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In this work, we explored the practicability of a nanochannel-based biomimetic membrane (NBM) incorporating
pillar[5]arene water channels for seawater reverse osmosis (SWRO) desalination. Two classes of peptide-
attached biomimetic channels, (pR)-pillar[5]arenes (pRPH) and (pS)-pillar[5]arenes (pSPH) were integrated
into the selective layer of SWRO membranes via interfacial polymerization on the top side of a polysulfone (PSf)
support membrane. Here, pSPH is a non-identical stereoisomer of pRPH and was used as a negative control to
PRPH to elucidate the flux enhancement effect contributed by pRPH. The optimized NBM presented a water
permeability of 2.52 L m2 h™! bar! and 99.5% rejection under SWRO testing conditions of 50 bar applied
pressure and 32,000 mg/L NaCl as feed solution. The 62% permeability increment with reference to the control
membrane is hypothesized to originate from hybrid polyamide layers that were rougher with more voids (higher
effective surface area and lower hydraulic resistance for water transport) as well as the conceivable water
transport pathways provided by the pRPH channels. The simulation results from module-scale modelling suggest
that the optimized NBM could lead to 7.2% savings in specific energy consumption of the membrane unit stage
(or reduce the required membrane area by 25%) with respect to the commercial SWC4-LD membrane. The
performance of the optimized NBM was further assessed in a one-week desalination test using an actual seawater
feed gathered from an SWRO plant in Singapore. The robust NBM exhibited stable performance and ~28%
higher water flux (42 L m2 h!) than SWC4-LD with a comparable rejection of 99.3%, suggesting the feasibility of
pillar[5]arene-based biomimetic membranes for seawater desalination.

1. Introduction

Freshwater scarcity is one of the biggest threats which mankind is
facing in the 21st century. Membrane-based separation technologies
have a crucial role to play in addressing this challenge since it allows us
to tap on unconventional water sources through water reuse and
seawater desalination. The prevalent desalination technology is reverse
osmosis (RO), which occupies close to 70% of the current market share
[1]. The core of an RO desalination process consists of semi-permeable
membranes that allow the favored transport of water molecules over
solutes when seawater is pressurized across the membranes. The current

state-of-the-art seawater RO (SWRO) membranes is based on the
thin-film composite (TFC) design. The selective layer of the TFC-SWRO
membrane is a thin polyamide layer (~200 nm) that is typically pre-
pared via an interfacial polymerization (IP) reaction between a diamine
and acyl chloride [2-4]. The TFC membrane has served as an industrial
gold standard since its inception almost 50 years ago [1].

After decades of research and innovation, the separation perfor-
mances of the TFC-SWRO membranes have gradually improved in terms
of the permeability and selectivity, rendering them to be more efficient
and economical in terms of energy consumption. However, empirical
evidence collated from recent upper-bound models suggest that dense
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polymeric membranes (such as those for RO and gas separations) dis-
played a persistent permeability-selectivity tradeoff, rendering them
difficult to attain better performances beyond the current achievable
standard [5-7]. In the past 15 years, supramolecular chemistry has
brought about the development of water nanochannels, whereas nano-
technology has opened up the possibility to develop next-generation
membranes in which water nanochannels can be embedded into the
membrane selective layer to confer desired properties to the latter
[8-11].

One prominent example of water channels is aquaporin (AQP), a
biological nanochannel that is frequently studied because of its high
intrinsic water permeability while exhibiting perfect selectivity. How-
ever, there are still intrinsic challenges related to the preservation of
their activity under harsh conditions, as well as the ability to translate
superb &ngstrom scale performance into benefits at the system-level (i.e.,
from molecular transport to successful meter-scale membranes) [12,13].
Parallel to these research efforts, more straightforward approaches
involving biomimetic water channels have been proposed. The notable
advantages of biomimetic channels over their biological counterparts
are their higher stability, tunability, processability and cost [1,13,14].
As an example, in terms of tunability, the pore size and interior chem-
istry of biomimetic channels can be precisely tuned at the &ngstrom scale
to achieve salt exclusion, thereby opening the possibility to use these
water channels for desalination applications. Also, the cost of synthe-
sizing biomimetic channels is relatively low owning to its facile syn-
thesis methods, high yields and low material costs [12].

To date, one prominent type of biomimetic channels is the peptide-
attached pillar[5]arene, an unimolecular channel that possess a
tubular nanostructure comprising of peptide arms appended onto the
cyclic macromolecule backbone (Fig. 1(A-C)) [15-17]. The pore diam-
eter at the constriction zone of the peptide-attached pillar[5]arene is
~0.5 nm, which permits water to be funneled through in a single-file
fashion [1,18]. Coupled with its interior hydrophobicity that supports

A Peptide-Attached (pR)-pillar[5]arene

Macrocycle
l_‘_|

H
HO-<=>-N O‘ngOH

» H N<3>-OH
HO<3Ny—, H
P IR
H o
HOO—NO,/\ N<="0H
L ) L )

T |
Peptide-appended arms

’ ]: T - B pRPH ¢
channels
MPD

Polysulfone
support
membrane

| ———2

MPD solution
impregnation

Journal of Membrane Science 661 (2022) 120957

slip flow conditions, the peptide-attached pillar[5]arene channel could
mimic the fast water transport observed in AQPs. Pillar[5]arenes also
possess the captivating trait of 2D chirality that come about due to the
revolving of benzene moieties around the methylene groups. Our
research group has outlined the possibility to restrict the rotation by
affixing bulky and stiff substituents onto the macrocycle backbone,
thereby forming two stable isomers (peptide-attached pR- and pS-pillar
[S]arenes, designated as pRPH and pSPH, respectively) that possess
different mass transport properties. Readers are referred to Ref. [19] for
the detailed nomenclature and properties of the pR- and pS- isomers of
the planar chiral pillar[5]arene. Experimental and molecular dynamics
simulations have confirmed the salt exclusion capability of pRPH while
supporting fast water transport [19].

