
Naturally Extracted Hydrophobic Solvent and
Self-Assembly in Interfacial Polymerization

Item Type Article

Authors Falca, Gheorghe; Musteata, Valentina-Elena; Chisca, Stefan;
Hedhili, Mohamed N.; Ong, Chi Siang; Nunes, Suzana Pereira

Citation Falca, G., Musteata, V. E., Chisca, S., Hedhili, M. N., Ong, C., &
Nunes, S. P. (2021). Naturally Extracted Hydrophobic Solvent
and Self-Assembly in Interfacial Polymerization. ACS Applied
Materials & Interfaces. doi:10.1021/acsami.1c07584

Eprint version Post-print

DOI 10.1021/acsami.1c07584

Publisher American Chemical Society (ACS)

Journal ACS Applied Materials & Interfaces

Rights This document is the Accepted Manuscript version of a Published
Work that appeared in final form in ACS Applied Materials &
Interfaces, copyright © American Chemical Society after peer
review and technical editing by the publisher. To access the final
edited and published work see https://pubs.acs.org/doi/10.1021/
acsami.1c07584.

Download date 23/05/2023 20:04:20

Link to Item http://hdl.handle.net/10754/671209

http://dx.doi.org/10.1021/acsami.1c07584
http://hdl.handle.net/10754/671209


Naturally Extracted Hydrophobic Solvent and Self-Assembly in
Interfacial Polymerization
Gheorghe Falca, Valentina E. Musteata, Stefan Chisca, Mohamed Nejib Hedhili, Chisiang Ong,
and Suzana P. Nunes*

Cite This: https://doi.org/10.1021/acsami.1c07584 Read Online

ACCESS Metrics & More Article Recommendations *sı Supporting Information

ABSTRACT: Pharmaceutical, chemical, and food industries are actively
implementing membrane nanofiltration modules in their processes to separate
valuable products and recover solvents. Interfacial polymerization (IP) is the most
widely used method to produce thin-film composite membranes for nanofiltration
and reverse osmosis processes. Although membrane processes are considered
green and environmentally friendly, membrane fabrication has still to be further
developed in such direction. For instance, the emission of volatile solvents during
membrane production in the industry has to be carefully controlled for health
reasons. Greener solvents are being proposed for phase-separation membrane
manufacture. For the IP organic phase, the proposition of greener alternatives is in
an early stage. In this work, we demonstrate the preparation of a high-performing
composite membrane employing zero vapor pressure and naturally extracted oleic
acid as the IP organic phase. Its long hydrophobic chain ensures intrinsic low
volatility and acid monomer dissolution, while the polar head induces a unique self-assembly structure during the film formation.
Membranes prepared by this technique were selective for small molecules with a molecular weight cutoff of 650 g mol−1 and a high
permeance of ∼57 L m−2 h−1 bar−1.

KEYWORDS: oleic acid, interfacial polymerization, self-assembly, thin-film composite, nanofiltration

■ INTRODUCTION

Membrane technology is a sustainable, robust, and cost-
effective process, which has been used for a long time in
reverse osmosis. This technology is constantly expanding for
separations that include partial desalination, recovery, and
purification of organic solvents and compounds in food and
pharmaceutical industries.1−4 Nanofiltration membranes have a
more open selective layer than reverse osmosis, which allows
the membrane to separate in the range of 200−2000 g mol−1.
The commercial nanofiltration membranes are mostly
polymeric and are in the form of integrally skinned asymmetric
membranes or thin-film composite (TFC) membranes. Due to
their high performance, TFC membranes are frequently the
preferred ones.5 In general, a polyamide (PA) layer is
manufactured by the interfacial polymerization (IP) method
introduced by Cadotte6,7 and has been successful on a large
scale. This technique consists of a polycondensation reaction
between two monomers, each dissolved in immiscible phases.
The classic IP systems are based on the dissolution of m-
phenylenediamine (MPD) or piperazine in water, and of
trimesoyl chloride (TMC) in apolar solvents, such as
isoparaffins, heptane, xylene, toluene, and the most common
hexane. Other monomers have been investigated in decades of
application, optimizing several conditions, such as monomer

