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TOM TAT

Vi dién ap cao mot chiéu, céac phan tng dién hoéa van co thé duoc thuc hién ngay ca trong nudc cit ¢6 do
dan dién rat thap. Ton kim loai tir phan tng hoa tan & anot c6 thé phan tmg véi khi hidro dugc tao thanh tir catot
trong moi truong nude dé tao thanh kim loai; roi nguyén tir kim loai twong tac tiép tuc bang luc Van der Walls dé
tao nén cac hat nano kim loai. Cac qua trinh phan rng trén cac dién cuc dé ché tao dung dich nano kim loai dugc
kiém soat bang dién ap cao mot chiéu, khoang cach giita cac dién cuc anot vai catot va do dan ciia moi truong. Céc
dac tinh cua dung dich nano bac kim loai nhu phé) UV-Vis, hinh dang hat TEM, phan b kich thudc hat, thé zeta
cling nhu kha nang diét khuén da duoc xac dinh va ching minh. San pham thu dugc c6 do tinh khiét cao do dung
dich nano khong chtra cac ion Na', NO," cling nhu cac san pham phan Gmg va chit 6n dinh khac nén cé thé ung
dung cho nhiéu dbi tuong ma khong anh hudng dén strc khoe con ngudi. Ngoai bac, cac kim loai khac nhu Au, Cu,
Fe.... ciing c6 thé dugc ché tao & dang nano bang cong nghé DC cao 4p.

Méi trudng khi duge tao ra trén dién cuc bing phan tng dién hoa cao ap mot chiéu vai dién truong 16n va
hiéu dién thé cao ciing nhu tac dung dét néng ciia moi chat s& 1a diéu kién thich hop dé chuyén tir trang thai khi
sang trang thai plasma. DAu hiéu cho tha‘iy su hién dién cta plasma dién hoa la sy phat sang trén dién cuc cling nhu
cuong d6 dong dién tang dot bién theo thoi gian. Ciing c6 thé diéu khién thoi gian xuét hién plasma dién héa khi
thay doi cac thong s6 cong nghé phan tmg dién hoa cao ap. Trang thai plasma dién hoa sé tao ra H,0, va cac gbe
tu do nhur OHe ¢6 kha ning phan (mg manh. Diéu d6 dugc sir dung dé xir ly cac chat gay 6 nhiém nudc nhu 2,4-D
hoac 2,4,5-T thanh san phém cudi cung la CO, rat hiéu qua, dac biét trén dién cyc Fe thém phan ting Fenton. Tuong
tu, nude thai dét nhuém c6 xanh metylen ciing nhu nudce thai sinh hoa bénh vién céd néng d6 cao cling co thé duoc
xur ly cho két qua tét bang DC cao ap voi plasma dién hoa.

Tir khéa: Dong dién mét chiéu DC cao dp, nano kim logi, plasma dién héa, goc tw do, xir Iy 6 nhiém.
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ABSTRACT

With high DC voltage, electrochemical reactions can still be carried out even in distilled water with very
low conductivity. Metal ions from the dissolution reaction at the anode can react with formed hydrogen gas from
the cathode in aqueous medium to form metal and then interact for metal nanoparticles. The reaction processes on
the electrodes to make metal nanoparticle solutions are controlled by high DC voltage, distance between anode and
cathode electrodes and conductivity of the medium. The properties of metallic silver nanosolutions such as UV-Vis
spectrum, TEM particle shape, particle size distribution, zeta potential as well as bactericidal ability have been
determined and demonstrated. The obtained product has high purity because the nano solution does not contain
Na’, NO, ions as well as other reaction products and stabilizers, so it can be applied to many objects without
affecting human health. In addition to silver, other metals such as Au, Cu, Fe, Al, etc. can also be fabricated in nano
form by DC high-voltage technology.

The gaseous environment created on the electrode by a DC high-voltage electrochemical reaction with
a large electric field and high potential difference as well as the heating effect of the medium will be the right
conditions to switch from the gaseous state to the plasma state. Indications of the presence of electrochemical
plasma are the glow on the electrode as well as the amperage that spikes with time. It is also possible to control the
electrochemical plasma appearance time when changing the DC high-voltage electrochemical reaction technology
parameters. The electrochemical plasma state will generate H,O, and free radicals such as OH" which are highly
reactive. That is used to treat water contaminants like 2,4-D or 2,4,5-T into the final product CO, very efficiently,
especially on Fe electrode adding Fenton reaction. Similarly, methylene blue textile dyeing wastewater as well as
high concentration hospital biochemical wastewater can also be treated with good results by high pressure DC with
electrochemical plasma.