In a recent work by our research group, we have shown the successful
fabrication of a nanochannel-based biomimetic membrane (NBM)
incorporated with pRPH channel containing-liposomes [20]. Whilst this
work has outlined the feasibility of an NBM with enhanced water
permeability for brackish water RO (BWRO) application, its salt rejec-
tion of <99.0% is limited with little interest for seawater desalination. In
addition, liposomes preparation is a lengthy process that involves mul-
tiple steps (lipid drying, rehydration, extrusion, etc.) with the typical
preparation procedures requiring more than 1 day [20]. In the current
work, we attempted to resolve these two challenges by examining the
possibility to fabricate NBMs in which pillar[5]arene channels are
directly immobilized into the membrane selective layer as nanoparticles
(Fig. 1D). Moreover, the current work involves the study of NBMs for
harsher application (SWRO), in which the applied pressure and feed
salinity (50 bar and 32,000 ppm NaCl, respectively) is several times
higher than that of BWRO (15 bar and 2000 ppm NaCl, respectively).
Here, we envision that the pRPH channels can improve the membrane
permeability by furnishing possible water transport pathways, while the
water-soluble nature of pillar[5]arene derivatives can enhance the
compatibility with, and dispersibility in the polyamide [21,22]. The
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Fig. 1. (A) The structure of the pRPH channel, showing the peptide arms appended onto a macrocycle backbone. (B) The schematic structures of the pSPH (left) and
PRPH (right) channels. (A) and (B) were modified from Ref. [19]. (C) An illustration of the tubular nanostructure of pillar[5]arene (modified from Ref. [18]). (D)
Schematic illustration of the synthesis of an NBM. The support membrane is impregnated in the m-phenylenediamine (MPD) solution containing pRPH nanochannels,
prior to contact with trimesoyl chloride (TMC). The pRPH channels are embedded into the hybrid polyamide layer via interfacial polymerization. It is surmised that

the channels are randomly oriented in the polyamide layer.
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latter is crucial in preventing the formation of defects in the selective
layer [5]. To the best of our knowledge, this research work is the first to
study the practicability of NBMs integrated with pillar[5]arene channels
for SWRO application with high salt rejection of 99.5%.

2. Experimental
2.1. Materials and chemicals

In this work, all chemicals were acquired from Sigma-Aldrich unless
otherwise specified. Polysulfone beads (PSf, Solvay) was dissolved in
dimethylformamide (DMF) to prepare polymeric dope solutions. Phos-
phate buffered saline (PBS) solution and 1,2-Dioleoyl-sn-glycerol-3-
phosphocholine (DOPC) lipids (Avanti Polar Lipids) were used in the
preparation of liposomes. The biomimetic nanochannels, peptide-
attached (pR)- and (pS)-pillar[5]arenes (pRPH and pSPH, respec-
tively), were used to assemble channel-containing liposomes as well as
in interfacial polymerization (IP). It is highlighted that the liposomes
were used solely in the stopped-flow tests (i.e., no liposomes were used
in membrane fabrication via IP). The synthesis procedures of the
nanochannels are detailed in our preceding research study [19]. Here,
pSPH is a non-identical stereoisomer of pRPH and is used as a negative
control (mutant version) to pRPH. Both biomimetic nanochannels were
stored at a temperature of —18 °C prior to usage. M-Phenylenediamine
(MPD), triethylamine (TEA) and camphorsulfonic acid (CSA) were used
to prepare aqueous solutions in IP. Trimesoyl chloride (TMC) was dis-
solved in n-hexane in the preparation of the organic phase in IP. Citric
acid, ethylenediamine tetraacetic acid (EDTA), sodium hydroxide
(NaOH), and sodium dodecyl sulfate (SDS) were used to prepare
chemical solutions. Two commercial SWRO membranes (DuPont Film-
tec SW30HR and Hydranautics SWC4-LD) were assessed in this work as
a point of reference.

2.2. Preparation of channel-containing liposomes for stopped-flow tests

To quantify the water permeability of the nanochannels in stopped-
flow tests, both pRPH and pPSH nanochannels were used in the prepa-
ration of channel-containing liposomes using the film rehydration
technique according to our previous work [20]. Firstly, nitrogen gas was
used to dry 12 mL of DOPC in chloroform (concentration: 25 mg/mL) to
obtain a fine lipid film on the internal surface of a round bottom flask.
The flask was then put away in a vacuum desiccator (i.e., a sealable
enclosure) for 3 days to ensure thorough withdrawal of chloroform.
Secondly, 30 mL of PBS buffer solution and a fixed quantity of nano-
channels (lipid to channel ratio (LCR) of 100) were put into the flask and
agitated for 50 min. The control liposome contains only DOPC without
any nanochannels. Thirdly, the liposomes were subjected to three
rounds of freeze-thaw and subsequently extruded three times each using
Whatman microporous filters (pore sizes of 200 nm and 100 nm) in a
Genizer Jacketed Liposome Extruder to obtain spherical liposomes with
homogeneous size distributions [20].

2.3. Biomimetic membrane synthesis

The PSf support membranes were prepared using a pilot-scale flat-
sheet membrane casting machine via the phase inversion method [23].
Readers are referred to our previous work for more detailed information
[24]. In brief, the dope solution was prepared by dissolving 17 wt% of
PSf beads in 83 wt% of DMF at 60 °C with continuous stirring. The dope
solution was then degassed and cooled down to room temperature
before the casting process. The dope solution was dribbled onto the
polyester non-woven fabric during the casting process, in which the gate
height of the casting knife and casting rate were set at 230 pm and ~6.7
cm/s, respectively. The casted films were immediately rolled into a
water bath at ambient temperature to induce phase separation. The
obtained support membranes were immersed in a deionized water
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container for 1 day to ensure complete solvent removal.

