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A B S T R A C T   

Depth filtration is an attractive method for initial clarification of broth for removing cells and cell debris. 
Electrospun nanofibers with their large specific surface area and a porous structure are known as attractive 
materials in filtration processes. However, dead-end filtration of cells through nanofiber mats (NFM) always 
leads to cake formation and increasing resistance. In this study, for the first time, a nanofiber sponge (NFS) or 
nanofiber aerogel was synthetized from polyamide 6 (PA6) building blocks. The NFS was flexible, highly porous 
and mechanically stable. The pore size of the NFS was tuned between 8 and 26 µm during the cryogenic pro-
cessing step. Volumetric flux and filtration efficiency of the NFS depended on the pore size and the results were 
compared with those for NFM from the same PA6 nanofiber material. Dead-end filtration of Saccharomyces 
cerevisiae was feasible at a low differential pressure of 3.5 kPa and cell filtration efficiency was > 99 %. Modelling 
of the filtration process revealed that cake formation is prevented by NFS filters since cells are able to penetrate 
into the filter and to adsorb on their internal surface. The filtration characteristics were also compared with 
commercial depth filters and revealed the high flux of NFS filters along with the possibility to avoid filter aids 
and a low environmental impact. PA6-NFS filters may become a new and cost effective generation of filters for 
removing different cells or cell debris from broth and other applications.   

1. Introduction 

Separation of cells from fermenter suspensions is crucial in fermen-
tation industry. Several methods such as centrifugation and filtration are 
used for the clarification of cell cultures. Regarding the high capital costs 
and operational limitations of centrifugation, filtration is known as one 
of the best industrial methods for removing yeast cells [1,2]. For this 
purpose, different types of organic and inorganic membranes have been 
studied. Bello and coworkers used polyimide hollow membranes for 
yeast filtration and found them more effective than centrifugation [3]. 
Sanjeev et al. [4] reported high yeast removal capacities for poly-
propylene membranes. Inorganic materials such as ceramics, alumina, 
zirconia, and glass membranes have been also used for yeast cell 
filtration [5]. Despite high retention capacities reported for some 
membranes, rapid surface fouling has limited their industrial applica-
tion [6,7]. In order to reduce the tendency of cells for making imper-
meable cakes, different solutions have been proposed. Filter aids are 

known as a common industrial solution, which work as a pre-coat to 
protect filters from blocking [8]. However, the costs of filter aids, 
additional process elaboration, and the need for removing them adds 
extra difficulties to the process. Improvement was achieved with mixed 
beds. For instance, Mota et al. used a mixed bed with glass balls to in-
crease removal efficiency [9]. Alternatively, several studies report the 
fabrication of specifically patterned membranes with well-defined pore 
geometry and spacing to increase flux and removal efficiency of filters 
[10–12]. Although pore geometry did influence the pore blockage 
regime of the initial filtration processes, the follow up cake formation 
remained problematic. 

Besides having appropriate structures, the choice of filter material 
plays an important role in filtration processes. Polyamide 6 (PA6) is an 
important thermoplastic with excellent solvent resistance and good 
processability. However, until now, it has only occasionally been used as 
cell filtration membrane. Due to the swallowing tendency of PA6 fibers 
in contact with water and the consequent blockage of the membrane 
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pores, industrial applications are restricted [13]. Nevertheless, Lemma 
and his group [14] reported separation of yeast cells from beer samples 
through dead-end filtration using electrospun PA6 nanofibers. They 
claimed efficient initial yeast cell filtration, but increasing resistance due 
to the formation of a cake layer was not avoidable. 

In order to increase mass transport and overcome the problems 
associated with pore blocking and cake formation, nanofiber sponges 
(NFS, also termed nanofiber aerogels) might be an interesting alterna-
tive. NFS are the 3D counterparts of the essentially flat nanofiber mats 
(NFM, also termed membranes). They are made from the same nanofiber 
building blocks, but their structure is highly porous, often containing 
larger cellular pores. They have been made from several polymer ma-
terials, e.g. polyacrylonitrile/SiO2 [15], poly(MA-co-MMA-co-MABP) 
[16], pullulan/PVA [17], PCL/gelatin [18], chitosan [19]. A recent 
summary on NFS materials is given by Dilamian et al. [20]. A number of 
filtration or separation applications have been reported for NFS, such as 
aerosol filtration [17,21], oil/water separation [15,22–25], dye 
adsorption [26], or microplastics [19]. In general, high separation effi-
ciency and high flux were achieved. However, none of those studies has 
ever investigated the behavior of NFS for the filtration of particle matter 
in fluids such as yeast cells from a broth. And regarding the material 
aspect, NFS from PA6 have never been reported in the scientific litera-
ture, despite the wide application of PA6. 

