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Abstract: Contact glow discharge electrolysis (CGDE) can be exploited in environmental chemistry for
the degradation of pollutants in wastewater. This study focuses on the employment of cheap materials
(e.g., steel and tungsten) as electrodes for experiments of CGDE conducted in electrochemical cells
with variable electrolytic composition. A clear correlation between breakdown voltage (Vg)/discharge
(or midpoint) voltage (Vp) and the conductivity of the electrolyte is shown. Regardless of the chemical
nature of the ionogenic species (acid, base or salt), the higher the conductivity of the solution, the lower
the applied potential required for the onset of the glow discharge. Concerning practical application,
these salts could be added to poorly conductive wastewaters to increase their conductivity and thus
reduce the ignition potential necessary for the development of the CGDE. Such an effect could render
the process of chemical waste disposal from wastewaters more economical. Moreover, it is evidenced
that both Vg and Vp, are practically independent on the ratio anode area to cathode area if highly
conductive solutions are employed.

Keywords: contact glow discharge electrolysis; electrochemical plasma; water treatment; glycerol

1. Introduction

Plasma generated through a process of CGDE constitutes an unconventional product of electrolysis.
Starting from the electrolysis in a water solution under DC conditions, it makes the development of a
luminescent plasma layer at the electrode/electrolyte interface feasible [1]. Plasma can be formed either
at the cathode or at the anode, depending on the operative conditions [2—4]. The glow discharge follows
water electrolysis (with production of Hy and O, at the cathode and the anode, respectively) and is
further promoted by the formation of radical species (and their derivatives) at the interface between
the plasma and the solution [5]. To date, CGDE has been proved to be a valid and cost-effective metal
surface treatment technique: the method significantly and effectively increase hardness and corrosion
resistance of the metal [4,6].

The CGDE phenomenon occurs for the application of a high voltage (in the order of several
hundred of volts) and is characterized by a critical value of onset for the formation of the plasma [3].
Such a voltage onset mainly depends on the physical properties of the electrolyte. Once reached, a
gaseous layer surrounding the electrode is formed. The gas of the layer is partly formed by water
steam, due to the heating of the solution in proximity of the electrode (Joule effect) and by the products
of water electrolysis [4,5]). The profile of the current intensity is characterized by the reaching of a
maximum that is followed by decrease. Such a current decrease sets the end the ordinary electrolysis.
The critical ignition voltage is called breakdown voltage (Vg). A further increase in the voltage leads to
the stabilization of the gaseous layer around the electrode in concomitance with the continuous and
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slow decrease of current. The simplified mathematical model reported in ref. [1] describes the time
evolution of the current in CGDE conditions through the equation:

_u-uy t/
I(t) = R—k(l —e'/7) 1)
being Ry the total electrical resistance (mainly constituted by the ohmic drop in the interelectrode
space), U; the water decomposition potential and 7 a time constant depending on the system. It is
also possible to calculate the time required for the formation of the gas film around one of the two
electrodes, using the following expression:

21,2

tr = % 20%(T. - T,) )
where b is the radius of the cylindrical electrode, i the depth of the cylinder—electrode immersed
in the electrolyte, I the current intensity, T, the boiling temperature of the solvent (reached at the
electrode surface) and T, is the bulk temperature of the electrolyte having electrical conductivity k,
density p and specific heat capacity c. This vapor film successively undergoes a transformation into a
brilliant, continuous plasma which represents the peculiarity of CGDE. As previously outlined, this
phenomenon occurs once the voltage is high enough to trigger the development of plasma. Plasma
triggering is characterized by small and quick intermittent glow discharges that are located on the
electrode surface with a spotty appearance. The electrode on which plasma is generated is indicated as
active electrode [1]. The voltage required for the generation of luminescence is called midpoint voltage
or discharge voltage (Vp), and the potential region between Vg and Vp is called partial CGDE. When
Vb is exceeded, the current intensity starts to rise again, but with a significantly lower slope than the
increase observed at voltages lower than Vg. Such a regime is called ohmic region. Complete CGDE
can be formed at any valued of voltage comprised in the range delimitated by the breakdown and
the midpoint voltage. The occurrence of the formation of the latter event depends on the operating
conditions of the cell and the polarity of the electrode. The CGDE phenomenon can occur during the
electrolysis of aqueous solutions with high conductivity, non-aqueous electrolytes or melts [4,7]. In the
present work, we considered prevalently aqueous electrolytes.

