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Abstract

Nanofibers of poly(vinyl alcohol) (PVA) reinforced with cellulose nanofibrils (CNFs) and/or crosslinked with maleic anhy-
dride (MA) were produced by electrospinning technique to compare the additivation effects of the polymeric matrix.
The results suggested that the PVA mass fraction equal to 14%, CNFs volumetric fraction of 3% and maleic acid at the
molar ratio 20:1 are the best proportions for renewable base fibres production. In this study, the best electrospinning
parameters for membranes production were obtained at the applied voltage of 24 kV, needle tip-to-collector distance of
14.5 cm, feed rate of 0.3 mL h™" and using a plate collector. CNFs and MA additions allow to improve nanofiber thermal
properties and resistance to water degradation, which result in an eco-friendlier, biocompatible and long-term biode-
gradable nanofiber mats with diameters of 74 + 33 nm for water filtration purposes.

Keywords Electrospinning - Fibres - Polymer matrix composites (PMCs) - Thermal analysis

1 Introduction

Recently, the production of fibres from renewable raw
materials has become a research field of strong interest
due to the growing environmental concerns [1, 2]. Cellu-
lose is the most abundant natural polymer, which makes it
very attractive from an economic point of view [3]. Further-
more, this polymer is an interesting raw material for the
production of biocompatible and environmentally friendly
products, which can be applied in different industrial fields
[4, 5]. However, the use of cellulose in technical applica-
tions is still limited mostly due to its high hygroscopicity
and insolubility in water as well as in numerous organic
solvents. Notwithstanding, the interest in nanocellulose
materials such as nanofibrils, nanocrystals or nanowhiskers

has rapidly increased due to the unique physicochemical
properties of such materials [6-8]. However, so far, few
works have been done to obtain cellulose at nanoscale
using environmentally friendly and sustainable methods
such as the enzymatic hydrolysis [9]. Unlike conventional
acid hydrolysis methods, enzymatic hydrolysis does not
use solvents or chemical reagents [10]. Electrospinning is
a simple and versatile technique used for the production
of ultrathin and continuous nanofibers, which consists in
applying a strong electric field to a polymeric solution [11,
12]. Nanofibers possess distinct properties (high specific
surface area, high aspect ratio and biomimetic potential);
hence, they are very useful and versatile for different areas
with specific requirements, such as the development of
scaffolds for tissue engineering and filtration [13-16].
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However, electrospun of native cellulose is still difficult
due to its high crystalline structure, which makes it insol-
uble in many solvents [17]. This has limited the research
on cellulose derivatives soluble in water or mild solvents,
namely the cellulose acetate, anionic sodium carboxym-
ethyl cellulose, nonionic methyl cellulose, hydroxypropyl-
methyl cellulose, hydroxyethyl cellulose, cellulose acetate
butyrate, cellulose acetate propionate and hydroxypropyl
cellulose [18-20]. One way to overcome this drawback is
the use of cellulose as reinforcing agent, avoiding there-
fore the use of solvents that can promote the degrada-
tion of the polymeric structure, and the introduction of
additional steps to remove the solvent from the deposited
fibres or to regenerate cellulose fibres [21-24]. The produc-
tion of electrospun composites using renewable resources
allows to obtain environmentally friendly fibres using dif-
ficult processable raw materials as cellulose [25, 26]. An
improved interaction between the polymeric matrix and
the reinforcing agent allows the preparation of materials
with higher strength, stiffness and thermal stability, which
is not the results of the sum of the individual constituent’s
properties but a synergistic combination of both [27, 28].
Poly(vinyl alcohol) (PVA) is a semicrystalline polymer with
excellent properties, such as the solubility in water, gas
permeability, non-toxicity, biodegradability and biocom-
patibility [29]. PVA can be considered as an appealing
polymer for composites production, because of its excel-
lent electrospinnability, solubility in water, thermal stabil-
ity, chemical resistance and good processability [30-32].
In spite of these advantages, when applied in water, the
application of PVA can be limited by its high hydrophilic
properties. In order to overcome this problem and improve
the thermal and mechanical properties and water resist-
ance of the fibres, PVA can be reinforced with cellulose
nanofibrils (CNFs), since both have a great amount of
hydroxyl groups, ensuring a satisfactory intermolecular
interaction by hydrogen bonding [33, 34]. CNFs have been
considered as a promising reinforcing agent, because they
show high crystallinity, stiffness, mechanical strength, high
thermal stability, low weight, renewability, biodegradabil-
ity, biocompatibility and non-toxicity [35-37]. However,
PVA nanofibers frequently need to be modified by chemi-
cal or physical crosslinking in order to additionally improve
its mechanical stability and reduce water absorption
[38-40]. The use of a chemical crosslinking agent allows
the formation of three-dimensional structure which can
prevent the PVA dissolution in water, due to the further
decrease in the hydroxyl groups [41]. Among the various
crosslinking chemical agents, maleic anhydride (MA) is
one of the most effective crosslinking agents to be used
for the enhancement of the electrospun PVA stability [42,
43]. The objectives of this work were: (1) to produce com-
posite membranes from PVA and CNFs by electrospinning
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technique; (2) to compare the individual and combined
additivation effects of the polymeric matrix with a natural
filler (CNFs) and a chemical crosslinking agent (MA) in the
solution parameters (viscosity and electrical conductivity);
(3) to study the effect of process variables (applied volt-
age, feed rate, polymer concentration, tip-to-collector dis-
tance and collector type) on the morphology of the elec-
trospun mats; (4) to investigate the reinforcing capability
and crosslinking effects at level of thermal behaviour of
the best mats; and (5) to characterize the presence of the
additives in the matrix by chemical analysis.