In the current study, we report the synthesis and characterization of 
PA6 NFS with tuned pore size. The highly flexible and porous NFS were 
evaluated for the dead-end filtration of yeast cell suspension and 
compared with electrospun NFM. High flux was achieved at a low hy-
drostatic pressure of 3.5 kPa. The decline of flux with filtration time was 
modelled with different blocking models such as cake filtration, com-
plete blocking, intermediate blocking, and standard blocking showing 
that cake formation was successfully prevented with the PA6 NFS filters. 

2. Materials and methods 

2.1. Materials 

PA6 (Ultramid B24 N 03) was obtained from Elmarco Ltd., Czech 
Republic. Dioxane, acetic acid, formic acid, sodium hydroxide (NaOH), 
and hydrochloric acid, (HCl, ACS reagent 37 %) were obtained from 
Merck, Switzerland. Normal active dry baker’s yeast, Saccharomyces 
cerevisiae, was obtained from Lallemand Inc., Canada. Commercial 
depths filtration sheets, filtration capsules, and filter aids (see Table 2) 
were obtained from Eaton (Langenlonsheim, Germany), Pall Corpora-
tion (Port Washington, USA), and Filtrox AG (St. Gallen). 

2.2. Yeast cell suspensions 

Yeast cell suspensions with a mass concentration of γ ≈ 1.5 g l−1 dry 
cell content were prepared by suspending the yeast cells in deionized 
water (pH = 5.7). The suspension was shacked with an orbital shaker for 
10 min at 200 rpm. 

2.3. Nanofiber sponge preparation 

Producing three-dimensional structures from electrospun nanofibers 

through a freeze casting method was recently reported for different 
polymers [17,21,26]. In this work, PA6 nanofibers mats (NFM) were 
produced using free surface electrospinning (Fig. 1; for spinning con-
ditions see Supporting Information). NFM were cut into small pieces and 
further chopped and homogenized in a mixture of water/dioxane (20 wt 
% dioxane) using a high speed homogenizer (IKA T25, S25N-25F, IKA 
GmbH, Germany). Suspensions with a nominal fiber mass concentration 
of γ = 10 g l−1 were then cast into aluminum molds (d = 50 mm) and 
unidirectionally frozen from the bottom. Water/dioxane crystals were 
removed through freeze-drying leaving cellular pores with walls of cut 
PA6 nanofibers. To achieve a mechanically stable NFS, the NFS green 
body was cross-linked at 210 ◦C for 45 min. 

2.4. Yeast cell filtration 

Filtration of yeast cell suspensions was performed at room temper-
ature with a hydrostatic pressure of 3.5 kPa (see Supporting Informa-
tion). Flowrate and filtration efficiency were determined each 10 or 40 
ml by time interval and turbidity, measured with a turbidimeter TN-100 
(Eutech Instruments, Netherlands). For commercial depth filters, the 
filtration efficiency was determined at the endpoint at a throughput of 
140 l m−2. In case of alluvial filtration, Celpure® had been added at a 
mass ratio 4:1 with respect to yeast dry mass. 

2.5. Characterization 

Morphology of NFM and NFS was assessed by scanning electron 
microscopy (SEM) using a FEI Quanta FEG 250 (Thermo Fisher Scien-
tific, USA); samples were sputter coated with gold, accelerating voltage 
for image recording was 5 kV. Pore size was determined from SEM im-
ages using the software ImageJ by measuring 400 different pores from 5 
different images. Among different techniques (e.g. mercury intrusion 
porosimetry, or micro-CT), SEM images have been frequently used and 
reported as a promising method with some potential advantages over 
the other available approaches [27,28]. 