Recently, several studies reported on the potential application of CGDE in other sectors, such
as the synthesis of tailored nanoparticles [8-10], organic compounds [11], steam generation [12],
polymers [13,14] and super-adsorbent compounds [15], mineralization of water [16-32] and hydrogen
production [33]. Another interesting application consists in the employment of CGDE in the synthesis
of amino acids [34]. The versatility of CGDE in the fields of environmental chemistry, electrochemistry,
plasma chemistry, organic and inorganic chemistry, coupled with its modest cost compared to other
plasma method, fully justifies its in-depth study. Furthermore, a relatively simple experimental
apparatus is required. The current-voltage characteristic curves of CGDE have a general typical shape,
regardless of the electrode material or the electrolyte used [25,29,35-39].

Again, all curves have two values of fundamental practical interest: the ignition voltage, called
breakdown voltage (Vg)—at which the collapse of the normal electrolysis occurs—and the midpoint
voltage or discharge voltage (Vp), i.e., the voltage required for the formation of the actual luminescence,
(Figure 1). Since the achievement of the Vp is always followed by a rapid decrease of the current, it is
easy to identify this value as the maximum in the I-V curves of the CGDE. On the other hand, Vp, is
always followed by a sudden increase of the current (and it is associated with a relative minimum
of current in the characteristic curve). Therefore, it is relatively handy to identify the two voltage
parameters that determine the development of CGDE. In the present work, these parametric values
were systematically analyzed as a function of the variables involved in each type of experiment
(conductivity and concentration of the electrolyte, electrode active area, chemical nature of the electrode
material, electrolyte solvent).
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Figure 1. Individuation of Vg and Vp in a typical current—voltage characteristic curve of a contact glow
discharge electrolysis (CGDE) experiment. From zero to Vg voltage, the electrolysis proceeds with the
current increasing in a nonlinear fashion as expected for a faradaic regime. This initial portion of the
curve is associated with the formation of gas bubbles. Once the Vg value is surpassed, the water vapor
(formed because of Joule heating) plus the electrolytic gas coalesce to form a layer surrounding the
active electrode. This coalescence causes a sudden drop of current intensity (I) for the increase of the
electron transfer resistance at electrode-electrolyte interface. When the applied potential V,p,; is larger
than Vp this gaseous layer turns into an electrochemically generated plasma for the occurrence of a
local dielectric breakdown.

Due to the complexity of CGDE phenomenon, further studies are still required to understand the
mechanisms of electrolyte plasma formation. In this context, the present work focuses on the analysis of
the operative conditions for the realization of CGDE. The work deals with the dependence of discharge
voltage and the breakdown voltage on electrolyte conductivity and the influence that the difference of
the immersed areas of anode and cathode exerts on the two characteristic voltages. As far as we are
aware, there is not any study investigating both a so large range of conductivity (up to 600 mS m~!) and
a plethora of different electrolytic solutions, also considering a hybrid organic-aqueous environment.

2. Results and Discussion

The present study aims to define the optimal experimental conditions for the development of
CGDE in both aqueous and aqueous/organic mixed solvents (namely water and glycerol mixture).
Various solutes, at different concentration, were employed in order to evidence any eventual common
trend of the voltage parameters with electrolyte conductivity and the area of the active electrode.

