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VOCs               = Volatile Organic Compounds 

NAPL              =            Nonaqueous Phase Liquid 

DNAPLs              = Dense Nonaqueous Phase Liquid 
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m
2
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m
3
                                 =            Cubic meter 
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1.

(TCE)  Chlorinated Aliphatic Hydrocarbons 

 Dense Nonaqueous Phase Liquid (DNAPL) 

 (VOCs) 

 (Nonaqueous Phase Liquid; NAPL) 

 Fugacity Approach 

(Partitioning Process)  4  (

)  Fugacity Model  1 (Level 1) 

1



2

 (Concentration, C)  Fugacity Capacity (Z) 

 “

”

(2550)

 200  8,786 

 40 

 60 

 60 



3

 (2544) 

2.

 (TCE) 

 “

”

3.

 Fugacity Approach  1 

 (TCE)  “



4

”

4.

 “

”

 Fugacity Approach  1 

 (Air)  (Soil) 

 (Water) 

(Sediment)  (Suspended Solids) 

 (Vegetation)  (Biota) 

5.

 5.1  

 5.2  

 5.3  

 5.4  ( )

 ( )  “

”

 5.5  ( )

 “

”

 5.6   ( )  ( )

 5.7   ( ocf )



5

 5.8   Fugacity Approach 

 5.9  

                     5.10 

6.

                    6.1  Fugacity Approach  1 

 “

”

                    6.2  Fugacity Approach  1 
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 2 

1.    

 888  3  24  ( . .

, 2536-2537) 

 “

”

 1 

 1 
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2.  (TCE) 

 (2546)  4 

      1.  (Ignitability)  (Flash Point)  60 C

 (Corrosivity)

       2.  pH  2  12.5 

 6.35 

       3.  (Reactivity) 

       4.  (Toxicity) 

 (Solvent) 

 (2547) 

 2 . . 2535 

. . 2536-2544 

. . 2536  5.91 . . 2537 
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 4  25.11 . . 2538  9.32 

 10.93 . . 2541  6  61.66 

  7.58 

. . 2543 . . 2544  7.13 

 6.20  2 . .

2536-2544

0.00

10.00

20.00

30.00

40.00

50.00

60.00

70.00

 (
)

2536 2537 2538 2539 2540 2541 2542 2543 2544

 ( . .)

 (TCE)

 2 

:  (2547) 
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 “

”

3.  (TCE) 

 (Volatile Organic Compound: VOCs) 

 (Vapor Pressure)  20  20 

 760  (101.3 kPa)  1  (0.13 kPa)  20 

 (Derwent, 1995)  260  (Hunter and Oyama, 2000) 

 (Chemical Structure)  3 

 (Joseph et al., 1997) 

 ( , 2547) 

 1 
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 1 

Chemical Structure 

Compound Name Trichloroethylene 

Molecular Formula* C2HCl3

Molecular Weight ( / ) * 131.39 

Tm( ) * -73.0 

Tb( ) * 87.0 

log Kow at 25  **** 2.42 

log C
sat

w  at 25  ( ·
-1
) * 2.04 

Henry’s Law Constant ( · . ./ ) ***** 971 

Specific Gravity at 20.4  ** 1.465 

Vapor Pressure at 20  ( )**  60 

Vapor Density at 25  ** 4.53 

Water Solubility at 25  ( / )*** 1100 

:    * Schwarzenbach et al., 1992 

             ** Domongo et al., 1976 

             *** Mackay et al., 1993 

             **** Schwarzenbach et al., 1992 , Abernethy and Mackay, 1987 

   ***** Mackay and Shiu, 1990

3.1  (Water Solubility; WS ) 

 (WS) 

 (Mobility)  (Persistence) 

 (Adsorption) 

 (Biodegradation)  (Accumulation)  (Food 

Chain Contamination) 
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·
-1

 1100 /  25  Mackay and Shiu (1981); 

Schwarzenbach et al. (1992); Abernethy and Mackay (1987) 

 (Mobility)  (Adsorption) 

 (Persistence) 

 (Biodegradation)  (Accumulation)  (Food 

Chain Contamination)

3.2  (Octanol/Water 

Partition Coeffficient; K
ow

)

 Octanol 

Kow  = C0/Cw   

   C0  ( / )

   Cw  ( / )

 ( , 2544) Kow

 (S)  Kow 

 Kow   (Adsorption) 

 (Persistence)  (Bioaccumulation) 

 (Toxicity) 

(Adsorption)  (Biodegradation) 

Ney (1990)  Kow  Kow > 1,000 

Kow  500-1,000  Kow < 500 

 (Kow) Kow  log kow 2.42 
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 Kow  263.03 (Schwarzenbach et al., 1992 and Abernethy and Mackay, 1987) 

 Kow  (Adsorption) 

 (Biodegradation)  (Persistence) 

3.3  (Henry’s  Law Constant; H) 

 Henry’s Law Constant  (VP) 

 (S)  L atm mol
-1

     H = VP / S 

   VP  (atm; )

    S  ( / )

 Henry’s Law Constant  Henry’s Law 

Constant

 60  (Domongo et al., 1976) 

 Henry’s Law Constant  971 

/  ( Mackay and Shiu, 1990) 

3.4  (Soil Sorption; K
d
 )

    Kd = Cs/Ce

                Cs  ( / )

                Ce  ( /

/ )

(Organic Carbon) 
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 (Organic Carbon) 

 (VOCs) 

 ( , 2548) 

 (Adsorption 

Coefficient, Koc)  ( , 2547) 

    Koc =  Kd x 100  

                   % oc 

     % oc 

4.

