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HYDROPHOBIC-CORE MICROCAPSULES
AND THEIR FORMATION

CROSS REFERENCE TO RELATED
APPLICATION

This application 1s related to co-pending application refer-
enced as KSC-13167 entitled “Hydrophilic-Core Microcap-

sules and their Formation™ filed concurrently, and 1s a con-
tinuation-in-part of U.S. patent application Ser. No. 11/239,
445 entitled “Coatings and Methods for Corrosion Detection

and/or Reduction,” filed Sep. 19, 2005, the contents of which
are commonly assigned and incorporated herein by reference.

STATEMENT OF GOVERNMENT INTEREST

The mvention described herein was made in the perfor-
mance of work under a NASA contract and by an employee of
the United States Government and 1s subject to the provisions
of Public Law 96-317 (35 U.S.C. §202) and may be manu-
factured and used by or for the Government for governmental
purposes without the payment of any royalties thereon or
therefore. In accordance with 35 U.S.C. §202, the contractor
clected not to retain title.

FIELD OF THE INVENTION

The present invention relates generally to microcapsules,
and 1n particular, the present invention relates to hydropho-
bic-core microcapsules and their formation.

BACKGROUND OF THE INVENTION

Metals and metal alloys are present 1n some shape or form
in nearly every facet of our lives. Many metals and metal
alloys are subject to corrosion that causes these metals and
metal alloys to lose their structural integrity. As such, meth-
ods have been developed to detect the presence of corrosion
and to hibit corrosion.

For example, color or fluorescent indicators have been
combined directly with liquid coating materials, such as
paints, temporary coating materials, etc., to indicate corro-
sion, based on the pH or electrical changes associated with
corrosion, when the coating materials are applied to corrosion
containing surfaces. However, problems, such as the solubil-
ity of the indicator in a coating material and/or chemical
reactions, interference with the coating material, etc., can
arise¢ when an indicator 1s combined directly with a coating
material. Another problem 1s that the indicator may not be
compatible with the coating material and may negatively
alfect the coating capability of the coating material when the
indicator 1s combined directly with the coating matenal.

Nondestructive evaluation methods, such as X-ray tech-
niques, including X-ray scattering and X-ray absorption
spectroscopy, are sometimes used to detect the presence of
corrosion under coatings. However, the resolution and/or sen-
sitivity of such methods can make 1t difficult to detect corro-
s1on 1n 1ts early stages. In addition, these techniques can be
excessively time itensive and typically require bulky, expen-
s1ve equipment.

Corrosion inhibitors have also been combined directly
with coating materials. However, directly combining a cor-
rosion inhibitor with a coating material can lead to compat-
ibility 1ssues between the corrosion inhibitor and the coating
material that can negatively afiect the coating properties and/
or reduce the corrosion protection capability of the corrosion

inhibitor.

10

15

20

25

30

35

40

45

50

55

60

65

2

Microcapsules, containing a corrosion inhibitor, have been
added to protective coatings, such as paints, that are applied to
metal surfaces and dried. The microcapsules have a frangible
wall material that confines the corrosion inhibitor until the
dried coating i1s subjected to a mechanical force, due to an
impact, abrasion, or cutting, etc., suificient to fracture and
fragment the wall maternial. When the fracture occurs, the
corrosion mnhibitor leaks into and spreads through damage
sites to provide corrosion protection. However, there can be
other defects in a coating applied to a surface besides those
caused by mechanical forces, such as air bubbles occurring in
the coating, pin holes occurring in the coating, uneven coating
thickness, poor coating adhesion to an unclean metal sub-
strate, poor coating adhesion at corners, etc., that can result in
corrosion of the metal. In addition, the frangible capsules may
include a dye that marks the damage sites for notice and
possible detailed repair, but the dye i1s only released in
response to the fracture of the capsules and indicates
mechanical damage that could possibly, but not necessarily,
result 1n corrosion.

SUMMARY OF THE INVENTION

Hydrophobic-core microcapsules and methods of their for-
mation are provided. A hydrophobic-core microcapsule may
include a shell that encapsulates a core substance which can
be dissolved or dispersed in a hydrophobic matenal, such as
dye, corrosion indicator, corrosion inhibitor, film forming
compound, healing agent, or various combinations thereof.
The hydrophobic-core microcapsules may be formed from an
emulsion having hydrophobic-phase dispersed in a hydro-
philic phase, with shell-forming compounds contained 1n the
hydrophilic phase or the hydrophobic phase and the core
substance contained 1n the hydrophobic phase. The shells of
the hydrophobic-core microcapsules may be capable of being
broken down 1n response to being contacted by an alkali, e.g.,
produced during corrosion, contacting the shell. The hydro-
phobic-core microcapsules may be dispersed 1n a coating
formulation, such as paint.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 1llustrates a coating, according to an embodiment.

FIG. 2 illustrates a spherical microcapsule, according to
another embodiment.

FIG. 3 presents a tlowchart of a method for forming hydro-
phobic-core microcapsules, according to another embodi-
ment.

DETAILED DESCRIPTION OF THE INVENTION

In the following detailed description of the invention, ref-
erence 1s made to the accompanying drawings that form a part
hereot, and 1n which 1s shown, by way of 1llustration, specific
embodiments 1n which the invention may be practiced. In the
drawings, like numerals describe substantially similar com-
ponents throughout the several views. These embodiments
are described 1n suificient detail to enable those skilled in the
art to practice the mvention. Other embodiments may be
utilized and structural, logical, and chemical changes may be
made without departing from the scope of the present inven-
tion. The following detailed description is, therefore, notto be
taken 1n a limiting sense, and the scope of the present inven-
tion 1s defined only by the appended claims and equivalents
thereof.

FIG. 1 1llustrates a coating 100, according to an embodi-
ment. Coating 100 includes a coating vehicle 110, such as
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clear or opaque paint, aqueous gel, water, etc., having micro-
capsules 120 dispersed within the coating vehicle 110, e.g.,
by mixing. For embodiments including the aqueous gel, coat-
ing 100 may be a temporary coating. For another embodi-
ment, coating vehicle 110 may be a solvent, such as an ali- 5
phatic hydrocarbon, e.g., aliphatic petroleum distillates.

