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Abstract. Due to the impact of the Covid-19 pandemic, the usage of numerous protective face masks has faced an
explosion in demand around the world. Therefore, the need to reduce the environmental pollution caused by disposable
single-use face masks has become vital. Recently, alternative raw material solutions have been discussed to eliminate the
consumption of single-use plastics. Within this research, gelatin nanofibers were fabricated via centrifugal spinning
technique, and filtration media were investigated in terms of air permeability and filtration efficiency. In addition,
morphological properties were examined with scanning electron microscopy. Fabricated fibers have a changing average
diameter range from 232 to 778 nm, and targeted 95% filtration efficiency was achieved in several compositions. It was

proven that biodegradable gelatin nanofibers could be a sustainable alternative for disposable N95 respiratory filters.
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1. Introduction

Protective face masks have been proposed as a potential
tool to combat the COVID-19 outbreak since the first epi-
demic outbreak [1]. According to the World Health Orga-
nization (WHO) report, as of 7 July 2021, 184,324,026
cases have been confirmed, and 3,992,680 people have lost
their lives [2]. Later, all countries globally have been
encouraged for the usage of masks as part of the fight
against Covid-19. In this context, the use of N95 masks with
particle retention efficiency of 95% and above has
increased. However, there is still a shortage of N95 masks
in various parts of the world [3].

Properties of the N95 facemask are defined as at least
95% filtering efficiency to particles with a median diameter
>0.3 pm and protects from respiratory droplets, where N
signifies that the mask is not resistant to oil [4]. NIOSH
(National Institute of Occupational Safety and Health),
European EN149, N95 mask and EN ISO 9237 Standards
create the specifications necessary to produce masks. For
respiratory filters, nonwovens and nanofiber webs are pre-
ferred layers. Nanofibers are one of the best alternatives for
the mask due to their distinct features, including the higher
surface area, which can be functionalized for desired
property, uniform morphology, and consistency in structural
properties.
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Nanofibers are an important class of materials used in
various fields such as filtration, tissue engineering, protec-
tive suits, energy storage, etc. [5,6]. Although electrospin-
ning is one of the most used methods to produce nanofibers,
its commercial use is limited due to its low production
speed and appropriateness of a limited number of materials.
Centrifugal spinning, a newly developed method for pro-
ducing nanofibers, has unique advantages such as low cost,
fast production, a wide selection of materials, and is inde-
pendent of the electric field compared to electrospinning
[7]. The centrifugal spinning method is based on spraying
the spinning solution from the spinneret during the spinning
process. The direct current motor generates the centrifugal
force, and when the centrifugal force is over, the surface
tension of the liquid fiber formation will be achieved. The
jet then undergoes a stretching process via rapid evapora-
tion of the solvent, and dried nanofibers are accumulated on
the collectors [8].

Gelatin is a gelling protein that is a denaturated form of
collagen, and according to extraction type (acidic or alka-
line), it is named Type A or Type B [9]. Gelatin can be
obtained from the skin, bones, cartilage of marine animals
and mammals [10]. The most common source of gelatin is
bovine and porcine, and the quality of gelatin is generally
defined with its bloom strength [11]. The chemical structure
of gelatin consists of Gly-X-Y amino acid sequence and
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multiple repetitions of it, which is similar to collagen, where
X refers to Proline (Pro) and Y refers to hydroxyproline
(Hyp) [12]. Gelatin has a wide range of applications from
biomedical to cosmetics, food to pharmaceutical [13-15].
Gelatin is a natural biopolymer with a good film-forming
ability and a wide range of application areas; however, fiber
formation of gelatin with conventional wet and dry spinning
techniques is inadequate [16,17]. Synthetic filter media
usage has drawbacks when they come to their end-of-life
cycle for disposal issues and pollution. Biodegradable
materials are a good alternative for filtration materials.
Gelatin nanofibers can be an alternative for synthetic res-
piratory filter media for filtration [18,19]. Thus, centrifugal
spinning can be a good alternative to fabricate submicron
gelatin fibers [20,21].

In this study, we develop an alternative filter media to
replace synthetic surgical mask filters with gelatin nanofiber
webs, which are successfully fabricated via centrifugal
spinning technique. The air permeability, pore size, filtering
efficiency and handling properties of the filter media are
compared with commercial masks. Results indicated that
gelatin nanofiber webs could be a good alternative for
synthetic filtration media and used as NO5 respiratory
masks.

