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Abstract
In the case of exposure to inhalation of pathogenic microorganisms, it is necessary to use
filtering respiratory protective equipment (FRPE). When this problem concerns the sphere
of non-professional use it is important to ensure the disposal of waste equipment in an
environmentally safe way. The use of biodegradable nonwovens with biocidal properties in
the construction of FRPE could be a good solution to this problem as their degradation time
is short in comparison with traditionally used polypropylene. Bioactivity of the nonwoven
would ensure the elimination of biological contaminants collected within the filtering material.
However, due to the biodegradability, the properties of such materials might change during
use. At the same time there are no testing procedures allowing the evaluation of protective
parameter changes during the use and storage of FRPE made of biodegradable polymers.
The aim of this study was to determine the effect of temperature, simulated breathing and
storage conditions on the filtration efficiency of biodegradable bioactive filters prepared
by melt-blowing from poly(lactic) acid polymer modified with biocidal agent. The results
showed that elevated temperature greatly affects the filtration efficiency of biodegradable
filters. A statistically significant decrease in the filtration efficiency after breathing simulation
and storage was also observed.
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nium microbiocides) deposited on two
mineral carriers, i.e. bentonite and perlite
[5-7]. The research was focused on the
application of modified nonwovens as
construction materials for the production
of FRPE for professional use. Powdered
biocides were introduced into the stream
of semi-plastic fibers during the production of nonwovens in the melt-blowing
process [1]. It was shown that biocidal
activity of the modified nonwovens differed depending on the type of carrier
that was chosen.

Introduction
Due to the growing problem of human
exposure to harmful biological factors
connected with professional activities
and the potential danger of occurrence of
epidemics of infectious diseases or terrorist attacks, it is necessary to improve
the properties of individual protective
equipment [1-4]. Numerous studies have
been carried out in the area of functionalization of nonwoven materials for the
construction of filtering respiratory protective equipment (FRPE). One of the
most interesting functionalization trends
is the development of the biocidal properties of filtering nonwovens. Research in
this area has been carried out in two main
directions i.e. the selection of suitable
biocidal agents and preparation methods
of nonwovens for filtration applications.
Early works in this area were related to
the use of a biocidal agent (alkylammo-

More and more often, FRPE is used
for protection of the respiratory tract in
non-professional use. In this case, it is
especially important that the equipment
disposed does not pose a threat to humans and the environment. To address
this issue, the use of biodegradable nonwovens with biocidal properties in the
construction of FRPE was considered
[8-10]. Regardless of biodegradability,
such nonwovens should meet simultaneously two very important criteria. On
the one hand they should have high filtration efficiency of bioaerosol particles
with a relatively low value of air flow
resistance, and on the other hand they
should present good biocidal properties
[4,11,12]. Numerous attempts to functionalise filtering nonwovens have been
undertaken to obtain the ability to inhibit
the development of microorganism within FRPE during its use in the workplace.

