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Introduction
Hyperbranched Polyphenylenes

Hyperbranched Polyphenylenes (HBPs) have been an attractive research topic due to
its multifunctional properties with broader technological impact to the society
— High thermal stability,
— Structural Rigidity
— Good solubility,
— Multi-functionality
— Low viscosity and
— Processability features

Applicability of Hyperbranched Polyphenylenes : Optoelectronic devices (such as
OLED’s, Multi-color lasers), Temporary Bonding Material.

HBP as electrode for Li-ion batteries:
Investigation of bipolar p- & n-type of redox activity in HBP, where p-doped at high
potential as cathodic electrode and n-doped at low potential as anodic electrode

Temporary bonding material (TBM)

{ ]
Thired Douice ‘

B e —

Carrior Wafer Jtxcheste  SoWtRdesse  RemoveCarrier  Remove Adhesve and  Processsed Wafer 2
Ditios Frame Altesive Fin on Frame

Objective on synthesis of HBP

* Synthesis of Hyperbranched Polyphenylenes from Suzuki
Polycondensation (SPC) by aryl dichloride and aryl dibromo monomers

(boronic acid and borionic acid esters)
Cl

B cl
HO, " o, HO
N N B
B —Q B o'
HO 0 cl
cl

Br
(3,5-dichlorophenyl)
boronic acid

&2 ) 3,5-dichlorophenyl
boronic acid bomm acid pinacol ester boronic acid pinacol ester

* Aryl chlorides are economically feasible in availability, and could
influence in widening the applicability in SPC
+ Comparison of Hyperbranched polymer’s synthesized from chloro and

bromo monomers

¢ Q0O
HOE-Q P
HO HsCO

3.5-dichloropheny!
‘boronic acid Pd(OAc), SPhos
—_—

L OCHs
%) K;PO,
o THEF/H,0 (10%) 300 ) SPhos
B 66°C in 'Ar" atm. for 24h (di 10h 1(2' 6'-dimeth
0 M (2',6'- -

[1 1" blphenyl] 2-y|)phospl1me)

3,5-dichloropheny!
boronic acid, pinaco ester

Polycondensation of Aryl Dibromo monomers

ar Pd(OAQ),,
HO\ SPhos
A. B —_—
HO K;PO,, THF/H,0,
Br66'C, Ar atm. B/ n

HO }—éou
aoncy,

Br Br
HO _ Pinacol
. B
Ho MgSOA T, - l\,ro, THE/H,0,

Br
66'C, Ar atm.

Effect of Reaction time on Suzuki Polycondensation

O\BQB' wo =% +  Boronic acid monomer is more
o - Ho' sensitive than boronic acid ester
S. | Time | Yield | Mol. Wt. | M,/M, S.|Time [ Yield | Mol. Wt. [M,/M,| monomer
No.f ()| (%) ‘/Mv” o1 (h) | (%) (M., g/mol) « Catalyst transfer condensation

g/mol A .
1[15 | 73 | 20900 | 1.15 | [1] 15 | 87 | 31000 | 138 polymerization (CTPT)

* Intr: | lar transfer of Pd catalyst
24 | 80 [ 25800 | 1.18 | [2] 24| 84 [ 60400 [1.32 in SPC

w

36 | 70 | 28500 | 1.93 36 | 77 |1116000|4.69
48 | 80 [108000( 2.04 | |4 48 | 75 |6516000] 7.49

72 80 |119000| 2.13

*K. Kosaka, Y. Ohta & T. Yokozawa (2015) Macromol.
Rapid Commun., 36, 373-377

6

Suzuki Polycondensation (SPC s,

B

SPC uses C-C bond formation by Suzuki-Miyaura cross coupling reaction
(SMCR) between bifunctional aromatic monomers carrying boronic acids
(esters) and halogenide leaving group.

Sy e

Suzuki-Miyaura catalytic cycle occurs in four steps
Oxidative addition of organic halide to Pd'® species to
form Pd",

*Exchange of anion attached to the palladium for the
anion of the base (metathesis)

«Transmetallation between Pd(© and the alkylborate v i e S
complex.

* Reductive elimination to form the C-C sigma bond and e
regeneration of Pd(© s . e

Catalyst transfer polymerization (CTP)

«Catalyst transfer condensation polymerization
*Obtaining ideal living chain growth behaviour

N

Catalyst, Ligand

Effect of Polymerization .o Q

%
Base, Solvent,

—_—
HO
Effect of Solvent Br  Aratm.Temp. .
r/ n

Solvent Yield (M, g/mol) M,/M, 1R S —
60% 2282 1.83 'l THF | | Toluene [ ‘
Toluene®  20% 6762 135 “ S
Nitrobenzene®  33% 3370 2.56 J\
[ ThE® 83% 12623 192 |
Toluene ® 45% 46710 41 R TG 07 A ) T\ T 2 R AL

@ Pd(PPhj), for 15h of Polymerization GPC curve of THF and Toluene

«® Pd(OAc), (0.5 mol %) and SPhos (1 mol %) for 15h of Mw and PDI is determined by GPC with reference to
Polymerization polystyrene standards

CEffect of Catalyst % 2Effect of time in the presence of Water i

Catalyst Yield M,, g/mol M, /M

THF

Time(h)  Yield (M, g/mol)  M,M,
1SPhos 83% 14600
=
Pd(PPh;),  60% 2300 1.83 S 205 15300 1.20
tBu;PPd(0)  69% 30700 1.46 i ~87% 31000 1.38

Determination of Mw by GPC with reference to polystyrene std
*°Polymerization in THF in ‘Ar’ atmosphere for 15h
dPolymerization in THF/H,0(10%) in ‘Ar’ atmosphere with Pd(OAc), and SPhos
Investigation on the effect of time of polymerization is carried out in THF / water (10% in
Pd(OAc), and SPhos)

7 R. Martin and S. L. Buchwald, Acc. Chem. Res. 2008, 41, 11, 1461-1473. 5
2 K. Kosaka, Y. Ohta & T. Yokozawa (2015) Macromol. Rapid Commun., 36, 373-377

Gel Permeation Chromatography . .

3,5-dibromophenylboronic acid pinacol ester je’BQ

Br

— Lasor scattering — Laser Scattoring

07+ Refractive Index 1.0 —— Refracti
Reaction Time - 72h

06]  Reaction Time - 15h o] msionn

M,- 20900
MM, =1.15

oM, =257

Relative Scale
gz
Relative Scale

Time (Min) HO_ Time (Min)
3,5-dibromophenylboronic aci BQ

— Laser Scattering

10| —— Refractive Index

0. ] Reaction Time - 4gh
M- 6516000

05 mm, =7.49

10] — Laser scattering

Relative Scale

IR
Time (Min)

Time (Min)
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13C NMR & DEPT Analysis

Polymerization time = 24h

147.0 144.0 141.0 138.0 1350 132.0 129.0 126.0 123.0 120.0

2 g w /
- < B WA
X : parts per Million : Carbon13 . /
Fig. 1 shows the 3C NMR of resulting hyperbranched polyphenylenes A
V .

Degree of Branching
2T 2D
DB =
r+L 2D+1L

Degree of Branching = 0.46

=]
X : parts t]’z’er Million : Carbonl3

Fig. 2 shows 3C DEPT analysis
«Holter, D., Burgath, A. and Frey, H. (1997) ‘Degree of branching in hyperbranched polymers', Acta Polymerica, 48(1-2), pp. 38-35.
«Kim YH, Webster OW, 1992, 25(21).

Thermal Treatment

102
929
T % 241°C

= % o
S T,10% - 443°C
§ 91 Residue - 85% - 500°C
o 9
£ Br
§ 87 “°\B Q

84 o 'Br

81

50 100 150 200 250 300 350 400 450 500
Temp. (Cel)

Thermal Treatment at 260°C for 3h in nitrogen atmosphere at the rate of 10 °C/min.

Hyperbranched Polyphenylene with Aryl dichlorides

ci cl
0\ HO\ Pd{()An)z /,U—\\
B OR B
) HO K P04‘ THF/H,0,
cl cl

66°C, Ar atm.

—6h

cr
o
g —12h
o —24n
c

——48h

I

Relative Scale

Effect of Reaction time on Suzuki Polycondensatlon

“Time (min.)
ci cl
oy Ho,_
o HO'
] cl
S. [ Time | Yield | Mol. Wt. | MM, || S. | Time | Yield| Mol Wt. [M,/M,|
No.| ) | (%) | (M, gmol) No.| () | (%) |V, g/mol)

Relative Seale

1] 6 [ 30 | 16300 | 152 | 1| 6 | 78] 11100 |265
2| 12 [ a5 | 16000 | 191 [2[ 12 [ 75 | 18400 | 1.97
3] 24 | 60 | 18400 | 171 | 3 | 24 | 80 | 22600 228
5] 48 [ 80 | 30800 | 2.07 |[4 ] 48 | 85| 24500 [4.36 P T S s

‘Time (min.)

«  Boronic acid monomer is more sensitive than boronic acid ester monomer
+  Catalyst transfer condensation polymerization (CTPT)*
+ Intramolecular transfer of Pd catalyst in SPC

*®. Kosaka, Y. Ohta & T. Yokozawa (2015) Macromol. Rapid Commun., 36, 373-377

Comparison of '3C NMR at 24h and 48h reaction

Polymerization time = 48h . <
M,, = 108000 g
M,/M, = 2.04 .
e ¥
€ h «Intramolecular transfer of
v o~ [ Catalyst
B LA

3.00

i’ Yy —re. Degree of Branching = 0.46

M, = 25800

Polymerization time = 24h ‘
M,/M, =1.18 |

Degree of Branching = 0.43

1270 1250 123.0

1450 1430 1410 1390 1370 1350 1310 129

737 5

0.41

X : parts per Million : Carbon13

@mogravimetric analysis of HBP-Br

Sl Time  MolLW. oo Ti(1%) Ty(10%)
No (h) (M, g/mol) €c) (o)

115 20900 115 328 474

2 24 25800 118 344 492

3 48 108000 204 352 520 h
4 72 119000 213 361 509 *

T oz
O, o
N
in
Weight Loss (%)

50 ——48h

Sl Time Mol. Wt. poi Ta(1%)  Tq(10%)

No. (h) (M, g/mol) (°C) (°C) 100 200 300 400 500 600 700

Temperature ('C)

1 15 31000 138 291 470

2 24 60400 132 345 493

3 36 1116000 4.69 390 516

4 48 6516000 7.49 373 524 "

Structural Analysis '3C NMR analysis

a
. » AN Hyperbranched Polyphenylenes

44.081

)

I

145.0 143.0 141.0 139.0 137.0 135.0 133.0 131.0 129.0 127.0 125.0 123

13C NMR of Hyperbranched Polyphenylene from 3, 5-
dichlorophenyl boronic acid pinacol ester
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Synthesis of 3,5-dichloro-1,1'-biphenyl
(Model Reaction for structural analysis)

iQ —O—-0-C

Bromobenzene
Bpin-Cl 3,5-dlchloro-1,1'-blphenyl
Cl o
f e [ v 9@ -
dd S2 ©Th g
g a ne e oA
aa awN
88 g7
g
° a
o g C
= S 0
< s g e
n ©
g g b f
145.0 143.0 141.0 1390 137.0 1350 133.0 131.0 129.0 127.0 1250 123.0
X : parts per Million : Carbon13
13C NMR spectrum of 3,5-dichloro-1,1'-biphenyl
13C NMR & DEPT analysis
g cl
2 ¥ n
¢ t 13C DEPT
e Y .
145.0 143.0 141.0 139.0 137.0 135.0 133.0 131 e N b e
X : parts per Million : Carbonld
13C NMR of HBP from 3, 5-dichlorophenyl boronic acid pinacol ester > o
° e 295 129.1 1287 1283 1279 1275 1271 1267 1263 1259 1255 1251 1247 1243
N U X : parts per Million Carbonl3
W T e
s I Degree of Branching
Ml . \ - 4 - ee of Branching = ——
SR o, S o Setpme Degr L)

16.0 1440 1420 1400 1380 1360 1340 1320 1300 1280 1260 1240 1220
13C NMR of HBP from 3, 5-dibromophenyl boronic acid pinacol ester Degree of Branching = 0.49

6
“Hélter, D., Burgath, A. and Frey, H. (1997) ‘Degree of branching in hyperbranched polymers’, Acta Polymerica, 48(1-2), pp. 30-35.

=
B 3
g
2 S
2 8
c) g z r g
g
PR
-1 g 9 o
o © 0 w g
S I I
9~ o LN
- " =3 ® S
-
©
b) =1
2
g

145.0 143.0 141.0 139.0 137.0 135.0 133.0 131.0 129.0 127.0 125.0

Inverse-gated decoupling 1*C NMR spectra of HBPs synthesized from Bpin- Cl
(a) Crude; (b) NMP-purified; (c) Dry-thermal treated
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Synthesis of 5'-chloro-1,1":3',1"-terphenyl
(Model Reaction for structural analysis)

d

144.0 142.0 140.0 138.0 136.0 134.0 132.0 130.0 128.0 126.0
X : parts per Millien :

143.800

+

Br phenylboronic acid

1,3-dibromo-5-
chlorobenzene

139.890
135.140

¢ h

Carbonl3

HO
/B@ > O
HO

5'-chloro-1,1':3',1"-terphenyl

129.025
o
127.251

=
128.119
125.849

124.304

»
ua
-

124.0

13C NMR spectrum of 5'-chloro-1,1':3',1"-terphenyl

Thermal Treatment in HBP-CI

Weight Loss ("/3) ~
g 8 8 8 B

1%- 195°C
5% - 466°C

Weight Loss (%)

50 100 150 200 250 300 350 400 450 500

Temp. (Cel)

%

Thermal Treatment of Synthesized Hyperbranched
Polyphenylenes is carried out at 260°C for 3h in
nitrogen atmosphere at the rate of 10 °C/minute

Effect of time on thermal treatment at 260 °C

30 min

—— 180 min
—— 300 min

Time (min)

o] — 1 meaac
3 0% se0'C
3 | —2mamanc
iw a6
| — o
I T5% 463'C
=

W0 200 300 400 50 600
Temperature ('C)

Solubility in THF after Thermal Treatment

“THF

Solubility of HBP

Soluble after heating

*O-dichlorobenzene

«Tetrachloroethane

*NMP — N-Methyl-2-pyrrolidone

*DMI — 1,3-Dimethyl-2-imidazolidinone

sl. Mol. | TGA
Monomer Conditions Solubilit;
No. Weight | (°C) Y
Br 0
) %, THF/H,0 | 16500 | T41%-344 igﬁui *
o 24h Tato%-a92 | Lo | T
Br
.
) HO, Br THF/H,0 | 60400 | T,1%-345 ;2202 *
B %o -
o’ Q 12h Tat0%-a93 | oo | T
Br
Cl 0
0. THE/H %- 200°C +
3 B O 17000 Lhoe | ase
o 12h R 30000 | +-
[~
HO, “ THF / H,0 T30 | 2000 |+
4 :5 2 24500 | “] U‘;' 7| 200
HO' - 2h e 3000C | +-




DSC curves of
a) bromo-terminated and b) chloro-terminated HBP

<24 HBP-Br
a
ol @
E
z A1 °
2 T,=264"C
=
g a2
-
13
14 ™ T T T T A8 T T T T T
180 s 200 228 2%0 s 1% s 200 225 % s
Temperature (C) Temperature (°C)
Heating scanat 10 ° Cunder N,
20
Luminescence
cl
B
o, " o
B B
o o
Br cl
= Emission - 360 — B
so0{ "7 ecnation-525mm o0 T Exiaton 320 mm
~ E%gg's"a‘::-“" . Rescion T 12
3 /M, = =
5 w0 3w WM, = 191
S g
5 £
£ 100 z
0
p P o s e e a0 s s wo

Wavelength (nm) Wavelength (nm)

Investigation on electrochemical properties in HBP-Cl

Previous work on Bipolar para-polyphenylene as electrodes for LIBs

*Bipolar: p- & n-type of redox activity, where p-doped at high potential as
cathodic electrode and n-doped at low potential as anodic electrode

*Para-polyphenylene: Zhu et.al. as reported bipolar redox active cathode
and anode for LIB

Low potential range: +0.02 V to +1.5V

Capacity :400 - 600 mAhg™" for current 40 mAg™ m
High potential range: +3.9 V to +4.5 V

Capacity: 80 - 70 mAhg™! for current 40 mAg™

This work on Hyperbranched Polyphenylene (HBP) as
electrodes for LIBs

*Hyperbranched polyphenylene from Suzuki polycondensation
*Soluble polymer

*High M,, HBP from Suzuki polycondensation using Cl monomers
*Easy and fast transportation ions in the structure benefiting in ion

Cl
diffusion "
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Comparison of TGA

100 —1
90
-~
B —3
<
>, 804 4
2 Monomer MWL v TGAEC)
To1%- 344
:én 16500 1.9 oS
Ts1%- 345
5 60400 133 T3ho%0
B 7200 191 [
2500 436 90T
100 200 300 400 500 600 700

Temperature ('C)

Hyperbranched polyphenylenes prepared from 3,5-dichlorophenylboronic
acid pinacol ester is extremely thermally stable
21

UV-vis absorption spectrum
and spin coated film on glass slide

e Bipin coated HBP film

Absorbance
5§

g
@
7

$

s

3% 5 m

Wavelength (nm)

30 28 25 & s W

* Good solubility enables the formation of transparent films by spin-coating the THF
solution

* Transmittance spectrum of the film is transparent over 350 nm

« Film forming capability predicted the possibility for coating applications 0

Electrochemical studies - HBP-Cl

o i
% + % + —»0‘—» ‘ ) Swagelok cell fabrication
Mixing,

Conductive
Electrode coated in Al foil

Active Material
(Polyamicacid/

rati fre I

1.0{ Scan rate - § mVisec 36408V 0] nercl
05 60 —a— Before CV
o~ —o— After CV
E 0.0 T®
"
Zos *;.?: S
Lithiation o =
1.0 ——eycle Y
Hype brascned.
15 Povohenyiens e -20
/ o\
20 <)
B \ \/n 0
0 10 2 3 4 50 60 70

1 2 3
Voltage (V vis LILI)

Cyclic Voltammetry
Operated Voltage - 0.01 Vto 4.8V
Scan rate -5 mV/s

Z (Ohm)

Electrochemical Impedance Spectroscopy
25



Voltage (V)

Preliminary electrochemical studies

. .
g Scan rate - 10 mV/s 05
034 20V-48V 0.0
£ - i.
£ Joz Eos Scan rate - 10 mVis.
8 £ 20 50TV 50V
o1 £
s 3
30.0 20
2 o 25
5 o 50
3
-0.: 0.0 05 10 15 20 25 30
20 75 a0 9 40 45
Voltage (V) Voltage (V)

High potential window : 2.0-4.8 V Low potential window : 0.01-3.0 V

@
o
E Operating Voltage =0.01-1.5V.
3 150 1=100 mA/g

.
2] 125
g. s, 2 100

° °
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£ 52 2
9 = S o5
- 1 0.25

. 000
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HBP : Charge-discharge studies

o 5
Initial cycle’s After 30 cycles
45 — Voltage
—— Voltage —
4 —— Voltage 40 — Voltage
—— Voltage 35 35
— Voltage — a0 Voltage
3 Voltage =
—— Voltage o 25
Voltage g 20
—— Voltage =
2 — Voltage S s
—— Voltage 10
1 05
004
-0.¢
0 5 100 150 200 250 300 350 400 0 s M0 10 200 2500 303
Specific Capacity (mAhg'1) Specific Capacity (mAhg™)
28

Comparison between HBP and linear polyphenylene
Charge-discharge studies

10{Sconrate -SmVisee o oo

HBP

Operating Valtage =0.01-15V
150 12100 mAg . " oycle

korad

Voltage (V)
Current

s

Voltage (V)

ST o S 25 © S w0 0 200 20 00 50 400

Specific Capacity (mAhg") L 1 2 3 4 Specific Capacity (mAhg”)

‘ Linear

Camaety mat g Pramed 1 34 L1

Low potential range: +0.02 V to +1.5 V.
Capacity :400 - 600 mAhg for current 40 mAg™

High potential range: +3.9 Vto +4.5V
Capacity: 80 - 70 mAhg for current 40 mAg™

*VA, Zhu LM, Lei AW, Cao YL, Ai XP, Yang HX. An all-organic rechargeable battery using bipolar polyparaphenylene as a
redox-active cathode and anode, Chem. Comm. 2013:567-569.

Conclusion

« Synthesis of Hyperbranched Polyphenylenes from aryl dichloride
monomers proceeded successfully in the presence of SPhos and
palladium acetate

« Solubility in THF after heating at 260 °C under nitrogen

¢ Thermally treated HBP showed high thermal stability synthesized by aryl
dichloride pinacol ester monomer

« Extremely high thermal stability above 400 °C and 600 °C for 1% and
10% weight loss
* The chlorinated terminal groups had a significantly positive influence on
the solubility of HBP after heating
« Electrochemical property
— Bipolar p- & n-type of redox activity in HBP

— Cyclic voltammetry - High potential window : 2.0 - 4.8 V and Low
potential window : 0.01-3.0 V
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Local magnetization measurement of magnetic recording head
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by alternating magnetic force microscopy
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Fabrication of (Bi,La) (Fe, Co)0; multiferroic films and

demonstration of magnetic reversal by electric field

M. Kuppan, and S. Yoshimura
(AL R % —, B8R L—T)
kuppanphysics@gmail.com

BE 2 : Magnetic reversal using an electric field is a promising and future
technology for multifunctional devices due to its lower power consumption.
Multiferroic materials with magneto-electric effect, which simultaneously exhibit
spontaneous polarization and magnetization, have been receiving greater attention.
In these days, we succeeded to fabricate the highly qualified (Bij-xLax)(FeCo0)Os3
(BLFCO) films with ferromagnetism and ferroelectricity by using a pulsed DC
reactive sputtering technique. The magnetic properties of the films were suitable
for magnetic devices. Because, saturation magnetization and perpendicular
coercivity were high, and easy axis for magnetization was completely perpendicular
to the film plane. We also succeeded to demonstrate the local magnetization
reversal with less than 300 nm width by local electric field application. This
indicates that this material will be fit for magnetic recording devices with high

recording density.

