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Abstract − A kinetic model for the biodegradation of hazardous organic compounds involving intermediate formation in a

soil-slurry system was developed. The model included sorption and desorption of a model compound (phenanthrene) and its
intermediate (1-hydroxy-2-naphthoate), and their utilization by microorganisms as a primary substrate in the dissolved phase.

Simulation results with one-step (complete degradation) and two-step (intermediate formation) models demonstrated how dif-

ferent kinetics of mass transfer and intermediate degradation lead to rate-limiting patterns in the phenanthrene biodegradation.
Intermediate formation in the two-step model caused a delay in phenanthrene degradation, cell growth and CO2 production

compared to the one-step model. Slow biodegradation of intermediate made lag time longer, while slow mass transfer

decreases phenanthrene degradation rate in the cell growth phase. Reverse phenomena, faster initiation of biodegradation with
decreasing mass transfer rate, were found in the two-step model, which resulted from delays of intermediate sorption. The soil-

slurry modeling involving intermediate formation and mass transfer provides tools describing various phenomena such as

extensions of lag time, delays of biodegradation in the later period, low cell yields, and particular relationships between initial
substrates and intermediates. 
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1. � �

������� � �	
 PAH(polycyclic aromatic hydrocarbon)�

� 
� ����� ���� ��� ��� ���, �� EPA� �

129!� priority pollutants" 16!� PAH� #$�% �&[1]. '( )

	*$, +, �-., /0*$, 1�2, 3456 78*$, '� $/

*$, 9:� .;*$ <�  => ?@A% �&[2]. �B� PAH�

�� C� D�EF G% HI� C� JK,� L3 M�NO� �

P�Q HI� RST U ��V� �W� /X� "Y� Z[ �\F

A% �&.

PAH	 "�  ]^%_F 3!
 phenanthrenè Cab
 PAH� 
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774 �������
&I� �7�� �� c�F A� ��� d%A% �%, e c��Q

E f ��� �&[2, 3]. Phenanthrene� g��+ h$�  i` j.

klh "Qm� Xno p&. eBq r !� j.kl st� �� u

B kl� NCb�� vw xE� y2q%, e zh rr "Y� "

QmF 7{A� ��� ��� �&[4]. |>, 1-hydroxy-2-naphthoate

� phenanthrene c�} "Qm�  ~bA� Cab
 ���&[5, 6].

HI �B_ �� �� ����� ��b 7� ��(bioremediation)

� bD} => ��o A� }4��&. �B_N 7���, 7�kl

�, HI��U� 7��b �_� �` 
�b /2*�� bDA�

��� 3��, M�NO� 7��b c���� ���E bD� U

�� ��b }4��&. HI }4��  PAH� c� ��` &I�

o d%p � �&[7-10]. eBq �S� ���  PAH �7� c��

�� 1�� �- c�� F$�% �2, "Qm 7{� C� %�� 3

� d%p � �&. ���� nitrilotriacetic acid� "Qm 7{ kl�

C� �7� � #¡h xE¡b �� U¢� C� }Ep � �&[11].

�£ phenanthrene� c�� C� � �7� � #¡h c� kl �

� �¤�  "Qm 7{ kl¥ U¢� � �&[4]. eBq �B� �

�W` ¦U§N��Xq xE¡b ��¥ �# ¨t��  HI �B

_ �� "Y� 
M
 J ·©K ª ��-«` %�A# ¨% �&.

�� �� "Qm 7{` �7� U¬h c�xE� �[}­%, �

���� RSu®� ��{ ̄ F�  "Y� 
M� T U �&. � �

¤� � HI �B_ ��  phenanthrene� "Qm 7{kl¥ %�

� xE¡b ��¥ U¢�%, ��-«xE� "Qm c�xE� �+

� °w ±²¥ ³´�µ&. 

2. �� ��

&Z¶²· (+U.(PAH)� Cab ��
 phenanthrene(PHE)¥ C

N ��� �µ&. c� kl` PHE� 1�� �- c� klh

1-hydorxy-2-naphthoate(HNA)� "Qm� �� 2�� c�kl¥ %�

�µ&. HI �B_ ��  HI¸M ª �7�� C� ¹y c8��

F$�µ&. }4�¥ �- º»p ¼c½ 7�kl�� F$�% CN

��� J©Kh �7� kl¥ ��+�µ&.

