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FUNCTIONALIZED SURFACES FOR MULTIPHASE WETTABILITY

FIELD
[0001] The description provides method of manipulating/tailoring wettability of liquids on
physically/chemically modified surfaces under multiphase conditions (i.e. at least two liquids

contacting surface).

BACKGROUND

[0002] Interactions at solid-liquid interfaces are governed by the relative surface energies and
surface tensions of the solid and liquid phase(s). The ability to modify these surface energies
through modification of the solid surface offers the ability to control and manipulate the
interactions and resultant properties, e.g., wettability of the liquid(s). In addition, other related
processes such as adsorption (of liquid) or other solids (that may exist in the liquid phase) can be
controlled.

[0003] The basic theory behind solid-liquid surface interactions can be traced back to Young’s
equation, which gives a simple energy balance to explain how liquids may wet a solid surface. The
Young’s equation essentially states that wettability is governed entirely by surface energies, or in
other words, through surface chemistry. Later on, Wenzel and Cassie-Baxter to incorporate the
effects of surface roughness and texturing provided modifications to Young’s equation.

[0004] Surface functionalization can be achieved through two primary means: physical
functionalization and chemical functionalization. For physical functionalization, the surface is
given a physical attribute such as a roughness or pattern or texture, that can either enhance its
existing attribute (e.g., through Wenzel’s model, enhancing surface roughness can make an
intrinsically hydrophobic surface more hydrophobic), or enable a change in wettability regime
through design of a composite interface (e.g., through the Cassie-Baxter model, design of a suitable
pattern/texture on a surface can stabilize a metastable hydrophobic wetting state on an intrinsically
hydrophilic surface). It should be noted that the design of suitable texture/patterns is still dependent
upon the surface tensions of the contacting liquid(s).

[0005] For chemical functionalization, the surface is imparted a different chemistry by means
of intrinsic functionalization (e.g., doping, surface implantation) or application of an extrinsic
coating onto the solid surface (e.g., low-energy coatings such as Teflon). Pure chemical
functionalization can alter wettability state of a surface only by providing a different Wenzel
wetting condition — generally metastable Cassie-Baxter conditions cannot be created here.

[0006] In most cases, a synergistic application of physical and chemical functionalization may
be necessary to achieve the desired attributes. For example, some low surface-tension liquids (e.g.,

with surface tension values ~ 10-20 mN/m) may yield low contact angles (7.e. high wettability) on
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surfaces that are either physically or chemically modified, but a combination of both approaches
may result in metastable, low-wetting (Cassie-Baxter) states of such liquids on surfaces of interest.
[0007] Primary focus in this area has centered on the development of surfaces that impart
properties such as superhydrophobicity or oleophobicity. This almost always applies to single-
phase liquid systems, where there are three primary components: a surface, a liquid of interest (e.g.,
oil or water) and air (to create or support a metastable C-B state). However, the situation regarding
two-phase or multiphase systems has received relatively little attention. In most real-life situations,
multiphase interactions drive the resultant performance characteristic; thus, surface design for
multiphase wettability is an important consideration for many applications.

SUMMARY

[0008] The present disclosure is directed to methods of manipulating/tailoring wettability of
liquids on physically and/or chemically modified surfaces under multiphase conditions (e.g., more
than one liquid contacting surface). In the current context, the components of the multiphase
system are in contact with the surface of interest, which is designed to modify or manipulate
wettability state(s) of one component, e.g., liquid, preferentially over the other. Furthermore, the
described methods of modifying or tuning the wettability of a surface could enable certain
applications, such as decelerating corrosion, modifying drag in a pipe, and/or enabling separation
of a two-phase liquid system.

[0009] Thus, in one aspect, the description provides a method of modifying or tuning the
wettability of a surface in multiphase conditions including: providing a surface and a multiphase
fluid, wherein there are at least two distinct phases in a liquid solution or emulsion; modifying the
surface chemically, and/or functionalizing the surface physically, wherein the method effectuates
the modification or tuning of the multiphase wettability of the surface.

[0010] In one embodiment, the multiphase fluid is an immiscible or partially miscible mixture
of at least two different liquids with distinct surface tensions. In another embodiment, the method
of modifying or tuning the wettability of a surface in multiphase conditions provides a surface with
at least one liquid contact angle in air to be 90 degrees or higher, and another liquid contact angle
in air to be 20 degrees or lower. In yet another embodiment, the method of modifying or tuning
the wettability of a surface in multiphase conditions provides a surface with one liquid contact
angle in another liquid to be 20 degrees or lower. In yet another embodiment, the method of
modifying or tuning the wettability of a surface in multiphase conditions provides a surface with
one liquid contact angle in another liquid to be 100 degrees or higher. In each of the latter two
embodiments, the liquid of interest (i.e. where the contact angle or wettability is specified) can

have higher or lower surface tension than the other liquid phase.
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[0011] In certain embodiments, the chemical modification in the method of modifying or
tuning the wettability of a surface in multiphase conditions comprises at least one of application of
a coating, ion implantation, surface alloying or other associated techniques or a combination
thereof. In one embodiment, the chemical modification is application of a coating. In certain
embodiments, the coating is at least one of a fluorinated polymer coating or a silicone-based
polymer coating.

[0012] In certain embodiments, the physical functionalization comprises at least one of micro-
patterning, etching, or casting to create a rough or patterned texture. In one embodiment, the
physical functionalization is micro-patterning.

[0013] In certain embodiments, the description provides a method of modifying or tuning the
wettability of a surface in multiphase conditions including: providing a surface and a multiphase
fluid, (e.g., a solution or an emulsion); modifying the surface chemically, and/or functionalizing
the surface physically, wherein the surface is hydrophobic and oleophilic in air and the method
effectuates the modification or tuning of the multiphase wettability of the surface.

[0014] In any of the aspects or embodiments described herein, the surface comprises or is steel.
[0015] In certain aspects, the description provides a micro-patterned fluorinated carbon steel
surface that is produced according to the methods described herein.

[0016] In yet another aspect, the description provides a micro-patterned silicone-treated carbon
steel surface that is produced according to the methods described above.

[0017] In one aspect, the description provides a method of decelerating or reducing corrosion
of a metallic material surface including the steps of: modifying the surface of the metallic material
surface chemically, and/or functionalizing the metallic material surface physically; and exposing
the metallic material surface to a multiphase fluid, e.g., a solution or emulsion, wherein the method
effectuates a reduction in corrosion of the surface as compared to an unmodified metallic material
surface.

