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ABSTRACT

Composite membranes used for water purification are formed by interfacial polymerization (IP), where choices of chemistry, formulation and reaction conditions
conspire to dictate the final membrane performance. Here, we report in-situ visualization experiments of IP, performed using a microfluidic platform, under several
representative conditions. Calibrated, temperature-sensitive fluorescence intensity enabled mapping of microscopic fluorescent images into temperature fields.
Specifically, the temperature at the interface was monitored and illustrated a two-stage time-evolution, increasing rapidly at early times and then tapering.
Polymerization appears to proceed so long as monomers are supplied, suggesting that the process may not be truly self-limiting. Results further show that under
conditions promoting fast mass transfer and supply of monomers, temperatures at the interface may reach the boiling point of some solvents. Such interfacial boiling
or release of dissolved gasses may be responsible for the formation of voids recently shown to exist in polyamide thin films. Curiously, the morphologies formed in the
microfluidic experiments resemble commercial membranes despite the disparate length-scales involved, suggesting a possible spatial similitude. Ultimately, ex-
tensions beyond our current device, adding the capability to measure transport properties of the film formed within the device, can lead to a microfluidic-based
platform to be used for rapid prototyping of materials, using small samples and short time scales, and provide insight for better informed membrane design.

1. Introduction

State-of-the-art membranes used for water purification - Reverse
Osmosis (RO) and Nanofiltration - are thin-film composites (TFC)
comprised of a porous support and an ultra-thin 'active layer', formed
on top of it [1]. This layer is created using interfacial polymerization
(IP) between two monomers at the interface formed between two im-
miscible fluids: an aqueous phase containing a polyfunctional amine
monomer and an organic phase containing a tri-functional acyl-chloride
monomer. Once the two phases are contacted, the amine monomer
diffuses and partitions across the interface into the organic phase where
it reacts with the acyl-chloride [2].

Despite extensive research, the exact mechanisms linking reaction
conditions to the final membrane morphology are still not fully un-
derstood. Since membrane structure and performance are intimately
linked, such mechanistic insight is crucial for better informed mem-
brane fabrication and development [3-5]. For example, the link be-
tween surface roughness and permeability of polyamide-based TFC
membranes has received much attention, leading to inconclusive results
(see Fig. 1a) [6-9]; certainly, these apparent discrepancies may be due
to differences in the actual polymerization conditions that manifest in
ways other than the roughness. Further, recent studies have shown that
the polyamide layer is not homogenous and contains nano-scale voids
(see Fig. 1b) that are liquid-filled under operational conditions, and,
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most importantly, these voids may be directly connected to the
permeate space though holes formed on the back surface of the poly-
amide film [10-17]. These voids have been shown, theoretically, to
produce a positive correlation between roughness and permeability
[18]. It is not yet clear what controls membrane roughness and, indeed,
why these voids form. It is further unclear whether creating the
roughness is indeed the route to increased permeability, as recent stu-
dies have shown that high-flux membranes may be fabricated simply by
keeping the polyamide layer ultra-thin and smooth [19,20]. Direct
measurement of the IP process, its kinetics and link to the resulting
membrane morphology has been the subject of several past studies,
demonstrating the growth stages and their dependence on reaction
conditions (see ref [21] for a brief account). Furthermore, microscopic
visualization of IP has recently been conducted, directly illustrating
film growth and morphology, while also providing a possible means for
performing transport measurements on free-standing films (eliminating
the impact of the support structure) [22]. Such methods may hold great
promise for better understanding IP.

