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DEGRADABLE SURFACTANTS AND METHODS FOR USE
BACKGROUND

The present invention relates to methods and compositions for use in subterranean
operations. More particularly, the present invention relates to methods that use degradable
surfactants for generating acids in a subterranean formation.

Surfactants may be used in a variety of subterranean operations. Such operations
include, but are not limited to, drilling operations, stimulation treatments (e.g., fracturing
treatments, acidizing treatments), and completion operations (e.g., sand control treatments).
In these subterranean operations, surfactants may be used for a number of purposes, such as
emulsifying agents, non-emulsifying agents, foaming agents, defoaming agents, viscosifying
(e.g., gelling) agents, dispersants, wetting agents, and the like.

While a variety of surfactants have been used in subterranean operations, various
problems have been associated with their use. For instance, certain surfactants used
heretofore may have undesirable environmental characteristics and/or may be limited by
strict environmental regulations in certain areas of the world. As a result, use of these
surfactants in subterranean operations may result in the potential for the bioaccumulation
and/or persistence of such surfactants in the environment, which may create potential dangers
for their use, such as adverse effects on shrimp and other aqueous aquatic species.
Additionally, certain surfactants may tend to oil wet a surface which may be undesirable in
certain instances.

Degradable materials also are commonly employed in subterranean operations. In
some instances, the degradable materials may be capable of releasing a desirable degradation
product, e.g., an acid, during its hydrolysis. The acid released by certain degradable materials
may be used to facilitate a reduction in viscosity of a fluid or to degrade a filter cake, as well
as for numerous other functions in subterranean operations. However, degradable materials
used heretofore, such as particulate poly(lactic) acid may not be water-soluble.

A variety of viscosified treatment fluids may be used in subterranean operations, such
as drilling fluids, fracturing fluids, and gravel-pack fluids. Oftentimes, after the viscosified
fluid has performed its desired task, it may be desirable to reduce its viscosity so that the
treatment fluid may be recovered from the formation and/or particulate matter may be
deposited within the formation at a desired location. Reducing the viscosity of a viscosified

treatment fluid is often referred to as “breaking” the fluid.
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For some viscosified treatment fluids, viscosity may be related to pH. Thus,
viscosity-reducing agents that reduce the pH of the treatment fluid may be added to reduce
the viscosity of the fluid. Internal breakers, such as enzymes, oxidizers, acids, or
temperature-activated viscosity reducers, also may be used to reduce the viscosity of
viscosified treatment fluids. Unfortunately, these traditional breakers may result in an
incomplete or premature viscosity reduction. Premature viscosity reduction is undesirable as
it may lead, inter alia, to particulates settling out of a fracturing or gravel-packing fluid in an
undesirable location and/or at an undesirable time. Moreover, conventional non-delayed
breakers begin to reduce the viscosity of the viscosified fluid upon addition and continue to
reduce the fluid’s viscosity with time until the fluid is completely broken or until the breaker
is expended. Since the breaking activity begins immediately, it is common practice to start
with excess gelling agent to offset the point at which the viscosity falls below an acceptable
level. Using excess gelling agent is not only an added expense; it also may lead to excessive
friction pressure during treatment placement and/or in additional formation damage.

As an alternative to using traditional breakers, breaking a viscosified treatment fluid
also may be accomplished using just time and/or temperature. For example, the viscosity of
most treatment fluids will reduce naturally if given enough time at a sufficient temperature.
However, such methods generally are not practical as it is generally desirable to return the
well back to production as quickly as possible as opposed to waiting for the viscosity of a
treatment fluid to naturally decrease over time.

Inclusion of an acid-releasing degradable material in a viscosified treatment fluid,
such as a gelled (and optionally crosslinked) treatment fluid, may be used to facilitate a
reduction in viscosity of such fluid. Generally, these degradable materials likely will
hydrolyze over time due to contact with water present in the fluid, thereby releasing an acid.
Upon its release, the acid may function, infer alia, to reduce the viscosity of the viscosified
treatment fluid, for example, by breaking the crosslinks in the treatment fluid, reducing the
pH of the treatment fluid sufficiently to reverse the crosslinks therein, and/or breaking down
the backbone of the gelling agent present in the treatment fluid. In some instances, the acid
released by the degradable materials may breakdown gelling agents at temperatures above
about 150°F.

Degradable materials capable of releasing an acid also may be used in the degradation

of acid-soluble materials present in a subterranean formation, such as the formation itself
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(e.g., in matrix acidizing, fracture acidizing, etc.), calcium carbonate, and acid-soluble
components of completion equipment (such as plugs, sleeves, etc.). In some instances, the
acid released by the degradable material may be used to facilitate the setting of an acid-
settable resin. In some instances, the acid may activate an oxidizer (e.g., sodium chlorite)
that is a stronger oxidizer at a lower pH. In other instances, filter cakes commonly may be
formed by a fluid (e.g., a drill-in and servicing fluid) on the face of a portion of a
subterranean formation, infer alia, to minimize damage to the permeability thereof. The filter
cake often comprises an acid-soluble component (e.g., a calcium carbonate bridging agent)
and a polymeric component (e.g., starch and xanthan). Before desirable fluids, such as
hydrocarbons, may be produced, the filter cake generally is removed. To facilitate the
degradation of the acid-soluble component, a degradable material capable of releasing an acid
may be utilized. Filter cakes also may be removed using an acid where the filter cake does
not contain an acid-soluble component, for example, by degrading the underlying carbonate
adjacent, if the filter cake is present in a carbonate formation. In some instance, to facilitate
the degradation thereof, the filter cake may be contacted by a treatment fluid that comprises
water and the degradable material. The acid produced by the resultant hydrolysis of the
degradable material may interact with the acid-soluble component of the filter cake and/or the
underlying carbonate adjacent to the filter cake in such a way as to facilitate their
degradation. Among other components, the treatment fluid may contain oxidizing agents or
enzymes suitable to facilitate the degradation of the polymeric component of the filter cake.
SUMMARY

The present invention relates to methods and compositions for use in subterranean
operations. More particularly, the present invention relates to methods that use degradable
surfactants for generating acids in a subterranean formation.

In one embodiment, the present invention provides a method of generating an acid
downhole. An example of such a method comprises providing a degradable surfactant;
introducing the degradable surfactant into a well bore that penetrates a subterranean
formation; and allowing at least a portion of the degradable surfactant to degrade, thereby
releasing an acid.

In another embodiment, the present invention provides a method of reducing the
viscosity of a viscosified treatment fluid. An example of such a method comprises providing

a degradable surfactant; allowing at least a portion of the degradable surfactant to degrade,
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thereby releasing an acid; and contacting the viscosified treatment fluid with the acid,
wherein the acid reduces the viscosity of the viscosified treatment fluid.

In yet another embodiment, the present invention provides a method of degrading an
acid-soluble component present within a subterranean formation. An example of such a
method comprises providing a degradable surfactant; introducing the degradable surfactant
into the subterranean formation; allowing at least a portion of the degradable surfactant to
degrade, thereby releasing an acid; and contacting the acid-soluble component with the acid
so that the acid facilitates the degradation of the acid-soluble component.

The features and advantages of the present invention will be readily apparent to those
skilled in the art upon a reading of the description of the preferred embodiments that follows.

DESCRIPTION OF PREFERRED EMBODIMENTS

The present invention relates to methods and compositions for use in subterranean
operations. More particularly, the present invention relates to methods that use degradable
surfactants for generating acids in a subterranean formation. As used herein, the phrase
“degradable surfactant” refers to surfactant molecules, wherein the surfactant molecules
contain a backbone of repeating units of degradable groups, such as esters or other
derivatives, for example, anhydrides, acetals, orthoesters, esteramides, ester ethers, ester
carbonates, or ester urethanes as the degradable hydrophobic portion in the surfactant
molecule attached to the hydrophilic portion, or as the degradable hydrophilic portion in the
surfactant molecule attached to the hydrophobic portion. Upon degradation, the degradable
surfactants should release a degradation product, such as an acid, that may be used to break a
viscosified treatment fluid, degrade an acid-soluble component present in the subterranean
formation, and/or to facilitate the setting of an acid-settable resin. In certain embodiments,
the degradable surfactants may also be used for any of a number of other functions, such as
emulsifying agents, non-emulsifying agents, foaming agents, defoaming agents, viscosifying
(or gelling) agents, dispersants, wetting agents, and the like.

