of
excited species (e.g. OH', H', O, HO,) which either recombine to form stable by-products
such as H,O, and H, [19, 27], or they return to a lower energetic state and emit UV light
[28, 29]. However, in the presence of solutes (organic and inorganic compounds), primary
and secondary molecular, ionic, or radical species produced by the discharge can attack
these molecules and cause their degradation. Alternatively, solutes can be degraded
indirectly through pyrolysis or photolysis.

Although several review articles on the electrical discharges in water already exist [1, 3,
30], Part II of the present one focuses exclusively on the chemistry of electrical discharges
in liquid water and the chemical effects of plasmas on the degradation of organic mole-
cules. Part I of this review article deals with plasma physic and streamer propagation
mechanisms. Due to a wide range of work done with plasmas in water, this review is
limited only to electrical discharges directly in water of any reactor geometry excluding
discharges above the water surface, discharges with bubbling gases through the plasma
zone and electrolysis. For the same reason only non-catalytic reactions are included (i.e.
bulk liquid catalysis) even though the high-voltage electrode material can act as a catalyst.
Unless stated otherwise, studies this manuscript reports were conducted with what is
generally accepted as a non-catalytic electrode material (e.g. nickel chromium, stainless
steel and tungsten, as indicated by linear production of hydrogen peroxide in the bulk
liquid [31]).

The goal was to summarize and present major findings on the fundamental mecha-
nisms related to the production of radicals in plasma as well as to describe the chemical
pathways for the degradation of different groups of molecules. The authors realize this is
a difficult task as plasma in water have been used to degrade numerous compounds
including polychlorinated biphenyls [32], pentachlorophenol [33], trichloroethylene [34],
BTEX [35], pesticides [12, 36-38], organic dyes [39-41], herbicides [36-38], phenols
[18, 28, 42-49], substituted phenols [47, 50], chemical warfare agents [51], anthraquinone
[26], dimethylsulfoxide [52], acetophenone [53], perchlorethylene [54], pharmaceuticals
[12, 55, 56] and other organic contaminants. Nevertheless, the comparison of the path-
ways through which these molecules get degraded in the plasma might assist in building a
better picture of the chemical processes taking place around and inside the plasma
channels.
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Chemistry of Electrical Discharges in Water
Primary Chemical Reactions in Plasma
Electron Collisions with Water Molecules

The dissociation of water molecules takes place inside the plasma channel by inelastic
collisions with high-energy electrons. Depending on the electron energy, these collisions
initiate various processes including ionization, vibrational/rotational excitation and elec-
tron attachment. Table 1 lists all the possible mechanisms of energy transfer between an
electron and a neutral water molecule as a function of the reaction energy threshold.
According to the literature, pulsed electrical discharges in water have average electron
energies between 0.5 and 2 eV [57-59]. However, the actual energy of electrons in plasma
is a distribution over a wide range of energies (EEDF) thus a small percentage of the
electrons in the high tail of the distribution function must have energies greater than the
average value. Because plasmas in water are weakly ionized, this energy must at least be
high enough to cause the first ionization of the neutral water molecules (R17, Table 1).

Table 1 Reactions between electrons and neutral water molecules in plasma [61]

Type of reaction Reaction Treshold (eV)
R1 Momentum transfer H,O+e —H,O+e 0
R2 Rotational excitation H,00J =0) +e — H,0*J=2) +e 0.008
R3 Rotational excitation H,0J =0) +e — H,0*(J=3) +e¢ 0.017
R4 Rotational excitation H,00J=0) +e - H,0*J=1) +e 0.198
R5 Rotational excitation H,0J =0) +e — H,0*J=0) +e 0.0009
R6 Vibrational excitation H,0(000) + e — H,0*(010) + ¢ 0.453
R7 Vibrational excitation H,0(000) + e — H,O*(100) + e 0.198

H,0(000) + e — H,0*(001) + e

R8 Dissociation H,O+e —-OH+H(n=1)+e 7.0
R9 Dissociation HO+e —-OH+H(n=3)+e 18.5
R10 Dissociation HO+e —-OH+H(n=4)+e 19.0
R11 Dissociation H,O +e — H, +0*(3°P) + e 17.0
R12 Dissociation H,O +e — H, +0*(3°P) +-e 19.0
R13 Dissociation HO+e —H, +O+e 23.5
R14 Dissociation H,O0+e —>OH+H(n=2)+e 15.2
R15 Dissociation H,0+e — O(1S)+2H+e 13.7
R16 Dissociation H,0+e - OH*(A—X)+H(n=1) 9.0
R17 Tonization H,O +e — 2e + H,O" 13.0
R18 Tonization H,O+e —2e+OH" +H 15.0
R19 ITonization H,O+e —2e+0"+H, 22.5
R20 Tonization H,O+e—2e+Hf +0 29.0
R21 Ionization H,O +e — 2e+H" +OH 19.0
R22 Attachment H,O+e — OH +H 4.30
R23 Attachment H,O+e — H + OH 4.36
R24 Attachment H,O+e —H, + 0O 4.43
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Estimates using electron density measurements at the streamer tip indicate that less than
1 % of plasma is ionized [60].

Examination of the energy thresholds for the reactions listed in Table 1 indicate that
between 0.5 and 2 eV, vibrational and rotational excitation of water molecules are the most
important mechanisms through which an electron can lose energy. Indeed, the cross sec-
tional data for electron collisions with water molecules [61] reveal that these two modes of
excitation predominate at electron energies of 1 eV. After the electron excitation, water
relaxes into a lower energetic state through any of these three reactions [62—66]:

H,O0* + H,0 — H + OH + H,0 (1)
H,0* + H,0 — O + H, + H,O (2)
H,0" + H,0 — O +2H + H,O (3)

UV photolysis measurements indicate that the first process occurs with the highest prob-
ability (90 %) [67].

It can be noted that the by-products of reactions (1-3) are identical to the ones formed
by electron collision with ground-state water molecules in reactions RS, R13 and R15
respectively, from the Table 1. However, the comparison of the energy thresholds between
reactions (1) and R8 suggests that the former one is more plausible than the direct electron
impact dissociation of water into H and OH" (R8). The same is true for reactions (2) and
(3) which are more likely to occur than reactions R13 (E,cs0a ~ 23.5 €V) and R15
(Etreshota ~ 13.7 V).

Direct ionization by electron impact includes the ionization of a neutral molecule which
was not previously excited. For the ionization of water molecules, in addition to reactions
R17-R21, Dolan [68] proposes the following set of reactions:

H,O +e — 2e+ 0" +2H (4)
H,O+e—2+H" +0+H (5)

However, according to the same author, reactions R20, R21, (4) and (5) require a sig-
nificant amount of energy (Ep esnoia > 19 €V) therefore they have very low probabilities.
Itikawa and Mason [61] report the ionization cross sections for the reactions (4) and (5)
with the addition of:

H,O+e — Ot +2H + 2¢ (6)

The information on the minimum electron energy in [61] confirms that reactions R20, R21
and (4-6) take place with very low probabilities.

Radiation chemistry measurements [69] have shown that when radiation interacts with
water, direct ionization as well as the excitation dissociation are the main processes for
active radicals formation. Mass spectroscopy studies confirmed that the main ions are
H,0" (~77 %) and OH" (~ 18 %) with minor positive ions such as HY and O*. Con-
sidering much lower electron energy in plasma (electron energies during water irradiation
are on the order of MeV), it is safe to assume that liquid-phase electrical discharges yield
very low concentrations of H,O" and probably almost no OH*. Taking into account it
requires the lowest energy threshold, the ionization of water molecules inside the plasma
takes place via reaction R17 (Table 1). According to radiation chemistry studies [69],
generated H,O radical ions quickly collide with neutral water molecules to yield OH':

H,O" + H,0 — H;0" + OH' (7)
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At electron energies of around 4 eV, the dissociative attachment is the main mechanism of
energy transfer between an electron and a water molecule (R22, R23 and R24 in Table 1).
After being formed in plasma, OH™, O~ and H™ undergo the following ion—-molecule
reactions:

OH™ +H,O0t — H,0 + OH (8)
H™ +H,O — OH™ + H, 9)
O~ +H,O — OH™ + OH (10)

Dissociative attachment most likely plays a minor role in the chemistry of electrical
discharges in water.

