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ABSTRACT: For the ﬁrst time, an ultralight chitosan-glutaraldehyde nanoﬁber sponge (chitosan NF sponge) was prepared. The
present work describes its processing from pure electrospun
chitosan nanoﬁbers and its use for ﬁltration applications.
Chitosan/polyethylene oxide (PEO) nanoﬁbers (NF) were
electrospun from acetic acid into 309 ± 56 nm-thick nanoﬁbers
using high-throughput free-surface electrospinning. To yield
chitosan NF sponges, PEO was extracted from the defect-free
nanoﬁber mats. From these mats, nanoﬁber suspensions were
prepared followed by casting and freeze-drying. Cross-linking of
such obtained pristine chitosan NF sponges with glutaraldehyde
improved water stability and resulted in chitosan NF sponges with
a bulk density of 5.77 mg cm−3 and a porosity of 99.59%. The hierarchical pore architecture of the chitosan NF sponges was perfectly
suited for particle adsorption as tested for poly(ethylene terephthalate)-microplastic (PET-MP) and Arizona test dust (ISO 121031) suspensions. Hydrostatic ﬁltration with chitosan NF sponges reduced turbidity of particle suspensions by 99.46% nephelometric
turbidity units (NTU) (PET-MP) and 99.49% (Arizona test dust). An oyster-inspired adsorption setup with 4000 actuated
compression/relaxation cycles reduced the turbidity of PET-MP and Arizona test dust suspensions by 80.1 ± 1.5 and 91.9 ± 0.3%
NTU, respectively. The preparation of biocompatible NF sponges from chitosan marine biomass has been demonstrated. These
chitosan NF sponges can be used as eﬃcient ﬁlters to tackle environmental challenges such as microplastics.
KEYWORDS: biopolymer, nanoﬁber, aerogel, adsorption, electrospinning
freezing conditions during processing.8−11 NF sponges have
been used in aerosol ﬁltration,11,12 water/oil separation,8,10,13
and as molecular adsorbents.14 NF sponges may become an
alternative in the emerging ﬁeld of MP removal from
wastewater. However, their potential in clearing particle
suspensions such as microplastics in water has not yet been
explored.
Wastewater treatment plants remove most of the microplastics from wastewater in several treatment steps, and their
eﬃciency depends on the methods applied.15 Among those
techniques, primary settling treatment and ﬁlter-based
technologies such as bioﬁlters and ultraﬁltration achieve the
best performance.15 Membrane bioreactor technology removes
microplastics with an eﬃciency of 99.9%.16 Similarly, bioﬁlter
technology applied after a bioreactor system demonstrates a
high performance in the removal of microplastics by physical

