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Abstract: Microbial sorption isotherms cannot be obtained using the traditional batch
methods owing to the difficulty of distinguishing between reversible and irreversible
sorption. In this research, we investigated microbial sorption isotherms of Pseudomonas
fluorescens, Pseudomonas putida, and Pseudomonas sp. on an alluvial loam from the
Central Oklahoma Aquifer (COA) using column experiments. All these three bacterial
strains displayed a concave isotherm on COA, which can be described by the Freun-
dlich sorption isotherms. We explained the concave-shaped microbial sorption
isotherms using the surface thermodynamic theory. In this study, we also investigated
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the impact of transport velocity on the microbial breakthrough curves. We found that
the same bacterial strain had the same sorption isotherms but different deposition coef-
ficient at different flow rates. The high solid to solution ratio of column experiments is
close to that which is encountered in the natural systems, which makes this method a
useful tool for guidance of in-sifu bioremediation.

Keywords: Sorption isotherm, column experiment, Pseudomonas fluorescens, Pseudo-
monas putida and Pseudomonas sp.

INTRODUCTION

Interest in predicting the fate and transport of microbes in the subsurface is
motivated by either a concern that microbes can contaminate drinking water
supplies or their role in bioremediation (1). Microbial transport is greatly
impacted by their irreversible deposition (2-8) and reversible sorption
(9-14) on the media matrices. The movement and spreading of microbes
during transport can be described by a combined model that incorporates
the Deep-Bed Filtration Model into a simple Convection-Dispersion Model
(ignoring biodegradation) (6, 15):
aC ds *C aC
0 o + (1 - 0)p, i D6 e vo ™ 0k.C 1

where 6 is the porosity (m3/m3); C microbial concentration in solution
(number of cells/m”); t elapsed time from the initial microbial injection
(sec); pp, sediment bulk density (g/ m’); S concentration of reversibly
adsorbed microbes on the porous medium (cells/g); D hydrodynamic
dispersion coefficient (mz/ sec); v interstitial pore water velocity (m/sec); x
longitudinal coordinate (m); and k. deposition coefficient that indicates the
rate of irreversible adsorption of microbes on the porous medium (sec ™).
Using this model, Harvey and Garabedian (6) observed a good fit of model
simulations to breakthrough curves (BTCs) for concentrations of both
bromide and bacteria in effluent from sand columns.

The reversible sorption of bacteria onto the porous medium can be
expressed in term of solution concentration (16):

dS dSaC

dt  aC at
By substituting equation (2) into equation (1) and rearranging, a one-
dimension transport can be expressed as:

1—-6 dS\aC *C oC
( =

2

1+— 2, V& _p?=_ & _x.C 3
T Prac) a e x e 3)

where (1 4+ 1 — 0/60)py, (dS/dC) is defined as retardation factor, R, which is
the average transport velocity of bacteria (v,,) relative to that of water (v),
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such that R =v,,/v,. The reversible microbial sorption on the porous
medium is determined by their sorption isotherms. Due to the difficulty of dis-
tinguishing between reversible and irreversible sorption, microbial sorption
isotherms cannot be achieved in batch experiments. Column experiments
for the determination of sorption parameters, which borrows the idea from
nonlinear chromatography, have been developed (11).

In the case of linear adsorption isotherms, such that (dS/dC) = K,,, where
K, is the microbial distribution coefficient between the aqueous phase and the
porous media (m’/g), R will be a constant and independent of microbial
solution concentration. Accordingly, equation (3) can be easily solved and
used to fit the microbial transport BTCs. While for nonlinear isotherms, R
will depend on the microbial solution concentration and equation (3) will be
a non-linear differential equation and can only be solved using numerical
methods.

The objectives of this study were to characterize microbial sorption
isotherms on an alluvial loam from Central Oklahoma Aquifer (COA) using
column experiments. The validity of the isotherms was established by
fitting the microbial transport BTCs using numerical methods. We investi-
gated the interfacial interaction free energy between microbes and media
matrices and explained the sorption isotherms using the thermodynamic
theory.

