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SURF ACT ANT-ENHANCED BIO 
REMEDIATION: 
A Review a/the Effects of Surfactants on the 
bioavailability of Hydrophobic Organic Chemicals in 
Soils 
Ryan N. Jordan
Alfred B. Cunningham

Introduction

Hydrophobic organic chemicals (HOCs) often exhibit limited bioavailability to 
microorganisms and can persist in the subsurface for long periods of time. The 
use of surfactants has been proposed to enhance the effectiveness of both in-situ 
bioremediation and ex-situ slurry-reactor bioremediation by increasing HOC 
bioavailability. However, the fate of 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 of this 
review is to identify factors that influence the effectiveness of 
surfactant-enhanced bioremediation (SEB) of soils contaminated with HOCs. 

We propose that the effectiveness of SEB can be interpreted based on 
determination of an SEB effectiveness factor, 11rs, defined as the ratio of the 
characteristic time for HOC biodegradation in the absence of surfactants to the 
characteristic time for HOC biodegradation in the presence of surfactants. 
Observed effectiveness factors were calculated from literature reports of SEB in 
soil systems to identify trends in llts as a function of total surfactant 
concentration in the system (ST). We observed that in approximately 2/3 of the 
data, the presence of surfactants at concentrations both below and above their 
critical micelle concentrations (CMCs) resulted in '1rs 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 of cases than when surfactants 
were applied below their CMC. Still, no distinct correlation between 11rs 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 11rs 

Mechanisms by which surfactants influence HOC bioavailability in 
soil-water svstems are reviewed herein. These mechanisms can be classified in 
one of three c;tegories: (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 review of SEB in soil-water systems 
is then undertaken, followed by an interpretation 
of observed values of llrs from literature data. 



Bioavailability, in a general sense, is defined as the accessibility of a substrate to a 
microbe or enzyme that facilitates the transformation of that substrate. When the 
substrate of concern is a hydrophobic organic chemical (HOC), bioavailability can be 
limited by low aqueous concentration (or solubility) of HOC, slow mass transfer of 
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 
of HOC does not imply its recalcitrance [I]). 

The bioavailability of 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 of substrate concentration on the rate of 
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, biodegradation of HOC in the aqueous phase may promote dynamic 
partitioning of 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 of 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 of 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 of 
uptake and degradation of HOC may vary as a function of 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 of HOC to the degrading population from 
nonavailable phases. and uptake mechanisms during the direct contact of cells with 
various HOC phases. Surfactants can have profound effects on any of these three 
mechanisms, and these effects are the focus of this review. 

2. Interpretation of SEB Using an Effectiveness Factor Approach

2.1. AN EFFECTIVENESS FACTOR FOR EV ALU A TING SURF ACT ANT­
ENHANCED BIOREMEDIATION 

The family of technologies by which surfactants are employed to increase the 
bioavailability of contaminants in the environment is called surfactant-enhanced 
bioremediation (SEB). Surfactants have the potential to either enhance or inhibit 
observed rates of biodegradation [2,3]. To evaluate the performance of SEB in a 
contaminated soil, it is useful to define an effectiveness factor, 11 1,, that describes the 
degree of influence of the surfactant relative to a surfactant-free control: 
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(I) 

where t*(ST = 0) is the characteristic time for HOC biodegradation in the absence of 
surfactant treatment [time], t*(ST) is the characteristic time for HOC biodegradation in 
the presence of surfactants [time], and ST is the total concentration of surfactant in the 
system. 

HOC degradation can sometimes be approximated by first order kinetics, 

(2) 

where k,ail is the first order rate coefficient describing degradation of aqueous phase 
HOC in the presence of a soil phase [time-I], and Caq is the aqueous phase HOC 
concentration [mg L- I]. Assuming first--{)rder kinetics are a valid approximation, it is 
useful to note that the characteristic time for biodegradation can be defined as [4] 

(3). 

Consequently, Equation I can be rewritten as: 

(4) 

where ksail(ST) is the rate coefficient observed for biodegradation in the presence of 
surfactant treatment [time-I], and k,ail (ST = 0) is the rate coefficient observed for 
biodegradation in the absence of surfactant treatment [time-I]. It is apparent from 
Equation 4 that tor values of 111:, < I, the presence of surfactants inhibits bioavailability, 
while for values of llr, > I, the presence of surfactants enhances bioavailability. 

We will first discuss some of the fundamental mechanisms important in SEB, 
and explain how surfactants influence key bioavailability processes. We will then 
describe the relative effectiveness of surfactants from a variety of SEB studies in our 
survey of recent literature. Finally, we will interpret our findings based on the 
relationship between llr, va lues observed in literature (based on Equation I) and key 
processes that may be intluenced by surfactant addition. 

2.2. INFLUENCE OF SURFACTANTS ON KEY BIOA V AllABILITY 
PROCESSES 

Identification ofthe surfactant-impacted processes that influence HOC bioavailability is 
required to fonnulate a successful model for predicting llr,(ST)' Although this review 
will not define an explicit function for 11 r,c ST ) in terms of key system parameters, it does 
identify key processes that may eventually be incorporated into a predictive 
bioavailability model based for llr,cSr). The mathematical formulation ofthis model will 
be the subject of a future paper. 
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Figure I. Surfactant structures at solid-liquid interfaces. Monomers may 
be found in solution (A) or adsorbed at the interface (8). 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). 

In modeling bioavailability, a number of researchers [ 4-9] have identified the 
processes of 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 of HOC is directly bioavailable is a key issue in 
characterizing b1oavailability [ I 0). Finally, the interaction of surfactants with cell 
membranes and membrane-bound proteins may influence intrinsic rates of HOC uptake 
and degradation [ 1 I]. 

2.2.1. Physico-Chemical Influences 

Surfactant Sorption to Soil. One of the fundamental properties of surfactants is their 
association at the solid-aqueous interface (12], resulting in the formation of interfacial 
aggregates (Figure 1) having a variety of structures. 

The orientation of surfactants at an interface depends on (I) the charge at the 
interface, (2) the charge of the hydrophilic moiety of the surfactant, and (3) for 
uncharged interfaces, the relative hydrophobicities of the surfactant's hydrophobic tail 
and the surface [ 13, 14]. Figure 2 shows the various orientations of surfactant mice lies at 
a soil-water interface as a function of surface chemical characteristics. 

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

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 of 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 S1 = 0) to uncharged (for 
S1 

at a concentration that favors hemimicellar formation) to negative (for S1 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 of hemimicelle. 
hemispherical. or halt._cylindrical structures orienting at the surface with their 
hydrophilic groups pointed towards the bulk solution. 