 ( , 2541)      

 3 

 2 

 2 

 (Boulder)  300 

 (Cobble) 150 – 300 

 (Gravel) 2 – 150 

 (Sand) 0.06 – 2 

 (Silt) 0.002 – 0.06 

 (Clay)  0.002 

:  (2548) 
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 12 

 3 ( , 2544) 

 ( , 2528)

 3 

: USDA (2007) 

 40 % 

 15 %  45 %  Volume Method 

 Clay Loam 

5.  (TCE)

 25 ( . . 2547) 
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 28 /

 20 . . 2543  5 /

6.  (TCE) 

 4 

 4  (Phase) 

 4 

: Jerald (1996) 

 1.4649 ( , 2546)  1.26 

 5
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 5 

: Richard (1998) 

7.  (Canna generalis)

: Canna, Indian Shot : Canna generalis

: Cannaceae 

 (  6) 

 1–2 

 ( , 2546) 



17

 6  (Canna generalis)

8.  (Oreochromis niloticus)

: Nile Tilapia : Oreochromis niloticus

 7 . . 2508 

 50 

 (

, 2530)



18

 7  (Oreochromis niloticus)

9. Fugacity Approach

 (Mathematical Model) 

 ( , 2540) 

 Fugacity 

Approach

 Fugacity Approach 

(Equilibrium)  Brock and Gary (1985)  Z 

(Fugacity Capacities)  8  Fugacity Model 

 1 (Level 1) 



19

 8  Fugacity Capacity  Physical Properties 

: Brock and Gary (1985) 

 (Equilibrium)  Fugacity  8 

 (Pressure, Pa) (Mackay and Peterson, 1981)

f  =  fa  =  fw  =  fs  =  fsed  =  fss = fv=  fb

          fa  Fugacity  (Air) 

          fw   Fugacity  (Water) 

          fs  Fugacity  (Soil) 

          fsed  Fugacity  (Sediment) 

          fss  Fugacity  (Suspended Solids) 

          fv  Fugacity  (Vegetation) 

          fb  Fugacity  (Biota) 

   Fugacity Model  3  1 (Level 1) 

(Nonpolar Compound)  4  9 

Fugacity Model  2 

(Partitioning Process) 
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 9 Fugacity Approach  1 

: Mackay et al. (1993) 

   Mackay et al. (1993)  Fugacity  (Concentration, C) 

 Fugacity Capacity (Z) 

C  =  f Z 

 C (mol/m
3
)

 Z  Fugacity Capacity (mol/m
3
Pa)

 Z  3 

 3  Fugacity Capacity (Z) 

 (Air) aZ  =  1/RT 

 (Water) wZ  =   1/H

 (Soil) sZ   = (0.63xKowx ocf x s )/H

 (Sediment)            sedZ = (0.63xKowx ocf x sed )/H

 (Suspended Solids) ssZ  =  (0.63xKowx ocf x ss )/H

 (Biota) bZ   =  (KowxLbx b )/H

 (Vegetation) vZ   =  (KowxLvx v )/H

: Mackay and Peterson (1981) 
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aZ  Fugacity Capacity  (Air) 

wZ  Fugacity Capacity  (Water) 

sZ  Fugacity Capacity  (Soil) 

ssZ  Fugacity Capacity  (Suspended Solids) 

sedZ  Fugacity Capacity  (Sediment) 

vZ  Fugacity Capacity  (Vegetation) 

bZ  Fugacity Capacity  (Biota) 

 R   (Gas Constant)  8.314 Pa m
3
/mol K 

 T   (K) 

 H   Henry’s law Constant (Pa m
3
/mol)

 KOW  Octanol-Water Partition Coefficient 

s  (Soil) (g/cm
3
)

ss  (Suspended Solids) (g/cm
3
)

sed  (Sediment) (g/cm
3
)

b  (Vegetation) (g/cm
3
)

v  (Biota) (g/cm
3
)

ocf  (%) 

bL  (%) 

vL  (%) 

10.

(2550)

 (VOCs) 

. . 2547-2549 

 (VOCs)

 2 

 3  40 

 6  0.1-2  60 
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 (2544) 

 6 /  1.2 

 6.5 

 968.15 /

 9 

 (2548) 

 2.35x10
-6

2.69x10
-6

 1x10
-6

 10x10
-5

 0.69  2.69  0.06  1.24  1 

 (2541) 

 5  1,1,1-  1,2

 16% 

 32 

 (2548) 

 VFAs 

0.04 (±0.01) / VFAs

 Dechlorination  24-43 /
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VFAs : NH3  12.64-17.24  pH  5.20-6.06 

 Dechlorination 

 0.0098 /

 (2546) 

 “ ”

 10  76%  61%  24 

 (Mineralization) 

 (2549) 

Toluene

 18  30 

 10 

    Nandita et al. (2006)  Passive Flux Meter (PFM) 

 Midwestern US.  Hydroulic 

Conductivity  Fluxes  Darcy Flux (%)  2 /

 800 

 0.52 
-1

    Benito et al. (2008)  (TCE) 

 Bioremediation 

 Bioremediation 

 2 
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   Kenneth et al. (2002) 

 3 

 Model Aquifer  Steady State 

 NAPL 

    Putzlocher et al. (2006)  DNAPL 

 Hydraulic Gradient  DNAPL 

 Kd (Soil-Water Partition Coefficient) 

    Michael et al. (2001)  CFB 

 DNAPL  Methodology 

 Trichloromethane (TCM), 

Tricholroethene (TCE) 

 Aerobic  foc (Sorption Potential) 

   Hwong-wen Ma et al. (2001) 

 Chlorinated Hydrocarbons 

 TCE, PCE  Monte Cario 

(TCE)



25

25

 3 

 (TCE) 

 Fugacity Model  “

”

 10

 10 

1.

1.1

 11 
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 11 

 12 

 =  ( ) x  ( )

    :  (Half 

Life)  First-Order 

1700  (Mackay, 2001)  k 

kt

t eCC 0

tC C t  ( / )

0C C  ( / )

t  ( )

k  (Decay Rate Constant) (
-1
)

 ( t )

 (Percolation Rate) 

 (Hawker, 1994) 

    

f

b

W

Q

d1

     (Leach) 
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Q  Percolate Rate 

 1 /

W  Available Water Capacity 

 Field Capacity-Wilting Point 

 Percolate Rate 

0.1 /  ( , 2545) 

 1.464 / . . (McGovern, 1943) 

 1  500  (Bulk Density) 

 500  500 

 Bulk Density ( / . .)  Field Capacity ( . ./ . .)  Wilting Point ( .

