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1.1.

1.1.1.

12 6

1 2 3 4 5

12 3740 km3 5452 km3

1178 km3 240 km3 5452 km3 1131 km3 221 km3 17460 km3

83.9% 21.4% Figure 1.1 (a)

13.8%

58.0% Figure 1.1 (b) [Ikami and Murata, 2003] 14

12
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[Ohara, 2005; Yatagai, 2006]

1.1.2.

Bata-Smith

[Bata-Smith and Swain, 1962]

Figure 1.2 [Okuda, 1981; Niemetz

and Gross, 2005] 500 3000

Figure 1.3 [Ferreira et al., 1999; Ohara,

2005] A B Table 1.1

20000

[Kawamoto et al., 1990; Hagerman et al.,

1998a] [Hagerman et al., 1998b] [Ohara, 2005]
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[Pizzi, 2000, 2006;

Trosa and Pizzi, 2001; Li et al., 2004] [Ge et al., 2003]

[Okuda et al., 1982; McDonald et al., 1996]

[Nakajima and Sakaguchi, 1987; Sakaguchi and Nakajima, 1987; Liao et al., 2004a, 2004b;Wang

et al., 2005] [Yamaguchi, et al., 1992; Nakajima and Sakaguchi, 1993;

Nakajima and Baba, 2004; Inoue et al., 2006]

1.1.3.

[The

Society of Polymer Science, Japan, 1988]

[Nakano, 2005]

[Yamauchi and Hirokawa, 1990; Osada

and Kajiwara, 1997; Shibayama and Kajiwara, 2004; Yoshida, 2004]

1.1.1
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540mg/g-dry gel[Nakano et al., 2000, 2001a] 60mg/g-dry gel[Zhan et al., 2001]

930 mg/g-dry gel[Nakano et al., 2001b]
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Figure 1.1. Amount of generation and utilization of wood residue for a year at sawmills in

Japan. (a) Amount of the wood residue according to the kind and the usage. (b)

Ratio of the wood residue burned or thrown away.
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Figure 1.2. Typical chemical structures of hydrolyzable tannin molecule: (a) an example of

a hexagalloylated gallotannin; (b) a typical monomeric ellagitannin.
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Figure 1.3. Estimated chemical structure of condensed tannin.

Table 1.1. Proanthocyanidin nomenclature: proanthocyanidin type and names ofmonomer unit.

Hydroxylation pattern
Proanthocyanidin Monomer

R1 R2 R3

Proguibourtinidin Guibourtinidol H H H

Profisetinidin Fisetinidol H OH H

Prorobinetinidin Robinetinidol H OH OH

Propelargonidin Afzelechin OH H H

Procyanidin Catechin OH OH H

Prodelphinidin Gallocatechin OH OH OH

O

OH

HO
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OH
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A

B

n
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OH
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OH

R2

A

B
O

OH
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n
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1.2.

1.2.1.

Figure 1.4

Table 1.2 [Kendall, 2006;

Klapwijk et al., 2006] MPU DRAM FRAM

[Okuda, 2000]

CD-R CD-RW 1994

2001 7500

5000 [Sumio, 2002]

1 200 CD-R CD-RW 700

[Shibata and Okuda, 2002] 1 10
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1.2.2.

Au Ag Pt Pd Rh Ir

Ru Os 6 8

3

99.999%

4 10 M

[Iglesias et al., 1999; Sánchez et al., 2000;

Yokoyama et al., 2001; Kinoshita et al., 2006; Parajuli et al., 2006] [Akita et al., 1996; Martínez

et al., 1996; Barroso et al., 1997; Narita et al., 2006]
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[Volesky and Holan, 1995; Veglio

and Beolchini, 1997; Gardea-Torresdey et al., 2000; Romero-González et al., 2003]

1.2.3.

693 t 20% [Tezuka et al., 2002]

[Driver et al., 1999]

Table 1.3 [Morse et al., 1998]

90%

[Parsons, and Berry, 2004]

[Mino et al., 1998; Onuki et al., 2005]

HAP

MAP [Doyle and

Parsons, 2002; Suzuki et al., 2002;Nagamine et al., 2003; de-Bashan andBashan, 2004]
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[Urano and Tachikawa,

1991; Itasaka et al., 1999]

Layered double hydroxide: LDH

[Ookubo et al., 1993; Seida and Nakano, 2001, 2002;

Douglas et al., 2004; Chitrakar et al., 2006]
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Figure 1.4. The concept of recycling-oriented social systemwith tannin gel.
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1.3.