Thermal Decomposition of Water

Apart from the water dissociation by electron collisions, water molecules can also be
decomposed thermally. Thermal dissociation of water begins at temperatures greater than
2,000 K and at 5,000 K the molecule is completely dissociated into O and H' [57]:

H20+H20—>H+OH+H20—>2H+O+H20 (11)

Taking into account that the gas plasma temperature could be much higher than 2,000 K
[70], the primary chemical reactions in plasma are initiated by both, thermal (reaction 11)
and electron impact excitation (R2-R7 in Table 1) and dissociation (R8—R24 in Table 1)
of the water molecules. Recent studies suggest that plasmas formed using very short (ns)
pulses initiate low-temperature non-thermal plasmas [71] whereas plasmas formed using
longer, us pulses are more thermal in nature [70]. The high temperature splitting of water
molecules into H and OH’ is the primary reaction taking place during ultrasonic water
treatment [72].

Experimental Evidence for the Primary Chemical Reactions in Plasma

Generation of radicals by the pulsed electrical discharge in water has been proven by
optical emission spectroscopy (OES) [18, 22]. It has been shown that for a variety of
discharge voltages [73] and solution conductivities [18, 73, 74], the main radical species in
plasma are OH' (294 and 308 nm), H' (656 nm H,, and 486 Hp), and O (777 and 845 nm)
(Fig. 1). OH and H' are produced directly by the electron impact dissociation of water. If
the plasma temperature and/or electron energy is high enough, the complete dissociation of
water molecules will also yield O. Otherwise, the results of a mathematical model
describing chemical processes occurring during electrical discharge in water [75] predict
that the formation of O proceeds via the following secondary reaction:

OH +OH — H,0+0 (12)

Both O and OH' are oxidative whereas H' is a reductive species.

Despite a variety of spectroscopic techniques available for the quantification of oxi-
dative (OH’) radicals in water (e.g. laser induced fluorescence (LIF) and electron spin
resonance (ESR)), only the chemical probe method resulted in quantitative data. Indeed, a
quantitative determination of OH' concentration from spectroscopic data is extremely
difficult since it requires a reliable simulation of the plasma physics inside the plasma
channel. Hoeben et al. [48] attempted to quantify the concentration of OH' produced during
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Fig. 1 Optical emission spectrum of an electrical discharge in water. Reproduced from [100]

a pulsed electrical discharge in water using electron spin resonance and fluorescence
spectroscopy. The ESR spin trap they used was 5,5-dimethyl-1-pyrroline N-oxide (DMPO)
but because of the degradation of the DMPO-OH adduct by the plasma, they were not able
to detect its signal. Furthermore, the high background signal in the water compared to the
ones of fluorescent standards disabled them to quantify the radicals using the fluorescence
spectroscopy.

Joshi et al. [17] determined the rate of formation of OH using a pseudo-steady-state
approximation. The approach involved scavenging of OH with carbonate ions in the
presence of a probe (phenol). The reaction rate constant was calculated as a function of
the applied voltage and it was on the order of 10~'® M s™'. In one of the latest studies, the
quantification of OH' produced by the high-voltage electrical discharge in water was
performed using chemical probe measurements [27]. The authors used two chemical
probes, dimethyl sulfoxide (DMSO) and disodium salt of terephthalic acid (NaTA). The
results demonstrated that the rate of OH production for both probes follows zero-order
kinetics even though the OH production rate was greater for DMSO. Moreover, the
difference in the OH" production rate between the two probes got significantly larger as the
input power was increased. The authors explained the result with the low solubility of
NaTA in water and thus insufficiently high probe concentration required to scavenge all the
radicals. At 45 kV applied voltage, pulse energy of 1 J/pulse and the pulse repetition
frequency of 60 Hz, they found the production rate of OH" to be 6.7 x 107* M s~! which
is two orders of magnitude higher than the value measured by Joshi and coauthors [17].
The results of Sahni and Locke’s study [27] also experimentally confirmed that OH' is the
precursor to the H,O, formation.

In a similar study, Gupta [76] attempted to quantify OH' using two chemical probes: 4
chlorobenzoic acid (p-CBA) and disodium salt of terephthalic acid (DNTA). The results
with p-CBA indicated a linear relation between the number of pulses (operating time) and
the OH yield. However, limited solubility of p-CBA in water and the restricted pH
operating range discouraged the authors to continue the measurements with this probe.
Instead, they used DNTA. Experimental results with the second probe revealed that at the
solution conductivity of 400 uScm™', pulse energy of 4.68 J/pulse and the repetition
frequency of 10 Hz, the production rate of OH' is 1.5 x 1077 M s L.
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Table 2 Comparison of formation rates of different species in plasma

Species Rate of production (pmol/s)

From [19] From [17] From [76, 97] From [28] From [27]
Power: 67 W Power: 128 W/ Energy: 4.68 J/ Energy: 1 J/pulse Power: 64 W
550 mL pulse
Voltage: 45 kV Voltage: 40 kV Power: N/A Voltage: 20 kV Voltage: 45 kV
PRF*: 60 Hz PRF*: 60 Hz PRF*: 10 Hz PRF*: 100 Hz PRF*:60 Hz
Conductivity: Conductivity: Conductivity: Conductivity: Conductivity:
150 pSem ™! N/A 400 pSem ™! 100 pScm ™! 150 pSem ™!

pH: 5.6 pH: 3-3.5 pH: N/A pH: 5.5 pH: 5.5

H,0, 0.61 0.16 - 2.42 -

H, 1.19 - - - -

0, 0.24 - - - -

OH - 1.02 x 107° 15 x 107° - 67 x 1072

* PRF pulse repetition frequency

Table 2 compiles and compares rates of production of molecular and radical species in
plasma measured by different authors. The production rates of OH', H,, O, and H,O,
strongly depend on operating conditions and the type of the electrical discharge reactor.
For a more detailed literature overview of the rates of H,O, production in liquid-phase
electrical discharges, readers are referred to Locke and Shih [77].

To quantify reductive species, Sahni and Locke [78] again used the chemical probe
approach. The probes of choice included tetranitromethane (TNM) and tetrazolium chlo-
ride (NBT). TNM was chosen because it reacts with a high reaction rate with both H" and
O, whereas NBT reacts only with O, . According to the authors, H and O, are the
reductive species most likely to be produced by the discharge. In the presence of molecular
oxygen, H' quickly reacts to form HO;:

H + 0, — HO, (13)
which is in a pH dependent equilibrium with O :

HO, 51 + 0 (14)

As it was the case with the probes for the oxidative radicals, the results of Sahni and
Locke’s study show that different probes yield significantly different production rates of
the radical species. Using qualitative measurements with NBT, the presence of O, was
also confirmed by Gupta [76].

