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ABSTRACT: The Covid-19 pandemic increased enormously the
manufacturing and usage of face masks and other personal protective
equipment (PPE), resulting in accumulation of plastic waste and, thus,
causing universal environmental concerns. In addressing the issue of
waste reduction and finding alternatives for fossil-based products,
investigation of different biobased and biodegradable polymers plays a
crucial role. This study examines the processability characteristics of
three commonly used biobased polymers available in the market:
biobased poly(lactic acid) (PLA), partly biobased and biodegradable
poly(butylene succinate) (PBS), and biobased high-density poly-
(ethylene) (BioHDPE). The investigation combines substantial polymer
analysis with subsequent processability trials in two different spunmelt
processes, namely, meltblow (MB) and the Nanoval technology, aiming
to reveal the differences and difficulties in the processing behavior and pointing out advantages and/or disadvantages of the
respective polymer/technology combination. In general, the observed processability behavior and outcomes indicate that within the
used processes PLA exhibits superior processability compared to PBS and BioHDPE. Both the meltblow and Nanoval processing of
PLA demonstrated a consistent production of fibers and efficient uptake without any compromise on the throughput. In contrast, the
processing of PBS using Nanoval required the utilization of significantly elevated temperatures, as indicated by a rheological study.
Furthermore, the rheological evaluation revealed that the viscosity of BioHDPE was excessively elevated, rendering it unsuitable for
effective processing by the Nanoval method. The microfibers in the PLA-based meltblown fabric had a higher surface area, explaining
why the PLA fibers were able to function as a barrier and, thus, contribute to the mitigation of air permeability adjustable between
500 and 1000 l·s−1·m−2 and thus competitive or even superior to PP nonwovens of the same fiber diameter and base weight (1480 l·
s−1·m−2). Overall, these results showed that PLA can be an alternative raw material for fossil-based nonwovens of PPE applying,
especially, the meltblown technique.
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1. INTRODUCTION
The decomposition process of petrochemical polymers spans a
range of 20−500 years, in general. It is widely recognized that
the utilization of fossil fuels and the associated emissions
resulting from their use are significant factors in the occurrence
of anthropogenic climate change.1−3 Also, it is important to
consider the future potential scarcity of organic compounds
resulting from the inevitably diminishing reserves of oil and
gas, as well as the escalating prices of these resources.4 The
production of synthetic textile fibers reached 72.2 million
metric tons (MMT) in 2021, making them one of the major
synthetic consumer products in the world.5 Furthermore, the
incomplete degradation of synthetic fibers leads to the
production of microplastics, which subsequently accumulate
in the atmosphere, soil, and seawater. This accumulation poses
a significant global environmental pollution concern.6−9 To
find a solution to this problem, biobased and biodegradable
polymers are gaining attention.10

Polymer manufacturers are being actively compelled (i.e.,
due to political, economic, and social pressures) to engage in
the research and development of biobased polymers to address
the decreasing availability of fossil fuels and address issues
related to the environment.10 These biobased polymers
provide desired attributes such as a low carbon footprint10

or sustainability11 and can easily be recycled with other
materials. Some of them can biodegrade at the end of their life
cycle.10 These polymers utilize biological substances as raw
materials, providing more eco-friendly alternatives to conven-
tional fossil-based polymers. Polylactic acid (PLA), biobased
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polyethylene (Bio-PE), and biobased poly(butylene succinate)
(PBS) are some of the often-employed biobased polymers.10

PLA can function as an alternative to polystyrene or expanded
polystyrene,11 while BioHDPE acts as a substitute for fossil-
based polyethylene, and PBS has similar properties to
polypropylene.11 This study investigates the processability of
these three biobased polymers, namely, PLA, PBS, and
BioHDPE, with two meltblow techniques: traditional meltblow
extrusion and Nanoval technology.

The meltblow process is a straightforward, adaptable, and
simple extrusion-based technology to shape polymers. The
resulting meltblown nonwovens offer distinct advantages in
comparison to conventional spunbond fabrics due to their fine
fiber diameter, minuscule pore size, and elevated porosity.12,13

In comparison to other micro- and nanofiber-generating
techniques (such as electrospinning), meltblow yields a
significant cost advantage due to high production rates.
Furthermore, the meltblow technique is characterized by its
solvent-free nature, which contributes to its cost-effective-
ness.14−16 Meltblown nonwovens have found extensive
utilization in a diverse range of applications,17,18 encompassing,
for example, personal hygiene care, medical protection, wound
bandaging, filtration media, and oil absorption.

The “Nanoval process”19−21 is a prototype technology that
integrates aspects of the “Biax fiberfilm die” and the “metal
injection molding technology”.22 Polymer melt is conveyed
through a Laval-Nozzle alongside a laminar air stream,23

stretching the material through impulse transfer.22,24 Individual
air supplies for each spinning orifice ensure efficient interaction
between the air and the melt.21 Notably, the cocurrent
acceleration, unique to this method, differs from the standard
Exxon-type meltblow process, allowing for lower airflow rates

and finer fibers at higher melt (per gole) throughputs (3−20 g·
ho−1·min−125 using a significantly lower number of spinning
orifices compared to Exxon-type meltblown (up to factor 1025

due to higher pressure resistance. This technology accom-
modates a wider range of polymer grades (MFI from 40 to
1200 g·10 min−1), producing nonwovens with adjustable fiber
diameters. For instance, with polypropylene, median fiber
diameters could be varied from below 1 up to 40 μm without
necessitating equipment modifications, yielding nonwoven
webs akin to both meltblown and spunbond fabrics. Moreover,
the Nanoval process offers25 approximately 60% energy savings
compared to conventional meltblown lines under identical
processing conditions.26

Numerous investigations have been conducted on the
attributes of biobased thermoplastic polymers.27−30 Never-
theless, most of these biopolymers have been produced on a
limited laboratory scale. This paper gives a comprehensive and
novel evaluation of how biobased materials function in
processes where typical polymer grades are fossil-based and
nondegradable and thus help find alternatives for traditional
plastics. This article provides an examination of various
characteristics associated with polymer processability, includ-
ing thermal properties, rheological properties, and various
process characterizations of PLA, PBS, and BioHDPE. The
work aims to reveal the differences in processing behavior via
“Exxon-type” meltblow and the “Nanoval” process and to point
out advantages and/or disadvantages of the respective
polymer−technology combination. Additionally, the produced
nonwoven fabrics were analyzed for their morphology, air
permeability, tensile strength, fiber diameter, and distribution.
Findings in this research paper support further studies and the

Table 1. Description and Various Properties of the Raw Materials

polymer acronym polymer Tm (°C) Tg (°C) MFI (g·10 min−1) producer

PLA Luminy L105 polylactic acid 176.9 59.3 70 (210 °C) Total-Corbion
BioHDPE SHA7260 bio-polyethylene 132.1 20 (190 °C) Braskem
Bio-PBS FZ78TM biopoly(butylene succinate) 116.5 22 (190 °C) Mitsubishi Chemicals Co
ref PP HL712FB polypropylene 158.0 0 1200 (230 °C) Borealis AG

Figure 1. Scheme of the main components of the meltblow setup; (1): extruder, (2): gear pump, (3): spinning beam, (4): zoom into spinning
beam, (5a/b): air blades (arranged left and right aside the Exxon-type spinneret), (6): die−collector distance, (7): conveyor belt, (8): air-suction
box.
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utilization of biopolymers, especially PLA, in nonwoven and
personal protection equipment applications.

