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Dielectric barrier discharge was operated in the liquid-gas boundary and applied to the degradation of Dibro-
mophenol (DBP). The brominated aromatic compound show acute toxicity to aqueous living and, occasionally,
carcinogenic and hormone-disruptive effect for human. The plasma degradation provides the advanced oxidation
process by charged species, anion as well as neutral radicals. Plasma-degradation with the anion-exchange suc-
cessfully worked and the controlled the production of BrO; by NO;. Interpretation of the observed difference in
the resistance is interpreted using the Molecular Orbital Theory.
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1. Introduction

Increasing amount of aromatic compounds, with multi
benzene rings is produced as flame-retardant plastic ma-
terials. 2, 6 - Dibromophenom (2, 6 - DBP) is detected as
a degradation product of Tetrabromopisphenol-A (TBBP-
A) [1,2]. The environmental toxicity is presented by World
Health Organization (WHO) [3]. Concern of the animal
carcinogenicity is expressed for a product in the oxida-
tive degradation: BrOj, by the International Agency for
Research on Cancer (IARC) classification Group 2B [4].
Degradation of 2, 6-DBP have been studied using a di-
electric barrier discharge in the gas-liquid boundary [5]. In
this work, we aim at the confirmation of the reproducibility
at lower discharge power, and experimental comparison of
DBPs: 2, 4 - DBP. Degradation at a higher concentration of
DBP solution and a short-cut of the degradation using an
anion-exchange polymer have been studied.

2. Materials and Methods

Lukes et al. [6] reported the measurement of *OH rad-
ical production and O3 decomposition in the presnce of N;
molecules in humid air, through the following reactions.

Dissociation and ionization generating OH anion and
radicals

H,O+e > OH +H'+e
H,O+e —>*"OH+*H +e

author’s e-mail: akitsu@yamanashi.ac.jp

*) This article is based on the presentation at the 27th International Toki
Conference (ITC27) & the 13th Asia Pacific Plasma Theory Conference
(APPTC2018).
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Reactions including excited oxygens
o('D) + H,0 — 20H*
O('D) + 0, — O3
Reactions including metastable state of nitrogen
molecules

N>(A’S) + H,O — N; + *OH + *H.

Inhibition of O3 production and enhancement of OH*
formation:

OH™ + 03 — "O; + HO3,
05 + 3HO; — 30H" + 30,.

Production of superoxide: Oxygen molecule is the pri-
mary accepter of electrons and forms *O;

0, +e — "0;.
Production of hydroxyl radicals:

*0; + H,0 — OH™ + "HO,
*HO, + "HO, — H,0, + O,
H,0, + *OE — *OH+ OH™ + O,
H,O, +e —» *OH + OH".
Dibromophenol + {*OH + OH™}

— Produced system.

Hydroxyl radical and anion are produced in the dissocia-
tion of hydrogen peroxide by the electron collision in the
gas discharge. In the reactions, in air with humidity, one of
the merits is the suppression of ozone generation. Ozone
quench is important for the suppression of BrOj. The sup-
pression of BrOjis realized by NOj in the advanced oxi-
dation.

© 2019 The Japan Society of Plasma
Science and Nuclear Fusion Research
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Nitrogen reactions including the ozone quench gener-
ating the excited state of nitrogen and NOy

N, +e - 2N* +e,
O('D) + NO — NO,,
N* + 03 —» NO + O,,
NO + O3 —» NO; + O,.

Figure 1 shows the experimental layout. The apparatus
consists of a quartz tube 3.0 mm in outer diameter, 1.4 mm
in inner diameter and W-Re electrode inserted coaxially.
This part is submerged in the DBP water solution in a test
vial, 100 mL. Discharge is excited with a quasi-sinusoidal
high voltage generated by a fly-back transformer oscillator,
at 16.94kHz, 7.68 to 7.84 kV. Figure 1 (b) shows the High
voltage is supplied to a W-Re wire inserted along the cen-
ter. Discharge current was measured with a current probe
and pre-amplifier TCP312 and TCPA300. High-side termi-
nal voltage was measured with P-3000 high voltage probe.
Discharge power was estimated by integrating the multi-
plied waveform and digitized Q versus V Lissajous figure.
The electronic charge Q was measured as the voltage-drop
across a ceramic capacitor, C; = 4200 pH connected to the
outer electrode surrounding the vial.

[

High Voltage Probe

Plasma
(Gas region)

Water region

— Monitoring
Capacitor (C,)
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11

Fig. 1 The dielectric barrier electrode and measurement plasma
reactor; (a) Experimental layout; (b) voltage (lower) and
current (upper trace) waveform. Vertical unit: 2 kV/div.
50 mA/div. and horizontal unit: 20 ps/div.