¥ — U — K : Multiferroic materials, magneto-electric effect,
magnetic recording devices
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World market (2018)
HDD : 25 Billion $
HD media : 1 Billion $

MEnterprise 3.5"(SAS/SCIFC)

/

1,000 mEnterprise 2.5(SAS) HDD head : 3 Billion $
ae0 | MEnterprise S50 (SAS) % DRAM : 50 Billion $
. . . . I5"ATA CPU : 50 Billion $
Attempt of application to memory or display devices — ]-.'.z,:-m —o
in BiFeO,-based multiferroic films S 10 [ mATA 850 Number of production (2018) f
s in £ i mig"z 3% Smart Phone : 1.5 Billion
- Fabrication of high-qualified films, ma 8
and functional verification I
S
]
Satoru Yoshimura and Munusamy Kuppan £ w
VIT Adjunct Professor Graduate of VIT -> Akita -> TDK Z
Research Center of Advanced Materials for Breakthrough Technology, L _
Graduate School of Engineering Science, [ i e -
. . ) b @ 'y o aE e o W
Akita University, JAPAN S &‘@*‘ A

Introduction of physics and functions of magnetic recording devices ~ 3/25 Giant Magneto-Resistance effect with “spin valve” structure 425
ertlng of data Reading of data ( - 1995) observed in 1988 by A. Fert and P. Griinberg =
<Magnetic field is created by the current> <Current (sEnTEII)eI;;:CI)‘;E:ege“C induction> 3 _
by André-Marie Ampére (in the 1820’s). . y ) 9 Antferro-magnetic \é (=]
by Michael Faraday (in the 1830’s). =
Magnetic (pin) &
1.1 I} I L }]’r oo %
A on-magnetic
L LALAAAL AS \h \LAAALL AN
== "'"""‘i" =% agnetic (free, soft) <
| ! Y High
g Magnetization b= diginction
5 (_N_)S : Anti-parallel
. w—— Mean free pass : short
- —> High resistance e -'ield (O:) e
1 0 1 0 1 We can kn ction of applied
M: ion : Parallel ic field fr istance.

The electric signal is changed to the magnetic
signal by coil (head).

The magnetic signal (field) is generated from
media (recording bits).
Recording bits on media is formed by the The induced current is generated by the mag-

magnetic signal (field). H.y o< N-T netic signal (field). Vinduced © Ned @ /de
coi induce
Writing and Reading can be done only with coil and core ! But, ...
With increasing density (decreasing bit size), writing and reading become difficult.

Mean free pass : long
=> Low resi

Reading head with GMR effect was realized in 1995.

< great contribution to improve the magnetic reading head >

—> Nobel prize in 20

P.G.

_ Sy

07

Iy ; 5125 : : C5 6/25
Writing and reading head of HDD Recording media of HDD = )
CoPtCr-Si0, 14 nm }Re“” ding
2 layer
Spindle motor Spindle motor . #=
T RS }\nterm ediate
BBt ity K layer
il underlayer
CoZrNb 40 nm
Recording Media F e wof )
. 't magnetic
(Hard Disk) ©
Actuator Actuator CozrNb 60 nm underlayer
Magnetic writing Magnetic writing Cofe 5om
| reading head / reading head )
FLESE - — Mnir 10 nm }Antlferro
Nﬁ';c? ’5":"‘ underlayer
Controlled
structure for
2 reduction
the size of

Reading

(1898 - 1995) %

AR T Ay R
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Magnetic recording device : HDD 7125

Problems about the writing system, structure, and materials of HDD
N§ Current Hard Disk
—irm
! | edBrsien, 14 nm |
@2om
= re—

Colrit 40 nm

*Energy loss for writing is very large.

*Magnetic writing will become difficult
with increasing the recording density.

-Electricity consumption of operation
is very large due to using motor.

*Size reduction of writing head is diffi-
cult due to its complicated structure.

*Noble metals such as Pt, Ru, Ir are
used in large quantities.

mrrm—

New magnetic recording devices (with new writing method,
low energy consumption, and low cost) are needed.

New material Typical multiferroic material and its application ~ 9/25

(Bi,A)(Fe,B)0, = T, (ferroelectricity) of BiFeO, : 850 °C
- Spontaneous polarization : [111]

*Bi,Ba,FeO, ,BiFe,,Mn,O; have ferromagnetism

Magnetic property Electric property

94
&

EETET)
Eow

Bi**, Ba?*, Sr*,
La¥ , Gd3* , Nd®* s
ox

@ Fe3, Mn2*, Co?*

Miemlg)
PenC /e

IS

D. H. Wang, et al., S e
Appl. Phys. Lett., 88, 212907 (2006) o

020 W
rem)

Schematic image of magnetization switching of multiferroic material by electric field

Top electrode

Farrﬁ. & F&Gla C.
M P

Bottom electrode

Top electrode

M P
Ferr g. & F lec.

Bottom electrode

= very low (ideally zero) writing current <low electric consumption>>

= very simple device structure <low cost®»  * no noble metals <low cost>>

Conception of High-performance Racetrack Memory "2
with electric field writing method

Ty Magnetic nano-wire
Spin Current Electrode
Electrode ( for bit motion )

ii?ian of

tization

£

3

S

A g Multiferroic film
| ![-]JV!!: a"
3 : A | Magnetic rg

(5 2a] ding Ectrode Tunnel Junction y

0 amend  ( for writing )

#$/#2015-126013 (Patent)

Many and small coils with core are not needed for this system.

(Low electricity consumption, low cost because of no small coils.)

Writing process:

1. The magnetization direction of multiferroic layer will be controlled by electric field.

2. The magnetization direction of metallic ferromagnetic layer will be controlled by
magnetization of multiferroic layer through the magnetic exchange interaction.

High performance magnetic memory will be realized by using multiferrioc films.
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New magnetlc recordlng device New physics : Spin transfer torque

. Racetrack Memory (proposed by IBM in 2008) ~ Observed in 2004
L, :

Merits Problems

L}
SpinCurre
Media: wire structure

(shock-resistant)
= 3-D recording
(large capacity (100Tbits)

Writing: magnetic field by current
(large consumption for writing)
(difficult writing)

(complex structure of element)

Domain motion: spin injection

= motor free New writing method is needed

(low power consumption)

Vb k| “magnetic writing by e [ ield”
I / ol or this is Sl
| ,.I W 7' ] (New material for this is ’:::ﬁ
100 times larger for capacity _Qyw\\
1/100 smaller for consumption /]':/J
against HDD
g’m Reading
o element
10/25

New magnetic recording device :
Racetrack Memory (with multiferroics material)

) T L ey
Merits Spin Current @ Problems
Media: wire structure E Writing: magnetic field by current
(shock-resistant) g (large consumption for writing)
= 3-D recording g (difficult writing)
(large capacity (100Tbits)) £ (complex structure of element)
Domain motion: spin injection a
Top electrode
= motor free L M P
low power consumption = Féi a. & ic.
p P s
i f1d % Bottom electrode
1517 L] E magnetization switching
! 1 "I\ AR s by electric field
| i 1 o Top electrode
| | i Ll o
ML ghghillsl § Fern:&g. &F&.u.c.
- 5 m_P
100 times larger for capacity 2 NI
1/100 smaller for consumption il
against HDD et L tion f i
. Writi . =Low consumption for writing
eading  .gasy writin
ele element Y 9

=Simple structure of element

12125
To show the possibility of magnetic device

driven by electric field...

1. Fabrication of high-qualified multiferroic films
<Ultra High Vacuum Sputtering System
with VHF plasma irradiation process
Pulsed DC reactive sputtering source>
<Vibrating Sample Magnetometer (VSM)>
<Ferroelectric Testing System>

. Material research for device application
<New composition with Lanthanoid>

. Functional verification
<Demonstration of local magnetization switching by electric field>
<Demonstration of transcription of magnetization by electric field>



Typical fabrication method of thin films: Sputtering

13125

Topic 1: Pulsed DC reactive sputtering

14125

Valve for gas introduction

Plasma

Vacuum chamber

40.68 MHz -
In-situ anneal

Anode (+)

Cathode
(-) f

Pump

Source

Deposition rate is high (10 — 100 nm / min).

with VHF plasma irradiation

This method is effective for

)% :max 650 °C Acceleration of migration
10 - 20|rpm ® of sputtered atoms
Plasma on substrate surface
70 - 120! Sputtered| ‘e by low energy ion irradiation
o I o p:mfnre Art,0,* i)
a | e ] -
) BP Plasmag / ) o 11,88 Fe01(001)
2% 107 Pa I i
13.56 MHz Target E o,
Concept of pulsed DC reactive sputtering =

37 3 %
20 (degree)

£ on Acceleration of surface
OFFy o diffusion of sputtered
¥ OnNg atoms on substrate
OFF .:-‘ surface by high
v ON

energy depo

Film is strong and atomic density in film is high (>95%).
Control of structure (crystalline, orientation) is easy (many parameters).
= Films for electronic devices are fabricated with this method.

@ =

Reduction of arc
and
removal of charge

Short summary 1

LR

. »
o
=
-

L

with interval

16/25

Pulsed DC reactive sputtering method with optimized condition

(high power and long OFF sputter time) is effective

onE

for fabrication of high quality (Bi,Ba)FeO, films oFF
(1.5 times for saturation magnetization c;r:;" e
and 7 times for insulation(resistance) ol W
against the films fabricated by RF sputtering method.) GFF. .
.

Results 1 Properties of Bi, Ba,FeO; films fabricated 16725
by pulsed DC sputtering solf
100 T T
50 kH;
200 wz . emu/cm3
80} kOe
50 kHz ool
o 150 W, -20-15-10 -5 0 5 10 15 20
5 50 A 0.2  HKOe)
3 50 kHz' —~ 01
E ®100W E
< 4 ¢ £
n RF Q
= 268 hHe =
100W o1
20+
02
3
a . . 10
0 0.2 0.4 06 0.8 «~ 50L
x [Ba/(Bi+Ba)] E
X 00f
Magnetic property (Magnetization) £
: 1.5 times larger compared with RF case. = s0r
Electric property (Insulation(Resistance)) 10
: 7 times larger compared with RF case. -0 '1505 (kS/cm)150 30
17125

Magnetic and electric properties of Biygla, FeO4 thin film

SCIENTIFIC REPLIRTS switching of both local ferroelectric

and magnetic domains in
multiferroic Biy ;La, ;Fe0, thin film
by mechanical force

! vsiciosimed wl 100HS
- BaRT
g &
% a — "
40 gl
& o
= SO
T i Ve N5 S s 0 =00 Ao w0 300 200 U 200 00
, E{kV/cm) E(k\Viem)
Ferromagnetism . :
Ferroelectricity

(Magnetic anisotropy : ?)

Topic 2: La-doped (>20%) BiFeO;, film
(fabricated by the pulsed DC reactive sputtering
with VHF plasma irradiation)

— 153 —

(BigsBag 5)Fe05 (300 nm)
Pr.oc: 200 W

Frequency : 50 kHz (15 psec: ON, 5 psec: OFF)

T,:570°C

Py 5W

P, 30 %
Pt (100 nm) 300 °C —>
Ta(5m)RT. ——

ON

Acceleration of 4
surface diffusion

M, : 90 emu/cm?®
H,: 2.0 kOe

(111) orientation
FWHM : 2.0°

Thermally oxidized Si wafer |

However, the perpendicular magnetic anisotropy and the coercivity of the films
were not sufficient for high performance magnetic device application.

Results 2
Properties of (Bi,.,La,)(Fe, Co)Oj films
fabricated by pulsed DC sputtering)

100 — . - — 5.0
B g Outof-plane
80
E
< Ber
=
§
--—vm4ﬂ
s
20
gl . L i
04 05 06 07
% [La/(Bi+La)]

Perpendicular magnetic anisotropy was
obtained in (Bi;,La,)(Fe,Co) film.
= BLFCO is suitable for device application.
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(Big.41L-80 50)(Fe075C0p 25) O3

80

40

M (emu/em®)
o

-80

(Bips6Bag.44)Fe0;
80

M (emuicm?)

40

-40

1T 1 1 1 1 1
-20-15-10 -5 0 5 10 15 20
H (kOe)

Out-of-plane

-80
-20-15-10 -5 0 5 10 15 20

H (kOe)



Temperature dependence of magnetic properties on BLFCO film ~ 19/25

5105 0 % 10 15 %5505 0 5 10 16 2
=H(koe) .+ HKkoe)

& 100 V—'ﬁg P T T
L : i d; & ]
H =50 K

75t s i

%fsig S o S 08 ™|

et HKOe) o

50 - 0l
25-151 AEEE

)
Lo e s

25+

M (i)
M {amuie)

)

[ Magnetic field : 10 kOe

Magnetization {emu/cm

L n 1 n 1 n 1 n
0 100 200 300 400 500
Temperature (°C)

(Bi,.La,)(Fe,Co)O; thin film has large Curie temperature of more than 450°C
(This value is available for device application)

Topic 3: transcription of magnetization 21125

Conception of High-performance Racetrack Memory
with electric field writing method

Magnetic nano-wire

rnnrn,
Spin Current Electrode

( for bit motion )

ﬁ ion of
zation

Magnetic
Tunnel Junction
##/#2015-126013 (Patent)

Many and small coils with core are not needed for this system.
(Low electricity consumption, low cost because of no small coils.)

Electrode
( for writing )

Functional verification (demonstration of transcription of magnetization) is needed.

Transcription of magnetization by electric field (laminated film) 23125
Electrode :

Cross section of electric writing

Magnetic
nano-wire

NNN

Multiferroic film

SSS
Substrate j__.—
Electrode 0
(for writing) §.. Nesw (@)

i Fm = ~ v
Downward magnetic moment g 8 50%
of 75% was reversed to up- T A A W e
ward by applying electric field. ~~ ~ " “xm) )
= QOperation of high-performance Racetrack Memory was validated.

Demonstration of transcription of magnetization by electric field
was successful. = Dynamic measurement of transcription of
magnetization by electric field is really important. (future work)

Short summary 2 20125

(Big.4L-80 6)(F€0.75C0p 25) O3 (300 nm)
Proc: 150 W
Frequency : 100 kHz (6 psec: ON, 4 psec: OFF)

T;:570°C M, : 70 emu/cm3
Py : SW —|H,, :4.0k0Oe

Poy: 30 %
Pt (100 nm) 300 °C —>
Ta (5nm)RT. ——

(111) orientation
FWHM : 2.0°

Thermally oxidized Si wafer

The squareness S (= M,/ M,) and H, of the BLFCO film
= perpendicular to film plane : 0.65 and 4.0 kOe
parallel to film plane : 0.50 and 2.5 kOe

The squareness S (= M, / M) and H, of the BBFO film
= perpendicular to film plane : 0.40 and 2.0 kOe
parallel to film plane : 0.55 and 2.0 kOe

Large perpendicular
anisotropy !

Demonstration of the magnetic reversal by applying electric field is important.
Demonstration of transcription of magnetization by electric field is really important.

Results 3 Magnetization switching by electric field 22125

Writing width of 500 nm (multiferroic single film)
Topo. MFM image Topo. EFM image (-1V)

MFM image
-

Deceasing
the writing width

Bottom electrode
Substrate

Magnetization switching with 300 nm width was realized by electric field.

Summary (My philosophy) 25125

For realization of the novel and high performance film devices,
(memory (or spatial optical modulator) with electric-field writing method),

New memory
large capacity
(100Tbits)
low power
consumption

Ferroelectric Testing System

MOKE Equipment

Polarizing Lasér

Metallic
nderlayer
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1. #&8

N RN F—2BRE) ) & U RIS T TIEA RS 2Rt S8 2 R — 2o Alisr iz 7 ) — o
FIARN)—OBENLER SN TND, & DITEBIET ¥ (MO ENE 213 U b e ek
SRS & NS TRLE AT D 2 DI s U CORANCHIZE S, KREVKEEHEOHE - f17 «
JVAREOSBCIIEMED STV 5, IMEREEDO 7 L —7IIES InmBBED TIO, > — b7 b
JERT 2 CERICER L, 2=—2 i) WEE AT DM OB EHI I Ml A TE T, D

HCHA X, LE R ad1 MUERY F U A
F5 P8I0 7 I (KogTi5LiozOs, LA T KTLO &
WERD) AR N CAERALER U -4 TRz
THE, JBEO K H EEE b TZEIRT
2P (HirTisOs ; AN HTO EBERD) B 1-3%
i EIZ VTV TIOR3 R S, Z O
A (CLFRHTO &M %) BB ELOET
IWEGD—2 & L THI HILD K TO XL iF
BOSIZRE UEEHE TIO, St (P25) % R[EI %
WIEfRBETE M AR Z A R L (Fig 1)
D, @ RHTO D@\ AT, 22 HTO
MONVTFN~OEFBENZ X 5 E - EFLHEE

¢
q
L L

Ti, LilBH //
S % RERLE %H
KTLO HTO

- |

4

Fig. 1 KTLO D AHEFEAER K ONMIZ 1 5 RIHTO oD
A F— A,

5 nm
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B OMHENHER T 5 LB X BTz, RBFIRETE MBI D AR & v L D@k & I
DIVF IL~DEREEHIE, NaTi07°° KoTuOo & WV 7o D kT # st I3 R H a7y Vi B e85
TdHh %, RHTOIEV G2 7R Lz —75 C, AR Z 31T 5 Li OISO TIo, & —
R HCIERR ST KRB B - IEALFERE A & LT RHTO ORI AR T S B2 s 5,
ZIZTCAZrY =7 MCIE, Li L0 LAEBAELERE CERO O LIZS W Z EAHRESNL TV D
NPZ &L LY Ry oA MUgIRT» VEE L2 HRWE & L THWD Z T, EOICEIGEERES
et 2 ARG % & L His, KA T NOOIERGZ R+ 5 Z L 2 gL Lz,

2. EEBRAE

Cso7Tis5:xoNik Jo175:x004(x=0, 0.05, 0.1 & Y 0.35; CNEZE )2 RO E LC, L E FZ ado( MUk
H R 2 SRRSO KV R L 72, Cs:COs, Ni(CH;COO), * 4H,0 }o I8 TiO, Z b Bkl TR L,
Cs:C0s & N Ni(CH3COO), + 4H,0 Z KIZIAfR LT-1 TIO Z N LT=, ki~ 7% F v 7 AR —F—
ZRVT I00CTHE L, KEHRBE IS, GONIRAMEZEZH 600°CT 30 2y EBERk Lz, ARk
Mz ERER—VINVERNTTE hHTRAL, |BRTT® M 2R IE7%, 225 600C
(x=0 K OV0.05 DFARKIZ DUV TIL 600°CE L < 1X 800°C) T 20 BEfBERL L7z, S TE B =7kt
X 0SMHCHZ /L 3 HIEEIR CRiFR U, AEERER i OB C X 0 BB L7214, TR X
60°CC 1 A w7z,

B IAIEIENE T, BB L DET ARIED—DTdHh H XA TO NO, RS T L=, 3
BHa T U= T ARNZ 2 ikE LT BAREZHZ NOL(1 ppm)% 100 mL/min OEEE Gt <&, 6 (1
>290nm) FET 0D NOGREE 2 25561 b B BhE IS CHIET 5 Z & CRIBEHI L 5 NO e % AR
HoT,

3. BREBRE

Fig. 2 |Z Cso7TiissxaNix Jorsx2Os(x=0 2 T} 0.05) % HBUfHELE LT 800C (600°CTid7e<) T L7z
Bk 72 BN E OATHEIRALER R Oz L 0 15 B -3k X BT (XRD) /3% —r %" 7, Ni
I E 53, BEFERSIZ & 0 & D 7=alklod XRD /34— A3BEH 20 CsorTiisosxoNix[Jo175:x004(x=0)
DHLOL—FH L (Fig2ab) . A6 DKL 2424 CTNO(0) 800 % T8 CTNO(0.05) 800 & Fi
%, CTNO(0) 800 % Al Vi f Oz~ 5 2 & T

BT FEHIIZ A F VI )i 8 FTRE 7R [T 23 . H V7 €07 Ti1 g25.02Nix[J0.175.0204(x=0)
) kit s i . Y | Ho7Tiyg25.02Nixl o.175.4204(x=0)
(Fig. 2¢) . KTLO “CH S IVABERRIRAY CsorTiissxoNix ® TiO,(rutile)

TomsxOix=0) ThHEZ 5 Z ENbnotz, — 5. @ - unknown

CTNO(0.05) 800 % [FIERIZALER LT & LT /L D/ kIl

Ba&hmpot Fig2d) . F2 U BEKICF—7sn 3

7= Ni DIV F IO E A2 IS 2 &k i~ 7o n] 5

REMED B B, 2

Fig. 3(6)!Z CsorTirsosxaNi osx:04x=0,005,0.1 % T*0335) & ® 5 v v Y v

% FHOBIAR & LT 600°C TR L 7-30EHD XRD /47— R

YT, x=0 ORAEBH YD CsoThssxNiHons @ o o .

wO(x=0) D XRD /%% —> & —F L, itk 700CLL - T . . Lt

AL XN T E 72 CsorTiigsxoNioi7sx004x=0) 7% 600°C T 10 20 30 40 50

HLHRIATRETH D Z E NN E 2o T, x=005 KDY 26 (%)

0.1 DEAT F 42 —PIIBE TR A 20=245  Fig 2 (8 CTNO(0)_800, (b) CTNO(0.05) 800, sk

12, E7 x=035 DS 12T 20300 (okREmEy &R ORIRE O (@ CINOO) 800 & U@
N N - . 05) D XRD /37—,

B TR ERNbT MR LRE 7, Zofiomg o0 o0 PXRD T
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¥ Ho.7Ti1 825 x2Nix [ 175.0204(x=0)

|7 Cs0,7Ti1 825.x2Nix0.175.0204(x=0 B TiO,(rutile)
O TiOj(anatase — -
O unkﬂown ) O TiOy(anatase)
v|© unknown

\JWY ‘,x=0.35
: Y ' mv Yy

Intensity (a. u.)

Intensity (a. u.)
L z
n
A
- e

10 20 30 40 50
260 (°) 20 (°)
Fig.3 (/=) CTNO®X)_600 % U{b) HTNO(X) 600 O XRD /<% — .