An interesting—and almost unique—feature of the CGDE is the tendency to produce molecules
(originating from the plasma electrolysis), the faradaic yields of which deviate in excess from theoretical
values [4,5,13,40-42]. Indeed, more than 80% of the electrolyzed molecules originate in the liquid
phase at the interface close to the plasma (i.e., at the electrode surface) where HyO" 55 reacts with
water molecules leading to the formation of both hydroxyl and proton radicals (H* e OH®). The latter
are responsible for a higher gas evolution than expected [41]. Common reactions are briefly recalled
hereafter:

HyO"gas + nH,O — (1 + 1) H® + (n + 1) OH® 3)
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OH®* + OH"® — % 0, + H,0 @)
H* +H* > H, (5)

OH* + OH* - H,0, (6)
OH* + H,0, —» HOO® + H,0 @)
HOO® + OH* - 0, + H,O 8)

The presence of a radical scavenger—such as an aliphatic alcohol—will further promote these
reaction (vide infra).

2.1. CGDE in Aqueous Environment: Dependence on Solution Conductivity

In this section, the breakdown and the discharge voltage are analyzed as a function of electrolyte
conductivity. Although KCl is a very well-known standard electrolyte in electrochemistry due to its
large availability, low cost, negligible toxicity and high solubility in water, it presents the disadvantage
of being electroactive with the anodic evolution of Cl; under the harsh conditions of CGDE. In fact,
Cl, can react spontaneously with steel-based electrodes leading to the formation of iron chloride with
the consequent deactivation of the electrode. For this simple reason, in the series of experiments
we conducted, tungsten (W) electrodes were employed. The choice of W as electrode material was
motivated by its high corrosion resistivity, the high conductivity and availability.

It has been recognized that the conductivity of the solution plays a decisive role in the determination
of the value of the potential necessary for the transition from normal electrolysis to CGDE [39,43].
Lower specific conductivities of the electrolyte are associated with higher triggering voltages, while
extremely high conductivities lead to a flattening of the Vp-k curve. This is observed for both Vg
and Vp. Straightforwardly, we analyze Vg and Vp values obtained from different experiments using
different solutions and different electrodes, as a function of the specific conductivities (mS cm™)
of the fresh solutions. This approach allows to evidence any possible common trend in different
starting conditions (i.e., different solutes and concentrations). In Figure 2 we reported the trend of
the breakdown voltage with respect to the conductivity of the solution for cathode/anode immersed
area ratio ranging from 0.05 to 0.9. In doing so we investigate the electrolytic plasma developed at the
cathode surface. Under the adopted conditions, the formation of plasma was always observed at the
cathode (Video S1—see Supplementary Materials).

From Figure 2 (top), one notices a rapid increase of Vg upon the decrease of k, and when electrolyte
conductivity approaches the zero value there is a corresponding exponential augmentation of Vg.
Highly conductive solutions, namely in the range 80-600 mS cm~!, lead to a quasi-constant value of
Vp with the latter showing an asymptotic behavior towards a minimum of 30 V. The latter could be set
as a threshold value for the occurrence of CGDE phenomenon. This behavior is poorly dependent
on the nature of the employed electrolyte, i.e., if this is acid, basic or a salt. Such a behavior could be
profitably used for the optimization of the conditions under which CDGE breakdown is conducted for
practical applications, e.g., wastewater purification.

The trend of V vs k shows a larger dispersion of the midpoint voltage with respect to the averaged
profile (Figure 2, bottom). The solutions with similar conductivity display comparable Vp values.
Similar to Vg (Figure 2, bottom), also Vp tends asymptotically to a minimum upon increase of the
conductivity. The asymptotic value of Vp is 90 V when conductivity surpasses 80 mS cm™!.