2-1. PAH ���

HI �B_ ��  ; CN��(PHE, HNA)� ¾ ¿E(Ct)� HIÀ

¿E(Cs)� UD§� � ¿E(Cl)� »�� aÁp&.

(1)

u� , fs/l̀  HIÂÃ�&. j� P(PHE) 
� H(HNA)�  �� �Ä

½�  ;;� C� ½¥ ÅÂ�&.

HIh � ´�� .U{ ����� c?� ¿EF Æ# ¨` C®

c� [Ç c?�U(Kd,s)� �� ÈÉÊ�� aÁT U �&[12].

(2)

�Ë &Z ¶²· (+U.� c?�U� HI� ��� {c(foc,s)h

��� Ì(Í-� c?�U(Kow)�®Î &t Ê�½� �� ÏÐT U

�&[12, 13].

(3)

PHE� Kow� ÑÒn�  Ó¥ U ��q, HNA� Kow� eÔ�¡�

�� �8Õ�� �Ö �&[14].

(4)

u� , f Õ` |$¤³� eÔ*ÒE�% F Õ` cMQ Ê×{ $

E� q1Ø&. �´��
 naphthalene��®Î ¤�Ù, HNA� log

KowÕ(3.97)̀  phenanthrene(4.57)� Ú� ÛQ �  ̀Õ¥ ÓÜ&. foc,s�

0.005� F$�Ù, Kd,s,P=117 L/kg, Kd,s,H=29.4 L/kg�  phenanthrene

� c?�UF HNA� Ú� Û 4? $E Ý Õ¥ ÓÜ&.

+ Fnearby polar groups+FH-bond with oxy

= 3.36−0.03−0.44−0.16(−0.03−0.44) + 1.0 = 3.97 (5)

; ��� ©KxE(Rt,j,s)� &th �` ½�� aÁp&.

(6)

HI ÂÃ� &w ��  HI��®Î� ��-«�U� ÚÞ ��

HI ÂÃh Úß�&.

 (7)

� ��� ��-«�U� �Ù &w ��� C� � ��� �_+

�b |{� �� &th �� ÏÐT U �&. ÇÈ, UD§� � à

8�U� Wilke� Chang[15]� /}� &t ½��®Î ¤T U �&.

(8)

u� , DAw(cm2/s)� D� A� �� � Náà8�U, Mw� �� c

MÃ(18 g/L), Ta(K)� âCãE, ηw(cP)� �� äE, φ� �� C�

Ê�NU(=2.6), VA(cm3/mol)� D� A� å®æ�&. 2ç ��� å

®æ� eÔ�¡� �� ¤T U ��è[16], PHE� [Ç 190.4 cm3/mol,

HNA� [Ç 173.6 cm3/mol� ÓÜ&. °�  UD§ ãEF 25oCy

[Ç à8�U PHE� 6.81×10−6 cm2/s�%, HNA� 7.20×10−6 cm2/s�&

. � }4�� %-§ �Ù�  $b éê�¡¥ bD�u � ��� �

�-«�U� �Ù &w ��� à8�U�®Î ��-«�U� ÏÐ

T U �&[17].

(9)

� ½��®Î HNA� ��-«�U� PHE� Ú� 0.947 ?� �ë

�� Õ¥ Fì&. 

2-2. ��� ��

� �¤�  %�� phenanthrene� 1�� c� ��h 2�� c�

��� 7+�b c�[�� Fig. 1� YÛ�u q1ÀÜ&. ��� c

�� °w �7� {P` McCarty[18]� kíkl ¶���®Î ¾î

kl½¥ ¤{T U �%, ��®Î �7� U¬h �8+(. �7Ã¥

ÏÐT U �&. "Qm 7{¥ %�� ¾îkl½` -M*um(PHE,

HNA)� -MUDm(8.) kíkl� -Mc¬� �� &th �� ¤

T U �&[11]. 

