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Abstract: This paper presents a detailed analysis of underwater electrical discharge parameters in the treatment of chromium (VI)

used as a model pollutant to analyze the reduction process by plasma liquid interaction (PLI). Pin-to-pin microsecond dis-
charges were performed in aqueous Cr(VI) solution and the processes were characterized using electrical measurements, op-
tical imaging and UV-Vis absorption measurements for [Cr(VI)] estimation. For the first time, the total reduction of Cr(VI) was
successfully achieved by PLI process and a maximum energy yield of 4.7 x 10 g/k]J is obtained. Parametric studies on electrode
geometry, applied voltage, electrodes gap and pulse duration are presented in detail. Finally, an analysis of the process is
proposed by comparing our results of the energy yield calculation based on the injected energy with those of the literature and
by providing an estimation of the global energy efficiency of the process.

Keywords: plasma in liquid; microsecond discharge; pollutant removal; chromium; global energy efficiency

1. Introduction

25 The presence of pollutants in aqueous solution is one of the main environmental prob-

26  lems that have to be addressed in the next century [1, 2]. Due to extensive human indus-
trial activities, heavy metals are among the most common pollutants found in wastewater. They are known to be
highly toxic even at low concentration [3, 4]. As a consequence the removal of these contaminants requires im-
provements of the existing technologies in order to develop more efficient and greener processes. During the last
decade, electrical discharge inside or in contact with liquid have acquired significant importance in water treat-
ment. Several technologies of plasma liquid interaction (PLI) are reported in the treatment of wastewaters as for
example electrodes immersed in the solution or at least one electrode above the solution [5]. These systems gen-
erate reactive species that involve oxido-reduction mechanisms with the pollutants of the solution [6-10].

Among heavy metals, chromium (VI) is one of the most used in diverse industrial processes (tanning, energy
production, steel industries...) [11-13]. Moreover it is considered as one of the most toxic chemicals and is classified
as a CMR agent (Carcinogenic, Mutagenic, Reprotoxic) [4, 14]. Previous studies have been already reported for the
remediation of Cr(VI) in a liquid phase by plasma processes [15-24] (a comparison with these works is developed in
section 4). They highlighted that PLI can be considered as a promising remediation technology among the
physico-chemical methods. Wang et al. reported that the energy efficiency of Cr(VI) reduction in glow discharge
plasma is higher than those in semiconductor photocatalysis and comparable to that in electrolytic reduction [19].
However, as it will be presented in detail in this paper (section 4), the results reported to date have not been entirely
satisfactory since they involved either a high energy cost or only a partial Cr(VI) reduction. Recently, the authors

have shown that the total reduction of Cr(VI) can be obtained by underwater plasma process and the mechanisms

of Cr(VI) reduction have been discussed [25]. In this paper the analysis of the chemical activity of the process (pH,
conductivities, kinetics) provides valuable additional information about the discharges consequences. To be com-
petitive, processes based on PLI require additional studies that are necessary to better understand the reduction
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mechanisms and then to improve the water treatment. This paper presents a detailed study that uses Cr(VI) as a
model pollutant to analyze the reduction in PLI process. Various experimental parameters are varied such as elec-
trode geometry, applied voltage, electrode gap and pulse duration in order to study their influence on the Cr(VI)
reduction process. In addition an innovative approach is proposed by discussing the energy yield estimation in
order to perform a global analysis of the process. The estimation of the total energy efficiency of processes is of great
interest to position PLI in relation to other removal technologies considering economic and sustainable criteria.

2. Materials and Methods

A general schematic of the experimental set-up is shown in Figure 1. It is dedicated to produce microsecond
pulsed electrical discharges in liquid using a pin-to-pin configuration. To generate high voltage pulses, a low in-
ductance capacitor (C = 1 nF) is charged by a 30 kV DC high voltage power supply (Ultravolt 30A24-P30), passing
through a 30 kQ resistor, which discharges through a fast-high voltage solid-state switch (Behlke HTS 301-03-GSM).
The electrode system consists of a symmetrical electrode pair of platinum (Pt) wires of 99.99 % purity, with two
possible diameters of 100 and 200 um. The diameters have been chosen small enough for the configuration to be
independent of the electrodes tips shape. The main part of the electrodes is completely isolated from the sur-
rounding liquid with plastic capillary tubes. The length of the pin electrode protruding from the insulator in the
solution ranges from 0 to 500 um. Both electrodes are connected to a micrometer control system (XYZ) to adjust
their position and the inter-electrode distance is variable from 0.5 to 5 mm.

The positive high voltage pulse has a rise time equal to 30 ns and a variety of electrical parameters is chosen: the
voltage range is between U =2 kV and 12 kV and the pulse duration varies from At = 10 ps to 1 ms. The repetition
rate of the process is constant and equal to 50 Hz.

