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CONTROLLED RELEASE OF SURFACTANTS FOR ENHANCED OIL
RECOVERY

inventors: Yun Chea CHANG

Mazen Y. KANT

CROSS-REFERENCE TO RELATED PATENT APPLICATIONS

[B603]  This application is a contimnation-in-part of U.S, Pat. App. No. 13/184,974, filed
Fuly 18, 2011, For purposes of United States patent practice, this application incorporates the

contents of the prior Application by reference in its cutirety.

BACKGROUND OF THE INVENTION

1. Field of the Invention

166627  The field of invention relates to compositions, delivery systems, and methods

suitable for the enhanced oif recovery process.

2. DBescription of the Related Arxt

{68031 Surfactants are used in enhanced ol recovery (EOR) processes. The presence of a

surfactant at the water/oil interface faciittates oil recovery.

[6684]  Conventional methods feed surfactant solution into the reservoir directly to
maximize the surfactant dose. The active surfactant is readily consumed at the oil-water

interface. Surfactants and other chemicals are mixed with water and driven into the reservoir.

166057 Sigonificant amount of surfactant is lost due to adsorption to the rock of the
formation before it has a chance to encounter residual oil.  Often, surfactant molecules,
especially anionic surfactants, adsorb inio the rock beforg it interacts with il Adsorption of
the surfactant into the formation results in a reduction n the effective amount of surfactant
usetul for muobilizing the oil.  The adsorption probleros worsens when anjonie surfactands

encounter carbonate rock, which acts as a Lewis acid. The extent of surfactant adsorption

-
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depends on the type of rock, pore surface area, water salinity and the type of surfactant. In
general, roughly one milligram of surfactant adsorbs into one gram of rock. In addition to
adsorption, some syrfactants precipitate from the saline water with cations from the rock. In

either case, some surfactants are lost before they have a chance to solubilize oil.

[3866]  To overcome the adsorption and precipitation problems, increasing the amount of
surfactants in water allows for the extra surfactants to be absorbed by the rock and sull
deliver remaining surfactants to the oil/water interface. However, the additional surfactant
cost is prohubitive. Others use sacrificial chemicals to passivate the rock surface such that

surfactant adsorption is mitigated betfore application.

166677  When a shig of surfactant muxed in a polymer solution is introduced into the
reservoir, the surfactant quickly deposits and, depending oun the amount used, may be
saturated on the oil-water interface. The oif, thus solubilized by the surfactant, can be
recovered. Unfortonately, residual o1l that hies behind the initial oil-water interface has less a
chance of interacting with the surfactant and may remain immobilized

[BGO8]  Overall, the approaches fail to mamntain a constant concentration of surfactant over
an extended period in the formation. It would be ideal to have a sustained and constant
concentration of free surfactant at the water/oil interface to prolong and improve oil recovery

while avoiding adsorption into the formation.

SUMMARY OF THE INVENTION

16609  One embodiment of the invention 18 a composition for the controlled relecase of
surfactants in oif recovery operation, the composition being made of an aqueous sulfonate
solution and a metal salt selected from aluminium nitrate nonahydrate, calcium chloride
dehydrate, magnesium chloride hexahydrate, cobalt chloride hexabydrate, and other metal
salts, wherein the mean diameter of the formed sparingly soluble suifonate surfactant-metal
salt particle 1s between 20 nm and 100 nm and solobility of the sparingly soluble sulfonate
surfactant-metal salt particle i1s less than 100 ppm at room temperature.  In anothe
embodiment, the sparingly soluble sulfonate surfactant-metal salt particle additionally
contains hydrolyzed polyacrylamide.

[6818]  Apother embodiment of the invention 1s a hydrocarbon recovery composition
comprising a composition which comprises an aqueous sultonate solution and a metal salt
selected from aluminium pitrate nonshydrate, calcium chloride dehydrate, magnesium

chioride hexahydrate, cobalt chloride hexahydrate, and other metal salts, wherein the mean

-
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diameter of the formed sparingly soluble sulfonate surfactant-metal salt particle is between 20
nm and 100 nro and solubility of the sparingly soluble sulfonate surfactant-metal salt particle
is less than 100 ppm at room temperature.  [n another erobodiment, the sparingly soluble

sulfonate surfactant-metal salt particle additionally contains hydrolyzed polyacrylamide.

{3611}  Another embodiment of the invention is a delivery system for controlling the
release of surfactants in hydrocarbon recovery operation, the delivery system comprising an
aqueous sulfonate solution and a salt selected from aluminium nitrate nonahydrate, calciam
chloride dehydrate, magnesium chloride hexahydrate, cobalt chloride hexahydrate, and other
metal salts, wherein the mean diameter of the formed sparingly sohuble sulfonate surfactant-
metal salt particle is between 20 nm and 100 am and solubility of the sparingly soluble
sulfonate surfactant-metal salt particie less than 100 ppm at room termperature; in an amount
operable such that the sulfonate in the aqueous solution reduces surface tension of the
hydrocarbon so that o1l recovery is increased. In another embodiment, the sparingly sohible

sulfonate surfactant-maetal salt particle further contains hydrolyzed polyacrylanide.

