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Abstract:
Limited bioavailability of soil-bound hydrophobic organic compounds (HOC) is one factor
contributing to their long-term persistence in the environment. Incorporation of surfactant addition into
treatment technologies appears to improve HOC bioavailability and shorten cleanup times. Based on
the results of a critical literature review, an exploratory modeling exercise, and laboratory observations,
it is hypothesized that surfactant sorption at the soil-water interface is partially responsible for
enhancing the desorption kinetics of soil-bound HOC. A quantitative literature review suggested that at
submicellar surfactant concentrations, the effectiveness of surfactant-enhanced bioremediation was
positive, while at supramicellar surfactant concentrations, the presence of surfactants tended to inhibit
biotransformation rates. A modeling exercise suggested similar results when HOC bioavailability was
“desorption-limited” (i.e., the characteristic time for desorption was slower than the characteristic time
for biotransformation). Soil column studies were performed to measure (1) the kinetics of
instantaneous HOC desorption in response to surfactant addition and (2) the kinetics of
biotransformation of soil-bound HOC. Results from these studies suggested that bioavailability could
be limited by one of three processes: (1) HOC transport (i.e., the characteristic time for HOC
biotransformation is slower than the characteristic time for HOC transport through the column); (2)
Instantaneous desorption (i.e., the characteristic time for biotransformation is faster than the
characteristic time for desorption); (3) Uptake (i.e., the ability for a cell to assimilate a soil-bound HOC
without the need for HOC desorption into the aqueous phase). Based on the observations presented in
the literature review, modeling exercise, and laboratory studies, the surfactant sorption-HOC
desorption hypothesis is advanced by suggesting that the mechanism by which surfactants at the
soil-water interface promote HOC desorption is via the ability for sorbed surfactants to perturb the
physico-chemical environment at the interface in such a way that HOC desorption is enhanced. 
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ABSTRACT

Limited bioavailability o f soil-bound hydrophobic organic compounds (HOC) is one 
factor contributing to their long-term persistence in the environment. Incorporation o f  
surfactant addition into treatment technologies appears to improve HOC bioavailability 
and shorten cleanup times. Based on the results o f a critical literature review, an 
exploratory modeling exercise, and laboratory observations, it is hypothesized that 
surfactant sorption at the soil-water interface is partially responsible for enhancing the 
desorption kinetics o f soil-bound HOC. A quantitative literature review suggested that at 
submicellar surfactant concentrations, the effectiveness o f surfactant-enhanced 
bioremediation was positive, while at supramicellar surfactant concentrations, the 
presence o f surfactants tended to inhibit biotransformation rates. A modeling exercise 
suggested similar results when HOC bioavailability was “desorption-limited” (i.e., the 
characteristic time for desorption was slower than the characteristic time for 
biotransformation). Soil column studies were performed to measure (I) the kinetics o f  
instantaneous HOC desorption in response to surfactant addition and (2) the kinetics o f  
biotransformation o f soil-bound HOC. Results from these studies suggested that 
bioavailability could be limited by one o f three processes: (I) HOC transport (i.e., the 
characteristic time for HOC biotransformation is slower than the characteristic time for 
HOC transport through the column); (2) Instantaneous desorption (i.e., the characteristic 
time for biotransformation is faster than the characteristic time for desorption); (3) 
Uptake (i.e., the ability for a cell to assimilate a soil-bound HOC without the need for 
HOC desorption into the aqueous phase). Based on the observations presented in the 
literature review, modeling exercise, and laboratory studies, the surfactant sorption-HOC 
desorption hypothesis is advanced by suggesting that the mechanism by which 
surfactants at the soil-water interface promote HOC desorption is via the ability for 
sorbed surfactants to perturb the physico-chemical environment at the interface in such a 
way that HOC desorption is enhanced.
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CHAPTER I 

INTRODUCTION

The addition of surfactants (i.e., surface-active agents) to contaminated soil may 

promote desorption and solubilization of soil-sorbed hydrophobic organic compounds 

(HOC). Consequently, surfactants can be employed in a variety o f cleanup technologies 

that include soil washing, aquifer flushing, and surfactant-enhanced bioremediation. The 

efficacy o f such technologies depends in large part on the nature o f interaction o f the 

surfactant with the soil, the sorbed contaminant, microbial cells in soil-bound biofilms, 

and with aqueous constituents in the soil pore or wash water. The work presented in this 

dissertation investigates these interactions, particularly as they are related to surfactant- 

enhanced bioremediation technologies.
I

Surfactant-enhanced bioremediation (SEB) involves the use o f chemical or biological 

surfactants to stimulate the biological destruction o f soil-sorbed HOC by either native or 

introduced microorganisms. A key factor that limits the efficacy o f SEB is limited 

bioavailability o f soil-sorbed HOC resulting from slow HOC desorption rates and/or low  

HOC solubility in the aqueous phase. Thus, surfactants employed in such a technology 

must be capable o f enhancing either HOC desorption kinetics or HOC solubility (or 

both), with the end result being the enhancement o f HOC bioavailability and increased 

access to HOC by degrading microorganisms.
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The goal o f  the research described herein is to formulate a conceptual process model 

that describes how surfactants alter the bioavailability o f soil-sorbed HOC to bacteria 

associated with bacterial biofilms present at the soil-water interface. Specific objectives 

o f this research include:

1. To critically review recent literature in the area o f SEB and identify overlying 

factors that contribute to the success or failure o f surfactant-enhanced 

bioremediation (Chapter 2).

2. To formulate a mathematical model for HOC biotransformation o f a contaminated 

soil system perturbed by surfactant addition so that the basic processes o f 

partitioning, mass transfer, and biotransformation can be investigated (Chapters 3 

and 4).

3. To develop and validate an experimental methodology that is appropriate for 

investigating the influence o f surfactants on the bioavailability o f soil-bound HOC 

(Chapters 5 and 6).

Chapter 2 (Jordan and Cunningham, in press) is a comprehensive literature review 

that serves three primary purposes: (I) it offers the reader a cursory review o f key 

processes involved in surfactant-enhanced bioremediation; (2) it critically and 

quantitatively reviews recent case studies o f surfactant-enhanced bioremediation; and (3) 

it attempts to correlate key operating parameters (e.g., surfactant concentration) to SEB 

efficacy. The seminal result from this review suggests that the performance of SEB is 

indeed related to surfactant concentration (cf. Chapter 2, Figure 12).



11 I

A note o f importance (and one that conflicts with a great number o f research reports) 

is that surfactants present at concentrations below their critical micelle concentration 

(CMC) often perform more effectively than surfactants applied at concentrations above 

their CMC. This important result suggested that surfactant sorption to soil surfaces may 

play a critical role in altering the bioavailability o f soil-bound HOC. Consequently, the 

process o f surfactant sorption and its influence on HOC bioavailability was investigated 

in detail using a mathematical process model. The model formulation and application are 

presented in Chapters 3 (manuscript in preparation) and 4 (Jordan et al., 1999).

The purpose o f the modeling effort was to further investigate the influence o f  

surfactant sorption on the following processes: HOC phase distribution among soil, 

water, and surfactant phases; HOC desorption from the soil surface; and HOC 

biotransformation by degrading microorganisms. The modeling effort confirmed what 

was discovered in the literature review: that surfactant sorption was capable o f promoting 

HOC bioavailability by increasing its mass transfer rate for desorption. In addition, the 

model also suggested that surfactants applied at supra-micellar concentrations tended to 

inhibit HOC bioavailability by decreasing the directly bioavailable (e.g., free aqueous 

phase HOC) carbon pool.

Chapters 2-4 provide the basis for the key hypothesis investigated by this dissertation:

Hypothesis. Near-micellar surfactant concentrations tend to promote the 
formation o f sorbed micellar structures (e.g., admicelles, hemimicelles, or 
mixed micelles with soil organic matter) at the soil-water interface. As a 
result, a significant increase in surface activity at the soil-water interface is, 
realized, thus providing the impetus for perturbing the nature o f HOC 
association with the interface. Consequently, it is hypothesized that 
surfactant sorption influences HOC desorption kinetics. In particular, at 
the CMC, where maximum efficiency in surfactant soiption is realized, a

3
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maximum observed rate o f  increase in HOC desorption kinetics will be 
observed. If HOC bioavailability is desorption-limited, then the maximum 
observed rate o f  increase in HOC biotransformation kinetics will also be 
realized. Above the CMC, the rate o f increase in desorption kinetics (and 
possibly, the rate o f increase in biotransformation,kinetics), will decrease, 
due in large part to the sequestration o f HOC in aqueous phase micelles 
(thus reducing the concentration o f directly bioavailable HOC).

Chapters 5 (manuscript in preparation) and 6 (manuscript in preparation) report

the results o f an experimental investigation o f the influence o f surfactant addition on the

desorption and biotransformation o f soil-bound HOC. This experimental methodology

was based in part on both the work o f Bouwer and colleagues (Bouwer et ah, 1997;

Zhang, 1995) and a related methodology inspired by this dissertation research by Jordan

(in press).

Key results from Chapters 5 and 6 suggest that surfactant addition promoted the 

bioavailability o f both phenanthrene and hexadecane, but by different mechanisms. 

Surfactant-induced phenanthrene biotransformation kinetics correlated well with 

surfactant-induced phenanthrene desorption kinetics, indicating that phenanthrene 

bioavailability was indeed limited by its desorption rate from the soil. However, 

surfactant-influenced hexadecane biotransformation kinetics far exceeded surfactant- 

induced hexadecane desorption kinetics, suggesting that surfactant addition altered 

hexadecane bioavailability by mechanisms other than promoting its desorption. Possible 

explanations for this observation are discussed in Chapter 6. In addition, it was shown 

that surfactant addition at near-micellar concentrations (where surfactant sorption 

efficiency is maximum) promoted the bioavailability o f both phenanthrene and 

hexadecane, further confirming the research hypothesis stated above.

4



5

Chapter 6 concludes with a summary discussion o f the relationship between HOC 

desorption and biotransformation, and how surfactants at sub-micellar concentrations 

influence that relationship. In short, a process analysis o f desorption and 

biotransformation kinetics is used to identify conditions under which transport 

limitations, desorption rate limitations, or microbial process limitations contribute to 

limited HOC bioavailability.

Chapter 7 concludes the dissertation by revisiting the hypothesis stated in this 

introduction. In particular, the hypothesis is evaluated and revised, based upon the 

conclusions presented in the experimental work o f Chapters 5 and 6.
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CHAPTER 2

SURFACTANT-ENHANCED BIOREMEDIATION:
A REVIEW OF THE EFFECTS OF SURFACTANTS ON THE 

BIOAVAILABILITY OF HYDROPHOBIC ORGANIC CHEMICALS IN SOILS

Source

Jordan-RN, and Cunningham-AB (1999). Surfactant-enhanced bioremediation: A review 

o f the effects o f surfactants on the bioavailability o f hydrophobic organic chemicals in 

soils. In: Baveye-P, Block-JC, and Goncharuk-W (Eds.), Bioavailability o f  Organic 

Xenobiotics in the Environment and Practical Consequences fo r  Bioremediation. Kluwer 

Academic Publishers, The Netherlands, pp. 463-496.

Introduction

Hydrophobic organic chemicals (HOCs) often exhibit limited bioavailability to 

microorganisms and can persist in the subsurface for long periods o f time. The use o f  

surfactants has been proposed to enhance the effectiveness o f both in-situ bioremediation 

and ex-situ slurry-reactor bioremediation by increasing HOC bioavailability. However, 

the fate o f HOCs in response to surfactant addition at both the laboratory and field scale 

is difficult to predict; in some cases, surfactants sometimes even inhibit HOC 

biodegradation. The objective o f this review is to identify factors that influence the

. 7
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effectiveness o f surfactant-enhanced bioremediation (SEB) o f soils contaminated with 

HOCs.

We propose that the effectiveness o f SEB can be interpreted based on determination 

o f an SEB effectiveness factor, Tjfs, defined as the ratio o f the characteristic time for HOC 

biodegradation in the absence o f surfactants to the characteristic time for HOC 

biodegradation in the presence o f surfactants. Observed effectiveness factors were 

calculated from literature reports o f SEB in soil systems to identify trends in Tjfs as a 

function o f total surfactant concentration in the system (St). We observed that in 

approximately 2/3 o f the data, the presence o f surfactants at concentrations both below 

and above their critical micelle concentrations (CMCs) resulted in Pfs values greater than

I, indicating that surfactant amendment enhanced HOC biodegradation in these cases. In 

addition, the data showed that supra-CMC surfactant doses were inhibitory in a higher 

percentage o f cases than when surfactants were applied below their CMC. Still, no 

distinct correlation between pfs and St was observed, emphasizing the need to (a) 

identify the fundamental mechanisms by which surfactants influence bioavailability in 

soil-water systems, and (b) incorporate key processes into a predictive model for pfs.

Mechanisms by which surfactants influence HOC bioavailability in soil-water 

systems are reviewed herein. These mechanisms can be classified in one o f three 

categories: (I) mechanisms influencing HOC soil-water partitioning equilibria, (2) 

mechanisms influencing HOC mass transfer (desorption) rates, and (3) mechanisms 

influencing microbial processes involved in HOC uptake and degradation. A critical
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review o f SEB in soil-water systems is then undertaken, followed by an interpretation o f  

observed values o f Tjfs from literature data.

Bioavailabilitv Defined

Bioavailability, in a general sense, is defined as the accessibility o f a substrate to a 

microbe or enzyme that facilitates the transformation o f that substrate. When the substrate 

o f concern is a hydrophobic organic chemical (HOC), bioavailability can be limited by 

low aqueous concentration (or solubility) o f HOC, slow mass transfer o f HOC from 

nonaqueous (e.g., soil or NAPL) to aqueous phases, or slow uptake of HOC across the 

cell membrane. (However, one must keep in mind that limited bioavailability o f HOC 

does not imply its recalcitrance [Huesemann, 1997]).

The bioavailability o f HOCs is often thought to be limited by their low aqueous 

solubility (i.e., assuming that HOC can only be degraded in the aqueous phase). This can 

be explained by noting that intrinsic microbial kinetics are often best described by models 

that incorporate the dependence o f substrate concentration on the rate o f biodegradation 

(e.g., Michaelis-Menton or first-order kinetics). Thus, biodegradation rates are faster 

when substrate concentrations are higher (up to a point where the substrate concentration 

may either inhibit microbial activity via toxicity or degradation enzyme saturation). 

Partitioning of an HOC into nonaqueous phases (NAPLs, soil particles, etc.) may 

decrease the aqueous phase concentration of the HOC to values well below its solubility 

limit, further limiting its bioavailability and resulting in slow biodegradation rates.

However, bioavailability is not necessarily limited by solubility alone. In multiphase 

systems, where HOC may partition among aqueous and nonaqueous compartments,
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biodegradation o f HOC in the aqueous phase may promote dynamic partitioning o f HOC 

(mass transfer from a nonaqueous to the aqueous phase in response to disequilibrium). 

Partitioning processes take time, and if  characteristic times for mass transfer o f HOC to 

the aqueous phase are slower than characteristic times for HOC biodegradation, then 

mass transfer phenomena may limit bioavailability.

Finally, bioavailability also accounts for limitations o f HOC uptake across the cell 

membrane. Cells may interact differently with dissolved (free aqueous), solubilized (e.g., 

in amphiphilic macromolecular aggregates such as surfactant micelles), or nonaqueous 

(NAPL or crystalline) HOC when in direct contact with these phases, yet still be able to 

facilitate uptake by direct mechanisms. Consequently, intrinsic rates o f uptake and 

degradation o f HOC may vary as a function o f the HOC phase and a microorganism’s 

ability to interact with HOC in a nonaqueous phase.

Thus, bioavailability should be viewed as being governed by the concentration of 

HOC available to the degrading population (typically, that concentration in the aqueous 

phase), the mass transfer o f HOC to the degrading population from nonavailable phases, 

and uptake mechanisms during the direct contact o f  cells with various HOC phases. 

Surfactants can have profound effects on any o f these three mechanisms, and these effects

are the focus o f this review.
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Interpretation o f SEB Using an Effectiveness Factor Approach

An Effectiveness Factor for Evaluating 
Surfactant-Enhanced Bioremediation

The family o f technologies by which surfactants are employed to increase the 

bioavailability o f contaminants in the environment is called surfactant-enhanced 

bioremediation (SEB). Surfactants have the potential to either enhance or inhibit observed 

rates o f biodegradation (Mihelcic et al., 1993; Rouse et ah, 1994). To evaluate the 

performance o f SEB in a contaminated soil, it is useful to define an effectiveness factor, 

t|fs, that describes the degree o f influence o f the surfactant relative to a surfactant-free 

control:

t*(ST = 0)

i (St ) (I)

where t*(Sj = 0) is the characteristic time for HOC biodegradation in the absence o f  

surfactant treatment [time], C(St) is the characteristic time for HOC biodegradation in the 

presence o f surfactants [time], and St is the total concentration o f surfactant in the 

system.

HOC degradation can sometimes be approximated by first order kinetics,

5 *
dt ^soil ^ a q

(2 )

where kSOii is the first order rate coefficient describing degradation o f aqueous phase HOC 

in the presence o f a soil phase [time-1], and Caq is the aqueous phase HOC concentration 

[mg L-1]. Assuming first-order kinetics are a valid approximation, it is useful to note that 

the characteristic time for biodegradation can be defined as (Bouwer et ah, 1997)
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Consequently, equation I can be rewritten as:

(3).

r I jS ( S t  )
K o n  ( S r )

k Soii ( S t — 0 ) (4)

where kSOii(ST) is the rate coefficient observed for biodegradation in the presence o f  

surfactant treatment [time-1], and kSOii (St = 0) is the rate coefficient observed for 

biodegradation in the absence o f surfactant treatment [time-1]. It is apparent from 

equation 4 that for values o f T|fs < I, the presence o f surfactants inhibits bioavailability, 

while for values o f T|& > I,, the presence o f surfactants enhances bioavailability.

We will first discuss some o f the fundamental mechanisms important in SEB and 

explain how surfactants influence key bioavailability processes. We will then describe the 

relative effectiveness o f surfactants from a variety o f SEB studies in our survey o f recent 

literature. Finally, we will interpret our findings based on the relationship between Tjfs 

values observed in the literature (based on equation I) and key processes that may be 

influenced by surfactant addition.

Influence o f Surfactants on Key Bioavailabilitv Processes

Identification o f the surfactant-impacted processes that influence HOC bioavailability 

is required to formulate a successful model for predicting Tifs(Sx). Although this review 

will not define an explicit function for Tifs(Sx) in terms of key system parameters, it does 

identify key processes that may eventually be incorporated into a predictive
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bioavailability model for Tjfs(Sr). The mathematical formulation o f this model will be the 

subject o f  a future paper (i.e., presented as Chapter 3 o f this dissertation).

In modeling bioavailability, a number o f researchers (Bouwer et ah, 1997; Guerin and 

Boyd, 1992; Miller and Alexander, 1991; Mihelcic and Luthy, 1991; Scow and Hudson, 

1992; Scow and Alexander, 1992) have identified the processes o f HOC partitioning and 

soil-water mass transfer as potential limiting processes in HOC biodegradation. 

Surfactants can influence HOC bioavailability by altering both HOC partitioning 

equilibria and interphase mass transfer rates. In addition, whether or not the micellar 

phase o f HOC is directly bioavailable is a key issue in characterizing bioavailability 

(Guha and Jaffe, 1997). Finally, the interaction o f surfactants with cell membranes and 

membrane-bound proteins may influence intrinsic rates o f HOC uptake and degradation 

(Schnaitman, 1971).

Physico-Chemical Influences: Surfactant Sorption to Soil. One o f the fundamental 

properties o f surfactants is their association at the solid-aqueous interface (Rosen, 1978), 

resulting in the formation of interfacial aggregates having a variety o f structures (Figure

I).

The orientation o f surfactants at an interface depends on (I) the charge at the 

interface, (2) the charge of the hydrophilic moiety o f the surfactant, and (3) for uncharged 

interfaces, the relative hydrophobicities o f the surfactant’s hydrophobic tail and the 

surface (Mannhardt et ah, 1992; Manne and Gaub, 1995). Figure 2 shows the various 

orientations o f surfactant micelles at a soil-water interface as a function o f surface

chemical characteristics.



bulk solution

surface

Figure I. Surfactant structures at solid-liquid interfaces. Monomers may be found in solution (A) or adsorbed at the interface 
(B). Increasing surfactant concentration results in monomer aggregation into hemimicelles (C), admicelles or bilayers (D), 
half-cylinders or hemispheres (E, left), and cylinders or spheres (E, right). Micelle formation in solution consists may consist 
of spheres, cylinders, or planar bilayer sheets (F).
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charged surface

B
bulk solution

hydrophobic surface

Figure 2. Examples o f surfactant organization soil-water interfaces. (A) Surfactant 
micelle formation may be governed by the charge of the hydrophilic head o f the 
surfactant. The presence o f counterions (right) may result in adsorption o f surfactant that 
has a charge similar to the surface. (B) Reversal o f surface hydrophobicity by surfactant 
adsorption.
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Figure 2A illustrates the influence o f the type o f adsorbed surfactant structure on surface 

characteristics. Organization o f adsorbed micellar structures on a surface progresses from 

a hemimicellar structure (Figure 2A, left) at low surfactant concentrations (thus making 

the surface more hydrophobic) to an admicellar structure (Figure 2A, center) at higher 

surfactant concentrations (possibly altering the surface charge or polarity). This 

progression with increasing surfactant concentration can result in a reversal in surface 

charge or hydrophobicity. For example, consider the case illustrated in Figure 2A for the 

adsorption o f an anionic surfactant on a surface containing positively charged functional 

groups (e.g., a mineral oxide at a pH above its isoelectric point). Surface charge 

progresses from positive (for Sr = 0) to uncharged (for St at a concentration that favors 

hemimicellar formation) to negative (for Sr at a concentration that favors admicellar 

formation). This example also illustrates a reversal in surface hydrophobicity from the 

case where no surfactant is present (hydrophilic surface) to a surfactant concentration that 

favors hemimicellar formation (hydrophobic surface). Alternatively, surfactant addition 

may change the hydrophobic surface to a charged, hydrophilic surface (Figure 2B) via 

aggregation o f hemimicelle, hemispherical, or halft-cylindrical structures orienting at the 

surface with their hydrophilic groups pointed towards the bulk solution.

The ability o f surfactants to modify surface chemical features may have a profound 

impact on bioavailability. Surfactants may alter (I) the surface charge or hydrophobicity 

that governs the degree o f HOC partitioning, (2) the surface free energy that influences 

the kinetics o f the adsorption reaction between an HOC and a soil surface, and (3) the

association o f microbial cell attachment to the surface.
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Surfactant sorption to soil is a well-known (Edwards et al., 1994; Liu et al., 1992), 

but little understood process. Soils harbor surfaces that are both charged and hydrophilic 

(e.g., mineral oxides), as well as surfaces that have a mixture o f nonpolar and polar 

functionalities (e.g., natural organic matter). Because o f the heterogeneous distribution of 

these surfaces in soil, surfactant-soil sorption is a complex process that makes 

interpretation o f isotherms extremely difficult.

However, one effect o f surfactants at sub-CMC concentrations is their ability to 

decrease solubility o f HOCs, a result o f the formation o f sorbed micellar structures that 

promote partitioning o f HOC out o f the aqueous phase. At higher surfactant 

concentrations, the formation o f surfactant micelles in solution competes for HOC 

partitioning with immobile phases (i.e., mineral oxides, natural organic matter, and 

sorbed surfactant), resulting in a corresponding increase in HOC solubility above the 

surfactant’s critical micelle concentration in the bulk liquid. Figure 3 illustrates the 

relationship between the surfactant sorption isotherm and HOC apparent solubility in a 

solubilization plot.

It is generally believed that surfactant monomers do not interact with HOC (Edwards 

et al., 1991), except for extremely hydrophobic HOC (Kile and Chiou, 1989). Thus, in the 

following discussion, we will assume that surfactant speciation in response to increasing 

surfactant concentration progresses as shown in Figure 4. Below a surfactant’s CMC in 

the presence o f soil, the primary structure that influences HOC partitioning is the sorbed 

micellar aggregate, while above the CMC, the concentration of sorbed micelles remains 

constant and competes for HOC partitioning with an aqueous micellar phase.



Figure 3. Solubilization plot showing the reduction in the apparent HOC solubility (Caq*) resulting from sorption o f surfactant 
onto soil (Region I), and the increase in HOC solubility resulting from surfactant micelle formation in the aqueous phase 
(Region II). Ss = sorbed surfactant concentration; Saq = aqueous surfactant concentration; SCmc = surfactant critical micelle 
concentration in the presence o f a soil phase.



Figure 4. Model for surfactant partitioning in a soil-water system. Smics represents the concentration of surfactant in the 
sorbed, micellar phase, while SmjCaq represents the aqueous micellar surfactant concentration. SCmc is the concentration of 
surfactant in the presence o f soil at which micelles form in solution, and also indicates the total surfactant concentration at 
which the surface’s sorption capacity for surfactant is reached. Distribution o f surfactant monomers has been ignored in this 
model.
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Physico-Chemical Influences: HOC Soil-Water Partitioning. Surfactant addition 

results in a redistribution o f HOC from the soil and water phases to the soil, water, and 

surfactant (sorbed and mobile) phases (Figure 5).

If it is assumed that partitioning isotherms that govern the ratio o f HOC between 

nonaqueous and aqueous phases are linear, then HOC speciation among phases can be 

described by a series o f linear partitioning coefficients:

K p ts (5)

C sjy-s _  mic 
p,mic (6)

K aqp, mic

f t  aq

CL
(7)

where Cs is the sorbed HOC concentration [mg HOC kg""1 soil], CmL is the HOC 

concentration in sorbed micelles [mg HOC mg'"1 surfactant in the sorbed micellar 

pseudophase], CmIcaq is the HOC concentration in aqueous phase micelles [mg HOC mg""1 

surfactant in the aqueous, micellar pseudophase], and Kp's are linear distribution 

coefficients for HOC partitioning between the aqueous phase and the sorbed [L kg-1], 

sorbed micellar [L mg-1], and aqueous micellar phases [L mg-1], respectively (equations 

5-7). Surfactant addition has two primary effects on the redistribution o f HOC:

o Cs, concentration o f HOC adsorbed to soil, decreases as previously sorbed HOC 

redistributes itself among sorbed and mobile surfactant micelles, and 

o Caq, the dissolved HOC concentration, decreases in response to maintaining 

equilibrium by additional nonaqueous (surfactant) phases.



AQ
P.MIC
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soil particle surface

Figure 5. HOC Equilibria in a soil-water system containing surfactants. The influence o f surfactant monomers is neglected for 
illustrative clarity. C represents the concentration o f HOC in the indicated phase, and Kp indicates linear partitioning 
coefficients between the nonaqueous and aqueous phases.
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The effect o f surfactant addition on HOC distribution among the four compartments is 

illustrated in Figure 6. Figure 6 emphasizes that in the presence o f sub-CMC surfactant 

concentrations, the aqueous and sorbed phase HOC concentrations may decrease 

significantly as HOC partitions into a sorbed surfactant phase (Region II). As aqueous 

phase micelles form, HOC partitioning between sorbed and aqueous phase surfactant is in 

competition (Region III).

Surfactant alteration o f HOC distribution can have significant effects on HOC 

bioavailability. Since surfactants promote desorption o f HOC (resulting in a decrease in 

Cs), and HOC in the aqueous and micellar phase is assumed to be more bioavailable than 

HOC in the sorbed phase, then surfactant addition should result in an increase in HOC 

bioavailability. However, if  bioavailability o f micellar-phase HOC is limited, then the 

reduction o f aqueous phase HOC (Caq) may result in a decrease in HOC bioavailability in 

response to surfactant addition (particularly if  the kinetics o f HOC mass transfer from the 

micellar to the aqueous phase are slower than the kinetics o f the biotransformation 

process). Bioavailability o f micellar-phase HOC will be addressed in more detail below 

(see Microbiological Influences!.

Physico-Chemical Influences: Soil-Water Mass Transfer. . Slow desorption has been 

identified as a process that influences the bioavailability of HOCs in soil-water systems 

(Huesemann, 1997; Mihelcic et al., 1993; Pignatello and Xing, 1996; Wu and Gschwend, 

1986). HOC entrapped in soil organic matter within intraparticle porosity can result in 

characteristic times o f biodegradation on the order o f years or decades. HOC mass



Figure 6. Influence o f total surfactant concentration relative to the CMC (St/Scmc) on the equilibrium partitioning of HOC in a 
soil-water system (in terms of the fraction o f total HOC mass in the system present in the aqueous (Xaq), sorbed (Xs), sorbed 
surfactant-associated (XmjCs), and aqueous surfactant-associated (Xmjcaq) HOC phases. Surfactant sorption is modeled by the 
formulation in Figure 4; HOC partitioning between aqueous and nonaqueous phases is modeled via linear isotherms as 
described in Figure 5 and equations 5-7.
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transfer out o f a soil particle can be characterized by a dual-process reaction-transport 

model (Figure 7).

HOC sequestered in soil organic matter must first desorb and enter the aqueous 

solution occupying the nanoporosity. This process can be modeled by using first order 

kinetics, described by a rate coefficient, k. Following desorption and entry into the 

nanoporosity, the HOC must diffuse out o f the particle into the bulk solution. This 

process is governed by the diffusion coefficient, £>, of the HOC molecule. Because 

diffusion and adsorption/desorption will likely occur throughout the nanopore, the 

desorption flux of HOC from a particle can be described as a retarded diffusion process 

(Nye et al., 1994). In addition to diffusion through intraparticle pores, HOC may also 

diffuse in nonaqueous soil phases, such as soil organic matter or mineral matrices 

(Pignatello and Xing, 1996).

