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ABSTRACT: A novel membrane structure comprised of cross-hatched electrospun nanofibers is developed. We illustrate
that this novel structure allows for much higher water permeability when used as a support for reverse osmosis thin-film
composite membranes. Reinforcement and lamination of the aligned nanofibres generates mechanically robust structures
that retain very high porosity and low tortuosity when applied to high pressure seawater desalination operations. The
cross-hatched nanofibre layers support the polyamide active layer firmly and reduce resistance to water flow due to the
high porosity, low tortuosity, high mechanical strength and minimal thickness of the structures. The nanofibre composite
membrane gives a water flux significantly greater than when a traditional support layer is used, at 99 * 5 m2 h-! with NaCl

rejection of 98.7 % at 15.5 bar.

INTRODUCTION

Water scarcity is listed as one of the largest global risks,
requiring the development of inexpensive, effective, and
industrially scalable desalination technology. Desalination
has become a promising approach for producing fresh wa-
ter in the face of global population growth and rapid indus-
trialisation; however, it is still considered a cost- and ener-
gy-intensive technology.?-¢ Desalination using reverse os-
mosis (RO) has continuously grown its installed capacity
worldwide, largely replacing the traditional distillation
process, as distillation consumes much larger quantities of
energy. RO processes use hydraulic pressure from pumps
to generate a flow of clean water through a membrane. The
energy requirement for seawater RO (SWRO) in the 1970’s
was over 15 kwh/m3, but has been reduced to 2.5-3.5
kwh/m3 due to technological innovations such as high effi-
ciency pumps and energy recovery systems.8 However, this
requirement is still higher than the theoretical absolute
minimum of 1.06 kwh/m?3 at a typical recovery of 50%.°
Similarly, the typical energy intensity for brackish water
RO (BWRO) is currently 0.8-2.5 kwh/m?3 but the theoretical
minimum is 0.4-0.7 kwh/m3.10-11 The disparity between
current energy demand and the theoretical minimum illus-
trates that additional technological advances are required.
In current RO processes, the energy cost is around 30% of
the entire process cost. This can be significantly reduced
by developing novel membranes with higher water flux
and less resistance to flow.?

RO membranes are typically prepared as a thin-film
composite consisting of three layers; a non-woven fabric
for mechanical strength, a microporous supporting layer
and an ultrathin polyamide (PA) active layer on the top

surface for separation.!?1# Increasing the water flux of typ-
ical thin-film composite (TFC) membranes by reducing the
thickness of their selective layers has been a focal subject
in RO membrane research, and membranes with extremely
thin PA selective layers (~100 nm) have been fabricated at
industrial scale.® However, very little research has been
done to engineer the microporous supporting layer. Cur-
rently this layer is typically comprised of an asymmetric
structure formed by phase inversion. The resulting layer
provides mechanical strength and an even surface to sup-
port the ultrathin active layer. As thinner active layers with
greater water permeability are developed, the portion of
the total membrane resistance in the supporting layer be-
comes significant and reduces the total permeability of the
membranes, clearly illustrating the need to engineer a new
generation of supporting layers to further improve the
efficiency and effectiveness of RO.

Electrospinning is a voltage-driven process capable of
producing non-woven mats comprised of randomly
aligned nanofibres, and the technique has been extensively
used in biomedical research to generate scaffolds for tissue
engineering.!>18 However, electrospun nanofibre mem-
branes have also demonstrated a great potential for water
processing due to their high porosity (70-90%) and low
tortuosity.” 1922 In laboratory studies of desalination by
membrane distillation or forward osmosis, the use of elec-
trospun membranes leads to high water flux under low
hydraulic pressure conditions.” 121 Moreover, the use of
electrospun membranes in pressure retarded osmosis can
efficiently generate energy driven by a salinity gradient
from waste seawater brine. In most membrane processes,
except membrane distillation, electrospun nanofibres act
as supporting layers and PA active layers are formed on



top. However, the use of nanofibre membranes has not
been suitable for high pressure processes such as SWRO,
which operate around 50 bar, because the nanofibre struc-
tures cannot provide the necessary mechanical strength,
resulting in failure of the active layer during operation.1® 23
For example, nanofibre composite membranes of PA on a
polyacrylonitrile (PAN) nanofibre support were used for
pressure retarded osmosis at a maximum 15.2 bar. How-
ever, higher pressures resulted in the breakage of the
membrane.'” PA membranes with more linear structures
on a PAN nanofibre support were also studied, but the wa-
ter flux suddenly increased above 10.3 bar, implying me-
chanical failure of the active layer.?? Standard electrospin-
ning deposits randomly oriented fibres. However, more
well-controlled fibre architectures have been developed.
Specifically, the use of parallel plate electrodes or rotating
collectors has enabled the fabrication of structures with
highly aligned fibres for use in microelectronics, photonics,
and biomedical applications.?#2¢ Additionally, these struc-
tures show increased mechanical properties in the direc-
tion of fibre orientation compared to randomly aligned
structures.?7-29

The fundamental hypothesis tested in this contribution
is that new electrospinning techniques can result in novel
fibre structures, and that these novel structures can allow
electrospun supports to be used in mid-to-high pressure
membrane processing with higher water flow and lower
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energy consumption compared to traditional supports, a
hypothesis that is supported by the data presented herein.
Specifically, we report composite membranes containing a
support layer of cross-hatched nanofibres (CNFs) of poly-
sulfone (PSU) that were fabricated through the deposition
of alternating layers of aligned fibres with orthogonal ori-
entations (Figure 1).

