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Abstract 

 

Nanostructured materials with precisely defined and water-bicontinuous 1 nanometer-scale pores 

are highly sought after as advanced materials for next-generation nanofiltration membranes. 

While several self-assembled systems appear to satisfy this need, straightforward fabrication of 

such materials as sub-micron films with high-fidelity retention of their ordered nanostructure 

represents a non-trivial challenge. We report the development of a lyotropic liquid crystal 

mesophase that addresses the aforementioned issues. Films as thin as ~200 nm are prepared on 

conventional support membranes using solution-based methods. Within these films, the system is 

composed of a hexagonally ordered array of ~3 nm diameter cylinders of cross-linked polymer, 

embedded in an aqueous medium. The cylinders are uniformly oriented in the plane of the film, 

providing a transport limiting dimension of ~1 nm, associated with the space between the outer 

surfaces of nearest-neighbor cylinders. These membranes exhibit molecular weight cut-offs of 

~300 Da for organic solutes, and are effective in rejecting dissolved salts, and in particular, 

divalent species, while exhibiting water permeabilities that rival or exceed current state-of-the art 

commercial nanofiltration membranes. These materials have the ability to address a broad range 

of nanofiltration applications while structure-property considerations suggest several avenues for 

potential performance improvements. 
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Nanofiltration (NF) membranes are increasingly important for water purification in 

diverse contexts including the remediation of industrial wastewaters and the removal of 

micropollutants in point-of-use applications.1-3 They function by leveraging size-exclusion, 

solution diffusion, and electrostatic interaction phenomena to regulate solute transport and 

achieve desired separations. 4-6 In this regard, the precise fabrication of ordered single-nanometer 

water channels from molecular level design is one of the strategies to effectively regulating the 

transport across the membrane. 

Current NF membranes predominantly utilize loosely cross-linked polyamide networks 

or nanoporous polymers as the selective layer. In the first case, interfacial polymerization 

provides a thin film that separates solutes by a combination of steric hindrance, solution 

diffusion, and electrostatic interactions.7 Such membranes are used in the majority of NF 

applications (e.g. water softening) and reliably separate dissolved salts and molecular solutes at 

the 1 nm length scale. In the second case, a random network of nanopores formed by phase 

inversion can provide separation at the 1-2 nm length scale typically by a combination of size-

exclusion and electrostatic interactions.8, 9 In both cases, the performance of such NF membranes 

suffers from the convolution of their selectivity with their permeability due to the random nature 

of the transport regulating features in the system – the contorted molecular structure and 

multiscale heterogeneity induced by uncontrolled diffusion during fast interfacial polymerization 

in the first case,10-12 and the tortuosity and broad dispersion of pores sizes in the second case.13 

The resulting permeability-selectivity trade-off in conventionally fabricated membranes is an 

intrinsic property that represents a critical barrier to improving performance to address emerging 

challenges in water purification.14-17 
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Overcoming the permeability-selectivity trade-off and thereby realizing the next-

generation of NF membranes calls for rational design that better separates the axes controlling 

selectivity and permeability. Recent efforts include consideration of molecularly designed 

framework systems such as COFs,18, 19 MOFs,20, 21 and polymers of intrinsic microporosity,22, 23 

the assembly of discrete water-transporting nanostructures, synthetic and natural, such as 

CNTs,24, 25 AQPs,26, 27 graphenes,28, 29 and the self-assembly of nanostructured materials such as 

liquid crystals30-33 and surfactants.34-36 In terms of materials engineering, the strategy 

underpinning such efforts is the precise definition of the size of transport-regulating features, and 

the interactions of such features with solutes, to govern the selectivity of the system. The number 

density of the structures thereafter dictates the intrinsic property of the material, i.e. its 

permeability (typically denoted in Lm-2 hr-1 bar-1 m), which in turn dictates the overall flux of 

fluid through the membrane in operation. At the device level, minimizing the thickness of the 

membrane, provides an important second means of maximizing flux by optimizing the extrinsic 

property, the membrane permeance (typically denoted in L m-2 hr-1 bar-1), to first order, 

independent of selectivity. Such modification of performance by minimizing thickness has 

emerged as a viable concept in the context of conventional polyamide membranes, for example, 

by preparing sub-10 nm polyamide films.37, 38 However, while it is simple to conceptualize the 

fabrication of very thin membranes to improve flux, as a practical matter, the preparation of such 

materials without defects in device-relevant geometries (i.e. on mechanical supports) over 

practically useful dimensions (> 1 cm2) represents a decidedly non-trivial challenge. Overcoming 

this challenge requires knowledge and manipulation of the relevant structure-property 

relationships, and optimization of material compositions and processing methods. 
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Next-generation NF membranes therefore demand the fabrication of thin materials that 

feature strictly defined 1-2 nanometer-scale continuous channels from tailor-made molecular 

building blocks.39, 40 Self-assembly of various small molecule systems (molar mass ~ 200-800 

Da) can provide access to such features, yielding transport-regulating nanostructures that are 

highly ordered with characteristic dimensions that are thermodynamically governed. 

Considerable attention has been given in particular to the use of self-assembled liquid crystal 

(LC) mesophases.41, 42 Here, sieving by transport within discrete cylindrical pores of hexagonal 

columnar systems, or within the bicontinuous pores of cubic gyroid mesophases have been 

targeted. 

Work by Gin and co-workers successfully demonstrated the formation of membranes 

from a polymerized bicontinuous cubic lyotropic mesophase (Q1) formed by gemini surfactants. 

