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Abstract

A hydrochemical model comprising a set of coupled partial differential equations has been
proposed for the bioremediation of contaminated soil with a heterogeneous formation. The soil
bed is a layer of water-saturated porous medium with dominant bypassing flow. Inside the
layer, the groundwater flow is relatively slow such that the magnitudes of convection and
dispersion are of the same order. This model describes, both spatially and temporally, the
contaminant fate, microorganism growth and oxygen consumption. The results of simulation
indicate that the velocity of the groundwater flow affects significantly the rate of contaminant
depletion; the higher the velocity, the greater the availability of oxygen and the faster the
substrate consumption. When the velocity is low, an anaerobic zone is generated in the clay
layer, thereby rendering the biodegradation rate oxygen limited and, in turn, prolonging the
remediation time.

1. Introduction

Biological restoration of soils contaminated with organic chemicals is an innovative
treatment technology that can often meet the goal of achieving a permanent clean-up
remedy with minimal environmental impact. Appreciation of the rate of contaminant
attenuation in soil is necessary for successful design. Soils often exhibit a variety of
heterogeneities, such as rock fractures, drying clay cracks and clay mounds. A com-
monly encountered soil is the so-called “structured soil” containing relatively large
and essentially continuous voids [1]. Soil aggregates formed from fine particles
usually retard flow inside [2—4]. Numerous aquifers contain layers of silt and clay; this
results in field-scale variability in hydraulic properties. Such hydraulic heterogeneities
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may create macroscopically nonuniform flow fields with widely different velocities,
often referred to as preferential flows or bypassing phenomena [5].

Information on water flow in subsurface systems provided by modeling or field
measurements is essential to the study of bioremediation. Microscopic differences in
structure, flow and transport in heterogeneous soils are frequently described using
dual-porosity models which assume that the medium consists of two types of voids,
one associated with the fracture network and the other with a less permeable pore
system within the aggregates [4, 6-—8]. Two-domain models or compartment models
have been suggested to represent the macroscopic structure [9-12]. These models
assume that hydraulic properties in each domain or compartment are unique and
different from those in the other.

In the past few years, a number of investigators have developed models or carried
out experiments that provide insight into the rate-limiting processes of bioremedi-
ation, such as microbial growth, contaminant depletion and nutrient uptake [13-19].
Dhawan et al. [20] have simulated the transport and biodegradation of a con-
taminant inside soil aggregates where microorganisms assimilate the substrate in the
liquid and consume the dissolved oxygen. Emphasizing the inaccessibility of microor-
ganisms to the inside of very small aggregates, Chung et al. [21] have discussed
whether biodegradation may be kinetically limited by intraparticle diffusion. Little
attention has been focused on the contaminant fate in a soil with variably permeable
layers. Current literature does not contain sufficient information on the influence of
a layer with both much lower permeability than its surroundings and a very slow or
no convective flow in it.

The objective of the present work is to propose a mathematical model accounting
for microbial growth and biodegradation in a region of the aquifer with low
hydraulic conductivity and extensive bypassing flow. The adsorption—desorption and
depletion of the contaminant or substrate are simulated numerically to analyze the
biochemical processes under conditions where groundwater flow is extremely slow,
and thus transport by convection and dispersion is of the same order of magnitude.
The importance of such a region to the whole process of bioremediation is then
discussed.

2. Model development

The system to be modeled involves transport and biodegradation of the con-
taminant in a saturated subsurface soil with a layer where the flow is very slow and is
accompanied by extensive bypassing. The soil under consideration is schematically
illustrated in Fig. 1. The heterogeneity is characterized by the very large bypassing
flow rate Fg, and the very small flow rate F,, through the low permeability region. The
region is also surrounded by two chambers of high permeability, which link the region
with the outside flow. The bioremediation in the soil is an aerobic process of
contaminant depletion, oxygen consumption, and microbial growth. The model
describing the transport and biodegradation is derived based on the following as-
sumptions.
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Fig. 1. Schematic diagram of the system: the upper and lower chambers are regions of high permeability
while the portion of the soil bed from 0 to L is the region of low permeability.

