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Electrospinning is a highly versatile method for manufacturing filter membranes, contributing to advanced
concepts for the production of sustainable membranes for waste water treatment. The use of bio-based
polymers could expand the sustainability of such filter membranes significantly. Bio-based PA 6.9, for
example, shows great potential for the creation of bio-sourced electrospun filter membranes (EFMs) with
high mechanical properties and high resistance to solvents. The polyamide is synthesized from plant oil-
based azelaic acid and electrospun from chloroform/formic acid to produce self-standing electrospun
nonwovens. These highly porous membranes show high efficiencies of up to 99.8% for the filtration of
polystyrene microparticles (PS-MPs) from water. Additionally, the electrospun nonwovens exhibit compar-
able filtration efficiencies to FFP3 masks for the removal of 0.3 pm particles from air. The membranes
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separation. Efficiencies of up to 99.9% can be achieved for the separation of water and chloroform from
50 vol% mixtures, while maintaining a high permeate flux of up to 5345 L m~2 h™!. Additionally, the mem-
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Introduction

Electrospinning is the state-of-the-art method for the pro-
duction of nonwovens composed of polymer nano- or microfi-
bers." These nonwovens find many different applications
including catalysis,>™ energy storage®” or filtration.>™°
Cutting of nonwovens yield short microfibers which can be
processed in dispersions. Such dispersions were used for the
preparation of sponges or wet-laid membranes.'"'* Due to
their high flexibility, porosity, and specific surface area, elec-
trospun filter membranes (EFMs) often combine high per-
meability with high rejection rate, making them promising
materials for filtration purposes.'®'* Such EFMs have been

successfully used for the filtration of particles from
water®®>1¢ as well as air'®'”"'® and for the separation of oil
and water."*

Recently, the demand for air filters has seen a sharp
increase due to the COVID-19 pandemic.'® Face masks, in par-
ticular, were necessary to prevent spreading of the virus in
close quarters. The filters in these face masks must have a
high efficiency for the exclusion of particles while having a low

University of Bayreuth, Macromolecular Chemistry and Bavarian Polymer Institute,
Universitdtsstrasse 30, 95440 Bayreuth, Germany. E-mail: greiner@uni-bayreuth.de

1 Electronic supplementary information (ESI) available. See DOI: https://doi.org/
10.1039/d31p00201b

642 | RSC Appl. Polym., 2024, 2, 642-655

branes can be reused for at least ten times without any significant reduction in efficiency or flux.

pressure drop or high permeability to allow free breathing.
The use of electrospun nonwovens as air filtration membranes
offers these properties at a lower cost than conventional air
filters.'® In addition, the electrospinning process enables con-
tinuous fiber production, which results in very long fibers and
prevents them from going airborne.'® Electrospinning also
allows tailoring of the fiber diameter and pore size of the EFM
in a wide range reaching three orders of magnitude.'® Many
different polymers have been used to successfully produce
EFMs for air filtration, including poly(vinylidene difluoride)
(PVDF), polyacrylonitrile (PAN) and polyamides (PA). PA and
PAN are especially useful to produce robust filters that need to
be used in harsh environments.**>® PVDF on the other hand
is selected for its hydrophobicity.””*® Electrospun membranes
for air filtration are usually composites, where the nonwoven
is deposited on top of a porous substrate to enhance the gener-
ally poor mechanical stability of electrospun nonwovens.”® On
the flipside, self-standing membranes made from only one
component can be made in a simpler process, which is more
attractive for large-scale production.'® Additionally, the
material can be recycled more easily as the used filter can just
be dissolved and the resulting solution used for electro-
spinning again.***!

While most of the earth is covered by water, only 2.6% of all
water on earth is freshwater, and only 0.3% of that is available
in liquid form and can be used directly by humans.’ This
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makes drinking water a scarce resource and local availability is
often not given. Studies from 2020 show that every fourth
human doesn’t have access to safe drinking water, and every
tenth person lacks even basic water supply.*> The removal of
pollutants from available freshwater is essential for the supply
of clean drinking water. Filtration membranes are the choice
for the removal of solid particles like microplastics and metal
nanoparticles.’*** The membranes need to have a high fil-
tration efficiency together with a high water permeability,
which is why EFMs are interesting materials for such appli-
cations. EFMs for water filtration are commonly prepared from
poly(vinyl alcohol) (PVA),>> PAN,>® polysulfone (PSF),>” PVDF,*®
and polyurethane (PU).*° Self-standing EFMs made of PA have
been used for water fiiltration,’® however, they are mostly
applied in composite membranes where they provide the
surface hydrophilicity to achieve high water permeability.*'*°

