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This paper focuses on the potential use of sodium silicate based aerogels, instead of small

precursor molecules, as a filler in the PET nanofibers (PNFs). For the first time, the aerogel
micro-granules (AMG) were added to the electro-spinning solution of PET with successful
embedding of them into the PET nanofibers. The evaluation of the samples was carried out by
measuring 3M water repellency, sliding angle (SA), water contact angle (WCA), transmission
spectroscopy, sound absorption, heat transfer, FTIR, BET, SEM, and AFM. The results
indicate a successful synthesize of the AMG with a porosity of 91.8% and a surface area of 815
m?/g. By addition of the AMG to the electro-spinning solution of PET, the bead-on-string
aerogel-filled nanofibers were produced. This was accompanied by a significant improvement
in hydrophobicity, dye-ability, and insulation properties. The most hydrophobic sample was
prepared with the addition of 2% AMG. After the fluorocarbon treatment of this sample, the
WCA was increased from 130.1 to 147.2°, the 3M water repellency was changed from 1 to 10,
and the SA was reduced from 90 to 5°. In comparison with the primary PNF, the addition of
AMG to the PNF was increased the dyeing rate and dye adsorption at equilibrium from 30% to
70% for Disperse Blue 56. This can be introduced as a low-temperature method for dyeing of
PET fibers. Also, a decreasing trend in the heat transfer was observed from 21% (for the pure
PNF) to 16.4% and 8.3% for 0.5AMG/PNF and 4AMG/PNF, respectively. The investigation of
the acoustic properties was shown a direct relation between the amount of AMG in the pure
PNF and the sound absorption coefficient (NAC). The comparison of the porous silica aerogel
with a non-porous one has clearly shown a significant effect of the porosity on the different
properties of the samples.

Keywords: SiO, aerogel micro-granules; PET nanofibers; Electro-spinning; Hydrophobicity;
Dyeing and insulation properties.

to be commercially viable, the use of an inexpensive precursor
together with a rapid and low cost drying method is essential.
Recent advances have pointed to enormous potential of the
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1. Introduction

The term aerogel was first coined less than a century ago by

Kistler. Aerogels are defined as gels in which the liquid is
replaced by a gas, and the solid gel network remains intact [1,
2]. Aerogels are also known as frozen smoke or air-glass.
These materials are composed of 10 nm or below nanoparticles
and have nano-pores with diameters of less than 50 nm [3].
Silica aerogels have found extensive applications in end-uses
such as buildings, automobile, pharmaceutical, biomedical,
space & airborne, insulation, and art [2-5]. This can be
attributed to their unique characteristics such as high surface
area (=1000 m?/g), low density (20.030 g/cm®), high optical
transmission (=90%), high porosity (=99%), low thermal
conductivity (=0.020 W/mK), and low dielectric constant (=2).
Silica aerogels fabrication is initiated by a sol-gel process
followed by aging [3] and supercritical drying (SCD) [6, 7] or
ambient pressure drying (APD) [1, 2, 8, 9] of the formed gel.
Conventionally, silica aerogels are generated by more energy
consuming and expensive SCD method, using alkoxide
precursors  such  as  tetraethoxysilane  (TEOS) or
tetramethoxysilane (TMOS) [3]. The conventional method of
aerogel formation due to high cost partly prohibits
commercialization of the products. Therefore, for the aerogels

APD as an alternative fabrication route where sodium silicate
(Na,SiO3) as a purely inorganic, available, and low-cost
precursor is used. These aerogels are comparable to those
obtained by the conventional methods [1-5, 8-9]. However,
silica aerogels due to their nanoporous structure are generally
very brittle with low strength [3, 10]. Mechanical properties of
silica aerogels can be enhanced by compounding with fibers.
This technique paves the way for the production of either
organic or inorganic fiber-reinforced aerogel composites [10].
Researches on aerogel composites so far have focused on
addition of micron and submicron inorganic or organic fibers to
the silica sol as reinforcement [11-13]. It has been established
that the monolith integrity and the mechanical stability of such
a composite were improved if the reinforcing fibers are in nano-
scale and the matrix particle are dimensionally more compatible
with the fibers [14]. On the other hand, electro-spinning is the
most logical technique for the production of superfine fibers
with high specific surface area [14, 15].

Recently, addition of metal-containing precursor into electro-
spinning-used polymer solution has been used for preparation
of metal oxide/nanofiber composites or metal oxide nanofibers.
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Many polymers have also been used as the matrices to host
inorganic precursors [16]. For example, the crystallinity and
morphology of the nanofibres produced by homogenously
mixing of TiO, nanoparticles, with 10-20 nm particle sizes, in
the electro-spinning solution of PET were investigated by Meng
[17]. In the other research, SiO, nanoparticles were introduced
to the PET solution, and then the crystallinity and thermal
resistance of the resulted nanofibers were investigated [18].
Synthesis of nanofiber/SiO, aerogel involves impregnation of
electro-spun fibers with the sol. This is followed by the solvent
exchange, surface modification, and drying stages [15].
Excessive dusting of aerogels from the fiber assemblies is of
important drawbacks [19]. This can be significantly reduced by
addition of AMG to PET solution during the electro-spinning of
fibers. Since, the addition of an aerogel powder to resins for
improving their mechanical and thermal properties has been
rarely investigated [20, 21], practically no information is
available regarding the content of aerogel powders in polymeric
fibers. For example, silica aerogel was chosen as three-
dimensional (3D) nanoporous filler for an epoxy resin to
increase the stiffness and glass transition temperature of the
final composites [20]. Also, a natural rubber-silica aerogel film
was developed by latex compounding to form a thin film where
the silica aerogel acts as a filler [22].