The heterogeneous nature o f the distribution of surface chemical features and o f the 

physical shapes and sizes o f nanopores within a single particle makes it impractical, i f  not 

impossible, to characterize HOC desorption in terms of adsorption-desorption kinetic 

coefficients and diffusion parameters. Thus, a simple approach that has been successful in 

describing HOC desorption rates (Bouwer et al., 1997; Zhang, 1995) is the first-order 

mass transfer model:

^ = - K A C tan- C a, )  - (8)

where dCs/dt is the HOC flux between the soil and bulk aqueous phases [mg L-1 time-1], 

Cs is the sorbed HOC concentration that includes (a) HOC that is truly adsorbed to natural



pore wall

Figure 7. Conceptual model for retarded diffusion of HOC within a representative pore o f a soil particle. Sorption/desorption 
is approximated by two key processes: (I) the sorption reaction between the HOC and the chemically reactive phases present 
on the pore wall surfaces, and (2) the diffusive transport of HOC through the pore [7,20]. The coefficients k and D  represent 
the first-order reaction coefficients describing sorption-desorption kinetics and the diffusion coefficient, respectively.
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organic matter or mineral surfaces distributed throughout the soil particle as well as (b) 

HOC dissolved in the aqueous phase occupying intraparticle porosity [mg kg-1], Cpore is 

the average HOC concentration in the aqueous phase occupying the intraparticle porosity 

[mg L-1], and km)S is the first order mass transfer coefficient that governs the rate at which 

HOC in the aqueous phase approaches equilibrium with sorbed HOC [time-1]. This 

model incorporates the intrinsic kinetics o f the sorption-desorption and intraparticle 

diffusion processes (defined by k and D  in Figure 7) into the mass transfer coefficient, 

km>s. Thus, the HOC flux out o f the particle is also influenced by the concentration 

gradient between the pore water HOC and the bulk aqueous HOC concentrations (Cpore -  

Caq).

This model illustrates that as the gradient between the soil and bulk aqueous phases 

increases (i.e., in response to a change in Cpore" or Caq from the equilibrium condition 

defined by KPiS), HOC flux in response to disequilibrium increases. At equilibrium, Caq = 

Cpore and HOC flux between the two phases is zero. Thus, any process that decreases the 

bulk aqueous phase HOC concentration (Caq). over a time scale that is faster than the 

characteristic time for desorption (e.g., biodegradation of aqueous phase HOC or 

surfactant addition) will promote desorption of HOC. This concept is illustrated in Figure 

8, which shows the influence o f surfactant addition at various concentrations on the initial 

rate o f  HOC flux out o f the soil phase.

Of particular interest from Figure 8 is the effect o f sub-CMC surfactant 

concentrations on the mass transfer rate. The sorption of surfactant to soil surfaces at low



cmc

Figure 8. Influence of surfactant concentration relative to the CMC (Sj /Scmc) on the initial flux (dCs/dt |t=o) of HOC from the 
soil phase (Cs) to the bulk aqueous phase (Caq) at t = O+ following surfactant addition. It is assumed that the system is at 
equilibrium at t = 0" (immediately prior to surfactant addition) and that HOC-surfactant and surfactant-soil partitioning 
equilibrium exists immediately following surfactant addition. Thus, the flux represents the response to disequilibrium resulting 
from the concentration gradient between the sorbed and aqueous phase HOC as defined in equation 8. Smfactant sorption is 
modeled by the formulation in Figure 4; HOC partitioning between aqueous and nonaqueous phases is modeled via linear 
isotherms as described in Figure 5 and equations 5-7.
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surfactant concentrations results in a dramatic decrease in the aqueous phase HOC 

concentration (as indicated by the Xaq line o f Figure 6). Thus, low surfactant 

concentrations may have a profound impact on bioavailability (cf. Figure 12), although it 

is traditionally thought that the greatest benefit o f surfactants to enhancing bioavailability 

is achieved at supra-CMC concentrations that promote HOC solubilization. Increased 

mass transfer rates, as implied in Figure 8, have been implicated as being responsible for 

bioavailability enhancement at low surfactant concentrations (Aronstein et al., 1991; 

Aronstein and Alexander, 1992; Aronstein and Alexander, 1993).

Thus, surfactant addition can alter HOC desorption rates by decreasing the bulk 

aqueous phase HOC concentration (Caq), steepening the concentration gradient for mass 

transfer. Surfactants may also have an effect on the nature and magnitude of km>s by 

influencing (I) HOC diffusion within the intraparticle porosity, (2) HOC concentration 

gradients that drive HOC adsorption-desorption reactions on pore wall surfaces, and (3) 

the intrinsic nature o f the sorption-desorption reaction. These processes are described in 

more detail:

HOC Intraparticle Diffusion. In addition to dissolved aqueous phase HOC diffusing 

through nanopores, surfactant micelles containing HOC may also be diffusing. The 

formation o f aqueous micelles within a nanopore will depend on the size o f the pore 

relative to the micellar radius. However, there is little information about micelle-assisted 

or -retarded diffusion of solutes in nanopores.

It would be a fair generalization to say that the presence o f micellar phase HOC 

diffusing in a nanopore would increase HOC flux out o f the particle if  the micelle
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diffused at a faster rate than aqueous phase HOC. The relative fluxes o f solubilized 

(micellar phase) HOC vs. dissolved HOC would depend on the relative degree o f  

association o f each phase with sorption sites (retarded diffusion) as well as the relative 

rates o f diffusion o f each o f those phases. Micelles are likely to be more mobile than 

aqueous phase HOC, suggesting that they may diffuse faster. However, their large 

molecular weights also may result in relatively slow aqueous diffusion rates.

In a pore that is physically inaccessible to surfactant micelles, but accessible to 

surfactant monomers, HOC partitioning and transport would rely only on the presence o f  

a monomer phase, with the potential for formation o f adsorbed micellar structures on the 

pore walls. The presence o f adsorbed micelles may retard HOC diffusion. However, they 

may also increase the kinetics o f HOC desorption from pore wall surfaces.

HOC Concentration Gradients Driving Desorption. Reduction of Cpore (by 

partitioning into surfactant present in the nanopores as discussed above) promotes the 

desorption reaction by increasing the concentration gradient at the surface-liquid 

boundary layer. The net effect would be an increase in the flux o f HOC into the pore 

water, and possibly, out o f the particle.

Instrinsic Sorption-Desorption Properties. The value o f a kinetic coefficient (e.g., 

first order) that describes the intrinsic nature o f a sorption-desorption reaction may be 

governed by the nature o f the sorbent (soil surface), the sorbate (HOC), and solvent 

composition (pore water). Surfactants are well known for their ability to alter the 

chemistry o f a surface, e.g., by promoting charge reversal or altering hydrophobicity
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(Rosen, 1978). In addition, this alteration in surface chemistry often corresponds to a 

decrease in the surface energy. Thus, it would be expected that the intrinsic nature o f the 

sorption reaction (i.e., binding energy, reaction kinetics, and partitioning equilibria) may 

indeed be changed in the presence o f surfactants.

Physico-Chemical Influences: Summary. This discussion emphasizes the complexity 

involved, even within a single intraparticle pore, in interpreting the influence o f  

surfactants on HOC partitioning and mass transfer phenomena. However, it does not 

prevent us from recognizing that surfactant concentration may indeed have a predictable 

influence on the value o f the mass transfer coefficient, km;S, that describes HOC 

desorption rates. Further, the mass transfer model is a valuable tool for evaluating 

complex diffusion-reaction scenarios in a system that is difficult to characterize at the 

microscale.

Microbiological Influences: Introduction. Knowledge o f the physico-chemical 

reactions between surfactants, soil, and HOC in a soil system allows one to reasonably 

design an SEB technology (i.e., appropriately control the surfactant dose) to maximize 

HOC bioavailability (i.e., based on principles o f partitioning behavior, mass transfer, and 

the assumption that only aqueous phase HOC is directly bioavailable). More complicated 

and more difficult to predict, however, are the microbiological processes that are 

influenced by surfactants, including cell-interface interactions, interactions between 

surfactants and cell membranes, and micellar-phase bioavailability, all o f which may 

have an important bearing on rates o f HOC uptake.



By definition, surfactants are compounds that associate at interfaces. In soil systems, 

important interfaces are the soil-water interface and the cell-water interface (i.e., the 

exterior o f the cell membrane). The chemical nature (charge and hydrophobicity) o f the 

soil, the cell, and either end o f the surfactant may have a significant impact on the 

adhesion o f bacteria to soil surfaces. Since bacterial adhesion to nonaqueous substrates 

may be required for. efficient metabolism o f HOC (Aiba et al., 1969; Efiroymson and 

Alexander, 1991; Liu, 1980; Nakahara et al., 1981; Mimura et al., 1971; Reddy et al., 

1982; Ramsay et al., 1988), then the influence o f surfactants on cell adhesion may 

significantly alter bioavailability. Further, surfactants may have either a positive 

(enhanced adhesion to the interface) or negative (de-adhesion) effect on cell adhesion 

(Neu, 1996).

Rouse et al. (1994), in their, review o f the effects o f surfactants on biodegradation, 

investigated the effects o f surfactant concentration, surfactant charge, and microorganism 

genus on HOC biodegradation. They noted that no single underlying factor could predict 

the influence o f surfactants on bioavailability. However, they recognized that for systems 

containing mixed bacterial cultures, supra-CMC surfactant concentrations were often 

associated with inhibition. They implicated micelle toxicity and limited bioavailability o f  

micellar-phase HOC as potential reasons for this correlation.

Microbiological Influences: Influence of Surfactants on the Interaction of Bacteria 

with Interfaces. Cell adhesion to interfaces is a complex phenomenon governed by a wide 

range o f mechanisms. Foremost among these mechanisms are the deposition of
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amphiphilic molecules at interfaces (Rosen, 1978; Neu, 1996) that may be o f either 

microbial or anthropogenic origin.

Recall from Figure 2 that the chemical nature o f surfactants and surface functional 

groups governs the type and orientation o f micellar structures at the soil-water interface. 

Further, surfactant addition can result in alteration o f surface properties such as surface 

charge or hydrophobicity. This is an important result because the interaction o f cells with 

surface functionalities is an important factor influencing cell adhesion (Doyle and 

Rosenberg, 1990; Rosenberg and Kjelleberg, 1986). Further, cell adhesion may be an 

important process governing the ability o f a cell to facilitate the uptake o f nonaqueous 

phase HOC (Aiba et al., 1969; Efroymson and Alexander, 1991; Liu, 1980; Nakahara et 

ah, 1981; Mimura et ah, .1971; Reddy et ah, 1982; Ramsay et ah, 1988).

For example, cell hydrophobicity may be an important factor to consider when 

attempting to predict the influence o f surfactants on cell adhesion. Figure 9A illustrates 

how cell surface hydrophobicity may influence a cell’s ability to adhere to surfaces coated 

with a variety o f surfactant types. Figure 9B shows the influence o f surfactant coatings on 

the adhesion o f hydrophilic (negatively charged) cells. Figure 9C illustrates similar 

reactions when the surfactant adheres to the cell and alters cell surface properties.

Although Figure 9 illustrates a few generalities based on the relative hydrophobicity
■

or charge between a surface, an adsorbed surfactant layer, and a cell wall, the reader 

should keep in mind that cell adhesion is a complex phenomenon that may be governed 

by mechanisms other than hydrophobic or electrostatic interactions (e.g., specific 

adhesin-receptor interactions (Beachey, 1981). However, the more simply characterized
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charged surface

Hydrophobic cell or surface feature

Hydrophilic cell or surface feature

Figure 9. Influence of surfactants on cell adhesion (adapted from Neu [1996]). See text 
for discussion.
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electrostatic and hydrophobic interactions have been implicated in the ability o f  cells to 

adhere to nonaqueous phase substrates (Nakahara et all, 1981; Bright and Fletcher, 1983; 

Griffith and Fletcher, 1991; Zhang and Miller, 1994). Thus, surfactant addition may 

influence surface or cell hydrophobicity, alter cell adhesion (and thus, the proximity o f  

the cell to the substrate), and effect bioavailability.

A recent review by Neu (1996) discusses in detail the interactions between microbial 

cells, surfaces, and surface-active agents. Although the focus o f this work is on the 

influence o f biosurfactants on cell adhesion, the basic concepts are applicable for any 

surface-active molecule, and we highly recommend this review for further information on 

surfactant-cell-surface interactions.

Microbiological Influences: Influence o f Surfactants on HOC Uptake and 

Degradation. The mechanisms that govern the uptake of HOC across the cell membrane 

are not well understood. It is often hypothesized that HOC must be dissolved in the 

aqueous phase in order to be transported into the cell membrane. However, other 

researchers have suggested that hydrocarbons emulsified in the droplets o f oil-in-water 

emulsions are transported into the cell membrane (Reddy et ah, 1982; Yoshida et ah, 

1973). Recent work has focused on the potential for a direct interaction between the cell 

membrane and HOC solubilized in a surfactant micelle (Guha and Jaffe, 1997; Guha and 

Jaffe, 1996; Bury and Miller, 1993; Miller and Bartha, 1989). This research suggests that 

direct bioavailability o f  micellar phase HOC depends on the compatibility between the 

surfactant micelle and the cell membrane, a phenomenon that is governed by the structure 

o f the surfactant and the species- or genus-specific nature o f the cell membrane (Miller
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and Bartha, 1989; Itoh and Suzuki, 1972; Guerin and Jones (1988); Cserhati et al., 1991; 

Van Hoof and Rogers, 1992; Breuil and Kushner, 1980).

Guha and Jaffe (1996) modeled the influence o f surfactant structure on the degree o f  

cell-micelle interaction and bioavailability o f solubilized HOC. However, reports 

describing the influence o f species- or genus-specific cell membrane properties that 

govern the relationship between cell-surfactant compatibility and bioavailability o f  

micellar phase HOC are virtually nonexistent. Much o f the research involving surfactant- 

enhanced biodegradation o f environmentally significant contaminants involves the use o f 

undefined, uncharacterized microbial populations. Thus, the influence o f surfactant-cell 

membrane compatibility on bioavailability cannot usually be explained, although it has 

often been implicated as both inhibiting (Itoh and Suzuki, 1972; Cserhati et al., 1991) and 

enhancing (Miller and Bartha, 1989; Itoh and Suzuki, 1972; Guerin and Jones, 1988; Van 

Hoof and Rogers, 1992; Breuil and Kushner, 1980) bioavailability. In fact, membrane- 

surfactant interactions may be responsible for the apparent toxicity o f surfactants at 

supra-CMC concentrations (Aronstein and Alexander, 1992; Nakahara et al., 1981; 

Robichaux and Myrick, 1972; Tanaka and Fukui, 1971; Laha and Luthy, 1992; Tiehm, 

1994); it is well-known that surfactants are capable o f fluidizing the cell membrane, 

resulting in solubilization o f key membrane proteins responsible for HOC uptake and 

degradation (Schnaitman, 1971). Conversely, sub-CMC surfactant concentrations, 

promoting an increase in membrane permeability by surfactant monomers, may result in 

enhanced uptake o f HOC (Van Hoof and Rogers, 1992; Breuil and Kushner, 1980).
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In summary, important microbiological processes involved in HOC uptake in the 

presence o f surfactants are (I) bioavailability o f micellar phase HOC and (2) 

compatibility between cell membranes and surfactants. Maintaining surfactant-cell 

membrane compatibility is important for the following reasons (Rouse et al., 1994):

Some surfactants may disrupt cell membranes. A moderate degree o f permeabilization 

o f the cell membrane may result in enhanced diffusion o f HOC into the cell; however, 

more severe permeabilization may result in lysis and complete inhibition o f cell function.

Surfactants have different effects on gram positive cells than on gram negative cells; 

consequently, a different set o f surfactant-cell compatibility requirements must be met 

depending on the nature o f the cell wall structure o f the degrading organism(s), requiring 

different types o f surfactants.

Surfactants may form complexes with membrane-bound proteins responsible for 

HOC transport or degradation; alternatively, surfactant micelles in solution could 

sequester extracellular enzymes responsible for HOC degradation or microbial surfactants 

responsible for HOC uptake, inhibiting their activity and reducing bioavailability o f  

HOC.

There exists evidence in the literature that surfactant-cell compatibility cannot be 

ignored. For example, Tween 80, a commercial nonionic surfactant, exhibited an 

inhibitory response to the uptake o f PAHs by an uncharacterized microbial population 

when the surfactant was present above its CMC (Laha and Luthy, 1992). In another study, 

the same surfactant enhanced PAH biodegradation by a pure culture up to a concentration 

of 2 g V1 (150 times the CMC) without exhibiting a toxic response (Mueller et al., 1990).
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Rouse et al. (1994) attempted to correlate surfactant type, microbial genus, and gram 

stain reaction with the degree o f bioavailability inhibition or enhancement. They 

concluded that in general, surfactants above their CMCs resulted in inhibition o f HOC 

biodegradation in mixed cultures, suggesting that toxicity o f surfactant micelles may 

hinder HOC bioavailability. However, there is enough recent research that shows 

enhanced bioavailability at supra-CMC concentrations with mixed cultures in soil-water 

systems (cf. Figure 12) that may render this generalization inappropriate in soil 

environments.

The lack o f conclusive evidence identifying the influence o f surfactant-micelle 

compatibility places serious limitations on the ability to design an effective SEB 

technology based on fundamental principles. These limitations are further discussed 

below (see Recommendations for Future Research!

Microbiological Influences: Effects o f Micellar Phase Bioavailabilitv. The previous 

two sections have addressed the impact o f surfactants on cell adhesion and on the 

interaction o f cells with surfactant micelles. Surfactant-cell membrane compatibility 

suggests that solubilized HOC may be directly bioavailable to some organisms with some 

surfactants. Thus, the application o f a surfactant suite that is compatible with the 

degrading microbial population may significantly enhance bioavailability. Further, 

aggregate formation at the soil-water interface results in an additional micellar phase 

(adsorbed) that may provide directly bioavailable HOC to cells capable o f adhering to the 

interface. The phenomena associated with micellar phase bioavailability are the topic o f

this section.
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For the purposes o f the current discussion, a distinction must be made between HOC 

that is bioavailable and HOC that is directly bioavailable (Guha and JafFe, 1997). HOC 

in any phase is likely to be bioavailable, with access to it by a microorganism dependent 

only on its mass transfer to the aqueous phase. However, for HOC to be directly 

bioavailable from a particular phase, it must be able to be transported directly to the cell 

membrane in that phase via direct contact between the cell and the phase in question.

From this definition, it is clear why aqueous phase HOC is directly bioavailable. 

However, the degree to which nonaqueous phase HOC (e.g., adsorbed to a surface, 

dissolved in a NAPL, or solubilized in a surfactant micelle) is directly bioavailable is 

largely unknown, and it is a common assumption that only HOC in the aqueous phase is 

directly bioavailable. However, recent work suggests that bacteria may have direct access 

to HOC solubilized in surfactant micelles (Guha and Jaffe, 1997; Guha and Jaffe, 1996; 

Bury and Miller, 1993; Miller and Bartha, 1989) via a physico-chemical interaction 

between the micelle and the cell membrane. This supports the hypotheses o f other 

researchers who suggest that hydrocarbons are transported across the cell membrane as 

emulsified (solubilized) hydrocarbon microdroplets, their formation promoted by the 

production of microbial surfactants (Reddy et al., 1982; Yoshida et al., 1973). Our aim in 

this section is to discuss how surfactants influence HOC bioavailability by comparing the 

assumptions that (I) only aqueous phase HOC is directly bioavailable, and (2) HOC 

solubilized in micelles is also directly bioavailable.

Only Aqueous Phase HOC is Directly Bioavailable. If the aqueous phase is the only 

directly bioavailable HOC phase, then the rate o f biodegradation o f HOC will depend'on



(a) the concentration o f HOC in the aqueous phase, and (b) the mass transfer o f HOC 

from nonaqueous to aqueous phases.

Previously (see Physico-Chemical Influences), we saw that the aqueous phase HOC 

concentration decreased in response to increasing surfactant concentrations (Figure 6) as a 

result o f redistribution o f aqueous phase HOC into surfactant micellar phases. 

Consequently, since the rate o f biodegradation is controlled by the concentration o f HOC 

in the aqueous phase, governed by a first order degradation rate coefficient kb [time-1],

b aq

then the resulting decrease in Caq would result in a decreased biodegradation rate in the 

presence o f surfactants.

Further, if  mass transfer processes controlling the exchange o f HOC between the 

surfactant micellar phases and the aqueous phases are governed by first order 

formulations,

'  mic

dt -  C e )

dt - O

(10)

( 11)

then we can see that the characteristic times for mass transfer depend on the values o f the 

mass transfer coefficients, km)mjCs [time-1] and km)miCaq [time-1]. If these characteristic 

times are slower than characteristic times for biodegradation, then the presence of 

surfactants may indeed reduce bioavailability based on micelle-aqueous mass transfer

resistance.



It is commonly assumed that micelle-aqueous partitioning is a rapid process (Laha 

and Luthy, 1991). However, micelle-aqueous partitioning kinetics data for

environmentally significant HOCs (PAHs, PCBs, etc.) is limited (Laha and Luthy, 1992; 

Almgren et al., 1979; Turro et ah, 1987; Attwood and Florence, 1983). Rosen (1978) 

discusses a variety o f factors that may influence the partitioning o f solutes in micelles, 

and suggests that solute hydrophobicity, hydrophobicity o f the micellar core, and other 

factors may result in sequestration of HOCs deep in the micellar core and their slow 

release. Thus, the assumption that micelle-aqueous partitioning kinetics are rapid relative 

to biodegradation may not be appropriate in all cases involving contaminants o f  

environmental concern. In fact, slow micellar release may be responsible for limiting the 

bioavailability o f  HOC partitioned into surfactant micelles (Guha and Jaffe, 1997; Laha 

and Luthy, 1991).

HOC Solubilized in Micelles is Directly Bioavailable. Jaffe and coworkers proposed a 

mechanism by which bacteria facilitate the direct uptake of micellized HOC via contact 

between the micelle and the cell membrane (Guha and Jaffe, 1997; Guha and Jaffe, 1996) 

(Figure 10). They hypothesized that the rate o f biodegradation depended on a 

bioavailable concentration that included the aqueous phase HOC as well as a fraction o f  

micellized HOC:

CbiO = Caq + f  CmicSmic (12)

where /  represents the fraction of micellized HOC that is directly bioavailable [/] , Cmic is. 

the HOC concentration in the micellar phase [mg HOC mg-1 surfactant in the micellar 

phase]1, and Smic is the concentration o f surfactant in the micellar phase [mg L-1] .



Figure 10. Interaction o f cells and micelles to facilitate the direct uptake o f solubilized HOC. Cceii represents the HOC 
concentration in the cell [mg HOC L"1 cytoplasmic fluid]. Mass transfer across the membrane is driven by the concentration 
gradient defined by Cmic and CceIi.
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This expression for the bioavailable concentration was then coupled to a Monod 

kinetic model for microbial growth:

M- =
M'max ^ b io

K -s + C6,, (13)

where (l is the growth rate o f the microorganism [time-1] and (Imax [time-1] and Ks [mg I-  

1J are the kinetic coefficients for the Monod model.

The results from the initial study (Guha and Jaffe, 1996) that fitted/ as the only fitting 

parameter to a series o f biodegradation experiments suggested that as surfactant 

concentration increased, /  decreased. However, /  assumed nonzero values between 0.1 

and 0.9 in all cases, indicating that 10% to 90% o f micellized HOC was directly 

bioavailable. They postulated that the mechanism of direct bioavailability was via contact 

between the cell membrane and the micelle (Figure 10), suggesting that the concentration 

gradient between the micellized HOC (Cmic) and the HOC concentration in the cell 

governed the rate o f uptake. Thus, as surfactant concentration increased, the HOC mass 

was diluted in a larger surfactant volume (resulting in a decrease in Cmic) that resulted in a 

decline in f .

In a later study (Guha and Jaffe, 1997), Jaffe and coworkers successfully predicted the 

value o f /  for a variety o f surfactants, recognizing that the degree o f micellar 

bioavailability is governed by the structure o f the surfactant and compatibility between 

the surfactant and the cell membrane. This study represents an important landmark in the 

study o f surfactant-enhanced bioremediation by strongly suggesting that micellized HOC 

may be directly bioavailable. Their results offer insight into the mechanism of
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hydrocarbon uptake by microbial cells and the possible involvement o f microbial 

surfactants and emulsifiers (“biosurfactants”) in HOC degradation. Further, this may 

explain why microorganisms have appeared to have direct access to HOC that is sorbed to 

surfaces and soil (Guerin and Boyd, 1992; GrifSth and Fletcher, 1991; Shimp and Young, 

1988; Gordon and Millero, 1985; Remberger et al., 1986). If HOC partitioned into a 

sorbed micellar phase o f biosurfactants was directly bioavailable, then the rate o f  

biodegradation may be higher than predicted if  it was assumed that only aqueous phase 

HOC was directly bioavailable.

If micellar phase HOC is directly bioavailable, then equation 9 is invalid, and must be 

replaced by an expression that incorporates the dependence o f biodegradation rate on the 

bioavailable HOC concentration (i.e., similar to equation 12). Further, in the presence o f  

soil, the availability o f HOC present in either sorbed or aqueous micellar phases may 

significantly alter rates o f biodegradation. This has been observed in recent studies that 

showed that apparently soluble HOC (aqueous + micellized) governed 

microbial kinetics (Guha and Jaffe, 1996; Robinson et al., 1996). For example, 

biodegradation o f HOC in a soil-water-surfactant system may be governed by equation 9, 

with Caq replaced by Ch0 defined by:

where Smicaq [mg I *] and Smic8 [mg surfactant kg 1 soil] represent the aqueous and sorbed

Equations 9 and 14 imply that no mass transfer limitations between phases exist. Thus, 

we can observe the effect o f surfactant addition on the initial (t = 0) observed rate o f

(14)

micellar surfactant concentrations, respectively, and Rs/W [kg I 1J is the soikwater ratio.
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- biodegradation in response to surfactant addition as a function o f surfactant concentration 

(Figure 11).

Figure 11 shows that, in the absence o f mass, transfer limitations, the degree o f  

micellar phase bioavailability has a significant impact on biodegradation rates. If micellar 

phase is directly bioavailable then surfactant addition should markedly improve 

bioavailability. The curves for/ =  0 and/ =  I represent the extreme cases where none and 

all o f  the micellar phase is directly bioavailable, respectively.

A Review of the Influence o f Surfactants on Bioavailabilitv in Contaminated Soils

Other reviews have addressed the influence of surfactants on HOC solubilization and 

transport (West and Harwell, 1992), microbial adhesion (Neu, 1996), surfactant-cell 

interactions (Rouse et ah, 1994), and surfactant chemistry at solid-liquid interfaces 

(Rosen, 1978). It will be the focus o f this review to address studies that have investigated 

the complex interactions between microbial cells, surfactants, HOCs, and soils. Thus, 

only research that meets the criteria that HOC must be originally present in a sorbed soil 

phase is emphasized. In addition, a new body o f research is emerging that investigates the 

potential for SEB o f soils where a NAPL phase is present, and key studies in this area will 

also be discussed.

Influence o f Surfactants on the Bioavailabilitv o f Soil-Sorbed HOC

Surfactant-enhanced bioremediation at low surfactant concentrations has some key 

advantages, particularly when applied to in-situ bioremediation: (I) it is cost effective;



f = 0.2

Figure 11. Influence o f surfactant concentration relative to the CMC (St/Scmc) and the bioavailable fraction o f micellized 
HOC (J) on the initial observed rate of biodegradation (dCbiVdt |t=o)as defined by equations 9 and 14. Partitioning equilibria of 
HOC is assumed. Surfactant sorption is modeled by the formulation in Figure 4; HOC partitioning between aq-ueous and 
nonaqueous phases is modeled via linear isotherms as described in Figure 5 and equations 5-7.
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(2) there is less risk for off-site mobility o f the contaminant; and (3) sub-CMC surfactant 

concentrations may be less toxic to the microbial populations responsible for contaminant 

degradation. A cost-effective SEB scheme can be designed by considering the surfactant 

concentration that yields the maximum benefit in achieving cleanup goals. Undesirable 

contaminant mobility can be controlled via application o f more frequent but smaller 

surfactant dosages, and by careful monitoring o f the rate and extent o f  HOC degradation 

(Jain et al., 1992). Finally, minimizing the toxic effects o f surfactants on indigenous 

microbes will not only result in a more efficient remediation strategy, but gain favor with 

regulators when applying the technology.

Alexander and coworkers (Aronstein et al., 1992; Aronstein and Alexander, 1992; 

Aronstein and Alexander, 1993) investigated the influence o f nonionic surfactants on the 

desorption and mineralization o f phenanthrene and biphenyl in low, medium, and high- 

organic carbon soils. The first study (Aronstein et al., 1991) compared the relative 

influences o f surfactant addition on mineralization in high and medium organic carbon 

soils in nonslurried soil reactors. The second study (Aronstein and Alexander, 1992) 

examined similar effects in low organic carbon, aquifer sediments in slurry systems. The 

final study in this series (Aronstein and Alexander, 1993) examined the potential for low  

concentrations o f surfactants to enhance the mobilization and mineralization o f HOCs in 

a soil column.

In the initial study (Aronstein et al., 1991), the comparison between a medium organic 

carbon soil (Lima silt loam, foc = 7.6%) and a high organic carbon soil (Edwards muck, 

f0c = 32.9%) was made. They determined both desorption extents and mineralization
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rates/extents as a function o f surfactant concentrations below and above their CMCs, but 

observed no correlation between the extent o f desorption and extent o f mineralization. 

However, it was observed that mineralization was enhanced when surfactants were 

present at sub-CMC concentrations, and mineralization was inhibited when surfactants 

were present above their CMCs. They hypothesized that the extent o f  desorption (i.e., the 

solubilization process) was not as important in enhancing bioavailability as was the 

instantaneous desorption rate o f HOC from the soil. They speculated that surfactant 

addition may have promoted instantaneous desorption, thus enhancing the rate o f supply 

o f HOC to the degrading microbial population.

The mechanism for this enhancement is unknown. However, some possibilities 

include: (I) an increase in the rate o f diffusion o f HOC out o f soil particles resulting from 

solubilization o f intraparticle HOC; (2) an increase in the instantaneous rate o f desorption 

from soil surfaces resulting from a decrease in the surface energy promoted by surfactant 

adsorption; or (3) partitioning of HOC into sorbed micellar structures that are either 

directly bioavailable or allow for the rapid partitioning of HOC to the aqueous phase in 

response to degradation. Unfortunately, it is unclear from this research whether or not the 

HOC present was initially sorbed to soil or in a pure crystalline form. Thus, the low  

surfactant concentrations could have either enhanced desorption o f HOC from soil or 

dissolution Of HOC from its crystalline phase.

