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1 | INTRODUCTION

José M. Garcia |

José Antonio Reglero-Ruiz | Asuncion Mufioz
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Abstract

Low-density porous aramid films using inexpensive and widely available poly-
mers as porosity promoters, that is, polyvinyl alcohol (PVA), poly(2-ethyl-
2-oxazoline) (PEOx), and cellulose polyacetate (CA) were fabricated. Porous
poly (m-phenylene isophthalamide) films were obtained by the standard cast-
ing procedure using mixtures of the aramid with either PVA, PEOx, or CA, fol-
lowed by the removal of the porosity promoter polymers by immersing them
in water or acetone. As a result, films with up to a 65% density reduction with
pore sizes ranging from 0.02 to 10 pm and up to 30% increment in Young's
modulus were obtained. In addition, the morphology of the films was homoge-
neous and was controlled by the proportion and nature of the porosity pro-
moter polymer. The density reduction of materials plays a significant role in
energy crises and the need for fuel reduction. This study revealed that it is pos-
sible to prepare low-density porous aramid films inexpensively without impair-
ing their outstanding performance by using PVA in the casting procedure as a
porosity promoter polymer.
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which broadens their applications in many fields."> How-
ever, great control of the morphology and pore size (micro-

The study and control of the relationship between the struc-
ture and the properties of materials enable the development
of advanced and lighter polymers with specific properties
and characteristics, which satisfy the needs of technological
developments. In this sense, porous or cellular polymers
outstand for their lower density while maintaining the
properties of the dense materials or even showing improved
characteristics. Moreover, surface area, pore size, volume
and morphology, reactivity, and functionality of the poly-
mers can be tuned depending on their end-use application,

porous [pore size <2 nm]|, mesoporous [2-50 nm], and
macroporous [>50 nm]) is needed, and research efforts are
directed toward the fabrication of these materials at an
industrial scale.®

Regarding the production of porous polymeric mem-
branes and films, the most commonly used techniques
for porous membrane fabrication are based on phase
inversion, for being easy and fast.” Table 1 summarizes
the advantages and disadvantages of traditional tech-
niques and some other novel technologies.
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TABLE 1 Porous polymeric membranes preparation methods
Method Pore formation mechanism
Vapor induced phase Gas inflow and solvent outflow

separation® transfer at the interface.

Non-solvent induced
phase separation’

Thermally induced

phase separation'®!!

Phase separation
micromolding?

Pore formers®

Electrospinning"?

Melt-spinning and cold
stretching’*

Sintering’

Track etching'®

Imprinting / soft
molding'®

3D printing"’

Liquid-liquid phase demixing.

The removal of the diluent
produces micropores in its
previously occupied sites.

Polymer phase separation.

Removal of low molecular
weight salts or polymers in a
solvent.

Evaporation of the solvent.

Mechanical forces on the
membrane due to cold-
stretching steps.

High temperature induced
sintering transformation.

Tracks in the membranes and
pore formation by chemical
etching are produced by
irradiation.

Molding with pressure.

Printing an acrylate based mold
and using it as a template.

Advantages

Enable the tunning of both flat-sheet
and hollow-fiber polymer
membranes.

Allows the control of the surface and
the size of the pores using additives.

Suitable for a number of polymers.
Reproducible and less susceptible to
defects than other methods.

Possibility of sub-micrometer structures
preparation and surfaces with two-
tier hierarchical structures.

Functionality, reactivity, surface area,
pore volume, pore size and porosity of
a polymer can be tailored.

Simple and inexpensive. Uniform pore
size distribution.

Simple and inexpensive. No need of
solvent or additives. High mechanical
performance.

Widely used for inorganic and some
polymeric membranes.

Precise control of the pore sizes, shapes,
and density.

Uniform and tunable porous structures.

Preparation of almost any shape in a
range of materials at different scales.

Disadvantages

Difficult to scale-up and
commercialize.

A precise control of the
process is difficult to
achieve.

Hard to tune the surface
pores.

Expensive, non-
environmentally friendly.

Limited processing and
production capacity.
Difficult to control de
number and size of open
pores.

Crease formation.

Low reproducibility and
limited production
capacity.

Low tear resistance in the
transverse direction due to
high orientation.