2. MATERIALS AND METHODS

2.1. Materials
Three different biobased thermoplastic polymers are employed in this
research to produce meltblown nonwoven fabrics. The selection of
polymers for this work is based on our preliminary investigations. PLA
Luminy L105, an L-PLA (PLLA), was procured from TotalEnergies
Corbion (Gorinchem/Netherlands), Bio-PBS FZ78TM was obtained
from Mitsubishi Chemicals Co Netherlands (Rotterdam/Nether-
lands), and Bio-PE SHA7260 was acquired from Braskem (Frankfurt/
Germany). The reference material PP HL712GB was applied by
Borealis AG (Vienna/Austria). Table 1 provides a comprehensive
description of the raw materials.

2.2. Nonwoven Fabrication
2.2.1. Meltblow Process. The nonwoven fabrics were produced

using a technical-scale meltblow line with a 500 mm working width
(see Figure 1). The components of this self-designed pilot plant at
DITF Denkendorf are a single-screw extruder (3-zone screw, ⌀ 20
mm × 20D from Extrudex GmbH, Mühlacker, Germany) and a gear
pump from Mahr Metering Systems GmbH (Göttingen, Germany)
with a volume of 0.6 cm3·min−1 to melt and transport the polymer to
the spinning beam with a maximum throughput of 4 kg·h−1. The air
system consists of a compressor (Aertronic D12H) of Aerzener
Maschinenfabrik GmbH (Aerzen, Germany) with air volume flow
limits of 220 N m3·h−1 (minimum) and 325 N m3·h−1 (maximum),
combined with an airflow heating system of Schniewindt GmbH &
Co KG (Neuenrade, Germany) and an air distribution unit, splitting
up the air supply to 2 ducts entering the spinning beam. The
spinneret is a 561 hole-Exxon-type die of 500 mm width (28 holes per
inch (hpi)) and nozzles of 0.3 mm diameter (L/D = 8). The
maximum die pressure of the spinneret is 50 bar, with a safety limit at
45 bar. The setback between the nozzle tip and air blades is 1.2 mm,
and the end gap was set to 2.0 mm for all trials. The conveyor belt
from Siebfabrik Arthur Maurer GmbH & Co KG (Mühlberg,
Germany) is a steel fabric tape with a clip seam and silicon edging
at a total width of 0.72 m (No. 16/cm linen weave) with a warp wire
of 0.22 mm diameter stainless steel (1.4404 AISI 316L) and a weft
wire of 0.22 mm diameter stainless steel (1.4404 AISI 316L). It has a
maximum belt speed of 10 m·min−1 and can be adjusted in height to
vary the die−collector distance (DCD). An air-suction box (suction
surface of 0.128 m2, 20 cm × 64 cm) with a maximum suction of 2900
N m3·h−1 (maximum flow velocity: 11 m·s−1) is placed below the belt

section of the spinneret to remove the process (and secondary) air
and to support the web formation on the belt.

Variable parameters of the entire system (in the running process)
are as follows.

• Throughput (polymer, air);
• process temperature (polymer, air);
• die−collector distance (DCD): 200−500 mm; and
• conveyor belt speed: max 10 m·min−1.

In general, the DCD was kept constant when a stable and
homogeneous fabric deposition was achieved (starting at 150 mm)
and the belt speed was adjusted to the nominal target base weight,
which was defined as 25 and 40 g·m−2. The polymer (melt)
temperature was adjusted over the die temperature based on the
results of the rheological characterization of the respective material
(target zero-shear viscosity at process temperature <100 Pa·s).

2.2.2. Nanoval Process. The setup of the Nanoval process
consists of four main components: the Nanoval spinning beam itself,
an extrusion system, a system for the supply of the hot process air, and
finally, the fiber deposition unit including the conveyor belt and the
air-suction box (equipment is shown in Figure 2).

A single-screw extruder (3-zone screw, Ø 35 mm × 30 D) from
Extrudex GmbH (Mühlacker, Germany) and a gear pump from Mahr
Metering Systems GmbH (Göttingen, Germany) with a volume of 10
cm3·min−1 were used to melt and transport the polymer to the
spinning beam. The air system consists of a compressor (Aertronic
D12H) of Aerzener Maschinenfabrik GmbH (Aerzen, Germany) with
air volume flow limits of 110 N m3·h−1 (minimum) and 440 N m3·h−1

(maximum), combined with a flow heating system of Schniewindt
GmbH & Co KG (Neuenrade, Germany) and an air distribution unit,
splitting up the air supply to four ducts entering the spinning beam of
Nanoval GmbH (Berlin, Germany).

The Laval dies were formed by the air ducts in the gap (L = 2.5
mm) between the tip of the capillaries of the polymer melt (Ø 0.3
mm, L/D 8) and the opening holes of the spinning beam (Ø 2.7
mm), where melt and air exit together (scheme, see Figure 2).

In the spinning room, between the collector belt and the spinning
beam, an air channel of rectangular shape (460 × 500 mm, length =
200 mm, side walls constructed as perforated plate structures (10 ×
10 mm hole pattern; Qg 10−20 DIN 24041)) is placed below the
spinning beam in order to increase control over secondary air and
reduce air turbulence, aiming at an increase of web homogeneity.26

The conveyor system is the same as that used for the meltblow trials
and can be adjusted to vary the DCD (in height from 100 mm up to
750 mm). Below the belt section, where the filaments are laid down,
an air-suction box (suction surface of 0.128 m2, 20 × 64 cm) with a
maximum suction of 2900 N m3·h−1 (maximum flow velocity: 11 m·
s−1) is placed to remove the process (and secondary) air.

Figure 2. Scheme of the Nanoval process: (a) main components of the extrusion and air system of the Nanoval pilot plant at DITF Denkendorf;
(1): Nanoval spinning beam, (2): extrusion system, (3): process air supply, (4): air channeling/suction and nonwoven deposition; (b) principle of
the polymer and airflow for one spinning hole; (1): (hot) process air stream/channel; (2): polymer flow; (3): spinhole; (4): die block. Reprinted
with permission under a Creative Commons [CC-BY 4.0 LICENSE] from ref 26. Copyright 2023, MDPI, Basel, Switzerland..
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Variable parameters of the entire system are as follows
• polymer throughput;
• process temperature (melt);
• process temperature (air);
• air throughput;
• die−collector distance (DCD);
• distance between the die and air channel (DDAC); and
• collector speed.

As in the meltblow trials, the DCD was kept constant for the
respective polymer at 400 mm and the DDAC at 50 mm. Also, the
collector speed was adjusted to throughput to obtain the targeted base
weight(s) (40 and 25 gsm). The melt temperature was chosen to
correlate with the required high flowability (i.e., fluidity) of the
Nanoval process, with a maximal complex zero-shear viscosity of 18
Pa·s at the respective process temperature.

2.2.3. Nonwoven Production Trials. Nonwoven production
trials of the biobased polymers (Section 2.1) were performed with the
two presented spinning setups (Sections 2.2.1 and 2.2.2). In addition
to the variation of polymer type, the polymer throughput and air
throughput were varied to obtain differing fiber diameters. The DCD
and the air temperature were varied to establish a stable process
(stable fiber formation and homogeneous collection) and were kept
constant otherwise to minimize the experimental grid.

