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Abstract: The flow of air and aerosol particles through the filtering half masks
material depends on the structure porosity. It is very difficult to determine the
behaviour of the filtering material during the process of extraction and ret-
ention of aerosols. The samples of five filtering half mask models were used in
this investigation. Dynamics of the aerosol filtration through the filtering mat-
erials was tested using a method for testing the leakage of aerosol particles
through the filtering material and a method for testing the inhalation resistance
of filtering material, both specified in the SRPS EN 149:2013. Recording of the
structural changes in the samples of the tested materials was carried out by the
technique of scanning electron microscopy. The experiments showed a devi-
ation of the results in relation to the theory of filtration the finely dispersed
submicron sized particles. It was concluded that the aerosol leakage through
the filtering half masks and their resistance to aerosol flow change depend on
the aerosol flow rates and the on filtration process duration, as a direct conse-
quence of the newly-made changes in the structure of the filtering material and
due to reversibility effect between the filtration process and the changes in the
filtering material.

Keywords: filtration dynamics; structure porosity; fiber properties; scanning
electronic microscopy.
INTRODUCTION

Filtering half masks are the personal means of respiratory organs protection,
which are used in addition to other preventive measures to protect human health
in case of epidemics and pandemics, in accordance with the recommendations of
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the World Health Organization (WHO)."” These are designed to be used pri-
marily for the following purposes:

— to limit the spread of infectious respiratory secretions of infected people,

— to prevent accidental contamination of patients’ wounds from microorg-
anisms normally present in mucus and saliva of health care personnel,

— to protect health care personnel against splash of blood or body fluids of
patients.>”

With the scientific knowledge spread in the second half of the 20th century
the progress in the development of respiratory protection means also flowed,
primarily in the direction of increasing the degree of their characteristics, in order
to make a flawless filtering half mask. ¢ Ideality always reflects the maximum
use of the existing resources within a system, both external as well as internal,
thereby increasing the use value of the product, i.e., product’s purpose.’

Recent advances in the technology of nanofibers allow their usage for the
filtering purposes.®!' This is especially featured for the synthetic nanomaterial
fibers with a diameter of 10 to 200 nm, which can be used for making a pleated
filtering medium of high density, a small pore size and a large adsorption surface
area. Even though all of the above mentioned is a fact, there still is more room
for exploring, since the flow of the air and aerosol particles through a filter mat-
erial represents a complex, dynamic system with a large number of small currents
passing through the channels between the fibers.'?

The direction and the shape of the currents are changing during the filtration
process, depending on the irregularities of the fibers distribution in the filtering
material, provided that the aerosol dimensions do not exceed the size of the chan-
nels between the fibers. Precisely this kind of fiber distribution causes the struc-
ture porosity with different distances between the fibers." Since the flow of the
air which carries the aerosol particles has a laminar character in the inter-fiber
channels, such filtering material actually represents a system of the inter-fiber
capillaries.'* Due to many time-varying factors of a complex and dynamic nature,
in such a system there are forces of internal friction expressed by: the resistance
required for their overcoming, and the resistance coming from the precipitated
particles. Therefore, it is very difficult to determine the behaviour of the filtering
material."

In order to determine the above mentioned, numerous tests of the filtering
materials were conducted — regarding their resistance and the aerosol particles
permeability, caused by different aerodynamic particle diameters at different
speeds and different humidity levels.'®"* All of them show that a large number of
submicron-sized particles easily penetrate the filter at higher flow rates, yet, con-
tribute very little to the total mass of the penetrating particles. The number of
bio-aerosol particles that penetrate the filter is crucial for assessing the occur-
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rence of health problems, while the impact of the non-biological aerosols usually
depends on the total mass of the particles.

However, there is no data in the literature on how the filtering material struc-
ture changes, depending on the flow of aerosols and on the duration of the fil-
tration process and how the resulting changes impact the filtration process in a
cause and effect manner.

The aim of this study is to assess the impact of the aerosols flow and expo-
sure time on the structural changes in the filtering material, in order to assess the
behaviour of filtering material during extended periods of exploitation.

