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CRUDE OIL RECOVERY CHEMICAL FLUID

CROSS-REFERENCE TO RELATED PATENT
APPLICATIONS

This patent application claims priority to Japanese Patent
Application JP2017-175511 filed on Sep. 13, 2017, the
entire content of which is incorporated by reference in this
application.

FIELD OF THE INVENTION

The present invention relates to a crude oil recovery
chemical fluid excellent in resistance to high temperature
and salt with a high crude oil recovery ratio for use in
surfactant flooding of the “enhanced oil recovery” (herein-
after abbreviated as “EOR”) process for recovering crude oil
through injection into oil reservoirs in inland or subsea oil
fields.

BACKGROUND OF THE INVENTION

In the process of recovering (collecting) crude oil from oil
reservoirs, different recovery processes are applied in time
series, that is, a three-step method including primary, sec-
ondary, and tertiary (or EOR (enhanced)) processes is
applied.

The primary recovery method includes: natural flowing
using natural pressure of oil reservoirs and gravity; and
artificial lifting using artificial recovery techniques such as
pumps. The crude oil recovery ratio of the primary recovery
carried out by these methods in combination is said to be
about 20% at maximum. The secondary recovery method
includes water flooding and pressure maintenance, which
are intended to restore oil reservoir pressure and to increase
oil production by injecting water or natural gas after the
production decreases in the primary recovery method. With
these primary and secondary recovery methods in combi-
nation, the crude oil recovery ratio is about 40%, and a large
amount of crude oil remains in the underground oil reservoir.
The tertiary recovery method is then proposed, which is a
method of recovering crude oil through the EOR process, to
recover more crude oil further from the oil reservoir in
which crude oil has already been collected from an easy-
to-recover section.

The EOR process includes thermal flood, gas flood,
microbial EOR, and chemical flood. The chemical flood,
including polymer flooding, surfactant flooding, micellar
flooding, is a process for improving the crude oil recovery
ratio by pressing a chemical fluid suited for the purpose into
an oil reservoir to enhance flowability of crude oil, reducing
surface tension acting between water and oil, or creating a
micellar state between the pressed gas and oil.

Surfactant flooding is a process of pressing a series of
fluids including a fluid mainly composed of a surfactant into
an oil reservoir to reduce the interfacial tension between
crude oil and water to extract and collect the trapped crude
oil by capillarity. In this process, for example, alkyl aryl
sulfonate is singly used as a surfactant, or alkyl aryl sul-
fonate is used in combination with an auxiliary surfactant
and/or an auxiliary agent. Alkyl aryl sulfonate is generally
used because it can not only reduce the interfacial tension
between oil and water but also exhibit behaviors of a variety
of phases when used in combination with various salt
concentrations, as described later. More specifically, at a low
salt concentration, alkyl aryl sulfonate remains in the aque-
ous phase, whereas at a high salt concentration, it tends to
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remain in the oil phase. At a middle salt concentration, it is
known that a microemulsion is formed, so that a consider-
able amount of oil and saltwater are present in the micro-
emulsion phase to exhibit high crude oil recovery capability.

Micellar flooding is an oil recovery process in which a
microemulsion is produced from water and crude oil, and the
microemulsion called a micelle solution is injected to under-
ground reservoirs. Many surfactants are disclosed for pro-
ducing a micelle solution, see U.S. Pat. No. 3,506,070 “Use
of Water-External Micellar Dispersions in Oil Recovery”,
issued Apr. 14, 1970 to Marathon Oil Corporation and U.S.
Pat. No. 3,613,786, “Oil Recovery Method Using High
Water Content Oil-External Micellar Dispersion, issued on
Oct. 19, 1971 to Marathon Oil Company and U.S. Pat. No.
3,740,343 “” High Water Content Oil-Dispersion Micellar
Dispersions” issued Jun. 19, 1973 to Marathon Oil Com-
pany.

As a surfactant used in this process, a variety of anionic,
nonionic, and cationic surfactants are disclosed, such as
petroleum sulfonates, alkyl aryl sulfonates, alkanesul-
fonates, polyoxyethylene alkyl ether sulfates, polyoxyeth-
ylene alkyl ethers, polyoxyethylene alkyl phenyl ethers,
polyhydric alcohol fatty acid esters, and alkyl trimethyl
ammonium salts.

A micelle solution for use in the recovery of oil is
disclosed, which includes internal olefin sulfonate having 10
to 30 carbon atoms and a-olefin sulfonate having 10 to 30
carbon atoms (see Japanese Examined Patent Application
Publication No. 1-35157).

One of conventional polymer flooding techniques, micel-
lar polymer flooding involving pressing of both micellar
slug (a mixture of petroleum sulfonate, auxiliary agent,
seawater, and oil) and polymer fails to achieve a stable crude
oil recovery ratio. Then, a chemical for crude oil recovery is
proposed, which includes: a nonionic surfactant including an
amide compound such as a reaction product of a fatty acid
and an alkanolamine, and an alkylene oxide adduct thereof;
and a water-soluble polymer. It is disclosed that a high crude
oil recovery ratio is stably obtained (see Japanese Examined
Patent Application Publication No. 5-86989).

