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Selection and Application of Microorganisms to Improve Oil
Recovery

By P F Almeida, R. S. Moreira, R. C. C.Almeida, A. K. Guimarães, A. S. Carvalho, C. Quintella, M. C.A. Esperidiã,
and C.A. Taft*

Microbial enhanced oil recovery (Meor) is an incontestably efficient alternative to improve oil recovery, especially in mature
fields and in oil reservoirs with high paraffinic content. This is the case for most oil fields in the Recôncavo basin of Bahia,

Brazil. Given the diverse conditions of most oil fields, an approach to apply Meor technology should consider primarily:
(i) microbiological studies to select the appropriate microorganisms and (Ü) mobi!ization of oil in laboratory experiments
before oil field application. A total af 163 bacterial strains, selectively isolated from various sources, were studied to deter-

mine their potential to be used in Meor. A laboratory microbial screening based on physiological and metabolic profiles and
growth rates under conditions representative for oil fields and reservoirs revealed that 10 bacterial strains identified as

Pseudomonas aeruginosa (2), Bacillus licheniformis (2), Bacillus brevis (1), Bacillus polymyxa (1), Micrococcus varians (1),
Micrococcus sp. (1), and two Vibrio species demonstrated potential to be used in oi! recovery. Strains of B.licheniformis and
B. polymyxa produced the most active surfactants and proved to be the most anaerobic and thermotolerant among the

selected bacteria. Micrococcus and B. brevis were the most salt-tolerant and polymer producing bacteria, respectively,
whereas Vibrio sp. and B. polymyxa strains were the most gas-producing bacteria. Three bacterial consortia were prepared
with a mixture of bacteria that showed metabolic and technological complementarity and the ability to grow at a wide range
of temperatures and salinity characteristics for the oil fields in Bahia, Brazil. Oi! mobilization rates in laboratory column

experiments using the three consortia of bacteria varied from 11.2 to 18.3 % [v/v] of the total oil under static conditions.
Consortia of B. brevis, B. icheniformis and B. polymyxa exhibited the best oil mobilization rates. Using these consortia under
anaerobic conditions could be an interesting alternative for Meor technology because their growth could be easi!y controlled
through the administration of phosphate and inorganic electron acceptors. Bacterial strains selected in this work could be
valuable for further application in oil recovery at productive and mature oi! well sites as well as for the prevention and
control of paraffin deposits.

1 Introduction

Most oil fields in the Recôncavo basin of Bahia (Brazi!)

are mature, have high content of paraffin (26 % w/v), with
an elevated flow point (36°C), and a cloud point of between
44 and 48°C. This can cause paraffin crystallization [1] and

the formation of deposits on the surfaces of the transport
equipment, thus hindering the oil recovery by conventional
primary and secondary techniques [2]. ln turn, this results in
a drastic reduction of yields [3].

To improve the yields, oi!-releasing microorganisms can
be employed through Meor technology. Microbial processes
involve the use of thermotolerant aerobic and facultative

anaerobic species of Pseudomonas, Bacillus, Acinetobacter,

Nocardia, Rhodococcus, sulfide oxidizing bacteria, certain
strains of fermenting bacteria, methanogenic thermophilic
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as well as extremophilic bacteria such as hyperthermophiles
[4-9]. They can be either native or selected from other eco-
systems. Many of these species have the capacity to oxidize
reduced sulfur compounds by using nitrate as an electron

acceptor [10], while others have the ability to use hydrogen

produced fermentatively for the reduction of inorganic oxi-
dized compounds such as S, N or oxygen [11]. ln some field
applications, nutrients for growth are additionally supplied

via the injection of a low-cost fermentable carbohydrate,
vitamin and/or inorganic compounds as substrates for micro-

bial growth [4,12]. The environmental parameters of the res-
ervoir - such as temperature, permeability, acidity, and sali-

nity - usually limit the types of microorganisms that can be
used for in-situ processes [13,14]. Thus, isolation and

appropriate screening procedures for bacterial selection are
important steps to conduct a successful oil recovery technol-
ogy.

