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Biosurfactant-mediated oil recovery may be an economic approach for recovery of significant amounts of oil
entrapped in reservoirs, but evidence that biosurfactants can be produced in situ at concentrations needed to
mobilize oil is lacking. We tested whether two Bacillus strains that produce lipopeptide biosurfactants can
metabolize and produce their biosurfactants in an oil reservoir. Five wells that produce from the same Viola
limestone formation were used. Two wells received an inoculum (a mixture of Bacillus strain RS-1 and Bacillus
subtilis subsp. spizizenii NRRL B-23049) and nutrients (glucose, sodium nitrate, and trace metals), two wells
received just nutrients, and one well received only formation water. Results showed in situ metabolism and
biosurfactant production. The average concentration of lipopeptide biosurfactant in the produced fluids of the
inoculated wells was about 90 mg/liter. This concentration is approximately nine times the minimum concen-
tration required to mobilize entrapped oil from sandstone cores. Carbon dioxide, acetate, lactate, ethanol, and
2,3-butanediol were detected in the produced fluids of the inoculated wells. Only CO, and ethanol were detected
in the produced fluids of the nutrient-only-treated wells. Microbiological and molecular data showed that the
microorganisms injected into the formation were retrieved in the produced fluids of the inoculated wells. We
provide essential data for modeling microbial oil recovery processes in situ, including growth rates (0.06 = 0.01
h~"), carbon balances (107% =+ 34%), biosurfactant production rates (0.02 = 0.001 h™"), and biosurfactant
yields (0.015 = 0.001 mol biosurfactant/mol glucose). The data demonstrate the technical feasibility of

microbial processes for oil recovery.

Oil is an essential source of energy and one of the main
factors that drive the economic development of the world (16).
Current oil production technologies recover only about one-
third to one-half of the oil originally present in an oil reservoir
(16, 26, 37). The exploitation of oil resources in existing mature
reservoirs is essential for meeting future energy demands as
the number of oil-exporting countries dwindles. A key to ex-
ploiting this untapped resource is to overcome the capillary
forces that entrap oil in small pores within the reservoir. En-
hanced oil recovery (EOR), i.e., the use of heat, chemicals such
as surfactants, microbial processes, and miscible gas injection
(15), has the potential to recover a significant portion of this
entrapped oil. However, oil recovered by EOR constitutes less
than 10% of the total amount of oil produced in the United
States (http://www.fe.doe.gov/programs/oilgas/eor/). Interfa-
cial tension between the hydrocarbon and aqueous phases is
largely responsible for trapping the hydrocarbon in the porous
matrix, and a reduction of several orders of magnitude in
interfacial tension is needed for hydrocarbon mobilization (1,
15, 47). To achieve large reductions in interfacial tension, sur-
factant concentrations significantly above that needed to form
micelles (i.e., the critical micelle concentration) are required
(7, 41, 42). The high chemical costs have prevented the wide-
spread use of surfactants for enhanced oil recovery.

* Corresponding author. Mailing address: Department of Botany
and Microbiology, University of Oklahoma, 770 Van Vleet Oval, Nor-
man, OK 73019. Phone: (405) 325-6050. Fax: (405) 325-7619. E-mail:
mcinerney@ou.edu.

¥ Published ahead of print on 15 December 2006.

1239

Microbially enhanced oil recovery (MEOR) processes em-
ploy the use of microbial metabolites, such as biosurfactants, to
lower interfacial tension between brine and oil and hence mo-
bilize entrapped oil (2, 8, 24, 32). Several biosurfactants, in
particular the lipopeptides made by Bacillus species, generate
the low interfacial tensions between the hydrocarbon and the
aqueous phases required to mobilize residual hydrocarbon (25,
30). MEOR has several advantages compared to other EOR
processes in that it does not consume large amounts of energy,
as do thermal processes, nor does it depend on the price of
crude oil, as do many chemical processes (2, 31, 32). MEOR
can also be cost-effective, since microbial products can be pro-
duced from inexpensive, renewable resources, and several
MEOR processes have been shown to produce incremental oil
for about $19 per m> ($3 per barrel) (6, 9, 31, 32). Neverthe-
less, microbial processes have always been viewed with consid-
erable skepticism for a number of reasons. First, the lack of
quantitative information regarding the reaction rates, stoichi-
ometries, product concentrations, and yields needed to simu-
late the performance of microbial processes makes it difficult
to extrapolate the results for a given field test to those for other
reservoirs (31, 32). Second, it is not clear whether microbial
processes can generate the necessary metabolites in sufficient
quantities and at rates needed to mobilize entrapped oil in oil
reservoirs (10, 31, 32). Third, technical performances in many
field trials have been inconsistent (14, 23). Last, it is unclear
whether the microbial strains used as inocula actually grow and
metabolize in the reservoir (31, 32).

Here, we show in a well-controlled field experiment that
biosurfactants are produced in situ in amounts sufficient to



1240 YOUSSEF ET AL.

mobilize substantial amounts of entrapped oil. We provide, for
the first time, data on in situ product concentrations and
yields, rates of growth, substrate utilization, and metabolite
formation and an excellent carbon mass balance. This quan-
titative information shows that biosurfactant-mediated oil
recovery is technically feasible and will facilitate the use of
computer simulations to determine the efficacy of MEOR in
different reservoirs.

