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ABSTRACT

An exothermic reaction at an immiscible liquid-liquid interface is at the core of several industrial processes and can trigger hydrodynamic
instability. Here, we study interfacial polymerization, where a thin film is formed, whose morphology is known to be altered by synthesis
conditions, impacting its industrial performance. Particle tracking microscopy is used to quantify fluid motion as a proxy for hydrodynamic
instability intensity. Results indicate that, upon increasing polymerization-rate, particle motion transitions from Brownian to directed and is
attributed to interfacially driven instabilities; concurrently, film morphology turns from smooth to crumpled. These results provide important
insight for improved control over film fabrication.

© 2024 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license (https://
creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0214054

Chemical reactions occurring at an immiscible liquid-liquid
interface are of great importance in various industrial applications,
including coatings, encapsulation, agrochemistry, and membrane fab-
rication for separation processes. ' The chemical reaction is often
exothermic and alters the physical properties of the fluids locally,
which may result in flow, heat and mass transfer, and pattern forming
instabilities.” ” The main mechanisms responsible for triggering and
driving the instabilities are buoyancy, arising from alteration in fluid
densities, and capillarity due to local differences in interfacial tension
(IFT) (i.e., Marangoni flow).”*'"""” Several experimental studies inves-
tigated the stability of interfaces, using a neutralization reaction as a
model exothermic system; however, these have mostly been dominated
by buoyancy.”*"*'® Bratsun et al.'” suggested that by eliminating
gravitational effects, e.g., using a horizontal Hele-Shaw cell,
Marangoni flow would possibly be observed. Subsequently, this config-
uration was realized using a neutralization reaction that forms surfac-
tants at the interface.'”"” Related theoretical studies considered the
interfacial instability arising during the propagation of a polymeriza-
tion front, under microgravity conditions,”” as well as the stability of
an immiscible liquid-liquid system with interfacial heat release,’
revealing the potentially destabilizing effect of Marangoni stresses act-
ing on the fluid at the interface generating a flow.

In the present case, we consider a different system and experi-
mentally probe instabilities arising during a rapid, exothermic

interfacial polymerization (IP) reaction, at an immiscible oil-water
interface. This type of process is used extensively in industrial applica-
tions, notably micro-encapsulation and fabrication of separation mem-
branes used in state-of-the-art water purification and desalination.” >’
The primary outcome of IP is the formation of a thin film that serves
as a semi-permeable barrier. Increasing evidence has pointed to the
fact that the film morphology is strongly related to the formation
dynamics (see Ref. 24 and references therein) and is intimately linked
with the resultant film separation performance.”® ** However, despite
this important feature, the mechanisms connecting synthesis, mor-
phology, and performance of IP-formed films are unresolved, while it
has been suggested that film morphology is linked with possible insta-
bilities triggered by the IP reaction.”””*”"*>* In terms of the resultant
film morphology, the assumption is that a smooth film is an outcome
of a stable IP system, while a crumpled or multilayered film is indica-
tive of the instability.”*

In situ visualization methods are a powerful way to study the
effect of synthesis conditions on stability during IP, but are challenging
due to the high spatial and temporal resolutions required for tracking
the rapid reaction and visualizing the very thin (~200nm) resultant
film.*” Lately, studies have demonstrated real-time monitoring meth-
ods for IP, providing insights on reaction kinetics, transport, and film
morphology; however, the effects on system’s instability were not
examined.” " ** A recent study by Park et al.’® visualized particle
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motion during IP using PIV (particle imaging velocimetry) of 1 um
fluorescent particles located in the aqueous phase within a horizontal
Hele-Shaw microfluidic channel. Specifically, the effect of adding dif-
ferent surfactants to the aqueous solution was studied, revealing an
increased velocity toward the interface upon increasing surfactant con-
centrations [below the critical micelle concentration (CMC)], as well
as a more crumpled morphology of the formed film. They attributed
this directed motion to a Marangoni instability occurring at the inter-
face as a result of the IP reaction.’® However, further fundamental
understanding of the hydrodynamic instability in an IP system and its
triggers is still required, specifically for connecting variable synthesis
conditions, changed systematically, as well as providing strong evi-
dence of the actual mechanism that drives the observed directed
motion toward the interface.

