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Abstract: Sponges formed by the self-assembly of nanofiber building blocks are versatile materials used in
various fields such as filtration, thermal insulation, scaffolding or sound absorption. Their potential seems to be
constantly expanding given the variety of possible fiber materials, from bio-based to fossil polymers to inorganic
nanofibers. In general, nanofiber sponges — also called nanofiber aerogels — are flexible, have low density, and a
large specific surface area thanks to their tunable open-porous nanofiber based architecture. The latter property
makes nanofiber sponges an interesting material for separation problems, as recently demonstrated for a variety
of mixtures such as aerosols, emulsions, dispersions, solutions or two-phase systems. Due to their highly porous
structure, they generally exhibit high filtration efficiency, flow rate and capacity. This article reviews the state of the
art in the application of 3D nanofiber sponges for the different classes of mixtures. We will discuss on a mechanis-
tic basis why nanofiber sponges are particularly well suited for separation applications. Finally, their performance
in terms of efficiency, flow rate, capacity and regeneration will be compared to other fiber-based filter media.
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Introduction

The separation of mixtures such as aerosols, emulsions, dis-
persions or solutions is an important step in many industrial and
environmental processes.[!l Separation by filtration and related
techniques is achieved by placing a permeable filter in the path
of the flowing mixture. This allows the passage of the purified/
clarified gas or liquid while acting as a barrier to the suspended/
dissolved particles or solutes. Inherent performance issues are the
interaction between the permeable filter and the solutes, clogging,
adsorption capacity, and regeneration.l!l Recent examples show!?!
that 3D nanofiber sponges have the potential to outperform their
widely used counterparts, which are the essentially 2D nanofi-
ber mats or membranes. In particular, the limitations of densely
packed nanofiber mats in terms of low flow rate and low capac-
ity are overcome by the highly porous nanofiber sponges. Fig. 1
shows a chitosan nanofiber sponge with its inherent properties
such as fiber-based, open porous, lightweight, elastic, flexible,
mechanically stable, and with a large surface area. The porosity is
required for efficient mass transfer and low pressure drop, while
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the nanofiber-based architecture enables a large specific surface
area. Therefore, nanofiber sponges are excellent candidates for
filtration and separation applications.

The preparation, functionalization, and application of nanofiber
sponges have recently been described in several review articles.[2-3]
In general, nanofiber sponges are prepared from nanofibers (Fig.
2a,b), which are usually obtained by electrospinning (Fig. 2¢). The
main physical principle is shown in Fig. 2d, where suspensions of
short nanofibers are frozen while the self-assembly of nanofiber
building blocks is initiated. This self-assembly process of nano-
fiber sponges is fundamentally different from classical aerogels,
where the molecular building blocks form a colloid during a ge-
lation process in the liquid phase!*! (nevertheless, the misleading
term nanofiber aerogel is often used instead of nanofiber sponge).
The frozen suspension medium is then removed by sublimation
to prevent collapse of the nanofiber construct. Final stability is
usually achieved by strengthening the weak fiber junctions. Post-
treatment processes such as thermal treatment,! chemical cross-
linking, [l solvent vapor welding!” or chemical vapor deposition!s!
are used for this purpose. Figs 2e and f show the low bulk density
and potential size of nanofiber sponges. In terms of size, nanofiber
sponges are multiscale hierarchical objects covering seven orders
of magnitude from 50 nm nanofiber building blocks to 50 cm-sized
workpieces (Fig. 2g). The most interesting aspect of these highly
porous materials in terms of filtration is the different dimensions of
the pores. The major pores (Figs 2h—k) are formed by the growing
crystals of the suspension liquid, and the size of these major pores
can be tuned between 10 and 150 um by precisely controlling the
freezing process.’l Minor pores between 1 and 5 um (Fig. 21) are
formed by the network of tangled nanofibers trapped between the
growing crystals. The size and distribution of the minor and major
pores have an enormous influence on the mass transfer and separa-
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Fig. 1. Characteristic properties of nanofiber sponges.

tion properties of the mixture to be filtered. This applies to separa-
tion problems in the gas phase (aerosols) as well as in the liquid
phase (emulsions, dispersions, solutions or two-phase systems).