[BG12]  Another embodiment of the invention is a method of dehivering a controlled release
of surfactants composition, the method including the following the steps, such as: (1)
delivering an aqueous solution into a reservoir, the aqueous solution containing an agqueons
sulfonate solution; and a metal salt selected from aluminium nitrate nonahydrate, caleium
chloride dehydrate, magnesium chioride hexahydrate, cobalt chloride hexahydrate, and other
metal salts; wherein the mean diameter of the formed sparingly soluble sulfonate surfactant-
metal salt particle is between 20 nm and 100 nm and solubility of the sparingly soluble
sulfonate surfactant-metal salt particle is less than 100 ppm at room termperature; and (2)

delivering water to the reservoir.

16613}  Another embodiment of the invention 15 a method of treating a hydrocarbon
containing formation by (a) providing a hydrocarbon recovery composition to at least a
portion of the hydrocarbon containing formation, wherein the hydrocarbon recovery
composition comprises {1} an aqueous suifonate sohition and (2) a metal salt selected from
aluminium  nitrate  nonahydrate, calcium  chloride  dehydrate, wmagnestum  chloride
hexahydrate, cobalt chloride hexahydrate, and other metal salts; wherein the mean diameter
of the sparingly sohubie sulfonate surfactant-metal salt particle is between 20 nm and 100 nm
and solubility of the sparingly soluble sulfonate swwrfactant-metal salt particle is less than 100
ppro at rooro fomperature; and (b) allowing the hydrocarbon recovery composition to interact

with hydrocarbons in the hydrocarbon containing formation.

3.
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16614} A method of producing a sparingly soluble sulfonate surfactant-metal salt particle
imchides the steps of introducing an aqueous solution containing a metal ion salt into a
reactor.  The method includes inmtroducing an aquecous solufion containing a sulfonate
surfactant and a polymer into the reactor. The method inchudes operating the reactor such
that the sulfonate surfactant-metal salt particle forms from the interaction of the metal ion
from the salt, the sulfonate surfactant and the polymer. The sulfonate surfactant-metal salt
particic has an average particle size diameter in a range of from about 50 nm to about 450 nm

and is sparingly soluble in water at room temperature.

[8615] A sparingly soluble sulfonate surfactant-metal salt particle inchudes a metal ion salt
of an alkyl aryl sulfonate, a metal 1on salt of a petroleum sulfonate and a hydrophobically
modified hydrophilic polymer. The sulfonate surfactant-mctal salt particle has an average
particle size diameter in a range of from about 50 nm to about 450 nm and is sparingly

soluble 1n water at room temperature,

[B316] Anionic surfactants can form salts some cations n sine. Salt formation s considered
problematic and undesirable during enhanced oil recovery (EOR) since the formation of
surfactant salts with tons present in the water or the rock results in the immediate loss of
surfactants for extracting hydrocarbons. However, sorfactant-metal salts can be engineered

and used in such ways as to contribute to the EOR process for the long-term.

[6617]  There are a number of technical hurdies to overcome for forming a sparingly
soluble surfactani-metal salt that is useful for EOR processes. For example, the sparingly
soluble surfactant-retal salt particles or capsules should be small — 200 om or less. This
permits the surfactant-metal salt particles to travel into the formation and through the pores in
the reservoir. The surfactant-maetal salt particle size can be manipulated by controlling the
nucleation rate for the precipitation of the particles. Another way to manipulate the particle
size is to use a mechanical mulling device to grind down larger particles. In addition, nano-
sized particles have to be dispersible within in the reservoir environment conditions, that is,

up to 100 °C and with 25 wt.% salinity of aqueous solution.

[6618]  In the pharmaceutical and other industrigs, active ingredients are often delivered o
a targeted area in a controlled release fashion such that one dose of active ingredient can
sustain cfticacy for a longer period. We intend to apply similar technigues to the delivery of
surfactants. Ideally, surfactants will be delivered in 2 controlled manner and released at the

oil/water interface. The delivered salt particle is akin to micro reservoirs of surfactant that

4
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feed the surfactant molecules to the oil/water interface at a consiant concentration and a

constant rate. As a result, residual oil at the treatment site 1s continually solubilized.

18619 Anionic surfactants, such as sulfonates, are converted into surfactant-metal salt
particles. The surfactant has a negative charge which reacts with the positively charged
cations. Depending on the nature of surfactant anions and metal cations, some of the
resulting surfactant salts are partially or sparingly soluble in water. The sparingly soluble
surfactant-metal salts, being only shightly soluble in water, supply surfactant at a limited and
controlied rate given the surfactant concentration in the water. This provides a continuous,
low level of surfactant concentration at the oil/water interface of the treatment site for

extended periods.

183620} The sparingly soluble surfactant-oetal salt nanoparticles can supply a counstant flux of
surfactant molecules into the surfactant solution. Because of this sustained supply of fresh
surfactant molecules, more residual oil may be recovered over a period of time. The
mvention provides colloidal surfactant salts that maintain a constant free surfactant
concentration in the surfactant solution. Because of this constant and sustained supply of

fresh surfactant molecules more residual 01l may be recovered.

