Volume 5 | Number 2 | 21 January 2021

MATERIALS
CHEMISTRY

FRONTIERS

cCs Jgullsgs g : ROYAL SOCIETY : :
SHEMICAL — {{\ICCAS, OF CHEMISTRY rsc.li/frontiers-materials




Open Access Article. Published on 05 2020. Downloaded on 10/11/25 06:01:54.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

CHEMISTRY & cibica

[o{el] C! ROYAL SOCIETY

hEfER OF CHEMISTRY

FRONTIERS

W) Check for updates ‘

Cite this: Mater. Chem. Front.,
2021, 5, 783

Received 20th August 2020,
Accepted 27th October 2020

DOI: 10.1039/d0gm00610f

rsc.li/frontiers-materials

Introduction

Dual-template approach to hierarchically porous
polymer membranest

Thomas J. F. Southern®® and Rachel C. Evans (2 *

The non-solvent induced phase separation (NIPS) method is often used to fabricate porous polymer
membranes that have a wide variety of applications in the fields of purification and energy materials.
Such applications typically require membranes with a well-controlled pore structure across multiple
levels of structural hierarchy. However, with the NIPS method, the membrane porosity is typically
restricted to a single structural level due to the use of just one type of templating agent, commonly a
polymer amphiphile. To overcome this limitation, here we report a new dual-template approach to
embed multilevel porosity into poly(ethersulfone) membranes. In this approach, the polymer amphiphile
Pluronic®™ F127 (F127) is used to template the higher level structure (10 um scale), while a secondary
molecular template, 4-(phenyl)azobenzoic acid (PABA), is simultaneously introduced to enable structural
control at the 1 um level. Analysis of the membrane structure by scanning electron microscopy revealed
that F127 creates larger finger-like pores, while PABA introduced a more fibrous, interconnected porous
sub-structure. Contact angle measurements showed that the PABA additive increases the hydrophilicity
of the resultant membranes, while dead-end permeability measurements demonstrated that the
hierarchical pore structure results in a 95% increase in permeability compared to a single level pore
structure. Solvent extraction studies revealed that quantitative removal of the PABA template could be
achieved, without any modification to the secondary level pore structure. This process offered the
benefit of removing flakes of crystallized PABA from the larger, finger-like pores, leading to a further
300% increase in permeability. Given the simplicity and versatility of the NIPS method, this dual-template
approach presents an efficient route to hierarchically structured, porous polymer membranes whose
properties may be tailored for a targeted application.

(225 °C®), large working pH range (3-10'°) and high-pressure
resistance (25 bar''). PES membranes are typically prepared

Polymer membranes find application in a wide variety of fields
from energy materials to water purification.'”® These applica-
tions often require a well-controlled internal pore structure in
order to allow membrane properties such as pore connectivity
and surface area to be finely tuned.” For most purposes, a high
fluid throughput for a given pore size is desirable.® To this end,
the microstructure of the membrane must be controlled to
maximize pore connectivity and thus flow rate, whilst allowing
the rejection ratios of contaminants per effective surface area of
the membrane to be maintained. A common challenge is
achieving this combination of desired properties at a suitable
price point, due to the need for facile manufacturing methods.’