HV Power supply Oscilloscope /\/\
Ul

R =30kQ

PPO023 probe

HYV probe Pin electrodes

2

Insulating // |

capillary tube / |
/

Shunt
resistor

---- Magnetic stir rod

K\ ) Adjustable
*~ magnetic
. stirrer

Figure 1. Experimental set-up (side view).

The two electrodes are immersed in the treated solution (V=100 mL) contained in a rectangular quartz vessel
(100x50x50 mm). In order to maintain a homogeneous aqueous solution, a magnetic stirring bar is used at the bot-
tom of the reactor.

A Cr(VI) solution with a concentration equal to 50 mg/L (+ 0.3 mg/L) is prepared by dissolving 0.1414 g of po-
tassium dichromate (K2Cr207) in 1 L of distilled water. 94 mL of this solution is then mixed with 6 mL of acid H2S04
(0.1 M). We choose to work in acidic environment since it is known to provide better Cr(VI) removal due to the in-
crease of the oxidation potential of Cr(VI) with the decrease of the pH and higher reactions rate of Cr207> with H
[17-19]. The resulting properties of the initial solution are: Cr(VI) concentration [Cr(VI)] = 47 + 0.3 mg/L ; conduc-
tivity 0 =4 mS/cm, and pH =2.3-2.4.

In situ optical diagnostics are used to study the discharge properties in the Cr(VI) solution (Figure S1 in sup-
plementary file). The source light is a 1.5 W CW Ventus laser (532 nm) and the collection is performed with a
high-speed camera (Photron SAS) for time-resolved shadowgraphy measurements (exposure time of 0.37 us; frame
rate of 372 kfps). Andor istar 734 camera is used for fast imaging (exposure time of 100 ns).

Electrical diagnostics are performed using a HV probe (LeCroy PMK 20 kV, 1000:1, 100 MHz) and a shunt cur-
rent (R=10 Q connected to Lecroy PP023 probe) monitored using an oscilloscope (HDO9104 - 1GHz, Teledyne
LeCroy) (Figure 1). The injected energy for one pulse E,p5. is determined by integrating the product of the
measured current and voltage values over the pulse duration. . is calculated and monitored all along the
experiment by an on-line program every 250 pulses (as presented in Figure 3).
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88 The concentration of Cr(VI) is determined ex situ by UV-vis spectrophotometry (AvaSpec-2048 XL, Avantes).
89 Direct measurements, based on the original absorption of Cr(VI) ions [26], are performed at 350 nm every 15
90 minutes during the treatment process 2 mL of the treated solution are sampled directly in the vessel using a mi-
91 cropipette with disposable tips. It is noted that DPC (1.5-diphenylcarbazide) method, which ensures selectivity and
92 lower detection limit [26], is also performed punctually to confirm the results especially for low concentrations. The
93 process duration is defined to be equal to maximum 2 hours.

94 Two parameters of great interest are used to perform analysis of the system: the removal efficiency of Cr(VI), 1

95 (%), that is calculated by (1) and the energy yield of the Cr(VI) degradation, Y (g/k]), calculated by (2) [27]:

Co—Ct

= ——x 100,
n %o
D
CoXV X— x n
Y = o 100 % 100,
total 2)
96 where C, is the initial concentration of the reactant (g/L), C; is the concentration of the reactant after a given
97 treatment time t (g/L), V is the volume of the solution (L), E;uq is the total injected energy (kJ) estimated from
98 E /pulse*
99 3. Results
100 3.1. Achievement of Cr(V1) reduction process
101 Figure 2 illustrates the evolution of [Cr(VI)] during the plasma process with typical experimental conditions (9
102 kV, 2 mm gap, pulse duration At =500 us, =50 Hz). The first observation is that the total reduction of Cr(VI) is
103 successfully obtained after two hours of process for those conditions.
104 Measurements of Cr(VI) concentration as a function of time have been repeated for the same experimental con-
105 dition and the corresponding standard deviation is calculated. Indeed, even if the uncertainty regarding the con-
106 centration measurement is less than 1 %, we showed in previous work that the discharge characteristics change
107 during the process, leading to possible variations [28]. Due to this reason, it is necessary to verify the experiments'
108 reproducibility to estimate the global variation of the process. Figure 2 reports an example of [Cr(VI)] measured as a
109 function of treatment time for 8 repeated experiments obtained using the same initial conditions. The standard de-
110 viation ranges from 1 to 2.3 mg/L, being maximum for Cr(VI) concentrations between 15 and 40 mg/L. We note that
111 for other experimental conditions the results are similar. As a consequence a function is defined to estimate the
112 standard deviation of [Cr(VI)] in relation to the concentration of Cr(VI) and the corresponding values are reported
113 as error bars in the figures.
. 507 T Exp 1]
B ) - Exp 2
£ 40 Exp 3| ]
- Exp 4
S Exp5
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8 204 Exp 8| J
<
3
= 104 ; 1
2 i
3] L
© 04 T
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114
115 Figure 2. Concentration of Cr(VI) as a function of time for 8 experiments using the same conditions (U =9 kV, At=500 ps, f =
116 50 Hz, 2 mm gap, electrodes length = 0 + 10 um, (47 mg/L, 0=4 mS/cm, pH=2.4). Uncertainty is equal to 1% (not shown).