The mechanisms by which microbial consortia work can

be quite complex and may involve multiple biochemical pro-
cesses. Once established in the well and reservoir are as, bac-

teria are able to metabolize nutrients, even hydrocarbons,
and excrete by-products in situ such as surfactants, polymers,
acids, gases and solvents [15]. These microbial products

change the chemical and physical properties of the oil as
well as the reservoir environment, thus improving oil pro-
duction [15,16]. Some microbial surfactants can also signifi-
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cantly improve oil production by contributing to the removal
of suspended debris and paraffin from the near-well bore
region [17]. Microbial surface-active agents and biosolvents
enhance oil production by reducing the viscosity of heavy oils
[18], thus promoting the emulsification of crude oi! [19] and
altering the reIative permeability of the reservoir rock to
increase the displacement of oil from the rock [2,17]. Gases
and acids have aIso been important factors in Meor technolo-
gy [17,20,21]. Many bacterial species produce polymers that
could be used in situ to plug high permeability streaks in the
reservoir preferentially and thus improve sweep efficiency by
promoting fluid diversion [2]. Addition of N and P inorganic
compounds to the mature oil fields that improves oil recovery
(probably by stimulating native-petrobiotic bacteria) has also
been used. Thus, by continuing to produce desirable by-prod-
ucts in situ, the microorganisms can mobilize the oil once con-
sidered lost. Some reports have recently demonstrated that
certain strains of B. licheniformis produce biosurfactants,
polymers and biosolvents in addition to having the ability to
degrade and consume hydrocarbons [3].

Pools of microorganisms have been applied at more than
300 oil-producing wells in Venezuela to increase oil recov-
ery. This application resulted in a 78 % success rate and pro-
duction increase ranging from 30 to 400 additional barrels of
oi! per day [12]. Bacteria can thrive for many months or even
years [22] resulting in more pronounced and lasting effects
than those achieved with conventional heat and chemical
treatments.

This research was carried out to isolate, select and evalu-
ate bacterial strains for their potential to be used in micro-
bial enhanced oil recovery processes in wells, fields, and
reservoirs in the Recôncavo Basin of Bahia, Brazil.

2 MateriaIs and Methods

2.1 Samples, Bacterial Isolation, Selection and Identification

Samples of crude oil from wells, ground contaminated
with hydrocarbons, and chemical surfactants out of specifica-
tions were aseptically collected in sterile bottles and sent to
the laboratory where they were immediately analyzed. Se-
lected pure cultures from our laboratory were also included
in this study. Procedures for bacterial isolation involved
direct isolation and enrichment cultures [7]. Stock cultures
were maintained in 0.5x nutrient agar (DifcOTM)slants and
stored at 4°C throughout the course of this study. Cultures
were activated in O.5xnutrient broth overnight at 37 °e.

Emulsification Activity

Five isolated colonies from each plate were primarily eval-
uated for their emulsification activity in mineral medium [7];
these evaluations were subsequently confirmed by surface
tension measurements.

320 <Q2004 WILEY-VCH Verlag GrnbH & Co. KGaA, Weinheirn

Production of Biopolymer, Acid and Gas from Glucose and
Sulfide as well as Motility Tests

Activated cultures were submitted to glucose fermenta-
tion, motility and production of H2S by standard methods
[23]. Cultures were checked for polymer production by
streaking an inoculum on 0.5x nutrient agar supplemented
with glucose at 4 %, incubated at 37°C for 48 hours.

Growth at Various Temperatures and Salt Concentrations

The effects of extreme conditions were investigated in
O.5xnutrient broth supplemented with 1 % glucose. The ef-
fects of temperature were measured by inoculating activated
cultures in broth tubes incubated at 37, 45, 50, 55 and 60°C
for 3 days. The tests for growth in varying salinity were car-
ried out in the same broth supplemented with 3, 5, 7, and
10 % NaCl concentrations and the tubes were incubated at

37°C for 3 days. Positive growth was considered when the
tubes were turbid after the incubation period.