The ability of surfactants to modify surface chemical features may have a 
profound impact on bioavailability. Surfactants may alter ( 1) the sur face charge or 
hydrophobicity that governs the degree of HOC partitioning. (2) the surface free energy 
that influences the kinetics of the adsorption reaction between an HOC and a soil 
surface, and (3) the association of microbial cell attachment to the surface. 
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Figure 3. Solubilization plot showing the reduction in the apparent HOC 
solubility (C,.q ) resulting from sorption of surfactant onto soil (Region I), 
and the increase in HOC solubility resulting from surfactant micelle 
formation in the aqueous phase (Region 11). S, = sorbed surfactant 
concentration: S"<i = aqueous surfactant concentration: Snic = surfactant 
critical micelle concentration in the presence ofa soil phase. 

Surfactant sorption to soil is a well-known [ 15, 16], 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 of nonpolar and polar functionalities (e.g., natural 
organic matter). Because of the heterogeneous distribution of these surf'aces in soil, 
surfactant-soil sorption is a complex process that makes interpretation of isotherms 
extremelv difficult. 

H�wever, one effect of surfactants at sub-CMC concentrations is their ability to 
decrease solubility of HOCs, a result of the formation of sorbed mice liar structures that 
promote partitio;1ing of HOC out of the aqueous phase. At higher surfactant 
concentrations, the formation of 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 
so!11hi/i::.atio11 JJ!ot. 

It is generally believed that surfactant monomers do not interact with HOC [ 17[. 
except for extremely hydrophobic chemicals [ 18]. 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 of 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 ..i. Model l<)r surfactant partitioning in a soil-water system. S
11 ,,,' 

represents the concentration of surfactant in the sorbed, micellar phase, 
while S 11"'"

1 represents the aqueous micellar surfactant concentration. Sn 1, 

is the concentration of surfactant in the presence of soil at which micelles 
form in solution, and also indicates the total surfr1ctant concentration at 
which the surface's sorption capacity for surfactant is reached. 
Distribution of surfactant monomers has been ignored in this model. 

HOC Soil-Wu/er ['urt1tio11i11g. Surfactant addition results in a redistribution of 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 of HOC between 
nonaqueous and aqueous phase�; are linear, then HOC speciation among phases can be 
described by a series of linear partitioning coetticients: 
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Figure 5. HOC Equilibria in a soil-water system containing surfactants. 
The influence of surfactant monomers is neglected for illustrative clarity. 
C represents the concentration of HOC in the indicated phase, and K, 
indicates linear partitioning coefficients between the nonaqueous and 
aqueous phases. 

where C, is the sorbed HOC concentration [mg HOC kg I soil], C
m
/ is the HOC 

concentration in sorbed micelles [mg HOC mg- 1 surfactant in the sorbed micellar 
pseudophase], C

111/q is the HOC concentration in aqueous phase micelles [mg HOC 
mg I surfactant in the aqueous micellar pseudophase], and K/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 of HOC:

a) C,, concentration of HOC adsorbed to soil, decreases as previously sorbed
HOC redistributes itself among sorbed and mobile surfactant micelles, and

b) C,,q, the dissolved HOC concentration, decreases in response to maintaining
equilibrium by additional nonaqueous (surfactant) phases.

The effect of surfactant addition on HOC distribution among the four 
compartments is illustrated in Figure 6. 

Figure 6 emphasizes that in the presence of 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 Ill). 

Surfactant alteration of HOC distribution can have significant effects on HOC 
bioavailability. Since surfactants promote desorption of HOC (resulting in a decrease in 
CJ, and HOC in the aqueous and micellar phase is assumed to be more bioavailable 
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Figure 6. Influence of total surfactant concentration relative to the CMC 
(S-/Snrc) on the equilibrium partitioning of HOC in a soil-water system 
(in terms of the fraction of total HOC mass in the system present in the 
aqueous (X,,q)- sorbed (XJ, sorbed surfactant-associated (X

111 ;/), and 
aqueous surfactant-associated (X 111 ,/q) 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. The X axis is a log scale. 

than HOC in the sorbed phase, then surfactant addition should result in an increase in 
HOC bioavailability. However, if bioavailability of micellar-phase HOC is limited, then 
the reduction of aqueous phase HOC (C,,,) may result in a decrease in HOC 
bioavailability in response to surfactant addition (particularly if the kinetics of HOC 
mass transfer from the m icellar to the aqueous phase are slower than the kinetics of the 
biotransformation process). Bioavailability of micellar-phase HOC will be addressed in 
more detail in section 2.2.2. 

Soil-Water Mass T ransfer. Slow desorption has been identified as a process that 
influences the bioavailability of HOCs in soil-water systems [ 1,2,19]. HOC entrapped 
in soil organic matter within intraparticle porosity can result in characteristic times of 
biodegradation on the order of years or decades. HOC mass transfer out of 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 of the particle into the bulk solution. This 
process is governed by the diffusion coefficient, D, 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 
[21]. In addition to diffusion through intraparticle pores, HOC may also diffuse in 
nonaqueous soil phases. such as soil organic matter or mineral matrices [ 19]. 
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Figure 7. Conceptual model for retarded diffusion of HOC within a 
representative pore of 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. 

The heterogeneous nature of the distribution of surface chemical features and of 
the physical shapes and sizes of nanopores within a single particle makes it impractical, 
if 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 [4,22] is the first-order mass transfer 
model: 

dC 
dts =-k

m .,(C porc -C
aq ) (8) 

where dC/dt is the HOC flux between the soil and bulk aqueous phases [mg L I time 1],
C, is the sorbed HOC concentration that includes (a) HOC that is truly adsorbed to 
natural 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 ],
C""'" i� the average HOC concentration in the aqueous phase occup!'ing the intraparticle
porosity [mg L 1], and k

111 _, 1s 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 of the sorption-desorption and
intraparticlc diffusion processes (defined by k and D in Figure 7) into the mass transfer 
coefficient, k

111
'" Thus, the HOC flux out of the particle is also influenced by the 

concentration gradient between the pore water HOC and the bulk aqueous HOC 
concentrations (C

l
'"'" - C.,q). 

This model illustrates that as the gradient between the soil and bulk aqueous 
phases increases (i.e., in response to a change in C

porc or C
aq 

from the equilibrium 
condition defined by K

11s
), HOC flux in response to disequilibrium increases. At 

equilibrium. C," = C
l
'"'" and HOC flux between the two phases is zero. Thus, any process 

that decreases the bulk aqueous phase HOC concentration (C.,
q
) over a time scale that is 



Figure 8. Influence of surfactant concentration relative to the CMC 
(S/Snrd on the initial flux (dC/dt 1,�,J of HOC from the soil phase (CJ to 
the bulk aqueous phase (C,,q) 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. Surfactant sorption is modeled by the formulation 
in Figure 4: HOC pat1itioning between aqueous and nonaqueous phases is 
modeled via linear isotherms as described in Figure 5 and Equations 5-7. 

