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Abstract

We studied on the availability of residue of squeezed beer yeast whose principal component is yeast cell wall
for enhanced oil recovery as an interfacial tension reducer. The cell wall solution was hydrothermally treated in
order to elute amphiphilic substances such as phospholipids, proteins, and fatty acids from the cell wall to the
solution under different conditions such as concentration of the cell wall, temperature and time of the hydrothermal
treatment, and salinity. The cell wall solution which was hydrothermally treated with crude oil was also applied to
the measurement of interfacial tension between the solution and crude oil. The interfacial tension was reduced with
decrease in salinity and increase in concentration of the cell wall and temperature of the hydrothermal treatment.
The time of hydrothermal treatment didn't have much influence on the interfacial tension reduction. The capability of
the cell wall solution which had been hydrothermally treated with crude oil to reduce the interfacial tension became
larger than that of the cell wall solution which had been hydrothermally treated without crude oil. It was suggested
that those interfacial tension reductions were brought by phospholipids and proteins eluted from the cell wall. Core
flooding experiments were carried out by injecting the cell wall solution which had been hydrothermally treated
with and without crude oil after the water flooding as the primary oil recovery. 2.0% and 1.2% of original oil in
place was additionally recovered by injecting the cell wall solution which had been hydrothermally treated with and
without crude oil respectively. These results support an advantage of process injecting the cell wall solution without
hydrothermal treatment into high temperature oil reservoir. The injection of the cell wall solution can be a promising
EOR which has both high cost performance and low environmental load.

Keywords: Enhanced oil recovery; Yeast cell wall; Interfacial
tension; Crude oil; hydrothermal treatment; Amphiphilic substance;
Phospholipids; Proteins; Core flooding; In situ method

Introduction

Surfactant injection is one of the most effective enhanced oil
recovery (EOR) techniques. Chemical surfactants however pose a
few problems such as their high cost and a large environmental load
because of its low biodegradability [1]. We've studied on the Microbial
EOR (MEOR) and searched for low-cost nutrient for the bacteria.
An agricultural fertilizer which is shown in Figure 1 was examined
as a candidate of the low-cost nutrient in our MEOR study. In our
MEOR study, all the culture media have been sterilized under high-
temperature (121°C) and high-pressure (0.2 MPa) conditions by using
an autoclave before the incubation experiments (Figure 1). Crude oil
has been sometimes added into culture media and also sterilized by
autoclaving. A remarkable dispersion of crude oil was observed in the
culture solution consisting of the fertilizer after the autoclave treatment
as shown in Figure 1, indicating the reduction of interfacial tension
(IFT) between the solution and crude oil.

The fertilizer consists of the residue of squeezed beer yeast which
mainly comprises the cell wall of beer yeast. Its cost is therefore
extremely inexpensive such as 1.0 USD/kg of retail price. In addition,
this fertilizer is also environmentally friendly because it is derived
from natural substances such as beer yeast. In general, yeast cell wall
is constructed with various kinds of phospholipids [2], proteins [3-
5], fatty acids [6-7], and so on. Because these substances includes
amphiphilic substances which have both hydrophilic groups and
hydrophobic groups and emulsification functions of those substances
have been reported so far [8-13], the yeast cell wall which includes
those substances can be expected to be effective for the IFT reduction.

With these circumstances, we evaluated the availability of this
cell wall for EOR as an alternative of chemical surfactants. One of the

(a) (b) (c)
Figure 1: Photo images of the fertilizer mainly comprising the residue of

squeezed beer yeast (a) and dispersion of crude oil in (b) the fertilizer solution
and (c) deionized water.

advantages of utilizing the residue of squeezed beer yeast for EOR
is the reduction of operation cost because it is a waste generated in
beer brewing industries. The other advantage is the reduction of
environmental load because it is a natural substance and can be
expected to be decomposed by natural microorganisms. In addition,
because the remarkable dispersion of crude oil was observed after the
autoclave treatment of the mixture of the cell wall solution and crude
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Concentration of Hydrothermal treatment

