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HIGHLIGHTS GRAPHICAL ABSTRACT

e Tiny amounts of nanoparticles at the
interface can unexpectedly trigger
coalescence.

e A novel “bridge-to-drain” coalescence
mechanism has been documented.

e Particle bridging prolonged the contact
time of droplets enabling matrix
drainage.

o Partial surface coverage is crucial for
droplet collision ending in coalescence.

e A critical droplet coverage factor was
defined, above which coalescence is

unusual coalescence at 6>90°

suppressed.

ARTICLE INFO ABSTRACT

Keywords: Hypothesis: Multiphase liquids with a droplet-in-matrix morphology are ubiquitous in many industries, from food
Colloids to cosmetics and pharmaceuticals to plastics. The challenge is to control the average droplet size, which is a key
Interface parameter for the performance of the material. Nanoparticles at the droplet-matrix interface make it possible to
Droplet o1 . . .
Emulsion stabilize polymer blends against coalescence. However, it has been shown that very low amounts of nanoparticles
Polymer blend can have the opposite effect and surprisingly promote coalescence. Regardless of whether this phenomenon is
Microfluidics desirable or not, it is important to understand it and potentially utilize it for rational design of multiphase fluids.

Experiments: We use microfluidics to unveil the mechanism of nanoparticle-induced coalescence in a model blend
of polydimethylsiloxane in poly(iso)butylene (PDMS/PB 4/96 vol/vol) containing tiny amounts (up to about 0.2
wt%) of zinc oxide (ZnO) nanoparticles driven at the droplet-matrix interface via a two-step mixing protocol.

Results: Despite negligible effects on rheology and interfacial energy, the nanoparticles significantly promote
coalescence. Analysis of hundreds of coalescence events revealed that the nanoparticles bridge colliding droplets
and keep them in contact long enough to allow drainage of the matrix film even when the collisions occur at
unfavorable angles where bare droplets do not coalesce. This novel “bridge-to-drain” mechanism requires that (i)
the droplets are only partially covered by the particles and (ii) the latter have the ability to bridge droplets. A
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dimensionless critical surface coverage fraction was defined, above which the nanoparticles stop promoting
coalescence and start stabilizing the microstructure.

1. Introduction

Coalescence is the main responsible for the increase in average
droplet size in emulsions and blends with droplets larger than ~1 pm,
where other coarsening mechanisms such as Ostwald ripening can be
neglected. Coalescence is usually undesirable in the food, cosmetic and
pharmaceutical industries, where the goal is to maintain finely dispersed
hydrophobic (resp. hydrophilic) substances in an aqueous (or oily)
continuous (i.e. matrix) phase over a long period of time [1-4]. Simi-
larly, suppression of coalescence is a goal in the plastics industry, where
immiscibility is the norm due to the negligible mixing entropy of poly-
mers, and the challenge is to keep the dispersed phase (the droplets) as
small as possible to maximize the mechanical properties [5-8]. How-
ever, coalescence is sometimes desirable to demulsify liquid mixtures,
which is the case, for example, in oil recovery, wastewater treatment
and sludge removal [9,10]. Regardless of whether coalescence is desir-
able or not, being able to control it is of paramount importance in the
myriads of areas where immiscible liquids are involved.

Coalescence begins with the collision of a pair of droplets and ends
with the drainage and eventual breakup of the thin matrix film between
the droplets. The success of a collision, i.e. its ability to eventually lead
to coalescence, depends on “external” and “internal” factors such as

