¥® ROYAL SOCIETY
PP OF CHEMISTRY

Soft Matter

PAPER

Microfluidic dissolution of nanoemulsions

’ '.) Check for updates ‘
in solvents

Cite this: Soft Matter, 2024,

20, 8052
¢4 and Thomas Cubaud {2 *@

Thai Dinh, @2 Yixuan Xu, 2° Thomas G. Mason
We experimentally investigate the behavior of nanoemulsion and microscale emulsion jets flowing in
solvents using coaxial microfluidic devices. The stability of colloidal dispersions made of oil droplets
dispersed in water is significantly altered by the presence of a miscible solvent, which induces complex
solutal and droplet coalescence instabilities over various timescales. We reveal intriguing microflow
patterns of oil-in-water micro- and nanoemulsion threads in a continuous phase of isopropanol,
including the dissolving, diffusive, gravitational, and stable thread regimes. We discuss the evolution of
core-annular flow characteristics and develop scaling relationships to model thread dynamics through
measurements of effective diameter as well as persistence and gravitational lengths. A microflow

method based on dynamic similitude is developed to estimate the diffusion coefficients of
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1. Introduction

The stability of fine fluid dispersions with respect to contami-
nants is important to the processing of colloids in a variety of
contexts, including in the food, cosmetic, printing, and phar-
maceutical industries, as well as in the environmental and
energy sectors. The possibility to make and unmake colloidal
fluid dispersions at will is appealing; however, while significant
efforts have been devoted to understand the formation of
micro- and nanoscale emulsions better using various flow
processing techniques,' few studies have addressed flow
destabilization processes associated with the addition of sol-
vents at such a small scale.*® In recent years, the field of
nanoemulsion science has gained expanding interest due to the
high-throughput capabilities of nanoemulsion production with
tunable average droplet radii ranging from 5 nm to 100 nm;
such nanoemulsions can have long shelf lives.” Despite their
simple composition, including two immiscible phases, such as
oil and water, and a surfactant to stabilize droplets against
coalescence, nanoemulsions display complex rheological and
optical behavior.” Depending on the hydrophile-lipophile bal-
ance of surfactant, oil-in-water (O/W) or water-in-oil (W/O)
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process soft colloidal dispersions and control degradation mechanisms using microfluidic techniques.

emulsions are produced using either low-energy emulsification
techniques with the adjunction of a co-surfactant,®*° or high-
energy emulsification methods, such as high-shear homo-
genizer and ultrasonication."" " The advantages of the high-
shear homogenizer method consists in the possibility to reach
very small droplet sizes with a high degree of monodispersity
and the absence of co-surfactant, thereby creating a simple
model colloidal fluid. Hence, it would be useful to probe the
microflow behavior of simple nanoemulsions with a solvent,
which is miscible in both phases, in order to refine our under-
standing of interfacial and diffusive flow properties of colloids
in confined environments and to dynamically manipulate
emulsion and solvent interactions, such as nanoscale droplet
coalescence processes, for advanced material synthesis.
Microfluidic devices enable unique control of fluids at the
micro and sub-microscale with low input volume and over a
wide range of flow rates and geometries.'*'® The ability to
control streams at a small scale facilitates the formation
of steady multiphase flows of droplets and the generation of
fine-tune emulsions in porous-like media using a variety of
fluid contactors, including hydrodynamic focusing sections,
T-junctions, and centerline injections.’® >’ The size of droplets
generated on chip, however, typically scales with the channel
width and remains on the order of a few micrometers, which is
much larger than the size of nanoemulsion droplets. As a
result, examining the influence of chemical additives on the
stability of dispersions made on chip is limited to a few
channel-to-droplet size ratios. Hence, there is a need for devel-
oping model studies with well-characterized nanoemulsions to
elucidate the microflow phenomenology associated with the
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transport of colloids with solvent in porous-like media at very
large channel-to-droplet size ratios. In addition to the for-
mation of dispersions, microfluidic devices are also practical
for forming separated flows, such as threads and jets, i.e., core-
annular flows,*®* > which enables independent control of fluid
interfacial area and residence time, and are therefore useful in
applications such as micromixing and fiber synthesis.>*"*
Threads, however are prone to numerous physicochemical
hydrodynamic instabilities**™*" and little is known about the
stability of nanoemulsion threads in miscible solvents at small
scales relevant for microfluidics.

