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The development of functional polymers using sustainable resources is an increasingly important 
pursuit. Unsaturated fatty acids represent a potentially interesting class of renewable materials for this 
purpose. Their unsaturated carbon bonds permit crosslinking to form solid polymers. Additionally, 
their carboxylic acid functional groups provide for the display of specific surface chemistry within 

the resulting polymers, and also enable chemical derivatization. Here, we explore the fabrication of 
nanometer-scale size-selective membranes using conjugated linoleic acid derived monomers. Potassium 

salt conjugated linoleic acid surfactants (KCLA) self-assembled to form hexagonally packed cylinders 
(HI ) in an aqueous medium containing glycerol. This structure provides a highly ordered medium with 

aqueous-continuous channels for nanofiltration. The HI mesophase was crosslinked with the addition 

of bifunctional comonomers and the ordered structure was retained with good fidelity in the resulting 

thin polymer films ( < 400 nm thick). These film function effectively as nanofiltration membranes, 
with a size cut-off of approximately 1.2 nm for charged solutes, while maintaining a high permeance 
of ∼ 9 LMH/bar. This performance is on par with several commercial nanofiltration membranes and 

these materials are therefore of potential interest for advancing sustainability concerns in practical 
nanofiltration applications. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Introduction 

Chemical separations account for approximately 50% of costs
and energy usage in chemical manufacturing [1] . Compared
to conventional thermally driven methodologies such as
distillation, evaporation, and extraction, membrane-based
separation processes often offer the distinct advantages of
lower energy consumption and mechanical simplicity [ 1 , 2 ]. The
investigation of nanofiltration is driven by the escalating demand
for water purification, characterized by increasingly complicated
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contaminants, including pharmaceuticals, pesticides, industrial
chemicals and so on compared to conditions a decade ago.
Concomitantly, there is increasing interest in the realization
of new improved nanofiltration membranes with pore
sizes in the range of 1 to 10 nm [3–5] . Several options are
available for nanofiltration membranes currently. These include
membranes based on inorganic materials, specifically metal-
organic frameworks and zeolites, membranes based on self-
assembled block copolymers, those based on polyamide thin-film
composites, and membranes made by solvent inversion of
polymers such as poly(vinylidene fluoride) (PVDF) and poly(ether
sulfone) (PES) [5] . Membranes made using zeolites and frameworks
have the advantage of customizable pore sizes and shapes.
 license ( http://creativecommons.org/licenses/by-nc-nd/4.0/ ) 
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his versatility enables the creation of membranes featuring 
arrow pores (sub-1 nm), and controlled pore-size distribution 

ccompanied by high porosity ( ∼50% or crystal volume) [ 6 , 7 ].
owever the inability to produce these materials as large-area 
efect monolithic films necessitates several compromises in 

heir use in chemical separations, and they are often used as
llers in polymer melts in so-called mixed matrix membranes 
 8 , 9 ]. Furthermore, these materials in the thin-film state are
ubject to difficult to control intrinsic or extrinsic defects in the
rown crystalline domains, resulting in nonselective permeation 

nd posing significant challenges for large-scale reproducible 
anufacturing [ 10 , 11 ]. 
An alternative approach involves the use of block copolymers, 

he self-assembly of which yields membrane materials with 

ell-controlled nanostructure and surface chemistries. Early 
ork by Thomas et al . highlighted the potential of block
opolymers as nanoporous materials, based on the application 

f selective etch chemistry [12] . Consistent and scalable 
rocessing of block copolymer materials without the need for 
omplex manufacturing techniques is now possible using non- 
olvent induced phase separation [13–16] . A limitation of block
opolymer-based membranes however is the constraint imposed 
y need for the constituent building blocks to be large enough
o drive self-assembly at reasonable temperatures. This manifests 
tself as a lower bound on the size of pores that can be
roduced of roughly 5 nm [ 17 , 18 ]. Additionally, the permeability
nd selectivity of these membranes are compromised by the 
onvolution of the kinetically dictated phase inversion process 
ith thermodynamically driven self-assembly. The result is the 
roduction of a more tortuous and less precisely defined transport
egulating structure than desired [17–20] . 