a. Two-step interfacial entrapment procedure

duration, frequency and energy of collisions, interfacial energy, bulk
and interfacial rheology of both phases [11]. All these parameters can be
influenced, some more, some less, by the addition of fine particles that
accumulate at the droplet-matrix interface [12]. The most common ef-
fect is coalescence suppression. In general, one of the phases wets the
particles more than the other, with the more poorly wetting liquid
becoming the dispersed phase [13]. Since the energy required to remove
a solid particle from a liquid-liquid interface is generally much higher
than kgT, interfacial adsorption can be considered irreversible and the
particles remain trapped at the droplet-matrix interface, forming a layer
that prevents coalescence [14]. Other stabilization mechanisms have
been also invoked, such as the entrapping of the droplets in a three-
dimensional network of particles that forms in the continuous phase,
the reduced interface mobility due to an increased interfacial elasticity,
or the occurrence of droplet clustering phenomena due to particle
bridging [15-24]. Much rarer are the cases in which the opposite effect
is observed, namely coarsening due to the (nano)particles. The under-
lying microscopic mechanism of this phenomenon is still unclear. When
the particles are preferentially wetted by the droplet phase, a bridging-
dewetting mechanism originally proposed to explain the anti-foaming
effect of hydrophobic particles [25-29] can be invoked to explain
coarsening in emulsions and blends [30,31]. However, particles that are
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Fig. 1. Concept and workflow of the bridge-to-drain coalescence analysis. a. Schematic of the experimental procedure for the entrapment of the ZnO nanoparticles at
the interface between PDMS (droplet phase) and PB (matrix phase). Step 1: dispersion of the nanoparticles (TEM image in a.l, scale bar 50 nm), suspended in
chloroform, in the less affine PDMS phase. An ultrasonic homogenizer was used, and the chloroform was removed through a rotatory evaporator. Step 2: addition of
PDMS (with or without ZnO; dispersed phase) to PB (continuous phase) and mixing with a mechanical stirrer. Bright field (a.2, scale bar 50 pm) and confocal (a.3,
scale bar 50 pm) images show the localization of ZnO nanoparticles at the PDMS/PB (droplet-matrix) interface in the sample containing 0.12 (a.2) and 0.04 wt% (a.3)
of ZnO. b. Schematic representation of the offline coalescence analysis, consisting in the measurement by image analysis of droplet radius after shearing at constant
shear rate (; = 1 s1) for different time in a plate-cone rotational rheometer. c. Sketch of the experimental apparatus used for the on-line analysis of coalescence
mechanism, consisting in the exploitation of a microfluidic chip placed onto the stage of an inverted microscope, and connected to a syringe pump to impose the flow
rate. The microchip contains rectangular microchannels that impose a pseudo-paraboloidal velocity profile to the flowing model blend. The live monitoring of the
coalescence events elucidates the role played by the ZnO nanoparticles in promoting coalescence. Created in https://BioRender.com.
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preferentially wetted by the matrix phase are known to stabilize emul-
sions/blends [22,23,32]. Unusual observations that contradict this pic-
ture have puzzled many researchers. In this context, it is worth
mentioning the work of Velankar and co-workers, who observed
particle-induced coalescence in polymer blends characterized by very
small amounts of filler, regardless of which phase preferentially wets the
particles [31,33-35]. The authors conjectured a key role of partial sur-
face coverage and assumed that coalescence involves such particle-free
portions of the droplets, but the lack of real-time analysis of the coa-
lescence events prevented elucidation of the exact mechanism. Similar
hypotheses were also put forward later [36,37], but to date the exact
mechanism underlying particle-induced coalescence is still unclear.

Here, we unveil the origin of this phenomenon through the system-
atic study on a model blend of polydimethylsiloxane (PDMS) in poly(iso)
butene (PB) (PDMS/PB 4/96 v/v) filled with very low amounts (max
0.21 wt%) of ZnO nanoparticles trapped onto the surface of the PDMS
droplets by means of a specific two-step mixing protocol (Fig. 1a).
Coalescence was studied both off- and on-line, analyzing hundreds of
coalescence events by exploiting microfluidics (Fig. 1b). The latter is
particularly well suited to reveal the fundamental mechanisms of
morphology evolution in multiphase systems [38], also under non-dilute
conditions, which are relevant for many practical applications. The
composition of the selected system is similar, for example, to the typical
compositions found in the mechanical recycling of plastics, when the
imperfect sorting process and the presence of additives and impurities
result in blends with highly unbalanced composition containing traces of
fine particles. We prove that, in similar cases, substantial morphology
coarsening can be induced because of a coalescence mechanism that we
named “bridge-to-drain”, which requires (i) a bridging capacity of the
particles, which prolongs the duration of the contact between colliding
droplets beyond what dictated by the external flow, and (ii) the presence
of nanoparticle-free regions on the surface of the droplets to allow for
the drainage of the matrix film. Above a critical droplet coverage factor,
in fact, the bridge-to-drain mechanism is no longer possible, and the
nanoparticles suppress coalescence as in ordinary Pickering emulsions
or (nano)particle-stabilized blends [39].

2. Materials and methods
2.1. Materials

The liquid phases are polydimethylsiloxane (PDMS, Silicone oil M
10,000 by Carl Roth; nominal viscosity: 10,000 cSt, density: 0.98 g/cm®)
and poly(iso)butene (PB, Indopol H-50 by INEOS Oligomers; nominal
viscosity at 100 °C 100 cSt, density: 0.95 g/cm?). These two grades were
chosen to deal with a blend having viscosity ratio at room temperature
p =1. Zinc oxide (ZnO) nanoparticles (Sigma-Aldrich; nominal particle
size: <100 nm, specific surface area ranging from 10 to 25 m2/g) were
used as filler. TEM analyses reveal the anisotropic shape of these
nanoparticles, which comprise hexagonal, spherical, and tubular parti-
cles. The chloroform used as solvent to disperse the nanoparticles into
the oils was purchased by Sigma Aldrich and used as received.