Furthermore, a certain alkylxylene sulfonate is proposed
as a surfactant for EOR with a low interfacial tension (see
Japanese Patent No. 5026264).

U.S. Published Patent Application No. 2010/0096139,
“Method for Intervention Operations in Subsurface Hydro-
carbon Formations”, assigned to assigned to Frac Tech
Services, Ltd. and Illinois Institute of Technology. discloses
a method of efficiently removing oil drops adhering to the
rock surface by injecting nanoparticles mixed in a wetting
agent in an aqueous or hydrocarbon carrier fluid into hydro-
carbon reservoirs or wells to enhance disjoining pressure.
The nanoparticles have a particle size in the range of 1 to 100
nm (for example, silicon dioxide). The nanoparticles are
mixed in a wetting agent in an aqueous or hydrocarbon
carrier fluid which includes an a-olefin sulfonate. This fluid
comprising nanoparticles is then injected into a hydrocarbon
reservoir or well. To even further develop this effect, sta-
bility of nanoparticles in the wetting agent is required. This
requirement, however, needs heat resistance of the wetting
agent comprising nanoparticles. Moreover, to fulfill the
effect in subsea hydrocarbon reservoirs or wells, salt resis-
tance of the wetting agent comprising nanoparticles is also
required. A method for improving recovery of crude oil, gas,
and water from a hydrocarbon reservoir or well is disclosed.
In this method, nanoparticles in the range of 1 to 100 nm (for
example, silicon dioxide) mixed in a wetting agent in an
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aqueous or hydrocarbon carrier fluid including an a-olefin
sulfonate are injected into a hydrocarbon reservoir or well.

On the other hand, an anode deposition-type electrode-
position coating material composition is disclosed, which
includes: an acrylic polycarboxylic acid resin, for example,
neutralized with amine or ammonium; a hardener; and a
colloidal silica surface-treated with a silane coupling agent
(see Japanese Patent No. 4033970).

In order to even further develop effective fluid treatments,
stability of nanoparticles in the wetting agent is required.
This requirement, however, needs heat resistance of the
wetting agent comprising nanoparticles. Moreover, to fulfill
the effect in subsea hydrocarbon reservoirs or wells, salt
resistance of the wetting agent comprising nanoparticles is
also required.

The presence of an anionic surfactant having an effect of
removing crude oil adhering to sandstones or rocks such as
carbonate rock or the like in subsurface or subsea oil
reservoirs is essential for improving crude oil recoverability
of a crude oil recovery chemical fluid. However, as the
anionic surfactant has poor resistance to high temperature
and salt, it is decomposed in a short time by injecting it into
oil reservoirs having a high temperature and salt concentra-
tion, and thus it cannot exert fully crude oil recovery effect.
In addition, although it is said that colloidal silica has crude
oil recovery effect, the colloidal silica itself also has poor
resistance to high temperature and salt, it becomes a gel in
a short time by injecting it into oil reservoirs having a high
temperature and salt concentration, and thus it cannot exert
fully crude oil recovery effect.

Therefore, there has been a demand for crude oil recovery
chemicals that can simultaneously achieve heat resistance
and salt resistance and implement efficient crude oil recov-
ery. Particularly, crude oil recovery chemical fluids are often
collected several months after they are injected into the
subsurface or subsea oil reservoirs. There has been a demand
for the chemicals which can exhibit crude oil recovery effect
and are stable even under unusual and severe environments
being exposed to seawater or a saltwater comprising sodium
ion, potassium ion and chlorine ion, and the like in a high
concentration at a high temperature such as 100° C., over
several months.

SUMMARY OF THE INVENTION

The first aspect of the instant claimed inventions is a crude
oil recovery chemical fluid which exhibits excellent resis-
tance to high temperature and salt, comprising a silane
compound, an aqueous silica sol having an average particle
diameter of from about 3 to about 200 nm, two or more
anionic surfactants, and one or more nonionic surfactants.

The second aspect of the instant claimed invention is a
crude oil recovery chemical fluid according to the first
aspect of the instant claimed invention, wherein the aqueous
silica sol contains silica particles in which at least a part of
the silane compound is bonded on the surface of at least a
part of the silica particles in the sol.

The third aspect of the instant claimed invention is a crude
oil recovery chemical fluid according to the first or second
aspect of the instant claimed invention, wherein the silane
compound is selected from the group consisting of a silane
coupling agent having at least one organic functional group,
wherein the organic functional group is selected from the
group consisting of a vinyl group, an ether group, an epoxy
group, a styryl group, a methacryl group, an acryl group, an
amino group, an isocyanurate group, an alkoxysilane, a
silazane and a siloxane.
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4

The fourth aspect of the instant claimed inventions is a
crude oil recovery chemical fluid according to any one of the
first, second or third aspect of the invention, wherein the
aqueous silica sol is present in an amount of from about
0.01% by mass to about 30% by mass, based on the total
mass of the crude oil recovery chemical fluid, in terms of
silica solid content.