Due to the complexity of environmental conditions in which FRPE is used,
special attention should be paid to such
characteristics as microclimatic conditions, estimated service life and type of
microbiological hazards when the equipment is designed [4,13,14]. Works related to the production of nonwovens with
biocidal properties have been carried out
mainly with a focus on their application
in disposable FRPEs [1,8,15], but some
studies indicate that their use could be
even more advisable in the construction
of reusable FRPE. This possibility results
from the provisions included in the EU
norms that are unified with the 89/686/
EWG Directive [16]. In the case of reusable equipment, it is important to make
sure that there will be no change in the
level of protection during the many cycles of its use [4]. These properties must
be verified on the basis of laboratory tests
carried out under conditions that simulate the assumed application of FRPE
[13,14]. This is particularly important
when biodegradable polymers, such as
poly(lactic) acid (PLA), are used for the
production of filtering nonwovens because they are naturally prone to degradation, which may affect their efficiency.
The first works regarding the processing
of biodegradable polymers by melt-blowing were conducted by Müller and Krobjilowski [17]. They showed that PLA
can be processed over a wide range of
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temperatures. Relatively fine webs with
average fibre diameters of approximately
10 µm were produced, although the web
structures were found to be vulnerable
to brittle fracture. The relationships between the processing parameters, i.e. hot
air temperature and die to collector distance, and the filtration performance of
PLA were explored in [18]. The filtration
efficiency decreased with an increase in
air temperature and the width of the air
gap. In normal use, PLA fibers are relatively resistant to environmental conditions. However, in specific conditions of
high temperature and elevated humidity,
typical for the composting of waste products, PLA fibers are completely degradable. Their disintegration takes place by
hydrolysis, followed by bioconversion
into H2O and CO2.
FRPE is usually stored at normal temperature and humidity conditions, but during
use it is subjected to substantial amounts
of heat and moisture from the wearer’s respiratory system. Then inside the
equipment a specific microclimate similar to the one within the compost occurs.
These conditions should be taken into
account when designing materials for the
construction of FRPE. Another important
aspect should also be emphasized before
a new FRPE could be introduced to the
market of the European Union. According to the harmonized standards of Directive 89/686/EEC [16] it is necessary
to perform thermal conditioning and simulated breathing conditioning before and
after evaluation of the effectiveness of
filtration of such equipment.
So far, all of the nonwoven fabrics used
in the construction of FRPE have been
made of PP, which is resistant to the impact of high humidity and temperature.
PLA as a degradable polymer may not
provide the same level of stability, especially in a humid environment. The same
may apply to the effects of high temperatures, especially in procedures to simulate the accelerated aging of nonwovens,
in order to determine the shelf life of
the FRPE. Currently there are no testing
procedures allowing the evaluation of
changes in protective parameters during
the use and storage of biodegradable
FRPE. Thus the aim of this study was to
determine the effect of temperature, simulated breathing and storage conditions
on the filtration efficiency and breathing
resistance of biodegradable bioactive filters prepared by melt-blowing from PLA
polymer modified with a biocidal agent.
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Experimental
Materials
Biodegradable bioactive nonwovens were
produced using a melt-blown technique
from PLA 6202 D polymer (NatureWorks,
LLC, USA). A powdered biocidal agent
(anhydrous mixture of perlite and active
substances) with grains of 50 µm in diameter was dosed centrally and symmetrically
into the fibre-forming head [1,19]. It was
added to the molten PLA in the amount of
10% by weight to that of the granulate. Parameters of the production of melt-blown
nonwovens were as follows: temperature
of extrusion zones I and II: 270°C, head
temperature: 210°C, air flow veloci�ty: 8.8 m3/h, polymer flow: 4.0 g/min,
and the distance between the collector and
fiber-forming head: 300 mm. In order to
improve the filtration efficiency of bioaerosol particles of the filtering material,
corona discharge was used (discharge
voltage 30 kV). On average, the surface
weight of nonwoven fabric samples was
102 g/m2 ± 10% and the thickness was
2.1 mm ± 10%.
The filtration efficiency of the bioactive
biodegradable nonwovens against gram
positive (S. aureus) and gram negative
(P. aeruginosa) bacteria was 99%, and
the survival rate of the microorganisms
after 2 hours was 0% [20]. The study was
conducted according to methodology developed based on the AATCC 100-2004
standard [21]. The degree of degradation
was determined according to a procedure
developed by the Institute of Biopolymers
and Chemical Fibres (IBWCh Poland)
based on the EN 14045:2003 [22], EN
14806:2005 [23] and ISO 20200:2004 [24]
standards. The total degradation of the nonwovens in organic compost in an aqueous
medium was observed after 8 weeks.