Here, we examine the dynamic behavior of micro- and nano-
scale O/W emulsions flowing in isopropanol solvent using
coaxial microfluidic devices. Well-characterized emulsions,
which are made of silicone oils and aqueous solutions of
sodium dodecyl sulfate (SDS) are chosen as model fluids due
to the simplicity and widespread use of their components.
Similarly, isopropyl alcohol is selected as a solvent due to its
miscibility with both water and silicone oil, low toxicity, and
extensive use in common laboratory and industrial operations.
While blends of isopropanol and aqueous solution of SDS, as
well as blends of isopropanol and silicone oil fully mix in a vial
and do not separate over time, ternary systems made of water,
oil, and solvent display more complex behavior, including
changes of optical properties and droplet coalescence depend-
ing on the relative proportion of each component. In particular,
nanoemulsions and isopropanol are found to mix at large
solvent concentrations and phase separate at moderate to low
solvent concentrations. Hence, to clarify the microscale inter-
actions of nanoemulsion and solvent at short time scales,
i.e., far from thermodynamic equilibrium, an emulsion thread
is formed in a sheath of solvent through injection of the colloid
in a microneedle, which is aligned along the centerline of a
square glass microcapillary tube with solvent infusing. This
method permits independent control of flow rates, and the use
of borosilicate glass microcells provides excellent chemical
resistance and enables flow visualization from all sides of the
device. In particular, we employ a flow-based method to study
nanoemulsion thread-solvent interactions at different time-
scales and we examine the role of flow rates and microchannel
orientation on the behavior of core-annular flows made of
nanoemulsion threads in an external phase of solvent. A variety
of flow arrangements are uncovered, including dissolving,
diffusive, gravitational, and stable thread regimes. The stable
regime corresponds to the situation where convection is domi-
nant over solvent diffusion and thread morphology is well
predicted with hydrodynamic theory. By contrast, the dissolving
regime is characterized by an apparent melting of emulsion
threads in the solvent phase at low flow rates. At intermediate
velocities, the flow rate-modulated gravitational and diffusive
thread regimes are found to depend on the average properties of
emulsions, such as density and diffusion. A systematic study of
thread dynamics is conducted to elucidate the role of convection
and diffusion on dissolving colloidal emulsions and to better
characterize individual flow regime and their transitions. A micro-
fluidic method is developed to estimate the effective diffusion
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coefficient of colloidal emulsions treated as monophasic fluids
with solvent based on dynamic similitude. We also discuss
intricate flow morphology and document the evolution of droplet
coalescence processes along the flow direction.

2. Experimental methods

2.1. Emulsion preparation

Highly monodisperse colloidal dispersions of oil droplets in
water are produced using several preparation stages as illu-
strated in Fig. 1(a). First, a silicone oil of kinematic viscosity v
and an aqueous solution of sodium dodecyl sulfate (SDS) at a
concentration 10 mM, which is in slight excess of the critical
micelle concentration (CMC) of 8 mM to ensure nanodroplets
coverage and obtain a constant interfacial tension y ~ 12 mNm™ ",
are dispersed using a stirrer at large speed to form a premixed
emulsion, which is then size-fractionated using multiple ultracen-
trifuge steps to form a concentrated macroscale emulsion having a
monodisperse oil droplet distribution with an average droplet
radius (a) ~ 107° m. A significant reduction of the droplet
size is obtained through multiple passes of the macroscale
emulsion in a microfluidic homogenizer at extreme shear rate”
to obtain a very fine colloidal dispersion, which in turn is size-
fractionated using various ultracentrifuge steps to form a uni-
form nanoemulsion having (a) ranging between 10~° and
107 m. In this work, we investigate the microflow behavior
of two dispersions made using this method, including (a) a
nanoemulsion, which is passed eight times at 3 x 10" psi in a
homogenizer and comprised of polydimethylsiloxane oil of
viscosity v = 10 cSt with a droplet size (@) = 51 nm and an
initial concentration of @ = 0.564, and (b) a microscale emul-
sion, which is passed five times at 1 x 10" psi in a homogenizer
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Fig. 1 Diagram of the experimental method with schematics of (a) emulsion
preparation steps and (b) downward central injection of nanoemulsion (fluid
L1) at flow rate Q in a solvent (fluid L2) flowing at Q, using a coaxial
microchannel.
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350 cSt with
a droplet size of (a) = 0.58 um and initial concentration of
& = 0.778. These emulsions are subsequently diluted in a
10 mM aqueous solution of SDS well below the nanodroplet

and composed of silicone oil of viscosity v =

jamming point before being introduced in the centerline
injection of a coaxial microchannel (Fig. 1(b)). As a result, the
final volume fraction for the nanoemulsion is ¢ = 0.17 with a
density of p = 1.04 ¢ mL " and the final volume fraction for the
microscale emulsion is @ = 0.36 with a density of p = 1.03 g mL ™.
The dynamic viscosity of the diluted emulsions is measured using
a falling ball viscometer and estimated at 24.9 cP for the nano-
emulsion and 20.4 cP for the microscale emulsion.