Herein, we demonstrate how, in general, IP may manifest as a
hydrodynamic instability, and how the main synthesis parameters—
monomer concentrations and changes to solubility/IFT—conspire to
dictate conditions that trigger the instability and its consequence in
terms of the resultant film morphology. The basic premise of the
experiments designed in the present study is that, by monitoring
motion of particles in the fluid, during IP, a transition may be observed
from trajectories typical of Brownian motion, expected in a quiescent
fluid, to a directed motion indicative of a velocity field. This transition
may manifest as hydrodynamic instability occurring in the system.
The experimental system comprises a microfluidic Hele-Shaw hori-
zontal cell that facilitates a pinned interface, established between two
polydimethylsiloxane (PDMS)-molded cylinders (see Fig. 1, and
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supplementary material, for details). The aqueous phase, containing
the monomer (here, we use m-phenylene diamine (MPD), which is
typical of polyamide membranes) in specific concentrations (0.02%,
1%, or 2% w/v), along with 1-um-diameter fluorescent polystyrene
(PS) carboxylate-modified beads, orange (540/560) (Thermo Fisher) is
injected into the right cylinder [Fig. 1(b)]. The creation of a water—air
interface is monitored using the bright-field channel of the laser-
scanning confocal microscope (TCS SP8, Leica). Next, a drop of the
organic phase (oil), Isopar-G with, trimesoyl chloride (TMC, also typi-
cally used for polyamide membranes), at different concentrations
(0.001%, 0.05%, 0.1% w/v), is injected using a syringe pump, through
the hole on the right-hand side, while a second hole provides the exit
path for the air and excess oil, if any. Live image acquisition commen-
ces a few seconds before the oil is injected, at ~40 fps and lasts for a
total of 3000 frames. The series of images containing the fluorescent
particles are then analyzed using the TrackMate plugin of FIJI soft-
ware™** (details in supplementary material), to obtain particle trajec-
tories [Fig. 1(c)]. As previously mentioned, the characteristics of
particle trajectories are used as a proxy for system stability. In a quies-
cent state, particles follow Brownian motion; in contrast, particles that
exhibit directed motion may be evidence for the triggering of a hydro-
dynamic instability.”” To provide a quantitative measure for the
motion present, trajectory data were used to calculate the averaged lin-
ear velocity, defined as the net distance traversed by a particle

[a straight line from the start to the end points, see Fig. 1(c)] divided
by the tracking time, V; = A I/A t [Fig. 1(c) another parameter calcu-
lated is the motion linearity (LI), defined as the net distance divided by
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FIG. 1. Experimental methodology used to study the aqueous-phase dynamics during IP. (a) Schematic illustration of the IP system and its main features. Two immiscible
phases are contacted, each containing a monomer, with preferential solubility toward the oil. Once contacted, the monomers react at the interface on the oil side, rapidly forming
a thin-film (in the system studied, the monomers are TMC and MPD, typical monomers that form polyamide). Heat released during the reaction, as well as non-uniformities in
monomer concentrations, may create local gradients in IFT (g, red-white scale) along the interface, resulting in thermo-soluto-capillary motion and crumpling of the forming
polyamide film. (b) Microfluidic IP system. Water containing MPD and 1 um fluorescent particles is injected manually into the right side of a PDMS chip (which has a channel
height of 300-500 xm, see side view), a horizontal Hele-Shaw cell. A confocal microscope is used to observe the aqueous side of the interface, while a syringe pump injects
the ail (Isopar-G) containing TMC to the chip, and the second hole enables air release. (c) Data analysis. In the acquisition step, a series of fluorescent images are taken, imag-
ing the particles. These images are then used to track the position of the particles, based on an intensity threshold, calculating trajectories and, consequently, the averaged lin-

