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Resumo

Alcool polivinilico ¢ utilizado para produzir nanofibras via electrospinning para inimeras
aplicacdes associadas a ndo-toxicidade do material. No entanto, a aplicacdo em filtracdo de ar é
prejudicada devido a alta hidrofilicidade do PVA, requerendo a reticulacdo com aditivos. Neste
trabalho, diferentes técnicas foram avaliadas para verificar a resisténcia a umidade de nanofibras de
PVA utilizando acido citrico como agente reticulante. A perda de massa nao revelou modificacoes
estruturais significativas do meio filtrante devido a baixa aplicabilidade da técnica para este caso. A
medida de angulo de contato com agua tampouco se mostrou adequada para as condi¢des
experimentais. Uma metodologia foi entdo proposta, medindo-se a queda de pressdo antes e pos a
passagem de ar limpo (~15.0 cm s™') contendo diferentes valores de umidade (49, 68 e 90% U.R.)
para verificar a resisténcia das fibras ao longo do tempo (zero a 60 min). As amostras foram
resistentes a umidade e mudancas estruturais significativas ndo ocorreram nas fibras ap6s o
procedimento, de acordo com analise de imagens de microscopia eletrénica de varredura. Para 0s
dois menores valores de umidade, a varia¢do da queda de pressao foi préxima a zero apds 60 min,
enquanto atingiu 4.1% para 90% U.R. Tal metodologia se mostrou adequada para aplicagdo em
filtracdo de ar.

Palavras-chave: Nanofibras. Electrospinning. Hidrofilicidade.

Abstract

Poly (Vinyl Alcohol) (PVA) is used to produce nanofibers with electrospinning for several
applications related to the non-toxicity of the material, however, the application in air filtration in
hindered by the high hydrophilicity of the material, which requires the crosslinking with additives.
In this work, different techniques were assessed to verify the moisture resistance of PVA nanofibers
crosslinked with citric acid. The mass loss did not reveal significant structural modification of the
filter media due to the relatively low mass of the nanofibers in comparison to the mass of the
substrate, proving the poor applicability of this technique for this process. The measurement of the
water contact angle was not suitable for the experimental circumstances as well. A methodology
was then purposed, measuring the pressure drop before and after the flow of clean air stream (~15.0
cm s1) through the filter media with different contents of water (49, 68, and 90% R.H.) to verify the
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humidity resistance of the fibers over time (zero to 60 min). The samples were resistant to humidity
and no significant structural changes occurred in the fibers after the process in accordance with
analysis of scanning electron microscopy images. For the two lowest humidities, variation of the
pressure drop was equal to approximately zero after 60 min while it achieved 4.1% for 90% R.H.
This methodology proved to be suitable for air filtration application.

Keywords: Nanofibers. Electrospinning. Hydrophilicity.

1. Introduction

Poly(vinyl alcohol) (PVA) fibers produced with the electrospinning technique are currently
used in tissue scaffolds with antimicrobial activity (Esparza et al., 2017; Hong et al., 2006;
Tonglairoum et al., 2015), filtration of gases (Zhu et al., 2018), and liquids effluents (Bary et al.,
2018; Li; Barbari, 1995; Li; Yao, 2017), as an option to polymers that are soluble in harmful solvents
such as dimethylformamide (DMF). However, PVA presents high degree of hydrophilicity due to
the presence of hydroxyl groups in the polymer chains, hindering its use in the filtration of liquids
and humid gases. Several methodologies are employed to preserve the structure of the spun fibers
in the presence of water.

In the other hand, the nonionic surfactant Triton X-100 is used to decrease the fiber diameter
and to reduce the bead formation by decreasing the surface tension of the polymer solution (Bonino
et al., 2011; Du; Hsieh, 2007; Yu et al., 2012). However, the presence of the surfactant also could
lead to decreasing resistance of the nanofibers in relation to humidity. Although the mass loss after
immersion in water (Esparza et al., 2017; Lopez-Coérdoba et al., 2016; Lv et al., 2019; Miraftab et
al., 2015; Shi; Yang, 2015; Stone et al., 2013) and water contact angle measurements (Fang et al.,
2018; Lee et al., 2016) are traditionally used to evaluate the resistance to water, these methodologies
seem not attesting the usefulness of the PVA filter media in air filtration, a process in which water
could be present as moisture in the air stream, but there is no severe condition like immersion in
pure water.