The support layer was used with a polyester non-woven
substrate and a PA active layer to make a composite mem-
brane. These materials were selected as they are the most
common materials for conventional TFC membranes for
RO desalination processes, providing facile translation to
commercial application. PSU nanofibres with diameter of
650 nm were fabricated using solution-based electrospin-
ning on a rotating drum mandrel for fibre alignment. These
structures provided low tortuosity and great strength, al-
lowing the fabrication of thinner supports to minimise
membrane resistance. PA layers were successfully fabri-
cated on CNF supports by interfacial polymerisation and
the CNF membranes were characterised for RO membrane
processes. The novel nanofibre composite membrane dis-
played increased water flux and salt rejection as compared
to a conventional thin film composite membrane and
showed improved mechanical properties under high hy-
draulic pressure conditions as compared to a typical elec-
trospun membrane.

Figure 1. A schematic illustration of a cross-hatched electrospun composite membrane in the hypothetically ideal case, show-
ing (a) the method to prepare a cross-hatched structure, (b) a nanofibre composite membrane with a cross-hatched support-
ing layer, (c) a conventional thin-film composite (TFC) membrane.



EXPERIMENTAL SECTION

Materials. Ultrason S6010 Polysulfone (PSU) from BASF
(Ludwigshafen, Germany) was used to prepare the nano-
fibres. Trimesoyl chloride (TMC, 98%), m-
Phenylenediamine (MPD, 99%), Dopamine hydrochloride,
Tris(hydroxymethyl)aminomethane (Tris), N,N-
Dimethylacetamide (DMAc, 99.8%), Tetrahydrofuran
(THF, 299.9%), and n-hexane (299.0 %) were purchased
from Sigma-Aldrich (St Louis, MO) and used without fur-
ther purification. Hydrochloric acid (HCI) and sodium chlo-
ride (NaCl) were purchased from Chem-Supply (Gillman,
Australia). DMAc and THF were used as solvents for elec-
trospinning, dopamine hydrochloride and Tris were used
for hydrophilic treatment of nanofibre supports, and TMC,
MPD and n-Hexane were used for PA interfacial polymeri-
sation. Purified water was prepared using a Millipore Milli-
Q@ Integral Water Purification System (Burlington, MA).

Fabrication of nanofibre supports in cross-hatched
structures. Nanofibre supports in cross-hatched struc-
tures were fabricated on polyester non-woven substrates
using electrospinning of aligned nanofibres. 18 wt% solu-
tion of Ultrason S6010 PSU was prepared in a co-solvent of
DMAc and THF (1:1 v/v) at room temperature by vigorous
stirring. After complete dissolution, the solution was main-
tained at room temperature overnight for degassing. The
polymer solution was then placed into a syringe pump
(Adelab Scientific) connected to a single spray needle tip
within an electrospinning device consisting of a high volt-
age power supply from Spellman (CZE1000R, Hauppauge,
NY), and a rotating steel drum mandrel with diameter of
15 cm and length of 15 cm. The tangential speed of the
drum surface was varied from 1 m/s to 16 m/s by control-
ling the rotation speed of the drum to observe the effect of
rotating rate on nanofibre alignment. From these studies, a
tangential speed of 13 m/s was selected for aligned nano-
fibre preparation. The tip-to-collector distance was fixed at
10 cm and the tip was moved on a rail at a rate of 100
mm/min using a Linear Translation Stage from Thorlabs
Inc. (Newton, NJ). The needle was charged at 12 kV and the
solution injection rate was fixed to 1.5 mL/hr. A square
coupon of polyester non-woven fabric (15 cm x 15 cm) was
attached to the rotating drum mandrel and 1.5 mL of the
polymer solution was electrospun to build a layer of
aligned nanofibres. The membrane coupon with nano-
fibres was then detached, replaced at 90 degrees to the
original position and the solution was electrospun to form
the next layer of aligned nanofibres. After repeating the
procedure, the membrane coupon was heat-pressed at 110
°C using a heat roll laminator (J.Burrows) to stabilise its
porous structure and produce the electrospun nanofibre
supports in cross-hatched structures (CNF). The low tem-
perature used during lamination is below the glass transi-
tion temperature of polysulfone and hence acts only to
smooth the membrane surface rather than to melt the
nanofibres. As a comparison, nanofibre supports in a ran-
dom orientation (RNF) were prepared by the same condi-
tions except for a drum rotation rate of 1.0 m/s and solu-
tion injection volume of 9.0 mL were used without chang-
ing direction of the fibres during deposition. A random
nanofibre support with a reduced thickness 60 pm
(RNF60) was also prepared using a solution injection vol-

ume of 7.0 mL. The nanofibres were also prepared on alu-
minium foil. These nanofibres were detached from the foil
to produce free-standing electrospun mats and these mats
were used to characterise the physical properties of the
electrospun structures, as described in the Characterisa-
tion section.