NFM thickness was determined from cross sections by optical mi-
croscopy (20 measurements): a piece of NFM was cut in approx. 1 cm ×
1 cm pieces, dipped into cryo gel and fast frozen with liquid nitrogen. 
The frozen samples were sectioned in a cryostat microtome (Microm 
HM550, Thermo Fischer Scientific, USA) into pieces with 10 µm thick-
ness at −18 ◦C and mounted on the microscope slides (Supporting In-
formation, Figure S1). 

The electrokinetic surface potential (zeta-potential or ζ-potential) 
was determined as streaming potential. For NFS, a MütekTM SZP-06 
(BTG-Voith, Germany) instrument was used while yeast cell suspen-
sions were analyzed with a Zetasizer Nano ZS (Malvern Instruments, 
UK). The pH was adjusted using HCl and NaOH. 

Differential scanning calorimetry (DSC, Mettler Toledo, Switzerland) 
characterization was done under nitrogen with a flow rate of 50 ml 
min−1 while the furnace temperature was increased from room tem-
perature to 400 ◦C (heating rate of 10 ◦C min−1). 

Compression tests were performed with a TA.XTplus texture 
analyzer from Stable Micro Systems Ltd., UK. The Texture analyzer was 
calibrated at 500 N and equipped with a cylindrical probe with a 
diameter of 50 mm. The compression speed was set at 2 mm s−1 with 

Table 1 
Physical parameters of PA6 nanofiber based filter materials.  

Filter type Filter 
name 

Bulk density ρb / 
mg cm−3 

Freezing 
temperature / ◦C 

Pore diameter 
d / µm 

Specific surfaces area 
aBET / m2 g−1 

BET 
constant C 

Thickness l Relative water 
value J∞/J0 

nanofiber 
sponge 

NFS-26 16.6 ± 1.3 −40 26 ± 14 13 12 2.0 ± 0.2 
cm 

1.00 ± 0.24 

NFS-8 17.3 ± 0.8 −110 8.3 ± 7.3 15 18 2.0 ± 0.2 
cm 

1.00 ± 0.28 

nanofiber 
mat 

NFM-5 275 ± 20 n.a. 5.3 ± 2.9 13 12 44 ± 7 µm 0.85 ± 0.24  
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500 cycles of 38 % compression. Effective moduli were calculated from 
the linear regime of stress–strain curves. 

The specific surface area (aBET) of the NFS was determined by ni-
trogen sorption at 77 K with a Quantachrome Autosorb iQ MP (Anton 
Paar Group AG, Austria) instrument using the multipoint Brunauer- 
Emmett-Teller (BET) method. The relative pressure range was be-
tween 0.12 and 0.3. 

3. Results and discussion 

3.1. Preparation and characterization of NFM and NFS filters 

PA6 NFM were prepared by free surface electrospinning from a (1:2) 
mixture of formic and acetic acid. An SEM image of NFM-5 with a 
thickness of 44 ± 7 µm is shown in Fig. 2a. The electrospun nanofibers 
were free of any defects such as beads or films and had an average 
diameter of 175 ± 49 nm. This essentially 2D NFM-5 was then processed 
into highly porous 3D NFS as illustrated in Fig. 2b and Fig. 2c. Both NFS 
clearly exhibit a hierarchical architecture with large cellular pores and 
cell walls comprised of PA6 nanofiber fragments which themselves 
contain smaller pores. Physical parameters of the prepared filter mate-
rials are summarized in Table 1. It is important to note that the initial 
nanofiber building blocks remained intact during processing NFM into 

NFS. This is observed from the SEM images but also confirmed by 
determining the specific surface area through N2 sorption, which 
remained between aBET = 13 and 15 m2 g−1 throughout the entire 
process. Such values correspond well with other nanofiber sponges 
[16,19] and they are close to the geometric specific surface area acalc =

10 m2 g−1 which was derived from the experimental fiber diameter 
assuming cylindrical nanofibers [29]. The main difference between NFS- 
26 and NFS-8 was the freezing temperature of the nanofiber suspension, 
namely –40 ◦C and –110 ◦C. The freezing temperature is a simple 
parameter to change the freezing front velocity of the growing ice 
crystals which in turn will affect the delicate balance between nanofiber 
fragments that are pushed away by the growing crystals and those 
becoming enclosed as previously reported [17,30]. Since the final pore 
size depends on the crystal size, we were thus able to prepare two types 
of NFS with identical density but a different pore size of d = 26 ± 14 µm 
for NFS-26 and d = 8.3 ± 7.3 µm for NFS-8, respectively. The pore size of 
the 2D NFM-5 was d = 5.3 ± 2.9 µm. The dependence of permeability 
and filtration efficiency on the pore size of otherwise identical material 
properties, was demonstrated for aerosol filtration using pullulan/PVA 
NFS [17,21]. 