chemistry and concentration, temperature, solvents, and
materials.8−13

Since the membrane manufacture is mostly a solvent-based
process, there is an increasing concern regarding their toxicity,
demanding their substitution by greener alternatives, in
preparation to stricter environmental laws. Greener solvents
for phase-inversion membranes have been reported, including
ionic liquids, PolarClean, and bioderived ones.14−19 While for
IP membrane preparation water is one of the phases, the
organic phase is mostly constituted by hexane or Isopar G.
Isopar G has a much higher boiling point than hexane, being
less volatile and preferred by many, but it is also produced
from petroleum. Ionic liquids have been one of the few greener
alternatives for the organic phase of IP membrane prepara-
tion.20 Each solvent substitution usually requires comprehen-
sive optimization and approval for translation to the industrial
production. The effect of classical organic solvents such as
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hexane, heptane, cyclohexane, and Isopar G on the thin layer
morphology has been investigated by different groups.21,22

Here, we use as the IP organic phase a solvent widely
available in nature: oleic acid (OA). OA is classified as a
monosaturated trans-fatty acid (18:1), with a boiling temper-
ature of 360 °C, which is found in olives (75%), canola (59%),
and tallow (43%). OA is essential for human health, having an
active role in cancer prevention. Besides, it is highly used in the
pharmaceutical, cosmetic, and food industries due to its
nontoxicity and ability to form liquid crystals. We previously
explored OA as a medium for the crosslinking of poly-
(ethyleneimine) as membrane coating.23 In this new approach,
OA is used as an organic phase for the IP reaction between
classical monomers, such as m-phenylenediamine (MPD) and
trimesoyl chloride (TMC), in the fabrication of TFC
membranes (Figure 1). Besides of its high performance in

nanofiltration application and the sustainability advantage as
green solvent, OA has a unique effect on the formation of the
membrane polyamide (PA) layer: a highly ordered structure
was observed, induced by the self-assembly of the amphiphilic
OA molecules on the reactive interface.

■ EXPERIMENTAL SECTION
Materials. Trimesoyl chloride (98%, 265,48 g mol−1), m-

phenylenediamine (flakes > 99%, 108.14 g mol−1), n-hexane,
methanol, Reactive Green (1418.9 g mol−1), Direct Red 80 (1373 g
mol−1), Brilliant Blue R (826 g mol−1), Congo Red (696.6 g mol−1),
Reactive Blue 19 (626.5 g mol−1), Bromothymol Blue (624.4 g
mol−1), and Orange G (452.4 g mol−1) were all purchased from
Sigma Aldrich. The polyacrylonitrile (PAN) ultrafiltration support
was provided by GMT. Finally, oleic acid and Isopar G were
purchased from Sigma Aldrich and ExxonMobil, respectively. All
chemicals were used without any further purification.
Thin-film Composite (TFC) Membrane Fabrication. The TFC

membrane was prepared by using MPD and TMC as monomers,
respectively, in water and oleic acid as the organic phase. The
formation of the TFC membrane was investigated at room
temperature and at 60 °C, using different reaction times. Firstly,
aqueous and oily solutions were prepared to dissolve MPD and TMC
at the defined concentrations. After the PAN support was well fixed in
the plastic frame, it was impregnated during 10 min with the diamine
solution. Thereafter, the excess of the aqueous solution was
successfully removed from the support by a rubber roller. At this

point, the OA/TMC solution was carefully poured on the top of the
membrane for 1 or 10 min. The samples at high temperatures (60 °C)
were prepared following similar steps, like for the room temperature
procedure. The only difference was that the aqueous and OA
solutions were previously preheated at 60 °C.

For spectroscopic characterization, freestanding thin films were
formed in a 50 mL vial or in a Petri dish. The same amount of
aqueous and organic solutions was used. The reaction starting time
was considered when the oily solution was poured into the vial. To
stop the reaction, the OA solution was carefully removed with a
pipette. To eliminate any potential rest of TMC and OA, the
membrane was washed with Isopar G and hexane. Finally, the water
was removed with a syringe and the freestanding membrane was
collected.