Au Pd Pt Rh

/

/

/ /

15



Part I



2.1.

Au

Au

2.2.

2.2.1.

Au III

pH pCl

24

2.2.2.

[Nakano et al., 2001a] 0.225 M 50 mL 28 g

24 37 wt% 6 mL

1 80°C 24

125 250 m 0.05M

19



2.2.3.

2.2.3.1.

IX71

200 30°C DC41

l

b (l+b)/2

Scanning ElectronMicroscope SEM VE-7800

2 kV

30°C

2.2.3.2.

C H N S: CHNS-932 LECO; O: VTF-900 LECO

30°C

2.2.3.3. Thermogravimetry-DifferentialThermalAnalysis TG-DTA

DTG-60

30°C

5 mg 10°C/min

100mL/min -

2.2.3.4. BET

OMNISORP 100CX

30°C

60°C 1000 1.753 g

20



20mmHg BET

2.2.3.5. FourierTransform Infrared Spectroscopy FT-IR

FT/IR-550

30°C

1wt%

2.2.4.

pH pCl III 500 mL 180

rpm Au 5 mL

0.45 m ICPS-8100

Au Au qn n

1 g Au [mg-Au/g-dry gel] 2.1

0 0 n n S n 1
n 1

n

V C V C V C

q
w

(2.1)

V0 [L] C0 Au [mgL 1] Vn n

[L] Cn n Au [mg L 1] Vs [L] w

[g-dry gel]

pH IM-40S

Au

2.2.5.

2.2.5.1. Ultraviolet-Visible Spectrophotometry UV-VIS

III Au 10 ppm pH 2.0 pCl 2.0 0.01 293 298 313 333 K

UV-VIS V-550

190 600 nm

21



2.2.5.2. X-ray diffraction XRD

III Au 100 ppm 500 mL pH 2.0 pCl 2.0 0.01

50 mg 180 rpm 333 K 8 Au

Au 1017mg-Au/g-dry gel 333 K

RINT-Ultima+

X Cu 1.5405

40 kV 40 mA 2 5 105° 2 0.02°

2 1.2°/min XRD

2.2.5.3. FT-IR

III Au 100 ppm 500 mL pH 2.0 pCl 2.0 0.01

50 mg 180 rpm 333 K 24 Au

Au 987 mg-Au/g-dry gel 333 K

1 wt%

22



2.3.

2.3.1.

2.3.1.1.

Figure 2.1 a b SEM

250.9 m SEM

1 m

2.3.1.2.

Table 2.1

Ash ICP

Na Mg K

Table 2.2

Figure 2.1. (a) Photograph of the tannin gel particles; (b) SEM image of the tannin gel.

1 mm 5 m

(a) (b)

1 mm1 mm 5 m5 m

(a) (b)
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Table 2.1.Elemental analyses of tanninmolecule and tannin gel.

C

[wt%]

H

[wt%]

N

[wt%]

O

[wt%]

Ash

[wt%]

Molar ratio

C : H : O

Tanninmolecule 53.74 5.32 0.40 40.54 0.9 1 : 1.18 : 0.57

Tannin gel 52.15 5.46 0.36 38.34 0.5 1 : 1.25 : 0.55

Table 2.2. Theoretical values calculated fromestimated chemical structure of condensed tannin

molecule (Figure 1.2 and Table 1.1).

Proanthocyanidin
C

[wt%]

H

[wt%]

O

[wt%]

Molar ratio

C : H : O

Proguibourtinidin C15H12O4 70.30 4.72 24.98 1 : 0.80 : 0.27

Profisetinidin C15H12O5 66.17 4.44 29.39 1 : 0.80 : 0.33

Prorobinetinidin C15H12O6 62.50 4.20 33.30 1 : 0.80 : 0.40

Propelargonidin C15H12O5 66.17 4.44 29.39 1 : 0.80 : 0.33

Procyanidin C15H12O6 62.50 4.20 33.30 1 : 0.80 : 0.40

Prodelphinidin C15H12O7 59.21 3.98 36.81 1 : 0.80 : 0.47

24



2.3.1.3.TG-DTA

Figure 2.2 200°C

430°C 600°C

2.3.1.4.

