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Abstract Ochrobactrum anthropi strain AD2 was isolated
from the waste water treatment plant of an oil reWnery and
was identiWed by analysis of the sequence of the gene
encoding 16S rDNA. This bacterium produced exopolysac-
charides in glucose nutrient broth media supplemented with
various hydrocarbons (n-octane, mineral light and heavy
oils and crude oils). The exopolysaccharide AD2 (EPS
emulsiWer) synthesized showed a wide range of emulsify-
ing activity but none of them had surfactant activity. Yield
production varied from 0.47 to 0.94 g of EPS l¡1 depending
on the hydrocarbon added. In the same way, chemical
composition and emulsiWcation activity of EPS emulsiWer
varied with the culture conditions. EYciency of the EPS
emulsiWer as biostimulating agent was assayed in soil
microcosms and experimental biopiles. The AD2 biopoly-
mer was added alone or combined with commercial prod-
ucts frequently used in oil bioremediation such as inorganic
NPK fertilizer and oleophilic fertilizer (S200 C). Also, its
eYciency was tested in mixture with activated sludge from
an oil reWnery. In soil microcosms supplemented with S200
C + EPS emulsiWer as combined treatment, indigenous
microbial populations as well as hydrocarbon degradation
was enhanced when compared with microcosms treated
with NPK fertilizer or EPS emulsiWer alone. In the same

way EPS emulsiWer stimulated the bioremediation eVect of
S200 C product, increasing the number of bacteria and
decreasing the amount of hydrocarbon remained. Finally,
similar eVects were obtained in biopile assays amended
with EPS emulsiWer plus activated sludge. Our results
suggest that the bioemulsiWer EPS emulsiWer has interest-
ing properties for its application in environment polluted
with oil hydrocarbon compounds and may be useful for
bioremediation purposes.

Keywords Ochrobactrum anthropi · BioemulsiWer · 
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Introduction

Microbial biosurfactants and bioemulsiWers are produced
by a wide variety of diverse microorganisms and they have
diVerent chemical structures and properties [6, 28]. In gen-
eral, bacteria make low molecular weight molecules that
eYciently reduce surface and interfacial tensions such as
glycolipids [18, 35] and lipopeptide [22]; [32], and high
molecular weight polymers that are eYcient emulsiWers
such as emulsan [45], alasan [30] or biodispersan [36].
Within the Wrst group, it is worth mentioning the rhamnoli-
pids produced by Pseudomonas species, composed of two
molecules of rhamnose and two molecules of 3 hydroxy-
acids. Also remarkable are the trehalolipids produced by
several species of Rhodococcus, Arthrobacter and Myco-
bacterium composed of trehalose, nonhydroxylated fatty
acid and mycolic acids and the sophorolipids produced by
Candida and Torulopsis, in which sophorose is combined
with long chain hydroxyacid [11, 37]. The high molecular
weight biopolymers containing polysaccharides, polysac-
charides attached to lipids; or polysaccharides attached to
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proteins have been described as eYcient emulsifying
agents of numerous hydrocarbon compounds [4, 10, 20,
28, 33, 40].

Regardless of the diVerent chemical composition and
applications that bioemulsiWers show, the main Weld of
research nowadays is focused on the mass production of
these compounds on an industrial scale [17]. Many research
[25, 42] papers have been published showing improved
methods for rhamnolipids production. Recently, the rela-
tionships between several exploratory variables and one or
more response variable [Response Surface methodology
(RSM)] have been used to identify optimal C and N source
in order to optimize rhamnolipid production from a P.
aeruginosa S2 strain [13] and bioemulsiWer production by
Candida lipolytica [2].

The diversity of these compounds results in a broad
spectrum of potential applications, being valuables in
industries as diverse as agriculture, food industry, leather,
textile or paper industries, cosmetic and pharmaceutical
industries, etc. However, the largest possible market for
biosurfactants and bioemulsiWers could be the oil industry,
both for petroleum production and for bioremediation of oil
contaminated sites [21, 34].

