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Abstract: This study proposed a novel foam EOR technique using Pseudomonas aeruginosa to gener-
ate the foam and investigated the potential of the microbial foam EOR to modify the permeability
of a high-permeability porous system. We investigated oxygen nanobubble, carbon dioxide nano-
bubble and ferrous sulfate concentrations to discover the optimal levels for activating the foam gen-
eration of the microorganism through cultivation experiments. We also clarified the behavior of the
microbial foam generation and the bioproducts that contribute to the foam generation. The potential
of the foam to decrease the permeability of high-permeability porous systems was evaluated
through flooding experiments using sand pack cores. The foam generation became more active with
the increase in the number of nanobubbles, while there was an optimal concentration of ferrous
sulfate for foam generation. The foam was identified as being induced by the proteins produced by
the microorganism, which can be expected to bring about several advantages over surfactant-in-
duced foam. The foam successfully decreased the permeability of high-permeability sand pack
cores to half of their initial levels. These results demonstrate that the microbial foam EOR has the
potential to decrease the permeability of high-permeability porous systems and improve the per-
meability heterogeneity in oil reservoirs.

Keywords: enhanced oil recovery; Pseudomonas aeruginosa; foam; protein; nanobubbles; ferrous
sulfate; permeability; flooding experiment; sand pack core; bacterial cell number

1. Introduction

Microbial enhanced oil recovery (MEOR) is an EOR technique involving the injection
of microorganisms, which produce materials such as surfactants and polymers that are
effective for EOR, into oil reservoirs. Pseudomonas aeruginosa is well known as a microor-
ganism that is effective for MEOR because it produces rhamnolipid, which is a strong
biosurfactant [1,2], it decreases oil viscosity due to the biodegradation of petroleum hy-
drocarbons [3,4] and it has been used in several MEOR field pilot trials [5-7]. Although P.
aeruginosa has been found in and isolated from oil reservoir samples by many researchers
[8-10], there is the problem that the production of surfactants and the degradation of pe-
troleum hydrocarbon may not be actively brought by P. aeruginosa in poorly oxygenated
environments, such as oil reservoirs, because the metabolic activities of P. aeruginosa are
usually active under aerobic conditions [11-13]. Therefore, we investigated the culture
conditions that are required for activating the metabolism of P. aeruginosa, even in anaer-
obic environments. We cultivated P. aeruginosa in a culture medium that was supplied
with oxygen nanobubbles as the oxygen source under an anaerobic nitrogen atmosphere
and found that it actively grew and generated foam on the surface of its culture solution

Energies 2022, 15, 2344. https://doi.org/10.3390/en15072344

www.mdpi.com/journal/energies



Energies 2022, 15, 2344

2 of 14

[14,15]. Then, we conceived a microbial foam EOR that brings about the enhancement of
oil recovery through the foam generated in situ by P. aeruginosa.

Normal foam EOR is a popular method for improving the mobility in EOR, especially
CO: EOR [16]. We can also expect it to be applied for the development of shale oil for-
mations derived from that in [17]. The foam can improve sweep efficiency by reducing
both viscous fingering and gravity segregation, which are major problems during CO:
injection [18-25]. Both surfactant solutions and gas, such as COz, must be alternatingly
injected into oil reservoirs during normal foam EOR because the foam formation is usually
induced by both surfactants and gas. Therefore, normal foam EOR has several challenges
that are similar to those of surfactant EOR. Surfactants are well known as expensive chem-
icals for EOR. They can only be consumed around the injection site because they may form
precipitation due to their chemical reaction with ions that are contained in the reservoir
brine and/or adsorption onto the reservoir rock surface. Therefore, surfactants may not be
widely spread throughout the reservoir.

The microbial foam EOR that we are proposing has the potential to overcome these
challenges. Since only the nutrients for P. aeruginosa are required for the microbial foam
EOR, it does not require expensive chemicals, such as surfactants, and when the inexpen-
sive nutrients can be prepared, our method can be operated at a low cost. Surfactants may
not be provided over a wide region in oil reservoirs during normal foam EOR because
surfactants can only be consumed around the injection site just after the injection into the
oil reservoir has occurred for the reasons described above. On the other hand, the foam
can be provided over a wide region within the reservoir in our method and not only
around the injection site because P. aeruginosa grows away from the injection site and gen-
erates the foam there.