Figure 2.3 BET 0.503 m2 g

BET p/p0 = 0.0543 0.243 0.996

2.3.1.5. FT-IR

Figure 2.4 FT-IR 3600 3000 cm 1 O H 1620 1610

cm 1 1460 1440 cm 1 C=C 1300 1100 cm 1 C H

Figure 1.2

25



Figure 2.2.TG-DTAcurves of tannin gel.
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Figure 2.3.Nitrogen adsorption isotherm of the tannin gel.
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Figure 2.4. FT-IR spectrum of the tannin gel.
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2.3.2.

pH pCl

Au

III AuCl4 AuCl4

2.2 5 293 K

KAu,n(n = 1 4) [Silen, 1964]

4 3 2Au(OH) H Cl AuCl(OH) H O (2.2), 8.51
Au,1 10K

3 2 2 2AuCl(OH) H Cl AuCl (OH) H O (2.3), 8.06
Au,2 10K

2 2 3 2AuCl (OH) H Cl AuCl (OH) H O (2.4), 7.00
Au,3 10K

3 4 2AuCl (OH) H Cl AuCl H O (2.5), 6.07
Au,4 10K

pCl 2.0 pH pH Au

Figure 2.5 pH 3 Au

AuCl4 pH 3 AuCl4

AuCl3(OH) AuCl2(OH)2 Au
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0 1 2 3 4 5
0

0.2

0.4

0.6

0.8

1

M
ol
ar
fr
ac
ti
on
[
]

pH

Figure 2.5.Molar fraction of Au ion calculated with equilibrium constants at pCl 2.0

and 293K ( :AuCl4 , :AuCl3(OH) , :AuCl2(OH)2 ).
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2.3.3.

2.3.3.1.

Au pH 2.0 pCl 2.0 III Au

100 ppm 500 mL 50 mg 333 K

Figure 2.6 Au pH

Au

Au 4

Au pH Au

pH 2

Au Figure 2.7 Au

Au 1 2.8 1 mol

Au 3mol

Au

Au

50mg-dry gel 5mg-dry gel Figure

2.8 Au Au

8000 mg/g-dry gel Au

1.85 mg/g-Al[Yokoyama et al., 2001] 40

mg/g-alfalfa[Gardea-Torresdey et al., 2000]

121 mg/g-dry gel[Kinoshita et al., 2006]

24 48

Au

Au
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2.3.3.2. pH

pH Au

III Au 100 ppm 500 mL pCl 2.0 pH 2.0 3.0 3.8

50 mg 293 K

Figure 2.9 pH Au

Au pH Figure

2.5 pH 2.0 Au AuCl4 pH 3.0 92% pH 3.8 64%

AuCl4 AuCl3(OH) AuCl2(OH)2

Au

pH Au pH

AuCl4

2.3.3.3.

Au

Au (III)

Au 10 ppm pH 2.0 pCl 2.0 0.01 293 298 313 333 K UV-VIS

Figure 2.10 Figure 2.10 228 312 nm 2

AuCl4 [Leontidis et al., 2002] 2

III Au 100 ppm 500 mL pH 2.0 pCl 2.0

50 mg 293 298 313 333 K Figure 2.11

Au Au

Au 2.6
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[Au]
[Au]

d
k

dt
(2.6)

k [s 1] t = 0 Au [Au]0 t

Au [Au] 2.6 2.7

0

[Au]
ln
[Au]

kt (2.7)

Au 293 333 K

ln([Au]/[Au]0) Figure 2.12 (a)

293 333 K

1.48×10 4 2.06×10 4 3.73×10 4 5.94×10 4 s 1

Au Ea [kJmol
1] 2.8

ln ln aEk A
RT

(2.8)

A [s 1] R [J K 1mol 1] Figure 2.12 (a)

lnk 1/T Figure 2.12 (b)

27.7 kJ mol 1
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Figure 2.6. Time history of concentration of Au and pH during the adsorption in 100

ppmHAuCl4 solution at 333 K.
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Figure 2.7. Relationship between generated hydrogen ions and amount of Au

adsorbed onto the tannin gel.