L Degradable Surfactants

The degradable surfactants useful in the present invention may be any suitable
degradable surfactant. Suitable degradable surfactants should release an acid upon
degradation. As previously mentioned suitable degradable surfactants comprise a backbone
that comprises degradable groups that may be a hydrophilic portion or a hydrophobic portion.
Suitable degradable groups include, but are not limited to, esters, anhydrides, acetals,
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orthoesters, esteramides, ester ethers, ester carbonates, ester urethanes, and combinations
thereof. One example of a suvitable degradable surfactant includes degradable block
copolymer surfactants that comprise a hydrophilic polymeric block and a hydrophobic
degradable polymeric block. As used herein, the phrase “degradable block copolymer
surfactant” is intended to be broad enough to include graft copolymers, as well as block
copolymers.

Because the degradable surfactants have built into their structure a bond with limited
stability, degradation of this bond should at least partially decrease the surface activity of the
surfactants. In some embodiments, the degradable surfactants may cleave at the juncture of
the hydrophobic and hydrophilic polymeric block for a particular surfactant molecule, which
may result in the instantaneous disappearance of the surface activity for that surfactant
molecule. As a result, the degradable surfactants are capable of undergoing an irreversible
degradation. The term “irreversible,” as used herein, means that the degradable surfactant
should degrade in situ (e.g., within a well bore) but should not reconstitute or reform in situ
after degradation. The terms “degradation” and/or “degradable” refer to the conversion of
materials into smaller components, intermediates, or end products by the result of hydrolytic
degradation, biologically formed entities (e.g., bacteria or enzymes), chemical reactions,
thermal reactions, or reactions induced by radiation. The degradability of the degradable
surfactants used in the present invention depends, in part, on the backbone structure of the
hydrophobic portion or the hydrophilic portion. For instance, the presence of hydrolyzable
and/or oxidizable linkages in the backbone often yields a degradable surfactant that will
degrade as described herein. The rates at which such surfactants degrade are dependent on
the type of repetitive unit, composition, sequence, length, molecular geometry, molecular
weight, stereochemistry, morphology (e.g., crystallinity, size of spherulites, and orientation),
hydrophilicity, hydrophobicity, surface area, and additives. Also, the environment to which
the degradable surfactant is subjected may affect how it degrades, e.g., temperature, presence
of moisture, oxygen, microorganisms, enzymes, pH, and the like. Upon degradation, the
degradable surfactants may release a desirable degradation product, such as an acid that may
be used to break a viscosified treatment fluid, degrade an acid-soluble component present in
the subterranean formation, and/or to facilitate the setting of an acid-settable resin.

Among other things, degradation of the degradable surfactants may be sensitive to
pH. For example, degradable surfactants comprising an aliphatic polyester hydrophobic
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portion degrade rapidly at a higher pH (e.g., about 9 to about 14) and may be most stable at a
pH of about 6. On the other hand, degradable surfactants comprising a poly(orthoester)
hydrophobic portion are stable at the higher pHs, but poly(orthoesters) may degrade at pHs of
about 8 or less. With an increase in temperature, the hydrolysis of the surfactant should
become faster.

The degradable surfactants should be suitable for use at temperatures that they will
encounter during subterranean operations, for as long a time period as maintenance of their
surface activity is desired for the particular end use. Generally, the rates of degradation
should increase with increasing temperature. At higher bottomhole temperatures (e.g.,
greater than about 150° C, certain degradable surfactants, such as those having ester
carbonates in the backbone, may be suitable for use. One of ordinary skill in the art, with the
benefit of this disclosure, should be able to determine the appropriate degradable surfactant to
use based on, among other things, the particular bottomhole temperatures that may be
encountered.

The function that a particular degradable surfactant useful in the present invention
may perform depends on a variety of factors. These factors may include, but are not limited
to, the choice of the hydrophobic and hydrophilic portions and the relative amounts thereof,
and the presence of any cationic, ionic, non-ionic, amphoteric, or Zwitterionic groups. For
example, whether an oil-in-water (“O/W”) or water-in-oil (“W/0”) emulsion is formed may
be determined by the relative hydrophobicity of the degradable polymeric block or tail and
the hydrophilicity of the hydrophilic polymeric block or head group. The
hydrophilic/lipophilic balance (“HLB”) of the surfactant may provide a quantitative
prediction of whether the surfactant will facilitate the formation of an O/W or a W/O
emulsion. HLB is a well known system that can be determined from the chemical formula of
the surfactant using empirically determined group numbers. For the degradable surfactants
utilized in the present invention, the HLB may be controlled by controlling the length of the
polymeric chain during the polymerization reaction. For example, where the degradable
surfactant is prepared from a glycolide or a lactide, the HLB of the degradable surfactant may
be controlled during the ring-opening by controlling the length of the lactide or glycolide
chains. Even the HLB system is only semi-empirical, and other factors (such as the relative
phase volume of oil and water) may have a considerable influence on the type of emulsion

formed.
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By varying the above-listed factors, the specific properties of the degradable
surfactants such as solubility, wettability, emulsifying, foaming, antifoaming, cloud point,
gelling, solubilizing agent, and the like may be varied. For example, where used as an
emulsifying agent, a degradable surfactant having an HLB of from about 3 to about 6 may be
suitable to stabilize a W/O emulsion. In other embodiments, where used as an emulsifying
agent, a degradable surfactant having an HLB of from about 8 to about 18 may be suitable to
stabilize an O/W. Those of ordinary skill in the art, with the benefit of this disclosure, will be
able to determine the appropriate degradable surfactants to use for a particular application.

An example of a suitable degradable surfactant is described by Formula No. 1 below:

R'
3 | 1] 4
R30+(C)7—C~-0——R
éz
X

Formula No. 1

wherein R! is a hydrogen, alkyl, aryl, alkylaryl, acetyl, or heteroatoms; R? is a hydrogen,
alkyl, aryl, alkylaryl, acetyl, or heteroatoms; R? is hydrogen, alkyl, aryl, alkylaryl, acetyl,
alkoxyl, benzoyl, or heteroatoms; or a group comprising an anionic group, a cationic group,
or a non-ionic group; R*is a group such as H, Na, K, or Li, or a group comprising an anionic
group, a cationic group, or a non-ionic group; m can be an integer between 1 and 20; and X
can be an integer between 2 and 100. The above formula represents a non-limiting example
of a suitable degradable surfactant and numerous other embodiments of degradable
surfactants are suitable for use in the present invention.

The degradable surfactants of the present invention may be formed by any suitable
process, including, but not limited to, polycondensation reactions, ring-opening
polymerizations, free radical polymerizations, anionic polymerizations, cationic
polymerizations,  coordinative  ring-opening  polymerizations,  hydrogen-transfer
polymerization, and any other suitable process. Ionic (e.g., cationic or anionic), non-ionic,
amphoteric, or Zwitterionic head groups may be added prior to or after the process to form
the degradable surfactant. The following exemplary reaction illustrates the preparation of a
suitable degradable polymer with a hydrophobic end tail from a lactide or a poly(lactic acid)

suitable for conversion to a degradable surfactant.
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O "ring opening"
/Uﬁ/CHS Polymerization
H 0
ot /Kﬂ/o Sn(oct),
H3C
3 X 130°C, 16h
vacuum 0

lactide OH
)
Thermal W\/\/\< CHs/m
Condensation .
NN Ny H, H / n-decyl-PLA (hydrophobic tail)
160°C, vacuum

poly(lactic acxd)
Exemplary Reaction No. 1

In some embodiments, the degradable surfactant may be a reaction product of a ring-
opening polymerization reaction of a nucleophile with a cyclic lactone (e.g., a lactide, a
glycolide, or a caprolactone). The nature of the nucleophile, e.g., whether it contains anionic,
cationic, or non-ionic groups, may further help to control the functionality of the degradable
surfactant. Examples of suitable cationic groups that may be added to the degradable
surfactants include, but are not limited to, pyridinium group, primary secondary or tertiary
amines that are protonated at low or middle pH ranges, and quaternary ammonium
compounds and salts thereof. The following example illustrates the ring-opening reaction of
g-caprolactone by N,N-dimethylethanolamine in the presence of a catalytic amount of tin
octanoate and the subsequent quaternization of the reaction product to yield a quaternary

amine cationic surfactant.

