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Abstract. Without Enhanced Oil Recovery (EOR) operations, the final recovery factor of most hydrocarbon
reservoirs would be limited. However, EOR can be an expensive task, especially for methods involving gas
injection. On the other hand, aqueous injection in fractured reservoirs with small oil-wet or mixed-wet matrices
will not be beneficial if the rock wettability is not changed effectively. In the current research, an unpracticed
fabrication method was implemented to build natively oil-wet, fractured micromodels. Then, the efficiency of
microbial flooding in the micromodels, as a low-cost EOR method, is investigated using a new-found bacteria,
Bacillus persicus. Bacillus persicus improves the sweep efficiency via reduction of water/oil IFT and oil
viscosity, in-situ gas production, and wettability alteration mechanisms. In our experiments, the microbial
flooding technique extracted 65% of matrix oil, while no oil was produced from the matrix system by water
or surfactant flooding.

1 Introduction

More than 20% of the World’s oil and gas reserves occur in
naturally fractured reservoirs [1]. However, because of the
complexity of the fractured porous media, production from
fractured reservoirs has remained a big challenge in the
petroleum industry [2]. Fractured reservoirs are known to
have initial high flow rates, which rapidly decline, and low
ultimate recovery [3]. Specifically, in oil-wet/mixed-wet
fractured formations, the final recovery factor is commonly
less than 25%, while it can reach 45% in water-wet fractured
reservoirs [3].

In order to increase the ultimate recovery, secondary
and tertiary recovery operations may be considered.
However, as case histories confirm, the use of water injec-
tion in those operations would have a poor efficiency if
the matrices are oil-wet/mixed-wet [3]. This is because
the injected water preferentially enters the high permeabil-
ity fractures and if the height of the matrix blocks is smaller
than the threshold height, and block-block interactions
[4, 5] are minimal, no oil from the matrices will be produced
[5]. As a result, water only displaces the oil in the fractures,
and since the fracture porosity is negligible compared with
that of the matrix, only a small fraction of the oil in place
can be produced by water injection based methods.

In oil-wet/mixed-wet fractured reservoirs, gas injection-
based techniques showed more prominent results in increas-
ing the oil recovery [3, 6]. Nevertheless, such methods are

generally more expensive than water injection, which makes
them less attractive [7]. Therefore, improving the perfor-
mance of water injection based methods in the oil-wet/
mixed-wet fractured reservoirs has been an attractive
research topic [8–16]. Such improvement can be achieved
by alkaline/surfactant injection (which leads to the reduc-
tion of the water/oil interfacial tension, capillary pressure
and threshold height, creation of water/oil emulsions, and
alteration of the matrix wettability) [17, 18], polymer
injection (which results in the enhancement of the mobility
ratio) [18], and low salinity water injection (which causes
wettability alteration) [19]. However, none of these EOR
methods are environmentally friendly, and exiting water
injection facilities may be required to be modified in order
to implement them [20].

Microbial Enhanced Oil Recovery (MEOR) is an alter-
native tertiary recovery technique that does not include
injecting toxic chemicals into the petroleum reservoir.
In this method, bacteria are injected into the reservoir, or
if the bacteria already exist in the reservoir, only their
required nutrients are injected into the porous medium.
The bacteria grow inside the reservoir, and improve the
sweep efficiency by the following mechanisms [20]:

Reduction of interfacial tension.
If the bacteria can produce biosurfactants, they cause the
water/oil interfacial tension to decrease. It leads to the
reduction of the capillary pressure and the threshold height
within the matrices, which in turn promotes the oil produc-
tion from them [5]. Also, biosurfactants can alter the matrix
wettability [21], and hence, stimulate oil production. The* Corresponding author: arkhazali@cc.iut.ac.ir
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same processes take place in chemical surfactant flooding,
however, in chemical surfactant flooding, the surfactant ini-
tially penetrates the matrix via the molecular diffusion
mechanism [22], while in the bacterial flooding, the penetra-
tion is accelerated by the chemotaxis [23]. Furthermore, the
existence of the biosurfactant in the fracture system leads to
the formation of water/oil emulsions, which boosts oil
recovery.