117 3.2. Discharge characteristics analysis
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118 Considering the experimental results (electrical measurements and time-resolved shadowgraphy) of all the
119 measurements performed in the frame of this work, two different kinds of discharge are identified. The main fea-
120 ture is the presence or not of breakdown, as a consequence, these discharges are referred as “NOBK” (for no
121 breakdown) and “BK” (for breakdown).
122 Figure S2 (supplementary file) shows typical voltage and current waveforms obtained in case of BK and NOBK.
123 The analysis of the electrical signals has been widely detailed in [29, 30]. It is observed that the discharge occurs
124 during the first 10 us. More specifically the current signals show that the charges are mainly injected during these
125 first microseconds for NOBK discharge and even faster for BK discharge since the breakdown phenomenon is not
126 measured after 4 ps.
127 From the analysis of the electrical signals, two important parameters can be obtained: the energy per pulse
128 (E jpuise discussed in section 2) and the distribution between breakdown (%BK) and no breakdown (%NOBK) dis-
129 charges. The injected energy changes according to the type of the discharge (BK or NOBK). The value is about 20%
130 lower for breakdown than for no breakdown: as an example in Figure S3 (supplementary file), the injected energy
131 per pulse is equal to 40 m] for breakdown and 52.7 m] for no breakdown. In both cases, the energy stored by the
132 capacitor is the same for a given voltage (0.5xCxU?) but the energy conversion is different. The initial energy is dis-
133 tributed between thermal and mechanical processes and the distribution strongly depends on the discharge regime
134 [31]. For NOBK most of the initial energy is used in thermal processes whereas for BK a small part is converted into
135 mechanical energy (shock wave). Moreover, for these experimental conditions, the statistical analysis shows 15% of
136 BK discharge and 85% of NOBK discharge during the process (Figure 3). This distribution reports the average over
137 the total process duration (120 min). It is noted that this distribution of BK/NOBK changes slightly with time, the
138 number of BK decreasing during the process. As an example in Figure 3, we have 21% of breakdown during the first
139 40 minutes of the experiments whereas it decreases to 7% during the last 10 minutes. These variations can be at-
140 tributed to the erosion of the electrodes over the process [32].
100 ; x : : x x
= No breakdown 85%

= 80 o Breakdown 15% |

£

3 60- 1

g

(]

B 41 .

g :

£ 20 1

0+ : : : x : :
0O 20 40 60 80 100 120

a1 Time (min)
142 Figure 3. Time evolution of the injected energy per pulse for pin-to-pin discharges in Cr(VI) solution (47 mg/L, =4 mS/cm,
143 pH=2.3), V=100 mL, U=9kV, At =500 us, gap =2 mm, electrodes length = 0+10 um, f =50 Hz.
144
145 From these measurements, it is possible to estimate the total energy injected in the discharge during all the
146 process (taking into account the distribution of BK and NOBK and their respective energy per pulse). This
147 parameter is of great interest to characterize the performance of the process, in particular by estimating the energy
148 yield (Equation (2)). As an example for the experiment reported in Figure 3, the total energy injected during the two
149 hours process is equal to 18.8 kJ.
150 In addition to the electrical signals, shadowgraphy technique provides further information about discharge
151 features. As an example, Figure 4(a) shows shadowgraphy images of NOBK and BK discharges obtained under the
152 same experimental conditions. It can be seen that at t =2.7 us for NOBK, only glowing plasma is observed at the two
153 electrodes whereas for BK the two electrodes are connected by a plasma channel. Due to repetitive pulses (f=50 Hz),
154 bubbles resulting from the previous discharge can be observed in the liquid from the first image (see dark dots in
155 Figure 4(a) at t=Ous). Images on Figure 4(b), resulting from fast imaging, give more precise information on the
156 evolution of the discharge propagation at first instants, due to better time resolution. It should be noted that the

157 images are taken from different experiments. It is shown that the glow at both electrodes appears as soon ast =1 ps
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158 and is more significant at the anode than the cathode. Then filamentary structure propagates mainly from the anode
159 toward the cathode (t=1.5 ps) before connecting the electrodes. These results show that the discharge
160 characteristics in Cr(VI) solution (4 mS/cm) are very similar to those observed in water for 1.5 mS/cm for which two
161 different regimes have been also identified [30]. The conductivity of aqueous solution has a major effect on the
162 discharge characteristics, unlike the nature of the dissolved species.
163
Cathode Anode
[ mm )
48 >
t=0ps 'g E_ t=1us ek
S S

t=2.7pus

t=354pus

t=8.1pus

C) (b)