Membranes derived from the self-assembly of polymerizable 
esophases of lyotropic liquid crystals (LLCs) provide an 

ttractive option for nanofiltration. The HI or direct-hexagonal 
esophase offers transport in a bicontinuous medium around 
exagonally packed cylinders, rather than through discrete 
ylindrical pores. As a result, the need for orientation control of
Figure 1 

chematic for fabrication of HI selective nanofiltration membrane from conjugated lin
hat self-assembles into the hexagonal mesophase. The mesophase is composed of
he crosslinker to help chemically tether the crosslinkable parts. b) Schematic demon
reated by highly ordered packed cylinders. 

 

he structure is obviated and considerations regarding anisotropic 
ransport can be circumvented [21] . Membranes realized by 
rosslinking HI mesophases of readily accessible amphiphilic 
uilding blocks offer uniform pore sizes that can be precisely 
pecified and varied in the range of ∼0.5-2 nm. This is attractive
n the context of nanofiltration. [22–25] . At the same time, the
ransport channels in LLC-derived membranes can be customized 
ased on the headgroup chemistry of the amphiphile, offering 
he ability to tailor the permeability and selectivity properties of 
he membranes [26–28] . Consequently, nanofiltration membranes 
ade from LLC mesophases have received increased attention in 

ecent years [ 29 , 30 ]. 
The development of functional polymers derived from 

ustainable resources represents an attractive proposition, with 

conomic and environmental benefits relative to traditional 
etroleum-based materials. This topic is one of increasing 
oncern in the context of materials sustainability [31] . Renewable 
esources, such as starch, terpenes, cellulose, and natural oils, 
ncluding octanoic acid, decanoic acid, oleic acid, and linoleic 
cid, have emerged as candidates of interest in this regard [31–34] .
hese sustainable resources offer compelling advantages of ready 
vailability, low-cost, and biocompatibility. Especially unsaturated 
atty acids, either in their natural or synthetic forms, can be
eadily chemically derivatized to display diverse surface activities. 
oreover, their crosslinkability, stemming from their unsaturated 
oieties, positions them as potentially important feedstocks in 

he production of useful polymeric materials [35–37] . Linoleic 
cid (LA) is one such fatty-acid feedstock, featuring crosslinkable 
iene groups. The conjugated form, conjugated linoleic acid 
CLA), displays better polymerization kinetics than the non- 
onjugated version, despite the steric constraints originating from 

he location of the double bonds in the interior of the alkyl tail of
he molecule [33] . 

Here, we explore the use of CLA to create highly ordered
anoporous polymers for use as nanofiltration membranes. 
he concept is illustrated in Fig. 1 . The potassium salt of
onjugated linoleic acid surfactants (KCLA) self-assembled as 
oleic acid-derived system. a) The molecular structure of the lyotropic precursor 
 a polymerizable KCLA, aqueous content glycerol. The HDDMA was added as 
stration of the selective separation of the nanoporous features on membrane 
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hexagonally packed cylinders (HI ) in a glycerol-rich aqueous
medium (90/10 wt./wt. glycerol/water mixture). The mesophase
was crosslinked with methacrylate co-monomers by UV-induced
radical polymerization. Thin membranes, ∼400 nm thick,
were prepared by solution deposition of the mesophase on
microporous support membranes, followed by UV-induced
crosslinking. These composite thin membranes were deposited
on microporous mechanical supports. The composite membrane
provided relatively high permeance of ∼9 Lm−2 h−1 bar−1 ,
on par with several state-of-the-art commercial nanofiltration
membranes (e.g. Dow NF 90). Through conducting a series of
pressure-driven solute rejection experiments involving different
charged and neutral dyes, the critical effective pore size of these
thin membranes is determined ca. 1.2 nm. 

Material and Methods 
Materials 
Octadeca-10, 12-dienoic acid was purchased from Ambeed.
Potassium hydroxide, 1,6-hexanediol dimethacrylate (HDDMA),
and 2-hydroxy-2-methylpropriophenone (HMP) were purchased
from Sigma-Aldrich. Among them, HDDMA was used after
the removal of hydroquinone inhibitor by aluminum oxide
adsorption. All other chemicals from Fisher Scientific were used
without any further treatment. 