FI1G. 2 1s an enlarged view of a microcapsule 120, accord-
ing to another embodiment. Microcapsule 120 includes a
shell 130 that contains an encapsulant 140 (e.g., core mate-
rial), such as one or more corrosion indicators, corrosion 10
inhibitors, film-forming compounds, healing agents, or vari-
ous combinations thereof. Encapsulant 140 may be a liquid,
solid, or a gas entrapped 1n acrogel or various combinations
thereot. For some embodiments, encapsulant 140 (e.g., which
may be referred to as a core of the microcapsule) may include 15
a hydrophobic substance, such as oil, or a hydrophilic sub-
stance, such as water, with one or more active substances such
as corrosion indicator, corrosion inhibitor, film-forming com-
pound, healing agent, or various combinations thereof dis-
solved or dispersed therein. For some embodiments, encap- 20
sulant 140 (e.g., which may be referred to as a core of the
microcapsule) may contain only the active substances such as
corrosion indicator, corrosion inhibitor, film-forming com-
pound, healing agent, or various combinations thereof.

A suitable film-forming compound may be a clear varnish, 25
such as an acrylic varnish. A suitable indicator may be a pH
indicator that changes color over the alkaline region, e.g., pHs
from about 8 to about 10, such as phenolphthalein. Another
suitable 1ndicator 1s one that fluoresces, such as 7-hydroxy-
coumarin, coumarin, Rhodamine B, etc., in the presence of or 30
upon the oxidation of a metal or 1n the presence or upon the
formation of a metal cation complex. A suitable corrosion
inhibitor may be sodium nitrate, camphor, polyamine fatty
acid salts 1n a solvent (such as toluene, vegetable oil, etc.),
sodium molybdate, cerium nitrate, sodium phosphate, cal- 35
cium metaborate, or the like. Suitable healing agents include
epoxy resin and its hardeners, siloxane resin and 1ts catalysts,
any one part coating suspension in a solvent or two-part
coating system that would cure at room temperature, or the
like. 40

For some embodiments, microcapsules 120 may be sub-
stantially spherical as shown 1n FIG. 2.

Shell 130 1s broken down or disintegrates 1n the presence of
a base (such as an alkal), e.g., having a pH above about 8, for
releasing encapsulant 140. That 1s, shell 130 1s pH sensitive 45
and breaks down by interacting with a compound, such as an
alkali, having a particular pH. For example, shell 130 breaks
down and releases its contents when an alkali produced dur-
ing a corrosion reaction contacts shell 130.

A microcapsule 120 may be formed by forming an emul- 50
sion having droplets of a hydrophobic substance such as o1l
(e.g., toluene, vegetable o1l, xylene, mineral o1l), a mixture of
hydrocarbons (e.g., diesel fuel), or any other non-water
soluble organic material dispersed in a hydrophilic phase
(c.g., an oil-in-water emulsion). Microcapsules, such as 55
microcapsules 120, formed from emulsions with hydropho-
bic droplets (e.g., hydrophobic phase, such as an o1l phase)
dispersed in a substantially continuous hydrophilic phase
may be termed hydrophobic- (e.g., o1l-) core microcapsules.

A surfactant, such as xanthan gum (available from Fisher 60
Scientific, Inc., Pittsburgh, Pa.), attapuliite clay (e.g., alumi-
num magnesium silicate, such as AT TAGEL® 40, a thickener
available from Engelhard Corporation, Iselin, N.I.), alkyl-
naphthalene sulphonate powder (e.g., Petro BAF® powder
from Akzo Nobel Chemicals, Inc., Chicago, Ill.), and/or mid- 65
level sulfonation kraft lignin dlspersants (e.g., REAX® 83A
availlable from MeadWestvaco Corporation, Stamiord,
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Conn.) 1s added to the emulsion to disperse the o1l in the
water. A pre-polymer, such as an amino resin pre-polymer, a
cross-linking agent having one or more ester and mercapto
groups that are broken down under basic conditions, and one
or more core materials are added to the hydrophobic phase. A
catalyst, such as an morganic or organic acid, 1s added to the
hydrophilic phase. The oi1l-in-water emulsion 1s heated, caus-
ing a polymerization reaction to occur at the water-o1l inter-
tace, which forms shell 130 around encapsulant 140. Such a
process 1s known as an interfacial polymerization process.

It 1s the 1nteraction of alkaline conditions with the shell
material that causes shell 130 to break down under alkaline
conditions. Alternatively, encapsulant 140 can be released
mechanically, such as by scratching or compressing a surface
to which coating 100 1s applied.

A basic condition, e.g., alkaline, often forms 1n the pres-
ence of corrosion 1n a metal or a metal alloy. A basic condition
often forms next to corrosion-induced pits, crevices, etc. For
example, as 1s known 1n the art, when a drop of salt water 1s
applied to steel, the anodic reaction occurs to produce a rust
spot, and the cathodic reaction (i.e., the reduction reaction of
the oxygen 1n the presence ol water) occurs to produce a basic
condition. Therefore, when coating 100 1s applied to a metal
surface, and if corrosion occurs, shells 130 of the microcap-
sules 120 can be exposed to the basic condition (e.g., alkaline)
and will break down under the basic condition resulting from
the corrosion, thereby releasing encapsulant 140. Hereinafter,
corrosion will refer to any chemical or electrochemical pro-
cess 1nvolving the deternioration or degradation of metals,
including pitting, crevice corrosion, dissimilar metal corro-
sion, or the like.

For one embodiment, coating 100 1s temporarily applied to
a metal surface, by spraying or brushing, to detect whether
corrosion has occurred. Examples of a metal surface include
a bare metal surface; a metal surface coated with paint, var-
nish, epoxy, etc.; ametal coated with a previous application of
coating 100; or the like. For example, a coating containing the
microcapsules disclosed herein may be applied as a primer
coating, a top coating, or an mtermediate coating between a
primer coating and a top coating. Other examples of a metal
surface include metal or metal alloy, e.g., a ferrous metal or
alloy. For this embodiment, coating vehicle 110 1s an aqueous
gel and encapsulant 140 includes a suitable indicator, such as
the pH 1ndicator or tlorescent indicator as described above. In
the presence of corrosion, the shells 130 of the microcapsules
120 break down, releasing the indicator. The pH indicator will
change color or the tflorescent indicator will fluoresce to 1ndi-
cate the presence of corrosion. Another example of a tempo-
rary coating 1s a water suspension of microcapsules 120.