Nanocomposite membrane fabrication. The fabrica-
tion procedures for composite membranes formed with
both CNF and RNF supports were identical. Prior to form-
ing the PA layer, the surface of the nanofibre supports was
modified by polydopamine to improve hydrophilicity. Do-
pamine (2.0 g L-1) was dissolved in Tris buffer (50 mL)
prepared from Tris in purified water and adjusting the pH
to 8.8 using dilute HCl. Then, a nanofibre support was gen-
tly immersed into the dopamine solution for 1 h to allow
polymerisation to occur. The support was then immersed
in ethanol for 10 min to remove any unreacted polydopa-
mine and then rinsed with purified water.3® A PA active
layer was formed on the nanofibre supports by interfacial
polymerisation as reported previously.'?13 1.5 wt% of
MPD was dissolved in purified water and 0.05 wt% of TMC
was dissolved in n-hexane, respectively, and degassed by
ultrasonication. A nanofibre support was held within a
rubber gasket frame and binder clips, then MPD solution
was poured into the frame for 5 mins. After draining the
excess MPD solution and removing residual droplets by
rolling a rubber roller across the surface, TMC solution was
poured into the frame. After 1 min for interfacial polymeri-
sation, the excess TMC solution was drained and the mem-
brane surface was rinsed using n-hexane to wash residual
reagents. The resulting membrane was dried in air at am-
bient conditions for 30 mins and immersed in purified wa-
ter until use.

For comparison, TFC membranes were prepared using a
conventional casting method followed by interfacial
polymerisation. 20 wt% PSU solution in DMAc was pre-
pared and cast onto polyester non-woven fabric using a
doctor blade, then immediately immersed into purified
water for phase inversion, resulting in an asymmetric PSU
support layer. The PSU support was washed with purified
water several times to remove residual solvent. After hy-
drophilic treatment by polydopamine, a PA layer was
formed on the PSU support by interfacial polymerisation of
MPD and TMC. An asymmetric membrane support was
also prepared by phase inversion of the PSU solution on a
glass plate for characterisation.

Characterisation. The morphology of the CNF supports,
and their nanocomposite membranes were investigated
with a scanning helium ion microscope (HIM, ORION
NanoFab, Zeiss, Jena, Germany) and a scanning electron
microscope (SEM, Teneo VolumeScope, FEI, Lausanne,
Switzerland). The mechanical properties of the nanofibres,
nanofibre supports, and composite membranes were
measured using a universal testing machine (Instron,
Norwood, MA) with five specimens of each sample pre-
pared and tested according to ASTM D638-Type5 recom-
mendations. Freestanding nanofibre layers were obtained
from layers deposited onto aluminium foil and then peeled
off. The porosity of the nanofibre and asymmetric supports
was determined by filling the pores of a pre-weighed sam-
ple from five specimens using kerosene (see Supporting



Information). The average pore sizes of the membrane
supports were characterised by nitrogen gas permeation
measurement (see Equation S2).3! Gas permeance of a
membrane coupon with an area of 14.6 cm? was measured
using a bubble flow meter between 40 to 140 kPa. The
maximum pore sizes were calculated by the Young-Laplace
equation (Equation S3) from the breakthrough pressure of
20 wt% 2-propanol aqueous solution.3? A membrane cou-
pon was located in a modified dead-end stirred cell
(HP4750, Sterlitech, Kent, WA) with 2-propanol solution
and slowly pressurised. The pressure at which the first
solution droplet was observed on the underside of the
membrane was recorded as the breakthrough pressure.
The contact angle with 2-propanol solution was measured
using a contact angle goniometer (FTA200, First Ten Ang-
stroms, Inc., Newark, CA). The diameter of the nanofibres
were measured by five different HIM images using Image]
software. The tortuosity (t) was determined by the Hagen-
Poiseuille equation (Equation S4) and the structural pa-
rameter (S) was determined by the relationship between
membrane thickness, tortuosity, and porosity by Equation
85_7,33

