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Figure 1. Experimental setup.

(NH4)2SO4, and 100 mg of MgSO4.7HzO
per liter of distilled water; the pH of the so-
lution was measured to be 7.1. Rhi-
zospheric surface soil near Durland Hall,
Kansas State University, Manhattan, was
collected as the source of microorganisms.
The soil, from which visible plant roots and
tissues of the soil were removed by for-
ceps, was stored in a refrigerator. Plate
Count Agar (Difco Laboratories, Detroit, M)
served as the culturing medium for count-
ing the bacterial population.

Apparatus and equipment

The experimental setup is illustrated in Fig-
ure 1. Each reactor was a 2 L flask with a
rubber stopper through which one or more
glass tubes, each with a length of 10 cm
and an I.D. of 3 mm, were inserted. All re-
actors were placed in an incubator (New
Brunswick Scientific Co., New Brunswick,
NJ). The aqueous concentration of ethyl-
benzoate was measured with a spectropho-
tometer (Hewlett Packard 8452A). Gas
composition in the reactors was monitored
by a mass-spectrometer (Dycor, Ametek,
PA).
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Figure 2. Calibration curves for ethylbenzoate ab-
sorbance of UV.

Procedure

For calibrating the spectrophotometer,
standard aqueous solutions of ethylbenzo-
ate were prepared. Each sample was ex-
tracted twice with equal amounts of cyclo-
hexane; two peaks, at 274 nm and 280 nm,
were identified to be the absorbance of
ethylbenzoate in the UV spectrum [5]. The
absorbance is plotted against the aqueous
concentration of ethylbenzoate in Figure 2;
the solid lines in the figure are linear re-
gression of the measurements. The bacte-
ria in the original soil cultured on Plate
Count Agar yielded 8.8 x 10 cells per gram
of wet soil by plate counting [6]. A drop of
Tween 80 (Difco) was added to disperse
the microorganisms in the measurement.
The moisture content of the soil was de-
termined to be 9.24% by the conventional
oven-drying method. A 200 g sample of the
soil was mixed with 1 L of the salt solution,
blended for 1 minute in a household
blender, and then centrifuged for 3 minutes
at 9000 rpm. The centrifuged solution was
passed through a Whatman no. 1 filter pa-
per to further remove particulate solid mat-
ter. About 900 ml of final liquid were col-
lected per liter of the salt solution. This lig-
uid had a pH of 8.0 and contained 4.9 x 10°
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cells/ml. To one liter of the liquid, 0.82 ml of
ethylbenzoate was added with a 1 ml sy-
ringe, and the mixture was shaken thor-
oughly for at least 3 minutes until no ethyl-
benzoate blobs were visible.

Each of the reactors was filled with 250 ml
of aqueous solution to form a 1.5 cm high
shallow pool. These reactors were shaken
at 80 rpm in the incubator maintained at
30°C. Liquid and gas samples were with-
drawn through hypodermic needles. The
reactors were divided into three sets. The
first set, containing a solution of soil filtrate
without ethylbenzoate, was to determine
the rate of cell decay. The second set was
to quantify the rate of volatilization; it con-
tained a solution with ethylbenzoate and
was sterilized in an autoclave for 30 min-
utes at 250°F and 15 psig. The third set,
containing aqueous solution of nutrients
and ethylbenzoate, was to measure the
rate of biodegradation. Each stopper on the
first and third sets of reactors had only one
glass tube while some stoppers on the
second-set of reactors had one tube, and
others had two. The glass tubes provided
openings connecting the gas phase above
the simulated aquifer solution with air in the
atmosphere; they represent tortuous chan-
nels in soils above the aquifer where gas
phase diffusion is present.

MODELING

Several distinct processes are involved in
the attenuation of contaminants in subsur-
face environments; these processes in-
clude volatilization, dissolution, convection,
dispersion, adsorption, and chemical and
biological degradation. The present study,
resorting to batch experiments in well-
mixed reactors, focuses on the processes
of volatilization, dissolution and biological
degradation.