2.2. Coaxial microchannel

We utilize coaxial microfluidic devices to analyze the behavior
of O/W emulsion jets in a sheathing flow of high purity
isopropyl alcohol (ACS reagent, > 99.5%) having dynamic
viscosity of 2.2 cP and density of 0.785 ¢ mL™'. The micro-
channel is made of a square capillary tube having internal
width z =500 um in which a cylindrical microneedle, having an
outer diameter do = 305 um and inner diameter d; = 152 um, is
centrally encased. The microneedle is made of stainless steel
with a blunt flat tip and used to inject the nanoemulsion (fluid
L1) at flow rate Q; into the main channel where the solvent
(fluid L2) is flowing along the x-direction of the channel at flow
rate Q,. (Fig. 1(b)). The microfluidic device is mounted into a
frame where two cameras equipped with high-magnifying
lenses are positioned to visualize microflows both in the
y- and z-planes. A micro-stage is attached to the device outlet
to precisely align the microneedle along the microchannel
centerline with the help of the two cameras. Fluids are injected
into the device using syringe pumps and gas-tight syringes.
Our versatile experimental apparatus enables investigations of
multiphase microflow behaviors in various conditions, includ-
ing horizontal, upward, and downward orientations.

2.3. Stable threads

An advantage of coaxial microchannels resides in the direct
formation of simple core-annular flows through the introduc-
tion of nanoemulsion in the centerline injector at volumetric
flow rate Q; and the infusion of solvent in the main channel at
Q,. A useful method of analysis consists in examining the role
of flow rates based on the total rate Qr = Q; + Q,, which sets
thread convective time-scales, and the flow rate ratio ¢ = Q4/Q,
which controls the thread diameter ¢. For large viscosity con-
trasts y = n1/n, >» 1 and neglecting molecular diffusion and
interfacial tension,** the normalized thread diameter ¢y/h in
circular capillaries is simply derived from Stokes equations*®

and modeled as:
. 1/2
& %
A 1
h (2 + w) (1)

which is independent of Qr. Previous work** on the behavior of
viscous threads made of simple silicone oils in square micro-
channels has shown good agreement with eqn (1).
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Fig. 2 (a) Micrographs of stable threads in various channel orientations at
flow rate ratios ¢ = 1072 107% and 1. (i) Horizontal, (i) upward, and
(iii) downward injection of nanoemulsion in isopropanol. (iv) Downward
injection of microscale emulsion in solvent. The thread appears dark due
to strong multiple scattering of illuminating visible light. (b) Normalized
thread diameter ¢o/h as a function of Qr for ¢ = 1072, 107% and 1.
(c) Measurements of stable ¢o/h as a function of ¢ for all fluid pairs and
channel orientations. Solid line: egn (1).
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Here, we experimentally measure the width ¢/ of threads
made of nanoemulsion and microscale emulsion in a sheath of
isopropanol near the fluid junction at large Qr, ie., at high flow
velocity where diffusive phenomena are negligible (Fig. 2). As can
be seen from micrographs at various orientations, the thread size ¢
reaches a constant width ¢, in the main channel with various
optical properties for the emulsions (Fig. 2(a)). Experiments con-
ducted at fixed ¢ and varying Qr show that measurements of &/A
are comparable to the stable thread diameter &/, which remains
independent of Qr (Fig. 2(b)). Overall, for ¢ ranging between 10>
and 1, data show good agreement with eqn (1) for all channel
orientations and fluid pairs (Fig. 2(c)). This property is useful for
the study of thread dissolution processes as it provides a reference
length scale. In the following, we investigate thread behavior at
fixed values of the flow rate ratio ¢ and vary the total flow rate Qr to
characterize threads based on their stable size. In particular, we
examine the role of flow velocity on the evolution of diffusive flow
characteristics of nanoemulsion threads in isopropanol along iso-
¢ curves. Wide variations of flow rates enable the crossover
between numerous flow regimes of interest, including the dissol-
ving, diffusive, gravitational, and stable thread regimes.