Biodegradation is one of the primary mechanisms for
elimination of petroleum and other hydrocarbon pollutants
from the environment [26]. It is considered an environmen-
tally acceptable way of eliminating oils and fuel because
the majority of hydrocarbons in crude oils and reWned
products are biodegradable, and hydrocarbons degrading
microbes are ubiquitous [23].

Petroleum hydrocarbon compounds bind to soil compo-
nents and are diYcult to remove and degrade. BioemulsiW-
ers can emulsify hydrocarbons enhancing their water
solubility and increasing the displacement of oily sub-
stances from soil particles and thus making them more
available to microorganisms [6]. It has been demonstrated
that emulsifying agents enhance the degradation process
due to better solubilization of hydrocarbon prior to micro-
bial degradation [15]. Addition of compounds able to emul-
sify hydrocarbons into microscopic droplets increases the
surface area exposed to bacteria, this produces a readily
available food source that bacteria can assimilate quickly
[28, 34]. For these reasons, inclusion of bioemulsiWers in a
bioremediation treatment of a hydrocarbon polluted envi-
ronment could be really advantageous. In this sense, it has
been reported [8, 19, 34] that biosurfactant and other natu-
ral emulsifying agents are important tools for biotreatment
of hydrocarbon polluted environment.

In the present study, we describe the properties, charac-
terization and eYciency of EPS emulsiWer produced by
O. anthropi as biostimulating agent to oil hydrocarbon bio-
degradation under experimental conditions such as soil
microcosms and biopiles.

Materials and methods

Microorganism

Strain AD2 was isolated from an activated sludge plant
(wastewater treatment plant of a Repsol YPF oil reWnery
located in Puertollano, Spain). Sludge samples (10 g) from
the aerobic biological reactor were placed in 500-ml Erlen-
meyer Xask mixed with 100 ml of BH liquid medium and
1 ml of Kirkuk crude oil and incubated at 28 °C for a week.
Samples for bacterial isolation (0.1 ml) were plated on BH
agar medium [15] with the addition of 0.1% w/v naphtha-
lene, phenanthrene or pyrene. For that purpose, the poly-
cyclic aromatic hydrocarbon (PAH) was dissolved in ether
and the solution was then spread onto the surface of the
medium. Strain AD2 was selected for further studies due to
its ability to grow and produce a clear halo on the surface of
the BH medium supplemented with 0.1% of PAHs. The
strain was long-term maintained in the laboratory by lyo-
philisation. For this study, stock cultures were grown on
TSA (Difco) slants.

Culture media

BH medium used for isolation of hydrocarbon degrading
microorganisms is a minimal medium with the following com-
position (g/l): MgSO4·7H2O, 0.2; K2HPO4, 1; CaCl2·2H2O,
0.02; NH4NO3·6H2O, 1; FeCl3, 0.05 and agar, 20.

Growth studies of strain AD2 was determined in nutrient
broth (NB medium) with the following composition (g/1):
glucose, 10; yeast extract, 5; proteose-peptone, 5; and
NaCl, 5. Bacteria were cultivated at 32 °C for 5 days under
aerobic conditions in a rotatory shaker (150 rpm).

The eVect of diVerent hydrocarbons on growth and EPS
emulsiWer production by strain AD2 was evaluated by addi-
tion of octane, toluene, xylene, mineral light oil, mineral
heavy oil or crude oil to glucose NB media at concentration
of 1% v/v.

PAHs, octane, toluene xylene, mineral light oil, mineral
heavy oil supplied by Sigma Co, were standard for HPLC
and gas chromatography (¸99.7% of purity). Crude oil
used was Kirkuk crude oil from the reWnery of Repsol YPF
(Puertollano, Spain).