Aqueous Electrons

In radiation chemistry, the irradiation of water with high energy electrons results in the
formation of aqueous (solvated) electrons € [79]:

e +H0 — ey (15)

Aqueous electrons are strong reducing agents which can react with numerous organic
and inorganic compounds. The existence of e, during an electrical discharge in water
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would imply that some of the free high-energy plasma electrons escape the plasma into the
surrounding water and become solvated. Although there is no strong experimental evi-
dence to support this hypothesis, many studies propose the involvement of e, in chemical
reactions of underwater discharges [22, 60, 80]. However, very few attempted to prove
their existence. To detect Caq Gupta [76] used the well-known reaction between aqueous
electrons and N,O to yield OH':

e;1+N20+H20—> OH +N, + OH™ (16)

By measuring the concentration of OH in N,O-saturated and unsaturated aqueous
solutions, he found that the N,O-saturated solution yields 1.5 times more OH'. The result
was attributed to the additional production of OH' via reaction (16) and thus the presence of
€,q- This result was contrary to the one reported by Joshi et al. [17] who found that adding
N,O does not play a significant role on the chemistry of electrical discharge in water.

As an indirect measure of e, Thagard et al. [74] used the reaction of reduction of silver
ions into silver metal. The experiment did not include any quantitative measurements and
relied only on the observations of the metallic silver visible to the naked eye. Results
showed that the reduction of silver ions takes place in the negative polarity discharges.
Experiments conducted at different pH values suggest that H* is not responsible for the
reduction. Interestingly, the reduction of silver ions was not observed in the polarity
discharge.

Clearly there is a need for a reliable method targeted at proving the existence of these
species. While radiation chemistry uses spectroscopy (measurement of the electron’s
absorption spectrum) [81], this technique is not suitable for characterizing electrical
discharges in water due to very high plasma temperatures.

Secondary Chemical Reactions in Plasma

Due to their very short lifetime, the diffusion of the primary radicals from the plasma (OH’,
H' and O) into the surrounding water seems implausible. As the channel cools down or as the
radicals diffuse towards the plasma-liquid boundary, many of them recombine to form other
radical species and eventually stable molecular byproducts. Roots and Okada [82] calculated
the lifetimes and diffusional distances of OH', H' and e, using the reactivity of these radicals
with a mammalian cell DNA. The authors found that the irradiation of mammalian cells with
X-rays dissociate water surrounding the nucleus into radicals and electrons which then react
with the DNA causing its degradation. Diffusional distance X was calculated by measuring
the lifetime of these species in the DNA and in the presence of various alcohols as radical
scavengers [82]. The following equation was used for the calculation:

X =226VD -1 (17)

where 7 (s) is the average life time and D (m?/s) is the diffusion coefficient of the radical
species.

According to their results, the lifetime (~3.7 x 107 s) and thus the diffusion distance
of OH' is very short (~6 x 1072 m). Assuming that radical species are produced around
the center of the plasma channel, this would imply that even in the smallest experimentally
measured plasma channel (r = 10 pm) [83], OH' could not escape into the bulk liquid. The
lifetime of H' (~1.2 x 107%s) is approximately three orders of magnitude higher than
that of OH'. Though this lifetime increases the H" diffusional distance, the calculated value
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(~0.2 x 107° s) is still smaller than the radius of the smallest experimentally measured
plasma channel. Finally, the average diffusion distance value of € (~1 x 107%5s)
implies that these are the only species that might reach the plasma-liquid boundary and
thus be involved in the bulk liquid reactions. However, if any of the species (OH', H' or
€.q) is formed very close to the plasma-liquid boundary, they could escape the plasma
channel and diffuse no further than 6-20 nm. This number is an order of magnitude lower
than the one reported for ultrasonic reactions where it has been estimated that the liquid
reaction zone extends ~200 nm from the bubble surface [84].

As shown in Table 3 which compiles a large number of reactions in dissociated water
vapor [75, 85, 86], the recombination reactions of H, O and OH' result in the formation of
H,, O, and H,0,. Indeed, experimental measurements confirm that liquid-phase electrical
discharges in water result in the formation of three stable byproducts: hydrogen peroxide,
hydrogen and oxygen. The production rates of hydrogen peroxide as a function of the
applied voltage and solution conductivity have been measured by various groups [17, 19,
21, 28, 29] and some of the results are shown in Table 2. In almost all of the studies, the
concentration of hydrogen peroxide was determined in a reaction with titanium sulfate
[87]. A review of the different methods for the production of H,0, including electrical
discharges in water is given by Locke and Shih [77].

For a wide range of solution conductivity values and discharge powers, the production
rates of molecular hydrogen, oxygen and hydrogen peroxide follow the stoichiometry
described by reaction (18) [19].

6H,O — 4H, + 2H,0, + O, (18)

The values of the hydrogen and oxygen production rates are shown in Table 2.

To explain the chemical pathways for the production of molecular and radical species in
plasma, several mathematical models have been developed [17, 42, 51, 88-90]. In addition to a
large number of reactions from radiation chemistry and combustion, the majority of these
models used reaction (18) and its reaction rate constant as an adjustable parameter. One of the
first models used to predict experimentally measured concentrations of molecular species in
plasma without using the global reaction (18) took into account the pulsed nature of the plasma,
however, it only included thermal dissociation reactions and neglected electron collisions [75].
According to the model, the most important reactions in the electrical discharge channel that
result in the production of hydrogen, oxygen and hydrogen peroxide are the following:

H,0+M — H +OH +M (19)
H+H+M—>H,+M (20)
OH + OH — H,0, (21)
OH + OH — H,0+ O (22)
O+OH — O, + H (23)

where M is a third body. Results also accurately predicted the stoichiometry of reaction
(18) and experimentally measured concentration of OH' in the plasma [27].

Other Physical Processes in Plasma
The generation of active species in plasma is preceded by the formation and propagation of

the plasma channel. Measurements have shown that as the plasma channel expands against
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Table 3 The formation and recombination reactions of plasma radicals [75, 85, 86]

Reaction Rate constant (m3"s’1, n=20,1,2) Temp. range
(K)
H,0 + H,0 — H + OH + H,0 5.8 x 1072 exp(—440,000/(RT)) 2,000-6,000
H + OH + H,0 — H,0 + H,0 1.48 x 107°(77298) 18 exp(—2,580/(RT)) 200-6,000
H + H,0 - OH + H, 1.58 x 107"1(77298)'2 exp(—79,900/(RT)) 250-3,000
OH +H, — H +H,0 3.01 x 107'2(77298)" exp(—15,300/(RT)) 250-3,000
H +H + H,0 — H, + H,0 8.85 x 1073(7/298)"*° 100-5,000
H, + H,0 — H + H + H,0 1.88 x 107%(77298)~ 1% exp(—437,000/(RT)) 600-5,000
0+ 0 + H,0 - 0, + H,0 9.26 x 107*(1/298)~"° 300-5,000
0, + H,0 - 0 + O 4+ H,0 1.99 x 107'° exp(—451,000/(RT)) 300-10,000
OH + OH — O + H,0 1.65 x 107'%(17298)"1 300-2,500
O + H,0 —» OH + OH 1.25 x 107" (77298)"*" exp(—71,500/(RT)) 300-2,500
OH+M->O+H+M 4.09 x 1077 exp(—416,000/RT)) 300-2,500
O+H+M-OH +M 436 x 107°%(1/298)'° 300-2,500
OH+0-0,+H 4.55 x 107"%(17298)°* exp(3,090/(RT)) 250-5,000
O, +H - OH +0 1.62 x 107'°(17298)°* exp(—62,110/(RT)) 300-5,000
O+H,—»OH +H 3.44 x 107 3(77298)*%7 exp(—26,270/(RT)) 300-2,500
H+OH - H, +0 6.86 x 107'4(77298)*® exp(—16,210/(RT)) 300-2,500
0, +H +M - HO, + M 1.05 x 10731(77298)~' 7 exp(—2,240/(RT)) 300-3,000
HO, +M - O, + H + M 241 x 1078(7/298)"'® exp(—203,000/(RT)) 200-2,200
HO, + 0 — OH + 0, 291 x 107" exp(—1,660/RT)) 300-2,500
0, +OH — HO, + 0 3.71 x 107" exp(—2,220,000/RT)) 300-2,500
HO, + HO, — H,0, + 0, 7.01 x 107" exp(—50,140/RT)) 850-1,250
H,0; + 0, — 2HO, 9.01 x 107" exp(—166,000/RT)) 300-2,500
OH + OH — H,0, 1.51 x 107" (77298)7%37 200-1,500
OH + OH + M — H,0, + M 6.04 x 1073'(17298)73 500-2,500
H,0, + H — OH + H,0 4.01 x 107" exp(—16,630/RT)) 300-2,500
H,0, + H — HO, + H, 8 x 107" exp(—33,260/RT)) 300-2,500
HO, + H, — H,0, + H 5 x 107! exp(—109,000/RT)) 300-2,500
H,0, + O — HO, + OH 1.42 x 107"%(77298)*° exp(—16,630/(RT)) 300-2,500
HO, + OH — H,0 + 0, 4.8 x 107" exp(2,080/(RT)) 300-2,500
H,0; + OH — HO, + H,0 2.91 x 1072 exp(—1,330/(RT)) 300-2,500
HO, + H,0 — H,0, + OH 4.65 x 107" exp(—137,000/(RT)) 300-1,000
HO, + H — 20H 2.81 x 107 exp(—3,660/(RT)) 300-2,500
HO, +H — H, + 0, 2.66 x 107'2(77298)"77 exp(2,380/(RT)) 200-3,000
HO, + H — H,0 +0 6.55 x 107'%(77298)"*7 exp(—58,100/(RT)) 200-3,000

