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EMULSIONS

(67)  The invention relates to a method for producing
simple and compound emulsions having microme-
tre-sized, controllable diameters and coatings, using a
device formed by elements having characteristic dimen-
sions of the order of a millimetre. The emulsions are pro-
duced using the suction produced by the flow of a viscous
liquid through the section of a millimetre-sized capillary
tube. According to a parametric analysis, the liquid or the
pair of liquids to be emulsified form a simple or compound
steady capillary jet of micrometre diameter, by the action
of the co-flow of the emulsifying liquid and the favourable
pressure gradient produced. The jet breaks because of
capillary instability, forming simple or compound mono-
disperse micro-drops. The invention disclosed in this de-
scription can be used in industrial sectors where the pro-
duction of simple and compound, monodisperse, homo-
geneous emulsions having micrometric-sized, controlla-
ble diameters and coatings is an essential part of the
process.

METHOD AND DEVICE FOR PRODUCING SIMPLE AND COMPOUND MICROMETRE-SIZED

IR 0 000 8 ¢ O

9
10

Figure 2

Printed by Jouve, 75001 PARIS (FR)



1 EP 3 187 252 A1 2

Description
Object of the invention

[0001] The invention described in this specification
pertains to the Scientific and Technical Area of Microflu-
idics. The study of microfluids is a multi-disciplinary field
that includes elements from Physics, Chemistry, Engi-
neering and Biotechnology. It conducts research on the
behaviour of micro-scale fluids, wherein the motion re-
gime is laminar, the gravity and the inertia are negligible,
and the viscosity and the surface tension are dominant.
This scientific and technical area comprises designing
systems - devices and processes - for the controlled pro-
duction of simple and compound steady jets that break
up due to capillary forces, to produce simple and com-
pound droplets which, in turn, are used for the production
of micrometre- and submicrometre-sized fibres, tubes
and capsules.

[0002] It is well-known that various sectors of activity
in different industries are interested in the generation of
simple and compound emulsions formed by micrometre-
size droplets with or without a coating. For example, the
food industry (encapsulation of additives), the phytosan-
itary industry, the cosmetics industry, the pharmaceutical
industry (selective transport of active principles), the
chemical industry (manufacturing of detergents), and the
materials industry (manufacturing of optical devices by
means of liquid crystals), amongst others. In general, the
process and the device for generating emulsions of the
invention described in this specification have applica-
tions in those industrial sectors wherein the production
of simple and compound monodisperse, homogeneous
emulsions having micrometre-sized, controllable diame-
ters and coatings is an essential part of the process.

Prior art

[0003] In recent years, numerous studies, inventions
and applications related to the microscopic monitoring of
fluid streams have arisen, and particularly noteworthy
amongst these studies and inventions are those that in-
volve free surfaces or interfaces between two immiscible
fluids in order to obtain microscopic structures (micro-
droplets, micro-bubbles, micro-capsules, etc.) in a repro-
ducible, robust manner. It is worth mentioning two pecu-
liar phenomenal/inventions which are representative of
the generation of micro-jets: (i) electrospraying, or the
production of liquid micro-jets by means of electrostatic
forces, which has been known for centuries, and (ii) cap-
illary flow focusing, which uses pressure forces (purely
mechanical) and a "focusing" orifice to generate the jet.
Depending on the geometry, both methods present a
genuine axial symmetry (axially symmetric) in the area
of the interface wherein the jet is produced, although
there exist embodiments of flow-focusing devices with
geometries that are practically two-dimensional (Anna et
al., Appl. Phys. Lett. (2003), 82, 364-366, Gordillo et al.,
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Phys. Fluids (2004), 16, 2828-2834).

[0004] In the case of electrospraying, the main disad-
vantages originate from (i) the inherent, inevitable de-
pendency of the phenomenon on the electrical properties
of the liquid, which greatly limits the physical-chemical
parametric freedom of the method (even though some
highly relevant applications have appeared in biochem-
istry - mass spectrometry for biological molecules -), (i)
the low productivity of the method (very low mass flow
rate) and the difficulty in "scaling" or "multiplexing" it, and
(iii) the mediocre robustness of the method due to its
great dependency on the surface conditions and the siz-
es of the liquid feeding tubes.

[0005] Althoughthedisadvantages associated withthe
dependency on the electrical properties of the fluid are
eliminated in axially symmetric flow focusing, there are
still problems related to the alignment of the feeding tubes
with respect to the focusing orifices. In implementations
of the 2D flow focusing type, the main problem originates
from the wetting of the surfaces that confine the fluid to
be dispersed.