Confirmation of the Surfactant Activity

Selected cultures were inoculated in modified 0.5x nutri-

ent broth with 10 % hexane at 30°C per 72 hours in a sha-
ker, followed by a centrifugation step (10 min at 12,000 x g
per 10 min at 4°C), and the supernatant was collected. The
surface tension was measured in 20 mL of each culture's

supernatant in an annular tensiometer (DuNoy) at 25°e.
Cultures that reduced the surface tension to values less than

40 mN/m were submitted to kinetic analysis of the surfactant
production [24]. For the most active surfactant, which low-
ered the surface tension from 66 to 37 mN/m, the total yield
of surfactant was measured using a standard technique [25].

Bacterialldentification

Microorganisms with potential to be used in Meor were
characterized using standard microbiological techniques
[23,26] and identified according to Bergey's Manual of
Determinative Bacteriology [27] and confirmed by fatty acid
methyl esters (FAME) analysis using the protocols of the
Microbial Identification System (MIDI; Microbial Identifi-
cation, Newark, DE, USA).

2.2 Evaluation of Selected Surfactant-Producing Bacteria for

au Experimental Gil Recovery Process

Bacterial Consortia and the Preparation of the lnoculum

Three bacterial consortia were constructed. Consortium 1

consisted of a mixture of Bacillus polymyxa, Bacillus brevis,
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Micrococcus varians, Micrococcus sp., and Pseudomonas
aeruginosa strains 38H and 44C, Vibrio sp. strains 36H and
33C; Consortium 2 included B. brevis; B. icheniformis strain
2P and B. polymyxa; for Consortium 3, the following strains
were used: Bacillus brevis, B. licheniformis strain 2P, Vibrio
sp. strain 36H and P.aeruginosa strain 44C. The control did
not contain bacteria. 100 ~L of each activated culture was
inoculated in 10 mL of mineral media [28] modified by add-
ing yeast extract 0.1 g/L and glucose 0.5 g/L (MMM). Each
strain grew overnight at 35 DCshaking routinely in the same
MMM. For the oil recovery experiments, 500 ~lLof each cul-
ture was inoculated in Erlenmeyer flasks containing 50 mL
of MMM with 10 % hexane. Flasks were incubated at 35 °C,
while being shaken at 120 rpm for 24 hours.

Recovery Experiments

Except for the control, an inoculum of 10 mL of each acti-
vated culture was aseptically injected into a laboratory test
column (see Fig. 1) containing 1 L of paraffin oil supplemen-
ted with 2 % [w/v] sterile sugar cane molasses. The potential
of the bacterial consortia was evaluated by measuring the
volume of oil recovered in the collector (see Fig.1) after one
week of incubation at room temperature (28 to 32 oC)o

~6

5

4

-3

1

Figure 1. Laboratory column used for the evaluation of selected bacterial cul-
tures based on ail recavery. (1) Calumn full witb saturated sand ail; (2) Fiber
buffer for filtration of mobilized fluids; (3) Gil and gas tube collector from the
microbial recovery pracess; (4) Collector with a scale to measure recovered
ail; (5) Special collector to indicate gas formation; (6) Sample injector.

3 Results aud Discussiou

3.1 Isolation and Screening of Bacteria Based 00 the

Emulsificatioo Ability

A total of 163 isolates or cultures were studied and 60

showed emulsification ability. Contaminated ground was the
main source of surfactant-producing bacteria. One sample of
paraffin oi! originated two strains of active surfactant-pro-
ducing bacteria. For the isolation of the bacteria from oil

Eng. Li!e Sei. 2004, 4, No. 4 http://www.els-journal.de

samples, including one surfactant producing bacterium, the
enrichment technique was necessary. After the primary iso-
lation of the cultures from oil samples, the growth rates sped
up and a high-yield biomass was obtained at 24 h of incuba-
tion. Microorganisms originating from samples submitted to
selective factors (ground oi! spill and surfactant) also exhib-
ited higher emulsifying ability as has been demonstrated by
others [29]. Direct and enrichment cultures produce many
microorganisms with emulsifying ability pertaining to a wide
heterogeneity of bacterial species and metabolic profile
reflection from the origin of ecosystems studied as reported
by other authors [2,30].

