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Abstract Microbial enhanced oil recovery (MEOR) is a technology that could potentially
increase the tertiary recovery of oil from mature oil formations. However, the efficacy of this
technology in fractional-wet systems is unknown, and the mechanisms involved in oil mobi-
lization therefore need further investigation. Our MEOR strategy consists of the injection of
ex situ produced metabolic byproducts produced by Bacillus mojavensis JF-2 (which lower
interfacial tension (IFT) via biosurfactant production) into fractional-wet cores containing
residual oil. Two different MEOR flooding solutions were tested; one solution contained both
microbes and metabolic byproducts while the other contained only the metabolic byproducts.
The columns were imaged with X-ray computed microtomography (CMT) after water flood-
ing, and after MEOR, which allowed for the evaluation of the pore-scale processes taking
place during MEOR. Results indicate that the larger residual oil blobs and residual oil held
under relatively low capillary pressures were the main fractions recovered during MEOR.
Residual oil saturation, interfacial curvatures, and oil blob sizes were measured from the
CMT images and used to develop a conceptual model for MEOR in fractional-wet systems.
Overall, results indicate that MEOR was effective at recovering oil from fractional-wet sys-
tems with reported additional oil recovered (AOR) values between 44 and 80%; the highest
AOR values were observed in the most oil-wet system.
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1 Introduction

Microbial enhanced oil recovery (MEOR) is a tertiary oil recovery process where micro-
organisms and/or their metabolic byproducts are utilized for the mobilization of crude oil
trapped in mature oil formations. The proposed MEOR mechanisms leading to oil recovery
fall into two broad categories: (Mechanism 1) alteration of oil/water/rock interfacial prop-
erties and (Mechanism 2) changes in flow behavior due to bioclogging (Gray et al. 2008).
Numerous reports show the efficacy of MEOR at the lab-scale (Soudmand-asli et al. 2007;
Bordoloi and Konwar 2008; Suthar et al. 2008, 2009; Yakimov et al. 1997), however, a com-
plete understanding of the mechanisms involved is lacking, and the effectiveness of each
mechanism for different reservoir parameters (such as wettability) is unknown.

As stated by Youssef et al. (2009), three general strategies exist for the implementation of
MEOR: (1) injection of nutrients to stimulate indigenous microorganisms, (2) injection of
exogenous microorganisms(s) and nutrients, or (3) injection of ex situ produced products. The
first two strategies have the added difficulty of dealing with subsurface bacterial transport,
competition for nutrients among the desired organism and other indigenous microorganisms,
and maintaining nutrient levels throughout a reservoir for extended periods of time (Gray
et al. 2008). Therefore, it is likely that the third strategy is the simplest, and thus, the most
likely for success at the field-scale. This third strategy is the approach used in the experiments
presented in this article. In particular, we focus on the injection of ex situ generated products
produced by Bacillus mojavensis JF-2 and the effect of these products on oil mobilization in
fractional-wet systems.

Bacillus mojavensis JF-2 is a gram-positive, biosurfactant producing, facultative aerobe,
isolated from oil reservoir brine in Oklahoma (Jenneman et al. 1983). As categorized above,
the possible MEOR mechanisms associated with JF-2 include the following: reduction of
interfacial tension (IFT) via biosurfactant production (Mechanism 1), changes in wettability
(Mechanism 1), and bioclogging (Mechanism 2). Mobilization of crude oil in a sand-packed
column after addition of JF-2 biosurfactant was initially demonstrated by Jenneman et al.
(1983). Lin et al. (1993, 1994a,b) studied the production of biosurfactant by JF-2 under
anaerobic and aerobic conditions, biosurfactant structural characterization (i.e., the chem-
ical structure of the biosurfactant), and biosurfactant yield. From these studies, a growth
medium, referred to as Media E, was formulated, which optimizes biosurfactant production
and, therefore, maximizes reduction. Evidence of wettability alteration was reported by Kiani-
pey et al. 1990 who found that for oil-wet flow cells where residual oil saturation decreased
from 0.18 to 0.14, the Amott wettability indices (Amott 1959) increased from −0.269 to
−0.10 indicating more water-wet conditions after MEOR. Similarly, for water-wet sandstone,
Chase et al. (1990) found that JF-2 shifted the USBM wettability indices (Donaldson et al.
1969) significantly in the positive direction toward a more water-wet condition. Currently, no
literature exists on oil recovery with JF-2 via bioclogging. However, most organisms includ-
ing JF-2 can form biofilm, and the effect that biofilm formation can have on oil recovery
should not be overlooked.