2 Materials and methods
2.1 Materials

The CNFs used as reinforcing agent consist of a solu-
tion previously prepared and provided by CeNTI (V. N.
de Famalicao, Portugal), with a mass concentration of
2%. The CNFs were obtained by enzymatic method.
PVA (87-90% hydrolysed) with molecular weight in the
range 30-70 kg mol™', MA with molecular weight equal
to 98.06 g mol™' and sulphuric acid (H,SO,) with 95-97%
concentration were provided by Sigma-Aldrich and used
without further purification.

2.2 Preparation of solutions

The solutions were prepared by dissolution of PVA pow-
der in distilled water at 80 °C under strong magnetic stir-
ring for approximately 8 h. The PVA was added slowly, and
after complete dissolution, each solution was stirred until
room temperature was reached. For the preparation of the
PVA/MA solutions, a proper amount of H,SO, was added
to the PVA solution to maintain the pH between 2 and 3
and catalyse the esterification reaction between the PVA
and MA. After MA addition, the solution was maintained
under magnetic stirring. Different CNFs volumetric frac-
tions (ycyp) Were added to PVA or PVA/MA solutions. After
CNFs addition, the mixture was kept under magnetic
stirring for 1 h to ensure a good homogenization. Before
the electrospinning tests, solutions were submitted to
an ultrasonic dispersing process during 10 min, using a
Selecta ULTRASONS H-D equipment (Barcelona, Spain) for
a better dispersion of CNFs. The prepared solutions were
stored in a refrigerator until use.

2.3 Characterization of solutions
Viscosity and electrical conductivity were measured in a

Brookfield viscometer (Fungilab Smart Series Rotational
Viscometer, Barcelona, Spain) and in a conductivity meter
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(Thermo Scientific ORION STAR 4, Waltham, Massachusetts,
EUA), respectively. The experiments were performed in
three replicates and the results reported as the mean value
and standard deviation. The CNFs dispersion in solutions
was assessed by optical microscopy with polarized light
(Optical Microscope Leica DM 2500 M, Wetzlar, Alemanha),
in a dark-field mode, and transmitted light. The images
were obtained by a digital image system.