1. INTRODUCTION
Coping with plastic pollution is a growing challenge in
reducing the human environmental impact. Only in 2010, 4.8
to 12.7 million tons of plastic waste entered the oceans from
192 coastal countries.1 Generally, plastic particles smaller than
5 mm are deﬁned as microplastics (MP).2 Since MP are in the
size range of prey,2 they are ingested by marine animals and
pose health hazards, like inﬂuencing the ﬁltration activity of
bivalves,3 impairing reproduction4 or growth.5 Recently, a new
species discovered in the hadal zone of the Mariana Trench
was named Eurythenes plasticus, according to ﬁndings of MP in
its hindgut.6
To tackle the stated challenge, a nanoﬁber sponge (NF
sponge, also termed nanoﬁber aerogel) ﬁlter derived from
marine biomass, i.e., chitin, was developed and applied in a
ﬁltration setup inspired by oysters. Oysters are ﬁlter feeders,
and their potential in improving water quality was demonstrated through artiﬁcial oyster reefs such as the billion oyster
project near New York City.7 Consisting of nanoﬁbers (NF),
NF sponges have a sponge-like texture, with a high porosity of
up to 99.992%,8 a high speciﬁc surface area, low bulk density,
and an open-cellular pore structure.8,9 Their pore architecture
can be tuned through the ﬁber density, ﬁber aspect ratio, and
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and biological puriﬁcation processes through bioﬁlm ﬁltration
and adsorption.15 Moreover, with ultraﬁltration membranes
having a smaller pore size than the microplastic size, the
microplastic is completely retained.17 However, the solid−
liquid separation of nanoparticles in wastewater requires a
diﬀerent approach such as hybrid coagulants/ﬂocculants18 or
sequencing batch reactor processes.19,20 Recently, other
approaches such as tannic acid-mediated coagulation21 or
photocatalytic TiO2 micromotors22 have been suggested.
Chitosan-based nanoﬁbrous membranes have been used for
numerous applications regarding wastewater treatment,23 for
example, in microﬁltration, combining their antimicrobial
eﬀect with the nanoﬁbrous morphology to selectively remove
particles based on size.24 Comparing existing methods for
microplastic removal from wastewater to a repeatedly
mechanically compressed NF sponge, the actuated NF sponge
could be a possible option. The active motion of the NF
sponge through external forces has a similarity to the feed
mechanism of the oyster, which is a speciﬁc advantage over
static ﬁlters and increases mass transport through the pores of
the NF sponge.14
NF sponges made from a pure chitosan NF skeleton have
never been reported, despite numerous technical and medical
applications of this second abundant biopolymer in the world.
This may be due to several challenges in high-throughput
chitosan NF production and the development of dedicated
post-processing steps when processing chitosan NF into stable
NF sponges. There are several ways to obtain synthetic ﬁbrous
sponge-like materials, such as foaming, blowing methods, sol−
gel processes, template growth, freeze-drying, self-assembly,
and chemical vapor deposition.25 To obtain compressible
sponges from short electrospun NF, a freeze-drying and selfassembly approach is the most suited.26
Chitosan is a biocompatible and biodegradable biopolymer
and used in biomedical application because of its antimicrobial
properties.27,28 Electrospinning is a versatile technique that can
be utilized to eﬃciently convert biopolymers and synthetic
polymers into NF. Typically, ﬁbers with diameters between 80
and 700 nm can be produced with high productivity by freesurface electrospinning.29 However, electrospinning of pure
chitosan has been proven to be challenging,27,30−33 especially
when toxic chlorinated and ﬂuorinated solvents should be
replaced by environmentally friendly or less toxic solvents.32,34
NF mass production is essential to synthesize NF sponges, but
approaches for high-throughput chitosan NF production are
scarce and limited to blends such as chitosan-PVA,35,36
chitosan-polyamide-6,29 or chitosan-PEO.37
This work presents the synthesis of NF sponges made from
pure chitosan. These biocompatible and ultralight chitosan NF
sponges were made from prebuilt chitosan NF building blocks
obtained via electrospinning chitosan-PEO polymer solutions,
extracting PEO from the NF and subsequent freeze-drying of
the remaining chitosan NF slurry to form pristine chitosan NF
sponges. To increase water stability, pristine chitosan NF
sponges were cross-linked with glutaraldehyde (GA). The
clearing eﬀect of chitosan NF sponge ﬁlters was tested by
means of turbidity measurements for aqueous suspensions of
poly(ethylene terephthalate)-microplastic (PET-MP) and
Arizona test dust using hydrostatic ﬁltration and an oysterinspired actuated ﬁltration setup.
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2. METHODS
2.1. Materials. Chitosan with a degree of deacetylation of 84.2%
and a weight-average molecular weight (Mw) of 20−100 kDa was
purchased from Heppe Medical GmbH, Germany. PEO with an Mw
of 900 kDa, GA solution (49.8% in water), potassium carbonate
(≥99%), ethanol (96% p.a. ACS), sodium hydroxide (≥98.0%), and
methanol (≥99.7%) were all supplied by Sigma Aldrich, Germany.
Acetic acid (99.7% ACS) was purchased from abcr GmbH, Germany.
2.2. Electrospinning. Chitosan and PEO were separately
dissolved in acetic acid (50% v/v) and stirred for 24 h at room
temperature to produce solutions of 5% (w/w) each. The polymer
solutions were mixed at a mass ratio of chitosan to PEO solution of
8:2 before electrospinning. The blend had a viscosity of 2170 mPa·s
and a conductivity of 2.670 mS cm−1. The polymer blend was
processed to NF mats by free-surface electrospinning using a
Nanospider NS LAB 500 S (Elmarco, Czech Republic) with a wire
spinning electrode. The wire measured 0.2 mm in diameter, and NF
were electrospun to backing paper on a grounded roll-to-roll collector
at a distance of 22 cm. The length and width of the collector were 50
and 30 cm, respectively. Electrospinning conditions were 55 kV, 21−
22 °C, and 45−53% relative humidity.
2.3. Neutralization of Chitosan-PEO NF Mats and Preparation of Chitosan NF Sponges. The chitosan-PEO NF mats were
torn into pieces of approx. 2 × 2 cm2 and neutralized in buﬀer
(EtOH/1 M K2CO3 (70/30, v/v)) during 4 h while shaking at 200
rpm. After 2 h, the buﬀer was exchanged for fresh buﬀer. Batch
volumes were 1.5 g chitosan-PEO NF mats in 500 mL of buﬀer. The
neutralized NF mats were washed several times with aq. K2CO3
solution (pH = 8) and shaken overnight. Thereby, PEO was washed
out, and the pure chitosan NF mats remained undissolved. A pure
chitosan NF mat (1.2 g) suspended in 200 mL of aq. K2CO3 solution
(pH = 8) was then mixed 5 times for 10 s in a B-400 mixer (Büchi,
Switzerland) and further processed using an IKA homogenizer T25
digital ULTRA TURRAX at 13,000 rpm for 40 min. The resulting
dispersion was degassed, cast into a PTFE mold with cylindrical
cavities (d = 20.0 mm, h = 26.5 mm) and a metal base, directionally
frozen at −20 °C for >4 h, and freeze-dried for 26 h (see the
Supporting Information). Cross-linking was carried out by exposing
pristine chitosan NF sponges to GA vapor for 72 h in a desiccator at
room temperature to produce chitosan NF sponges.
2.4. Milling of PET. A common colorless PET beverage bottle was
cleaned and cut into equal pieces of approx. 3 × 3 mm2. PET-MP was
obtained by milling the cut pieces in a CryoMill (Retsch, Germany)
using liquid nitrogen cooling. PET pieces were ground in a 50 mL
steel jar containing seven steel balls (12 mm diameter). After 10 min
of precooling, the main program was run with 9 cycles, each for 10
min at 30 Hz followed by 30 s intermediate cooling at 5 Hz. PET-MP
was vacuum-dried overnight at 30 °C. Additionally, PET-MP was
ﬁltered through a 130 μm pore size ﬁlter. The volume distribution of
PET-MP and Arizona test dust was determined with a Mastersizer
Hydro 2000SM (Malvern Instruments, UK) using a small-volume
sample dispersion unit. Sample and background measurements were
carried out in 10 cycles, each at 15 s and 15,000 snaps. The measured
volume-weighted mean of PET-MP was 48.7 μm, compared to
Arizona test dust with 7.3 μm (Supporting Information, Figure S1).
2.5. Characterization. NF mats and cross sections of NF sponges
were gold-coated with a Quorum Q150RS sputter for 30 s at 0.02 A.
SEM analysis was performed using a FEI Quanta FEG 250 electron
microscope at an acceleration voltage of 5 kV, a spot size of 3.0, and a
working distance of 10 mm. Average ﬁber diameters were calculated
by manually measuring 100 individual NF using the open source
image processing program ImageJ. IR measurements were carried out
with a Bruker Tensor 37 on a Golden Gate ATR sampling unit, in a
range of 600−4000 cm−1 with a resolution of 4 cm−1 and 32 scans.
Porosity of NF sponges was calculated using the method known as the
Archimedes principle, with the density of chitosan and the mass and
bulk volume of the NF sponge (Supporting Information, eq S1).
Compression tests were performed with a TA.XTplus texture analyzer
from Stable Micro Instruments. The texture analyzer was calibrated at
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Figure 1. Schematic illustration of chitosan NF sponge production: (a) free-surface electrospinning of chitosan/PEO (8:2) in acetic acid to obtain
a chitosan-PEO NF mat; (b) neutralization of remaining acetic acid at pH 12 and extraction of PEO at pH 8 to obtain pure chitosan NF mats; (c)
cutting and homogenization of chitosan NF mats; (d) casting, directionally freezing, and freeze-drying to yield pristine chitosan NF sponges; (e)
cross-linking to obtain chitosan NF sponges.
500 N and equipped with a cylindrical probe with a diameter of 35
mm. The sample height and diameter were approx. 20 and 19.5 mm,
respectively. The compression speed was set at 1 mm s−1 with cycles
of increasing compression of 10, 50, and 80%, 500 times each.
Eﬀective moduli were calculated from the linear regime of stress−
strain curves, which was at <10% strain. For compression tests in
water, the chitosan NF sponge was ﬁxed to the bottom of a beaker
and completely immersed in water. The compression was carried out
as described before, and experimental data were corrected for
buoyancy. The water contact angle of NF mats was measured with a
contact angle system OCA (dataphysics), using ultrapure water and a
needle diameter of 0.51 mm. Using the Brunauer−Emmett−Teller
(BET) method, the speciﬁc surface area of the chitosan NF sponge
was determined by nitrogen sorption at 77 K with a Quantachrome
Autosorb iQ MP in the relative pressure range between 0.05 and 0.3.
The theoretical speciﬁc surface area acalc was calculated from the
nanoﬁber radius assuming an inﬁnite cylindrical ﬁber, eq 1, where v
and r are the speciﬁc volume and radius of the ﬁber.
acalc =

