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ABSTRACT: CO, injection is a promising method for enhanced oil recovery (EOR) in unconventional shale reservoirs. In
this work, we postulate that CO, EOR may be improved by the dissolution of surfactants into CO,. Although CO, is a
relatively good solvent for oil, we show that CO, and Eagle Ford oil are immiscible at compositions above 70 wt% CO,, even
at pressures as high as 62 MPa. The presence of a CO,-oil interface at reservoir conditions indicates that the addition of a
surfactant has the potential to improve oil recovery—via wettability alteration from oil-wet to CO,-wet, CO,-oil interfacial
tension (IFT) reduction, or both. Three nonionic surfactants (branched tridecyl ethoxylate Indorama SURFONIC® TDA-9,
branched nonylphenol ethoxylate Indorama SURFONIC" N-100, and linear dodecyl ethoxylate Indorama SURFONIC® Li2-
6) were evaluated for CO,-solubility, shale wettability alteration, effect on CO,-oil IFT, ability to generate CO,-oil foams,
and ability to increase oil extraction from Eagle Ford, Mancos, and Bakken shale cores. Each surfactant dissolved in CO, up
to 1 wt% at pressures and temperatures commensurate with CO, EOR. CO,-dissolved surfactants did not significantly affect
CO.,-oil IFT or generate CO,-oil foams, but they did induce a dramatic change in the contact angle of an oil droplet on an
oil-aged shale chip in CO, from strongly oil-wet (11°) toward intermediate CO,-oil wettability (82°) (at 80 °C, 27.6 MPa).
The branched tridecyl ethoxylated surfactant, SURFONIC" TDA-o, afforded the highest oil recovery in core soaking exper-
iments—75%, compared to 71% by pure CO,. Analysis of oil extracts by gas chromatography revealed that heavier oil com-
ponents were produced when the surfactant was added to CO.. These results indicate that CO,-dissolved surfactants may
increase oil recovery from shale by wettability alteration from oil-wet toward CO,-wet.

needed to safely access trapped oil in already-fractured
shale wells.

1. INTRODUCTION

Meeting the world’s growing energy needs in the face of
climate change is one of the greatest scientific challenges
of our time. In the United States, domestic shale oil pro-
vides a critical supply of energy,’ but the environmental
damage inflicted by hydraulic fracturing and fossil fuel
emissions is problematic. Domestic energy production has
become increasingly desirable,® but because of the tight
nature of U.S. shale reservoirs, approximately 9o% of the
oil in these reservoirs is inaccessible by the current hydrau-
lic fracturing technology.> New wells must be drilled and
fractured rapidly to maintain oil production, imposing
greater environmental costs. Therefore, new methods are

One strategy for producing oil from already-fractured
shale wells involves injecting oil-miscible gases such as
CO,, ethane, propane, nitrogen, or natural gas to extract
the remaining oil.34567.8910,11,12,13 Of a]] the gases tested,
CO, has demonstrated several advantages. CO, increases
oil extraction by a variety of mechanisms including diffu-
sion, vaporization, oil swelling, oil viscosity reduction,
pressure support, CO,-oil interfacial tension (IFT) reduc-
tion, solution gas drive and relative permeability hystere-
sis.3 Furthermore, the use of CO, as an enhanced oil recov-
ery (EOR) fluid has the potential to reduce the carbon in-
tensity of the hydrocarbons produced during fracturing. If



anthropogenic CO, is injected, some of the CO, will be
trapped in the subsurface,'* ' offsetting the CO, emissions
that result from combustion of the produced hydrocar-
bons.!6 171819

Given the environmental advantages of using CO, as an
EOR fluid, we set out to further improve the efficacy of CO,
for extracting oil from shale. We proposed to do this by
dissolving small amounts of surfactants directly in CO,.>*
222 Qurfactants dissolved in water have been shown to im-
prove oil recovery from shale by changing shale wettability
toward water-wet or reducing the IFT between oil and wa-
ter.? 24 In this study, surfactants were dissolved in CO, to
attain analogous shifts in wettability or IFT. We chose to
add surfactants to the CO, phase to avoid additional water
injection. Although ionic surfactants are essentially insol-
uble in CO,,* nonionic surfactants have been previously
dissolved in CO, to generate CO,-in-water foams in con-
ventional reservoirs.?% 27 28 29.30.31. 32 Weak electrostatic in-
teractions resulting from the presence of an electropositive
carbon atom and two electronegative oxygen atoms enable
oxygen-rich surfactants to dissolve in liquid or supercriti-
cal CO..

The nonionic surfactants selected for this study all con-
tain a hydrocarbon segment and a poly(ethylene oxide)
(PEO) segment. These surfactants are similar in structure
to those previously employed to generate CO,-in-brine
foams, but the hydrocarbon and PEO segments serve dif-
ferent purposes. In previous applications where the two
liquid phases were CO, and brine, the hydrocarbon seg-
ment was hydrophobic while the PEO segment was hydro-
philic. In that case, the PEO groups were longer (9 to 15 EO
units) to enable the surfactant to partition into the brine
phase in the subsurface. Here, where the two fluid phases
are CO, and oil, the hydrocarbon segment is oil-philic and
the PEO segment is oil-phobic. Brine solubility is not
needed, so PEO segments are designed to be long enough
to induce wettability changes,3 without being so long that
they reduce CO, solubility (6-10 units).

Because the IFT between CO, and oil is already low at
reservoir temperatures and pressures,3* 3>3%37 and CO,-oil
foams are very difficult to generate,3® 3° we anticipated that
wettability alteration of shale from oil-wet to water-wet (or
CO,-wet) would be the key mechanism by which CO,-dis-
solved surfactants would improve oil recovery. Shale is oil-
wet because of the presence of oil-wetting deposits on the
shale mineral surface (Figure 1A).*> 4 4 These deposits
cause oil to adhere to the shale, making it more difficult to
produce. The oil-wetting deposits are polar, charged or
polyaromatic compounds that are insoluble in CO,. Be-
cause we are using nonionic surfactants, these deposits are
not likely to be removed by ion pair formation or micellar
solubilization mechanisms. Instead, the most likely mech-
anism for wettability alteration is by surfactant adsorption
to the shale surface.® During CO, EOR, as CO, soaks into
shale fractures and pores, a CO,-dissolved surfactant can
adsorb to the oil-wet shale surface with the alkyl segment
of the nonionic surfactants interacting with the oil-wetting
deposits via van der Waals forces and the PEO segment of
the nonionic surfactant extending outward, rendering the
surface more CO,-wet (and water-wet) (Figure 1B). This

change in surface wettability will cause the oil to bead up
and be produced more easily.

Because surfactant activity requires the existence of two
fluid phases, we began our study by investigating the phase
behavior between CO,and Eagle Ford oil (Table 1, column
1). High-pressure experiments were performed to deter-
mine whether the selected surfactants—branched tridecyl
ethoxylate Indorama SURFONIC’ TDA-g9, branched
nonylphenol ethoxylate Indorama SURFONIC" N-100, and
linear dodecyl ethoxylate Indorama SURFONIC® Li2-6
(Figure 2)—were soluble in CO, (Table 1, column 2). The
mechanism of surfactant activity was investigated through
ambient pressure contact angle experiments, followed by
high-pressure CO,-oil IFT measurements and foaming ex-
periments. High-pressure, high-temperature contact angle
experiments were performed to directly observe whether a
CO.,-dissloved surfactant could alter the wettability of
shale (column s, a). To our knowledge, this experiment
represents the first time that a contact angle measurement
of an oil droplet on shale in CO, has been performed. The
ability of CO,-dissolved surfactants to increase oil recovery
was tested via huff-n-puff experiments involving cores
both completely immersed in CO, and CO,+surfactant so-
lutions (column 5, b), and cores confined with a rubber
sleeve so that only one end was exposed (column 5, ¢). The
molecular weight distributions of hydrocarbons produced
in the confined huff-n-puff experiments were quantified by
gas chromatography—mass spectrometry (GC-MS) analysis
(column 5, d). Throughout this study, when experiments
were limited to one surfactant, the branched tridecyl eth-
oxylate surfactant, SURFONIC TDA-9" was tested because
this surfactant afforded highest oil recoveries in our initial
huff-n-puff experiments.