[0006] The reason why the controlled production of mi-
cro- and submicrometric particles is one of the most ac-
tive lines of research within the field of Fluid Mechanics
is the large number of scientific and technological appli-
cations arising therefrom. For example, as noted in the
article "Micro- and nanoparticles via capillary flows", Bar-
rero and Loscertales, Annual Review of Fluid Mechanics
(2007), 39, 89-106, the efficient absorption of new drugs
by tissues and organs requires that the active product be
confined in droplets with sizes substantially smaller than
10 microns. Emulsions formed by micrometre-sized
droplets also have applications in many other fields, such
as the food industry and materials science (manufactur-
ing of optical devices by means of liquid crystals),
amongst others. Currently, there is a significant number
of processes that make it possible to obtain this type of
micro-emulsions, with characteristic droplet sizes of
about ten microns. However, there is only one technique
that is able to efficiently reduce the size below this limit:
that of simple and compound electrosprays (Loscertales,
Barrero et al., Science (2002), 295, 5560). Here we
present atechnique that dispenses with the use of electric
fields or surfactants, and which has such a simple geom-
etry that it eliminates the focusing problems associated
with devices of the three-dimensional flow focusing type,
Ganan-Calvo and Gordillo, Phys. Rev. Lett. (2001), 87,
274501, or the problems associated with the wetting of
the adjacent surfaces, as in the case of those techniques
that use flow-focusing devices created by means of soft-
lithography methods (Anna et al., Appl. Phys. Lett.
(2003), 82, 364-366). In addition to having a more com-
plex geometry, due to the fact that the stream to be dis-
persed must be focused through an orifice or a channel
with a smaller size than that of the injection needle, these
methods are not capable of systematically obtaining
droplet sizes smaller than 5 microns.

[0007] In recent years, there has been increasing in-
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terest in the food, pharmaceutical and chemical indus-
tries in generating capsules that contain an active prin-
ciple in the interior and which are externally coated with
a flexible or rigid housing. Numerous patents have reg-
istered processes for the production of capsules or emul-
sions. In the case of capsules for food industry applica-
tions, some examples are patents AU754712 and
EP1263451. In regards to applications in the chemical
industry (primarily companies devoted to the manufac-
turing of detergents), EP1288287 and W003002160.
Pharmaceutical industry applications are the most wide-
spread and have numerous registrations, amongst them
WOQOO03004003, WOO0041740, US6514526, and
EP1151746. In most of these examples, the capsules
are generated by means of chemical substance deposi-
tion on the surface of a droplet containing an active com-
pound or principle. The purpose of the external cover,
which is usually elastic or rigid, is to protect the active
principle contained inside. There are processes, initially
patented at the University of Seville, which follow a dif-
ferent method for encapsulating liquids or generating
emulsions. Both are based on causing two immiscible
fluid streams to flow in a coaxial manner. It is well-known
that cylindrical jets break up into droplets due to the
growth of capillary instability, also known as Rayleigh
instability. When this break-up takes place simultaneous-
ly inthe innerand outer jets, droplets are generated which
contain other smaller-sized droplets inside. If the external
cover is made solid by means of any process (for exam-
ple, by using a photopolymer that increases its viscosity
or becomes rigid with ultraviolet light as the outer fluid),
solid capsules may be generated. Emulsions may be
generated in these devices by simply injecting a liquid,
using any of the aforementioned processes, into a bath
containing a liquid that is immiscible with the injected
fluid. The first process belongs to the family of devices
known as flow focusing, which is protected by patents
US 6174469, US 6187214 and US 6450189. In this case,
similarly to what occurs with atomisers of the flow focus-
ing type, the two concentric fluid streams are accelerated
due to the favourable pressure gradient that exists be-
tween a gas-pressurised chamber and the exterior. The
diameters of the inner and outer jets decrease and, final-
ly, thanks to a primarily capillary mechanism, the com-
pound droplets are generated. These compound droplets
may have diameters of the order of 100 microns. On the
other hand, using the technology known as Y-Flow, the
concentric inner and outer jets are accelerated using an
electric field. The capsules generated may have nano-
metric sizes (the capsules produced using this process
are the smallest ever generated) and are protected by
patents P200100231, PCT ES02/00047 and PCT US
02/02787. However, this process has a disadvantage as
compared to flow focusing devices; namely, that electric
fields are necessary and the liquid flow rates are of the
order of 1000 to 100 times lower than those that may be
used in flow focusing technology.
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Description of the figures