Chemical and Hydrophilicity Characterization. The chemical
characterization and formation of the polyamide layer were evaluated
by Fourier transform infrared spectroscopy (FTIR) (Nicolet iS10,
Thermo Fisher Scientific).

X-ray photoelectron spectroscopy (XPS) was conducted under a
base pressure of 3 × 10−9 mbar using a Kratos Axis Supra DLD
spectrometer equipped with a monochromatic Al Kα X-ray source (hν
= 1486.6 eV). Freestanding membranes prepared for 1 and 10 min
were collected on a gold substrate and soaked consecutively in Isopar
G, hexane, ethanol, and water. The samples were then dried in an
oven for 3 h under vacuum.

The ζ potential of the thin-film composite membranes was
measured in aqueous solutions with pH ranging from 4 to 8 using a
Zetasizer Nano series HT.

The membranes’ water contact angles were measured using a
goniometer (OCA 35, Data-Physics).

Morphological Characterization. The membrane surface
morphologies were investigated by scanning electron microscopy
(SEM) (Merlin, Zeiss) with the voltage ranging from 3 to 5 kV and a
working distance of 5 mm. Finally, to avoid a charging effect under
electron irradiations, a 3 nm iridium coating was applied. Trans-
mission electron microscopy (TEM) images were obtained using a
FEI Titan CT microscope, operating at 300 kV. For the sample
preparation, the membranes were first stained for 1 h with RuO4
vapors; then, small pieces were embedded in epoxy resin
(EMbed812) and thermally cured overnight at 70 °C. RuO4 vapors
stain aromatic and carboxylic groups, which are present in the
polyamide layer. Thin sections having approximately 100 nm
thickness were cut with an Ultramicrotome Leica UC7 and collected
on 300 mesh copper grids for TEM imaging. For all analyses, the
samples were previously freeze-dried to ensure total water removal.

Membrane Performance. The performance of the membrane
was evaluated using a stainless-steel cell with an active area of 1 cm2,
maintaining a constant operative transmembrane pressure of 10 bar at
room temperature and recording the amount of permeate at fixed
time intervals. The experiments were carried out three times.

The permeance was calculated using eq 1

=
Δ

Q
A P

permeance
(1)

where Q corresponds to the permeation rate of the solvent (L h−1), A
is the effective permeating area of the membrane (m2), and ΔP is the
transmembrane pressure (bar). The permeance is expressed in L m−2

h−1 bar−1.
For rejection experiments, 10 ppm of aqueous dye solutions were

used as feed (typically 100 mL). The rejection was calculated by eq 2

= × −
i
k
jjjjj

y
{
zzzzzR

C

C
(%) 100 1 p

f (2)

where Cf and Cp, respectively, indicate the dye concentration of the
feed and permeate.

To quantitatively assess the membrane rejection, a UV
spectrometer (NanoDrop 2000c) was used. By definition, the
molecular weight cutoff (MWCO) is the lowest molecular weight
that can be rejected with a degree of 90%.

Figure 1. Thin-film composite membrane formation using oleic acid
(OA) as the organic phase.
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■ RESULTS AND DISCUSSION

To synthesize the TFC membrane, we used classical IP
monomers, MPD and TMC, and replaced the common hexane
solvent by OA in the organic phase, which is a natural product
from coconut and a green solvent. Moreover, the low vapor
pressure and higher boiling point of the OA could open the
possibility of synthesizing TFC membranes by using
monomers of lower reactivity or solubility, requiring reactions
at higher temperatures. We investigated the formation of the
TFC membrane at room temperature and at 60 °C using
different reaction times and temperatures.
FTIR was used to confirm the interfacial polymerization

reactions using different monomer (MPD and TMC)
concentrations, performed with hexane or OA as the organic
phase. Figure 2a reports the spectra of pure unreacted TMC
and OA. Figure 2b compares the spectra of freestanding
polyamide films formed using 2 wt % MPD aqueous solution
and 0.8 wt % TMC by applying two different organic solvents.
The membrane was washed after the polymerization with
Isopar G, hexane, and ethanol to eliminate any potentially
unreacted monomers and to extract any remaining OA.
However, although extensive washing was carried out, the
peak characteristics of OA can still be seen in the spectra of the
freestanding layer in Figure 2b (highlighted in blue; 2 peaks
around 2800−2900 cm−1 and a shoulder at 1710 cm−1).24