ear velocity of the particles with respect to the interface.
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the total distance traveled, see the supplementary material equation
S1]. Finally, samples of IP-formed polyamide films were synthesized,
under identical variations of the reaction conditions, using the so-
called support-free IP (SFIP), following published protocols.””*®
Briefly, the method relies on introducing the organic phase (containing
TMC in Isopar-G) on top of the aqueous phase with MPD inside a
bottom-closed Biichner funnel, allowing the reaction to proceed for 1
min, after which it is terminated by pouring pure solvent (Isopar-G)
on top and opening the bottom of the funnel, which enables collection
of the polyamide film to the support membrane, see the supplementary
material, Fig. S2. These samples were subsequently characterized by
scanning electron microscopy (SEM) and atomic force microscopy
(AFM) in order to provide morphological characteristics of the resul-
tant film, under synthesis conditions corresponding with those
employed during the microscopic visualization experiments, with the
exception that the SFIP system does not eliminate gravitational effects.
We note that the root mean square (RMS) roughness measured by the
AFM is a limited measurement, because it does not account for
increased morphological complexity beyond the deviations of the local
surface height from the mean height. Hence, a multilayered morphol-
ogy can have lower roughness than crumpled morphology;”* therefore,
we used the roughness as a qualitatively measurement.

In the set of experiments performed, conditions were varied sys-
tematically, to unravel the hypothesized change in system stability and
resultant film morphology. Indeed, results demonstrate that increasing
monomer concentrations from negligible (0.02% w/v MPD and
0.001% w/v TMC) to the “standard” concentration, Cy (2% w/v MPD
and 0.1% w/v TMC), generated motion within the aqueous phase,
with a clear transition from Brownian to directed motion toward the
interface [Fig. 2(b) (multimedia view) for 1% C, and for Cy], and Fig.
S3(b), in supplementary material), an increased linear velocity, \A/z, as
well as linearity, LI [Figs. 2(c) and S4(a) in supplementary material],
and a film morphology turning from smooth to nodular with increased
roughness [Figs. 2(a), S5, and S6(a) in supplementary material]. The
cause for this is presumably the increased initial MPD flux into the
reaction zone, resulting in an increased polymerization rate”""”"” and
hence more significant temperature and/or concentration gradients at
the interface, driving a flow from low to high IFT (Marangoni) and a
corresponding bulk flow of water to and from the interface. The gray
region in Fig. 2(c) marks the \71 calculated before the reaction, when
the particles exhibit Brownian motion, as expected in a quiescent fluid.

To qualify the possible interfacially driven motion occurring in
such a system, we estimated both solutal and thermal Marangoni num-
bers (see the supplementary material for details of this estimate). IFT
values for different MPD concentrations were measured using a pen-
dant drop method, and the IFT difference due to a temperature
increase in 20° K (calculated by Wen et al.* in an analogous IP sys-
tem) was estimated from a similar binary system (water 4 2,3,4-trime-
thylpentane),”” see equation S3, and Figs. S10-S12. The estimated
solutal and thermal Marangoni numbers are ~3.1 x 10° and ~5.6
x 10%, respectively, which manifest that the solutal variations are more
prone to trigger the hydrodynamic instability. For a relatively similar
reactive immiscible system, Bratsun and De wit estimated from their
model a critical solutal Marangoni number of ~2000 and a thermal of
~10°, from which convective Marangoni flow is observed in their sys-
tem."” The coupling of solutal and thermal effects may magnify each
other, and even a weak production of heat will have a strong effect on

ARTICLE pubs.aip.org/aip/pof

a. 1% C, G,
RMS= 3.9 + 0.5nm

— 20
g
= 15
g
‘S
o
@ 1.0
>
pal
2 é Brownian motion
=S o5 }
b ® w/ co-sol.
® w/o co-sol.
on
Blank 0 50 100
w Co

FIG. 2. Microscopic observation of particle motion and resultant film morphology for
varying IP conditions. (a) Top-view SEM images of polyamide films fabricated via
SFIP for 1% Cy, and Cy (Cy is the standard concentration, 2% w/v MPD and 0.1%
w/v TMC) and the root mean square (RMS) surface roughness values measured by
AFM. (b) Particle trajectories in the aqueous phase for IP at 1% Cy and Co. The
track coloring changes with increasing frame number, from blue to red. The white
dashed line marks the location of the interface. (c) Calculated linear particle velocity
at increasing monomer concentrations (purple), and with added co-solvent, 2 wt. %
ethyl acetate (red). The “blank” experiment is for standard MPD concentration with
negligible IP reaction (0.001% w/v TMC). The gray region marks the linear motion
calculated before injecting the organic phase, for presumably “Brownian” particles in
this system. The linear velocity increases and the resultant film becomes rougher
as monomer concentration is increased or a co-solvent is added. The error bars
represent a 95% confidence interval. Multimedia available online.

the solutal instability.”” Hence, we expect that our system would
experience solutal capillary motion, which increases with increasing
monomer concentrations and increased heat generation.

