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Abstract

Two-liquid-phase culture systems involve the addition of a water-immiscible, biocompatible and non-
biodegradable solvent to enhance a biocatalytic process. Two-liquid-phase bioreactors have been used since the
mid-seventies for the microbial and enzymatic bioconversion of hydrophobic/toxic substrates into products of
commercial interest. The increasing popularity of bioremediation technologies suggests a new area of application
for this type of bioreactor. The toxicity and the limited bioavailability of many pollutants are important obstacles
that must first be overcome in order to improve biodegradation processes. Two-liquid-phase bioreactors have the
potential to resolve both limitations of biotreatment technologies by the enhancement of the mass-transfer rate of
compounds with low bioavailability, and by the controlled delivery of apolar toxic compounds. This technology can
also be useful in accelerating the enrichment of microorganisms degrading problematic pollutants. In this paper,
we discuss the application of two-liquid-phase bioreactors to enhance the biodegradation of toxic/poorly bioavail-
able contaminants. Important microbial mechanisms involved in this type of system are described. Uptake of the
substrates can be achieved by microorganisms freely dispersed in the aqueous phase and/or bound at the interface
between the aqueous and the immiscible phases. Production of surface-active compounds and adhesion abilities
are microbial features involved in the process. General guidelines for the design of two-liquid-phase bioreactors for
biodegradation purposes are presented. Solvent selection should be established on specific criteria, which depend
on the characteristics of target compound(s) and the microorganism(s) implicated in the biodegradation process.
The central importance of maximizing the interfacial surface area is highlighted. The potential of this approach as
an alternative to current biotreatment technologies is also discussed.

Abbreviations: NAPL, non-aqueous-phase liquid; PAH, polycyclic aromatic hydrocarbon; TLPB, two-liquid-
phase bioreactor; TLPS, two-liquid-phase system.

Introduction

Bioremediation, the biodegradative removal or reduc-
tion of hazardous pollutants, represents an increas-
ingly popular application and active area of research
in biotechnology (Alexander 1994). A wide variety of
bioreactor technologies have been developed for the
treatment of solids, liquids and gases contaminated
with multiple organic compounds (Cookson 1995).
The main advantage of bioreactors is that physico-

chemical conditions can be controlled and optimized,
in order to enhance the activity of microorganisms.
They are mainly used for complex contamination
cases, but their usefulness is sometimes limited by
their associated costs and limited treatment efficiency
for some toxic/hydrophobic compounds.

Two-liquid-phase bioreactors have been used since
the mid-seventies for the microbial and enzymatic
bioconversion of hydrophobic/toxic substrates into
products of commercial significance (Schwartz & Mc-
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Coy 1977; Furuhashi et al. 1986; Wubbolts et al.
1996). Recently, there has been increasing interest
in the application of two-liquid-phase bioreactors to
enhance the biodegradation of organic compounds of
environmental relevance (Ascon-Cabrera & Lebeault
1993; Vanneck et al. 1995; Jimenez & Bartha 1996).

Usually, two-liquid-phase systems consist of an
aqueous phase and a water-immiscible liquid phase
present in excess of mutual saturation (special situ-
ations such as aqueous/aqueous or organic/organic
systems will not be considered in this review). Al-
though they are often referred to as biphasic cultures,
at least four phases are actually present in this type
of system: hydrophobic phase, aqueous phase, gas
phase, and cells (van der Meer et al. 1992a). The
expressions “two-liquid-phase” systems (TLPSs) or
bioreactors (TLPBs) are, therefore, used in the text.

TLPBs can be divided in two categories (Erickson
et al. 1969). The first category encompasses systems
where the water-immiscible liquid is the substrate
for the microorganisms. This includes: (1) industrial
processes for the biotransformation of poorly-soluble
substrates into products of interest, e.g. petroleum hy-
drocarbon fermentations for the production of single-
cell proteins (Amin et al. 1973; Shennan 1984); and
(2) biosynthesis of value-added chemicals from com-
pounds liken-alkanes (Favre-Bulle et al. 1991; Preust-
ing et al. 1993) or other lipophilic substrates (Harbron
et al. 1986; Williams et al. 1990).

In the second category of TLPB, the non-aqueous-
phase liquid (NAPL) is not the substrate but is added
to the bioreactor to enhance a process. The NAPL
acts as a non-biodegradable and biocompatible liquid
phase reservoir in which apolar organic substrates are
dissolved. Such a system has three different areas of
application:
(1) The NAPL may be added to the bioreactor to con-

tinuously remove the end-products of a biotrans-
formation process. This can alleviate a decrease
in productivity due to product-induced feedback
inhibition or toxicity, and facilitate downstream
product recovery. This process is called extract-
ive fermentation (or biocatalysis) (Freeman et al.
1993; Daugulis 1994);

(2) The NAPL may be introduced in the bioreactor
to control the aqueous concentration of a toxic,
low polarity substrate. In this situation, the hy-
drophobic phase acts as a reservoir for controlled
delivery of the inhibitory compound to the aqueous
phase where biocatalysis occurs (e.g. Collins et al.
1995; Tsai et al. 1996);

(3) Finally, the best known application of TLPBs is the
addition of a NAPL to enhance the biotransforma-
tion of a water-insoluble substrate by increasing its
bioavailability to biocatalysts (Van Sonsbeek et al.
1993; Nikolova & Ward 1993).
The last two applications of TLPBs (partitioning of

toxic and water-insoluble substrates by the addition of
an inert NAPL) have been used both in biotransforma-
tion processes for the synthesis of industrial chemicals
and for the complete biodegradation of compounds,
e.g. organic pollutants.

There are numerous publications concerning re-
search work on TLPBs in the context of biotechno-
logical production processes, and this topic has been
extensively reviewed (Daugulis 1997; Van Sonsbeek
et al. 1993; Nikolova & Ward 1993; Brink et al. 1988;
Laane et al. 1987; Lilly et al. 1987; Brink & Tramper
1985). The purpose of this paper is consequently
not to address this area of application but rather to
present a review of the literature in which this tech-
nique has been used in biodegradation/biotreatment
processes. We discuss the following points: (1) the
specific microbial mechanisms involved in TLPSs, (2)
the use of TLPBs to enhance the biodegradation of
toxic/poorly bioavailable compounds, (3) the para-
meters that should be considered in the design and
optimization of TLPBs in biotreatment situations, and
(4) the potential of this approach as an alternative to
current biotreatment technologies.