Another challenging task for the purification of water is the
separation of oil from oily wastewater and polluted oceans
due to oil spills. The methods currently used are still a
challenge.?>*” Electrospun nonwoven membranes are promis-
ing materials for the separation of water and oil. Selective wett-
ability of the EFM can be tailored by choice of material and
surface morphology to allow separation of water and oil.*®
EFMs made from poly(vinylidene fluoride-co-hexafluoropropyl-
ene) (PVDF-HFP) with superhydrophobic surface properties
were able to separate oil from water with high efficiency and
high flux.***° Similar results were obtained for EFMs made
from polylactide (PLA),”'™** acrylonitrile-butadiene-styrene
(ABS)** and PA.>>"7 Polyamides can also be used in composite
membranes with hydrophobic materials like PVDF to make
hydrophilic membranes, where only water is able to penetrate
the membrane.>®

So far, mostly conventional polymers are used for the pro-
duction of such EFMs, but the availability of bioplastics is
growing and their potential application for filtration mem-
branes need to be investigated. PLA-, cellulose- or chitosan-
based EFMs are among the most studied bio-based and/or
-degradable materials for the production and application of fil-
tration membranes.’*® Self-standing membranes made of
these materials often lack mechanical stability, making them
prone to rupture. Polyamides on the other hand exhibit high
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mechanical stability due to intermolecular hydrogen bonding.
One particularly interesting polyamide is PA 6.9 which is syn-
thesized from bio-based azelaic acid and 1,6-diaminohexane
(Scheme 1).°* The azelaic acid can be sourced from various
vegetable and microalgae oils as it is synthesized from
common fatty acids like oleic acid. PA 6.9 is structurally
similar to PA 6.6, but owing to the extra methylene units in the
diacid and the even-odd structure it possesses some unique
properties. The PA 6.9 exhibits increased hydrophobicity,
resulting in greater dimensional stability, which is advan-
tageous for the production of composites and application in
aqueous media.®® It also has a higher chain flexibility than PA
6.6 because of the greater separation of the amide bonds along
the polymer chain.®® Additionally, production of the bio-based
azelaic acid is already commercialized since the 1950s and PA
6.9 is also commercially available.®”

Herein, we report the preparation of sustainable self-stand-
ing EFMs from bio-based PA 6.9. The polyamide was syn-
thesized from hexamethylene diamine and plant oil-based
azelaic acid. Nonwovens were prepared by electrospinning
from polymer solutions in formic acid/chloroform at different
concentrations and cut into membranes. The morphology as
well as the surface wettability and the mechanical properties of
the prepared membranes were analyzed. The influence of the
polymer concentration on the resulting properties was evalu-
ated and discussed. Their potential application as filtration
membranes for the filtration of microplastic particles from
water and air as well as for the separation of water and oil was
investigated. Important filtration properties including flux,
permeability, and filtration/separation efficiency were analyzed
and compared to existing conventional and bio-based EFMs.

Experimental
Materials

Azelaic acid (technical grade for synthesis), styrene (>99%) and
potassium persulfate (99+%) were purchased from Sigma-
Aldrich. Hexamethylene diamine (99.5+%) and basic alumi-
num oxide (5-200 pm, 60A) was purchased from Acros.
Chloroform (>99.8%) was purchased from fisher scientific.
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Scheme 1 Synthesis of crude oil-based adipic acid and PA 6.6 in comparison to vegetable/microalgae oil-based azelaic acid and PA 6.9.
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Formic acid (99-100%) was purchased from VWR. 1,1,1,3,3,3-
Hexafluoro-2-propanol (HFIP, 99%) was purchased from
Fluorochem Ltd. Deuterated chloroform (CDCl;, 99.8%) was
purchased from Deutero. All solvents for purification were pur-
chased in technical grade from local suppliers.

Purifications

Azelaic acid was recrystallized from ethyl acetate with the
addition of activated charcoal. Hexamethylene diamine was
distilled and stored under argon atmosphere.

Synthesis of polyamide 6.9

The synthesis of PA 6.9 was adapted from the method used by
Tao et al.®® The PA-salt of PA 6.9 was prepared by dissolving
equimolar amounts of hexamethylene diamine and azelaic
acid in ethanol to form solutions of 10 wt%. Complete dis-
solution of the diacid was achieved by heating to 40 °C. Upon
complete dissolution of the diacid the diamine-solution was
added, causing the formation of the PA-salt as a white precipi-
tate. After 1 hour of heating the solution was cooled to 0 °C.
The formed PA-salt was recovered by filtration and washed
with ethanol to yield the desired PA-salt with a yield of 93%.

For the synthesis of PA 6.9, 400 g of the PA-salt was trans-
ferred into a 1 L stainless steel reactor with a mechanical
stirrer. Upon exchange of atmosphere with argon to ensure
exclusion of oxygen 270 mL of degassed water was added. The
resulting slurry was then heated at maximum heating (310 °C
jacket temperature) while stirring until a pressure of 15 bar
was reached. Then the water steam was slowly removed to keep
the reaction running isobar at ca. 15 bar, until there was no
more water left in the reaction vessel and atmospheric pressure
was reached (6 h). Then, the reactor was slowly evacuated over
the course of one hour. The polycondensation was proceeded
for another three hours at a final melt temperature of 240 °C.
Once the torque of the stirrer reached 100 N cm the reaction
was stopped by slowly purging with argon until a pressure of
0.2 bar. The polymer was recovered by opening a valve on the
bottom of the reaction vessel and quenching of the polymer
melt in ice water. The solid polymer was then grinded to
receive polymer particles with a maximum diameter of 2 mm.
After drying at 70 °C in vacuo for 24 h 285 g of PA 6.9 was
received as an off-white powder.