Evaluation object

the cell wall temperature
Concentration of
the cell wall (g/L) 0,10, 20, 30, 40, 50 50
Hydrothermal treatment 120 60, 80, 100, 110, 120,
temperature (°C) 130, 140, 160, 180
Hydrothermal
treatment time (min.) 30 30
Salinity (g/L) 0 0
Existence of crude oil
during the Nonexistence Nonexistence

hydrothermal treatment

Existence of crude oil

:Z:{;t::tr:‘rflle Salinity during the
hydrothermal treatment

50 50 0, 10, 20, 30, 40, 50

120 120 120

0, 10, 20, 30, 45, 60 30 30

0 0, 10, 20, 30, 40 0

Nonexistence Nonexistence Existence

Table 1: Preparation conditions of the cell wall solution on each experiment.
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Figure 2: Schematic image of the core flooding system used in this study.

oil, this cell wall can be expected to be effective even at high temperature
and applied to EOR in oil reservoir whose temperature is more than
100°C at which chemical surfactants may be deactivated.

In this study, the capability of the cell wall to reduce IFT between
the cell wall solution and crude oil was quantitatively evaluated by the
pendant drop method for measuring the IFT. The capability of the
cell wall to bring EOR was also estimated through the core flooding
experiments.

Materials and Methods
Preparation of the cell wall solution

The cell wall powder was put into pure water or saline water and
sufficiently agitated under room temperature. The cell wall suspension
was poured into a high pressure stainless bottle. The hydrothermal
treatment of the cell wall suspension was performed using an autoclave
or electric furnace. After cooling the suspension, supernatant or filtrate
of the suspension was used for the experiments. Table 1 shows the
preparation conditions of the cell wall solution. Various kinds of cell
wall solution were prepared by changing the concentration of the cell
wall powder, hydrothermal treatment temperature, hydrothermal
treatment time, concentration of sodium chloride, and the existence
of crude oil. The crude oil was added into the cell wall solution at 10%
by the volumetric ratio before the hydrothermal treatment. After the
hydrothermal treatment, the solution was separated from the crude oil
by filtering the mixture with a filter paper whose pore size was 0.22 um.
The crude oil used in this study was light oil whose API gravity was
approximately 40. Viscosity of the crude oil was approximately 8.0 cP
at 25°C.

Measurement of IFT between the cell wall solution and crude oil

IFT between the cell wall solution and crude oil was measured
based on pendant drop method by using a contact angle meter (DMs-

401, Kyowa Interface Science Co., LTD., Tokyo). A pendant drop of
crude oil was formed in the cell wall solution and the pendant drop was
photographed. The analysis of the drop shape was based on the Young-
Laplace equation [14-18] and the IFT was calculated.

Measurement of concentration of phospholipids, proteins,
and fatty acids in the cell wall solution

Concentration of amphiphilic substances such as phospholipids,
proteins, and fatty acids in the cell wall solution was measured in order
to consider the mechanisms of the IFT reduction due to the cell wall.

Concentration of phospholipids in the cell wall solution was
measured by using Wako phospholipids C assay (Wako Life Sciences,
Inc., CA) which is an enzymatic method utilizing choline oxidase in a
reaction which can be measured photometrically. The concentration
of phospholipids was calculated by using a calibration curve formula
which was derived from the relationship between the absorbance and
concentration of choline chloride which is a constituent component of
phospholipids.

Concentration of proteins in the cell wall solution was measured by
using bicinchoninic acid kit for protein determination (Sigma-Aldrich
Co. LLC., MO). The concentration of proteins was calculated by using
a calibration curve formula which was derived from the relationship
between the absorbance and concentration of albumin which is the
most common protein.

Concentration of fatty acids in the cell wall solution was measured
by using Wako non-esterified fatty acids (NEFA) assay (Wako Life
Sciences, Inc., CA) which was an enzymatic method. The method for
treating and measuring each substance was carried out in accordance
with the instruction manual. The concentration of fatty acids was
calculated by using a calibration curve formula which was derived
from the relationship between the absorbance and concentration of
oleic acid.

Core flooding experiments

The core flooding experiments were conducted by using a core
flooding system which mainly consists of a hassle type core holder,
pumps and reservoirs of fluids injected. Figure 2 shows the schematic
image of the core flooding system which was used in this study
(Figure 2). Berea sandstone core was installed into the core holder.
Properties of the Berea sandstone cores which were used through the
study are shown in Table 2. The length and diameter of the cores were
approximately 72 mm and 45 mm respectively. The air permeability
of the cores was approximately 50 mDarcy. The core was dried at
105°C for 10 h. After the weight of dried core was measured, the core
was soaked in deionized water and saturated with the water under
decompression condition. After the weight of water-saturated core was
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measured, the core was installed into the core holder. The pore volume
of the core was determined by the weight difference between dried core
and water-saturated core. The pore volume and the porosity of the
cores were approximately 19 ml and 17% respectively. The experiments
were carried out under atmospheric pressure and room temperature
which was approximately 25°C. The confining radial pressure which
was 1.5 MPa was applied to the core by water.