Reverse osmosis membrane performance. Water flux
and salt rejection properties of CNF membranes were
measured using both a high-pressure dead-end stirred cell
(HP4750, Sterlitech, Kent, WA) and a crossflow RO system
as previously described in Hoang et al.3* The dead-end cell
was used to measure pure water permeability (PWP) of
the membrane supports with an effective area of 14.6 cm?
at 1 bar and these measurements were used to determine
the tortuosity of the membrane supports. Three specimens
of each sample were used for data accuracy. The crossflow
RO system consisted of a Hydra-Cell G10 pump (Wanner
Engineering, Minneapolis, MN), a 60 L feed tank and a
crossflow cell unit (CF042, Sterlitech, Kent, WA). The
membrane with an effective area of 42 cm? was loaded into
the RO testing cell and the feed solution was pressurised at
between 5 to 55 bar. Purified water and both 2,000 ppm
and 35,000 ppm NaCl aqueous solutions were used as feed.
Three specimens of each sample were used for data accu-
racy, except for the extended time trial which used two
specimens. The salt concentration of feed and permeate
solutions was determined by a conductivity meter (Seven-
Excellence™, Mettler Toledo, Columbus, OH), to character-
ise membrane separation performance. To determine the
membrane failure pressure, a membrane was loaded in the
crossflow cell and the operating pressure was gradually
increased and maintained at this pressure for at least 30
mins until the water flux stabilised. The water permeabil-
ity coefficient (A) and NaCl permeability coefficient (B)
were determined by the solution-diffusion model using
Equations S6 and S7. Error margins were determined as *
one standard deviation about the mean.

RESULTS AND DISCUSSION

Electrospinning onto a rotating drum collector was used
to fabricate cross-hatched PSU nanofibres, by depositing
alternating layers of orthogonally oriented aligned fibres.
These structures were then used as CNF supports as de-
scribed in Figure 1a. The PSU solution in a co-solvent of
dimethylacetamide (DMAc) and tetrahydrofuran (THF)

was used to generate aligned nanofibres by electrospin-
ning on aluminium foil as well as the polyester non-woven
fabric that is commonly used as a membrane substrate for
water treatment membranes.! We chose to work with PSU
as it is commonly used in water treatment membranes to
form a supporting layer through a phase inversion tech-
nique,® implying that fibre structures produced from this
material would be suitable for subsequent membrane ap-
plications.

The architecture of fibrous electrospun structures (fibre
thickness, porosity, mat thickness, etc.) depends on a vari-
ety of processing parameters including polymer type and
molecular weight, selection of solvent, applied voltage,
solution flow rate, and geometry of the collector. In this
work, we found that solution composition greatly affected
nanofibre thickness and regularity, while the rotating
speed of the drum determined nanofibre alignment. To
create the crosshatched structures, the foil or the non-
woven fabric onto which the aligned nanofibres were de-
posited was detached from the drum mandrel and re-
placed at 90 degrees to the original position and another
layer of nanofibres was deposited. Other CNF structures
were formed by repeating the procedure. These structures
are referred to as CNF#, where # means the total number
of nanofibre layers (e.g. CNF4 has two pairs of alternating
layers, 4 layers in total). The cross-hatched structures act
as a support for fabrication of the active layer. Additional-
ly, this novel structure provides greater mechanical
strength and porosity as compared with conventional
asymmetric supports composed by phase inversion (Fig-
ure 1b, c).

Figure 2. HIM images of PSU nanofibres fabricated on a rotat-
ing drum collector at (a) 1.6 m/s, (b) 3.9 m/s, (c) 7.9 m/s, (d)
10 m/s, (e) 13 m/s, and (f) 16 m/s.

As described in Figure 2, the rotating speed of the collec-
tor was a significant factor in determining nanofibre
alignment. Randomly oriented nanofibres were observed
when the surface speed of the rotating collector was 1.6



m/s; partially aligned nanofibres were formed between 3.9
and 10 m/s; while nanofibres were well aligned at rotation
speeds higher than 13 m/s. The average diameter for ran-
domly oriented fibres were 700 * 20 nm and 650 * 20 nm
for aligned nanofibres (Figure S1).

After confirming the desired microporous structure of
fibres with nanometre scale thickness and pore size, the
nanofibre membrane support was heat-pressed using a
roll laminator. Characteristics of the nanofibre supports
after this heat pressing step are summarised in Table 1,
compared with asymmetric supports prepared by phase
inversion. Thickness, pore size, PWP, tortuosity and the
structural parameter were characterised for the nanofibre
and asymmetric supports prepared on the non-woven fab-
ric, but excluding the fabric in the data analysis. The thick-
ness of these supports were measured from their cross-
sectional scanning helium ion microscope (HIM) images.
Porosity was determined for nanofibres prepared on alu-
minium foil since the non-woven fabric was able to soak a
large volume of liquid, leading to inaccuracy when this
weight-based measurement was applied. Freestanding
asymmetric membrane supports were also prepared by
phase inversion on a glass plate for their porosity meas-
urement.

The thickness of the CNFs was dependent on the volume
of solution deposited during electrospinning, as it in-
creased from 15 pm for CNF2 to 60 pm for CNF7. The
thickness of the RNFs were adjusted to be similar to CNF7.
However, an asymmetric support of at least 120 um was
needed to ensure a uniform layer could be provided over
the uneven surface of the non-woven fabric. The porosity
of the CNFs reduced as more alternating layers were de-

Table 1. Characteristics of the nanofibre supports.

posited from 78% for CNF2 to 70% for CNF7, but the high
porosity of CNF2 was due to the low packing density of the
nanofibres in only two layers.