2. Materials and methods

Acetic acid (AA; >99.5%; 60.05 g mol_l) and formic acid
(FA; >95%; 46.02 g mol_l) were purchased from Sigma
Aldrich and used as-received. Commercially available food
grade type B bovine gelatin was purchased from Halavet
Gelatin, Turkey.

Fabricated gelatin nanofiber webs were observed using
scanning electron microscopy (SEM; model MA10, Zeiss,
Germany). The nanofiber diameters between the gelatin
fibers were measured based on the SEM images using
Imagel software. Structural analysis of the gelatin nanofi-
bers was conducted via Fourier transform infrared spec-
trometer (FTIR, model Cary 630, Agilent, USA). Air
permeability measurements were collected using Prowhite
Airtest II (Istanbul, Turkey) permeability measurement
device. All analyses were carried out according to EN ISO
9237 standards, at 22 + 2°C, 100 Pa and 20 cm? test con-
ditions. Filtration efficiency was measured with Proser
K008 (Istanbul, Turkey). The test standard applied in all
analyses is NaCl, 0.3 pm, 15.8 cm s and 95 1 min~".

2.1  Experimental design

Response surface methodology (RSM) is a compilation of
mathematical and statistical methods that help fit the models
and analyse the problems, in which many independent
parameters control the dependent parameters [22]. In this
study, RSM experimental modelling method was applied.
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Furthermore, Minitab 17 was used for statistical analysis.
Thus, it is aimed to reach the optimum process parameters
with a lower number of experiments. In this context, the
RSM experimental modelling method was applied to pro-
duce nanofibers from natural and synthetic polymers and
their combined experiments.

2.2 Fabrication of gelatin nanofibers

Fabrication of the nanofibers was conducted with the cen-
trifugal spinning machine (Nanocentrino, Areka, Turkey).
Spinneret is the main component of the centrifugal spinning
device. Solution was fed into spinneret, and during the
process, centrifugal force overcomes the surface tension and
result in the rapid evaporation of the solvent, and polymeric
material stretched in between the rod collectors. Therefore,
centrifugal spinning can be considered safer than electro-
spinning due to the lack of applied high voltage, and it is
also possible to fabricate large-scale submicron fibers,
thanks to the centrifugal spinning technology [23,24]. A
schematic diagram of the centrifugal spinning is shown in
figure 1.

Gelatin can be easily soluble in water at a temperature
>40°C; however, it is impossible to obtain ultra-fine sub-
micron fibers even with electrospinning [17]. Gelatin is
soluble in several acidic and organic solvents, such as AA,
FA and water. AA is a suitable solvent for gelatin to fab-
ricate a well-defined nanofibrous structure due to the lower
surface tension compared with FA and H,O [25]. Gelatin
was dissolved in AA at a concentration of 10-20-30% (w/v)
and mixed at 40°C for 30 min. In the process of centrifugal
spinning, gelatin solutions were placed in plastic syringes
with a needle of 22G, and the solution was fed through the
spinneret at a 25-30 ml h! rate, and solution consumption
was kept constant for all. Spinneret rotation speed was
studied from 4000 to 8000 rpm, the rotational speed of the
collector was set to 200 rpm, and the distance between the
spinneret and the collector was set to 20 cm. All experi-
ments were conducted at room temperature. The solvent
was ejected under the centrifugal force, generated by a
rotation, and centrifugal force causes stretching of the jets,
followed by the evaporation of solvent before being col-
lected. Gelatin solutions were prepared in different ratios.
Table 1 presents the details of the fabrication process.

2.3 Assembly of three-layered mask structures

Nonwoven 100% polypropylene spun-bond and melt-
blown fabrics have been used to obtain a three-layered
mask structure (figure 2). Gelatin nanofibers obtained by
centrifugal spinning were used as a filter layer, other
fabrics were evaluated as inner and outer layers. Thus,
fabricated nanofiber webs were laminated in between
polypropylene nonwoven layers. When fabricated masks
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Table 1.

Schematic diagram of centrifugal spinning with a horizontal collector.

Fabrication parameters of gelatin nanofiber webs.