Final stability of the NFS was given by crosslinking the junctions of 
nanofiber fragments in contact. Several methods have already been re-
ported, such as temperature or UV induced chemical crosslinking 

Table 2 
Saccharomyces cerevisiae dead-end filtration performance and E-factor of NFS, NFM and commercial depths filters at 3.5 kPa determined at a throughput of 140 l m−2.  

Filter type Name Supplier Filtration 
application 

E- 
factor 

Mean flux JV / l min−1 

m−2 
Mean efficiency / 

% 

Nanofiber 
sponge 

NFS-8 This study – 1.9 41 > 99 

Alluvial filter FILTRODISCTM 2′′ BIO SD CH 9P / Celpure® C 
1000 

Filtrox Clarifying 137 24 > 99 

Depth filter Seitz® K Series K 900 Pall Clarifying 7.6 4.4 > 99 
Depth filter FIBRAFIX® AF 31H Filtrox Clarifying 8.9 2.3 > 99 
Depth filter Seitz® HS Series HS 2000 Pall Clarifying 8.5 1.0 > 99 
Depth filter BECOPAD® 450 Eaton Clarifying 7.1 0.82 > 99 
Nanofiber 

sponge 
NFS-26 This study – 2.2 125 84 

Depth filter PURAFIX® CH 9P Filtrox Coarse 11 25 52 
Nanofiber mat NFM-5 This study – 2.5 1.8 40  

Fig. 1. Preparation of PA6 nanofiber sponge.  

Fig. 2. SEM images and pore size distribution of (a) PA6 based NFM-5 as well as PA6 based NFS frozen at (b) −40, and (c) −110 ◦C.  
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[16,17], vapor phase coating [31], or solvent vapor welding [32]. Here, 
we used a thermal annealing process induced by a thermal phase tran-
sition of the PA6 nanofibers close to their melting temperature. The 
thermographic DSC profiles of PA6 and the NFS before (green body) and 
after crosslinking are shown in Fig. 3a. The different peaks observed at 
around 50 ◦C between the PA6 starting material and the electrospun PA6 
fibers in the NFS close to the glass transition temperature of approx. 
60 ◦C are evidencing an ordering process [33]. E.g. release of surface 
tension generated through the fast fiber drying process during electro-
spinning [34]. The critical peaks for PA6 annealing are the melting 
peaks from the different PA6 phases [35,36]. While the pseudohex-
agonal γ phase is melted at 214 ◦C (corresponding to the shoulder), the 
thermodynamically favored monoclinic α phase has a melting point at 
around 220 ◦C (main peak). By heating the NFS at 210 ◦C for cross-
linking, the hexagonal fraction of the fibers would melt whereas the 
monoclinic fraction as the major part of PA6 remained still solid. The 
melted fraction could act as an adhesive to attach the fibers and render a 
mechanically stable crosslinked NFS. Compressive strain tests with 
strain ε of 40 % demonstrated the stability of the NFS structure for 500 
loading and unloading cycles, Fig. 3b. No significant decay in stiffness 
was observed after the 500th loading–unloading cycle with 97 % of the 
initial maximum stress retained. However, plastic deformation was 
found from the hysteresis curves with a shape recovery of > 85 % after 
500 cycles, Fig. 3b. The effective modulus at 10 % deformation was 5.3 
and 3.4 kPa for NFS-26 and NFS-8 respectively, which is in the lower 
range of NFS based on other polymers, such as pullulan/poly(vinyl 
alcohol) (PVA) (2.8–21 kPa) [17], polyacrylonitrile (PAN)/SiO2 (10.6 
kPa) [15], poly caprolactone (PCL)/gelatin (10.6–23.4 kPa) [37], poly 
(vinyl alcohol-co-ethylene) (PVA-co-PE) (11.9 kPa) [38], or chitosan 
(43 kPa) [19]. The typical stages in the stress–strain curves found in 
other cellular network with a linear elastic and a Hookean densification 
regime are not resolved, but a plastic deformation regime [19] is clearly 
missing. 

