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SALT-TOLERANT ANIONIC SURFACTANT COMPOSITIONS FOR ENHANCED OR
IMPROVED OIL RECOVERY (EOR OR IOR) APPLICATIONS

Technical Field of the Invention

The present invention relates in general to the field of oil recovery, and more particularly, to a novel
family of anionic surfactants for Enhanced Oil Recovery (EOR) or Improved Oil Recovery (IOR)
applications having a higher salt-tolerance, a higher surface activity, and greater viscosity than

conventional anionic surfactants used in EOR.
Background Art

Without limiting the scope of the invention, its background is described in connection with methods

of manufacture and use of anionic surfactants for oil recovery applications.

United States Patent No. 5,952,290 issued to Li and Tracy (1999) discloses a new, improved class of
anionic Gemini surfactants consisting of two hydrophilic groups and two hydrophobic moieties
joined by a bridge that possess improved surfactant functionalities yet may be characterized as mild
for use in personal care products and environmentally benign. These compounds may be represented

by the general structural formula shown below:

[
R—(IZ—C—N—RS—Y°Z

XX

C—C—N—R;,—Y-Z

I
Rs O Rs

Rj

wherein R, R;, R,, and R; are selected from the group consisting of straight or branched chain C; to
Cy, alkyl, aryl or hydrogen, and each R moiety can be the same or different; R4 and R are selected
from the group comprising a straight or branched chain C; to Cg alkyl with the further proviso that
when either is a Cg it may exist as a cyclohexyl ring; Rg and R, are selected from the group consisting
of straight or branched chain C, to Cs alkyl or aryl with the further proviso that R¢ and R; may be the
same or different and wherein X is selected from the group comprising --S--, --S--S--, --Dy --Rg --D--
or --Rg --D; --Rg -- wherein Rg is a straight or branched chain C; to Cyg alkyl or aryl and D, is
selected from the group consisting of --O--, --S--, --S--8--, --80, --; Y is --PQ, or --SO; and can be
the same or different and Z is selected from the group consisting of Na, K, alkali or alkaline earth

metals, ammonium, their salts and mixtures thereof.

United States Patent No. 4,976,315 issued to Prukop and Chea (1990) describes methods to

increasing the recovery of oil in enhanced oil recovery operations employing anionic surfactant by
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blending a taurine with said anionic surfactant. According to the ‘315 patent the added taurine may

also increase the salt and divalent ion tolerance of the anionic surfactant.

United States Patent Application No. 20080261835 (Berger et al., 2008) describes a process for
recovering heavy oil with the steps of: a) injecting into one or more injection wells an aqueous
injection fluid containing one or more surfactants designed to form a pseudo-emulsion between the
injection fluid and the heavy oil, and, b) recovering the oil from one or more producing wells.
According to the Berger invention the process does not require the addition of outside mechanical or
thermal energy or solvents to recover the heavy oil and does not form emulsions between the
injection fluid and the heavy oil that may be difficult to break when brought to the surface or may

cause increased viscosity and injectivity problems within the reservoir.
Disclosure of the Invention

The present invention relates to a new family of anionic surfactants for use in enhanced or improved
recovery of crude oil from oil reservoirs. The anionic surfactants described herein can be applied in
chemical EOR operations in petroleum reservoirs with very high salinity and/or hardness. The
molecules of the present invention are very surface active and have been shown to yield ultra-low
interfacial tensions at very low concentrations (10 to 100 times lower concentrations compared to
traditional EOR surfactants). In addition they exhibit high viscosity under certain conditions and,
therefore, they can be used without any polymer (with the surfactant providing the necessary
viscosity). This is in particularly advantageous because polymers become less effective i.e. have a

lower viscosity as the salinity increases.

Compositions for enhanced or improved oil recovery are disclosed in one embodiment of the instant
invention. As per the present invention the anionic surfactant composition for treating a hydrocarbon-
bearing formation or a reservoir, wherein the surfactant is sufficiently soluble in water, hard water,
hard brine or in solutions of high salinity to be injected into a hydrocarbon-bearing formation

comprises a molecule described by formula (I)

Rl _Xl

? M

R, X,

wherein R; and R, are identical or different and are selected from the group consisting of straight or
branched chain C; to C;p or more alkyl, aryl, hydrogen, ethylene oxide or propylene oxide groups,
X; and X, are identical or different and are selected from the group consisting of phosphate, sulfate,

carboxylate, sulphonate, other suitable anionic groups, ethylene oxide or propylene oxide groups, S is



10

15

20

25

30

WO 2011/106287 PCT/US2011/025618

3

a spacer group comprising 0 -15 saturated or unsaturated carbons selected from one or more alkyl
groups, aryl groups, stilbene, polyethers, an ether linkage or combinations thereof and modifications
and substitutions thereof. In one aspect the composition is used alone, in conjunction with a polymer
or as part of an alkaline surfactant polymer (ASP) composition for treating the hydrocarbon-bearing
formation. In addition to EOR or IOR applications the composition of the present invention can be
used for environmental ground water cleanup and other surfactant based applications. In another
aspect the composition is used to treat the reservoir with reservoir brine salinities of up to about
350,000 ppm, including salinities of 200 ppm, 500 ppm, 1000 ppm, 5000 ppm, 10,000 ppm, 50,000
ppm, 100,000 ppm, 150,000 ppm, 200,000 ppm, 250,000 ppm, 300,000 ppm, and 350,000 ppm. In
yet another aspect the composition is used to treat the reservoir with a hardness ion concentration of
up to about 250,000 ppm. The composition is used to treat the reservoir with a hardness ion
concentration of 200 ppm, 500 ppm, 1000 ppm, 5000 ppm, 10,000 ppm, 50,000 ppm, 100,000 ppm,
150,000 ppm, 200,000 ppm, and 250,000 ppm. The composition of the present invention is thermally
stable at temperatures of up to about 300°C. The composition is thermally stable at temperatures of
25°C, 50°C, 75°C, 100°C, 150°C, 200°C, 250°C, and 300°C. In one aspect the anionic surfactant
composition comprises at least one of (n-Ci¢Hsp)2(OCH,CH,CH,CH,0O)(OC,H4SO4Na),
(n-C14H23)2,(OCH,CH,0)(OC,H4SO4Na), or (n-Cy14Hag).(OCH,CH,CH,CH,O)(OC,H4SO4Na),,

In another embodiment the present invention provides a method of making an anionic surfactant of

formula (I) for treating a hydrocarbon-bearing formation or a reservoir

Rl—Xl

I
i M

X,

R,

wherein R; and R, are identical or different and are selected from the group consisting of straight or
branched chain C; to C;p or more alkyl, aryl, hydrogen, ethylene oxide or propylene oxide groups,
X; and X, are identical or different and are selected from the group consisting of phosphate, sulfate,
carboxylate, sulphonate, other suitable anionic groups, ethylene oxide or propylene oxide groups, S is
a spacer group comprising 0-15 saturated or unsaturated carbons selected from one or more alkyl
groups, aryl groups, stilbene, polyethers, an ether linkage or combinations thereof and modifications
and substitutions thereof, wherein the surfactant is sufficiently soluble in water, hard water, hard
brine or in solutions of high salinity to be injected into a hydrocarbon-bearing formation comprising
the steps of: reacting an 1,2-alkylepoxide [R—(CHCH,0)] and a diol [OH-R’-OH] in a reaction
chamber in the presence of a basic catalyst to form an intermediate diol, wherein the basic catalyst

comprises KOH dissolved in methanol, NaOH, NaH, KH, LiH, or any combinations thercof and
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reacting the intermediate diol with a cyclic alkylsulfate in the presence of a base comprising KOH to

give the anionic surfactant composition of formula 1.

[0001] In yet another embodiment the present invention discloses a specific method of making an
anionic surfactant composition having a formula chain length of 12 or more carbon atoms comprising
the steps of: reacting 1,2-epoxytetradecane and ethylene glycol in a reaction chamber in the presence
of a basic catalyst to form an intermediate diol, wherein the basic catalyst comprises KOH dissolved
in methanol, NaOH, NaH, KH, LiH, or any combinations thereof and reacting the intermediate diol
with ethylene sulfate in the presence of a base comprising KOH in methanol, NaOH, NaH, KH, LiH
to give the anionic surfactant composition having the formula chain length of 12 or more carbon
atoms. In one aspect the anionic surfactant comprises at least one of
(n-Cy6H3,),(OCH,CH,CH,CH,0)(OC,H,SO4Na),  (n-Cy4Hy),(OCH,CH,O)(OC,H,SO4Na),  or
(n-Cy4H24),(OCH,CH,CH,CH,0)(OC,H,S0,Na),.

In another aspect the anionic surfactant composition is used to treat a hydrocarbon bearing formation
for enhanced or improved oil recovery, environmental ground water cleanup, and other surfactant
based applications. In yet another aspect the anionic surfactant is sufficiently soluble in water, hard
water, and hard brine or in solutions of high salinity to be injected into a hydrocarbon-bearing
formation or a reservoir. In a related aspect the anionic surfactant composition is used alone, in
conjunction with a polymer or as part of an alkaline surfactant polymer (ASP) composition for

treating the hydrocarbon-bearing formation or reservoir.