Expensive, materials and
phase stability limitations.

Expensive and limited use
and large-scale
applications.

Not suitable for large nano
porous membrane areas.

Limited resolution and
printing materials
availability. High cost.

Among polymers, aramids (aromatic polyamides) are
exceptional materials for their thermal and mechanical
properties combined with lower density compared to other
inorganic fibers, ceramics, metals, and even carbon fibers.
They are considered high-performance materials, and thus
they are used for advanced applications in protective cloth-
ing and the aeronautic and automotive industries. Commer-
cial aramids include poly(m-phenylene isophthalamide)
(MPIA) (tradenames: Nomex®, Teijinconex®, and ARA-
WIN®) and poly(p-phenylene terephthalamide) (PPTA)
(tradenames: Kevlar® and Twaron®).!® Due to their out-
standing thermal stability, high cohesive energy, and low
CO, absorption, aramids are not easily foamed, so this pos-
sibility is barely explored. Nevertheless, to further lower the
density of these materials, in previous work, we were able

to prepare microporous m-aramids for the first time by
foaming them with ScCO, using ionic liquids as CO,
absorption agents, considerably reducing the density of
laboratory-synthesized aramids up to 75%."° However, the
preparation of porous materials using ScCO, involves spe-
cial experimental conditions, long processing times, and
high-pressure reactors, making this procedure difficult to be
implemented on an industrial scale.”® Later, we demon-
strated that it is possible to generate porous structures in m-
aramid films by adding ionic liquids in the cast solution of
the aramid and, after the solvent is evaporated, removing
the ionic liquid by washing them with water.*** Ionic lig-
uids are commonly used as compatibilizers in composites
or solvents.”>** They are highly compatible with aramids,
but they are difficult to handle due to their viscosity and
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hygroscopic nature,” and they are very expensive to be
used at an industrial level.*°

In a step forward in exploring aramid porosity pro-
moters that are cheap, effective, and can be used at a larger
scale, we came to the idea of using various water or acetone
soluble, inexpensive, aramid compatible polymers as an
alternative for the ionic liquids. In this sense, an extensive
review summarizes the use of different water-soluble poly-
mers as pore formers to prepare different porous polymer
membranes.” However, for the preparation of porous ara-
mids, only one reference was found, using p-aramid nanofi-
bers and poly(ethylene glycol) (PEG) to prepare hierarchical
porous nanofibrous membranes through a phase inversion
procedure.”” To further explore the preparation of porous
aramids, we selected poly(vinyl alcohol) (PVA), poly
(2-ethyl-2-oxazoline) (PEOx), and cellulose polyacetate
(CA) of different molecular weights to prepare porous poly
(m-phenylene isophthalamide) films by a casting procedure.
All these polymers are innocuous and biocompatible, solu-
ble in water or acetone, widely available, and their price is
very low.”® > PVA possesses a number of hydroxyl groups
in its structure, as well as CA, providing many interactive
sites to form hydrogen bonds with amide groups in ara-
mids.**** PEOx is a tertiary polyamide, and it has been
widely studied since it shows similar hydrophilicity to PEG
and balanced amphiphilicity, demonstrating potential appli-
cations in tissue regeneration and drug delivery systems.>

As previously pointed out, the objective of this work is
to prepare porous poly(m-phenylene isophthalamide) films
using these polymers as porosity promoters in an inexpen-
sive and simple way without impairing their performance,
establishing relationships between the porosity former and
the properties of the films. The obtention of porous high-
performance polymers with controlled pore morphology
and outstanding properties plays a key role in the develop-
ment of separators for ion lithium batteries,**** or osmosis
membranes.* ™ In addition, due to their properties and
low density, they are promising materials for the transport
and aerospace industries, especially considering the ongoing
global energy crisis and the need for fuel reduction. Also,
they could expand their fields of application in biomole-
cules immobilization, and in heat-protective equipment to
limit heat diffusion without compromising structural
function.

