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A B S T R A C T

The main objective of this research is to investigate a novel class of oxygenated solvents that can enhance the oil
recovery from oil-wet rocks by multiple mechanisms, such as wettability alteration, oil-viscosity reduction, and
oil swelling, in the presence of brine (connate water and/or fracturing water). The compound studied for the first
time in this research is 3-pentanone (3p), a symmetric short ketone that can partition into both oil and brine at
reservoir conditions. It can act as a solvent by itself, but this paper is focused on the potential mechanisms of oil
recovery when an aqueous solution of 1.1 wt% 3p in reservoir brine (3pRB) is in contact with oil and oil-wet
rock.

Results show that the average contact angle of oil droplets on oil-aged calcite surfaces was rapidly reduced to
26° with 3pRB, in contrast to 123° with RB, without affecting the oil/brine interfacial tension. Spontaneous
imbibition results show that the oil recovery factor reached 50.0% with 3pRB and 10.0% with RB at Day 3. The
final recovery factor was 51.0% with 3pRB and 12.0% with RB. The subsequent forced imbibition determined
the Amott index to water of 0.76 with 3pRB and 0.23 with RB, indicating a clear, positive impact of 3pRB on oil
recovery by water imbibition in the cores tested. The main mechanism of oil recovery by 3pRB in this research is
the wettability change as demonstrated by the contact-angle experiment.

1. Introduction

Horizontal drilling and multi-stage hydraulic fracturing have made
it possible to recover oil from tight formations at economically feasible
production rates. However, tight oil reservoirs often show a rapid de-
cline in production rate. For example, a decline of 60%–70% in oil
production rate within a first year has been reported for tight forma-
tions in the Eagle Ford [1,2]. Primary recovery factors in tight oil re-
servoirs are typically lower than 10% [2–7].

In addition to their low permeabilities, the oil recovery from tight
oil reservoirs is likely affected by heterogeneous petrophysical prop-
erties at different scales and phase distribution [8,9]. The diversity of
minerals and high total organic content (TOC) have been studied for
various shale plays [7,10,11]. For example, a rock sample from Wolf-
camp contained 13wt% quartz, 15 wt% clays, 46 wt% calcite, 19 wt%
dolomite, 4 wt% feldspar, and 3wt% pyrite with 5–6wt% TOC in Al-
varez et al.’s study [12].

Different minerals show different wettability states. Quartz tends to
show a water-wet state because the surface is negatively charged
[13,14]. In contrast, calcite tends to show an oil-wet state, because the
positively charged surfaces can adsorb negatively charged oil

components (naphthenic acids) [13,14]. In addition, the presence of
organic matter also causes the rock to be in an oil-wet state. Alvarez and
Schechter reported that most tight oil reservoirs are originally inter-
mediate-wet to oil-wet, which affects the multicomponent transport
phenomena in tight formations in a complicated manner [14].

Various methods have been studied for recovering oil from mixed-
to oil-wet rocks and altering their wettability state to more water-wet,
such as surfactant-solution injection, alcohol-solution injection, and
low-salinity water (LSW) injection [11,12,15–17]. These wettability
alteration agents are injected to facilitate water imbibition into tight
rock matrices [11].

Surfactant-solution injection for improved oil recovery in tight oil
reservoirs has been studied by many researchers [7,11,12,16,18–23].
The mechanisms of improved tight-oil recovery by the surfactant-so-
lution injection include wettability alteration and interfacial tension
(IFT) reduction between the oleic and aqueous phases
[7,11,12,16,20,21,24]. Alvarez et al. indicated that the IFT reduction is
important, but the IFT should not reach an ultralow value (e.g.,
10−3 mN/m) for improved oil recovery in tight reservoirs [11,16].
Kathel et al. also stated that an ultra-low IFT limits the surfactant im-
bibition rate and, therefore, oil recovery [7,20]. Adibhatla et al.
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demonstrated that oil recovery rate decreases with decreasing IFT when
the wettability is altered by a surfactant solution [25,26]. Tu and Sheng
showed similar results through novel imbibition experiments at high
pressure [27]. They indicated that oil recovery from a tight reservoir
can be improved by inducing wettability alteration with a moderate IFT
reduction. This seems to be a marked difference from the conventional
surfactant-enhanced oil recovery, which depends on achieving ultra-
low IFT during the convective oil displacement [28]. More exploratory
studies should be done for surfactant-based methods for tight oil re-
servoirs. Several studies indicated that the diffusion of surfactants is an
important controlling parameter in oil recovery from tight rocks be-
cause surfactants are typically large molecules [29]. However, some
ultra-short hydrophobe surfactants are relatively short, and can be
viewed as surface-active cosolvents. Their applications are being stu-
died for enhanced oil recovery [30].

Different types of surfactants (e.g., anionic, non-ionic, and cationic
surfactants) have been compared in terms of wettability alteration and
improve oil recovery [11,12,16,21,31,32]. Alvarez et al. showed that
both anionic and non-ionic surfactants changed the wettability of car-
bonate and siliceous shale samples, but the former performed better
than the latter [21]. Liu et al. presented that non-ionic surfactants did
not affect the wettability of siliceous shale, but anionic surfactants al-
tered its wettability [31].

Recently, Lu et al. presented a study of 1-pentanol solution for
wettability alteration [17]. Contact angle measurements showed that
1 wt% 1-pentanol solution can significantly decrease the contact angle
of a petroleum fluid on calcite. The effect was pronounced with 0.5 wt%
1-pentanol at high NaCl or MgCl2 concentrations. They explained that
this wettability alteration came from the accumulation of 1-pentanol in
the thin brine film between oil and the rock surface.