First, deionized-water was injected into the core with a flow
rate of 0.1 mL/min using high pressure pump in order to saturate
the core with deionized-water completely. 5.0 pore volumes (PV) of
crude oil were injected into the core with the same flow rate. Original
oil in place (OOIP) equals the volume of water displaced by the oil

EOR potential of = EOR potential of

the cell wall the cell wall
Evaluation object solution solution Negative
! hydrothermally hydrothermally control
treated treated
without oil with oil
Diameter of the core (mm) 44.6 44.7 44.5
Length of the core (mm) 71.8 71.8 71.8
Absolute air permeability 51.2 473 49.8
(mdarcy)
Pore volume (mL) 19.4 17.7 18.1
Porosity (%) 17.3 15.7 16.2
Initial oil saturation (%) 61.8 56.4 59.1
Pore volume of pure water 29 18 46

injected (PV)
Pore volume of
the cell wall solution 2.7 2.5 0.0
injected (PV)

Table 2: Preparation conditions of the cell wall solution on each experiment.

25
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Figure 3: IFT between the crude oil and the cell wall solution which was
prepared with different concentration of the cell wall.
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Figure 4: IFT between the crude oil and the cell wall solution which was
prepared with different hydrothermal treatment temperature.

flooding. After 2 weeks of aging, primary oil recovery was conducted
by injecting deionized-water into the core with the same flow rate.
The primary oil recovery was conducted until no more oil had been
observed in the effluent. Effluent fluid was collected every 10 min into
micro tubes with graduations for measuring and the amount of effluent
oil and water was determined volumetrically. Subsequently, 3.0 PV of
cell wall solution was injected into the core with the same flow rate.
The cell wall solution injected was prepared as follows. The cell wall
powder was put into deionized-water with the concentration of 50 g/L
and sufficiently agitated. The hydrothermal treatment of the cell wall
suspension was performed at 120°C at 0.2 MPa for 30 min. Another
cell wall suspension which was treated with crude oil at the same
conditions was also prepared. The volume ratio between the oil and
the suspension was 1/10. After cooling the solution, the supernatant
was filtered using membrane filters having a pore size of 0.2 um and
the filtrate were recovered as the cell wall solution. The other core
flooding experiment injecting deionized-water without cell wall after
the primary oil recovery was also performed in parallel.

Results and Discussion

IFT reduction between the crude oil and the cell wall solution

Figure 3 shows the variation of IFT between the crude oil and the
cell wall solution which was prepared with different concentration of
the cell wall. All the solution used in this IFT measurement contained
sodium chloride with the concentration of 10 g/L and were treated at
120°C for 30 min without crude oil. IFT between the crude oil and the
cell wall solution was between 10.7 mN/m and 13.9 mN/m while that
between the crude oil and the saline water which was hydrothermally
treated at the same conditions was 21.8 mN/m. The IFT became lower
as the concentration of the cell wall became higher. These results
indicate that the elution amount of amphiphilic substances increased
as the concentration of the cell wall was increased. The minimum IFT
was observed with the solution which was prepared with 50 g/L of
the cell wall. These results indicate that the cell wall has a potential to
reduce IFT between the crude oil and its solution.

Figure 4 shows the variation of IFT between the crude oil and the
cell wall solution which was hydrothermally treated under different
temperature. All the solution used in this IFT measurement were
prepared with 50 g/L of the cell wall, contained sodium chloride with
the concentration of 10 g/L and were treated for 30 min without crude
oil. IFT reduction was not clearly observed when the cell wall solution
which was hydrothermally treated below 100°C was used for the IFT
measurement. On the other hand, the IFT was gradually decreased as
the treatment temperature was increased. These results indicate that the
elution amount of amphiphilic substances increased as the treatment
temperature was increased. Temperature of the hydrothermal
treatment should be preferably 120°C or above for the IFT reduction.
The minimum IFT was 9.8 mN/m which was observed with the cell
wall solution which had been hydrothermally treated less than 180°C.