The melt temperature was selected based on the rheological
characterization (see Section 2.3) and further adjustment during the
experiments to obtain a constant fiber formation at the die and a
homogeneous shot-free laydown on the conveyor belt. The belt speed
was varied in accordance with the throughput to produce a constant
area base weight of the produced nonwovens of 40 and 25 g·m−2 to
obtain comparability of all samples, limiting the influence of a varying
base weight.

To reduce the common phenomenon of undesirable heat
shrinkage, especially for polyesters,31−33 a post-treatment with an
infrared heater was added to the process for the polylactic acid
between fiber deposition and winding (see Figure S1). The infrared
heater consists of a metal box of 50 mm (in MD) × 90 mm (in CD)
dimension with five integrated infrared emitter tubes (arranged across
the conveyor belt with each 1.0 kW maximum heat output), which is
positioned at a distance of 150 mm over the belt 200 mm after the
fiber deposition point. Through this post-treatment, the fibers are
kept longer above the glass-transition temperature and thus, they have
more time for the crystallization process. This way, the heat shrinkage
can be reduced significantly. This has been demonstrated for example
for PET, where it could be reduced from 50% (untreated) to 1−3%
(with IR treatment), and for polyphenylene sulfide (PPS) or
polyether ether ketone (PEEK), where it could be reduced from
>80% to around 1% in both MD and CD.34

Other additional equipment that were optionally added to the
meltblow process were two passive heaters for secondary air (SAH),
which were installed below the spinneret on both sides parallel to the
spinneret. This so-called “NABLO” technology heats up the
secondary air,35 which passively gets sucked into the adjoining heat
segments of each heater with a dimension of 20 × 80 mm, increasing
the temperatures in the spinning room between the die and the
conveyor belt as a result.36 To the sides (CD), the room created by
the spinneret and the air heaters was shielded by sheet linings to
prevent cold secondary air from entering between those heaters.
2.3. Characterization

2.3.1. Determination of Moisture Content. The residual water
content for all polymers (despite BioHDPE) was determined by Karl
Fischer titration, which was performed at 140 °C on an “899
Coulometer” and an “885 Compact Oven SC” (both: Deutsche
METROHM GmbH & Co. KG, Filderstadt, Germany). The resulting
water content was <150 ppm.

2.3.2. Melt Flow Rate. A Ray Ran Melt Flow Indexer Model 3A
(Industrial Physics, United Kingdom, Warwickshire) was used to
measure the melt flow rate (MFR), following the standard ISO 1133-
A and using 2.16 kg weight and 2 mm capillary at 190 and 210 °C.
However, the melt flow rate is a weak parameter to estimate the

processability of polymers, at least when the process temperature lies
far above the standard’s test definition and (thermal) degradation is
an issue, as is common for various biopolymers. Consequently, (shear-
) rheological characterization was executed additionally to gain a
deeper insight into and estimation of the materials’ flow behavior.

2.3.3. Rheology Measurements. Shear rheological experiments
in the temperature and time-sweep modes were performed on a
“Physica MCR 501” rheometer (Anton Paar Group AG, Graz,
Austria) in plate−plate geometry at different temperatures. Polymer
granules were placed on the lower plate (25 mm in diameter), and the
gap was adjusted to 1.0 mm. Afterward, excess material was removed,
and the test was performed under a nitrogen atmosphere (strain: 10%;
angular frequency: 10 rad·s−1). Temperature ramps were performed
under adjustment of the gap to maintain a constant normal force over
the measurement. The strain amplitude was proven to be in the linear
viscoelastic regime by strain sweep tests at a constant angular
frequency of 10 rad·s−1. Time-sweeps were executed at selected
temperatures (strain: 10%; angular frequency: 10 rad·s−1) to validate
the thermal stability of the materials.

2.3.4. Differential Scanning Calorimetry (DSC). Differential
scanning calorimetry (DSC) (Erich NETZSCH GmbH & CO,
Holding KG, Selb, Germany) was used to analyze the thermal
behavior and crystallinity of different polymers. Two heating scans
from 25 to 210 °C at the heating rate of 10 °C/min were performed.
The cooling rate between heating scans was 10 °C·min−1. The
crystallinity (Xc) was measured as per the DIN EN ISO 11357-1
standard, and the degree of crystallinity, Xc, was calculated as

X
H H

H
100%c

m cc

m100%
0= ×

(1)

Here, ΔHm is the measured melting enthalpy of the sample, ΔHcc is
the enthalpy of cold crystallization (J·g−1), and ΔH100%

0 is a theoretical
literature value for the melting enthalpy of the 100% crystalline
polymer. The PBS literature value for the 100% crystalline polymer is
110 J·g−1,37. PLA has a ΔH100%

0 of 93.6 J·g−138, and for PE, the ΔH100%
0

value is 293 J·g−139.39

2.3.5. Thermogravimetric Analysis (TGA). Thermogravimetric
analysis (TGA) is a method where the mass of the sample is measured
over time while the temperature increases. TGA equipment has a
highly sensitive scale to accurately determine changes in sample mass.
TGA equipment STA 499 F1 Jupiter (Erich NETZSCH GmbH &
CO, Holding KG, Selb, Germany) was used for analyzing the thermal
degradation of selected polymers.

2.3.6. Physical and Mechanical Properties of Produced
Nonwovens. 2.3.6.1. Fiber Diameter. The fiber diameter distribu-
tion was determined based on scanning electron microscopy (SEM).
Therefore, a round sample was punched out of the nonwoven and
placed on the SEM carrier, which was sputtered in argon plasma (40 s
under a vacuum of 0.1 mbar, with a distance of 35 mm, a current of 33
mA, and a voltage of 280 V) with a gold−palladium layer of 10−15
nm. Three SEM micrographs per sample were taken with a
magnification of ×1000 using a “TM-1000 tabletop electron
microscope” from Hitachi High-Tech Corporation (Tokyo, Japan)
with an accelerating voltage of 15 kV in the “charge-up reduction
mode”. The magnification was chosen to evaluate roughly 40 single
fibers per image (see Figure S2). Contrast and brightness were
adjusted to gain an image of straight monochromic fibers in front of a
dark monochrome background. To analyze the images with regard to
automated fiber diameter distribution, the β software “MAVIfiber2d”,
developed by Fraunhofer ITWM (Kaiserslautern, Germany), was
used.40 First, the images are smoothed and binarized by the software,
before a statistical analysis is performed over each fiber pixel without
segmentation into individual fibers.41,42 After merging the output of
the three images, the mean and median fiber diameters as well as the
standard deviation and interquartile range were determined.

2.3.6.2. Fabric Area Base Weight. The area base weight of
nonwovens was determined referring to DIN EN ISO29073-11,
adjusted by cutting out and weighing square sections of 10 × 10 cm
(100 cm2). To include homogeneity scattering along the cross
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direction (CD) of the nonwovens, three samples 10 × 10 cm were
taken in CD and averaged. Generally, the sample size of 250 × 200
mm is not applicable on the meltblow line of 500 mm width, and we
chose the smaller sampling size of 100 × 100 mm to increase the
“resolution” of our measurement taking three samples along CD and
three series of this in MD.