Selective plugging.
Because of the large contrast of permeability between
matrix and fracture, any injected fluid would rather flow
into the fracture network. The high permeability of the
fractures results in low pressure gradient within the reser-
voir, which limits the viscous force [2] and early break-
throughs of the injectant at the production wells. In the
MEOR process, the injected bacteria in the fracture net-
work reduce its permeability by the production of biomass.
Additionally, some strains of bacteria can produce biopoly-
mer, which leads to a further reduction of the fracture per-
meability. As a result, the injectant is forced to sweep the
oil in the low permeable areas (like matrices) with a higher
viscous force.

Reduction of oil viscosity.
Particular types of bacteria can produce gas and solvents,
which can dissolve in the oil and reduce its viscosity.
Decreasing oil viscosity results in enhancement of the mobil-
ity ratio and the sweep efficiency, consequently.

Biodegradation of the oil.
Certain strains of bacteria can degrade the paraffin content
in the oil, which lead to the reduction of the oil viscosity and
increasing its API. Also, biodegradation can increase the
rock permeability by the elimination of the deposited
long-chain paraffin on the surface of the rock [24].

Wettability alteration.
Production of biosurfactants and oil biodegradation lead
to the alteration of the wettability towards more water-
wet states [25, 26]. Wettability alteration accelerates oil
production from the matrix system by improving the imbi-
bition rate of injected water into the matrices.

Although not all of these mechanisms can be invoked by
one type of bacterium, the potential of microbial flooding in
enhancing the oil recovery from oil-wet/mixed-wet fractured
reservoirs is undeniable. However, despite existing rich liter-
ature on microbial enhanced oil recovery [24, 27–34], few
researches have been performed on the MEOR in fractured
porous media [35–40], among which, only one has been done
on oil-wet fractured system [41].

In particular, Zekri and Almehaideb [40], injected a
Bacillus sp. bacteria into artificially fractured, limestone
outcrop samples. They did not perform the aging process
on the dried samples. Therefore, it has to be assumed that
the samples were extremely water-wet. Their experiments
confirmed the effects of selective plugging. Moreover, they
concluded that the angle of the fractures with respect to
the flow direction has a strong effect on the performance
of water flooding and MEOR.

Soudmand-Asli et al. [39] studied MEOR by injecting
two different strains of bacteria (Leuconostoc mesen-
teroides, Bacillus subtilis) into water-wet glass micromodels.
They imitated the fractured porous media by etching large

channels inside a fine-scale pore network. However, their
pattern of fractures does not resemble any accepted model
[42, 43] of fractured reservoirs, i.e., the flow cannot bypass
the matrix by flowing inside the fractures; except in one of
their models, where applying MEOR could only add 3.2%
to the final recovery factor. In addition, they did not test
the performance of the employed bacteria in environments
with high levels of salinity.

Nourani et al. [37], Biria et al. [36], and Al-Hattali et al.
[35] performed similar experiments in strongly water-wet
fractured systems. In such systems, in addition to the
mechanisms which can be initiated by bacteria, sponta-
neous imbibition plays an important role in increasing the
oil recovery.

Xiao et al. [41] studied MEOR in glass micromodels.
They similarly reconstructed the fractured porous media
as Soudmand-Asli et al. [39]. The micromodels were
saturated by crude oil and aged for 7 days to become oil-
wet. After that, they performed two successive stages of
injection on the micromodels, in which the micromodels
were injected with water, and then, with collected bacteria
from the production wells of Chaoyanggou reservoir, respec-
tively. They reported that approximately 57% of the initial
oil in place could be recovered by water flooding only, and
microbial injection after the water flooding could margin-
ally increase the recovery by nearly 7%. However, they have
not explained how in an oil-wet fractured system, without
the effects of gravity, such a large fraction of Initial Oil
In Place (IOIP) can be produced only by water flooding.
In such a system and for the typical range of capillary num-
bers, only the fractures are flooded by water. Since fracture
porosity is much smaller than the matrix porosity [5], such
levels of recovery cannot be achieved by water flooding in a
real oil-wet fractured porous medium.