MATERIALS AND METHODS

Preparation of the inoculum. Two halotolerant biosurfactant producers, Ba-
cillus strain RS-1 and Bacillus subtilis subsp. spizizenii strain NRRL B-23049,
were used as the inoculum. Both strains grow in medium with 5% NaCl. Bacillus
strain RS-1 and Bacillus subtilis subsp. spizizenii strain NRRL B-23049 were each
grown in 200 ml of medium E (48, 49). When the culture reached the late
exponential phase of growth, it was used to inoculate a 10-liter carboy of the
same medium, which was incubated at 37°C for 48 h. Agitation and aeration were
maintained by using glass gas dispersion tubes with fritted cylinders (Fisher
Scientific, Inc.). The cells were concentrated by using a tangential membrane
flow system (0.45-pm-pore-size filter) (Millipore, Bedford, MA) to yield on
average 2 liters of cell concentrate from each 10-liter carboy. The concentrated
cells were stored at 4°C. One liter of cell concentrate was used to inoculate a
132-liter tank with the following components (in grams per liter of tap water):
dibasic potassium phosphate (1.2 g/liter), monobasic potassium phosphate (0.23
g/liter), sucrose (8.6 g/liter), sodium chloride (8.6 g/liter), sodium nitrate (0.86
glliter), and Saccharomyces cerevisiae extract (0.86 g/liter). The medium was
prepared septically due to the lack of facilities on site, and tanks were incubated
for approximately 48 h at an ambient temperature.

Field experiment. A push-pull test was conducted on five oil production wells
in the Bebee field (Section 19, TSN, R5E; Pontotoc City, OK) that produce from
the same formation (a Viola limestone). Two wells received an inoculum of the
Bacillus strains and nutrients, two wells received just nutrients, and one well
received an equivalent volume of formation water and served as the negative
control. Each well that was inoculated received 396 liters of Bacillus strain RS-1
and 264 liters of B. subtilis subsp. spizizenii NRRL B-23049. The nutrient package
consisted of 79.5 kg of glucose; 7.9 kg of sodium nitrate; 19.9 g of magnesium
sulfate; 2.0 g each of manganese sulfate, zinc sulfate, and iron sulfate; 0.2 g each
of copper sulfate, aluminum potassium sulfate, boric acid, and sodium molyb-
date; 0.1 g of sodium selenate; and 0.6 g of nickel chloride per well. Each well
that received nutrients also received fluorescein (125 g) and sodium bromide (2
kg). Fluorescein was used to detect visually (by a green signal) the production of
the slug and to determine when to start and stop sampling. Bromide served as the
conservative tracer to account for dilution in the reservoir. The nutrients, inoc-
ulum, and tracers were mixed with formation water (~8,000 liters) by circulation
supplied by the pump truck. The formation water was obtained from a storage
tank located near the production wells. Each well received an initial injection
(preflush) of ~1,600 liters (10 barrels) of formation water and an injection of
~8,000 liters (50 barrels) of the treatment (nutrients and cells, nutrients only, or
formation water), followed by an injection of ~8,000 liters (50 barrels) of for-
mation water as a postflush treatment, to make a total of ~17,500 liters (110
barrels) of fluids injected per well. The postflush treatment was used to move the
nutrient package 1.2 to 2.4 m into the formation. After injection of the treatment
package, production from each well was stopped for 108 h to allow time for
growth and metabolism to occur in the formation. After this incubation period,
the pump was started and samples from each of these wells were collected
with time.

Flow meters were attached to the tubing of three of the five wells to measure
the volume of fluids produced. The total volume produced was recorded when
each sample was collected. Since all the wells were set to pump at almost the
same rate, the volume of fluid produced during a given time interval in the two
wells that did not have flow meters was estimated from the average volume
produced in the three wells that had the flow meters attached.

Sampling. Samples for chemical and microbiological analyses were collected
on several occasions prior to treatment and for a 32-hour period after production
recommenced after the 108-hour incubation period. Each sample was collected
in a 2-liter glass bottle that was allowed to overflow to minimize contact with air.
The temperature of the sample was immediately recorded with a handheld
probe. A sample for chemical analyses was filtered through a 0.45-wm membrane
filter to remove particulate material and oil. The remainder of the unfiltered
sample was used for measurement of oil-spreading activity and for microbiolog-
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ical enumerations. All samples were stored on ice until analyzed. The analyses
for pH, conductivity, nitrate, nitrite, ammonium, alkalinity, oil spreading, and
surface tension were completed on site within 2 hours after sample collection.
For the other analyses, the samples were transported back to the laboratory and
stored at 4°C until analyzed. All measurements for each sample were done in
duplicate unless otherwise indicated.