2.3.6.3. Nonwoven Thickness. The thickness of the nonwoven
fabrics was measured on the samples of the base-weight measure-
ments using a test head of 1 cm2 and a test force of 0.2 cN·cm−2. Five
measurements were executed along one sample, determining a median
value for the thickness (δ).

2.3.6.4. Air Permeability. In accordance with the base-weight
sampling, the air permeability was measured on three 10 × 10 cm
sections in accordance with EN ISO 9237:1995-12 with a testing area
of 20 cm2 and a differential pressure of 200 Pa.

2.3.6.5. Nonwoven Density and Porosity. The volume weight of
the samples was determined using the median base weight (BW) and
the median thickness (δ) of the nonwoven sample as follows in eq 2

W
BW

v = (2)

Using the volume weight of the nonwoven fabric, its porosity can
be determined using the polymer’s density (ρ), as shown in eq 3.

P 1
BW=

(3)

Here, P represents porosity, ρw represents the density of the
nonwoven fabric, ρf represents the density of the polymer (i.e., PLA,
1.33 g/cm3; PBS, ∼1.25 g/cm3; BioHDPE, 0.955 g/cm3),43 BW
represents the basis weight of the nonwoven fabric, and δ represents
the thickness of the nonwoven fabric.

2.3.6.6. Tensile Properties. Tensile tests of the nonwovens were
carried out on an “Instron UPM 4301” instrument from Instron
GmbH (Darmstadt, Germany) with a 100 N measuring head. The
sampling size was 20 × 150 mm according to ISO 9073-3, and the test
speed of 100 mm/min. Three samples were cut out in MD and in CD
each and tested. The tenacity was calculated over the sample
dimensions, fabric thickness, and measured peak force. Additionally,
the elongation at maximal force and elastic modulus were measured.
The median and standard deviation of all properties of the
measurements are used to compare the nonwoven characteristics.

3. RESULTS AND DISCUSSION

3.1. Processability of Materials
3.1.1. Thermal Characterization of Materials with

Differential Scanning Calorimetry (DSC), Thermogravi-
metric Analysis (TGA), and Melt Flow Rate (MFR).
Analyzing the melting behavior of a polymer is important for
the selection of promising processing conditions. Also, insight
into the crystallization behavior is often beneficial when
tailoring properties of polymers via process adjustment. The
thermal properties of PLA, PBS, and BioHDPE determined by
DSC are listed in Table 2

As can be seen from Table 2, all of the materials are
semicrystalline and have clear melting peaks. PLA has the
highest melting point at 177 °C, while PBS melts at 116 °C

and BioHDPE at 132 °C. All of the materials were crystalline
in the first heating scan since no cold crystallization occurred.
PLA and BioHDPE have crystallinity around 60%, while for
PBS, it is slightly over 70%. The investigated PLA grade is
>99% L-isomer according to the manufacturer data sheet,
which enables it to form homocrystallinity. During processing,
the cooling rate and postextrusion treatments may affect the
final crystallinity of a product. PBS and BioHDPE showed clear
melt crystallization peaks when the polymer was cooled from
the melt at the rate of 10 °C/min during the cooling run. The
BioHDPE melt crystallizes at 113 °C and PBS at 65 °C. PLA
also had a minor melt crystallization peak (1.5 J·g−1) at 105 °C,
PLA is a slow crystallizing material, and 10 °C·min−1 is too
high a cooling rate for proper crystallinity formation in PLA.
Only PLA shows a glass transition (at 70.3 °C) in the selected
heating range (from 25 to 210 °C); PE and PBS have their
glass transitions below 0 °C. Since PLA has a much higher
glass-transition temperature than PBS or BioHDPE, it is less
flexible at room temperature.

In addition to melting behavior, especially with biopolymers,
it is important to define the temperature beyond which thermal
degradation starts to occur. Biopolyesters like PLA and PBS
are susceptible to thermal degradation during extrusion
processing. Some extrusion processes like meltblow extrusion
and extrusion coating require low viscosity and a high melt
temperature. In some cases, these temperatures may be close
to temperatures where a loss of molecular weight begins.
Figure 3 shows the TGA measurements for PLA, BioHDPE,
and PBS.

Table 3 presents a summary of the thermal stability
measurements for the three polymers. The terms “Td‑start”

Table 2. Thermal Properties of PLA, HDPE, and PBS Determined by Differential Scanning Calorimetrya

material Tg (°C) Tm (°C) ΔHm (J·g−1) Tmc (°C) ΔHmc (J·g−1) Hm 100% (J·g−1) Xc (%)

PLA L105 70.3 176.9 56.4 105 1.5 93.6 60.3
BioHDPE SHA7260 out of range 132.1 176.3 113.4 200.7 293 60.2
Bio-PBS FZ78TM out of range 116.5 80.1 64.5 72.5 110.3 72.6

aTg is the glass-transition temperature, Tm is the melting point, ΔHm is the enthalpy of melting, Tmc is the melt crystallization temperature, and Hmc
is the enthalpy of melt crystallization. ΔHm 100% is the literature value for the melting enthalpy of the 100% crystalline material and Xc is the
calculated crystallinity.

Figure 3. TGA curves for PLA (black), PBS (red), and BioHDPE
(green) polymers.

ACS Polymers Au pubs.acs.org/polymerau Article

https://doi.org/10.1021/acspolymersau.4c00023
ACS Polym. Au 2024, 4, 405−419

409

https://pubs.acs.org/doi/10.1021/acspolymersau.4c00023?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acspolymersau.4c00023?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acspolymersau.4c00023?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acspolymersau.4c00023?fig=fig3&ref=pdf
pubs.acs.org/polymerau?ref=pdf
https://doi.org/10.1021/acspolymersau.4c00023?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


and “Td‑end” refer to the decomposition temperatures at the
beginning and end of a process, respectively.

Furthermore, Table 3 presents the relationship between the
decomposition temperature and the corresponding weight loss
at both 5 and 50%. All of the materials exhibited single-step
degradation processes, with BioHDPE demonstrating a slightly
higher Td‑end compared to PBS and PLA. The discovery
indicates that the thermal stability of BioHDPE has a marginal
superiority over PBS and PLA. The residues (%) of PLA
(1.09), PBS (1.01), and BioHDPE (1.22) resulting from
pyrolysis at a temperature of 799.7 °C demonstrate that the
processes of carbonization are slightly more pronounced in
BioHDPE compared to PLA and PBS. Melt flow rate results
are presented in Table 5 below.

As shown in Table 4, it can be seen that PLA has higher
MFR values at both temperatures than PBS and BioHDPE. At

190 °C, PLA had an MFR of 34 g·10 min−1, and at 210 °C, the
value was 80 g·10 min−1. Temperature increase from 190 to
210 °C did not increase the MFR value of PBS or BioHDPE as
significantly as with PLA. At 190 °C, PBS had an MFR of 24 g·
10 min−1, and the value was 17 g·10 min−1 for BioHDPE. At
210 °C, those values were 30 g·10 min−1 for PBS and 24 g·10
min−1 for BioHDPE. MFR measurements do not describe the
shear viscosity of materials and thus is not a precise description
of polymer rheology when it is processed in extrusion
equipment where a rotating screw causes shearing forces.
MFR is a value describing the ease of flow of a molten
thermoplastic polymer and can be used as a rough assessment
of polymer suitability to different melt processes. According to
results, PLA has the highest flow in comparison to other
materials, which is a beneficial property when processing a
material through a spinneret die consisting of multiple small
capillaries.