2.2. Blend preparation

PDMS-in-PB blends with and without ZnO nanoparticles were pre-
pared following a two-step procedure. First, homogeneous suspensions
of nanoparticles in PDMS were obtained by adding 2 mL of a ZnO sus-
pension in chloroform to 20 mL of PDMS. The suspension was obtained
by sonicating for 2 h (2s ON/1s OFF) at 40 % power using an ultrasonic
probe sonicator (FS-450 N, Ultrasonics). The concentration of the sus-
pensions was varied from 0.1 to 0.5 g/mL to obtain PDMS containing a
mass fraction ¢ = 1, 3 and 5 wt% ZnO. The chloroform was removed by
using a rotatory evaporator. Second, unfilled or ZnO-filled PDMS was
added to PB ((PDMS-ZnO)/PB 4/96 v/v) and mixed with an IKA me-
chanical stirrer equipped with a 20 mm diameter impeller with helical
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geometry. The mixing was conducted for all samples at 300 rpm for 10
min. The maximum overall content of ZnO nanoparticles was ~0.21 wt
%.

2.3. Nanoparticle characterization

The surface energy of the ZnO nanoparticles (y,,,) was evaluated by
performing contact angle measurements using water, dilodomethane,
and formamide. Droplets of the testing liquids were deposited onto ZnO
tablets obtained by pressing the powder using a pellet press die (com-
pacting pressure ~500 MPa). The contact angles were measured by
using the LB-ADSA plug-in of the ImageJ software [40].

The localization of the nanoparticles at the interface was assessed by
confocal observation via a confocal laser scanning microscope (LSM 510
META, Zeiss) equipped with a helium/neon laser (LASOS LGK 7786P)
taking advantage of the autofluorescence property of ZnO particles.

2.4. Rheological analysis

Steady state shear tests were performed to measure the viscosity of
the samples (#) using a stress-controlled rotational rheometer (mod. AR-
G2 by TA Instruments) equipped with a Peltier plate. Measurements
were carried out in cone-plate configuration (cone diameter 40 mm,
cone angle 0.349 rad) at 25 °C. Steady state flow tests were conducted by
varying the torque in the range 5-5000 uN-m. Frequency sweep tests
were also performed to measure the elastic (G/), viscous (G”), and
complex viscosity (i) of the samples by setting a strain amplitude of 10
% strain and varying the angular frequency from » = 500 to 0.1 rad/s.

2.5. Coalescence measurements

Off-line coalescence events were observed after shearing the sample
at different strain units (s.u. = y x t) at a fixed shear rate y = 1 s71. The
latter was chosen low enough to ensure that the Capillary number
(Ca =0.084) is well below the critical value for drop breakup
(Cayie 0.4, as predicted by the Grace curve [41]). A strain controlled
rotational rheometer (mod. ARES L.S. by Research scientific) in cone-
plate configuration (diameter 25 mm, cone angle 0.0401 rad) was
used for this purpose (see Fig. 1b). After shearing, small amounts of
sample were carefully collected with a spatula placed under an optical
microscope (mod. BX53MRF by Olympus) equipped with an LC30 dig-
ital camera for observations. Image analysis was employed with an open
access software (ImageJ) to analyze the droplet size. About 500 droplets
were measured per each sample, and the number-(Ry) and volume-

average droplet radius (Ry) were estimated as Ry = %Njfi and Ry =
4

%x‘;j, where R; is the droplet radius and N; the number of droplets with

radius R;.

In situ coalescence dynamics were studied through a microfluidic
device sketched in Fig. 1c. It consists in a polycarbonate microchannels
(microfluidic ChipShop) with rectangular section (0.7 x 1.25 mm?)
placed on the stage of an inverted optical microscope (Zeiss Axiovert
100) equipped with a high-speed video camera (Phantom 4.3). A syringe
pump (Harvard 11 plus) was used to impose the flow rate of the samples
in the microchannels to 0.08 m1 hr~! (Reynolds number Re =5 x 1079).

A Zeiss Plan-Neofluar 63x/1.25 immersion objective was used, and
videos of coalescence events were collected and subsequently analyzed
with the Image-Pro Plus 6.0 software. Interfacial energy measurements
were also performed by measuring the shape relaxation time of sheared
droplets after cessation of the flow in a cylindrical microcapillary
(diameter 320 pm, length 5 cm) following a procedure described in
detail elsewhere [42].

Statistical analysis was performed using the opensource JASP soft-
ware (JASP Team 2024).
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3. Results
3.1. Interfacial localization and bridging capacity

The localization of (nano)particles in binary mixtures of immiscible
liquids is the result of a complex interplay between thermodynamics and
kinetic factors [39]. The wetting coefficient of the particles (w) predicts
their localization at thermodynamic equilibrium, but metastable con-
figurations can establish depending on the blending procedure and the
rheology of the phases [43,44]. In the case under consideration,
wettability calculations indicate that the ZnO nanoparticles exhibit a
slight preference for the PB matrix phase (Wzo =1.3). This is also
confirmed by their higher long-term stability in that phase compared to
PDMS (Supplementary material, S1). To achieve interfacial localization,
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a two-step procedure was adopted (Fig. la): first, the nanoparticles,
suspended in chloroform with the aid of an ultrasonic probe, were pre-
dispersed in the less affine PDMS phase; second, after removing the
chloroform, the PDMS/ZnO suspension was mixed with the preferred PB
phase. This procedure successfully trapped the nanoparticles at the
droplet-matrix interface, where aggregates of primary particles can be
recognized. Interfacial localization was also confirmed by confocal focus
stacking (Fig. 2 and Supplementary material, V1), which excludes the
presence of nanoparticles inside the PDMS droplets, i.e. within the phase
in which they were initially pre-dispersed.