LSW injection has been widely studied for conventional reservoirs,
but also recently for tight oil reservoirs [7,33]. Austad et al. proposed a
mechanism of wettability alteration via synergistic interactions of
Ca2+, Mg2+, and SO4

2− ions in seawater to remove the carboxylic acid
groups of oil adsorbed in chalk cores [34]. The mechanism relies on the
polar-polar interaction between negatively charged sulfate ions with
positively charged rock surfaces that brings the wettability towards a
more water-wet state.

Inspired by this mechanism through the action of sulfate ions, we
started searching for practical solvents that can weaken the interaction
of polar oil components with positively charged rock surfaces. Since the
carbonyl oxygen of ketones is electron-rich with a partially negative
charge, we hypothesized that ketone solvents might be able to alter the
rock wettability towards a water-wet state. This hypothesis was suc-
cessfully tested with acetone in our initial screening of ketone solvents.
However, the oleic phase was found to become highly viscous in the
presence of water and acetone, as is the case with alcohol/water/oil
mixtures [35–37]. Then, the subsequent optimization reached a more
favorable balance of the affinities for crude oil and brine with a larger
alkyl side chain groups than acetone. On the basis of our exploratory

study, this paper presents an investigation focused on 3-pentanone that
was found to act as a wettability alteration agent and also as a miscible
solvent with crude oil at reservoir conditions.

3-Pentanone (3p) is a symmetric ketone with the chemical formula
of C5H10O (Fig. 1). It is a colorless liquid at standard conditions, non-
toxic, and widely used in the food industry. 3-Pentanone acts as a usual
solvent in the oleic phase when the concentration is beyond the solu-
bility limit in the aqueous phase. A significant portion of the 3p will
partition from the aqueous phase to the oleic phase when a 3p aqueous
solution is brought in contact with an oleic phase, regardless of the 3p
concentration in the aqueous phase. Furthermore, it can interact with
oil-wet surfaces, causing the wettability to a more water-wet state as
will be presented later in this paper.

This paper is focused on the application of 3p as a sole additive to
reservoir brine (RB) with no modification to RB’s ionic composition and
salinity. Use of a 3p solution in RB (3pRB) is compared with use of RB
alone to see the effect of the presence of 3p in RB on oil recovery. The
subsequent sections present the materials and methods used for this
research, key results, and conclusions.

2. Materials and methods

This section presents the materials and methods used for the in-
vestigation of the potential oil recovery mechanisms by 3pRB, such as
wettability alteration and oil viscosity reduction. This section also
presents fundamental data, such as properties of the oil, RB, 3p, and
3pRB, and the aqueous stability of 3pRB.

2.1. Reservoir fluid properties

A crude oil sample was taken from a tight oil reservoir in Texas. The
reservoir temperature is 347 K. The reservoir brine (RB) with a salinity
of 68722 ppm was prepared in the lab by using available field data.
Table 1 summarizes properties of the oil sample. Table 2 shows the
ionic composition of RB. The density and viscosity of RB were measured
to be 1030 kg/m3 and 0.56 cp at the experimental conditions in this
research (347 K and atmospheric pressure).

2.2. 3-Pentanone properties

A sample of 3p had a purity greater than 99% (Sigma-Aldrich).

Nomenclature

3p 3-pentanone
3pRB 3-pentanone solution in reservoir brine
d core diameter
H height of the core
k permeability
L length of the core
NB Bond number
t time
u injection rate
ϕ porosity
σ interfacial tension

ρ density
3p 3-pentanone
3pRB 3-pentanone solution in reservoir brine
IFT interfacial tension
1H NMR proton nuclear magnetic resonance
LSW low-salinity water
PVI pore volume(s) injected
RB reservoir brine
TOC total organic content
td dimensionless time
µo oleic phase viscosity
µw aqueous phase viscosity

Fig. 1. Molecular structure of 3-pentanone.
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Vapor pressures of 3p measured by Collerson et al. [38] show that 3p is
close to n-heptane in terms of volatility; that is, it is possible to inject 3p
as part of the gaseous injection fluid. The density of 3p is 760 kg/m3 at
the experimental conditions in this research (347 K and atmospheric
pressure), according to Daubert and Danner [39]. Fig. 2 shows single-
phase mixtures of 3p with the crude oil at room temperature. No phase
separation was observed for the overall concentrations of 3p tested
(between 30 wt% and 95wt%).

The aqueous stability was confirmed for 3p in RB (Table 2) at 347 K
(Fig. 3). No salt precipitation was observed for the overall concentra-
tions of 3p tested (0.1 wt%–40wt%). A phase separation occurred with
increasing concentration of 3p. There was a very small amount of excess
3p-rich phase at 2- wt% 3p. These results indicate that the 3p solubility
limit in RB is lower than the aqueous stability limit at 347 K, which
makes 3p suitable as an additive to a RB-based injection fluid. Quan-
titative 1H NMR analysis indicated that the solubility limit of 3-penta-
none in RB at 347 K is 1.1 wt%. This defined the maximum con-
centration of 3p in 3pRB tested in this research. In comparison, the 3p
solubility in deionized water at 347 K was measured to be 2.59 wt% in
this research. Solubilities of water in 3p were reported by Stephenson
[40].

The densities of 1.1- wt% 3pRB and 0.8- wt% 3pRB were measured
to be 1030 kg/m3 at the experimental conditions in this research (347 K
and atmospheric pressure). The viscosity of 1.1- wt% 3pRB was mea-
sured to be 0.52 cp by a rheometer at 347 K and atmospheric pressure.
These values will be used in Section 2.4.