Poly(ethersulfone) (PES) is frequently used as a membrane
material as due to its high glass-transition temperature
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using the non-solvent induced phase separation method
(NIPS), as it is easy to accomplish on a large scale, using green
manufacturing conditions through ambient processing.>**"?
In the NIPS method, the polymer is first dissolved in a good
solvent, after which the solution is immersed in a non-solvent
to induce precipitation of a thin film."*™*® Polymeric surfac-
tants such as Pluronic® F127 (F127),**?**' Tween-20*? or
Tetronic 1307**** are commonly added to the precursor
solution to template pore formation in the final membrane.
The conditions of the precursor solution induce the formation
of surfactant micelles, which act to stabilize the developing
pores during phase inversion.”®** Multiple micelles can form in
the pores leading to a change in the affinity between the non-
solvent and solvent, affecting the speed of membrane formation
and the resultant microstructure.>® This micelle formation leads
to a larger, more well-defined pore structure at the 10 pm level,
when compared with membranes not including a surfactant
additive.”® This is typically observed as a microstructure of
vertical, finger-like pores, that broaden slightly through the
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membrane thickness, below a more dense skin layer.” This skin
layer predominantly contain pores on a sub-micron scale. We
note that smaller mesopores, on the length scales typically
observed for mesoporous inorganic oxides prepared using
F127,°%*” may be present in this skin layer. The amphiphilic
nature of the surfactants also increases the surface hydrophilicity
of the membrane, an important factor in preventing biofouling of
the membrane surface and thus maintaining operational
performance.”*"***° However, while this approach leads to larger
pores and thus higher permeability compared to non-templated
analogues,'****" the effect on pore connectivity at the sub-micron
level is still poorly understood.

To overcome this limitation, here we present a new dual
template approach to introduce hierarchical porosity into PES
membranes fabricated using the NIPS method. The top-level
(10 um) pore structure is still controlled by the polymeric
surfactant F127, while the small molecule 4-(phenylazo)benzoic
acid (PABA) introduces an additional level of structural hier-
archy at the 1 pm scale, to improve pore connectivity. PABA was
chosen as the additive due to its size and the availability of a
terminal carboxyl acid group to facilitate favourable dipolar
interactions with PES. Moreover, its bright orange coloration
facilitates easy tracking of its elimination from the membrane
and its potential recovery for use in future synthesis to prevent
waste in adherence with green chemistry principles.’> We use
scanning electron microscopy (SEM) to examine the micro-
structure of membranes in which the small molecule template
is retained or post-synthetically removed. Dead-end permeability
testing and water contact angle measurements are then used to
correlate the membrane properties with the microstructure.

Experimental

Materials

Ultrason® E 6020 P poly(ethersulfone) (M,, = 75 000 g mol*) was
purchased from BASF and dried at 100 °C overnight, before use,
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to remove adsorbed water. N,N-Dimethylformamide (DMF, AnalR
grade) and ethanol (Absolute 99.8+%, certified AR for Analysis)
were purchased from Fisher Scientific Ltd and were used as
received. 4-(Phenylazo)benzoic acid (98%) and Pluronic®™ F-127
(M,, = 12600 g mol ") were purchased from Sigma Aldrich and
used as received. The structures of these reagents are presented
in Fig. 1a. Deionized water, with resistivity between 1 MQ cm
and 10 MQ cm, was produced using a Purite Select Fusion water
purification system.

Membrane preparation by non-solvent induced
phase separation

A schematic representation of the NIPS method, which was
used to produce the polymer membranes described in this
work is shown in Fig. 1b. Control samples were prepared by
dissolving in DMF (73 wt%) the membrane material, PES
(18 wt%) and F127 (9 wt%), as a primary pore-former and
surface-modifying agent. Test samples were prepared by adding
PABA as a nanostructure-altering agent (PES - 18 wt%, F127 -
9 wt%, PABA - 15 wt%, DMF - 57 wt%). For both test and
control samples, the solutions were stirred at 70 °C for around
an hour until all components were completely dissolved and
the sample had reached a homogenous, pourable viscosity.
Small and large membranes were prepared as outlined below.

Glass substrates (50 mm x 75 mm, or 101 mm x 153 mm)
were prepared by coating the edges with two layers of masking
tape. The membrane solution was spread between the masking
tape edges using a glass rod to a wet thickness of ca. 300 pm.
The samples were then left in a desiccator at a humidity below
30% for 15 minutes to allow any trapped gas bubbles to escape.
The samples were then fully immersed into deionised water at
room-temperature, by suspending them from a clamp and
raising the immersion bath from below with a lift such that
the sample remained horizontal through immersion. The
solution transformed into a solid film within the first 5 seconds
of immersion into the water. The solid films were left immersed
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Fig. 1 (a) Chemical structures of poly(ethersulfone) (PES), Pluronic® F-127 (a = 101, b = 56) (F127) and 4-(phenylazo)benzoic acid (PABA). (b) Schematic
diagram of the non-solvent induced phase separation process for membrane manufacture. (1) Solution of PES, F127, and optional PABA, in DMF heated to
70 °C. (2) Solution poured onto prepared glass substrate, stored in desiccator for 15 minutes. (3) Coated substrate fully immersed in water. (4) Solid