EXPERIMENTAL
Materials

The nine samples of all five filtering half mask models were used in this investigation:
epidemiological masks antimicrobial (EM1), epidemiological masks with “nano” filter (EM2)
and surgical masks (HM1, HM2 and HM3). Models marked EM1, EM2 and HM1 are pro-
ducts of “9™ September”, Republic of Serbia; model marked HM2 is a product of the
“Sanger”, Federal Republic of Germany, and the model HM3 a product of the “Van Oostveen
Medical B. V. — Romed”, the Netherlands.

Methods

Dynamics of aerosol filtration through the filtering materials was tested in a specific
testing atmosphere, using the method for testing the leakage (permeability, P) of the aerosol
particles through the filtering material and the method for testing the inhalation resistance,
both specified in the SRPS EN 149:2013."

The test method of leakage through the filtering material is based on the principle of
leakage of NaCl aerosol through a filtering medium, whereby the concentration of this aerosol
is measured before and after the test sample by the flame photometry method. Precise leakage
determination (P) is possible in the area of penetration from 0.0001 to 100 %.

Leakage of particles through the filtering material P (%) is calculated by the equation:

P=10022
a
where: ¢; — the concentration of NaCl aerosol in front of the test sample [mg/m3], ¢, — the
concentration of NaCl aerosol behind the test sample [mg/m’].

Since the testing device is connected to a computer, the software calculates the value of
testing, and the test result is read from the display.

The method of testing the inhalation resistance of the filtering medium is based on the
principle of leaking the air of a certain flow through the medium, horizontally, in the direction
of inhaling, and measuring the pressure differences in front of and behind the filtering
medium. The results are read directly from the manometer and then recorded.

Testing was conducted through the following steps. A sample of filtering half mask was
hermetically connected to the filtering medium disposition (shown in Fig. 1). Then the samp-
ling probe for leaked aerosol was attached. After that, the inlet for the test aerosol to the test
chamber was turned on. Using nebulizer Type Collison (manufacturer BGI, USA), a polydis-
persion solid aerosol of concentration ¢, = 8 mg/m’ was produced from 1 % aqueous NaCl
solution (characteristics of the polydispersion solid aerosol:particle diameter dp = 0.02-2.0
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pm, median particles per mass MMD = 0.60 um, median particle by NMD = 0.03 pm, geo-
metric deviation ¢, = 2.53; the geometric particle distribution was determined by an electrical
particle analyzer EAA-3030 (manufacturer of TSI, USA). The desired flow of the test aerosol
(30 or 95 dm*/min) was adjusted using the flow meter, so that the test aerosol could conti-
nuously flow through the protective device. The concentration of the aerosol is measured in
front of and behind the test sample by a flame photometer type 1100 (manufactured by
Moores (Wallisdown) LTD, UK). It was measured for 30 min, every 5 min from the begin-
ning of the test.

Simultaneously, the filtering medium resistance to the applied aerosol flow was mea-
sured. It was done by a manometer which was connected to the testing apparatus. Once a
constant value was reached, the resistance result was recorded.

Fig. 1. Testing chamber with a sample of a fil-
tering half mask.

Upon the tests completion, the samples of the tested materials were scanned using the
scanning electron microscopy (SEM) technique to determine the changes in the structure of
the filtering materials, caused by the different flow rates of the aerosol and the duration of the
filtering process. The characterization was performed using the scanning electron microscope
model JSM-5800 (manufactured by the JEOL company, Japan).

RESULTS AND DISCUSSION

The results obtained by the experimental tests of aerosol leakage (P) and
inhalation resistance (p), are all shown in Figs. 2 and 3 and in Tables S-1 and S-2
of the Supplementary material to this paper. The presented results are the average
values of nine parallel measurements, with the variation less than 30 %.

