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ABSTRACT

A kinetic model for evaluating effects of surfactant on the biodegradation of HOC(hazardous organic chemicals) in soil-
slurry systems was developed. The model includes the partition of HOC and surfactant, the dissolved-, micellar-, and
sorbed-phase biodegradation, the enhanced solubilization of HOC by surfactant addition, and the mass transfer of HOC.
Phenanthrene as HOC and Trition X-100, Tergitol NP-10, Igepal CA-720, and Brij 30 were used in the model simulations.
The biodegradation rate was increased even with a small micellera-phase bioavailability. The biodegradation was not
greatly enhanced due to decreased aqueous HOC concentration by increasing surfactant dose in both cases with and
without micellar-phase bioavailability. The effect of sorbed-phase biodegradation on total biodegradation rate was not
highly important compared to aqueous- and micellar-phase biodegradation. The model can be applied for surfactant
screening and optimal design of surfactant-based soil bioremediation process.

Key words : bioavailability, biodegradation, modeling, soil, surfactant

1. M g -8 gt 55 &4 FalR7IEREHOC,

Hydrophobic Organic Chemicals)& 29l gl 8317}

Ff7IEds o9de ES ¥ 5 S B tigk FEHo] wot AVRE B¢l &S
QF =1 £58 kEEo| QM 34 tigt A4 B - oER olF AAs] 918 FARE 7ize] sito]

*Corresponding author : jmpark@postech.ac.kr
DAL :2003.3.25 AAEAY 2003 6. 14
#e] 7 &o] :2003.9.30 7}A

44



A A3 LAY 59

AA3) 7T JuH2, AE-E-A (bioremediation) 714
2 ZAFIHME RIS 0]7] wFel, A b &
AT o} B 34, AR BUEY, 9814 3
HNE 87EE F83 7.

HOCS} 22 EY Q9EAL Adidelda Eal==
= 23 A7to] AlHEE AEEQe] §8-8 F34
7171 $1g WHo R Al AL, Ak, #3 f=Alet
22 T A7 ARSEIE . R JE Y] &
Aot EAY Bl s 8= e AS- AE
o83 (bioavailabilityyS 3FIA717] el AHEAIAE &
7Fle WS &3] A8, AdgdAle viade 3§
A= EA F%(CMC, critical micelle concentration)
oPdolM BRI=E FS7IAIZIAl Hrt o|9f o), AlxHlY
ARG &£57) WA Bl £59] 859AVT e A
A gAe] Feo] FEE & AT, aefu, ojde] 4
T=& AEIAL] HrPt olgt 384 ek
e B 2329 daw BoFa ot AW
A7 vAE Balo AsiEhg-g she Y91z 1)
AREGA L] 549, 2) vl U] EZo it w3l
o8 710, 3) R HEH9] g3w Zrlol wE B4
71 4) PI8ES] EY 2 2EE4d digk 53t e,
5) AR F\AEAM o] AAEAA o] L & £
Act.

oj9} o], AlHEIAE vEe] AE)E st of
Uzt Hoce] #uflell A2 Qs vixAl Fot. ARg
AAZ H718hE HOCE ZA| -8, v, EoF
2oz Fal=Elar 7} Aol S8 HOoC gt wAY
Eo] o]8A4L A Bl S WA= F9% A
7} Aok, FE A o) g3 00 gy 2
o thalk Ay} ks Ag s 9lont, AR)FQl A4
IEAGS TR g o], AEEY g A}
7t $sie oleS 1Est AHS 45k 5o /)
o] ¥i=x] Fasjt

E AgelMe B =79 Part [9] AHSAANS 23}

-

t B9 2] A9 B B RS Fgse] 4
o) BRe TPHE 94 BAS s 0 598
B39 oleif BAS olgsie, Ay ol8E,
3y olgE, 2AHD &, ANGHA W1 B W)
ol WE 9 ZARIE

tlo

CHEE PR LR DS 45

oy

oz sl HOCY &, B3XY, nAE #3lE 1
23 s A SEEA B S8 Al B
WAL, BB, AEAgAel st 7Y BAHAIEA A
TEH 374 AE TR Pt mAE ke
] ARl 8N, v, BEY SEPYOIM B d
ofg 4= J== LA AEIAE FEsE BEY Al
A4 T3 o YAF Yo ke ZleE Hil
olmje] AHEAA 2 HOCS] HY RulE AR =7
Z70 2 M), AugAdAls AR =X e
o7 7Pgsle] oo BN &= uHskA it
2Hlo] 7] By Bl 2 BRG] 9IS vX=

B 2ele =5 part 19] Rd3} TSI}

—_—

Mr > o

21 SENEY {1
Egogfiy $Ydoze] HOC 22 == 1
S0 e oz FHEHL.

dC dcC, .