product membrane is removed from substrate.
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for approximately 4 minutes, before being removed from their
substrates by hand and transferred to Petri dishes where they
were stored in deionised water until characterisation.

Scanning electron microscopy (SEM)

The cross-sectional microstructure of the membranes was
analysed by SEM. Samples were prepared by freeze-cracking
in liquid nitrogen and coating in palladium using an Emtech
K575 sputter coater. Samples were mounted on 90° SEM stubs,
using carbon paste, such that their cross-section could be
viewed using 0° tilt. SEM analysis was performed using a
Thermo ScientificTM Phenom ProX scanning electron micro-
scope. SEM analysis was used to determine the pore sizes of the
skin layer and thickness of the samples. The size of the skin
layer pores (sample size: 50) was measured, using the Fiji**
distribution of ImageJ,** and plotted as a histogram (Fig. S1 in
the ESIt). These measurements were averaged to give the skin
layer pore size of a given sample. The thickness of samples was
averaged from three measurements of the thickness from SEM
images.

Water permeability

The water permeability of the membranes was investigated
using a bespoke dead-end filtration set-up, shown in Fig. 2.
Membrane samples were cut into discs, by hand, with a diameter
larger than 43 mm so that they could be inserted into the set-up.
The flow-rate of water through the sample membranes was
recorded at a constant pressure of 1 bar supplied using com-
pressed air to a water-filled pressure vessel. The flow-rate was
found by measuring the mass of water that passed through the
sample once a steady flow-rate was reached. This was repeated
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three times per sample to generate reliable data. At the start of
the experiment, the initial flow-rate was slower than the steady-
state due the time required to fill the membrane and set-up with
water. The steady-state flow-rate was used to calculate the
permeability of the membrane using Darcy’s law:

_ kKAAP

0 WL

1)

where Q is the flow-rate through the membrane, x is the
permeability of the membrane, A is the area of the sample that
water passes through, and L is the sample thickness. The
viscosity of the water, 1, was taken as 1 mPa s.

Water contact angle

The hydrophilicity of the membrane surfaces was investigated
by measuring the water contact angle using an FTA 1000 C
Class Drop Shape Contact Angle Tensiometer, which uses the
sessile droplet method.*® Measurements were repeated five
times per sample. Both sides of the same membrane were
investigated to compare differences in the water hydrophilicity
with the microstructure. The water contact angle, plotted
against time, initially showed large changes before stabilising.
This stabilisation point was determined by using a moving
gradient over a 30-point range (corresponding to 3 seconds).
This gradient tends to zero as the value stabilises. A threshold
value of 1.2 was chosen as the point where stabilisation was
determined to have occurred. All points from all repeats after
the stabilisation point had been reached were then used to
determine the water contact angle of that sample. All experi-
ments were repeated five times. We note that the permeability
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Fig. 2

(a) Photograph of the permeability testing rig in use. (b) Close-up schematic of the sample-holding chamber. A stainless steel pressure vessel is

filled with water above a membrane sample. This is then pressurized using an air-line to push water through the sample. The mass of the water can be

measured after a known time at a given pressure to give a flow rate.
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of the samples led to fluctuations in the water contact angle as
the water penetrates the sample.

