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2.2.1 E.coli (Escherichia. coli  

E.coli LB Table 2-1

250 mL TSB

1 mol/l pH 7.0

121 C 15 min 0.2MPa

E.coli 14 h

 

Table 2-1 LB  

  / [g] 

TSB 1.25 

 2.5 

 2.5 

 

2.2.2. E.coli  

2.2.1 E.coli

E.coli 12000 rpm, 10 min, 25 C

E.coli 12000 rpm, 

10 min, 25 C

Na2WO4 pH

1 mol/l HCl

ICP

25 C  

 

2.2.3  

(VI) Na2WO4

2H2O (VI) Na2MoO4 2H2O

(V) V2O5 30 mM

 

 

2.2.4  

Table 2-2 ICP
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800

(NaOH) 7

80 -12h  

Table 2-2 ICP  

  / [wt%] 

 (W) 39 

 (Mo) 0.3 

 (V) 0.1 

 (Co) 0.1 

 (Na) 26 

(K) 0.1 

 

2.2.5  

pH 1 mol/l

HCl Na2WO4

Na2MoO4 V2O5

30 ml

20~53 C pH1.0 ~ 8.0 0.1 ~ 

340mM 0.64×108 ~ 2.1 1011cells/ml  

 

2.2.6  

pH 1 mol/l

HCl Na2WO4 Na2MoO4 V2O5

3 30 ml

25 C pH1.0 ~ 8.0 0.8 mM 0.64 ~ 82.7 108 cells/ml
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pH

1 mol/l HCl 2.2.4

30 ml
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25 C pH1.0 ~ 8.0

2.0 108 ~ 2.1 1010cells/ml

 

 

2.3  

2.3.1 E.coli SEM  

E.coli SEM Fig. 2-1

SEM SEM E.coli

2.78 μm 0.89 μm  

 

 

Fig. 2-1 E.coli SEM  
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2.3.1

E.coli Fig. 2-2 E.coli

(2.78μm) 0.89 μm E.coli

E.coli Fig. 2-3 16.7 μm2  

 
Fig. 2-2 E.coli  

2μm
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pH

Fig. 2-4 pH1.90

pH1.9  

 
Fig.. .2-5 pH   

)pH 6.62, )pH 4.63, )pH 1.93, )pH 1.37, )pH 1.08, )  

 

5 t 106 m3 (cf. :1.2 106 m3)

: 20 ~ 26 C , 

pH: 1.8 ~ 2.6, : 7.5 ~ 340 mM Fig. 2-6
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197 m3( 5.8m )  

 

Fig. 2-6  

 

Table 2-3  

 

 

10 1000ppm

6.0×109 cells/ml pH 1.81 ~ 1.93

0.1, 0.5, 1.0 , 1.5 mM

 

Fig. 2-7

0.1, 0.5, 1.0 mM 120 98%

0.1 mM 3 100 % E.coli

 

E.coli

 

108 109 1010 1011 101210-16

10-15

10-14
 

A
m

ou
nt

 o
f a

ds
or

pt
io

n 
[m

ol
/c

el
l]

Cell conc. [cells/ml]

Biosorbent WC
[t]

Cell conc.
[cells/ml]

Adsorbed amount
[mol/cell]

Volume of apparatus
[m3]

5.0 124 Target
E.coli 5.0 3.5 108 5.7 10-16 1.3 105

E.coli 5.0 1.6 1011 8.1 10-16 197



 

- 24 - 
 

 

Fig. 2-7  
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Fig. 2-8 E.coli TEM  
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2.3.6  
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1000 C, 2 h 77%

837 97.1%

 3 % Fig. 2-

11 SEM Fig. 2-11

SEM 0.2 ~ 10 μm Fig. 2-12

XRD XRD

Fig. 1-4

 

  

Fig. 2-11 SEM  
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2.3.8  

( ) 

23, 32, 40, 53 C 4

7 h 7 h Table 2-4

23 C, 0.8 mmol/l 0.859 mmol/g  53 C, 4.0 

mmol/l 1.496 mmol/g 1.7  

 

Table 2-4  

 
Fig.2-13 23 ~ 53 C

Langmuir Fig.. .2-14 Freundlich Table  2-5

Langmuir

r2 1.0 E.coli

( )