(A) (B)

Producible oil
Oil-wetting deposits

Shale mineral matrix

Figure 1. (A) CO, EOR without surfactants. CO, extracts pro-
ducible oil from pores and fracture surfaces by diffusion and
other mechanisms. Oil-wetting deposits (polar, charged and
polyaromatic organic compounds) remain on the shale min-
eral matrix. (B) CO, EOR with surfactants dissolved in the CO,
phase. Surfactants interact with the oil-wet shale surface and
alter it toward CO,-wet, thereby increasing oil production.

In this work, our goal was to determine whether CO,-
dissolved surfactants can alter the wettability of shale, and
whether that alteration leads to an increased oil recovery
in unconventional formations when compared to CO,
alone. To the best of our knowledge, this work represents
the first time that surfactants have been dissolved directly
in CO, to increase shale oil extraction via wettability alter-
ation.# 4 45 46.47.48 Others have added surfactants to the



aqueous phase during surfactant-alternating-CO, gas
(SAG) injection in shale,* pre-soaked cores in aqueous sur-
factant solutions before CO, injection,> ' co-injected
aqueous surfactant solutions with CO, to produce foams,>
used ethanol as a co-solvent to dissolve ionic and nonionic
surfactants in CO,, 5% 55 or used high concentrations of
CO,-soluble surfactants (0.5 wt%) to reduce CO,-oil IFT.5°
In our current study, no water, brine, or co-solvent is in-
troduced to the shale during the huff-n-puff process; only
the injection of a CO,-surfactant solution is considered.
The surfactants used in this study are all commercially-

available, cost approximately $1-3 per pound, and are an-
ticipated to be effective at concentrations of 0.1 wt% or
less.?” Therefore, the surfactant would add approximately
$2-6 to the cost of one ton of CO,. The injection of CO,-
surfactant solutions has been completed successfully on
the field scale for CO,-foam generation in conventional
reservoirs, and the same equipment can be used for CO,
EOR in unconventional reservoirs.?® Thus, dissolution of
surfactants in CO, may be an economically and logistically
viable strategy for improving CO, EOR in unconventional
reservoirs.

Table 1. Workflow of experiments in this study.
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Figure 2. Nonionic ethoxylated alcohol surfactants from In-
dorama used in this study.

2. EXPERIMENTAL METHODS

2.1 Materials and general methods. Because availability
of field cores from oil-producing zones was limited, outcrop
cores aged in oil were used in this study. Eagle Ford and Man-
cos outcrop shale cores were purchased from Kocurek Indus-
tries. Bakken cores were obtained from the Bedwell 33-52-1-1H
Well in Sheridan County, MT.57 Shale chips (0.25 cm x 0.76 cm
x 0.51 cm) used in contact angle experiments were cut from
outcrop Eagle Ford cores. Eagle Ford crude oil was obtained
from Continental Resources, Inc. The oil temperature and
pressure were not maintained at subsurface conditions, and as
such, shorter-chain hydrocarbons (n-C5 and lower) exsolved
from solution prior to our analyses. The composition of the
Eagle Ford oil used in our experiments is shown in Figure 3.
CO, (99.9%) was obtained from Butler Gas (Pittsburgh, PA).
Nonionic surfactants tridecyl ethoxylate SURFONIC” TDA-g,
nonylphenol ethoxylate SURFONIC® N-100, and dodecyl eth-
oxylate SURFONIC" Li2-6 were newly synthesized at In-
dorama Oxides and Derivatives and immediately shipped to
the University of Pittsburgh prior to our experiments. All
three surfactants were pure liquids (>99%) containing no sol-
vents or other additives. The pour points of these surfactants
are 18 °C, 3 °C, and 10 °C, respectively. Throughout our study,
operating conditions of 27.6 MPa and 8o °C were selected as

representative of the low temperature range associated with
unconventional formations targeted for CO, EOR.3 Connate
water was not included in the huff-n-puff experiments due to
the inability of our oil recovery measurements, which were
based on the weight of the core after each “puff”, to distinguish
between water and oil production. Connate water was omitted
from contact angle experiments to maintain consistency with
the huff-n-puff experiments. 58

2.2. CO,-Oil pressure-composition. A pressure-compo-
sition (Px) diagram was generated for mixtures of CO, and Ea-
gle Ford crude oil at a single temperature (8o °C). A series of
isothermal compression and expansions of CO,-oil mixtures
of known overall composition were performed using the vari-
able-volume view cell apparatus shown in Figure 4. For each
experiment at a given CO,-o0il composition, components were
injected into a thick-walled Pyrex sample tube with a sliding
piston in the following manner. First, a specified mass of oil
was added to the tube above the piston at room temperature
(rt, 22 °C). The tube was then inserted into a high-pressure,
variable-volume (10100 mL), windowed, invertible phase be-
havior cell housed within a temperature-controlled air bath (-
20 °C to 180 °C) (Schlumberger JEFRI cell, rated to 180 °C and
69 MPa). The lid to the phase behavior cell, which is equipped
with a magnetically-driven slotted-fin impeller, was closed.
The transparent overburden fluid (low viscosity silicone oil,
polydimethylsiloxane, PDMS) was then pumped into the bot-
tom of the phase behavior cell to compress the oil to 13.8 MPa.
The overburden fluid filled the narrow gap between the outer
wall of the tube and the inner wall of the phase behavior cell,
and the space below the sliding piston within the tube. Next,
high-pressure liquid CO, was pumped into the tubing leading
to the valve at the top of the phase behavior cell until the pres-
sure of the liquid CO, in the tubing was the same as the pres-
sure of the oil in the cell (13.8 MPa). The valve at the top of the
phase behavior cell was opened. Using the computer-con-
trolled pump system, a precise volume of CO, was pumped




into the sample cell at the same volumetric rate that overbur-
den fluid was withdrawn from the phase behavior cell, result-
ing in an isothermal, isobaric, addition of CO, into the Pyrex
tube. The mass of CO, introduced to the sample tube is the
product of CO, density at 23 °C and 13.8 MPa and the volume
of CO, pumped into the cell. Once the desired amount of CO,
was added to the cell, the valve at the top of the cell was
closed, thereby isolating the mixture of known overall compo-
sition.

The cell was then heated to 8o °C by a circulating air bath.
The mixture was stirred (2,000 rpm) while being compressed

to 62 MPa (the operational pressure limit of the cell) via the
injection of overburden fluid into the phase behavior cell. At
lower proportions of CO, (<38%), this procedure resulted in
the mixture forming a single liquid phase. The sample volume
was then slowly expanded to decrease the pressure. The pres-
sure at which the first bubble of vapor appeared is the bubble
point pressure for that composition. Further expansion re-
sulted in an increasing proportion of vapor. The volume frac-
tion of oil-rich liquid phase relative to the total mixture was
measured using the ruler on the side of the window.
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Figure 3. Composition of Eagle Ford oil used in this study.
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Figure 4. Variable-volume view cell apparatus used for observing CO,-oil phase behavior.

For mixtures that contained higher proportions of CO,
(>38%), slow expansion of the single-phase mixture led to the
formation of a fine mist of oil-rich droplets. The pressure at
which the first droplets appeared is the cloud point for that
composition. Further expansion led to an increasing propor-
tion of the oil-rich liquid phase. At highest proportions of CO,
(>70%), the mixture did not form a single phase when com-
pressed to 62 MPa. Nonetheless, the relative volumes of the
oil-rich liquid phase and the CO,-rich fluid phase were deter-
mined as the sample volume was expanded.

2.3. Surfactant solubility measurements. The solubili-
ties of the surfactants in CO, were determined using a visual,
non-sampling method that is described in our previous publi-
cations.?” % 59 The experiment was performed in the same
windowed, variable-volume view cell as described in the pre-
vious section (Figure 4). Surfactant solubility was determined
as soon as the newly-manufactured surfactants were received.
The surfactant and liquid CO, were injected into the cylindri-
cal sample volume above the sliding piston. The contents were
compressed to 62 MPa and mixed for 30 min using a magneti-
cally-driven slotted-fin impeller spinning at 2,000 rpm. The
impeller was stopped, and the entire cylindrical volume of the

cell was inspected to verify that a single, transparent fluid
phase was achieved. Then, the single-phase cell volume was
expanded slowly until a second phase first appeared in the
form of a cloud point of surfactant-rich droplets that caused
the entire phase volume to be opaque. The pressure was fur-
ther reduced below the cloud point to verify that an increasing
amount of the second phase came out of solution. This proce-
dure was repeated at least five times and the average value of
the cloud points was determined. A phase boundary curve was
constructed by adding CO, to the cell to change the composi-
tion.