0
0
C. Sn(Oct o I
Hs _N—-CHy-CH,—OH + 0 ——(—)3—> H3C/N—CH2-CH2 O-C—(CHb>)s OH
HiC HsC .
N,N-Dimethylethanolamine g-caprolactone DMS
Quarternization

S
CH3SO3 CH2

o
H3C-——N CHy- CHZ—{O C— CHQ)S%OH
CHj

Cationic surfactant

Exemplary Reaction No. 2



WO 2007/039710 PCT/GB2006/003575

9

Examples of suitable anionic groups that may be added to the degradable surfactants
include, but are not limited to, carboxylate groups, phosphate groups, phosphonate groups,
sulfate groups, sulfonate groups, and their salts. For example, the head group may comprise
a salt of a carboxylic acid. A sulfate group may be incorporated into the degradable

surfactant as depicted in the example reaction below.

0 O 0

OH  1.CISO3H, CH,CI o
0 bt o O—:S:—ONSD
CH, o 2. Aqueous NaOH CHy/y O

Anionic surfactant

Exemplary Reaction No. 3

Examples of suitable non-ionic groups that may be added to the degradable
surfactants include, but are not limited to, carboxylic acid (low pH), alcohol, polyols, sugars
(e.g., sorbitan, sorbitol), and amines (neutral and high pH). In yet another embodiment, the
degradable surfactants may be made amphoteric by the incorporation of groups such as amine
alkanoates (e.g., betaines) or alkyl amine oxides. In some embodiments, amphoteric
surfactants may be desirable, among other things, due to their compatibility with other
surfactants, low skin and eye irritation, absorbability onto both positively and negatively
charged surfaces, and low solubility in organic solvents
II. Degradable Block Copolymer Surfactants

In some embodiments of the present invention, suitable degradable surfactants may be
a degradable block copolymer surfactant that comprises a hydrophilic polymeric block and a
hydrophobic degradable polymeric block. Suitable degradable block copolymer surfactants
should release an acid upon degradation. These degradable block copolymer surfactants may
be prepared by any suitable process, including, but not limited to, polycondensation reactions,
ring-opening polymerizations, free radical polymerizations, anionic polymerizations, cationic
polymerizations,  coordinative  ring-opening  polymerizations,  hydrogen-transfer
polymerization, and any other suitable process. Suitable degradable block copolymer
surfactants include block copolymer surfactants, graft copolymer surfactants, and block-graft
copolymer surfactants. Examples of suitable degradable block copolymer surfactants include
linear diblock, triblock, or multiblock arrays, e.g., of the type A-B, A-B-A, B-A-B, A-B-A-B-
A-B, (A-B)n, where A and B are hydrophilic and hydrophobic degradable polymeric blocks,
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respectively, and n is any integer greater than or equal to 1. Degradable block copolymer
surfactants of branched structure and macrocyclic structures, such as those depicted below,

may also be suitable for use in the present invention.

B
B ' q
A+B B—A—B A
A ! \\/
B
Example of Branched Block Copolymer Example of Macrocyclic Structure

Suitable degradable block copolymer surfactants also may include graft copolymers
and block-graft copolymers. An example structure for a block-graft copolymer is listed

below.

~AAAA—  —BBBB—  —A-A-AA—
B B B A AAA B B B

Example of Graft Block Copolymer

In one embodiment, a suitable graft copolymer surfactant may comprise a hydrophilic
polymeric backbone having branches of a hydrophobic degradable polymeric block along its
length, for example, guar grafted with polylactic acid or poly(caprolactone). In another
embodiment, a suitable graft copolymer surfactant may comprise a hydrophobic degradable
polymeric backbone having branches of a hydrophilic polymer along its length.

The hydrophilic polymeric block of the degradable block copolymer surfactants may
comprise any suitable degradable or non-degradable hydrophilic polymer, including, but not
limited to, poly(alkylene glycols) (e.g., poly(ethylene glycol)), poly(alcohols) (e.g.,
poly(vinyl alcohols)), poly(vinyl pyrrolidone), polysaccharides (e.g., dextran, cellulose, guar,
starch, xanthan, etc.), chitins, chitosans, proteins, poly(amino acids) (e.g., poly(aspartic acid),
poly(alkylene oxides) (e.g., poly(ethylene oxides)), poly(amides) (e.g., poly(acrylamide)),
poly(acids) (e.g., poly(acrylic acid)), polyols (e.g., sorbitol, glucose, fructose, mannose, etc.),
and combinations and copolymers thereof. The term “copolymer” as used herein is not
limited to combinations of two polymers, but includes any combination of polymers, e.g.,
terpolymers and the like. In certain embodiments, the hydrophilic polymer block comprises a
poly(alkylene glycol), such as poly(ethylene glycol). Suitable poly(ethylene glycols) include,
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but are not limited to, poly(ethylene glycol) methyl ether. In certain embodiments, the
hydrophilic block comprises a poly(alkylene oxide), such as poly(ethylene oxide). Generally,
the hydrophilic polymeric block of the degradable block copolymer surfactant may have a
number average molecular weight in the range of from about 50 Daltons to about 6,000,000
Daltons. One of ordinary skill in the art, with the benefit of this disclosure, will be able to
determine the appropriate number average molecular weight for the hydrophilic polymeric
block based on a variety of factors, including the desired HLB and the particular function the
degradable surfactant will perform.

The hydrophobic degradable polymeric block of the degradable block copolymer
surfactants may include any suitable polyester, or other derivative, including, but not limited
to, poly(anhydrides), poly(orthoesters), poly(lactic acids), poly(glycolic acids),
poly(caprolactones), poly(hydroxybutyrates), polyether esters, polyester ainides, polyester
carbonates, polyester urethanes, polydioxanones, and combinations and copolymers thereof.
In certain embodiments, the hydrophobic degradable polymeric block comprises a poly(lactic
acid). As used herein, “poly(lactic acid)” refers to a polymer that may be synthesized from
lactic acid by a condensation reaction, or more commonly by ring-opening polymerization of
a cyclic lactide monomer, and is sometimes referred to as “PLA,” “polylactate,” or
“polylactide.” In certain embodiments, the hydrophobic degradable polymeric block
comprises a poly(caprolactone). Suitable poly(caprolactones) include, but are not limited to,
poly(e-caprolactone). Because poly(caprolactone) has five methylene groups in its repeating
unit segment, it is generally more hydrophobic than poly(lactic acid) and thus may be more
suitable for forming an oil-soluble block where desired. Suitable aliphatic polyesters may,
for example, comprise or be substituted with hydrophobic groups, such as alkyl, aralkyl, or
aryl groups, to increase their hydrophobicity if desired. In some embodiments, a suitable
hydrophobic degradable polymeric block of the degradable block copolymer surfactant may
have a number average molecular weight in the range of from about 500 Daltons to about
20,000 Daltons. In other embodiments, a suitable hydrophobic degradable polymeric block
of the degradable block copolymer surfactant may have a number average molecular weight
in the range of from about 1,000 Daltons to about 5,000 Daltons. One of ordinary skill in the
art, with the benefit of this disclosure, will be able to determine the appropriate number

average molecular weight for the hydrophobic degradable polymeric block based on a variety
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of factors, including the desired hydrophilic/lipophilic balance and the particular function for
the surfactant to perform.

To obtain a surfactant suitable for a particular application, the proportion of the
hydrophilic polymeric block to the hydrophobic degradable polymeric block in a degradable
block copolymer surfactant of the present invention may be modified, inter alia, based on the
desired functionality of the degradable block copolymer surfactant. In some embodiments of
the present invention, the hydrophilic polymeric block is present in a degradable block
copolymer surfactant in an amount in the range of from about 5% to about 95% by weight of
the surfactant, and the hydrophobic degradable polymeric block is present in the degradable
block copolymer surfactant in an amount in the range of from about 5% to about 95% by
weight of the surfactant.

