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ENHANCED CRUDE OIL RECOVERY FROM SUBTERRANEAN CRUDE OIL-
BEARING SANDSTONE RESERVOIRS

FIELD OF DISCLOSURE
The present disclosure relates to the recovery of crude oil. More particularly, the
present disclosure provides for additives that support enhanced crude oil recovery from a

subterranean crude oil-bearing sandstone reservoir.

BACKGROUND

Only a portion of crude oil originally present in a subterranean oil-bearing sandstone
reservoir is recovered during a primary production process. Typical primary production
processes include fluid and rock expansion, solution-gas drive, gravity drainage, and aquifer
influx along with the reservoir’s own natural energy to make the initial extraction of crude
oil. To extract the remaining crude oil, an enhanced oil recovery (EOR) process such as a
waterflooding process is used in the subterranean oil-bearing sandstone reservoir to increase
the crude oil production. The waterflooding process injects water into the reservoir to
increase and maintain the reservoir pressure at or near its initial level. The water used for
waterflooding may be fresh water, saline water and/or brine recovered from the primary
production process. During the waterflooding process the water displaces crude oil from
pore spaces, but the effectiveness of waterflooding may depend at least on the wettability of
the sandstone in the subterranean oil-bearing sandstone reservoir.

To help improve EOR, additives are used in conjunction with waterflooding to help
alter the wettability and interfacial tension reduction of the sandstone inside the reservoir.
Decreasing interfacial tension in the sandstone and shifting the sandstone wettability from
an oil-wet towards a water-wet state are the main mechanisms these additives bring to EOR
in waterflooding. Selecting the proper additive for the given oil reservoir structure (e.g.,
sandstone versus shale) allows for the pressure, temperature and salinity of the
waterflooding to be more effective. Likewise, selecting the wrong additive for the
waterflooding in the given crude oil reservoir structure can result in an ineffective EOR,
even leading to damage to the reservoir due to undesirable wettability alteration and
possible rock dissolution resulting in blockage of the pore space.

So, the rock mineralogy can play a significant role in EOR, where an improperly

selected additive may result in high adsorption on the pore surface of the sandstone or rock,
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thereby wasting resources and money. Anionic based additives, for example, have been
used with waterflooding in in sandstone-containing oil reservoirs. Unfortunately, such
anionic additives are expensive. Accordingly, less costly additives are sought that can alter
the wettability of sandstone reservoir rocks to enhance the effectiveness of EOR methods

such as waterflooding.

SUMMARY
The present disclosure provides for a less costly additive that can alter the
wettability of sandstone reservoir rocks to enhance the effectiveness of EOR methods such
as waterflooding. Specifically, the present disclosure provides a sandstone-containing oil
reservoir additive composition that includes (a) a nonionic wettability alteration agent

having Formula (I):

R_O_(C3HGO)X (C2H4O)y—H (I)

where R is an alkyl residue from a branched secondary alcohol initiator, and where R has a
carbon number of C4 to C10, x is from 3 to 10, and y is from 1 to 20; and (b) an injection
fluid. Preferably, the above variables can have the following values: R has a carbon number
of C6 to C9; x is from 3 to 8 and y is from 5 to 20. For the various embodiments, the
injection fluid is selected from the group consisting of sea water, engineered water, injection
brine, produced brine or combinations thereof.

The embodiments herein also provide for the sandstone-containing oil reservoir
additive composition in which the nonionic wettability agent in the sandstone reservoir
additive composition is from 0.01 weight percent (wt%) to 20 wt% based on the total
weight of the sandstone reservoir additive composition. The sandstone-containing oil
reservoir additive composition can further include a hydrocarbon-based solvent selected
from the group consisting of naphthene hydrocarbons, paraffin hydrocarbons, hexane or
combinations thereof.

The present disclosure also provides for a method of enhanced oil recovery (EOR)
from a sandstone-containing reservoir that includes mixing the nonionic wettability
alteration agent with the injection fluid provided herein to form the sandstone-containing oil

reservoir additive composition; injecting the sandstone-containing oil reservoir additive
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composition into a sandstone-containing oil reservoir; and extracting oil from the sandstone-
containing oil reservoir. For the various embodiments, a temperature in the sandstone-
containing oil reservoir is from 0 to 100 °C. For the various embodiments, the EOR can be
selected from the group consisting of a waterflooding operation and a carbon dioxide

flooding operation for enhanced oil recovery.

DETAILED DESCRIPTION

The present disclosure provides for a less costly additive that can alter the
wettability of sandstone reservoir rocks to enhance the effectiveness of enhanced oil

recovery (EOR) methods such as waterflooding.

Definitions

As used herein, the term "subterranean crude oil-bearing sandstone reservoir" refers to a
subterranean pool of hydrocarbons contained in a porous or fractured sedimentary rock
formation.