3. Flow regimes

The introduction of oil-in-water nanoemulsion in miscible solvent
at the small scale presents various flow regimes depending on flow
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rates of injection Q; and Q, and microchannel orientations (Fig. 3).
While for both horizontal and vertical orientations, stable threads
are observed at large total flow rates Qr, flow regimes differ at
moderate Qr with the presence of a gravitational regime, charac-
terized by the fall of threads toward the bottom wall and the
formation of layered-flows, in the horizontal case (Fig. 3(a) and (b))
and the appearance of a diffusive regime, in which the thread is
seen to progressively swell along the flow direction, in the vertical
situation (Fig. 3(c) and (d)). At low rates of injection Qr, complex
dissolution patterns are observed with the emergence of small oil
droplets resulting from a series of stochastic coalescence-induced
processes enabled by the diffusion of the solvent in both the water
and oil phases of the nanoemulsion. Hence, the dissolving regime
is defined by the erosion of nanoemulsion threads in the field
of view, ie., for x/h ranging between 0 and 10, with the resulting
complex solutal convection, Marangoni flows, and wetting
phenomena observed near the fluid contactor. In the horizontal
configuration, sessile droplets are seen to accumulate at the
channel walls producing slowly evolving complex flow paths
(Fig. 3(b)). By contrast, in the downward configuration, nanoe-
mulsion threads rapidly dissolve at the fluid contactor with the
development of intriguing flow structures (Fig. 3(d)). Whereas
typical flow patterns present similarities for both channel
orientation, functional relationships delineating flow regimes,
however, significantly differ as transition curves scale as ¢ ~
Qy” for horizontal channels (Fig. 3(a)) and as ¢ ~ Qr > for the
dissolving/diffusive transition of vertical channels (Fig. 3(c)).
The transition to stable threads is found at constant Qr in the
vertical case (Fig. 3(d)) indicating that the diffusive regime,
which is characterized by an enlargement of the effective thread
diameter along the flow direction, corresponds to a convective
instability where perturbations are carried away with the flow.
This effect is observed in vertical channels due to the absence

Soft Matter

of significant fluid density-based gravitational drift, which in
horizontal channels leads to the thread contact with the bottom
walls at distance Lg from the needle.

Our previous work on nanoemulsion thread stability in
horizontal channels®' has examined the side-view features of
the gravitational regime as a function of density differences
(01 - p2)/p1 and characterized the evolution of the thread
centerline inclination with Qp '. It was shown in particular
that the gravitational length - defined as the distance between
the microneedle and the points of contact of the thread with
the walls - scales as Lg ~ Qr. Here, we employ a similar
approach and directly measure Lg from micrographs
(Fig. 4(a)) and show that for a given ¢, the gravitational length
L varies linearly with Qr according to a restricted homoge-
neous equation Lg/h = kQr (Fig. 4(b)). The dimensional factor k
is determined for each ¢ and is well fitted by the function
k=2 x 10729 "> min ul™* (Fig. 4(c)-inset). This finding is
incorporated into the master curve Lg/h = 2 X 102 20,
(Fig. 3(c)). Hence, the gravitational length is expressed using a
general homogeneous equation, such as

Lo _ yrinlr @)

h QG7
where Qg =50 ul min~". In horizontal case, tiny droplets appear
around points of contact between the thread and the wall
thereby indicating local dissolution of nanoemulsion through
series of droplet coalescence in low velocity regions. In addi-
tion, the deceleration of envelope of inner fluid L1 when it
reaches the channel wall, at gravitational length Lg, facilitates
the diffusion of emulsion and solvent in low fluid mobility
regions. The fouling of the bottom channel wall and the
formation of sheared stratifications for x/4 > Lg/h, however,
reduce the specific interfacial area between nanoemulsion and
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Fig. 3 Typical nanoemulsion-in-solvent flow patterns in coaxial microchannels for horizontal and downward orientations, flow rates in pl min™".
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(a) Horizontal configuration: phase-diagram of flow rate ratio ¢ as a function of total flow rate Qr, including dissolving (A), gravitational (®), and stable
thread (@) regimes. Solid lines: (i) ¢ = (Q1/35.7)% and (ii) ¢ = (Q1/447.2). (b) Micrographs for horizontal injection at fixed ¢ and varying Q. Left: ¢ = 10~*
and Q7 = 5.5, 22, and 550. Right: ¢ = 5x 07% Qr = 30, 75, and 750. (b) Downward configuration: ¢—Qr phase-diagram, including dissolving (V¥),
diffusive (M), and stable thread (®) regimes. Solid lines: (iii) ¢ = (Q7/1.8)"2 and (iv) Qr = 150. (d) Micrograph of downward injection. Left: ¢ = 10~* and

Qr = 1.1, 55, and 550. Right: ¢ = 5 x 10~*and Qt = 1.5, 6, and 750.
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Fig. 4 Horizontal configuration. (a) Micrographs of flow patterns in the
gravitational regime for fixed ¢ = 0.5 and varying Qt showing the growth
of the gravitational length Lg with Q. (b) Evolution of normalized length
Lg/h along iso-¢ lines as a function of Qr. Solid lines: Lg/h = kQr.
(c) Gravitational length Lo/h vs. ¢ 2Qy for all ¢. Solid line: egn (2).
Inset: Evolution of prefactor k with flow rate ratio ¢. Solid line: k = 2 x
107292 min plt.

solvent and does not present notable advantages to enhance
mixing compared to core annular flows. Overall, the scaling
Lo/h ~ Qro~ " is in good agreement with flow maps (Fig. 3(a))
for predicting flow transitions since assuming a constant
Lg/h ~ 10 at the stable thread transition yields a scaling ¢ ~ Q..
In this case, both transitions on the horizontal flow map are well
fit with a function of the type

Pon = (%) )

where Qy = 35.7 ul min~" for the dissolving thread/gravitational
regime transition and Qg = 447.2 pl min~" for the gravitational/
stable thread transition.