Langmuir

Q = 0.7 ~ 

1.9 mmol/g Qmax=1.278 ~ 1.650mmol/g

E.coli  

Table 2-6 E.coli

E.coli

 

Initial W(VI) ion concentration [mmol/L] W(VI) ion uptake capacity [mmol/g]
23 °C 32 °C 40 °C 53 °C

0.80 0.86 0.99 1.12 1.36 
1.00 0.86 1.00 1.17 1.47 
2.00 1.04 1.21 1.29 1.69 
3.00 1.18 1.22 1.35 1.63 
4.00 1.28 1.27 1.27 1.50 
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Fig. 2-13 Langmuir  

 

 
Fig. 2-14 Freundlich  
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Table 2-5 Langmuir, Freundlich  

 
 

Table 2-6 E.coli 6, 7 

 

 

E.coli Fig. 2-15

2 Table 2-7

r2 1.0

 r2 1.0

E.coli

 

 

Fig. 2-15  

 

Table 2-7  

 

 

Temperature Langmuir constants Freundlich constants
T [ C] Qmax [mmol/g] b [l/mg] r2 K [(mmol/g)(mmol/l)n] n r2

23 1.278 13.2 0.997 187.1 3.94 0.580 
32 1.286 21.2 0.997 973.3 31.4 0.815 
40 1.302 55.7 0.998 601.5 9.49 0.771
53 1.650 111 0.999 1067 15.3 0.983 

[mmol/g]

Escherichia coli

W(VI) 1.69 
Zn(II) 0.65 Morsy et al., (2011)
Cd(II) 0.49 Morsy et al., (2011)
As(III) 0.01 Wu et al., (2010)

( )te1
t qqk=dt

dq
qe [mmol/g] : 

k1 [min-1] : 

qt [mmol/g] : t=t

k2 [g mmol-1min-1] : 

( )2te2
t qqk=dt

dq

e
2
e2

t

q
t+qk

1
t

=q( ) t303.2
k

qlog=qqlog 1
ete

T [°C] qe,exp [mmol/g]
Pseudo-first order kinetic model Pseudo-second order kinetic model

qe,cal [mmol/g] k1 × 102 [min-1] r2 qe,cal [mmol/g] k2 [g/mmol/min] h [mmol/g/min] r2

23 0.859 0.630 0.806 0.937 0.883 0.042 0.032 0.992 
32 0.986 0.482 1.745 0.753 0.999 0.158 0.158 1.000 
40 1.123 0.211 0.788 0.448 1.117 0.287 0.359 0.999 
53 1.359 0.202 1.227 0.631 1.360 0.441 0.816 1.000 
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E.coli Table 2-8

60.2kJ/mol

8.4~83.7 kJ/mol

 

 

Table 2-8  

 

 

2.3.9 W, Mo, V  

pH  

3

Fig. 2-15 pH Fig. 2-16

pH Fig. 2-15 pH 1 ~ 3

pH 3

Fig. 2-16 pH

pH

(WO42-, MnO4-)

pH 1 ~ 3

pH 3

 

pH 2 ~ 3 pH 0.8 ~ 2

pH 2 ~ 3

pH 0.8 ~ 2

Fig. 2-17 pH 7.00

1.79 Fig. 2-17 pH 1.79

 

T K0
c ΔG0 ΔH0 ΔS0

[ C] [l/mmol] [kJ/mol] [kJ/mol] [J/(mol K)]
22.6 13.2 -6.34 58.4 218.3 
32.2 21.2 -7.75 
39.7 55.7 -10.5 
53.0 111.3 -12.8 
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Fig. 2-15  
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Fig. 2-17 E.coli  (a) pH7.00, (b) pH1.79 
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Fig. 2-18  (pH:1.03) 

 

pH
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Fig. 2-19  
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Fig. 2-20 pH   
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Fig. 2-21 ( ●)W, ▲)Mo, ■)V ) 

 

2.3.12 E.coli FT-IR TEM  

E.coli

E.coli FT-IR Fig. 2-22 Fig. 2-22

E.coli -NH2 , =NH , -NH3+ -NH2

, =NH , -NH3+  
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Fig. 2-23

E.coli

 

 

Fig. 2-23 E.coli TEM  

 