Synthesis of Potassium Salt Conjugated Linoleic Acid (KCLA) 
Surfactant 
Octadeca-10, 12-dienoic acid and potassium hydroxide were
mixed in deionized water at a 1:1 molar ratio. The solution
was heated to 55 °C and left to react overnight with stirring.
The water was removed using lyophilizer to obtain the crude
product. The crude product was then further purified by washing
with chloroform to eliminate any unreacted octadeca-10, 12-
dienoic acid. After drying residual chloroform under vacuum, the
resulting KCLA appeared as a white powder. Unlike octadeca-10,
12-dienoic acid, KCLA was soluble in water. The formation of
KCLA was confirmed by nuclear magnetic resonance spectroscopy
(1 H NMR) and Fourier transform infrared spectroscopy (FT-IR). All
1 H NMR data was collected by NEO400 with automation using
deuterated methanol (MeOD-4) as the solvent and all FT-IR data
was collected with FTIR (JASCO 6300) in the attenuated total
reflection (ATR) method. 

Formation of Lyotropic Liquid Crystal Mesophase 
KCLA and aqueous content glycerol (90/10 (w/w) glycerol/water)
were mixed at varying weight fractions (0 to 100 wt.%) in
centrifuge tubes. The tubes were centrifuged at 14500 rpm for 1
h, followed by manual mixing with blunt needles. These steps
were repeated 2-4 times until homogeneous and transparent gels
were obtained. The mesophases of mixtures at room temperature
were characterized using polarizing optical microscopy (POM)
and small-angle X-ray scattering (SAXS). POM images were
captured by the Zeiss Axiovert 200M inverted microscope with
crossed polarizers. Samples for optical characterization were
sandwiched between two glass substrates and thermally annealed
with 0.5 °C/min to grow larger grains. SAXS measurements were
performed using a XAENOCS Xeuss 2.0 system X-ray scattering
instruments at the University of Pennsylvania. The instrument
was equipped with a GeniX3D Cu beam source with a wavelength
of λ = 1 . 54 Å. The distance between the detector and samples
was calibrated using silver behenate. 2-D scattering plots were
integrated into 1-D plots of scattering intensity (I) versus q
using Foxtrot software. Each measurement took 10 min to collect
enough signals. Unpolymerized sample gels were sealed in quartz
capillary tubes, while polymer films and nanoporous membranes
were sandwiched between polycarbonate films. 

Polymerization of HI Mesophase 
The HI mesophase formation was observed within the
composition between 43 to 65 wt.% KCLA in aqueous content
glycerol. To stabilize the HI mesophase for membrane fabrication,
1,6-hexanediol diamethacrylate (HDDMA) and 2-hydroxy-2-
methylpropriophenone (HMP) were added as the co-monomer
and photo-initiator. The composition for polymer fabrication
was 55/35/9/1 (w/w/w/w) KCLA/Glycerol/HDDMA/HMP with
a KCLA concentration of 55 wt.% due to its most ordered
structure as indicated by SAXS profiles. The HI mesophase was
fixated by photoinitiated free-radical polymerization, achieved
by exposing the mixture under 365nm UV light for 4 h under
nitrogen atmosphere. The retention of HI phases before and after
polymerization wasconfirmed by POM and SAXS. The effectivity
of crosslinking was assessed by FT-IR. 

Fabrication and Characterization of Crosslinked Thin Film 

A commercial ultrafiltration membrane made of polyacrylonitrile
(PAN, Synder PX) was employed as the mechanical support for the
deposition of a hexagonal (HI ) thin film. To create a temporary
barrier, a layer of water-soluble polyvinyl alcohol (PVA, MW
13,000-23,000) was applied between the composite membrane
and PAN support. 10 wt.% 55 kg/mol PVA was dissolved in water
and spin-coated on PAN support at 3000 rpm for 10 min. The
membrane casting solution was prepared by dissolving mesophase
precursors in methanol at a concentration of 15 wt.%. The
solution was filtered through a 0.2 μm polytetrafluoroethylene
(PTFE) syringe filter and degassed for 5 min before the usage.
The casting solution was then spin-coated on PVA layer at 2000
rpm for 15 min to ensure all solvent evaporated. Subsequently,
the film was exposed to 365 nm UV light for 4 h under nitrogen
atmosphere for polymerization. 

The retention of HI structure in this thin-film fabrication
was determined by POM, SAXS, and grazing incidence small-
angel X-ray scattering (GISAXS). For the transmission SAXS
characterization, crosslinked spin-coated thin film was scraped
from the substrate and subjected to scattering analysis. GISAXS
measurements were performed using the same XAENOCS Xeuss
2.0 system X-ray scattering instruments with a GeniX3D Cu
beam source with a wavelength of λ = 1 . 54 Å. Sample solution
was loaded on the pre-cleaned silicon substrates. The silicon
substrates were mounted on a standard GISAXS sample holder.
The incidence angle between the substrate surface and incoming
beam was set as 0.22 °. Each measurement took 4 h to collect
enough signals. 2-D scattering plots were integrated into 1-D plots
of scattering intensity (I) versus q by the Foxtrot software. Casting
solutions ranging from 3 wt.% to 20 wt.% were spin-coated on the
3 
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ilicon substrates following the same polymerization procedure 
escribed earlier and then characterized by GISAXS for mesophase 
etention. 