IP methodology was adopted to synthesize the membrane selective
layer on the top side of the support membrane. Two solutions were
utilized in the IP process: 3.5 wt/v% MPD aqueous solution and 0.16 wt/
v% TMC solution dissolved in hexane. A trace amount of TEA-CSA salt
(3-4 wt/v%) was included into the MPD solution as an aqueous phase
additive [25,26]. In the fabrication of NBMs, nanochannels were
blended into the MPD solution. A methodical optimization of the
nanochannel loading was performed to pinpoint the leading perfor-
mance attainable by the NBMs. Here, the baseline membrane is denoted
as a TFC control membrane whereas the NBMs integrated with pRPH
and pSPH nanochannels were designated as NBM-pRPH-x and
NBM-pSPH-x, respectively (where x denotes the concentration (mg/L) of
the nanochannels in MPD solution).

Readers are referred to a previous study by our research group for
detailed information of the IP procedure [27]. Briefly, the PSf support
membranes were first dipped in MPD solutions for 1 min. The surplus
MPD solution was then purged off from the surface using an air-knife.
Secondly, the MPD-saturated support membranes were contacted with
TMC solution for 1 min to synthesize the polyamide layer. Thirdly, the
membranes were placed in a 60 °C forced convection oven for 10 min to
induce the curing process. Lastly, the membranes were placed in a water
bath for 2 h and subsequently transferred to a 4 °C refrigerator for 12 h
prior to testing.

2.4. Liposome characterization

The size distribution profiles of the liposomes were measured using a
size analyzer (Zetasizer Nano ZS) via quasi-elastic light scattering
technique. In brief, the liposomes were dispersed in PBS buffer solution
(concentration: 0.2 mg/mL) and the translucent solution was transferred
to a square cuvette for measurement. The water permeability of the
vesicles was ascertained using a stopped-flow spectrometer (SX20,
Applied Photophysics), as per reported previously [20]. The draw so-
lution is 600 mM sucrose. The draw solution and vesicle solution were
mixed in the same proportion under pressurized nitrogen gas (4 bar). To
determine the shrinkage rate of the vesicles, the fitted rate constant (k)
was computed using the Pro-Data SX software by fitting the data points
into a single exponential function. Lastly, the water permeability of each
individual vesicle is computed as follows:

k

o
f S/Vo x V,, X Aosm

@

where S/V, is the surface area to volume ratio of an individual vesicle,
V, is the molar volume of water (0.018 crn3/mol), and Aosm is the os-
molarity difference between the mixing solutions.

2.5. Membrane characterization

The membranes were air dried for 2 days prior to characterization
experiments. An atomic force microscope (AFM), Park XE-100 (Korea)
was used to analyze the surface roughness average (Ry) of the mem-
branes. The cantilever tips used were the PPP-NCHR type (Nanosensors)
with a length of 125 pm and a typical radius of curvature of less than 10
nm. The AFM images were acquired in a non-contact mode with a res-
olution of 256 pixels using a scan rate of 0.5-0.8 Hz for 25 pm? areas.
The surface wettability of the membranes was evaluated using an optical
contact angle measurement system (OCA 15, Dataphysics) and was
presented as a contact angle averaged from six measurements. The
surface structure and cross-sections of the membrane selective layers
were examined using scanning electron microscopy (SEM, JEOL) at an
accelerating voltage of 5 kV. Freeze cracking in liquid nitrogen was
performed to inspect the cross-sections of the polyamide layer. Prior to
SEM imaging, all samples were overlayed with a platinum layer at 20
mA for 100 s.
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To examine the functional groups present in the membranes, the
attenuated total reflection (ATR) - fourier transform infrared (FTIR)
spectra was recorded on an IR Prestige-21 spectrometer [28]. The
equipment contained a michelson interferometer at an incident angle of
30° and all spectra were recorded at ambient temperature in the region
of 800-2000 cm™. To estimate the cross-linking degrees of the poly-
amide layers, XPS (X-ray photoelectron spectroscopy) characterization
was used to establish the elemental compositions. Next, the C1s peak at
284.8 eV was deconvoluted in an attempt to deduce the chemical bonds
in the polyamide layer, as per reported previously [20]. In brief, the C1s
baseline was constrained between 280 eV and 292 eV, and subsequently
the peaks were identified, and their respective atomic compositions
were quantified using the CasaXPS processing software.

2.6. Performance evaluation of the SWRO membranes

The separation performances of the SWRO membranes were assessed
using a crossflow filtration system equipped with permeation cells
(CF042D, Sterlitech), in which the effective area of each membrane
coupon is 42 cm?. To determine the water permeability coefficient A (L
m2h! bar!), the membranes were pre-compacted with deionized water
at 50 bar for 2 h to attain stable permeate flux.

Jy

A= g @

where J,, AP and Arx are the water flux, applied pressure and osmotic
pressure difference across the SWRO membrane, respectively. Next, the
feed water was replaced by synthetic seawater (32,000 ppm NaCl so-
lution) and another 3 h of filtration was conducted to determine the salt
rejection:

R=1-C,/Cs 3

where C, and C; are the concentrations of the permeate and feed
streams, respectively (units: g/L). The commercial SWRO membranes
were tested under the same protocol. The feed water temperature was
kept constant at 25 °C for all tests. The inverse salt permeability co-
efficients (1/B) were quantified according to the following equation:

1 —

1 R
B J,

X (ﬁ) (@)

To assess the chemical stability of the optimized NBM for practical
desalination application, the membranes were soaked in different so-
lutions (for 1 h): 20 g/L citric acid (pH 2), 1 g/L NaOH (pH 12.41), 8 g/L
EDTA (pH 2.77) and 0.3 g/L SDS (pH 12.42), which are common
chemicals used in membrane cleaning operation [29,30]. Thereafter,
they were washed thoroughly with deionized water prior to RO filtration
tests. A seven-day test was conducted for the optimized NBM using
actual seawater feed collected from a seawater desalination plant in
Singapore (the feed was pre-treated by an ultrafiltration membrane
process). The commercial SWC4-LD membrane was assessed in parallel
for benchmarking purposes. Unless otherwise stated, all tests were
conducted at an applied pressure of 50 bar under a crossflow velocity of
15.8 cm/s. The cation and boron concentrations of the feed and
permeate streams were determined using inductively coupled
plasma-optical emission spectrometry (ICP-OES, PerkinElmer Avio 550
Max), whereas the anion concentrations were acquired by ion chroma-
tography (IC, Dionex Aquion). To ensure accurate measurements within
the calibration range available in the equipment, the solutions were
either diluted with water (IC) or 1% nitric acid aqueous solution
(ICP-OES).

