3K133005-35

2) T BRET =) —NEERTLIHBAICK D LT A Z N ORIHER M
aDSHP IZ & % L7 X Z Ukl
i FHEET V= U AV D D ORHRR

Fig.29 (ZHliHHAI DSHP 12 L A REEE T > & =7 DRI & OFFEE R A A v ORI KAE 3P4 pH D
WA, ZOFEBRTIE, In(in), Ga(lll), zn(I). Fe(ll), Cu(ll), Co(ll). Se(IV). Ni(ll). Mn(Il). Al(lll) %
FHEBRICHWZ, 77 7RI EE R SR OAEZRE L T D, SR A 4 ICxd 2 DSHP
OHIEFFEFNIL, Ga(lll) > In(ll), Fe(l11) > Cu(ll), A1) > Zn(11) > Mn(11). Ni(lll). Co(I)>>Se(IV) Té - 7=,
K pH 81T Ga(lll)3s LY In(l) A2 & =mAChhi L7z, 243 DSHP OFF> 0=0 Bifick & &jA 4 &
DXL — MEFR LT LB 2 b, BEMEEIRED D O In(lll) 35 X O Ga(ll)DIEIRAFI /3 BEN FTRE T H
%o ET2 Se(IV)OHIHHHNMFIT 0 Th o 7272 ITETFREDMHOTN D RGBS F 025 D In(ll)F LY
Ga(ll)DfhtH 2B FRETd 5 &R S L7z,

4 N
(o]
Y,
HO
© DSHP
\_ J
100 F In(lll)
@in
% 80 : 2 ¢ mGa(lll)
g H A
2 0 | & Zn(ll)
O ® 4
3 & AcCu(ll)
c 40 } o Se(lV
_% A +Se(lV)
€ 2 | ’. A
i @ A ¢
o L Baheegtt

Fig.29 Effect of concentration of pH on the extraction percent of metal ions from 1mol dm?
aqueous ammonium nitrate solution with DSHP.
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Fig.30 Effect of concentration of hydrochloric acid on the extraction percent of metal ions with DSHP
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Fig.31 Effect of contact time on the extraction parentage of (a) In(l11) and (b) Ga(lll)
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Fig.32 Fraction of Ga(lll) hydroxide complex.
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Fig.33 Effect of concentration of hydrogen ion on the distribution ratio of (a) In(lll) and (b)
Ga(lll) with DSHP
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Fig.34 Effect of nitrate ion concentration on the distribution ratio of (a) In(lll) and (b) Ga(lll)

with DSHP.
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Fig.35 Effect of concentration of extractant on the distribution ratio of (a) In(111) and Ga(lll) from
1mol dm™ ammonium nitrate solution with DSHP.
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Fig.36 Extracted species of In(I11) with DSHP. Fig.37 Extracted species of Ga(lll) with DSHP.

Fig.36 35 & OY Fig.37 O % fesB 4~ 5 72012, DSHP-In(I)$E K35 X O DSHP-Ga(ll)#&{AD IR A7 Fvis
FOYNMR 227 hLEHIE L, 5K Z AT DR DSHP & OEIZ L W A7 MOl E1T -7,
Fig.38 (Z DSHP @ IR, DSHP-In(IIN#{A3 L U DSHP-Ga(lIEE R D IR A7 MUER 2R3, fERE D,
S A D ' — 27 13 1550 cm M T ICHER S vtz, AT, B VBRO LR =L (1600 cm™) D B — 27 73
TV = VFEO In(H)E L O Ga(lll)y ~DENIFEAIZ Lo TIRES 7 b Licb D e EZx Hihvd, £7-,DSHP
DIKEEHE(3200 cm™)D B — 7 O EEHER LT-, ZhuE, KEEEO T 1 ko 28k L In(11)3 X O Ga(lll)~
OHBEBOMHAEEHAICL b LEEX NS,