[0018] In certain embodiments, the multiphase solution in the method of decelerating corrosion
of a metallic material surface is an immiscible or partially miscible mixture of at least two different
liquids with distinct or disparate surface tensions. In another embodiment, the method of
decelerating corrosion of a metallic material surface provides a surface with at least one liquid
contact angle in air to be 90 degrees or higher in a multiphase solution, and another liquid contact
angle in air to be 20 degrees or lower in the multiphase solution. In yet another embodiment, the
method of decelerating corrosion of a metallic material surface provides a surface with one liquid
contact angle in another liquid to be 20 degrees or lower, so as to provide preferential wetting of

the surface by that particular liquid (e.g. preferential wetting of a surface by oil over water).
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[0019] In certain embodiments, the chemical modification in the method of decelerating
corrosion of a metallic material surface comprises at least one of application of a coating, ion
implantation, surface alloying or other associated techniques or a combination thereof. In one
embodiment, the chemical modification is application of a coating, and the coating is a fluorinated
polymer coating or a silicone-based polymer coating.

[0020] In certain embodiments, the physical functionalization in the method of decelerating
corrosion of a metallic materials surface comprises at least one of micro-patterning, etching, or
casting to create a rough or patterned texture. In one embodiment, the physical functionalization
is micro-patterning.

[0021] In certain embodiments, the description provides a method of decelerating corrosion of
a metallic material surface including: modifying the surface of the metallic material surface
chemically, and/or functionalizing the metallic material surface physically; and exposing the
metallic materials surface to a multiphase fluid, e.g., a solution or emulsion (with two or more
distinct phases); wherein the metallic material surface is rendered hydrophobic and oleophilic in
air through the surface modification techniques noted above, and the method effectuates a
reduction in corrosion of the metallic material surface as compared to an unmodified metallic
material surface.

[0022] In another aspect, the description provides a metallic material surface that is produced
according to the methods as described herein.

[0023] In another aspect, the description provides a method of drag modification in a pipe
including: applying a coating on the internal surface of the pipe and/or functionalizing the internal
surface of the pipe physically through micro-patterning; and exposing internal surface of the pipe
in multiphase conditions, wherein the method effectuates a reduction of drag by preferential
wetting of a less viscous liquid on the surface.

[0024] In one embodiment, the multiphase condition comprises an immiscible or partially
miscible mixture of at least two different liquids with distinct or disparate surface tensions.

[0025] In certain embodiments, the coating in the method of drag modification in a pipe
comprises a fluorinated polymer coating or a silicone-based polymer coating.

[0026] In another aspect, the description provides a pipe that is produced according to the
methods of drag modification in a pipe as described herein.

[0027] In another aspect, the description provides a method of enabling separation of a two-
phase liquid system comprising: providing a material having a surface; selecting a surface
chemistry for enabling separation of a two-phase liquid system; modifying the surface chemically

through applying a coating and/or functionalizing the surface physically through micro-patterning;
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and applying the two-phase liquid on the surface, wherein one of the liquids preferentially wets the
surface.

[0028] In one embodiment, the two-phase liquid system comprises an immiscible or partially
miscible mixture of two different liquids with distinct or disparate surface tensions.

[0029] Where applicable or not specifically disclaimed, any one of the embodiments described
herein are contemplated to be able to combine with any other one or more embodiments, even
though the embodiments are described under different aspects of the invention.

[0030] The preceding general areas of utility are given by way of example only and are not
intended to be limiting on the scope of the present disclosure and appended claims. Additional
objects and advantages associated with the compositions, methods, and processes of the present
invention will be appreciated by one of ordinary skill in the art in light of the instant claims,
description, and examples. For example, the various aspects and embodiments of the disclosure
may be utilized in numerous combinations, all of which are expressly contemplated by the present
description. These additional advantages objects and embodiments are expressly included within
the scope of the present disclosure. The publications and other materials used herein to illuminate
the background of the disclosure, and in particular cases, to provide additional details respecting
the practice, are incorporated by reference.

BRIEF DESCRIPTION OF THE FIGURES

[0031] Fig. 1 illustrates a schematic representation of Young’s contact angle, Wenzel and
Cassie-Baxter Wetting state.

[0032] Fig. 2 illustrates a schematic representation of single phase and multiphase wettability.
[0033] Fig. 3 illustrates the effect of surface functionalization on multiphase wettability for a
surface-oil-water system

DETAILED DESCRIPTION

[0034] Presently described are methods of modifying or tuning the wettability of a surface that
surprisingly and unexpectedly performs well in multiphase conditions. In particular, the described
methods of modifying or tuning the wettability of a surface could enable certain applications, such
as decelerating corrosion, modifying drag in a pipe, and/or enabling separation of a two-phase
liquid system.

[0035] The following is a detailed description of the disclosure provided to aid those skilled in
the art in practicing the present disclosure. Those of ordinary skill in the art may make
modifications and variations in the embodiments described herein without departing from the spirit
or scope of the present disclosure. Unless otherwise defined, all technical and scientific terms used

herein have the same meaning as commonly understood by one of ordinary skill in the art to which
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this disclosure belongs. The terminology used in the description of the disclosure herein is for
describing particular embodiments only and is not intended to be limiting of the disclosure. All
publications, patent applications, patents, figures and other references mentioned herein are
expressly incorporated by reference in their entirety.

[0036] It should also be understood that, unless clearly indicated to the contrary, in any
methods claimed herein that include more than one step or act, the order of the steps or acts of the
method is not necessarily limited to the order in which the steps or acts of the method are recited.
[0037] The following terms are used to describe the present disclosure. In instances where a
term is not specifically defined herein, that term is given an art-recognized meaning by those of
ordinary skill applying that term in context to its use in describing the present disclosure.

[0038] The articles "a" and "an" as used herein and in the appended claims are used herein to
refer to one or to more than one (i.e., to at least one) of the grammatical object of the article unless
the context clearly indicates otherwise. By way of example, "an element" means one element or
more than one element.

[0039] The phrase "and/or," as used herein in the specification and in the claims, should be

elements that are

2

understood to mean "either or both" of the elements so conjoined, i.e.
conjunctively present in some cases and disjunctively present in other cases. Multiple elements
listed with "and/or" should be construed in the same fashion, i.e., "one or more" of the elements so
conjoined. Other elements may optionally be present other than the elements specifically identified
by the "and/or" clause, whether related or unrelated to those elements specifically identified. Thus,
as a non-limiting example, a reference to "A and/or B", when used in conjunction with open-ended
language such as "comprising" can refer, in one embodiment, to A only (optionally including
elements other than B); in another embodiment, to B only (optionally including elements other
than A); in yet another embodiment, to both A and B (optionally including other elements); etc.

