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& (57) Abstract: The present invention relates compositions and methods for enhanced oil recovery. The method is directed to em-
& ploying a water-soluble fThe present invention relates compositions and methods for enhanced oil recovery (EOR). The method is
directed to employing a water-soluble functional polymeric surfactant (FPS), with a medium IFT value, preferably ranged from about
0.1 to about15 dyne/cm between water phase containing polymeric surfactant and hydrocarbon phase, for recovery of hydrocarbons
from subterranean formations. The FPS solution demonstrates a strong interaction with oil and the great potential to increase both
a volumetric sweep efficiency and microscopic displacement efficiency in EOR.
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FUNCTIONAL POLYMER FOR ENHANCED OIL. RECOVERY

RELATED APPLICATION

The present application claims the priority to U.S. Provisional Application No.
60/853,468, filed October 23, 2006, which is hereby incorporated by reference in its

entirety including drawings as fully set forth herein.
FIELD OF THE INVENTION

The present invention relates to the field of oil production: Particularly, the present

invention relates to enhanced oil recovery by using functional surfactant polymers.
BACKGROUND OF THE INVENTION

Primary recovery of hydrocarbon (e.g., oil) from a hydrocarbon-bearing (e.g., oil-bearing)
reservoirs relies upon the use of natural energy present in the reservoir as the main source
of energy for the displacement of oil to production wells. Usually, however, this process
merely recovers a minor portion of the original oil in place (OOIP). Thus, a variety of
supplemental recovery techniques have been employed in order to increase the recovery

of oil from subterranean reservoirs.

The viability of an oil recovery displacement process depends on two important factors:
volumetric sweep efficiency and microscopic displacement efficiency. Enhanced oil
recovery (EOR) processes are usually employed to involve the injection of a fluid or fluid
of some type into a reservoir. The injected fluids and injection processes supplement the
natural energy present in the reservoir to displace oil to a producing well. In addition, the
injected fluids interact with the reservoir rock and oil system to create conditions
favorable for oil recovery. The mobility control process and chemical process are two

commonly used EOR processes.
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The widely applied mobility control process is the polymer flood. In a typical application,
the polymer solutions are designed to develop a favorable mobility ratio between the
injected polymer solution and the oil/water bank being displacement ahead of the
polymer. The purpose is to develop a uniform volumetric sweep of the reservoir, both
vertically and areally, in order to pre\./ent water from fingering by the oil and moving by
the shortest path to the production well. A number of polymer projects have been
implemented since 1960’s. However, the mobility control process alone does not employ
the microscopic displacement efficiency and suffers the low recovery efficiency, thus the
incremental oil recovery is limited, usually under 10% OOIP of oil recovery. Manning et
al. analyzed statistical data of the fieldwide projects, the median recovery of oil was
2.91% OOIP (1983, Report DOE/ET/10327-19). Schurz et al. summarized results from
99 projects initiated during 1980-1989 and the projected median incremental oil recovery
ranges between 3.7% and 4.8% (1989, NMT 890029, New Mexico Tech Centennial
Symposium). Gogarty et al discussed about much of incremental recovery by polymer
flooding is the result of accelerated oil production before the economic limit is reached

(1967, SPE 1566-A, pp. 149-160).

Chemical processes involve the injection of specific liquid chemicals that efficiently
displace oil because of the phase behavior properties, which result in decreasing the
interfacial tension (IFT) between the displacing liquid and oil. The surfactant/polymer
process has been demonstrated to have the potential in application in enhanced oil
recovery. In this process, the primary surfactant slug, a micellar solution, is followed by
a mobility buffer, a solution that contains polymer which is often graded in concentration,
becoming more dilute in polymer as more of the solution is injected. The recovery
efficiency primarily uses a displacing fluid that has an ultra low IFT with the displaced
oil. Green et al. specifically disclosed that the IFT of displacing fluid must be reduced to
ultra low, about 103 dyne/cm, before a large reduction in the waterflood residue oil
saturation is achieved (1998, ISBN 1-55563-077-4, SPE Textbook Series Vol. 6, pp. 35).
There are drawbacks, however. The chemical solutions for generating ultra low IFT,

which need to contain surfactant, cosurfactant, and sometimes oil, electrolytes, and
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alkaline, are usually complicated and expensive, and may suffer chromatographic

separation during the EOR operation.

Since the pioneering concept of polymeric soap published by Strauss et al. in 1951, there
has been a vast amount of literature published on the polymerization of or in organized
amphiphilic assemblies. To some extent, polymeric surfactants serve all the same
functions as low molecular weight surfactants. Because of their high molecular weight
and complex structures, however, they have some unique characteristics. For example,
formation of monomolecular micelles in the dilute solution, various shapes of micelles at
different concentrations, etc. Applications such as emulsion stabﬂizers in submicronic
colloidal systems also have been published. Polymeric surfactants are a very attractive
class of compounds since the presence of macromolecular chains at the surface of
colloidal particles offer significant advantages. This combination of rheological features
(e.g. thickening properties) and unique phase behavior properties has broad potential
applications in super absorbency, latex paints, hydraulic fluids, flocculation, protein
separation, controlled drug release, and biological and medical devices. However, there
is only very few literature which explored the use of polymeric surfactant for enhance oil

recovery.

The common theory of chemical processes believes that the microscopic displacement
efficiency largely determines the residual oil saturation remaining in the reservoir rock at
the end of the process, which is one of the key criteria in evaluating the success or failure
of a chemical EOR process. Capillary and viscous forces govern phase trapping and
mobilization of fluids in porous media and thus microscopic displacement efficiency.
Green et al. studied the capillary number Nca = (Viw)/3ow, Wherein the Nca = capillary
number, v = interstitial velocity, p = displacing phase viscosity, and 8ow = the IFT
between the displacing and displaced phases (1998, ISBN 1-55563-077-4, SPE Textbook
Series Vol. 6, pp. 22). It has been widely accepted in the art that the residue oil saturation
cannot be largely reduced unless the 8w becomes ultra low at 107 dyne/cm level.
Therefore, attempts of design polymeric surfactant have so far be concentrated on

selecting the polymeric surfactant or preparing the polymer surfactant-containing solution
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with co-surfactant or other additives to generate low or ultra low IFT value between the

oil and water phase.

For example, in early 80s, Chen et al. (1981, US Pét No. 4,284,517, 1982, US Pat No.
4,317,893) disclosed a method for the recovery of oil from a subterranean oil reservoir
penetrated by spaced injection and production systems in which an aqueous fluid
containing polymeric surfactant is introduced into reservoir via injection system to
displace oil to said production system. Chen et al. specifically emphasized that the
interfacial tension between oil and water should be less than 0.1 dyne/cm (e.g., a
preferred the oil-water IFT having a value of 0.005 dyne/cm or less) in order to reach an

optimum microscopic displacement efficiency.

Cao et al. (2002, European Polymer Journal, 38 (7), pp. 1457-1463) identified a novel
family of polymeric surfactants which might have potential for enhance oil recovery.
The novel series of polymeric surfactants is based on carboxy methyl cellulose and alkyl
poly (etheroxy) acrylate. The IFT properties of this kind of polymeric surfactant change
little with NaCl added. The formed micelles shrink, their size becomes smaller.
Alcohols cause the IFT to decrease a little because a small amount of free chains present
in solution. Under the influence of added alkali, the IFT of the polymeric surfactants, in

aqueous solution, decreases to the level of less than 10?2 dyne/cm.

Influenced by the conventional wisdom of employing ultra low IFT displacing fluid in
the chemical processes, even though the hydrophically modified water-soluble
copolymers have recently attracted a great deal of interest, the attempt of using polymeric
surfactant for the EOR application is mainly aimed at how to generate efficient and stable
viscosity to improve the sweep efficiency as mobility controllers. McCormick et al
conducted a coordinated, fundamental research program in lab with the ultimate goal of
developing “smart” multi-functional polymers that can respond in situ to stimuli and
result in significantly improved sweep efficiency in EOR processes (2004, 2005, DOE
Report, Award Number DE-FC26-03NT15407). McCormick et al. merely investigated

the improvement of sweep microscopic displacement efficiency and phase behavior of

4
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polymeric surfactants compared to polymers, but did not disclose the use of polymeric

surfactants with oil-water with IFT values more than of 0.1 dyne/cm in EOR.

Contrary to the conventional wisdom, it is unexpectedly discovered that the polymeric
surfactants with medium range oil-water IFT value, e.g., no less than about 0.1 dyne/cm
(e.g., preferably ranged from about 0.1 to about 15 dyne/cm) have both volumetric sweep
efficiency and microscopic displacement efficiency and can be used for hydrocarbon

recovery from subterranean formation.
SUMMARY OF THE INVENTION

One aspect of the present invention relates to a method for recovering hydrocarbon from

a hydrocarbon-bearing subterranean reservoir or formation by injecting into the reservoir
or formation a displacing solution containing a functional polymeric surfactant which has
an oil-water IFT value of no less than about 0.1 dyne/cm, preferably about 0.1 to about

15 dyne/cm.

Another aspect of present invention relates to functional polymeric surfactants which
have a partially hydrolyzed polyacrylamide backbone and a repeating monomer unit
having the following formula, the FPS having an oil-water IFT value of no less than

about 0.1 dyne/cm, preferably about 0.1 to about 15 dyne/cm:

.

R—C=0 (Formula (1))

R¢= -NH,, -ONa, -ORy, -NHR;, -R(.SO;Na, -(EO).(PO)bR1, quaternary ammonium
surfactant moiety, bis-ammonium Gemini surfactant moiety, -R.SH, and the like, PO
represents -CH2-CH(CH3)-O-, EO represents -CH2-CH2-O-, wherein Ry is a
hydrophobic moiety (e.g., an alkyl, phenyl or the derivatives thereof), and a+b is an

integer from 6 to 30.
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Another aspect of present invention relates to functional polymeric surfactants which
comprise a first repeating monomer unit and a second repeating monomer unit having the
following formula, the FPS having an oil-water IFT value of no less than about 0.1
dyne/cm, preferably about 0.1 to about 15 dyne/cm:

a first repeating monomer unit with a hydrophobic moiety

1

[ Hyarophobic Moiety )

(Formula (2))

a second repeating monomer unit with a hydrophilic moiety

=

Hydrophmc M0|ety ]

(Formula (3)
wherein Ry and R, are hydrogen or C; —C4 alkyl respectively.

Another aspect of the present invention relates to functional polymeric surfactants
comprising three repeating monomer units (a first repeating unit, a second repeating unit,
and a third repeating unit) having the following formula, the FPS having an oil-water IFT

value of no less than about 0.1 dyne/cm, preferably about 0.1 to about 15 dyne/cm:

a first repeating monomer unit with a hydrophobic moiety

- -4

Hydrophoblc M0|ety]

(Formula (2))

a second repeating monomer unit with a hydrophilic moiety

foi d

(Hydrophlllc MOIGJ (Formula (3))
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a third repeating monomer unit

te—et

HaN—C=0 (Formula (4))

wherein R; and R, are hydrogen or C; —-C4 alkyl respectively.

Another aspect of the present invention relates to functional polymeric surfactants
comprising a polymeric reaction product of the following three repeating monomers, the
FPS having an oil-water IFT value of no less than about 0.1 dyne/cm, preferably about
0.1 to about 15 dyne/cm:
a first repeating monomer:
R4
H.,C=CH

ﬁydrophobic Moiety]

(Formula o)

a second repeating monomer:
R
H20=CH

( Hydrophilic Moiety

(Formula (6))

a third repeating monomer:
H,C=CH2

HoN—C=0 (Formula (7))
wherein R; and R; are hydrogen or C; —Cg4 alkyl respectively.