35



Figure 2.8.Maximum adsorption capacity of gold at initial pH 2.0, pCl 2.0, and

333K.
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Figure 2.9. Initial pH dependency of adsorption amount of gold at initial pCl 2.0 and

293K.
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Figure 2.10.UV-VIS spectra of 10 ppm HAuCl4 solution in temperature range of

293 to 333 K at initial pH 2.0 and pCl 2.0.

200 250 300 350 400
0

0.5

1.0

1.5

2.0

A
bs
.[
]

Wavelength [nm]

293K
298K
313K
333K

38



Figure 2.11. Temperature dependency of adsorption amount of gold at initial pH 2.0

and pCl 2.0.
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2.3.4.

2.3.4.1.

Au Au XRD
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Figure 2.13.XRDpattern of gold adsorbed onto the tannin gel at initial pH 2.0, pCl

2.0, and 333K (Vertical lines are the peaks of metallic gold.).

44



Figure 2.14. FT-IR spectra of the tannin gel before adsorption and after adsorption at

initial pH 2.0, pCl 2.0, and 333K.
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2.4.

Au Au Au
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Au 8000 mg/g-dry gel
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Au 2.13
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3.2.

3.2.1.

2.2.2 30°C

Ag

pH

III II

IV

III pH pCl

24

3.2.2.

3.2.2.1.

500 mL Ag 100 200 ppm 200 mg 180 rpm

333 K Ag 100 µL

5 mL 0.45 µm

ICP Ag Ag

2.1 pH Ag

Ag

3.2.2.2.

pH pCl III II

IV III 1 mM 50mL

5 mg

0.45 m ICP
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3.2.2.3.

pH 1.0 pCl 1.0 Au Pd Pt Rh 1 mM 500 mL

50 mg 180 rpm 298 K

5 mL 0.45 m ICP

[%]

[mg] / [mg] × 100

Multiflex S

X Cu 1.5405 40 kV 40 mA

2 20 100° 2 0.02° 2 1.2°/min

3.3.

3.3.1.

Au

Ag

3.1 [Nakano et al., 2001b]

R-OH Ag R=O Ag H (3.1)

R OH R=O

K 3.2
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433 Ag 100 ppm 168

97 4 [Ag+]eq [H
+]eq 3.7

3.8 y x Figure 3.2 (b)

Ag K 7.81

3.10

Egel [V] 3.11

R=O H e R-OH (3.10)

eqo'
gel gel

eq eq

{R}
ln
{R'} [H ]

RT
E E

F
(3.11)

E
°
gel [V] R [J K 1 mol 1] T [K] F

[C mol 1] 3.12 Ag Ag

EAg [V] 3.13

Ag e Ag (3.12)

o'
Ag Ag

eq

1
ln
[Ag ]

RT
E E

F
(3.13)

E Ag Ag [V] Egel EAg 3.2 3.11 3.13

3.14

o' o'
Ag gelln

F
K E E

RT
(3.14)

Table 3.1 E
°
gel 0.74V
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Table 3.1.Constants used to calculate of the formal redox potential of tannin gel.

Equilibrium constant K 7.81

Faraday constant F 9.64853×104 [Cmol 1]

Ideal gas constant R 8.31451 [J K 1 mol 1]

Temperature T 333 [K]

Formal redox potential ofAg E Ag 0.799 [V]
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Figure 3.2. (a)Time history of amount of Ag adsorbed onto the tannin gel at 333 K.

(b)Plot of a/M versus a[H+]eq/M[Ag
+]eq to evaluate equilibrium constantK.
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3.3.2.

3.3.2.1.

pCl 2.0 pH Au 2.3.2

pH 1.0 pCl pCl Au

Figure 3.3 (a) pCl 3.0 Au AuCl4

pCl

3.3.2.2.

3.15 22 298 K KPd,n(n = 1 8) [Elding, 1972, Ruiza, et al.,

2000] pH 1.0 pCl pCl Pd

Figure 3.3 (b) pH 1.0 pCl 1.0 Pd PdCl4
2

pCl Cl H2O Pd

pCl 2.0 PdCl3 pCl 3.0 PdCl2

2Pd Cl PdCl (3.15), 4.47
Pd,1 10K

2
2Pd 2Cl PdCl (3.16), 7.76

Pd,2 10K

2
3Pd 3Cl PdCl (3.17), 10.17

Pd,3 10K

2 2
4Pd 4Cl PdCl (3.18), 11.54

Pd,4 10K

2
2 3Pd 2H O Pd(OH) H O (3.19), 2.3

Pd,5 10K

2
2 2 3Pd 4H O Pd(OH) 2H O (3.20), 4.2

Pd,6 10K

2
2 3 3Pd 6H O Pd(OH) 3H O (3.21), 12

Pd,7 10K

2 2
2 4 3Pd 8H O Pd(OH) 4H O (3.22), 14

Pd,8 10K
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3.3.2.3.