Different from these works, this paper for the first time aims to
fabricate AMG-filled PNFs using the micro-size nanostructured
aerogel, instead of small precursor molecules, as a filler and the
PET nanofibers as the substrate via electrospinning method and
then, evaluate its performance. The effect of the AMG content
on improvement of the hydrophobicity, dyeing, and insulation
properties of the AMG-filled PNFs were also investigated. In
addition, the reduction in the surface energy through the coating
by a fluorocarbon derivative, Rucostar EEE, was studied.

2. Experimental
Materials

Strong-acid cationic exchange resin (Amberlite IR 120 H),
waterglass (Na,SiO;), ammonia, propone-2-ol, n-hexane,
electro-spinning solvents containing dichloromethane (DCM,
CH,Cl,) and trifluoroacetic acid (TFA, CF;COOH), and
Disperse Blue 56 (M = 365.18 g/mol) colorant were of
analytical grade from Merck, Germany. Trimethylchlorosilane
(TMCS) was purchased from Daejung, Korea. Twice-distilled
deionized water and PET chips were obtained from Havakesht
and Tondgooyan companies, Iran, respectively. The selected
fluorocarbon derivative, Rucostar EEE, was obtained from
Rudolf, Germany. The dispersing agent in the dyeing bath was
EKALIN F from Sandvz, Japan.

Preparation of the aerogel micro-granules, AMG

For the preparation of silica sols, a waterglass solution with a
specific gravity of 1.39 was diluted to 1:4 (v/v) with water. A
silicic acid solution with pH = 2.4-2.7 was prepared by removal
of the sodium ions in the waterglass precursor, using Amberlite
IR 120 H resin. The gelation of the prepared material was
achieved by adjustment of the initial pH of the silica sol to 5,
with diluted ammonia solution (1%). The mixture was then
decanted into the plastic vessel to be gelled within
approximately 10 min. For structural strengthening purposes of
the gel, the prepared hydrogel was aged for 3 h. The hydrogel
with water content in its internal pores was immersed in
propone-2-ol. This was followed by immersion, first in n-
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Hexane, and then in TMCS/n-hexane mixture (1:4 (v/v)) for 24
h at 50°C in a 150 rpm incubator. This sequence yields alcogel,
organogel, and modified gel, respectively. The surface-
modification of the gel was achieved by drying at room
temperature for 24 h. The dried gels were then heat-treated at
initial and final temperatures of 50 and 230°C for 1 h. A ball
mill (Pm10, Retsch, Germany) with two zirconia balls at 150
rpm was used for grinding of the aerogel granules for 120 min
where a suitable powder for successful electro-spinning was
obtained. The grounded material was used in weight-wise
proportions of 0.5, 1, 2, and 4% (w/w) in the electro-spinning
process. For effective evaluation, the prepared nonporous SMG
sample, without hydrophobic treatment using TMCS, was
compared. Table 1 denotes selected abbreviation for the sample
identification.

Preparation of the AMG-filled PET nanofibers

Prior to the electro-spinning process, the PET solution (15%
(w/v)) was prepared by dissolving the PET chips in 1:1 (v/v)
DCM and TFA. The mixture was first stirred using a magnetic
stirrer for 12 h and then by an ultrasonic stirrer (UP200 H lab
device (200 W, 24 kHz)) for 20 min. The prepared spinning
solution was fed to a horizontal electro-spinning, STC-523
device, Japan, via a syringe. The electro-spinning process was
carried out at a voltage of 13 kV and a solution injection rate of
0.2 mL/h. The distance of the syringe tip and a cylindrical
collector was set at 15 cm. The nanofibers were collected on a
screen with 49 mesh size. The formation of the PET/Aerogel
composites and the effect of AMG at 0.5, 1, 2, and 4% (w/w)

on the structure, hydrophobicity, dyeing and insulation
properties were vividly established.
Table 1

The preparation of the hydrophobic silica aerogel and the
AMG-filled PET nanofibers is shown in Figure 1.

Figure 1
Hydrophobic treatment

In order to reduce the surface energy of the nanofibers, a layer
of a fluorocarbon derivative (Rucostar EEE) was coated on
their surface. This was achieved by impregnation of the
nanofibers in a treatment bath containing 40 g/L. Rucostar EEE
(at pH 5) for 10 min. The impregnated fibers were then dried
and cured at 100 and 140°C for 10 and 4 min, respectively.

Disperse dyeing

The pure and composite PET nanofibers were dyed in a dyeing
bath containing 0.5% Disperse Blue 56. A dispersing agent
(10%) and diluted acetic acid (1%) were used for adjustment of
pH to approximately 5.5. The operation was carried out at 90°C
with L:R 100:1 for periods of 20, 60, 90, 120, 180, and 300 min
using Polymat, AHIBA 1000, Data color Co., Swiss; a lab
dyeing machine.

Evaluation methods

A Belsorp mini II apparatus built by BelJapan, Japan (ISO
9277) was used to obtain the parameters such as specific
surface areas, total pore volume, and mean pore diameter based
on the N, adsorption techniques or BET analysis [23]. This
analysis aims to explain the physical adsorption of the gas
molecules on a solid surface at different pressure of N, gas. The
out gassing operation for the removal of water vapor, carbon
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dioxide and other unwanted compounds in the voids was
repeatedly performed for several hours at 120°C.