Electrospinning of PA 6.9

Polyamide 6.9 was dissolved in 5 mL of a mixture of formic
acid and chloroform 1 : 1 v/v (FA/CHCl;) in the specific concen-
trations. Electrospinning was performed at 24 kV positive
voltage for 10 wt% solutions, 25 kV for 12.5 wt% and 26 kV for
15 wt% solutions. The negative voltage was —0.8 kV and the tip
to collector distance was 20 cm for all experiments. A rotary
disc collector was used as a collector and the flow rate used
was 0.4 mL h™" for the 10 and 12.5 wt% solutions and 0.65 mL
h™" for the 15 wt% solutions. The total collection time was
1.5 hours for the 10 wt% solutions, 2 hours for the 12.5 wt%
and 1 hour for the 15 wt% solutions.
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Emulsion polymerization

15.4 g (148 mmol) styrene (destabilized by filtration over basic
aluminum oxide) was dispersed in 150 mL of degassed de-
ionized water at 80 °C and a stirrer speed of 200 rpm. A solution
of 3.2 mg (0.012 mmol) potassium persulfate in 5 mL degassed
deionized water was added quickly. The resulting mixture was
stirred over night at 80 °C to form a milky emulsion. The emul-
sion was filtered over a kitchen sieve to remove larger agglomer-
ated polystyrene particles. The concentration of polystyrene micro-
particles was determined gravimetrically by taking an aliquot of
5 mL from the dispersion, followed by freeze-drying. The hydro-
dynamic diameter of the particles was determined via dynamic
light scattering (DLS) using a PN3704 Zetasizer (Malvern).

Characterizations

Size exclusion chromatography (SEC). The number and
weight average molar mass and molar mass distribution of PA
6.9 was measured on a 1200 Infinity (Agilent Technologies/
Gynotek) gel permeation chromatography (GPC). The instru-
ment was equipped with a PFG 7 pm precolumn and two main
columns (PFG 7 pm 100 A and PFG 7 pm 300 A) (PSS, Mainz,
Germany). A refractive index detector (RI, Gynotek SE-61) was
used for the detection. The sample was dissolved in HFIP
(HPLC grade) with potassium trifluoroacetate (8 mg mL ") and
toluene (HPLC grade) as an internal standard in a concen-
tration of 2 mg mL ™" and filtered through a 0.22 pm PTFE
filter. 20 uL of this solution were injected and measured at a
flow rate of 0.5 mL min~" at 23 °C. Calibration of the system
was performed with poly(methyl methacrylate) (PSS calibration
kit, PSS, Mainz, Germany) in a range of 1720-189 000 Da.

Scanning electron microscopy (SEM). The electrospun mem-
branes were placed onto stups and sputtered with 1.3 nm plati-
num using a platinum-sputter coater 208HR (Cressington).
Recordings were performed with a Leo 1530 (Zeiss) with 3 kv
acceleration voltage and at a pressure of 2.0 x 10~ bar. Images
were taken with an inlens and secondary electron detector
(Everhart Thornley). A backscattering detector (Centaurus) was
used at 10 kV acceleration voltage under the same pressure.

Mechanical properties of membranes. The mechanical pro-
perties were determined by uniaxial stress-strain testing on a
BT1-FR 0.5TND14 (Zwick/Roell) at room temperature. Test
specimens were prepared by cutting out rectangular shaped
stripes from the electrospun nonwoven using a scalpel. The
dimensions of the test specimens were 5 mm in width with a
gauge length of 20 mm. The height of the specimens was
measured using a Series 293 (0-25 mm) digital micrometer
(Mitutoyo, Neuss, Germany), taking the average of three
different positions in the gauge area. The specimens were con-
ditioned for 48 h at room temperature prior to testing. Tensile
tests were performed according at 2 mm min™" at a grip to
grip separation of 20 mm. The Young’s modulus was deter-
mined by the slope of the linear region of the stress-strain
curves in range of 0.05%-0.25% deformation. At least five
specimens were tested for each material and the statistical
average is given as a result.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Contact angle measurement. The contact angle measure-
ment for all membranes were performed using a drop shape
analyzer (Kriiss). For measurement, small rectangular pieces
of the nonwovens were cut out and placed on a flat surface. A
drop of 4 pL water was produced and placed on top of the
membrane and the contact angle was measured after 30 s.