(10)

-M�D j¬¥ ï2ð_� oxygenation kl¥ &U ÅÂ�% ��

&Z¶²· (+U.� C� -Mc¬¥ ¤�� �� � �- �¤�

  �ñ� U$p ¶�¥ ´D�Ö �&[4]. ;;� kíkl½h ¾î

Ct j, fs l⁄ Cs j, Cl j,+=

Cs j, Kd s j, , Cl j,=

Kd s j, , 0.63foc s, Kow j,=

logKow new( ) log Kow old( ) f
removed

∑ f
added
∑ F

removed
∑ F

added
∑+–+–=

log Kow HNA( ) log Kow NAP( ) fCOOH
φ fOH

φ+ +=

Rt j s, , V
dCl j,

dt
-----------

t s,
Vf s l⁄

dCs j,

dt
-----------

t

– fs l⁄– kLaj s, f s l⁄

Kd s j, , Cl j, Cs j,–( )V= = =

kLaj s, fs l⁄

fs l⁄

fs l⁄
o

------kLaj s,
o=

DAw 7.4 10 8– φMw( )0.5Ta

ηwVA
0.6

---------------------------×=

kL H, kL P,
DHw

DPw

---------- 
 =

Rt TRd– fe
oRa fs

oRc+ +=
���� �41� �6� 2003� 12�



�	 
�� 
���� Phenanthrene ���� ��� �� ��� 775
kl½` Table 1� $_�µ&. �Ë ´D� T, fs
o,  fe

oÕ` 1�� kl

(A)� C� ;; 0.636, 0.483, 0.154, 2�� kl� ò óô kl(B1)�

C� 0.182, 0.139, 0.043, � óô kl(B2)� C� ;; 0.652, 0.493,

0.159� Õ¥ ́ D�µ&. ¾îkl½��®Î �Ã�õ U¬Õ` Table

2� $_� �� �&.

"Qm 7{kl¥ %�T Ë 1ö ��
 PHE� 2ö��
 HNA�

�7�c� xE½` &th �� Monod½¥ bD�µ&[10, 19].

(11)

PHE 1å� c�A2 7{A� HNA� åU� &th �� ; ��

� cMÃÚ� yn�&.

 and (12)

2-3. �	
�

2�� �� }4�� � {c �U� �7� ¿E, HIÀ PHE,

HNA, D§À PHE, HNA e_% CO2�  ¾ 6!��, &th �� �

U� ��U#½¥ ¤{T U �&.

(13)

(14)

(15)

(16)

(17)

(18)

�£, 1�� ��� � HNA {c� ��V� N�� ��U#½�

  αHP=0, YxPHC÷ YxP, YCO2PHC÷ YCO2PÕ¥ ´D�u ¤ÁT U

�&. �B� ÚÈÉ �c¶$½` Mathematica� NDSOLVE� �D

�u �8�µ&. NDSOLVE� stiff ½� C� � backward difference

formula� nonstiff ½� C� � Adams predictor-corrector method�

´D�� �� °� step size� ³â�� ¶½�� �c¶$½¥ �8

�&. � -8�´�  ´D� ø�¿E� NU ª �UW� ù��

Table 2� $_�µ&.

3. 	
 � �


3-1. �
 ��� ����

"Qm 7{¥ %��# ¨` ��(1 step model)h %�� ��(2

step model)¥ U¢�% ; �� ú�eû� ÷ü{¥ à
�� �� ý

�NUÕ¥ C¸� zh� c'�µ&. òô, .þxENU b� 0��

F$� zh, CO2 ¿E� 4.03 mg/L, �7� ¿E� 10.16 mg/L�  ́

D� U¬ Õh yn�µ&. ÿô, qmax,H� 0�� F$� zh, HNA�

¿E� 10.51 mg/L�  -Z Ú¬h yn�µ&. �ô, qmax,P� 0��

F$� zh, Cl,P� 0.79�  ¯É� � c?� %�� zh� yn�

µ&. �B� zh�®Î, �� ú�eû� ��-«, �Å{P, �8+

(. 7{½� bâ�o k±AÜt¥ à
T U �Ü&.

�!� ��� C� aõ NUÕ¥ F� Ë� -8 �´ zh
 ��

¿E, �7� ¿E, �8+(. �7¿E� }Q� C� �+� Fig. 2

� q1ÀÜ&. "Qm 7{¥ %��� [Ç� e�# ¨` [Ç� Ú

� PHE c�, �Å{P, CO2 7{� C� #� ÁN¥ dµ&. �� "

Qm
 HNA� c�F #��� °w �Å{P �., PHE c� �.