Catalysts 2020, 10, 1104 50f 15

300
v 06 v 2
250 v 07 v3
v 0.8 v 4
200 | v 04 v 0.9
v v
- ¥' 0.5 1
~u 150 ¥
= -
100 - V
-
T Wy
sof V¥ v
] %
0¥ | 1 1 1 1 | | 1 1 | 1 1 1 1 | 1 |
0 100 200 300 400 500 600
Conductivity / mS cm™
350
3 V06 V2
=00 vyo07 Vv3
w v 0.8 v 4
250 vyv04 v 09
v vOo5 v 1
> [ v v
=4 200 -
> [
L \
150 -
B .
L v
100 - v b {
E v
50 1 1 1 Il L 1 1 1 1 1 1 1 1 1 1 1 1 L 1 | 1 1
0 100 200 300 400 500 600

Conductivity / mS cm™

Figure 2. (top) Breakdown voltage Vg and (bottom) V[ vs. electrolyte conductivity (mS/cm). In
the insets, the colored numbers represent the values of the ratio of the cathode area/anode area for
each experiment.

As one can see from Figure 3 and Figure S1 (see supporting information), when the analysis
is focused on the experiments of cathodic plasma formation (this is achieved when the ratio of the
cathode area/anode area is lower than one, the value of V3 is dependent on the conductivity of the
solution regardless the nature of the supporting electrolyte. The observed trend recalls what was
previously found when only one type of electrolyte is used: the higher values of Vg are determined
when k diminishes. This is a finding that can be exploited in the practical application of CGDE when
the operator must choose a supporting electrolyte with low or null toxicity. For example, wastewater
with a low conductivity would prevent the formation of the electrochemical plasma, but the addition
of acidic, basic of salt-based supporting electrolytes will allow the application of CGDE, with possible
avoidance of toxic/harmful chemicals formation. Similar trends have been recorded when anodic
plasma is formed (see Figure S2—see supporting information).
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The effect of the ratio of the cathode area/anode area is investigated in detail in the next section.
Here, we anticipate that a clear influence of this geometric parameter on Vg and Vp values was not
observed. Generally speaking, a lower/higher cathode-to-anode ratio will preferentially allow the
plasma evolution at the cathode/anode being (obviously) larger the current density experimented by
the electrode having the minor contact area with the electrolyte. K,CO3
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Figure 3. Breakdown voltage V3 as function of electrolyte conductivity when different supporting
electrolytes are used. In this series of experiments cathodic plasma is formed. Types of electrolytes:
acid (i.e., HySOy, diamonds), base (KOH, squares), salt with a weak base as anion (K,COs, triangles)
and salt (KC], circles).

2.2. CGDE in Aqueous Environment: Dependence on Active Electrode Area

A peculiar feature of the CGDE is its dependence on the asymmetry of the areas of the two
immersed electrodes. The ratio of the cathode area/anode area determines which of the two electrodes
will generate the electrolytic plasma. CGDE can take place also if the ratio between the immersed areas
of the electrodes is 1:1, but this represents a special case that usually requires higher voltages with
respect to a cell with asymmetrically immersed electrodes. To study this correlation, breakdown and
discharge voltages are compared with respect to the electrodes immersed area ratio.

CGDE is formed preferentially at the cathode, unless the anode area is large enough [4]. In
fact, when the immersed area of the anode is higher than the one of the cathode only anodic CGDE
occurs (case of active anode). For comparing the two types of electrolytic plasma, we conducted also
experiments in which the anode area/cathode area ratio is equal to or higher than one. In the cases of
active anode (Figure 4), a quasi exponential trend is observed with a rapid increase of Vg values at low
conductivities and an asymptotic decreasing behavior at higher values of conductivity. In both cases of
cathodic and anodic CGDE a quasi exponential decrease of Vg with k is found. When solutions with
relatively low conductivity are employed (k < 10 mS cm™?), the effect of the ratio of the immersed areas
slightly influenced the breakdown voltage: Vg decreases if the anode experiences a larger current
density (i.e., if the immersed area of the anode is smaller than the one of the cathode). On the other
hand, when the solution conductivity is higher than 20 mS cm™!, Vg becomes practically independent
on the immersed electrode areas.
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Figure 4. Breakdown voltage Vg (V) vs. conductivity (mS/cm) with anode and cathode areas-ratio that
equal to or higher than 1 (case of CGDE active anode). Electrolyte is the same for all experiments.