Production of Biopolymers, Acids and Gas from Glucose and
Sulfide as well as Motility and Growth at Various Temperatures
and Salt Concentrations

Analysis of the metabolic and physiological profiles of the
60 strains revealed that 31 (52 %) of the cultures were
motile, 34 (57 %) produced acid and gases from glucose fer-
mentation and 32 (53 %) accumulated slime on the colonies.
Only 13 (22 %) of the isolates produced sulfide. Most bacter-
ial isolates reduced nitrate, which renders them useful for
Meor application because of the possibility of controlling
their growth in the reservoir. Although half of the isolated
microorganisms produced acid, gas, and polymers from glu-
cose metabolism, many of them were discarded because they
did not show other desired properties, such as growth under
the environmental conditions in wells, fields and reservoirs,
especially at 45 DCand 5 % salinity or because they exhibited
undesirable features, such as hydrogen sulfide production.
Colonies of B. brevis (strain 13C) and B. polymyxa (strain
2C) produced the greatest amounts of polymers. Technologi-
cal properties (such as polymer, acid and gas production as
well as growth at maximal temperature and salinity) of the
media close to those of the reservoir are important criteria
for the selection of the most appropriate microorganisms
being considered for Meor. AIso important is the guarantee
that such organisms are not H2S producers due to their
harmful effects on the petroleum processing. One microor-
ganism identified as Bacillus brevis, a strong polymer produ-
cer, could be important to the Meor technology. Many bac-
terial species produce polymers that could be used in situ to
preferentially plug high permeability streaks in the reservoir
and thus improve sweep efficiency by promoting fluid diver-
sion [2]. Polymers are also used to treat production wells to
reduce water production and operating costs prolonging the
economic life of the wells [22]. Polymers were aIso produced
at the temperature, salinity and the anaerobic conditions of
the reservoir using nitrate as an electron acceptor (data not
shown). Furthermore, polymer function as energetic reserve
to support bacterial growth at starvation conditions and,
most important, to maintain bacteria attached to rock sur-
faces [13].
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Confirmation ofthe Surfactant Activity

The laboratory screening was refined by surface tension
activity evaluation. Among the 60 strains only 15 (25 %) re-
duced the surface tension down to 29 and 11 mN/m in com-

parison to the control (66 mN/ml). These microorganisms
could be used in Meor systems due to their ability to reduce
surface tension below 10 mN/m [7]. Strains 2P and 6P (both
identified as Bacillus licheniformis) as well as strain 2C
(identified as Bacillus polymyxa) exhibited the greatest
surfactant activities reducing the surface tension from 66 to
37-40 and 41 mN/m, respectively (see Tab.l). Surfactant
production by strain 2P of B. licheniformis occurred both
aerobically and anaerobically reaching maximum production
at 18 hours of incubation (see Fig. 2).

Surfactant production by B. licheniformis 2P was higher
under aerobic rather than anaerobic growth conditions
reaching a maximum surfactant activity of 35 and 41 mN/m,
respectively. These results are very similar to those reported
by Yakimov et aI. [24], except that their surfactants were
more potent than those found in this work. The total yield of
surfactant (lipopeptide) from B. licheniformis was found to
be 0.7 g/L of minimal broth, which is similar to that obtained
by Maker & Camorra [31]. The surface-active properties are
essential for the recovery and production of petroleum from
oil reservoirs [19] because a biosurfactant can reduce the
viscosity of heavy oils by as much as 95 % [18]. It can also
promote emulsification of crude oil [32] and alter the
rei ative permeability of the rock to oil by changing the
wettability of the reservoir rock [2] and thus facilitating the

Table 1. Bacterial spedes with potential to be used in rnicrobial enhanced oil recovery technology.