Filtration of Aerosols

Aerosols are dynamic suspensions of solid or liquid particles
in a gas. They are of natural or anthropogenic origin. Because
they are of concern to the environment (e.g. cloud formation),
technology (e.g. cleanrooms), or health (e.g. viruses), they require
filtration solutions. The mechanism of single fiber filtration (Fig.
3a) of aerosols is well understood and can be described as the sum
of several physical interactions. While diffusion dominates for
small particles <0.2 um such as viruses, larger particles of about
0.5 um act by interception or direct impact (inertia >1.0 um).[2111
Filters consisting essentially of 2D nanofiber mats show lower
performance at higher airflows due to lower diffusion interaction
and limited filtration capacity due to formation of a filter cake (=
growing layer of aerosols deposited on the filter surface).l5] Both
factors are overcome with the porous 3D nanofiber sponges. On
the one hand, the long interaction path allows sufficient diffusion
interaction even at high airflow, and on the other hand, aerosols are
mainly deposited in deeper regions of the sponge without forming
a significant filter cake.l5! Recent examples are listed in Table 1.
Although the filtration performance of the materials cannot be
directly compared because the selected experimental conditions
such as particle size and face velocity directly affect the pressure
drop and filtration efficiency, a remarkable efficiency of >99% is
observed for most filters, reaching up to 99.998%.151 However, in
the latter case, the differential pressure was 550 Pa. This is more
than the limit of 70 Pa for the widely used FFP2 filter masks. But
the allowable leakage of FFP2 filters is 3000 times higher (6%
compared to the 0.002% achieved here).['?] The high filtration ef-
ficiency for particles much smaller than the pores of nanofiber
sponges is not due to a sieving effect. It is mainly achieved by the
long residence time of the aerosol within the 3D filter medium.
This enables efficient diffusion-based adsorption even at high face
velocity, while the adsorption efficiency of comparable 2D nano-
fiber mats decreases significantly with increasing face velocity.D!
Several studies have demonstrated long-term filtration perfor-

mance without significant performance degradation for 40 ht'3! or
for >1 g m™ deposited particles.[5! This is due to the high porosity
of these materials. Qiao ef al. also investigated the potential of
regeneration by washing with ethanol, which was successful for
5 cycles.[1412D nanofiber mats, on the other hand, are more sensi-
tive to surface deposition,!3! but in-process regeneration strategies
such as reverse pulse cleaning have been developed to extend their
lifetime.!'5! Remarkably, nanofiber sponge filters are not limit-
ed to a single class of materials, but have been fabricated from
synthetic polymers such as PL[67.161 PVA-co-PE,['7] or PAN,!3!
blends with biopolymers such as Pul/PVAP251 or pure biopoly-
mers such as silk fibroinl!81 or cellulose.['1 While electrospinning
is the predominant technology used to produce nanofibers, some
fibers were isolated from cellulose pulp (cellulose nanofibers!20T)
or obtained by melt extrusion with phase separation (PVA-co-
PEI7)). The effect of surface modification on filtration efficiency
is small,['31 but sometimes necessary to achieve mechanical stabil-
ity or moisture stability. However, it has been shown that antiviral
and antibacterial properties can be achieved with a reduction of 6
log PFU and CFU by a regenerable N-halamine finish.[!%]

Filtration of Emulsions

Emulsions are liquid-in-liquid mixtures such as homogenized
milk, an oil-in-water (O/W) emulsion. In the processing industries,
such as petrochemical, metallurgical, or food processing, large
amounts of liquid waste are generated in the form of O/W or W/O
emulsions. Therefore, demulsification is a critical process in these
industries.2! The use of porous media can be an efficient method for
separating emulsions. When the pore size is larger than the droplet
size, the mechanism is based on coalescence separation rather than
size separation:[22l emulsified droplets making their way through
the sponge deposit on the fiber, the collision of adjacent droplets
ruptures the water-oil interface, and the droplets fuse to form larger
droplets.I31 A superhydrophobic fiber surface is required for the
separation of W/O emulsions, e.g. PAN fibers coated with SiO,
nanoparticles (NP)22 or polyimide fibers coated with silane,l?4
while hydrophilic nanofibrillated cellulose fibers are suitable for
the separation of O/W emulsions, e.g. oil in seawater.[?] Li et al.
demonstrated tunable wettability for sponges made from phenolic
resin-based fibers obtained by a hydrothermal process and rendered
hydrophobic by thermal treatment.[261 Both O/W and W/O emul-
sions were successfully separated. The reported separation efficien-
cies ranged from 94 to 99.995%, and thanks to the porous sponge
structure, the filtration flux ranged from 250 to 1.8 x 10°1 m2 h™".
Once the capacity of the sponges was reached by coalesced droplets
entrapped in their pores, the original flux and separation efficiency
were easily restored, e.g. by washing with ethanol(??! or squeezing
and drying.[?426] Table 2 gives an overview of recent achievements
in the field of emulsion filtration and shows the wide applicability
of nanofiber sponges for such separation tasks.