The reported behavior can be explained considering the physical nature of the breakdown voltage
in conventional electrolysis that is usually associated with the formation of a layer of vapor around
the electrode [44,45]. Steam formation is caused by the local heating of the solution in proximity of
the electrode experiencing the highest current density (Joule effect). The vaporization temperature
of an aqueous solution poorly varies with the molar concentration of the electrolyte and, neglecting
the effect of the ebullioscopic constant, it can be considered as almost constant. This can explain the
similarity of Vg values in different electrolytes beyond a certain conductivity and somehow justifies
the correlation between the breakdown voltage and the conductivity of the solution, which, in turn,
directly affects the extent of the electrical current passing through the cell and the consequent electrode
overheating. When the trend of Vp as a function of solution conductivity is analyzed (Figure 5), this
results in more scattered values, as largely expected, being the voltage at which discharge occurs more
influenced by the surface characteristics of the electrode/electrolyte interface.
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Figure 5. Discharge voltage, Vp, as a function of the conductivity of the solution. Different colors refer
to different ratios of cathode-to-anode immersed area. Electrolyte was the same for all experiments.
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2.3. CGDE in Aqueous Environment: Effect of the Supporting Electrolyte

In the previous sections, we show how the evolution of electrolytic plasma mainly depends on
the conductivity of the electrolyte and not on its chemical composition. This implies that the choice of
an electrolyte is not crucial for the occurrence of CGDE and the electrolyte can be chosen in a way
that this mitigates the reactivity of a system under investigation for a CGDE treatment. The relevant
example of the treatment of industrial wastewater with acidic characteristics can be tackled utilizing a
basic electrolyte for avoiding the acidic corrosion of the constituents of the pipelines that carry these
waste liquids. Indeed, an extremely acid or basic solution can severely damage tubes, tanks as well as
the electrodes of the CGDE electrolyzer. In this context, we employed H,SO,, KCI, KOH and K,COs3
solution at different concentration to modulate both pH and conductivity. The pH values varied from
0.4 to 13 whereas k was comprised in the approximate range 5-580 mS cm~!. Values of pH lower than
0.4 were avoided due to the excessive development of H, (an explosive gas). It must be pointed out
that pH and k values refer to fresh solutions and relatively large variations of these parameters must be
expected during and after plasma generation (Equations (3)—(8)).

Figure 6 resumes the trend of both Vg and Vp of H,SO; (top), KOH (middle top), K;CO3 (middle
bottom) and KCI (bottom), respectively. In general, a higher conductivity leads to a lower Vg and a to a
faster kinetics of plasma production as evidenced for 1 M and 0.1 M H,SO4 and 0.1 M K,COs (Figure 6,
left column). In the case of 1 M H,504, when the ratio of the immersed areas of cathode to anode is
lower than 0.5, we were not able to record the voltage values due to the generation a huge plasma
that caused severe electric interferences at the electrode surface. The experiments conducted with
electrolytes having relatively low conductivity (lower than 40 mS cm™') did not produce electrolytic
plasma and the determination of Vg was difficult. In these cases, characteristic curves of a conventional
electrolysis are obtained, which (partially) obeys to Ohm’s law, with a linear current-to-voltage trend.

As already evidenced in the former sections, the cathodic plasma is relatively easier to form with
respect to anodic plasma. On the other hand, a complete anodic CGDE is formed only for 1 M H,SO4
solutions. For other cases, it could be observed only a faint glow that was insufficient to set a stable
plasma. This means that for the occurrence of anodic CGDE a discharge voltage higher than 320 V (our
detection limit) is necessary. In both diluted acid (0.01 M H,SO4) and basic (0.01 M KOH) solutions, a
dependence of CGDE on the ratio of the cathode-to-anode-immersed areas was observed. In acidic
solutions upon increase of the ratio of the cathode-to-anode-immersed areas from 0.2 to 1, a roughly
linear increase of Vg is evidenced whereas a ratio larger than 1 gives a practically constant value. Both
KCl and K,COg3-based solution showed a clear independency of the generation of the cathodic (or
anodic) plasma on the ratio of the cathode-to-anode-immersed areas.
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Figure 6. Trend of the characteristic CGDE parameters (VB, left y-axes in blue and VD, right y-axes in