[0008] In order to supplement the description of the
invention, and to contribute to a better understanding of
its characteristics, the present descriptive specification
includes, as an integral part thereof, two diagrams which
show, for illustrative, non-limiting purposes, two proto-
type models for generating simple and compound emul-
sions (Fig. 1 and Fig. 2, respectively), as well as two sets
of images that show the actual production of emulsions,
both simple and compound (Fig. 3 and Fig. 4), with pro-
totypes of both classes.

[0009] Figure 1: The figure consists of a diagram of a
prototype device for generating simple emulsions.
[0010] The device is composed of the injection tube
(1), designed to inject the liquid to be emulsified, which
has an inner diameter d; and is coaxially aligned with,
and separated by a distance h from, the extraction tube
(3), which has a length | and a square cross-section with
an inner side |,, and an outlet to the exterior, contained
inside a discharge chamber (4) equipped with an orifice
(5) designed for the inlet of the emulsifying liquid.
[0011] Moreover, in order to illustrate the generation
of simple emulsions in the device by means of the proc-
ess of the invention, the figure shows the velocity profile
(6) of the liquid to be emulsified flowing inside the injection
tube, and the streamlines (10) and the velocity profile (8)
of the emulsifying liquid flowing in the surroundings of
the inlet section of the extraction tube and downstream
in the interior thereof, respectively.

[0012] Figure 2: The figure is a diagram of a prototype
device for generating compound emulsions.

[0013] The different parts that make it up are a com-
posite injection tube formed by an inner capillary tube
(1), which has a diameter d;, is designed to inject the
inner liquid and is coaxially centered inside a second out-
er capillary tube (2), with a diameter d,, through which
the intermediate liquid is injected, and which is coaxially
aligned with, and separated by a distance h from, the
extraction tube (3), which has a length | and a square
cross-section with an inner side |,, and an outlet to the
exterior, contained inside a discharge chamber (4)
equipped with an orifice (5) designed for the inlet of the
emulsifying liquid.

[0014] In addition, in order to illustrate the generation
of compound emulsions in the device by means of the
process of the invention, the figure shows the velocity
profile of the inner liquid (6) flowing inside the inner in-
jection tube, the velocity profile of the intermediate liquid
(7) flowing inside the outer injection tube, and the stream-
lines (10) and the velocity profile (8) of the emulsifying
liquid flowing in the surroundings of the inlet section of
the extraction tube and downstream in the interior there-
of, respectively.

[0015] Figure 3: The set of images in the figure shows
the actual production of simple emulsions by means of
the process of the invention in a prototype device of the
invention with different geometrical configurations of the
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components thereof.

[0016] The outer liquid is silicone oil with a viscosity of
100 cSt and the inner liquid is distilled water (viscosity of
1 ¢cSt). The flow rate of the outer liquid is 900 ml/h and
the flow rate of the inner liquid is 0.5 ml/h, in all four cases.
[0017] The geometrical configuration of the devices in
each of the images in the series is as follows: 3.1.- |, =
1 mm, d; =450 pm and h = 0.5l,; 3.2.- d; = 450 um and
h=1.01,3.3.-d=l,andh=1.01y3.4.-d;=1,and h =
1.5 I,. The inner dimensions of the discharge chamber
in the four prototypes are 3 cm x 3 cm x 3 cm.

[0018] Figure 4: The set of images in the figure shows
the production of compound emulsions by means of the
process of the invention in a prototype device of the in-
vention, with the following geometrical configuration of
the elements that compose it: d; = 700 um, d, = 1.0 mm,
lo = 1.0 mm and h = 1.70 mm. The inner dimensions of
the discharge chamber are 3 cm x 3 cm x 3 cm.

[0019] The outer liquid is silicone oil with a viscosity of
1000 cSt, the intermediate liquid is a mixture of glycerol
and distilled water, with a viscosity of 400 cSt at 25°C,
and the inner liquid is silicone oil with a viscosity of 10 cSt.
[0020] The flow rate of the outer liquid is 200 ml/h and
the flow rate of the intermediate liquid is 2.00 ml/h. The
flow rate of the inner liquid q; in each of the images in the
series is as follows: 4.1.- q; = 0.10 ml/h; 4.2.- g; = 0.30
ml/h; 4.3.- q; = 0.50 ml/h; 4.4.- q; = 0.70 ml/h.

