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 1 

1.1

 85,000–90,000 

 2,200 ppb  ( ,

, 2543: 11–13) 

 (Solvent Extraction) 

 (Selectivity) 

 Ultrafiltration

 Reverse  Osmosis  

 ( , 2543) 

(Hollow–fiber–supported Liquid Membrane) 

 (Extraction Process)

 ( , 2541) 



1.1.1 (

, 2541) 

 Hg  80  2B 

 d  (Metallic Form) 

 (Inorganic Mercury Compound) 

 (Organic Mercury Compound) 

 HgCl2

 HgCl2

 Hg2X2

(X = Cl, Br, I) 

 HgS 

“Cinnabar”

1.1.2

 mono atomic 

 interatomic force 

 (2.7 x 10-7g / 100 g  40 ° )  ( 2.0 x 10 -7g /100 g  20 ° )

 (3.6 x 10 -7 g/100  g  63 ° )  (7.0 x 10-7 g/100 g  25 ° )

350 °  HgO   HF, HCl, H2S , NH3 , PH3  AsH3

 200 °  HBr , HI  

 HgCl2  HgI2

  1.1



 1.1

 (Molecular Weight)      

  (Melting Point, °C)

HFUSION,   (Enthalpy of Fusion, kcal  mole-1)

S FUSION,   (Entropy of Fusion, cal deg –1 mole-1)

  (Boiling Point, °C) 

  (Vapor Pressure) 

  (Density)

 (Solubility in Water 100 g)

Ohmic resistance 

 (Specific Gravity)   

200.59

-38.87

0.5486

2.37

356.57

1 mm Hg  126 °C,

10 mm Hg  184 °C,

100 mm Hg  261°C

13.534 g/cm3  25 °C 

6 x 10-6 g  25° C 

95.76 x 10-8 ohm  m  20°C 

13.545

1.1.3

 +1  +2  +1 

 (Mercurous)  +2  (Mercuric) 

(Dimer)  Hg2
2+

 Hg+  (Cl-)

 (Mercurous Chloride)  Hg2Cl2

  (Calomel) 

 1.2 



 1.2

Hg   :  

Hg2
2+   :  

Hg2+  :  (Affinity) 

(Thiol Group, SH) 

(Zerum)

 Blood-brain Barrier 

RHg+  :  CH3Hg+ (Methyl 

Mercury)

 Blood-brain Barrier 

R2Hg  : 

 RHg+

HgS

 (Organo Mercury Compound) 

 (Alkyl Mercury )

 aryl mercury  CH3Hg+ (Methyl Mercury) 

 methyl mercury  95–98 % 

 15 % 

 1,200–8,500 

 2 % 

 (Cerebellum)  (Cerebral Cortex) 



 Blood–brain 

Barrier (BBB) 

(Duodenum) 

 (Sulhydril) 

  (Hemoglobin) 

 (Mitochondria) 

1.2

1.2.1

Quanmin Li et al. (1996)  Hg2+

tri–n–octylamine  (TOA)  

 TOA 

 Span 80  Hg2+

 0.1  

 0.025 

 TOA 1.5 x 10-2  Span 80 3 % (w/v) 

 0.05 

 Cu, Zn, Fe, Co, Ni, Pb, Mn  Cd 

A. Safavi  E. Shams (1998)  methyl red (BDH) 

 (II) 

 1,2–dichloroethane  

 A Philips Pye Unicam SP9 AAS  180  Hg2+

 90 % 



Ali Jabbari et al. (2001)  Potassium–dicyclohexyl–18–crown–

6 ion   HgCl
2

4
 (Emulsion Liquid 

Membrane)   Dicyclohexyl–18–crown–6  (DC18C6) 

 ammonium thiocyanate (NH4SCN)

  cold vapor  atomic absorption spectrometry   

 2  95.4 + 1.5 %   Mn+

/Hg2+ molar ratio of > 100

  Li+, Tl+, Ca2+, Co2+, Ni2+, Cu2+, Zn2+, Pb2+, Cd2+, Fe3+  Cr3+

Mojtaba Shamsipur et al. (2002)  Hg2+

  tetrathia–12–crown–4 (TT12C4)  

ethylenediaminetetraacetic acid (EDTA)  2 

 99 + 1 % 

Claudia Fontas  et al. (2005) 
 4  Accurel PP–2E, Celgard 2402, Celgard 2500  Durapore 

 Pb(NO3)2, Cu(NO3)2 3H2O, Cd(NO3)2 4H2O  HgCl2

 NaNO3  0.1 –

 decaline   Thiourea  0.3 

 100 % 

10 mg/l 

1.2.2

 (2549)

 (pulse sieve plate column)  tributylphosphate 

 tributylphosphate 

 10 %  tributylphosphate 

 20 %  3 

 1  1  

 (pulse setting number)  7



 89.5 %   76.1 %  40 

Ramakul  Pancharoen (2003)

 HTTA  TOA 

 HTTA 0.01  TOA 3 % 

 pH  2.5 

Patthaveekongka et al. (2003)

 2  thioridazine HCl 

 sodium nitrite  thioridazine 

 0.0005  0.05 

 29.1 %

 3  65 % 

Ramakul et al. (2004) 

 LIX84 

 Aliquat336 

 (raffinate) 

 0.5 

–  2.5  

 33 %  92 % 

Ramakul et al. (2005)
 trivalent  tetravalent 

 Nd (III)   trivalent 

 Ce (IV)  tetravalent  tri–n–octylamine (TOA) 



 Nd (III)  

Ce (IV)  71 %  

0.2  TOA  4 % 

Pancharoen et al. (2005)  (III)  (IV) 

 TOA 

 0.2  TOA  5 % 

 1 

 67 % 

Patthaveekongka et al. (2006)

Henry’s Law 

 100 ppm 

Ramakul et al. (2006)
 TOA 

 9.47×10-2  6.303 

1.3



1.4

1.4.1

1.4.2

(1)

0.01–2

(2) TOA  0.1–10 

%

(3)  0.01–0.7 

(4)   1–100 

(5)

 20– 900

1.5

1.5.1

1.5.2

1.5.3

1.5.4  tri–n–octylamine (TOA) 