Wettability is a major factor controlling residual oil saturation, and thus, it is essential
to characterize reservoir wettability (Tweheyo et al. 1999; Graue et al. 1999; Morrow and
Mason 2001). Reservoir rock wettability can be altered by contact with absorbable crude
oil components (e.g., asphaltenes), which can lead to heterogeneous forms of wettability
characterized by the term fractional wettability (Anderson 1986). A fractional-wet system is
where a portion of the reservoir rock is strongly oil-wet, while the rest is strongly water-wet
(Salatheil 1973). Fractional-wet systems have previously been studied by packing columns
with different ratios of water-wet sand and sand rendered oil-wet by treatment with an organic
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silane solution (Al-Raoush 2009; Han et al. 2006; Fatt et al. 1959). Fatt et al. (1959) found
that nonuniform wettability can distort the capillary pressure curve such that it no longer
represents the true pore-size distribution. The findings of Al-Raoush (2009) indicate that
wettability can have a dramatic effect on residual oil entrapment. Residual oil blobs increase
in size and length as the porous medium is composed of fewer oil-wet surfaces. In addition,
simulation results using pore-network models developed by Zhao et al. (2010) support the
experimental trends found by Al-Raoush (2009). Using X-ray microtomography, Han et al.
(2006) found that the distribution of residual water phase is less uniform in fractional-wet
columns than water-wet columns and that fractional-wet columns contained fewer and larger
residual water blobs. Kumar et al. (2008) developed a technique to modify the hydrophobicity
of carbonate cores, such that, well-defined wettability states could be obtained. Pore-scale
images acquired with CMT after spontaneous imbibition in the fractional-wet cores showed
that the oil phase was concentrated in the larger, presumably oil-wet pores, suggesting that
imbibition occurred preferentially through the water-wet regions (Kumar et al. 2008).

The effect microorganisms can have on wettability and approaches taken to understand
such wettability alteration during MEOR vary in the literature. Traditionally, surface wetta-
bility has been quantified by placing a liquid drop on a solid surface and then measuring the
resulting contact angle, known as the wetting angle which is defined by the Young–Laplace
equation (Marmur 2009). Other than directly measuring contact angle, porous media wet-
tability is often quantified using macro-scale indices (obtained with techniques such as the
Carter or Amott methods (Amott 1959; Bobek et al. 1956). Changes in these macro-scale
indices due to microbial activity have been shown by Afrapoli et al. (2010) who found more
water-wet conditions after MEOR using these measurements. However, the direction in which
microorganisms change wettability is not consistent. For example, changes in surface wet-
tability toward more water-wet conditions have been reported by Mu et al. (2002), while
Polson et al. (2010) reported the opposite trend.

MEOR is a large-scale outcome driven by pore-scale processes. Therefore, to better
understand the various MEOR mechanisms facilitating oil recovery, pore-scale investiga-
tions are needed. In particular, high-resolution 3-dimensional (3D) images of the pore-space
and the immiscible fluid distributions are needed to understand pore-scale temporal and
spatial changes in interfacial curvature and oil blob morphology during MEOR. X-ray com-
puted microtomography (CMT) has been available for more than three decades and has
been a powerful tool for studying a wide array of multi-phase processes in porous media
systems (e.g., Al-Raoush 2009; Porter and Wildenschild 2010; Wildenschild et al. 2002).
Using CMT, numerous researchers have distinguished multiple fluids and their menisci,
quantified interfacial areas (Culligan et al. 2004; Porter et al. 2009, 2010), and measured oil
blob size distributions (e.g., Al-Raoush and Willson 2005a,b; Schnaar and Brusseau 2006;
Karpyn et al. 2010). However, similar CMT analyses have not been applied to MEOR. Thus,
it is unclear how MEOR affects interfacial curvature and residual oil blob morphology, both
essential parameters needed for understanding and predicting the complex physical phenom-
ena that occur during MEOR.