./ . .)  4 

 (Leach)  ( )  ( t )

100

/

 4 

 Bulk Density 

(g/cm
3
)

Field Capacity 

(cm
3
/ cm

3
)

Wilting Point 

(cm
3
/ cm

3
)

Porosity

(cm
3
/ cm

3
)

Silt loam  1.33 0.35 0.13 0.49 

Clay and Clay 

loam

1.30 0.36 0.22 0.51 

Sandy loam 1.50 0.22 0.08 0.43 

Loam 1.42 0.32 0.13 0.46 

: Hawker (1994) 
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                10.50 

                                                    

                                                         9.00 

                      11.10         21.15 

                    15.80    

     3.80 

                       

4.30                4.30 

                   3.80        1.50                                        9.00 

 12 
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1.2  ( )

 5 : 100 

 =  ( ) x  ( )

    :

 2  1  3  (  13) 

 5 



30

 13 

1

2

7

6

5

4

3

 1

 3

 2
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1.3

 1 

2551  21  2551 

 =  ( ) x  ( )

:  30  

 20  180 /  (Radiosound) 

      1.4 

 2 

 100  (Centrifuge)  Rotanta 46R D 

78532 Tullingen 4810  Hettich Zentrifugen 

 4500 

 r
2
h

    3.14 

    r  ( )

    h

 (Centrifuge) 
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1.5

 Grab Sample  Soil Core 

 =  ( ) x ( )

    :

1.6

 1  x 1 

 19  15 

 =  ( )  15 ×  ( )

:

 1.7 

0.5  20 

 15  2551,  22  2551  29  2551  3 

 3  7.00 ., 11.00 .  15.00 .

 ( , 2537) 

 =  ( ) x  ( ) x  ( )
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2.

 1.0 - 1.3 

 1.0 - 1.4 

 1.2 - 1.6 

 ( , 2544) 

2.1

 (Bulk density) 

 ( , 2541) 

 Soil Core 

 Soil Core 

 (2547) 

 10-20  10-20 

 1 

 5-6  100  24 

 14 

 Soil Core 

 =  ( )

             Soil Core ( )
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 14  (Desiccator)

2.2  (Bulk Density)  ( , 2548) 

 Bulk density 

 ASTM method  American Society for Testing and Materials 

 Dry-Bulk Density 

 (Soil Core)  15 

 16 

 15 Soil Core 

        : Anonymous (2006) 

 105  16 
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 16  103-105 

f

odsdb

V

M

db  Dry-Bulk Density ( / )

odsM  ( )

fV  Soil Core ( )

2.3 ( , 2548) 

103 -105  1  (B) 

 50-100 

 10  3 

 103-105  (  14) 

 1  (A) 

 ( / )  = A ( ) - B( ) x 10
6

                             ( )
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 17  550°C

2.4

(Sample Plots Method) 

 Random Distribution 

 1x1  15  (  18)  Sampling Grid 

 19  Sampling Grid 

 ( , 2535) 

     = 

 18 
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A B C D E F G H I J K L M 

1           

2       
    

3    

4             

5             

6          

7           

8           

9
   

10       

11         

12             

 19  Sampling grid 

2.5

 (Direct Count)

 =  ( )

                                                   ( )

1

2

3

4

5

6

7 8

9

10 1

11 1

12 1 13 1

14 1

15
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3.

 Soil Core 

 Soil Core 

 1 

5-6

 Grab Sampler  (Air Dry) 

 0.5 

     2 

 GF/F (Whatman, 25 )

 50-100 

 10  3 

 103-105  1 

 Dry Combustion Technique  Total Organic Carbon Analyzer 

Phoenix 8000  21 

 Sucrose  Standard Curve 

 Sucrose  Boat Sampler  20  Boat Sampler 

 Non Dispersive Infrared Analyzer (NDIR) 

 Platinum Boat 

 1000  2 

 (He)  CuO 

 Silver Mesh (Silver Vanadate 

 Silver Wood) 

 Total Carbon (TC) 

Platinum Boat  H2NO3  (1 part conc. H2NO3: 1 H2O) 1-2 

 (Inorganic Carbon)  (Hot Air Oven)  70 
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 10-15  Total Organic Carbon 

Analyzer  (Total Organic Carbon , TOC )

ICTOCTC

 20  Boat Sampler  

                            21  Total Organic Carbon Analyzer  Phoenix 8000 

4  (%)

4.1 (AOAC, 1995) 

 Soxhlet  103 -

 1  1  Thimble 

 ( )  5  Thimble  Glass Beeds 
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 103  1  Thimble 

Round Bottom Flask  Hexane 200  Glass Beeds  4 

22  Hexane  Thimble  Round Bottom Flask 

Hexane  Hexane  Round Bottom Flask 

 Hexane  2-3 

 80  23  Hexane 

 1 

(%) = (  ( ) - ( ) x100 

            ( )

 22  Soxhlet

 23  80 °C
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4.2

 (2549) 

 ( )

 2  100  Methanol 20 

 Chloroform 10  Utra Turrax  2 

 Buchner Funnel  Whatmam  4 

 Methanol 20 Chloroform 10 

 (Separating Funnel) 250  0.1% KCl 20 

 ( )  Na2SO4

 Methanol : H2O (1:1) 20 

 Na2SO4

 Desiccater  30 

 ( )
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 4 

 (TCE) 

 “

”

 Fugacity Approach 

1.  (Soil) 

 197.7 

 1  0.61 

 120.60  Soil Core 

15  1.17 /

 Total Organic 

Carbon Analysis  Sucrose  Stand Curve 

6.65  TOC  98.41895 

1.48 % 

2.  (Sediment) 

 5 / 100 

 4,180 

 0.13 

 28  2551  14.00 .  Grab Sampler 

 (Dry-Bulk Density)  0.22 /
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 Total Organic Carbon Analysis 

 6.35  TOC  0.021 

 2.13 % 

3.  (Suspended Solids) 

 25 

/  (2548-2549) 

 25 /

 2.5x10
-5

/

 0.22 

 Total Organic Carbon Analysis 

 6.15  TOC  0.120 

 1.92 % 

4.  (Air) 

 1  2551  21  2551  4.52 .