As opposed to the theory of filtration of finely dispersed submicron-sized
particles,'>" the results of leakage at various flow rates in all investigated models
of filtering half masks are considerably lower at a higher flow rate, indicating
that the inward leakage through the filtering half masks decreases with the inc-
rease of the volumetric aerosol flow rate. This phenomenon can be explained as a
result of two parallel processes:

— at higher aerosol flow rates, for the same period of time, a homogeneous
layer of the particles is formed faster, due to the particles accumulation by the
inertia mechanism on the filtering material fibers, thus increasing the obstacle
thickness,
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— at higher aerosol flow through the relatively small filtering area of the
filtering half masks, the higher sub-pressure occurs due to the flow, due to which
the filtering material fibers get compacted.
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Fig. 2. The leakage values of the filtering material samples depending on the time, at the test
aerosol flow of 30 and 95 dm’ / min (indicated by an asterisk).
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Fig. 3. The resistance values of filtering material samples depending on the time, at the test
aerosol flow of 30 and 95 dm’ / min (indicated by an asterisk).

The above mentioned processes reduce the porosity of the filtering material
(pore size between the fibers) and increase the active filtration area of the fil-
tering material in relation to the volume of air flowing through it. These struc-
tural changes result in decrease of the inward leakage of the filtering medium

with a certain resistance increase.

Available on line at www.shd.org.rs/JSCS/

(CC) 2018 SCS.



468 IVANKOVIC et al.

The longer a filtering process is timewise, the more homogeneous layer of
particles is being formed, which depending on the size, produces a higher or
smaller resistance increase to the aerosol flow. The SEM images of the filtering
material samples (Figs. 4-8) were made before and after testing. They show
changes in the structure of the material, based on which conclusions about the
mentioned processes can be drawn.

() (b)
Fig. 4. SEM image of the filtering material in the model EM1 (enlarged 1000x): a) the pure
filtering material, b) after testing (acrosol flow 30 dm®/ min), and c) after testing (aerosol flow
95 dm’/ min).

(b)
Fig. 5. SEM image of the filtering material in the model EM2 (enlarged 1000x): a) the pure
filtering material, b) after testing (aerosol flow 30 dm’/ min), and c) after testing (aerosol flow

95 dm’/ min).

(@

Fig. 6. SEM image of the filtering material in the model HM1 (enlarged 1000x): a) the pure
filtering material, b) after testing (aerosol flow 30 dm®/ min), and c) after testing (acrosol flow
95 dm®/ min).
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(a)
Fig. 7. SEM image of the filtering material in the model HM2 (enlarged 1000x): a) the pure
filtering material, b) after testing (acrosol flow 30 dm®/ min), and c) after testing (aerosol flow
95 dm®/ min).

(b)

Fig. 8. SEM image of the filtering material in the model HM3 (enlarged 1000x): a) the pure
filtering material, b) after testing (aerosol flow 30 dm’/ min), and c) after testing (aerosol flow
95 dm’/ min).

The test results and the SEM images of the tested samples indicate the
significant differences between filtering half mask models when it comes to the
changes in leakage and resistance depending on the test aerosol flow and the test
duration. The similarity of the filtering structure behaviour for the EM1 and EM2
models may be noticed, as well as for the HM1 and HM2 models. Of all the
tested half masks, the HM1 and HM2 models show the minimum initial leak and
the greatest difference in the value of leakage at different flow rates, as well as
the highest increase in resistance during continuous testing time. Considering all,
the half mask samples marked as HM1 and HM2 showed the best characteristics
for usage.

The SEM images show a direct effect of the mutual coupling of the duration
time and flow rate of the aerosol filtering on the structure changes of the filtering
material, whereby it can be observed that the structural changes are more pro-
nounced at higher flow rates of the testing aerosol — at lower flow rates the
changes in the structure happen more uniformly. From a practical point of view
this means that for a detailed examination of the qualitative characteristics of any
kind of the filtering mediums, it is necessary to test simultaneously the filtering
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material on inward leakage and resistance changes, related to the filtration dur-
ation at different flow rates of the testing aerosol.

CONCLUSION

It has been concluded that the leakage is considerably lower at a higher
aerosol flow in all tested models of filtering half masks, contrary to the filtration
theory of finely dispersed submicron-sized particles.