Taxonomical characterization of strain AD2

Strain AD2 was identiWed by the analysis of the sequence
of the gene encoding 16S RNA (16S rDNA). Primers fD1
and rD1 [43] were synthesized by Sigma-Genosis (Haver-
hill, UK) and used to amplify almost the full length of 16S
rRNA gene. Freshly cultured colonies of strain AD2 were
lysed by the addition of 20 �l of a mixture of NaOH
(0.05 M)–SDS (0.25%, w/v) and then boiled for 15 min.
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The lysates were adjusted to 200 �l with sterile bidistilled
water and centrifuged at 2,500g for 5 min.

The cleared lysates (4-�l aliquots) were used as template
for identiWcation. PCR was performed adding to the lysates
1£PCR buVer (ABI; Perkin Elmer, Norwalk, CT), 1.5 mM
MgCl2 (ABI), 200 �M dNTPs (Roche Molecular Biochemi-
cals, Mannheim, Germany), 20 pmol of each primer, and
1 U of Taq polymerase (ABI). The Wnal volume in the reac-
tion tubes was adjusted to 50 �l. Reactions were run in a
Perkin Elmer GeneAmp PCR system 2400 (Perkin Elmer,
Norwalk, CT). The temperature proWle was the one previ-
ously described by Vinuesa et al. [41] except for the initial
denaturation step, which was extended to 7 min. PCR prod-
ucts were run on 1% agarose gels and bands were puriWed
using a Quiaex II kit (Quiagen, Hilden, Germany). The
nucleotide sequence of the puriWed bands was determined by
the deoxy chain terminator method, using the ABI-PRISM
Big Dye Terminator Cycle Sequencing Ready Reaction kit,
(Perkin Elmer) and automated sequencer Applied Biosys-
tems ABI capillary system (Perkin Elmer). Sequence data
were analyzed using gene Runner 3.05 software, and
compared to sequences in the EMBL databank using the free
he BLASTn [3] online software provide by the European
Bioinformatics Institute (http://www.ebi.ac.uk.)

Production and characterization of EPS emulsiWer

Production of EPS emulsiWer was determined in NB
medium. Erlenmeyer Xasks (500 ml) containing 100 ml of
NB medium were inoculated with 1 ml of an overnight cul-
ture, grown in the same medium. After incubation at 32 °C
for 5 days under aerobic conditions in a rotatory shaker
(150 rpm), the cultures were centrifuged at 36,000g in a
Sorval RC-JB refrigerated centrifuge at 4 °C for 60 min.
Supernatant obtained were precipitated with cold ethanol.
The biopolymer precipitated from the supernatants was dis-
solved in distilled water, dialysed against distilled water
during 24 h lyophilised, and weighed [10]. The EPS
obtained were subjected to colorimetric analysis of proteins
[9] and total carbohydrates [16].

EmulsiWcation assays and surfactant activity test

Emulsifying activity of biopolymer synthesized by strain
AD2 grown in glucose NB liquid media amended or un-
amended with hydrocarbon compounds was detected by a
modiWed version of the method previously described by
Cooper and Goldenberg [12]. Test tubes (105 £ 15 mm)
were amended with 3.0 ml of exopolymer diluted in
distilled water (0.1%, w/v) and 3 ml of a hydrophobic
substrate (n-octane, xylene, toluene, mineral light oil, mineral
heavy oil or crude oil). Then the tubes were shaken vigor-
ously to homogeneity using a vortex, and left to stand for

24 h. Emulsifying activity was expressed as the percentage
of the total height occupied by the emulsion. Surfactant
activity was determined by measurement of surface tension
with a Krüs K11 digital tensiometer, using a plate method
[7]. This property was searched in the bacterial culture and
in bioemulsiWer distilled water solution.

Microcosm assays

Soil microcosms were constructed with oil polluted soil
samples (Table 1) incubated at room temperature in steady
conditions for 21 days and weekly tested. The soil samples
were obtained from a real contaminated soil; they were sup-
plied by the Company AG Ambiental (Madrid, Spain) in
order to perform assays of biotreatability. This soil was
franc-clay soil (36% clay, 33% sand and 10% slime); it was
polluted by a mixture of diesel and fuel oil at Wnal total
hydrocarbon concentration near 10,000 mg/Kg (See Table 1
for values of initial pollution).