Microbial mechanisms involved in TLPBs

Erickson et al. (1969) were the first to describe growth
models for TLPSs where the growth substrate is dis-
solved in an inert dispersed phase. They, and others
(e.g. Woodley et al. 1991), have indicated that in this
type of system the reaction can take place: (1) uni-
formly throughout the aqueous phase after diffusion
or solubilization of the substrate, and (2) at the liquid-
liquid interface by direct attachment to the immiscible
solvent phase (Figure 1). Therefore, understanding
and predicting microbial growth behavior on water-
insoluble (and toxic) chemicals in TLPBs depends on
the location of the reaction. Surface-attached micro-
bial cells may utilize the substrate directly from the
water-immiscible phase, while cells that grow only in
the aqueous phase take up dissolved or pseudosolubil-
ized substrate from the aqueous medium (Nakahara et
al. 1977; Miura et al. 1977). As discussed by West-
gate et al. (1995), these two mechanisms are difficult
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Figure 1. Physico-chemical and biological mechanisms implicated
in TLPBs. (A) Dissolution of hydrophobic/toxic compounds in the
NAPL. (B) Partitioning of the molecules in the aqueous phase and
uptake by microorganisms in suspension. (C) Interfacial uptake
of the substrate by adhering microorganisms. (D) Production of
surface-active and solubilizing substances.

to distinguish experimentally because an increase in
interfacial area will increase not only the surface for
cell contact but also for diffusional mass-transfer rate.

Three modes of uptake of poorly water-soluble
substrates by microorganisms are generally considered
(Nakahara et al. 1977; Huang & Chou 1990; Goswami
& Singh 1991). In the first mode, only the substrate
dissolved in the aqueous phase is bioavailable and
the degradation rate depends on the mass-transfer rate
from the nonaqueous to the aqueous phase. This is the
model generally accepted for solid compounds such
as low molecular weight polyaromatic hydrocarbons
(Wodzinski & Coyle 1974; Volkering et al. 1992) but
considered not to contribute significantly to growth on
insoluble substrates, such as long chain (≥C12) al-
kanes (Erickson & Nakahara 1975; Singer & Finnerty
1984). In TLPBs, biodegradation rates of compounds
dissolved in NAPL are often higher than partitioning
rates from nonaqueous to aqueous phases (Efroym-
son & Alexander 1991, 1994; Labare & Alexander
1995; Ortega-Calvo et al. 1995; Osswald et al. 1996;
Bouchez et al. 1997b). This indicates that the max-
imum biodegradation rate of compounds present in
NAPLs cannot be predicted from their dissolution rate.
Consequently, growth in TLPSs will be best described
by the next two uptake mechanisms where microbial
growth and activity increase the bioavailability of the
NAPL-dissolved substrate.

In the second uptake mode, cells come in direct
contact with the NAPL. A biofilm may develop at the

interface (Rosenberg 1989; Marin et al. 1996), and
microorganisms acquire the substrate by transfer near
the point of contact through their membrane (interfa-
cial uptake). The way by which attached cells acquire
their substrate from the NAPL is still obscure. Never-
theless, it may simply be that substrate concentration
is superior in the aqueous phase near the interface. Cell
adhesion onto surfaces is known to depend on the cul-
ture medium, culture conditions and the physiological
activity of the cells (Rosenberg 1991). For some mi-
croorganisms, cell attachment is of great significance
and even a prerequisite for substrate uptake. Non-
adhesive mutants of alkane-degrading bacteria could
not grow on hexadecane (Rosenberg & Rosenberg
1981). Initial adhesion is due to nonspecific hydro-
phobic interactions (Singer & Finnerty 1984). Cell
surface hydrophobicity correlates well with the abil-
ity to adhere to surfaces (van Loosdrecht et al. 1987;
Vanhaecke et al. 1990). Bell (1973) found that when
long chain fatty acids dissolved in pristane were used
as carbon source, the growth ofCandida tropicalis
having hydrophobic surface was improved, but that of
Saccharomyces cerevisiaehaving hydrophilic surface
was unaffected. It has been demonstrated that cells
cultured on hydrocarbon or oil surfaces become more
hydrophobic than cells growing on soluble substrates
(Gutierrez & Erickson 1977; Neufeld et al. 1980; Ng
& Hu 1989; Ascon-Cabrera & Lebeault 1995a). Like-
wise, many studies showed a decrease in the number
of cells in the aqueous phase and an accumulation of
cells at the interface (Efroymson & Alexander 1991;
Vanneck et al. 1995; Jimenez & Bartha, 1996). In a
TLPB where paraffin oil was added to enhance the bio-
degradation of pyrene, bacteria collected at the inter-
face mineralized pyrene 8.5 times faster than free cells
from the aqueous phase (Jimenez & Bartha 1996).
Under certain circumstances, preventing the adhesion
of microorganisms to liquid hydrocarbon substrates
by a surfactant suppresses their activity. For example,
the nontoxic surfactant Triton X-100 suppressed the
adhesion of anArthrobacterstrain to heptamethylnon-
ane containing the growth substrate hexadecane, pre-
venting its biodegradation (Efroymson & Alexander
1991).

Finally, in the third uptake mechanism, microor-
ganisms produce surface-active compounds causing
the formation of small (less than 1µm) droplets
(emulsification) or micelles (pseudosolubilisation)
that are directly assimilated. The production of sur-
factants and emulsifiers by microorganisms growing
on liquid hydrocarbons is well documented (Desai
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& Banat 1997; Hommel 1990). However, the exact
mechanism by which the producing microorganisms
take advantage of this ability is poorly understood.
Emulsification of the NAPL is sometimes encountered
in TLPBs, suggesting that microorganisms are produ-
cing surface-active agents. The presence of adherent
microbial cells at the surface of oil droplets also sta-
bilises emulsions by preventing coalescence (Erickson
& Nakahara 1975; Rosenberg 1989). Ascon-Cabrera
& Lebeault (1995a) attributed the increase in the in-
terfacial area between the two liquid phases during a
culture, caused by the formation of an emulsion, to
a reduction in the interfacial tension. Osswald et al.
(1996) observed that bacterial activity increased the
rate of styrene partitioning in a TLPB. From the bio-
degradation rate that was higher than the partitioning
rate and by a similar behavior when a synthetic sur-
factant was added, they deduced that the bacteria were
releasing solubilizing agents. In addition, surface-
active compounds retained on the cell surface could be
involved in the regulation of microbial surface hydro-
phobicity, further linking the second and third uptake
modes (Neu 1996).

