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57 ABSTRACT

The disclosed invention relates to a process for making an
emulsion. The process comprises: 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 micro-
channel in contact with the first liquid, the first liquid forming
a continuous phase, the second liquid forming a discontinu-
ous phase dispersed in the continuous phase.



Patent Application Publication Jul. 31,2008 Sheet 1 of 21 US 2008/0182910 A1

100 \ 172 116 192

(III

110

"3
190

12
Ha

192 FIG. 1

192 FIG. 2



Patent Application Publication

Jul. 31, 2008 Sheet 2 of 21

US 2008/0182910 A1

IOOQ\ 6 /l720
|72
~ I O 192
170 (
! v
174a

140 ~Q — = 1400

144

a2 — — 1440

174 = 1420
]

12 1700
14 | 190
IIBAIIW 192

FIG. 3

10 |

{)‘C 6 72a o

I??/

170

140
144
142
174

12




Patent Application Publication Jul. 31,2008 Sheet 3 of 21 US 2008/0182910 A1

\\ I6a |“;72 192
\j( 170 ;u

207
- 242 274

] 274 |
] 7L |l [ o

209



Patent Application Publication Jul. 31,2008 Sheet 4 of 21 US 2008/0182910 A1

v

L

FIG. 7




Patent Application Publication Jul. 31,2008 Sheet S of 21 US 2008/0182910 A1

FIG. 9

~Formed layer
by tailoring

FIG. 10



Patent Application Publication Jul. 31,2008 Sheet 6 of 21 US 2008/0182910 A1

146
(o] O (o] O/'—‘\\
(o] (o] (e} (o] '48
FIG. 11
O O O O /|50
o 0o o o |52
O O O O
FIG. 12
I46\ /'43
{ }W FIG. 13
50 o2 o4
||6f\ {||8 _
—————t
= 154a
aco / - }{:IG 14
150~ 148 N N\isp '
74
160 158

<’/3}' — FIG. 15
aa 142



91 9OId

u) pinbi aseyd snonunuo)

US 2008/0182910 A1

ul pinbij aseyd astadsiq 0ss

bee

Jul. 31, 2008 Sheet 7 of 21

cte
174725

| k obe Olg

INO UoIS|NW]

10123
pCe ut piny 394

00¢
N0 pinjy 3H

Patent Application Publication



US 2008/0182910 A1

Jul. 31, 2008 Sheet 8 of 21

Patent Application Publication

pa|eas 29 0} dij/abuel4

Ll "Ol4

(deb ayy ojul) pinbi| aseyd assadsig

no Buiwod 22| /

sya|doap jo uondalid

abpLiped e Jo sjiersqd

ul pinbij aseyd
SNONUNU0D)

w1 pinbiy
aseyd as1adsiq

INO HUIWLIOD

(o]]|
sy9|dolp Jo uoipadid

ove

|jojiuetu
3H

P

17474
N0 uoIS|NW3 %

ui piny 3H

bGe k
o piny 3H



Patent Application Publication Jul. 31,2008 Sheet 9 of 21 US 2008/0182910 A1

@)
&

<
0
e/

Ny

190
FIG. 18

|

350

HE assembly

Serpentine HE fluid
passage in a single layer

P
% \\\\
Y

354

ack of HE

\
N

350

N
0
M



Patent Application Publication Jul. 31,2008 Sheet 10 of 21 US 2008/0182910 A1

FIG. 19

Frame holding and
sealing the cartridges



Patent Application Publication Jul. 31,2008 Sheet 11 of 21 US 2008/0182910 A1

Hollow (footer)
Hollow (header)

/

N 8
A'g

FIG. 20

Flow passages of the three fluids (hollow, not shown)

N
b
@
g
[19]
]
-
SN’
=4
o)
[
I



Patent Application Publication Jul. 31,2008 Sheet 12 of 21 US 2008/0182910 A1

)
O
=
3 €
» o 2
o =
) N
)]
} Q
T}
o o o
AN L t
\\ L a
— —
/7’ N
l'l\ .
O
m@\\ | =
S \\\\
] ‘
4 \\v-
ok
e
7]
5
™

10
8
6
4
2
V67

(%) aWnjoA



Patent Application Publication Jul. 31,2008 Sheet 13 of 21 US 2008/0182910 A1

Continuous phase Dispersed phase

A

A4

S




US 2008/0182910 A1

Jul. 31, 2008 Sheet 14 of 21

Patent Application Publication

G¢ 9Old

ut aseyd astadsiq__ 5

d (19[1on3u0)) o>_m>® D (I9]]01u0))) 9A[RA

{ noarasar aseyd (10 0D Toa1ssar aseyd [1()

YYYVYVYY
W e T FETEFRETRCRICCTIONT oo

25EHd snonunuo))

pmvenad
b

—
——
T

00000
444444

g nmoatasa aseyd 10 V I0AI3sa1 aseyd [1Q)

g (19[]011U0)) 2AJBA ® V (19]]01u0))) aAJeA
ut oseyd osradsiq [,




Patent Application Publication Jul. 31,2008 Sheet 15 of 21 US 2008/0182910 A1

Mixture outlet

FIG. 26

Porous substrate
0.5"X0.5"%0.08"

Disperse phase inlet

Micro channel
Continuous phase inlet



US 2008/0182910 A1

Jul. 31,2008 Sheet 16 of 21

Patent Application Publication

BN

] 193SeD)

L¢ Old

SUO0Z Pea(J

724

,,

/o

.

1a0edg

A

/
21ensqns 1 LON

aseyd 10

7 193seD)

9s OTH 10 OTH)
d snonunuon




US 2008/0182910 A1

Jul. 31, 2008 Sheet 17 of 21

Patent Application Publication

3uneay
3[[01UO]
[ H RS R ar— \\n 2 A
1onpoig T

IIOATISY N

VAV PAYOATAYAPAVA VTN

aseyd 10 dung 110 % > 7
d -r- d
¥ aseyd snonunuo))
ajensqns o”mw ' wwzﬁo UO0I}09S
01 .
pamjonns-oxarpy oo odo OIN UOIIBIA[000Y



Patent Application Publication Jul. 31,2008 Sheet 18 of 21 US 2008/0182910 A1

(@))
N
L
ﬂ-
b wnd
N
h wund
\ o
-
——
\ E
© £
=
\ E
N
\ (1)
i
(v
| (oh
=
o
3 ™
©
o]
29
1 +— (@ <t
5 9
Il—
sl
Cc @©
o o
Z I
KA R
o
N A o

(pi1sd) doaqg ainssaud



US 2008/0182910 A1

Jul. 31,2008 Sheet 19 of 21

Patent Application Publication




Patent Application Publication Jul. 31,2008 Sheet 20 of 21 US 2008/0182910 A1

7“ B ) R, e s
/l(‘?'~.~ r--(ll{ll IIUU DI i UUIHNHII UNHIHN :f>
422a 7
402 | a6 4|5a/ 435 } \ \4 \ 4i8a
4i40 a28q 415 445q 436 I13a %104
412a g FIG. 33 400a 440



Patent Application Publication Jul. 31,2008 Sheet 21 of 21 US 2008/0182910 A1

500

-5\ 571 537 S6I 547
BI7 55 527 : 581

! 524 532 | 934 544 1542
514 | |
512 o63
562
510 =533
513 = =
5| = —H o |
515 E—.543— 545
535

580

5,8/1 - 520%57% kSs s4of l L532

536 ‘560| s46
528 572, AR

FIG. 34



US 2008/0182910 Al

PROCESS FOR FORMING AN EMULSION
USING MICROCHANNEL PROCESS
TECHNOLOGY

[0001] This application is a continuation of U.S. applica-
tion Ser. No. 10/844,061, filed May 12, 2004, which is a
continuation-in-part of U.S. application Ser. No. 10/440,056,
filed May 16, 2003. This application also claims priority to
U.S. Provisional Application Ser. No. 60/548,152, filed Feb.
25, 2004. Each of these prior applications is incorporated
herein by reference in its entirety.

TECHNICAL FIELD

[0002] This invention relates to a method for making an
emulsion using microchannel process technology.

BACKGROUND

[0003] 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 emulsions
may be identified as o/w/0 emulsions. In the same manner a
w/o/w emulsion may be formed.

[0004] A problem with many emulsions is that if they are
not stabilized, for example, by adding surfactants or emulsi-
fiers, they tend to agglomerate, form a creaming layer, coa-
lesce, and finally separate into two phases. If 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
significantly increased for smaller droplet sizes when using
conventional processing techniques, especially for highly
viscous emulsions with very small droplet sizes and large
outputs. For example, the doubling of energy dissipation (en-
ergy consumption) may cause a reduction of average droplet
size of only about 25% when using conventional processing
techniques. Shear force may be applied to overcome the inter-
facial 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 over-
come pressure drop in a continuous process such as in a
homogenizer. Heating is often needed for emulsification
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when one of the phases does not flow or flows too slowly at
room temperature. A heated emulsion typically 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 drop-
lets as well as phase separation into layers. After emulsifica-
tion, droplets tend to rise by buoyancy. As such, an immediate
cooling down may be needed, which also consumes energy.

[0005] A problem with many of the processes that are cur-
rently 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 emul-
sions that are currently available relates to the presence of
surfactants or emulsifiers in their formulations. These surfac-
tants or emulsifiers may be required to stabilize the emul-
sions, 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.

[0006] Emulsions that have low surfactant or emulsifier
concentrations or are free of such surfactants or emulsifiers
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 emulsifiers. Many adverse skin reactions
experienced by 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 surfac-
tants or emulsifiers wherein water proofing is desired. For
example, in water-based skin care products such as sun-
screen, the active ingredient may not be waterproof due to the
presence of water-soluble surfactants or emulsifiers.

[0007] A problem relating to the use of many pharmaceu-
tical 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 transporting the drugs into the body.
Emulsion formulation problems may be problematic with
drugs for intravenous injection and the administration of che-
motherapeutic or anti-cancer agents.

SUMMARY

[0008] The present invention, at least in one embodiment,
may provide a solution to one or more of the foregoing prob-
lems. In 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
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accordance with the inventive process, in one embodiment,
may be useful, for example, as a skin care product, pharma-
ceutical composition, etc.

[0009] The invention relates to a process for making an
emulsion, comprising: 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 emulsion, the second liquid
being immiscible with the first liquid, the first liquid forming
a continuous phase, the second liquid forming a discontinu-
ous phase dispersed in the continuous phase. In one embodi-
ment, the second liquid flows from a liquid channel through
the apertured section.

[0010] Inone embodiment, heat is exchanged between the
process microchannel and a heat exchanger, the liquid chan-
nel 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 ele-
ment adjacent to the process microchannel, the liquid chan-
nel, 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 chan-
nel but rather can be remote from either or both the process
microchannel and liquid channel.

[0011] In one embodiment, the first liquid and the second
liquid contact each other in a mixing zone in the process
microchannel.

[0012] In one embodiment, heat is exchanged between a
heat exchanger and at least part of the process microchannel
in the mixing zone.

[0013] In one embodiment, heat is exchanged between a
heat exchanger and at least part of the process microchannel
upstream of the mixing zone.

[0014] In one embodiment, heat is exchanged between a
heat exchanger and at least part of the process microchannel
downstream of the mixing zone.

[0015] Inoneembodiment, the emulsionis quenched in the
process microchannel downstream of the mixing zone.
[0016] Inoneembodiment, the process microchannel has a
restricted cross section in the mixing zone.

[0017] 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 one of the
walls being offset from being aligned directly with the aper-
tures in the apertured section of the other wall.

[0018] In one embodiment, the process microchannel is in
an emulsion forming unit comprising a first process micro-
channel, 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 flow-
ing through the first process microchannel and the second
process microchannel, the second liquid flowing from the
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liquid channel through the apertured section in the first pro-
cess microchannel in contact with the first liquid and through
the apertured section in the second process microchannel in
contact with the first liquid.

[0019] 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.

[0020] 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 liquid 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.

[0021] In one embodiment, the process microchannel is
formed from parallel sheets, plates or a combination of such
sheets or plates.

[0022] In one embodiment, the process is conducted in a
microchannel mixer, the microchannel mixer comprising a
plurality of the process microchannels, the process micro-
channels 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 paral-
lel spaced sheets or plates, the process microchannels and
liquid channels being adjacent to each other and aligned in
interleaved side-by-side vertically oriented planes or inter-
leaved horizontally oriented planes stacked one above
another.

[0023] Inoneembodiment, the process microchannel com-
prises 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.

[0024] 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 embodi-
ment at least about 10 of the process microchannels, and in
one embodiment at least about 100 of the process microchan-
nels, and in one embodiment at least about 1000 of the pro-
cess microchannels.

[0025] 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 pro-
cess microchannels, and the microchannel mixer further com-
prises 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 pro-
cess microchannels and/or liquid channels, the microchannel
mixer further comprising at least one heat exchange manifold
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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.

[0026] 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 chan-
nel comprising circular tubes aligned concentrically.

[0027] 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 two of the process micro-
channels being different from each other. 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.
[0028] In one embodiment, the process for making an
emulsion 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 adja-
cent liquid channel, the process microchannel and adjacent
liquid channel having a common wall with an apertured sec-
tion in the common wall, the apertured section being suitable
for flowing a liquid from the liquid channel through the aper-
tured section into the process microchannel, 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 micro-
channel; and mixing the first liquid and the second liquid in
the process microchannel to form the emulsion.

[0029] 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.

[0030] 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

[0031] In the annexed drawings, like parts and features
have like references.

[0032] FIG.1is a flow sheet illustrating an emulsion form-
ing 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.

[0033] FIGS. 2-6 are flow sheets illustrating embodiments
of'emulsion forming units for use with the inventive process.
[0034] 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.

[0035] FIG. 8 is an SEM image of a porous stainless steel
substrate before being heat treated.

[0036] FIG. 9 is an SEM image of the substrate illustrated
in FIG. 8 after being heat treated.
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[0037] FIG. 10 is an SEM image of a tailored porous sub-
strate useful with the inventive process.