Keywords: DC high voltage, metallic nanoparticle, electrochemical plasma, free radicals, water pollution treatment.

1. INTRODUCTION

Unlike normal electrochemical reactions that
occur in electrolyte with low DC voltage,
electrodic processes by DC high voltage can
also occur in media that are not considered
electrolytes like double distilled water.'> For

*Corresponding author.
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non-conductive media, high voltage is used to
heat the medium as a resistor but also potential
enough to carry out electrochemical processes on
the contact surface between the electrode and the
aqueous medium.** At the positive electrode, the
anodic reaction will be the process of dissolving
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the metal of the electrode into ions, but with the
inert electrode, oxygen will be released from the
water and dispersed into the environment. At the
same time, on the negative electrode, the cathode
reaction of the water electrolysis process will
form hydrogen gas and disperse into the water
environment.®® These electrochemical processes
also obey Faraday's law. lons formed from
electrochemical processes such as Me™, H”, or
OH- will increase the conductivity of the aqueous
medium."” However, because the amount of ions
formed is not much, the conductivity increases
only slightly with the reaction time. Moreover,
in the aqueous environment, substances formed
by electrode processes can meet and occur
neutralization reactions or redox reactions such
as H* + OH" — H,O (1) and Me™ + n/2H, Me®
+ nH" (2). The redox reaction between the metal
ion generated from the anode process and the
nascent hydrogen gas released from the cathode
to form a metal with no valence is the basis for
the fabrication of metal nano-sized particles:
nMe® — MeNPs (3).113

On the other hand, gases are formed on
the electrodes by an electrochemical reaction
according to Faraday's law under conditions of
continued energy supply due to high voltage,
strong electric field and gradually increasing
solution temperature according to Joul-Lenz's
law will facilitate the appearance of a fourth
state, the plasma state.'*!> With the appearance
of plasma state on the electrodes the water
dissociation to produce H, and O, gas on the
anode: 4H,0— 3H,+O,+H,0O, (4) and on the
catode: 2H,0— 2H, + O, (5) that will become
intense and the amount of gas produced will
no longer be calculated according to Faraday's
law.'®!7 In the plasma state, the following
ionization processes will also occur at the
electrodes: H,O + ¢ — H" + OH" + e- (6); OH
+ OH' — H,0,(7); 2H,0 — H,0,+ H, (8);
H,0,+hv —20H" (9); H.O — H + OH" (10)."*
2l Compounds and ions formed from plasma
reactions will dissolve and disperse into the
aqueous medium, increasing the redox reaction

ability for the environment. This is used to treat
contaminants present in the aquatic environment.
The method of treating water pollution by
plasma technology has many advantages such
as not using chemicals, only using electricity,
thus not causing secondary pollution, low cost,
simple equipment and high efficiency because
plasma generates very reactive radicals to be
able to completely mineralize pollutants.

2. EXPERIMENTAL METHODS

The equipment required to carry out the high-
voltage electrochemical reaction as well as the
electrochemical plasma generation is a high-
voltage DC power source.””* Voltage values
are steplessly controlled from 0 to 20 kV with
voltage stabilizer and 15 kVA capacity (Figure
la,b). Values of voltage (kV), current (mA),
charge (mAh) and reaction time are shown at
control box (1b). The electrochemical reaction
vessel is made of heat-resistant glass in the form
of a 2-layer tube, the inner tube contains the
reaction medium and the outer layer contains
cooling water (Figures 1c2, ¢3). The anode is
mounted at the top end (c4) and the cathode (c5)
is watertight with the bottom end of the reactor
upright. The gas generated from the reaction
is collected through valve (c6) and the liquid
product is collected through valve (c7).

The evolution of the electrochemical
reactions on the electrodes and in the solution
such as the formation of bubbles of gas or glow
of plasma and color change of liquid were
recorded by video. The gaseous high-pressure
electrochemical reaction products were collected
through valve c6 and determined for volume or
qualitatively or quantitatively analyzed using the
respective apparatus.

The products of the high-voltage
electrochemical reaction dispersed in solution
will be characterized or analyzed qualitatively
and quantitatively by the respective methods.
The loss of anode mass (Am) due to dissolution
by a high voltage direct current electrochemical
reaction can be calculated by the gravimetric

https://doi.org/10.52111/qnjs.2022.16501
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method according to the formula: ¢, = Am/V
(mg/L) or by Faraday's law when determination
of the charge (/¢) the reaction can be determined
according to the formula: ¢, = klt/V (mg/L).
The conductivity and pH variation of the solution
were determined using a Conductivity meter
HI 8733 and pH meter HI 8314 from Hanna
Instrument.