A useful feature of the vertical configuration consists in the
formation of threads having no significant gravitational drift
toward the channel walls, which permits to decorrelate diffu-
sive from gravitational effects at low velocities and access
intriguing flow regimes dominated by dissolution. To further
characterize vertical configurations, we also investigate the
upward flow of nanoemulsions and find that, beside slight
variations in flow morphologies, the associated flow map is very
similar to the downward case with transition lines defined as

vy = (o) - (@)
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Fig. 5 Vertical configuration. Flow rates in pl min~. (a) Flow map of

upward injection of nanoemulsion. Solid lines: (i) ¢ = (Q+/1.8)72, (i) Qt =
150. (b) Flow map of downward configuration with microscale emulsion.
Solid lines: (i) ¢ = (@Q/4.3)72, (iv) Qt = 150. (¢ Micrographs of flow
patterns corresponding to (b) at fixed ¢ = 5 x 10"t and Qr = 0.3, 0.6, 6, 30,
and 300 (from bottom to top).

with Qy = Qyx = 1.8 ul min~ ", for the dissolution/diffusive
regime transition and a stable thread transition occurring at
fixed value of Qr = 150 ul min~" (Fig. 5(a)). Hence, data suggest
the critical flow rate Qv used to normalize Qr is related to the
diffusive properties of the nanoemulsion and solvent combi-
nation. As the diffusion velocity J between thread and solvent
depends on diffusion coefficient D and concentration gradient
according to Fick’s law,*” we assume that the diffusion flow rate
Qb =JA, where A is the thread surface area A = meLp and Ly is the
thread length, remains constant at the flow transition. This
argument leads to Qp/A ~ Qy/h* for the diffusion and flow
velocities, hence the critical flow rate is expected to scale as
Or ~ ¢ Y21, since ¢ ~ ¢ for small threads. The transition
between dissolving and diffusive regimes is observed over a
fixed field view, such as Lp ~ 10A. Therefore, curves of the form
¢ ~ Qr 2 are found to delineate flow patterns on experimental
flow maps.

To further examine the relationship between critical flow
rates and fluid properties, we also examine the microfluidic

This journal is © The Royal Society of Chemistry 2024
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behavior of microscale emulsion and solvent in the downward
configuration and find a similar flow map as with the nano-
emulsion but with a shift in the dissolving/diffusive transition
defined by ¢ = (Qr/Qy) >, with Qyg = 4.3 pl min~" (Fig. 5(b)).
While directly relating the absolute values of critical flow rates
Qv found in flow maps to fluid diffusion coefficients D is not
evident, correlating flow rates and diffusion coefficient such as
Qv ~ D suggests the ratio Qy/Qvx X 2.4 also corresponds to
the ratio of their effective diffusion coefficient Dg/Dy during
solvation of O/W emulsions having various (a).

Flow regimes obtained with the microscale emulsion resem-
ble those of the nanoemulsion. There are, however, significant
differences in optical properties due to large variation in
average droplet size (@) and concentration @. In particular,
the jet of microscale emulsion appears opaque (i.e. very dark as
a consequence of strong multiple scattering, thereby reducing
transmitted light) in our microfluidic apparatus (Fig. 5(c)). As a
result, the sharper contrast between the colloid and the solvent
reveals the complex structure of the dissolution regime with
metastable formation of sessile drops of dissolved material at
the walls and the apparent melting of the emulsion thread
at a certain distance x/h from the injection needle at low Qr.
The diffusive regime is characterized by a thread traversing the
initial field of view and the distribution of fine droplets at the
walls indicating the width of active diffusion processes, which
can be measured as ¢/h at intermediate Qr. The stable thread
regime is commonly encountered at larger Q. Measurement of
key features, such as the thread persistence length in the
dissolution regime and the downstream thread width in the
diffusive regime, offer the possibility for quantitative analysis of
thread alteration processes.