BETAILED DESCRIPTIUN OF THE PREFERRED EMBODIMENTS

[8621] The Specification, which includes the Summary of Invention, Brief Description of the
Drawings and the Detatled Description of the Preferred Embodiments, and the appended
Claims refer to particular features (including process or method steps) of the mvention.
Those of skill in the art understand that the invention includes all possibie combinations and
uses of particular features described in the Specification. Those of skill in the art understand
that the invention is not limited to or by the description of embodiments given in the
Specification. The inventive subject matier is not restricted except only in the spirit of the

Specification and appended Claims,

136221 Those of skill 1o the art also understand that the terminology used for describing
particular embodiments does not linit the scope or breadth of the invention. In interpreting
the Specification and appended Claims, all terms should be interpreted in the broadest
possible manner consistent with the context of each term. Al technical and scientific terms
used in the Specification and appended Claims have the same roeaning as commonly
vnderstood by one of ordinary skill in the art to which this invention belongs unless defined

otherwise.
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[8623] As used in the Specification and appended Claims, the singular forms “a”, “an”, and
“the” inclade plural refercuces unless the context clearly indicates otherwise. The verb
“comprises” and its conjugated forms should be terpreted as reforring to clements,
components or steps in a non-exclusive manner. The referenced elements, components or
steps may be present, utilized or combined with other clements, components or sieps not
expressly referenced. The verb “couple” and s comjugated forms means to complete any
type of required junction, including electrical, mechanical or fluid, to form a singular object
from two or more previously non-joined objects. I a first device couples to a second device,
the connection can occur either directly or through a common connector. “Operable” and its

various forms means fit for is proper functioning and able to be used for its intended use.

166247 Where the Specification or the appended Claims provide a range of values, it is
understood that the interval encompasses each intervening value between the upper limit and
the lower limit as well as the upper Tt and the lower himit. The invention encompasses and

bounds smaller ranges of the interval subject 1o any specific exclusion provided.

[BG25] Where the Specification and appended Claims reference a method comprising two or
more defined steps, the defined steps can be carried out in any order or simultaneously except

where the context exclades that possibility.

186267 When a patent or a publication 8 referenced in this disclosure, the reference s
mcorporated by reterence and in its entirety to the extent that it does not contradict statements

made in this disclosure.
Sparingly soluble sulfonate-metal salés

{88271  The compositions and delivery systems disclosed provide a means o slowly
release sulfonate surfactant in an agueous solution, maintain the local sulfonate surfactant
concentration at a constant fevel, and sustain the release of the sulfonate surfactant over a
long period. The rock in a reservoir is porous with a wide pore size distribution. Pores can
be as small as 1 micron and as large as 20 micron. A particle is a discrete entity of solid
matter in a dispersed state with a diameter at or less than about 50 micrometers {50 um),
Larger size particles could be trapped by the pores. The sparingly soluble sulfonate-metal
salt particles can traverse through pores of this size. Au embodiment of the sparingly soluble
sultonate-metal salt particles has an average particle size diameter in a range of from about

30 nm to about 200 nm.
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18628} Anionic surfactant salts that are precipitated by different cations have different
solution sohubility, which affects the surfactant salt particle size and the amount of sulfonate
surfactant in the agueous solution.  In other words, the free surfactant concentration in the
formed surfactant solution can be regulated by the choice of the surfactant salt to introduce
into the aqueous solation.  Sparingly soluble surfactant-metal salt particles can be made

sroaller than 200 nm, srealler than 100 nmy, or smaller than 50 n.

[6029]  The sulfonate-ructal salt particles are sparingly soluble. A saturated solution of a
sparingly soluble salt in water (solubility of less than 107 mol/L) may be considered to exist
in a dynamic equilibriam of two opposing reactions. The dissolution of the solid salt and the
crystallization of the salt arc the two opposing reactions, When the rates of the two reactions
arc equal there is dynamic equilibrium. For example, when the sulfonate-metal salt has a
solubility of 100 ppm in water, and 1.0 weight percent of sulfopate-metal salt is added in |
titer of water, the sulfonate surfactant concentration in the aqueous solution is held constant
at 100 ppro. Sulfonate-metal salt infroduced into water releases sulfonate surfactant aniil the
sulfonate surfactant in the agueocus solution achieves a concentration of 100 ppm, when a
dynamic equilibrivm forms between the sulfonate solution and the sulfonate-metal salt. An
erabodiment of the sparingly soluble sulfonate-meral salt particles has a solubility in a range
of from about 50 parts-per-million (ppm) to about 300 ppm in water at room temaperature. An
embodiment of the sparingly soluble sulfonate-metal salt particles has a solubility in a range
of from about 50 ppm to about 200 ppm in water at room temperature.  An embodiment of
the sparingly soluble sulfonate-metal salt particles has a solubility in a range of from about 50

ppm to about 100 ppm in water at room temperature,

16636] A dispersion of sparingly soluble sulfonate-metal salt panoparticles within an
aqueons solotion of sulfonate surfactant, when not in contact with a hydrocarbon, is in
dynamic equilibrium. The replenishiment of the sulfonate surfactant into the aqueous solution
is driven by thermodynamic equilibrium between the solid, sparingly solubie surfactant-mctal

salt and the sohuble surfactant in the aqueous solution.

