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This study assessed the morphology and thermal, mechanical, and chemical properties of electrospun
membranes made of acrylonitrile-methacrylic acid copolymers (PANCMAA). Copolymers were
synthesized using the aqueous suspension method with varying comonomer contents (homopolymer,PAN,
lower acid, PANCMAALI, and higher acid, PANCMAA?2) and characterized by nuclear magnetic
resonance (NMR) spectroscopy and gel permeation chromatography (GPC). Electrospun fibers were
produced by adjusting the polymer concentration in the DMF solution, and the optimal conditions
yielded nanofibrous membranes. PAN and PANCMA A membrane properties were evaluated by X-ray
diffraction (XRD), differential scanning calorimetry (DSC), Dynamic Mechanical Thermal Analysis
(DMTA), stress-strain tests, and swelling behavior in a phosphate buffer solution. The comonomer
content influenced the crystallinity of the electrospun nanofibers, reducing the 16.8° XRD peak
intensity from PAN to PANCMAAZ2. DSC indicated an increased T, (from 113°C in PAN to 127°C in
PANCMAA?) and a decreased exothermic cyclization enthalpy (311 J.mg" in PAN to 271 J.mg™ in
PANCMAAZ2). PANCMAAL exhibited higher stiffness than PANCMAA?2 and PAN, with a storage
modulus of 0.16 GPa, a Young’s modulus of 135.7 MPa, and a lower elongation at break (3.98%).
The presence of the acid comonomer significantly enhanced the swelling behavior of the electrospun
membranes in phosphate buffer solution.

Keywords: Poly(acrylonitrile-methacrylic acid), copolymerization, thermo-mechanical properties,

aqueous solvent resistance.

1. Introduction

Electrospinning of nanofibrous membranes is a promising
technology capable of creating nanostructures with high
versatility of morphology and chemical compositions'. The
intrinsic features of these membranes can allow a variety
of applications, from biomedicine** to environmental
bioremediation®”’, with the main advantage of using a
large variety of polymers to form different nanofibers
and customized products with different porosities and
interconnectivities®.

Synthetic polymers such as poly(vinylidene fluoride)
(PVDF), poly(ether-ether ketone) (PEEK), poly(ether sulfone)
(PES), and acrylonitrile-based polymers (PAN) are known
for their chemical stability in applications that require contact
with aqueous media’'2. However, the production of nanofibers
using PVDF, PES, and PEEK is more difficult because, in
addition to the need of expensive solvents'?, these polymers
are difficult to dissolve for the electrospinning process'*.
Acrylonitrile polymers are synthetic polymers with interesting
properties (high stability in different solvents) for producing

*e-mail: luizguilhermeacm@ima.uftj.br

fibers, and are used by the industry to manufacture woven
and non-woven mats and casting membranes'.

The large surface area, volume ratio and small porosity size
of electrospun nanofibers of acrylonitrile and the possibility
of changing their wettability, allow to apply it in technologies
of water and oil separation by adsorption processes, air
filtration, removal of pathogenic agents and immobilizing
organic molecules”*!"”. For example, incorporation of
various fillers, including silver nanoparticles, TiO2, and
metal-organic frameworks (MOFs) to PAN was used to
fabricate non-woven mats characterized by high hydrophilicity,
photocatalytic activity, and antibacterial properties. These
mats demonstrate the capability to purify water by effectively
removing oil, organic pollutants, and pathogens®**'. In this
regard, presence of polar groups on the fiber surface either
by using PAN copolymers containing polar comonomers or
by surface chemical modification, play a pivotal role. These
methods enable the anchoring of organic molecules with
diverse functionalities or augmentation of adsorption capacity.
Consequently, the non-woven mats acquire novel properties,
transforming them into valuable tools for applications like
biosensors or the removal of heavy metals?'23
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The investigation of polyacrylonitrile nanofibers thermal
properties is predominantly motivated by their promising
application as precursors in the production of carbon fibers.
Implemented strategies focus on regulating the cyclization
reactions that occur within the side groups of PAN chains,
leading to an enhancement in production yield*. Regarding
mechanical characteristics, nanofibrous membranes,
particularly those derived from polyacrylonitrile, exhibit
a tendency towards lightweight and fragility, presenting
handling challenges in the fabrication of membranes with
applications like air filters's. In this context, the processing
conditions for acrylonitrile-based polymers emphasize the
minimization of fiber size®. Furthermore, the improvement
of mechanical strength can be attained by blending with
other polymers or production of composites with rigid fillers,
along with the production of copolymers!>>%,