The instant invention in one embodiment describes a method of enhanced or improved oil recovery
from a hydrocarbon bearing formation or a reservoir comprising the steps of: injecting an anionic

surfactant composition of formula (I) having a general formula

Rl—Xl

I
i M

R, X,

wherein R; and R, are identical or different and are selected from the group consisting of straight or
branched chain C; to C;p or more alkyl, aryl, hydrogen, ethylene oxide or propylene oxide groups,
X; and X, are identical or different and are selected from the group consisting of phosphate, sulfate,
carboxylate, sulphonate, other suitable anionic groups, ethylene oxide or propylene oxide groups, S is
a spacer group comprising 0 -15 saturated or unsaturated carbons selected from one or more alkyl
groups, aryl groups, stilbene, polyethers, an ether linkage or combinations thereof and modifications

and substitutions thereof, wherein the anionic surfactant composition is in water, hard water, in
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solutions of high salinity or hard brine and recovering the oil following the injection of the anionic

surfactant composition.

In one aspect of the method of the present invention the anionic surfactant composition comprises at
lease one of (n-Cy6H3,)2,(OCH,CH,CH,CH,0)(OC,H;SO4Na),
(n-C14H24),(OCH,CH,0)(OC,H4SOsNa), or (n-Ci4Hz5),(OCH,CH,CH,CH,O)(OC,HsSO4Na), In
another aspect of the method of the present invention the reservoir brine salinities are up to about
350,000 ppm. The reservoir can have brine salinities of 200 ppm, 500 ppm, 1000 ppm, 5000 ppm,
10,000 ppm, 50,000 ppm, 100,000 ppm, 150,000 ppm, 200,000 ppm, 250,000 ppm, 300,000 ppm,
and 350,000 ppm. In yet another aspect the reservoir has a hardness ion concentration of up to about
250,000 ppm including reservoirs hardness ion concentration of 200 ppm, 500 ppm, 1000 ppm, 5000
ppm, 10,000 ppm, 50,000 ppm, 100,000 ppm, 150,000 ppm, 200,000 ppm, and 250,000 ppm. The
anionic surfactant composition as described in the method of the present invention is thermally stable
at reservoir temperatures of up to about 300°C, that includes temperatures of 25°C, 50°C, 75°C,
100°C, 150°C, 200°C, 250°C, and 300°C.

Another embodiment of the present invention discloses a method of enhanced or improved oil
recovery from a hydrocarbon bearing formation or a reservoir comprising the steps of: injecting an

anionic surfactant composition of formula (I) having a general formula

I
i M

R, X,

wherein R; and R, are identical or different and are selected from the group consisting of straight or
branched chain C; to C;p or more alkyl, aryl, hydrogen, ethylene oxide or propylene oxide groups,
X; and X, are identical or different and are selected from the group consisting of phosphate, sulfate,
carboxylate, sulphonate, other suitable anionic groups, ethylene oxide or propylene oxide groups, S is
a spacer group comprising 0 -15 saturated or unsaturated carbons selected from one or more alkyl
groups, aryl groups, stilbene, polyethers, an ether linkage or combinations thereof and modifications
and substitutions thereof, alone, in conjunction with a polymer or as an alkaline-surfactant-polymer
formulation (ASP) into the hydrocarbon bearing formation at temperatures of up to about 300° C,
wherein the anionic surfactant composition is in water, hard water, in solutions of high salinity or
hard brine and injecting a polymer “push” solution to recover the oil. In one aspect the reservoir
brine salinities are up to about 350,000 ppm and a hardness ion concentration of up to about 250,000

ppm. In a specific aspect of the method disclosed hereinabove the anionic surfactant composition
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comprises at least one of (n-Cy6H3,)2,(OCH,CH,CH,CH,0)(OC,H4SO4Na),
(1’1-C14H28)2(OCH2CH20)(OC2H4SO4N3)2 or (n'c14H28)2(OCHQCHQCHQCHQO)(OC2H4SO4Na)2.

Yet another embodiment of the present invention provides for a method of enhanced or improved oil
recovery from a hydrocarbon bearing formation or a reservoir comprising the steps of: injecting an
anionic surfactant composition having a formula (n-Ci¢Hs,),(OCH,CH,CH,CH,0)(OC,H,SONa),
into the hydrocarbon bearing formation or reservoir, wherein the anionic surfactant composition is in
water, hard water, in solutions of high salinity or hard brine and recovering the oil following the
injection of the anionic surfactant composition. In related aspects the reservoir brine salinities are up
to about 350,000 ppm and hardness ion concentration are up to about 250,000 ppm. In a specific
aspect the anionic surfactant composition is thermally stable at reservoir temperatures of up to about

300°C.

One embodiment of the present invention describes a composition for treating a hydrocarbon bearing

formation or a reservoir comprising: an anionic surfactant composition of formula (I)

Rl_Xl

I
1 M

R, X,

wherein R; and R, are identical or different and are selected from the group consisting of straight or
branched chain C; to C;p or more alkyl, aryl, hydrogen, ethylene oxide or propylene oxide groups,
X; and X, are identical or different and are selected from the group consisting of phosphate, sulfate,
carboxylate, sulphonate, other suitable anionic groups, ethylene oxide or propylene oxide groups, S is
a spacer group comprising 0 -15 saturated or unsaturated carbons selected from one or more alkyl
groups, aryl groups, stilbene, polyethers, an ether linkage or combinations thereof and modifications
and substitutions thereof and one or more additional surfactants selected from the group consisting of
an anionic, a cationic or a non-ionic surfactant, a branched alkyl benzene sulfonate, a linear alkyl
benzene sulfonate, an alkyl toluene sulfonate, and an alkyl xylene sulfonate, wherein the anionic
surfactant or formula (I), the one or more additional surfactants or both are sufficiently soluble in
water, hard water, hard brine or in solutions of high salinity to be injected into a hydrocarbon-bearing
formation or reservoir. The composition as disclosed hereinabove composition is used to treat the
reservoir with reservoir brine salinities of up to about 350,000 ppm and a hardness ion concentration
of up to about 250,000 ppm. The composition of the present invention is thermally stable at
temperatures of up to about 300°C. In one aspect the composition is used for enhanced or improved

oil recovery, environmental ground water cleanup, and other surfactant based applications
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In another embodiment the present invention is a method of enhanced or improved oil recovery from

a hydrocarbon bearing formation or a reservoir comprising the steps of: injecting a surfactant

composition comprising an anionic surfactant composition of formula (I)

Rl—Xl

I
i M

R, X,

5  wherein R; and R, are identical or different and are selected from the group consisting of straight or
branched chain C; to C;p or more alkyl, aryl, hydrogen, ethylene oxide or propylene oxide groups,

X; and X, are identical or different and are selected from the group consisting of phosphate, sulfate,
carboxylate, sulphonate, other suitable anionic groups, ethylene oxide or propylene oxide groups, S is

a spacer group comprising 0 -15 saturated or unsaturated carbons selected from one or more alkyl

10 groups, aryl groups, stilbene, polyethers, an ether linkage or combinations thereof and modifications
and substitutions thereof and one or more additional surfactants selected from the group consisting of

an anionic, a cationic or a non-ionic surfactant, a branched alkyl benzene sulfonate, a linear alkyl
benzene sulfonate, an alkyl toluene sulfonate, and an alkyl xylene sulfonate, wherein the anionic
surfactant or formula (I), the one or more additional surfactants or both are sufficiently soluble in

15  water, hard water, hard brine or in solutions of high salinity to be injected into a hydrocarbon-bearing
formation or reservoir and recovering the oil following the injection of the surfactant composition. In

one aspect the reservoir brine salinities are up to about 350,000 ppm. In another aspect the reservoir

has a hardness ion concentration of up to about 250,000 ppm. In yet another aspect the anionic

surfactant composition is thermally stable at reservoir temperatures of up to about 300°C.

20  In yet another embodiment discloses a method of selecting an anionic surfactant for optimal oil
recovery from a hydrocarbon bearing formation or a reservoir comprising the steps of: (i) identifying
a temperature, a salinity and a hardness ion concentration of the hydrocarbon bearing formation or

the reservoir, (ii) providing an anionic surfactant composition having a formula (I)

Rl—Xl

| @
i

R, X,

25  wherein R; and R, are identical or different and are selected from the group consisting of straight or

branched chain C; to C;p or more alkyl, aryl, hydrogen, ethylene oxide or propylene oxide groups,
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X; and X, are identical or different and are selected from the group consisting of phosphate, sulfate,
carboxylate, sulphonate, other suitable anionic groups, ethylene oxide or propylene oxide groups, S is
a spacer group comprising 0 -15 saturated or unsaturated carbons selected from one or more alkyl
groups, aryl groups, stilbene, polyethers, an ether linkage or combinations thereof and modifications
and substitutions thereof, and (iii) selecting an appropriate Ry, R, and S that would impart a suitable
hydrophilic-lipophilic balance (HLB) to the anionic surfactant for optimal oil recovery from the

hydrocarbon bearing formation or a reservoir.