The thickness of thin-film was measured by atomic force 
icroscopy (Bruker Dimension Icon AFM at the tapping mode) 
nd JEOL 7500F field-emission scanning electron microscope 
SEM). For AFM measurement, sample solutions were dissolved 
n methanol and subsequently spin-coated at 2000 rpm onto 
ilicon wafers. Then the spin-coated samples were exposed to 
mbient air for 5 minutes to ensure complete solvent evaporation
rior to photo-crosslinking. After polymerization via UV light 
xposure, the thin films were scraped a trace of ditch by razor
lade for height profile measurement. The height profile of AFM
mages was analyzed with the software NanoScope Analysis V1.9. 
he surface morphology and thickness of composite thin film 

eposited atop PAN were further characterized by SEM. All samples
ere submerged in a bath of liquid nitrogen until samples became
rispy and fractured into 10 mm × 5 mm pieces immediately. For 
ncreasing the contrast of these organic samples, before taking the
icrograph, the samples were sandwiched between thin specimen 

plit mount and coated with 4nm of Iridium on top of cross-
ection area. SEM images were photographed with a consistent 
oltage of 10 kV at a working distance of 10 mm. 

ransport Characterization 
he crosslinked thin films were cut into circles with a diameter
f 4 cm and installed in a 50 mL Milipore Amicon stirred cell
UFSC05001). Supported with a 4.6-cm diameter PE nonwoven 

at, the composite membrane was then confined with a 
ustomized stainless-steel disk featuring a circular opening area 
f 0.95 cm2 for solvent permeation. To investigate the transport 
roperties of this composite membrane, all rejection experiments 
ere driven by compressed nitrogen gas, maintaining a controlled 
ressure at an average of 35 psi. Magnetic stirring was continued
uring the whole rejection experiments to avoid concentration 

radients. Dye feed solutions were prepared at a concentration of
0 μM in DI water. This is sufficiently low that aggregation of the
ye molecules does not occur. All permeates were analyzed by a
ary 300 UV-Vis spectrophotometer. 

esults And Discussion 

ynthesis of KCLA and Phase Behavior of Lyotropic LC System 

he KCLA was readily synthesized by the acid-and-base reaction 

etween octadeca-10, 12-dienoic acid and potassium hydroxide. 
ote that, compared to salt derived from tung-oil or 10-
ndecenoic acid, octadeca-10, 12-dienoic acid derived salt has 
etter solubility in aqueous solvent or glycerol. We also found
hat the synthesized potassium salt CLA (KCLA) demonstrates 
uch better solubility in aqueous solvent than other synthesized 
lkaline salt forms of CLA, such as NaCLA or LiCLA. The formation
f KCLA is confirmed by 1 H NMR and FT-IR ( Fig. S1, S2 ). On
he 1 H NMR spectrum, peak b is assigned to the protons adjacent
o the carboxylic acid group. The shift in the position of this
eak from b to b’ signifies the transition from carboxylic acid
o carboxylate ion group. On the FT-IR spectrum, the rightward
hift of carbonyl stretching vibration of the carboxylic acid (from
707 to 1560 cm−1 ) also provides evidence of the formation
 

f carboxylate salt [38] . KCLA is mixed with aqueous content
lycerol solution to form lyotropic liquid crystal system. Aqueous 
ontent glycerol (90/10 (w/w) glycerol/water) is chosen as the 
olvent instead of pure water for its higher vapor pressure. 
his choice facilitates the retention of mesophase geometry 
uring the thin-film fabrication. Within this lyotropic system, 
he amphiphilic KCLA self-assembles and localizes the ionic 
ead groups exclusively at the hydrophilic/hydrophobic interface, 
hich affords continuous aqueous space and ion-lined domains. 
s the KCLA concentration increases from 0 to 100 wt.%, 
esophase structure transitions from isotropic micellar solution 