Stability upon filtration conditions was tested by determining the 
initial J0 and final water flux J∞ for the filtration of 1.5 l deionized 
water. While the ratio J∞/J0 remained constant for NFS-26 and NFS-8 a 
moderate decline to 0.85 ± 0.24 was observed for NFM-5, see Table 1. 
Swelling and partial pore blocking was previously reported for PA6 
based membranes [13]. SEM images of NFM-5 before and after water 
filtration revealed curling of the originally straight fibers which is 
associated with swelling induced elongation (Supporting Information, 
Figure S2). The pores of both NFS were too big to reveal any flux 
dependence with duration of water contact. 

While pore size is associated with a sieving effect in filtration, surface 
interaction through adsorption and inner surface area are determining 
filtration efficiency as well. The electrokinetic surface potential of the 
fibers and the yeast cell would reveal important electrostatic in-
teractions. Fig. 3c shows the ζ-potential for yeast cells and the PA6 NFS 

depending on the pH. The surface of yeast cells was getting negative 
when the pH of the suspension changed from acidic to basic. However, 
in basic environment the ζ-potential of the yeast cells was almost con-
stant around –30 mV. Such patterns were also reported in previous 
studies [39,40]. The ζ-potential of the PA6 NFS dropped linearly from 
38 mV to –83 mV when increasing the pH from 2 to 8. Therefore, no 
attractive electrostatic interaction are expected during the yeast cell 
filtration experiments performed at pH 5.7. 

However, sponge density has an important effect on controlling 
water flux. It is clear that a denser sponge with more nanofibers, higher 
amount of micro-pores and thicker pore-walls decreases the water 
penetration speed through the sponge. The same trend was observed in 
our previous study on nanoparticle filtration in gas media [21]. It is also 
proved that the freezing temperature and different sponge pore sizes can 
also influence the amount of water flux (Table 1). 

3.2. Filtration 

The dead-end filtration behavior of PA6 nanofiber based filters in 
terms of filtration efficiency and volumetric flux was studied under 
hydrostatic conditions with a hydrostatic pressure of 3.5 kPa. Yeast cell 
suspensions had a mass concentration of γ ≈ 1.5 g l−1 dry cell content. 
The results for the filters NFM-5, NFS-26 and NFS-8 are presented in 
Fig. 4. The initial volumetric flux for the NFM filter was JV = 8.7 l min−1 

m−2, whereas the values for the sponge filters NFS-26 and NFS-8 were 
considerably higher with JV = 125 l min−1 m−2 and JV = 46 l min−1 m−2, 
respectively. The higher volumetric flux for NFS-26 is given by its larger 
pores. Commercial depth filters used in germ reducing filtration achieve 
a similar flux of 98 to 145 l min−1 m−2, but such values are obtained at 
30-fold pressure (100 kPa instead of 3.5 kPa) [41]. 

In terms of filtration efficiency, Fig. 4b, the prepared NFM-5 material 
showed a fast drop of filtration efficiency reaching η ≈ 10 % after 100 ml 

Fig. 3. (a) DSC thermograms (heat rate 10 ◦C min−1) of PA6 pellets and NFS prepared from electrospun nanofibers before (NFS, green body) and after (NFS, 
crosslinked) crosslinking; (b) fatigue tests of NFS-8 with ε of 40 % for 500 cycles with maximum stress (bottom axis) and hysteresis curves (top axis); (c) ζ-potential of 
yeast cells and PA6 NFS depending on pH. Dashed lines indicate the + 30 mV and –30 mV dividing line between stable and unstable suspensions. 