In one aspect the selected anionic surfactant effectively recovers oil in reservoir brine salinities of up
to about 350,000 ppm. In another aspect the selected anionic surfactant effectively recovers oil in
reservoir hardness ion concentrations of up to about 250,000 ppm. In yet another aspect the selected

anionic surfactant effectively recovers oil in reservoir temperatures of up to about 300°C.
Description of the Drawings

For a more complete understanding of the features and advantages of the present invention, reference
is now made to the detailed description of the invention along with the accompanying figures and in
which:

FIG. 1 is a schematic illustration of an offshore oil platform with facilities for injecting chemical
solutions into the reservoir for the purpose of flooding the reservoir to enhance the oil recovery

according to some embodiments of the present invention;

FIG. 2 is a schematic showing the anionic Gemini surfactants from diglycidyl ethers™;
FIG. 3 shows the base synthesis route of the present invention™;

FIG. 4A is a schematic of reaction I to get the intermediate diol compound;

FIG. 4B is a schematic of reaction II to get the C;4-C,-Ci4 molecule as described in the present

invention;

FIG. 5 is a plot of the dynamic IFT measurement for 0.01 wt % C,4-C,-C14 molecule in brine solution
(10% NaCl + 6% CaCl,) with decane;

FIG. 6 is a plot of the dynamic IFT measurement for 0.01 wt % Cy4-C4-C14 molecule in brine solution
(10% NaCl + 6% CaCl,) with decane;

FIG. 7 is a plot of the dynamic IFT measurement showing the alkane carbon number (ACN) effect
for 0.02% solutions of C4-C,-Cy4 and Cy4-C4-C14 surfactant in brine (20% NaCl) at 55°C for 40 mins;

FIG. 8 is a plot of the dynamic IFT measurement showing the effect of molecular structure for 0.02%

solutions of surfactant in brine (15% NaCl) at 55°C with dodecane;

FIG. 9 is a plot of the dynamic IFT measurement showing the salinity effect for 0.02% surfactant in
brine solution (15% NaCl) at 55°C with dodecane;
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FIG. 10 is a plot of the dynamic IFT measurement showing the hardness (Ca"™") effect for 0.02% C14-
C4-Cy4 in brine solution (15% NaCl) at 55°C with dodecane;

FIG. 11 is a plot of IFT measurement showing the synergistic effect between two Gemini surfactants
(C14-C4-Cy4 and C145-C4-Cyg) at 0.02% and Petrostep A-1 (C;s.15 BABS) at different concentrations in
brine solution (15% NaCl) at 55°C with dodecane;

FIG. 12 is a plot of surfactant solution viscosity showing the concentration dependence of the

apparent viscosity of aqueous solutions of C5-C4-Cys at 50°C and shear rate of 10 s and

FIG. 13 is a plot of the surfactant solution viscosity showing the shear rate dependence of the

viscosity of aqueous solutions of C;6-Cy-Ci¢ at different concentrations at 50°C.
Description of the Invention

While the making and using of various embodiments of the present invention are discussed in detail
below, it should be appreciated that the present invention provides many applicable inventive
concepts that can be embodied in a wide variety of specific contexts. The specific embodiments
discussed herein are merely illustrative of specific ways to make and use the invention and do not

delimit the scope of the invention.

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

€ % G
a

relevant to the present invention. Terms such as an” and “the” are not 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.

The present invention describes a novel anionic surfactant composition for Enhanced or Improved
Oil Recovery (EOR or IOR) applications. The surfactants have very low interfacial tensions at very
low concentrations and exhibit very high viscosities enabling their use without any polymers. This is
particularly attractive because polymers become less effective (i.e. have lowered viscosities) as the
salinity increases. The surfactants of the instant invention can be used particularly in petroleum

reservoirs with very high salinity and/or hardness.

The molecular structure of the novel family of surfactants of the present invention is fundamentally
different from ones that are traditionally used in EOR applications. The unique and versatile structure
of these surfactants has endowed them with some fascinating properties. Their primary advantages of
the surfactants over currently used EOR surfactants are: (i) they are much more salt-tolerant. They
can be used in reservoirs with reservoir brine salinities of up to 350,000 ppm and hardness ion
concentrations up to 250,000 ppm, (ii) they are very surface active. Ultra-low interfacial tensions can

be obtained with surfactant concentrations 10 to 100 times lower than traditional EOR surfactants,
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(iil) under certain conditions they form viscous solutions so that they can potentially be used without
polymers, and (iv) they can be used in conjunction with traditional EOR surfactants at significantly

lower concentrations than are currently needed.

The present invention also addresses the problem of oil recoveries associated in reservoirs with
brines salinities in excess of 100,000 ppm, which are generally considered to be difficult targets for
EOR. The novel class of surfactant molecules of the present invention, works well in such hostile

environments and may make it possible to tackle this problem at a modest cost.

This present invention enables the concentration of the surfactant used in chemical EOR to be
decreased by an order of magnitude. It also enables chemical EOR to be applied to difficult reservoirs
with saline, hard formation brines, which are often very troublesome to design and work with for
more conventional formulations. The present invention can also be a viscosifier for special rheology
control in either EOR or fracturing fluid applications and a co-surfactant/co-solvent in traditional

chemical EOR surfactant formulations.
The following definitions of terms apply throughout the specification and claims.

For methods of treating a hydrocarbon-bearing formation and/or a well bore, the term “treating”
includes placing a chemical (e.g., a fluorochemical, cationic polymer, or corrosion inhibitor) within a
hydrocarbon-bearing formation using any suitable manner known in the art (e.g., pumping, injecting,
pouring, releasing, displacing, spotting, or circulating the chemical into a well, well bore, or

hydrocarbon-bearing formation).

The term “polymer” refers to a molecule having a structure that essentially includes the multiple
repetitions of units derived, actually or conceptually, from molecules of low relative molecular mass.

The term “polymer” includes “oligomer”.

The term “bonded” refers to having at least one of covalent bonding, hydrogen bonding, ionic

bonding, Van Der Waals interactions, pi interactions, London forces, or electrostatic interactions.

The term “productivity” as applied to a well refers to the capacity of a well to produce hydrocarbons;
that is, the ratio of the hydrocarbon flow rate to the pressure drop, where the pressure drop is the
difference between the average reservoir pressure and the flowing bottom hole well pressure (i.c.,
flow per unit of driving force). The idea is to flood the entire reservoir with chemical solutions to

mobilize and displace the oil to the production wells.

“Alkyl group” and the prefix “alk- are inclusive of both straight chain and branched chain groups
and of cyclic groups having up to 30 carbons (in some embodiments, up to 20, 15,12, 10, 8, 7, 6, or 5
carbons) unless otherwise specified. Cyclic groups can be monocyclic or polycyclic and, in some

embodiments, have from 3 to 10 ring carbon atoms.

“Alkylene” is the divalent form of the “alkyl” groups defined above.
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“Arylalkylene” refers to an “alkylene” moiety to which an aryl group is attached.

The term “aryl” as used herein includes carbocyclic aromatic rings or ring systems, for example,
having 1, 2, or 3 rings and optionally containing at least one heteroatom (e.g., O, S, or N) in the ring.
Examples of aryl groups include phenyl, naphthyl, biphenyl, fluorenyl as well as furyl, thienyl,
pyridyl, quinolinyl, isoquinolinyl, indolyl, isoindolyl, triazolyl, pyrrolyl, tetrazolyl, imidazolyl,
pyrazolyl, oxazolyl, and thiazolyl.

“Arylene” is the divalent form of the “aryl” groups defined above.

Referring to FIG. 1, an exemplary offshore oil platform is schematically illustrated and generally
designated 10. Semi-submersible platform 12 is centered over submerged hydrocarbon-bearing
formation 14 located below sea floor 16. Subsea conduit 18 extends from deck 20 of platform 12 to
wellhead installation 22 including blowout preventers 24. Platform 12 is shown with hoisting

apparatus 26 and derrick 28 for raising and lowering pipe strings such as work string 30.

Wellbore 32 extends through the various earth strata including hydrocarbon-bearing formation 14.
Casing 34 is cemented within wellbore 32 by cement 36. Work string 30 may include various tools
including, for example, sand control screen assembly 38 which is positioned within wellbore 32
adjacent to hydrocarbon-bearing formation 14. Also extending from platform 12 through wellbore 32
is fluid delivery tube 40 having fluid or gas discharge section 42 positioned adjacent to hydrocarbon-
bearing formation 14, shown with production zone 48 between packers 44, 46. When it is desired to
treat the near-wellbore region of hydrocarbon-bearing formation 14 adjacent to production zone 48,
work string 30 and fluid delivery tube 40 are lowered through casing 34 until sand control screen
assembly 38 and fluid discharge section 42 are positioned adjacent to the near-wellbore region of
hydrocarbon-bearing formation 14 including perforations 50. Thereafter, a composition described
herein is pumped down delivery tube 40 to progressively treat the near-wellbore region of

hydrocarbon-bearing formation 14.

Surfactant and other chemical EOR processes aim at producing the residual oil remaining after
secondary recovery with water flooding. For effective oil displacement in the reservoir rock, it is
necessary to lower the interfacial tension between oil and brine to ultra-low levels (<107 mN/m).
Such ultra-low interfacial tension, which can be achieved with suitable surfactants adsorbing at the
oil-water interface, has made it possible to conduct displacements in the field at capillary numbers

several orders of magnitude greater than in waterflooding.

Traditionally, the surfactants used in these EOR processes are mixtures of petroleum sulfonates or
sulfates derived from crude oil, blended with caustic and other co-surfactants. These mixtures are
often comprised of a surfactant homologous series. For these systems, surfactant concentrations of
between 0.5 and 5% need to be used to achieve good phase behavior and ultra-low interfacial tension.

]

The present inventors have conducted extensive and productive studies’™ on testing a new



10

15

20

25

30

35

WO 2011/106287 PCT/US2011/025618

12

generation of chemical systems (polymers, improved surfactant/co-surfactant/co-solvent molecules,
different alkalis and new additives), and designing systematic laboratory protocols for testing these
systems. The studies described in the present invention have been conducted with surfactants that are
structurally similar to molecules that have been used in the past, primarily ethoxylated and
propoxylated sulfates and sulfonates. These molecules offer a rich variety of permutations and
combinations that can be used to tailor surfactant formulations for a particular crude oil and reservoir
brine.