Pore size measurement. Measurement of the pore size distri-
butions were performed using a porometer PSM165 (Topas).
Circular-shaped samples (20 mm diameter) were cut out with a
scalpel and placed into a measuring adapter with a flow cross-
section of 11 mm. For the measurement of the bubble-point,
about 5 drops of Topor liquid (surface tension 16.0 mN m™?)
was dropped onto the membrane. The used airflow-rate was in
the range of 3.6-4200 L h™" and adjusted automatically by the
instrument.

Microparticle filtration in water. Circular shaped filters with
a diameter of 30 mm were cut out of the membranes using a
scalpel. The cut out filters were then placed on a metal mesh
and then fixed into a reusable filtering apparatus (Satorius
AG), limiting the available filtration area to 3.14 cm?. The flow
rate was adjusted to 1 mL min~" using a LA100 syringe pump
(Landgraf Laborsysteme). For each filtration experiment,
45 mL polystyrene microparticle dispersion (300 pug mL™")
were used and the filtrate was collected in intervals of two
minutes. The remaining polystyrene concentration in the fil-
trate was then analyzed via UV-Vis to determine the filtration
efficiency.

During the experiment, the transmembrane pressure was
recorded with a battery powered digital manometer (digi-04)
with an accuracy of 0.4% in the range of 0-2.5 bar. The man-
ometer was installed between the syringe pump and the filter-
ing apparatus, and the measured value was noted every minute
to calculate the membrane permeability (L. m™> h™" bar )
according to the formula:

Vv

Permeability = m

where V is the total volume of the organic phase (L), 4 is the
available area (m?), At is the total filtration time (h) and Ap is
the transmembrane pressure (bar).

Quantification of the filtration efficiency. A linear calibration
was performed by measurement of the absorption at the
absorption maximum of polystyrene (280 nm, Fig. S61).°° The
polystyrene dispersion was diluted with distilled water to yield
five calibration dispersions. The calibration was performed in
a range between 1.88 pg mL ™" and 30 pug mL™". The calibration
curve is depicted in the ESI,T as well as the absorption spec-
trum of the polystyrene dispersion.

Aerosol filtration. For the aerosol filtration tests, a Palas
MFP 2000 filter test station was used. The test was performed
with bis(2-ethylhexyl)sebacate (PALAS DEHS) as a test aerosol.
The total volume flow was 8.5 L min™" at a flow velocity of
5 cm s™' and a filter area of 28.3 ecm®. A total number of ca.
30000 particles was measured per filtration test (PALAS
aerosol sensor welas® 2100) and at least three filters were
tested for each material.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Water-oil separation. For each experiment 4 mL of a mixture
of water (colored with methylene blue) and chloroform was
used 1:1 (v/v). Circular shaped filters with a diameter of
10 mm were cut out of the membranes using a scalpel and
placed in a filtration apparatus, limiting the available filtration
area to 0.38 cm”. Each membrane was tested in triplicate and
the membranes were reused 10 times. The total time to com-
plete separation of chloroform and water was noted to calcu-
late the flux (L m~* h™") according to the formula:

Flux =

where V is the total volume of the organic phase (L), A is the
available area (m?) and At is the total separation time (h).

Measurement of the water content. A Karl-Fischer titrator
831KF Coulometer (Metrohm) with diaphragm was used to
measure the residual water content in the organic phase.
Coulomat AG and Coulomat CG were used as anolyte and cath-
olyte for the measurement at 25 °C. Measurements were per-
formed in duplicates and the statistical average is given as the
result.

Ultraviolet/visible light spectroscopy (UV-Vis). UV-Vis
measurements were performed on a V-630 spectrometer
(Jasco) using a quartz cuvette with a measurement depth of
10 mm. The spectrum of the polystyrene-microparticles
(PS-MP) was measured in the range of 200-800 nm, with a
resolution of 2 nm. Quantitative measurements were per-
formed at the absorption maximum of 280 nm. A calibration
was performed in the range of 1.875 ppm to 30 ppm in tripli-
cate. The calibration standards were prepared by dilution of a
concentrated PS-MP dispersion with water.

Results and discussion
Evaluation of optimal electrospinning parameters

PA 6.9 was synthesized by melt polycondensation of the PA-salt
formed by mixing azelaic acid and hexamethylene diamine in
ethanolic solution as previously shown by Tao et al®® The
polymer was drawn out in molten state and grinded to receive
granulates with a maximum diameter of 2 mm. SEC measure-
ment of the PA 6.9 confirmed a molecular weight of 34 800
with a dispersity of 2.2, consistent with standard commercial
polyamides (Fig. S2t). The PA 6.9 was readily soluble in formic
acid/chloroform 1:1 (v/v) (FA/CHCIl;) with concentrations of
up to 20 wt%. The resulting polymer solutions were increasing
in viscosity with increasing polymer content. Electrospinning
of the final solutions was performed to adjust the parameters
for a stable process. It was found, that the viscosity had a great
influence on the electrospinning process and no stable jet was
formed for the solution with 20 wt% PA 6.9. The growth of sta-
lactite-like structures at the tip of the needle resulting from
evaporation of the solvent was observed, which partly blocked
the needle. In contrast, the viscosity of the 5 wt% solution was
too low and resulted in strong droplet formation. These results
are in line with the observations made for the electrospinning
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of PA 6.9 from mixtures of formic acid and acetic acid, where
solutions between 10 and 20 wt% were spinnable.®® Finally,
steady state electrospinning could be performed for solutions
of PA 6.9 with 10, 12.5 and 15 wt% in FA/CHCl; 1:1 (v/v) to
form a self-standing membrane. The duration of the electro-
spinning process of the polymer solutions was adjusted to
prepare nonwoven membranes with a comparable thickness in
the range of 54-60 um.