In addition to their solubilities in CO,, the solubilities of
each surfactant in water, synthetic Eagle Ford brine, and Eagle
Ford oil were measured at ambient pressure at rt and 77 °C.
The synthetic Eagle Ford brine contained 3.15 wt% NaCl, 0.86
wt% CaCl,-2H,0, 0.20 wt% MgCL-6H,0, o0.07 wt% NaHCO;,
0.06 wt% NaNH,, 0.02 wt% KCl, and o.01 wt% Na,SO,, in de-
ionized water.® For each measurement, known masses of sur-
factant and fluid (water, brine, or oil) were combined in a 20
ml vial containing a small magnetic stir bar. The vials were
capped and placed on a stir plate either at rt or in a tempera-
ture-controlled oil bath (77 °C). After one hour of stirring, the



mixtures were visually inspected. If the mixture formed a sin-
gle transparent phase, the surfactant was considered to be sol-
uble in the liquid at that concentration. This procedure was
repeated at 1, 2, 3, 4 and 5 wt% surfactant, and at higher con-
centrations in increments of 5 wt% up to 95 wt%.

2.4. Ambient pressure shale-water-air contact angle
measurements. The ability of surfactants to alter the wetta-
bility of shale was first investigated at ambient pressure
through contact angle measurements using the sessile drop
method. New Eagle Ford outcrop shale chips were used in
each experiment. We chose to use deionized water in the ab-
sence of salts to focus on the wettability alteration by surfac-
tants. Future tests related to possible field trials will be per-
formed with hypersaline brines representative of the shale for-
mation. Resources were not available for conducting contact
angle measurements for a series of single minerals. The use of
multi-mineral rock samples was performed because the con-
tact angle measurement can be considered to qualitatively
represent the fluid-shale interaction over many single mineral
pores that occur in a formation such as the Eagle Ford.

In all contact angle measurements, a droplet of deionized
water (8-9 pL) was placed on a shale chip in air using a micro-
syringe at ambient pressure and temperature. The droplet was
allowed to stabilize, and the contact angle was measured at
the water-air-rock contact point through the water phase with
an Attension Theta Optical Tensiometer. Measurements were
repeated at least three times at different points on the samples
and the average values reported.

Eagle Ford outcrop shale chips were cleaned for 5 min us-
ing a Harrick Plasma Cleaner (Model PDC-32G) at medium ra-
dio frequency level with air as the carrier gas. The original wet-
tabilities of the cleaned shale chips were determined (Figure
5A). Water spread on the clean shale chips and a contact angle
of 8° was measured. Then, the shale chips were placed in a
closed container of Eagle Ford oil in an oven (80 °C) for at least
two weeks. The chip was removed from the container, excess
oil wiped off, and the contact angle was re-measured. The oil-
aged shale chip was confirmed to be oil-wet (contact angle of
17 + 5°). The first time this aging process was performed, the
shale chip was removed from the oil every other day and the
contact angle measured. After two weeks, no further changes
in contact angle were observed. Thus, we determined that two
weeks was the optimal aging period for shale chips. The effect
of aqueous solutions of the three selected surfactants on shale
wettability was tested. Solutions of each surfactant—In-
dorama SURFONIC® TDA-g, N-100, and L12-6 (0.1 wt%)—were
prepared in deionized water. An oil-wet shale chip was placed
in a beaker containing aqueous surfactant solution (10 mL) at
rt. After 24 h, the chip was removed from the solution and
wiped with a Kimwipe. The contact angle of a droplet of de-
ionized water on the shale surface was then measured. Meas-
urements were made daily until no further change in wetta-
bility was evident.

The effect of pure CO, on shale wettability was tested (Fig-
ure 5B). A clean shale chip was aged in oil. The oil-aged shale
chip was suspended with a wire in the middle of a 15-mL pres-
sure cell housed within an oven. CO, (10 g) was added to the
cell and pressurized to 27.6 MPa using an ISCO pump. The cell
was heated to 80 °C, and the chip was allowed to soak for 16 h.
The cell was slowly depressurized and cooled. The sample was
removed from the cell and the contact angle of a water droplet
on the shale chip in air was measured at ambient pressure and
temperature.

The wettability-altering effect of the CO,-surfactant solu-
tions were then evaluated (Figure 5B). For each surfactant, an
oil-aged Eagle Ford shale chip was placed in the pressure cell,
along with surfactant (10 mg) and a magnetic stir bar. The cell
was sealed and heated to 80 °C. CO, (10 g) was added slowly to
the cell and pressurized to 27.6 MPa using an ISCO pump. Af-
ter the pressure stabilized, the magnetic stirrer was turned on
and the oil-aged Eagle Ford shale chip was allowed to soak in
the CO,+surfactant solution for 16 h. When the soaking period
was complete, the magnetic stirrer was turned off and pure
CO, (so mL) was pumped into the cell to displace the
CO,+surfactant solution. The cell was slowly depressurized
and cooled. The sample was removed from the cell and the
contact angle of a water droplet on the shale chip in air was
measured at ambient pressure and temperature. This process
was repeated for each of the three surfactants in this study.

2.5. CO,-Oil IFT measurements. IFT measurements
were performed using the pendant drop method using a Kriiss
DSA 10 apparatus equipped with a customized 30-mL view cell
rated to 150 °C and 103 MPa.® In the measurement with no
surfactant present, CO, (10 g) was first added to the cell and
pressurized to 27.6 MPa using an ISCO pump. The cell was
heated to 8o °C, then oil (3 mL) was added using a second
ISCO pump. The CO, and oil phases were allowed to equili-
brate overnight at 27.6 MPa. Next, oil was drawn from the bot-
tom of the cell and used to generate a 2.5-pL pendant oil drop-
let through a 0.16 cm needle at the top of the cell. Temperature
and pressure were kept constant throughout the experiment.
The shape of the oil droplet was analyzed using Kr(iss Advance
software to determine the CO,-oil IFT. Measurements were
repeated at least three times and the average IFT values are
reported.

The process was repeated with SURFONIC” TDA-g dis-
solved in the CO, phase (surfactants N-100 and Li12-6 were not
tested.) TDA-9 (10 mg) and a stir bar were placed in the cell.
The cell was sealed, and CO, (10 g) was added to the cell and
pressurized to 27.6 MPa using an ISCO pump. The magnetic
stirrer was turned on for 1 h. Stirring was stopped, and oil (3
mL) was added to the bottom of the cell at constant pressure
using a second ISCO pump. The pressure of the system was
allowed to equilibrate overnight, with CO,, surfactant, and oil
held at 8o °C and 277.6 MPa. Then, oil was withdrawn from the
bottom of the cell and used to generate a 2.5-pL pendant oil
droplet through the needle from the top of the cell.
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Figure 5. Workflow for ambient-pressure air-water-shale contact angle experiments ((A) and (B)), and high-pressure CO,-oil-
rock contact angle experiments (C). Air-water-shale contact angles are shown in parentheses.