— aq.j — Sof— _
R =V o =V, =T nk19,8 K g emcCaq i~ Cs,j

(D
o] Aol TR el glom Sxmglel $47t HY
o] Eofo Fio] Yok Yol o] U
ofutth. @l Ao EFORTHS BANG ASE T
VA2 ARG A EQ0] EAHY NSEL v)
3 AS] B e waE,

k aA\:—filk a?l (2)

3 2o BAAYAGE o b 220 fiside
BA9o] E7|gldta B4 s e o] 4= ¢
Ut A, FgAore] FiAIG= Wilke®t Chango)
A T Aoz RE 3 4= Qlrp,

_a(oM )T

n VQ.6

woJ
7, D= 84 o BelMe) WA, M=
B B3, e Al 2%, e B AR ov B
3 BANG(=2.6), V= &2 jo] Biyolt), ofd B
Ae] 2R agoled ool P2 4 Ak & A2
o) 3o} AEel M B7 BE o2 e Hgse 3 BQo)
BAAE AFE d e 529 s ERE B2

qg Ags A5 + ok

D;,,=7.4x10 3)

Diw
kLai=kLaj(D—) @

Jw

S, mlde] HOO} 589 oz ot 9dnt

Journal of KoSSGE Vol. 8, No. 2, pp. 44~54, 2003



O A=

46 55k

theat o] 28 4= Slvk
dc, . dC

. *
Rr,mic,j:V datq,jz_V ;;C’J_ I‘L 55 mtc(cmic,j—cmic,j)V
&)

AZIM, Criej T Cugy¥ BREE olF= o2 SHlAlT
K, 2 ZRE A = JUHEE Part 1, 4] 26). 28U,
X315 vlof] 98P, naphthalene®] £012/3 AlHE/IA|
2RE BT = 55X 10° 57, anthracene, pyrene®l] U

HNE 5100 72 Wl IR, gEjr, B Edoaf=
gl gl Alole] BANY AFE ule 2 30%
7138kt

713 B} vAE A Alole] FEA A= McCarty

o] W% wkg WS A8l 78 °l‘3}72 ojuf, A
= oxygenatio S- o= X3

3L s TRPLEEE "islerioll tis) XVP?—%*O* T}

7] Sl ol ARl 7168 U8 EE A}
e

HOCe] L 23] 5212 v Ze] Monod?2
23190t} nlAEd] o3 HOCS] EiE HOCF &)
&= 37FA )‘]'(‘T‘Q‘DW‘ A3 A} ul A} Eof :gz}—
Apl 2= ol 5+ 2lE Ao FFgelch

ujAdiRo A o] Ralg ALlgr o ddellxie] Ealle
o2} ol TEF 5 Uk
Cagy cV (6)

-4 i L
m, aquS m”+C e X

B, vl Wio] E28 HOC) hsle ol &
sigle] A VAR WISkl Rejske SrE the
o) AT 5 AP,

Ry, agj—

J\“
Fl

-fb mic mlL_] C V (7)

X

Rb mzc'j ~m, nuc'jK

S, mu]+fb mic mle

A7V, fome “P1AG A3 ©]-8-E(micellar-phase
bioavailability factor)©]™, o}i= 0014 19] k& 71T}
%, 0 A% A FelRA gor g 49 How
ke FoflMof nlagEe] ofa) AF7L 7hsdtde 2E o
rlski, 19 7%= vl HOCS] 100%7F A4 w3l
PFssths Sl

ol FEE LAEHE dial AR 29) 7les)
S s} ML I, R B 2
gk Zle mE F3 HOOH 2] 53 = e 718l
o, o) S "3"50}] o]-8-% (sorbed-phase bioavailability