[8031]  The transport of the sulfonate surfactant from the surfactant-metal salt into the
surfactant solution depends on the concentration of free surfactant already present in the
solution, the equilibrivm between the sparingly soluble surfactant-metal salt particles, and the
rate of adsorption of free surfactant by present hydrocarbons. For example, if the sulfonate
surfactant 1o solution is consumed upon contacting oil within a day, then another 100 ppm of

sulfonate surfactant is replenished into the solution from the solid surfactant salt particies. In
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other words, the 100 ppm free sarfactant concentration is maintained in the agueous sulfonate
solution by the presence of the sparingly soluble sulfonate-metal salt particles. The sparingly
soluble sulfonate-metal salt particles contain sufficient amount of sulfonate surfactant to

allow for sustained release from several hours to several days

1368327  The aqueous solution in which the sparingly soluble sulfonate-metal salt particles
is dispersed can range from de-ionized water to saline water, with salinity as high as 25
weight percent. The concentration of the sulfonate surfactant in the solution is dependent on

the sparing solubility of the sulfonate-metal salt.

16633} The combination of sparingly soluble sulfonate-metal salt nanoparticies within an
aqueous solution of salfonate surfactant or water is a dispersion. A dispersion consists of a
fine insoluble or only slightly soluble particles distributed throughout a continuous medium.
A “dispersion” is a two-phase system where one phase consists of finely divided particles
{often in the colloidal size range) distributed throughout a bulk substance, the salt particles
being the disperse or internal phase and the bulk substance the continuous or external phase.
A dispersion is usually polydisperse — the dispersed salt particles usually bhave different sizes
and shapes. A solid-in-liquid colloidal dispersion (loosely called solutions) can be
precipitated.  In the case of the sparingly soluble surfactant salts, the surfactant salts

precipitate out of the solution. Larger particles will gradually coalesce and settle out.

16634] The sparingly soluble surfactant-metal salt particle includes a metal ion salt of an
anionic surfactant and a polymer. Usetul metal ions inchide aluminum, calcium, magnesivm,
cobal, zinc, barium, copper nitrate, and strontium. Useful anionic surfactants include alkyl
sulfonates, alkyl aryl sulfonates, including dodecyl benzene sulfovate, alkyl aryl ether
phosphates, alkyl ether phosphates, alky cther sulfates, and alkyl sulfates, and petroleum
sulfonates. Useful polymers include partially hydrolyzed polyacrylamide, xanthan gum and
polyvinyl pyrrolidone, hydrophobically modified hydrophilic polymers, mmchiding polyrers
made from HIONOMErS of dimethylaminoethyl methacrylate and
cetyldimethylammoniomethy! methacrylate halide, polyvinyl acetate, polyvinyl alcchol and
gelatins.

3835} An embodiment of the sparingly soluble surfactant-mctal salt particle includes the
metal ion salt of an alky! aryl sulfonate, the metal ion salt of a petroleurn sulfonate and a
hydrophobically modified hydrophilic polymer and bas an average particle size diameter in a

range of from about 50 nm to abowt 450 nm.  An embodiment of the sparingly soloble

8-
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surfactant-metal salt particle is where the petroleum sulfonate includes sulfonated benzenoid,

cycloaliphatic, paraffinic hydrocarbons, and combinations thereof
Methed of Preparation

13636  In an crubodument of the method of preparation of the sparingly soluble surfactant-
metal salt particle, about 0.1 to about 2.0 weight percent of polymer is mixed with about (.05
to about § weight percent of a metal ion salt at a temperatare between about 0 °C and about
120 °C. Examples of useful polymers include partially hydrolyzed polyvacrylamide, xauthan
gum and polyvinyl pyrrolidone. Examples of uscful metal ion sakts include sluminum nitrate
nonahydrate, calciram chloride dihydrate, magnesium chloride hexahydrate, cobalt chioride
hexahydrate, zinc chloride, barium chloride dihydrate, copper nitrate, and strontium chloride
hexahydrate. To the polymer/salt mixture about 0.05 to about 5 weight percent of anionic
surfactant is then added with vigorous stirring at temperatures about 0 °C and about 90 °C.
Examples of useful anionic surfactants include alkyl sulfonates, alkyl aryl sulfonates, alkyvl

aryl ether phosphates, alkyl ether phosphates, alky ether sulfates, and alky! sulfates.

[B637] An additional example of a useful metal ion salt includes copper nirate

hemi{pentahydrate).

16638}  Additional examples of useful polymers include polyvinyl acetate, polyvinyl
alcohol and gelatins.  Another useful polymer is a hydrophobically modified hydrophilic
polymer. An cxample of a commercially-available product that containg a hydrophobically
modified hydrophilic polymer is HPT-1™ from Halliburton Energy Services. Although not
intending to be bound by theory, it is believed that the hydrophobically modified hydrophilic
polymer present in HPT-1 15 a polymer formed from the monormers of duncthylarsinocthyl

methacrylate and cetyldimethylammoniumethyl methacrylate halide.

16639}  Alky! sulfonates are primary and secondary paraffin sulfonates (PS and SAS) and
g~olefin sulfonates {(AOS). Alkyl aryl sulfonates mchude alkyl benzene sulfonates such as
dodecyl benzene sulfonate, which is a linear alkyl benzene (LAB) sulfonate surfactant. The
alky! sulfonates and the alkyl aryl sulfonates do not include any other heteroatoms except for
the sulfonate functional group.