Membrane characterization

The morphology and fiber diameter of the electrospun mem-
branes were analyzed via SEM. From the SEM images uniform
and smooth fibers can be seen and no formation of beads
(Fig. 1). Increasing the polymer concentration also led to an
increase of the fiber diameter, which is typical for electrospun
polymer fibers. Similar observations were made for electro-
spun fibers of PA 6.6 from formic acid/chloroform 3:1 (v/v)”°
and PA 6.9 from formic acid/acetic acid 1:1 (v/v).°® This might
be due to the increased viscosity with increasing polymer con-
centration, resulting in a lower stretching of the fibers in the
Taylor cone. Additionally, a higher polymer concentration also
means a lower solvent to polymer ratio. As the solvent evapor-
ates during the electrospinning process, the polymer spends
less time in the dissolved state if there is less solvent to begin
with, leading again to a lower stretching and thus thicker
fibers. Hence, a higher polymer concentration, meaning less
solvent per polymer, leads to thicker fibers. Furthermore, the
distribution of the fiber diameter is quite narrow for all EFMs
made from PA 6.9 with standard deviations of <15%. This
shows the great potential of electrospinning for the production
of uniform sub-microfibers. Spider net-like structures were
observed in all electrospun nonwovens, with a higher preva-
lence with increasing polymer concentration (Fig. S1). Similar
observations were made in earlier publications for EFMs made
from PA 6 and PA 6.6 with increasing polymer concentration.”*
The presence of these structures may be advantageous in
terms of filtration performance and they have also been shown
to improve the mechanical properties of EFMs.”*

The mean pore size of the electrospun nonwovens was
determined with a capillary flow porometer. Similar to the
fiber diameter, the pore size increases with the polymer con-
centration from 0.55 pm to 1.14 um (Table 1 and Fig. 2D). The
pore structure of electrospun membranes is based on the
number of fiber to fiber contacts, as the fibers act as pore
boundaries and define the pore.”*’* The increased viscosity of
the polymer solution due to the increased concentration
impacts the bending stability of the fibers during solidification
between the nozzle and the receiver.”>”°® The resulting change
in packing density leads to a lower number of fiber to fiber
contacts and ultimately to an increase in pore size.”” Hence,
the pore size of the EFMs prepared from PA 6.9 can be
adjusted by the polymer concentration, much like the fiber
diameter. Additionally, the pore size distribution was very
narrow for all EFMs, which is advantageous for particle fil-
tration (Fig. S37). Particles having a larger diameter than the
pore size will therefore be filtered more easily and with a high
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Fig. 1 SEM images and fiber diameter distributions of EFMs prepared
from (A) 10 wt%, (B) 12.5 wt% and (C) 15 wt% solutions of PA 6.9 in
formic acid/chloroform 1:1 v/v.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Table 1 Membrane properties of the PA 6.9 electrospun nonwovens and commercial syringe filter

Thickness Average fiber diameter Mean pore size Areal density Porosity Water contact angle
Material [m] [nm] [m] [gm™] [9%] [°]
PA 6.9_10 wt% 54+4 163 + 22 0.55 6.4+0.4 89 132 +9
PA 6.9_12.5 wt% 62 +2 259 + 22 0.66 9.7+0.4 85 126 + 2
PA 6.9_15 wt% 60 +3 307 +43 1.14 6.8 £0.6 90 143 +7
PA syringe filter 131+3 0.2 22+ 2
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Fig. 2 Different membrane characteristics of the EFMs made from PA 6.9, (A) water contact angle (WCA) and (B) stiffness (Enoqg) and ultimate tensile
strength (F.,) in dependence of the porosity, (C) elongation at break against the fiber diameter and (D) fiber diameter and pore size against the

polymer concentration.

efficiency. The pore size of the prepared membranes is also in
the range of typical microfiltration membranes.”®

The wettability of electrospun membranes was investigated
by measurement of the water contact angle. Interestingly, the
electrospun nonwovens showed hydrophobic surface pro-
perties with contact angles of >120°. In contrast, PA 6.9 films
have a water contact angle of 66°.”° This is due to the high
dependency of the water contact angle on the surface mor-
phology of the electrospun nonwoven. Decreasing the surface
roughness of an EFM prepared from PA 6.6 resulted in a 40%
lower water contact angle, making the membrane more hydro-
philic.?’ The high contact angle and resulting hydrophobic be-