2v
r

3. RESULTS AND DISCUSSION
3.1. Preparation of Chitosan NF Sponges. Figure 1
shows the overall process of chitosan NF sponge preparation.
After free-surface electrospinning of a chitosan/PEO 8:2
solution, the produced NF mat was torn into pieces and
washed with buﬀer to shift the pH to basic. PEO was extracted
from the blended NF mat at pH 8 to obtain a pure chitosan
NF mat. The chitosan NF mat was cut and homogenized to
short ﬁbers of 99 ± 58 μm length (Supporting Information,
Figure S3). The slurry was cast into a PTFE mold, directionally
frozen at −20 °C, and freeze-dried to yield pristine chitosan
NF sponges. In order to improve water stability, the pristine
chitosan NF sponges were cross-linked in GA vapor.
3.2. Electrospinning of Chitosan-PEO NF Mats. Due to
its free NH2 groups, chitosan is soluble in acidic media, where
it becomes a cationic polyelectrolyte.38 Chitosan is soluble in
organic acids like dilute acetic, formic, or oxalic acid39 and in
more toxic solvents like hexaﬂuoroacetone39 or triﬂuoroacetic
acid, the latter two reducing inter- and intramolecular
interactions of chitosan.34 Solubility also highly depends on
the molecular mass of chitosan.40 Defect-free electrospinning
of pure chitosan in nontoxic solvents is challenging, but
blending another polymer as excipient is a viable option. When
using a water-soluble polymer, it can be washed out at a basic
pH to give pure chitosan NF since chitosan is not soluble at
pH > 6.5. Mengistu Lemma et al. have demonstrated this
concept to obtain chitosan NF.41 Nevertheless, chitosan NF
mass production proved to be challenging. Directly electrospinning pure chitosan solutions using free-surface electrospinning was not feasible at any concentration. Therefore,
chitosan (Mw = 20−100 kDa) was blended with PEO. Among
the tested solvent systems, 50% acetic acid with a total polymer
concentration of 5% (w/w) showed the best results, as
compared to 80 and 90% acetic acid, 10% (w/w) citric acid , or
3% (w/w) acetic acid /DMSO 10:1 either with or without
added NaCl. In preliminary experiments, diﬀerent types of
chitosan were also tested. Chitosan with lower Mw (20−100
kDa) showed a higher throughput in NF production than with
higher Mw (50−190 kDa) due to improved solubility.
However, chitosan with a narrower Mw range (40−150 kDa)
provided NF mats with fewer defects than found for the
broader Mw range (50−190 kDa).
Chitosan-PEO NF mats produced with free-surface electrospinning are shown in Figure 2a. Their diameter of 309 ± 56
nm was signiﬁcantly larger as compared to that of Mengistu
Lemma et al. (85 ± 19 nm, 102 kDa chitosan) who used