1.5.5

1.5.6

1.5.7



1.5.8  Inductively Coupled Plasma 

Atomic Emission Spectrometer 

1.5.9

1.6

1.6.1

1.6.2

1.6.3  TOA 

1.6.4

1.6.5

1.6.6

1.6.7



 2 

2.1

 (Liquid Membrane Process) 3

1.  (Feed Phase) 

2.  (Liquid Membrane Phase)  (Extractant) 

3.  (Stripping Phase) 

 (Stripping 

Solution)

 2.1 

 (Schultz, 1988)



(Lamella)

(Foam)

(Film)

 2.1 (Schultz, 1988) 

2.1.1  (Emulsion Liquid Membrane Process)

2.1  (Continuous 

Phase)

(Dispersion Phase)  2.2 

 2.2 



 2.2  ( , 2544) 

 3 

(Double Emulsion) 

 (Raffinate) 

 2 

.  (Water in Oil (W/O) Emulsion) 

.  (Oil in Water (O/W) Emulsion) 



– –  (w/o/w) 

– –  (o/w/o) 

 (Hydrophobic Surfactant) 

 (Hydrophilic Surfactant) 

2.1.2  (Supported Liquid Membrane)

 (Capillary Force) (Marr  Kopp, 1989; Schultz, 1988) 

Immobilize Liquid Membrane (Schultz, 1988) 

 (Fermandez et al., 1987)  2 

 (Flat Sheet)  (Spiral Wound)  (Hollow Fiber) 

 (O’ Hara  Bohrer, 1989; Shiau  Chen, 1993) 

2.1.2.1  (Flat–Sheet Supported Liquid 

Membrane)

 (Porosity) 

 polypropylene (PP) polyethylene (PE) polytetrafluoroethylene 

(PTFE)

 2.3 



 2.3 (Komasawa et al., 1983) 

2.1.2.2  (Spiral–Wound Supported

Liquid Membrane)

 2.4 

 (Mesh 

Spacer)



 2.4  (Teramoto et al., 1987) 

 1  2 

 3  4 

 5  6 

2.1.2.3  (Hollow–Fiber Supported Liquid 

Membrane: HFSLM) 

 2.5 

 (Resin) 

 (Tube Side) (Shell Side) 

 2  2.6 



17

 2.5  (Izatt, 1988) 

microporous 

nH+

MY n-nH+

R3N

MY n-

 2.6

( , 2544) 



 2 

 ( , 2544) 

-

-

-

-

-

-

-

-

-

-

 (Yang  Cussler, 1986; Dahuron 

 Cussler, 1988) 

 (Danesi  Rickert, 1986; Nakano et al., 1987; Tanikaki et al., 1988) 

2.1.3  (Electrostatic Pseudo–Liquid Membrane)



 2.7 ( , 2544) 

 2.7  ( , 2544) 

 2.7  2 

 (Buffle Plate) 

 V 

 (Raffinate) 

 (Electrode) 



(Polarization)

(Gu, 1990) 

 2.1 



 2.1 ( , 2544)

-

-

-

-

-

-

-

-

-

-

-

-

-

-

-

-

-

-

-

-

-

-

-

-

2.2

 3 

 (Tavlarides et al., 1987) 

2.2.1  (Acidic Extractant) 

 2  (Acidic Extractant)  

 (Chelate Extractant) 

 –COOH, =P(O)OH, –SO3H

 (Chelation) 

  Mn+   +      nRH                 MRn    + nH+ (2.1)



–

 (Tavlarides et al., 1987)

 (Organic Derivatives of Phosphorous Acids) 

 (Monocarboxylic Acids) 

(Alkylphosphoric Acids) -2-

 (di–2–ethylhexyl phosphoric acids: D2EHPA) 

 (Donor Groups) 

 (Bidentate Complexes) 

 2  ( )  2–

 (2–hydroxy benzophenone oximes)  Henkel Corporation 

(General Mills Inc. USA)  LIX   Acorga 

Imperial Chemical USA  SME  Shell Chemical USA ( )

 8–  (8–Hydroxyquinoline)   Sherex (Ashland Chemical 

Company USA)  Kelex 

 (Acidic 

Leach Liquors) 

2.2.2  (Basic Extractant) 

 (Quaternary Ammonium Halides) 

 (Ammonium Salt)  (Primary: RNH2)  (Secondary: R2NR)

 (Tertiary: R3N)  (Quaternary: R4N
+)

(Anionic Species) 

 2.2 



 MY  n -   +      n(R 3 N
 +HA- ) (R3N

+H)n MY n -  +      nA -   (2.2)

  

 2.3  2.3 
  

                
   R3N   +      HA  R3N

+HA - (2.3)
  

  

 2.3  R3N
+HA-

 MY n –  2.2 

 2.3  R3N
+HA-

 MY n –  2.2 

 (Ammonium 

Cation  Ammonium Anion)   

 2.4

 (Ammonium 

Cation  Ammonium Anion)   

 2.4

  

  R3N
+HA- + R3N

+HA-              ( R3N
+HA- )2  +    R3N

+HA-                …  (R3N
+HA- )n           (2.4)   R3N

+HA- + R3N
+HA-              ( R3N

+HA- )2  +    R3N
+HA-                …  (R3N

+HA- )n           (2.4) 

  

 (Modifier)  long-chain aliphatic alcohol (Tavlarides et al., 1987)  (Modifier)  long-chain aliphatic alcohol (Tavlarides et al., 1987) 

  

2.2.3  (Solvating Extractant) 2.2.3  (Solvating Extractant) 
  

 (Neutral Extractant) 

 (Central Metal Atom) 

  2.5 

 (Neutral Extractant) 

 (Central Metal Atom) 

  2.5 



   MXn   +      yS          MXnSy (2.5)

 S 

2.6

HMXn+1    +     xS            (HSx)
+(MXn+1)

- (2.6)

2.3

 2 

 (H+)

2.3.1  (Counter–Transport)

 (MRn)

 (Mn+)  (RH)   2.7 

Mn+  +    nRH                                     MR n +    nH+ (2.7)

 (MRn)



 (RH)

 2.8 

 2.8

   MR n   +    nH+     Mn+ + nRH                      (2.8) 

 2.8

2.3.2  (Co–Transport) 

  [MY] n-

 (R3N)

 (R3NH+ [MY] n-)  2.9 



           [MY] n -   +   H +   +    R3N                                 R3NH+ [MY ] n -                                      (2.9) 

 (R3N)

 2.10 

                        R3NH+ [MY] n-                                    [MY] n -   +    H +  +   R3N                       (2.10) 

 2.9 

 2.9

 5 

1.