2.4 Electrospinning

The electrospinning experiments were performed in a
Nanon NF-103 equipment (MECC, Fukuoka, Japan) at room
temperature. A 10 mL syringe and a 22 GA GP.0.16x1.0 nee-
dle were used. All the solutions were subjected to prelimi-
nary tests with variation in electrospinning parameters.
The applied voltage was varied in the range 12-26 kV, feed
rate was varied from 0.1 to 0.5 mL h™', and the needle tip-
to-collector distance was varied in the range 11.0-18.5 cm.
An aluminium plate and a rotating cylinder were used as
fibre collector at 500 rpm. In the first stage of this study,
preliminary tests were performed with different concen-
trations of polymer and reinforcing agent in order to deter-
mine the right quantity to be used. The deposition time of
the nanofibers in these experiments was 2 h. In the second
stage, the equipment parameters (applied voltage, feed
rate, tip-to-collector distance, collector type) were stud-
ied to develop the best formulations. These tests were
performed during 8 h in order to obtain membranes with
higher thickness.

2.5 Scanning electron microscopy (SEM)

Morphological analysis of nanofibers was carried out with
a XL 30 ESEM Philips equipment (Amsterdam, Nederland),
SEM-XL Series. Secondary electron images were taken with
an acceleration voltage of 25 kV. Samples were placed in
stubs previously prepared with carbon tape and then
coated with gold for five cycles, each cycle lasting 60 s,
in order to make them conductive. The results allowed to
observe the influence of each equipment parameter in the
production of fibres from the best formulations developed.
Only the mats that showed the best results were selected
for characterization by thermogravimetric analysis (TGA),
differential scanning calorimetry (DSC) and attenuated
total reflectance-Fourier-transform infrared (ATR-FTIR).

2.6 Thermogravimetric analysis (TGA)

The thermogravimetric analysis was carried on a Pyris 1
TGA (PerkinElmer, Waltham, Massachusetts, EUA) equip-
ment. The TGA trace was obtained in the range between
room temperature and 900 °C, under nitrogen atmosphere,

with a feed rate of 20 mL min~! and heating rate of 10 °C
min~'. The graph was plotted as weight loss percentage
versus temperature. CNFs film was obtained by drying the
CNFs solution in a Petri dish for 2 days in an oven at 25 °C.

2.7 Differential scanning calorimetry (DSC) analysis

DSC analysis was carried on a PerkinElImer Diamond DSC
equipment (Waltham, Massachusetts, EUA), under nitro-
gen atmosphere, with a feed rate of 20 mL min~" and heat-
ing rate of 20 °C min~'. The thermogram was obtained in
the range between — 50 and 200 °C and plotted as heat
flow versus temperature. The upper limit was selected
based on initial decomposition temperature of PVA as
indicated in the product data sheet. The samples were sub-
jected to two heat cycles and one cooling cycle, in order to
eliminate the thermal history of the materials.

2.8 Attenuated total reflectance-Fourier-transform
infrared spectroscopy (ATR-FTIR)

The qualitative chemical analysis of selected electrospun
membranes and the pure CNFs film was performed in an
ATR-FTIR spectrophotometer (PerkinElmer Spectrum 100
FTIR, Waltham, Massachusetts, EUA), equipped with a ZnSe
crystal. The spectra were acquired in transmittance mode
with 16 scans at a resolution of 4 cm™" and a wavenumber
range from 4000 to 600 cm™".