The membranes demonstrated a high selectivity for solutes smaller than 0.9 nm, but the thick 

films (≥  3 µm) limited the hydraulic permeance to less than 0.02 L m-2 h-1 bar-1.36 More recently, 

Sakamoto et al. reported data on wedge-shaped aromatic moieties that formed hexagonal 

columnar (Colh) and bicontinuous cubic (Cubbi) mesophases.43 The Cubbi membranes rejected 

~30% raffinose (1.2 nm). By comparison, the Colh membranes demonstrated 72% raffinose 

rejection. While the orientation of the columnar nanopores was not controlled to optimize the 

permeability, these membranes nonetheless demonstrated a relatively high hydraulic permeance 

of ~ 1.2 L m-2 h-1 bar-1 in NaCl solution due to the small thickness (ca. ~ 100 nm) of the self-

assembled selective layer. By contrast, commercial NF membranes provide permeance ~ 10 L m-

2 h-1 bar-1 and are capable in some cases of separating ions in solution.44 It is therefore apparent 

that while NF membranes based on self-assembled materials hold considerable potential, 

significant challenges to realizing this potential remain. In particular, there are severe technical 
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and scientific challenges associated with ensuring appropriate organization of self-assembled 

transport regulating nanostructures in thin films on suitable mechanical supports, while 

consistently preserving the physical integrity of such films to make them viable as NF 

membranes.34 

Here, we present a system that overcomes the above-mentioned challenges by enabling 

the fabrication of thin (< 500 nm) yet defect-free films with continuous solvent-accessible 

transport pathways (Figure 1). The system is composed of a glycerol-based mixture (the glycerol 

contains 10 wt.% water) of a cross-linker with a polymerizable cationic surfactant [2-

(acryloyloxy)ethyl]dimethyl tetradecyl ammonium bromide (AETDAB) shown in Figure 2a. The 

mixture self-assembles to form hexagonally packed cylinders in an aqueous-continuous matrix 

that provides a highly-ordered medium for nanofiltration with slit-shaped pores featuring critical 

dimensions ~ 1 nm. Whereas prior work in a water-based system relied on a dual cross-linker 

strategy (internal/external to the cylinders) using a methacrylate-based species,34 our work here 

in a glycerol system utilized a single cross-linker and an acrylate-based species. The switch to an 

acrylate surfactant was driven by the suppression of the HI mesophase of the methacrylate 

system at room temperature in the presence of glycerol. The mechanical reinforcement 

contributed by the use of an external cross-linker was found to be unnecessary in the current 

system, which simplified the formulation of the mesophase. Photo-induced cross-linking of the 

cylinders provides mechanical integrity and ensures that flow in the continuum around the 

cylinders is the dominant mode of transport. As a result, orientational control of the 

nanostructure is not required to guarantee effective fluid permeation. This is in contrast to 

systems with tubular nanopores such as inverse hexagonal (HII) mesophases45 or carbon 

nanotubes,46, 47 where the alignment of such structures presents a considerable challenge to 
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realizing practically useful membranes. Intriguingly, the self-assembly of the mesophase in thin 

films yields uniformly planar orientations of the hexagonally packed cylinders, which is 

expected to display a lower critical dimension for transport regulation, relative to non-planar or 

perpendicular oriented cylinders. Controlled deposition of films with thicknesses on the order of 

~ 100 nm on microporous mechanical supports yields thin film composite (TFC) membranes. At 

~ 10 L m-2 h-1 bar-1, the permeance of these TFC membranes rivals and in some cases exceeds the 

permeance of high-performance commercial nanofiltration membranes. Pressure-driven 

permeation data indicate that the critical effective pore size is ca. 1 nm based on the retention of 

charge-neutral solutes. Charged species are retained at even smaller dimensions due to 

electrostatic interactions with the positively charged nanostructures in the membrane. The low 

volatility of glycerol, and the solubility of the system in several common solvents enables rapid 

and relatively simple fabrication of defect-free membranes using standard solution-based 

processing, in this case, spin-coating. While it was not the focus here, such techniques can be 

readily ported over to high-throughput manufacturing using roll-to-roll solution processing. In 

total, the system displays considerable potential for large-scale fabrication of next-generation 

nanofiltration membranes with well-defined nanostructures. 
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Figure 1. A nanostructured thin-film composite membrane derived from a lyotropic 

mesophase. (a) Schematic demonstrating the ordered cylindrical nanofibrils that provide 

transport-limiting features for molecular separation. The lyotropic mesophase is processed 

to yield thin yet defect-free film composed of arrays of single-nanometer water-

bicontinuous channels. Inset photograph: a 1-inch diameter piece of a thin-film composite 

nanofiltration membrane. (b) The assembly of the lyotropic HI begins with spin-coating a 

dilute solution of mesophase precursors dissolved in the selected organic solvent. Given a 

sufficient evaporation time, a critically low concentration of volatile solvent allows for 

microphase separation that leads to an ultra-thin film of direct cylindrical mesophase 

planar arranged at the equilibrium. The water-bicontinuous structure provided more 

efficient transport relative to transport within cylindrical nanopores, depicted on the right. 
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Figure 2. Structural analysis demonstrates high-fidelity retention of the HI mesophase with 

a 1-nm separation feature. (a) The molecular structure of the lyotropic precursor that self-

assembles into the mesophase at equilibrium. The mesophase is composed of a 

polymerizable amphiphilic acrylate AETDAB, a hydrophobic cross-linker hexanediol 

diacrylate (HDDA), and aqueous content glycerol. (b) 1D SAXS data demonstrates the 

comprehensive retention of a nanostructured template from lyotropic mesophase during 

the photoinitiated cross-linking in bulk. A consistent characteristic q ratio is maintained 

with averaged center-center distance alternated from ~3.6 to 3.5 nm.  (c) From high 

magnification polarized optical micrographs, identical birefringence texture was 

established. Micrographs were taken from a bulk sample prior to and after the cross-

linking reaction. Inset: photographs for the lyotropic gel and the free-standing polymeric 

thin-film. (d) Schematic for an array of hexagonally packed nanofibrils that constructs the 

water-bicontinuous nanochannels available for nanofiltration. Assuming a cylinder volume 

fraction of 55%, planar ordered nanochannels provide solute separation at a 0.9 nm scale 

(labeled by the green circle), instead of the larger liming dimension 1.5 nm (labeled by the 

grey circle). 

 

Results and Discussion 

Preserving mesophase order in cross-linked thin-films. Successful membrane fabrication 

relies on the preservation of the HI mesophase structure during processing. Avoiding potential 

changes in structure during film formation requires the use of non-volatile components. For this 

reason, the lyotropic mesophase is constituted using glycerol (vapor pressure < 1 torr at 20°C), 
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instead of water (vapor pressure ~ 20 torr at 20°C), and the composition was optimized to avoid 

phase changes during photo-induced cross-linking. AETAB was synthesized in using a single-

step Menshutkin reaction as detailed in Figure S1, Supporting Information. The optimized 

system was composed of 31 wt.% glycerol, 4 wt.% hexanediol diacrylate (HDDA) and 65 wt.% 

AETAB. The self-assembly of the lyotropic HI mesophase is evidenced by 1-D integrated small-

angle X-ray scattering (SAXS) data coupled with polarized optical microscopy (POM), shown in 