[0038] FIG. 11 is a plan view of an apertured sheet which is
useful in making the apertured section of the process micro-
channel used with the inventive process.

[0039] 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.

[0040] FIG. 13 is an illustration of a relatively thin aper-
tured 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.
[0041] 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.

[0042] 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.

[0043] FIGS. 16-20 illustrate a mixing apparatus useful in
conducting the inventive process.

[0044] 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 multiple pro-
cess microchannels.

[0045] FIG. 22 is amicroscopic image of an emulsion made
by the inventive process.

[0046] FIG. 23 is amicroscopic image of an emulsion made
by a batch emulsification process.

[0047] FIG. 24 is a schematic illustration showing the for-
mation of a droplet during the operation of the inventive
process.

[0048] FIG. 25 is a flow sheet illustrating an alternate
embodiment of the inventive process wherein multiple dis-
perse phase reservoirs are used to form an emulsion contain-
ing multiple dispersed phases.

[0049] FIG. 26 is a schematic illustration of the microchan-
nel device used in Example 1.

[0050] FIG. 27 is another schematic illustration of the
microchannel device used in Example 1.

[0051] FIG. 28 is a flow sheet illustrating the emulsification
system used in Example 1.

[0052] FIG. 29 is a plot of pressure drop versus flow rate for
the porous substrates tested in Example 1.

[0053] FIGS. 30 and 31 are microscopic images of emul-
sions made in Example 1.

[0054] FIG. 32 is as 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/0) emulsion.

[0055] 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.

[0056] FIG. 34 is a flow sheet illustrating an embodiment of
an emulsion forming unit for use with the inventive process
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wherein multiple emulsion formulations and/or processing
conditions may be used to generate separate and distinct
emulsions within one device.

DETAILED DESCRIPTION

[0057] 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 to
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 embodi-
ment about 0.05 to about 1.5 mm, and in 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.

[0058] 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, “adja-
cent” channels are not separated by an intervening channel
that would interfere with heat transfer between the channels.
[0059] Theterm “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.

[0060] 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.

[0061] 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 posi-
tion since the channels used in the inventive process may be
oriented horizontally, vertically, or at an inclined angle.
[0062] 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 oppo-
site 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. Adjacent to the sidewall
112 is liquid channel 170 which opens to process microchan-
nel 110 through apertured section 140. The process micro-
channel 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 process microchannel to the
entrance to the mixing zone 113. The non-apertured region
111 is upstream of the mixing zone 113. The mixing zone 113
is adjacent to 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
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region 117 is downstream of the mixing zone 113. Adjacent to
sidewall 114 is heat exchange channel 190. 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 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 direc-
tional arrow 118. The emulsion may be a water-in-oil emul-
sion 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 indi-
cated 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 heat-
ing 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 microchan-
nel 110. Similarly, multiple heating fluids at different tem-
peratures may be employed along the length of the process
microchannel 110 and/or liquid channel 170.

[0063] 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 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.

[0064] 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 170qa is positioned between process
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microchannel 110 and heat exchange channel 190. Apertured
section 140q is formed in sidewall 114. Liquid channel 170a
opens to process microchannel 110 through apertured section
140a. The apertured 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 microchan-
nel 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,
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 discontinu-
ous phase within the first liquid. The first liquid may form a
continuous phase. The emulsion flows through the non-aper-
tured 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 chan-
nels 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.

[0065] 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 144q
illustrated in FIG. 3 are aligned directly opposite each other,
while the apertures 144 and 144¢ illustrated 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 144q are offset from one
another and thereby enhance diffusion by providing a swirl-
ing effect within the mixing zone 113.

[0066] The emulsion forming unit 100D illustrated in FIG.
5 includes process microchannels 110 and 110a, apertured
sections 140 and 1404, liquid channel 170, and heat exchange
channel 190. Apertured section 140 is formed in side wall
112, and apertured section 140« 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 to process microchannels 110 and 1104 through aper-
tured sections 140 and 140a, respectively. The apertured sec-
tion 140 may comprise a sheet or plate 142 having an array of
apertures 144 extending through it. Similarly, the apertured
section 140 may comprise a sheet or plate 1424 having an
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array of apertures 144a extending through it. The process
microchannels 110 and 110a have non-apertured or non-
porous regions 111 and 117, and 111a and 1174, and mixing
zones 113 and 113a, respectively. The non-apertured regions
111 and 111a extend from the entrance to the process micro-
channels 110 and 110« to the entrances to the mixing zones
113 and 113a, respectively. The non-apertured regions 111
and 111a are upstream from the mixing zones 113 and 113a,
respectively. The mixing zones 113 and 1134 are adjacent to
the apertured sections 140 and 140a, respectively. The non-
apertured regions 117 and 1174 extend from the end of the
mixing zones 113 and 1134 to the exit of the process micro-
channels 110 and 110aq, respectively. The non-apertured
regions 117 and 117a are downstream from the mixing zones
113 and 113aq, respectively. Adjacent to the process micro-
channel 110 is heat exchange channel 190. In operation, a first
liquid flows into the process microchannels 110 and 110q, as
indicated by directional arrows 116 and 116a, respectively,
and through the non-apertured regions 111 and 111« 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 113aq, respectively. In the mixing zones 113 and 1134, 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 1174 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 emul-
sion 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 indi-
cated 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 110« and liquid chan-
nel 170, and moderate or relatively high in other sections.

[0067] Inone 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 sec-
tion 240 and liquid channel or container 270. Process micro-
channel 210 is circular in form and is positioned 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. Shaft 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 aper-
tured 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 micro-
channel 210 to form an emulsion. The second liquid may
form a discontinuous phase within the first liquid. The first
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liquid may form a continuous phase. The emulsion formed in
the process microchannel 210 flows outwardly from the cen-
ter of the process microchannel as indicated by directional
arrows 218, into emulsion collector 208. The flow of the
emulsion outwardly in the direction indicated by arrows 218
is effected by a pressure differential within the process micro-
channel 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 to
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 dimen-
sion, 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 rpm. Optionally, heat exchange channels may be
employed in positions adjacent to the liquid channel or con-
tainer 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 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 (Ipm),
and in one embodiment 0.1 to about 200 lpm. 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 tempera-
ture 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 embodi-
ment 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 atmo-
spheres, and in one embodiment about 0.2 to about 100 atmo-
spheres. 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.

[0068] Inoneembodiment, 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 posi-
tioned between center lines 402 and 404. Emulsion forming
unit 400 includes process microchannel 410, and liquid chan-
nels 420, 430, 440 and 450. Liquid channels 420 and 430 are
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adjacent to process microchannel 410. Liquid channel 440 is
adjacent to liquid channel 420, and liquid channel 450 is
adjacent to liquid channel 430. Common wall 412, which
includes coarse apertured section 415, separates process
microchannel 410 and liquid channel 420. Common wall 422,
which includes coarse apertured section 425, separates pro-
cess microchannel 410 and liquid channel 430. Apertured
sections 415 and 425 contain apertures 416 and 426, respec-
tively. Fine 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
to 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.

[0069] Part of an adjacent emulsion forming unit 400a,
which is also illustrated in FIG. 33, is positioned below center
line 402. The emulsion forming unit 4004 includes process
microchannel 410aq, coarse apertured sections 415a and 425a,
liquid channel 430aq, and fine apertured section 445a. These
are the same as the process microchannel 410, coarse aper-
tured sections 415 and 425, liquid channel 430, and fine
apertured section 445 discussed above. Also, part of another
adjacent emulsion forming unit 40056 is positioned above the
center line 404 in FIG. 33. The emulsion forming 4005
includes fine apertured section 4356 and liquid channel 4205.
These are the same as the fine apertured section 435 and liquid
channel 420 discussed above. The inclusion of parts of emul-
sion forming units 400a and 4005 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.

[0070] Inoperation, referringto FIG. 33, afirstliquid 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 chan-
nel 430 where it mixes with the second liquid and forms
another emulsion. The 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, respec-
tively, into mixing zone 413 where they mix with the first
liquid. In the mixing zone 413, the another emulsion is dis-
persed 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 encap-
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sulated 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.

[0071] In one embodiment, multiple emulsion formula-
tions and/or sets of processing conditions may be used to
generate distinct emulsions within a single microchannel
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 form-
ing 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 num-
ber 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. Aper-
tured section 521 is formed in sidewall 522. Apertured section
531 is formed in sidewall 532. Apertured section 541 is
formed in sidewall 542. Apertures 513, 523, 533 and 543 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 515, 525,
535 and 545, respectively. Mixing sections 515, 525, 535 and
545 are positioned adjacent to apertured sections 511, 521,
531 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 opera-
tion, 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 compo-
sition or processing conditions, physical properties (e.g., vis-
cosity, density, surface tension, etc.) and/or operating param-
eters. The second liquid entering liquid channel 550, as
indicated by directional arrow 551, flows through the aper-
tured 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 sec-
tions 531 and 541, as indicated by directional arrows 562 and
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563, into mixing zones 535 and 545, respectively. In the
mixing zones 515, 525, 535 and 545 the second liquids con-
tact 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, particle size
distribution, viscosity, density, surface tension, 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 emulsions, or combinations
thereof. For example, the emulsion formed in process micro-
channel 510 may be a water-in-oil emulsion while the emul-
sions 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 heat-
ing or cooling is desired, heat exchange fluid flows through
heat exchange channels 570 and 580, as indicated by direc-
tional arrows 571 and 572, and 581 and 582, and heats or
cools the liquid in the channels 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 evalu-
ating 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.

[0072] Although only one emulsion forming unit is fully
illustrated in each of FIGS. 1-6, 33 and 34, there is practically
no upper limit to 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 thousands, one hundred
thousand, hundreds of thousands, millions, etc., of the emul-
sion forming units described above may be used. In one
embodiment, each emulsion forming unit may be mani-
folded. Manifolding may be effected by connecting macro-
tubing, piping or ducting to each unit. Alternatively, many of
the emulsion forming units may be internally manifolded
within a microchannel mixer containing the emulsion form-
ing units by creating relatively equal pressure drop circuits
between each unit. On the other hand, the pressure drop may
not be equal between each unit, as some flow maldistribution
may not affect product quality. In one embodiment, up to
about a 50% flow maldistribution may be acceptable in form-
ing an emulsion using the inventive process. The process
microchannels, and associated liquid channels and heat
exchange channels may be aligned side-by-side or stacked
one above another. For the emulsion forming units 100 and
100A, for example, the process microchannels 110 may be
aligned in parallel in one plane, the liquid channels 170 may
be aligned in parallel in an adjacent plane on one side of the
process microchannels 110, and the heat exchange channels
190 may be aligned in parallel in another plane on the other
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side of the process microchannels 110. For the emulsion
forming units 100B and 100C, for example, the process
microchannels 110 may be aligned in parallel in one plane,
the liquid channels 170 and 1704 may be aligned in parallel in
adjacent planes on each side of the process microchannels
110, and the heat exchange channels 190 may be aligned in
parallel in a plane adjacent to the liquid channels 170a. For
the emulsion forming unit 100D, the liquid channels 170 may
be aligned in parallel in one plane, the process microchannels
110 and 1104 may be aligned in parallel in adjacent planes on
each side of the liquid channels 170, and the heat exchange
channels 190 may be aligned in parallel in a plane adjacent to
the process microchannel 110. These emulsion forming units
may have appropriate headers, footers, manifolds, valves,
conduit lines, tubings, control mechanisms, etc., to control
the input and output of process liquids and heat exchange
fluids which are not shown in FIGS. 1-6 and 33, but can be
provided by those skilled in the art. For example, at the inlet
and outlet to the microchannel mixer containing the emulsion
forming units, sloped headers and footers may be used for
connecting the conduit lines or tubings to avoid unnecessary
pressure drops associated with the size of the process micro-
channels. The use of emulsion forming unit 100D in a micro-
channel mixer is further illustrated in FIGS. 16-20 discussed
below.

[0073] Inoneembodiment, a plurality of emulsion forming
units (100, 100A, 100B, 100C, 100D, 400 or 500) may be
stacked one above another to form a core of units scaled up for
on-demand large capacity. The scaled-up units may have
sloped headers and footers as manifolds for the liquids used to
form the emulsions as well as for the emulsion products.
More uniform flow distribution may also be enhanced by the
addition of an orifice plate or other apertured zone at the
entrance of the process or dispersed phase or heat exchange
channels. Frame sections may be used to hold and seal the
emulsion forming units.

[0074] Each ofthe process microchannels (110, 110a, 410,
510, 520, 530, 540) may have a cross section that has any
configuration, for example, square, rectangular, circular,
annular, oval, trapezoidal, etc. The process microchannels
(110, 110a, 410, 510, 520, 530, 540) may be tubular. The
process microchannels (110, 1104, 410, 510, 520, 530, 540)
may be formed from parallel spaced sheets or plates posi-
tioned side-by-side or one above another. The term “sheet”
refers to a wall thickness of up to about 5 mm. The term
“plate” refers to a wall thickness of about 5 mm or higher.
Sheets may be supplied to the user in roll form while plates
may be supplied to the user in the form of flat pieces of
material. Each of the process microchannels (110, 1104, 410,
510, 520, 530, 540) has an internal dimension perpendicular
to the flow of liquid through the process microchannel (for
example, height, width or diameter) in the range of up to
about 50 mm, and in one embodiment up to about 10 mm, and
in one embodiment up to about 2 mm. This dimension may be
in the range from about 0.05 to about 50 mm, and in one
embodiment about 0.05 to about 10 mm, and in one embodi-
ment 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 one embodiment about 0.05 to about 1
mm, and in one embodiment about 0.05 to about 0.5 mm.
Another internal dimension perpendicular to the flow of lig-
uid through the process microchannel (for example, height or
width) may be of any value, for example, it may be in the
range from about 0.01 c¢cm to about 100 cm, and in one
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embodiment from about 0.01 cm to about 75 ¢cm, and in one
embodiment from about 0.1 ¢m to about 50 cm, and in one
embodiment about 0.2 cm to about 25 cm. The length of each
of'the process microchannels (110, 110a, 410, 510, 520, 530,
540) may be of any value, for example, in the range from
about 0.1 cm to about 500 ¢cm, and in one embodiment about
0.1 cm to about 250 cm, and in one embodiment about 1 cm
to about 100 cm, and in one embodiment about 1 cm to about
50 cm, and in one embodiment about 2 cm to about 25 cm.