3.1.2. Rheological Characterization of Materials. For a
successful formation of a constant and homogeneous fiber flow
along the spinneret width, the requirements for the (Exxon-
type) meltblow and the (Laval) Nanoval process are different.
While for meltblow, the range of viscosity is commonly
targeted below 100 Pa·s,44 a much higher flowability of the
melt is needed and the melt stream can be taken up
continuously without remaining adhesion/sticking of the
melt at the capillaries by falling below an absolute value of
the complex shear viscosity of around 18 Pa·s.26 The
processability concerning a successful fiber formation can
thus be estimated from the temperature sweeps of the
polymers, shown in Figure 4.

Due to the lower range of viscosity required for the Nanoval
process, the process temperatures compared to the standard
meltblown were around 15 K higher for PBS and even around
50 K higher for PLA. For the BioHDPE, the estimated process
temperature for the Nanoval process would lie above 350 °C,
which is critical as it already exceeds the autoignition
temperature (350 °C45) of the material. Also, for the PBS,
the autoignition temperature is reached at 300 °C.46 Further,
the decomposition temperature for PLA is stated to be at >230
°C.47 For this purpose, the thermal stability of the three
polymers was further validated by time sweeps at the selected
temperatures; see Figure 4.

As indicated by the nominal decomposition temperature, the
viscosity of the PLA remains constant at the process conditions
for the meltblown and shows a decline of >80% over 30 min at
the Nanoval conditions. However, the complex shear viscosity
at 270 °C lies above the viscosity limit, and it runs into the
process window over the typical dwell time in the extruder
(between 5 and 10 min) by the decomposition. While the
BioHDPE stays stable, even at 325 °C, the PBS shows a strong
degradation already present in the process window for the
meltblown at 280 °C (50% drop over 10 min). However, the
viscosity stays inside the process window, but as indicated by
the temperature-sweep (Figure 5), the Nanoval process
temperature will probably exceed 300 °C, as finally
summarized in Table 5.

3.1.3. Process Characterization and Development.
Material processing settings of the heat zones of the meltblow
process are shown for the different polymers in Table 6.

From the metering pump to the spinneret (zones 5−8), the
temperature was kept at the final process temperature. The
actual melt temperature Tmelt (measured after the gear pump),
which is defined as the process temperature Tprocess, lies about
5 K lower than the nominal heating temperature due to heat
loss. From the feed through the extruder screw zones, a heat
ramp was used to melt and homogenize the polymer in
adjustment to the specific melting temperature and to keep the

Table 3. Thermal Decomposition Properties of the Three Different Polymers

material onset T (°C) Td‑start (°C) T 99% (°C) T 95% (°C) T 90% (°C) T 85% (°C) T 80% (°C) T 50% (°C) T 0% (°C) Td‑end (°C)

PLA 245.7 320.3 334.3 342.3 347.3 350.0 363.9 528.8
PBS 245.7 302.1 329.2 348.4 361.0 370.1 393.4 522.5
BioHDPE 240.1 286.8 321.6 349.1 367.7 382.0 435.1 551.6

Table 4. Melt Flow Rate (MFR) Results for PLA, PBS, and
BioHDPE Measured at Two Temperatures 190 and 210 °C

material MFR 190 °C/g·10 min−1 MFR 210 °C/g·10 min−1

PLA 33.8 ± 4.7 79.8 ± 3.6
PBS 24.2 ± 0.7 30.1 ± 1.5
BioHDPE 16.9 ± 2.2 23.7 ± 1.9

Figure 4. Shear rheological temperature sweeps (ω = 10 rad·s−1, ε =
10%); PLA, dotted line (black); BioHDPE, dashed line (blue); PBS,
solid line (green); meltblow viscosity limit, red dashed line; Nanoval
viscosity limit: red solid line.
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thermal impact as low as possible to reduce thermal
decomposition. The setting of the Nanoval process was quite
similar to the necessary adjustment to the higher process
temperatures. The temperature settings are given in Table 7.

Leaving the extruder, the temperature of the melt was kept
at a higher temperature compared to the meltblow process
(flange to spinning head) and the final process temperature
was only applied to the melt by passing the Nanoval die block,
where the polymer needs a very high flowability in this process.

Using these settings and the estimated process temperatures,
nonwoven fabrics were produced under further adjustment of
the melt temperature to obtain a homogeneous (or as
homogeneous as possible) fiber formation, take-up, and
deposition. Polymer throughput, the volume flow of the
process air, and thus the air-to-polymer ratio were varied to
obtain nonwovens in different fiber diameter regimes (>4 μm,
>2 μm, <2 μm). The process settings for all produced samples
are listed in Table 8.

3.1.3.1. Processing of PLA. 3.1.3.1.1. Meltblow Process.
Processing PLA was stable with a homogeneous flow of melt
and air, comparable to the processing of PP as a standard
meltblown material. At the take-up of the melt by process air,
no adhesions resulted at the capillaries or the air blades, and no
turbulences could be observed. Also, the fiber deposition on
the conveyor belt resulted in a uniformly dense nonwoven
fabric. Three different settings with decreasing polymer
throughput and increasing air volume flow were run to
produce fibers with different diameter ranges at 40 gsm (PLA-
MB-01-03) and 25 gsm (PLA-MB-04-06). Afterward, process-
(melt) and air temperatures were raised stepwise (PLA-MB-

07-11) to further reduce the fiber diameter due to the higher
flowability of the melt and thus a higher impact of the acting
drawing force by the air. Further, the end gap of the air blades
was narrowed for these settings to increase this effect
additionally, which resulted in a minor but further decrease
in the fiber diameter.

The fiber deposition was very fluffy and sticky, but showed
poor strength, resulting in problems at the windup. To resolve
this issue, an infrared heater was additionally used for post-
treating the fabrics directly after the deposition. The fluffy
handling and the stickiness (winding) disappeared after the
treatment, and the strength increased significantly. The power
of the IR heaters was kept at 0.4 kW for the 40 gsm fabrics and
lowered to 0.3 kW for the 25 gsm fabrics due to the lower belt
speed and thus longer residence time under the heater. For the
trials with the highest process temperature (PLA-MB-10 &
-11), the heater power was further reduced to 0.2 kW as the
fibers began to glue to the conveyor belt and the nonwovens
began to become further unwindable. At this setting, the
process also began to become turbulent, with noticeable (but
not critical) fiber flights (fibers randomly flying around and
leaving the deposition area and into the surrounding room as
the air stream is too turbulent in relation to the air-suction
(too weak) to handle the deposition homogeneously).

3.1.3.1.2. Nanoval Process. The Nanoval process of PLA
also showed a stable fiber formation and take-up with no
limitation of the throughput. Up to 10.4 g·ho−1·min−1 (44.5
kg·h−1) was processable, without clogging/melt adhesions at
the capillaries. Due to the higher productivity of the process
(resulting in a higher belt speed to produce a comparable base
weight), the IR heater power was raised to 0.5 kW to reduce
the fluffiness of the nonwovens. Further power increase was
withheld as the polymer began to degrade (noticeable smoke
development) below the heaters and showed additionally
strong shrinking (∼50%) on the conveyor.