In this work, the moisture resistance of electrospun PVA nanofibers was evaluated through
the techniques of mass loss after immersion in water and the water contact angle measurement. A
novel methodology was purposed that assesses any structural change of the filter media after the
passing through of moist air streams. This methodology includes the verification of the pressure
drop of the clean filter media over time with constant passing though of air stream containing
different contents of water. Scanning Electron Microscopy (SEM) images of the filter media before
and after the tests are taken to evaluate any structural changes of the fibers with the moisture. This
methodology could be more useful for studies concerning the reduction of the hydrophilicity of
fibers for application in systems where the moisture content is moderate such as air filtration.

2. Experimental Procedure

2.1 Material

PVA (molecular weight: 104.5 kg mol™?, degree of hydrolysis = 87.0-89.0 mol%) and Triton
X-100 (molecular weight = 647 g mol™) were purchased from Neon (Brazil). Anhydrous citric acid
(Mw = 192 g mol™) was acquired from Synth (Brazil). Cellulose filter media (PFI 25-24 RAD+,
cellulose from Pinus trees, basis weight = 150 g cm?, further characterization provided below) used
as a substrate for the spun fibers were kindly donated by Ahlstrom-Munksjo (Brazil).

2.2 Manufacturing and Characterization of the Fibers

PVA solution (13 wt.%) was prepared dissolving polymer pellets to deionized water with
Triton X-100 (0.50 wt.%) used to obtain a more electro-spinnable solution and thin fibers (Bonino
et al., 2011; Du; Hsieh, 2007; Yu et al., 2012). The mixture was agitated for 1 h, under stirring at
1150 rpm and 80°C. Crosslinking agent citric acid (5.0 wt.% based on the PVA mass, according to



| The Journal of Engineering and Exact Sciences — jJCEC

Esparza et al., 2017; Lépez-Cordoba et al., 2016; Lv et al., 2019; Shi; Yang, 2015; Stone et al.,
2013) was then added for further stirring (30 min). The solutions were then left to degas overnight.
A size 500 Cannon-Fenske viscometer was used to obtain the solution viscosity. A Du-Noly
tensiometer (Model 70535, CSC) with a platinum ring was used to obtain the surface tension. A
conductivity meter (Model TEC-4MP, Tecnal) was used to measure the electrical conductivity.
Surface tension and electrical conductivity measurements were performed 10 times and the viscosity
measurements were performed 5 times, due to the reproducibility of the results, at 25°C. The mean
values and the respective standard deviations were obtained. For the electrospinning of the fibers
(Fig. 1a), the PVA solution was inserted in a syringe fitted with a needle (0.60 mm of inner
diameter). The syringe was connected to an infusion pump in order to inject 0.5 mL h? of the
solution over a rotating cylinder collector (10 cm diameter, rotation speed of 296 rpm) covered by
the substrate. A power source provided 27 kV of voltage between the needle tip and collector,
distancing 10 cm. Electrospinning was performed for 15 min. The operating conditions were
established after previous tests. The humidity and temperature of the room were maintained
respectively in 48% R.H. and 25°C in average. The spun fibers were maintained in a vacuum oven
at 140°C for 2 h, following previous researches that crosslinked PV A fibers with citric acid (Esparza
etal., 2017; Lv etal., 2019; Shi; Yang, 2015; Stone et al., 2013).
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Figure 1 - Electrospinning setup (a) and experimental system of the permeability essays and
moisture resistance tests (b). 1: Needle tip; 2: Infusion pump; 3: Nanofibers; 4: Power
supply; 5: Substrate; 6: Rotating collector; 7: Air inlet; 8: Pre-filters; 9: Compressed air; 10:
Aerosol atomizer; 11: Pressure acquisition points; 12: O-ring; 13: Nanofibers; 14: Substrate;
15: Filter medium; 16: Flowmeter; 17: Air outlet.

Fourier Transform Infrared spectroscopy (ATR-FTIR, Model Tensor 27, Bruker) was used to
confirm the occurrence of crosslinking between PVA and citric acid. Samples ~2x2 cm in size cut
from the cellulose substrates covered with PVA nanofibers were used. A sample of the single
substrate was also sampled in order to discount the peaks related to the cellulose fibers in the spectra
of the samples with PVA nanofibers.