In(1NF L O Ga(ll) D HHEHMAR B W TiE, IRIERILIZR SN~ T2, $ERTERR OB OENLEE S D
ZITFT-IRIC K DI INEETH - 7o,

DSHP D 7%

&0 1 1 L L 1 L 1 1 1 1 1 L 1 L 1 L 1
4000 300 300 3400 3200 3000 2600 2600 2400 2200 2000 1800 1600 1400 1200 1000 800 600  4m0
Wavenumber [cm-1)

Fig. 38 FT-IR spectrum of DSHP, DSHP-In(l11) complex and DSHP-Ga(l11) complex
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Fig. 39 H'-NMR spectrum of DSHP, DSHP-In(111) complex and DSHP-Ga(l11) complex
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Fig. 40 Effect of pH,q on the extraction percentage of metal ions from 1.0 mol dm?
aqueous ammonium nitrate solution with DDT.
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Fig. 41 Effect of pH,q on the extraction percentage of metal ions from 1.0 mol dm?

aqueous ammonium nitrate solution with EHTG.



3K133005-44

2_
1_
on
1 F
e
_2 1 1 | 1
1 0 1 2 3 4 5 6
pH,

Fig. 42 Effect of pH,q on the distribution ratio of metal ions from 1.0 mol dm™ aqueous
ammonium nitrate solution with 0.5 mol dm® EHTG.

Table 1 pHsg, values and _IpHs, of metals with EHTG

PHsose PHsocu PHso1n PHso ca PHs0ca PHso zn
-0.23 0.51 1.88 2.84 41 497
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Fig.43 Effect of HCI concentration on extraction percentage of various metal ions with EHTG.
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Fig.44 Effect of H,SO, concentration on extraction percentage of various metal ions with EHTG.
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Fig.45 Effect of contact time on the extraction percentage of In(l11) and Ga(ll) from
1.0 mol dm™ aqueous ammonium nitrate solution with 0.5 mol dm™ EHTG.
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Fig.46 Effect of pHeq 0N the distribution ratio of
In(111) from 1.0 mol dm™® aqueous ammonium
nitrate solution with 0.5 mol dm®EHTG.
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Fig.48 Effect of nitrate ion on the distribution ratio of In(l11) with 0.5 mol dm™
EHTG.
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Fig.49 Comparison of experimental plots with theoretical line base on Eq. (3) .
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Fig.52 Effect of nitrate ion concentration on the distribution ratio of Ga (111) with EHTG.
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Fig.53 Comparison of experimental plots with theoretical line based on Eq.(6).
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Fig.54 Effect of pH on the extraction percentage Fig.55 Effect of pH on the extraction percentage of
of metal ions from 1.0 mol dm™ aqueous metal ions from 1.0 mol dm™ aqueous ammonium

ammonium nitrate solution with PC-88A nitrate solution with D2EHPA.
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Fig.56 Effect of concentration of pH on the extraction percent of metal ions from 1mol dm
aqueous ammonium nitrate solution with DEAPP.
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Fig.57 Effect of concentration of hydrochloric acid on the extraction percent of metal ions
with DEAPP.
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Fig.58 Effect of concentration of hydrochloric acid on the extraction percent of metal ions with DOAPP.
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Fig.59 Effect of contact time on the distribution ratio of In(I11), Ga(lIl) and Zn(l1) with
DEAPP
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Fig.60 Effect of concentration of hydrogen ion
on the distribution ratio of In(111) from 1mol dm’
ammonium nitrate solution with DEAPP.