Figure 5 shows the variation of IFT between the crude oil and the
cell wall solution which was prepared with different hydrothermal
treatment time. All the solution used in this IFT measurement were
prepared with 50 g/L of the cell wall, contained sodium chloride with
the concentration of 10 g/L and were treated at 120°C without crude
oil. Similar IFT was observed on all the solution which had been
hydrothermally treated for 10 to 60 min, therefore, the IFT reduction
can be enough obtained by 10-min treatment. This result also indicates
that the IFT reduction can be maintained even if the solution is exposed
to a high temperature for a long period of time.
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Figure 6 shows the variation of IFT between the crude oil and the cell
wall solution containing sodium chloride with different concentration.
All the solution used in this IFT measurement contained the cell wall
with the concentration of 50 g/L and were hydrothermally treated at
120°C for 30 min. IFT became higher as the concentration of sodium
chloride became higher, especially it increased obviously at 40 g/L of
sodium chloride. The capability of the cell wall to reduce IFT between
its solution and oil is expected to be affected by sodium chloride like
most chemical surfactants. Concentration of sodium chloride should
be preferably less than 30 g/L for the IFT reduction.

Figure 7 shows the variation of IFT between the crude oil and the
cell wall solution which was prepared with different concentration
of the cell wall and hydrothermally treated with the crude oil. The
variation of IFT between the crude oil and the cell wall solution which
was hydrothermally treated without crude oil was also shown in
the same figure. All the solution used in this IFT measurement was
hydrothermally treated at 120°C for 30 min. When the concentration
of the cell wall was 10 g/L or more, IFT between the crude oil and the
cell wall solution which was hydrothermally treated with crude oil
became lower than that between the crude oil and the solution which
was hydrothermally treated without crude oil. When the concentration
of the cell wall was more than 30 g/L, the IFT was decreased less than
8.6 mN/m which was the lowest IFT in this study.

Amphiphilic substances may be more eluted from the cell wall to
the solution and/or crude oil by hydrothermal treatment with crude
oil. This result indicates that the IFT can be decreased by hydrothermal
treatment of the solution with crude oil. In other words, the IFT can
be in situ decreased by injecting the cell wall solution into oil reservoir
having sufficiently high temperature such as 120°C or more.

20

Interfacial tension (mN/m)

5
0 10 20 30 40 50 60 70

Time of the autoclave treatment (min.)

Figure 5: IFT between the crude oil and the cell wall solution which was
prepared with different hydrothermal treatment time.
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Figure 6: IFT between the crude oil and the cell wall solution containing sodium
chloride with different concentration.
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Figure 7: IFT between the crude oil and the cell wall solution which was
prepared with different concentration of the cell wall and hydrothermally treated
with the crude oil.
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Figure 8: Relationship between the IFT and the concentration of phospholipids
in the cell wall solution.
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Figure 9: Relationship between the IFT and the concentration of proteins in the
cell wall solution.

Relationship between the IFT reduction and the concentration of
phospholipids, proteins, and fatty acids in the cell wall solution

Figure 8 shows the relationship between the IFT and the
concentration of phospholipids in the cell wall solution. The decreasing
trend can be observed with the increase of the phospholipids
concentration. A linear regression of the IFT and the phospholipids
concentration yields an absolute value of the correlation coefficient of
0.86. Because the correlation coefficient between 0.8 and 1.0 indicates
very strong correlation in accordance with the guide which was
suggested by Evans [19], the relationship between the IFT and the
concentration of phospholipids can be evaluated to be very strong.

Figure 9 shows the relationship between the IFT and the
concentration of proteins in the cell wall solution. The decreasing trend
can be also observed with the increase of the proteins concentration.
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A linear regression of the IFT and the proteins concentration yields a
correlation coeflicient of 0.87. The relationship between the IFT and
the concentration of proteins can be also evaluated to be very strong in
accordance with the guide suggested by Evans [19].

Figure 10 shows the relationship between the IFT and the
concentration of fatty acids in the cell wall solution. Although the
decreasing trend can be observed with the increase of the fatty acids
concentration, no clear relation is indicated between them when the
IFT becomes lower than 15 mN/m. A linear regression of the IFT
and the fatty acids concentration therefore yields a lower correlation
coefficient such as 0.57. Because the correlation coefficient between 0.4
and 0.59 indicates moderate correlation in accordance with the guide
which was suggested by Evans [19], the relationship between the IFT
and the concentration of fatty acids can be evaluated to be moderate.
Therefore, the fatty acids which were eluted from the cell wall may not
have much influence on the IFT reduction.