{80461  Apother example of a useful anionic surfaciant is & sodiwm sulfonate that is
prepared by treating a petroleum fraction, such as a heavy naphtha, tube oil, white oil or a
vacuum distilation cut containing Cioae PNAS, with sulfur trioxide {(80Osz). The resulting

“petroleum sulfonate” is a mixture that can comprise sulfonated benzenoid (both alkyl arvl

9.
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and aryl), cycloaliphatic and paraffinic (alkyl) hydrocarbons in various ratios to one another
depending on the nature of the sowrce petroleam fraction.  Another benefit is that the
produced petroleurn sulfonate 5 both water and hydrocarbon soluble.  An example of a
commercially-available product that contains petroleum sulfonate is PETRONATER EOR-

2095 sodium sulfonate from Chemtura.

6841} The size of the sparingly soluble surfactant-metal salt particle can be controlled by the
addition rates of anjonic surfactant and the roctal salt while in aqueous solution. Since the ol
reservoir pore sizes vary, a distribution of different particle sizes can be used accordingly to
help o recovery throughout a hydrocarbon-bearing formation.  The sparingly solable

surfactant-metal salt particles can be polydisperse.

136421 Process variables including temperature, flow rate of introduced reactants relative to
the reactor volume, concentration of components, stirring rate in & batch reactor can all have
an effect on controlling the particle size of the sparingly soluble surfactant-metal salt particle
such that the average particle size diameter of about 530 nyu to about 450 nm s achieved. For
example, the attributes of the mtroduced aqueous sohution of the metal ion salt atfects the
particle size of the sulfonated surfactant salt particle. An embodiment of the method of
producing a sparingly sohuble surfactant-metal salt particle includes where the metal 1on salt
concentration s in a range of from about 8.1 to about 20 wt. % of the agueous solution
containing the metal ion salt, Where the reactor has a fixed volume, an embodiment of the
method includes where the aqueous solution containing the metal 1on salt has a residence

time in 8 range of from about §.33 minutes to about 3 minutes in the reactor.

3843} The attributes of the introduced agueous solution containing the sulfonate surfactant
and the polymer affects the particle size of the sulfonated surfactant salt particle. An
embodiment of the method of producing a sparingly soluble surfactant-metal salt particle
imchides where the sulfonate surfactant is selected from the group consisting of an alkyl
sulfonate, an alkyl aryl sulfonate, and combinations thereof. An embodiment of the method
inchudes where the alkyl aryl sulfonate i1s dodecyl benzene sulfonate. An embodiment of the
method inchides where the sulfonate surfactant comprises a mixture of a petroleum sulfonate
and dodecyl benzene sulfonate. An embodiment of the method inchudes where the polymer is
selected from the group consisting of polyacrviamide, polyvinyl acetate, polyviny! alcohol,
xanthan gum, gelatins, a hydrophobically modified hydrophilic polymer, and combinations
thereof. An embodiment of the method includes where the sulfonated surfactant salt particle

comprises the metal ion salt of dodecyl benzene suifonate, the metal ion salt of sulfonated

-10-
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petroleum and a hydrophobically modified hydrophilic polyvmer. An embodiment of the
method inclodes where the selfonate surfactant concentration is n a range of from about 0.1
to about 20 wi. % of the aqueous solution containing the sulfonate surfactant and the
polymer. An cmbodiment of the method includes where the polymer concentration is in a
range of from about 0.1 to about 20 wt. % of the agqueous solution containing the sulfonate
surfactant and the polymer. Where the reactor has a fixed volume, an embodiment of the
method includes where the solution containing the sulfonate surfactant and the polymer are
introduced into the reactor such that the sulfonate surfactant and the polymer have a residence

time in a range of from about 8.17 munutes to about 1.5 mimates in the reactor.

[3644] An embodiment of the method of producing a sparingly soluble surfactant-metal salt
particle includes where the solution containing the sulfonate surfactant and the polymer s a

non-aqueous sofution.

[3845] An embodiment of the method of producing a sparingly soluble surfactant-metal salt
particle includes where the reactor is operated such that a teroperature is maintained in a
range of from about § °C to about 95 °C during sparingly soluble surfactant-metal salt
particle formation. An embodiment of the method includes where the reactor is a batch-type
mixing reactor and the reactor is maintained at a mixing rate of 10 to 5,000 RPM during
sulfonate surtactant salt particle formation. An embodiment of the method includes where the
reactor 18 operated such that the sulfonated surfactant salt particle has an average particle size

diameter in 3 range of from about 5¢ nm to about 200 nm.

38461  In an embodiment of the method of preparation, between about 8.05 and about §
weight percent a metal ion salt at teraperatures about 0 °C and about 90 °C 15 added to about
0.05 to about 5 weight percent of alkyl sulfonate with vigorous stirring,

Methed of Use

186477  An embodiment of the method of treating a hydrocarbon containing formation
inchides introducing a shug of solution containing nano particles of surfactant salts, polymer
and water into the reservoir. The slug is then followed by a water flood. The rates of the
floods are adjusted such that an optirum amount of oil is recovered.