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 illustra­
ted in Figure 8. which shows the influence of surfactant addition at various 
concentrations on the initial rate of HOC flux out of the soil phase. 

Of particular interest from Figure 8 is the effect of sub-CMC surfactant 
concentrations on the mass transfer rate. The sorption of surfactant to soil surfaces at 
low surfactant concentrations results in a dramatic decrease in the aqueous phase HOC 
concentration (as indicated by the X,,q line of 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 of 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 [23-25 J.

Thus. surfactant addition can alter HOC desorption rates by decreasing the bulk 
aqueous phase HOC concentration (C,,q), steepening the concentration gradient for mass 
transfer. Surfactants may also have an effect on the nature and magnitude of k,,,, 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 of the sorption-desorption reaction. These processes are described in 
more detail: 

a. HOC intrapctrticle diffi1sion. In addition to dissolved aqueous phase HOC
diffusing through nanopores, surfactant micelles containing HOC may also be diffusing.
The formation of aqueous micelles within a nanopore will depend on the size of 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 of micellar phase HOC 
diffusing in a nanopore would increase HOC flux out of the particle if the micelle 
diffused at a faster rate than aqueous phase HOC. The relative fluxes of solubilized 
(micellar phase) HOC vs. dissolved HOC would depend on the relative degree of 
association of each phase with sorption sites (retarded diffusion) as well as the relative 
rates of diffusion of each of 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 
of a monomer phase, with the potential for formation of adsorbed micellar structures on 
the pore walls. The presence of adsorbed micelles may retard HOC diffusion. However, 
they may also increase the kinetics of HOC <;lesorption from pore wall surfaces. 

h. HOC concentration gradients driving desorption. Reduction of C
porc 

(by parti­
tioning 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 of HOC into the pore
water, and possibly, out of the particle.

c. lnstrinsic sorption-clesorption properties. The value of a kinetic coefficient (e.g.,
first order) that describes the intrinsic nature of a sorption-desorption reaction may be
governed by the nature of the sorbent (soil surface), the sorbate (HOC), and solvent
composition (pore water). Surfactants are well known for their ability to alter the
chemistry of a surface, e.g., by promoting charge reversal or altering hydrophobicity
[12]. 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 of the sorption
reaction (i.e., binding energy, reaction kinetics, and partitioning equilibria) may indeed
be changed in the presence of surfactants.

5,'ummmy This discussion emphasizes the complexity involved, even within a single 
intraparticle pore, in interpreting the influence of 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 of the 
mass transfer coefficient, k

m 
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. 

2.2.2. Microhiologiwl lnfluences 
Knowledge of 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 
of 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 
mice liar-phase bioavailability, all of which may have an important bearing on rates of 
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 of the cell membrane). The chemical nature ( charge and 
hydrophobicity) of the soil, the cell, and either end of the surfactant may have a 
significant impact on the adhesion of bacteria to soil surfaces. Since bacterial adhesion 
to nonaqueous substrates may be required for efficient metabolism of HOC (26-32], 
then the influence of 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 (33]. 

Rouse et al. [3], in their review of the effects of surfactants on biodegradation, 
investigated the effects of surfactant concentration, surfactant charge, and micro­
organism genus on HOC biodegradation. They noted that no single underlying factor 
could predict the influence of surfactants on bioavailability. However, they recognized 
that for systems containing mixed bacterial cultures, supra-CMC surfactant con­
centrations were often associated with inhibition. They implicated micelle toxicity and 
limited bioavailability of micellar-phase HOC as potential reasons for this correlation. 

lnfl11ence ofS11rfi.,1cta11ts on the Interaction of Bacteria with lnte1fc1ces. Cell adhesion 
to interfaces is a complex phenomenon governed by a wide range of mechanisms. 
Foremost among these mechanisms are the deposition of amphiphilic molecules at 
interfaces [ 12,33] that may be of either microbial or anthropogenic origin. 

Recall from Fi�ure 2 that the chemical nature of surfactants and surface 
functional groups governs the type and orientation of micellar structures at the soil­
water interface. Further, surfactant addition can result in alteration of surface properties 
such as surface charge or hydrophobicity. This is an important result because the 
interaction of cells with surface functionalities is an important factor influencing cell 
adhesion (34,35]. Further, cell adhesion may be an important process governing the 
ability of a cell to facilitate the uptake of nonaqueous phase HOC (26-32]. 

For example. cell hydrophobicity may be an important factor to consider when 
attempting to predict the influence of 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 of surfactant types. Figure 98 shows the in fluence of surfactant 
coatings on the adhesion of 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 [36]). However, the more simply 
characterized electrostatic and hydrophobic interactions have been implicated in the 
ability of cells to adhere to nonaqueous phase substrates [29,37-39]. Thus, surfactant 
addition may influence surface or cell hydrophobicity, alter cell adhesion (and thus, the 
proximity of the cell to the substrate), and effect bioavailability. 

A recent review by Neu (33] discusses in detail the interactions between 
microbial cells, surfaces, and surface-active agents. Although the focus of this work is 
on the influence of biosurfactants on cell adhesion, the basic concepts are applicable for 
any surface-active molecule, and we highly recommend this review for further infor­
mation on surfactant-cell-surface interactions. 
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Figure 9. Influence of surfactants on cell adhesion (adapted from Neu 
[33]). See text for discussion. 



/11fl11ence of S11rfc1ctu11ts 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 of oil-in-water emulsions are transported into 
the cell membrane [31,40]. Recent work has focused on the potential for a direct 
interaction between the cell membrane and HOC solubilized in a surfactant micelle 
[ 10,41-43). This research suggests that direct bioavailability of micellar phase HOC 
depends on the compatibility between the surfactant micelle and the cell membrane, a 
phenomenon that is governed by the structure of the surfactant and the species- or 
genus-specific nature of the cell membrane [43-48]. 