Analogous characterization of membranes prepared on PAN
supports led to a similar conclusion, even after 72 h of washing
(Figure S1a). This suggested that a small amount of OA is
trapped and taking part in formation of the polyamide layer
assembly. The spectra in Figure 2b also show characteristic
peaks of polyamide at 1609 cm−1 relative to the N−H
stretching of the aromatic amide, at 1510 cm−1 corresponding
to the C−N stretching vibration, and at 1541 cm−1

corresponding to the N−H in-plane bending belonging to
the secondary amide.25,26 The peak at 1650 cm−1 is

characteristic to the CO stretching of the primary amide.
Analogously to Figure 2b, Figure S1b shows the spectra of thin
polyamide layers prepared on a PAN support, using 2 wt %
MPD and 0.2 wt % TMC at 60 °C for 1 and 10 min, and the
spectrum of the plain support as well. Besides the characteristic
peaks for the polyamide layer, the spectra of the TFC
membranes prepared on PAN supports show distinctive PAN
peaks at 1453 and 2243 cm−1 for symmetrical C−H bending
and C≡N, respectively.27 The peak intensity and the relative
contributions of PAN and polyamide depend on the thickness
of the formed layer, driven by the time of the reaction and
monomer concentrations (see Figure S1a,b). The character-
istic peaks for the polyamide layer were more pronounced
when the reaction time was increased or when the monomer
concentrations were higher (as in Figure S1a).
XPS was used to confirm the extent of the reaction between

monomers, leading to the formation of the polyamide
structure. Figure 2c,d show the C 1s spectra and Figure 2e,f
the N 1s spectra for the freestanding TFC membranes
synthesized from 2 wt % MPD and 0.2 wt % TMC at 25 °C
for 1 and 10 min. The C 1s core-level spectra were fitted using
five components located at 284.9, 285.9, 288.2, 289.3, and
291.2 eV, attributed to CC/C−C, C−O/C−N, N−CO,
O−CO, and π−π* shake-up satellites, respectively. The N
1s core-level spectra were fitted using two components located
at 399.7 and 401.6 eV attributed to OC−N and R-N+H3.
The survey XPS spectra for the TFC layer formed using 1 min
reaction time show three major peaks of carbon, nitrogen, and
oxygen (Figure S2a). The peaks at 288.2 eV (C 1s), 399.7 eV
(N 1s), and 531.6 eV (O 1s) attributed to OC−N (Figure
S2b,c) demonstrate the formation of the polyamide structure
even when the reaction time it was 1 min. However, the
appearance of the peaks at 289.3 eV (C 1s) and 533.3 eV (O
1s) indicates the presence of carboxylic groups, which can be
associated with the trapped OA. We cannot completely exclude

Figure 2. (a) FTIR spectra of the TMC monomer, with oleic acid as organic phase; (b) FTIR spectra of freestanding polyamide layers prepared by
interfacial polymerization using OA (red spectra) and hexane (gray spectra), with 2 wt % MPD and 0.8 wt % TMC and 3 h reaction time (the blue
marks in a and b highlight the OA peaks); (c−f) XPS C1s and N 1s spectra of the freestanding polyamide layer obtained using 2 w % MPD/0.2 wt
% TMC with (c and e) 1 and 10 (d and f) minutes of reaction time.
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the contribution of some unreacted acyl chloride being
hydrolyzed to the carboxylic acid group. In addition, N 1s
spectra show a peak at 401.6 eV attributed to R-N+H3,
suggesting that the carboxylic groups trapped in the polyamide
can interact with the amino group to form a protonated amine
complex, as is reported in the literature.24

