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(57) Abrégée/Abstract:

The disclosed invention relates to a process for making an emulsion. The process comprises: flowing a first liquid (116) through a
process microchannel (110), the process microchannel having a wall (140) with an apertured section; flowing a second liquid (1/2)
through the apertured section into the process microchannel in contact with the first liquid, the first liguid forming a continuous
phase, the second liquid forming a discontinuous phase dispersed in the continuous phase.
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(57) Abstract: The disclosed invention
relates to a process for making an emulsion.
The process comprises: flowing a first
liquid (116) through a process microchannel
(110), the process microchannel having
a wall (140) with an apertured section;
flowing a second liquid (172) through
the apertured section into the process
microchannel in contact with the first liquid,

70 the first liquid forming a continuous phase,
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/! O the second liquid forming a discontinuous

' 1 4. - ([} phase dispersed in the continuous phase.
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Title: Process for Forming an Emulsion Using Microchannel Process
Technology

Technical Field

This invention relates to a method for making an emulsion using

microchannel process technology.

Background

Emulsions may be formed when two or more immiscible liquids, usually water
or a water-based solution and a hydrophobic organic liquid (e.g., an oil), are mixed
so that one liquid forms droplets in the other liquid. Either of the liquids can be
dispersed in the other liquid. When, for example, oil is dispersed in water, the
emulsion may be referred to as an oil-in-water (o/w) emulsion. The reverse case Is
a water-in-oil (w/0) emulsion. More complex emulsions such as double emulsions
may be formed when, for example, water droplets in a continuous oil phase
themselves contain dispersed oil droplets. These oil-in-water-in-oil emuisions may
be identified as o/w/o emulsions. In the same manner a w/o/w emulsion may be
formed.

A problem with many emulsions is that if they are not stabilized, for example,
by adding surfactants or emulsifiers, they tend to agglomerate, form a creaming
layer, coalesce, and finally separate into two phases. [f a surfactant or emulsifier
(sometimes referred to as a surface-active agent) is added to one or both of the
immiscible liquids, one of the liquids may form a continuous phase and the other
liquid may remain in droplet form ("dispersed or discontinuous phase”), the droplets
being dispersed in the continuous phase. The degree of stability of the emulsion
may be increased when droplet size is decreased below certain values. For
example, a typical o/w emulsion of a droplet size of 20 microns may be only
temporally stable (hours) while that of one micron may be considered as “"quasi-
permanently” stable (weeks or longer). However, the energy consumption and the
power requirement for the emulsification system and process may be significanily
increased for smaller droplet sizes when using conventional processing techniques,
especially for highly viscous emuisions with very small droplet sizes and large
outputs. For example, the doubling of energy dissipation (energy consumption) may

cause a reduction of average droplet size of only about 25% when using
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conventional processing techniques. Shear force may be applied to overcome the
interfacial tension force and in turn to break larger droplets into smaller ones.
However, as the droplet size decreases, the interfacial tension required to keep the
droplet shape tends to increase. Energy consumption may take place in various
forms, for example, it can be the energy needed by the stirrer to overcome shear
force of the emulsion in a batch process, the energy for heating and cooling, and/or
the power to overcome pressure drop in a continuous process such as in a
homogenizer. Heating is often needed for emulsification when one of the phases
does not flow or flows too slowly at room temperature. A heated emulsion typicaily
has lower stability, however, due to lower viscosity of the continuous phase and in
turn less drag. Drag may be necessary to stop or resist the motion of the droplets
and in turn the coalescence into larger and often undesired droplets or aggregates
of droplets as well as phase separation into layers. After emulsification, droplets
tend to rise by buoyancy. As such, an immediate cooling down may be needed,
which also consumes energy.

A problem with many of the processes that are currently available for making
emulsions is that the range of compositions that are feasible for formulating product
are constrained. For example, a problem with many of the emulsions that are
currently available relates to the presence of surfactants or emulsifiers in their
formulations. These surfactants or emulsifiers may be required to stabilize the
emulsions, but may be undesirable for many applications. For example, heating
without bubbling or boiling is often desired in emulsification processes, however in
some instances the onset temperature of nucleate boiling or air bubble formation
from dissolved air in the continuous phase may lower when surfactants or
emulsifiers are present. Boiling may cause unwanted property changes. Air bubbles
may cause creaming and other undesired features.

Emulsions that have low surfactant or emulsifier concentrations or are free
of such surfactants or emuisifiers are often desirable for skin care products in the
cosmetic industry. A disadvantage with some surfactants or emulsifiers is their
tendency to interact with preservatives, such as the esters of p-hydroxybenzoic acid,
used in skin care products. Skin irritation is another problem often associated with

the use of surfactants or emuisifiers. Many adverse skin reactions experienced by
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consumers from the use of cosmetics may be related to the presence of the
surfactants or emulsifiers. Another example relates to the problem with using
surfactants or emulsifiers wherein water proofing is desired. For example, in water-
based skin care products such as sunscreen, the active ingredient may not be
waterproof due to the presence of water-soluble surfactants or emulsifiers.

