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Abstract

A model describing the distribution of contaminants in soil/water systems for the application of soil-washing technology
using surfactant was developed. The model simulation was conducted for screening the best surfactant, evaluating the
effect of water dose, and optimizing soil-washing methodology. Naphthalene, phenanthrene, and pyrene as target
compounds and Triton X-100, Tergitol NP-10, Igepal CA-720, and Brij 30 as surfactants were used in the model
simulations. The washing efficiency was not greatly enhanced by increasing water dose with the same total surfactant
dose. The approach of successive washings was more efficient than a single washing with the same amount of water and
surfactant. Equal allotment of the amount of water and surfactant was the best condition for the successive washings. The
model can be applied for the optimal design of the soil washing process without extra experimental efforts.
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Fig. 1. Distribution of HOC and surfactant in soil washing process.
(I) Source soil. (II) Soil/water system. (IIT) Soil/water/surfactant
system.
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Table 1. Formulas and properties of HOCs relevant to this study [10]

K subcme K,cmr:
HOC (Caay 1/ Cs) | g |y
Property Naphthalene | Phenanthrene Pyrene
el L (=) | Kon g mol formula Cl()Hg C14Hm C]ﬁH]()
HOC (Ciaa /] Cred 1 ' * M, (g/mol) 128 178 202
p p log K, 3.36 4.57 5.18
HOC (G // Cs) e coubeme | oy S,, (mol/L) 3X10™ 1X107 1X10°°
Kz, Crmax
Surfactant {Cis // Cod | & ' »
urfactant (C; I T g x-]g_i HOCQ]- ﬁ]tr:]%}ﬂ;q] _,] .,_HH7;]] ;ga]s].tﬁ Flg 2
l 1 , oF 2t}
Surfactant Dose | ] | f;]_ﬁq ﬁ]tﬂ%/ﬂxﬂ 751% 1)[5]% 4 })‘J;: ;qﬂ_g_}ﬂ
0 CMC{s) 7].2;]- 7;]]13:]%/&-];(}] 7<47].al: \;HB HOC 7}% %):(Es, g

Fig. 2. The partition coefficients of HOC and surfactant for each
phase with various surfactant concentrations.
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Table 2. Properties of surfactants relevant to this study [10]
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2 EXCEL WorksheetE

o83 s}t

Property Triton X-100 Tergitol NP-10 Igepal CA-720 Brij 30
symbol CsPEo s CoPE o5 CsPEj; CoEy
mol formula (average) CeH;,C¢H,OEq sH CoH,oC¢H,OF 4 sH CgH,,CsH,OF ,H C,HsOEH
M, (g/mol) 625 683 735 363
fum (& Cl®) 0.634 0.633 0.620 0.661
CMC (mol/L) 1.7x10™ 54x107° 23X107* 23X107°

Nap 32x107* 40x10™ 32%X107* 34x10™
Seme (molV/L) Phe 1.3X107° 1.5X107° 1.1X107 2.0X107
Pyr 1.9%X107° 1.2x107 2.1X107° 1.1X107®
Nap 104.64 104.57 104.63 104.59
K, (=) Phe 105.70 105.72 105.68 105.57
Pyr 106.03 106.41 106.01 106.53
Nap 0.0692 0.0690 0.0563 0.112
WSR (=)  Phe 0.0316 0.0417 0.0252 0.0745
Pyr 0.0114 0.0170 0.0117 0.0398
Omax (mol/kg) 0.019 0.0113 0.014 0.055

E: CH,CH,0. Q. data were from ref, [11].
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Fig. 3. Simulation results of partitioning of HOC (naphthalene)
and surfactant (Triton X-100) with various surfactant doses with
fsn of 0.1. (a) Surfactant concentration. (b) HOC concentration.
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Table 3. Summary of parameter values and variables in the
model calculations

Parameter Value Parameter Value
Woot (KE) 0.1 fur (kg/L) 0.1-1
Cojni (mgkg) 200 D, (g/L) 0-10
Joes (g Clg soil) 0.015 V., (L/mol) 0.01805
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Fig. 4. Parameter values related with partitioning of HOC
(naphthalene) with various surfactant (Triton X-100) doses with
fin of 0.1. (a) Partition coefficients. (b) Molar solubilization ratio
and F value.
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Fig. 5. CMC(s) values with various water doses for 4 different
surfactants.
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Fig, 7. F values for naphthalene with various water dose using the
same amount of total surfactant of Tergitol NP-10.
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Fig. 8. Effect of water dose on MSR value at the same amount of
total surfactant or the same surfactant dose for Tergitol NP-10 and
naphthalene.
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Total amount used was 20 g/L for surfactant and 1 L for water.
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Table 4. HOC (pyrene) removal by two successive washings using different amount of total surfactant.