2 Materials and Methods

2.1 Experimental Overview

A total of 18 MEOR column experiments (and 2 control column experiments) were
performed, nine of which were treated with JF-2 while the remainder were treated with
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biosurfactant. Fractional-wet systems were generated by packing the CMT columns (I.D. =
6 mm, length = 60 mm) with three different ratios of oil-wet and water-wet glass beads. Each
group of nine was composed of three replicates comprising 0% oil-wet, 25% oil-wet, and
50% oil-wet beads (percentages are by weight). In addition, two control experiments were
carried out using 0% oil-wet and 50% oil-wet beads. Columns were imaged once residual
oil saturation was established after water flooding and after 84, 140, and 156 h of MEOR.
The control columns were imaged after 156 h of water flooding (without MEOR). Example
photos of the column setup during water flooding and during CMT are available in Online
Resource 1.

Oil-wet beads were prepared by treating glass beads with a 5% octodecylthrichlorosilane
(OTS) in toluene solution which is known to produce highly hydrophobic surfaces. The OTS-
treated beads were 500–600 µm in diameter and untreated beads (i.e., water-wet beads) were
1.0–1.2 mm in diameter which allowed for unique identification of the water-wet and oil-wet
beads via size during image analysis. The 0% oil-wet bead pack was mixed using the same
glass bead size ratio as the 50% oil-wet bead pack to avoid differences in pore morphology.
Naturally, in this case, the smaller beads were not treated with OTS. Thus, differences seen
between the 0 and 50% oil-wet bead packs are strictly due to wettability. However, slight
differences in pore morphology between the 25 and 50% oil-wet bead packs may exist. The
effect of pore morphology on water flooding and MEOR is an ongoing research focus of ours
and will be reported on in a future manuscript.

2.2 Water Flooding

Before water flooding CMT columns were sterilized with three pore volumes of ethanol, and
then rinsed with 3 pore volumes of Media E to remove any residual ethanol. The columns
were then saturated with Soltrol 220 followed by water flooding with Media E. Water flood-
ing was performed under fixed flux conditions at 0.18 ml/h with a standard syringe pump.
Once three pore volumes of Media E was pumped through a column, it was assumed that
residual oil saturation was established, and the column was imaged with CMT. At this stage,
six replicates for each fractional wettability were tested (i.e., 0% oil-wet, 25% oil-wet, and
50% oil-wet) as well as the two control columns. After the columns had been imaged at
residual oil saturation, MEOR commenced.

2.3 MEOR

Two different MEOR flooding solutions were used; one contained bacteria and their meta-
bolic byproducts, while the other contained only the metabolic byproducts (biosurfactants).
The bacterium used was Bacillus mojavensis JF-2 (ATCC 39307). JF-2 was grown on Media
E (Table 1, similar to Lin et al. 1993, 1994a,b) at room temperature, under well-mixed
conditions in a bioreactor, and the content of this bioreactor was used as one of the two
MEOR flooding solutions tested (bacteria and biosurfactant). The bioreactor contained 500 ml
of Media E and was inoculated with 1 ml of concentrated cells grown up from a batch culture.
During growth, pH and IFT were recorded, and the reactor was visually inspected. Before the
MEOR experiments, the growth curve for JF-2 was characterized under the same conditions
as the MEOR experiment. The second MEOR flooding solution used was a biosurfactant
solution which was prepared by separating the JF-2 biomass from spent bacterial cultures
(i.e., after exponential growth). Bacterial cultures of JF-2 were centrifuged at 9,000 rpm for
10 min, followed by filtration of the supernatant through a 0.22 µm pore diameter membrane
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Table 1 Media E NaCl 25.0 g/l

(NH4)2SO4 1.0 g/l

MgSO4 0.25 g/l

Glucose 10 g/l

Phosphate buffer 100 mM

Trace metals solution 1.0%

Yeast extract 2.0 g/l

to remove the bacterial cells. The IFT of the resulting biosurfactant solution was measured
using a Du Noy ring tensiometer, and the same value as before for biomass removal was
obtained. Thus, the JF-2 and biosurfactant flooding solutions had similar IFTs. However,
with JF-2 treatment, bioclogging of the pore-space occurs, and thus, herein, we compare IFT
reductions with and without bioclogging.