[0040] As used herein in the specification and in the claims, "or" should be understood to have
the same meaning as "and/or" as defined above. For example, when separating items in a list, "or"
or "and/or" shall be interpreted as being inclusive, i.e., the inclusion of at least one, but also
including more than one, of a number or list of elements, and, optionally, additional unlisted items.
Only terms clearly indicated to the contrary, such as "only one of or "exactly one of," or, when
used in the claims, "consisting of," will refer to the inclusion of exactly one element of a number
or list of elements. In general, the term "or" as used herein shall only be interpreted as indicating
exclusive alternatives (i.e., "one or the other but not both") when preceded by terms of exclusivity,

such as "either," "one of," "only one of," or "exactly one of."
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[0041] The term “about” or “approximately” means an acceptable error for a particular value
as determined by one of ordinary skill in the art, which depends in part on how the value is
measured or determined. All numerical values within the detailed description and the claims herein
are modified by “about” the indicated value.

[0042] In the claims, as well as in the specification above, all transitional phrases such as

"comprising," "including,

containing," "involving," "holding,

carrying," "having, composed
of," and the like are to be understood to be open-ended, i.e., to mean including but not limited to.
Only the transitional phrases "consisting of' and "consisting essentially of' shall be closed or semi-
closed transitional phrases, respectively, as set forth in the 10 United States Patent Office Manual
of Patent Examining Procedures, Section 2111.03.

[0043] As used herein, unless the context indicates otherwise, the term “surface roughness” or
“roughness” (R) is used in reference to a surface feature of a manufactured item, e.g., a metallic or
alloy component, such as, e.g., for use in a mechanical system. R is quantified by the deviations
in the direction of the normal vector of a real surface from its ideal form. If these deviations are
large, the surface is rough; if they are small, the surface is smooth.

[0044] As used herein, unless the context indicates otherwise, the term “multiphase” is a
condition created due to the presence of one or more immiscible or partially miscible liquids, that
results in at least two distinct phases of a fluid, e.g., liquid(s). In the current context, the phases are
in contact with the surface of interest, which is designed to modify or manipulate wettability
state(s) of one component of the multiphase fluid, e.g., liquid, such as a solution or emulsion,
preferentially over the other.

[0045] As used herein, unless the context indicates otherwise, the term “contact angle” is the
angle between the solid and liquid surfaces. Wetting is characterized by the contact angle. If the
liquid or oil wets the surface (referred to as a hydrophilic/oleophilic surface), the value of the
contact angle is 0° < 6 < 90°, whereas, if the liquid or oil does not wet the surface (referred to as a
hydrophobic/oleophobic surface), the value of the contact angle is 90° < 6 < 180°. The term
hydrophobic/philic, which was originally applied only to water, is often used to describe the contact
of a solid surface with any liquid. The term “oleophobic/ philic” is used with regard to wetting by
oil and organic liquids.

[0046] As used herein, unless the context indicates otherwise, the term “composite interface”
or “composite surface” is an interface (or surface) that can sustain a metastable Cassie-Baxter
wettability state of a liquid. The composite interface generally implies an interface where the
surface is in contact with the liquid and air (pockets) that are created due to texturing/patterning

and an optional chemical modification of the surface
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[0047] As used herein, unless the context indicates otherwise, the term “physical modification”
is a method of texturing and/or patterning to create physically distinguishable and distinct features
with topography on desired length scale(s).

[0048] As used herein, unless the context indicates otherwise, the term “chemical
modification” is a method of altering the surface energy of a composite interface or surface by
changing the surface chemistry. This can be achieved through application of an extrinsically
applied coating, or intrinsic modification of the solid surface through techniques such as ion
implantation or surface alloying.

[0049] As used herein, unless the context indicates otherwise, the term “hydrophobicity” is the
property of a composite interface or surface whereby a static apparent water contact angle of
greater than 90 degrees is observed. In general, this can be extended to other liquids, where the
term “-phobicity” implies an apparent contact angle of greater than 90 degrees for that particular
liquid in contact with the surface of interest. For example, “oleophobicity” is the property of a
surface whereby a static apparent contact angle of greater than 90 degrees is observed for a
particular organic liquid (e.g., heptane, toluene).

[0050] As used herein, unless the context indicates otherwise, the term “hydrophilicity” is the
property of a surface whereby a static apparent water contact angle of less than 90 degrees is
observed. In general, this can be extended to other liquids, where the term “-philicity” implies an
apparent contact angle of less than 90 degrees for that particular liquid in contact with the surface
of interest. For example, “oleophilicity” is the property of a surface whereby a static apparent
contact angle of less than 90 degrees is observed for a particular organic liquid (e.g., heptane,
toluene).

[0051] As used herein, unless the context indicates otherwise, the term “omniphobicity” is the
property of a surface whereby a static apparent contact angle of greater than 90 degrees is observed
for many liquids (aqueous and organic).

[0052] As used herein, unless the context indicates otherwise, the term “superhydrophobicity”
is the property of a surface whereby a static apparent water contact angle of greater than 150
degrees is observed.

[0053] As used herein, unless the context indicates otherwise, the term “micro-patterning” is
the creation of texture or pattern on the surface of a solid substrate with features and inter-feature
spacing typically on the order of several micrometers to several hundred micrometers.

[0054] As used herein, unless the context indicates otherwise, the term “nano-patterning:
Creation of texture or pattern on the surface of a solid substrate with features and inter-feature

spacing typically on the order of several nanometers to several hundred nanometers.
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Surface wettability

[0055] Interactions at solid-liquid interfaces are governed by the relative surface energies and
surface tensions of the solid and liquid phase(s). The ability to modify these surface energies
through modification of the solid surface offers the ability to control and manipulate the
interactions and resultant properties, e.g., wettability of the liquid(s). In addition, other related
processes such as adsorption (of liquid) or other solids (that may exist in the liquid phase) can be
controlled.

[0056] The basic theory behind solid-liquid surface interactions can be traced back to Young’s
equation, which gives a simple energy balance to explain how liquids may wet a solid surface. The
Young’s equation essentially states that wettability is governed entirely by surface energies, or in
other words, through surface chemistry. Later on, modifications to Young’s equation were
provided (by Wenzel and Cassie-Baxter) to incorporate the effects of surface roughness and
texturing, as schematically shown in Fig. 1 (note: the equation for Cassie-Baxter case depicts the
scenario of air pockets and pillar geometry for surface texture features).