Jaffe and coworkers modeled the influence of surfactant structure on the degree 
of cell-mice!le interaction and bioavailability of solubilized HOC [41]. However, 
reports describing the influence of species- or genus-specific cell membrane properties 
that govern the relationship between cell-surfactant compatibility and bioavailability of 
micellar phase HOC are virtually nonexistent. Much of the research involving 
surfactant-enhanced biodegradation of environmentally significant contaminants 
involves the use of undefined, uncharacterized microbial populations. Thus, the influ­
ence of surfactant-cell membrane compatibility on bioavailability cannot usually be 
explained, although it has often been implicated as both inhibiting [44,46] and 
enhancing [43-45,47,48] bioavailability. In fact, membrane-surfactant interactions may 
be responsible for the apparent toxicity of surfactants at supra-CMC concentrations 
[24,29,49-53]; it is well-known that surfactants are capable of fluidizing the cell 
membrane, resulting in solubilization of key membrane proteins responsible for HOC 
uptake and degradation [ I I]. Conversely, sub-CMC surfactant concentrations, pro­
moting an increase in membrane permeability by surfactant monomers, may result in 
enhanced uptake of HOC [47,48]. 

In summary, important microbiological processes involved in HOC uptake in the 
presence of surfactants are (I) bioavailability of micellar phase HOC and (2) 
compatibility between cell membranes and surfactants. Maintaining surfactant-cell 
membrane compatibility is impmiant for the following reasons [3]: 

• Some surfactants may disrupt cell membranes. A moderate degree of
permeabilization of the cell membrane may result in enhanced diffusion of HOC
into the cell; however, more severe permeabilization may result in lysis and
complete inhibition of cell function.

• Surfactants have different effects on gram positive cells than on gram negative cells:
consequently, a different set of surfactant-cell compatibility requirements must be
met depending on the nature of the cell wall structure of the degrading organism(s),
requiring different types of surfactants.

• Surfactants may form complexes with membrane-bound proteins responsible for
HOC transport or degradation; alternatively, surfactants micelles in solution could
sequester extracellular enzymes responsible for HOC degradation or microbial
surfactants responsible for HOC uptake, inhibiting their activity and reducing
bioavailability of 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 of PAHs by an uncharacterized microbial population 
when the surfactant was present above its CMC [52]. In another study, the same 
surfactant enhanced PAH biodegradation by a pure culture up to a concentration of 2 
g/L ( 150 times the CMC) without exhibiting a toxic response [54]. 



Rouse et al. [3] attempted to correlate surfactant type, microbial genus, and gram 
stain reaction with the degree of bioavailability inhibition or enhancement. They 
concluded that in general, surfactants above their CMCs resulted in inhibition of HOC 
biodegradation in mixed cultures, suggesting that toxicity of 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 of conclusive evidence identifying the influence of surfactant-micelle 
compatibility places serious limitations on the ability to design an effective SEB 
technology based on fundamental principles. These limitations are fm1her discussed in 
Section 5. Recommendationsfor Future Research. 

LJ.fec/s of' Micellur Phase Bioavailability. The previous two sections have addressed 
the impact of surfactants on cell adhesion and on the interaction of 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 
of 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 of adhering to the interface. The phenomena 
associated with micellar phase bioavailability are the topic of this section. 

For the purposes of the current discussion, a distinction must be made between 
HOC that is hioavailahle and HOC that is direct�v hioavai/ab/e [ I OJ. HOC in any phase 
is likely to be bioavailable, 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 [ I 0,41--43] via a physico-chemical 
interaction between the micelle and the cell membrane. This supports the hypotheses of 
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 [31,40). 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. 

a. Onzv llCJllCOl/.1' phase HOC is dire<:tzv hioavailable. If the aqueous phase is the
only directly bioavailable HOC phase, then the rate of biodegradation of HOC will de­
pend on (a) the concentration of HOC in the aqueous phase, and (b) the mass transfer of
HOC from nonaqueous to aqueous phases.

From section 2.2.1, we saw that the aqueous phase HOC concentration decreased 
in response to increasing surfactant concentrations (Figure 6) as a result of redis­
tribution of aqueous phase HOC into surfactant micellar phases. Consequently, since the 
rate of biodegradation is controlled by the concentration of HOC in the aqueous phase, 
governed by a first order degradation rate coefficient k1, [time 1].



dC
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dt h aq (9) 

then the resulting decrease in C aq would result in a decreased biodegradation rate in the 
presence of surfactants. 

Further, if mass transfer processes controlling the exchange of HOC between the 
surfactant micellar phases and the aqueous phases are governed by first order formu­
lations, 
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then we can see that the characteristic times for mass transfer depend on the values of
the mass transfer coefficients, km 111/ [time 1] and km ,,,;/q [time 1]. If these characteristic
times are slower than charactedstic 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 
[52]. However, micelle-aqueous partitioning kinetics data for environmentally 
significant HOCs (PAHs, PCBs, etc.) is limited [52,55-57]. Rosen discusses a variety of 
factors that may influence the partitioning of solutes in micelles [ 12], and suggests that 
solute hydrophobicity, hydrophobicity of the mice liar 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 is rapid relative to biodegradation 
may not be appropriate in all cases involving contaminants of environmental concern. 
In fact, slow mice liar release may be responsible for limiting the bioavailability of HOC 
partitioned into surfactant micelles [ I 0,51]. 

h. HOC soluhili=c:cl in mieelles is direcl(V hioavailable. Jaffe and coworkers pro­
posed a mechanism by which bacteria facilitate the direct uptake of micellized HOC via
contact between the micelle and the cell membrane [ 10,4 I] (Figure I 0). They hypothe­
sized that the rate of biodegradation depended on a hioavai/ahle concentration that
included the aqueous phase HOC as well as a fraction ofmicellized HOC:

( 12) 

where/ represents the fraction of micellized HOC that is directly bioavailable [/], C111
;
c is 

the HOC concentration in the micellar phase [mg HOC mg I surfactant in the micellar 
phase], and Smic 

is the concentration of surfactant in the micellar phase [mg L 1].
This expression for the bioavailable concentration was then coupled to a Monod 

kinetic model for microbial growth: 

(13)



Figure IO. Interaction of cells and micelles to facilitate the direct uptake 
of solubilized HOC. Ccell represents the HOC concentration in the cell [mg 
HOC L I cytoplasmic fluid]. Mass transfer across the membrane is driven 
by the concentration gradient defined by Cmic and Cecil · 

where �L is the growth rate of the microorganism [time-1] and �Lma, [time 1] and Ks [ mg
L- 1] are the kinetic coefficients for the Monod model.