3.23 27 310 K KPt,n(n = 1 5) [Alerasool et al., 1988]

pH 1.0 pCl pCl Pt Figure 3.3 (c)

pH 1.0 pCl 1.0 Pt PtCl6
2

pCl Cl H2O Pt

PtCl5 pCl 3.0 PtCl5

2
6 2 5 2PtCl H O PtCl (H O) Cl (3.23), 3

Pt,1 5.6 10K

5 2 2 4 2 2PtCl (H O) H O PtCl (H O) Cl (3.24), 4
Pt,2 2 10K

2
5 2 5PtCl (H O) PtCl (OH) H (3.25), 5

Pt,3 10K

4 2 2 4 2PtCl (H O) PtCl (OH)(H O) H (3.26), 5
Pt,4 6.3 10K

2
4 2 4 2PtCl (OH)(H O) PtCl (OH) H (3.27), 7

Pt,5 6.3 10K

3.3.2.4.

3.28 33 298 K KRh,n(n = 1 6) [Benguerel et al., 1996]

pH 1.0 pCl pCl Rh Figure 3.3

(d) pH 1.0 pCl 1.0 Rh RhCl5
2

pCl Cl H2O Rh pCl

2.0 RhCl2 RhCl2 pCl 3.0 Rh3

3 2
6 2 5 2RhCl H O RhCl (H O) Cl (3.28), 2.45

Rh,1 10K

2
5 2 2 4 2 2RhCl (H O) H O RhCl (H O) Cl (3.29), 2.09

Rh,2 10K

4 2 2 2 3 2 3RhCl (H O) H O RhCl (H O) Cl (3.30), 1.38
Rh,3 10K

3 2 3 2 2 2 4RhCl (H O) H O RhCl (H O) Cl (3.31), 1.16
Rh,4 10K

2
2 2 4 2 2 5RhCl (H O) H O RhCl(H O) Cl (3.32), 1.6

Rh,5 10K
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2 3
2 5 2 2 6RhCl(H O) H O Rh(H O) Cl (3.33), 0.32

Rh,6 10K

3.3.2.5.

Table 3.5

[Livingstone, 1973; Baes and Mesmer, 1976] Au Pd Pt Rh

Cl

Au3+/Au > AuCl4 /Au Kim [2005] Pd pCl Cl

pCl

Table 3.5.The formal redox potentials of precious metal species and the tannin gel.

Half-reaction Potential [V]

3Au 3e Au 1.52

2 2
6 4PdCl 2e PdCl 2Cl 1.29

2Pt 2e Pt 1.188

4AuCl 3e Au 4Cl 1.002

2Pd 2e Pd 0.915

3Rh 3e Rh 0.758

Tannin gel 0.74

2
4PtCl 2e Pt 4Cl 0.73

2 2
6 4PtCl 2e PtCl 2Cl 0.68

2
4PdCl 2e Pd 4Cl 0.62

3
6RhCl 3e Rh 6Cl 0.43
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Figure 3.3. Molar fractions of precious metal ions calculated with equilibrium

constants at pH 1.0. ((a) Au, : AuCl4 , : AuCl3(OH) ; (b) Pd, : PdCl4
2 , :

PdCl3 , : PdCl2, : PdCl )
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3.3.3.

III II IV

III 1 mM 50 mL pH 1.0 pCl 1.0 2.0

3.0 5 mg 298 K

Figure 3.4 pCl

Au AuCl4 pCl Figure 3.3 (a)

AuCl4 /Au 1.002 V

AuCl4 Au pCl

Au

Pd pH 1.0 pCl 1.0

Pd PdCl4
2 PdCl4

2 /Pd 0.62 V

PdCl4
2

pCl Pd 3.3.2.5

pCl Pd

Pt

Rh pCl

pCl 3.0 Rh Rh3+ Rh3+/Rh 0.758 V
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Figure 3.4. Initial pCl dependency of adsorption amounts of each precious metal at

initial pH 1.0 and 298K.
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3.3.4.