The properties of electrospun membranes of polyacrylonitrile
can be tailored in different ways to change their crystallinity
and mechanical and thermal properties'®*’*. When electrospun
in blends with other polymers with different properties,
such as polyethyleneimine (PEI) and poly(acrylic acid),
membranes have been shown to become more hydrophilic
and exhibit better mechanical strength?”?. Another way to
improve fiber surface properties is to modify the chemical
structure of PAN by copolymerization using comonomers
that can also improve the thermal and physico-chemical
properties depending on the purposes, like filtering process,
for example'®3.

The addition of methacrylic acid units to PAN molecules
is an interesting option that could improve the molecular
interaction and reactivity with organic molecules, thereby
increasing its applicability. The presence of these carboxylic
acid moieties increases the polarity of the PAN molecular
chain (Figure 1). Consequently, the addition of acid groups
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Figure 1. Chemical structure of poly (acrylonitrile-co-methacrylic acid).
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in the structure of PAN increase its hydrophilicity and,
depending on pH, increase its swelling capacity?'

For some biochemical applications, such as conjugation
to proteins, it is important to consider the stability of the
polymer in different buffers and pH conditions in coupling
reactions. Electrospun membranes of PAN and their
copolymers can be used to make these kinds of reactions,
using a phosphate buffer solution as a solvent to succeed in
reactions at neutral pH3>*. The main challenge is to obtain
electrospun fibers of acrylonitrile copolymers containing
high acid group content without lose properties, especially
of surface morphology of nanofibers submitted to contact
with aqueous solvent, avoiding the dissolution of nanofibers
after the swelling effect during their contact with aqueous
media at pH 7.

The objective of this research was to investigate the effects
of aqueous buffered phosphate at pH 7.0 on the morphology
of nanofibers made from acrylonitrile copolymers containing
methacrylic acid, after swelling process. The motivation was
the fact that most previous studies have focused on the effects
of'aqueous solvents on acrylonitrile nanofibers modified by
fillers (composites), by crosslinking, or chemically modified by
alkaline hydrolysis, and only the composites showed swelling
behavior in buffered phosphate pH 7.033. Additionally, the
synthesis of acrylonitrile copolymers with methacrylic acid,
the determination of electrospinning parameters (Figure 2),
and the examination of their crystallinity, thermal, mechanical,
and swelling properties will be addressed, discussing their
potential applications.

2. Experimental

2.1. Materials

Acrylonitrile (99%) containing 35-45 ppm hydroquinone
and methacrylic acid (99%) containing 250 ppm hydroquinone
were purchased from Sigma-Aldrich. Both were purified
by vacuum distillation to remove inhibitors. Potassium
persulfate, ferrous ammonium sulfate (99%), and sodium
metabisulfite (98%) were purchased from Sigma-Aldrich.
Both were used without purification. Anhydrous ethanol and
dimethylformamide were purchased from Sigma-Aldrich
and used as received.
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Figure 2. Schematic diagram of synthesis and design of acrylonitrile copolymer nanofibrous membranes.
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2.2. Synthesis of acrylonitrile polymers

PAN and acrylonitrile-co-methacrylic acid copolymers
(PANCMAA) were synthesized using deionized water
suspension method at 50 °C under stirring and a nitrogen
atmosphere, varying the methacrylic acid comonomer
composition®’. The molar fractions of the comonomers in
the reaction feed were 7.5% (PANCMAAL) and 18.5%
(PANCMAA2). Both PAN and PANCMAA copolymers were
obtained after 3 h of reaction at 50 °C, by precipitating the
white solid insoluble in water. The product was separated
from water by filtration, rigorously washed with cold water
and ethanol to remove residual monomers, and dried in a
vacuum oven at 50 °C. The polymer was storage in room
temperature for electrospinning processing.