The results from the initial study [IO] that fitted/as the only fitting parameter to 
a series of biodegradation experiments suggested that as surfactant concentration 
increased, f decreased. However, f assumed nonzero values between 0.1 and 0.9 in all 
cases, indicating that I 0% to 90% of micellized HOC was directly bioavailable. They 
postulated that the mechanism of direct bioavailability was via contact between the cell 
membrane and the mice lie (Figure I 0), suggesting that the concentration gradient 
between the micellized HOC (Cm ;,) and the HOC concentration in the cell governed the 
rate of uptake. Thus, as surfactant concentration increased, the HOC mass was diluted 
in a larger surfactant volume (resulting in a decrease in C111 ;J that resulted in a decline in 
l 

In a later study [41], Jaffe and coworkers successfully predicted the value off for 
a variety of surfactants. recognizing that the degree of micellar bioavailability is go­
verned by the structure of the surfactant and compatibility between the surfactant and 
the cell membrane. This study represents an important landmark in the study of sur­
factant-enhanced bioremediation by strongly suggesting that micellized HOC may be 
directly bioavailable. Their results offer insight into the mechanism of hydrocarbon 
uptake by microbial cells and the possible involvement of 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 [5,38,58-60]. If HOC partitioned into a sorbed micellar phase of biosurfactants 
was directly bioavailable, then the rate of 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 of biodegradation 
rate on the bioavailah/e HOC concentration (i.e., similar to Equation 12). Further, in the 
presence of soil, the availability of HOC present in either sorbed or aqueous micellar 
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Figure 11. Influence of surfactant concentration relative to the CMC 
(SiSnw) and the bioavailable fraction of micellized HOC (j) on the ini­
tial observed rate of biodegradation ( dC 1w/dt l,�0)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. The X axis is a log scale. 

phases may significantly alter rates of biodegradation. This has been observed in recent 
studies that showed that apparently soluble HOC (aqueous + micellized) governed 
microbial kinetics [41,61 J. For example, biodegradation of HOC in a soil-water­
surfactant system may be governed by Equation 9, with C,,q replaced by Ch ,u defined by: 

C - C r(c"'I S"'I C' S' R ) 
hio - , ,1q + rnic rnic + 1111c rn1c �·'\\· ( 14) 

where S"' ;/1 [mg L 1
] and Smic' [mg surfactant kg- 1 soil] represent the aqueous and

sorbed micellar surfactant concentrations, respectively, and R"" [kg L 1] is the
soil:water ratio. Equations 9 and 14 imply that no mass transfer limitations between 
phases exist. Thus. we can observe the effect of surfactant addition on the initial (t = 0) 
observed rate of biodegradation in response to surfactant addition as a function of 
surfactant concentration (Figure 11 ). 

Figure 11 shows that, in the absence of mass transfer limitations, the degree of 
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 forf= 0 andf= I represent the extreme cases where none 
and all of the micellar phase is directly bioavailable, respectively. 



3. A Review of the Influence of Surfactants on Bioavailability in Contaminated
Soils

Other reviews have addressed the influence of surfactants on HOC solubilization and 
transpor1 [62], microbial adhesion [33], surfactant-cell interactions [3], and surfactant 
chemistry at solid-liquid interfaces [12]. It will be the focus of 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 of 
research is emerging that investigates the potential for SEB of soils where a NAPL 
phase is present, and key studies in this area will also be discussed. 

3.1. 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; 
(2) there is less risk for off-site mobility of 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 of more
frequent but smaller surfactant dosages, and by careful monitoring of the rate and extent
of HOC degradation [63]. Finally, minimizing the toxic effects of 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 [23-25] investigated the influence of nonionic 
surfactants on the desorption and mineralization of phenanthrene and biphenyl in low, 
medium. and high-organic carbon soils. The first study [23] compared the relative 
influences of surfactant addition on mineralization in high and medium organic carbon 
soils in nonslurried soil reactors. The second study [24] examined similar effects in low 
organic carbon aquifer sediments in slurry systems. The final study in this series [25 J 
examined the potential for low concentrations of surfactants to enhance the mobilization 
and mineralization of HOCs in a soil column. 

In the initial study [23], the comparison between a medium organic carbon soil 
(Lima silt loam. t;" = 7.6%) and a high organic carbon soil (Edwards muck, t;" = 32.9%) 
was made. They determined both desorption extents and mineralization rates/extents as 
a function of surfactant concentrations below and above their CMCs. but observed no 
correlation between the extent of desorption and extent of mineralization. However, it 
was observed that 111 incral ization 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 of desorption (i.e., the solu­
bilization process) was not as important in enhancing bioavailability as was the 
instantaneous desorption rate of HOC from the soil. They speculated that surfactant 
addition may have promoted instantaneous desorption, thus enhancing the rate of 
supply of HOC to the degrading microbial population. 

The mechanism for this enhancement is unknown. However, some possibilities 
include: (I) an increase in the rate of diffusion of HOC out of soil particles resulting 
from solubilization of intraparticle HOC; (2) an increase in the instantaneous rate of 
desorption from soil surfaces resulting from a decrease in the surface energy promoted 
by surfactant adsorption; or (3) partitioning of HOC into sorbed mice liar structures that 
are either directly bioavailable or allow for the rapid pai1itioning of HOC to the aqueous 
phase in response to degradation. Unfor1unately, 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 of 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 (SOM) itself has an amphiphilic molecular structure [64], interaction of sur­
factants with SOM may promote solubilization of HOC into surfactant micelles, similar 
to the ability of surfactants to solubilize proteins originally bound in a cell membrane 
[I I]. 

Another important difference observed between the medium (loam) and high 
(muck) organic carbon soils w,1s the relative degree of inhibition of phenanthrene mi­
neralization at the higher surfactant concentration ( I 00 �tg/g soil). A greater degree of 
inhibition was observed in the loam. One explanation for this is that surfactant con­
centrations (in terms of mass of surfactant per mass of pore water) in this soil were 
higher than those in the Edwards muck. Thus, there may have been a greater degree of 
micelle formation in the loam soil that could have exhibited toxic effects to the 
degrading population. ln 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 of 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 phenanthrenc than hi phenyl. The authors suggested that this implies that the identity 
of the compound is important in the design of an effective SEB scheme. However, 
compound properties cannot be implicated as being solely responsible for this dif­
ference. It is likely that different 111 icrobial populations may be responsible for the 
degradation of the different compounds, and surfactants may have markedly different 
cell-specific effects on these different populations that could result in different relative 
rates and extents of mineralization in the presence of surfactants. 

In a similar study, the influence of surfactants on the mineralization of HOCs 
from low-organic carbon aquifer sediments CC = 0.4%) was investigated [24]. Both 
desorption and mineralization extents for phenanthrene and biphenyl were enhanced in 
the presence of surfactants. The authors suggested that the enhancement was due 
primarily to the enhanced partitioning of the chemical to the aqueous phase. However, it 
was observed in the same study that similar surfactant concentrations inhibited miner­
alization 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 de�rees of mineralization bv nonenriched and enriched cultures, and 
surfactant enhancei mineralization may not be a result of partitioning phenomena 
alone. 