The static water contact angle values on the PAN support
and TFC membranes are presented in Table 1. The polyamide

contact angles are in the range of 76−90°, which are close to
the values reported in the literature,28−30 indicating a more
hydrophobic character than that of the plain PAN support.
The similar values obtained for the TFC membranes
synthesized at 25 °C suggest that a continuous layer forms
in all investigated conditions of monomer concentration and
reaction time.
The morphology of the polyamide layer was first

investigated by SEM, using low monomer concentrations.
Figure 3a shows the surface images of the PAN support, and
Figure 3b,c shows the surface morphology of the polyamide
layer obtained using 0.2 wt % MPD and 0.02 wt % TMC at
room temperature, for 1 and 10 min, respectively. The TFC
layer homogeneously covers the porous PAN substrate,
perfectly accommodated to its relief. Due to the ultralow
thickness (around 17 nm, see the TEM cross-section image in
Figure S3), the substrate morphology is still reflected on the
images, as previously observed also in other thin-film
membranes.31,32

By keeping the MPD concentration at 0.2 wt % and varying
the TMC content, the surface morphology evolution as the
selective layer is formed with a higher monomer concentration
and a longer reaction time is seen in Figure 4a. The porous
structure imaged by SEM is not responsible for the separations
discussed later in this work. An ultrathin denser selective layer
is probably formed immediately on the PAN surface. The
porous network of highly uniform spherical cavities evolves as
a subsequent layer, reflecting a self-assembly influenced by the

arrangement of OA amphiphilic molecules near the interface,
analogously to what is depicted in Figure 4b (left side). On
keeping the same monomer concentration (0.2 wt % MPD/0.2
wt % TMC and 0.2 wt % MPD/0.8 wt % TMC) and increasing
the reaction time from 60 to 180 min, a similar morphology
with no further structuration appears (Figure S4). However,
when the monomer concentrations are particularly high, as the
reaction time increases, a different structure resembling
crystallization or ordered nucleation and growth is observed
as illustrated in Figure 4b. This can be seen already after 10
min with 2 wt % MPD and 0.8 wt % TMC. The extreme case is
shown for 180 min reaction, 2 wt % MPD, and 0.8 wt % TMC.
This structure could be understood from the schemes depicted
in Figure 4b, evolving from the assembly of the amphiphilic
OA molecules around the acid monomers dissolved in this
organic phase, and further growing as the polymerization
proceeds.
The cross section was investigated in detail by TEM. The

images are shown in Figures 5 and S3, after selectively staining
the polyamide layer with ruthenium oxide. If all other
conditions are kept constant, the polyamide layer obtained
using OA as organic phase solvent is thinner and more regular
than when using hexane. The typical “ridge and valley”
morphology was obtained with hexane (Figure S5). With OA,
when the MPD and TMC concentrations were 0.2 wt % or
lower, a layer thinner than 50 nm is formed, smooth or with a
regular wavy surface contour line, as seen in Figure 5. When
the reaction is performed at higher temperature, a thin, and
rougher layer is formed. As the MPD and TMC concentrations
increase, respectively to 2 and 0.8 wt %, using OA as the
organic solvent, a much thicker and rougher layer is formed,
corresponding to the morphology observed by SEM.
The comprehensive understanding and control of the

morphology of layers obtained by interfacial polymerization
has been a topic of discussion in the literature for years.9,33−39

It is affected by temperature,9 the viscosity of the reactive
medium,39 the morphology and hydrophilicity of the porous
substrate,35 and the presence or not of an intermediary,
sometimes sacrificial layer.9

In the approach we use in this work, the main reason to use
OA is as a green substitute of volatile organic solvents such as
hexane or toluene. However, it additionally has a significant
impact on the morphology of the interfacially polymerized
layer and this is important to discuss here. The OA influence is
relevant on two main aspects: (i) the viscosity of the organic
phase and (ii) the surface activity and its self-assembly
induction. The polyamide formation is guided by the effective
diffusion of reactant monomers dissolved in the organic and
aqueous phases to the reactive interface. The polymerization