MATERIALS AND METHODS
Bacterial Strains and Growth Conditions

Three bacteria, Pseudomonas fluorescens, Pseudomonas putida, and Pseudo-
monas sp. were selected for this study, which were typical representatives of
microorganisms used in bioremediation of contaminated soil and associated
groundwater. They were all obtained from ATCC (17559, 12633, and
55648) and grown on Nutrient Broth (Difco 0003) at 26°C, 26°C, and 30°C,
respectively until reaching a stationary state. Before the column experiments,
the bacterial strains were centrifuged at 2500 RPM (Damon/IEC Divison,
Needham Heights, MA) and washed twice with a sterilized buffer solution
(potassium phosphate monobasic-sodium hydroxide buffer, Fisher Scitific,
Pittsburgh, PA). They were and then resuspended in sterilized nano-pure
deionized water (NPDI, Barnstead, Dubuque, IA) to make a bacterial
solution. After the washing process, the soluble exopolysaccharide (if any)
was stripped off the bacteria (17). During transport in the column, the
growth of the bacteria was assumed to be minimal due to the lack of
substrate or nutrient and short retention time. Therefore, the bacterial
surface property should remain unchanged during transport and could be
described by their surface thermodynamics. Bacterial concentrations were
quantified by Adenosine Triphosphate (ATP) analysis (15).
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Porous Media

The porous media used in this research was an alluvial loam from the Central
Oklahoma Aquifer (COA) (Norman, Oklahoma). The median grain radius
size of COA was 65 pm with 38% passing a 200 sieve. The organic fraction
and hydraulic conductivity were reported to be 0.340 + 0.20 and
(82 +13) x 1073 cm/s (18). Due to concerns about structural and chemical
alterations, COA was not sterilized. Instead, it was air dried and stored and
desiccated to minimize the presence of an active bacterial population.

Physiological State Determination

The stationary state of the bacteria was quantified through biochemical assay
using ATP analysis (15). After inoculation, the cultures were placed on the
Gyrotory Water Bath Shaker (New Brunswick Scientific Co. Inc. Model
G76) at 150 RPM. 50 pl of cultures was sampled at a time interval of 30
minutes. The light emission produced by the reaction of ATP extracted
from the cells with luciferase as measured by a luminometer (TD-20/20,
Turner Design, Sunnyvale, CA) was compared to an ATP standard
25x107% g/ml ATP which is equivalent to 5 x 107 bacteria per ml,
10 pg/ml ATP in HEPES buffer, Turner Design, Sunnyvale, CA) to
determine the number of viable bacterial cells. In this way, curves of the
number of viable bacterial cells versus time were obtained, which were
used as the reference for the determination of the stationary state for
different bacterial strains.

Measurement of Surface Thermodynamics

Surface thermodynamics of the media, COA, was studied using the wicking
method (19, 20). This method determined the contact angle (cosB) by
measuring the velocity of capillary rise through a porous layer based on the
Washburn equation:

b =Re-t-y -cosB)-(2- )" 4)

where h is the height (m) of capillary rise of the wicking liquid at time t (sec); 7y,
total surface tension of the wicking liquid (mJ/m?); . viscosity of the wicking
liquid (N - s/ m?) and R, average interstitial pore size (m). By using a liquid with
low surface tension, such as methanol (y=22.5mJ/ mz) or hexane
(y=18.4mJ/ m?), the average interstitial pore size R, can be obtained from
equation (4) since methanol or hexane is expected to spread over the solid
surface during the wicking measurement resulting in cosf3 = 1. Once R, was
determined, an apolar liquid, diiodomethane and two polar liquids, glycerol
and water were applied to estimate their respective cos@ values.
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Microbial surface thermodynamic properties were estimated by the
contact angle measurement (Contact Angle Meter, Tantec, Schaumburg, IL)
following the method described by Grasso et al. (21). Bacterial strains
collected in the stationary state (predetermined by ATP analysis) were
vacuum filtered on silver metal membrane filters (0.45 pm, Osmonic, Inc.,
Livermore, CA) and air-dried for about 30 minutes before the contact angle
measurement. The amount of cells on the silver filter was approximately
13 mg to ensure a multi-layer covering of the membrane, and the moisture
content was kept in the range of 25% to 30%. As described previously for
the wicking method, diiodomethane, glycerol, and water were used for the
contact angle measurement.

Each measurement was repeated 30 times and the surface thermodynamic
parameters were estimated by Young-Dupré equation (5) using the average
results.