2.3.13 E.coli WO3  
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WO3
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12,000 rpm 10 min 2 80 C, 12 h

800 C, 4 h, 10 /min

Fig. 2-24 Fig. 2-25 XRD

XRD

2.3.7  

TEM

Mapping-W Mapping-V
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Fig. 2-24  

 

 

Fig. 2-25 XRD  
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drycell 1.60 mmol/g-drycell

 

 
Fig. 2-25  

 

Fig. 2-26

Table 2-9 XRF
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Table 2-9 XRF wt%  

 

 

2.4  

E.coli

pH

Langmuir  
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14441–14448 

(2) T. Ogi, T. Makino, K. Okuyama, W.J.Stark, and F. Iskandar: Selective Biosorption and Recovery of 

Tungsten from an Urban Mine and Feasibility Evaluation, Industrial and Engineering Chemistry Research, 

2016, 55, 2903–2910 

(3) 

SEI TECHNICAL REVIEW, 2012, 181, 33-39 

(4) 

SEI TECHNICAL REVIEW, 2016, 189, 8-14 

(5) Malekzadeh, F.; Mashkani, S. G.; Ghafourian, H.; Soudi, M. R.: Biosorption of tungstate by a Bacillus 

sp. isolated from Anzali lagoon. World J. Microbiol. Biotechnol. 2007, 23 (7), 905−910. 

(6) Wu, Y. H.; Feng, S. X.; Li, B.; Mi, X. M., The characteristics of Escherichia coli adsorption of 

arsenic(III) from aqueous solution. World Journal of Microbiology & Biotechnology 2010, 26 (2), 249-256. 

(7) Morsy, F. M. Hydrogen production from acid hydrolyzed molasses by the hydrogen overproducing 

Escherichia coli strain HD701 and subsequent use of the waste bacterial biomass for biosorption of Cd(II) 

and Zn(II). Int. J. Hydrogen Energy 2011, 36 (22), 14381−14390. 

W Co C Al Si Ti Fe Ni
Using biosorption 69.7 18.9 11.1 - - 0.1 <0.1 0.1

Commercial 68.0 21.0 11.0 0.1 0.1 0.1 0.1 0.1
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(8) Luo, L.; Miyazaki, T; Shibayama, A.; Yen, W.; Fujita, T., A novel process for recovery of tungsten and 

vanadium from a leach solution of tungsten ally scrap. Menerals Engineering, 2003, 16, (7), 665-670 
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3.1  
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3.2  

3.2.1  

(VI)

30 mM  

 

3.2.2 E.coli  

E.coli 120 C, 10 min

E.coli E.coli

E.coli 60, 70, 80, 90, 100 C, 60 min  

E.coli Fig. 3-1 E.coli

E.coli 5, 10, 30, 

60 min E.coli

E.coli E.coli
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Fig. 3-1 E.coli  

 

3.2.3 E.coli  

E.coli pH 1 mol/l

HCl Na2WO4

30 ml

25 C pH1.0 ~ 8.0

 

E.coli

 

 

3.3  

3.3.1 E.coli  

Fig. 3-2 E.coli E.coli

E.coli 36%

E.col 98%

SEM

E.coli
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Fig. 3-2 E.coli  

E.Coli SEM  
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2

81m3( 4.3m )

 

 

 

Fig. 3-4  

E.coli, E.coli 

 

Table 3-1  

 
 

3.3.4 E.coli  

3.3.1 E.coli

E.coli

Fig. 3-5 E.coli

E.coli

60 C 70 C 1.4 ~ 1.5 80 C 2.0 90 C 100 C 2.6

3.3.1

 

108 109 1010 1011 101210-16
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10-14
 

A
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nt
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n 
[m
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/c

el
l]

Cell conc. [cells/ml]

Biosorbent WC
[t]

Cell conc.
[cells/ml]

Adsorbed amount
[mol/cell]

Volume of apparatus
[m3]

5.0 124 Target
E.coli 5.0 1.6 1011 8.1 10-16 197

Heated E.coli 5.0 1.5 1011 2.1 10-15 81
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Fig. 3-5  

)100 C, ) 90 C, )80 C, )70 C, ) 60 C, ) , )  

 

3.3.5 E.coli  

Fig. 3-6 (a) ~ (e) E.coli SEM E.coli

( ) E.coli

 