(a) (c)

(b)

Figure 1. (a) High-voltage rectifiers, (b) Control box,
(c) Double layer glass electrochemical reaction vessel.
1. Power supply, 2. Cooling water layer, 3. Reaction
medium, 4. Anode, 5 Cathode, 6. Gas escape valve,
7. Reaction product recovery valve.

For products dispersed in solution as
nanoparticles, it is possible to characterize UV-
Vis spectra on the Hitachi UH-5300 device,
the particle size distribution as well as the zeta
potential on the SZ-100 device, Horiba, Japan.

For chemical compounds dispersed in
solution, gas chromatography-mass spectrometry
methods are usually used on the Agilent GC-MS
6890-5975 instrument or atomic mass spectrometry
on the ICP-MS 7800/7850 Agilent instrument.

https://doi.org/10.52111/qnjs.2022.16501

With free radicals such as OH' or
H,O, formed from the plasma reaction and
dispersed into the solution, it is determined
through the corresponding color complexes
with salicylic acid according to the reaction
such as: (acid salycylic) (HO)CH,COOH
+ OH" — (HO),CH,COOH + H" (11) (acid
2,3-dihydroxybenzoic or 2,5-dihydroxybenzoic)
and with titanyl according to the following
reaction: Ti*" + H O, + 2H O — TiO,H,O, + 4H*
(12) through a suitable UV-Vis spectrum with
corresponding quantification curves.

When using high-voltage electrochemical
reactions as well as electrochemical plasma to
treat environmental pollutants, chemical oxygen
demand (COD) methods according to SMEWW
5220C:2017 and determine total organic carbon
(TOC) according to TCVN 6634:2000.

Technological factors affecting electrode
response as well as electrochemical plasma
formation were investigated such as: distance
between anode and cathode electrodes, high
voltage, conductivity and initial temperature of
the medium, the nature of the electrode metals
as well as the concentration and nature of the
substances dissolved in the aqueous medium.
The metals used as electrodes can be Ag, Cu, Fe
depending on the purpose of use to prepare metal
nano-solutions or to treat contaminated water
chemical pollution.

3. ELECTRODE PROCESSES AT DC HIGH
VOLTAGE AND APPLICATION FOR
METAL NANOFABRICATION

The anodic electrochemical reaction to dissolve
the metal of the electrode material has created
oxidizing substances in the aqueous medium in
the form of metal ions: Me — Me™ + ne (13).

The metals that have been tested for
anodic dissolution by DC high voltage are Ag,
Cu, and Fe. Figure 2 shows that the Ag and Cu
anots are dissolved after the reaction (Figure 2a)
and the gas is released simultaneously on the
cathode (Figure 2b).
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() (b)

Figure 2. (a) The anodes of Ag, Cu, Fe are dissolved
due to the DC high voltage electrochemical
reaction and (b) The H, gas released on the cathode
simultaneously with the metal dissolution at the
anode is determined by the instrument corresponding.

Table 1 presents the concentrations
calculated by determining the weight loss of
the dissolved anode during the electrochemical
reaction in distilled water at different voltage
conditions and distances of the cathode and

anode.®>'0

Table 1. Metal concentration values calculated by
gravimetric method of Ag, Cu, Fe anode materials
at electrochemical reaction conditions such as high
voltage, electrode distance and reaction time different.

also on the distance between the anode and
the cathode. When voltage (U, ) is applied to
an electrochemical system consisting of two
electrodes and an electrolyte medium, the value
of electrical energy is distributed to the electrode
reactions (£, E)) and ion transport in the medium
(IR,,.) according to the equation: U, . = E +
IR, + E. Thus, at the value of voltage (U,,.),
electrochemical reactions occur in time (¢) and
with current (/), as well as the temperature change
(AT) of the reaction medium and the cooling
water is determined, it will be calculated energy
distribution for electrode reaction processes with
DC high voltage according to the formula: H .
=H,+ H, + H, where H, .= Ult (Wh) is the
energy supplied from the power source; H, is the
energy to carry out the electrode reaction; H,, =
mC.AT (Wh) is the heating energy of the reaction
medium and cooling water and H,= m /. is the
water evaporation energy which is assumed to be
zero at temperatures lower than 100°C.

Table 2 presents the results of determining
the energy distribution for the DC high-voltage
electrochemical reaction of silver electrodes in
distilled water at different electrode distances
(D, ), times (¢) and temperatures (7).

Table 2. Value and ratio of energy distribution for
high voltage DC electrochemical reaction of silver
electrode in distilled water at different electrode
distances, time and temperature.

