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C@ERBiilsed arc discharge

Under high-pressures J;C;F

-Electrons cannot be O~ O

accelerated because of their o~ |

collision with molecules - C
M O s

- No plasma generation due
to lack of energy

Solutions:

- Reduce numbers of molecules
- Higher energy of each electron

Impressed voltage at small space (Micro-plasma)
Impressed voltage within short time (This work)

The atmosphere with high electron
density and high activation energy

Pulsed Power Technology

Enable to provide extremely high energy within nano-

seconds
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Electrons are accelerated
under strong electric fields
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(1) T. Nozaki J.Plasma Fusion Res., 85 3 (2009) 129-130



Nano-sized particles have been synthesized
with supercritical carbon dioxide and argon, etc.

* Higher electron density than gas phase discharge

SCF.discharge plasma * Improve crystallinity on the crystal growth step

*Lower plasma temperature than liquid plasma

SC-CO2 SC-CO2 SC-CO2 SC-Argon
Barrier discharge® Barrier discharge® Microplasma® Microplasma®

Recent problems
- Unknown reaction mechanism on the reactions in supercritical fluids with plasma
- A few researches have been reported

(1) T. Tomai et al., Thin Solid Films, 506-507 (2006) 409-413. (4) H. Kikuchi et al., Thin Solid Films, 516 (2008) 6677-6682.
(2) T. Ito et al, J. Mater. Chem., 14 (2004) 1513-1515. 4
(3) T. Tomai et al., J. of Supercritical Fluids, 41 (2007) 404-411.



{@Piirpose of this work

Development of a new method for useful carbon-based materials
with pulsed discharge in sub- and supercritical fluids

\
SCFs
: L

N e -p u |'S eﬁ O New carbon-based
disch arge materials o %

O ~

N
Aromatic compoun
(Phenol, Aniline, etc.)

4 )
1. Nano-pulsed discharge reaction of

organic compounds in supercritical Ar
2. Nano-pulsed discharge reaction of
organic compounds in subcritical H,O

New reaction pathway

.




Material : SUS316
Max temp : 360 °C

Max press : 30 MPa
Volume : 900 mL

" Plate electrode:
% (Electro emission)
§ Stainless steel

(Fe, Cr, Ni, ...)

Surface area: 3 cm?
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Needle-type electrode:

Tungsten (W)

Repetition frequency: 4 ~ 250 pps
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Plasma generation circuit
Oscilloscope 6




' ( Target on the sub-H

Phenyleneoxide polymers

Me Me
—2H*, —2e
n HO > —+—0 —
Me Me 0

2,5-dimethoxy phenol Polg/phenylen_e ether

Problems

,O tre

— Conventional methods =—

v'Polymerization with Cu cat.
v'Electric oxidation polymer.
v'Oxidation polymer. with transfer

metal complex

v'Hard to control molecular weight distribution

v'Hard to separate products
v'Small-scale synthesis

(Enqieerinq plastics
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Common plastics

Super Fl”
Engineering Plastics

- High functionality
- Use in many fields
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L { Target on the sc-Ar treat

Carbon-based functional materials

1ststep To prepare carbon-rich materials with pulsed discharge
In SC-Ar
To control the chemical structure of materials prepared

—— *E — Amorphous
E ., i Carbon material
ey 'p—-ll-"_ = = i —
[ — T = =y

/ Graphene Diamond \

2"d step To functionalize the materials with pulsed discharge
In sub-H,0O, sub-NH; aq. soln. or other solvents.



CQPTIEESERATGEIBRARG erization in sub-H,0

Voltage waveform Voltage-Current profile
65 ‘ : : : ‘ ‘ 70 14
55 i ? | BRER R
S0 | P g TR 0 §
< i i i i i 50 - 10 —~
2 Brm S S g
~ | | | | | < 40 A F8 =
> 20 - Lo S S S
CU i 1 | 1 1 foo] t
S gl W LA PR Y £ 307 ° 5
> a ? ? * * Z 20 at 4
“10 b 3111 F-{4-44- J- 4L ——\pltage
| | | | | | 10 A - - 2
_25 ; ; ; ; ; ; Current
0 10 20 30 40 50 60 70 0 ' ' ' ' ' 0
1 1000 2000 3000 4000 5000 6000
Time(nsec.) Discherae (ti
ge (times)
9 : : : : : : 700
%) NSRS SRS SRR SO | SN SO S 600
=< NSRS SRV AU NN S WY NSRS S __ 500
é’ ° = 400
T e e e R, A = -
— . ; b
> R T Tt o1 & 1 [ M O i DEETETS- | | EEEREEE =)
O | L L | : ; % 200 -
e T A A A
i i i i i i 100 7
-3 ‘ ‘ ‘ ‘ ‘ ‘
0 10 20 30 40 50 60 70 0 - - - - -
( ) 1 1000 2000 3000 4000 5000 6000
Time(nsec.