The fifth aspect of the instant claimed invention is a crude
oil recovery chemical fluid according to any one of the first,
second, third or fourth aspects of the invention, wherein the
silane compound is present in a ratio of from about 0.1 to
about 10.0 of silane compound based on the mass of silica
solid content of the aqueous silica sol.

The sixth aspect of the instant claimed invention is a crude
oil recovery chemical fluid according to the first, second,
third, fourth or fifth aspects of the instant claimed invention,
wherein the anionic surfactants are selected from the group
consisting of a sodium salt or a potassium salt of a fatty acid,
an alkylbenzene sulfonate, a higher alcohol sulfate ester salt,
a polyoxyethylene alkyl ether sulfate, an a-sulfo fatty acid
ester, an a-olefin sulfonate, a monoalkyl phosphate ester
salt, and an alkane sulfone acid salt.

The seventh aspect of the instant claimed invention is a
crude oil recovery chemical fluid according to any one of the
first, second, third, fourth, fifth or sixth aspects of the
invention, wherein the anionic surfactants are present in an
amount of from about 0.001% by mass to about 20% by
mass, based on the total mass of the crude oil recovery
chemical fluid.

The eighth aspect of the instant claimed invention is a
crude oil recovery chemical fluid according to any one of
first, second, third, fourth, fifth, sixth or seventh aspects of
the invention, wherein the anionic surfactants are present in
a mass ratio of from about 0.4 to about 5.0 based on the silica
solid content of the crude oil recovery chemical fluid, and
the crude oil recovery chemical fluid has a pH of from about
7 about 12.

The ninth aspect of the instant claimed invention is a
crude oil recovery chemical fluid according to any one of the
first, second, third, fourth, fifth, sixth, seventh or eighth
aspects of the instant claimed invention, wherein the anionic
surfactants are present in a mass ratio of from about 0.001
to about 0.4 based on the silica solid content of the crude oil
recovery chemical fluid, and the crude oil recovery chemical
fluid has a pH of from about 2 to about 7.

The tenth aspect of the instant claimed invention is a
crude oil recovery chemical fluid which exhibits excellent
resistance to high temperature and salt according to any one
of the first, second, third, fourth, fifth, sixth, seventh, eighth
and ninth aspects of the instant claimed invention, wherein
the nonionic surfactants have an HLB of from about 3.0 to
about 20.0 or less, and are selected from the group consisting
of polyoxyethylene alkyl ether, polyoxyethylene alkylphe-
nol ether, alkyl glucoside, polyoxyethylene fatty acid ester,
sucrose fatty acid ester, sorbitan fatty acid ester, polyoxy-
ethylene sorbitan fatty acid ester and fatty acid alkanol-
amide.

The eleventh aspect of the instant claimed invention is a
crude oil recovery chemical fluid which exhibits excellent
resistance to high temperature and salt according to any one
of'the first, second, third, fourth, fifth, sixth, seventh, eighth,
ninth or tenth aspects of the instant claimed invention,
wherein the nonionic surfactants are present in an amount of
from about 0.001% by mass to about 30% by mass, based on
the total mass of the crude oil recovery chemical fluid.
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The twelfth aspect of the instant claimed invention is a
process for recovering crude oil from subsurface hydrocar-
bon comprising layer, comprising the steps of:

(a) a step of pressing a crude oil recovery chemical fluid
comprising

a silane compound,

an aqueous silica sol having an average particle diameter of
from about 3 nm to about 200 nm,

two or more anionic surfactants, and

one or more nonionic surfactants into subsurface layer; and
(b) a step of recovering crude oil from a production well
together with the chemical fluid which was pressed into the
subsurface layer.

The thirteenth aspect of the instant claimed invention is a
process according to the twelfth aspect of the instant claimed
invention, wherein the crude oil recovery chemical fluid has
a pH of from about 7 to about 12, and the anionic surfactants
are present in a mass ratio of 0.4 or more to less than 5.0
based on the silica solid content of the crude oil recovery
chemical fluid.

The fourteenth aspect of the instant claimed invention is
a process according to the twelfth aspect of the instant
claimed invention, wherein the crude oil recovery chemical
fluid has a pH of from about 2 to about 7, and the anionic
surfactants are present in a mass ratio of 0.001 or more to
less than 0.4 based on the silica solid content of the crude oil
recovery chemical fluid.

The fifteenth aspect of the instant claimed invention is a
crude oil recovery chemical solution which exhibits excel-
lent resistance to high temperature and salt, comprising a
silane compound, an aqueous silica sol having an average
particle size of from about 3 nm to about 200 nm, two or
more anionic surfactants, and one or more nonionic surfac-
tants;
wherein the aqueous silica sol contains silica particles in
which at least a part of the silane compound is bonded on the
surface of at least a part of the silica particles in the sol;
wherein the silane compound is present in a ratio of from
about 0.1 to about 10.0 of silane compound based on the
mass of silica solid content of the aqueous silica sol; and
wherein the nonionic surfactants have an HLB of from about
11.0 to about 20.0 and wherein the nonionic surfactants are
selected from the group consisting of polyoxyethylene alkyl
ether, polyoxyethylene alkylphenol ether, alkyl glucoside,
polyoxyethylene fatty acid ester, sucrose fatty acid ester,
sorbitan fatty acid ester, polyoxyethylene sorbitan fatty acid
ester and fatty acid alkanolamide; and
wherein the resistance to salt is determined by measuring the
DLS average particle diameter before and after the chemical
solution is exposed to salt.