(1 +cos By =2(\/V§WVLLW+\/VS+VE +\/v§7f) (5)

where vy is the surface tension of the liquid that is used for the measurement
(mJ/m?) which can be calculated by:

w=n"+2Jv% (6)

where y™" is the Liftshitz-van der Waals component of surface tension
(subscript S for solid and L for liquid) (mJ /mz); vt electron-acceptor
parameter and 7y  electron-donor parameter of the Lewis acid/base
component of surface tension (subscript S for solid and L for liquid) (mJ/ m?).

Surface Thermodynamic Model Development

The Lifshitz-van der Waals and Lewis acid-base interactions between
microbes 1 and medium matrix 2, immersed in water 3 were then estimated
by equation (7) and (8) (22):

2
AGH)Y = 27TR%AGIY“:;/32 (7)
AG(y)f5; = 2mRy,e™ ™ AGH (8)

where A is the decay length of water, assumed to be 0.6 nm for pure water (23);
y distance between the microbes (sphere) and the media matrices (flat plate)
measured from the outer edge of the sphere (m); yo equilibrium distance
that is assumed to be 1.57 A by van Oss (23); R radius of the microbes (m);
AG;S’Y 3> and AGQ?] 3o Gibbs energies of two parallel plates, 1 and 2,
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immersed in water 3 at the distance of y,, which can be obtained from
equations (9) and (10) (22):

a6 =2 - ) (o =)o
MG, = 2% (V7 + Vs = V)

2% —2ynivs (10)

In equations (7) and (8), the microbes are modeled as a sphere having a radius
at least one order of magnitude less than that of the media matrices. Therefore,
a sphere-flat plate interaction is adopted to simplify the interactions between
microorganisms and the media matrices.

When the media surface is occupied by deposited bacterial cells, the inter-
actions between bacterial cells in solution and deposited cells on the medium
surface will impact the interactions between the microbes in solution and the
media matrices:

)/
AG(y)py) = 7R °AG§0“Y31 (11)

AG(y)tE = wRyoeWo—W“AGf;ﬁBl (12)

where AG%Y 31 and AG?OBBI are Gibbs energy of interactions between sphere
microbes 1, immersed in water 3 at the distance of y, and can be calculated
using equations (9) and (10) by substituting 1 for 2.

The electrostatic interaction free energy, AG1E3L1 and AG%Q can be
evaluated by (constant potential approach) (valid for 0.1 < ky < 300, van
Oss (23)):

AG(y)fH = 0.5 - meeoR iy, *La(1 +e™)] (13)
AG(y)T5, = meeoR Yy Yoo Ln(l + )] (14)

where € and g are the relative dielectric permittivity of water (78.55 for water
at 25°C) and permittivity under vaccum (8.854 x 10~ '? C/V - m) respect-
ively; o1, Yoo potentials at the surfaces of the microbes and the medium
matrix; 1/k Debye-Hiickel length and also an estimation of the effective
thickness of the electrical double layer (24). ¢, o> can be calculated
based on the following equation:

= {(1 + z/a) exp(kz) (15)

where { is the zeta potential measured at the slipping plate; z distance from the
particle surface to the slipping plate that is generally on the order of 5 A (23);
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and a radius of the particle; {-potentials of the bacteria and the medium were
measured by suspending in a 10> M NaCl solution using Lazer Zee Meter
(Model 501, Pen Kem, Inc.).

Bacterial Transport Parameter Determination

The deposition coefficient k. that describes the microbial irreversible sorption
in porous media can be measured using equation (16) (2):

(L (fr)]2

{ —Ln(fr) + ——— (16)

where L is the length between the injection and where the bacteria are
collected or packed bed column length (m); fr microbial fraction recovery;
Pe Peclet number, which can be obtained from studying the BTCs of a con-
servative tracer based on equation (17) (25, 26):

ERY [j@ - —Pﬂ (17

where o is the standard deviation and 7 measured average residence time for
the tracer in the reactor (sec), determined by:

j"ot - C(t)dt
= (18)
J C(vat
0
[C)t—7*dt [ 72 C(dt
? =2 =2 — 2 (19)
| C(t)at | C(vat
0 0

In equations (18) and (19), C is the measured concentration of the tracer at the
outlet of the column (g/ m®) and t elapsed time from the initial injection of the
tracer (sec).