5.50 .  57,000  84,000 

 -50.6 C°  -77.2 C°

 5  77,952.38 

  4,623,356 
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 5 

 ( )  (C°) 

1/6/51 05:22:46 80000 -52.8 

2/6/51 05:50:01 69000 -63.4 

3/6/51 04:52:12 82000 -51.5 

4/6/51 05:39:01 71000 -58.0 

5/6/51 05:06:27 84000 -52.0 

6/6/51 05:20:01 81000 -53.8 

7/6/51 05:22:08 82000 -55.5 

8/6/51 05:51:24 76000   -55.3 

9/6/51 05:51:51 80000 -56.7 

10/6/51 05:30:03 79000 -51.9 

11/6/51 04:52:49 81000 -51.1 

12/6/51 05:37:38 73000 -58.6 

13/6/51 05:15:24   82000 -51.0 

14/6/51 05:04:25 81000 -53.3 

15/6/51 05:06:53 82000 -51.5 

16/6/51 05:32:28 80000 -57.6 

17/6/51 05:33:38 75000 -58.7 

18/6/51 05:26:02 57000 -77.2 

19/6/51 05:13:04 79000 -56.1 

20/6/51 05:47:39 80000 -53.5 

21/6/51 05:20:17 83000 -50.6 

 77952.38 
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5.  (Water) 

5 : 100  2 

 4,180 

 8,360 

6.  (Vegetation) 

 6 

 173 /

 1.25 

 185.8  15 

 18.75 

 (2549) 

 0.68%  7 

 6 

( / . .)

 (%) 

 (Senna siamea ) 4 30 

 (Pithecellobium dulce ) 1 10 

 (Canna generalis) 173 70 

 (Leucaena leucocephala ) 4 30 

 (Muntingia callabura ) 2 20 

 (Tridax procumbens ) 70 20 
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 7 

 (%) 

 0.85 

 1.62 

 0.27 

:  (2549) 

7.  (Biota) 

 3  3  7 

 8 

 8 

 ( )

15 . . 2551 22 . . 2551 29 . . 2551 

 1  2  3  1  2  3  1  2  3 ( )

 40 37 43 45 55 50 37 23 27 39.67 

 31 29 33 45 35 55 30 25 35 35.33 

 3 2 4 14 10 18 12 11 13 9.67 

 0 0 0 16 12 20 2 2 2 6.00 

 0 0 0 4 4 4 5 5 5 3.00 

 2 2 2 5 4 6 6 5 7 4.33 

 0 0 0 1 1 1 2 1 3 1.00 
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 9 

 ( )

( . .)  ( ) /

 (Oreochromis niloticus) 2.0-21.2 119 4721 39.67 

 (Puntius gonionotus ) 1.9-20.4 106 3745 35.33 

 (Oxyeleotris marmoratus ) 6.8-15.4 29 281 9.67 

 (Anabas testudineus ) 3.2-7.5 18 108 6.00 

 (Trichogaster pectoralis ) 0.8-2.2 9 27 3.00 

 (Channa striata) 4.2-16.5 13 56 4.33 

 (Clarias batrachus ) 2.8-15.6 3 200 66.67 

300 /  0.212 

 0.118  0.035 

 119 

 1,475.46 

 3.20x10
-6

/

 Soxhlet  (AOAC, 1995) 

 0.52 %  ( ,

2541)  0.80 % 

 10  Fugacity Approach 

 (TCE) 

 10
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 10 

(V ), m
3

( ), g/cm
3

 ( ocf ), % ( L ), % 

 (a ) 4.62x10
6
 - - - 

 (w ) 8,360 - - - 

 ( s ) 120.60 1.17 1.48 - 

 ( ss ) 15.52 2.50x10
-5
 1.92 - 

 ( sed ) 543.40 0.22 2.13 - 

 (b ) 1,475.46 3.20x10
-6
 - 0.80 

 (v ) 18.75 0.02 - 0.68 

 Fugacity Approach  1 (Level 1)  Fugacity 

Capacity  Z  11  ZiVi

 12 

 11 Z

Z  (mol/m
3
Pa)

aZ RT/1 4.04x10
-4

wZ H/1 1.03 x10
-3

sZ HxxfxK socow /63.0 2.96 x10
-1

ssZ HxxfxK
ssocow /63.0 8.19 x10

-6

sedZ HxxfxK
edsocow /63.0 8.00 x10

-2

bZ HxxLK bbow / 6.93 x10
-7

vZ HxxLK vvow / 3.68 x10
-3
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 12 iiVZ

iiVZ  (mol/Pa) 

aaVZ 1.86 x 10
3

wwVZ 8.61

ssVZ 3.56 x 10
1

ssss
VZ 1.27 x 10

-4

sededs
VZ 4.35 x 10

1

bbVZ 1.02 x10
-3

vvVZ 6.91 x10
-2

iiVZ 1.95 x 10
3

fugacity vbssesdswa ffffffff

ZCf / ZVMf /  (TCE) 

5.57x10
3

 1.464 /

 (McGovern, 1943)  1  500 

 Molecular weight  131.39 /  (Mackay et al., 1993) 