DOAEIT A TEEHRD CsorThigsxeNk HoirsxxO0s(x=0) Db DE—F L7722 &6, Ni F—E U7 &Iz k b
FTHMOWEEZ G T 2BIRT ¥ VEBENR MR E L TR DN Z LAV RB STz, 2 b OEE LT
CTNO(x)_600(x=0, 0.05, 0.1, &, T} 0.35) & #4195, Fig. 3(A)IZ CTNO(x) 600 % At e Nz fd~5 Z &
TR (LR HINO®X) 600 & #39°%) D XRD /3% — 2 %R d, W HLOEHD XRD /3% — (2
% Cso7TiisosxoNik[o175:004(x=0) DJEMR] Cs 73 H & & X #2355 72 HosTiisosxoNix[Jo17sx004(x=0) 27 JE FIHE
7RETRR Nz, T2 — B ROV F R TiOx IR E FTRE R RIS bz, ik X9
CTNO(0.05) 800 Z FrtEMEALFE K Ozt LT b TIO, DARITR. bR T-Z L A E 2 5 &, IKIET
DOFHRN Ni & R—TF LIeTF ¥ VRS — NOBEIRUCA I Ch 5 Z L BhbioTz, —J7, Ni R—F
> 7 EORE 7278 BHZE £ HoTiissxeNik oirsx04(x=0) /TiO,[H]

PRI X < . RO LS 1N F—EysmsFay 10
s — RO TiO, ~DOREIERHBIHIC TG L L B2 b 9 60
Dq c 50
Fig 4120t (2>290mm) HRSH FICHU H43EONOAIE 2 40
a9, HINOX) 600 [TV b el L L Te @
N5 P25 1Y b NOSRBRE R L, £ NOfiE  § 30
DFFFiE HTNO(0.1)_600> HTNO(0.35)_600> HTNO(0.05)_600> ¢ 20
HINO(0) 600 TH -7z, Ziud, Ni K=t 73T 4, £ 49
ks D R W 2 BB S EBARFRS B ORI & SHAREE D

W B LTe—HC, 7% Vi — hO TiO, ~DOR§iEHR 0 (@ (b) (c) (d) (e)
BA P95 2 & CRAMETE 2K T SE722 LIk Db Fgd Ot (1>290nm) FBEH FICET % (a)
DEEZLND, UEXY, LE RZado MUgRF P25, (b)d) HINOX) 600 @ NOy 73 fiF=g;
VIO NI R— B 7 & Rt Ot it x0)0.0005,(d)0.1, (0 0.35.

BRBGA LD ORIRUC AR TH % Z L b7z,

(25 k]
1) K. Saito et al., ACS Appl. Mater. Interfaces, 9, 24538 (2017).
2)K. Saito etal., J. Asian Ceram. Soc., 8, 915 (2020).
3) T. Sasaki et al,, Chem. Mater., 7, 1001 (1995).

— 157 —



BATTAR LK RS 1T A A & o & — AR JE R R 5

BRUODRTUHA—INA FRENDE TRV —EPRGER
[CEBDIESBIIFIZBZR L5141 VEY FRIEGK

o i
(F 1085827 v—7)
mta ipc.akita-u.ac.j

BEEL - RBF7EIE, 7EF L —BERERIZEIVZ T AT o H— 14 K (WC) &
YA YEY NEEOGKEZITY, WCRIEOMELHZITH) Z L2 HIET 5,
LML D, WCRE E~DZ A ¥ RERAKRIZIE, #A YT RO/
U<, F7o, BEEBEMENZORmEIE BERRE LT WEOMENRS S, LR
ST, ZHOORMBEEIRRT 572012, WCHEH LICF A YEY FEEZ ST 2
ENTRER SN A IER U TEREZITY, 1Z<BEMHI 2 ZBE L4 1 vEy REED
BRIEORFZ1T .

F—U—F: ZAYE PRHE, RBER, RIS, 2T AT =" F

SR -
ALV EBEOLNTERNDG, BRERIBIZCEIV A VYEVFEEEXY VT AT
V=R REHEEICHKREL, FOESRENEH TN, B3 —TUIBREER

WX Ea—T o B E L CEBREOH DHFEMOE WM EZKT 5 2
EBRARELE D, ZOZ Lizky, Wl - U T EZE~OISHBAIEEE R Y, %
2 RS TOFRBEOIERPHER S5,

ﬁ =
FA YTy RITEEE, MHERENE, (ROBEGRE, ®VIAMREREOENT-WEE AT 5120, WHES
UM TEZEO THERCEASFIA SN TE TS, £, ITE, BEAETHDLX VT AT o H—s31 R

(WC) ZHW-IHITENMEH SN T\, Z0 WCHIHITE I, UIMERES T B Gmonm L, )
HIZ>>UIHIRHH O 2 B, {b5AEHERE (Chemical Vapor Deposition : CVD) {EIZ LD # A ¥EL R
B RE S HANDSBIR S T0D, L LD, —fRIC WC 36 B2 A vE L FEBEA i L7254,
KA YT ROBEED & THIR B & b OBSETREDMRWVEE OB 7> b BN Z T HM D 513 <
BELST W E WO IR D D, EDHIC, CVD IESICBWUIEBENKH D b2y, X4 YESR
R S A RAIER TR LW O REL H 5,

EXHI1E, CVD EO—FEThHY, KRFTTEF Ly —BEOE TR X—RIRERIC L A5 AT
REBICER LTE, BREERIKTE, Bix 2 TEMICERIRRRZ A L TRY, ZOBBERICE D4 A 7T
v REBIEEANT, Y7 Mo) HEEm Blc# A Y'Y NEEO SR AZRATERZY ~Y ) Lh
L7 s, XA e FEEEZ G L%, SREEAZYSIICE 0 R mI<BL CLES>RERH 5, <
ZC, RmEiE< BEOWIH BB LI B EE LT, A4 YT Y OSSR IEO £ mIRE %
S BB S WD SEMEAIEERRE L CE 7o, ZOHEEIEH LT, WC R _FITEERIEIC X
0 SR < BEZ I L7222 DRSS REOR WA A YE L REIROGREIT> TEz, LnLiaeiib, XA
YE RARRHIC, ERERORE 2 ha—AR# L2 XA VvEY FEREH2IATAT, IHIT,
BYUSINC X DR EIE < BEATHIT D Z E LW E W TZRIEN A Lz, £ 2T, BREERICE T WC
FRE E~D XA Y REEEZ BT D 2 &N AMRERE ST 28R L CIREIT> C& 7o, TORER,
FEREmDOEE = b —LNEG LR, BELEWEDE A YEY FEEAZGEOND Z &R 2
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B GHIEZIRRE LT, 20 2 BEERIET, BIFEGRBOETICEMRERmRE 2 2 BB b4 1 vE
¥ ROARREAT S HEToH D, ZOHECLY, XA YEY NEEE AT 5 2 LR WREE R oT-28, R
< BEZOW I 7eiidt 217 Tl b7, I d fmiE BRI 2 ENLETH D,

Z 2T, ARFFETIE, WC AR EICRBERIEIC L0 RS < BEZBIH L7ey o, BEEREOEWA
AYEY FEBEZGHT 22 L2HARE L, 2BEERIEEZHWS A YES RFEREITY, EOBRIIHA
T2 FUaE S BHZOW TR 21T o 72, Z2°C, JATIEIZERW T WC SRR ORTERIC L 2 Stk
TEREDZALD, ARSI IEOIT S BRCREL RIFT 5%, B s U BB 21 T AR R O
TERE AL ST EMR EICH A PEY RERREITo TE Tz, IHIS, 2 BEMARIEICRT 2RO H
LD WC Stk E TOMEE (FOHEE Z28BRBIC W T LS EAMEIT>T&E T, £, #AF
T2 FAKOBMLELE LTI > TWD XA ¥ PRI ORERE R ~OFITHT LB 5 44 YEL R
KFORPICER Lz, 2O, 24 FEY PEFORBREEBEOME CAVTERRL Y & S BTk
SV Z IOV CREMFIT B 2TV, BRBERIEIC KD A Y B ROBHKEIT->TE, TI2T, A%
T, #AVEY PRAFOREEZ/NE < UTERE RO TP 21TV, BB U TR
A28 2 FRFR IO Z ZL ST M BIZ X A Y'Y FEKEIToT2, ZOK, ZHbofEMD, &
A A B REEOIT S BECREHLSIC ED X 9 728 RIET i & T -7,

EEREE

FEREE A X 1T, BIEOEFHIREZ o720, SR v 7 AZi@K LnEd 5, KD
FEREIL, FEEAE ORISR EFHC X D ET D Z LN TE 5, MEHEEEIT 100 X100 X55
mm® OFIRIAR > 7 2 FHA L, ZOR v 7 AOFNEEIKZ T LiAdr, ST 5/NR 7T
L7z, 22T, HEI0mm OX 7 ATy (W) FHFEREZGEHHOIHEE L TRy 7 20 s@L, 7
=TT TV THEE LTz, TOXFED EIZ WC R E#E SRR EIT-o72, ZOB, WHEERR
AT D T2 HAM & AEDORNIEMBEEMED BN Ag N—A M &AL, 473 K THEIIZIWCEVLEES LT,
WHROR v 7 A3 L FBEIGER AT — BIC®H Y, WHVKE & REEEOREE A 2 5 2 & TR
RERELZZIEEZLENTE DL, AT—UIUIAT v B TE—2Z R0 o0, RoA4 %
MNLTAT—Vary ha—F 2> T ETIBEZHIET2 2 LN TE 5,

Radiation Mass flow controlle
thermometer
Burner
’ Flow meter
Flame
- WC substrate
IO y i
Cu box Steppln\g mEOtOT
. =
Cooling—» \\ >
water ] [
Stage :\ Dnlver
n Stage
Flange controller

Fig. 1 Experimental set up for synthesizing diamond on the WC substrate
by acetylene-oxygen combustion flame.

B iR
AREBRICBNT, HE LTERZ10 mm, EX3 mm OMFBRROZ 7257 H—_4 K (WC) #ff
L7
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2 B ERGE

PRIFERIEIC K D WC FER G E~D X A vE L REEERKIZEWT, ERFRmORE 2 e —LR3E
e, BELIZWEDT A YEY NEEZSOLND Z &N AEE 2 B EAIEAIRE L T& -, 2D
2 BEREARIEIE, A BGOSR EMRFRmIRE % 2 B2 b S/ A Y ROARRKEIT O FIETH 5,
ZOFEZEY, HREERORE Y ha— LR RREE R0, RO SIS RIRE ER AT 5 2 E R T
x, DORELENWEDOHA Y'Y REEEZAKT D EMNAfREL 72D, 22T, WC OMEMFEL D
1BpEA 1273 K, 52 BRfEA 1223 K 2L S B4 A vEY RAREIToT2, ZOB, B 1EMETHLY)
HIB M PR & SRk U CRESTE 2D, 1 X< BEAHId2 2 LS AREIC 2 D & & 2 T2,

EEREH

AEBCTHWAHA vEL ROERSIER LITRT, 22T, BBETX, 7T LU TADWEE
W< BESIH O 7= D D i &k T 5 0.90 & L=,

Table 1 Conditions for diamond syntheses on the WC substrate.

Reaction gas CH2 + O2
Film surface temperature 1223~1273 [K]
Pressure 10° [Pa]
C2H> Flow rate, Fa 70.9 [cm?/s]
Oz Flow rate, Fo 63.8 [cm?/s]
Flow ratio, Rt = Fo / Fa 0.90

F£72, WC R ORI L 5 HEMREFEREDOZELD, B SN ZEOIE < BROEEZ KT T &%
Z, BIELE UL - ) 24T ERE RO IERE 2 2L S AR A T 7o, [EFES, WC Eifia
Ty F U H I EMAHER Murakami AR (LT 2 8R(DEES U W A Ks[Fe(CN)g] - 10 g, KE&{E
J1Y U AKOH : 10g, 7K : 100ml) (2 WCEHRZ IR L=y F 7% To7-, Z 2T, Murakami {&KIZ WC
HM AR S, R GER EABEXICHL Lz, 202 Bk, WC EiK & AR RO B mifE 2 1
ME, X BEEZIIHIT 2 Z ENAREIC /2D E B 2 bIVD, F£72, Murakami IR L 25 FEHGER LB,
FRVRIE  (RilA HoSOy < 3ml, EEA(L/KTE HyO, : 88 ml) & AW T{EFEE 21T ~72, 24U, =279 MCo)D
PREZITO 2O TH D, Cold, ¥ A YTy NERKFHI MR Z R & BEDOR OFR Mt L, o
EREORK TOFRNE/RD T 774 R ULESEDL LN T ERDI-TED T, BRIAIRIC X b5
HIZE->TCoBETHIET, V7774 NEOAREIHIT S Z ENAfEICRD L EZLND, 20D
BE, #2177 & 9 12 Murakami IARIC X DALEEA 10, 15, 20 min, FARIRIC K DA% 10 sec & L CHI
WFRZAT > 7= Ko Bl AR E T o 72, 2O, Murakami iSiRIZ L A% 10 min & L7=% D% Case A,
Murakami A2 K A% 15 min & L7=H D% Case B, Murakami IAKIZ L A% 20min & L7=H D
% CaseC & L7-.

Table 2 Conditions of pretreatments for the WC substrate.

Treatment periods by | Treatment periods Diamond seed

Murakami’s reagent by acid solution particles size
Case A 10 [min] 10 [sec] 0.125 [um]
Case B 15 [min] 10 [sec] 0.125 [um]
Case C 20 [min] 10 [sec] 0.125 [um]

WIZ, BIERE U BRI AT 721%, XA YEL REROEREE L 725 X 9 A YE L FRIFOfH
[TV 2 HAR AT T2y & 2°C, FfHTERAITH 2 & C, R Z MRS S5 2 EMNAfHET
HbD, TOREMIATE LTRI A BERE A YE REIEOARIE L 720, XA YEY ROBAEREIREL,
ELIIEREICSRN D EEZBND, LIZR->T, AAYEY FRADOREESNENTHZ LT, &
A A YT REBEOIT FECEEH SIS EE 2 DL EX -, 22T, BEOHIRICEWT, AT
MBRIZHWTE 7241 v PRIF-OREE 0250 um & L CTX 7R, AR T, RiR%E I HIT/han
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0.125 pm ORI AZEE L, 20em® DT & R A2 010 g DF A YT RRI 28 AT2S— A N EIRH LT IEE
17 0,005 glem?® FUZHAZFFA L, 30 B S I as R LB A i L 7=,

BRICIBNT, 2BEARIELHOTERZITOE, M2ITRT Lo R7vF Lo —EOBRERT O
FLL D WC SRR £ COEE (FOEEED d22b3ETH A YEY REkEITo72, ZOBS, 312
AT XD ICHODEEEE B BWTE L S TARE T2 72, ZOHMEBENELT 5 L, ¥ A vES
RENZ GRS 5 2 L N FTREZR B Cdo DINR DR VAL L, GRS V72 Beliids KO < B2

ERIETZ ENDhoTNSY
Acetylene
feather

WC substrate

Rod

W

Fig. 2 Distances of the flame inner cone from WC substrate.

Table 3 Conditions of the two-step synthesis method for the WC substrate surface.

Film surface temperature | Inner cone-to-substrate distances : d

Lt step:1200 [sec] 1273 [K] 7.5 [mm]
2nd. step:1200 [sec] 1223 [K] 7.0 [mm]

£ R

ARIBRTHWD 2 B A BIEOARIRRIE, 25 1 B2 1200 sec, 5 2 BefE% 1200 sec & LARKETTH
oo ZIZT, ZAVEY BRLTORIZREZ/NSI L, K2 OFMICE VAL S U BB ORI 228 %
TR ORAEE b ST WC FEREREA~RERIEIC L D7 A vE Y NEEO AR EIT>To, DR,
ZAYEY FRITORifEZ/NS L, (BB 2 2L 35 Z & T, AlEN=Z A Y'Y REED
IS EFRCRE ST ED X 9 7o B% 5.2 57508 LIRst 21T o 72,

Z 2T, HWE%E Case A, B, C O TIToBEOEREDIX S BEMEIC OWTORE R A Z N E ik
4\TRT, RPITEBWT, T<EEEL 03, X< BESRA TR RIS RS> TV DIRIETH B,
X< BEE 1, BB HEMR B Pl B> T DIRRETH B, (X< BEE 1T, 1< BEDSRAE USSR BT RR
MIFEEAEFESTRWVRIEETH D, Tz, BERE LIIREOMEEPMRE LIBETRETHD, £405,
Case A, B, C IZBWT, 1Z<HEHIRAE LR ol ZDOIEND, KFEFBRFITBWTIE, el <
BT 5 2 L TE R,

WIZ, B LT RIEOWE ORFEZAT D 720 X #EHEE (XRD) A7 AZHWTCREZIT T
ZZTC, Case C TARMINIZEZED XRD fERAZX 317, KLY, BlRESHEEY, A4 YvESR
DAFAEZ T H A VEL RA11), 0)FEDE—7 ZHERT 5 Z LN TE, XA YT RBEHINLTND
Z DD,

£z, ALERZ KSR TIT > TR O SRR i OB S (R) OWEE, EERAE TG
(SWLD) ZHW T To7z, ZORE, Case A THRKI AV ZIERIAID R 13 1.24 um, Case C THBLI K
JRZI D Ry1% 134 pm & 720, Case A DEFIBNEDZR A D Ry 7% Case C DERENED R, LW/ 7252 &
Mot
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Table 4 Results of delamination of the synthesized films in Case A, B and C.

Case A Case B Case C

Non delamination 100.0 % 100.0 % 100.0 %

Half delamination 0.0 % 0.0 % 0.0 %
Delamination 0.0 % 0.0 % 0.0 %
Abnormal growth 0.0 % 0.0 % 0.0 %
O o The synthesized film in Case C
= =

Intensity a. u.
iamond (111)

Di
%Diamond (220)

oyl

30 40 5

0 60 70 80 90 100 110 120 130

Diffraction angle 2 0 (degree)
Fig. 3 XRD patterns of the synthesized film in Case C.

UbDZ &G, 24 YEY FEIESROBILEETH R LBLZ1T S BRD & A V& FRIF-DORE
SZ&/hE< L, AIBEE U TOMPRBLORH R 228 2 SR DOTERE 2 2 S ¥ 72 WC Bl ~RBER
BIZ X D24 Yy NEIROGRZAT TR, FREHOIENET 52 LT, GlehizZ( v+
¥ NEIROREL S I8 E KIET 2 L bl

]

WC Heb i EIRBERIE L0 S L < BEZ B L7223 D, BEERE OB A Y& REEE AR
THZEEEEL, 2BBEGHIEEZ WS A YEY REREITY, ZORBRIARR SRR & SimiE<
BECOW TR T 70, Z2°C, XA VEY FEIEERORHLELCH HFEM T AT S BRO X A ¥E
v RRIFDORE SH/NEL L, B E U RO 228 2 Hh i OIFRE 2 2L S8 7= Hati bic
A YTy REREATOT-HER, BAA vEY REEOFREMH S ITEEL RITTZ L bhoTz,

i

BE 3K
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EER#IO+R (FSP) ZAAL-HRHREMHEUEA
7/ — FDEF

HOERA, BLHEA, KRR

GBI —7)
RKREZFDA—)LT FL R : y.mivano@gipc.akita-u.ac.jp

RESE - g gnim B C1 BRI LR TOEBENME ORBAREE 2> T
%, WM Pb 7/ — REEOBEFRIICIIMERBEOHEMNITE THY . B
FRMEBELELIRET 22 ENHEHBEENONFICKRES BHboTnd, TNET
\Z Ag 72 E O E A L7z Pb BRO AN T / — REN ORI H D
ThHLEOREND LN, BEEBILELZMEH LG 0t X2 X5 Kk /
BRORBHAT / — FOREIZEE A NOIRILOFRBE L 7t > T 5D,
AWFIECIE, BESE T o 22X 5 PbEMERE O G &V D BighE
o RICERL, K2 2 b /ERERE Pb 7/ — RO BRUGE 2T - a2 06 L 72
FERIZOWTHET S,

F—U— N EEAHE o2 BAHEMRE, [WEHP 7 ) —F

et - A

FER T e 2 LT, /L LI D BIER TR A s e s SRR TG bkr (HR
F o TEIERALDTDDIATEHR ZBLE LTAPED (T UANT, R DN L 0 MRk &
FHk, IERE S, QA EERT ST e A ThD, [BERY —/LOERGHES kT /35—
ZREENZ K0 AR - I ENREE 2 7 e ATCHIE 2 2 L B RETH D,

HEPAE AR 23 Po 2MEH STV D28, TR OGS K 2 B IMERED R LA
SNTWD, AWFIETITEERIE T m e 2242 2 LT, Pb 2l S E I RKH TR
FEREMES- SO A FTRE L 3 2MEH O vt AT A ZITT 2 D TH D,

LIZL®IZ

AN IREEM B OB B RE 2 M B S8 5 Z LD, HEIHSCEEW 2 VIR SN D1E0, EIR

i AEHER 722 EOSEF CHFTEDE E - TV D, HFhORLE T 1 2D FRITRAEB TH 575, B
TR COBME ISR EE O L2 5 D & S, HEEHOEDSTRE L 72> T 5.
EAERBITIE, —IICT /) — RITRERED Po &40y, 1Y — R ALV ONS., 22T 7
/) — REEOWBFZHELEORBOHEEINCRE S FHboTWnb. Pb 7/ — RHRITAME - 72 % Ag ZUNN
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THZLET, 7/ — NEMMET LIRS m BT 52 E3mbnTly, a4fke LTIE Pb-
2mass%Ag ([T T, THEE/NOIEE & 72 DEEOR FITAN THH Z ENHESILTND. Lo
L, NM%@;@%H@%%%L 12X D Pb-2.0mass%Ag & L TIERIT 2 Z LISREECH 5. EBAROEMFFE:
IIAREET /) — ROREEREIZ L > TOHRIT 57230, RESCEIZ L D FHEMOERZ BT 5 2 &
Ll
AE T, MPbARIZ, Aghy, Pb-Ag A4t FSPIZ XV RENT Ag 20k S W7 JUikI B 7 0

+ A (FSP : Friction Stir Processing) % 3235 = & C, 7/ — R&(ER L7z, %7/ — RO, Wrsikom
M. BLOBEMABRICL D 7/ — N & LCORMEE T L72fE ROV THRIET 5,

2. FEROFIE

21 FSPRER

FHRF & LT 100"%60%x10'mm Offi Pb A A . R /08 S 28 ASTI 0 Ag #7 (99.9%) & Pb-
15mass%Ag G4t & AV z. BAMIEZRE 2mm OVES D Ag EA N 2mass%l 2725 K O IZTHE L=, A
HTIE, 90fmm X 1.5%mm OFIPHIC 0415g D Ag #EHERE L, A-@HERE S 90mm CF 1.64mm O IEHTEHE
DOLOER 1 DX DRI L FSP 2506 L7-. FSPIZIERE 2 1273 X 9 72 SKD61 Fod “FEE O
YV )VEEL, BiEMIT3°E Lz, FSPIIR1 DL RSO T Tirotz. YV — UBRAE S 24 2mm &
Lz, &7z, #iAgZE W TIZ W T vt AR E 2 BRREC L - TR L=

fiAgin Pb-AgE &7

1.64mm
1 BAMDIRER (2l Ag # bPb-Ag EEHR

= % 1FSP &
: - Tool Types
Rotation Speed | Processing Speed
AgFom (ipm) (tminin) and
15 Pass Conditions
Ag Powder Flat 2 passes
@) (b) 4000 10 Pl 1 pass
2FSP Y— L0yt ik Po-Ag Wire Probe 2 passes

@277vky—IL 7a—TV—)L

22 7/ — FWTEEIE

SEM % VTR 2 8122 L7=1%, EDS ora{T-72. BIERN R ARK G OIRAK Ty F 7
L7-.