The sixteenth aspect of the instant claimed invention is a
crude oil recovery chemical solution of the fifteenth aspect
of the instant claimed invention, wherein the silane com-
pound is at least one compound selected from the group
consisting of a silane coupling agent having at least one
organic functional group, wherein the organic functional
group is selected from the group consisting of vinyl group,
ether group, epoxy group, styryl group, methacryl group,
acryl group, amino group, isocyanurate group, alkoxysilane,
silazane and siloxane.

The seventeenth aspect of the instant claimed invention is
a crude oil recovery chemical solution according to the
fifteenth or sixteenth aspect of the instant claimed invention,
wherein the aqueous silica sol is present in an amount of
from about 0.1% by mass to about 30% by mass, based on
the total mass of the crude oil recovery chemical solution, in
terms of silica solid content.
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The eighteenth aspect of the instant claimed invention is
a crude oil recovery chemical solution according to the
fifteenth or sixteenth or seventeenth aspect of the instant
claimed invention, wherein the anionic surfactants are
selected from the group consisting of a sodium salt or a
potassium salt of a fatty acid, an alkylbenzene sulfonate, a
higher alcohol sulfate ester salt, a polyoxyethylene alkyl
ether sulfate, an a-sulfo fatty acid ester, an a-olefin sul-
fonate, a monoalkyl phosphate ester salt, and an alkane
sulfone acid salt.

The nineteenth aspect of the instant claimed invention is
a crude oil recovery chemical solution according to the
fifteenth or sixteenth or seventeenth or eighteenth aspect of
the instant claimed invention, wherein the anionic surfac-
tants are present in an amount of from about 0.001% by mass
to about 20% by mass, based on the total mass of the crude
oil recovery chemical solution.

The twentieth aspect of the instant claimed invention is a
crude oil recovery chemical solution which exhibits excel-
lent resistance to high temperature and salt according to
according to the fifteenth, sixteenth, seventeenth, eighteenth,
or nineteenth aspect of the instant claimed invention wherein
the nonionic surfactants are present in an amount of from
about 0.001% by mass to about 30% by mass, based on the
total mass of the crude oil recovery chemical solution.

The twenty-first aspect of the instant claimed invention is
a process for recovering crude oil from subsurface hydro-
carbon comprising layer, comprising the steps of:

(a) inserting a crude oil recovery chemical solution com-
prising

a silane compound,

an aqueous silica sol,

two or more anionic surfactants, and

one or more nonionic surfactants;

into subsurface layer; and

(b) recovering crude oil from a production well by use of the
chemical solution which was pressed into the subsurface
layer;

wherein the aqueous silica sol contains silica particles in
which at least a part of the silane compound is bonded on the
surface of at least a part of the silica particles in the sol;
wherein the silane compound is present in a ratio of from
about 0.1 to about 10.0 of silane compound based on the
mass of silica solid content of the aqueous silica sol;
wherein the nonionic surfactants have an HLB of from about
11.0 to about 20.0, and

wherein the nonionic surfactants are selected from the group
consisting of polyoxyethylene alkyl ether, polyoxyethylene
alkylphenol ether, alkyl glucoside, polyoxyethylene fatty
acid ester, sucrose fatty acid ester, sorbitan fatty acid ester,
polyoxyethylene sorbitan fatty acid ester and fatty acid
alkanolamide; and

wherein the aqueous silica sol has an average particle size of
from about 3 nm to about 200 nm.

DETAILED DESCRIPTION OF THE
INVENTION

The present invention is directed to a chemical fluid for
use in surfactant flooding of the EOR process for recovering
crude oil through injection into oil reservoirs in inland or
subsea oil fields. More specifically, the problem to be solved
by the invention is to provide a crude oil recovery chemical
fluid excellent in resistance to high temperature and salt with
a high crude oil recovery ratio.

One aspect of the instant claimed invention is a chemical
fluid including specifically a combination of a silane com-
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pound, an aqueous silica sol having an average particle
diameter of from about 3 to about 200 nm, two or more
anionic surfactants, and one or more nonionic surfactants
serves as a crude oil recovery chemical fluid excellent in
heat resistance and salt resistance and excellent in crude oil
recoverability.

Particularly, it has been found that the adjustment of pH
of the crude oil recovery chemical fluid of the present
invention from about 2 to about 7 provides a crude oil
recovery chemical fluid which exhibits excellent resistance
to high temperature and salt. This resistance to sale is not
only for seawater but also for artificial seawater comprising
as main components moieties such as sodium chloride,
magnesium chloride, sodium sulfate and calcium chloride,
all of which can be encountered in crude oil recovery.