Fig.61 Effect of concentration of nitrate ion
on the distribution ratio of In(l11) with DEAPP.
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Fig.62 Effect of extractant concentration on the distribution ratio of In(111).
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Fig.63 Extracted species of In(111) from ammonium nitrate solution with DEAPP
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Fig.64 Effect of concentration of hydrogen ion

Fig.65 Effect of concentration of nitrate ion
on the distribution ratio of Ga(lll) from 1mol on the distribution ratio of Ga(lll).
dm™ ammonium nitrate solution.
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Fig.66 Effect of extractant concentration on the distribution ratio of Ga(lll).
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Fig.67 Extracted species of Ga(lll) from ammonium nitrate solution with DEAPP.
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Fig.68 Effect of concentration of hydrogen ion on Fig.69 Effect of concentration of nitrate ion on
the distribution ratio of Zn(ll) from 1mol dm the distribution ratio of Zn(ll).
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Fig.70 Effect of extractant concentration on the distribution ratio of Zn(ll).
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Fig.71 Extracted species of Zn(Il) from ammonium nitrate solution with DEAPP.
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Fig.72 Selectivity of Ga(lll) over In(l11) in extraction from their mixture solution.
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Fig.73 Selectivity of Zn(Il) over In(I11) in extraction from their mixture solution.
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Fig.74 Selectivity of Zn(I1) over Ga(lll) in extraction from their mixture solution.

viii. &B%H#iH L7z DEAPP 25 0¥

FhHA] BEAPP (XK DAAIBA A v 2RI L2 2 £ b TEMICFIAT % 72X
T2 ENEETHD, TODOEBRICHKEEREA A ZhH UizfiiAl DEAPP > b4 il Al 2 v C
W OV TR L7-, Table 2 [ZHfiHi#] DEAPP |2 L &4 B A A L Ot O 4779, In(ll)iZ
BT 5mol dmPHNO; & 7z & EiCEW a2 7R Lz, £ ool HiAlCik @ iR 2155
LT ERD T, Fe(INIZHWTIL 0.1 mol dmHCI &2 v 7= & i@ Wil 2 R) Lz, Zofho
WA CIEE O R 25D 2 LIXTE R0 - 72, Ga(lll) TIX§ T oWl A Tt R 2455
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T&Ez, LEMR->T, INH0umEAZ A WD Z L2 X 0 Li-4 R A A4 2 ORI X OGS AT 6E
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Table 2 Chemicals for back extraction and back extraction of In(I11), Fe(I11), Ga(lll) and Zn(ll).

Back Extraction Back Extraction (%)
agent In(III) Fe(III) Zn(II) Ga(III)

0.1mol dm™ HCI 143 86.1 98.7 51.0
Imol dm™ HC1 17.9 45 96.2 38.0
5mol dm™ HCl 54.5 20.7 83.8 0.0
1mol dm~ HNO; 94 6.7 53 532
5mol dm™ HNO; 80.3 262 18.1 514
0.1mol dm™ EDTA 64.8 7.9 100.0 50.2
0.1mol dm™ Nal 0.0 2.0 54 0.0
1mol dm™ Nal 0.2 3.0 5.4 0.0
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Fig.75 Repeated test of extraction/back extraction of indium (IIl) with
DEAPP using 5 mol dm™ nitric acid.
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Fig.76 Effect of pH on the extraction percentage of metal ions from
1.0 mol dm™ aqueous ammonium nitrate solution with BEAMP.
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Fig.77 Effect of contact time on the extraction percentage of In(l11), Ga(lll) and Zn(lI)
from 1.0 mol dm™aqueous ammonium nitrate solution with 0.05 mol dm™ BEAMP.
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Fig.80 Effect of extractant concentration on the distribution ratio of In(l1l).