Description of the invention

[0021] The object of the present invention is a process
for generating simple and compound emulsions, from the
formation of a simple or compound, as applicable, cap-
illary micro-jet when a liquid or two immiscible or barely
miscible liquids that flow coaxially are suctioned by
means of a viscous outer liquid, which is immiscible or
barely miscible with the simple or compound liquid to be
emulsified, and which flows at the suitable velocity, as
well as the device wherein and with which to perform said
process.

[0022] Accordingto one parametric determination, the
specifications whereof are the essence of the process of
the invention, in the case of the generation of simple
emulsions, the suctioned liquid forms a steady capillary
jet with a micrometre-sized, controllable diameter, due
to the action of the co-flowing outer liquid and the favour-
able pressure gradient that it produces. This simple jet
breaks up due to capillary instability, to produce droplets
of a micro- and submicrometric size, with a limited size
distribution.

[0023] Inthecase ofthe generation of compound emul-
sions, the suction causes a compound capillary jet, due
to the action of the co-flowing outer liquid and the favour-
able pressure gradient produced on the intermediate lig-
uid and, similarly, of the latter on the inner liquid. The
interior of this compound jet breaks up into droplets due
to capillary instability, which induces break-up of the in-
termediate liquid, to produce the coating of the inner liquid
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droplets and, consequently, the formation of compound
micrometre-sized droplets.

[0024] The parametric determination in the generation
of compound emulsions allows for control of both the size
ofthe inner liquid droplets and the thickness of the coating
with the intermediate liquid.

[0025] The process of the invention may be applied to
all those technological demands that require the gener-
ation of simple monodisperse, micrometre-sized emul-
sions of the phase to be dispersed, as well as to those
technological demands that require the generation of
compound homogeneous emulsions, the dispersed
phase whereof requires micrometre-sized, controllable
droplet diameters and coating thicknesses.

[0026] The object of the presentinvention is a process
and a device for generating simple and compound mi-
crometre-sized emulsions.

[0027] The device that generates the emulsions is
formed by the following elements: a discharge chamber
with dimensions of the order of one centimetre, the inte-
rior whereof contains two coaxially aligned tubes, an ex-
traction tube, with a diameter or inner side |, of the order
of one millimetre and a length |, and a simple capillary
injection tube, with an inner diameter d; of the order of
one millimetre, or a compound capillary injection tube,
formed by two concentric capillary tubes, the exterior
whereof have an inner size d, of the order of one milli-
metre. The outlet section of the simple or compound cap-
illary tube is separated from the inlet section of the ex-
tractiontube by a distance h of the order of one millimetre.
The geometrical dimensions d;, d,, |, and h of the ele-
ments of the device constitute its geometrical configura-
tion.

[0028] The circulation of a viscous outer liquid I, from
the discharge chamber to the exterior through the extrac-
tion tube, produces the suction of the simple liquid I;, in-
jected into the chamber through the capillary tube where
it flows, in the surroundings of the inlet section, to form
a steady capillary jet, which narrows down downstream,
to reach a constant micrometre-sized diameter. This jet
is formed due to the action of the co-flowing outer fluid
and the favourable pressure gradient that the outer fluid
exerts on the simple capillary jet. This simple jet breaks
up, due to capillary instability, into droplets of the same
order of magnitude as that of the jet that originates them,
to produce a simple monodisperse micrometre-sized
emulsion.

[0029] If a composite capillary injection tube is used,
the suction produces a capillary jet composed of the in-
termediate liquid, which forms the outermost layer of the
jet, and the inner liquid, which is at the centre of the com-
pound jet. The compound jet is formed due to the action
of the co-flowing outer fluid and the favourable pressure
gradient that the outer fluid exerts on the intermediate
fluid. Likewise, the action of the outer co-flow and the
favourable outer pressure gradient, jointly with the cap-
illary pressure gradients exerted by the intermediate flow,
lead to the formation of an inner liquid capillary jet which,
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due to capillary instability, breaks up into droplets that
induce break-up of the intermediate liquid, thereby orig-
inating the coating thereof and, consequently, the forma-
tion of compound droplets, to produce a compound mon-
odisperse emulsion having controllable, micrometre-
sized inner and outer diameters and coating thickness.
[0030] The viscosities of the inner, intermediate and
outer liquids, and the surface tensions between the inner
and outer liquids, in the case of the generation of simple
emulsions, and between the outer and intermediate lig-
uids, and the intermediate and inner liquids, in the case
of the generation of compound emulsions, are essential
physical properties for the production of the emulsions
described in this invention and constitute what we will
call the dimensional configuration thereof.