CNFs presented lower porosity than RNFs because the
tightly aligned nanofibres reduced their porosity. Random
nanofibres generally form an irregular structure with larg-
er space between nanofibres, whereas gaps between
aligned nanofibers are relatively small because the aligned
nanofibers can sit closer together. However, both CNF and
RNF nanofibres demonstrated a similar average pore size
of around 0.33 um (Figure S2, Table S1). The porosity and
pore size of the asymmetric support was much smaller
than for the nanofibre supports (56% and 0.19 pum) which
is likely to enhance its mechanical strength but reduce wa-
ter permeability. Maximum pore sizes were obtained from
the contact angle and breakthrough pressure of the nano-
fibre supports using 20 wt% 2-propanol solution (Table
S2). The maximum pore sizes were only slightly larger
than the average pore sizes, meaning that the nanofibre
supports have relatively narrow pore size distributions.
Despite similar porosity and pore sizes in CNFs and RNF,
the PWPs of CNFs were much higher than that of RNF sup-
ports, measured at 1 bar using a dead-end filtration cell.
The PWP of CNFs was in the range of 11,000 to 20,200 L m-
2 h'1 bar! depending of the number of alternating layers,
significantly higher than that of the RNF (7,610 L m2 h-!
bar1), RNF60 (8,630 L m2 h! bar!) and the asymmetric
support (368 L m2 h! bar!). The high PWP of CNFs is
mainly from the reduced membrane tortuosity (t). Note
that the PWP of CNF2 was immeasurable due to its low
thickness and porosity.

Thickness Porosity Pore size Tortuosity, S (um) PWP
(um) (%) (um) T(-) (L m?hbar?)

RNF 752 74 +2 0.33 1.61 164 7,610 £ 100
RNF60 59+1 72+1 0.34 1.89 155 8,630+ 70
CNF2 15+1 78 + 2 0.44 - - -
CNF3 232 735 0.30 1.54 48 20,200+ 70
CNF4 31+1 71+4 0.28 1.31 57 15,300 + 100
CNF5 42 +3 70 2 0.30 1.30 77 12,700 £ 90
CNF6 53+2 70+ 3 0.32 1.32 101 11,500 + 80
CNF7 60 +2 702 0.34 1.37 117 11,000 £ 90
Asymmetric support 120+ 30 564 0.19 5.33 1137 368+ 10
PAN nanofibre!? 200+ 15 66+1 0.60 1.62 - 7,950 £ 50
PES nanofibre? 50+8 83+1 - 1.33 806 1139 +£45
Asymmetric PAN1 186 + 15 601 0.33 6.86 - 586 + 50




The tortuosity often describes fluid flow through porous
media and is another indicator of membrane resistance
(see Equation S4). The water flux through both asymmet-
ric supports with a sponge-like structure and nanofibrous
supports with interconnected pore structures can be used
to determine the tortuosity via the Hagen Poiseuille equa-
tion (Equation S4).33 The tortuosity of the RNF60 calculat-
ed in this manner was 1.89 and that of the RNF was 1.61
which is similar to other random nanofibre supports pre-
pared by electrospinning, such as PAN with a tortuosity of
1.62 and polyethersulfone (PES) with a tortuosity of 1.33.%
7 These values are much smaller than that determined for
the asymmetric support (5.33). A tortuosity of 1.00 implies
uniform parallel cylindrical pores orthogonal to the mem-
brane surface,33 and so these nanofibre membranes exhibit
tortuosity close to theoretical limits. However, standard
electrospinning methods deposit nanofibres in a random
orientation resulting in an intrinsically tortuous manner
despite having low tortuosity values. Cross-hatched struc-
tures from aligned electrospun nanofibres create channels
for unimpeded water flow with even lower tortuosity in a
range of 1.30 to 1.54. Although more layers of aligned nan-
ofibres were deposited and the membrane became thicker,
the membrane tortuosity remained almost constant be-
cause of the regular inter-fibre spacing. The structural pa-
rameter (S) is similarly related to the Hagen Poiseuille
equation and represents the relationship between the
membrane tortuosity, thickness, and the porosity (Equa-
tion S5) that dictates the overall membrane resistance.33 35
37 The S value is inversely proportional to thickness, so
increases for the CNFs from 48 pm (CNF3) to 117 um
(CNF7). However, when comparing CNF7 and the RNF of a
similar thickness, the S value of the RNF is nearly 1.5 fold
(164 pm), indicating that the cross-hatched structure is
advantageous in reducing the membrane resistance. In RO
membrane processes, solute diffusion on the permeate
side has little effect on water flux, but it can result in signif-
icant flux decline in processes when an osmotic pressure is
applied on this side, such as forward osmosis and pressure
retarded osmosis,?® meaning that CNF membranes would
bring significant improvement when applied to such pro-
cesses.