2.6 CO,-o0il foaming experiments. A mixture of 65 wt%
CO,+0.1 wt% TDA-9 and 35 wt% Eagle Ford oil was observed
atreservoir temperature (8o °C) and pressures (20.7, 27.6, 34.5,
and 41.4 MPa) to determine whether the surfactant generates
a CO,-oil foam (SURFONIC"N-100 and Li12-6 were not tested).
These proportions and conditions were selected because they
yielded approximately equal volumes of the CO,-rich and oil-
rich phases in the CO,-o0il mixture phase behavior experi-
ments. The experiment was performed in the same windowed
pressure cell as shown in Figure 4. SURFONIC  TDA-9 (37 mg)
and Eagle Ford oil (20 g) were added to the Pyrex sample tube
above the piston at rt. The sample tube was inserted into the
phase behavior cell and the lid closed. The transparent over-
burden fluid, PDMS, was pumped into the bottom of the
phase behavior cell to compress the oil and surfactant to 13.8
MPa. Liquid CO, (37 g) was pumped into the cell and the valve
at the top of the cell was closed. The cell was then heated to
80 °C by a circulating air bath. The mixture was compressed
to 20.7 MPa and stirred (2,000 rpm) for 10 min. Mixing was
stopped and the mixture was immediately observed to deter-
mine whether any foam was generated at the interface be-
tween the CO,-rich and oil-rich phases. The pressure was in-
creased in increments of 6.9 MPa up to 41.4 MPa. At each pres-
sure, the mixture was stirred for 10 min and then observed to
determine whether a foam was generated.

2.7. High-pressure shale-0il-CO, contact angle meas-
urements. The behavior of oil droplets on shale in CO, was
observed at high pressure and temperature (27.6 MPa, 8o °C).
Shale chips were not soaked in water prior to high-pressure
contact angle measurements for consistency with other exper-
iments in this study, and because adding water as an addi-
tional fluid phase may have complicated the measurement.
Two outcrop Eagle Ford shale chips were cleaned for 5 min
using a Harrick Plasma Cleaner. One of the shale chips was
aged in Eagle Ford oil for two weeks and one was not aged.
The two chips were placed on the sample holder in a custom-
ized windowed Hastelloy high-pressure, high-temperature
cell, which has been described in a previous publication (Fig-
ure 5C).% Eagle Ford oil (3 ml) was added to the bottom of the
cell, below the sample holder The cell was pressurized with
CO, (41 g) to 6.9 MPa, and then the cell was heated to 8o °C.

Once the temperature was stabilized, the pressure was raised
to 27.6 MPa using an ISCO pump. The CO, and the oil in the
bottom of the cell were allowed to equilibrate. In a separate
pressure vessel, Eagle Ford oil (5 g) was equilibrated with CO,
(1 g) at 8o °C and 27.6 MPa. Droplets of CO,-equilibrated oil
were placed on the shale surface using a 0.16 cm needle after
one day and, at another point on the sample, after four days.
The droplets were observed using a Leica NC 170HD camera
with a 716 APO zoom system along with a Telocentric HP blue
illuminator.

This process was repeated with TDA-g (0.1 wt%) dissolved
in the CO,. SURFONIC" TDA-9 (37 mg) and a stir bar were
placed on the sample holder, away from the shale chips to
avoid any mixing of surfactant and crude oil. CO, (37 g) was
added up to 6.9 MPa, the temperature increased to 8o °C, and
the system was pressurized to 27.6 MPa. The mixture was
stirred for 1 h, then stirring was stopped and the system al-
lowed to equilibrate overnight. Droplets were formed with
CO,-equilibrated oil after one day and, at other points on the
samples, after four days.

2.8. Huff-n-puff experiments. Cores were cut to the de-
sired size (5.1 cm length x 2.5 cm diameter) and their absolute
permeabilities and porosities were measured using a TEMCO
Helium Porosimeter HP-401 (Table 2). A new core was used
for each huff-n-puff experiment. After being weighed, cores
were placed in a high-pressure vessel and vacuumed (—65 KPa)
for 48 h. Cores were then saturated with oil by isolating the
vacuum pump and slowly adding Eagle Ford crude oil to the
vessel. The cores were aged in crude oil at 50 °C and 27.6 MPa
for at least eight days. The first time this aging process was
performed, the shale core was removed from the oil every
other day and weighed. After eight days, no further changes in
core weight were observed. Thus, we determined that eight
days was the optimal aging period for shale cores. Once satu-
rated, the cores were removed from the pressure vessel, wiped
to remove any surface oil, and weighed to determine the initial
oil-in-place.

For unconfined huff-n-puff measurements, an oil-aged
Eagle Ford or Mancos core was placed in a pressure cell (5.7
cm length x 3.2 cm inside diameter) housed within an oven
(Figure 6A). The empty volume around the core was designed



to allow the core to be fully immersed in CO, or CO,+surfac-
tant solution during the soaking period. In huff-n-puff exper-
iments involving CO,+surfactant solutions, the surfactant (20
mg or 2 mg) and a stir bar were added to the smaller section
of the cell and the oil-aged shale core was placed in the larger
section of the cell. The cell was sealed and heated (80 °C). The
temperature was allowed to equilibrate for 45 min. CO, (20 g)
was added slowly and pressurized to 27.6 MPa using an ISCO
pump. After the pressure of the system equilibrated, the mag-
netic stirrer was turned on for a soaking period of 20 h. The
cell was then slowly depressurized, the CO, was vented, and
oil was collected in a 20-mL vial. The core was removed from
the cell, any oil on the core surface was wiped off, and the core
was weighed to determine the amount of oil extracted. The
core was kept at rt for 3-4 h until the weight of the core stabi-
lized. Then, the core, stir bar and surfactant were added to the
cell again and the process repeated for five cycles.

Confined huff-n-puff experiments were performed in a
similar manner as described above. Bakken cores were aged in
oil, confined in a Viton™ sleeve and placed in the pressure cell
(Figure 6B). After CO, or CO,+surfactant soaking, the core
was removed from the pressure cell and the sleeve was re-
moved. The core was kept at rt for 3-4 h until the weight of the
core stabilized. Some oil was produced from the sides of the
core after the sleeve was removed. This oil was wiped from the

sides, and the core was weighed to determine the amount of
oil extracted. The core was re-confined in the Viton™ sleeve
for the next cycle.

2.9. Gas Chromatography. Oil produced during con-
fined huff-n-puff experiments was analyzed by GC-MS. GC-
MS data was not collected for oil extracted during unconfined
huff-n-puff experiments. Sample preparation and GC-MS
analysis methods were adapted from Hawthorne et. al.®3 After
each cycle, the huff-n-puff chamber was depressurized, and
the CO, stream was collected into a 20-mL vial. The CO, dis-
sipated, leaving oil in the vial. The oil was diluted with di-
chloromethane (DCM) to a volume of 10 mL, and 1 mL of this
oil in DCM solution was transferred to a GC vial. A solution of
internal standard (octadecylbenzene, 99.5% purity, 0.2
mg/mL in DCM) was prepared, and 0.5 mL of the internal
standard solution was added to the GC vials. Samples were an-
alyzed using an Agilent 6890 gas chromatograph equipped
with an Agilent 5975 mass spectrometer. A Perkin Elmer Elite
5-MS column (30 m long, 0.25 mm internal diameter, 0.25 pm
film thickness) was employed. Samples were injected using an
Agilent 7683 series injector (2 pL, injection port temperature
350 °C, splitless injection). The GC oven temperature was 30
°C with a 4 min hold, ramped 30-350 °C at 8 degrees/min, fol-
lowed by a 20 min hold at 350 °C. The MS transfer line tem-
perature was 300 °C.
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Figure 6. Workflow for (A) unconfined huff-n-puff experiments and (B) confined huff-n-puff experiments.

Table 2. Fluids and cores used in CO, and CO,+surfactant huff-n-puff experiments.

:l = Unconfined :l = Confined

; : Length | Diameter | Permeability | Porosity Dy WG | QiR
Core Fluid® Formation (g) Weight
(cm) (cm) (kD) (%) (e

1 CO, Eagle Ford 5.02 2.55 <15 6.55 56.11 58.24
2 CO, + TDA-9 (0.10 wt%) Eagle Ford 4.52 2.56 <15 7.78 50.32 52.29
3 CO, + TDA-9 (0.01 wt%) Eagle Ford 4.72 2.56 <15 7.48 52.49 54.56
4 CO, + N-100 (0.10 wt%) Eagle Ford 5.03 2.55 <15 7.22 55.99 58.24
5 CO, Mancos 4.38 2.53 7.27 5.13 55.14 56.01
6 CO, + L12-6 (0.10 wt%) Mancos 5.10 2.54 76.20 4.61 64.51 65.55
7 CO, + L12-6 (0.01 wt%) Mancos 5.04 2.53 9.31 3.50 63.50 64.66
8b CO, Bakken 5.26 2.50 9.86 6.20 64.52 65.94
9® | CO,+ TDA-9 (0.01 wt%) Bakken 5.06 2.50 28.36 6.34 61.96 63.52

Surfactants were obtained from Indorama SURFONIC". ® Cores were confined with a Viton™ sleeve during the CO, soak period.