164 Figure 4. Optical diagnostics of pin-to-pin discharges in Cr(VI) solution (47 mg/L, 0=4 mS/cm, pH=2.4) At=500 us, gap = 2
165 mm, electrodes length = 0+10 um. (a) Time-resolved shadowgraphy of case NOBK and case BK (U=11 kV; exposure time = 0.37
166 us) ; (b) Fast imaging for three successive BK experiments (U=12.5 kV, exposure time =100 ns).
167 3.3. Influence of the electrode geometry
168 The lengths of both platinum electrodes that are used are 0+10 um (the electrodes do not show off the capillary),
169 100430 um and 400+30 pum, noted HV-GND-0, HV-GND-100, and HV-GND-400 respectively (the gap between the
170 two electrode tips is kept equal to 2 mm). The electrodes length is measured ex situ by color 3D Laser Microscope
171 (VK-9710K) before and after PLI process [32]. The used diameters are J = 100 pum and 200 pm.
172 Representing the time evolution of [Cr(VI)] during PLI, Figure 5 shows the effect of the electrode length on
173 Cr(VI) reduction for two electrode diameters, 100 pm (a) and 200 um (b). First we report that the time evolution of
174 [Cr(VI)] is almost linear for all conditions. As a consequence we can state that the reduction rate is quite constant.
175 The slight variations of the BK/NOBK distribution and energy per pulse with time reported in figure 3 have no
176 measurable influence.
177 A significant effect of the length and the diameter of the electrodes is observed on the [Cr(VI)] evolution. When
178 the electrode length decreases from 400 to 0 pm, the reduction efficiency for two hours of process increases from 55

179 % to 85 % for &=100 um and from 16 % to 100 % for J=200 pum. We also note that for the condition HV-GND-0,
180 Cr(VI) reduction with ©@=200 pum (100 %) is higher than for =100 um (85 %) whereas for the condition
181 HV-GND-400, it is only 16 % with @=200 um and 55 % with @=100 pm

182
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Figure 5. Concentration of Cr(VI) as a function of time for different electrodes lengths (0, 100, 400 pm) and for two diameters:
(a) @ =100 pm and (b) @ =200 um obtained during for pin-to-pin discharges in Cr(VI) solution (47 mg/L, 0=4 mS/cm, pH=2.3), V
=100mL, U=9kV, =50 Hz, At =500 ps, gap =2 mm. N1 refers to the reduction efficiency after 120 min of PLI process.

Changing either the length or the diameter involves changing the electrodes surface in contact with the liquid.
Figure 6 shows that the reduction efficiency decreases almost linearly when the electrode surface in contact with the
liquid increases. It has been reported that the surface of the electrodes can be important for the discharge initiation
[33]. Some oxide layer can be formed by the current heating that introduces defects modifying the initial conditions
of the discharge. We also note that for HV-GND-0, no surface effect can explain the difference in the reduction
efficiency between =100 um and 200 pm.
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Figure 6. Reduction efficiency (dots) and Distribution of BK (columns) after 120 minutes according to the electrode surface in
contact with liquid.

We report that the variations according to the diameter and the length are not due to different injected energies
which are quite constant for all conditions ( Ezx = 40mJ and Eyggx = 52.7 mJ). Figure 6 also shows that the
variation of the electrodes geometry has an influence on the distribution between BK and NOBK. It is observed that
the lower the length, the higher the number of BK, e.g. the percentage of BK decreases from 15 % to 0 % when the
length increases from 0 to 400 pm (=200 pm). But Figure 6 reports that the electrodes surface has no straight in-
fluence on the percentage of breakdown. For the electrode surface equal to 0.0314 mm? the reduction efficiency is
80 % with 6 % of BK whereas for 0.0628 mm? the reduction efficiency is equal to 70 % with 9 % of BK. Moreover for
HV-GND-0, the increase of the diameter leads to the increase of %BK (from 10 to 15 %) whereas for HV-GND-400 it
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leads to the decrease of %BK (from 4 to 0 %). The authors alert that no direct relation can be established between the
number of breakdown and the reduction efficiency of process as it will be shown later in this paper.

From these results, the parameters HV-GND-0 and @ = 200 um represent the best electrode configuration for
Cr(VI) reduction that will be used for next studies since it provides total reduction of Cr(VI) after 2 hours.