Coating vehicle 110 1s not limited to an aqueous gel, or
other temporary coatings, but can be a clear paint or varnish,
opaque paint or varnish, etc., that1s substantially permanently
applied to the metal surface by spraying, brushing, or rolling,
for example. For another embodiment, coating 100 1s applied
substantially permanently to a bare metal surface as a primer
coat that may be clear coated.

For some embodiments, where coating 100 1s substantially
permanently applied, encapsulant 140 may include the indi-
cator or the corrosion inhibitor or both. For other embodi-
ments, encapsulant 140 may include the indicator, the healing
agent, or the corrosion inhibitor, or various combinations
thereol. If corrosion occurs, encapsulant 140, due to shells
130 breaking down 1n the presence of the basic condition
resulting from the corrosion, 1s released, and the corrosion
inhibitor acts to prevent further corrosion, while the indicator
indicates the corrosion location. For another embodiment, a
trauma, such as a scratch, an impact, etc., to coating 100 may
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act to expose metal. The trauma can also break shells 130 so
as to release corrosion mnhibitor that acts to reduce the degree
of the corrosion of the exposed metal.

For another embodiment, where coating 100 1s substan-
tially permanently applied, encapsulant 140 may include the
film-forming compound; the film-forming compound and
corrosion 1nhibitor; the film-forming compound, corrosion
inhibitor, and indicator; the film-forming compound and
healing agent; the film-forming compound, indicator, and
healing agent; or the film-forming compound and the indica-
tor. For example, encapsulant 140 may include the film-form-
ing compound, corrosion inhibitor, indicator, healing agent,
or various combinations thereof. For one embodiment, 1f
coating 100 1s exposed to trauma that causes shells 130 to
break, the film-forming compound covers at least a portion of
the trauma and acts to reduce the degree of any exposed metal
of corroding. For some embodiments, the corrosion inhibitor
acts to Turther reduce the degree of corrosion of any exposed
metal.

Note that 11 corrosion occurs at locations away from the
trauma location due to small breaks in the coating, such as
chups or other coating defects, corrosion mhibitor and film-
forming compound will be released due to shells 130 break-
ing down 1n the presence of the basic condition, resulting
from the corrosion. In other embodiments, the indicator will
indicate the presence of the corrosion.

For some embodiments, the different functions of the core
components can be mcorporated 1nto a coating by encapsu-
lating different core components into the same capsules, or by
incorporating different capsules with different components
within the coating. For example, a portion of microcapsules
120 1n coating 100 may contain corrosion inhibitor and/or the
healing agent and another portion of microcapsules 120 in
coating 100 may contain indicator. In another example, a
portion ol microcapsules 120 1n coating 100 may contain
corrosion inhibitor and/or the healing agent, another portion
of microcapsules 120 1n coating 100 may contain indicator,
and yet another portion of microcapsules 120 1n coating 100
may contain film-forming compound. In another example, a
portion of microcapsules 120 1n coating 100 may contain
film-forming compound and another portion of microcap-
sules 120 in coating 100 may contain indicator. For some
embodiments, microcapsules 120 having different contents
are randomly distributed within coating vehicle 110 so that
microcapsules 120 having the different functions of indicat-
ing, inhibiting, healing, and/or film-forming may be adjacent
cach other, as well as microcapsules 120 having like functions
being adjacent each other.

As 1ndicated above, hydrophobic-core microcapsules,
such as o1l-core microcapsules, may be formed from emul-
s1oms (e.g., o1l-in-water emulsions). These emulsions include
hydrophobic-phase droplets, such as oi1l-phase droplets, (e.g.,
as the dispersed phase) dispersed 1n a hydrophilic phase, such
as a water phase, (e.g., as the continuous phase). If a com-
pound (active substance) 1s hydrophobic, or 1t can be dis-
solved or dispersed 1n hydrophobic substance, (e.g. an o1l),
then 1t 1s possible to encapsulate 1t 1n hydrophobic-core
microcapsules. When a compound does not have sufficient
solubility in the hydrophobic phase, a co-solvent may be used
to 1improve the dissolution of the active compound and facili-
tate the encapsulation process. Similarly, when a compound
cannot be dispersed 1nto o1l to form a reasonably stable sus-
pension (e.g., mndicated by droplets of the compound being,
dispersed throughout the o1l and the compound remaining
dispersed during emulsion formation and encapsulation pro-
cesses), a surfactant may be used to improve the dispersion of
the compound and facilitate the encapsulation process. So 1t
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a compound 1s an o1l, or 1t can be dissolved or dispersed 1n o1l,
with or without the aid of a co-solvent or a surfactant, 1t 1s
possible to encapsulate 1t into o1l-core microcapsules.

Hydrophobic-core microcapsules are typically used for
encapsulating oil-soluble materials, but not water-soluble
materials, such as salts or polar molecules. Water-soluble
materials can be incorporated into oi1l-core microcapsules by
first adding them to a co-solvent, such as a polar co-solvent,
and then adding the resulting solution to the hydrophobic
phase. Alternatively, a surfactant can be added to the hydro-
phobic phase. This will dissolve or disperse the polar or
water-soluble reagents into the hydrophobic phase. The
emulsion (e.g. oil-in-water emulsion) can then be formed by
adding the hydrophobic phase (e.g. o1l phase) to a hydrophilic
phase (e.g. water phase) and a reaction can be mmitiated 1n the
o1l-in-water emulsion to encapsulate oil, with the active sub-
stance dissolved or dispersed therein, into the core of the
hydrophobic-core microcapsules.

In general, oil-core and water-core microcapsules include
an encapsulant contained within a shell (shell 130), such as a
polymeric shell (FIG. 2). For example, the core (encapsulant
140) of an o1l-core microcapsule may include a hydrophobic
substance, such as o1l, an active substance dissolved in the o1l,
with or without the aid of a co-solvent, or an active substance
dispersed in the o1l, with or without the aid of a surfactant. The
active substance dissolved or dispersed 1n the encapsulated
o1l may include a dye, a corrosion indicator, a corrosion
inhibitor, a film-forming compound, a healing agent, or vari-
ous combinations thereol. The encapsulant, 140, of a water-
core microcapsule, may include water, an active substance
dissolved in the water, with or without the aid of a co-solvent,
or an active substance dispersed 1n the water, with or without
the aid of a surfactant. The active substance dissolved or
dispersed in the encapsulated water may include a dye, a
corrosion indicator, a corrosion inhibitor, a film-forming
compound, a healing agent, or various combinations thereof.