Filtration of Suspensions

The dominant mechanisms for filtration of particles >0.5 um
from liquids are direct sieving and interception.[l When suspend-
ed particles are deposited on the surface of the filter media, a
filter cake is formed by a bridging mechanism. This growing layer
of retained particles on the surface of the filter media prevents
clogging of its pores. Therefore, filter aids such as diatomaceous
earth are often added to form the filter cake. However, not every
filtration results in the formation of a filter cake, as shown in Fig.
3c. In constant pressure filtration, the different types of filtration
can be expressed by a common differential equation (Eqn. (1)):

&t _, (gj O
dr: " \dv
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Fig. 2. Formation, properties and architecture of nanofiber sponges: (a,b) scanning electron microscope images of electrospun pullulan (Pul)/PVA
nanofibers; (c) electrospinning process; (d) freeze-drying process with phase diagram; (e) ultra-light Pul/PVA nanofiber sponge supported from a

dandelion (reproduced with permission from ref. [3a], © 2017 Chimia); (f) large-scale ion exchange nanofiber sponge (reproduced with permission
from ref. [10], © 2018 John Wiley and Sons); (g) scale of hierarchical sponge architecture; (h-k) cellular major pores with tunable pore size (repro-
duced with permission from ref. [9], © 2016 BY-NC-ND 4.0) and (I) minor pores found in their cell walls.

where Vis the volume of filtrate and ¢ is the filtration time. The
constant k_and the exponent n characterize the filtration type with
n = 0 for cake filtration, n = 1 for intermediate blocking, n = 3/2
for standard blocking and n = 2 for complete blocking (Fig. 3c).[28]
The filter medium plays a crucial role in this process. Recently, it
was shown that standard blocking occurred when yeast cell sus-
pensions were filtered with a PA6-based nanofiber sponge while
the pore volume was gradually filled by yeast cells deposited on
the pore walls.[28] In contrast, the essentially 2D mat filter com-
posed of nanofibers made of the same PA6 nanofibers functioned
like a cake filter. The mean flux for the PA6 nanofiber sponge
ranged from 2.5 x 10° to 7.5 x 10° I m=2 h™! at >99% clarification,
depending on the pore size (Table 3).[281 The mean flux for the 2D
nanofiber mat was only 110 I m2 h™'.

Microplastic particles are considered emerging pollutants to
the oceans and other ecosystems.[?°] Therefore, we developed
an efficient nanofiber sponge filter based on marine biomass.3%
When the chitosan nanofiber sponge was used as a conventional
hydrostatic depth filter, PET microplastics were removed with an
efficiency of 99.5% and a flux of 2.7 x 10° 1 m™ h™'. Due to its
flexibility, the filter also allowed an alternative mode of opera-
tion, similar to oysters. Like an oyster, the sponge sat at the bot-
tom of a tank and pumped a microplastic suspension through its
pores through repeated cycles of pressure and release. After 4000
cycles, 80% of the microplastic had been removed from the basin
and collected by the sponge.l3% While this was less efficient than

using the sponge as a depth filter, the example shows how inher-
ent properties of nanofiber sponges, such as their flexibility, allow
for completely different and versatile modes of operation. Unlike
for emulsions, the regeneration of filters with their entrapped par-
ticles after suspension filtration has not yet been studied.

Filtration of Solutions

To purify solutions by filtration, their solutes must interact
with the stationary phase of the filtration column. This porous
matrix can be a polymer monoblock, a gel, packed spheres, or a
nanofiber sponge. Nanofiber sponges are attractive because their
high porosity allows easy mass transfer at low differential pres-
sure. At the same time, nanofibers offer great potential for tailored
surface modifications to enable specific interactions such as elec-
trostatic or ionic interactions (Fig. 3d). Recent examples include
ion-exchange media developed by Fu ef al. used in the field of
bioseparation (Table 4).110311 Surface modification of SiO, nano-
fibers with PVA, citric acid, and polyphosphoric acid resulted in a
highly carboxylated sponge with excellent adsorption capacity for
the positively charged protein lysozyme.!!0 Fu et al. demonstrated
application of this sponge in a column for gravity-driven separa-
tion of lysozyme from egg white. The reported flux was high (1.6
x 10* 1 m™ h™') and the adsorption capacity g, was an impressive
2.9 x 10° mg g'. Regeneration was achieved by washing with PBS
buffer. The adsorption dynamics could be further improved by
switching to ethylene-vinyl alcohol copolymers (EVOH) and sur-
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Fig. 3. Separation mechanisms for different mixtures: (a) aerosols; (b) emulsions; (c) suspensions and (d) solutions.