B-131 These surfactants,

A new class of surfactants has recently appeared in the scientific literature
generically referred to as Gemini surfactants, are made of two amphiphilic moieties (either identical
or different) connected to the head groups by a spacer group (FIG. 3). The spacer group comprises 0 -
15 saturated or unsaturated carbons selected from one or more straight chain alkyl groups, branched
chain alkyl groups, aliphatic groups, aromatic groups, heterocyclic groups, conjugated and non-
conjugated aromatic groups, aryl groups, aryl groups with single or multiple ring substituents (for
e.g. -OH, NO,, -NH,, -OCHs;, halogens), stilbene, polyethers, ethylene oxide or propylene oxide
groups, an ether linkage or combinations thereof and modifications and substitutions thereof. For
Gemini surfactants, the hydrocarbon tails can vary in length, the polar group can be anionic, cationic,
nonionic or zwitterionic and the spacer group can be polar and non-polar. It is this unique and
versatile structure of Gemini surfactants that has recently attracted considerable interest from the

academic and industrial communities. These molecules have been shown to be endowed with some

fascinating properties, which form the basis of the present invention.

Geminis display ultralow critical micelle concentrations (CMC) and high surface activity (e.g. in
reducing air-water tension) compared to conventional surfactants. Despite of the fact that Gemini
surfactants are potential game changers in chemical EOR practices, research into their application in

petroleum related areas is very limited.

The present invention explores the application of Gemini surfactants in different oil and gas related
operations, especially in chemical EOR operations. More specifically the present invention describes:
(i) a low-cost and high-yield synthesis routes for synthesizing Gemini surfactants, based on
considerations of raw material cost, final product yield and process complexity, (ii) testing the EOR
potential of Gemini surfactants using a systematic laboratory approach, including phase behavior
tests, aqueous stability tests, IFT measurements and coreflooding, (iii) understanding the complex
rheological behavior of Gemini aqueous solutions and to examine the feasibility of applications in
mobility control and VES (viscoelastic surfactant) fracturing fluids, and (iv) studying the synergy
between Gemini and conventional surfactants.

[10,13

1,12, 16 [9, 14, 15, 17])

Since the 1990s, research groups from the US (Menger''”"*!, Rosen l), France (Zana

[20-23

and Japan (Okahara”**!) have prepared numerous Gemini surfactants and studied their unique
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18, 19 . .
(18 191 were focused on cationic

properties (surface activity, molecular aggregation). Early studies
Gemini surfactants with emphases on catalytic and antimicrobial effects of micelle structures. For
Enhanced Oil Recovery (EOR) application, cationic surfactants are generally utilized as co-
surfactants in surfactant flooding and chemical agents in wettability alteration. However, their
application is limited by high retention in most sandstone reservoirs. Therefore, the present inventors

focus on anionic Gemini surfactants, sulfate/sulfonate Geminis to be more specific.

However, not all anionic Gemini surfactants are suitable for EOR applications. Typically, these
molecules tend to be too water soluble to be effective (increased water solubility leads to greater
partitioning into the aqueous phase, lowering the ability of the surfactants to act at the oil/water
interface). Gemini surfactants that have the proper hydrophilic-lipophilic balance (HLB) are suitable.
This balance depends on the salinity and temperature in the hydrocarbon formation or the reservoir.
The present invention clearly shows how a structure of an anionic Gemini surfactant can be tailored

to achieve the appropriate HLB under a given set of conditions.

The first report which showed the properties of anionic Gemini was published by Zhu and
Okahara®. Many anionic Gemini surfactants were prepared by utilizing the same reaction route as
shown in FIG. 2 since then. This route involves a pre-reaction'” to prepare compound I, which
makes it a three-step reaction with final yield normally below 25% and takes more than one week.
Rist and Carlsen® reported a two-step and more general reaction scheme (FIG. 2) for selective
synthesis of Gemini surfactants. Generally, this route offers higher yield (~ 45%) and requires less
laboratory operations and reaction time. The synthesis route of Rist and Carlsen was chosen as the
base route in the instant invention, with modifications made to increase the final yield and screen new

chemicals for reducing costs and simplifying procedures.

Current interest in Gemini surfactants from both academic and industrial circles arises from several
interesting properties. (i) Gemini surfactants are characterized by ultralow critical micelle
concentrations (CMC) that are often one or two orders of magnitude lower than monomeric

surfactants of equivalent chain length!*"?!

. Most explanations proposed have been based on
qualitative analyses. Rosen!'!! ascribed these effects to a stronger distortion of the water structure by
the two hydrophobic groups of a Gemini molecule. Migration of surfactants to the air/water interface
is thereby promoted. Menger'"! further connected this with closer interfacial packing of Geminis.
The smaller cross-sectional area-per-molecule configuration promotes the formation of a more
coherent interfacial film. In order to fully understand the mechanism here, elegant experiments must
be designed with a focus on interfacial packing of the molecules. Theoretical analysis of structural
parameters and free energy will be a rational way to proceed, (ii) aqueous solutions of some Gemini
surfactants with a short spacer can have a very high viscosity at a relatively low surfactant

concentration, whereas the viscosity of the solution of the corresponding monomeric surfactant

solution normally remains low %, They also show shear-induced viscoelasticity™®”. All these results
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show the ability of Gemini surfactants with short spacers to form wormlike micelles at fairly low

{19 26

concentration, even in the absence of sal I Aggregation behavior of a given surfactant can be

predicted using the surfactant packing parameter, P =v/a, /, introduced by Israclachvili®®!, Based

on the packing parameter, Zanal'

proposed a bimodal head group distance distribution.
Theoretically speaking, by modifying the structure of the spacer a new way of controlling the shape
and behavior of micelles can be achieved, however, very few studies of this nature have been
reported so far, (iii) Gemini surfactants also tend to have better solubilizing, wetting, and foaming

properties than conventional surfactants''>'* 2 3!

, and (iv) the two hydrophobic groups make
Geminis much more water soluble and hard-water tolerant. The Krafft temperatures of Gemini
surfactants with hydrophilic spacers (e.g. ether group) are generally very low, giving these surfactants
the ability to be used in cold water. It is also worth mentioning that mixtures of Gemini and
conventional surfactants show a stronger synergistic effect than two conventional surfactants''® ',
Once again, fundamental insights of these phenomena have been missing and very few attempts have

been made to investigate the technical implications of these properties.

Until now, most research on Gemini surfactants has focused on molecular synthesis and basic surface
chemical properties, whereas studies related to practical applications, especially in the oil and gas
industry, are rarely scen in the literature. Zaitoun et al.”"l reported the effects of ANTISORBTM
1416 (a sulfonate oligomeric polymer) on adsorption reduction and high salt (salinity and hardness)
tolerance at low concentration, which is of particular interest to operations that might be otherwise be
uneconomical because of water treatment and handling cost. Berger et al.”* ** reported further
improvement of these effects by attaching the sulfonate group to the end of the alkyl chain rather than
to the aromatic ring. Ironically, the more important properties, such as surface activity, solubilization
and rheology, have not been well examined.

Researchers in China have shown great interest in the application of Gemini surfactants to the energy

(3436 Research groups of Luo P! and Pu "** synthesized two series of cationic Gemini

industry
surfactants with different tail lengths and spacer groups. Ultralow interfacial tension values were
observed with certain crude oil systems. Clearly the application of these cationic surfactants is
limited by adsorption/retention in porous media. Tang et al™ reported some preliminary
coreflooding tests using cationic Gemini surfactants. Due to the retention of cationic molecules and

poor screening and design, incremental oil recovery after waterflooding was found to be only 7.7 %

101P.

Zhu et al***" investigated the synergism between a synthetic sulfonate Gemini surfactant and

petroleum sulfonate. With low surfactant concentration, the mixture gave superior performance to

1 [48

conventional petroleum sulfonates in terms of CMC and IFT values. Tan et al.”*®! synthesized several

sulfonate Gemini surfactants and studied their interfacial properties. The IFT between crude oil and
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aqueous surfactant solution prepared in high mineralization brine could reach ultralow values,
indicating the usage of Gemini surfactants in harsh water environment is promising. However, these
studies were all based on a trial and error process without a full appreciation of Gemini structure-
performance relationships. If these types of surfactants are to be used for EOR applications, more
verification, such as phase behavior and coreflooding tests, need to be designed and carefully

implemented.

The anionic Gemini surfactants synthesized and described in the present invention offer several
significant advantages over other surfactants used in EOR and overcomes some of the problems in
the prior art pertaining to surfactants used in EOR. These include: (i) the anionic Gemini’s of the
present invention are very effective when used in low concentrations. For e.g. a 0.02% surfactant
solution in water is suitable for EOR, this is at least 10-100 fold lower than the concentrations needed
for other surfactants used in EOR, (ii) the anionic Gemini’s of the present invention can work at very
high reservoir brine salinities, for e.g. their effectiveness is maintained at salinities of 350,000 ppm or
higher, (iii) the anionic Gemini’s of the present invention have a synergistic effect when combined
with other surfactants. The combination leads to further lowering of the interfacial tension and the
concentrations of the surfactants required for EOR, (iv) the anionic Gemini surfactants of the present
invention are extremely thermostable (stable at temperatures of up to about 300°C), this feature is
extremely important as high temperatures are often encountered in EOR operations, and (v) the
anionic Gemini’s of the present invention exhibit high viscosity under certain conditions and,
therefore, they can be used without any polymer (with the surfactant providing the necessary
viscosity). This is in particularly advantageous not only from cost considerations but also, because

the polymers become less effective i.e. have a lower viscosity as the salinity increases.

Currently, most Geminis are synthesized in individual research laboratories and are not available
commercially. For systematic preparation of Gemini surfactants, a fully functioning reaction chamber
was designed and installed by the present inventors. As with all new surfactants, the characterization
of the Geminis is very important in terms of identifying molecular structure and testing the purity of

the final product. Carbon-13 and proton NMR tests were performed.