Journal of KoSSGE Vol. 8, No. 2, pp. 44~54, 2003

EE
factor)?] f, .2 HHT F ot o] &Y A=
A1 s THRE Rer A ),l°tt1 olz Hg
3 FHY B e ot o) T3S

Rij fb sorb s/fs/l C v (8)

“om, s,
Ks 51+fb sorbc jfv/l

o} o W 739, FE HOCE VY
o gaide &5t o wEnR s FH Bt
a3 B 4 ok 2AL, tiREe] HOO} HiA7|
T Uil EAfsted, Mgl A& ol Aol
FEA IR #re] ool ZRE we 7H Aol
u|A o] At} Byl EAie u AugAdAle] Hot
T B 2 ¥4sle mAEe] F2 HOCE A
ZEhe AL skl =5 oleidt <AlaZAA welut

Fap7h dofd &= Utk oleigh Wl Axjel] sl T
"é"jol A2 753 & i;‘d-}\} HOCY &+ 7&5&_%2 Zo]
o 2 wHoE ol QRIS AMEA Wi avle)

ot AR (f 0 7TE EEjE R Hed 5 gl W
£ EHE]— 7l}\"“ um/vazl)—-E :r"—rol'sa‘:}

A

=

¢

fb,surb =1 _fsurf_ fwmvail (9)

AHZAIA Wt G AHEAGADE Bkl E3ke
_‘E, Z “surfactant coverage”9} THATIT 7SI

@ 592 FE “surfactant coverage @t 6,5 &
—:L ﬁ]tﬂgﬂxﬂ sro} Aoz vlgshs Ao 7MY
M o= o] S & Utk

'o“: oX,
rit .—;.1

i

C
fvu;f_(l funavml) surf (lﬂfunavail)Qi 10)

max

Bu7t 10] HE A9E CMCol| =23 ule} dx|sin

ol BE 8 A8 2gsle WeTe g4
Aelaka & 4 g Aol

2.3. 2K

AlzElolA o] A3
HOC ¥%, 894 HOC ¥%, "4 HOC 524
F 4, g5 o] sl B AN E AT

At

ac. .

V'ditq’—j=R1,x,j+Rt,miC»j+Rb’”q’j "
dC_ .

fon V_ci%:_Rt,s,.i+Rb,AY,j "

dcC, ...

V%w:_Rt,n”-c,ﬁRb,mmj "



AR RS 283 QAR B2l

dc,
V—2=-Y (R o0 R

e Ry )-bCV (14)

b mic,j

2 wde oY B, B, AUBIAS TYe A
28] RslE AR RoeA i PHAE =

R, o] o] 27|z FPREQ] SURFREM
S SR8 = Part ) D& AHE AHgs).
2o 2 73 (BIOSURFREM)S MATHEMATICAZ:
&3l s en By plEHPgdAS NDSOLVES
ol-g3te] ALkeiArt.

ZEEA] AL AHE/GA] FF= Triton X-100,
Tergitol NP-10, Igepal CA-720, Brij 302} 47}<] H|o]2A4]
AREAAAE MASHTE HOCE 2G40 Z43) A

£<21 PAH(Polycyclic Aromatic Hydrocarbon) & 18]
o] 7f4oll W} naphthalene, phenanthrene, pyrene®] 37}
& ARSI ot B Asoll= 2 phenanthreneS o)A
E 3R AIEALE S oV ARl 5
=3 ABEGA 2zt tigh 99 s=, vl HOC
o1, ¥4 HOC °]&% Foltt. Z HOCY E&|3}
4 4= Part 19 Table 1, ZF AREAIA)] B4 A
Part 19] Table 2, 27|28 X3 H4kaAle] A}
A A= Table 19 A2|slsdc}.