2.4 Microtomography

Columns were imaged using synchrotron-based X-ray microtomography at the Geo-
SoilEnviroCARS (GSECARS) 13-BM-D Beamline at the Advanced Photon Source,
Argonne National Laboratory. The GSECARS bending magnet beam-line provides a fan-
beam of high-brilliance radiation, collimated to a parallel beam with a vertical size of approx-
imately 5 mm. Two images were collected and stacked in the vertical center of each column.
Thus, only a 10- mm window in the vertical center of each column was imaged and analyzed
to avoid any boundary effects that may occur at the column inlet and outlet. Cesium chloride
was added as a contrast agent to the brine phase (1:6, CsCl:H2O by wt) before imaging (i.e.,
once either water flooding or MEOR treatment was complete). For water flooding, it was
assumed that the CsCl was diluted from the column within the first few pore volumes dur-
ing MEOR treatment. Images were collected at energies above and below the photoelectric
edge for cesium (i.e., 36.885 and 35.085 keV). On-the-fly scanning, where the sample stage
rotates continuously through 180◦ during data collection, reduced data collection time for a
single scan to 5 min, which allowed for the collection of numerous data sets in our allotted
beam time. For each scan, 720 projections were collected over 180◦, and the images were
collected at a resolution of 11.3 µm/pixel after 2× binning of the data. The raw data (2D
projections) were reconstructed to produce a 3D volume of gray-scale data using a filtered
back-projection algorithm written in the programming language IDLTM (Research Systems
Inc.).

2.5 Image Processing

Tomography volumes were segmented with the commercial software Avizo Fire� using a
gradient-based watershed routine based on the approach by Sheppard et al. (2004). The prin-
ciple of gradient-based watershed segmentation is to identify the known regions (i.e., internal
regions of each phase) in an image using a simple threshold. The unknown regions (i.e., inter-
facial transition regions) are then identified by considering the image intensity gradient, such
that the transient between any two phases is found at the inflection point (i.e., the maximum
of the first derivative of the image intensity) between any two known phases.

All images were median filtered (3 × 3 × 3) and arithmetic operations were performed
on the above-the-edge and the below-the-edge images to help us accentuate a given phase
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(i.e., oil, water, or glass beads). The median filtered above-the-edge image was used for
calculating the image intensity gradient and thereby labeling voxels which represented the
glass phase. Subtracting the above-the-edge image from the below-the-edge image increased
the water phase signal, and thus, the resulting image was used to label all water phase vox-
els. Addition of the above-the-edge and the below-the-edge images decreased the noise in
the oil phase and allowed for labeling of the oil phase voxels. Once the known regions were
labeled, the watershed segmentation routine was implemented to classify the image into three
distinct phases (i.e., oil, water, and glass). An example of the image from each step in the
image-segmentation process is provided in Online Resource 2.

2.6 Residual Oil Morphology

The segmented images were used to characterize residual oil blob size, oil saturation, and
interfacial curvature. Oil blobs were individually labeled using a neighborhood voxel con-
nectivity of 26 (i.e., voxels are connected if their faces, edges, or corners touch, and thus,
the number of oil blobs found is more conservative than if a connectivity of 18 or 6 is used).
Oil blob size was computed as the total number of voxels in each disconnected oil blob.
Residual oil saturation was also calculated by voxel counting and used to report changes in
oil saturation during MEOR.

Isosurfaces of the oil phase, the water phase, and the oil/water interface were created using
a standard marching cube algorithm (example of images are provided in Online Resource 3).
The oil/water interface isosurface was used for calculating mean radius of curvature which is
the inverse of mean curvature. To avoid pixilation effects, the oil/water interface isosurface
was smoothed before computing interfacial curvature, and the curvature for each triangular
element on the isosurface was averaged over its common neighbors.

To validate the curvature calculation method, precision dry beads (0.8 mm ± 0.1 mm)

were imaged at similar resolution as the MEOR images collected herein (11.8 µm/pixel) and
the radius of curvature of these beads were calculated from the segmented image. The calcu-
lated radius of curvature value was found to be within 5% of the true bead radius. An example
oil/water interface isosurface with the corresponding two principal curvatures (where mean
curvature is the average value of the two principal curvatures) for each triangular element on
the isosurface is provided in Online Resource 4. Radius of curvature (i.e., the inverse of mean
curvature) is measured from the perspective of the water phase, and thus, a convex interface
is reported as a negative radius of curvature value (implying water-wet conditions), while a
concave interface is reported as a positive radius of curvature (implying oil-wet conditions).