3 Results and discussion
3.1 Optimization of the solution parameters

The solution parameters, mainly concentration, viscosity
and conductivity, affect the size and shape of nanofibers
produced by electrospinning [11]. So, the first objective
of this study was the optimization of the PVA-based solu-
tions. Solutions with different concentrations of PVA (8%,
11%, 12%, 14% and 20%) were prepared and tested. The
formulation with a mass fraction of xp, =20% was rapidly
discharged since it was impossible to electrospun due
the high viscosity of the solution, which does not allow
to control and maintain the PVA solution flow to the tip
of the needle, and by the cohesive nature of the solution
of PVA at high concentrations [44]. CNFs tested volumes
(1%, 3%, 5%, 10%, 20%) showed that no dripping occurs
only for mass fraction of y-yg < 3%. Figure 1 allows evaluat-
ing the presence and dispersion of CNFs in the suspension
samples. Under the polarized light of the optical micro-
scope, the birefringent structures of nanocellulose appear
as bright structures on a dark background [45]. In gen-
eral, cellulose appears to meet an acceptable dispersion
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Fig.1 Optical microscopy images with magnification of x100
obtained with polarized light from the solution samples of: a sus-
pension of 2% CNFs; b PVA/CNFs formulation with xp,=14% and
Yene=3% (mass concentration of CNFs equal to 0.06%); ¢ PVA/MA/
CNFs formulation with xpy,=14%, zja=20:1 and ycr=3% (mass
concentration of CNFs equal to 0.06%)

for electrospinning tests as it does not cause the solution
dripping. However, it becomes necessary to submit the
solution to sonication process before the production of
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composite nanofibers assays to achieve an acceptable dis-
persion. Regarding the PVA/MA formulation, better results
were obtained from the solution with xp, = 14% and molar
ratio z,;,=20:1.Table 1 reports the formulations that were
characterized and their electrical conductivity (o) and vis-
cosity (u). Preliminary SEM analyses were performed (data
not shown) for the electrospun mats to identify which
were the solutions with the best spinning capacity. The
increase of the xp, up to 14% caused an increase of o
and y, allowing more continuous and defect-free fibres.
Low polymer concentrations promoted the formation of
small drops, resulting in the appearance of beads in the
fibre structure due to the influence of surface tension. The
beads are considered defects, as they are responsible for
reducing the surface area of the electrospun nanofibers
[46]. The increase in viscosity above a critical value allowed
the loaded jet to be properly stretched under the action
of electric forces, whereby the instability of curvature was
dominant, resulting in more uniform fibres. On one hand,
the addition of CNFs caused a decrease in the measured
parameters values. However, the decrease in viscosity was
not considered significant due to low amount of CNFs in
the total volume of the water suspension. On the other
hand, the addition of MA to the solutions caused a sig-
nificant increase in electrical conductivity. High conduc-
tivity in solution causes a higher load-carrying capacity
favouring the instability of the curvature, which is the main
responsible for the stretch of the fibres [47]. At the same
time, the crosslinking process causes an increase in the
molar mass of the polymer, resulting in an increase in the
solution viscosity. Therefore, the study of the electrospin-
ning parameters was carried out for the following formu-
lations: solution with xpy, = 14%,; solution with xpy, = 14%
and ycne =3%; solution with xpy, =14% and z,;,, =20:1; and
solution with xpyp = 14%, 2\, =20:1 and y e =3%.

3.2 Study of equipment parameters

The effect of the electrospinning parameters on fibres pro-
duction was evaluated by scanning electron microscopy
(SEM). SEM images were obtained with two different mag-
nifications at 1000 x and 10,000 x. At the first resolution,
it was possible to observe a larger area of deposited fibres
(Tables S1-S4 in electronic supplementary material). The
second resolution allowed an observation of the struc-
ture of the product in more detail (Tables 2, 3, 4, 5). The
reported average diameters and standard deviations were
calculated on the means of at least 30 measurements.
(Bead structures were not considered.) The results clearly
show the general dissimilarity of the fibres diameters not
only among samples but also in the same sample. It is
important to remark that the use of the rotating cylinder
collector was not optimized to obtain fibre alignment,
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Table 1 Values on the solution

composition, electrical Solution composition

conductivity (o) and viscosity Xpyal % 8 n
(u) of each of the solutions Ynec/% - -
subjected to electrospinning z _ _
process for producing A .
nanofibers Values of the solution parameters
oScm™)  741%2 863+1
u (mPas) 31.1£0.1 84.5+0.2