procedures were developed based on European standards [16,25] relating to the
performance of FRPE.
To assess changes in filtration efficiency
due to elevated temperature, filters were
conditioned for eight hours in a dryer
(VD 53, Binder, Germany) at temperatures of 30°C, 40°C and 50°C, and then
stored at normal conditions for 16 h.
After that the filtration efficiency of paraffin oil mist was measured using test
stana cosnisting of an aerosol generator
AGW-F/BIA (Lorenz Messgerateban,
Germany), an aerosol photometer AP2E
(Lorenz Messgerateban, Germany).
The results were related to the filtration
efficiency determined for nonwovens not
subjected to the conditioning. To reflect
changes in the structure of the PLA fibers
under the influence of elevated temperature, scanning electron microscopy images of selected samples were taken with
a VEGA 5135 MM microscope (Tescan,
Czech Republic).
Breathing simulation was carried out on
a test stand that consisted of a breathing
machine, set to 25 cycles per minute and
2.0 litres per stroke, a Sheffield dummy
head, on which the FRPE was mounted,
and a saturator located in the exhalation
line between the breathing machine and
the dummy head. The temperature of air
exhaled from the mouth of the dummy
head was 37±2°C. Filtration efficiency was measured after 8 h of breathing
simulation and 16 h of storage in normal
conditions. Breathing simulation cycles
were repeated for 2, 3, 4 & 5 days for the
same filter samples, which corresponded
to 5 days of use of the reusable FRPE.
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where 𝐹𝐹𝐸𝐸 𝑖𝑖 and 𝐹𝐹𝐸𝐸𝑗𝑗𝑖𝑖 are the filtration efficiencies of the sample 𝑖𝑖 before and after
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Figure 1. Influence of thermal conditioning on protective properties of filters: a) filtration efficiency of paraffin oil mist, b) change in the
relative filtration efficiency.
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Figure 2. SEM images of fibers: a) before thermal conditioning, b) after thermal conditioning at 40°C, c) after thermal conditioning at 50°C.
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decrease was observed for 50 °C. Statistical analysis showed changes in the
in relation to the reference nonwoven, due to the thermal conditioning, at a

the most rapid decrease in filtration efficiency was observed for 50°C while Tg
was approximately 55°C, which suggests
that the degradation of fibers could occur.
Nevertheless, changes in the fiber structure caused by degradation of the fibers
should be confirmed by thermogravimetric analysis at static conditions.
Another cause of the change in the filtration efficiency of the material could have
been the deformation of the fibers during
thermal conditioning resulting from the
relaxation of stresses generated in the
fibers during their blowing. This may
be indicated by a significant shrinkage
of samples conditioned at 50°C – the diameter of the sample was reduced from
0.1 m to 0.086 m. On the other hand individual fibers can adhere to one another, causing the formation of regions with
higher or lower porosity within the nonwoven structure. Both of these phenomena could cause an increase in the average
fiber diameter, which decreases the filtration efficiency [28].
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Figure 3. Influence of breathing simulation cycles on protective properties of filters: a) filtration efficiency of paraffin oil mist, b) change
in relative filtration efficiency.
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Figure 4. Influence of storing time on protective properties of filters: a) filtration efficiency of paraffin oil mist, b) change in relative filtration
efficiency.

A decrease in filtration efficiency can
also result from the electrostatic decay
of corona-charged nonwovens at ambient
and elevated temperatures, which was
previously discussed for polypropylene
by Tsai et al. [29]. The rate of charge decay was higher for elevated temperatures,
which is consistent with the test results
reported.
Breathing simulation cycles’ influence
The impact of breathing simulation cycles (BS) on the filtration efficiency of
paraffin oil mist for the samples tested
are presented in Figure 3.
The dependence of the filtration efficiency on the number of breathing simulation
cycles can be described as a linear function. The solid line in Figure 3.a corresponds to the regression model, with the
parameters resulting from the minimiza-
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tion of the sum of square errors. The corresponding coefficient of determination
R2 = 0.9577 indicates a good quality of
fit. Statistically significant differences
between the filtration efficiency after
subsequent breathing simulation cycles
compared to the reference nonwoven
were observed based on one-way analysis of variance ANOVA at the significance level 0.05.
Polymeric materials can react with water according to two mechanisms: mechanical absorption and desorption of
water as well as through chemical reactions e.g. hydrolysis. In the case of
the research conducted, it is likely that
both phenomena occurred. This is due to
test procedures that simulate the use of
FRPE during its normal use in the workplace, during which alternating drying
and wetting of the filter material occurs

[30]. Since the use of the equipment over
a prolonged period of time leads to the
accumulation of water in the filtering
material, it can be assumed that the PLA
fibers forming the nonwoven filter are
constantly exposed to hydration. This,
in turn, may lead to intense water absorption, resulting in an increase in fiber volume. Therefore it is reasonable to
assume that during the breathing simulation, the swelling of fibers occurs, resulting in a decrease in filtration efficiency.
Only a slight change in air flow resistance was observed after 5 cycles of simulation (less than 1%), suggesting that
changes in the structure of the nonwoven
due to the breathing simulation cannot
be uniform because in such a case the
breathing resistance would increase proportionally to the filtering efficiency. Another factor contributing to the decrease
in filtering parameters of samples after
FIBRES & TEXTILES in Eastern Europe 2017, Vol. 25, 1(121)