[0057] Surface functionalization can be achieved through two primary means: physical
functionalization and chemical functionalization. For physical functionalization, the surface is
given a physical attribute such as a roughness or pattern or texture, that can either enhance its
existing attribute (e.g., through Wenzel’s model, enhancing surface roughness can make an
intrinsically hydrophobic surface more hydrophobic), or enable a change in wettability regime
through design of a composite interface (e.g., through the Cassie-Baxter model, design of a suitable
pattern/texture on a surface can stabilize a metastable hydrophobic wetting state on an intrinsically
hydrophilic surface). It should be noted that the design of suitable texture/patterns is still dependent
upon the surface tensions of the contacting liquid(s). For chemical functionalization, the surface
is imparted a different chemistry by means of intrinsic functionalization (e.g., doping, surface
implantation) or application of an extrinsic coating onto the solid surface (e.g., low-energy coatings
such as Teflon). Pure chemical functionalization can alter wettability state of a surface only by
providing a different Wenzel wetting condition — generally metastable Cassie-Baxter conditions
cannot be created here.

[0058] In most cases, a synergistic application of physical and chemical functionalization may
be necessary to achieve the desired attributes. For example, some low surface-tension liquids (e.g.,
with surface tension values ~ 10-20 mN/m) may yield low contact angles (7.e. high wettability) on
surfaces that are either physically or chemically modified, but a combination of both approaches

may result in metastable, low-wetting (Cassie-Baxter) states of such liquids on surfaces of interest.
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[0059] Primary focus in this area has centered on the development of surfaces that impart
properties such as superhydrophobicity or oleophobicity. This almost always applies to single-
phase liquid systems, where there are three primary components: a surface, a liquid of interest (e.g.,
oil or water) and air (to create or support a metastable C-B state). However, the situation regarding
two-phase or multiphase systems has received relatively little attention. In most real-life situations,
multiphase interactions drive the resultant performance characteristic; thus, surface design for
multiphase wettability is an important case for technology application.

[0060] The present disclosure provides solutions to a multiphase wettability situation where
more than one liquid (immiscible or with very limited miscibility) can be in contact with a surface.
In such cases, the relative interplay of surface energies between the solid and the liquid(s) under
consideration can play an important role in determining wettability, in addition to the surface
tensions of the pure liquid(s) in air. To understanding multiphase wettability, Fig. 2 illustrates three
scenarios: solid-water-air, solid-oil-air (both single phase), and solid-oil-water (multiphase). While
the individual single phase situations are very similar to the Young’s case illustrated in Fig. 1, the
multiphase situation illustrates how different surface and interface energies need to be considered
while designing for multiphase wettability.

Tailoring wettabilitv in multiphase systems

[0061] The present disclosure provides methods in tailoring wettability in multiphase systems.
For the solid-oil-water system illustrated in Fig. 2, the wetting of a surface by oil (while in an
aqueous phase) is more related to the individual surface energies of solid-oil, and solid-water
systems, and also the interface energy of the oil-water system. Thus, a surface can be oleophilic in
air, but oleophobic in water, and vice versa, depending upon the relative values of yso, ysw and
vow. This has implications with respect to design of surfaces for multiphase environments, as noted
below:

[0062] Bare carbon steel is generally hydrophilic and oleophilic, but there may be a tendency
to preferentially wet bare carbon steel with water in a water-oil environment. This can be explained
by considering that for the case of carbon steel, ysw < yso. In such a case, bare carbon steel has a
tendency to be oleophobic in a water-oil environment. In other words, an oil droplet on a carbon
steel surface, which will wet in air, can actually form a high-contact angle oil droplet while in
water.

[0063] It is discovered that if the carbon steel is adequately functionalized, either through the
application of a low-surface energy coating (e.g., fluorinated coating) or by chemical modification
of the surface through other means (e.g., ion implantation, surface alloying, etc.), there exists the

potential to adequately modify the ysw and yso values such that the surface can be preferentially
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wetted by oil. This can also be illustrated while considering the Young’s contact angles for the
surface with oil (Bo) and water (Bw) respectively, as depicted in the equation within Fig. 2. For
preferential oil wetting (in water), a low value of yow is desired, or in other words, cos 6ow needs
to be as close to 1 as possible. Realizing that the values of yoa and ywa (i.e. the surface tensions of
oil and water in air respectively) are fixed (once the choice of the “oil” phase is made), the means
to manipulating the contact angle of oil in water is through the manipulation of the Young’s contact
angle of oil and water through surface chemistry. This is schematically illustrated in Fig. 3 for the
case of water (ywa = 72 mN/m) and heptane (yoa =21 mN/m). The interface energy for heptane in
water (yow) has been measured (through separate experiments) to be about 50 mN/m. As can be
seen, surface functionalization to create a hydrophobic surface in air (6w > 90%) which is still
oleophilic in air (8o < 90%) can have a very significant impact on oil wettability in water. An
oleophilic surface in water (Gow significantly less than 90°) can be realized through such a design
approach. It may be noted that an oleophilic surface in water can still be created while having a
hydrophobic and oleophobic surface (in air), but this is not required (note: it is also very difficult
to create an ultra-low energy oleophobic surface in air through pure surface chemistry
modification). More importantly, it is critical to note that creation of a hydrophobic surface through
Cassie-Baxter design (i.e. through surface texturing only) will not aid in the creation of an
oleophilic surface in water, as the C-B design for hydrophobicity does not alter the Young’s contact
angle (or in other words, the surface energies ysw and yso). Rather, the use of texturing (or C-B
surface design) can be utilized to further accentuate the effect of surface chemistry modification to
make a surface even more oleophilic (if required). This is readily perceived by considering the
multiphase oil-water system as a single phase system (similar to solid-oil-air) where the “air” phase
is replaced by “water”. In such a case, Bow essentially is the Young’s contact angle of an oil droplet
in water. For the case of a roughened or textured surface, the appropriate Wenzel and Cassie-Baxter
formulations can be readily derived (from Fig. 1) for the solid-oil-water case. It is apparent that a
Wenzel wetting of a surface by oil in water would then enhance oleophobicity or oleophilicity,
while C-B wetting (where the pockets are water-filled) can lead to oleophobicity or oleophilicity
depending upon the surface roughness of the texturing. However, the dominant effect in
determining oleophobicity or oleophilicity still comes from the surface chemistry component, as
described here.

[0064] Accordingly, a surface can be chosen/designed to be oleophobic in water (e.g., carbon

steel), depending upon the values of the surface energies offered.
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[0065] Once the surface tensions of the two liquids (in air) and the interface tension is
known/measured, a surface chemistry can then be sclected or designed for more or less wettability
of a liquid while immersed in the other liquid.

[0066] Thus, in one aspect, the present disclosure provides a method of modifying or tuning
the wettability of a surface in a multiphase condition including: providing a surface and a
multiphase fluid, e.g., a solution or emulsion, modifying the surface chemically, and/or
functionalizing the surface physically, wherein the method effectuates the modification or tuning
of the multiphase wettability of the surface.