Derivation of governing equations

It is considered that equilibrium is estab-
lished almost instantaneously between the

concentration of ethylbenzoate in the air
chamber of a reactor and that in the aque-
ous solution. This is attributable to the large
liquid-air interfacial area and continuous
mixing by incubator shaking. The rate of
volatilization loss of ethylbenzoate to air,
determined by the mass flux through the
tubes, is considered to obey a first-order
expression; it has the following form [7]:

jAO = kmCs (1)

Various models are available to describe
the growth of microorganisms through as-
similation of substrates. The suitability of
each model depends on a variety of factors
such as substrate inhibition, substrate
competition, microbial acclimation, and
oxygen or electron acceptor limitation [8].
The present study adopts the well-known
Monod model without neglecting the decay
of cells, which accounts for the loss of vi-
able cells. It is assumed that the rate of cell
decay is of the first order; furthermore, the
rate constant of decay, kg, is averaged over
the whole community of microorganisms.

A mass balance on a reactor gives the
governing equation for substrate, i.e., the
contaminant, which is ethylbenzoate in this
work,

dCs UmeD Cs O A (2)
- = + —
dt v, bkerc.d OV

and also that for biomass,

dc, g G o (3)

at =H,Co HH' kaeCo

Complete degradation of an organic
chemical usually requires the interplay
among various species of microorganisms.
It is common for a soil to harbor complex
indigenous microbial communities; none-
theless, not all microorganisms in the soil
participate in the biodegradation. In this
study, therefore, the microorganisms in the
soil are divided into two categories. One
includes those involved in the biodegrada-
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tion, whose concentration is governed by
Equation 3; the other is those inactive in
the biodegradation, whose concentration is
governed by the following equation pro-
vided that energy sources are unavailable.

d Chi
%:'debi “)

Thus, the total biomass concentration, Cyr,
is

Cor =Cu +Cui ®)

The effectiveness factor, f,, is defined in
such a way that att = 0,

Co=fbCor (6)

Since the quantity of a contaminant in sub-
surface may exceed the limit of its water
solubility, or the rate of mass transfer may
be restrained, a distinct non-aqueous
phase is frequently present. Under such a
circumstance, the rate of dissolution plays
an important role in the bioremediation [9].
The non-aqueous phase in soils can exist
as discrete or continuous entities with vari-
ous sizes and shapes, e.g., blobs, channels
and films. An organic phase dispersed in
water, however, tends to form spheres be-
cause of the surface tension. The struc-
tures of soils may reshape these spheres
by the forces of adhesion, coalescence and
emulsification.

By assuming that there are A non-aqueous
organic entities per unit volume of a soil,
the mass flux from dissolution of the non-
aqueous phase, j,, is obtained as [9]

j,—, = )\VOan (Csat - Cs) (7)
To determine j, according to this equation
requires the values of the volume of an
entity, v, the surface area-to-volume ratio,

o, and the ratio of the aqueous contacting

area to the surface area, v, but it does not
require explicit knowledge of the entity's
shape. To determine j, also requires the
value of the mass transfer coefficient, k.,
which can be obtained in many cases from
available expressions for estimating it [10].

Parameter estimation

The parameters to be determined are the
mass transfer coefficient of volatilization,
yield factor, maximum specific growth rate,
saturation constant, decay constant and
biomass effectiveness factor. In accor-
dance with the experimental design, the
following procedure has been established.

When C,, = 0, Equation 2 is integrated to be

Similarly, Equation 4 may be integrated to
obtain

0Cy U (9)

In EEH: -kqt

The values of k_ and kyq are obtained by

fitting Equations 8 and 9 to the experimen-
tal data by minimizing the objective function

3 Lot ()] (1)

where ®(t) is the value of Cs or Cy,; at time t;
predicted by Equation 8 or 9, respectively;
and Y(t) is the corresponding measured
value of either variable.

The values of Yg, um, Ks and f, are esti-
mated by minimizing the following objective
function by the Adaptive Random Search
method (see, e.g., [11]);

Y Y la)-w ), (k=sp) 1D
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Figure 3. Prediction of volatilization of ethylbenzo-
ate compared to the experimental measurements.
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Figure 4. Comparison of the simulated and meas-
ured cell decay.

where () is the value of C; or C, at time
ti predicted by simultaneously solving
Equations 2 and 3 by the second-order im-
proved Euler method [12], and W(t) is the
corresponding experimental data.