2.

3.

4.

5.

2.4

2.4.1  (Equilibrium Constant, )exK

TOA

 2.11

HgCl     +   2H
2

4

+    +   2R3N                  (R3NH)2 HgCl4             (2.11) 

 2.12 

[ HgCl - 2

4 ]
 K ex = [ (R3NH)2 HgCl 4 ]

[H+] 2 [R3N] 2

(2.12)

2.4.2  (Distribution Coefficient, D)

 (Distribution Coefficient)   

(Distribution Ratio) 

 (Seader and Ernest, 1984; Rathore et al., 2001) 

 2.13 

D =     [ (R3NH)2 HgCl 4 ]

[ HgCl - 2

4 ]
= K ex [H+] 2 [R3N] 2    (2.13)



2.4.3  (Permeability Coefficient, P )

(D)

 (Danesi, 1984) 

tAP
C
C

V
f

f
f 1

ln
0,

    (2.14) 

          
i

f

NrPL
Q

               (2.15) 

P   =    ( )

 =  ( )0,fC

 = t ( )fC

A  =     ( )

fV  =    ( )

 =   ( )fQ

L  =    ( )

N  =    ( )

 =    ( )ir

 = 

 = 3.1416 

 – 
0,

ln
f

f
f C

C
V

)(t
1

AP P



2.4.4  (Mass Transfer 
Coefficient)

 ( P )

 3  (Kumar et al., 2000)  2.10 

1.

2.

3.

 2.10 ( , 2544)



 Mf =   ( )

 Mif =

 ( )

 Mis =  

 ( )

 Ms =   ( )

 lif =  ( )

 lis =   ( )

1.

2.

3.

 2.16 (Rathore et al., 2001) 

so

i

mlm

i

i kr
r

Pr
r

kP
1111

    (2.16) 

                  (2.17) 
r

                  

 =   Log–mean  ( )lmr

ro =    ( )

 =   ( )ik

o –   ri

ro

rlm =

ri
ln ( )



 =    ( )sk

 =    ( )mP

 ( )

 (Distribution Coefficient, D)  2.18 (Rathore et al., 2001) 

mP

mm DkP                (2.18) 

 2.13  2.18 

Pm = Kex km [R3N] 2 [H+] 2  (2.19)

 = mk

 ( )

 ( )  ( , 2544) 

sk

ik

1.

 2.10 

 (Bird et al., 1960) 

D
lif

ki  = (2.20)

D
lis

ks   = (2.21)

 D =  (Diffusion Coefficient) 



 ( k )

 ( )

i

sk

2.

Flux     = ( Mik f  –  Mif )     = ( Msk is –  Ms )                  (2.22) 

 (Mf)

 (Mif)

 (Mis)  (Ms)

(Porter, 1990) 

3.

 2.16 

 ( )  2.19  2.16 mP

          (2.23) 

               

  (km)  (ki ) 

1
P

= 1

ki lmr
ri+ 1

Kex km [R3N]2 [H+]2

1

P
1

P
1

[R3N]2 [H+]2

rlm Kex km

ri 1



 3 

3.1

 3.1  (Analytical 

reagent grade) 

 3.1 
 (

)
Mercury (II) chloride HgCl2

Polskie Odczynniki Chemiczne 

SA

 (

)
HCl Merck Ltd.

Tri–n–octylamine

 (TOA)
C24H51N Sigma Chemical Co.

–  ( )

NaOH Merck Ltd.

 Tri–n–octylamine (TOA)  3.1 

 3.1  Tri–n–octylamine (TOA)



3.2

3.2.1  Liqui–Cel  Liquid/Liquid Extraction System  Cat. #5PCM–106  

   Hoechst Celanese Corporation  (  3.2) 

-  2  1 

-  2 

-  2 

3.2.2

 Celgard  X–30  3.3 

 3.2

 3.2  Liqui–Cel  Laboratory 



 3.3 

 3.2

 ( m)

 ( m)

 ( m)

 (%) 

 (  x )

 (kg/cm2)

 (°C)

240

300

0.05

30

1.4 m2 (15.2 ft2)

29.3 cm2/ cm3 (74.4 m2/m3)

6.3 x 20.3 cm (2.5 x 8 inch) 

4.2

1-60

3.2.3 Inductively Coupled Plasma Atomic Emission Spectrometer (ICP–AES) Perkin 

Elmer Model PLASMA–1000 

3.2.4



3.3

3.3.1

1)  100 

 (ppm)  HgCl2 0.677  (

5 )  0.01 

5

2)

0.05  5 

3)

 TOA  Kerosene  Jet  A–1   1 % 

 1 

4)

 100 

 3.4 

5)  (1)  (4) 

 0.025, 0.05, 0.075, 0.1, 0.3, 0.5, 1, 1.5  2 

 (  100 

 Inductively 

Coupled Plasma Atomic Emission Spectrometer (ICP–AES)  Perkin Elmer Model 

PLASMA–1000)

6)

 ICP–AES  ICP atomic emission spectrometry



 3.4 

 ( , 2548)

3.3.2  TOA 

1)  100 

 (ppm)  3.3.1  5 

 3.3.1 

2)

0.05  5 

3)

 TOA  Kerosene Jet A–1  0.1 %  



 1 

4)

 100 

5)  (1)  (4)  TOA 

 Kerosene Jet A–1  0.3, 0.5, 0.7, 1, 3, 5 

 10 % 

6)

 ICP–AES  ICP atomic emission spectrometry

3.3.3

1)  100 

 (ppm)  3.3.1  5 

 3.3.1 

2)