[0075] In one embodiment, the process microchannels
(110, 110a, 410, 510, 520, 530, 540) may have a non-aper-
tured or non-porous region (111, 111a, 411, 514, 524, 534,
544) in their entrances upstream of the mixing zones (113,
113a, 413,515,525, 535, 545) to provide an even distribution
of flow of the first liquid in the process microchannels. This
may be useful when multiple process microchannels are
aligned side-by-side and/or one-above-another, and the flow
of the first liquid into the multiple process microchannels is
non-uniform. The provision of these non-apertured regions
(111,111a, 411, 514, 524, 534, 544) may stabilize the flow of
the first liquid prior to reaching the mixing zones (113, 113a,
413, 515, 525, 535, 545). The use of the non-apertured
regions (111, 111a, 411, 514, 524, 534, 544) may be advan-
tageous when the process microchannels (110, 110a, 410,
510, 520, 530, 540) have circular cross sections (i.e., tubular
geometries). In one embodiment, the ratio of the length of the
non-apertured region (111, 111a, 411, 514, 524, 534, 544)
from the entrance to the process microchannel (110, 110q,
410, 510, 520, 530, 540) to the entrance to the mixing zone
(113, 1134, 413, 515, 525, 535, 545) relative to the smallest
internal dimension of the process microchannel (110, 110q,
410, 510, 520, 530, 540) in the non-apertured region (111,
111a, 411, 514, 524, 534, 544) may be from about 0.0001 to
about 10000, and in one embodiment about 0.001 to about
1000.

[0076] The liquid channels (170, 1704, 420, 430, 440, 450,
550, 560) may be microchannels although they may have
larger dimensions that would not characterize them as micro-
channels. Each of these channels may have a cross section
that has any configuration, for example, square, rectangular,
circular, annular, oval, trapezoidal, etc. The liquid channels
(170,170a, 420,430, 440,450,550, 560) may be tubular. The
liquid channels (170,170a, 420, 430, 440, 450,550, 560) may
be formed from parallel spaced sheets or plates positioned
side-by-side or one-above-another. Each liquid channel may
have an internal dimension perpendicular to the flow of liquid
through the liquid channel (for example, height, width or
diameter) in the range up to about 100 cm, and in one embodi-
ment in the range from about 0.05 mm to about 100 cm, and
in one embodiment about 0.05 mm to about 50 cm, and in one
embodiment from about 0.05 mm to about 10 cm, and in one
embodiment from about 0.05 mm to about 5 cm, and in one
embodiment about 0.05 mm to about 10 mm, and in one
embodiment about 0.05 mm to about 5 mm, and in one
embodiment about 0.05 mm to about 2 mm, and in one
embodiment about 0.05 mm to about 1 mm. Another internal
dimension perpendicular to the flow of liquid through the
liquid channel (for example, height or width) may be in the
range from about 0.01 c¢cm to about 100 cm, and in one
embodiment about 0.01 c¢cm to about 75 cm, and in one
embodiment about 0.1 cm to about 50 cm, and in one embodi-
ment about 0.2 cm to about 25 cm. The length of the liquid
channels (170, 170a, 420, 430, 440, 450, 550, 560) may be of
any value, for example, in the range from about 0.1 cm to
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about 500 cm, and in one embodiment about 0.1 ¢cm to about
250 ¢m, and in one embodiment about 1 cm to about 100 cm,
and in one embodiment about 1 cm to about 50 cm, and in one
embodiment about 2 cm to about 25 cm. The separation
between each process microchannel and the next adjacent
liquid channel or between adjacent liquid channels may be in
the range from about 0.05 mm to about 50 mm, and in one
embodiment from about 0.1 to about 10 mm, and in one
embodiment from about 0.2 mm to about 2 mm.

[0077] The heat exchanger may be used for cooling, heat-
ing or both cooling and heating. The heat exchanger may
comprise one or more heat exchange channels (190, 570,
580), electric heating elements, resistance heaters and/or non-
fluid cooling elements. These may be adjacent to the process
microchannel, the liquid channel, or both the process micro-
channel and the liquid channel. In one embodiment, the heat
exchanger may not be in contact with or adjacent to the
process microchannel and/or liquid channel, but rather can be
remote from either or both the process microchannel and
liquid channel. The electric heating element, resistance heater
and/or non-fluid cooling element can be used to form one or
more walls of the process microchannels (110, 1104, 210,
410, 510, 520, 530, 540) and/or liquid channels (170, 170a,
270, 420, 430, 440, 450, 560, 570). The electric heating
element, resistance heater and/or non-fluid cooling element
can be built into one or more walls of the process microchan-
nels and/or liquid channels. The electric heating elements
and/or resistance heaters can be thin sheets, rods, wires, discs
or structures of other shapes embedded in the walls of the
process microchannels and/or liquid channels. The electric
heating elements and/or resistance heaters can be in the form
of foil or wire adhered to the process microchannel walls
and/or liquid channel wall. Heating and/or cooling may be
effected using Peltier-type thermoeclectric cooling and/or
heating elements. Multiple heating and/or cooling zones may
be employed along the length of the process microchannels
and/or liquid channels. Similarly, multiple heat exchange flu-
ids at different temperatures may be employed along the
length of the process microchannels and/or liquid channels.
Cooling can be used to quench the emulsion after formationto
enhance droplet stability. The heat exchanger can be use to
provide precise temperature control within the process micro-
channels and/or liquid channels.

[0078] The heat exchange channels (190,570, 580) may be
microchannels although they may have larger dimensions
that would not typically characterize them as microchannels.
Each of these channels may have a cross section that has any
configuration, for example, square, rectangular, circular,
annular, oval, trapezoidal, etc. The heat exchange channels
(190, 570, 580) may be tubular. The heat exchange channels
(190,570, 580) may be formed from parallel spaced sheets or
plates positioned side-by-side or one-above-another. Each of
the heat exchange channels may have an internal dimension
perpendicular to the flow of heat exchange fluid through the
heat exchange channel, for example height, width or diam-
eter, in the range up to about 50 mm, and in one embodiment
up to about 10 mm, and in one embodiment up to about 2 mm.
This dimension may be in the range from 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 from about 0.05 to about 2 mm, and in one
embodiment from about 0.5 to about 1 mm. Another internal
dimension perpendicular to the flow of heat exchange fluid
through the heat exchange channel, for example height or
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width, may be of any value, for example, in the range from
about 0.01 cm to about 100 cm, and in one embodiment about
0.01 cm to about 75 cm, and in one embodiment about 0.1 cm
to about 50 ¢cm, and in one embodiment about 0.2 ¢cm to about
25 cm. The length of the heat exchange channels may be of
any value, for example, in the range from about 0.1 cm to
about 500 cm, and in one embodiment about 0.1 cm to about
250 ¢m, and in one embodiment about 1 cm to about 100 cm,
and in one embodiment about 1 cm to about 50 cm, and in one
embodiment about 2 cm to about 25 cm. The separation
between each process microchannel or liquid channel and the
next adjacent heat exchange channel may be in the range from
about 0.05 mm to about 50 mm, and in one embodiment about
0.1 to about 10 mm, and in one embodiment about 0.2 mm to
about 2 mm.

[0079] The heat exchange channels 190 illustrated in FIGS.
1-5 and the heat exchange channels 570 and 580 illustrated in
FIG. 34 are adapted for heat exchange fluid to flow through
the channels in a direction parallel to and co-current with the
flow of liquid through the process microchannels (110, 110a,
510, 520, 530, 540) and liquid channels (170, 170a, 550,
560), as indicated by the directional arrows. Alternatively, the
heat exchange fluid may flow through the heat exchange
channels (190, 570, 580) in a direction opposite to the direc-
tion indicated in FIGS. 1-5 and 34, and thus flow countercur-
rent to the flow of liquid through the process microchannels
(110, 1104, 510, 520, 530, 540) and liquid channels (170,
170a, 550, 560). Alternatively, the heat exchange channels
(190,570, 580) may be oriented relative to the process micro-
channels (110, 110q, 510, 520, 530, 540) and liquid channels
(170,170a, 550, 560) to provide for the flow of heat exchange
fluid in a direction that is cross-current relative to the flow of
liquid through the process microchannels (110, 1104, 510,
520,530, 540) and liquid channels (170, 170a, 550,560). The
heat exchange channels (190, 570, 580) may have a serpen-
tine configuration to provide a combination of cross-flow and
co-current or counter-current flow.

[0080] In one embodiment, the process microchannels
(110, 1104, 410, 510, 520, 530, 540), liquid channels (170,
170a, 420, 430, 440, 450, 550, 560) and heat exchange chan-
nels (190, 570, 580) have square or rectangular cross sections
and are formed from parallel spaced sheets or plates. These
channels may be aligned in side-by-side vertically oriented
interleaved planes, or horizontally oriented interleaved
planes stacked one above another. These configurations,
which may be referred to as parallel plate configurations, have
a number of advantages. In comparison with circular tubes,
for example, parallel plate configurations incur less pressure
drop while the same shear force is realized for the height or
width, or diameter at the same continuous phase mass flux.
When the aspect ratio of a rectangular channel approaches,
forexample, about 10,1.e., approaches a parallel sheet or plate
configuration, its pressure drop may be only about 50% of
that in a circular channel under the same conditions. Process
microchannels, liquid channels and heat exchange channels
having parallel plate configurations can be easily arranged in
acompact device for scale-up. Also, a higher capacity per unit
volume for the emulsion forming process can be achieved
with parallel plate configurations as compared with circular
tubes.

[0081] An advantage of using parallel plate configurations
is that these configurations have larger fluid/wall material
ratios as compared to circular tubes, and are thus more com-
pact with the potential for higher capacity or output. A com-
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parison may be made at the same velocity (thus, similar
shearforce and droplet size) and the same dimensions d, D, L.
and W as depicted in FIG. 7. The comparison results are:
continuous phase flow rate G,,,,=Dr/[8(D+d)]G,,,,.. When

D=d, then G,,,,,=0.196 G ,,,.. When d=D/2 then G,,,,=0262
Gy 40~ This means that for the same flow rate/capacity and

system volume, the tube inner diameter has to increase by a
factor of (1/0.196)°°=2.25 times or (1/0.262)%°=1.954 times.
However, an increase of tube diameter leads to much lower
shear force and in turn larger droplet size. In this case, the
packing density becomes lower as the emulsification area has
the following relation: when D=d, then A, ,.=0.39A ;...
when d=D/2, then A,,,,.=0.52A

‘plate*

[0082] In one embodiment, the process microchannels
(110, 1104, 410, 510, 520, 530, 540), liquid channels (170,
170a, 420, 430, 440, 450, 550, 560) and optionally heat
exchange channels (190, 570, 580), may be in the form of
circular tubes arranged concentrically. The process micro-
channels and liquid channels may be adjacent to each other
with one channel being in the annular space and the other
channel being in the center space or an adjacent annular
space. In one embodiment, a microchannel mixer that is use-
ful with the inventive process may comprise a plurality of
alternating interleaved concentric tubular process microchan-
nels, liquid channels, and optionally heat exchange channels,
the microchannel mixer being in cylindrical form.

[0083] The apertures (144, 144a, 244, 416, 426, 436, 446,
513,523,533, 543) may be of sufficient size to permit the flow
of the indicated liquids through the apertured sections. The
apertures may be referred to as pores. The apertured section
(140,140a, 240, 415, 425, 435, 445,511, 521,531, 541) may
have a thickness in the range from about 0.01 to about 50 mm,
and in one embodiment about 0.05 to about 10 mm, and in one
embodiment about 0.1 to about 2 mm. The apertures (144,
144a,244, 416, 426, 436, 446, 513, 523, 533, 543) may have
an average diameter in the range of up to about 50 microns,
and in one embodiment in the range from about 0.001 to about
50 microns, and in one embodiment from about 0.05 to about
50 microns, and in one embodiment from about 0.1 to about
50 microns. In one embodiment, the apertures may have an
average diameter in the range from about 0.5 to about 10
nanometers (nm), and in one embodiment about 1 to about 10
nm, and in one embodiment about 5 to about 10 nm. The
number of apertures in the apertured sections may be in the
range from about 10 to about 5x10® apertures per square
centimeter, and in one embodiment about 1 to about 1x10°
apertures per square centimeter. The apertures may or may
not be isolated from each other. A portion or all of the aper-
tures may be in fluid communication with other apertures
within the apertured section. The ratio of the thickness of the
apertured sections (140, 140a, 240, 415, 425, 435, 445, 511,
521,531,541) to the length of the apertured sections along the
flow path of the liquids flowing through the process micro-
channels (110, 110q, 210, 410, 510, 520, 530, 540) may be in
the range from about 0.001 to about 1, and in one embodiment
about 0.01 to about 1, and in one embodiment about 0.03 to
about 1, and in one embodiment about 0.05 to about 1, and in
one embodiment about 0.08 to about 1, and in one embodi-
ment about 0.1 to about 1. The apertured sections (140, 140a,
240, 415, 425, 435, 445, 511, 521, 531, 541) may be con-
structed of any material that provides sufficient strength and
dimensional stability to permit the operation of the inventive
process. These materials include: steel (e.g., stainless steel,
carbon steel, and the like); monel; inconel; aluminum; tita-
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nium; nickel; platinum; rhodium; copper; chromium; brass;
alloys of any of the foregoing metals; polymers (e.g., thermo-
set resins); ceramics; glass; composites comprising one or
more polymers (e.g., thermoset resins) and fiberglass; quartz;
silicon; microporous carbon, including carbon nanotubes or
carbon molecular sieves; zeolites; or a combination of two or
more thereof. The apertures may be formed using known
techniques such as laser drilling, microelectro machining sys-
tem (MEMS), lithography electrodeposition and molding
(LIGA), electrical sparkling or electrochemical etching. The
apertures may be formed using techniques used for making
structured plastics, such as extrusion, or membranes, such as
aligned carbon nanotube (CNT) membranes. The apertures
may be formed using techniques such as sintering or com-
pressing metallic powder or particles to form tortuous inter-
connected capillary channels and the techniques of mem-
brane fabrication. The aperatures may be reduced in size from
the size provided by any of these methods by the application
of coatings over the apertures internal side walls to partially
fill the apertures. The selective coatings may also form a thin
layer exterior to the porous body that provides the smallest
pore size adjacent to the continuous flow path. The smallest
average pore opening may be in the range from about one
nanometer to about several hundred microns depending upon
the desired droplet size for the emulsion. The aperatures may
be reduced in size by heat treating as well as by methods that
form an oxide scale or coating on the internal side walls of the
apertures. These techniques may be used to partially occlude
the aperatures to reduce the size of the openings for flow.
FIGS. 8 and 9 show a comparison of SEM surface structures
of a stainless steel porous substrate before and after heat
treatment at the same magnification and the same location.
FIG. 8 shows the surface before heat treating and FIG. 9
shows the surface after heat treating. The surface of the
porous material after the heat treatment has a significantly
smaller gap and opening size. The average distance between
the openings is correspondingly increased.