2.3. Contact-angle experiments

Contact-angle experiments were performed by using polished flat
calcite surfaces. Calcite was used because it is one of the major minerals
often observed in tight formation rocks. Its positively charged surfaces
can be made oil wet by adsorption of negatively charged oil compo-
nents. The polished calcite pieces of approximate dimensions
5× 2×0.5 cm3 were washed with deionized water. Then, the air-dried
calcite pieces were aged in RB (Table 2) for 1 day at 347 K and air dried.
Next, the brine-aged calcite pieces were aged in crude oil (Table 1) for
at least 5 weeks, and then in a heavy oil for at least 1 week at 347 K. The
heavy oil was used to ensure that the calcite surfaces are oil-wet. After
the aging, the calcite pieces were retrieved and any excess oil was
carefully removed from the surfaces.

The contact-angle experiments were performed with two aqueous
solutions, RB and 1.1- wt% 3pRB (the solubility limit) at 347 K. The
solutions were degasified inside an oven at 368 K for at least 2 days.
Then, two glass chambers were prepared, each of which contained one

aqueous solution and one calcite piece. The glass chambers were placed
in an oven at 368 K for 1 h to confirm that no gas bubble appeared.
Then, two droplets of oil (Table 1) were placed on the bottom surface of
each calcite piece in each glass chamber. After the placement of oil
droplets, 3p was added to a glass chamber to make the 3p overall
concentration of 8 wt%. The glass chambers were then tightly closed
and placed in the oven at 347 K. Since 8 wt% was beyond the 3p so-
lubility in RB at 347 K (1.1 wt%), an excess 3p phase was present above
the 1.1- wt% 3p aqueous solution (Fig. 3). This excess 3p phase served
as a reservoir that maintained the concentration of 3p in the aqueous
phase at the 3p solubility limit as it dissolved into the oil during the
experiment. This procedure avoided several issues that would occur if
RB and the added 3p were mechanically mixed before the chamber was
placed in the oven. For example, the air dissolution would occur if the
mixture was mechanically stirred. Also, nucleation of the 3p phase
might affect oil droplets on calcite surfaces upon a phase separation
with increasing temperature.

Photos of oil droplets were taken at the initialization of the ex-
periment and every several hours for up to three days. The contact
angles of both sides of each oil droplet were measured using onscreen
protractor software. An average contact angle and standard deviation
were then calculated and plotted with respect to time for each aqueous
solution tested.

2.4. IFT experiments

The IFT experiments were performed by use of a spinning drop
tensiometer (SDT, Krüss, Germany) at 347 K. This device can measure
IFTs between 10−6 and 2000mN/m with a resolution of 10−6 mN/m.
During the measurement, the denser phase was placed into a horizontal
tube first, and then a droplet of the less dense phase was placed into the
horizontal tube while the tube was rotating. The droplet was deformed
owing to the rotation, which was visualized by using a high power
monochromatic light-emitting diode and stroboscope. The shape of a
droplet spinning in the capillary tube was recorded by a high-resolution
camera. The ADVANCE™ software was then used to analyze the shape
of a droplet and calculate an IFT value, using the densities of the two
phases at 347 K.

IFT values were measured for four systems: (1) crude oil and RB, (2)
3p and 1.1- wt% 3pRB, (3) crude oil and 1.1- wt% 3pRB, and (4) crude
oil diluted by 18.6 wt% 3p and 0.8- wt% 3pRB. System 1 was at phase
equilibrium. A certain level of mass transfer was expected during the
IFT measurement for the other three pseudo-binary systems. In system
2, water could transfer from 1.1- wt% 3pRB to the 3p-rich phase. An IFT
was estimated by using the densities of 3p and 1.1- wt% 3pRB. In
system 3, 3p could be transferred from RB to crude oil, which reduced
the density of the oleic phase. Therefore, the upper-limit and lower-
limit density values were assigned for the oleic phase to calculate a

Table 1
Properties of the crude oil sample used in this research.

Molecular weight, g/mol 186
Density, kg/m3 822.5 (at 288.71 K)
SARA, wt% Saturates 76.7

Aromatics 20.1
Resins 3.2
Asphaltenes (pentane insoluble) less than 0.1

Table 2
Composition of the reservoir brine (RB) used in this research (68722 ppm). The
density of RB was measured to be 1030 kg/m3 at 347 K and atmospheric
pressure.

Cations ppm Anions ppm

Na+ 25,170 Cl− 41,756
K+ 210 SO4

2− 108
Ca2+ 1292
Mg2+ 187

Fig. 2. Mixtures of 3p with the crude oil at room temperature. The overall
concentrations of 3p tested are from 30wt% to 95wt%. No phase separation
was observed.
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possible range of IFTs for this system. System 4 was tested to validate
the range of IFT values estimated for system 3. To this end, an IFT was
determined by using the density of the crude oil that was diluted by
18.6 wt% 3p and the density of 0.8- wt% 3pRB at 347 K. These con-
centrations correspond to the values from the samples taken from the
oleic and aqueous phases that were present in the Amott cell after the
imbibition experiment as will be explained in Section 3.4.

2.5. Density and viscosity experiments

Fig. 4 shows a schematic of the experimental set up for density and
viscosity experiments. The system consists mainly of automated pumps,
a sample accumulator, an in-line fluid densitometer, an in-line visc-
ometer, an oven, and an effluent accumulator. The pump (Teledyne
ISCO 100DX) maintained the system pressure automatically by water.