The polymeric shell of o1l-core microcapsules may include
a polymer formed from a shell-forming compound (e.g.,
shell-forming precursor) that comprises, consists of, or con-
s1sts essentially of a cross-linking agent having one or more
ester and mercapto groups and/or a film-forming pre-poly-
mer. The shell-forming compound may comprise, consist of,
or consist essentially of about 5 to about 75 percent (e.g.,
about 20 to about S0 percent) by mass ol a cross-linking agent
and about 25 to about 95 percent (e.g., about 50 to about 80
percent) by mass of a film-forming pre-polymer. Examples of
the cross-linking agent include, but are not limited to, pen-
tacrythritol tetrakis(2-mercaptoacetate) or compounds with
similar structure (e.g., pentaerythritol tetrakis(3-mercapto-
propionate) (P'11)), pentaerythritol, dipentaerythritol, dipen-
tacrythritol pentaacrylate tetra(mercaptoacetate ), pentaeryth-
ritol tetra(acrylate), and their derivatives. Examples of the
film-forming pre-polymer include, but are not limited to, urea
formaldehyde pre-polymer resin (e.g., butylated urea-form-
aldehyde resin, such as CYMEL® US80), melamine formal-
dehyde resin, polyurethane prepolymers, polyols, or film
forming monomers, such as urea and formaldehyde solution,
melamine and formaldehyde solution, 1socyanates and vari-
ous glycols, etc. Note that the shell-forming compound forms
the shells of the oil-core and water-core microcapsules.

The microcapsule shell of oil-core microcapsules may
include one or more chemical bonds due to the ester group 1n
the cross-linking agent that are cleavable (e.g., broken down)
at ambient temperature when the surrounding pH changes
due to the occurrence of a corrosion process. For example, the
ester groups may undergo an 1rreversible hydrolysis reaction
under basic pH, e.g., when exposed to an alkall.
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Pentaerythritol tetrakis(2-mercaptoacetate)-type mol-
ecules are normally not a good film former by themselves. As
such, the film-forming pre-polymers, such as urea formalde-
hyde or melamine formaldehyde pre-polymers serve as the
precursor that provides the structure integrity of the capsule
shell.

Cross-linking agents that have three or four functional
groups, such as pentaerythritol tetrakis(2-mercaptoacetate),
pentaerythritol tetrakis(3-mercaptopropionate) (P1T), pen-
tacrythritol, dipentaerythritol, dipentaerythritol pentaacry-
late tetra(mercaptoacetate), and pentaerythritol tetraacrylate
can also provide chemical resistance (e.g. solvent resistance)
to the microcapsule shells.

FIG. 3 1s flowchart of an example process 300 for forming,
hydrophobic- (e.g., 01l-) core microcapsules. At block 310, a
hydrophilic phase (e.g., a water phase) 1s formed by dissolv-
ing or dispersing surfactants (such as High HL.B (hydrophile-
lipophile balance surfactants, e.g., with a HLB value of about
8 to about 18), thickener, and particle or polymer emulsion

stabilizer in water. For example, one or more surfactants, such
as xanthan gum, Petro BAF powder, AITAGEL® 40, REAX

83A®, or ZeMac E400® may be dissolved or dispersed 1n
water one at a time while stirring. Another example of a
surfactant 1s a mixture of branched polyoxyethylene(5) non-
ylphenyl ether (IGEPAL® C0O-520) and polyvinyl alcohol
(PVA).

In general, the hydrophilic phase may include about 0.05 to
about 30 percent, by mass, surfactant and about 70 to about
99.5 percent, by mass, water. For example, the hydrophilic
phase may include about 1 percent, by mass, of the surfactant
having branched polyoxyethylene(3) nonylphenyl ether, (1G-
EPAL® C0O-520) and polyvinyl alcohol (PVA) and about 99
percent, by mass, water. Alternatively, the hydrophilic phase
may include about 5 to about 6 percent, by mass, of a surfac-
tant, including a mixture of xanthan gum, Petro BAF, ATTA-
GEL® 40, and REAX 83A®, and about 94 to about 95
percent, by mass, water.

At block 320 a hydrophobic phase (e.g., an o1l phase) 1s
formed. For example, a monomer and pre-polymer may be
added to o1l to form the hydrophobic phase. For example,
shell-forming compounds comprising, consisting of, or con-
s1sting essentially of a cross-linking agent and a pre-polymer
may be added to the hydrophobic phase. For example, the
shell-forming compounds form the shells of the completed
microcapsules. The active substances such as dye, corrosion
indicator, corrosion inhibitor, film-forming compound, heal-
ing agent, or various combinations thereof may be also added
to the hydrophobic phase. For some embodiments, the hydro-
phobic phase may include two hydrophobic phases that are
formed 1ndividually to avoid the possible mmcompatibility
between different ingredients.

The hydrophobic phase may comprise, consist of, or con-
s1st essentially of a solvent, the shell-forming compound, dye,
corrosion indicator, corrosion inhibitor, film-forming com-
pound, healing agent, or various combinations thereof. Non-
limiting examples of the hydrophobic material include aro-
matic hydrocarbons (such as toluene, xylene), mineral oil,
vegetable o1l, a mixture of hydrocarbons (such as diesel tuel),
or any other nonpolar organic material. The pre-polymer or
the cross-linking agent of the shell-forming compound
should have chemical bonds that are susceptible to a hydroly-
s1s reaction under basic conditions, e.g., the cross-linking
agent should provide an ester group. This causes the shell to
break down when exposed to an alkali. For example, when a
butylated urea-formaldehyde resin (CYMEL® URO0) 1s used
as the pre-polymer, a suitable shell-forming precursor that
provides an ester group may be the cross-linking agent penta
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erythritol tetrakis(3-mercaptopropionate) (PTT). For some
embodiments, a co-solvent, such as ethanol or 1sopropanol
may be added to the hydrophobic phase.

For some embodiments, the hydrophobic phase may
include about 5 to about 20 percent, by mass, pre-polymer,
about 2 to about 20 percent, by mass, cross-linker, about zero
to about 10 percent, by mass, corrosion indicator or corrosion
inhibitor, about zero to about 30 percent, by mass, co-solvent,
and about 20 to about 93 percent solvent.