14 14 14 14 14

- 1 3 - 3

- - - 20:1 20:1
1020+2 1008+3 987+4 1941+3 1889+8
163.4+1.1 160.2+22 157.6+23 178.0+2.1 173.4+1.8

because the only aim of this study was to obtain con-
tinuous and defect-free fibres. Despite it was not possi-
ble to obtain completely free-defect membranes, the best
result shows few isolate droplets in the mats structure.

Table 2 shows the effect of the equipment parameters
on the morphology of the nanofibers produced from the
solution with xp, = 14%. The SEM images suggest that the
decrease in the applied voltage significantly improves the
structure of the obtained nanofibers (Table 2B). A simi-
lar effect was observed decreasing the tip-to-collector
distance; however, there is a decrease in the fibre den-
sity on the mat surface (Table 2C). When the feed rate is
increased, it can be noted a high number of brittle and
broken fibres as well as an increased number of beads. This
behaviour was intensified using the rotating cylinder col-
lector (Table 2C). Overall, the best mat for xp,,, = 14% was
obtained at the condition reported in Table 2B (decreasing
the applied voltage to 18 kV) showing uniform and almost
defect-free nanofibers with diameters of 61+20 nm. The
initial applied electrical potential produced high values of
the electrostatic and Coulombic repulsion forces. Decreas-
ing the electrostatic force, it was possible to obtain defect-
free PVA nanofibers due to the reduction in the speed and
mass flow rate of the charged jet, which caused the onset
for the bending instability to occur far away from the col-
lector [48, 49].

InTable 3, it is possible to observe the fibres produced
from the solution with xpy, = 14% and ycye=3%. The intro-
duction of CNFs in the solution improves the formation
of defect and beads formation on the mats, with no sig-
nificant improvements by decreasing the applied volt-
age. Small improvements can be obtained reducing the
tip-to-collector distance or increasing the feed rate. The
fibres in these conditions show better stretching and low
beads number (Table 3I, H). However, using the rotating
cylinder as collector, the obtained fibres show the best
results being more uniform and continuous with diameter
in the range of 85+ 39 nm (Table 3J). The successful use of
arotating target to control fibre quality and diameter and
fibre alignment was previously reported [50]. The effect
of rotation speed of the collector at the applied veloc-
ity (500 rpm) increases fibre uniformity and bridging but
not alignment in the presence of CNFs due to the higher

stretching level imposed to the fibres and to the charge
dissipation process [51].

Table 4 presents the nanofibers produced from the solu-
tion with xpys=14% and z, =20:1. The presence of the
crosslinker seems to decrease fibre uniformity compared
to the PVA control. The decrease in the tip-to-collector dis-
tance and the introduction of a rotating cylinder collector
favour the beads reduction in the mats (Table 4N, O) lead-
ing to a similar result in fibre diameters with values rang-
ing 63+21 nm and 62+29 nm, respectively. The maleic
acid in solution is not fully functional as crosslinker dimin-
ishing the solution viscosity. The low viscoelastic forces
are insufficient to stand the stretching forces from both
electrostatic and Coulombic repulsion forces leading to jet
instability and beads formation for some of the fibres [52].

Table 5 displays the fibres obtained from the solution
with Xpya=14%, Zjy4 =20:1 and yyr=3%. The decrease
in applied voltage caused, and the change in collector
showed a significant increase in beads deposition pre-
venting the formation of continuous fibres (Table 5Q, T).
On the other hand, changing the tip-to-collector distance
produced dripping of the solution dissolving parts of the
mats (Table S4r in electronic supplementary material). The
best results can be achieved increasing the feed rate. If
the feed rate is too low, electrospinning solution cannot
be properly stretched into continuous and uniform fibres
as previously reported [53]. At this condition, the beads
formation was significantly reduced obtaining the highest
amount of continuous and almost defect-free fibres with
diameters in the range of 74+ 33 nm (Table 5S).