As used herein, the term "crude oil" refers to a naturally occurring liquid consisting of a
complex mixture of hydrocarbons of various molecular weights and structures, and other
organic compounds, which are found in geological subterranean formations, such as in
subterranean crude oil-bearing sandstone reservoirs. "Crude oil" is also known, and may be
referred to herein, as petroleum and/or oil.

As used herein, the term "enhanced crude oil recovery" or "EOR" refers to the
process(es) used after a primary and/or a secondary recovery processes is used, where the
enhanced crude oil recovery helps to extract additional crude oil that could not otherwise be
extracted from the subterranean crude oil-bearing sandstone reservoir.

As used herein, the term "waterflooding operation" for EOR refers to a process in which
water is injected into a subterranean crude oil-bearing sandstone reservoir in order to
increase the crude oil production.

As used herein, the term "water" can include, for example, a brine, a connate water,
surface water, distilled water, carbonated water, sea/ocean water and a combination thereof.

For brevity, the word "water" will be used herein (unless clearly indicated otherwise), where

it is understood that one or more of "brine," "connate water," "surface water," "distilled

133

water," “carbonated water,” and/or "sea/ocean water" can be used interchangeably.

As used herein, "°C" is an abbreviation for degree Celsius.
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Unless defined otherwise, all scientific and technical terms are understood to have the
same meaning as commonly used in the art to which they pertain. For the purpose of the
present disclosure, additional specific terms are defined throughout.

As used herein, parts-per-million (ppm) is used as one measure of concentration in
which a given property exists at a relative proportion of one part per million parts examined,
as would occur if a catalyst was present at a concentration of one-millionth of a gram per
gram of reactants.

The terms "comprises," "includes" and variations of these words do not have a limiting
meaning where these terms appear in the description and claims. Thus, for example, a
process that comprises "a" sandstone-containing oil reservoir additive composition can be
interpreted to mean a process that includes "one or more" sandstone-containing oil reservoir
additive compositions. In addition, the term "comprising," which is synonymous with
"including" or "containing," is inclusive, open-ended, and does not exclude additional
unrecited elements or method steps.

As used herein, the term "and/or" means one, more than one, or all the listed elements.

Also herein, the recitations of numerical ranges by endpoints include all numbers
subsumed within that range (e.g., 1 to 5 includes 1, 1.5, 2, 2.75, 3, 3.80, 4, 5, etc.).

As used herein, the term "carbon dioxide flooding operation" for EOR refers to an
injection process that introduces carbon dioxide gas into the subterranean crude oil-bearing
sandstone reservoir, where the carbon dioxide allows for the miscible displacement of the
crude oil due to the reduction in the crude oil viscosity for the given reservoir temperature,

pressure and crude oil composition.

The present disclosure provides a sandstone-containing oil reservoir additive
composition that includes (a) a nonionic wettability alteration agent having the following

Formula I:

where R is an alkyl residue from a branched secondary alcohol initiator, and where R has a
carbon number of C4 to C10, x is from 3 to 10, and y is from 1 to 20; and (b) an injection
fluid.

I Foromla I, R 18 an alkyl residue from a branched secondary alcohol initiator. I

general, the branched secondary alcohol initiator is & compound cordaiming 4 1o 10 carbon
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atoms (C4 10 {10}, In soms embodiments, R preferably has a carbon number of C6 to C9.
Most preferably, the embodiments include examples where R has a carbon number of C8 to
C9. The R group can further have a branchung degree of 2 or more. In some embodiments,
the branching degres is 3 or more. The term “branching degrae” as used herein means the
total nurober of wethyl (-CH:)Y groups numis 1 For instance, f there are fowr wethyl
aroups, then the branching degree 13 3. In sore embodunenis, R contains at least 2 roethyl
groups. Examples of suitable branched secondary alcohol initiators include 4-methyl-2-
pentanol (MIBC), 2,6, 8-trimethvi-4-nonanct, 2,6-dimethv heplan-4-of (BIBC) and the
Tergitol™ 15-S series available from The Dow Chemical Company.

The nonionic wettability alteration agent of Formula I can also have a narrow
molecular weight disiribution, represented by the malderials’ polvdispersity index {weight
average molecular waight/number average molecular weight {Mw/Mn) as determoined by gel
permeation chromatographyvy A varrow roolecular weight distribution generally results 1o
hetter surfactant performance. In some embadiments, the polvdispersity index (PDH) of the
nonionic wettability alteration agent of Formula I is 2.0 or less, alternatively 1.75 or fess,
alternatively 1.5 or less, altermatively 1.2 or less, or altematively 118 or less,

o addition to exhibiting low PI, 10 some embodiments, the nonionic wettability
alteration agent of Formula I may also be prapared as described hersin io contain low levals
of residual unreacted alcohols. The advantages of having fow levels of alcohols include
enhanced surface activity, low odor, and improved clarity of aguecus formoilabons. Tn some
embodimends, the compositions of the nonionic wettability alteration agent of Formula I
contains 10 weight percent or less, altematively 3 weight percent or less, alternatively
weight percent or less, aﬁemativeiy 2 weight percent or less, alternatively 1 waight percent
ot less, or shigmatively 0.5 weight percent or less of residual sleohols,

'The nonionic wettability alteration agent of Formula I also includes variables "x
and "v", as provided above. These variables describe the molar amount of charged
propviene oside and sthylene osade used i roaking the nonionic wettability alteration agent
of Formulal. For Formula I, x has a value from 3 to 10. Preferably, x is from 3 to 8. Most
preferably, x is from 4 to 6. In addition, y has a value from 1 to 20. Preferably, y is from 5
to 20. Most preferably, y is from 5 to 15.