However, a particular feature of IP appears to have been mostly
overlooked - the exothermal nature of the reaction. Since heat is re-
leased at a rate proportional to the polymer formed, the interfacial
temperature will increase rapidly and it is reasonable to assume that
this will affect transport and the mechanics of film formation.
Furthermore, should temperatures reach high enough values, it is
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Fig. 1. Morphology of polyamide thin films. (a) Permeability vs. roughness,
compiled from the literature (refs [6-9]), illustrating the mixed trends reported.
(b) The voids within the polyamide layer of a commercial RO membrane (from
ref [17]).

conceivable that interfacial boiling will occur, or some form of dis-
solved gas release. We propose that, should such bubbling occur at the
interface, it might provide an alternative explanation as to the forma-
tion of the void structures observed in the polyamide layer. In fact,
during a revision of this work, a recent paper has already provided
proof of heat-release effects on IP [23]; specifically, the effect of de-
gassing the aqueous phase prior to the reaction was shown to impact
the resulting membrane's structure and performance. Also motivated by
these questions, and in pursuit of further evidence and understanding of
these effects, we performed direct microscopic visualization experi-
ments of interfacial polymerization, conducted using a microfluidic
platform. In particular, the temperature field within the microfluidic
device was inferred using fluorescence-intensity mapping and image
analysis.

2. Experimental
2.1. Materials

Ultra-pure (18.2 mQ) deionized water was produced using a Milli-Q
system (Direct u-3uv, Millipore corp.). For the IP reaction, Trimesoyl-
chloride (TMC, Sigma Aldrich no. 182443), m-Phenylenediamine
(MPD, Sigma-Aldrich, no. P23954), Piperazine (PIP, Sigma-Aldrich, no.
P45907), DiMethyl-Sulfoxide (DMSO, Sigma-Aldrich, no. 276855) and
Rhodamine B (Rhb, Sigma-Aldrich, no. 83689) were all used as re-
ceived. The aqueous reactant solution was prepared by dissolving either
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MPD (1.5% w/v) or PIP (2% w/v) along with 0.01 mmol/L Rhb in DI
water. The organic reactant solution was prepared by dissolving TMC
(0.05% or 0.15%) in isoparG (Gadot Chemical Terminals Ltd.).

2.2. Fabrication of the microfluidic device

The flow channels were fabricated using a standard protocol [24]
that included spin coating SU-8 photoresist (Metalchem) on a clean,
dry, 4" silicon wafer (Virginia semiconductors), pre-exposure baking,
uv-exposure followed by photomask attachment, post-exposure bake
and development. The final structure (shown in Fig. 2) provided
channel dimensions of 20 um height and 120 um width. The mold was
then used for fabricating a PDMS-based (SYLGARD 184, Dow Corning)
microchannel, and sealed with a thin cover-slide using a corona dis-
charge lab treater (BD-20ACV, ETP).

2.3. Direct microscopic visualization of IP

Interfacial polymerization is an extremely rapid process and com-
mences immediately once the two reactant-carrying solutions are
brought into contact. Hence, a careful protocol was required so that
experiments could be reproducible. A typical experiment for micro-
scopic imaging of IP involved the following steps (shown schematically
in Fig. 2a): (1) flow of the organic phase (TMC solution in isoparG)
through the non-splitting outlet; (2) interface stabilization - DI water
was introduced into the aqueous channel to form a stable interface with
the TMC solution; (3) finally, the fluorescently-labeled aqueous phase
(a solution of the amine monomer and Rhb in water) was pumped into
the device through the third inlet, replacing the DI water and contacting
the organic phase, at which point IP was initiated. Live image acqui-
sition was carried out, at 11 fps, using a laser-scanning confocal mi-
croscope (TCS SP8, Leica) with a 25X water-immersion objective
(NA = 0.95), through which the channel was monitored, simulta-
neously, using fluorescent and reflected light channels.

2.4. Measurement of the temperature field

In order to infer the temperature distribution in the microfluidic
channel during IP, analysis was performed on the acquired images,
exploiting the temperature-sensitive fluorescence of Rhb (for further
details of the method, see [25]). Briefly, the method exploits the fact
that for a given, constant, Rhb concentration (0.01 mM, in our case) and
excitation source power, fluorescence intensity diminishes with tem-
perature at a corresponding rate. This intensity-temperature relation
may be calibrated by sequentially quantifying the average pixel in-
tensity in a series of images acquired at different temperatures. In our
experiments, we performed the calibration by pumping, into the mi-
crofluidic device, a series of solutions at known temperatures held fixed
by a heated, temperature-monitored reservoir. For each temperature, a
series of images were acquired by the microscope, and the average pixel
intensity was provided by the image analysis package of the microscope
(LAS, Leica). In the calibration experiments, conditions were main-
tained identical as the intended IP visualization experiments, in terms
of Rhb concentration, laser intensity, and the optics (the microscope
objective used), so as to ensure the accurate transfer of the observed
intensity-temperature trend. The acquired intensity data is then con-
verted into the known temperatures of the solution at each point (see
Fig. 2¢) and interpolated into a function used by the image analysis
software, in subsequent IP experiments, to map the pixel intensity va-
lues to temperatures.
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3. Results and discussion
3.1. Effect of reaction conditions on temperature