Table 1. Water Contact Angles on Thin Films Prepared
under Different Conditions

membrane sample contact angle (°)

plain PAN 29 ± 1
2 wt % MPD/0.2 wt % TMC, 25 °C, 1 min 78 ± 1
2 wt % MPD/0.2 wt % TMC, 25 °C, 10 min 81 ± 2
0.2 wt % MPD/0.02 wt % TMC, 25 °C, 1 min 82 ± 2
0.2 wt % MPD/0.02 wt % TMC, 25 °C, 10 min 82 ± 1
2 wt % MPD/0.2 wt % TMC, 60 °C, 1 min 76 ± 3
2 wt % MPD/0.2 wt % TMC, 60 °C, 10 min 90 ± 1

Figure 3. SEM images of membrane surfaces: (a) pristine PAN and (b, c) PAN coated with a polyamide selective layer, prepared by the interfacial
polymerization of 0.2 wt % MPD in water and 0.02 wt % TMC in OA at 25 °C reacted during (b) 1 and (c) 10 min.
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occurs fast when monomers in the aqueous and organic phases
encounter and the morphology of the incipient layer reflects
the turbulence at the interface and any potential direction-
driven organization of the monomers while the polymer is
being formed. Previous reports on interfacial polymerization

for membranes have considered the relatively rough “ridge and
valley” morphology to be a result of the strongly exothermic
reaction between amine-functionalized and acid chloride
monomers.9 A turbulence in the interfacial region results
from a local increase of temperature as the reaction occurs.

Figure 4. (a) SEM images of the surface of thin-film composite membranes, prepared by interfacial polymerization using OA as the organic phase
with different MPD and TMC concentrations and reaction times, conducted at room temperature. (b) Scheme of the potential organization of OA
molecules and monomers to form the observed morphology in initial stages (left) and as the reaction time proceeds, particularly with high
monomer concentrations (right).

Figure 5. TEM images of membrane cross sections stained with RuO4. Polyamide selective layers prepared with 0.2 (top) and 2 wt % (bottom)
MPD aqueous solutions and different concentrations of TMC in hexane (H) or OA, reacting at 1 or 10 min, at 25 or 60 °C.

ACS Applied Materials & Interfaces www.acsami.org Research Article

https://doi.org/10.1021/acsami.1c07584
ACS Appl. Mater. Interfaces XXXX, XXX, XXX−XXX

E

https://pubs.acs.org/doi/10.1021/acsami.1c07584?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.1c07584?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.1c07584?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.1c07584?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.1c07584?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.1c07584?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.1c07584?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.1c07584?fig=fig5&ref=pdf
www.acsami.org?ref=pdf
https://doi.org/10.1021/acsami.1c07584?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


Turbulence can be also stimulated by a fast diffusion of the
monomers to the reaction interface. When a porous support is
embedded with the amine-functionalized monomer solution,
its diffusion to the interface will be faster through the pores
than from the denser areas between the pores. This contributes
to the roughness.
Recently, the structuration of the thin-film morphology was

observed when poly(vinyl alcohol) was dissolved in the
aqueous phase during the interfacial polymerization process.
The morphology was linked to Turing patterns.39 They are
examples of non-equilibrium reaction-diffusion patterns.40

Turing patterns are expected to depend only on reactant
concentrations and input rates. They should not depend on
geometrical parameters and should not result from convective
contributions like the formation of other non-equilibrium
structures such as Benard cells. Another intriguing example of
the reaction-diffusion pattern formation is the Liesegang
phenomenon,41 which is caused by a combination of
reaction-diffusion and precipitation in a highly viscous
medium. In our case, the morphologies shown in Figure 4a
might be an even more complex combination of reaction-
diffusion, precipitation, and self-assembly (Figure 4b). OA
provides a much more viscous organic phase for the diffusion
of acid monomers to the reactive interface than hexane,
although it is far from being considered a gel. The high
viscosity reduces the diffusion rate of TMC to the reaction
interface and reduces any convective movement during the
reaction. This is reflected in a smoother layer, as can be seen in
Figure 5 for 0.02 wt % TMC. Higher temperature (60 °C
compared to 25 °C) reduces the viscosity and a rougher layer
is formed, as also observed by TEM. By fixing the temperature
at 25 °C and increasing the TMC concentration from 0.02 to
0.2 wt %, the smooth layer becomes wavy. A thicker and
organized structure develops as the concentration and reaction