1. The system comprises continuous media, i.e., the microscopic movement, and
reaction in pores may be averaged over a sufficiently large volume of the medium
to obtain a macroscopic description of the state variabies.

The region of interest is saturated, homogeneous and isotropic.

A one-dimensional flow governed by Darcy’s law prevails.

The concentration of microorganisms or biomass attached to the soil surface and
that in the suspension are related through a partition coefficient.

W
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5. The reaction rate follows the Monod kinetic model and depends only on the
concentrations of the three components: oxygen, biomass, and substrate (con-
taminant).

6. The concentration driving force governs the net rate of transport of the con-
taminant from the solid surface into the liquid phase.

Under these assumptions, a mass balance over the liquid phase gives the governing
equation of the ith species:

0(eCy) _ _OmeC) 3B gEi% + G;,
t 0x 0x

™ (1)

where C; is the concentration of the ith species in the liquid phase, with the subscripts,
i = s,0,b, referring to substrate, oxygen, and biomass, respectively, ¢ the time, x the
axial position, u the mean pore water velocity, ¢ the void fraction of soil, E; the
dispersion coefficient, and G; the rate of mass generation.

It is assumed that E; reflects two additive phenomena, i.e., ionic or molecular
diffusion arising from the thermal motion of dissolved constituents and hy-
drodynamic dispersion resulting from the local deviation from the average fluid flux.
Generally, the hydrodynamic dispersion is dominant in a convective flow. Since the
aqueous diffusion coefficients for many hydrocarbons and oxygen are of the same
order of magnitude, the dispersion coeflicients of different species are considered to be
identical in this work. Cussler [22] has shown how the Peclet number varies with the
particle Reynolds number in porous media.

The actual microbial movement in subsurface soils is very complicated because of
the interplay of the native motion of cells, guided by the local physicochemical
environment, adsorption, filtration, and convection of cells within the flow. Most
eucaryotic and procaryotic cells are mobile by means of flagella, and a type of
eucaryotic cell has a locomotive organ as celia, while a few types of bacteria possess
a gliding motion that allows them to move over surfaces by an unknown mechanism
[23]. Matthess et al. [24] have further studied the sorption, filtration, convection, and
dispersion of bacteria and viruses in groundwater. The review paper of Baveye and
Valocchi [25] divides the current investigations on the transport of biological reacting
solutes into three major conceptual frameworks constructed on the assumptions of
continuous uniform biofilm, discrete attached microcolonies, and partitioning of
floating cells and fixed groups. Studies based on the first two assumptions usually
emphasize the fate of the organic chemicals and neglect the influence of microbial
concentration and/or microbial movement [26—297]. Models based on the partitioning
assumption consider the microbial movement in aqueous phase as dispersive—convec-
tive, while the concentration of the surface-attached microorganisms and that of the
floating groups are at instantaneous equilibrium and related by a partition coefficient
[18,20,30]. The present model also follows this rationale.

Complete degradation of organic chemicals to carbon dioxide and water depends
on the complex interplay between many microbial species. Numerous metabolic
pathways involved in the decomposition of organic chemicals have been proposed
[31,32]; nevertheless, the knowledge of the pathways is far from complete due to the
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complexities of indigenous microbial communities and the growing media in soils.
The depletion of organic carbon and the growth of microorganisms are generally
characterized by the following stoichiometric reaction:

CH,,O; + aNH; + bO, - yCH,O,N, + zCH,O;N, + cH,O + dCO,,

where CH,, O, is the elemental composition of the organic chemical providing carbon
and energy for microorganism growth, CH,O,N, is the simplified stoichiometric
formula of the microorganisms, and CH,ON, accounts for the extracellular products.
The rate of the reaction is affected, however, not only by the concentrations of
substrate and biomass, but also by the particular enzymes present, available nutrients,
oxygen concentration in aerobic conditions, temperature and light. Monod kinetics
usually serves to quantify the transformation rate:

Hmi Ci Cj
—p, = = | — 2
n="y R"C"(Ksi+ CE)H’(KSJ-+ c,.)’ )

where C; is the carbon source concentration of the ith component, and C; is the
concentration (or intensity) of other rate-limiting substances [33].