[0084] The apertured sections (140, 140a, 240, 415, 425,
435, 445,511,521, 531, 541) may be made from a metallic or
nonmetallic porous material having interconnected channels
or pores of an average pore size in the range from about 0.01
to about 200 microns. These pores may function as the aper-
tures (144, 144a, 244, 416, 426, 436, 446, 513, 523, 533,
543). The porous material may be made from powder or
particulates so that the average inter-pore distance is similar
to the average pore size. When very small pore sizes are used,
the inter-pore distance may also be very small and the drop-
lets may merge at the surface in the side of process micro-
channels (110, 110q, 210, 410, 510, 520, 530, 540) or liquid
channels (420, 430) to form unwanted larger droplets. The
porous material may be tailored by oxidization at a high
temperature in the range from about 300° C. to about 1000° C.
for a duration of about 1 hour to about 20 days, or by coating
a thin layer of another material such as alumina by SOL
coating or nickel using chemical vapor deposition over the
surface and the inside of pores to block the smaller pores,
decrease pore size of larger pores, and in turn increase the
inter-pore distance. As such, the merger of droplets may be
reduced or eliminated and the formation of smaller droplets
may be permitted. An SEM image of a tailored substrate or
apertured section is shown in FIG. 10.

[0085] The making of substrates for use as apertured sec-
tions (140, 1404, 240, 415,425, 435, 445,511, 521,531,541)
with sufficiently small micro-scale apertures or pores (144,
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144a,244, 416, 426,436, 446,513,523, 533, 543) to provide
emulsions having droplet sizes smaller than about one micron
can be problematic. One of the reasons for this lies in the fact
that relatively high surface roughness occurs with untreated
regular porous materials such as a metallic porous substrates
made from powder/particles by compression and/or sinter-
ing. These metallic porous substrates typically do not have the
required pore size in the surface region when a given nominal
pore size is lower than a certain value. While the bulk of the
porous material may have the specified nominal pore size, the
surface region is often characterized by merged pores and
cavities of much larger sizes. This problem can be overcome
by tailoring these substrates to provide for the desired pore
size and inter-pore distance in the surface region. This may be
done by removing a surface layer from the porous substrate
and adding a smooth new surface with smaller openings. The
droplet size in the emulsion that may be formed using these
tailored substrates may be reduced without increasing the
pressure drop across the substrate. Since direct grinding or
machining of the porous surface may cause smearing of the
surface structure and blockage of the pores, the porous struc-
ture may be filled with a liquid filler, followed by solidifica-
tion and mechanical grinding/polishing. The filler is then
removed to regain the porous structure of the material. The
filler may be a metal with a low melting point such as zinc or
tin or the precursor of a polymer such as an epoxy. The liquid
filling and removing steps may be assisted by the use of a
vacuum. Grinding/polishing may be effected using a grinding
machine and a grinding powder. Metal filler removal may be
effected by melting and vacuum suction, or by acid etching.
Epoxies or other polymers may be removed by solvent dis-
solution or by burn-off in air.

[0086] Referring to FIGS. 11-13, the apertured sections
(140, 1404, 240, 415, 425, 435, 445, 511, 521, 531, 541), in
one embodiment, may be constructed of a relatively thin sheet
146 containing relatively small apertures 148, and a relatively
thick sheet or plate 150 containing an array of relatively large
apertures 152 which are coaxially aligned with or connected
to apertures 148. The relatively thin sheet 146 overlies and is
bonded to the relatively thick sheet 150, the relatively thin
sheet 146 facing the interior of process microchannel (110,
110a, 210, 410, 510, 520, 530, 540) or liquid channels (420,
430) and the relatively thick sheet 150 facing the interior of
the liquid channel (170,170q, 270, 420, 430, 440, 450, 550,
560). The relatively thin sheet 146 may be bonded to the
relatively thick sheet 150 using any suitable procedure (e.g.,
diffusion bonding) to provide a composite construction 154
with enhanced mechanical strength. The relatively thin sheet
146 may have a thickness in the range from about 0.001 to
about 0.5 mm, and in one embodiment about 0.05 to about 0.2
mm. The relatively small apertures 148 may have any shape,
for example, circular, triangular or rectangular. The relatively
small apertures 148 may have an average diameter in the
range from about 0.05 to about 50 microns, and in one
embodiment about 0.05 to about 20 microns. The relatively
thick sheet or plate 150 may have a thickness in the range
from about 0.1 to about 5 mm, and in one embodiment about
0.1 to about 2 mm. The relatively large apertures 152 may
have any shape, for example, circular, triangular or rectangu-
lar. The relatively large apertures 152 may have an average
diameter in the range from about 0.1 to about 4000 microns,
and in one embodiment about 1 to about 2000 microns, and in
one embodiment about 10 to about 1000 micron. The array of
apertures 148 in sheet 146 and the array of apertures 152 in
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sheet or plate 150 may each comprise from about 2 to about
10000 apertures per square centimeter, and in one embodi-
ment from about 2 to about 1000 apertures per square centi-
meter. The sheet 146 and the sheet or plate 150 may be
constructed of any of the materials described above as being
useful for constructing the apertured sections (140, 140aq,
240, 415, 425, 435, 445, 511, 521, 531, 541). The apertures
148 and 152 may be coaxially aligned or connected in such a
manner that liquid flowing through the apertured sections
flows initially through apertures 152 then through apertures
148. The relatively short passageway for the liquid to flow
through the relatively small apertures 148 enables the liquid
to flow through the apertures 148 with a relatively low pres-
sure drop as compared to the pressure drop that would occur
if the passageway in the apertures had a length equal to the
combined length of apertures 146 and 152.

[0087] In the embodiment illustrated in FIG. 14, the com-
posite construction 1544 has the same design as illustrated in
FIG. 13 with the exception that convex portion 149 of the
relatively thin sheet 146 covering the aperture 152 is pro-
vided. Convex portion 149 provides increased local shear
force in the adjacent channel. The directional arrows 116 and
118 in FIG. 14 showing the flow of liquid in the channel
adjacent to the aperture 148. The higher shear force leads to a
smaller droplet size for the liquid flowing through the aper-
ture 148.

[0088] In the embodiment illustrated in FIG. 15, a surface
coating 158 is deposited on the surface of sheet or plate 142
and on the internal sidewalls 160 of aperture 144. This coating
provides a facilitated way of reducing the diameter of the
apertures 144 (or apertures 144a, 244, 416, 426, 436, 446,
513, 523, 533, 543). The coating material used to form coat-
ing 158 may be alumina, nickel, gold, or a polymeric material
(e.g., Teflon). The coating 158 may be applied to the sheet or
plate 142 using known techniques including chemical vapor
deposition, metal sputtering, metal plating, sintering, sol
coating, and the like. The diameter of the apertures 144 (or
apertures 144a, 244, 416, 426, 436, 446, 513, 523, 533, 543)
may be controlled by controlling the thickness of the coating
158.

[0089] In one embodiment, the apertured sections (140,
1404, 240, 415, 425, 435, 445, 511, 521, 531, 541) may be
formed from an asymmetric porous material, for example, a
porous material having multiple layers of sintered particles.
The number of layers may be two, three, or more. An advan-
tage of these multilayered substrates is that they provide
enhanced durability and adhesion. Examples include sintered
ceramics that have relatively large pores on one side and
relatively small pores on the other side. The relatively small
pores may have diameters in the range of about 2 to about 10
nm. The relatively small pores may be positioned in a rela-
tively thin layer of the multilayered substrate. The relatively
thin layer may have a thickness in the range of about 1 to
about 10 microns. The side with the relatively small pores
may be placed facing the continuous phase flow (i.e., the
interior of the process microchannel) to take advantage of
relatively high shear forces to remove the relatively small
emulsion droplets as they are formed.

[0090] Theemulsion formingunits 100, 100A,100B,100C
or 100D may be employed in the microchannel mixer 300
illustrated in FIGS. 16-20. Emulsion forming unit 100D is
specifically shown in these drawings. Microchannel mixer
300 includes mixing core 310, sloped first liquid header 320,
sloped second liquid header 330, sloped emulsion footer 340,
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and optional heat exchange manifold 350. The mixing core
310 may contain a plurality of the emulsion forming units
100, 100A, 100B, 100C or 100D stacked one above another.
Frame section 302 may be used to hold and seal the emulsion
forming units. The first liquid enters microchannel mixer 300
through conduit 322, as indicated by direction arrow 324. The
first liquid flows through header 320 and from header 320 into
the process microchannels 110 and 110a in the mixing core
310. The second liquid flows through conduit 332 into header
330, as indicated by directional arrow 334. The second liquid
flows from header 330 into liquid channels 170. The liquid
channels 170 may be in the form of flat, wide cartridges
containing apertured sections (140, 140a) in parallel spaced
opposed walls (112, 112a). These cartridges can be removed
for maintenance or replacement. The second liquid flows
through liquid channels 170 to and through apertured sections
140 and 140q¢ into process microchannels 110 and 110aq,
respectively. The first liquid and second liquid are mixed in
the process microchannels 110 and 1104 to form the desired
emulsion. The emulsion flows from the process microchan-
nels 110 and 1104 to and through product footer 340 and from
product footer 340 to and through conduit 342 and out of the
microchannel mixer, as indicated by directional arrow 344.
Heat exchange fluid flows through heat exchange inlet 352
into heat exchange manifold 350. The heat exchange fluid
flows from heat exchange manifold 450 through heat
exchange channels 190 and from the heat exchange channels
190 back to the heat exchange manifold 350 where the heat
exchange fluid exits through heat exchange fluid outlet 354.
As indicated in FIG. 18, the heat exchange channel 190 has a
serpentine configuration which provides a combination of
cross-flow and either co-current or counter-current flow of the
heat exchange fluid relative to the flow of the liquids in the
process microchannels 110 and 110a and liquid channels 170.
Alternatively, the flow path could be non-serpentine, that is,
co-current or counter-current to the flow of the liquids in the
process microchannels 110 and 110« and/or liquid channels
170.

[0091] The process microchannels (110, 110a, 210, 410,
510, 520, 530, 540), liquid channels (170, 170a, 270, 420,
430, 440, 450, 560, 570) and heat exchange channels (190,
570, 580) along with the associated headers, footers, mani-
folds, etc., may be made of any material that provides suffi-
cient strength, dimensional stability, corrosion resistance and
heat transfer characteristics to permit the operation of the
inventive process. These materials include: steel (e.g., stain-
less steel, carbon steel, and the like); monel; inconel; alumi-
num; titanium; nickel; platinum; rhodium; copper; chro-
mium; brass; alloys of any of the foregoing metals; polymers
(e.g., thermoset resins); ceramics; glass; composites compris-
ing one or more polymers (e.g., thermoset resins) and fiber-
glass; quartz; silicon; or a combination of two or more
thereof.

[0092] The first liquid and the second liquid may be immis-
cible relative to each other. The third liquid may be immis-
cible relative to the second liquid, and may or may not be
immiscible relative to the first liquid. Each liquid may be
organic, aqueous, or a combination thereof. For example, the
first liquid may be benzene and the second liquid may be
glycerol, or vice versa. One of the liquids may be an ionic
liquid (e.g., a salt of 1-butyl-3-methylimidazolium) while
another may be an organic liquid. One of the liquids may
comprise water, and another liquid may comprise a hydro-
phobic organic liquid such as an oil. The emulsions made by
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the inventive process may be referred to as water-in-oil (w/0)
or oil-in-water (o/w) emulsions. The double emulsions made
by the inventive process may be referred to as water-in-oil-
in-water (w/o/w) or oil-in-water-in-oil (o/w/0) emulsions.
Throughout the specification and in the claims the term “oil”
is sometimes used to refer to an organic phase of an emulsion
although the organic material may or may not be an oil. The
first liquid may be present in the emulsion made by the inven-
tive process at a concentration in the range from about 0.1 to
about 99.9% by weight, and in one embodiment about 1 to
about 99% by weight, and in one embodiment about 5 to
about 95% by weight. The second liquid may be present in the
emulsion made by the inventive process at a concentration in
the range from about 99.9 to about 0.1% by weight, and in one
embodiment about 99 to about 1% by weight, and in one
embodiment about 95 to about 5% by weight. The third lig-
uid, when used, may be present in the emulsion made by the
inventive process at a concentration in the range up to about
50% by weight, and in one embodiment from about 0.1 to
about 20% by weight, and in one embodiment about 0.5 to
about 10% by weight.