Six microcosms (three replicate for each treatment) were
constructed in order to evaluate the eVect of the EPS emul-
siWer on hydrocarbon biodegradation. Each microcosm
received a speciWc treatment: (A) NPK fertilizer (0.3 g/Kg
of soil), (B) oleophilic compound S200 C (1 ml/Kg of soil),
(C) EPS emulsiWer (1.5 g/Kg of soil), (D) NPK fertilizer
(0.3 g/Kg of soil) + EPS emulsiWer (1.5 g/Kg of soil), (E)
S200 C (1 ml/Kg of soil) + EPS emulsiWer (1.5 g/Kg of
soil) and (F) control microcosm without any addition.

The NPK fertilizer (Agroblem S.L) is a inorganic com-
plex fertilizer composed of 18% total nitrogen (nitrate,
1.2%; ammonium, 3.1% and urea 13.7%), 8% of P2O5, 2%
of MgO, 19% of K2SO3 and 0.5% of Fe. S200 C is an oleo-
philic fertilizer (IEP Europe) which stimulates the indige-
nous hydrocarbon microorganisms.

Biopile systems

The composting process was determined in biopile systems
of 1 m height/1.25 m3 total volumes. The biopiles were

Table 1 Concentration of hydrocarbons (mg of hydrocarbon/kg of
soil) in oil polluted soil utilized in microcosms and biopiles assays

ND Not detected

Hydrocarbon 
compound

Polluted soil 
of microcosms

Polluted soil 
of biopiles

TPH 8,530 § 1438 11,000 § 1458

Alkanes 5,726 § 572 7,863 § 171

Prystane 547 § 81 219 § 84

Phytane 468 § 89 212 § 56

Alkenes and alkynes ND 997 § 285

Naphthalenes 263 § 45 1,663 § 64

Pregnans ND 45 § 25
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constructed with 1,245 Kg of soil, contaminated with
13.05 Kg (14.5 l of Kirkuk crude oil) of hydrocarbons and
300 Kg of straw added as bulking agent. Homogenization
of contaminant was carried out by turning over. Four diVer-
ent biopiles (in duplicate) were tested in order to under-
stand the eVects of activated sludge and EPS emulsiWer on
hydrocarbon biodegradation. The treatments assayed were
as follows: (A) control biopile, (B) biopile amended with
325 Kg of activated sludge, (C) biopile amended with
325 Kg of activated sludge + 150 g of EPS emulsiWer, (D)
biopile amended with 150 g of EPS emulsiWer. The total
amount of EPS emulsiWer was added in four doses: 60 g of
EPS emulsiWer at the beginning of experiment and 30 g
after 15, 30 and 45 days of treatment. EPS emulsiWer addi-
tion was done by irrigation with 1% EPS solution in dis-
tilled water. Table 1 shows values of initial pollution.

Enumeration of culturable bacteria in soil

Three replicate samples from each microcosm were with-
drawn every week for enumeration of aerobic heterotrophic
bacteria. 0.1 ml of serially diluted soil samples were plated
in 1/10 diluted Trypticase Soy Agar (TSA, Difco) accord-
ing to Avidano et al. [5]. Triplicate plates were incubated at
28 °C for 48 h before the colonies were counted.

TPH, n-alkanes and PAH determinations

Total petroleum hydrocarbons were extracted from the soil
samples with a mixture of hexane: acetone 1:1 (v/v) and
determined by gravimetric analysis according to.Aguilera-
Vázquez et al. [1]. Analysis of n-alkanes and polycyclic
aromatics hydrocarbons (PAHs) in the soil samples were
determined from the extracted fractions above mentioned
using a Hewlett–Packard 6890 GC system equipped with a
HP-5-MS-capillary column (30 £ 0.32 mm I.D.). Helium
(1.6 ml/min) was utilized as carrier gas. The determinations
were performed using the following temperature program:
40 °C held 1 min isothermal, heating rate 4 °C/min up to
310 °C, Wnal temperature held for 1.5 min. Injector and
detector temperatures were 250C and 300 °C, respectively.
n-alkanes and PAH were detected using a mass detector
5872 (Hewlett–Packard) and the library utilized was Wiley
275.