the surrounding liquid, it forms shock waves, induces cavitation and emits UV light [1, 29].
While studies on chemical effects of the shock wave-induced cavitation and UV light are
scarce, the biological effects of shockwaves on the soft animal tissue are currently under
full investigation [91, 92]. Establishing the effects cavitation and UV light have on the
degradation of molecules in the bulk phase is extremely important as ultraviolet radiation is
one of the principal forms of energy which is dissipated from an electrical discharge in

water [93].
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Results obtained using emission spectroscopy showed that an electrical discharge in
water is an intense radiation source ranging from far ultraviolet to near infrared spectral
range [16, 18, 22, 26, 93, 94]. The emission of the UV light from plasma is a result of the
collisions between electrons and neutral molecules. These collisions generate exited spe-
cies which upon relaxation to lower energetic states emit UV light. The intensity of UV
light produced by a pulsed corona liquid discharge in the spectral region 190-280 nm is
known to increase with the solution conductivity (especially between 100 and
500 pScm ') and the applied voltage [28, 95].

Shockwaves also induce chemical effects in bulk liquid. Using glass and plastic water
filled cuvettes and placing them in water very closed to the high-voltage anode surface,
Gupta [76] found that the OH' yield inside the cuvettes increases with the number of pulses
even though the solution inside the cuvette is not in a direct contact with the streamer
channels. The effect was attributed to the shockwave-induced dissociation of water and the
production of OH" and H,O, in the bulk liquid.

Chemistry of Electrical Discharges in Aqueous Solutions: Effect of Operating
Parameters on the Production of Radical and Molecular Species

Input Power

An increase in the applied power should result in the faster decomposition of water
molecules and consequently higher concentration of radical species in plasma and
molecular species in the bulk liquid. Experiments have confirmed that densities of OH' [22,
27], O [96], HO, and O; [78], H,O, [17, 19, 28, 97-99] and H, and O, [19] increase with
an increase in the applied voltage. Lukes [28] also discovered that the rate of hydrogen
peroxide formation increases linearly with the increase in mean power input regardless of
the energy per pulse, frequency and pulse duration.

Solution Conductivity

An increase in solution conductivity has a strong effect on the appearance and physico-
chemical characteristics of the plasma [100]. Specifically, when conductivity is increased,
plasma channels become shorter, wider and brighter due to the strong emission of UV light
[1]. Additionally, for the constant applied voltage, both electron and current density
increase which results in the higher energy deposition into plasma. All these factors, in
addition to the shorter duration of the plasma pulse, have an effect on plasma chemistry
and the production of active species in plasma.

The effect of the solution conductivity on the production of molecular and radical
species has been studied by several groups. Sun et al. [22] demonstrated that the intensity
of OH' in the conductivity range of 1-150 pScm ™' reaches a maximum between 10 and
80 uScm™'. To examine the role of the solution conductivity on the production of OH',
Sahni and Locke [27] conducted experiments with two different chemical probes, NaTA
and DMSO. At low concentrations of both probes and the applied voltage of 45 kV, their
results indicate that between 100 and 840 uScm™' OH' concentration decreases. Con-
trarily, experiments with high concentrations of DMSO show that the initial conductivity
of the solution does not affect the OH' concentration (production rate). To explain the
different results, the authors hypothesized that probe concentration has an effect on the
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physical location where the reaction between OH" and the probe take place. At low probe
concentrations, DMSO reacts with OH' close to the plasma-liquid boundary and as a result,
changes in the bulk solution conductivity have a strong effect on the OH" concentration.
However, at high probe concentrations, the probe molecules diffuse into the plasma
channel and completely scavenge OH'. Because chemical reactions in plasma are assumed
to be independent of the solution conductivity, so is the concentration of OH'.

Shih and Locke [100] found that at 45 kV applied voltage the concentration of OH" and
H,0, decreases with an increase in solution conductivity. They also observed that as the
solution conductivity is increased, the intensities of both O and H' exhibit a maximum at
150 uScmf1 after which they slowly start to decrease. Further increase in the solution
conductivity above 500 uScm™' decreases the intensities of all the radical species. The
results were explained by the physical and chemical changes occurring in the plasma when
solution conductivity is increased.

Sahni and Locke also studied the effect of the solution conductivity on the production of
reductive species [78]. Using TNM as the probe, the authors found that at 45 kV and the
initial solution pH of 4 and 7 the concentration of reductive species in the conductivity
range 150500 pScm ™" decreases.

Between 100 and 500 pScm ™! the concentration of hydrogen peroxide in the bulk liquid
decreases with an increase in the solution conductivity [28, 95, 101]. The effect is
attributed to the increased intensity of the UV light and direct photolysis of H>O;:

H,0, % 20H (24)

The production rates of H, and O, also decrease with increasing conductivity [90, 100].

Thagard et al. [74] found that for the positive polarity discharge, an increase in the
solution conductivity (from 50 to 2,000 uScm™") strongly effects the concentration of
hydrogen peroxide in the bulk liquid. At low pH (= 3.5) an increase in the solution
conductivity increases the concentration of H,O, in the bulk liquid due to the higher power
deposited into plasma. At high pH (= 10.5), the increase in conductivity lowers the H,O,
concentration and the effect was attributed to the scavenging of OH' (precursors to H,O,)
with hydroxide ions. In the negative polarity discharge, regardless of the pH value, an
increase in the solution conductivity lowers the production of H,O,. To explain the result,
the authors proposed the decomposition of H,O, at the plasma-liquid boundary by the
aqueous electrons.