A problem relating to the use of many pharmaceutical compounds relates to
the fact that they are insoluble or poorly soluble in water and there are limitations as
to the surfactants or emulsifiers that can be used. This has resulted in the discovery
of drugs that are not clinically acceptable due to problems relating to tfransporting
the drugs into the body. Emulsion formulation problems may be problematic with

drugs for intravenous injection and the administration of chemotherapeutic or anti-

cancer agents.

summary
The present invention, at least in one embodiment, may provide a solution

to one or more of the foregoing problems. |n one embodiment, it may be possible
to make an emulsion using a relatively low level of energy as compared to the prior
art. The emulsion made in accordance with the inventive process, at least in one
embodiment, may have a dispersed phase with a relatively small droplet size and
a relatively uniform droplet size distribution. The emulsion made in accordance with
the inventive process, in one embodiment, may exhibit a high degree of stability.
In one embodiment, the emulsion made by the inventive process may have a low
surfactant or emulsifier concentration or be free of such surfactants or emulsifiers.
The emulsions made in accordance with the inventive process, in one embodiment,
may be useful, for example, as a skin care product, pharmaceutical composition,
etc.

The invention relates to a process for making an emulsion, comprisihg:
flowing a first liquid through a process microchannel, the process microchannel
having a wall with an apertured section; flowing a second liquid through the
apertured section into the process microchannel in contact with the first liquid to
form the emulision, the second liquid being immiscible with the first liquid, the first

liquid forming a continuous phase, the second liquid forming a discontinuous phase
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dispersed in the continuous phase. In one embodiment, the second liquid flows
from a liquid channel through the apertured section.

In one embodiment, heat is exchanged between the process microchannel
and a heat exchanger, the liquid channel and a heat exchanger, or both the process
microchannel and the liquid channel and a heat exchanger. The heat exchanger
may be used for cooling, heating or both cooling and heating. The heat exchanger
may comprise a heat exchange channel, a heating element and/or a cooling
element adjacent to the process microchannel, the liquid channel, or both the
process microchannel and the liquid channel. In one embodiment, the heat
exchanger may not be in contact with or adjacent to the process microchannel or
liquid channel but rather can be remote from either or both the process
microchannel and liquid channel.

In one embodiment, the first liguid and the second liquid contact each other
in a mixing zone in the process microchannel.

In one embodiment, heat is exchanged between a heat exchanger and at
least part of the process microchannel in the mixing zone.

In one embodiment, heat is exchanged between a heat exchanger and at
least part of the process microchannel upstream of the mixing zone.

In one embodiment, heat is exchanged between a heat exchanger and at
least part of the process microchannel downstream of the mixing zone.

In one embodiment, the emulsion is quenched in the process microchannel
downstream of the mixing zone.

In one embodiment, the process microchannel has a restricted cross section
in the mixing zone.

In one embodiment, the process microchannel has walls that are spaced
apart and apertured sections in each of the spaced apart walls, the second liquid
flowing through each of apertured sections into the process microchannel. In one
embodiment, the apertured sections in each of the spaced apart walls comprise a
plurality of apertures, the apertures in the apertured section of one of the walls being
aligned directly opposite the apertures in the apertured section of the other wall. In
one embodiment, the apertured sections in each of the spaced apart walls comprise

a plurality of apertures, at least some of the apertures in the apertured section of
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one of the walls being offset from being aligned directly with the apertures in the
apertured section of the other wal.

In one embodiment, the process microchannel is in an emulsion forming unit
comprising a first process microchannel, a second process microchannel, and a
liquid channel positioned between the first process microchannel and the second
process microchannel, each process microchannel having a wall with an apertured
section, the first liquid flowing through the first process microchannel and the secona
process microchannel, the second liquid flowing from the liquid channel through the
apertured section in the first process microchannel in contact with the first liquid ana
through the apertured section in the second process microchannel in contact with
the first liquid.

In one embodiment, the process microchannel is circular and is positioned
between a circular disk and an apertured section, the circular disk rotating about its
axis, the first liquid flowing through a center opening in the apertured section into the
process microchannel onto the rotating disk, the second liquid flowing through the
apertured section into the process microchannel where it contacts and mixes with
the first liquid to form the emulsion, the emulsion flowing radially outwardly on the
rotating disk.

In one embodiment, the second liquid flows in a liquid channel, the liquid
channel having another wall with another apertured section, the process further
comprising: flowing a third liguid through the another apertured section in contact
with the second liquid to form a liquid mixture; and flowing the liquid mixture through
the apertured section into the process microchannel in contact with the first liquid.

In one embodiment, the process microchannel is formed from parallel sheets,
plates or a combination of such sheets or plates.

In one embodiment, the process is conducted in a microchannel mixer, the
microchannel mixer comprising a plurality of the process microchanneis, the process
microchannels having walls with apertured sections and adjacent liquid channels,
the second liquid flowing from the liquid channels through the apertured sections
into the process microchannels in contact with the first liquid, the process
microchannels and liquid channels being formed from parallel spaced sheets or

plates, the process microchannels and liquid channels being adjacent to each other
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and aligned in interleaved side-by-side vertically oriented planes or interleaved
horizontally oriented planes stacked one above another.

In one embodiment, the process microchannel comprises two or more
apertured sections and separate second liquids flow through each of the apertured
sections. In one embodiment, the separate second liquids flowing through each of
the apertured sections have different compositions. In one embodiment the
separate second liquids flowing through each of the apertured sections have
different properties.