In(H) A AR E OB E I ER U, XX 15 0 ERE R Lz, > Th=0 L7, ZDZ
ED DA 2 BIKTHEELSHA. LIEO In(N)I% LT 2 BIROHHAIZ 1.5 i icB S5 LT b
ZEMH BN E T o Tz, G T IO RIILL T O L 5 IS & -,

In* +15(HR), % InR,+3H" Ky 4
K@ ESNTT ay hT5 & Figdl 25647z, ERUREHGmARTIZIE L, Z0UWR N6 K, &k

5L K= 3.16x10° [(mol dm’)° 28G5 7z, it- T, AfHAI BEAMP Z H 72 In(H) O H i,
K@) TRENDZENRHALNE ST,



3K133005-67

30 | O pHEAFME
' & BB
theoretical line

1.0 |
5 P
=

-1.0

-3.0

3.0 20 -1.0 0.0 1.0 2.0
logK[(HR,)]"¥/[H']’

Fig.81 Comparison of experimental results with theoretical curve based on Eq.(4). in
the extraction of In(111) with BEAMP.
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Fig.83 Extracted species of In(111) from ammonium nitrate solution with BEAMP.
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Fig. 84 Effect of pH on the distribution ratio of
metal ions from 1.0 mol dm™ aqueous
ammonium nitrate solution with 0.05 mol dm™

BEAMP.
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Fig.87 Comparison of experimental resultsz\gvith Fig.88 Extracted species of Ga(lll) from 1mol dm?®
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Fig.91 Effect of extractant concentration on the distribution ratio of Zn(11).
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Fig.92 Comparison of experimental results with Fig.93 Extracted species of Zn(ll) from
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Fig.94 Effect of pH on extraction percentage of metal ions from 1M aqueous ammonium
nitrate solution with OABPM and DABPM.
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Fig.98 Effect of nitrate ion concentration on log D for the extraction of Ga(lll) with OABPM.
[Ga*]=1.0 mM. [HR]=50 mM.
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Fig.100 Effect of equilibrium pH on logD in the Fig.101 Effect of extractant concentration on logD in
extraction of Zn(Il) with OABPM. [Zn*]=1.0 the extraction of Zn(Il) with OABPM.
mM, [HR]=50 mM. [Zn*]=1.0 mM. [HR]=25-100 mM.

Fig.101 |Z OABPM {Z & % Zn(I) D Ay B el K AFE - Fl AR B DO 52284 77§, OABPM Tl Zn(11)i% 1.0 Ik
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Fig.102 Effect of nitrate ion concentration on logD for the extraction of Zn(ll) with OABPM.
[Zn*]=1.0 mM. [HR] =50 mM.
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iv. DABPM % BV 7= Ga(l ) Dl S
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Fig. 103 Effect of equilibrium pH on log D in
the extraction of Ga(lll) with DABPM,
respectively.  [Ga®*]=1.0 mM. [HR]=50
mM.

log[(HR),]
Fig.104 Effect of nitorate ion concentration on
log D for the extraction of indium(lll) with
DABPM. [Ga*]=1.0 mM.
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Fig.104 |Z DABPM (T X % Ga(Il) D4y B bl KAE 3 fl AR O 2854 7~ ¥, Ga(lll) Dl Tl X 23 1.25
Thotz, 2LV, FhiHJ&E2 DABPM Tk Ga(lll) 1 SICHiHAINZN L 2 & 34 FDREE-IVRIB S
7z, Fig.105 (& DABPM (2 X % logD-pH (2 MIEHEleA A L REORELZ RS, #RL YD DABPM Tl
Ga(lll)iZ 1.5 R OUEAFE 27~ LTz,

-0.5
AGa(llll
-1+
Slope= 1.5
T -15 |
o
a
g -2
A
=25 |
-3 L L L
-1 -0.5 0 0.5 1

log[NO;]
Fig. 105 Effect of nitrate ion concentration on logD for the extraction of Ga(Ill) with DABPM.
[Ga*]=1.0mM, [HR]=50 mM.
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Fig.106 Comparison between experimental
plots with theoretical line.
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v. DABPM % R\ 7z Zn(1) D ff H -
Fig.108 (Z DABPM (Z X % Zn(I) D43 I K 1T~ pH D %% logD vs pH,; DABPM
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Fig.108 Effect of equilibrium pH on logD in the Fig.109 Effect of nitorate ion concentration on
extraction of Zn(Il) with DABPM.  [Zn?]=1.0 logD for the extraction of indium(lll) with
mM, [HR] =50 mM. DABPM. [Zn?*]=1.0 mM.
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Fig.110 Effect of nitrate ion concentration on log D for the extraction of Zn(1l) with DABPM.
[Zn*]=1.0 mM. [HR]=50 mM.
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Fig. 111 Comparison between experimental
plots with theoretical line.
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Fig.112 Effect of equilibrium pH on the adsorption or extraction
percentage of In(lll) and Ga(lll) using EHTG-CTA membrane and
EHTG.