(1)

2.6. Actuated Adsorption and Filtration Experiments. PETMP and Arizona test dust (ISO 12103-1, A2 Fine, Powder
Technology, Inc., USA) were handled identically. For actuated
adsorption experiments, cylindrical chitosan NF sponges of approx.
6.6 cm3 were ﬁxed to the bottom of a beaker, and 100 mL of 0.1 mg
mL−1 PET-MP or Arizona test dust suspensions was added. The NF
sponges were compressed 4000 times by 50% with a TA.XTplus
texture analyzer at a rate of 2 mm s−1. Every 50 cycles, the turbidity of
a 10 mL suspension was measured with a turbidimeter TN-100
(Eutech Instruments, Netherlands). Calibration was performed in a
range of 0.02−800 nephelometric turbidity units (NTU) with styrene
divinylbenzene standards. Static and blank adsorptions were
determined by placing the NF sponge out of the range of the
compression probe or omitting the NF sponge, respectively.
To determine particle penetration into the NF sponge ﬁlters upon
ﬁltration, a horizontal slice of the ﬁlter was cut into concentric rings of
2.5 mm thickness, 4 in total, including the surface, and analyzed with
IR (Golden Gate ATR). The relative amount of trapped solids with
respect to depths was determined as the absorbance peak ratio of a
characteristic particle peak (724 cm−1 for PET-MP and 777 cm−1 for
Arizona test dust) divided by a characteristic peak of the NF sponge
ﬁlter (1591 cm−1 for PET-MP ﬁlters and 1376 cm−1 for Arizona test
dust ﬁlters).
Hydrostatic ﬁltration was carried out by press ﬁtting a cylindrical
4.7 cm3 NF sponge into the conical outlet of a glass column
(Supporting Information, Figure S2) and ﬁltering 250 mL of 0.1 mg
mL−1 PET-MP or Arizona test dust suspensions. The mean surface
area of the conical compressed ﬁlter was 68 mm2. The ﬁltrate was
collected by a vessel on a balance, recording the mass gain over time
to calculate the ﬂow.
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1591 cm−1,45 which are characteristics of chitosan. The IR
spectrum of the untreated chitosan-PEO NF mat (Figure 2b)
shows the protonated primary amines of chitosan at 1550
cm−1,45 caused by acetic acid remnants. This vibration
disappeared after buﬀer treatment since acetic acid was
neutralized. Characteristic PEO vibrations such as the CH2
wagging (1342 cm−1)46 or the CH2 rocking vibration (842
cm−1)46 are no longer observed after washing. This indicates
complete removal of PEO. The C−O−C stretching vibration
bands of PEO at 1140, 1083, and 1060 cm−1 (Supporting
Information, Figure S5) are masked by C−O−C bands present
in chitosan.43,46
3.4. Processing Chitosan NF Mats to Chitosan NF
Sponges. Chitosan NF sponges were prepared starting from
homogeneous suspensions of short chitosan NF. These
suspensions with ﬁbers of 99 ± 58 μm length (n = 90) were
obtained by dispersing chitosan NF mats in aq. K2CO3 at pH 8
followed by homogenization (Supporting Information, Figure
S3). The degree of ﬁber cutting and the homogeneity of the
suspension were crucial for the production of the NF sponge.
Void volumes through air bubbles in the ﬁnal NF sponge were
prevented by degassing the suspension in an ultrasonic bath.
The mass concentration of the dispersion deﬁned the bulk
density of the ﬁnal NF sponge, unless shrinkage took place.
The hierarchical cellular pore architecture of the NF sponge
was shaped during the cryogenic solidiﬁcation of the NF
suspension: growing dispersant crystals were pushing the
dispersed short NF away leaving major cellular pores as
imprints.8−10 After freeze-drying, the pristine chitosan NF
sponge was obtained. The cell walls themselves consisted of a
porous network of NF similar to those found in NF
mats.8−10,47
3.5. Vapor-Phase Cross-Linking. To increase the
mechanical and chemical stability of pristine chitosan NF
sponges, they were cross-linked using GA in a vapor-phase
process at room temperature. During this reaction, free amino
groups of chitosan reacted with the aldehyde groups of GA to
form the corresponding Schiﬀ base.47−49 Although other crosslinking agents such as genipin28,50 or citric acid51 are
considerably less toxic than GA, GA was used because of its
facile application in the vapor phase. Genipin would also lead
to blue-colored ﬂuorescent samples,28,50 which is not always
desired. The volume of the cylindrical pristine chitosan NF
sponges was retained during the GA-cross-linking process.
However, since the ﬁber mass is increased through
incorporation of GA, the bulk density of chitosan NF sponges
increased while porosity decreased during cross-linking.
It is known from chitosan NF mats that ﬁbers become brittle
with an increasing cross-linking degree.49 For pristine chitosan
NF sponges, a mass increase was observed with GA crosslinking time, from 1.8% after 1 h and 4.0% after 24 h to 9.6%
after 72 h until cross-linking was appropriate (Supporting
Information, Table S1). The IR spectrum of the chitosan NF
sponge in Figure 3a shows a decreasing ratio of the bands at
1591 (NH2 deformation)45 and 1654 cm−1 (CN stretching
of the imine)47 since the imine share increased during crosslinking. The IR spectra also reveal that a Schiﬀ base reaction
took place since no carbonyl bands at 1720−1730 cm−1 are
detected, which would be the case for the Michael addition.47
The inﬂuence of mass transport on the gas-phase cross-linking
reaction is observed when comparing IR spectra taken at
diﬀerent sites of the NF sponge. Namely, a slight preference for
surface reaction compared to the center of the NF sponge is