Preliminary tests of membrane degradation in water
(data not shown) indicate that only the MA crosslinked
mats (PVA/MA and PVA/CNFs/MA) maintain their structure
in after 2 h in water at room temperature under a shaking
orbital agitation at 100 rpm.

3.3 Thermogravimetric analysis (TGA)

TGA analysis of the PVA, PVA/CNFs, PVA/MA and PVA/
MA/CNFs electrospun mats showed that the degradation
takes place in three well-differentiated steps (Fig. 2). The
first degradation step occurred until 100 °C for all mem-
branes, which is associated with an initial mass loss due
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Table2 SEM images (10,000x)
of the equipment parameters
variation for the production
of nanofibers using a solution
with Xpya = 14%. Initial
conditions: applied voltage

24 kV, tip-to-collector distance
14.5 cm, feed rate 0.2 mL h~",
plate collector
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Varied
parameter

Applied
voltage
decreased to
18 kV

Tip-to-
collector
distance

decreased to
11.5cm

Feed rate
increased to
0.3mLh™

Rotating
cylinder
collector

SEM image

Diameters
(nm)

61 +20

102 £ 40

63+ 19

88 =26
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Table 3 SEM images (10,000x)
of the equipment parameters
variation for the production
of nanofibers using a solution
with Xpya = 14% and yypc=3%.
Initial conditions: applied
voltage 24 kV, tip-to-collector
distance 14.5 cm, feed rate

0.2 mL h7", plate collector

Varied Diameters
parameter (nm)
- 107 = 50
Applied
voltage
decreased to 89 +58
18 kV
Tip-to-
collector
distance 75435
decreased to
11.5 cm
Feed rate
increased to 83+55
0.3mLh™
Rotating
cylinder 85+ 39
collector
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Table 4 SEM images (10,000x) Varied
of the equipment parameters parameter
variation for the production
of nanofibers using a solution
with Xpya = 14% and z,;, =20:1.
Initial conditions: applied
voltage 24 kV, tip-to-collector
distance 14.5 cm, feed rate

0.2 mL h7", plate collector

SEM image Diameters (nm)

7023

Applied
voltage
decreased to
18 kV

96 + 20

Tip-to-
collector
distance

decreased to
11.5cm

82+ 37

Feed rate
increased to
0.3mL b

63 +21

Rotating
cylinder
collector

62+ 29
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Table 5 SEM images (10,000x)
of the equipment parameters
variation for the production
of nanofibers using a solution
with Xpya = 14%, ynec=3% and
Zya=20:1. Initial conditions:
applied voltage 24 kV, tip-to-
collector distance 14.5 cm,
feed rate 0.2 mL h™', plate
collector

Varied Diameters
parameter (nm)
- 72 +48
Applied
voltage
decreased to 6025
18 kV
Tip-to-
collector
distance 66 = 20
decreased to
11.5cm
Feed rate
increased to 74 +33
03mLh"
Rotating
cylinder 58 +27
collector
M
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Fig.2 Thermal degradation 100

profiles of the electrospun
mats, given by sample mass
change (m) as a function of
temperature increase (T), from
room temperature to 900 °C,
performed at a heating rate
of 10°C min~', in a nitrogen
atmosphere