23 T/ — NEMRREEIHE

7 ) — K& L COMRREZTHET 572 L7277 / — R 15 10mm X 10mm OFELZEI 0 H L, BT
%, TARFUBIHRICHEOIALEMRERAOT /) — R L=, B3 IZEMGRBROMISXK 2~ /ERL7=7 /—F
Z T 40COEEMERTEER I C 48 REHE BB ATV, 1:%% DOREEIT -7z, BEfFEREIL S00mL & L
7=. Y — R ALZ RV, ERREEEEE Y 3em & L7z,
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3EREREEE

31 77— FEm#ig

4|2 FSP %3 L1457 / — RIfikio> SEM Eif %775 DC power supply
@ OEHHH Ag L EONAHIIRONER, Foxh b QJ‘D
e QR AYINY

5|Z FSP %2l L7457 / — Nl D Ag~ v &> 7 %R
T AgIIALREN TS, @IERAT< (2 Ag DS R —I '
SH-AS, D 0.5mm OFIFIC Ag AL TV B = &
PHER ST, OISR 0 A5 LB AL D SR B KT S
1.5mm, R AHHNR 10mm ORI Ag 5y BskA SR S L. © @
DG ) — OB AT/ — R & 045 LT B R L 0 B
Feote. AZVIEIUCS WER E LTHMPh T Akt | —
L AR ENKENZ EREZ HND. PhDE v H— SEEEDREEE
AL HVAFRE CTH D DK L AglEIHV2S FE TH D ZOMEO N BETIRE LT ZERD 155 %
HID. I —OOEK E L Cid@)Ihl Ag sl Po A EICERE L W e LB 2 bivd, il PoHUIEZ1E
D, AgEERE L. BT A LT LRV E ZAETAg AT 5 2 LINTEZ L E R BB,

(D Anode

(2 Cathode
(3 Electrolyte
(@) Thermostat

|
N\

®

2mm
4 VERRLT=7 /—FWAE SEM EifE SYERLI-7 /—RIFE Ae Tl
(@) Ag #3K, (b) Pb-Ag B4R (a) Ag #13K, (b) Po-Ag AR

32 BRI

6 |2 48 FFH D EE T EAR 31T DAL & B O
B AR il LCEBEE TV SR TN Po ol
0.7massYeAg SHEIERY 7 — N RO/ Ag - TH % Pb- il | 0.7% Ag Casting
2. 0mass%Ag $EIEVERLT ) — R OFSETEOFRE A 7R L7z 285 |
L & < AL TO B AT / — RIZRbIEE 3 25 —
SRS L 51D Po2OmasAg BHEIFRT /— KX R 2275 [/
FENTRBRERL Ieote. WSS LTz AgyT /) § 27 | A
— FIZHBT S Pb-20mass%Ag $51E7 / — RIE CRETEIL T 265 h PoAg Wire
BRI OOFBETHAS TS Po0Tmassdy 7 |
WEEY ) — RROREEEDN FRLERE o7, ZOfE '

25 ' : . . '
B FSP 2 AW T ) — REHGEIZ LY, BiEfEkic 0 100 20 30 40 S0 60

Ag BB SRS = L T Pb20mass%eAg BREERT ) — N &  mesmman e |
X 6 & EREMIHTHEETLEHH
R LI A S F s = L cx o bgs DO e Eﬁ*ﬁiﬁ ﬁé@* RECRRE
MRS nT-. -
4fEE

Pb A% L AgFy Mo OV Pb-Ag A4t A B AN & LT FSP & i L £ HIC Ag 20 S8 727 /) — R&/ERLL
72. FSPIC X W RENIAS I Ag N EEH Z LN T& 72, WEBENEOME, Wb EEECHEA S
IWTCWDT ) — RE i URVMEEIE L 725 2 LS S, BAESEEU MU Ag 20 SE 5 2 & TPb
2.0mass%Ag HRENERT ) — N E RSN ENL LIEEL IR TS T2 2 &N TE 5 2 &M I k.
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AMFZEL, BRARERFEGEERREIRAIER IR 7 B, iy BES ez, RO AR AT ERT
R & oIRENZE S L THER SN2 & 2 HET 5,
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HEREZRAW=7IVEBRI LD _BILRRDIE RS

KW —, & KB K

(6 12 BF%2 7 v —7)

okawa@mine.akita-u.ac.jp

BESE . TR bR FE O M P IFR (CCS)AS, IRMBILx RO & L CEALA S
TW5, KAOBEFRREDPOEHENDEI D AND “BILRFZEINTILENH D
N, ZTOBRIZE 1 T IVIBKTHIE /) 2Z )= LT IUVMEAERTWS, £
)X B )T I TN EEYTZY O CBIERERNENLZ N ONEMTH D
N, TERILIRFE BT HERC 120CE W omEmWRERKLE L RS, T T, K
e TIE, 88 37T I UIERE WS, W L7 kRSB OFREN, & 1
M7 IVERACESBALR LD ZLICERLE, T LT, BEROBRK/ERESE 3
7 X VR ERA G DY D Z T, WU L7z SRR LR E A RIRIC TR S 2 &
R LT,

F—U—F:CCS, "Mfbfrsg, 7 X v, ¥, Bk

mMmEE - =AM
BN OIEFER 2RI LIAPERE IR, BRI LS ONIFEZAT > TV E T

AWFIETIE, F 3T I AR “IRALERRPAEA & LTV, 20t%, “RILRFED 55
W CHEERR 2 V0D 2 LT RIS THEES 2 2 & 28aT Lc, BRI L 25
3HRT X BRI DAYBETREZR T FMURE DIPREA B DN 5 & L biT, W< DK 31k
T I OWT, RRABEFR DY B & U R 2 T,

ABFFENZ B9 % R S5
1. Y. Kitamura, H. Okawa, T. Kato, and K. Sugawara, Enhancement of desorption amount of carbon dioxide gas
from monoethanolamine solution using ultrasound and calcium chloride, Japanese Journal of Applied Physics
Vol.59, (2020), SKKD08-1-SKKDO08-7.
- RIRE—. ORI, EIRMERE,  BE A VT I U6 O R bR
DOAKIRLEE, EIR - BHREELE 6(2),(2019) 1K0701-09-02.
R, N)INE—, IR, ETRREERE BE R L b Ly B a e
EZH VT X EERD D O IR FE OB, Jounal of MM, 135(1), 1-7 (2019)
R, RIS, IR, IR ARIREE ) =% ) — T AR D D
CO A HAY & LTS & b o o LRI, &50¢ TECHNO 28(4),(2016) 61-65.
. Hirokazu Okawa, Tomonao Saito, Shohei Yasuda, Youhei Kawamura, Takahiro Kato, Katsuyasu Sugawara and
Tayfun Babadagli: Enhancement of bitumen recovery from the oil sand in an alkaline solution using ultrasound

irradiation and carbon dioxide, Jpr. J. Appl. Phys., 59, SKKD02-1-4(2020)
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LIIT®IC

KEH O IR ORI AT 5 722, AR IPFEEIT L E—Fh b REI I & —
Fefb 3 2[RI U CHFR A~ 975 2 & A3 S 41T U A (Carbon dioxide capture and storage, CCS), R4 7 C
HIREBREEST 2 Z LT, HADNPEHEND S, ZTDOND 125-12.8%708 " ALRFETH D[], ZOHEHAH A
H D IR RS A B R 0 - BT 27012, 7 R R E AW TALFERAEE DRI S Tn g,
T IUNET R SISO TTH Y, B/ =X )=V T IV EIRD, 2- (YT RENLT )
TH =), 2T R 2 AFNN-T R ) )b, VK )T R IR EEET D, PTHE 1T
YThHHE ) E ) —NLT I (MEA)L, BT COINER JOWIGEE 2 HT 57290, FICHH I
TWb, MEAILCO, EET D Z &Ik - T, FReal(1), QITRT L 2183 2 — h A F /(RNHCOO)
L EIRIRA A (HCO) &R D,

2RNH,+CO; — RNH;"+RNHCOO™ (1)

RNH, +CO; +H;0 — RNH; +HCO;~ (2)
COL I A% D MEA TR ZNNENS 2 Z & T (1), Q) DMRUEHHEIT L, HiFp~OJE A L 7= @il 72 CO,
MENLTE 5, MEAAROIEED 49M OFFZI 110 CULEDNEE MBE L 925 Z L G S TH5 [2],

L7213 T, AEARIEEDREIL, WX L 7= CO, % MEA IAR) > O B2 72 O 2 imii TN 88 b
THRTHD, Fxld, 7 I WD COy AR CTHEET 5 7= DI E R OB IERICEH L TE 23],
RBE PRGN X - QR I A T EER TS EN LT D18 & FEN L L2 WEIS R BICH I, 8
DALEIZBWTHEEDNA & 72 o T BRI FRIRD I b D, AR L7 il e Sialml L23gE 5% 2 & 1T
Ko TRE NG THERT OO BB 5, —FUKEIXRET T, HCOs, COs%, CO 72 E DR L 5,
T2, TOFBREITIEERT O pHIKFT 2 (K1) . TNOEOFTTH, 7 _FRbRIRCO(a) Ikt L
THBEN R SRR CE 5 Z L 24 IO LTV B[3],

AMFZETIE, B2 =0T I LHBEDETHERT A Z L2t Lz, 7 A3k > T
COx L DSR2 D, F— B IO T I s, R(1),QTERINDISER L, /S A—
N A& HCOs DERESIVA, LLAENG, BERBHICE > THMNRA— M F VI BEFE CO %
BT 2 DIXNEECH D, —F, BT I DE. INANA— MM AU OAERKITEZ 57, HCOy 2%
ERET BB, TR BIEENIZEBW T, AR RA— b A VR L7222, HCOs & L COEEE
anmEm< 25,

R'RZR’N+CO,+H,0 - RIR?-R’NH +HCO;~ (3)

LMo T, HEMRT IV EHANDZ ET, BEHIZEY CONaqZ Bl L7=5a. 2z Lo
HCOs 75 CONaq)~DFATHE) (K@) PETLT <70, COMBEENRE b EEZbND,

HCO; +H"— H,CO; — COx(aq)t + HO 4
AMFFETIX pKa DIL/R B85 =k T I AR L CHEERPGFNC XL 5 COMBEEZI TV, E O ORRARAE L
77

Molar ratio (-)

[X] 1 25°C DKIEEHIZI1T D CO,DLFIZHE & pH DBE%R
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2. ERGIE
FERIITHE =T I ThD Y= ) —)LT I ATEA), 22-AFNA /) VxH ) —/(MDEA)% H
W, pKaDfEIZZNENT85,865TH D [4], 57 2 IRIR(.0 M, 200 m) ZMHERZHI AN, FHHER(750 pm)
L7278 BRI Z 29 % F T CCO%A0.5 MPaTI2RFHEA L7z, COMUUT K 2 VAR D E St N A COMLINL
Bl Lz, COMNIE DRI (100 ml) % 7T ARG AL, HEI RS (28 kHz, 20 min) (2 X 5 COMiffE%E1T
ofc, YA RN)—EZEY | WENICASTZBERREZHE L2 E ZA12 WTh o7z, COMifI
K DR O E R 2 COMMpER L LTz, FEBRTOUIK O 320-25°COHiPH THREF L7,

. RERLER

KRIZ4T 2 ARIRDOCOMIN R 75T, COMLINEIITEAY154 g/, MDEAZS 207 g/L & 72 1) . pKadDfEASK
TV EROCOMINEZ R LTz, KB E RGN & COMBER D2 LA 77T, 2053 DOIEHIZ X 5C0,
i Bl ITEA, MDEADIIAIZT73,36 gL & 7o 7=, =k 7T I > OpKanMEW A, COMINEIT/ NS 2otz
23, COMBERICEE L QIR & iz R A A b, £, ARIBRCTIT - I RS X 5C0,
e & BN FN TSR & DI 21T > 72, Shin 1d5.0 MOMEA((pKa: 940K Zx L TIIE95°C, 120
min) %17 > 7= S5 B DOCOSMEEREA29 gL & s L TV B[5], AFBROEEE I B (20-25°C, 20min)iZ & 5 COl
B L i~ % &, MDEAITERIED1.2f%, TEAIF2.665DCOMBEE A IRIR CIER TE 5 Z &b o7, &
7. COMiMER(= COJMMER: / COMLINE x 100)& L THET EMDEAIX17%, TEAIF47% & 72 %, MDEAITW,
I L72CODZ < Z T X 72 T2 O COEML DZhEEIME Y, —T7,  TEAIZWIL L 72CODHKI 55 80D CO,
EMBECX 5720, ZEEARCOMMIMNFIRETH D, KX 72COMBERE %A~ LB & L CpHOEENE
Z bbb,

250
200
S
L9
= 150
g
= 100
H
2
= 50
S
O
0

TEA MDEA

2 TEA,MDEA ® CO, 57 A DYWLV &

oo
o

3

—i—1 (]

CO, desorption amount
(g-CO,/L~amine-solution)
8

20
—@—-TEA
5 —@~MDEA
0 5 10 15 20

Time (min)
3 EREIE RG] & 0 R T S LRI S 0D COL B DRI [6]
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XA AR I IR K D COMBERF DT 2 LRI DpHZA 27~ BRI HREAT(0 min) oD YK (OpH %
g% &, ARV pKaz A9 HTEAIX, MDEA & i LT, COp & OWICEHIRH AR }pHA 73 2 & 237>
%o VWROpHIMEVNE L, 1Ai# L 72COTCONaq) & L COFFEEIGNKE L 2D (1) , D=, H
FI PR L DCOMBEENRE S ol B2 bIVD, COMBER DT I L ERIRITZCOD FFRIN A 7 HE
7257, ALFIRIGETIET I IR ETER S, BAHL WD, LenioT, #EEERN AT
TEAAIR DO FFRIFIZ W TR L7z, TEARIRIZAT L CCOMMiAE IR A =0T~ 7=k 5, #h0 I LRI
£ 2 COMINEFS T OWBEREI R & 2 TR ST, AFRICBNTH T I K OHFIHN FRET
BB LEITRRENTZ, LLEDFEENS,  pKaDIRUVEE =#k T I o LHEFIRBHR 2 bE D Z Lk
ST, ERIEL Y BIRIROZIRMNCCOE MR CE 5 Z Ldbh o7,

0 5 10 15 20
Time (min)
4 BT X IR~ DSBS K 5 pH 2K [6]

4. ¥L®
R A VT T X R B D COz DARIRBIEEZIRat LTz, IS A— b A Ao B R L
W =T R CER L, pKa ORI D7 X IR E WV CGEREIRIC X DR 21T -7, &
DFER, pKa DRV =T 2 v EEE IR 1A bE D Z LIk > T, fEkEL Y HIKIR
ORI CO2 2 BT E 5 2 E MBS~

<FhfRE>
AW IR B4 15K06638 Bk & 52 1T 7- 6 DT,

ZE R

[1] X. Xu, C. Song, R. Wincek, J. M. Andresen, B. G. Miller, and A. W., Am. Chem. Soc. Div. Fuel Chem.
Prepr.,48(1), 162163 (2003)

[2] W.J. Choi, J. B. Seo, S. Y. Jang, J. H. Jung, and K. J. Oh,J. Environ. Sci.,21,907-913 (2009)

[3] T. Fujiwara, H. Okawa, T. Kato, K. Sugawara, Journal of MMIJ, 135(1), 1-7 (2019)

[4] F. A. Chowdhury, H. Yamada, T. Higashii, K. Goto, M. Onoda, Ind. & Eng. Chem. Res., 52,
8323-8331 (2013)

[5] H. Shi, A. Naami, R. Idem, P. Tontiwachwuthikul, Int. /. of Greenhouse Gas Cont., 26, 39-50
(2014)

[6] H. Ito, H. Okawa, T. Kato, K. Sugawara, Proceedings of 27t Annual Meeting of the Japan Society
of Sonochemistry, 64-65 (2019)
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IBIEHILD D LE COIRUR L 1= MEA SR B~ DB E KRS
& % 00, H R DR EE & RLAKTIE L = REE D IL 2 ) LK
FDERK

b A g aRt, KR JINE —2, B R B R

(HGAVER Y X —, 2 2R T v —)
Kitamura@gipc.akita-u.ac.jp

BEEE . R bR FEOM P IFRE (CCS)AS, BB Lx R o & L CEALLI SN
TWb, KORBEFHRENOHH END N A0 D “BRAILIKFE(CO) ZEINT 5 HE
NV, BIIZIEE/ =¥ ) =7 I U MEAREHA SN S, MEA [FHNLE &Y
720D CORNENZ VORI TH D, CO, ZBBET HBRIZ 120°C TMEAT %
VERNDH D, KEEFIZEBITSH COx L, pH 2L > THEAF COx(COx(aq))X°A A v
(HCOs3™, CONICZEDIERENZEALT 5, HE OB SAERITER CO T3 L THD
Thbd, LEEn-T, KIEQR5°C)IZT MEA B D COx(aq) D BLEEIXFIEETH 5
23, pH 8.2 L E®D COi(aq) & L TOAFTEEIE D3/ & < 72 2 SEIIT 3 U C IR BLEE 23 1A
CTHDH, T T, LB LT T A(CaCl)IZEA L, pH 82 TEDORETH S
HCO; & i &8, REE I VY 7 L (CaCO3) & ERT 5 &[RRI 45 H' T pH
DIETT 52 EZ2FHLT COaq)DIEEZ FD, Mz iTo72, £72, £l LT
CaCO; KL 1- DR %2 i~ 7=,

¥F—U—F:CCS, “WbRF, £/ 28 ) —NT I, BEE KRBV T A

mEt - ERAK
AE I O ER & B ER 2 R IR 35 2 & ©, RiBHIE 72 & DR
ZATo TWET,
ARFFETIE, Wb T e TRRGRFBERIN LIZE ) =8 ) — LT I VB
A~ E W FRIIT & 2 s 722 " b R OARIRIBE 2 a9 5 & & HiT, ARk
U T2 R 71 v o 7 IR O Rt 3 L 72,

ARSI BT 550

1.Y. Kitamura, H. Okawa, T. Kato, and K. Sugawara, Enhancement of desorption amount of

carbon dioxide gas from monoethanolamine solution using ultrasound and calcium chloride,
Japanese Journal of Applied Physics Vol.59, (2020), SKKDO08-1-SKKDO08-7.

