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Process Evaluation of Soil Washing Including Surfactant Recovery
by Mathematical Simulation
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ABSTRACT

A surfactant recovery and reuse process by selective adsorption with activated carbon was proposed to reduce surfactant
cost in a soil washing process. Mathematical model simulation was performed for the whole process, which consists of
soil washing, soil recovery, and soil re-washing. The optimal range of surfactant dosage was 6~10-fold critical micelle
concentration in soil. The efficiency of surfactant reuse process was decreased with increasing the dosage of activated
carbon. Effectiveness factor for activated carbon significantly altered the efficiency of the reuse process unlike
effectiveness factor for soil. Total requirement of surfactant was reduced to 20-30% with the reuse process compared to
the conventional soil washing process. The contamination of wastewater after soil washing was reduced with the reuse
process. This mathematical model can be used to estimate performance of the whole process of soil washing including
surfactant recovery and to obtain optimal ranges of operating conditions without extra labor-intensive experimental works.
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Al FH(Cerniglia, 1992).

A T W wslaE odE EYS Bs)
W 5 uRE
Jo) 5

3 AESHAQ W, 3kl W
HEC] AREEAL glom Ejsteld whHel shukl B
Al FAL wEa Ao F o Rk gsleas
LAE EYS 5AE F e VIR dEA Ao
(USEPA, 1991; Riser-Roberts, 1998; Deshpande et al.,
1999; Lowe et al., 2000; Woo et al., 2004). ©] 7]|&
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"o} o]& AHEA T 53], HlolA AHEAl=
HlalA] £do] viar, BESHAR] {7} 7Fsshy vlds
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micelle concentrationy’} 7] wjFol] EF A2 FA|
F2 AFEE t(Jafvert, 1996; Deshpande et al.,
1999; Mulligan et al., 2001). AASEAAE o]&3F EF
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Fig. 1. Schematic diagram of soil washing process with surfactant
recovery unit by activated carbon.

Aqueous

Micelle Pseudophase

Surfactant

Fig. 2. Distribution of HOC and surfactant in adsorption process
by adsorbent.

hFig. 2). WA F Al FUeh 4814 )] =2
2 AR 71Ee] BEok Al Al2Ee] 4814 wd)
(Edwards et al., 1991; Liu et al, 1992; SFX|5F 2],
2006b)2] 5 ARRSIITE EY AlH HALS RARR=
Ralre] 4L AFA 715 ZMHOC; hydrophobic
organic chemical)®] 42} A|HE/ZA|e] HHlE 123}
of EY Al #gere HOCESY, AUSIAES,
HOC/AAEA 12]a HOC/AAEAA ESS] 404 =
o] FAsIlem Meld 3 HAHAME o]9} AL
Sk Al HOC/ZAdEr, AHEAdA) Adgt, HOC/AIHE
Al 22]31 HOC/AIRE A AAgeke] 4dAZ Lo 7}
ZF 3t ol ] A AEe 4 Ed 1 Y
Aol sERHIE TElet B A4S ARSI
o} ZF Aol AREE AL Table 19 8oFsle] A
233t olde] 7 Aol sidehe ElAlEe] tisk Al
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Table 1. Summary of model equations for soil washing and surfactant recovery processes
System Equation
C ‘:oi:Ca ':oi+ soil/l Csoi j 1-1
Soil washing b soil g j.oit ot Coot
. Csoil.j = Kzl. soil Caq, J. soil 2-1
PHE/Soil or AC system ’
. . Cjac=Cuyjact ficnCac 1-2
Selective adsorption
CA(‘.j =Ky ac Caq, j, AC 2-2
. . CI. surf, soil = Cl. mon, soil + CL mic, soil + ﬁoil// Csoil. surf 3-1
Soil washing
CMC(S)SOI'I :fA:Oil/l + Qmax. 50i1+ CMCSUI'I 4-1
. . CI. sulf.'AC: Cl. mon, AC+ CI. mic, AC+ ﬁiC/I CAC. surf 3-2
. Selective adsorption
Surfactant/Soil or AC system CMC(8)4c=facn™* Omax act CMCye 4-2
C]. mic — C]. surf CM C(S) 5
Cmon= CMC (if C, sz CMC(s)) 6
Cl, mic = 0 (lf Ct. surf < CMC(S)) 7
X
K ——m_ ( 1 MSR g
"X, Caqu 1+ MSR
PHE/Soil or AC system ’
m VW Ca /
MSR = L 9
1-K,V,C, 0.7
f*oc. soil :ft;c. soil T Esoil Qmax SOI'/MWSle ﬁ surf 10-1
Soil washin,
s Kd eme Kd mll( f*oc sol 11-1
. ’ Scmc foc,sotl
PHE/Surfactant/Soil or AC system "
f oc, AC :.ﬁ;c. AC + Esoil Qmax AC MWSI(I:/' ,ﬁ surf 10-2
Selective adsorption Sroc.ac
Kd,cmcdeAc(S )[foc 11-2
cmc oc,AC
. . — 1 1
Soil washing ng Gt 50,//16{011/ Ciq /+C{nlc i soiti Wl/ J 12-1
Mass balance - ”
Selective adsorption Ciq J fAC// AC, Ciq it Cm,c /+f,4c//CAC1 12-2