Thus, there are several advantages of using P. aeruginosa for microbial foam EOR in
oil reservoirs. Our method aimed to reduce the mobility of high-permeability flow chan-
nels where oil has been sufficiently recovered and water saturation is high. Therefore, this
study determined the suitable cultivation conditions for P. aeruginosa to generate the foam.
The behavior of the foam generation was examined and the constituent components of
the foam were identified. Moreover, this study evaluated the effect of the foam generated
by P. aeruginosa on the decrease in permeability through flooding experiments using high-
permeability sand pack cores.

2. Materials and Methods
2.1. Culture Medium

P. aeruginosa ATCC10145 was inoculated into a culture medium that consisted of 4
g/L of Nutrient Broth (Becton, Dickinson and Company, Franklin Lakes, NJ, USA), which
was sterilized at 121 °C for 20 min and aerobically incubated at 31.5 °C for 3 days for
preculture. This preculture solution was used as an inoculum in this study.

A modified Cooper’s medium [26] was used for the culture medium of P. aeruginosa
in this study. The culture medium was prepared by adding 40 g of glucose, 5.7 g of diso-
dium hydrogen phosphate, 4.0 g of potassium dihydrogen phosphate, 4.0 g of ammonium
nitrate, 0.1 g of magnesium sulfate, 8.0 mg of calcium chloride, 1.0 mg of ethylenedia-
minetetraacetic acid, 0.12 mg of ferrous sulfate and 0.2 mg of manganese sulfate to 1 L of
tap water.

Our previous studies have shown that both the growth and production of P. aeru-
ginosa proteins and gas are activated in culture mediums containing oxygen nanobubbles,
carbon dioxide nanobubbles or higher concentrations of ferrous sulfate. In this study, four
types of culture media were prepared, including a nanobubble-free medium, an oxygen
nanobubbles medium, a carbon dioxide nanobubbles medium and a ferrous sulfate-en-
riched medium. The number of nanobubbles and the concentration of ferrous sulfate were
varied in order to estimate the optimal concentration of each additive for foam generation.
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The number of nanobubbles was varied by diluting the nanobubble water with nanobub-
ble-free tap water. The ferrous sulfate-enriched culture medium was prepared by adding
ferrous sulfate to the modified Cooper’s medium. The culture media containing nanobub-
bles were prepared using the following procedure.

Water containing nanobubbles (hereinafter called “nanobubble water”) was pre-
pared using a commercially available nanobubble generator (Art Verre Internation Co.,
Ltd., Minoh, Japan). Jadhav et al. (2020) and Yang et al. (2007) [27,28] reported that the
number of nanobubbles increased in water containing a small amount of ethanol. Jadhav
et al. (2020) [27] also reported that the stability of nanobubbles was increased in water
containing a small amount of ethanol. According to their paper, the ethanol molecules
strengthened the hydrogen bonds around the nanobubbles. Zimmerman et al. (2011) [29]
showed that the strong hydrogen bonds around the nanobubbles dominantly contributed
to the stability of the nanobubbles. Moreover, Chen et al. (2021) [30] proposed a process
to stabilize the nanobubbles in an aqueous ethanol solution. Their paper concluded that
ethanol molecules and water molecules form a stabilizing layer structure around the
nanobubbles to promote their stability. Therefore, this study prepared nanobubble water
using tap water that was supplemented with 1.1% ethanol in order to increase the number
of nanobubbles. The tap water supplemented with 1.1% ethanol was introduced into the
nanobubble generator using a submersible pump. The nanobubble water that was dis-
charged through the nanobubble generator was collected in a glass beaker, which was
then used for the preparation of the culture media. Since the source of nanobubbles pro-
duced by the nanobubble generator is the gas that is dissolved in the original water, the
number of nanobubbles can be increased by increasing the amount of gas being dissolved
in the original water. The tap water, which had been cooled to 14 °C, was used as the
original water in this study in order to increase the amount of gas being dissolved. More-
over, the original water was bubbled with gas in order to increase the amount of gas being
dissolved in the original water. Both oxygen nanobubble water and carbon dioxide nano-
bubble water were prepared and used for the experiments in this study. We conducted
preliminary experiments investigating the stability of the nanobubbles by heating the CO2
nanobubble water to 31.5 °C, which was the cultivation temperature for 20 days. As a
result, the scattering intensity of the green laser light emitted through the ethanol-nano-
bubble water was only slightly decreased, even after 20 days, while that of the ethanol-
free nanobubble water was drastically decreased after 7 days and completely unobserva-
ble after 20 days.