3. RESULTS AND DISCUSSION



3.1 CO,-0il pressure-composition (Px). The Px dia-
gram for CO,-Eagle Ford oil mixtures ranging from 0-100%
CO, is shown in Figure 7. The curve at lower CO, compo-
sition (0-38 wt%), labelled “100%”, represents the bubble
point curve, and the curve at higher CO, compositions (38-
70 wt%), labelled “0%” represents the cloud point curve.%
The blue region above the bubble point and cloud point
curves represents the single phase region, wherein CO, and
oil are miscible. Below the bubble point and cloud point
curves, the mixture exists in two phases—an oil-rich liquid
phase and a CO,-rich fluid phase. At higher pressures, the
CO, phase had a liquid-like density, and at lower pressures,
the CO, phase had a gas-like density. Throughout the two-
phase region, the relative volumetric proportions of CO,-
rich and oil-rich phases were determined. The values next
to each data point indicate the vol% of oil-rich liquid phase
relative to the total two-phase mixture. The values in the
boxes correspond to the curves of constant vol% of the oil-
rich liquid phase in the mixture.

The Px diagram indicates that CO, and oil are immisci-
ble at higher compositions of CO,, even at high pressures.
For example, at 25 MPa, CO, and oil form two immiscible
phases at compositions above 40 wt% CO.,. At very high
pressure of 62 MPa (the operational pressure limit of our
cell), CO, and oil are still immiscible at compositions above
approximately 70 wt% CO.. Therefore, 70 wt% CO, repre-
sents the miscibility gap—the composition above which
components are immiscible, regardless of pressure (here,
up to 62 MPa). A similar miscibility gap has been previ-
ously reported in other CO,-oil phase behavior studies.®
Therefore, even though CO, is considered a good solvent
for oil, there are still a wide range of conditions in which
the two fluids are immiscible. The presence of a CO,-oil
interface (or CO,-oil-shale interface) indicates that a sur-
factant could improve oil extraction either by wettability
alteration or IFT reduction.

In experiments related to CO, EOR in conventional res-
ervoirs , where CO, flows through porous rock to extract
oil, the miscibility between CO, and oil is traditionally
measured using the slim tube test, wherein CO, is injected
into a sand-packed slim tube saturated with oil. By the slim
tube method, the minimum miscibility pressure (MMP) of
the of the CO,-Eagle Ford system is only 14.7 MPa at 77
°C.#% However, the Px data shown in Figure 7 indicates that
there exists a range of conditions, especially at higher CO,-
composition, where Eagle Ford oil and CO, are immiscible,
even at pressures far above the MMP. The low MMP value
obtained by the slim tube test is due to the ability of CO,
to increase miscibility with oil as it moves through a porous
matrix collecting hydrocarbons—a process referred to as
multiple contact miscibility (MCM). In unconventional
reservoirs, where CO, is injected through fractures and al-
lowed to soak into the rock over time, oil is primarily ex-
tracted by diffusion and MCM does not occur. Therefore,
the conclusion that CO, and oil are miscible in unconven-
tional reservoirs at pressures above the traditional MMP
would be inaccurate. Rather, as the phase behavior dia-
gram indicates, CO, and oil are immiscible at high CO,
compositions and thus, a surfactant can improve CO, EOR.

The Px diagram presented in this study was generated
using mixtures of CO, and a dead Eagle Ford crude oil at
80 °C. Although we did not have the resources to generate
an analogous Px diagram for a live Eagle Ford crude oil, it
is possible to estimate the effect of adding volatile compo-
nents (e.g. C1-C4) to the crude oil. The bubble point pres-
sure of dead oil alone (i.e. 100% dead oil, 0% CO,) is ap-
proximately o MPa. Therefore, the bubble point curve
shown in Figure 7 approaches a value of o MPa on the left
side of the Px diagram where the mass fraction of CO, is
0%. However, if the volatile components of a live oil were
included, then the live oil bubble point curve would shift
upwards such that the Y-intercept would be equal to the
bubble point pressure of live Eagle Ford crude oil (12.9
MPa, 80 °C)%7 at 0 wt% CO.,. The entire bubble point curve
would be expected to shift upwards by a comparable
amount. Relative to mixtures of CO, and dead oil, higher
pressures are required to compress mixtures of CO, and
live oil into a single phase. Therefore, the critical point and
cloud point pressure curve would also shift upwards. As a
result, the two-phase liquid-fluid region would persist and
become slightly wider at a given pressure.

3.2. Surfactant solubility measurements. Px dia-
grams for the three different surfactants in CO, were ob-
tained at 25 °C, 58 °C, 77 °C, and 100 °C (Figure 8).%® A sin-
gle-phase region occurs above each curve, where the sur-
factant is fully soluble in CO,. A surfactant-rich liquid
phase begins to precipitate out of solution at the pressure
corresponding to the cloud point curve. Below the curve,
the mixture exists in two phases. The cloud point pressure
increases with increasing temperature for a given compo-
sition and increases with increasing concentration at a
given temperature. The huff-n-puff operating conditions of
this study (27.6 MPa and 8o °C) are above the cloud point
pressures for a given mixture of surfactant (0.1 wt%) and
CO, (approximately 20 MPa), which ensures that the sur-
factant is completely dissolved in CO, during huff-n-puff
experiments (Figure 8A).

The cloud point pressures in this study are lower than
those previously reported for SURFONIC™ TDA-9 and N-
100 at 25 °C and 58 °C.>72% % This difference is likely due to
lower concentration of CO,-insoluble impurities present in
the surfactants used in the current study. Previously, dur-
ing the proprietary synthesis of these nonionic surfactants,
a small amount of CO,-insoluble, surfactant-soluble salt
was formed and remained within the product. This impu-
rity was the first compound to come out of solution during
the expansion of the CO,-surfactant mixture, increasing
the apparent cloud point of the mixture. The current syn-
thetic technique for making the surfactants is more likely
to have a lower concentration of this CO,-insoluble salt,
leading to a lower cloud point pressure than previously re-
ported.

At ambient pressure, each of these surfactants is com-
pletely miscible with water and Eagle Ford brine® at rt and
77 °C. They are less than 1.0 wt% soluble in Eagle Ford
crude oil at rt, and approximately 1.0 wt% soluble in Eagle
Ford crude oil at 77 °C.
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Figure 8. Px diagrams exhibiting cloud point curves for the
surfactant-CO, mixtures. The five cloud point pressures values
for each mixture at a specified temperature were were within
0.5 MPa of the illustrated average data; which is consistent
with the size of the data markers.

3.3. Ambient pressure shale-water-air contact an-
gle measurements. In this section, “water-wet” corre-
sponds to contact angles of 0-70°, intermediate-wet corre-
sponds to contact angles of 70-110°, and “oil-wet” corre-
sponds to contact angles greater than 10°.7°

After cleaning, the Eagle Ford shale chips were strongly
water-wet. A water droplet immediately flattened once it
touched the surface of the rock, giving a contact angle of
8°. After aging chips in Eagle Ford crude oil for two weeks
at 80 °C, a water droplet made a contact angle of n7+5° with
the rock surface at rt, indicating that the aging process suc-
cessfully rendered the outcrop shale chips oil-wet (Figure
9A). After soaking the oil-wet shale chips in aqueous solu-
tions containing 0.1 wt% of surfactants, the contact angles

of water droplets on the shale chips in air changed from
117+5° to 66° for SURFONIC” TDA-g, 28° for SURFONIC® N-
100, and 41° for SURFONIC" L12-6 (Figure 9B). SURFONIC®
TDA-g effected a dramatic change in contact angle after
soaking only 24 h. In soaking experiments involving the
other two surfactants (N-100 and Li2-6), longer soaking
times were required to achieve maximum wettability
changes (2 days and 4 days, respectively). These results
demonstrate the ability of the surfactants to alter the oil-
wet surface of the shale toward water-wet.