Column Experiments

The transport of three bacterial strains through the porous medium of COA was
evaluated using column experiments, which were conducted using a column
from Kimble-Kontes (Vineland, NJ) with 2.5-cm ID x 15-cm length (T-1).
COA was packed in the column through CO, solvation to eliminate air
pockets. COA was initially saturated with 10 pore volumes of sterilized
NPDI, which was introduced at the inlet of the column by a peristaltic pump
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(Masterflex, Cole-Parmer, Vernon Hills, IL) at flow rates of 0.06 ml/sec and
0.1 ml/sec. A conservative pulse tracer (chloride) BTC was determined
separately before the introduction of bacteria. The conductivity (umhos) of the
tracer was measured and used in equations (11) to (13) to estimate Pe (Fig. 1).
The tracer (12 ml of 1 M NaCl) was injected via a syringe using an injection
port with a pulse duration of 4 mins. For each run, 10 ml of bacterial solution
(concentration predetermined by ATP analysis of 0.5 mg/ml) was injected via
the syringe pump using the injection port. The column was continuously
flushed with sterilized NPDI until a background ATP signal was detected from
the elution collected by a fraction collector. The concentrations of ATP were
then used to generate BTCs for each bacterium. For each bacterial strain at
each flow rate, three runs were performed, and the inconsistency of BTCs was
within 5% (95% CI). A representative BTC for each bacterium at each flow
rate is illustrated in Fig. 2. After each run, mass balance was performed.
Bacterial contents inside the column were measured by making the media a
suspended solution to perform the ATP measurement. Relative parameters
used in column experiments are listed in Table 1.

RESULTS AND DISCUSSION

CXTFIT was used to model the tracer BTCs with fixed media porosity values
(27). The media porosity value was fixed since it was measured independently.
The simulated velocity and Pe were consistent with those estimated using the
method of moments, i.e., 0.057 ml/sec and 137.2 as compared to 0.06 ml/sec

0.8 4

0.6 A

CIC,

0.0 0.5 1.0 15 2.0
Pore Volume

Figure 1. Tracer experiments and model simulations. Symbols are observed
tracer data and lines are model simulations. Solid symbols and lines are for the flow
rate of 0.06 ml/sec and hollow symbols and dotted lines are for the flow rate of
0.10 ml/sec.
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0.06

0.04 -

CIC,

0.02 -

0.00 «

Pore Volume

Figure 2. Microbial BTCs on COA and Model simulations. Symbols are observed
microbial transport data and lines are model simulations. Solid symbols and lines
are for the flow rate of 0.06 ml/sec and hollow symbols and dotted lines are for the
flow rate of 0.10 ml/sec. Specifically, square symbolizes P. sp.; triangle symbolizes
P. putida and circle symbolizes P. fluorescens.

and 152.8 for the low flow rate and 0.97 ml/sec and 246.4 as compared to
1.0 ml/sec and 254.6 for the high flow rate. Theoretically, the alluvial loam
is no mono-porous medium. And yet, the alluvial loam used in this research
exhibited mono surface properties, which was supported by the fact that
96% of the tracer was recovered during the experiment. All the microbial
BTCs (Fig. 2) had a diffused front upon a step concentration increase and a
self-sharpening front in the case of step decrease. This behavior demonstrated
that the retention of the microbes on the medium increased with the increasing

Table 1. Summary of the parameters used in column experiment

Microorganisms Diameter
P. fluorescens ~0.6 pm
P. putida ~0.6 pm
P. sp ~0.6 pm
Porous Media Radius Porosity Density

COA ~65 um 0.48 2.62 g/cm®
Column Experiment

Column 2.5-cm ID x 15-cm Length

Flow Rate 0.06 ml/sec and 0.1 ml/sec

Pe 152.8 (0.06 ml/sec) and 254.6 (0.1 ml/sec)
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concentration in solution, which led to a broad, diffused front. In the case of
step decrease (desorption), the retention time decreased in time and led to
the development of a narrow, self-sharpening front (11). What was more,
the BTCs of the relative microbial concentration versus the pore volume
of the same microbes at different pore velocities nearly superimposed
(Fig. 2). Bacterial deposition has often been modeled as a first-order
function. First-order bacterial deposition should be valid if bacterial attach-
ment to porous media is rate-limiting. Recent research has discovered that
multiple first-order kinetics with an uneven distribution of deposition rate
coefficients may better describe bacterial attachment to the porous media.
However, in this research, first order kinetics can successfully describe
bacterial attachment to alluvial loam.