2 | MATERIALS AND METHODS

21 | Materials

All materials used in this work are commercially available
and were used as received: N,N-dimethylacetamide (DMA,
Sigma-Aldrich, >99%), LiCl (Sigma-Aldrich, >99%),
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polyvinyl alcohol (PVA) (Applichem, 85-89% wt, 10 KDa),
poly(2-ethyl-2-oxazoline) (PEOx) (ThermoFisher, 50 KDa),
cellulose acetate (CA) (Sigma-Aldrich, 40% wt. acetylated,
30 KDa). meta-aramid fiber ARAWIN® (PA) (nonwoven
regular staple fiber of average length 6.4 mm) was supplied
by Toray Advanced Materials, Inc. (Korea).

2.2 | Methods

SEM micrographs were recorded with a Scanning Elec-
tronic Microscope (JEOL JSM-6460LV). Films were frac-
tured after freezing in liquid nitrogen and coated with
gold in vacuum to provide electrical conductivity. SEM
micrographs of one of the samples were also recorded
using a ZEISS GeminiSEM 560 equipment.

Image]® software was used to characterize the cellu-
lar structure of the films, establishing the average bubble
radius R and average cell density by counting the number
of cells (n;) from each SEM micrograph and its radius
(R),** and using Equation (1):

Cell density, (number of cells per cm?®, N¢) is estimated
using Kumar approximation (Equation 2) and the micro-
graph area (A):

Ne=(3)" @

Films density of the films (p,) was calculated from the
dimensions and weight of the samples. The film's width
was measured using a digital micrometer (Sonline
25 mm/0.001 mm), taking five measurements and aver-
aging the results.

The density of porous films (p,) is estimated from
SEM images using ImageJ® software, according to Equa-
tions (3) and (4), where V} is defined as the gas fraction
per volume and d is the average diameter of the pore.

_ 71'33NC
6

Vy (3)
pp=(1-Vs)pa (4)

Atomic force microscopy (AFM) images were obtained at
room temperature from film samples with a confocal
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(AFM-RAMAN) model Alpha300R-Alpha300A from
WITec, using an AFM tip of 42 N/m and the tapping
mode. A 532 nm wavelength laser was used for the
RAMAN spectra, working at 2 mW.

The thermogravimetric analysis was conducted on a
TA instrument Q50 TGA analyzer using both air and
nitrogen atmosphere. First, film samples were heated
from room temperature to 100°C at 10°C/min. Then, they
were kept at that temperature for 15 min to remove any
moisture content. The samples were then heated at
10°C/min up to 800°C to complete the TGA analysis.

Differential scanning calorimetry (DSC) measure-
ments were carried out using the film samples and a DSC
Q200 TA Instruments equipment. The analysis was con-
ducted by heating the samples from room temperature to
90°C at 15°C/min. The temperature was maintained
30 min to remove moisture from the films. The samples
were then cooled to 30°C at 20°C/min and heated to
300°C at 15°C/min.

H' NMR spectra were acquired using a Bruker
Avance III HD spectrometer operating at 300 MHz at
25°C. Dimethyl sulfoxide (DMSO-d4) was used as the sol-
vent. Infrared spectra (FTIR) were collected with an
FT/IR-4200 FT-IR Jasco Spectrometer with an ATR-
PRO410-S single reflection accessory.

The mechanical performance evaluation was con-
ducted using 5 x 40 mm strips cut from the aramid film
and dried for 24 h at 80°C to remove the moisture con-
tent. Then tensile tests were conducted using a SHI-
MADZU EZ Test Compact Table-Top Universal Tester
and mechanical clamps. A gauge length of 9.44 mm was
used, with an extension rate of 5 mm/min. At least five
strips of each film were tested, and the results were then
averaged.

Thermal conductivity measurements were performed
using a HOT-DISK TPS 2500S equipment with a radius
sensor of 7.854 mm. The measurements were performed
on 4 cm diameter film discs, with a measuring time of
20 s, a 0.5 W heating power and performing three repli-
cates of each film measurement and then averaging the
results.

23 |
films

Preparation of dense and porous

Films were prepared using the standard solution casting
method. First, a solution containing DMA (7 ml) as the
solvent, commercial poly (m-phenylene isophthalamide)
(PA) (0.49 g) and LiCl (0.14 g, used as solubility pro-
moter), from now on DMA/PA/LiCl, was prepared by
heating the mixture at 80°C until complete dissolution is
observed. The corresponding amount of porosity

promoter polymer (PPP) (PVA, PEOx or CA) was then
added to the mixture at 80°C and stirred to complete
their dissolution for at least 1 h. After that, the solution
was poured into a glass and kept in an air-circulating
oven at 80°C for 24 h to remove the DMA.