All three uptake mechanisms may happen consec-
utively or simultaneously in a culture system, depend-
ing on the properties of microorganisms, the type of
substrate, and growth conditions. A growth model
can be described by the following sequence of events
(Ascon-Cabrera & Lebeault 1995a; Ortega-Calvo &
Alexander 1994; Prokop et al. 1972): (1) at low
cell concentration, growth occurs on the dissolved
substrate portion; (2) while biomass and substrate
requirements are increasing, cells become more hy-
drophobic and adherent and/or the more adherent cells
are located near the interface where the substrate is
more abundant; (3) cells grow as a biofilm covering
the available surface on large NAPL droplets, consum-
ing the substrate from the inert reservoir solvent; (4)
growth in the continuous phase slows down because
of the decreasing mass-transfer rate resulting from the
depletion of the content of droplets; (5) the increasing
number of cells at the drop surface and the production
of surface-active substances give rise to a reduction
in interfacial tension, which leads to the emulsifica-
tion of the NAPL and an increase in the interfacial
area for growth and mass-transfer. In some cases, the
emulsification and solubilization of the NAPL result
in the formation of submicron droplets or pseudosol-
ubilisation into micelles (Goma et al. 1974; Velankar
et al. 1975; Chakravarty et al. 1975) that are rapidly
consumed; and finally (6) cells come off the depleted

NAPL droplets and colonize fresh solvent droplets
(Rosenberg 1989).

A special situation is encountered with toxic apolar
substrates, since both emulsification and interfacial
contact may have inhibitory effects on microbial activ-
ity. Nevertheless, as discussed in the section Design of
TLPBs for biodegradation purposes, toxicity problems
can be avoided with careful selection of the solvent
and parameters of bioreactor operations.

In summary, microbial growth and activity in
TLPBs increase the interfacial area between the two
liquid phases, and this in turn promotes the mass-
transfer rate of hydrophobic substrates from the NAPL
to the aqueous phase, increases the surface available
for attachment and ultimately improves biodegrada-
tion rates.

Use of TLPBs to enhance biodegradation of
toxic/poorly bioavailable compounds

Rationale

Biological treatment of hazardous wastes and polluted
effluents is an increasingly popular alternative to tra-
ditional physico-chemical and thermal technologies
(Head 1998). Most organic contaminants can be de-
toxified, and often mineralized, by microorganisms
(Allard & Neilson 1997). A variety of bioremedi-
ation processes have been designed for several pol-
lutant classes and sources (Cookson 1995). However,
even if microorganisms with the required degradat-
ive capacity are present and adequate environmental
conditions for growth and degradation are found, the
applicability of bioremediation is sometimes restric-
ted. Two important obstacles, limited bioavailability
and toxicity, are emphasized in this section.

Firstly, the pollutant may be insufficiently avail-
able to the microflora (Harms & Bosma 1997; Mihel-
cic et al. 1993; Providenti et al. 1993). For example,
some organic contaminants have very low aqueous
solubilities (e.g. polyaromatic hydrocarbons), how-
ever only the water-dissolved fraction of chemicals
is usually assumed to be available to microorganisms
(Wodzindski & Coyle 1974; Thomas et al. 1986;
Stucki & Alexander 1987). Secondly, some pollut-
ants (e.g. styrene, phenol) are toxic to microorgan-
isms (Sikkeman et al. 1995), and growth inhibition
at high substrate concentration prevents the effective
biodegradation of these contaminants.

TLPBs have the potential to resolve these two lim-
itations of biotreatment technologies by controlling
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the mass-transfer rate and aqueous phase concentra-
tion of hydrophobic/toxic compounds. This is espe-
cially interesting when it is recognized that both prob-
lems usually require opposite solutions. Moreover,
TLPBs can be used to select and isolate microorgan-
isms that can degrade these types of molecules. Key
information from studies that used TLPBs to eval-
uate the biodegradation of environmentally relevant
compounds is presented in Table 1.

TLPBs for the enhancement of mass-transfer of
compounds with limited bioavailability

The bioavailability of a molecule may be character-
ized by its mass-transfer rate relative to the rate of
its uptake, and degradation, by the microorganisms
(Bosma et al. 1997). Microbial degradation of spar-
ingly soluble compounds, such as polycyclic aromatic
hydrocarbons (PAHs), is restricted by their solubil-
ization rate (Volkering et al. 1992). Consequently,
methods to improve the bioavailability and the bio-
degradation of hydrophobic compounds are required.
The principal approach to increase the mass-transfer to
the aqueous phase is by enhancing the solubilization or
dissolution rates. This can be achieved by increasing
the total surface area between the substrate and the
aqueous phase. It is often accomplished by homogen-
ization (e.g. mechanical agitation), and/or by the addi-
tion of surface-active agents, i.e. surfactants (Edwards
et al. 1994). Surfactants are amphipathic molecules
with both hydrophobic and hydrophilic moieties that
partition preferentially at the interface between fluid
phases with different polarities, such as oil-water or
air-water interfaces (West & Harwell, 1992). They can
reduce surface and interfacial tension and promote the
solubilization, emulsification and dispersion of poorly
soluble compounds (Rouse et al. 1994). Synthetic
surfactants have been extensively used to solubilize,
and occasionally increase the biodegradation of hy-
drophobic contaminants under both laboratory and
field conditions (Vigon & Rubin, 1989; Aronstein
& Alexander 1992; Tiehm 1994). However, results
concerning their effectiveness have been highly con-
tradictory (Rouse et al. 1994; Liu et al. 1995). Many
difficulties related to the utilization of synthetic sur-
factants are recognized. Indeed, they can prevent the
biodegradation of contaminants due to their toxicity
to microorganisms (Tiehm 1994) or sequestration of
compounds within surfactant micelles (Laha & Luthy
1991; Guha & Jaffé 1996). Moreover, they are often

costly, poorly specific toward contaminants, difficult
to biodegrade and may adsorb onto soil particles.

