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Abstract

B

iosurfactants are a group of microbial molecules identified by their unique capabilities to
interact with hydrocarbons. Emulsification and de‑emulsification, dispersion, foaming, wet‑
ting and coating are some of the numerous surface activities that biosurfactants can achieve
when applied within systems such as immiscible liquid/liquid (e.g., oil/water), solid/liquid (e.g.,
rock/oil and rock/water) and gas/liquid. Therefore, the possibilities of exploiting these bioprod‑
ucts in oil‑related sciences are vast and made petroleum industry their largest possible market at
present. The role of biosurfactants in enhancing oil recovery from reservoirs is certainly the best
known; however they can be effectively applied in many other fields from transportation of crude
oil in pipeline to the clean‑up of oil storage tanks and even manufacturing of fine petrochemicals.
When properly used, biosurfactants are comparable to traditional chemical analogues in terms of
performances and offer advantages with regard to environment protection/conservation.
This chapter aims at providing an up‑to‑date overview of biosurfactant roles, applications and
possible future uses related to petroleum industry.

Introduction

Petroleum has been driving the modern world for the past 100 years, however the high‑quality
and easily extractable light crude oils are limited. The ultimate recoverable resources are estimated
at between 2-4 trillion barrels,1 which poses two major issues. Firstly, the high priority need for
maximizing the efficiency over all the stages of processing in the current petroleum industry. For
example, less than half of the crude oil content of any reservoir can be actually extracted by the cur‑
rent techniques and improvements are sought after. Secondly, the challenge of utilizing heavy crude
oils, bitumen and tar sand that are abundant in many parts of the world and which may represent
the hydrocarbon‑based energy of the future. Such poor‑quality cruds being extremely viscous with
densities higher than water, some solid at ambient temperature and additionally rich in sulphur
and metals, are in need of novel technologies for upgrading. Traditional methods for production,
transportation and refining are not suitable for such heavy oils and need to be improved.
In the above reasons, biotechnology may find a special niche within the related research areas
as important links between microbiological and biotechnological research and petroleum industry
have been built up in the recent years with regard to several areas of interest such as biocorrosion
and biofouling, degradation of hydrocarbons within oil reservoirs, enzymes and biocatalysts for
petroleum upgrading. Biosurfactants and bioemulsifiers are a novel group of molecules and among
the most powerful and versatile bioproducts that the modern microbial biotechnology can offer.
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Biosurfectants

In this chapter we discuss some roles and applications of these microbial compounds in oil‑related
sciences, presenting the processes that exploit commercially available biosurfactant technologies
and highlighting those in which they may be potentially applied and have a greater impact on in the
near future. Recent laboratory‑scale researches along with field trials and patents will be described.
Where possible information about technical aspects of the marketed systems will be included.
Surfactants are molecules with two functional groups, namely a hydrophilic or polar end and
a hydrophobic or nonpolar chain. Due to the affinity towards both polar and nonpolar phases,
surfactants present in a mixed system (e.g., oil/water) move from the bulk phase to preferably
adsorb at the surface or interface where they cause remarkable changes in surface and interfacial
tensions, viscosity, wettability, charge and elasticity.2
Most surfactants currently in use are of petrochemical origin and therefore face the increasing
environmental awareness and tightening of regulations in this regard. Microorganisms have long
been known to be able to produce a variety of surface active compounds that display properties and
activities comparable to those of synthetic surfactants. Numerous research describing biosurfactants
produced by bacteria, yeasts and fungi have been carried out over the past years and many reviews
covering various aspects of the topic are available in literature (see refs. 3‑6).
Biosurfactants can potentially replace chemical analogue compounds, even offering additional
advantages in all the aspects of petroleum processing including: 1‑ Extraction, 2‑ Transportation,
3‑ Upgrading and refining and 4‑ Petrochemical manufacturing.