In one embodiment, the process is conducted in a microchannel mixer, the
microchannel mixer comprising at least two of the process microchannels, and in
one embodiment at least about 10 of the process microchannels, and in one
embodiment at least about 100 of the process microchannels, and In one
embodiment at least about 1000 of the process microchannels.

In one embodiment, the process is conducted in a microchannel mixer, the
microchannel mixer comprising a plurality of the process microchannels connected
to at least one first liquid manifold, the first liquid flowing through the at least one first
liquid manifold to the process microchannels. In one embodiment, liquid channels
are adjacent to the process microchannels, and the microchannel mixer further
comprises at least one second liquid manifold connected to the liquid channels, the
second liquid flowing through the at least one second liquid manifold to the liquid
channels. In one embodiment, heat exchange channels are adjacent to the process
microchannels and/or liquid channels, the microchannel mixer further comprising at
least one heat exchange manifold connected to the heat exchange channels, and
a heat exchange fluid flows through the at least one heat exchange manifold to the
heat exchange channels.

In one embodiment, the second liquid flows from a liquid channel through the
apertured section into the process microchannel, the process microchannel and the
liquid channel comprising circular tubes alighed concentrically.

In one embodiment, the process is conducted in a microchannel mixer, the
microchannel mixer comprising a plurality of the process microchannels wherein
separate emulsions are formed in each of the process microchannels, the emulsions

formed in at least fwo of the process microchannels being different from each other.
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The emulsions can have different compositions and/or different properties. This
mixer may be referred to as a combinatorial synthesis and screening device. An
advantage of this embodiment of the invention is that it provides for the forming and
evaluating of multiple product emulsions at the same time using the same
apparatus. This can be advantageous when it is desired to screen multiple
formulations as potential new products.

In one embodiment, the process for making an emuision in a microchannel
mixer, the microchannel mixer comprising a plurality of emulsion forming units
aligned side-by-side or stacked one above another, each emulsion forming unit
comprising a process microchannel and an adjacent liquid channel, the process
microchannel and adjacent liquid channel having a cozmmon wall with an apertured
section in the common wall, the apertured section being suitable for flowing a liquid
from the liquid channel through the apertured section into the process microchannei,
‘each process microchannel and liquid channel being formed from parallel spaced
sheets, plates, or a combination of such sheets and plates, the process comprising:
flowing a first liquid in the process microchannel; flowing a second liquid from the
liquid channel through the apertured section into the process microchannel; and
mixing the first liquid and the second liquid in the process microchannel to form the
emulsion.

In one embodiment, the inventive process may be operated with a relatively
low pressure drop for the flow of the first liquid through the process microchannel.
In one embodiment, the inventive process may be operated with a relatively low
pressure drop for the flow of the second liquid through the apertured section into the
process microchannel.

Brief Description of the Drawings

In the annexed drawings, like parts and features have like references.

Fig. 1 is a flow sheet illustrating an emulsion forming unit for use with the
inventive process wherein a first liquid flows through a process microchannel and
is mixed with a second liquid that flows into the process microchannel from an
adjacent channel through an apertured section in the process microchannel.

Figs. 2-6 are flow sheets illustrating embodiments of emulsion forming units

for use with the inventive process.
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Fig. 7 provides a schematic illustration showing a comparison between
rectangular channels having a parallel plate configuration and circular tubes for the
flow of fluids through such channels and tubes.

Fig. 8 is an SEM image of a porous stainless steel substrate before being
heat treated.

Fig. 9 is an SEM image of the substrate illustrated in Fig. 8 after being heat
treated.

Fig. 10 is an SEM image of a tailored porous substrate useful with the
inventive process.

Fig. 11 is a plan view of an apertured sheet which is useful in making the
apertured section of the process microchannel used with the inventive process.

Fig. 12 is a plan view of an apertured sheet or plate which is useful in making
the apertured section of the process microchannel used with the inventive process.

Fig. 13 is an illustration of a relatively thin apertured sheet overlying a
relatively thick apertured sheet or plate which is useful in making the apertured
section of the process microchannel used with the inventive process.

Fig. 14 is illustrative of a relatively thin apertured sheet overlying a relatively
thick apertured sheet or plate which is useful in making the apertured section of the
process microchannel used with the inventive process.

Fig. 15 is illustrative of an alternated embodiment of an aperture that may be
used in the apertured section of the process microchannel used with the inventive
process, the aperture having a coating partially filling it and overlying its sidewalls.

Figs. 16-20 illustrate a mixing apparatus useful in conducting the inventive
pProcess.

Fig. 21 shows particle size distribution curves for emulsions made in
accordance with the inventive process wherein one of the curves is for an emulsion
made using a single process microchannel and the other curve is for an emulsion
made using a scaled-up system with muitiple process microchannels.

Fig. 22 is a microscopic image of an emulsion made by the inventive process.

Fig. 23 is a microscopic image of an emulsion made by a batch emulsification

process.
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Fig. 24 is a schematic illustration showing the formation of a droplet during
the operation of the inventive process.

Fig. 25 is a flow sheet illustrating an alternate embodiment of the inventive
process Wherein multiple disperse phase reservoirs are used to form an emulsion
containing multiple dispersed phases.

Fig. 26 is a schematic illustration of the microchannel device used in Example

1.

Fig. 27 is another schematic illustration of the microchannel device used In
Example 1.