Water-miscible solvents can also be used to en-
hance the solubility and dispersion of hydrophobic
compounds; however they are usually toxic towards
microorganisms (Inoue & Horikoshi 1991; Vermuë et
al. 1993), thus, preventing their effective utilization to
increase the bioavailability of non-polar compounds.

In 1966, Miller & Johnson observed that the use-
fulness of surfactants to disperse and enhance growth
of a mixed yeast culture on solidn-alkanes was
limited. They successfully circumvented this prob-
lem by dissolving these insoluble hydrocarbons in
pristane [2,6,10,14-tetramethylpentadecane], an im-
miscible liquid not attacked by the microorganisms. A
prolonged exponential growth of aPseudomonas aer-
uginosastrain was achieved with phenanthrene as the
substrate, when dissolved in the solvent 2,2,4,4,6,8,8-
heptamethylnonane (Köhler et al. 1994). Jimenez &
Bartha (1996) tested several NAPLs to enhance pyrene
mineralization by aMycobacteriumsp. strain. With
the ones mentioned in Table 1, they reported initial
rates of mineralization of pyrene between 116 and
182µg/mg of protein/h compared to 81µg/mg/h in
the culture without NAPL. Under anaerobic condi-
tions, reductive dechlorination of the extremely in-
soluble compound octachloro-dibenzo-p-dioxin (oc-
taCDD) by a mixed microflora was increased by the
addition of decane (Barkovskii & Adriaens 1995).
Higher transfer rates provided by the NAPL/water
interfacial area help to overcome bioavailability lim-
itations.

TLPBs for the controlled delivery of apolar toxic
compounds

Several poorly water-soluble organic compounds are
biodegradable but toxic to microorganisms when sup-
plied above a particular inhibitory concentration. The
low concentrations tolerated before inhibition of mi-
crobial activity limit the efficiency and the perform-
ance of biotreatment systems. Various methods have
been used to protect cells from toxic substrates, such
as membrane reactors, biofilm systems, immobiliza-
tion, and encapsulation. TLPSs represent an effective
and flexible alternative. By careful selection of the
NAPL and the operating conditions, the immiscible
phase of a TLPB can act as a ‘reservoir’ providing in-
hibitory substrates continuously via diffusion into the
aqueous phase. The concentration within the aqueous
phase is maintained at a non-toxic level, based on the
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Table 1. TLPBs in which the biodegradation of environmentally relevant compounds has been observed

NAPL Substrates Microorganisms References

Pristane Eicosane, docosane, octacosane Candida intermedia, Miller & Johnson 1966

C. lipolytica

Pristane Liquid fraction ofn-alkanes Torulopsissp. McLee & Davies 1972

HMN Naphthalene Pseudomonassp. Wodzinski & Larocca 1977

Dibutyl phtalate Benzene Pseudomonassp. 50 Rezessy-Szabó et al. 1987

Dibutyl phtalate Styrene P. putida Bestetti et al. 1989

HMN Naphthalene, hexadecane Arthrobactersp. Efroymson & Alexander 1991

Hexadecane 1,2,3-trichlorobenzene Anaerobic mixed culture Holliger et al. 1992

(reductive dechlorination)

Silicone oil 1,2-dichlorobenzene, Mixed culture Ascon-Cabrera & Lebeault 1993

1,2,3- and 1,2,4-trichlorobenzene,

ethyl butyrate, 2-ethylbutyraldehyde

Silicone oil Styrene Mixed culture El Aalam et al. 1993

HMN Phenanthrene P. aeruginosaAK1 Köhler et al. 1994

Decane, dodecane, Naphthalene Corynebacteriumsp. Gamerdinger et al. 1995

hexadecane

Silicone oil Naphthalene, fluorene, Mixed culture Vanneck et al. 1995

phenanthrene, anthracene,

fluoranthene, pyrene,

benzo[a]pyrene

Silicone oil Ethyl butyrate Candidasp. CF3 Ascon-Cabrera & Lebeault 1995a

Silicone oil 2,4,6-trichlorophenol Pseudomonassp. SP1 and SP2, Ascon-Cabrera & Lebeault 1995b

Arthrobactersp. AR2,

Alcaligenessp. AL2

Decane, octadecane, Naphthalene, biphenyl Pseudomonassp. DS-1051, Abe et al. 1995

isooctane, hexane, Pseudomonassp. DS-313,

cyclohexane, Bacillussp. DS-1051

toluene, benzene

Decane Polychlorinated dibenzo-p-dioxins Anaerobic mixed culture Barkovskii & Adriaens 1995

(reductive dechlorination)

Silicone oil Styrene Mixed culture Osswald et al. 1996

Diethyl sebacate Pentachlorophenol Arthrobactersp. ATCC 33790 Munro & Daugulis 1996

Paraffin oil, Pyrene Mycobacteriumsp. Jimenez & Bartha 1996

tridecylclohexane,

cis-9-tricosene,

squalane, squalene

2-Undecanone Phenol P. putidaATCC 11172 Collins & Daugulis 1996,

1997a,b

Silicone oil, HMN Phenanthrene Pseudomonassp. SPheNa1 Bouchez et al. 1995

HMN Phenanthrene, fluoranthene, pyrene Pseudomonassp. SPheNa1, Bouchez et al. 1997b

Rhodococcussp. SFltNa1 and SPyrNa1

Pristane: 2,6,10,14-tetramethylpentadecane, HMN: 2,2,4,4,6,8,8-heptamethylnonane.
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equilibrium partitioning coefficient of the compound,
which partitions preferentially into the hydrophobic
phase.