Figure 2. Bulk film samples for optical characterization were prepared by mechanically pressing 

samples between glass slides and thermally annealing them to allow the birefringent texture to 

develop slowly. SAXS data (Figure 2b) show Bragg peaks from the ordered mesophase 

occurring at scattering wavevectors q relative to the principal Bragg reflection at q* at ratios 

(q/q*)2
 = 1, 3, and 4. This is consistent with the formation of hexagonally packed cylinders, that 

are also indicated from the fan-like texture observed in POM images (Figure 2c). The efficacy of 

cross-linking is demonstrated by FTIR spectra and the mechanical integrity analysis of the 

produced films (Figures S2 and S3, Supporting Information). It should be noted the cross-linked 

cylindrical nanostructures do not fall apart in excess water. The nanostructures are 

interconnected and physically interlocked due to topological defects. Additionally, prior work 

has speculated that despite not being favored by solubility, there is a small but potentially 

important concentration of cross-links between cylinders that occurs during polymerization even 

in the absence of added external cross-linkers.34 Retention of the hexagonal structure is indicated 

by the retention of the fan-like texture in POM and the Bragg reflections in SAXS taken from the 

sample after photo-crosslinking (details in Figures S4 and S5, Supporting Information). The 

concentration of photoinitiator (2-methoxy-2-phenylacetophenone) added for this purpose was 

optimized at 0.04 wt.%.  
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SAXS data (Figure 2b) reveal a small change of roughly 3 % in the d-spacing on photo-

crosslinking, from 3.6 to 3.5 nm. Assuming that the Br- counterion resides in the fluid phase, and 

similar mass densities for the discrete and continuous phases, the volume fraction of the 

cylinders is estimated at φr = 0.55. On this basis, the critical dimensions for transport 

perpendicular and parallel to the cylinder long axes are 0.9 and 1.5 nm, respectively as shown in 

Figure 2d. These dimensions represent the largest circular cross-sections that can travel 

unimpeded by the cylinders in the given directions. Additional details regarding the calculation 

of these dimensions is provided in Figure S6, Supporting Information. A selective layer 

composed of all planar oriented cylinders therefore is more restrictive than one in which the 

cylinders are oriented normal to the film surface.  

 

Structural characterization. Solutions of the mesophase were prepared in ethyl acetate (vapor 

pressure ~70 torr at 20°C) at various concentrations, and spin-coated at 2000 rpm onto polished 

(100) silicon substrates to prepare films for structural characterization shown in Figure 3. The 

resulting samples were allowed to sit quiescently under ambient conditions for 2 minutes to 

ensure complete solvent evaporation and mesophase assembly, before subsequent photo-

crosslinking. The thicknesses of the resulting thin solid films were characterized using height 

profiles measured by atomic force microscopy (AFM). As shown in Figure 3b, there was a linear 

correlation between the solution concentration and the resulting film thickness.  
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Figure 3. Thin-films fabricated from spin-coating with preserved HI nanostructure 

arranged with a degenerate planar alignment relative to the substrate. (a) Polarized optical 

micrograph of the cross-linked mesophase shows the retention of the mesophase order. (b) 

AFM-determined spin-coated film thicknesses on silicon substrates as a function of 

mesophase solution concentration. (c) Representative 2-D GISAXS patterns recorded from 

HI thin-films cast on bare and PVP-modified (*) silicon wafers from a range of mesophase 

solution concentrations from 3 to 20 wt.%. The scattering pattern indicates that the 

cylinders lie parallel to the substrate. The 3 wt.% sample on the PVP-modified surface 

undergoes a transformation to an apparent lamellar phase or a combination of lamellae 

and cylinders. (d,e) Schematic representations of the hexagonally packed cylinder 

nanostructure in which mechanical integrity originates in part from the physical 

interconnection of cylinders due to topological defects. The planar orientation and 

hexagonal lattice vector direction indicated by the GISAXS data are shown schematically.  
 

Two-dimensional grazing-incidence small-angle X-ray scattering (GISAXS) was used to 

provide information regarding the in-plane morphology in the films. GISAXS patterns of films 

deposited from solutions ranging from 3 to 20 wt.% consistently demonstrate a well-resolved 

pattern of sharp hexagonally arranged Bragg spots, as shown in Figure 3c. The primary reflection 

occurs at a consistent d-spacing of 3.5 nm independent of film thickness. The occurrence of the 

(01)  and (02)  reflections (i.e. (1010)and (2020)  reflections, in 4-index notation) along the 

specular line (i.e. the z-direction or the film normal) indicates that the hexagonally packed 
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cylinders lie in the plane of the film. That is, the long axes of the cylinders lie in the x-y plane. 

This represents a degenerate situation however as the cylinders are free to explore all orientations 

within the plane, and it is this degeneracy that gives rise to the asymmetry in the intensity of the 

Bragg reflections, with higher intensity observed for the (01)  spot along the specular line, 

compared with that of the off-specular (10)  and (11)  spots. Further, the orientation of the 

scattering pattern indicates that the system selects a specific lattice orientation relative to the film 

surface, with the [10] direction, i.e. the direction along which the cylinders are close-packed, in 

the plane of the film ((1010) planes parallel to the film surface). Similar lattice orientations have 

been observed in block copolymer films,48, 49 and lyotropic mesophases textured by shear flow.50 

Anisotropy of lattice orientation may also be expected due to commensurability constraints in 

situations where the film thickness is comparable to the lattice parameter. In the present case, 

commensurability is an unlikely explanation given the large thickness of the films (~30-200 

lattice units). We surmise that the observed orientation may originate due to shear experienced 

during spin coating, potentially due to rapid solvent evaporation, or to a still unidentified surface 

phenomenon. In contrast, bulk samples do not show preferred orientation (Figure S7, Supporting 

Information). 