Fig. 28 is a flow sheet illustrating the emulsification system used in Example
1.

Fig. 29 is a plot of pressure drop versus flow rate for the porous substrates
tested in Example 1.

Figs. 30 and 31 are microscopic images of emulsions made in Example 1.

Fig. 32 is a s schematic illustration of a double emulsion, that is, a water-in-
oil-in-water (w/o/w) or an oil-in-water-in-oil (o/w/o) emulsion.

Fig. 33 is a flow sheet illustrating an embodiment of an emulsion forming unit
for use with the inventive process, this emulsion forming unit being useful for making
double emulsions.

Fig. 34 is a flow sheet illustrating an embodiment of an emulsion forming unit
for use with the inventive process wherein multiple emulsion formulations and/or

processing conditions may be used to generate separate and distinct emulsions

within one device.

Detailed Description
The term "microchannel" refers to a channel having at least one internal

dimension (for example, width, height, diameter, etc.) of up to about 50 millimeters
(mm), and in one embodiment up to about 10 mm, and in one embodiment up {o
about 5 mm, and in one embodiment up to about 2 mm, and in one embodiment up
to about 1 mm. In one embodiment, this internal dimension may be in the range of
about 0.05 to about 50 mm, and in one embodiment about 0.05 to about 10 mm,
and in one embodiment about 0.05 to about 5 mm, and in one embodiment about

0.05 to about 2 mm, and in one embodiment about 0.05 to about 1.5 mm, and in
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one embodiment about 0.05 to about 1 mm, and in one embodiment about 0.05 to
about 0.75 mm, and in one embodiment about 0.05 to about 0.5 mm. This internal
dimension may be perpendicular to the direction of flow through the microchannel.

The term "adjacent” when referring to the position of one channel relative to
the position of another channel means directly adjacent such that a wall separates
the two channels. This wall may vary in thickness. However, "adjacent” channels
are not separated by an intervening channel that would interfere with heat transfer
between the channels.

The term "immiscible" refers to one liquid not being soluble in another liquid
or only being soluble to the extent of up to about 1 milliliter per liter at 25°C.

The term "water insoluble” refers to a material that is insoluble in water at
25°C, or soluble in water at 25°C up to a concentration of about 0.1 gram per liter.

The terms "upstream" and "downstream” refer to positions within the
channels, including microchannels, used in the inventive process that are relative
to the direction of flow of liquid through the channels. For example, a position within
a channel not yet reached by a portion of a liquid flowing through that channel
toward that position would be downstream of that portion of the liquid. A position
within a channel already passed by a portion of the liquid flowing through that
channel away from that position would be upstream of that portion of the liquid. The
terms "upstream” and "downstream” do not necessarily refer to a vertical position
since the channels used in the inventive process may be oriented horizontally,
vertically, or at an inclined angie.

The inventive process will be initially described with reference to Fig. 1.
Referring to Fig. 1, the inventive process may be conducted using emulsion forming
unit 100 which comprises process microchannel 110 which has opposite sidewalls
112 and 114, and an apertured section 140 in sidewall 112. The apertured section
140 may be referred to as a porous section or porous substrate. The apertured
section 140 may comprise a sheet or plate 142 having an array of apertures 144
extending through it. Adjacentto the sidewall 112 is liquid channel 170 which opens
to process microchannel 110 through apertured section 140. The process
microchannel 110 has non-apertured or non-porous regions 111 and 117, and

mixing zone 113. The non-apertured region 111 extends from the entrance to the
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process microchannel to the entrance to the mixing zone 113. The non-aperturea
region 111 is upstream of the mixing zone 113. The mixing zone 113 Is adjacent io
the apertured section 140. The non-apertured region 117 extends from the end of
mixing zone 113 to the exit of the process microchannel 110. The non-apertured
region 117 is downstream of the mixing zone 113. Adjacent to sidewall 114 is heat
exchange channel 190. [n operation, a first liquid flows into process microchannel
110, as indicated by directional arrow 116, and through the non-apertured region
111 into the mixing zone 113. A second liquid flows into liquid channel 170, as
indicated by directional arrow 172, and then flows through apertured section 140,
as indicated by directional arrows 174, into the mixing zone 113. In mixing zone
113, the second liquid contacts and mixes with the first liquid to form an emulsion.
The second liquid may form a discontinuous phase within the first liquid. The first
liquid may form a continuous phase. The emulsion flows from the mixing zone 113
through the non-apertured region 117 and out of the process microchannel 110, as
indicated by directional arrow 118. The emulsion may be a water-in-oil emulsion or
an oil-in-water emulsion. Heating or cooling may be optional. When heating or
cooling is desired, heat exchange fluid flows through the heat exchange channel
190, as indicated by directional arrows 192, and heats or cools the liquids in the
process microchannel 110 and liquid channel 170. The degree of heating or cooling
may vary over the length of the process microchannel 110 and liquid channel 170.
The heating or cooling may be negligible or non-existent in some sections of the
process microchannel and liquid channel, and moderate or relatively high in other
sections. Alternatively, the heating or cooling can be effected using other than a
heat exchange fluid. For example, heating can be effected using an electric heating
element. The electric heating element can be used to form one or more walls of the
process microchannel 110 and/or liquid channel 170. The electric heating can be
built into one or more walls of the process microchannel 110 and/or liquid channel
170. Cooling can be effected using a non-fluid cooling element. Multiple heating
or cooling zones may be employed along the length of the process microchannel
110. Similarly, multiple heating fluids at different temperatures may be employed
along the length of the process microchannel 110 and/or liquid channel 170.