time increase even more. For this development, viscosity is
only one factor that could contribute to a diffusion-controlled
reaction. OA can be seen as a surfactant constituted by a long
hydrophobic tail and a polar carboxylic head. It is expected that
a monolayer of OA molecules will be placed at the reactive
interface with the polar heads directed to the aqueous phase.
Therefore, in this case, the interface has a directive character,
which might induce self-assembly as the polymer is being
formed, leading to the formation of the unusual structures as
schematically shown in Figure 4b. As the polyamide is formed,
some OA molecules remain partially trapped in the insoluble
layer (Figure 2b). We can also envisage that there is a TMC-
OA micelle formation with TMC highly polar molecules
directly interacting with the OA polar heads. TMC would be
partially supplied to the surface in the form of micelles, as
depicted in Figure 4, and this could be the reason for the
regular spherical morphologies detected by SEM. We have
previously used surfactants such as sodium dodecyl sulfate
(SDS) to improve the solubility of monomers for the
interfacial polymerization.11 Surfactants like SDS have been
also more recently used to improve the quality and thickness of
interfacial polymerization membranes.42 Non-ionic surfactants
have been reported to contribute to an emulsion-mediated
interfacial polymerization.43 In our system, the spherical
morphology is much more evident. Furthermore, when the
TMC concentration and the reaction time are higher, the self-
assembly and precipitation in the viscous medium give rise to
even more ordered stacked structures as seen in Figure 4.
The separation performances of the different TFC

membranes were investigated in a dead-end mode using
water and methanol, and the results are reported in Figure 6.
For the rejection experiments, aqueous solutions with Orange
G, Congo Red, Brilliant Blue R, and Reactive Green were used
as model solutes. For methanol experiments, Orange G,

Figure 6. Nanofiltration performances of TFC membranes prepared under different conditions: (a−d) rejection of different dyes in aqueous
solutions and water permeance using 1 min reaction time (a and b) and 10 min reaction time (c and d); (e) rejection of dyes in methanol; (f) UV−
vis spectra for feed, permeate, and retentate to estimate the Direct Red 80 rejection in methanol after permeating for 48 h.
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Bromothymol Blue, Reactive Blue 19, and Direct Red 80 were
used (Table S1). The pristine PAN support has a pure water
permeance of about 80 L m−2 h−1 bar−1, while the permeances
of the TFC membranes prepared from 0.2 or 2 wt % MPD and
0.02 or 0.2 wt % TMC are in the range of 38−57 L m−2 h−1

bar−1 (Figure 6b,d). The highest permeance values were
obtained for 2 wt % MPD/0.2 wt % TMC, prepared for 10 min
at 25 and 60 °C (Figure 6d). The molecular weight cutoff
(MWCO) of the 2 wt % MPD/0.2 wt % TMC membranes is
650 g mol−1, with a slightly higher rejection of the membranes
prepared for 1 min at 25 and 60 °C (Figure 6a,c). Generally,
the rejection of these membranes was relatively similar,
indicating that a successful interfacial polymerization is
obtained even when the reaction time is only 1 min.
By lowering the monomer concentrations to 0.2 wt % MPD/

0.02 wt % TMC, a tight structure is still obtained
independently of the applied reaction time. Higher rejections
were reached, with MWCO up to 420 and 600 g mol−1, using
reaction times of 1 min at 25 °C and 10 min at 60 °C,
respectively (Figure 6a,c). The water permeance of membranes
prepared with high TMC concentrations (0.5−0.8 wt %) was
lower than 1 L m−2 h−1 bar−1, and therefore, the performance
investigation was restricted to membranes obtained with TMC
concentrations as high as 0.2 wt %.
To investigate the influence of the Donnan effect on the