Another unique finding from this research is that surfactants had a greater ability to 

enhance mineralization when HOC was sorbed to organic-rich soil. The authors did not 

suggest a particular mechanism for this behavior. However, because soil organic matter
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(SOM) itself has an amphiphilic molecular structure (Wershaw, 1993), interaction of 

surfactants with SOM may promote solubilization of HOC into surfactant micelles, 

similar to the ability o f surfactants to solubilize proteins originally bound in a cell 

membrane (Schnaitman, 1971).

Another important difference observed between the medium (loam) and high (muck) 

organic carbon soils was the relative degree o f inhibition o f phenanthrene mineralization 

at the higher surfactant concentration (100 pg g"1 soil). A greater degree o f inhibition was 

observed in the loam. One explanation for this is that surfactant concentrations (in terms 

o f mass o f  surfactant per mass o f pore water) in this soil were higher than those in the 

Edwards muck. Thus, there may have been a greater degree o f micelle formation in the 

loam soil that could have exhibited toxic effects to the degrading population. In addition, 

surfactant sorption may have been greater in the muck, resulting in less influence from 

aqueous phase micelles that could interact with cell membranes. Finally, the indigenous 

population o f HOC-degrading organisms in the loam may have been more susceptible to 

surfactant toxicity than in those in the muck.

This study showed that surfactants more effectively promoted the mineralization of  

phenanthrene than biphenyl. The authors suggested that this implies that the identity o f  

the compound is important in the design o f an effective SEB scheme. However, 

compound properties cannot be implicated as being solely responsible for this difference. 

It is likely that different microbial populations may be responsible for the degradation o f 

the different compounds, and surfactants may have markedly different cell-specific
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effects on these different populations that could result in different relative rates and 

extents o f  mineralization in the presence o f surfactants.

In a similar study, the influence o f surfactants on the mineralization o f HOCs from 

low-organic carbon aquifer sediments (f0c = 0.4%) was investigated (Aronstein and 

Alexander, 1992). Both desorption and mineralization extents for phenanthrene and 

biphenyl were enhanced in the presence o f surfactants. The authors suggested that the 

enhancement was due primarily to the enhanced partitioning o f the chemical to the 

aqueous phase. However, it was observed in the same study that similar surfactant 

concentrations inhibited mineralization when the. aquifer sand was supplemented with an 

enrichment culture specific to the compound being degraded. Thus, there appear to be 

population- (or more appropriately, genus- or species-) specific cell-surfactant 

interactions that result in different relative degrees o f mineralization by nonenriched and 

enriched cultures, and surfactant enhanced mineralization may not be a result o f 

partitioning phenomena alone.

A key observation in this research is that although low surfactant concentrations 

resulted in enhancement o f phenanthrene mineralization, higher surfactant concentrations 

offered no additional benefit. This indicates that there is a point o f diminishing returns 

above which the benefits o f additional surfactant are not realized. What makes these 

observations unique is that the point o f diminishing returns likely occurred below the 

CMC of the surfactants, a result that conflicts with the traditional paradigm of SEB by 

which increased solubilization (resulting from greater surfactant addition) results in 

enhanced biodegradation.
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The final study (Aronstein and Alexander,. 1993) investigated the potential for SEB 

under field conditions. Surfactant was applied at the soil surface o f a column o f Lima silt 

loam that was contaminated with HOC. Surfactant concentrations were very low, with 

aqueous phase concentrations likely spanning two to four orders o f  magnitude below the 

CMC. Consequently, there was little evidence o f inhibition resulting from toxicity. 

However, consistent with the authors' earlier hypothesis (Aronstein et ah, 1991; Aronstein 

and Alexander, 1992) that surfactants enhance instantaneous desorption rates, both the 

rate and extent o f phenanthrene mineralization, and the extent o f biphenyl mineralization, 

were enhanced in the presence o f surfactants. Further, there was no evidence of parent 

contaminant" leaching through the bottom of the column. Thus, application o f low  

concentrations o f surfactant may be a viable technology for the cleanup o f HOC- 

contaminated soil without risk o f either apparent toxicity to indigenous microbial 

populations or surfactant-promoted mobilization o f HOC.

One alternative to avoiding the risk o f off-site HOC migration is the use o f cationic 

surfactants to enhance HOC bioavailability. Cationic surfactants are relatively immobile 

in soils dominated by negatively charged clays and other mineral surfaces. Crocker et al. 

(1995) examined the bioavailability of naphthalene sorbed to smectite clay coated with a 

cationic surfactant (hexadecyltrimethylammonium, HDTMA). One o f the primary 

concerns with HDTMA, as well as many other cationic surfactants, is its toxicity to 

microorganisms (Nye et al., 1994), even at sub-CMC concentrations. The results o f  this 

study showed that HDTMA-modified smectite was not toxic to microorganisms,
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suggesting that HDTMA was irreversibly-bound to the clay, an important feature for 

minimizing off-site migration o f solubilized HOC.

Their results further showed desorption rates o f naphthalene from the HDTMA- 

modified clay that were veiy rapid, and there was no evidence o f desorption-limited 

biodegradation induced by the modification o f the clay by surfactant coating. Further, the 

rate o f mineralization o f sorbed naphthalene to a Pseudomonas putida  strain was faster 

than the rate predicted by assuming that sorbed HOC was not directly bioavailable, 

indicating that this strain had direct access to sorbed naphthalene. This direct access may 

be facilitated by the reported hydrophobic nature o f the cell and/or its ability to interact 

directly with sorbed micellar structures containing solubilized HOC.

One promising SEB technology employs the use o f microbially produced surface 

active compounds (“biosurfactants” or ‘bioemulsifiers”) [Cooper, 1986; Zajie and 

Seffens, 1984; Kosaric, 1993; Georgiou et ah, 1992]. Biosurfactants offer some 

advantages over chemical surfactants, including their biodegradability, compatibility with 

the microorganism that produces them, and potential to be produced in-situ. 

Biosurfactants may be particularly useful at low concentrations because o f their high 

surface activities and solubilization potentials. However, biosurfactants in SEB have been 

studied comparatively little relative to their synthetic analogs. Although they exhibit 

similar physico-chemical behavior, they may interact with microbial populations in 

unpredictable manners. Biosurfactants are a highly diverse group o f molecules (Kosaric, 

1993), and there is much research potential for their application in SEB.
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Among the most well-studied biosurfactants are the rhamnolipids o f Pseudomonas 

aeruginosa (Zhang and Miller, 1992; Van Dyke et al., 1993; Arino et ah, 1997; Ochsner 

et al., 1994; Burger et al., 1963; Koch et al., 1991; Guerra-Santos et al., 1986). Jain et al. 

(1992) examined the effects o f adding biosurfactants isolated from a culture o f  

Pseudomonas aeruginosa UG2 or UG2 inoeula to soil microcosms containing 

tetradecane, hexadecane, pristane, and 2-methyl-naphthalene. Biosurfactant 

concentrations were added over a range o f 10-100 jxg g"1 soil (which corresponded to 

aqueous concentrations far less than the probable CMC o f the surfactant). Results 

indicated that when present at a concentration o f 100 |ig g"1, the biosurfactant enhanced 

the degradation of the alkanes, but not 2-methylnaphthalene, the most soluble 

contaminant, over a 2-month degradation period. Addition o f UG2 inoeula had no effect 

on biodegradation, as a result o f either (I) failure o f UG2 to compete with the degrading 

population, (2) toxicity o f HOC present in the mixture to UG2, or (3) failure o f UG2 to 

produce an adequate quantity o f biosurfactant to effect degradation.

These authors noted that surfactant addition might realize the greatest benefit when 

degradation o f more insoluble compounds is considered. However, this may not be 

generally applicable, particularly if  micellar phase HOC is not directly bioavailable, since 

more insoluble compounds may partition into micelles and be rendered less available for 

degradation (see Physico-Chemical Influences above). Thus, biosurfactants will probably 

realize the greatest benefit to microbes that have membranes similar to those that 

produced the surfactant. This feature may be unique to a particular strain, species, or 

genus. The study o f rhamnolipids from pseudomonads is particularly useful, since these
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organisms are ubiquitous in the soil environment (Brock et al., 1994) and are known to be 

important in the degradation o f a wide variety o f organic contaminants (Hinchee et al., 

1995).

Thibault et al. (1996) investigated the influence o f a chemical surfactant, Witconol 

SN70, in combination with bacterial isolates (pseudomonads) K -12 and B-24, on the 

mineralization o f pyrene in low - and medium-organic carbon soils (foc = 0.33% and 

2.92%, respectively). Addition o f the surfactant alone (at 20X CMC) in the presence o f  

the indigenous microbial population resulted in either no mineralization enhancement or 

slight inhibition. However, addition o f the surfactant with either strain enhanced pyrene 

mineralization in the low-organic carbon soil under unsaturated conditions (similar 

results were shown for the medium-organic carbon soil). The mechanism o f enhancement 

is unknown, but it is likely attributed to enhanced solubilization o f pyrene and/or an 

increase in its desorption rate from the soil. Under unsaturated conditions, the high 

soil:water ratio may have resulted in a significant, if  not predominant, fraction o f the 

surfactant being sorbed to the soil. Thus, it is likely that the surfactant could have 

increased the rate o f pyrene desorption from the soil.

When the soil was saturated, addition of the surfactant with of without the additional 

inoculum inhibited mineralization. The authors speculated that saturated conditions 

(which were agitated) in the presence o f surfactant could have promoted pyrene 

solubilization and subsequent toxicity to microbes. Inhibition o f pyrene mineralization in 

the presence o f strain K -12 and surfactant under saturated conditions may have also 

resulted from preferential use o f the surfactant as a carbon source (although this
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alternative was ruled out for strain B-24). Finally, the authors suggested that the 

surfactant could have altered the physiology o f pyrene uptake and degradation. This effect 

may have been magnified under saturated shiny conditions, since it would be expected 

that the lower soihwater ratio would have resulted in a greater aqueous micellar phase 

surfactant concentration than under unsaturated conditions, and greater mixing may have 

enhanced cell-micelle contact.,

Laha and Luthy (1991) investigated the effect o f nonionic surfactants on phenanthrene 

mineralization in soil-water systems amended with a PAH-degrading inoculum. 

Surfactant doses that resulted in supra-CMC concentrations in the presence o f soil 

completely inhibited phenanthrene mineralization, and doses resulting in sub-CMC 

surfactant concentrations partially inhibited mineralization or had no effect. These authors 

performed independent tests to rule out the possibilities o f slow HOC exit rates from 

micelles, PAH toxicity, or use o f the surfactant as a preferred substrate. This phenomenon 

may appear to be a toxic effect; however, dilution of the surfactant to sub-CMC 

concentrations restored phenanthrene mineralization capability. Thus, it was suggested 

that the surfactants had an inhibitory, but reversible effect, on cell membrane processes 

that influence uptake and/or degradation o f phenanthrene, indicative o f a physico

chemical interference with the cell membrane. In another study (Liu et al., 1995), 

surfactant inhibition was not observed when naphthalene was the carbon source. Thus, 

surfactants may have targeted compound- or cell species-specific mechanisms o f uptake 

or degradation that resulted in the inhibition o f phenanthrene mineralization, but not 

naphthalene mineralization.
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A follow-up study by Laha and Luthy (1992) expanded the suite o f surfactants in a 

similar series o f  experiments. Similar inhibition was observed for all surfactants tested, 

which included several surfactants with diverse molecular structures, CMCs, and 

aggregation numbers. Again, supra-CMC surfactant concentrations completely inhibited 

phenanthrene mineralization, and sub-CMC doses resulted in partial inhibition or no 

enhancement. These studies are relatively unique in that the authors measured the effect 

o f a soil phase on the CMC o f the surfactant. Thus, it was easy to show the relationship 

between the aqueous phase surfactant concentration (relative to the CMC) to the degree 

o f mineralization. The results from this study show that micelle formation by a variety o f  

surfactants is involved in the inhibition o f phenanthrene mineralization in soil-water 

systems.

For one surfactant investigated (octylglucoside), sub-CMC surfactant doses partially 

inhibited mineralization. This surfactant was known to be toxic in aqueous cultures above 

the CMC, but not below the CMC. Those results suggest that sorbed surfactant may play 

a role in inhibition, and gives rise to the possibility that sorbed micellar structures may 

interact with cell membranes.

This work emphasizes the need to investigate specific cell-surfactant interactions. 

The authors suggested that reversible physico-chemical interactions between surfactant 

micelles and cell membranes were responsible for the inhibition o f HOC degradation. 

Proposed mechanisms o f inhibition included partial complexation o f membrane-bound 

proteins and/or phospholipids without dissociation of the lamellar membrane structure.
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Influence o f Surfactants on the Bioavailabilitv o f NAPL-Associated HOC

Falatko and Novak (1992) investigated the potential for uncharacterized mixtures o f  

biosurfactants to increase solubility and promote degradation of a gasoline pool at the top 

o f a column o f clean sand. Biosurfactants were produced by growth o f an activated sludge 

consortium on glucose and vegetable oil, or by a gasoline-degrading consortium during 

growth on gasoline. Biosurfactants were applied to the column at a concentration o f 600 

mg TOC I"1. It is unknown whether or not this is either above or below the surfactants' 

CMC, particularly when adsorption o f the surfactant to the sand is considered. However, 

biosurfactants tend to exhibit low CMCs (Kosaric, 1993), and this concentration likely 

resulted in micelle formation in solution.

The glucose-and-vegetable oil mixture markedly inhibited gasoline degradation in 

the soil column, while the gasoline-based biosurfactant mixture either promoted 

degradation or had no effect. These results suggest that the microbial origin and degree o f 

compatibility o f biosurfactants with the HOC degrading population may play a key role in 

their effectiveness in promoting HOC degradation. The authors noted that sorption o f  

biosurfactant to the sand may have further inhibited degradation, but offered no 

supporting evidence for this claim other than the biosurfactant exhibited a retardation 

factor o f 3.13 in the column system. Also, it should be noted that the “soil” in this system
I

consisted o f acid-washed silica sand, and gasoline components were present primarily in 

a nonaqueous phase. Thus, the effect o f these biosurfactants on desorption of HOC from a 

reactive soil phase in this study is unknown.
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Herman et al. (1997) examined the potential o f rhamnolipid biosurfactant at 

concentrations o f either 0.1 mM (~ IX CMC) or 1.0 mM (~ IOX CMC) to promote the 

mobilization and mineralization o f residual hexadecane in a sand column. At 0 .1 mM, the 

biosurfactant did not directly promote mineralization o f hexadecane. At 1.0 mM, 

however, rhamnolipid increased transitory biodegradation rates by factors o f 3-12. These 

increased apparent removal rates were a combination o f both HOC mobilization and 

biodegradation. The authors noted that one feature o f surfactant application that may 

indirectly promote biodegradation o f NAPLs is the redistribution o f the NAPL throughout 

the soil. This side effect may increase the surface area o f the NAPL, indirectly supporting 

a biodegradation enhancement.

Fu and Alexander (1995) examined the effects o f nonionic and anionic chemical 

surfactants on the degradation o f HOCs initially present in NAPLs in soil microcosms. 

The degree o f bioavailability enhancement o f NAPL-associated HOCs was highly 

variable. For example, low (sub-CMC) concentrations o f some surfactants increased the 

rate and extent o f phenanthrene mineralization present in heptamethylnonane, but 

enhancement was not observed for other surfactants. One surfactant promoted the 

mineralization of biphenyl in hexadecane but not in several other NAPLs. Surfactants 

also promoted the mineralization o f di-(2-ethylhexyl) phthalate in dibutyl phthalate, 

when little degradation occurred in the absence o f surfactant.

Potential factors influencing the bioavailability o f HOCs imNAPLs included the HOC 

partitioning equilibria and rates between the NAPL and water, NAPL viscosity, surface- 

area to volume ratio o f the NAPL:water interface, and competition for micronutrients by
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organisms utilizing the NAPL as a substrate. The presence o f surfactant can affect any 

one o f these processes. Thus, predicting SEB in soils with a NAPL phase present 

becomes a daunting task. Their results indicated that SEB o f NAPL-bound HOCs in soils 

is an unpredictable and complex process that is governed by the identity o f the surfactant, 

the HOC, and the NAPL, as well as the other phenomena that are addressed in this 

review.

Discussion

One should recognize by now that SEB is. influenced by surfactant concentration. 

Surfactants may exhibit markedly different effects as a function o f their concentration in 

the presence o f soil. It is believed that surfactant adsorption and micellar phase 

toxicity/bioavailability are two key processes (both o f which are influenced by the 

surfactant concentration in the system) influencing HOC bioavailability in the soil 

environment. Consequently, we have tried to select studies that examine a broad range o f  

surfactant concentrations to compare the effects o f sub-CMC and supra-CMC surfactant 

doses. Unfortunately, doses required to achieve the CMC in the presence o f soil are often 

significantly higher than doses required to achieve the CMC in aqueous solution (Liu et 

al., 1992; Laha and Luthy, 1992), and many studies fail to report the aqueous phase 

surfactant concentrations in the presence o f soil. Thus, characterization o f sub-CMC and 

supra-CMC surfactant concentrations may only be rough estimate.

Application o f surfactants above the CMC is a common practice in the technology 

known as “surfactant enhanced aquifer remediation” (SEAR), by which contaminant
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desorption and solubilization is promoted in a soil flushing scheme that is combined with 

ex-situ treatment (Fountain, 1997; Fountain et al., 1991; Pennell et al., 1993). However, 

solubilization o f contaminant may result in enhanced mobility and toxicity o f HOC to 

microbes, inhibiting the effectiveness o f in-situ bioremediation. In addition, supra-CMC 

surfactant concentrations have been known to inhibit uptake and/or degradation o f HOCs 

in soil-water systems (Laha and Luthy, 1992; Thibault et al., 1996). However, if  micelles 

are “compatible” with cell membranes (see Microbiological Influences above) and 

micellar phase HOC is directly bioavailable, then supra-CMC surfactant application may 

have real benefits in a successful SEB design.

We will summarize data reported in literature by plotting SEB effectiveness factors, 

T)fs, as a function of normalized surfactant concentration (relative to the surfactants’ CMC 

values, i.e., xCMC). The method for determining r|fS, the plotted T|fS values, and 

interpretation o f the r|fS vs. xCMC graph are the subjects o f this section.

Method for Estimating from Literature Data

Recall from above that Tjfs defines the ratio o f the characteristic time for HOC 

biodegradation in the absence o f surfactant to the characteristic time, for HOC 

biodegradation in the presence o f surfactant (equation I). Further, it was shown that Tjfs 

can be defined in terms o f first order biodegradation rate coefficients (equation 4). 

Alternatively, Tjfs as defined in equation I may be a function o f treatability criteria other 

than first order rate coefficients that reflect cleanup goals (e.g., the extent o f degradation 

(endpoint) or maximum observed rate).
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Because degradation data reported in literature is highly variable, measures o f  

biodegradation are inconsistent. Consequently, we determined values o f Tjfs that were 

based on measures most appropriate to each study. Thus, T|& may reflect characteristic 

times for HOC biodegradation based on HOC mineralization rates (e.g., reflected by 

14COi evolution), HOC parent compound disappearance rates, or even bacterial growth 

rates (further recognizing that any o f these rates may be controlled by zero, first-order, or 

even Monod-style kinetic formulations). In most cases, %  values were calculated from 

zero-order estimates o f % mineralization over the time course o f the experiment.

In conclusion, the reader should keep in mind that it might not be appropriate to 

quantitatively compare values o f Tjfs from one study to another. However, the data does 

illustrate the impact o f surfactant concentration relative to the CMC on the potential for 

enhancing or inhibiting bioremediation. Finally, the database represents a unique survey 

o f the literature that emphasizes the need to better understand factors influencing SEB.

The criteria for selection o f appropriate data that appears on the survey plot (Figure 

12) are as follows:

o A surfactant-free control must have been performed, in order to obtain a value for 

t*(ST=0>

o The experiment must have monitored HOC degradation where HOC was present 

as a soil-sorbed phase in the absence ofNAPL.

o The surfactant’s CMC must be known, so the surfactant concentration in the 

system relative to its CMC can be ascertained.
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Summary o f Reported SEB Effectiveness Factors

Figure 12 shows the plot o f  reported SEB effectiveness factors (Tifs) as a function o f  

total surfactant concentration in the system. Each o f the points on the graph indicates the 

result o f a single experiment. Values o f T|& > I indicate enhancement o f biodegradation 

resulting from surfactant addition, while values o f Tjfs < I indicate surfactant-induced 

inhibition. Biodegradation in these studies was monitored via 14CCh mineralization 

except in one study (Jain et ah, 1992), in which biodegradation was monitored via 

disappearance o f the parent compound. Tjfs values were calculated by determining the 

ratio o f characteristic times (equation I) based on average zero-order biodegradation 

rates (e.g., % mineralization over the time course o f the experiment).

One should keep in mind that most o f the research fails to report the surfactant's CMC 

in the presence o f a soil phase, only its CMC in aqueous solution. Thus, the surfactant 

concentrations in Figure 12 have been normalized only to a surfactant's reported aqueous 

CMC. A more accurate depiction o f this data would consider the influence o f surfactant 

sorption to soil and a plot o f Tifs as a function o f surfactant concentration relative to the 

CMC in the presence o f soil, thus shifting the xCMC = I line to the right. Because o f the 

lack o f available data to perform this, the reader should consider that the xCMC values 

shown in Figure 12 likely underestimate the true values o f the aqueous surfactant 

concentrations in the presence o f soil.
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Figure 12. Summary of reported SEB effectiveness factors (Tjfs) calculated from selected literature. xCMC defines the total 
concentration o f surfactant in the system relative to its reported CMC value. Data points were calculated from results presented 
in Aronstein et al. (1991), Aronstein and Alexander (1992), Aronstein and Alexander (1993), Laha and Luthy (1991), Laha and 
Luthy (1992), Jain et al. (1992), and Thibault et al. (1996).
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Interpretation o f SEB Effectiveness Factors Derived from Literature Data

It is important to recognize that Figure 12 consists o f all points meeting the criteria 

outlined in Section 4.1, regardless o f whether or not they are statistically significant 

values when compared to their surfactant-free controls. As shown on Figure 12, there is a 

large body o f data that falls near the Pfs = I line, indicating that surfactants play a 

relatively minor role in either promoting or inhibiting biodegradation. This emphasizes 

the need to understand how surfactants influence bioavailability, allowing the practitioner 

to avoid treatments that have little or no effect on achieving cleanup goals.

Figure 12 can be interpreted by classifying the four quadrants identified by the xCMC 

= I and T]fS = I lines. Although the exact mechanisms influencing the location o f these 

points are not always apparent from careful examination of their literature source, a 

summary o f processes that could influence the points’ locations relative to the (1,1) origin 

can be made. These processes are summarized in Table I .

Although the benefits o f low (sub-CMC) surfactant concentrations have been 

recognized (see Method for Estimating rifs from Literature Data above), neither low nor 

high surfactant concentrations seem to afford distinct advantages when considering their 

general applicability to SEB. Figure 12 emphasizes that there seems to be little general 

correlation between surfactant concentration and the effectiveness o f SEB, thus 

emphasizing the need to understand the key interactions that affect HOC bioavailability in 

soil systems.
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Table I. Summary o f processes influencing the locations o f T|fS vs. xCMC points relative 
to the (1,1) origin o f Figure 12.

Quadrant I: Enhanced Bioavailability at Low Surfactant Concentrations

o Direct bioavailability o f HOC solubilized in sorbed micellar structures 
o Enhanced cell-soil contact resulting from surfactant sorption to soil or cells 
o Enhanced HOC desorption rates resulting from decreased surface energy promoted by 

surfactant sorption
o Enhanced intraparticle diffusion of HOC

Quadrant II: Inhibited Bioavailability at Low Surfactant Concentrations

o Toxicity or cell membrane interference exhibited by surfactant monomers or sorbed 
micellar structures

o Inhibited cell-soil contact resulting from surfactant sorption to soil or cells 
o Reduced HOC bioavailability resulting from solubilization into sorbed micelles and 

corresponding slow HOC exit rates 
o Inhibited intraparticle diffusion of HOC

Quadrant III: Enhanced Bioavailability at High Surfactant Concentrations 

In addition to Quadrant I processes:

o Enhanced solubility o f HOC via solubilization into aqueous micelles and a rapid rate 
o f supply o f HOC to the aqueous phase in response to biodegradation 

o Enhanced HOC uptake via direct bioavailability o f micellized HOC

- Quadrant IV: Inhibited Bioavailability at High Surfactant Concentrations 

In addition to Quadrant II Processes:

o Toxicity or cell membrane interference exhibited by surfactant monomers or aqueous 
(non-sorbed) micellar structures
Dilution o f HOC among a large micellar mass resulting in slow HOC exit rates from 
micelles

O
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However, it is clear from Figure 12 that in experiments where surfactants were 

applied above the CMC (quadrants III and IV), a greater percentage resulted in some 

degree o f inhibition of bioavailability (>50%) than in experiments where surfactants were 

applied below the CMC (<25%). This result is consistent with a similar data set that was 

constructed for SEB in aqueous or aqueous-NAPL systems (data not shown). In addition, 

at supra-CMC surfactant doses, bioavailability Was completely inhibited (exhibited by 

points that fall below the r|fS = 0.1 line) in a larger number o f cases than at sub-CMC 

surfactant doses.

Recommendations for Future Research

This literature survey has recognized a number o f key areas in which little is known 

about processes influencing SEB:

1. The existence o f sorbed surfactant micellar structures .and their effects on the 

physiology o f attached microbial cells;

2. The interactions o f surfactant monomers and micelles with cell membrane 

processes that are important in the uptake and degradation o f HOCs o f  

environmental interest;

3. The mechanism(s) by which cells facilitate the direct uptake of micellar phase 

contaminant;

4. Identification o f cell and/or surfactant-specific properties that define the degree o f 

toxicity and/or compatibility with a particular microbial species;

5. Influence o f surfactants on individual species within a mixed consortia;
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6. Influence o f surfactants on HOC desorption rates from soil and identification o f  

the specific mechanisms by which HOC desorption is facilitated by surfactants.

Examination o f items 1-5 in the above list emphasizes the need to investigate the 

interactions between surfactants and microbial cells. Item 6 has been recognized as the 

key physico-chemical influence by which surfactants promote bioavailability o f so il- 

sorbed HOC. However, a specific description o f the mechanism(s) involved has not yet 

been identified. Learning more about items 1-6 in this list can only enhance the 

effectiveness o f SEB designs from the ground up. Selection of an appropriate suite o f  

surfactants that are compatible with the degrading population as well as the selection o f  

an appropriate dosage regime that optimizes the benefits o f SEB at a minimum of cost are 

the key components in designing an effective SEB strategy.

Finally, what is markedly absent from this body o f research are published studies o f  

field applications o f SEB. This is largely a result o f the failure to understand the 

technology and apply it at larger scales. However, as this field o f research matures, 

understanding this technology across scales will require an iterative approach between the 

field and the laboratory.

Conclusion

The foregoing review highlights a variety o f key processes that seem to be important 

in SEB. In particular, the relationships between (I) surfactant-cell membrane 

interactions, (2) micellar phase bioavailability, (3) surfactant sorption, and (4) HOC
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solubilization appear to be key features that must be considered in the design and 

application o f a successful SEB technology.

Further, it should be emphasized that a well-designed SEB strategy must consider the 

coupled mechanisms that influence the complex physical, chemical, and microbiological 

processes that can be affected by surfactant amendment. Finally, it is apparent from the 

literature that, although SEB in aqueous and aqueous-NAPL systems has been studied 

extensively, more data is needed from soil-water and soil-NAPL-water systems to 

continue to address the feasibility o f this technology under laboratory conditions more 

appropriate to soil cleanup in the field.
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CHAPTER 3

THE RESISTANCE MODEL FOR BIOAVAILABILITY IN MULTIPHASE SYSTEMS 
AND ITS APPLICATION FOR EVALUATING THE EFFECTIVENESS 

OF SURFACTANT-ENHANCED BIOREMEDIATION

Source

Jordan-RN, Nichols-EP, and Cunningham-AB (manuscript in preparation, to be 

submitted to Water Resources Research).

Introduction

Predicting the effect o f hydrophobic organic chemical (HOC) sorption on its 

bioavailability to microorganisms capable o f degrading it requires a mathematical 

understanding of soil-water partitioning, including processes that influence the kinetics 

and extent o f partitioning. Such a predictive model would be useful in assessing 

remediation treatment alternatives in cases where bioremediation technologies are being 

employed. In many cases, HOC sorption to soil limits bioavailability to such a great 

extent that bioremediation occurs very slowly. Consequently, the use o f surfactants (as an 

additive) have been suggested to alter HOC sorption processes in such a way that 

bioavailability is enhanced. Unfortunately, addition o f a surfactant to a contaminated soil- 

water system adds a degree o f complexity that renders traditional soil-water partitioning
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models virtually useless. Thus, it is the objective herein to explore the effect o f surfactant 

addition on HOC partitioning and how those effects impact the bioavailability o f soil- 

bound HOC.

HOC Biodegradation in the Aqueous Phase

The rate o f biodegradation of HOC in a batch reactor where the HOC is present only 

in an aqueous phase can be represented by a first-order biodegradation model:

( i)

where kb -  the first order rate o f biodegradation in the aqueous phase [time'1] and Caq 

: the aqueous phase HOC concentration [mg I"1].

HOC Biodegradation in the Presence o f a Nonaqueous Phase

Bouwer et al. (1997) proposed that HOC degradation in the presence o f a nonaqueous 

phase HOC (e.g., soil-sorbed HOC) phase followed the model described by

(2)

where Bf is a dimensionless bioavailability factor that accounts for the alteration o f  

the aqueous biodegradation rate (kb) resulting from the presence o f nonaqueous phase 

HOC. Equation 2 can be rewritten in terms o f an observed first-order biodegradation rate 

(kb*) in the presence o f a nonaqueous phase HOC:

dt
(3)
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It follows that

kb = B f k b (4)

Thus, Bf is a ratio o f the rate o f HOC biodegradation observed in a system where 

nonaqueous phase HOC is present to the rate observed in an aqueous system (Bouwer et 

al., 1997).