Microbial Enhanced Oil Recovery

Classical oil production technologies involving ‘primary’ and ‘secondary’ can only partially
recover the oil present in the field, with an efficiency estimated at 30‑40% of the overall amount of
oil available. Such efficiencies are expected to decrease during the gradual depletion of light crude
reservoirs leaving the viscous crude oils. This requires the development of the ‘tertiary’ processes
which aim at enhancing oil recovery (EOR).7 Among these, microbially enhanced oil recovery
(MEOR) exploiting microbial activities and metabolites, is at present gaining increased attention
due to some advantages such as:
• Natural products are generally harmless and less detrimental to the environment;
• Microbial processes do not require large thermal consumption of energy;
• Costs of microbial products are not affected by crude oil price and can be produced using
inexpensive raw‑substrates or even waste materials;
• Microbial products/activities can be stimulated in situ within the reservoir, potentially
allowing both tailor‑made and cost‑effective treatments.
Several metabolites are of interest for applications in MEOR including gas (e.g., carbon dioxide,
methane and hydrogen), acids (e.g., acetate and butyrate), solvents (e.g., acetone, n‑butanol and
ethanol), biomass for selective plugging and biosurfactants/biopolymers.8 Biosurfactants in par‑
ticular have several benefits enhancing oil displacement and movement through oil‑bearing rocks
by means of three main mechanisms: (i) reduction of interfacial tension between oil‑rocks and
oil‑brine; (ii) modification of the wettability of porous media; (iii) emulsification of crude oil. In
addition, biosurfactant production contributes to the metabolism of viscous oils by microorgan‑
isms that release lighter hydrocarbon fractions thus making the oil even more fluid. The strategies
investigated so far for MEOR involving biosurfactants include:
• Injection of ex situ produced biosurfactants into the reservoirs;
• Injection of laboratory‑selected biosurfactant‑producing microorganisms into the
reservoirs;
• Stimulation of indigenous microbial population to produce biosurfactants in situ through
supplying suitable nutrients.
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Biosurfactants can be produced in industrial‑scale through fermentation technologies. However,
the cost for the final product is still high for applications in this specific area. Several reasons are
implicated and include costs for activity and maintenance of bioreactor apparatus, product extrac‑
tion and purification, production of biosurfactants at generally low yields (1‑10 g/l) by natural
bacteria, reduced fermentation efficiency due to foaming and other metabolic‑associated problems.
Thus, while this option is not yet economically sustainable, experimental evidences supported
the efficacy of the flooding technique in which biosurfactants replaced or assisted conventional
chemical surfactants.
Lichenysin is one of the most powerful biosurfactants ever characterized. It is synthesized by
Bacillus licheniformis JF‑2 (ATCC 39307), isolated from well injection water9 and recently reclas‑
sified as B. mojavensis.10 Lichenysin, even at low concentrations (10‑60 mg/l), is able to reduce
interfacial tension to ultra low values (less than 10‑2 mN/m) required to release the trapped oil.
In addition, it is not affected by temperature (≤140˚C), pH (from 6 to 10), salinity (up to 10%
w/v NaCl) and calcium concentrations (≤340 mg/l CaCl2).11 It has been tested in core flooding
experiments in a partially purified form and showed that, when included into the formulation of
a flooding solution containing 2, 3‑butanediol and 1g/l of partially hydrolyzed polyacrilamide
(PHPA), residual oil was recovered from sandstone cores at up to 40%, compared to 10% recovered
by the fluid containing chemical surfactants only.12
Similar results of improved flooding performance were obtained with rhamnolipid biosur‑
factants. In particular, it was observed that in the presence of rhamnolipids the adsorption of the
surfactant alkylbenzene sulfonate (ORS) to sandstone was reduced by 25‑30% and consequently its
loss decreased. Thus, the oil recovered increased 7% when biosurfactants were added to the flooding
solution. It was suggested that rhamnolipids acted as sacrificial agents by adsorbing preferably to
oil sands thus both altering the wettability of porous media and making the chemical surfactant
more available for displacement activity.13
Even more effective than low‑molecular weight biosurfactants are the higher mass bioemulsifiers
and biopolymers. For example, emulsan by Acinetobacter venetianus RAG‑1 (ATCC 31012) used
at a concentration of 0.1 mg/ml removed 89% of crude oil pre‑adsorbed to limestone samples and
up to 98% when used at 0.5 mg/ml.14