RESULTS AND DISCUSSION

In Figure 3, the measured concentrations of
ethylbenzoate are compared with the val-
ues predicted by Equation 8. The area for
mass transfer through the stopper of the
reactors, each with two tubes, was twice
that of the reactors, each with a single
tube. The mass transfer coefficient, k_ , of

the former has been determined to be
0.0102 hr', which is exactly twice that of
the latter, i.e., 0.0051 hr'. Since k. =

kmA/V, this verifies the assumption of first-
order mass transfer. During the experiment,
bacteria in the second-set of reactors were
undetectable, thereby indicating that steril-
ized environments were achieved through-
out the experiment and that the loss of
ethylbenzoate was solely due to volatiliza-
tion. The value of ky has been estimated to
be 3.06 x 107 hr" from the data obtained
with the first set of reactors in which micro-
organisms survived on nutrients without the

carbon source (ethylbenzoate); see Figure
4,

The values of other parameters estimated
are as follows: the yield factor, Y, 1.56 g
cell/lg substrate; the maximum specific
growth rate, un,, 0.49 hr'1; the saturation
constant, K, 0.062 g/L; and the effective-
ness factor of biomass, f,, 0.34. Figure 5
compares the experimentally measured
data from the third set of reactors with
those predicted by Equations 2 and 3 un-
der the assumption that a cell had a mass
of 1 x 10" g[8, 13].

In aerobic environments, the availability of
oxygen affects appreciably the rate of bio-
degradation [14]. The maximum oxygen
demand can be calculated from the follow-
ing stoichiometric formula.

CoH,,0, +10.50, - 9CO,+5H,0  (12)

This indicates that 0.205 g of ethylbenzoate
in each reactor requires 0.015 mol of O,,
which is equivalent to 1.11 L of air. The air
chamber in a reactor is 1.75 L; furthermore,
oxygen transfer is allowed through the tube
with a relatively small opening. Thus, the
shallow bed reactors are capable of main-
taining satisfactory aerobic environments.
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Figure 5. Comparison between the simulated and
the experimental data for ethylbenzoate and biomass
concentrations.

Figure 5 shows that the oxygen concentra-
tion in the air chamber was stable through-
out each experiment.

Effect of initial biomass
concentration

For bioremediation to be effective, partici-
pating microorganisms must be genetically
robust. The rate of biodegradation depends
directly on the concentration of biomass. A
sharp increase in microorganism population
was observed at a certain moment in each
experiment. This phenomenon is demon-
strated in Figure 6 where the process is
numerically simulated by Equations 2 and 3
with different initial biomass concentrations.
Note that microorganisms propagate very
rapidly as long as the contaminant is avail-
able as the food source and nutrients are
sufficient.

Nevertheless, a sufficiently high concentra-
tion of biomass does not necessarily imply
that it is distributed homogeneously; in fact,
subsurface soils often exhibit heterogenei-
ties. Unevenly distributed microorganisms
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Figure 6. Model predictions of the ethylbenzoate
and biomass concentrations for various initial bio-
mass concentrations.

can easily grow into a biofilm as illustrated
in Figure 7. In this scenario, the bio-
availability of the contaminant is low, and
the rate of biodegradation is limited by the
rate of mass transfer. Thus, adequate mix-
ing is vital in bioremediation.

Dissolution and biodegradation

The water-solubility of an aromatic hydro-
carbon is usually low. Suppose that 1% of
the liquid volume is occupied by the non-
aqueous phase, i.e., pure ethylbenzoate.
As such, the total concentration is 11.3 g/L,
of which 7 percent is in the aqueous solu-
tion, while 93 percent is present as a non-
aqueous phase.

It is well known that microorganisms can
only survive in environments with low con-
centrations of some xenobiotic chemicals.
An aqueous environment with high concen-
trations of these chemicals may inhibit or
even prevent biotransformation. If the vol-
ume fraction of a non-aqueous phase is
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Figure 7. Schematic representation of a soil with an uneven microorganism distribution.

small, biotransformation of readily biode-
gradable compounds at the liquid interface
or within the non-aqueous phase is insig-
nificant compared to that in the aqueous
phase. The rates of microbial assimilation
for two different biomass concentrations
under the condition that biotransformation
in the aqueous phase prevails are pre-
sented in terms of the aqueous concentra-
tion of ethylbenzoate in Figure 8. This fig-
ure also plots the rates of dissolution for
two different blob sizes simulated under the
assumption that the non-aqueous phase
comprises discrete sphere blobs of the
same sizes. The dissolution rate is ob-
tained from Equation 7 in which k, is calcu-
lated by the following two equations [7, 15].