Tergitol NP-10 Brij 30
Number of washing 1 1 2
D; (g/L) S 10 5 10 5 10 5 10
C,; (50%)" (mg/kg) - - 57.3 354 - - 74.1 325
C,; (100%)* (mg/kg) 355 20.1 27.6 11.3 325 153 272 7.3

“Remaining pyrene in soil after 50% or 100% use of total surfactant. The surfactant usage was equally allotted for successive washings.
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C,q;: concentration of HOC in aqueous pseudophase
(mg j/L liquid)

C;;: concentration of HOC dissolved in liquid phase
(mg j/L liquid)

C{;,-,,,- : concentration of HOC in aqueous phase without
surfactant (mg j/L liquid)

C,,: concentration of surfactant dissolved in liquid phase
(g surfactant/L liquid)

Cimic - concentration of micelle in liquid phase
(g surfactant/L liquid)

C\mon - concentration of surfactant as monomer in liquid
phase (g surfactant/L. liquid)

Cpic; concentration of HOC in micelle (mg j/L. liquid)

C,: concentration of HOC sorbed to soil (mg jkg soil)

C,ini - concentration of HOC in contaminated soil
(mg j/kg soil)

C,; concentration of surfactant sorbed to soil
(g surfactant/kg soil)

C,;: total concentration of HOC in system (mg j/L liquid)

C,,: total concentration of surfactant in system
(g surfactant/L. liquid)

CMC : critical micelle concenfration in pure liquid
(g surfactant/L. liquid)

CMC(s) : critical micelle concentration when soil exists
(g surfactant/L. liquid)

D, : surfactant dose (g surfactant/L)

D, : water dose (L water/kg soil)
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E;: surfactant efficiency for HOC solubilization (g7)

F : bulk solution fraction of HOC mass in soil/aqueous
system (—)

fom: weight fraction of carbon in surfactant molecule
(g carbon/g molecule)

Joes: Organic carbon fraction in original soil (g organic
carbon/g soil)

fos :organic carbon fraction in soil after sorption of
chemicals (g organic carbon/g soil)

Jo: fraction of soil in liquid (kg soil/L liquid)

K ome © soil-phase/aqueous-pseudophase  partition  coefficient
of HOC for soil/aqueous system at CMC(s) (L
liquid/kg soil)

K, : partition coefficient of HOC between soil and liquid
(L liquid/kg soil)

Ky partition coefficient of surfactant between soil and
liquid at sub-CMC (L liquid/kg soil)

K subeme » partition coefficient of HOC between soil and
liquid at sub-CMC (L liquid/kg soil)

K gurs: solid/bulk  solution partition coefficient of HOC
for solid/aqueous system at above CMC(s) (L
liquid/kg soil)

K., : micellar phase/aqueous-pseudophase partition coefficient
of HOC (-)

K,j: octanol/water partition coefficient of HOC (L water/
L octanol)

E,,,,»c: mass of surfactant in micelle form in system (mol
surfactant)

M;: molecular weight of HOC (i=j), surfactant (i=s), or
water (i=w) (g/L)

My, - total mass of surfactant in system (g surfactant)

MSR : molar solubilization ratio (mol j/mol surfactant)

Z,,q ;:mass of HOC in aqueous phase of soil/aqueous
system (mol j)

Zm,b ;. mass of HOC in sorbed phase of soil/aqueous
system (mol j)

;,,,,-c j:mass of HOC in micellar phase of system after
addition of surfactant (mol j)

Qnax - concentration of soil-sorbed surfactant at CMC
(g surfactant/kg soil)

S, : total apparent solubility of HOC in pure liquid (mg
/9]

Seme - total apparent solubility of HOC at CMC(mg j/L.)
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V,,: molar volume of water in a system (L/mol)

WSR : weight solubilization ratio (g j/g surfactant)

X,: mole fraction of HOC in aqueous pseudophase (~)

X,,: mole fraction of HOC in micellar pseudophase (-)

€ effectiveness factor relating effectiveness of organic
carbon of surfactant to that of soil organic matter as
sorbent (—)

Wy, - weight of soil (kg soil)

V,,: volume of aqueous solution in system (L liquid)
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