3.4. Influence of the electric field

The applied voltage value is one parameter that directly affects the injected energy and the electric field. Figure 7
shows the time evolution of Cr(VI) concentration for different applied voltages during two hours of process. The
Cr(VI) reduction rate increases with the applied voltage. The evolution of [Cr(VI)] being almost linear, the reduction
rate is estimated (Table 1) by using a linear fit that systematically reports a coefficient of determination R? > 0.98.

For 2 mm gap (Figure 7(a)), the applied voltage varies from 2 to 12 kV. We note that for 2 kV no discharge is
observed, electrolysis effect alone cannot reduce Cr(VI) (also reported by [19]) and from 9 kV it is possible to totally
reduce the Cr(VI) of the solution in two hours. We observe that increasing the applied voltage leads to increase the
reduction rate from 0.21 mg.L-//min at 7 kV to 0.67 mg.L-//min at 12 kV (Table 1).

Reduction
efficiency
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Figure 7. Time evolution of Cr(VI) concentration according to the applied voltage for (a) 2 mm gap and (b) 5 mm gap ob-
tained during pin-to-pin discharges in Cr(VI) solution (47 mg/L, 0=4 mS/cm, pH=2.3) V =100 mL, At=500 ps, electrodes length =
0+10 pm, f =50 Hz.

The increase of the applied voltage changes the number of breakdowns during the experiment: only 1 % of BK is
obtained for 7 kV, and it is increased to about 55 % for 12 kV (Table 1). This result is expected because increasing the
applied voltage leads to increase the electric field at the tip of the electrodes that favors the discharge ignition and
propagation. Moreover the injected energy per pulse increases with the applied voltage for both BK and NOBK
discharges (Table 1). For example, it is equal to about 28/36 m] (BK/ NOBK) at 7 kV while these values are equal to
66/95 m] for 12 kV.

The calculation of the energy yield shows that this parameter changes non-monotonously with the applied
voltage giving the lowest value (2.0x10+ g/kJ) for 7 kV and the highest one (2.8x10+ g/kJ) for 12 kV (Table 1). This
variation shows that the change of the total injected energy is not the only parameter that has an influence on the
reduction efficiency when changing the applied voltage. We have reported that increasing the applied voltage leads
to increasing both injected energy per pulse and the number of BK. Then we choose to work at 5 mm gap where no
breakdown is observed in order to discriminate the effect of each parameter on the reduction efficiency.

For 5 mm gap (Figure 7(b)), we also observe that the reduction rate increases with the applied voltage, it ranges
from 0.2 mg.L/min at 7 kV to 0.39 mg.L-'/min at 10 kV (Table 2). These experiments show that the higher the total
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235 injected energy, the better the Cr(VI) reduction but once more the energy yield is not constant. These results confirm
236 that the total injected energy is not the only parameter that has an influence on the reduction rate but also show that
237 the distribution of BK/NOBK cannot explain the variation since breakdowns are not produced in these conditions.
238 The increase of the applied voltage involves other physical and chemical mechanisms that play a role in Cr(VI)
239 reduction. As presented in Figure 8, these effects are similar for both gaps. Indeed the energy yield follows the same
240 evolution according to the voltage but 2 mm gap presents higher values of about 0.5 g/kJ than 5 mm gap.
241 Due to better efficiency with shorter gap, additional measurements are performed at 9 kV for 1.5, 1 and 0.5 mm
242 of gap and the corresponding energy yield obtained are reported in Figure 8. These results confirm that decreasing
243 the gap leads to increase the energy yield of the process (and also the reduction efficiency) and the effect is not lin-
244 ear (inset in Figure 8). It is also to notice that the decrease of the gap increases the number of breakdown, from 0 %
245 at 5 mm to 80 % at 0.5 mm.
246 Changing the applied voltage and the gap leads to a modification of the electric field. As a first approximation, it
247 is possible to estimate the maximum electric field at the tip of the electrode by using the analytical equation given by
248 [34, 35]. Since this equation has been developed for different configuration (pin-to-plane) and medium (gas), only a
249 relative electric field (normalized to the minimum value) is reported to study its influence on the Cr(VI) reduction.
250 The accurate estimation of the electric field would require a dedicated modeling work that is not in the scope of this
251 work.
252 Table 1. Influence of applied voltage on Cr(VI) reduction efficiency and the discharge characteristics. Cr(VI) solution (47
253 mg/L, 0=4 mS/cm, pH=2.3), V =100 mL, At =500 us, gap =2 mm, electrodes length = 0+10 pm, f = 50 Hz.
Applied voltage (kV) 2 kv 7 kv 8 kv 9 kv 10 kV 11 kV 12 kv
Reduction rate (mg.L™"/min) 0 0.21 0.28 0.40 0.48 0.53 0.67
Number of BK/NOBK (%6) 0/100 1/99 12/88 15/85 24176 25/75 55/45

Average injected energy per
pulse BK/NOBK (mJ)

-/134 28136 36 /47 42 /54 51/73 59/83 66 /95

Energy yield (g/kJ) 0 2.0x10*  21x10"  25x10*  22x10*  2.3x10"  2.8x10™

254
255 Table 2. Influence of applied voltage on Cr(VI) reduction efficiency and the discharge characteristics. Cr(VI) solution (47
256 mg/L, 0=4 mS/cm, pH=2.3), V=100 mL, At =500 us, gap =5 mm, electrodes length = 0+10 um, f =50 Hz.