More specifically, according to one embodiment, the
present invention relates to a crude oil recovery chemical
fluid which exhibits excellent resistance to high temperature
and salt. This crude oil recovery chemical fluid is compris-
ing a silane compound, an aqueous silica sol having an
average particle diameter of from about 3 nm to about 200
nm, two or more anionic surfactants, and one or more
nonionic surfactants.

According to another embodiment, in the crude oil recov-
ery chemical fluid which exhibits excellent resistance to
high temperature and salt, the aqueous silica sol contains
silica particles in which at least a part of the silane com-
pound is bonded on the surface of at least a part of the silica
particles in the sol.

According to another embodiment, in the crude oil recov-
ery chemical fluid which exhibits excellent resistance to
high temperature and salt according to the first aspect or the
second aspect, the silane compound is at least one compound
selected from the group consisting of a silane coupling agent
having at least one organic functional group, wherein the
organic functional group is selected from the group consist-
ing of vinyl group, ether group, epoxy group, styryl group,
methacryl group, acryl group, amino group, and isocyanu-
rate group, alkoxysilane, silazane, and siloxane.

According to another embodiment, in the crude oil recov-
ery chemical fluid which exhibits excellent resistance to
high temperature and salt according to any one of the first
aspect to the third aspect, the aqueous silica sol is present in
an amount of from about 0.01% by mass to about 30% by
mass, based on the total mass of the crude oil recovery
chemical fluid, in terms of silica solid content.

According to another embodiment, in the crude oil recov-
ery chemical fluid which exhibits excellent resistance to
high temperature and salt, the silane compound is present in
a ratio of from about 0.1 to about 10.0 of silane compound
based on the mass of silica solid content of the aqueous silica
sol.

According to another embodiment, in the crude oil recov-
ery chemical fluid which exhibits excellent resistance to
high temperature and salt, the anionic surfactants are
selected from the group consisting of a sodium salt or a
potassium salt of a fatty acid, an alkylbenzene sulfonate, a
higher alcohol sulfate ester salt, a polyoxyethylene alkyl
ether sulfate, an a-sulfo fatty acid ester, an a-olefin sul-
fonate, a monoalkyl phosphate ester salt, and an alkane
sulfone acid salt.

According to another embodiment, in the crude oil recov-
ery chemical fluid which exhibits excellent resistance to
high temperature and salt the anionic surfactants are present
in an amount of from about 0.001% by mass to about 20%
by mass, based on the total mass of the crude oil recovery
chemical fluid.
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According to another embodiment, in the crude oil recov-
ery chemical fluid which exhibits excellent resistance to
high temperature and the anionic surfactants are present in
a mass ratio of from about 0.4 to about 5.0 based on the silica
solid content of the crude oil recovery chemical fluid, and
the crude oil recovery chemical fluid has a pH of from about
7 to about 12.

According to another embodiment, in the crude oil recov-
ery chemical fluid which exhibits excellent resistance to
high temperature and salt, the anionic surfactants are present
in a mass ratio of from about 0.001 to about 0.4 based on the
silica solid content of the crude oil recovery chemical fluid,
and the crude oil recovery chemical fluid has a pH of from
about 2 to about 7.

According to another embodiment, in the crude oil recov-
ery chemical fluid which exhibits excellent resistance to
high temperature and salt the nonionic surfactants have an
HLB of from about 3.0 to about 20.0. The nonionic surfac-
tants are selected from the group consisting of polyoxyeth-
ylene alkyl ether, polyoxyethylene alkylphenol ether, alkyl
glucoside, polyoxyethylene fatty acid ester, sucrose fatty
acid ester, sorbitan fatty acid ester, polyoxyethylene sorbitan
fatty acid ester, and fatty acid alkanolamide.

According to another embodiment, in the crude oil recov-
ery chemical fluid which exhibits excellent resistance to
high temperature and salt, the nonionic surfactants are
present in an amount of from about 0.001% by mass to about
30% by mass, based on the total mass of the crude oil
recovery chemical fluid.

According to another embodiment, the present invention
relates to a process for recovering crude oil from subsurface
hydrocarbon comprising layer, comprising the steps of:

(a) pressing a crude oil recovery chemical fluid compris-
ing a silane compound, an aqueous silica sol having an
average particle diameter of from about 3 nm to about 200
nm, two or more anionic surfactants, and one or more
nonionic surfactants into subsurface layer; and

(b) recovering crude oil from a production well by use of
the chemical fluid which was pressed into the subsurface
layer.

According to another embodiment, in the preceding pro-
cess he crude oil recovery chemical fluid has a pH of from
about 7 to about 12, and the anionic surfactants are present
in a mass ratio of from about 0.4 to about 5.0 based on the
silica solid content of the crude oil recovery chemical fluid.

According to another embodiment, in the preceding pro-
cess the crude oil recovery chemical fluid is set to a pH of
from about 2 to about 7, and the anionic surfactants are
present in a mass ratio of from about 0.001 to about 0.4
based on the silica solid content of the crude oil recovery
chemical fluid.