[6848]  In an embodiment of the oil recovery operation, an aqueous dispersion consisting
(.05 t0 5 weight percent of polyroer, and 0.05 to 5§ weight percent of the anionic surfactant

salt particles with mean particle size less than 200 nm, is injected into an o1l containing

-11-
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reservoir. The injected dispersion is then maintained in the reservoir for 1 hour to 1,000

hours, After the shut in period, the dispersion slug is followed by water flooding.
Fxamples

13649} Exaroples of specific emboduments tacilitate a better understanding of compositions
and methods of forming sparingly soluble surfactant-metal salt particles and dispersions of
sparingly soluble surfactant-metal salt particles in agueous surfactant sohitions useful for

EOR. In no way should the Examples ot or define the scope of the invention.

[6058] To deterroine whether the precipitating anionic surfactant salt particle size for a
given preparation is under 200 nm, the particle size is measured by Zetasizer, such as for
example, one made by Malvern Instrument. The number averaged particle size of the anionic

surfactant salt particies is deterroined from the sample.

16651} The resulting salt dispersion is centrifuged and filtered. The supernatant sulfonate

concentration in the saperpatant is measured by the Total Carbon Analyzer.

Example 1:

{68527  This example demonstrates that smoall particle size alumimum sulfonate salt can be
prepared. Two ml of 0.3% partially hydrolyzed polyacrylamide was mixed with two mb of
1% aluminum nitrate nonahydrate at ¢ °C. Nineteen mb of 0.1 wt. % (1004 ppny
PETRONATE® EOR-2095 was then added with vigorous stirving. The resulting precipitate
particle size was measured by the Zetasizer and number averaged particle size was

determined to be 109 nm.

Exanple 2

1365317  This example demonstirates that small particle size calcium sulfonate salt can be
prepared. This example 15 similar to Example 1, except that 1% calcium chloride dehydrate
was used instead of aluminum nitrate nonabydrate. The resulting precipitate particle size was

7

73 nm.

Exampie 3:
[6654]  This example demonstrates that small particle size magnesium sulfonate salt can be
prepared.  This example is similar to Example 1, cxcept that 1% magnesiom chloride

hexahydrate was used instead of aluminum nitrate nonshydrate. The resulting precipitate

particle size was 62 pm.
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Exampie 4:

166557  This example demonstrates that small particle size cobalt sulfonate salt can be
prepared. This example 5 stnilar to Example 1, except that 1% cobalt chioride hexabydrate
was used instead of aluminum nitrate nonahydrate. The resulting precipitate particle size was

87 nm.

Example §:

[8336]  This example demonsirates that the free sulfonate concentration in the supernatant
except that no partially hydrolyzed polyacrylamide solution was added. The resulting salt
dispersion was centrifuged and filtered.  The supernatant sulfonate concentration in the
supernatant was measured by the Total Carbon Analyzer. It was found that the supernatant
contained 63 parts per million of sulfonate, In other words, initial surfactant concentration of
1,000 ppm was reduced to a constant free sulfonate concentration in the supernatant of 63

ppm.

[B657]  This example demonstrates that the free sulfonate concentration in the supernatant
can be modulated by the presence of sulfonate sait. This example is similar to Example §,
except that calcium chloride dihydrate, instead of aluminum nitrate nonabydrate, was used.
The resulting salt dispersion was centrifuged and filiered.  The supernatant sulfonate
concentration in the supernatant was measured by the Total Carbon Analyzer. It was found
that the supernatant contained 83 parts per million of sulfonate. In other words, imtial
surfactant concentration of 1,000 ppm was reduced to a constant free sulfonate concentration
in the supernatant of 83 ppm.

Exampie 7:

[8658]  This example demonstrates that the free sulfonate concentration in the supernatant
can be modalated by the presence of sulfonate salt. This example is similar to Example S,
except that magnesiurg chloride hexahydrate, instead of alurninurn vitrate nonahydrate, was
used. The resulting salt dispersion was centrifuged and filtered. The supematant sulfonate
concentration in the supernatant was measured by the Total Carbon Analyzer. It was found
that the superpatant contained 300 parts per million of sulfonate. In other words, initial
surfactant concentration of 1,000 ppm was reduced to a constant froe sulfonate concentration
in the sapernatant of 380 ppm.

-13-



WO 2015/050759 PCT/US2014/057169

Example &:

[865%]  This example demonstrates that the free sulfonate concentration in the supernatant
can be roodulated by the presence of sulfonate salt. This example is siroilar to Example §,
except that cobalt chioride hexahydrate, instead of aluminum nitrate nonahydrate, was used.
The resulting salt dispersion was centrifuged and filtered. The supernatant sulfonate
concentration in the supernatant was measured by the Total Carbon Analyzer. It was found
that the supernatant contained 106 parts per million of sulfonate. o other words, initial
surfactant concentration of 1,000 ppm was reduced to a constant free sulfonate concentration

in the sapernatant of 136 ppm.