Sarnple 13C 2C 2P 6P 17C 71 36H 38H 44C 33C

Shape/Grarn R/+ R/+ R/+ R/+ C/+ C/+ R/- R/- R/- R/-

Arrangernents I I I I T T

Spore SC OC SST SST

Swelling
Sporangiurn + NA NA NA NA NA NA

Catalase + + + + + NA NA NA NA

Oxidase + + + + + +

Citrate + + + NA NA +

Glucose A AG A A A A AG A A AG

H2S productiou

Nitrate reduction +* +* +* +* + + +* +* +

TSI agar A/K A/G A/A A/A NA NA A/K K/K K/K A/K

Indol + NA NA + NA NA

Motility + + + + + + + +

VP + + + + NA NA NA NA NA NA

Gelatine + + + + NA NA NA NA NA NA

Growth aI:

30°C to 45'C + + + + + + + + + +

50 'C + + + + + + + +

55 'C + +

60'C

NaCl3 to 5 % + + + + + + + + + +

NaC17% + + + + + + +

NaCllO % + +

Anaerobic growth -** + + + + + + + +

ST [rnN/m] 54 41 37 40 52 48 49 50 40 51

Probable species Bb Bp Bl Bl Mv Ms Vs Pa Pa Vs

R rods; C cocei;I isolated;T tetrad; S Spherical; SC Spherical Central; SST Spherical Subterrninal; + positive reaction; - negative reaction; A acid; G gas; K Alkaline;
NA not applicable; ST surface tension; probable species: Bb (Bacillus brevis).

*Production of gasfrom nitrate; **Itgrows anaerobically in the presence ofnitrate; Bp (Bacillus polymyxa); Bl (Baeillus licheniformis); Mv (Micrococcus varians);
Ms (Micrococcus sp.); Vs (Vibrio sp.), Pa (Pseudomonas aeruginosa).
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Figure 2. Kinetics of surfactant production of strain 2P of Bacillus lichen/for-
m/s. Biosurfactant activity as deterrnined by rneasuring changes in surface
tension under aerobic c."') and anaeroblc (.) conditions as described by
Yakirnov et aI. 1997 [21].

displacement of oil from the rock. These organisms aIso
grew at temperatures and salt concentrations usually found
in the environment of most wells and oil reservoirs in the
Recôncavo basin of Bahia that make them useful to the

Meor technology. In addition, the strains of B. licheniformis,
isolated from the paraffin oil, grew well at 55°C and at 7 %
of NaCI (see Tab.l). According to our results, strains of
B. licheniformis are potentially useful for the in-situ Meor
approach because in addition to producing the most effec-
tive biosurfactant [24], the organism demonstrated other
properties such as being anaerobic, halotolerant, and ther-
motolerant as reported by others [2,24]. Surfactants and
polymers were also produced by B. brevis, B. polymyxa and
B. licheniformis when nitrate was supplied as a nitrogen
source (data not shown). Furthermore, species of Bacillus
have a greater potential for survival in petroleum reservoirs
because they produce spores and thus can survive more
stressful environmental conditions and can produce acid and
solvents improving oil recovery especially in carbonate for-
mations.

Tab. 1 shows the characterization and identification of ten

bacterial strains that were selected due to their superior pro-
files for Meor technology. These organisms were bacteriolo-
gically identified and confirmed by MIDI as Pseudomonas
aeruginosa (2), Bacillus licheniformis (2), Bacillus brevis (1),
Bacillus polymyxa (1), Micrococcus varians (1), Micrococcus
sp. (1), and Vibrio sp. (2). Strains of B.licheniformis, P aeru-
ginosa and the two Vibrio species were differentiated based
on their ability to reduce the surface tension. Species of
Micrococcus were the most salt-tolerant, being able to grow
at up to 10 % NaCI. Vibrio sp. and B.polymyxa were the
most gas-producing bacteria, whereas B. brevis showed a
huge production of slime visible in its appearance. This prop-
erty could allow this bacterium to plug faults in reservoirs.
All bacteria presented surfactant activity and the growth
was not inhibited by high NaCI concentrations (up to 5 %)
and up to 45°C. The organisms could be used in wells and
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oil reservoirs under environmental conditions found in the
Recôncavo basin of Bahia.