DETAILED DESCRIPTION OF THE INVENTION

To facilitate the understanding of this invention, a number of terms are defined below.
Terms defined herein have meaning as commonly understood by a person of ordinary

skill in the area relevant to the present invention. Terms such as “a”, “an’, ““the” are not

7
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intended to refer to only a singular entity, but include the general class of which a
specific example may be used for illustration. The terminology herein is used to describe
specific embodiments of the invention, but their usage does not delimit the invention,

except as outlined in the claims.

As used herein, the term “reservoir condition” refers to the temperature, pressure, salinity,

and other conditions that are commonly found in subterranean formation.

As used herein, the term “polymer” refers to a molecule of molecular weight of at least
1000 grams/mole, the structure of which essentially includes the multiple repetitions of

units derived, actually or conceptually, from molecules of low relative molecular mass.

As used herein, the term “copolymer” or “heteropolymer” refers to a polymer derived
from two or more monomeric species, as opposed to a homopolymer where only one

monomer species is used.

As used herein, the term “polymeric” refers to including a polymer.

As used herein, the term “surfactant” refers to a surface-active material.

As used herein, the term “unit” refers to the moiety or building block in the polymer
molecule. A unit in a polymer is covalently linked to another unit of the same structure

or of a different structure.

As used herein, the term of “polymeric surfactant” refers to any polymer with the ability

as a mobility control polymer but also has ability to form emulsion.

As used herein, the terms of “functional polymeric surfactant” or “FPS” refers to a
polymeric surfactant, with oil-water IFT in the range from about 0.1 to aboutl5 dyne/cm

(e.g., about 0.1 to about 12.5 dyne/cm, about 0.1 to about 10 dyne/cm), that can provide
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both viscosity for mobility control and the ability to form “Emulsion” between oil and

water under reservoir conditions, and should be a candidate for EOR chemical process.

As used herein, the term of “mobility control” refers to the solution viscosity of a
polymeric surfactant is greater than water, most of time; the viscosity is equal or greater

than the viscosity of the oil need to be recovered under reservoir condition.

As used herein, the term "emulsion” refers to heterogeneous systems of an oil and water
phase, include micellar, microemulsion, miscible phase, thermodynamic instable

emulsion, double emulsion, and multiple emulsions.

As used herein, the term “interaction” refers to the interaction between the polymeric

surfactant solution and oil with the tendency to form emulsion.

As used herein, the term “enhanced oil recovery” or “EOR” refers to the process which
usually involves the injection of a fluid or fluid of some type into a subterranean reservoir
or formation. The injected fluids and injection processes supplement the natural energy
present in the reservoir to displace oil to a producing well. In addition, the injected fluids
interact with the reservoir rock and oil system to create conditions favorable for oil
recovery displacement. After the waterflood to irreducible oil saturation, the typical EOR
process can yield 5-25% of Original Oil In Place (OOIP) as the incremental oil recovery.
Moreover, the EOR process can also been implemented wherein the waterflood has not

yet reached the irreducible oil saturation.

As used herein, the term "Subterranean Formation” or "Subterranean Reservoir” refers to
a place where the crude hydrocarbons found in reservoirs forms in the Earth's crust. It
exists anywhere from 1,000 to 30,000 ft below the surface and has a variety of shapes,
sizes and ages. The subterranean formation may have been exposed to water injection,

polymer flood or chemical processes.
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As used herein, the term "displacing fluid” or "displacing solution” refers to an aqueous

fluid used for enhanced oil recovery in subterranean formation.

Conventional wisdom believes the emulsion is contributed by low IFT and thus leads to
the searching of ultra low IFT (10™ to 10 dyne/cm between the displacing fluid and oil)
to form emulsion with oil for efficient micellar/polymer flood. However, the present
invention demonstrates the unexpected testing results, suggesting that the polymeric
surfactants with medium oil-water IFT (0.1 dyne/cm or higher) can also efficiently
emulsify oil and be used for EOR chemical processes based on the coreflood tests and

field tests

Without being bound to any theory, since the functional polymeric surfactants according
to the present invention can not only yield viscosity as a mobility controller, but also
efficiently emulsify oil, the requirement of low or ultra low IFT as commonly recognized
in the art may not be applicable to the functional polymeric surfactants. The use of FPS
with only small IFT reduction, as single primary agent for EOR chemical process, may
provide a game change technology for future enhance oil recovery since one can design
hundreds of new FPS for cost effective EOR process based on the disclosure in the

present invention.

Due to its unexpected feature, the FPS for the EOR chemical processes described in
present invention disclosure not only serves as a polymer for mobility control but also a
pseudo surfactant which can form emulsions under reservoir conditions. The FPS can
achieve both volumetric sweep efficiency and microscopic displacement efficiency. The
key features of FPS in the water flood for EOR will have following properties: (1) The
EPS water solution will increase the apparent viscosity to lower the water mobility; (2)
FPS may be able homogenize permeability by selective adsorption and mechanical
entrapment of FPS on the rock; (3) FPS may also have certain degree of viscoelaticity

effects, and (4) FPS is a surface active agent which lowers oil-water IFT.

10
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Accordingly, one aspect of the present invention is directed to a new and improved oil
recovery process wherein a displacing fluid comprising a functional polymeric surfactant
with medium oil-water IFT value is injected to hydrocarbon-bearing subterranean

formation.

In one embodiment, the IFT value is about 0.1 to about 15 dyne/cm, preferably, about 0.1
to about 10 dyne/cm, more preferably about 0.5 to about 10 dyné/cm. The IFT value can
be measured by a method known in the art. In the present invention, the IFT value is
measured as follows. An oil phase (e.g., n-heptane) and an aqueous phase (e.g., the FPS
solution in 3% NaCl) were mixed at 86 F using a spinning drop interfacial tensiometer:
The interfacial tension between the two phases was measured as a function of time,
usually for 2 hours. The measurement was recorded if the values vary within 1-2%

variation for a period of 20 minutes .

In another embodiment, the concentration of the functional polymeric surfactant in the
displacing solution or fluid ranges from about 20ppm to about 10,000ppm, from about
100ppm to about 6000ppm, from 200ppm to about 3000ppm, from about 300ppm to
about 1500ppm.

In another embodiment, the subterranean formation or reservoir contain remaining
hydrocarbon (e.g. oil) after the displacement of original oil to producing wells through
natural energy. In addition, the subterranean formation may have been water-flooded and
reached the irreducible water saturation. Further, the subterranean formation may have

been subject to a chemical process and deemed as unrecoverable.

In another embodiment, the displacing solution is delivered to the subterranean formation
through an injection system (e.g., an injection well) and the hydrocarbon (e.g., oil) is
recovered through a production system (e.g., a production well). In certain embodiment,
the injection well is the same as the production well. For example, in the “huff and puff”

method, a FPS solution is injected via a well to the subterranean hydrocarbon-bearing

11
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formation. The injection well is then shut-in for a soaking period, after which it is placed

for production.

In another embodiment, the enhance oil recovery method using the FPS renders typically
about 5-30% OOIP, preferably about 10-30% OOIP, preferably about 15-30% OOIP,
more preferably 15-25% OOIP.

Another aspect of this invention is directed to a functional polymeric surfactant
composition which comprises a variety of different synthetically produced carbon-based
and siloxane-based polymeric surfactants, wherein the polymeric surfactant includes at
least one hydrophilic monomer unit and at least one hydrophobic monomer unit, with the
oil-water IFT value greater than 0.1 dyne/cm. The preferred polymeric surfactants

include the functionalized polyacrylamide and the derivatives thereof.

Another aspect of present invention relates to functional polymeric surfactants which
have a partially hydrolyzed polyacrylamide backbone and a repeating monomer unit
having the following formula, the FPS having an oil-water IFT value of no less than

about 0.1 dyne/cm, preferably about 0.1 to about 15 dyne/cm:

.

Ri—C=0 (Formula (1))

R;=-NH,, -ONa, -ORy, -NHRy, -R.SO:Na, -(EO),(PO),R1, quaternary ammonium
surfactant moiety, bis-ammonium Gemini surfactant moiety, -R; SH, and the like, PO
represents -CH2-CH(CH3)-O-, EO represents —CH2-CH2-O-, wherein Ry is a
hydrophobic moiety (e.g., an alkyl, phenyl or the derivatives thereof), and a+b is integer
from 6 to 30.

Another aspect of present invention relates to functional polymeric surfactants which

comprise a first repeating monomer unit and a second repeating monomer unit having the

12
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following formula, the FPS having an oil-water IFT value of no less than about 0.1
dyne/cm, preferably about 0.1 to about 15 dyne/cm:

a first repeatmg monomer unit with a hydrophobic moiety

1™ Jf

(Hydrophoblc M0|et

(Formula (2))

a second repeating monomer unit with a hydrophilic moiety

Tz

Hydrophilic Moie
ry D y ] (Formula (3)
wherein Ry and R, are hydrogen or C; -C4 alkyl respectively.

Another aspect of the present invention relates to functional polymeric surfactants:
comprising three repeating monomer units (a first repeating unit, a second repeating unit,
and a third repeating unit) having the following formula, the FPS having an oil-water IFT

value of no less than about 0.1 dyne/cm, preferably about 0.1 to about 15 dyne/cm:

a first repeating monomer unit with a hydrophobic moiety

Tﬁ

ﬁ-lydrophobic Moiety]

(Formula (2))

a second repeating monomer unit with a hydrophilic moiety

e

Hydrophmc MOIety ]

(Formula (3))

a third repeating monomer unit

13
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R
+ HzC‘(:)O—}

HN—C=0 (Formula (4))
wherein Ro, Ry, and R, are hydrogen (H) or C; —C4alkyl respectively. When Ry is H, the

third repeating monomer unit is

foret

HzN—C:O

Another aspect of the present invention relates to functional polymeric surfactants
comprising a polymeric reaction product of the following three repeating monomers, the
FPS having an oil-water IFT value of no less than about 0.1 dyne/cm, preferably about
0.1 to about 15 dyne/cm:
a first repeating hydrophobic monomer:
Ri
H,C=CH

[ Hydrophobic Moiety]

(Formula (5)
a second repeating hydrophilic monomer:
Rz
H2C=CH

ﬁydrophilic Moiety]

(Formula (6))
a third repeating monomer:
Ro
H2C=C
5=0
HoN-C= (Formula (7))

wherein Ro, Ry, and R; are hydrogen (H) or C; —Cjalkyl respectively. When Rois H, the

third repeating monomer is

14
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H,C=CH2

H,N—C=0

In another embodiment, the hydrophobic moiety is anionic, cationic, nonionic,
zwitterionic, betaine, or amphoteric ion pair. In particular, the nonionic moiety is [—
COO-alkyl], [-CO-N(X;)(X>)], -alkyl, -phenyl, or the derivatives thereof, wherein X; =
C; —Csoalkyl; C; —Cs alkyl substituted by 1-3 phenyl, phenyl or C; —Cs cycloalkyl and X,
= H or C; -Cioalkyl. The cationic moiety is alkyl group-containing, phenyl group-
containing quaternary ammonium salts, or derivatives thereof (salt is selected from the
group consisting -CO-CH,-quaternary ammonium-alkyl group, -CO-NH-quaternary

ammonium-alkyl group, bis-ammonium Gemini surfactants, and derivatives thereof).