First out of the components described above, a concentrate was prepared so as to
have a concentration of 10 times that of all of the other components apart from glucose,
ferrous sulfate and manganese sulfate. To achieve this, 5 mL of the concentrate was
poured into 126 mL vials and autoclaved at 121 °C for 20 min. Then, a solution in which
glucose, ferrous sulfate and manganese sulfate were added to the ethanol-nanobubble
water in concentrations of 1.1 times the amounts described above was subjected to filtra-
tion sterilization using a gamma sterilized membrane filter with a pore size of 0.45 pum.
Next, 45 mL of this sterilized solution was added to the vial containing the 5 mL of sterile
concentrate that was previously described. The median diameter and number of the nano-
bubbles in the oxygen nanobubble water, carbon dioxide nanobubble water and nanobub-
ble-free water, which were sterilized with the membrane filter, were determined using
Zeta View PMX100 (MicrotracBEL Corp., Osaka, Japan). The median diameter and num-
ber of oxygen nanobubbles and carbon dioxide nanobubbles in the culture media were
119.6 nm and 4.0 x 106 bubbles/mL and 128.6 nm and 1.0 x 107 bubbles/mL, respectively.
As 2.2 x 107 bubbles/mL of nanobubbles were also detected in the nanobubble-free water,
the number of nanobubbles in the other solutions was calculated by deducting the con-
centration of nanobubbles in the nanobubble-free water from that of the two other solu-
tions of nanobubble water.
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2.2. Culture Experiments

The bacterial cell concentration in the inoculum was counted through the direct
counting method using phase contrast microscopy. Then, the inoculum was inoculated
into the culture medium so that the initial bacterial cell concentration was 5.0 x 10
cells/mL. Thereafter, the vial was sealed with a sterilized butyl rubber cap and an alumi-
num seal. The gas phase in the vial was completely replaced with pure nitrogen to create
an anaerobic condition. The bacteria were stationarily cultivated at 31.5 °C.

First, the optimal concentrations of oxygen nanobubbles, carbon dioxide nanobub-
bles and ferrous sulfate for foam generation were evaluated through experiments culti-
vating P. aeruginosa in the culture media with different concentrations of each additive.
Foam generation was evaluated by measuring the depth of the foam phase in the vial after
72 h of cultivation, as shown in Figure 1.

Foam generated by P. aeruginosa

(b)

Figure 1. Foam generation by P. aeruginosa: (a) the original culture medium; (b) the foam generated
by P. aeruginosa and the depth of the foam phase.

Next, P. aeruginosa was cultivated in culture media containing the optimal concentra-
tion of each additive in order to understand the behavior of the foam generation by meas-
uring the depth of the foam phase in the vial every 12 h, from 24 h after the start of culti-
vation. The concentrations of surfactants, polysaccharides and proteins in the culture so-
lutions were also measured in order to identify the bioproducts that were contributing to
the foam generation in these experiments. P. aeruginosa is well known as a producer of
rhamnolipid, which is an anionic biosurfactant. Surfactants are usually used for generat-
ing foam in foam EOR because they have the potential to contribute to the foam genera-
tion. The concentrations of anionic surfactants in the culture solutions were therefore
measured using an HI-97769 anionic surfactant portable photometer (Hanna Instruments,
Woonsocket, RI, USA), in accordance with the instruction manual. The culture media con-
tained high concentrations of glucose, which P. aeruginosa could convert into polysaccha-
rides. Polysaccharides may contribute to an increase in the stability of the foam, so the
concentration of polysaccharides was also measured. First, the total sugar content in each
culture solution was measured using the phenol-sulfuric acid method. The concentration
of glucose that was not consumed by P. aeruginosa and remained in the culture solution
was also measured using Reflectoquant® test strips in combination with an RQflex reflec-
tometer (Merck KGaA, Darmstadt, Germany), in accordance with the instruction manual.
Then, the concentration of polysaccharides was calculated by deducting the concentration
of glucose remaining in the culture solution from that of the total sugar. P. aeruginosa is
also known as a producer of proteins that contribute to foam generation. The concentra-
tions of proteins in the culture solutions were therefore also measured using a TaKaRa
Bradford Protein Assay Kit (Takara Bio Inc., Shiga, Japan), in accordance with the instruc-
tion manual.