For embodiments, where two hydrophobic phases are
formed individually, a first hydrophobic phase (hydrophobic
phase I) may include an o1l-soluble surfactant, such as sodium
bis(2-ethylhexyl)sulfosuccinate (AEROSOL® OT) and a
dye, such as water-soluble dye, e.g., Rhodamine B (a fluo-
rescent dye), and/or a healing agent, such as chlorobenzene.
The second hydrophobic phase (hydrophobic phase II) may
include pre-polymer, such as CYMEL® UR0, and a cross-
linking agent, such as penta erythritol tetrakis(3-mercapto-
propionate) (PTT). For embodiments, where the first hydro-
phobic phase 1includes healing agent, the healing agent may
be used as the solvent.

The hydrophobic phase 1s then added to the hydrophilic
phase to form an oil-in-water emulsion at block 330. For
example, the hydrophobic phase may be mixed into the
hydrophilic phase so that hydrophobic phase droplets are
dispersed within the hydrophilic phase. For example, the
oil-in-water emulsion may be about 20 to about 60, percent,
by mass, hydrophobic phase and about 40 to about 80 percent,
by mass, hydrophilic phase. For embodiments, involving two
hydrophobic phases, the hydrophobic phase containing the
surfactant (hydrophobic phase 1) 1s usually added to the
hydrophilic phase before adding hydrophobic phase II con-
taining the pre-polymer and cross-linking agent. The result-
ing oil-in-water emulsion includes o1l droplets that include
hydrophobic phase 1 and hydrophobic phase II and that are
dispersed 1n the hydrophilic phase. For example, the o1l-1n-
water emulsion may be about 1 to about 15 percent, by mass,
hydrophobic phase I, about 10 to about 20 percent, by mass,
hydrophobic phase II, and about 65 to about 89 percent, by
mass, hydrophilic phase. At block 340, a catalyst 1s added to
the o1l-1n-water emulsion. Acids, both inorganic and organic,
can be used as catalysts. For example, an acid may be added
to the oil-in-water emulsion until i1ts pH 1s 1n the range of
about 2 to about 3.

At block 350, the o1l-1n-water emulsion, including the cata-
lyst, 1s heated to a particular temperature, causing an interfa-
cial polymerization reaction. For example, heating the emul-
sion to a temperature that lies 1n the temperature range of
about 50 to about 70° C. may result 1n a reaction time of less
than about 3 hours for solid microcapsule shell (e.g., wall)
formation.

The capsule size can be controlled by the emulsion for-
mula, but the mixing speed of the mixer (e.g., a homogenizer)
during the emulsion formation at block 330 also acts to con-
trol the capsule size. By adjusting both the emulsion formula
and the mixing speed, microcapsules with a relatively narrow
s1ize distribution can be formed. For example, sizes from
about 100 nanometers to about 500 microns can be formed
with a typical size from about 1 to about 5 microns. For other
embodiments, the microcapsules have a size 1n the range from
about 1 to about 50 microns.

The shell forming precursor, such as the cross-linking
agent pentaerythritol tetrakis(2-mercaptoacetate) or penta
erythritol tetrakis(3-mercaptopropionate) (P1T), and urea
formaldehyde or melamine formaldehyde prepolymer or
their monomers, results 1n a desirable combination of the pH
sensitivity and the structural integrity of the shell. Heating
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time can also affect the pH sensitivity and the structural
integrity of the shell. Shorter heating times result in thinner
capsule walls, meaning high pH sensitivity. Increasing the
amount of cross-linking agent can also increase the pH sen-
sitivity of the microcapsule.

After heating for a particular time, and before terminating
the reaction, a sample of the mixture may be tested, e.g., by
centrifuging, to determine whether any of the hydrophobic
phase still remains, which indicates that not all of the hydro-
phobic phase 1s encapsulated, and thus a longer heating time
may be required. If there 1s substantially no remaining hydro-
phobic phase 1n a centrifuged sample, then the solid micro-
capsule walls are formed. After the solid wall forms, the
reaction 1s allowed to continue to allow suificient time for the
microcapsule wall to cure, and then the reaction can be ter-
minated, e.g., by neutralizing the reaction mixture to a pH of
about 7, such as by adding an ammonia water solution.
Another way to determine 11 the solid microcapsule walls are
formed 1s to take an emulsion sample and allow the water
within to evaporate. Then observe the remaining sample. I
liquid o1l remains, the microcapsule wall 1s not yet com-
pletely formed. If only solid particles are observed, then the
solid microcapsules walls are already formed.

Examples 1-8

Preparation of Hydrophobic-Core, e.g. O11-Core
Microcapsules

Hydrophobic-core (o1l-core) microcapsules were prepared
using the following example processes formulas:

TABL.

L1l

1

Example 1A - Empty oil-core microcapsule formula.

Weight (gram)

O1l Phase

U-R0 16
PTT 12
Toluene 121
Isopropanol 50
Water Phase

Water 400
Gum 0.48
BAF 0.96
Attagel 40 9.6
Reax 83 A 12.8

In Example 1A, the water phase was prepared by respec-
tively dissolving water-soluble surfactants, such as xanthan
gum, Petro BAF powder, AT TAGEL® 40, and REAX 83A®,
in water, one at a time, while stirring, as shown in'Table 1. The
o1l phase 1n Example 1A was prepared by adding a pre-
polymer, such as CYMEL® UR0, and a cross-linking agent,
such as penta erythritol tetrakis(3-mercaptopropionate)
(PTT) to the o1l, such as toluene, and stirred, e.g., using a
Powergen 500 homogenizer (available from Fisher Scientific,
Inc.), until mixed. A co-solvent, such as 1sopropanol, was
added to the o1l phase in Example 1A to assist emulsion
formation. The o1l phase was dispersed into the water phase
by stirring, e.g., at a Powergen 500 homogenizer stirrer speed
of about 10000 rpm, to form an oil-in-water emulsion.

When the sizes of the oi1l-phase droplets are substantially
uniform within the emulsion, the polymer shell of the micro-
capsules 1s formed through a polymerization reaction 1niti-
ated by adding the catalyst, e.g., an acid catalyst, such as an
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inorganic and/or organic acid, and heating the emulsion. For
example, sulturic acid (4N H,SO, ) may be added, e.g., a drop
at a time, to the emulsion, while stirring, until the pH 1s about
2 or 3. The emulsion is then heated, e.g., to about 70° C., to
initiate a polymerization reaction, and 1s maintained at about
70° C. for a reaction time of about 2 hours to form oil-core
microcapsules having an average diameter of less than about
S microns.