4. Dissolution of emulsion threads

In this section, we examine the morphology and dynamics of
dissolving and diffusive threads in the downward configuration,
when gravitational effects are not expected to significantly influ-
ence fluid interplay. As the solvent progressively diffuses into the
aqueous continuous phase, dispersed oil droplets undergo a
series of complex dissolution and recombination processes,
including growth and coalescence, which ultimately lead to the
formation of much larger droplets slowly moving at the walls at
low Qr (Fig. 6(a)). The opacity of the emulsion with large (a)
makes it practical to reveal the thread spatial evolution and
makes it apparent that tiny droplets emerge from the central
stream, which is not in contact with the channel walls, after a
certain distance from microneedle tip. As for low Qr, the thread
laterally spreads and becomes more transparent in region of
wetting droplets, the downstream flow consists of complex
heterogeneous mixtures and we define a thread persistence
length Ly to characterize the thread ability to maintain structural
integrity. We experimentally measure Lp in the field of view from
micrographs through analysis of light intensity per channel
width along the flow direction for specific flow rate ratios ¢ as
a function of the total flow rate Qr (Fig. 6(b)). Curves of iso-¢ are

This journal is © The Royal Society of Chemistry 2024
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Fig. 6 Thread persistence length Lp in the dissolution regime. (a) Micro-
graphs of dissolving threads of microscale emulsion in isopropanol solvent
(downward orientation) at fixed ¢ = 0.1 where Q; = 0.1, 0.2, 0.5, and
1 pl min™t (from bottom to top). (b) Iso-¢ evolution of normalized length
Lp/h as a function of total flow rate Q. Solid lines: Lp/h = kQ+%'>. (c) Scaled
persistence length Lp/h compared to scaling *?Q+2"*. Solid line: eqn (5).
Inset: Evolution of prefactor k as a function of flow rate ratio ¢. Solid line:
k = 2.1pY2 (min pl™h)*/2.

found to scale as a restricted homogeneous equation Lp/h ~
kQ*”, where the dimensional prefactor k varies with the flow
rate ratio such as k ~ @' (Fig. 6(c)(inset)). When the length Lp/
is plotted against ¢'>Q;*?, data collapses together onto a master
curve defined as Ly/h = 2.1¢0"?Q*? (Fig. 6(c)). Using a similar
approach, a restricted homogeneous expression of the form
Lp/h = 1.7¢*"?0;*? is found for the nanoemulsion. Overall, the
persistence length can be expressed as:

Lo p(Or 23
7—901 (@) (5)

where Qp is the persistence flow rate depending on fluid proper-
ties, such as Qpp = 0.32 ul min~! for the microscale emulsion
and Qpx = 0.45 pl min~" for the nanoemulsion.

As the stable thread diameter scales as ¢/h ~ @2, our
results show that for a given Qr, Lp is roughly proportional to
the diameter ¢ as thicker threads maintain longer structural
integrity compared to smaller threads when co-flowing with
the solvent. Incidentally, the thread persistence length Lp also
provides an indicator of the transition from the dissolving to
the diffusive regime as assuming a fixed Lp/h ~ 10, corres-
ponding to the field of view, at the transition, yields a scaling of
the form ¢ ~ Qp *? for the transition curve in the ¢ - Qr flow
maps, which is in qualitative agreement with previous scaling
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100-cSt silicone oil
in 0.65-cSt silicone oil

Emulsion in
isopropanol

Nanoemulsion
in isopropanol

10° 107 10° 107 10" 10°
Q, (ul/min) (b) Q; (ul/min) (C) Q, (ul/min)

(a)
Fig. 7 Diffusive thread diameter at x/h = 10. Downward configuration,
flow rates in ul min~* (a) Top: micrographs of 100-cSt silicone oil in 0.65-
cSt silicone oil at ¢ = 107 with Q; = 1, 5, and 50. Bottom: Evolution of
normalized diameter ¢/h as a function of Q;, ¢ = 0.2 (@), 0.1 (H), 0.05 (A),
0.02 (V¥), and 0.01 (®). Iso-¢ lines: egn (6) with Q¢ = 7. (b) Top: micro-
graphs of nanoemulsion in isopropanol at ¢ = 107 with Q; = 1, 2, and
50. Bottom: e/h vs. Qq, ¢ = 1 (@), 0.5 (M), 0.1 (A), 0.05 (V¥), and 0.01 (#).
Iso-¢ lines: egn (6) with Qc = 10 (c) Top: micrographs of emulsion
in isopropanol at ¢ = 5 x 1072 with Q; = 1, 2, 100. Bottom: ¢/h vs. Q,
¢=1(@), 05 (M), 0.1(A), 0.05(¥), and 0.01 (®). Iso-¢ lines: eqn (6) with
Qc = 25.