The cultivation experiments were performed in duplicate with the same cultivation
conditions in order to confirm the reproducibility of the results.
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2.3. Sand Pack Core Flooding Tests

Figure 2 shows the setup that was used for the sand pack core flooding experiments,
which evaluated the effect of the foam generated by P. aeruginosa on permeability modifi-
cation. A sand pack core was prepared for each experiment by densely packing silica sand,
with an average grain size of 150 pm, into an acrylic pipe. Rubber caps were installed at
both ends of the sand pack core and it was then connected to a pump and a pressure
gauge. The effective diameter and length of each sand pack core was 25.3 mm and 162
mm, respectively.
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&h :3) _g R~ 2 = | Effective diameter: 25.3 mm
Effective length: 162 mm
Average grain size of silica sand: 150 pm
High-pressure
plunger pump Sand pack core
Graduated
Pressure gauge Effluent | ] tube

Figure 2. A schematic image of the setup used for the flooding experiments.

Table 1 shows the initial conditions of the sand pack cores that were used in this
study. Four sand pack cores were prepared for the flooding tests, involving an oxygen
nanobubble medium, a carbon dioxide nanobubble medium, a ferrous-enriched medium
and a non-inoculated blank medium. The absolute permeability of the sand pack cores
was measured by injecting five pore volumes of sterile water into the cores with different
injection rates between 0.2 and 1.0 mL/min and then calculated using the Darcy equation.
The four sand pack cores did not show any differences in porosity but did show differ-
ences in absolute permeability, as shown in Table 1. Since the silica sand was artificially
packed into the acrylic pipes, it was difficult to maintain the absolute permeability of those
cores uniformly. The changes in the absolute permeability of the sand pack cores after in
situ cultivation was therefore evaluated based on the relative change of the permeability,
as described later.

Table 1. The initial conditions of the sand pack cores used in this study.

Culture Medium Pore Volume, Porosity, Absolute Permeability,
Injected mL % Darcy
O nanqbubble 386 474 1.2
medium
CO2 nan?bubble 36.5 44.8 6.0
medium
Ferrous—e‘znrlched 37.0 455 4.8
medium
Non-inoculated blank 38.0 46.7 2.7

medium

After the injection of five pore volumes of sterile water, two pore volumes of culture
medium that had been inoculated with P. aeruginosa were injected into the sand pack core
at an injection rate of 0.5 mL/min. Both the injection rate and injection pressure were meas-
ured during the injection of the culture medium and the apparent permeability of the sand
pack core was calculated using the Darcy equation. Then, the sand pack core was sealed
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and placed into an incubator in which the temperature was automatically adjusted to 31.5
°C for cultivating the microorganisms within the sand pack core. The foam generation in
the sand pack core was not directly observed; therefore, the culture medium that re-
mained in the vial after injection was also cultivated at the same temperature in order to
estimate the foam generation within the sand pack core. The only difference between the
culture in the vial and that in the sand pack core was the presence or absence of sand.
Although the effect of sand on the foam generation caused by P. aeruginosa was not di-
rectly considered, the chemical composition of the sand used in this study was mainly
85.0% SiO2 and 8.6% Al20s, which was similar to the chemical composition of the glass
bottle used in this study. It was therefore presumed that the effect of sand itself on the
foam generation of P. aeruginosa was not significant.

When foam is generated by P. aeruginosa in the sand pack core, the volume of the
culture solution should expand, which should increase the pressure in the sand pack core.
The pressure in the sand pack core was measured during the cultivation in order to esti-
mate the foam generation occurring in the sad pack core.

The apparent permeability measurement was performed by injecting post-flush wa-
ter into the sand pack core at an injection rate of 0.5 mL/min 72 h after foam generation
was observed in the vial. The effect of the foam on the permeability modification was
evaluated using the value of specific permeability, which was defined as the quotient of
the apparent permeability and the apparent permeability that was measured before culti-
vation. It was calculated using the following equation:

ka
ks = P )

where ks is the specific permeability, k. is the apparent permeability that was measured
after the cultivation of P. aeruginosa in the sand pack core and kv is the apparent permea-
bility that was measured before the cultivation. The bacterial cell concentration in the ef-
fluent from the sand pack core was also counted every 20 min during the post-flush.