[0031] The flow rates of the inner, intermediate and
outer liquids, g;, q,, and g, respectively, or, alternatively,
the flow rates of the inner and intermediate liquids, q; and
a,, respectively, and the manometric discharge pressure
of the outer fluid Apg, which is related to the outer flow
rate g, according to the formula Ap, = Kqg, K being a
constant that depends solely on the geometry of the de-
vice, are the operating control variables or parameters
in the generation of emulsions produced by means of this
technology and constitute what we will call the operation-
al configuration thereof.

[0032] The process of the present invention involves
the adequate selection of the aforementioned geometri-
cal, dimensional and operating parameters or variables,
i.e. the specification of the geometrical, dimensional and
operational configurations.

[0033] The specification of the geometrical, dimen-
sional and operational configurations define a parametric
determination or a mode of production.

[0034] The following formulations express the physics
of the phenomenon whereon the technology described
above is grounded:

(i).- the characteristic Reynolds number of the outer
and inner streams is lower than 1 and lower than 10,
respectively; p,U,D/n, < 1 and p,Q/(Dp,) < 10,
where U is the velocity of the outer fluid at the centre
of the extraction tube;

(ii).- the capillary number s greater than 0.75; w,U/c
> 0.75;

(iii).- the flow rate of the inner liquid and the velocity
ofthe outer liquid are such that [4Q;/(x Uo)]'/2< 1 mm.

[0035] If the selected parametric determination or
mode of production meets all of the aforementioned nu-
merical ratios, the generation of simple emulsions by
means of this device and this process is feasible. In this
case, the scaling law that predicts the diameter of the
droplets that form the emulsion is the following:
0.25[4Qy/(mU,)]"2< d < 4[4Q)/(rU,)] /2.

[0036] Theinventiondescribed in this specification has
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applications in those industrial sectors wherein the pro-
duction of simple and compound monodisperse, homo-
geneous emulsions with controllable, micrometre-sized
diameters and coatings is an essential part of the proc-
ess.

Embodiment of the invention

Embodiment of the invention for generating simple emul-
sions.

[0037] Image 3.2 of Figure 3 of the present descriptive
specification shows the actual production of simple emul-
sions by means of this invention. Moreover, Figure 1
presents a diagram of the device used.

[0038] The prototype is composed of a discharge
chamber (4) with inner dimensions of 3 cm x 3 cm x 3
cm, which contains, in the interior thereof, a glass extrac-
tion tube (3) that has a square cross-section, with an
inner side |, =1 mmand alength | =4 cm, and a stainless
steel simple capillary injection tube (1), which has an in-
ner diameter d; = 450 um. The spacing between both
tubes is h =1 mm.

[0039] The discharge chamber contains two pairs of
windows, in order to allow for real-time control of the pro-
duction of simple emulsions.

[0040] The outer and inner liquids used in this embod-
iment of the invention for generating simple emulsions
are 100-cStsilicone oil and distilled water (with a viscosity
of 1 cSt), respectively, with a surface tension between
them of 40 mN/m.

[0041] The flow rates of the outer and inner liquids, qg
and q;, were varied between 450 ml/h and 1400 ml/h, and
0.1 ml/h and 10 ml/h, respectively, to produce emulsions
with droplets sizes ranging between 10 pum and 100 pm,
and a production frequency ranging between 1000 Hz
and 10000 Hz.

[0042] Image 3.2 of Figure 3 illustrates the actual sim-
ple emulsion produced according to the aforementioned
specifications by injecting flow rates g, = 1150 ml/h and
g; = 0.5 ml/h. The rest of the images in the series, i.e.
images 3.1, 3.3 and 3.4 of Figure 3, show the actual sim-
ple emulsions according to different geometrical config-
urations, without varying the rest of the specifications of
the mode of production described above.