In order to remove the PPPs and generate the cellular
structure, the dense films prepared were washed by
immersing them in distilled water at 80°C for at least
12 h and replacing the solvent four times or by Soxhlet
extraction with acetone for 24 h to ensure the complete
washing. Washing was continued until the constant
weight of the samples after drying in an air-
circulating oven.

The properties of the films were evaluated before and
after the removal of the PPPs, and the results were com-
pared to dense aramid films prepared in the same man-
ner (but without the porosity promoter polymer). Three
samples of each film were prepared to evidence the
reproducibility of the method by comparing their proper-
ties and porous structures.

3 | RESULTS AND DISCUSSION
3.1 | Preparation of dense and porous
films

To define the molecular weight and nature of the PPPs,
preliminary tests were carried out. Aramid films prepared
as described in Section 2.3. containing PVA, PEOx or CA
in different proportions as porosity promoters were
tested.

PVA, PEOx, and CA load percentages were decided
after conducting a solubility study for each polymer in
the DMA/PA/LiCl mixture at 80°C. This way, PVA and
CA are no longer soluble in the solution at weight per-
centages above 50%, where turbidity is observed. For
PEOx, loading percentages up to 200% weight led to
homogenous solutions and manageable films, while per-
centages over 200% rendered films with poor mechanical
properties.

To evaluate the influence of the PPP (PVA, PEOx,
and CA) on the morphology and the properties of the
porous aramid films obtained, we prepared 17 dense
films according to the procedure described in Section 2.3
of this work. For that, we kept the amount of DMA
(7 ml), PA (0.49 g), and LiCl (0.14 g) constant and varied
the weight percent of the porosity promoter polymer as
described in Table 2.

To evaluate the distribution of the components of the
films before removing the PPP, we characterized them
using AFM-Raman spectroscopy. First, single compo-
nents Raman spectra were collected and compared
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TABLE 2 Materials and quantities used for the preparation of dense films
Porosity promoter Cellulose Poly(2-ethyl-2-oxazoline)

Film? polymer (wt%) PVA (mg) acetate (mg) (mg)
PA 0
PA-PVA1 1 4.9
PA-PVAS5 5 24.5
PA-PVA10 10 49.0
PA-PVA25 25 122.5
PA-CA1 1 4.9
PA-CA5 5 24.5
PA-CA10 10 49.0
PA-CA25 25 122.5
PA-CA50 50 245.0
PA-PEOx1 1 4.9
PA-PEOX5 5 24.5
PA-PEOx10 10 49.0
PA-PEOx25 25 122.5
PA-PEOx50 50 245.0
PA-PEOx100 100 490.0
PA-PEOx200 200 980.0

#All of the solutions used to prepare the films also contain DMA (7 ml), commercial m-aramid (PA) (490 mg) and LiCl (140 mg).

(Figure 1). Also, the AFM-Raman spectra of the films
were collected and correlated with the components of the
mixture (PA in red and the PPP in blue) and used to
show the distribution of the components along
17 x 17 pm film's surface. Figure 1b shows the Raman
spectra of a PA film and the CA used as PPP. Two phases
can be observed for this film, consisting of the PA matrix
with CA aggregates. This fact is also observed for the film
containing PVA (Figure 1a), although smaller aggregates
are formed this time, considering that the amount of
PVA with respect to the aramid is lower than when using
CA. On the other hand, if PEOx is used as PPP
(Figure 1c), a more homogeneous distribution is
observed, which explains the fact that smaller pores are
formed when removing the PPP.