One example of a suitable degradable block copolymer surfactant is an A-B diblock
copolymer of poly(ethylene glycol) methyl ether and poly(lactic acid). Another example of a
suitable degradable block copolymer surfactant is an A-B-A triblock copolymer of
poly(ethylene glycol) and poly(lactic acid). Another example of a suitable degradable block
copolymer surfactant is an A-B diblock or an A-B-A triblock copolymer of poly(lactide-co-
glycolide) and poly(ethylene glycol) with an ionizable group on each end of the polymer
chain. Another example of a suitable degradable block copolymer surfactant is a block
copolymer of poly(ethylene glycol) methyl ether and poly(s-caprolactone). Another example
of a suitable degradable block copolymer surfactant is a triblock copolymer of poly(ethylene
glycol) and poly(e-caprolactone).

The degradable block copolymer surfactants useful in the present invention further
may be modified to be ionic, cationic, anionic, amphoteric, or Zwitterionic, if desired. In
some embodiments, at least a portion of a degradable block copolymer surfactant may be
modified. These ionic, cationic, anionic, amphoteric, or Zwitterionic groups may be added to
the ends or sides of the hydrophilic polymeric block or the hydrophobic degradable
polymeric block. Non-ionic groups also may be added to the ends or sides of the hydrophilic
polymeric block or the hydrophobic degradable polymeric block. In certain embodiments,
suitable degradable block copolymer surfactants further may comprise a terminal acid group,
an alcohol group, an amine group, or a tertiary amine group attached to the hydrophilic or

hydrophobic degradable polymeric block.
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While optional, the presence of ionic groups within the hydrophilic polymeric block
of a degradable block copolymer surfactant or as a head group on the hydrophobic degradable
polymeric block may be desired because the high water solubility of such charged groups
may permit the use of a relatively small hydrophilic polymeric block and the interaction of
the charged groups may enhance the stability of the degradable block copolymer surfactants
by inhibiting aggregation. Examples of suitable cationic groups that may be added to the
hydrophilic polymeric block or as a head group to the hydrophobic degradable polymeric
block include, but are not limited to, a pyridinium group; a primary, secondary, or tertiary
amine that are protonated at low or middle pH ranges; and quaternary ammonium
compounds; and salts thereof. For example, a suitable quaternary ammonium degradable

block copolymer surfactant salt is described by Formula No. 1 below:

6"
A_B"R1——N—_‘R3

R4
Formula No. 2

wherein R; is a methylene chain of from 1 to 4 carbons, alkyl, hydroxyl alkyl, ethoxylated
alkyl, or arylalkyl group; Ry is an alkyl, hydroxyl alkyl, ethoxylated alkyl, or arylalkyl group;
R3 is an alkyl, hydroxyl alkyl, ethoxylated alkyl, or an arylalkyl group; Ry is an alkyl,
hydroxyl alkyl, ethoxylated alkyl, or an arylalkyl group; and X is a chlorine, bromine, iodine,
72804, HSO4, CH3S0s3, or the like. A and B may be hydrophilic and hydrophobic degradable
polymeric blocks, respectively, as described previously.

Another example of a suitable quaternary ammonium degradable block copolymer

surfactant salt is described by Formula No. 2 below:

© R, ©
X 2 X
ARy @
Ry—N—Rg5A—B—R—N—R;
Ry
R4

Formula No. 3
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wherein R; is a methylene chain of from 1 to 4 carbons, alkyl, hydroxyl alkyl, ethoxylated
alkyl, or arylalkyl group; R; is an alkyl, hydroxyl alkyl, ethoxylated alkyl, or arylalkyl group;
Rs3 is an alkyl, hydroxyl alkyl, ethoxylated alkyl, or an arylalkyl group; R4 is an alkyl,
hydroxyl alkyl, ethoxylated alkyl, or an arylalkyl group; Rs is a methylene chain of from 1 to
4 carbons, alkyl, hydroxyl alkyl, ethoxylated alkyl, or arylalkyl group; X is a chlorine,
bromine, iodine, S04, HSO4, CH3SOs, or the like. A and B may be hydrophilic and
hydrophobic degradable polymeric blocks, respectively, as described previously.

Examples of suitable anionic groups that may be added to the hydrophilic polymeric
block or as a head group to the hydrophobic degradable polymeric block include, but are not
limited to, carboxylate groups, phosphate groups, phosphonate groups, sulfate groups,
sulfonate groups, and their salts. Examples of suitable non-ionic groups that may be added to
the hydrophilic polymeric block or as a head group to the hydrophobic degradable polymeric
block include, but are not limited to, carboxylic acid (low pH), alcohol, polyols, sugars (e.g.,
sorbitan, sorbitol), and amines (neutral and high pH). In yet other embodiments, charged
groups may be added to both the hydrophilic block and the hydrophobic degradable
polymeric block of the degradable block copolymer surfactants. In yet another embodiment,
the degradable block copolymer surfactants may be made amphoteric by the incorporation of
groups such as amine alkanoates (e.g., betaines) or alkyl amine oxides into the degradable
block copolymer surfactant. In some embodiments, amphoteric surfactants may be desirable,
among other things, due to their compatibility with other surfactants, low skin and eye
irritation, absorbability onto both positively and negatively charged surfaces, and low
solubility in organic solvents.

Techniques that can be used for the preparation of suitable degradable block
copolymer surfactants of the present invention are well known. For example, degradable
block copolymer surfactants useful in the present invention may be formed by any suitable
process, including, but not limited to, polycondensation reactions, ring-opening
polymerizations, free radical polymerizations, anionic polymerizations, cationic
polymerizations,  coordinative = ring-opening  polymerizations,  hydrogen-transfer
polymerization, and any other suitable process. Once prepared, the degradable block
copolymer surfactant, in certain embodiments, may be reacted with certain compounds to add
a terminal acid group thereto, for example, succinic anhydride may be reacted with the

terminal alcohol group of the degradable block copolymer surfactant to get a terminal acid
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group. In one certain embodiment, a suitable A-B diblock copolymer surfactant of
poly(ethylene glycol) methyl ether and poly(lactic acid) that contains a terminal acid group

may be prepared as illustrated below:

0 "ring opening"
CH Polymerization
O)J\/ 3
fo/\/o>~/\o/H + )ﬁ]/o Sn(OCt)z .
n
HsC 130°C, 16h

0 vacuum

0
m-PEG lactide OH
CHs Thermal . n CHs m
0 Condensation
e ol + / m-PEG-b-PLA
n H 0 OH (A-B type diblock copolymer)
m

160°C, vacuum

o0 _0
m-PEG poly(lactic acid) Ov

succinic anhydride

o
\<O/\/O o O\ﬂ/\/COOH
n CHy/ ©

m-PEG-b-PLA-OCOCH,CH,COOH
(A-B type diblock copolymer with terminal acid group)

Exemplary Reaction No. 4

Similarly, in another embodiment, a suitable B-A-B triblock copolymer surfactant of
poly(ethylene glycol) and poly(e-caprolactone) that contains a terminal acid group may be

prepared as illustrated below.
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0 0]
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(B-A-B type triblock copolymer with terminal acid group)

Exemplary Reaction No. 5

In another embodiment, a suitable graft copolymer surfactant that comprises a guar

backbone having branches of poly(e-caprolactone) along its length may be prepared as
illustrated below:

Sn(Oct Q
(Guar)-OH + O:O _n(c_)2> (Guar)-O-[—'CI)—(CHz)5——Oi-nH
o)

g-caprolactone Guar grafted with hydrophobic poly(e-caprolactone)

Exemplary Reaction No. 6

III.  Treatment Fluids of the Present Invention

The treatments fluids of the present invention generally may comprise an

aqueous fluid and a degradable surfactant. As used herein, the term “treatment fluid” refers

to any fluid that may be used in a subterranean operation for a desired function and/or a
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desired purpose. The term “treatment fluid” does not imply any particular action by the fluid
or any particular component thereof. These treatment fluids may include aqueous fluids,
aqueous gels, viscoelastic surfactant gels, oil gels, foamed gels, and emulsions (e.g., W/O or
O/W). Upon degradation, the degradable surfactants may release a desirable degradation
product, such as an acid that may be used to break the treatment fluid of the present invention
or another viscosified treatment fluid, degrade an acid-soluble component present in the
subterranean formation, to facilitate the setting of an acid-settable resin, or any other suitable
function. In certain embodiments, the degradable surfactants may also be used for any of a
number of other functions, such as emulsifying agents, non-emulsifying agents, foaming
agents, defoaming agents, viscosifying (or gelling) agents, dispersants, wetting agents, and
the like.