To further explore the reaction-induced motion, a co-solvent,
ethyl acetate, was added to the organic solution at a fixed concentra-
tion (2% wt). The added co-solvent is expected to enhance the reaction
rate due to the increased solubility of the aqueous monomer in the
organic phase.”””" Furthermore, a co-solvent decreases the IFT, mak-
ing the interface more deformable.”* As seen in Fig. 2(c), the added co-
solvent increases V; (red vs purple points), indicating a stronger insta-
bility, while also resulting in a rougher film morphology [see Fig. S6
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supplementary material, film (a) vs (b) and (c) vs (d)]. When the co-
solvent concentration is increased further, the motion increases as well
(see the supplementary material, Fig. S7). As observed, by increasing
the polymerization rate there is faster directed motion toward the
interface [Figs. 2(b) and 2(c)], we assume that this motion is driven by
an interfacial instability occurring at the interface due to the heat
release and local monomer concentration gradients, as illustrated in
Fig. 1(a). However, due to the experimental method, the full-
convective motion could not be observed (we visualized the motion
solely in the xy plane); therefore, phoretic motion of the colloidal PS
particles may also generate the observed directed motion; here, we
show why such motion is not observed here.

Local gradients in temperature, concentration, and pH that extend
from the interface into the bulk solution”"* are evolved due to the exo-
thermic nature of the IP reaction, the consumption of the alkaline MPD,
and HCI release as a by-product, respectively appear in our system [see
schematic illustration in Fig. 3(a)]. Such gradients may drive phoresis—
thermal or diffusive—of the colloidal particles being tracked.”” ™
However, we believe that this is not what is driving the observed motion
in our experiments, for the following reasons. First, thermophoresis,
driven by temperature gradients, is expected to create particle motion
down the gradient (particularly at temperatures above the ambient as
expected in this case).””* Shiundu et al. explicitly showed experimentally
that PS particles migrate from hot to cold,” which is the exact opposite of
the motion observed in our experiments. Diffusiophoresis, driven by sol-
ute concentration gradients, can be manifest during IP due to gradients in
(H"), and the aqueous monomer (MPD, in the case reported here).
However, Shim et al.”® showed experimentally that negatively charged PS
particles (as used in our experiments) move toward the higher pH side—
opposite to the direction reported here. Similarly, for gradients in MPD
concentration (a non-electrolyte), diffusiophoresis are predicted to move
up the concentration gradient,”* for example, Paustrain et al. observed
that carboxylated PS particles move up the concentration gradient of

a. TOP view b.
Physical and Chemical gradients: Water Oil
Temperature, SDS concentration .1 l»-
MPD concentration, pH .1 I.. E‘
ol
Observed motion: T
—> =
>
2
‘S
.
[}
Possible directed motion Motion e
mechanisms: direction s
=
Thermophoresis, =
Diffusiophoresis (pH, SDS, MPD) ¢ Thin Film
- i - Polyamide
Interfacially-driven motion —

w
n

w
(=

g
wn

g
o

-
wn

o

o
wn

0.0

ARTICLE pubs.aip.org/aip/pof

sucrose, a non—electroly‘te.(’l However, it has also been shown that the

direction of diffusiophoresis has a complex dependence on specific sol-
ute—particle interactions and in non-electrolyte as well as in polymer solu-
tions, it can also be directed toward lower concentrations.”>**

To further rule out the possibility that the observed particle
motion is due to diffusiophoresis, we performed a control experiment
named as “blank” in Fig. 2(c), where the standard solution was used in
the aqueous phase (particles and 2% w/v MPD), but at conditions gen-
erating a negligible IP reaction (0.001% w/v TMC in the organic phase,
which helped stabilize the interface for visualization). The motion
observed was “Brownian” with very low \71 and LI, similar to the val-
ues observed for very low monomer concentrations [see Figs. 2(c),
S3(a), and S4(a) blank and 1% C, in supplementary material]. These
results conform with those obtained by Park et al,”® who also observed
no directed motion when no reaction was present. Based on this collec-
tion of evidence, it is clear that the particle motion observed in our
experiments cannot be attributed to diffusiophoresis.