Detection of biosurfactant production. The biosurfactant activities of the un-
filtered samples were measured by using the oil-spreading technique (33, 49).
The diameter of the clear zone on the oil surface was measured in triplicate for
each sample. Biosurfactant activity was defined as the diameter of the clearing on
the oil surface in centimeters. The surface tensions of the filtered samples were
measured with a Du Nuoy ring tensiometer (Fisher Scientific Inc., Hampton,
NH) calibrated with water as the high-surface-tension standard and isopropanol
as the low-surface-tension standard (25, 30). The lipopeptide biosurfactant was
quantified by using high-performance liquid chromatography (HPLC) with a
reversed-phase C,g column (250-mm length by 1.5-mm inside diameter [ID]) and
60% acetonitrile in water as the mobile phase (48). Twenty microliters of 1:4 and
1:2 dilutions of filtered samples was injected onto the column. The retention
times for the biosurfactant were 2, 2.3, and 3.1 min, corresponding to three
different fatty acid tails of the lipopeptide. The peak areas of the three peaks
were added together, and the concentration was calculated from standard curves
prepared in a similar manner with surfactin (Sigma Chemical Co., St. Louis, MO)
and the highly purified lipopeptides (48) produced by each of the two microor-
ganisms, Bacillus strain RS-1 and B. subtilis subsp. spizizenii NRRL B-23049. The
standard curve was linear up to 500 mg/liter of the lipopetide. The lipopeptides
detected in the samples had the same retention times as the highly purified
biosurfactant obtained from cultures of each inoculum strain.

Fermentation analyses. A modified orcinol-H,SO, method was used to deter-
mine the amount of glucose in each sample (45). Acetate, ethanol, and 2,3-
butanediol were measured by using gas chromatography with an 80/120 Carbo-
pack B-DA*/4% Carbowax 20 M (2-m length by 2-mm ID) glass column (Sigma
Chemical Co., St. Louis, MO). Helium was used as the carrier gas at a flow rate
of 24 ml/min (18, 22). The injector temperature was 200°C; the flame ionization
detector was set at 180°C. The column temperature was kept constant at 155°C
for 3.5 min and then increased to 180°C at 30°C/min. The temperature was then
held at 180°C for 10 min. One microliter of the sample diluted in 30 mM oxalic
acid was injected onto the column. Oxalic acid was added to the samples in order
to condition the column according to the manufacturer’s recommendation. Lac-
tate was measured by using HPLC with an Alltech Prevail organic acid column
(250-mm length by 1.5-mm ID) (Alltech Associates, Deerfield, IL) and 25 mM
KH,PO, (pH 2.5) as the mobile phase according to the manufacturer’s instruc-
tions. A 50-pl aliquot of a 1:10 dilution of the sample was used. The above-
mentioned metabolites were identified and quantified by comparison of their
retention times and peak areas, respectively, with those of known standards.

To test whether the two Bacillus strains produced the same fermentation
products from glucose as those detected in the produced fluids of the inoculated
wells, Bacillus strain RS-1 and B. subtilis subsp. spizizenii NRRL B-23049 were
each grown anaerobically in duplicate serum bottles containing 75 ml formation
water supplemented with glucose, sodium nitrate, and metals at the same con-
centration as that used for the field experiment. The cultures were incubated at
37°C without shaking for 48 h. A three-series most-probable-number (MPN)
technique (see below) was used to enumerate the number of viable cells imme-
diately after inoculation and after 48 h of incubation.

Other chemical analyses. The pHs were measured for the filtered samples by
using a handheld pH/conductivity meter (EXTECH Instruments, Waltham,
MA). Nitrate, nitrite, ammonium, and alkalinity (in mg/liter) were measured
colorimetrically by using Hach kits (Hach Chemical Co., Loveland, CO) accord-
ing to the manufacturer’s instructions. The alkalinity values and pHs were used
to calculate the CO, concentrations in the samples by using the Henderson-
Hasselbach equation, pH = pK, + log (value for ionized species/value for
un-ionized species). Bromide in filtered samples was analyzed by using liquid
chromatography with an analytical anion exchange column (IonPac AS4A-SC, 4
by 250 mm; Dionex Corporation, CA) (39). The concentrations of bromide in the
samples were calculated from the standard curve of NaBr.

Microbiological analysis. A three-series MPN technique was used to enumer-
ate total heterotrophic bacteria, spore-forming bacteria, and halotolerant bacte-
ria in unfiltered samples from both the injected and the produced fluids. The
procedure was modified for use of 96-well plates. Three columns of wells were
used for each sample, which was serially 10-fold diluted from 10! to 107°.

The physiological properties of Bacillus species, e.g., biofilm formation (17),
sporulation (17), and halotolerance (32), allowed the use of specific media and/or
manipulations for the MPN analysis as follows. Bacillus biofilm growth medium
(BBGM) (17) was used to enumerate heterotrophic bacteria and to promote
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TABLE 1. Preinjection chemical and microbial analyses for all the wells”
o Glucose Nitrate Ammonium Bromide Alkalinity
Well group Temp (°C) pH (ngliter) (mg/liter) (mg/liter) (uM) (mg/liter)
Inoculated” 279+ 12 7.54 = 0.55 422 +57 113 +24 8.12 £ 3.75 1.62 = 0.02 745 + 34
Nutrient only treated” 2783 7.4 = 0.38 42+43 11.8 =24 625+ 1.4 1.64 = 0.03 710 = 66
Negative control® 288 +0.3 7.6 £ 0.43 1.97 = 1.34 95=*3 75=*5 1.62 = 0.01 720 * 280

“ Acetate, lactate, ethanol, 2,3-butanediol, nitrite, the biosurfactant, total heterotrophic bacteria, and biosurfactant producers were not detected in any of the samples
before injection. The detection limits for acetate, ethanol, and butanediol were 0.1 mM. The detection limit for lactate was 0.2 mM. The biosurfactant detection limit

was 10 mg/liter.