The population of soil microorganisms is composed mainly of the surface-attached
microcolonies, which also participate in the assimilation of organics in the liquid
phase and are considered to constitute the concentration of biomass on the solid
particles. Consequently, the total biomass concentration available for the liquid-phase
reactions is (Cy + pgp/€), in which g, is the biomass concentration on the solid
particles. A local equilibrium prevails between the biomass concentration of floating
cells and that of attached ones, i.e, g, = K4,Cy, Wwhere K, is the partition coefficient.
By introducing the retardation factor Ry, defined as

Ry=1+28 ®

the biomass concentration available for the liquid-phase reactions is R,C,,. By consid-
ering the oxygen availability as the only growth limiting factor besides the substrate,
the governing equation for biomass becomes

O(RyCy) _ _a_(EaCb)_ a(ucb)+ .llmRbe( C, )

or  ox ox ox K, + C,

Co
x (m) - debe (4)

where k4R, C;, accounts for endogeneous metabolism and cell decay.
Since oxygen is not adsorbed on the solid particles, its governing equation is

oC, 8 [ 0C,\ dWCy) pm C, C,
3t ox (E ox ) T Tax el (K, + cs) (Ko + c.,)‘ ©)

The solid phase of the soil comprises various constituents. The contaminant in the
water solution may interact with these constituents at different rates and with different
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intensities. Sorption or exchange reactions perceived as instantaneous are described
by equilibrium isotherms which can be of a linear, Freundlich or Langmuir type, or
can be of other functional forms [34, 35]. Review of the microscopic mechanisms of
various sorption phenomena and the corresponding kinetic simulations can be found
in [1, 36, 37].

The present work also resorts to a kinetic approach to represent the adsorption and
desorption of the contaminant between the solid and liquid phases. By assuming that
the substrate is homogeneously distributed on the surface of solid particles, the
first-order rate expression attains the form

6q

> ks C |
Por = ° (de ") ©)
A mass balance of substrate over the liquid phase gives the governing equation for
substrate:

oC, _ 8 (,0C,) _2mCy
ot ox (E ax) Ox € (K_,,s Cs)

Mm C& C%
e (o) (o re) o

The above two equations together with Darcy’s law describing the relationship
between the groundwater flow velocity and pressure head as well as the appropriate
boundary and initial conditions constitute a mathematically closed model.

To investigate the heterogeneity of the system, the boundaries need be carefully
defined, and the boundary conditions need be derived from the continuity of concen-
tration and that of mass flux. A mass balance over the upper chamber is

oC;

oC;
V1( ot ) = Fazcif - (u1A1CE lx=0- — Eq1A; — Bx

Complete mixing is assumed in the upper and lower chambers for the present model;
therefore,

F, = u4,. 9)

)'+ Pﬁrb (8)

A mass balance over the upper interface control volume leads to

oC; 0C,
(90 A, + 5;{/12)( )= [(M1A1ci lx=s; — E141—— o ) + 50_Alrt]
x=dgq,

o )+56’A2r,~:|. (10)
0x x =3¢,

- [“2A2Ci |x=ag — E»A,

As the width of the interface control volume vanishes, i.e., 6 — 0~ and 6§ — 0%, the
above equation becomes

a(% ac&
3 = U A2Ci|x=0+ — E3A;
X

x=0" ax

u1A1C;lx=0- — E1A4;

(11)

x=0"%
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Combining this equation with (8) and taking into account the flow rate continuity, 1e.,
u;A; = uyA,, give tise to the upper boundary conditions

oC;
Ox

Vi (92) = uyA,Ci — (uZAZCi lx=0+ — E24>

+ WVir;. 12
31 x=0+) 17 (12)

A mass balance over the lower chamber yields

aC;

ox

oC;
Vs(—ét—) = C{Fy — C;Fs + (u3A3CiIx=L+ — E3A;