80

60

Weight loss (%)
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50 100 150 200 250 300 350 400 450 500 550 600 650 700 750 800 850 900

to moisture content [54]. The values corresponding to
the mass loss of the samples are approximate values. The
pure cellulose nanofibrils film (CNFs) profile showed that
the mass loss (61%) occurred mostly in the second step
between 337 and 385 °C with a residual mass at 900 °C of
17.3%. This is the highest residual mass obtained among
all the sample and can be related to the presence of non-
cellulosic components as lignin, which was not degraded
during the extraction process [55]. The thermal degrada-
tion profile of PVA nanofibers showed that the greatest
mass loss, about 80%, occurred within 293-343 °C, which
was related to the decomposition of the side chain of the
PVA.The third degradation step occurred mainly from 417
to 498 °C, which corresponded to 5.8% of the mass loss.
This mass loss may be related to the degradation of the
main chain of PVA [54]. The residual mass at 900 °C was of
1.8%. The TGA of the PVA/CNFs mat showed a mass loss,
of 78.7%, in the range 302-351 °C with a residual mass at
900 °C of 2%. The CNFs addition seems to have contrib-
uted to the thermal stability enhancement of PVA mat.
The addition of MA to PVA caused a visible change in the
thermal degradation profile, whereby a significant mass
loss was observed at two levels. The first level occurred
between 271 and 294 °C with a mass loss of 14%. The sec-
ond level was within 354-450 °C with a mass loss equal to
42%. The first degradation level is very close to the PVA
degradation profile due to incomplete PVA crosslinking.
However, the second level occurred at higher tempera-
tures than the degradation of PVA mat, suggesting that
the crosslinking of PVA with MA promoted an increase in
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Temperature (°C)

the number of covalent bonds, making the membrane
more stable at high temperatures [56]. The residual mass
of the sample was of 3.2% at 900 °C. The PVA/MA/CNFs
mat profile still showed the presence of the two degra-
dation levels, corresponding in this case to the following:
the first level of mass loss, about 15.3%, occurred within
272-300 °C; the second level corresponds to a significant
mass loss, equal to 43.0%, within 353-449 °C. The addition
of CNFs to crosslinked PVA caused a slight displacement of
the first degradation level in direction of higher tempera-
tures, which indicate the presence of CNFs in the matrix.
However, this addition had no influence on the second
degradation level, so this can only correspond to the mass
loss of the crosslinked PVA. The residual mass of the sam-
ple was of 0.4% at 900 °C.

The results suggested that the effect of CNFs as rein-
forcing agent on the thermal stability of the mats is able to
overcome the effect of the crosslinking agent in an initial
stage of degradation up to about 320 °C. However, from
this temperature up to 500 °C, the crosslinked membranes
require higher temperatures to be degraded.

3.4 Differential scanning calorimetry (DSC) analysis

Through the DSC technique, the mats were subjected to
two cycles of heating and cooling. The first heating (data
not shown) was performed in order to remove the thermal
history of the material. The results corresponding to the
second heating cycle of the samples are shown in Fig. 3.
Except the pure CNFs thermograms, which did not show
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Fig.3 DSC curves of different 10F =
samples analysed during the S
second heating cycle, which CNFs o 1
express the heat flow (Q) g, === PVA ,_/" g ]
versus temperature (7). The A PVA/CNFs - v
. P PTPT 7 7
information En‘do - |r.1d|cates I — PVA/MA . it
the endothermic direction a I e o ~
2l —— PVA/MA/CNFs - B i
= . -
X
L

Heat flow (mW)
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any thermal or transition event, it was possible to observe
the existence of a glass transition temperature (T) at 75 °C
for PVA, 70 °C for PVA/CNFs, 73 °C for PVA/MA and 71 °C
for PVA/MA/CNFs mats. It was found that the addition of
materials to the PVA matrix leads to a slight decrease in
the values of T due the loss of the regularity of the -OH
groups of PVA because of crosslinking [57]. No other ther-
mal events were detected. The PVA nanofibers produced
by electrospinning have no crystalline structure, since
during the PVA dissolution in water crystalline structure,
destruction occurs. Furthermore, the rapid solidification
of the polymer chains, by solvent evaporation, difficult the
crystal growth [58]. Thus, the low degree of crystallinity
and molecular orientation of PVA can contribute to the
absence of crystallization exothermic peaks and melting
endotherm peaks [59].