In another embodiment, the hydrophilic moiety is anionic, cationic, nonionic, zwitterionic,
betaine, or amphoteric ion pair. In particular, the nonionic moiety is [-COO-(EO)n-alkyl
group], [-COO-(EO)c-fluoroalkyl group], or the derivatives thereof, wherein n is an
integer from 6-30, c is an integer from 6-30 and EO represents —CH2-CH2-O-. The
anionic moiety is an organic acid salt (e.g., acryl acid, methacrylic acid, maleic acid,
itaconic acid, acrylamido methylpropane sulfonic acid, vinylphosphonic acid, styrene

sulfonic acid, or derivatives thereof).

In another embodiment, the hydrophobic monomer is selected from the following:
Hzc:(l')H
¢=0
I}JH
HC—R,
GHe
SOsH, (Formula (8))

R, (Formula (9))

15
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Rl (Formula (10))

or

Ru (Formula (11))
wherein Ry, is a hydrophobic moiety (e.g., an alkyl, phenyl or the derivatives thereof);
and X isa CI or Br.

In another embodiment, the hydrophobic monomer is selected from the following:

CH,=CH-CO-NH-CH(CH,-SO;Na)((CH3),-CHs3),

! - +
SOz Na (Formula (12))
CHZZCH-CHz-N+(CH3)2-(CH2)D-CH3. X_,

H2C=(I:H
CH X
T+
H3C_N_CH3
(QHZ)n
CHs (Formula (13))

CH,=CH-CO-NH-(CH;),-N"(CH3),-(CH2),-CHs. X,

CHs (Formula (14))
CH,=CH-CO-0O-(CH,),-CHs,

16
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or
CH,=CH-CO-G;

HZC=?H
¢=0
G

wherein n is an integer from 8 to 20 and X = CI', Br, and G represent a bis-ammonium

PCT/US2007/082307

(Formula (15))

(Formula (16))

Gemini surfactant moiety. In particular, G has the following formula:

CHg

| 1
CjH2j+1'1\|I+‘(CH2)2'O‘(CH2)2‘171+’CkH2k+1- Br,

CH,

wherein (j +k=24,j=12, 13, 14, 16, 18).

(Formula (17)

In another embodiment, the hydrophilic monomer is selected from the following:

b

Hzc:(l)H
C=0

or

(Formula (18)

(Formula (19))

(Formula (20))
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wherein Ry is a hydrophobic moiety (e.g., an alkyl, phenyl or the derivatives thereof); EO

represents ~CH,-CH,-O-, and c is an integer from 8 to 18.

In another embodiment, the hydrophilic monomer is selected from the following:
CH,=CH-CO-OH,

HZC=(|:H
¢=0
OH (Formula (21))

CH,=CH-CO-NH-C(CH3),-CH,SO5" Na,

SOgNa* (Formula (22))

Or
CH,=CH-CO-0-(EO),-(CH),-CH3,
HZCzCI:H
¢=0
?
(EO)p
(CHa)n
CHs (Formula (23))
wherein n is an integer from 8 to 20; EO represents -CH,CH,O-, and p is an integer

from 6-20.

In another embodiment, the repeating hydrophobic monomer unit in a FPS is selected

from the following:

Fic-cu
¢=0
ll\lH
HC—RL
¢Ha
SOz Na* (Formula (24))
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Prc-gnt-
CH X
I+
ch—l}l_CHg

Ru (Formula (25))
-Gt
¢=0

O

RL (Formula (26))

or

Froc-cnt
¢=0
ll\IH
R (Formula (27))

wherein Ry is a hydrophobic moiety (e.g., an alkyl, phenyl or the derivatives thereof);
and X is a Cl or Br'.

In another embodiment, the repeating hydrophobic monomer unit in a FPS is selected

from the following

Fc-cnt
¢=0
NH
HG—(CHa)7~CHs
Era
SOgNa* (Formula (28))
+H,c-ch_
CH X
T+
HgC“'}l"CHg
(CHa)n
CHs (Formula (29))
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e
C=0
II\JH
X— (C_tlZ)n
HaC—N—CH,
(CH2)n
CHs (Formula (30))

CHs (Formula (31))

or

G (Formula (32))
wherein n is an integer from 8 to 20 and X = CI, Br,, and G represents a bis-ammonium

Gemini surfactant moiety. In particular, G has a structure as shown in Formula (17).

In another embodiment, the repeating hydrophilic monomer unit in a FPS is selected from

the following:

Lrc-cnt
c=0

OH (Formula (33)

Fro-ond
(I)=O

J Nt
SOz Na* (Formula (34))

or

20



WO 2008/052015 PCT/US2007/082307

Frec-grt
('iI=O
?
(EO)e
Ru (Formula (35))
wherein Ry is a hydrophobic moiety (e.g., an alkyl, phenyl or the derivatives thereof); EO

represents -CH,-CH,-O-, and c is an integer from 8 to 18.

In another embodiment, the repeating hydrophilic monomer unit is selected from the

following:

+HZC—QH~]»
C=0

OH (Formula (36))

SO3'Na* (Formula (37))

or

|
(EO)p
(GHa)n
CHs (Formula (38))

wherein n is an integer from 8 to 20; EO represents —CH,CH,0-, and p is an integer

from 6-20.
In another embodiment, the FPS comprises a variety of different biologically produced

polymeric surfactants, wherein the biologically produced or synthesized functional

polymeric surfactants have the oil-water IFT value greater than 0.1 dyne/cm. Preferred
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biological polymeric surfactants include xanthan gum, polysaride, and the derivatives

thereof.

Besides the direct reaction between polymer and reactants, examples that use primary
amine to react with polymers include succinic anhydride moieties (which may have
limitation in both yield and low molecular weight, Hill et al. (1993, Macromolecules, 26,
pp. 4521-4532). Other researchers have published numerous papers to introduce various
copolymerization approaches. The polymeric surfactants, with medium oil-water IFT,
can be prepared by the techniques known in the art, including heterogeneous, inverse
emulsion, micro-emulsion, precipitation, and micellar free radical copolymerization
processes. The exemplary preparations of polymeric surfactants include free radical
initiated copolymerization of hydrophilic group-containing monomers (e.g. acrylamide,
acrylacid, poly-alkyleneoxy, or alkylsulfonate acrylate, or mixtures thereof) with
hydrophobic group-containing monomers (€.g. alkyl acrylamide, phenyl acrylamide,
Gemini quaternary ammonium acrylate, or mixtures thereof). Adjusting the
concentration and activity of the initiator, the concentration of monomers, the
temperature, and the chain-transfer agents can control the molecular weight of the

polyacrylate copolymer, which contains two or more monomeric species.

The skilled artisan, after reviewing the instant disclosure, will recognize that various
degree of branching, molecular weight and stereo configuration of the polymeric
surfactant unit may also be considered along with chemical constituents (e.g. HLB,
functional groups, and ionic nature) to determine the application for EOR chemical

processes.

Advantages and embodiments of this invention are further illustrated by the following
examples, but the particular materials and amounts thereof recited in these examples, as
well as other conditions and details, should not be constructed to unduly limit this

invention. All parts and percentages are by weight unless otherwise indicated.
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EXAMPLES

Example I.  The representative examples of FPSs are conducted by the general
laboratory methods consist of the following analysis:
1) Phase behavior is analyzed through methods known in the art (See the following
references)
a. Reed, R.L. and Healy, R.N.: “Some Physicochemical Aspects of
Microemulsion Flooding.” Improved Oil Recovery by Surfactant and
Polymet Flooding (D.O. Shah and R.S. Schechter, Eds), Academic Press,
New York, New York (1977) 383-437.
b. Healy, R.N. and Reed, R.L.: “Physicochemical Aspects of Mictoremulsion
Flooding,” Transactions, AIME, Volume 257 (1974) 491-501.
¢. Dreher, K.D. and Jones, S.C.: “An Approach to the Design of Fluids for
Microemulsion Flooding,” Solution Chemistry of Surfactants, Volume 2
(K.L. Mittal, Editor), Plenum Publishing Corporation (1979).
d. Healy, R.N., Reed, R.L., and Stenmark, D.G..: “Multiphase
Microemulsion Systems,” Transactions, AIME, Volume 261 (1976) 147-
160.
e. Nelson, R.C. and Pope, G.A.: “Phase Relationships in Chemical
Flooding,” Transactions, AIME, Volume 265 (1978) 325-338.
of emulsion book) of emulsion system. The exemplary systems have hydrocarbon, water
and FPS pseudoternary phase. Typically the lower ratio of the oil phase, the longer the
period of miscible displacement which can Jead to higher oil recovery, as the oil is
emulsified.
2) Core flood experiment was conducted through methods known in the art (See the
following references)
f. Holm, L.W. and Knight, R.K.: “Soluble Oil Flooding,” Pétroleum
Engineer (November 1976).
g. Gogarty, W.B.: “Rheological Properties of Pseudoplastic Fluids in Porous
Media,” Journal of Petroleum Technology (June 1967) 149-160.
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Because of the interacting effect of the emulsion with the reservoir rock, phase
and physical property studies alone are not sufficient to properly design the emulsion
system. The coreflood is a critical to predict the EOR performance in field. Many
literatures have been published to show a direct correlation of core flood results with field
observation. Green et al. used the coreflood as one of the key design procedures and
criteria, by rﬁeasuring such factors as adsorption, effect of micellar slug size, and
effectiveness of mobility control (1998, ISBN 1-55563-077-4, SPE Textbook Series Vol.
6, pp. 285). Gogarty et al. used coreflood to study how to optimize surfactant
concentration for field application, and to simulate the displacement, adsorption, mobility

control, and scaling behavior in the field (1976, SPE 5559 PA, pp. 93-102).
Example 2

Six synthetic exemplary FPS samples were prepared via free radical initiated

copolymerization (Table 1).

Step 1, according to the monomer ratio in the Table 1, the acrylamide, hydrophilic
monomers, lipophilic monomers, and sodium carbonate were dissolved with deionized
water to form a solution in a 3-neck round bottle flask, followed by sodium formate and
ammonium hydroxide. The total mass of all reactants was about 25-30% of total mass of

the solution in the flask.

Step 2, the flask was placed in water bath, and was deoxygenated with nitrogen flow for
20 minutes. Under nitrogen protection, the initiator system, including azo initiator (e.g.
ABIN), reducer (e.g. sodium bisulfate), and oxidator (e.g., sodium persulfate), was added
into the flask. The total mass of the initiator system was 0.01% - 0.1% of the total mass

of the total mass of all reactants.

Step 3, the flask was allowed to deoxygenate with nitrogen flow for another 10 minutes,
and then the flask was sealed. Observed the change of reacting solution and recorded the

change of reaction solution temperature to determine the completion of reaction.
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Step 4, after the reaction was completed, the water bath temperature was raised to 185 F,

and keep the flask in water batch for 4 hours.

Step 5, the resulting gel was then smashed, granulated and dried to obtain samples for

further use.