2.3. Nanofibrous membranes

Electrospinning conditions of PAN and PANCMAA were
tested using a Glassman high-voltage supply with 30 kV of
capacity and a KD Scientific syringe pump 100-CE model,
using an aluminum plate collector to recover the samples.
PAN and PANCMAA were solubilized in dimethylformamide
(DMF) at different concentrations for 12 h. Voltage of
20 kV, collector-needle distance of 20 cm and flow rates
of 0.75 mLh"! for PAN and 1.0 mLh' for PANCMAA1 and
PANCMAAZ2, respectively, were used as spinning condition.
The humidity and temperature were controlled to be 50-60%
and 20°C, respectively.

An Electrospinning machine (E06 Nanofiberlabs, China)
with two high voltage power suppliers with negative and
positive output voltage capacity from 0 to +30 kV, two
syringe pump coupled and a roller collector with 200 mm
wide and diameter of 80 mm with speed adjustable from
10 to 3000 rpm, was used to produce the nanofibrous
membranes. The electrospinning set obtained previously
was used to manufacture membranes by applying both
negative and positive voltages in aratio of 1:1, using the total
voltage between 20 and 26 kV, and using a roller collector
at the minimum speed (10 rpm) to avoid the orientation
of the nanofibers. Membranes were obtained after 4 h of
processing and dried in a vacuum oven at 60 °C to evaporate
the residual solvent.

2.4. Characterization of polymers

The compositions of the PAN and PANCMAA copolymers
were examined using Nuclear Magnetic Resonance (NMR) 'H
(Varian Mercury, VX-300, USA) operating at 300 MHz.
Samples of 12 mg were dissolved in dimethyl sulfoxide-D
(0.6 mL) in 5 mm NMR tubes at 40 °C of temperature. The
comonomer content was calculated by Equation 1, using
the integers of the chemical shifts of CH, and CH, that are
present in the comonomer methacrylic acid (MAA) and CH,
of acrylonitrile monomer (AN) [25].

I[CHZ(AN)(/? )+CH2(MAA)(/}')]71{%CH3M

I[CHZ(AN) (/7 )* CHy(pa4) (ﬂ')]

Y%oMAA =11~

x00 (1)

Where: § — the acrylonitrile monomer signal; ’ — the
methacrylic acid signal.

The molecular weights of the polymers were determined
by Gel Permeation Chromatography (GPC) using a Shimadzu
chromatograph (model UFLC, JAPAN). The chromatographer
was equipped with a refractive index detector and a
GPC-803 column (300 x 8.0 mm, Shimadzu). The analyses
were performed at 30 °C using dimethyl formamide with
0.01 M LiBr* as the eluent at a flow rate of 1.0 mL.min™".
Sample concentrations of 0.2% m.v™' and injection volumes
of 20 pL were used. The number-average molecular weight
(M,), weight-average molecular weight (M, ), and dispersity
index (D, M /M ) were determined using a calibration curve
with polystyrene standards (PS) in the range 700-2.2x10°.

The morphology of electrospun membranes was examined
by scanning electron microscopy (SEM) (MEV-FEG MIRA
4 LMU, TESCAN, USA), using a Denton Vacuum Desk I1
gold sputter to cover the nanofiber membranes. The average
diameter of the electrospun fibers was measured from the
SEM images using Image J software.

WAXD analyses were carried out in a Rigaku Miniflex
diffractometer (Japan) using mats with dimensions of
2 x 2 cm. The analyses were performed using Cu Ko radiation
(A=1.5418 A), with 20 ranging from 5 °to 60° and a scanning
speed of 0.05°s.

The thermal properties were evaluated using differential
scanning calorimetry (DSC) (Hitachi, High-Tech DSC7000
series, JAPAN). The samples were scanned on DSC 7 module
of'this thermal analyzer under nitrogen atmosphere at a flow
rate of 50 mL.min"!, and a heating rate of 10 °C.min"' from
ambient temperature to 200°C. A sample weight of 4-6 mg
in the form of a membrane was used to ensure good thermal
contact. The samples were hermetically sealed.