Oil-core microcapsules containing a core substance
including the corrosion indicator, phenolphthalein, were
formed 1 Example 1B. The o1l phase in Example 1B was
prepared as described above i Example 1A, except that
phenolphthalein 1s dissolved 1n 1sopropanol and the resulting
solution were added to the o1l phase, as shown in the Table 2
below:

TABL.

(Ll

2

Example 1B formula for oil-core microcapsule with pH indicator

Weight (gram)
O1l Phase
U-80 16
PTT 12
Toluene 121
Phenolphthalein 2
Iso-Propanol 50
Water Phase
Water 400
Gum 0.48
BAF 0.96
Attagel 9.6
Reax 83 A 12.8

The resulting microcapsules had a size below about 2
microns, with shells encapsulating a core of toluene and
1sopropanol with phenolphthalein dissolved therein.

Oil-core microcapsules containing a core substance
including the corrosion inhibitor, CeCl; (certum(III) chlo-
ride), were formed using the water phase of Example 1A. The
o1l phase was prepared as described above 1n Example 1A,
except that CeCl; (e.g., CeCl; 7TH,0O) was dissolved 1n a
co-solvent, such as ethanol, and the resulting solution was
added to the o1l phase, as shown 1n Table 3 below:

TABL.

L1l

3

Example 1C formula for oil-core microcapsule with CeCl,

Weight (gram)
Oil Phase
U-R80 16
PTT 12
Toluene 121
CeCl;*7H-,0 2
Ethanol 50
Water Phase
Water 400
Gum 0.48
BAF 0.96
Attagel 40 9.6
Reax 83 A 12.8

Example 2 uses a different process from the process of
65 Example 1A-1C, as shown in Table 4 below. In Example 2, a
corrosion mndicator was dispersed into o1l phase directly. The
o1l phase was dispersed 1into the water phase by stirring, using
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a conventional high shear stirrer at a stirring speed of about
800 to about 1200 rpm, to form the oil-in-water emulsion. 4N
H,SO, was added, a drop at a time, to the emulsion while
stirring, until the pH was about 3. The emulsion was then
heated to about 50° C. to mitiate an interfacial polymerization
reaction. The emulsion was maintained at about 50° C. for a
reaction time of about 3 hours to form o1l-core microcapsules
having an average size of less than about 50 microns, with
shells encapsulating a core of toluene and phenolphthalein
dissolved therein.

TABL

(L]

4

Example 2 formula for oil-core microcapsule with pH indicator.

Weight (gram)

O1l Phase

Cymel U-80 3.85
PTT 0.95
Toluene 27.2
Phenolphthalein 0.5
Water Phase

Water 21.6
Xanthan Gum 0.028
Petro BAF Powder 0.06
Attagel 40 0.6
Reax 83 A 0.83

[

Example 3 uses a water phase somewhat different with that
of Example 2, as shown in Table 5 below. The corrosion
indicator, phenolphthalein, was first dissolved 1n 1sopropanol,
and then the resulting solution was added into the o1l phase.
The mixing speed, the acid catalyst, and the heating method
were kept the same as Example 2. The resulting oil-core
microcapsules had an average size of about 25-30 microns,
with shells encapsulating a core of toluene and 1sopropanol

with phenolphthalein dissolved therein.

TABL.

(L]

D

Example 3 formula for oi1l-core microcapsule with pH indicator.

Weight (gram)

O1l Phase

Cymel U-80 1.9
PTT 0.48%
Toluene 13.6
Phenolphthalein 0.25
Isopropanol 6.3
Water Phase

Water 21.6
Xanthan Gum 0.028
Petro BAF Powder 0.06
Attagel 40 0.3
Reax ®3A 0.83

Microcapsules containing other corrosion indicators, such
as phenol red and fluorescein, were formed using methods
similar to examples 1 A-1C, 2, and 3, using formulas shown in
Tables 6 and 7 below. The preparation of the oil phase
included dissolving phenol red or fluorescein 1 a co-solvent,
such as 1sopropanol, and then adding the resulting solution to
an o1l phase.
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TABL

(Ll
N

Formula for oil-core microcapsule with phenol Red.

Weight (gram)
Oil Phase
U-R80 8
PTT 6
Toluene 60.2
Phenol Red 1
Iso-Propanol 25.2
Water Phase
Water 200
(Gum 0.24
BAF 0.48
Attagel 4.8
Reax ¥3 A 6.4

TABL

L1

7

Formula for oil-core microcapsule with Fluorescein.

Weight (gram)
Oil Phase
U-80 8
PTT 6
Toluene 60.2
Fluorescein 0.5
Iso-propanol 25.2
Water Phase
Water 200
(Gum 0.24
BAF 0.48
Attagel 4.8
Reax ¥3 A 6.4

Oil-core microcapsules with dye may be prepared, accord-
ing to Example 4, e.g., 1n order to observe the dispersing
property of the microcapsules 1n a paint formulation or a
coating formulation. For example, the dye, e¢.g., Rhodamine
B, may be water soluble, and thus 1t dissolves 1n the water
phase, regardless of whether a co-solvent, such as alcohol, 1s
used. The 1dea here 1s to use an oil-soluble surfactant, such as
AEROSOL® OT, that can interact with Rhodamine B, so the

Rhodamine B can be dispersed 1n the o1l phase.

In Example 4, a water phase was formed as described
above 1n conjunction with Example 1, as shown 1n the Table
8 below. An o1l phase I was formed by dissolving Rhodamine
B dye1in AEROSOL® OT and adding the resulting solution to
o1l, such as toluene. An o1l phase 11 was formed by adding
CYMEL® U8B0 and PTT to toluene and stirring. Oil phase I
was added to the water phase first to form an oil-in-water
emulsion. O1l phase II was then added to the oil-in-water
emulsion, a drop at a time, while stirring. A polymerization
reaction was then initiated by adding a catalyst, e.g., an acid
catalyst, and heating the oil-in-water emulsion. For example,
the resulting microcapsules had a core, including toluene,
AEROSOL® OT, and Rhodamine B, and had a size below

about 5 microns.
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TABL,

(L]

8

Example 4 formula for oil-core microcapsule with dve.

Weight (gram)

Water Phase

Water 250
Gum 0.24
BAF 0.5
Attagel 5
Reax ®3A 6.4
Oil Phase (I)

Toluene 34.7
AQT 1.0
Dve (Rhodamine B) 0.96
Oil Phase (II)

Toluene 34.7
U-80 8
PTT 6

Asindicated above, a healing agent may be encapsulated 1n
a microcapsule. Self healing 1s an important function of a
coating containing the microcapsules disclosed herein. For
example, a solvent, e.g., an o1l, such as chlorobenzene, may
be used as a healing agent.