Biirglsser et al. (11) developed a method that allowed rapid measurements
of an entire, possibly nonlinear sorption isotherm by a simple integration of
the diffuse front of the BTCs. Based on this method, the concentration of
reversibly adsorbed bacteria on the porous medium, S, can be obtained by
integrating the experimental record of the retention time t(c) if the dispersion
term in equation (3) is neglected (D = 0):

C c

L 1A CO N VAV e
S_pb(l_g)l< o 1>dc Jt(e)kcdc (20)

where ty = L/v and is the average microbial travel time in the column. The
insignificant role of hydrodynamic dispersion on microbial transport has
been proven by Unice and Logan (28). Schweich and Sardin (29) also
demonstrated that the hydrodynamic dispersion can be neglected for
Pe > 100. For this research, all the column experiments were performed
with Pe > 100, thus equation (20) can be used to determine the
microbial isotherms.

The microbial isotherms (Fig. 3) were obtained using equation (20)
from the microbial BTCs. Since the BTCs of each bacterium at different
flow rates superimposed, the isotherms were unique for each bacterium.
In other words, microbial sorption isotherms were not impacted by the
flow rate. All the three bacterial strains had a concave isotherm on COA.
The microbial sorption isotherms can be described by the Freundlich
expression:

S=K;CY (1)

where Ky is the Freundlich partition coefficient [(m3/ @™1; N Freundlich
exponent coefficient. Ky and N values for the microbes are listed in
Fig. 3, which were obtained using numerical simulation. It should be
noted that the Freundlich isotherm is an exponential function and a small
variation in N, i.e., 1.07 as compared to 1.05 makes great difference in
bacterial BTCs.
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0.2

0.15 |N=11

S (1¢g")
o

(a) 0 1 2 3 4 5

0 1 2 3 4 5
(b) Equilibrium concentration (10%ml™)
0.06 K =12
= N=1.05
o 0.04
=)
= 0oz
0 i
0 1 2 3 4 5
(c) Equilibrium concentration (10°mI)

Figure 3. Microbial sorption isotherms for (a) P. fluorescens; (b) P. putida; and (c) P. sp.

DISCUSSION

The underlying principle behind the isotherms resulted from forms of bonding
between the microbes and sorption receptor sites on the solid. The amount of
sorption that occurred was dependent on the surface characteristics of the
microbes and porous media. More generally, interfacial interactions between
the microbes and the porous media were thought to be the driving force. To
develop a surface thermodynamic explanation of the isotherms, interfacial inter-
actions of suspended bacterial cells in the solution with the media matrices as
well as with deposited cells on the media surfaces were investigated. van Loos-
drecht et al. (30) and Chen and Strevett (15) discovered that microbial reversible
sorption was a function of the total free energy of the interactions between
bacterial cells and the media matrices at the secondary maximum.
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Table 2. Bacterial and medium surface thermodynamic properties

{-potential YV (mJ /
Stain/medium (mV) m?) y" (mJ/m?) vy~ (mJ/m?
P. fluorescens —10.2 + 0.1 354 0.42 56.9
P. putida —10.6 + 0.2 34.8 0.62 554
P. sp —10.8 + 0.1 343 0.72 534
COA —425+ 0.6 27.4 0.03 13.7

During the transport, deposited cells (due to irreversible sorption) on the
media surfaces, cell-coating, altered the interactions between suspended
bacterial cells in the solution and the media by changing the media surface
properties. Based on the surface thermodynamic properties of the microbes
and the media (Table 2), the interaction free energy between the microbes
and the media at the secondary maximum were calculated (Table 3). As the
total free energy of attractive cell-cell (between suspended and deposited
bacterial cells on the media surfaces) interactions of AGls at the
secondary maximum (1.70kT, 3.30kT and 4.36 kT for P. fluorescens,
P. putida, and P. sp. respectively) was smaller (negatively greater) than that
of the cell-solid (between suspended bacterial cells and the media surfaces)
interactions (85.36 kT, 89.30 kT and 91.27 kT), suspended bacterial cells in
the solution had a greater potential to partition on the media surfaces
covered with deposited cells. This led to an increase in bacterial reversible
adsorption with the increase of microbial solution concentrations as
deposited cells on the media surfaces increased accordingly. The more the
media surface is covered with deposited cells, the more impact cell-cell
interactions will have on the microbial reversible adsorption, which leads to
concave isotherms.

