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Phenanthrene Uptake by Surfactant Sorbed on Activated Carbon
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ABSTRACT

Phenanthrene uptake by surfactant sorbed on activated carbon was investigated to recycle of surfactant in washed solution
for contaminated soil. The partitioning of phenanthrene to the activated carbon coating with Triton X-100 as a surfactant
was also evaluated by a mathematical model. Phenanthrene-contaminated soil (200 mg/kg) was washed in 10 g/L of
surfactant solution. Washed phenanthrene in solution was separated by various particle loadings of granular activated
carbon through a mode of selective adsorption. Removal of phenanthrene was 99.3%, and surfactant recovery was 88.9%
by 2.5 g/LL of granular activated carbon, respectively. Phenanthrene uptake by activated carbon was greater than that of
phenanthrene calculated by a standard model for a system with one partitioning component. This is accounted for
enhanced surface solubilization by hemi-micelles adsorbed onto granular activated carbon. The effectiveness factor is
greater than 1 and molar ratio of solubilization to sorbed surfactant is higher than that of liquid surfactant. Results suggest
that separation of contaminants and surfactants by activated carbon through washing process in soil is much effective than
that of calculated in a theoretical model.
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F5(CMC: critical micelle concentration) ©]¢
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S7V8HAl Etk(Volkering et al,, 1998; Mulligan et al.,
2001). ol2jgt AHEGAE o83 EY AlF 382 o
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ARSEA AMEHS =D 5 A =l FEAA Fat
o} AR SHNE W o]5S 7 A
THLowe et al., 2000, SFXI5F 5 2006a).
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Z 3= 7]&(Ang and Abdul, 1994; Lipe et al,
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Table 1. The summary of partitioning model equations for selective adsorption by activated carbon
System Basic Egs.
= A f L 1
HOC/GAC system Coj= Cans JaciiCacy i~
Cucj= Ky ucCuyj )
CI. surf: CI. mon + CI. mic +f4('/ICA('_S‘m_‘f (3)
CMC(s) = fac 11 Qmax, ac+ CMC @
Surfactant/GAC system Ci, mie = C, sy — CMC(s) 5)
CI. mon CMC (lf Cl‘. AurfZ CMC(S)) (6)
Crmic=0 (if Cp uy< CMC(s)) )
K ~tm_ ( 1 MSR ®
"X C, g jV 1+MSR
HOC/Surfactant system | )
wsg = Lo wCagi
1-K,VyC, "y
f*oc,AC :f;)c,AC+8QmaxMWsurff;‘,surf (10)
HOC/Surfactant/GAC system
Foc,ac 11
K,. =K ( )( oc, (11)
dreme @Ac Scmc f()c AC
— — i 1
Mass balance Cflq,j+f/4C/IC{4CJ CﬁlqﬁdmCﬁfAC/z ACy (12)
Complementary Egs.
_ N (13)
f*oc,AC f*A,ACfoc,AC 8qurf,ACfc,surf
K _ Kd,cmc
Effectiveness factor d,surf 1+K, Vi Ch oic (14)
_f;)c,A C[Kd, .s‘urf( 1 +[<m VWCI, mic)Scmc_f*A,A CKd,A CSW]
B (15)

Kd,ACSw fc,surf qurf

The superscript ' means the initial phase (soil washing step) and "

o

means final phase (selective adsorption step).
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Table 2. The selected physico-chemical properties of soil

pH om* Particle size Moisture content Soil texture [%]
[-] [o] [mm] [%0] Clay Silt Sand
Sand® 7.85 1.15+£0.01 <0.5 7.16+0.19 34 22 74.6

a

1990), pH= EYT SRS 20%(wWv %)E 31 &3+
3 3 212 AAAZ] 3 pH UIE](Orion)Z o)&3le] =
Ak, f71%E SRS 550°C =(furnace)oll Al 2A4)7F
U A7IES HE A5 FA 2o o83l 3ld
ot FHE EYe] 19140 29S 98l phenanthrene
(PHE)S t]EZ 2| (dichloromethane, CH,CL)*l -8-3
AlZl F Eqk)] FYsier tgEzavers s &
WA= B9 FU18e® E38] Fo] phenanthrene]
A LHEES 313om oluf, HF PHES o¥F
= 200 mg-PHE/kg-soilo] E%== 31t}