[0093] The first, second and/or third liquid may comprise
one or more liquid hydrocarbons. The term “hydrocarbon”
denotes a compound having a hydrocarbon or predominantly
hydrocarbon character. These hydrocarbon compounds
include the following:

[0094] (1) Purely hydrocarbon compounds; that is, ali-
phatic compounds, (e.g., alkane or alkylene), alicyclic com-
pounds (e.g., cycloalkane, cycloalkylene), aromatic com-
pounds, aliphatic- and alicyclic-substituted aromatic
compounds, aromatic-substituted aliphatic compounds and
aromatic-substituted alicyclic compounds, and the like.
Examples include hexane, dodecane, cyclohexane, ethyl
cyclohexane, benzene, toluene, the xylenes, ethyl benzene,
styrene, etc.

[0095] (2) Substituted hydrocarbon compounds; that is,
hydrocarbon compounds containing non-hydrocarbon sub-
stituents which do not alter the predominantly hydrocarbon
character of the compound. Examples of the non-hydrocar-
bon substituents include hydroxy, acyl, nitro, halo, etc.
[0096] (3) Hetero substituted hydrocarbon compounds;
that is, hydrocarbon compounds which, while predominantly
hydrocarbon in character, contain atoms other than carbon in
a chain or ring otherwise composed of carbon atoms. The
hetero atoms include, for example, nitrogen, oxygen and sul-
fur.

[0097] The first, second and/or third liquid may comprise a
natural oil, synthetic oil, or mixture thereof. The natural oils
include animal oils and vegetable oils (e.g., castor oil, lard oil)
as well as mineral oils such as liquid petroleum oils and
solvent treated or acid-treated mineral oils of the paraffinic,
naphthenic or mixed paraffinic—naphthenic types. The natu-
ral oils include oils derived from coal or shale. The oil may be
a saponifiable oil from the family of triglycerides, for
example, soybean oil, sesame seed oil, cottonseed oil, saf-
flower oil, and the like. The oil may be a silicone oil (e.g.,
cyclomethicone, silicon methicones, etc.). The oil may be an
aliphatic or naphthenic hydrocarbon such as Vaseline,
squalane, squalene, or one or more dialkyl cyclohexanes, ora
mixture of two or more thereof. Synthetic oils include hydro-
carbon oils such as polymerized and interpolymerized olefins
(e.g., polybutylenes, polypropylenes, propylene isobutylene
copolymers, etc.); poly(1l-hexenes), poly-(1-octenes), poly
(1-decenes), etc. and mixtures thereof; alkylbenzenes (e.g.,
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dodecylbenzenes, tetradecylbenzenes, dinonylbenzenes, di-
(2-ethylhexyl)benzenes, etc.); polyphenyls (e.g., biphenyls,
terphenyls, alkylated polyphenyls, etc.); alkylated diphenyl
ethers and alkylated diphenyl sulfides and the derivatives,
analogs and homologs thereof and the like. Alkylene oxide
polymers and interpolymers and derivatives thereof where
the terminal hydroxyl groups have been modified by esterifi-
cation, etherification, etc., are synthetic oils that may be used.
The synthetic oil may comprise a poly-alpha-olefin or a Fis-
cher-Tropsch synthesized hydrocarbon.

[0098] The first, second and/or third liquid may comprise a
normally liquid hydrocarbon fuel, for example, a distillate
fuel such as motor gasoline as defined by ASTM Specifica-
tion D439, or diesel fuel or fuel oil as defined by ASTM
Specification D396.

[0099] The first, second and/or third liquid may comprise a
fatty alcohol, a fatty acid ester, or a mixture thereof. The fatty
alcohol may be a Guerbet alcohol. The fatty alcohol may
contain from about 6 to about 22 carbon atoms, and in one
embodiment about 6 to about 18 carbon atoms, and in one
embodiment about 8 to about 12 carbon atoms. The fatty acid
ester may be an ester of a linear fatty acid of about 6 to about
22 carbon atoms with linear or branched fatty alcohol of about
6 to about 22 carbon atoms, an ester of a branched carboxylic
acid of about 6 to about 13 carbon atoms with a linear or
branched fatty alcohol of about 6 to about 22 carbon atoms, or
a mixture thereof. Examples include myristyl myristate,
myristyl palmitate, myristyl stearate, myristyl isostearate,
myristyl oleate, myristyl behenate, myristyl erucate, cetyl
myristate, cetyl palmitate, cetyl stearate, cetyl isostearate,
cetyl oleate, cetyl behenate, cetyl erucate, stearyl myristate,
stearyl palmitate, stearyl stearate, stearyl isostearate, stearyl
oleate, stearyl behenate, stearyl erucate, isostearyl myristate,
isostearyl palmitate, isostearyl stearate, isostearyl isostearate,
isostearyl oleate, isostearyl behenate, isostearyl oleate, oleyl
myristate, oleyl palmitate, oleyl stearate, oleyl isostearate,
oleyl oleate, oleyl behenate, oleyl erucate, behenyl myristate,
behenyl palmitate, behenyl stearate, behenyl isostearate,
behenyl oleate, behenyl behenate, behenyl erucate, erucyl
myristate, erucyl palmitate, erucyl stearate, erucyl isostear-
ate, erucyl oleate, erucyl behenate and erucyl erucate. The
fatty acid ester may comprise: an ester of alkyl hydroxycar-
boxylic acid of about 18 to about 38 carbon atoms with a
linear or branched fatty alcohol of about 6 to about 22 carbon
atoms (e.g., dioctyl malate); an ester of a linear or branced
fatty acid of about 6 to about 22 carbon atoms with a polyhy-
dric alcohol (for example, propylene glycol, dimer diol or
trimer triol) and/or a Guerbet alcohol; a triglyceride based on
one or more fatty acids of about 6 to about 18 carbon atoms;
a mixture of mono-, di- and/or triglycerides based on one or
more fatty acids of about 6 to about 18 carbon atoms; an ester
of'one or more fatty alcohols and/or Guerbet alcohols of about
6 to about 22 carbon atoms with one or more aromatic car-
boxylic acids (e.g., benzoic acid); an ester of one or more
dicarboxylic acids of 2 to about 12 carbon atoms with one or
more linear or branched alcohols containing 1 to about 22
carbon atoms, or one or more polyols containing 2 to about 10
carbon atoms and 2 to about 6 hydroxyl groups, or a mixture
of such alcohols and polyols; an ester of one or more dicar-
boxylic acids of 2 to about 12 carbon atoms (e.g., phthalic
acid) with one or more alcohols of 1 to about 22 carbon atoms
(e.g., butyl alcohol, hexyl alcohol); an ester of benzoic acid
with linear and/or branched alcohol of about 6 to about 22
carbon atoms; or mixture of two or more thereof.
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[0100] The first, second and/or third liquid may comprise:
one or more branched primary alcohols of about 6 to about 22
carbon atoms; one or more linear and/or branched fatty alco-
hol carbonates of about 6 to about 22 carbon atoms; one or
more Guerbet carbonates based on one or more fatty alcohols
of'about 6 to about 22 carbon atoms; one or more dialkyl (e.g.,
diethylhexyl) naphthalates wherein each alkyl group contains
1 to about 12 carbon atoms; one or more linear or branched,
symmetrical or nonsymmetrical dialkyl ethers containing
about 6 to about 22 carbon atoms per alkyl group; one or more
ring opening products of epoxidized fatty acid esters of about
6to about 22 carbon atoms with polyols containing 2 to about
10 carbon atoms and 2 to about 6 hydroxyl groups; or a
mixture of two or more thereof.

[0101] The first, second and/or third liquid may comprise
water. The water may be taken from any convenient source.
The water may be deionized or purified using osmosis or
distillation.

[0102] Although emulsifiers and/or surfactants are not
required for one or more embodiments of the invention, it is
possible to use one or more emulsifiers and/or surfactants in
forming the emulsions prepared by the inventive process. The
emulsifiers and/or surfactant can be premixed with either the
first, second and/or third liquid. The emulsifiers and/or sur-
factants may comprise ionic or nonionic compounds having a
hydrophilic lipophilic balance (HLB) in the range of zero to
about 18 in Griffin’s system, and in one embodiment about
0.01 to about 18. The ionic compounds may be cationic or
amphoteric compounds. Examples include those disclosed in
McCutcheons Surfactants and Detergents, 1998, North
American & International Edition. Pages 1-235 of the North
American Edition and pages 1-199 of the International Edi-
tion are incorporated herein by reference for their disclosure
of such emulsifiers. The emulsifiers and/or surfactants that
may be used include alkanolamines, alkylarylsulfonates,
amine oxides, poly(oxyalkylene) compounds, including
block copolymers comprising alkylene oxide repeat units,
carboxylated alcohol ethoxylates, ethoxylated alcohols,
ethoxylated alkyl phenols, ethoxylated amines and amides,
ethoxylated fatty acids, ethoxylated fatty esters and oils, fatty
esters, fatty acid amides, glycerol esters, glycol esters, sorbi-
tan esters, imidazoline derivatives, lecithin and derivatives,
lignin and derivatives, monoglycerides and derivatives, olefin
sulfonates, phosphate esters and derivatives, propoxylated
and ethoxylated fatty acids or alcohols or alkyl phenols, sor-
bitan derivatives, sucrose esters and derivatives, sulfates or
alcohols or ethoxylated alcohols or fatty esters, sulfonates of
dodecyl and tridecyl benzenes or condensed naphthalenes or
petroleum, sulfosuccinates and derivatives, and tridecyl and
dodecyl benzene sulfonic acids. The emulsifiers and/or sur-
factants may comprise: one or more polyalkylene glycols;
one or more partial esters of glycerol or sorbitan and fatty
acids containing about 12 to about 22 carbon atoms; or a
mixture thereof. The emulsifier and/or surfactant may com-
prise a pharmaceutically acceptable material such as lecithin.
The concentration of these emulsifiers and/or surfactants in
the emulsions made by the inventive process may range up to
about 20% by weight of the emulsion, and in one embodiment
in the range from about 0.01 to about 5% by weight, and in
one embodiment from about 0.01 to about 2% by weight. In
one embodiment, the concentration may be up to about 2% by
weight, and in one embodiment up to about 1% by weight,
and in one embodiment up to about 0.5% by weight.
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[0103] The emulsions made by the inventive process may
contain one or more of the following additives. These addi-
tives may be premixed with either the first, second and/or
third liquid. These additives include: UV protection factors
(e.g., 3-benzylidene camphor and derivatives thereof, 4-ami-
nobenzoic acid derivatives, esters of salicylic acid, deriva-
tives of benzophenone, esters of benzalmalonic acid, triazine
derivatives, 2-phenylbenzimidazole-5-sulfonic acid and salts
thereof, sulfonic acid derivatives of benzophenone and salts
thereof, derivatives of benzoyl methane); waxes (e.g., cande-
lilla wax, carnauba wax, Japan wax, cork wax, rice oil wax,
sugarcane wax, beeswax, petrolatum, polyalkylene waxes,
polyethylene glycol waxes); consistency factors (e.g., fatty
alcohols, hydroxy fatty alcohols; partial glycerides, fatty
acids, hydroxy fatty acids); thickeners (e.g., polysaccharides
such as xanthan gum, guar-guar and carboxymethyl cellu-
lose, polyethylene glycol monoesters and diesters, polyacry-
lates, polyacrylamides, polyvinyl alcohol, polyvinyl pyrroli-
done); superfatting agents (e.g., lanolin, lecithin, polyol fatty
acid esters, monoglycerides, fatty acid alkanolamides); sta-
bilizers (e.g., metal salts of fatty acids, such as magnesium,
aluminum or zinc stearate or ricinoleate); polymers (e.g.,
catonic polymers such as cationic cellulose derivatives, cat-
ionic starch, copolymers of diallyl ammonium salts and acry-
lamides, quaternized vinyl pyrrolidone/vinyl imidazole poly-
mers, polyethyeneimine, cationic silicone polymers,
polyaminopolyamides; anionic, zwitterionic, amphoteric and
nonionic polymers); silicone compounds (e.g., dimethyl pol-
ysiloxanes; methyl phenyl polysiloxanes; cyclic silicones;
amino-, fatty acid-, alcohol-, polyether-, epoxy-, fluorine-,
glycoside- and/or alkyl-modified silicone compounds; sim-
ethicones; dimethicones); fats; waxes; lecithins; phospholip-
ids; biogenic agents (e.g., tocopherol, ascorbic acid, deoxyri-
bonucleic acid, retinol, amino acids, plant extracts, vitamin
complexes); antioxidants (e.g., amino acids, imidazoles, pep-
tides, carotinoids, carotenes, liponic acid and derivatives
thereof, aurothioglucose, propylthiouracil, dilaurylthiodipro-
pionate, sulfoximine compounds, metal chelators such as
alpha-hydroxy fatty acids, alpha-hydroxy acids such as citric
or lactic acid, humic acid, bile acid, EDTA, EGTA, folic acid
and derivatives thereof, vitamin complexes such as vitamins
A, C or E, stilbenes and derivatives thereof); deodorants;
antiperspirants; antidandruft agents; swelling agents (e.g.,
montmorillonites, clay minerals); insect repellents; self-tan-
ning agents (e.g., dihydroxyacetone); tyrosine inhibitors (de-
pigmenting agents); hydrotropes (e.g., ethanol, isopropyl
alcohol, and polyols such as glycerol and alkylene glycols
used to improve flow behavior); solubilizers; preservatives
(e.g., phenoxyethanol, formaldehyde solution, parabens,
pentane diol, sorbic acid), perfume oils (e.g., extracts of blos-
soms, fruit peel, roots, woods, herbs and grasses, needles and
branches, resins and balsams, and synthetic perfumes includ-
ing esters, ethers, aldehydes, ketones, alcohols and hydrocar-
bons); dyes; and the like. The concentration of each of these
additives in the inventive emulsions may be up to about 20%
by weight, and in one embodiment from about 0.01 to about
10% by weight, and in one embodiment about 0.01 to about
5% by weight, and in one embodiment about 0.01 to about 2%
by weight, and in one embodiment about 0.01 to about 1% by
weight.