Fig. 4. Yeast cell filtration at 3.5 kPa with NFM-5, NFS-26 and NFS-8; (a) 
volumetric flux and (b) filtration efficiency. 
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filtrate. Thicker NFM filters with smaller pores can achieve a higher 
filtration efficiency [14], but since the initial volumetric flux was 
already below the values of the sponge type filters no attempts were 
made to test thicker materials. The only difference of the sponge type 
filters was their pore size. The filter with the smaller pores of 8.3 ± 7.3 
µm showed a high yeast cell retention of 97.2 ± 2.9 % with decreasing 
performance after 1000 ml filtrate. NFS-26 with pores of 26 ± 14 µm 
showed a steady decline in filtration efficiency with an overall cell 
retention of only 37 ± 24 %. Since yeast cells have a typical size of 8 µm 
[42], the pores may have been too big to achieve a significant sieving 
effect. Alternatively, cells may be retained through surface adsorption at 
the nanofibrous walls of the pores. If this interaction is becoming weaker 
or if the capacity of the internal pore surface is exhausted, filtration 
efficiency will drop. Whether sieving or adhesion to the internal surface 
are dominant can be retrieved from the decline of volumetric flux with 
filtrate volume, Fig. 4a, assuming different models for the observed filter 
blocking. 

3.3. Filter blocking models 

In order to have a clearer understanding on the mechanism of filter 
blocking, the filtration curves from Fig. 4a were modelled with four 
different blocking mechanisms reported in the literature: cake filtration, 
intermediate blocking, standard blocking, complete blocking [43,44]. 
The governing equations can all be written in a common mathematical 
form as [45] 

d2τ
dυ2 = kn⋅

(
dτ
dυ

)
n (1)  

where υ is the dimensionless volume of filtrate, τ is the dimensionless 
filtration time, and kn and n are constants characterizing the blocking 
model of the filtration process with n = 0 for cake filtration, n = 1 for 
intermediate blocking, n = 3/2 for standard blocking, and n = 2 for 
complete blocking, Fig. 5. Cake filtration is a frequently observed 
mechanism, where the accumulation of permeable particles on the up-
stream side of the filter provides a homogeneous porous layer. After 
formation of the first cake layer, subsequent filtration occurs on the top 
of each layer and the filter is only providing the support. Complete 
blocking, as another possibility, assumes a total clogging of the pore 
entrance preventing any flow. Intermediate blocking means a mecha-
nism of pore clogging by a fraction of particles with the possibility of 
some open pores and access to some internal surfaces of the filter. 
Standard blocking assumes that the pore volume decreases proportion-
ally to the filtrate volume through particles deposited on the pore walls. 

Fig. 6a–c show the modelling results for the NFM and NFS filters 
(details including the root mean square errors (RMSE) are given in the 
Supporting Information). Based on the fitting results, cake filtration is 

the dominant blocking mechanism for the filtration of yeast cell sus-
pensions with NFM-5. Fig. 6d shows an SEM image of the upstream 
surface of the NFM-5 filter illustrating the deposition of a homogeneous 
layer of cells on the surface of the filter as predicted by the model. Cake 
formation for nanofiber mats was reported before by different studies 
[46–48]. For the 3D sponge filters NFS-26 and NFS-8, the dominant 
blocking mechanism should be standard blocking according to the 
modelling. The corresponding SEM images of the filter surface, Fig. 6e 
and f, clearly reveal how the cellular pore structure of the NFS filters 
prevented cake filtration allowing the cells to penetrate into the pores 
and to adsorb on their cell walls. 

3.4. Commercial depth filter sheets 

To rate the dead-end filtration performance of the NFS type filters for 
yeast cells, several commercially available depth filtration sheets were 
evaluated under equivalent filtration conditions. The set of commercial 
filters was selected from several suppliers and covers the relevant range 
from coarse to clarifying filtration. Filtration efficiency and flux after an 
equal throughput of 140 l m−2 are given in Table 2 (for the decline of 
flux with throughput see Supporting Information Figure S4). All clari-
fying filters as well as NFS-8 achieve a filtration efficiency of > 99 %. 
However, the flux of the commercial filters (JV = 0.82 to 4.4 l min−1 

m−2) is approx. an order of magnitude lower than for the nanofiber 
sponge (JV = 41 l min−1 m−2). Using the principle of alluvial filtration 
together with a diatomaceous earth filter aid, a high flux of JV = 24 l 
min−1 m−2 was achieved as well. But for the nanofiber sponge, no 
additional handling of filter aid was necessary. With a coarse depth filter 
such as PURAFIX® CH 9P, flux was high, but filtration efficiency was 
only 52 %. Still higher than for the nanofiber mat NFM-5, but the coarse 
nanofiber sponge NFS-26 showed a higher filtration efficiency of 84 % at 
fivefold flow. 