0.01  5 

3)

1  TOA  Kerosene  Jet  A–1 

 3.3.2

4)

 100 



5)  (1)  (4) 

 0.03, 0.05, 0.07, 0.09, 0.1, 0.3, 0.5  0.7 

6)

 ICP–AES  ICP atomic emission spectrometry

3.3.4

1)  1 

 (ppm)  5 

 3.3.1 

2)  5 

3.3.3

3)

1  TOA  Kerosene  Jet  A–1 

3.3.2

4)

 100 

5)  (1)  (4) 

10, 20, 40, 60, 80  100 ppm 

6)

 ICP–AES  ICP atomic emission spectrometry



3.3.5

1)  100 

 (ppm)  3.3.1  5 

 3.3.1 

2)  5 

3.3.3

3)

1  TOA  Kerosene  Jet  A–1 

3.3.2

4)

 20 

5)  (1)  (4) 

 40, 60, 80, 100, 300, 500, 700  900 

6)

 ICP–AES  ICP atomic emission spectrometry 

3.3.6  TOA 

1)  100 

 (ppm)  3.3.1  5 



 3.3.1 

2)  5 

3.3.3

3)

 TOA  Kerosene Jet A–1   0.1 %  

 1 

4)

 100 

 5 

5)  (1)  (4)  TOA 

 Kerosene Jet A–1  0.3, 0.5, 0.7, 1  3 % 

   (  TOA  3 % 

 3.3.2)

6)

 ICP–AES  ICP atomic emission spectrometry 

3.4

1)  30 



2)

 2 : 3 

 45 

3)  30 

4)

 (Isopropanol)  30 



 4 

 (Percent Extraction, % E)  (Percent 

Recovery, % R)  (Flux of Extraction, Jextract)

 (Flux of Recovery, Jrecovery)

 100  4.1  

 100  

 4.2 

 4.3  

 4.4

(4.1)
C feed  –  C raf% E = × 100

C feed

C feed

C st × 100% R =   (4.2) 



(4.3)(C feed  –  C raf ) × V

A × t
Jextract =

(4.4)
Cst × V

Jrecovery =
A × t 

 TOA 

 TOA 

 (HgCl4
2-)

 4.5  4.6  R3N  TOA 

       HgCl     +   2H
2

4

+    +   2R3N           (R3NH)2 HgCl4                (4.5) 

(R3NH)2 HgCl4     +            2OH-                                2R3N  +    HgCl
2

4
   +   2H2O             (4.6) 



4.1

4.1.1

 0.01, 0.025, 0.05, 0.075, 0.1, 0.3, 0.5, 1, 1.5  2 

 100 ppm 

 TOA  1 %  Kerosene 

Jet  A–1  0.05 

 100 

 4.1  4.2

0

20

40

60

80

100

0 0.5 1 1.5 2 2.5

 ( )

  4.1
 [Hg2+]f = 100 ppm, [TOA]m = 1 % ,

[NaOH]S = 0.05  Qf = QS = 100 



0

20

40

60

80

100

0 0.5 1 1.5 2 2.5

 ( )

  4.2 
 [Hg2+]f = 100 ppm, [TOA]m = 1 % ,

[NaOH]S = 0.05  Qf = QS = 100 

 4.1  4.2 

 0.1 

 (Kotz  Purcell, 1991)

 0.1 

 TOA 

 (Pancharoen et al., 2005) 

 0.1 

 95  92  4.1 



 0.1 

 4.1 

(mol/l)

 J extract,

mol/m2-min × 105

J recovery,

 mol/m2-min × 105

0.01 2.69 2.57

0.025 2.72 2.60

0.05 2.74 2.64

0.075 2.75 2.66

0.1 2.78 2.69

0.3 2.73 2.51

0.5 2.71 2.30

1 2.20 1.74

1.5 1.80 1.60

2 1.56 1.50



4.1.2  TOA 

 TOA  0.1, 0.3, 0.5, 0.7, 1, 3, 5  10 % 

 100 ppm 

 0.1  (  4.1.1) 

0.05 

 100 

 4.3  4.4

0

20

40

60

80

100

0 2 4 6 8 10

 TOA (% )
12

 4.3  TOA 

 [Hg2+]f = 100 ppm, [HCl]f = 0.1 , [NaOH]S = 0.05 

Qf  =  QS = 100 
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 TOA (% )
12

 4.4  TOA 

 [Hg2+]f = 100 ppm, [HCl]f = 0.1 , [NaOH]S = 0.05 

 Qf = QS = 100 

 4.3  4.4  TOA 

 TOA  0.1  3 % 

 (R3NH)2HgCl4

 TOA  3 % 

 (Luccio et al., 2000) 

 (Diffusion Coefficient, D) 



 Stokes 

 Einstein (Schulz, 1988  Cussler, 1997) 

(4.7)kB T
6  r

D =

   

 D =     (m2/s)

 T =   (K) 

=   (kg/m s) 

r =    (m) 

kB =  Boltzmann  1.3807 × 10–23 J/K

 =  Stokes  Einstein  3.1416 

 4.2 

 TOA 

3 % 

 TOA  3 % 

 98  95 



 4.2 
 TOA 

 TOA 

(% )
 J extract,

mol/m2-min × 105

J recovery,

 mol/m2-min × 105

0.1 1.83 1.67

0.3 2.74 2.56

0.5 2.89 2.71

0.7 3.04 2.88

1 3.24 3.14

3 3.37 3.27

5 3.37 3.27

10 3.37 3.27



4.1.3

 0.01, 0.03, 0.05, 0.07, 0.09, 0.1, 0.3, 0.5  0.7 

 100 ppm 

 0.1  (  4.1.1) 

 TOA  3 %  (

 4.1.2)  100 

 4.5  4.6 

80

85

90
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100

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8

 NaOH ( )

 4.5 
 [Hg2+]f = 100 ppm, [HCl]f  = 0.1 ,

[TOA]m = 3 %  Qf  = QS = 100 



80

85

90

95

100

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8

 NaOH ( )