2.7. System-level modelling of an SWRO plant operating with spiral-
wound elements

Assuming that the lab-scale membranes could be scaled-up to
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element size, we attempted to quantify the membrane performance
enhancement on the energy and footprint savings achievable at a
system-level by applying a module-scale model that was previously re-
ported by our research group [31]. The salt water permeability and
rejection values of the membranes obtained in the experiments were
directly input into the simulation as modelling parameters. In brief, we
quantified the specific energy consumption (SEC, kWh/m®) and foot-
print requirement of the SWRO membrane unit (single-stage) by
modelling the fluid dynamics and mass transport properties of the SWRO
train, consisting of eight spiral-wound membrane elements connected in
series. Each individual element is 8-inch in diameter, with a length and
effective membrane area of 1.0 m and 37 m? respectively. The feed
concentration of the SWRO stream was set at 32,000 mg/L NaCl. Both
the SEC and footprint requirements were calculated under a fixed
permeate recovery of 50%. Also, the SEC was computed under a fixed
feed flowrate of 320 m®/day, whereas the number of SWRO trains was
calculated under a fixed inlet pressure of 70 bar and a pre-determined
production capacity of 100,000 m®/day [31].

To perform the simulation, we considered the variation in the
membrane element in the axial direction and the control volume was
discretized in the streamwise direction (i.e., from the inlet stream to the
outlet stream of an SWRO train). The pressure losses, fluid dynamics and
mass balances in the streamwise direction are governed by four ordinary
differential equations (ODEs), which describes the rate of change based
on the mass transfer coefficient and local permeate flux. With the given
boundary condition, the system of ODEs was solved iteratively using
numerical integration in MATLAB 2021a from the inlet to the outlet
stream using the trapezoidal rule and fsolve solver. The required inlet
pressure, SEC, number of SWRO trains, concentration polarization factor
and permeate flux were readily computed by the model and are pre-
sented as a function of recovery along the SWRO train. Readers are
referred to Ref. [31] for the model validation and detailed information
of the system-level modelling of an SWRO plant operating with
flat-sheet spiral-wound elements.

3. Results and discussion

3.1. Characteristics of the liposomes and water permeability of pRPH
channels

According to the results obtained from dynamic light scattering ex-
periments (Fig. 2A), the channel-containing liposomes have an average
size of ~116 nm with an excellent polydispersity index of 0.055. The
latter is a manifestation of the uniform size distribution of the vesicles
that will guarantee the accuracy of water permeability data obtained
from stopped-flow experiments [20]. It is noticed that the
pRPH-liposomes (LCR 100) showed a rapid increase in fluorescence at
the initial stage that is accompanied by a plateau stage (k value: 236 s,
refer to Fig. 2B). The sharp increase of the signal within a minuscule
duration (<0.01 s) is a manifestation of the fast conveyance of water
molecules across the pRPH channels, while the following steady stage of
the signal indicates that the liposomes were stable under the current
solute conditions. In a striking difference, the stopped-flow curves of the
DOPC liposomes and pSPH-liposomes (under a similar LCR of 100) were
much more subtle (lower k values of 17-20 s'l), which indicates the
relatively impenetrable characteristics of the DOPC and pSPH-liposomes
[20]. Based on these results, we attempted to quantify the net perme-
ability of the liposomes under identical preparation and testing
conditions.

Under a similar LCR of 100 (that is the number of channels in a
liposome), the net permeability of the pRPH-incorporated vesicle is 706
pm/s, which is 13-fold higher than that of the pSPH-incorporated vesicle
(56 pm/s) (Fig. 2C). Because pSPH is a non-identical stereoisomer of
PRPH and is used as a negative control (mutant) to pRPH, this result
demonstrates that water transport through the pRPH-liposomes is
expedited by the pRPH channels [19,20]. Furthermore, the activation
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energies (E,) acquired from the Arrhenius plots (Fig. 2D) showed that
the incorporation of the pRPH channels into the liposomes halved the
activation energy from 10.9 kcal/mol (control liposome) to 5.4 kcal/-
mol. In essence, the stopped-flow data and activation energy measure-
ments provided solid evidence of water conveyance across the pRPH
channel.

3.2. Characteristics of the control and biomimetic membranes

3.2.1. Physical characteristics

Fig. 3 presents the polyamide selective layer properties of the TFC
control membrane and biomimetic membranes made with pRPH and
PSPH channels at different loading concentrations. Close inspection of
the surface morphologies and cross-sections in SEM revealed the typical
ridge and valley structure that is reminiscence of the polyamide matrices
synthesized using the MPD-TMC chemistry [5]. It is noticed that the
polyamide features were larger and more noticeable for the biomimetic
membranes. This was also corroborated by the much larger polyamide
heights and surface roughness. For example, the polyamide heights of
the NBM-pRPH-360 and NBM-pSPH-360 membranes were about ~23%
larger than that of the TFC control membrane (175 nm), which is also
manifested by the ~16% increase in surface roughness. Overall, we
observed that polyamide matrices of NBM-pRPH-360 and
NBM-pSPH-360 were fairly identical under a fixed channel concentra-
tion of 360 mg/L in MPD solution.