The mechanical behavior of the electrospun membranes
was examined using dynamic thermomechanical analysis
(DMTA) (TA Instruments, Q800 series, USA) at an operating
frequency of 1 Hz and a heating rate of 3 °C. min’'. The
samples were evaluated in the temperature range 25-200 °C.
The tensile strength of the nanofibrous membranes was
characterized using an Instron 5569 (USA) instrument with
a load cell of 1 kN, crosshead speed of 2 mm.min! and
gauge length of 20 mm. Considering that the nanofibrous
membranes are very thin and fragile, samples for the tensile
mode test were mounted with aluminum foils at their ends
in order to achieve a sufficiently strong grip**. All samples
were rectangular with dimensions of 100 mm x 5 mm in
accordance with the ASTM D882-10 standard test method.

The stability of the nanofibrous membranes was tested
in a phosphate buffer aqueous solvent by immersing the
membranes in 2 mL of 0.1 M phosphate buffer solvent. At
intervals of 0, 5, 10, and 30 minand 1, 3, 6, 12, and 24 h, the
samples were removed from the solution, dried with filter
paper to remove excess liquid, and weighed. The objective
was to determine the capacity of PAN and PANCMAA to
absorb phosphate solution and to verify the possibility of
dissolution of the membranes due to interaction with the
solvent. Equation 2 was used to determine the retention of the
solution in the nanofibers as a function of the immersion time.

W, — W,
Yoswelling = —L 0

x100 )
t

Where, W is the weight of membranes after the immersion
and W is the weight of membranes before the immersion.
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3. Results and Discussion

3.1. Synthesis of PAN and PANCMAA

Figures 3a, 3b, and 3¢ show the 'H NMR spectra of the
polymers, and Figure 4 shows the logarithmic molecular weight
distributions of the homopolymer (PAN) and copolymers of
PANCMAA. As expected, the spectrum of PAN (Figure 3a)
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Figure 3. '"H RMN spectra of (a) PAN, and (b) PANCMAAI and
(c) PANCMAAZ2 copolymers.
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showed characteristic signals of CH and CH, at chemical
shifts around 3.12 and 2.05 ppm, respectively. The spectra
of PANCMAALI (Figure 3b) and PANCMAA2 (Figure 3c)
showed a signal at 1.24 ppm in addition to those signals,
which are characteristic of CH, protons of methacrylic
acid, with PAN and PANCMMA CH, signals superposed
at 2.05 ppm*’. Figure 4 shows that the copolymers had a
broader molecular weight distribution than PAN.

Table 1 presents the comonomer content, polymerization
yield, number-average molecular weight (M, ), weight-average
molecular weight (M, ), and polydispersity (D) of PAN,
PANCMAA1, and PANCMAAZ2. Calculation of the copolymer
composition using Equation 1 showed that the methacrylic
acid content incorporated in the acrylonitrile copolymer
after the synthesis was 5.6% (PANCMAA1) and 8.7%
(PANCMAA?2), respectively. There was an increase in the
molecular weight and dispersity of PANCMAA copolymers
when compared with PAN. The best polymerization yield
occurred for the preparation of PAN and PANCMAA1
because these polymers had low interactions with water
and were easily filtered and recovered from the reaction
medium. On the other hand, PANCMAA2 could not be easily
separated from the water medium during the filtering step;
therefore, it was necessary to separate the solid from the
solution by rotary evaporation, and the dried solid product
was powdered in a crusher mill, resulting in a lower yield.

3.2. PAN and PANCMAA nanofibrous membranes
optimization

As described in the experimental section, the voltage, flow

rate, needle tip-to-collector distance, and syringe needle used

in the electrospinning process were previously determined
by preliminary tests based on morphology visualization.
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Figure 4. Molecular weight distribution of PAN, and PANCMAA 1
and PANCMAA?2 copolymers.

Table 1. Methacrylic acid content in feed and polymers, polymerization yield, average molecular weights (M, and M ) and dispersity index

(D) of acrylonitrile polymers PAN, PANCMAA1 and PANCMAA2.