b. CTA A 5 D In(II)DBEE
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AV I In(III)@ﬂE%%A IX0%E72~7z,

ALY [EAE (BAE) ICI3ERe, mile, ez A5 2 & Tin()ZETE S Z EnbroT,
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Fig.113 Chemicals for stripping and stripping percentage of In(l11).

c. EHTG-CTA B8z X 5 In(l1l) & Ga(lN)BATIRD> & DRIRATREB
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Fig.114 Permeation percentage of metal ions in the feed and receiving phases
during transport across CTA membrane. (receiving phase: hydrochloric acid)
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Fig.115 Permeation percentage of metal ions in the feed and receiving phases
during transport across CTA membrane. (receiving phase: sulfuric acid)

UFOXTREIND EHTG I L D In(I) D AU FE DV TREENIE I DWW TEB L LT,

In**+3HR = [InR3] + 3H* (1)
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Fig.116 Transient concentration of metal ions in the feed and
receiving phase during a transport experiment.
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Fig.117 Transient concentration of Cd(Il) and Zn(ll) in the feed and receiving
phase during a transport experiment using DDCMP-CTA membrane.
(feed phase:0.05 mol dm™ HCI, receiving phase: distilled water)
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Fig_.}l8 Effect of concentration of HCI on the Fig.119 Cd(ll) permeabilities as a function
facilitated transport of Cd(ll) across a CTA. of HCl in feed phase.
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Fig.120 Cd(ll) permeabilities as a function of Fig.121 Cd(Il) permeabilities as a function of
composition of membrane. membrane thickness in feed phase.
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Fig.122 Cd(Il) permeabilities as a function

= Fig.123 Cd(Il) permeabilities as a
of CI" in feed phase.
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Fig.124 Graphical determination of mass-transfer coefficients
in the feed phase and in the membrane phase.
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Fig.125 Effect of equilibrium pH on the adsorption percentage with DANPS immobilizing D2EHPA.



3K133005-91

F72. Fig.126 |2 D2EHPA D 2 WRIZKIET pH D84 _ 100
FLTVB, pHE5BLETHUOIAV S ), REDEC =
(o))
FEEAEHBELTOROD, IWAVEP 0%EBHRLTE 2
7B RS LETH B, s 60
8
40
c
=
2 20
o
o ° °f
0 6 oo 0%®
1 2 3 4 5 6 7 8
pH[-]
Fig.126 Effect of pH on the elution percentage of DANPS
immobilizing D2EHPA.
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Fig.127 Effect of equilibrium time on the adsorption
percentage of DANPS immobilizing D2EHPA (pH=1.0).
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Fig.128 Adsorption isotherm of In(111) at 303 K on

DANPS immobilizing D2EHPA. Fig.129 Langmuir plots
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Fig.130 Effect of equilibrium pH on the Fig.131 Effect of equilibrium pH on the adsorption
extraction percentage with D2EHPA. percentage with DANPS immobilizing D2EHPA.
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Fig.132 Effect of equilibrium pH on the adsorption percentage with DANPS
immobilizing DEAPP.
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Fig.133 Effect of contact time on the adsorption percentage of DANPS immobilizing DEAPP .
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Fig.134  Adsorption isotherm of In(I11) at 303
K on DANPS immobilizing DEAPP.
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Fig.135 Langmuir plots
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Fig.136 Effect of equilibrium pH on the
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Fig.137 Effect of equilibrium pH on the adsorption
percentage with DANPS immobilizing DEAPP.
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ARFZECRA%E LI #lifi A0 9 5, DEAPP % U TEBRD KEEEEE SR OB HIEN S D LT A XL
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ST, BRIZE MG b, SERICERENEMEL TS EE X5,