 
Fig. 3-6 E,coli SEM  

(a) , (b) 60 C, (c) 70 C,(d) 80 C, (e) 90 C, (f) 100 C 
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Fig. 3-7 E.coli E.coli

5 mV 60 70 80 C E.coli 10 ~ 15 mV

90 100 C E.coli 19 ~ 24 mV
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Fig. 3-8  

E.coli, 90 C  

90 C , 90 C ,  
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Fig. 3-10  

 

3.3.9 E.coli  

Fig. 3-11 E.coli

E.coli 1.28 mmol/g

2.32 mmol/g

 

 
Fig. 3-11 E.coli  

,  

0 10 20 30 40 50 60
0.0

0.2

0.4

0.6

0.8

C
o

n
c

. 
o

f 
d

is
s

o
lv

e
d

 W
 [

m
M

]

time [min]

2μm

E.coli

Homogenizer 

2μm

0 60 120 180 240
0

1

2

3

4

5

C
on

c.
 o

f d
is

so
lv

ed
 m

et
al

 io
n 

[m
M

]

Time [min]



 

- 51 - 
 

 

3.3.10 E.coli  

E.coli

E.coli LC-MS Fig. 3-12

Fig. 3-12 E.coli

Fig. 3-13

E.coli

Fig. 3-12 L-

4 Fig. 3-14

Fig. 3-14 pH 3 pH 3
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Fig. 3-12 E.coli LC-MS  
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Fig. 3-14  

 

3.4  

E.coli E.coli

LC-MS

E.coli

E.coli  

 

3.5  

1) Ogi, T.; Makino, T.; Iskandar, F.; Tanabe, E.; Okuyama, K., Heat-treated Escherichia coli as a high-capacity 

biosorbent for tungsten anions. Bioresource Technology 2016, 218, 140-145. 

2) T. Ogi, Y. Sakamoto, A.B.D. Nandiyanto, K. Okuyama: Biosorption of tungsten by Escherichia coli for 

environmentally friendly recycling system, Industrial and Engineering Chemistry Research, 2013, 52 (40), 

14441–14448 

3) T. Ogi, T. Makino, K. Okuyama, W.J.Stark, and F. Iskandar: Selective Biosorption and Recovery of 

Tungsten from an Urban Mine and Feasibility Evaluation, Industrial and Engineering Chemistry Research, 

2016, 55, 2903–2910  
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4  

 

1 

 

4.1  

2-18 2 E.Coli

100% 19 E.Coli
20 E.Coli

21 pKa COOH 2.18 pH

 

Fig. 4-1

pH

-

/ / 2,22-26
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Fig. 4-1  

 

4.2  

4.2.1  

Ajinomoto Healthy Supply Co., Inc., Tokyo, Japan  pH 1 

mol L-1 Kanto Chemical Co., Inc., Tokyo, Japan 1 mol L-1 Na2WO4 2H2O Kanto Chemical Co., 

Inc. 48 mL

Whatman filter, pore size: 0.2 μm; GE Healthcare Life Sciences

10 -40 pH 1.36-8.03 1.8-239 mmol L-1

2.7-383 mmol L-1

7840 g, 10 min 80 12

600 4  

 

4.2.2  

ICP-AES; ICPE-9820, Shimadzu Corporation, Kyoto, Japan RW
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1.0%

- ESI-MS; LTQ 

Orbitrap XL, Thermo Fisher Scientific 100 ppm

pH X XRD; 

Bruker, D2 Phaser, Billerica, MA, USA, Cu Kα radiation

ICP-AES  

 

4.3  

4.3.1 pH  

Fig. 4-2(a) (b) pH 1.37-8.03

177 mmolL-1 92 mmolL-1 Fig. 4-2 a pH 2.15 1

pH 1.37

96% pH 3.61 Fig. 