) + Vari. (13)

x=L*

A mass balance over the lower interface control volume gives

) + 51?‘427'{]
x=L~

GC,- aC:
(6L Az + 51TA3)( ) = [(uzAzci lx=2- — E242——

ot ox
(14)
aC;
- [(“3A3C.' le=r* — EsAz—— ) + 5EA3”1':|-
ax x=L%
As 6 — 0 and 8] — 0, this equation becomes
oC; oC
U ArCilx=r- — EzAz“é;C‘ p- = U3 A3Ci|y=r* — Eal‘lsa—xi oot (15)
Combining this equation with (13) and taking into account the flow rate continuity,
Fy;=F,+ Fp, (16)
yield the lower boundary conditions
aCi aCl
Va| —— ) = Fs(Cf — C)) — upA2C; + | 42A42C:15=1- — E2ds—— + Vars.
at 0X |g=r-

)

The flow rate Fy is considered to be much larger than the flow rate F,, and C{ = 0;
as a result, the reaction and accumulation terms in the upper and lower chambers are
neglected. Furthermore, the concentration of every species in the lower chamber is
approximately equal to the feed concentration due to the preferential bypass flow.
Hence, the upper boundary conditions reduce to

EQ3C;
f e Ol — —— 2
Cl C! lx—O u Ox =0+ (18}
and the lower boundary conditions reduce to
EdC;
f == N g = — __'
Ci = Cilx=tL vl R (19

These boundary conditions are appropriate for a very slow flow within the soil layer
when bypass flow around it predominates. The outlet boundary condition is inad-
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equate when the flow rate of bypassing is of equivalent magnitude with or smaller
than that through the soil layer. The concentration of the ith species, Cf, outside the
low permeability region is

C: =0, C;=C;, Ct = Cpo. (20
The initial conditions are
Cs = C:” ds = 450> CO = Cv;su Cb = CbOs att = O» O<x< st (21)

where g, is the initial concentration of substrate in the soil particle phase, C¥, the
concentration of substrate in the liquid phase which is in equilibrium with g,,, and
C; the saturated concentration of oxygen in the atmosphere.

Dimensionless variables are defined as follows:

0 = tu/L, X = x/L, C, = C,/C%, C, = C,/C:,
C_b = Cb/ Cgs q_s = QS/ 450, (22)

where C¥ = (g,0R, Y, J(K4sRy) is the maximum producible concentration of biomass
from a substrate deposit in the bed. The governing equations may be written in terms
of dimensionless variables and parameters; this yields

o€, 10°C, 0oC, . =
20 = P—eﬁ - 'é':X," + Stm(% - Cs) - erRSR’ (23)
o, 10°C, oC,
08 PedX? 0X

aC, 1 9*C, 109G,

— N, WR, (24)

= ——— R — ~
30 ~ R,Pedx? R,ax T VR — NG, (25)
04, Stm -
20" " ﬁ(% — Cy). (26)
In the above equations,
- C C
R = = - 27
Co (K + cs) (Ko + co)’ @7
g, = e @28)
4s0
— K
— o 29
Q Cg 2 ( )
Lu
== 30
Pe £’ (30)
Ny = b=k, | (31)
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L
N, = 5L, (32)
u
Stm = FoL (33)
eu
R =1+ "I:“S, (34)
C:ORs Ys
_ CooRe Xy 35

The dimensionless values of the variables are subject to change under different
circumstances; however, it is possible to choose some characteristic values that would
be feasible.

3. Numerical solution

The governing equations in the form of coupled nonlinear partial differential
equations have been numerically solved by a finite difference algorithm [38].
Equations (23)—(26) can be compactly rewritten as

o,  8C _ oG

20 = Prigyz — Paizy

=0 + i (36)

The semi-implicit finite difference scheme for this equation has been constructed as
Ch*! - (C) —p. . (CYEt = 2(CHH " +(Cx2d .
A L AX?