The culture media including nanobubbles or ferrous sulfate with optimal conditions
for foam generation were tested in this experiment. A non-inoculated blank medium was
also tested as a reference.

3. Results
3.1. Evaluation of the Optimal Concentrations of Additives for Foam Generation

Figure 3 shows the culture solution in which P. aeruginosa was cultivated in media
with different numbers of nanobubbles and concentrations of ferrous sulfate. Figure 4
shows the depth of the foam phase that was observed in each culture medium after 72 h
of P. aeruginosa cultivation.

The foam generation became more active as the number of nanobubbles increased in the
case of both nanobubble media. Our previous studies have shown that the production of pro-
teins and gas, which are the source of the foam, is activated under the presence of nanobub-
bles, and foam generation was also activated in this study as the number of nanobubbles in-
creased. There was no significant difference between the foam generation in the oxygen nano-
bubble medium and the carbon dioxide nanobubble medium in this experiment. Figure 3c
shows that foam was generated by P. aeruginosa with high reproducibility in media with a
ferrous sulfate concentration of 0.36 ppm or more. According to Figure 4, the optimal concen-
tration of ferrous sulfate for foam generation by P. aeruginosa was 0.6 ppm.
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Figure 3. The culture solutions in which P. aeruginosa was cultivated in media for 72 h with different
numbers of nanobubbles and concentrations of ferrous sulfate: (a) the culture solutions containing
different numbers of oxygen nanobubbles; (b) the culture solutions containing different numbers of
carbon dioxide nanobubbles; (c) the culture solutions containing different concentrations of ferrous
sulfate.

25 25
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Number density of O, nanobubbles (bubbles/mL) Number density of CO, nanobubbles (bubbles/mL) Concentration of ferrous sulfate (mg/L)
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(b) (c)

Figure 4. The depth of the foam phase observed in each culture medium after 72 h of P. aeruginosa
cultivation: (a) the oxygen nanobubble medium; (b) the carbon dioxide nanobubble medium; (c) the
ferrous sulfate-enriched medium.

3.2. Behavior of the Foam Generation in Different Culture Media

Figure 5 shows the temporal changes in the depth of the foam phase in each culture
medium. In the culture medium containing carbon dioxide nanobubbles, foam began to
be generated 24 h after the start of cultivation, while it began to be generated 36 h after
the start of cultivation in the other media. The foam generation rate of the carbon dioxide
nanobubble medium was the fastest of the three media. The total amount of foam gener-
ated within 84 h was also the largest in that medium. These results suggest that carbon
dioxide nanobubbles are the most effective for promoting foam generation by P. aeru-
ginosa. Although the foam generation rate in the ferrous sulfate-enriched medium was a
little slower than that in the carbon dioxide nanobubble medium, the total amount of the
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foam generated in the ferrous sulfate-enriched medium was similar to that in the carbon
dioxide nanobubble medium. Both the rate and total amount of foam generation in the
oxygen nanobubble medium were the smallest of the three media. The foam generation
converged within almost 72 h, regardless of the conditions.

30

@® O, nanobubbles

5 | ; ® CO, nanobubbles
é P @ Ferrous sulfate
®

0 ‘ 1 1 1 1 I

0 20 40 60 80 100
Cultivation time (h)

25 ? ®
E
E 2|
g
£ ¢
v 15 |
5
.; 10 F Culture solution containing
g
[a)

Figure 5. The temporal changes in the depth of the foam phase in each culture medium.

Figure 6a—c shows the temporal changes in the concentrations of surfactants, polysac-
charides and proteins in each culture medium, respectively. The concentration of surfactants
decreased and reached zero after 60 h, when the depth of foam phase reached its maximum
value, in all of the culture solutions. These results were supported by the decrease in the
surface tension of the culture solutions never being found (data not shown). The concentra-
tion of polysaccharide also decreased during the cultivation experiments. These results in-
dicate that neither surfactants nor polysaccharides were produced by P. aeruginosa in this
study and that the foam generation was not brought about by these materials. On the other
hand, the concentrations of proteins increased following the same trend as the increase in
the depth of the foam phase. Moreover, protein production reached a plateau after 60 h,
when the foam generation also reached a plateau. The correlation between protein produc-
tion and foam production was extremely high. These results strongly indicate that the pro-
teins produced by P. aeruginosa contributed to the foam generation.
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= 0.6 =} 3.0 =}
£z : £
g% £ £ 100
o3 © L4 ° o
] 0.4 @ 2.0 ° =]
5 =] s ° S
1% = 1%}
L = ° o £ 50
= 0.2 3] 1.0 5
o o =
=2 o S
= %) =~
< S ~
0.0 £ 00 0
20 40 60 80 100 0 20 40 60 80 100 20 40 60 80 100
Cultivation time (h) Cultivation time (h) Cultivation time (h)
(a) (b) ()