> Numbers are averages * standard deviations for four replicates (two samples collected for each of two wells within a 1-week interval).
¢ Numbers are averages * ranges for two samples collected within a 1-week interval.

biofilm formation since biosurfactant production has been associated with bio-
film formation in Bacillus species (5, 19, 44). Since Bacillus species are known to
sporulate (17), a portion of each sample was heat treated at 85°C for 20 min and
then diluted in BBGM to estimate the number of spore-forming bacteria. Finally,
to estimate the number of halotolerant bacteria and to avoid underestimation of
Bacillus species due to heat treatment, plate count broth (Difco Laboratories
Inc., Detroit, MI) with 5% NaCl was used. To estimate the number of biosur-
factant producers, 5 pl of sterile crude oil was added to the surface of the
medium in all wells where growth was observed and the dissipation of the oil
drop was noted. The MPNs of biosurfactant producers in the samples were
estimated from those wells where the oil dissipated on the surface. Published
tables (www.fsis.usda.gov/Ophs/Microlab/Appendix2.02.pdf) were used to calcu-
late the MPNs.

Samples (50 wl) from the injected and produced fluids of each well were patch
inoculated onto blood agar plates and incubated overnight at 37°C. Multiple
blood agar plates were subsequently streaked from the growth patch. Resulting
beta-hemolytic (12) clearing zones were picked and streak purified until pure
isolates were obtained. The beta-hemolytic isolates with the same colony mor-
phologies as those of Bacillus strain RS-1 or Bacillus subtilis subsp. spizizenii
NRRL B-23049 were used for further culture-dependent molecular analyses (see
below).

Molecular analysis. Formation water samples (2 liters) before and after treat-
ment were vacuum filtered on a polyethersulfonate membrane with a 90-mm
diameter and a 0.2-um pore size (VWR, West Chester, PA) after oil separation.
Membranes containing the microorganisms were cut and used for culture-inde-
pendent DNA extraction. Cells were lysed by rapid thawing and bead beating to
shear the membrane into small pieces (typically less than 5 mm), followed by
mixing with stool lysis buffer (QIAGEN, Valencia, CA), vortexing for 2 min, and
incubating at 95°C for 10 min in a water bath. Using a modified QIAamp DNA
stool mini kit protocol (QIAGEN, Valencia, CA), DNA was extracted from lysed
cells and amplified in a Tag DNA PCR, using degenerate primers designed to
hybridize with the gyr4 gene sequences of a variety of Bacillus strains (13, 40).

PCR products were gel extracted (QIAGEN), pGEM cloned (Promega), and
plasmid prepped (QIAGEN). Four clones from each gyr4 amplicon were se-
quenced by the Oklahoma Medical Research Foundation (OMRF; Oklahoma
City, OK). Sequences were analyzed by DNAMAN multiple sequence alignment
(Lynnon Biosoft) with the sequences obtained for Bacillus strain RS-1 (GenBank
accession number DQ995270) and Bacillus subtilis subsp. spizizenii strain NRRL
B-23049 (GenBank accession numbers DQ995271 and AF272020).

Cell templates from isolates obtained on blood agar plates (see above) were
utilized as a source of culture-dependent DNA for 16S rRNA gene (34, 35) and
gyrA analyses as well as repetitive extragenic palindromic (REP)-PCR (21, 46).
Three clones of each gene from each isolate were prepared and analyzed as
described above. Consensus sequences were obtained by multiple sequence
alignment and compared with those from other isolates and the strains used as
the inoculum. The GenBank accession numbers for the 16S rRNA gene (551 bp)
of Bacillus strain RS-1 and Bacillus subtilis subsp. spizizenii strain NRRL B-23049
are DQ995269 and AF074970, respectively. REP-PCRs were resolved first on a
1% agarose gel and subsequently on a 5% polyacrylamide gel with 0% denatur-
ant at 75 V for 3.5 h at 60°C.

Calculation of total recoveries. The total amount of glucose utilized (Cgy) in
a well was calculated from the equation Csy = N — XC,, 'V, and the total
amount of each metabolite produced (Cpy) was calculated from the equation
Cpr = 2Cy, - V,,, where N is the number of moles of glucose injected in the well,
C,, or C,, is the molar concentration of glucose or metabolites, respectively, in
the produced fluid of the nth sample collected from the well, and V,, is the
volume of fluid produced during the time interval between the collection of
samples n — 1 and n from the well. The total MPN of cells (Cx) was calculated
from the equation Cxy = XC, - V,, where C,, is the MPN per liter of cells in the
produced fluid of the nth sample, and V/, is the volume of fluid produced during
the time interval between the collection of samples n — 1 and n.