COOH Comonomer feed ~COOH comonomer in polymer Yield
Sample M, M, b
% % %
PAN 0 0 78 1.06x10° 2.08x10° 1.95
PANCMAAL1 7.5 5.6 85 1.50x10° 3.83x10° 2.55
PANCMAA2 18.5 8.7 52 2.22x10° 5.68x10° 2.56
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The choice of conditions was based mainly on discarding
the areas where the beads were formed. Scanning Electron
Microscopy (SEM) images and distribution of the average
diameter of electrospun nanofibers as a function of PAN,
PANCMAAL1, and PANCMAA?2 concentration in DMF
are shown in Figures 5, 6, and 7, respectively. The average
diameters of the nanofibers are listed in Table 2.

The differences in the polymer solution used for
PAN, PANCMAA1, and PANCMAA?2 are more closely
related to the molecular weight of the samples (as shown
in Table 1), which affects the viscosity of the solution
and, consequently, the average diameter of the nanofibers
and the possibility of defects, such as beads and broken
fibers***. As a result, PAN required a higher concentration
of polymer (15-20%) than PANCMAA1 (7.5-12.5%) and
PANCMAA2 (5-10%).

In terms of morphology, the surface of the nanofibers
in all three samples is relatively similar, with homogeneous
nanofibers and some defects, such as beads (as shown in
Figure 5a and 5b, Figure 6a and Figure 6b, and Figure 7b)
and broken fibers (as shown in Figure 7a). These defects
decreased with the increase in the concentration of the
polymer solution in all samples. Therefore, we selected
the following concentrations: 20.0 wt.vol'% for PAN
(as shown in Figure 5¢), 12.5 wt.vol'% for PANCMAAL
(as shown in Figure 6¢), and 10.0 wt.vol"'% for PANCMAA2
(as shown in Figure 7c). As shown in Table 2, PAN showed
nanofibers with a diameter of 171 + 38 nm, PANCMAALI
with a diameter of 213 + 35 nm, and PANCMAA?2 with a
diameter of 258 = 58 nm.

3.3. X-Ray Diffraction study

Wide Angle X-ray diffraction (WAXD) was used to
observe possible structural and morphological changes
in the nanofibers formed by the copolymers due to the
addition of methacrylic comonomer. Figure 8§ shows the
WAXD curves of PAN, PANCMAA1, and PANCMAA2
nanofibrous membranes. The characteristic peak of
paracrystalline PAN appeared in all samples at 20 = 16.8°,
which was attributed to the (1 0 0) plane of the PAN crystal
lattice®**. It was sharp in the PAN homopolymer and
broader in the PANCMAA copolymers. A peak centered
around 20 = 27°, normally found in polyacrylonitrile
powder?#, appears only in the PANCMAAT copolymer
and indicates second-order diffraction of the peak at 16.8°%.

Table 2. Average diameter of nanofibers of PAN, PANCMAAL e
PANCMAA? as function of polymer concentration in DMF.

Concentration Average diameter
Polymer
(wt.vol'%) (nm)
15.0 130 +48
PAN 17.5 150 + 35
20.0 171 +38
7.5 165 +£32
PANCMAAI1 10.0 188 £46
12.5 213 +£35
5.0 89 +21
PANCMAA2 7.5 108 + 36
10.0 258 +£58
16
N: 50
12 Mean: 130
StdDev: 48

Frequency
o)

0 50 100 150 200 250 300
Average Diameter (nm)

28
N: 50
24 Mean: 150
720 StdDev: 35
§16
=
g12
L s
4
0

0 50 100 150 200 250 300 350 400
Average Diameter (nm)

N: 50
22 Mean: 171

> StdDev: 38
220
S16
o
012

8

4

0 o=l

0 50 100 150 200 250 300
Average Diameter (nm)

Figure 5. Morphology and diameter distributions of nanofibers in membranes of PAN as function of concentration in DMF: a) 15.0 wt.vol",

b) 17.5 wt.vol! and c) 20.0 wt.vol.
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Figure 6. Morphology and diameter distributions of nanofibers in membranes of PANCMAA in function of concentration in DMF, in which:
a) 7.5 wt.vol'; b) 10.0 wt.vol! and ¢) 12.5 wt.vol'%.
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Figure 7. Morphology and diameter distributions of nanofibers in membranes of PANCMAAZ2 in function of concentration in DMF:
a) 5.0 wt.vol'%; b) 7.5 wt.vol"'% and ¢) 10.0 wt.vol'%.
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The peak intensity (1 0 0 plane) of PANCMAATI and
PANCMAAZ2 decreases and becomes broader when compared
by PAN homopolymer, indicating decreasing of degree of
crystallinity due the existence of comonomer unities*, in
these case methacrylic acid.