 4.6 
 [Hg2+]f = 100 ppm, [HCl]f = 0.1 ,

[TOA]m  = 3 %  Qf  = QS = 100 

 4.5  4.6 

 0.01  0.5 

 4.6 

 4.3 



 4.3 

 (mol/l) 
 J extract,

mol/m2-min × 105

J recovery,

 mol/m2-min × 105

0.01 2.91 2.89

0.03 3.05 2.99

0.05 3.37 3.27

0.07 3.40 3.28

0.09 3.42 3.29

0.1 3.43 3.30

0.3 3.45 3.33

0.5 3.45 3.35

0.7 3.45 3.35

 4.3 

0.01  0.5  4.3 

 4.5  4.6   

 0.5 

 100  97 



4.1.4

 1, 10, 20, 40, 60, 80  100 ppm 

 0.1  (

 4.1.1)  TOA  3 % 

 (  4.1.2) 

 0.5  (  4.1.3) 

 100 

 4.7  4.8

0

20
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60
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100

0 20 40 60 80 100 120

 (ppm)

  4.7 
 [HCl]f = 0.1 , [TOA]m  = 3 % ,

[NaOH]S = 0.5  Qf = QS = 100 



0

20

40
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80

100

0 20 40 60 80 100 120

 (ppm)

  4.8 
 [HCl]f = 0.1 , [TOA]m  = 3 % ,

[NaOH]S  = 0.5  Qf = QS = 100 

 4.7  4.8

 25  180 ppm (Rovira  Sastre, 1988)  4.4 



 4.4 
 1–100 ppm 

 (ppm)  J extract,

mol/m2-min × 105

J recovery,

 mol/m2-min × 105

1 0.05 0.04

10 0.37 0.36

20 0.71 0.69

40 1.45 1.41

60 2.14 2.09

80 2.84 2.77

100 3.45 3.36



4.1.5

 20, 40, 60, 80, 100, 300, 500, 700 

 900 

 0.1  (  4.1.1)  TOA 

 3 %  (  4.1.2) 

 0.5  (  4.1.3) 

 4.9  4.10 
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 ( )

 4.9
 [Hg2+]f = 100 ppm, [HCl]f = 0.1 ,

[TOA]m = 3 %  [NaOH]S = 0.5 
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 4.10
 [Hg2+]f = 100 ppm, [HCl]f = 0.1 ,

[TOA]m = 3 %  [NaOH]S = 0.5 

 4.9  4.10 

 TOA  Resident Time 

 (V) 

 (Q) 

 4.9  4.10 

 100 

 4.5 

 20–100 



 100 

 4.5 

 ( )  J extract,

mol/m2-min × 105

J recovery,

 mol/m2-min × 105

20 3.45 3.36

40 3.45 3.36

60 3.45 3.36

80 3.45 3.36

100 3.45 3.36

300 3.24 2.90

500 2.86 1.90

700 2.25 1.20

900 1.38 0.69

4.2

4.2.1  (Equilibrium Constant, Kex)
(Distribution Coefficient, D)

 2.12  2.13     (Kex)

 4.11    1.34 × 105 ( )4

 TOA 

 0.1–3 %  4.6  (

–5)



3.10

3.15

3.20

3.25

3.30

3.35

3.40

3.45

3.50

3.55

3.60

3.65

0 0.5 1 1.5 2 2.5 3 3.5 4

[HgCl4
2-] [H+]2 [R3N]2 ( )5

[ (R
3NH

) 2 H
gC

l 4 ] 
 (

)

y = 134,068x + 0.0003

       R
2

= 0.9995

x 104

x 1010

 4.11   TOA  

 TOA 

 0.1–3 % 

4.2.2  (Permeability Coefficient, )P

 TOA 

 TOA  0.1–3 %  4.12



0
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[TOA] = 0.1 % v/v
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[TOA] =    1 % v/v
[TOA] =    3 % v/v

 ( )

 (p
pm

)

 4.12 
 TOA 

 [Hg2+]f = 100 ppm, [HCl]f = 0.1 , [NaOH]S = 0.5 

 Qf  =  QS = 100 

 2.14  2.15

 TOA 

 0.1–3 %   – 
0,

ln
f

f
f C

C
V   

 4.13  

)(t

1
AP P

 4.6 ( –6)



0
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[TOA] = 0.1 % v/v
[TOA] = 0.3 % v/v
[TOA] = 0.5 % v/v
[TOA] = 0.7 % v/v
[TOA] =    1 % v/v
[TOA] =    3 % v/v

 ( )

-V f  ln
 (C

f / C
f,0) 

 (
) Slope = 392.75  R2 = 0.9999

Slope = 281.46  R2 = 0.9997

Slope = 298.08  R2 = 0.9998

Slope = 252.46  R2 = 0.9998

Slope = 195.39  R2 = 0.9998
Slope = 217.97  R2 = 0.9998

 4.13  –Vf  ln (C  f  / Cf,0 ) 

 TOA 

 [Hg

)(t
2+]f = 100 ppm, [HCl]f = 0.1 , [NaOH]S = 0.5 

 Qf  =  QS = 100 

 4.6 
 TOA 

 0.1–3 % 

 TOA 

(% ) D (–) P , cm/s × 102

0.1 3.08 2.58

0.3 9.24 3.20

0.5 15.40 4.45

0.7 21.56 5.97

1 30.80 7.16

3 92.40 37.8



4.2.3  (ki ) 
 (km)

 ( P )

 TOA 

 4.6  (ki ) 

 (km)  2.21

 4.14   ( –3)

 (km)

 (ki)         (

–7)
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0 2 4 6 8 10

1/P
 (

)

1/[R3N]2[H+]2 ( )4

x 10-18

1/P = 4E-18 (1/[R3N]2[H+]2)  + 2.4013
R2 = 0.9993

 4.14  1/ P   1/[R3N]2[H+]2

  TOA  [Hg2+]f = 100 

ppm, [HCl]f = 0.1 , [NaOH]S = 0.5  Qf  =  QS = 100 

P
1

[R3N]2 [H+]2

Kex kmrlm

ri 1

P
1



 4.14  (ki)