[0067] In one embodiment, the multiphase solution in the method of modifying or tuning the
wettability of a surface in a multiphase condition is an immiscible or partially miscible mixture of
at least two different liquids with distinct surface tensions. In another embodiment, the method of
modifying or tuning the wettability of a surface in a multiphase condition provides a surface with
at least one liquid contact angle in air to be 90 degrees or higher, and another liquid contact angle
in air to be 20 degrees or lower. In yet another embodiment, the method of modifying or tuning
the wettability of a surface in a multiphase condition provides a surface with one liquid contact
angle in another liquid to be 20 degrees or lower. In yet another embodiment, the method of
modifying or tuning the wettability of a surface in multiphase conditions provides a surface with
one liquid contact angle in another liquid to be 100 degrees or higher. In each of the latter two
embodiments, the liquid of interest (i.e. where the contact angle or wettability is specified) can
have higher or lower surface tension than the other liquid phase.

[0068] In certain embodiments, the chemical modification in the method of modifying or
tuning the wettability of a surface in a multiphase condition comprises at least one of application
of a coating, ion implantation, surface alloying or other associated techniques or a combination
thereof. In one embodiment, the chemical modification is application of a coating. In certain
embodiments, the coating is at least one of a fluorinated polymer coating or a silicone-based
polymer coating.

[0069] In certain embodiments, the physical functionalization in the method of modifying or
tuning the wettability of a surface in a multiphase condition comprises at least one of micro-
patterning, etching, or casting to create a rough or patterned texture. In one embodiment, the
physical functionalization is micro-patterning.

[0070] In certain embodiments, the description provides a method of modifying or tuning the
wettability of a surface in a multiphase condition including: providing a surface and a multiphase

fluid, e.g., aliquid, solution or emulsion; modifying the surface chemically, and/or functionalizing
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the surface physically, wherein the surface is hydrophobic and oleophilic in air, and wherein the
method effectuates the modification or tuning of the multiphase wettability of the surface.

[0071] In another aspect, the description provides a micro-patterned fluorinated carbon steel
surface that is produced according to the methods described herein.

[0072] In yet another aspect, the description provides a micro-patterned silicone-treated carbon
steel surface that is produced according to the methods described herein.

Decelerating corrosion of a metallic materials surface

[0073] The methods described herein are also directed to modifying a metallic material surface
allowing the less corrosive liquid in the multiphase system to preferentially wet the surface, and
consequently, decelerating corrosion of the metallic material surface under multiphase conditions.
The surface of the metallic material can be chemically treated, e.g., coating on the internal surface
of a pipe, and physically functionalized, e.g., micro-patterning.

[0074] For example, corrosion of plain carbon steel is a known issue in the oil industry. An
essential ingredient to corrosion is the requirement of contact between the electrolyte (water) and
anode (steel) to enable the corrosion reaction to occur through dissolution of Fe into solution. If a
barrier can be created between the steel surface and the electrolyte, this corrosion reaction can be
suppressed or slowed down. Coatings have been considered as a possible means to provide this
protective barrier in the past. Another means to provide the barrier, in a partially in-situ manner, is
through the creation of a protective oil film that preferentially wets the steel surface instead of the
water. Such an oil film can be created and replenished in a crude containing environment, and form
an effective barrier to corrosion.

[0075] As outlined above, bare carbon steel can generally be preferentially water wetting in
the presence of oil (note the high contact angle of heptane in water on bare carbon steel). However,
if the surface energy of the bare steel can be changed through effective manipulation of the
chemistry, the steel can be made to be preferentially oil wetting. One way to enable this is through
application of a lower-energy coating, such as a fluorinated polymer or a silicone-based polymer,
which can provide surface energies in the range of 15-25 mN/m. While this approach appears to
be akin to the application of a coating, the underlying physics, and the selection of a coating with
the right surface energy are unique to this approach to prevent corrosion. It should also be noted
that the low surface energy can be imparted to the steel through other techniques such as ion
implantation, surface alloying, selective surface oxidation etc., which differ from the generally
practiced approach of application of a polymer or epoxy coating.

[0076] With this approach, a low surface energy treatment to steel will essentially change the

balance of cosfo and cosOw (see Fig. 3) which in turn will affect the wettability of oil in water, as
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described above. The selection of the appropriate surface chemistry will enable near-complete to
full oil wetting of the surface, and lead to isolation of water from the surface, thus decelerating the
corrosion reaction rate.

[0077] Thus, in one aspect, the description provides a method of decelerating corrosion of a
metallic material surface comprising: providing a material having a surface; modifying the surface
of the metallic material surface chemically, and/or functionalizing the metallic material surface
physically; and exposing the metallic material surface to a multiphase solution, wherein the method
effectuates a reduction in corrosion of the surface as compared to an unmodified metallic material
surface.

[0078] In certain embodiments, the multiphase solution in the method of decelerating corrosion
of a metallic material surface is an immiscible or partially miscible mixture of at least two different
liquids with distinct or disparate surface tensions. In another embodiment, the method of
decelerating corrosion of a metallic materials surface provides a surface with at least one liquid
contact angle in air to be 100 degrees or higher, and another liquid contact angle in air to be 20
degrees or lower. In yet another embodiment, the method of decelerating corrosion of a metallic
material surface provides a surface with one liquid contact angle in another liquid to be 20 degrees
or lower. In yet another embodiment, the method of modifying or tuning the wettability of a surface
in multiphase conditions provides a surface with one liquid contact angle in another liquid to be
100 degrees or higher. In each of the latter two embodiments, the liquid of interest (i.e. where the
contact angle or wettability is specified) can have higher or lower surface tension than the other
liquid phase. In general, the surface of interest can be modified through physical and/or chemical
functionalization to achieve any desired contact of a particular liquid while in contact with another
liquid (i.e. multiphase condition).

[0079] In certain embodiments, the chemical modification in the method of decelerating
corrosion of a metallic material surface comprises at least one of application of a coating, ion
implantation, surface alloying or other associated techniques or a combination thereof. In one
embodiment, the chemical modification comprises application of a coating, and the coating
comprises a fluorinated polymer coating or a silicone-based polymer coating.

[0080] In certain embodiments, the physical functionalization in the method of decelerating
corrosion of a metallic material surface comprises at least one of micro-patterning, etching, or
casting to create a rough or patterned texture. In one embodiment, the physical functionalization
1s micro-patterning.

[0081] In certain embodiments, the description provides a method of decelerating corrosion of

a metallic materials surface including: modifying the surface of the metallic materials surface
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chemically, and/or functionalizing the metallic materials surface physically; and exposing the
metallic materials surface to a multiphase solution; wherein the metallic materials surface is
hydrophobic and oleophilic in air and the method effectuates a reduction in corrosion of the
metallic materials surface as compared to an unmodified metallic materials surface.