In the current research, the enhanced oil recovery from
natively oil-wet micromodels mimicking fractured reservoir
rocks has been examined. Micromodels have been frequently
used for visualizing the fluids flow in porous media. Utilizing
micromodels to study MEOR makes the clear observation
and characterization of the distribution of the fluids and
bacteria possible [44]. Nevertheless, micromodels have been
commonly built from glass, which is a strongly water-wet
material. In addition, the current fabrication methods are
either expensive or unable to control the depth and the pro-
file of the fluids paths within the micromodels [45, 46]. Here,
we employed a super cheap, unpracticed method for the
fabrication process of micromodels from plexiglass or Poly
(methyl methacrylate). Plexiglass is natively oil-wet, and
the fluid paths on its substrates can be precisely ablated
by CO2 laser. Since it is believed that most of the reservoir
rocks are water-wet [47], the use of plexiglass for microflu-
idics applications in petroleum engineering is rare due to
the requirement of specialized treatments to change its orig-
inal wettability from oil-wet to water-wet. However, they
are highly suitable for the reconstruction of oil-wet porous
media. This is due to the fact that despite glassmicromodels,
they do not need to be aged or injected by specialized
chemicals to become oil-wet. To the knowledge of the
authors, plexiglass micromodels have not been used to study
oil recovery from oil-wet fractured porous media.
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To perform MEOR on the micromodels, a newly found
strain of bacteria named Bacillus persicus, isolated from the
hypersaline lake Aran-Bidgol in Iran [48], has been utilized.
Bacillus persicus can live in saline environments and is able
to produce H2S [48]. The cells can form endospores under
harsh conditions of oil reservoirs. Therefore, they can
survive there.

Bacillus persicus improved the performance of the
tertiary recovery by lowering the IFT, altering the wettabil-
ity, and reducing the oil viscosity. Then we compared the
performance of MEOR with water flooding and surfactant
flooding. The results confirm that the MEOR has much
more potential for the oil recovery from oil-wet/mixed-wet
fractured reservoirs than the other water injection based
EOR methods.

2 Materials and methods

2.1 Micromodel

CorelDRAW� X8 vector graphics suit was used to create
the porous pattern of the micromodel, as shown in Figure 1.
It was tried to maximize the similarity between the
micromodel porous pattern and that of fractured reservoir
rocks. Therefore, the designed pattern involved an unstruc-
tured network of connecting and dead-end throats, pores
with different coordination numbers, and a set of connected
fractures. The fracture system has been implemented in
compliance with Warren and Root [43] model, in which
both the fracture and matrix systems can carry the flow.
However, most of the flow would pass through the frac-
tures, since they are designed to have much more conduc-
tivity compared with the pores and throats.

The design pattern has been ablated by CO2 laser on a
15 � 10 cm plexiglass substrate. The dimensions of the
fluid paths within the micromodel are given in Table 1. In
order to achieve the properties in Table 1, the laser power
was set to 30 W. The scan speed of the laser beam was vari-
able, depending on the required depth. After the ablation
process, the plexiglass sheet was washed with water and
soap; then, it was placed in a 70 �C oven for 5 min to be
dried. Then it was coupled with another plexiglass
substrate, and the coupled sheets were placed under com-
pression in an electric furnace to undergo thermal compres-
sion bonding procedure. The furnace temperature was
raised from 120 �C to 200 �C in a stepwise manner. The
required duration of the thermal compression bonding for
a perfect bond was determined to be 60 min. The final form
of the bounded micromodel is depicted in Figure 2.