© 2024 The Author(s). Published by the Royal Society of Chemistry

havior of the EFMs made from PA 6.9 can therefore be
explained by their surface roughness. The electrospun nonwo-
vens produced are highly porous structures (>85% porosity)
with a high surface roughness.”* As these pores are typically
filled with air (contact angle of 180°), the Cassie-Baxter
equation needs to be applied to describe the contact angle of
these electrospun membranes.®>*>

cosf@ =013 X (1+cos ) —1

With @ as the resulting contact angle of the EFM, o, as the
solids content of the material and 6, as the bulk contact angle
of the solid material.
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For the EFMs made from PA 6.9 a dependency of the
contact angle on the porosity of the membrane could be
observed, where an increasing porosity resulted in an increas-
ing contact angle (Table 1 and Fig. 2A). This is further evidence
that the Cassie-Baxter model should be applied here, since
increasing porosity leads to a lower solids content of the
material at the surface of the membrane and thus to an
increased hydrophobicity.

The mechanical stability of a filtration membrane is of great
importance for its performance. A high mechanical stability pre-
vents the pores from widening due to increased backpressure
and ultimately from rupturing during use. Typically EFMs are
known to have poor mechanical properties due to their high
porosity, random orientation and poor fiber to fiber
bonding.*>® Several different attempts have been made to
improve the mechanical properties of EFMs including UV-cross-
linking,*”** and solvent vapor treatment.*® Owing to the gener-
ally good mechanical properties of polyamides the EFMs pre-
pared from PA 6.9 showed a much higher tensile strength than
membranes prepared from other typical materials like polyviny-
lidene fluoride (PVDF) and polyacrylonitrile (PAN) (Table 2).
Additionally, the results from uniaxial tensile testing of the PA
6.9 membranes are comparable to EFMs made from PA 6.6.%

The prepared EFMs showed increasing stiffness (Enoq) and
tensile strength (Fnax) with decreasing porosity of the nonwo-
ven (Fig. 2B). Interfiber bond fracture has been proven to be
the major damage mechanism for electrospun nonwovens.® It
was shown, that less interfiber bonds are broken in denser net-
works, resulting in a higher mechanical stability. Therefore,
nonwovens having a lower porosity are stronger and stiffer
than ones with a higher porosity.*>*” Additionally, the nonwo-
vens showed an increasing elongation at break with the fiber
diameter (Fig. 2C). This is again in line with observations
made for EFMs made from PA 6.6.”° This could be explained
by the also larger pore size leading to a smaller number of
loops between the nonwovens, resulting in a longer elongation
until the fibers are aligned. Additionally, the thicker fibers
could potentially be cold stretched to a greater extent than
thinner fibers.

Microplastic particle filtration in water

The filtration performance of the bio-based EFMs for the
removal of microplastics from aqueous media was investigated

Table 2 Mechanical properties of EFMs made from PA 6.9 compared to
existing materials

Frax Elongation at Emod

Material [MPa] break [%] [MPa] Ref.

PA 6.9_10 wt% 69+1.2 56+1 40+ 7 This work
PA 6.9_12.5 wt% 9.2 £0.6 77 £2 49+ 3 This work
PA 6.9_15 wt% 5.1+04 86+ 3 31+4 This work
PA 6.6 6.5 0.6 67 £11 45 £ 2 84

PVDF 2.8 76 58 88

PAN 4.9 23 — 89

PLA 1.8 200 15 90
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using a dispersion of polystyrene microparticles (PS-MP) in
water. Therefore, polystyrene microspheres were prepared by
surfactant-free emulsion polymerization in water using the
initiator potassium persulfate.”’ The resulting polystyrene
spheres had a hydrodynamic diameter of 679 + 4 nm and
formed a stable emulsion in water with a concentration of
300 ppm (Fig. S51). All three bio-based membranes and the
commercial syringe filter were able to remove the PS-MP
during filtration with a remarkable efficiency of >99.7%, even
after a prolonged filtration time of 45 minutes (Fig. 3A).
Comparison with other electrospun membranes reveals that
the bio-based EFMs prepared from PA 6.9 show similar per-
formance for the removal of microparticles as EFMs made
from conventional materials (Table 3). See Fig. S71 for the
experimental setup used for the microplastic particle filtration
tests.