Results

Taxonomical characterization of strain AD2

The initial characterization of strain AD2 revealed that they
are Gram negative rods. Percentages similarity values
obtained after pair-wise alignment of the sequence of 16S

rDNA versus the EMBL data base demonstrated the aYlia-
tion of this strain to the species Ochrobactrum anthropi
(over 100% ungapped sequence identity). Thus, our results
showed that strain AD2 isolated from activated sludge of
the wastewater treatment plant of the oil reWnery of Repsol
YPF should be classiWed as O. anthropi.

Production and characterization of bioemulsiWer AD2

In the present study, assays were carried out to know the
capacity of O anthropi strain AD2 to produce extracellu-
lar biopolymers with biosurfactant or bioemulsiWers
activities. Our data showed that strain AD2 was able to
produce exopolysaccharide growing on glucose NB liquid
media and the capacity of this bacterium to grow and pro-
duce the EPS emulsiWer in the presence of hydrocarbon
compounds. Table 2, shows yield production and chemi-
cal composition, in terms of carbohydrates and proteins,
of the EPS emulsiWer synthesized by O anthropi strain
AD2 in glucose NB medium and in glucose NB medium
added with n-octane, xylene, toluene, mineral light and
heavy oils and crude oil. Addition of n-octane, mineral
light oil and mineral heavy oil enhanced the amount of
EPS synthesized. In contrast, strain AD2 was unable to
grow in presence of xylene and toluene, thus both hydro-
carbons seem to be toxic for it. When a preliminary char-
acterization of the exopolymers was performed, it was
found that these water soluble substances contain high
amounts of proteins and carbohydrates. However, the
addition of hydrocarbons (n-octane, mineral light oil,
mineral heavy oil or crude oil) aVected the protein and
carbohydrate composition. Thus, O anthropi strain AD2
produced in glucose-crude oil medium extracellular poly-
mers with higher content of protein (32.57%) than poly-
mers synthesized in glucose-mineral light oil (10.77%). In
this context, our results show that O anthropi strain AD2
can produce signiWcant amounts of extracellular polymers
in the presence of diVerent hydrocarbons although these
compounds can aVect the chemical composition of the
extracellular polymers.

The extracellular biopolymers synthesized in glucose
NB medium showed a wide emulsifying activity, crude oil
being the substrate most eVectively emulsiWed followed by
mineral light oil (Table 3). Thus, we found that all extracel-
lular biopolymers had a noticeable activity on crude oil;
however, the speciWcity of biopolymers was modiWed by
the conditions used for culture of the strain AD2. For exam-
ple, extracellular biopolymers extracted from media with
mineral light oil were most active on toluene. However,
mineral light oil and mineral heavy oil were not emulsiWed
by the polymers produced on crude oil. Finally, none of the
isolated biopolymers produced by O. anthropi showed bio-
surfactant activity.
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Microcosm assays

In this study, it has been evaluated the eVectiveness of the
biopolymer EPS emulsiWer as biostimulating agent and its
application in bioremediation processes using microcosm
and biopile systems. In soil microcosms, EPS emulsiWer
was applied alone or amended with an inorganic NPK fer-
tilizer or the S200 C biostimulating agent. Figure 1 shows
the response of indigenous microbial population in treated
and nontreated soil microcosms. In general, no diVerences