An oil-aged Eagle Ford shale chip was soaked in CO,
without surfactant at 27.6 MPa and 8o °C for 16 h. The con-
tact angle of a water droplet on the shale surface was then
measured. No discernible effect on the shale wettability
was observed. The contact angle was 118°, nearly identical
to 117°, the original contact angle of the aged Eagle Ford
sample (Figure 9C). This result indicates that under these
conditions, CO, alone did not alter the wettability of the
oil-wet Eagle Ford shale. Because the conditions of this ex-
periment (8o °C, 27.6 MPa, high vol% CO,) corresponded
to the two-phase region of the Px diagram (Figure 6), the
CO, may not have removed oil from the shale surface be-
cause the two phases were immiscible. If even a thin film
of oil or oil-wetting deposits was left on the shale, the wet-
tability could remain unchanged.

Alharthy et al. previously reported that pure CO, in-
duced a shift in wettability from oil-wet to water-wet.” In
that experiment, an oil-aged shale chip from the Three
Forks formation was soaked in CO, for two days at 17.2
MPa—a pressure commensurate with the CO,-Bakken oil
MMP at 100 °C. The contact angle photographs were taken
at ambient temperature and pressure. Because the oil
droplets float up to a shale surface, we assume that the con-
tinuous phase is water rather than air. The difference in our
results could be due to the longer soaking time of that ex-
periment or the different continuous phase employed in
their measurements. Furthermore, the use of two different
crude oils in each experiment could cause different results.
CO, and Bakken oil may be more miscible at the experi-
mental pressure and temperature (17.2 MPa, 100 °C) than
Eagle Ford oil is at the conditions employed in our study
(27.6 MPa, 80 °C,).

Oil-aged Eagle Ford shale chips were soaked in CO,
containing 0.1 wt% surfactants at 8o °C and 27.6 MPa for 16
h. The three surfactants tested are all soluble in CO, at
these conditions (Figure 8). After soaking, the contact an-
gle of a water droplet on shale in air was reduced to 67° for
SURFONIC’ TDA-9, 44° for SURFONIC" N-100, and 39° for
SURFONIC® L12-6° (Figure gD). In the cases of TDA-9 and
L12-6, the contact angles of the CO, and aqueous surfactant
soaks were nearly identical. In contrast, the contact angle
after soaking in CO,-N-100 solution (44°) was higher than
the contact angle after soaking in aqueous N-100 solution
(28°). We do not have an explanation for this observation
based upon the surfactant chemistry, but attribute this dif-
ference to experimental variability. Overall, these results
demonstrate that a dilute concentration of surfactant en-
hanced the ability of CO, to shift the wettability of the
shale sample away from oil-wet and toward water-wet. Ei-
ther the surfactant deposited on the shale to alter



wettability, or the CO,-surfactant solution had an en-
hanced ability to clean oil-wetting deposits from the shale
surface by micellar solubilization.
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Figure 9. Contact angles of water droplets on aged oil-wet Eagle Ford shale chips in air at room temperature and pressure. Three
measurements were taken on each shale chip, at different points on the sample. At each condition, all contact angle values were
within 2° of the average value indicated in the figure. (A) Oil-wet Eagle Ford shale chip after aging in oil for two weeks. (B) Shale
chips shift to water-wet after soaking in aqueous surfactant solutions for 1 day (TDA-9), 2 days (N-100) and 4 days (L12-6). (C) No
change in contact angle after soaking in high-pressure CO, (27.6 MPa, 8o °C) for 16 h. (D) Shale chips shift to water-wet after

soaking in high-pressure CO,+surfactant solutions (27.6 MPa, 8o °C) for 16 h.

3.4. CO,-Oil IFT measurements. The effect of one sur-
factant, SURFONIC" TDA-9, on CO,-oil IFT was evaluated.
The IFT between pure CO, and Eagle Ford oil was 0.55
mN/m at 27.6 MPa and 8o °C (Figure 10A). This value is
lower than the values for CO,-oil IFT values reported in the
literature (2-4 mN/m), which were measured at lower pres-
sures.3*353%37 In our IFT measurement, CO, (10 g) and oil
(3 ml, 2.3 g) were equilibrated prior to the IFT measure-
ments. Based upon the Px diagram, this mixture (81 wt%
CO,,19 wt% oil) at 8o °C and 27.6 MPa is in the two-phase
region with the oil-rich liquid phase and CO.,-rich fluid
phase, comprising approximately 12 vol% and 88 vol% of
the mixture, respectively. Because this is a pseudo-binary
diagram (the oil is a multicomponent mixture), the precise
equilibrium phase compositions cannot be obtained from
this diagram. However, the mixture is in the two-phase re-
gion at a pressure (27.6 MPa) greater than the critical pres-
sure (20 MPa) and greater than the MMP reported in the
literature (14.7 MPa, 77 °C).# Thus, the Px diagram indi-
cates that a substantial amount of CO, is dissolving in the
oil-rich phase and a portion of the oil components are dis-
solving in the CO,-rich phase. Therefore, the low IFT be-
tween these two equilibrium phases is not surprising.

The presence of the CO,-soluble surfactant, SURFO-
NIC" TDA-g in the CO, phase did not lead to a reduction
of IFT. The IFT remained approximately the same, at 0.61
mN/m (Figure 10B). Because the IFT between CO, and oil
at this high pressure and temperature is already low, a large
reduction in IFT upon addition of surfactant was not ex-
pected. Further, the chemical structure of TDA-9 makes
IFT reduction unlikely. Because both the alkyl and PEO
groups on TDA-9 have some degree of CO,-philicity, the
surfactant does not reduce IFT as well as a surfactant with
CO,-philic groups would be expected to. In lower-pressure
environments, surfactants with more CO.-philic groups,
such as oil-soluble alkyl-silicone surfactants,?® and CO,-

soluble alkyl propoxylated surfactants, have been shown to
decrease CO,-oil IFT.5¢

Based upon our current results for the inexpensive eth-
oxylated alcohol surfactants used in this study, we do not
expect that IFT reduction is the mechanism by which CO,
EOR is improved using surfactants. Fortunately, when sur-
factants are intended to enhance oil recovery in low-per-
meability reservoirs, a large change in wettability from oil-

wet to water-wet with little or no change in IFT is desired.>
24
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Figure 10. No significant change in IFT of CO, and Eagle Ford
oil after addition of SURFONIC" TDA-9 (0.1 wt%) to CO, at
80 °C and 27.6 MPa.
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3.5 CO,-o0il foaming experiments. The ability of one
surfactant, SURFONIC" TDA-g, to generate CO,-oil foams
at reservoir temperature and pressures (8o °C, 20.7, 27.6,
34.5, and 41.4 MPa) was tested. The CO,-o0il composition
used in this experiment (65 wt% CO.,, 35% Eagle Ford oil)
was selected because it affords two approximately equal-
volume phases—an oil-rich liquid phase and a CO,-rich



fluid phase—at the range of pressures tested (Figure 7).
The range of pressures was selected to ensure that the sur-
factant was soluble in CO, at 8o °C (minimum pressure,
20.7 MPa) and that the CO,-0il mixture remained in the
two-phase region (maximum pressure, 41 .4 MPa).

After mixing CO, and oil in the presence of TDA-9, no
foam was observed at any pressure from 20.7 to 41.4 MPa—
either in the form of bubbles of CO, within films of oil, or
bubbles of oil separated by films of CO,. Therefore, at these
conditions, TDA-9g is not expected to generate a CO,-oil
foam when injected into an unconventional reservoir.
These results are consistent with our prior studies, in
which it was shown that CO,-in-oil foams are extremely
difficult to generate with oil-soluble or CO,-soluble surfac-
tants.3® 7> 73 Here, the absence of foam generation by the
addition of TDA-g to the CO,-oil mixture, in combination
with IFT and contact angle experiments, indicates that the
expected mechanism of increased oil recovery by CO,-dis-
solved nonionic surfactants is wettability alteration, rather
than conformance control or CO.,-oil IFT reduction.