The crude oil recovery chemical fluid of the present
invention is excellent in resistance to high temperature and
salt. In practice this means this fluid is a stable fluid, which
does not cause any inconvenience such as gelation even
when the chemical fluid is diluted with seawater or the like
and injected into oil reservoirs in inland or subsea oil fields.
Furthermore, the crude oil recovery chemical fluid of the
present invention exerts an effect of removing crude oil, and
further it is expected that the wedge effect of nanosilica
particles included in the crude oil recovery chemical fluid of
the present invention improves the effect of removing crude
oil from rock surfaces, and the chemical fluid promises
recovery of crude oil with a high recovery ratio.

The crude oil recovery chemical fluid of the present
invention is comprising a silane compound, an aqueous
silica sol having an average particle diameter of from about
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3 nm to about 200 nm, two or more anionic surfactants, and
one or more nonionic surfactants.

In one embodiment, the most suitable use of the crude oil
recovery chemical fluid of the present invention can be
selected by adjusting the pH from about 7 to about 12. In
another embodiment, the most suitable use of the crude oil
recovery chemical fluid of the present invention can be
selected by adjusting the pH from about 2 to about 7.

The crude oil recovery chemical fluid having pH of from
about 7 to about 12 exhibits an excellent resistance to high
temperature and salt for a saltwater comprising chloride ion
with sodium ion, calcium ion, magnesium ion and the like.
This fluid is expected to be particularly useful in land
subsurface oil reservoirs.

In contrast, the crude oil recovery chemical fluid having
a pH of from about 2 to about 7 exhibits a very excellent
resistance to high temperature and salt for seawater. This
fluid is expected to be useful in underwater oil reservoirs in
underwater fields.

The crude oil recovery chemical fluid of the present
invention can obtain an excellent resistance to high tem-
perature and salt even when the pH is about 12 by using an
aqueous solution of alkali metal such as sodium hydroxide,
potassium hydroxide or the like, ammonia water, or a basic
amine aqueous solution.

It has been found that when the crude oil recovery
chemical fluid has a pH of less than about 2, the stability of
the aqueous silica sol, the anionic surfactants and the non-
ionic surfactant in the chemical fluid deteriorates, and there
is a danger of causing gelation or decomposition, or the like.
Therefore, fluid with a pH of less than about 2 should not be
used.

In addition, it has been found that when the crude oil
recovery chemical fluid has a pH greater than about 12,
magnesium ion in seawater or artificial seawater causes
neutralization with a water-soluble strong alkaline compo-
nent in the chemical fluid to form magnesium hydroxide
which is slightly soluble in water, and thus causes aggrega-
tion of the crude oil recovery chemical fluid. Therefore, the
use of the fluid when the pH is greater than about 12 is also
not preferable.

The aqueous silica sol refers to a colloidal dispersion
system. In this colloidal dispersion system, there is an
aqueous solvent used as a dispersion medium. There are also
colloidal silica particles which may be referred to as a
dispersoid. These colloidal silica particles are commercially
manufactured by well-known methods using water glass
(aqueous solution of sodium silicate) as a raw material. The
average particle diameter of the aqueous silica sol refers to
the average particle diameter of the colloidal silica particles
serving as a dispersoid.

In the present invention, the average particle diameter of
the aqueous silica sol (colloidal silica particles) refers to the
specific surface diameter obtained by nitrogen adsorption
(the BET method) or Sears’ particle diameter, unless other-
wise specified.

The average particle diameter (specific surface diameter)
D (nm) is given by the formula D (nm)=2720/S, from the
specific surface S (m*/g) measured by nitrogen adsorption.

The Sears’ particle diameter is defined as the average
particle diameter measured based on a test method described
in the article “Rapid Determination of Particle Diameter of
Colloidal Silica”, by G. W. Sears, Anal. Chem. 28 (12), pp.
1981-1983, 1956. In detail, the Sears’ particle diameter is a
corresponding diameter (specific surface area diameter) cal-
culated from a specific surface area of a colloidal silica
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measured from the amount of 0.1N—NaOH required for
titrating the colloidal silica corresponding to 1.5 g of SiO,
from pH 4 to pH 9.

In the present invention, the average particle diameter of
the aqueous silica sol (colloidal silica particles) by nitrogen
adsorption (the BET method) or Sears’ particle diameter can
be in the range of from about 3 nm to 200 nm, or in the range
of from about 3 nm to about 150 nm, or in the range of from
about 3 nm to 100 nm, or in the range of from about 3 nm
to about 30 nm.

Then, whether the silica particles in the aqueous silica sol
are dispersed or coagulated can be determined by measuring
the average particle diameter by dynamic light scattering
(DLS average particle diameter) for silica particles of the
silica sol in the chemical fluid.

The DLS average particle diameter represents the average
value of secondary particle diameter (dispersed particle
diameter), and it is said that the DLS average particle
diameter in a completely dispersed state is about twice the
average particle diameter (which represents the average
value of primary particle diameter in terms of specific
surface diameter obtained through measurement by nitrogen
adsorption (BET method) or Sears’ particle diameter). It
then can be determined that as the DLS average particle
diameter increases, the silica particles in the aqueous silica
sol is more coagulated.

