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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 growthpaodu€i@n
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 bgalveen ini
substrates and intermediates.
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Fig. 1. Biodegradation pathway for one-step and two-step model.
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Table 1. Summary of half-reactions and overall reactions for one-step (A) and two-step degradation (B1, B2) of phenanthrene

Type Reaction
5 1 19+, - 13
R, Z—OHZCO3+§)NHZ+Z)H++e = 55CsH7ON+55H,0
R, 20,+H +e = 2H,0
14, + ., - 1 0 6
Ry A 75H2C0s+H +e” = £5C Hio+ TH,0+ 50,
1 -, 3 13+, -_ 1 2 8
B1 75CuH 03+ 5H,CO+ 7H" +€ = 5C1 M0+ 550, +5H,0
7 29, , +, . -_1 _ 4 22
B2 —H,CO,+=+H" +& = -=C  H,0;+ =0, +2H,0
30 277% 30 301773072 30 °
R A Cy4H1o+1.593NH, +8.5360,+4.222H,0 = 1.593GH,O,N +6.036 H,CO, +1.593H
B1 Cy4H1o+0.459NH, +2.707G,+0.624H,0 = 0.459GH,0,N +0.707H,CO, +1.459H +C,,H,0;
B2 Cy;H,0;+1.134NH, +5.8290, +3.598H,0 = 1.134GH,0,N +5.329H,CO; +0.134H
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Table 2. Summary of the parameter values and initial conditions for the modeling of phenanthrene biodegradation

Parameter Value Parameter Value
Dp,, (cnPls) 6.81x10% Y, (Mg cell/mg PIE) 1.08
Dy (CNP/s) 7.20x10% Y 1 (Mg cell/mg IPE) 0.29
Koup (L water/L octanol) 16°® Y 4 (Mg cell/mg HNA) 0.69
Koun (L water/L octanol) 1% Y coop (Mg CO-C/mg PHE) 0.4
foc,s(g Organic carbon/g soil) 0.005 c¥pn (Mg CQ-C/mg PHE) 0.046
fs (kg soil/L liquid) 0.1 Yeoor (Mg CQ-C/mg HNA) 0.34
fs (kg soil/L liquid) 0.1 Yook (Mg CO-C/mg cell) 0.53
keads (h™ 0.08' X, (0) (mg celliL slurry) 0.01
Ksp (Mg PHEIL) 0.1 Gp(0) (Mg AHEIL liquid) 0
K (Mg HNA/L) 0.1 G4 (0) (Mg HNAL liquid) 0
Omax,p (Mg PHE/mg cell-h) 04 C,p(0) (mg AHE/Kg soil) 100
Omax,+ (Mg HNA/mg cell-h) 04 Cs 1(0) (mg HNA/mg cell) 0

b (hh) 0.002 CQ(0) (mg CQ-CIL slurry) 0

ayp (Mg HNA/mg PHE) 1.051

A\oo and Rittmann [4PKarickhoff et al. [12]°Calculated in this stud§Variables in the simulation study.
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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 CO, evolution.
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Fig. 3. Effects of various mass transfer coefficients (ln 1=0.025 R%; k, a 2=0.05 1%, k a 3=0.1 h?) on one-step model and two-step model. (a) total
PHE concentration (G p). (b) liquid PHE concentration (G p) () HNA concentration (G, and G) (d) Cell growth (X,).
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Fig. 4. Effects of mass transfer coefficient (k) and maximum HNA biodegradation rate (g, ;) With two-step model. ka=0.01 R (k1) and 0.2 1! (k4),
and Qyg, 1=0.01 k! (g1) and 0.2 it (g4). (a) Cell growth (X,). (b) total PHE concentration (Gp)- (c) total HNA concentration (G ). (d) Fraction of

liquid phenanthrene (fip). (€) Fraction of liquid HNA (f,).
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: stoichiometric coefficient for production of HNA from PHE

[mg HNA/mg PHE]

: biomass decay coefficient fh
: concentration of compound j dissolved in liquid phase [mg j/L

liquid]

: concentration of compound j sorbed in soil [mg j/kg soil]
: total concentration of compound j in soil slurry [mg j/L slurry]
: total amount of carbon dioxide formed during biodegradation

[mg CGy/L slurry]

. fraction of organic carbon in soil [kg organic carbon/kg soil]
: fraction of soil in water [kg soil/L liquid]

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

: ratio of concentration of compound j in liquid phase to total

concentration]

: 1-hydroxy-2-naphthoate
. j = H for 1-hydroxy-naphthoate or j=fér phenanthrene
: partition coefficient of a compound j between soil and water

[L liquid/kg soil]

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

octanol]

. half-saturation concentration of dissolved compound j [mg j/L]

: mass transfer coefficient for compound j sorbed in salj [h

: mass transfer coefficient for compound j at a base case of soll

content [AY]

: phenanthrene

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

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

: rate of production of HNA from PHE biodegradation [mg HNA/h]
: desorption rate of compound j from soil [mg j/h]

: time [h]

: time to degrade 99% of initial amount of the sum pf @nd

Con

: volume of the system [L]
: concentration of specialized bacteria degrading compound H
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