4-2 b 5 pH 2.15

 

 

4.3.2 /  

Fig. 4-2 c 230 17 1.8 mmolL-1

pH 1.8 25

/

230 

mmolL-1 100%

-

 

 

4.3.3  

Fig. 4-2 d 10-40 pH

150 mmol L-1 1.8

15.5 96% -
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Fig. 4-2 a pH  

W 177 mmol/L-1 92 mmol L-1  

(b) 5  

(c) W /W 60 pH 1.8 25  

(d) 30 W 150 mmol/L pH 1.8  

 

4.3.4 ESI-MS  

ESI-MS pH 8.0 pH 3.0

Na2WO4 pH Fig. 4-3 a

pH 8.0 Na2WO4 HWO4-

pH 3.0 W6O192− W7O222− W3O102− HWO4− HWO4-

Fig. 4-3 b HWO4-

27 6HWO4-+4H+→W6O192-+5H2O pKa COOH

2.2 pH 1.8 Fig. 4-3 c

pH 1.8 -

HWO4-

Fig. 4-3 d e 100 ppm
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ESI-MS -

Table 4-1

C6H13N2O5W HWO4- C6H14N2O2  

 

Table 4-1. ESI-MS -  

Structural formula W : Lysine 

C
6
H

13
N

2
O

5
W 1 1 

C
12

H
25

N
4
O

6
W 1 2 

C
12

H
27

N
4
O

7
W 1 2 

C
6
H

10
N

2
O

7
W

2
 2 1 

C
6
H

12
N

2
O

8
W

2
 2 1 

 



 

- 59 - 
 

 

Fig. 4-3 ESI-MS W-  

(a) Na2WO4 pH 8.0 (b) Na2WO4 pH 3.0 (c) pH 2.8  

(d)W- pH 8.0 360–500 m/z (e) W- pH 2.8 500–750 m/z  

(a) (b) (d) (e) ; (c)  
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Fig. 4-4 pH 

8.0 HWO4- pH 8.0

7.0 pH

-

pH

pH 2.0  

 
Fig. 4-4  

 

1

Fig. 4-5

-

Table 4-2
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pH 9.0
pH 8.0 pH 2.0

W OH
O

-O

O

O
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Fig. 4-5  

pH 1.8, 26 170 mmol L-1 47.9 mmol L-1  
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Table. 4-2  

Metal Metal conc. 

[mmol L
-1

] 

Lysine conc. 

[mmol L
-1

] 
Lysine/metal 

[-] 
Temp. 

[
о
C] 

pH 
[-] 

Removal ratio  
at 5 min 

[%] 

W 

170 94 0.6 26 1.8 94 

18.0 25 1.4 24 1.8 94 

1.7 3.0 1.8 24 1.8 71 

Mo 
182 96 0.5 24 1.8 99 

44 48 1.1 27 1.7 89 

Ta 
10 114 11.4 27 1.7 99 

2.0 11 5.7 27 1.7 19 

Nb 11 57 5.2 25 1.5 96 

Ni 9.2 240 26.1 27 1.9 1 

Cs 3.7 240 64.9 27 1.7 5 

Na 17.5 137 7.8 26 1.4-1.8 0 

Al 14.9 137 9.2 26 1.4-1.8 3 

Zn 7.1 137 19.3 26 1.4-1.8 0 

Co 8.5 137 16.1 26 1.4-1.8 0 

Si 12.5 137 11.0 26 1.4-1.8 0 

Au 3.8 137 36.1 23 0.25 2 

Pt 
3.4 137 40.3 26 11 5 

4.0 137 34.3 26 0.5 5 

 

4.3.6  

80 12 - Fig. 4-6(a) 

- 51.4

w/w 12 239 mmol L-1

(WO3) Fig. 4-6 
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- 600

- 600 4

WO3 Fig. 4-7 (b) WO3

ICP-AES 99.6wt WO3

21 239 mmol L-1 Fig. 4-7(c) -

XRD -

XRD 20-30 Na2WO4

600 - XRD

WO3  

 

Fig. 4-6  a - b  

 



 

- 64 - 
 

 

Fig. 4-7 (a) 80 -   

(b) 600 -  

(c) - XRD 600 80  

 

4.4  

Na2WO4

Na2WO4 pH 2.15 1

100% ESI-MS

- 600 4

99.6% 21

 

 

4.5  

(1) Ogi, T.; Makino, T.; Nagai, S.; Stark W. J.; Iskandar, F.; Okuyama, K., Facile and efficient removal of 
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Fig. 5-1  

 

5.2  

5.2.1  

( - )

Table 5-1 ICP

 

 