 (km)  0.42  1.67



 5 

5.1

 100 ppm 

 TOA 

5.1.1

 0.01  2 

 0.1 

5.1.2  TOA  0.1  10 %

 TOA 

 TOA  3 % 

5.1.3  0.01 

 0.7 

 0.5 

 0.5 



5.1.4  1–100 ppm 

 Rovira  Sastre, 1988 

5.1.5

 20  900 

 20–100    

 100 

 100 

5.1.6  100 ppm 

 0.1 

 TOA  3 % 

 0.5 

 100 

 100  97 

5.1.7

 TOA 

  0.1–3 % 

 TOA 

 100 ppm 

 0.1 

 0.5 

 100 

–  (Kex)  1.34 × 105

( )4



–  (D)

 TOA 

 0.1, 0.3, 0.5, 0.7, 1  3 %  3.08, 9.24, 15.40, 21.56, 30.80 

 92.40 

–  ( P )

 TOA  0.1, 0.3, 0.5, 0.7, 1 

 3 %  2.58 × 10–2, 3.20 × 10–2, 4.45 × 10–2, 5.97 × 10–2, 7.16 × 10–2

 37.8 × 10–2

–  (ki)

 (km)  0.42    1.67
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5.2.2  ICP Atomic Emission Spectrometer
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-1  (Equilibrium Constant, Kex)

 2.11 

[ HgCl - 2

4 ]
 K ex = [ (R3 NH) 2 HgCl 4 ]

[H+] 2 [R3 N] 2

  ( –1)

-2  (Distribution Coefficient, D) (Seader and Ernest, 1984; 
Rathore et al., 2001) 

D =     [ (R3NH)2 HgCl 4 ]

[ HgCl - 2

4 ]
= K ex [H+] 2 [R3N] 2    ( –2)

-3  (Permeability Coefficient, P) (Danesi, 1984) 

tAP
C
C

V
f

f
f 1

ln
0,

    ( –3)
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NrPL
Q

               ( –4)

P   =  ( )

 =  ( )0,fC

 = t ( )fC



A  =  ( )

fV  =  ( )

 =  ( )fQ

 =  ( )L

N  =  ( )

 =  ( )ir
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 = 3.1416 

-4  (Mass Transfer Coefficient) 

(Rathore et al., 2001) 
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1111
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 =  Log–mean lmr

ro = 

 = ik

 = sk

 = mP

-5  (Distribution Coefficient, D)
 (Permeability Coefficient, Pm)

(Equilibrium Constant, Kex) (Rathore et al., 2001)

Pm     =       D km               ( –6)



  Pm = Kex km [R3N] 2 [H+] 2   ( –7)

1
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= 1

ki rlm

ri+ 1
Kex km [R3N]2 [H+]2

( –8)
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������� � 
 

����������������� 
 

�-1 ������������������
�����������   
 

��	�$�<��?������ � ����
�^_ �–2 �̂_������������	
�����"� TOA =     3 % ����������  

������������	
�			���	�������������	������� =   96.65 ppm (mg/l) 

������������	
�			���	�������������	���		� =   1.93 ppm (mg/l) 

 

��	��������"�  =       100×
65.96

1.93 -65.96
 

 

=        98.0   (�"
����
�^_ �–2) 

 

 

�-2 ������������������
��������������   
 

��	�$�<��?������ � ����
�̂_ �–2 �̂_������������	
�����"� TOA =     3 % ���������� 

������������	
�			���	������������'���"\��		� =   92.00 ppm (mg/l) 

  

��	�������'���"\    =      100×
65.96

00.92
 

      

   =      95.2   (�"
����
�^_ �–2)  
 

�-3 ��������������������!���"#	���������  
 

��	�$�<��?������ � ����
�̂_ �–2 �̂_������������	
�����"� TOA =     3 % ���������� 

������������	
�			���	�������������	������� =   96.65 ppm (mg/l) 

������������	
�			���	�������������	���		� =   1.93 ppm (mg/l) 



��'�{�"���������	
��	� =   200.59 g/mol  

�`���̂_����	
���������
 =     1.4 m2

����������'�������� =     50 min 

��������	
����������	���		� =     5 l 

 

��"�|}�	
�����"�  = 
50×4.1×59.200

5×10×)93.1-65.96(
-3

 

 

      = 3.37 × 10-5   mol/m2min  (�"
����
�^_ 4.2) 

 

�-4 ��������������������!���"#	������������  
 

��	�$�<��?������ � ����
�̂_ �–2 �̂_������������	
�����"� TOA =     3 % ���������� 

������������	
�			���	������������'���"\��		� =   92.00 ppm (mg/l) 

��'�{�"���������	
��	� =   200.59 g/mol 

�`���̂_����	
���������
 =     1.4 m2

����������'�������� =     50 min 

��������	
���������'���"\��		� =      5 l 

  

��"�|}�	
����'���"\  = 
50×4.1×59.200

5×10×92.00
-3

 

 

      = 3.27 × 10-5   mol/m2min  (�"
����
�^_ 4.2) 

 
�-5 ����������������������������$� (Equilibrium Constant, Kex) ���������&�����'�*������:�� 

(Distribution Coefficient, D) 
 

1. ��������������������$� 
 

[ HgCl - 2

4 ] 
 K ex = [ (R3 NH) 2 HgCl 4 ] 

 [H+] 2 [R3 N] 2      (�–1) 



���̂���{��!�������������	
���@�!���"� 

 <����������������"��			���	�@����	�$��̂_?���������������	
�����"� TOA 3 % 

���������� {�̀	��!��"\ 6.896 × 10-2 ����!	���� |�_
�̂��	�$��"
�^� 

 

       HgCl     +   2H
�2

4

+    +   2R3N           (R3NH)2 HgCl4                (�–2) 

  

 ����������	������� = 3.68 × 10-4 ����!	���� (100 ppm) 

 ����������	���		� = 7.37 × 10-6 ����!	���� (2 ppm) 

 

 ����������	��^_{�����'���������� = 3.68 × 10-4  – 7.37 × 10-6 ����!	���� 

      = 3.61 × 10-4  ����!	���� 

 

�"
�"��������������	
����������	��̂_{�����'����������{�̀	������������	
�������	\

���
|�	� (R3NH)2 HgCl4   �̂_������������������������"��			���	�  �̂�!���!��"\ 3.61 × 10-4  ����!	