As demonstrated by Collins & Daugulis (1996,
1997a,b), one of the benefits of TLPBs is the self-
regulating nature of the process, since the delivery rate
of toxic substrates is determined by the metabolic re-
quirements of the microorganisms (uptake rate). Using
a strain ofPseudomonas putidaand 2-undecanone as
the NAPL in a TLPB operated in a fed-batch mode,
a volumetric consumption rate of 175 mg/l· h of
phenol was reached without problems of substrate tox-
icity (Collins & Daugulis 1997a). It was favorably
compared to the maximum volumetric phenol con-
sumption rate of 37.5 mg/l· h previously reported for
a conventional bioreactor (Fugita et al. 1993). In 1987,
Rezessy-Szabó et al. cultivated aPseudomonasstrain
on high concentrations of benzene, circumventing the
substrate toxicity by the addition of dibutyl phtalate.
The same NAPL was use by Bestetti et al. (1989) to
grow aP. putidastrain with styrene as substrate. With
a chemostat containing 20% v/v of silicone oil, El
Aalam et al. (1993) cultivated aP. aeruginosastrain
on styrene (lethal aqueous concentration, 70 mg/l) up
to a very high specific activity of 293 mg· g−1 dry
cells · h−1. The toxic wood-preservative compound
pentachlorophenol (PCP), a solid, xenobiotic chem-
ical, is inhibitory at a low concentration (McAllister et
al. 1996).Arthrobactersp. ATCC 33790 is able to util-
ise PCP as sole substrate, but inhibition occurs above a
concentration of 130 mg/l in batch cultures (Stanlake
& Finn 1982). Using this strain, Munro & Daugulis
(1997) designed a TLPS capable of degrading 7.5 g of
PCP in 40 h (187.5 mg/l· h), a 2 l fermenter contain-
ing 1 l aqueous medium, 10 g of PCP and 500 ml of
diethyl sebacate as the specifically selected NAPL.

TLPBs for the enrichment of xenobiotic-degrading
microorganisms

The selection and the isolation of microorganisms able
to degrade compounds that are poorly water-soluble
and/or toxic is often one of the first difficulties en-
countered in biodegradation processes. Addition of
a NAPL has the potential to shorten the acclimation
period required for the isolation of adapted microor-
ganisms. Only low concentrations of toxic substrates
can be added in classical aqueous enrichment cultures
because of substrate inhibition problems. However,
these could well be below the threshold concentra-
tion required for the creation of a selective advantage

(Boethling & Alexander 1979; Spain & van Veld
1983).

A TLPB with silicone oil as the NAPL has been
used for the rapid selection of microorganisms able
to degrade two mixtures of chlorinated and nonchlor-
inated hydrophobic/toxic compounds (see Table 1;
Ascon-Cabrera & Lebeault 1993). The authors ob-
tained a stable consortium on chlorobenzenes in a
relatively short acclimation period (30 days). This was
attributed to the high concentrations of toxic substrates
that they could add to the enrichment culture via
the water-immiscible phase. Similarly, Holliger et al.
(1992) used hexadecane as a NAPL for the enrichment
and the maintenance of an anaerobic mixed culture
that reductively dechlorinates 1,2,3-trichlorobenzene
(1,2,3-TCB) to 1,3-dichlorobenzene. Since TLPBs of-
fer the possibility to circumvent the limitations usu-
ally encountered when studying hydrophobic or toxic
compounds, they could represent potentially useful re-
search tools for studies on biodegradability testing,
catabolic pathways, kinetics of biodegradation, etc.
(Prokop et al. 1971; Boethling 1984; Bouchez et al.
1995, 1997a,b).

Design of TLPBs for biodegradation purposes

Selection of an appropriate NAPL

A variety of water-immiscible organic solvents have
been used to facilitate the biodegradation of hydro-
phobic/toxic pollutants (Table 1). As stated by Munro
& Daugulis (1997), the criteria to consider for the
selection of an appropriate NAPL for biotreatment
processes are essentially the same as for extractive fer-
mentation, except that the compound of interest is the
substrate rather than the product. Based on a strategy
established for the choice of a solvent in extractive
biocatalysis (Bruce & Daugulis 1991), they proposed
a systematic approach to simplify the selection of a
NAPL for improved biodegradation. The properties
that should be considered include: biocompatibility,
high solubilization capacity for the substrate, immis-
cibility, and non-biodegradability (Daugulis 1997).

The biocompatibility and potential toxicity of
solvents to microorganisms have been extensively dis-
cussed in the literature (Bruce & Daugulis 1991; Niko-
lova & Ward 1993). It is known that many organic
solvents suppress microbial proliferation and metabol-
ism (Lilly et al. 1987). The ability of a microorganism
to grow in the presence of an organic solvent is related
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to the solvent polarity, where higher activity reten-
tion correlates with lower polarity (Brink & Tramper
1985). Many solvent parameters have been studied
in order to correlate biocatalytic activity and solvent
hydrophobicity. The logarithm of the octanol-water
partition coefficient (logPow) is currently accepted
as the best measure of a solvent’s biocompatibility
(Laane et al. 1985, 1987; Inoue & Horikoshi 1991). As
a general trend, solvents with high values of logPow
(4.0 or higher) are not toxic to biocatalysts (Laane et
al. 1987; Vermuë et al. 1993). However, tolerance to
solvents is highly variable between different bacterial
species, Gram-negative bacteria being usually more
tolerant than Gram-positive ones (Harrop et al. 1989;
Inoue & Horikoshi 1991; Vermuë et al. 1993). For
example, bacterial strains able to tolerate and even de-
grade solvents with logPow as low as 2.3 have been
isolated (Cruden et al. 1992; Weber et al. 1993),
whereas some bacteria are inhibited at a logPow be-
low 7 (Inoue & Horikoshi 1991). Biocompatibility
experiments with a range of solvents with different
logPow should therefore be conducted in order to de-
termine the critical logPow for the microorganism(s)
to be used (Collins & Daugulis 1997a). The logPow
of any solvent can be obtained experimentally, but it
can also be calculated accurately from hydrophobic
fragmental constants by the procedure described by
Rekker (1977).

A high solubility of substrate in the NAPL is bene-
ficial since it will insure a good capacity for the sub-
strate and allow the use of lower volumes of NAPLs.
For toxic substrates, the mass partition coefficient,
defined as the ratio of the substrate concentration in
the NAPL to the substrate concentration in the aqueous
phase (Bruce & Daugulis 1991), should be as high
as required for the aqueous phase concentration to
remain below the inhibitory level (Collins & Daug-
ulis 1997a; Munro & Daugulis 1997), especially at
a high substrate concentration in the system. On the
contrary, this coefficient should not be restrictive for
hydrophobic substrates (Prichanont et al. 1998); if the
microbial activity is exclusively located in the aqueous
phase, the mass partition coefficient should allow the
aqueous concentration of hydrophobic/non-toxiccom-
pounds to approach their saturation concentration (as
determined under abiotic conditions).