Suitable aqueous fluids may include, but are not limited to, freshwater,
seawater, saltwater (e.g., saturated or unsaturated), and brines. Those of ordinary skill in the
art will appreciate that an oil gel contains a small quantity of an aqueous fluid, for example in
an amount less than about 1% by weight. The aqueous fluid may be from any source,
provided that it does not adversely affect the stability of the treatment fluids of the present
invention.

Selection of an appropriate degradable surfactant to use for a particular
application will be based on a number of factors, including the acid that will be generated, the
desired degradation rate, desired function, and environmental conditions in the well bore,
such as temperature, pH, and the amount of water present. For example, where the acid will
be used to break the treatment fluid of the present invention or another viscosified treatment
fluid present in the subterranean formation, the acid released by the degradable surfactant
may provide a relatively fast break or a relatively slow break, depending on, for example, the
particular degradable surfactant chosen. In some embodiments, the degradable surfactant
may degrade at a delayed rate to produce an acid that may cause a relatively controlled or
delayed reduction in viscosity of the treatment fluid. In choosing the appropriate degradable
surfactant, one should also consider the acid that will be produced in the context of the
treatment fluid of the present invention. Among other things, the acid should not adversely
affect other components or operations. One of ordinary skill in the art with the benefit of this

disclosure will be able to select a suitable degradable surfactant for the particular application.



WO 2007/039710 PCT/GB2006/003575

18

The appropriate amount of the degradable surfactant to include in the
treatment fluids of the present invention will vary depending upon the particular application.
For example, in certain embodiments, the degradable surfactant should be included in a
treatment fluid of the present invention in an amount sufficient to generate a suitable amount
of acid to reduce the viscosity of the treatment fluid or another viscosified treatment fluid, to
degrade an acid-soluble component present in the subterranean formation, and/or to facilitate
the setting of an acid-settable resin. In certain embodiments, the degradable surfactant of the
present invention is present in the treatment fluids of the present invention in an amount in
the range of from about 0.01% to about 40% by weight of the treatment fluid. In certain
embodiments, the degradable surfactant of the present invention is present in the treatment
fluids of the present invention in an amount in the range of from about 0.1% to about 5% by
weight of the treatment fluid. One of ordinary skill in the art, with the benefit of this
disclosure, will be able to determine the appropriate amount of the degradable surfactant to
include in the treatments fluids for a particular application.

In certain embodiments, the treatment fluids of the present invention may
further comprise a gelling agent. The increased viscosity of the gelled and/or crosslinked
treatment fluid may reduce fluid loss from the treatment fluid of the present invention and/or
allow the treatment fluid to carry particulates (e.g., proppant or gravel particulates). Suitable
gelling agents typically comprise polymers, synthetic polymers, or combinations thereof. A
variety of gelling agents can be used in conjunction with the methods and compositions of the
present invention, including, but not limited to, hydratable polymers that contain one or more
functional groups such as hydroxyl, cis-hydroxyl, carboxylic acids, derivatives of carboxylic
acids, sulfate, sulfonate, phosphate, phosphonate, amino, or amide. In certain exemplary
embodiments, the gelling agents may be polymers comprising polysaccharides, and
derivatives thereof that contain one or more of these monosaccharide units: galactose,
mannose, glucoside, glucose, xylose, arabinose, fructose, glucuronic acid, or pyranosyl
sulfate. Examples of suitable polymers include, but are not limited to, guar gum and
derivatives thereof, such as hydroxypropyl guar and carboxymethylhydroxypropyl guar, and
cellulose derivatives, such as hydroxyethyl cellulose. Additionally, synthetic polymers and
copolymers that contain the above-mentioned functional groups may be used. Examples of
such synthetic polymers include, but are not limited to, polyacrylate, polymethacrylate,
polyacrylamide, polyvinyl alcohol, and polyvinylpyrrolidone. In other exemplary
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embodiments, the gelling agent molecule may be depolymerized. The term “depolymerized,”
as used herein, generally refers to a decrease in the molecular weight of the gelling agent
molecule. Depolymerized gelling agent molecules are described in United States Patent No.
6,488,091, the entire disclosure of which is incorporated herein by reference. Suitable gelling
agents generally are present in the treatment fluids of the present invention in an amount in
the range of from about 0.01% to about 5% by weight of the water therein. In certain
exemplary embodiments, the gelling agents are present in the viscosified treatment fluids of
the present invention in an amount in the range of from about 0.1% to about 2% by weight of
the water therein.

Crosslinking agents may be used to crosslink gelling agent molecules to form
crosslinked gelling agents. Crosslinking agents typically comprise at least one ion that is
capable of crosslinking at least two gelling agent molecules. Examples of suitable
crosslinking agents include, but are not limited to, boric acid, disodium octaborate
tetrahydrate, sodium diborate, pentaborates, ulexite and colemanite, compounds that can
supply zirconium IV ions (such as, for example, zirconium lactate, zirconium lactate
triethanolamine, zirconium carbonate, zirconium acetylacetonate, zirconium malate,
zirconium citrate, and zirconium diisopropylamine lactate); compounds that can supply
titanium IV ions (such as, for example, titanium lactate, titanium malate, titanium citrate,
titanium ammonium lactate, titanium triethanolamine, and titanium acetylacetonate);
aluminum compounds (such as, for example, aluminum lactate or aluminum citrate);
antimony compounds; chromium compounds; iron compounds; copper compounds; zinc
compounds; or combinations thereof. An example of a suitable commercially available
zirconium-based crosslinking agent is “CL-24” available from Halliburton Energy Services,
Inc., Duncan, Oklahoma. An example of a suitable commercially available titanium-based
crosslinking agent is “CL-39” available from Halliburton Energy Services, Inc., Duncan
Oklahoma. Suitable crosslinking agents generally are present in the viscosified treatment
fluids of the present invention in an amount sufficient to provide, inter alia, the desired
degree of crosslinking between gelling agent molecules. In certain embodiments of the
present invention, the crosslinking agents may be present in an amount in the range from
about 0.001% to about 10% by weight of the water in the fracturing fluid. In certain
embodiments of the present invention, the crosslinking agents may be present in the

viscosified treatment fluids of the present invention in an amount in the range from about
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0.01% to about 1% by weight of the water therein. Individuals skilled in the art, with the
benefit of this disclosure, will recognize the exact type and amount of crosslinking agent to
use depending on factors such as the specific gelling agent, desired viscosity, and formation
conditions.

The treatment fluids of the present invention optionally may comprise particulates,
such as proppant particulates or gravel particulates. Particulates suitable for use in the
present invention may comprise any material suitable for use in subterranean operations.

Suitable materials for these particulates include, but are not limited to, sand, bauxite, ceramic

materials, glass materials, polymer materials, TEFLON® materials, nut shell pieces, cured
resinous particulates comprising nut shell pieces, seed shell pieces, cured resinous
particulates comprising seed shell pieces, fruit pit pieces, cured resinous particulates
comprising fruit pit pieces, wood, composite particulates, and combinations thereof. Suitable
composite particulates may comprise a binder and a filler material wherein suitable filler
materials include silica, alumina, fumed carbon, carbon black, graphite, mica, titanium
dioxide, meta-silicate, calcium silicate, kaolin, talc, zirconia, boron, fly ash, hollow glass
microspheres, solid glass, and combinations thereof. The particulate size generally may
range from about 2 mesh to about 400 mesh on the U.S. Sieve Series; however, in certain
circumstances, other sizes may be desired and will be entirely suitable for practice of the
present invention. In particular embodiments, preferred particulates size distribution ranges
are one or more of 6/12, 8/16, 12/20, 16/30, 20/40, 30/50, 40/60, 40/70, or 50/70 mesh. It
should be understood that the term “particulate,” as used in this disclosure, includes all
known shapes of materials, including substantially spherical materials, fibrous materials,
polygonal materials (such as cubic materials), and mixtures thereof. Moreover, fibrous
materials, that may or may not be used to bear the pressure of a closed fracture, may be
included in certain embodiments of the present invention. In certain embodiments, the
particulates included in the treatment fluids of the present invention may be coated with any
suitable resin or tackifying agent known to those of ordinary skill in the art. In certain
embodiments, the particulates may be present in the treatment fluids of the present invention
in an amount in the range of from about 2 pounds per gallon (“ppg”) to about 30 ppg.