(T E e B

(CHH ! —(Ch
P2,i( AX o

(C — (€ i .
—Pz,i( o )(1—a)+(ﬁ,- o+ (0~ o), BT)

where j denotes the spatial position, n the time step, and « a computational constant.
Iteration is required at each time step because of the nonlinearity of these equations.

4. Results and discussion

Figure 2 compares the simulated results of bioremediation computed by the present
algorithm for a once-through operation in a soil bed with those obtained by Wu et al.
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Fig. 2. Comparison between the numerical results obtained from the present model and those from the
model of Wu et al. [18].
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Fig. 3. Comparison of the model prediction for biodegradation of sodium palmitate at 2.0 cm depth in
a 4.0 cm column with the experimental data from Tuitemwong et al. [39].
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Fig. 4. Dimensionless concentration as a function of the dimensionless depth for u = 1.0 x 10™* cm/s,
Pe = 100, and 0 = 1.0.

Table 1

Values of parameters for numerical simulations

a=10° cm?/cm? Cpo = 2.0x10"% g/cm C:=8.0x10"%g/em?®
C¥ =25x10"° g/cm? E=12x10"%cm?/s ky=10x10"%/s

k, = 2.0 x 10~ cm/s K, = 7.5x 105 g/om® K, = 40x10"7 g/cm?
Ky = 9.3cm?/g K, = 15cm?/g L=20cm
u=10x10"*cm/s G =3.75x10" % g/g Yo=05g/g
u=10x10"5cm/s Y,=1.0g/g o = 6Xx1075%/5
u=10x10"%cm/s £=03 p =158 g/cm?

[18]. The comparison indicates that the present algorithm is capable of yielding
accurate numerical results. Moreover, it has been found that the algorithm’s speed of
convergence is high.

The proposed model has been assessed in the light of available experimental data
obtained in a soil column for biodegradation of sodium palmitate [39]. As illustrated
in Fig. 3, the simulated results based on the present model are in reasonable accord
with the experimental data which are single-point measurements.
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Fig. 5. Dimensionless concentration as a function of the dimensionless depth for u = 1.0 x 10™* cmy/s,
Pe =100, and § = 5.0

Additional simulations have been performed to examine parametrically the system;
the values of the parameters are listed in Table 1. The subsurface flow velocity changes
from 1.0 x 1074 to 1.0 x 10™° cm/s, which corresponds to the soil properties varying
from silt to clay for a water pressure drop caused by the natural altitude difference of
the bed.

Figures 4-6 describe the variation of concentration profiles in the soil as a function
of time and position for the Peclet number of 100 and the velocity of 1.0 x 10™* cm/s.
The transport processes are slow compared to the reaction rates, since the dispersion
Damkohler number, u,,L2/E, representing the ratio of the maximum depletion rate to
the maximum dispersion rate is 1200, and the convection Damkoéhler number, u,,L/u,
representing the ratio of the maximum depletion rate to the maximum convection rate
is 12; both are much larger than one. The supply of oxygen by means of convection
and dispersion is sufficiently rapid so that no anaerobic condition is generated.

The hydraulic conductivity in Figs. 7 and 8 is lower than that in Figs. 4-6 and the
groundwater flow velocity is equal to 1.0 x 1073 cm/s. The spatial dimensionless
concentration distributions change drastically. Although the dispersion Damkdohler
number u,,L?/E remains unchanged, the convection Damkohler number u,,L/u is
now 120; this implies that the rate of transport is very low relative to the rates of the
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Fig. 6. Dimensionless concentration as a function of the dimensionless depth for u = 1.0 x 10™* cm/s,
Pe = 100, and ¢ = 10.0.

reactions. An anaerobic zone is observed in the middle of the bed. Two peaks of the
biomass concentration occur at the two ends where oxygen supply is sufficient. As
degradation proceeds, the anaerobic zone becomes progressively smaller and event-
ually disappears along with the depletion of substrate (Fig. 8).