Subsequent fabrication of thin film composite membranes involved spin-coating on 

porous polymer supports bearing a sacrificial layer of poly(vinylpyrrolidone) (PVP). We 

therefore examined the morphology of mesophases deposited on PVP coated on silicon 

substrates. PVP is insoluble in the spin-coating solvent, ethyl acetate, but is soluble in water, and 

therefore acts as an effective sacrificial layer enabling the rapid fabrication of membranes by 

spin-coating. Thin films were prepared on PVP from 3 and 10 wt.% solutions. GISAXS data 

(Figure 3c) reveal that for the ~100 nm thick film prepared from 3 wt.% solution, the system 
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transitioned from hexagonally packed planar cylinders to planar lamellae. The lamellar (LAM) 

morphology is confirmed by the 1D azimuthally-averaged data (Figure S8, Supporting 

Information). Conversely, the ~350 nm thick film prepared from the 10 wt.% solution 

maintained the display of planar cylinders with the (1010) in the plane of the film as seen earlier 

for films prepared directly on silicon. We speculate that the structural transformation to lamellae 

is driven by a shift in the system composition due to small uptake of glycerol (or water from the 

glycerol) by the PVP substrate. Taking the relevant mass balances into consideration, it is 

apparent that this effect can be mitigated by modifying the thickness of the PVP layer relative to 

the deposited mesophase, or post-treating the PVP to prevent absorption of even small amounts 

of glycerol. For simplicity, all membrane fabrications were subsequently conducted using 10 wt.% 

solutions. 

 

Fabricating thin-film composite membranes. High hydraulic permeance is important for 

practical utility as a nanofiltration membrane. While it is possible to fabricate composite 

membranes by directly coating porous ultrafiltration mechanical supports with our mesophase, 

the hydraulic resistance that results from clogging of the support with the mesophase produced 

unsatisfactory permeance of < 1 L m-2 h-1 bar-1. The earlier described sacrificial layer strategy 

was developed to circumvent this issue. As schematically illustrated in Figure 4a, the strategy 

entails the use of a dense, smooth polymer layer with orthogonal solubility relative to the 

mesophase. PVP was chosen for this purpose, and deposition was conducted by spin-coating. 

Two microporous ultrafiltration membranes were explored as mechanical supports for thin HI 

membranes, viz. poly(acrylonitrile) (PAN, Snyder PX) and polyvinylidene fluoride (PVDF, 

Snyder V6), here defined as PAN-HI and PVDF-HI, respectively. SEM images of the support 
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membranes are provided in Figure S9, Supporting Information. The sacrificial layer strategy 

resulted in the fabrication of composite membranes with significantly higher permeances of ~ 10 

L m-2 h-1 bar-1 (see Figure S10, Supporting Information). 

 
Figure 4. Schematic of the composite membrane fabrication with corresponding 

micrograph analysis. (a) A sacrificial layer assisted fabrication protocol based on spin-

coating generates ultra-thin TFC membranes without significant solution infiltration. (b) 

The surface micrograph for HI TFC possesses a rather smooth surface. The membrane was 

cast from spin-coating 10 wt.% HI solution dissolved in ethyl acetate on polyacrylonitrile 

(PAN) covered with PVP, with subsequent UV cross-linking. (c) A thin-film mesophase 

template with homogeneous cross-section was generated after rinsing the water-soluble 

protective layer from the PAN-HI. (d) Casting the same mesophase solution formulation on 

PVP/polyvinylidene fluoride (PVDF) composite results in a lower film thickness. The PVDF 

supported HI-TFC membrane demonstrates hydraulic permeance 10 L m-2 h-1 bar-1 that is 

comparable with high-performance nanofiltration membranes. (e) Ultrathin lamellar 

(LAM) film fabricated from casting a 3 wt.% solution on sacrificial layer protected PAN.  

 

The ability to fabricate thin film composite membranes using the mesophase and the 

sacrificial layer strategy is demonstrated by the SEM images in Figure 4. The micrographs were 

taken after the membranes were rinsed to remove PVP. They show smooth photo-crosslinked 

selective layers, sitting conformally on top of microporous PVDF and PAN support membranes. 

The surface morphology of a composite membrane prepared by coating a 10 wt.% mesophase 
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solution onto PVP-modified PAN is shown in Figure 4b. The cross-sectional view of the same 

composite membrane in Figure 4c shows a ~350-nm thick HI selective layer along with the 

underlying PAN ultrafiltration support. This PAN-HI membrane possesses hydraulic permeance 

6.1 L m-2 h-1 bar-1, and therefore a permeability of ~ 2 L m-2 h-1 bar-1 µm. The measured 

permeability is in good agreement with the theoretical estimate of the permeability expected for 

this membrane, as detailed in calculations in the Supporting Information.51 By comparison, a 

thinner selective layer of ~200 nm formed on modified-PVDF (Figure 4d) exhibits a higher 

permeance of 10.0 L m-2 h-1 bar-1. The inferred permeability at ~ 2 L m-2 h-1 bar-1 µm is in line 

with the prior mentioned theoretical estimate. The composite HI membranes were resilient to 

pressure-driven flow and to shear induced by the stirring used during the transport 

characterization, where no occurrence of film delamination, nor change in membrane permeance 

and solute rejection was observed after the complete removal of sacrificial layer. 

Solute rejection measurements were conducted to elucidate the size-selectivity of the 

membranes. Membranes were challenged with polyethylene glycol (PEG) of varying molar 

masses, and a series of small neutral molecules with sizes ranging from ~0.3 to 3 nm, viz. 

resorcinol, vitamin B2, vitamin B12, alpha-, and beta-cyclodextrin. The hydrodynamic diameter 

of the PEG and principal diameters of the cyclodextrins were sourced from prior literature.52-55 

Meanwhile, the geometric mean sizes of other solutes were determined from spatial dimensions 

calculated using the Chem3D software package represented by the geometric mean diameter, 

dm = (d1d2d3)
1

3, where d1, d2 and d3 are the dimensions of the molecule along its principal axes. 

The effective sizes of the molecular solutes are detailed in the Figure S11, Supporting 

Information. The extent of rejection, R, was calculated by comparing the concentration of the 

solute in feed solution to the concentration measured from permeate at steady-state, with 𝑅 =



 17 

(1 −
𝐶𝑝

𝐶𝑓
) × 100% and were corrected for the effects of concentration polarization.56 The data are 

summarized in rejection curves shown in Figure 5a and Figure 5b. Note that while there are 

analytical theories and accompanying closed form expressions for the partitioning (and therefore 

the rejection) of spherical solutes from cylindrical pores, no such for theory is available to 

describe solute partitioning in the interstitial space surrounding ordered, densely packed slender 

cylinders. Nevertheless, based on empirical data for transport in disordered packings of fibrillar 

elements,57 we anticipate a sigmoidal evolution of rejection from 0 to 100% for this system. The 

rejection data for PEG and for the neutral solutes were therefore collectively fit using a logistic 

function (details in Supporting Information) to provide a reasonable representation of the 

rejection characteristics of our membranes. On this basis, we estimated the size cut off i.e. the 

solute size corresponding to a rejection of 90%, for our membranes. Membranes fabricated on 