3.6. High-pressure shale-0il-CO, contact angle
measurements. High-pressure contact angle experiments
were conducted in which droplets of Eagle Ford oil were
placed on Eagle Ford shale chips at 8o °C and 27.6 MPa in
the presence of CO, or CO,-surfactant solutions (Figure 11).
This experiment directly tested the central hypothesis of
this work—that CO,-dissolved surfactants can alter the
wettability of shale from oil-philic toward CO,-philic.
(Nonetheless, we also conducted the series of ambient
pressure air-water-rock contact angle experiments, be-
cause of their simplicity and their ability to qualitatively
indicate whether nonionic surfactants can alter wettability
(Figure 9).)

This high-pressure experiment was challenging for two
reasons. First, controlling the size of the droplet—which is
always a challenge in contact angle measurements—was
even more difficult here because of the need to completely
vent the system if droplets were unsuitable for measure-
ments. A second challenge was the difficulty of equilibrat-
ing the CO, and oil phases prior to the contact angle meas-
urements. Although CO, and oil form two phases at the ex-
perimental temperature and pressure, lighter components
of oil are still extracted by CO, and some CO, is dissolved
in the oil. Therefore, in order to establish distinct inter-
faces, the CO, and oil must be equilibrated first. The fluids
in the mixing vessel and the measurement vessel were
equilibrated prior to the experiments, However, the oil in
the needle and the tubing could not be completely equili-
brated. While one of our results yielded a clear image of
the CO,, oil and rock (Figure uB), the other CO,-oil-rock
interfaces were not as distinct. For example, the ripples
coming out of the needle in Figures 1 A, C, and D are
caused by light hydrocarbons being extracted by CO,. Be-
cause of the imperfection of the droplets and the haziness
of the CO.,-oil boundary in some images, the contact angle
results shown in Figure 11 considered as reasonable but not
highly precise estimates.

These high-pressure contact angle experiments were
performed on two shale chips: one that was clean and one
that was aged in Eagle Ford oil. In the absence of

surfactant, oil spread on both the oil-aged and clean shale
chips (Figure 1, A and B, contact angles of 11° and 14°, re-
spectively). This result indicates that the shale surface has
an affinity for oil when submerged in CO.,, regardless of
whether the shale chip was aged in oil or not. After soaking
in CO,+0.1 wt% TDA-g solution for four days, oil beaded
up on the oil-aged shale chip and attained an intermediate
wettability value of 82°, but spread on the clean shale chip
with a much more modest shift (to a contact angle of 39°)
(Figure 1, C and D). This observation supports the pro-
posed mechanism of surfactant adsorption illustrated in
Figure 1. The oil-aged shale chip has a layer of oil-wetting
deposits and producible oil covering the mineral surface.
The oil-philic hydrocarbon segment of the surfactant ad-
sorbs to the oil layers, with the oil-phobic PEO segments
aligned outward toward the CO,. These results are, to the
best of our knowledge, the first reports of a favorable, sur-
factant-induced altered wettability away from oil-wet to-
ward intermediate CO,-oil wet in a high-pressure CO,-oil-
rock environment.

(A) Oil-aged shale chip,
CO, soak

(B) Clean shale chip,
CO, soak

shale

(C) Oil-aged shale chip,
CO, + TDA-9 soak

(D) Clean shale chip,
CO, + TDA-9 soak

Figure 11. Droplets of Eagle Ford oil on shale chips in CO, at
high pressure and temperature (27.6 MPa, 8o °C). Droplets
spread on both oil-aged and clean shale chips in pure CO, ((A)
and (B)). The distorted droplet shape on the bottom left side
of (B) is due to interference from the sample holder. The oil
droplet beaded up on an oil-aged shale chip in CO,+SURFO-
NIC® TDA-9 (0.1 wt%) (C). This change was less pronounced
on a clean shale chip. Even with surfactant present, the oil
droplet spread on a clean shale chip (D).

Figure 11 shows oil droplets that were placed on shale
chips after the chips had been soaking for four days. Drop-
lets were also placed on shale chips after soaking only one
day (images not shown). After soaking for one day, drop-
lets spread on all shale chips, including those soaking in
CO, +0.1 wt% TDA-9 solution. This observation indicates
that adsorption of the surfactant to the shale surface may



be time-dependent. Because this experimental set-up did
not allow for continuous stirring of the surfactant in the
CO,, (stirring would have disrupted the oil droplets), com-
plete dissolution of the surfactant was dependent on diffu-
sion. Although the absence of a change in contact angle af-
ter only one day of soaking may have been caused by in-
complete dissolution of the surfactant, it does indicate that
longer soak times might enable better adsorption of the
surfactant to the shale surface for optimal wettability alter-
ation. In this case, significant wettability alteration by the
surfactant was observed after four days.

3.7. Huff-n-puff experiments. Figure 12 shows the ul-
timate oil recovery (left) and incremental oil recovery after
each huff-n-puff cycle (right) for Eagle Ford, Mancos, and
Bakken cores. The effect of two surfactants, SURFONIC"
TDA-9 and N-100, were tested using Eagle Ford cores (Fig-
ure 12A). After five cycles, the ultimate recovery reached
71% for pure CO, (black), 75% for CO,+0.1 wt% SURFONIC"
TDA-9 (green), 72% for CO,+0.01 wt% SURFONIC" TDA-9
(light green), and 67% for CO,+0.1 wt% SURFONIC" N-100
(orange). Huff-n-puff oil recovery increased with increas-
ing concentrations of TDA-g dissolved in CO,. The most
pronounced increases in oil recovery were observed in the
first and second cycles. Throughout the remaining cycles,
oil recoveries with CO,+TDA-9 solutions were consistently
higher than those of pure CO,. During huff-n-puff

experiments with SURFONIC" N-100, however, oil recovery
was lower than that of pure CO.. The high incremental oil
recovery of the fifth cycle of CO,+0.1 wt% SURFONIC" N-
100 was due to a long, three-day, weekend soak period. We
are not certain why incorporation of N-100 decreased oil
recovery compared to pure CO,. This nonylphenol ethox-
ylate was the only surfactant that contained a rigid aryl
group in its structure, which may have impacted its ability
to diffuse into the core or to adsorb onto surfaces.

Unconfined huff-n-puff experiments using SURFONIC”
L12-6 were performed using oil-aged Mancos cores (Figure
12B). After five cycles, the ultimate recovery reached 9o%
for pure CO, (black), 84% for CO,+0.1 wt% SURFONIC’
L12-6 (blue), and 1% for CO,+0.01 wt% SURFONIC" L12-6
(light blue). In this set of experiments, the increasing
amount of surfactant diminished oil recovery—even
though the permeability of the core used for the experi-
ment containing the highest amount of L12-6 (0.1 wt%) was
an order of magnitude higher than those of the cores used
for the pure CO, and the o.01 wt% surfactant experiments
(Table 2, entries 5-7). Again, we are not certain why this
decrease in oil recovery occurred. This linear dodecyl eth-
oxylate contained the shortest PEO segment. Perhaps the
PEO group was too short to impart the desired change in
wettability to the shale surfaces.
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Figure 12. Ultimate oil recoveries (left) and incremental oil recoveries (right) obtained during huff-n-puff experiments
using Eagle Ford (A), Mancos (B) and Bakken (C) cores.

Confined huff-n-puff experiments were performed us-
ing Bakken cores, wherein the core was confined using a
Viton™ sleeve during the soak period so that only the ends
were exposed (Figure 12C). Pure CO, afforded oil recovery
of 73% (black), while CO,+0.01 wt% TDA-g recovered only
64% (light green). Although the surfactant solution af-
forded a lower ultimate oil recovery, the oil CO,+0.01 wt%
TDA-9 solution recovered more oil during the first cycle
than pure CO,, (31% and 27%, respectively). This ability of
the surfactant to increase recovery in the first cycle was
also observed in the unconfined huff-n-puff experiment
using Eagle Ford cores (Figure 12A).

The ultimate oil recovery values for both confined huff-
n-puff experiments were higher than expected, given that
only the ends of the core were exposed to CO,. This obser-
vation can be attributed to the fact that the Viton™ sleeves
surrounding the cores had to be removed between cycles
to weigh the cores. While the Viton™ sleeves were

removed, more oil was produced from the sides of the
cores. The loss of this oil reduced the weights of the cores,
resulting in higher oil recoveries being recorded.