The aqueous solubility of the NAPL will influence
the solubility of the substrate in the aqueous phase
(co-solvent effect) and the equilibrium concentration.
It should also be low enough to minimize solvent
loss. Furthermore, the interfacial tension between the

NAPL and the aqueous phase will affect the formation
of an emulsion. The increased surface area resulting
from emulsion formation is beneficial for biodegrad-
ation activities (Ascon-Cabrera & Lebeault 1995a; as
discussed in the Microbial mechanisms section), but if
the emulsion is too stable, this may represent a major
problem in sampling of the two phases for analysis
purposes (Munro & Daugulis 1997).

Biodegradability of the added NAPL is rarely
a concern when using a single microorganism as
biocatalyst since the limits of the carbon source spec-
trum can be rather easily determined, first by a survey
of the literature, then by few cultivation tests (Munro
& Daugulis 1997; Collins & Daugulis 1996, 1997a).
However, in the case of mixed microbial cultures, the
choice of solvents is greatly reduced because, after
an adaptation period, microorganisms will acquire the
ability to attack almost any organic molecules (van
der Meer et al. 1992b). If the NAPL is eventually
used as a growth substrate, then competition with the
target compounds to be degraded could arise (Mor-
rison & Alexander 1997) and, even, an enrichment for
solvent-degrading microorganisms is likely.

Higher-molecular-weight compounds, especially
those with multiple condensed ring structures and
with highly branched or substituted compounds, are
relatively resistant to microbial attack (Atlas 1988).
Branched alkanes that are liquid at room temperat-
ure are therefore suitable choices. In one of the first
investigations conducted to study the bioavailability
and degradation of a poorly water-soluble compound
(naphthalene) dissolved in a NAPL, 2,2,4,4,6,8,8-
heptamethylnonane (HMN) was chosen because it was
not biodegraded by thePseudomonassp. strain used
(Wodzinski & Larocca 1977). The same NAPL was
later selected by others (Table 1) and it resisted de-
gradation by mixed microbial cultures (Ghoshal et
al. 1996; Morrison & Alexander 1997). Apparently,
HMN can withstand biodegradation because of its
terminal methyl groups (Schaeffer et al. 1979).

Ascon-Cabrera & Lebeault (1993, 1995a,b), and
subsequently others (Table 1), have used silicone oils
(polydimethylsiloxanes) because of their hydrophobi-
city, chemical stability and resistance to hydrolytic and
oxidative breakdown. Although this NAPL was appar-
ently not attacked by the microorganisms in several
cases (Ascon-Cabrera & Lebeault 1993; Osswald et al.
1996), some studies suggest that it may in some con-
ditions be degradable via abiotic and biotic reactions
(Carpenter et al. 1995; Stevens 1998).
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As mentioned previously, hexadecane was chosen
to control the delivery of a toxic substrate (1,2,3-TCB)
and decane was used to enhance the bioavailabil-
ity of an hydrophobic one (octaCDD) to anaerobic
mixed cultures (Holliger et al. 1992; Barkovskii &
Adriaens 1995). Although they are easily attacked
under aerobic conditions, saturated alkanes were se-
lected because they are generally considered non-
biodegradable under highly reduced, methanogenic
conditions (Zehnder & Svensson 1986).

Additional characteristics to consider include low
viscosity, low volatility, high melting/boiling points,
low flammability, availability, and cost (Bruce &
Daugulis 1991; Nikolova & Ward 1993). We can
conclude from these numerous criteria that the selec-
tion process for a non-biodegradable NAPL should be
systematic and specific to each situation. A lot of in-
formation about the microorganisms implicated in the
biodegradation and the targeted substrates are required
before a sensible choice can be made.

Determination of optimal operation parameters

In a TLPB, the most critical factor to optimize is the
interfacial area between the two liquid phases (Naka-
hara et al. 1977; Woodley et al. 1991). Microbial activ-
ity, both at the interface and in the aqueous phase, re-
lies upon the mass-transfer rate of substrate molecules
from the NAPL to the aqueous phase, which is mainly
governed by the size of the interfacial area (Dunn
1968; Wodzinski & Larocca 1977; Ascon-Cabrera &
Lebeault 1993, 1995a). Since higher growth rates are
observed at maximal interfacial area, it is essential to
maintain the interfacial area high enough not to restrict
microbial activity.

The volumetric liquid-liquid interfacial area,a (m2

·m−3), is calculated following (Bailey & Ollis 1986):

a = 6 · φ
dsm

wheredsm (m3 · m−2) is the Sauter mean (surface
averaged) droplet diameter andφ corresponds to the
dispersed-phase volume fraction, which is the ratio of
the NAPL volume to the total liquid volume (phase
ratio). It can be seen that the interfacial area increases
with a decrease in the mean drop size. The Sauter
mean diameter can be estimated directly from droplet
size distribution measurements (Prokop et al. 1972;
Gutierrez & Erickson 1977) and correlated to Calder-
bank’s expression, which takes into account the phase

ratio (solvent phase holdup), the turbulence intens-
ity (agitation rate), and the interfacial tension (Chatzi
et al. 1989). Consequently, the interfacial area is
principally influenced by these three parameters, plus
microbial growth (Ascon-Cabrera & Lebeault 1995a;
Nakahara et al. 1977; Wang & Ochoa 1972).

The optimal phase ratio which will generate the
highest interfacial area is a parameter influenced by
many determinants, such as the physical conformation
of the bioreactor, the properties of the NAPL (dens-
ity, viscosity, etc.) and the mixing rate. The equation
shows that the interfacial area increases with an in-
creased phase ratio. However, it is also known that
NAPL drop diameters have a tendency to increase with
an increase in the phase ratio (Prokop et al. 1972).
Ascon-Cabrera & Lebeault (1993, 1995a) have stud-
ied the effect of variations of a NAPL phase fraction
(8.3 to 83% v/v silicone oil) on the interfacial area
and observed maximal values between 20 and 40%.
A wide range of phase ratios have been used but few
studies have been carried out in order to find the ideal
proportions. Other factors influence the choice of a
proper phase ratio. For example, if the apolar sub-
strate is toxic, the concentration of the compound in
the aqueous phase must be kept under the inhibitory
level; this is achieved by knowing the partition coef-
ficient and then adjusting the phase ratio accordingly
(Collins et al. 1995).