The particle size distribution of the powder was determined by
static light scattering (Horiba, LA-930, Japan), equipped with 5
mW He/Ne (635 nm) laser beam, at room temperature (20 + 2
°C). Before injection, a mixture of powder in water/propan-2-ol
mixture was stirred for 5 h and then added to unit cell until the
transmittance reached between 70-85 % of the water blank. The
repellent properties of the electro-spun webs were evaluated by
the WCA, SA, and 3M water repellency tests. The 3M
water/alcohol drop test was employed with the test numbered
liquids beginning from water to propan-2-ol in an ascending
order of propan-2-ol percentage in the liquids. The ascribed
(W-10) rating denotes a sample with most visible liquid
remaining on the surface after 10 s. In general, the water
repellency rating of 2 or greater is desirable [24]. The SA of the
samples is defined as the critical angle upon which a water
droplet of given weight begins to slide down the inclined plate.
This was measured six times per sample using an instrument
developed during course of previous research [24]. The location
of a droplet on the surface of the hydrophobic treated samples
allows evaluating the WCAs. The images were taken using a
USB digital microscope, Micro View (magnification ratio 10-
800X). The angles between the liquid/solid and liquid/vapor
interfaces were measured using the Digimizer software. The
absorbance of the dye solution [25, 26] for various dyeing
periods was evaluated using Gretag Macbeth Colour Eye
7000A Spectrophotometer. The Beer-Lambert's law was used to
measure the dye absorption:
A = ecl ¢8)

Where, A denotes the absorbance of the dye, € represents the
molar absorptivity, ¢ is the concentration of the dye, and 1
corresponds to the path length. Based on equation 2, E the
exhaustion (%) of the dyeing solution was calculated.

E% = —° A_ )

o

Where, A, and A are the absorption at the time of t and t,
respectively.

In order to study the sample surface structure, the SEM image
of the samples was obtained using EM3200, KYKY. The SEM
image is analogous to a photograph except that features are
much smaller to be seen with visible light. The samples were
gold-coated with a sputter coater, SBC12, KYKY. The detailed
topological features of the fiber surface can be determined
using atomic force microscopy (AFM) (Bruker, Germany). A
silicon probing tip was used for imaging in contact mode.

The density of the samples was calculated in terms of given
mass and volume of the aerogel granule. The density and

porosity were calculated using equations (3) and (4),
respectively.
m
P =+ 3)
. Pb
Porosity = (1 - p—) x 100 €))
S

Where, py, ps, m, and V represent the bulk density (g/cm?®), the
skeletal density of silica (g/cm®), mass (g) and the apparent
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volume (cm?®), respectively. The value of ps for silica was found
to be approximately 2.2 g/cm’.

FTIR spectra of the samples were recorded by MB-Series 100,
Hartman & Braun, Canada. The FTIR spectra were used to
identify the aerogel particles in the nanofibers as well as the
chemical bonding states within the material which help to
elucidate changes in the chemical composition of the fiber
surface.

For the evaluation of the acoustic performance of the samples
according to ASTM E-1050, an impedance tube apparatus
containing an external stainless steel tube with a smooth
surface, a signal generator, a moveable microphone, and a
speaker. The detailed structure of the device is shown in Figure
2. The size of the external tube was 100 cm in length and 2.5
cm in diameter. The internal tube which is connected to the
microphone was 104 cm in length, 0.7 cm in external diameter,
and 0.5 cm in internal diameter. A steel bracket supports the
test samples at one end of the tube and also prevents
transmission of the incident sound through the fabric/bracket
assembly (Figure 2) [27]. As illustrated in Figure 2, the speaker
is positioned on the other end of the tube. Sound which is
sensed by the microphone is generated by the signal generator
in the frequency range of 250—4000 Hz. An oscilloscope is used
to display the sound waves. A digital voltmeter provides the
data employed for calculating the NAC values of samples at
each frequency. The acoustic behaviour of the absorptive
material is expressed in terms of NAC. The NAC of the
samples at sound frequencies as varied as 250, 500, 1000, 2000,
and 4000 Hz were measured according to equation 5.

4S

RREEDY

©)

Where, S is the ratio of the maximum to the minimum voltage
as recorded by the voltmeter.

Figure 2

The dynamic heat transfer of the fabric samples was
investigated using a previously method [28, 29] (Figure 3). This
instrument has the ability to simulate the possible body
condition comprising a controlled environmental chamber, a
guarded hot plate, and a data acquisition system. A schematic
of the instrument is shown in Figure 3. The guarded hot plate
was placed in a chamber at ambient conditions of 25°C, and
65% relative humidity (RH). This guarded hot plate was
comprised of different components including a 37°C hot plate
as a heat source, a water container, a membrane for simulating
human skin and the sensors for temperature determination. One
side of the sample was faced on the membrane but not in
contact, whereas the other side was exposed to the controlled
environment. Two temperature sensors were located above and
below the sample. A temperature-time curve was obtained from
the data acquisition unit. The measurement was repeated twice
for each sample and the average percentage of the heat transfer
was calculated by equation (6).