Note that alternative mixing protocols, e.g. pre-dispersing the ZnO in
the preferred PB phase or simultaneously mixing the nanoparticles and
the polymers, lead to the localization of the nanoparticles in the PB
matrix (Supplementary material, S2), in agreement with their higher

Fig. 2. Confocal (left) and bright field (right) z-stacking of the as-prepared sample at 0.21 wt% of ZnO showing the patchy coverage of the PDMS droplets (z;) and
the ability of the ZnO nanoparticle to bridge the droplets (22). The distance between the planes z = z; and 2z = 2, is 8 pm. The scale bar is 10 pm. The full z-stack video

is shown as Supplementary material, V1.
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thermodynamic affinity with that phase. It is important to observe that
the nanoparticles do not saturate the PDMS droplet surface, even at the
highest loading considered in this study (~0.21 wt%). Moreover, clus-
ters of PDMS droplets held together by bridges of particles/particle ag-
gregates were occasionally noticed, especially at high ZnO content. The
bridging mechanism, which could involve either a shared particle
monolayer or multiple layers joined through particle-particle in-
teractions, is known to occur in case of (nano)particles with higher af-
finity towards the matrix phase trapped at the droplet-matrix interface,
which is the case under consideration. Since bridged droplets hardly
coalesce, bridging is considered as one of the possible stabilizing
mechanisms that preserve fine microstructures in emulsions and blends
[22,37,45-47]. Another interesting aspect emerged during image
acquisition regards the dynamics of quiescent coalescence events
sporadically noticed especially in samples at low nanoparticle loadings.
Such events always involved nanoparticle-free portions of the droplets.
Moreover, droplet merging implied a quick rearrangement of the ZnO
nanoparticles, which, however, remained well adsorbed on the surface
of the final droplet. This can be appreciated in Fig. 3, showing two
frames just before (3.a) and soon after (3.b) the coalescence of two
droplets partially covered with nanoparticles in the sample at 0.04 wt%
of ZnO (the full video is provided as Supplementary material, V2).

The stability of the interfacial localization reflects the high trapping
energy of sub-microparticles at liquid-liquid interface [48,49] which is
of order of ~10° kgT for ~10? nm sized nanoparticles. A direct conse-
quence of interfacial trapping is that, since the overall polymer—polymer
interface decreases in size after each coalescence event, the particles lie
on an increasingly smaller interface, which may eventually become
saturated.

3.2. Nanoparticle-induced coalescence

Because of the very low amounts of nanoparticles considered in the
present study, neither the rheological properties (viscosity and linear
viscoelasticity) nor the interfacial energy significantly changed after
addition of the filler (see Supplementary material, S3 and S4). None-
theless, the nanoparticles had a remarkable effect on the coalescence
process promoted by slowly shearing the samples at 7 = 1 s~.. The
growth of Ry is shown in Fig. 4 as a function of the strain units for
samples at different ZnO content (numerical data available in the Sup-
plementary material, S5). All samples coarsen during time, the average
droplet radius Ry approaching a limiting value (Ry,) after ~18,000 s.u.
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(corresponding to shearing for ~5 h at 7 = 1 s™1). However, the growth
is much faster and of greater magnitude in the presence of nanoparticles.
Moreover, the effect is not monotonic, reaching a maximum in the
sample with 0.12 wt% of ZnO.

The ability of the nanoparticles to promote coalescence is not un-
precedented, having been already noticed in polymer blends and low
viscosity emulsions [34-37]. What our system has in common with those
in which the phenomenon was previously observed is the very low
particle content, which means partial interfacial coverage. This seems to
be a key requisite for the observed phenomenon to be appreciated. The
ability of the nanoparticles to promote coalescence indeed reaches a
maximum in the sample containing 0.12 wt% of ZnO, apparently
decreasing above this threshold. To elucidate the mechanism(s) under-
lying this ability, as well as to explain its saturation at a certain filler
content, the coalescence process has been investigated in detail by
means of rheo-optical analyses.

3.3. Theoretical background and rheo-optical analyses

Droplet collision is the premise for coalescence, whose frequency, v,
is the product of a collision frequency, C, and a collision efficacy, 4,
w = CA [50]. The former parameter is dictated by external flow (y) and
droplet size, scaling as C ~ % in case of monodisperse droplets with
radius R in shear flow [51]. Since the external flow and the initial
average droplet radius are essentially the same for all systems, the initial
conditions are the same and the origin of the promoted coalescence in
the presence of nanoparticles must be sought in the effect of the nano-
particles on 1. The latter is defined as 1 = exp( —74/7.), where 74 is the
time needed to drain out the matrix film (thickness h) between the
colliding droplets, and 7z, is the duration of the contact [50,52].
Following Chesters [11], the drainage time can be estimated by
modelling the thinning of the matrix film during the contact (—dh/dt)
and setting 74 as the time needed for h(t) to reach a critical thickness for
film rupture, h.. The solution depends on the mobility of the droplet-
matrix interface, which sets the boundary conditions of the flow of the
matrix film squeezed between the droplets. In our case, in which matrix
and droplets exhibit comparable viscosity, the most reasonable
assumption is that the droplet-matrix interface is “partially mobile”.
This assumption leads to the following scaling law reported in Eq. (1) for
the drainage time 74 [11]:

Fig. 3. a. and b. Confocal micrographs showing a pair of PDMS droplets just before (a) and soon after (b) a coalescence event in the sample containing 0.04 wt% of
ZnO. The time interval between the two pictures is 1 s. The scale bars are 20 pm. The arrows highlight a ZnO aggregate initially lying on the surface of the smaller
droplet (a) and finally reallocated on the surface of the final droplet (b). The insets show the same pictures in which only the ZnO nanoparticles are highlighted (green
channel). The full video is provided as Supplementary material, V2. (For interpretation of the references to colour in this figure legend, the reader is referred to the

web version of this article.)
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Fig. 4. A and b. Representative optical micrographs showing the evolution of the PDMS droplet size after shearing for 27,000 strain units (a: unfilled blend; b: blend
with 0.12 wt% of ZnO). Bars are 25 um. c. Evolution of the number average droplet radius as a function of the strain units for unfilled (orange circles) and ZnO-filled
blends at different nanoparticle content: 0.04 (green diamonds), 0.12 (turquoise squares), and 0.21 wt% (lilac triangles). Lines are guides for the eye. The error bars
are the standard errors. Sample size: n = 1875 (without ZnO nanoparticles), 1124 (0.04 wt% of ZnO), 869 (0.12 wt%), and 1357 (0.21 wt%) observations in different
points of the sample; three independent samples analyzed per each composition. The inset shows the non-monotonic dependence of the limiting droplet radius (Ry_)
on particle content. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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where 5, is the viscosity of the droplet phase, R is the radius of the
droplets, and F is the collision force between the droplets. An expression
for h, was derived by assuming that the matrix film pierces when Van
der Waals attractions become of comparable magnitude with the forces
due to the radial pressure gradient in the film [11]:

AR\ /3
h, ~ (_)
8ry

In Eq. (2), A is the Hamaker constant and y is the interfacial energy.
Regarding F, the hydrodynamic force that acts along the line of centers
of droplets colliding in shear flows squeezing the matrix film is [51]:

3

@

F ~ n,7R*sin[2(r/2 — )]

in which 7, is the viscosity of the matrix phase and 6 is the angle formed
by the trajectory of the droplets and the line connecting their centers.

Substituting Eqgs. (2) and (3) into (1), and considering that #,,, 4, and
y are weakly dependent on the presence of the nanoparticles, the
following scaling relationship is obtained, in which only the dependence
on the parameters relevant to our purpose have been made explicit:

72R1%/6 (sin[2(7/2 — 0)] )2 ¢

Al3 T A3 C))

T4

In Eq. (4), the numerator & = 7"/>R'3/6(sin[2(z/2 — 6)] )/* reflects the
collision conditions (i.e. the impact angle, local shear rate, and droplet
radius), while the presence of the nanoparticles is hidden in the value of
the Hamaker constant. The latter is a measure of the attractive Van der
Waals force between two bodies interacting across a medium: if the
collision involves bare droplets or nanoparticle-free portions of droplets,
the Hamaker constant is that of pure PDMS interacting across PB; if the
collision involves nanoparticle-laden portions of the droplets, one can
assume that the interaction is that between ZnO nanoparticles across PB.
Note that the very low dielectric constant of the selected polymers
(relative dielectric constant &, ~2.25 for PB and ~2.85 for PDMS) makes
negligible the contribution of repulsive screened electrostatic forces
between the ZnO nanoparticles, which can be reasonably assumed to
interact only through van der Waals forces [54,55].
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To test the effect of nanoparticles on the drainage time, hundreds of
coalescence events were analyzed with the rheo-optical apparatus of
Fig. 1c. The coalescence process was monitored by recording the time
evolution of the wall-to-wall distance between pairs of droplets, h,
during approach until contact, and then measuring the duration of the
drainage of the matrix film until merging, 74 (Fig. 5).

Since, in general, coalescence involved droplets with different radius
(R: and Ry), and relative velocity (Av = [v; —V2|), an equivalent radius,

Fig. 5. Analysis of a coalescence event. a. wall-to-wall distance between pairs
of droplets as a function of time during a coalescence event: The droplets,
moving at relative velocity Av = |v; —v,|, came into contact when h approaches
0, and eventually merge when the matrix film between the droplets has been
drained out (drainage time 74). The angle ¢ increases during approaching,
reaching 6, at contact and 6y, at merging. b. Images of the approaching droplets
at different time. Scale bar is equal to 5 pm.
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_ RiR: : Av z
Reyg =2 (R11+I§2) , and a local shear rate, y; ~ R Were used in place of R

and y, respectively. Note that, since the matrix film thickness is much
smaller than the radii of the droplets, the use of R, is reasonable and
widely accepted in case of micrometric droplets [11]. Moreover, a
geometrical correction was performed to account for coalescence be-
tween droplets moving on different focal planes (see Supplementary
material, S6). This enabled us to analyze a high number of coalescence
events to draw robust, statistically relevant conclusions.