breathing simulation may be the gradual
decay of electrostatic charges caused by
elevated humidity and the temperature of
the passing air [29,31].
Storage influence
Figure 4 presents changes in protection
parameters of filters influenced by storage conditions.
The dependence of the filtration efficiency on the storage time could also be
described as a linear function. The solid
line in Figure 4.a corresponds to the linear regression model with the coefficient
of determination R2 = 0.9447, indicating
a good quality of fit. Such data for the
representative number of samples from
the production series of filters chosen
could be easily extrapolated in order to
assess the loss rate of the protective parameters of FRPE. The research showed
that the change in the filtration efficiency of biodegradable bioactive filters is
substantial, which imposes serious limitations on the shelf life of that type of
FRPE. This may be partially due to the
gradual neutralization of electric charges of corona charged PLA nonwovens,
which can be accelerated by the hydrophilic nature of the PLA fibers [32]. To
assess whether it is feasible to use such
materials in the construction of filtering
respiratory protective equipment, further
research is needed. In particular, the effect of the temperature and humidity of
storage on the protective properties of
the equipment over a long period of time
should be evaluated.

Conclusion
Elevated temperature and high humidity
greatly affect the filtration efficiency of
bioactive biodegradable nonwoven fabrics. Therefore when modeling FRPE,
this aspect should be a primary criterion
for the selection of filtering layers and
their configuration. Thus the initial value of filtration efficiency should be well
above the limit value for each protection
class of FRPE defined in the appropriate
standards.
The test results described in the paper
can be useful to determine the range of
use of FRPE, as well as the conditions
and time of storage. The greatest impact
on reducing the filtration efficiency of
FRPE was observed in the case of breathing simulation cycles. This indicates that
the equipment made of biodegradable bioactive nonwovens should be disposable.
FIBRES & TEXTILES in Eastern Europe 2017, Vol. 25, 1(121)

In addition, in the instructions of use,
the manufacturer of FRPE shall specify
the exact time and conditions of storage,
taking into account the degree of loss
of protective properties of the filtering
material. Given the influence of thermal
conditioning on protective properties of
the filters, it can be concluded that the
equipment should not be recommended
for use in a hot and humid microclimate
(e.g. mining, metallurgy).
Regardless of the limitations associated
with the use of biodegradable polymers,
further research on their application in
the production of fibrous materials is
needed due to the limited availability of
fossil fuels and care for the environment.
Constant improvement of modification
methods indicate future directions of research on new biodegradable nonwovens
with a wide range of applications. At the
same time, it is important to remember
that any new material intended for the
construction of FRPE should be assessed
in terms of durability in conditions of its
actual use before placing on the market
to assure its full functionality in working
conditions.
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Institute of Biopolymers
and Chemical Fibres
Laboratory of Microbiology
ul. M. Skłodowskiej-Curie 19/27, 90-570 Łódź, Poland

Tests within the range of textiles’
bioactivity - accredited by
the Polish Centre of Accreditation
(PCA):

AB 388

n antibacterial activity of textiles PN-EN ISO
20743:20013
n method of estimating the action of microfungi PN-EN 14119:2005 B2
n determination of antibacterial activity of
fibers and textiles PN-EN ISO 20645:2006.
n method for estimating the action of microfungi on military equipment
NO-06-A107:2005 pkt. 4.14 i 5.17

Tests not included
in the accreditation:
n measurement of antibacterial activity on
plastics surfaces ISO 22196:2011
n determination of the action of
microorganisms on plastics PN-EN ISO
846:2002

A highly skilled staff with specialized education
and long experience operates the Laboratory.
We are willing to undertake cooperation within
the range of R&D programmes, consultancy and
expert opinions, as well as to adjust the tests
to the needs of our customers and the specific
properties of the materials tested. We provide
assessments of the activity of bioactive textile
substances, ready-made goods and half products in various forms. If needed, we are willing
to extend the range of our tests.

Head of the Laboratory: Dorota Kaźmierczak Ph.D.,
phone 42 6380337, 42 6380300 ext. 384,
mikrobiologia@ibwch.lodz.pl or ibwch@ibwch.lodz.pl
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