A direct relationship between intensity of agitation
and specific growth rate in TLPB has been frequently
reported (e.g. Wang & Ochoa 1972; Velankar et al.
1975; Ascon-Cabrera & Lebeault 1993). Although
the formation and the stabilization of an emulsion
is facilitated by a decrease in interfacial tension, a
mechanical input is required for the initial formation
of NAPL droplets. As the agitation intensity is in-
creased, the Sauter mean diameter is decreased and
the number of droplets increased (Erickson & Na-
kahara 1975). The stable-state distribution of drop
sizes, as well as mean diameter of droplets formed
by turbulent mixing, are a result of the equilibrium
between two simultaneous processes – break-up and
coalescence of drops: high mixing rate will produce
smaller NAPL drops, e.g. via interaction with the
impeller, but also multiply the probability of drop
contact and coalescence. Also, elevated agitation en-
ergy might prevent contact of microorganisms with
substrate-containing NAPL droplets and shear stress
could eventually be detrimental to the microbial cells
(McLee & Davies 1972). With cultures of aCandida
sp. on 2-ethylbutyraldehyde incubated in a baffled re-
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actor at different agitation speeds (between 200 and
800 rpm) with 20% silicone oil, Ascon-Cabrera &
Lebeault (1993) obtained an optimal growth rate at
mixing speeds between 500 and 600 rpm.

The Sauter mean diameter is strongly dependant on
interfacial tension (Erickson & Nakahara 1975). Addi-
tion of surfactants increases the interfacial area (Wang
& Ochoa 1972) and prevents coalescence of NAPL
droplets. In TLPBs, the interfacial tension between
NAPL and aqueous phase decreases as cultivation
proceeds (Prokop et al. 1971, 1972; Velankar et al.
1975; Nakahara et al. 1977). Microorganisms using
liquid hydrocarbons as substrate secrete emulsifying
and tensio-active substances such as glycolipids and
lipopeptides to facilitate uptake (Haferburg et al. 1986;
Georgiou et al. 1992). The cells themselves also can
decrease the interfacial tension in TLPSs (Bajpai et al.
1975; Nakahara et al. 1977). Biosurfactant or bioemul-
sifier production is generally considered beneficial for
growth on long-chain liquid aliphatic hydrocarbons
(Hommel 1990). However, it was recently reported
that excessive biosurfactants concentrations decreased
the growth rate ofP. oleovoranson decane (Schmid et
al. 1998). This was attributed to reduced mass-transfer
rate of the insoluble substrate to the aqueous phase
caused by the strong stabilizing film surrounding the
NAPL droplets.

In general, microorganisms growing on a NAPL
(as reservoir or substrate) have a strong affinity for
the immiscible liquid and colonize the surface of
droplets (Miura et al. 1977; Rosenberg 1991). When
investigating growth of aCandida lipolyticastrain on
hexadecane dissolved in inert gas oil, Prokop et al.
(1971, 1972) observed a tendency for the interfacial
area to increase with increases in cell mass. They sug-
gested that cells with hydrophobic surfaces may tend
to stabilize emulsions when growing at the drop sur-
face by preventing coalescence. However, not all drops
were covered with cells and this could be explained
by the exhaustion of substrate contained in the small
reservoir droplets (Prokop et al. 1971; Gutierrez &
Erickson 1977).

Most of the design parameters previously dis-
cussed apply to TLPSs in which the NAPL is well-
mixed with the aqueous phase and for substrates
whose biodegradation is principally limited by their
bioavailability. However, special attention must be
given to substrates exhibiting also a problem of tox-
icity. Even if the phase ratio has been adjusted to
keep the initial concentration of an inhibitory sub-
strate in the aqueous phase under the toxic level, the

maximal interfacial area beneficial for optimal mass-
transfer rate for hydrophobic substrates may not be
ideal for toxic substrates. A distinction between mo-
lecular toxicity (caused by dissolved molecules) and
phase toxicity (occurring at the liquid-liquid inter-
face) has been proposed (Bar 1987). It is possible that
microorganisms coming into direct contact with the
interface may be exposed to elevated, inhibitory, levels
of toxic compounds (Hocknull & Lilly 1988; Lilly et
al. 1987) and consequently emulsified systems with
high interfacial area may be detrimental to microbial
activity (Prichanont et al. 1998). For example, Collins
et al. (1995) observed reduced dioxygenase activity of
P. putidaUV4 converting toluene to toluenecis-glycol
in a TLPB with tetradecane as the NAPL. The phase
ratio (30% v/v) and the toluene concentration in the
NAPL (20% v/v) had been calculated based on the par-
tition coefficient in order to have a sub-inhibitory level
of toluene in the aqueous phase. Nevertheless, loss of
microbial activity was observed, which was attributed
to interfacial toxicity because of the formation of an
emulsion. Moreover, when the substrate concentration
was reduced to 10% the activity was maintained for a
longer period. They suggested that operational limits
of specific TLPSs could be represented in the form of
“windows of operation” where the organic phase sub-
strate concentration is shown as a function of phase
ratio. Hence, if the toxic substrate ratio in the NAPL
is too low, mass-transfer rate becomes limiting and if
it is too high, phase toxicity occurs. Increasing the
phase ratio by operating the TLPB with the solvent
phase continuous (two phases not intermixed) was
proposed to prevent formation of an emulsion (Collins
et al. 1995). Daugulis (1997) suggested that it may be
preferable to select a NAPL and culture conditions not
favoring formation of an emulsion, to prevent phase
toxicity. However, most publications about biodegrad-
ation of toxic compounds in completely mixed TLPSs
have not reported problems of inhibition of microbial
activity (El Aalam et al. 1993; Osswald et al. 1996).
Collins & Daugulis (1996, 1997a,b) investigated the
biodegradation of phenol in a TLPS containing 1 l of
medium and 500 ml of 2-undecanone as NAPL. This
system was operated without intermixing the two li-
quid phases. They did not observe inhibitory effects
but, unlike others who are using completely dispersed
TLPSs (e.g. Ascon-Cabrera & Lebeault 1993, 1995a),
microbial activity was oxygen-limited in these condi-
tions of elevated phase ratio. Nevertheless, sufficient
oxygen supply should generally not be a problem
in TLPBs. Oxygen solubilities in hydrocarbons have
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been shown to be much higher than in pure water (Ju &
Ho 1989). Ho et al. (1990) even addedn-hexadecane
to enhance the oxygen supply to oxygen-limited cul-
tures (solubility of oxygen inn-hexadecane is more
than 8 times higher than that in pure water). Disper-
sion of the NAPL in a TLPB enhanced the gas/liquid
mass-transfer coefficient of oxygen during growth of
P. oleovoranson octane (van der Meer et al. 1992a).