 5.57x10
3

f =  5.57x10
3
 mol

         1.95 x 10
3
 mol/Pa 

=    2.85 Pa 

 (Ci)  13 

 (Ci)  (Mi)  14 
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 13 iC

iC  (mol/Pa) 

aC aaZf 1.15 x 10
-3

wC wwZf 2.94 x 10
-3

sC ssZf 8.43 x 10
-1

ss
C

ssss
Zf 2.34 x 10

-5

sedC
edseds

Zf      2.28x 10
-1

bC bbZf 1.97x 10
-1

vC vvZf 1.05 x 10
-2

 14  ( iM )

iM  (mol) 

aM CaVa 5319.60 

wM CwVw 24.56 

sM CsVs 101.67 

ss
M CssVss 3.63x 10

-4

eds
M CsedVsed 123.97

bM CbVb 2.92 x10
-3

vM CvVv 0.20 

iM 5.57 x10
3

 (TCE) 

 15 
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 15  (TCE) 

Phase Z

(mol/m
3
Pa)

iiVZ (mol/Pa) iC  (mol/m
3
) iM  (mol) 

 ( a ) 4.04x10
-4
 1.86 x 10

3
 1.15 x 10

-3
 5319.60 

 (w ) 1.03 x10
-3
 8.61 2.94 x 10

-3
 24.56 

 ( s ) 2.96 x10
-1
 3.56 x 10

1
 8.43 x 10

-1
 101.67 

 ( ss ) 8.19 x10
-6
 1.27 x 10

-4
 2.34 x 10

-5
3.63x 10

-4

 ( sed ) 8.00 x10
-2
 4.35 x 10

1
      2.28x 10

-1
123.97

 (b ) 6.93 x10
-7
 1.02 x10

-3
 1.97x 10

-1
 2.92 x10

-3

 ( v ) 3.68 x10
-3
 6.91 x10

-2
 1.05 x 10

-2
 0.20 

iiVZ 1.95 x 10
3

i
5.57 x10

3
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 5 

1.

 “

”

 2.0 

 (2548-2549) 

 0.53-2.06 

 (Troposhere) 

 0.6  100  (

, 2549) 

 Temperature Inversion ( , 2540) 

 Fugacity Approach 

(TCE)  (TCE)  5.57x10
3

 (Air)  5319.60  1.15x10
-3

/

 (Biota)  1.97x10
-1

/

 (Sediment)  2.28x10
-1

/

 123.97  (Soil) 

 8.43x10
-1

/  101.67

 (Water)  2.94x10
-3

/

 24.56  (Vegetation) 
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 1.05x10
-2

/  0.20 

 (Biota)  2.92x10
-3

 (Suspended Solids)  2.34x10
-5

/  3.63x10
-4

 (Soil)  (Organic Matter) 

 (Organic Carbon)  (Clay) 

 (Moisture and Water Content)  (Cation Exchange 

Capacity)

 (Adsorption) 

 (

, 2547) 
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2.

    1. 

    2.   Fugacity Approach 

3.

 “

”

   1. 

 (VOCs)

 (Leaching) 

 (Air Sparging)  (Soil Vapor 

Extraction) -  (Chemical Oxidation-Reduction 
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 (Phytoremediation) 

“ ”

 ( , 2547)

 (Bioremediation) 

 (Bacteria)  (Bioremediation) 

 (

, 2546) 

 ( , 2546)

 (2550)  (TCE) 

Pesudomonas putida

 (Cometabolism) 

 (2549) 

Pesudomonas putida

24

 (2546)  ( , , )

 (Mineralization) 

 (Phytoremediation)  (Bioremediation) 
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 ( , 2546) 

 24 

:  (2546) 

    2. 

 Soil Vacuum 

Extraction  Air Stripping 

 (VOCs)

Growth substrate/Inducer Toluene 

Hydroxytoluene 

NADH O2

H2O

NAD
+

Toluene

oxyoenase

Kreb’s cycle 

Growth

  Bacterial cell 

Co-substrate

Trichloroethylene (TCE) 

TCE  Epoxide 

CO2 + H2O

Toluene

       Glyoxylate, formate, or oxalate 

3Cl
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 1-6 

 1 

    3. 
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. 2548-2549. 

.  25-26 (1): 70-96. 

. 2547. 

                (TRICHLOROETHYLENE), .

. 2546. . , .

. 2548.  (SEDIMENT). , .

. 2548. 

. ,

.

. 2548. 

. , .

. 2547. .  2. 

, .

, . 2550. 

 (VOCs) 

 2547-2549,

.

. 2548. 

.

, .

. 2549.  Toluene 

 Trichloroethylene (TCE) 

.

 34(1): 59-71. 

. 2541. .

, .

. 2549. . , .
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. 2537. .

, .

, . . 2536-2537. 

. , 14(1):25-29. 

. 2550. .

 27 (1 ): 125-137. 

. 2528. . .

.

. 2548. 

.

, .

. 2544. .

, .

, , ,

. 2544.  Chlorinated Ethylene 

.

, .

, . 2530. .

, .
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.

. 2535. 

.  13 (1 ) : 119-133. 

. 2540. . , .

 ( . . .). 2545. , .

. 2546. . , .

. 2545. .  3. 

, .

. 2549.  BTEX 
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1.  (Volatile Organic Compound) 

   1)  (Benzene) mg/kg  6.5  Gas Chromatography 

 Gas 

Chromatography/Mass

Spectrometry (GC/MS) 

   2) 

(Carbon Tetrachloride) 

mg/kg  2.5 ” 

   3) 1,2-  (1,2-

Dichloroethane)

mg/kg  3.5 ” 

   4) 1,1-  (1,1-

Dichloroethylene)

mg/kg  0.5 ” 

   5) -1,2-  (cis-

1,2-Dichloroethylene)

mg/kg  43 ” 

   6) -1,2-

(trans-1,2-Dichloroethylene)

mg/kg  63 ” 

   7) 

(Dichloromethane)

mg/kg  89 ” 

   8)  (Ethylbenzene) mg/kg  230 ” 

   9)  (Styrene) mg/kg 1,700 ” 

   10) 

(Tetrachloroethylene)

mg/kg  57 ” 

   11)  (Toluene) mg/kg  520 ” 

   12) 

(Trichloroethylene) 

mg/kg  28 ” 
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   13) 1,1,1-  (1,1,1-