A key observation in this research is that although low surfactant concentrations 
resulted in enhancement of phenanthrene mineralization, higher surfactant concen­
trations offered no additional benefit. This indicates that there is a point of diminishing 
returns above which the benefits of additional surfactant are not realized. What makes 
these observations unique is that the point of diminishing returns likely occurred below 
the CMC of the surfactants. a result that conflicts with the traditional paradigm of SEB 
bv which increased solubilization (resultin� from l!reater surfactant addition) results in 
e(1hanced biodegradation. 

- -

The final study [251 investigated the potential for SEB under field conditions. 
Surfactant was applied at the soil surface of a column of Lima silt loam that was 
contaminated with HOC. Surfactant concentrations were very low, with aqueous phase 
concentrations likely spanning two to four orders of magnitude below the CMC. 
Consequently. there was little evidence of inhibition resulting from toxicity. However, 
consistent with the authors' earlier hypothesis [23,24] that surfactants enhance 



instantaneous desorption rates, both the rate and extent of phenanthrene mineralization, 
and the extent of bi phenyl mineralization, were enhanced in the presence of surfactants. 
Further, there was no evidence of parent contaminant leaching through the bottom of 
the column. Thus, application of low concentrations of surfactant may be a viable 
technology for the cleanup of HOC-contaminated soil without risk of either apparent 
toxicity to indigenous microbial populations or surfactant-promoted mobilization of 
HOC. 

One alternative to avoiding the risk of off-site HOC migration is the use of 
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. [65] examined the bioavailability of naphthalene sorbed to smectite clay 
coated with a cationic surfactant (hexadecyltrimethylammonium, HDTMA). One of the 
primary concerns with HDTMA, as well as many other cationic surfactants, is its 
toxicity to microorganisms [21 ], even at sub-CMC concentrations. The results of this 
study showed that HDTMA-modified smectite was not toxic to microorganisms, sug­
gesting that HDTMA was irreversibly-bound to the clay, an important feature for 
minimizing off-site migration of solubilized HOC. 

Their results further showed desorption rates of naphthalene from the HDTMA­
modified clay that were very rapid, and there was no evidence of desorption-limited 
biodegradation induced by the modification of the clay by surfactant coating. Further, 
the rate of mineralization of 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 of the cell and/or its 
ability to interact directly with sorbed micellar structures containing solubilized HOC. 

One promising SEB technology employs the use of microbially produced surface 
active compounds ("biosurfactants" or "bioemulsifiers") [66-69]. Biosurfactants offer 
some advantages over chemical surfactants, including their biodegradability, compat­
ibility with the microorganism that produces them, and potential to be produced in-situ. 
Biosurfactants may be particularly useful at low concentrations because of 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 popu­
lations in unpredictable manners. Biosurfactants are a highly diverse group of molecules 
[68], and there is much research potential for their application in SEB. 

Among the most well-studied biosurfactants are the rhamnolipids of 
Pse11domonas aeruginosa [70-76]. Jain et al. [63] examined the effects of adding 
biosurfactants isolated from a culture of Pseudomonas aeruginosa UG2 or UG2 inocula 
to soil microcosms containing tetradecane, hexadecane, pristane. and 2-methyl­
naphthalene. Biosurfactant concentrations were added over a range of 10-100 �tg/g soil 
(which corresponded to aqueous concentrations far less than the probable CMC of the 
surfactant). Results indicated that when present at a concentration of I 00 pg/g, the 
biosurfactant enhanced the degradation of the alkanes, but not 2-methylnaphthalene, 
the most soluble contaminant, over a 2-month degradation period. Addition of UG2 
inocula had no effect on biodegradation, resulting in either (I) failure of UG2 to 
compete with the degrading population, (2) toxicity of HOC present in the mixture to 
UG2, or (3) failure of UG2 to produce an adequate quantity of biosurfactant to effect 
degradation. � 

These authors noted that surfactant addition might realize the greatest benefit 
when degradation of 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 avai­
lable for degradation (cf. section 2.2.1 ). 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 of rhamnolipids from Pseudomonads is particularly useful, since these organisms 
are ubiquitous in the soil environment [77] and are known to be important in the 
degradation of a wide variety of organic contaminants [78]. 

Thibault et al. [79] investigated the influence of a chemical surfactant, Witconol 
SN70. in combination with bacterial isolates (Pseudomonads) K-12 and 8-24, on the 
mineralization of pyrene in low- and medium-organic carbon soils ((" = 0.33% and 
2.92%, respectively). Addition of the surfactant alone (at 20X CMC) in the presence of 
the indigenous microbial population resulted in either no mineralization enhancement or 
slight inhibition. However, addition of 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 of 
enhancement is unknown, but it is likely attributed to enhanced solubilization of 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 of 
the surfactant being sorbed to the soil. Thus, it is likely that the surfactant could have 
increased the rate of pyrene desorption from the soil. 

When the soil was saturated, addition of the surfactant with or without the 
additional inoculum inhibited mineralization. The authors speculated that saturated 
conditions (which were agitated) in the presence of surfactant could have promoted 
pyrene solubilization and subsequent toxicity to microbes. Inhibition of pyrene miner­
alization in the presence of strain K-12 and surfactant under saturated conditions may 
have also resulted from preferential use of the surfactant as a carbon source (although 
this alternative was ruled out for strain 8-24). Finally, the authors suggested that the 
surfactant could have altered the physiology of pyrene uptake and degradation. This 
effect may have been magnified under saturated slurry conditions, since it would be 
expected that the lower soil:water ratio would have resulted in a greater aqueous 
111 ice liar phase surfactant concentration than under unsaturated conditions, and greater 
mixing may have enhanced cell-micelle contact. 

Laha and Luthy [51] investigated the effect of 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 
of 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 of slow HOC exit rates 
from micelles, P/\H toxicity, or use of 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 of phenanthrene, indicative of a 
physico-chemical interference with the cell membrane. In another study [80]. surfactant 
inhibition was not observed when naphthalene was the carbon source. Thus. surfactants 
may have targeted compound- or cell species-specific mechanisms of uptake or 
degradation that resulted in the inhibition of phenanthrene mineralization. but not 
naphthalene mineralization. 