Injection of Laboratory‑Selected Biosurfactant‑Producing
Microorganisms into Oil Reservoirs

Most studies focuses on the possibility of introducing biosurfactant‑producing bacteria along
with nutrients into the oil wells to allow their growth and activity. However to be suitable for this
MEOR strategy, bacteria are required to thrive and be metabolically active at the extreme condi‑
tions typical of petroleum reservoirs.15 Although extremophilic microorganisms have been isolated
from different environments, native strains from oil reservoirs would be optimal candidates. The
use of exogenous strains is disadvantageous due to competition with indigenous bacteria.
Most of biosurfactant‑producing bacteria so far described and tested for in situ MEOR ap‑
plications belong to Bacillus genus that commonly includes thermo‑ and halotolerant, facultative
anaerobic strains. Among them, B. mojavensis JF‑2 has been extensively investigated. This strain
can grow while producing lichenysin under both aerobic and anaerobic conditions and at relatively
high temperature (40˚C),16 which makes it a good candidate for in situ activity. Various processes
exploiting JF‑2 strain for oil recovery applications have been proposed including injection into
oil‑bearing formations alone17 or as part of a microbial consortium.18 An increase of 14% in oil
production was observed after flooding with B. mojavensis JF‑2 and the presence of living cells in
the production fluids were detected 6 weeks after injection.19,20
Most other biosurfactant‑producing microorganisms are not suitable for MEOR applications
due to reservoir conditions. However, some thermotolerant Pseudomonas aeruginosa strains have
been isolated from injection waters and found effective in displacing trapped oil both in labora‑
tory tests and within low‑temperature reservoirs.21,22 Rhamnolipid biosurfactants produced by this
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species are very active compounds, with a critical micelle concentration (CMC) of 70 mg/liter,
stable at high temperatures up to 90˚C, best performing at lower pH and only slightly affected
by salinity and calcium ions. The use of P. aeruginosa for in situ MEOR techniques is however
limited for several reasons: (i) it is classified as risk‑group 2 organism with restriction and regula‑
tion on its handling and dispersion into the environment; (ii) rhamnolipid synthesis is controlled
by a complicated quorum‑sensing system related to environmental stimuli; (iii) it is typically an
aerobic mesophile that could not be actively growing under reservoir conditions. The possibility
to overcome such limitations by engineering microorganisms in order to produce rhamnolipids
in situ has been suggested and cloning biosynthetic genes into host organisms was attempted with
limited success.23-25
Synthesis of biosurfactants under anaerobic conditions is of particular interest for application
of MEOR processes, though most biosurfactant‑producing microorganisms are strictly aerobic
or facultative anaerobes. Few strictly anaerobic bacteria have been so far characterised as biosur‑
factant‑producers. Anaerophaga thermohalophila strain Fru22T (DSM 12881T) for example, is a
strictly anaerobic bacterium able to grow at elevated temperature (50˚C) and high salinity (7.5%
w/v NaCl) while producing a surface active compound preliminary characterized as a low‑molecular
weight lipopeptide (<12 kDa) which may include sugar moieties. Although no further attempt
of investigating oil displacing activity has been reported, on the basis of its unique physiological
properties strain Fru22T appears to be a good candidate for in situ MEOR.26
Mixed microbial consortia can be particularly effective for in situ treatments as they offer
a broader range of activities and products in comparison with single species. A recently patent
“MMMAP” (Multi‑strain Mixed Microbial Application) consisting of thermophilic, barophilic,
acidophilic and anaerobic strains belonging to Thermoanaerobacterium sp., Thermotoga sp. and
Thermococcus sp. isolated from oil well water is claimed to be active in producing biosurfactants,
fatty acids, alchools, methane and carbon dioxide at in situ temperature up to 90˚C. Its injection
into wells supplemented with specific nutrients resulted in 3‑fold increased oil recovery.27