[0082] In another aspect, the description provides a metallic materials surface that is produced
according to the methods of decelerating corrosion of a metallic materials surface as described
above.

Drag modification in a pipe

[0083] In most liquid flow operations, viscous flow and friction at the boundary layer creates
drag that can lead to turbulence, energy losses in flow. Typical approaches to drag reduction
involve manipulation of the intrinsic flow rate of the fluid, or through design of effective surface
chemistry for low friction/drag. Such an approach is used to minimize drag in long-distance
transport of gas in gas transmission pipelines. In such applications, an epoxy coating may be
applied to the pipe ID to reduce surface roughness and minimize drag,

[0084] The present disclosure encompasses the management of surface energy, which can
enable effective management of relative wetting of liquids in multiphase conditions and systems,
and consequently, enabling direct impact on drag. The present disclosure also encompasses the
creation of a modified surface, which enables reduction of drag in multiphase flow by preferential
wetting of a less viscous liquid on the surface.

[0085] The method of drag reduction of the present disclosure can be applied to surface of any
materials that to be used as transportation or storage means, including pipes and storage containers
in petrochemical industry. Surface of the transportation or storage means can be chemically
treated, e.g., coating on the internal surface of a pipe, and physically functionalized, e.g., micro-
patterning. The present disclosure can create a surface with the low viscous liquid preferential
wetting the surface, and consequently, can reduce drag under multiphase conditions.

[0086] In one aspect, the description provides a method of drag modification in a pipe
comprising: applying a coating on the internal surface of the pipe and/or functionalizing the internal
surface of the pipe physically through micro-patterning; and exposing internal surface of the pipe
to a multiphase condition, wherein the method effectuates a reduction of drag by preferential
wetting of a less viscous liquid on the surface.

[0087] In one embodiment, the multiphase condition in the method of drag modification in a
pipe is an immiscible or partially miscible mixture of at least two different liquids with distinct or
disparate surface tensions. In certain embodiments, the coating comprises a fluorinated polymer

coating or a silicone-based polymer coating.
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[0088] In another aspect, the description provides a pipe that is produced according to the
methods of drag modification in a pipe as described above.

Enabling separation of a two-phase liquid system

[0089] Effective separation of two-phase liquids can be enabled through preferential wetting
of one phase relative to another. Conversely, selection of the right surface chemistry can also
enable the reverse effect —i.e., stopping of separation operations by preferential wetting of a liquid
that can cover up pores or channels for liquid separation.

[0090] Thus, in another aspect, the description provides a method of enabling separation of a
two-phase liquid system comprising: providing a material having a surface; selecting a surface
chemistry for enabling separation of a two-phase liquid system; modifying the surface chemically
through applying a coating and/or functionalizing the surface physically through micro-patterning;
and applying the two-phase liquid on the surface, wherein one of the liquids preferentially wets the
surface.

[0091] The method of enabling separation of a two-phase liquid system of the present
disclosure can be applied to surface of any materials that to be used as separation means for a two-
phase liquid system. Surface of the separation means can be chemically treated, e.g., coating,
and/or physically functionalized, e.g., micro-patterning. The present disclosure can create a
surface that one of the liquid in the multiphase system preferentially wets the surface, and
consequently, enable separation in a two-phase liquid system.

[0092] In one embodiment, the two-phase liquid system in the method of enabling separation
of a two-phase liquid system is an immiscible or partially miscible mixture of two different liquids
with distinct surface tensions.

EXAMPLES

[0093] The embodiments described above in addition to other embodiments can be further
understood with reference to the following examples The tests used and reported on in the
following Examples:

Example 1

[0094] Contact angles in air were measured by carefully placing a measured quantity of liquid
(typically < 5 ul) on the surface of interest (e.g., bare steel or functionalized steel) using a standard
contact angle measuring instrument (VCA 2500 XE). A digital image of the droplet is obtained
after which the contact angle is calculated using standard instrument software. For contact angles
measured in water, the surface of interest was first immersed upside down in a large container of
water. A measured quantity of oil (heptane or toluene) was then introduced in close proximity to

the surface using a syringe with a curved injection nozzle. A digital image of the droplet was again
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captured to measure the contact angle of the oil phase in water. Calculated values of contact angle
arc provided based upon the equations provided at the bottom of Table 1. The values of surface
tension for water, heptane and toluene in air are taken from known literature values. The values of
contact angles noted below in Table 1 represent the average over 3 separate measurements. Typical
standard deviation in contact angle measurements was less than 3 degrees.

[0095] Micro-patterning on surfaces evaluated in this study was created through a multi-step
molding/sintering process. A master mold with the desired texture/pattern was first created in Si.
Carbon steel powder (of chosen composition) was then pressed into the mold and sintered to create

a patterned array of required dimensions. Coating of the micro-patterned steel surfaces was

achieved through a low-temperature vapor-phase coating process. Both the patterning and coating

were performed at third party vendors.

[0096] Table 1 summarizes the results of experiments conducted to illustrate design of surfaces

for oleophobicity/ oleophilicity while in water.

Table 1:
Surface Water CA | Heptane CA Measured Calculated

(Bw) in air (o) in air Heptane CA Heptane CA
(deg) (deg) (Bow) in water (Bow) in water
(deg) (deg)
Bare carbon steel 68 <5 93 97
Fluorinated carbon steel 119 <10 22 0
Silicone-treated 91 <10 73 66
Micro-patterned carbon 109 <10 130 1452/108°
steel
Micro-patterned 135 <10 <5 1273/0°
fluorinated carbon steel
Micro-patterned silicone- 119 <10 125 136?2/0°
treated carbon steel
Surface Water CA | Toluene CA Measured Calculated
(Bw) in air {Bo) in air | Toluene CA (Bow) | Toluene CA (Bow)
(deg) (deg) in water (deg) in water (deg)

Bare carbon steel 68 <10 80 89
Fluorinated carbon steel 119 27 37 0
Silicone-treated 91 <10 50 38
Micro-patterned carbon 109 <10 125 1432/86"°
steel
Micro-patterned 135 <10 <5 1273/0°
fluorinated carbon steel
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Micro-patterned silicone- 119 <10 110 130°/0°
treated carbon steel

cos0,,, = Y0a€0590~ Yiwac0sOy a — CB calculation

Yow

b — Wenzel calculation
For unpatterned surfaced: calculated CA:  cosfO.5 = f5(1 + cosO,y_cqic) — 1
cosf,, = 1.c050 50— caic
For patterned surfaces: calculated CA:

PCT/EP Clauses:

[0097] 1. A method of modifying or tuning the wettability of a surface in multiphase
conditions, the method including the steps of providing a surface and a multiphase solution;
modifying the surface chemically, and/or functionalizing the surface physically, wherein the
method effectuates the modification or tuning of the multiphase wettability of the surface.