3 Results and Discussion

Prior growth curve results for JF-2 show that after ∼20 h the bacteria stop doubling and go
into a self-maintenance stationary phase (Online Resource 5). Both pH and IFT were mon-
itored in the bioreactor for the duration of the MEOR experiment. Results show that during
the first ∼20 h, a rapid drop in pH and IFT occurs (Online Resource 5), indicating that both
fermentation and biosurfactant production are occurring. The pH reduction can be explained
by fermentative respiration of the organism, which creates excess protons and fatty acids
in the growth media which reduce pH. The composition of these fermentation byproducts
was partially characterized by Javaheri et al. (1985) where the main fermentation byprod-
uct was identified as acetate with no detection of methanol, ethanol, propanol, or butanol
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a

b

Fig. 1 Residual oil saturation (calculated from the CMT images) versus treatment time for JF-2 MEOR
(a) and biosurfactant MEOR (b). Data points at 0 h represent the average oil saturation value measured
directly after water flooding from six replicate columns for each wettability tested. Data points at 84, 140, and
156 h represent the average oil saturation value measured at two separate locations in the same column during
MEOR. Oil saturation error bars at 0 h (i.e., directly after water flooding) correspond to a confidence interval
of 90%

during fermentation. However, the exact composition of the metabolic byproducts produced
by JF-2 during fermentation has not been characterized. Apart from biosurfactant (which
is not a strictly fermentative byproduct), it is unclear if other compounds produced during
fermentation are essential for oil recovery.

Oil recovery versus time curves for MEOR using either the JF-2 or biosurfactant flooding
solutions are shown in Fig. 1. Residual oil saturations reported at 0 h correspond to oil satu-
rations measured after water flooding as averages of six replicate columns, and the error bars
correspond to a confidence interval of 90%. Residual oil saturation values reported at times
>0 h are average values of two different regions in the same column, and thus, no error bars
are associated with these data points. Results show that the majority of oil recovery occurred
in the first ∼80 h, while only marginal recovery occurred over the remainder of time. The
50% oil-wet columns had the largest residual oil saturations after water flooding, while the
0% oil-wet columns had the lowest residual oil saturations after water flooding. However,
after MEOR, residual oil saturations for all of the columns approached a similar level. The
control columns, as expected, showed essentially no change in residual oil saturation over the
duration of the test, demonstrating that the oil recovery observed in the MEOR columns was
in fact due to flooding with bacteria and/or their metabolic byproducts (i.e., biosurfactants).

Additional oil recovered (AOR) values are shown in Table 2. The results show that the
overall effectiveness, in terms of AOR, for the flooding solutions tested were quite similar.
AOR results for the 0% oil-wet columns are reported as n/a in Table 2 since residual oil satu-
rations after MEOR treatment were slightly higher in these columns than after water flooding.

123



R. T. Armstrong, D. Wildenschild

Table 2 Additional oil recovered
(AOR) for the MEOR columns

Treatment JF-2 Biosurfactant
Fractional oil-wet AOR AOR

50% 79.2 73.7

25% 51.1 44.0

0% n/a n/a

It is likely that residual oil upstream from the imaged volume was mobilized into the imaged
volume causing these spurious results in the water-wet columns. This would obviously also
be likely to happen during MEOR in the fractional-wet columns, but the effect is masked
by the overall larger recovery in these columns. It is expected that if larger volumes were
imaged, reasonable AOR values would have been obtained for the 0% oil-wet columns as
well. However, since residual oil saturations in the control columns remained constant during
the experiments, this suggests that the pumping of three pore volumes during water flooding
was sufficient for obtaining residual oil saturation. Thus, the spurious AOR results in the 0%
oil-wet columns were not due to premature discontinuation of the water flood.