were found among the assays tested, except for the micro-
cosm treated with S200 C + EPS emulsiWer. This treatment
remarkably enhanced indigenous microbial population
(Fig. 1) throughout the incubation period (21 days). On the
other hand, GC/SM analyses showed that inoculation of
EPS emulsiWer enhanced hydrocarbon removal eYciency
when compared to un-amended control soils (Fig. 2). More-
over, a signiWcant increase in the elimination of TPH and
n-alkanes was detected in the soil microcosm soil treated
with NPK + EPS emulsiWer compared to microcosms
treated with inorganic NPK fertilizer alone. In the same
way, addition of the EPS emulsiWer bioemulsiWer also stim-
ulated the hydrocarbon biodegradation rate in microcosms
containing S200 C. As it can be seen in Fig. 2, the percent-
age of hydrocarbon removed in microcosms treated with
S200 C + EPS emulsiWer was notably higher than in micro-
cosms containing S200 C alone.

Biopile systems

Composting processes have been usefully applied in bio-
remediation of soil polluted with hydrocarbon. In this con-
text, the composting processes are able to increase the

Table 2 Yield production (g/l of culture medium) and chemical
composition (percentage of carbohydrates and proteins) of EPS
synthesized by Ochrobactrum anthropi strain AD2 in glucose NB

media amended with n-octane, xylene, toluene, mineral light oil,
mineral heavy oil, and crude oil media

Values are mean § standard error of three replicates

ND Growth and extracellular polymers production was not detected

Carbon source of EPS culture media production Yield production (g/l) Chemical composition

Carbohydrates (%) Proteins (%)

Glucose 0.5 § 0.1 72.79 § 3.91 18.3 § 1.56

Glucose + n-octane 0.71 § 0.1 60.82 § 2.39 26.99 § 1.72

Glucose + xylene ND ND ND

Glucose + toluene ND ND ND

Glucose + mineral light oil 0.65 § 0.1 78.97 § 4.38 10.77 § 0.48

Glucose + mineral heavy oil 0.94 § 0.1 66.14 § 2.35 14.35 § 1.91

Glucose + crude oil 0.47 § 0.1 64.35 § 1.26 32.57 § 3.55

Table 3 Emulsifying activity of EPS emulsiWer produced by O anthropi strain AD2 in glucose media amended or un-amended (control) using
n-octane, toluene, xylene, mineral light oil, mineral heavy oil and crude oil

a Nutrient broth
b Mineral oil

Growth medium for 
EPS emulsiWer production

Emulsifying activity using following substrate (%)

Octane Toluene Xylene Light oila Heavy oila Crude

NBa 37.5 § 2.7 28.8 § 1.3 22.5 § 4.6 51.2 § 2.4 28.8 § 3 88.7 § 4.2

NB-octane 38.1 § 0.6 25 § 1.3 23.2 § 2 56.1 § 1.2 31.1 § 0.4 95.1 § 3.3

NB- light oilb 8.16 § 0.2 58.33 § 3.9 10.42 § 3.1 14.58 § 0.7 12.5 § 0.5 85.41 § 5.1

NB- heavy oilb 0 53.19 § 2.8 27.66 § 0.6 32 § 0.9 0 81.25 § 7.2

NB- crude EPS 0 31.25 § 0.3 14.58 § 0.7 0 0 72.92 § 1.4

Fig. 1 Total heterotrophic bacteria in soil microcosms amended with
NPK fertilizer, EPS emulsiWer, S200 C product and un-amended
microcosm (control)
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microbial biodegradation activities and consequently
enhance the biotransformation of diVerent nutrients such as
hydrocarbons. Under this point of view we have studied the
eVect of the biopolymer EPS emulsiWer in the biodegrada-
tion of hydrocarbon using composting technology (biopile
systems).

We have investigated the eVects of the addition of bio-
surfactant EPS emulsiWer and activated sludge on biopile
systems for composting of soil contaminated with petro-
leum hydrocarbons. Both microbial populations and total
hydrocarbon biodegradation (Figs. 3, 4) were enhanced in
biopile amended with activated sludge plus biosurfactant
compared to biopiles amended with activated sludge, AD2
or un-amended control. Thus, our data showed that the
addition of both activated sludge and EPS emulsiWer to bio-
pile systems clearly increases the petroleum hydrocarbon
biodegradation.