The temperature time-evolution during typical experiments is
shown in Fig. 3, for a range of experimental conditions involving the
following variations: reactant flow rates (Fig. 3a); TMC concentration
(Fig. 3b); co-solvent addition (Fig. 3c); and amine-monomer (Fig. 3d).
In these plots, the temperature is shown at 2 locations - the approximate
location of the interface, and 40 um away from the interface, into the
aqueous phase (see illustration in Fig. 2b). All results are summarized in
Fig. 4, where the spatial temperature distributions are also shown
across the aqueous phase, for all cases considered.

First, the effect of reactant flow-rate was tested, motivated by the
fact that large scale membrane production using IP proceeds via a roll-
to-roll process, where there is relative motion at the interface during the
reaction. Two different flow rates of the aqueous phase were used (5
and 10 pL/min), while the organic phase was kept at a constant flow
rate of 5 pL/min.

Temperatures increased rapidly, with more significant changes ob-
served near the interface, reaching temperatures of 75-80 °C, with
higher temperatures observed at increased flowrate. At the interface,
mass transfer of the MPD into the organic phase is crucial, and is a
major determining factor for the reaction rate. A higher flowrate of the
MPD solution presumably increases the mass transfer and hence the
reaction rate, reflected in more intense heat release. We note that the
velocity distribution in this co-flow setup is quite complex due to the
film formation; initially, the two fluids move at an identical velocity at
the interface, dictated by a no-slip condition. However, once a film
forms the velocity distribution may change due to immobilization of the
interface, resulting in larger gradients and increased heat and mass
transfer rates to the interface. This is not to be confused with mass
transfer through the interface, which is slowed down by the presence of
the forming film. Increasing the TMC concentration also induced higher
temperatures (see Fig. 3b), with typical temperatures of ~ 85 °C close to
the interface, higher than that measured for a lower concentration with
a higher flow rate, suggesting that in this case the availability of TMC
outweighs the faster transfer of MPD.

Next, DMSO, reported to impact the morphology of the resulting
film and increase permeability [26,27], was added to the aqueous so-
lution (see Fig. 3c). The temperature increased substantially within
50, reaching values of 70°C and 80 °C at 40 um and the interface,
respectively, presumably due to the higher rate of MPD transport across
the water-oil interface. In the combined case of DMSO addition and
high TMC concentration, maximum temperatures reached were ~ 86 °C
and ~ 77 °C at the interface and 40 pm from it, respectively. A combi-
nation of faster MPD transport and availability of TMC in the organic
phase resulted in the highest rate of film formation and, hence, the
greatest amount of heat release.