Due to a large number of studies with contradictory results, more research is needed to
quantify oxidative and reductive radicals in plasma. The knowledge of the concentrations
of these species might assist in assessing the oxidative power of electrical discharges
compared to other advanced oxidation technologies.

pH

The solution pH changes with solution conductivity therefore the effects of the two
parameters are difficult to differentiate. Nevertheless, experimental evidence on the effects
of pH on the production of molecular and radical species exists. OES studies indicate that
the OH emission intensity is pH-dependent and increases when neutral and alkaline
conditions are used [22]. The same was discovered for HO, and O, [78] and explained by
the HO,/O,  pH dependent equilibrium and the increased concentration of O, at the
plasma-liquid boundary at higher pH values. Lukes [28] on the other hand found that
between pH = 3.2 and pH = 10.6 the formation of H,O, is independent of pH.
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The effect of the solution pH on the production of H,O, and the emission intensity of
OH', H and O was also studied by Thagard et al. [74]. The results of that study reveal that
at low solution conductivities (<200 uScmfl) solution pH has a minimal effect on the
intensity of plasma radicals and the production rate of H,O,. Contrarily, at very high salt
concentrations (conductivities >500 uScm_l), the production rate of H,O, begins to
strongly depend on the pH. The results of this study are presented in “Solution Conduc-
tivity” section.

Polarity

Though physical and electrical characteristic of negative and positive polarity plasma
channels are quite different [22], there are only a few published studies that report the
effects of electrode polarity on plasma chemistry. Lukes [28] and Thagard et al. [74] both
report that the production rate of H,O, in the negative polarity is always lower than that of
the positive polarity. Thagard’s study hypothesized this is due to the differences in the
concentration of radicals inside plasma as the relative intensities of OH', H and O are
higher for the positive than for the negative polarity discharge [22, 96]. Intensity of UV
light produced by the electrical discharge is also much higher for the positive than for the
negative polarity discharge [28].

Chemistry of Electrical Discharges in Aqueous Solutions Containing Organic
Molecules

Oxidation
Hydroxyl Radical

Of all the radical species that exist in plasma, OH' is probably the most important one. It is
one of the strongest oxidizers among the oxygen-based oxidizers with a standard oxidation
potential (EgHv /HZO) of 2.85 V [102]. In strongly alkaline solution OH' is rapidly converted
to its conjugate base O~ [103]:

OH +OH < 0~ +H,0 pK =119 (25)

O™ reacts much more slowly than OH with inorganic anions whereas in reaction with
organic molecules OH" behaves as an electrophile and O™ is a nucleophile. As a result,
OH’ easily undergoes electrophilic addition (reactions 26 and 27) but O~ does not. Both
radical forms abstract hydrogen from C—H bonds (reactions 28 and 29), and this can result
in the formation of different products when the pH is raised to the value where O™ rather
than OH, is the reactant [48, 104].

OH' + PhX — HOPhX' (26)
OH + RC = CR” — R(OH)C — CR" (27)
OH +RH — R + H,0 (28)
O~ +RH—R +OH" (29)

Addition reactions usually take place with aromatic and unsaturated aliphatic com-
pounds. Attack of the OH' on an aromatic compound followed by reactions with molecular
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oxygen yields a variety of intermediate radicals which finally decompose to unsaturated
aliphatic hydrocarbons with polyfunctional groups (e.g. carboxyl, aldehyde, etc.). The
reaction between OH' and an alkene proceeds in a similar manner; the initial OH" attack on
the alkene yields a radical which further reacts with oxygen to give a-hydroxyalkyl rad-
icals, aldehydes/ketones and oxygen. Additionally, a competitive reaction between the
a-hydroxyalkyl radical and oxygen can result in the production of an aldehyde or ketone
and a hydroperoxyl radical.

OH' (and O ™) can also abstract a hydrogen atom and this can occur either with satu-
rated hydrocarbons or alcohols. The reaction results in the formation of water (or
hydroxide ions) and an organic radical R'.

Oxygen Atom

According to the table of standard oxidation potentials, O has an oxidation potential of
EOO/HZO = 2.42 V [102] which is slightly higher than that of ozone (E%3/02=2.O7 V). In
alkaline solutions, it reacts with hydroxide ions to give HO, and OH' [103]:

O+OH —HO, k=42x10°M"'s"! (30)
O+HO; —OH +0; k=53x10°M"'s"' (31)

Because the mechanism of the O-induced degradation of organic molecules is not well
understood, it is assumed to be similar to that of OH'.

Hydroperoxyl Radical and Superoxide Radical Anion

HO, is an oxidative species produced in a reaction between molecular oxygen and H’
(reaction 13). Its oxidation potential (Eg02 /Hzo) is 1.44 V [105] which makes it the

weakest of all the oxidative species produced in plasma. This radical exists in a pH
dependent equilibrium with O; (reaction 14) whose reduction potential (Eg; /Hzo) is

—0.33 V [102]. Both HO; and O, react with various inorganic and organic substances in
aqueous solutions. However, because of the pH equilibrium, the concentration of only one
species is dominant in the certain pH range. Simple calculations show that at pH = 3.5 only
5 % of HO, exist as O, whereas at pH = 6, almost 94 % of HO, is O, . Thus, chemical
reactions involving HO, will be important only at low pH values. Both HO, and O, react by
hydrogen abstraction [105]. However, there is no direct experimental evidence that organic
molecules are degraded by either of these two radicals during the electrical discharge.

Hydrogen Peroxide

The standard oxidation potential of H,O, (EE1202 /HvO) is around 1.77 V [102] which is
much lower than the one for OH', O and even Os. Similarly, its reduction potential
(EO02 /Hzoz) = —0.70 V[102])is also very low compared to the ones of other reductive species
produced in plasma. Considering that most organic compounds have standard oxidation
potential of around 0.5 V, during an electrical discharge, H,O, could react with organic
species directly. Indirectly, it can be involved in the additional production of OH' in the bulk
liquid via photolysis (reaction (24)) and metal-based catalytic reactions (e.g. Fenton’s
reagent). At very high pH values, H,O5 is in equilibrium with its conjugated base HO; :
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H,0,” = "H* + HO; (32)
which can also be involved in reactions with radicals. However, the typical pH values of
aqueous solutions treated by an electrical discharge are never high enough to shift the
equilibrium of reaction (32) to the right, so the concentration of HO, usually remains very
low. When present in sufficient quantities, HO, reacts with various radical species and
acts as a radical scavenger [103]:

H,0, + OH — H,0 + HO, k=2.7x 10'M s (33)
H,0, +H — H,0+OH k=36x10"M's™! (34)
H,0, + 0 — HO, + OH k=1.6x10°M's"! (35)

H,0, + HO, — 0, + H,O+OH k=05M"s"! (36)

Reactions (33-36) are especially important when organic compounds getting degraded are
present in low concentrations (<mM range).

Reduction
Hydrogen Radical

H' is formed directly by the electron collision with water molecules. This species is a
powerful reducing agent with a reduction potential (EI(—)IZO /H.) of -2.30 V [102]. In the
absence of organic molecules in the bulk liquid, H quickly recombine to form stable
byproducts (H,) and/or other radicals (e.g. HO;) (see Table 3). In the alkaline region, H

react with hydroxide ions to give €

H +OH —e +H0 k=22x 10°M ! (37)

In the presence of organic and inorganic compounds, H' react according to any of the
following reactions [106]:

(a) Electron transfer:

H +M"™ — H" + Mt DF (38)
(b) Atom transfer:
H +X; - HX + X (39)
(¢) Addition:
H+X-CH=CH-Y—>X-CH,CH-Y (40)
(d) Abstraction:
H + CeHs — Y — CHg — Y (41)
H+X-CH-Y—H+X-CH-Y (42)
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where X—-CH = CH-Y is an unsaturated, C¢gHs—Y an aromatic and x—CH,—Y a saturated
compound.

For the hydrogen abstraction from an aliphatic compound or an addition to an aromatic
ring, the reactions of H' usually follow the same pathway as those of OH'. However, the
reaction rate constants for the abstraction are usually higher for OH than for H', and the
selectivity of OH' is lower.