ATy
Heat transfer (%) = AT, x 100 6)
2

Where, AT, and AT, are temperature differences of upper
part the mat at the initial and end of the experiment and
temperature differences of upper and lower part of the mat at
the initial, respectively.
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Figure 3
3. Results and discussion

Aerogel formation

The SiO, aerogel was synthesized in the presence of waterglass
as an available and non-toxic precursor with drying at
atmospheric pressure. The synthesis method and the aerogel
characteristics are shown in Figure 1 and Table 2, respectively.
As can be seen from Table 2, it is clear that the porous aerogel
powder was successfully synthesized with a surface area of 815
m?/g and a porosity of 91.8%. The aerogel nanostructure is
shown in Figure 4. Also, the graphs in Figure 4 (C) and (D)
show the meso-porosity and nano-pores distribution of the
resulted aerogel, respectively.

Table 2

Figure 4
A mild ball-milling helps to maintain porous structure of the
resulted aerogel granules. Figure 4 (B) shows that the milling
process leads to formation of rather irregular micro-granules.
This can be attributed to the mechanical properties of the
monolithic aerogels which is difficult to obtain the spherical
micro-granules [30]. The size distribution of the powder
granules is shown in Figure 4 (E) with an average size of 6.6
pum. Although Figure 5 (A) shows that the aerogel granules
exhibit WCA usually associated with that of high hydrophobic
gels modified by the TMCS hydrophobic agent, beyond
inclination of 180°, the detachment of the water droplet from
the aerogel surface, as shown in Figure 5 (B), did not occur.
This could be attributed to the existence of the nano-voids and
subsequent high water absorbency of the aerogel surface that is
resemblance of gecko toes. As for gecko toes, the millions of
setae can trap air inside the nano-scale structures forming
strong adhesion and WCA [31].

Figure 5

Electro-spinning of the AMG/PNF compounds

Brittleness nature and dust releasing from the base substrates
are considered to be the key remaining challenges in the
aerogels applications [3]. Therefore, in this work, the
challenges were tackled by compounding the aerogel powders
with the PET electro-spinning solution at various
concentrations. Since the integrity of the aerogel porous
structure is dependent upon the intensity of the granules
grinding, thus, the grinding was carried out so as to maintain
micro-size powder granules. The microscopic and FTIR
analysis show the successful fabrication of the bead-on-string
structured PET nanofibers with diameter from 401 to 182.7 nm
as shown in Figures 6 and 7.
Figure 6

In Figure 6, the peaks at 1000, 800, and 500 cm ! can be
attributed to the asymmetric, symmetric, and bending modes of
0O-Si—0, respectively [32]. The similar peaks at around 1260
and 840 cm™! and also, 3000 and 1450 cm™ can be related to Si—
C and C—H bonds, respectively [33]. An overlapping of some
peaks at the above wavenumbers with the peaks in polyester,
allows comparison of the peak intensity near 453 cm™, related
to O-Si—O, for the pure and AMG-filled PET nanofibers. Also,
the broadening of the peak at 1100 cm™ from the pure to the
AMGe-filled polyester is due to the presence of O—Si—O [34].

In conventional methods of fiber spinning, the material solution
should be filtered. In order to prevent filament breakage during
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the fiber spinning, the pores of the filter media should be
smaller than the diameter of a single fiber. These points to the
fact that the particles added to the system must also have
dimensions smaller than the diameter of the single fibers [35].
In this work, the micro-size beads were formed in the
nanofibers due to the presence of AMG. The beads did not
cause discontinuity and breakage up to concentration of 4%, as
shown in Figure 7. Therefore, it can be deduced that the PET
polymeric material coats the AMG with more diameter than the
nanofibers. This can be regarded as a novel phenomenon in
which not only porous regions are created in the nanofibers, but
also beads formation provides a unique surface topography and
new structural features in the AMG-filled PNFs which demands
further research. The SEM micrographs in Figure 7, vividly
confirm an acceptable distribution of the micro-granules in the
AMG-filled PNFs. Figure 7 also points to existence of a direct
relationship between the AMG concentration and the beads
population.

Figure 7
The fibre diameter can be calculated from the SEM
micrographs using the Digimizer software (Table 3). It was
indicated that there is a decreasing trend in the diameter due to
the presence of AMG. The diameter was reduced from 401 nm
for PNF to 182.7 nm for 4AMG/PNF. To explain this effect, it
is necessary to consider the physical aspects of the electro-
spinning in which, it can stated that during ejection of the drop
from the syringe tip the micro-granules ejection lags behind the
polymeric materials and as a result of strong electrical field on
the drop, a tension is created between the micro-granules and
the polymer which leads to thinning of the fibers without
excessive breakage. The SPSS analysis showed no statistically
significant differences in the diameters of PNF with
0.5AMG/PNF and 1AMG/PNF with 2AMG/PNF, all other
factors were strongly significant.

Table 3
The histograms of diameter versus frequency, illustrated in
Figure 8, show a normal distribution.

Figure 8
Also, the topological evaluation of the beads in the AMG-filled
PNFs was considered. This is due to the fact that the aerogel
micro-granules (AMG) are highly porous with vast number of
nano-sized protuberances and cavities on their surface. Thus,
the AFM images of the pure and AMG-filled samples (5 x 5
um) were taken and are depicted with the respected roughness
profiles in Figure 9.