Bromide was used as a conservative tracer to estimate the amount of dilution
of the nutrient package by dispersion in the formation (4, 39). The bromide
recovery factor was calculated for each of the three wells that had total volu-

TABLE 2. MPN analysis of total and spore-forming heterotrophic bacteria and biosurfactant producers

in the injected and produced fluids”

Log MPN (Cyy) of indicated organism in indicated fluid”

Well group Injected Produced
Heterotrophic bacteria Biosurfactant producers Heterotrophic bacteria Biosurfactant producers

Inoculated

Total 15 = 0.01 10.3 = 0.6 14.6 =04 el

Spore formers 11.2 £ 0.6 11.2 £ 0.6 103 0.2 103 0.2
Nutrient only treated

Total 11523 9.6 £ 0.6 121 0.8 -

Spore formers - - - -
Negative control

Total 9.15 23 - 9.7+ 0.11 -

Spore formers - - - -

“ BBGM was used for the MPN analysis.

> Numbers are average log,, total MPNs + standard deviations for four independent determinations except for the negative control, where numbers are averages + ranges
for two independent determinations.

¢ —, no growth was detected in the MPN medium.
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TABLE 3. MPN analysis of halotolerant heterotrophic bacteria and biosurfactant producers in the injected and produced fluids”

Log MPN (Cxr) of indicated organism in indicated fluid”

Well group Injected Produced
Heterotrophic bacteria Biosurfactant producers Heterotrophic bacteria Biosurfactant producers
Inoculated 12 0.3 11.9+£03 1505 12.2 = 0.05
Nutrient only treated 12 = 0.45 10.6 = 1.4 13.7=0.3 9.8 0.3
Negative control 12504 9.4 0.4 11.1 = 0.04 =

¢ Plate count broth supplemented with 5% NaCl was used for the MPN analysis.
> Numbers are average log;, MPNs * standard deviations for four independent determinations except for the negative control, where numbers are averages + ranges

for two independent determinations.
¢ -, no growth was detected in the MPN medium.

metric flow meters attached. The average bromide recovery factor from the three
wells was 1.09 (24% variation), which indicated that little dispersion or adsorp-
tion of the tracer occurred. The values for Cgr, Cpr, and Cxy from these three
wells were divided by the corresponding bromide recovery factors obtained for
those wells. For the other two wells, the average bromide recovery factors were
used. The corrected numbers of moles of glucose utilized and moles of end
products were used for percent carbon recovery calculations.

RESULTS

Preinjection data. Samples were collected from all the
wells 1 and 2 weeks prior to the treatment. The biosurfac-
tant and common bacterial fermentation end products, such
as acids and alcohols, were not detected in any of the wells
prior to treatment (Table 1). In addition, we did not detect
any viable bacteria at any dilution used for the MPN enu-
merations (Table 1).

Evidence that the injected strains were maintained in the
inoculated wells. MPN analysis using the BBGM showed bio-
surfactant producers in the injected fluids of both the inocu-
lated wells and the nutrient-only-treated wells (Table 2). The
total number of biosurfactant producers (Cx) in the injected
fluids was 1 order of magnitude higher for the inoculated wells
than for the nutrient-only-treated wells (4.2 X 10'° compared
to 3.7 X 10°) (Table 2). No spore-forming microorganisms
were detected in either the injected or the produced fluids of
the nutrient-only-treated wells or the negative control. Since

Bacillus species are known to sporulate (17), the absence of
spore-forming microorganisms in the nutrient-only-treated
wells indicates that the biosurfactant producers that were in-
troduced into these wells were probably not Bacillus species
but microorganisms present in the storage tank. On the other
hand, in the inoculated wells, spore-forming, biosurfactant-
producing microorganisms were both introduced in and re-
trieved from the injected and produced fluids, respectively
(Table 2). The Cyxr values for spore-forming biosurfactant
producers in the injected and produced fluids of the inocu-
lated wells were not significantly different (Table 2). These
data indicate that biosurfactant producers in the inoculum
maintained viability but did not grow during the incubation
period.

Although data in Table 2 suggest that biosurfactant-produc-
ing Bacillus species were present only in the produced fluids of
the inoculated wells and not in those of the nutrient-only-
treated wells, it was essential to eliminate any underestimation
of Bacillus MPN due to the heat treatment. Plate count broth
medium modified to contain 5% salt was used for the MPN
analysis to select for the halotolerant Bacillus species (Table
3). Although halotolerant biosurfactant producers were de-
tected in the produced fluids of the nutrient-only-treated wells,
the total MPN (Cxr) of these microorganisms was 53-fold
lower than that in the injected fluids of the same wells. On the