Fiber flights were more noticeable at all settings as the
higher total air-to-polymer ratio could not completely be
handled by the air suction. This effect increased by reducing
the polymer throughput in order to obtain a lower fiber
diameter range so that the manageable volume flow of air had
to be reduced to 220 N m3·h−1 for the respective samples
(PLA-NV-03−06), which acts contradictory to the aimed
diameter reduction.

3.1.3.2. Processing of PBS. 3.1.3.2.1. Meltblow Process.
For PBS, melt-blast trials were more critical. In general, also a
good process resulted with regard to homogeneous fiber
formation and take-up at the die. However, strong fiber flight
was observed, resulting in the base weight of the fabrics being
around 30% lower than expected. Further, the melt temper-
ature had to be raised by 5 K from the estimated temperature
because below 295 °C only semisolid filament threads left the
capillaries, which could not be taken up by the process air.
Further, the throughput could not be lowered below 0.06 g·
ho−1·min−1 (kg·h−1) as the process pressure collapsed critically
(>2 bar·min−1) due to starting thermal degradation, which

Figure 5. Shear rheological time-sweeps (ω = 10 rad·s−1, ε = 10%) of
the three biopolymers at estimated process temperatures; black, PLA;
blue, BioHDPE; green, PBS; red, viscosity-processing limits.

Table 5. Estimated Minimal Required Process
Temperatures for the Three Biopolymers in the Meltblow
and Nanoval Process

polymer PLA PBS BioHDPE

Meltblown 230 °C 280 °C 280 °C
Nanoval 275 °C ∼300 °C >350 °C

Table 6. Settings of the Extrusion System for the Melt-Blow Process of the Three Polymers

Zone 1 (feed zone) Zone 2 (screw zone 1) Zone 3 (screw zone 2) Zone 4 (screw zone 3) Zone 5 (gear pump) Zone 6−8 (Die)

PLA 190 195 205 230 = Zone 6−8 Tmelt + 5 K
PBS 190 220 250 280 = Zone 6−8 Tmelt + 5 K
BioHDPE 165 205 240 270 = Zone 6−8 Tmelt + 5 K
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rules out a further increase of the processing temperature.
However, no pretreatment of the deposited fabric was
necessary to ensure a successful windup; only the DCD had
to be adjusted to the maximal distance of 500 mm as at a lower
distance the deposition started to glue to the belt. This also
ruled out the use of hotter process air. The fabric sample that
was collected showed a very open structure (see comparison to
PLA in Figure 6) with a high brittleness and stiffness, almost
comparable to the fabric produced by a spunbond process.
Due to these limitations, further sample collection was
neglected.

3.1.3.2.2. Nanoval Process. The processing of PBS via
Nanoval had to take place at a much higher temperature based
on rheological analyses. At 300 °C, the capillaries were
completely clogged, which could only be resolved by exceeding
320 °C in the Nanoval die block. Here, again fiber flight was
present permanently as in the meltblow process, preventing
any further increase in the air volume flow. Also, the base
weight of the fabrics was >30% lower than nominally
calculated. However, a denser fiber deposition and resulting
softer haptics of the nonwoven structure were possible with the
Nanoval compared to the classical (Exxon-type) meltblown
process, possibly owing to the higher air-per-capillary-ratio
(325 N m3·h−1 to 72 vs561 capillaries) and, thus, lower fiber
diameters.

3.1.3.3. BioHDPE. 3.1.3.3.1. Meltblow Process. As for PBS,
the estimation for the process temperature for BioHDPE was
too conservative. Below 285 °C, clogging at the edge-capillaries

started to occur, a sign of still too low flowability of the melt.
The die temperature had to be raised to 290 °C as a result.
The adjusted parameter setting ensured good fiber (die) and
fabric formation (conveyor). Further increase of the melt
temperature to 300 °C and above led to the formation of shots
to an increasing extent. This was also the case for the use of
too hot process air. Starting at 290 °C, the occurrence of shots
was observed on the deposition, especially in the middle die
positions. These defects disappeared with a decrease in
secondary air temperature. Lowering the air temperature
down to 170 °C led to too fluffy nonwoven fabric, which was
not usable for further handling due to the too fast cooling of
the melt. The fast cooling also excludes the use of the following
infrared (IR) heater. Secondary air heaters were therefore used
to heat up the additional incoming air (around four times the
amount of primary air) and the spinning room between the die
and the conveyor.26 For the secondary air, a temperature of
165 °C was found to deliver an optimal fiber deposition in
combination with a primary process air temperature of 230 °C.
Raising the temperature of the secondary air (to 180 °C) led to
the starting formation of shots in the deposition as the
spinning room was too hot. Further, the DCD had to be set to
a maximum distance of 500 mm as the material started to melt
on the collector below 450 mm (such as the PBS).

3.1.3.3.2. Nanoval Process. As already indicated by
rheological characterization, the viscosity of BioHDPE was
too high for successful processing via the Nanoval process.
Although the process temperature at the die block was raised

Table 7. Settings of the Extrusion System for the Nanoval Process of the Three Polymers

polymer entry extruder Zone 1 extr. Zone 2 extr. Zone 3 extr. Zone 4 flange metering pump spinning head nanoval die block

PLA 100 190 200 215 240 250 250 250 Tmelt

PBS 100 200 230 260 290 300 300 300 Tmelt

BioHDPE 100 185 235 260 280 300 320 320 Tmelt

Table 8. Process Settings for PLA, PBS, and HDE via Meltblow and Nanoval Process

sample Tmelt/°C Tair/°C throughput/(g·ho·min−1) pdie /bar V̇air/(Nm3·h−1) DCD/mm BWa/gsm add. equipment

PLA-MB-01 230 240 0.080 17.5 220 150 40 IR (5 × 0.4 kW)
PLA-MB-02 230 240 0.066 14.1 280 150 40 IR (5 × 0.4 kW)
PLA-MB-03 230 240 0.053 11.8 325 150 40 IR (5 × 0.4 kW)
PLA-MB-04 230 240 0.080 17.4 220 150 25 IR (5 × 0.3 kW)
PLA-MB-05 230 240 0.060 14.5 280 150 25 IR (5 × 0.3 kW)
PLA-MB-06 230 240 0.053 11.8 325 150 25 IR (5 × 0.3 kW)
PLA-MB-07 240 250 0.053 11.8 325 150 25 IR (5 × 0.3 kW)
PLA-MB-083 245 260 0.053 7.0 325 150 40 IR (5 × 0.4 kW)
PLA-MB-093 245 260 0.053 7.0 325 150 25 IR (5 × 0.4 kW)
PLA-MB-103 255 270 0,053 6.1 325 300 40 IR (5 × 0.2 kW)
PLA-MB-113 255 270 0,053 6.1 325 300 25 IR (5 × 0.2 kW)
PLA-NV-01 275 295 1.47 25 220 400 40 IR (5 × 0.5 kW)
PLA-NV-02 275 295 1.47 25 325 400 40 IR (5 × 0.5 kW)
PLA-NV-03 275 295 0.72 19 325 400 40 IR (5 × 0.5 kW)
PLA-NV-04 275 295 0.72 19 220 400 40 IR (5 × 0.5 kW)
PLA-NV-05 275 295 0.86 18 220 400 25 IR (5 × 0.5 kW)
PLA-NV-06 275 295 0.43 13 220 400 25 IR (5 × 0.5 kW)
PBS-MB-01 292 290 0.08 25.9 325 500 40
PBS-NV-01 325 330 2.1 19 220 400 40
BioHDPE -MB-01 290 230 0.061 34.0 325 500 40 SAH (165 °C)
BioHDPE -MB-02 290 230 0.031 16.9 325 500 40 SAH (165 °C)
BioHDPE -NV2 345 330 1.3 75 325 400
PP-ref 260 300 0.117 2.0 275 250 40