The nonionic wettability alteration agent of Formula I can be formed in a number
of ways. For example, a branched secondary alcohol initiator as provided herein can be

reacted with propylene oxide and ethylene oxide, under slkoxvialion conditions in the
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presence of a catalyst. Propvlens oxide and/or ethylene oxide can be utilized to form the
nonionic wettability alteration agent of Formula I by random and/or block addition, where
for random addition a mixture of both the propviene ovide and ethyviene ovide are present
with the mitigtor and for block addition the initiator reacts first with one oxide (e.g.,
propylene oxide) and then with the other (e.g., sthviene oxide} or where the initiator first
reacts with a first oxide (e.g., propylene oxide) followed by random addition where the
initiator reacts with a mixture of the propylene oxide and ethylene oxide.

The catalyst used for the alkoxviations can be, for example, g double metal
cyamde compound or potassium hydrosade, as are known in the art. Prior to the
alkovylation reaciion, i may be advantageous to dry the branched secondary alcohol
initiator in order 1o redhice s water conlent. Various techniqoes may be used, including for
fnstance apphication of reduced pressure, elevated lemperature, nitrogen purge, or g
combination of these  The water content roay be reduced to, for example, 300 ppim or ess,
alternatively 200 ppm or less, or alfernatively 100 ppm or less, or alternatively 50 ppm or
fess, or alternatively 25 ppny or less.

The propylene oxide and ethviene oxde are reacted with the branched secondary
alcohol initiator under alkoxyvlation conditions. In a non-limiting embodiment illustrative of
suitable alkogyiation conditions, this reaction may be carried out af an ¢levated temperature
or temperatures ranging from about 80 °C 1o about 130 °C. In other nov-limiting
emnbodinents, the lemperature may range from aboui 100 °C to about 160 °C. Pressures
fromn about i4 psia to abowt 60 psia may, in certain non-limuting gmbodirernts, be
particularly efficacious, but other pressures may also be effectively emplovad. Those skitled
wt the art will be able to determine appropriate conditions with, al most, routine
experimentation

Preferably, the alkoxviation reaction is conducted in the presence of an effective
amount of a double metal cyamde compound as catalyst. The amount of the catalval may, in
some emhodiments, range froro about | povo 1o about 1000 ppm by weight, based on the
total charge of aleohol and oxides. In some embodiments, the amount may range from about
14 pom to abouwt 300 pom. Suitable double metal cyanide calalysis inchide those described
w ULS. Palent 6,429,342, which 18 incorporated berewn by reference. By way of example,
Zis[Col{UN ] may be used a3 the catalyst.

In a typical dlustrative process, the catalvst may be dissolved or dispersad in the

dried alcohol or, alternatively, the two may be uxed first and then the aleohol dried, g,
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vsing the fechniques discussed above, 10 redhice the residual water content. The propviens
oxide and ethylene oxide may then be added, and the reaction continued wntl a desived leved
of alkoxyiation bas oocurred, In sorse eroboduments, the propyiene oxide and the etiwione
oxide may instead be added in a baich manner, such as through two, three, or four charges
throughout the reaction process. The reaction may be subjectad to digestion periods {e.g.,
about I-10 hours at gabout 100 °C to 160 °C) between propylene onde and/or ethylene oxide
additions and/or after the final propyiene owide and/or etlviene oxide addition.

Following the alkoxylation reaction, the nonionic wettability alteration agent of
Formula I mav be discharged frov the reactor withowut removal of the catalvet 1 desired,
the product mav be Gitered prior to use, or freated by different means o remave or recover
the catalyst, such as faucht in US4.335 188, 4,721 €18, 4 877,906, §.010,047; 5,099,075,
5,416,241, each of which 18 incorporated berein by reference.

The nonionic wettability alteration agent of Formula [ mav also be subjected to
addinional punification steps. For instance, in some embadiments, the fevel of residual
alcohol may be further reduced by heating the crude ethowyiated product at elevaied
ternperature, such as 120 °C or greater, altematively 156 °C or greater. Inaddition, in some
embodiments, g vacuum may be applied, e g, 250 Torr or less, or 200 Torr or less, or 150
Torr or less, such that the boiling point of any residual alcohol s exceeded. An inert gas,
such as wmitrogen, may be flowed over (head- space sparge} or through {sub-surface sparge}
the product 1o {urther factbitate removal of the alcohel, Combinations of the foregoing
techriques may be applisd.