TABLE 1

Monomer  FPS-l1a FPS-1b FPS-1c FPS-2a FPS-2b FPS-2¢

0-5% 0-5% 0-5% 1-5%

EPS-1a, 1b, 1c each has molecular weight ranged from 5 mil to 10 mil;

EPS-2a, 2b, 2¢ each has molecular weight ranged from 0.2 mil to 3 mil;

H1, H2, and H3 are hydrophilic monomers, and
H1 = [CH,=CH-CO-OH],

H2 = [CH,=CH-CO-NH-C(CH;),-CH,SO5" Na'l],
H3 = [CH,=CH-CO-0-(EO),;-(CH2).-CHs);

L1, L2, L3, L4, L5 are hydrophilic monomers, and
Ll= [CH2=CH-CO—NH—CH(CH;—SO3Na)((CHZ),,-CH3)],
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L2 = [CH,=CH-CH,-N"(CH3),-(CH2)n-CH3. X7],

L3 = [CH,=CH-CO-NH-(CH;),-N*(CH3)2-(CHz),-CH3. X'],
L4 = [CH,=CH-CO-0O-(CH,),-CHj3],

L5 = [CH,=CH-CO-GI;

nis an integer from 8 to 20;

EO represents -CH,CH,O-,

p is an integer from 6-20;

X =CI, Br

G represent a bis-ammonium Gemini surfactant moiety, covalent bonding with carbonyl

group in the monomer, as

fHa Gt
CjHgj1-N"(CHp)p-O-(CHp)-N'-CilHr. Bry
CH, CHg

(j+k=24,=12,13, 14,16,18)

The IFT measurements reported in the following examples were determined using the
following procedure. IFT values for these systems (Oil phase as n-heptane, aqueous

phase as 1000 ppm FPS solution in 3% NaCl) were determined at 86 F using a spinning
drop interfacial tensiometer. These IFT values were determined in the following way: the
interfacial tension of a system was measured as a function of time, usually for 2 hours. If
the values for the last 20 minutes agreed to within 1-2%, the 2-hour measurement was
reported; if not, the measurements were continued until the 1-2% agreement for a 20-

minute period was obtained. All the testing results were listed in Table 2.

The 6 FPS samples (in Table 1) were evaluated for oil-water IFT measurements.
The IFT values of a commercial partially hydrolyzed polyacrylamide previously used in

polymer flooding system (MO4000 by Mitsubishi) with an IFT value of 34.33 dyne/cm.
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The control reading of n-heptane and 3% NaCl was 44.80 dyne/cm.

TABLE 2

FPS-1a FPS-1b FPS-1¢ FPS-2a FPS-2b FPS-2c MO4000 control

Example 3

Coreflood tests were carried out at 185 F in epoxy-coated Berea sandstone 12 inch cores
(average 487 md air permeability). The dry core was preflushed with 2 pore volumes of
brine before it was flooded to an irreducible water saturation with a representative crude
oil having a viscosity of about 7.2 cP. The oil saturation was typically from 0.65. The
core was then waterflooded with the same brine to irreducible oil saturation (watercut

98%) of about 0.42 from 0.65.

The chemical flood began with the injection of a 0.3 pore volume slug of 1500 ppm FPS
samples (FPS-1a, 1b, lc, 2a, 2b, 2c in 6 separated coreflood tests) prepared with 0.5%
NaCl brine, followed by 0.5% NaCl brine to irreducible oil saturation (watercut 98%).

The resulting residue oil saturation is listed in the table 3.

A separated chemical flood began with the injection of a 0.3 pore volume slug of 1500
ppm PAM-25 (polyacrylamide, hydrolysis degree = 23%, molecular weight 25 mil )
prepared with 0.5% NaCl brine, followed by 0.5% NaCl brine to irreducible oil saturation
(watercut 98%) (See Table 3).
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TABLE 3

FPS-1a FPS-1b FPS-1c FPS-2a FPS-2b FPS-2c PAM-

25

The resulting irreducible oil saturation data Table 3 indicate that the FPS, generally
speaking at lower molecular weight, has better oil recovery performance than the ultra
high molecular weight polyacrylamide. The FPS-2b was used in the 1009% watercut
mature field trial (113 F, 0.3-0.4% salinity, onshore sandstone, irreducible oil saturation

after waterflood), and recovered more than incremental 9.5% of original oil in place.
Example 4

Two coreflood tests were carried out at 113 F in epoxy-coated Berea sandstone 12 inch
medium permeability cores. The dry core was preflushed with 2 pore volumes of brine
before it was flooded to an irreducible water saturation with a typical Daging crude oil.
The core was then waterflooded with 0.3% salinity brine to irreducible oil saturation
(watercut 98%). Wherein, the accumulated recovery of core 1, after the water flood, was
- 46% of original oil saturation, and the accumulated recovery of core 2, after the water

flood, was 47% of original oil saturation.

In the core 1, a FPS-2c solution (about 0.5 million molecular weight, 7.3 cP, 0.6 pore

volume) was injected to obtain incremental 17% of original oil saturation.
In the core 2, a PAM-15 solution (regular polyacrylamide, about 15 million molecular

weight, 20.6 cP, 0.6 pore volume) was injected to obtain incremental 10% of original oil

saturation.
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The FPS-2c¢, with about one-third of the viscosity of PAM-15, had 70% more oil recovery

performance.

Example 5

Two coreflood tests were carried out at 113 F in epoxy-coated Berea sandstone 6 inch
low permeability (50 - 80 md) cores. The dry core was preflushed with 2 pore volumes
of brine before it was flooded to an irreducible water saturation with a typical Daqging
crude oil. The core was then waterflooded with 0.3% salinity brine to irreducible oil

saturation (watercut 98%).

A 100 ppm FPS-2b in 0.3% NaCl brine was injected (0.3 pore volume) to obtain
incremental 10% of original oil saturation. It demonstrated the uncommon oil recovery

ability of FPS-2b even at the low concentration.

It will be understood that particular embodiments described herein are shown by way of
illustration and not as limitation of the invention. The principal features of this invention
can be employed in various embodiments without departing from the scope of the
invention. Those skilled in the art will recognize, or be able to ascertain using no more
than routine experimentation, numerous equivalents to the specific procedures described
herein. Such equivalents are considered to be within the scope of this invention and are

covered by the claims.
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While the compositions and methods of this invention have been described in terms of
preferred embodiments, it will be apparent to those of skill in the art that variations may
be applied to the compositions and/or methods and in the steps or in the sequence of steps
of the method described herein without departing from the concept, spirit and scope of

the invention.
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CLAIMS
What is claimed is:
1. A functional polymeric surfactant composition, comprising:
a) a first repeating monomer unit having a first formula of
Ro
I —
H2N—C—O
b) a second rcpeatmg monomer unit having a second formula of
Hydrophoblc Mouety
c) a third repeating monomer unit having a third formula of

fot

Hydrophlluc Mmetﬂ

wherein Ry Rj, and R, are hydrogen or C, —C, alkyl respectively;

wherein the hydrophobic moiety is hydrophobic and selected from the group
consisting of anionic, cationic, nonionic, zwitterionic, betaine, and amphoteric ion pair;

wherein the hydrophilic moiety is hydrophilic and selected from the group
consisting of anionic, cationic, nonionic, zwitterionic, betaine, and amphoteric ion pair;

wherein an IFT value of the functional polymeric surfactant composition is from
about 0.1 to about 15 dyne/cm.

2. The functional polymeric surfactant composition of claim 1 wherein the
hydrophobic nonionic moiety is selected from the group consisting of nonionic moieties
include [-COO-alkyl], [-CO-N(X1)(X2)], -alkyl, -phenyl, and the derivatives thereof,
wherein X, = C; —Cs alkyl; C1 —C3 alkyl substituted by 1-3 phenyl, phenyl or C; —Cs
cycloalkyl and X, = H; or C3 ~Cjpalkyl.
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3. The functional polymeric surfactant composition of claim 1 wherein the
hydrophobic cationic moiety is selected from the group consisting of alkyl group-
containing, phenylgroup-containing quaternary salts, and derivatives thereof.

4. The functional polymeric surfactant composition of claim 3 wherein the
salt is selected from the group consisting -CO-CH,-quaternary ammonium-alkyl groub, -
CO-NH-quaternary ammonium-alkyl group, bis-ammonium Gemini surfactants, and
derivatives thereof.

5. The functional polymeric surfactant composition of claim 1 wherein the
hydrophilic nonionic moiety is selcted from the group consisting of [-COO-(EO)n-alkyl
group], [-COO-(EO)n-fluoroalkyl group], and the derivatives thereof, wherein n=6-30
and EQ is -CH,CH,0O-. _

6. The functional polymeric surfactant composition of claim 1 wherein the
hydrophilic anionic is an organic acid salt.

7. The functional polymeric surfactant composition of claim 6 wherein the
organic acid is selected from the group consisting of acryl acid, methacrylic acid, maleic
acid, itaconic acid, acrylamido methylpropane sulfonic acid, vinylphosphonic acid,
styrene sulfonic acid, and derivatives thereof.

8. . A functional polymeric surfactant composition, comprising a polymeric
reaction product of:

a) a first monomer having a first formula of

b) a hydrophobic monomer having a second formula of
Ry
H,C=CH

( Hydrophobic Moiety )

c) a hydrophilic monomer having a third formula of
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[P
H>C=CH

[ Hydrophilic Moietyj

Wherein Ro, R;, and R; are hydrogen or C; —C,4 alkyl respectively;

wherein the hydrophobic moiety is hydrophobic and selected from the group
consisting of anionic, cationic, nonionic, zwitterionic, betaine, and amphoteric ion pair;

wherein the hydrophilic moiety is hydrophilic and selected from the group
consisting of anionic, cationic, nonionic, zwitterionic, betaine, and amphoteric ion pair;

wherein an IFT value of the functional polymeric surfactant composition is from
about 0.1 to about 15 dyne/cm.

0. The functional polymeric surfactant composition of claim 8 wherein the
hydrophobic nonionic moiety is selected from the group consisting of nonionic moieties
include [-COO-alkyl], [-CO-N(X;)(X2)], -alkyl, -phenyl, and the derivatives thereof,
wherein X; = C3 —Cis alkyl; C; —C3 alkyl substituted by 1-3 phenyl, phenyl or C; -Cs
cycloalkyl and X, = H; or C3 —Cipalkyl.

10.  The functional polymeric surfactant composition of claim 8 wherein the
hydrophobic cationic moiety is selected from the group consisting of alkyl group-
containing, phenylgroup-containing quaternary salts, and derivatives thereof.

11.  The functional polymeric surfactant composition of claim 10 wherein the
salt is selected from the group consisting -CO-CH,-quaternary ammonium-alkyl group, -
CO-NH-quaternary ammonium-alkyl group, bis-ammonium Gemini surfactants, and
derivatives thereof. v

12.  The functional polymeric surfactant composition of claim 8 wherein the
hydrophilic nonionic moiety is selected from the group consisting of [-COO-(EO)n-alkyl
group], [-COO-(EO)n-fluoroalkyl group], and the derivatives thereof, wherein n=6-30
and EO is -CH,CH,O-.

13. The functional polymeric surfactant composition of claim 8 wherein the
hydrophilic anionic is an organic acid salt.

14.  The functional polymeric surfactant composition of claim 13 wherein the

organic acid is selected from the group consisting of acryl acid, methacrylic acid, maleic
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acid, itaconic acid, acrylamido methylpropane sulfonic acid, vinylphosphonic acid,
styrene sulfonic acid, and derivatives thereof.