Figure 2. SEM images of (a) electrospun chitosan-PEO NF mat and
(c) pure chitosan NF mat obtained after washing; corresponding IR
spectra (b,d) showing the successful removal of PEO.

needle electrospinning to process a chitosan/PEO 8:2 blend
solution as well.41 Reported diameters for chitosan/PEO 9:1
blend solutions using needle electrospinning were in the same
size range with 111 ± 29 (50−120 kDa chitosan)42 and 98 nm
in diameter (200 kDa chitosan).43 This was irrespective of the
applied total polymer concentration that varied from 2.6 (w/
w)42 and 3.5 (w/w)43 to 6.2% (w/w).41 It is diﬃcult to
attribute the diﬀerent ﬁber diameters to either viscosity,
concentration of the polymer solution, or the applied
electrospinning technique alone: either a lower polymer
concentration had been used42,43 or the concentration of
acetic acid was lower.41,43 Lower polymer concentration leads
to a reduction in the NF diameter,30,40 whereas lowconcentration acetic acid has a viscosity-reducing eﬀect.40
Viscosity is not directly linked to the NF diameter, but it is a
critical parameter that enables electrospinning.44
3.3. Neutralizing and Washing Chitosan-PEO NF
Mats. Before processing chitosan-PEO NF mats into NF
sponges, the PEO excipient polymer was removed while
keeping the NF morphology intact. This was achieved in a
two-step process including neutralization followed by extraction with a basic solution. We investigated the eﬀect of
diﬀerent buﬀer solutions containing MeOH or NaOH
(Supporting Information, Figure S4), but immersing the NF
mats in a low-toxicity ethanolic K2CO3 buﬀer solution
followed by washing at pH 8 already fulﬁlled the purpose,
i.e., removing PEO while maintaining the ﬁber structure of the
neutralized chitosan NF mat. The blurry texture of the dry
chitosan NF mat in the SEM image (Figure 2c) indicates
partial swelling of the chitosan NF in water. Swelling is
suppressed by a subsequent cross-linking step when preparing
the NF sponge (vide infra). Removal of PEO was monitored
through IR spectroscopy (Figure 2d).
The IR spectrum of the buﬀer-treated NF mat (Figure 2d)
shows the stretching band at 1650 cm−1 of CO (amide I)45
and the in-plane deformation vibration of N−H (amide II) at
4688
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chitosan NF sponges exhibit a similar pore structure. It is wellknown that the pore morphology of NF sponges can be
controlled through freezing conditions.11 The occurrence of
such compact cellular walls might also originate from the
ability of chitosan to swell in aqueous dispersions. Chitosan
NF undergo volumetric expansion during swelling and dry out
in a slightly ﬂattened state, as seen in Figure 2c. During drying,
the elastic chitosan NF seem to adjust their shape to
surrounding NF thereby increasing the contact area between
touching ﬁbers. This deformation of NF persists after freezedrying and leads to the characteristic pore structure of pristine
chitosan NF sponges. The speciﬁc BET surface area of the
chitosan NF sponge was measured to be 8.4 m2 g−1. It is
similar to the calculated speciﬁc surface area based on
geometric models, which was acalc = 9.3 m2 g−1. This indicates
that the nanoﬁber building blocks maintained their general
ﬁber character throughout the synthesis of the NF sponge.
Similar speciﬁc surface areas with 2.66 m2 g−1 are reported by
Duan et al. for a poly(MA-co-MMA-co-MABP)-based NF
sponge10 and are also found in other electrospun nanoﬁber
materials consisting of nanoﬁbers without additional micro- or
mesopores (e.g., 3.6 m2 g−1 for pullulan/PVA/PAA-based
nanoﬁber mats52).
3.7. Water Stability and Wettability of Chitosan NF
Sponges. Water stability of chitosan NF sponges is essential
for any aqueous application. Pristine chitosan NF sponges and
chitosan NF sponges cross-linked for 24 and 72 h were
examined after shaking for 19 h in water. Chitosan NF sponges
are hydrophilic, and they instantly take up water. Macroscopically, a pristine chitosan NF sponge was slightly swollen. In
contrast, a chitosan NF sponge cross-linked for 24 h was less
swollen, and no swelling of the NF sponge was observed after
cross-linking for 72 h. At the microscopic ﬁber level, individual
ﬁbers did not dissolve since the pH was kept at >6.5. However,
the NF morphology of the pristine and 24 h cross-linked
chitosan NF sponges revealed a partially swollen texture
(Supporting Information, Figure S6a,b). After 72 h of crosslinking, NF swelling was signiﬁcantly suppressed as observed
by SEM (Supporting Information, Figure S6c). The water
contact angle of GA cross-linked chitosan NF mats was
measured to be 28.1°, indicating their hydrophilic nature. The
contact angle of chitosan NF sponges could not be determined
since the NF sponge entirely absorbed the water drop within
<22 ms without the formation of a stable contour (Supporting
Information, Figure S7). The same applies for pure chitosan
NF mats that instantly dissolved upon contact with water.
Dissolution tests at diﬀerent pHs revealed the potential
aqueous operation range of chitosan NF sponges. At pH 0,
discoloration and almost complete dissolution (1.9% remaining mass after 20 h) were observed (Figure 3b). Interestingly,
the macroscopic cake piece shape of the NF sponge remained
intact and was still clearly visible (see the inset in Figure 3b).
Between pH 5 and pH 14, neither discoloration nor mass loss
was observed, except for minor fragments that had been lost
from the test bodies due to friction and shear forces.
Wettability and the fact that chitosan NF sponges keep their
macroscopic and microscopic shape in the wet state across a
broad pH range allow their use for a number of applications,
such as ﬁlters in most of the lakes and seawaters on Earth (pH
between 7.4 and 8.6),53,54 scaﬀolds in tissue engineering with
physiological pH, or as chitin-based spongy gels.55
3.8. Eﬀective Modulus of Chitosan NF Sponges.
Elastic hysteresis loops show the behavior of chitosan NF