E% AlH Aloll= vlol2Ad AAZAIAIR] Triton X-100
(TX)S AFE3IH o™ 39| (solid/liquid ratioy= 0.1Z
3] 10 g-TX/LS] TX MO Z 150 pmOZ 48717t &
QF FESE Al o] o] FAAAEE ST AlF $o] AFH
= GF/C ZE(1.0 um, whatman)@ FHAIZ] F9] o
jole- FHjsle] § gloz wWrsigon, TX ¥ PHE
o] =7} S BH} FHIEE AxF &HES FHISHA
W -gdo g Prdsigict. W S8 EoF AlHo] 3%
2 g o T Ful| FFS vlwsh] S8l FHIE A

o] 7 FF AlFESl tiste] Darco 20-40 W<
FAEHGAC)S FUsle] PHES] A9z &3 A9S 4
Faldet. AL ZHFMIlL-Q, 18 MO)E 21| Al
el ol&HE AAS F 80°CollA 48217t o =
Azl & dIXAlolE ] Baste] ARgSIAT). EdEe] &
28 B4 T AR AL o)l gk Ao}
ZUBITHSIXTF 5, 2006a). MEHZ &2 AFHL 250
mL 3 ZEfTe) A9 100 mLS 371kl g
S 025 gL F=Z oAl H718kd 100 rpm, 20°C
o|A] 48A1Zt B3t 3|2 W |oA] Fgt F&to] o] F
AA=E At F3o] B T e v A=
A As}7] 93] whatman PTFE syringe filter(13 mm,
045 umE AE F UV #E717) 99 4% AAa=
vl E 223 (high performance liquid chromatography;
HPLC; Dionex USA)S AR&3le] TX¢} PHES 7Hz}
230 nm®} 250 nm FFelA] FABITE AR
Z+2]9] SUPELCOSIL LC-PAH(150 mm x 4.6 mm, particle
size 5 um) ZHS AR 54H85% oHIEUER
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: organic matter content, ® soil from play ground at POSTECH

T 15% SF5)S 1.5 mL/min & 330}

3.2. Mk BAL

B Aol 3883t AR HOCAZHIEhAHEEA]
A7} ZgRE Aol uigh BElS ez st o] 2dl
o] A& Al HAE] ol gt AHEA} A 2
FEZe] E3l Soll vigt EdAe aHHA ko™
T ZAAMEZAY] %, HOCY F&, L%
FUFINA AEEAA} 254 E8o] HEFAEY =
23S WE 7Pt AMRARE st 2l
S 93 T2 IS Microsoft AF2] EXCEL Worksheet
E AFESITE AMEALE Falgh A EA] EY AHY
o thel] SAdete] ke M A7PEA PHES TX
o] F& HHIE st B REE sjielxe vl
& AlsElo2RE de B ARE o)gsi] o) &
o] FAo g Al2=gloAe] Bl Aol 283}
ANE Hlaslke RS HFoF 3l9th. 5 PHEAE/A
g AlZET TXAEAGE AlZEOA AL o)X F3F
AHATCETF &, 2006a)2 S-831o] PHEAIHEAA)/
=273 tisl A8sisict. 7Ie Bdle] 7+ A] da
st ofe] SEpEES T3 eSS ol8sisor A A
g== Table 39l I} (Edwards et al., 1991, X
Tt 5, 2006b).
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2 AgellA] AR B EA(soil texture)y> FE,
AE, Refo] ulgo] A2} 34%, 2%, T46%E EA B
FHoll o3 meid(Sand) EXO R TEE 5 k. E
do] pHE 7852 TS Uepier f18 g
1.15£0.01%2 UERITH ESF tiu] AMH4e] %k& 1
1092 3] 10g-TX/L] TX] MHFE EF A4 A
& ¢ A7 7] FE 200 mg-PHE/kg-soil®] EGoiA]
PHE®] A|AEo] 99% ol 7Fsalsdct. mEst AlxzAo)
A ARZGA S B2 7o) WA Bt o= B
Aol A3 Bl AM Bl 718 o] vo}
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Table 3. Summary of model parameters