[0098] 2. The method of clause 1, in which the multiphase solution is an immiscible or
partially miscible mixture of at least two different liquids with distinct surface tensions.

[0099] 3. The method of clause 1 or 2, in which the chemical modification comprises at least
one of application of a coating, ion implantation, surface alloying or other associated techniques
or a combination thereof.

[00100] 4. The method of clause 3, in which the coating is a fluorinated polymer coating.
[00101] 5. The method of clause 3, in which the coating is a silicone-based polymer coating.
[00102] 6. The method of any of clauses 1-5, in which the physical functionalization comprises
at least one of micro-patterning, etching, or casting to create a rough or patterned texture.

[00103] 7. The method of any of clauses 1-6, in which the physical functionalization is micro-
patterning.

[00104] 8. The method of any of clauses 1-7, in which the surface is hydrophobic and
oleophilic in air.

[00105] 9. The method of clause 2, in which the surface has one liquid contact angle in air to
be 90 degrees or higher, and another liquid contact angle in air to be 20 degrees or lower.

[00106] 10. The method of clause 2, in which the surface has one liquid contact angle in another
liquid to be 20 degrees or lower.

[00107] 11. The method of clause 2, in which the surface has one liquid contact angle in in
another liquid to be 100 degrees or higher

[00108] 12. A method of decelerating corrosion of a metallic material surface, the method
comprising the steps of modifying the surface of the metallic material surface chemically, and/or

functionalizing the metallic material surface physically; and exposing the surface to a multiphase
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solution, wherein the method effectuates a reduction in corrosion of the metallic material surface
as compared to an unmodified metallic materials surface.

[00109] 13. A method of drag modification in a pipe, the method including steps of applying a
coating on the internal surface of the pipe, and/or functionalizing the internal surface of the pipe
physically through micro-patterning; and exposing internal surface of the pipe to a multiphase
solution, wherein the method effectuates a reduction of drag by preferential wetting of a less
viscous liquid on the surface.

[00110] 14. The method of any of clauses 12-13, in which the multiphase solution is an
immiscible or partially miscible mixture of at least two different liquids with distinct surface
tensions.

[00111] 15. The method of any of clauses 12-14, in which the chemical modification comprises
at least one of application of a coating, ion implantation, surface alloying or a combination thereof
[00112] 16. The method of clause 15, in which the coating is a fluorinated polymer coating.
[00113] 17. The method of clause 15, in which the coating is a silicone-based polymer coating.
[00114] 18. A method of enabling separation of a two-phase liquid system, the method including
steps of selecting a surface chemistry for enabling separation of a two-phase liquid system,;
manipulating the surface chemically through applying a coating and/or functionalizing the surface
physically through micro-patterning; and applying the two-phase liquid on the surface, wherein
one of the liquids preferentially wets the surface.

[00115] 19. The method of any of clauses 12-18, wherein the physical functionalization
comprises at least one of micro-patterning, etching, or casting to create a rough or patterned texture.
[00116] 20. The method of any of clauses 12-19, wherein the physical functionalization is a
micro-patterning.

[00117] 21. The method of any of clauses 12-20, in which the metallic material surface is
hydrophobic and oleophilic in air.

[00118] 22. The method of any of clauses 12-21, wherein the metallic materials surface has one
liquid contact angle in air to be 90 degree or higher, and another liquid contact angle in air to be
20 degree or lower.

[00119] 23. The method of clause 18, wherein the multiphase solution is an immiscible or
partially miscible mixture of at least two different liquids with distinct surface tensions.

[00120] 24 A metallic material surface produced according to the method of any of clauses 1-
23,

[00121] 25. A metallic article comprising a surface modified according to the methods of any

of clauses 1-23.
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[00122] While preferred embodiments of the invention have been shown and described herein,
it will be understood that such embodiments are provided by way of example only and are not
meant to be limiting examples. Numerous variations, changes and substitutions will occur to those
skilled in the art without departing from the spirit of the invention. Accordingly, it is intended that
the appended claims cover all such variations as fall within the spirit and scope of the invention.
All such alternative embodiments may be covered by the scope of the invention to the extent where
the stability of the resulting composition is not substantially affected.

[00123] Various modifications or changes in light thereof will be suggested to persons skilled
in the art and are included within the spirit and purview of this application and are considered
within the scope of the appended claims. For example, the relative quantities of the ingredients
may be varied to optimize the desired effects, additional ingredients may be added, and/or similar
ingredients may be substituted for one or more of the ingredients described. Additional
advantageous features and functionalities associated with the systems, methods, and processes of
the present invention will be apparent from the appended claims. Moreover, those skilled in the
art will recognize, or be able to ascertain using no more than routine experimentation, many
equivalents to the specific embodiments of the invention described herein. Such equivalents are

intended to be encompassed by the following claims.
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CLAIMS:

1. A method of modifying or tuning the wettability of a surface in multiphase conditions, the
method including the steps of providing a surface and a multiphase solution; modifying the surface
chemically, and/or functionalizing the surface physically, wherein the method effectuates the
modification or tuning of the multiphase wettability of the surface.

2. The method of claim 1, in which the multiphase solution is an immiscible or partially
miscible mixture of at least two different liquids with distinct surface tensions.

3. The method of claim 1 or 2, in which the chemical modification comprises at least one of
application of a coating, ion implantation, surface alloying or other associated techniques or a

combination thereof.

4. The method of claim 3, in which the coating is a fluorinated polymer coating.
S. The method of claim 3, in which the coating is a silicone-based polymer coating.
6. The method of any of claims 1-5, in which the physical functionalization comprises at least

one of micro-patterning, etching, or casting to create a rough or patterned texture.

7. The method of any of claims 1-6, in which the physical functionalization is micro-
patterning.

8. The method of any of claims 1-7, in which the surface is hydrophobic and oleophilic in
air.

0. The method of claim 2, in which the surface has one liquid contact angle in air to be 90

degrees or higher, and another liquid contact angle in air to be 20 degrees or lower.

10.  The method of claim 2, in which the surface has one liquid contact angle in another liquid
to be 20 degrees or lower.

11.  The method of claim 2, in which the surface has one liquid contact angle in in another liquid
to be 100 degrees or higher

12. A method of decelerating corrosion of a metallic material surface, the method comprising
the steps of modifying the surface of the metallic material surface chemically, and/or
functionalizing the metallic material surface physically; and exposing the surface to a multiphase
solution, wherein the method effectuates a reduction in corrosion of the metallic material surface
as compared to an unmodified metallic materials surface.

