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Figure 1-1   The irradiation effects on polymers. 
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Table 1-1   Characteristics of radiation graft polymerization. 

Radiation Plasma Ultraviolet rays Radical initiator

Trunk material type No restrictions No restrictions Restricted Restricted

Shape of trunk material No restrictions Restricted Only flat membrane Restricted

Surface modification Possible Possible Possible Impossible

Internal modification Possible Impossible Impossible Possible

Mass production Possible No data No data Possible

Equipment price High Middle Low Low

Generation methods of radicals
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Conversion reaction:
Immerse the obtained GMA-grafted nonwoven fabric in
sodium iminodiacetate solution.

Enclose the nonwoven fabric in a polyethylene zipper bag.

Replace the air inside the bag with nitrogen gas.

Electron beam

Polypropylene/polyethylene nonwoven fabric

Irradiate electron beam.

.

Graft Polymerization:
Immerse the non-woven fabric in the deoxygenated GMA solution.
Atmosphere in reaction vessel : Vacuum

Wash with MeOH

Convert remaining epoxy group to diol group with H2SO4.

 

 

Figure 1-2   Schematic diagram of a lab-scale operation for grafting of GMA 

onto a nonwoven fabric by radiation graft polymerization and subsequent 

introducing iminodiacetic acid groups. 
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Diameter: 0.3 1.2 mm
Resin-packed 

water treatment system

Metal ions

Pore diffusion:
Lower recovery in a high-
speed operation due to 
longer diffusion paths.

 
 

Figure 1-3   Illustration of metal ions adsorption by conventional granular type 

resin. 

 

 

 

Cross section 
of a fiber 

Graft chain

Metal ions;
transported by convection

Fibrous materials modified by 
radiation graft polymerization Diameter: 15 ～ 30 µm

 

 

Figure 1-4   Illustration of metal ions adsorption using fibrous type absorbent 

synthesized by radiation graft polymerization. 
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Figure 1-5   Changes in import prices [total import amount/total import 

quantity] of scandium and yttrium (regardless of whether they are mixed or 

alloyed with each other). 
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(a) Nonwoven fabric roll (b) Secondary electron image of the fabric

 

Figure 2-1   (a) Photograph of the nonwoven fabric roll and (b) SEM image of 

the fabric used in this study. 

 

 

(HMA)

Glycidyl Methacrylate

(GMA)

Phosphoric acid 2-hydroxyethyl 

methacrylate monoester

Phosphoric acid 2-hydroxyethyl 

methacrylate diester

Phosphoric acid

 

 

Figure 2-2   Chemical structure of monomers and reagents used in this study. 
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2-2  

1) FT-IR Spectrum One  

2) TG/DTA TG-DTA 6200  

3) ICP-OES Optima 4300DV

 

2-3  

2 GMA-gP HMA-g  
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2 MeV 3 mA 20 kGy

-79 

˚C

GMA Tween20

5 : 0.5 : 94.5

5 min 1 h

40 ˚C 1 h

40 ˚C

(2-1)  
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(%) = 100{(𝑊ଵ − 𝑊) 𝑊⁄ }   (2-1) 

 

W0 W1

 

GMA 98 % 80 ˚C

1 h GMA-gP

40 ˚C GMA-gP

(2-2)  

 

 (%) = 100 {142(𝑊ଶ − 𝑊) (𝑊ଵ − 𝑊) − 160⁄ } 80⁄                      (2-2) 

 

W0 W1

W2 142 160 80 GMA

GMA+H2O H2O  

(2-3)  

 

(mmol g⁄ ) = 100(𝑊ଵ − 𝑊) 142 𝑊ଶ⁄⁄ൗ                 (2-3) 

 

W0 W1

W2 142 GMA  

GMA-gP Scheme 2-1

Scheme 2-2  
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Nonwoven fabric vaccume

Put into polyethilene zipper bag and sealed. monomer solution

Replaced the internal air of the bag to nitrogen gas.

Irradiated electron beam (Dose: 20 kGy).

Put the irradiated fabric into the glass ampoule with cocks.

Vaccuumed inside of the ampoule.

Transferred the deoxygenated monomer solution (GMA : Tween20 : water = 5 : 0.5 : 94.5) into the ampoule.