In order to test the precision of the laser ablation
procedure, the depth of the pore/throats and fracture
system has been investigated by Field Emission Scanning
Electron Microscopy (FESEM). The images taken by
FESEM are shown in Figure 3, which shows the geometry
of ablated pore spaces. The effects of the laser ablation pro-
cedure, which causes a near-instantaneous phase change in
the plexiglass substrate, can be seen at the edges of the
microstructures. Although such effects lead to about 10%

variation in the dimensions of the fluid paths, perform-
ing careful measurements on the images confirms the val-
ues of Table 1. Nevertheless, the irregular shape of
microstructure edges increases the resemblance of the
micromodel fluids paths to those of real porous media of a
reservoir.

The wettability of the fabricated micromodel has been
evaluated by the contact angle experiments. In these
experiments, droplets of water and oil were placed on the
surface of the plexiglass substrate in the presence of air,
and the contact angle of the droplets was measured. As it
is depicted in Figure 4, the micromodel surface obviously
preferred the oil phase, since the contact angle of the oil
(31.77�) was less than the contact angle of the water
(76.10�).

Fig. 1. The porous pattern of the micromodel.

Table 1. The key dimensions of the fabricated
micromodel.

Property Value

Pattern dimensions 15 � 6 cm
The third dimension of the plexiglass
substrates

3 mm

Pores/throats average width 286 lm
Pores/throats average depth 360 lm
Fracture average width 2000 lm
Fracture average depth 800 lm

Fig. 2. The final form of the plexiglass micromodel.
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2.2 Strain, medium, and cultivation conditions

Bacillus persicus was purchased from Persian type
collection culture (Strain number: IBRC-M 10115). The
lyophilized cells were activated and then cultivated in the
medium contained (g/L): NaCl, 20.0; MgCl2�6H2O, 3.0;
MgSO4�7H2O, 5.0; CaCl2�2H2O, 0.05; KCl, 0.5; peptone
from meat, 5; meat extract, 2 and yeast extract, 1. The
initial pH of the medium was adjusted to 7.5. 90 mL of
autoclaved medium was inoculated with 10 mL of previ-
ously prepared culture (optical density of ca. 1). The
culture was incubated at 35 �C (Jal Tajhiz, JSTDL 40,
Iran). Since the growth curve of the bacteria has not been
reported yet, every hour, a sample was taken, and the opti-
cal density of the broth was measured at 600 nm (Rayleigh,
UV-1601, China). Doing so, the growth curve, as well as the
end of the exponential phase, were determined. The broth
that was used for MEOR experiments was at the end of
the exponential phase.

2.3 Experimental procedure

In order to compare the efficiency of different types of
water-based enhanced oil recovery in an oil-wet fractured
porous medium, three experiments were performed using

the fabricated plexiglass micromodel. The water injection
experiment was used as our based case scenario.

2.3.1 Experimental setup

The experimental setup is depicted in Figure 5. The fluids
can be injected into the micromodel using a high precision
syringe pump (Safir Soraya Sepahan, SP 120, Iran), and
the exiting fluids would be collected in the drain flask. A
uniform light source is placed below the micromodel, and
a camera is fixed above it to take images with a predeter-
mined interval automatically. The images are then sent to
a computer, where the fluids saturation is found using
image processing techniques. All experiments have been
performed at 25 �C and atmospheric pressure.

2.3.2 Establishing initial saturation

Before any test, the micromodel was saturated with brine.
Then, a selected crude oil from Marun oil field (southwest
Iran) was used to inject into the micromodel to displace
the brine, as shown in Figure 6. The properties of employed
fluids are given in Table 2. After each experiment, the
micromodel was washed or replaced, and the process of
initial saturations establishment was repeated for the next
run of experiments.

2.3.3 Water injection

In order to test the effectiveness of water injection in
fractured porous media, a test was carried out to displace
the oil by water injection only. For this purpose, 4 PVs of
the brine were injected into the micromodel at a rate of
0.008 mL/min. In this experiment, the camera was set to
take pictures every 45 min.