The emulsion forming unit 100A illustrated in Fig. 2 is identical to the

emulsion forming unit 100 illustrated in Fig. 1 with the exception that the sidewall
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114 of process microchannel 110 includes tapered section 120 which is aligned
opposite apertured section 140. Tapered section 120 reduces the width or height
of the process microchannel 110 in the mixing zone 113, and thus provides a
restricted cross section for the process microchannel 110 in the mixing zone 113.
The width or height may be in the range from about 0.001 to about 5 mm, and in
one embodiment from about 0.01 to about 2 mm. The presence of tapered section
120 provides for an increase in the velocity of the liquid flowing through the mixing
zone 113. The increased velocity of the liquid flowing through the mixing zone 113
results in an increased shear force acting on the second fluid flowing through
apertures 144 into the mixing zone 113. This facilitates the flow of the second liquid
through the apertures 144 into the mixing zone 113. The velocity of liquid flowing
through the restricted cross section of the process microchannel 110 adjacent to the
tapered section 120 may be in the range from about 0.005 to about 50 m/s, and in
one embodiment from about 0.01 to about 50 m/s.

The emulsion forming unit 100B illustrated in Fig. 3 is similar to the emulsion
forming unit 100 illustrated in Fig. 1 with the exception that the emulsion forming unit
100B also includes liquid channel 170a and apertured section 140a. Liquid channel
170a is positioned between process microchannel 110 and heat exchange channel
190. Apertured section 140a is formed in sidewall 114. Liquid channel 170a opens
o process microchannel 110 through apertured section 140a. The aperiured
section 140a may comprise a sheet or plate 142a having an array of apertures 144a
extending through it. The process microchannel 110 has non-apertured or non-
porous region 111 and 117, and a mixing zone 113. The non-apertured region 111
extends from the entrance to the process microchannel to the entrance to the mixing
zone 113 and is upstream from the mixing zone 113. The mixing zone 113 is
adjacent to the apertured sections 140 and 140a. The non-apertured region 117
extends from the end of mixing zone 113 to the exit of the process microchannel
110. The non-apertured region 117 is downstream of the mixing zone 113. In
operation, a first liquid flows into process microchannel 110, as indicated by
directional arrow 116, and through the non-apertured region 111 into the mixing
zone 113. A second liquid flows into liquid channels 170 and 170a as indicated by
directional arrows 172 and 172a, respectively. The second liquid flows through
apertured sections 140 and 140a, as indicated by directional arrows 174 and 174a,
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respectively, into the mixing zone 113. In mixing zone 113, the second liquid
contacts and mixes with the first liquid to form an emulsion. The second liquid may
form a discontinuous phase within the first liquid. The first liquid may form a
continuous phase. The emulsion flows through the non-apertured region 117 and
out of the process microchannel 110, as indicated by directional arrow 118. The
emulsion may be a water-in-oil emulsion or an oil-in-water emulsion. Heating or
cooling may be optional. When heating or cooling is desired, heat exchange fluid
flows through heat exchange channel 190, as indicated by directional arrows 192,
and heats or cools the liquids in the process microchannel 110 and the liquid
channels 170 and 170a . The degree of heating or cooling may vary over the length
of the process microchannel and the liquid channels. The heating or cooling may
be negligible or non-existent in some sections of the process microchannel and
liquid channels, and moderate or relatively high in other sections.

The emulsion forming unit 100C illustrated in Fig. 4 is identical to the
emulsion forming unit 100B illustrated in Fig. 3 with the exception that the apertures
144 and 144a lllustrated in Fig. 3 are aligned directly opposite each other, while the
apertures 144 and 144a lllustrated in Fig. 4 are offset from such direct alignment.
In Fig. 3 streams of the second liquid flowing through the apertures 144 and 144a
impinge directly on one another and thereby enhance the diffusion of the second
liquid into the first liquid. On the other hand, in Fig. 4 the streams of the second
liquid flowing through the apertures 144 and 144a are offset from one another and
thereby enhance diffusion by providing a swirling effect within the mixing zone 113.

The emulsion forming unit 100D illustrated in Fig. 5 includes process
microchannels 110 and 110a, apertured sections 140 and 140a, liquid channel 170,
and heat exchange channel 190. Apertured section 140 is formed in side wall 112,
and apertured section 140a is formed in side wall 114. The apertured sections 140
and 140a may be referred to as porous sections or porous substrates. Liquid
channel 170 opens 10 process microchannels 110 and 110a through apertured
sections 140 and 140a, respectively. The apertured section 140 may comprise a
sheet or plate 142 having an array of apertures 144 extending through it. Similarly,
the apertured section 140a may comprise a sheet or plate 142a having an array of
apertures 144a extending through it. The process microchannels 110 and 110a