In the density measuring cell (Anton Paar DMA-HPM), fluid’s den-
sity is measured in a U-shaped tube, in the range from 0 to 3000 kg/m3.
The instrument precision of the density meter is± 1 kg/m3. Anton Paar
DMA-HPM uses the method of oscillating U-tube for its density

measurement, in which the sample’s density is calculated from the
sample’s period of oscillation [41]. The in-line viscometer (ViscoPro
2100) measures the viscosity of a fluid in the range from 0.2 to 2 cp.
The instrument precision of the viscometer is± 0.02 cp and repeat-
ability is± 0.5% of the reading. During the viscosity measurement, the
magnetic piston is surrounded by the fluid sample and oscillates under
magnetic force [42]. The sample’s viscosity is calculated from the time
required for the piston to complete a two-way cycle [42]. The visc-
ometer and density meter were placed in a Despatch oven (model LAC2-
18-8). Light-emitting diode screens that display measured data from the
fluid densitometer and viscometer were connected outside the oven.
The absolute pressure of the system was measured with a pressure
gauge (Omega PX459-2.5KGI-EH).

Densities and viscosities were measured for the following mixtures
of crude oil and 3p: 81.4 wt% crude oil and 18.6 wt% 3p (33mol% 3p),
59.0 wt% crude oil and 41.0 wt% 3p (60mol% 3p), and 35.1 wt% crude
oil and 64.9 wt% 3p (80mol% 3p). Each mixture was mixed in a glass
bottle with a magnetic mixer before placing it in the accumulator.

Before each measurement, the system was cleaned thoroughly with

Fig. 3. Aqueous stability test of the reservoir brine (Table 2) with 3-pentanone at 347 K. The overall concentrations of 3-pentanone tested are from 0.1 wt% to 40wt
%. No salt precipitation was observed because the solubility of 3-pentanone in RB is only 1.1 wt% at 347 K as measured by quantitative 1H NMR analysis.

Fig. 4. Schematic of the experimental set up for the density and viscosity experiment (Section 2.5).
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toluene. Then, the system was dried by air and evacuated. Next, the
fluid mixture was pumped into the system from the accumulator. Then,
the temperature in the oven was increased to 347 K. When the tem-
perature in the oven was stable, the mixture was measured for viscos-
ities and densities at different pressures, ranging from 101 kPa to
10342 kPa.

2.6. Spontaneous imbibition

Spontaneous imbibition experiments were performed using Amott
cells at 347 K to quantify the effect of 3p on oil recovery through water
imbibition. Indiana limestone cores with a length of 0.127m and a
diameter of 0.0254m were used for this research. Limestone cores can
represent an oil-wet condition by aging them in oil. The inverse Bond
number ( −NB

1) with these cores ranged from 33 to 38:

=
−N C

σ ϕ k
ρgH

/
Δ

.B
1

(1)

An imbibition process is said to be capillary-force dominated when
1/NB is larger than 5 [43]. That is, the imbibition in this research was
capillary-force dominated so that the experiment could capture the
effect of wettability on oil recovery [24,43]. In Eq. (1), NB is Bond
number, C is 0.4 for the capillary tube model, σ is interfacial tension, ϕ
is porosity, k is permeability, Δρ is the density difference between the
aqueous and oleic phases, and H is the height of the core [44].

The cores were saturated with RB and oil. Fig. 5 shows a schematic
of the core-flooding system used. It consists of two accumulators for RB
and crude oil, a pump, a Hassler type core-holder, a vacuum pump, a
hydraulic manual pump to maintain the overburden pressure, a dif-
ferential pressure gauge, and cylinders.

After a core was placed in the core holder, the system was evac-
uated. Then, the core was saturated with RB. The effective porosity of
the core was determined by subtracting the system's dead volume
(3.65 cm3) from the volume injected. Then, the permeability of the core
was determined by RB injection rates and differential pressures. Next,
the crude oil (Table 1) was injected into the core at 50 cm3/h. After the
oil breakthrough, the injection rate was increased to 100 cm3/h to
minimize the capillary end effect. The injection of crude oil at 100 cm3/
h was continued until the water production became unmeasurable. A
residual water saturation was estimated from the produced brine vo-
lume. Table 3 summarizes the measured porosity, permeability, water
saturation and oil saturation for the core samples used in the imbibition
experiment. Finally, the oil-saturated cores were placed in a container

filled with the crude oil for at least three weeks at 347 K. Similar initial
water/oil saturations were achieved with Indiana limestone cores in the
literature [45,46].

The two cores prepared (Table 3) were used for imbibition experi-
ments with the following aqueous solutions: RB and 1.1- wt% 3pRB. To
this end, RB and a mixture of 8 wt% 3p and 92wt% RB were prepared
one day prior to the imbibition experiment and placed in an oven at
347 K to minimize the amount of dissolved gas. The mixture of 8 wt%
3p and 92wt% RB showed an excess 3-p phase as the overall 3p con-
centration was beyond the solubility of 3p in RB at 347 K. In the pre-
paration of the imbibition experiment, core samples were placed inside
the imbibition cells first. Then, RB and the 3p/RB mixture were care-
fully poured into the respective Amott cells. This was done without
cooling the solutions and inside a heated oven to minimize any oil re-
covery due to thermal expansion of fluids. Then, the excess 3p phase
that was present above 1.1 wt% 3pRB (the 3p solubility in RB at 347 K)
was carefully removed from the Amott cell prior to the imbibition ex-
periment. Note that the removal of the excess 3p phase was not done for
the contact angle measurement for 1.1- wt% 3pRB (Section 2.3), but
was done here to avoid the mixing of the recovered oil with the excess
3p phase present in the glass-tube part of the Amott cell. That is, the 3p
concentration in the aqueous phase was not kept at the solubility limit
(1.1 wt%) in this imbibition experiment as 3p was gradually dissolved
in the oleic phase. During the experiment, no attempt was made to
detach oil drops from the core surfaces.