Our results indicate that all three bacterial consortia were

capable of recovering oil experimentally compared to the
controI. Consortium 1, composed of all bacterial species, ex-
cept B. licheniformis and B. polymyxa, presented a recovery
rate of 11 %. Consortium 2 containing only the isolates of
B. brevis, B. polymyxa and one strain of B. licheniformis
demonstrated the best recovery potential, mobilizing the oil
at an exceptionally high rate, 18 %. Consortium3 ma de up
of B. brevis, B. licheniformis, P aeruginosa and a Vibrio spe-
cies recovered 16 % of the oiI. Furthermore, the production
of solvents and surfactant as well as acid and gases from
glucose and nitrogen metabolism by B. polymyxa could be
responsible for the additional oil recovery by the bacteria of
Consortium 2. This could be due to the increase of pressure,
viscosity reduction and oil solubilization, thus improving the
flow across the laboratory column. Gas production (primar-
ily COz) is an important characteristic that could improve
oil recovery by increasing reservoir pressure and by reducing
the viscosity and swelling of individually trapped droplets of
crude oil caused by solubilization of gas and thus improving
flow across the rocks [15,8]. Our results are in agreement
with those presented by Jack et a!. [20] that demonstrated
that the "in-situ" production of gas was the main factor
responsible for enhancing additionalliberation of the oil due
to the properties related above. Microbes also produce gases
such as Hz, CO, CH4 and Nz, which could also contribute to
increasing the oil recovery.

Bacteria growing in a reservoir can lead to formation plug-
ging, biodegradation of injected chemicals in situ, and sour-
ing of production wells where sulfate-reducing bacteria are
actively generating HzS [16]. In Bahia, some oil fields have
been facing these problems. Recently, our laboratory has
developed a few processes, including the biocompetitive
exclusion technology to control these undesirable organisms
(data not shown). In addition, pump and filter clogging
through the formation of slime, fouling of interior pipe sur-
faces, and general cleaning problems in downstream oil and
fuel handling facilities can result from the growth of some
bacteria [16].

Yakimov et a!. [21] verified under experimental condi-
tions, simulating reservoir conditions, that one strain of
B.licheniformis produced significant biomass, polymer, alco-
hol, and acids. Oil recovery (core flooding) experiments with
this strain on a sucrose-based nutrient were performed with
lime-free and lime-containing, oil-bearing sandstone cores.
Although using different systems, the oil recovery efficien-
cies of our work were close to the results of Yakimov et aI.

[21] that varied from 9.3 to 22.1 % of the water flood residu-
al oil saturation.

The combination of Bacillus species producing surfactants,
polymers, acids, gases, and alcohols, associated with their
ability to grow under conditions found in most reservoirs
make them applicable for Meor technology. It should be
emphasized that B. polymyxa has the ability to fix nitrogen
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when grown under anaerobic conditions and all spore-form-
ing BaÓllus species can aiso grow anaerobically at the
expense of non-fermentable substrates when furnished with
nitrate due to their high denitrification activities. Explora-
tion of these metabolic properties could be important in
microbial processes employing Bacillus species to enhance
oil recovery.

4 Conclusions

The isolation and identification procedures used in this
work proved to be effective for the appropriate selection of
a variety of bacteria from various ecosystems that showed
complementary metabolic and physiological properties.
Based on technological selection of the spore-forming
microorganisms, of surfactants and polymer producers, of
gas and acid producing microbial species as well as nitrate
reducing Bacillus bacteria, consortia capable of mobilizing
oi! were constructed in laboratory columns with characteris-
tics similar to those achieved by Yakimov et aI. [24] and
Lazar et aI. [3]. Now research is being conducted to verify
the ability of those and other organisms in core flooded
experiments filled with paraffinic oil to evaluate their perfor-
mance for further application in oil recovery at producing
and mature oil well sites as well as for the prevention and
control of paraffin deposits.
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