15.  The functional polymeric surfactant composition of claim 8 wherein the
hydrophobic monomer is selected from the group consisting of CH,=CH-CO-OH,
CH,=CH-CO-NH-C(CH3),-CH,S03Na, and CH,=CH-CO-0-(EO),-(CH>),-CHj3, wherein
n is an integer from 4-20, p is an interger from 6-20, and E is -CH,CH;O-.

16.  The functional polymeric surfactant composition of claim 8 wherein the
hydrophilic monomer is selected from the group consisting of CH,=CH-CO-NH-
CH(CH,-SO3Na)((CH,),-CH3), CH,=CH-CH,-N(CH3),-(CHz),-CH3, X,CH,=CH-CO-
NH-(CH),-N(CHj3),-(CH2)m-CH3, X, CH,=CH-CO-0-(CH,),-CHj3], and CH,=CH-CO-G,
wherein n and m are each integer from 4 to 20; X is F, CI', Br, Ac’, NOs, or 1/2S04%,
and G is a cationic Gemini moiety.

17.  The functional polymeric surfactant composition of claim 8 wherein the

hydrophobic monomer is selected from the group consisting of

wherein Ry is a hydrophobic moiety (e.g., an alkyl, phenyl or the derivatives thereof);

and X- is a Cl- or Br-.
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18.  The functional polymeric surfactant composition of claim 8 wherein the

hydrophobic monomer is selected from the group consisting of

HZC:CPH

6=0

II\IH

HC—(CHa)a~CHs

G

SOg—Na+
H2C=CI;H

CH X

T+
H3C_rI\J—CH3

(GH2)n

CH,

H?_Cz(I)H
¢=0
G
wherein n is an integer from 8 to 20 and X = CI', Br, and G represent a bis-ammonium
Gemini surfactant moiety.
19.  The functional polymeric surfactant composition of claim 8 wherein the
hydrophilic monomer is selected from the group consisting of

H2C=(PH
G=o0
OH

2
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wherein Ry is a hydrophobic moiety (e.g., an alkyl, phenyl or the derivatives thereof); EO
represents -CH,-CH,-O-, and ¢ is an integer from 8 to 18.
20. The functional polymeric surfactant composition of claim 8 wherein the
hydrophilic monomer is selected from the group consisting of
H20=(,3H
¢=0
OH |,
Hzc=(;;H
¢=0
hllH
HaC~C—CHg
CHe
SO:;-Na+ , and
chqu
¢=0
Q
(EQ)p
(|CH2)I1
CHa

wherein n is an integer from 8 to 20; EO represents -CH,CH2O-, and p are integer from
6-20.

21. A method for recovering hydrocarbon from a hydrocarbon-bearing
subterranean formation, comprising the step of injecting a displacing solution containing
a functional polymeric surfactant having an IFT value from about 0.1 to about 15
dyne/cm into the hydrocarbon-bearing subterranean formation through an injection well

and collecting the hydrocarbon from a production well.
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22.  The method of claim 21 wherein the concentration of the functional
polymeric surfactant composition in the displacing solution is from about 20 ppm to
about 10,000 ppm.

23.  The method of claim 22 wherein the concentration is from about 100 ppm
to about 6,000 ppm.

24.  The method of claim 23 wherein the concentration is from about 200 ppm
to about 3,000 ppm.

25.  The method of claim 21 wherein the IFT of the functional polymeric
surfactant composition is about 0.1 to about 12.5 dyne/cm.

26.  The method of claim 25 wherein the IFT of the functional polymeric
surfactant composition is about 0.1 to about 10 dyne/cm.

77.  The method of claim 21 wherein the hydrocarbon-bearing subterranean
formatibn has been subjected to a water flooding.

28.  The method of claim 27 wherein the hydrocarbon-bearing subterranean
formation has been deemed as unrecoverable by the water flooding.

29. The method of claim 21 wherein the injection well is the same as the
production well.

30.  The method of claim 21 wherein the hydrocarbon is oil.

31. The method of claim 21 wherein injecting the displace solution renders
about 5% to about 30% original oil in place.

32.  The method of claim 21 wherein the functional polymeric surfactant
comprises the functional polymeric surfactant composition of claims 1-20.

33.  The method of claim 21 wherein the functional polymeric surfactant is
biological or biologically synthesized.

34.  The method of claim 21 wherein the functional polymeric surfactant is
selected from xanthan gum, polysaride, and the derivatives thereof.

35. The functional polymeric surfactant composition of claims 1-7 wherein
the repeating monomer unit is covalently linked with each other or another repeating

monomer unit,
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EO #-CH,-CH;-O-.

6. MENFEX | FRODEHRESVREFENESY, KPR KERETAIE
PLERE .

7. MEACRER 6 FRODELERSYREEENASY, LHmRNBEIRERTAM
M. EENER. DK®E. KER. WABKFERERR. LAERR. FLHER, X
HTED.

8. —MINEEHRAYREEMFAEY, HAEUTRE RRA=Y:
a) F—UERPFRNE—ELRS

) B R PIRKISRK SRR
Rz

HC=CH

(EAEA )
HEF Ry, RiFR, SRR EERE C-Calndk;

gk EFAERKEHFEETHET. MET. FET. AEET. ARENRE
BTt

KA EAAE A IFEATFHET. AET. EEF. PHEET. AERHNRNE
BT

KRS WEREEERIAEY FT EA% 0.1 4 15 XRE/EX.
0. MEMAER 8 FIANERESYREEEMNAEY, KHROTKEIFERTER

ﬁé%%%%ﬁ,@%HmoﬁELpanwmmm,ﬁ%,X%,&Eﬁ$%,£¢XF
Cy-Cpskilt; 1-3 . HEH C-Co MmEMAM C-CsfeE, M X =H; B C—Cio o5

10, FIEACHIESR 8 FrRM iR SMRIEEFAEY, o B R B B K Atk PR B T 2 B
EETHERE. XENSH, REGEY.
3
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11. HRESFIEX 10 FrR et B YR HRENAEY, HPPidaIEE 8T -CO-CH-
S sk, -CO-NH-ZH-Hi%, Wi Gemini REEWR, REATED.

12. BT E K 8 BRI ThEs RSy REEERASY, HPmdnsktiEEFER
% & F[-COO-(EO)n-$i#], [-COO-(EO)n-#KeEE], REMEY, HF n Rk 6-30 FEH, EO
3R -CH,-CH,-0-,

13. BMERFER 8 PRIt REYRAFEERASY, HPFRFEKEEETFAR
HLEREE.

14, BENFIER 13 IR REEREYRMERFNAEY, KT R BEIREBTRE
B, REERR, DIRR, KER AERRTERERR, JHEUE RIRBR X

15. MESCRHIER 8 FrdmsastREWRIEEFEED, Hep ik I FR K R ARIE B T
CH,=CH-CO-OH, CH,=CH-CO-NH-C(CHj);-CH,SO;3Na Fl CHz=CH-CO-O-(EO)p-(CH2)n-CH;
Hehn 3% 4-20 FIEESL, p A 6-20 K93S, E H-CH,CH,O-.

16. WIERAIER 8 RN ESYREAEENAEY, HPFRRFKEREERT
CH,=CH-CO-NH-CH(CH,-SO;Na)((CH2),-CHs), CH;=CH-CHz-N(CH3)2-(CHy)-CHs, X,
CH,=CH-CO-NH-(CH3),-N(CHz),-(CHz)r-CHj, X, CH,=CH-CO-O~(CH),-CH; #l
CH,=CH-CO-G, ™ n#lm 2514 4-20 Ki¥%: XA F. CI'. Br. Ac. NO5 &, 1/2S04%,
G # Gemini FAE FEH.

17, BERFIER 8 FRAM AN RS YREEENASY, K RRmAERFERT

HzC:(l:H
&0
ITIH
HC-Ry
G
SO4H
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H,C=CH
9=O
ll\lH
Ry

Hep ROHGKER (Bl gk, RERHATED): XA CIE& Br.
18. MIEACRIE R 8 FrR T e R AMREEENAEY, HPRMFRAERFEST

HZC—'—QH
¢=0
G
Hbn 2 8-20 MEH, X =CI,Br, GARERIEEHE Gemini FHEVEETIERA.
19. MERFIESR 8 FRR TR EYREOBRENASD, Hep R psE/KREBAEE T
HZC=C|3H
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Fa

H2C—_-CI:H

Hoph ROCHBUKER (Bitn: (e, FERILWTEY): EO H-CH-CHp-O-: ¢ 2 8-18
RIEH
20. MENFIER 8 IR ThistRAYREFEHENAED, ﬁqﬂﬁ?i&m%@kﬁ%%ﬁ@?

HZC=Cl3H

’

Hh n 2% 8-20 FYEEE; EO H-CH,CH,O-: p A 6-20 RIEEZL.
21, —F M EEREN S Y E R REBREN SN T L, ST EBEESEAFKEE FT
EEEY 0.1 B4 0.5 EE/ERN D RERESYREFEN RSB BENEFRENESDHE
B, EAFEFHPHBKENEY.
20 FENFIER 21 FHRMTIE, Hrh R HThAs R A YR EE MR S 7E IR
BIWR EAEZ) 20 ppm 247 10,000 ppm.
23, REBFIER 22 Frki ik, HPHTBRRELEL 100 ppm 24 6,000 ppm.
24, REAFIESR 23 PR HE, HHFTRKREEL 200 ppm £4£y 3,000 ppm.

I

A

RIED R JARY: R RTAR T IR I E R & AR H R WEZH S

T4y 12.5 IER/EXK.
26. HIERCRIE K 25 Pk vE, R RE R AR IS A S YR IFT £43 0.1
F4 10 X E/EXK.

27, BESGRIER 21 Frdi ik, HPRMEREL SR HEZBIEKK.

6
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28. HREAFIER 27 Frikp v, HPARESHELEYIMEZKIEE CHEMAARAR
[

29. REAFIER 21 FrRM A%, HPFREEANFFERMH .

30. WIEARIE R 21 R KT, HPRNKEL SR EH.

31, MIERCRIZK 21 Frkpo sk, HrReE AR E R IR T H Y 5% 2L 30%HI R
BRI E .

3. WENFIER 21 FrRHFTE, LPFRODEEERSYREEERSERAERK 1-20
HH R R S YRIEEFIAEY .

33, MENFIER 21 FrRME, L PRt REYRIFEETI R EVERREY
& R

34, FREACHIES 21 Frkio A, HPmAN RS pERIEEREARER, 25,
REATED.

35, MIEACRIER1-7FTR TR R S WREFERFA Y, RPN ERRARITRZE
e EEERE S —ER B RTERE.
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TR A MR RN R &Y
X HH

&R BE E sk VB B 2006 4 10 A 23 B3 8935 E il B % 7 5117 60/853,468 HIHLIEAL -
N RIERA T AN AERBASERRKPER BIET.,

BRI

KRR KR M. AR, AR AERADEERIEEREYRESA
R

HREA

WEBENSY (WERH WEETRERALEY (WaH) EBRKEMEET
HE KA, IS E BT E AR . (R VAR R R RS SRR 2R SR e 2 v B
(0OIP) Hy—/NEBSY. EM, HTHRAERWTAM, KEHMBREBAPRAEA.