Parameter Value Parameter Value
Soil mass (kg) 1 K, () 1.44 x 10*
Cooityini (mg/kg) 200 Joesoir (kg Clkg soil) 0.0115
JSorson (kg soil/L) 0.1 Jocac (kg Clkg GAC) 0.903
Sorac (kg AC/L) 0-0.01 K, (L water/L octanol) 1047 @
Crouy (L) 0-10 K, (L/kg soil) 35.1
CMC (g/L) 0.106 * K, (L/kg GAC) 53 x 10
S, (mg/L) 1.0 Onar (g TX/kg soil) 1.0
Seme (mg/L) 1.3 Onar (g8 TX/kg GAC) 301
Jesur (g Clg surfactant) 0.634

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

ol tigh AHE g F2e| W] Weo=
ek o)A Ao Bkl tish AAgdA Ho {3
e 1.0 g TX/kgolAh. wabA] oiF-e] Aag g7t
Agdoll EASIAL phenanthrene®] B3l 7]o4d 4= QU3
tal & = Aok AIFFUe] HE PHES TXY] E5=
¥zt 19.43 mg-PHE/L, 9.80 g-TX/LE UERNIT} ©] %
£ 7o E S 87 WSS Axg & o] 4
A} Z4zYo)| thal] PHES} TXO tidh &% 21.42
mg-PHE/L, 19.75 mg-PHE/LS} 1048 g-TX/L, 9.78 g-TX/
LE 27 YehfiSiT.
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710l FHIE AHTE dPdeRE st w50 &
Aehs FPste] Agd F2F ARS Faeider 1 4
= Fig. 1914 B= vle} 2o}, 1 dn S4ek 390
o] Z71gl wet A&H o0& PHESF TXVE A%kl <]
3 AAE WY T Folee S E S Utk 1
Hu PHEZ} S AlASE R T4 $718h= whd,
X7} §& AAREE & o SV ol AuE
dAle] F2F 540l 54 HuR| o FEBHA 271
ol SR TPl wet AAggAle] w7 A%
Aoz Fasle 545 Kol Zolth oejst Ave &
et FA#o] 715 PHESH TXO] A€l%] #¢] &
o] IS usital & 4= Stk 53], ek F
Yol 2.5 g-GAC/Le] FS W Tt 4% PHEZF
AAE R o] wf Mgl EAh= AL gAe] vl&
& s gy w gl disi ZHt 88.93%SF 93.18%
o)At} oje} o] FAERS o] 83l] PHEE TX §42
ZHE arHoz Fd 4 don oF 90%2] TXE
EF AFH g0 o] ARRE 5 g AoF Ggd
4 Stk

ol

C,; (mg/L)

»
o

0.0 0.5 1.0 1.5 2.0 25 3.0
Dye (@)

Fig. 1. Liquid concentrations of phenanthrene (subscript j) and
surfactant (subscript s) after selective adsorption by activated
carbon. S actual soil-washed solution; W artificial water solution
containing the same phenanthrene and surfactant concentrations
as S solution.