' <5)

Model Derivation

The Resistance Model for Bioavailabilitv

It is proposed that herein that if  resistance to degradation is inversely proportional to 

the overall observed rate o f biodegradation (i.e., as resistance increases, degradation rate 

decreases), then degradation o f aqueous phase HOC can be described by:

5 %
dt

(6)

where Qt = a resistivity function that quantifies the total resistance to degradation [time], 

a measure o f the characteristic time for overall biodegradation.

Qt is a function of both the aqueous phase biodegradation rate, kb, as well as factors 

that may limit bioavailability o f HOC in nonaqueous phases (i.e., mass transfer and 

partitioning coefficients, and mass ratios o f nonaqueous/aqueous phases).

Combining equations 2 and 6, we can see that the bioavailability factor Bf is inversely 

proportional to both the total resistivity (Qt) and the aqueous biodegradation rate (kb):
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(7)

By invoking the assumption that only aqueous phase HOC is bioavailable, a conceptual 

model o f bioavailability in a system where nonaqueous phase HOC is present, can be 

developed as shown in Figure 13.

The model in Figure 13 assumes that the total resistance to biodegradation by 

nonaqueous phases (On0naq) operates in series with the total resistance to biodegradation 

based on the assumption that biodegradation is governed by HOC uptake from the 

aqueous phase to cells (Obio)- It follows that Ot can be written as:

Ononaq then includes the various factors that can limit bioavai.lability, such as partitioning 

phenomena that may decrease aqueous phase concentrations or mass transfer phenomena 

that may decrease the rate o f HOC supply to the aqueous phase. Ononaq, then, is 

proportional to the characteristic time for mass transfer o f HOC from the nonaqueous 

phase(s) to the aqueous phase, and Qbio is proportional to the characteristic time for 

biodegradation. Since Qbi0 should be a function only o f the biodegradation rate kb, then 

the characteristic time for biodegradation can be explicitly defined as the inverse o f the 

first-order biodegradation rate coefficient (Bouwer, 1997):

Q r = Q nonaq (8)

characteristic time for biodegradation = Q 6to = —
K (9)

Combining equations 7-9 yields an expression for the bioavailability factor Bf in terms of
(

the total resistivity o f the nonaqueous phase(s):



nonaq
AQUEOUS 

PHASE HOC

NONAQUEOUS 
PHASE HOC

MICROBIAL
CELL

Figure 13. Conceptual formulation o f the resistance model for bioavailability.
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(10)

The term Qn0naq • kb, then, defines the influence o f mass transfer and partitioning 

between the aqueous and nonaqueous phase(s) on the rate o f biodegradation. Equation 10 

indicates that as Qnonaq tends to zero (i.e., there is no mass transfer or partitioning 

resistance to the biotransformation process), Bf tends to a value o f I, resulting in the 

governing equation described by equation I. Further, if  Qnonaq increases, then Bf 

decreases, and the presence o f nonaqueous phase(s) inhibits bioavailabililty. Equation 2 

then governs the system.

Since Qnonaq is a function of the characteristic time for mass transfer from the 

nonaqueous phase(s) to the aqueous phase, and characteristic times are defined as 

proportional to the inverse o f first-order kinetic coefficients, then an implicit definition o f  

Qnonaq results:

where km is an overall first order mass transfer coefficient that describes partitioning 

kinetics between the aqueous and nonaqueous phase(s). Qnonaq may also incorporate 

equilibrium partitioning phenomena that could alter resistance to biodegradation.

In a system where multiple nonaqueous phases are present, the total resistance to 

biodegradation by nonaqueous phases is a function of the individual resistances to 

biodegradation by each nonaqueous phase:

nonaqnonaq ( 11)

Q1-nonaq F ( Qi, 0 ,2 ,... Qn) (12)
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where N is the number o f nonaqueous phases present, and Qi represents the resistance 

function between nonaqueous phase / and the aqueous phase. The form o f the function F 

will depend on the particular characteristics o f mass transfer between the various phases, 

while the form o f each £2; will depend on the nature o f interaction between nonaqueous 

phase z and the aqueous phase.

If it is assumed that the terms defined by £2j’s reduce bioavailability by influencing 

HOC phase partitioning and HOC mass transfer to the aqueous phase, then we can define 

Qj as being a function o f the following parameters:

o Rj/W -  ratio o f mass o f nonaqueous phase i:water present

o Kp,i/w -  the HOC partitioning equilibria between nonaqueous phase i and the 

aqueous phase (e.g., a linear partitioning coefficient) 

o km,i/w -  and HOC mass transfer bewteen nonaqueous phase i and the aqueous 

phase (e.g., a first order mass transfer coefficient)

Thus,

Qi = f  (Rj/W, Kp,j/w, I /km>j/w) (13)

Equations 10-13 provide the fiamework for the resistance model for bioavailability. 

This model may be applicable for any multiphase system for evaluating HOC 

bioavailability as long as the following assumptions are satisfied:

1. HOC biodegradation only occurs i f  the HOC is in the dissolved aqueous phase

(Caq).

2. Interphase mass transfer and biodegradation from the aqueous phase can be 

described by first order kinetics.



85

3. Mass transfer o f HOC between nonaqueous phases can only occur through in 

series via the aqueous phase (i.e., for NAPL-associated HOC to become sorbed to 

soil, it must first dissolute from the NAPL into the aqueous phase, and then sorb

Development o f the model for any specific multiphase system depends on derivation 

o f the form  o f the resistivity function Qnonaq (equation 12) and the explicit definition o f  

individual resistivity functions Qi (equation 13), the subject o f the following discussion.

Derivation o f Bf and its Corresponding Resistance Functions (Q1)

Figure 14 illustrates a system in which only aqueous phase HOC is directly 

bioavailable and there is no direct exchange o f HOC between nonaqueous phases. If it is 

assumed that biodegradation o f HOC from the aqueous phase follows first-order kinetics, 

a mass balance for this system can be written as

where m; = the mass o f phase i in the system, Q  = the mass concentration o f HOC in 

phase i [ mass o f HOC in phase i / m; ], ky = first order kinetic coefficient that defines 

biodegradation kinetics o f HOC from the aqueous phase [time"1], and N = the number o f 

nonaqueous phases in the system.

from the aqueous phase to the soil) /

(14)



MICROBIAL CELL

AQUEOUS
PHASE

( rnaq, Caq )

NONAQUEOUS 
PHASE #1

NONAQUEOUS 
PHASE #2 
( m2, C2)

NONAQUEOUS 
PHASE #N
( nriN, Cn )

Figure 14. Partitioning, mass transfer, and biodegradation processes in a multiphase system.



V/ I I LI I

87

Rearranging equation 14 in terms o f mass ratios o f nonaqueous phase to water (i.e.,

R i/w  =  m i  /  m aq [ / ] ) :

Applying the chain rule,

dt ,lw dt 6 a?

dt dC„

and factoring out dCaq/dt, equation 15 becomes:

1 +

Upon rearrangement o f equation 17,

aq l

(15)

(16)

(17)

(18)

we can note the similarity in form between equation 18 and equation 2, thus recognizing 

that

B f  ~ (19)

Equation 19 represents the derived form of the resistance model for the bioavailability

factor Bf, as seen by comparing equations 19 and 10:

a nonaq
K

(20)
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Definition o f Bf in equation 19 is valid for any multiphase system where 

biodegradation o f HOC from the aqueous phase follows first-order kinetics and there is 

no direct exchange o f HOC between nonaqueous phases.

If it is further assumed that equilibrium partitioning between any nonaqueous phase 

and the aqueous phase is a linear function, such that:

K PJ I, 2... N (21)

where KP)i is a partitioning coefficient that defines the partitioning o f HOC between 

nonaqueous phase i and the aqueous phase, then mass transfer o f HOC between any 

nonaqueous phase i and the aqueous phase is approximated by a first-order kinetic model 

o f the form:

^  = K M l3Cn  - c , ) ;  i = I, 2 ... N (22)

where km,i is a first-order mass transfer coefficient that defines partitioning kinetics o f  

HOC between nonaqueous phase i and the aqueous phase. Thus, the simultaneous 

solution o f the coupled differential equations defined in equations 15, 19, 21, and 22 will 

result in a description o f Bf in terms o f the coefficients that characterize the system's 

phase distribution (Rvw), and its phase partitioning (Kp,i), mass transfer (km>j), and 

biotransformation (kb) processes.

Solution o f the Bfmodel in a Two Phase System

An analytical solution for Bf is readily obtained in a system containing only one 

nonaqueous phase. If it is assumed that the mass transfer rate from the nonaqueous phase
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to the aqueous phase is much slower than the rate o f biodegradation (i.e., HOC is 

effectively degraded as soon as it is transferred from the nonaqueous phase to the 

aqueous phase), then the rate o f biodegradation will be approximately equal to the rate o f  

mass transfer from the nonaqueous phase:

R u .^ — KC., (23)

Substitution o f the first-order mass transfer formulation (equation 22) for dQ/dt, 

solving for CjZCaq, and applying the differential operator to both the numerator and 

denominator o f CjZCaq yields:

dC,
^ ( 1 + - (24)

Substituting equation 24 into equation 19 yields an analytical expression for the 

bioavailability factor Bf:

B f = ------------ -----------^ ---------------------------  (25)
I +  ̂ / 7 (I +  } r H w k -Pj k nlJ

where <f>j2 = the Thiele modulus (Bouwer et al., 1997), a quantity that relates the 

characteristic time for mass transfer to the characteristic time for reaction (i.e., 

biodegradation). Thus, as <$>j2 increases (indicating a higher mass transfer resistance), Bf 

decreases (indicating lower bioavailability and a slower degradation rate as defined by 

equation 2). Consequently, as Oj2 tends to zero (indicating that the system is no longer 

mass transfer limited), Bf approaches a limit of

B f =-
! + RilwK pi

(26)
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which shows that the presence o f a nonaqueous phase (Rj/W) and the extent o f HOC 

partitioning into . that nonaqueous phase (Kpi) at equilibrium also influences 

bioavailability.

We propose that the analytically derived Bf model (equation 25) can be used in a 

number o f biphasic systems where HOC bioavailability is limited by the kinetics o f mass 

transfer between a nonaqueous and aqueous phase, including systems containing HOC 

sorbed to soils, dissolved in multicomponent, nonaqueous phase liquids, or solubilized in 

micellar solutions o f surfactants.

Bouwer et al. (1997) derived a function (equivalent to the resistivity function, Qs 

described herein) that defines the resistance to biodegradation in the aqueous phase 

resulting from the presence of a soil phase by assuming that the overall rate of 

biodegradation could be approximated by the slower o f either the HOC biodegradation 

rate or the rate o f HOC desorption from the soil phase:

where Os2 represents the Thiele modulus that relates the characteristic times for sorption- 

desorption and biodegradation. Thus, they defined a bioavailability factor. Bf that 

describes the limitation to bioavailability by the soil phase:

(27)

I (28)i+ R „ js :„ ( i+ * 2,y

This model was validated extensively over a wide range o f experimental conditions, 

and it successfully predicted biodegradation rates o f a number o f HOCs (Zhang, 1995). 

The model was recognized as a useful tool for identifying' factors influencing
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bioavailability o f soil-sorbed HOC, and has been applied in a variety o f soil-water 

systems (Bouwer et al., 1997; Zhang, 1995; Peccia, 1996).

Solution o f the BfM odel in a System Containing More than One Nonaqueous Phase 

Determining a general analytical solution to Bf (equation 19) that is dependent only 

on system coefficients (for mass transfer and partitioning) and nonaqueous phase-to- 

aqueous phase mass ratios, by simultaneously solving the coupled differential equations 

15, 19, 21, and 22, may not be possible. Due to the nature o f the coupling o f these 

differential equations, the reader should recognize that the simplifying assumption that 

allowed for the analytical solution o f Bf in a biphasic system (i.e., that the resistivity o f a 

nonaqueous phase-aqueous phase couple is limiting bioavailability) is not valid for over 

all time scales o f the overall degradation process. As degradation commences, HOC is 

depleted from the phase having the least amount o f resistivity to the overall 

biodegradation process (the aqueous phase). Upon depletion o f the aqueous phase, HOC 

flux to the aqueous phase in response to disequilibrium will originate from the phase 

offering the least amount o f resistivity to biodegradation. Following the depletion o f 

HOC from that phase, HOC will be depleted from the phase having the next least amount 

o f resistivity to biodegradation, and so on.

Thus, a time-independent first-order-approximation to degradation may not be 

valid. However, a first-order approximation (and an analytical solution for the 

bioavailability factor Bf) is possible over the time range where a single phase controls 

bioavailability. Consequently, equation 19 must be solved analytically N  number o f
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times, where N  is the number o f  nonaqueous phases present, resulting in a model that 

describes degradation as:

5 %
dt

>b,i

tOj
= - B 1f IcbCaq ; valid over the time interval ta,i < t < ty,;

where nonaqueous phase i is the dominant phase limiting bioavailability and Bf is the 

bioavailability factor Bf evaluted when nonaqueous phase i is the only phase exerting a 

mass transfer resistance to the aqueous phase.

Application o f this solution methodology is outlined as follows:

1. Solve the Bf model (equation 19) for each combination o f cases where only one 

nonaqueous phase is limiting, resulting in a solution for a biphasic system.

2. Plot the corresponding degradation curve for each case.

3. Identify points ta and ty by locating the points o f intersection o f adjacent 

degradation curves. The points o f intersection identify the time t ; /  at which 

degradation is proceeding from inhibition dominated by phase i to inhibitition 

dominated by phase j.

Model Application

A Proposed Model for Bf in the Presence o f Surfactants

HOC partitioning between water and a surfactant micellar pseudophase is a process 

called solubilization (Rosen, 1978). Since micellar structures can form either at a surface 

(admicelles or hemimicelles) or in solution (micelles) (Rosen, 1978), it should be 

expected that both sorbed and aqueous phase surfactant may influence HOC partitioning.



93

In fact, it is well known that surfactants in both the soil (sorbed) and aqueous (micelle) 

phase can influence HOC partitioning phenomena (Edwards et ah, 1994; Liu et ah, 1992) 

and bioavailability (Aronstein et ah, 1991; Aronstein and Alexander, 1992; Aronstein and 

Alexander, 1993; Mihelcic et ah, 1993; Jordan and Cunningham, 1999; Rouse et ah, 

1994).

Since it is expected that HOC will partition among soil, sorbed surfactant, aqueous 

surfactant, and dissolved aqueous phases, then the resistance model for bioavailability is 

proposed to assess bioavailability in soil-water systems under the influence o f surfactant 

treatment. Figure 15 illustrates the conceptual basis for the model formulation, 

emphasizing the presence o f three nonaqueous phases: soil, sorbed surfactant, and 

aqueous surfactant.

The model formulation, based on equations 15,19,21, and 22, follows: 

o Mass Balances:

o f HOC: + S Z

o f surfactant:

o Partitioning Equilibria: 

soil-water

sorbed surfactant-water

//r1 /Jcs
- + a , , .  (29(i)

a? + C e  (29b)

K p,s (30a)

Cs
J f - S  _  mic

p,mic n
aq

(30b)

f aci
aq _ _ m i c

“  p,mic c„
aqueous surfactant-water (30c)



C . aq 'Jmic

■m.mic

Figure 15. Conceptual model for describing surfactant-enhanced biotransformation (see text). Partitioning of surfactant 
includes aqueous phase monomers (Saq), sorbed monomers (Ss), a sorbed micellar phase (Smjcs), and an aqueous micellar phase 
(Smicaq)- Partitioning o f HOC is governed by linear partitioning between aqueous (Caq) and soil-sorbed (Cs) phases (Kp s); 
aqueous and sorbed micellar (Cmics) phases (Kpjmic8); and aqueous and aqueous micellar (Cmicaq) phases (Kp,micaq). HOC 
Partitioning kinetics among the aqueous-soil, aqueous-sorbed micellar, and aqueous-aqueous micellar phases is governed by 
first order kinetics described by the mass transfer coefficients k ^ ,  km_mjcs, and km>micaq, respectively. Biotransformation is 
governed by first order kinetics from the aqueous phase, as described by the kinetic coefficient ky.
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o Mass Transfer:

dC
soil-water C J (31a)

dC.s
sorbed surfactant-water ™ -  k sm mic (K ;  m/, Caq Csmic) (31b)

dCaq
aqueous surfactant-water ™c = k aqmic {KaqmicCaq Caqic) (31c)

o Bioavailability:

B f (ST) — JCaq
l + S Z —^ - + R s /  W

dCs . p dCmic
(32)

where Caq [mg HOC V1], Cs [mg HOC (kg soil)"1], CmiC3q [mg HOC I"1], Cmic8 [mg HOC 

(mg o f sorbed surfactant)"1] = HOC concentrations in the aqueous, soil, aqueous micellar, 

and sorbed micellar phases; KP)S [I kg '1], KpemiC3q [I mg"1], and KPemics [I m g'1] = linear 

partitioning coefficients that describe equilibrium partitioning o f HOC between the 

aqueous phase and the soil, aqueous micellar, and sorbed micellar phases; km>s, krajmicaq, 

and kmemics = first order mass transfer coefficients [time"1] that describe mass transfer 

kinetics to the aqueous phases from soil, aqueous micellar, and sorbed micellar phases, 

respectively; Rs/W [kg soil I"1], SmiC3q [mg surfactant V1], Smic8 [mg surfactant (kg soil)"1], 

St [mg surfactant I"1] = concentrations o f soil, aqueous surfactant, sorbed surfactant, and 

total surfactant phases in system {note: one should keep in mind that Smic3q and Smic5 will 

be functions o f  St based on characterization o f a surfactant-soil sorption isotherm which 

can easily be coupled to this model. However, for now, they will remain arbitrarily
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specified.); and kb [time"1] = first order coefficient for biodegradation o f HOC from the 

aqueous phase.

Application o f the B/S t) Model

HOC Biodegradation in the Presence o f a Soil Phase. Bouwer et al. (1997) proposed 

that HOC degradation in the presence o f a soil phase followed the model described by

dC
- S f - W -  (33)

where Bf is a dimensionless bioavailability factor that accounts for the alteration o f the 

biodegradation rate (kb) resulting from the presence o f a soil phase. Thus, equation 33 can 

be rewritten in terms o f an observed first-order biodegradation rate coefficient (kSOii) in 

the presence o f a soil phase:

= M

where

ksoii=Bf kb (35)

Thus, it follows that Bf is merely a ratio o f the rate coefficients o f HOC 

biodegradation observed in a soil system to the rate , coefficient observed in an aqueous

j
system.

Bf  ~
k SOil

kh
(36)



HOC Biodegradation in the Presence o f Soil and Surfactant Phases. If  it is assumed

that the presence o f surfactants influences HOC bioavailability in a soil system, resulting 

in a corresponding increase/decrease in the observed rate o f HOC biodegradation, then 

we can rewrite equation 34 by including a dimensionless effectiveness, factor, T|fs, that 

accounts for a change in the HOC degradation rate in the presence o f soil resulting from 

surfactant addition:

^ f= -n A » c .,  (37)

Equation 37 can be rewritten in terms o f an observed first-order HOC biodegradation 

rate (kSOii-s) that accounts for the influence o f both surfactants and soil:

dCL
= (38)

where

ksoils =r\fŝ soU (39)

Thus, it follows that Tjfs is the ratio o f the observed rate o f HOC degradation in a soil 

system with surfactants to the observed rate in the absence o f surfactants:

(40)
soil

It would be particularly useful to define the overall rate o f HOC degradation in a soil 

system with surfactants in terms of a single dimensionless bioavailability factor, Bf(Sj) 

(that accounts for the presence o f both a soil and surfactant phase), and the aqueous 

biodegradation rate, kb. Thus, the overall rate o f HOC degradation would be defined as:
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5 *
dt

(41)

where St = the total concentration o f surfactant in the system [mg/LJ. By comparing 

equations 38 and 41, we recognize that

(42)

Thus, Bf(Sx) is defined as the bioavailability factor that accounts for a change from 

the observed degradation rate, in an aqueous system, to the rate in a soil system with 

surfactants, caused by the influences o f both the soil and the surfactant phases. Since the 

concentration o f surfactant applied to the system during treatment is o f paramount 

importance (primarily for economic reasons), then Bf(Sx) is defined in terms o f the 

overall surfactant concentration, Sx- It follows that Tjfs and Bf(Sx) are related by 

substituting equations 35 and 39 into equation 40, and recognizing that Bf (Sx=O) = Bf:

fs  ( S T )
Bf (S7)

(Sr = 0 )
(43)

The resistivity model for bioavailability can be used to determine Tifs(Sx) by 

substituting an analytical solution for Bf(Sx) (equation 32) into equation 43.

Summary. A summary o f the three bioavailability parameters Bf, Bf(Sx), and 

Tjfs(Sx) is presented in Table 2. From the preceding framework, we can specify that the 

objective of surfactan t-enhanced  biorem ediation is to increase Tjfs, he., specify that 

(from equation 11)

Bf (S7 =O)
(44)
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Table 2. Bioavailability Parameter Comparison

bioavailability
parameter

rate
ratio

quantifies the 
influence of:

...on  degradation, relative 
to degradation in a system:

Bf ksoil / kb soil without soil

Bf(Sx) ksoil-s / kb soil + surfactants without soil 
or surfactants

lHfs(Sx) ksoil-s / kgoil surfactants in. 
a soil system

in a soil system 
without surfactants

Notes:

I. Bf(St = 0) -  Bf ; T|fs (St ) = Bf(Sx) / Bf(Sx= 0)

2. Bioavailability factors (Bf) represent a ratio o f the rate coefficient o f biodegradation in 
the presence o f nonaqueous phase HOC to the rate coefficient in the presence o f aqueous 
phase HOC, and indicate the degree to which nonaqueous phases inhibit bioavailability. 
The bioavailability effectiveness factor (rj) represents the ratio o f bioavailability factors 
with and without surfactant treatment, and indicates the degree to which treatment alters 
bioavailability.



Further, the bioavailability factor approach is useful for comparing predictions and 

observations o f  overall HOC degradation rates. Predictions o f T|& in the presence o f 

surfactants can be determined by deriving a model for Tifs(Sx) using equations 32 and 43.

Observed HOC degradation rates can be simply obtained by measuring the overall 

rates o f  degradation in a soil system without surfactants (kSOii) and in a soil system with 

surfactants (kSOii-s), and calculating the effectiveness factor, T|fs, using equation 39. It 

would follow that for T|fS > I, surfactants enhanced observed HOC degradation rates, 

while for T|fs < I, surfactants inhibited HOC degradation rates. This approach was 

presented by Jordan and Cunningham (1999) in a critical analysis o f experimental data 

from a number o f surfactant-enhanced bioremediation studies. Their results are shown in 

Figure 16, where T|fS is presented as a function o f surfactant concentration. Figure 16 is 

presented here only as an illustrative example for applying the effectiveness factor 

analysis described above. The reader is referred to the original source (Jordan and 

Cunningham, 1999) for a more thorough discussion o f the data.

Case Study: Influence o f Surfactants on 
the Differential Bioavailabilitv o f Soil-Bound HOC

As an illustration on how the resistance model for bioavailability can be applied in a 

process analysis o f surfactant-enhanced bioremediation, a case study is presented here 

with the objective o f describing the influence o f surfactants on the bioavailability o f soil- 

sorbed HOC subjected to variable processes limiting its bioavailability. These processes



0.0001 0.001 0.01

[Surfactant], xCMC

Figure 16. A summary of the effectiveness o f surfactant-enhanced bioremediation, as presented by Jordan and Cunningham 
(1999) as a function o f surfactant concentration. See text for a description o f the SEB effectiveness factor, Tjfs.
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are referred to as concentration-limited bioavailability and mass transfer-limited 

bioavailability.

Concentration-limited bioavailability and mass transfer-limited limited bioavailability 

are described in detail by Jordan et al. (1999):

"Concentration-limited bioavailability refers to the case by which the 
concentration o f directly bioavailable species [e.g., the aqueous phase] is 
reduced in response to phase partitioning phenomena. The effect of 
concentration on cell enzyme activity and growth is not difficult to 
conceptualize when one considers the dependence o f enzyme kinetics 
(e.g., as described by the Michaelis-Menten model) on substrate 
concentration...

...Depletion o f the aqueous nutrient pool by microbes results in 
disequilibrium o f aqueous-nonaqueous partitioning, thus promoting mass 
transfer (e.g., desorption, dissolution) o f nutrients from nonaqueous (i.e., 
potentially bioavailable) to aqueous (i.e., directly bioavailable) phases.
Further, when partitioning kinetics are slower that 
uptake/biotransformation kinetics, then bioavailability is mass-transfer 
limited (indicating the rate limitation o f a partitioning process that results 
from slow boundary layer diffusion)."

In that paper, we use the resistance model for bioavailability (equations 29-32) to 

investigate the influence o f surfactants on both concentration-limited and mass transfer- 

limited bioavailability.

Model for Surfactant-Soil Partitioning

For simplicity, the influence of monomer surfactant phases (either aqueous or sorbed) 

was neglected. The influence o f monomer partitioning on HOC distribution in 

experimental systems is usually insiginificant (Edwards et al., 1991) except in the cases 

where the HOC is extremely hydrophobic (Kile and Chiou, 1989). In addition, the
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partitioning model for surfactant between the aqueous and sorbed micellar phases was 

simplified as a linear function described by:

Sr Saq + Smjc R-s/w Sniii aq

Smics = Ks,s Saq , Smicaq = 0 for 0 < S < Scm, 

Smic5 = KS)S Some , Smic^ = ST - Scmc for S > S

(45a)

(45b)

(45c)

Equation 45a describes the mass balance for surfactant in the system as the total o f 

the aqueous monomer (Saq), sorbed micellar (Smics), and aqueous micellar (Smicaq) 

surfactant phases. It is assumed that sorbed monomer contributes to some extent to the 

formation o f sorbed micelles, and is not treated as a distinct phase. This assumption is 

valid over the concentration ranges (near-CMC) investigated in this case study, since near 

the CMC, it is likely that the sorbed surfactant is present primarily in a sorbed micellar 

state (an effect observed in sorption isotherms and atomic force microscopy studies 

reported by Jordan et al. [paper in preparation]).

The conditions described by 45b indicate that below the surfactant's critical micelle 

concentration (Scmc), surfactant exists only in a sorbed, micellar phase. The fraction o f 

total surfactant in the system that is present in a sorbed micellar phase is governed by a 

surfactant-soil equilibrium partitioning coefficient (KS)S).

The conditions described by 45c indicate that above Scmc, the sorbed micellar phase 

has reached a maximum concentration, and further surfactant addition results in the 

formation o f aqueous phase micelles (Smicaq)- Figure 17 provides a graphical illustration 

for the surfactant partitioning model described by equation 45. Surfactant in the system is



slope = K1

Figure 17. Surfactant partitioning model used for the case study described in the text.
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conserved (e g., surfactant is nonbiodegradable) and surfactant partitioning is a non

dynamic, equilibrium process.

Model for HOC Phase Equilibrium Partitioning

Equilibrium HOC partitioning is described by equation 30. In the absence o f 

biotransformation and mass transfer processes, the resistance model for bioavailability 

can be solved to examine the mass fraction distribution o f HOC among the aqueous, soil, 

sorbed micellar, and aqueous micellar phases (Figure 18).

The model was solved using the NDSoIve algorithm provided in the kernel engine o f 

Mathematica 3.0 (Wolfram Research, Inc.). Details o f the solution techniques employed 

by Mathematica's NDSolve algorithm are discussed in elsewhere (Wolfram, 1996). Initial 

conditions reflected the scenario that at time zero, partitioning o f surfactant, HOC, and 

soil was at equilibrium. This is a reasonable estimate o f field behavior, since surfactants 

(which are likely added after HOC has approached equilibrium following a contaminant 

release) will likely exhibit rapid partitioning between the soil and aqueous phases before 

surfactant-induced biotransformation occurs.

Modeling Results

The resistance model for bioavailability was executed using the parameters in Table

3. For most parameters, values were approximated using available data on surfactant-

enhanced bioremediation in the literature. The conditions under which the model was



Figure 18. HOC mass fraction partitioning as a function o f total surfactant concentration in system.
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Table 3. Model parameterization for case study described in text.

Parameter Units Value

RsAv kg V1 1.8
Scmc K s,s mg kg '1 1,500
K P,s Ikg"1 I
Kp,mic I m g '1 0.05

Im g '1 0.075
k m,micaq hr"1 0.025
km ,mic hr"1 0.05
km ,s hr"1 0.1 or 0.0001*
kb hr"1 0.1

*km)S = 0.1 (i.e., kb / km,s = I) indicates the condition o f concentration-
limited bioavailability. km;.3 = 0.0001 (i.e., kb / km,s = 1,000 describes the
condition o f desorption-limited bioavailability.



108

executed do not describe any particular scenario, simply because a comprehensive 

experimental process analysis o f surfactant-enhanced bioremediation that provides the 

necessary data for parameterizing the resistance model for bioavailability is not available 

in the literature. However, the parameter values shown in Table 3 are certainly 

representative o f possible values for describing the processes o f partitioning, mass 

transfer, and biotransformation. The reader should also keep in mind that the objective o f 

this case study was merely to investigate a series o f processes based on an exploratory 

modeling exercise, and not to parameterize or attempt to characterize an actual system. 

To do so would have required inferences from data gaps that are likely outside the scope 

o f the model presented herein.

To investigate the influence of surfactants on the bioavailability o f HOC in the soil- 

water-surfactant system under both concentration- and desorption (mass transfer)-limited 

bioavailability, the value o f the ratio o f the characteristic time for desorption (i.e., Td = 

km /1) to the characteristic time for biotransformation (Tb = k / 1) was adjusted. This ratio 

has been shown by Jordan and Cunningham (paper in preparation) to describe the degree 

o f desorption-limited bioavailability, where large values o f Td / Tb indicate desorption 

limitations, and small values o f Td / Tb indicate concentration limitations.