For example, as an example of the aqueous silica sol, an
aqueous silica sol, SNOWTEX® ST-O, manufactured by
Nissan Chemical Corporation, has an average particle diam-
eter (BET method) of 10-11 nm and a DLS average particle
diameter of 15-20 nm. In Examples mentioned below, a high
temperature and salt resistance evaluation sample of the
crude oil recovery chemical fluid comprising this aqueous
silica sol has a DLS average particle diameter of 25 nm or
less and this result exhibits that the silica particles are in
almost dispersed state in the chemical fluid.

In a case where the chemical fluid has a good resistance
to high temperature and salt, the DLS average particle
diameter after a high temperature and salt resistance test is
almost the same as the DLS average particle diameter of the
chemical fluid. For example, if the ratio of the DLS average
particle diameter after a high temperature and salt resistance
test/the DLS average particle diameter of the chemical fluid
is 1.1 or less, it shows that the chemical fluid after a high
temperature and salt resistance test maintains the similar
dispersion state as that of the chemical fluid. However, when
the resistance to high temperature and salt of the chemical
fluid is poor, the DLS particle diameter after a high tem-
perature and salt resistance test is much larger, showing that
the chemical fluid is in a coagulated state.

In the crude oil recovery chemical fluid of the present
invention, if the ratio of the DLS average particle diameter
after a high temperature and salt resistance test/the DLS
average particle diameter of the chemical fluid is 1.5 or less
(ratio of change of average particle diameter is 50% or less),
it can be judged that the resistance to high temperature and
salt is good, particularly the chemical fluid having the ratio
of 1.1 or less (ratio of change of average particle diameter
is 10% or less) has no degradation of silica sol, and thus can
be judged that the resistance to high temperature and salt is
very good.

In the present invention, the average particle diameter of
the aqueous silica sol is from about 3 nm to about 200 nm,
in another embodiment it is from about 3 nm to about 150
nm, in another embodiment it is from about 3 nm to about
100 nm, and in another embodiment is it from about 3 nm
to about 30 nm in the measurement by nitrogen adsorption
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(BET method) or Sears’ method. The average particle diam-
eter smaller than about 3 nm is not preferable, because if this
small of a particle is used in the fluid, the chemical fluid has
been found to be unstable. The average particle diameter
larger than about 200 nm is not recommended, because if
this large of a particle is present in the fluid, the pores on the
sandstones or carbonate rocks present in underground oil
fields are blocked and thus oil recoverability becomes
worse.

The silica (SiO,) concentration in the aqueous silica sol
used is preferably from about 5% to about 55% by mass.

In the present invention, commercially available products
can be used for the aqueous silica sol. Those having a silica
concentration from about 5% to about 55% by mass ss in an
aqueous silica sol are recommended because they are com-
mercially available and can be easily obtained.

Either alkaline or acidic aqueous silica sol can be used as
the aqueous silica sol, and acidic aqueous silica sol is
preferable.

Examples of the commercially available acidic aqueous
silica sol include SNOWTEX® ST-OXS, SNOWTEX®
ST-0S, SNOWTEX® ST-O, SNOWTEX (ST-O-40,
SNOWTEX® ST-OL, SNOWTEX® ST-OYL and SNOW-
TEX® OZL-35, commercial products, available from Nis-
san Chemical Corporation, having offices at 5-1, Nihonbashi
2-Chome, Chuo-ku, Tokyo 103-6119, JAPAN.

In the present invention, in an embodiment, the aqueous
silica sol is present in an amount of from about 0.01% by
mass to about 30.0% by mass, in another embodiment it is
present in an amount of from about 10.0% by mass to about
25.0% by mass, in another embodiment, it is present in an
amount of from about 15.0% by mass to about 25.0% by
mass, based on the total mass of the crude oil recovery
chemical fluid, in terms of silica solid content.

As will be described later, in the crude oil recovery
chemical fluid of the present invention, at least a part of the
silane compound described later may be bonded on the
surface of a part of the silica particles in the aqueous silica
sol.

The particle diameter of the silica particles having the
silane compound bonded on the surface thereof in the
aqueous silica sol can be easily measured as the dynamic
light scattering particle diameter as described above with a
commercially available apparatus.

Suitable silane compounds include a silane coupling agent
having at least one group selected from the group consisting
of vinyl group, ether group, epoxy group, styryl group,
methacryl group, acryl group, amino group, and isocyanu-
rate group as an organic functional group, as well as alkox-
ysilane, silazane, and siloxane.

Suitable silane coupling agents having a vinyl group or
styryl group are selected from the group consisting of
vinyltrichlorosilane, vinyltrimethoxysilane, vinyltriethox-
ysilane, vinyl-tris(2-methoxyethoxy)silane, vinylmethyl-
dimethoxysilane, vinyltriacetoxysilane, allyltrichlorosilane,
allyltrimethoxysilane, allyltriethoxysilane, and p-styrylt-
rimethoxysilane.