AR IR G R FRAEERE: AR R MR ER. REaH
KR (EOR) M7l % A% EM R BER R GEAZIEET . EANTRAEFEATE
WEMEES I AR, —FEERBEEIERH . Wb EARRGSEESBRGMmE
FAEMR, Bl TERTREREEME. FEHEHT BT kR IRE A R P
R,

55 R R TR T A R A . R BRI ER MR AR, R
7 AR A YRR RS WA ERB R A m K2 R — B AMEE. HHE
ZE6E BRI [ LT R GE— R RNE K, LABRIEK R, [ o 7 LE KO AT B A O B AR Bk R
RE3E . 20 2 60 FERLIK, FEREYINE FEIHRANH . SR IR E $5 I 7 v A 5 FF R K
POMIR AR, T BT R R R AE, AT PR &I T AR R R, HEHEETRRR
M TS B RY 10% . Manning S AXMFIEASSRE &Y B MG FHRRAT T 20T, A T
S b % 2.91%0O0IP (1983, Report DOE/ET/10327-19) . Schurz % A4 T 1980—1989
A H 99 MRE 4 4 B 5 SR A T SRR B 7R 3.7% B 4.8% 2 [A](1989, NMT 890029,
New Mexico Tech Centennial Symposium) . Gogarty % AR T HLEXRRSYIRRFA AWK
2R 2 B AR PR BTN AP R A S R (1976, SPE 1566-A, pp. 149-160) .

W2 R T RO & 2 HA d R
Mz RER S TFT) @b, Mﬁ'ﬁﬁxﬂmfh i@ﬁﬁt&?‘ﬂ/%‘*%?ﬂﬁ&ﬁ%%ﬁﬁ%”
3o SO 2R R IV T B FHEREA—F R BE A RSN ERE, REENRE
b, B EEERENRSYRER. BEEEANERAIEE, ZREEEFER
FAE RSV P BN . SR I A SRR AR e B R R (R TF T . Green %%

8
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AR ek IRRR S R BB BT, IR AR R E K N WA ERK, KMFE 107
KE/EX (1998, ISBN 1-55563-077-4, SPE Textbook Series Vol. 6, pp. 35) . {HXAFEE A
B, THREBEN FT, WEAREEMARTMEEN. BMBREMEER, FEFMA
e AR, XEAEEREAERA SR, RN BATAETEEL EOR RIETEMERES
R

B 1951 4F Strauss ZEA B RAFRSWIERGALR, AABRTHRITRFLES
%*%DW%%?%?&E%WE’J%%%K%&W& E—ERE L, REYREEEFIRES T
BEXEENAATMADE. AMBRSUREFLANES FREMEROSHIERRT—
HOR AR AEE . o, R R B A TR M AR R E T AR BR RS . HIET
KB RGP R N IR E A A B A TF . BORLRTE A K TR G RAFR K
B, XEESYREE AR RAMNTMER. HRERE (WREFE) SR

AHEREE SRR, TS, WE. BB, BARSE. AWERNEY. EFRE
J:ﬁf“{zf“ﬂ%?ﬁ*j]o (B S BULE R ER T MR A YR EE AR & A R,

2RI A K, ORI R R KRR LR T R E A PR MR R
HIRIE, R — ML EOR HERN 5 E N EEAEZ —. BAEENFRE I RE
EHRHE I B LA P B3, BTG MK E . Green FAHIF T BHE
B Ny = (Vi) Oows L, Nea ABAEY, v HILBERE, o A IREARRIEE, Sow JGK R FHAN
WU HIE I TFT (1998, ISBN 1-55563-077-4, SPE Textbook Series Vol.6, pp. 22) o FRIF dow
% 107 & E/EKBIRBIE K TE, FRA AR B MR o) RE IR R PR, X R BRI Z 8%
Ek, HEHRSYEEEEFOFHHIESETEERERSYRMEEFREEEAREY)
HEEMA, RRBYR TS MRS SRRV, A TTZE AR AR 18] = AL R B
¥ IFT {E.

Fitn, 7€ 20 42 80 45X B #, Chen % A (1981, US Pat No. 4,284,517, 1982, US Pat No.
4317,893) AFFT —FFI AR IAIFBENFI AT RYEEE 1T A & R R A H I, %
E A ERAMETEERRKEBETEARLSINGEE, WlHEERESRET. Chen
o ) A5 SR K R R I R 2N T 0. KBR/ER (bbtn: B EARK-7K IFT J9 0.005
EE/ERERE D) ARB BT MO R

Cao 2 A (2002, European Polymer Journal, 38 (7), pp. 1457-1463) R T RHE REAaM
X&@ﬁm%M%A%i%ﬁé&?uﬁﬁﬁ ﬁ“%m?w*%i%ﬁﬂm%&?U%%%ﬁ%ﬁﬁ%%ﬁ%%ﬂ

Hiﬁil&iﬁ ﬁii 2/ o E?@F@rﬁ*ﬁ&"‘aﬁm% ’EﬁEﬁEIFT#ﬂB% Z—Ejm)\ﬁ:&)‘
3 ) 26 TV PEFIZE /K VIR P B0 TFT B E 107 I8 BE/EK LT

BRI B /K Bt SR DR B BIAR K MO SCTE, (B FE (L2 D7 VAR R I TFT 3K
B REIE EW T, SRS YRS SRR A WSRO R B R E B R WA

9
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REAATA. FARE HIRERE DL EAE b M IS B Ok o 3% . McCormick FAFE LR EHAT
T —A4H. BANBI, EBLERRFE—H “BH” WESIRREY. LRV
B sERT RN, FIEGE A KIRE EOR Hkrh Mk K% (2004, 2005, DOE Report, Award
Number DE-FC26-03NT15407) . McCormick 2 AMYBIFL T REYREE N SRS WML
e R O BR AR AU A R _ R BT EUE S, (B RBRM-KAEIKAEKXRT 0.1 BB/
JE K (B & YR EVE HEFIZE EOR HHIEA .

EA4BRRAE, SEHHTEAERASTSH-K FT HRGWREBEN, o
FANF4 0.1 iBE/EXK CNRIETEL 0.1-40 15 EE/EX) , RNAR PRFR IR B B RO I
WM, R T SRGHE F S e .

REARAN .

Kﬁ%%&iﬁﬁr‘ﬂ%Eﬁt&}%’.—EF?:‘EA@%%%@E%%%%@EWNBﬁ%ﬁ%‘fﬁ#&, N
BEL-S YR T A BB R P R BRI T . %6 BB SR vE MR v -
K IFT RN T2 0.1 A BE/EkK, kA2 0.1-4 15 & H/EX.

&% BIEY R 3 KRR S5 R B R UL T PR FIE S BB TR ShRE R
SHIFREERF], FPS H-/K IFT AN 0.1 ERE/EX, 3% R 0.1-49 15 I H/EXK,

ZESRERITANMT:

Ry—C= 2z (1) )

R; = -NH,, -ONa, -ORy, -NHRy, -R.SO3Na, -(EO).(PO}RL, EeEFREVEMRER, XL
Gemini EEEMEE, RSH REMEE, PO £ F-CH-CH(CHy)-0-, EO f{ x
—CH,-CH,-O-, HF Ry AB/KER (F1: PR EREREATAEY), a+ bl 6-30 KEH.

R R B TR 2 02— B A TR = E A MR TR T R IR S
YR EE MR, 1% FPS Bm-/K IFT AN T 0.1 EEER, HLikhd 0.1-4 15 BRE/EXK,
AR

wHKERANE - ERTRARIT

F|\'1
Jr%_c JF
2
(izE ) st (2) )
K IEENE B R R T

10
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i
~{7CH2—C Jr
( E=AKEA ) (e (3))

Hr, R, 1R, 2 BIAEE C-Co bk

AKPEY REE=MEFZAEET GE—EERAET, BT Eﬁﬁwﬁmﬁﬁﬁ
SEREBTT) WA RSYREFENM, &% FPS MIM-/K IFT EAR/N T4 0.1 EBE/EX,

Wi A2 0.1-40 15 EE/EK, HAKWT:
HHKEFANE -—EREGET

fit

i@uk%lﬂ ) (2t (2) )

WHRKEFANE _ESRIERTT

Tz

( FEREA ) R (3) )
BZEERMARTT
%- —cw%

HaN— c =0 A2 (4) )

Hrh, R, F R, R AEE Ci-Ca ek,

ARPES RAEUT=MESAEETHRE RN T REeYREEN
%, FPS fy-/K IFT (AR F 0.1 IRBH/EXK, RENL 0.1-4 15 EEEXK, ﬁ’z&iﬁﬁﬂ?

E—ER B

Ry
H,C=CH

(wmAEER ) R (5))

11
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BE_ERRE
Ry
Hzc =CH

(EAEE )

(k=3 (6) )
p Ry =B

H,C=CH2

H,N—C=0 (e (7D )

Heb, R f R, 2 BIAEEK C-Co bt
RIPAR

HTEFR AR AR, T30 ERERE XM T T E. 7 HiE 2 XHIARIBE X
A% AL SEEE AN AR UHER. AEm —A7 BOEA FHANFGEAE
1%, TRAEHETHREUHKE RO FEK— 8. A SCARE P SRR A R B B R
SEHEG), BRARIESR B S E S HAF A AL A & B R PR 1 .

ABEFTRE “EEIRE” ZIEE. EN. HEURREE LR

ARBFHREN “BREYW” RIEAANSTEESRE 1000 T/ERKIGTT, HeEMaFEMN
34 FRBEN S TESFRER EMERINATHE RER.

AEBBITRE “HERY” R REEW” RIEHFAMRELHBAAYRELANERS
Y, 5REA—MBGEHHIRYER.

ERBPIRN “BEYN” RIEERFEREY.

AEBEPFIRE “REFEHT BRIEEEEREYR.

ARBEFHRN “HBIT” RIEESWH FH M EEHTTH. Bavm— N85 M
R4 MR R g Ml 5B — A~ B TS igE & .

K EFRE “BESYREFEEN” E AT RSB E A ERSINREY, ZReY
7] It BE FE R L3R o

ABREFIRMN “ShEeREWRTMSHER” 2R “FPS” , EIEM-KIFT L 0.1-4 15
HKEEX (g 0.1-49 12.5 iXFE/EXK; £90.1-£9 10 KE/EN) MRS MREEEF; HEE
TETR BT P R AN B R AEZE A B FEmAK Z AR “AF” , BN EOR
12 B & B R

12
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AR BFTAL “TEERE” 5B R T RIERA YR IE RSB EHE KT KE
K. ZRE BB ERRMARSERR, REX.

ARFFRE “ILA” REMMAKENIBORER, BREEOR. MM, RAE. B
HARREIS . A ZE A

AEBFRN IR BIERSMRESERNSRMmZE, BETRRATE
HEALEA.

AREHALN “IREAMRICE” B “EOR” , RIGEF QAREHE —FERRRAENA
S FAE R B P . FEARITARRIE N T A FE 0k T 9 B R sedRT W E A
. WA, EANRASHEBRERNAMASAEER, PAEFNTEHRA. WM
Kk R A A S, SR A0 EOR J7¥ETI % RI 5—25% I R 46 R kst i & (OOIP) .
JeAh, BOR 75 HE7E/KHE A A F o 2 e v i B Al o AT LASE A o

ABEFAN HE” K OTHE” £IERERUF BB FENRRRELEY
Ty, TEETHRELT 1,000-3,000 FERMEMMBTT, BIFAR. KAFMERER. HE
WE B4 23K, BaWwEASLETENR M.