A series o f modeling runs was performed at different surfactant concentrations. For 

each modeling run, the time required for a 2-log reduction in the total HOC mass in the 

system (Ct) was calculated. These values were then plotted against surfactant 

concentration for both desorption-limited bioavailability (Td / Tb = 1,000) and
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concentration-limited bioavailability (To /  Tb = I) conditions. The result is shown in 

Figure 19.

A discussion o f Figure 19 is presented in Jordan et al. (1999). In summary, Figure 19 

shows that, under concentration-limited conditions, the addition o f surfactant further 

inhibits HOC bioavailability. By examining Figure 18, and realizing that non-aqueous 

(including micellar) phases o f  HOC are not directly bioavailable, this is not a surprising 

result, since increasing surfactant concentrations result in decreasing concentrations o f 

HOC in the aqueous phase (Caq).

Figure 19 also shows that, under desorption-limited conditions, the addition o f 

surfactant increases HOC bioavailability for surfactant addition up to concentrations that 

are approximately 3xCMC. Above a surfactant concentration o f 3xCMC, further 

surfactant addition appears to result again in conditions where bioavailability is 

concentration-limited.

The process by which surfactants enhance bioavailability at concentrations below and 

near the CMC is not readily inferred by examining Figure 18, nor is it intuitively obvious. 

Consequently, we are currently exploring the effects o f surfactant addition on various 

' individual processes described by the model. The most interesting o f these processes to 

date is the effect o f surfactant addition on the HOC mass transfer flux from the soil- 

sorbed to the aqueous phase, as described by equation 31a. Preliminary model results 

suggest that surfactant concentrations near the CMC are highly effective in maximizing 

the concentration gradient described by Cs —> Caq under desorption-limited conditions
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(data not shown). Consequently, as the aqueous phase is depleted through 

biotransformation, a steep soil-to-aqueous concentration gradient results in rapid mass 

transfer o f  HOC to the aqueous phase, thus resupplying the directly bioavailable pool 

from which biotransformation occurs. In short, surfactant addition in general, and 

specifically, the formation o f a sorbed micellar phase (without competition from an 

aqueous micellar phase), increases the rate at which the directly bioavailable pool o f 

HOC is replenished. This effect may be referred to as "instantaneous desorption." 

Alexander and coworkers (Aronstein et al., 1991; Aronstein and Alexander, 1992) 

suggested that the ability for surfactants to promote instantaneous desorption could have 

been responsible for the increased biotransformation o f sorbed HOC in the presence o f 

low (submicellar) surfactant concentrations observed in their experiments.

Conclusion

A model to describe the biotransformation o f HOC distributed among multiple 

nonaqueous phases has been derived, with a specific application for exploring the 

partitioning, mass transfer, and biotransformation processes that influence HOC 

bioavailability. The model has been adapted for a process analysis o f  surfactant-enhanced 

bioremediation. The model was employed in a case study to examine the effects o f 

surfactants on partitioning, mass transfer, and biotransformation processes under 

differential bioavailability conditions (i.e., concentration-limited vs. desorption-limited 

bioavailability). It was observed that surfactant addition under concentration-limited 

conditions may not improve HOC bioavailability, while surfactant addition at low (sub-
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or near-micellar) concentrations under desorption-limited conditions may significantly 

increase HOC bioavailability. A mechanism for this increase is suggested and is based on 

the inference that sorbed surfactant may promote the instantaneous desorption o f soil- 

bound HOC.

Funding for this work was provided under a subcontract agreement through the 

Pacific Northwest National Laboratory via the U. S. Department o f Energy Office o f 

Biological Research (Environmental Technology Partnerships Program), as well as the 

National Science Foundation Engineering Research Centers Program (Cooperative 

Agreement #EEC-8907039).
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CHAPTER 4

THE ROLE OF (BIO)SURFACTANT SORPTION IN PROMOTING 
THE BIOAVAILABILITY OF NUTRIENTS LOCALIZED 

AT THE SOLID-WATER INTERFACE

Source

Jordan-RN, Nichols-EP, and Cunningham-AB (1999). The role o f biosurfactant sorption 

in promoting the bioavailability o f nutrients localized at the solid-water interface. Wat. 

Sci. Technol 39(7):91-98.

Introduction

X

Bioavailability is herein defined as the accessibility o f a substrate by a 

microorganism. Further, bioavailability is governed by (I) the substrate concentration 

that the cell membrane “sees,” (i.e., the “directly bioavailable” pool) as well as (2) the 

rate o f mass transfer from potentially bioavailable (e.g., nonaqueous) phases to the 

directly bioavailable (e.g., aqueous) phase. Mechanisms by which sorbed (bio)surfactants 

influence these two processes are discussed. We propose the hypothesis that the sorption 

o f (bio) surfactants at the solid-liquid interface is partially responsible for the increased 

bioavailability o f surface-bound nutrients, and offer this as a basis for suggesting the 

development o f engineered in-situ bioremediation technologies that take advantage o f

X



low (bio)surfactant Concentrations. In addition, other industrial systems where 

bioavailability phenomena should be considered are addressed.

Many environmental systems are considered oligotrophic (from oligo, “scant” and 

trophic, “nutrition”) because o f the lack o f assimilable organic carbon and/or other 

important nutrients present in the bulk fluid stream. Representative examples o f such 

systems include industrial and domestic “clean” water process and distribution systems, 

aquifers, and the sediments o f an alpine lake or stream. Even soils that have been 

subjected to contamination by hydrophobic pollutants often contain pore water chemical 

concentrations in parts per billion or lower. However, it is well known that microbial 

biofilms persevere in such systems. Thus, how can this significant biofilm activity be 

explained in environments o f such apparent malnutrition?

The proliferation o f biofilms in oligotrophic environments likely results from 

microbial response to nutrient availability at the solid-water interface (Kefford et al., 

1982; Bright and Fletcher, 1983; Remberger et al., 1986; Griffith and Fletcher, 1991; 

Mueller, 1996). Nutrient accumulation at this interface occurs by a variety o f mechanisms 

that include physical processes (e.g., intraparticle diffusion, bound water partitioning, 

physiosorption), chemical processes (e.g., electrostatic interactions, intramineral and 

intraorganic partitioning, ion exchange, ligand exchange, and covalent bonding), and 

biological processes (e.g., complexation with biofilm matrix components). However, the 

degree to which biofilms thrive in these specialized microniches depends on the
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bioavailabilitv o f those nutrients and the strategies employed by biofilm bacteria to 

scavenge them. Thus, these environments may not be oligotropbic in the strictest sense 

because o f the potentially high nutrient concentrations localized at the solid-water 

interface. We will thus refer to environs where little carbon is available in the aqueous 

phase but significant carbon is accumulated at the solid-water interface as “pseudo- 

oligotrophic”. The existence o f biofilms in many pseudo-oligotrophtc environments, 

including industrial “clean” water systems (Gillis and Gillis, 1996), drinking water 

distribution systems (Camper, 1996), and. soils contaminated with hydrophobic chemicals 

(Mihelcic et al., 1993) emphasizes the need to understand and quantify the bioavailability 

o f sorbed nutrients in these systems.

It is traditionally believed that bacteria can only assimilate aqueous phase nutrients 

(Wodzinkski and Coyle, 1974; Mihelcic et al., 1993). However, recent research suggests 

that some microorganisms invoke effective scavenging strategies (Korber et al., 1995; 

Stone, 1997; Tang et al., 1998), including biosurfactant production (Haferburg et al., 

1986; Georgiou et al., 1992), which enhance the bioavailability o f nonaqueous phase-, 

and in particular, surface-(ad)sorbed nutrients. Thus, armed with the capability to 

facilitate bioavailability, microbes may thrive on a surface where the limiting nutrient 

may not be present in the aqueous phase.

The objectives o f this discussion are (I) to identify processes that influence 

bioavailability o f sorbed nutrients, (2) to summarize key interactions between 

(bio)surfactants, microbial cells, the solid-water interface, and hydrophobic nutrients, and
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(3) to address the impact o f these processes on the use o f engineered bioremediation 

technologies that take advantage o f (bio)surfactant soiption.

Bioavailabilitv Defined

Bioavailability is loosely defined as the accessibility o f a nutrient either by an 

organism capable o f transporting the substrate across its outer membrane or by an 

extracellular enzyme. More specifically, bioavailability describes nutrient concentration 

in, and rate o f mass transfer (e.g., desorption or dissolution) to, the directly bioavailable 

(e.g., aqueous) phase. “Directly bioavailable” (as opposed to potentially bioavailable, 

e.g., nonaqueous or ,sorbed) implies that a nutrient is in a phase (e.g., aqueous or “free 

dissolved”) amenable to membrane transport or reaction with an exoenzyme.

Bioavailabilitv vs. Bioreactivitv

Understanding the difference between a nutrient’s bioavailability and its bioreactivity 

is essential in order to predict its impact on biofilm activity. In short, bioavailability 

describes the physico-chemical phenomena that govern phase partitioning, speciation, 

mass transfer, and mass transport o f a nutrient to the site o f biological uptake (i.e., the 

microbial cell membrane) or extracellular transformation. Bioreactivity, on the other 

hand, governs whether or not the nutrient will be assimilated into a cell or transformed by 

an exoenzyme if  it is bioavailable. Thus, while a nutrient may indeed be bioavailable, it 

may not necessarily be bioreactive (i.e., if  the enzymatic and/or physiological machinery 

required for uptake and/or transformation are not present or inactive). Thus, the activity



of a biofilm may be controlled by either bioavailability limitations or bioreactivity 

limitations (i.e., recalcitrance) (Huesemann, 1997).

Bioavailabilitv Phenomena

A number o f processes influence bioavailability in systems where a solid—water 

interface is present. Perhaps two o f the most important phenomena are (I) reduction in 

the directly bioavailable nutrient concentration resulting from solid phase partitioning 

(e.g. sorption or precipitation) and speciation (e.g., ligand exchange), and (2) slow mass 

transfer rates from the potentially bioavailable (e.g. sorbed) to the directly bioavailable 

(e.g. aqueous) phase. These two phenomena are discussed in more detail.

i
Concentration-Limited Bioavailabilitv

Concentration-limited bioavailability refers to the case by which the concentration o f 

directly bioavailable species is reduced in response to phase partitioning phenomena. The 

effect o f concentration on cell enzyme activity and growth is not difficult to 

conceptualize when one considers the dependence o f enzyme kinetics (e.g., as described 

by the Michaelis-Menten model) on substrate concentration. In short, concentration- 

limited bioavailability may be quite important for nutrients having a significant affinity 

for the solid surface.

Mass Transfer-Limited Bioavailabilitv

Microorganisms tend to utilize nutrients that are present in the aqueous phase, and the 

assumption that only aqueous phase nutrient is directly bioavailable is a common one 

(Wodzinkski and Coyle, 1974; Mihelcic et a l, 1993). Depletion o f the aqueous nutrient
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pool by microbes results in disequilibrium o f aqueous-nonaqueous partitioning, thus 

promoting mass transfer (e.g., desorption, dissolution) o f nutrients from honaqueous (i.e., 

potentially bioavailable) to aqueous (i.e., directly bioavailable) phases. Further, when 

partitioning kinetics are slower than uptake/biotransformation kinetics, then 

bioavailability is mass-transfer limited (indicating the rate limitation o f a partitioning 

process that results from slow boundary layer diffusion). The degree to which 

partitioning kinetics reduce nutrient bioavailability depends on the characteristic time for 

mass transfer (Tm*) relative to the characteristic time for uptake/biotransformation (Tb*) 

(Bouwer et al., 1997). Thus, concentration-limited bioavailability is defined by the case 

where Tm* < Tb*, while mass transfer-limited bioavailability is defined by the case where 

Tm* »  Tb*. The degree o f concentration-limited bioavailability further depends on the 

affinity o f the nutrient for the solid phase (e.g., the nutrient’s equilibrium partitioning 

coefficient).

The following discussion will focus on how (bio)surfactant sorption influences (I) the 

directly bioavailable nutrient concentration, and (2) the kinetics o f nutrient mass transfer 

to the directly bioavailable phase in response to nutrient assimilation by microorganisms. 

In addition, the effects o f (bio)surfactant sorption on cell adhesion and cell membrane 

phenomena will be discussed briefly.

Influence o f ('BiolSurfactant Sorption on Nutrient Bioavailabilitv

Surfactants are amphiphilic molecules (i.e., having both hydrophilic and hydrophobic 

moieties) that tend to (I) form stable aggregates (“micelles”) in solution above a critical
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concentration (i.e., the critical micelle concentration, or “CMC”); (2) solubilize 

hydrophobic compounds into their micellar core; (3) participate in speciation reactions 

with charged compounds; and (4) sorb to solid-water interfaces (Rosen, 1978)! In 

addition, surfactants may influence the activity o f membrane-bound proteins, alter cell 

adhesion properties, and influence the fundamental mechanisms o f nutrient uptake in 

cells. Biosurfactants simply define those classes o f surfactants that are synthesized by 

microorganisms. Since both chemical and biological surfactants possess many common 

characteristics with respect to their behavior in solution, we will hereinafter refer to them 

collectively as (bio)surfactants. Because different classes of nutrients react differently 

with (bio)surfactants, the following discussion will focus only on the reactions involving 

low-polarity hydrophobic organic compounds (HOC) that tend to associate with the 

hydrophobic moieties o f (bio)surfactant monomers and the hydrophobic cores o f their 

micelles. ^

We will highlight one particular feature o f (bio)surfactants that has a direct 

consequence in evaluating nutrient bioavailability: accumulation o f (bio)surfactant at the 

solid-liquid interface (i.e., sorption). (Bio)surfactant sorption may influence equilibrium 

partitioning stoichiometry and mass transfer kinetics o f HOC between nonaqueous and 

aqueous phases. These phenomena will be investigated with a model that has been 

developed specifically for assessing the bioavailability o f HOC in response to both 

concentration and mass transfer limitations during surfactant enhanced HOC 

biotransformation (manuscript in preparation). For the purposes o f this discussion, we 

have used the model to investigate the effects o f (bio)surfactant sorption on HOC

(
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bioavailability in a solid (mineral surface)-water system, quantitatively describing the 

HOC and (bio)surfactant partitioning equilibria and kinetics and the kinetics o f HOC 

biodegradation (Figure 20).

Model Formulation

The model describes HOC speciation as linear, nonequilibrium (first-order mass 

transfer) partitioning between sorbed, sorbed micellar, aqueous, and aqueous micellar 

phases. Equilibrium (bio)surfactant speciation is governed by monomer sorption and 

micelle formation both at the surface and in solution. HOC biotransformation is modeled 

by first-order transformation kinetics, assuming that only free dissolved HOC is directly 

bioavailable. These processes are described by a coupled set o f partial differential 

equations and solved simultaneously with respect to both time and HOC concentrations. 

Detailed model formulation, implementation, and validation are described in Chapter 3.

CASE I: Influence o f (Bio)Surfactant Sorption 
on Concentration-Limited Bioavailabilitv .

HOC partitioning in soil-water systems in response to (bio)surfactant addition has 

been studied extensively (Jafvert, 1991; Edwards et al., 1991; Liu et al., 1991; Sun and 

Boyd, 1993). Two primary conceptual models, describe the influence o f (bio)surfactant 

Sorption on HOC speciation: one describes the reactions on mineral surfaces (e.g., metal 

oxides) and the other describes the reactions on organic surfaces (e.g., natural organic 

matter).
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Figure 20. Bioavailability model for surfactant-enhanced biotransformation. Partitioning o f surfactant includes aqueous phase 
monomers (Saq), sorbed monomers (Ss), a sorbed micellar phase (SmicS), and an aqueous micellar phase (Smicaq). Partitioning o f 
HOC is governed by linear partitioning between aqueous (Caq) and soil-sorbed (Cs) phases (Kp,s); aqueous and sorbed micellar 
(Cmics) phases (Kpjmic5); and aqueous and aqueous micellar (CmiC3q) phases (KPjmicaq). HOC Partitioning kinetics among the 
aqueous-soil, aqueous-sorbed micellar, and aqueous-aqueous micellar phases is governed by first order kinetics described by 
the mass transfer coefficients k ^ ,  kmjmic5, and kmjmicaq, respectively. Biotransformation is governed by first order kinetics from 
the aqueous phase, as described by the kinetic coefficient ky.
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HOC Partitioning in Response to ('Bio')Surfactant Sorption on a Mineral Surface. 

(Bio)surfactants tend to form ordered aggregates on mineral surfaces (Rosen, 1978; 

Mannhardt et a l ,  1992; Manne and Gaub, 1995), thus resulting in the development o f 

surface hydrophobicity. As a result, HOCs, which normally have a low affinity for 

adsorption to the “clean,” hydrophilic mineral surface (although they may still absorb 

into the intramineral porosity), may tend to partition into the micellar core o f surface- 

bound (bio)surfactant aggregates. The formation o f sorbed micelles on a mineral surface 

can have a profound impact on HOC partitioning. In particular, association o f HOC with 

the hydrophobic core region o f sorbed micelles results in a decrease in the free aqueous 

phase HOC mass fraction at low surfactant concentrations (Figure 21). If it is assumed 

that only free dissolved HOC (Xaq) is directly bioavailable, then (bio)surfactant sorption 

will tend to decrease bioavailability at low (bio)surfactant concentrations if  HOC 

metabolism is indeed governed by the concentration o f free dissolved HOC (e.g., 

Michaelis-Menton or nonzero-order kinetics). Figure 21 also shows that further increase 

in (bio)surfactant concentration beyond the CMC (indicating that the mineral’s sorption 

capacity for (bio)surfactant has been reached and aqueous micelles begin to form) tends 

to further decrease the free aqueous phase HOC concentration via partitioning into 

aqueous phase micelles. In summary, i f  cells do not have access to HOC partitioned into 

the hydrophobic core o f either sorbed or aqueous phase micelles, then HOC 

bioavailability will likely decrease in the presence o f (bio)surfactants at any 

concentration. This is illustrated in Figure 22, which shows that increasing (bio)surfactant
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Figure 21. Influence of (bio)surfactant concentration relative to the CMC on equilibrium HOC partitioning in the absence of 
biological activity at the mineral-water interface. HOC mass distributes among mineral-sorbed (Xs), sorbed micellar (Xmics), 
aqueous micellar (XmiCaq), and free aqueous (Xaq) phases.
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concentration increases the biodegradation time required for a 2-log reduction in total 

HOC in a solid—water system.

HOC Partitioning in Response to IBiolSurfactant Sorption on an Organic Surface. 

Luthy and coworkers (Edwards et ah, 1994; Edwards et ah, 1994a; Edwards et ah, 1994b) 

have proposed a model for HOC partitioning at the soil-water interface in the presence o f 

(bio)surfactants where HOC sorption is dominated by partitioning into natural organic 

matter (NOM). HOC phase distributions as a function o f (bio)surfactant concentration are 

qualitatively similar to those observed for HOC (bio)surfactant partitioning at the 

mineral-water interface (cf. Figure 21). The primary difference between these two cases 

is that (bio)surfactant sorption to organic matter is governed by partitioning o f  

(bio) surfactant monomers into the NOM matrix as opposed to monomer (ad)sorption and 

micelle formation at the mineral-water interface.

It should be emphasized that a decrease in HOC bioavailability in response to 

increasing (bio)surfactant concentration is valid only if  (I) microbial cells do not have 

direct access to HOC partitioned into the core o f sorbed and aqueous phase micelles, and 

(2) partitioning equilibrium exists. While assumption (I) is likely to species-dependent 

(Guha and Jaffe, 1996; Guha and Jaffe, 1997) and is certainly valid in some pure-culture 

systems (and probably partially valid in mixed environmental cultures), assumption (2) is 

not likely to be valid in a biological system where the dissolution or desorption rate o f 

nonaqueous phase HOC govern cell activity (e.g., as is often the case in soils 

contaminated with pure-phase or soil-sorbed HOC).
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CASE 2: Influence o f ('Bio')Surfactant Sorption 
on Mass Transfer-Limited Bioavailabilitv

As mentioned earlier, microbial activity depletes the nutrient pool in the directly 

bioavailable (e.g., aqueous) phase. Consequently, microbial degradation o f HOC should 

stimulate HOC mass transfer from sorbed (i.e., potentially bioavailable) to aqueous (i.e., 

directly bioavailable) phases. (Bio)surfactant sorption and micelle formation results in the 

introduction o f additional pseudophases (sorbed and aqueous micelles) that are also 

involved in mass transfer processes, potentially altering the magnitudes o f concentration 

gradients that drive mass transfer. Since the rate o f mass transfer is governed by HOC 

concentration gradients across an interfacial boundary layer, then it is expected that the 

presence o f (bio)surfactants alters bioavailability when bioavailability is mass transfer- 

limited.

Figure 22 illustrates the effects on bioavailability o f (bio)Surfactant sorption to a 

mineral surface where HOC desorption is limited by a slow mass transfer (desorption) 

rate. Increasing (bio)surfactant concentration up to the CMC increases the rate o f HOC 

biotransformation (i.e., where rate is defined by the time (days) required to reduce the 

total system HOC mass by IOOx) by over an order o f magnitude. These results show that 

bioavailability is enhanced near the (bio)surfactant’s CMC, which indicates the 

concentration at which the sorbent’s (bio)surfactant sorption capacity is reached (and 

aqueous phase micelles form and begin to compete with sorbed phases for HOC 

partitioning). The primary mechanism by which (bio)surfactant sorption enhances 

bioavailability is by increasing the HOC flux out of the soil phase (manuscript in
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preparation). Increased sorbed-to-aqueous HOC flux is a result o f a steeper concentration 

gradient for solid-water mass transfer that exists in the presence o f (bio)surfactant phases. 

Well above the CMC, bioavailability decreases as a result o f sequestration o f HOC into 

aqueous (bio)surfactant micelles (cf. Figure 21) and the primary system control 

mechanism changes from mass transfer limited to concentration-limited bioavailability.

When slow HOC desorption from natural organic matter (NOM) limits 

bioavailability, the mechanisms by which (bio)surfactants influence HOC bioavailability 

are not well understood. However, because NOM itself has both amphiphilic and micellar 

characteristics, we propose the hypothesis that (bio)surfactant sorption to NOM results in 

a chemical and/or conformational change o f the NOM aggregate in response to a 

“micelle-micelle” interaction (Rosen, 1978). We are currently investigating this 

hypothesis in our laboratory.

Influence o f (BiolSurfactant Sorption on Microbiological Phenomena

This discussion has focused on the effects , o f (bio)surfactant sorption on physico

chemical processes, i.e., phase partitioning equilibria and mass transfer. However, one 

should keep in mind that (bio)surfactant sorption may also influence microbiological 

processes. Most notably, it is well known that (bio)surfactant association with surfaces 

and outer membranes alters cell adhesion phenomena (Doyle, 1990; Neu, 1996; Velraeds 

et al., 1996; Fletcher, 1996). In addition, the interaction o f cell membranes with 

(bio)surfactants may result in changes in cell membrane structure and function 

(Schnaitman,' 1971), affecting the physico-chemical (membrane structure) and 

biochemical (enzyme/protein conformation and/or activity) processes that are responsible
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for nutrient uptake and transformation (Breuil and Kushner, 1980; Lang et a l, 1989). 

Finally, interaction o f the cell membrane with (bio)surfactant micelles may provide a 

mechanism for direct microbial access to hydrophobic nutrients accumulated within the 

micellar core (Reddy et al., 1982; Guha and Jaffe, 1996; Guha and Jaffe, 1997). The 

importance o f these mechanisms cannot be underestimated, as illustrated by the inability 

o f a recent review to explain the efficacy o f (bio)surfactant-enhanced bioremediation in 

terms o f physicochemical phenomena alone (Rouse et al., 1994). These authors 

particularly emphasized the inhibition o f biotransformation when (bio)surfactants were 

present at supra-CMC concentrations, citing micellar toxicity as a possible suspect in 

inhibiting biodegradation. This observation was further supported in a later review that 

also showed evidence for inhibited HOC biotransformation near and above the CMC 

(Jordan and Cunningham, in press). Inhibited biodegradation near the CMC could 

possibly suggest that even sorbed phase micellar structures could inhibit membrane 

function o f bacteria attached to a micelle-coated surface.

Conclusion

Industrial water systems prone to bioavailability-influenced cell activity are primarily 

pseudo-oligotrophic environments where limiting carbon sources are either hydrophobic 

or otherwise concentrated at the solid-water interface. For example, water process and 

distribution systems containing humic substances, and soil/aquifer material contaminated 

with hydrophobic organic chemicals (e.g., high molecular weight alkanes, PAHs, and 

PCBs) are two primary candidates for the study o f bioavailability phenomena.
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We are currently investigating bioavailability limitations in soil contaminated with 

hydrophobic organic chemicals. We propose that using low (bio)surfactant concentrations 

may be the basis for a viable technology to promote the cleanup o f contaminated soils 

based on the results presented in the previous discussion as well as recent literature 

(Aronstein et al., 1991; Aronstein and Alexander, 1992; Rouse et ah, 1994; Jordan and 

Cunningham, in press). The use o f low (bio)surfactant concentrations (resulting in most 

o f the (bio)surfactant existing in a sorbed phase) has a distinct advantage as an in-situ 

treatment technology (vs. the use o f high surfactant concentrations that promote Chemical 

solubilization) because bioavailability o f chemicals from soil can be promoted via 

instantaneous desorption without increasing ecological and human health risk due to 

chemical solubilization, mobilization, and transport.

This work is the result o f a joint effort between the Center for Biofilm Engineering (a 

National Science Foundation-sponsored Engineering Research Center) and Pacific 

Northwest National Laboratory. The authors wish to acknowledge funding from the U. S. 

Department o f Energy Office o f Biological Research through the Environmental 

Technology Partnerships program and the National Science Foundation (Cooperative 

Agreement #EEC-8907039).
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CHAPTER 5

SORPTION OF RHAMNOLIPID BIOSURFACTANT TO THE SURFACE 
OF MODEL SANDY SOILS INCREASES THE DESORPTION KINETICS 

OF SOIL-SORBED PHENANTHRENE

Source

Jordan-RN, Myers-Raths-J, Meiser-E, and Curmingham-AB (manuscript in preparation).

Introduction

Bioremediation is an important technology for the cleanup o f soils contaminated with 

hydrophobic organic chemicals (HOC). The efficacy o f soil bioremediation is often 

limited by both the low solubility o f HOC in the aqueous phase and slow rates o f HOC 

desorption or dissolution from the soil matrix (Huesemann, 1997; Mihelcic et al., 1993; 

Pignatello and Xing, 1996). Surfactant addition has been suggested as a means o f 

increasing HOC solubility via solubilization (Rouse et al., 1994; Rosen, 1978). However, 

surfactant concentrations well above the CMC are often required to generate meaningful 

increases in HOC solubility. As a consequence o f supra-micellar surfactant 

concentrations, biodegradation is sometimes inhibited due to sequestration o f HOC in 

surfactant micelles (Guha and Jaffe, 1996), micellar-induced inhibition o f microbial 

activity (Nakahara et al., 1981; Laha and Luthy, 1992), or mobilization o f the
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contaminant plume out o f the zone o f active biodegradation (Jordan and Cunningham, in 

press).

Recent research suggests that surfactant addition, even at sub-micellar concentrations, 

may promote the bioavailability o f soil-bound HOC by increasing HOC desorption rates 

(Aronstein et al., 1991; Aronstein and Alexander, 1992; Aronstein and Alexander, 1993). 

In these studies, the authors hypothesize that the extent o f HOC desorption (i.e., the 

solubilization process) is not as important in enhancing bioavailability as is the 

instantaneous desorption rate o f HOC from the soil. They further speculate that surfactant 

addition may have promoted instantaneous desorption o f HOC, thus enhancing the rate o f 

supply o f HOC to the degrading microbial population.

The mechanisms by which surfactants may promote instantaneous HOC desorption 

are largely unknown. However, surfactant sorption may play a key role in influencing 

HOC desorption rates, particularly when surfactants are present at submicellar 

concentrations (i.e., they exist primarily in a soil-sorbed phase). Sorbed surfactant may 

interact with geosorbent phases in such a way that the geosorbent is chemically or 

physically modified, thus resulting in a change in the intrinsic bioavailability o f sorbent- 

bound HOC.

The work o f Alexander and coworkers described above also indicated that surfactants 

were more effective at increasing HOC bioavailability in organic soils than in mineral 

soils, thus suggesting that surfactant sorption plays a key role in the release of HOC 

bound to soil organic matter (SOM). Jordan and Cunningham (in press) hypothesize that 

the interaction o f surfactants with soil organic matter results in the apparent solubilization
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o f SOM-bound HOC into sorbed surfactant aggregates, not unlike the process o f 

solubilization o f cell membrane-bound proteins by surfactant aggregates interacting with 

the membrane (Schnaitman, 1971).

Surfactant sorption to SOM may either increase or decrease the polarity o f SOM, 

resulting in either the release or further sequestration o f SOM-sorbed HOC. In addition, 

surfactant sorption may alter partitioning o f HOC between sorbed and aqueous phases in 

such a way that chemical concentration gradients driving mass transfer (desorption) o f 

HOC are affected. This effect was observed by Jordan et al. (1999) in an exploratory 

modeling investigation in which sorbed surfactant (ad- or hemi-micellar) phases 

increased the chemical concentration gradient driving mass transfer in a dynamic system 

where biotransformation from the aqueous phase acted as a chemical sink. Consequently, 

in systems where bioavailability was desorption-limited, surfactant sorption stimulated 

biotransformation rates.

Biosurfactants have received increased attention recently in soil bioremediation. 

Among the most well-studied biosurfactants are the rhamnolipids o f Pseudomonas 

aeruginosa (e.g., see Jain et al., 1992; Zhang and Miller, 1992). For example, Jain et al. 