2.3.4 Microbial injection

Using a sterile syringe in the pump, 1 PV of a mixture of
50% culture and 50% fresh medium has been injected into
the oil-saturated micromodel at a rate of 0.008 mL/min.
Then, the injection was stopped, and the system was
monitored for 3 days, during which the camera takes images
from the micromodel every 45 min. After three days, 3 PVs
of the brine are injected into the micromodel, and the oil
recovery is measured.

In order to determine the effects of Bacillus persicus on
oil, several 50 mL-Falcon tubes were filled by 10 mL of
crude oil, 6 mL of nutrient solution, and 6 mL of bacterial
culture. Every 8 h (up until 72 h, the same duration as the
bacterial injection experiment), the mixture in one of the
tubes was centrifuged for 10 m at 3000 RPM to separate
the crude oil, then, the IFT of the oil and brine was
measured using the pendant drop method. In addition,
the viscosity of the separated crude oil at the start and
the end of the experiment was measured using a rolling ball
viscometer.

For determining the degree of wettability alteration
resulted from Bacillus persicus, a clean plexiglass sheet
was kept in a mixture of 50% culture and 50% fresh medium
for three days. After that, the contact angle of the oil (from

Fig. 3. FESEM images of fracture profile (above) and pore/
throats profile (below).
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Fig. 4. Contact angle measurement of oil droplet (left) and water droplet (right) on the micromodel surface.

Fig. 5. The experimental setup schema.

Fig. 6. Four stages of saturating the micromodel with Marun crude oil. Trapping of the non-wetting phase (brine) within the
fractures and dead-end throats is visible.
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the Falcon tubes) on the plexiglass substrate was measured
in the presence of the brine.

2.3.5 Surfactant injection

The goal of this experiment was to compare the efficiency of
surfactant flooding to that of microbial flooding. The
utilized surfactant was SDS (Sodium Dodecyl Sulfate),
which is commonly used in the chemical injection EOR
processes. In order to perform a standard comparison, a
solution of SDS in water whose IFT would be the same as
what was obtained in the Bacillus persicus experiment
had to be prepared. To this end, five solutions of SDS in

water with different concentrations were prepared, and
their IFT with the oil was measured, as depicted in Figure 7.
By interpolating the data in Figure 7, the desired SDS
concentration was calculated to be 0.017 wt%. Addition-
ally, in order to investigate the maximum capability of
SDS for displacing the oil, we repeat the injection experi-
ment using a solution of SDS having Critical Micelle
Concentration (CMC = 0.25 wt% [49]). All parameters of
the surfactant injection test were identical to the water
injection experiment.

3 Results and discussion

3.1 Bacillus persicus growth curve

The growth curve of Bacillus persicus is given in Figure 8,
which shows the bacterium reaches the end of the exponen-
tial phase (start of stationary phase) after 21 h. After that,
due to the exhaustion of the substrate, the cell concentra-
tion started to decrease. The cells at the end of the exponen-
tial phase were used for subsequent experiments and
injection.

3.2 EOR outcomes

Image analysis indicates that no oil from the matrix was
produced during water injection. The same result was
achieved in both surfactant (SDS) injection experiments;
since the injectant can only sweep the oil in the fracture
system. The same situation is expected to occur in
oil-wet/mixed-wet fractured reservoirs, where the viscous
forces fail to provide a pressure difference more than the
capillary threshold pressure through the matrix blocks.
Therefore, because of the low porosity of the fractures, such
EOR methods cannot extract an acceptable portion of
IOIP.

Despite water and surfactant injection, the microbial
injection could extract up to 65% of IOIP in the matrix,
as shown in Figure 9. Figure 10 shows the incremental
movement of the oil in the matrix to the fractures during
the MEOR experiment. Higher resolution images can also

Table 2. The properties of used fluids.