When the hydraulic conductivity is further reduced and the Peclet number ap-
proaches one, the dispersive and convective terms have the same order of magnitude
in the governing equations. The simulation result is shown in Fig. 9 for
u = 1.0x10"°cm/s and Pe = 1. The profiles are essentially symmetric spatially, thus
indicating that the dispersion is significant for the process. An anaerobic zone is
present, and the desorption of the substrate from the soil particles is maintained near
equilibrium.

For the limiting case in which the soil permeability approaches zero, i.e., convective
flow in the soil layer vanishes, the profiles of concentration distributions are spatially
symmetric, as depicted in Fig. 10. In this case, oxygen transfers only by diffusion, the
rate of which limits the biotransformation inside the soil layer. Thus, the middle part
of the bed is anoxic and local equilibrium is reached there.
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To describe the extent of remediation, the concept of total organic substrate (TOS)
is introduced. In the soil bed,

TOS=Jpqst+j C.dV. (38)
14 eV

Obviously, the TOC (total organic carbon) in the bed is equal to 6TOS, where ¢ is the
weight fraction of carbon in the organic contaminant. TOS can be normalized by
dividing it by its initial value, TOS;, as follows (see Appendix A):

[— 1\ (/. 1 _
TOS = (1 — E) L (qs + Rs—_—lcg) dX. (39)

This quantity represents the fraction of residual substrate in the bed. The reacted
substrate (RS), signifving the portion of substrate in the soil bed degraded by
microorganisms, is defined as

= Iﬁ CS Co
ws- [ ], e (e Se) (ke ore @
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Fig. 8. Dimensionless concentration as a function of the dimensionless depth for u= 1.0x 1075 cm/s,
Pe =10, and 8 = 5.0,

which, in normal form, is

s [ n.c S, S de 41
R =jo.].oNr1Cb(Ks+és)(K_o+éo)dX . “h

Thus, the fraction of substrate washed out is equal to (1 — TOS — R_S).

The profiles of TOS vs. time at different velocities, plotted in Fig. 11, reveal that the
velocity of groundwater flow affects the rate of contaminant depletion; the higher the
velocity, the greater the availability of oxygen and the faster the substrate consump-

tion. Figure 12 demonstrates that the gradient of TOS representing the overall
substrate depletion rate decreases gradually with time. Thus, for the same quantity
being removed, a much longer time is required at the end than at the beginning. Such
a tailing effect is also observed in Fig. 11 at different velocities. A similar conclusion
has been reported in field experiments [40]. The very slow decomposition at low
contaminant concentrations usually renders the time scale of in situ bioremediation to
be months or years.

The effect of water flow velocity on the time required for complete restoration

(TOS < 0.05) is listed in Table 2. The flow velocity usually determines the remediation
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Fig. 9. Dimensionless concentration as a function of the dimensionless depth for u = 1.0x107 % cm/s,
Pe=1,and 8§ =0.5.

time scale. When the velocity varies from 1.0 x 10~ cm/s towards zero, the clean-up
requires a time from about 3 months to almost 3 years. For these transport-limited
cases, the portion of the substrate washed out is small; the major portion is trans-
formed. If no measures are taken to remediate a contaminated site, ¢.g., an aquifer
in the saturated zone, 14 years are required for 95% of the contaminant to diffuse out
of the layer, provided that the site is biologically sterile; see case 5 in
Table 2.

5. Conclusions

This paper presents a hydrochemical model consisting of coupled differential
equations for describing the contaminant fate, oxygen consumption and microbial
growth. Oxygen is considered to be a growth limiting factor, and nonequilibrium
adsorption—desorption of the contaminant is assumed between phases. As the hydrau-
lic conductivity varies from that of silt to that of homogeneous clay, the pattern of
bioremediation changes significantly. The simulated overall depletion of the con-
taminant reveals that the higher the velocity of the groundwater flow, the faster the
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Fig. 10. Dimensionless concentration as a function of the dimensionless depth for u = 0.0 cm/s, and
t = 30 days.

decrease in the contaminant concentration. At low permeability such as that encoun-
tered in groundwater flow through clay, an anaerobic zone may be generated, thereby
reducing the biotransformation rate and prolonging the remediation time.