(1992) examined the effects o f adding rhamnolipid biosurfactant to soil microcosms 

containing tetradecane, hexadecane, pristane, and 2-methylnaphthalene. Biosurfactant 

concentrations were added over a range o f 10-100 jig g '1 soil (which corresponded to 

aqueous concentrations much less than the probable CMC of the surfactant). Results 

indicated that when present at a concentration o f 100 jig g '1, the biosurfactant enhanced 

the degradation o f the alkanes, but not 2-methylnaphthalene over a 2-month degradation
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period. Thus, surfactant addition appeared to improve the bioavailability o f  alkanes by 

either enhancing their desorption rate or mode o f uptake by the microbial cell .

The goal o f the work described herein is to investigate the role o f rhamnolipid 

biosurfactant sorption to model geosorbents in stimulating or inhibiting the desorption o f 

soil-sorbed phenanthrene. Specific objectives include defining the effects o f surfactant 

concentration (0, 10%, 100%, and 1000% o f the CMC), soil organic matter density (foc — 

0% or 0.1%), and sorbed phenanthrene concentration (10 or 1000 |ig  g"1) on the 

desorption kinetics o f phenanthrene.

Materials and Methods

Chemicals

Radiolabled phenanthrene (specific activity = 12.4 pci pm ol'1) was acquired from the 

Amersham Corporation and used as received. Cold phenanthrene (99% pure) was 

obtained from Chem Service, Inc., and used as received. Phenanthrene stock solutions 

were prepared by mixing radiolabeled and cold phenanthrene in methanol to achieve 

desired stock solution concentrations with respect to pg g '1 phenanthrene and dpm o f 14C 

(stock concentrations are described in more detail below).

Rhamnolipid biosurfactant (RLBS) was obtained in pure (99%) crystalline form from 

the Jeneil Biosurfactant Company and used as received (purity verified using HPLC 

analysis). RLBS stock solutions (10 g I"1) were prepared by dissolving pure crystalline 

RLBS in deionized water and adjusting the solution to pH 6.5 with IM  NaOH at 40 °C
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under well-mixed conditions for 24 hours. The RLBS stock solution was then stored at 4 

0C until further use. Unused stock solutions more than two weeks old were discarded. 

The critical micelle concentration (CMC) o f RLBS was determined by measuring the 

surface tension o f a range o f solutions containing aqueous microbiological media 

(described below) having RLBS concentrations from 0 to 1,00.0 mg I"1. The CMC was 

determined as the RLBS concentration where a sharp inflection in the log [RLBS 

concentration] vs. surface tension plot occurred. This value was measured to be 50 mg I'1 

and agrees with both the supplier's estimated CMC in distilled water and reported 

estimates o f  the CMC of RLBS in the literature (Zhang and Miller, 1992).

Humic acid was obtained as "soil humic acid reference" from the International Humic 

Substances Society and used as received. Humic acid stock solutions were prepared by 

dissolving pure humic acid in deionized water and adjusting the pH to 6.5 with IM  

NaOH. Stock solutions were stored at 4 0C and unused portions discarded after two 

weeks.

The solution matrix used in all experiments described herein was a common aqueous 

microbiological media. The media was selected based on its ability to provide nutrition to 

hydrocarbon-degrading organisms under continuous flow conditions as described in a 

companion study (Jordan and Cunningham, paper in preparation). The media, hereinafter 

referred to as "modified Bushnell-Haas medium" (MBH) contains the following 

ingredients: 0.1 g I"1 KH2PO4, 0.11 g V1 K2HPO4, 0.002 g V1 CaCl2, 0.02 g I"1 

MgSO4- VH2O, 0.1 g V1 NH4NO3,. and 0.005 g V1 FeCl3. For the experiments described in 

this paper, the media was preserved with 2 mg F1 HgCl2 to minimize the influence o f
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microbial activity. A separate study (data not shown) confirmed that this method of 

preservation did not significantly impact phenanthrene partitioning, soil organic matter 

stability, or RLBS partitioning, and was sufficient to prevent microbial activity as 

verified in nutrient-rich controls.

All other chemicals were obtained as reagent-grade products from either Fisher 

Scientific or the Sigma-Aldrich Chemical Company!

Model Geosorbent

Goethite-coated sand used as a model soil was prepared using a protocol described by 

Chang (1992). Acid-washed silica sand (nominal particle diameter = 0.1 mm) was mixed 

with an iron oxide paste (made by baking a slurry of 0.5 g ml'1 FeClg in SM NaOH for 18 

hours) at a ratio of 10:1 (mass sandmass paste) and baked at HO 0C for 24 hours. 

Loosely bound iron oxides were washed from the sand and the sand was dried overnight 

in a 110 0C oven. Dry sand was stored in polycarbonate bottles at room temperature until 

further use. The resulting sand organic carbon concentration (f^), as determined by 

combustion and analysis of the off-gas with an infrared COz detector was 0.0020% ± 

0.0008% (standard deviation). These low organic carbon materials are hereinafter 

referred to as "mineral" model soils.

A soil organic matter coating (humic acid) was prepared using a modified method of 

Murphy et al. (1994). A 100 g batch of goethite-coated sand was packed in a 2.5 cm 

diameter Teflon column, through which a I g F1 solution (I L volume) of soil humic acid 

in a 0.1M phosphate buffer (pH 5.5) was recirculated. After four hours, the recirculation
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solution was replaced by a 0.1 M phosphate buffer (pH 6.5) with no soil humic acid and 

recirculated for one hour. The soil was similarly “rinsed” using successive batches of this 

humic-free buffer solution two more times. The resulting concentration of TOC in the 

final rinse solution was less than I mg T1 and the foc of the rinsed soil was 0.10% ± 

0.014% (standard deviation). Soil was dried in a HO °C oven overnight and stored at 

room temperature in polycarbonate bottles until further use. These humic-loaded 

materials are hereinafter referred to as "organic" model soils.

Rhamnolinid Sorption Isotherm Studies

Rhamnolipid sorption isotherms were prepared using a recirculating batch column 

technique. Glass columns were packed with 3.0 g of either mineral or organic model 

soils. A peristaltic pump was used to recirculate a 20 ml solution of phosphate-buffered 

(pH 6.5) media (MBH media, recipe described above) containing a predetermined 

surfactant concentration for 48 hours (the time required for surfactant sorption to reach 

equilibrium, as determined in a separate experiment, data not shown). At the end of the 

equilibration period, the recirculation solution was analyzed for surfactant concentration 

as described below. Sorption isotherms were generated by plotting the measured aqueous 

phase surfactant concentration (Saq, [Ag I"1) vs. the calculated sorbed surfactant 

concentration (Ss, (Ag g'1).

Surfactant concentrations were determined using a Fisher Model 21 Tensiomat, a 

tensiometer based on the du Nuoy ring technique. Surface tensions were measured and 

compared against a calibration curve to determine the surfactant concentration in the
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sample. Since the calibration curve was only valid below the CMC, samples having 

surfactant concentrations greater than the CMC were successively diluted until measured 

surface tensions indicated a sub-micellar surfactant concentration.

Batch Sorption Kinetics

The kinetics of phenanthrene sorption to both mineral and organic model soils were 

quantified in batch sorption experiments. A stock phenanthrene solution was prepared by 

mixing radiolabeled and cold phenanthrene in methanol. Aliquots (100 pi containing I x 

IO5 dpm and 10 p,g) of this phenanthrene stock were added to each of several glass Corex 

centrifuge tubes and the methanol allowed to evaporate under a well-mixed nitrogen 

atmosphere. Deionized water containing 2 mg V1 of HgCla (for abiotic control) was added 

(10 ml) to each tube and the tubes were capped (foil-lined cap) and mixed at 20 rpm on a 

test tube rotator for one hour, resulting in an equilibrium aqueous phase phenanthrene 

concentration of approximately I p,g ml'1. Five grams of model soil (either mineral or 

organic type) were added to each tube and the tubes were mixed at 20 rpm. At 

predetermined time intervals, appropriate replicate samples were centrifuged (IOOOxG for 

2 min: this procedure was shown to be sufficient to separate iron oxide particles from the 

aqueous phase, as verified by acid digestion and iron analysis of the aqueous phase, data 

not shown) to quickly separate the model soil and associated particulate iron oxides that 

resulted from mixing-induced abrasion of the sand from the water. A glass syringe with 

stainless steel needle was then used to transfer 2 ml of the supernatant to a scintillation
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vial containing 8 ml of Ultima Gold scintillation cocktail. Samples were analyzed using a 

Packard scintillation counter after allowing the samples to sit overnight in the dark.

Column Desorption Kinetics

Kinetics of phenanthrene desorption from model soil surfaces were quantified in 

porous media column flow experiments. A glass column (10 mm inside diameter x 50 

mm length) was packed with model soil and held in place with PTFE frits and end 

fittings. Soil was spiked with contaminant by injecting an aliquot of phenanthrene stock 

solution (methanol containing either 25 or 2,500 (j,g of phenanthrene and I x IO6 dpm of 

14C-phenanthrene). The volume of methanol aliquot added (0.25 ml) was sufficient to wet 

approximately 90% of the soil surface area without percolating out of the bottom of the 

column (i.e., 0.25 ml represented approximately 90% of the field capacity of the model 

soil). Thus, this technique was designed to distribute the contaminant evenly over the soil 

surface area. Columns were capped and aged in the dark at room temperature (21-23 °C) 

for 30 days. After the aging period, dry nitrogen was blown slowly (< 50 cc min'1) 

through each column to evaporate any residual methanol, leaving the soil contaminated at 

a level of 10 or 1,000 fig g"1. After aging and gas purging, soils from selected control 

columns were solvent-extracted (see discussion below for a description of the extraction 

protocol) and analyzed by liquid scintillation counting and gas. chromatography, 

confirming that more than 95%-102% of the phenanthrene was extractable, thus 

providing evidence that biotransformation was not a significant process during the aging 

period.
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MBH medium was used as the feed stock for the column experiments. The only 

variable in the media that was adjusted was the RLBS concentration, with a range that 

spanned the CMC of RLBS in MBH (i.e., 50 mg/1). Concentrations of RLBS investigated 

were 0, 0.5 mg/1 (i.e., O.lxCMC), 45 mg/1 (0.9xCMC), and 500 mg/1 (IOxCMC).

A peristaltic pump delivered a well-controlled flow (approximately 5 cm3 min'1) of 

MBH medium to the column to promote desorption of soil-bound contaminants. A 

column was exposed to the flowing condition for a predetermined period of time, taken 

off line, and the soil extracted to measure residual sorbed contaminant concentration. In 

some column experiments, aqueous phase contaminant in the column effluent was 

captured by flowing the column effluent through a small cartridge packed with C-18 solid 

phase extraction media (Supelco LC-18)’ When the column was taken offline and the 

soil extracted, the C-18 cartridge and fluid-exposed column parts and tubing were also 

extracted to assess the system mass balance. For phenanthrene systems, mass balances 

were 95% -107% of the initial mass used to contaminant the system.

To quantify soil-bound chemicals, 2.5 g of wet soil was extracted with 5.0 ml of a 

solvent mixture (1:1 vokvol of dichloromethane and methanol) for I hour at an end-over

end rotating speed of 20 rpm at 25 °C. A 1.5-ml aliquot of the extracts was then filtered 

through a 0.2 pm Teflon membrane into a glass vial with a Teflon-lined septum. Vials 

were stored at -15 °C until analyzed by liquid scintillation counting (LSC). The lower 

detection limit for the LSC method was 1000 dpm (corresponding to 0.02 pg g"1).
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Results and Discussion

Rhamnolipid Sorption Isotherms

Figure 23 shows sorption isotherms for rhamnolipid biosurfactant onto each of the 

mineral and model soils. Points on the graph in Figure 23 represent the average values of 

duplicate measurements (standard error in Saq and Ss < 5%). Measured pH in each sample 

was 6.72 ± 0.09 (range).

Figure 23 shows that rhamnolipid sorption to the organic soil follows a traditional 

Freundlich-type isotherm for the range 0 < Saq [mg F1] <10 .  This observation is 

characteristic of the sorption of organic compounds to soils dominated by organic matter 

partitioning. However, for the range 10 < Saq [mg F 1] < 50, the isotherm slope steepens, 

suggesting that increased intramolecular interactions between rhamnolipid molecules are 

resulting in the formation of sorbed rhamnolipid aggregates (possibly associated with soil 

organic matter). Above the CMC, sorption increased significantly, possibly suggesting 

the aggregation (e.g., via sorption or precipitation) of solution-phase surfactant micelles 

to the soil surface.

Rhamnolipid sorption to the mineral soil, as shown in Figure 23, is characterized by 

the expected “S”-type isotherm that is common for describing the surface aggregation of 

molecules having a strong intramolecular attraction (McBride, 1994). The mineral soil 

surface, dominated by crystalline Ct-FeOOH, should have a point of zero charge (pzc) of 

approximately 8.0 (McBride, 1994). Further, the acidity constant for the carboxyl groups 

of the rhamnolipid is approximately 5.6 (Raina Miller, personal communication). Thus,
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Figure 23. Isotherms describing the equilibrium sorption o f rhamnolipid biosurfactant to model mineral and organic soils. The
dashed line indicates the CMC (50 mg I"1) of rhamnolipid biosurfactant in the media used for this experiment.
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since the pH of the solution was approximately 6.7, the surface charge should be 

predominantly positive while the rhamnolipid charge should be predominantly negative. 

Consequently, ion exchange is expected to be the dominant sorption mechanism of the 

rhamnolipid to the mineral soil surface.

For surfactant sorption dominated by ion exchange mechanisms, aggregation of 

macromolecules at the surface is expected (Neu, 1996; Jordan and Cunningham, in 

press). As in the case for the organic soil, rhamnolipid sorption appeared to increase 

significantly above the CMC. However, it is suspected that this anomaly is a result of 

precipitation of aqueous phase micelles, possibly induced by bridging of sorbed and 

aqueous phase surfactant by dissolved divalent cations present in the medium.

If coaggregation of rhamnolipid monomers occurred as the aqueous phase 

concentration approached the CMC, then the isotherm slope would increase, as evidenced 

by both isotherms in Figure 23. Consequently, the existence of sorbed rhamnolipid 

micellar structures (e.g., admicelles or hemimicelles) is expected near the CMC. In our 

own laboratory, we have used tapping mode atomic force microscopy to observe 

micellar-like structures of rhamnolipid aggregates sorbed to iron oxide surfaces at 

submicellar concentrations (data not shown).

Surfactant aggregates at the soil surface may influence the kinetics of phenanthrene 

desorption for both mineral and organic soils. Further, these structures could have a 

significant impact on the structure of soil organic matter, thus affecting the kinetics of 

release of phenanthrene sequestered in soil organic matter.
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Batch Sorption Kinetics

Z '

Sorption kinetics of phenanthrene were determined in batch soil slimy experiments.

A summary of the results from the phenanthrene sorption experiments are shown in 

Figure 24.

A first order mass transfer model describing phenanthrene sorption was fit to the. 

observed data using equation I :

Cs(t) = Cs(t->°o) [ I -  exp ( -  kms t ) ] (I)

where Cs(t) is the sorbed phenanthrene concentration at time t [|ng g_I], Cs(t —> oo) is the 

sorbed phenanthrene concentration at equilibrium [pg g-1], estimated by the ■ sorbed 

phenanthrene concentration at t = 7,200 min (5 days), and kms = first order mass transfer 

coefficient for sorption [min-1]. The model fitting exercise resulted in kms = 0.62, min-1 

for phenanthrene sorption to the mineral soil and k^s = 0.088 min-1 for phenanthrene 

sorption to the organic soil. The inverse of the mass transfer coefficient can be used to 

estimate the characteristic time for sorption (Ts). Thus, characteristic times for 

phenanthrene sorption to the mineral and organic model soils were 1.6 min and 11.4 min 

respectively.

Column Desorption Kinetics

Column desorption kinetics were quantified in porous media flowing column 

systems. Figure 25 provides an example of the type of data generated from these studies.

--------------------------- " ' ' ' ' —  — ■— LI I l H  <_ J  I
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Figure 24. Sorption kinetics of phenanthrene to model organic and mineral soils. Solid lines indicate the best-fit to the data 
using a first order mass transfer model for sorption.
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Figure 25. Kinetics o f phenanthrene desorption from model organic soil in flowing column system subjected to a flow stream
with rhamnolipid concentrations o f 0 and 0.9xCMC. Solid lines indicate best fit of simplified first order mass transfer model
for desorption/dissolution (equation 5).
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Desorption kinetics were estimated using a first order mass transfer model fit to 

observed time vs. Cs(t) data from the flowing column system, described as follows.

A simple, first-order mass transfer model (equation 2) can be used to describe the 

removal (e.g., via desorption or dissolution) of a solid or sorbed-phase HOC from soil 

packed in a flowing column system (Bouwer, 1997):

dCs / dt = -  kmd (Cs -  Kd Caq) (2)

where Cs = average HOC concentration in solid/sorbed state [ug HOC g-1 soil], t = time 

[hr], kmd = first order mass transfer coefficient for dissolution/desorption [hr"1], Kd = soil- 

water partitioning coefficient [ml g-1], and Caq = average HOC concentration in the 

column pore water [ug ml-1].

The characteristic time for pore water transport through the column can be defined by 

equation 3:

Tq = VZQ (3)

where V = pore water volume in the column (cm3), and Q is the average pore water flow 

rate [cm3 min-1]. For the columns used in this study, V = I  cm3 and Q = 5 cm3 min-1; .'. 

Tq = 0.2 min.

The characteristic time for pore water transport is faster than the characteristic time 

for the sorption process (Tq = 0.2 min < Ts =1.6 min and 11.4 min for phenanthrene 

sorption to mineral and organic soils, respectively, as presented above). Further, it may 

be assumed that the characteristic time for desorption (Td) is slower than the 

characteristic time for sorption, as evidenced by extensive reports in the literature (e.g., 

see review by Pignatello and Xing, 1996). Consequently, for Tq < Tg «  Td (i.e., flow is
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a significantly faster process than desorption or sorption), then phenanthrene that desorbs 

from the model soil in the column will likely be washed out of the column before it has a 

chance to readsorb. Thus, it can safely be assumed that Caq ~ 0 in equation 2, which in 

turn reduces to equation 4:

dCs / dt = -  kmd Cs (4)

Solving equation 4 for Cs(t) results in equation 5:

Cs(t) = Cs(O) exp [- kmd t ] (S)

where Cs(O) is the initial solid phase phenanthrene concentration associated with the soil 

mass [pg g”1].

Equation 5 was fitted to experimental data obtained from the column desorption 

studies (an example of which is shown in Figure 25) to determine the mass transfer 

coefficients for desorption/dissolution, kmd, as a function of experimental conditions (soil 

type, surfactant concentration, and initial phenanthrene concentration). These results are 

summarized in Table 4.

Influence of SOM Density on the Rhamnolipid- 
Induced Desorption of Phenanthrene

Figure 26 shows the dependence of kmd on RLBS concentration for both mineral and 

organic model soils at an initial soil phenanthrene concentration of 10 pig g"1. Figure 26 

shows that for the mineral soil, phenanthrene removal is not significantly enhanced by the 

presence of RLBS below the CMC. However, for the organic soil, it is apparent that
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Table 4. Summary of phenanthrene desorption kinetic data from column experiments.

Experiment # a [Cs(O)], |ig g-1 b [SOM], 0Zofoc0 [S], xCMC d kmd, hr-16 R2f

I 1000 0 0 2.45 x IO'2 0.99
2 1000 0 0.1 2.65 x IO"2 1.00
3 1000 0 0.9 3.92 x IO 2 0.92
4 1000 0 10 9.81 x 10'1 0.99
5 1000 0.1 0 1.47 x IO'2 0.99
6 1000 0.1 0.1 1.77 x IO"2 1.00
7 1000 0.1 0.9 3.43 x IO'2 0.89
8 1000 0.1 10 5.89 x 10'1 0.93
9 10 0 0 9.90 x IO 2 0.98
10 10 0 0.1 1.01 x IO"2 0.95
11 10 0 0.9 2.04 x IO"2 0.99
12 10 0 10 9.00 x 10'2 0.82
13 10 0.1 0 8.58 x IO'5 0.98
14 10 0.1 0.1 1.15 x IÔ 1 0.84
15 10 0.1 0.9 1.03 x IO'2 0.92
16 10 0.1 10 2.19 x IO"2 0.99

a Each experiment consisted of two replicate columns at each of 7 time points (14 points 
total) from I hour to 30 days.
b [Cs(O)] indicates the approximate initial phenanthrene soil concentration. 
c [SOM] indicates the approximate initial organic carbon content of each model soil type. 
d [S] indicates the rhamnolipid biosurfactant concentration in the feed solution, 
normalized to the CMC value.
e kmd indicates the mass transfer coefficient for desorption that was calculated using a 
least-squares nonlinear regression fit of equation 5 to time vs. Cs(t) data. 
f R2 indicates the correlation coefficient of the best fit first order mass transfer model 
(equation 5) to the observed time vs. Cs(t) data.
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Figure 26. Influence of rhamnolipid biosurfactant concentration on the magnitude of the mass transfer coefficient for
desorption/dissolution (kmd) at an initial soil phenanthrene concentration o f IOug g"1.
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RLBS at submicellar concentrations near the CMC increases the mass transfer coefficient 

for desorption/dissolution by more than two orders of magnitude.

Figure 27 shows the dependence of kmd on RLBS concentration for an initial solid 

phase phenanthrene concentration of 1,000 jig g"1. Figure 27 shows that the presence of 

soil organic carbon on the model soil does not have an appreciable effect on the 

sequestration of phenanthrene at an initially high (1,000 jig g'1) solid phase 

concentration. Further, phenanthrene removal from either soil is not particularly sensitive 

to RLBS concentration below the CMC. Above the CMC, however, RLBS is effective at 

increasing the mass transfer rate of desorption/dissolution by over an order of magnitude 

for both mineral and organic model soils.

Influence of Initial Phenanthrene Concentration on 
the Rhamnolipid-Induced Desorption of Phenanthrene

Figure 28 shows the dependence of kmd on RLBS concentration for the mineral soil at 

initial soil phenanthrene concentrations of 10 and 1,000 jig g"\ Figure 28 shows that, for 

the mineral soil, RLBS is not particularly effective below the CMC at increasing the rate 

of desorption/dissolution of solid phase phenanthrene. However, when applied at 

concentrations above the CMC, RLBS successfully increased the mass transfer rate of 

desorption/dissolution by an order of magnitude or more, regardless of the initial 

phenanthrene concentration. Further, the effectiveness of RLBS above the CMC was 

higher for the soil contaminated with a high (1,000 jig g"1) phenanthrene concentration 

than for the soil contaminated with a low (10 jig g"1) phenanthrene concentration.
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Figure 27. Influence of rhamnolipid biosurfactant concentration on the magnitude o f the mass transfer coefficient for
desorption/dissolution (km<j) at an initial soil phenanthrene concentration o f 1,000 ug g '1.
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Figure 28. Influence of rhamnolipid biosurfactant concentration on the magnitude o f the mass transfer coefficient for
desorption/dissolution (kmd) at initial soil phenanthrene concentrations o f 10 and 1,000 fig g"1 for the MINERAL soil.
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Figure 29 shows the dependence of kmd on RLBS concentration for the organic soil at 

initial soil phenanthrene concentrations of 10 and 1,000 fig g"1. Figure 29 shows that, for 

the organic soil, RLBS is effective at significantly increasing the rate of 

desorption/dissolution of solid phase phenanthrene when applied below the CMC, but 

only when phenanthrene is initially present at a low initial concentration (10 jig g"1). 

When phenanthrene was present at a high initial concentration (1,000 |ig g"1), RLBS was 

not effective at significantly increasing the mass transfer coefficient for 

desorption/dissolution until its concentration exceeded the CMC.

Possible Mechanisms of Surfactant-Enhanced Desorption Below the CMC

The most significant finding from this research, as illustrated in Figure 26, is that 

rhamnolipid present at submicellar concentrations near the CMC significantly promotes 

the desorption of phenanthrene when phenanthrene is present at low (10 jig g"1) 

concentrations on an organic model soil. The same surfactant concentration region on the 

rhamnolipid-organic soil sorption isotherm (Figure 23) suggests that rhamnolipid 

molecules tend to aggregate near the CMC, possibly forming macromolecular structures 

that perturb the structure of soil organic matter. This perturbation in SOM structure was 

observed in an atomic force microscopy investigation of rhamnolipid sorption to the 

organic model soil surface (data not shown).

Consequently, it is suggested that one possible mechanism by which surfactants at 

submicellar concentrations near the CMC promote the desorption of HOCs sorbed to



md
>

-S-[Cs.0]=1000 ug/g 

—O— [Cs.0]=10 ug/g

[S], xCMC

Figure 29. Influence of rhamnolipid biosurfactant concentration on the magnitude o f the mass transfer coefficient for
desorption/dissolution (kmd) at initial soil phenanthrene concentrations of 10 and 1,000 pg g"1 for the ORGANIC soil.



162

organic soils is via an indirect perturbation of the SOM structure that subsequently results 

in the release of HOCs. This finding could have a significant impact on the effectiveness 

of surfactants used not only in soil washing practices, but also in surfactant-enhanced 

bioremediation, by which submicellar surfactant concentrations below the CMC may 

increase the biotransformation of soil-bound contaminants by increasing their 

bioavailability.
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CHAPTER 6

DIFFERENTIAL BIOAVAILABILITY OF SOIL-BOUND PHENANTHRENE VS. 
HEXADECANE TO PSEUDOMONAS AERUGINOSA IN RESPONSE 

TO RHAMNOLIPID BIOSURFACTANT SORPTION 
AT THE SOIL-WATER INTERFACE

Source

Jordan-RN and Cunningham-AB (manuscript in preparation).

Introduction

Hydrophobic organic chemicals (HOC) often exhibit limited bioayailability to 

subsurface microorganisms and may persist in a soil-sorbed phase for long periods of 

time (Mihelcic et al, 1993; Pignatello and Xing, 1996). Surfactant addition may be used 

to enhance the effectiveness of both in-situ bioremediation and ex-situ slurry-reactor 

bioremediation by increasing HOC bioavailability. However, the fate of HOC in response 

to surfactant addition at both the laboratory and field scale is difficult to predict; in some 

cases, surfactants sometimes even inhibit HOC biodegradation (Laha and Luthy, 1991). 

Recent reviews addressing surfactant-enhanced bioremediation (Rouse et al., 1994; 

Jordan and Cunningham, in press) suggest that surfactants influence a variety of complex 

physical, chemical, and microbiological processes, including the desorption,
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solubilization, pore water transport, and microbial uptake of HOC (Heusemann, 1997; 

Mihelcic et al., 1993; Neu, 1996).

Alexander and coworkers (Aronstein et al., 1991; Aronstein and Alexander, 1992; 

Aronstein and Alexander, 1993), based on the hypothesis that sorbed surfactants 

increased the rate of instantaneous desorption of soil-bound HOC, observed enhanced 

biotransformation of HOC in response to the addition of surfactants at low (submicellar) 

concentrations. However, without accurate measures of instantaneous desorption kinetics 

(they measured desorption kinetics in batch slurries, with inconclusive results), they were 

unable to confirm their hypothesis. A review (Jordan and Cunningham, in press) of 

several studies of surfactant-enhanced bioremediation suggested that low (submicellar) 

surfactant concentrations tended to increase the kinetics of biotransformation of soil- 

bound HOC. This effect was also observed in an exploratory modeling investigation 

(Jordan et al., 1999), where an increase in bioavailability at submicellar surfactant 

concentrations was attributed to the formation of sorbed phase micelles and their effects 

on HOC partitioning and desorption kinetics.

In addition to enhancing desorption kinetics, surfactants may also influence the rate 

and/or mechanism of HOC uptake across the cell membrane. In particular, Rouse et al. 

(1994) suggested that a critical factor influencing the efficacy of surfactant-enhanced 

bioremediation was the effect of surfactants on the intrinsic activity of the microbial 

population responsible for biodegradation. Although mechanisms of HOC uptake are 

complex and not well understood, it is generally believed that micellar solubilization (or a 

similar phenomenon) is required for the bacterial uptake of extremely hydrophobic



168

alkanes (Bury and Miller, 1993; Guha and Jaffe, 1996; Miller and Bartha, 1989; Reddy et 

al., 1982; Ochsner et ah, 1994). While the effect of aqueous phase micellar solubilization 

on alkane biotransformation kinetics has been observed in these and other studies, it is 

unknown whether or not sorbed micellar structures (e.g., admicelles, hemimicelles) result 

in similar metabolic stimulation.

The objectives of the study described herein are (I) to identify the relationship 

between desorption rate and biotransformation rate of soil-bound HOC (phenanthrene or 

hexadecane) at surfactant (rhamnolipid) concentrations below the CMC, and (2) to 

identify potential processes that are responsible for limiting the bioavailability of soil- 

sorbed HOC, and address how low surfactant concentrations may affect those processes.

Materials and Methods

Chemicals

14C-U-phenanthrene (specific activity = 12.4 pci pmol"1) and 14C-1 -n-hexadecane 

(specific activity = 58 pci pmol"1) was acquired from the Amersham Corporation and 

used as received. Unlabeled phenanthrene (99% molar purity) was obtained as a 

reference standard from Chem Service, Inc., and used as received. Unlabeled hexadecane 

(99.9% molar purity) was used as received from Fisher Scientific. HOC stock solutions 

were prepared by mixing radiolabeled and unlabeled HOC (i.e., either phenanthrene or 

hexadecane) in methanol to achieve desired stock solution concentrations with respect to 

pg g"1 HOC and dpm of 14C (stock concentrations are described in more detail below).
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Rhamnolipid biosurfactant (RLBS) was chosen as the model surfactant because of its 

ability to stimulate the biotransformation of the target chemicals (phenanthrene and 

hexadecane) by Pseudomonas aeruginosa (Jain et al., 1992; Koch et al., 1991; Nakahara 

et al., 1981; Ochsner et al., 1994, Zhang and Miller, 1992). In addition, RLBS was 

neither toxic to nor biodegradable by the strains under the culture conditions used in this 

study (data not shown). RLBS was obtained in pure crystalline form from the Jeneil 

Biosurfactant Company (Product ID: JBR 599) and used as received (98%+ molar 

purity). The RLBS consisted of a mixture of Rl (a-L-rhamnopyranosyl-(3- 

hydroxydecanoyl-p-hydroxydecanoate) and R2 (2-0-a-L-rhamnopyranosyl-a-L- 

rhamnopyranosyl-(3-hydroxydecanoyl-P-hydroxydecanoate) rhamnolipids. RLBS was 

stable during autoclaving and was not biodegradable under the culture conditions used in 

this study (data not shown). RLBS stock solutions (10 g L"1) were prepared by dissolving 

crystalline RLBS in deionized water by adding an equal molar amount of NaOH at 60 0C 

under well-mixed conditions for 24 hours. The RLBS stock solution was autoclaved at 

121 °C for 20 min, cooled to room temperature, and stored at 4 0C until further use. Stock 

solutions more than two weeks old were discarded. The critical micelle concentration 

(CMC) of RLBS was determined by measuring the surface tension (using a Fisher Model 

21 Tensiomat surface tensiometer based on the du Nuoy ring method) of a range of 

solutions containing aqueous microbiological media (described below) having RLBS 

concentrations from O to 1,000 mg I"1. The CMC was determined as the RLBS 

concentration where a sharp inflection in the log [RLBS concentration] vs. surface 

tension plot occurred. This value was measured to be 50 mg T1 and agrees with both the
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supplier's estimated CMC in distilled water and reported estimates of the CMC of RLBS 

in the literature (e.g., Zhang and Miller, 1992).