The inventors studied optimum reaction conditions in the base synthesis route shown in FIG. 3.
Criteria for screening process included: 1) low cost and good availability of reactants and catalysts;
2) high reaction yield; 3) short reaction duration; 4) high purity of final product. By fine tuning
reaction temperature, amount and type of catalyst used, and careful control of all operations,

optimum conditions can be achieved.

The inventors conducted comprehensive tests to examine Geminis’ ability to mobilize hydrocarbons
(pure oils and crude oils) under various conditions. Elongated surfactant aggregates showed exciting

rheological behavior (increased viscosity and induced viscoelasticity). For Gemini surfactants with a
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short spacer, the ability to form these aggregates is greatly enhanced and the concentration required is
an order of magnitude lower than their conventional counterparts!'®l. Systematic measurements have
been made for different surfactant concentrations, salinity and temperature conditions using a state of
the art rheometer (ARES LS-1 from TA Instruments). The transport behavior of these viscosified
Gemini solutions can be studied using coreflooding tests with the main objective to identify the
candidate molecule and its range of working conditions for possible mobility control and VES

application.

In practice surfactants are sometimes used as mixtures, taking advantage of the synergy between
dissimilar molecules. Study results presented in this invention show that Gemini surfactants show
strong synergistic effects when mixed with high performance single-tail surfactants. The mixture
shows much higher surface activity than mixtures of traditional EOR surfactants. The present

inventors do not know of any past studies that exist to address this question.

Synthesis  of  Anionic  Gemini  Surfactants: Sulfate ~ Gemini  surfactant, (n-
C14H24),(OCH,CH,0)(OC,H4S04Na), (denoted as C14-C,-Cy4), was chosen to be the primary target
molecule. This choice is made based on: 1) hydrophilic-lipophilic balance (HLB) considerations (a
relatively long 14-carbon tail) and 2) the fact that shorter spacer group tends to give closer interfacial

packing and interesting rheology.

Several reaction trials were carried out to search for the most robust and cost-effective reaction route.
The final result of this study was a two-step reaction scheme represented in FIGS. 4A and 4B. Brief
summaries of typical conditions are included here in Tables 1 and 2 for each of the two reaction
steps. With 1,2-epoxytetradecane and ethylene glycol as reactants, different reaction temperatures
and catalyst were tested. NaH has been historically used in this reaction. However, this material
needs special storage and must be dealt with extreme care due to its high reactivity. KOH is also a
strong base and was used instead in the synthesis by the present inventors. Dissolved in methanol, it
can be easily handled and injected into the reaction flask unlike powdered NaH (even immersed in
60% mineral oil). With catalytic usage of KOH at 120°C, final yield of 80% was achieved after about

two days, and this modification has greatly reduced the complexity of setting up the reaction.

Table 1: Reaction conditions studied to optimize reaction step 1 for the synthesis of the novel Gemini

surfactants of the present invention.
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Base Temp. Yield Time Note
Rxn1 NaH, catalytic amount 85°C 31 %
48 hrs confirmed by NMR
Rxn 2 NaH, catalytic amount 85°C  40.6 %
Rxn 3 KOH in methanol, 120°C  ~80% 44 hys Main  component  confirmed by
catalytic amount (0.02%) ° NMR as the target molecule

Table 2: Reaction conditions studied to optimize reaction step 2 for the synthesis of the novel Gemini

surfactants of the present invention.

Base Temp. Yield Time Note
Rxn1 NaH 40°C 48.6 % 72 hrs confirmed by NMR
Rxn2  NaOH 40°C 35.4% 72 hrs low temp. rotavap and vacuum

After the diol compound synthesis in the previous step and using ethylene sulfate as a reactant,
different bases were tested. NaOH has shown performance comparable with NaH. Therefore, for
reaction II, more common bases can be used. The yield of this reaction, however, needs to be

improved by studying more reaction conditions, mainly temperatures.

Phase Behavior and IFT Measurements: Phase behavior tests and IFT measurements have been
performed using the synthesized C;4-C,-Cy4 sulfate Gemini. The key finding was the incredible
ability of this molecule to tolerate high salinity and hardness while solubilizing considerable amounts
of hydrocarbon even in the Type I region. Some technical implications will be discussed herein

below.

Phase Behavior Test: Table 3 below summarizes all the conditions that have been examined in the

phase behavior tests so far.

Table 3: Conditions examined in the phase behavior studies of the present invention.

Surf. Conc. Temp. Salinity Scan Qil Scan
Group I 0.1 wt% 55°C up to 20 wt% NaCl Cs, C10,C12,C14
Salinity 0.01 wt% 55°C up to 20 wt% NaCl C8, C10, C12, C14
GroupIl 0.1 wt% 55°C 10 % NaCl + up to 10 % CacCl, C8, C10,C12, C14

Hardness .01 wt% 55°C 10 % NaCl + up to 10 % CaCl, Cs8, C10,C12,C14

Key findings from the tests are: (i) the tested Gemini surfactant is very salinity and hardness tolerant;
only Type I microemulsions were observed in all the tubes; (ii) solubilization ability is relatively

insensitive to surfactant concentration; the absolute volumes of oil solubilized (V) are very

comparable, between 0.1 wt% and 0.01 wt% of surfactant concentration; (iii) solubilization ability is
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insensitive to salinity or hardness; 7, measurements show no general trends with all conditions been

fairly close; (iv) solubilization ability is insensitive to the different hydrocarbon chain lengths; (v)
solubilization ratio for all test tubes: with 0.1 wt% surfactant concentration, approximately 20 and

with 0.01 wt%, approximately 200 (the difference arises due to concentration).

Salt tolerance is very important for applications in harsh reservoir conditions. Unbiased performance
for different synthetic brines and oil types shows Gemini’s ability to adapt to different environments
and certainly broaden its usage. For conventional surfactant systems, low IFT can only be obtained in
the Type Il microemulsion window, in which case oil can be solubilized into a microemulsion phase,
but this does not guarantee the success of a flooding process if the mobility ratio is not carefully
monitored and controlled. However, for Gemini surfactants, the high solubilization ratio that has been

observed at under-optimum (Type I) conditions, is found to also coincide with ultra-low IFT

[49 [50]

measurements and is consistent with Huh’s™*” theory. Under-optimum (Type I) surfactant flooding
has a huge advantage over a conventional (Type III) process since phase trapping of microemulsions
is not an issue. Once the oil has been mobilized in the water phase by low IFT, it can be easily swept

out by chase water or polymer drive by essentially a miscible displacement.

IFT Measurement: Although high solubilization ratio has been recorded during phase behavior tests,
IFT measurements are the only way to provide reliable information about the interfacial tension. A

spinning drop tensiometer was used to measure the dynamic [FT behavior of Gemini systems.

As shown in FIG. 5, ultralow IFT was observed only under a very limited number of conditions. A
reduction of 100 times or more in IFT was measured at 55°C for 0.01 wt% surfactant concentration.
The solubilization ratio was calculated to be about 200. The applicability of Huh’s equation to
Gemini systems and to Type I phases and the way solubilization ratio is traditionally calculated needs

to be examined carefully.

Phase behavior and IFT measurement results show that the Cy4-C,-Cy4 molecule is too hydrophilic
and not well HLB balanced. In order to get into a reasonable salinity window and further lower IFT
values, the molecule should be made more lipophilic by either using longer carbon tail groups or

more hydrophobic spacer groups.

FIG. 6 shows a similar dynamic IFT measurement done on Gemini molecule Ci4-C4-Cyy. An IFT
reduction was once again observed with increasing temperature. Also if compared with FIG. 5, the

IFT values measured for C14-C4-Cy4 are considerably lower that those of C14-C,-Ci4.

FIG. 7 shows more IFT results on Cj4-C,-Ci4 and Cy4-C4-Cy4 at 55°C with different pure
hydrocarbons as the oil phase. As can be easily seen in the plot, no obvious trend was observed with

varying alkane carbon numbers, with dodecane (C12) being potentially the optimum oil type (with
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lowest IFT). The insensitivity of IFT values to ACN again broadens the application scope of Gemini

surfactants.

FIG. 8 shows the gradual improvement on lowering IFT values with a series of Gemini surfactants,
C14-Cy-Cpy, C14-C4-Cyy and Cy6-C4-Cy6. By systematically increasing the lengths of tail and spacer
groups, the Gemini surfactants become more and more hydrophobic, and therefore perform better
(lower IFT) at the same salinity condition (15% NaCl). By modifying the molecular structure of
Gemini surfactants, interfacial properties can be adjusted to accommodate different reservoir

conditions and requirements (including temperature and salinity).

FIG. 9 and FIG. 10 show the effect of salinity and hardness on IFT measurements. Gemini
surfactants are extremely salinity and hardness tolerant: no phase separation or precipitation was
observed in aqueous solutions with salinity up to 250,000 ppm (~ 25% NaCl) and hardness up to
150,000 ppm (~ 5% CaCl,). Under high salinity and hardness conditions, ultra-low IFT (<0.01
dynes/cm) values were obtained, which has very important practical implication since most

conventional surfactants do not work well under such harsh environments.

FIG. 11 shows the synergy between two Gemini molecules and a hydrophobic surfactant (Petrostep
A-1 from Stepan, C;5.;5 BABS, branched alkyl benzene sulfonate). With the addition of small amount
of Petrostep A-1 (0.01 wt% for Cy4-C4-Cy4 and 0.006 wt% for C16-C4-Cy6), IFT values for both cases
were reduced by one order of magnitude, to an ultra-low value (< 0.01 dynes/cm). By further tuning
the ratio of Gemini to A-1, the optimum salinity (15 wt% of NaCl for current case) can be adjusted.
This example also broadens the applicability of traditionally used EOR surfactants and hydrophobic
surfactants, such as BABS (branched-), LABS (linear-), alkyl toluene sulfontes, and alkyl xylene
sulfonates. The potential of using Gemini surfactants as co-solvents or co-surfactants can also be seen

here.