Where present, in certain embodiments, the particulates may be at least partially
coated with the degradable surfactant. In certain embodiments, where a degradable surfactant

is included in the treatment fluids of the present invention, at least a portion of the degradable
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surfactant should adsorb onto surfaces of at least a substantial portion of the particulates. For
example, at least a portion of a cationic degradable surfactant should adsorb onto silicate-
based surfaces, such as sand. The amount of the degradable surfactant that should adsorb
onto the particulates depends on a number of factors including the particular degradable
surfactant use, the particulate used, and the presence of other components that may compete
with the degradable surfactant for the surface of the particulate. In some embodiments,
adsorption of the surfactant onto the surface of the particulate may provide a particulate
having a surface that is temporarily water-wet or oil-wet, depending on the particular
degradable surfactant used and the type of particulate used. For example, a cationic
surfactant may adsorb onto the surface of sand, thereby providing a surface that is
temporarily oil wet so that upon degradation of the degradable surfactant the surface of the
particulates may be water wet.

Optionally, the treatment fluids of the present invention may further comprise a
variety of additives, such as gel stabilizers, fluid loss control additives, loss circulation
materials, clay stabilizers, bactericides, combinations thereof, and the like.

IV.  Exemplary Methods of the Present Invention

Upon degradation, the degradable surfactants should release a degradation product,
such as an acid, that may be used in any suitable subterranean operation. For example, the
acid may be used to break a viscosified treatment fluid, degrade an acid-soluble component
present in the subterranean formation, to activate an oxidizer, to provide a particulate surface
that is temporarily oil wet or water wet, and/or to facilitate the setting of an acid-settable
resin. In certain embodiments, the degradable surfactants may also be used for any of a
number of other functions, such as emulsifying agents, non-emulsifying agents, foaming
agents, defoaming agents, viscosifying (or gelling) agents, dispersants, wetting agents, and
the like.

In certain embodiments, the degradable surfactants may be used in a method for
generating an acid downhole. Such a method may comprise providing a degradable
surfactant; introducing the degradable surfactant into a well bore that penetrates a
subterranean formation; and allowing at least a portion of the degradable surfactant to
degrade, thereby releasing an acid. The degradable surfactants may be introduced into the
subterranean formation in a treatment fluid of the present invention. The acid release by the

degradable surfactant may be useful for any of a number of functions, including but not
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limited to, breaking a viscosified treatment fluid, degrading an acid-soluble component
present in the subterranean formation, activating an oxidizer, and/or to facilitate the setting of
an acid-settable resin, such as furan and phenolic resins. In certain embodiments, an acid-
settable resin may be contacted by the acid, thereby facilitating the setting of the acid-settable
resin. The use of acids to facilitate the setting of acid-settable resins is described in United
States Patent No. 4,034,811, the entire disclosure of which is incorporated herein by
reference. In some embodiments, the acid may lower the pH of the treatment fluid so that an
oxidizer (e.g., sodium chlorite) present in the treatment fluid is activated, for example, to
break the backbone of gelling agents present in the treatment fluid (e.g., guar, starch, xanthan,
etc.).

In certain embodiments, the degradable surfactants of the present invention may be
used to break a viscosified treatment fluid. Such a method may comprise providing a
degradable surfactant; allowing at least a portion of the degradable surfactant to degrade,
thereby releasing an acid; and contacting the viscosified treatment fluid with the acid,
wherein the acid reduces the viscosity of the viscosified treatment fluid. In some
embodiments, the degradable surfactant may be present in the viscosified treatment fluid,
such that viscosified treatment fluid is a treatment fluid of the present invention. In another
embodiment, the degradable surfactant may be included in a treatment fluid of the present
invention that contacts the viscosified treatment fluid subsequent to the introduction of the
viscosified treatment fluid into the subterranean formation.

The viscosified treatment fluid that may be broken utilizing the degradable surfactant
may be any viscosified treatment fluid that experiences a reduction in viscosity due to
interaction with an acid, such as due to a reduction in pH, breaking down the backbone of the
gelling agent, and/or breaking the crosslinks in the treatment fluid. These may include, but
are not limited to, aqueous gels, viscoelastic surfactant gels, oil gels, foamed gels and
emulsions. Suitable aqueous gels are generally comprised of an aqueous fluid, a gelling
agent, and an optional crosslinking agent, while suitable emulsions are generally comprised
of an aqueous phase (e.g., water or a brine) and a nonaqueous phase (e.g., a hydrocarbon).
Suitable foamed gels are generally comprised of an aqueous fluid, a gelling agent, a foaming
surfactant, and a gas. Suitable viscoelastic surfactant gels are generally comprises of an

aqueous fluid and a viscoelastic surfactant. Suitable oil gels are generally comprised of an
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organic phase (e.g., diesel, hydrocarbon, etc), a surfactant molecule containing a
crosslinkable group, a crosslinker.

In certain embodiments, the degradable surfactants of the present invention may be
useful for degrading an acid-soluble component that is present in a subterranean formation.
Such methods may comprise providing a degradable surfactant; introducing the degradable
surfactant into the subterranean formation; allowing at least a portion of the degradable
surfactant to degrade, thereby releasing an acid; and contacting the acid-soluble component
with the acid so that the acid facilitates the degradation of the acid-soluble component. The
acid-soluble component may be any acid-soluble component present within the subterranean
formation, including, but not limited to, a portion of the formation itself, calcium carbonate, a
component of a filter cake, and/or an acid-soluble component of a tool (e.g., completion
equipment, such as plugs, sleeves, or the like). In certain embodiments, the acid-soluble
component may be present in a filter cake or be adjacent thereto, such as the formation itself.
In certain embodiments, the acid-soluble component may be the formation itself, for
example, in matrix or fracture acidizing treatments. An example of a suitable acidizing
treatment may comprise providing a treatment fluid comprising an aqueous fluid and a
degradable surfactant; introducing the treatment fluid into a well bore that penetrates a
subterranean formation; allowing at least a portion of the degradable surfactant to degrade,
thereby releasing an acid; and contacting at least a portion of the subterranean formation with
the acid. In certain embodiments, the treatment fluid may be introduced into the well bore at
or above a pressure sufficient to create or enhance one or more fractures in the subterranean
formation.

To facilitate a better understanding of the present invention, the following examples
of certain aspects of some embodiments are given. In no way should the following examples
be read to limit, or define, the scope of the invention.

EXAMPLE 1

Samples of degradable block copolymer surfactants comprising a hydrophilic A block
and an aliphatic polyester B block were synthesized using known literature procedures.

Polymerization of a monomethoxypolyethylene glycol-poly(lactide) (mPEG-b-PLA)
block copolymer (A-B type) was performed according to the following procedure.
Poly(ethylene glycol) methyl ether (Mn: 5000 Daltons) in an amount of 10 grams was
introduced into a flame-dried 100 mL two-neck round-bottomed flask, and dehydrated by



WO 2007/039710 PCT/GB2006/003575
24

heating in an oil bath to 130°C under reduced pressure (1 mL Hg) for 2 hours. The reaction
flask was filled with argon and crystallized lactide (10.08 g, 0.07 mol) was added to the flask.
The mixture was stirred for 30 minutes with a magnetic stirrer. To this mixture was injected
stannous octoate(0.28 g, 0.7 mmol) in 0.3 mL of dry toluene. The mixture was stirred for 10
minutes, and a vacuum was applied to remove the toluene. After the toluene’s removal, the
mixture was heated under argon at 130° C for 16 hours. The polymer formed upon cooling
was dissolved in dichloromethane (125 mL) and ether was added to precipitate the polymer.
The precipitate obtained was filtered and dried in a vacuum oven for 48 hours to afford 18
grams of Copolymer Surfactant No. 1. The mPEG-b-PLA copolymer obtained had a number
average molecular weight of 5000-5000 Daltons.