Figure 6. The temporal changes in the concentrations of bioproducts in each culture medium: (a)
anionic surfactants; (b) polysaccharides; (c) proteins.
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3.3. Evaluation of Permeability Modification through the Flooding Experiments

Both the increase in pressure during cultivation and the foam generation in the vial
were clearly observed, as shown in Figures 7 and 8, respectively. The behavior of the in-
crease in pressure within the sand pack cores was well agreed with the behavior of the
foam generation in the vial. This result suggests that the pressure increase in the sand
pack cores was indicative of the foam generation in the sand pack cores. This pressure
increase was not observed in the sand pack core into which the non-inoculated blank me-
dium was injected. Moreover, because the culture media in the vials and the sand pack
cores were originally the same medium and were cultivated at the same temperature, it
was presumed that the culture solutions in the sand pack cores were in the same situation
as the culture solution in the vials. According to these results, it could be identified that
foam was generated by P. aeruginosa in the sand pack cores as well as in the vials.

50
a0 r ’/
30 /

20

Pressure (kPa)

10 /

0 20 40 60 80
Cultivation time (h)

Figure 7. The temporal change in the pressure within the sand pack core into which the CO2 nano-
bubble medium was injected during the in situ cultivation of P. aeruginosa.

Figure 8. The CO: nanobubble medium that remained in the vial after the injection and was culti-
vated for 72 h along with the sand pack core.

Then, the injection of the post-flush water was carried out in order to measure the
specific permeability of the cores.

Figure 9 shows the temporal changes in specific permeability during the injection of
the post-flush water after the in situ cultivation of P. aeruginosa. The specific permeability
of the sand pack cores in which P. aeruginosa was cultivated decreased to 40-60% of the
original permeability, while the core into which the non-inoculated blank medium was
injected did not decrease.

The specific permeability of the sand pack core in which P. aeruginosa was cultivated
in the carbon dioxide nanobubble medium began to decrease immediately after starting
the injection of the post-flush water and the decrease in the specific permeability con-
verged to 0.5 after a 0.8 pore volume injection of post-flush water. Thereafter, the specific
permeability was maintained at that value.



Energies 2022, 15, 2344

10 of 14
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Figure 9. The temporal changes in specific permeability during the injection of the post-flush water
after the in situ cultivation of P. aeruginosa.

The behavior of the temporal changes in the specific permeability of the sand pack
cores in which P. aeruginosa was cultivated in the oxygen nanobubble medium and the fer-
rous sulfate-enriched medium were similar. It began to decrease after a 0.2 pore volume
injection of post-flush water. The decrease in the specific permeability of both sand pack
cores continued until the volume of the post-flush water injected reached a 1.5 pore volume.
The specific permeability of the core in which P. aeruginosa was cultivated in the oxygen
nanobubble medium eventually converged to 0.4 and then stayed at that value, while that
in the ferrous sulfate-enriched medium converged to 0.6 and then stayed at that value.

3.4. Analyses of the Effluent from the Sand Pack Cores

Figure 10 shows the temporal changes in the bacterial cell numbers in the effluent
collected during the post-flush water injection. The figure shows the bacterial cell num-
bers in the effluent collected from the cores into which the oxygen nanobubble medium
and the non-inoculated blank medium were injected, which were cultivated in situ. The
photo images of the effluent are also shown in Figure 11.