It is difficult to draw conclusions about which surfac-
tant performed best during huff-n-puff experiments be-
cause Eagle Ford cores were used in experiments involving
SURFONIC® TDA-9 and N-100, Mancos cores were used in
experiments involving SURFONIC® Li2-6, and Bakken
cores were used in confined huff-n-puff experiments. This
difference was due to the availability of cores in our labor-
atory. The best performance was associated with the
tridecyl ethoxylated alcohol with an average of nine EO
groups; SURFONIC” TDA-g (Figure 12A). More oil was re-
covered with increasing amounts of this surfactant in the
unconfined Eagle Ford core. This increase was primarily at-
tributable to a higher amount of oil recovered during the
first cycle. Huff-n-puff experiments were not repeated and



thus, the experimental uncertainty of these results is un-
known.

3.8. Gas Chromatography. Produced oil collected dur-
ing the confined huff-n-puff experiments using Bakken
cores and SURFONIC" TDA-9 was analyzed by GC-MS
(Figure 13). Lighter hydrocarbons (n-C6—n-C8) that were
present in the Eagle Ford oil (Figure 3) but not observed
after each huff-n-puff cycle were dissipated during CO,
venting. GC-MS analysis revealed differences in molecular
weight distributions of the oil produced by CO, extraction,
with and without a surfactant. Although the pure CO,
without a surfactant produced more oil, the experiment
with the surfactant preferentially produced heavier hydro-
carbons, especially on the first cycle. This difference could
be due to the ability of the surfactant to remove heavy hy-
drocarbons from the surface of the shale core by micellar
solubilization. A similar observation was made by Zhang et
al,, in which an aqueous surfactant solution recovered
darker, heavier oil fractions than water alone.* Averaged
over all cycles, the CO,+0.01% TDA-g solution employed in
our study produced heavier oil compared to CO, alone (av-
erage of 21.2 carbons, compared to 18.9 without a surfac-
tant).

3.9 Ability of CO,-dissolved surfactants to improve
CO, EOR. This work probes, for the first time, whether
surfactants dissolved directly in CO, can add another
mechanism—surfactant-induced wettability alteration—
to the long list of other mechanisms already known to pro-
mote oil recovery in unconventional formations during
CO, EOR. We confirmed that nonionic surfactants can dis-
solve in CO, at concentrations up to approximately 1 wt%
at typical CO, EOR conditions. We also confirmed that a
miscibility gap exists for the CO,-Eagle Ford crude oil mix-
ture even at pressures much greater than the MMP, which
indicates that there is an interface where a surface-active
agent can favorably impact oil recovery. The nonionic eth-
oxylated surfactants were shown to have the ability to alter
the wettability of an aged oil-wet shale in the desired di-
rection from oil-wet toward water-wet (or CO,-wet) at the
laboratory-scale. The surfactant had no effect on the CO,-
oil IFT, which was desired because lower IFT can reduce
surfactant imbibition.> ** The surfactant also did not gen-
erate a CO,-0il foam. Wettability alterations were at-
tributed to a surfactant adsorption to the oil-wetting de-
posits on the shale surface. Although nonionic surfactants
exhibit lower shale adsorption than ionic surfactants (mak-
ing them an economic choice in the field),” we found that
the adsorption was sufficient to enable wettability altera-
tion. Unfortunately, we did not have the resources to assess
nonionic surfactant adsorption quantitatively. In the best
case (SURFONIC® TDA-g), the increase in oil recovery was
on the order of one to four percentage points at dilute

concentrations of 0.01 and 0.1 wt%. The other two surfac-
tants afforded lower oil recoveries than pure CO,—indicat-
ing that there may be situations in which the introduction
of a surfactant such as TDA-9 to CO, does improve oil re-
covery, but there are surfactants or rock/oil systems in
which no benefit will be derived. Although the oil recovery
increase by a surfactant dissolved in CO, was modest and
the uncertainty in the data is not known, a several percent-
age point increase in oil recovery could be significant on
the reservoir scale.

Oil recovery by CO,-dissolved surfactants might be en-
hanced by improvements arising from future investiga-
tions of other types of CO,-soluble surfactants. For exam-
ple, all surfactants in this study are relatively large, with
lengths between 3.82-4.26 nm, about the size of n-C30 (Fig-
ure 14). Therefore, the surfactants may not be able to enter
the small pores of the shale samples. Incorporation of
smaller wettability-altering additives—such as 3-penta-
none,” 7 or alkyl ethoxylates with fewer EO groups or
shorter hydrocarbon segments—in the CO, phase could af-
ford higher levels of oil production. For example, 3-penta-
none is 0.61 nm long, about the length of n-C5 and would
be more likely to penetrate the shale matrix to change wet-
tability at the pore scale. Further, the study of nonionic
propoxylated surfactants should be considered, as the
poly(propylene oxide) (PPO) moiety is more CO,-philic
that the PEO moiety. However, the PPO group is also more
oil-philic and less hydrophilic than PEO. Regardless of the
alkyl group, the surfactant will be water-insoluble and
therefore inappropriate for any water-based use. There-
fore, propoxylated surfactants are not certain to outper-
form ethoxylated surfactants in this application, but there
is merit in assessing that surfactant class.

Although more work is needed to optimize surfactant
structures, the ability of CO,-dissolved nonionic surfac-
tants to change the surface properties of shale has been
demonstrated. One of the advantages of waterflooding as
an EOR strategy in unconventional reservoirs is the ability
of water to be modified through dissolution of salts, sur-
factants, and other chemical additives. Here, we show that
CO, can also be modified for EOR in shale through disso-
lution of surfactants. Thus, wettability alteration by surfac-
tants can be combined with the other mechanisms by
which CO, increases oil recovery. We anticipate that, as
anthropogenic CO, becomes more available through CO.-
capture efforts, that CO, EOR in unconventional reservoirs
will provide an important economic driver for anthropo-
genic CO, capture and result in more CO, being stored per-
manently in the subsurface.”7 Improvement of the oil-ex-
tracting ability of CO, through surfactants can increase its
use as an EOR fluid, affording both environmental and eco-
nomic benefits.
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Figure 13. GC-MS analysis of hydrocarbons produced during confined huff-n-puff experiments. Light hydrocarbons are expected
to dissipate with the CO, phase and are not included in this analysis. The average number of carbons for all puffs is weighted by
the incremental recovery of each puff.
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4. CONCLUSION

This work represents first steps toward improving CO,
EOR by adding surfactants dissolved in CO, to change the
shale reservoir from oil-wet to water-wet. We have

demonstrated several important criteria necessary for CO,-
dissolved surfactants to be considered as a viable EOR
technique for shale reservoirs. First, we found that CO, and
oil are not completely miscible at reservoir conditions.
Therefore, although CO, is already a good EOR fluid for



conventional reservoirs, it can be further improved for ap-
plication in shale reservoirs, where multi-contact miscibil-
ity is not achieved, through the addition of surfactants.
Secondly, we showed that nonionic CO,-soluble surfac-
tants are capable of altering shale wettability from oil-wet
to CO,-oil intermediate-wet. Because no change in CO,-oil
[FT was observed upon addition of surfactant, and no foam
was generated by the surfactant, the most likely mecha-
nism of oil recovery by nonionic CO,-dissolved surfactants
is wettability alteration. Initial huff-n-puff experiments
showed that CO, solutions of SURFONIC" TDA-g9 (0.01
wt% and 0.1 wt%) can improve oil recovery by several per-
centage points over CO, alone. Analysis of produced hy-
drocarbons by GC-MS demonstrates the ability of the CO,-
dissolved surfactant to recover a higher proportion of
heavier oil in the first puffs than pure CO,. The surfactants
chosen for this study were inexpensive ($1-3/pound), com-
mercially-available, and used in dilute amounts (as low as
o0.01 wt%). With further optimization of surfactant struc-
tures to improve oil recoveries, the addition of nonionic
surfactants to CO, is a viable strategy for improving CO,
EOR in unconventional formations.
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sion; MMP, minimum miscibility pressure; mN/m, millinew-
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