[0104] The inventive emulsions may contain one or more
particulate solids. These may be premixed with the first,
second and/or third liquid. The particulate solids may be
organic, inorganic, or a combination thereof. The particulate
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solids may comprise catalysts (e.g., combustion catalysts
such as CeO,/BaAl,,0,,, Pt/Al,O,, etc., polymerization
catalysts, and the like), pigments (e.g., TiO,, carbon black,
iron oxides, etc.), fillers (e.g., mica, silica, talcum, barium
sulfate, polyethylenes, polytetrafluoroethylene, nylon pow-
der, methyl methacrylate powder), etc. The particulate solids
may comprise nanosize particles. The particulate solids may
have a mean particle diameter in the range of about 0.001 to
about 10 microns, and in one embodiment about 0.01 to about
1 micron. The concentration of the particulate solids in the
emulsions may range up to about 70% by weight, and in one
embodiment from about 0.1 to about 30% by weight based on
the weight of the emulsion.

[0105] In one embodiment, the emulsion made by the
inventive process comprises a discontinuous phase dispersed
in a continuous phase. The discontinuous phase may com-
prise droplets having a volume-based mean diameter of up to
about 200 microns, and in one embodiment about 0.01 to
about 200 microns, and in one embodiment about 0.01 to
about 100 microns, and in one embodiment about 0.01 to
about 50 microns, and in one embodiment about 0.01 to about
25 microns, and in one embodiment about 0.01 to about 10
microns, and in one embodiment about 0.01 to about 5
microns, and in one embodiment about 0.01 to about 2
microns, and in one embodiment about 0.01 to about 1
micron, and in one embodiment about 0.01 to about 0.5
micron, and in one embodiment about 0.01 to about 0.2
micron, and in one embodiment about 0.01 to about 0.1
micron, and in one embodiment about 0.01 to about 0.08
micron, and in one embodiment about 0.01 to about 0.05
micron, and in one embodiment about 0.01 to about 0.03
micron. In one embodiment, the discontinuous phase com-
prises water and the continuous phase comprises an organic
liquid. In one embodiment, the discontinuous phase com-
prises an organic liquid and the continuous phase comprises
water or another organic liquid. The continuous phase may
contain particulate solids dispersed or suspended in the con-
tinuous phase. The discontinuous phase may contain particu-
late solids and/or droplets encapsulated within droplets in the
discontinuous phase. An advantage of the inventive process is
that at least in one embodiment the droplets may be charac-
terized by having a relatively narrow distribution of droplet
sizes. In one embodiment, the droplet sizes in the dispersed
phase may be plotted with the result being a normal distribu-
tion curve.

[0106] “Relative span” is often referred to as “span.” Itis a
dimensionless parameter calculated from volume distribu-
tion. As with volume median droplet size (VMD), D[v,0.1]
and D[v,0.9] are diameters representing the points at which
10% and 90%, respectively, of the volume of liquid dispersed
is in droplets of smaller diameter. The span may be defined as
D[v,0.9] minus D[v,0.1] which is then divided by the VMD
(D[v,0.5)]). The span for the droplets in emulsions made by the
inventive process may be in the range from about 0.005 to
about 10, and in one embodiment about 0.01 to about 10, and
in one embodiment about 0.01 to about 5, and in one embodi-
ment about 0.01 to about 2, and in one embodiment about
0.01 to about 1, and in one embodiment about 0.01 to about
0.5, and in one embodiment about 0.01 to about 0.2, and in
one embodiment about 0.01 to about 0.1. In one embodiment,
the inventive process may be conducted in a single process
microchannel and the span may be in the range of from about
0.01 to about 0.5. In one embodiment, the inventive process
may be conducted in a scaled-up emulsification process
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employing multiple process microchannels and the span may
be in the range from about 0.01 to about 1.

[0107] In one embodiment, the volume-based diameter for
the droplets in the emulsions made by the inventive process
may be in the range from about 0.01 to about 200 microns,
and the span may be in the range from about 0.005 to about 10.
[0108] In one embodiment, the volume-based mean diam-
eter may be in the range from about 0.01 to about 100
microns, and the span may be in the range from about 0.01 to
about 5. In one embodiment, the volume-based mean diam-
eter may be in the range from about 0.01 to about 50 microns,
and the span may be in the range from about 0.02 to about 5.
In one embodiment, the volume-based mean diameter may be
in the range from about 0.01 to about 10 microns, and the span
may be in the range from about 0.05 to about 2.5. In one
embodiment, the volume-based mean diameter may be in the
range from about 0.01 to about 5 microns, and the span may
be in the range from about 0.01 to about 2. In one embodi-
ment, the volume-based mean diameter may be in the range of
about0.01 to about 1 micron, and the span may be in the range
of about 0.005 to about 1.

[0109] As indicated above, the emulsion formed with the
inventive process may be a double emulsion, that is, a w/o/w
or o/w/o emulsion. These may be characterized by droplets of
athird liquid encapsulated within droplets of a second liquid.
The encapsulated droplets are dispersed in a continuous
phase. This is illustrated in FIG. 32. Referring to FIG. 32,
double emulsion 10 contains droplets 12 of a third liquid
which are encapsulated within droplets 14 of a second liquid.
The encapsulated droplets are dispersed in continuous phase
16 of a first liquid. The first liquid may or may not have the
same composition as the third liquid. The droplets 12 may
have a volume-based mean diameter of about 0.001 to about
10 microns, and in one embodiment about 0.01 to about 5
microns. The droplets 14 may have a volume-based mean
diameter of about 0.001 to about 10 microns, and in one
embodiment about 0.01 to about 5 microns. Any of the three
phases in these double emulsions may contain particulate
solids as discussed above. Double emulsions are used in
various applications, such as in the drug, medical, food and
cosmetic industries. An advantageous feature that can be
provided by these double emulsions is to provide for a con-
trolled disposal time and rate where an active ingredient in the
third liquid is consumed in a later time, typically after or
during the use or transport of the second liquid. Another
feature is that an active ingredient in the third liquid can be
separated from the first liquid and thus maintained unchanged
during delivery before use when the active ingredient in the
third liquid is chemically or physically incompatible with the
first liquid or when the first liquid can only be used as a carrier
liquid.

[0110] In one embodiment, the emulsion produced by the
inventive process may be terminally filtered or filtered in-line.
The use of such filtering is particularly suitable for producing
emulsions such as pharmaceutical compositions where ster-
ilization issues are significant. With such filtering relatively
large particles of contaminants (e.g., biological materials)
may be removed. In one embodiment, the inventive process
includes providing for the filtering of the product emulsion
in-line in a continuous closed (i.e., antiseptic) process.
[0111] An advantage ofthe inventive process, at leastin one
embodiment, is that the gap distances between the process
microchannels, liquid channels and heat exchange channels
may be the same whether the process is intended for labora-
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tory or pilot plant scale or for full production scale. As a
result, the particle size distribution of the emulsions produced
by the microchannel mixers used with the inventive process
may be substantially the same whether the microchannel
mixer is built on a laboratory or pilot plant scale or as a full
scale plant unit. This is shown by the particle size distribution
curve presented in FIG. 21. The difference in the distribution
curves provided in FIG. 21 for the single process channel and
for the scale up system may result from an unwanted corner
effect contribution. However, by making the edges opaque the
unwanted effect of non-uniform shear force on droplet size
can be minimized and thus the particle size distribution curve
for the single process microchannel may be the same or
substantially the same as that for the scale-up system.

[0112] Shear force on a liquid control element (in dis-
cretized form) in the direction of velocity u may be calculated
by the formula Fy=mu*du/dy, where mu is viscosity, and
du/dy is the velocity gradient for the liquid flow normal to the
apertured section. However, as in a location of liquid (repre-
sented by a control element) the velocity generally has three
components, and shear force also has three components. For
a channel flow near and at the surface, a one dimensional
assumption can be made and F ;- can approximate the net shear
at an element surface of the liquid. The use of computational
fluid dynamics, including commercial software packages
such as Fluent or FEMLAB, may be used to solve the required
transport equations such that the surface shear force may be
calculated. The surface shear force may be calculated along
the channel length, parallel to the direction of flow. Shear
force may also be calculated between parallel channels,
where flow distribution effects are included to determine the
mass flux into each parallel channel as a function of the
detailed channel and manifold geometry. Additional calcula-
tion methods can be found, for example, in “Fundamentals of
Fluid Mechanics,” 3 Ed., B. R. Munson, D. F. Young and T.
H. Okiishi, John Wiley & Son, Inc., Weinheim, 1998.

[0113] Inone embodiment, the shear force deviation factor
(SFDF) for a process employing a single process microchan-
nel may be within about 50% of the SFDF for a scaled-up
process involving multiple process microchannels. SFDF
may be calculated using the formula

SFDF=(F,

max”

F,u)/QF

mean)

wherein: F,, ., is the maximum shear force in a process micro-
channel for a specific liquid; F,,,,,, is the minimum shear force
in the process microchannel for the liquid; and F,,,_,,, is the
arithmetic average shear force for the liquid at the surface of
the apertured section (140, 140a, 240, 415, 425, 435, 445,
511, 521, 531, 541) within the process microchannel. Within
a single process microchannel, operated in accordance with
the inventive process, the SFDF may be less than about 2, and
in one embodiment less than about 1, and in one embodiment
less than about 0.5, and in one embodiment less than about
0.2.

[0114] Inone embodiment, the inventive process may pro-
vide for a relatively uniform shear force while employing
multiple process microchannels. To measure the shear force
uniformity among multiple process microchannels, the aver-
age shear force is calculated for each channel and compared.
F ... 1s the largest value of the average channel shear force,
andF,,,, is the smallest value of the average shear force. F . ,,,
is the mean of the average shear forces of all the channels.
SFDF may be calculated from these values. Among multiple
process microchannels, at least with one embodiment of the
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inventive process, the SFDF may be less than about 2, and in
one embodiment less than about 1, and in one embodiment
less than about 0.5, and in one embodiment less than about
0.2.

[0115] A comparison of an emulsion made using the inven-
tive process having a narrow distribution of droplet sizes to an
emulsion made using a conventional batch emulsification
process may be provided with reference to FIGS. 22 and 23.
FIG. 22 is a microscopic image of an emulsion made by the
inventive process while FIG. 23 shows an emulsion made by
a conventional process. The droplets in FIG. 23 have a wide
size distribution and larger droplet sizes. The droplets in FIG.
22 have arelatively narrow size distribution and smaller drop-
let sizes. The benefits of narrow droplet size distribution
include, for example, uniform spread of active ingredients on
an applied surface such as skin, and exclusions of unwanted
small droplet penetration into small scale surface structures
that may occur using an emulsion having a wide distribution.
Another advantage relates to reducing the use of surfactants,
as excess surfactant is often used to maintain a stable emul-
sion due to the presence of the smallest droplets if the emul-
sion droplet size distribution has a wide range, for example,
from about 2 to about 20 microns. A narrow droplet size
distribution enables a more accurate determination of the
amount of surfactant that is just required, and in turn reduces
or eliminates the use of unnecessary surfactant. In one
embodiment of the present invention, when the droplet size
distribution is sufficiently narrow, for example a span of less
than about 0.5, the amount of surfactant that may be used can
be reduced significantly since the emulsion does not contain
unwanted small droplets that may require a higher surfactant
concentration in the whole emulsion after production has
been completed.

[0116] The heat exchange fluid may be any fluid. These
include air, steam, liquid water, gaseous nitrogen, liquid
nitrogen, other gases including inert gases, carbon monoxide,
carbon dioxide, molten salt, oils such as mineral oil, gaseous
hydrocarbons, liquid hydrocarbons, and heat exchange fluids
such as Dowtherm A and Therminol which are available from
Dow-Union Carbide.

[0117] The heat exchange fluid may comprise the first,
second or third liquid used in making the emulsions. This can
provide process pre-heat or pre-cooling and increase overall
thermal efficiency of the process.

[0118] In one embodiment, the heat exchange channels
comprise process channels wherein an endothermic or exo-
thermic process is conducted. These heat exchange process
channels may be microchannels. Examples of endothermic
processes that may be conducted in the heat exchange chan-
nels include steam reforming and dehydrogenation reactions.
In one embodiment, the incorporation of a simultaneous
endothermic reaction to provide an improved heat sink may
enable a typical heat flux of roughly an order of magnitude or
more above the convective cooling heat flux. Examples of
exothermic processes that may be conducted in the heat
exchange channels include water-gas shift reactions, metha-
nol synthesis reactions and ammonia synthesis reactions. The
use of simultaneous exothermic and endothermic reactions to
exchange heat in a microchannel reactor is disclosed in U.S.
patent application Ser. No. 10/222,196, filed Aug. 15, 2002.
[0119] In one embodiment, the heat exchange fluid under-
goes a phase change as it flows through the heat exchange
channels. This phase change provides additional heat addi-
tion or removal from the process microchannels or liquid
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channels beyond that provided by convective heating or cool-
ing. For a liquid heat exchange fluid being vaporized, the
additional heat being transferred from the process microchan-
nels would result from the latent heat of vaporization required
by the heat exchange fluid. An example of such a phase
change would be an oil or water that undergoes nucleate
boiling. In one embodiment, the vapor mass fraction quality
of the boiling of the phase change fluid may be up to about
50%.

[0120] The use of enhanced heat transfer from phase
change or a chemical reaction may be more advantageous
when emulsion generation occurs in coordination with a
chemical reaction in the process channels. In one embodi-
ment, the emulsion may be, for example, a reactive monomer
for a polymerization reaction or other and as such require
additional heat exchange.

[0121] The heat flux for convective heat exchange or con-
vective cooling in the microchannel mixer may be in the range
from about 0.01 to about 125 watts per square centimeter of
surface area of the process microchannels (W/cm?) in the
microchannel mixer, and in one embodiment about 0.1 to
about 50 W/cm?, and in one embodiment about 1 to about 25
cm?, and in one embodiment from about 1 to about 10 W/cm?.
The heat flux for phase change heat exchange may be in the
range from about 1 to about 250 W/cm?, and in one embodi-
ment, from about 1 to about 100 W/cm?, and in one embodi-
ment from about 1 to about 50 W/cm?, and in one embodi-
ment from about 1 to about 25 W/cm? and in one
embodiment from about 1 to about 10 W/cm?>.