Humic acid was obtained as "soil humic acid reference" from the International Humic 

Substances Society and used as received. Humic acid stock solutions were prepared by 

dissolving pure humic acid in deionized water and adjusting the pH to 6.5 with IM 

NaOH. Stock solutions were filter-sterilized through a 0.1 -pm membrane and stored at 4 

°C (stock solutions more than two weeks old were discarded).

The solution matrix used in all experiments was a common aqueous microbiological 

media. The media was selected based on its ability to provide nutrition to the 

hydrocarbon-degrading organisms used in this study. The media, hereinafter referred to 

as "modified Bushnell-Haas medium" (MBH) contains the following ingredients: 0.1 g T1 

KH2PO4, 0.11 g I"1 K2HPO4, 0.002 g V1 CaCl2, 0.02 g I"1 MgSO4- 7H20, 0.1 g I"1 NH4NO3, 

and 0.005 g T1 FeCl3. For the abiotic desorption studies described in this paper, MBH 

media was preserved with 2 mg V1 HgCl2 to control microbial activity. A separate study 

(data not shown) confirmed that this method of preservation did not significantly impact 

HOC partitioning, soil organic matter stability, or RLBS partitioning, and was sufficient 

to prevent microbial activity as verified in nutrient-rich controls.

All other chemicals were obtained as reagent-grade products from either Fisher 

Scientific or the Sigma-Aldrich Chemical Company.



171

Model Geosorbent

Goethite-coated sand used as a model soil was prepared using a protocol described by 

Chang (1992). Acid-washed silica sand (nominal particle diameter = 0.1 mm) was mixed 

with an iron oxide paste (made by baking a slurry of 0.5 g ml'1 FeCls m SM NaOH for 18 

hours) at a ratio of 10:1 (mass sand:mass paste) and baked at HO 0C for 24 hours. 

Loosely bound iron oxides were washed from the soil and the soil was dried overnight in 

a HO °C oven. Dry soil was stored in polycarbonate bottles at room temperature until 

further use. The resulting soil organic carbon concentration (foc), as determined by 

combustion and analysis of the off-gas with an infrared CO2 detector was 0.0020% ± 

0.0008% (standard deviation). These low organic carbon materials are hereinafter 

referred to as "mineral" model soils.

A soil organic matter coating (humic acid) was prepared using a modified method of 

Murphy et al. (1994). A 100 g batch of goethite-coated Sand was packed in a 2.5 cm 

diameter Teflon column, through which a I g T1 solution (I L volume) of soil humic acid 

in a 0.1M phosphate buffer (pH 5.5) was recirculated. After four hours, the recirculation 

solution was replaced by a 0.1M phosphate buffer (pH 6.5) with no soil humic acid and 

recirculated for one hour. The soil was similarly “rinsed” using successive batches of this 

humic-free buffer solution two more times. The resulting concentration of TOC in the 

final rinse solution was less than I mg T1 and the f 0c of the rinsed soil was 0.10% ± 

0.014% (standard deviation). Soil was dried in a HO °C oven overnight and stored at
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room temperature in polycarbonate bottles until further use. These humic-loaded 

materials are hereinafter referred to as "organic" model soils.

Desorption Studies

Kinetics of HOC desorption from model soil surfaces was quantified in porous media 

column flow experiments. A glass column (10 mm inside diameter x 50 mm length) was 

packed with model soil and held in place with PTFE frits and end fittings. Soil was 

spiked by injecting an aliquot of HOC stock solution (methanol containing 25 jug of 

either phenanthrene or hexedacane and 2.5 x IO6 dpm of either 14C-U-phenanthrene or 

14C-I -n-hexadecane). The volume of methanol aliquot added (0.25 ml) was sufficient to 

wet approximately 90% of the soil surface area without percolating out of the bottom of 

the column (i.e., 0.25 ml represented approximately 90% of the field capacity of the 

model soil). Thus, this technique was designed to distribute the contaminant evenly over 

the soil surface area. Columns were capped and aged in the dark at room temperature (21- 

23 °C) for 30 days. After the aging period, dry nitrogen was blown slowly (< 50 cm3 min' 

!) through each column to evaporate any residual methanol, leaving the soil contaminated 

at a level of 10 jug g"1. After aging and gas purging, soils from selected control columns 

were solvent-extracted (see discussion below for a description of the extraction protocol) 

and analyzed by liquid scintillation counting and gas chromatography, confirming that 

95%-102% of the phenanthrene, and 91%-109% of hexadecane was extractable, thus 

providing evidence that biotransformation was not a significant process during the aging 

period.
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MBH medium (preserved with 2 mg V1 HgCl2 to inhibit microbial activity) was used 

as the feed stock for the desorption experiments. The only variable in the media that was 

adjusted was the RLBS concentration, with a range that spanned the CMC of RLBS in 

MBH (i.e., 50 mg I"1). Concentrations of RLBS investigated were 0, 0.5 mg I"1 (i.e., 

0. IxCMC), 45 mg I"1 (0.9xCMC), and 500 mg I"1 (IOxCMC).

A peristaltic pump delivered a well-controlled flow (approximately 5 cm3 min"1) of 

MBH medium to the column to promote desorption of soil-bound contaminants. A 

column was exposed to the flowing condition for a predetermined period of time, taken 

off line, and the soil extracted to measure residual sorbed contaminant concentration. In 

some column experiments, aqueous phase contaminant in the column effluent was 

captured by flowing the column effluent through a small cartridge packed with C-18 solid 

phase extraction media (Supelco LC-18). When the column was taken off line and the 

soil extracted, the C-18 cartridge and fluid-exposed column parts and tubing were also 

extracted to assess the system mass balance. Mass balances for phenanthrene and 

hexadecane were 95% - 107% and 89% - 98%, respectively, of the initial mass used to 

contaminant the system.

To quantify soil-bound chemicals, 2.5 g of wet soil was extracted with 5.0 ml of a 

solvent mixture (1:1 vokvol of dichloromethane and methanol) for I hour at an end-over- 

end rotating speed of 20 rpm at 25 °C. A I-ml aliquot of the extracts was then filtered 

through a 0.2 pm Teflon membrane into a scintillation vial containing 4 ml of Ultima 

Gold (Packard) liquid scintillation cocktail. Vials were stored in the dark at room 

temperature for 24 hr until analysis before analyzing for radioactivity. Radioactivity in



174

each sample was analyzed with a liquid scintillation counter (Packard) by counting 

disintegrations per minute (DPM) to a sensitivity of 2s < 5%. Measured DPM values 

were then converted to soil-sorbed HOC concentrations for the purpose of data 

presentation. The lower detection limit for this radioisotope method was 1000 dpm 

(corresponding to a sorbed HOC concentration of 0.02 jig g"1).

Biotransformation Studies

Phenanthrene degradation was investigated in the presence of pure cultures of 

Pseudomonsa aeruginosa P l5 (obtained as a gift from Michael Aitken). Strain P15 is 

capable of facilitating phenanthrene mineralization in pure cultures grown on minimal 

media with no evidence of biosurfactant production (data not shown). Hexadecane 

degradation was investigated in the presence of pure cultures of Pseudomonas 

aeruginosa 65E12 (a gift from U. Ocshner). Strain 65E12 is a transposon TnS-GM- 

induced mutant of Pseudomonas aeruginosa PG201 (Koch et al., 1991) that is unable to 

produce rhamnolipid biosurfactants, and as a result, is incapable of hexadecane 

degradation in the absence of exogenous quantities of purified rhamnolipids (Ocshner et 

al., 1994).

Cell cultures of Pseudomonas aeruginosa PlS (for phenanthrene degradation) or 

Pseudomonas aeruginosa 65E12 (for hexadecane degradation) were prepared similarly 

using conventional microbiological techniques. In summary, frozen stocks of pure 

cultures were used to prepare tryptic soy agar streak plates that were incubated for 48 hr 

at 37 °C. Individual colonies were then transferred to 50 ml flasks containing sterile
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tryptic soy broth (TSB) and incubated for 48 hr at 22 0C. Aliquots (0.1 ml) of the TSB 

culture were transferred to vials containing 10 ml of MBH media with 0.5% glycerol as 

the carbon source and incubated for 48 hr at 22 0C. Aliquots (0.1 ml) of the MBH- 

glycerol culture were transferred to vials containing 10 ml of MBH media supplemented 

with either 0.1% phenanthrene (for strain P15) or 0.1% hexadecane and 500 mg T1 of 

rhamnolipid biosurfactant (for strain 65E12), and incubated for 48 hr at 22 °C. After 

growth on the HOC-based media, residual media was rinsed from cell cultures by three 

successive cycles of centrifugation (12,OOOxG for 10 min) and replacement of the 

supernatant with carbon- and surfactant-free MBH media. Following the final 

centrifugation cycle, total organic carbon in the supernatant was measured to be less than 

0.2 pg mV1, rhamnolipid biosurfactant was measured to be less than 0.5 pg ml'1 (as 

rhamnose), and measured surface tension was approximately the same as sterile,, carbon- 

and surfactant-free MBH medium (i.e., 69.9 dyn cm'1). Following the final (third) 

centrifugation cycle, Cells were resuspended in sterile, carbon- and surfactant-free MBH 

medium to final concentrations of approximately 2x10* CFU ml'1.

HOC-contaminated soil columns were prepared as described above for the desorption 

studies. Following the 30-day aging and nitrogen drying procedure, 0.25 ml of aqueous 

cell culture (corresponding to approximately 5 x IO8 CPU) inoculum was delivered to the 

soil column and allowed to percolate through the soil matrix. The aliquot volume (0.25 

ml) was approximately 90% of the field capacity of the soil column; consequently, this 

inoculation procedure was designed to result, in the even distribution of cells throughout 

the soil matrix. The inoculum was allowed to "rest" in the soil column for a period of I
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hour to allow for attachment of a significant quantity of cells to the soil surfaces. After I 

hour, 6 pore volumes of MBH media were flushed through the column to remove 

nonattached cells. This inoculation and rinse procedure did not result in the removal of 

detectable quantities of HOC. Final cell concentrations in the column, as estimated by 

monitoring the numbers of cells eluted in the flushing step, were approximately 3 x IO7 

CFU g'1 for strain Pl 5 and I x IO7 CFU g"1 for strain 65E12. The presence of soil organic 

matter on the model soils did not significantly affect the final cell concentrations on the 

soil.

Biotransformation kinetics were quantified in column systems that were nearly 

identical to those used in the desorption studies. Figure 30 illustrates the experimental 

apparatus used for the biotransformation studies. As in the desorption studies, sterile 

(autoclaved) MBH medium containing various RLBS concentrations was delivered at a 

rate of 5 cm3 min'1 to the columns used in the biotransformation studies. Column effluent 

emptied into a well-mixed reactor vessel (20 ml liquid volume, 5 ml headspace) with a 

gravity overflow line to keep the liquid volume in the vessel constant with a residence 

time of approximately 4 min. Nitrogen was bubbled into the liquid to promote the 

transfer of CO2 from the liquid to the headspace. The nitrogen created a positive pressure 

headspace that allowed for the overflow of CO2 into a KOH Irapi from which 

concentrations of I4C02 evolved as a result of HOC mineralization in the column were 

determined. Control studies with multiple KOH traps in series (data not shown) 

suggested that only a single 10 ml KOH trap was needed to capture > 98% of evolved
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N2

Waste

Figure 30. Experimental apparatus for measuring biotransformation kinetics of soil- 
sorbed HOC. Refer to text for operational explanation. Key: Sterile feed reservoir (F); 
feed delivery pump (P); glass column packed with HOC-contaminated soil and 
inoculated with soil-bound microoganisms (C); anaerobic (N2-Purged) carbon dioxide 
purging reservoir (R); carbon dioxide trap (KOH); headspace vented to fume hood 
(ATM).
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CO2 for a nitrogen flow rate of approximately 7.5 ml min'1. This gas flow corresponded 

to a headspace residence time in the purge vessel that was approximately 1/6 of the liquid 

residence time in the purge vessel; thus, the fluid remained in the purge reactor long 

enough to ensure complete CO2 purging.

14C activity in the KOH trap was analyzed by liquid scintillation counting by 

transferring 2 ml of. trap liquid to a scintillation vial containing 8 ml of Ultima Gold 

(Packard) liquid scintillation cocktail. Vials were stored in the dark at room temperature 

for 24 hr until analysis before analyzing for radioactivity. Radioactivity in each sample 

was analyzed as described above by counting DPM to a sensitivity of 2s < 5%. Measured 

DPM values were then converted to the concentration of . soil-sorbed HOC that was 

mineralized (Cb, jig g"1) for the purpose of data presentation. The lower detection limit 

for this radioisotope method was 1000 dpm (again, corresponding to a sorbed HOC 

concentration of 0.02 jig g"1).

Analysis of Desorption Kinetics

Desorption kinetics were estimated using a first order mass transfer model fit to 

observed time vs. Cs(t) data from the flowing column system, described as follows.

A simple, first-order mass transfer model (equation I) can be used to describe the 

removal (e.g., via desorption or dissolution) of a solid or sorbed-phase HOC (Bouwer, 

1997):

dCs Zdt = - W ( C s-K d Caq) (I)
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where Cs = average HOC concentration in solid/sorbed state [pg HOC g_1 soil], t = time 

[hr], kmd' = first order mass transfer coefficient for dissolution/desorption [hr"1], Ka = soil- 

water partitioning coefficient [ml g”1], and Caq = average HOC concentration in the 

column pore water [pg ml-1 ].

The characteristic time for pore water transport through soil packed in a column can 

be defined by equation 2:

Tq = VZQ (2)

where V -  pore water volume in the column (cm3), and Q is the average pore water flow 

rate [cm3 min-1]. For the columns used in this study, V = I cm3 and Q = 5 cm3 min-1;

Tq = 0.2 min. (

The characteristic time for pore water transport is faster than the characteristic time 

for the sorption process (e.g., Tq = 0.2 min < Tg =1.6 min and 11.4 min for phenanthrene 

sorption to -mineral and organic soils, respectively, as presented in a companion paper 

[Jordan et al., paper in preparation]). Further, it may be assumed that the characteristic 

time for desorption (Td) is slower than the characteristic time for sorption, as evidenced 

by extensive reports in the literature (e.g., see review by Pignatello and Xing, 1996). 

Consequently, for Tq < Tg «  Td (i.e., flow is a significantly faster process than 

desorption or sorption), then phenanthrene that desorbs from the model soil in the column 

will likely be washed out of the column before it has a' chance to readsorb. Thus, it can 

safely be assumed that Caq, ~ 0 in equation I, which in turn reduces to equation 3:

dCs Zdt = -  kmd Cs (3)
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Solving equation 3 for Cs(t) results in equation 4:

Cs(t) = Cs(O) exp [- kmd t ] (4)

where Cs(O) is the initial solid phase phenanthrene concentration associated with the soil 

mass [jig g-1].

Equation 4 was fitted to experimental data obtained from the column desoiption 

studies to determine the mass transfer coefficient for desorption/dissolution, kmd, as a 

function of experimental conditions (soil type, surfactant concentration, and initial HOC 

concentration).

Analysis of Biotransfbrmation Kinetics

A detailed description of mathematical and experimental models describing the mass 

transfer-limited bioavailability of surface-bound nutrients is presented by Jordan (1999), 

providing the foundation for the analytical methodology described herein. 

Biotransformation kinetics were estimated using a first order mass transfer model fit to 

observed time vs. C%(t) data from the flowing column system, described as follows.

A simple, first-order biotransformation model (equation 5) can be used to describe the 

biotransformation of soil-bound HOC:

dCb / dt = -  kb Cb (5)

where Cb = time-cumulative concentration of soil-sorbed HOC mineralized as a result of 

biotransformation processes (i.e., as calculated from 14COa measurements from the KOH 

trap) [ug HOC g_1 soil], t = time [hr], and kb = first order coefficient for 

biotransformation [hr"1] .
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Equation 5 was fitted to experimental data obtained from time vs. Cb(t) data (where 

Cb(t) was calculated from 14COa(I) measurements taken from KOH traps) to determine 

the first order coefficient for biotransformation of soil-bound HOC, kb, as a function of 

experimental conditions (soil type, surfactant concentration, and initial phenanthrene 

concentration).

Results

Desorption Kinetics

Figure 31 presents the results of the phenanthrene desorption studies. Figure 31 A, 

which shows phenanthrene desorption from mineral soil as a function of RLBS 

concentration, suggests that at RLBS concentrations below the CMC, phenanthrene 

desorption is not significantly affected, with a 2-log reduction in soil phenanthrene 

concentration observed only after 200 hr. However, at an RLBS concentration of 

IOxCMC (i.e., 500 mg F1), a 2-log reduction in soil phenanthrene concentration is 

observed within 30 hr.

Figure 3 IB, which shows phenanthrene desorption from organic soil, suggests that 

phenanthrene is more tightly bound to the organic soil, as evidenced by nearly 

imperceptible phenanthrene removal for RLBS = 0 and RLBS = 0. IxCMC over a period 

of 700+ hours. However, RLBS appears to have a more significant impact near the CMC 

on promoting phenanthrene desorption (relative to its affect on phenanthrene desorption 

from the mineral soil), evidenced by its ability to facilitate a 2-log reduction in sorbed
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Figure 31. Desorption of PHENANTHRENE from model mineral soil (A, foe ~ 0%) and 
model organic soil (B, f^ = 0.1%) in a packed column in response to a flowing aqueous 
media stream containing various concentrations of rhamnolipid biosurfactant [S] relative 
to its CMC (approx. 50 mg I"1).
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phenanthrene concentration by 200-300 hr. When RLBS was applied at concentrations 

above the CMC, further increase in phenanthrene removal efficiency was not observed. 

These results suggest that sorbed RLBS (which is the dominant RLBS phase that exists at 

or below the CMC) plays a significant role in altering the desorption kinetics of 

phenanthrene sorbed to the organic model soil.

' Increased desorption of hexadecane in response to the presence of RLBS was not 

significant at RLBS concentrations at or below the CMC (Figure 32). However, when 

applied at concentrations above the CMC, RLBS had a significant effect on increasing 

hexadecane desorption.

The data shown in Figures 31 and 32 were fitted to a first order mass transfer model 

for desorption (equation 4) to estimate values for first order mass transfer coefficients 

(kmd). Values for km(i and the correlation coefficients of the model fits are presented in 

Table 5.

Biotransformation Kinetics

Results from phenanthrene biotransformation studies are presented in Figure 33. 

Figure 33A shows the biotransformation of phenanthrene sorbed to the mineral model 

soil. As RLBS concentration was increased, significant increases in the biotransformation 

of phenanthrene were observed, particularly at RLBS concentrations that were at or 

above the CMC. Figure 33B shows phenanthrene biotransformation in the model organic 

soil system. Again, a positive correlation between RLBS concentration and phenanthrene
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Figure 32. Desorption o f HEXADECANE from model organic soil (B, foc = 0.1% in a packed column in response to a
flowing aqueous media stream containing various concentrations of rhamnolipid biosurfactant [S] relative to its CMC (approx.
50 mg I 1).
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Figure 33. Biotransformation of PHENANTHRENE from model mineral soil (A, foe ~ 
0%) and model organic soil (B, f^ = 0.1%) in a packed column (inoculated with 
Pseudomonas aeruginosa P15) in response to a flowing aqueous media stream containing 
various concentrations of rhamnolipid biosurfactant [S] relative to its CMC (approx. 50 
mg I"1). Cb* represents the concentration of phenanthrene (normalized to the initial 
concentration of phenanthrene present on the soil, 10 [Xg g'1) that was completely 
mineralized, as determined from 14C02 measurements in a KOH trap.
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biotransformation rate is observed. However, the effects of RLBS at concentrations at or 

above the CMC are particularly pronounced.

Figure 34 shows the results of the hexadecane biotransformation studies. At RLBS = 

0, no detectable mineralization occurred. This is not surprising, since it is known that 

strain 65E12 is incapable of facilitating hexadecane degradation without the introduction 

of exogenous rhamnolipids (Ochsner et al., 1994). It is also not surprising that at an 

RLBS concentration greater than the CMC, hexadecane degradation is significant, since 

it is suspected that surfactants in a micellar form are required to facilitate the uptake of 

extremely hydrophobic alkanes (such as hexadecane) across the cell membranes of 

bacteria (Bury and Miller, 1993; Guha and Jaffe, 1996; Miller and Bartha, 1989; Reddy 

et al., 1982).

However, the unexpected observation of stimulated hexadecane degradation in the 

presence of sub-micellar concentrations of RLBS suggests that even while in a soil- 

sorbed phase, RLBS may form micellar structures capable of interacting with the 

bacterial cell membrane in such a way that alkane transport into the cell is facilitated. If 

this mechanism is possible, then it lends support to the hypothesis that some bacteria may 

indeed be capable of directly utilizing soil-sorbed HOC without the prerequisite for 

desorption into the aqueous phase.

In all biotransformation studies, the maximum observed mass of HOC that was 

mineralized corresponded to approximately 50% of the total initial HOC mass present in 

the system, suggesting that the remaining 50% of the HOC mass was either not



0.6

[S] = 0
[S] = 0. IxCMC 
[S] = O.QxCMC 
[S] = IOxCMC

Time [hr]

Figure 34. Biotransformation of HEXADECANE from model mineral soil (A, f0c« 0%) and model organic soil (B, f* « 
0.1%) in a packed column (inoculated with Pseudomonas aeruginosa 65E12) in response to a flowing aqueous media stream 
containing various concentrations of rhamnolipid biosurfactant [S] relative to its CMC (approx. 50 mg I'1). Cb* represents the 
concentration of hexadecane (normalized to the initial concentration of hexadecane present on the soil, 10 |ig g"1) that was 
completely mineralized, as determined from 14C02 measurements in a KOH trap.
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bioavailable (e.g., resisted desorption), had desorbed from the soil and exited the column, 

or provided a carbon source for biosynthetic processes (e.g., cell growth). It is doubtful 

that phenanthrene resisted desorption, since the phenanthrene desorption studies (Figure 

31) showed that phenanthrene removal far below 50% of the initial mass could be 

achieved. However, desorption-limited bioavailability of hexadecane could have 

occurred, as evidenced by the hexadecane desorption studies (Figure 32) that showed less
V

than 10% removal over the time course of the experiments. The mass of HOC that exited 

the column during the biotransformation experiments is unknown since effluent HOC 

concentrations were not monitored directly (this issue will be discussed in greater detail 

below). A more likely scenario is that a significant fraction of the initial HOC mass 

provided nutrition for biosynthetic processes. This is commonly observed in 

mineralization studies in the absence of non-carbon nutrient limitations.

The data shown in Figures 33 and 34 were fitted to a first order biotransformation 

model (equation 5) to estimate values for first order biotransformation rate coefficients 

(kb). Values for kb and the correlation coefficients of the model fits are presented in Table 

5. • ■

Discussion

Conceptual Process Model Description

Figure 35 presents a conceptual model for describing the fate of soil-bound HOC as 

observed in the column experiments described herein. Three primary pathways are

identified in the model:
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Table 5. Summary of Data from Desorption and Biotransformation Studies. The first 
order mass transfer rate for desorption is indicated by kmd (Rmd2 indicates the correlation 
coefficient of the mass transfer model (equation 4) fit to the observed data). The first 
order biotransformation rate is indicated by kb (Rb2 indicates the correlation coefficient of 
the biotransformation model (equation 5) fit to the observed data). The ratio kb / kmd is a 
measure of the direct bioavailability of the soil-bound HOC (see discussion for further 
explanation).

HOCa Strain foc [S], xCMCc kmd; hr Rmd kb, hr'1 Tc ZTBd

Phn P15 0% 0 • 9.90 x IO'3 0.98 5.69 x IO'3 0.98 0.57
Phn P15 0% 0.1 1.01 x IO'2 0.95 6.10 x IO"3 0.97 0.60
Phn P15 0% 0.9 2.04 x IO'2 0.99 8.69 x IO 3 0.93 0.43
Phn P15 0% 10 9.00 x IO'2 0.82 2.28 x IO"2 0.94 0.25

Phn P15 0.1% 0 8.58 x 10'S 0.98 6.76 x IO'5 0.91 0.79
Phn P15 0:1% 0.1 1.15 x !O'4 0.84 2.90 x IO"4 0.99 2.52
Phn P15 0.1% 0.9 1.03 x ICF2 0.92 1.50 x IO'2 0.99 1.46
Phn P15 0.1% 10 2.19 x IO 2 0.99 2.94 x IO'2 0.81 1.34

Hex 65E12 0.1% 0 5.72 x 10'5 0.70 2.37 x IO"6 0.22 0.04
Hex 65E12 0.1% 0.1 7.76 x 10'5 0.87 3.83 x IO"4 0,97 , 4.94
Hex 65E12 0.1% 0.9 9.57 x 10'5 0.81 2.51 x IO"3 0.98 26.23
Hex 65E12 0.1% 10 1.60 x IO"4 0.73 7.91 x IO'3 1.00 49.44

a Phenanthrene (Phn) or hexadecane (Hex).
b foc = organic carbon content of model soil.
c Concentration of rhamnolipid biosurfactant in pore water, relative to the critical micelle
concentration of the surfactant (50 mg I"1).
dTo / Tb represents the ratio of the characteristic time for desorption (kmd"1) to the 
characteristic time for biotransformation (kb"1).
6 The sensitivity of the desorption and biotransformation studies employed in this study 
are limited by the specific activity of our phenanthrene and hexadecane stock solutions. 
Consequently, the "method detection limit" for both kmd and kb is approximately 5x10"5 
hr'1. Thus, the kb / kmd ratio for the organic model soil (foc = 0.1%) in the absence of 
surfactant ([S] = 0) is of questionable reliability because the calculated kb was less than 
the method detection limit for kb.
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Figure 35. Conceptual process model describing three potential fates of a soil-sorbed 
HOC (S): (I) Desorption and transport out of the column; (2) Instantaneous desorption 
and biotransformation by a soil-attached microbe; (3) Direct assimilation of soil-sorbed 
HOC and subsequent biotransformation by a soil-attached microbe.
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1. Soil-bound HOC desorbs into the aqueous phase and is transported out of the 

column before a microbial cell has the opportunity to assimilate the compound. 

We shall refer to this scenario as "transport-limited bioavailability," i.e., the case 

where bioavailability of the desorbed HOC is limited by its residence time in the 

vicinity of a microbial cell. This scenario is suggested by the observation that

. biotransformation rates are slower than desorption rates.

2. Soil-bound HOC desorbs into the aqueous phase and is immediately assimilated 

across the membrane of a microbial cell in the vicinity of the desorption site. The 

HOC is eventually mineralized, as indicated by the evolution of 14COa in the 

KOH trap. We shall refer to this scenario as "desorption-limited bioavailability," 

i.e., the case where bioavailability of the soil-bound HOC is limited by its 

instantaneous desorption rate. This scenario is suggested by the observation that 

biotransformation rates and desorption rates are similar.

3. Soil-bound HOC is assimilated by a microbial cell while in an apparently sorbed 

phase. We shall refer to this scenario as "uptake-limited bioavailability," i.e., the 

case where bioavailability of the soil-bound HOC is limited by the existence of 

novel mechanisms that a microbial cell employs to assimilate HOC while in its 

soil-sorbed phase. This scenario is suggested by the observation that 

biotransformation rates are faster than desorption rates.

The inverse of a first order rate coefficient (e.g., kmd or ky in units of [time"1]) can be 

used to approximate characteristic process times (e.g., Td for desorption or Tb for 

biotransformation in units of [time]) (see Bouwer et al., 1997, for an example employing
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this approach in the analysis of desorption and biotransformation in soil-water slurries). 

Td and Tb were calculated from first order rate coefficients and are presented as a ratio, 

Td / Tb, in Table 5.

By comparing the characteristic times for desorption (Td) and biotransformation (Tb), 

we are able to infer which of the three pathways identified in Figure 35 and described 

above dominates the fate of soil-bound HOC under a given set of experimental 

conditions:

Transport-Limited Bioavailabilitv

For Td «  Tb (i.e., Td / Tb «  I, where desorption is a significantly faster process 

than biotransformation), a desorbed HOC molecule will be washed out of the column 

prior to assimilation by a microbial cell, and bioavailability will be "transport-limited."

This assumes, of course, that the characteristic time for biotransformation (Tb) is 

significantly slower than the characteristic time for HOC transport through the column 

(Tq). The characteristic time for column transport (Tq) is defined as Tq = V / Q, where V 

is the pore water volume in the column (1.0 cm3) and Q is the volumetric flow rate 

through the column (5 cm3 min'1). Thus, Tq = 0.2 min. As calculated from batch aqueous 

biotransformation kinetics experiments (data not shown), the characteristic time for 

biotransformation (Tb) of phenanthrene and hexadecane under the media conditions 

investigated in the column experiments was shown to be 11-44 hr (i.e., 660-2640 min) 

and 6-22 hr (i.e., 360-1320 min), respectively. A companion study (Jordan and 

Cunningham, paper in preparation) has shown that retardation of the HOC during
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transport through the column due to sorption phenomena can be neglected when 

considering the characteristic transport time, since Tq was shown to be 1-2 orders of 

magnitude less than the characteristic time for sorption (as evidenced by a kinetic 

analysis of time-dependent partitioning data presented in that paper). Consequently, since 

Tq «  Tb under all conditions described herein, an observation that Td «  Tb will 

indicate the case of transport-limited bioavailability.