Additional samples of mPEG-b-PLA copolymers were prepared utilizing the above
procedures. To obtain samples with varying molecular weights and block length of the
hydrophobe, the mole ratio of crystallized lactide to the monomethoxypolyethylene glycol
were varied to control the length of the hydrophobic (B block) so as to provide a series of
polymers. Accordingly, Copolymer Surfactant No. 2 was an mPEG-b-PLA block copolymer
having a number average molecular weight of 5000-3000 Daltons. Copolymer Surfactant
No. 3 was an mPEG-b-PLA block copolymer having a number average molecular weight of
5000-1500 Daltons. Copolymer Surfactant No. 4 was an mPEG-b-PLA block copolymer
having a number average molecular weight of 350-2000 Daltons. And Copolymer Surfactant
No. 5 was an mPEG-b-PLA block copolymer having a number average molecular weight of
5000-15000 Daltons.

Additionally, polymerization of a monomethoxypolyethylene glycol-poly(e-
caprolactone) (mPEG-b-PCL) block copolymer (A-B type) also was performed according to
the above procedure. However, instead of lactide, e-caprolactone was used. Accordingly,
Copolymer Surfactant No. 6 was an mPEG-b-PCL copolymer having a number average
molecular weight of 350-1,500 Daltons. And Copolymer Surfactant No. 7 was an mPEG-b-
PCL copolymer having a number average molecular weight of 350-1500 Daltons.

The samples that were synthesized according to the above procedures are shown
below in Table 1.
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TABLE 1: Sample Degradable Block Copolymer Surfactants

Sample Block Copolymer Mn (Daltons)
Copolymer Surfactant No. 1 mPEG-b-PLA 5000-5000
Copolymer Surfactant No. 2 mPEG-b-PLA 5000-3000
Copolymer Surfactant No. 3 mPEG-b-PLA 5000-1500
Copolymer Surfactant No. 4 mPEG-b-PLA 350-2000
Copolymer Surfactant No. 5 mPEG-b-PLA 2000-5000
Copolymer Surfactant No. 6 mPEG-b-PCL 350-1500
Copolymer Surfactant No. 7 mPEG-b-PCL 350-2000

EXAMPLE 2

Emulsions were prepared utilizing the sample copolymer surfactants that were
prepared in Example 1. Copolymer Surfactant No. 1 in an amount of 2 grams was dissolved
in 25 mL of water. To this solution, 96 mL of dodecane was added and the resulting solution
was stirred with a mixer (Silverson L4ART-W) for about 1 minute. An O/W emulsion was
observed to have formed that stuck to the propeller of the mixer. After mixing, to test the
emulsion, it was dropped into a beaker that contained water and dodecane, as separate phases.
The gel dispersed in the water but not in the dodecane, confirming an O/W emulsion.
Furthermore, this emulsion was stable at room temperature for multiple days. The emulsion
was heated to 80° C. After four hours at this temperature, a portion of the dodecane separated
and complete separation of the two phases was observed after 24 hours. According to the
above procedure, O/W emulsions were also formed utilizing 1 gram of Copolymer
Surfactants Nos. 2 and 3, respectively.

W/O emulsions were also prepared utilizing Copolymer Surfactant No. 6 that was
prepared in Example 1. Copolymer Surfactant No. 6 in an amount of 1 gram was dissolved
in a 10 mL mixture that comprises toulene and dodecane in a 1:1 ratio by weight. To this
solution, 30 mL of water was added, and the resulting solution was stirred with the mixer for
about 1 minute to form a W/O emulsion.

Therefore, Example 2 indicates that degradable surfactants of the present invention
comprising a block copolymer comprising an aliphatic polyester portion and a hydrophilic

portion may be used to form stable emulsions.
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EXAMPLE 3

Foams were prepared utilizing the copolymers that were prepared in Example 1.
Copolymer Surfactant No. 1 in an amount of 1.8 grams was dissolved in 800 grams of water.
The resulting solution was stirred in a foam blender for 2 minutes to form a foam. The
foamed solution was poured into a beaker and allowed to settle. The foam completely
disappeared in 2 hours. To determine tolerance to calcium ions, 2 grams of calcium chloride
was then added to the sample. After the addition of the calcium chloride, the solution was
stirred in the foam blender for two minutes. The solution containing calcium chloride
foamed. Foams were also prepared using Copolymer Surfactants Nos. 2, 3, 5, and 6.

Accordingly, Example 3 indicates that degradable surfactants of the present invention
comprising a block copolymer comprising an aliphatic polyester portion and a hydrophilic
portion may be used to form foams and addition of calcium ions did not impact adversely
impact foaming,

EXAMPLE 4

The following example was performed to determine the water drainage from a foam
prepared using Copolymer Surfactant No. 2 that was prepared in Example 1. For this
example, Copolymer Surfactant No. 2 in an amount of 1 gram was dissolved in 500 mL of
water. The resulting solution was stirred in a jar at 12,000 rpm to form a foam. The resulting
foam was then transferred to a 1-liter graduated cylinder, and the drainage of water at the
bottom of the graduated cylinder was measured for a period of 10 minutes. The above
procedure was repeated utilizing PLURONIC® F108, an ethylene oxide-propylene oxide-
ethylene oxide block copolymer that is commercially available from BASF Corporation,

Florham Park, New Jersey. The results of Example 4 are shown below in Table 2.
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TABLE 2: Foam Water Drainage

Time (min) Water Drainage (mL): Water Drainage (mL):
Copolymer Surfactant No. 2 Foam | PLURONIC® F108 Foam
1 80 50
2 150 120
3 250 170
4 380 320
5 400 345
6 410 360
7 422 375
8 430 385
9 438 395
10 445 402

Accordingly, Example 4 indicates that degradable surfactants of the present invention
comprising a block copolymer comprising an aliphatic polyester portion and a hydrophilic
portion may be used to form foams.

EXAMPLE 5

Two sample fluids were prepared to illustrate the acid generated by the sample
copolymer surfactants prepared in Example 1 and their reaction with calcium carbonate.
These two sample fluids are shown in Table 3 and were prepared using the following
procedure. In a suitable flask, a quantity of water was added. Next, a sample copolymer
surfactant was added to the flask. Copolymer Surfactant No. 5 was added to Sample Fluid
No. 1, and Copolymer Surfactant No. 1 was added to Sample Fluid No. 2. Then the resultant
mixture was mixed with HMP™ gelling agent, a guar-based gelling agent that is
commercially available from Halliburton Energy Services, Duncan, Oklahoma. While
continuing to stir, calcium carbonate was added to the flask. Finally, sodium tetraborate was
added to the flask.
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TABLE 3: Sample Composition

Component Sample 1 Sample 2
Water (mL) 79 79
Copolymer Surfactant No. 1 (g): - 5.6
mPEG-b-PLA (Mn 5000-5000)
Copolymer Surfactant No. 5 (g): 4 -
mPEG-b-PLA (Mn 2000-5000)
HMP™ Gelling Agent (mL) 20 20
Calcium Carbonate (g) 2 2
Sodium Tetraborate (mL) 1 2

Once prepared, each sample fluid was heated to a temperature of 160° F. The CO,
gas generation was then monitored to observe the extent of calcium carbonate degradation
with time. As shown in Table 4, the sample copolymer (Copolymer No 1 in Sample Fluid
No. 2) containing a larger hydrophilic group (PEG) group hydrolyzes more quickly than the

sample copolymer (Copolymer No 5 in Sample Fluid No.1) to generate an acid.

Table 4 illustrates the results for each sample.
TABLE 4: CO,; Gas Generation

CO,Volume (mL)
Time (hr) Sample 1 Sample 2

0 0 0

5 20 55

10 42 68

15 68 104
20 90 118
25 100 -

30 118 -
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Therefore, Example 5 indicates that degradable surfactants of the present invention
comprising a block copolymer comprising an aliphatic polyester portion and a hydrophilic
portion may be suitable for generating an acid that is capable of degrading acid-soluble
components, such as calcium carbonate.