@ ~ Qr > While this initial finding is suggestive, we recognize
that more work would be required to refine regime transition
criteria of complex time-evolving emulsion threads in miscible
solvents.

Another important aspect of emulsion thread alteration
processes in solvents is observed in the diffusive regime,
i.e., when threads traverse the initial field of view near the
fluid contactor with significant lateral enlargement (Fig. 7).
Threads made of microscale emulsion with (@) ~ 0.58 um and
those made of nanoemulsion with (a) ~ 51 nm appear visually
different on micrographs, For the emulsion, droplets grow
gradually along the thread, diffuses to the outer phase fluid
L,, and condensate at the channel walls (Fig. 7(c)). As such,
larger droplets stick to the channel walls, accumulate detached
droplets, and eventually detach from the wall to flow down-
stream. This process produces an apparent large envelope
around the thread indicating significant diffusive processes.
For the nanoemulsion, while it is difficult to directly visualize
individual droplets, the thread displays rough surface upstream
and become blurry downstream with an enlarged measured
diameter ¢/h (Fig. 7(b)). In both cases, the thread diameter &/h
can be measured at moderate Q and compared to the stable
thread diameter ¢,, which solely depends on ¢ at large Q. Our
previous work on the swelling of diffusive threads made of pure
silicone oil using hydrodynamic focusing in microchannels**
yields a simple method for analyzing the relationship between
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¢/h and Qr at various ¢ using bounded functions of the form:

O\ ! -1
" (QC> } 7 )
where the critical flow rate Qc is the only fitting parameter for a
given fluid pair.

Another useful aspect of this approach is the possibility of
relating Qc to the diffusion coefficient D using dynamic simi-
larity and reference fluids. Therefore, we conduct experiments
with pure silicone oil having a diffusion coefficient D in down-
ward coaxial microchannels and examine the evolution of ¢/A as
a function of Q, (Fig. 7(a)). As can be seen on the figure, the
evolution of the diameter for iso-¢ curves is well fit with eqn (6)
using the identity Q; = Qr/(1 + ¢ ') and eqn (1) for the thread
diameter. The critical flow rate found for the oil corresponds to
Qc = Qo = 7 pl min™* for a diffusion coefficient estimated at
Do =9.6 x 107 '° m? s~ *.* Data for the fluid pair nanoemulsion
and isopropanol, is analyzed in a similar fashion and well fit
with a critical flow rate Qy = 10 ul min~* (Fig. 7(b)). Meanwhile,
the critical flow rate for the microscale emulsion and isopropyl
alcohol is found at Qg = 25 pl min~" (Fig. 7(c)). Diffusive core-
annular flows are often treated using a Péclet number Pe = Vh/
D, which compares convective and diffusive transport in con-
fined flow systems. Assuming a constant Pe for the diffusive-
convective transition of miscible threads, the critical flow rate
scales as Q¢ ~ Dh, which enables one to estimate the effective
diffusion coefficients of colloidal dispersions of droplets in
miscible solvent such as Dy = DoQn/Qo = 1.37 X 107° m? s™*
and Dy & 3.42 x 10~° m? s~ . While the use of a reference fluid
permits direct estimation of diffusion coefficients D, the ratio
of critical flow rates found in the diffusive regime between
emulsion and nanoemulsion Qr/Qn & 2.5 is comparable to the
ratio of critical flow rates found for the dissolution-diffusive
regime transition Qygr/Qvx X 2.4 highlighting a consistent
trend in diffusive behavior between colloidal dispersions of
droplets having various (a).

Finally, we examine the intriguing morphologies associated
with the diffusion of nanoemulsion threads in solvents at low
flow rates Qr. While the regime of small threads /2 « 1 is of
interest to characterize dissolution processes, flow patterns
associated with larger threads ¢/h ~ 1 display remarkable
features. In particular, for low Qr, the long residence time of
both inner and outer fluids facilitates the mixing of emulsion
and solvent, and complex droplet coalescence processes are
observed. For instance, Fig. 8(a) displays a time series of
micrographs showing the evolution of a droplet formed
through solvent interaction with the nanoemulsion in the
upward configuration. Image processing techniques are imple-
mented to document the droplet spatial growth d/i (Fig. 8(b))
and change in lateral position y/h (Fig. 8(c)) along the flow
direction x/h and provide insights into complex fluid rearran-
gement processes developing along the core of larger threads.
It is shown that as the droplet travels from x/k ~ 2 to 9, the size
increases from d/h ~ 0.05 to 0.25 and the droplet does not
follow the mean flow path as it moves downstream. In addition

ey |
/’l_ 1—80//’!
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Fig. 8 Upward flow of nanoemulsion at large flow rate ratios ¢. Flow rates
in ul min~*. (a) Time-series of micrographs showing the evolution of a
meandering droplet in the droplet reference frame for large thread
diameter, Q; = 5 and Q, = 5. (b) Evolution of droplet diameter d/h along
the flow direction x/h. (c) Droplet lateral position y/h as a function of x/h.
(d) Micrographs of upward injection of nanoemulsion at ¢ = 1 with Qt = 10,
16, and 36 (left), and ¢ = 0.3 with Q1 = 13, 26, and 65 (right).