Even though filtration is known as one of the best industrial methods 
for removing biomass [1,2], it still requires resources, since filter sheets 
and filter aids will be disposed after usage. The environmental factor (E- 
factor) is a simple metrics in green chemistry that is defined as the ratio 
of the mass of resources per mass of product [49]. Here, resources 
represent the mass of the filter sheet (plus filter aid and housing in case 
of the disposable alluvial filter) and the product is the dry mass of the 
filtered biomass. The smaller the E-factor, the less resources have been 
used during the filtration process. Nanofibers with their large specific 
surface area should allow more surface to solute interactions per unit 
weight than filters made from larger fibers such as cellulose. This, 
together with the high porosity and low bulk density is the reason for the 
small E-factors of 1.9 and 2.2 for the NFS filters. Commercial depth fil-
ters from cellulose show E-factors between 7.1 and 11. The disposable 
housing of the alluvial filter is mainly responsible for the high E-factor of 
137 while filter aid and support layer contribute with an E-factor of 14. 

Here, we studied for the first time the potential of a nanofiber sponge 
for the filtration of biomass. Saccharomyces cerevisiae suspensions were 
used as a reproducible model system. These results cannot directly be 
transferred to relevant industrial processes such as beverage filtration 
[50] or broth from mammalian cells cultures [51] which contain pro-
teins, dissolved and undissolved sugars, other colloidal particles, or 
ethanol. Regarding pH, the ζ-potential of yeast cells and filter surface, 
Fig. 3c, suggest, that the sponge filter will adsorb well in the relevant 
range for beer or wine (pH 3.4 to 4.2) [52]. Using NFS filters with 
decreased pore size could account for an increased amount of cell debris 
or a lower flux must be accepted if viscosity is increased due to dissolved 
sugars. 

4. Conclusion 

Highly porous 3D nanofiber sponges were prepared from electrospun 
PA6 nanofibers through a freeze-casting process. Thermal annealing 
without using chemical crosslinking agents rendered a mechanically 

Fig. 5. Models and fitting constants n for filter blocking: (a) cake filtration (n =
0), (b) intermediate blocking (n = 1), (c) standard blocking (n = 3/2), and (d) 
complete blocking (n = 2). 
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stable flexible sponge. The NFS were employed for the filtration of yeast 
cells from aqueous suspension. As compared to their 2D nanofiber mat 
counterparts, volumetric flux and filtration efficiency were significantly 
improved. The pore size of the NFS can easily be tuned during 
manufacturing through the selected freezing conditions. The filter with 
the smaller pores showed an initial filtration efficiency of > 99 % while 
the best volumetric flux was found for the filter with the larger pores. 
Modelling the blocking mechanisms of the nanofiber mat filter and the 
nanofiber sponge filter revealed a different filtration mechanism. While 
cake filtration was dominant for the mat, standard blocking through 
pore constriction was observed for the NFS filters, meaning that these 
filter act as true nanofiber based depth filters taking advantage of the 
surface interactions between the cells and the nanofiber building blocks 
of the filter. 

Nanofiber sponges are a versatile and promising material for filtra-
tion applications that have already been used for aerosols, oil/water 
separation or the removal of dissolved ions. The present work demon-
strates their potential as tailored filters for the downstream processing of 
broth using a PA6 based NFS. Their flow characteristics are superior to 
state of the art commercial depth filters and less waste is generated 
during the filtration process thanks to low bulk density and large specific 
surface area of their nanofiber building blocks. The application of PA6 
based NFS is not limited to the present suspension filtration application, 
but they may also act as a pure adsorbent for the depth filtration of 
dissolved components, in particular keeping the possibility of PA6 sur-
face functionalization in mind. As for other NFS, PA6 based NFS can also 
be employed beyond filtration, e.g. in the fields of sound absorption, 
thermal insulation, and capacitors, or as a material in wound dressing 
and drug delivery. 
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