Anode | UDC,kV | DAC, mm | cMe, mg/L
16 350 700
Ag 15 650 194
14 1000 104
16 425 1.82
16 470 1.90
Cu 16 550 321
16 605 4.87
15 515 4.50
Fe 14 425 3.96

From Table 1, it can be seen that the
amount of metal dissolved by the anode depends
not only on the high voltage and time, but

HDC HW HE
Wh | Wh | % | Wh| %
500 mm | 615.4 |608.9(98.94| 6.5 | 1.06
 |750mm| 7613 | 688.2|87.67| 968 |12.33
11000 | 1044.7(860.6 | 82.38 [184.1]17.62
mm
15 min | 424.1 {350.7|82.69| 73.4 | 17,31
L | 50 min | 718.0 |693.9]96.64 | 24.1 | 3.36
80 min | 866.8 |823.4[94.99 | 43.4 | 5.01
288 K | 408.2 |350.8|85.94|57.4 |14.06
T | (15°C)
318K | 348.7 |332.6]95.38] 16.1 | 4.62
(20°C)
328K | 336.4 |332.6]98.87| 3.8 | 1.13
(55°C)

https://doi.org/10.52111/qnjs.2022.16501
Quy Nhon University Journal of Science, 2022, 16(5), 5-19 | 9



QUY NHON UNIVERSITY
JOURNAL OF

SCIENCE

From the results of Table 2, it can be
seen that the proportion of electrical energy
distributed to the electrochemical reaction at the
electrodes is smaller than the energy converted
to heat.* The highest percentage accounts for
nearly a quarter of the total energy supplied
and fluctuates depending on reaction conditions
such as voltage, electrode distance, ambient
temperature as well as reaction time. However,
it indicates the possiblity of controlling the rate
of electrochemical reactions at high voltage
by reaction technology parameters. Thus, the
electrochemical reactions on the anode dissolve
the metal into ions and generate hydrogen gas
on the cathode to form a reducing agent that
is dispersed into the aqueous medium. In the
heart of the aqueous environment, an oxidation-
reduction reaction between metal ions and
hydrogen gas will occur to form metal atoms
and at the same time create metal nanoparticles
through the Van de Wall interaction according to
the equations: Me™ + nH, — Me® + 2nH" (14);
xMe® — MeNPs (15).%

Figure 3 shows a video image of the color
change process of the solution over time from
colorless (Figures 3a, b) to (Figures 3¢, d) brown
and dark brown (Figure 3¢) due to the reaction to
form metal nanoparticles.

" I
(®) (c) d (@

Figure 3. Color change of aqueous medium at
high voltage electrochemical reaction times of Ag
electrode from (a) 0 min to (b) 5 min, (c) 10 min, (d)
20 min and (e) 30 min.

(a)

https://doi.org/10.52111/qnjs.2022.16501

The process of forming metal nanoparticle
occurs from the cathode region and spreads
upward to the anode region. The process occurs
not only for metallic silver but also for other
metals such as copper, iron, gold and aluminum.
Of course, the color of the solution depends
on the concentration and nature of the metal in
which the high-voltage electrochemical reaction
is performed.

The basic properties of metallic silver
nanoparticles prepared by high-voltage
electrochemical methods similar to other
methods such as chemical, physical or
biological reduction are the UV-Vis spectral
region (Figure 4a), shape (Figure 4b) and
particle size distribution (Figure 4c) as well as
the ability to kill various bacteria (Figure 4d,
e, ).!? Because the reaction to create silver
nanoparticles by H, gas generated on the
cathode dispersed into the solution meets silver
ions due to the dissolved anode, the higher the
water temperature increases, the faster the gas
escapes from the solution, so the concentration
of silver nanoparticles is obtained smaller, and
the lower the UV-Vis spectral peak (Figure 4a).

of metal
nanoparticles prepared by DC high-voltage
electrochemical method and other methods
of AgNO; salt reduction is that only AgNPS
products are obtained without other ions such
as Na’, NO,, products of reducing agents as
well as stabilizers. Therefore, the conductivity
of the metal nanoparticle solution prepared by
DC high-voltage electrochemical method is very
small compared to that of the product prepared
by the method from AgNO, salt.>">"?

The distinctive feature
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Figure 4. Basic properties of nanosilver solution
prepared by DC high voltage method; (a) UV-Vis
spectrum, (b) Nanoparticle shape, (¢) Nanoparticle
size distribution, (d) Antibacterial ring of Vibrio
harveyi, (e) Antibacterial ring of Edwardsiella
ictaluri, (f) Bactericidal performance of E. Coli.