AR PR RS R B B8 TR 0 2 R A i SRR B K

HEBIA N AT RE BTN FT, ZREAMIF KRG FT (IR AL
% 107107 AE/ER) KIRMIF, W= B HURBR/REWE. BARRIESET —
AMBABRHERE R, BEETEHKIFT (401 KE/EXRE ) MRSYREENE
FUBTT VB AL, FEBE OISR S KR AT A T EOR WEETT IR

R AR IR, BT AR 5 R Th Akt B8 A 1) 3R T 93 R AU AT LA AR DA 7 B4
RetEEVE REI DL SR, DVEBOR AR REGEIR IFT ERAHEHAEA T HREER
SYIREIEER. R 2R IFT # FPS, {F4 EOR W27k pmE— E BRI R AT A
SR A R EA MR RNEAR. AMRETERAT Ll s E R TR FPS, AT
H R A EOR ik

T R EAREIME, A RFIFTA EOR A2 77+ I FPS A XTI F U=,
T B AT RGN, MRS TR RILN. FPS HEAT LA AR R BR B AT L
HEMMIK R . BT EOR KU FPS MEBHFHEMT: (1) FPS KBS INERN
sirE, MTTMEGAMITENTE:  (2) FPS R0l i %tk M FONLIRAR B & 4 L ) FPS 5035
guesE,  (3) FPS WATLIA —EMkEEE; F1 (4) FPS RFM-/K IFT MREE R,

FARTHY, 25 % BASEH B — Fh g B A0 AN S BL IR A R BT VR BT IEHE R T EM-K IFT
T R A Y REE N REN S A RENL S DRIRET .

13
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TEXE—STHEGIP, IFT EAEY 0.1 B4 15 BE/EX, kA% 0.1 ZE 410 XE/EX,
FARIE LY 0.5 B2 10 XF/EXK. FT ETEE ARG A MBARNE . EFKEF, FT
EE LT HENE. 7 86 F &4 T, FARERRAEKAICEEHA GHERE 5K
4 (0 FPS 1 3%SALANBORED - B2 18] 0 52T 7k A 46 S e iE) R O AT IR, BE S 2
AN, 20 MR R BUERSETE 1-2%Z [N, WHERZMR.

755 — SCHEBI o, ThEstE IR A )3 T 5 P I SRS R BB A P WK EE 49 0 20 ppm 2
%3 10,000 ppm, £ 100 ppm ZE#J 6000 ppm, %} 200 ppm F#J 3000 ppm, £ 300 ppm £
1500ppm.

£ B —AEHBIT, Eit BREEAEMEBEEERMIE, MESMEESARRKE
way (AR « B4, HETERELSSKIEAFIRAKEME. WH, WERTEDE
WAL, WA AR

7B —SEHEET, SEEEARS EAF) BRSEBERMET, FEIRBER
g IR PRI (NAEM) o RS S, EAFRERMIt. B,
R ELHRF, K FPS W EA T EREN TV . BERZEAIF KA
B —BAE, 25 B EA R

76 B —szHaflsR, FA FPS A MR 7 % — R AT IR A 5-30%M] OOIP, fiik
34 10-30%0 OOIP, FALik A% 15-30%H) OOIP, FEARIE AL 15-25%H) OOIP.

B—FH, ARAHR—HNEEESYREEENAEY. ZAGYRESTHAR
HE BB ENREERSMREFERN, HPREWREFEENGEE >R RS
ST >— R PR AR TE, HolK IFT EATF 0.1 AR/EX. RERGVREFEENE
BRI R T IR AT - :

B, ARBAER—FIhEEEREGWREEEN. HEHW /KBRS RE SR
mu DFRFIRHEE AT, R R SYREFEENG IFT BHANTZ 0.1 EHE/E
, kA2 0.1-2 15 K/ EXK:

.

fC o (feZX (1) )
R¢ = -NH,, -ONa, -ORy, -NHR{, -R.SO3Na, -(EO)s(PO)uRy, e REEEER, W&
Gemini EHEEMFER, —RSH RHEMEHR, PO R&E-CH,-CH(CHs)-O-, EO RFE
_CH,-CH,-O-, H:H Ry ABKER (Bitn: bk, FEREATEYD , atb K 6-30 (I3 45

B—HE, FAEABR—AHEERSYREEER. EAaENMTRARNE-ER
Bk TR —EE SR IT. X FPS fVH-/K IFT EARPNFY 0.1 EFE/ENK, ik 0.1-

£ 15 IXBE/EXK:
14



200780039561. 0 # B B $8/19|

HEGKERNE - ERRFRT

1

[ wmxZER )

O—20

R ()
WEFEKERAMB _EFREKETT
"
%4%—4-}
(Fkzd ) HER (3))

oo R 1 R, B A EEE C —Ca bt

B—HiE, ARBEER—FHDEERSYRAELEN, ReBRWTHRATH=ZNERES
KRBT (B—EERARET, F_EERAASTNE=ESHAEIT) o % FPS AM-/K IFT
BARNFZ 0.1 EFE/ENK, %A 0.1-44 15 EBE/EXK.

HHEBKEANFE-EZRERT

RI1
J[CHZ_C JF
([ HAEHA )
wHEEKEANSE _ESRIEHTT

-

(EAEA )

(R (2) D

R (3) )
FEoBEHBEHEIT
Ro
Jerc—g:
H,N—C=0 23k (4) )

Hh Ry, RIFIRARHNE (H) BE C-CakiE. BRoOWHE, HZEHRFETT
A

15
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%CHZ_THJF

HzN'-’C:o

B—HE, ERBBE—DEEEAYEEEEN. HEBTUT=MHERRER
& B RREY). FPS BIh-/K IFT AN T4 0.1 KRB, AL 0.1-40 15 B H/EXK.

WHBKERNBE -—ERTEH

R
Hzc=CH

([ mAZEA )

HHFKEANE _EFTRHG
Ry
H,C=CH

(ZER (5) )

(ZkEd ) L2 (6) )
F-EERMAET
Ro
—{-HZC—(P
HN—C=0 2R (7))
Heh Ry, Ry MR, ARIAE (H) H# C-Cokidt. B Ro N HE, EEEERSR

H,C=CH,

HzN'—C:o

ER—SHilh, BUKEBRNHET. MET. FETF. AHEET. ARSREHE
TRt A, BB TR N[-COO-FiH]. [-CON)(X2)]. bek. EHE . SJHATED,
Hh X, = Cs-Cyo SidE; 1-3 FE. FEM C-Cs R K C—Cs SEEE T X2 =H B C3—Cyo
ek, IHEFREAANEERE. FENSEEIATEY (HEE F-CO-CH-Z 4% -Fe
\CO-NH-Z:4%-f5 5k, Wkth Gemini REEMERREATEND .

R —sHiBlh, EAERAEET. HET. FET. BHEET. AEREIERE
By, Bk, EEFEEN[-COO-(EO)n-$iE]. [-COO-(EO)c-FEFEEE]. REATE,
Hohn % 6-30 BIEEL, ¢ K 6-30 FEH, EO fiKR-CH,-CH,-0-. e TRAN —MEVERE
(Bt PR, PEABR. IRR. KEER. HEB P AR AR, LA, X
ZAETERR, SEMED .

16
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155 —STHaf R, BiKBRARE BT HRER:

H,C=CH
c=0
rqu

HC—R
CHa
SO3H

, B (8) D

, (R (9) )

, ‘ X 10 D

Ru ez (11) D
Hop R ABFUKER (Bl s, FE. SEHAEY) « X CIEBr.

7E B —SEHBIF, B BT ER:

CH,=CH-CO-NH-CH(CH,-SO3Na)((CH;),-CH3),

SOz Na’ (o=t (12) )
CH,=CH-CH,-N"(CH3),-(CHz)n-CH3° X',
HC=CH _
GH X
HsC—N—CHs
(CH2)q
- CHa (b2 (13) )
CH,=CH-CO-NH-(CH,),-N"(CH;),-(CH2)»-CH3°X’,

17
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CHs (xR (14D )
CH,=CH-CO-O-(CH,),-CH3,
H,C=CH
c=0
0
(CHa)n
CHs (f2¥s (15) )
&
CH2=CH-CO~G;
H,C=CH
(I)=O
G (42K (16) )
Heh n Y 8-20 (R, X =CI,Br, GfAFEXN4k#E: Gemini REEMEFIZER. AAH
¥, G Fh7s:

9H 3 9H3
CjHj41-N"«(CH2)2-0-(CHa)- N -CiHlzie1- Bry
CH, CH,4

X 71 )

He, (+k=24,j=12,13,14,16,18)
R —seHiflR, SEKBEAEE T IRAFER:
HzC:(FH

, (R (18 D

SOsH | e (19) )

R (ZE=R (200 D
b R, ABKER (Blan: K. XEE}ZE%E%) . EO }-CH,-CH,-O-; c 4 8-18
B H

TE5—SHEBI, oK BRikE B TR FER:
18
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CH,=CH-CO-OH,
H20=?H
(|3=O
OH (ZEKX 2D D
CH,=CH-CO-NH-C(CH3),-CH,SO5" Na',
HZC:(FH
c=0
II\IH
H3C-C_CH3
SOy Na’ 2zt (22) )
%2y
CH,=CH-CO-0-(EO),-(CH2),-CH3>
HzC'——?H
Q=O
Q
(EO),
(CHz)n
CHs, 2R (23) D

Hhn % 8-20 H3E%; EO K-CH,CH,O-; p 4 6-20 L.
7R —SeHEBIh, FPS "R EEMBUKERRITE B I T A FER:

SOg'Na" b2zt (24) )

Ru (s (250 )

R (s (26 D

R ez (27) D

19
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Hoh R ABKER (Fln: . ERESRHEGEY) . X =CI'E Br.
7553 —seHEflth, FPS B E S MBUK S5 R ITE B I T FrRLFE:

SOz Na* 2zt (28) )

CHs (4R (29) D

CH, (4r2E=R (30) )

CHs (R 31D D
&

rec-ont
6=0
G hZER (32) D

Hohn % 8-20 (UM X =CI, Br: GARNEEE Gemini RIEEEFEER . Bk
#, ¢ BENKER A7) FirkgEl.

5B —SCHEGIR, FPS hE S KE/K A8 TE B I T B

Lryc—cnt
c=0

OH (2R (33) )

20
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<‘—H2C—(|3H<]>
¢=0

SO3Na", (2 (34) )

fHac-oH
(‘2=O
0
(EO)
Ru (2= (35) )
Hrh Ry HFKER (Fln: . EEREWAEY) ; BO A-CH-CH,-O-; ¢y 8-18

iok2 V@
B —scHfl T, ERNFKRERETE M TR

qLHzc—QHqL
c=0

OH ks (360 D

SOyNa’ ez (37D )

(EO),
(?Hz)n
CHs (2R (38) D

Hehn 2 8-20 BIEEE; EO H-CH,CH,O-; p 4 6-20 HIEE%L.

E B — SRR, DhEstE R SRS A AE SRR K AEYHIE K REGYREE
VR, EET A WA B E S RSB R S YR EE M B MR- 7K IFT AR T 0.1 BB/
¥, RENEYREMEBEFERACERRR. 28, REMTED.