PAN and PVDF display similar characteristics, with a cutoff at 1.2 nm. For solutes such as 

neutral density globular proteins, this cut off corresponds to a molecular weight cutoff (MWCO) 

of roughly 600 g mol-1.  
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Figure 5. Solute separation performance of the thin lyotropic liquid crystal membranes 

based on cross-linked mesophases. Size-selective solute rejection curves displayed a 1-nm 

critical dimension for (a) PAN-HI and (b) PVDF-HI. The rejection experiment was executed 

based on measuring the passage of single neutral solute with known sizes including 

polyethylene glycols (PEG) and irregular shaped small molecules. (c) An exemplary 

rejection experiment illustrating the ubiquitous charged molecule purification capability of 

the cross-linked mesophases. Inset: photograph for the clear dye solution after the 

filtration contrast clearly with the feed, taken from the rejection experiment of PAN-HI. (d) 

A survey of salt rejection to investigate the ionic separation functionality of the HI 

membranes. The salt solutions selected have different ion valence ratio from counterion 

and co-ions, but a consistent ionic strength at 10 mM. (e) Ion rejection performance as a 

function of salt solution concentration using NaCl and MgCl2 as model solutes. An induced 

electrostatic screening with increasing ionic strength lowered the extent of rejection. (f) 

Quantitative performance evaluation of PVDF-HI TFC compared to other commercially 

available nanofiltration membranes, using feed solutions containing 200 ppm NaCl (solid 

symbol) or MgCl2 (hollow symbol) as model solutes.  

 

Molecular solute and ion transport through nanostructured films. The solute rejection data 

indicate the membranes have a higher selectivity (i.e. larger rejection) for the polymeric solute, 

PEG, than for other similarly-sized but non-polymeric neutral molecular species. The 
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membranes almost completely rejected the smallest PEG (600 g mol-1) with a hydrodynamic 

diameter of ~1.2 nm with HI-PVDF (R = 99%) and HI-PAN (R = 94%), respectively. By contrast, 

the rejection of 1100 g·mol-1 beta-cyclodextrin with a geometric mean diameter of 1.2 nm was 

markedly lower, with R = 88% for the PVDF-supported membrane, and R = 80% for the PAN-

supported membrane, suggesting the beta-cyclodextrin travels 3 to 9 times faster than the 600 g 

mol-1 PEG across the membranes. We speculate that this difference in solute rejection is due to 

the shape anisotropy of both the solute and the channels through which transport occurs. For 

planar cylinders, transport occurs through the slit-like channels between the cylinders. As such, 

while the geometric-mean diameter for a solute may exceed the spacing between cylinders, the 

passage of such a solute may still occur, albeit hindered, if at least one of the principal 

dimensions does not exceed this gap. Indeed, for all the solutes considered here, with the 

exception of vitamin B12, the size along the shortest principal axis is < 0.9 nm, the gap between 

the cylinders. Conversely, for globular objects such as PEG chains in solution, we expect no such 

anisotropic effects. It is worth noting that for spherical solutes, slit-like pores demonstrate 

superior selectivity, at equivalent permeability, relative to cylindrical pores.58, 59 This suggests a 

potential route to improved selectivity in nanofiltration applications using the currently 

developed system. 

The preceding data demonstrates that the membranes are capable of efficiently separating 

neutral solutes with sizes of ca. 1 nm. For charged solutes, one anticipates additional selectivity 

based on electrostatic interactions, given the positive charge on the surfaces of the cross-linked 

cylinders. Data for the rejection of charged molecular dyes are shown in Figure 5c. The lowest 

rejection was encountered for the smaller of the two negatively charged species considered, 

methyl orange (R = 91%, 327 Da). For the larger anionic dye, Rose Bengal, complete rejection 
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was observed. For positively charged dyes, rejection was above 95% in all cases, down to the 

smallest species considered (methylene blue, 320 Da). No significant reduction in the hydraulic 

permeance was observed during dye permeation throughout the weeks-long transport experiment, 

indicating the absence of molecular fouling, and that the separation is unrelated to charged 

species adsorption within the membrane. 

Data for the rejection of dissolved salts further elucidate the role of electrostatic 

interactions. Experiments were conducted using a variety of salts with complementary identities, 

at a fixed ionic strength (I) of 10 mM and transmembrane pressure of 5.5 bar. Data are shown in 

Figure 5d. We observe the largest rejections, above 80%, for salts of type 𝐴2+𝐵2
−, i.e. salts of 

divalent metal cations with monovalent anions (CaCl2; MgCl2). These rejections are considerably 

larger than those observed (~40–60%) for the chloride salts of monovalent cations. The 

difference may originate due to the larger size (diameter) of hydrated divalent cations (𝑑𝑀𝑔2+ =

 0.85 nm; 𝑑𝐶𝑎2+ =  0.82 nm)  relative to monovalent species (𝑑𝐿𝑖+ =  0.76 nm; 𝑑𝑁𝑎+ =

 0.72 nm; 𝑑𝐾+ =  0.66 nm),60 or, to the increased strength of repulsive electrostatic interactions 

for divalent cations with the fixed positive charges on the membrane. Early ultrafiltration studies 

firmly established the strong role of electrostatics as they identified an increase in rejection with 

an increase of co-ion valency due to stronger repulsive electrostatic interactions; the 

comparatively large pore sizes in ultrafiltration (> 5 nm) mean that steric interactions, i.e. size-

exclusion, was not factor in the selectivity.61-63 In the present case however, we cannot exclude a 

potential contribution from steric effects, given the ~ 1 nm length scale of transport limiting 

features. Indeed, data for 𝐴+𝐵− salts (KCl, NaCl, LiCl), suggests there is a small but observable 

contribution from steric effects even for the small monovalent species, as we observe a subtle but 

clear correlation, with rejection increasing with the size of the hydrated cation, 
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𝑑𝐿𝑖+  (0.76 nm) >  𝑑𝑁𝑎+(0.72 nm) > 𝑑𝐾+(0.66 nm). Finally, for salts of divalent anions, we 

observe intermediate rejections that reflect the decrease of co-ion repulsion from the membrane 

due to enhanced screening by adsorption of a divalent, rather than monovalent, counterion.63-65 In 

this two member series (Na2SO4; MgSO4) we note the occurrence of higher rejection for the 

divalent co-ion salt, compared to the monovalent one. To what extent this difference originates 

from stronger electrostatic interactions of the divalent cation with the membrane, or from the 

larger size of the cation relative to the monovalent species, is unclear. Experiments conducted as 

a function of ionic strength (Figure 5e) show a steady decrease of rejection on increasing salt 

concentration. The reduction in rejection on increasing ionic strength is in line with expectations 

based on the role of electrostatic interactions in the present system. Prior work in ultrafiltration 

membranes has been successful in using a continuum approach to account for the role of ionic 

strength in salt rejection, particularly at low ionic strengths where the electrical double layer is 

larger than the pore diameter.63 A rigorous quantitative evaluation of salt rejection is precluded 

here however by the small pore size for which continuum theory is ill suited.25, 66-69
 