Another feature of the metal nano-
solutions prepared by DC high-voltage is that
no stabilizer is needed, but the determined zeta
potential value is still greater than 40 mV and has
a different sign from the nano-solutions prepared
from the reduction process of salt (Figure 5).

: -Zé1a:Pctem‘ial (mV’; T a

Figure 5. Comparison of zeta potential distribution of
colloidal silver solution prepared by DC high-voltage
electrochemical method (5a) with chemical reduction
method from AgNO, salt.

From Figure 5, it can be seen that the
colloidal solution of nano silver solution prepared
by chemical method is a colloidal system with
many distributions because in the solution there
are many ions such as Na’, NO;, products of
reducing agents and stabilizers determined.
Therefore, the outstanding advantage of metallic
silver nano-solutions prepared by DC high-
voltage method is the purity of only metal
nanoparticles without other ions as well as
stabilizers. That could eliminate the effect of
foreign substances in the solution, such as NO,-
when applied specifically to areas related to
human health.?%3

Similar to silver nano, nano-metals
of other metals such as copper, iron, gold,
aluminum, etc. have also been prepared by high-
voltage DC current, but have not been tested as
much as AgNPsg 3681033

4. ELECTROCHEMICAL PLASMA
FORMATION AND APPLICATION
TO ENVIRONMENTAL POLLUTION
TREAMENT OF WASTE WATER

As mentioned above, the electrochemical
reaction by high voltage DC current still occurs
in non-conductive distilled water and produces
hydrogen gas on the cathode and dissolved metal
or oxygen on the anode. The gaseous state on the
electrodes with high voltage, strong electric field
and suitable increase in ambient temperature
due to the conversion of electrical energy into
heat will convert to the plasma state.'#?%3435 A
sign of the transition to the plasma state at the
electrodes is the observed appearance of glow
on the electrodes (Figure 6a). A sign of the
simultaneous appearance of the plasma state is
the electrochemical reaction rate represented by
a rapidly increasing current (Figure 6b).

https://doi.org/10.52111/qnjs.2022.16501
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Figure 6. (a) The appearance of electrochemical

plasma on the electrodes, (b) The time-dependent
electrochemical reaction rate when plasma appears on
the W, Cu, Fe electrodes at different initial temperatures
of the aqueous medium. The reaction was carried out
at high voltage of 15 kV, pH 7, cathode-anode distance
200 mm and water conductivity 1.4 uS/cm.

From Figure 6a it can be seen that the
plasma on the cathode with hydrogen gas is
yellow-orange and larger than the plasma on
the anode with oxygen gas which is blue due to
less gas. In Figure 6b, it can also be seen that
the plasma current spikes at different times with
the metals W, Cu, Fe and the initial temperature
of the different aqueous medium. At the initial
temperature of the water environment at 20°C
with a potential of 15 kV, the electrochemical
plasmaappeared on the W electrode at 30 minutes,
on the Fe electrode at 70 minutes and on the Cu
electrode until 90 minutes, there was still no
plasma. As the initial temperature of the aqueous
medium increases, the time -electrochemical
plasma appears gradually accelerates, in which
the fastest on the W electrode and the slowest on
the Cu electrode. That has to do with the rate and
amount of gas escaping on the electrode from
DC high voltage DC electrochemical reactions.

The results from Figure 6 show that it is
possible to control the electrochemical plasma
appearance time by changing the conditions of
the high-voltage electrochemical reaction such

as: voltage (U,.), distance between anode-

https://doi.org/10.52111/qnjs.2022.16501

cathode (D, ),

initial temperature of aqueous

medium (7)), pH, electrical conductivity (1) of
the medium as well as the nature (Cu, Fe, W,...)
and size () of the electrodes.

Table 3. Effect of factors with DC high voltage
electrochemical reaction on plasma appearance time

on Cu, Fe, W electrodes.