2. RN —, BRI, IR, ISR, (RIREE / =5 ) — LT I VIR O O
CO, it a By & Lz BB IR Lk v o AORIH, & Z ) TECHNO 28(4),
(2016) 61-65.
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LIIT®IC
REH D COMEFED FHIE, HERIBIRALZ 5| & 2T AfetE 2 T 5720, COOPEHEDHIRAE Ei
TWA[], BUHE, COPEHEZ MG 2 7-HIZ, CO, Z H1 T B4 (Carbon dioxide capture and storage, (CCS)) 9§~ % £
WA S TOD2], PR ATND COy A Z B DS, €/ =5 ) —NL7T I (MEA)R ED
{EZRIAIAME I TN D[3], MEA (X, fthod T I AR E L CTHALE EH 72 ) OWRINESS K OWITGERE O
782 ETEILTW DAY, RN L7z CO, A % MEA ¥iE0> HEIT 5121E, 120°C TIENT 2 M42203 8 5[3],
MEA IR ERET D & 0T 2729, T ORRIBERNEE R~ E1)),

RNH; + H20 — RNHs' +OH (1)
(R: C:Hs0)

COy % MEA IR ICIN S5 Z & T, RQ)E@D X HIZ OH ZiHE L. B3 A — ~A F L (RNHCOO)
AT D4,5], TOWH%, HIASEA— A ARG 5 Z & T HCOs 2495 (K 5)[6)

RNH;" +20H +CO2 — RNHCOO +2H0 ()

RNH: + CO2 — RNH:'COO™ 3)
RNH'COO™ +OH — RNHCOO +H:0  (4)
RNHCOO ™ +H:0 — HCOs +RNIH: )

Flo. KRBT HC00E, pHIZ L - THEAFCOACOAaq) A1 7 OIRAEHCOs, COPNZZ DIZREN AT 5
R O-®)7-9
H2CO3 2 HCOs +H' (pKai =6.3) (6)

HCO; 2 COs* +H' (pKax=104) )

COx(aq)+ H20 2 HoCOs (K=1.7x107) (8)
ARFZETIE, BSOS IER %2 O TRIRQRSONC T MEARIRD B D CO, OBEEIIATRETH Y . D
B, BN FTREZR BRI JPALT CONACOaq) Tiv D = & Z B BN LT2[10-12], RS K D COiiffD R
1%, CONaDAFAEFIE IR/ NS < 722 pH 82 LU EDOERHRIZx T 2B 1E T D, I4E, CO T A %W,
IV EH-7= MEA IR b 1> D INCaClh) &2 TRINL . IR D Ca?t & HCOs 38 XN CO> DIZHED T 5 Z &
TR VT IN(CaCO)IVERR SH D Z 212 X D CO, DL STV B[13]EK 9-10),

Ca* +HCO3 — CaCOs +H' (9)

Ca** +CO3* — CaCOs (10)

ARFZETIX, pH 82 D COp WL L 7= MEA IA# 1> 5H D COiEfEE B & L7z, pH 82128\ T, CODIE
R OEREIT HCOs AL 720 . CaCL TRINCEE D CaCOs DAERSUGMTIR) & 72 D, CaCOs DRSS R
W H M E L, WO pH ME T3 5720, O)DFERRAE~ITS<, Z ZTR(®8)L Y HaCOs1E COx(aq)
LR DT80, CONaqEEAEENTT 2 (HCOs — COxaq) + HoO), L7235 T, CONaq)DILLEAHENNT 5 7= 8O
B A O BENED 5, £z, BIEMTHHREEIIN T T A ThHDHN, T ORI — 702k T55
ZEMTENUL, FEAARBNIEND, FIZIE, EET7 47— LTILRT T AF v, B, Bkle L
~OENEZ BILD, LIZhi> T, AWFFETIE, b D bl COMIN L7z MEA VAR~ E R
ST K 2307 COp 77 A DAKIRIEE & TR U 7 IR 7 Lo o DR F- DA AT LT,

2. EBGIE
CO & WY L 7-MEAVRIE(CO-MEA)I L, E£770.2 MOMEARE(200 mL) % MR T CHEHR(750 pm) 21 TV
IRMD, COH A(>99.99%)% 0.5 MPa C00TEIIEAT 5 Z & CCODWIZAT~ 72, Z D%, NEK T EHZRD
BiBEAZRE L. R&E T TR OEE A L7, pH 82123 T 5 £ THHRE®00 pm)Z1T 9 Z & TMEAR
W2 HE(H LT=, MEAJRIR~DCOMIN E(mM)IE, CORINLHITHE DMEAFRIK DEREALD HROTz, Fiz
6N LTZCOD TR, 25°COKEREFNZI1T 5 COD AR L pHOBMRIFX 1D X 5123t 5 =
LD COMINE: & COIINIE DMEAVSRDOpH B . TR OCODALFFEZ & OfF R Z R T, [RI%
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(HCO)I T @)D T EEL L 0 . CONaq)DIERE TIFAE L T D & F/n LTz, MEAVAIED B DCOD L,
2 JEI I R A 25T (TA4021, Kaijo) & 28 KHzDHR (T IALHRE) 4 FIW OB SRR, 723~ 7% v F
v J AL —F—% W TEIEFR1500 pm)l TTT o 70, BEE IR IREIT & 2 COMipfE TR OIS X 4 X212 7~ 7
[14], AAEFIZERE L7- I8 1D E _EIZCO & W & 7= MEAYAHE(30 mL)723 A - 72100 mL &— 77 —(Pyrex) %
PR L7z, CaChiAiR(G0 mL, 52 mM)iX, HEfbh /v o A(Wako, >99%) & A AL ZeHikz VCRE L 7=, %
D%, CaChIEHR(30 mL)F 72131 A2 ZH#a7K(30 mL) % CO, % WY S 7= MEAHE(B0 mL)ZERII L, AKFEF D
KEIT LTI — DI 5107 ORHERN 21T o 7=, COJRBERF ORI DCAMEA E/VERIT, 0.026
& L72Q26mMCa0.1 MMEA), R nh o HE R L X —2n ) A M) —E Lo THELZE 2
A, 118 WTHo7=[15], MREFORRIREIL, 25°CTHREF Uiz, DIBEFERSE OFRIR O BE &) 55> 5 CO,
7 A D REEEmMM)B L OWEER )2 K7, CaCLhOTRINT X 0 15 LT REE I L 7 AT, 5| Al
THENRTBERIZIE L, —BE OB ZE g 21T o 7o, Bl ORER 1 V> D A O BEJIED> HCaCO DAL
BmMM)ZRDT-, X HIZERINL 72CaCl (mM)IZ% 3% CaCOsD FIUE(mM) %> B CalF LR (%) & HiH L7z, &£
72 CaCOsDERERRI TR Z RS 72012, MIARXHEREIHT(XRD; RIGAKU, RINT-2200)#IE 53 L OVEATITE
~-E%E5(SEM; Hitachi, TM-1000)8122 24T > 7=,

1.0

0.8
0.6
0.4

Molar ratio (-)

0.2

0

1 25°C DRI I1T B CO DALFIRE & pH DEIFR[14]

Gas outlet
Rubber stopper

Tr________.—4
-F'"-._'_.__ b __‘_‘_‘-‘-"‘-u
“""-‘—-—_ ———
Solution
— e

~——— Water bath

ey

Transducer
—_— / -

2 HEEHEWEA O D ESEER OB X[ 14]
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3 FERLBE

CO; (aq)DIHERIEDIFEH /NS pH 82 D MEA AHRIZ% LT CA/MEA E/LE 0026 & 72 % 1 5 123k
N NRRE I LTz, 2 0%, M E 72 I HRIC £ D Coy W AREEE: 10 3T -7, ZOfER%ZX
312" 14], pH 82 D MEA ARHIZHIT 5 COHREIL 548 mM TH Y, D H H CO, DIFRERIFFIELIZ,
COx(aq) 0.02, HCO5™ 0.98, COs* 001 TH 5, LTI T Mo G EIRNA A MK E MEA VRIER~TRIN L 72
ey, BEIR L OYERIC L DR T, 22%+H.6( BT & OY 1.2%0.7(35HH) D CO, B AR 27~ Lz,
FTALERRT pH 82 22 BALERFL D pH X, ZALEIL 82 ). 82 A~ L, pH A& kA e -7, pH 82
? MEA IRIRIZHT 5 COp (aq)DFFAEIE 002 EIEFIT/INE W=, BER EIIHEEELLOEE S CO,
TADOBBEINEETH D, —F, HWALI VT T DEREZ RN LTc6 O CO T ARBERIX, £ 2
9.8%t1 IFEH ), 72%R24(HFDZ R~ L, WAL N T AERZ TR L 72 WEE & Hig LT, iR e
BT 7.6%. FHETIIR 6.0%HEMM LT-, WE%D pH 1. WWERTO pH 82 7»bZFNFH 83(HEE ).
IR EF- L7, Fiz, FEBRBAGADG 1 53LINT CaCOs DAERRIZ L D MEA KO i s Lz,
CaCLIRIE DENINT X 5 CaCOs DAERREITZ I EH 2.5 mMA0.0HE %), 24mMH0. 1) TH Y . CaCOs & L
TO CalrlRIT, 9B1%EEEI). 903%FHER)Z 7~ L=, XRDHFEIZ L - TR L7 CaCOs DIFREI,
B LR & 1237 F A NPDF No. 00:025-0127)DH—AHTdH 5 Z L 03ohro> 7z, SEM (T TARL L7 fkEE T
N BRI ERET D L I 6um R & 1 um FEEEOERIRD T T MR FAMEER S, BT
&, FEEIR)—72 2 um FREE D ERIR DT T A MR- DMER S N7=(X 4)[14], pH82 D MEAAZ Clx, HCOs
DEEREND, BEREIIRIRE L o 05A S WEBHLERCIEE)D CaCOs DARSUSHMERT &
2%, BEWIIHEER LY bR &2 IS ARSI, R A AOVNEL, B ol b B
LIB[16], Lz~ T, 7=V D CaCOs DAERITEE D HOARENZ N & T, pHIEFAKE < 72
V. COaq)DIEEEAHENNT 2 J5 1]~ ) B ENHCOs + H — HCO3 —CO, (aq) + HyO) L7272, BRI DIE
2 D3 L < MBATRIRD D CO T AZBiBECE T2 LB 2 Hib,

40
3 B& Degassing of CO,
< 30 F
S [] CaCoO;,
G |
S |
2 20 | |
S |
g 1
2 !
g 10 r 1
2 1
% |
- :
0 EEEwE 1 EEEG SRR
Without With | Without With
CaCl, CaCl, i CaCl, CaCl,
Stirring (1500tpm) | Ultrasound (28 kHz)

3 BERFEITEEE A AW L Vs T AR ORI
\ZH31F D pH 82 D MEA T 17> 5 D CO IitEE=R[14]
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4 Bk A TR LI g L o R0 SEM G 14]

4.0V

COx (aq)DTFAEEIG MR pH 8.2 O MEA VIR I3 L CHE{E I Lo 7 INCaCh) 2 W L7121, B 2 IR
F LTz, FOREE. W& Lo 2380 COy H AMBERTdH 5 22%2% LT, K 7.6%E\ > 9.8%% 71 L
Too PRSI, UL N D D EHH LIZ5AIZBW T CoOy P ABBER T E L7219 60%), LLEoZ
LD, MEA RGNS COy B ADRBEDM E&2 B E LIk i o Ao RIL, iz HWSEE &
s LT, EER A VD Z T MEA IRIETND L0 %< D COy HAERBIBETE D 2 LML -
7o BT, BEWERAWTAR LRI LY T BT, P2 AWESE L0 R X0V hE
<. W) —72EKE DT A MR- LTIRD Z EMNTE T,

BEIHR

[].

(2]
[3]-
[4].
[5].
[6]-
[7]-

[8].

[9].

D. W. Kweku, O. Bismark, A. Maxwell, K. A. Desmond, K. B. Danso, E. A. Oti-Mensah, A. T. Quachie,
and B. B. Adormaa, J. of Sci. Res. & Rep. 17, 1 (2017).

S. Budinis, S. Krevor, N. M. Dowell, N. Brandon, and A. Hawkes, Energy Strategy Reviews 22, 61 (2018).
C. Dinca, N. Slavu, and A. Badea, J. of the Energy Institute 91, 445 (2018).

F. A. Chowdhury, H. Yamada, T. Higashii, K. Goto, and M. Onoda, Ind. & Eng. Chem. Res. 52, 8323 (2013).
J. T. Yeh, H. W. Pennline, and K. P. Resnik, Energy Fuels 15, 274 (2001).

T. L. Donaldson and Y. N. Nguyen, Ind. Eng. Chem. Fundam. 19, 260 (1980).

C. E. Housecroft and A. G. Sharpe, Inorganic Chemistry Second edition (Pearson Education, England, 2005)
p. 368.

D. A. Vaccari, P. F. Strom, and J. E. Alleman, Environmental Biology for Engineers and Scientists (John
Wiley & Sons, Inc., 2005) p. 39.
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[16].Y. Kojima, K. Yamaguchi, and N. Nishimiya, Ultrason. Sonochem. 17, 617 (2010).
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REGBEDFERRRAYOE G EFBEFIEREAIC
ESE R

iR & T

(F 130527 )—7, BET 22 5ER) A Rl R B )
fiwkn@gipc.akita-u.ac.jp

BEEL : BT ICIERGL D Y — R & 72 5 AR D & % Fr 5L 7 IS D 05 B IR KN D 4
BRERR L, BFFed b TE U o8k 2 Gl h R 2RI LTRSS PERR BE 2 d A
T,

¥—U—1F: Diels-Alder &, FALIIITZ BRI, ZE AT FHER O

e - =R

LB BRI E AR ORI IESU U VT Diels-Alder SOG A0 L TR L7-, Z OREEE
ECER ZAFT- 1% BRI B EOGZ G D Z & TEEHTERLE D
t 7R S OHHHEBEIE AR LTe, ZohiEa%s L0 M GEOv 7%
VY AIZEBI L, ¥/ AT MEEOREE L TEFRCSOGED X A X v 7wk T2 2
LT, ZORERICHLAEPI LT,

T—Y :AIENBHELS ORI ADEERK

I %Y A (1) (Scheme 2) 132008 4EIC Ma HIC K T, T AHbW) Selaginella tamariscina 7)™ HiEf
SNT-HEEE 2 R T ROOHETH D |, ZTOHSEITLARA ST 2,3~ B 7 = = )VERK RS L 72 -
TW5, AL, FEARIENHNLL TWRWE T VO ) VHOGERREORmZ B L, 1 OREK
WCEF LT,

Selaginellin A (1)

ABANST 2, 3- @Y T = = VERRICOWTIL, DielsAlder FUi & Bl &7 "t U BROFBE
BYMIC L RS T 23R AT R L, FERICARZ DT (Scheme 1), ¥/ 7 L2 L 3 L DOJNER
ZAEZ &% Diels-Alder ST LV | ARINERZRD & BAF AT EERE CEBILMAINA 4 2155 2 L3 CT& Tz,
D%, BAURIETHEREZEANL, 5257,

O
P _ Br ) TBSO o Br
e Brﬁmso OTBS %Zi_ifiTBSOOTBS
\\_//—QOTBS ‘ ‘
3 4 5

Scheme 1
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FOBIESNT 5T LTSI FTXF / A F FEERK L=k, DR 2V HERICE > T 6
(TR LT, FROT, 6 O mE A A =BG TR 7R REME A~ L S U7, BRLASEABOSIT &
DKERIAICTRE LT, Z OB, TBS L RIFHICRESNZZ Enb, EF VR A 1) OHIORA
% EER LT- (Scheme 2),

%/ AT KRR o g BU-EBEE
FER(L BRI RS
—» HO

5 ——> TBSO
_— >

OTBS —— »

Selaginellin A {1)

Scheme 2

AT H AR 100 HFEFES @) GREZESEE 1H5-15, 2020.3.22.) 12 THEE LI Fllan
7 A IV AEGSENERB 1L D 7= DFE FRE)
ZEGR 1) S.—C. Ma et al. Chem Pharm Bull. 2008, 56, 982.
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DFATIV O MEERW L UEREZETHRT
F ~=-1) AR ORE

g AR, ME B GRLERERD
ETUNLNG F AT 4 —T7 A (WHALEE L #—)
(5 14 2T —)

* tgotoh@gipc.akita-u.ac.jp

#F% . 3,4-dihydroxy-phenylalanine (DOPA) & U o v bk B AT T K& Wiz
DA TY v N EEEEEA A ICBEAL, B BRI O L UERE A
> 7"k L7z DOPA X7F -2 U T HIK(Se(VI)-iIDPSP ¥ L TF Se(1V)-iDPSP) % i
L TEORERIEERFT Lo, TORER, 0 OWAEBKIZREA A4 2 OSLIRME
EB IOV A ZERBEST 28 OVEIRELZ AT 52 LB LN RoT, £, £0
WA 1 LEF RN BAERNICIR Y, 5 2 R T 7 V36 KO Langmuir W SR ATHR
ENDHZENShoT,

HmEE - ERAk:

A T A (Mytilus coruscus)iZZE DO RERIZED, BA, IR, TITRAF V7, &
B, AR¥, BIEDOHR2 6T, W FHERNEE LENT 7 PRY) e’ b
VBB TRPEEDP AR TH D, FEHEOIX, BARY T HOBAENE R A
A T DT F FIC@BENEEZ AT D ATF VU it ST F

KEH, ERE&REZ BECS A 7V v b L@ e &R Wos iR %
PG D Z LITRII LTV D, KRiFZEIE, ZOXTF REHWEs A7)
Y NHIRNERA A DR L TEAFICH L THLAETH DL EERL
oo MEDZ EUX, K1 A7) v NEINBBREEA 4 21X LDtk x 7247
T L CRBEIMEE AT WA R Z BTEICIRH CX 2 REEEZ R LTV 5,

fm
“h+
DOPARTFR ’ J,mjj?; Pt B
. SWIN "
Se0;* or SeO,* o, 'qg:«'
—_— )
. « o fo (HIFIER)
'S
DOPA ShTEESNI
SeA AU AL TYURE
& @
XKXKX-H:XH:-XKXKX . 7k
| SRELEL | .
R R EE MR

X+=+DOPA | o
K== *Lysine RREEA

H =+ +Histidine — € EEIEE

SeqH D HEL T
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6.0 mM DOPA peptide
HC1 or NaOH (pH 1.0~9.0)
T B or BEL BT t—
Total 060 mL

o AR Se= 11 (ER) ——= H1
| ToFaf=t 250150 |, <grpises 12 L) —H2

e TELMUTOHET Ol g

| - 3(25°C, ~50h)

SUhETEER | UV-Vis - BEPOATFFATR
% ICP-OES' '+ BilPOSe A BTFR

i Snw ™
AEFS— L EBOAA A FRLE .e".lﬂ‘.l".-’ﬂ"F
I -- IJ'I-.*
Sﬂr mf"_'-f""
¥y {II-T-!II,:

s +1

o Iom sbaxdance mtin
I'
I-

%.,n_ R
s * (H:D&YH2)D AN LM
E*”- EAFULHED(IF — L EOBEETHT
L
E 0. gyf\/ ﬁﬁ\/"'
1 2
2 pKa —5.:12
oot AAUFHIBIEL =R TFED
Seq A IR Re-pHO R mﬁﬂi“ ‘ﬁfﬁ&l—rfir" ﬁ‘
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0w M ——
® el 8 Tl
B Wask i | m Wash s

coos*  Wask 2 DD0E-| * Wash3

b & 7 8 8 19

Se{IVHH:2)
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Development of Selenium (IV) and (VI) Imprinted Peptide Silica

Particles
"'Stevens Morlu G F. “2Yamazaki Masataka -
Saki Yokota - *Gotoh Takeshi

('Cooperative Research Center, Akita University - *Faculty of Engineering Science, Akita
University * Graduate Sch. of Engineering Science., Akita University, 1-1 Tegatagakuen-machi,
Akita City, Akita 0108502, Japan)

tgotoh@gipc.akita-u.ac.jp

BEZE : In this study, molecular imprinting technology was employed to prepared sorbents
that imprinted selenite and selenate ions using peptides, in which the ion recognition site
was consisted of lysine (K) residues. The precursor peptides (YKYKY-K3YK3YKYKY)
were prepared by the solid phase method and their tyrosine residues (Y) were converted to
L-DOPA residues employing shiitake mushroom tyrosinase. To imprint the template ions,
Se0;?" and SeO4* to microporous silica particles, the resulting DOPA-peptides was
incubated with the template ions (at 1:1 mole equivalents) at pH 7 at 25 °C for 15 h, and
then with 500 mg of porous silica particles for 50 h. Subsequently, the selenite- and
selenate-imprinted cavities were created on the peptide-attached silica particles, hence,
Se(IV)-iPSP and Se(VI)-iPSP, respectively by washing out the template ions from the
particle with a buffer at pH 10.0. The highest adsorption of selenite and selenate ions was
achieved at pH 7.0, suggesting that the ions were adsorbed to the particles by the
electrostatic interaction between the ions and amino groups of the lysine residues in the
cavities. Kinetics studies indicated that the adsorption followed the pseudo-second-order
rate equation, whereas the adsorption isotherm was well fitted with the Langmuir model;
indicating that the Se(IV)-iPSP and Se(VI)-iPSP surfaces are homogeneous, and adsorption
sites are equivalent and mono-layer coverage. The Se(IV)-iPSP and Se(VI)-iPSP exhibited
higher adsorption capacity and selectivity for their respective target ions in comparison to

the non-imprinted peptide silica particles (PSP) in a binary system.

% — U — R : Selenite, Selenate, 3,4-dihydroxy-L-phenylalanine, Adhesive
Peptides, Microporous Silica Particles, Molecular Imprinting

mE% - RAK:

» The developed method can be employed to selectively remove toxic Se oxoanions from aqueous

media
The prepared peptide is a mussel-inspired adhesive peptide consisting of lysine and tyrosine that
adhere to wet solid surfaces

The prepared Se — iPSPs is selective to target Se oxoanions in a binary ion aqueous media
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Primary structure in the binding domain
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Adhesive protein

& B. Kollbe Aluy et al. Nanwe Conmmications, 6, 8663 (2015)
Tyrosine hydrooylase
enzyme
8
3 The development of new
ooy J functional materials having
adhesion ability for wet
Conversion of Tyrosine to L-DOPA by the mussel surfaces will be studied

Purpose

The general aim of the study is to develop Tyrosine {1
a method to prepare a selective adsorbent WH
for the recovery of target Se oxoanions. i NH,

Specific Objectives: l g
B o
#¢ Synthesize peptides containing tyrosine (Y) and o OH
lysine (K). i NH,
DOPA
+#* Convert the tyrosine residues to L-DOPA residues. -
;NHG"‘
# Imprint the L-DOPA containing peptide using Se (IV) lﬂ
and Se (VI) as a model template. J : I R—
aTHI interaction with
+ Immobilize the imprinted L-DOPA peptide to a solid cH, anions at neutral pH
support i
CHz

# Evaluate the adsorption ability of the developed *uN—cH—c==0
product i -

%, =90 0 tKk,=22

Lysine 2
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Solid Phase Peptide Synthesis

(1) Bonding and deprotection of resin and first amino acid

R,

& Colidine P| ridine
A8 e, o sowos, Oy (VLo R,
DMF Go

Resin Amino acid
300 mg 0.5 mmol

G

(2) Addition of amino acids

F i,
Ay = W
m/q\m! N "‘°\(“n Foe__NMM - Q 1/L ,k,n -Fmoc Piperidine O\H\Hﬁ\_,um
DMF p DMF co "
DS mmaol
(3) Continuous addition of amino acids
RAn
v @ "’Oj(l\u -F (2) O AR O R
o\;\ A NH, * moc ——— A o i
Cio i A —_ D c:f\nlek; -)h:km;
o J
0.5 mmol

Solid Phase Peptide Synthesis

(4) Peptide cleavage from resin

Target Peptide
°‘uj‘l ﬁ\,ﬂh,nk wee | T Ties | .(JDK,H . i, o
luo N L MWT f\n L *h)("m, — Ether precipitation
Reverse phase flash column
HPLC analysis +—— chromatography
Conceptual diagram of the (C18ssilica gel)

synthesized peptide

Table 1: Yield and purity of the peptide

Target Peptide Amount (mg) m
—_—

Lys — form electrostatic YKYKY-K;YKa-YKYKY 670 96.5
interaction with Se oxoanions

Lys

Tyr

I Hereafter, experiments were conducted using Y peptide (YKYKY-K3YKs-YKYKY) |
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Conversion of Tyrosine Residues to L-DOPA

.&9

_
.tk Incubate 1 h
Tyrosinase reaction . {‘o 25°C
Y peptide DOPA peptide
0.9
—— DOPA
—— K-Pep [0 min] Table 2: Composition of reaction solution
———K-Pep (20 min)
s K-Pep (40 min) Materials Conc.
P — KPep(60min) Y-Peptide(YKYKY-KaYKa-YKYKY) 6.0mM
—Pep (120e0in] L-Ascorbic Acid 2.0mM
03 Shiitake Tyrosinase (10 units)
Sodium Phosphate Buffer(pH 7.0) 0.1M
Total 5.0 mL
0 . . ; -
190 250 390 aso 590
Wavelength (nm)
Fig. 1: Absorption spectra of peptides before and during 5
incubation