Reacted at 40 ℃ for 1 hour.

Washed with methanol and dried.

Put the grafted fabric into 98 % phosphoric acid.

Reacted at 80 ℃ for 1 hour.

Washed with water.  

 

Scheme 2-1   Schematic diagram of a lab-scale operation for grafting of GMA 

onto a nonwoven fabric by radiation graft polymerization and subsequent 

introducing phosphoric acid groups. 

 

 

EB irradiation GMA Phosphoric acid

Radical formation  
 

Scheme 2-2   Scheme of chemical reaction of synthesis of GMA-gP. 
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30 min
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 (mmol g⁄ ) = {(𝑊ଵ − 𝑊) 𝑊⁄ } 266⁄                           (2-4) 
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266 HMA  
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Nonwoven fabric

Put the nonweven fabric into polyethilene zipper bag and sealed.

Replaced the internal air of the bag to nitrogen gas.

Irradiated electron beam to nonwoven fabric (Dose: 20 kGy).

Put the irradiated fabric into the glass ampoule with cocks.

Vaccuumed inside of the ampoule.

Transferred the deoxigenated monomer solution (HMA  : distilled water = 20 : 80) into the ampoule.

Reacted at 40 ℃ for 3 hours.

Washed with methanol and dried.  

 

Scheme 2-3   Schematic diagram of a lab-scale operation for grafting of HMA 

onto a nonwoven fabric by radiation graft polymerization. 

 

 

Radical formation

EB irradiation HMA

 

 

Scheme 2-4   Scheme of chemical reaction of synthesis of HMA-g. 
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2-4  

2-4-1  

FT-IR

ATR  

2-4-2  

TG/DTA 10 ˚C/min

 

2-4-3  

(2-5)  

 

 (%) = 100{(𝑊୵ − 𝑊ୢ) 𝑊ୢ⁄ }                                    (2-5) 

 

Ww Wd  

2-4-4  

pH 1 3 Sc(III)

Fe(III) 1 L 0.5 mg

0.5 mg/L Sc(III)/Fe(III)

pH 1 pH 2 pH 3 pH

Sc(III)/Fe(III) 50 mL 10 mg

2 h ICP-

OES  

pH Sc(III) Fe(III) (2-6)

(2-7)  

 

 (%) = 100{(𝐴ଵ − 𝐴) 𝐴⁄ }                                     (2-6) 
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ቄ  (mg/kg)ቅ ቄ  (mg L⁄ )ቅൗ     (2-7) 

 

A0  A1 Sc(III)/Fe(III)

1  

Figure 2-3  

 

Adsorbent

 

Figure 2-3   Batch mode adsorption test. 
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 7 mmφ 7 mm
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Figure 2-4
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Sc(III)/Fe(III) pH 2.9
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pH Sc(III)/Fe(III)

SV 250 h-1

Sc(III)/Fe(III)

ICP-OES  

SV

(2-8)  

Figure 2-5  

 

SV (hିଵ) = ቄ  (cmଷ h⁄ )ቅ ቄ  (cmଷ)ቅൗ           (2-8) 

 

 

Figure 2-4   Photograph of the column filled with an adsorbent. 

Fraction collector

Column
(inside diameter: 7 mm)

Adsorbent
Peristalic pumpMetal ion containing 

aqueous solution

 

Figure 2-5   Column mode adsorption test. 
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Figure 2-6

C0 C C/C0

BV

(2-9)   

 

(mmol kg⁄ ) = ∫ (𝐶 − 𝐶)𝑑𝑉 𝑊⁄
ଵ.


                           (2-9) 

 

Wg  

 

C/
C 0

Bed volume（BV）

Adsorption 
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Figure 2-6   Breakthrough curve. 
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Table 2-1 (2-1) GMA

1 h 267 % HMA 3 h 194 % GMA-gP
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27.7 % (2-3) 1.2 mmol/g

HMA-g (2-4)

2.1 mmol/g

MC970 IRC747UPS 1.3 mmol/g

2.3 mmol/g6)  

 

Table2-1   Result of chemical modification of GMA-gP and HMA-g. 