To better understand what drives oil mobilization, oil/water interfacial mean curvature
(reported as mean radius of curvature) was analyzed after water flooding and after MEOR.
The mean radius of curvature values for the columns treated with either the JF-2 or biosurfac-
tant flooding solutions are shown in Fig. 2a, b. Considering that grain diameter (0.50–1.20 mm
diameter) is a reasonable proxy to pore radius (0.25–0.60 mm), the reported mean radius of
curvature values (0.23–0.34 mm) appear reasonable for these experiments. After water flood-
ing, the smallest average radius of curvature value was observed in the 0% oil-wet columns,
while the fractional-wet columns had consistently larger average radius of curvature values.
These results suggest that the surface tension between the oil and the oil-wet bead surfaces
may play a role in trapping since different mean radius of curvature values (and residual
oil saturations) exist depending on the fraction of oil-wet surfaces that are present in the
porous bead pack. Similar results are recorded by Motealleh et al. (2010) where their grain-
based pore-scale model demonstrated that the existence of a single oil-wet grain in the model
domain can change trapped phase topology and that, in a fractional-wet system, the range of
stable curvatures decreases and tends toward larger radius of curvatures.

It should be noted, that during MEOR, residual oil saturation and radius of curvature
values in the 25% oil-wet columns are consistently above the 50% oil-wet columns. Poten-
tially, this could be explained in terms of percolation where the 50% oil-wet columns have
enough interconnected oil-wet pores to percolate across the column causing lower residual
oil saturations. This can be demonstrated by generating a distance map of the pore space
with respect to the water-wet surfaces. Once again assuming that the average pore radius
is approximately 0.25 mm and then removing any pore space that is within one pore radii
distance of a water-wet surface, a volume rendering of the most oil-wet regions in the pore
space can be created (Fig. 3). As evident in Fig. 3, the 50% oil-wet column has intercon-
nected oil-wet regions from the top to the bottom of the imaged volume, while the 25%
oil-wet column has no interconnected oil-wet regions. This interconnectedness is critical for
mobilization, as pore-network models by Man and Jing (2002) have demonstrated that oil
located in oil-wet pores surrounded by water-wet pores cannot escape and thus becomes
trapped during imbibition. Also, as fractional wettability increases, residual oil saturation
begins to decrease since oil-wet percolation networks become established across the model
domain.

The presence of bacterial cells in the flooding solution had little effect on interfacial cur-
vature (Fig. 2a, b). However, this may be a result of using metabolically inactive bacterial
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a

b

Fig. 2 Average mean radius of curvature (calculated from the CMT images) versus treatment time for JF-2
MEOR (a) and biosurfactant MEOR (b). Data points at 0 h represent the mean radius of curvature value taken
directly after water flooding from 6 replicate columns for each wettability tested. Data points at 84, 140, and
156 h represent the mean radius of curvature value taken from two separate locations in the same column
during MEOR. Oil saturation error bars at 0 h (i.e., directly after water flooding) correspond to a confidence
interval of 90%

a b

Fig. 3 A distance map of the pore space relative to the water-wet surfaces for the 25% oil-wet (a) and 50%
oil-wet (b) columns. Any pore space that is within 1 pore radii distance (i.e., 0.25 mm) of a water-wet bead is
removed from the volume rendering

cells during flooding, since it is unclear if metabolically active bacteria are required for
interfacial attachment. Thus, different results may occur depending on the MEOR strategy
taken:
(1) injection of nutrients to stimulate indigenous microorganisms, (2) injection of exogenous
microorganisms(s) and nutrients, or (3) injection of ex situ produced products. In general,
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after MEOR, mean interfacial radius of curvature decreases (Fig. 2a, b). This decrease in
mean radius of curvature after MEOR suggests that the remaining residual oil is strongly
trapped in the smallest pores and that during MEOR, mainly residual oil blobs held under rel-
atively low capillary pressure (i.e., large radius of curvature) are being mobilized. Oil/water
interfacial isosurfaces after MEOR treatment show that the remaining residual oil is indeed
trapped mostly in oil-wet pore necks since mostly positive curvatures (i.e., oil-wet curvatures)
are seen in the imaged regions, and in some cases, the residual oil exists as pendular rings
(Fig. 4). When comparing images of the oil/water interfaces after water flooding and after
MEOR in Fig. 4, it is apparent that, in the fractional-wet columns, interfacial curvature shifts
toward more positive values indicating more oil-wet curvatures. This shift in curvature is not
seen in the 0% oil-wet columns (Fig. 4c1, c2). These images further suggest that during water
flooding, the oil-wet regions of the bead pack do not drain since mostly water-wet curvatures
are present. Not until after MEOR, when IFT was reduced, do the oil-wet regions drain as
indicated by the presence of oil-wet curvatures. Figure 4 also illustrates distinct differences
in the oil-water interface morphology from post water flood to post MEOR for fractional-wet
systems.