red) as a function of the cathode-to-anode ratio with different supporting electrolytes: H,SOy (top),
KOH (middle top), K;CO3 (middle bottom) and KCI (bottom). Different symbols refer to variable

electrolyte concentration.
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2.4. CGDE in Aqueous—Organic Environment: Water/Glycerol Mixture as Case Study

Equations (3)—(8) (vide supra) refer to a series of electrochemical and radical reactions that occur
in water for generating electrolytic plasma. Similar reactions occur when an alcohol or more generally
an organic hydrogen donor, is added to the aqueous media (Equations (9) and (10)) [41]:

RCH,OH + H* — RC*HOH + H, )

RCH,OH + OH®* — RC*HOH + H,O (10)

With respect to pure aqueous media, the addition of an organic co-solvent leads to a higher faradaic
efficiency for the H; evolution preceding the glowing discharge. Among different (poly)alcohols, we
decided to employ glycerol due to the presence of three alcoholic groups per molecule and the high
miscibility in water (this avoids the formation of different phases in the same system). Glycerol/water
mixture was considered a meaningful case-study since it mimics the behavior of organic-contaminated
wastewater [46—48]. In order to do this, we prepared a 0.5 M glycerol solution in deionized water with
0.1 M KCl Such a solution displayed k = 23.2 mS cm™! (for sake of comparison the conductivity of a
0.1 M aqueous solution of KCl is 25.6 mS cm™!). The slightly lower conductivity could be ascribed
to an increase of the viscosity of the solution due to the presence of glycerol. In this context, we
limited our analyses on just one supporting electrolyte. Figure 7 shows that the addition of glycerol
in the electrolytic solution seems does not influence the evolution of CGDE being both the Vg and
Vp equal to the one experimented in pure water when the nature of the supporting electrolyte was
the same and the solution had an analogous conductivity. Furthermore, the ratio of cathode to anode
immersed areas is practically irrelevant in the determination of V. This is not longer the case when
Vp is analyzed—indeed, plasma does not develop when the electrode area ratio is lower than 0.6 (i.e.,
for an anode with larger surface area with respect to the cathode) as verified also in case of aqueous
electrolytes. This was mainly attributed to the relatively low conductivity of the solution in the adopted
conditions of electrode immersion. In fact, plasma evolution at cathode-to-anode area ratios higher
than 0.6 is expected also at low levels of conductivity.
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Figure 7. Breakdown voltage, Vp (in green) and discharge voltage, Vp (in orange) as a function of the
ratio of the cathode-to-anode-immersed areas, with 0.1 M KCl in water (triangles) and glycerol/water
mixture (circles).



Catalysts 2020, 10, 1104 11 of 15

3. Materials and Methods

All the reagents used were obtained from Sigma-Aldrich (Saint Louis, MO, USA) and are,
respectively: glycerol (assay 86-89%), HySOy (assay 95-98%), KoCO3 (assay > 99%), KCl (assay >
99%). Every aqueous solution was prepared using distilled water. The circuital scheme depicted
in Figure 8 describes the electronic circuit of the apparatus used to power the electrolysis and the
subsequent CGDE. The power supplying system consisted of a current rectifier circuit connected to the
laboratory electrical network, and was able to supply a voltage between 0 and 400 V, with a maximum
current of 13 A. The circuit consisted of a variable autotransformer (Model Number TDGC2-3KVA,
WOSN, Zhejiang, China, 50-60 Hz, 13 A, 3.51 KVA); a Graetz rectifier diode bridge (KBPC-3510, DC
Components Co., Ltd., Taichung, Taiwan 400 V, 35A); six capacitors (Ducati Energia S.p.A. Bologna,
Italy, 50-60 Hz, 100 pF); two HoldPeak digital multimeters; one resistance, (0.1 (2, 100 W). The latter
element was inserted in order to protect the digital multimeter which was used as an ammeter. This
arrangement was motivated by the unavoidable fluctuations of current which were associated with
the formation of plasma. In this way, in the frequent cased in which the plasma caused current peaks
that could damage the internal resistance of the instrument, the external safety resistance acted as
sacrificial element.