1 min
Ul T, | D, a,| h
k[{; °C rrfncl pH mm | uS/cm Cul Fe | W
5130|200 713 1.4 | No | No | No
10 {30 200 | 7 | 3 1,4 | 60 | 35|20
15130200 | 7 |3 14 |30 |20 5
15130220 | 7 | 3 14 | No | 35|10
15130230 |7 |3 1.4 | No | 40 | 12
15130300 | 7 |3 1,4 | No | No | 15
15130200 | 7 |3 20 | No | No| 9
15130200 | 7 |3 50 | No| 3 | 2
15130200 | 7 | 3 | 100 | 2 1 |<1
15130]200 | 7 |3 ] 150 |<1|<1]|<I
15 130|200 | 7 | 3] 200 |<1]|<Il|<l1
15120200 | 7 |3 14 | No| 70 | 14
1540|200 | 7 | 3 14 | 25| 5 |45
15150200 | 7 |3 1,4 5 [<1]|<1
15 130|200 | 4 | 3 | 120 1| <1|<1
15130200 | 5|3 69 4 2 |1
15130200 | 6 | 3 52 | No| 3 |2
15 130|200 | 8 | 3 40 | No | 8 | 7
15130200 |9 |3 60 4 2 |15
15 130|200 | 10 | 3 | 110 1| <1|<1
15 130|200 |11 | 3 | 150 | <1 |<1|<1
15130200 | 7 |6 | 1.4 |22|15]|2

The results presented in Table 3 show that
the electrochemical plasma appearance time
(tpl) on the electrode has different values, from
less than 1 minute to more than 70 minutes or
no plasma depending on the conditions of the
DC high-voltage electrochemical reaction such

12 | Quy Nhon University Journal of Science, 2022, 16(5), 5-19
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as high-voltage, distance between electrodes,
temperature, pH and conductivity of the aqueous
medium as well as metal nature and size of the
electrodes. That allows to master the process
using electrochemical plasma. The ionized state
has many advantages for different application
purposes.

The first advantage is that the amount
of gas generated when electrolysis of water
by plasma reaction will be more than that of
electrochemical reaction calculated according
to Faraday's law. Table 4 presents the value of
total gas volume (¥, ) performed with DC high-
pressure current with plasma at different reaction
conditions compared with the value calculated
(V) according to Faraday's law.

Table 4. Gases volume of the high DC voltage
electrochemical process in comparison with the

calculation from Faraday law.

a, DA o 1, VF, VE s
: | I, mA * VE /VF
mm mm | min mL | mL *
3 500 15 93.6 | 14.7 63 43
4 500 25 83.5 | 21.9 75 34
4 500 20 88 18.4 80 43
5 500 25 91.2 | 23.9 | 110 4.6
5 500 20 87.7 | 184 73 4.0
7 500 25 809 | 21.2 80 3.8
7 500 20 87.5 18.3 61 33
4 850 30 | 115.7 | 36.4 | 150 4.1
4 850 18 | 119.3 | 22.5 80 3.6
4 850 35 | 106.7 | 39.1 | 250 6.4
4 700 15 | 112.1 | 17.6 | 110 6.3
__ 008
3 s Cu
= ] o W
g, 0.07 R
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The results from Table 4 show that
the amount of gas contributing to plasma
electrolysis is 3.3 to 6.4 times higher depending
on the reaction conditions compared to the
electrochemical process alone.

The more important advantage of plasma
reactions is the generation of active substances
such as H,O, and especially OH' radicals
(according to Equations 6 to 10).

Figure 7 presents the formation of H,O,
with time having electrochemical plasma on the
Cu, W, Fe electrodes (Figure 7a) as well as the
OH radical on the Fe electrode (Figure 7b).

From Figure 7 it can be seen that both the
concentration of H,O, and the free radical OH
increase rapidly during the first 30 minutes, but
they then increase slowly because these very
active agents are both unstable. Especially with
the Fe electrode in an aqueous environment with
H,O, will also form a Fenton system (H,O,/Fe*")
which also contributes to the formation of OH*
free radicals according to the following reaction:
Fe’ + H,O, + 2H" — Fe* + 2H 0O (16) and Fe**
+H,0, — Fe’* + OH' + OH" (17).°* Therefore,
when using Fe electrode to perform DC high-
voltage electrochemical reaction to form plasma,
it will be very practical to handle pollutants in
water environment because Fe is cheap and
can combine advantages of the electrochemical
plasma with the Fenton reaction.

4.0x10*

m  OH’ concentration

3.5%10% 4
3.0x10% 4
2.5x10™ -

2.0x10 4

1.5x10* T T T T T T

Time (min)

(b)

Figure 7. The dependence of the electrochemical plasma lifetime of the H,O, concentration formed at 15 kV, 30°C,
D, . 200 mm on the W, Cu, Fe (a) electrodes as well as the OH" free radical concentration on the Fe electrode (b).
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Table 5. Variation with reaction time of chemical oxygen demand (COD) and total organic carbon (TOC) of 2,4-D
and 2,4,5-T polluted treatment by DC high voltage and electrochemical plasma at Fe electrode, with U,.: 5 kV,

D, .- 300 mm, 7: 30°C, A: 38,8 uS/cm.