A follow-up study by Laha and Luthy [52] expanded the suite of surfactants in a 
similar series of 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 inhibit­
ed 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 
of a soil phase on the CMC of the surfactant. Thus. it was easy to show the relationship 
between the aqueous phase surfactant concentration (relative to the CMC) to the degree 
of mineralization. The results from this study show that micelle formation by a variety 



of surfactants is involved in the inhibition of 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 inter­
actions. The authors suggested that reversible physico-chemical interactions between 
surfactant micelles and cell membranes were responsible for the inhibition of HOC 
degradation. Proposed mechanisms of inhibition included paiiial complexation of mem­
brane-bound proteins and/or phospholipids without dissociation of the lamellar 
membrane structure. 

, ") 
.) __ _ NAPL-ASSOCIATED HOC 

Falatko and Novak [81] investigated the potential for uncharacterized mixtures of 
biosurfactants to increase solubility and promote degradation of a gasoline pool at the 
top of a column of clean sand. Biosurfactants were produced by growth of 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 
of 600 mg TOC/L. It is unknown whether or not this is either above or below the 
surfactant�' CMC. particularly when adsorption of the surfactant to the sand is 
considered. However, biosurfactants tend to exhibit low CMCs [68], and this concen­
tration likelv 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 
of compatibility of biosurfactants with the HOC degrading population may play a key 
role in their effectiveness in promoting HOC degradation. The authors noted that 
sorption of 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 of 3.13 in the column system. Also, it should be noted that the "'soil" 
in this system consisted of acid-washed silica sand, and gasoline components were 
present primarily in a nonaqueous phase. Thus, the effect of these biosurfactants on 
desorption of HOC from a reactive soil phase in this study is unknown. 

Herman et al. [82] examined the potential of rhamnolipid biosurfactant at 
concentrations of either 0.1 mM (- IX CMC) or 1.0 mM (- I OX CMC) to promote the 
mobilization and mineralization of residual hexadecane in a sand column. At 0.1 mM, 
the biosurfactant did not directly promote mineralization of hexadecane. At 1.0 mM, 
however, rhamnolipid increased transitory biodegradation rates by factors of 3-12. 
These increased apparent removal rates were a combination of both HOC mobilization 
and biodegradation. The authors noted that one feature of surfactant application that 
may indirectly promote biodegradation of NAPLs is the redistribution of the NAPL 
throughout the soil. This side effect may increase the surface area of the NAPL. 
indirectly supporting a biodegradation enhancement. 

Fu and Alexander [83] examined the effects of nonionic and anionic chemical 
surfactants on the degradation of HOCs initially present in NAPLs in soil microcosms. 
The degree of bioavailability enhancement of NAPL-associated HOCs was highly 
variable. For example, low (sub-CMC) concentrations of some surfactants increased the 
rate and extent of 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 of di-(2-ethylhexyl) phthalate in dibutyl phthalate. 
when little degradation occurred in the absence of surfactant. 

Potential factors influencing the bioavailability of HOCs in NAPLs included the 
HOC partitioning equilibria and rates between the NAPL and water. NAPL viscosity. 
surface-area to volume ratio of the NAPL:water interface. and competition for 
micronutrients by organisms utilizing the NAPL as a substrate. The presence of 
surfactant can effect any one of these processes. Thus. predicting SEB in soils with a 
NAPL phase present becomes a daunting task. Their results indicated that SEB of 
NAPL-bound HOCs in soils is an unpredictable and complex process that is governed 
by the identity of the surfactant. the HOC. and the NAPL. as \\ell as the other 
phenomena that are addressed in this review. 

-t Discussion 

One should recognize by now that SEB is influenced by surfactant concentration. 
Surfactants may exhibit markedly different effects as a function of their concentration 
in the presence of soil. It is believed that surfactant adsorption and micellar phase 
toxicity/bioavailability are two key processes (both of 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 
of surfactant concentrations to compare the effects of sub-CMC and supra-CMC 
surfactant doses. Unfortunately. doses required to achieve the CMC in the presence of 
soil are often significantly higher than doses required to achieve the CMC in aqueous 
solution [ 16.52]. and many studies fail to report the aqueous phase surfactant 
concentrations in the presence of soil. Thus. characterization of sub--CMC and supra­
CMC surfactant concentrations may only be rough estimate. 

Application of surfactants above the CMC is a common practice in the tech­
nology known as ··surfactant enhanced aquifer remediation·· (SEAR). by which 
contaminant desorption and solubilization is promoted in a soil flushing scheme that is 
combined with ex-situ treatment [84-86]. I lowever. solubilization of contaminant may 
result in enhanced mobility and toxicity of HOC to microbes. inhibiting the effec­
tiveness of in-situ bioremediation. In addition, supra--CMC surfactant concen-trations 
have been known to inhibit uptake and/or degradation of HOCs in soil-welter systems 
[52,79]. However. if micelles are "compatible" with cell membranes (cf. section 2.2.2) 
and rnicellar phase HOC is directly bioavailable. then supra-CMC surfac-tant 
application may have real benefits in a successful SEB design. 

We will summarize data reported in literature by plotting SEB effectiveness 
factors. llr,, ,is a function of normalized surfactant concentration (relative to the surfac­
tants" CMC values. i.e .. xCMC). The method for determining llr,, the plotted llr, values, 
and interpretation ol'thc 1lr, vs. xCMC graph are the subjects of this section. 

4.1. METHOD FOR ESTIMATING llr
s FROM LITERATURE DATA 

Recall from section I that llrs defines the ratio of the characteristic time for HOC 
biodegradation in the absence of surfactant to the characteristic time for HOC biodeg­
radation in the presence of surfactant (Equation I). further. it was shown that llrs can be 
defined in terms of first order biodegradation rate coefficients (Equation 4). Alter­
natively, llrs as defined in Equation I may be a function of treatability criteria other than 
first order rate coefficients that reflect cleanup goals ( e.g .. the extent of degradation 
(endpoint) or maximum observed rate). 

Beca:.1se degradation data reported in literature is highly variable. measures of 
biodegradation are inconsistent. Consequently, we determined values of ll i, that were 



based on measures most appropriate to each study. Thus. llr, may reflect characteristic 
times for HOC biodegradation based on HOC mineralization rates (e.g., reflected by 
"CO2 evolution). HOC parent compound disappearance rates, or even bacterial growth 
rates (further recognizing that any of these rates may be controlled by zero. first-order, 
or even Monod-style kinetic formulations). In most cases, llt

, values were calculated 
from zero-order estimates of% mineralization over the time course of the experiment. 

In conclusion, the reader should keep in mind that it might not be appropriate to 
quantitatively compare values of llr:s from one study to another. However. the data does 
illustrate the impact of surfactant concentration relative to the CMC on the potential for 
enhancing or inhibiting bioremediation. Finally. the database represents a unique survey 
of the literature that emphasizes the need to better understand factors influencing SEB. 