£ AeMe= GF/IC ZEE olg3le] vlwz =77}
2k EY RS AASATE 2eiv 1 Adell= 1.0
pmBTE 2R EQF 9719} NOM(natural organic matter)
7 ZE g f71EEC] EAE 71sde] itk B 4
ToXME EY dARE NOMS B3] A= Esilout
o]5¢] PHES] &3] WA= F3Fs AE7] 98] W
B3} g Falo] oY S ARz} &3t S
Sl W §AS BlwshA AHEdAe] = A9
z2lo)7F 1o, PHE §3oll= S -&olA] F2k=ko] of
1 sk zlelE VBRI o] AA| EYS AR
Sk AR &) Ade EAE F U= 1.0 umHTH
22 B9k Ak} NOM(natural organic matter) 51 2]
3l PHES] &3o] A3 Wgl7] wjio 2 AT, o]
= olxe] Al o5k NOoMe| EAo] 23] L HEA
o] FabFo| Atk ARl dXgital & 4 ok
(Newcombe et al, 1997; Matsui et al., 2003). ©]¢} #
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Fig. 2. Modeling results of selective adsorption data assuming
effectiveness factor equals to 1. (a) solution S, (b) solution W.
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A% Axjel wie] g xelar & 4= Qi

ol Al & Agol A AMES EAJee] vl A
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41.8%(0.313 mL/g)2 Ztzt Zo]E7)(Ahn et al., 2007)
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FHEIE el ST e a5 3R
Feje) %9 v}
ATHLevitz, 2002). &3+ AL 7|
T3l o8l dsrt F2FHE 5 sle o
la=asg! %L‘li’%i A5 o] F2ego] —o—ﬂolt ¥ gs1d
“(surface solubilization)2] SP=E AJZ}& 4= UTK(Stigter
1955; Zhu et al, 1988). =, AW} &3
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A Mol Bopa(S SMolA £ ue=0 D W 19-753,
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Fig. 3. Calculation of effectiveness factor for experimental
selective adsorption data. (a) solution S, (b) solution W.
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Fig. 4. Calculation of molar solubilization ratio (MSR) by liquid
micelles and MSRs by sorbed micelles for experimental selective
adsorption data. (a) solution S, (b) solution W.
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Fig. 5. Conceptual diagrams of surface solubilization by
surfactant sorbed to activated carbon with low (a) and high (c)
contents. The numbers in micelles of (b) an (c) are the number of
phenanthrene molecules.
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Cyc,j: concentration of HOC sorbed to activated

| 21 AAgd Aol 23t Phenanthrene S-2F 9

carbon (mg j/kg carbon)

Cac, suy: concentration of surfactant sorbed to activated
carbon (g surfactant/kg carbon)

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

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

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

Cj, mic - concentration of micelle in liquid phase (g
surfactant/L liquid)

Ci. mom - cOncentration of surfactant as monomer in
liquid phase (g surfactant/L liquid)

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

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

Ci, suy: 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)

Dy activated carbon dosage (g AC/L)

: effectiveness factor relating effectiveness of organic
carbon of surfactant to that of activated carbon organic
matter as sorbent (—)

f*4 4c: fraction of organic carbon available for HOC
adsorption in the activated carbon after surfactant is
sorbed (g organic carbon/g activated carbon)

Jo syt Weight fraction of carbon in surfactant molecule
(g carbon/g molecule)

Joc 4c: Organic carbon fraction in original activated
carbon (g organic/g carbon)

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

fac - fraction of activated carbon in liquid (kg carbon/
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)

K s partition  coefficient of surfactant between

Journal of KoSSGE Vol. 13, No. 2, pp. 1~11, 2008



10 WA -

activated carbon and liquid at sub-CMC (L liquidkg
carbon)

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

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

partition

MSR;: mole fraction ratio for surfactant sorbed onto
activated carbon (mol j/mol surfactant)

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

QOquy: concentration in activated carbon sorbed surfactant
at CMC (g surfactant/kg carbon)

Seme - total solubility of HOC at CMC
(mg jIL)

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

apparent

X,:mole fraction of HOC in aqueous pseudophase
)

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

V4 : volume of aqueous soluton in system (L liquid)

w,: weight of activated carbon (kg carbon)

1

m
o
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