nave non-apertured or non-porous regions 111 and 117, and 111a and 117a, and
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mixing zones 113 and 113a, respectively. The non-apertured regions 111 and 111a
extend from the entrance to the process microchannels 110 and 110a to the
entrances to the mixing zones 113 and 113a, respectively. The non-aperiured
regions 111 and 111a are upstream from the mixing zones 113 and 113a,
respectively. The mixing zones 113 and 113a are adjacent to the apertured
sections 140 and 140a, respectively. The non-apertured regions 117 and 117a
extend from the end of the mixing zones 113 and 113a to the exit of the process
microchannels 110 and 110a, respectively. The non-apertured regions 117 and
117a are downstream from the mixing zones 113 and 113a, respectively. Adjacent
to the process microchannel 110 is heat exchange channel 190. |In operation, a first
liquid flows into the process microchannels 110 and 110a, as indicated by
directional arrows 116 and 116a, respectively, and through the non-apertured
regions 111 and 111a into the mixing zones 113 and 113a. A second liquid flows
into liquid channel 170, as indicated by directional arrow 172, and then flows through
apertured sections 140 and 140a, as indicated by directional arrows 174 and 174a,
into mixing zones 113 and 113a, respectively. In the mixing zones 113 and 113a,
the second liquid contacts and mixes with the first liquid to form an emulsion. The
second liquid may form a discontinuous phase within the first liquid. The first liquid
may form a continuous phase. The emulsion flows through non-apertured section
117 and 117a and out of the process microchannels 110 and 110a, as indicated by
directional arrows 118 and 118a, respectively. The emulsion may be a water-in-oil
emulsion or an oil-in-water emulsion. Heating or cooling may be optional. When
heating or cooling is desired, heat exchange fluid flows through the heat exchange
channel 190, as indicated by directional arrows 192, and heats or cools the liquid
in the channels 110, 110a and 170. The degree of heating or cooling may vary over
the length of the channels. The heating or cooling may be negligible or non-existent
in some sections of the process microchannels 110 and 110a and liquid channel
170, and moderate or relatively high in other sections.

In one embodiment, the emulsion forming unit may include a rotating disk
and the process microchannel may be circular in form. This embodiment is
illustrated in Fig. 6. Referring to Fig. 6, emulsion forming unit 200 includes circular
disk 202, process microchannel 210, apertured section 240 and liquid channel or

container 270. Process microchannel 210 is circular in form and is positioned
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between circular disk 202 and apertured section 240. The apertured section 240
may contain a plurality of apertures 244 in a sheet or plate 242 for permitting liquid
to flow from the liquid channel or container 270 to the process microchannel 210.
Circular disk 202 rotates about shaft 204 as indicated by circular arrow 206. Shatft
204 may be driven by or connected to a motor or a rotation transformation
mechanism, such as a gear. The first liquid flows through inlet 207, as indicated by
directional arrow 216, to and through opening 241 in apertured section 240 into
microchannel 210. The second liquid flows through inlet 272 into liquid channel 270.
In liquid channel 270 the second liquid is pressurized and forced through apertured
section 240 into process microchannel 210, as indicated by directional arrows 274.
The first liquid and second liquid are mixed with each other in process microchannel
210 to form an emulsion. The second liquid may form a discontinuous phase within
the first liquid. The first liquid may form a continuous phase. The emulsion formed
in the process microchannel 210 flows outwardly from the center of the process
microchannel as indicated by directional arrows 218, into emulsion collector 208.
The flow of the emulsion outwardiy In the direction indicated by arrows 218 is
effected by a pressure differential within the process microchannel 210 and/or the
centrifugal force resulting from the rotation of the disk 202. Optionally, the emulsion
may be recirculated back from the emulsion collector to the first liquid entrance 207,
as indicated by line 209. The gap between the circular disk 202 and the apertured
section 240, which defines the process microchannel 210, may be up to about 10
mm, and in one embodiment from about 0.05 {o about 10 mm, and in one
embodiment from about 0.05 to about 5 mm, and in one embodiment from about
0.05 to about 2 mm, and in one embodiment from about 0.05 to about 1.5 mm, and
in one embodiment from about 0.05 to about 1 mm. The diameter of the circular
disk 202 may be of any dimension, for example, from about 0.5 to about 500 cm,
and in one embodiment about 1 to about 250 cm, and in one embodiment from
about 2 to about 100 cm, and in one embodiment from about 2 to about 50 cm. The
circular disk 202 may rotate at any rate, for example, about 0.2 to about 50,000
revolutions per minute (rpm), and in one embodiment from about 1 to about 5000
rom. Optionally, heat exchange channels may be employed in positions adjacent
to the liquid channel or container 270 and/or rotating disk 202 to heat or cool the

liquids. The height or thickness of liquid channel or container 270 may be of any
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dimension, for example, about 0.01 to about 50 mm, and in one embodiment about
0.1 to about 10 mm. The flow rate of liquid through the process microchannel 210
may range from about 0.01 to about 1000 liters per minute (lpm), and in one
embodiment 0.1 to about 200 ipm. The velocity of liquid flowing through the process
microchannel 210 may range from about 0.001 to about 50 meters per second
(m/s), and in one embodiment about 0.01 to about 10 m/s. The Reynolds Number
for the liquid flowing through the process microchannel 210 may range from about
5 to about 50,000, and in one embodiment about 10 to about 5000. The
temperature of the first liquid entering the process microchannel 210 may range
from about 0°C to about 200°C, and in one embodiment about 20°C to about 100°C.
The pressure within the process microchannel 210 may be in the range of about
0.01 to about 1000 atmospheres, and in one embodiment about 1 to about 10
atmospheres. The flow rate of the second liquid flowing through the liquid channel
or container 270 may range from about 0.001 to about 200 ml/s, and in one
embodiment about 0.01 to about 100 ml/s. The temperature of the second liquid in
the liquid channel 270 may range from about -20°C to about 250°C, and in one |
embodiment about 20°C to about 100°C. The pressure within the liquid channel or
container 270 may be at about 0.1 to about 1000 atmospheres, and in one
embodiment about 0.2 to about 100 atmospheres. The pressure drop for the
second liquid flowing through the apertured section 240 may range from about 0.01
to about 500 atmospheres, and in one embodiment about 0.1 to about 100
atmospheres.