A SEM instrument (Philips XL-30 FEG) installed in the Structural Characterization
Laboratory of the Federal University of S&o Carlos (Brazil) was used to take images of the surface
of the PVA fibers. The thicknesses of the substrate alone and the samples covered with nanofibers
were analyzed using an optical microscope (Model BX60, Olympus). ImageJ software (Rasband,
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2020) was used to measure the fiber diameters and the thicknesses of the samples. The methodology
of measurement of the diameter from the images is described by Bortolassi et al. (2017). The
diameters of 150 different fibers were measured for each sample, with calculation of the median and
the Geometric Standard Deviation (GSD) of the distributions. For obtention of the thicknesses of
the filter media, three images of different areas of the sample cross-section were taken with the
optical microscope. The measurements were performed 15 times, obtaining the median and GSD of
the distributions for each sample.

2.2 Permeability Assays and Moisture Resistance Tests

In the experimental apparatus used in the permeability essays and moisture resistance tests
(Fig. 1b), atmospheric air was fed into the system from a compressor, flowing through gas pre-filters
(Model 3047B, TSI) to retain impurities and humidity. An internal air compressor of the aerosol
generator (Model 3079A, TSI) also fed air into a vessel containing water for the production of
aerosol particles by atomization. The aerosol (droplets of deionized water in the moisture resistance
tests) was mixed with the main air flow exiting the air pre-filters. The mixture passed a Kr-85 source
acting as a charge neutralizer, before entering the filter holder with the filter medium (filtration area:
~5.1 cm?, air velocity: 5.0 cm s1). Permeability tests were performed varying the air velocity (0.3—
3.3 cm s1) and obtaining the respective pressure drop (4P) with a digital manometer (VelociCalc
9665-P, TSI) connected to pressure acquisition points distancing 12 cm from the inlet and outlet of
the filter holder. The permeability constant (K) was obtained from Darcy’s law:

AP u
— =2V 1)
where v is the gas velocity [m s], L is the thickness of the filter medium [m], and p is the gas
viscosity (1.79x107° Paxs at 25°C and 92 kPa (Riehle, 1997)).

The porosity of the filter medium & [dimensionless] was obtained using the Davies equation
(Davies, 1973), following works that evaluated nanofibers (Alexandrescu et al., 2016; Yang; Lee,

2005) and microfibers (Leung et al., 2010) for air filtration applications, expressed as:

A{=%Xux16x(1—8)1'5X(1+56X(1_5)3) 2)

where r is the fiber radius (the median value here) [m]. Parameters K and & were obtained from the
slopes of the curves of AP/L vs. air velocity. The results of AP for the single substrate were
discounted from the results obtained for the association between the nanofibers and substrate in
order to obtain the pressure drop exclusively due to the nanofibers (considering a series association).

In order to evaluate the resistance of the PVA nanofibers to water, three different
methodologies were performed. Following previous studies (Esparza et al., 2017; Lépez-Cérdoba
etal., 2016; Lv et al., 2019; Miraftab et al., 2015; Shi; Yang, 2015; Stone et al., 2013), samples of
the nanofibers ~2x2 cm in size were immerged in distillated water for 24 h and then were dried in
an oven at 50°C during 2 h for drying (test A). For this case, the PVA fibers were electrospun over
an aluminum foil covering the rotating collector instead of the cellulose substrate in order to avoid
the influence of the cellulose fibers in the methodology due to absorption of water. The mass of the
samples was measured before the immersion and after the drying in order to verify any mass loss
(triplicate). The water contact angle of the samples consisting of nanofibers and substrate was also
measured (test B) following previous studies (Fang et al., 2018; Lee et al., 2016) and using an
Attension® tensiometer in order to verify the hydrophilicity of the PVA fibers. The tensiometer was
connected to a camera that took images of a produced water droplet over the surface of the samples
for each ~0.083 s starting from the drop of the droplet up to 10 s. In addition, a novel method was
proposed (test C), which consisted of passing an air stream containing moisture produced by the
atomization of distilled water, at a controlled flow rate, through the clean filter in the apparatus
presented in Fig. 1b. By varying the flow rate of the compressed air in the aerosol generator,
different flow rates of water droplets were produced for further mixing with the main air stream,
subsequently different values of relative humidities were obtained. The air humidity was measured
with a hygrometer connected to the air exit of the system.
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The pressure drop values were acquired during 60 min, in order to evaluate the resistance of
the nanofibers to the humid air stream. After the essays, the filter media were analyzed with SEM
(Model Inspect S50, FEI, magnification of 10,000, in SE mode, at 5.00 kV) to observe any
structural modification in the nanofibers. There were no replicates due to the duration of this test.
An air flow rate was 5.0 L min™ was used, in order to provide a wet environment for the samples.
Three relative humidities were evaluated: 49, 68, and 90%. The data were calculated in terms of the
percentage variation of the pressure drop, in relation to the initial pressure drop: 100 x (AP — AP,)/
AP,.