Effect of the cell wall on the enhancement of oil recovery

Cumulative oil recovery which had been obtained in each core
flooding experiment is shown in Figure 11. Although there was a little
difference between three experiments, just less than 40% of OOIP was
totally recovered by the injection of water and/or the cell wall solution.

In the early stage of the injection of the cell wall solution which
had been hydrothermally treated without oil, a negligible amount
of oil was drained from the core. Drainage of the remaining oil was
started to be detected obviously after 0.7 to 0.8 PV of injection of the
cell wall solution while non-drainage of the remaining oil was detected

20

Absolute value of the correlation coefficient

Interfacial tension (mN/m)
5

0 0.05 0.1 0.15 0.2 0.25
Concentration of fatty acids (mEq/L)

Figure 10: Relationship between the IFT and the concentration of fatty acids in
the cell wall solution.
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Figure 11: Cumulative oil recovery which had been obtained in each core
flooding experiment.

on the experiment injecting only water as shown by black open circles.
Drainage of the remaining oil on the injection of the cell wall solution
was observed until 1.3 PV of injection of the cell wall solution. As a
result, 1.2% of OOIP had been recovered from the core by the injection
of the cell wall solution.

On the other hand, drainage of the remaining oil was found more
early by injecting the cell wall solution which had been hydrothermally
treated with oil. Drainage of the remaining oil was observed after 0.3
PV of injection of the cell wall solution. As a result, 2.0% of OOIP had
been recovered from the core by the injection of 2.6 PV of the cell wall
solution. The cell wall solution which was hydrothermally treated with
oil is therefore more effective for enhancing oil recovery.

These results support an advantage of in situ process injecting the
cell wall solution without hydrothermal treatment into reservoir whose
temperature is more than 120°C. That is, amphiphilic substances can be
eluted to the solution from the cell wall and the IFT can be reduced in
reservoir. Consequently, enhancement of oil recovery can be obtained.
This in situ process has a few advantages that both surface facilities and
operation costs for hydrothermal treatment of the cell wall solution
can be unnecessary, and higher enhancement of oil recovery can be
expected.

Conclusions

In this study, we estimated the availability of the residue of squeezed
beer yeast which was comprised of the yeast cell wall for enhanced oil
recovery. We evaluated the capability of the cell wall which was treated
under several conditions to reduce interfacial tension (IFT) between
its solution and crude oil. In addition, EOR potential of the cell wall
solution was also evaluated through the core flooding experiments. The
following conclusions were obtained through this study.

1) The cell wall solution which was hydrothermally treated has a
capability to reduce IFT between its solution and crude oil.

2) IFT between the cell wall solution and crude oil became lower as
the concentration of the cell wall became higher.

3) Temperature of the hydrothermal treatment of the cell wall
solution is preferably 120°C or above for IFT reduction. Amphiphilic
substances may be more eluted from the cell wall at 120°C or above.

4) IFT reduction can be enough obtained by 10-min hydrothermal
treatmemt. In addition, the IFT reduction can be maintained even if
the solution is exposed to a high temperature for a long period of time.

5) IFT between its solution including sodium chloride and crude
oil became higher by as the sodium chloride concentration became
higher. Concentration of sodium chloride should be preferably less
than 30 g/L for the IFT reduction.

6) The capability of the cell wall solution which had been
hydrothermally treated with crude oil to reduce the IFT became
extremely larger than that of the cell wall solution which had been
hydrothermally treated without crude oil. The minimum IFT of this
study, which was 8.2 mN/m, was observed with the cell wall solution
which was hydrothermally treated with crude oil at 120°C for 30 min.
Consequently, the IFT can be in situ reduced by injecting the cell wall
solution without hydrothermal treatment into oil reservoir whose
temperature is higher than 120°C.

7) It is assumed that the IFT was reduced by amphiphilic substances
such as phospholipids and proteins which were eluted from the cell wall.

8) EOR was clearly obtained by injecting the cell wall solution
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in the core flooding experiments. Additional oil recovery which was
brought by the injection of the solution hydrothermally treated with
and without crude oil was 2.0% and 1.2% of original oil in place
respectively. In situ process that the cell wall solution is injected into
reservoir without hydrothermal treatment may be economically and
effectively advantageous method.
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