Table 1. Aerosol filtration using nanofiber sponges.

Fiber material Application Face velocity / cm™! Pressure drop / Pa Efficiency / %
PIetisal PM, & 18 177 99.9
PI*"! PM, & 7.1 240 99.83
PI/PTFE-PAI[® PM,, 8 — 440 >97.35
PI PM,; 1008 39.2 100 >60
PAI/BMI/SiO,*1*! PM 2 5.3 211 99.982
PVA-co-PEY!" NacCl — 156 99.99
PAN¢I!3! PM, ¢ 10 54 99.72
Pul/PVAT! DEHS" 0.05-1.0 um 1.5 550 99.998
Cellulose”! PM,, 08 5.3 104 >97.96
Cellulose/SiO,"* NaCl 0.3 um - 189 >99.97
Cellulose/lignin(**! DEHS"! 0.1-1.0 um 5 59.5 >99.6
Silk fibroin®! NaCl 0.24 pm - - -

aPolyimide (PI); °polytetrafluoroethylene (PTFE)-polyamideimide (PAl); cbismaleimide (BMI); “poly(vinyl alcohol-co-ethylene) (PVA-co-PE); epolyacry-
lonitrile (PAN); "pullulan (Pul)/poly(vinyl alcohol) (PVA); 9particulate matter (PM); "bis(2-ethylhexyl) sebacate (DEHS).
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Table 2. Emulsion filtration using nanofiber sponges.

Fiber material Functionalization Application (cycles) Flux /1 m? h! Efficiency / %
PAN/SiO,*>% SiO, NP¢ / bisphenol- W/O (10) ~ 1200 99.995
AF
PIbE4 Silane W/O (15) 1.8 x 10° 94-99.5
Cellulose/alginate! Oil/sea water (40) 1.7 x 10* 97-99.65
Cellulose!?” SiO, NP/ silane W/0 (-) 6840 >98
Phenolic resinf?®! Hydrothermal O/W and W/O (10) 250 99.9
3Polyacrylonitrile (PAN); °polyimide (PI); °nanoparticle (NP).
Table 3. Suspension filtration using nanofiber sponges. Polyamide 6 (PA6).
Fiber material Functionalization Application (cycles) Flux /1 m~? h! Efficiency / %
PAG6P® - Yeast cells (-) 24607500 99.5
Chitosan®” - Microplastic (—) 2.7 x10° >99

face modification with polyphosphoric acid.3!] The importance
of electrostatic interactions for the separation process was dem-
onstrated using proteins with different isoelectric points. While
bromelain and papain were adsorbed almost as well as lysozyme,
the sponge was unable to adsorb negatively charged proteins such
as BSA, ovalbumin or pepsin.[3!l

A positively charged molecule, the dye methylene blue (MB),
also served as a reference adsorbent for several sponges made of
PVA silica modified with 2,5-dibromoanilinel32! or Pul/PVA/PAA
(g, =383 mg g"'33]). The material was successfully used in a sepa-
ration column and in batch adsorption experiments. The kinetics
of the batch experiments were improved by mechanical compres-
sion and release, similar to the microplastic filter mentioned ear-
lier.[301 Adsorption of the cationic MB was strongly pH dependent
and washing with acidic solution (pH 3) allowed regeneration for
20 cycles. Other cations studied were the rare earths Tb*" and
Eu’*, which adsorbed well on a sodium alginate/polyacrylamide
sponge crosslinked with pyromellitic dianhydride (PMDA) (g, =
498 mg g).134 The photoluminescent properties of the adsorbed
Ln** sponge could be tuned by varying the Tb*/Eu?* ratio between
green and red emission.

Adsorption is not limited to positively charged solutes: a
PAN/PEI sponge crosslinked with epichlorohydrin adsorbed
both the anionic dye methyl orange, Cr(vi) and As(V) anions,
and Cu(ir) cations (g, = 183-258 mg g™'[3]). As expected, the

Table 4. Solution purification using nanofiber sponges.

adsorption capacity for Cu(1r) cations increased with pH (pH 2 to
5), while it decreased for Cr(vi) (pH 2 to 10) and As(1v) anions
(pH 2 to 8).