FIG. 12 shows the viscosifying capability of an example Gemini molecule, C16-C4-C16. At a
temperature of 50 degree C and a shear rate of 10 5™, C16-C4-C16 was dissolved in DI water and no
salts were added. Starting from 1.0 wt% of surfactant concentration, a sharp increase of apparent
viscosity was observed, which could potentially indicate a spherical-to-wormlike micelle transition.
For comparison, conventional surfactant aqueous solutions usually behave as Newtonian liquids with

viscosities only slightly greater than that of water.

FIG. 13 illustrates the effect of shear rate on the viscosity of C16-C4-C16 at different concentrations.
A shear thinning effect was observed here. The ability of Gemini molecules to develop substantial

viscosity was again confirmed by these results.

In a specific aspect of the present invention the selected anionic surfactant comprises at least one of

(n'C15H30)Z(CHZOCHQCHQCHQCHQOCHQ)(OC2H4SO4Na)2
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(n'c13H26)2(CH20CHQCHQOCHQ)(OC2H4SO4Na)2 or
(l’l—C 1 3H26)2(CH20CHQCHQCHQCHQOCHQ)(OC2H4SO4Na)2.

The unique and versatile structure of the anionic surfactants of the present invention, namely ultralow
critical micelle concentrations (CMC), very high surface activities, novel rheological properties and
extreme water solubility and hard-water tolerance make them very attractive candidates for EOR
applications particularly in difficult reservoirs with saline, hard formation brines thus significantly
broadening the application scope for conventional chemical EOR methods. The single component
formulation technology described hereinabove greatly simplifies the whole EOR design process in

addition to providing enhanced cost benefits.

It is contemplated that any embodiment discussed in this specification can be implemented with
respect to any method, kit, reagent, or composition of the invention, and vice versa. Furthermore,

compositions of the invention can be used to achieve methods of the invention.

It will be understood that particular embodiments described herein are shown by way of illustration
and not as limitations 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.

All publications and patent applications mentioned in the specification are indicative of the level of
skill of those skilled in the art to which this invention pertains. All publications and patent
applications are herein incorporated by reference to the same extent as if each individual publication

or patent application was specifically and individually indicated to be incorporated by reference.

The use of the word “a” or “an” when used in conjunction with the term “comprising” in the claims
and/or the specification may mean “one,” but it is also consistent with the meaning of “one or more,”

’

“at least one,” and “one or more than one.” The use of the term “or” in the claims is used to mean
“and/or” unless explicitly indicated to refer to alternatives only or the alternatives are mutually
exclusive, although the disclosure supports a definition that refers to only alternatives and “and/or.”
Throughout this application, the term “about” is used to indicate that a value includes the inherent
variation of error for the device, the method being employed to determine the value, or the variation

that exists among the study subjects.

As used in this specification and claim(s), the words “comprising” (and any form of comprising, such
2
as “comprise” and “comprises™), “having” (and any form of having, such as “have” and “has”
2 y 2 2
“including” (and any form of including, such as “includes” and “include”) or “containing” (and any
form of containing, such as “contains” and “contain”) are inclusive or open-ended and do not exclude
2

additional, unrecited elements or method steps.
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The term “or combinations thereof” as used herein refers to all permutations and combinations of the
listed items preceding the term. For example, “A, B, C, or combinations thereof” is intended to
include at least one of: A, B, C, AB, AC, BC, or ABC, and if order is important in a particular
context, also BA, CA, CB, CBA, BCA, ACB, BAC, or CAB. Continuing with this example,
expressly included are combinations that contain repeats of one or more item or term, such as BB,
AAA, MB, BBC, AAABCCCC, CBBAAA, CABABB, and so forth. The skilled artisan will
understand that typically there is no limit on the number of items or terms in any combination, unless

otherwise apparent from the context.

All of the compositions and/or methods disclosed and claimed herein can be made and executed
without undue experimentation in light of the present disclosure. 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. All such similar substitutes and modifications apparent to
those skilled in the art are deemed to be within the spirit, scope and concept of the invention as

defined by the appended claims.
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CLAIMS:

1. An anionic surfactant composition of formula (I) for treating a hydrocarbon-bearing
formation or a reservoir, wherein the surfactant is sufficiently soluble in water, hard water, hard brine

or in solutions of high salinity to be injected into a hydrocarbon-bearing formation

Rl —— Xl
| m

T

Ry — X,
wherein R; and R, are identical or different and are selected from the group consisting of straight or
branched chain C; to C;, or more alkyl, aryl, hydrogen, ethylene oxide or propylene oxide groups, X,
and X, are identical or different and are selected from the group consisting of phosphate, sulfate,
carboxylate, sulphonate, other suitable anionic groups, ethylene oxide or propylene oxide groups, S is
a spacer group comprising 0 -15 saturated or unsaturated carbons selected from one or more alkyl
groups, aryl groups, stilbene, polyethers, an ether linkage or combinations thereof and modifications

and substitutions thereof.

2. The composition of claim 1, wherein the composition is used alone, in conjunction with a
polymer or as part of an alkaline surfactant polymer (ASP) composition for treating the hydrocarbon-

bearing formation.

3. The composition of claim 1, wherein the composition is used for enhanced or improved oil

recovery, environmental ground water cleanup, and other surfactant based applications.

4. The composition of claim 1, wherein the composition is used to treat the reservoir with

reservoir brine salinities of up to about 350,000 ppm.

5. The composition of claim 1, wherein reservoir brine salinities are 200 ppm, 500 ppm, 1000
ppm, 5000 ppm, 10,000 ppm, 50,000 ppm, 100,000 ppm, 150,000 ppm, 200,000 ppm, 250,000 ppm,
300,000 ppm, and 350,000 ppm.

6. The composition of claim 1, wherein the composition is used to treat the reservoir with a

hardness ion concentration of up to about 250,000 ppm.

7. The composition of claim 1, wherein the composition is used to treat the reservoir with a
hardness ion concentration of 200 ppm, 500 ppm, 1000 ppm, 5000 ppm, 10,000 ppm, 50,000 ppm,
100,000 ppm, 150,000 ppm, 200,000 ppm, and 250,000 ppm.

8. The composition of claim 1, wherein the composition is thermally stable at reservoir

temperatures of up to about 300°C.
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9. The composition of claim 1, wherein the composition is thermally stable at reservoir

temperatures of 25°C, 50°C, 75°C, 100°C, 150°C, 200°C, 250°C, and 300°C.

10. The composition of claim 1, wherein the anionic surfactant composition comprises at least
one of (n'C16H32)2(OCH2CH2CH2CHQO)(OC2H4SO4Na)2, (n—C14Hzg)2(OCH2CH20)(OC2H4SO4Na)2
or (n'c14H28)2(0CH2CH2CH2CH20)(OC2H4SO4Na)2.

11. A method of making an anionic surfactant of formula (I) for treating a hydrocarbon-bearing

formation or a reservoir

Rl —— Xl
| m

T

Ry — X,
wherein R; and R, are identical or different and are selected from the group consisting of straight or
branched chain C; to C;o or more alkyl, aryl, hydrogen, ethylene oxide or propylene oxide groups, X,
and X, are identical or different and are selected from the group consisting of phosphate, sulfate,
carboxylate, sulphonate, other suitable anionic groups, ethylene oxide or propylene oxide groups, S is
a spacer group comprising 0 -15 saturated or unsaturated carbons selected from one or more alkyl
groups, aryl groups, stilbene, polyethers, an ether linkage or combinations thereof and modifications
and substitutions thereof, wherein the surfactant is sufficiently soluble in water, hard water, hard
brine or in solutions of high salinity to be injected into a hydrocarbon-bearing formation comprising

the steps of:

reacting an 1,2-alkylepoxide [R—(CHCH,0)] and a diol [OH-R’-OH] in a reaction chamber
in the presence of a basic catalyst to form an intermediate diol, wherein the basic catalyst comprises

KOH dissolved in methanol, NaOH, NaH, KH, LiH, or any combinations thercof; and

reacting the intermediate diol with a cyclic alkylsulfate in the presence of a base comprising

KOH in methanol, NaOH, NaH, KH, LiH to give the anionic surfactant composition of formula I.

12. A method of making an anionic surfactant composition having a formula chain length of 12

or more carbon atoms comprising the steps of:

reacting 1,2-epoxytetradecane and ethylene glycol in a reaction chamber in the presence of a
basic catalyst to form an intermediate diol, wherein the basic catalyst comprises KOH dissolved in

methanol, NaOH, NaH, LiH, or any combinations thereof; and

reacting the intermediate diol with ethylene sulfate in the presence of a base comprising
KOH in methanol, NaOH, NaH, KH, LiH to give the anionic surfactant composition having the

formula chain length of 12 or more carbon atoms.
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13. The method of claim 12, wherein the anionic surfactant comprises
(l’l-C14H28)2(OCH2CH20)(OC2H4SO4N3)2.
14. The method of claim 12, wherein the anionic surfactant composition is used to treat a

hydrocarbon bearing formation, for enhanced or improved oil recovery, environmental ground water

cleanup, and other surfactant based applications

15. The method of claim 12, wherein the anionic surfactant is sufficiently soluble in water, hard
water, hard brine or in solutions of high salinity to be injected into a hydrocarbon-bearing formation

Or a reservoir.