Upon further increase in the pRPH channel concentration in MPD
solution (ie., NBM-pRPH-720), the polyamide protuberances were
further enlarged, as per evidenced by the larger polyamide heights and
roughness with respect to the NBM-pRPH-360 (Fig. 3D). Consequently,
the much rougher polyamide surface of NBM-pRPH-720 led to an

enhancement in the surface wettability (11% drop in contact angle).
Overall, our results point to the fact the incorporation of pRPH led to
larger protuberances and features that resulted in polyamides with
larger heights and roughness. Here, we surmise that the pRPH channels
do not function solely as a nanochannel in the IP process, but rather its
presence could have affected the IP kinetics and polyamide formation.
Also, the aggregation of pRPH channels under high concentrations (e.g.
720 mg/L) could have led to the formation of lumps of nanomaterials
which resulted in a rougher and spatially thicker polyamide layer that
has greater heights. In the current literature, many studies have also
reported a similar trend whereby the addition of nanochannels or filler
materials (such as I-quartets, metal-organic frameworks, or organic
nanofillers) led to the evolution of polyamide layers with greater pro-
tuberances (that is manifested by greater heights and roughness)
[32-35]. It is also worthy to note that the nanochannels were not
directly observed in the SEM and TEM characterizations (refer to
Figs. 2A and 3), presumably due to its small size (estimated to be <5 nm
in length and ~0.5 nm in diameter) [19,20]. Therefore, it is not possible
to obtain more information of the spatial orientation of the nano-
channels in the polyamide layer. At the current stage, we postulate that
the nanochannels were randomly positioned in the polyamide layer
(analogous to the thin-film nanocomposite membranes incorporating
carbon nanotubes) [36,37].

3.2.2. Chemical characteristics

Next, we attempted to study the changes in the polyamide chemistry
of the SWRO membranes by examining their cross-linking degrees in the
form of the O/N ratio obtained from XPS characterization experiments
(here, the O/N ratio of 1 and 2 corresponds to a fully cross-linked and
fully linear polyamide structure, respectively) [38]. First, Fig. 4A
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Fig. 3. The polyamide layer properties of the TFC control and biomimetic membranes incorporated different concentrations of nanochannels in MPD solution.
Leftmost panels: SEM images displaying the surface morphologies. Middle panels: Cross-sectional SEM images with the selective layer height (5). The yellow
dashed line represents the boundary between the selective and support layers. Rightmost panels: 3D images from AFM with the roughness average (R,) and
equilibrium contact angle (0) images obtained from the goniometer. (For interpretation of the references to color in this figure legend, the reader is referred to the

Web version of this article.)

revealed that the cross-linking degree of the TFC control,
NBM-pRPH-360 and NBM-pSPH-360 were fairly similar as per evi-
denced by their indistinguishable O/N ratios in XPS. This trend falls in
line with the fairly similar intensity of the peak at 955 cm™ in FTIR
measurements (Fig. 4B), which reflects the amount of non-reacted acyl
chlorides present in the polyamide matrices [27,39]. However, upon
further increase in the pRPH channel loading rate, the intensity of the
FTIR peak and O/N ratio of NBM-pRPH-720 showed discernible

increases, which is reminiscence of a looser polyamide layer. Based on
the characterization results, we surmised that the nanochannels did not
alter the cross-ling degrees of the polyamide matrices to a large extent
under a low nanochannel load (<360 mg/L). However, at a high
nanochannel loading rate of 720 mg/L, the pRPH channels could have
agglomerated or influenced the IP formation mechanism by forming
more voids in the polyamide matrices which consequently led to the
formation of a looser polyamide matrix. This trend falls in line with the
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Fig. 4. (A) The O/N ratio obtained from XPS analyses. (B) The ATR-FTIR spectra outlining the intensity of the peak at 955 cm™ for the control and biomimetic
membranes. The FTIR spectra were obtained right after the curing stage in the membrane fabrication process. (C and D) The deconvoluted peaks of C1s in XPS for the

TFC control and NBM-pRPH-360 membranes.

literature whereby the incorporation of nanomaterials (such as
metal-organic frameworks (MOFs) or carbon materials) into polyamide
matrices under high loading rates often resulted in a looser selective
layer (i.e., a reduced cross-linking degree) [35,40].

Besides deducing the changes in the cross-linking degrees of the
polyamide layer, we also attempted to study the changes in chemical
properties of the selective layers by quantifying the chemical bonds in
the deconvoluted Cls narrow peak in XPS. According to the data pre-
sented in Fig. 4G, it is observed that the TFC control membrane consists
of three peaks in the Cls narrow spectrum. According to previous re-
ports, the leftmost peak at 288.1 eV is reminiscence of the strong
electron-withdrawing groups in the polyamide layer (e.g., O—C-O
bonds in pendant carboxylic acid groups and O—C-N bonds in amides)
[41]. Next, the intermediary peak at 285.8 eV is related to the weak
electron withdrawing functional groups in the polyamide layer (e.g,
carbon atoms in C-N bond), whereas the rightmost peak at 284.7 eV is a
manifestation of the pervasive C-H and C-C bonds in the polyamide
matrices formed using the MPD-TMC chemistry [42]. Contrastingly, for
the NBM-pRPH-360 membrane (Fig. 4D), besides the existence of these
three peaks, it displayed one more distinctive peak at 285.1 eV as
compared to the TFC membrane. According to the literature, this peak is
affiliated with the presence of the C-O-C bonds (ether functional
groups). Because the ether functional groups are only present in the
PRPH compound (and not in polyamides), the unique peak at 285.1 eV is
a proof of the successful incorporation of pRPH channels into the
polyamide matrix [20]. Also, since XPS characterization analyzes the
elemental compositions at the top surface of the polyamide layer
(~5-10 nm) [27], the ether functional groups identified in Fig. 4D

suggests the presence of the pRPH channels in the polyamide leaves.
According to the literature, this observation is plausible, in which the
nanomaterials are typically distributed in the topmost polyamide leaves
and the core basal polyamide layer [43].