Trichloroethane)

mg/kg  630  Gas 

Chromatography

 Gas 

Chromatography/Mass

Spectrometry (GC/MS) 

   14)  1,1,2-  (1,1,2-

Trichloroethane)

mg/kg  8.4 ” 

   15)  (Total Xylenes) mg/kg  210 ” 

2.  (Heavy metals) 

   1)  (Arsenic) mg/kg  3.9  Inductively Coupled 

Plasma-Atomic Emission 

Spectrometry

Inductively Coupled 

Plasma-Mass 

Spectrometry

Atomic Absorption, 

Furnace Technique 

 Atomic Absorption, 

Gaseous Hydride 

Atomic Absorption, 

Borohydride Reduction 
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   2) 

 (Cadmium 

and compounds) 

mg/kg  37  Inductively Coupled Plasma-

Atomic Emission Spectrometry 

Inductively Coupled Plasma-Mass 

Spectrometry  Atomic 

Absorption, Direct Aspiration 

Atomic Absorption, Furnace Technique 

   3) 

(Hexavalent

Chromium) 

mg/kg  300  Coprecipitation 

Colorimetric

Chelation/Extraction

   4)  (Lead) mg/kg  400  Inductively Coupled Plasma-

Atomic Emission Spectrometry 

Inductively Coupled Plasma-Mass 

Spectrometry  Atomic 

Absorption, Direct Aspiration 

Atomic Absorption, Furnace Technique 

   5) 

(Manganese and 

compounds)

mg/kg

1,800

 Inductively Coupled Plasma-

Atomic Emission Spectrometry 

Inductively Coupled Plasma-Mass 

Spectrometry  Atomic 

Absorption, Direct Aspiration 

Atomic Absorption, Furnace Technique 



67

 6) 

(Mercury and 

compounds)

mg/kg  23  Cold-Vapor Technique 

   7) 

(Nickel, soluble salts) 

mg/kg

1,600

 Inductively Coupled Plasma-

Atomic Emission Spectrometry 

Inductively Coupled Plasma-Mass 

Spectrometry  Atomic 

Absorption, Direct Aspiration 

Atomic Absorption, Furnace Technique 

   8)  (Selenium) mg/kg 

390

 Inductively Coupled Plasma-

Atomic Emission Spectrometry 

Atomic Absorption, Furnace Technique 

 Atomic Absorption, Gaseous 

Hydride  Atomic Absorption, 

Borohydride Reduction 
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1.  (Volatile Organic Compounds) 

   1)  (Benzene) µg/kg  5  Purge and Trap Gas Chromatography 

 Purge and Trap Gas 

Chromatography/Mass Spectrometry 

   2) 

(Carbon Tetrachloride) 

µg/kg  5 ” 

   3) 1,2-  (1,2-

Dichloroethane)

µg/kg  5 ” 

   4) 1,1-  (1,1-

Dichloroethylene)

µg/kg  7 ” 

   5) -1,2-

(cis-1,2-Dichloroethylene)

µg/kg  70 ” 

   6) -1,2-

 (trans-1,2-Dichloroethylene) 

µg/kg  100 ” 

   7) 

(Dichloromethane)

µg/kg  5 ” 

   8) 

(Ethylbenzene)

µg/kg  700 ” 

   9)  (Styrene) µg/kg  100 ” 

   10) 

(Tetrachloroethylene)

µg/kg  5 ” 

   11)  (Toluene) µg/kg

1,000

”

   12) 

(Trichloroethylene) 

µg/kg  5 ” 
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   13) 1,1,1-

 (1,1,1-

Trichloroethane)

µg/kg  200  Purge and Trap Gas 

Chromatography  Purge 

and Trap Gas 

Chromatography/Mass

Spectrometry

   14)  1,1,2-

 (1,1,2-

Trichloroethane)

µg/kg  5 ” 

   15)  (Total 

Xylenes)

µg/kg

10,000

”

2.  (Heavy metals) 

1)  (Cadmium) µg/kg 

0.003

 Direct Aspiration/Atomic 

Absorption Spectrometry 

Inductively Coupled 

Plasma/Plasma Emission 

Spectroscopy

2)

 (Hexavalent 

Chromium) 

µg/kg  0.05 ” 

   3)  (Copper) µg/kg  1.0 ” 

4)  (Lead) µg/kg  0.01 ” 

5)  (Manganese) µg/kg  0.5 ” 
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6)  (Nickel) µg/kg  0.02  Direct Aspiration/Atomic Absorption 

Spectrometry  Inductively Coupled 

Plasma/Plasma Emission Spectroscopy 

7)  (Zinc) µg/kg  5.0  Direct Aspiration/Atomic Absorption 

Spectrometry  Inductively Coupled 

Plasma/Plasma Emission Spectroscopy 

8)

(Arsenic) 

µg/kg  0.01  Hydride Generation/Atomic Absorption 

Spectrometry  Inductively Coupled 

Plasma/Plasma Emission Spectroscopy 

Absorption, Borohydride Reduction 

9)

(Selenium)

µg/kg  0.01  Hydride Generation/Atomic Absorption 

Spectrometry  Inductively Coupled 

Plasma/Plasma Emission Spectroscopy 

Absorption, Borohydride Reduction 

10)

(Mercury) 

µg/kg  0.001  Cold-Vapor Atomic Absorption 

Spectrometry/Plasma Emission 

Spectroscopy
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 30 . .2550
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1.  (Benzene)  1.7 /

2.  (Vinyl Chloride)  10 /

3. 1,2 -  (1,2 - Dichloroethane)  0.4 /

4.  (Trichloroethylene)  23 /

5.  (Dichloromethane)  22 /

6. 1,2 -  (1,2 - Dichloropropane)  4 /

7.  (Tetrachloroethylene)  200 /

8.  (Chloroform)  0.43 /

9. 1,3 -  (1,3 - Butadiene)  0.33 /
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21.15

1.