The recovered oleic-phase volume was periodically measured
during the imbibition experiment at 347 K. For the 3pRB case, 3p could
be transferred from the aqueous to the oleic phase; therefore, the
amount of 3p in the recovered oil was measured by quantitative 1H
NMR analysis and subtracted from the amount of the oleic phase re-
covered in the Amott cell. The same NMR analysis was performed for
the 3p aqueous solution inside the Amott cell after the experiment.

Fig. 5. Schematic of the experimental set up for saturating cores (Section 2.6).

Table 3
Properties of the two cores used for the imbibition experiments. RB and 3pRB
stand for reservoir brine and 1.1- wt% 3-pentanone in RB, respectively.

Core for the RB case Core for the 3pRB case

Porosity 0.196 0.200
Permeability, mD 28.0 35.1
Water saturation 0.57 0.54
Oil saturation 0.43 0.46
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2.7. Forced imbibition

The spontaneous imbibition (Section 2.6) was followed by forced
imbibition for the same cores with their corresponding displacing
fluids, RB and 1.1- wt% 3pRB, at 347 K. Fig. 6 shows a schematic of the
experimental set up for this forced imbibition. It consists of an accu-
mulator for the aqueous phase to be injected, a pump, a Hassler type
core-holder, a hydraulic manual pump to maintain the overburden
pressure, a differential pressure gauge, and an oven. The connecting
lines were filled with the displacing fluid prior to the placement of a
core inside the core holder.

Before the forced imbibition, the recovered oleic phase and the re-
maining aqueous solution in the Amott cell were transferred to clean
containers. Then, the core was taken from the Amott cell and placed
inside the core holder. The aqueous solution was injected into the core
holder at a constant flow rate at 347 K. The outlet pressure was constant
at the atmospheric pressure. The produced oil and water were collected
outside the oven. The produced oleic-phase volume and pressure drop
along the core were recorded periodically. Once the water cut reached
100%, the injection rate was increased to reduce the capillary end ef-
fect. The recovered oil amount by the forced imbibition by 1.1- wt%
3pRB was determined by quantitative 1H NMR that gave the 3p con-
centration in the recovered oil.

According to Rapoport and Leas, the capillary effect can be ne-
glected when the scaling coefficient Luµw is greater than
0.5–3.5 cm2 cp/min, in which L is the length of the core sample, u is the
injection rate, and µw is the viscosity of the aqueous solution [47,48].
For the forced imbibition with RB, the injection rate was 32 cm3/h,
which gave the Rapoport-Leas scaling coefficient of 0.8 cm2 cp/min and
the capillary number of 9.0× 10−7. The oil production became un-
detectable after 5 pore volumes of injection (PVI). Then, the injection
rate was increased to 257 cm3/h, which gives the Rapoport Leas scaling
coefficient of 6.0 cm2 cp/min and the capillary number of 7.2× 10−6.

For the forced imbibition with 3pRB, the injection rate was 32 cm3/
h, which gave the Rapoport-Leas scaling coefficient of 0.7 cm2 cp/min
and the capillary number of 8.3× 10−7. The water-cut became 100%
after 10 PVI. Then, the increased injection rate of 129 cm3/h gave the
Rapoport Leas scaling coefficient of 2.8 cm2 cp/min and the capillary
number of 3.3× 10−6. No additional oil was recovered by the in-
creased injection rate.

3. Results and discussion

This section presents the main results of the contact angle, IFT,
density, viscosity, and imbibition experiments. The oil recovery results
from the imbibition experiment are explained by several important
mechanisms of 3pRB.

3.1. Contact-angle experiments

As described in Section 2.3, two aqueous solutions were tested, RB
and 1.1- wt% 3pRB (the 3p solubility limit), at 347 K. Fig. 7 shows the
change in contact angle with the two solutions. For the RB case
(Fig. 7a), the initial average contact angle was 105°, but an equilibrium
state after 24 h gave a contact angle of 123°. That is, RB did not reduce
the contact angle.

Fig. 7b shows the results for 1.1- wt% 3pRB. The initial average
contact angle was 95°. It rapidly decreased to 74° within 2 h, and then
gradually decreased to 26° at 66 h, rendering the calcite surface
strongly water-wet. After 3 days, no oil droplets were observed on the
calcite surface. Fig. 8 compares the average contact angles for the tested
solutions, and shows the rapid reduction in contact angle by 1.1- wt%
3pRB, especially for the initial few hours.

The mechanism of wettability alteration by 3pRB is related to the
carbonyl oxygen of 3p that is electron rich because of the inductive
electron donation from two alkyl groups. The electron-rich oxygen
atom of 3p can reduce the interaction of positively charged rock sur-
faces and the carboxylate groups that anchor the oil to the surface. This
dipole-ion interaction between the 3p molecules and the calcite surface
likely caused the wettability to change from oil-wet to strongly water-
wet, and the partial or complete detachment of oil molecules from the
surface. Note that this interaction between 3p molecules and the calcite
surface are expected through the aqueous and oleic phases because 3p
partitions into both phases.