In Example 5, chlorobenzene-containing oil-core micro-
capsules were formed using the formula in Table 9. A water
phase was formed by adding, one at a time 1n order, xanthan
gum, Petro BAF powder, ATTAGEL® 40, and REAX 83A®
to water and dissolving by mixing, e.g., at about 4000 rpm
using the Powergen homogenizer. An o1l phase I was formed
by dissolving AEROSOL® OT and dye, such as Rhodamine
B dye, in chlorobenzene. The o1l phase I was then added into
the water phase under agitation and mixed until a stable

oil-in-water emulsion was formed (e.g., indicated by droplets
of o1l phase I being substantially uniformly dispersed
throughout the water phase). An o1l phase II was formed by
dissolving CYMEL® UR80 and pentaerythritol tetrakis(3-
mercaptoacetate) (P1T) 1n chlorobenzene. Oil phase 11 was
then added to the oil-in-water emulsion, and the oil-in-water
emulsion was mixed until oil-in-water emulsion was stable

(e.g., ndicated by oil-phase droplets, including a solution of

o1l phase I and o1l phase 11, being substantially uniformly
dispersed throughout the water phase).

When the oil-in-water emulsion 1s stable, the pH of the
o1l-in-water emulsion may be adjusted, e.g., to a pH of about
2, using a 4N H,SO,, solution. The temperature of the o1l-1n-
water emulsion 1s then raised, e.g., to about 70° C., to imitiate
a polymerization reaction. The temperature 1s maintained at
about 70° C. for a reaction time of about 3 hours. After about
3 hours, the reacted emulsion was cooled to about room

temperature, and the microcapsules, e.g., having a size of

about 3 to about 5 microns, were separated. Note that the size
of the microcapsules thus formed 1s suitable for coating appli-
cations. The microcapsules have shells encapsulating a core
of AEROSOL® OT and Rhodamine B dye dissolved 1n chlo-

robenzene.

TABL.

L1

9

Example 5 formula for oil-core microcapsule
containing chlorobenzene and a dve.

Weight (gram)

Water Phase

0.12
0.25

(Gum
BAF
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TABLE 9-continued

Example 5 formula for oil-core microcapsule
containing chlorobenzene and a dve.

Weight (gram)
Attagel 1.25
Reax®3 3.2
Water 175
Oil I
AQOT 0.5
dye 2
chlorobenzene 5
Oil I1
URO 4
PTT 3
chlorobenzene 20

In some embodiments, the surfactants xanthan gum, Petro

BAF powder, ATTAGEL® 40, and REAX 83A® may be
replaced by the surfactants IGEPAL® CO-520 and polyvinyl
alcohol (PVA) 1n the water phase. For example, in Examples
6 and 7, oil-core microcapsules were formed using the for-
mulas shown in Table 10 and 11.

After the water phase and the o1l phase were formed and
mixed together to form a stable o1l 1n water emulsion, a
catalyst (para-toluene sulfonic acid (PSTA)) was then added
to the emulsion. After adding the catalyst, the emulsion was
heated to about 70° C. to imtiate a polymerization reaction,
and was maintained at about 70° C. for a reaction time of
about 3 hours. These oi1l-core microcapsules were then sepa-
rated from the water phase by centrifuging at about 5000 rpm.
These o1l-core microcapsules had a core of toluene and etha-
nol encapsulated within the shells.

Using IGEPAL® CO-520 and polyvinyl alcohol (PVA) 1n
the water phase 1n place of xanthan gum, Petro BAF powder,
ATTAGEL® 40, and REAX 83A® resulted 1n a less stable
emulsion that enabled the microcapsules to be more easily
separated from the suspension after the reaction.

TABLE 10

Example 6 formula for empty o1l-core microcapsule.

Weight (gram)
Oil Phase
J-R0 4
PTT 1
toluene 17.3
ethanol 3.2
Water Phase
Water 75
PVA (4%) 25
Igepal CO-520 0.1
Catalyst (PSTA) 0.5
heating 70° C. for 3

TABLE 11

Example 7 formula for oil-core microcapsule with indicator.

Weight (gram)
Oil Phase
UJ-R0 16
PTT 8
toluene 69 .4
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TABLE 11-continued

Example 7 formula for oil-core microcapsule with indicator.

Weight (gram)
ethanol 15.8
phenolphthalein 0.5
Water Phase
Water 300
PVA (4%) 100
Igepal CO-520 0.4
Catalyst (PSTA) 2
heating 70° C. for 3 hours

Oil-core microcapsules containing a pH 1ndicator, such as
phenolphthalein, may be formed using the water-phase sur-
factants of Example 6, as shown 1n Table 12 for Example 8,
wherein an o1l phase was added to a water phase while mixing,
to form a stable emulsion. The catalyst PSTA 1s added to the
emulsion. The emulsion was then heated to about 70° C. to
initiate a polymerization reaction, and was maintained at
about 70° C. for a reaction time of about 3 hours. The micro-
capsules were then separated from the water phase by centri-
fuging at about 5000 rpm. The microcapsules had shells
encapsulating a core of phenolphthalein dissolved in toluene
and ethanol.

Oil-core microcapsules containing water-soluble dye, such
as Rhodamine B, may be formed using the water-phase sur-
factants of Example 6, as shown in Table 12 below. For
example, in Example 8, an o1l phase and a water phase were
formed. The o1l phase was added to the water phase while
mixing to form a stable emulsion. PSTA was added to the
emulsion as a catalyst. After adding the PSTA, the emulsion
was heated to about 70° C. to initiate an interfacial polymer-
1zation reaction, and was maintained at about 70° C. for a
reaction time of about 3 hours. The microcapsules were then
separated from the water phase by centrifuging at about 5000
rpm. The microcapsules had shells encapsulating a core of
Rhodamine B, toluene, and ethanol.

TABLE 12

Example 8 formula for oil-core microcapsule with dve.