The porosity in the films is then generated by remov-
ing the PPP by washing the dense films using an ade-
quate solvent. The aramid is insoluble both in water and
acetone, so the integrity of the film is guaranteed. In con-
trast, the minimum swelling (26% and 10% in water and
acetone, respectively) of the aramid in these solvents
allows their penetration into the film to remove the
porosity promoters. The formation of the porous struc-
ture in the films can then be evidenced visually through
the increase in the opacity of the films (see the photo-
graphs of the films after PPP removal in the Section S4
and Figure S6, together with AFM images of the film's

surface). However, to test both the washing efficiency
and the optimal washing time, we performed washing
tests using distilled water at 80°C for PA-PVA10 and PA-
PEOx100 or acetone in a Soxhlet extractor for PA-CA50
for different periods (1.5, 3, 4.5, 6 and 8 h, until constant
weight). For example, for PA-PVA10, most of the PVA is
removed in the first hour, and no further removal is
observed after 6 h (constant weight), and for PA-
PEOx100, the film's weight is constant after washing for
3 h. In the case of CA removal, PA-CA50 weight is stable
after extracting for 12 h with acetone. For that reason, we
decided to wash the films containing PVA or PEOx for
12 h in water at 80°C, and the ones having CA using ace-
tone in a Soxhlet extractor for 24 h. However, the PPP is
not removed completely. We observed that neither by
increasing the washing temperature using a pressure
flask (150°C) nor by the increase in the washing time
(48 h), further removal of the PPP is reached, evidenced
in the constant weight of the samples and TGA thermo-
grams. The presence of PPP in the washed films was evi-
denced using '"H NMR (see Section S6 and Figure S8).
We believe that the interactions (hydrogen bonds mainly)
of the PPP with the PA prevent the PPP from being
entirely removed from the film. To characterize this, we
used FTIR spectroscopy. The broadening of the bands
corresponding to the C=O stretching, and the N—H
bending (1649 and 1605 cm™, respectively) is indicative
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of the hydrogen bonding interaction of the PA with the
PPP. This fact is especially evident when using PEOx
since it is present in larger proportions, and these two
bands are combined into one at 1607 cm ™' (Section S7
and Figure S9).

The porous structure and the mechanical and thermal
properties of the films prepared this way with different
porosity promoters and loading percentages were evalu-
ated and compared to dense films prepared in the same
manner. Furthermore, since the preparation of the films
is carried out at a laboratory scale, the films' reproducibil-
ity and porosity, morphological parameters, and proper-
ties were also tested. For that purpose, we fabricated
three replicates of some of the films (PA-PVA10-P and
PA-PEOx100-P; see Section S1) and compared their prop-
erties, evidencing that the results were homogeneous and

FIGURE 1
microscopy-Raman spectra collected for the
single components (PA, CA, PEOx, and PVA),
and their distribution along (a) PA-PVA10,

(b) PA-CA50, and (c) PA-PEOx100 films [Color
figure can be viewed at wileyonlinelibrary.com]

Raman and atomic force

PA-PVA10

PA-CA50

PA-PEOx100

concluding that our preparation method is adequate and
reproducible.

3.2 |
density

Morphological parameters and

SEM micrographs of the surface and cross-section of the
films after removing the porosity promoter (renamed by
adding “-P” after the name of the film) were taken
according to the procedure described in Section 2.2. To
determine and characterize the porous structure. A uni-
form porous structure can be observed throughout the
thickness of the films (see Section S2). Figure 2 shows the
micrographs of the cross-section of the films at x3000
after removing the porosity promoters, and Table 3
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(a) PA films using PVA as PPP
CTION

PA-PVA5-P

CROSS-SE

SURFACE

Oum
4

PA-PVA5-P

10 um
—_—

10 um (RS
Qlum S

10pum T

PA-PVA25-P

PA-PVA10-P

(b) PA films using CA as PPP
CROSS-SECTION

10pum |
-

PA-CA10-P

10pum

_o

PA-CA50-P

PA-CA25-P

(c) PA films using PEOx as PPP
CROSS-SECTION

PA-PEOx50-P

'PA-PEOX200-P )

SURFACE

10um

10 um

PA-PEOX50-P

FIGURE 2

PA-PEOX100-P

10 pr

PA-PEOx200-P

SEM micrographs of cross-section (x 3000 magnification) and surface (x1500 magnification) of films prepared from PA and

(a) PVA, (b) CA, and (c) PEOx in different proportions after removing the porosity promoter. *Cross-section SEM micrographs of PA-
PEOx100-P and PA-PEOx200-P were taken at x25,000. Cross-section SEM micrograph of PA-PEOx100-P taken at x 100,000 using a ZEISS

GeminiSEM 560 equipment

summarizes the study of the observed structures using
Image] software.