3.4. Thermal Properties

The DSC curves of PAN, PANCMAA1, and PANCMAA2
are shown in Figure 9. The curves show the main events
that occur with PAN-based polymers by heating, the glass
transition, and the cyclization-dehydration reaction among
nitrile groups at high temperatures. Table 3 summarizes
the glass transition temperature (T and typical cyclization
information, such as onset (T ), maximum (T _ ) and offset
(T, 1) peak temperatures, and cyclization enthalpy (AH®)
obtained from Figure 9.

In the region of PAN T, the copolymers present a smooth
DSC curve profile. The T, of electrospun acrylonitrile polymers
shifted from 113 °C (PAN) to 127 °C (PANCMAAZ2). This
occurs due to an increase in molecular interactions among
the acid groups of the comonomers, which decreases the
molecular relaxation®.

At high temperatures (Figure 9), for all samples, the
exothermic cyclization peak appears between 180 and 340 °C,
presenting a sharp profile for PAN, whereas PANCMAA
and PANCMAA?2 present a broad peak profile. As shown in
Table 3, the peaks of the electrospun PANCMAA copolymers
began at lower temperatures (T = 186 °C) and reached
higher temperatures (329 °C and 336 °C) than those of
electrospun PAN (from 228 °C to 322 °C), with PAN exhibiting
a higher cyclization exothermic enthalpy (311 J.mg™"). These
peaks are associated with cyclization-dehydration reactions
between the nitrile groups of polyacrylonitrile, initiated by
free-radical mechanisms (CN groups of PAN) and radical and
ionic mechanisms (COOH and CN groups in PANCMAA
copolymers), and give rise to a cyclic ladder polymer
structure from the linear molecular chain®. Furthermore,
the addition of acid groups could influence the propagation
of the cyclization reaction due to the intermolecular or
intramolecular crosslinking of COOH and nitrile groups®.

3.5. Mechanical Properties

The dynamic mechanical property curves of the nanofibrous
membranes made of PAN, PANCMAA 1, and PANCMAA2
are presented in Figure 10 (a: tan §, b: loss modulus, and
c: storage modulus). As shown in Figure 10a and 10b,
the addition of an acid comonomer to PAN influences the
viscoelastic behavior of the electrospun fibers. From the tan
d curves, we confirmed that the glass transition temperature
(T,) shifted to higher temperatures as the acid comonomer

content increased. Considering that the tan § peak of
electrospun PAN contains two superposed peaks related
to the molecular motion between ordered paracrystalline
regions and amorphous regions with less order, the addition
of comonomer acid altered the ordered regions, affecting the
viscoelasticity of the electrospun fibers*. Consequently, this
shifts T, to higher values, corroborating the WAXD results
shown in Figure 8, in which the peaks became larger with
the addition of comonomer acids.

Figure 10c shows that the nanofibrous membranes
exhibit a gradual increase in the storage modulus until the
onset of T, being more pronounced in PAN nanofibers.
This may have occurred due to a possible densification
of the fiber mat of the samples**°. The glass transition
of PANCMAAT1 and PANCMAAZ2 nanofibers exhibits an
extended temperature range, as observed in both the loss
modulus (Figure 10b) and storage modulus (Figure 10c).
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Table 3. Values of glass transition temperatures (T ), initial cyclization temperature (T ), maximum cyclization temperature (T ),

offset cyclization temperature (T

offset

onset max

) and enthalphy of cyclization (AH®) of PAN, PANCMAA1 and PANCMAA2.

Sample T, (°C) T, . (°0) T, (°C) T, (°0) AH® (J.mg™)
PAN 113 228 312 322 311
PANCMAAI 120 186 278 329 278
PANCMAA2 127 186 270 336 271
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Figure 11. Stress-strain curves of PAN, PANCMAA1 and
PANCMAA2 membranes.