11

10

CO, nanobubbles medium
°

Ju

(e}
—
S

109 T °
Non-inoculated

(cells/mL)

blank medium

108

Bacterial cell concentration in the effluent

107 pe 1 1 1
0.0 0.5 1.0 1.5 2.0 2.5 3.0
Pore volume injected of post-flush water

Figure 10. The temporal changes in the bacterial cell numbers in the effluent collected during the
post-flush water injection.
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Figure 11. The photo images of the effluent collected from the cores during the post-flush water
injection: (a) effluent from the core into which P. aeruginosa was injected with the carbon dioxide
nanobubble medium; (b) effluent from the core into which the non-inoculated blank medium was
injected.

Bacterial cells were not only observed in the effluent from the core into which P. ae-
ruginosa was injected, but also in the effluent from the core into which the non-inoculated
blank medium was injected. It was assumed that there were still some bacteria left in the
cores, even after the cores were flooded by sterile water before the injection of the culture
medium. Then, those bacteria grew in the sand pack core using the non-inoculated blank
medium. It could be assumed that the number of bacterial cells left in the core after the
injection of sterile water was smaller than the initial number of P. aeruginosa cells that was
inoculated in the culture medium. Therefore, P. aeruginosa could grow dominantly and
generate the foam observed in the cores in this study.

The bacterial cell number in the effluent from the core in which P. aeruginosa was
cultivated stayed around 4.0 x 108 cells/mL for a while after the post-flush water injection
started. When more than 1.3 pore volume of the post-flush water was injected into the
core, it rapidly increased to 8.0 x 10° cells/mL, which was equivalent to 20 times the initial
number. On the other hand, the bacterial cell number in the effluent from the core into
which the non-inoculated blank medium was injected rapidly increased to 7.0 x 108
cells/mL when 0.8 pore volume of the post-flush water was injected. In both cases, the
color of the effluent changed from transparent to white at the same time as the bacterial
cell number in the effluent rapidly increased, as shown in the Figure 10. This white efflu-
ent was the culture solution containing a large number of bacterial cells. These results
suggest that the microorganisms grew mainly in the upstream side of the cores. It was
assumed that the upstream side was richer in the nutrients required by P. aeruginosa than
the downstream side because nutritional components in the culture media were concen-
trated in the upstream side due to filtration and adsorption.

4. Discussion

It was indicated that P. aeruginosa generated the foam more actively under the pres-
ence of nanobubbles or ferrous sulfate. The foam generation could become more active by
increasing the number of nanobubbles. On the other hand, there was an optimal concen-
tration of ferrous sulfate for foam generation. According to our results, 0.6 ppm of ferrous
sulfate is the optimal concentration for foam generation; therefore, reservoir brine that
contains a little ferrous ion could be used as the base fluid of the culture medium.

The foam started to be generated 24-36 h after the start of cultivation. The foam gen-
eration converged within 72 h of cultivation in this study. Although the data are not
shown in this paper, the amount of foam reduced when the P. aeruginosa was cultivated
for a longer time, such as one week. However, foam generation could be continued for a
longer time by continuously supplying the P. aeruginosa with fresh nutrients. The long-
term stability of the foam is a topic for future work.
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It was revealed in this study that the foam was induced by the proteins produced by
P. aeruginosa. Microbial foam EOR with protein-induced foam has the potential to over-
come the challenges of conventional foam EOR, which uses surfactants. Unlike the anionic
surfactants, the proteins do not react with the cations contained in reservoir brine nor form
precipitations. The stability of the foam when the foam coexists with oil is also a challenge
in foam EOR. It has been suggested that the stability of surfactant-induced foam becomes
low in the presence of oil or high-saline conditions because surfactant micelles become
unstable in these conditions [31-34]. On the other hand, the stability of protein-induced
foam is reported to be higher than that of surfactant-induced foam in these conditions
[35]. Moreover, our previous paper showed that the nitrogen concentration in the gas pro-
duced by the P. aeruginosa in the culture medium was high, i.e.,, more than 85% [14,15].
This result showed that the foam was induced by nitrogen in that study. The nitrogen-
induced foam is more stable than carbon dioxide-induced foam because nitrogen has
lower solubility in water and oil than carbon dioxide [36,37]. Thus, there are several ad-
vantages of using EOR with foam induced by nitrogen and the proteins produced by P.
aeruginosa in situ in oil reservoirs.