Iso), hexagonal cylindrical mesophase (HI ), bicontinuous gyroid 
esophase (G), to lamellar mesophase (L) ( Fig. S3 ). Note that
o composition was identified as solely G phase based on the
repared mixtures in the current study. We speculated a pure G
hase might appear between 70 to 75 wt.% at room or elevated
emperature, within a relatively small window. However, this 
pecific phase was not further investigated in this project. Here 
e concentrated on the fabrication of membrane with hexagonal 
HI ) phase for its larger free-volume fraction and less tortuous 
athways compared to other ordered structures, thus leading 
o higher permeance [2] . While KCLA is a mixture of different
somers, POM and SAXS results are indicative of the formation of
 single mesophase, which suggests that the isomers co-assemble, 
nd do not phase separate. 

tructural Characterization of Polymer 
he formation of an HI mesophase was observed within the 
omposition range from 43 to 65 wt.% KCLA in the aqueous
ontent containing glycerol. The optimized system was composed 
f 55/35/9/1 (w/w/w/w) KCLA/Glycerol/HDDMA/HMP. The 
DDMA functioned as the crosslinker and HMP as the photo- 
nitiator. The HI mesophase was fixed by photoinitiated free- 
adical polymerization with the exposure to 365 nm UV light for
 h. This amount of crosslinker addition was necessary because 
he crosslinking of this lyotropic liquid crystal system is subject 
o the existence of aqueous solvent. Co-monomer HDDMA is 
lightly soluble in water or glycerol, so the water molecules 
ay encapsulate the KCLA assemblies and prevent the direct 
ontact between KCLA and comonomers, thereby impeding co- 
olymerization. At the same time, the presence of nucleophilic 
ater tends to terminate the radical chain growth polymerization 

y capping the carbocation before polymerization can take place 
39] . 

Retention of the hexagonally packed structure of the 
esophase after crosslinking was confirmed by POM and SAXS. 
he typical fan-shaped optical texture, associated with the HI 

esophase, is observed under POM for both mesophase gel 
efore polymerization and the polymer film ( Fig. 2 a). The
ulk film samples for optical characterization were prepared by 
andwiching samples between two glass substrates and thermally 
nnealing with 0.5 °C/min to grow larger grain size. Also the
reservation of HI mesophase during polymerization is confirmed 
y the presence of three peaks in SAXS 1D plots with the
haracteristic d-spacing ratio 1:

√ 

3:
√ 

4 corresponding to d100 , d110 , 
nd d200 Bragg peaks ( Fig. 2 a). Notably the d-spacing shifts
rom 3.84 to 3.96 nm due to the addition of crosslinkers. The
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Figure 2 

Structural analysis demonstrates the retention of HI mesophase and polymerization of structures. a) 1D SAXS diffraction data demonstrates the retention of 
hexagonal mesophase after the addition of crosslinker and polymerization process. POM images of HI gel (top) and polymer film (bottom) show typical fan-shaped 
birefringent patterns indicating HI mesophase. By exposure to UV light, the initial gel-like mixture (top) becomes rigid polymer films (bottom). b) Schematic for 
an array of hexagonally packed cylinders with water-bicontinuous channels for nanofiltration. Assuming a cylinder volume fraction of 52%, nanochannels provide 
solute separation size of 1.1 nm scale. c) FT-IR spectra of the HDDMA containing sample before and after photo-polymerization. The window is the zoom-in view 

of the spectrum between the wavenumber 1000 – 800 cm−1 . 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

effectiveness of polymerization is reflected by the observable
transition in appearance from the soft gel to a solid polymer film
while preserving optical transparency ( Fig. 2 a). Fig. 2 c displays
FTIR spectra that highlights the contrast between the HDDMA
containing HI mesophase before and after UV irradiation. The
= C-H vibration bands at 945 cm−1 and 982 cm−1 , associated
with the cis- and trans-diene moieties of the CLAs, undergo a
significant reduction, signifying a high conversion rate during
the polymerization reaction [ 22 , 40 ]. A conversion rate of 80% is
estimated by comparing the characteristic peak areas before and
after polymerization. We refrain from using the decrease of C = C
vibration at 1653 cm−1 as an indicator for the polymerization, as
the decrease could originate from the reaction of dienes on both
KCLA and crosslinkers HDDMA. 