Figure 3. (a) IR spectra of pristine and 72 h cross-linked chitosan NF
sponges; the ratio of the 1591 over the 1654 cm−1 peak increases with
cross-linking time; (b) 20 h dissolution tests of cross-linked chitosan
NF sponges at diﬀerent pHs.

found. Based on the observed mass increase, it is also possible
to calculate the degree of cross-linking. Assuming two-fold
Schiﬀ base formation for each GA,49 15.0 ± 0.8% of the
available chitosan amine groups had reacted after 72 h.
3.6. Morphology of Chitosan NF Sponges. Pristine
chitosan NF sponges exhibited a bulk density of 5.48 ± 0.20
mg cm−3 and a porosity of 99.61 ± 0.01%. After cross-linking
for 72 h, bulk density increased to 5.77 ± 0.25 mg cm−3, and
porosity was reduced to 99.59 ± 0.02% due to the vapor-phase
reaction with GA. Figure 4a shows a cylindrical chitosan NF

Figure 4. (a) Chitosan NF sponge on top of ﬂower stamens
indicating its low weight. SEM image of (b) cross section
perpendicular to the crystal growth direction showing the cellular
pore structure; (c) magniﬁcation of a cellular pore consisting of walls
of individual NF building a porous network (d) similar to electrospun
NF mats.

sponge on top of ﬂower stamens indicating its low weight.
SEM images of cross sections reveal the hierarchical pore
structure of the chitosan NF sponge (Figure 4b,c). The major
cellular pores have a diameter of 163 ± 41 μm, while the cell
walls consist of a compact porous network of NF with minor
pores (Figure 4d), similar to pores found in NF mats obtained
after electrospinning. Compared to other NF sponges,8,10,11
4689

https://doi.org/10.1021/acsapm.1c00799
ACS Appl. Polym. Mater. 2021, 3, 4685−4694

ACS Applied Polymer Materials

pubs.acs.org/acsapm

Article

critical CO2 drying (27.6 mg cm−3) with an eﬀective modulus
of 11.6 MPa.60
Since microplastic ﬁltration was carried out in an aqueous
state, the eﬀective modulus of chitosan NF sponges was
likewise determined in wet conditions. The eﬀective modulus
in wet conditions was 1.2 ± 0.3 kPa signiﬁcantly lower than in
dry conditions due to the slight swelling and the associated
softening of the cross-linked chitosan NF (Figure 5d). A
reduced elastic modulus was also reported for chitosan/PEO
(95:5) NF mats, where the modulus dropped by a factor of 16
when turning from dry to wet.61 Interestingly, the degree of
plastic deformation as indicated by the diﬀerence between the
ﬁrst and second elastic hysteresis loops is reduced in the wet
state (Figure 5b,d), which is consistent with ﬁber breakage and
ﬁber friction as the main reason for plastic deformation.
Nevertheless, after 500 compression cycles, the height of wet
chitosan NF sponges was reduced by 23.8% for ε = 50% and
37.0% for ε = 80% (Figure 5c).
3.9. Hydrostatic Filtration. NF mats are widely applied in
ﬁltration. Suspended particle ﬁltration has been reported for
chitosan-based chitosan-PEO NF mats, but the NF mats
lacked mechanical strength to resist the applied pressure
during ﬁltration.62 Because of their porous structure, chitosan
NF sponges have the ability to adsorb particles within their
bulk structure similar to depth ﬁlters (Supporting Information,
Figure S8). Taking advantage of their ﬂexibility, chitosan NF
sponges were simply press-ﬁtted into the conical outlet of a
glass column, and hydrostatic ﬁltration was carried out with
suspensions of PET-MP (48.7 μm) and Arizona test dust (7.3
μm). While Arizona test dust is a standard test substance for
ﬁlters and is easily dispersed in water, there are no available
standards for microplastics. Therefore, cryo-milled PET-MP
suspensions (Supporting Information, Figure S1) had been
used. Surfactants were strictly kept oﬀ to avoid any interference
with the surface interaction between PET-MP and chitosan NF
sponges or the turbidity measurements. The experimental
turbidity in NTU correlated linearly with the concentration of
suspended particles in a range of <0.1 mg mL−1. After
hydrostatic ﬁltration, the turbidity of a PET-MP suspension
was reduced by 99.46% NTU and the Arizona test dust by
99.49% NTU. Even though the particles were diﬀerent in size,
48.7 μm for PET-MP and 7.3 μm for Arizona test dust, they
were retained with a similar eﬃciency. Figure 6a shows the
mean volumetric ﬂux JV for all ﬁltration experiments that
dropped with time from JV = 75 ± 31 L s−1 m−2 to JV = 44 ±
19 L s−1 m−2 due to decreasing hydrostatic pressure (from 4.1