Fluid Property Value

Crude oil Viscosity in 25 �C 7.3 cP
Asphaltene content 0.4 wt.%
Specific gravity 0.8613

Brine Dissolved NaCl 10 wt.%

Fig. 7. The IFT of SDS solutions with the oil.

Fig. 8. Bacillus persicus growth curve.
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Fig. 9. The produced fraction of IOIP in the matrix during the MEOR procedure.

Fig. 10. The stages of MEOR within the micromodel. Note that the oil is being pushed out from the matrix.
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be observed in Figure 11, where the bacterial injectant/oil
front movements at the matrix/fracture interface are more
clear.

The results of viscosity, IFT, and wettability tests are
expressed in Table 3, and the dynamic brine/oil IFT plot
is shown in Figure 12. The results of the dynamic IFT tests
demonstrate the IFT reduction was faster at the start of
the experiment when the bacterial population was grow-
ing. After the exhaustion of the substrate, the popula-
tion of Bacillus persicus and the rate of biosurfactant
production began reducing, and therefore, the oil/brine
IFT was virtually stabilized at the end of the experiment.

Fig. 11. (a)–(h) High-resolution images of the interface of
fracture (the wider channel at the above) and matrix (narrower
paths below) in the micromodel at different times of the
experiment, showing the oil recovery from the matrix.

Table 3. The results of viscosity, IFT and contact angle
measurements before and after treating the fluids and the
micromodel with Bacillus persicus.

Parameter Original value The value after
microbial treatment

Viscosity 7.5 cP 3.5 cP
Dynamic
brine/oil IFT

20.0843 mN/m 15.8479 mN/m

Contact angle 150� 46.84�

Fig. 12. Oil/Brine dynamic IFT.

Fig. 13. Contact angle experiment. Left: oil droplet on the surface of untreated plexiglass. Right: oil droplet on the surface of
plexiglass treated with the bacterium.
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The images from the contact angle experiments are
shown in Figure 13, in which a droplet of oil is placed on
the surfaces of treated and untreated plexiglass substrates
in the presence of the brine.

From the presented data, it is obvious that Bacillus
persicus could successfully move into the matrix, and by
altering its wettability, initiated the spontaneous imbibition
of water into it. Furthermore, the production of H2S by the
bacteria [48] and the increasing cell number in the matrix
caused the oil in the matrix to be pushed out to the fracture
system. Additionally, it seems that the dissolution of the
produced H2S into the oil led to the reduction of oil viscos-
ity and hence, the mobility ratio was enhanced. Reduction
of water/oil interfacial tension caused decreasing the oppos-
ing capillary forces which further eased the oil recovery.

4 Summary and conclusion

In this paper, we presented a method to construct natively
oil-wet, inexpensive micromodels from plexiglass (PMMA)
substrates. Using such a method, we were able to recon-
struct a dual porosity-dual permeability oil-wet porous
medium, which mimics the oil-wet/mixed-wet fractured
rocks. The efficiency of three economic EOR methods,
i.e., water injection, surfactant injection, and microbial
injection in the fabricated micromodel was compared. The
results of the experiments showed that MEOR could
successfully extract 65% of IOIP in the matrix, while two
other methods failed to produce any amount of oil from
the matrix.

The used bacterium in the MEOR experiments was
Bacillus persicus, a salt-tolerate, endospore-forming bac-
terium, which has been recently identified and isolated.
The ability of the bacteria for the production of H2S and
their survival (endospore-forming) under harsh conditions
have been reported earlier [48]. In this study, these features
of the bacteria were exploited for MEOR. The injection of
bacterial culture to the porous medium enhanced the
mobility ratio, decreased the brine/oil IFT, and altered
the wettability of porous medium favorably. All of these
mechanisms contributed to the considerable increase in oil
recovery.

The results of this research demonstrate the potential of
MEOR, as a low-cost EOR method, to improve the final
hydrocarbon recovery of oil-wet/mixed-wet fractured
reservoirs.
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