The sandstone-containing oil reservoir additive composition further includes (b) an
injection fluid. For the various embodiment, the injection fluid is selected from the group
consisting of sea water, engineered water, injection brine, produced brine or combinations
thereof.

In an additional embodiment, the sandstone-containing oil reservoir additive
composition can further include a hydrocarbon-based solvent selected from the group
consisting of naphthene hydrocarbons, paraffin hydrocarbons, hexane or combinations
thereof.

Embodiments of the present disclosure also include examples where the nonionic
wettability agent in the sandstone reservoir additive composition is from 0.01 weight
percent (wt%) to 20 wt% based on the total weight of the sandstone reservoir additive

composition. The embodiments include examples where the nonionic wettability agent in
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the sandstone reservoir additive composition is from 0.05 wt% to 5 wt% based on the total
weight of the sandstone reservoir additive composition. The embodiments include
examples where the nonionic wettability agent in the sandstone reservoir additive
composition is from 0.1 wt% to 1 wt% based on the total weight of the sandstone reservoir
additive composition. The embodiments include examples where the nonionic wettability
agent in the sandstone reservoir additive composition is from 0.1 wt% to 0.5 wt% based on
the total weight of the sandstone reservoir additive composition.

The present disclosure also includes a method of enhanced oil recovery from a
sandstone-containing reservoir. The method includes mixing the nonionic wettability
alteration agent with the injection fluid, as provided herein, to form the sandstone-
containing oil reservoir additive composition; injecting the sandstone-containing oil
reservoir additive composition into a sandstone-containing oil reservoir; and extracting oil
from the sandstone-containing oil reservoir.

As used herein, the nonionic wettability alteration agent of Formula I is
amphiphilic, meaning it contains both hydrophobic groups (e.g., from R) and hydrophilic
groups (derived from the propylene oxide and ethylene oxide groups), which allows the
nonionic wettability alteration agent to be soluble in both organic solvents (non-polar) and
polar solvents such as water. For example, the nonionic wettability alteration agent used in
the sandstone-containing oil reservoir additive compositions of the present disclosure may
lower the interfacial tension between carbon dioxide (such as carbon dioxide in a
supercritical state) and water. The nonionic wettability alteration agent is capable of
dissolving in supercritical carbon dioxide in dilute concentrations, where they can help to
stabilize carbon dioxide-in-water emulsions and/or foams (referred to herein as "emulsion"),
as discussed herein.

As discussed herein, embodiments of the present disclosure include examples
where the injection fluid is selected from the group consisting of carbon dioxide, nitrogen, a
hydrocarbon, water, or combinations thereof. The embodiments include examples where
the method is included in a waterflooding operation for enhanced oil recovery (EOR). The
embodiments include examples where the method is included in a carbon dioxide flooding
operation for EOR.

Both operations for EOR noted above are known in the art. For example, the
methods of the present disclosure include injecting the sandstone-containing oil reservoir

additive composition into a flow of carbon dioxide being injected into a sandstone-
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containing oil reservoir, where an emulsion of the carbon dioxide and the sandstone-
containing oil reservoir additive composition can form in an aqueous solution in the
sandstone-containing oil reservoir. In one or more embodiments, the aqueous solution in
the sandstone-containing oil reservoir can include water, as defined herein, that has been
injected, or introduced, into the sandstone-containing oil reservoir.

In one or more embodiments, the sandstone-containing oil reservoir additive
composition of the present disclosure can be introduced into the flow of carbon dioxide,
where the carbon dioxide and the sandstone-containing oil reservoir additive composition
are then injected into the sandstone-containing oil reservoir. In one or more embodiments,
100 parts per million to 5,000 parts per million of the sandstone-containing oil reservoir
additive composition can be introduced into the flow of carbon dioxide. Other ranges are
possible, where the selection of the concentration of the sandstone-containing oil reservoir
additive composition introduced into the flow of carbon dioxide can depend upon the
physical and chemical conditions present in the sandstone-containing oil reservoir.

Carbon dioxide (COz2) can exist in four distinct phases depending upon its
temperature and pressure. The four phases are as a solid, a liquid, a vapor (or gas), and a
supercritical fluid. A supercritical fluid is a defined state of a compound, mixture or
element above its critical pressure and critical temperature. The supercritical fluid may
behave as a liquid with respect to density, while behaving like a vapor with respect to
viscosity. Carbon dioxide as a supercritical fluid is stable above a critical pressure of 6.9
megapascal (MPa) and a critical temperature of 31 °C. For one or more embodiments of the
present disclosure the carbon dioxide can be in a fluid state either as a liquid and/or as a
supercritical fluid. As such, "carbon dioxide" and/or "supercritical carbon dioxide", both
used herein, are considered to be in a supercritical state that can vacillate between a
supercritical phase and a liquid phase depending on the temperature.