Table3 KEBEBE /L7 b DR HIROMA & &4 R
BHERE" B/ARINODREE BARILPOERE

[ppm] [mg/ka] [mg/ka]
In 13.8 275 280
Ga 4.9 99 -
Cu 10.4 207 180
Zn 41.3 825 870
Se 21.6 432 455

* D HE: 50g/| FDERBIEE

Fig.138 Before leaching from solar panels. Fig.139 After leaching from solar panels.

SE OB EEY v —F v — N &EBIZIT > 72, Fig.140 \IZHBf7 v —F ¥ — &9, £/, V—F
I E 0B Lo SR OIREE L FE A Fig.141 12T,



3K133005-96

KIBFEE/ ARV

1N hEEE 0.7
(| In, Ga, Zn, Cu, Se | — |n\ % 0.6
pH=1.6 E 0.5
| Ga, Zn, Cu, Se | —+ Ga g 0.4
pH=3.1 03
Zn, Cu, Se — Cu ,g 0.2
PH=5.0 % 0.1

Cu, Se —— 7n © 0 . : . B

L l %A ) In Ga Cu Zn Se

se Metals

Fig. 140 Flowchart for recover of Fig.141 Contents of metals in wastes of solar cell
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Fig. 142 Solvent extraction of metal ions with DEAPP from a leaching solution.
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Recently, the production of CIGS solar panel is rapidly increased in addition to mobile
phone and liquid crystal panel. Therefore, the enormous amount of electronic emission will be
discharged in the near future. In their electronic wastes, rare metals such as In, Ga, Cu, Zn, Mo
and Se, and also harmful metals such as Se, Sh, Pb and Tl are included. The development of
techniques for recycling wastes of these panels is an urgent mission for Japan without natural
resources. On the other hand, removal of harmful metals is the urgent problem that is extremely
important from the view point of zero-emission, and these problems are the specialty fields for
Japan as a technology-driven nation. In this study, the molecular design and synthesis of new
extractants for selective separation and recovery of rare metals from the electronic wastes were
performed and their selective extractants were applied to create the environmentally-friendly
polymer inclusion membrane and silica-hybrid adsorbents.

(1) Molecular design and synthesis of extractants and their extractability for rare metals:
commercial extractants were not able to mutually separate In, Ga and Zn, however,
aminophosphonic and aminophenylphosphinic acids that were developed in this project
exhibited the high selectivity for mutual separation of not only In, Ga and Zn, but also In, Ga,
Zn, Cu and Se by one step separation. These new extractants can be synthesized by one step
reaction, indicating that these extractants are useful as commercial ones.

(2) Selective active transport with extractant-imbedded polymer membrane (= Polymer inclusion
membrane = PIMS) : in order to establish an environmentally-friendly separation process,
polymer inclusion membrane capable of developing efficiently the function of the extractants
was synthesized by casting polymer and extractant without lots of organic solvent. The
extraction and stripping can be achieved at the same time using PIMs. Only In was selectively
permeated PIMs from the mixed solution of In and Ga which are similar in chemical
properties, further, the active transport of In was performed by the membrane. These results
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indicate that selective recovery and concentration of In can be achieved from electronic wastes
using PIMs.

(3) Creation of extractant-silica hybrid adsorbent and its adsorption properties: the extractants
developed in this project were immobilized to alkylated silica by the hydrophobic interaction
to use in the perfusion chromatography. This adsorbent exhibited respective advantage of
extractants and adsorbents and was founded to be useful as industrial adsorbents.
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