3.5 Attenuated total reflectance-Fourier-transform
infrared spectroscopy (ATR-FTIR)

The PVA spectrum (Fig. 4) showed dominant absorption
peaks at 3323 cm™', 2941 cm™', 1733 cm™', 1428 cm™',
1090 cm™" and 844 cm™', which were, respectively,
attributed to the v(O-H), v(CH,), v(C=0), 6(CH-0O-H),
v(C-0) and v(C-C) of pure PVA [54]. The stretching vibra-
tion of the OH group corresponds to the intermolecular
and intramolecular hydrogen bonds on the PVA chain.
The remaining bands identified and assigned to their
respective groups (CH,, C=0, CH-O-H, C-0, C-C) were

50 100 150 200
Temperature (°C)

associated with the corresponding groups on the PVA
chain structure [58]. It was also obtained a carboxylic
band at 1595 cm~', which was attributed to acetate
groups present in the PVA chain, since the polymer is
not completely hydrolysed and the band at 844 cm™
was associated with signals of the main chain of the PVA
[59]. In the spectrum of pure CNFs film, it was observed
mainly the band at 3332 cm™!, attributed to the stretch-
ing vibration of the OH groups, which are abundant
in its structure. The PVA/CNFs spectrum showed the
characteristics PVA bands because of the low amount
of CNFs in the matrix. The main change was observed
in the band of stretching of OH groups at 3317 cm™’,
which represent the decrease in the PVA-free OH groups
interacting with CNFs structure by hydrogen bonds. The
addition of MA caused a decrease in the band attrib-
uted to the stretching of OH groups at 3307 cm™". This
may be related to a decrease in the OH groups due to
crosslinking of the PVA by esterification reaction [59].
The band attributed to the acetate groups in PVA chain
at 1595 cm™' disappeared probably due to the overlap of
the acetate groups by analogues of crosslinking agent.
Moreover, the appearance of the new low intensity band
at 1715 cm™' can be associated with the C=0 carbonyl
bond [60]. The PVA/MA/CNFs spectrum showed the same
characteristics bands of the PVA/MA spectrum. One pos-
sible explanation could be the less available OH groups
in the crosslinked PVA chains to interact with CNFs [59].
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Fig.4 FTIR spectra obtained
by analysis of the membranes
produced by electrospinning.
The spectrum is represented
by the transmittance (T) (in
arbitrary units) as a function of
wavenumber (7). The shaded
area corresponds to the por-
tion of the spectrum where the
most significant changes were
detected between the differ-
ent samples

Transmittance (A.U.)

PR —— PVA/MA/CNFs

3500

4 Conclusion

The best crosslinked electrospun PVA mats containing
CNFs were obtained with a PVA mass fraction equal to
14%, CNFs volumetric fraction of 3% and maleic acid
at the molar ratio 20:1 at the applied voltage of 24 kV,
needle tip-to-collector distance of 14.5 cm, feed rate
of 0.3 mL h™' and using a plate collector. At this con-
dition, the beads formation was limited but not totally
excluded and it was possible to obtain nanofibers with
a diameters of 74 + 33 nm. CNFs and MA addition allows
to improve nanofiber thermal properties of the mats. It
seems that the presence of CNFs as reinforcing agent
is able to compete in terms of thermal properties to
the crosslinking agent effect decreasing the T, due the
loss of the regularity of the —-OH groups and increas-
ing the degradation temperature. However, despite
this similar behaviour, only the MA crosslinked mat
does not degrade in water due to the stabilizing effect
of the newly formed carbonyl bonds as confirmed by
FTIR analysis. A systematic mechanical characterization
of the membranes it will be necessary to confirm if the
expected mechanical improvement is due to the addi-
tion of CNFs to the matrix. These crosslinked PVA/CNFs/
MA membranes with higher stability can be considered
an eco-friendlier, biocompatible and biodegradable final
product for filtration processes.
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