The flow of carbon dioxide may be provided to the sandstone-containing oil
reservoir via an injection well, e.g., a wellbore. The sandstone-containing oil reservoir may
include a plurality of injection wells. The pressure utilized to inject the carbon dioxide at a
given rate can be a function of sandstone-containing oil reservoir parameters that include,
but are not limited to, permeability, zone thickness, and a bottom-hole pressure exerted by a
column of the carbon dioxide in the wellbore. For one or more embodiments, the flow of
carbon dioxide to the sandstone-containing oil reservoir can be at a pressure of from 800

pound-force per square inch (5516 kPa) to 3000 pound-force per square inch (20684 kPa).
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For some applications, the flow of carbon dioxide may be provided to the sandstone-
containing oil reservoir at a pressure that can be greater than a miscibility pressure of a
particular sandstone-containing oil reservoir. Miscibility pressure refers to the minimum
pressure at which the carbon dioxide and the oil in the sandstone-containing oil reservoir are
miscible. The miscibility pressure may vary due, at least in part, to the chemical makeup of
the oil in the sandstone-containing oil reservoir and/or the sandstone-containing oil reservoir
temperature.

For one or more embodiments, the flow of carbon dioxide to the sandstone-
containing oil reservoir can be at a temperature of 25 °C to 70 °C. For one or more
embodiments, the flow of carbon dioxide to the sandstone-containing oil reservoir can be at
a temperature of 25 °C to 100 °C. As such, the carbon dioxide can be in a fluid state that
vacillates between a supercritical phase and a liquid phase. In addition, the flow of carbon
dioxide and the sandstone-containing oil reservoir additive composition can be injected into
the sandstone-containing oil reservoir, where the carbon dioxide and the nonionic surfactant
form an emulsion in the aqueous solution in the sandstone-containing oil reservoir. The
embodiments include examples where a temperature in the sandstone-containing oil
reservoir is from 0 to 100 °C. The embodiments include examples where a temperature in
the sandstone-containing oil reservoir is from 20 to 80 °C. The embodiments include
examples where a temperature in the sandstone-containing oil reservoir is from 20 to 70 °C.

The carbon dioxide, which is much less viscous than oil or water, may move faster
in some regions and directions than others to create viscous fingers through which a
significant portion of the injected fluids may flow. Some of these fingers may arrive
prematurely at a production well; lowering the effectiveness of both the injected carbon
dioxide and of the production well’s pumping capacity. Additionally, gravity separation of
the water and carbon dioxide can result in gravity override, where denser water flows in a
lower zone of the sandstone-containing oil reservoir and the less dense carbon dioxide flows
in an upper zone of the sandstone-containing oil reservoir. The use of an emulsion (e.g., an
emulsion of carbon dioxide/water) helps reduce viscous fingering and/or gravity override
that may result, at least in part, due to the relative lower viscosity and density of the carbon
dioxide. Moreover, since fluids flow preferentially into areas of high permeability in the
sandstone-containing oil reservoir, and emulsion formation is proportional to flow, the

emulsion may greatly increase local resistance to flow preferentially in the high

10
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permeability zone, thereby diverting injected fluids to areas of lower permeability and
improving process efficiency for the oil recovery.

In one or more embodiments, the sandstone-containing oil reservoir additive
compositions discussed herein can be injected with and into the supercritical carbon dioxide
being pumped into the sandstone-containing oil reservoir containing oil. When injected
with the supercritical carbon dioxide the sandstone-containing oil reservoir additive
compositions can help promote the formation of an emulsion of carbon dioxide and water.
It is preferable to inject the sandstone-containing oil reservoir additive compositions into the
supercritical carbon dioxide, as opposed to injecting into or with water, for at least two
reasons. First, in order to achieve an emulsion the carbon dioxide, sandstone-containing oil
reservoir additive compositions and water must be present in intimate contact within the
sandstone-containing oil reservoir where the carbon dioxide is flowing. If the sandstone-
containing oil reservoir additive compositions were dissolved in the water there is a greater
likelihood that these two components will tend to the bottom regions (e.g., the water being
more dense than the carbon dioxide will tend to the lower points) of the sandstone-
containing oil reservoir, while the carbon dioxide being relatively less dense will tend to the
upper regions of the formation. This allows for a condition referred to as "gravity override,"
where the carbon dioxide flows over the top of the water with the dissolved nonionic
surfactant. As such, the components do not meet creating very little, if any, emulsion in the
desired locations within the sandstone-containing oil reservoir. Second, carbon dioxide
tends to have more mobility in the sandstone-containing oil reservoir where it can meet and
form an emulsion with the water. This also allows for an emulsion to be formed in more
locations within the sandstone-containing oil reservoir, which can be important when long
term mobility control is desired.