Weight (gram)
O1l Phase
J-80 4
PTT 2
toluene 17.3
ethanol 3.9
Rhodamine B 0.5
Water Phase
Water 75
PVA (4%) 25
Igepal CO-520 0.1
Catalyst (PSTA) 0.5
heating 70° C. for 3 hours

Although specific embodiments have been illustrated and
described herein, 1t will be appreciated by those of ordinary
skill 1n the art that any arrangement that 1s calculated to
achieve the same purpose may be substituted for the specific
embodiments shown. Many adaptations of the invention will
be apparent to those of ordinary skill 1n the art. Accordingly,
this application 1s intended to cover any adaptations or varia-
tions of the invention. It1s manifestly intended that this inven-
tion be limited only by the following claims and equivalents
thereof.

10

15

20

25

30

35

40

45

50

55

60

65

16

We claim:
1. A method of forming hydrophobic-core microcapsules
comprising;
forming a hydrophobic phase including a pre-polymer or
monomer, a cross-linking agent, at least one active sub-
stance, wherein said at least one active substance 1s a
corrosion indicator, a corrosion inhibitor, or combina-
tion thereol, an optional co-solvent, and a hydrophobic
substance;
forming a hydrophilic phase;
mixing the hydrophobic phase with the hydrophilic phase
to create and disperse droplets of the hydrophobic phase
within the hydrophilic phase to form an emulsion;

initiating a reaction at an interface of the hydrophilic phase
and the hydrophobic phase to form a solid shell encap-
sulating the hydrophobic phase forming hydrophobic-
core microcapsules, wherein said solid shell includes a
shell wall comprising a compound having one or more
chemical bonds that are broken down when contacted
with an alkali produced during a corrosion reaction
causing the release of the hydrophobic phase, wherein
said alkali has a pH above about 8.

2. The method of claim 1, wherein said cross-linking agent
COmprises one or more ester groups.

3. The method of claim 2, wherein the cross-linking agent
1s selected from fully esterified monomers comprising ethyl-
eneglycol di-2-mercapto acetate, ethyleneglycol di-2-hy-
droxyacetate, pentaerythritol tetrakis(2-hydroxyacetate),
pentaerythritol tetrakis(3-hydroxypropionate), pentaerythri-
tol tetrakis(2-mercaptoacetate), or pentaerythritol tetrakis(3-
mercaptopropionate) or from any number of partially esteri-
fied polyols comprising  glycerol  monoacetate,
neopentylglycol monopropionate, or trimethylolpropane
diacetate.

4. The method of claim 2, wherein the pre-polymer or
monomer 1s selected from the group consisting of urea form-
aldehyde, melamine formaldehyde and other amine formal-
dehyde prepolymers, polyurethane prepolymers, polyols,
1socyanates, and other shell wall forming pre-polymers or
MONoOmers.

5. The method of claim 1, wherein forming the hydrophilic
phase includes the further step of adding one or more surfac-
tants to a hydrophilic substance.

6. The method of claim 1, including a further step of adding
a catalyst to the emulsion.

7. The method of claim 6, wherein the catalyst 1s an acid.

8. The method of claim 1, including a further step of heat-
ing the emulsion.

9. The method of claim 8, including a turther step of heat-
ing the emulsion to a temperature ranging from 50-70° C.
resulting 1n a reaction time of less than about 3 hours for
solid-shell wall formation.

10. A method of forming hydrophobic-core microcapsules
comprising:

forming a first hydrophobic phase including at least one

active substance and at least one surfactant in the
absence of a cross-linking agent and 1n the absence of a
pre-polymer;

forming a hydrophilic phase;

mixing the first hydrophobic phase with the hydrophilic

phase to form an emulsion comprising droplets of the
first hydrophobic phase dispersed in the hydrophilic
phase;

forming a second hydrophobic phase including a cross-

linking agent comprising one or more ester groups and a
pre-polymer in the absence of any active substance;
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mixing the second hydrophobic phase to said emulsion to
form droplets including the first hydrophobic phase and
the second hydrophobic phase dispersed 1n the hydro-
philic phase; and

initiating a reaction at an interface of the hydrophilic phase

and droplets including the first and second hydrophobic
phases to form a single shell encapsulating the first and
second hydrophobic phases forming hydrophobic-core
microcapsules, wherein said single shell includes a shell
wall comprising a compound having one or more chemi-
cal bonds that are broken down when contacted with an
alkali produced during a corrosion reaction causing the
release of the first and second hydrophobic phases,
wherein said alkali has a pH above about 8.

11. The method of claim 1 wherein said shell wall includes
about 20 percent to about 50 percent, by mass, cross-linking
agent and about 50 percent to about 80 percent, by mass,
pre-polymer.

12. The method of claim 1, wherein said at least one active
substance 1s a corrosion indicator that changes color over the
alkaline region of pHs from about 8 to about 10.

13. The method of claim 12, wherein said corrosion indi-
cator 1s phenolphthalein.

14. The method of claim 1, wherein said at least one active
substance 1s a corrosion indicator that fluoresces 1n the pres-
ence ol or upon the oxidation of metal or 1n the presence or
upon the formation of a metal cation complex.

15. The method of claim 14, wherein said corrosion indi-
cator 1s selected from the group consisting of 7-hydroxycou-
marin, coumarin, and Rhodamine B.
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16. The method of claim 1, wherein said at least one active
substance 1s a corrosion inhibitor.

17. The method of claim 16, wherein said corrosion inhibi-
tor 1s selected from the group consisting of sodium nitrate,
camphor, polyamine fatty acid salts in a solvent, sodium
molybdate, certum nitrate, sodium phosphate, and calcium
metaborate.

18. The method of claim 1, wherein said hydrophobic-core
microcapsules have a typical size from about 1 to about 50
microns.

19. The method of claim 10 wherein said emulsion includ-
ing the first hydrophobic phase and the second hydrophobic
phase dispersed in the hydrophilic phase includes:

about 1 to about 15 percent, by mass, the first hydrophobic

phase,

about 10 to about 20 percent, by mass, the second hydro-

phobic phase; and

about 65 to about 89 percent, by mass, the hydrophilic

phase.

20. The method of claim 10 wherein said shell wall
includes about 20 percent to about 50 percent, by mass, cross-
linking agent and about 50 percent to about 80 percent, by
mass, pre-polymer.

21. The method of claim 10, wherein said cross-linking,
agent comprises one or more ester groups.

22. The method of claim 10, wherein said at least one active
substance 1s a corrosion indicator, a corrosion inhibitor, a
film-forming compound, or combinations thereof.

23. The method of claim 10, including a further step of
adding a catalyst to the emulsion.
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