3.2. Is interfacial polymerization self-limiting?

The kinetics of IP have been discussed in several studies (for ex-
ample, [2,21,28-30], to mention a few), mostly agreeing upon the
dynamics which include an initial, rapid formation of the film followed
by a significant slowing down, reaching a so-called self-limiting regime
where the polymer film inhibits its own growth. Our own experiments
also exhibit a distinctive 2-stage evolution of the temperature (the point
of transition is marked by dashed vertical lines in Fig. 3a-c), presumably
a reflection of film thickness, which is the usual explanation, but pos-
sibly also an indication of film integrity, where a contiguous film begins
to form and thus further polymerization is slowed down significantly. A
transition is observed 5-10s into the reaction (with some small un-
certainty during the initial seconds of the experiment), in general
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Fig. 2. Experimental system. (a) schematic of the flow cell, with the different
inlets for the reactants and the reaction zone at the interface between the water
and oil phases. (b) Bright-field image of the reaction zone and the flow domain
of the aqueous stream. (c) Sequential fluorescence imaging at increasing tem-
peratures, conducted in order to generate the calibration curve - fluorescence
intensity vs. temperature, scaled against the nominal value at 22 degrees C.
Images at bottom correspond with demarcated points on the curve.
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agreement with past observation, although it appears that the slowing
down is not so dramatic. The main difference between past studies and
the current one is the continuous flow of monomers vs. the static
conditions commonly applied in lab-scale formation of IP membranes.
In the current setup, the formed films continued to grow, albeit slower,
reaching thicknesses far greater (by several orders of magnitude) than is
commonly observed for TFC membranes, and suggesting that the re-
action is not as self-limiting as previously observed but, rather, is
mostly limited by a continuous, rapid supply of monomers — particu-
larly the amine. Another difference in our setup is the lack of the porous
support used when fabricating IP-based membranes. Recent studies
have shown that support-free IP results in different morphologies,
compared with supported IP [31,32], but mostly in the ability to create
thin, smooth films as well as the independent control over the support
used, which has been shown to significantly impact the overall per-
meability [33]. If, indeed, the main difference is the flow and supply of
monomers to the interface, then this effect could be manifested in
supported TFC fabrication via a limited amount of the amine monomer
or hinderance to its transport, affected by the properties of the support
membrane, for example its porosity and hydrophilicity [31,34].

The final set of experiments tested the effect of the amine monomer,
with PIP replacing MPD (see Fig. 3d) and reflecting the difference be-
tween RO and NF membranes. These experiments exhibited quite dif-
ferent characteristics. First, the temperature rise was significantly
slower and the interfacial temperature was at least a factor of 2 smaller
than observed for the MPD system. Second, no transition in heat release
rate is apparent. This is presumably due to extremely fast kinetics which
possibly creates a truly contiguous film, producing self-limiting condi-
tions that rapidly slow down further polymerization.
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Fig. 3. Time evolution of the temperature at two locations in the microfluidic channel: close to the interface and 40 pm into the aqueous phase, under different
experimental conditions: a) Flowrates of the aqueous phase. b) Organic phase monomer concentration. ¢) Addition of co-solvent. d) Variation of the amine monomer.
Dashed vertical lines mark the observed transition from presumed fast initial film formation to the slowing down stage (not marked on figure (d) since this transition

was not observed for the PIP system).

Ultimately, formulations that encourage faster mass transfer seem to
produce similar trends in terms of the temperature time evolution (re-
flecting the rate of polymer formation), the magnitude of interfacial
temperature as well as the temperature distribution within the channel
(see Fig. 4). The insensitivity of the temperature distribution to the
flowrate (at long times) is striking particularly at the increased flow
rate, suggesting that heat transfer occurs primarily through conduction.
Note that this refers to the temperature profiles across the channel, not
the value of the temperature, which changed significantly when the
base formulation was tested under two different flowrates. The 2D-
confined geometry does not seem to play a significant role here, since
the thermal diffusivity of glass is ~4 times higher than water and
should produce, if anything, a more efficient heat sink than would be
expected in a truly 3D environment.
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3.3. A possible correlation between morphology and heat release

A main motivation for examining the heat release during the reac-
tion was the question to what extent does this impact the film mor-
phology and, hence, transport? While our reported results, shown in
Fig. 5c-h, may still be viewed as preliminary, we nevertheless make two
careful observations. First, different conditions varied the resulting
morphologies. A particular feature, which served as our initial working
hypothesis, was the formation of what appear to be voids within the
polyamide layer. The temperatures measured approach the boiling
temperature of water, let alone some common solvents used for IP (e.g.,
Hexane), suggesting that such interfacial boiling or soluble gas release
is highly likely and worthy of further scrutiny - the latter effect has
already been reported recently [21]. A point to consider is that in the
reported study by Ma et al. [21] the organic solvent used was Hexane,
which, according to our results, may indeed boil and contribute to the
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an experiment (but no fewer than 3).

possible void formation through the proposed nanobubble mechanism.