Discharge (times) 9



Aniline conversion (Volt. = 60-80 kV)

 ( BHENLELEE BEERS OB L

Phenol conversion (Volt. = 50-60 kV)

50.0 25
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L@ Camparison of reaction efficiency

10 20
__ 8t 7.4 % -
e\i S 15 | 13 %
Z o >
3 3 10|
2 4 2
= Q
<E N E 5 | 4 % 4 %
2t 0)
0.4 % :
reaction
0 0
Co (mmol/L) 100 100 100 100 100 100
Temp. (°C) 250 35 100 260 28 100
Pres. (MPa) 5.0 0.1 5.0 10 0.1 1.0
Discharge (pulse) 0 4,000 4,000 0 10,000 4,000
Reactiontime (h) 1.0 0.5 0.5 1.0 1.0 0.5

»At 100 °C and 5 (or 1) MPa, the conversions of aniline and phenol
increased compared with the other treatments.
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Electrical discharge radius:
1701.81 um
Maximum depth: 95.03 um

Electrical discharge radius:
927.63 um
Maximum depth: 59.74 um
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It was confirmed that electrical discharge occurred locally
in case of B. P. F. N. compared with the case with M. P. C.
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4 oligomers
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Oligomers (1-7 mers) was produced at 250 °C
In sub-critical water =



\oltage (kV)

Current (kA)

1
*******************************************************************

,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,
1

*****************************************************************

,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,

0 10 20 30 40 50 60 70

Time(nsec.)

——\Lltage
=== Current

T T T T T T
N w ~ ol » ~ oo

1

ENEDOLIL
250

50,000 100,000 150,000
Discharge (times)

200 H

Power (MW)
H
3

[ERN
o
o

a1
o
-

1

50,000 100,000 150,000
Discharge (times)

T
[N

Current (kKA)

14



(_arge treatment in sc-Ar

Addition reaction of OH group on phenol molecule occurred
without any additives in supercritical argon

MeOH soluble fraction

Abundance TIC: MO2QO3_01.D
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In sub-critical water:

v'Conversion of phenol reached about 30 % with this technique.
v'With increasing irradiation time, oligomers with higher degree
of polymerizations were produced via polymerization

o T O g
Yol OO e

In supercritical argon:

v'OH addition to phenol to form dihidroxybenzene took place in
supercritical argon, especially at longer irradiation time. No
oligomers production was confirmed.

OH OH
[ j . Q
HO

v

\ 4
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b-critical water with pulsed plasma

H,O KHOZ'
OH- H* O,

B RIEE

NCeHsO' 1o holzikET 5

CeH50-C¢Hs0OH — (CgHs0-)H

o o}
- C5H4¥—> C5H4o¥» CH,=CH-C=CH

H,0 < C,H, — HCOOH

CeHsO- CeHsOH' 5—?;2&1!:,5@*5(1)’ e l
BESCHVERNNFELRD oo
Ar
H* CsHsOH } o on :
Ar* It can be considered that a
H,0 partial oxidation route
N (1)6.4 eV o phenol occurs with priority
T @52ev (O /s —H + OH probably due to difficulty in
% Gasey () 0—-0 o + O generating O radicals.
m | o — Discharge energy was
N O .
% DC-Arc plasma 1.0eV (3) O/ ~H 5 + H malﬂly Consumed

dissociation of water.

(1) H. Sekiguchi and M. Ando, Kagaku kougaku Ronbunshu, 30 (2004) 183.

(2) D. 0. Cooney, Z. Xi, J. AIChE, 40 (1994) 361-364.



Sl ORAECISCoaeaRer sc-Ar discharge

EDX analysis

- Coating agent
Mn
J Fe J/

I" "N Pt
L. _.LJMMMMMW

2.5 Mm 2.5 Mm

Carbon rich thin layer was produced




100,000 pulses

150,000 pulses

Intensity (a.u.)

Raman spectroscopy

150,000 times

100,000 times
50,000 times

10,000 times

1815 1615 1415 1215 1015 815

Wave number (cm?)

Two peaks were appeared
in all the products |



REERISPEGHOSEORYIO! the samples

Graphene (or graphite Artificial diamond

S? R A— S|)°
Typical raman spectrum

1599.78 cmt
G bag:jnpeak AmorphOUS

(sp*bond) structure

1374.08 cm'!
D band peak
(sp®bond)

Intensity

1580 cm
SpPAERITIRBEINSG/NVFE—Y

1340 cmt
spERITIRBINSD/ANVFE—Y

1800 1700 1600 1500 1400 1300 1200 1100 1000 900 800
Raman shift / cm!
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Nano-pulsed electric discharge in subcritical water

1. Phenolic oligomers (DP =1 - 7) were obtained.
2. Phenol was probably activated by OH radicals which generated

from H,O degradation and polymerized.

Nano-pulsed electric discharge in supercritical argon
Carbon-based material with the following properties was synthesized.