There was a large difference in the permeability during
microplastic filtration between the EFMs with a pore size of
0.55 um (PA 6.9_10 wt%) and 0.66 pm (PA 6.9_12.5 wt%). A
0.11 pm larger pore size resulted in a 123% higher initial per-
meability (Fig. 3B). Further increasing the pore size, on the
other hand, did not lead to a significant change of the per-
meability. Furthermore, only a small decrease of the per-

>
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Fig. 3 (A) Filtration efficiency and (B) permeability over time for PS-MP

removal using the bio-based EFMs and the PA syringe filter at 1 mL
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Table 3 Filtration performance of different EFMs for the removal of microplastic particles from agueous media

Membrane thickness  Particle type and Mean pore size  Filtration efficiency  Initial permeability
Material [um] (size) [um] [m] [%] [Lm™h™" bar™] Ref.
PA 6.9_10 wt% 544 PS-MP (0.7) 0.55 99.8 424 +5 This work
PA 6.9_12.5 wt% 62 +2 PS-MP (0.7) 0.66 99.8 949 + 35 This work
PA 6.9_15 wt% 60+ 3 PS-MP (0.7) 1.14 99.7 1011 £ 73 This work
PA 6 150 = 50 PS-MP (1) 0.006 95.9 — 40
PA 6/cellulose 97 PS-MP (0.5) 0.64 >99 570 41
rPET — PS-MP (0.5) 0.2 >99 3336 + 870 92
PAN ca. 70 Unspecified MP (10) 0.15-2 93 22733 89
PVDF 300 PS-MP (1) 4-11 98 1985 38
PVDF 220 PS-MP (3) 3.59 99.0 45200 88

meability was observed for all bio-based EFMs during the fil-
tration trials. In contrast, the commercial PA syringe filter
showed a much steeper decrease of the permeability, especially
in the first 10 minutes. As a result, the performance of the
syringe filter became worse than the bio-based EFMs with
longer filtration time. After 20 minutes, the bio-based EFMs
with a pore size of >0.66 um showed a higher permeability and
therefore better performance. These results indicate a possible
application of the bio-based EFMs for the removal of micro-
plastics from aqueous media.

Observation of the membrane cross-section after filtration
shows a cake layer of PS microparticles on the top and only a
few particles on the bottom side of the membrane (Fig. 4A and
Fig. S871). In the close-up image of the membrane cross section
(Fig. 4B and Fig. S81) some layer separation in the membrane
can be observed, allowing a look inside of the membrane. In
between the layers, no particles can be observed. This would
indicate a surface filtration mechanism which is typical for
membranes with smaller or similar pores than the particle
size. A surface filtration mechanism would be beneficial in
terms of sustainability, as it opens up the possibility of back-
flushing the membrane in order to reactivate and reuse it. But,
these results are only an indication. A closer examination of
the inside of the membrane after filtration could provide a
better understanding of the filtration mechanism.

Aerosol filtration

The suitability for the removal of aerosols from air was also
investigated using the bio-based EFMs from PA 6.9. All three
membranes showed excellent efficiency (>99.3%) for the
removal of the test aerosol particles down to 0.3 pm (Fig. 5A).
With smaller particles the filtration efficiency decreases to
51-83% for 0.2 pum particles. For comparison, FFP3 masks are
defined by DIN EN 149 to have a filtration efficiency of >99%
for particles sizes down to 0.6 um. The bio-based EFMs there-
fore exceed the requirements for these face masks in terms of
filtration efficiency. They are more comparable to so-called
EPA (efficient particulate air) filters, which are defined by the
ISO 29463-1 to have a filtration efficiency of greater 99.5% for
particles with a diameter of 0.3 pm.

A good air filtration membrane not only needs to have a
high filtration efficiency, but also a low pressure drop. EPA

© 2024 The Author(s). Published by the Royal Society of Chemistry

filters should have a maximum pressure drop of 300 Pa and
FFP3 masks are not allowed to have a pressure drop of over
500 Pa. In comparison, the prepared EFMs exhibit much
higher pressure drops of 2090 + 286 Pa for PA 6.9_10 wt%,
1710 + 182 Pa for 12.5 wt% and 2200 + 381 Pa for 15 wt%,
exceeding those limitations. This might be due to the thick-
ness of the membrane, which is known to influence the
pressure drop of EFMs.*® Thinner membranes might still be
able to show high filtration efficiency with a reduced pressure
drop. Additionally, an increasing trend of the pressure drop
with decreasing porosity was observed for the bio-based EFMs
(Fig. 5B). This is not surprising, however, since a higher poro-
sity offers less resistance to air flow, a well-known effect in air
filtration membranes.”®°*°* The quality factor is a useful para-
meter to compare the performance of different filtration mem-
branes, as it combines filtration efficiency and pressure drop.
Commercial air filters such as HEPA (high efficiency particu-
late air), cabin air filters and FFP3 face masks have high
quality factors of 15, 10 and 19 kPa™" respectively.”>"®
Compared to these, the bio-based EFMs exhibit lower perform-
ance with quality factors ranging between 2.5 and 2.9 kPa™" for
particles of 0.3 pm in diameter (Fig. 5B). This is mainly due to
the high pressure drop, as the filtration efficiency for all three
membranes was >99.3%. Other air filtration EFMs made from
PA, PAN or poly(ethylene oxide) (PEO) often have quality
factors between 15 and 50 kPa™", compared to which the bio-
based EFMs from PA 6.9 are also inferior.”*