3.3. Desalination performances of the SWRO membranes

3.3.1. Closed-loop experiments and unraveling the water channel effect
contributed by the pRPH channels

The desalination performance of the SWRO membranes is presented
in Fig. 5A. It is noticed that all membranes were able to maintain decent
NaCl rejections (>99.0%) in all experimental runs, suggesting their
feasibility for SWRO desalination given that the membrane re-
quirements for SWRO membranes are the more stringent than that of
brackish water RO (BWRO) membranes. Moreover, the >99.0% NaCl
rejection indicates that the incorporation of nanochannels did not
compromise the polyamide integrity (i.e., minimal defects were intro-
duced), which is plausible given the small sizes of the nanochannels (<5
nm in length and ~0.5 nm in diameter) [20]. Hence, it is postulated that
the nanochannels were fully integrated into the polyamide selective
layer without any protrusions.

To unravel the water channel effect contributed by the pRPH chan-
nels, we attempted to scrutinize the membrane performances (Fig. 5A)
in greater detail. Firstly, as compared to the TFC control membrane, we
noticed that the membrane permeability gradually increased with pRPH
loading in the MPD solution (from 0 to 360 mg/L). The NBM-pRPH-360
exhibited the best performance of 2.52 L m™2 h™! bar’!, which represents
a 62% increment from the TFC control under a similar NaCl rejection of
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Fig. 5. (A) Experimental water permeability and salt rejection of NBM-pRPH membranes prepared from different pRPH concentrations in MPD solution (colored in
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temperatures (C) and pressures (D) on the performances of the NBM-pRPH-360 and NBM-pSPH-360 membranes. Both experiments were conducted in closed loop
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this figure legend, the reader is referred to the Web version of this article.)

99.5%. Here, it is postulated that the enhanced permeability of the NBM- that water transport in the biomimetic membrane can occur through two
PRPH membranes arises from a polyamide that is rougher and with more pathways: i) the pores of the pRPH channels and ii) the voids and free
voids (refer to Section 3.2.1) as well as the possible water transport volume elements in the dense polyamide layer [44,45].
pathways provided by the pRPH channels. In layman terms, we surmised To narrow down on the permeability enhancement effect contributed
TFC control NBM-pRPH NBM-pSPH
. L4
[ ] (& § |
[+ E-3
PA \\ : P,;\ basal N |
leaves Nt PA ayer \\ |
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= = : % Fois - L5 s Cs _
O Water molecule @ pRPH channel L‘j pSPH channel @@ Polyamide (PA) = Polysulfone support

Fig. 6. Schematic illustrations of the supplementary water transport pathways provided by the pRPH channels in NBM-pRPH with respect to the TFC control and
NBM-pSPH. It is surmised that the channels are randomly oriented in the polyamide layer.
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by the pRPH channels, the performance of the NBM-pRPH-360 was
directly compared with its mutant counterpart (i.e., NBM-pSPH-360).
Given that the physical and chemical characteristics of polyamide
matrices are indistinguishable for NBM-pRPH-360 and NBM-pSPH-360
(refer to Section 3.2), we attribute the 70% enhanced permeability of
NBM-pRPH-360 with respect to NBM-pSPH-360 to the favored water
passage through the nanopore of the pRPH channels (as per confirmed in
stopped-flow tests, refer to Section 3.1). In essence, the pRPH channels
provide water molecules with a supplementary transport pathway with
a reduced hydrodynamic resistance (Fig. 6). Coupled with its intrinsic
ability to exclude monovalent ions (refer to Section 3.1), the presence of
PRPH could enhance the SWRO membrane water permeability while
maintaining its selectivity (99.5% NaCl rejection).

Secondly, we attempted to provide a stronger evidence of water
transport across the pRPH channels by conducting RO tests under
increasing feed temperatures and pressures. From the lines of best-fit
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presented in Fig. 5C, it is evident that the NBM-pRPH-360 showed a
greater rate of flux rise with feed temperature as compared to its mutant
counterpart, NBM-pSPH-360. Here, we surmised that the collision
recurrence between the diffusing water molecules and pRPH’s smooth
interior cavity is decreased at higher temperatures thereby increasing
the water transport rate. Together with the drop in water viscosity at
elevated temperatures, the higher rate of flux rise for the NBM-pRPH-
360 (with respect to NBM-pSPH-360) reveals potential water convey-
ance through the pRPH channels [20,46]. This trend was also observed
in increasing pressure tests (Fig. 5D). The steeper best-fit line of
NBM-pRPH-360 suggests expedited water transport because increasing
AP supplies a greater driving force to overcome the entry barrier posed
by the pRPH channels. In layman terms, this means that the extra kinetic
energy supplied from the applied pressure allowed water molecules to
overcome the entry resistance [20,46]. Consequently, water molecules
transfused through the pRPH channels (as compared to pSPH), which is
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Fig. 7. (A and B) The plot of water flux, salt rejection and concentrations of the feed and permeate streams as a function of recovery (or collective permeate volume).
The experiment was conducted in open-loop mode (target recovery of 50%) and the testing conditions were: constant applied pressure of 55 bar and 32,000 mg/L
NacCl as feed solution. (C) The plot of brine osmotic pressure and applied pressure as a function of recovery. The minimum additional energy represents the irre-
versible losses in a one-pass SWRO (yellow area) whereas the hydraulic overpressure is needed to achieve the pre-determined recovery. (D) The profile of permeate
flux within an SWRO module (i.e., a single train) as a function recovery (solid lines) and the concentration polarization factor as a function of cumulative membrane
area (dashed lines). Note: For (C-D), the performances were obtained via module-scale modeling of an SWRO system consisting of spiral-wound membrane elements
connected in series (refer to Section 2.7 for the simulation methodology). (For interpretation of the references to color in this figure legend, the reader is referred to

the Web version of this article.)
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a good indirect corroboration of water transport through the pRPH
channels.