Removal of the PABA template

The effect on the microstructure of removing the PABA tem-
plate post-membrane formation was also examined. To deter-
mine the amount of PABA removed, samples of both control
and PABA-containing membranes, of approximately 35 mg,
were weighed and placed into ethanol (25 ml). After a set time
interval, an aliquot (3 ml) was removed and replaced with clean
ethanol. This process was repeated for the duration of the
experiment (2 days in total), after which the eluent was orange
in coloration for the test samples and colourless for the control
samples. The eluent was diluted by a factor of 100 and its
UV/Vis absorption spectrum was measured. The absorbance
at A,ps = 324 nm was compared against a calibration Beer—
Lambert plot for PABA in ethanol to determine the concen-
tration of eluted additive.

Results and discussion
Membrane fabrication

Membranes in this work were prepared using the NIPS method,
as illustrated in Fig. 1b. The stirring temperature, degas time
and immersion conditions were optimised to maximise the
quality of the membranes produced, including their rapid
phase separation as is discussed later in this section. The degas

View Article Online

Materials Chemistry Frontiers

time (15 minutes) was necessary to remove any air bubbles
present in the viscous precursor solution prior to membrane
formation, which would otherwise result in unwanted holes.
Membranes were prepared using either F127 as a primary pore
template (control sample) or a combination of F127 and PABA
as a nanostructuring agent (test sample). The optimised proce-
dure resulted in reproducible membranes with the same micro-
structure at both the 50 um and the sub-micron scales. The
concentration of PABA was fixed at 15 wt% as lower concentra-
tions visually had less of an effect on the nanostructure. Higher
concentrations of additives did not produce castable solutions
and were not studied further. All samples were prepared using
DMTF as a solvent for the polymer/additive mixture, to eliminate
any variations in the procedure due to the solvent. Based on the
Hansen total solubility parameters, DMF is an excellent solvent
for PES (24.9 MPa®® and 24.4 MPa®®, respectively),®® while
water is a non-solvent (47.8 MPa’?).%°

Fig. 3 shows the macro-, micro- and nanostructural appear-
ance of the control and test films. At the macroscopic level
(Fig. 3a), the control films are opaque, white and shiny in
appearance, while the test samples are stained orange by the
PABA additive. Cross-sectional analysis by SEM of the micro-
structure of the control sample reveals that the membrane is
asymmetric (Fig. 3b); a skin layer, containing dense spherical
pores on the nanometre scale, is observed on the top side that
forms at the solution-water interface (Fig. 3c), which transi-
tions into vertical finger-like macropores within the bulk
membrane.

| Macrostructure Microstructure Nanostructure
I

Fig. 3 Photographs and scanning electron microscope images of control and test membranes. (a and d) Give a macroscopic view of a control
membrane and test membrane containing PABA, respectively. (b) Shows the finger-like pore microstructure of a control membrane, which exhibits poor
nanoscale connectivity within the skin layer, highlighted in orange, and within the finger-like pore walls (c). These images contrast with the test
membrane (e and f), which shows the presence of additional flakes at the 10 pm scale, shown in green, and the emergence of a fibrous nanostructure at

the sub-micron scale, within the skin layer and finger-like pore walls.
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The membrane microstructure arises during the phase-
separation process that takes place during membrane for-
mation. As the precursor solvent and bulk non-solvent are
miscible, the non-solvent infiltrates into the solution, changing
the effective concentration of the polymer such that it is no
longer stable in solution and it phase separates by nucleation
and growth to form a solid. This process forms nuclei of a
polymer-lean phase, which later develop into pores within a
matrix of polymer-rich phase, resulting in the macroporous
membrane desired in this work, and avoiding the sponge-like
microstructure more typical of reverse osmosis membranes.’”
Under these conditions, the F127 surfactant forms micelles
which act as physical stabilisers that prevent the nuclei from
collapsing as they form, allowing them to develop further into
pores.?® The skin layer and the material between the finger-like
macropores appears to be nanostructured in nature, showing
many isolated, spheroidal pores with low connectivity and
diameters of approximately 1 pum, as seen in Fig. 3c. We
postulate that fast nucleation occurs initially at the solution-
water interface resulting in the formation of the observed
small, closely packed pores in the skin layer. This lowers the
diffusivity of water through the skin layer as the bulk of the
membrane precipitates, leading to the formation of vertical
finger-like pores, along the concentration gradient of the water.
This is vertical in relation to the sample due to the geometry

=
(7))
(O
=
)
(%2}
O
a.
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used. We note that while these finger-like pores are commonly
observed for membranes formed by NIPS,*>*" to the best of our
knowledge, the nanostructure in the skin layer has not been
previously investigated in detail.