( ) ×  ( )

  1.1 

 25 

 1 

 1 = ½ ×  × 

    = ½ × (15.80 + 21.15 ) × 9.00 

    = 166.28 

 2 

 2 = ½ ×  × 

    = ½ × (15.80 + 4.30 ) × 1.50 

    = 15.08 

 3 

 3 =  × 

2

1

3

10.50

9.00

11.10

    3.80 

4.30

1.50    3.80 
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    = 3.80  × 4.30  = 16.34 

      = 166.28 +15.08 + 16.34 = 197.70 

  1.2 

f

b

W

Q

d1

       (Leach) 

Q  Percolate Rate 

 1 /

                           W  Available Water Capacity 

 Field Capacity-Wilting Point 

                           Kd

b  Bulk Density ( / )

f  Field Capacity ( / )

 (Clay Loam)  4 

 Bulk Density ( ; b ) = 1.30 /

                Field Capacity ( ; f ) = 0.36 /

                Wilting Point ( ; w)

                w = f  – W = 0.36 – 0.22 = 0.14 /

d

oc

doc

%

100

    oc%
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oc  Adsorption Coefficient 

 Sorption Partition Coefficient; oclog = 2.1 (USEPA, 1986) oc = 125.89 

oc%  1.48 % 

oc

doc

%

100

100

86.148.189.125d

Q  0.1 /

/

Q  = 0.1   ×  24 . ×  365  × 2.54 .

           1 .        1           1          1 

Q  = 2225.04 /

Q

f

b

W

Q

d1

 = 2225.04 /

         0.14 / ×[1+(1.30 / ×1.86)]

       0.36 /

 = 2058.69 /

 (Half Life; 
2

1t ) = 1700  (Mackay, 2001) 

2
1t = 1700  ×    1        = 71 

           24

    
693.0

2
1t

   
71

0098.0693.0
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kt

t eCC 0

tC C t

 25 

( . . 2547)  28 /

0C C  (Density) 

 1.464 / /

  =         1.464           ×  1000    =  1464 /

    1                 1 

 1   1464 /

 500   1464×500 = 7.32×10
8

 500  7.32×10
8

  500  500 

 1.33 /

   

 1  1.33 

 500  1.33×500 = 665 

C

0C  = 7.32×10
8

         665 

      = 1.10×10
6

/

      

               
kt

t eCC 0
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tCCt 0lnln

         ln  28 – ln  (1.10×10
6
) = -0.0098t 

                 3.33 – 13.91 = -0.0098t 

          -10.58 = -0.0098t 

                              t  = 1079.59 

100

/

                
100

               2.96  =            100 H 

             2058.69 /

                = 60.94  0.61 

 0.61 

 =  ( ) ×  ( )

             = 197.70 ×0.61

             = 120.60 

   

2.  ( )

 ( )  13 

   2.1  1 



80

                                                                                                                       

 1 = ×

          = 8 ×16                                

          = 128 

2.2  2 

                                        

 2 = ½ × ( ) × 

             = ½ × (26 + 34 ) × 28 

             = 840 

2.3  3 

     

 3 = ½ × ( ) × 

             = ½ × (20 + 30 ) × 26 

             = 650       

2.4  4 

20

26

30

26

28

34

  16 

      8 
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 4 = ½ × ( ) × 

             = ½ × (22 + 34 ) × 26 

            = 720    

2.5  5 

                                        

 5 = ½ × ( ) × 

             = ½ × (26 + 28 ) × 26 

             = 702 

2.6  6 

    

 6 = ½ × ( ) × 

             = ½ × (18 + 26 ) × 26 

            = 572     

2.7  7 

18

26

26

26

26

28

34

26

22
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26

                                        

 7 = ½ × ( ) × 

             = ½ × (26 + 30 ) × 20 

             = 560 

           = 128+840+650+728+702+572+560 

             = 4,180 

 =  ( ) ×  ( )

     = 4,180  × 2.0 

     = 8,360 

   :

 2  1  3  (  13) 

 5 

3.

   3.1  1  – 22 

 2551  77952.38 FT  

    = 77952.38 FT × 30  ×      1 

                              1 FT              100 

                 = 23,385.714 

 =  ( ) ×  ( )

    = 197.7  × 23,385.714 

30

20
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    = 4,623,355.658 

     = 4.62×10
6

4.

 2  100  0.16 

 (r) 0.015  (Centrifuge)  Rotanta 46R D 

78532 Tullingen 4810  Hettich Zentrifugen 

 4500 

 r
2
h

               = (0.010
2
) (0.12

2
)

               = 3.77x10
-5

 3.14 

    r  ( )

    h

 (Centrifuge) 

 3.77x10
-5

 0.70 

 8,360  0.70  x 8,360 

        3.77x10
-5

                   = 1.552x10
7

       = 15.52 
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5.

 2  1 

 5  0.13 

 =  ( ) ×  ( )

        = 4,180  × 0.13  = 543.4 

6.

  6.1  1  x 1 

 19  15 

  =  ( )  15 ×  ( )

 = 15  × 1.25 

   = 18.75 

:

 6

7.

 119  4,721

 39.67 

 0.212  119 x

 0.212  25.228 

 0.118  119 x

 0.118  14.042 

 0.035  119 x

 0.035  4.165 

 =  ( ) ×  ( ) ×  ( )

            =  25.228  × 14.042  × 4.165 = 1,475.46 
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1.

 Soil Core  0.15  Soil 

Core  0.0027  Soil Core 

 Soil Core hr 2

     = (2.7
2
)(15)

     = 343.36 

 3.14 

r  Soil Core ( )

h  Soil Core ( )

 Soil Core 

 Soil Core               = 131.47 

 Soil Core+  = 1058.190 

 Soil Core+  = 528.059 

   

 =  Soil Core+  -  Soil Core+

       Soil Core 

         =  928.19  - 528.059 

                  343.36 

          =  1.17 /

2.