The critical dimensions for solute transport between the
hexagonally packed cylinders of the system can be estimated
based on the structure characterization data. The volume fraction
of the cylinders is corrected from the volume fraction of the KCLA
in the system since K+ is water-soluble. The corrected volume
fraction is ϕ = 0.53. We calculate the limiting dimensions for
transport perpendicular and parallel to the cylinder long axes
as 1.07 and 1.77 nm respectively ( Fig. 2 b ). These dimensions
represent the largest sizes of solute species that could travel
unobstructed perpendicular and parallel to the cylinder long axes.
A more detailed calculation is shown in ESI. This estimation
provides the basis for the subsequent rejection experiments. 

Fabrication of HI Thin-Film Composite Membrane 
A schematic illustration of HI thin-film fabrication
process is shown in Fig. 3 a. The 55/35/9/1 (w/w/w/w)
KCLA/Glycerol/HDDMA /HMP mixture was dissolved in
methanol ranging from 3 wt.% to 20 wt.% and subsequently
spin-coated at 2000 rpm onto silicon wafers for thickness
measurements and structure characterization. Cross-linked thin
films were scraped a trace of ditch by blade for preliminary height
profile measurement using AFM. A linear correlation between
solution concentration and the resulting thickness of the thin
film is illustrated in Fig. 3 b. Beyond thickness considerations,
it is necessary to ascertain the retention of hexagonal structure
within spin-coated films. GISAXS was utilized to investigate
the preservation of nanostructure in these thin films. After
characterizing films deposited from 3 wt.% to 20 wt.% solutions,
it is found that the hexagonal mesophase was retained in all
samples ( Fig. 3 c, Fig. S4). Fig. 3 c shows an example result of
sample deposited from 15 wt.% solution. On 1D plot, three
Bragg peaks in the ratio of 1:

√ 

3:
√ 

4 correspond to the d100 , d110 ,
and d200 of the hexagonal mesophase. The primary reflection
appeared at a d-spacing of 3.9 nm which is consistent with the
result of bulk film. The inset figure exhibits distinct reflection
points on the 2D scattering plot. The occurrence of (01) reflection
along the specular line indicates that the long axis of the
hexagonally packed cylinders resides in the x-y plane of the film.
This orientation was not observed in bulk polymer films. The
planar orientation of the cylinders is expected in thin films such
as those produced by the spin-coating process [25] . Indeed, for
transport within discrete cylinders, it is the natural tendency
to produce planar cylinders that warrants the use of directed
self-assembly approaches to produce vertically aligned cylinders
to maximize permeance. Here, due to the transport taking place in
the bicontinuous medium surrounding the crosslinked cylinders,
there is no such need. Whereas the samples made from lower
concentrations like 5 wt.% maintained hexagonal mesophase
5 
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Figure 3 

a) Schematic illustration of HI thin-film fabrication on PAN membrane. HI solution was spin-coated atop a commercial PAN supports with a sacrificial PVA layer barrier 
in between. After UV irradiation, the HI thin film was crosslinked and PVA layer was removed by immersion in water or water flux in the stir cell. b) AFM roughly 
measured thickness of spin-coated thin film as a function of concentration of mesophase containing solution. The error bar came from at least three measurements. 
c) GISAXS results of crosslinked thin-film prepared from 15 wt.% solution showed three Bragg spacing d100 , d110 , and d200 in the ratio of 1:

√ 

3:
√ 

4 showing on 1D 

plot and distinct reflection points on 2D plot (inset). d) Mesophase retention in crosslinked thin-film is also proved by characteristic reflection peaks on SAXS plot 
and typical fan-shaped optical pattern observed in POM image (inset). SEM micrographs for HI thin-film e) surface and f-g) cross-section. The surface of the thin 
film after PVA layer removal is significantly smooth. Color overlay is used as a visual aid to delineate the layers. The blue layer represents the PVA sacrificial layer, 
and the green layer represents the HI thin film. Before the PVA removal, the thickness of HI thin film is ∼ 390 nm, while the thickness decreases to ∼ 380 nm after 
PVA removal. The decrease might be due to the little infiltration of surface into ultrafiltration membrane during the drying after water immersion. 
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6

nd offered thinner films with potentially improved permeance, 
e observed a slight degradation of the hexagonal structure, with
he loss of the 

√ 

4 q reflection on SAXS plot, and a rightward
hift in all reflections ( Fig. S4 ). This nanostructure perturbation
ay have arisen due to solvent loss during GISAXS scattering
nd minor uptake of aqueous content from the water-soluble 
acrificial layer. Crosslinked spin-coated thin film made with 