The residual oil blob size distributions for MEOR columns flooded using the JF-2 and
biosurfactant flooding solutions are shown in Fig. 5a, b, respectively. These distributions
demonstrate that after water flooding, residual oil blob size decreases consistently as the
number of oil-wet surfaces decreases and that residual oil blob size distributions shift to
smaller blob sizes after MEOR. These observations are supported by the results of Han et al.
(2006), where fractional-wet columns contained fewer and larger residual phases. These
results suggests that during MEOR, the largest oil blobs are mobilized and/or broken up
into smaller residual blobs that remain trapped in the pore-space. These results are consis-
tent with the results of Payatakes et al. (1980) and Wardlaw and McKellar (1985) where
residual oil blob size decreased as capillary number increased. The blob size distributions
for JF-2 MEOR appear to be less dependent upon wettability than for biosurfactant MEOR,
since, in the JF-2 flooding solution, final blob size distributions are quite similar for the
fractional wettabilities tested. Comparing blob size distribution and fractional wettability for
JF-2 MEOR and biosurfactant MEOR, we see conflicting trends (Fig. 5). This suggests that
the presence of bacterial cells in the flooding solution may have an effect on the morphology
of residual oil blobs; however, little difference is seen in the overall recovery of oil (Table 2).
Visual inspection of the CMT images captured after MEOR indicate that the smaller trapped
residual oil blobs are primarily located in oil-wet pores (Fig. 6), which is also supported by
the curvature results. In Fig. 6, the water-wet beads are significantly larger than the oil-wet
beads and can be visually identified. These images show that during water flooding, pref-
erential flow paths developed through the water-wet pores and that a portion of the oil-wet
pores drained after MEOR; however, residual oil still remained in the smallest oil-wet pore
regions.

The relationship between average residual oil blob size and the fraction of oil-wet
surfaces in a column is shown in Fig. 7a, b. The experimental results show opposite trends
post water flooding and post MEOR. After water flooding, our experimental results con-
tradict experimental and pore-network model simulations reported in the literature. Both
studies of Al-Raoush (2009) and Zhao et al. (2010) report that residual oil saturation and
residual oil blob size decrease with increasing percentage of oil-wet surfaces in a porous
medium. However, the capillary number in the Al-Raoush (2009) experiment is two or-
ders of magnitude higher than our capillary number (1.6 × 10−8) obtained during water
flooding. During MEOR, the capillary number in our experiments increases by one order
of magnitude because of IFT reduction at which point we obtain a similar trend as that for
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a1 a2

b1 b2

c1 c2

Fig. 4 Example isosurfaces of the oil/water interface after water flooding (a1, b1, and c1) and after MEOR
(a2, b2, and c2) for the 50% oil-wet (a1 and a2), 25% oil-wet (b1 and b2), and 0% oil-wet (c1 and c2) columns.
From the perspective of the water phase, negative mean curvature values correspond to convex interfaces
(i.e., water-wet curvature) and positive mean curvature values correspond to concave interfaces (i.e., oil-wet
curvature)
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a

b

Fig. 5 Residual oil blob size distributions for JF-2 MEOR (a) and biosurfactant MEOR (b). Solid data points
correspond to blob size distributions taken directly after water flooding for each wettability tested while hollow
data points correspond to the blob size distribution after 156 h of MEOR for each wettability tested

Al-Raoush et al.’s study (2009). This finding suggests that the relationship between residual
oil blob size (and the amount of oil recovered) and fractional wettability is not universal and
could be dependent on the interplay between viscous and interfacial forces (i.e., capillary
number).