The performance of our mesophase-derived membranes was compared against 5 

commercial nanofiltration membranes. Data were collected in-house under identical conditions 

for all membranes considered, viz. 200 ppm NaCl (I = 3.4 mM) and MgCl2 (I = 6.3 mM) as 

model salts, with a trans-membrane pressure of 5.5 Bars. The resulting hydraulic flux, as well as 

the salt rejection, are shown in Figure 5f. The mesophase derived TFC simultaneously 

demonstrates better flux and rejection than common asymmetric polymeric nanofiltration 

membranes such as cellulose acetate SB90 or polyethersulfone NP030. In terms of rejection only, 

our TFC membrane shows similar performance to the most selective commercial membrane 

tested, NF90. The observed flux of 55 L m-2 h-1 exceeds the flux of NF90, as well as that for 
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NFG, both examples of high-flux polyamide TFC membranes. While NF270 exhibits a roughly 

two-fold flux, it has a lower permeability of 0.6 L m-2 h-1 bar-1 µm compared to the 2 L m-2 h-1 

bar-1 µm of the mesophase membrane. It is conceivable that additional optimization to further 

decrease the thickness of the mesophase membrane will result in flux that is comparable to, or 

even exceeding that of NF270. In total, the combined rejection and flux characteristics are 

generally superior to, else comparable with, the in-house performance of commercial 

nanofiltration membranes. Notably, this performance was recorded for relatively low pressure 

operation, which represents an attractive regime for point-of-use nanofiltration, or otherwise low 

intensity operations such as industrial wastewater remediation.  

 

Conclusion 

In conclusion, we demonstrated here ultra-thin and defect-free direct columnar (HI) 

mesophase membranes that can be prepared using a rapid solution processing approach. The 

well-defined, water-continuous structure results in hydraulic permeances similar or higher to 

those displayed by current state-of-the art high-performance commercial TFC membranes that 

rely on rather disordered polyamide networks as active layers. The solute rejection 

characteristics are consistent with a system that features a uniformly planar HI orientation 

yielding a transport limiting dimension of ~ 1 nm. The rejection of charged solutes, and in 

particular sub-pore diameter salts highlights the significant contribution from electrostatic 

interactions due to the presence of quaternary ammonium species on the surfaces of the cross-

linked polymer cylinders that compose the active layer. The nanostructure of membranes derived 

from these mesophases can be tailored in a rational manner through the molecular structure and 

mesophase composition, which dictate the limiting dimension and porosity of the system. We 
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anticipate that the currently developed materials have the potential to address several 

applications in nanofiltration, in particular where high selectivity and permeability are required 

at modest operating pressures. Systematic examination of fouling by prevalent foulants and 

detailed process studies under different operating conditions will be needed to support any large-

scale implementation of these membranes, however. Additionally, while the success of spin-

coating fabrication points favourably towards eventual large-scale roll-to-roll solution-based 

fabrication, successful migration between these two processes will require associated 

optimizations of materials and methods. 

 

Methods 

 

Synthesis of the lyotropic surfactant. All chemicals used in this study were purchased from 

Sigma-Aldrich and used as received unless otherwise noted. Ultrafiltration supports and 

commercially available nanofiltration membranes were purchased from the Sterlitech 

Corporation. The glycerol stock solution was prepared through mixing 90 wt.% of ≥ 99.5% 

glycerol (Fisher Scientific, maximum water content 0.5%) with 10 wt.% DI water (R = 18 MΩ 

cm). Solid photoinitiator 2-methoxy-2-phenylacetophenone (Acros Organics) was dissolved in a 

stock solution of hexanediol acrylate (HDDA, Alfa Aesar) at a concentration of 1wt. %.  

The cationic surfactant, [2-(acryloyloxy)ethyl]dimethyl tetradecyl ammonium bromide 

(AETDAB) was synthesized using a single-step, Menshukin reaction following previously-

reported protocols. Typically, a mixture of 2-(dimethylamino)ethyl acrylate (15g, 0.1 mol), 1-

Bromotetradecane (32g, 0.11 mol), and hydroquinone (0.6g, 0.05 mol) were dissolved in a 250 

mL binary solvent composed by 50/50 (v/v) acetonitrile and tetrahydrofuran. Once a 

homogeneous mixture was acquired, the reactant solution was then transferred to a 500 mL 

reaction flask containing a magnetic Teflon stir bar. Subsequently, the flask was refilled with 

nitrogen and was stirred at 40°C in an oil bath for 72 hr. After this time, the orange-colored 

solution was allowed to cool down to room temperature. Subsequently, the solid product was 

obtained from precipitating and rinsing the reaction mixture with an excessive amount of cold, 

anhydrous diethyl ether for at least 3 times. Finally, the product was dried under vacuum 

overnight. 1H nuclear magnetic resonance (NMR) spectra of the AETDAB was collected from a 

Bruker AVII 500 spectrometer using deuterated chloroform (CDCl3) as the solvent. 

 

Crosslinking HI films for nanostructural characterizations. The self-assembled lyotropic HI 

mesophase at bulk was prepared through mixing a ternary mixture of 65 wt.% AETDAB, 31 wt.% 

glycerol, and 4 wt.% HDDA doped with the photoinitiator, by stirring a stainless steel syringe 

needle in the mixture coupled with centrifuge mixing (Eppendorf Minispin) until a homogeneous, 

lyotropic liquid crystal mesophase was generated. In order to fabricate mesophase film at bulk, 
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lyotropic gel samples were sandwiched between two sonication pre-cleaned glass slides to 

confine a film thickness c.a. 100 µm.  