GMA-gP HMA-g

Monomer conc. 5 % GMA 20 % HMA

Solvent
0.5 % Tween 20

94.5 % distilled water
80 % distilled water

Reaction time 1 h 3 h

Reaction temp. 40 ℃ 60 ℃

Degree of grafting 267% 194%

Phosphate group density 1.2 mmol/g 2.1 mmol/g  

 

3-2  

3-2-1  

FT-IR

Figure 2-7 GMA-gP HMA-g 3000 

cm-1 C-H

GMA-gP HMA-g 1730 1250 1150 cm-1

C=O, P=O O-P-O
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Figure 2-7   Infrared adsorption spectrum of (A) PP/PE non-woven fabric, (B) 

GMA-gP and (C) HMA-g. 
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Figure 2-8   A cross-section image of the grafted fiber. 
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Figure 2-9   TG analysis for (a) trunk material, (b) GMA-gP and (c) HMA-g. 
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3-2-3  

HMA-g GMA-gP (2-5) 102 %

58 % HMA-g

 

3-2-4  

pH 1 pH 2 pH 3 0.5 mg/L 

Sc(III)/Fe(III) 2 h

(2-6)

Figure 2-10 GMA-gP pH 1 pH 2

pH 3  Sc(III) 35.1 % 23.8 % 29.8 % Fe(III)

27.2 % 25.3 % 39.5 % HMA-g 

pH 1 pH 2 pH 3 Sc(III) 91.2 % 98.7 % 99.8 %

Fe(III) 13.1 % 29.1 % 84.6 %  

(2-7) Figure 2-11 HMA-g

Sc(III) pH pH 3

1.9×106 pH 2 Sc(III) Fe(III)
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Figure 2-10   Effect of pH on recovery for GMA-gP adsorbent in 0.5 mg/L Sc(III) 

solution under coexistence with Fe(III) ( :Sc(III), :Fe(III)) and HMA-g 

adsorbent in 0.5 mg/L Sc(III) solution under coexistence with Fe(III) ( :Sc(III), ▲: 

Fe(III)) . 
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Figure 2-11   Effect of pH on distribution coefficient for GMA-gP adsorbent in 

0.5 mg/L Sc(III) solution under coexistence with Fe(III) ( :Sc(III), :Fe(III)) and 

HMA-g adsorbent in 0.5 mg/L Sc(III) solution under coexistence with Fe(III) 

( :Sc(III) , ▲: Fe(III)). 

 

3-2-5  

3-2-4 pH pH 

3

Sc(III) Fe(III)

0.5 mg/L pH 2.9

7 mmφ SV250 h-1 Figure 2-

12 Table 2-2 GMA-gP Sc(III)

Fe(III) 37.0 mmol/kg 59.5 mmol/kg
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HMA-g Sc(III) Fe(III) 90.0 mmol/kg

51.0 mmol/kg 1 mol

GMA-gP Sc(III) Fe(III)

31 mmol-Sc/mol-P 50 mmol-Fe/mol-P HMA-g Sc(III)

Fe(III) 43 mol-Sc/mol-P 24 mmol-Fe/mol-P

Sc/Fe GMA-gP 31/50=0.6 HMA-g 43/24=1.8

HMA-g GMA-gP 3  

3 M3+ Figure 2-13

GMA-gP 3 mol 2 mol M3+

HMA-g 1 mol 1 mol M3+

Sc(III) Fe(III)

GMA-gP 12 % HMA-g 6.7 %  
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Hoshina 7) (2- ) 2- PC-88A

HMA Figure 2-14
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Figure 2-12   The adsorptive behavior of GMA-gP ( : Sc(III), : Fe(III)) and 

HMA-g ( : Sc(III) , : Fe(III)). 

 

 

 

Table 2-2   Results of column adsorption test. 

Sc(III) Fe(III) Sc(III) Fe(III)

BV at breakthrough point 422 524 655 547

Adsorption saturated capacity
(mmol-M/kg-ad)

37.0 59.5 90.0 51.0

Adsorption saturated capacity
(mmol-M/mol-P)

31 50 43 24

GMA-gP HMA-g
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(a) (b)
 

Figure 2-13   Adsorption structures of phosphate groups and trivalent metal 

cations on (a) GMA-gP and (b) HMA-g. 

 

Closslinked
structure

(a) GMA-gP (b) HMA-g

Mold 
structure  

Figure 1-14   The structures of grafted chains optimized by Avogadro software 

of (a) GMA-gP and (b) HMA-g. 