5 wt.% solution was further characterized by the POM and
AXS. For optical characterization, a casting solution was spin- 
oated on the glass substrate and slowly thermally annealed 
ollowing polymerization. A hexagonal phase is confirmed by 
 

he fan-shaped optical texture observed under POM and the 
hree Bragg peaks ( d100 , d110 , and d200 ) occurring in the ratio
f 1:

√ 

3:
√ 

4 on SAXS 1D plots ( Fig. 3 d). To satisfy requirements
f high permeance and high fidelity of structured geometry, all 
ubsequent thin-film samples were spin-coated from 15 wt.% 

olutions. Note that the nanostructure within HI thin-film 

nderwent slight swelling during the filtration experiment. 
lthough direct structural characterization using GISAXS proved 
hallenging with the HI thin film on the PAN support, indirect 
tructural characterization through humidity-dependent SAXS 
as conducted on bulk films prepared from this mesophase. The 
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results indicated the maintenance of the HI mesophase even as
the environmental relative humidity increased from 30% to 90%,
with the transport channel expanding by 0.09 nm (13%) due to
water uptake. 

A commercial microporous membrane served as the
mechanical support underlying the thin-film composite
membrane in the pressure-driven filtration experiments. To
prevent solution infiltration and clogging of the support
membrane during the spin-coating process, a previously
established sacrificial layer strategy was incorporated into the
fabrication procedure [ 25 , 26 ]. The sacrificial layer was introduced
between the support and composite film that functioned as a
temporary barrier. Polyacrylonitrile (PAN, Snyder PX) has been
selected as the commercial microporous support layer owing to
its high flow rates and hydrophobicity. 10 wt.% polyvinyl alcohol
(PVA) dissolved in water was spin-coated on the surface of PAN
membrane at 3000 rpm for 10 minutes to form a smooth sacrificial
layer. Then the 15 wt.% composite in methanol solution was spin-
coated atop the PVA layer at 2000 rpm for 15 minutes, allowing
for complete solvent evaporation. After polymerization, the PVA
sacrificial layer was removed by immersing the membrane in
deionized water for 2 h. As a result, the selective thin film would
lie on the supporting PAN membrane. A schematic illustration of
this fabrication process is exhibited in Fig. 3 a. 

The morphological characteristics and thickness of composite
thin-film deposited atop PAN support membrane were assessed
using SEM. The micrographs were captured both before and after
the removal of the PVA sacrificial layer ( Fig. 3 e - g). The SEM
micrograph of the top-view of thin-film after PVA layer removal
shows a considerable smooth surface of spin-coated HI thin-film
( Fig. 3 e). The cross-sectional views of the thin-film demonstrate
that the HI layer conformably adheres to the subjacent layer both
before and after sacrificial layer removed ( Fig. 3 f – g). Raw SEM
images are shown in Fig. S4d – e. The thickness of the HI thin
film is ∼ 390 nm when positioned atop the PVA layer, while
thickness displayed a slight reduction to ∼ 380 nm after the
PVA layer was rinsed away. This reduction in the thickness may
be ascribed to minor infiltration of the nanostructure selective
layer into the ultrafiltration support membrane during drying
after water immersion. It is possible that changes in thickness
may also originate due to some swelling or deswelling of the
film relative to the conditions under which it was initially
characterized. The smooth surface and consistent thickness of
HI thin film substantiate the viability of this thin membrane
fabrication process. 

Water Permeation and Nanofiltration of Molecular Solutes 
The selectivity of the nanoporous membrane was assessed through
rejection tests using model penetrant molecules with different
sizes. The membrane surface is negatively charged due to the
presence of carboxylate groups. To elucidate the selectivity of
membrane without the influence of adsorption factors, a series
of anionic dyes with sizes ranging from 0.6 nm to 1.8 nm were
employed: Methyl Orange (MO), Acid Fuchsin (AF), Reactive
Black 5 (RB), Acid Green 1 (AG1), Congo Red (CR), Direct
Blue 71 (DR71), and Direct Red 80 (DR80). The molecular
dimensions of these dyes were determined by calculating the
harmonic mean diameter of dye molecules by equation d =
3 / (d−1 

x + d−1 
y + d−1 

z ) , where dx , dy , and dz were estimated based on
the simulation calculation using the MM2 energy minimization
force field method package in Chem3D software. Detailed
molecular structures and sizes of dyes are summarized in Fig. S5 .
The permeates were analyzed by a UV-Vis spectrophotometer. The
percentage of rejection was calculated by dividing the permeant
concentration by the feed concentration, 

R =
(
1 − Cp 

Cf 

)
× 100% 

Fig. 4 . reports summarized data derived from the rejection
experiments involving all anionic dyes, along with a fitted
sigmoidal-like relationship illustrating the solute rejection, R, as
a function of solute size, d ( Fig. 4 b) [41] . 