This extended temperature range may be attributed to the
incorporation of acid comonomers into the copolymers’
molecular structure, which increased their amorphous phase
and influenced their viscoelastic behavior. This effect is more
pronounced in PANCMAA? fibers than in PANCMAAL1

fibers, which showed a slightly broadening of the loss
modulus compared to the PAN homopolymer. It is worth
noting that the stiffness of the fibers can be enhanced due
to hydrogen bonding of the copolymers®'. Consequently,
the higher storage modulus values of PANCMAAT1 fibers
compared to PAN can be attributed to this phenomenon,
as well as the lower amorphous phase when compared to
PANCMAA2 copolymer.

Figure 11 shows the stress-strain curves of electrospun
membranes made of PAN, PANCMAA1, and PANCMAA2,
and Table 4 shows their quantitative data. It can be observed
that the PANCMAA copolymer had different results when
compared with PAN and PANCMAAZ2, that is, it had higher
values of Young’s modulus and ultimate strength and lower
elongation at break. Gu et al.> found the same behavior
in their work with addition of PVDF as nanofiller in PAN
polymer solution to produce non-aligned electrospun
nanofibers. Authors observed a decrease in breaking strength
after PVDF concentration of 3%, suggesting that there is a
limit of composition to improve the mechanical properties
of PAN nanofibers. The high mechanical performance of
PANCMAAT1 can be explained by the good distribution of
COOH commoners in the copolymer, which increases the
dipolar interactions and, consequently, increases the stiffness
of the nanofibers?.
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Table 4. Stress-strain curves of PAN, PANCMAA1 and PANCMAA?2 membranes.

Young modulus

Breaking strength

Elongation at break

Sample (MPa) (MPa) %) Ref.
PAN/PVDF 0% - 4 60
PAN/PVDF 1% - 6 80 Gu et a2
PAN/PVDF 3% - 8 55 '
PAN/PVDF 5% - 4 60
Twisted PAN nanofibers 391.3 34.9 4.1 Yan et al >
oPAN210 52.3+4.6 1690+148 28+3 Zou et al.¥
coPAN 3100-12400 304-595 24-189 Xu et al.®
PAN 91.7+12.6 1.53+0.17 3.98+0.43 This work
PANCMAAL1 135.7+12.7 2.62+0.28 2.87+0.6 This work
PANCMAA2 77.12+£5.6 1.41+£0.12 4.190.18 This work
100 media because of the formation of strong hydrogen bonds
. c F between the acid groups of the polymer, water, and ionic bonds
80 a8 LI 4 14 with salt ions, causing swelling of the nanofiber mats®'*.
I The use of acrylonitrile-methacrylic acid copolymers with
& 60- 1 | acid content of 8.5% to produce electrospun membranes
e and the high surface area of the membrane increased the
% 404 - interaction of these copolymers with the phosphate buffer,
3 decreasing the stability of the nanofibers in this medium.
204 Considering the results of the swelling assay, the
= PAN morphologies of the electrospun membranes of PAN,
0k » PANCMAA1 PANCMAAL1, and PANCMA A2 before and after immersion
4 PANCMAA2 ina 0.1 M phosphate buffer solution (pH 7.4) were evaluated
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Figure 12. Swelling behavior of PAN, PANCMAA1 and PANCMAA2
membranes.

Table 4 suggests that the mechanical properties of the
samples are lower than those reported in the literature. The
electrospun polyacrylonitrile (PAN) samples were modified
chemically or physically to enhance their properties for
specific applications. These modifications include adding
PVDF as nanofillers in PAN nanofibers for waterproof and
breathable applications™, pre-oxidizing PAN homopolymer?3,
aligning fibers using a drawing process in PAN copolymer
nanofibers®, or by twisting.