� °w zh�% T U �&. VanBriesenh Rittmann[11]̀  "Qm 7

{� �� �Å{Ph CO2 7{� #�A� ÁN¥ d%� � �&. ø

�� HI� JKA2 �� PHÈ  ©K� �� §N�� D�A2 q

�%, ¯ÉÕ
 0.79 mg/L�  �#A&F �Å� #U{P ��� 

äö �.�� ÁN¥ du�% �&. �Å� #U{P ���  PHE

� c�AÙ  HNA� ¿E� äö �F�&F �.�� -Éb
 [

²¥ dµ�è, PHE� 37.7% c�p }ä
 5y�  HNA ¿E� �

Rb j, qmax j,
Cl j,

Ks j, Cl j,+
----------------------XaV–=

Rb H,
P αHPRb P,–= αHP

MWH

MWP

-------------- 187
178
--------- 1.051= = =

V
dXa

dt
--------- YxP– Rb P, YxHRb H,– bXaV–=

V
dCl P,

dt
------------ Rb P, Rt P s, ,+=

V
dCl H,

dt
------------- Rb H,

P Rb H, Rt H s, ,+ +=

fs l⁄ V
dCs P,

dt
------------- Rt P s, ,–=

fs l⁄ V
dCs H,

dt
------------- Rt H s, ,–=

V
dCO2

dt
-------------- YCO2P– Rb P, YCO2HRb H,– YCO2xbXtV+=

Fig. 1. Biodegradation pathway for one-step and two-step model.

Table 1. Summary of half-reactions and overall reactions for one-step (A) and two-step degradation (B1, B2) of phenanthrene

Type Reaction

Rc

Ra

Rd A

B1

B2

Rt A

B1

B2

5
20
------H2CO3

1
20
------NH4

+ 19
20
------H+ e−+ + + 1

20
------C5H7O2N

13
20
------H2O+=

1
4
---O2 H+ e−+ + 1

2
---H2O=

14
42
------H2CO3 H+ e−+ + 1

42
------C14H10

30
42
------H2O

6
42
------O2+ +=

1
12
------C11H7O3

− 3
12
------H2CO3

13
12
------H+ e−+ + + 1

12
------C14H10

2
12
------O2

8
12
------H2O+ +=

7
30
------H2CO3

29
30
------ H+ e−+ + + 1

30
------C11H7O3

− 4
30
------O2

22
30
------H2O+ +=

C14H10 1.593NH4
+ 8.536O2 4.222H2O+ + + 1.593C5H7O2N 6.036H2CO3 1.593H++ +=

C14H10 0.459NH4
+ 2.707O2 0.624H2O+ + + 0.459C5H7O2N 0.707H2CO3 1.459H+ C11H7O3

−+ + +=

C11H7O3
− 1.134NH4

+ 5.829O2 3.598H2O+ + + 1.134C5H7O2N 5.329H2CO3 0.134H++ +=
HWAHAK KONGHAK Vol. 41, No. 6, December, 2003



776 �������
%n� q1ÀÜ% e ¿E� -Z� U �� �%¿E� 8.2% Uõ


0.86 mg/L�Ü&. �£, Guerinh Jones[5]� phenanthrene c� 	
z

h� � phenanthrene� Û 25%F c�p }ä�  "Qm 7{� $

ä¥ dµ% e ��� "Qm� 80%F c�A# ¨% ~bAÜ&�

d%F �&. �� 	/ phenanthrene� c��  "Qm c�xEF �

Ç 
� U �&� �¥ �}�&.

3-2. �	����� �� ��

"Qm 7{¥ %�� ��h %��# ¨` ��� C� ��-«x

E� �+(kLa
o
P,s(PHE� ¾î ��-«�U)=0.025, 0.05, 0.1 h−1)� °

w ±²¥ c'�µ&(Fig. 3). ¾ PHE� c�� � [Ç �� ��-

«�UF G3�U� �k®� �2� ÁN¥ du�% �&. ��`

PHE �7� c�xE� Ú� ��-«xEF ¬x��F ��� � 

y2q� ËÑ�&. 1�� ��� � PHE� c�A� }��� }ä

� Æo ±²¥ �# ¨�&. �� ø��� §N� �c� PHE� D

�A2 ��è k� �7�� ¿E� G� ËÑ�&. �, �7� ¿EF

L` ���� �U� ��-«xEF /�Y.F p&� ́ 	¥ � U

�&. �� �7� ¿EF L¥U�(��c�F Në> ��p �) ��

-«� ¬x��F p&� �-� 	
zh� yn�&% T U �&

[20]. �£, 2�� ��� � PHE c�!} }ä�  �-ÁN¥ ��

T U �&(Fig. 3(a), 4-5y). �, ��-«�UF �¥U� �>� �7

� c�F �_ }�p&. ��` PHE c��� 7{p HNA� ø�

� D§N� S��� 
� ��-« Z[�� � JKA� �¥ #

�}���� �7� c�xE� �F}­� jhF �&. eBq 
�

��-«� c� �C jh� PHE ©Kh HNA� �©K #�� °�

� N A2 ��� �2� ÁN�� �zp&. Fig. 3(b)�  D§N�

PHE ¿E� dÙ ��-«xEF �.TU� ! v"o �.�� �¥

# U �&. �� �� ��-«xEF D§N� PHE� �n� ±²`

2�� ���  ! Æ&% T U ��q Á$� ö�� d�#� ¨�

��� 7;p&.