In one embodiment, the inventive process is suitable for making double
emulsions. These double emulsions may be made using the emulsion forming unit
400 illustrated in Fig. 33. In Fig. 33, the emulsion forming unit 400 is positioned
between center lines 402 and 404. Emulsion forming unit 400 includes process
microchannel 410, and liquid channels 420, 430, 440 and 450. Liquid channels 420
and 430 are adjacent to process microchannel 410. Liquid channel 440 is adjacent
to liquid channel 420, and liquid channel 450 is adjacent to liquid channel 430.
Commonwall 412, which includes coarse apertured section 415, separates process
microchannel 410 and liquid channel 420. Commonwall 422, which includes coarse
apertured section 425, separates process microchannei 410 and liquid channel 430.

Apertured sections 415 and 425 contain apertures 416 and 426, respectively. Fine
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apertured section 435, which contains apertures 436, is positioned between and
separates liquid channel 440 and liquid channel 420. Fine apertured section 445,
which contains apertures 446, is positioned between and separates liquid channel
450 and liquid channel 430. The apertures 416 and 426 in the coarse apertured
sections 415 and 425 are larger than the apertures 436 and 446 in the fine
apertured sections 435 and 445. The process microchannel 410 has a non-
apertured or non-porous region 411 and a mixing zone 413. The non-apertured
region 411 extends from the entrance {o the process to the entrance to the mixing
zone 413. The mixing zone 413 is adjacent to the apertured sections 415 and 425.
Optionally, heat exchange channels may be inserted in the positions shown by
centerlines 402 and/or 404 to provide desired heating or cooling for the liquids.

Part of an adjacent emuision forming unit 400a, which is also illustrated in
Fig. 33, Is positioned below center line 402. The emulsion forming unit 400a
iIncludes process microchannel 410a, coarse apertured sections 415a and 425a,
liquid channel 430a, and fine apertured section 445a. These are the same as the
process microchannel 410, coarse apertured sections 415 and 425, liquid channel
430, and fine apertured section 445 discussed above. Also, part of another
adjacent emulsion forming unit 400b is positioned above the center line 404 in Fig.
33. The emulsion forming 400b Includes fine apertured section 435b and liquid
channel 420b. These are the same as the fine apertured section 435 and liquid
channel 420 discussed above. The inclusion of parts of emulsion forming units
400a and 400b in Fig. 33 illustrates the repeating character of the emulsion forming
unit 400 when it is employed in a microchannel mixer pursuant to the inventive
Process.

In operation, referring to Fig. 33, a first liquid enters process microchannel
410, as indicated by arrow 414, and flows through the non-apertured region 411 into
the mixing zone 413. A second liquid enters liquid channels 420 and 430, as
indicated by arrows 423 and 433, respectively. A third liquid enters liquid channels
440 and 450, as indicated by arrows 442 and 452, respectively. The third liquid
flows from liquid channel 440 through apertured section 435 into liquid channel 420
where it mixes with the second liquid and forms another emulsion. Also, the third
liquid flows from liquid channel 450 through apertured section 445 into liquid
channel 430 where It mixes with the second liquid and forms another emulsion. The



CA 02526965 2005-11-09
WO 2004/103539 PCT/US2004/014736

13

third liquid forms a discontinuous phase and the second liquid forms a continuous
phase in the another emulsions formed in the liquid channels 420 and 430. The
another emulsions formed in the liquid channels 420 and 430 flow through the
apertured sections 415 and 425, respectively, into mixing zone 413 where they mix
with the first liquid. In the mixing zone 413, the another emulsion is dispersed as a
discontinuous phase in the first liquid, the first liquid being in the form of a
continuous phase. The emulsion that is formed in the mixing zone 413 is a double
emulsion. In the double emulsion at least part of the third liquid may be
encapsulated within droplets of the second liquid. The encapsulated droplets are
dispersed as a discontinuous phase in the first liquid which is in the form of a
continuous phase. The double emulsion exits process microchannel 410, as
indicated by arrow 418.