Stimulation of Indigenous Biosurfactant‑Producing Microorganisms
within Oil Reservoirs

The third strategy of MEOR is based on the concept that oil reservoirs are inhabited by in‑
digenous microbial communities able to grow or survive under extreme conditions. Knowledge
of such microbial ecosystems is still limited due to obvious difficulties in collecting representative
samples as well as carrying out in situ analyses. Therefore whether indigenous microorganisms are
native or contaminants exogenously introduced through water flooding, drilling or other oil well
operations is still to be confirmed as well as their metabolism and activities established.15
Technologies involving injection of nutrient solutions (e.g., carbon substrates and minerals)
into the oil well to stimulate the resident microbial communities have long been known and are
available on a commercial basis. Benefits such as enhanced oil recovery, reduced oil viscosity and
prolonged well lifetime are generally claimed, though a scientific monitoring of in situ activities
is difficult and untreated controls are impossible to include. For example, in recent field trials,
Youssef et al28 provided direct proof that the presence of biosurfactant‑producing bacteria in a
nutrient‑stimulated oil well was likely due to exogenous contamination and therefore could not be
maintained over the duration of the treatment. As a result, in the wells treated with only nutrients
no significant surface activities were detected.
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MEOR Field Trials

The real potential of biosurfactants in MEOR applications can however be fully assessed only
in field‑scale. Several yet sporadic trials have been carried out during the past years and tentatively
reviewed.29-31 The real impact of biosurfactant‑based MEOR techniques however has never been
estimated because of lack of both quantitative information regarding microbial processes in situ
and consistency in data collection and processing. Only recently a small field‑scale MEOR experi‑
ment provided for the first time data of in situ metabolism and activities. Molecular techniques
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combined with traditional methods showed that Bacillus strains injected into oil wells maintained
activity, consuming the glucose and nutrients supplied and releasing CO2 and fermentation prod‑
ucts including a lipopeptide biosurfactant leading to an increased production estimated as one
barrel of oil/day over 7 weeks after the treatment.28
Crude oil often needs to be transported over long distances from the extraction fields to the
refineries. One of the major factors affecting pipelining is oil viscosity that slows the flow. Heavy
oils in particular are characterised by viscosities ranging from 1000 cP to more than 100,000 cP at
25˚C and cannot be transported through conventional pipelining systems that optimally requires
viscosities of <200 cP. Heating or diluting with solvents were the traditional methods applied to
reduce oil viscosity. However, a promising technology consisting of producing a stable oil‑in‑water
emulsion that facilitates oil motility has been recently developed and introduced new routes to
the application of the bioemulsifier‑type of biosurfactants which have been found particularly
suitable for this application. They are high‑molecular weight surfactants characterised by different
properties compared to glycolipids and lipopeptides. They are not effective in reducing interfacial