Figure 9
Figure 9 (B) shows changes in the roughness from —20 to 20
nm on a randomly selected bead for the AMG-filled PNFs. The
roughness change in the pure PNF, as shown in Figure 9 (A),
was from —5 to 5 nm. Accordingly, it was revealed much higher
surface roughness for the AMG-filled PNFs with Rms of 353,
compared to the pure PNF with Rms of 179.9.
Following provides an explanation to the effect of the addition of the
porous aerogel powder to the PET nanofibers in terms of surface
structures, hydrophobicity, disperse dyeing, heat transfer, and
sound absorption.

Hydrophobic properties

Use of aerogels on different substrates is greatly recognized for
their insulation properties, but in this work, the effect of the
aerogels addition on the polyester nanofibers with enhanced
bulk and surface properties was investigated. The formation of
beads as defect on the fiber surface is congenital. In contrast to

This journal is © The Royal Society of Chemistry 2012
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the previous researches, where the created beads had the same
chemical composition as fibers, in the present work, the created
beads are chemically different to the fibers and are formed by
the inorganic and porous aerogel particles. These beaded
nanofibers could be able to limit the aerogel dust-releasing
because of the fact that the particles are embedded into the
fibers. The successful embedding of AMG is extremely
important for the industrial application with inhibition of the
particles release and solving related health problems [36].
Beads can act as a secondary topological feature on the electro-
spun fibers surface which is able to create a proper surface
roughness to enhance the hydrophobicity and superhydrophobic
fibers [37]. Therefore, attempts have been made to create beads
on the surface of the nanofibers by manipulation of electro-
spinning parameters [37-39].
The repellent characteristics of the untreated and fluoro-treated
pure and AMGe-filled PNFs are shown in Table 4.

Table 4
The untreated samples exhibited 3M water repellency of 1 i.e.
these samples can just repel water. Irrespective of the amount
of particles added to fibers, the treated samples due to low
surface energy of the fluorochemicals have 3M water
repellency of 9-10 [40, 41]. Therefore, the differences between
both WCAs and SAs are due to the changes in the surface
topology before and after the treatment with a fluorocarbon
derivative [42, 43]. In addition, the AMG-filled samples
showed higher values of WCA, compared to PNF. The WCA
value was increased from 103.4° for PNF to 111.4° for the
fluoro-treated PNF. Thus, in case of the pure PNF, the WCA
parameter was not as large as the AMG-filled samples i.e.
123.8 and 135.4° as well as 130.1 and 147.2° for the untreated
and the fluorocarbon-treated 0.5AMG/PNF and 2AMG/PNF
samples, respectively.

Figure 10
It is noteworthy that prior to the treatment with a fluorocarbon
derivative, the SAs remained unchanged at 90° for all pure and
AMG-filled PNFs. The addition of AMG leads to an
enhancement of the fiber surface porosity with strong adhesion
similar to rose petals or gecko toes on which water droplets,
due to air trapped inside the nano-scale structures, are firmly
pinned to the surface but at the same time keep a large WCA
[31]. This is important in cases like micro-liquid droplet
transportation, protective coatings, nano patterning crystal
fabrication, trace-liquid reactors, biochemical separation, and
so on [44].
However, by increasing the AMG concentration over 1%, the
SAs value of the fluoro-treated samples was sharply reduced
due to the low surface energy couple with the created surface
roughness. The maximum decrease in the SAs value occurred
when the concentration of AMG was reached to 2%. This is in
agreement with the previous study confirming that the SA is
affected mainly by factors such as topography, chemical
heterogeneity, and three phase contact line [43]. The
superhydrophobic rough surfaces with low adhesion always
exhibit a very low degree of contamination, which is what
known as self-cleaning. Topography structure and chemical
component results in these special adhesion states [31].
Therefore, the low adhesion superhydrophobic surface was
obtained with the 2% concentration of AMG treated sample.
This sample exhibited the highest WCA of 147.2° and 3M
water repellency of 10 with the least SA equal to 5° i.e. less
than 10°. These phenomena as shown in Figure 7 can be
attributed firstly to congenital multi-scale surface roughness of
the samples and also to the formation of the AMG beads.

This journal is © The Royal Society of Chemistry 2012
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Additionally, the AFM micrographs in Figure 9 point to
roughness of the beads surface as the result of protrusions at
nano-scale in comparison to the pure PET nanofibers. The
importance of topological roughness hierarchy in relation to
superhydrophobic properties and self-cleaning has also been
reported in previous works [24].
A comparison of inherently smooth polyester film, PF, and
PNF in terms of WCA can clarify the effect of electro-spun
nanoweb structure on hydrophobicity. Table 4 shows while the
SA value of the smooth PF, which is neither fibrous nor filled
with AMG, remained unchanged, the WCA changes from 55.6
to 67.5° for the untreated and fluorocarbon-treated samples,
respectively. Table 4 also shows the WCA values of 103.4 and
111.4° for the wuntreated and fluorocarbon-treated PNF,
respectively. Considering the above mentioned results, it can be
stated that the inherent topology of nanoweb is a key factor
rendering the samples as hydrophobic. The SEM and AFM
micrographs confirm that the proper surface irregularity occurs
at concentration of 2%. This leads to an enhancement in the
hydrophobicity of the AMG-filled PNFs, which is in agreement
with the findings from previous studies [37-39, 45].
In order to determine the solid/air and water/air fractions of the
hydrophobic sample at 2% concentration, the Cassie-Baxter
equation (7) was used. The fractions in turn are indicative of the
surface topology that affects the surface hydrophobicity. The
Cassie-Baxter equation is developed based on assumption that,
the droplet just remains on the top of surface protrusions and
cannot reach the surface i.e. air packets are formed below water
droplet [34, 42].