PHEZ} 23l= 83lF &9 100mLol] 0-5g o] EYS
FUslar 3|d4] wHZIE o]831] 150 rpm, 2ol A]
48ARE BRE T FFo] o] FoAER St S E
oFol] that Triton X-1008] & Triton X-1009] &
£ 0-1.0gLZ AZ3I & Triton X-100 &< 100 mLoﬂ
0-15 go] EUS sl 334 wR7E o8 150 rpm,
Al oA 48A]7F EOJ- 33:;11—0] dolU== 319}t PHE
2 Triton X-1002] S&o] £ & B nAYdxE
AAs7] 98l PTFE syringe filter(13 mM, 0.45 uM,
Whatman)s ARSSI10™, 1 oARS UV HE77F 29
4% AAIZvLEDY I (high performance  liquid
chromatography; HPLC; Dionex, USA)E A}83}%] Triton
X-1003} PHEZ Z}Z} 230 nMe} 250 nM 3ol 4] B4}
Ak olmf F4 Z231E ARl SUPELCOSIL LC-
PAH(150 mM x 4.6 mM, particle size 5pM) 28-S A&
31 574 (85% MIEUEZH 15% S/ 1.5
mL/min® & EHFI}

3.2. M 2AL

B ATollM =383t HARARE HOC/E /AR EA3A)|
7F 23 A(EFAH T )2t HOCAARYAIHE 3|7}
23 AlAYE F2hell digk F 7R 2hS 7127 o)
oz St F 71| Aol Uigk 2l &g Alel= 7}
Zto] B4 =, AagAdAet HOCS B4 ekl o
g P e oM e RS aEste] AIRALE 73
3. mdle] 78S Microsoft AF] EXCEL Work-

sheetS /\].33}93\1:_13] AR Byl SAELS AL83F T2
ARE Bl AL RS AMgsigon] 1 ol v}

FHHES TS B3l 42 HES A8t Edwards
et al, 1991). B2 F& A] 283 APRSAE o
547 AESAR] w7t 7l B A 340 B
o] ARgE]= Hlol2Ad AlHEAA (Edwards et al., 1991;
Deshpande et al., 1999) < Triton X-1002 ARSI S
™ HOCZ+x= ok Wk gsl44] 3Rl phenan-

threne(PHE)S AMESIATE. FARALE 738t Wi+ E
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Table 2. Summary of model parameters

o
L)
o
Sl

Parameter Value Parameter Value
Soil mass (kg) 1 K, () 1.44 x 10*2
Cooitjimi (mg/kg) 200 Jocson (kg Clkg soil) 0.0115
Jooin (kg soil/L) 0.1 Jfoeac (kg Clkg GAC) 0.903
ficn (kg AC/L) 0-0.01 K, (L water/L octanol) 10%37 @
Csur (L) 0-10 Kys0n (L/kg soil) 35.1
CMC (g/L) 0.106 * Kyuc (Lkg GAC) 5.0x 10*
S, (mg/L) 1.0 Ohasson (8 TX/kg soil) 1.0
Seme (mg/L) 1.3 Omasac (g TX/kg GAC) 301
Jesuy (g Clg surfactant) 0.634

% from the reference (Edward et al., 1991)

& AIF ZelM= AlRe/dAle] et EY tigh &
2 88 E AY9E FReA e AT FdH
%7] PHEY] s% 12]al E4dg) dish §3F 88 A=
SISt Bdle] @A ek 8 JEP[ElE2 Table 2
o Yepiglom ZrkmAlel THAE 7]RAQ1 AlFE-L o]
o] AtollA ARgSE FHEF BTHRITF £, 2006b).