Aqueous Electrons

Though both H' and €yq Are reductive in nature, the reactions of H* follow those of € only
to a limited extent because the latter are pure electron transfer reactions whereas H' can

react both by electron and atom transfer. The reductive potential of Cq — (E%ZO /e,) is
aq

—2.77 V which makes it a strong reducing agent [102]. It reacts with numerous organic
compounds and the extent of reactivity is usually determined by the electron density of a
specific functional group. Nevertheless, the bond dissociation of the organic molecule
usually proceeds via a dissociative electron capture [107]:

e tR-X =R +X (43)

where X is a halogen atom. Because of its high reactivity with most carbon-halogen bonds,
€,q has the potential to be effective even when other organic species are present in much

higher concentrations. In pure water, these species also react with OH', H,O, and O, [103]:

e TOH — OH™ k=30x10"M"s"! (44)

e, +H0y » OH +OH™ k=12x10"M"s"! (45)
e;] +0, =0, k=19x 10°0M st (46)

e tH = H k=26x10"M"s"! (47)

aq» electrical discharge experiments should be carried out
at lower pH where e, are removed by reacting with hydronium ions. In these conditions,

To avoid scavenging of OH with e

reaction (37) would be negligible because of the low concentration of hydroxide ions.
Pyrolysis

Pyrolysis is a thermochemical decomposition of organic compounds at elevated temper-
atures in the absence of oxygen. The reaction involves cleavage of chemical bonds to form
smaller molecules and proceeds via a Rice radical mechanism. According to this mecha-
nism [108, 109], the reaction is initiated via C—C bond cleavage of the given aromatic
hydrocarbon to form two radicals:

R-R’'-5R 4R (47)

or, if the starting molecule is a chained hydrocarbon, via C—-H bond cleavage to give a
hydrocarbon radical and H':

R-R'-5R-R"+H (48)
The radicals subsequently propagate by f-scission and/or H abstraction and finally

recombine to give stable molecular byproducts. The most common byproducts or thermal
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decomposition of hydrocarbons include short-chained hydrocarbons such as methane,
ethane, ethylene and acetylene [110].

During an electrical discharge in an aqueous solution, pyrolytic reactions take place
only inside the high-temperature plasma channel. In the absence of organic molecules, high
temperatures dissociate water molecules into radicals (reaction 11). However, if solution
contains organic compounds, these molecules, assuming they are volatile enough, can
penetrate the plasma channel and also get degraded thermally. Because the decomposition
of water inside the plasma yields oxygen, subsequent reactions of organic radicals formed
by the dissociation of organic molecules do not strictly follow the Rice mechanism which
implies the absence of oxygen and oxidation mechanisms. Instead, during the discharge,
organic radicals are oxidized by any of the oxidative species produced by the plasma (e.g.
OH’) and result in the formation of CO,, organic and inorganic acids.

UV Photolysis

When a molecule is irradiated by UV light, it absorbs the radiation and gets promoted to an

excited state. The most probable transition occurs from the ground to the singlet state [102]:
M+ hv — M (49)

The molecule in the excited state (M*) has a very short lifetime (107° to 1078 s) after
which it returns to the ground state either by one or several mechanisms (internal con-
version, fluorescence, phosphorescence, etc.):

M —M (50)
The excited molecule can also decompose to give a new molecule:
M* — products (51)

In the presence of oxygen, the electron in the excited state can be transferred to the oxygen
molecule in its ground state to form the superoxide radical anion [102]:

M +0, - M"' +0; (52)

In addition to direct excitation, the organic molecule can also get photo-dissociated via a
carbon-hydrogen bond homolysis followed by the reaction with oxygen and the formation
of organic peroxyl radicals:

M-H+hh —-M+H (53)

The most common use of UV radiation in water treatment is in disinfection and oxidation

(e.g. UV/H,0, process). For those purposes, UV-C radiation at 254 nm is normally used
although other types of UV radiation have also been reported [102].

Electrical discharge in water is an intense radiation source ranging from far ultraviolet

to near infrared spectral range. The fraction of radiation in the wavelength range between

75 and 200 nm is usually absorbed by the water molecules immediately surrounding the
plasma channel [111]:

H,0 + hv — H,0* — H + OH' (55)
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Thus only the UV light with wavelengths greater than 200 nm can penetrate the bulk
solution and react with organic molecules. In the absence of organics, OH' produced in
reaction (55) is contributing to the formation of H,0, in the bulk liquid [101].

Organic Molecules
Dyes

Synthetic dyes are relatively large molecules with molecular weights typically greater than
200 g mol ™" and a characteristic chromophore responsible for the color of the dye. They
differ greatly in their chemical composition although the most investigated chemical
classes of dyes include the azo, anthraquinone, sulfur, indigoid, triphenylmethyl (trityl),
and phthalocyanine. Due to the ease of the method involved in their quantification, dyes are
one of the most used model compounds for investigating the efficiency of liquid-phase
electrical discharge reactors. As a result, there have been many publications on the deg-
radation of different types of dyes [39, 112—116] and the major findings are summarized in
Table 4.

All the studies on the degradation of dyes during an electrical discharge in water agree
that OH' are the major species responsible for decolorization and the extent to which a dye
will be degraded depends on the reactivity between OH" and the dye functional groups and
substitutes [117]. Experimental results by Sugiarto et al. [39] show that in addition to OH',
UV photolysis is another dominant process involved in the degradation. In the case of
diaphragm discharge, electrolysis also plays a role in the dye removal [117].

One common finding for all the studies in Table 4 is that the degradation of dyes
proceeds faster at lower (pH ~ 3) compared to the higher pH (pH > 7) values regardless
of the dye structure. Sugiarto et al. [39, 112] explains the phenomenon by scavenging of
OH' by carbonate ions, the byproducts of the dye degradation. According to the same
authors, at pH > 7 OH' are nonselective and react with carbonate ions thereby substantially
reducing the efficiency of the oxidation process. Xiaogiong et al. [118] offers another
explanation which involves scavenging of OH by hydroxide ions (reaction 25). Scav-
enging of OH by hydroxide ions was also used to explain the removal of atrazine [38] and
2,2' 4,4 -tetrachlorobiphenyl (TCB) [32] at high pH values. At pH = 10 for example, the
concentration of hydroxide ions could be several orders higher than that of the targeted
compounds which would make the reaction rate between the OH and hydroxide ions
higher. In the case of dyes, the acid—base equilibrium of the dye molecules also plays a
significant role in the dye removal from water and could be used to explain different
removal rates. The pH-dependent equilibrium was not considered by the studies presented
in Table 4.

It must be mentioned that an aqueous solution containing organic molecules (dyes and
other compounds as well) could also contain dissolved nitrogen (solubility of N, at 20 °C
is 13.8 mgL’l) and oxygen (solubility of O, at 20 °C is 8.84 mgL’l) which could compete
for the plasma radicals. In plasma, nitrogen dissociates and reacts with oxygen to give
nitrite and nitrate ions whereas oxygen most likely yields ozone (oxygen is also produced
by the dissociation of water and could be involved in the production of ozone). However,
there are no studies reporting that ozone, nitrate and nitrite ions are formed from dissolved
air in measurable quantities and it is generally assumed these species have a minute or no
effect on the plasma and bulk liquid chemistry.
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Contrary to pH, the results in [118] reveal that between 50 and 250 uScm ™" conduc-
tivity does not play a role in the degradation of Sunset yellow dye. The reason for that
could be the fact that the concentration of OH' responsible for the dye degradation does not
change significantly in the conductivity range studied. Intensity of OH' increases up to
200 uScm_l and sharply decreases above that value [100]. Stara et al. [117] report that not
only conductivity, but also the type of electrolyte strongly affect the dye removal during a
DC diaphragm discharge in water.