cos 0 =f;cos0+f,cos180 =f;cos®+f; —1
Since

™

fi+f,=1 3

Where, f; and f, are the solid/water and air/water fractions, €
and 0 represent the WCA of rough and smooth surfaces,
respectively. The air/water fraction of 2AMG/PNF sample
according to the values of the fluorocarbon-treated PF and
2AMG/PNF WCAs was found to be 88.6%. The air/water
fraction of 88.6% clearly indicates the entrapment of
considerable amount of air in the surface of the AMG-filled
PNFs which increases the sample hydrophobicity and facilitates
the water droplets movement.

In order to justify the effect of porosity of AMG on the
hydrophobicity of the AMG-filled fibers, the non-porous
particles, SMG, at 4% concentration were added to the PET
nanofibers. The obtained results (Table 3) indicate the superior
hydrophobicity of the AMG-filled samples to the SMG one.

Dyeing properties

In order to evaluate the dyeing behavior of the AMG-filled
PNFs, the dyeing process of the pure and AMG-filled nanofiber
samples were carried out in 300 min at 90°C. The absorbance
of the wastewater samples was determined at 650 nm after O,
20, 60, 90, 120, 180, and 300 min. The absorbance of the
disperse dye of the screen composed of the conventional PET
fibers was measured separately under the same condition. This
screen was used to prevent shrinkage of the nanofibers during
the dyeing process. Figure 11 (A) shows the light staining of
the screen with a grey scale of less than 1/2 which indicates that
its dye adsorption is practically negligible. Figure 11 (B)
confirms a high level of dyeing evenness of the AMG-filled
PNFs.
Figure 11
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The absorbance of the wastewater samples and the exhaustion
percentages, from 0 to 300 min of dyeing, are shown in Figure
12. The compounding of the electro-spinning solution has
resulted in an increase in the nanofibers dye up-take and
subsequent reduction of the wastewater absorbance. The
formation of the porous beads due to compounding has caused
changes in the morphology, chemical and physical properties of
the nanofibers. The enhanced porosity provides more available
sites for the adsorption of the dye molecules. It was reported
that a high specific pore volume of the aerogels renders them
advantageous agent to entrap, adsorb or release a large variety
of molecules [46, 47]. Additionally, the O—CHj; functional
groups in the embedded AMG in the nanofibers can be
responsible for more interactions between the dye molecules
and the porous area which is vividly confirmed by the AFM
micrographs shown in Figure 9. The increase in the dye up-take
can also be due to increase in the specific surface area of the
AMG-filled fibers due to the reduction of the nanofibers
diameter (Table 3). After the initial impregnation of the
nanofibers by the dye molecules, the penetration of the dye
molecule into the fibers occurs. This followed by a fixation
stage at a higher temperature [48].
Figure 12 also shows approximately two-folded increase in the
dyeing rate of the AMG-filled sample for the first 20 min of the
dyeing process as compared with the pure PNF.

Figure 12
Furthermore, it can be stated that the compounding of the PET
nanofibers not only reduces the dyeing time, but also helps in
achieving better equilibrium exhaustion. A distinctive dyeing
performance was observed at the AMG concentration of 4%.
This was achieved within the first 20 min of the dyeing
operation with 35% exhaustion yield and increased to about
70% at the equilibrium point, approximately twofold better than
the pure PNF.
Statistically, no significant difference was observed between
4AMG/PNF with 2AMG/PNF, and 2AMG/PNF with
IAMG/PNF. However, a significant statistical difference
between 0.5AMG/PNF and 4AMG/PNF was observed. This
finding may assist development of the conventional PET fibers
with similar dyeing behaviour as the AMG-filled PNFs.
Because there have been many attempts to modify the dyeing
process of the PET fibers like easy disperse dyeability under
normal pressure as well as cationic and pigment dyeability [49].
In order to justify the effect of porosity on the dyeing behavior
of the AMG-filled fibers, the non-porous particles, SMG, were
used to compound PET nanofibers at 4% concentration. The
SMG-filled nanofibers were dyed in the exactly same manner
as described above for the AMG-filled fibers. As shown in
Figure 12, the results clearly indicate a remarkable decrease in
the dye up-take of the nonporous SMG.

Insulation properties

Insulations are tribute of modern structures such as buildings,
machines, and industrial processes. Thus variety of materials
can be incorporated in these structures to achieve the desired
level of insulations. Insulation is among salient properties of
aerogels [47,50]. Global CO, emission concern together with
scarcity of conventional energy resources and space saving
restrictions have emphasized the necessity of research on
insulation in general and thermal insulators in particular [3].
Fibrous materials such as the AMG-filled samples of this work
are textile structures that provide various insulations. The heat
transfer and sound insulation of the AMG-filled PNFs at 0.5
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and 4% concentrations together with the pure and 4SMG/PNF
with 4% silica micro-granules are illustrated in Table 5. As
shown, the -calculated 20.9% heat transfer for PNF is
significantly more than the heat transfer of 16.4% and 8.3%
calculated for 0.5AMG/PNF and 4AMG/PNF, respectively.
Therefore, the results indicate the existence of an indirect
relation between the heat transfer coefficient and the
concentration of AMG in the PET solution. The SPSS statistical
analysis of the data is significant at the 0.05 level. The
reduction in the heat transfer of the samples can be attributed to
embedding of the porous AMG inside the nanofibers [51]. In
term of PNF and 0.5 AMG/PNF, since, their physical properties
more or less are similar, lower heat transfer of 0.5AMG/PNF
strongly points to existence of the porous particles in these
nanofibers, because low thermal conductivity is an important
character for silica aerogels. This together with non-
flammability renders silica aerogels among the most preferred
thermal insulating materials [52].