16. The method of claim 12, wherein the anionic surfactant composition is used alone, in
conjunction with a polymer or as part of an alkaline surfactant polymer (ASP) composition for

treating the hydrocarbon-bearing formation or reservoir.

17. A method of enhanced or improved oil recovery from a hydrocarbon bearing formation or a

reservoir comprising the steps of:

injecting an anionic surfactant composition of formula (I) having a general formula

Rl—Xl

I
: M

Ry — X,
wherein R; and R, are identical or different and are selected from the group consisting of straight or
branched chain C; to Csp or more alkyl, aryl, hydrogen, e¢thylene oxide or propylene oxide groups,
X; and X, are identical or different and are selected from the group consisting of phosphate, sulfate,
carboxylate, sulphonate, other suitable anionic groups, ethylene oxide or propylene oxide groups, S is
a spacer group comprising 0 -15 saturated or unsaturated carbons selected from one or more alkyl
groups, aryl groups, stilbene, polyethers, an ether linkage or combinations thereof and modifications
and substitutions thereof, wherein the anionic surfactant composition is in water, hard water, in

solutions of high salinity or hard brine; and
recovering the oil following the injection of the anionic surfactant composition.

18. The method of claim 17, wherein the anionic surfactant composition comprises at least one
of (l’l-c16H32)2(OCH2CH2CH2CHQO)(OC2H4SO4N3)2, (1’1-C14H28)2(OCH2CH20)(OC2H4SO4N3)2 or
(n'c14H28)2(OCH2CH2CH2CHQO)(OC2H4SO4Na)2.

19. The method of claim 17, wherein the reservoir brine salinities are up to about 350,000 ppm.
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20. The method of claim 17, wherein the reservoir brine salinities are 200 ppm, 500 ppm, 1000
ppm, 5000 ppm, 10,000 ppm, 50,000 ppm, 100,000 ppm, 150,000 ppm, 200,000 ppm, 250,000 ppm,
300,000 ppm, and 350,000 ppm.

21. The method of claim 17, wherein the reservoir has a hardness ion concentration of up to

about 250,000 ppm.

22. The method of claim 17, wherein the reservoir has a hardness ion concentration of 200 ppm,
500 ppm, 1000 ppm, 5000 ppm, 10,000 ppm, 50,000 ppm, 100,000 ppm, 150,000 ppm, 200,000 ppm,
and 250,000 ppm.

23. The method of claim 17, wherein the anionic surfactant composition is thermally stable at

reservoir temperatures of up to about 300°C.

24. The method of claim 17, wherein the anionic surfactant composition is thermally stable at

reservoir temperatures of 25°C, 50°C, 75°C, 100°C, 150°C, 200°C, 250°C, and 300°C.

25. A method of enhanced or improved oil recovery from a hydrocarbon bearing formation or a

reservoir comprising the steps of:

injecting an anionic surfactant composition of formula (I) having a general formula

Rl_Xl

M
T

Ry — X,
wherein R; and R, are identical or different and are selected from the group consisting of straight or
branched chain C; to C;o or more alkyl, aryl, hydrogen, ethylene oxide or propylene oxide groups, X,
and X, are identical or different and are selected from the group consisting of phosphate, sulfate,
carboxylate, sulphonate, other suitable anionic groups, ethylene oxide or propylene oxide groups, S is
a spacer group comprising 0 -15 saturated or unsaturated carbons selected from one or more alkyl
groups, aryl groups, stilbene, polyethers, an ether linkage or combinations thereof and modifications
and substitutions thereof, alone, in conjunction with a polymer or as an alkaline-surfactant-polymer
formulation (ASP) into the hydrocarbon bearing formation at temperatures of up to about 300° C,
wherein the anionic surfactant composition is in water, hard water, in solutions of high salinity or

hard brine; and
injecting a polymer “push” solution to recover the oil.

26. The method of claim 25, wherein the reservoir brine salinities are up to about 350,000 ppm.
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27. The method of claim 25, wherein the reservoir has a hardness ion concentration of up to
about 250,000 ppm.
28. The method of claim 25, wherein the anionic surfactant composition comprises at least one

of (l’l-c16H32)2(OCH2CH2CH2CHQO)(OC2H4SO4N3)2, (1’1-C14H28)2(OCH2CH20)(OC2H4SO4N3)2 or
(n'c14H28)2(OCHQCHQCHQCHQO)(OC2H4SO4Na)2.

29. A method of enhanced oil or improved recovery from a hydrocarbon bearing formation or a

reservoir comprising the steps of:

injecting an anionic surfactant composition having a formula
(n-Cy6H3,),(OCH,CH,CH,CH,0)(OC,H,SO,Na), into the hydrocarbon bearing formation or
reservoir, wherein the anionic surfactant composition is in water, hard water, in solutions of high

salinity or hard brine; and
recovering the oil following the injection of the anionic surfactant composition.
30. The method of claim 29, wherein the reservoir brine salinities are up to about 350,000 ppm.

31. The method of claim 29, wherein the reservoir has a hardness ion concentration of up to

about 250,000 ppm.

32. The method of claim 29, wherein the anionic surfactant composition is thermally stable at

reservoir temperatures of up to about 300°C.
33. A composition for treating a hydrocarbon bearing formation or a reservoir comprising:

an anionic surfactant composition of formula (I)

Rl —— Xl
| m

i

R) e X
wherein R; and R, are identical or different and are selected from the group consisting of straight or
branched chain C; to C;, or more alkyl, aryl, hydrogen, ethylene oxide or propylene oxide groups, X,
and X, are identical or different and are selected from the group consisting of phosphate, sulfate,
carboxylate, sulphonate, other suitable anionic groups, ethylene oxide or propylene oxide groups, S
is a spacer group comprising 0 -15 saturated or unsaturated carbons selected from one or more alkyl
groups, aryl groups, stilbene, polyethers, an ether linkage or combinations thereof and modifications

and substitutions thereof; and

one or more additional surfactants selected from the group consisting of an anionic, a

cationic or a non-ionic surfactant, a branched alkyl benzene sulfonate, a linear alkyl benzene
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sulfonate, an alkyl toluene sulfonate, and an alkyl xylene sulfonate, wherein the anionic surfactant or
formula (I), the one or more additional surfactants or both are sufficiently soluble in water, hard
water, hard brine or in solutions of high salinity to be injected into a hydrocarbon-bearing formation

OT TeServoir.

34. The composition of claim 33, wherein the composition is used to treat the reservoir with

reservoir brine salinities of up to about 350,000 ppm.

35. The composition of claim 33, wherein the composition is used to treat the reservoir with a

hardness ion concentration of up to about 250,000 ppm.

36. The composition of claim 33, wherein the composition is thermally stable at reservoir

temperatures of up to about 300°C.

37. The composition of claim 33, wherein the composition is used for enhanced or improved oil

recovery, environmental ground water cleanup, and other surfactant based applications

38. A method of enhanced or improved oil recovery from a hydrocarbon bearing formation or a

reservoir comprising the steps of:

injecting a surfactant composition comprising an anionic surfactant composition of formula
)

? M

wherein R; and R, are identical or different and are selected from the group consisting of straight or
branched chain C; to C;o or more alkyl, aryl, hydrogen, ethylene oxide or propylene oxide groups, X,
and X, are identical or different and are selected from the group consisting of phosphate, sulfate,
carboxylate, sulphonate, other suitable anionic groups, ethylene oxide or propylene oxide groups, S is
a spacer group comprising 0 -15 saturated or unsaturated carbons selected from one or more alkyl
groups, aryl groups, stilbene, polyethers, an ether linkage or combinations thereof and modifications
and substitutions thereof and one or more additional surfactants selected from the group consisting of
an anionic, a cationic or a non-ionic surfactant, a branched alkyl benzene sulfonate, a linear alkyl
benzene sulfonate, an alkyl toluene sulfonate, and an alkyl xylene sulfonate, wherein the anionic
surfactant or formula (I), the one or more additional surfactants or both are sufficiently soluble in
water, hard water, hard brine or in solutions of high salinity to be injected into a hydrocarbon-bearing

formation or reservoir; and

recovering the oil following the injection of the surfactant composition.
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39. The method of claim 38, wherein the reservoir brine salinities are up to about 350,000 ppm.
40. The method of claim 38, wherein the reservoir has a hardness ion concentration of up to
about 250,000 ppm.
41. The method of claim 38, wherein the anionic surfactant composition is thermally stable at
reservoir temperatures of up to about 300°C.
42. A method of selecting an anionic surfactant for optimal oil recovery from a hydrocarbon

bearing formation or a reservoir comprising the steps of:

identifying a temperature, a salinity, and a hardness ion concentration of the hydrocarbon

bearing formation or the reservoir;

providing an anionic surfactant composition having a formula (I)

Rl I Xl
| m

i

R) e X
wherein R; and R, are identical or different and are selected from the group consisting of straight or
branched chain C; to C;o or more alkyl, aryl, hydrogen, ethylene oxide or propylene oxide groups, X,
and X, are identical or different and are selected from the group consisting of phosphate, sulfate,
carboxylate, sulphonate, other suitable anionic groups, ethylene oxide or propylene oxide groups, S is
a spacer group comprising 0 -15 saturated or unsaturated carbons selected from one or more alkyl
groups, aryl groups, stilbene, polyethers, an ether linkage or combinations thereof and modifications

and substitutions thereof; and

selecting an appropriate R;, R, and S that would impart a suitable hydrophilic-lipophilic
balance (HLB) to the anionic surfactant for optimal oil recovery from the hydrocarbon bearing

formation or the reservoir.