3.2. IFT experiments

Section 2.4 described the four fluid systems tested. Table 4 shows
the IFT values for the four fluid systems. For system 1, no net mass
transfer was expected between the phases during the experiment. For
system 2, water could be transferred from 1.1- wt% 3pRB to the 3p-rich
phase. The IFT value for system 2 was estimated by using the densities
of 3p and 1.1- wt% 3pRB.

Fig. 6. Schematic of the experimental set up for the forced imbibition (Section 2.7).
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For system 3, it is likely that the mass transfer of 3p occurred from
the aqueous to the oleic phase during the experiment. Therefore, a
range of IFTs was estimated by using the upper and lower limit density
values for the oleic phase. The upper and lower limits in density for the
oleic phase are the crude oil density and 3p density, respectively. For
the aqueous phase density, both 1.1- wt% 3pRB and RB were measured
to be 1030 kg/m3. Among the fluid systems given in Table 4, system 3 is
most relevant to the proposed method of oil recovery by injection of

1.1- wt% 3pRB.
These results show that the presence of 3p had essentially no effect

on the IFT between the oleic and the aqueous phases. The impact of 3p
on the IFT was limited because of the small amount of 3p in the aqueous
phase at the experimental condition (i.e., 1.1 wt% in this experiment).
This result indicates that the reduction in contact angle measured for
3pRB was a consequence of wettability alteration for the nearly con-
stant IFT around 11 mN/m.

3.3. Density and viscosity experiments

Tables 5 and 6 provide the densities and viscosities measured for the
three mixtures of crude oil and 3p as described in Section 2.5. They are

Fig. 7. Change in contact angle for oil droplets in (a) RB and (b) 1.1- wt% 3pRB (the solubility limit at 347 K). They were all at 347 K and atmospheric pressure. One
of the oil droplets for 3pRB was detached from the surface after 48 h.

Fig. 8. Contact angles measured for the reservoir brine (RB) (Table 2) and 1.1-
wt% 3pRB at 347 K and atmospheric pressure. Standard deviations of contact
angles are shown as the error bars in the figure. The contact angle rapidly
decreased with 1.1- wt% 3pRB within a few hours of the experiment com-
mencement.

Table 4
IFT for four systems at 347 K and atmospheric pressure: (1) crude oil and RB,
(2) 3p and 1.1- wt% 3pRB, (3) crude oil and 1.1- wt% 3pRB, and (4) crude oil
diluted by 18.6 wt% 3p and 0.8- wt% 3pRB.

Sample name and its density at 347 K, kg/m3 IFT, mN/m

System 1 Crude oil 780 11.44
Reservoir brine 1030

System 2 3-Pentanone 760 10.02
1.1- wt% 3pRB 1030

System 3 Crude oil with no 3p 780 11.05
1.1- wt% 3pRB 1030
3-Pentanone with no crude oil 760 11.94
1.1- wt% 3pRB 1030

System 4 Crude oil diluted with 18.6 wt% 3-pentanone 772 10.68
0.8- wt% 3pRB 1030
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also shown in Figs. 9 and 10(a). Table 5 and Fig. 9 show that the mix-
ture density slightly decreases with increasing 3p concentration and
decreasing pressure.

Table 6 and Fig. 10(a) show that the oleic-phase viscosity decreased
with increasing 3p concentration. Comparison of the original oil visc-
osity with the viscosity of 64.9 wt% (80mol%) 3p and 35.1 wt% oil
indicates a viscosity reduction by a factor between two and three. The
oil viscosity reduction can improve the oil recovery rate during the
imbibition of 3pRB, as will be further analyzed with scaling theory in
the next subsection.

3.4. Spontaneous imbibition

The imbibition experiment with 1.1- wt% 3pRB was compared with
that with RB as the base case at 347 K. No oil recovery was observed
when the core samples were immersed in the solutions. This indicated
that the cores were oil-wet after the aging at 347 K for 3 weeks. The
experiment was concluded within two weeks after confirmation of no
more oil recovery.

Fig. 11 compares the oil recovery factors obtained by the sponta-
neous imbibition with RB and 1.1- wt% 3pRB at 347 K. The oil recovery
factor from the oil-aged limestone core reached 45% at 2 days and the
final oil recovery of 51.0% in the 3pRB case. In contrast, the final oil
recovery was 12.0% in the RB case.

As given in Section 2.6, the initial concentration of 3p in RB was
1.1 wt% (the solubility of 3p in RB at the experimental pressure and
temperature). After the experiment, the 3p concentration was 18.6 wt%
in the recovered oleic phase and 0.8 wt% in the aqueous phase outside
the core. This confirmed the mass transfer of 3p from the aqueous phase
to the oleic phase, causing oil viscosity reduction and oil swelling by 3p.
It is unknown how the 3p amount inside the core was distributed under
a transient non-equilibrium state during the experiment.

Fig. 12 shows that oil was produced from the top of the core in the
RB case, indicating the contribution of buoyancy to oil recovery. Fig. 13
shows that oil was produced not only from the top, but also from the
side surface of the core in the 3pRB case. This indicates that the
counter- and co-current flow contributed to the oil recovery with 3pRB
likely because of the wettability alteration without affecting the water/
oil IFT, oil swelling, and oil viscosity reduction in addition to the
buoyant force. Fig. 13 also shows that 3pRB created no emulsion.