3. Results and Discussion

3.1 Characterization of the Solution and the Fibers

Following the experimental procedures described before, the properties of the PVA solution
were obtained: the viscosity was equal to 3.54 £+ 0.03 (Paxs), the electrical conductivity was equal
to 772 + 2 (US cm™), and the surface tension was equal to 34.3 + 0.4 (dyn cm™). These solution
properties are associated with the electrospinnability of the fluid and therefore they are related to
the size of the produced fibers and the bead formation in the fiber network (Ramakrishna et al.,
2005).

Fig. 2 presents the ATR-FTIR analysis of the produced fibers. Bands at approximately 840
and 2939 cm™ (backbone CH. symmetric stretching vibration and out-of-plane twisting) and bands
at around 1080 cm™ (C-O stretching) and 1415 cm™ (CH; bending) are verified. Esterification
occurred between the crosslinker and the PVA as showed by the band at around 1719 cm™ associated
to carboxyl and ester carbonyl C=0 stretching (Esparza et al., 2017; Reddy; Yang, 2010; Shi; Yang,
2015).
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Figure 2 - ATR-FTIR analysis of the nanofiber layers.

Fig. 3 shows the particle size distribution (PSD) of the fibers of the single substrate (a) and
the nanofibers layer (c), with SEM images of the microfibers (b) and the nanofibers (d), respectively.
The reduction of the PSD from the substrate and the PV A fibers is noticeable and it is verified that
the size range of the PVA fibers is narrower than that of the substrate, which was confirmed with
the SEM image (Fig. 3 (d)) that shows homogeneous arrangement of the nanofibers mat. In Fig. 3
(d) it is possible to notice the absence of beads between the fibers. The addition of a nanofiber layer
on the surface of a micro-fibrous substrate could avoid the occurrence of depth filtration since the
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powder cake could be formed more quickly (Li et al., 2017). In addition, the collection of
nanoparticles with diffusional mechanisms could be facilitated since the nanofiber size is smaller
than the size of the microfibers, also enhancing the electrostatic attraction and reducing the
distortion effect caused on the air flow by the surrounding fibers (Hinds, 1998).

The thickness of the cellulose substrate provided by the analysis of optical microscopy was
310 £ 28 (um), while the thickness of the layer of nanofibers was 12 = 2 (um). The permeability
tests performed as described previously (Eq. 1) provided Darcian permeability constants equal to
597x10 and 5.20x10%* (m?2) respectively for the single substrate and the nanofiber layer. The
porosities of the single substrate and the nanofibers layer obtained from Eq. 2 were respectively
equal to 0.556 and 0.952 (dimensionless). These results mean that the nanofibers provide more
resistance to the passing through of the air due to the more closed network, which in turn will require
more energy consumption, even though there is too much void between the nanofibers in relation
to the total volume of the nanofiber layer, as can be seen in Fig. 3 (d).
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Figure 3 - PSD (a) and SEM image of the surface of the cellulosic substrate (b) (Median: 14.8
pum; GSD: 1.62); PSD (c) and SEM image of the surface of the nanofibers layer (d) (Median:
186 nm; GSD: 1.17).

3.2 Tests of Resistance to Moisture

Test A: for the production of nanofibers on the aluminum foil, the mass of the as-spun samples
was 69.94 + 0.04 (mg) and the mass after immersion in water and subsequent drying was equal to
69.51 + 0.05 (mg), which means that the mass became 99.39% of the initial mass. In comparison
with samples with no thermal crosslinking, the masses before and after immersion were 63.77 £
0.03 and 40.53 + 0.03 (mg), respectively. Therefore, it is verified that the PVA nanofibers were
resistant to water and did not dissolve in the solvent over time when crosslinking was promoted. In
fact, Miraftab et al. (2015) used this technique to evaluate nanofibers of PVA with low (LMW) and
high molecular weights (HMW), treated with immersion in methanol and with heating (varying
heating time from 30 min to 8 h at temperatures of 150 and 180°C). Mass losses were measured
after 24 h of immersion of fibers in water at room temperature. The authors verified no mass loss
for HMW fibers treated with methanol, while different percentual mass losses were verified for
LMW fibers depending on the immersion time (15 min — 24 h), varying between 9.09 (24 h) and