 

40 

3-2-6  

HMA-g 3-2-5

1 h 250 C/C0=0.05 

1 2 h BV=500 10 L

1 5,000 L

1 M 8) 1 h

1 40,000 L 90 %

Sc(III) 17 µg/L3) 1 0.6 g

200 g 2021 1 

g 15,000 9) 300

 

Hoshina 8) 20

1 10)

1 kg 69 %

29 % 2 %

1

 

 

 

 

 

 

 

 



 

41 

4  

 

1) 

Sc(III)

 

2) TG/DTA HMA-g GMA-gP

HMA

HMA-g GMA-gP

 

3) HMA-g Sc(III) GMP-gP Fe(III)

HMA

Sc III

 

  



 

42 

5  

1) 2021 , JOGMEC, (2022). 

2)  2020 6.  (REE), JOGMEC, (2021). 

3) N. Kasai, N. Seko, M. Tamada and E. Ichikawa, JAEA-Review 2006, (42), 46, 

(2007). 

4)  ,  ,  , , 62 (1), 17-26, (2012). 

5) N. Seko, H. Hoshina, N. Kasai, Y. Ueki and M. Tamada, J. Ion Exchange, 21 (3), 

117-122 (2010). 

6) , https://www.chemtex.co.jp/seihin/ion/usage/usage03/

2023 1 10 . 

7) H. Hoshina, Y. Ueki, S. Saiki and N. Seko, Int. J. Org. Chem. , 4 , 195-200 (2014). 

8) H. Hoshina, N. Kasai, H. Amada, M. Takahashi, K. Tanaka and N. Seko, J. Ion 

Exchange , 25, 4 (2014). 

9) Mineral Commodity Summaries 2022, U.S. Geological Survey, pp. 146 (2022). 

10)  

, 5, (4), 358-363 (2006). 



 

43 

3 3 6

 

 

1  

6 Cr(VI)

3 6 3 Cr(III)

Cr(VI) 1)

2) Cr VI  

0.5 mg/L 2 mg/L 

 

Cr(VI) 3) 4) 5)

6,7) 8 ,9)

10–14)

15–18) 2

 

Cr(VI)

Cr(VI) pH 5

Cr(VI) Cr(III) Cr(VI) Cr(III)

3

 

pH 5



 

44 

2

19–23)

 

 

2  

2-1  

2-1-1  

13 µm

0.1 mm EX02  

2-1-2  

AN MAA

GMA

CMS AGC CMS

24) Tween20 AN

MAA DMSO

IDA-2Na TMA

 N,N- DMF

Cr(III)

1000 mg/L Cr(NO3)3 HNO3 0.1 mol/L Cr(VI)

1000 mg/L K2Cr2O7 HNO3 0.01 mol/L

pH Ultrapur-100

1M  

Figure 3-1  



 

45 

 

Acrylonitrile
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(CMS)(GMA)

Methacrylic Acid

(MAA)

TrimethylamineHydroxylammonium
Chloride

Disodium Iminodiacetate Hydrate

(TMA)(IDA-2Na)  
 

Figure 3-1   Chemical structure of monomers and chemical reagents used in 

this study. 
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2 MeV 3 mA 100 kGy

-79 ˚C

AN : MAA : DMSO = 35 : 15 : 5025,26)

40 ˚C 1 5 h Seko

26) AN MAA 7 : 3

DMF DFM

60 ˚C

(2-1)  

3 %

 :  = 50 : 50 25,27)

pH 7 3 %

AN MAA 80 ˚C
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 (mmol g⁄ ) = 1000(𝑊 − 𝑊ଵ) (33𝑊)⁄                  (3-1) 

 

WAO W1

33  

AO 2.5 %

80 ˚C 30 min
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AO Scheme 3-1 Scheme 3-

2  

 

Nonwoven fabric

Put the nonweven fabric into polyethilene zipper bag and sealed.

Replaced the internal air of the bag to nitrogen gas.

Irradiated electron beam to nonwoven fabric (Dose: 100 kGy).

Put the irradiated fabric into the glass ampoule with cocks.

Vaccuumed inside of the ampoule.

Transferred the monomer solution (AN : MAA : DMSO = 35 : 15 : 50) into the ampoule.