Bacterial isotherms were verified in the column experiments. The
microbial sorption isotherms s = kf,cgI was incorporated into equation (3)

Table 3. Interaction free energy at secondary maximum

Strain/medium P. fluorescens P. putida P. sp
AGHY (k1) —7.42 —6.84 -6.37
AGRE (kT) -1.97 -1.83 —1.70
AGH; (KT) 11.09 11.97 12.43
AGT" (KT) 1.70 3.30 4.36
AGHY (KT) —6.54 —6.28 —6.06
AGE (KT) -0.56 —-0.53 —0.48
AGY, (kT) 92.46 96.11 97.81

AGTIST (kT) 85.36 89.30 91.27
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(assuming equilibrium was reach during the microbial transport inside
the column):

1—0 aC #C  aC
l+——p NK;CN ') —==D-— —v— —k.C 22
<+ g Pron >8t e Vax 22)

equation (22) was then solved using numerical methods with the following
initial and boundary conditions:

C=Cy x=0 for t=<tpus (22a)
C=0 x=0 for t>tye (22b)
C=0 x=L for t=0 (22¢)

where C, is the initial injected microbial concentration. The numerical simu-
lation was performed using an implicit, finite-difference scheme. All these
parameters were optimized by minimizing the sum of squared differences
between observed and fitted concentrations using the nonlinear least-square
method. The simulated results were compared against experimental obser-
vations and the experimental results were successfully represented by this
numerical model (Fig. 2). The fitness of the model simulation and experimen-
tal observation also confirmed that the Convection-Dispersion Model incor-
porated with Filtration Model to account for irreversible soprtion could be
used to describe microbial transport in porous media. It should be noted
that above simulation method is comparable with the method of Hendry
et al. (31, 32) with different sink sources.

Theoretically, reversible sorption of the microbes on the porous medium
that is determined by microbial sorption isotherms should not be impacted by
the transport velocity as long as the equilibrium is reached (9); while irrevers-
ible sorption or deposition of the microbes on the porous media is greatly
impacted by the transport velocity through its impact on retention time (2).
This was also validated in this study. The same bacterial strain had the
same sorption isotherms but different deposition coefficient at different flow
rates (4.64 hr™', 439 hr™" and 4.17 hr™' for P. fluorescens, P. putida, and
P. sp. at a flow rate of 0.06 ml/sec respectively and 7.74 hr!, 733 hr!
and 6.96 hr~" at a flow rate of 0.1 ml/sec). To investigate the reason that
the BTCs of the same microbes at different flow rates nearly superimposed,
equation (20) is rearranged to incorporate equation (16) and the concentration
dependent retention time is expressed in term of microbial sorption isotherms
and fraction recovery (obtained by integration of the BTCs):

pp(1 —0)dS
tc) 0 dcC
——= (23)
fo 1+ La(fr) — L (fr)
Pe

In equation (23), the term Ln?(fr) /Pe can be neglected for Pe > 100 due to the
insignificant role of hydrodynamic dispersion on microbial transport under
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conditions of this research (28, 29). Microbial isotherms (dS/dC) is not
impacted by the flow rate (9), neither is the fraction recovery (fr) (15).
Based on equation (23), as the term an(fr)/Pe was neglected in this
research (Pe = 152.8 for the flow rate of 0.06 ml/sec and Pe = 254.6 for
0.1 ml/sec), the concentration dependent retention time was independent of
transport velocity, which made the BTCs of the same microbes nearly super-
imposed at different flow rates. It should also be noted that for conditions
where Pe < 100, or hydrodynamic dispersion cannot be ignored, the BTCs
will be different for different flow rates.

CONCLUSION

The main achievement of this study is to provide a way of determination of
microbial adsorption isotherms using column experiments, which cannot be
achieved using the traditional batch methods due to the difficulty of dis-
tinguishing between reversible and irreversible sorption. A further
advantage of the column methods is that a high solid to solution ratio close
to that is encountered in the natural systems is used for the determination of
microbial sorption isotherms, which is more practically reliable. Also, a
surface thermodynamic explanation of the concave-shaped microbial
sorption isotherms was also reached in this study and the impact of
transport velocity on the microbial BTCs was discussed. This study will be
of great importance in understanding the fate and transport of microbes in
the subsurface, and will provide useful guidance for in-sifu bioremediation.
Further tests will be performed in the future to make the above discussed
equations applicable for prediction.
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