The observed enhanced coalescence could derive from a reduction in
the drainage time due to stronger van der Waals interactions in the
presence of the ZnO nanoparticles. The z4 values are reported in Fig. 6a
as a function of ¢. For all the systems, the data lie on a straight line as
predicted by Eq. (4), with slope 74/& ~ A~1/3,

Considering that the Hamaker constant of ZnO nanoparticles inter-
acting across PB is ~4 times larger than that of bare PDMS droplets
(Supplementary material, S7), one should expect a lower slope of the
lines in Fig. 6a for the filled samples. Instead, the slopes do not seem to
change appreciably. This is shown in Fig. 6b, where the values of 74/¢ for
the various samples at different ZnO content are compared. The non-
parametric Kruskal-Wallis test indicates that data are not statistically
different.

The fact that the drainage dynamics are not affected by the particles
reflects the low energy required to displace them from the droplet—
droplet contact area [56]. Thus, when two partially covered droplets
collide, the particles move laterally away from the contact point, and
leave a particle-free region in which coalescence proceeds with un-
changed dynamics. The mechanism is illustrated in Fig. 6¢, where the
main steps of a coalescence process between two vertically contacted
droplets (i.e. along the z-axis, see Fig. 6¢1) are shown for the sample
with 0.12 wt% ZnO. The full video is provided as Supplementary
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material (V3). After particle drift and formation of the circular
nanoparticle-free region (6.c2), the drainage process continues until the
matrix film becomes thin enough to pierce (6.c3). Then the neck con-
necting the droplets grows (6.c4), dragging the nanoparticles with it,
which then re-accumulate on the surface of the final droplet (6.c5).
Similar dynamics were observed during coalescence of partially covered
oil-in-water Pickering droplets [57]. In that case, however, coalescence
was halted before completing because of particle interfacial crowding,
resulting in highly non-spherical doublets. Here, the particle surface
coverage is too low to arrest the coalescence process, which, hence,
proceeds with the same kinetics as in unfilled blends.

Since 74 is not appreciably altered by the nanoparticles, some other
mechanism must be responsible for the dramatic increase in coalescence
efficiency shown in Fig. 4. Going back to the concept of collision effi-
cacy, and having excluded the effect of the drainage time, we focus on 7,
i.e. the time the droplets stay in contact. In unfilled blend it is usually set
as the reciprocal of the local shear rate experienced by the droplets,
7. = ;! [11]. Here, what emerged by analyzing the coalescence events
is that things change in the presence of the nanoparticles on the surface
of the droplets. In particular, when two of such partially covered drop-
lets came into contact, their dynamics appear to be no longer indepen-
dent: they stick together and start moving as a single doublet. This
coupling is due to the bridging ability of the considered nanoparticles
(see Fig. 2), whose preference for the PB matrix make them to protrude
outside the host droplet, possibly “hooking” a second droplet during
collisions. This prolongs the contact time, so that even collisions at un-
favorable angles become effective in the presence of nanoparticles and
lead to coalescence. This picture is corroborated by the observation of
several unusual coalescence events in the samples with high nano-
particle content (0.12 and 0.21 wt%). In particular, we found pairs of
droplets that coalesced after the fastest droplet had already overtaken
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Fig. 6. A. Drainage times as a function of ¢ for the unfilled (orange circles) and ZnO-filled blends at different nanoparticle content: 0.04 (green diamonds), 0.12
(turquoise squares), and 0.21 wt% (lilac triangles). Sample size: n=106 (without ZnO nanoparticles), 92 (0.04 wt% of ZnO), 85 (0.12 wt%), and 81 (0.21 wt%). Lines
are the linear fittings to the experimental point according to Equation (4). The slopes are: 0.219 s> mm~'*/® (unfilled blend, orange line, R = 0.89, standard error
(SE) = 0.008); 0.207 s? mm 1%/® (sample at 0.04 wt%, green line, R* = 0.88, SE = 0.008); 0.220 s> mm~1%/° (sample at 0.12 wt%, turquoise line, R> = 0.91, SE =
0.008); 0.202 s?> mm '3 (sample at 0.21 wt%, lilac line, R> = 0.85, SE = 0.009). b. Box plots showing the values of the slopes of the lines of Fig. 6a for the various
samples. An overlap of the raincloud plots is shown on the left-hand side of the plot. The Shapiro-Wilk test showed that all datasets in b) are not normally distributed
(all p values < 0.001), and Levene’s test showed that variances were equal. The non-parametric Kruskal-Wallis test indicates that data in b) are not statistically
different. c. Key steps of a coalescence event during flow recorded in the sample with 0.12 wt% of ZnO. The droplets move along the x direction while lying on planes
at different z. Droplet 1 moves faster and collides with droplet 2 (c;). Scale bar is equal to 10 pm. The collision causes a rearrangement of the ZnO nanoparticles,
which drift on the droplet surfaces leaving a nanoparticle-free circular-shaped region at the center of droplet 2 (c,). When the matrix film separating the droplets in
this region has become thin enough, it pierces and the two droplets begin merging through the neck, whose section appears as a bright circle (c3). The neck grows
while dragging the nanoparticles (c4). At the end of process, the nanoparticles lie on the surface of the final droplet (cs). The full video is available as Supplementary
material, V3. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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the slowest one, i.e. at 6,, > 90°. This means that the coalescence process
was completed while the hydrodynamic forces pushed the droplets
apart, in apparent violation of the film drainage mechanism [53].
Analytical models and simulations predict that the matrix film that
separates the colliding droplets is not flat [58-60], and the local thin-
ning could be so pronounced to lead to the reaching of the critical film
thickness h, even when the droplets are moving away [15]. Experi-
mental observations of such a phenomenon, however, are rare and have
been mostly related to the presence of surfactants, which could make the
film particularly dimpled/deformed [61-63]. Differently, in the present
study, coalescence for 6,, > 90° are due to the bridging ability of the
nanoparticles, which keep colliding droplets in contact long enough to
allow drainage of the matrix film even when the collision starts at un-
favorable angles (i.e. at high 0., see Fig. 5b) at which bare droplets
would collide without coalescing. To quantify the importance of the
bridge-to-drain mechanism, the values of the contact angles at coales-
cence are shown in Fig. 7 as a function of the nanoparticle content. Three
frames of a video showing a representative coalescence event occurred
at 0, > 90° are also shown.