����  

 

������������	
����"�
����̂_�������_�����̂�!��"
�^� 

 

HgCl   = ������������	
�			���	�������������	������� 100 ppm  
�2

4

= 3.68 × 10-4 ����!	���� 

 

H+      = ������������	
������������������	���������������	�  

= 0.1 ����!	����  

 

 R3N  = ������������	
�����"� TOA 3 % ����������  

   = 6.90 × 10-2 ����!	���� 

 

 

 

 



������������	
����"�
����̂_������̂�!��"
�^� 

 

HgCl   = ������������	
�			���	�������������	���		� 2 ppm  
�2

4

= 7.37 × 10-6 ����!	����  

 

H+      = 0.1 – 2 × (3.61× 10-4) ����!	���� 

  = 9.93 × 10-2   ����!	���� 

 

R3N  = 6.90 × 10-2  – 2 × (3.61× 10-4) ����!	���� 

  = 6.82 × 10-2   ����!	���� 

 

�"
�"�� [HgCl ] [H
�2

4

+ ]2 [R3N]2 = (7.37 × 10-6) × (9.93 × 10-2)2 × (6.82 × 10-2)2

    = 3.38 × 10-10 (����!	����)5

 

@�� [(R3NH)2 HgCl4]  = 3.61 × 10-4 ����!	����  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



@���$��^_ �–1 
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[HgCl4
2-] [H+]2 [R3N]2  (<���������)5

[ (R
3NH

) 2 H
gC

l 4 ] 
 (<�

��
���

���
)

y = 134,068x + 0.0003

       R
2 

= 0.9995

x 104

x 1010

 
 

�
&��� �–1 �����"��"��}�	
������������	
�����"�  TOA  ��{�!�
���_��������������"\�^_��������	


��������������"��			���	� ��̀_	���̂_��@��
�!�������������	
�����"� TOA ��

����������`_	@�!��{�������$��	
���������
���!�
 0.1–3 % ���������� 

 

 ���{��!��
�^_������	
��������������"��			���	� (Kex) ���<�������"��	
����|�_
�̂�!�

��!��"\ 1.34 × 105 (�����!	���)4 

 

2. ���������������&�����'�*������:�� 
  

<��������"����������������<�� 

 

 

                                       
D = [ (R3 NH) 2 HgCl 4 ] 

[ HgCl - 2

4 ] 
=     K ex [H

+] 2 [R3N] 2   (�–3) 



��̀_	 

Kex = �!��
�^_������	
��������������"��			���	�  

= 1.34 × 105 (�����!	���)4

 

H+     = ������������	
������������������	���������������	�  

= 0.1 ����!	���� 

 

  R3N = ������������	
�����"� TOA  3 % ����������  

   = 6.90 × 10-2 ����!	���� 

 

 

 @����������^_ �–3 

 

 D = 1.34 × 105 (�����!	���)4 × (0.1 ����!	����)2 × (6.90 × 10-2 ����!	����)2

 

  = 92.40 

 

�"
�"���!��"����������������<�� (D) �	
��������������"��			���	��^�!���!��"\ 92.40 

 

�-6 �����������������������&�����'�*���">����� (Permeability Coefficient, P) 
 

 <������� 

     

tAP
C
C

V
f

f
f 1

ln
0, �

���
�
�

�
�
�
	




�
�

    (�–4) 

 

 ����̂_   

          
i

f

NrPL
Q
�


� �     (�–5) 

 

 



��̀_	 

 

   = �!��"�������������|���!��   (�|��������!	�����)̂ P

  = ������������	
�			���	��^_�������_���� (����!	����) 0,fC

  = ������������	
�			���	��^_���� t  (����!	����) fC

  = �̀���̂_����!���	����    (����
�|�������) A

  fV  = ��������	
����������	�   (�$�\���}�|�������) 

  = 	"�������{��	
����������	�  (�$�\���}�|��������!	�����^) fQ

  = ��������	
���������
   (�|�������) L

 N  = <'�������������
�����$�   (����) 

  = �"��^?�����	
���������
   (�|�������) ir

 �  = ���������	
���������
  

 
 = 3.1416 

 

@���$��^_ �–2 
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) Slope = 392.75  R2 = 0.9999
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Slope = 298.08  R2 = 0.9998
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&��� �–2 �����"��"��}��{�!�
 –Vf  ln (C  f  / Cf,0 ) �	
�			���	�������������	��"\����  

��̀_	���^_��@��
�!�������������	
�����"� TOA ������������`_	@�!��{�������$��	


���������
 ��`_	 [Hg

)(t

2+]f = 100 ppm, [HCl]f = 0.1 ����!	����, [NaOH]S = 0.5 ����!	���� 

@�� Qf  =  QS = 100 ����������!	���^  
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ln
f

f
f C

C
V  �"\����  <���� 

�����"��	
���� �̀	 

)(t

1��
�AP  |�_
�'��{�{��!� P {�̀	�!��"�������������|���!����� 

 

��<��*���	�$��	
�			���	��^_������������	
�����"� TOA 3 % ���������� ����̂_ 

 

  = 3.68 × 100,fC -4 ����!	���� (100 ppm) 

  = 3.68 × 10fC -7 ����!	���� (0.1 ppm) 

 t = 3,000  ����� ̂

 



 A  = 1.4 × 104  ����
�|������� 

  fV  = 5,000  �$�\���}�|������� 

  = 1.67  �$�\���}�|��������!	����� ̂(100 ����������!	���^) fQ

  = 20.3  �|������� L

 N  = 240  ���� 

  = 120 × 10ir -4 �|������� 

 �  = 0.3  

 
 = 3.1416 

 

<���$��^_ �–2   ��<��*������"��^_������������	
�����"� TOA    3 % ���������� �̂�!���!��"\ 

392.75     |�_
���̀	��	�   
1��

�AP    @��@���!��"�@���!�
~  ��������^_ �–4 @�� �–5   �'���*�!�

�"�������������|���!������"
�^� 

 

i

f

NrPL
Q
�


� �  

 