Figure 3.5 pH 1.0 pCl 1.0

Au

Figure 3.4

Au

pH 1.0 pCl 1.0 Au Pd Pt Rh 1 mM 500 mL

50 mg 180 rpm 298 K Figure 3.6

Au

Au Au XRD

Figure 3.7 Au

Au Au Figure 2.13 Au

Au
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Figure 3.5. Redox potentials of tannin gel and each precious metal ion. It is assumed

that the redox potential of the RhCl5
2 /Rh couple is lower than that of tannin gel

because the redox potential of the RhCl6
3 /Rh couple, chemical form of which is

similar in to RhCl5
2 , is +0.43V.

Tannin gel +0.74 V

Metal ions with redox
potential lower than
the tannin gel

Metal ions with redox
potential higher than
the tannin gel

AuCl4 /Au +1.00 V

PdCl4
2 /Pd +0.62 V

PtCl6
2 /PtCl4

2 +0.68 V

RhCl5
2 /Rh ( +0.74 V)

Tannin gel +0.74 V

Metal ions with redox
potential lower than
the tannin gel

Metal ions with redox
potential higher than
the tannin gel

AuCl4 /Au +1.00 V

PdCl4
2 /Pd +0.62 V

PtCl6
2 /PtCl4

2 +0.68 V

RhCl5
2 /Rh ( +0.74 V)
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Figure 3.6. Time history of the recovery ratio of precious metals at initial pH 1.0,

initial pCl 1.0, and 298 K.

0 200 400 600 800 1000
0

20

40

60

80

100

R
ec
ov
er
y
ra
ti
o
of
pr
ec
io
us
m
et
al
s
[%
]

Time [h]

Au
Pd
Pt
Rh

66



20 40 60 80 100

In
te
ns
it
y
[c
ou
nt
s]

2 [degree]

Metallic gold

Figure 3.7. XRD pattern of Au adsorbed onto the tannin gel particles at initial pH

1.0, initial pCl 1.0, and 298K.

67



3.4.

Au

i ii

0.74V

pH 1.0 pCl

1.0 Au

pH 1.0 pCl 1.0 Au
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Part II



/

4.1.

Layered double hydroxide: LDH

4.2.

4.2.1.

2.2.2 30°C

/ III

pH
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4.2.2. /

4.2.2.1.

Fe Mg

0.375 M 60 mL 56 g 24

20 g

2.2.2

37 wt%, 2.07 mL 30 Fe, Mg

6.90 mL 1 80ºC 30°C

125 250 m

Fe Mg

ICP Fe Mg

4.2.2.2.

Fe

Fe 1 M

20 mg/mL 298 K 120 Fe

1 30°C

Fe

ICP Fe
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4.2.3. /

/ 100 ppm 10

mL / 50 mg 298 K

0.45 m ICP

/ 10

mL / 50 mg 298 K

120 ICP

pH

4.2.4.

4.2.4.1.

1 5M : 10mg/mL 333K

1 wt%

4.2.4.2.

Fe

100 ppm, pH 2.0 10 mL 50 mg

298 K 0.45 m

ICP Fe Fe
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4.2.4.3.

Fe 1 M

2 M 1 20 mg/mL 298 K

Fe ICP Fe

4.2.5. /

4.2.5.1. X-ray diffraction XRD

/ Geiger flex

Fe X Cu 1.5405 40 kV 30mA

2 5 70° 2 0.02°

4.2.5.2. X X-rayAbsorptionFine Structure XAFS

X

100 1000 eV

Extended X-ray Absorption Fine Structure EXAFS)

eV

X-ray Absorption Near Edge Structure

XANES)

R-XAS Looper Fe

/ Sample 1 Fe-K XAFS

XAFS

Sample 2: COONa Fe3+
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Sample 3: Sample 2

Sample 4: -FeOOH

Sample 5: Fe3O4

4.3.

4.3.1.

4.3.1.1.