3.4. Evolution of droplet coverage factor and saturation effect

The possibility of coalescing in a wider range of 6,, (even at 6, >
90°), results in a substantial increase of the coalescence efficiency. The
ability of the nanoparticles to promote coalescence, however, appar-
ently decreases in the sample with 0.21 wt% of nanoparticles (Fig. 4¢). It
should be noted that saturation effect is not solely related to the initial
content of nanoparticles. Each coalescence event, in fact, generates a
final droplet whose surface is smaller than the sum of the surfaces of the
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Fig. 7. a. Collision angles at coalescence as a function of the nanoparticle
content. Sample size: n = 106 (without ZnO nanoparticles), 92 (0.04 wt% of
Zn0), 85 (0.12 wt%), and 81 (0.21 wt%). Coalescence occurring at 6, > 90°
was recorded in the samples at ZnO content of 0.12 and 0.21 wt%. Welch’s t-
tests indicated statistically relevant differences ("p < 0.01 or “p < 0.001)
between the average 0, values of the samples without or at low ZnO content
(0.04 wt%) and of those at high ZnO content (0.12 and 0.21 wt%). b. Frames
taken from a representative video of a coalescence event occurred at 6,, = 107°
in the sample at 0.21 wt% (red star in Fig. 7a). Droplet 1 moves along the x axis
faster than droplet 2. Frame b3 shows the instant at which the two droplets
coalesce. Scale bar is equal to 10 pm. (For interpretation of the references to
colour in this figure legend, the reader is referred to the web version of
this article.)
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initial droplets. The surface reduction depends on the ratio between the
radii of the initial droplets, reaching a maximum of 20 % when equally
sized droplets coalesce (see Supplementary material, S8). A direct
consequence of such interface reduction is that, as coalescence proceeds,
the nanoparticles must accommodate a smaller and smaller droplet-
matrix interface, possibly crowding. We define a droplet coverage fac-
tor, X, as the percentage of droplet surface covered by the ZnO nano-
particles. Quantifying ¥, and monitoring it during coarsening is difficult.
Even assuming that the particles form a monolayer on the droplet sur-
face, for the case at hand of polydisperse, irregularly shaped nano-
particles, X, depends on the packing factor of the surface aggregates (see
Fig. 2). Further uncertainty stems from possible effects of the interface
curvature, which could differentiate the degree of coverage of small and
big droplets. Despite all this complexity, a reasonable expression for X,
can be derived resorting to scaling arguments. Assuming monodispersity
for both droplets and nanoparticles, each sample can be depicted as a
suspension of N droplets (mass M and radius R) partially covered by n
nanoparticles (mass m and equivalent radius r; the latter is defined as the
radius of the circle having the same area as the projection of the non-
circular nanoparticle on the surface of the droplet). The overall sur-
face of all droplets is proportional to N times the surface of the single
droplet (~R?), while the surface covered by the nanoparticles is pro-
portional to n times the projection of the single nanoparticle on the
droplet surface (r2). Note that the latter proportionality holds irre-
spective of the shape of the nanoparticles and the way they are assem-
bled onto the droplet surface. Therefore, at any instant the average drop
coverage factor can be expressed as:

nr?