Suitable silane coupling agents having epoxy group are
selected from the group consisting of 3-glycidoxypropylt-
rimethoxysilane, 3-glycidoxypropyltriethoxysilane, 3-glyci-
doxypropylmethyldimethoxysilane, 3-glycidoxypropylm-
ethyldiethoxysilane, 3-glycidoxypropyltriethoxysilane,
2-(3,4-epoxycyclohexyl)propyltrimethoxysilane, 2-(3,4-ep-
oxycyclohexyl)propyltriethoxysilane,  2-(3,4-epoxycyclo-
hexyl)ethyltrimethoxysilane, 2-(3,4-epoxycyclohexyl)ethyl-
triethoxysilane, 2-(3,4-epoxycyclohexyl)
methyltrimethoxysilane, 2-(3,4-epoxycyclohexyl)
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methyltriethoxysilane, [(3-ethyl-3-oxethanyl)methoxy|
propyltrimethoxysilane, and [(3-ethyl-3-oxethanyl)
methoxy |propyltriethoxysilane.

Suitable silane coupling agents having methacryl group
(methacryloyl group) or acryl group (acryloyl group) are
selected from the group consisting of 3-methacryloyloxy-
propyltrimethoxysilane, 3-methacryloyloxypropyltriethox-
ysilane, 3-methacryloyloxypropylmethyldimethoxysilane,
3-methacryloyloxypropylmethyldiethoxysilane, 3-acryloy-
loxypropyltrimethoxysilane, and 3-acryloyloxypropyltri-
ethoxysilane.

Suitable silane coupling agents having an amino group are
selected from the group consisting of N-2-(aminoethyl)-3-
aminopropylmethyldimethoxysilane, N-2-(aminoethyl)-3-
aminopropyltrimethoxysilane,  3-aminopropyltrichlorosi-
lane, 3-aminopropyltrimethoxysilane,
3-aminopropyltriethoxysilane, 3-aminopropylmethyldime-
thoxysilane, 3-aminopropylmethyldiethoxysilane, 3-tri-
ethoxysilyl-N-(1,3-dimethyl-butylidene)propylamine,
N-phenyl-3-aminopropyltrimethoxysilane, and N-phenyl-3-
aminopropyltriethoxysilane.

Suitable silane coupling agents having isocyanurate group
are selected from the group consisting of tris-(3-trimethox-
ysilylpropyl) isocyanurate and tris-(3-triethoxysilylpropyl)
isocyanurate.

Suitable silane coupling agents having isocyanate group
are selected from the group consisting of 3-isocyanatepro-
pyltriethoxysilane and 3-isocyanatepropyltrimethoxysilane.

Suitable alkoxysilanes are selected from the group con-
sisting of methyltrimethoxysilane, methyltriethoxysilane,
dimethyldimethoxysilane, dimethyldiethoxysilane, trimeth-
ylmethoxysilane, ethyltrimethoxysilane, tetracthoxysilane,
n-propyltriethoxysilane, isobutyltrimethoxysilane, isobutyl-
triethoxysilane, phenyltrimethoxysilane, phenyltriethoxysi-
lane, diphenyldimethoxysilane, diphenyldiethoxysilane,
n-propyltrimethoxysilane, n-hexyltrimethoxysilane, n-hex-
yltriethoxysilane, cyclohexylmethyldimethoxysilane, n-oc-
tyltriethoxysilane, and n-decyltrimethoxysilane; in addition
silazanes such as hexamethyldisilazane; and siloxane such
as methylmethoxysiloxane and dimethyl-phenylmethoxysi-
loxane can be used.

Among those silane compounds, an amphiphilic silane
coupling agent having a functional group such as ether
group, epoxy group, methacryl group, and acryl group has
been found to be useful.

Suitable silane coupling agents with the desired functional
groups are selected from the group consisting of 3-glyci-
doxypropyltrimethoxysilane, 3-glycidoxypropylmethyl-
dimethoxysilane, 3-glycidoxypropylmethyldiethoxysilane,
3-glycidoxypropyltriethoxysilane, 2-(3,4-epoxycyclohexyl)
ethyltrimethoxysilane, 3-methacryloyloxypropyltrimethox-
ysilane, 3-methacryloyloxypropylmethyldimethoxysilane,
3-methacryloyloxypropyltriethoxysilane,  3-methacryloy-
loxypropylmethyldiethoxysilane, and 3-acryloyloxypropyl-
trimethoxysilane.

In the crude oil recovery chemical fluid of the present
invention, in an embodiment the silane compound is added
in a ratio of silane compound/aqueous silica sol (silica:
Si0,)= 0.1 to 10.0 based on the mass of silica solid content,
that is, silica particles in the aqueous silica sol. In another
embodiment the silane compound is added in a ratio by mass
of 0.1 to 5.0.

The ratio less than 0.1 of the silane compound based on
the mass of silica particles in the aqueous silica sol is not
recommended, because if used, the resistance to high tem-
perature and salt of the chemical fluid may be poor. With the