In one embodiment, multiple emulsion formulations and/or sets of processing
conditions may be used to generate distinct emuisions within a single microchanne!
mixer. For example, a single microchannel mixer may employ two or more process
microchannels and associated liquid channels and heat exchange channels to make
two, three, four, five, six, seven, eight, nine, ten, tens, hundreds, thousands, tens of
thousands, hundreds of thousands, etc. of distinct emulsions within a single
microchannel mixer. This type of mixer can be referred to as a combinatorial-
synthesis device. This is illustrated in Fig. 34 wherein emulsion forming unit 500 is
illustrated. Emulsion forming unit 500 employs four process microchannels and as
a result may be capable of generating up to four distinct emulsions. The emulsion
forming unit 500 can be repeated any desired number of times, for example, two,
three, four, five, six, seven, eight, nine, ten, tens, hundreds, thousands, tens of
thousands, etc., to provide for the possibility of the multiple distinct emulsions
indicated above. Emulsion forming unit 500 includes process microchannels 510,
520, 530 and 540, liquid channels 550 and 560, and heat exchange channels 570
and 580. Apertured section 511 is formed in sidewall 512. Apertured section 521
is formed in sidewall 522. Aperiured section 531 is formed in sidewall 532.
Apertured section 541 is formed in sidewall 542. Apertures 513, 523, 533 and 943
are positioned in and extend through apertured sections 511, 521, 531 and 541,
respectively. The process microchannels 510, 520, 530 and 540 include non-

apertured section 514, 524, 534 and 544 positioned upstream from mixing sections
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515, 525, 535 and 545, respectively. Mixing sections 515, 525, 535 and 545 are
positioned adjacent to apertured sections 511, 521, 5§31 and 541, respectively. The
process microchannels 510, 520, 530 and 540 also include non-apertured sections
516, 526, 536 and 546 which are positioned downstream of the mixing zones 515,
525, 535 and 545, respectively. In operation, first liquids flow into process
microchannels 510, 520, 530 and 540 as indicated by arrows 517, 527, 537 and
547, respectively. The first liquids entering process microchannels 510, 520, 530
and 540 may have compositions that are the same as one another or the
compositions may be different from one another. The first liquids flow through the
non-apertured sections 514, 524, 534 and 544 into the mixing zones 515, 525, 535
and 545, respectively. The second liquid flows into liquid channels 550 and 560, as
indicated by arrows 551 and 561. The second liquid entering liquid channel 550
may be the same as the second liquid entering the liquid channel 560, or it may be
different. The difference between the second liquid entering liquid channel 550 and
the second liquid entering liquid channel 560 may be based on composition or
processing conditions, physical properties (e.g., viscosity, density, surface tension,
etc.) and/or operating parameters. The second liquid entering liquid channel 590,
as indicated by directional arrow 551, flows through the apertured sections 511 and
521, as indicated by directional arrows 552 and 553, into mixing zones 515 and 525,
respectively. In the mixing zones 515 and 525, the second liquid contacts and
mixes with the first liquid to form an emulsion. Similarly, a second liquid flows Into
liquid channel 560, as indicated by directional arrow 561, and then flows through
apertured sections 531 and 541, as indicated by directional arrows 562 and 563,
into mixing zones 535 and 545, respectively. In the mixing zones 515, 525, 935 and
545 the second liquids contact and mix with the first liquids to form the emulsions.
The emulsions formed in mixing zones 515, 525, 535 and 545 can be the same or
different. If different the emulsions may differ from one another with respect to
composition and/or physical properties or operating parameters (e.g., composition
of the dispersed and/or continuous phase, particle size, pariicle size distribution,
viscosity, density, surface fension, temperature, pressure, flow rate, etc.). The
emulsions formed in each of the process microchannels 510, 520, 530 and 540 may
be water-in-oil emulsions, oil-in-water emuisions, or combinations thereof. For

example, the emulsion formed in process microchannel 510 may be a water-in-oll
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emulsion while the emulsions formed in process microchannels 520, 530 and/or 540
may be oil-in-water emulsions, etc. Other combinations and permutations on which
emulsions are water-in-oil and which are oil-in-water are possible. The emulsions
flow from mixing zones 515, 525, 535 and 545 through non-apertured sections 516,
526, 536 and 546 out of the process microchannels 510, 520, 530 and 540, as
indicated by directional arrows 518, 528, 538 and 548, respectively. Heating or
cooling using heat exchange channels 570 and 580 may be optional. When heating
or cooling is desired, heat exchange fluid flows through heat exchange channels 570
and 580, as indicated by directional arrows 571 and 572, and 581 and 582, and
heats or cools the liquid in the channeis 510, 520, 530, 540, 550 and 560. The
degree of heating or cooling may vary over the length of each of the channels. The
heating or cooling may be negligible or non-existent in some sections of the process
channels and/or liquid channels, and moderate or relatively high in other sections.
An advantage of this embodiment of the invention is that it may provide for the
forming and evaluating of multiple product emulsions at the same time using the
same apparatus. This can be advantageous when it is desired to screen multiple
formulations as potential new products.

Although only one emulsion forming unit is fully illustrated in each of Figs. 1-
6, 33 and 34, there is practically no upper limit o the number of emulsion forming
units that may be used in a microchannel mixer for conducting the inventive process.
For example, one, two, three, four, five, six, eight, ten, twenty, fifty, one hundred,
hundreds, one thousand, thousands, ten thousand, tens of th”ousands, one hundred
thousand, hundreds of thousands, millions, etc., of the emulsion forming units
described above may be used. [n one embodiment, each emulsion forming unit
may be manifolded. Manifolding may be effected by connecting macrotubing, piping
or ducting to each unit. Alternatively, many of the emulsion forming units may be
internally manifolded within a microchannel mixer containing the emulsion forming
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