Water-oil separation

Polyamides generally show a high stability against solvents,
making them interesting materials for applications in harsh
environments. The EFMs prepared from bio-based PA 6.9 also
show hydrophobic surface behavior, making them promising
candidates for the separation of water from oil. In order to
highlight their potential application, the performance for the
separation of chloroform and water in gravity driven filtration
was investigated. All three membranes showed excellent separ-
ation efficiencies of >99% independent of their pore size and
porosity. This is comparable with results obtained for other
electrospun, hydrophobic membranes like polyimide (PI)
modified with thiolated graphene (GSH/PI) and PVDF-HFP
(Table 4). The PVDF-HFP membrane shows a good separation

RSC Appl. Polym., 2024, 2, 642-655 | 649
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Fig. 4 SEM pictures of the cross section of the PA 6.9_12.5 wt% mem-
brane after filtration, (A) at 1000x magnification and (B) at 3500x
maghnification.

efficiency, but at a much lower flux than the membranes pre-
pared from PA 6.9 (120 L m~> h™").”° The lower flux could be
due to the higher membrane thickness, which is twice that of
the PA 6.9 membranes. The modified GSH/PI membranes on
the other hand shows a high flux of 2744 L m™> h™" together
with an excellent separation efficiency of 99.9%. However, the
modification of the electrospun PI membranes to achieve the
GSH/PI membranes involves multiple reaction steps. The PA
6.9 membranes on the other hand can be easily produced by
electrospinning. Furthermore, they are self-standing mem-
branes without modifications, which facilitates recycling of the
membranes considerably. They also combine a high separation
efficiency of 99.9% with a high flux ranging from 985 to 5345 L
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Fig. 5 (A) Particle size dependent filtration efficiency and (B) pressure
drop and quality factor against porosity for the aerosol filtration using
the bio-based EFMs.

Table 4 Performance of different hydrophobic EFMs for the separation
of water and oil

Mean Separation  Initial

pore size  efficiency flux
Material [pm] [%] [Lm™h™] Ref.
PA 6.9_10 wt% 0.55 99.9 £ 0.0 2878 This work
PA6.9_12.5wt%  0.66 99.9+0.1 985 This work
PA 6.9_15 wt% 1.14 99.9 £ 0.0 5345 This work
GSH/PI — 99.9 2744 97
PVDF-HFP 1.8 99 120 50

m~> h™'. We observed an increasing permeate flux with the
porosity of the membranes. This can be explained by the lower
drag acting on the permeate during the flow through the mem-
brane with a higher porosity.

The reusability of the membranes was investigated by
repeating the separation tests ten times using the same mem-
brane (Fig. 6). No significant loss in separation efficiency was
observed during the cycles. The permeate flux was also very
stable during the cycles and only a slight decrease could be
observed over ten cycles.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 6 Results for the separation of water and chloroform, (A) the initial permeate flux for each separation cycle (linear fit), (B) filtration setup with a
mixture of chloroform and water before and after filtration, (C) separation efficiency during the first, fifth and tenth cycle.

Conclusions

Bio-based EFMs were prepared by electrospinning from solu-
tions of vegetable oil-sourced PA 6.9 in chloroform/formic
acid. Their morphology, as well as their mechanical properties
and surface properties were analyzed and tailored by changing
the polymer concentration during the electrospinning process.
A great influence of the porosity on the mechanical strength
and the surface hydrophobicity was observed. The EFMs also
showed high efficiency for the removal of microplastic par-
ticles from water under prolonged time. Additionally, the
membranes showed comparable water permeability to PA com-
posite membranes and better performance than commercial
syringe filters. The possible surface filtration mechanism also
opens the opportunity of recycling by back-flushing. This high-
lights the potential of sustainable EFMs prepared from PA 6.9
for the removal of microplastics from polluted water.
Furthermore, the membranes were successfully applied for the
removal of aerosols from air. The EFMs achieved a filtration
efficiency of >99.3% for aerosol particles down to 0.3 um, the

© 2024 The Author(s). Published by the Royal Society of Chemistry

industry standard most penetrating particle size, and up to
83% for 0.2 pm particles. However, the pressure drop of the as-
spun membranes was too high for commercial application as
air filters. Thinner membranes might be able to achieve
similar filtration efficiencies at a lower pressure drop. Due to
their high hydrophobicity, the EFMs showed excellent per-
formance for the separation of water and oil with separation
efficiencies of 99.9% while maintaining a high permeate flux
of up to 5345 L m~> h™". Reusability of the EFMs for the separ-
ation of water and oil was also proven and the membranes
could be reused up to 10 times without any significant loss in
separation efficiency and permeate flux. In conclusion, this
work highlights the potential of PA 6.9 for the production of
sustainable filter membranes.
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