tensions, but have excellent capability to stabilize oil‑in‑water emulsions. Due to the high number
of reactive groups in the molecule, bioemulsifiers bind tightly to oil droplets and form an effective
barrier that prevents drop coalescence. Among the bioemulsifiers, emulsan (Fig. 1) and its analogs
synthesised by A. venetianus RAG‑1, are certainly the most powerful, yet others such as alasan and
biodipersan produced by different Acinetobacter strains have been extensively studied.32
Emulsan was applied in a field trial for pipeline transportation of a Boscan heavy crude oil of
viscosity of about 200,000 cP. The bioemulsifier was used at a surfactant‑oil ratio of 1:500 and
produced a 70% w/w oil‑in‑water stable emulsion named hydrocabosol with viscosity reduced to
70 cP which was pumped through 380 miles over 64 hours. It was estimated that under optimal
conditions the emulsion could have been transported for 26,000 miles.33 Once transported to the
refinery, hydrocarbosols can be either de‑emulsified and utilized directly without de‑watering or
treated with specific enzymes called emulsanes to depolymerise the bioemulsifier thus breaking the
emulsion before use.34 To our knowledge there are no commercial applications of bioemulsifiers
yet. Low‑molecular weight biosurfactants can also be effective emulsifying agents. Rhamnolipids
produced by P. aeruginosa strain USB‑CS1 for example were able to emulsify a viscous crude oil
to give an emulsion with viscosity reduced to less than 500 cP and stable for 14 days.35
In the case of waxy crude oils, their transportation is generally affected by the problem of paraf‑
fin precipitation that can cause numerous negative consequences from reduction and eventually
block of the internal diameter of pipes to changes in the oil composition. Traditional techniques
for treating wax included thermal, mechanical and chemical methods but all they failed to be fully
successful as energy consuming, detrimental to the pipes and highly toxic respectively. Thus, over
the past decade microbial treatments became an increasing valuable alternative.36 Many bacteria
are known to be able to grow on paraffinic hydrocarbons while producing biosurfactants that
act as dispersing and solubilizing agents and make the paraffinic fractions more available for the
up‑take by cells. In this way not only wax deposits can be dissolved and prevented but also heavy
crude oil fractions can be degraded by bacteria to lighter fractions.
Bacteria capable of degrading n‑paraffins belong predominantly to Pseudomonas and Bacillus
species and a mixed consortium was found particularly effective in the treatment of two paraffinic
oils by Lazar et al.37 Laboratory pilot tests were carried out by using a flow equipment containing
ten liters of paraffinic oil to simulate a pipeline system. Bacterial consortium supplemented with
brine and essential microelements (nitrogen and phosphorous) was circulated along with the oil
for 5 days alternating flowing and stationary periods. Microbial activity was monitored and bio‑
surfactant production was detected all through the experiment. As a result, the authors reported a
decrease of total paraffin content up to 10% and consequently of the freezing points up to 7‑9˚C.
The viscosities also resulted much lowered especially at low temperatures.
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Figure 1. Structure of emulsan bioemulsifier produced by A. venetianus RAG‑1. It is composed of a
backbone of a repeating trisaccharide motif bound to fatty acid chains. Redrawn from ref. 3.