4. 23 o nE

4.1. Triton X-1002} phenanthrene?| S}

e} EF ZHol tiste] Triton X-1009] {3
AHEAGAS] BE-E=7] 2F 0.4 g/L odollxM o o]ie]
SEo] WA o= Zts ERIT = A of= Hle]
24 AREAI] IRl F& 5402 AE7HLevitz,
2002), EK(Liu, et al, 1992; Zheng and Obbard, 2002),
S (Gonzlez-Garca et al., 2001) SoA Hol= 54
I} fARBICE WA B 2= AlbggAle] Aol &
ks B gdeel oisix 2t 1.0 g-TX/kg-soil,
301 g-TX/kg-ACS AH-3FTHTable 2). PHES] 7% 4l
Ho) e FHMow ¥H B 4 or@HT 9,
2006a), AHESE i Ale B B EAdgkl il 2kt
35.1 L/kg-soil} 5.0 x 10* L/kg-ACE VERT) 438k
gk PHES] &2 £uliAIS7} Triton X-1009] &2t 2l
Aol Hlsl @A Z7] wize] ol oz GAeks o8-
dlo] PHES d9xog FX& = qve S o8
T TR €], 2006a).

4.2, AlHEMN F2ko| HE

A gA] Fdol mE BEF MF axje} A

A 35 34, Aolgol ol B AN T4 doE
Fig. 3o Yelliler. Aagd4e] 3¢, 54 &%
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(CMC(s), 0.5 g/L) °ke] Ag gl FHFME A&
Aoz Fxo] Yolal CMC(s) o] FYHME
opde] F3to] dojubA] efom FRixe AAgAl
of vlgsle] el AUEEA FE7F TRIE RS &
= Stk 3 A PHEY] 5+ CMC(s) ©l8llMe=
Ao] FZEA] o1} CMC(s) oPos ARZAA) oF
o] TVVGE FEFo] FHM 7RI AEE
B B 5 3ot ole) o] EYel F&E= AU
Ae] ko Qe o gAollA AHEAIA ] CMC(0.1
g/L) Bt} 2 5520 0.5 gL ©)1dollA PHESY &3l &
o] At AA EY AlFH Al CMC(s) ©l3t=E Avg:
QA7E EAT 7S AN EYl T2 29E
Aol AWDGAY] Ay Faio] FFTHeE S
T2 ARSAE B x4 e 2835t A
ASAAQBEA/EY o8 F3E AL QUEA/A
AEA| EFe] A2 A Fgh, o] S B &
dEZL BEY YAZHEH €FEtH(Deshpande et al,
1999). o]F &Aoo FRlu)= AALAlel sl &
o Ao mlddo] FAE o] QAEH] galxr} FAH
kel B EY AH 85 AE F A Ao 3
A AASAA 71 oF 2¢g/L0M 109l BER 5
TMAR FE3F0] A TR e A9E B3 EY
AF ol UF- B2 ARSAAS 3T 3% A7k
e = 5t 24 5 deS & 5 ok o9}
2ol ko] AATIAE A7 9ol AlHEAdA)
o] F8Ado] Asl=]7] wjo] AL Aolg Y
o] ¥i=A] HQ3ks o 4 ot

Edwards et al.oll &3P ESF AlH T 3
& A= oF 526 A= s 7RIt Harsial 9l
CHEdwards et al, 1994). 713291 HAal wAl A] &3
B AAE 12 7PEEE AA AlzEeME T3
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Fig. 3. Effect of surfactant dose on soil washing. (a) soil washing
step, (b) surfactant recovery step (5g AC/L, &c=1), (c)
surfactant reuse step for soil washing.

AraggAel gl o o o] Bl FFeh=
Aol Y A Har A= B AlH afo] SobA]

IS A5 Ak olHd B a8 R Hiske
Fal7] S8l & AFelMe F2F & A S 1, 10,
2002 WHIATEN EGAH Bl gk HRALE

E

(o

o

TSI ISE= vl Zo] FH 88 A glol
FOHFE E35E PHEY do] Eol=e 2S EIT
T A 7 5HR] AR AR FR10
CMC(s) JHT 715 F4 58 Ao 93] ¢
A3k 23S Q1T 9t ¢l B0 10 gL FHP
A} WA PHE®] %% x}olE 037mg/L, 1 gL FYo

e 25mgLE oF 7l A Ao)E KT oA A
Al B AHY e CMC(s) F2ollH Bl 3

ARBYA wdolt F2 5 wale] mE W5
o =7 vehl B YL Sl et CMCER
ol 2 BEE AUDAS WAL S ol
FHe A FolE A0 AP & Yok TEE A