Immobilization of L-DOPA-Peptide to Silica Particles

af LA
AR "-".
wigary
ﬁ ﬁ GL1641B/45-75 ﬁ
Sec ions £i - Porous Silica, Mo-Sci
$e¢0,* or 5S¢0 {1 6.0 mM Se solution Adding silica particle 0.5g
@ 15 b, 25°C 2 Shaking 50 h, 25°C
(PHT) { s
DOPA peptide sup. Total
oH7.0 otal 5.0 mL
0.03

0.025

e
5]

e
=1
w

Almost all DOPA peptides were
immobilized on the porous silica
particles in a 12-hour incubation

o4
2

o e ———— —
e ———

Amount Attached to Silica Particles
@pH 7.0 (mmol)

; §

Contact Time (hour)

DSelenite ESe(IV}-OP OSelenate DOSe(VI}-OP BY-Peptide

Fig. 2: Changes over time of the ratio of peptides immobilized on
porous silica particles
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Creation of Se Oxoanion-Imprinted Cavities
Intragranular pole Imprint holes
= Washing Buffer et e Il.le ;
Uv-
3 ﬁ — - :II"“ s ';:sme{ e (ICP-OES & IC)
{(pH7)
Qse|lv) EIse(vi)

é 0035 £ i

E 83 EDP mYP mSe(lV) mSe(vi) E E 0.03

E 0.025 E-E— G

[ i -

& § s E® oos

PR

5 ooos I I | )

-gd EE’ 0.005

g ’ 1 2 3 4 5 & 7 8 E i 0

< Wash 1 Wash 2 Wash 3 Total

it Wash Cycle
Fig. 3: Elimination of peptide from peptide-silica support Fig. 4: Elimination of Se oxoanions from Se - DOPA peptide -
silica support
The DOPA peptide was Almost all Se oxoanions was
stably immobilized desorbed at pH 10.0
7
Adsorption Studies
SHPSP (20 mg)
Total 20.0 mL Adsorption capacity

G-Ct

(1) pH1.0-10.0 ==XV
1000w
(2} 1- 120 min, 25°C Se oxoanions conc.
(3)0.5-20.0 mg/L 2 ™ q (mmolfg) :
$a oxoanion solution ci [mmolfu Se ions initial concentration

cf (mmolfl) : seions final concentration
v (U : volume of reaction solution
W (8)  : weight of used Se-iPSP

£3 0w = 0
EE 0068 “g“ 0.06 - =i ]
§.§. 0.05 E 085 1
& g 0.04 4 % o004 4
33 0.03 £ o0
[ -4
f
Eﬁ 0.02 g 0.02 A —a—0 e & & -
<3 m £ o001y
o T v g v B 0 . T T T T T
 § 3 5 7 9 11 § 1 2 4 61 81 101 121
pH < Time (min)

—O—Se[IV}-PSP  —@=Se|VIHPSP —e—PsP —8—Se(IV)-iPSP  —8—Se(VIMIPSP —8—PSP

Fig. 5: Effect of (I) pH and (II} Time on Se — iPSPs adsorption of Se oxoanions

— 187 —



A RITCAR FERK R ST A & o 7 — AR JE R R

Adsorption Studies cont.

qe  (mmol/g)
Ce (mmol/L)
gm  (mmol/g)

K (L)
KF.n )

Langmuir isotherm

1 Adsorption capacity of Se ions at equilibrium

: Equilibrium concentration of Se fon in solution
: Maximum adsorption capacity of Se ion

1 Langmuir constant

. Freundlich constant

Ce Ce K
Qe Qe qm
Se{IV)-IPSP
4
y = 0.208x + 0.0037
= 34 W=ngesy .0
2 ? ]
} 1 A
L
0 -
0 5 10 15 0
€, (mg/i}
Se(VI)-IPSP
4
¥ = 0,2131x - 0.0024
o X R? = 0.9997
=, i
=2 -
& 2 e
B 1 o
T
0 v
0 5 10 15
€, (ma/L)

Freundlich isotherm

|HQE=%|nCe+|I"IKF

Se(IV)-iPsP

¥ =0,2253x + 1.2086 2
R*=0.7638 L]

Ina, (mg/g)
[ ]

-1
In€, (mg/L)
Se(VI}-iPSP

¥ =0.2102x + 1.2395
R®=0.8522

 Ing, (mg/g)
[ ]

Inc, (mg/l)

The adsorption
isotherm was well
fitted by the
Langmuir model;
indicating that the
Se - iPSPs surface is
homogeneous,
adsorption sites are
equivalent and
mono-layer

\ coverage J

Selectivity Studies

© Se oxoanion

O PO,*, NOy, SO.*

a

=

1. Seoxoanion [ PO*
2. Seoxoanion [ NOy
3. Seoxoanion /SO.*

2h, 25°C

1.0 mM two
component
solution 20 mL
(pH 7.0)

fficient k

Distribution coefficient D, Selection coe
p= G=C) VvV ,_Dr
Ce w Dc

Ci (mmol/L): Initial concentration of Se oxoanions

r target Se oxoanion

Ce (mmol/L): Equilibrium concentration of Se oxoanions

v (mL) : Volume of reaction solution

w (g) : Weight of used Se - iPSPs

D, (mlL/g) : Distribution coefficient fo

D. (mL/g) : Distribution coefficient for competitive anion

Se oxoanions concentration
(ICP-0ES / IC)

10
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Se - iPSPs Selectivity

Table 2: Selectivity parameter of Se - iPSPs

Distribution Relative
Selectivi
Sorbat Binary System Coefficient D (L/g) Co fficleqt-:c Selective
(Targets/Compatitors) Coefficient
Targets  Competitors k{-) k()
Se03;2/Se0,> 0.433 0.009 47.0 52.2
se(IV)-iPsp Se0;2/NO; 0.433 0.006 68.4 67.2
Se0;2/S0,% 0.435 0.006 67.6 80.8
Se0;3;2/PO,3 0.441 0.006 79.9 82.4
Se0,2/Se0;> 0.431 0.004 104.0 113.3
Se(V1)-iPsP Se0,2/NO;” 0.428 0.006 66.0 62.6
Se0,2/S0,% 0.444 0.003 164.0 122.1
Se0,2/P0O,3" 0.437 0.003 139.9 123.7
Se0,%/Se0; 0.069 0.076 0.9
Se0,%2/NOy" 0.076 0.072 1.1
Se0,2/S0,* 0.074 0.055 1.3
PSP Se0,2/PO,* 0.073 0.065 1.1
Se0,;%/NOy 0.080 0.079 1.0
S5e0;%/50,% 0.070 0.084 0.8
Se0,? /PO, 0.065 0.067 1.0

[ High selectively for target Se oxoanions ]

11

Conclusion

Porous silica

Se lons Chi] .
S0, or SeO," e .
© @) e /The development )

{PHLT) : - of a method to
prepare selective
Srreslnar thecticn Detachment} (ot 10) adsorbent for the
-@—\’\ iy @J\ recovery of target
“"’“"’:‘"‘ Se oxoanions was

\ achieved. /

e
(pH T7)

bt

klr‘ctl\'r I‘ﬂtill (pH 10)
T Detack

s ! Imprinted
pores fixed with silica

¥" Y peptide consisting of lysine and tyrosine was synthesized and Y peptide was converted to
DOPA peptide by Shiitake tyrosinase

¥" Most DOPA peptides were immobilized on silica particles

¥ Se - iPSPs showed high selectivity for target Se oxoanions
12
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U-Pb Zircon and Tentatively Determined Re-Os Isotope Geochronclogy for the

ABSTRACT

Sol Naciente and Atacama Kozan Mine, Region lll, Chile;

Significance of Relationship between the Upper Cr

Andesitic and

fron Oxide Copper Mineralization

T O™ Y Tehii™ | E Jamaran®™, T. Nozaki™, ¥ Takoya™, K. Tani™, T Mizuta™

*1: Akita University, Z:Niteoau Mislsg Carsultants Ca. Lid.. 3¢ JAMSTEC.

atianal Musewm of Mamre and Science

Figare Schomatic sraigrapiis columa of te Sol Nacients mine Atatama Koran mi

AGEOMIN {200, 20058 2K15h,

mi and . Data droes Jargen (19771, Gradatein ot al (1995), Massehil ond
ik and £ L

M, Areveio of al A4 Ick et

alienpobished ). *L HEENANDEZ et ol 1201 %) GSA Anmual mecting 2019, *2 SEYMOUR ot L i2819) GSA Aznual meeting 2005

REGINAL GEOLOGY AND ORE DEPOSIT

» The Sol Naciere and Atscama Kozan mine located slightly
far from the Copuapn hatholith, compared fo the Canderania
Mine, The strataband copper-iron crebodies ot these mines
are hosted by andesiic rocks andior taff brecoia of the
Upper Punta del Cobre formation. The magnetitg
minerz!ization of these orebodies ecouwrred ot an early stge,
according 10 mode of occurrence of chaleopyrite curting
magnelile.

NE Coptapo project area 15 located 0 km away to the
Nerth of Sol Maciente mine. There is a copper-iton orebody
in the Punta del Coble Formation =t this project area, bus its
orchody size is slightly smaller than the Sof Nociente and
Atacama Kozan mine. [n this magnetite mineralization, it is
oceurred thai silician magnetie s similarly noted in

trusi lated hydrotk I deposiis including [E5] wrper imsana W (e dapent
porphyry- and skam-type depaosits (Gonzdlez et al, 2018), %"""m b W ::’“‘""‘
Lower Cratmcesu
[recomcecns

Fig 1. Simplifed gealogy map of the Nocdhem Chik area with location of on
and ICCG depesils {sfler Marschik st al. , 2007)

GEOCHEMISTRY OF ANDESITIC ROCKS FROM MAGNETITE ORE HORIZON

The Atacama Kozan Mine and Sol Naciente Mine are located in the Candelaria-Punta del Cobre district, is
known 1o host Iron Oxide Copper-Gold (I0CG) deposits near Copiapo, Chile. In the Atacama Kozan mining and Sol
Naciente deposit, these orebodies are hosted in the Punta del Cobre Formation which is lower Cretaceous andesitie
to basaltic volcanic-d;

formation, and | of two stage mincralization of carly stratiform iron oxide and
orebody with

uneconomic Cu grades. The second stage of mineralization are sulfide veins which controlled by fault with

late stockwork Cu sulfide. The first stage is mainly li which is

economic Cu grades. Tentatively determined Re-Os ages calculated chalcopyrite from second stage of chalcopyrite-
magnetite ore are 139.7 +/- 8.3 Maand 141 +- 21 Ma, the Atakama Kozan mine and Sol Naciente mine respectively.
They are interpreted to represent the age of first stage of magnetite mineralization. The age of andesite in magnetite
ore horizon arc dated at 134Ma+/- 0.76Ma and 133.0+/- 0.87Ma, and 134.8+- 0.93Ma using U/Pb in zircon
separated from the lower Punta del Cobre Formation, the Atakama Kozan mine and Sol Naciente mine, respectively.
These new geochronological data indicate that andesitic magmatism of the lower Punta del Cobre Formation around
135 Ma are closely related to first stage of magnetite mineralization in these mines. The age of Cu mineralization in
the arca around Copiapo is reported that the geochronological age of the Candelaria mine is 110 Ma to 120 Ma.

However, this i age is idered to be mi i

ion associated with granitic magmatism (123Ma,
Copiapo batholith). Therefore, based on new age data of this study, this andesitic magmatism is related to more
important in the second stage of Cu mineralization than the granitic activity. This evidence suggests that there are
two distinct mineralization of IOCG mineralization. It is important to the investigation of penesis of the I0CG type
deposits to verify this initiative igneous activity is the genesis of this andesitic magmatism of the lower Punta del
Cobre Formation in the lower Cretaceous period.

GEOCHEMISTRY OF ANDESITIC ROCKS FROM MAGNETITE ORE HORIZON

« In this study, we used geochemical data platted in least altered ficld of AI-UCPL diagram [Large ot al., 2001). Mizuta

and Ishiyama {200%) mdicared to be able to discuss of geochemistry abous immobile elements of altered rock sample
which it would tks plot in the field of least aliered box in ATCCP diagram,

(A} AI-CCF| diagram

Fig. 4 Photomicropraphics of andesitic rocks from the upper Funtz del Coble formaiion, the Sol Nackente mine.

GEOCHEMISTRY OF ANDESITIC ROCKS FROM MAGNETITE ORE HORIZON

= In this stedy, we used geochemical data plotied in least aliered feld of AI-CCPI diagram (Loarge et al., 20013 Mizuta

and Ishiyama (2000} iadicated 1o be able bo di 'y L

ry aboul i bile elements of alered rock sample

which it would ke plet in the field of least aliered box in AILCCEI diagram.
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GEOCHEMISTRY OF ANDESITIC ROCKS FROM MAGNETITE ORE HORIZON

GEOCHEMISTRY OF ANDESITIC ROCKS FROM MAGNETITE ORE HORIZON

{C) Geochemieal Diserimination Diagram

* We used Zz. To, Whoand ¥ which were immabila

elemants for determination of the lithotacies,
and Ta, Th, Nb and Yb of Pearce diagram tor an
cstimate of ongin of andesitic magma sourec
related magnetite mineralization.  As a results,
we inlerpred these ocks to be cale-alkaline
basaltic fo andesitie rock, and to different
between origin of andesitic magma source of
the Sol Maciente and Alacama Kozan mine and
NWE Copiapo area from Pearce diagram (ThYDh
va. Nb/Yb).

(a)

ol
/

at 1 10
MNEY
Fig. 8 G ) A ination disg
{a} NbY ve ZrTi, (b)and{c) Pearce diagram.

(€} Geochemical Discrimination Diagram

+ Andesitic rocks ef the Sel Maciente and Atacama Kozan mine is characteristics higher Th'Yb and Nb'Yb raties
rather than it WE Copiapo area, indieated that these andesitic recks were derived from 3 lithespheric mantle
source that had been mixing of crustal component o7 of felsic and mafic magma, mers than 1ts NE Cepiapo arca

that 1s poor presence of typical strataband copper-ron orebodics.

i

{ThIHE), =5
4 =% 57 compemertl n wedge

d w w o [

1

® "
MaYE

Fig. f Geachemical dissrimination dagrams.(a] NbiYb vs 24T, {Eandic) Pearce dagram.

GEOCHRONODLOGY GEOCHRONOLOGY
« Atacama Mine | Sol Neciente Mins T
. 4 1 | ok 4
+ Therz are a small amommt of Zircen i magretite ore-hosting andesite i the Punta del Coble Formation at the Sel CWe lied Re: dati = J
Naciente and Alacama Kozan mine. [n this study, we were able tw collect about 30 zircon grams and obtaned age of The w:h;mmﬁ]:n?aﬁwt;%oz § w g E{c |
132 to 135 Ma of ore-hosting andesite in foetwall andesitz in the Upger Punta del Coble Formation, We inferprel and obtaincd a tentatively 2ge of E uh ® e 3 i =~
this age te relate to be andesitic volcanism and/or eruption at the Upgper Puntz del Coble Formation. almost 140Ma. We interpret these x § 3 ] | ]
age datn of magnetite ore and host wke 4 o
Teck  fo  represent i i = 3 5
i T
rt!mmn?hlg hetwern  magnenite = ”-“R:“:wm T e M0 H’:“":“” e
mincralization  and  andesibc T T l y
mRgmatism, ) Atacama Mine - Sol Neclemte Mine o
b 4 L 4
g #1 2| i - §aoc- -
k]
:E'w * g g | J
+ - ok 4
oy x
I % o m e
(LML TR MGy
AtacamaMine 2| Sof Naciants tine
18 4
" 0]
. Fig.0l Tera-Viassarburg concordia Fig.10 Re-Og Isochron plot for P § .
E s of the arslyred samples chaleapyrile-magnetits oo 3 =
Errer ellipses represent £8.3% i 0| ? oy
5 Ttbrale. gt samples from the Sol Naciante & il
agas arg weighted means of and Alacama Kozan mine {8} and o ;
207Pb-comectzd  206Ph/235U Atacams Kozan mine {b) in the Gy
Apot BgeA (n-adshides, etioty ol Naciante rrine. ik

b 35% confidence inlerals).

DISCUSSION AND CONCLUSIONS

+ In the case of magmatic-hydrothermal ore deposit,

there is a relationship of concentration of cohalt
n pyrite and 1pneows rcks associated with
mincralization (Dgata et al, 2013; Mizsta,
unpublished data). As a result of concentration
of Cobalt n pynile in magnetitz ore from the Sol
Hacicnte mine, we interpret to be related
magnetile mineralization with mtermediate o
malic magmatism.

+ Niconcentration in pyrite from the Sol Naciente

mine is slightly higher than its YIMS deposizs
and porphyry copper depesitz, Co/Ni miio of
pyrite of the Sol Maciente magnetite ore is
gimilar to that of magnetite from the El Laco
magnetite lava

+ Wickel dizritured preferentiolly in the iron- rich

phasa compared o cobalt (5, F). Therefor we
mterpret Co/Mi ratio of pymite of the Sol
Haciente magnetite ore to be related magnetite
mineralization o Fe-rich andesilic magmatism,
sitilar to magmatic activity of the E1 Laco lava.
Based on geochemical resull, the ongin of
andesitic magmatism at the Sol Nacientz Mine
suppgests the pessibility of event of magma
mixing. It is thought that such magma mixing iz
involved in the formotion of Magnetite-rich
magma {eg. Edmonds et al., 2014).

T T T
L L vy
L 3
10
£
1wk
&
Wl
S
R S
Kok hape VAR depacd ™ . Ry
TR e L i L
w 10F w' i 10"
i {ppenh

Fip. 10 Pict of the Co and Ni conterts of pyrite wam tha Sol
Macianie mina. Finkds cof pyrite in the varicus ongirs from VLS
deposite and parphyry copper depasts, are shown Er
eomparlsan.

+ In conclusion, the present study has demonstrated that following;
As for the S0l Naciente and Atacam Kozan mine, activity of
andesitic magma i teully relationship between early-stag)

magmetite mineralization. Therefore, it is reasonable thar the
Re03 age of magnetite ore and zircen U-Ph age of host rock
are in the near geclogical age.
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BME S I NEHICETDHILVTAZALEROE Y 7F VUK ICIE, UST
(Unidirectional Solidification Texture, LA T UST & l§) & FEITAL 5 Fr 52 70 55 A AL Ak 23
ARoihd, LrL, ZOEAMBEERERICEDLEY) 7T VRET XL
DOREFRIZOWTIE, +aRANRZRINTHWRY, TOERE LT, ZOMMKIT
BV 7T UMRBEEICES W CEHEERMFBRESE L THYLONAD 2O, IR TOIK
BEIZER L2 fROBEFIECTRRL I REBEEKRIZ, Z0o%08RNE - HEO
WETT TCIckbiv, FEHBLEYHFORRE ROV, BUROILRFD O R
A T 7REHESE & Ao TRy (I ZEE Y RS F O 1970 RIS EEE -
Bi%E S 7= 20 Erdenet $h(l1) . S HIZ, UST OFENRLT L HBEERERE
HALER Z bR nWERH D, 0D, BEFEOIKEET WIZHEET 5 KA
RO I %R FE kI G & 3 5 BUIE OFLR PR N Tk, £ OFEETEE I, 98
R E LTHIZER R E L THEHRIL T RY, FRT7OTICE, RELL O
UST WETET 2 Z &b SABIEH OB HEIZH 030 53 UST WFIE 0 F i 13240 ZA
AR TH D, AHEEIL, BEERSRBI(LIEN Z DR WHIEIZET 5 UST 254
ELTMRZEBA%E 2 S Uiz, SR, LR A S v G068 Mandal
Y 7T UPIRICEET D USTWFZE 2 % L, SbIEH Z 5 UST DFEIZ DT
B, AFZEREOKRIIL, 20184, £ AVFZEEMRELE O
HFEMFEIEEh O —BR & LTI, 20198 AT AU & 9 HF U CirbiizH
B2 (GSA Annual Meeting, Society of Economic Geologists) 2B W TAFK L
e AREETIE, ThLFEETORKRT — X0~ %R T,

¥ — VY — K : Cathodoluminescences, TitaniQ and Quartz

ek - RA:
Most of the primary CL textures of quartz exhibits a pronounced zonal pattern in CL, which is characterizes its

magmatic origin. Growth zoning provides additional information on ambient condition in the granitic melts.
This suggests that a common sequence of quartz crystallization occurs during the formation of magmatic-

hydrothermal transition zone in many porphyry systems.
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Cathodolumni p—

and trace element composition of quartz in

Unidirectional Solidification Textures from the Mo-mineralized quartz-

eyes porphyry granite in Mandal deposit, northern Mongolia

1 ERDENEBAVAR, T. OGATA (Akita Univ)) O. FUINKAWA,U. UEDA (X NIPPON
EXPLORATION & DEVELOPMENT Co. Lid JAND A BYAMBAJAV (MUST)

1. Introduction

USTs (unidirectional solidification textures) have been identified in a varicty of intrusion-hosted mineral
deposits. They represent 2 ic-hy Jtion regime ized by of melt and
volatiles. USTs are often overprinted by shected to stockwork quartz + mineral veins which arc considered to
form in a brittle stress environment once ovemressures are released during wallrock failure and hydrulic
(r ing. UST is abundant in felsic | d with Mo, Mo-W, some Au and W deposits. few Cu-Au
deposits, but arc apparcatfy less common in porphyry Cu-Mo deposits (Carten et all). Totally ninctecn showing
UST granite bodies have been recognized in Mongolia,

PORTOF TIARNN

4. TEXTURE & GEOCHEMISTRY OF UST-BEARING QZ-EYES PORPHYRY BODY IN THE MANDAL DEPOSIT

4.1 METHODS
Coneentrations of Al Ti, K. Fe and Ca in quartz were detenmined wing FE-EPMA. The SEM-CL ohservation was done usiog &

JEOL scarming electron microscope, vquipped with aan Mini.CL Guian detecior sd phaiomultiplier 21 Akita Univensty.
4.2 TEXTURE OF UST-BEARING QZ-EYES PORPHYRY BODY
A vasiety of igreaus lextures displayed by quartx eyes porphysy associsted with the Mandal Mo-W deposit an: interpreted to result from
unidisectional growth froen the walk of mognta chombers inward. These k2ncous fextuses are proseal in layers and multilayered soquences
consisting of crenulate quanz (UST) and bigh silica rock, and deadeitic and mictographic alkali feldspar quartz intergrowths. The layers
are separated by aplite or aplite porphyry and ure most comimon in the apical and marginal parts of an mdividual wock. Layering generally
panllels intrusive contacets [Fig 2).

of
Mandal  complex.
o-g) The UST-
bearing  quartz-
eyss porphyry is
characterized by o
sequence of two
main {exiural urels:
(i) thin crenuate
UST layars and (i}
high slca  rock
units and quartz
syas parphyry

i)
' Fig 2. Grante
| porphyry

ABSTRACT : : ; .
As a typical porphyry-skam deposit, the Mandal deposit not only has the maximum molybdenum reserves, but also

contains a large number of reused tungsten. Unidirectional Solidification Texture (UST) in eyes porphyry is recognized in the
Neoproterozoie metamorphic rocks at Mandal area northern Mongolia. Based on the field refationship between the eyes porphyry and host
rock, the UST is considered to have formed along the roof of a small eyes porphyry intrusion. The UST-bearing eyes porphyry is
characterized by sequence of two main textural units: (i) thin crenulate UST layers, (ii) high silica rock units.
Scanning electron microscopy and cathadoluminescence (SEM-CL) imaging of quartz from the Mandal revealed a history of crystal
growth, exhibited by several type’s quartz; Euhedral quartz phenocrysts with well-developed concentric growth zoning QI in the eyes
porphyry unit, UST quartz showing mosaic texture QII. High silica rock quartz showing spider and cobwed texture QIIL Differences in
textures of quartz in SEM-CL image are predominantly caused by variations in the Ti contents of quartz. UST quartz crystallization
temperatures were caleulated by Ti-in-quartz geothermometer (TitaniQ). The QI quartz crystals are characterized by high Ti and Al
concentrations in the quartz lattice. QI UST quartz characterized by low Ti and variable Al concentrations. TitaniQ crystallization
temperatures of QI, QII and QIII quartz range between around 490° and 876" C. The Ti contents of quartz increases from the core to the
rim of quartz grain, suggesting that We would like to compare to the Caserones porphyry Cu
deposit 1o the Mandal Mo deposit. At the Caserones porphyry Cu deposit, monzogranite body wherein high silicified zone within the
prospect. Based on the CL texture studies, five major types of quartz were distinguished in the quartz rich monzogranite (PC-I, PC-IL,
MQ-1, MQ-II and HQ). A bright lumi core is by dark oscillatory growth zones in phenolerystal quartz
(PC-1). Quartz phenocrysts are strongly embayed along their margins. Quartz phenocrysts do not show growth zoning and exhibit week
Iuminescence (PC-IT). Magmatic quartz (MQ) nucleated with the K-feldspar and mica exhibit growth patterns. Crystallization
by Ti-in-quat: (TitaniQ) of all type quartz range between around 496" and 879° C.