Biological solutions to paraffin control problem find nowadays concrete application. Several
commercial bioproducts have been formulated over the past few years and are currently available
in the market. Micro‑Bac International for example (Round Rock, TX) is manufacturer of a wide
product line containing a proprietary combination of natural microorganisms able to control
paraffins of chain length ranging from C16 up to C60 through the production of biosurfactants
and other metabolites.

Clean‑up of Oil Containers/Storage Tanks

Large amounts of crude oil are daily moved and distributed to refineries with oil tankers,
barges, tank cars and trucks, thus increasing the problem of the clean‑up and maintenance of the
containers.
A process for cleaning tanks used in oil transportation and storage by means of microbial
bioemulsifiers was proposed for the first time in 1981 in a patent by Gutnick and Rosenberg.38
The process included: (i) a washing phase with an aqueous solution of emulsan derivatives (α‑ and
β‑emulsans) produced by A. venetianus ATCC 31012 where an oil‑in‑water emulsion was induced
by vigorous agitation into the tank; (ii) removal of such emulsion from the clean tank and (iii)
recovering of the hydrocarbon residues by breaking the emulsion by physical or chemical methods.
However, this potential application remained limited to this report as we are not aware of further
development into a commercially available technology.
In 1991, Banat et al39 described the application of microbial biosurfactants for the clean‑up of oil
storage tanks. Sludge and oil deposits normally accumulate at the bottom and on the walls of stor‑
age tanks thus requiring periodical cleaning operations. Traditional methods are generally manual,
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hazardous, time‑consuming and expensive. Biosurfactants can effectively drive the cleaning activity
as demonstrated in a field trial conducted at the Kuwait Oil Company. Two tonnes of rhamnolipid
(Fig. 2) biosurfactant‑containing culture broth were produced, sterilised and added to an oil sludge
tank along with fresh crude oil and water and circulated continuously for 5 days at ambient tem‑
perature of 40‑50˚C. The oil sludge was effectively lifted and mobilised from thebottom of the tank
and solubilised within the emulsion formed. The treatment recovered 91% of hydrocarbons in the
sludge. The value of the recovered crude covered the cost of the cleaning operation.
Since then, long and accurate researches and experiments carried out over the years lead to a
substantial improvement of such technique and the development of the BioRecoil® process patented
in 2004 by Idrabel Italia (Italy) and Jeneil Biosurfactant Company (USA).40
The process consists of three main steps:
i. Feasibility study. Data collection, tank survey, evaluation of sludge composition and
concentration, laboratory tests as well as risk assessment, environmental impact and cost
analysis are initially carried out in order to set‑up the optimal working conditions and
design a tailor‑made treatment.
ii. Oil tank treatment. A mixture composed of water, biosurfactant and fluidizing agent is
circulated onto the tank until obtaining an uniform emulsion (Fig. 3a, b). Rhamnolipid
biosurfactants are preferably used to this end as capable of efficiently dispersing heavy
hydrocarbon fractions by means of both micro‑ and macro‑emulsions, with consequent
reduction of the sludge viscosity. When the circulation is stopped, the emulsion breaks and
separates in an upper phase containing hydrocarbons and a lower phase containing water,
while inorganic residual matter and sand sink to the bottom (Fig. 3c). The hydrocarbon
fraction is recovered, analysed and, according to its specific characteristics, transferred to
other storage tanks or alternatively to refining plants to be processed.
iii. Disposal of wastes and residues. The treatment ends with the safe disposal of the wastes
(Fig. 3d). The water used in the process or extracted from the sludge, is sent to the waste‑
water facilities of the refinery and analysed for oil content, organic content (e.g., COD)
and temperature before being discharged or reused. The inorganic phase that remains at
the bottom of the tank and that is mainly composed of sediments, metal residues, sand
or gravel is in practice the only material that needs to be disposed.
This process can offer numerous benefits including recovery of oil (generally >90%) and re‑
duction of material to be disposed of (<5%), safer in situ operations, use of natural biosurfactant
products hence high environmental compatibility and reduction in the tank downtime and risk
of damage.

Formulation of Petrochemicals

A totally unexplored area for potential applications of biosurfactants is the formulation of
petrochemical products. Biotechnological alternatives to the existing bulk petroleum‑derived
products have generally failed for various reasons and mostly for not satisfying economic criteria.

©2008 Copyright Landes Bioscience. Not for Distribution

Possibilities and Challenges for Biosurfactants Uses in Petroleum Industry

Figure 2. Structure of mono‑ and di‑rhamnolipid produced by P. aeruginosa species. The
predominant compounds are composed of one or two rhamnose units linked to two units of
β‑hydroxy‑decanoic acid. Some minor congeners are also synthesised as part of a mixture.
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Figure 3. BioRecoil® process for the clean‑up of oil storage tanks. Before the treatment, aged
oil and residues are deposited at the bottom and on the walls of the tank (a). A rhamnolip‑
id‑containing solution is circulated and oil is mobilized and entirely emulsified (b). To end the
treatment, emulsion separates in a hydrocarbon‑containing upper phase and a lower water
phase (c); the former is recovered, while the latter is discharged or reused in the refinery plant.
Inorganic materials are safely disposed (d) and a final make‑up of the tank can be applied if
necessary. Courtesy of Idrabel Italia.