 2 

 1  100 
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+  ( ) 45.4446 

+  ( ) 45.4470 

 2  100 

+  ( )  41.6306 

+  ( ) 41.6272 

       =    ( - ) × 10
6

 1  = (45.4446-45.4446)×10
6
= 16 /

                         100 

 2  = (41.6306-41.6272)×10
6
= 34 /

                100 

 ( / )     = 16 /  + 34 /

                                                                                                                        2 

                    = 25 /

            = 2.5x10
-5

/

3.

 ASTM Method  Soil Core 

 Grab Sampler  Soil Core

 Soil Core      = hr 2

        = ¶ (2.25
2
)(1.5)

        = 23.84 

    22/7  3.14 

                r  Soil Core ( )

               h  Soil Core ( )

 Soil Core 
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f

odsdb

V

M

db  Dry-Bulk Density ( / )

odsM  ( )

fV  Soil Core ( )

   db = 52.11  – 46.88 

              23.84  

          = 0.22 /

4.

 Random  1x1  15 

 1x1 

 1x1 

  =  x 100 

 = 

    1×1  15 

 173 

 1   185.80 

 173   185.80 × 173 = 32143.4 

             = 

 =         32,143.4      

           15 

 = 0.02 /
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5.

4,721

 =        

                 

   =           4,721 

       1,475.46 

   = 3.20x10
-6

/
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1.

     Total Organic Carbon Analyzer 

 Phoenix 8000  21 

 1.1  Sucrose (C12H22O11) Molecular Weight  342.3 ,  Sucrose 

(C12H22O11)  12  144 )

 1  Sucrose 0.4  = 0.4 ×0.144 ×1000

0.342

               = 168.42 

 2  Sucrose 1.1  = 1.1 ×0.144 ×1000

0.342

               = 463.16 

 3  Sucrose 1.8  = 1.8 ×0.144 ×1000

0.342

               = 757.89 

 Total Organic Carbon 

 Sucrose  Standard Curve  800 

 16 
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 16  Standard Curve  Sucrose 

Sucrose (C12H22O11) HPLC Grade ( ; mg) (µg C) 

0.02

0.05

0.12

0.17

0.24

0.36

0.48

0.59

0.71

0.85

0.95

1.01

1.19

1.31

1.43

1.54

1.66

1.90

10

20

50

70

100

150

200

250

300

350

400

450

500

550

600

650

700

800

   1.2  (µg C)  Sucrose  2.375 

 Sucrose  Total Organic Carbon (TOC)  800 

µg C  2.8  Boat Sampler  20  Total 

Organic Carbon  Total Carbon (TC)  39.7031 µg C 

   1.3 

  1.3.1  6.4  Total Organic Carbon 

Total Carbon  92.7132 µg C 

  1.3.2  5.4  HNO3  Organic Carbon 

(OC)  86.0584 µg C
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  1.3.3  7.9  HNO3  Organic Carbon (OC) 

 110.7795 µg C

   1.4  Organic Carbon (OC) 

 5.4×10
3

 Organic Carbon  86.0584 µg C 

 100  Organic Carbon  86.0584×100 = 1.594 % 

         5.4×10
3

 7.9×10
3

 Organic Carbon  110.7795 µg C 

 100  Organic Carbon  110.7795×100 = 1.402 % 

                 7.9×10
3

 1.594 %+1.402 %  = 1.48 % 

     2 

2.

 2.1  Total Carbon (TC) 

 6.7  Total Organic Carbon  Total Carbon 

151.9835 µg C 

   2.2

  2.2.1  6.4  HNO3  Organic Carbon 

(OC)  125.8391 µg C

  2.2.2  6.3  HNO3  Organic Carbon 

(OC)  143.3274 µg C

   2.3  Organic Carbon (OC) 

 6.4×10
3

 Organic Carbon  125.8391  µg C 

 100  Organic Carbon  125.8391 ×100 = 1.966 % 

         6.4×10
3

 6.3×10
3

 Organic Carbon  143.3274 µg C 

 100  Organic Carbon  143.3274 ×100 = 2.275 % 

         6.3×10
3

 1.996 %+2.275 %  = 2.13 % 

     2 
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3.

  3.1  Total Carbon (TC) 

 GF/F (Whatman, 25 )

 50-100 

 10 

 3 

 103-105  1 

 6.0 

 Total Organic Carbon  Total Carbon  149.9456 µg C 

3.2

  3.2.1  6.2  HNO3  Organic 

Carbon (OC)  110.5529 µg C

  3.2.2  6.0  HNO3  Organic 

Carbon (OC)  100.2094 µg C

 3.3  Organic Carbon (OC) 

    6.2×10
3

 Organic Carbon  120.5529 µg C 

 100  Organic Carbon  120.5529×100 = 1.944 % 

         6.2×10
3

    6.0×10
3

 Organic Carbon  114.2094 µg C 

 100  Organic Carbon  114.2094×100 = 1.903 % 

                6.0×10
3

 1.944 %+1.903 %  = 1.92 % 

                          2 
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1.  ( )

    

 7.9051 

 50.4930 

 50.5075 

     =  - 

            

   = (50.5075 - 50.4930) × 100 = 0.1834 % 

    7.9051 

 1.3874 

+  87.8776 

+  78.0763 

 87.8776  - 78.0763  = 9.0813 

  1.3874         9.0813           

      100      9.0813×100        =  65.45 

               1.3874 

 100  65.45  34.55 

  7.9051   0.1834 %        

   34.55   0.1834%×34.55 = 0.8016 % 

             7.9051 
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2.  ( )

 (2549) 

 2 

 0.85%, 1.62% 0.27%  20 

 185.5  25.97 

 50.93  82.90 

 1.2985  2.5465 

 4.1450 

 2  0.85 % 

 2  1.62% 

 2  0.27% 

 9.275  (100%) 

 14%  27.95% 

 44.69% 

 14%  0.85 %x14% = 0.12% 

                 100 

 27.45%  1.62 %x27.45% = 0.44% 

                                100 

 44.65%  0.27 %x44.65% = 0.12% 

                                     100 

 0.12%+0.44%+0.12% = 0.68% 
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