43. The method of claim 42, wherein the selected anionic surfactant effectively recovers oil in

reservoir brine salinities of up to about 350,000 ppm.

44. The method of claim 42, wherein the selected anionic surfactant effectively recovers oil in

reservoir hardness ion concentrations of up to about 250,000 ppm.

45. The method of claim 42, wherein the selected anionic surfactant effectively recovers oil in

reservoir temperatures of up to about 300°C.
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Dynamic IFT Measurement
0.01 wt% Surf. in brine solution (10% NaCl + 6% CaCl2) with Decane
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ACN Effect

0.02% Surf. in brine solution (20% NaCl) @ 55C, 40 mins
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IFT Measurement
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Salinity Effect

0.02% Surf. in brine solution @ 55C, 40 mins, with Dodecane (C12)

IFT Measurement
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Hardness (Ca"™) Effect

0.02% C14-C4-C14 in 15% NaCl brine @ 55C, 40 mins, with Dodecane (C12)

IFT Measurement
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Synergy Effect (@ 55C, 40 mi

0.02% Surf. with Petrostep A-1 (C15-18 BABS) in 15% NaCl brine

IFT Measurement
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y Measurements on C16-C4-C16 @ 50 C & 10 1/s

iscosi

Vi

[ R
[ S R
[
) S

et

et

L1
e
[ R,

|

et

.

Ll |-l
— L L L1

n

et

L1l
R N O B

et

I

N T TEeyyY—_—

F T e e e e B e e it el el e B Bl e e B e e e e
t

et

[ e bl o
t

e i e e e e B e et el ol I el A e B R el e A

I
—
===
[
[

— L4

,LL‘»,

I

|

L4
T

i et el o B el el ol
t

L1
T

[

N N—————————————— NS —-SS—MMMAAT

— L1
I
N -

A R R

R

0
0
0
0

(do) Aj1soasIA Jualteddy

100

50

0.20% 0.40% 060% 0.80% 1.00% 1.20% 1.40% 1.60% 1.80% 2.00% 2.20%

0.00%

surf. concentration (wt%)

FIG. 12



PCT/US2011/025618

WO 2011/106287

8/8

ty Measurements on C16-C4-C16 @ 50 C

iscosi

Vv

AL N I A
A H =
4 H -
72 1 T Y W
[N
[
A

[ I S
Mokl o - 4 — — ]
Hobld oo 4 — — ]

0 Gy

[ S
Il — k=
[ R R
0y

HH A A == 4+ =

+H++ 4 -+ - =
[ e e B i e o o e e s s i
10 e e e i e s 1 e e e A
28 I ol el el el e o e o o e i B HHA4—--4—-=7l+tHA++ 4 -+ -
A Y Y Dy I DU [0 L _
[ | [N ,:,,,,,& |
20 i A e e e e -T - -
[N |
— - =
|
|
R
|
|
|
|
t
[
|
|
-1 -
4 -t -
|
|
|
T
|
|
1
|
|
|
|
[
-t
-
— 1L _
|

(do) AyisoosIpn

1000

100

10

0.1

shear rate (1/s)

F1G. 13



INTERNATIONAL SEARCH REPORT International application No.
PCT/US2011/025618

A. CLASSIFICATION OF SUBJECT MATTER
Int. CL CO9K 8/584 (2006.01) CI1D 1/16 (2006.01)

According to International Patent Classification (IPC) or to both national classification and IPC

B. FIELDS SEARCHED

Minimum documentation searched (classification system followed by classification symbols)

Documentation searched other than minimum documentation to the extent that such documents are included in the fields searched

Electronic data base consulted during the international search (name of data base and, where practicable, search terms used)
EPODOC WPI, CAPLUS: gemini, anionic, epoxide, glycol, sulphate, oil recovery and related terms

C. DOCUMENTS CONSIDERED TO BE RELEVANT

Category* | Citation of document, with indication, where appropriate, of the relevant passages Relevant to
claim No.

TAN, Z., "Study on Characteristics and Salt-endurance Activity of Gemini Surfactant"
Jingxi Yu Zhuanyong Huaxuepin (Fine and Speciality Chemicals) , 2006,
Vol. 14(Suppl.), pages 50-54

X Abstract; Table 1; Sections 2.3 & 2.4 1-9, 17, 19-24
and 42-45

Y Abstract; Table 1; Sections 2.3 & 2.4 25-27, 34, 35
and 38-41

RIST, Q,, et al. "Synthesis of Novel Diammonium Gemini Surfactants", Molecules,
2001, Vol. 6, 979-987

X Scheme 1; page 980 1,2,8,9 11,
12 and 14-16
LIU, P., et al. "Synthesis of Disodium 1,@-Di-n-alkyl 1,e-Disulfate Surfactants"
JingXi Huagong (Fine Chemicals), 2008, Vol. 25 (12), pages 1179-1182

X Figure 1 1,8and9
Further documents are listed in the continuation of Box C See patent family annex
* Special categories of cited documents:
"A"  document defining the general state of the art which is "T*  later document published after the international filing date or priority date and not in
not considered to be of particular relevance conflict with the application but cited to understand the principle or theory
underlying the invention
"E" earlier application or patent but published on or after the "X"  document of particular relevance; the claimed invention cannot be considered novel
international filing date or cannot be considered to involve an inventive step when the document is taken
alone
“L"  document which may throw doubts on priority claim(s) “¥"  document of particular relevance; the claimed invention cannot be considered to
or which is cited to establish the publication date of involve an inventive step when the document is combined with one or more other
another citation or other special reason (as specified) such documents, such combination being obvious to a person skilled in the art

"o" document referring to an oral disclosure, use, exhibition
or other means

"P"  document published prior to the international filing date
but later than the priority date claimed

"&"  document member of the same patent family

Date of the actual completion of the international search Date of mailing of the international search report

15 April 2011 2 B APR 20"
Name and mailing address of the ISA/AU Authorized officer

AUSTRALIAN PATENT OFFICE N. L. KING

PO BOX 200, WODEN ACT 2606, AUSTRALIA AUSTRALIAN PATENT OFFICE

E-mail address: pet@ipaustralia.gov.au (ISO 9001 Quality Certified Service)

Facsimile No. +61 2 6283 7999 Telcphone No : +61 2 6283 7953

Form PCT/ISA/210 (second sheet) (July 2009)




INTERNATIONAL SEARCH REPORT

International application No.

PCT/US2011/025618
C (Continuation). DOCUMENTS CONSIDERED TO BE RELEVANT
Category* Citation of document, with indication, where appropriate, of the relevant passages Relevant to
claim No.
SHUKLA, D., et al., "Anionic Gemini Surfactants: A Distinct Class of Surfactants"”
Journal of Oleo Science, 2006, Vol. 55, No. 5, pages 215-226
X Abstract; Scheme 2 1-3, 8 and 9
Y Page 220, column 1 34, 35 and 38-
41
RENOUF, P., et al., "Synthesis and surface-active properties of a series of new anionic
gemini compounds”, Chemistry and Physics of Lipids, 1999, Vol. 99, pages 21-32
X Figure 1 1,8and 9
WO 1996/035663 A1 (RHONE-POULENC CHIMIE) 14 November 1996
X Examples 8-13; page 21 1,8,9,33,36
and 37
US 5643864 A (Lletal) 1 July 1997
X Column 3, compound III; Column 14 lines 40-65 1-3, 8, 9, 33,
36 and 37
Y Column 14, lines 40-65 34, 35 and 38-
41
US 3997451 A (PLUMMER et al.) 14 December 1976
Y Column 4, lines 55-66 25-27

Form PCT/ISA/210 (continuation of second sheet) (July 2009)




INTERNATIONAL SEARCH REPORT

Information on patent family members

International application No.

PCT/US2011/025618

This Annex lists the known "A" publication level patent family members relating to the patent documents cited in the
above-mentioned international search report. The Australian Patent Office is in no way liable for these particulars

which are merely given for the purpose of information.

Patent Document Cited in Patent Family Member
Search Report

WO 9635663 AU  59036/96 FR 2733982

UsS 5643864 BR 9503713 CA 2155277 CN 1127158
EP 0697245 JP 8103646 us 5783554

us 3997451 AT 657274 CA 1031152 DD 114847
DE 2430935 EG 11440 FR 2240347
GB 1476940 RO 67685 SuU 931115
uUsS 3901317

Due to data integration issues this family listing may not include 10 digit Australian applications filed since May 2001.

END OF ANNEX

Form PCT/ISA/210 (patent family annex) (July 2009)




	Page 1 - front-page
	Page 2 - description
	Page 3 - description
	Page 4 - description
	Page 5 - description
	Page 6 - description
	Page 7 - description
	Page 8 - description
	Page 9 - description
	Page 10 - description
	Page 11 - description
	Page 12 - description
	Page 13 - description
	Page 14 - description
	Page 15 - description
	Page 16 - description
	Page 17 - description
	Page 18 - description
	Page 19 - description
	Page 20 - description
	Page 21 - description
	Page 22 - description
	Page 23 - description
	Page 24 - description
	Page 25 - description
	Page 26 - description
	Page 27 - claims
	Page 28 - claims
	Page 29 - claims
	Page 30 - claims
	Page 31 - claims
	Page 32 - claims
	Page 33 - claims
	Page 34 - drawings
	Page 35 - drawings
	Page 36 - drawings
	Page 37 - drawings
	Page 38 - drawings
	Page 39 - drawings
	Page 40 - drawings
	Page 41 - drawings
	Page 42 - wo-search-report
	Page 43 - wo-search-report
	Page 44 - wo-search-report