a1, targeted; *2, no sample collection; 3, end gap additionally adjusted to 1.5 mm. (Note: MB, meltblown; NV, Nanoval; and PP, polypropylene).
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to extreme conditions for a polyolefin (345 °C), the air
amount (up to 440 N m3·h−1) and temperature (up to 365 °C)
were not suitable to take up the melt stream and the capillaries
were clogged by adhesion of outflowing melt. This is also
indicated by the high die pressure (75 bar), which is around 3
times higher compared to PLA and PBS at comparable
throughputs. However, lowering of the throughput did not lead
to improvement of the processability. Also, decomposition of
the polymer inside the extruder was noticeable (strong odor).

In principle, a nonwoven was produced, but with an
inacceptable amount of shots and melt splashes as well as a
high deviation from the target base weight (≫50%).
3.2. Properties of Produced Nonwoven

3.2.1. Morphology. Figure 6 shows the scanning electron
microscopy (SEM) images of the prepared samples.

Scanning electron microscopy (SEM) investigation was
conducted to evaluate the morphologies of the nonwoven PLA,
PBS, and BioHDPE fabrics that were produced using the

Figure 6. SEM images of PLA (a−d) meltblown nonwoven fabric (×500); PBS (e, f) meltblown nonwoven fabric (×100); BioHDPE (g)
meltblown nonwoven fabric (×500); PLA (h, i) Nanoval nonwoven fabric (×500); PBS (×100 (j) and ×500 (k)) Nanoval nonwoven fabric; and
BioHDPE (l) Nanoval nonwoven fabric (×100).
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meltblow and Nanoval techniques (see Figure 6). In Section
3.2.4, we examine the mean fiber diameters and fiber diameter
distributions of the three types of nonwoven fabrics made from
PLA, PBS, and BioHDPE. The images, magnified between
×100 and ×500, reveal a consistent arrangement of PLA fibers
in many layers, exhibiting longitudinal bonding at various
points. This characteristic is evident in both the meltblow
(Figure 6a−d) and the Nanoval method (Figure 6h,i). The
meltblown nonwoven fabrics of PLA demonstrate a character-
istic organization that is three-dimensional and heterogeneous,
including a surface that is smooth in structure. Among them,
the meltblown nonwoven materials shows smooth surfaces,
and it can be attributed to the low viscosity of the polymer.
The viscosity measurements (Figure 4) indicated that the
viscosity range of PLA was the most suitable from the tested
polymer grades for meltblow and Nanoval trials, and it also had
the highest MFR values, indicating good flow properties. The
material melt properties were compatible with process
requirements, making PLA an interesting candidate for
replacing fossil-based plastics in nonwoven applications.

In reality, the fiber distribution in PBS has a random
arrangement (Figure 6e,f), with the fibers not forming a
cohesive web structure. In comparison to PLA, melt properties
such as viscosity and melt flow of PBS were not as optimal for
meltblow or Nanoval processes. The MFR values for PBS (30
g·10 min−1) were much lower than the values of PLA (80 g·10
min−1), predicting more uneasy flow at the spinneret die. As
presented in the viscosity graph in Figure 4, it can be seen that
the viscosity of PBS drops slower as a function of temperature
in comparison to PLA. Reaching the suitable viscosity range for
meltblow and Nanoval processes requires high processing
temperatures (>280 °C), which also causes thermal degrada-
tion on heat-sensitive biopolyesters. Higher viscosity and
uneasy flow at narrow die capillaries together with thermal
degradation most likely contribute to the uneven quality of the
nonwoven web. Consequently, the meltblown material seems
more porous since the polymer flow from the spinneret die
capillaries was not homogeneous. The tested PBS grade did
not show full compatibility with nonwoven processes but it
would have potential in other fiber extrusion processes such as
melt spinning.

BioHDPE (see Figure 6g) had challenges similar to those of
PBS in nonwoven quality. The shear viscosity of BioHDPE is
even higher than that of PBS according to Figure 4. The
applied processing temperatures in Nanoval and the meltblow
process were not high enough to lower the viscosity of
BioHDPE sufficiently to be compatible in these processes.
Also, MFR results showed that BioHDPE had lower flow rates
than PBS or PLA. Thermal degradation does not play a
significant role in BioHDPE extrusion since polyolefins are less
susceptible to thermal degradation and chain scission than
biodegradable polyesters. The most important parameters
affecting the fiber quality in BioHDPE samples are most likely
high viscosity and low flow rate properties. From SEM images,
it seems like the polymer melt has swelled at the die, forming a
built-up and later detached by gravity, resulting in thick and
uneven fibers. Based on results and viscosity analyses, it seems
that the selected BioHDPE grade is not the most optimal
material for nonwovens but could work in fiber and filament
spinning. Supporting Information includes SEM pictures of all
of the nonwoven fabrics produced, ranging from Figures S3 to
S7.

3.2.2. Air Permeability. The concept of air permeability
pertains to the capacity of air to permeate through materials,
and it is a significant aspect that is closely associated with
personal protective equipment (PPE), particularly in the
context of face masks. In the field of nonwoven materials,
the assessment of air permeability is often conducted by
quantifying the air velocity of these materials as they traverse a
defined surface area while adhering to predetermined
conditions and pressures. Figure 7 shows the correlation
between air permeability and fiber diameter.

In general, it can be noted that there is a positive correlation
between fiber diameter and air permeability in the nonwoven
fabric samples (Figure 7). Figure 8 shows a comparison
between meltblow- and Nanoval-produced samples; the trend
is almost the same for both processes.

In general, an increase in fiber diameter tends to result in a
decrease in the surface area of the fibers, thus leading to the
formation of a porous structure. This porous structure allows
for increased air permeability since a greater volume of air can
pass through. Furthermore, the nonuniform distribution of
fiber mass and the increased fiber diameter observed in the
fabric manufactured using Nanoval process procedures result
in greater air permeability compared to the nonwoven fabric
created with MB techniques. To clarify, the Nanoval process
samples have a greater fiber diameter, leading to a reduced
specific surface area and hence yielding enhanced air
permeability in comparison to the meltblown samples, which
possess a significantly lower fiber diameter. The utilization of
PLA-based meltblown fabric results in an increased surface
area of microfibers, which serves as a barrier and contributes to
the reduced air permeability. However, it should be noted that
the thickness of the fabric does not have any discernible impact
on the performance of fabric air permeability. Upon comparing
the thickness numbers in the Supporting Information provided
in Table S1 with the air permeability data depicted in Figure 7,
a clear correlation between thickness and air permeability can
be observed for both MB- and Nanoval-manufactured
nonwoven fabrics.