The electrochemical cell was made of borosilicate glass (Marbaglass S.n.c., Roma, RM, Italy), and
it had the shape of a tube with a ground stopper (also in glass), equipped with a side spout having an
approximate diameter of 1 cm. The latter essentially performed two functions: it allowed the gases
generated by the electrolysis and the vapor produced by the overheating of the operating electrode to
escape out from the reactor. This kept the pressure inside the cell practically constant and equal to
the ambient value. On the other hand, it allowed filling the cell with the electrolyte with a Pasteur
pipette, once closed with the upper cap (which also acted as a support for the electrode clamps). Such
an experimental setup was designed to minimize the parallax error during the preparation operations
of each experiment. Indeed, the cell had an indelible linear calibration mark on its external glass, the
level of which coincided with the point of attachment of the terminals. Therefore, for each experiment,
we could control finely the area of the immersed electrodes. The electrode support clamps were coated
with a high-temperature-resistant, insulating and inert resin in order to avoid the shunting of the
electrolyte and/or any parasitic contribution to the measured current. A thermometer was used to
control the temperature of the solution. A high definition (HD) digital camera, was used to record
each experiment and to qualitatively evaluate the behavior of the plasma (if observed) throughout the
measurement time and especially during the transition range from the normal electrolysis to CGDE.

11111 | il
TTTTT () OEh ra

: %::'?]

Figure 8. Diagram of the electrical circuit and the elements constituting the experimental apparatus.

For the measurements of the conductivity of the various solutions, a conductivity cell with a cell
constant (K) of 10 cm~! was used. This was connected to a potentiometer/galvanometer source meter
Agilent E5262A (Agilent Technologies Ltd., Santa Clara, CA, USA) as a measuring instrument. The
potentiometer/galvanometer, in turn, was connected to a computer on which it was installed Nova 1.9

(Metrohm Autolab B.V., Utrecht, NH) as data recording software. The conductivity of the solutions
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was measured both before and after each experiment in order to highlight any modification in the
electronic properties.

Data on the conductivity of KOH and H,SOy solutions were taken from the literature [49,50] and
were not measured directly. This precaution avoided the damage of the experimental setup because
of the corrosive power of these two reagents (strong base and strong acid). Each conductivity value
is expressed in mS cm™!, while the concentration (c) is expressed as molarity. The ratio between the
electrode areas is a pure number, and it is always the relationship between the area of the cathode and
the area of the anode immersed in the solution.

Since the conductivity of the solutions varied considerably with the temperature, in each
measurement, the cell was equipped with a thermostat set at the plasma-triggering temperature (T;)
measured in the corresponding experiment. Temperatures higher than 80 °C were reached because the
evaporation of the aqueous solution under analysis was no longer negligible: if evaporation occurs and
the concentration of the electrolyte increased, the conductivity values recorded were overestimated.
For this reason, when the electrolyte in the CGDE formation tests reached these values, the reference
was made to this limit as the maximum temperature, and it was at this value that the conductivity of
the electrolyte was measured.

The electrodes used during the experiments were of two types: rectangular plates in steel (alloy
304), 1 cm wide, 0.4 cm thick and of variable length; cylinders in pure tungsten, with a diameter of
1 mm and variable length. All the electrodes were purchased from A.G. METAL, Civita Castellana
(VT) Italy.