13. A method of drag modification in a pipe, the method including steps of applying a coating
on the internal surface of the pipe, and/or functionalizing the internal surface of the pipe physically
through micro-patterning;, and exposing internal surface of the pipe to a multiphase solution,
wherein the method effectuates a reduction of drag by preferential wetting of a less viscous liquid

on the surface.
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14. The method of any of claims 12-13, in which the multiphase solution is an immiscible or
partially miscible mixture of at least two different liquids with distinct surface tensions.
15. The method of any of claims 12-14, in which the chemical modification comprises at least

one of application of a coating, ion implantation, surface alloying or a combination thereof

16. The method of claim 15, in which the coating is a fluorinated polymer coating.
17. The method of claim 15, in which the coating is a silicone-based polymer coating.
18. A method of enabling separation of a two-phase liquid system, the method including steps

of selecting a surface chemistry for enabling separation of a two-phase liquid system; manipulating
the surface chemically through applying a coating and/or functionalizing the surface physically
through micro-patterning; and applying the two-phase liquid on the surface, wherein one of the
liquids preferentially wets the surface.

19. The method of any of claims 12-18, wherein the physical functionalization comprises at

least one of micro-patterning, etching, or casting to create a rough or patterned texture.

20. The method of any of claims 12-19, wherein the physical functionalization is a micro-
patterning.
21. The method of any of claims 12-20, in which the metallic material surface is hydrophobic

and oleophilic in air.

22.  The method of any of claims 12-21, wherein the metallic materials surface has one liquid
contact angle in air to be 90 degree or higher, and another liquid contact angle in air to be 20 degree
or lower.

23.  The method of claim 18, wherein the multiphase solution is an immiscible or partially

miscible mixture of at least two different liquids with distinct surface tensions.

24, A metallic material surface produced according to the method of any of claims 1-23.
25. A metallic article comprising a surface modified according to the methods of any of claims
1-23.
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X YONG CHAE JUNG ET AL: "Wetting Behavior 1-12,
of Water and 0il Droplets in Three-Phase 14-17,
Interfaces for Hydrophobicity/philicity 19-22
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14165-14173, XP055459366,
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abstract; table 4; p.14171 col.2
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"T" later document published after the international filing date or priority
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cited to establish the publication date of another citation or other
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GANG WANG ET AL: "Low Drag Porous Ship
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Surface for 0il Spills Cleanup",

ACS APPLIED MATERIALS & INTERFACES,

vol. 7, no. 47,

2 December 2015 (2015-12-02), pages
26184-26194, XP055459720,

Us

ISSN: 1944-8244, DOI:
10.1021/acsami.5b08185

abstract; p.26185 col.2 par.2; p.26190
col.2 par.2; p.26191 col.2 par.2-p.26192
col.2 par.1l

FAJUN WANG ET AL: "Green Approach to the
Fabrication of Superhydrophobic Mesh
Surface for 0il/Water Separation",
CHEMPHYSCHEM - A EUROPEAN JOURNAL OF
CHEMICAL PHYSICS & PHYSICALCHEMISTRY.,
vol. 16, no. 10, 20 July 2015 (2015-07-20)
, pages 2237-2243, XP055459745,

DE

ISSN: 1439-4235, DOI:
10.1002/cphc.201500138

abstract; p.2240 col.2 par.2-p.2241 col.2
par.?
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BoxNo.ll  Observations where certain claims were found unsearchable (Continuation of item 2 of first sheet)

This international search report has not been established in respect of certain claims under Article 17(2)(a) for the following reasons:

1. |:| Claims Nos.:
because they relate to subject matter not required to be searched by this Authority, namely:

2. |:| Claims Nos.:
because they relate to parts of the international application that do not comply with the prescribed requirements to such
an extent that no meaningful international search can be carried out, specifically:

3. |:| Claims Nos.:
because they are dependent claims and are not drafted in accordance with the second and third sentences of Rule 6.4(a).

Box No. lll Observations where unity of invention is lacking (Continuation of item 3 of first sheet)

This International Searching Authority found multiple inventions in this international application, as follows:

see additional sheet

—_

As all required additional search fees were timely paid by the applicant, this international search report covers all searchable
claims.

2. |:| As all searchable claims could be searched without effort justifying an additional fees, this Authority did not invite payment of
additional fees.

3. |:| As only some of the required additional search fees were timely paid by the applicant, this international search report covers
only those claims for which fees were paid, specifically claims Nos.:

4. m No required additional search fees were timely paid by the applicant. Consequently, this international search report is
restricted to the invention first mentioned in the claims; it is covered by claims Nos.:

1-12(completely); 14-17, 19-22(partially)

Remark on Protest The additional search fees were accompanied by the applicant's protest and, where applicable, the
payment of a protest fee.

The additional search fees were accompanied by the applicant's protest but the applicable protest
fee was not paid within the time limit specified in the invitation.

|:| No protest accompanied the payment of additional search fees.
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FURTHER INFORMATION CONTINUED FROM PCT/ISA/ 210

This International Searching Authority found multiple (groups of)
inventions in this international application, as follows:

1. claims: 1-12(completely); 14-17, 19-22(partially)

A method of modifying or tuning the wettability of a surface
in multiphase conditions, the method including the steps of
providing a surface and a multiphase solution; modifying the
surface chemically, and/or functionalizing the surface
physically, wherein the method effectuates the modification
or tuning of the multiphase wettability of the surface.

A method of decelerating corrosion of a metallic material
surface, the method comprising the steps of modifying the
surface of the metallic material surface chemically, and/or
functionalizing the metallic material surface physically;
and exposing the surface to a multiphase solution, wherein
the method effectuates a reduction in corrosion of the
metallic material surface as compared to an unmodified
metallic materials surface.

2. claims: 13(completely); 14-17, 19-22(partially)

A method of drag modification in a pipe, the method
including steps of applying a coating on the internal
surface of the pipe, and/or functionalizing the internal
surface of the pipe physically through micro-patterning; and
exposing internal surface of the pipe to a multiphase
solution, wherein the method effectuates a reduction of drag
by preferential wetting of a less viscous liquid on the
surface.

3. claims: 18, 23(completely); 19-22(partially)

A method of enabling separation of a two-phase Tiquid
system, the method including steps of selecting a surface
chemistry for enabling separation of a two-phase liquid
system; manipulating the surface chemically through applying
a coating and/or functionalizing the surface physically
through micro-patterning; and applying the two-phase liquid
on the surface, wherein one of the liquids preferentially
wets the surface.

4. claims: 24, 25

A metallic material surface produced according to the method
of any of claims 1-23. A metallic article comprising a
surface modified according to the methods of any of claims
1-23.
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