Discussion

O. anthropi is a Gram negative bacterium belonging to �
Proteobacteria with capacity for bioremediation due to its
capability of degrading a high number of pollutants such as
organophosphorus pesticides, phenol compounds, and
petroleum wastes [31]. Its ability of removing heavy metals
by producing high amount of exopolysaccharide has also
been described [31]. Studies of the microbial biodiversity
during long-term storages of crude oil at diVerent layers of
the tank storage, have demonstrated that Ochrobactrum
spp. were isolated from all the samples collected at each
sampling time, suggesting the presence of these microor-
ganisms in a viable state [44]. Similarly, Katsivela et al.
[24] have reported that in a 14 months land farming treat-
ment, although microbial diversity was decreased with
increased degradation of petroleum hydrocarbons, the gen-
era Enterobacter and Ochrobactrum were always detected
in the land farming treated soil [24].

O. anthropi strain AD2 was isolated in our laboratory
from activated sludge of the wastewater treatment plant of
an oil reWnery and it could be considered as an indigenous
crude oil microorganism grown in the reWnery oil com-
pounds. This strain was selected among other isolates
because it was able to grow in the hydrocarbon culture
media and due to its property of producing high amount of
exopolymers with emulsifying activity against diVerent
hydrocarbon compounds. Thus, O. anthropi strain AD2
produces polymers under diVerent culture conditions and in
the presence of hydrophobic substances. However, culture
medium modiWes chemical composition and emulsifying
activity of strain AD2 extracellular biopolymers (EPS
emulsiWer). Most polymers studied here have shown high
emulsifying activities. This suggests that O. anthropi could
produce the emulsiWer polymer after being inoculated into

Fig. 2 EYciency of TPH and n-alkanes removing in un-amended soil microcosms (control) or amended soil microcosms with NPK fertilizer, EPS
emulsiWer and S200 C, after 21 days of treatment
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polluted environmental sites, thus, be useful for in situ bio-
remediation treatment. The ability of all the polymers stud-
ied to emulsify crude oil is also noteworthy, as they are its
emulsifying activity comparing to chemical surfactants.
Thus, the emulsifying capacity of EPS emulsiWer was
always higher than that compared to Tween 20, Tween 80
and Triton X100 chemical surfactants [27].

The persistence of hydrocarbons within the ecosystem
is due to the low aqueous solubility that limits their
availability to hydrocarbon degrading microorganisms;
bioemulsiWers can emulsify hydrophobic compounds, form
stable emulsion, increase hydrocarbon solubility and conse-
quently enhance the bioavailability in the environment [34].
Thus, they can stimulate the growth of hydrocarbon degrad-
ing bacteria, improving their capacity to utilize these com-
pounds [39].

There is a useful diversity of biosurfactants and bioemul-
siWers due to the wide variety of producer microorganisms
[6]. The EPS emulsiWer is an exopolysaccharide which is
produced during the stationary phase of growth (after
7 days of incubation). This biopolymer can be included in
the high molecular weight exopolymer group [35] and it is
able to eYciently emulsify petroleum hydrocarbons, but
unable to reduce surface tension.

It has been described that chemical composition and
functional properties of exopolymers could be inXuenced
by the nutritional composition of culture media where the
bacteria are growing [37]. Thus, yield production, chemical
composition and emulsifying activity of the exopolymers
depend not only on the producer strain but also on the cul-
ture conditions [14, 29]. These chemical modiWcations
could be responsible of the diVerent emulsifying activity
detected in the EPS emulsiWer according to the growth
media where the strain AD2 was cultured.