Xiaoqgiong et al. [118] reports that pulse repetition frequency is yet another factor
affecting the degradation of dyes. Assuming each pulse produces the same concentration of
OH’, an increase in the pulse repetition rate should increase the OH' yield and thus the
removal rate of the dye. However, in the capacitor-charging power supplies, an increase in
the pulse repetition frequency increases the concentration of plasma radicals only up to a
certain value; after reaching a frequency threshold, the discharging of the capacitors might
become incomplete and result in lower radical concentrations.

Phenols

After dyes, phenol and its derivatives are the most studied model compounds for the
assessment of electrical discharge reactors in pollutant removal. Due to their very low
biodegradability, finding an effective oxidation technology for the removal of phenols is
still an active area of research. Table 5 summarizes the majority of work that has been
done on the degradation of phenol and its derivatives using electrical discharge in water.
Studies presented in Table 5 as well as many others [18, 42, 80, 119-125] reveal that the
degradation of phenol and its derivatives during an electrical discharge in water depends on
numerous parameters including pH, solution conductivity, applied voltage, voltage polarity
etc.

While Sharma et al. [45] reported that phenol degradation is independent of the solution
pH, Lukes [28] observed that the phenol removal rate increases with an increase in solution
pH and that under alkaline conditions the rate of oxidation of phenol is almost twice that
under acidic conditions. The result was explained by the acid-base equilibrium of the
phenol molecule and the existence of phenoxide, an alkaline form of phenol, which reacts
very fast with OH'. The same effect was observed during the phenol removal from water
using gas-phase electrical discharges [126] and other advanced oxidation technologies
[127].

Mizeraczyk et al. [125] showed that between 1 and 600 pScm_1 phenol removal
decreases with an increase in solution conductivity. The effect was attributed to the lower
production of OH', the main species responsible for the degradation of phenol, in the water
of higher conductivity. That explanation is again supported by the results in [100] where it
was shown that the concentration of OH" decreases with an increase in solution conduc-
tivity. An identical effect was observed by Tothova et al. [128] during the degradation of
nonylphenol. Lukes [28] reported that between 100 and 500 uScnf1 solution conductivity
does not have an effect on the degradation of phenol. The decreased rate of OH" production
at higher solution conductivity should have lowered the removal rate of phenol, however,
as Lukes suggested, direct photolysis of H,O, into OH" which increases with conductivity
makes up for the “lost” OH'.

All the studies that analyzed degradation pathways of phenols and chlorophenols [28,
129] agree that OH attack on the molecule is the primary mechanism by which these
compounds get degraded. The reaction usually proceeds by the electrophilic addition of the
OH' to the aromatic ring and the formation of hydroxylated byproducts. Final byproducts
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include organic and inorganic acids as well as carbonyl byproducts. Lukes [28] and Bian
et al. [129] give a detailed description of the degradation pathways of both phenol and
chlorophenol. Experiments in [28] also suggest the correlation between the degradation
rates and structural parameters; higher removal rates of chlorophenols (CP) compared to
that of phenol were explained by the electron donating character of chlorine group which
increases the electron density on the aryl ring and renders the compound more susceptible
towards the electrophilic characteristics of oxidizing agents. Measured removal rates in the
order 3-CP > 2-CP > 4-CP were explained by the decreased aromatic electron density of
individual chlorophenol isomers depending on the position of chlorine relatively to OH.

Other Compounds

Unlike for dyes and phenols, studies conducted with other compounds report that other
species, apart from OH' are involved in the degradation of these molecules. One hour
degradation of 250 mg/L of acetophenone by a pulsed electrical discharge in water at
30 kV results in 45 % removal of this compound [130]. Results showed that acetophenone
is converted into the following byproducts; toluene (CgHsCH;), 1-phenylethanol
(C¢HsCH(OH)CH3), and 2-acetylphenol (HOCgH4,COCH3;). The formation of toluene was
explained by the pyrolysis and/photolysis of acetophenone:

CsHsCOCH; phyﬂlysfs CeHsCO + CH; + CoHy ™" Cg H5CH; (56)
photolysis N N

2-acetylphenol is formed by the reaction between acetophenone and OH':
C¢H5sCOCH; + OH — HOCgH4COCH; (57)

The presence of 1-phenylethanol was attributed to attack of acetophenone carbonyl group
by aqueous electrons:

H
CgHsCOCH; + e, — CHsC'O™CH; Q) CoHsC OHCH,
— CeHsCH(OH)CHj; + C4HsCOCH; (58)

This is one of the first studies that proposed the involvement of other species, apart from
OH/, in the degradation of organic compounds by the pulsed electrical discharge in water.

While studying the degradation of polychlorinated biphenyls (PCB), Sahni et al. [32].
found that at 45 kV and KCI as electrolyte (conductivity is 100 pScm™"), 70 % of 68 ppm
TCB can be removed in 1 h. Due to the low initial concentration of TCB, it was concluded
that the molecule gets degraded by OH' in the bulk of the solution (no diffusion into the
plasma). When KCl1 was replaced by FeSO,, due to the Fenton’s reaction (reaction between
ferrous ions and hydrogen peroxide), TCB concentration dropped to zero in about 30 min.
Though they were not confirmed experimentally, results of the mathematical model
developed in the study suggested that in the case of Fenton’s reaction TCB could also get
degraded in reactions with reductive species produced by the plasma. Experiments with
OH' scavengers (mainly alcohols) confirmed that these are the species responsible for the
degradation of atrazine [38], s-triazine [37], H agent simulant (2-chloroethyl phenyl sulfide
(CEPS)), G agent simulant (diphenyl chlorophosphate (DPCP)), tricholoroetylene [131]
and dimethyl sulfoxide (DMSO) [132]. The structures of these compounds are shown in
Fig. 2.
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The effect of the solution initial pH on the removal efficiency was analyzed using
compounds such as PCBs [32], atrazine [38] and s-triazine [37]. The role of pH on the
degradation of TCB was assessed by performing experiments at three different pH values
(3.5, 5.5 and 10.1). It was shown that at pH = 3.5 and 5.5 the TCB degradation is
approximately the same whereas increasing the solution pH to 10 lowers the extent of
degradation. The latter result was explained by the scavenging of OH by hydroxide ions
(reaction 25).

Mededovic and Locke [38] investigated the degradation of herbicide atrazine at 45 kV
and 130 uScm™" and also at pH = 3.5, pH = 5.0, and pH = 10.0. Adjusting the solution
pH to 3.5 resulted in the highest atrazine removal: 90 % in 1 h. Increasing the pH to 5.0
decreased the removal to 20 % and increasing it to pH = 10.0 resulted in only 10 %
atrazine removal. The results were again explained by the scavenging of OH with
hydroxide ions. The same reaction was used to explain the pH-dependent removal of PCBs
[32].

The type of the electrolyte used to adjust solution conductivity strongly effects the
pollutant removal. To analyze the effect of the chloride ions (form KCl) on the degradation
of TCB, Sahni et al. [32] conducted experiments with KNO; and K,SO,. Chloride ions are
well-known OH' scavengers (the reaction may be explained by the values of the standard
oxidation potentials of the systems OH /H,0 and CIOH/CI™ in acid medium) and their
presence might lower the extent of TCB degradation. However, experimental results
showed similar degradation of TCB with sulfate and chloride salts while nitrate salts
resulted in lower degradation. Similar degradation in sulfate and chloride experiments
implies the chloride ion scavenging of the hydroxyl radicals is not a major factor in TCB

Cl
N/l%N N oS N
e L
—
H,CCH,NH™ "N~ "NHCH N
CH3 s-triazine
Atrazine
S
o /
o-P-0 A,
©/ o © CH,
Cl
G agent simulant H agent simulant
(diphenyl chlorophosphate) (2-chloroethyl phenyl sulfide)
cl. ol 0
c=cC |
cr “H H,C—S —CH,
Trichloroethylene (TCE) Dimethyl sulfoxide (DMSO)

Fig. 2 Chemical structures of selected compounds degraded by liquid-phase electrical discharges
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degradation. The lower degradation observed in the nitrate experiments was explained by
the scavenging of reductive species (H and O, ) by the nitrate ions which indicated that
other species, apart from OH’, could also be involved in the degradation.