| The Journal of Engineering and Exact Sciences — JCEC

42.85% (30 min). For the heating treatment, no mass loss was reported for HMW fibers for all the
treatment conditions, while mass loss occurred for LHW fibers depending on the time and
temperature of heating, varying from zero (24 h for both temperatures) to 8.33% (1 h at 150°C).
Other results can be seen in the cited reference (Miraftab et al., 2015). However, these results do
not say much about any structural changes in the fibers. In addition, this test was not performed in
samples electrospun on the substrate due to the reason mentioned above, while the test with samples
containing cellulosic fibers that possess greater mass than the nanofibers could hamper the results,
not showing the effect of water on the PVVA fibers.

Test B: Fig. 4 presents the water contact angle measurements for the droplet of distillated
water over the surface of PVA nanofibers. Fig. 4 (a) exhibits the mean contact angle calculated from
the left and right angles of the droplet in relation to the surface of the fibers layer, while Figs. 4 (b)
and (c) are the first (after 0.083 s) and the last (after 10 s) frames captured by the camera. Due to
the high hydrophilicity of the PVA nanofibers and the spider-web structure of the fibers, the droplet
was rapidly absorbed by the fibers layer and then the mean contact angle decreased to zero after 2
s, from which the software of the tensiometer did not measure any angle. Zero angle also occurred
in the work of Zhou et al. (2018) using polycaprolactone microfibers with polysiloxane-based
surfactant and in the work of Cao et al. (2018) using PVA nanofibers with Poloxamer surfactant.
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Figure 4 - Water contact angle (a) and images of the water droplet on the surface of the
nanofibers layer after 0.083 s (b) and 10 s (c).

Test C: Fig. 5 presents the results obtained performing the experimental procedure described
previously, with the variation of the initial pressure drop of the clean filter media over time at
different air humidities (a) and SEM images of the nanofiber layer in the original state (b) and after
the tests at 49% (c), 68% (d), and 90% (e) of relative humidity. It is verified in Fig. 5 (a) that the
pressure drop of the filter media was kept constant over time in the experimental conditions of the
test for the two lowest humidities, while there was increase of the pressure drop at the highest air
humidity; this variation achieved a maximum of 4.1% of the initial pressure drop (789.1 Pa) and
Fig. 5 (a) shows that this result was asymptotically achieved from approximately 35 min. This
increase of the resistance to the air flow could be associated with the swelling phenomenon
occurring in the PVA fibers with the presence of water, which can be visualized in the images of
Fig. 5 (c) — (e). The swelling phenomenon was also reported in previous works (Lv et al., 2019; Shi;
Yang, 2015; Stone et al., 2013). However, the SEM images showed that apparently no breakage of
the fibers occurred with the presence of water even at the highest humidity, which could be probably
verified by decreasing the resistance to the air flow over time, since there would be the appearance
of holes in the fiber mat. Therefore, this methodology reveals the conditions of the fibers at different
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moisture contents of air streams, being more reliable than tests A and B for applications involving
gas streams, such as air filtration.
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Figure 5 - Variation of the initial pressure drop over time (a) and SEM images of the
nanofibers layer in the original state (b) and after 60 min of exposure of air with 49 (c), 68
(d), and 90% R.H. (e). Triangles: 49% R.H.; Spheres: 68% R.H.; Squares: 90% R.H.

4. Conclusions

The test A (mass loss) did not reveal significant structural modification of the filter media and
therefore proved the poor applicability of this technique for this specific process. The measurement
of the water contact angle (test B) was not suitable for the experimental circumstances as well, since
the PVA presented high hydrophilicity even when crosslinked with the citric acid, as showed by the
ATR-FTIR. In the methodology purposed in this work (test C), the filter media were resistant to
moisture, with up to 4.1% increase of the pressure drop after 60 min of exposure to a 90% R.H. air
stream and the associated SEM images showed no strong modification in the nanofibers networking
despising the swelling phenomenon. The methodology purposed in the work proved to be reliable
and suitable for applications where no extreme moisture environment is present, such as air
filtration.
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