1. Intermediate chemical structure between graphite and diamond

2. Main elements are C and O.

3. Multi-layers of graphene exist.

4pps  250pps 40°C 50C 5MPa 10 MPa 450ml - 900ml
Effect of frequency Effect of Temperature | Effect of Pressure | Effect of volume

21
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' Nano-pulsed power technology

Generation of extremely large power
for reduced power of chemical conversions
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Catalytic etherification process for preparing meta-phenoxyphenol from bromobenzene and resorcinol.
Mil'to, V. I.; Orlov, V. Yu. (OOO "Meta-FF", Russia). Russ. (2006), 4pp. CODEN: RUXXE7 RU 2287516
C1l 20061120 Patent written in Russian. Application: RU 2005-119464 20050616. Priority: . CAN
145:488993 AN 2006:1216261 CAPLUS

HO H R: K,CO,, C: CuCl, C: Bipyridine, S: DMF
+ PhBr 0.45h, 120°C, 120 °C — rt ”
. ) ’ d
HO

82 %

OPh

Note: other products also detected ,
Reactants: 2 , Reagents: 1, Catalysts: 2, Solvents: 1, Steps: 1, Stages: 1

Technology of m-phenoxy-phenol synthesis.

Mil'to, V. I.; Orlov, V. Yu.; Mironov, G. S. Yarosl. Gos. Univ. im. P. G. Demidova, Russia. Khimicheskaya
Tekhnologiya (Moscow, Russian Federation) (2004), (1), 24-26. Publisher: OOO Nauka i Tekhnologii,
CODEN: KTMRAG Journal written in Russian. CAN 141:379673 AN 2004:153231 CAPLUS

HO H | | o
\©/O + PhBr R: K,CO,, C: CuCl, C: & - Quinolinol, S: DMF , /@\ +
60 — 70 min, 140 °C HO oph oo

Note: green chem , optimization study , optimized on ratio of the starting
substances , amount of the catalyst , reaction time ,
Reactants : 2, Reagents: 1, Catalysts : 2, Solvents: 1, Step: 1, Stages: 1

OPh

Solvent-assisted Ullmann ether synthesis. Reactions of dihydric phenols.
Williams, Albert Lloyd; Kinney, R. E.; Bridger, Robert F.  Central Res. Div. Lab., Mobil Oil Corp., Princeton, NJ, USA.
Journal of Organic Chemistry (1967), 32(8), 2501-5. CODEN: JOCEAH ISSN: 0022-3263. Journal written in

English. CAN 67:63969 AN 1967:463969 CAPLUS
+ @\
PhO

HO H |
+ PhBr  CGHN R Q
HO
24

OPh OPh

Note: Classification : O-Arylation ; # Conditions : NaOMe pyridine ; /N2 ; CuCl PhBr ;
Rf/ N2 3 h, Reactants: 2, Solvents: 1, Steps: 1, Stages : 1
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17 Filtration

INLRATRE

<€<—— MeOH
90 °C for 2 h
kT EZ IR
| g l
® =
< - L
GC/MS XRF

MALDI-TOF/MS*
*5000EI R EFEIU Y-~ T ILDH

R RN OXRES TR
Elements Content (%)
Fe 46.46
Cr 13.25
W 33.82
Ni 5.22
Mn 1.25

RERIEBHEONIETHS
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M.P.C.ERODTSATHERRYERLEZFIAL. 72z/— IV RIEOEMEILEZBIET

M.P.C. (Magnetic Pulse Compression) BPEN. €——100ms —>
A
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' BERKPFFTXRE

EEREH Vi s
Sy . - N Column : HP-5 MS capillary column system
'f';t*_l' :7x/—)LKiER& (0.1 M) Detector (MS) :  HP model 6890 series GC system
dmE 250 °C GC/MS 5973 mass selective detector
]:T:j:l .95 MPa Temp. program : 5 K/min. (318 K to 543 K)
= ’ Carrier Gas : Helium (1.5 mL / min.)
j]-& & ~ 5,000 [=] Column . Inertsil ODS-3
Detector . UV-VIS (280 nm)
HPLC Flow rate : 1.0mL/min
. o Mobile phase : CH,CN/H,0=20/80
RERIR{E Acceleration (V):  +25kV
o Nitrogen laser : 337 nm
RIGBRAEArARIZEMRT S MALDI 3 ns pulse width
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( Purpose of our study

©/OH
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@Poly (2-alyl) phenylene oxide
film (SEM image)
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(1) J. Marsh et al. J. Appl. Polym. Sci., 59 (1996) 897-903
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mim L4 Y GBERFAr I S5 X RER)

H,O 5 mL MeOH 5 mL
AE IRNIE A5 IRNE
553 A 553 fE
H,OME% & A3/ —ILikER
Abundance Abundance

80000 1
130000 ]
120000 3 70000
110000 § 1
100000 ] 60000
90000 3 50000 ]
80000 7
70000 7 40000
60000 1
50000 } 30000
40000 1 ]
30000 1 20000
20000 | A 10000
10080 u I\ ; f T T T ¥ i T T T T 0 L L “ A L L

5.00 10.00 15.00 20.00 25.00 30.00 35.00 40.00 45.00 50.00 55.00 T 5.00 10.00 15.00 20.00 25.00 30.00 35.00 40.00 45.00 50.00 55.00
Time ime-->

H,0%t % & (GC/MS5H#T) AR/ — )Lk %R (GC/MSTTHT)
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