The criteria for selection of appropriate data that appears on the survey plot 
(Figure 12) are as follows: 

• A surfactant-free control must have been performed, in order to obtain a value for
((ST

= 0)
• The experiment must have monitored HOC degradation where HOC was present as

a soil-sorbed phase in the absence of NAPL.
• The surfactant's CMC must be known, so the surfactant concentration in the system

relative to its CMC can be ascertained.

4.2. SUMMARY OF REPORTED SEB EFFECTIVENESS FACTORS 

Figure 12 shows the plot of reported SEB effectiveness factors (11 tJ as a function of 
total surfactant concentration in the system. Each of the points on the graph indicates 
the result of a single experiment. Values of llr, > I indicate enhancement of biodeg­
radation resulting from surfactant addition, while values of llr, < I indicate surfactant­
induced inhibition. Biodegradation in these studies was monitored via 14CO, mineral­
ization except in ref [63].�in which biodegradation was monitored via disappearance of 
the parent compound. 11rs values were calculated by determining the ratio of charac­
teristic times (Equation I) based on average zero-order biodegradation rates (e.g., % 
mineralization over the time course of the experiment). 

One shou Id keep in mind that most of the research fails to report the surfactant's 
CMC in the presence of a soil phase, only its CMC in aqueous solution. Thus, the 
surfactant concentrations in Figure 12 have been normalized only to a surfactant's 
repotied aqueous CMC. A more accurate depiction of this data would consider the 
influence of surfactant sorption to soil and a plot of llt, as a function of surfactant con­
centration relative to the CMC in the presence of soil, thus shifting the xCMC = I line 
to the right. Because of the lack of available data to perform this, the reader should 
consider that the xCMC values shown in Figure 12 likely underestimate the true values 
of the aqueous surfactant concentrations in the presence of soil. 

4.3. INTERPRETATION OF SEB EFFECTIVENESS FACTORS DERIVED FROM 
LITERATURE DATA 

It is important to recognize that Figure 12 consists of all points meeting the criteria 
outlined in Section 4.1. regardless of 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 of data that falls near the llr, = 1 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 = 1 and llr, = I lines. Although the exact mechanisms influencing the location of 
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Figure 12. Summary of reported SEB effectiveness factors (rirJ 
calculated from selected literature. xCMC defines the total concentration 
of su,factant in the system relative to its reported CMC value. Data points 
were calculated from results presented in refs. [23-25,S 1.52,63. 79]. 

these points are not always apparent from careful examination of their literature source, 
a summary of 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 of low (sub-CMC) surfactant concentrations have been 
recognized (cf Section 4.1 ), neither low nor high surfactant concentrations seem to 
afford distinct advantages when considering their general applicability to SER. Figure 
12 emphasizes that there seems to be little general correlation between surfactant con­
centration and the effectiveness of SEB, thus emphasizing the need to understand the 
key interactions that affect HOC bioavailability in soil systems. 

However. it is clear from Figure 12 that in experiments where surfactants were 
applied above the CMC (quadrants Ill and IV). a greater percentage resulted in some 
degree of 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 llr, = 0.1 line) in a larger number of cases than at 
sub-CMC surfactant doses. 



Table 1. Summary of processes influencing the locations of 11t, vs. xCMC 
points relative to the (I, I) origin of Figure 12. 

Quadrant I: Enhanced Bioavailability at low Surfactant Concentrations 

• Direct bioavailability of HOC solubilized in sorbed micellar
structures

• Enhanced cell-soil contact resulting from surfactant sorption to soil
or cells

• Enhanced HOC desorption rates resulting from decreased surface
energy promoted by surfactant sorption

• Enhanced intrapatticle diffusion of HOC

Quadrant II: Inhibited Bioavailability at low Surfactant Concentrations 

• Toxicity or cell membrane interference exhibited by surfactant
monomers or sorbed micellar structures

• Inhibited cell-soil contact resulting from surfactant sorption to soil or
cells

• Reduced HOC bioavailability resulting from solubilization into
sorbed micelles and corresponding slow HOC exit rates

• Inhibited intraparticle diffusion of HOC

Quadrant III: Enhanced Bioavailability at High S111jactant 
Conccntratio11.1· 

In addition to Quadrant I processes: 

• Enhanced solubility of HOC via solubilization into aqueous micelles
and a rapid rate of supply of HOC to the aqueous phase in response
to biodegradation

• Enhanced HOC uptake via direct bioavailability ofmicellized HOC

Quadrant IV: Inhibited Bioavailability at High Surfc1ctant 
( 'oncentration.1· 

In addition to Quadrant II Processes: 

• Toxicity or cell membrane interference exhibited by surfactant
monomers or aqueous (non-sorbed) micellar structures

• Dilution of HOC among a large micellar mass resulting in slow HOC
exit rates from micelles



5. Recommendations for Future Research

This literature survey has recognized a number of key areas in which little is known 
about processes influencing SEB: 

I. 

' 

3. 

4. 

5. 

6. 

The existence of sorbed surfactant micellar structures and their effects on the 
physiology of attached microbial cells; 
The interactions of surfactant monomers and micelles with cell membrane pro­
cesses that are important in the uptake and degradation of HOCs of environ­
mental interest; 
The mechanism(s) by which cells facilitate the direct uptake of micellar phase 
contaminant; 
Identification of cell and/or surfactant-specific properties that define the degree 
of toxicity and/or compatibility with a particular microbial species; 
Influence of surfactants on individual species within a mixed consortia; 
Influence of surfactants on HOC desorption rates from soil and identification of 
the specific mechanisms by which HOC desorption is facilitated by surfactants. 

Examination of items I 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 of soil­
sorbed HOC. However_ a specific description of the mechanism(s) involved has not yet 
been identified. Learning more about items 1-6 in this list can only enhance the 
effectiveness of SEB designs from the ground up. Selection of an appropriate suite of 
surfactants that are compatible with the degrading population as well as the selection of 
an appropriate dosage regime that optimizes the benefits of SEB at a minimum of cost 
are the key components in designing an effective SEB strategy. 

Finally. what is markedly absent from this body of research are published studies 
of field applications of SEB. This is largely a result of the failure to understand the 
technology and apply it at larger scales. However. as this field of research matures, 
understanding this technology across scales will require an iterative approach between 
the field and the laboratory. 

6. Conclusion

The foregoing review highlights a variety of 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 solubilization
appear to be key features that must be considered in the design and application of a
successful SEB technologv.

Further. it should�be emphasized that a well-designed SEB strategy must con­
sider 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 of this technology under laboratory 
conditions more appropriate to soil cleanup in the field. 
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