U BEF MFH ZA uis] EY MFH § g9
AAEIA 355 9%t S F2 FAl A8 A
= Fig. 3(bll YERIAT. dlde 4= e ulel 2ol
Z27] ARGEA FHFe] S/1EGE S $37 o) %
Wgol] EASh= AMEA Fo= SIS Adg
A =7 3P W B2 gL olst) tiFEY] A
AT ARl FRE] Igl] o As B
Aok 1Y 2 gL o] 7B ATk AlAEAl &
o Blgsl tFES 35 4= =t o= AHEAIA
T3] HUA| oPdelre O ol FABIA &7 wiE
ojct. o] gt @2 AAEIA Aol frelgt Aol
gl & 4= Uk 3HE AASAA Hrle] SRS
A3 PHE] Z7I8k= 71€717F A3} ask=d], o=
E] PHE ¥l AREIA 34 a&0] A3 715
Stk agla B AIF Al §32F 58 x84
E2F T4l PHE F3l 2 JS vIRA] g A
& &= o} o= AWEAA FE7F CMC(s)RE} 43S
7% AlF &gl viXe FEo] 7] ol

o]} o] I AHSAA AE o] gsl] ESS
AAEE 399 AHE Fig. 3(c)ell YERIITE AA1H
% #% E9o] AFsR= PHES S5E 27] AWeAdA)
TUHF 3 gL oPdollA FA FaskE AS E S ok
ey HEg AAEA Y2 A PHEY AAESS
A FIAFIAE Lt olES it BAY A= A
HEAgAe] A s A 7SS AXE & ds A

o= fehH) & 50 CMC(sy= 0.5 g/Loly} ojrrt
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) —-A— PHE (5,:=100) te &
2 —0— Triton X-100 2
= 204 ?
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...
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Fig. 4. Effect of initial PHE concentration on surfactant recovery
and reuse processes (Dy=10 g-TX/L, Dy=10 g-AC/L). (a)
surfactant recovery step, (b) surfactant reuse step for soil
washing.

oF 6-108] A= B2 3-5¢L A=r) 7Y A9 o=
o&& 4 Ut 2¢/L ofske] Agell= 12 B AlF
o] vtom 23g1d A9 AWEHA 35 g9
o] vl A ANH GET W2 Hejela & &
At A 5o/ o] Afolle oIxs] A gAlzE
=3 el EAfstEE GHI7F E 7F530] s A
olch. 3hH o3t WeolA EF MHoAe] F2F 58
M= ZA FEFE vAA] S AYS G S Qo

43. 7| LY==l HEk

E] 2% PHEY %7] %5 1,000 mg/kgZHA|
HSIAIZ] 735 ArAgdA] St Aol tigh s
Fig. 4o YeRNATE. AAEA3A] 3l 340N S
A7FFRE SgLE Y E AAEAlY] W T
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Fig. 5. Effect of activated carbon dose on surfactant recovery and
reuse processes (D;=10 g-TX/L, C;;=100mg-PHE/L). (a)
surfactant recovery step, (b) surfactant reuse step for soil
washing.
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Table 3. Mass flows of contaminant and surfactant under different soil washing scenarios. Assuming that PHE removal efficiency was

95% and effectiveness factor in soil washing was 20

Case B ®
Process flow Case A ? gic=1 &c=100
1 st run 2 nd run 1 st run 2 nd run
Cianr (g/L) 2 7.52 1.63 0.96 1.63 0.13
Ciac (g/L) 5 - 3.18 - 0.44 -
M,y (8) 2 752 16.3 9.57 16.3 1.33
Mac (®) 5 - 31.8 - 4.41 -
Cooiry (mg/kg) 3 10.0 40.5 10.0 40.5 10.0
Cooitsuy (&kg) 3 1.0 1.0 1.0 1.0 1.0
C;; (mg/L) or 7 19 0.80 3.84 0.80 3.84
Crur (g/L) or 7 7.42 0.57 1.53 1.40 1.53
Cuc; (mg/kg) 6 - 4768 - 34370 -
Cacsuy (g/kg) 6 - 301 - 301 -
Jacy (%) 6 - 95.0 - 95.0 -
Sisuy (Y0) 7 - 375 - 91.3 -

a

Using 1 kg soil and 10 L washing solution.