Since this imbibition experiment was a capillary dominated process,
Ma et al.’s scaling theory

=
+t t k

ϕ
σ

μ μ
d L

L d
4( 2 )

d
o w

2 2

2 2 (2)

was used to estimate the contribution from the viscosity reduction by
3p [49]. In Eq. (2), td is dimensionless time, t is time, ϕ is porosity, k is
permeability, σ is interfacial tension, µw and µo are aqueous phase
viscosity and oleic phase viscosity, d is core diameter and L is core
length. This equation indicates that the oil recovery rate is proportional
to µo−1/2. As shown in Fig. 10(b), µo−1/2 increases with increasing 3p
concentration. µo−1/2 of the crude oil is 1.0987 cp−1/2 at 344 K and
atmospheric pressure, and µo−1/2 of 3p-diluted oil (33mol% or 18.6 wt
%) is 1.2383 cp−1/2 at 347 K and atmospheric pressure. These results
indicate that the oil recovery rate during this particular imbibition
experiment could have been enhanced by 13% because of the oil di-
lution by 3p. In addition to viscosity reduction, 3p can also cause oil
swelling. Oleic phase saturation could have been increased by 24%
when the oil was diluted by 18.6 wt% 3p at 347 K and atmospheric
pressure.

3.5. Forced imbibition

As described in Section 2.7, the forced imbibition was performed for

Table 5
The densities of crude oil and its mixtures with 3-pentanone.

0 wt% 3-Pentanone (344 K) 18.6 wt% (33mol%) 3-Pentanone (347 K) 41.0 wt% (60mol%) 3-Pentanone (347 K) 64.9 wt% (80mol%) 3-Pentanone (347 K)

Pressure, kPa Density, kg/m3 Pressure, kPa Density, kg/m3 Pressure, kPa Density, kg/m3 Pressure, kPa Density, kg/m3

96.53 782.1819 103.97 771.8049 107.01 768.9360 101.01 765.4374
999.74 782.9128 1385.02 773.0452 1379.02 770.3187 1383.02 766.7794
4998.70 786.3198 3452.00 775.0159 3447.03 772.3546 3445.03 769.0788
9997.40 790.2524 6899.03 778.2247 6891.03 775.7424 6896.00 772.6733
17140.37 795.5964 10345.03 781.3632 10343.03 779.0497 10342.00 776.2332

Table 6
The viscosity of crude oil and its mixtures with 3-pentanone.

0 wt% 3-Pentanone (344 K) 18.6 wt% (33mol%) 3-Pentanone (347 K) 41.0 wt% (60mol%) 3-Pentanone (347 K) 64.9 wt% (80mol%) 3-Pentanone (347 K)

Pressure, kPa Viscosity, cp Pressure, kPa Viscosity, cp Pressure, kPa Viscosity, cp Pressure, kPa Viscosity, cp

96.53 0.8284* 134.38 0.6522 157.89 0.4609 135.90 0.3267
999.74 0.8450 1381.57 0.6534 1375.71 0.4604 1381.57 0.3264
4998.70 0.9090 3448.00 0.6533 3448.00 0.4596 3446.55 0.3242
9997.40 0.9950 6887.59 0.6545 6889.10 0.4613 6893.45 0.3221
17140.37 1.1150 10336.00 0.6561 10337.52 0.4592 10340.41 0.3205

* This value was extrapolated from the crude oil viscosities at 344 K and 999.74 kPa–17140.37 kPa.

Fig. 9. Densities of crude oil and its mixtures with 3-pentanone. The crude oil
densities were measured at 344 K. All other densities were measured at 347 K.
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the cores after the spontaneous imbibition at 347 K. Fig. 14 shows the
oil recovery by the forced imbibition of RB and 1.1- wt% 3pRB. In this
figure, the oil recovery factors at “0 PVI” are the final oil factors from
the spontaneous imbibition. For the RB case, the oil recovery factor
from the forced imbibition leveled off at 36.5% after 4.2 PVI at the flow
rate of 32 cm3/h. An additional oil recovery of 3.3% was obtained by
the increased injection rate, which made the total oil recovery factor of
51.8% (12.0% with the spontaneous imbibition and 36.5%+3.3%
with the forced imbibition). The Amott index to water for this core was
calculated to be 0.23 based on the oil recovery factor of 39.8% by the
forced imbibition.

For the 3pRB case, the produced oil during each time step was less
than 0.5 ml after 2 PVI, and tended to stick on the wall of the receiver
vial. The forced imbibition was paused after 5 PVI to quantify oil re-
covery at each time step. Then, the forced imbibition was resumed for
the 2nd batch of injection. It was possible that the phase distribution
changed between the 1st and 2nd batch of injection. This is likely the
reason for the change in the trend in the oil recovery factor around 5
PVI for the 3pRB case in Fig. 14. The oil recovery factor of this forced
imbibition was 16.5% at 10 PVI.

The Amott index to water was calculated to be 0.76, which is much
greater than the Amott index to water for the RB case, 0.23. This result
indicates a clear, positive impact of 3pRB on oil recovery by water

imbibition in the cores tested. However, we recognize that this is a
consequence of multiple mechanisms caused by the presence of 3p; that
is, it is not only because the wettability was changed from oil-wet to
strongly water-wet without lowering the oil/RB IFT, but also because
the miscibility between 3p and crude oil caused oil swelling and oil
viscosity reduction. Furthermore, these two factors might have some
synergistic effect because the miscibility of 3p with oil could allow the
access of 3p molecules to oil-wet surfaces through the two immiscible
liquid phases.