Thirdly, it can be observed that the water permeability of the NBM-
pRPH membranes begin to drop when the concentration of pRPH is
further increased beyond 360 mg/L (e.g., NBM-pRPH-720 exhibited a
10% decrease in permeability when compared against NBM-pRPH-360).
We postulated that the channels could have aggregated under higher
concentrations to form agglomerated clusters [33,40,47]. This means
that water transport does not occur through all nanochannels, thereby
reducing the number of nanopore available for water transport through
the polyamide layer. In light of this proposition, the water permeability
of NBM-pRPH membranes did not increase linearly beyond the optimal
loading of 360 mg/L in MPD solution.

3.3.2. Quantifying the energy and footprint savings achievable by NBM-
PRPH-360

Among the various approaches to fabricate high-performance SWRO
membranes, our method offers an opportunity in large-scale membrane
fabrication due to its convenient adaption into the industrial IP process,
in which pRPH channels are directly blended into the MPD solution
prior to IP (e.g., by retrofitting the existing fabrication lines) [48]. In this
section, we first study the performance of the optimized NBM-pRPH-360
membrane in high recovery experiments, representative of conditions in
actual desalination plants [49]. The state-of-the-art commercial
SWC4-LD membrane was tested in parallel for benchmarking purposes.
The experiment was conducted under 50% recovery using seawater as
feed under an applied pressure of 55 bar. According to the trends pre-
sented in Fig. 7A, the NBM-pRPH-360 membrane showed 51% higher
water flux than SWC4-LD at the initial stage with a similar salt rejection
of 99.5%. However, the trends of the permeate flux and salt rejection for
both membranes gradually decrease with recovery due to the reduction
in driving force (i.e., hydraulic overpressure) as the feed solution
became more concentrated (Fig. 7B). Overall, the concentration of
permeate collected using the NBM-pRPH-360 membrane (0.31 g/L) was
fairly like that of SWC4-LD (0.29 g/L). These values fulfill the criteria for
set forth by the World Health Organization for drinking water quality
[50], thereby affirming the promising performances of the
NBM-pRPH-360 membrane in actual desalination.

In summary, the NBM-pRPH-360 membrane could produce more
water than the SWC4-LD membrane under a similar permeate quality
when tested under identical conditions. Coupled with the large scale-up
potential of our biomimetic membrane, we attempted to estimate the
benefits which NBM-pRPH-360 could bring about at the system-level.
Herein, we quantify the energy and footprint savings attainable by the
optimized NBM-pRPH-360 membrane in an actual desalination process
by extending a recent modelling work by our research group (readers are
referred to Ref. [31] for detailed information as well as model valida-
tion). By modeling the fluid dynamics and mass transport in an SWRO
train (consisting of several spiral-wound elements connected in series),
we calculated the SEC and footprint of the membrane unit stage in
SWRO. Based on the results presented in Fig. 7C, it is evident that a
desalination process adopting both membranes would require more
energy than would be required by thermodynamics (applied pressure is
9% and 17% above the brine osmotic pressure for NBM-pRPH-360 and
SWC4-LD, respectively). This is plausible given that the performance
standards of both membranes is below the thermodynamic limit for
spiral-wound SWRO membranes (3 L m?2h! bar’l) [31].

In terms of footprint savings, our modelling results suggest that
under the similar applied pressure of ~64 bar, the NBM-pRPH-360 could
achieve 50% recovery of permeate water with six elements instead of
eight elements that is needed by the commercial SWC4-LD membrane
(Fig. 7D). In layman terms, the larger water permeability of the NBM-
PRPH-360 membrane would reduce the required membrane area by
25% (from 296 m? to 222 m?), translating to proportional savings in
terms of footprint (which includes capital and membrane replacement
costs). On the other hand, an alternative configuration can involve the

10
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same membrane area (that is, the same number of elements with respect
to SWC4-LD), and the NBM-pRPH-360 membrane would reduce the
applied pressure required from 64.0 bar to 59.5 bar. This would trans-
late to a noteworthy 7.2% reduction in SEC with respect to SWC4-LD
while producing the same amount of freshwater. Finally, it is also
noticed that the concentration polarization factor of the SWRO mem-
branes were lower than 1.20, which shows that concentration polari-
zation is still well controlled within the current flux range [51]. Overall,
our results suggest that concentration polarization does not seem to
nullify the benefits which the NBM-pRPH-360 can bring about due to its
greater productivity, as per evidenced by the significant energy and
membrane area savings which it could achieve with respect to the
commercial SWC4-LD membrane. Future works could also use molecu-
lar dynamics simulations to predict the fouling potential of our mem-
branes to include the impact of progressive membrane fouling in the
system-level modelling [31,52].

3.3.3. Chemical stability and mechanical durability of NBM-pRPH-360

In this section, we attempted to elucidate the resilience of the opti-
mized NBM-pRPH-360 membrane when subjected to chemical and
mechanical stress (Fig. 8A and B). Firstly, it is noticed that our SWRO
membranes exhibited a plastic behavior (that is, the irreversible and
permanent reduction of free volumes in the polyamide) after compac-
tion whereby they could not recover their original permeability values at
low pressures. We conjectured that the incorporation of nanochannels
into the selective layer did not compromise the polyamide integrity,
since the extent of permeability reduction after compaction is fairly
similar to that of the control membrane (refer to Fig. 8B). Here, it is
noticed that the membranes retained their permeability values after
compaction that is manifested by the similar performances after the
applied pressure was gradually decreased. The desalination perfor-
mances of the NBM-pRPH-360 membrane also remained relatively sta-
ble after stability and durability tests under SWRO conditions. As shown
in Fig. 8A, the water flux of the NBM-pRPH-360 membrane retained
~90% of its original value (43 L m2 h'l) after two days of SWRO
compaction as well as individually being subjected to various cleaning
agents containing acids, bases, and amphiphilic compounds (e.g., SDS
surfactant) [29,30]. More importantly, besides the ability to maintain
the water flux, the selectivity of the NBM-pRPH-360 was not compro-
mised, as per evidenced by the salt rejections of ~99.0-99.5%. This
confirms the robustness of our NBM-pRPH-360 membrane for practical
desalination operations (e.g, when subjected to chemical cleaning or in
the handling of feed water with high temperatures).