The variation in Ti between single growth zones may result from crystal fluctuation and ascent, whereby the erystal is exposed to
different temperatures, as well as to variation in the Ti content of the melt.
Most of primary CL texture quartz exhibits a pronounced zonally pattern in CL imaging, which is characteristic of its magmatic origin.
Growth zoning provides additional information on ambient condition in the granitic melis. Step zoning are commonly resulted from

increased during

corrosion. When the melt becomes locally undersaturated in SiO2, corrosion of the rim of the crystal may happen. The mineralizing fluids
subsequently evolve into a magmatic hydrothermal system as temperatures and pressures decrease.

2. Geological setting of The Mandal Mo deposit

As a typical porphyey-skarn deposit, the Mandal deposit not oaly bas the maximum molybdenum reserves, but
also contains a large number of reused tungsten.  Unidirectional Solidification Texture (UST) in the quartz-cyes
porphyry is gnized in the Neop s phic rocks at Mandal area in northern Mongolin.  Across the
deposit ares "Darkhad® and jon's hic rocks spread. and also, the "Mandal” grunitic
complex and its dikes cut the metamorphic thickness. Lower Permian granite porphyry has been defeeted foe the first
time in “Tsagaan uul” region creating 270x70-100m size stock bodies.  The apical part of this gramite porphyry is very
saturated with quartz (S0-70% consists of quartz) and ercated unidircctional solidification texture (UST).  The
*Mandal" deposit belengs 10 the molybdenium and tungsten bearing skam-stockwork type of deposit.

—— e
— B
b — I =
-
* o — oy
S Mam

Fig 4 Manzogranite porphyry of Caserones Vo pophyry deposit a) quartz rich manzogranite in Caseranes. b)
biotite rich zons ¢} molybdenits bearing quariz vain
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4.3 GEOCHEMISTRY OF UST-BEARING QZ-EYES PORPHYRY BODY 5. RESULTS AND DISCUSSION . 2

CL-imaging of quantz from the Mandal deposit revealed o isary of
crystal growth, exhiited by severul type's quartz, Bubedral quarz pbenccrysts with well-develaped concentric growth
Fonisg (QI) in the eyex pomphyry umit, UST quartz showing siesaic textare (1), and High silica rock quarts showing spider and
cobweb testure (QU1). Differences in textures of quartz in CL image are predominantly caused by variations in the Ti contents of
quantz. UST guanz crystallization temperatares were cafculsted by Tein-quart geatbenmometer (TianiQ) The QI quares
crystals are characterized by high Ti and Al concéntrations in the guarte kntice. The UST quartz of type of QI cluracterized by
Jow Ti ancl viriable Al cpmcentrations. TansQ crystallization femperatures of Q1 Q1L and QI quartz runge between s 490°
and REPC. The T contents of quats inereases  frame the core o the nm o quarty g, sugsesting
shat increased during coystalli,

5.1 CL FEATURES OF THE MANDAL MO-W DEPOSIT

0+ KO %)

& &
0wty

Fig 6. CL-imagihg of
quartz from the Mandal de
posit revealed a history of
crystsl growth. sxhitiled
by several lype's quartz, h-
f] Euhedral quartz
phenocrysts with wel-
develcped concentric
growth zoning (Ql) In
the eyes porphyry unt, b)
UST quartz showing moeal
¢ texture (Ql), c| High
sllica rock quartz end
dendrite lexture showing
spider and
cobweb texture (CII1),

s Syl

Rk Chndite

Othet grasiten
preey

204 Xb 4 Cev Vippmy

Fig 5. TAS diagram ( Wilson, 1989), b) Tectonic discrimination diagram based on Nb vs.Y (c) Rb vs. (Y+Nb) (Pearce et al.,
1984}, d) A-type granites: i istit iscrimination diagram., Whalen, Joseph B., Kenneth L. Currie,
and Bruce W. Chappell &) Chondrite-normailized (Masuda et al., 1975), REE pattem

5.2 CATHODOLUMINESCENCE FEATURES OF THE CASERONES MO PORPHYRY DEPOSIT

At the Caserones porphyry Cu deposit, monzogranite body was identified in high silicified zone within the prospect in
Chile. Based on the CL texture studies, five major types of quartz were distinguished in the quartz rich monzogranite. A bright

core is overgrown by dark lumi oscillatory growth zones in phenolerystal quartz (PC-I). Quartz phenocrysts are
strongly embayed along their margins. Quartz phenocrysts do not show growth zoning and exhibit week luminescence (PC-I).
Magmatic quartz (MQ) nucleated with the K-feldspar and mica exhibit growth patterns. Crystallization temperatures determined

by TitaniQ geothermometer of all type of quartz range from ~496° and 879° C.

Fig 8. Textures observed by
SEM-CL imaging in the
quartz of monzodiorite. a
and d) Phenocryst. Growth F e S

zoning of phenocryst (PC-1) y Ll Al
unite. b andi o) POl Brarty Fig 8. SEL-CL image of the confact between the MO quartz and HQ quartz vein

5.3 CATHODOLUMINESCENCE FEATURES AND TRACE ELEMENT COMPOSITION
6. CONCLUSIONS FORFHYRIES 5 SIARN

High-Grade "=

Most of the primary CL. textures of quartz exhibits a

[TR—

proneunced zomal pattern i L, which 15 charcienzes its
magmatic ongn, Growth zoning  provides addiomal
infornsation cn amblent condition i te granide melis.
Based on the caleulaied nf the
Mandal and Casernies quartz’s were crystallised between
496°C and ¥79°C. ond the quanz 1 characwerised by
variable Al and TI contents. The CL wixd tuee elemen
slgnatures of the Mandal and Caserones of the two

porphyries show samilar features to those observed i

porphyry-style deposits from other regions. This suggests

that a common sequence of quanz ﬂ,\‘!ﬂul:ﬂﬂl)ﬂ oceurs
duning the formation of magmatic-hydrothermal transition

— &
= " 'h o sy PPy e Figure 2. Schematic diagram of sequence events of quartz
= E porphyry within the parpphyry syslem.

. " ' .
" . Al | i .
= LA Sl el k. ¢ FURTHER INFORMATION
b 8 - s —~— .
These type of mineralization Dykes and granitic rocks with porphyritic fextures. Breceia zones with
Fig 7. a) Trace element profies from sample of Mandal. Red #ne in the SEM-CL images mndicate locations of the angular or Iocally rounded fr look for sulphides between fi Epidote and chlorite
microprobe analyses. The relaled profiles are plotled below the Images. a and b) Mandal MO-W deposit c) quanz . - 2 N N = A En
penocrylal from Caserones Mo porphyry deposit alteration. Quartz and sericite v biotite - especially if partly bleached

and altered. Fracturces coated by sulphides, or quartz veins with sulphides.
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MoZE b+ /HiF DR

RiE =
4 1 1
MoSp + 3 NHg = = MogNg + 2HaS(1) + e Np weeveovs v nneens (1)

3 5

4 1 1
+E NH3 = E{MQENE + MoN H 2Ho5(1) + ﬁl"-lg '''''''' (2)

4 1
¥ ENHE: MoN + 2HoS(1) + = ot 1)

.....

MoS2:0.50g
h—MLTFu4:0.35¢g

NH:BE=RTFT
600~900°C T Rk

H2 #EESIF

MoZ LY DFaE AT

-PIERXIRETE= B RRE
XRABFHAE=EFESIKE

MoZ LD ORRAIE &4

E

Ar or N2ifE
OB AR
CEAk: A
BiERE
HEHEE
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HEFE

AEEH
AT 1h

0.1M HCIO4

A®E  200mlmin
200ml/min
LSV 0.05~1.0VwsNHE
J03K
Ag/AgCITEIE
100, 400, 900,
1600, 2500, 3600 i
MoZ {4 : 97uglicm?2 B4 Av—FHERNEEE
Pt® : 17 3pg/cm?
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@ :MoS,. A:MoN, & :MoN, X :MolC
XRD
— __',___Q JE__ 900°C Sh
__,t}__ 825°C 25h
%- ﬂ* BDO'C 20h
E | 750°C 40h
-t —rp JQL T25°C Sh
E J‘k_ 700°C Sh
|~ J.\-— 600°CSh,,
N ‘-“— - “?s’ iy
38 37 e 4 4 48
20 / degree (Cuka)
E5 Moo= b+ /BFXRD/ 53—
.700°¢=MosNs
« 750°C=>MosNs+MoN }—ﬁlﬁfﬂﬁ HERTHENSERLSET
»800°C £825°C=MoN

ORR(Oxygen Reduction Reaction)ifl5E

1
Moz | = Withau O 700G
Without Oz §o <Ll z
a " -1
E .E " —100pm
E B —4mm
i g —aldmpm
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5

|

XRDE LUXPSHS, T00°CTMosNs, 750°CTMoN+MosNsiE &4,
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MoR{EWIZORRERFRL. MosNsH B EMMNEL JIVT
MoN+MosNeBE S, MoNTHo21=. COZENE, NDEBERA SV
ERLEELEEISND.

MosNe BB APID10fEIZLI-15S, BEEERIZPtEEI-N,
IS EGITIEFEETF A TLTFELENI ENhhoT=,

Mo@ i 5 {fi# ZPIEY LAY RBTHELO T, MoB L2 Eih
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kabir@gipc.akita-u.ac.jp

BEZE  IE MG IR AR IS K D2 KL BE DR, KREORENEMEGIE & 5 5 EEFEED DR A S
AU, EOREBL - A IITRRFE - BEOASN - AHA RS V. KUFZEIL, ZOEERFEHOE
A THY, EEHRENLOZ X7 M ZBRLTWAD. LaL, BFEOX 87 B
HEIC T, BEERAESCEGABEEZR ENRH LR, T cHEMERLORZ . Z
ZC, FileteZ o N HMHEE LTE L TWDIR -7 =74 MLBLIC L0 W X 7= 36
THIREEHE % SEM TO®BIZER EDS Ju# i, BRUKENC X 0~ & o7 Bk RGE%
1T-7-.

F—U— R EWHBE, BR—7 =74 ML, Z o7 B, EXKE)

MmEH - EAK:

BRI RCERL R EICEENTEY, RAOKH 2062 5D b0 THD. A
RBAEELZHEED T THDLD, A2 OEFBICHERAIKE725TNS, RA NS
ADFFRIZAY, XX BOBREMPANEZE L 72> TEXTWD. X X7 EOBRERNT
X, AR S OO RO & &, AUTEERRITCIE BT 72 ER B 508, MiHITEY
TEMEIN S DBRAIDITIETH Y, HERITIRE R > TS, RO AEWIEMERIT NS D & 23
7RI E R EERC AR T VT A Y —, ERLEER ERH 50, o ZiEmE e
L OSBRI L OB ORI TH Y, LA TR EARIES KD TN 5.

AT N—TTlE, THET, BR-7 =74 MUBREIZ L 5% v 37 Eiiik ot %
HTNT, R E L TEIIEEBRAZ AW TE . S EFEM, SeoWLEN S #
ROBREOFHAEZIT->TEX7-. L, Z oV EBiRO BN RBFIThh Ty
AW TIIER -7 = 7 A MU OB RGN OREZLOF AT 5. £z, BR-7
T A MLBRSORIRICKT L, # 2RI EoRBE SR T %% b L1, SEM @ EDS Jukmoir
1To70, WMELEX NV EOBEZHRET H-OICERIKEZ AW 4+52 LT, &
IZOWTHRN, ZTORMERE, WE-7 =74 MUERFOMBRIN T OIRE EF Ik~ 7 BN
HDZ L EMERE L. EDS SR TITALIRME OIRIRI D ¥ 2 X0 B T D TR s
7o, EBRIKENTIX, &2 7 EOBEYR A R ST,

PAFDAAR—RZ1 T H ISz R A std L C RV, ERTE AT, MR EzH U —R A
k XIEAR A 2 —RFFEEOPRE ALY T CTHAERETT, HHETA 4 DK 6 X—LINIZHD 5 X 9
BRE W= L ET,
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# 1 httpe/iss jaxa jpdaboexptheme/first/protein‘abont 'why html#main
# 2 hittps/www apnomoto. co, jpkb/sportsanuno about/

2 /X7 B E

o BEIREL
BEROEAMNIC & DR
o HiEFARE
SRRIOSELTHESE S 3y 7 T
o REVFAY—
SHIREITEALZAWIEIC L 28 AR
©® E T ANIEE
—HREAFE > THRREZ BT 5

FIIAL DEFBICHERARTH 5780

Han

#1
EROAFFEPEIR

ERONSFERRT SRS 7/"0.('“{

WMOFE SR

2.1 :nnl
Xr’ oL LA A LA L B ndt.l

> HEHN S
> BRIENIEM

TLWR RO BERHBEE LTHR-7 = 74 MUEICL 2 AE

> BiAZEERE - v XT A

> 774 FRFALRM(1500 F/kg) 5His = i
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P is.html
ifeTech/D PDFs/jp
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AR TIE

PA026-A16060B.pdf
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774 MRLFD
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MEM I L TERYP
EENTTHN S
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@ =51+ T WeRe - AR T %

B EEFE

2T EIHHEND

X5 & M, HE— LANLAFoL, 8K MR BN R CERIAVICETRER-7 74 MUREE
AULWARIEEERORAL, BRERWIEED, Vol.136, No3, pp.198-203 (2016)

7z 74 bTHEIWERFIR
EMEIE R

o IFRIEMENOESH ® Fe.O0, 2 /5 & T DHIERILY

o KFOEMMEMEDICL-T @ HESIuMUTOLOEFERALT VD,
BeaEs B NEEZT S —MEH DY A XETIRE

- = JR41G
HEKMEBROI =75 b BEEETE (&)

B Eabir, B Sieiks, sd N Voslsumia “Excess acivited didze redsction by wang eleiomagiets s ferrile particles ™,
TEE] Trans. Blac. Fectron. Bngg., Vol7, Nol. ppli- 224 (2012)

Zx 74 bRFRIOT ZREICOWLT
> TEFLOWE : 0155

=7z 74 FPHUFRIE2ASS pmDF; ¢ ZFLERII8.2 pm

> REFLOIRE : 0.414r

=7 154 PUTFHE2HS3 pnDBY : 27 ERIE219 pm
BRO¥FELTHLE R L
b 7R 1201 55¢ EEORTS—NREEB MTEINE

RERIES3 pm A T, & YA

7254 PEFLREATLELY BAKRKE SOBEMICHRT B EHTES
2 4 (@

ADAE & 1210 pmel mm TH S y)
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2 /X BIHAESR | EDSTTR DT

B ITHR sz R
- 7x74 MRIF
EMD : Fe(§%), O([3%K)

i. 774 MRITFEEDED

ii. 7z 74 PRF+RLEDH D
O A |
CUR %), HOKXR), 0 %), N(ZER), S(FiH)

iii. 7z 74 PR F+LEBR.OEHD

3DODHABDERE L UVTELH

- #ZBE2(DNA & RNA D FAFR)

e N 1]~ HER-7 = T A MARKREISmin EMEEREN0.0mL
C(FRER), HOKSR), OFESR), N(E ), P( J /) SEHEE EIREE3000 mg/L

BL, BEATREREIEIB (Fvk) ~U (V7Y)

24 R LAITIC & B TR R

o e
v o 00 - 4 4
T T [ w000 ‘2- 3 1
£ M PR FL L
:  Jond =113
e - o PN
- -y o |52 t
S Al I
§ i3 ) 1 | |4
<l 9 ) 5% 8 | i e £l 5
“ Z 8§ L sa wol il Ty B ¥
I ! .Iln i od N JI |lllt ! A
L

o Y Y ? T 1
T EEEE RS
-

i, 7x74 MUFEEOL® i 7oA Hﬁ-‘fﬁkﬂﬁo)%o) ii. 7z 74 MRFHAEBEOLO
> 774 MUFEEATIIRE S WA - 7-PRSHRE

T T S R S S A A A Y
-

> RAME(CHER, QB TIEPRSAS RIS Nt
RN BB DHERR

ARY bADHICE TR STTER
OFEBRRE LR | E%-7=54 P ARBMIS mn
om0

_
i _ _ ] ]|
r e — i — Sl

ST T LT i e 53 e

1 jf?.: d | 'i%: T l %% ii- P

o A Lm pw T o pee am m P P R R Y o vee aw e am s 4w TR am B e
-

4500 mg/L 6000 mg/L 7500 mg/L
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QOBER-7 = 7 4 b ALIREFRI L [ EEBRRE 3000meL
i
SR =i
EE : i
..-i Lmq r“ 4 I,:' am L . ﬂiﬁ I‘h '.J‘ 1o Lm- r~ Ao '-:' e T £l L

5 min 10 min

| M%-7:74 MABEMISmin |

27000
|- B
e
B 1 g
i ey 21 .: A
£2 AIE [B
i D ;-1
o e [gen pE ai e o ve L e ae s w0 ww we o
4500 mg/L 7500 mg/L

]
up ME-7=74 0 | | > DICHARDTIEPOSOEIS A
08 &5 SLEEEFEI1S min
|
= 0.6 ast l . -
b - > SEMEEREETS00 mgLOSIEE B A
® 4| 037 0.38 I
0.29 03103 I 027 m%%l: tt&gu%jﬁ&%ﬂu L-.CL\?L:
0.22
0.2 | 0.1 0.16
o ! I

4500 mg/L. 6000 mg/L. 7500 mg/L 5 min 10 min

| omusmagds | | onmsmas
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> RMEBOHLOTRIZEAERENR SN LD -7

> ABBROLDOTREENRON, R/ XVBOBEHIHEIRTE /2

> OEEERREAEMT 5 ERENRBD

— 209 —



WAITCEEERK B RS2 T Al A& o 7 — PSRRI S

EREMEETO LR ZFAL-EEZEYHEEERED
[EURICRE Y & FZER 5

CRCE SR =

(R EBEE AT TER 56 20 F5E 7 v —7)
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B - Wi bdh 2 £ & L7 BMAE & . K E ORI Thi
EFEVEDBE K EZAE LD ZENBBELE >TSS, £, BTV ETED
L0NAMERAETAEINTEY, BE@BECHASOE T (BEL) & AiM4e
B OB 72 5 NI L BEAKOMEE 2B 2 B & Lz —HO 7 vk 2R3 HF%E X
NTW5D, RBFETIX, BIEF ORALELZ TR H L ERmERIR & 72 5 8tk
WME S LUELERBME L TESRRLZEE/T 272Xl THLN
D85 AR A DT BRI K IET A O ELFHE LT, S HIT

WRBEILFEIL S 5 0 TE < O BILIL TR & 72 o T 2 B PESE 1L BE /K o 5

b &FRI7TrERCEEL T, RERAEES TE2HWEREICLH8ERE
ARERANENE S, TORE, pH 2.5 EIcBWT, § MU o&BWAERE DM
B ET2FICIVBRBEPOLOEBRBREEZE L, <2 Cu2EBENICHRETD
FERMER I NI,

F—U—F: B, GEFEIL. BREPRIR, MUIEIILIEEK, A& WA

B - ERME:

AWFIEX, BERMRES DA R EZEIT 2 —E0 7t A0 5 6, BERH7 a2
BTG BN DR & OO BRI BT 298 & | FRMEILILBEK I & £ 5 SRR
EDT=DBE( - EPET 1 ROV CRIREE /5 1 23 D28 OV TR L
7o, SFEMRRI ClI A et DA T TR B DN T SV T 573,