Applied voltage (kV) 7kV 8kV 9kvV 10kV

Reduction rate (mg.L™"/min) 0.20 0.23 0.35 0.39

Average energy per pulse (mJ) 40 46 56 71

Energy yield (g/kJ) 1.6x10™ 1.7x10™ 2x10™ 1.8x10™
257
258 Figure 8 reports the reduction rate and the energy yield according to the normalized electric field for different
259 applied voltages and gaps. The variation of the reduction rate is quite linear and a global tendency suggests that the
260 highest electric field provides the best reduction rate and energy yield. However no strict monotonous evolutions
261 are obtained. These results can be attributed to either the uncertainties on the electric field estimation or additional

262 phenomena acting on Cr(VI) reduction. It can be assumed that the reduction mechanism of Cr(VI) mainly depends
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on the electron properties (energy and density) but not only. These results prove that the reduction mechanisms are
intertwined and driven by a combination between several different phenomena.
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Figure 8. Influence of the electric field on Cr(VI) reduction (reduction rate and energy yield after 2h of process) according to
the normalized maximum electric field) for pin-to-pin discharges in Cr(VI) solution (47 mg/L, 0=4 mS/cm, pH=2.3) - V =100 mL,
At =500 ps, electrodes length = 0+10 pum, f =50 Hz

3.5. Influence of pulse duration

The dynamics of the discharge is also an important parameter directly related to the kinetics of the process. In
order to better characterize the Cr(VI) reduction, the process performances are analyzed by changing the pulse
duration from 10 us to 1 ms for a given voltage value. Figure 9 shows that the energy yield increases significantly
with the pulse duration for the two gaps (2 and 5 mm). The evolution is not linear, the energy yield increases sig-
nificantly for low pulse durations (< 250 ps) when it is more progressive for high pulse durations. As an example,
for 2 mm gap, the energy yield increases from 1x10+ g/k]J for At=10 us to 1.6x10+ g/k] for At=25 us and then it is
limited to 2.5x10+* g/kJ from At=500 ps.

On Figure 9, we observe that for At=10 ps the energy yield is 10 g/k] for the two gaps (the reduction efficiency is
about 30 %). Then for pulse duration equal to 25 ps, the gap has an influence on the Cr(VI) reduction since the en-
ergy yield measured for 2 mm gap is higher than for 5 mm gap. An additional phenomenon is involved for only 2
mm leading to higher reduction between 10 and 25 pis. Then from 25 ps, the energy yield continues to increase with
the pulse duration with similar trend for both gaps: the same difference of about 0.5x10+ g/kJ is maintained between
2 mm and 5 mm gap.

This result can be related to the kinetics of the discharge. Indeed, as discussed in section 3, the propagation of the
discharge is fast (due to high conductivity): in about 5 ps the voltage drops to 1 kV and the current reaches zero
(Figure S2). In the case of breakdown discharge, these variations are even faster since breakdown used to occur at
around 3 ps (Figure S2). The minimum duration of 10 ps ensures that the whole plasma phase is involved in the
process despite the variability of the experiments [28]. It is noted that during the first 10 ps, the voltage and current
signals show similar evolutions for all the pulse durations. Between pulse durations of 10 us and 1 ms, the variation
of the total energy is equal to 5 % for 2 mm gap (17.9 to 18.8 k]) and 10 % for 5 mm gap (18.4 to 20.5 k]) whereas the
reduction efficiency more than doubles. This result confirms that the process does not mainly depend on the in-
jected energy. Moreover Figure 9 also reports the distribution of breakdown according to the pulse duration. This
result confirms that the number of breakdown does not influence the reduction efficiency of the process. Indeed, on
the one hand for 2 mm gap, the increase of the energy yield between 10 and 25 us is not related to a variation in
number of breakdown. On the other hand for 5 mm gap, there is no relationship between the evolution of the en-
ergy yield and those of the BK distribution.