However, those market niches where environmental concern is a major factor might look at
biotechnological solutions with increasing interest in the near future. One such area includes the
manufacturing of emulsified fuels.
Diesel fuel blended with water has been known since the early 1900’s and is currently applied
especially in Europe for public transport fleets, marine engines, locomotives but also heat facilities
in industrial and institutional complexes. The advantages of diesel emulsions are:
• Improved combustion efficiency due to the microexplotions of water particles;
• Reduction of emission of hazardous pollutants such as nitrogen oxides (≤25%), carbon
oxide (≤5%), black smoke (≤80%) and particulate matter (≤60%);
• Reduction of diesel consumption.
An additional aspect is that such fuels are easily applicable without need of engine
modification.
Emulsified fuels are technically water‑in‑diesel emulsions with a typical content of water of
10‑20% (v/v). They are prepared using specific surfactant packages along with a variety of ad‑
ditives (e.g., detergents, lubricity enhancers, anti‑foaming agents, ignition improvers, anti‑rust
agents and metal deactivators). Surfactants are expected to stabilize the emulsion and ensure that
the finely dispersed water droplets remain in suspension within the diesel fuel (Fig. 4). Non‑ionic
surfactants such as alcohol ethoxylates, fatty acids ethoxylates and sugar esters of fatty acids are
currently the most used.41,42
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We investigated the possibility to replace traditional chemical compounds with microbial
biosurfactants to formulate fuel or diesel emulsions. Preliminary experiments (unpublished data)
were carried out in collaboration with Idrabel Italia (Genoa, Italy), in which rhamnolipid mixture
produced by P. aeruginosa AP02‑1 were used in order to prepare a water‑in‑diesel emulsion consist‑
ing of 15% water and 85% diesel (v/v). Five major parameters were evaluated: stability, density
(optimally 0.76 to 0.79 g/cm3 at 15˚C), viscosity (optimally 2 to 4.5 mm2/s at 40˚C), water and
sulphur content (optimally less than 2 mg/kg). Among them, emulsion stability was the most
relevant factor as phase separation should not occur over 4 months. Stability depends on many
factors both physicochemical (e.g., temperature, energy supply, order of mixing the components)
and distinctively related to the surfactant properties. Bio‑surfactant potential candidate was re‑
quired to satisfy the following basic criteria:
• The molecule should contain only carbon, hydrogen and oxygen and be free of sulphur
and nitrogen atoms. The absence of aromatic rings is further requisite;
• The hydrophilic‑lipophilic balance (HLB) should be in the range of 3‑6;
• It should be used in a very pure form. This may limit the potential use of biosurfactants
from microorganisms due to the difficulties of achieving high‑grade purification;
• It should have a very low critical micelle concentration (CMC);
• It should burn readily without release of soot.
We produced several diesel emulsions generally satisfying some of the test factors (density,
viscosity and sulphur content); however they lacked in stability and had inadequate consistency.
An excess of air content likely due to an inappropriate mixing was the main cause of the destabi‑
lization of the phase equilibrium. It is important to note however that rhamnolipid may not have
been a suitable choice of biosurfactant in order to achieve a stable emulsion. One of the longer
chain heteropolysaccharides and proteins emulsifying‑type biosurfactants may have been a better
candidate. Although further investigations will be needed, to the best of our knowledge this aspect
of biosurfactant applications has not been reported before.

Conclusions and Future Perspectives

During the past 20 years microbial biosurfactants and bioemulsifiers have been extensively
investigated and their potential in most fields of the petroleum industry highlighted by the large
number of related patents. Only few however had successful commercialization mainly due to
the well known problem of the high production costs. Several other aspects should be taken into
consideration to realise their potentials. Though many different types of biosurfactants have been
described from a variety of microorganisms, the literature focused predominantly on Bacillus sp.,
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Figure 4. Typical aspect of a drop of emulsified diesel with dispersed microdroplets of water.
Surfactants control the water droplets size and prevent their coalescence.
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Pseudomonas and Acinetobacter sp. A number of other promising genera are known and should be
closely examined. For example, Rhodococcus sp. produces trehalose lipid‑type biosurfactants mainly
during the growth in presence of hydrocarbons but limited efforts to evaluate their potential util‑
ity in petroleum industry have been carried out. More attention should also be directed towards
extremophilic and hyper‑extremophilic biosurfactant‑producing microorganisms to allow use in
oil field conditions. Although the biotechnological importance of such microbial groups is well
documented with regards to enzymes (extremozymes) in particular, lack of information about
production of bioactive compounds remains.
Further progress is expected to be achieved when more advanced methods are developed and
applied. Molecular techniques and in particular gene expression monitoring would significantly
contribute to the detection and control of activities and processes in situ and in real time. To this end
the current knowledge of biosurfactant genes is still insufficient and needs to be explored with the
aim of gaining better control of the production technologies and improvement of products yields.
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