1 4 8 9 10 11 12 13 14 15 16

. - 1
— . =
— - —
] !E- TR =3k I P el e e
—— = y

p——— ﬂ_HH“—'-.HH
L R — R

FIG. 1. Polyacrylamide gel of the REP-PCR for identification of Bacillus strains in the injected and produced fluids of the inoculated wells.
DNA was extracted from isolates that had colonies with the same morphologies as those of the two strains used as the inoculum (Bacillus strain
RS-1 and Bacillus subtilis subsp. spizizenii NRRL B-23049) and used for the PCRs. Lanes 2 and 9 are DNA from B. licheniformis and B. subtilis
subsp. spizizenii type strains, respectively. Lanes 3 and 10 are DNA from laboratory-grown Bacillus strain RS-1 and B. subtilis subsp. spizizenii
NRRL B-23049, respectively. Lanes 4 to 8 are Bacillus strain RS-1-like isolates, while lanes 11 to 15 are B. subtilis subsp. spizizenii NRRL
B-23049-like isolates. Lanes 4 and 11 are DNA from isolates obtained from the tanks used for the inoculation. Lanes 5, 6, 12, and 13 are DNA
from isolates obtained from the injected fluids. Lanes 7, 8, 14, and 15 are DNA from isolates obtained from the produced fluids. Lanes 1 and 16
are the DNA ladder.
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FIG. 2. Evidence for in situ biosurfactant production. The x axis
represents the time in hours after the production started from the
wells. Closed circles and triangles represent data from the two inocu-
lated wells, open squares and open diamonds represent data from the
two nutrient-treated wells, and open circles represent data from the
negative-control well. (A) By the oil-spreading technique. Error bars
represent standard deviations for three measurements. (B) By surface
tension measurement. Error bars represent standard deviations for
three measurements. (C) By determination of biosurfactant concen-
tration (conc.) by high-performance liquid chromatography. Error bars
represent ranges for duplicate measurements.

other hand, MPN data showed that the total MPN (Cxr) of
halotolerant biosurfactant producers in the produced fluids of
the inoculated wells was about 1.5 times that present in the
injected fluids of the same wells.

The MPN data suggest the absence of Bacillus species (no
spore-forming, biosurfactant-producing microorganisms) and
the presence of non-spore-forming, halotolerant biosurfactant
producers in the nutrient-only-treated wells. The latter were
probably introduced into the wells with the treatment (e.g.,
from the storage tank formation water) but were not main-
tained. On the other hand, MPN data from the inoculated
wells indicate the survival of Bacillus species (spore-forming,
halotolerant, biosurfactant-producing microorganisms) in
these wells.

Colonies with the same morphologies as those of the two
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strains used as the inoculum, Bacillus strain RS-1 and B. subtilis
subsp. spizizenii NRRL B-23049, were retrieved on blood agar
plates from both the injected and the produced fluids of the
inoculated wells but not from the injected and produced fluids
of the wells that received only nutrients or the negative-control
well. The 16S rRNA and gyr4 gene sequences of these clones
were 100% similar to those of Bacillus strain RS-1 and B.
subtilis subsp. spizizenii NRRL B-23049.

Culture-independent gyr4 amplicons were obtained with
DNA extracted from produced fluids of the inoculated wells
and not from DNA extracted from produced fluids of the wells
that received only nutrients or the control well that received
brine. The gyrA amplicons were not detected with DNA ex-
tracted from produced fluids of the inoculated wells collected
prior to treatment. The resulting sequences of the gyr4 clones
obtained were 99.72% similar to those of Bacillus strain RS-1
and B. subtilis subsp. spizizenii NRRL B-23049.

REP-PCR reactions (21, 46) on blood agar plates containing
isolates from the injected and produced fluids of the inoculated
wells showed patterns similar to those of the inoculum strains,
Bacillus strain RS-1 and B. subtilis subsp. spizizenii NRRL
B-23049 (Fig. 1).

Collectively, microbiological and molecular data show that
the microorganisms injected into the formation were retrieved
in the produced fluids of the inoculated wells.

Lipopeptide biosurfactant production. The presence of the
biosurfactant in produced fluids was followed over the time of
sampling by using three different methods. The oil-spreading
technique (33, 49) and surface tension measurement (25) were
used to detect the presence of surface-active compounds in the
produced fluids of all the wells. Surface activity was observed
only in production fluids from the inoculated wells as evi-
denced by an increase in oil-spreading activity and a decrease
in surface tension (Fig. 2A and B). No evidence for surface
activity was detected in the production fluids from the nutrient-
only-treated wells or the negative-control well (Fig. 2A and B).
To determine the natures and the concentrations of the bio-
surfactant produced in the inoculated wells, HPLC was used
(48). The HPLC profile of the samples from the produced
fluids of the inoculated wells matched those of the lipopeptide
biosurfactants purified from laboratory cultures of the two
strains used as the inoculum, Bacillus strain RS-1 and B. subtilis
subsp. spizizenii NRRL B-23049. The average concentration of
the lipopeptide biosurfactant in the produced fluids of the
inoculated wells was about 90 mg/liter (a total amount of 7 mol
in ~80,000 liters of produced water) (Table 4 and Fig. 2C).
The maximum concentration was as high as 350 mg/liter in the
produced fluids of the inoculated wells (Fig. 2C). These max-
imum concentrations are more than 20 times higher than the
critical micelle concentration reported for lipopeptide biosur-
factants (ranging from 10 to 20 mg/liter) (33). HPLC analysis
of the produced fluids of the nutrient-only-treated wells and
the negative-control well showed no lipopeptide biosurfactant
production.