 

 =   
1.67 cm3/s 

P × (20.3 cm) × (0.3) × (3.1416) × (240) × (120 × 10–4 cm) 
 

                                                         (�–6) P 
0.0303 cm/s � =

 

 

@���!� �  <��������^_ �–6   �
����	� 
1��

�AP   =   392.75    <���� 

 

 

392.75 = (1.4 × 104) × P ×  
0.0303    

P 

0.0303 

P 
+ 1  

 

        P  = 3.78 × 10–1   cm/s 



 �"_��`	�!��"�������������|���!���	
�			���	� ( P ) �̂_������������	
�����"� TOA   3 % 

���������� �̂�!���!��"\   3.78 × 10–1   �|��������!	�����^ 

 

�-7 �����������������������&�����'�*���G���<�����	����������&I�� (ki ) ���������&�����'�*
���G���<�����	��?�K������?U�� (km) 

 
<������� 

     

 
1 

P =
1 

ki rlm

ri+
1 

Kex km [R3N]2 [H+]2  
(�–7) 

 

 

 ����̂_ 

 

  P  = �!��"�������������|���!�� (�|��������!	�����)̂  

  ki =  �!��"��������������!���	�����	
����������	� (�|��������!	�����)̂ 

  km =  �!��"��������������!���	�����	
��`_	@�!��{�� (�|��������!	�����)̂ 

   = �"��^?�����	
���������
 (�|�������) ir

  rlm = �"��^ Log–mean �	
���������
 (�|�������) 

  Kex = 1.34 × 105 (�����!	���)4

  [R3N] = ������������	
�����"� TOA (����!	����) 

  [H+] = ������������	
������������������	���������������	� (����!	����) 

 

 <��������'���*�!��"�������������|���!���	
�			���	� ( P ) ��`_	���^_��@��
�!�����

��������	
�����"�   TOA    ������������`_	@�!��{�������$��	
���������
��{"���	 �–6   ����


������{�!�
                �"\                                  @��
�"
�$��^_ �–3   �������'���*{��!��"����������

����!���	�����	
��`_	@�!��{�� (km) ���<�������"��	
����|�_
�̀	��	�                        @��

P  
1 

[R3N]2 [H+]2

1 

Kex km   rlm

 ri 1 
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x 10-18

1/P = 4E-18 (1/[R3N]2[H+]2)  + 2.4013
          R2 = 0.9993

 

 

�
&��� �–3 �����"��"��}��{�!�
 1/ P    �"\  1/[R3N]2[H+]2   ��̀_	���^_��@��
�!�������������	
 

�����"�  TOA ������������`_	@�!��{�������$��	
���������
 ��`_	 [Hg2+]f = 100 ppm, 

[HCl]f = 0.1 ����!	����, [NaOH]S = 0.5 ����!	���� @�� Qf  =  QS = 100 ����������!	���^ 

 

1. ���������������&�����'�*���G���<�����	��?�K������?U�� (km) 
 

<����	�                              |�_
�̀	�����"��	
�����^�!���!��"\        4 × 10–18  

 

  <������� 

 

 

 

 

Kex km   rlm

 ri 1 s/cm 

(cm3/mol)4

ro   –   ri

ro  
rlm =  (�–8) 

ri
ln ) ( 



  ��`_	 

 

  ro = �"��^?���	��	
���������
 =  150 × 10-4 �|������� 

   = �"��^?�����	
���������
 =  120 × 10ir -4 �|������� 

   

  �"
�"�� 
rlm 150 × 10-4  –  120 × 10-4

150 × 10-4   

120 × 10-4
ln 

= 

) ( 
 

 

 

   = 1.34 × 10-2 �|�������  

 

  ��`_	@���!��!�
~ ����	�                 =       4 × 10–18                               <���� s

Kex km   rlm

 ri 1 /cm 

(cm3/mol)4

  

                                                                                      
-4

                                                                                                =       4 × 10–18 120 × 10 1 

k
  cm 

1.34 × 10-2 cm 

1 

1.34 × 10

s/cm 

(cm3/mol)45  (liters/mol)4
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            km =       1.67     cm/s 

 

  �"_��`	�!��"��������������!���	�����	
��`_	@�!��{�� (km) �̂�!���!��"\ 1.67 �|��������!	

�����^ 

 

2. ���������������&�����'�*���G���<�����	����������&I�� (ki ) 
 

  <���$��̂_ �–3   �'���*{��!��"��������������!���	�����	
����������	� (ki ) ���<��

<���"�@��          ����^_<���"�@���^�!���!��"\   2.40     |�_
�̀	��	�                    <�����!� 

 

        = 2.40     s/cm 

 

       ki = 0.42   cm/s 

P  
1 1

k i  
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k i  
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����������	��̂_�̂�			���	� (ki ) �̂�!���!��"\ 

0.42    �|��������!	�����^ 
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-2  ICP Spectrometer
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 ICP Spectrometer 

2)

 ICP Spectrometer 

–1 (Thompson and Walsh, 1989) 

 194.227 

3)  ICP Spectrometer 

 (Standard Curve) 

4)  ICP Spectrometer 



-3  ICP Spectrometer  (Varnes, 1997)

1)

2)

3)

4)

5)  (Unknown 

Material)

–1  ICP Spectrometer

(Thompson and Walsh, 1989) 

 (nm)  (nm) 

Al 394.400 Mo 281.620

Al 308.215 Na 589.590

As 193.760 Nb 319.500

B 249.680 Ni 341.480

Bi 223.060 Ni 231.600

Ca 315.890 P 178.290

Ca 393.370 Pb 220.350

Co 228.620 S 180.731

Co 237.862 Si 288.160

Cr 267.720 Sn 189.990

Cu 324.750 Sn 326.230

Fe 259.940 Sr 407.770

Fe 302.060 Ta 240.060

Ge 303.910 Ti 337.280

Hg 194.227 V 311.070

Mg 280.270 W 239.710

Mg 383.230 Zn 202.550

Mn 293.310 Zr 349.620
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