Example 9:

136607  Example 9 demonstrates that the particle size of the cobalt sulfonate salt can be
controfied by the anionic sulfonate surfactant and by cobalt salt fluid introduction flow rates.
A reactor containing 30 mL of water was stirred vigorously at room temperature. A 30 mL of
I wi. % cobalt chloride hexahydrate aqueocus sohution was pamped into the reactor at a rate of
about 10 ral/min. At the sarse time, a 60 ml von-agueous solution containing 0.5 wt. %
PETRONATER EOR-2095 and 5 wt. % HPT-1™ was simultancously pumped into the
reactor at a rate of about 20 mL/min. The resulting average particle size diameter for the
described run was determined to be about 232 wwn. Table | summarizes the average cobalt
sulfonate surfactant salt particle size as a function of three different introduction feed flow
rates of the cobalt salt solution and the petroleum sulfonate surfactant solution. The cobalt
sulfonate surfactant salt particle sizes were measured by a Field Flow Fractionation

mstruroent {Model AF2000; Postoova; Gerroany).

Average Co-
Coion Sulfonate Coion suifonate
solution surfactant soi'n Sulfonate surfactant salt
volume | sol'n volume | residence | surfactant sol'n particle size
flow rate flow rate time residence time diameter
mb/min mbL/min in min nm
10 20 3 1.5 232
30 60 1 0.5 284
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1 80 180 0.33 l 0.17 68

Table 1: Cobalt ion and petroleum sulfonate solution flow rates, residence times and average
cobalt sulfonate surfactant salt particle size for three given sets of feed flow rates.

Example 10

6061

controfied by the anionic surfactant and the zinc salt fluid introduction fiow rates. A reactor

Exarople 10 deroonstrates that the particle size of the zine sulfonate salt can be

containing 30 mL of water was stirred vigorously at room temperature. A 30 mL of 1 wt. %
zine chloride aqueous sohution was pumped into the reactor at a rate of about 10 mL/min. At
the same fime, 4 60 ml non-agueous solution containing 0.5 wt. % PETRONATE® EOR-
2095 and 5 wt. % HPT-1 was simultancously pumped into the reactor at a rate of about 20
mbL/min. The resulting average particle size diameter for the described run was determined to
be about 170 nm. Table 2 summarizes the average ziue sulfonate surfactant salt particle size
as a function of three different introduction feed flow rates of the zinc salt solution and the
petroleum sulfonate surfactant solution. The zinc sulfonate surfactant salt particle sizes were

measured using the Field Flow Fractionation of Exarple 9.

Avarage In-
Znion Sulfonate Znion suifonate
solution surfactant sol'n Sulfonate surfactant salt
volume | sol'nvolume | residence | surfactant sol'n particle size
flow rate flow rate fime residence time diameter
mi/min mi/min min min nm
10 20 3 1.5 170
30 50 1 0.5 269
60 120 0.5 0.25 200

Table 2: Zinc ion and petroleum sulfonate solution flow rates, residence times and average

zinc sulfonate surfactant salt particle size for three given sets of feed flow rates,
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Exampie 11:

[8662] Example 11 demonstrates that the particle size of the aluminum sulfonate salt can
be controlled by the anionic surfactant and the alurmunum salt fluid introduction flow rates. A
reactor containing 30 b of water was stirred vigorously at room temperature. A 30 mL of |
wt. % aluminum nitrate ponahydrate aqueous solotion was pumped into the reactor at a rate
of about 10 mL/min. At the same time, a 60 mL non-aqueous solution containing 0.5 wt. %
PETRONATE®R EOR-2095 and 5 wt. % HPT-1 was siowltancously puraped into the reactor
at a rate of about 20 mL/min. The resulting average particle size diameter for the described
run was determined to be about 43¢ am. Table 3 sumumarizes the average aluminum
sulfonate surfactant salt particle size as a fanction of three different introduction feed flow
rates of the aluminmum salt solution and the petroleum sulfonate surfactant solution. The
aluminum solfonate surfactant salt particle sizes were measwred using the Field Flow

Fractionation of Example 9.

Average Al-
Alfon Sulfonate Alion suifonate
solution surfactant sol'n Sulfonate surfactant salt
volume | solnvolume | residence | surfactant sol'n particle size
flow rate flow rate fime residence time diameter
mi/min mi/min N min nm
10 20 3 1.5 430
60 120 0.5 0.25 374
g0 180 0.33 0.17 275

Table 3: Aluminum ion and petroleum sulfonate solution flow rates, residence times and

average aluminum sulfonate surfactant salt particle size for three given sets of feed flow

rates.,

166637  Example 12 demonstrates that the particle size of the copper sulfonate salt can be
controlied by the anionic surfactant and the copper salt fluid introduction flow rates. A

reactor containing 30 mL of water was stirred vigorously at room temperature. A 30 mL of |

16~
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wt. % copper nitrate hemi{pentahydrate} aquecus solution was pumped into the reactor at a
rate of about 30 ol/min. At the same time, a 60 L non-aqueous solution containing 0.5 wi.
% PETRONATE® HOR-2095 and 5 wi. % HPT-1"™ was simoultaneously pumped mnto the
reactor at a rate of about 20 mb/min. The resulting average particle size diameter for the
described run was determined to be about 366 nm. Table 4 summarizes the average copper
sulfonate surfactant salt particle size as a function of three different introduction feed flow
rates of the copper salt solution and the petroloum sulfonate surfactant solution. The copper

sulfonate surfactant salt particle sizes were measured using the Field Flow Fractionation of

Example 9.