transport, we evaluated the surface charge by measuring the ζ
potential on different pHs (4−8). The values obtained for pH
4 and 5 are around −20 mV, while by increasing the pH to 7
and 8, which is the range at which we performed the separation
experiments, the ζ potential was around −60 mV. This
indicates that the TFC membranes are strongly negatively
charged. Considering that the selected dyes have in their
structure at least 2 negative charges (Table S1), the Donnan
effect is expected to play an important role during the
separation. Therefore, the good rejection of the dyes with
distinct molecular weight suggests that the separation might
have the contributions of both Donnan effect and size
exclusion.
The performances obtained for TFC membranes using

aqueous solutions as feed are comparable or for selected
conditions much higher than the data previously reported for
TFC membranes obtained by interfacial polymerization of
different monomers on similar support (PAN) or others
(poly(ethersulfone) (PES), polysulfone (PSU), PS) (Table 2),
indicating not only that the synthesis process can be more
sustainable by using OA, but also that the performances are
improved.

The TFC membrane prepared using 0.2 wt % MPD/0.02 wt
% TMC for 1 min at 25 °C was selected to explore the
membrane performances in methanol. As depicted in Figure
6e, the membrane is well suited for organic nanofiltration
having an MWCO of 580 g mol−1, which is slightly higher than
in water (Figure 6a). This behavior can be explained by the
less pronounced Donnan effect in organic solvents, although a
membrane partial swelling in methanol cannot be excluded.
We investigated the performance in methanol with Bromo-
thymol Blue (624.38 g mol−1), which is a neutral molecule.
The rejection of this dye is 50% (Figure S6a), proving that the
TFC membrane separation combines the Donnan effect and
size-selective mechanism also in organic solvents. We
performed a long filtration measurement to show that the
TFC layer obtained using OA is stable. Figure S6b shows the
methanol permeance during rejection experiments of Direct
Red 80 for 48 h. The permanence values initially decrease
before reaching a constant value at 13 L m−2 h−1 bar−1. The
behavior during long-term filtration could indicate that the
potentially trapped OA is not affecting the performance of the
membranes since we did not see any increase in the permeance
values. The Direct Red 80 rejection is 99.9% after 48 h,
demonstrating that the TFC membranes synthesized by this
new procedure are also promising for organic solvent
applications (Figure 6f).

■ CONCLUSIONS

A naturally extracted green solvent has been implemented as
organic phase for the dissolution of TMC and interfacial
polymerization with MPD. Scalable thin-film composite
membranes were successfully obtained by replacing hexane
by OA.
SEM images showed the difference between the various

polymerization conditions, going from a smooth layer for low
TMC concentration (0.02 wt %, 1 min reaction) to a thicker
and self-assembled structure as the concentration and reaction
time increase up to 0.8 wt % and 60 min, respectively.
Additionally, TEM images show the thickness of the film
obtained with 0.02 wt % TMC as being close to 20 nm, formed
in a short reaction time. This characteristic led to high water
permeances, which are in the range of 38−57 L m−2 h−1 bar−1,
with MWCO in the nanofiltration range (650 g mol−1).
In conclusion, we believe that OA can be a valid alternative

to hexane as organic phase without volatile emission during the
membrane fabrication, with high performance in the nano-
filtration range.

Table 2. Performances of the OA System Compared to Previous Reportsa

membrane monomers support permeance (L m−2 h−1 bar−1) MWCO (g mol−1) Reference

dopamine/TMC PES ∼7 452 44
triethylamine/ sodium laurylsulfonate/ TMC PSU ∼17 696 45
dopamine/TMC PSU 3.5 292 46
gallic acid/poly(ethyleneimine) PAN 3.6 408 47
aminophenoxy benzenesulfonate/TMC PSU ∼12.5 696 48
carboxylated aromatic diamine-diol/TMC PSU ∼10 466 49
sulfonated dopamine/TMC PAN ∼10 320 50
tannic acid/TMC PES 25 320 51
MPD/TMC (activated) ceramic 0.4−9 585 52
MPD/TMC PAN 57 650 this work
MPD/TMC PAN 38 420 this work

aPES: poly(ethersulfone); PSU: polysulfone; PAN: polyacrylonitrile; activated: exposed to solvents.
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