[0122] The heat exchange channels may be used to provide
sterile conditions during formation of the emulsions using the
inventive process. Unlike batch mixers, the inventive process
may be closed to the environment and does not need an inert
gas blanket for isolation from the environment. The heat
exchange channels, which may be adjacent to the process
microchannels or liquid channels may provide relatively
short heat transport and diffusion distances which permits
rapid heating and cooling of the liquids in the microchannel
mixer with decreased temperature gradients. As a result,
emulsions that are not suitable for prolonged heating or would
degrade under large temperature gradients may be prepared
using the inventive process. In one embodiment, the tempera-
ture gradients between the process microchannel walls and
the bulk flow within the process microchannels at the same
axial position in the process microchannels may be less than
about 5° C., and in one embodiment less than about 2° C., and
in one embodiment less than about 1° C.

[0123] Heat exchange channels in close proximity to the
process microchannels and/or liquid channels with controlled
heating and/or cooling may provide for uniform temperature
profiles between multiple process microchannels. This
enables uniform heating and cooling at more rapid rates than
can be obtained with conventional processing equipment
such as mixing tanks. In a multichannel microchannel mixer,
at least some axial position along the process flow length the
temperature difference between the process microchannels
may be less than about 5° C., and in one embodiment less than
about 2° C., and in one embodiment less than about 1° C.

[0124] The heat exchange channels adjacent to either the
process microchannels, liquid channels or both, may employ
temperature zones along the length of such channels. In one
embodiment, the temperature in a first zone near the entrance
to the process channel is maintained at a temperature above a
second temperature in a second zone near the end of the
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process microchannel. A cool down or quench zone may be
incorporated into the process microchannel to quickly cool
and stabilize the emulsion. Numerous combinations of ther-
mal profiles are possible, allowing for a tailored thermal
profile along the length of the process microchannel includ-
ing the possibility of sections both before and/or after the
mixing zone in the process microchannel to heat and/or cool
the feed and or emulsion products.

[0125] The flow rate of liquid through the process micro-
channels (110, 110a, 410, 510, 520, 530, 540) may be in the
range from about 0.001 to about 500 Ipm, and in one embodi-
ment about 0.001 to about 250 Ipm, and in one embodiment
about 0.001 to about 100 lpm, and in one embodiment about
0.001 to about 50 Ipm, and in one embodiment about 0.001 to
about 25 Ipm, and in one embodiment about 0.01 to about 10
Ipm. The velocity of liquid flowing through the process
microchannels (110,1104, 410,510, 520, 530, 540) may be in
the range from about 0.01 to about 100 m/s, and in one
embodiment about 0.01 to about 75 m/s, and in one embodi-
ment about 0.01 to about 50 m/s, and in one embodiment
about 0.01 to about 30 m/s, and in one embodiment about 0.02
to about 20 m/s. The Reynolds Number for the liquid flowing
through the process microchannels (110, 110a, 410,510, 520,
530, 540) may be in the range from about 0.0001 to about
100000, and in one embodiment about 0.001 to about 10000.
The temperature of the liquid entering the process microchan-
nels (110, 110q, 410, 510, 520, 530, 540) may be in the range
from about 0° C. to about 300° C., and in one embodiment
about 20° C. to about 200° C. The pressure within the process
microchannels (110,1104, 410,510, 520, 530, 540) may be in
the range from about 0.01 to about 100 atmospheres, and in
one embodiment about 1 to about 10 atmospheres. In the
inventive process, a relatively high pressure drop across the
apertured section (140, 140q, 415, 425, 435, 445, 511, 521,
531, 541) or a correspondingly high dispersion phase liquid
flow rate through the liquid channel (170, 170a, 420, 430,
440, 450, 550, 560) may not be a necessary requirement to
achieve the desired weight loading of the dispersed phase as
is often the case in, for example, high pressure homogenizers.
A low flow rate or low pressure drop may lead to a smaller
droplet size with the inventive process, as lower inertia of the
dispersion phase flow through the aperture reduces droplet
growth before droplet breakup. This is shown schematically
in FIG. 24.

[0126] The flow rate of liquid flowing through the liquid
channels (170, 170q, 420, 430, 440, 450, 550, 560) may be in
the range from about 0.05 to about 5000 ml/s, and in one
embodiment about 0.1 to about 500 ml/s. The velocity of the
liquid flowing through the liquid channels (170, 170a, 420,
430, 440, 450, 550, 560) may be in the range from about
0.0001 to about 0.1 m/s, and in one embodiment about 0.0001
m/s to about 0.05 m/s. The Reynolds Number for the liquid
flowing through the liquid channels (170, 170a, 420, 430,
440, 450, 550, 560) may be in the range from about
0.0000001 to about 1000, and in one embodiment about
0.0001 to about 100. The temperature of the liquid entering
the liquid channels (170, 170a, 420, 430, 440, 450, 550, 560)
may be in the range from about -20° C. to about 250° C., and
in one embodiment about 20° C. to about 100° C. The pres-
sure within the liquid channels (170, 170a, 420, 430, 440,
450, 550, 560) may be in the range from about 1 to about 200
atmospheres, and in one embodiment about 1 to about 100
atmospheres. The pressure drop for the liquid flowing
through the apertures (144, 144a, 416, 426, 436, 446, 513,
523, 533, 543) may be in the range from about 0.05 to about
200 atmospheres, and in one embodiment about 1 to about
150 atmospheres.
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[0127] The emulsion exiting the process microchannels
(110,110q, 410, 510, 520, 530, 540) may be at a temperature
in the range from about —20° C. to about 300° C., and in one
embodiment about 0° C. to about 200° C.

[0128] The heat exchange fluid entering the heat exchange
channels (190, 570, 580) may have a temperature in the range
from about —=50° C. to about 300° C., and in one embodiment
about —10 to about 200° C., and in one embodiment about 0°
C. to about 100° C. The heat exchange fluid exiting the heat
exchange channels (190, 570, 580) may have a temperature in
the range from about 0° C. to about 200° C., and in one
embodiment about 10° C. to about 200° C. The pressure drop
for the heat exchange fluid as it flows through the heat
exchange channels may be in the range from about 0.01 to
about 20 atmospheres, and in one embodiment from about 0.1
to about 20 atmospheres. The flow of the heat exchange fluid
through the heat exchange channels may be laminar or in
transition, and in one embodiment it is laminar. The Reynolds
Number for the flow of heat exchange fluid flowing through
the heat exchange channels may be in the range up to about
100000, and in one embodiment up to about 10000, and in one
embodiment in the range from about 20 to about 10000, and
in one embodiment about 100 to about 5000.

[0129] The first, second and/or third liquids may be pre-
heated in the microchannel mixer or prior to entering the
microchannel mixer using any type of heat exchange device,
including a microchannel heat exchanger or heat pipe. In one
embodiment, the first liquid may be preheated in the non-
apertured region (111, 111a, 411, 514, 524, 534, 544) of the
process microchannels (110, 1104, 410, 510, 520, 530, 540)
upstream of the mixing zone (113, 1134, 413, 515, 525, 535,
545). The emulsion produced in the microchannel mixer may
be cooled in the microchannel mixer or upon exiting the
microchannel mixer using any type of heat exchange device,
including a microchannel heat exchanger. In one embodi-
ment, the emulsion may be quenched to stabilize the emulsion
or lock it in. In one embodiment, the emulsion may be
quenched in the non-apertured region (117, 1174, 516, 526,
536, 546) of the process microchannel (110, 1104, 510, 520,
530, 540). In one embodiment, the emulsion may be cooled to
room temperature or quenched in a period in the range of up
to about 10 minutes, and in one embodiment up to about 5
minutes, and in one embodiment up to about 1 minute, and in
one embodiment up to about 30 seconds, and in one embodi-
ment up to about 10 seconds, and in one embodiment in less
than about 1 second.

[0130] Theinventive process may be used to make an emul-
sion at a rate of at least about 0.01 liter per minute, and in one
embodiment at least about 1 liter per minute.

[0131] In one embodiment, the process may be used to
make an emulsion at a rate of at least about 1 liter per second.

[0132] In one embodiment, multiple disperse phase liquid
reservoirs or chambers may be built around the continuous
phase channels, as illustrated in FIG. 25. The individual res-
ervoirs or chambers may be separated and have their own inlet
control mechanism such as valves. In this configuration the
volumetric ratio of the two phases (packing density) may be
controlled and changed according to different formulations of
the desired product emulsions without changing other com-
ponents such as aperture or pore size of the apertured section
or individual flow rates of the continuous phase or the dis-
perse phase. This is useful for an “one pass process” (i.e.,
without recirculation). For example, if all reservoirs or cham-
bers A, B, C and D have the same oil flow rates and pore size,
the emulsion packing density by closing valves A and B will
be 50% of that by opening all valves. It is noted that various
modifications of this concept are possible, for example more
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than two oil reservoirs or chambers can be configured on each
side of the continuous phase channel. Multiple continuous
phase channels may be parallel interleaved (sandwiched) to
form an array of process channels. In FIG. 25, the disperse
phase is identified as an oil phase, however, those skilled in
the art will recognize that the dispersed phase may be any
liquid that is immiscible with the continuous phase liquid.
With this embodiment it is possible to produce emulsions
having multi-modal droplet size distributions and/or multi-
component dispersed phases. With this embodiment it is pos-
sible to provide for two or more second liquids entering the
process microchannel through different apertured sections.
This arrangement may be used to provide for multiple feed
points for sequential additions of ingredients.

[0133] In one embodiment, optical or thermal-optical fea-
tures may be adjusted in the process microchannel. Examples
of'techniques for measuring and/or adjusting these optical or
thermal-optical features include: in-line LSD (laser scattering
diffraction) detection for emulsion quality control and analy-
sis including mean droplet size and span; viscometers for
assessing product viscosity and solids loading; optical mea-
surement using photographs for droplet size measurement;
holographic imaging including interferometry via adjusting
emulsion properties; and the like.

[0134] In one embodiment, a liquid adsorption process, a
liquid-gas adsorption process, a liquid separation process, a
solidification process, or a gasification process may be con-
ducted in the process microchannel.

[0135] In one embodiment, an emulsion may be produced
in the process microchannels for applications wherein
charged particles are tacked.

[0136] In one embodiment, a chemical reaction may be
conducted in the process microchannel. Examples of the
chemical reactions that may be conducted include polymer-
ization reactions (e.g., methyl methacrylate emulsion poly-
merization reactions), catalytic polymerization reactions
(e.g., ethylene polymerization in aqueous solution with neu-
tral nickel (IT) complexes as catalysts), production of copoly-
mers and terpolymers, catalyzed and non-catalyzed reactions
ofliquid phase oxidations (e.g., the production of adipic acid)
or gas-liquid phase reactions and catalyzed and non-cata-
lyzed liquid-liquid reactions (e.g., nitration of benzene or
olefin alkylation).

[0137] In one embodiment, a biological process may be
conducted in the process microchannel. Examples of such
biological processes include bioremediation (cleaning) pro-
cesses using emulsified detergents.

[0138] In one embodiment, emulsions prepared in accor-
dance with the inventive process provide the advantage of
enabling the manufacturer to supply the emulsions in concen-
trate form, thus enabling the end user to add additional ingre-
dients, such as water or oil, to obtain the final fully formulated
product.

[0139] The emulsions made by the inventive process have
numerous applications. These include personal skin care
products wherein reduced concentrations of emulsifiers or
surfactants are desirable (e.g., waterproof sun screen, water-
proof hand creams or lotions).

[0140] The emulsions made by the inventive process may
be useful as paints or coatings. These include water-resistant
latex paints with strong weatherability characteristics. The
emulsions may be useful as adhesives, glues, caulks, water-
proof sealants, and the like. As a result of the inclusion of an
aqueous phase in these compositions, the problem of volatile
organic compounds (VOC) in these products can be reduced.
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[0141] The inventive process may be used in various food
processing applications, particularly continuous processing
operations.

[0142] The inventive process may be used in the production
of agricultural chemicals where the use of a dispersed phase
with a narrow distribution of droplet sizes is advantageous for
spreading the chemicals on leafs, and providing enhanced
waterproofing with smaller concentrations of chemicals. In
one embodiment, the inventive process may be used in the
production of agricultural chemicals such as pesticides
wherein it may be desired to employ a droplet size for the
dispersed phase that is smaller than the wavelength of visible
light.

[0143] The inventive process may be used for the produc-
tion of emulsified lubricants and fuels. These may include
on-board fuel emulsification systems such as those used for
diesel engines.

[0144] The inventive process may be used in emulsion
polymerization processes. For example, it may be possible to
solublize monomers in a surfactant with a catalyst.

[0145] The inventive process may be used to make rapid
setting emulsions containing bitumen. These emulsions may
be used as surface dressings for cement or asphalt surfaces
such as roads, driveways, and the like. These emulsions may
contain from about 60 to about 70% by weight bitumen and
may be sprayed onto the surface being treated. Chippings
may be spread on top of these surface dressings and rolled to
ensure proper embedding and alignment. This provides a
water impervious surface seal and also an improved surface
texture.

[0146] The emulsions made using the inventive process
may be silicone emulsions. These emulsions may be used for
treating fibers and other substrates to alter their water repel-
lant properties.

[0147] The inventive process may be used in a crystalliza-
tion process, for example, a continuous crystallization pro-
cess. This process may be used to isolate, purify and/or pro-
duce powders of a specified size. An example of such crystals
include highly refined sugar. In emulsion crystallization, a
melt may be crystallized within droplets of the emulsion so
that homogeneous nucleation may occur at a lower rate than
in a bulk melt. This process may be conducted without sol-
vents, and thus may provide the advantage of low capital and
operating costs.