Sample code Concentration (%)

Rotational speed (rpm)

Feeding rate (ml hh

GEL 1 20 6000 25
GEL 2 20 8000 30
GEL 3 10 8000 30
GEL 4 10 4000 30
GEL 5 20 4000 30
GEL 6 20 6000 30
GEL 7 30 6000 25
GEL 8 10 6000 25
GEL 9 30 6000 25
GEL 10 15 6000 25

Inner Layer

Meltblown polypropylene

Filter Layer

Figure 2.

were evaluated for their odour, face fitting, stripe quality
and breathability, they presented similar properties to the
commercial surgical masks. Specifically, the odour is one
of the unwanted properties of surgical type masks, and
fabricated masks with pure gelatin do not have a

Gelatin Nanofiber

Outer Layer
Spun-bound polypropylene

Illustration of each layer of three-layered mask structure.

disturbing odour. Also, there was no face fitting for
assessed mask types, and a stripe quality problem was
observed. The breathability feeling of the gelatin-con-
taining masks presents similar properties to the com-
mercial ones.
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3. Results and discussions

The fiber morphology of gelatin nanofibers prepared at
different concentrations, rotational speed, and feeding rate
ratios were compared using SEM images (figure 3). Aver-
age fiber diameter and pore size were calculated from SEM
images of the nanofiber webs. At least 50 measurements
were done for each, and Image J software analysed the
SEM images. The selected SEM images of gelatin nanofi-
bers show that bead-free and entanglement-free random
nanofibers are obtained. The average pore size of the
nanofiber webs was changed from 0.37 to 2 um. Figures 3
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and 4 presents the histogram of nanofiber diameter and pore
size distribution, and all results with standard deviation
and coefficient of variation (CV%) are presented in
Table 2.

These results prove that the best fiber diameter size
belongs to GEL1 (232 nm), and the parameter values where
the concentration is 20%, the rotational speed is 6000 rpm,
and the feeding rate is 25 ml h™' are the optimum param-
eters for producing gelatin/AA nanofibers. Furthermore,
according to SEM results, nanofiber formation was
achieved for samples without defects such as beads and
stuck fibers.
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Figure 3. SEM images of masks: (a) GEL 1, (b) GEL 2, (¢) GEL 3, (d) GEL 5, (e) GEL 6 and (f) GEL 9.
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Figure 4. Histograms of the pore size distribution of the masks: (a) GEL 1, (b) GEL 2, (¢) GEL 3, (d) GEL 5, (e¢) GEL 6 and

(f) GEL 9.

Table 2. Average fiber diameter and pore size of the gelatin nanofiber webs.

Sample code Avg. fiber diameter (nm) Standard deviation CV% Avg. pore size (um) Standard deviation CV%
GEL 1 232 0.11 45.69 0.37 0.20 54.05
GEL 2 728 0.24 33.10 2.00 1.70 85.00
GEL 3 778 0.36 46.14 1.81 1.67 92.26
GEL 5 442 0.17 37.78 1.04 0.50 48.08
GEL 6 292 0.10 34.59 1.44 1.05 72.92
GEL 9 272 0.08 29.78 0.45 0.27 60.00

3.1 Fourier transform infrared spectroscopy

For structural analysis, FTIR analysis was performed for
gelatin nanofiber. FTIR spectra of gelatin powder and gelatin
nanofiber webs are presented in figure 5a and they are iden-
tical. Gelatin has characteristic peaks Amide A, B, and Amide
I, IT and III. The peak at around 1650 cm™" was associated
with amide I, while 1551 cm™ for amide IT and 1241 cm™" for
amide III. Amide I is corresponding to the stretching vibration
of the C=0, amide II bending vibration of N-H bonds and
stretching vibrations of C—N bonds. Amide Il is related to the
vibrations in the plane of C-N, and N—H groups of amides and
is located around 1241 cm™ [26]. Amide A and B bands are
located at around 3280 and 2948 cm™, corresponding to the
stretching vibration of the N-H bonds and stretching of the
C-H bonds, respectively [26-31].

3.2 Air permeability and filtration efficiency

After the three-layered mask structures were collected as
described above and filtration properties were evaluated, the
filtration efficiency tests of the three-layered mask proto-
types created with the produced nanofiber covers were
carried out with the automated filter tester TSI 8130A.
Filtration efficiency (#7) and pressure drop (AP) values were
obtained from the automated filter tester device. The mea-
surement samples with an effective area of 100 cm?® were
tested against the NaCl aerosols at a face velocity of 15.83
cm s~'. Pressure drop through the nonwoven fabric sample
was measured via sensors. Figure 5b presents the schematic
description of the experimental setup.