AR TIIRILR IR AR L L O DT 0REIRICER ShD Fe B LWV Fe &35 T5
B A B DR BRI R M T O EA LTz, FH0E, ShlBEKE T,

FRIALERE DS T D A5, ABFFETIE, FEKDEE(LIZBW TMETREOBRERB LV
BRI S ESNT-EBOARFRIRNZEE L, FIREHE D FOL B REEZFIH L
T2 BRI D FTREMEIC DUV CTRRE Lz, 20 OFEILIBAFICE K28R LFES UV - BT
PEk7e EORTEIL, BIRRAEZIZ LD E LT, SH%ORER AR EIRMEE 525 9 %
THEELTETHY . AR ED - EOMTELZ NG Z MRS - OICHETHDH L5
Z bbb,
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TN

W ik 2 3= & U= B8RRI 3B B LN G N QD08 FiZK & ORUE TRRBRERNEDBEK &4 T %
FEPEGRILEE /K (Acid Mine Drainage: AVD) 3RHREE 72> TuN%, F72. BELPICIIVETIIS 2056148
WERINTERY, BERECMESOEE (E L) EAMEEOE: D ONZHLILFEK D) 72 4LEE
ZHBE LIz —HO 7 a2 AR ST D, KRR EREE IR R A IR =% 2R3k &
9% SATREPS 7'm =7 b R rlRE7/2 @ IRBRFSEBLD 7 O DO ZEEREHFNT & MBI D@ G > AT
DFFE] TIERE T T 3 SO 72bh, JRBERE AT, SREEYL - WELAFEE LT8R
BERHIEIE o A 7 DML TN T 5, AFRIXEREEIYL - BEIFEO—HRTH 5D, ZOEREIL -
HEEAVRFGE CRIZR L 72 DO, FEILD DPEH S D 80A OALELEEE T4 U 2 38528072 & OEREEEEY & |
BESWHIZERE CEAT DRI ORI L - CTRAT 2 AD 72 EOBEKD 2 T THL720, £D
PEIRIC Ko TRRIEZAEERG LTz, £9, SEEREEMIZOW T, 20 12> Th 2RI O bIL 2N
JEIRH U 7Rl & 72 2 850 b 2 0fik UL BRI b & U CESREA HE(bT 5, MR &I
DIDTRHRIITSANER S TND Z &S, IEEMHNEIC X 0 SR E 2 o - imik 155, o7 at
AT DS AT A2 BARWGRARC E LT, IEZRINRICE A S5 N s i i KX
TARH DOEBETA LT, A e LTIt Fe, Al, Ca BLUNa Z38IR L7=, ZHUL. Fe ITRTE DT
FHE TRICB W TR BRS Z E NN TR TH Y, OB O (BithER) 2ETFSE5
TENELHONTWAIEETHD Z EMLRIR LT, thodad gt IIRA R Th 0 FRmIIIKA
TR DEHT LIRWICHRE TH D0, IR TR AWV IR AT 725 B PR E A N3 5 ilaett t 5 5
72, Fe G T HEMRC Z IO DILBENIATFT 5 & OB THE LT,

F72. BAKOEEE « EIFLICBT 292 TlE. AD I8 EN 5B OEIELZ BB LT-4JEElIY
EE UCTRAETEICE R LTWD, WETE T, TEIRE DS B/KIEIK D b D4R DRI K OYRHEAS AT 6E
ThHDHM, BUERIH STV D ERBIIECS L— MR/ EOWAERM X, WiREMIThH 570, HEE
MWERTHDH MWD ~OEAIIREETH D B2 DD, 2T, AT, BREARO/NIWAKER
DRKEER 7 T HWEM E L CRIAT D Z 2R BT D, [BIkE: & 72 54812 Cy, Ni, Zn, Co,
Mn O 5 TTREETRE L, F4EORERE X 0 iR MWD AKIRE 2 ER L T BlsEiERRcgt L, Bk
BrCld, AT RO AWD KIEIRICHTE SR U RIREE 2 WM & LT L., —E R
L7, 2L T, #Bi& TR O AD AKESETIRGT 28 RIREZ T T5Z 812k, &ERERE
A L. AVD BRI TR 2872 2aiE b & L CORREMEIZ OW TR LT,

SRR B2 R A

XU DIT, SABEMEREUZ I 5 BAE A RAENT O (B ICB T IV GR
D, FEARILEMANE, B HS0, 170g/L, Cu 45 g/L, FEMFRES00ml . MR 40°C, 7/
— F Aer’), #Y— R SUS316L(3. 14em?) , EEABMIEEAE 3cm, FEPREEE 2600/, FEMAFIRHH 4 R CTH 5,
Fig. 1 I(ZEEARHRT Fe (D) A A L JREEDSHNEAT D EITNEA~ LT T HEEZ T, Fig 1 LVHAGRE OIS
Fe (I A A U REDIR L & HIZERIRIIRTT 5, ZAUTEHNEN 255 Y — R ET Fe(ll) A A2
Fe(Il) A A NZIBIL SN D T OO BT &L WD LENME T35, BIRENME T 21T
Khouraibchia & D V2RI CTH D Z L DNHER T 7=, YRR OMENEVEH & L TiX,
Khouraibchia & D FERITEMEHIMOAHICRE D IMFSE TN Z EOHIENRER D EE 2 b,
WIZ, BTN Fe(ll) A A & Al A A2 DT LT & Z D Fe (D) A A L PREEDEHFENT O BEITNHE~
FIFTEIZOWT Fig 2 12737, Fig2 KWLM RL HIC Fe(ll) A A PREDRIR & & HIZETRRIR
KT LT85, Fe(lD A A HAOFER: & B2 281X RO T AL A A OB IR S e o T,
TR Fe(l) A A& Na A AL NIAFELTZ & & D Fe(ll) A A L HRE DB OEFHRA~KIES
T OWT Fig 3 1T, Fig.3 KVHALNR L 51T Fe(llD) A A REDIR & & HIZEIHRIFKT
LCWD28, Fe(ll) A A BAORFER & BARE/ 22213 R DAV Na A A2 OB IHER SN T2,
TR Fe(l) A A& Ca A AL NIAFELTZE & D Fe(ll) A A L PREDERENT DOEFHRA~RKIES
WEZOWT Fig 4 1R, Figd KOG L ST Fe(llD) A AL REDIR & & HIZEIDRIFT
LT, Fe(llD A A HAOFER & B2 251X RO T Ca A AL DMRAOEHTICE JIE T /28T
RS ot

TR Fe (I A A2 & Al Na, Ca ZIRIN LEMIHREAT - T2t OBEHTEONTHIEREA ik LT & =
AR SN2 o T,

— 211 —



A RITCAR BERK RS T A A o 2 — AR JE R R

Wi (%)

PLEDOFRER LV | SEMRIUZIS T DEOENTHRIT Fe A 4 1%
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p
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g | EBARIET Fe () P DB O BINFEA~RIT TR
FERLE 9B

TN

% Ml i‘f LD THERR S

77. —J7. Fe £ 4> & Al, Na BLE Ca A Ao DFNFNILE L THEIDOENTIZ Al, Na BL O Ca /1'21"/
DEIIPN T LRS-, L= - T, i TR Iz L v _Z‘L%mﬁ@/ﬁ%f D3I L
72 & LCHEOBATIITEZ R X 7202 E AR E Nz,
100
b, ===« ALAIRIN(Fe(IT) 0 71)
99 H::::“:’%@;;;:_H -e--Al 1g/L
% 98
W
)
E 97
96
95
0 0.2 0.4 0.6 0.8 1
Felg/L)
Fig. 2 AT Al 25E(F L2 & & 0 Fe () IR EEDRTEMNT O BITRNRA~MIT 54
100 { -6 -- NaskifMI(Fe(ID D %)
s L —e— Na2g/L
<
~ 98 |
™
= S,
2 o
W 97 |
96 |
95 : ' s ‘
0 0.2 0.4 0.6 0.8 1
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Fig.3 EffEFIC Nal 23 F L7 & & D Fe (D) B EEDMIENT O EBFIRA~RIF T B
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100

==& =- CasRiRMN(Fe(I) ? 1)

9 r = —e— Ca0.2g/L

L 98
#
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96
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0 0.2 0.4 0.6 0.8 1
Felg/l)

Fig.4 EEMFETIC Ca 23HAF LTz & & O Fe (D) R EEDAEMT O FEMNRAMIE SRR

KRR 1% AN R AE TR BT 2 S5k
BONZ, WA e LR b2, o —2RBLONTASAZ, p A 5 THEEEA 2 il @ Cu, Ni, 7Zn,

Co 3 LU Mn DR AVD HSIRICIRAN L 24 R OFERIC L D@ RbrEaliRa 1T o7, Fig. 5 AD U
% 100 mL (ZWERL 0.5 g I L7256 O&RBRERBROMEREZ T, § MU 2WE & LTHWE
B FOBRERT Cu, Niy Zn, Co DEIZEVMEZ R L, Cu, Ni BEON7Zn © 3 FEDEE TIL 70 %A ETH
V. LI CulHET 100 WEEENT-, FRSH L TELE—2 T, WTFhOSED 10 WREDREER
THU, TASATIHITZEAEREISNZWVERHONE o7, VLEORERNG . i LizWE M o
TX MU N BWAERRERRNN S D Z L B HER STz,

100%

90% ! .#I\—Ij_‘/

80%

mt)Aa—2X
70%
L oo B TASA
*"H’ 50%
H
& 40%
30%
20%
10%
0%

Fig. 5 f’ﬁﬁ*& \%%%ﬁ%ﬁ & L“Cﬁﬁb\f_iz%AOD/\)%’ﬁ?jﬁé

OXNT, WAEREREN D ENF M AT HOWT, IS DBROENR I 2 2L S8 T Ebr Lz Fhi
L7z, & M UOIRINEEL 0.1 ¢ & LEESADOEERERE Fig 6 (URT, SB/KEROEIENY 10 nL
(L < 10 mL/0. 1 g = 100 (TAHY) Tid, CulTIEE 100 %, Ni 135990 %, Zn 38 KT8 Co 1349 60 %DfFZ=
RERLIZOIZR LT, Mn 1 XFEA EBREINRDo T2, BIEEEDSEEINT D280, WThoa)E bire
IIp L, UL, KFED 50 mL O (EikkE = 500 1IZFHY) TH., Cu OFREZROI TITHK 88 %E
TICEEEY, CUBEEIZI0 ng/LUTETIER T LEZZ E0D, 14 Vxﬁ%ﬁ;ﬂ%ﬁ%é EEZ b,
BT, F MU ERHWERRBIREIZIT D pH OFBZFIRL 7201, 5 M RN & ARSI IS
ZFNEN 0.1 g, 50 nl [C[EE L7-IRAET, Cu, Ni LN Co D 2 mMLEJ FRIROD pH & 2~5 IS LT 24
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M O&BRERR AT T 71—, Cu BERKOBEAICRT 5 8B BR % ORIk = = N Th Fig 7 ITRT,
ZORER, pH 2 DL ETIEF M OaOZ IR ST, WRETHE L WD R R L0
(kLT pH 23 2.5 BLETIES MU FRIZEALTEY, F MU ~OWAFIZED Cu BFRESI T
LEINERINT, £To. BEROSBERERITHT S pl OFEL Fig 8 ITR”T, WThoaEd pH 2
TIHIF L A ERESNRDST-DITK LT, pH 2.5~3 OFF ChERITAaMIz#Em L7, pH 3 LLETO

BRI TP T L7223, Cu DA THI90 %, Ni T48~~0 %, Co T15~28 %L 720, & < ITRBRIE T1%
D Cu KRG OF M ORBEZ L & BAHZ —E LTV, fERE LT, WFhodgEd 2.5 L bko pH
BEIL CIRERAEINT A 278 L7228, pH 2 Tl 0.45 pm FLED A LT L7 4 L Z TOWH| A )N A

HCTholZ b, F M UNERL QWD AEEMENE 2 DD, LER->T, F M a vz

FRETIE, F Moo pH T AIlENEERER OO THH EBE X B, #WIER pH FEPFET D

Z e ST,

m10mL
m50mL
M 100 mL

Cu Ni Zn Co Mn
Fig.6 % MNFUEINED 0.1 ¢ DESITBIT A8 BRER

pH 2 pH 3 pH 4 pH 5
Fig.7 & MYk B Cu BBtk ofkne

FEEOILILIBEK e & Tl A2 O&BPHAFE LIZIRETIEE L Q0 D72, & MU 205k & L CliA
THEA. WEERA 4 DB EETHIVEND S, £ 2T, Bt AD Wk s L TERDOERA 4
e TSR BRI L L CoBRERR AT 12, 0B, O ROBHE AD AikI21ZD Cu, Ni,
Mn, @ Cu, 7n, Mn, @ Cu, Co, Mn @ 3 FEDA AL & ETIRREIRENZNZI 2 M 725 X5 IR L
7. Fig. 9 122N 6DLEy Tl AD IiEE AV 5E8 0% M Xk A e B ERBR O R L~
WTHILOKEIR S Cu DFREZITH 90 %TH Y | A RAKEK DY L FRROBREREHEFF LT, L
L. Ni. Zn BX O Co DIBEFERITZNFIE 31 % 33 % 7 %& 720 HEBKRROBRE L 0 KT L,
Mn ITHER Y BKIEIROSE & RIS RE SN o T, ZORERL Y, F Mo 2Wast s LCRHIA
L7z5a, & UDKBIRIZIATT 5 Cu ZABSCACIRAEFRET 5 ATREMDS RIB S vz,
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KA = T2 W BEKIZE £ BBORAEREIC L 2 HEL - EFREIZBET 2078 TiE, ¥k
o Brr—AB X OTASAZ W EBOERRERER DN EE S 17z, FOMRE, § Mo o4 BN AARE
MR B ENZ EAVREN, & <2 Cu DIRERNEN ERMER SN, UL, MEPIcaEns7 3
JIENERE SN RSN, £, X MU ERGEM & LTS BRE TR, pH ABRERICHE S
FIFETERHALE 2D | BREICHEY) e pHEFEARSET 2 EIVRE SN, £ LT, F Mo ~0OWlaET
BRI L > TR, WRPIHFT 2558 TH, Cu Z2EEMIICERET 2 F0EE S v,

ZAETHR

1) Y. Khouraibchia and M. Moats: Effective diffusivity of ferric ions and current efficiency in stagnant
synthetic copper electrowinning solutions, Minerals and Metallurgical Processing, Vol 26, No. 4, p.176-190,
(2009)
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L ETEAR—/LERIRILMISRIC &5 (T HIRR
w B HEFRDEF

£l R =

(R 21 987 v—"7)
ishiyama@gipc.akita-u.acjp

BEZE : v e RN E G AR — Lk 1L sk 2 AU SR LTS BN AL S K D5 I
DN T DOERBER BRI TIE OB 21T o 72, SRILBEK 2 G Tei5 Y )1 & FEI5 Y|
DMEET DAFFEHIEE (8,000 km?) (23T, #9200 fEORE &2 ERE L L FED T FHE I
ONWTHMEITV, TNHDOT —HIZHSE Ny 7 7T v NME L B E R~ R E
% X B4 % Bl % Sinclair (1976)D F{EIC X W HEE L1z, FOMEICHESE | (HYLiilk
OHEPFAZHEE L=, ZOZ LT, XRPAMELLR 3 73T 0D B H S T FRFILEE 3
ITONT=HEOKESETHHIT- 72,

F—U—F:gRILFEK, HeRGY, BEaWEiR, WK, #ErEm

HEt - ERY

AMFZETIIILILBRE A1 T > TV D HUE S BT e 8,000 km? 0D B 7 HEl 2 35U Y CHRf) K2 D
WEFRITEAT, Ny 7 75 ME &G Z T BEEZ XA Bl E Ny 7 75
¥ MEOFIHED B0 b UTHEE LTz, ZOMEIZEESE, VHY IO 2 & EAICHE

TE L. J5YHIk OVEYFRE DIEN D HLloyBE Y EESR) D R 7)1 & T% 5.2 T
DONENERTFT L2, 2O L) eBetalTH 2 & T 15 EERIZHALNNTT S
T EMAREIZR Y . RS DORER M TS OBREUGE TR AIREIC /e o 72,

WIgeaAs i, &L B 7 SREENC S 0 . TR IO IR — UL LR b~ o 7 o2 2 gL
M o5 (K1) o ZHDHOFRIIHENIIE, FRLBAFEDTZ DI U7 £ & B S WRBHRAN A < 59T
Do AHUCIX, 2O OERSLIEFEREY) & A FARARIER LT, SEILBERD R A LT D, SLILIFE
AKiE ISR L. 2 b O ON) KIS K E RBREAR (5% 252 Tnd (M2, K3) ., =
D ENTIA A—/VHLLEREFT7 & OFEARD R — VIR LU OW I T HGR S TR Y . R BREE AR 2
HzTnb,

FRA IO AR DN TR D HIER L 2B L, 1R K D ESRAOMEA LN T oL &

HITHRLHEE SR D155 m ¢ RFE L GG THD Z L 2md 3y 7 7T U v MEEZKI 572
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D OMYEA Sinclair (1976)DFVEIC L D HEE LT, Z ORME & &L &7 IRE O F @K OB ALEE I
= K OKEST i E b TRFT 5 L. CulzonTiE, R—JIl, XTI, T4 F v 2 )IdiE)-
O Itk &~ A 7 oy ZHLL AT D~ Z NINTIBRDFRD HiL D, AsIZONWTIE, R—L
NI RINE~ AT oy ZHIBEFHED 7 JINTEREDZBD Hivd, o, INEFHITTHRDTED Hivd
JiElE, Cu b Fe TH D, FAZ CuiBhiulE RTUINETRA TS AR EV (K4 A) o )IKIZR
DEREEXIRAAT 5 e & Ui, A—/VIEIL Rk s ~ A 7 2y PRI PRI HIF bivd, FHIAR—
JVILIL R R~ DX RN EE Th D,

FEROBERSGE TR ZAT O 72 DI — VIR & DPEKIT OV TOX$R & 28— VL L DO BR 5
BARORE U 3 MR DOFLILFEKIZ DUV TR R 21T 2 78768 2 RUE L TR Gt c o T 2018
EYHDOFT -2 & LI, BEEETRINEFER L (KM4B) . fHliTKkO LB THD, R—LgLL s
Z O IR K TR i, ~A 7 o~y ZGRLJERD & Z O Tk~ 7 IOl din]
JIZKD pHIZ, 5~TRETH Y . WFALD FFRIAFAET DK D pHAEIIRE < 52 D, v 7)1l
KO pH IR S~TRETH D Z &b, iJIIKF D Cu=e Fe l3d A REERREME TIAEL TV D L& X B
Do Xy 7 JNOFIZKD Cu O FRHEZHEE T HERZIE, BB CEEL TWD CuzitEdl (v
—) ThZ7 v 7 LT, BHFRED Cu SNAIDKIZHEH L2 £ B2 CTPllE T 72, —J5, A—VINZ2nT
1T, BREEARMOKZ 3 MU COPRILER AT\, S BITEIFT S OPKIZ DN TR ATV, Zh
B 4 HE AN D Cu D72 < 7 o T2 BT W T IR 2 VR L 7=,

FRFERIC LAUE, 2 7)1 CudBEEIE, *ERATNT RV E T OREKOIUEED Class I T > 725748
ERRITIE Class TA FICBGE SN Z &R TREND (M4B) o 7 1 F v 71D CullREEICOWT bt
SRANE Class Il T 57253878 Class T A FICHGES LD Z LN TIREND (K4B) . ZOZEnh, A—
I RN, T 4 ZJIDFAET 2 AR — VLI Tl 7 1 > 7 DT NK DS EZER RSO K
HZIEO BRI TE 2R H D, ZORKIZEY | R—ULILEEOT 1 v 7 IO Th 5
A=V OKEIL, Class V25 Class NZEET 223, BHEEIRH O F 27 VAR FERHR Y 75 OFEKN
RYF7 YRYJNERH L TR—=VIONJIKE G L TRZ)NRAT 27201, TAE v 7)1 ERT
JIEFEETORT)ND CudEIL, 3.7ppm 25 21 ppm [TAK F9°% & TSN D3, XTI )OKEIZ Class
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V (1000 ppb (=1 ppm))lCFES 41D, 2D K D IR —/VFRILITES T 3 MU T PRI AN 2 TR D
FEKZF L2565 Th, NTNOKERESEE I IRy e TllEh g, NU X7 UV GEREY
DD DBEKIZOWTHRIRZAT O Z & C ARHUROT)IZKOKEITRE < BGESND WTREMEDR H 5,
ZOXIRTFHICESS L, HONLHTE=F U U TG ARE L TR, MREBMIC T, KB
PHCRBWTEBRREGEDIRINZE=F U o 71 K0 HR L, IROBFEDOXRIHR 2 il LitED 5 Z & AV

PRI O7RI30 | RRIZDP B b ER/INC T ZENTE HEERABND,

" Mine tailing
(solid waste)

Bor City

Fe Cu-rich

f

Acid mine drainage water

2 WHFE SR (R—/VBEILHE)  DOILSEBEIE D 53T,
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s

Mine drainage

wa I&L_..w o

3 AR VKR OHEEREEY O R LTZEE,  (B) SELBIRO DI ES N TV A HE+
EHI TN BA UERILEEK, X2 OFREOFEEOMAAILILIFEKROMTH D,  (7£) hlFEKN
TRA LT K ORE -, RO 17K b B8l 1K ILILBEK 2 & Tens, B8O IKICiX
AN DY E ENDT-DIC pH N 3RETH S, (F) A—/LiifEoH ok

(A) Current condition (B) After provision

Veliki Krivelj
Open pit

N Dead river ’ \ Clean river

Environmental reclamation: Possible » Good for human health & EU accession
10

54 W) BAETHERR—/—<A T 2 7GR OT) K OSSR, B) RN—/VHk
HLHiE 2 36U TR M T o T2 8 DI K DERER T4 TR,
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(B 20787 —7)
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BE . KA A I EMENS T ) A r— L OERREEEZ Ey & LTHN
HZEILEST, HRAEY ORERL - @El - HZRPERTE D ENAIA
ENTND, —F, BRAXNVIA LV ERRTRATLO2WEIIRLN TS, A
ZEClE, f-MniiEE o Co-Zn A4l Hlix OF 3 TR 2N LW E AR L, £
DORMEEBR ST D EICE T, BRAXIAIAVYWEERKE LIZ, FH3k

ELTNLCLVERNMLEASIZBW TEIRBAX VI A V2 RRT 51257,

F—U—F: KAV IA B4 Wik
HWEY - A
BEAEY & UTUSHT BB ARZEORED DWEEIRD/ T =57 ( B35 = L ASFIA
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Magnetization (ug per f.u.)
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