All the films prepared using PVA as the PPP
(Figure 2a) showed a closed-pore structure, exhibiting

increasing pore sizes with the amount of PVA used. As
observed in the cross-section, a very homogeneous and
opened-cell porous structure is obtained for PA-PVA10-P.
Although we expected the film fabricated using 25% of



s | wiLEy-Applied Polym

er

RUBIO-AGUINAGA ET AL.

CIENCE

TABLE 3 Comparative study of the porosity in films
Cross-section Surface Porous film Density

Polymer porosity R (um) porosity R (pm) density (g/cm?) reduction® (%)
PA - - - - 1.42 (dense) -
PA-PVA1-P Very disperse 1 NO 1.26 11
PA-PVAS5-P Disperse 2-3 Very disperse 2 1.01 29
PA-PVA10-P Homogeneous 2 Homogeneous 2-3 0.45 68
PA-PVA25-P Homogeneous 5-7 NO 0.53 63
PA-CA1-P NO NO 1.38 3
PA-CA5-P Clogged pores 1 Disperse 1 1.20 15
PA-CA10-P Clogged pores 2 Disperse 2 1.08 24
PA-CA25-P Clogged pores 4-5 Disperse 4 0.9 37
PA-CA50-P Homogeneous 8-10 Homogeneous 9-10 0.62 56
PA-PEOx1-P No pore generation 141 1
PA-PEOX5-P 1.38 3
PA-PEOx10-P 1.29 9
PA-PEOx25-P 1.25 12
PA-PEOx50-P 1.38 3
PA-PEOx100-P Homogeneous 0.1-0.02 NO 0.81 43
PA-PEOx200-P Homogeneous 0.1-0.02 NO 0.60 58

#Compared to dense PA film.

PVA (PA-PVA25-P) to follow this trend, the obtained
structure is irregular and shows diverse pore morphol-
ogies. This fact could be attributed to the solubility of
PVA in the mixture PA-DMA-LiCl, which might be
reaching its limit at 25% amount. Looking at the surface
images, the only PVA proportion that renders homoge-
neous superficial porosity is the one prepared using 10%
of PVA (PA-PVA10-P). This way, we can conclude that
the ideal amount of PVA when using this PPP for the
preparation of films to render a homogeneous cellular
structure both in the cross-section and in the surface is
10%, with an average pore size of 2 pm in the cross-
section and 2-3 pm in the surface of the films (Table 3).
SEM micrographs of the films prepared using CA as
PPP (Figure 2b) showed that dispersed pores start to
show up when using 5% of CA and their number and
sizes increase with increasing CA percentage. However,
most pores were clogged for loading percentages between
5% and 25% by sphere-like CA aggregates,” which is evi-
denced in the PA-CA25-P image. On the other hand, 50%
CA loading renders films with a heterogeneous structure
with pore sizes between 8 and 10 um (Table 3). The sur-
face of these films presents dispersed pores up to a 25%
CA loading, while a 50% of CA generates a greater num-
ber of pores with sizes between 9 and 10 pm and a homo-
geneous superficial structure in the films. Since we know
that the PPP is not entirely removed from the films, and

PA-CA50-P shows a porous structure on the surface,
using AFM-RAMAN spectroscopy (Section S5 and
Figure S7) we observed that the remaining CA is located
covering the walls of the pores of the PA film. In this sur-
face contact area, hydrogen bonds interactions between
the two polymers take place.

As observed in the SEM micrographs, the preparation
of films using PEOx as PPP (Figure 2c) with loading per-
centages lower than 100% resulted in dense films. Only
high loading percentages (100% or 200%) rendered films
with nanocellular and highly homogeneous structures,
with relatively small pore sizes, between 0.02 and 0.1 pm,
many orders of magnitude lower than in the films pre-
pared using PVA and CA as PPP. Due to their chemical
structure and nature, such small pore sizes and homoge-
neous distribution could be attributed to the high com-
patibility of PEOx with the aramid. However, surface
porosity is not observed in any film (or very dispersed),
including the 100% and 200% PEOx loaded films. In
Table 3, a comparative study using ImageJ software of
the pores observed in the SEM micrographs is described.