2�� ���  "Qm
 HNA� 7{ ¾¿E� �%n� ��-«

xEF �FTU� �F�� [²¥ d
&. �� ��-« �F� °

w PHE c� � 7{A� HNA� �FËÑ� 3��, �>� 7{p

HNA� c�F bo AÜ� ËÑ�&. � }ä` Fig. 3(b)�  � 5.8

y ��� $NÁN� y2q� -
 �-NO� , L` ��-« x

E�E %¤�% PHE c�xE� HNA� c�xEF �>� G` z

h� ÓÜ&. eBq $NÁN�� W2Q ���� G` ��-«�

¬x ÁN(kLa 1 ³)�  5y ®�� e&ú '() h ��� �2�

ÁN¥ )*F#� ��T U �&. Fig. 3(c)�  5y �-� UD§N

� HNA� ¿EF ! L` �E G` ��-« xE� �� JK#�

� �
� ��� T U �&.

Fig. 3(d)�� � F# ��� C� �7� {P ÉO� ÚÞ� ��

&. 1�� ��� � ��-« xE �F� °� ø� #U{P �¸

}ä� Ú+� kÙ, #U{P �Q� xE(�,�)F �F�u �7�

�C¿EE �F�� �¥ # U �&. �£, 2�� ��� � -k�

Fig. 2. Simulation results of the standard case of one-step model and
two-step model. (a) Phenanthrene and 1-hydroxy-2-naphthoate.
(b) Cell growth and CO2 evolution.

Table 2. Summary of the parameter values and initial conditions for the modeling of phenanthrene biodegradation

Parameter Value Parameter Value

DPw (cm2/s) 6.81×10−6c YxP (mg cell/mg PHE) 1.01a

DHw (cm2/s) 7.20×10−6c YxPH (mg cell/mg PHE) 0.29c

Kow,P  (L water/L octanol) 104.57b YxH (mg cell/mg HNA) 0.69c

Kow,H (L water/L octanol) 103.97b YCO2P (mg CO2-C/mg PHE) 0.41c

foc,s (g organic carbon/g soil) 0.005 YCO2PH (mg CO2-C/mg PHE) 0.046c

fs/l (kg soil/L liquid) 0.1 YCO2H (mg CO2-C/mg HNA) 0.34c

fs/l (kg soil/L liquid) 0.1 YCO2x (mg CO2-C/mg cell) 0.53c

kLaP,s
o (h−1) 0.05d Xa (0) (mg cell/L slurry) 0.01

Ks,P  (mg PHE/L) 0.1 Cl,P (0) (mg PHE/L liquid) 0
Ks,H  (mg HNA/L) 0.1 Cl,H (0) (mg HNA/L liquid) 0
qmax,P  (mg PHE/mg cell-h) 0.1d Cs,P (0) (mg PHE/kg soil) 100
qmax,H (mg HNA/mg cell-h) 0.1d Cs,H (0) (mg HNA/mg cell) 0
b (h−1) 0.002 CO2 (0) (mg CO2-C/L slurry) 0
αHP (mg HNA/mg PHE) 1.051c

aWoo and Rittmann [4]. bKarickhoff et al. [12]. cCalculated in this study. dVariables in the simulation study.
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zh� )*F#� #U{P �¸}�� �-ÁN¥ Ê-T U �Ü&.

�� �� 2�� ��¥ .� ��-« xE� �FF �>� c�x

E� $��&� |�ÁN� Ê-� F��o AÜ&. �B� ÁN`

�7� {P� 
� ø���� � # U �% �c� �7� {P�

�/2� [Ç�� $Nb
 ¬xÁN¥ # U �Ü&.