In the test sample, the addition of PABA to the initial casting
solution allows templating of both the primary and secondary
pore structure. At the 10 um level, the appearance of flakes
within the microstructure is apparent, in addition to the vertical
finger-like pores found in the control membranes (Fig. 3e). The
nanostructure is observed to be more fibrous and appears to
exhibit a higher pore connectivity, while maintaining a similar
feature size as the control membrane (Fig. 3f). If present, the
increased pore connectivity should also give rise to a desirable
increase in membrane permeability.

Extraction of PABA additive

PABA molecules interact poorly with the hydrophobic PES and
more strongly with water, resulting in the partial leaching of PABA
into the water bath when the membranes are immersed during
manufacturing. This leaching is detected by the faint yellow
coloration of the water during the fabrication process. Moreover,
the flakes observed in the membrane microstructure (Fig. 3e) are
also believed to be crystals of excess PABA, which would adversely
affect its functionality as a membrane. Inadvertent leaching of
PABA during service would be extremely undesirable, for instance,

Fig. 4 Photographs and scanning electron microscope images of test membranes before and after extraction of PABA with ethanol. (a and d) Give a
macroscopic view of pre-wash and post-wash samples, showing the fading of the orange colour (top side). A comparison of (b) and (e) shows the
removal of the flakes in the microstructure through washing. (c) and (f) show the preservation of the fibrous nanostructure after the PABA has been

removed, within the walls the walls of the finger-like pores.

This journal is © The Royal Society of Chemistry and the Chinese Chemical Society 2021
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Fig. 5 Quantification of the PABA solvent-extracted from test and control
membranes. UV/Vis absorption spectra of ethanol washings after two days
for two control samples (black and pink lines) and two test samples (blue
and red lines) are shown. The inset shows the Beer—Lambert calibration
plot for PABA in ethanol (1 = 324 nm).

in a water filtration application, as this could lead to contaminated
water downstream of the membrane.*®

We therefore investigated the effect of completely removing
the PABA additive on the membrane structure post-formation.
To enable direct comparison of the microstructure, a
membrane sample was freeze-dried and cracked into two, with
one half of the sample exposed to solvent extraction and the
other retained for comparison. For solvent extraction, the
sample was immersed in an ethanol bath of known volume
for 2 days, after which the membrane lost its orange coloration
and appeared off-white in colour (Fig. 4a and d). The ethanol
was regularly refreshed during this period to ensure that a
concentration gradient that promoted leaching was retained
throughout.

From SEM analysis, it is apparent that the large flakes
originally present at the 10 um scale were removed by the
solvent extraction process (Fig. 4b and e). However, interestingly,
the nanostructural porosity was unaffected, remaining fibrous
and with no observable changes to the pore dimensions (Fig. 4c
and f). Solvent extraction thus improves the microstructural
porosity, while retaining the desirable nanoscale porosity and
interconnectivity, and simultaneously greatly reduces the levels
of any potentially harmful additives.

The extent of PABA removal was quantified by UV/Vis
absorption spectroscopy. As shown in Fig. 5, the characteristic
absorption spectra of PABA is clearly apparent in the ethanol
eluent removed from the test sample. For comparison, a control
membrane containing no PABA was also exposed to the same
solvent extraction process; in this case PABA is absent in the
corresponding absorption spectrum. A Beer-Lambert plot for
PABA in ethanol was produced (Fig. 5, inset) to enable direct
quantification of the PABA concentration in the ethanol eluent
(absorption coefficient, ¢ = 22580 4+ 332 L mol ' ecm™ ' at
324 nm). Following 2 days of washing, a PABA recovery of
ca. 107% was estimated, suggesting that quantitative removal
can be achieved (accounting for expected experimental error in

788 | Mater. Chem. Front., 2021, 5, 783—791
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the concentration measurements). This introduces the possibility
of recycling the PABA to template further membranes.