Table 5-1 ICP  

Element W  Na V 

Concentration [mmolL-1] 307 1236 1.72 

 

5.2.2  

pH 12 L- Ajinomoto 

Healthy Supply Co., Inc., Tokyo, Japan pH 10 molL-1

HCl 48 ml pH

0.2 μm (Whatman filter, pore size: 0.2 μm; GE Healthcare Life 

Sciences) ICP 25 pH 1.8

150-183 mmolL-1 12.5-200 mmolL-1
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ICP ICP-AES; ICPE-9820, Shimadzu Corporation, Kyoto, Japan  

 

5.2.3  

5.2.2 - 7840 g 5 min

80 12 h 4 g 100 

mL 5 min 750 4 h 10

/min TG-

MS TG-DTA Rigaku. TG-DTA TG8120, Chiba, Japan, MS Anelva M-QA200TS, Kanagawa, Japan

10 mg 10 molL-1 NaOH 6.0 mL

ICP (ICP-AES; ICPE-9820, Shimadzu Corporation, Kyoto, Japan)

99.995 (Sigma Aldrich UK)

5-1  

99.995% (Wsample/Wreference)   5-1 

 

5.2.4  

5.2.3 780 890 3.6 h

1350 4 h  

 

5.2.5  

5.2.4 10wt%

1400 1h  

 

5.3  

5.3.1  

Fig. 5-2(a) 

200 mmolL-1 3

100% Table 5-2

100 mmolL-1 30 92.2%

ESI-MS NaW6O192-

Fig. 5-3)

7.6%
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557 mmolL-1 -

21% 5,11

[W3V3O19]5− −

0.08 mmolL-1

0.17 mmolL-1 Fig. 5-2(b) 30

 

 

Fig. 5-2(a)  

145 mmolL-1, pH 1.8, 25 , 12.5-200 mmolL-1  

b 30  
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Fig. 5-3 ESI-MS  

 

Table 5-2  

pH 1.8, 25 , 100 mmolL-1  

Time [min] W [mmolL-1] Na [mmolL-1] V [mmolL-1] 
0 140.8 566.9 0.79 

10 10.0 528.6 0.63  
30 11.0  523.6  0.62  

Recovery ratio [%] 92.2 7.6 21.0 

 

5.3.2 -  

5.3.1 -

TG-MS

Fig. 5-4 TG-MS 3 800 16.6% 100-
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Fig. 5-4 - TG-MS  

:10  /min  

 

Fig. 5-5(a) - 750 4 h XRD

10-20
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Fig. 5-5 -  

(a) XRD (b) (c)  

750 4 h 10 /min 

 

5.3.3  

XRD Fig. 5-6(a) SEM

Fig. 5-6(b)

Fig. 5-6 (a) 
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Fig. 5-6 (b) SEM

 

Fig. 5-6 (c) Fig. 5-6 (d) Fig. 

5-6 (c) Fig. 5-6 (d)

Fig. 5-6 (b) 

 

 

Fig. 5-6  

 

(a) XRD (b) SEM (c) (d)  
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pH 1.8  2.0

 

 

 
Fig. 5-7  ( - )  

 

1 t

Table 5-3 240 2

1.4 (NH4)2WO4

APT
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40% (NH4)2WO4

 

 

 

Table 5-3 WC 1t (CAAP )  

adsorbent chemicals*1) 
chemical 
amount 
needed 

Price of 
chemicals*2) 

price of 
chemicals 
needed for 
1 ton WC 
recovery 

sum of 
price 

needed 
displacement 

 [-] [kg] [US$/kg] [US$] [US$] [L] 

CAAP method 
(Lysine) 

15% HCl 4880 0.06 283.4 
494 29278 

Lysine 490 0.43 210.7 

Ion-exchange 
resin  

(SA-10A) 

NH4Cl 735 0.11 80.9 

357 71272 

25% 
NH4OH 400 0.30 120.0 

12%NaClO4 192 0.27 51.8 
NaOH 24 0.21 4.9 

SA-10A 8573 2.78 99.3*C) 

*1) Chemicals needed for ion exchange resin case are based on the ref4. *2) These values are references. The 

price of all materials are based on Alibaba.com Official Site. *3) ion exchange change (SA-10A) are assumed 

to recycle for 240 times (about 2 years). 
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