3-3. �	����� ��� ����

��-«xE� "Qm c�xE� NáÊ�� ¬x[²¥ c'�µ

&. �Ë ´D� �!�U� kLa(h−1)� qmax,H(h
−1) ;;� C� 0.01,

0.02, 0.05, 2� Õ�� 16!� ³»¥ ´D�u �´�µ��, Iý Õ

4!� C� zh� Fig. 4� q1ÀÜ&. kLa� qmax,H� �F� �7�

� #U{PC� {PxE� �F}­Xq bl�Q¥ 0u�� jh

� dµ&. eBq q1k1h q1k4� ÚÞ�Ù, G` qmax,H� � kLa Õ

� �F�!�E �Å{P� /�b(¥ du�� '(ÁN(10y ®�)¥

# U �&. 

qmax,H� kLa� �+� °w ¾ PHE� c�� �2  ;;� &w [

²¥ du�Ü&. �, qmax,H� �.� c�xE� �.d&� ø�� c

�!}� #�}­� �T� !1 Á$�µ��, kLa� �.� c�!

} }äd&� c�xE� Á$�o �.}­% e� °� �k� �

2� ÁN¥ Ö�}2&. Fig. 4(a)� (b)�  d3� -k� �-ÁN`

qmax,HF L¥ [Ç� Ê-A�, G¥ [Ç�� # UF �&. ��` G

` qmax,H� � ��-« xEF G¥ Ë §N� HNA ¿E�F� °

w c�xE� �F jhF ���� ËÑ
 ��� 7;p&. �� �

� kLa� �Å{P� �c> �/2� �� �k� c�� $��� [

²� �% qmax,H� -k� �Å� {P¥ #�}­� [²� �t¥ �

U �&.

"Qm 7{ $E� kLa �+d& qmax,H� �+� !1 4��o �

�µ&(Fig. 4(c)). Ï� W2, HNA 7{ �% ¿E Ú� qmax,HF 20?

�FT Ë(q1k4� q4k4 ÚÞ) 28.1? �F5t� Ú�, kLaF 20? �

FT Ë� (q1k4� q1k1 ÚÞ) 0.61 ?�� �F5t¥ # U �&. "

QmF 7{A� ÉO� �n� ±²E ; �!�U� °� Æo &w

�¥ ��T U �&. �, kLa� �F}6 [Ç �%¿E ��}ä` X

� �´�q "Qm 7{.þ e&ú� !1 F7"o �+}8&. �

£ qmax,H� �F}6 [Ç�� $ä}�� 9ë�� jh� Ó¥ U �

��, �C¿EE Ý :�� �.}2&.

¾ PHEh HNA� ¿E� C� D§N� S��� ¿E� Ú� ÚÞ

c'�µ&(Fig. 4(d), (e)). ̄ É� E«T Ë� flP� 0.079, flH� 0.254

� Õ¥ F#� �� ¾ PHEh HNA� ¿E�� Ê��� � c�F

��A!�E �` Õ¥ F�&. flP� [Ç ø�� ̄ É� E«� � c

�F ���� °� ¯ÉÕd& G` Õ�� ï2#�è ��` HI

� JKp PHE� ©KxEF �7� c�xE� Ú� NCb�� G

t¥ ���&. �£, HNA� [Ç ¯ÉÕd& ø��� L&F �k�

� G` [ÇE S��� �¥ # U ��è, �� ø��� D§N�

S��� HNA� JKxEF NCb�� G&F �k�� y� JKp

HNA� ©KxEF �>� G� ËÑ� q1q� �»b
 zh
 �

�� 7;p&. Guerinh Boyd[21]� §N� � ¯ÉÕ¥ %��u

Fig. 3. Effects of various mass transfer coefficients (kLa 1=0.025 h−1; kLa 2=0.05 h−1, kLa 3=0.1 h−1) on one-step model and two-step model. (a) total
PHE concentration (Ct,P). (b) liquid PHE concentration (Cl,P) (c) HNA concentration (Ct,H and Cl,H) (d) Cell growth (Xa).
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naphthalene� ø�c�xE� ¯F� � �&. §N¿E� � c�d

& ! 
� [Ç ��-«� ¬x� A�, ! vw [Ç �7�� c�

F naphthalene� ©K¥ ²N}­� ��� �'�µ&. �W� �¤

� JKA2 �� ø���� C� 	
�V� ��-« ¶²� kC


 "Qm� %�T [Ç � �¤� �� ¯ÉÕh� Ê�F kCF �

� ���Ö T ��&. kLaF G¥ [Ç D§N� flPF -mb�� G

o �#A�è Ú�(Fig. 4(d), q1k1h q1k4 ÚÞ), flH� kC� [²¥

duõ&(Fig. 4(e), q1k1h q1k4 ÚÞ). eBq qmax,H� [Ç flP� flH
��� C� �` ±²¥ �n�è �, qmax,HF G¥ [Ç� Lo �#