Since the total mass of droplets (M,,, = N x M) and nanoparticles
(my: = n x m) does not change as coalescence proceeds, we can express
nand N in terms of m, and M,, respectively. Keeping in mind that MxR®
and mor®, Eq. (5) can be rewritten as:

My /m 12 .

““Mioe/M R2* ©

inwhich ¢ = K‘l—‘roi is the mass fraction on nanoparticles with respect to the

droplet phase, and R* = R is radius of the droplet made dimensionless by
dividing it by the equivalent radius of the nanoparticle. A different
approach led to a similar linear relationship even for concentrated
emulsions stabilized by monodisperse silica particles [64]. Going back to
Eq. (6), since R increases during coalescence, so does ¥, eventually
approaching a threshold, X, ~ qu;, at which further coalescence is
inhibited because of interfacial saturation. This picture is corroborated
by the fact that X._., is the same for the samples containing 0.12 and
0.21 wt% of ZnO: setting r = 50 nm as the equivalent nanoparticle radius
and R, = 25 pm and 15 pm the limiting droplet radii for the samples at
¢ = 0.03 and 0.05, respectively (see Fig. 4c), a common value of
Y.~ 7.5 is obtained. This suggests that the arrest of coalescence in
these two samples is the result of interfacial saturation. Differently, the
sample at 0.04 wt% of ZnO stops coarsening at X. .~ 1.8 (setting
R~ 20 pm). This means that this sample contains a too low amount of
nanoparticles to reach interfacial saturation, and coalescence slows
down and eventually arrest for the same mechanisms as in unfilled
blends, i.e. because of the combination of increased in the drainage time
(zq ~ R13/%, see Eq. (4)) and decrease in the collision frequency
(C ~ R3). Nonetheless, the comparison with the unfilled blend in
Fig. 4c demonstrates that even negligible amounts of nanoparticles
exhibit a huge capacity to speed up coalescence. The key factors seem to
be (i) the partial interfacial coverage and (ii) the bridging capacity of the
selected ZnO nanoparticles. The principle, however, is general and could
apply to other systems with very small amounts of (nano)particles with
higher affinity for the matrix phase accumulated at the droplet-matrix
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interface. Since the destabilizing ability vanishes when the surface
coverage factor exceeds X._.., the same (nano)particles can behave like
coalescence promoter or inhibitor depending on their content and of the
size of the droplets, representing a versatile tool for a clever manipula-
tion of the morphology of emulsions and blends.

4. Conclusions

The stabilizing effect of nanoparticles at the liquid-liquid interface of
emulsions and blends is well known [1-8]. This work has elucidated the
microscopic mechanisms underlying the opposite effect, namely the
ability of nanoparticles to promote coalescence in the scarcely explored
regime of very low loadings [28,30,31]. To this end, tiny amounts of
ZnO nanoparticles (up to ~0.2 wt%) were driven onto the surface of
micrometric PDMS droplets suspended in a PB matrix (PDMS/PB 4/96
v/v) by a two-step mixing protocol, and the resulting blends were sub-
jected to slow flow (y =1 s’l) to induce coalescence. Despite the higher
affinity of the nanoparticles for the matrix phase (which normally leads
to a strong stabilization effect [22,23,32]) and their negligible effect on
rheology and interfacial energy, only 0.12 wt% of nanoparticles led to a
doubling of the coalescence rate and extent. The physics underlying this
phenomenon was elucidated thanks to the on-line observation of hun-
dreds of coalescence events using a microfluidic device. In this way, we
were able to rule out some of the hypotheses made in the past based on
ex-post analyses of droplet morphology (e.g. bridging-dewetting [30,31]
or changes in van der Waals attraction between droplets due to particle
adsorption [34]), and defined a novel “bridge-to-drain” mechanism
based on the bridging ability of nanoparticles, which is necessary to keep
colliding droplets in contact long enough to drain the matrix film.
Accordingly, even collisions at unfavorable angles, where the bare
droplets would stay in contact for too short time, become effective and
lead to coalescence. Furthermore, coalescence was also observed when
the fastest droplet overtook the slowest, meaning that the matrix film is
pulled away instead of being squeezed. However, bridging alone is not
sufficient to promote coalescence. Indeed, we have shown that the
presence of sufficiently large nanoparticle-free regions is a second
necessary condition for droplet merging. This explains why the phe-
nomenon can only be observed with very small amounts of nano-
particles, which tend to act as stabilizers at higher loadings. More
importantly, since the liquid-liquid interface decreases as coalescence
progresses, a critical droplet coverage fraction was defined at which the
nanoparticles stop promoting coalescence and start acting as stabilizers,
establishing an equilibrium droplet size. Such a dual capability could be
used to fine-tune the droplet size of emulsions and blends. In this
context, further targeted studies are needed to clarify the role of pa-
rameters related to the nanoparticles, such as size, shape, surface
chemistry, charge and roughness, as well as to evaluate the effects of
flow conditions, e.g. shear rate and elongational components.
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