sponges during compression and subsequent relaxation. The
compression stress-strain curves of chitosan NF sponges
(Figure 5b) exhibited two regimes, which are typically

Figure 5. Compressive stress of chitosan NF sponges during 500
compressive strain cycles at ε = 80% in dry (a) and wet (c) conditions
with corresponding stress−strain curves (b,d).

observed with open-cellular foams,8 the Hookean or linear
regime and a nonlinear regime with an increasing slope.
Average eﬀective moduli of chitosan NF sponges were
calculated from the slope of the compressive stress−strain
curves to be 42.85 ± 1.70 kPa for the ﬁrst compression and
22.97 ± 1.51 kPa for the following compression cycles. The
change in the eﬀective modulus after the ﬁrst compression was
due to plastic deformations of the porous NF network. While
elastic deformations are typically associated with ﬁber bending,
plastic deformations are associated with ﬁber breakage and
ﬁber friction.56 Induced brittleness due to chitosan crosslinking49 therefore plays a critical role. While the height of
chitosan NF sponges was fully restored after 10 compression
cycles at ε = 10%, 500-fold compression at ε = 50 and 80%
(Figure 5a) irreversibly reduced the height of chitosan NF
sponges by 16.5 and 44.7%, respectively. The eﬀective moduli
of the ultralight chitosan NF sponges are relatively low since
the compressive strength of open-pore structures depends on
their bulk density.10,57 However, chitosan NF sponges are
more rigid than pullulan/PVA NF sponges (bulk densities of 9
mg cm−3) with eﬀective moduli between 5 and 15 kPa
depending on their microstructure.11 Other chitosan-based
aerogels, such as a silylated, wood-inspired chitosan aerogels
(21.1 mg cm−3), exhibit a similar eﬀective modulus of 56.9
kPa.58 Trimethylsilyl chitosan aerogels are 6 times stiﬀer (250
kPa) but in turn exhibit a 7 times increase in bulk density (40
mg cm−3).59 While the skeleton of the latter aerogel materials
was built in situ through a bottom-up gelation approach, the
here reported open porous chitosan NF sponge scaﬀold was
constructed from preformed NF building blocks. Cross-linking
can signiﬁcantly enhance the stiﬀness as demonstrated for
urea-cross-linked chitosan aerogels manufactured by super-

Figure 6. (a) Mean volumetric ﬂux and hydrostatic pressure for the
ﬁltration of 0.1 mg mL−1 PET-MP and Arizona test dust suspensions
with chitosan NF sponges and (b) dependence of the relative ﬂux on
the volume of ﬁltered particles (shaded area = 68% CI).
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to 3.4 kPa, Figure 6a, right axis) and blocking. The inﬂuence of
the decreasing hydrostatic pressure is eliminated when
calculating the permeability κ. We found a decline in
permeability from κ = 4.6 ± 3.2 × 10−12 m2 to κ = 3.4 ±
2.4 × 10−12 m2 at the end of ﬁltration. This observed
permeability in water is 1 to 2 orders of magnitude below
values reported for pullulan/PVA NF sponges in air used for
aerosol ﬁltration κ = 57 to 531 × 10−12 m2.12 However, the
chitosan NF sponge permeability is 2 orders of magnitude
higher than reported in aqueous ﬁltration for commercially
available depth ﬁlters (e.g., Filtrox AF 100, St. Gallen,
Switzerland, κ = 0.051 × 10−12 m2, JV = 1.4−2.4 L s−1 m−2
at 100 kPa, d = 3.6 mm, and a retention rate of 1.5−0.6 μm) or
50% chitosan-blend nanoﬁbrous membranes (e.g., Cooper et
al.,24 κ = 0.049 × 10−12 m2, JV = 0.73 L s−1 m−2 at 1.5 kPa, d ≈
100 μm, and a retention rate of 1.0−0.3 μm).
When considering the volume of ﬁltered particles, the
relative volumetric ﬂux for the smaller Arizona test dust
particles declined faster than for the larger PET-MP (Figure
6b). Whether particle size or other factors are responsible for
this observation cannot be derived from the given experimental
data and diﬀerent blocking mechanisms as known for depth
ﬁltration, e.g., cake formation or diﬀerent degrees of pore
blocking may play a role.63 Particle size as the dominating
property for ﬁltration among others such as size distribution,
shape, or particle−liquid interaction has been discussed
elsewhere.64 As for other depth ﬁlter systems, blocking will
impair reusability or lifetime of the ﬁlters. Whether the
ﬁltration capacity will change in real wastewater streams with
the potential presence of particulate organic matter needs to be
further studied. Likewise, additional treatment steps, such as
sedimentation or ﬂocculation, may improve the overall
eﬃciency of NF sponge ﬁlters.
3.10. Actuated Adsorption of Chitosan NF Sponges.
Suspension feeders such as oysters use their gills to retain
suspended particles while actively pumping water through
small openings.65 The elastic nature of the NF sponge enables
the construction of a similar actively pumped ﬁlter. To mimic
the action of cilia, a cylindrical chitosan NF sponge (V = 5
cm3) was ﬁxed at the bottom of a beaker ﬁlled with a particle
suspension and repeatedly compressed using a cylindrical
probe. The compression was set to 50%. After 4000-fold
actuation, the turbidity of 100 mL of 0.1 mg mL−1 PET-MP
was reduced by 80.1 ± 1.5% NTU (Figure 7a). Under static
conditions, turbidity was reduced by 40.5 ± 4.0% NTU. In the
same way, the turbidity of Arizona test dust was reduced by
91.9 ± 0.3 (actuated) and 67.0 ± 0.2% NTU (static) (Figure
7b). Blank reductions for PET-MP and Arizona test dust
without an NF sponge were 3.9 ± 3.6 and 5.4 ± 2.2% NTU,
respectively.
Various kinetic models have been reported to understand
the interactions between adsorbents and adsorbates and to
derive parameters such as the adsorbed amount at equilibrium,
qe. In particular, those of Lagergren66 and Ho and McKay67
represent the pseudo ﬁrst- and pseudo second-order kinetic
models for the general equation
dqt
dt