A% �� �¥ ��T U �&(Fig. 4(d), (e), q1k1h q4k1 ÚÞ). �B

� zh� "Qm ��� [Ç ø�� ��-«� vê�E %¤�%

c�xEF �>� ;` �-ÁNh <` Ê�F �t¥ �}�&. �

� ��, ø�� ��-«xEF HI� JKA2 �� �=��h 7

{p "Qm ��� �n� ±²� &"�, �Ç �»b�� q1> U

�t¥ ���% "Qm 7{¥ %�� ��� "Y� ÁN¥ ÏÐT

U �t¥ q1À% �&.

¾ �=��(Ct,P+Ct,H)� 99%F c�A� }Q¥ Td�% $�T Ë,

; ���  ?` kLa ù�� C� Td� �+� Fig. 5� q1ÀÜ&.

Fig. 4. Effects of mass transfer coefficient (kLa) and maximum HNA biodegradation rate (qmax,H) with two-step model. kLa=0.01 h−1 (k1) and 0.2 h−1 (k4),
and qmax,H=0.01 h−1 (q1) and 0.2 h−1 (q4). (a) Cell growth (Xa). (b) total PHE concentration (Ct,P). (c) total HNA concentration (Ct,H). (d) Fraction of
liquid phenanthrene (flP). (e) Fraction of liquid HNA (f lH).
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j/L
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l]

al

er

soil

]

 H
ÏN�� �� �� kLaF �FÂ� °� TdF �~A� ÁN¥ # U

���, |$ kLa [�Õ ���� Td� �~$EF �Ç b` ���

q1@&. �B� kLa [�Õ �-�� ��-« xEF ¬x��� T

U ��� ���� c�xEF ¬x��F �¥ ���&. eBq �

B� kLa [�Õ` 1�� A` 2�� ��h� Ê���, e_% qmax,H

� Ê��� Cm� 0.02-0.03 h−1� ù��  q1q� �¥ # U �

Ü&. eBq BF -8�´�  qmax,P� �[}6 [Ç(�, � �� c

�xE� �� �+}6 [Ç) kLa [�Õ� �+� à
T U �Ü&.

�Ä kLa ù��  2�� ��� 1�� ��� Ú� ! Ý Td� dµ�

�, qmax,HF �FTU� äö 1�� ��� ��� F� ÉO� dµ&.

�� ��, 	/ �=��� 7c�} "Q��� 7{�� 
� c�

�Q� !1 C2� U ���, "Qm� %�� ��� ��  D !

$à�o 7c� ÁN¥ ÏÐT U �¥ ��&.

4. 	 �

� �¤� � HI �B_ }4��  ������� �7� c�

} "Qm 7{¥ %�� ��¥ !��% -8�´� .� e |E¥

c'�µ&. phenanthrene¥ ����� È$� 1�� �-c�� "Q

m�  1-hydroxy-2-naphthoate� F$� 2�� ��¥ ÚÞ�µ&. �

�� -8�´� .� Ó` "Y� zh� &th �� $_T U �&.

(1) "Qm 7{¥ %�� 2�� ��� [Ç 1�� �-c� ���

Ú� phenanthrene c�, �Å{P, CO2 7{� C� #� ÁN¥ Ê-

T U �Ü&.

(2) .N ��-«xEF ;¥U� �� c�xEF 
�#� �¥ #

U ��q, 2�� ��� � ��-«xEF ;¥U� �>� �7�

c�F �_ }�A� �-ÁN¥ ��T U �Ü&. ��  ̀phenanthrene

c� �� 7{p 1-hydroxy-2-naphthoate� 7{ ø�� D§N� S

��� 
� ��-« ³)� � JK� #����� �7� c�x

EF �>� �F�� ËÑ�Ü&.