Cu ion Averags Cu-
solution Sulfonate Cuion sulfonate
volume surfactant sol'n Sulfonate surfactant salt

flow sol'nvolume | residence | surfactant sol'n particle size
rate flow rate time residence time diameter
mi/min mL/rmin Min min nm
30 60 i 0.5 366
&0 120 0.5 .25 219
20 180 0.33 047 199

Table 4: Copper ton and petroleum sulfonate solution flow rates, residence times and average

copper suifonate surfactant salt particle size for three given sets of feed flow rates.
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CLAIMS
What is claimed 1s:

i A method of producing a sparingly solable sulfonate-metal salt particle comprising

the steps ofd
introducing an aqueous solution containing a motal ion salt into a reactor;

mtroducing an aqueous solution containing a sulfonate surfactant and a polymer into the

reactor; and

operating the reactor such that the sparingly soluble sulfonate-metal salt particle forms
from the interaction of the metal ion from the salt, the sulfonate surfactant and the

polymer in an agueous soludion;

where the sparingly soluble sulfonate-metal salt particie has an average particle size diameter

in a range of from 50 nm to 450 vm, and

where the sparingly soluble sulfonate-metal salt particle is sparingly soluble in water at room

temperature.

2. The method of claim 1 where the metal ion of the metal ion sali is selected from the
group consisting of cobalt, zing, alumimim, copper and combinations thereof,

3

3. The method of claim | or claim 2 where the metal jon salt concentration 1s in a range

of from 0.1 to 20 wt. % of the aqueous sclution containing the metal ion salt.

4. The method of any one of claims 1 to 3 where the reactor has a fixed volume and
where the solation containing the metal 1on salt is introduced such that the wetal ion salt

countaining solution has a residence tiroe 1o a range of from 0.33 mimutes to 3 minutes in the

reactor.

S. The method of any one of claims 1 to 4 where the sulfonate surfactant is selected from

the group consisting of an alkyl sulfonate, an atkyl aryl sulfonate and combinations thercof.

6. The method of claim 5 where the alkyl ary] sulfonate comprises dodecyl benzene
sulfonate.
7. The method of any onc of clairas 1 to 6 where the sulfonate surfactant comprises a

mixture of a petroleum sulfonate and dodecy! benzene sulfonate.

18-
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oy

&. The method of any one of claims 1 to 7 where the sulfonate surfactant concentration
is in a range of from O.1 to 20 wit % of the aqueous solution containing the sulfonate

surfactant and the polymer.

9. The method of any one of claims 1 to € where the polymer s selected from the group
consisting of polyacrylamide, polyvinyl acetate, polyvinyl alcohol, xanthan gum, gelatins, a

hydrophobically moditfied hydrophilic polymer and combinations thereof.

10. The roethod of any one of claims 1 to 9 where the polymer concentration is in a range
of from 0.1 to 20 wt. % of the aqueous solution containing the sulfonate surfactant and the

polymer.

it The method of any one of claims 1 to 10 where the reactor has a fixed volume and
where the solution containing the sulfonate surfactant and the polymer is introduced such that
the sulfonate surfactant and the polymer solution has have a residence timae in a range of from

(.17 minutes to 1.5 minutes in the reactor.

i12. The method of any one of claums 1 to 11 where the solution containing the sulfonate

surfactant and the polymer is a non-agueous sohution.

13. The method of any one of claims 1 to 12 where the sparingly soluble sulfonate-metal
salt particle comprises a metal ion salt of dodecyl benzene sulfonate, a metal ion salt of a

sulfonated petroleum and a hydrophobically moditied hydrophilic polymer.

14 The method of any one of claims 1 to 13 where the sulfonated sarfactant salt particle
has an average particle size diameter in a range of from 50 nm to 200 am.

15. A sparingly soluble sulfonate-metal salt particle comprises a metal ion salt of an alkyl
aryl sulfonate, a metal ion salt of a petrolewm sulfonate and a hydrophobicaily modified
hydrophilic polymer,

where the sparingly schuble sulfonate-metal salt particle has an average particle size diameter
in a range of from 50 nm to 450 nm, and

where the sparingly soluble sulfonate-metal salt particle is sparingly soluble in water at room
temperature.

16, The sparingly soluble sulfonate-metal salt particle of claim 15 where the alkyl arvl

sulfonate comprises dodecyl benzene sulfonate.
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17. The sparingly soluble sulfonate-metal salt particle of claim 15 or claim 16 where the
metal ion s selected from the group comsisting of cobalt, zine, alumimum, copper and
combinations thereof,

18,  The sparingly soluble sulfonate-metal salt particle of any onc of claims 15 to 17
where the petreleum sulfonate includes sulfonated benzenoid, cycloaliphatic, paraffinic
hydrocarbons aud combinations thereof.

19 The sparingly soluble sulfonate-metal salt particie of any one of claims 15 to 12
having an average particle size diameter in a range of from 50 nim to 200 nm.

28. The sparing soluble sulfonate-metal salt particle of any one of claims 15 to 19 having
a solability in a range of from 50 parts-per-million (ppm} to 300 ppm in water at room

temperature.

-
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