Atk A AELA Sl B Ajolg T e 7
71Eo] WA e, S8 &3 528 At 1Y
735 4.8 gkg =L EEko] 3.18 g/LE HA¥S}AL, 100
A A 34gkg FESQ SAEO] 0.44 g7} DAY
o}, o] A9E T8 S o8t A9y g3 T4
< ARSI AAEAIE 3l53te] Ajol8E - Hl
WA, 89 AR, AlAEIA] AMES dAEH =Y
I Qo] BAAR] &3 B o} A EAE FA
ol A A& Zo=E A
5. & =

£ Aol ot R gsleA] PHER @9€
EGS vlol 23 AIHEE A (Triton X-100)2 A1 H3H3S
735} olu sk AlFHGe] AHDAEAE A e
oSk el FARS o83l 3|3l Aol 34
S S mdS F3) ANRAE =869 AluEA
Al Y97, 27) L9=4] T, ST bl ¥
slo] W& I BES HAESNOH, AFTA A
T2 &8 A} AREA 35 TN S F
2F B8 QA 2] 8ellA riXle dEs 248
o} 35 TS IEIS A9 CMC(s)Et 6-108] 73
o] T AAGPAIE H7tehe Aol Adg WLl
Aoz FdeE, 11 o5l A9 AMF &go] a1
opd g A FHIZE DS ol W

Journal of KoSSGE Vol. 13, No. 1, pp. 32~42, 2008

washing without reuse. ® washing with reuse.
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Cucj: concentration of HOC sorbed to activated
carbon (mg j/kg carbon)

Csoij: concentration of HOC sorbed to soil (mg j/
kg soil)

Cuc sur: concentration of surfactant sorbed to activated
carbon (g surfactant’kg carbon)

Cooi surr:  concentration of surfactant sorbed to soil
(g surfactant’kg soil)

Caq j: concentration of HOC in aqueous pseudo-phase
(mg j/L liquid)

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

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

C; mie: concentration of micelle in liquid phase (g
surfactant/L liquid)

Ci mon: concentration of surfactant as monomer in
liquid phase (g surfactant/L liquid)

Chicj: concentration of HOC in micelle (mg j/L
liquid)

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

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

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

CMC(s) : critical micelle concentration when activated
carbon exists (g surfactant/L liquid)

Dyc: activated carbon dosage (g AC/L)

Dy surfactant dosage (g surfactant/L)

g effectiveness factor relating effectiveness of organic
carbon of surfactant to that of activated carbon
organic matter as sorbent (-)

f*44c: fraction of organic carbon available for
HOC adsorption in the activated carbon after
surfactant is sorbed (g organic carbon/g activated
carbon)

ficj: fraction of HOC on activated carbon in
selective adsorption step (—)

Sfacn: fraction of activated carbon in liquid (kg
carbon/L liquid)

o

Jfosupr  weight fraction of carbon in surfactant
molecule (g carbon/g molecule)

Jisup: fraction of surfactant in liquid phase in
selective adsorption step compare to surfactant
dose in soil washing step (—)

Joc ac: organic carbon fraction in original activated
carbon (g organic/g carbon)

Joc sons oOrganic carbon fraction in original activated
carbon (g organic/g soil)

f*oc ac . organic carbon fraction in activated carbon
after sorption of chemicals (g organic carbon/g
carbon)

f*oc son: Organic carbon fraction in soil after sorption
of chemicals (g organic/g soil)

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

K,: partition coefficient of HOC between activated
carbon liquid (L liquid/kg carbon)

Ky eme:  carbon-phase/aqueous-pseudo-phase  partition
coefficient of HOC for carbon/ aqueous system
at CMC(s) (L liquid/kg carbon)

Ky aur: partition coefficient of surfactant between
activated carbon and liquid at sub-CMC (L
liquid/kg carbon)

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

M, 4c: total requirement amount of activated carbon
in selective adsorption step (g activated carbon)

M, 44y total requirement amount of surfactant in
soil washing step (g surfactant)

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

Omax: Mmaximum concentration in activated carbon
sorbed surfactant at CMC (g surfactant’/kg carbon)

S.mc: total apparent solubility of HOC at CMC
(mg j/L)

Vy: molar volume of water in a system (L/mol)

X,: mole fraction of HOC in aqueous pseudophase
-

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

Vaq: volume of aqueous solution in system (L liquid)

Superscript

I: initial system for soil washing without surfactant
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T soil washing system with surfactant

. washed waste-water solution without activated
carbon

V. selective adsorption with activated carbon

Subscript
soil+ S0il washing system

4c: selective adsorption system
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a
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