The results in this paper collectively showed a potential of improved
oil recovery by the 3p additive to RB in mixed-wet or oil-wet rock
formations. Although this paper was focused on 3p, the molecular
structure of ketone can be optimized for a given set of reservoir and
operating conditions. This multifunctional solvent is environmentally
friendly and commercially available. It can be injected as an additive to
aqueous or gaseous injection fluids. It can partition into all fluid phases
(oleic, gaseous, and aqueous) and also interact with positively charged
oil-wet surfaces once it is injected into the formation. More data are to

Fig. 10. (a) Viscosities of crude oil and its mixtures with 3-pentanone (3p). The
crude oil viscosities were measured at 344 K and the other viscosities were
measured at 347 K. (b) Viscosity−1/2 of crude oil and its mixtures with 3p. Oil
recovery rate by capillary-driven water imbibition is estimated to be propor-
tional to µo−1/2, which increases with increasing 3p concentration.

Fig. 11. Oil recovery factors from the spontaneous imbibition experiments with
RB and 1.1- wt% 3pRB at 347 K. The oil recovery factor reached 50.0% with
3pRB and 10.0% with RB at Day 3, and 51.0% with 3pRB and 11.0% in RB at
Day 5. These cores were subject to the forced imbibition experiment, as shown
in Fig. 14. Dimensionless time (td) for 1.1- wt% 3pRB was calculated with crude
oil viscosity at 347 K and atmospheric pressure; however, the oleic phase
viscosity actually decreases during imbibition as the transfer of 3p takes place
from the aqueous to the oleic phase.
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be obtained for fundamental properties of mixtures of 3p with various
oil and/or brine samples at a wide range of pressure and temperature
conditions. Oil recovery experiments with various cores of different
mineralogy types are also to be performed, such as huff-n-puff experi-
ments using aqueous or gaseous injection fluids with ketone as an ad-
ditive.

4. Conclusions

This paper presented for the first time an investigation of 3-penta-
none (3p) as an additive to reservoir brine (RB) for improved oil re-
covery from mixed- or oil-wet cores. Two sets of imbibition experiments
using oil-aged limestone cores were performed with RB and 1.1- wt% 3p
in RB (3pRB) at 347 K. This 3pRB was at the solubility limit of 3p in RB
at 347 K, which defined the maximum concentration of 3p in this re-
search. Oil recovery results were explained on the basis of more fun-
damental experiments, such as contact-angle, IFT, viscosity, and density
experiments. Conclusions are as follows:

1. The contact angle experiment showed that 3pRB can rapidly alter
the wettability of oil-aged calcite surfaces from an oil-wet to a

strongly-water-wet state at 347 K. The final contact angle observed
was 26° with 3pRB, in contrast to 123° with RB. The IFT experiment
indicated that the presence of 3p did not affect the IFT between
crude oil and RB during the contact angle experiment. That is, the
wettability change by 3pRB occurred without affecting the IFT be-
tween the aqueous and oleic phases.

2. Results from the spontaneous imbibition experiment showed that
the oil recovery factor reached 50.0% with 3pRB and 10.0% with RB
at Day 3. The final oil recovery factor in the spontaneous imbibition
was 51.0% with 3pRB and 12.0% with RB. The spontaneous im-
bibition rapidly exhibited the clear advantage of 3pRB over RB
within the first few days.

3. The subsequent forced imbibition yielded the final oil recovery
factor of 67.5% (51.0% with the spontaneous imbibition+ 16.5%
with the forced imbibition) with 3pRB, and 51.8% (12.0% with the
spontaneous imbibition and 36.5%+3.3% with the forced imbibi-
tion) with RB. These results gave the Amott index to water of 0.76
with 3pRB, in contrast to 0.23 with RB. This indicates a clear, po-
sitive impact of 3pRB on oil recovery by water imbibition in the
cores tested. The main mechanism at play is the wettability change
as demonstrated by the contact-angle experiment. Additional

Fig. 12. Spontaneous imbibition experiment with RB at 347 K. It was observed that oil was produced from the top face of the core, indicating the contribution of
buoyancy force.

Fig. 13. Spontaneous imbibition experiment with 1.1- wt% 3pRB at 347 K. It was observed that oil was produced not only from the top, but also from the side surface
of the core. This indicates that the counter- and co-current flow contributed to the oil recovery with 3pRB, because of the wettability alteration without affecting the
water/oil IFT, oil swelling, and oil viscosity reduction in addition to the buoyancy force.
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mechanisms include the miscibility of 3p with oil that yielded oil
swelling and oil viscosity reduction.

4. It is conceivable that the wettability change caused by 3pRB is re-
lated to the dipole-ion interaction between the 3p molecules and the
calcite surface. This interaction may reduce the polar-polar inter-
action of the carboxylate group of naphthenic acids in oil with the
calcite surface. The partitioning of 3p into the oleic and aqueous
phases may increase the accessibility of 3p to rock surfaces through
the two liquid phases and, therefore, increase the possibility for 3p’s
electron-rich oxygen atom to interact with positively-charged rock
surfaces.

5. When 3p is dissolved in the oil, it enhances the oil mobility through
the oil swelling and viscosity reduction as is the case with conven-
tional miscible solvents. The oil viscosity was reduced by 21% when
the oil was diluted by 18.6 wt% (33mol%) 3-pentanone at 347 K.
Calculation results showed that this oil viscosity reduction could
improve the oil recovery rate by 13% during the spontaneous im-
bibition experiment.

6. In the RB tested in this research, the dissolution of 3p did not cause
any salt precipitation within the 3p solubility limit (1.1 wt%) at
347 K. This makes 3p desirable as an additive to a RB-based aqueous
injection fluid. It is possible to select an optimal ketone solvent for a
given set of reservoir and operating conditions in terms of the oil
recovery mechanisms discussed in this paper.
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