Table

4.1 Fe [mmol] 9.655 g 1 g Fe

[mg/g-tannin] Fe [mg/g-dry gel]

/ 9.655 g 1 g Fe Fe

/

Fe

Fe

Fe

Figure 4.1 a b SEM

nm Fe
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4.3.1.2.

LDH

LDH [M2+
1 xM

3+
x(OH)2][A

n
x/n mH2O] M2+ 2

M3+ 3 An x/n 6 OH

[M2+
1 xM

3+
x(OH)2]

LDH

Mg 2 Fe 3

Table 4.1. The addition amounts of Fe, Fe contents of the tannin gel and the amounts of P

adsorbed onto tannin gel-Fe complex.

Sample
Addition

[mmol]

Addition

[mg/g-tannin]

Content

[mg/g-dry gel]

Adsorption of P

[mmol/g-dry gel]

1 0.639 3.57 3.81 No detected

2 0.463 2.68 2.94 No detected

3 0.309 1.78 2.03 No detected

4 0.157 0.890 1.04 No detected

5 m

(a)

5 m

(b)

5 m

(a)

5 m5 m

(a)

5 m

(b)

5 m5 m

(b)

Figure 4.1. SEM images of (a) the tannin gel and (b) the black precipitate.
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LDH

Table 4.2 Fe Mg [mmol] Fe Mg

[mmol/g-dry gel]

/ Fe Mg

Mg

Table 4.2. The addition amounts of metals, the metal (Fe, Mg) contents of the tannin gel and the

amounts of P adsorbed onto tannin gel-metal complex.

Addition [mmol]
Content

[mmol/g-dry gel]
Sample

Fe Mg Fe Mg

Adsorption of P

[mmol/g-dry gel]

5 0 0.636 0 0.113 No detected

6 0.212 0.424 0.0243 0.0822 No detected

7 0.312 0.312 0.0368 0.0619 No detected

8 0.479 0.160 0.0474 0.0517 No detected
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4.3.2.

Figure 4.2 Fe 50

36.9 mg-Fe/g-dry gel 4.3.1.

10 / Figure 4.3 298 K

/ 50

Figure 4.4 298 K

/ 1.7 mg-P / g-gel 4.1

Freundlich

1
F eq

nQ K C (4.1)

Q [mg/g] KF [L/g] Ceq [mg/L]

4.2

F eqlog log 1 logQ K n C (4.2)

logCeq logQ Figure 4.5

1/n y KF 1/n = 0.27 KF = 0.56

/ 4.3

0.27
eq0.56Q C (4.3)

1 mg-P/L Qeq1

Table 4.3 Qeq1 [Itasaka et al., 1999]

/
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Table 4.3.Typical adsorbents for the recovery of phosphorous.

Adsorbent Adsorption isotherm Qeq1 [mg-P/g]

Zirconium hydroxide
1 4
eq64Q C 64

BasicYttrium carbonate
eq

eq

67

1 0.51

C
Q

C
44

Alminum sulfate-impregnated

activated alumina
1 25
eq37Q C 37

Chelate resin 24

Pyroaurite-like compound
1 3.6
eq14Q C 14

Hydrotalcite-like compound
eq

eq

16

1 0.28

C
Q

C
12

Magnesia
1 4.5
eq8.8Q C 8.8

Tamarind nut shell activated carbon eq0.243
2.5

C
Q e 3.2

Zirconium-impregnated zeolite 2

Fe-loaded tannin gel
0.27
eq0.56Q C 0.56

Lanthanum-impregnated silica gel
eq

eq

0.63

1 0.19

C
Q

C
0.53

Montmorillonite
1 1.5
eq0.067Q C 0.067

Slag
1 1.1
eq0.002Q C 0.002
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Figure 4.2. Time history of the adsorption amount of Fe on tannin gel in 1 M

Fe(NO3)3 solution.
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Figure 4.3. Time history of adsorption amount of phosphorous on Fe-loaded tannin

gel at 298K.
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Figure 4.4. The adsorption isotherm of phosphorous using Fe-loaded tannin gel at

298K.
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Figure 4.5. Freundlich plot for the adsorption of phosphorous using Fe-loaded tannin

gel.
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4.3.3.

4.3.3.1.