[0043] In order to evaluate the versatility of both the
process and the device for generating simple emulsions,
as well as the range of the parametric determination,
emulsions were produced by modifying:

(i) the different variables that characterise the geo-
metrical configuration of the elements thereof (d,, h,
I, and I);

(ii) the viscosity of the outer and inner liquids in the
ranges between 100 ¢St and 1000 cSt, and between
1cStand 1 cSt, respectively, and the surface tension
between them in the ranges between 1 mN/m and
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40 mN/m, replacing some liquids with others having
different properties;

(iii) and the concrete, specific values of the operating
control parameters for the production of simple emul-
sions, i.e. of the outer and inner liquid flow rates, in
the ranges between 100 ml/h and 4000 ml/h, and
0.01 ml/h and 100 ml/h, respectively.

[0044] In all cases, a parameter window was found
wherein the production of the emulsions is effective, con-
tinuous, uniform and stable.

Embodiment of the invention for generating compound
emulsions.

[0045] Image 4.2 of Figure 4 of the present descriptive
specification shows the actual production of compound
emulsions by means of this invention. Moreover, Figure
2 shows a diagram of the device used.

[0046] The prototype is composed of a discharge
chamber with inner dimensions of 3 cm x 3 cm x 3 cm,
which contains, in the interior thereof, a glass extraction
tube (4) that has a square cross-section, with an inner
side |, = 1 mm and a length | = 4 cm, and a composite
injection tube, formed by a capillary tube (1) through
which the inner liquid ciruclates, with a diameter d; = 450
pm, contained and coaxially centered inside a second
capillary tube (3), which has an inner diameter d, = 1.20
mm and through which the intermediate liquid flows. The
spacing between both tubes is h = 1 mm.

[0047] The discharge chamber contains two pairs of
windows, in order to allow for real-time control of the pro-
duction of simple emulsions.

[0048] The outer, intermediate and inner liquids used
in this embodiment of the invention for generating com-
pound emulsions are 1000-cSt silicone oil, a mixture of
glycerin and distilled water, with a viscosity of 400 cSt at
25°C, and silicone oil with a viscosity of 10 cSt, respec-
tively, with a surface tension between both pairs of liquids
(outer and intermediate liquids, and intermediate and in-
ner liquids) of 50 mN/m.

[0049] The flow rates of the outer, intermediate and
inner liquids, q¢, 9, and q;, were varied between 100 mi/h
and 200 ml/h, 0.1 ml/h and 10.0 ml/h, and 0.1 ml/h and
10 ml/h, respectively, to produce compound emulsions
with droplets having inner diameters ranging between 10
pm and 100 wm, and coatings ranging between 10 pm
and 40 wm, with a production frequency ranging between
100 Hz and 2000 Hz.

[0050] Image 4.2 of Figure 4 shows the production of
a compound emulsion according to the aforementioned
specifications, in the case of g, = 200 ml/h, g, = 2 mi’h
and g; = 0.5 ml/h. The rest of the images in the series,
i.e. images 4.1, 4.3 and 4.4 of Figure 4, show the actual
production of compound emulsions with different inner
liquid flow rates, ranging between 0.1 ml/h and 0.7 mi/h,
without varying the rest of the specifications of the mode
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of production described above.

[0051] In order to evaluate the versatility of both the
process and the device for generating compound emul-
sions, as well as the range of the parametric determina-
tion, emulsions were produced by modifying:

(i) the different variables that characterise the geo-
metrical configuration of the elements thereof (d, h,
I, and I);

(ii) the viscosity of the outer liquid, in the range be-
tween 100 cSt and 1000 cSt, the viscosity of the in-
termediate liquid between 50 ¢St and 1000 cSt, the
viscosity of the inner liquid between 1 ¢St and 20
cSt, and the surface tension between both liquids
ranging between 20 mN/m and 50 mN/m, replacing
some liquids with others having different properties;

(iii) and the concrete, specific values of the operating
control parameters for the production of the com-
pound emulsions, i.e. the outer, intermediate and in-
ner liquid flow rates, in the ranges between 100 mi/h
and 4000 ml/h, 0.01 mi/h and 10 mi/h, and 0.01 ml/h
and 100 ml/h, respectively.

[0052] In all cases, a parameter window was found
wherein the production of the emulsions is effective, con-
tinuous, uniform and stable.

[0053] There are numerous materials with which the
different elements that compose the generator of both
simple and compound emulsions may be manufactured
(metal, plastic, ceramics, glass), based primarily on the
specific application of the device.

[0054] Any continuous feeding methods for the outer,
intermediate and inner liquids may be used (pressure
reservoirs, syringe pumps, etc.).