RTRAMERNYHEBERNS, ERERSREEYRNKETEOERAREER

(EFEZR RRSFEWATAZRIRE], Hill F (1993, Macromolecules, 26, pp. 4521-4532) .
21
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HibI A% TR ATFEL 3k, NASHIRRBMTE. AREFER-K FT HEHOREYR
E I LB AR AR B T EfE, HPaEIEmmn, REAR, BEURE
T A ERRE R, BREYREEENAERS &7 RS B haES I R RKER
Mk (Bl FABE. AR, RAGESRERAAKRE. ELREY) S5THKE
bk (Fltn: SEREBR . XERFE. Gemini HHEREFELE. NHBEY) HXK.
WS R RIIRE . N, ARIKRE, BE, BAESNF, BT IR A SRR
EERY S TR, BEATLLRWMEES

TEFIEA R IASE, ASURMBARN RS RIUFEH PB4 43 B[R] i 38 7T LURE AL BE
ST B BOYREEER 8T RS A S KGR E H7E EOR L% A2 F A (F140: HLB,
BREAME T aE

AT SR B — Ut B A & B B A R EL s iy 3. (ELFE SE R o 4 A R e AR
BREME, REMFEMAFARIAXNAEPHRE. RIFEFHNED, FREESHLIAR
EATH.

S
SCHEf] 1. FPS L@ — R SERTTEHEAT, BFE T IS
1) BEAFURK A SBARSHARIT A (RTFINSHRED

a. Reed, R.L. and Healy, R.N.: “Some Physicochemical Aspects of Microemulsion
Flooding.” Improved Oil Recovery by Surfactant and Polymer Flooding (D.O. Shah
and R.S. Schechter, Eds), Academic Press, New York, New York (1977) 383-437.

b. Healy, R.N. and Reed, R.L.: “Physicochemical Aspects of Mictoremulsion
Flooding,” Transactions, AIME, Volume 257 (1974) 491-501.

c. Dreher, K.D. and Jones, S.C.: “An Approach to the Design of Fluids for
Microemulsion Flooding,” Solution Chemistry of Surfactants, Volume 2 (K.L. Mittal,
Editor), Plenum Publishing Corporation (1979).

d. Healy, RN., Reed, R.L., and Stenmark, D.G..: “Multiphase Microemulsion
Systems,” Transactions, AIME, Volume 261 (1976) 147-160.

e. Nelson, R.C. and Pope, GA.: “Phase Relationships in Chemical Flooding,”
Transactions, AIME, Volume 265 (1978) 325-338.

A BE) ANEL. REKEREERILEY. KLUK FPS Sl =508, &BHH
M AT, JRALR A A R, SRR U A E R AR MR R, B E I

22
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2) W AR A MBEARFITEOCREER (AR THSHTED

f. Holm, L.W. and Knight, R.K.: “Soluble Oil Flooding,” Petroleum Engineer
(November 1976).

g Gogarty, W.B.: “Rheological Properties of Pseudoplastic Fluids in Porous Media,”
Journal of Petroleum Technology (June 1967) 149-160.

BT EEE SUAMAEER, (UERAYERE R RA L UIERRHHANER.
=L IR R ZE T T EOR S HERIXR. 2 A RN UMERAE LRBESR SMHUNZ
B A EEMEM. Green Z KA LIREIENXBN T PR GRMEZ —, WEEMRH
B. BKRBEADMIZWURREESINAREEER (1998, ISBN 1-55563-077-4, SPE
Textbook Series Vol. 6, pp. 285) - Gogarty % A ¥ Fi A O IR B 5T I 7E B 7 N A F (AL R T
VEVEFIIREE, FHEBIIRE . T FEISHI RINIHIREIT A (1976, SPE 5559 PA, pp. 93-102) .

SEHERY 2
Wit AR RIE, AN FPS BIRfakEm: (WR—) »

—i, BIEX— P HRELE, E—NEFUREERTIMANGEBE. FKRE.
SEMAKRBERY, BTEBFKFERER, BEEIMAFRMMEK. R R Y8 S 5
BB AR S RER 25-30%.

Bk, BEHURA KSR, BESBE 20 4. ARAGRP T, BEBBESIAN
(10 ABIN) . HEF CBBREM) RELF CGntEe) ERRSIRERMALRT .
BlRAARNEEE SITE REYRER 0.01%-0.1%.

=5, EHORAERSRREBA 10 28, RIEHHEW . MERNB L EFRR
REBHREE, LA RE R RL5E AR

BIE, RNERE, KBKEEERAE 185F, {FFMAEKBFHREE 4 DI,
BRE, HERKBRFE. PRERT, RERRUEER.

FPS-2b FPS-2c¢

e —————
B 401.--
1T L

; s Y
ey

50-90%

PR Y

HI | 035% | 035% | 035% | 50-90%

23
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L2

N = = TR TR
RE

=

FPS-I;m 1bs lc W5 F &S AHE 5 E‘ (mil) % 10 mil Z [8l;
FPS-2a. 2b. 2c {14 F &5 HITE 0.2 mil £ 3 mil Z[A];
Hi. H2. H3 N 3KE4k, #HA

H1 = [CH,=CH-CO-OH],

H2 = [CH,=CH-CO-NH-C(CH;)>-CH,SO5*Na'],

H3 = [CH=CH-CO-O-(EO),-(CH:)s-CH3];

L1. L2. L3, L4, L5 ¥ hEKEE, FH

L1 = [CH,=CH-CO-NH-CH(CH,-SO3Na)((CH),-CH3)),
L2 = [CH,=CH-CH,-N"(CH;);-(CH2),-CH;3X'],

13 = [CH,=CH-CO-NH-(CH;)»-N"(CHz)2-(CH2)o-CH3*X7],
14 = [CH;=CH-CO-0-(CH,)»-CH],

L5 = [CH;=CH-CO-GJ;

n & 8-12 WIEEH

EO £#%&-CH,CH,0-,

p & 6-20 IEEH:

X=CI’, Br

G {83 Wk th Gemini FEEHFER, TS B QAP IOHE, W

CHs GH,
CjH:§+l‘I\r'(CHZ)2'0‘(CH2)2'N'+'CKH2k+1' Br
CH, CH,
NN\NTS

G +k=24,j=12,13,14, 16, 18)

DL SC ) o B i IFT JURAEF I T . R BER R A E K DX, £ 86 F ST
EEOmAR (NARMIERE, 7KAdH 1000 ppm FPS K] 3% ALMERD B IFT {f. X& IFT
(B T AENE: B—MERISEK A1 AR R AT E, BE R 2NN, FH

24
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B 20 4P BE R S 1-2% 2 81384, MPEERix 2 /D RINR; mBALE, WgkEE#HT
MR, HEBERFE 20 4 7E 1-2%2 8. R-FEFIHAF RIS XK.

St 6 4~ FPS K6 5 (FEXR—rh) AT T H-/K IFT Mik. 2 iR AVEER (ZFEH
MO4000) = 197 W 2R 4 7K SR B TN R BERR AY IFT {04 34.33 -X A/ E XK. T M IERE
B 3% S4B EC 44.80 X/ E K

MO4000

SEHEH 3

185 F &4 TF, MHERENTWAEN 12 FHEO CFHTRBEERN 487 md) #t
FFRELIREERR. B2 NFLBRARAREAKPET SO, EEXFREKBNE, BRHEE
Y33 7.2 cP AOMT B, %MBRIEE —CH 0.65. BXAMARMKREKREE L, BEEIXD
FE41 0.42 & 0.65 Z AR MMAE (SKE 98%) .

FEN 0.3 MFLEE4AFR ) 1500 ppm FPS #£5h (43 FI7E 6 &/ O IR+ (£ FPS-1a.
1b. lc. 2a. 2b. 2¢) EREEFTUG2IK, % FPS BEfh i 0.5%E MM EIK IR . BIEAN 0.5%
S E K B R EIRSTHEAE (S/KE 98%) » REFFIH T F=AERRAMMBME.

FEN 0.3 NFLEE AR 1500 ppm PAM-25 (R A BIL , /KR E=23%, 4T &4 25 miD)
B RO 5 — IRAL IR, ZREAH 0.5%S AL MK S & . BEN 0.5% R K ERIEE
R MEAE (§KE8%) (AR .

r=
FPS-1b | FPS-1¢ FPS-2a | FPS-2b | FPS-2¢

NEir

F - EREMERESERE, RELSTFER/I FPS 5EES TERAGBK
I B EIFHA R BONR %% FPS-2b AT 100% & 7K B i At RS (113 F, 0.3-0.4%
hEE, EERE, KIKSEBIRAMMAE) , MANRUGRIT R IR R ER) 9.5%.

L 4

#£ 113 F &4F, SHRERENEUHEN 12 B-THEBERNE OBITHNE LERE

MR SeF 2 ATLERARR MK BT 20, B REK R R b vt E 21X B R 4K

FIEE. FH 03%F LRI EAKIRE D, ERERIREMMME (FKE 8% . K,
25 :
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20 1 ZE/KBR S B BRI S BRI B Y 46%, A0 2 TE/KEKE B BAARWE A R M8
FBEEH 47%.

S0 1 N FPS-2c Bl (4950 A9 T8, 7.3¢cP, 0.6 FLER#AETR) , BEIEE 17%
F BRI

[0 2 A PAM-15 88 (ERBAFBIEE, 2491500 540 F&, 20.6¢P, 0.6 1L
BRiARD) , BEIEE 10%M R mEE.

FPS-2¢ MIEEL A PAM-15 =42 —, BEEIT 70%H R EE R -

L HER 5

FEIBFEET, MHELENEUEN 6 Z-HEBEE (50-80md) KA LHITH
AELIREALR. 56 2 MLBREREREKPETE O, BRAAMKAXREHAEEZE
FIRABAEAIEE A 0.3%0 L RIVR E/K IR 0, H I BIR AR v RN B (57K 3R 98%) .

VNS 100 ppm FPS-2b i) 0.3%E AL EE/K (0.3 FLERAFD) BRIEE 10%H Rt
. XIER T EMEERIKERSHR T, FPS-2b (hABKIERES 5 BRI .

ARAFTRNEATHER S ERRAKAARE, FREME DTSR RPERE. KA
() ERAET LN EFRE L EMBTARAEEA . RTUREIEBZARAN R
B, SET— BB RBSAREFTRTESERNGE. A XEHRT ARSI
BEREEA.

24 % B DU SEHE B T R UL T AR FAMA S MR Tk, BT ARR\HEVT/ERTT
&,u&%%%ﬁ&*mi%&&%%ﬁ%ﬁm%mﬁ&%%$¢@ﬁ%ﬁﬁ*ﬁﬁ%%ﬁ
fiBAW, RBTARBIEEAKN.
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TFOHATE IR S ORI ITIREEREY

ISR

REBE R TS GRS A MR A - Z RSB RAWER RS
B AR RA BRI P — Ak VA MR - B hS IFT (ERTHAE MR S YRS MR
(FPS) » FIARICHB h Il El S » H IFT [HEERE 0.1 B4 15 ER/EX -
FPS VAT B AE B T3 A F e F) - B8 EOR cPit Ry B iR A B el
WG] - |

Title of Invention: FUNCTIO.NAL POLYMER FOR ENHANCED OIL RECOVERY
ABSTRACT

The present invention relates compositions and methods for enhanced oil recovery. The
method is directed to employing a water-soluble fThe present invention relates
compositions and methods for enhanced oil recovery (EOR) The method 1s directed to
employing a water-soluble functional polymeric surfactant (FPS), with a medium IFT value,
preferably ranged from about 0.1 to aboutl5 dyne/cm between water phase containing
polymeric surfactant and hydrocartbon phase, for recovery of hydrocarbons from
subterranean formations. The FPS solution demonstrates a strong interaction with oil and
the great potential to increase both volumetric sweep efficiency and microscopic

displacement efficiency in EOR.