Meanwhile, HI thin-films (i.e. with thickness ≤  1 µm) were cast from solutions of 

mesophase precursors dissolved in an organic solvent (i.e., ethyl acetate) by spin-coating with a 

range of concentrations from 3 to 20 wt.%. Thin-films are supported by silicon wafers with one 

side exposed to the atmosphere. In this manner, ultrathin mesophase films were directly coated 

on the selected substrates at a spin-speed of 2000 rpm for 1 min with pre-determined 

concentrations. Thin-films were prepared on both pre-cleaned (100) silicon substrates and 

cleaned glass slides. In the latter portion of the study, in order to understand the phase behavior 

of thin-films in the presence of modified substrate chemistry, silicon substrates were coated with 

a thin layer of polyvinyl pyrrolidone (PVP) that resembles the sacrificial layer in the membrane 

fabrication procedure. To prepare the sacrificial layer, a 20 wt.% 55 kg mol-1 PVP casting 

solution composed of 50/50 (w/w) water/ethanol was spin-coated on silicon substrates using a 

spin-speed of 3000 rpm for 5 min. Further, in order to explore the phase behavior of the LC 

mesophase thin-film during the cross-linking, 20 wt.% mesophase dissolved in acetonitrile was 

spin-coated on glass slides with photoinitiator doping ranging from 0.04 to 1 wt.%. Additionally, 

prior to cross-linking, the self-assembled mesophase films for optical analysis were subsequently 

annealed and slowly cooled to develop spherulites with cylinders  tangentially arranged  for  

enhanced  visual  contrast. 

Finally, photoinitiated cross-linking of the mesophases were conducted through 

illuminating a focused UV-beam (100-W Sunspot SM ) with the spectra distribution covering a 

range of wavelengths from 275 to 450 nm on films at a distance of 8-cm under N2 atmosphere at 

room temperature for 25 min. The conversion of the photoinitiated cross-linking reaction at bulk 

was estimated from the Fourier Transform Infrared Spectra (FTIR), which was collected from a 

Jasco FT/IR-6800 FTIR spectrometer over the range of wavenumbers from 300 ≤ v ≤ 400 cm-1. 

 

Fabrication of HI thin-film composites. A sacrificial layer methodology is employed to build a 

dense, but water-soluble surface layer atop ultrafiltration supports before mesophase solution 

coating. With the sacrificial layer barrier, the potential solution infiltration into the support, 

which could lead to additional hydraulic resistance at the HI-support interface, was prevented. 

Specifically, two ultrafiltration mesoporous membranes with different macromolecular 

chemistries and molecular weight cut-off (MWCO) greater than 400 kg mol-1 were investigated 

as structural supports. 

Polyacrylonitrile (PAN, MWCO 400 kg mol-1, Synder PX) and polyvinylidene fluoride 

(PVDF, MWCO 500kg mol-1, Synder V6) ultrafiltration membranes were coated with a layer of 

water-soluble PVP thin-film. The coating was conducted through spin-coating different PVP 

solutions at a consistent spin rate at 3000 rpm for 5 min. A casting solution consisting of 55 kg 

mol-1 PVP dissolved in 50/50 (w/w) water/ethanol was used for coating PAN ultrafiltration 

support. Similarly, 12 wt.% 360 kg mol-1 PVP dissolved in ethanol was coated on PVDF support. 

Supports with sacrificial layers were dried under vacuum before immediate use in the following 

HI composite membrane fabrication. 

HI composite membranes were prepared in a fume hood situated in an air-conditioned 

laboratory with a regulated temperature between 18 to 23 °C, and relative humidity between 20 

to 60%. The membrane casting solution was prepared through dissolving mesophase precursors 

in a solution of ethyl acetate at a concentration of 10 wt.%. The homogeneous solution was 

filtered through a 0.2 µm polytetrafluoroethylene (PTFE) syringe filter and degassed before use. 
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In order to cast a composite membrane, the mesophase solution was dropped on the selected 

support and was spin-coated at 2000 rpm for 1 min. The film was then immediately transferred 

into a nitrogen atmosphere and was illuminated by the focused UV-beam at room temperature 

for 25 minutes for cross-linking. The composite membranes were then tailored into appropriate 

sections for further experiments.  

 

Structural characterizations. The liquid crystal birefringence textures were analyzed using a 

Zeiss Axiovert 200 M inverted microscope. Corresponding polarized light images were captured 

from a CCD camera connected to a computer. For imaging, the domain textures from the 

lyotropic mesophase were annealed through heating and slow cooling protocols to develop 

typical liquid crystal textures for characterization. 

X-ray spectra were collected in the Dual Source and Environmental X-ray Scattering 

facility operated by the Laboratory for Research on the Structure of Matter at the University of 

Pennsylvania, using a Xeuss 2.0 system (Xenocs). The GeniX3D Cu source provides a 

wavelength of 𝜆 = 1.54 Å. A consistent sample to detector distance 55 cm covered a range of 

accessible scattering vectors (q) from 0.016 to 1.02 Å-1 was maintained, and the 2-D scattering 

patterns were acquired with the line-eraser mode. Corresponding scattering patterns were 

azimuthally integrated into 1-D plots using the Foxtrot software package for scattering intensity 

(I) versus q, where 𝑞 = 4𝜋 sin(𝜃) /𝜆 and the scattering angle is 2𝜃. Silver behenate was used as 

a calibration standard. For transmission scattering experiments, samples were packed between 

Kapton windows. In the case of grazing incidence small-angle X-ray scattering (GISAXS) 

experiments, silicon substrates (with both bare SiO2 and PVP treated surface) were mounted on a 

standard GISAXS holder with an incidence angle between the substrate surface to the X-ray 

maintained from 0.15 to 0.2°. It should be noted that the characteristic qz’ ≫ qc (~ 0.01 Å-1), 

where the qz’ is the perpendicular q projection, and the qc is the q corresponding to the critical 

angle. As such, the 1-D plots from 2-D GISAXS pattern were integrated by estimating qz’ ~ qz. 

A JEOL 7500F Field-Emission Scanned Electron Microscope HR-SEM was utilized to 

characterize the nanoscale morphology of the cross-linked composite membranes and their 

supports. The surface characterization was based on sectioning vacuum-dried samples into 10 

mm × 10 mm pieces. In order to prepare samples for cross-sectional imaging, dried samples were 

immediately cryo-fractured after submerging sections in a bath of liquid nitrogen for ~ 20 s. 