3.6. Swelling Behavior

Figure 12 shows the swelling behavior of PAN,
PANCMAAT1, and PANCMAAZ? electrospun membranes
in phosphate buffer (pH 7.4), which is commonly used
to react with proteins. It can be observed that all the
membranes retained 80-90% of water in approximately
30 min. PAN and PANCMAA1 showed higher stability
over time, maintaining their weight stability even 24 h
after immersion in phosphate buffer solution. After 3 h
of immersion in phosphate buffer, PANCMAA?2 showed
a decrease in the weight of the fibers that were effectively
weighed according to the methodology. It was impossible
to measure the weight after 5 h (300 min). It is known that
polymers based on acrylic acids are sensitive to aqueous

using scanning electron microscopy (SEM) (Figure 13). The
diameter of the PAN and PANCMAA 1 nanofibers increased
after immersion in phosphate buffer, which was more evident
in PANCMAAL (Figure 13d). An increase in the surface
porosity was also observed. The ionic interaction between
the phosphate salts and the COOH groups of methacrylic
acid in the copolymers could increase the affinity between
the aqueous solvent and the electrospun nanofibers, causing
swelling and, consequently, modifying the morphology of
the nanofiber surface’. With the increase in methacrylic
acid groups in the copolymer PANCMAA2, the high affinity
between electrospun nanofibers and the aqueous solvent
affected its morphology, with disaggregation of the nanofibers
during the immersion time (Figure 13f).

Therefore, PANCMAAT1 could be the best choice in
conditions where phosphate buffered solutions are used,
such as biomolecule immobilization®>3. In this case,
reactive groups such as COOH are necessary to react with
the reactive terminal groups of the biomolecule under
controlled neutral pH conditions, without losing the nanofiber
morphology during the reaction process. Other possibilities
can be their application for environmental treatment and
bioremediation processes, both for water purification
through water and oil separation, making it possible to
produce superhydrophobic nanofibrous membranes with
high cleaning capacity®, removal of fluorides, heavy metals,
and organic and inorganic pollutants through molecular
affinity adsorption'®**"_and filtration of particles present
in the air. These applications are related to molecular
affinity adsorption processes and electrostatic attractions,
enhanced by the large surface area of the nanofibers and
the chemical nature of the copolymers!®-?3%,
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Figure 13. SEM images of electrospun membranes of PAN, PANCMAA 1 and PANCMAA?2 before (a, ¢, ¢) and after swelling test (b, d, f),
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4. Conclusions

This study showed that the content of acid groups in
polyacrylonitrile copolymers directly affects the morphology
and thermal properties of nanofibrous membranes, as observed
by DSC, XRD, and swelling assays. This behavior was not
evident when considering the mechanical properties, as
observed from the DMTA and tensile tests. From a thermal
point of view, considering the DSC and DMTA studies, glass
transition (T,) and thermal cyclization events are directly
affected by the presence and content of acid groups in these

polymers, affecting the viscoelastic behavior of the membranes.
The influence of the acid monomer was observed mainly in
the mechanical dynamic analysis and in the PAN cyclization
reaction at high temperatures, as indicated by DSC. As
observed from the X-ray diffraction data, these electrospun
PAN-based nanofibers became more amorphous as the content
of the acid comonomer increased in the copolymer, which
was intensified by the electrospinning process owing to fast
chain stretching and solvent evaporation and solidification,
which hindered possible polymer crystallization.
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In terms of the mechanical properties, there was no
clear behavioral relationship between the presence of acid
co-units in the copolymer and the stiffness of the nanofibrous
membranes. Membranes prepared with the lower content of
acid copolymer shows higher stiffness than those made with
PAN and the higher acid content copolymer. The results of
both the storage modulus from DMTA and Young’s modulus
from tensile tests demonstrate that there is a certain limit
of acid comonomer content for an increase in membrane
stiffness, making it more mechanically resistant.

Regarding the swelling of these electrospun membranes,
an increase in the acid group content in the copolymer
increased the affinity of the nanofiber surface with the
aqueous phosphate-buffered solvent, affecting the dimensional
stability. Consequently, fiber disintegration occurs after a
certain contact time of immersion in membranes made with
copolymer with high acid comonomer content. Because of
this behavior, the percentage of acid comonomers in the
copolymer must be considered in applications that involve
the use of buffer solutions containing phosphate, mainly those
related to biochemical reactions of proteins with PAN-based
polymers, in which neutral pH control is fundamental.
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