According to the density measurements, when PVA is
used as PPP, the optimal amount to obtain a regular
porous structure with density reduction is 10%, leading to
a density reduction of 65%. For films where CA and
PEOx were used, the highest density reduction (around
50%) is obtained when 50% and 200% of PPP are used,
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FIGURE 3

TGA curves under a nitrogen atmosphere obtained for the films prepared using different porosity promoter polymer (PPP)

before and after removing the PPP and compared with the PA film and the corresponding PPP (a) PVA, (b) CA and (c) PEOx [Color figure

can be viewed at wileyonlinelibrary.com]|

respectively. However, a 200% PEOx content renders
films with poor mechanical properties, so we considered
100% PEOx content as the optimal amount for films con-
taining this PPP. For these reasons, from now on, some
of the assays will only be performed for PA-PVA10, PA-
CA50, and PA-PEOx100 films. These results show the
efficiency in the density reduction compared to pure PA
film, making these materials even lighter.

3.3 | Thermal performance
Thermogravimetric analyses were performed to evaluate
the thermal properties of the films regarding their ther-
mal resistance and to confirm the presence of the PPP or
the washing procedure to obtain porous films.

Figure 3 shows the thermograms in nitrogen atmo-
sphere of both the dense and porous films obtained using
the optimal percentage for each PPP (10, 50, and 100 for
PVA, CA, and PEOx, respectively), and they are com-
pared to a washed PA film prepared in the same condi-
tions, and to the corresponding PPP. Also, the
thermograms obtained for the same films but using an

oxidizing atmosphere (Figure S6) can be found in
Section S4. PA has outstanding thermal resistance, start-
ing its degradation at nearly 500°C, very different from
the thermal resistance of the rest of the polymers used,
which begin their degradation at around 300-360°C.*>**

When PVA is removed from the initial film, the tem-
perature degradation curve resembles the one for the
plain PA film (Figure 3a). However, a slight difference is
still observed starting a 350°C due to PVA residues pre-
sent in the PA-PVA10-P film. Regarding the films pre-
pared using PEOx and CA, the removal of the PPP is not
so efficient, as observed in Figure 3b,c. The fact that the
degradation of the PPP inside the film starts at a higher
temperature than the isolated PPP is indicative of an
interaction between the PPP and the aramid.

DSC analyses were performed using the same samples
as the thermogravimetric analysis (Figure 4). PVA
(Figure 4a), as a semicrystalline polymer, shows two tran-
sitions, a glass transition (T) at 72°C and a melting tem-
perature (Ty,) at 170°C.*° PA films show a T, of 281°C,
and for the film PA-PVA10-P, a transition at around
170°C shows ups, and a slight lowering of the T, of the
aramid, due to PVA residues present.
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CA shows a melting temperature of 235°C.° This
time, the DSC curve of the film after washing the PPP
(Figure 4b) does not match the curve of the PA film due
to the presence of the PPP in a higher proportion. The
same phenomenon is observed for PA-PEOx100-P DSC
curves, showing the presence of PEOx, and even not
observing the T, of the PA after washing.

The thermal conductivity between the two surfaces of
PA, PA-PVA10-P and PA-PEOx100-P films was measured
to see the influence of the pore size in the thermal insula-
tion of the materials. The results showed that PA film
thermal conductivity was 0.02575 + 0.00008 W/mK. This
value was reduced to the half for PA-PEOx100-P film
(0.01242 + 0.00002 W/mK) with pore sizes between 0.02
and 0.1 pm. The thermal conductivity value of PA-
PVAI10P films was found to be between these two values
(0.02142 + 0.00004 W/mK), showing pore sizes of around
2 pm. This fact demonstrates the Knudsen effect, since
the thermal conductivity decreases with increasing pore
sizes. This effect takes place when the cell size is

comparable or lower than the free path of the gas mole-
cules (air) contained in the material.>*

3.4 | Mechanical performance

The mechanical parameters obtained from the traction
assays of the porous films prepared using different pro-
portions of PPP are summarized in Table 4. In order to
compare the properties of the films with each other, the
averaged values of the mechanical parameters are divided
by the density of each film (E,, relative Young's moduli
and 6"?, is the relative tensile strength).