Table 5
Table 5 shows that despite of an insignificant difference in the
thickness of the AMG-filled samples with 0.5 and 4.0% AMG,
the latter has slightly lower mass/unit area. This can be due to
thinning of the nanofibers as the result of the addition of AMG
leading to the reduction of the AMG-filled PNFs density.
Thermal conductivity of less dense materials is lower than their
dense counterparts [53]. Heat flow in porous materials obeys
conduction mechanism within the solid part, convection
through gases phase, and radiation mechanism [3, 51 and 52].
Due to the high fineness of the fibers which leads to formation
of smaller voids (Figure 7), the heat transfer of 4AMG/PNF is
low [3].
A comparison of the 4AMG/PNF and 4SMG/PNF samples
simply demonstrates the effect of the particle porosity on the
heat flow through these samples. The microparticles added to
the latter had no porosity while the added microparticles to the
former as already mentioned were quite porous. This structural
difference is responsible for the lower heat transfer of
4AMG/PNF over 4SMG/PNF samples. No statistical difference
between 4SMG/PNF and 0.5AMG/PNF reveals that the same
heat transfer can be achieved with a lower concentration of the
porous AMG, instead of a higher concentration of the non-
porous particles. Due to their high porosity, fibrous structures
have been extensively used as acoustic barriers with various
functions in miscellaneous applications. Fibrous structures
simultaneously can absorb, reflect and transmit the incident
sound waves. This ability together with low-cost and ease of
use has made textiles as one of the most effective sound
proofing materials, Moreover, the physical properties of the
constituent fibers of a fibrous structure significantly affect the
sound absorption properties of the fibrous material [54].
As shown in Table 5, due to the addition of AMG to the PET
solution, the sound absorption coefficient of the samples was
generally enhanced in frequency range of 250 to 4000 Hz. The
increase in NAC for 0.5AMG/PNF at frequencies of 250 and
500 Hz is more than NAC of 4AMG/PNF sample at the same
frequencies. The opposite trend was observed at frequencies of
1000 and 2000 Hz with higher NAC for 4AMG/PNF, as
compared with 0.5AMG/PNF. At frequency of 4000 Hz, NAC
of both samples are statistically similar. These phenomena can
be related to changes in the nanofiber structure as a result of the
AMG addition. Because the AMG-filled fibers vibrate due to
impinging of sound waves, void geometry, surface topology,
fineness, and density [55].

This journal is © The Royal Society of Chemistry 2012
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Figure 13 (A) shows larger voids in 0.5AMG/PNF structure. At
low frequencies, the sound waves are reflected by the voids,
while at high frequencies, the sound waves are transmitted
through the voids. Due to the smaller voids of 4AMG/PNF, this
sample reduces the high-frequency sound. These findings are in
agreement with other studies [54 and 56].

A quantitative measurement of the formed pores between the
nanofibers was done using image processing by the Matlab
software. The images were turned into a binary (black and
white) image based on a lighting threshold (T) value. The T
value was achieved from lighting histogram of the samples in a
loop in which T firstly is concerned the half of the lighting
histogram [57]. According to the results, the mean value of the
pores size for the pure fibrous material was 4154.7 nm, while
the samples containing 0.5 and 4% aerogel showed the mean
values of 8625.3 and 3598.46 nm, respectively. Also, as shown
in micrographs 7 and 9, the changes in the surface topology of
the fibers can be one of the reasons behind the improved sound
absorption of the AMG-filled samples. Additionally, the
increase in the fineness and subsequent increase in the specific
surface area of the fibers in 4AMG/PNF sample may be
responsible for the enhanced acoustic performance of this
sample [58, 59].

4. Conclusion
Demands for advanced aerogel-based materials with precise
functional performance materials have steadily been expanded.
Thus, in this research, the application potential of novel AMG-
filled PET fibers was investigated. The AMG-filled PNFs have
low dust-releasing behaviour, high hydrophobicity, high
dyeability, and high insulation properties. A successful
synthesis of the bead-on-string AMG-filled PET nanofibers
using aerogel content up to 4% concentration was achieved.
The AMG-filled PNFs were subjected to the fluorocarbon
treatment. The treated fibers not only had a low surface energy
but also due to changes in their surface topology were highly
superhydrophobic. For the 2% AMG-filled PNFs, the values of
different factors such as WCA, SA, and 3M water repellency
were found to be 147.2°, 10 and 5°, respectively. For the first
time, the effect of the aerogels on the fibers dying process was
evaluated. It was also found that the embedding of the AMG
into the PET nanofibers leads to a novel low-temperature
disperse dyeing with shorter dyeing process time and increase
of the equilibrium up-take using disperse colorants. The highest
level of equilibrium exhaustion approximately 70% was
obtained with the nanofibers containing 4% AMG. A
decreasing trend in the heat transfer percentage in proportion to
the concentration of AMG in the samples was observed. The
sample at 4% concentration exhibited the lowest heat transfer.
This trend was followed by the sample at 0.5% AMG
concentration and then the pure PET nanofibers. It was
concluded that the addition of AMG to the spinning solution of
PET increases the sound absorption coefficient NAC of the
nanofibers within frequency range of 250 to 4000 Hz. In
comparison to 4AMG/PNF samples, the nanofibers spun with
0.5AMG/PNF solution exhibited higher NAC at low
frequencies of 250 and 500 Hz. On the other hand, the NACs at
frequencies of 1000 and 2000 Hz for the 4AMG/PNF were
found to be higher than those of the 0.5SAMG/PNF. The
importance of the porosity on the examined factors was
established by running the same experiments on the non-porous
silica micro-granules. Therefore, the low-weight aerogel
embedded nanofiber materials with absorbing and hydrophobic
characteristics can be one of the most important materials for