The plasma exists during about the first 2-3 ps of the process for both BK and NOBK discharges (Figure 4). It
generates reactive species which can diffuse into solution and be responsible for Cr(VI) reduction. Despite the short
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298 duration of the discharge, its effect is significant on Cr(VI) reduction and does not depend on the gap. It can be
299 concluded that for short pulse duration, the main phenomena responsible for Cr(VI) reduction does not strongly
300 depend on the gap and can be related to species produced at low energy. The discrepancy observed for At=25 us is
301 related to the post-plasma phase, and then from 100 ps the kinetics of the Cr(VI) reduction is similar for both gaps
302 since the evolution of the energy yield is comparable. From these results it is observed that the reduction process
303 does not only happen during the discharge. The plasma causes the direct reduction of Cr(VI) but also initiates
304 multi-step mechanisms during the post-plasma phase. Despite the analysis of the electrical waveforms and
305 time-resolved shadowgraphy measurements, no direct relationship between Cr(VI) reduction and pulse duration
306 can be suggested to interpret these results. Additional measurements dedicated to the chemical analysis of the
307 process are necessary. These new results confirm the complexity of the PLI system and the necessity to study the
308 intricate subject of plasma process as a removal technology for water treatment.
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310 Figure 9. Energy yield and breakdown distribution according to the pulse duration for pin-to-pin discharges in Cr(VI) solu-
311 tion (47 mg/L, 0=4 mS/cm, pH=2.3) — U=9kV, V =100 mL, electrodes length = 0+10 pm, f =50 Hz.
312
313 4. Discussion
314 We report in this work that microsecond pin-to-pin discharges in liquid are able to reduce 100% of Cr(VI) in
315 aqueous solution. This result is obtained for different experimental conditions (applied voltage, gap, pulse dura-
316 tion), providing energy yields from 1.8 to 4.7x10 g/kJ, the highest one being obtained for 0.5 mm gap, pulse dura-
317 tion of 500 ps and applied voltage of 9 kV. In a first part we aim to compare these values with those reported in the
318 literature for plasma liquid processes. Table 3 shows the best reduction efficiency and energy yield for Cr(VI) re-
319 duction achieved in this work and those obtained using PLI reported in the literature. The energy yields are calcu-
320 lated based on Equation (2) in order to ensure fair comparison despite different time evolutions of [Cr(VI)] between
321 each experiment. It should be noted that the experimental conditions (such as the initial concentration or the pH)
322 are similar for all the works (more details are given in Table S1 of supplementary file).
323 This work provides the best result coupling total Cr(VI) removal and energy efficiency. Indeed, plasma pro-
324 cesses above the liquid are able to totally reduce Cr(VI) but they involve lower energy efficiency (at least three times
325 lower) whereas some plasma processes inside liquid provide similar energy yield but no total reduction.
326
327 Table 3. Comparison of reduction efficiency and energy yield for Cr(VI) reduction by plasma liquid interaction processes.
328 * these values have been calculated using Equation (2) and data of the references.
Method Reduction efficiency Energy yield (g/kJ) Ref
DC pin-to-plate 100 % 0.64x10™* [18]
Above liquid ~
DC pin-to-plate 100 % 1.4x107** [71