To summarize, the main objective to keep in mind
when setting up a TLPS for enhanced biodegradation
of apolar compounds is to achieve the highest mass-
transfer rate, while preventing microbial inhibition
when the substrate is also toxic.

Application of TLPBs as a biotreatment process

Many environmental pollutants are sparingly soluble
in water and toxic towards microorganisms. In biore-
mediation research, much work has focused on the
optimisation of microbial activity by improving en-
vironmental conditions, and occasionally by bioaug-
mentation. Increased microbial degrading capacities,
however, will not lead to higher biotransformation
rates if the mass-transfer rate is limiting or the tar-
get substrate inhibits the activity and survival of the
microorganisms.

New technologies are needed for lowering the
costs and time requirements of biotreatment processes.
Since TLPBs are effective at controlling the delivery
of apolar/inhibitory organic compounds to biocata-
lysts, they could represent a valuable tool for both
fundamental research and applied processes concern-
ing the biodegradation of environmentally problematic
compounds. Some authors have proposed that TLPSs
could have a great potential for treating water and
effluents contaminated with toxic compounds such
as styrene (El Aalam et al. 1993), phenol (Collins
& Daugulis 1996, 1997a,b), and pentachlorophenol
(Munro & Daugulis 1997), by allowing increased
toxic charge load of effluents to be treated. Decon-
tamination of styrene-containing waste gas was also
suggested (El Aalam et al. 1993). Likewise, it was
proposed that this approach could be applied to ef-
fluents polluted by poorly water-soluble compounds,
such as PAH-containing water (Vanneck et al. 1995)
and refinery sludges (Jimenez & Bartha 1996).

In biotreatment processes using TLPBs, the hy-
drophobic/toxic substrate would first dissolve into the
NAPL, then diffuse to the microorganisms at the in-
terface and in the aqueous phase (Figure 1). In all

likelihood, the biotreatment of contaminated soils and
sediments in slurry-phase bioreactors might also be
improved by the addition of an inert NAPL. The
bioavailability of molecules is controlled by a num-
ber of physical-chemical properties such as aqueous
solubility and tendency to sorb to the soil and sed-
iment matrix (Harms and Bosma 1997; Luthy et al.
1997). Desorption and dissolution rates are the critical
limiting steps in the biodegradation of hydrophobic
molecules. Since the partitioning of hydrophobic com-
pounds into a NAPL is in many ways comparable
to sorption to soil organic matter, the solvent could
promote the extraction of the hydrophobic pollutants
from the soil. The ensuing increased surface area for
microbial contact and mass-transfer would result in
enhanced rates of biodegradation. More investigations
are required before the actual potential of this proced-
ure is determined. Our research group has performed
promising preliminary work in this direction. Using a
PAH-adapted mixed culture, we have observed rapid
mass-transfer from an artificially contaminated soil
to the NAPL followed by enhanced biodegradation
in a slurry TLPB with silicone oil as the NAPL (A.
Benachenhou 1998, unpublished results).

Since the important biodegradative microorgan-
isms usually adhere and develop at the interface
between the two liquid phases in TLPBs, the recov-
ery of the NAPL with the attached microflora could
be used as an enriched inoculum for subsequent bio-
treatments. Solvents with low costs could be used and
minimal environmental hazard is expected since they
would be non-toxic and reusable.

Conclusion

The addition of appropriate water-immiscible solvents
in biodegradation processes can be beneficial. TLPSs
offer the possibility to control the bioavailability of
NAPL-dissolved compounds by: (1) increasing the
interfacial area between the pollutants and the mi-
croorganisms, which enhances the mass-transfer rate
of hydrophobic compounds; and (2) sequestering toxic
molecules into a separate phase, thus keeping their
aqueous concentration below inhibitory levels. Dif-
ficulties may arise, however, if the NAPL is not
carefully selected. It must be inert, innocuous and non-
biodegradable. The ratio of NAPL added should allow
the largest interfacial area with the aqueous phase,
thus promoting the mass-transfer rate and the contact
area for the adhering microorganisms. Most biological
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activity in such culture systems will occur near the
interface between the two liquid phases. Microorgan-
isms possess some features helping them to access and
metabolize substrates in TLPBs. They benefit from
their ability to produce surface-active agents, which
emulsify the NAPL and therefore increase the interfa-
cial area. This promotes the partitioning of the target
compounds in the aqueous phase and also favors ad-
hering microorganisms. Furthermore, hydrophobicity
of the cell surface assists in the attachment of mi-
croorganisms at the NAPL surface, which promotes
the formation of a biofilm and the uptake of pollutant
molecules directly from the NAPL.

There are a large number of publications about
applications of TLPBs in commercial bioconversion
processes, but until now few studies have focused
expressly on biodegradation of water-insoluble/toxic
compounds of environmental concern. Future invest-
igations should be conducted on identification of new
solvents with the required characteristics, especially
low biodegradability in the conditions of use. A better
understanding of microbial substrate uptake mech-
anisms involved in TLPSs could provide useful in-
formation on the design of TLPBs. Moreover, new
applications of TLPBs such as improved treatment of
contaminated soils deserve attention. In this context,
key operational and design parameters require more
research, especially in the later steps of a treatment
scheme such as enriched microflora recovery, final
phase separation and solvent recycling.

The potential benefits of TLPBs justify further ex-
ploration of this technology as a novel biotreatment
strategy.
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