Therefore, the present invention is well adapted to attain the ends and advantages
mentioned as well as those that are inherent therein. The particular embodiments disclosed
above are illustrative only, as the present invention may be modified and practiced in
different but equivalent manners apparent to those skilled in the art having the benefit of the
teachings herein. Furthermore, no limitations are intended to the details of construction or
design herein shown, other than as described in the claims below. It is therefore evident that
the particular illustrative embodiments disclosed above may be altered or modified and all
such variations are considered within the scope and spirit of the present invention. In
particular, every range of values (of the form, “from about a to about b,” or, equivalently,
“from approximately a to b,” or, equivalently, “from approximately a-b”) disclosed herein is
to be understood as referring to the power set (the set of all subsets) of the respective range of
values, and set forth every range encompassed within the broader range of values. Also, the
terms in the claims have their plain, ordinary meaning unless otherwise explicitly and clearly

defined by the patentee.
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What is claimed is:
L. A method of generating an acid downhole comprising:
providing a degradable surfactant;
introducing the degradable surfactant into a well bore that penetrates a
subterranean formation; and
allowing at least a portion of the degradable surfactant to degrade,

thereby releasing an acid.

2. The method of claim 1 wherein the degradable surfactant comprises a
degradable block copolymer surfactant that comprises a hydrophilic polymeric block and a
hydrophobic degradable polymeric block.

3. The method of claim 2 the hydrophilic polymeric block has a number
average molecular weight in the range of from about 50 Daltons to about 6,000,000 Daltons,
and the hydrophobic degradable polymeric block has a number average molecular weight in
the range of from about 500 Daltons to about 20,000 Daltons.

4. The method of claim 2 wherein the degradable block copolymer
surfactant comprises a hydrophilic polymeric backbone grafted with a polylactic acid or a
poly(caprolactone).

5. The method of claim 2 wherein the hydrophilic polymeric block
comprises at least hydrophilic polymer selected from the group consisting of: a
poly(alkylene glycol); a poly(alcohol); poly(vinyl pyrrolidone); a polysaccharide; a chitin; a
chitosan; a protein; a poly(amino acid); a poly(alkylene oxide); a poly(amide); a poly(acid); a

polyol; copolymersthereof, and combinations thereof.

6. The method of claim 2 wherein the hydrophobic degradable polymeric
block comprises at least one hydrophobic polymer selected from the group consisting of: a
polyester, a poly(anhydride), a poly(orthoester), a poly(lactic acid), a poly(glycolic acid), a
poly(caprolactone), a poly(hydroxybutyrate), a polyether ester, a polyester amide, a polyester
carbonate, a polyester urethane, a polydioxanone, copolymers thereof, and combinations
thereof.
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7. The method of claim 2 wherein the degradable block copolymer
surfactant comprises a group selected from the group consisting of: a terminal acid group; an

alcohol group; an amine group; or a tertiary amine group.

8. The method of claim 2 wherein the degradable block copolymer

surfactant is a quaternary ammonium degradable block copolymer salt.

9. The method of claim 1 wherein the degradable surfactant comprises a
block copolymer of an aliphatic polyester and a hydrophilic polymer selected from the group
consisting of a poly(alkylene glycol) and a poly(alkylene oxide).

10.  The method of claim 1 wherein the degradable surfactant comprises a
block copolymer of a hydrophilic polymer selected from the group consisting of a
polyethylene oxide and a poly(lactic acid), and a hydrophobic polymer selected from the

group consisting of a poly(caprolactone) and a poly(lactic acid).

11.  The method of claim 1 wherein the degradable surfactant comprises a
backbone that comprises at least one degradable group selected from the group consisting of:
an ester, an anhydride, an acetal, an orthoester, an esteramide, a ester ether, an ester

carbonate, an ester urethane, and combinations thereof.

12.  The method of claim 1 wherein the degradable surfactant is a

quaternary amine cationic surfactant.

13.  The method of claim 1 wherein the degradable surfactant comprises a
group selected from the group consisting of: a non-ionic group; a cationic group; an anionic

group; an amphoteric group; or a Zwitterionic group.

14.  The method of claim 1 wherein the degradable surfactant comprises a
hydrophobic polymer selected from the group consisting of a poly(lactic) acid and a
poly(caprolactone), the hydrophobic polymer having a head group that comprises a salt of a

carboxylic acid.

15.  The method of claim 1 wherein at least a portion of the degradable

surfactant has the following formula:
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3 | 1] 4
R%0-+(C)7—C-O0-—R
éz

X

wherein R! is a hydrogen, an alkyl, an aryl, an alkylaryl, an acetyl, or a heteroatom; R?is a
hydrogen, an alkyl, an aryl, an alkylaryl, an acetyl, or a heteroatom, R> is a hydrogen, an
alkyl, an aryl, an alkylaryl, an acetyl, an alkoxyl, a benzoyl, a heteroatom or a group
comprising an anionic group, a cationic group, or a non-ionic group; R*isaH,aNa,aK,ora
Li, or a group comprising an anionic group, a cationic group, or a non-ionic group; m is an

integer between 1 and 20; and X is an integer between 2 and 100.

16.  The method of claim 1 wherein the step of introducing the degradable
surfactant into the subterranean formation comprises introducing a treatment fluid comprising

an aqueous liquid and the degradable surfactant into the subterranean formation.

17.  The method of claim 16 wherein the treatment fluid further comprises
particulates.

18.  The method of claim 17 wherein at least a portion of the degradable
surfactant is adsorbed onto a surface of at least a substantial portion of the particulates to
make the surface water wet or oil wet after the adsorption of the degradable surfactant

thereon.

19.  The method of claim 18 wherein the degradable surfactant is a cationic
surfactant that makes the surface oil wet after the adsorption of the degradable surfactant

thereon.

20. The method of claim 1 wherein the acid facilitates a reduction in
viscosity of a viscosified treatment fluid, degrades an acid-soluble component present in the
subterranean formation, activates an oxidizer, facilitates the setting of an acid-settable resin,

or combinations thereof,
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21. A method of reducing the viscosity of a viscosified treatment fluid
comprising:
providing a degradable surfactant;
allowing at least a portion of the degradable surfactant to degrade,
thereby releasing an acid; and
contacting the viscosified treatment fluid with the acid, wherein the

acid reduces the viscosity of the viscosified treatment fluid.

22.  The method of claim 21 wherein the degradable surfactant comprises a
degradable block copolymer surfactant that comprises a hydrophilic polymeric block and a
hydrophobic degradable polymeric block.

23.  The method of claim 21 wherein the degradable surfactant comprises a
block copolymer of an aliphatic polyester and a hydrophilic polymer selected from the group
consisting of a poly(alkylene glycol) and a poly(alkylene oxide).

24.  The method of claim 21 wherein the degradable surfactant comprises a
backbone that comprises at least one degradable group selected from the group consisting an
ester, an anhydride, an acetal, an orthoester, an esteramide, a ester ether, an ester carbonate,

an ester urethane, and combinations thereof.

25.  The method of claim 21 wherein the degradable surfactant is present in

the viscosified treatment fluid.

26. A method of degrading an acid-soluble component present within a
subterranean formation comprising:
providing a degradable surfactant;
introducing the degradable surfactant into the subterranean formation;
allowing at least a portion of the degradable surfactant to degrade,
thereby releasing an acid; and
contacting the acid-soluble component with the acid so that the acid facilitates

the degradation of the acid-soluble component.
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27.  The method of claim 26 wherein the acid-soluble component is
selected from the group consisting of a portion of the subterranean formation, calcium

carbonate, a component of a filter cake, a component of a tool, or a combinations thereof.

28.  The method of claim 26 wherein the degradable surfactant comprise a
degradable block copolymer surfactant that comprises a hydrophilic polymeric block and a
hydrophobic degradable polymeric block.

29.  The method of claim 26 wherein the degradable comprises a block
copolymer of an aliphatic polyester and a hydrophilic polymer selected from the group
~ consisting of a poly(alkylene glycol) and a poly(alkylene oxide).

30.  The method of claim 26 wherein the step of introducing the degradable
surfactant into the subterranean formation comprises introducing a treatment fluid comprising

an aqueous liquid and the degradable surfactant into the subterranean formation.

31.  The method of claim 30 wherein the treatment fluid is introduced into
the subterranean formation at or above a pressure sufficient to create or enhance one or more

fractures in the subterranean formation.
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