With respect to enhanced oil recovery operations, in one or more embodiments the
sandstone-containing oil reservoir additive compositions of the present disclosure can be
injected into supercritical carbon dioxide that is being supplied through piping. In one
embodiment, the sandstone-containing oil reservoir additive compositions can be injected
into the supercritical carbon dioxide using an injector. Examples of suitable injectors for
this purpose include those disclosed in U.S. Patent No. 9,545,606 entitled "Solubilizing
Surfactants into Supercritical Carbon Dioxide for Enhanced Oil Recovery", which is

incorporated herein by reference in its entirety.
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For the various embodiments, the sandstone-containing oil reservoir additive
compositions of the present disclosure can be injected into the supercritical carbon dioxide
at a concentration of 100 to 5000 parts-per-million, where the sandstone-containing oil
reservoir additive compositions is soluble in the supercritical carbon dioxide. As
appreciated, other values for the concentration of the sandstone-containing oil reservoir
additive compositions injected into the supercritical carbon dioxide are possible. For
example, considerations for determining these other concentration values can include, but
are not limited to, the flow rates of the supercritical carbon dioxide, the solubility of the
nonionic surfactant in the supercritical carbon dioxide, and/or the effectiveness of the
nonionic surfactant in forming an emulsion with the supercritical carbon dioxide.

The nonionic wettability alteration agent can also be used with other nonionic
surfactants for use with the sandstone-containing oil reservoir additive compositions of the
present disclosure. Such additional nonionic surfactants include, but are not limited to,
ethoxylated aliphatic alcohols, polyoxyethylene, carboxylic esters, polyethylene glycol
esters, anhydrosorbitol ester and ethoxylated derivatives, glycol esters of fatty acids,
carboxylic amides, monoalkanolamine condensates, polyoxyethylene fatty acid amides,
branched alkylphenol alkoxylates, linear alkylphenol alkoxylates, and branched alkyl
alkoxylates.

Although embodiments described herein include supercritical carbon dioxide as the
noncondensable gas in compositions of the present disclosure, one skilled in the art will
appreciate that other noncondensable gases may also be included in place of supercritical
carbon dioxide and/or in addition to supercritical carbon dioxide. Examples of other
possible noncondensable gases include, but are not limited to, nitrogen, natural gas,
methane, propane, butane, ethane, ethylene, hydrogen sulfide, carbonyl sulfide, air,
combustion flue gas, mixtures of methane with ethane, argon, light hydrocarbons, and
mixtures thereof, among others.

In some embodiments, compositions of the present disclosure can include other
additives. For example, the composition can include corrosion inhibitors, co-surfactants,
scale inhibitors, mixtures thereof, as well as other additives. In some embodiments, the
total amount of the additives added to the compositions of the present disclosure is not

greater than about 5 weight percent, based on a total weight of the composition.
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The following examples arg Hhastrative of the invention but are not infended {o

frmit ste scope. Enless otherwise indicated, the rahos, percentages, parts, and the hike used

herewn are by weight,

Examples

Table 1 shows the structures of the non-ionic wettability alteration agents used in the

present Examples. Each is commercially available from Sigma-Aldrich unless otherwise

noted. All tests were done at room temperature (23 °C) unless otherwise noted.

Table 1: Compounds used in Examples

Comparative | Alcohol
- Hydrophobe
Example / Initiator (R T Compound Structure
ype
Example Group)
Comparative Linear
(CgHyg) O—(C3HeO)s—(C2H40)1o—H
Example A 1-Nonanol | Alcohol
(CEA) (C9) Hydrophobe
CEB Linear
(CeH13)——0——(C3HsO)5s——(C2H40)p—H
1-Hexanol Alcohol
(Co) Hydrophobe
CEC TERGITOL | Non-lIonic
™ 15-S-20 | Surfactant
CED TERGITOL | Non-lIonic
™ 15-S-15 | Surfactant
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Example 1 CHs
EX 1
EX1) HsC——CH
CH,
HC——0——(C5H¢O)s (C2H40)1o—H
CH,
Branched
H3C_CH
secondary
2,6- alcohol CHs
dimethyl-4- | hydrophobe
heptan-4-ol | DIBC+5PO
(DIBC) +10EO
EX 2 CHs
ch_CH
Branched
secondary CH,
alcohol
HC——0——(C5H¢O0)s—(C2H40)10—H
4-methyl-2- | hydrophobe
pentanol MIBC+5PO CHj;
(MIBC) +10EO

Prepare a Synthetic Brine (an example of an injection fluid) by dissolving

appropriate amounts of sodium chloride, magnesium chloride and calcium chloride in

deionized water that represents reservoir salinity. For example purposes, 5033 ppm of total

dissolved salts were used in this disclosure.