To provide additional confirmation that the motion is driven by
an interfacial instability, a final set of experiments was conducted, in
which an anionic surfactant (sodium dodecyl-sulfate, SDS) was added,
at different concentrations, to a system containing standard concentra-
tions (Cp) of the monomers. In particular, concentrations were varied
such that they ranged between 50% of the CMC to 10x the CMC, a
concentration at which the interface is assumed to become immobi-
lized by the surfactant—under such conditions, no interfacial motion
would be possible.””* In general, the presence of a negatively charged
surfactant below its CMC can result in diffusiophoresis of like-charged
colloidal particles down the SDS concentration gradient.”” "
However, here we observed directed motion toward the interface
below the CMC of SDS with increased V; and LI [see Fig. 3(b) and
supplementary material Figs. S3(f) and S4(b) for the motion direction],
which is up the SDS concentration gradient. Adding SDS increases the
polymerization rate,”® because it reduces the IFT”"" and the MPD

[ sDs

_Brownianmmion |
N /A A
0 CcMC 5CMC 10CMC

FIG. 3. Possible mechanisms for driving a directed motion and the hydrodynamic behavior when adding a surfactant as a possible explanation for the motion observations.
(a) Mechanisms of possible directed motion as a result of physical and chemical gradients, which are evolved during the exothermic IP reaction at the immiscible aqueous-
organic interface. The direction of the observed motion of the carboxylate-modified polystyrene (PS) beads toward the interface cannot be explained by thermophoresis or diffu-
siophoresis due to gradients in concentration or pH, which should result in motion in the opposite direction of the observed. However, a motion due to gradients tangential to
the interface may cause the observed flow. (b) Linear velocity when adding SDS, to the aqueous phase in increasing concentrations, below and above the CMC when monomer
concentrations are fixed, Cy. The gray region is the linear motion that was calculated before injecting the organic phase, when the particles followed Brownian motion. (c) SEM
top-view images of polyamide membranes fabricated via SFIP with standard monomer concentrations: 2% w/v MPD and 0.1% w/iv TMC, and SDS in the aqueous phase in con-
centration of 5XCMC (top), and 10XCMC (bottom). Root mean squared (RMS) surface roughness values measured by AFM with a 95% confidence interval.
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partitioning to the organic phase is higher,” resulting also in rougher

morphology [see Figs. S6(c) vs S6(e)]. However, above the CMC \71
and LI first decrease and, eventually, at 10x the CMC, return to values
typical of Brownian motion [Figs. 3(b) and S4(b), and for particle tra-
jectories, see Figs. S3(g) and S3(h) in supplementary material]. It is
important to note that, in the latter case, above the CMC of SDS, the
IP reaction still takes place, as evidenced through the SEM images of
the formed film [see Fig. 3(c)]. The crumpled morphology may be
caused by foaming—bubbling of dissolved gases in the aqueous phase
and/or vaporization of the organic phase due to increased tempera-
tures in the reaction zone.”>”"*""" It may be exacerbated by the immo-
bilization of the interface, which prevents convective heat transfer, as
well as by the presence of surfactants that promotes bubble stability.
Another possible explanation is that this crumpling is caused by attrac-
tive binding energy of SDS to MPD and to the polyamide film, result-
ing in SDS micelles incorporated into the film, causing its rupture and
to irregular film morphology.”” This leads to the conclusion that the
observed motion toward the interface is driven by an interfacial insta-
bility, triggered by gradients in temperature and concentration during
the IP reaction [as illustrated in Fig. 1(a)].

To conclude, this study provides evidence of instabilities that
emerge during IP, the dependence on several governing synthesis
parameters and, importantly, their contribution to the resultant film
morphology. It is further demonstrated how hydrodynamic instability
during interfacial reactions can be studied using a simple microfluidic
system. This approach can enable further study of synthesis conditions
and their impact on process performance, providing fundamental
insight that can lead to improved design.

SUPPLEMENTARY MATERIAL

See the supplementary material for: (1) materials, (2) methods,
(3) additional figures of SEM images, AFM roughness values, particle
tracking trajectory maps, and (4) supplementary calculations.
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