Cross-hatched nanofibre structures were clearly ob-
served in the HIM image of Figure 3a which was prepared
by depositing a small volume of solution onto aluminium
foil. However, there is only one layer of aligned fibres visi-
ble in the CNF supports, with the second layer not visible
due to the limited depth of field (Figure 3b). The PA active
layers on these supports were fabricated by interfacial
polymerisation. Incompatibility between the hydrophobic
PSU nanofibres and hydrophilic PA could potentially cause
delamination of the PA active layer after formation. Spray
coating of the PSU with a hydrophilic substance such as
poly(vinyl alcohol) can be used to reduce such delamina-
tion and to increase adhesion between the polymers.38-39 In
the present case, we selected a mussel-inspired polydopa-
mine coating, which is known to improve hydrophilicity
without changing the microstructure, although the com-
plex polymerisation mechanism is undefined.3? The nano-
fibrous structures of the CNF supports were unchanged by
this polydopamine coating due to its very thin and uniform
nature as shown in Figure S3.

Figure 3. HIM images of (a) nanofibres in cross-hatched struc-
tures, (b) surface of CNF supports, (c) cross-section and (d)
surface of CNF composite membranes.

The improved hydrophilicity facilitated interfacial
polymerisation of PA on the hydrophobic PSU surface. The
ultrathin layer of PA after interfacial polymerisation on
CNFs was defect-free with good adhesion to the CNFs, as
shown in Figure 3¢, d. The thickness of the PA layer was
observed to be around 200 nm, but the actual thickness is
difficult to measure due to its typical ridge-and-valley
structure that enlarges surface area and reduces active
layer thickness.*0-41 Interfacial polymerisation also formed
a PA layer on the RNFs of similar thickness, as presented in
Figure S4. The nanofibrous structures of the CNF mem-
branes with a PA layer were retained even after high pres-
sure RO operation.

Electrospinning has been applied previously to produce
membrane supports that are very highly porous to mini-
mise impedance to flow but still provide the necessary
mechanical strength.#>4¢ However, the relatively weak
mechanical properties of electrospun nanofibres limits
their use to relatively low pressure membrane processes
and hinder their application to high pressure membrane
processes, such as RO. Typical electrospun membranes
have randomly oriented nanofibres. In the present work,
fibre alignment during electrospinning has allowed the
production of cross-hatched nanofibre structures where
the thickness and mechanical properties of the nanofibre
layers are controlled by a number of alternating layers.
The novel nanofibre composite membrane improves me-
chanical properties, enabling the use of these structures in
high hydraulic pressure conditions for the first time. Fur-
ther, the improved mechanical properties would likely
reduce membrane damage during manual handling, reduc-
ing operating costs.*5
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Figure 4. Mechanical properties of (a) the freestanding nano-
fibres (b) the composite membranes.

Figure 4 shows the mechanical properties of nanofibres
and the composite membranes as the average tensile
strength and elongation at break, determined from the
stress-strain curve provided in Figure S5. Nanofibres in
both random orientations and cross-hatched structures
were prepared on aluminium foil and peeled off as free-
standing samples. Comparing CNFs with RNFs, the cross-
hatched structure greatly improved the tensile strength
while elongation is similar at around 2% due to the rigid
molecular structure of PSU. The tensile strength of the
CNFs was proportional to the number of layers, increasing
from 2.9 MPa for CNF2 to 13 MPa for CNF7. These cross-
hatched structures greatly improved the mechanical prop-
erties because a significantly larger number of the fibres
were in the direction of the applied load, resulting in a
larger cross sectional area to support the load. The tensile
strength of the CNF composite and conventional TFC
membranes was much higher than that of the freestanding
nanofibres because the main mechanical strength comes
from the non-woven fabric substrate. However, the under-
lying mechanical strength of the support layers is essential
since the ultrathin PA active layer relies on the resilience
of this support layer.
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Figure 5. Effects of the number of layers deposited on the (a)
membrane failure pressure, (b) water flux, and (c) NaCl per-
meability coefficient (B) and rejection, measured at 10 bar.

The RO performance of the nanofibre membranes was
investigated by a crossflow RO system using both purified
water and a 2,000 ppm NaCl aqueous solution for water
flux and salt separation properties. Effective RO mem-
branes should withstand the operating hydraulic pressure,
while membranes which are not designed for high pres-
sure operation fail as indicated by a sudden or gradual
water flux increase as cracks emerge in the active layer. In
the present study, the membrane failure pressure was de-
fined as the pressure where such a sudden flux increase
was observed, as described in Figure 5a. The RNF mem-
brane failed at around 14 bar, consistent with the mechan-



ical strength of RNF nanofibres shown in Figure 4a and
would not be suitable for high pressure RO process. The
CNF membranes were able to resist hydraulic pressures of
up to 55 bar for CNF7, suitable for SWRO. The CNF2 mem-
brane burst only at 2 bar, meaning that 2 layers of aligned
fibres in orthogonal positions do not provide enough
strength, but the membrane failure pressure for CNF3 in-
creased to 13 bar.