[0148] The inventive process may be used to make liquid
crystals. The liquid crystals formed in the process may help to
reduce the use of emulsifiers and/or surfactants, as the dis-
persed phase may be “locked” in place.

[0149] The inventive process may be used to make wax
emulsions for adhesives, liquid soaps, laundry detergents,
coatings for textiles or fabrics, and the like.

[0150] The inventive process may be used in the manufac-
ture of pharmaceuticals wherein the provision of a dispersed
oil phase with a narrow distribution of droplet sizes is advan-
tageous. These may include oral or injectable compositions as
well as dermatological creams, lotions and opthalmics. The
droplet size and distribution achieved with the inventive pro-
cess may increase the efficacy of the drug and provide for
reduced levels of use of the drug for required treatments. This
also provides the advantage of avoiding or limiting the use of
non-aqueous solvent components which tend to solubilize
organic substances used in packaging materials. The droplet
size for the dispersed oil phase for these applications may be
up to about 0.5 micron, in order to avoid being eliminated by
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the spleen or liver, and in one embodiment in the range from
about 0.01 to about 0.2 micron, and in one embodiment 0.01
to about 0.1 micron. The emulsions produced by the inventive
process may function as emulsion vehicles for insoluble or
poorly soluble drugs (e.g., ibuprofen, diazepam, griseofulvin,
cyclosporin, cortisone, proleukin, etoposide, paclitaxel, cyto-
toxin, vitamin E, alpha-tocopherol, and the like). Many of the
pharmaceutical compounds or drugs, oils and surfactants dis-
closed in U.S. Patent Application Publication No. 2003/
0027858A1 may be used in making pharmaceutical compo-
sitions using the inventive process; this patent publication is
incorporated herein by reference for its disclosure of such
compounds or drugs, oils and surfactants. An advantage of
using the inventive process relates to the fact that many of the
problems associated with using conventional high-shear mix-
ing equipment for attempting to achieve small droplets with a
narrow droplet size distribution while maintaining a sterile
environment are avoided.

EXAMPLE 1

[0151] The microchannel device illustrated in FIG. 26 is
made from stainless steel and used to form an oil-in-water
emulsion. The device includes a base part for continuous
phase flow, a top part for delivering a discontinuous oil phase,
aporous substrate, a header, a footer, and tubing and piping to
provide for the flow of liquids to the microchannel device.
[0152] The base part, which has an overall size of 35x1.5x
1.5 inches, has an open microchannel having the dimensions
01 0.02x0.5%0.5 inch, and sloping inlet and outlet flow pas-
sageways (0.5 inch long, 0.5 inch wide, slopping angle 27°)
that are connected via welding with the header and footer for
the continuous phase liquid. The edge of the open microchan-
nel has a lip (step) with a width of 0.02 inch for mounting the
porous substrate via rubber gasket of thickness 0.005 inch for
sealing. With the mounting of the porous substrate (0.5x0.5x
0.04 inch), a microchannel is formed for providing high
velocity flow of a continuous phase and generating micro-
scale droplets as a dispersed phase in the continuous phase.
[0153] The top part comprises a built-in oil chamber (see
right-side figure in FI1G. 26) connected to an oil pipe line (not
shown in the drawing). The header and footer (the parts with
slope and connected spaces) are designed for flow area tran-
sition from ordinary tubes to the microchannel with a small
gap (less than 1 mm), while the overall pressure drop is
maintained at a reasonable value depending upon the pump
and heating capacity.

[0154] A schematic of the basic structure is illustrated in
FIG. 27. The porous substrate is a heat treated porous sub-
strate supplied by MOTT Metallurgical Corp. of Farmington,
Conn. The porous substrate is made from stainless steel 316.
The average diameter of each pore is 0.5 micron. The porous
substrate separates the disperse phase liquid chamber from
the continuous phase liquid channel. A pressure difference
(10 to 20 psia) during the emulsification operation drives the
disperse phase liquid through the porous substrate into the
continuous liquid channel which results in the formation of
droplets in the continuous phase.

[0155] The emulsification system is illustrated in FIG. 28.
This system includes an oil pump (FMI “Q” pump, Model
QG6 from FluidMetering, Inc, Syosset, N.Y.), a water pump
with a flow rate dial (Micropump Model GJ-N25, JF18A
from Cole Parmer, Vernon Hills, I11.), a heated oil reservoir, a
continuous phase liquid reservoir, and metallic tubings (%4")
connecting the pumps and the microchannel emulsifier. An
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extra rotor flow meter (Cole Parmer) is installed to record the
actual flow rate and for later calibration. By installing heating
tapes around most of the metallic tubing, exposed compo-
nents as well as the microchannel device and by feed-back
controlling the heating power via TC signals from multiple
key locations, all components and the liquids in the system are
maintained at a temperature that is higher than the ambient.
The components to be heated up and controlled include the
microchannel emulsifier, oil pump and reservoir, and water
reservoir. The reservoirs have inside volume scales.

[0156] Before being used for emulsification, the porous
substrate is cleaned and heat-treated. The following cleaning
procedure is used.

[0157] 1. Sonicate in hexane for 5 min. If the porous
substrate is pre-exposed to oil, repeat hexane sonication
once with fresh hexane.

[0158] 2. Air dry at room temperature over night, or at
80° C. for 10-20 minutes in a drying oven.

[0159] 3. Sonicate the porous substrate in 20% nitric acid
for 20 minutes.

[0160] 4. Sonicate the porous substrate in fresh deion-
ized water for 5 minutes.

[0161] 5. Repeat step #4 at least three times to achieve
pH reading of the water of over 5.

[0162] 6. Sonicate the porous substrate in acetone or
isopropanol for 3 minutes.

[0163] 7.Airdryatroom temperature overnight, or at 80°
C. for 10-20 minutes in a drying oven.

The porous substrate is then heat treated in a heat treatment
vessel using the following procedure:

[0164] 1. Evacuate and refill with nitrogen three times.

[0165] 2. Heat in the presence of hydrogen and water to
650° C. at a rate of 3.5° C. per minute.

[0166] 3. Maintain temperature at 650° C. for 30 minutes
with nitrogen flow.

[0167] 4. Maintain temperature at 650° C. in air for 100
hours.
[0168] 5.Coolin airto room temperature at a rate of 3.5°

C. per minute.

One of the methods to characterize the heat treatment effect
on the pore size and number is to conduct permeability tests
using water. Using the same flow rate, water is pumped
through the heat-treated porous substrate and through an
untreated porous substrate. Different pressure drop curves are
obtained as shown in FIG. 29. The heat-treated substrate has
a higher pressure drop than that of untreated substrate. In this
example, the average pore size decreases from 0.5 to 0.44
micron while the inter-pore distance increases from 0.5t0 0.6
micron.

[0169] A moisturizing lotion having the formulation indi-
cated below is prepared using the microchannel device.

Parts by Wt.
First Liquid (Continuous Aqueous)
Water 82.90
Carbopol 934 (a product supplied 0.20
by B. F. Goodrich/Harris and
Ford identified as a resin)
Na2 EDTA (a product supplied 0.05
by Dow Chemical Company)
Glycerine USP (a product supplied 4.00
by Humco)
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-continued
Parts by Wt.

Second Liquid (Discontinuous Oil)
Stearic Acid 2.00
Cetyl Alcohol 0.50
Glyceryl Monostearate 0.20
Ethylene Glycol Monostearate 0.30
Propylparaben 0.10
Methylparaben 0.20
Mineral Oil 7.00
Silicone Fluid DC200 (a product supplied 1.00
by Dow Corning identified as a
silicone fluid)
Tween 20 (a product supplied by 0.50
Uniqema Americas (ICI) identified
as a surfactant)
Triethanolamine 0.90

The following process steps are used:

[0170] 1. Allingredients in the Second Liquid are mixed
in a beaker and heated to 75° C. The triethanolamine is
added last. The Second Liquid is then maintained at 75°
C. in the oil phase reservoir.

[0171] 2. Prepare the First Liquid by dispersing the Car-
bopol 934 in the water and heating to 75° C. The remain-
ing ingredients for the First Liquid are then added. The
First Liquid is maintained at 75° C. in the reservoir that
is connected to the continuous phase liquid pump.

[0172] 3. The heating powers of the system for all com-
ponents are adjusted and stabilized at 75+10° C.

[0173] 4. The continuous phase liquid pump is activated
and set for a flow rate of 2.5 I/min.

[0174] 5. The oil pump is activated and set for a flow rate
of'2.5 ml/min. The pressure drop across the porous sub-
strate is maintained at 10-20 psia.

[0175] 6. The First Liquid is recirculated until the desired
amount of the Second Liquid is mixed with the First
Liquid.

[0176] 7. The product emulsion is cooled to a tempera-
ture below 38° C. by placing the reservoir in a cold
water/ice bath or by turning on a cooling coil built in the
reservoir.

[0177] FIGS. 30 and 31 are microscopic images at a mag-
nification of 100 for the foregoing emulsion for two different
size ranges. FIG. 30. shows a droplet size from about 0.5 to
about 2 microns using the heat treated porous substrate of
pore size 0.5 micron at a First Liquid flow rate of 2.0 standard
liters per minute (SLPM). FIG. 31 shows a droplet size from
about 1 to about 8 microns using the heat treated porous
substrate of pore size 0.5 micron at a First Liquid flow rate of
0.5 SLPM.

[0178] While the invention has been explained in relationto
specific embodiments, it is to be understood that various
modifications thereof will become apparent to those skilled in
the art upon reading the specification. Therefore, it is to be
understood that the invention disclosed herein is intended to
cover such modifications as fall within the scope of the
appended claims.

1. A process for making an emulsion, comprising:

flowing a first liquid in 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 emulsion, the first liquid forming a continu-
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ous phase, the second liquid forming a discontinuous
phase dispersed in the continuous phase; and

exchanging heat between the liquid in the process micro-
channel and a heat exchanger.

2. The process of claim 1 wherein the second liquid flows
from a liquid channel through the apertured section into the
process microchannel.

3. The process of claim 1 wherein different temperature
zones are positioned along the length of the process micro-
channel.

4. The process of claim 1 wherein the first liquid and the
second liquid contact each other in a mixing zone in the
process microchannel.

5. The process of claim 4 wherein heat is exchanged
between the heat exchanger and the process microchannel in
the mixing zone, upstream of the mixing zone, or downstream
of the mixing zone.

6. The process of claim 1 wherein the emulsion is quenched
in the process microchannel.

7. The process of claim 1 wherein the heat flux for heat
exchange between the process microchannel and the heat
exchanger is in the range from about 0.01 to about 250 watts
per square centimeter of surface area of the process micro-
channel.

8. The process of claim 1 wherein the temperature gradient
between the process microchannel wall and the bulk flow in
the process microchannel is less than about 5° C. at the same
axial position in the process microchannel.

9. The process of claim 1 wherein the process microchan-
nel 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 micro-
channel.

10. The process of claim 1 wherein the process microchan-
nel 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 micro-
channel having a wall with an apertured section, the first
liquid flowing through the first process microchannel and the
second 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 and
through the apertured section in the second process micro-
channel in contact with the first liquid.

11. The process of claim 1 wherein the heat exchanger
comprises at least one heat exchange channel.

12. The process of claim 12 wherein the process micro-
channel exchanges heat with a heat exchange fluid in the heat
exchange channel.

13. The process of claim 13 wherein the heat exchange
fluid undergoes a phase change in the heat exchange channel.

14. The process of claim 12 wherein an endothermic pro-
cess or an exothermic process is conducted in the heat
exchange channel.

15. The process of claim 1 wherein the emulsion is cooled
to room temperature within a time period of up to about 10
minutes.

16. The process of claim 1 wherein the process is con-
ducted in a microchannel mixer, the microchannel mixer
comprising a plurality of the process microchannels, each
process microchannel having at least one wall with at least
one apertured section, at least one liquid channel positioned
adjacent to each process microchannel, the second liquid
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flowing from the liquid channels through the apertured sec-
tions 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 heat
exchanger comprising a plurality of heat exchange channels
formed from parallel spaced sheets or plates, the heat
exchange channels being adjacent to the process microchan-
nels, the liquid channels or both the process microchannels
and the liquid channels.

17. The process of claim 16 wherein the emulsion is made
at a rate of at least about 0.01 liter per minute.

18. The process of claim 1 wherein the emulsion comprises
a water-in-oil emulsion or an oil-in-water emulsion.

19. The process of claim 1 wherein the first liquid com-
prises an organic liquid.

20. The process of claim 1 wherein solids are dispersed in
the emulsion.

21. The process of claim 1 wherein a chemical reaction, a
biological process, a liquid adsorption process, a liquid-gas
adsorption process, a liquid separation process, a solidifica-
tion process, a gasification process, or a process for tracking
charged particles is conducted in the process microchannel.

22. The process of claim 1 wherein the emulsion comprises
a skin care product, a paint composition, a coating composi-
tion, an adhesive composition, a glue composition, a caulk
composition, a sealant composition, a food composition, an
agricultural composition, a pharmaceutical composition, a
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fuel composition, a lubricant composition, a surface dressing
composition, a silicone emulsion, a liquid crystal composi-
tion, a wax emulsion, or a double emulsion.
23. A process for making an emulsion, comprising:
flowing a first liquid in a process microchannel, the process
microchannel having a wall with an apertured section;
flowing a second liquid in a liquid channel, the liquid
channel being adjacent to the process microchannel, the
liquid channel having another wall with another aper-
tured section;
flowing a third liquid through the another apertured section
into the liquid channel in contact with the second liquid
to form a liquid mixture in the liquid channel; and
flowing the liquid mixture from the liquid channel through
the apertured section into the process microchannel in
contact with the first liquid to form the emulsion.
24. A process for making an emulsion, comprising:
flowing a first liquid in a process microchannel, the process
microchannel having two or more apertured sections;
flowing separate second liquids through each of the aper-
tured sections into the process microchannel in contact
with the first liquid to form the emulsion.
25. The process of claim 24 wherein the separate second
liquids have different compositions and/or different
properties.