3.2.3. Tensile Strength. Meltblown nonwovens are widely
recognized for their composition of ultrafine fibers that are
interlocked and possess porous and volumetric structural
attributes. Both structures contribute to the enhancement of

Figure 7. Air permeability vs median fiber diameter of all samples.
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the tensile strength in meltblown nonwovens. During the
stretching process of meltblown nonwovens, the application of
tensile tension initially results in fabric narrowing, causing the
fibers to compress against one another. Following this, the
tensile force is transferred to the points of bonding, and once
the bonding points reach their maximum load-bearing capacity,
they undergo separation. The occurrence of an equilibrium
phase is often observed when the tensile fracture of fibers and
the disintegration of bond points are counterbalanced by the
introduction of new fibers and bond points. Ultimately, the
meltblown web undergoes destruction, resulting in a
subsequent decline in its strength. The present study involves
a comparative analysis of the tensile strengths of PLA samples
with varying areal densities, as shown in Figure 9a. In general, a
negative correlation was discovered between the tensile
strength and the median diameter of fibers in PLA nonwoven
fabric with a weight of 25 gsm. In other words, a decrease in
diameter corresponds to an increase in strength, which this is
due to the increased bonding points; in addition, a similar
trend was also observed on the modulus (Figure 9b).

There are three data points for 25 gsm (orange) at nearly
the same fiber diameter (Figure 9a), for instance, the process

temperature: 240 °C: 5.1 MPa; 245 °C: 2.3 MPa; and 255 °C:
1.7 MPa. This was the temperature to obtain finer fibers by
further enhancing the melt temperature. It can be clearly seen
that the (i) fiber diameter could not be further reduced and
(ii) the tenacity was decreasing significantly. The reasons for
(ii) might be the degradation due to temperature (T > Tdecomp.
of PLA) and the material/fibers) being too hot when landing
on the conveyor. Perhaps, no further process temperature
increases make it possible to further lower the fiber diameter
by lowering the viscosity (as it can be done with PP (up to 300
°C, reaching diameters <1 μm)).

3.2.4. Normalized Width of Fiber Diameter Distribu-
tion. Most performance attributes exhibited by nonwovens,
particularly in the context of filtration, absorbency, and related
properties, are primarily influenced by the fiber diameter and
solidity. These structural elements play a crucial role in
determining the desired properties of nonwoven fabrics,
requiring their cautious control.12 Typically, a decrease in
fiber diameter and the attainment of a homogeneous
distribution within webs can lead to an increase in surface
area and porosity. Consequently, the present work employed
high-resolution optical microscope pictures to ascertain the

Figure 8. Air permeability vs median fiber diameter in meltblow (a) vs Nanoval (b).

Figure 9. Tenacity (MD) (a) and modulus (MD) (b) vs median fiber diameter for the PLA meltblown.
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normalized fiber width characteristic and diameter distribution
of the nonwoven fabrics made using meltblow and Nanoval
techniques, as illustrated in Figure 10. The PLA and PBS
samples were compared, and it was seen that the PLA
meltblown samples had a better orientation (Figure 10a,b)
compared to their Nanoval samples.

In general, it was noted that a significant quantity of fine
fibers, ranging from 2 to 6 μm, was present on the surface of
the meltblown PLA fiber web (see Figure 10a). In another
investigation, when the process was adjusted, a significant
quantity of submicron and micron fibers ranging from 0.5 to 2
μm was observed (see Figure 10b). By considering this
distribution, it is possible to make certain conclusions

Figure 10. Fiber diameter distribution of meltblown PLA (1000×) (a), meltblown PLA (1000×) and surface morphology of PLA (inside) (b), and
PBS from Nanoval (×1000) (c).
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regarding the improvement of tensile strength (Figure 9a),
filtration, and other associated properties. On the fiber,
distribution of PBS exhibits a scattered pattern, characterized
by the presence of both thick and thin fibers that are spread
across the range of 0.5−10 μm, as seen in Figure 10c.

Hence, it is expected that PLA polymers with varying melt
rheologies, elevated glass-transition temperatures (Tg), and
slower crystallization rates would exhibit significant variations
in their behavior throughout the meltblowing manufacturing
process. The outcomes seen in the polymer melt strand
processing are a result of intricate interactions among the
polymer melt, processing conditions, and the inherent qualities
of the polymer, such as its melt rheology and crystallization
behavior. These factors play a crucial role in determining the
outcome of the fabric properties.

4. CONCLUSIONS
Nonwoven textiles were successfully fabricated utilizing the
meltblow and Nanoval method on poly(lactic acid) (PLA),
poly(butylene succinate) (PBS), and biobased high-density
poly(ethylene) (BioHDPE) polymers, addressing environ-
mental concerns related to traditional petroleum-based
plastics. Overall, the PLA demonstrated the best processability
among the selected polymers, and in terms of technology, the
meltblown process proved more suitable than the Nanoval for
PLA as it achieved finer diameters and more homogeneous
processing. In the case of PBS, the higher process temperatures
(>245 °C) were counterproductive, and this made it difficult
to achieve the expected fabric properties. The PLA had the
most suitable rheological properties (low shear viscosity) for
nonwoven processes without the need to increase process
temperatures close to the degradation point.

Meanwhile, BioHDPE shows high viscosity, making it quite
challenging to produce using the selected processing
techniques. Perhaps, this can be achieved with a suitable
grade. On the contrary, the meltblow process is feasible but
results in limited variability and a high resulting diameter
range. In addition, the spunbond process will be more suitable
to create the desired properties in this diameter range. It is
noteworthy that the PBS performs better in the Nanoval than
in the meltblow as the air can “act” stronger on the individual
fibers. Due to the limited availability of commercial
biopolymers for nonwoven applications, there are not many
PBS or BioHDPE grades with viscosities matching the
requirements of meltblow processes. For their successful use
in such applications, more development work is needed to
tailor their polymer chemistry toward high-melt-flow and low-
viscosity products.

The fiber diameter is the primary factor influencing the
characteristics of the fabric, such as filtration, permeability, and
tenacity, in most applications. It was observed that a substantial
amount of fine fibers, measuring between ∼1.5 and 6.0 μm,
was found on the surface of the meltblown PLA fiber web. PLA
polymers are expected to exhibit significant differences in
performance compared with PBS and BioHDPE during the
meltblown manufacturing process. These differences are
attributed to variations in melt rheology, higher glass-transition
temperature (Tg), and slower crystallization rates of PLA
polymers. Furthermore, PLA polymers are anticipated to have
better processability in comparison to PBS and BioHDPE.

This paper offers valuable insights into the suitability of
different processing methods for fabricating nonwoven textiles
using biobased polymers. It compares the meltblown and

Nanoval methods, highlighting the advantages and challenges
associated with each technique. It also covers the impact of
polymer properties on fabric characteristics and concludes with
a discussion of the environmental implications and alternative
solutions. The present single-use masks, which are non-
renewable and nonbiodegradable, pose a threat to the
environment due to the production of harmful microplastics.
Currently, biopolymers are not widely utilized in such
applications; this paper promotes the use of novel biomaterials
in such applications. This study shows a proof of concept that
biobased and compostable thermoplastic polymers such as
PLA and PBS have the potential to be environmentally benign
alternatives to polymers like PP in nonwoven applications.
Investigating alternate biobased materials for meltblown
nonwoven fabrics in personal protective equipment (PPE)
has the potential to tackle environmental concerns. An ongoing
investigation is being performed to investigate the filtering
effectiveness of fabric manufactured using three distinct
polymers.
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