kn(zr) =2 (13)
Das
1/2
Dua=74x10% (WaMe) T w;M\TBo).s ! (14)
B YA

The estimated values of the mass transfer
coefficient, k,, are 1.83 x 10™ cm/s for r =
0.5 mm and 0.915 x 10™ cm/s for r = 1 mm.
It can be discerned from Figure 8 that when
stable biodegradation is established, the
rate of biodegradation is always determined
by the rate of dissolution. The dissolution

rate depends on the mass transfer coeffi-
cient and liquid interfacial area, which, in
soils, are determined by factors such as
hydrodynamic shear stress and pore
structure. Surface tension and adhesive
force may cause the non-aqueous phase to
emulsify with solid particles and water
drops to form large ganglia which can sub-
stantially reduce the mass transfer area.

Volatilization and biodegradation

The rate of volatilization is linearly propor-
tional to the mass transfer area and vapor
pressure of a contaminant. Figure 9 plots
the rates of measured volatilization and
biodegradation of ethylbenzoate. Note that
volatilization is much slower than biodegra-
dation because the area available for mass
exchange between the reactors and an
outside environment was highly con-
strained. The experiments mimic a scenario
in soils with air channels: the contaminant
vapor must disperse through tortuous pore
paths to reach these channels. In remedia-
tion technologies involving volatilization,
channeling and bypassing in the soil will
dramatically reduce air-contaminant con-
tacting area, thereby lowering their effi-
ciency.
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The vapor pressure of an organic chemical
is sensitive to temperature. The Antoine
equation correlates the vapor pressure with
temperature as follows [16]:

IogP:A—i (15)
C+T

where A, B and C are constants. The vapor
pressure approximately increases expo-
nentially with temperature. Thus, the higher
the temperature, the higher the rate of
volatilization.

CONCLUDING REMARKS

Experiments were performed in shallow-
bed aerobic reactors in which homogene-
ous environments with constant concentra-
tion of oxygen are maintained for microbial
growth. The rates and extent of volatiliza-
tion and biodegradation were measured in
the experiments. The kinetic parameters in
a model for simulating attenuation of ethyl-
benzoate in a mixed culture have been es-
timated from the resultant experimental
data. Parameters obtained include the
mass transfer coefficient of volatilization,
maximum specific growth rate, cell decay

constant, yield factor, saturation constant,
and the effectiveness factor of microorgan-
isms involved in biotransformation.

The results of experiments and subsequent
numerical simulation indicate that when mi-
croorganisms become acclimated to the
environment, they propagate very rapidly
as long as food sources are sufficient.
When a non-aqueous phase exists and the
biodegradation in the aqueous phase pre-
vails, the rate of contaminant attenuation is
determined by the rate of dissolution of the
non-aqueous phase. Finally, volatilization
can be significant if air-liquid contacting is
allowed to maximally increase the mass
transfer area; furthermore, elevated tem-
perature will enhance the rate of volatiliza-
tion.
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NOMENCLATURE

area for volatilization, L?

biomass concentration involved in
the contaminant degradation, M/

biomass concentration not involved
in the contaminant degradation,
Mm/L®

initial biomass concentration, M/L3
total biomass concentration, M/L>
contaminant concentration, M/L3
contaminant solubility in water, m/L3
initial contaminant concentration,
Mm/L®

diffusion coefficient, L/t

effectiveness factor of the biomass
concentration

volatilization flux, M/(L?t)
dissolution flux, M/(L%t)
decay constant, 1/t

mass transfer coefficient, L/t

mass transfer coefficient (= k,A/V),
1/t

saturation constant, M/L>
molecular weight
vapor pressure, M/(Lt)

radius of the non-aqueous phase
liquid blob, L

time, t

temperature, K

B
Um

volume of the non-aqueous phase
liquid blob, L

volume of liquid in a reactor, L3
specific volume of a compound,
L*/M

yield factor

ratio of the aqueous contacting area
to the surface area of the non-
aqueous phase liquid blob

number distribution of non-aqueous
phase liquid blobs, 1/L°

viscosity, M/(Lt)

maximum specific growth rate of
biomass, 1/t

surface area-to-volume ratio of the
NAPL blob, 1/L

predicted value of a variable

measured value of a variable

constant
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