Replacement of halogen-based salts with metal ion salt such as ferrous sulfate usually
results in much higher extent of compound degradation on a much shorter time scale [37,
38, 51]. This is due to the high concentration of OH" produced by the metal-ion catalyzed
decomposition of hydrogen peroxide. Highly reactive radicals can also be formed directly
from an electrolyte such as sodium persulfate. UV light and/or heat produced by the
plasma decompose persulfate ions and result in the formation of highly oxidative sulfate
radical anions (SO, ) which are capable of degrading organic molecules (M):

UV light/Heat
—

$,03~ 250, (59)
SO, +M — M’ + products (60)
The standard oxidation potential of SO, (Egzoﬁ’ /50_4,) is around 2.01 V, which is only

slightly lower than that of OH'. Compared to potassium chloride, the use of sodium
persulfate as an electrolyte significantly increases the removal rate of atrazine [38].

In order to gain understanding of the chemical mechanism involved in the degradation
of DMSO during an electrical discharge in water, Lee et al. [132] calculated the volume of
the active region (V,) where OH are concentrated around the plasma channel and the
concentration of OH' in that region (OH.¢). Using the model proposed by Willberg et al.
[133], they derived the following expression for calculating V,:

d|DMSO
APMSOL_ —tvsolDMSO)] (61)
t
where
1 VT - Va
ki =—-1 62
DMSO , fl( vy ) ( )

Vris the total solution volume and r is the pulse repetition rate. According to equation (62),
V, can be calculated from the pseudo-first order rate constant of DMSO degradation
(kpmso)- Calculations have shown that in the absence of methanol, V, is 0.21 uL (1/ 10° of
the reaction volume (20 mL)). With the addition of methanol, the size of V, exponentially
decreases. OH,x was defined as a time and volume-averaged concentration of OH' in the
active region during one discharge pulse and was expressed as:

A k0, Vi) /2
OH %y = (2271 61
on Ty = (o) (1)

where ¢, is the duration of the discharge (0.1 ps), k; is the reaction rate constant for the
formation of hydrogen peroxide by OH recombination, and ky,0, is experimentally
determined zero order reaction rate constant for the production of H,O,.

In the absence of methanol, the concentration of OH was calculated to be
5.0 x 107> M which is significantly higher than the concentration calculated for other
AOPs (10_13 ~ 107! M) [134, 135]. Contrary to the results with V,, the addition of
methanol did not change the calculated concentration of OH, in the active region volume.

Based on the performed calculations and the analyses of the experimental data, it was
concluded that due to the high local concentration of OH’, their recombination reaction is
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significant and competes with the reaction between OH" and substrates present in the bulk
of the liquid. If the substrate concentration is low, OH" will predominantly recombine to
form H,O, without being effectively used for the removal of organic contaminants. That
hypothesis is supported by Sahni and Locke’s [27] results who propose that low concen-
trations of non-volatile substrates degrade primarily in the bulk liquid or at the plasma
interface. If the substrate is volatile, it can penetrate the plasma and get degraded inside the
plasma channel by pyrolysis and other radical-based mechanisms. This physical picture of
the location of degradation of molecules is identical to the one in sonochemistry where it
has been experimentally proven that inside cavitation bubbles molecules are pyrolyzed in
addition to being degraded by radicals [136]. Since pyrolytic reactions result in the for-
mation of low molecular weight hydrocarbons, CO and CO,, chromatographic analysis of
gas-phase decomposition byproducts of volatile compounds formed during the discharge
might yield insight into different mechanisms of degradation. Also, emission spectroscopy
of aqueous solutions containing organic compounds could assist in understanding the
diffusion of volatile (and non-volatile) molecules into the plasma.

Conclusions

Electric discharges in liquids, and the resulting streamers in particular, are being inten-
sively investigated due to the applications ranging from the decomposition of volatile
organic compounds and dyes in waste water, to the development of water purification
systems. The emphasis of this review was on the chemical aspects of electrical discharges
formed directly in water. Though these discharges can be created using various electrode
geometries, the majority of the work is still conducted in a point-to-plane electrode
geometry.

Basic mechanisms for the dissociation of water are also presented. Though water
splitting can take place via electronic and/or thermal pathways, there is no direct experi-
mental evidence supporting either of the mechanisms. Some studies suggest that electrical
discharges with longer pulse duration result in the formation of non-thermal whereas those
with longer pulses more thermal-like plasmas. Nevertheless, both mechanisms result in the
formation of OH', H and O. Due to their relatively short lifetimes, these species are
unlikely to diffuse into the bulk liquid; as they move toward the plasma-liquid boundary
they recombine to form other radicals and long-lived species. Chemical probe and ana-
lytical measurements have identified the presence of HO,, O, , H,, O,, and H,O,. Though
only for negative polarity discharges, qualitative measurements have also confirmed the
presence of aqueous electrons. The production of primary (radicals) and secondary (stable
molecules) species in plasma strongly depends on the input power, solution pH and con-
ductivity and electrode polarity.

Electrical discharge in water results in the production of shockwaves, cavitation and the
emission of UV light. Experimental evidence suggests that shockwaves contribute to the
production of OH" and H,0, in the bulk liquid. On the other hand, the intensity of UV light
emitted by the plasma increases with solution conductivity and results in the production of
additional OH' via direct photolysis of H,O,.

Electrical discharges directly in water without any gases bubbled through the plasma
and in absence of additives have been studied for the degradation of a variety of com-
pounds including aromatics, biphenyls, triazines, etc. Regardless of the type of the com-
pound investigated, research indicates that the main species involved in the degradation of

@ Springer



44 Plasma Chem Plasma Process (2013) 33:17-49

these molecules are OH'. One of the most common methods for proving the occurrence of
the oxidative degradation is by measuring the extent of the degradation in the presence of
an OH' scavengers (e.g. alcohols). Though some studies suggest the involvement of
reductive species and UV light in the degradation of organic molecules, there is no
experimental evidence to support these hypotheses. The location of the degradation of
organic compounds strongly depends on the compound concentration and volatility.
Highly volatile compounds diffuse into the plasma channel where they are able to react
with higher concentrations of (OH’) radicals and get degraded faster. Less volatile com-
pounds get degraded at the plasma-liquid boundary. However, if the compound is primarily
degraded by reacting with OH’, it competes with the recombination of OH into H,O,
which also takes place at the boundary. As a rule, all the compounds get degraded faster at
higher input powers, higher pulse repetition rates and in the presence of ferrous ions
(Fenton’s reaction). Effects of other parameters on the removal rate strongly depend on the
type of the molecule getting degraded.

One of the obstacles in achieving higher degradation efficiencies lies in the relatively
small plasma volume compared to the volume of the treated solution and the loss of OH' by
recombination into H,O, which oxidize molecules relatively slowly. The problem has been
partially solved by using alternate electrode arrangements, bubbling oxygen through the
plasma zone as well as by adding metal ions to decompose H,O, into OH'. Until the
ultimate reactor design and plasma optimization are achieved, coupling electrical discharge
with another advanced oxidation technology remains the only option for degrading parent
molecules into less toxic byproducts.
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