Membrane permeation and separation properties were
measured at 10 bar using a crossflow cell, shown in Figure
5b, c as a function of the number of aligned fibre layers
deposited. The membranes demonstrated a higher flux for
pure water than for 2000 ppm NaCl solution due to the
osmotic pressure difference. The pure water flux for the
RNF membrane was 42 = 6 L m2 h-1, whereas that of the
CNF membranes was around 150-180% higher in the
range of 63 to 78 L m2 h-1. The increased water flux of the
CNF membranes was mainly from the reduced tortuosity,
given the porosity and pore sizes were smaller than for the
RNFs. The NaCl rejection is around 98% for all nanofibre
membranes as the salt permeability is predominantly an
intrinsic property of the active PA layer. The value is lower
than that of commercial RO membranes, which can be over
99.7%. In industrial practice the properties of the PA layer
are optimised using surfactants and other additives to
achieve greater rejection. Further, a polyvinyl alcohol layer
is often applied on top of the PA to reduce the impact of
defects in this layer upon the rejection performance.*¢

The NaCl permeability (B value) is a more subtle param-
eter and indicates a slightly higher value for the CNF mem-
branes (0.8 to 1.2 L m? h') relative to that of the RNF
membranes 0.6 L m2 h-1. However, it should be noted that
both these parameters are influenced by the water flux.
That is, as the water flux increases for the CNF membranes,
it increases the convective flow of salt leading to a higher
salt permeability.*” Conversely, the higher water flux di-
lutes the permeate concentration, which can counteract
this effect in the calculation of the rejection parameter.

We selected the CNF4 membrane to investigate the pres-
sure effects on membrane performance based on its bal-
ance of high water flux and moderate failure pressure. Wa-
ter flux, saltwater flux and separation properties were
measured from 5 to 20 bar using a crossflow cell as shown
in Figure 6. The performance of the RNF membranes was
measured only up to 13 bar as failure occurred at this
pressure. The CNF4 membrane presented the highest wa-
ter flux across the entire pressure range; 170% and 230%
of that for the RNF and TFC membranes, respectively. As
expected, the water flux gradually increased as a function
of applied hydraulic pressure and the salt water flux was
slightly lower due to the osmotic pressure. Extrapolation
of the pure water flux curves indicated a non-zero inter-
cept, suggesting that some membrane compaction oc-
curred in all cases, as commonly observed in PA mem-
branes.*849 The membranes presented around 98% NacCl
rejection regardless of the support layer structures since
the PA active layers were prepared under the same condi-
tions. Conversely, as discussed above, the NaCl permeabil-
ity coefficient increased when high pressure was applied,
because of the increased water flux providing for a greater
convective flow.
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Figure 6. (a) Pure water flux, (b) salt water flux, and (c) NaCl
permeability coefficients of random nanofibre (RNF) and
crosshatched nanofibre (CNF) membranes versus convention-
al TFC membranes.
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Figure 7. (a) Salt water flux, water permeability coefficient, A,
(b) salt rejection, and solute permeability coefficient, B of
CNF4 membrane for extended operation with 2,000 ppm NacCl
solution at 15.5 bar.

In seawater desalination, a high hydraulic pressure is
applied to overcome the osmotic pressure of seawater. To
evaluate the RO performance of CNF membranes at such
high pressures, CNF7 was tested and compared with CNF4
as summarised in Table 2. Feed solutions with NaCl in
2,000 ppm as simulated brackish water and 35,000 ppm as
simulated seawater Na€l were used to replicate medium
pressure (10 and 20 bar) and high pressure (35 and 55
bar) operations, respectively. The greater flux of CNF4
than CNF7 at the same pressure is consistent to the result
in Figure 5b due to the greater flow resistance from thicker
supporting layers. The flux of RO membranes depends on
the water permeability coefficient (A), the applied hydrau-
lic pressure (AP) and the osmotic pressure (An) of the feed
solution as shown in Equation S4.33 After accounting for
the differences in AP and Arn the CNF4 and CNF7 mem-
branes demonstrated consistent water permeability coeffi-
cients of 5.8 + 0.6 and 6.6 = 0.9 + 0.8 L m2 h'! bar™. Both
CNF4 and CNF7 membranes exhibited similar NaCl rejec-
tion and solute permeability coefficients (B) as these pa-
rameters mainly depend upon the PA active layers. Figure
7 shows the performance stability in water flux and salt
rejection for the CNF4 membrane with 2,000 ppm NacCl
solution at 15.5 bar. The membrane presented almost con-
stant water flux and salt rejection for 200 hr of continuous
operation.

Table 2. Performance of crosshatched nanofibre (CNF)
membranes during reverse osmosis operation.