Reacted at 40 ℃ for 1-5 h.

Washed with DMF and dried.

Put the grafted fabric into 3 %Hydroxylammonium chloride (methanol : water = 50 : 50) solution
adjusted to pH 7 with potassium hydroxide.

Reacted at 80 ℃ for 45 min.

Washed with water.  

Scheme 3-1   Schematic diagram of a lab-scale operation for grafting of 

AN/MAA onto a nonwoven fabric by radiation graft polymerization and 

subsequent introducing amidoxime groups. 
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Scheme 3-2   Scheme of chemical reaction of synthesis of AO. 
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7 h GMA

0.5 M 2 h

IDA

(3-2) (3-3)

 

 

 𝑋 [%] = 100[142(𝑊ଶ − 𝑊) (𝑊ଵ − 𝑊) − 160 115⁄⁄ ]     (3-2) 

 

 [mmol g⁄ ] = 𝑋(𝑊ଵ − 𝑊) 142 𝑊ଶ⁄⁄                       (3-3) 

 

W2 GMA

GMA 142

133 H2O 18  

IDA 0.5 M 80 ˚C

1 h 0.1 M 80 ˚C 1 h

IDA

Scheme 3-3 Scheme 3-4  
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Non woven fabric

Put the non weven fabric into polyethilene zipper bag and sealed.

Replaced the internal air of the bag to nitrogen gas.

Irradiated electron beam to non woven fabric (Dose: 20 kGy).

Put the irradiated fabric into the glass ampoule with cocks.

Vaccuumed inside of the ampoule.

Transferred the monomer solution (GMA : Tween20 : water = 5 : 0.5 : 94.5) into the ampoule.

Reacted at 40 ℃ for 10~60 min.

Washed with methanol and dried.

Put the grafted fabric into 0.5 M IDA (ethanol : water = 50 : 50) solution, 
and reacted at 80 ℃ for 7 hours.

Washed with water.

Put the fabric into 0.5 M sulfuric acid, and reacted at 80 ℃ for 2 hours.

Put into 0.5 M sodium hydroxide at 80 ℃ for 1 hour, and washed with water.

Put into 0.1 M hydrochloric acid at 80 ℃ for 1 hour, and washed with water.  

 

Scheme 3-3   Schematic diagram of a lab-scale operation for grafting of GMA 

onto a nonwoven fabric by radiation graft polymerization and subsequent 

introducing iminodiacetic acid groups. 
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Scheme 3-4   Scheme of chemical reaction of synthesis of IDA. 
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5 min
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2-1 CMS
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(mmol g⁄ ) = 1000 (𝑊େ − 𝑊ଵ) (59𝑊େ)⁄         (3-4) 
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TMBAC 1 M TMBAC 80 

˚C 1 h

 

TMBAC Scheme 3-5 Scheme 

3-6  

 

Nonwoven fabric

Put the nonweven fabric into polyethilene zipper bag and sealed.

Replaced the internal air of the bag to nitrogen gas.

Irradiated electron beam to nonwoven fabric (Dose: 50 kGy).

Put the irradiated fabric into the glass ampoule with cocks.

Vaccuumed inside of the ampoule.

Transferred the monomer solution (CMS : Tween20 : water = 3 : 0.3 : 96.7) into the ampoule.

Reacted at 40 ℃ for 1-5 h.

Washed with methanol and dried.

Put the grafted fabric into 0.25 M TMA (methanol : water = 50 : 50) solution, 

and reacted at 80 ℃ for 1 hour.

Washed with water.

Put the fabric into 1 M sodium hydroxide, and reacted at 80 ℃ for 1 hour.

Washed with water.  
 

Scheme 3-5   Schematic diagram of a lab-scale operation for grafting of CMS 

onto a nonwoven fabric by radiation graft polymerization and subsequent 

introducing quaternary ammonium groups. 

 



 

52 

CH2Cl

C )n( C
H H

HH

EB Irradiation

Radical
Formation

CMS

C )n( C
H

HH

C )n( C
H

HH

C )n( C
H

HH

TMA
N+ CH3

CH3

CH3 Cl-

 

Scheme 3-6   Scheme of chemical reaction of synthesis of TMBAC. 
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Figure 3-2   Radiation grafting of AN/MAA, GMA and CMS onto the PE/PP 

nonwoven fabrics. Preirradiation dose, 100 kGy for AN/MAA grafting, 20 kGy for 

GMA and 50 kGy for CMS grafting; grafting temperature, 40 °C. * Mean (n = 3). 