= kn(qe − qt )n
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Figure 7. Turbidity reduction through actuated and static adsorption
of (a) PET-MP and (b) Arizona test dust using a chitosan NF sponge;
insets show the respective suspensions after 4000 cycles. Adsorbed
amounts of (c) PET-MP and (d) Arizona test dust with time
(timescale corresponding to the cycle scale in (a,b)) with respective
pseudo ﬁrst- and pseudo second-order kinetics (shaded area = 95%
CI); insets in (d) show the NF sponges after 4000 cycles. The relative
amount of trapped solids with respect to the NF sponge ﬁlter depth
(e,f) indicates the highest concentration within the surface area (<2.5
mm).

with qe values of 309.8 ± 20.3 and 335.3 ± 8.9 mg g−1 for PETMP and Arizona test dust, respectively (Supporting Information, Table S2). For static conditions, qe values are signiﬁcantly
lower, namely, 141.0 ± 15.8 and 234.8 ± 12.3 mg g−1.
Adsorption of Arizona test dust is faster than for PET-MP (k1
= 0.53 ± 0.03 h−1 versus 0.39 ± 0.05 h−1 for actuated and k1 =
0.34 ± 0.03 h−1 versus 0.31 ± 0.06 h−1 for static adsorption).
Whether this is due to diﬀerent particle sizes and diﬀusion
kinetics or due to diﬀerent particle ﬁber interaction energies
cannot be deduced from the experimental data.
The geometric void space of the NF sponges allows NF
sponge ﬁlling with up to 176 g g−1 PET-MP (assuming an
idealized packing density of 74% for PET-MPonly valid for
planar hexagonally packed spheres). This large diﬀerence with
the experimental value indicates the importance of direct
ﬁber−particle interaction and/or an inhomogeneous ﬁlling of
the NF sponge, which was tested with IR (Figure 7). The
majority of particles was found within the 2.5 mm surface layer,
but some particles penetrated into the center of the cylindrical

(2)

where qt is the adsorbed amount at time t, n is the order, and kn
is the rate constant of the pseudo nth order.68 The nonlinear
ﬁts in Figure 7c,d indicate better agreement with the
experimental data for Lagergren’s pseudo ﬁrst-order model
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NF sponge (10 mm radius). Deep penetration was more
dominant in the case of the smaller Arizona test dust, and for
both types of particles, actuation had a positive eﬀect on
penetration depth.

Author Contributions

4. CONCLUSIONS
The synthesis and application of ultralight, porous, and
compressible NF sponges from nanoﬁber building blocks are
an emerging ﬁeld of research, and they have been realized for a
number of synthetic polymers and biopolymers. Here, we
presented the production of an NF sponge from chitosan
nanoﬁbers with the emphasis on ecofriendly solvent systems
during electrospinning. It was shown that these bio-based
chitosan NF sponges can be used for remediating the aqueous
ecosystem, namely, as an eﬀective ﬁlter for microplastics. NF
sponges are highly permeable and the ﬁltration eﬃciency of
≥99.46% was excellent, when applied as a depth ﬁlter in
hydrostatic ﬁltration. Using an oyster-inspired actuated
approach allowed us to exploit the ﬁltration potential of
chitosan NF sponges with their unique hierarchical pore
structure and ﬂexibility. Chitin is the second most abundant
biopolymer after cellulose, and biocompatible chitin or
chitosan-based materials are of huge interest not limited to
ﬁltration applications. Namely, chitosan-based materials are
widely used in medical applications such as regenerative
medicine or tissue engineering. Filling the gap between ﬂat
nanoﬁber mats and three-dimensional chitosan-based hydrogels, chitosan NF sponges may become a versatile 3D porous
scaﬀold with high cell compatibility.
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