Samples were mounted on standard pin-stubs using carbon tape and were subsequently sputter-

coated with ~3.0 nm of iridium, then loaded into the SEM chamber. Micrographs were 

photographed at a working distance of 8.0 mm with a consistent accelerating voltage of 10 kV.  

Height-profile analysis of the silicon substrate supported HI thin-film was performed 

using a Bruker Dimension Icon Atomic Force Microscopy (AFM) at the tapping mode with a 

MikroMasch HQ:NSC15/AL BS probe. In addition, mechanical characterization based on a TA 

Instrument ARES-G2 rheometer measured the toughness of the cross-linked HI material. 

Specifically, cross-linked rectangular samples in bulk were clamped to a tensile attachment 

loaded on the rheometer. The clamp pressure was sufficiently high to hold the samples in place 

without deforming the original conformation. The tensile force was measured over time as the 

samples were vertically strained along the longitudinal direction, at a rate 𝛾̇ = 0.001 s-1 until the 

samples failed.  

 

Transport Characterizations. The thin-film composite HI membranes were transferred into a 

50-ml Millipore Amicon stirred cell (UFSC05001) situated in the lab with room temperature 
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between 15 to 18 °C. The composite membrane was oriented with the surface layer facing the 

feed solution and was supported by a 4.5-cm-diameter PP/PE nonwoven mat. A customized 

stainless-steel disk with a circular opening was used to confine a controlled filtration area, 

corresponding to an active surface area of 2.4 cm2 available for solvent permeation. In order to 

characterize the intrinsic transport properties of the membranes, compressed nitrogen gas with a 

well-regulated transmembrane pressure ranging from 1 to 80 psi was used to drive the solute 

rejection and hydraulic permeance characterization experiments. Note the maximum 

transmembrane hydraulic pressure for the HI membranes were determined as ~400 psi using a 

HP4750 high-pressure stirred cell coupled with a 25-mm area reducer. Before starting the solute 

rejection experiments, the HI thin-film composites were rinsed thoroughly within the stirred cell 

to remove the sacrificial layer. The membranes were permeated with DI water for ~7 hrs. To 

provide a well-defined starting point for subsequent characterizations that involves comparisons 

of salt rejection experiments with Cl- ions, membranes were then permeated with 10 mM NaCl 

for an additional 1 hr to avoid potential complications associated with transient ion exchange. 

The membranes were continuously permeated with DI water and 10 mM NaCl solution for ~ 8 

hrs before starting to collect specific permeate solutions. The solution permeated from the 

membrane was collected in a capped glass container or a polypropylene Falcon tube (for cationic 

dye solutions) situated on an electronic balance.   

The molecular weight cut-off (MWCO) experiments were conducted using molecules 

with known sizes to characterize the size-selective solute separation performance. A range of 

solutes with the geometric mean diameters ranging from ~ 0.4 to 4-nm was chosen to challenge 

the HI composite membrane. As such, a series of small molecules of vitamin B12 (VB12), beta-

cyclodextrin, alpha-cyclodextrin, vitamin B2 (VB2), and resorcinol were coupled with 

poly(ethylene glycol) (PEG, Polymer Source, Inc) standards with number averaged molecular 

weights of 0.60, 1.1, 2.0 and 4.0 kg mol-1 and polydispersity values of 1.1 or less. DI water with 

a pH of ~ 5.5 was stored in a polypropylene bottle before use. In order to prepare small molecule 

feed solutions, solutes were dissolved in DI-water at a concentration of 0.1 mM. Meanwhile, the 

PEG feed solutions were formulated with 1 g L-1 polymer in DI-water. Similarly, dye rejection 

experiments were performed by permeating 0.1 mM solutions of alcian blue (AB), rhodamine 

6G (R6G), crystal violet (CV), rose Bengal (RB), methyl orange (MO) and methylene blue (MB) 

that are dissolved in DI-water through the membrane. During these solute rejection experiments, 

single species solute solution was permeated through the membrane bearing hydraulic flux at 

~18 L m-2 h-1, with the cell stirred at 400 rpm to reduce the concentration polarization. At least 5 

ml feed solution was permeated through the membrane from every single rejection experiment. It 

should be noted that no significant molecular fouling (i.e., reduction in hydraulic permeance, or 

irreversible dye deposition on the membrane) was observed during the rejection experiments.  

The concentration of the permeate solution was analyzed by a Cary 100 ultraviolet-

visible (UV-Vis) spectrometer which calculates the concentration of the analyte using Beer-

Lambert’s Law. A modified Dragendorff reagent method was used for the quantitative 

determination of the PEG solution concentration with a minimum coefficient of determination > 

99% in calibration using linear regression.70 

The single salt rejection experiment was performed in two parts, in which a consistent 

ionic strength salt screening assay and an ionic strength dependent rejection were investigated in 

detail. In the first portion of the assay experiment, the rejection assay involved a series of single 

salt solutions containing CaCl2, MgCl2, Na2SO4, MgSO4, KCl, NaCl, and LiCl prepared with a 

consistent ionic strength 10 mM with the solution pH unadjusted. Meanwhile, additional single 
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salt MgCl2 and NaCl solutions were prepared in a range of concentrations (by weight) ranging 

from 50 to 6000 ppm for the ionic strength dependent salt rejection experiment. In both parts, 

compressed-nitrogen driven salt solution flow permeated through the membrane at a constant 

transmembrane pressure 80 psi, with the cell stirred at 400 rpm. At least 8 ml permeate solution 

was collected from every single salt rejection experiment, and the salt concentration of the 

permeate was compared to the feed to calculate the percent rejection. Between salt rejection 

experiments, membranes were rinsed thoroughly with DI-water for 3 times, and the dead-volume 

within the cell was subsequently flushed with ~ 3 ml DI water. An Oakton Con 11 conductivity 

meter was used to assess the salt concentrations.  

In order to compare the performance of HI with other commercially available 

nanofiltration membranes, flat-sheet nanofiltration membranes purchased from the vendor were 

packed within the same stirred cell filtration setup as described above. A series of different 

nanofiltration membranes, including Filmtech polyamide NF270, Filmtech polyamide NF90, 

Synder polyamide NFG, Trisep cellulose acetate SB90 and Microdyn Nadir polyethersulfone 

NP030 were investigated in detail. Membranes were rinsed with DI-water for ~ 8 hr prior to 

starting the salt rejection experiment using 200 ppm NaCl and MgCl2 as model salts. The salt 

rejection experiment utilized the same protocol as described above.  
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