CNF7 CNF4
Applied hydraulic | 10 20 35 55 10 20
pressure (bar)
Feed NaCl concen- | 2,000 | 2,00 35,0 35,0 2,00 2,00
tration (ppm) 0 00 00 0 0
Feed solution | 1.6 1.6 276 | 276 | 1.6 1.6
osmotic pressure
(bar)
Flux (L m2h1) 51 + | 101 46 + | 115 61 + | 110
2 +6 3 +4 3 +6
Water permeabil- | 6.1 # | 55+ | 63+ | 51+ | 72+ | 6.0+
ity coefficient, A | 0.2 0.4 0.4 0.2 0.4 0.3
(Lm2h!bar?)
NaCl rejection (%) | 98.5 98.7 | 985 | 984 | 98.0 | 98.2
£03 | £01 | £04 | £06 | £04 | £0.5
Solute permeabil- | 0.79 13+£]070 [ 19+ |12+ | 20+
ity coefficient, B | £+0.1 | 0.03 | £0.2 | 0.8 0.3 0.6
(Lm2h1)
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Figure 8. Pure water flux of CNF7 membrane (a) at elevated
pressures and (b) by interval measurement after operation at
50 bar.

Sustained operation at high pressure is known to com-
press many membrane support structures leading to re-
duced performance. To assess the extent of such compac-




tion in the present case, the CNF7 membrane was exposed
to high pressures during water flux measurements (Figure
8). The water flux increased linearly with pressure up to
40 bar, but the water flux at 50 bar was slightly lower than
expected. A similar trend was observed after 100 h of con-
tinuous operation at 50 bar. The water flux decreased from
186 to 174 L m2 h'! bar! within the first 30 h but was then
stable. When the membrane was then exposed to lower
pressures between 5 to 20 bar, there was some reduction
in flux relative to the original values, but the reduction was
only minor.

Recently, the upper bound of a trade-off relationship be-
tween the water permeability coefficient (A) and the ratio
of this water permeability coefficient and the NaCl perme-
ability coefficient (A/B) as a selectivity factor has been
established to evaluate the performance of TFC water
treatment membranes.’® Although PA based TFC mem-
branes generally have the same or similar chemical struc-
tures, their performance varies depending upon the mem-
brane fabrication technique. Usually commercial TFC
membranes with ultrathin PA layers prepared by a con-
trolled fabrication process exhibit performance close to
the upper bound, but PA membranes prepared at lab-scale
presented lower water permeability due to their relatively
thick active layers and the influence of concentration po-
larisation in lab-scale systems.5° Figure 8 presents the RO
performance of the membranes in this study on the upper
bound plot as a comparison with other RO membranes in
the literature. The TFC membranes on an asymmetric sup-
port present moderate water permeability and NaCl selec-
tivity similar to the performance of other laboratory pre-
pared TFC membranes. The water permeability of the RNF
membranes is higher than that of TFC membranes, but CNF
membranes showed even higher water permeability, close
to the upper bound, although NaCl separation performance
was retained. Note that most RO membranes in Figure 8
were prepared on asymmetric supports with the research
effort focused on improving the properties of the active
layers, meaning that introduction of a cross-hatched struc-
ture would great improve their performance, exceeding
the upper bound.
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Figure 9. The permeance-selectivity trade-off for nanofibre
composite membranes in the correlation between water/NaCl
selectivity and water permeability coefficient.

CONCLUSIONS

In summary, cross-hatched nanofibrous support struc-
tures and nanofibre composite membranes were success-
fully fabricated using electrospinning of PSU nanofibres,
followed by PA interfacial polymerisation. Our approach to
increase water permeability of RO membranes has fo-
cussed on reducing the resistance to water flows of the
membrane support layer, by preparing a structure with
high porosity and reduced tortuosity, while improving
mechanical strength. We have demonstrated fibre align-
ment during electrospinning of the polymer solution on a
rotating mandrel. This fibre alignment has allowed us to
then produce cross-hatched nanofibre structures by de-
positing alternating layers of aligned nanofibres in orthog-
onal directions. The novel nanofibre composite membrane
with a PA layer on top of these CNF supports presented
increased water flux and comparable salt rejection when
compared to a conventional TFC membrane and improved
mechanical properties under high hydraulic pressures
when compared to a typical electrospun membrane.

This development of next generation membranes for wa-
ter treatment can be rapidly applied to current industrial
processes in membrane manufacturing. The membrane
preparation method uses existing technology that is capa-
ble today of producing up to 5000 m?/day of electrospun
support material.>* For aligned nanofibres, constant rota-
tion is required, but the rotation velocity of around 13 m/s
is readily achievable. Other alignment techniques, such as
using conductive wires are also possible.52 Moreover, the
manufactured membrane can be readily installed in exist-
ing desalination plants as it uses the same polymers as
currently deployed. The membrane fabrication technique
for cross-hatched nanofibre structures can be a platform
for various other membrane processes such as nanofiltra-
tion, membrane distillation, forward osmosis, pressure
retarded osmosis or carbon dioxide stripping by improving
the membrane permeability.
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