The eVectiveness of EPS emulsiWer as a biostimulating
agent in oil bioremediation processes was evaluated in the
present study using oil contaminated soil microcosms. The
EPS emulsiWer was applied alone or amended with other
biostimulating products such as an inorganic NPK fertilizer

and the S200 C oleophilic commercial product. The pri-
mary limiting factors in the microbial degradation of petro-
leum are nitrogen and phosphorous concentrations. These
nutrients are important to cellular production and their sup-
plementation increases the hydrocarbon degradation eVec-
tiveness [38]. The results obtained have shown that the
application of NPK fertilizer stimulated microbial popula-
tion at the beginning of the soil treatment (until 7 days of
incubation). However, at the end of the soil treatment
(21 days) microbial count decreased below un-amended
controls. In contrast, combined treatment of NPK and EPS
emulsiWer enhanced steadily bacterial growth but it was
able to maintain higher number of microorganisms at the
end of experiments (21 days). This result suggests that EPS
emulsiWer could be considered as a useful emulsiWer that
increases the bioavailability of hydrocarbons to bacteria,
favoring the use of hydrocarbon as carbon and energy
source. This agrees with the highest percentage of hydro-
carbons eliminated in microcosms added with inorganic
fertilizer and EPS emulsiWer.

According to commercial indications, S200 C product
selectively stimulates hydrocarbon degrader microorgan-
isms and not other type of bacteria, consequently the spe-
ciWc natural selection of indigenous hydrocarbon degraders
promotes a quicker degradation of contaminants. Our
experiments have revealed that the addition of S200 C to
soil microcosm systems enhanced the percentage of
TPH removed compared to un-amended control 52.2%
(4,452 ppm eliminated) and 26.3% (2,243 ppm), respec-
tively. However, signiWcant diVerences in the number of
total heterotrophic bacteria were not observed. Finally,
when the bioemulsiWer EPS emulsiWer was added in combi-
nation with S200 C, stimulation in microbial growth and oil
hydrocarbon biodegradation was detected. Thus, under
these experimental conditions, the amount of TPH removed
at the end of the treatment (21 days) was near 6,500 ppm
(76.3%).

Bioremediation is not a new strategy for oil hydrocarbon
removal but in many cases in situ remediation shows a

Fig. 4 EYciency of hydrocar-
bons removing in control 
(un-amended) biopile systems, 
and biopiles systems amended 
with activated sludge and EPS 
emulsiWer, after 60 days of 
treatment. A control, B sludge, 
C sludge + EPS emulsiWer, 
D EPS emulsiWer, Naphthalene
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small rate of degradation. This could be associated with the
microorganism’s availability to degrade, to low solubility
of the contaminant and to speciWc nutrient limitation. The
results obtained suggest that EPS emulsiWer usefully
enhances the solubility and consequently the bioavailability
of hydrocarbon compounds to speciWc oil degrader micro-
organisms previously stimulating by the S200 C product.
Thus, the use of this combined treatment may be useful for
the study of oil hydrocarbon degradation and for bioreme-
diation purposes.

Biopiles are used to reduce the concentration of petro-
leum constituents in excavated soils through the use of bio-
degradation. This technology can be performed onsite and
involves keeping contaminated soils into piles and stimulat-
ing aerobic microbial activity within the soils through the
addition of oxygen, minerals, nutrients, and moisture. The
enhanced microbial activity results in the breakdown of
the petroleum constituents in the soil.

Activated sludges can be considered as an useful source
of microorganisms with a wide range of metabolic activi-
ties. Our results demostrated that the addition to biopiles of
activated sludge enhanced the bioremediation process;
however, this positive eVect can be increased by the addi-
tion of activated sludge plus biosurfactant EPS emulsiWer,
suggesting that the application of the composting technol-
ogy for the bioremediation of oil contaminated soil could
be improved with the addition of both products. In conclu-
sion, our results suggest that a combined treatment includ-
ing bioemulsiWers such as EPS emulsiWer could be an
eYcient tool to improve the yield of hydrocarbons degrada-
tion in bioremediation processes.
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