Oz |d

OYO Flf

4. 44 ¥ 0F

4.1. AHENN &7t S0}

AREAAE 7FlA] o B &3] AlawdlAe)
AR A2 Fig. 19) YRS Phenanthreneo] -
sl o} wEe] Tl S7Ishe AEH) 3
£ 4 9o, olm ZF phenanthrene 20 mg/L7} A3,

—

9I% 2R A7 AT B 3 a7
25
(a)
20 -
g 15 4
£
d:?
& 104
5
0 ; — o
0 50 100 150 200
Time (h)
06 250
(b)
951 | 200
0.4
y I 150
=]
E o3 £
o - 100 O
02 4
L 50
0.1 4
0.0 0

0 50 100 150 200
Time (h)

Fig. 1. Simulation results of phenanthrene biodegradation without
surfactant addition and sorbed-phase biodegradation. (a) Cell
growth and total phenanthrene degradation. (b) Phenanthrene
concentration in soil and aqueous phase.
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Table 1. Summary of Parameter Values and Variables in the Model Calculations

Parameter Value Parameter Value
Wi (kg) 0.1 C,(0) (mg cell/L) 0.1
Cymi (mg/kg) 200 b (hﬂl) 0
Joes (g Clg soil) 0.015 Yy (g cell/g j) 1.01
D (g/L) 0-10 (10) gm; (mg j/mg cell-h) 0.025-0.1 (0.05)
D, (L/kg) 1-10 (10) K,; (mg j/L) 0.05-0.2 (0.1)
ka? (b 0.01-10 (10) Somic () 0-1
ki@mic; (07 1.0Xx 10° Josors (=) 0-1
o (kg/L) 0.1-1 (0.1) Snavair (=) 02

The values in paranthesis are for the standard case. The biokinetic parameters (K, and g,,) are assumed to be the same for all phases.
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b : biomass decay coefficient (h™)
Cayj : concentration of HOC in aqueous pseudophase

(mg j/L liquid)
Coicj - concentration of HOC in micelle (mg j/L liquid)

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

Cijini : concentration of HOC in contaminated soil (mg
j/kg soil)

Csy : concentration of surfactant sorbed to soil (mg

surfactant’kg soil)

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

biomass/L liquid)
CMC  :critical micelle concentration in pure liquid (mg
surfactant/L. liquid)

CMC (s) :critical micelle concentration when soil exist

Al v g B 53

(mg surfactant/L liquid)
D, :mutual diffusion coefficient of solute j at low

concentration in water (cm/s)

D, : surfactant dose (g surfactant/L)

D, s water dose (L. water/kg soil)

Tomic : micellar-phase bioavailability factor (-)

Josorb : sorbed-phase bioavailability factor (=)

Jocs : organic carbon fraction in original soil (g organic
carbon/g soil)

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

fur - soil content for a standard case (kg soil/L. liquid)

fowr : unavailable fraction for sorbed-phase biodegradation

by surfactant covering effect (—)
: unavailable fraction for sorbed-phase biodegradation

by intrinsic unaccessibility (-)

funa\'ai[

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

ki - overall mass transfer coefficent for HOC from
micelle to aqueous phase (h™)

kra; :overall mass transfer coefficent for HOC sorbed
to soil (h™)

kiajs s overall mass-transfer coefficient for HOC sorbed
to soil at £,y (h")

K : half-saturation concentration of HOC dissolved

s.aq.
in liquid (mg j/L liquid)
K mic; - half-saturation concentration of HOC dissolved
in micelle (mg j/L liquid)
K., : half-saturation concentration of HOC sorbed to

soil (mg j/L liquid)

M, : molecular weight of water (g/L)
My - total mass of surfactant in system (g surfactant)
Omax : concentration of soil-sorbed surfactant at CMC

(mg surfactant/kg soil)
Gmyaqj : maximum utilization rate of HOC in aqueous

phase (mg j/mg cells-h)

Gmmic; - maximum utilization rate of HOC in micellar
phase (mg j/mg cells-h)

Gn.sj :maximum utilization rate of HOC in soil surface
(mg j/mg cells-h)

Ry 0j : biomass growth rate in aqueous phase (mg j/h)

Rymic;  :biomass growth rate in micellar phase (mg j/h)

Ry : biomass growth rate in soil phase (mg j/h)
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Ris; - mass transfer rate of HOC (mg j/h)

Rimic;  exit rate of HOC from micelle (mg j/h)

T : absolute temperature (K)

Tps : biodegradation time, defined as time to degrade
90% of the initial HOC (h)

Vv : total volume of system (L)

Y s yield for bacteria during biodegradation of HOC
(mg cells/mg j)

N : viscosity of water (cP)

¢ : association factor (—)

Dyit : weight of soil (kg soil)

BOuuy : surfactant coverage onto soil surface by sorption
)
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