Filtration efficiency (1) was calculated according to
equation (1), where Cyown and Cy, present downstream and
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Figure 5. (a) FTIR spectra of gelatin powder and gelatin

nanofiber. (b) Schematic diagram for the filtration efficiency.
(c¢) Relationship between filtration efficiency and air permeability.

upstream particle concentrations, respectively [32]. The
automated filter tester was collected to Cyown and Cy, data.

Cdown
- (1)

n=1
Cup

We aim to reach at least 95% filtration efficiency for our
eco-design mask model to reach N95 respiratory filter
properties. For sample GEL 1, the filtration efficiency value
was above 95%. Mask samples consisted of three layers of
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nonwovens. Measurements were conducted for the samples
without containing GEL nanofiber web, only a double layer
of the mask was analysed. For 2 nonwoven layers, filtration
efficiency and air permeability values were 5.86% and
91.08 cfm, respectively. Figure Sc gives the relationship
between air permeability and filtration efficiency for fabri-
cated gelatin nanofiber masks. As seen from the figure,
filtration efficiency and air permeability present inverse
proportions. Filtration efficiency and the pressure drop are
significant parameters while defining the performance of the
face mask [33]. For this reason, a parameter called the fil-
tering quality factor has been introduced to take an account
of both parameters [34].

The quality factor (Q), which is a measure of mask per-
formance, is calculated using equation (2). Where AP is the
pressure drop and 7 the filtration efficiency.

In(1—n)

Q= AP (2)

As a result of the calculation, the quality factor values of
samples were found as 11.153, 7.371, 9.22, 8.373 and
10.667 kPa! for Gel 1, Gel 3, Gel 4, Gel 8 and Gel 9,
respectively.

3.3 Statistical analysis

A one-way analysis of variance method was applied to
understand any difference between the three groups
regarding specific-dependent measures. Tukey test, a sta-
tistical test, is a one-step multiple comparison procedure.
Therefore, it can be applied to the entire set of pairwise
comparisons simultaneously to find data that differ signifi-
cantly from each other [35]. Minitab calculates that Tukey’s
method entries set of comparisons should have a family
error rate of 0.05 (equivalent to a 95% simultaneous con-
fidence level) [36]. With this context, it is possible to
examine the confidence intervals and whether any of them
contain zero, whether there is a significant difference [37].

Figure 6 shows the effect of concentration and rotational
speed on filtration efficiency with contour and surface plot.
It is seen that the highest filtration efficiency was reached in
the concentration range of 20-25% at an average rotation
speed of 6000-7000 rpm.

As seen in figure 7, the effect of concentration and
rotational speed on air permeability was examined with
contour and surface plots. In this context, we can say that
the highest air permeability values are achieved at low
concentration and low rotational speeds. We assume that
this reason is due to the inability to produce enough fiber
under fabrication conditions. As a result, the optimum
concentration and rotational speed are 20-25% and in the
range of 6000-7000 rpm, respectively.

Figure 8a presents the optimum process parameters to
reach 95% filtration efficiency. According to analysis
results, 20% concentration and around 6000 rpm are ideal
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conditions to reach 95% filtration efficiency, coherent with
the experimental results. Tukey test shows (figure 8b) that
the difference between fiber diameter, pore size, air per-
meability and filtration efficiency is statistically significant
and does not include zero.

4. Conclusions

Gelatin nanofiber webs were successfully fabricated via
centrifugal spinning technique with the changing diameter
of 232 to 778 nm. When their air permeability and filtration
efficiency were evaluated, it was seen that as filter media,
gelatin nanofiber webs reached 95% filtration efficiency,
which is the requirement of the NO5 filter. From this
standpoint, gelatin nanofiber can be used as N95 filtration
media. Under the intense usage of facial and surgical masks,
partially biomaterial containing mask material is an envi-
ronmentally friendly option on the way of fully
biodegradable mask fabrications. Further studies should aim
to improve the strength of gelatin nanofibers to develop
100% degradable mask designs that can be used as a fil-
tration material without the need for synthetic layers.
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