Contact angle measurements

The water contact angle of membranes provides a useful
measure of their hydrophilicity. Many applications require a
hydrophilic membrane surface; this is particularly important in
water filtration applications to reduce the effect of biological
fouling.®" Fig. 6 shows representative images from water
contact-angle measurements performed on both sides of con-
trol and test membranes. For the control sample, the top side of
the membrane with the denser skin layer shows a higher water
contact angle compared to the bottom side of the membrane
that is formed in contact with the glass slide (78.83° + 1.07°
and 73.06° + 2.87° respectively, see Fig. 6a and b). This is
attributed to the smaller pores in the dense skin layer enabling
Cassie-Baxter wetting at the air/membrane/water tertiary
interface.®® The addition of PABA was observed to have a small
effect on the water contact angle of the membranes, reducing
the contact angle on both sides of the membrane, due to its
hydrophilic presence throughout the membrane*® (Fig. 6¢ and d);
the contact angle of the denser skin layer decreases to 71.82° +
2.52°, whilst the reverse side reduces more significantly to
56.96° + 3.96°. Removal of the PABA leads to little change in
contact angle on the dense skin layer (71.82° & 2.52° to 69.67° +
12.39° see Fig. 6e). However, this removal has a much greater
effect on the reverse side of the membrane (Fig. 6f), with the

e. 69.8°
1mm

Fig. 6 Water droplet contact angle images for control and test mem-
branes. (a) Control membrane, top-side (dense skin layer). (b) Control
membrane, bottom-side (lenticular pore layer). (c) PABA-containing
membrane, top-side (dense skin layer). (d) PABA-containing membrane,
bottom-side (lenticular pore layer). (e) PABA-containing membrane after
PABA removal, top-side (dense skin layer). (f) PABA-containing membrane
after PABA removal, bottom-side (lenticular pore layer).

This journal is © The Royal Society of Chemistry and the Chinese Chemical Society 2021
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Table 1 Performance comparison of PES ultrafiltration membranes
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Testing Flow rate
Ref. Casting solution composition (wt%) pressure (bar) (1 (m*h)™") Notes
Present study PES (18), F127 (9), DMF (73) 1 22.8 Skin-layer pore diameter: 220 nm (Fig. S1 in ESI)
Present study PES (18), F127 (9), PABA (15), DMF (57) 1 54.6 Skin-layer pore diameter: 188 nm (Fig. S1 in ESI)
Present study PES (18), F127 (9), PABA (15), DMF (57) 1 220.1 PABA removed from final membrane
21 PES (18), F127 (9), PEG” (15), DMF (57) 1 110 Fouling reduction with increasing F127 content
20 PES (18), F127 (18), DMF (64) 1 209.1 Pore size increases with higher F127 content
30 PES (17.9), PVP” (0.18), PA-6° (0.18), DMAC” (81.7) 4 40.9 Mean pore size: 10.11 nm
41 PES (15.12), SPSf°® (2.88), PEG (24), DMAC® (58) 1 1467.0 Sponge-like pores

“ PEG: poly(ethylene glycol)2000. ° PVP: poly(vinyl pyrrolidone). ¢ PA-6:

Surface pore size: 22.3 nm

anthracene functionalized poly(amide). ¢ DMAc: dimethylacetamide.

¢ SPSf: sulfonated poly(sulfone). / PEG: poly(ethylene glycol)20 000. ¢ DMAc: N,N-dimethylacetamide.

contact angle returning to a value similar to that of the control
membrane (68.13° + 13.76°). This suggests that the presence of
PABA within the membrane is responsible for the reduction in
contact angle from control membranes, and can be rationalised
by the presence of the hydrophilic carboxylic acid group present
in PABA.