In general, adsorption properties are not only controlled by
electrostatic interactions, but factors such as pore size, pore vol-
ume and specific surface area (Fig. 3d) are equally important — es-
pecially in the case of activated carbon, zeolites or metal-organic
frameworks. Surprisingly, these materials have not yet been used
in the context of nanofiber sponges.

Two-phase Systems

Oil spills and organic solvent leakage are easily treat-
ed by nanofiber sponges with tuned surface wettability.[3]
Hydrophobic and oleophilic surfaces with water contact angles
between 136° and 162° were obtained by thermal treatment, 30!
PPX or silane coating by chemical vapor deposition, 837 or de-
position of SiO, nanoparticles.?2! The sponges prepared in this
way adsorbed the organic phase within seconds due to their cap-
illary forces until the entire cavity of the porous materials was
filled with the organic phase.[37l Examples include diesel oil,
gasoline, chloroform, hexane, or silicone oil, to name a few. The
capacity was limited solely by the porosity and density of the
liquids and ranged from 45 to 300 g g*! (Table 5). The sponges
could be successfully regenerated either by squeezing or evapo-
ration, making these materials environmentally friendly mate-

Fiber material Functionalization Application (cycles) Flux /1 m~2 h Capacity / mg g
Sio, [ PVA/CA/PPA® Proteins (5) 1.56 x 10* 2900

Sio,P1 EVOH/PPA! Proteins (5) 1.50 x 10* 3300

PVASi*32 amine MBs (5) - -

Pul/PVA/PA AR — MB¢ (20) = 383

SA/PAM4 - Eu’", Tb** (6) — 498

PAN/PEI‘>] - Cu(u), Cr(vi), As(v), 183-258

MO" (7)

acrosslinked poly(vinyl alcohol) (PVA)/ tetraethyl orthosilicate (TEOS); ®pullulan (Pul)/PVA/poly(acrylic acid) (PAA); °sodium alginate (SA)/polyacrylamide
(PAM); 9polyacrylonitrile (PAN)/polyethylenimine (PEI); *PVA/citric acid (CA)/poly(phosphoric acid) (PPA); ‘ethylene-vinyl alcohol copolymers (EVOH);

9methylene blue (MB); "methyl orange (MO).
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Table 5. Separation of two-phase systems using nanofiber sponges.

Fiber material Functionalization Application (cycles) WCAs/° Capacity / g g!
EVOH GAY crosslinking Organics from water 144.4 45-102

(10)
PAN/poly(MA-co- PPXe Organics from water (5) 156 50-300
MMA-MABP)"#3
Cellulose! PVA, thermal Organics from water 141 93-232

(10)
Pul/PVAE7] TOS! Organics from water 136 50-117

(10)

aEthylene-vinyl alcohol copolymers (EVOH); °polyacrylonitrile (PAN), methyl acrylate (MA), methyl methacrylate (MMA), 4-methacryloyloxybenzophenone
(MABP); °pullulan/poly(vinyl alcohol) (PVA); 4glutaraldehyde (GA); °poly(p-xylylene) (PPX); ftrichloro(octyl) silane (TOS); Swater contact angle (WCA).

rials for the separation of organic compounds from aqueous
systems.[3¢l

Conclusion and Outlook

Filtration will remain an important step in many industrial and
environmental processes. Only eight years after their first men-
tion, nanofiber sponges are proving to be excellent filters and
adsorbers for a whole range of separation problems. They are of-
ten superior to existing filters made of nanofiber membranes or
nanofiber mats. In particular, their large capacity should support
early commercial use in areas where long maintenance intervals
are economically relevant. To achieve widespread use, nanofiber
starting materials and nanofiber sponge end products would need
to become commercially available on a large scale. Alternatives
to electrospinning, such as centrifugal spinning, are already being
developed in the fiber manufacturing field. The current freeze-
drying process for producing nanofiber sponges is versatile, e.g.
in terms of controlling pore structure, but also slow. Advances in
this area could drive the application of nanofiber sponges.

So where is the research going? To date, the versatility of
nanofibers in terms of materials, functionalization, and loading
has been exploited only to a limited extent for improved prop-
erties of nanofiber sponges. Molecularly imprinted polymers
(MIPs) could control selectivity during adsorption, metal-organ-
ic frameworks (MOFs) could be used as selective adsorbents in
CO, recovery, or catalytic purification processes are conceivable.
As an alternative to the usual spherical particles used in analyti-
cal columns, nanofiber sponges could also become an interesting
material.
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