COD TOC
t, 2,4-D 2,4,5-T 2,4-D 2,4,5-T
min mg/L Eff., % mg/L Eff., % mg/L Eff., % mg/L Eff., %
0 106 0 57 0 6.1 0 4.6 0
30 40 62 30.2 47 4.7 22.9 3.7 19.5
60 15.9 85 12.4 78.2 3.7 39.3 29 36.9
90 6.8 93.6 8.9 84.3 2.8 54.1 24 47.8
120 2.1 98 4.1 92.8 2.1 65.6 1.8 60.6

Table 5 presents the results of treatment
of polluted water by 2,4-dichlorophenoxyacetic
acid (2,4-D) and 2,4,5-trichlorophenoxyacetic
(2,4,5-T) which are aromatic cyclic compounds
by electrochemical technique of DC high

Table 6. Values of water parameters polluted by
2,4-D and 2,4,5-T treated with high voltage DC and
electrochemical plasma on Fe electrode at UDC;
5 kV, DA-C: 300 mm, T: 30°C, A: 38,8 uS/cm and
national standard QCVN 40:2011.

voltage with plasma on Fe electrode at 5 kV and Value after National
electrode distance 300 mm. No. | Parameter pollution standard
Verv hish COD 1l as TOC effici treatment QCVN40:2011
ery hig as well as efficiency
24D [245T| A B
values show that 2,4-D and 2,4,5-T are well
and thoroughly treated to CO, and H,0. Table 6 1 |Cpyyo mg/L |<0,005] <0,05 | 0,05 | 0.1
presents parameters of water polluted by 2,4-D 2 |pH 5,7 55 | 659 | 55%9
and 2,4,5-Tafterhigh voltage DC electrochemical 3 |COD, mg/L| 6.8 8,9 75 150
treatment with plasma compared with national 4 |, mg/L 3.1 45 1 5
standard QCYN 40:2011 and shows. that the 5 |cym me/lL 76 107 | 500 | 1000
treated water is grade A and can be discharged
. . . 6 |TDS, mg/L | 14,2 15,8 50 100
directly into the environment.
L[S o K " Lol ,lﬂ,[ - l “1‘ I -
(@) (b)
() (d)

Figure 8. GC-MS spectrum of 2,4-D degradation products after 30 min (b), 90 min (c) and 120 min (d) of reaction with
DC high voltage and electrochemical plasma on Fe electrode at U, .: 5 kV, D, .: 300 mm, 7: 30°C and 4: 38,8 uS/cm.
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Figure 8 presents the GC-MS spectrum
of intermediate products formed by the reaction
of 24-D or 24,5-T pollutants with agents
formed from high pressure DC reaction and
electrochemical plasma on the Fe electrode at U .:
5kV,D, .:300 mm, 7: 30°C and A: 38,8 puS/cm.

From the results of GC-MS analysis, it
can be seen that the aromatic ring of 2,4-D or
2,4,5-T is oxidized to phenol compounds and
then continued to form a straight-chain acid and
finally to CO, and H,O, which is represented as
a schematic diagram in Figure 9.

2,4-D 2,4,5-T
1+ OH"
Phenol

(6.839)

4-chlorophenol

(10.223)
1-chlorophenol .,
2,3-dichlorophenol
3,4-dichlorophenol ;..o
2,4—dichlorophenol(9'8 "
2,4,5-dichlorophenol
2,4,6-dichlorophenol
2,3,5-dichlorophenol

|+ OH

(9.925)

(12.498)

(12.580)

(12.432)

Acid forlmc(zm)

Acid acetic ,,, )

Acid propanoic, 4081)

Acid pentanoic g .,

Acid hexan01c(&355)

Acid succinic | oo

Acid oxallc(lz_m)

|+ OH
CO,+H,0

Figure 9. Model of 2,4-D or 2,4,5-T decomposition
by DC high voltage with electrochemical plasma

Results of treatment of water contaminated
with 300 mg/L methylene blue dye (C, H ,CIN,S)
by DC high pressure with electrochemical plasma
on Fe electrode at U, 2.5 kV, D, .: 300 mm,
pH: 6.06 and A: 156 pS/cm presented in Table 7.

Table 7. Time variation of TOC value and treatment
efficiency of methylene blue polluted water by DC
high pressure with plasma on Fe electrode at U, .: 2.5
kV, D, .: 300 mm, pH: 6.06 and 4: 156 uS/cm

¢, min 0 2 5 10 15
TOC, mg/L 68 | 40 35 25 12
Eft., % 0 | 40.2 | 523 | 88.4 | 99.6

From the results of Table 7, it can be
seen that the treatment efficiency of water
contaminated with methylene blue dye is also
very high, and the mineralization capacity
is determined to 81.9%. This proves that
the reaction of the radicals generated by the
electrochemical plasma oxidizes methylene blue
to CO, and water.”