Glucose utilization and product formation. Glucose was the
carbon and energy source in our treatments. While complete
glucose utilization did not occur, it was clear that large
amounts of glucose were used since only 20 to 40% of the
glucose added to the nutrient-treated wells (both inoculated
and uninoculated) was recovered in the produced fluids and
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TABLE 4. In situ mass balance and product formation rates and yields compared to those obtained in laboratory culture

Value for indicated treatment group”

Inoculated wells

Nutrient-only-treated wells

Laboratory culture

Product
No.of  pate (1) Yield? No.of = pate (1) Yield? No. of moles®  Rate (h~")¢ Yield
moles' moles
Acetate 17 +7 0.04 = 0.004 0.03 =0.01 ND NA NA 0.57 £0.03 0.04 £0.001 0.12 = 0.007
Butanediol 68 =44  0.06 = 0.007 0.13 = 0.08 ND NA NA 0.54 £ 0.014 0.04 = 0.0005 0.11 = 0.003
Lactate 40 £ 0.9 0.06 = 0.0002 0.08 = 0.002 ND NA NA 2.1 +0.19 0.06 =0.001 0.42 = 0.04
Ethanol 900 =50  0.08 = 0.001 1.8 +0.28 130 =48 0.07 = 0.003 0.36 = 0.14 0.39 £0.12 0.03 =£0.007 0.08 = 0.03
CO, 640 = 113  0.02 = 0.001 1.3+022 200+76 0.01 = 0.003 0.6 = 0.21 11 =0.56 0.07 = 0.001 2.3 +0.11
Biosurfactant 6.8 = 0.67 0.02 = 0.001  0.02 = 0.001 ND NA NA 0.11 £0.05 0.05 £0.009 0.02 = 0.009
Cells® 6.7 7.7 0.06 = 0.01 0.01 £0.02 0.24 £0.14 0.18 = 0.006 0.001 = 0.0004 0.12 +0.17 0.18 = 0.06 0.03 + 0.03

“ The numbers of moles of glucose used were 506 + 118 mol, 360 = 34 mol, and 4.88 * 0.0004 mol for the inoculated wells, nutrient-only-treated wells, and laboratory
cultures, respectively. Percent carbon recoveries were 106.7 = 34, 20.7 = 9, and 94.5 = 12.8 for the inoculated wells, nutrient-only-treated wells, and laboratory cultures,

respectively. ND, not detected; NA, not applicable.

® The numbers are averages = standard deviations for four independent determinations. Values were corrected for adsorption using the bromide recovery factor.

¢ The rates were calculated from the equation In (C,/Cy) = k - t, where C, is the concentration at time ¢, Cy, is the initial concentration, k is the rate of production,
and ¢ (time) was 108 h. The numbers are averages * standard deviations for four independent determinations.

4 Yields are shown in mol - mol glu™~" and were calculated from the equation Y,,,, = number of moles of product - mol~" of substrate used. The numbers are averages

+ standard deviations for four independent determinations.

¢ The numbers of moles of cells were calculated from the following equation: number of moles of cells = Cx - mass of one cell/molecular weight of the cell, where
the mass of a single cell in grams was assumed to be 1E—13 g, and the molecular weight of the cell was calculated from the cell’s empirical formula, CH; O sN ,.

products of microbial metabolism were detected in the pro-
duced fluids. The produced fluids of all the nutrient-treated
wells (both inoculated and uninoculated) showed increases in
alkalinity and carbon dioxide concentrations compared to pre-
treatment levels, most likely resulting from microbial growth
and activity. The produced fluids of the inoculated wells had
much higher CO, concentrations following treatment than
those of the nutrient-only-treated wells (Table 4 and Fig. 3E).
In addition to CO,, acetate, lactate, ethanol, and 2,3-butane-
diol were detected in the produced fluids of the inoculated
wells (Table 4 and Fig. 3A to D). The percent carbon recovery
was 107% =+ 34% for the inoculated wells (Table 4). Similar
fermentation products from glucose metabolism were obtained
by the pure cultures of the strains used as the inoculum,
Bacillus strain RS-1 and B. subtilis subsp. spizizenii NRRL
B-23049, when the strains were individually grown in formation
water supplemented with the nutrients used for well treat-
ments (Table 4). These data argue that the products detected
in the produced fluids of the inoculated wells were products of
anaerobic glucose metabolism by the inoculum. Although glu-
cose was partially utilized in the wells that received only nu-
trients, none of the above-mentioned fermentation products
were detected, with the exception of CO, and some ethanol
(Fig. 3). We do not know the fate of the remaining glucose
carbon in these wells.

The detection of 2,3-butanediol, a product often produced
by Bacillus species during fermentation (32, 43), and the bio-
surfactant indicates that we stimulated the microorganisms
responsible for biosurfactant production.