(3) "Qm c�xE� ��-« xE� �.� -m phenanthrene c

�xE� $��� ¬x��F � U �#� �n� ±²` Në> &

w ��� q1@&. �, qmax,H� �.� phenanthrene c�xE� �.

d&� ø�� c�!}� #�}­� �T� !1 Á$�µ��, kLa

� �.� c�!} }äd&� c�xE� Á$�o �.}­% e�

°� �k� �2� ÁN¥ Ö�}2&. �� �� kLa� �.� �Å

{P� �c> �/2� �� �k� c�� $��� [²� �%

qmax,H� �.� -k� �Å� {P¥ #�}­� [²� �t¥ à


T U �Ü&.

(4) "Qm c�xE� ��-« xE� "Qm 7{ [²� �n�

±²� �2 E N�� zh� dµ&. kLa� �F}6 [Ç "Qm 7

{ $ä}�� X� �´�q "Qm 7{.þ e&ú� !1 F7"

o �+}8&. �£, qmax,H� �F}6 [Ç�� $ä}�� 9ë��

jh� Ó¥ U ���, �C¿EE Ý :�� �.}2&.

�Nh �� ��-«h "Qm 7{¥ %�� HI �B_ ��`

�=��� c�� �2 bl�Q #�, ��� �-c� #�, G` �

7� U¬ <� ÁN¥ bâ�o FG� 0 U �� ��� 7;p&.


�, ��H �¤� .� ø� �=��h 7{ "Qm� ��-«h

� NáÊ�� �2 � N�Â¥ ���� è "Y� ÁNW¥ ��

�I U �Ü&. �B� ��` phenanthrene �� 3��, �1 &w

������� �7� c� ��H ª ��� lD� U ���, HI

�B_ }4��� 3�� %Å+ HI }4��E �D�o bD� U

�¥ ��� 7;p&.

����

αHP : stoichiometric coefficient for production of HNA from PHE

[mg HNA/mg PHE]

b : biomass decay coefficient [h−1]

Cl, j : concentration of compound j dissolved in liquid phase [mg 

liquid]

Cs,j : concentration of compound j sorbed in soil [mg j/kg soil]

Ct, j : total concentration of compound j in soil slurry [mg j/L slurry]

CO2 : total amount of carbon dioxide formed during biodegradati

[mg CO2/L slurry]

foc,s : fraction of organic carbon in soil [kg organic carbon/kg soi

fs/l : fraction of soil in water [kg soil/L liquid]

fs/l
o : soil content of a base case [kg soil/L liquid]

flj : ratio of concentration of compound j in liquid phase to tot

concentration [−]

HNA : 1-hydroxy-2-naphthoate

j : j = H for 1-hydroxy-naphthoate or j = P for phenanthrene

Kd, s, j : partition coefficient of a compound j between soil and wat

[L liquid/kg soil]

Kow, j : octanol/water partition coefficient of compound j [L water/L

octanol]

Ks, l : half-saturation concentration of dissolved compound j [mg j/L]

kLaj, s|fs/l
: mass transfer coefficient for compound j sorbed in soil [h−1]

kLaj,s
o : mass transfer coefficient for compound j at a base case of 

content [h−1]

PHE : phenanthrene

qmax, j : maximum utilization rate of compound j [mg j/mg cell-h] 

Rb, j : rate of biodegradation of compound j [mg j/h] 

Rb, H
P : rate of production of HNA from PHE biodegradation [mg HNA/h

Rt, j, s : desorption rate of compound j from soil [mg j/h]

t : time [h] 

Td : time to degrade 99% of initial amount of the sum of Ct, P and

Ct, H [h]

V : volume of the system [L]

Xa : concentration of specialized bacteria degrading compound

Fig. 5. Mass transfer rate (kLa) and Biodegradation time (Td) for one-
step model and two-step model with various maximum HNA
biodegradation rate (qmax,H). Td is defined as time to degrade
99% of initial amount of the sum of Ct,P and Ct,H.
HWAHAK KONGHAK Vol. 41, No. 6, December, 2003



780 �������

n-

er-

 in

on

f

and

,

-

od

of

lf

ffi-

.,
and P [mg cell/L]

YCO2 j : true yield for CO2 during biodegradation of compound j [mg

CO2-C/mg j]

YCO2PH : true yield for CO2 during partial biodegradation from PHE to

HNA [mg CO2-C/mg PHE] 

YCO2x : true yield for CO2 during biomass decay [mg CO2-C/mg cell] 

Yx j : true yield for cells during biodegradation of compound j [mg

cell/mg j]

YxPH : true yield for cell during partial biodegradation from PHE to

HNA [mg cell/mg PHE] 
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