This can be explained by the changes in the structure of the filtering material
- decrease of porosity and increase of the active filtration area, due to the form-
ation of a homogeneous layer of particles during their accumulation on the fibers
(due to inertia mechanism) and the fiber compaction (due to higher negative pres-
sure at higher aerosol flow rates).

The SEM analysis of the filtering material samples has shown that structural
changes are more pronounced at higher aerosol flow rates, i.e., that the changes
in the structure take place more uniformly at lower aerosol flow rates.

According to all presented, it can be concluded that the aerosol leakage
through the filtering material of the filtering half masks and their resistance to
aerosol flow are changing in relation to the aerosol flow rates and the filtration
process duration. The above is a direct consequence of the changes in the struc-
ture of the filtering material, because the created changes have reversible influ-
ence on the filtration process itself.

SUPPLEMENTARY MATERIAL

The results of experimental tests of aerosol leakage are available electronically at the
pages of journal website: http://www.shd.org.rs/JSCS/, or from the corresponding author on
request.
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H3BOJ
YTULIAJ ITPOTOKA AEPOCOJIA U BPEMEHA EKCITIO3ULIMJE HA CTPYKTYPHE
I[MTPOMEHE Y MATEPUJAJIY ®UJITPUPAJYRUX ITOJIYMACKH

HETOBAH UBAHKOBHUR', IYILIAH PAJUR? PAIOBAH KAPKAJIUR', TYIIIAH JAHKOBUR',
YKEJbKO PAIOBAHOBUWR? u CTEBAH CTYIIAP®

1YHueep3uu76w ogbpane y Beoipagy, Bojua axgemuja, ITasna Jypuwuha Iliwypma 33, 11000 Beoipag,
ZYHueepsumew y Beoipagy, Hnogayuonu uyenitiap Texnonowxko—metmanypwxoi paxyniieia, Kapueiujega 4,
11000 Beoipag u 3YHueep3uu7€m y Beoipagy, Texnonowxo—metnanypuxu Qaxyniieii, Kapueiujesa 4,
11000 Beoipag

Crpyjame Basfyxa U aepOCOTHHUX YeCcTHIa Kpo3 Marepdjan GuaTpupajyhux momymacku
YCII0B/bEHO je moposHowhy cTpyktype. TokoM Iponieca M3fBajama YU 3afip)KaBama 4YecTUla
aepocosa, Beoma je TeLKO OJPeNUTH NoHalame Guitpupajyher matepujana. Y HCIUTHBAY
cy kopuirheHu y3opuu met moperna duirpupajyhe momymacke. [JuHamuka uitpupama
aepocona y (uITpupajyhuM marepujaiuma je UCIUTHBAaHA KOpUIIhemeM METOAe 3a MCIHU-
THBame MpOoINyliTaka Kpo3 GuiTpupajyhu Marepujan U METOfie 3a UCIIUTHUBAKE OTIOpa NpH
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vcawy, nponucanum y CPIIC EH 149:2013. CHUMame CTPYKTypHUX IPOMEHA Yy y30pLuMa
NUTHBAaHUX MaTepHjaja je M3BPIIEHO TEXHUKOM CKEHHpama €JEeKTPOHCKOM MHUKPOCKO-

nujoM. McnuTrBama Cy nmokasaja OICTyName pesysiraTa y OBHOCY Ha TeopHjy duntTpupama
(uHO nUCTIEp3HUX CYOMHUKPOHCKHUX YecTHLA. YTBphEHo je ja ce MpoInyliTake aepocosia Kpo3
¢untpupajyhu marepujan ¢unrpupajyhux nosymacku ¥ OTHOP NMPOTHLAKky aepocorna ul-
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Wpajyhux MoIyMacKkd Mema y 3aBUCHOCTH O] POTOKA aepocosia M Tpajama mpoueca Qui-
anuje, Kao JUPEKTHA IMOCaefulla HaCTaIuX TPOMeHa y CTPYKTypu untpupajyhux marepu-

jama, ycien peBep3uOHJIIHOCTH OfHOCA Mpoueca GuiTpauuje U npomeHa y duntpupajyhem
MaTepujany.
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