For the films prepared using PVA as the PPP, both
the relative Young's Modulus and tensile strength
increase with the film porosity, demonstrating the posi-
tive effect of the cellular structure on the material’s rigid-
ity. This way, PA-PVA10-P is 50% stiffer than a PA film.
Also, the tensile strength is optimum for the film pre-
pared using 10% of PVA, having a homogeneous and
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TABLE 4
porosity promoter polymer removal. E,, relative Young's moduli

Relative mechanical properties of each film after

and ¢, is the relative tensile strength

Film E, (MPa)?* 6P, (MPa)*
PA (dense) 1001 + 56 57+9
PA-PVA1-P 915 + 53 4342
PA-PVAS-P 1362 + 63 76 + 2
PA-PVAI10-P 1570 + 97 143 + 7
PA-PVA25-P 1632 + 65 92+2
PA-CAS-P 1335 + 94 84 + 2
PA-CA10-P 1286 + 17 64 + 1
PA-CA25-P 1133 + 36 64 + 2
PA-CA50-P 538 + 81 54 + 2
PA-PEOX100-P 480 + 64 42 +15
PA-PEOx200-P 618 + 47 44 +13

“Relative values. The averaged mechanical parameters are divided by the
density of the film for comparison purposes.

open-cell porous structure. At the same time, PA-PVA25-P
starts showing a decrease in tensile strength, probably due
to the increase in the pore radius. The mechanical proper-
ties of PA-CA1-P film were not measured since it does not
show a porous structure. For low percentages of CA used in
the preparation of the films, the relative Young's moduli
increase compared to dense PA. However, a decrease of the
Young's Modulus is observed with the increasing amount of
CA. The high modulus of the films is attributed to the rigid
structure of m-aramid, and the presence of unwashed CA
should decrease the mechanical performance of the films
unless new interactions (hydrogen bonding) are formed
between the components. However, with increasing
amounts of CA, the positive effect of the interactions
between the two polymers is counteracted by the lower
mechanical performance of the CA. PA-CA50-P shows a
lower Young's modulus than neat PA film, which can be
attributed to the presence of macrovoids and cavities and a
heterogeneous porous structure. The tensile strength is
diminished with increasing amounts of PPP and porosity,
making the films more brittle but comparable to neat PA
films. The use of PEOx as the PPP renders less-stiff films
with lower Young's moduli and similar tensile strength
than neat PA films. Since the amount of PEOX still present
after washing the film is noticeable, a plasticization of the
films is observed.

4 | CONCLUSIONS

In short, we were able to obtain porous aramid films by
using three different compatible polymers (PVA, CA, and

Applied Polymer WiLgy-| ==

PEOX) in different proportions, which generated a
porous structure after their removal in distilled water or
acetone. Different pore sizes and morphologies can be
obtained this way, varying from closed-pore to opened-
cell structures, ranging from 0.02 to 10 pm. Also, pores
can be found only in the cross-section or both in the
cross-section and the surface of the films, with a density
reduction of up to 65% compared to commercial poly (m-
phenylene isophthalamide). The removal of the porosity
promoters was tested, and although the PPP is not
entirely removed in all the cases, a porous structure is
still observed. The mechanical performance of the films
is related to the pore size and morphology generated,
obtaining, for example, a 30% increase in the Young's
Modulus for PA-PVA10-P film compared to a dense PA
film. This way, the use of 10% of PVA in the film formu-
lation as porosity former and later removal allows the
reduction of commercial m-aramid's density without
impairing its thermal performance and even improving
the relative mechanical behavior. Low-density high-
performance polymers development is crucial to reducing
fuel consumption, considering the current global energy
crisis. Moreover, porous polymers are gaining interest in
the scientific community since cavities can locate differ-
ent types of molecules, providing them potential applica-
tions in energy storage, gas separation or catalysis,
aeronautics, renewable energies, automotive, construc-
tion, or biotechnology, among others. This work opens
the possibility to explore further this methodology of pre-
paring porous films, through the proper selection of the
porosity promoter (or a combination of more than one)
and the proportions used in order to obtain the controlled
pore distribution and morphology that better suits the
final requirements of the material.
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