Ra ( %) =
(

1 
1 + e−γds + β

)
× 100% 

The coefficients γ and β were determined using the least-
squares fitting method. With the known γ and β, the critical
size dc corresponding to a 95% rejection rate, was computed.
One thing to be noted is that this model was developed to
describe the transport between disordered cylindrical packings,
as there is currently no published theory available for movement
between ordered packed cylinders [42] . All experimental tests were
conducted in a 50 mL stirred cell in the laboratory. 

HI thin film was deposited atop a commercial PAN support with
a sacrificial PVA layer barrier in between. After the PVA layer was
removed, the thickness of the H1 thin layer is around 380 nm,
resulting in a significantly enhanced permeance of ∼9 L m−2 h−1 

bar−1 and therefore a permeability of ∼3 L m−2 h−1 bar−1 μm. The
measured permeance and permeability is in close agreement with
the estimated theoretical hydraulic permeance and permeability
(the detailed calculation is included in ESI). 

In addition to its high permeance, this membrane displayed
sharp selectivity. Rejection tests with anionic dyes indicated a
size cut-off ( > 95% rejection) for transport at ∼1.2 nm, aligning
with estimation inferred from SAXS characterization and ds 
value simulated using sigmoidal model ( ds = 1 . 21 nm ) . Note
that to mitigate potential interference from adsorption by the
unsaturated HI membrane or PAN support, the initial 10 g
permeate was discarded. Subsequent data were collected after
the membrane reached saturation. Measurements were conducted
every 3-4 h until dis-negligible permeance increase or rejection
failure occurred. Rejection experiments with neutral and cationic
dyes were also conducted as supplementary data for membrane’s
rejection properties ( Fig. 4 c - d). Among the seven dyes tested,
Basic Yellow (BY), Rhodamine 6G (RH6G), Victoria Pure Blue BO
(VPB), Tetrazolium Blue (TB), and Alcian Blue 8G (AB8G) are
cationic dyes, while Reactive Red 120 (RR120), and Vitamin B12
(VB12) are neutral dyes. The molecular sizes range from 0.9 to 1.7
nm. In these experiments, the initial 15g permeate was discarded,
and subsequent data were collected after the membrane reached
saturation. The size cut-off was also ∼ 1.2 nm. The calculated ds 

value from sigmodal model was 1.24 nm, which is also close to
the estimation before. 
7 
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Figure 4 

Solute separation performance of the thin lyotropic liquid crystal membranes derived from conjugated linoleic acid. Size-selective solute rejection curves 
demonstrated the size cut-offof 1.3 nm for a) & b) anionic dye molecules c) & d) cationic / neutral dye molecules. The error bar came from results of three experiments. 
The cut-off point satisfies the pore size estimation. The insert pictures are photographs of the feed solution versus permeate solution. The PVA supported HI 
membrane demonstrates hydraulic permeance 9 LMH/bar. 
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onclusion 

n conclusion, we developed a direct columnar hexagonal 
HI ) mesophase thin membrane that exhibited relatively 
igh permeance and sharp selectivity performance, surpassing 
xisting state-of-the-art commercial membranes. Solute rejection 

xperiments indicated a transport limitation threshold of ∼1.2 
m, while maintaining a consistent permeance of ∼9 LMH/bar. 
dditionally, the KCLA membrane was synthesized from the 
enewable resource conjugated linoleic acid, enhancing its 
ustainability profile. Noteworthy is the fact that the composite 
hin membrane comprised only about 10% mass fraction of 
he commercial microporous membrane support, contributing 
ignificantly to sustainability within the engineering process. 
rospective investigations could focus on enhancing the 
obustness of this system by incorporating additional eco- 
riendly co-monomers to facilitate crosslinking. Exploring the 
easibility of generating membranes with adjustable transport 
hannel dimensions by modulating surfactant concentrations 
ithin the lyotropic system also holds potential. Another avenue 
or advancing sustainability could involve the fabricating support 
embranes utilizing plant-derived materials akin to KCLA. 
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