Dissolve each of the non-ionic wettability alteration agent in Table 1 in the Synthetic

Brine to a concentration of either 2000 ppm or 1000 ppm of the non-ionic wettability

alteration agent to form the Example and Comparative Example. Perform the following

Tests using the Example and Comparative Example, where the results are seen in Table 2.

Static Adsorption Test
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Prepare a sieved rock sample by crushing and sieving a Berea Sandstone Core™

(Berea Sandstone Petroleum Cores), where resulting sandstone granules having a size

greater than 300 micrometer (um) and less than 600 um form the sieved rock sample. For

each Example 1 (EX 1, concentration 2000 ppm), EX 2 (concentration 2000 ppm),

Comparative Example A (CE A, concentration 2000 ppm) and CE B (concentration 2000

ppm) see in Table 2, place 10 grams (g) of the sieved rock sample in a glass vial and add 25

gof EX 1, EX 2, CE A or CE B, as discussed above. Shake the bottle gently and withdraw
1 g aliquots of the Synthetic Brine at O hours (hr), 24 hr, 48 hr, 120 hr, 240 hr and 480 hr.

Analyze each aliquot of the Synthetic Brine samples using high pressure liquid

chromatography (HPLC) to measure the amount of wettability alteration agent remaining in

Synthetic Brine at the various aliquot times. This data provides information about the

maximum possible wettability alteration agent adsorption to the sand granules.

HPLC is a 1260 Infinity Il HPLC having a 1290 Infinity II ELSD detector, both

from Agilent Technologies. Operate the detector at an evaporation temperature of 80 °C, a

nebulizer Temperature of 80 °C and with a nitrogen gas flow rate of 0.90 standard litre per

minute (SLM). Solvents are E-pure water and acetonitrile. Column is a ZORBAX Eclipse

Plus C8, 3 x 150 mm, 3.5 um having an operation temperature of 40 °C. Injection volume

is 3 — 5 uL, depending on the concentration of surfactants where if the salinity is greater

than 5.0%, a one-to-one dilution with E-pure Water is required to prevent salt build-up in

the ELSD. Operate the quaternary pump at a flow rate of 0.62 mL/min and a pressure of 0 —

450 bar. Run lengths are 15.10 minutes + 9.00 minutes Post Time (24.01 minutes total)

with the gradient solvent composition as follows:

Gradient (Solvent Composition):

Time % E-Pure Water % Acetonitrile
0.00 95 5

1.00 95 5

1.01 60 40

9.00 20 80

9.01 0 100
15.00 0 100
15.01 95 5

Table 2 reports the results of the static adsorption test for EX 1, EX 2, CE A and CE

B. For an economical field implementation, wettability alteration agent adsorption should
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be preferably less than (<) 0.5 mg/g of sandstone granules and more preferably < 0.1 mg/g

of sandstone granules.

Contact Angle
Perform the contact angle tests using EX 1, EX 2, CE A and CE B according to the

following procedure. Measure the contact angle of each sample on Teflon using a Kriss
Model DSA-100 Drop Analyzer. Place a specific amount of sample (a 0.1 wt % solution in
water) on a piece of Teflon tape at a drop deposition rate of 6.32 uL/min. Record the
contact angle immediately after the drop completely deposited on the Teflon tape.
Determine for each drop the left and right contact angles by the DSA software. Take the
mean as the contact angle.

Prepare both a 2000 ppm and a 1000 ppm concentration of the non-ionic wettability
alteration agent in the Synthetic Brine. Next, measure the contact angle for a 1 ml sample
of each of the Synthetic Brine (Control), EX 1 (2000 ppm and 1000 ppm), EX 2 (2000 ppm
and 1000 ppm), CE A (2000 ppm and 1000 ppm) and CE B (2000 ppm and 1000 ppm) of
the non-ionic wettability alteration agent in the Synthetic Brine. Measure contact angles for
Synthetic Brine (Control) and the Synthetic Brine having a concentration of either 2000
ppm or 1000 ppm of the non-ionic wettability alteration agent of EX 1, EX 2, CE A or CE
B.

Table 2 reports contact angle for a drop of the Synthetic Brine and the Synthetic
Brine having either 2000 ppm or 1000 ppm of the non-ionic wettability alteration agent of
EX 1, EX 2, CE A or CE B on a hydrophobic surface (i.e., Parafilm M plastic paraffin film)
to analyze the efficacy of the non-ionic wettability alteration agent in changing the
wettability from an oil hydrophilic state to a water-wet state. The contact angle of the
Synthetic Brine only without dissolved non-ionic wettability alteration agent on parafilm is
in the range of 100° to 160°. Table 2 shows that the non-ionic wettability alteration agent
lowers the contact angle of the Synthetic Brine drop on the hydrophobic surface from more

than 90° to less than 90°, which qualifies it as a good wettability altering agent.