Based on this criteria, the desorption-biotransformation data set for phenanthrene 

sorbed to the model mineral soil (where Td / Tb < I at all surfactant concentrations) 

suggests that bioavailability of phenanthrene under these conditions is transport-limited. 

This condition suggests that surfactant addition in a system where bioavailability of a 

soil-bound HOC is transport-limited may result in only nominal increases in 

biotransformation with significant increases in mobility, an inference that is confirmed by 

the data of Figures 31A and 33A.

Desorption-Limited Bioavailabilitv

The condition Tb ~ Td (i.e., Td / Tb ~ I) indicates that the kinetics of the desorption 

and biotransformation processes are approximately the same, indicating the case where 

bioavailability is "desorption-limited." A mathematical description with experimental 

results illustrating the concept of desorption-limited bioavailability is discussed in detail 

by Bouwer et al. (1997). Identification of desorption-limited bioavailability in those 

studies was made in well-mixed batch soil slurry experiments. Consequently, Tq ~ and 

transport limitations to bioavailability were not present. However, in the column
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experiments described in our study, bioavailability of desorbed HOC that is present in the 

pore water is transport limited (as justified above). Thus, the condition Tb ~ Td suggests 

that desorption-limited bioavailability applies only to microbes that have access to 

instantaneously-desorbing HOC, where a desorbed HOC molecule is immediately 

assimilated by a microbial cell before it has the opportunity to enter the pore water 

transport stream in the column.

Based on this criteria, the desorption-biotransformation data set for phenanthrene 

sorbed to the model organic soil (where Td ZTb ss I at all surfactant concentrations) 

suggests that bioavailability of phenanthrene under these conditions is limited by the rate 

of instantaneous phenanthrene desorption. This observation agrees with the hypothesis 

posed by Alexander and colleagues that surfactants applied at low concentrations may be 

responsible for enhanced biotransformation rates (Aronstein et al., 1991; Aronstein et al., 

1992) by promoting instantaneous desorption of HOC. In addition, our results confirm 

the outcome of an exploratory modeling exercise, in which surfactant addition at sub- 

micellar concentrations improved the bioavailability of soil-bound HOC by increasing its 

rate of instantaneous desorption (Jordan et al., 1999).

This condition further suggests that surfactant addition in a system where 

bioavailability of a soil-bound HOC is desorption-limited may result in significant 

increases in both biotransformation and transport, an inference that is confirmed by the 

data of Figures 3IB and 33B.
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Uptake-Limited Bioavailabilitv

(
The condition Td »  Tb (i.e., Td / Tb »  I, where desorption is a much slower 

process than biotransformation) indicates that desorption into the bulk aqueous phase 

may not be a prerequisite to biotransformation of the HOC by the microbial culture. 

Consequently, this indicates the case where bioavailability is "uptake-limited," i.e., 

degradation of the HOC in its soil-bound phase depends on unique capabilities of the 

degrading population to access the sorbed HOC directly. Examples of novel mechanisms 

a cell may use to access a sorbed compound include extracellular enzyme-induced 

.transformation or facilitated transport of the soil-bound HOC across the cell membrane 

via a surfactant-like vesicle.

Based on this criteria, the desorption-biotransformation data set for hexadecane 

sorbed to the model organic soil (where Td / Tb »  I under all Conditions where 

surfactant is present) suggests that bioavailability of hexadecane under these conditions is 

limited by ability of the microbial cell to assimilate the compound in its sorbed state. This 

condition suggests that surfactant addition in a system where bioavailability of a soil- 

bound alkane is uptake-limited may result in significant increases in biotransformation 

with only nominal increases in transport, an inference that is confirmed by the data of 

Figures 32 and 34.

Guha and Jaffe (1996) suggested that some bacteria might have direct access to HOC 

present in the hydrophobic interior of a surfactant micelle. This resulted in an increase in

the mass transfer of the HOC across the cell membrane relative to the condition where
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micelles are not present. The data described in the current study suggest that a similar 

phenomenon may occur, except that bacteria may have access to HOC present in soil- 

bound micellar structures (e.g., admicelles or hemimicelles) in addition to aqueous phase 

micelles. A companion paper (Jordan et al., paper in preparation) reported the results of 

both RLBS sorption isotherms and atomic force microscopy investigations that that 

suggested the formation of sorbed micellar structures of RLBS to both the mineral and 

organic model soils when RLBS was present at concentrations below the aqueous CMC 

ofRLBS.

Summary

Figure 36 summarizes the desorption and biotransformation data described herein by 

showing the relationship between the characteristic times for desorption (Td) and 

biotransformation (Tb) in graphical form that visually identifies the regions where 

different processes affect HOC bioavailability. The line Td = Tb indicates the condition 

for desorption-limited bioavailability. Above and to the left of the Td = Tb line identifies 

the region where bioavailability is transport-limited. Below and to the right of the Td = 

Tb line identifies the region where bioavailability is uptake-limited. Thus, by plotting Td 

vs. Tb for a given set of experimental conditions, potential processes affecting 

bioavailability limitations can be readily inferred.

In addition, for the case of surfactant-enhanced bioremediation, where it is desirable 

to design a strategy that depends on surfactant concentration, the slope of the IogTs /
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Figure 36. Plot of the characteristic time for desorption (Td) vs. the characteristic time 
for biotransformation (Tb). The region above and to the left of the T0 = Tb (dashed) line 
indicates transport-limited bioavailability. The region along the Td = Tb line indicates 
(instantaneous) desorption-limited bioavailability. The region below and to the left of the 
Td = Tb line indicates uptake-limited bioavailability. For further descriptions of transport, 
desorption, and uptake-limited bioavailability, see text.
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IogTn line can be used to identify the effects of surfactants on the dominant 

bioavailability process in the system. For example, for the data set [Phn, mineral soil], 

increasing surfactant concentration (trending downward and left among points in the data 

set) results in increasing transport limitations to bioavailability (as evidenced by the log 

Tb / log Td line having a slope < I). For the data set [Phn, organic soil), increasing 

surfactant concentration did not significantly affect the type of process that was dominant 

in controlling phenanthrene bioavailability (i.e., desorption limitations). Consequently, 

within the surfactant concentration range investigated, increasing surfactant concentration 

further confirmed that desorption-limited bioavailability was the dominant process. 

Finally, for the data set [Hex, organic soil], increasing surfactant concentration 

significantly decreased the degree of uptake-limited bioavailability (as evidenced by the 

log Tb / log Td line having a slope > I). Thus, the efficiency of hexadecane uptake 

improved at higher surfactant concentrations.
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CHAPTER 7 

CONCLUSION

Environmental contamination resulting from the manufacture, storage, handling, and 

disposal of organic chemicals is an immense environmental concern. Organic chemical 

residues and their transformation products are not only toxic and mutagenic, but also tend 

to persist in soils for long periods of time. While some organic chemicals are recalcitrant, 

their limited bioavailability is also partially responsible for their long persistence times. 

In particular, hydrophobic organic chemicals (HOC) tend to associate with soil organic 

matter (SOM). HOC-SOM association phenomena have been implicated in observed 

limitations in HOC bioavailability (Mihelecic et al., 1993; Pignatello and Xing, 1996).

While HOC-SOM association may be responsible for the limited bioavailability of 

HOC in soils, a mechanistic description of the association process has not been 

thoroughly investigated. The mechanisms of HOC-SOM association are likely a function 

of the structure, chemistry, and conformation of SOM. Further, perturbations in the local 

microenvironment at the soil-water interface (e.g., by surfactant addition) could alter 

SOM structure in such a way that subsequently alters HOC bioavailability. However, 

little is known about the fate of HOC in response to perturbations in the 

microenvironment a t . the SOM-water interface that could potentially alter the 

bioavailability and mobility of HOC.
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One of the unique characteristics of surfactants is their ability to associate with the 

soil-biofilm-water interface via sorption phenomena. As a result, surfactants in a sorbed 

phase have a significant advantage over surfactants in an aqueous phase for perturbing 

the physical and chemical nature of the microenvironment at the soil-biofilm-water 

interface. Surfactants at low concentrations will result in a large fraction of the surfactant 

mass being associated in a sorbed phase. Consequently, for bioremediation technologies 

that employ the addition of submicellar surfactant concentrations or the exploitation of 

biosurfactant-producing bacterial biofilms (for which both technologies are unlikely to 

result in the formation of a supramicellar surfactant mass), surfactant sorption will likely 

play an important role in influencing HOC bioavailability.

There has been very little fundamental study of the role surfactants play in the 

biotransformation of soil-sorbed (and particularly, «SOM-associated) chemicals. 

Consequently, there is a great need to understand the role of surfactants in the utilization 

of SOM-bound HOC. Therefore, the topic of this dissertation was tire study of surfactant- 

induced changes in the bioavailability of SOM-associated HOC.

The goal of the research described in this dissertation was to formulate a conceptual 

process model that describes how surfactants alter the bioavailability of soil-sorbed HOC 

to bacteria associated with bacterial biofilms present at the soil-water interface (see 

Chapter I). Specific objectives of the research were:

I. To critically review recent literature in the area of SEB and identify overlying 

factors that contribute to the success or failure of surfactant-enhanced 

bioremediation (Chapter 2).
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2. To formulate a mathematical model for HOC biotransformation of a contaminated 

soil system perturbed by surfactant addition so that the basic processes of 

partitioning, mass transfer, and biotransformation can be investigated (Chapters 3 

and 4).

3. To develop and validate an experimental methodology that is appropriate for 

investigating the influence of surfactants on the bioavailability of soil-bound HOC 

(Chapters 5 and 6).

Summary of Objective I

Chapter 2 presents an in-depth, quantitative, and critical review of experimental 

reports of surfactant-enhanced bioremediation (SEB) in soil-water systems. The 

effectiveness of surfactant-enhanced bioremediation was defined as:

%
t*(ST = 0)

(I)

where Sj = surfactant concentration in the system, and t*(Sx) is the observed 

characteristic time for biotransformation in a Soil-water system in response to (or for the 

case St=O, absence of) surfactant addition. Consequently, for Tjfs > I, surfactant addition

resulted in the stimulation of HOC biotransformation, while for T|fs < I, surfactant
. ■ .

addition resulted in the inhibition of HOC biotransformation. In an attempt to correlate 

the effectiveness of SEB with surfactant concentration relative to the CMC, Figure 37 

was generated.
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Figure 37. Summary of reported SEB effectiveness factors (T|fs) calculated from selected literature. xCMC defines the total 
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Figure 37 does not suggest a well-defined correlation SEB effectiveness and 

surfactant concentration. This is not surprising, since Figure 37 highlights studies that 

employed various soil types, microbial populations, and contaminants. However, a 

statistically significant observation can be made from the data: the influence of 

surfactants on SEB effectiveness tends to be positive when surfactants are applied 

below the CMC, and tends to be negative when surfactants are applied above the 

CMC.

Summary of Objective 2

Chapters 3 and 4 present the results of an exploratory mathematical modeling 

exercise in which the influence of surfactants on HOC bioavailability was described 

using the concept of electrical resistivity to model partitioning and mass transfer 

resistance to biotransformation. Key definitions that arose from this exercise included 

concentration-limited bioavailablity (in which biotransformation rate was limited by the 

low apparent solubility of HOC in the free aqueous phase) and desorption-limited 

bioavailability (in which biotransformation rate was limited by the slow rate of HOC 

mass transfer from the sorbed phase to the aqueous phase).

The seminal result from this exercise is presented in Figure 38, which shows the 

relationship between surfactant concentration and the effectiveness of surfactant- 

enhanced bioremediation as described by the time required to facilitate a 2-log reduction 

in total system HOC concentration.
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Figure 38 suggests that for the case of concentration-limited bioavailability, 

surfactant addition further reduces HOC bioavailability by reducing the apparent 

solubility of free aqueous HOC through micellar sequestration. On the contrary, for 

desorption-limited bioavailability, surfactant addition promotes HOC bioavailability at 

submicellar concentrations. As described in Chapter 3, the mechanism behind the latter 

enhancement is unclear. However, results in progress at the time of this writing suggest 

that, at low surfactant concentrations, sorbed surfactant steepens the concentration 

gradient for mass transfer from the sorbed-to-aqueous phase, resulting in a higher HOC 

flux to the directly bioavailable pool (i.e., the aqueous phase). However, as surfactant 

concentration increases above the CMC (see Figure 38), the presence of aqueous phase 

micelles again creates a concentration-limiting regime that results in hindered 

bioavailability.

In summary, the results from Chapters 3 and 4 suggest that when HOC 

bioavailability is desorption-limited, surfactant addition at submicellar 

concentrations (i.e., where sorption is the dominant surfactant speciation process) 

results in enhanced HOC bioavailability.

Summary of Objective 3

Chapters 5 and 6 present the results of a laboratory investigation of desorption and 

biotransformation kinetics in an SEB treatment regime. Chapter 5 focused on 

investigating the influence of surfactant (rhamnolipid) addition on HOC (phenanthrene)
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desorption from model mineral (f0c ~ 0%) and organic (foe » 0.1%) sandy soils. The key 

result from this study is shown in Figure 39.

Figure 39 suggests that for the model organic soil, the addition of near-micellar 

surfactant concentrations (and consequently, the presence of sorbed surfactant) has 

a profound impact on increasing the desorption kinetics of phenanthrene.

The primary objective of the biotransformation study presented in Chapter 6 is to test 

the hypothesis that the enhancement of desorption by surfactant addition is responsible 

for enhanced biotransformation as well. Thus, both desorption and biotransformation 

kinetics were quantified, and the HOC suite was extended to include hexadecane in 

addition to phenanthrene. The results are summarized in Figure 40.

Figure 40 shows a plot of the characteristic time for desorption (i.e.. To, the inverse of 

the best-fit first order mass transfer coefficient that describes the desorption process) vs. 

the characteristic time for biotransformation (i.e., Tb, the inverse of the best-fit first order 

kinetic coefficient that describes the biotransformation process). As described in detail in 

Chapter 6, the line Td=Tb identifies the condition of “desorption-limited bioavailability,” 

where the kinetics of biotransformation are limited by the instantaneous rate of HOC 

desorption from the soil. The data set [Phn, organic soil] falls near the TD-TB line, 

suggesting that the mechanism by which the surfactant influences phenanthrene 

bioavailability in the organic soil system is related to the ability of the surfactant to 

enhance its instantaneous desorption rate.
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Figure 39. Influence of rhamnolipid biosurfactant concentration on the magnitude o f the mass transfer coefficient for
desorption/dissolution (kmd) at an initial soil phenanthrene concentration o f 10 ug g'1.
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Figure 40. Plot of the characteristic time for desorption (T0) vs. the characteristic time 
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indicates transport-limited bioavailability. The region along the T0 = T3 line indicates 
(instantaneous) desorption-limited bioavailability. The region below and to the left of the 
T0 = Tb line indicates uptake-limited bioavailability.
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The upper-left region of Figure 40 (i.e., Tb < Td) identifies the condition where 

bioavailability is “transport-limited,” i.e., the rate of biotransformation is not fast enough 

to degrade desorbed HOC before it is transported out of the column via pore water flow. 

While this condition is governed by the design of the experimental system, it does 

suggest that for the data set [Phn, mineral soil] (which falls within this region), surfactant 

addition increases phenanthfene mobility (i.e., its desorption rate), but that 

biotransformation was not necessarily desorption-limited.

The lower-left region of Figure 40 (i.e., Tb > To) identifies the condition where 

bioavailability is “uptake-limited,” i.e., the rate of HOC biotransformation is faster than 

the rate of HOC desorption. This region is occupied by the data set [Hex, organic soil], 

and describes the unusual case that while the addition of surfactant did not significantly 

alter the rate of desorption, an increased biotransformation rate was nonetheless 

observed. This result suggests that a combination of two processes are occurring: (I) that 

surfactant (rhamnolipid) addition facilitates the uptake of HOC (hexadecane), and (2) that 

hexadecane need not be in the dissolved aqueous phase in order for uptake to occur. A 

review of literature, as presented in Chapter 6, confirmed both of these hypotheses.

In summary, Chapters 5 and 6 suggest that (I) surfactant sorption nfay enhance 

HOC bioavailability when bioavailability is desorption-limited, and (2) surfactant 

sorption may facilitate the direct uptake of sorbed HOC by microorganisms capable 

of positively interacting with sorbed surfactant-HOC phases.
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Hypothesis Revisited

The original hypothesis is restated from Chapter I :

“Near-micellar surfactant concentrations tend to promote the formation of 
sorbed micellar structures (e.g., admicelles, hemimicelles, or mixed 
micelles with soil organic matter) at the soil-water interface. As a result, a 
significant increase in the surface activity at the soil-water interface is 
realized, thus providing the impetus for perturbing the nature of HOC 
association with the interface. Consequently, it is hypothesized that 
surfactant sorption influences HOC desorption kinetics. In particular, at 
the CMC, where maximum efficiency in surfactant sorption is realized, a 
maximum observed rate o f increase in HOC desorption kinetics will be 
observed. If HOC bioavailability is desorption-limited, then the maximum 
observed rate o f increase in HOC biotransformation kinetics Will also be 
realized. Above the CMC, the rate of increase in desorption kinetics (and 
possibly, the rate of increase in biotransformation kinetics), will decrease, 
due in large part to the sequestration of HOC in aqueous phase micelles 
(thus reducing the concentration of directly bioavailable HOC).”

This dissertation provides sufficient evidence to support this hypothesis. Further, the 

results presented herein, as summarized above, provide no justification for nullifying any 

aspect of the hypothesis. However, this hypothesis was based on the concept of 

“desorption-limited bioavailability,” identified by the presumption that HOC must be 

present in a free aqueous phase as a prerequisite for microbial uptake. Unfortunately, this 

prerequisite may not be necessary for all microbial populations, as evidenced by the 

results presented in Chapter 6, where direct uptake of soil-bound hexadecane by 

Pseudomonas aeruginosa 65E12 was observed. It was further observed that the 

mechanism of direct uptake was related to the presence of rhamnolipid biosurfactant 

(sorbed) at the soil-water interface. Surfactant production by biofilms may only be one 

means by which biofilms may facilitate HOC bioavailability. Other biofilm effects that 

can perturb the physico-chemical nature of the soil-water interface, and thus, affect HOC
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bioavailability, include the accumulation of ionic strength or divalent cations. Thus, to 

summarize this dissertation, it would be appropriate to discuss the impact of microbial 

biofilms at the soil-water interface on the bioavailability of soil-bound HOC.

In Closing: Microbial Biofilms in Soil 
and their Impact on HOC Bioavailabilitv

Association of Organic Chemicals with Soil Organic Matter

The association (adsorption, partitioning, or binding) of hydrophobic organic 

chemicals (HOCs) in soils is dominated by the soil organic matter (SOM) fraction 

(Karickhoff, 1981). The association of organic chemicals with SOM influences a number 

of phenomena, including bioavailability (Mihelcic et al., 1993; Gordon and Millero, 

1985; Bosma et al., 1997), toxicity (Alexander, 1995), and mobility (Weber et al., 1991). 

Consequently, insight into association mechanisms may contribute to the design of more 

effective bioremediation technologies and better predictions of risk assessment.

Compounds having significant hydrophobicity are thought to associate with SOM by 

partitioning into low-polarity domains, while compounds having more polar functional 

groups may exhibit more specific binding phenomena (Xing et al., 1996) in hydrophilic 

SOM domains. The complexity of SOM precludes direct observation of specific 

association mechanisms. Consequently, suggested association mechanisms are usually 

based only on circumstantial evidence, although recent spectroscopic techniques (e.g., 

13C-NMR and FTIR) have offered great insight into the nature of specific binding 

mechanisms (Martin-Neto et al., 1994).
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The “Membrane-Micelle” Structural Model for Soil Organic Matter 
and its Impact on Organic Chemical Bioavailabilitv

While polar functionalities of organic matter have indeed been implicated in the 

binding of charge-polarized organic chemicals (e.g., aminotoluenes), specific 

mechanisms by which more hydrophobic compounds (e.g., polycyclic aromatic 

hydrocarbons) associate with SOM remain somewhat of a mysteiy. Correlation of 

organic compound hydrophobicity (e.g., Kow) with soil hydrophobicity (e.g., foc) often 

predicts sorption of the compound when the soil organic matter content is significant 

(Karickhoff, 1981). However, the mechanisms by which hydrophobic SOM domains 

sequester less polar compounds are largely unknown, although a variety of hypotheses 

have been advanced (Pignatello and Xing, 1997). Some of these hypotheses include: slow 

diffusion through the organic matter structure (Pignatello and Xing, 1997); van der Waals 

interactions (Karickhoff, 1981); “dual-mode” or polymer sorption theory (Leboeuf and 

Weber, Jr., 1997; Xing and Pignatello, 1997); or partitioning into micellar core-like 

domains (Wershaw, 1993; Li and Bowman, 1998).

The hypothesis that natural organic matter takes on a micellar structure not unlike 

surfactant micelles (Li and Bowman, 1998; Sullivan et al., 1998) was recently advanced 

by Werskaw (1993), and is referred to as the “membrane-micelle” model. This hypothesis 

is based on observations that aggregation of SOM molecules results in energy scattering 

phenomena, surface activity, and solubilization of hydrophobic compounds at 

concentrations higher than their aqueous solubility limits. By themselves, these 

observations do not prove the existence of a micellar structure. However, they
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collectively support the membrane-micelle model’s explanation of HOC binding to SOM 

as partitioning into the hydrophobic core of the SOM micellar aggregate.

The effects of ionic strength on SOM structure offer some insight into its micellar 

nature. Ionic strength can have two primary effects (potentially “competitive” with 

respect to the affinity of SOM for organic chemicals) on SOM structure: increasing 

hydrophobicity and decreasing volume of the hydrophobic core. Increasing ionic strength 

could result in charge neutralization of the SOM aggregate, decreasing its hydrophilicity 

(i.e., increasing its hydrophobicity). Thus, compounds that are governed by hydrophobic 

partitioning mechanisms into the micellar core of SOM (Chien et al., 1997) may exhibit a 

decrease in bioavailability in response to an increase in ionic strength (Li et al., 1997). 

However, increasing ionic strength also results in compression of the SOM structure 

(Murphy et al., 1994), potentially decreasing the volume of micellar core regions and 

promoting contaminant desorption (and bioavailability) from SOM (Schlautman and 

Morgan, 1993; Benedetti et al., 1996) .

Although micellar behavior of natural organic matter in aqueous solutions has been 

observed (Chien et al., 1997; Engebretson and von Wandruszka, 1994), it is yet unknown 

whether sorbed soil organic matter (SOM) takes on a micellar structure similar to that of 

surfactant molecules aggregated at the solid-water interface (Sullivan et al., 1998; Manne 

and Gaub, 1995). Whether or not SOM conforms to the membrane-micelle model could 

have significant implications for assessing the bioavailability of SOM-associated 

compounds, including:
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o The potential for direct uptake of SOM-associated nutrients via direct contact 

between a microbial cell membrane and the external shell of the SOM micelle 

(Guha and Jaffe, 1996);

o Partitioning of exoenzymes and solubilizing agents (e.g., biosurfactants) into the

micellar core of SOM;
I

o Mass transfer,1 of nutrients out of the micellar structure of SOM (Guha and Jaffe, 

1996; Laha and Luthy, 1991);

o SOM density (concentration)-dependent association coefficients (Onken and 

Traina, 1997).

If SOM conforms to the membrane-micelle model, then each of the processes 

described above will be sensitive to changes in chemistry at the SOM-water interface. 

The next section will focus on how biofilms influence the chemical microenvironment at 

the SOM-water interface, and how those chemical changes may alter SOM structure.

Biofilm-Induced Changes in Solution Chemistry at the Solid-Water Interface

Numerous examples exist where active bacterial biofilms associated with solid-water 

interfaces alter normally very stable physical and chemical properties in the interfacial 

region (Little et al., 1997). Well-known examples include microbially-influenced 

corrosion (Lewandowski et al., 1997), biqmineralization and biodissolution of inorganic 

minerals (Little et al., 1997), and utilization of surface-localized nutrients (Korber et al., 

1995). It is reasonable, then, to suggest that bacteria attached to soil surfaces could alter
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the structure of soil organic matter, and consequently, influence' the bioavailability of 

SOM-associated organic compounds.

An overwhelming fraction of microorganisms in the soil environment exist in the 

biofilm state, i.e., they are associated with soil-water interfaces as opposed to living free 

in the pore water (Harvey et al., 1994). Biofilm organisms not only have physiological 

advantages over their planktonic counterparts (Korber et al., 1995; Costerton et al., 

1995), they also capitalize on nutrient accumulation at the solid-water interface (Korber 

et al., 1995; Weber et al., 1998). Further, biofilm bacteria may possess unique strategies 

for promoting the bioavailability of sorbed compounds (Tang et al., 1998). The most 

fundamental of these strategies is the adhesion of cells at the interface where the nutrients 

reside (Bright and Fletcher, 1983; Kefford et al., 1982;'Griffith and Fletcher, 1991). 

Other strategies (accumulation of ionic strength, divalent cations, and surface active 

compounds at the soil-water interface) for promoting the bioavailability of SOM-bound 

chemicals must also be considered.

Ionic Strength. Nutrient flux across the biofilm-water interface (de Beer et al., 1994) 

and slow mass transport in the biofilm matrix (Stoodley et al., 1994) results in the 

accumulation of ionic species that increase the ionic strength in the microenvironment at 

the solid-water interface. This could induce structural changes in SOM that could affect 

the association chemicals with soil surfaces (and thus, their subsequent bioavailability) 

(Li et al., 1997; Schlautmann and Morgan, 1993; Benedetti et al., 1996; Brunk et al., 

1997).
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Divalent Cations. Biofilms are complex physical structures (Lawrence et al., 1991) 

that maintain their architecture by a matrix of both inorganic and organic constituents that 

include exopolysaccharides, or EPS (Costerton et al., 1995). EPS has a tremendous 

capacity for cation exchange and is responsible for the accumulation of divalent metals in 

biofilms (Brown et al., 1982). Consequently, biofilm activity promotes the accumulation 

of divalent metal cations (e.g., Ca2+ and Mg24) at the soil-water interface. Soil Organic 

matter can also form strong complexes with divalent cations (Boggs et al., 1985). 

Engebretson and von Wandruszka (1998) investigated the effects OfMg2+ on the kinetics 

of aggregation of dissolved humic acid. They indicated that Mg2+ addition neutralized 

anionic moieties on the humic molecule, promoting cation bridging and subsequent 

aggregation that resulted in the formation Ofhydrophobic pseudomicelles (as indicated by 

their fluorescence quenching of pyrene). Cation effects on SOM structure could likewise 

influence the bioavailability of SOM-associated chemicals.

Surface Active Compounds. In response to normal physiological function, biofilm 

microorganisms produce a variety of “surface-active” compounds (i.e., surfactant-like 

amphiphiles). Some of these amphiphiles include fatty acids, proteins, lipids, 

lipopolysaccharides, and biosurfactants. Surfactants have a high affinity for the soil-water 

interface (Fink et al., 1970; Liu et al., 1992; Urano et al., 1984), and have been shown to 

associate with both mineral surfaces (Marine and Gaub, 1995; Koopal et al., 1995), 

natural organic matter (Traina et al., 1996), and other surfactants (Hayworth and Burris, 

1997). Biosurfactant production has been implicated as a nutrient scavenging strategy 

(Barriaulfand Sylvestre, 1993; Pendrys, 1989).
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Surfactants also solubilize hydrophobic compounds and change their 

bioavailability (Jordan and Cunningham, in press; Rouse et ah, 1994). Some studies have 

reported that when low concentrations (sub-micellar) of surfactants were added to 

contaminated soils, contaminant biotransformation rates increased (Aronstein and 

Alexander, 1992), suggesting that surfactant accumulation at the soil-water interface 

(e.g., sorption) was responsible for promoting contaminant bioavailability. Increased 

contaminant desorption rates have been identified as a possible reason by which sorbed 

surfactants increase bioavailability (Jordan and Cunningham, in press; Aronstein and 

Alexander, 1992; Sahoo and Smith, 1997). In addition, Jordan and Cunningham (1998) 

suggest mechanistic explanations for these desorption rate increases that include either 

sorbed surfactant-induced changes in HOC concentration gradients driving desorption, or 

structural changes in SOM induced by surfactant sorption. For example, surfactant 

sorption to SOM may disrupt metal-organic soil complexes, thus resulting in 

destabilization of the SOM aggregate and dissociation of sorbed or bound contaminants 

(Eschenbach et ah, 1998). Ndou and von Wandruszka (1989) investigated the effects of 

surfactant (Brij 35) addition on the polarity of the hydrophobic microenvironment in 

another surfactant (Triton X-405) micelle using fluorescence techniques. They observed a 

decrease in the polarity of the Triton micelle in response to Brij addition, presumably 

resulting from mixed micelle interactions. The observed effect was undoubtedly 

dependent on the structure of both surfactants, and thus, cannot be generalized for other 

surfactant-surfactant or surfactant-SOM systems. However, their results emphasize the
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potential importance of surfactants on SOM structure with respect to induced changes in 

the polarity of both hydrophilic and hydrophobic SOM domains.

Summary

Organic chemical fate in soils is partially governed by its association with soil 

organic matter (SOM). SOM structure controls the dissociation rate of organic chemicals 

from SOM and its subsequent bioavailability. SOM structure is sensitive to solution 

composition, including ionic strength, divalent cations, and surface-active agents. Thus, 

processes that significantly alter the chemical microenvironment at the soil-water 

interface, such as biofilm activity, may impact the bioavailability of organic chemicals 

associated with SOM.
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