to the formation of discrete structures, such as droplets,
straight and sinuous streams of conjugate fluids appear near
the edge of large threads and complex chevron-like instabilities
are observed in the thin intercalating film near the walls at
relatively large flow rate ratios ¢ (Fig. 8(d)). Overall, nano-
emulsion and solvent multiphase flows at large concentration
present a vast collection of intricated flow patterns, and more
work is required to fully unravels thick thread dynamics and
destabilization processes at long time scales.

5. Conclusions

In this work, we have examined the flow behavior of nanoemul-
sion jets in solvents using coaxial microfluidic devices. Colloidal
dispersions made of oil droplets in aqueous SDS solutions are
centrally injected in a sheath of isopropyl alcohol, which is
miscible with both oil and water phases. As a result, the solvent
dissolves the emulsion through a progression of droplet growth
and coalescence processes across various time-scales. We manip-
ulate the residence time of nanoemulsions in small fluidic
passages through wide variations of flow rates Q; and Q, and
examine the cross-over between dissolving, diffusive, and stable
thread regimes. To decorrelate gravitational and diffusive effects
at low velocities, we examine three microchannel orientations,
including horizontal, upward, and downward. This approach
enables us to map and systematically characterize numerous

This journal is © The Royal Society of Chemistry 2024
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flow regimes of interest to the microfluidic processing of soft
matter.

We find, in particular, that the stable thread diameter ¢,
remains unchanged across all orientations and only depends
on the flow rate ratio ¢ = Q,/Q, at large total flow rate Qr =
Q; *+ Q,. This feature provides a reference length for the study of
dissolving and diffusive flows at low Qr. We first examine the
role of the channel orientation on the flow of nanoemulsion in
solvent and compare the horizontal and vertical downward
configurations. We find that due to differences in fluid densi-
ties, the gravitational regime becomes preponderant in hori-
zontal channels with a thread progressively drifting toward the
channel walls over a distance Lg/h at low velocities, which
hinders the study of pure diffusive effects in core-annular
microflows. By contrast, in the downward configuration, the
emulsion thread remains surrounded by the solvent at moder-
ate Qr, which permits examination of diffusive colloidal thread
behavior. The study of transition curves on ¢-Qr diagrams for
the dissolving and diffusive regimes in the downward con-
figuration reveals differences in critical flow rates Qy between
nanoemulsion and microscale emulsion for the regime transi-
tion ¢ ~ (Qr/Qy)>. This finding shows that larger threads are
more resistant to dissolution and highlights the relationship
between critical flow rates and diffusive fluid properties
since larger Qy indicates larger effective diffusion coefficient
D between the colloid and the solvent. We also examine the
evolution of the persistence length Lp/% in the dissolving regime
based on a simple scaling relationship between ¢ and Qr to
decorrelate the influence of the thread size with ¢ and the role
of the diffusive flux with Qr on the melting of emulsion threads.

In the diffusive regime, we measure the enlargement of
thread diameter ¢/A downstream from the fluid contactor at
x/h ~ 10 and show that bounded functions based on ¢, Qr, and
a critical flow rate Q¢ depending on fluid pair provide a means
to model experimental data. Using silicone oils as reference
fluid pair together with dynamic similarity arguments based on
the Péclet number, we estimate the effective diffusion coeffi-
cient D of nanoemulsion and microscale emulsion in isopro-
panol solvent. Finally, we inspect destabilization regimes in the
upward configuration and discuss droplet coalescence and
various aspects of thick nanoemulsion thread morphology.

Future investigations could focus on examining the influ-
ence of various surfactant types on regime transitions and
interrogate the role of solvent miscibility, for instance with
higher molecular weight alcohols, on flow regimes. Work is
also required to advance theoretical and numerical modeling of
dissolving and diffusive flow regimes and clarify the relation-
ship between interfacial flow processes and physicochemical
properties of dispersions. It would be helpful to further inquire
into the phenomenon of coalescence cascade triggered by
solvent penetration in colloidal media and develop microfluidic
techniques to control degradation processes of soft materials
in confined microenvironments. Overall, this work reveals a
variety of microflow regimes between nanoscale emulsions and
organic solvent and opens up new routes to expand the domain
of microfluidic postprocessing of complex fluids.
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