Based on the presented results, we are able to suggest a conceptual model and summa-
rize the prevalent mechanisms that control water flooding and MEOR in our fractional-wet
systems. Each porous medium can be divided into two domains: (1) a water-wet domain
and (2) a oil-wet domain. During water flooding, the water-wet domain proceeds through
dynamic forced imbibition where either snap-off or frontal displacement can occur, while the
oil-wet domain proceeds through dynamic forced drainage where an entry pressure must be
overcome before drainage can occur. At low capillary number, the oil-wet domain does not
drain since viscous forces are not large enough to overcome the entry pressure required to
flood the oil-wet domain. Thus, flooding proceeds through the water-wet domain resulting in
(1) large residual oil blobs, (2) mostly water-wet curvatures, and (3) large interfacial radius of
curvature. Simulation results presented by Motealleh et al. (2010) where menisci movement
in fractional-wet media was investigated show that advancement of the water phase toward
the oil-phase during imbibition can be impeded by the presence of an oil-wet grain, which
is consistent with our experimental results at low capillary number (i.e., during water flood-
ing). At higher capillary number (e.g., during MEOR through a reduction in IFT), the oil-wet
domain drains and flooding proceeds through both the water-wet and oil-wet domains. Thus,
reduction in IFT reduced the entry pressure needed to initiate drainage of the oil-wet pores
resulting in (1) small residual oil blobs, (2) more oil-wet curvatures, and (3) a decrease in
interfacial radius of curvature.
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a1 a2

b1 b2

c1 c2

Fig. 6 CMT images after water flooding (a1, b1, and c1) and after MEOR (a2, b2, and c2) for the 50% oil-wet
(a1 and a2), 25% oil-wet (b1 and b2), and 0% oil-wet (c1 and c2) columns. In these images the brightest phase
is water and the darkest phase is oil. In addition, in the 50% oil-wet (a1 and a2) and the 25% oil-wet (b1 and
b2) columns the smaller beads are oil-wet while the larger beads are water-wet

4 Conclusions

The implication of these results for field-scale MEOR operations is that oil reservoirs with
a large fraction of oil-wet pores could potentially contain a large quantity of oil trapped in
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a

b

Fig. 7 Average residual oil blob size versus the fraction of oil-wet surfaces present in a porous medium
directly after water flooding (a) and after MEOR (b). Notice difference in scale on y-axis

the oil-wet pore space. If that is the case, then the type of MEOR that induces IFT reduction
as shown here could be quite successful in mobilizing this oil fraction. Our results show
that, in porous systems that have large interconnected regions of oil-wet pore space, MEOR
treatment is the most successful because these interconnected regions can potentially support
percolation of the oil phase.

As reported, no detrimental or beneficial effects are reported for JF-2 treatments were
bioclogging of the pore space could occur. Thus, no complicated in situ treatment is needed.
The bacterial flooding solution could be produced ex situ of the oil reservoir and then directly
injected into the oil formation without the removal of biomass from the injection solution.
The effect of reservoir pore morphology on MEOR efficiency is the focus of on-going research
and will be reported in a subsequent publication.

Overall conclusions:

• Post water flooding, fluid–fluid interfaces are located in the mostly fractional-wet pores
(i.e., pores surrounded by oil-wet and water-wet grains) as indicated by large interfacial
radius of curvatures (i.e., rather flat interfaces) and visually identified in the CMT images.

• Post MEOR, oil-wet curvatures were measured in the 25 and 50% oil-wet columns,
suggesting that residual oil was trapped in purely oil-wet pores.
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• The ability to measure interfacial curvature from CMT images allowed us to study oil
blob mobilization, in terms of interfacial curvature. Both types of MEOR decreased
interfacial radius of curvature, which indicates that the oil recovered via MEOR is the
fraction that is held in low capillary pressure pore geometries.

• As expected the trend in residual oil blob size with fractional wettability appears to
be dependent on capillary number. However, the spatial location of residual oil blobs
in fractional-wet systems at high capillary number differs from that obtained in water-
wet systems. In fractional-wet systems, residual oil remains as pendular rings, once the
oil-wet region drains.

• The JF-2 flooding solution and the biosurfactant flooding solution produced similar radius
of curvature distributions and slightly different blob size distributions. The similarity in
oil blob morphologies during either treatment was unexpected since it was expected
that bioclogging with IFT reduction would significantly alter oil blob morphology in
comparison to just IFT reduction.
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