 

 

 

Table 3-1   Result of chemical modification of AO, IDA and TMBAC. 

Degree of grafting
(%)

Conversion
(%)

Functional groups
(mmol/g)

AO 110~119 ― 4.2~4.5
IDA 125~200 60 1.8~2.1

TMBAC 170~222 ― 3.5~3.6  
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Figure 3-3   FTIR/ATR spectra for (a) PE/PP nonwoven fabric, (b) AN/MAA-

grafted fabric, (c) AO adsorbent, (d) GMA-grafted fabric, (e) IDA adsorbent, (f) 

CMS-grafted fabric and (g) TMBAC adsorbent. 
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Figure 3-4 AO Cr(III)
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Figure 3-4   Chromium removing by AO in the batch mode adsorption. Initial 

chromium solution 0.1 mg/L, volume, 45 mL, density of functional groups, 4.2 

mmol/g for AO; adsorption time, 24 h, room temperature. 
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Figure 3-5   Chromium removing by IDA in the batch mode adsorption. Initial 

chromium solution 0.1 mg/L, volume, 45 mL, density of functional groups, 2.1 

mmol/g for IDA; adsorption time, 24 h, room temperature. 
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Figure 3-6   Chromium removing by TMBAC in the batch mode adsorption. 

Initial chromium solution 0.1 mg/L, volume, 45 mL, density of functional groups, 

3.6 mmol/g for IDA; adsorption time, 1.5 h, room temperature. 



 

60 

-0.8

-0.6

-0.4

-0.2

0

0.2

0.4

0.6

0.8

1

1.2

0 2 4 6 8 10 12 14

Eh
 (V

)

pH

Cr3+

CrOH2+
Cr(OH)2

+

Cr(OH)30

Cr(OH)4
-

HCrO4
-

CrO4
2-

 

Figure 3-7 Eh-pH diagram of chromium.29) 
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Figure 3-8   Adsorption structures of (a) amidoxime group and Cr(III) , (b) 

iminodiacetic acid group and Cr(III) and (c) quaternary ammonium group and 

Cr(VI) in weak acidity pH range. 
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Figure 3-9   Effective pH range for chromium adsorption on AO, IDA and TMBAC. 
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Figure 3-10   The adsorption behavior of AO ( : Cr(III), :Cr(VI)); inflow 

concentration, 10 mg/L for Cr(III) and 0.1 mg/L for Cr(VI); flow rate, SV 600 h-1 ; 

room temperature. 
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Figure 3-11   The adsorption behavior of IDA; inflow concentration, 10 mg/L for 

Cr(III) ; flow rate, SV 600 h-1 ; room temperature. 
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Figure 3-12   The adsorption behavior of TMBAC ( : Cr(III), :Cr(VI)); inflow 

concentration, 0.1 mg/L for Cr(III) and 10 mg/L for Cr(VI); flow rate, SV 600 h-1 ; 

room temperature. 
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Figure 3-13 Cr(VI) elution from TMBAC by 1 M HNO3 . Flow rate, SV600 h-1 ; at 

room temperature. 
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Figure 3-14 The adsorption behavior of TMBAC to actual plating waste 

liquid; inflow concentration, 3.8 mg/L of total chromium; pH 5.5, flow rate, SV 

200 h-1 ; room temperature. 
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Figure 3-15 The adsorption behavior of TMBAC and IDA to actual plating 

waste liquid; inflow concentration, 4.2 mg/L of total chromium; pH 5.5, flow rate, 

SV 200 h-1 ; room temperature. 
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AN

 

 

(a) AO-Cr(VI) at pH 2 (b) IDA-Cr(VI) at pH 2 (c) TMBAC-Cr(VI) at pH 2  

Figure 4-1   Photograph of the adsorbents (a) AO after adsorption of Cr(VI) at 

pH 2, (b) IDA after adsorption of Cr(VI) at pH 2 and (c) TMBAC after adsorption 

of Cr(VI) at pH 2. 
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(3-1)  

2.5 %

80 ˚C 30 min

 

AO-ad Scheme 4-1 Scheme 

4-2  

 

Nonwoven fabric

Put the nonweven fabric into polyethilene zipper bag and sealed.