In the experiment, DBP sample was solved in NaOH
solution, and diluted with pure-water. The concentration
was measured at 20 mg/L. After plasma-injection, the con-
centration of the solution of DBP was measured by the
high-performance liquid chromatograph (HPLC). The to-
tal organic carbon (TOC) was measure as the amount of
CO; from the incinerated organic materials. The con-
centration of Br™ and BrO; was measured by the ion-
chromatography. The concentration of the DBPs were
measured by HPLC, L-6000 equipped with UV detector,
L-4200 (Hitachi Co., Japan) with column X-bridge 4.6,
250 mm (Waters, Japan).

TOC measurement was carried out by TOC-
LCSH/CSN and auto sampler, ASI-L, (Shimadzu Co.,
Japan) Ion chromatography for the anion ICS-1100
(Dionex), with column IonPac AS22 (Dionex), and guard
column, IonPac, AG22 (Dionex) installed with the electro-
conductivity detector. The reproducibility of the time
elapsed measurement and the experiment with high density
samples was examined by HPLC Prominence-I LC-2030
Plus (Shimadzu Co., Japan) installed with UV-detector and
a reverse mode column: Xbridge C-18, 5 um.

3. Experimental Results

Figure 2 shows the time-evolution of 2, 6 - DBP con-
centration and TOC as a measure of remaining organic
compounds. In Fig.2 (a), oxygen and air discharge case,
one can find that the bromine detachment is completed
in 20 minutes. The decomposition in nitrogen (green-
diamond) and Ar (blue-triangle symbols) discharge are in-
efficient compared with the oxidative media.

Decrease in the TOC in the oxygen discharge is
almost 100%. Figure 3 shows the result of the ion-
chromatography: Br~, and BrO;. NO; was measured in
the air discharge. In the oxygen discharge, the increase in
the concentration of Br- anion is observed initially. Then,
turned to decrease. This change indicates the production of
BrOj by oxidation. In the air-discharge, 40 % of the initial
TOC is remaining, but the suppression of BrO3 production
was observed. This difference is attributed to the increase
in NO3 density. The power estimated with the Q versus V
Lissajous is summarized in Table 1.

Next object is the comparison of DBPs structure and
the operation at lower discharge power < 6 W. Figure 4
shows the degradation of 2, 4 - DBP and 2, 6 - DBP, in the
initial 20 minutes.

The power estimated with the Q versus V Lissajous is
summarized in Table 2, at low discharge power < 6 W.

In Figs. 4 (b) and (c), our small finding is the bromine
detachment in shorter time in the case of 2, 6 - DBP.

In the industrial bi-product, hazardous concentration
of DBP may be observed. Let’s say 10 times the ob-
served case. Table 3 shows the result of the combination of
the plasma degradation and the anion exchange using gel-
type tri-methyl ammonium polymer, after the air-discharge
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Table 1 Discharge power. g o ..-"'
0 ‘ 1 1 1 1 1 1
Gas  Energy Frequency Power 0 20 40 60
(mJ/s) (kHz) (W) Time (min)
Air  0.608 16.88 10.26 (©)
Ar 0.293 16.69 4.89
N, 0.410 16.94 6.94 Fig. 3 Concentration of anion; (a) Br~; (b) BrO3; (c) NOJ in the
0, 0.749 16.91 12.67 air- discharge case. Dotted line: Linear regression.
Table 2 Discharge power. . . .
Table 3 Combined process of plasma-degradation and anion ex-
change.
Gas Energy Frequency Power
(mJ/s) (kHz) W) Control Air plasma
Air 0.363 16.89 6.13 Anion exchange No exchange No exchange
Ar 0.224 16.99 3.81 Color No No Yellow No
N, 0.314 16.99 5.33 pH. 10.8 9.3 7.5 6.8
0, 0.354 16.92 599 Concentration* (mg/L) 200 — 90.3 45.9
*2,4- DBP

degradation in 10 minutes, at discharge power < 13 W.
Using the combination of plasma and anion exchange,
high density sample can be degraded to 25 % of the initial

concentration successfully. Thus, a short cut of the degra-
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dation have been achieved. Figure 5 shows poly-styrene
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Fig.4 Experimental comparison of the concentration of DBPs:
(a) 2, 6-DBP, (b) 2, 6 - DBP initial phase, and (c) 2, 4 -
DBP.

and NO5 anion with OH™ anion.