DISCUSSION

A major concern with MEOR is whether exogenous micro-
organisms will be metabolically active in the presence of di-
verse, natural populations of microorganisms that inhabit oil
reservoirs (2, 8, 32). Biosurfactant-mediated oil recovery is
even more problematic in that a metabolite, e.g., the biosur-
factant, not related to the main energy metabolism of the cell

must be produced. The data presented in Fig. 2 and 3 and
Table 4 clearly show that the appropriate metabolism was
stimulated in the formation and resulted in the production of
the biosurfactant and products indicative of a Bacillus fermen-
tation (45). The MPN data indicate that microorganisms phys-
iologically similar to those used as the inoculum (halotolerant,
spore-forming biosurfactant producers) were present in high
numbers in the produced fluids of the inoculated wells after
the incubation period. Molecular characterization of the iso-
lates obtained from the produced fluids of the inoculated wells
clearly showed that the same strains used in the inoculum were
retrieved from the produced fluids of the inoculated wells.
These data provide clear evidence that biosurfactant-mediated
oil recovery is technically feasible.

Even though microorganisms exist in the reservoir (as evi-
denced by growth and glucose utilization in the wells that
received only nutrients), the indigenous microorganisms did
not prevent the strains used as the inoculum from establishing
and metabolizing in the reservoir. The reason for the success of
the inoculation procedure might be that the type and amount
of nutrients used were more favorable for Bacillus species than
for indigenous microorganisms. Pretreatment sampling did not
detect the presence of microorganisms in the produced fluids
of the wells that were capable of growing in the various media
used for enumeration (Table 1). So, it is possible that the
injection of nutrients created a niche that allowed the injected
strains to be metabolically active. The MPN analysis did not
indicate that the biosurfactant producers in the inoculated
wells grew, since there was not a significant difference between
the total MPN of the spore-forming biosurfactant producers
(Table 2) or the halotolerant biosurfactant producers (Table 3)
present in the injected fluids and that in the produced fluids.
The lack of growth may have been due to a nutrient limitation.
Nitrate was used as the nitrogen source, and limiting amounts
of nitrate were added to the treated wells to shift the carbon
flow from cell mass production to a secondary metabolite pro-
duction. Previous studies show that nitrogen limitation is as-
sociated with an increase in biosurfactant production (11).
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FIG. 3. Total numbers of moles of glucose fermentation products in the produced fluids of the wells. The x axis represents the time in hours
after the production started from the wells. Closed circles and triangles represent data from the two inoculated wells, open squares and open
diamonds represent data from the two nutrient-treated wells, and open circles represent data from the negative-control well. (A) 2, 3-Butanediol.
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Sand-packed-column studies have shown that oil recoveries
up to 95% occur when the columns are treated with lipopep-
tide biosurfactants (3, 27, 36, 38). Recent studies have shown
that at least 11 mg/liter of a lipopeptide biosurfactant is re-
quired to mobilize oil from sandstone cores, and recoveries as
high as 40% of entrapped oil were obtained with as little as 38
mg/liter of the lipopeptide biosurfactant (20, 28). In the cur-
rent field test, the average concentration of lipopeptide bio-
surfactant in the produced fluids of the inoculated wells was
about 90 mg/liter. This concentration is approximately nine
times the minimum concentration required to mobilize en-
trapped oil from sandstone cores (28). These results showed
that in situ lipopeptide biosurfactant production indeed meets
this important engineering criterion.

Previous laboratory studies that used both sandstone cores

and sand-packed columns suggested that 2.2 ml of oil could be
recovered per mg of a lipopeptide biosurfactant (29). Based on
this information, the 7 mol of lipopeptide biosurfactant recov-
ered from the produced fluids of the two inoculated wells could
recover approximately 16 m*® (100 barrels) of oil. The total
material expenses for producing 7 mol of biosurfactant were
about $164 ($82 per well). The cost of the in situ biosurfactant
production process could be as low as $10 per m® ($1.6 per
barrel). Since the main goal of the study was to test whether in
situ biosurfactant production is possible, the volume of the
reservoir that was contacted was small, and thus, significant
amounts of additional oil were not expected. However, the
company followed oil production before and after treatment
and these data can be used to judge the effectiveness of the
process. The lease that had the two inoculated wells, one of the
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nutrient-only-treated wells, and several other wells showed an
average increase in oil production of one barrel of oil per day
compared to the oil production rate before treatment. This
increase in oil production was maintained for a period of 7
weeks following treatment. On the other hand, the oil produc-
tion rate of the other well that received only nutrients slightly
decreased during the 7 weeks after treatment compared to
pretreatment oil production rates. Although the oil production
data suggest that the in situ process was not as efficient and
cost-effective as predicted from laboratory data, the data still
argue for the cost-effectiveness of MEOR compared to the
current price of oil (>$65/barrel). However, more definitive
results can be obtained if the size of the treatment is scaled up.

Our data show that in situ biosurfactant production is pos-
sible and occurred in amounts exceeding the engineering cri-
terion for mobilizing oil from sandstone cores. This work also
provides essential data for modeling MEOR processes in situ
(Table 4), including growth rates (0.06 = 0.01 h™'), carbon
balances (107% = 34%), biosurfactant production rates
(0.02 = 0.001 h™ "), and biosurfactant yields (0.015 = 0.001 mol
biosurfactant/mol glucose). These data can be used to study
computationally microbial activity in subsurface environments,
including petroleum reservoirs. We should note that this is the
first time that an in situ carbon balance has been obtained for
any MEOR process. Overall, the work emphasizes the techni-
cal feasibility and cost-effectiveness of MEOR.
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