The solutions used were: aqueous solutions of HySOy4 (c: 1M, 0.1 M, 0.01 M); aqueous solutions
of K,CO3 (c: 0.1 M, 0.01 M, 0.001 M); aqueous solutions of KOH (c: 0.1 M, 0.01 M, 0.001 M); aqueous
solutions of KClI (c: 0.1 M, 0.01 M, 0.001 M); solutions 0.1, 0.001 M of KCl in mixture H,O + C3HgO3
(glycerol).

The reagents were chosen to study CGDE in both acidic, basic and neutral environments, with
various cations and anions, in aqueous solutions and, limited to KCl—also in mixed aqueous/organic
environment. Glycerol was chosen as an organic compound because of its high miscibility with water,
its low cost, its ease of used and handling. Additionally, as mentioned before [5,41], the production
of Hj exploiting the non-faradaic effects of CGDE, in H,O and alcohol solutions, was a promising
energetic alternative and glycerol, having three OH alcoholic groups, was of great interest for this.

The experimental procedure executed in each test was as follows: for the preparation of the
solutions, the hygroscopic salted (KCl, K,COs3) were first dried for one hour in an oven at 105 °C.
H,S04, being liquid, was added with a calibrated pipette. The electrodes were then fixed to the
cell terminals: the operator checked the length of the electrodes once they were fixed. Then, the
solution was injected into the cell: once the cap of the reactor was closed, the electrolytic solution was
fed, by means of a Pasteur pipette, through the lateral spout. After having prepared and filled the
electrolytic cell and having activated the digital multimeters, the electronic circuit was closed. The
voltage was then slowly increased: initially, the voltage that passed through the cell was still practically
zero—and so was the current. Thanks to the knob on the variable autotransformer, the voltage was
constantly increased. Then, when possible, the plasma striking occurs as soon as Vp was reached, the
development of a glow discharge took place. Once this happens, the experiment was interrupted, and
the circuit was open for safety. Once the circuit was opened, the cell was opened and a small aliquot of
solution was taken from the region next to the active electrode, in order to subsequently determine its
conductivity. The temperature reached by the solution was also noted. It was worth mentioning that
the electrode did not suffer any irreversible modification during the plasma and the replacement was
due to allow a fairer comparison between the different experiments.

4. Conclusions

Throughout this article, we reported on the study of the properties and the optimal conditions
necessary for the formation of the glow discharge by contact electrolysis (universally known as contact
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glow discharge electrolysis (CGDE)), using cheap materials and moderately high currents. These
conditions were adopted to verify its applicability at both the household and the industrial level.
Regardless of the chemical nature of the electrode, electrolyte or solvent, the development of the
plasma glow discharge generates characteristic curves always shows the same shape, with a maximum
current value associated with the breakdown voltage (Vg) that is of the electrolysis collapse, and
a plasma-triggering voltage (Vp) that is associated with a sudden current resurgence. From the
experiments performed, a clear dependence of the features of CGDE on the conductivity of the solution
was found. Indeed, low conductivity values required very high plasma trigger voltages, even higher
than 350 V. On the other hand, highly conductive solutions require extremely low potentials that could
be reached with a relatively low energy costs. CGDE preferentially develops on the electrode with the
highest charge density (usually coupled with the smaller surface area immersed in the electrolytic
solution). When the immersed areas of cathode and the anode are the same, CDGE preferably develops
at the cathode, as expected from the lower potential needed for the occurrence of the cathodic plasma.
Remarkably, the dependence of Vg on the difference of the areas of the two immersed electrodes
decreases upon increase of electrolyte conductivity. Finally, it was evidenced how the formation of a
continuous layer of vapor around the active electrode is a necessary—but not sufficient—condition for
the formation of the electrolytic plasma.

Supplementary Materials: The following are available online at http://www.mdpi.com/2073-4344/10/10/1104/s1,
Figures S1-54: Vg and Vp, as a function of solution conductivity. Table S1. List of the more interesting experiments
with relative values of VB, VD and Conductivity. Type of electrode, area ratio and electrolytic solution is specified
as well. Video S1: Example of plasma formation.
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