Second, and perhaps surprising, some of the images obtained in our
experiments bear a striking resemblance to reported morphologies —
despite the enormous difference in spatial scales, which are on the order
of microns in our case and tens to hundreds of nanometers in TFC's.
Such a similitude may be of profound impact as it would allow optical,
in-situ methods such as reported herein, to be used for making pre-
liminary assessments of film morphologies obtained under different
conditions. Future refinement of the system can include a geometry
capable of supporting post-polymerization procedures so that the self-
supporting films can be characterized for their transport properties and
extracted for electron microscopy analysis or other advanced char-
acterization. Such a microfluidic-based system could be used for a
massively parallel exploration of chemistries, additives and conditions,
providing a rapid prototyping of potential materials, using small sam-
ples and short time scales, and ultimately leading to better informed
membrane design. Such implementation would have to rely, first and
foremost, on proof that the tested chemistry has the potential to func-
tion as a good separation barrier and future development of a micro-
fluidic platform capable of measuring the transport properties of the
resulting polymeric film.

4. Concluding remarks

Motivated by questions related to the heat release during IP and its
effect on the resulting polyamide thin film, a microfluidic methodology
was developed and demonstrated for in-situ, optics-based temperature
measurement within the reaction zone. Our results demonstrate, for the
first time, the magnitude of the temperature generated near the reac-
tion zone, and how it is affected by some variations of the reaction
conditions. The largest impact is found to be the flow rate of the aqu-
eous phase, organic phase monomer concentration and choice of amine
monomer. The addition of a co-solvent that presumably increases the
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partitioning of the amine monomer, increased the reaction rate and the
temperature. A striking result of this study is that temperatures near the
reaction zone can exceed the boiling point of some solvents used in IP,
suggesting that soluble gas release and possibly interfacial boiling may
occur and perhaps contribute to the formation of voids within the
polyamide film as it forms. In our experiments, we used a non-boiling
solvent and voids still appeared to form, presumably due to release of
soluble gases. However, we cannot completely rule out the possible
boiling of water at the interface, where temperatures may be higher, on
the nano-scale, than those actually measured (likely at a distance of
several microns from the reaction zone).

Furthermore, bright-field images of the interface indicated forma-
tion of thick films, orders of magnitudes larger than found in practice,
suggesting that the film formation is not severely self-limiting (there
may be some degree of slowing-down, as manifested by the temperature
increase rate) and will continue growing as long as there is supply of
reactants to the interface. In IP performed on porous supports, this
suggests that the support plays a role in dictating the film formation by
determining the availability of amine — this may be through the solution
contained within the pores of the support, but also a residual aqueous
film on the solid support surface, dictated, to a large extent, by the
hydrophilicity of the membrane support material. In contrast, the PIP
monomer exhibited slower growth and significantly lower heat release.

Finally, images of the formed films bear some striking qualitative
resemblance to TEM images of ‘real’ polyamide films void formation. If
there is indeed some scale-similitude, then optical-based systems such
as the one reported herein may open an additional path to studying
polyamide morphologies, offering a possibility to perform rapid as-
sessment of materials and conditions using small material quantities.
Future work may use this platform to further study the behavior of new
or known formulations and add an additional layer of insight to their
characterization.
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Fig. 5. Polyamide film morphologies reported in the literature (a-b) and visualized in the current study (c-f), obtained after 60 s): (a-b) TEM sections reported in the
literature [13,16]. (¢) 1.5% MPD, 0.05% TMC. (d) 1.5% MPD, 0.15% TMC. (e) 1.5% MPD, 0.05% TMC and 0.25% DMSO. (f) 1.5% MPD, 0.15% TMC and 0.25%
DMSO. (g) 2% PIP, 0.05% TMC. (h) conditions identical to (c), after 5min of polymerization.

Appendix A. Supporting information

Supplementary data associated with this article can be found in the
online version at doi:10.1016/j.memsci.2018.09.011.
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