Lastly, we also conducted a seven-day test using real seawater feed to
examine the feasibility of the NBM-pRPH-360 membrane in desalinating
real seawater (Fig. 8C). For comparison purposes, the commercial
SWC4-LD membrane was tested in parallel under identical conditions.
Throughout the seven-day test, it is noticed that the water flux of the
NBM-pRPH-360 membrane showed a 10% drop from its initial value
after two days of operation. Thereafter, the water flux stabilized and
remained fairly consistent at 41.5 L m™2 h}, which was 28% higher than
that of SWC4-LD (32.5 L. m™2 h') under fairly similar rejection of
~99.3% (refer to Fig. 8C and Table 1). Lastly, we also examined the
ionic concentrations of the permeate water that were obtained from the
NBM-pRPH-360 membrane. It is observed that our membrane showed
fairly similar rejection of monovalent and divalent ions to that of SWC4-
LD (Table 1), indicating the feasibility of our membrane for practical
desalination application. However, we also note that the boron rejection
of the NBM-pRPH-360 falls short of that achievable by SWC4-LD by
about 7%. Thus, future works could involve the use of surface coating or
modification of the polyamide chemistry to further improve the boron
rejection of NBM-pRPH-360 [60,61].

Overall, our biomimetic membranes incorporating pRPH channels
presents a feasible alternative in the fabrication of high-performance
SWRO membranes with performance standards matching those of
other thin-film nanocomposite (TFN) SWRO membranes incorporated
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Fig. 8. (A) The desalination performances of the
NBM-pRPH-360 membrane after being subjected to

A B
015 o — 5
3 © 990 =~ 284 |
L |
60 - Feed: seawater s 15% i
—~ AP =50 bar L 975 < !
= = i
e 3
3 S L 24
N Ea 3 <
=3 . T I
x o) — = >
= = AP < g £ 50/
E ] =) o S 35
X o & = B
g s s 1B 5 B g
= 2 1E 1 IEE i £
® g g o T = a
Q =3 & <) o 5] =
9 g © ® ;':’ 5 k)
a © Q 2 = s g
%] o [=) = a = A4
< =~k ° IECRERT [}

chemical stresses and compaction. The testing con-
ditions were: 50 bar applied pressure, 32,000 mg/L
Nacl as feed solution and 0% recovery (closed loop).
(B) The plot of permeability against applied pressure
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dotted points). (C) The desalination performance of
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The measured ionic composition of the real seawater feed and permeate water of NBM-pRPH-360 and commercial SWC4-LD membranes. The observed rejections of the

individual ions and total dissolved solids (TDS) are tabulated.

NBM-pRPH-360

Commercial SWC4-LD

Ions or parameter Feed concentration (mg/L)

Permeate concentration (mg/L)

Solute rejection (%) Permeate concentration (mg/L) Solute rejection (%)

Na* 8509 59.3
Mgt 1043 1.16
K 260 1.52
Ca?* 325 0.66
B 4.6 0.86
ar 17262 94.3
Br 34.3 0.18
S0F 2056 1.05
TDS 29646 163
Conductivity (ps/cm) 44850 330.1
pH 8.16 7.45

99.3 51.5 99.4
99.9 1.86 99.8
99.4 1.70 99.3
99.8 0.44 99.9
81.3 0.51 88.9
99.5 86.2 99.5
99.5 0.19 99.4
99.9 3.32 99.8
99.5 132 99.6
99.3 267.2 99.4
- 7.53 -

with filler nanomaterials (Fig. 8D). The principal similarity between our
work and the literature is that the nanomaterials are dispersed in the
polyamide selective layer, and it is hypothesized that the intrinsic cavity
of the nanochannels provides supplementary transport pathways that
enable the selective transport of water over solutes. However, the for-
mation of defects is still a persistent issue, which necessitates the use of
ultrasonication and material functionalization to enable the nano-
materials to be well dispersed in the monomeric solutions in IP. One
crucial advantage of pillar[5]arene channels is that its appending groups
could be functionalized to enable it to be water-soluble [62], which will
consequently ensure its excellent dispersibility in the MPD solution. We
surmise that this trait is crucial for that a homogeneous dispersion of
nanochannels in IP monomeric solutions is a pre-requisite to fabricate
defect-free selective layers that will enable the SWRO membrane to
achieve high salt rejections >99.5% [5,63].
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4. Conclusions

This work demonstrates the possibility to directly incorporate and
disperse pRPH water channels into the polyamide selective layer of
SWRO membranes. The optimized membrane, NBM-pRPH-360 showed
a 62% permeability improvement with reference to the pristine control
under SWRO testing conditions of 50 bar applied pressure and feed
salinity of 32,000 ppm NaCl. This work illustrates a straightforward
method for fabricating SWRO NBMs and has huge potential for scale-up
production by retrofitting existing IP fabrication lines. The key high-
lights of this paper are presented as follows:

(1) The biomimetic SWRO membrane prepared with a pRPH con-
centration of 360 mg/L in MPD solution exhibited the optimized
performance of 2.52 L m? h! bar’! with 99.5% NaCl rejection in
SWRO conditions.
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(2) The direct comparison with the mutant version (NBM-pSPH-360)
with fairly similar polyamide matrices suggested the possible
water conveyance through the pRPH channels.

The module-scale modelling results suggest that the NBM-pRPH-
360 membrane can reduce the SEC of the SWRO membrane unit
stage by 7.2% (or reduce the required membrane area by 25%)
with respect to SWC4-LD under a similar water production rate.
In a one-week test conducted using actual seawater feed, our
NBM-pRPH-360 membrane exhibited a stable flux of 42 Lm™2 h'l,
which was 28% higher than that of the commercial SWC4-LD
membrane with comparable solute rejection of 99.3%.
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