Fe

Fe 1 2 5 M 10

20 30 60 120 240 Fe Figure 4.6

1 M

Fe 2 M 5 M

Fe

Fe 2 M 0.5 2

Figure 4.7 1 M 4 2 M 1

FT-IR 1 M 4

2 M 1

1720 1710 cm 1 C=O

4.3.3.2. /

Figure 4.8 2 M 1 Fe

50 85.1 mg-Fe/g-dry gel

Fe 2.3 /

Figure 4.9 298 K

Freundlich 4.1 logCeq logQ Figure 4.10

1/n = 0.31 KF = 2.82

/ 4.4

0.31
eq2.82Q C (4.4)

1 ppm

5
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Figure 4.6.Oxidation time dependency of adsorption amount of Fe at 293 K.
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Figure 4.7. FT-IR spectra of the tannin gel and the oxidized tannin gel.
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Figure 4.8. Time history of adsorption amount of Fe on the tannin gel and the

oxidized tannin gel at 298K.
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Figure 4.9. The adsorption isotherm of phosphorous using the Fe-loaded

oxidized tannin gel at 298K.
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Figure 4.10. Freundlich plot for the adsorption of phosphorous using Fe-loaded

oxidized tannin gel.
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4.3.4. /

4.3.4.1.

Figure 4.11 / XRD

XRD Fe

4.3.4.2. X

Fe-K XANES Figure 4.12 Sample 2 3 4 Fe

3 Sample 5 2 3 Fe

Fe / Sample

1 XANES Sample 2 3 4

Fe 3 EXAFS Fe

Figure 4.13 1.5 Fe

Fe O /

Sample 1 Fe Fe O Sample 2 3 Fe O Sample 4

Fe O Fe

Sample 4 -FeOOH

90



Figure 4.11.XRDpattern of the Fe-loaded oxidized tannin gel.
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Figure 4.12.Normalized Fe K-edge differential XANES spectra.
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Figure 4.13. Fourier-transform of the EXAFS spectra.
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4.4.

Fe Mg

Fe

Fe

Fe 5

Fe -FeOOH

Fe
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/

5.1.

-FeOOH

Table 5.1

[Cornell and Schwertmann, 1996]

[Chitrakar et al., 2006] pH

/ pH
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5.2.

5.2.1.

/

4.2.4.3

pH

5.2.2. /

5.2.2.1. /

28 g 24

37 wt% 1

50 mL 0.225 M

80°C 24 125 250

m 0.05M

5.2.2.2. BET

/

30°C 60°C 1000

1 g 20 mmHg

BET

5.2.3. /

/ pH

10 mL / 50 mg 298 K
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120 ICP

pH

5.3.

5.3.1.

2.2.2 WT 2 2WT 3

1 1/3WT 4.2.4.3 /

3 1

/ Fe Table 5.2 FeOxWT WT

2FeOxWT 2WT 1/3FeOxWT 1/3WT Fe

Fe

/ Figure 5.1

298 K Fe

Figure 5.1 (a) 40

mg/m2 Figure 5.2

[Borggaard, 1983]

0.086 mg/m2 /

500
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Table 5.2. Specific surface area and content of Fe.

Specific surface area [m2/g] Content of Fe [mg/g-dry gel]

WT 0.503

FeOxWT 0.346 78.45

2WT 0.435

2FeOxWT 0.302 74.98

1/3WT 0.534

1/3FeOxWT 0.442 88.67
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Figure 5.1. The adsorption isotherms of phosphorus at 298 K. (a) Based on the

amount of Fe in the gel. (b) Based on the specific surface area of gel.
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5.3.2. pH

pH
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pH 3 7
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Figure 5.3. pH dependency of adsorption amount of phosphorus: (a) initial pH; (b)

equilibrium pH.
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Figure 5.4. Molar fraction of phosphorus species calculated with equilibrium

constants ( : H3PO4, : H2PO4 , : HPO4
2 , : PO4

3 ).
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5.4.

/

pH

/ 40 mg/m2

0.086mg/m2

pH

/
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8000 mg/g-dry gel

pH

Au Pd Pt Rh
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/

0.74 V pH 1.0 pCl 1.0 Au Pd Pt Rh

AuCl4 PdCl4 PtCl6
2 RhCl5

2 AuCl4 /Au

Tannin gel PdCl4 /Pd PtCl6
2 /PtCl4

2 RhCl5
2 /Rh
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/ / Fe

Fe Fe

5 Fe

-FeOOH
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