The contaminant in the low-flow or nonflow zone is often a continual source of
pollution. Heterogeneous soil formation greatly hinders the effort of groundwater
treatment and soil remediation. The remediation in the low permeability region of the
soil usually determines the time scale of restoration.

Acknowledgment

Although the research described in this article has been funded in part by the
United States Environmental Protection Agency under assistance agreement
R-815709 to the Great Plains-Rocky Mountain Hazardous Substance Research
Center for US EPA Regions 7 and 8 with headquarters at Kansas State University, it
has not been subjected to the Agency’s peer and administrative review and therefore
may not necessarily reflect the views of the agency and no official endorsement should
be inferred. This research was partially supported by the Kansas State University
Center for Hazardous Substance Research.



180 X. Yang et al./Journal of Hazardous Maiterials 38 (1994) 163—185

Nomenclature

a interfacial area of the aqueous and solid phases per unit volume of the
soil bed, L%/L°?

A actual flux area of the chambers, L?

C concentration in the aqueous phase, M/L3

Coo initial concentration of biomass, M/L?

Cf feed concentrations, M/L3

C: air-water saturated concentration of oxygen, M/L3

C% concentration of substrate in the liquid phase in equilibrium with ¢,
M/L3

E dispersive coefficient, L2/t

F,, F3, F, flow rate, L3/t

G; mass generation rate of ith species per unit aqueous volume,
M/(L3t)

ky decay rate constant, t~!

K partition coefficient of biomass

K, partition coefficient of substrate

K, saturation constant of oxygen, M/L3

kq mass transfer coefficient of substrate

K, saturation constant of substrate, M/L3

L depth of the soil bed, L

q concentration in solid aggregates, M/L?

q¥ concentration of substrate in solid particles in equilibrium with that in
the mobile aqueous phase, M/L3

ds0 initial concentration of substrate in solid particles, M/L?

R, retardation factor of biomass (=1 + pK /)

r; reaction rate, M/(L3 t)

R, retardation factor of substrate (=1 + pKy/¢)

t time, t

u mean pore water velocity in the chambers, L/t

V aqueous volumes of the chambers, L?

X axis, L

Y yield factors, M/M

Greek letters

computational constant
width of the interfacial control volume, L
void fraction of the soil

n maximum specific growth rate of biomass, t~!
bulk density of the soil bed, M/L?

o weight fraction of carbon in a molecule

m s R

=T~
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Appendix A: Derivation of TOS and RS

For a one-dimensional system, Eq. (38) can be written as

L

TOS_—.—.J

(1)

L
pqs dx + f eC, dx. (A.1)

(4]

Because of (21), the initial TOS, TOS,, is

TOS, = | Cecmax= [ £s0
i = Pdso dx + gcso dx = Pdso + —— dx (A2)
0 (4] [¢] de
= Rs _ 1 pqSOL .

Dividing (A.1) by this equation and combining the resultant expression with (22) and
(34) give:

e 1\ 1 -
TOS=(1—E)L(qs+Rs_ICs)dX. (A.3)
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Table 2
Effect of groundwater flow velocity on the time required for completion of the remediation process

Case No. 1 2 3 4 5
Flow velocity, cm/s 1.0x1074 1.0x10°5 10x10°¢ 0. 0.
Remediation time, days 86 472 880 920 5260
Substrate remaining, % 496 394 483 4.37 495
Substrate reacted, % 69.86 85.63 85.35 86.74 0.
Substrate washed out, % 25.18 10.43 982 8.89 95.05

®*No biodegradation for Case 5.

Similarly, (40) in the text can be written as

t L
_ M G C,
RS = J; Jl) & Ys Rbe (Ks " Cs) (Ko + Co) dedx. (A.4)

Dividing this equation by (A.2) and combining the resultant expression with (21), (22),
28), (29) and (31) yield

C, C,
RS = L LN,ICb(K +c)(1€ +C)dXd9 (A.5)

This is Eq. (41).
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