The microorganisms that grew mainly in the upstream side of the core flowed out
following 1.0 pore volume of post-flush water injection. Such behavior was clearly ob-
served in the case of the non-inoculated blank medium, as shown in Figure 10. In the case
of the in situ cultivation of P. aeruginosa, the outflow of bacterial cells was delayed and
they mainly flowed out from the core after more than 1.3 pore volume of post-flush water
had been injected into the core. This result indicated that the fluidity of the P. aeruginosa
culture solution became extremely low and its efflux from the core was greatly delayed.

The permeability could be decreased by not only the foam, but also the viscosity of the
culture solution or the bacterial cells themselves. We therefore hope to consider the possi-
bility of the contribution of these factors to the permeability reduction observed here. The
viscosity of the P. aeruginosa culture solution and the other bacteria culture solutions was
similar, about 1 cP at room temperature; therefore, the viscosity of the culture solution did
not contribute to the decrease in permeability. The permeability could be decreased by the
pore throat becoming clogged with bacterial cells; therefore, the difference in size between
the pore throat and the bacterial cells was considered. The sand grains could be assumed as
being filled with the body-centered cubic lattice in the sand pack cores used in this study
because the packing factor of the body-centered cubic lattice was 68%, which was similar to
the packing factor of the sand pack cores used in this study. The radius of the narrowest gap
in the body-centered cubic lattice could be calculated by multiplying 0.155 by the radius of
the sand grain. As the diameter of the sand grains was averagely 150 um, the diameter of
the narrowest gap was approximately 23 um. The volume of the sphere with the narrowest
gap radius was calculated to be 2.1 x 10 cm?. The number of bacterial cells in a pore space
could be roughly calculated by multiplying the volume of the sphere by the bacterial cell
concentration in the effluent, which was approximately 7.0 x 10° cells/cm?. As a result of
these calculations, it was assumed that there were approximately 15 bacterial cells in a pore
space in the sand pack cores. As the longer axis of a bacterial cell is usually 1-2 pum, it could
be assumed that all bacterial cells flowed smoothly through even the narrowest gap in the
sand pack cores. The contribution of the bacterial cells themselves to the permeability
change could therefore be assumed to be little in this study.

These results demonstrate that the permeability of the core in which P. aeruginosa was
cultivated in situ was decreased by the foam generated by P. aeruginosa. The foam had the
ability to reduce the permeability of even high-permeability porous systems, such as
Darcy order systems. Therefore, microbial foam EOR has the potential to decrease the
permeability of high-permeability porous systems and improve the permeability hetero-
geneity of oil reservoirs.

In addition, because the specific permeability of the cores into which P. aeruginosa
was injected stayed low after more than 2.5 pore volume injection of post-flush water, the
stability of the foam against the fluid flow could be assumed to be high.
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The foam was presumed to be generated mainly in the upstream region of the sand
pack core, as described in the results section. This was a concern for our method because
we were suggesting that an advantage of microbial foam EOR is that the foam can be
generated by the microorganisms in wider areas within a reservoir. It was presumed that
nutrients could be concentrated in only the upstream region due to adsorption onto the
sand and that the foam was generated in only that region by P. aeruginosa. It is therefore
important to spread the nutrients over wide regions within the reservoir so that the foam
can be generated over that wide region. Therefore, we will consider methods for spread-
ing the nutrients over wider regions within reservoirs in future work.

5. Conclusions

In this study, we proposed a novel EOR technique using Pseudomonas aeruginosa to
generate foam and investigated the potential of this microbial foam EOR in modifying the
permeability of high-permeability porous systems.

We investigated the optimal concentrations of the oxygen nanobubbles, carbon diox-
ide nanobubbles and ferrous sulfate for activating the foam generation by the microor-
ganism through cultivation experiments. We also clarified the behavior of the foam gen-
eration by that microorganism. Finally, the potential of the foam to decrease the permea-
bility of high-permeability porous systems was evaluated through flooding experiments
using sand pack cores. The following conclusions were obtained through this study:

*  Foam generation becomes more active with the increase in the number of nanobub-
bles;

*  The optimal concentration of ferrous sulfate forfoam generation is 0.6 ppm;

*  The foam starts to be generated 24-36 h after the start of cultivation and foam gener-
ation converged within 72 h after cultivation in this study;

*  The foam decreases the permeability of porous systems whose permeability is quite
high, such that the Darcy order can halve;

*  Microbial foam EOR has the potential to decrease the permeability of high-permea-
bility porous systems and improve the permeability heterogeneity of oil reservoirs.
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