[0055] The aforementioned embodiments of the inven-
tion describe the process and the device, or individual
cell, for generating simple or compound emulsions with
the production limitations involved. If an increase in pro-
duction is required, the device may be multiplexed. In
this case, the flow rate of the inner liquid, or the interme-
diate and inner liquids, as applicable, should be as ho-
mogeneous as possible across the different cells, which
may require discharge through multiple capillary nee-
dles, porous media, or any other medium capable of dis-
tributing a homogeneous flow rate across different feed-
ing points.

Claims

1. Device for generating simple emulsions, hereinafter
DGSE, composed of an injection tube (1), which has
an inner diameter d;, is coaxially aligned with, and
separated by a distance h from, an extraction tube
(3), which has a length | and a circular or square
cross-section with a diameter or inner side |,, and
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an outletto the exterior, contained inside a discharge
chamber (4), characterised in that

1 a.- d; ranges between 0.05 mm and 4 mm;
1b.-1,andlrange between 0.05 mm and 4 mm,
and 10 mm and 100 mm, respectively; and

1 c.- h ranges between 0 mm and 4 mm.

DGSE according to claim 1, characterised in that

2a.- d; ranges between 0.40 mm and 1.40 mm;
2b.- I, and | range between 0.70 mm and 1.20
mm, and 20 mm and 50 mm, respectively; and
2c.- h ranges between 0.50 mm and 1.50 mm.

Device for generating compound emulsions, herein-
after DGCE, composed of a composite injection tube
formed by an inner capillary tube (1), which has an
inner diameter d,, is coaxially centered inside a sec-
ond outer capillary tube (2), which has an inner di-
ameter d,, is coaxially aligned with, and separated
by a distance h from, an extraction tube (3), which
has a length | and a circular or square cross-section
with a diameter or inner side |,, and an outlet to the
exterior, contained inside a discharge chamber (4),
characterised in that

3a.- d, ranges between 0.10 mm and 1.40 mm;
3b.- d, ranges between 0.40 mm and 4 mm;
3c.- I, and | range between 0.05 mm and 4 mm,
and 10 mm and 100 mm, respectively; and
3d.- h ranges between 0 mm and 4 mm.

DGCE according to claim 3, characterised in that

4a.- d; ranges between 0.30 mm and 0.70 mm;
4b.- d, ranges between 0.70 mm and 1.40 mm;
4c.- I, and | range between 0.70 mm and 1.20
mm, and 20 mm and 50 mm, respectively; and
4d.- h ranges between 0.50 mm and 1.50 mm.

Device for generating simple or compound emul-
sions, hereinafter DGE, according to claims 1 to 4,
characterised in that the different parts that com-
pose it are manufactured with various materials,
such as metal, plastic, ceramic, glass or others.

DGE according to claims 1 to 5, characterised in
that the discharge chamber is equipped with win-
dows thatallow for real-time control of the production
of emulsions, as well as for studying the physical
phenomenon whereon it is grounded.

Multiplexed device for generating emulsions, char-
acterised in that each of the individual cells that
compose it has the technical characteristics de-
scribed in claims 1 to 6.
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10.

1.

12.

Simple emulsions of any two immiscible or barely
miscible fluids, obtained by means of a device for
generating emulsions having the technical charac-
teristics described in claims 1,2, 5,6 and 7.

Compound emulsions of any two immiscible or bare-
ly miscible fluids, emulsified by means of any fluid
that is immiscible or barely miscible with the exterior
of those mentioned above, obtained by means of a
device for generating emulsions having the technical
characteristics described in claims 3, 4, 5,6 and 7.

Process for generating simple micrometre-sized
emulsions, hereinafter PGSE, by means of the effect
of a co-flowing emulsifying liquid with a viscosity
greater than that of the liquid to be emulsified, on the
interface that they form, both being immiscible or
barely miscible liquids, characterised in that

10a.- the viscosity of the liquid to be emulsified
ranges between 1 ¢St and 1000 cSt, and the
viscosity of the emulsifying liquid ranges be-
tween 1 ¢St and 10000 cSt;

10b.- the flow rate of the liquid to be emulsified
ranges between 0.01 ml/h and 100 ml/h, and the
flow rate of the emulsifying liquid ranges be-
tween 1 ml/h and 4000 mi/h;

10c.- the process is implemented using a device
for generating simple emulsions which has the
technical characteristics described in claims 1,
2,5 and 6;

10d.- the process is implemented usinga DGSE
which has the technical characteristics de-
scribed in claim 7, the flow rates described in
claim 10b being those corresponding to an indi-
vidual cell of the multiplexed device.