Replaced the internal air of the bag to nitrogen gas.

Irradiated electron beam to nonwoven fabric (Dose: 50-200 kGy).

Put the irradiated fabric into the glass ampoule with cocks.

Vaccuumed inside of the ampoule.

Transferred the monomer solution (AN : Tween80 : water = 30 : 5 : 65) into the ampoule.

Reacted at 60 ℃ for 3 h.

Washed with DMF and dried.

Put the grafted fabric into 3 %Hydroxylammonium chloride (methanol : water = 50 : 50) solution
adjusted to pH 7 with potassium hydroxide.

Reacted at 80 ℃ for 2 h.

Washed with water.  

 

Scheme 4-1   Schematic diagram of a lab-scale operation for grafting of AN 

onto a nonwoven fabric by radiation graft polymerization and subsequent 

introducing amidoxime groups. 
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Scheme 4-2   Scheme of chemical reaction of synthesis of AO-ad. 
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Figure 4-2   Schematic diagram of the in-situ XAFS adsorption system for 

studying the chromium reduction behavior in the AO-ad. 
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Figure 4-3   Dose dependence of degree of grafting (Dg) during radiation-

induced graft polymerization of AN (monomer solution composition: 30 % AN, 

5 % Tween 80, and 65 % water; grafting time: 3 h; grafting temperature: 60 ˚C). 
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SEM Figure 4-4 (b)-4 200 kGy

(Figure 4-4 (a)-2)

PP PE

PE  

226 % AN-g AO AO

1 g 5.9 mmol AO

80 ˚C

AO

14)  

 

 
Figure 4-4   Appearance of fibrous PE/PP trunk nonwoven fabric and AN-

grafted fabrics (AN-g) with various Dg. Photographs of (a)-1 trunk fabric and (b)-

1 AN-g. SEM images of (a)-2 trunk fabric before irradiation, (a)-3 trunk fabric 

after irradiation at 200 kGy, (b)-2 AN-g after irradiation at 50 kGy (Dg 105%), (b)-

3 AN-g after irradiation at 100 kGy (Dg 226%), and (b)-4 AN-g after irradiation 

at 200 kGy (Dg 301%). 
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Table 4-1   AN grafting conditions and Dg. 

Dose (kGy) Dg (%)

a-1 Trunk fabric 0 －

a-2 Trunk fubric 200 －

b-1 AN-grafted fabric － －

b-2 AN-grafted fabric 50 105

b-3 AN-grafted fabric 100 226

b-4 AN-grafted fabric 200 301

Sample
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Figure 4-5   Effect of pH on the adsorption capacity of the AO-ads for 

chromium(III) and chromium(VI) during batch adsorption. Initial chromium 

solution 10 mg/L, volume, 50 mL, density of functional groups, 5.9 mmol/g for 

AO-ad; room temperature. 

 

 
Figure 4-6   Color change of AO-ad before and after adsorption test. 

(a) The initial solution color of Cr(VI). 

(b) The AO-ad color before adsorption test. 

(c) The AO ad color after Cr(VI) adsorption test. 

(d) The initial solution color of Cr(III). 

(c) (a) (b) (d) 
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Figure 4-7   Breakthrough curve for the adsorption of chromium(VI) on AO-ad 

at pH 2. 
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Figure 4-8   FTIR spectra of the AO-ad (a) after adsorption of chromium(VI) at 

pH 2, (b) after adsorption of chromium(III) at pH 5, and (c) before adsorption 

(AO-ad). 
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(b) 

Figure 4-9   (a) Normalized XANES spectra of chromium standards and 

chromium(VI) adsorbed on the AO-ads as a function of adsorption time. (b) 

Energy shift of chromium K-edge at 0.5 in the normalized absorption. 
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(b) 

Figure 4-10   (a) Fourier-transformed chromium K-edge EXAFS spectra of 

chromium standards and chromium(VI) adsorbed on the AO-ad as a function of 

adsorption time. (b) Enlarged view of the energy shift in the area enclosed by the 

rectangle. 
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