By using of DC high-voltage with plasma,
it can also be applied to treat liquid waste
from hospital biochemical tests with very high
concentrations and unknown composition.
Figure 10 presents the treatment of wastewater
from a hospital biochemical test by DC high-
voltage with plasma on iron electrodes with
different anode area ratios.

a b c d

Figure 10. The color change of treated wastewater
from the hospital's biochemical analytical process
by DC high voltage reaction with plasma on iron
electrode: (a) S,/S. = 1; (b,c,d) S,/S. = 4; (a) the
pink color of initial solution; (c) turning dark brown
color; (b,d) turning blue-black color.

From Figure 10 it can be seen that the
color of the solution with biochemical test
waste changes color very quickly when treated
with a high-pressure DC current with plasma
from orange to blue-black. This color change is
related to the formation of compounds with iron

https://doi.org/10.52111/qnjs.2022.16501
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ions dissolved from the anode to coagulate and
separate from the system.

Table 8. Variation of concentrations of NH,', NO,,
NO; as well as COD and TDS at different treatment
times with DC high-voltage with plasma on Fe

electrode.
¢, min 0 78 270
NH,", mg/L 1600 650 490
NO,, mg/L 0.30 3.50 0.25
NO,", mg/L 0 520 250
COD, mg/L 19000 8500 1020
TDS, mg/L - 4050 3220

Table 8 presents the variation of important
values of wastewater such as NH,", NO,,
NO,, COD and TDS depending on the time of
wastewater treatment from biochemical tests by
DC high-voltage plasma technology. From the
results of Table 8, it can be seen that the COD
decreases very strongly, demonstrating high
treatment efficiency. Interestingly, ammonium
i1s also treated, so its concentration decreases
with time while the evolution of NO, and
NO, concentrations increases initially and then
decreases.*” That proves that ammonium is
oxidized to form NO,  and then further into NO;.

5. CONCLUSION

When using high voltage DC, electrochemical
reactions can still be performed even in low
conductivity water with the anodic dissolution of
the metal electrode and the release of hydrogen
on the cathode. The rate of electrical energy
distribution for electrochemical processes is
usually smaller than for the heating of the
medium. However, it is possible to control this
ratio by reaction parameters such as voltage,
distance between the two electrodes, pH and
conductivity as well as the temperature of the
medium. The products of electrode processes
such as metal ions from the anode and
hydrogen gas from the cathode disperse into
the environment and carry out an oxidation-
reduction reaction to form metal and then metal
nanoparticle. The nanofabrication process by

https://doi.org/10.52111/qnjs.2022.16501

this method does not use silver salts and reducing
agents, so the resulting product is different from
other methods in that it has high purity that can
be applied to health-related fields because there
is no influence of ions such as NO,  as well as
stabilizers. In addition to metallic silver nano,
other metal nanoparticles such as gold, copper,
iron, aluminum, tungsten,... can also be prepared
by high voltage DC.

With the gaseous environment created
on the electrodes in a strong magnetic and
electric field as well as an appropriate increase
in ambient temperature, a cold plasma state will
appear at the electrodes, an ionized state. The
hallmark of the electrochemical plasma is the
electrode glow and the characteristic amperage
of the electrochemical reaction rate that spikes
with time. The time of appearance of the
electrochemical plasma state can be controlled
by electrochemical reaction parameters such as:
high voltage DC, distance between electrodes,
conductivity or initial temperature of the aqueous
medium and the nature of the electrode metals.
In the electrochemical plasma state, besides the
process of forming metal nanoparticles, it also
forms substances with proven strong activators
such as H,0O, and especially OH" radicals. The
strong reactants of the electrochemical plasma
state on the iron electrode with the formation
of H,O,, the stability of the OH" radical is
supported by the Fenton reaction. The treatment
of environmental pollutants with difficult-to-
handle aromatic rings such as 2,4-D or 2,4,5-T
by high voltage DC with electrochemical plasma
on the iron electrode will achieve efficiencies
as high as 98% and 92.8% and form the final
products CO, and H,O with mineralization up
to 65,6% and 60,6%. Similarly, blue methylene
dyes are also treated with high yield 99,6%
and mineralization 81,9%. Waste from hospital
biochemistry tests with very high concentrations
of pollutants can also be treated by DC high-
voltage with plasma on iron electrodes with
high efficiency, especially for contaminant as
ammonium NH,".
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