Membrane permeability

High permeability at a given pore size is typically a desirable
property for most membrane applications. In this work, perme-
ability was measured using a bespoke dead-end filtration setup
as shown in Fig. 2. This set-up uses a fluid vessel, pressurised
using compressed air. The fluid is forced through the sample
being tested for a known time and the mass of this fluid
recorded. This gives a flow-rate that can be compared between
membranes. The rig allows the testing pressure and testing
fluid to be varied if desired. A pressure of 1 bar was chosen in
this work to prevent membrane damage or inadvertent extrac-
tion of the PABA additive during testing. Water was chosen as
the permeability medium. Using this set-up, the flow-rate of the
control membranes was found to be 22.8 & 4.3 1 (m* h)™*,
leading to a permeability of 3.97 + 0.75 nm? for a skin-layer
pore diameter of 220 + 116 nm, as observed by SEM (Fig. S1 in
ESIY). Although the membrane thickness was accounted for in
the permeability calculations, we note that the asymmetric
nature of the membranes may result in the permeability having
a non-linear relationship to the bulk thickness since the
smallest pores will make a more significant contribution. The
test samples in which the PABA was retained, exhibited a 95%
increase in flow rate to 54.6 & 2.3 1 (m® h)™', giving a perme-
ability, accounting for membrane thickness, of 7.73 =+
0.33 nm®, at a comparable skin-layer pore diameter of 188 +
71 nm. We note that despite the fairly low flow pressure, it was
observed that the eluent from these samples took on a faint
yellow colour, suggesting some of the PABA had in fact leached
out. However, the test samples exposed to ethanol extraction
(i.e. the PABA was fully removed prior to measurement) dis-
played a dramatically increased flow rate of 220 4 66 1 (m> h) ™,
corresponding to a permeability of 31.2 + 9.37 nm?, an increase
of 300% over the compared to the test samples containing
PABA. This is attributed to the removal of the PABA flakes from
the microstructure, leading to less obstacles in the permeation
pathway. These flow-rates compare favourably to previous reports,
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including those using F127 to give a similar macropore structure
to our work, even though they show a thinner skin layer,>**' as
presented in Table 1.

Conclusions

We have demonstrated a new dual-template approach using the
NIPS method to produce a controllable, hierarchical pore
structure within PES membranes. The polymeric amphiphile
F127 assembles into micelles which stabilize the formation of
finger-like pores at the 10 pm scale, while the molecular
additive PABA increases the connectivity of the smaller pores
at the 1 um level. This increase in connectivity has the effect of
increasing the permeability of the membrane without compro-
mising pore size. Ethanol extraction has been demonstrated as
an excellent approach to quantitatively remove PABA from the
resultant membranes. This process preserves the more fibrous
low-level microstructure, while enabling removal of both the
unwanted orange coloration and the crystalline flakes of PABA
which block the larger pores. This has a striking effect on the
membrane permeability, with PABA-templated membranes
exhibiting a 95% increase in permeability compared to the control
sample, which jumps to a further 300% increase following solvent
extraction. Moreover, the PABA additive can then be recovered
and recycled in further membrane production. This work demon-
strates that the dual-template approach, as part of the NIPS
process, can be used to fabricate membranes with a hierarchical
pore structure that exhibit increased pore connectivity. Further
studies are currently underway to understand how this pore
connectivity influences the specific surface area. The process
describe here allows for templating at the micron scale, using
mild, simple processing conditions. This is advantageous when
compared to other templating methods, such as block-copolymer
templating”>*® or particle-guided spinodal decomposition,**
which require careful control of humidity, evaporation time and
template composition to successfully template the desired micro-
structure, using a multi-step method. The controllable pore
structure developed in this work results in properties that are
valuable for a variety of applications, for example in membranes
for water purification®® or solar steam generation,*®™*® where the
increased connectivity allows greater contact of the permeate and
the active membrane surface.
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