In Liquid DC pin-to-plate 96 % 6x107° * [17]
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DC pin-to-plate 93 % 3.4x10™ [22]
DC pin-to-plate 97 % 4.9x10% * [19]
Pulse pin-to-pin 100 % 4.7x10* This work
329
330 In order to be consistent with the literature, the energy yield (Equation (2)) is calculated using the total injected
331 energy (involving the voltage and current related to the discharge). As an example in Table 4 the total injected en-
332 ergy and the energy yield for a total reduction of Cr(VI) is reported for 3 different applied voltages. This approach is
333 interesting from a process point of view either to study the relation between the charge injected in the liquid and the
334 reduction process or to compare very similar processes. For example, Wang et al. [19] and Du et al. [7] have reported
335 comparisons of Cr(VI) reduction by different electrochemical processes and they have shown that the energy effi-
336 ciency of their gaseous glow discharge is better than photocatalysis and similar as electrolytic reduction. We note
337 that the reported values of efficiency are calculated based on 50 % conversion of Cr(VI) since they do not succeed to
338 totally remove Cr(VI) during their treatment duration.
339 However from an economic and sustainable approach, the whole consumed energy has to be considered to
340 promote green technology. Indeed to compare very different processes, it is of interest to take into account the total
341 energy balance, which is generally not mentioned in the previous literature. In case of PLI treatment, the main en-
342 ergy requirement comes from the power supply and it is known that the injected energy is lower than the consumed
343 energy due to the low conversion efficiency of the power supply.
344 To answer this point, we propose in this work an original approach that has not been used in literature for
345 plasma process, to our knowledge. The total energy consumption is determined by direct measurement of the
346 voltage and the current delivered by the electrical network to the DC HV power supply using a Lecroy PP023 and
347 Chauvin Arnoux E3N probes respectively. The measurements are monitored on 100 ms and extrapolated to esti-
348 mate the energy consumed during the two hours of process. These values are given in Table 4 for three different
349 voltages and we obtain that the total consumed energy ranges between 125 and 150 k]. In order to validate these
350 results, additional electrical measurements are performed at the outlet of the DC HV power supply. Considering
351 the total efficiency of the DC HV power supply (noc=0.56), similar values of total consumed energies are reported
352 (variations < 8 %). As a result it is possible to estimate with confidence the global energy efficiency of Cr(VI) reduc-
353 tion which is about 3x10-> g/k] (Table 4). This value is about one order of magnitude lower than the energy yield
354 calculated by only considering the injected energy. Indeed the global efficiency of the electrical circuit is about
355 Npower=0.13, the losses are mainly due to the DC power supply as discussed previously.
356
357 Table 4. Energy balance of the PLI process for Cr(VI) reduction by pin-to-pin discharges (47 mg/L, 0=4 mS/cm, pH=2.3) - V =
358 100 mL, At =500 ps, electrodes length = 0+10 um, gap =2 mm, f = 50 Hz. The total reduction is obtained in 120 min for 8 and 9 kV
359 and in 105 min for 10 kV.
Applied voltage (kV) 8 kV 9 kv 10 kV
Total injected Energy (kJ) 16.7 18.8 21.3
Energy yield (g/kJ) 2.1x10™ 2.7x10™ 2.2x10™
Total consumed energy (kJ) 125 146 150
Global energy efficiency (g/kJ) 2.7x10° 3.2x10° 3.1x10°
360
361 This global approach is very important for the industrial scale-up of the process and the comparison with other
362 removal technologies. It is necessary to define reliable indicators in order to promote green approach that involves
363 lower chemical additives but also lower energy cost.
364
365
366
367 5. Conclusions
368 This paper reports the analysis of the removal process of polluted water using plasma liquid interaction (PLI).
369 Pin-to-pin microsecond discharges are performed in aqueous solution of Cr(VI). Three different diagnostics are

370 performed: electrical measurements (voltage and current), optical imaging (time-resolved shadowgraphy and fast
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imaging) and Cr(VI) concentration (by UV-Vis absorption measurements). For the first time the total reduction of
Cr(VI) is successfully obtained by PLI process in liquid and a maximum energy yield of 4.7x10+ g/kJ is obtained.
The variation of electrode length and diameter show that the surface in contact with the solution has an influence on
the removal process. In our conditions, a diameter of 200 um and short electrodes represent the best electrodes
configuration for Cr(VI) reduction. By changing the gap and the applied voltage, it can be assumed that the reduc-
tion mechanism of Cr(VI) mainly depends on the electron properties (energy and density) but not only. In particular
the role of the breakdown phenomena has not been clearly outlined. These results prove that the reduction mecha-
nisms are intertwined and driven by a combination between several different phenomena. The results related to the
variation of the pulse duration confirm the complexity of the reduction mechanism. It is observed that the efficiency
increases with the pulse duration showing that the reduction process does not only happen during the discharge.
The plasma causes the direct reduction of Cr(VI) but also initiates multi-step chemical mechanisms during the
post-plasma phase. Finally the analysis of the process is proposed by providing a novel approach to estimate the
global energy efficiency of the removal process. It is estimated with confidence that the global energy efficiency of
Cr(VI) reduction by pin-to-pin discharge in liquid is about 3x10% g/kJ.

Supplementary Materials: The following supporting information can be downloaded at: www.mdpi.com/xxx/s1, Figure S1:
Schematic diagram of the optical diagnostics in Cr(VI) — the camera is a high-speed (Photron SAS) model for time-resolved
shadowgraphy measurements (exposure time of 0.37 us; frame rate of 372 kfps) and Andor istar 734 model for fast imaging
(exposure time of 100 ns). The laser is off during imaging; Figure 52: Voltage and current signals for (a) case NOBK (a zoom on
the right), (b) case BK (a zoom on the right) of a pin-to-pin discharge obtained in Cr(VI) solution (47 mg/L, 0=4 mS/cm, pH=2.4)
for 11 kV, V =100 mL, At = 500 ps, gap = 2 mm, electrodes length = 0+10 pm, f = 50 Hz. The signals have been processed
(Savitzky-Golay filter and cut off detection) and the resulting uncertainties are considered in energy calculation; Figure S3: En-
ergy per pulse for BK and NOBK discharges for pin-to-pin discharges in Cr(VI) solution (47 mg/L, 0=4 mS/cm, pH=2.3), V =
100 mL, U=9kV, At =500 s, gap =2 mm, electrodes length = 0+10 um, f= 50 Hz; Table S1: Comparison of reduction efficiency
and energy yield for Cr(VI) reduction by plasma liquid interaction processes. * these values have been calculating using Equa-
tion 2 and data of the references.
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