16
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Table 2
Adsorption
(mg/g) on
Stock for
Example / Non-ionic Contact Contact Berea
static
Comparative Wettability Angle (°), | Angle (°), Sandstone
adsorption
Example Alteration Agent | 1000 ppm | 2000 ppm ( ) Granules
ppm
at 2000
ppm
Synthetic Brine -- >90° >90° - -
CEA C9+5PO+10EO 56.3 56.3 2000 0.64
EX1 DIBC+5PO+10EO 554 51.2 2000 0.2
CEB C6+5PO+10EO 83.0 78.9 2000 0.46
EX 2 MIBC+5PO+10EO 81.9 79.2 2000 0.25
TERGITOL™ 15-
0.93
CEC S-20 75.5 - 2000
TERGITOL™ 15- Lol
CED S-15 69.9 2000 '

10

15

Table 2 reports the contact angle and the static adsorption data with EX 1, EX 2, CE
A and CE B of the non-ionic wettability alteration agent. Table 2 also shows baseline
adsorption of typical wettability alteration surfactants (CE C — CE E) on Berea sandstone
rock. With adsorption about 1 mg/g, the issue of using typical wettability alteration
surfactants (CE C — CE E) for wettability alteration on sandstone rock is clearly seen.

With respect to the present Examples, both CE A and EX 1 of the non-ionic
wettability alteration agents are C9 alcohol hydrophobes having the same number of groups
derived from propylene oxide (PO) and ethylene oxide (EO). Both show a contact angle of
less that 90° confirming the significant wettability altering efficacy of these non-ionic
wettability alteration agents. The difference between these non-ionic wettability alteration
agents, however, is seen in their adsorption on the sandstone granules, where EX 1 with its
secondary branched C9 hydrophobe structure shows less than 3 times the adsorption (0.2
mg/g of sandstone granules) as compared to the linear C9 hydrophobe structure (0.64 mg/g

of sandstone granules).
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Similarly, both CE B and EX 2 of the non-ionic wettability alteration agents are C6
alcohol hydrophobes having the same number of groups derived from propylene oxide (PO)
and ethylene oxide (EO). Both show a contact angle of less that 90° confirming the
significant wettability altering efficacy of these non-ionic wettability alteration agents. The
difference between these non-ionic wettability alteration agents, however, is seen in their
adsorption on the sandstone granules, where EX 2 with its secondary branched C6
hydrophobe structure shows less than 1.8 times the adsorption (0.25 mg/g of sandstone
granules) as compared to the linear C6 hydrophobe structure (0.46 mg/g of sandstone
granules).

The above data suggest that for enhanced oil recovery operations (e.g.,
waterflooding) it would be more economical to use a nonionic wettability alteration agent
having an alkyl residue from a branched secondary alcohol initiator, as provided herein, as

compared to an alkyl residue from a linear secondary alcohol initiator.

18



10

15

20

25

30

WO 2020/172087 PCT/US2020/018486

What is claimed is:

1. A sandstone-containing oil reservoir additive composition, comprising:

(a) a nonionic wettability alteration agent having Formula (I):

R_O_(CgHGO)X (C2H4O)y—H (I)

wherein R is an alkyl residue from a branched secondary alcohol initiator,
wherein:
R has a carbon number of C4 to C10;
x 1s from 3 to 10; and
y is from 1 to 20; and

(b) an injection fluid.

2. The sandstone-containing oil reservoir additive composition of claim 1, wherein R

has a carbon number of C6 to C9.

3. The sandstone-containing oil reservoir additive composition of any one of claims 1

through 2, wherein x is from 3 to 8.

4, The sandstone-containing oil reservoir additive composition of any one of claims 1

through 3, wherein y is from 5 to 20.

5. The sandstone-containing oil reservoir additive composition of any one of claims 1
through 4, wherein the nonionic wettability agent in the sandstone reservoir additive
composition is from 0.01 weight percent (wt%) to 20 wt% based on the total weight of the

sandstone reservoir additive composition.
6. The sandstone-containing oil reservoir additive composition of any one of claims 1

through 35, further including a hydrocarbon-based solvent selected from the group consisting

of naphthene hydrocarbons, paraffin hydrocarbons, hexane or combinations thereof.
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7. The sandstone-containing oil reservoir additive composition of any one of claims 1
through 6, wherein the injection fluid is selected from the group consisting of sea water,

engineered water, injection brine, produced brine or combinations thereof.

8. A method of enhanced oil recovery from a sandstone-containing reservoir,
comprising:

mixing the nonionic wettability alteration agent with the injection fluid of claim 1
to form the sandstone-containing oil reservoir additive composition;

injecting the sandstone-containing oil reservoir additive composition into a
sandstone-containing oil reservoir; and

extracting oil from the sandstone-containing oil reservoir.

9. The method of claim 8, wherein a temperature in the sandstone-containing oil

reservoir is from 0 to 100 °C.
10. The method of claim 8, wherein the enhanced oil recovery is selected from the

group consisting of a waterflooding operation and a carbon dioxide flooding operation for

enhanced oil recovery.
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