4. Discussion
4.1 Interpretation by frontier electron den-
sity calculation

The replacement reaction of Br~ and OH™ is deter-
mined by the energy difference in the starting system,
DBP+OH-. Consequently, the reversed reaction in the
produced system, bromophenol - OH+Br~ (in NaBr). Hy-
droxyl radical and anion are excited in the gas region. The
excited state of hydroxyl radicals is singly occupied molec-

TLCHz_CHJ[

(|3‘H
CHs

Fig. 5 Gel-type poly-styrene base, tri-methyl ammonium anion
exchange polymer. (Sanei Chemistry, Japan).
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Fig. 6 LUMO and HOMO energy diagram for the Nucleophilic
reaction; (a) Starting system, 2, 4-DBP + OH™; (b)
Produced system, bromophenol - OH + Br~ (in NaBr);
LUMO energy is —0.332eV and HOMO -10.197 V.
Empty line symbol indicates LUMO and line with two
spins indicates HOMO state.

ular orbital (SOMO) and directed to the electrophilic reac-
tion. Figure 6 shows the energy diagram of the excited
state of hydroxyl anion and DBP. The lowest unoccupied
molecular orbital, LUMO energy of the starting system,
2, 4-DBP is —0.540eV and excited energy of OH™ is
4.045 eV. Difference between the highest occupied molec-
ular orbital, HOMO and LUMO energy gives the activation
energy, 4.585 eV. LUMO energy of the produced system 1,
2 - OH-4-bromophenol is —0.332 eV and HOMO energy of
Br™ is —10.197 eV. This calculation indicates the reaction
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Fig. 7 LUMO and HOMO energy diagram for the Nucleophilic
reaction; Starting system, 2, 6 - DBP + OH™; Empty line
symbol indicates LUMO and line with two spins indi-
cates HOMO state.

‘alues at the color
boundaries for
26DBP_PM5_wavefunction_in

0.005

0,003

o002

o002

ana

ana

00og

ol [ [ b

:

@

Values at the color

boundaries for

26DBP_PM5 _wavetunction_in
0.005
000z
ooz
annz
oom
oom

0.000

ol [ [ W

Lok ]

(b)

Fig. 8 Iso-surface of 2, 6 - DBP; (a) the nucleophilic susceptibil-
ity, (b) electrophilic susceptibility reaction frontier elec-
tron density.

proceeds in the forward direction, while supplies of OH*
radical and excited OH™ anion lasts. Figure 7 shows the
energy diagram of the starting system of 2, 6 - DBP+OH™.
LUMO energy is slightly lower.

Figure 8 shows iso-surface of the nucleophilic and
electrophilic reaction frontier electron density of 2, 6-
DBP. Excited hydroxyl anion is directed to the nucleophilic
reaction localized around Br atoms, whereas the reaction
with hydroxyl radical is targeted to the electrophilic reac-

tion region localized around the benzene ring.
The frontier electron density was calculated by
Biomedical CAChe (Fujitsu, Japan) [7, 8].

4.2 Interpretation of the control of BrO; an-

Frlo(r)rl11the experimental result, the highest concentra-
tion of BrOy3 is found in the case of the oxygen-discharge.
Logically, in the air-discharge contains suggests that BrO3
is controlled by NOJ. A proposal is made by von Gun-
ten that BrOj is produced by the cascade oxidation in
the advanced oxidation by oxygen plasma or ozone injec-
tion [9-11]. This process is considered as in the following
reaction.

Br~ — O3 - HOBr/OBr~ — O3 — BrO,
- 03 - BI'O;

Concerning the blocking of BrOj in the air plasma, a pro-
posal of the following reaction is made by Parrino et al.
[12]

NO3 + 2Br™ + 3H* & Br, + NHO, + H,0.

Air plasma produces NOj anions, and H* is the counter
part of OH™. The accumulation of this anion lowers the
pH. of the system and contributes to the decreases in the
concentration of OH™. Nevertheless, the reactant is sup-
plied from the gas-region independently, and NOj can con-
tribute to the blocking of the production of undesirable
byproduct BrO;3.

S. Conclusion

Plasma degradation of dibromophenols was studied
using a compact dielectric barrier discharge in a quartz
tube, dielectric barrier discharge at the gas-liquid bound-
ary. As the dielectric barrier discharge can be operated at
low electric power, this method is a feasible solution for
the nature remediation. Experimental comparison of work-
ing gas revealed the control of hazardous bi-product BrO3
was realized by the accumulation of nitric anion in air-
discharge. The degradation of Br system was interpreted
by the Molecular Orbital Theory. The LUMO energy level
of DBP is lower than the excited energy level of the ac-
tive component, OH™. this result suggests that the electro-
chemical degradation by the plasma satisfies the require-
ment for the environmental pollution by the brominated
aromatic compounds. The direction of the forward reac-
tion was explained by the energy-difference between the
starting system and the produced system.
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Appendix A
Figure A shows 3-D LUMO/HOMO model of 2, 6 - DBP.

(b)

Fig. A 3-D LUMO / HOMO model of 2, 6 - DBP. (a) LUMO surface,
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