PGSE according to claim 10, characterised in that

11 a.- the viscosity of the liquid to be emulsified
ranges between 1 cSt and 50 ¢St, and the vis-
cosity of the emulsifying liquid ranges between
50 ¢St and 1000 cSt;

11 b.- the flow rate of the liquid to be emulsified
ranges between 0.1 ml/h and 10 ml/h, and the
flow rate of the emulsifying liquid ranges be-
tween 50 ml/h and 1000 ml/h.

Process for generating compound emulsions with
micrometre-sized diameters and coatings, hereinaf-
ter PGCE, using two co-flowing immiscible or barely
miscible liquids, by means of the effect, on the inter-
face that they form, of a third co-flowing liquid which
has greater viscosity than that of the exterior of those
mentioned above, both liquids being immiscible or
barely miscible, characterised in that

12a.- the viscosity of the inner liquid (I;) of the



13 EP 3 187 252 A1 14

compound jet to be emulsified ranges between I, ranges between 0.01 ml/h and 100 ml/h, and
1 ¢St and 1000 cSt, the viscosity of the outer the flow rate of the liquid I, ranges between 50
liquid of the compound jet (l,,,) to be emulsified mi/h and 1000 ml/h.

ranges between 1 ¢St and 1000 cSt, and the

viscosity of the emulsifying liquid (I;) rangesbe- 5 16. Simple emulsions of any two immiscible or barely
tween 1 ¢St and 1000 cSt; miscible fluids, obtained by means of a process for
12b.- the flow rate of the inner liquid of the com- generating emulsions which has the technical char-
pound jet to be emulsified ranges between 0.01 acteristics described in claims 10 and 11.

ml/hand 100 mi/h, the flow rate of the outer liquid
of the compound jet to be emulsified ranges be- 70 17. Compound emulsions of any two immiscible or bare-

tween 0.001 ml/h and 1000 ml/h, and the flow ly miscible fluids, emulsified by means of any fluid
rate of the emulsifying liquid ranges between 1 that is immiscible or barely miscible with the exterior
ml/h and 4000 ml/h; of those mentioned above, obtained by means of a
12c.- the process is implemented using a device process for generating emulsions which has the
for generating compound emulsions which has 15 technical characteristics described in claims 12, 13,
the technical characteristics described in claims 14 and 15.

3,4,5 and 6;

12d.- the process is implemented using a DGCE
which has the technical characteristics de-
scribed in claim 7, the flow rates described in 20
claim 12b being those corresponding to an indi-
vidual cell of the multiplexed device.

13. PGCE according to claim 12, characterised in that
25
13a.- the viscosity of the liquid |, ranges between
1 ¢St and 10 c¢St, the viscosity of the liquid I,
ranges between 10 ¢St and 100 cSt, and the
viscosity of the liquid |, ranges between 100 cSt
and 1000 cSt; 30
13b.- the flow rate of the liquid |; ranges between
0.1 ml/h and 10 ml/h, the flow rate of the liquid
I, ranges between 0.01 ml/h and 100 ml/h, and
the flow rate of the liquid |, ranges between 50
ml/h and 1000 ml/h. 35

14. PGCE according to claim 12, characterised in that

14a.- the viscosity of the liquid |, ranges between

1 ¢St and 10 c¢St, the viscosity of the liquid I, 40
ranges between 100 ¢St and 400 cSt, and the
viscosity of the liquid |, ranges between 400 cSt

and 1000 cSt;

14b.- the flow rate of the liquid |; ranges between

0.1 ml/h and 10 ml/h, the flow rate of the liquid 45
I, ranges between 0.01 ml/h and 100 ml/h, and

the flow rate of the liquid |, ranges between 50
mi/h and 1000 ml/h.

15. PGCE according to claim 12, characterised in that 50

15a.- the viscosity of the liquid |, ranges between

1 ¢St and 10 cSt, the viscosity of the liquid |,
ranges between 400 cSt and 700 cSt, and the
viscosity of the liquid |, ranges between 700 cSt 55
and 1000 cSt;

15b.- the flow rate of the liquid |; ranges between

0.1 ml/h and 10 ml/h, the flow rate of the liquid
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