This journal is © The Royal Society of Chemistry 2012
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sound insulation and absorption. Finally, it was concluded that
the findings of this research potentially can be extended to
conventional polyester fibers with added properties such as
enhanced porosity, ease of dyeing, superhydrophobicity, and
insulation abilities. Thus, future studies with more experimental
data are needed to assess the effects of aerogel embedded fibers
on their varying properties.
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Caption for figures
Figurel. Aerogel production and compounding with the PET nanofibers

Figure 2 Schematic design for the impedance tube
Figure 3 Schematic design for the instrument to measure heat transfer

Figure 4 (A and B) SEM micrographs: (A) aerogel nanostructure with nanovoids, (B) aerogel powder particle size and shape, (C) N2
adsorption/desorption isotherm, and (D) pore size distribution of the aerogel

Figure 5 Sessile water droplets on: (A) hydrophobic aerogel, and (B) inverted aerogel at 180°.
Figure 6 FTIR spectra: (A) PNF, (B) 2AMG/PNF, and (C) 4AMG/PNF

Figure 7 SEM micrographs: (A) PNF, (B) 0.5AMG/PNF, (C) 1AMG/PNF, (D) 2AMG/PNF, (E) 4AMG/PNF, and (F) 4SMG/PNF (inset:
higher magnification).

Figure 8 Histograms of diameter versus frequencies: (A) PNF, and (B) 4AMG/PNF

Figure9 AFM micrographs of the surface topology and roughness profiles along the marked line: (A) PNF, (B and C) 4AMG/PNF.
Figure 10 Sessile water droplet on (A) fluoro-treated PF, (B) fluoro-treated PNF, (C) 2AMG/PNF, and (D) fluoro-treated 2AMG/PNEF.
Figure 11 (A) Light staining of the screen, and (B) high dyeing evenness

Figure 12 (A) The absorbance of the wastewater samples at 650 nm, and (B) the exhaustion (%) of the pure and AMG-filled nanofibers
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Table 5 Thermal and acoustic behaviour of the pure and AMG-filled PET nanofibers
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Figurel. Aerogel production and compounding with the PET nanofibers
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Figure 2 Schematic design for the impedance tube
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Figure 3 Schematic design for the instrument to measure heat transfer
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Figure 5 Sessile water droplets on: (A) hydrophobic aerogel, and (B) inverted aerogel at 180°.
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Figure 6 FTIR spectra: (A) PNF, (B) 2AMG/PNF, and (C) 4AMG/PNF
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Figure 7 SEM micrographs: (A) PNF, (B) 0.5SAMG/PNF, (C) 1AMG/PNF, (D) 2AMG/PNF, (E) 4AMG/PNF, and (F) 4SMG/PNF (inset:
higher magnification).
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Figure9 AFM micrographs of the surface topology and roughness profiles along the marked line: (A) PNF, and (B) 4AMG/PNF.
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Figure 10 Sessile water droplets on (A) fluoro-treated PF, (B) fluoro-treated PNF, (C) 2AMG/PNF, and (D) fluoro-treated 2AMG/PNF.
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Figure 11 (A) Light staining of the screen, and (B) high dyeing evenness
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Figure 12 (A) The absorbance of the wastewater samples at 650 nm, and (B) the exhaustion (%) of the pure and AMG-filled nanofibers
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Table 1 Name and abbreviation of the samples

Concentration in solution (%)

Sample Abbreviation
SMG AMG
PET film - - PF
- - PNF
4 - 4SMG/PNF
- 0.5 0.5AMG/PNF
PET nanofibers

- 1 1AMG/PNF
- 2 2AMG/PNF
- 4 4AMG/PNF
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Table 2 Aerogel characteristics

Density Total Pore volume Mean pore Surface area
Porosity (%) WCA (°)
(g/cm’) (m’/g) diameter (nm) (m¥/g)
0.18 (0.02)* 3.5310 23.928 815.14 91.8 (0.9) 146.4 (0.8)

"The number in parenthesis is the standard deviation

This journal is © The Royal Society of Chemistry 2012
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Table 3 Mean diameter of the pure and AMG-filled PET nanofibers

sample PNF 4SMG/PNF 0.5AMG/PNF 1AMG/PNF 2AMG/PNF 4AMG/PNF

Diameter (nm) 401.0 (84.3)" 405.9 (98.7) 392.5 (104.1) 268.6 (79.9) 263.9 (73.2) 182.7 (55.7)

"The number in parenthesis is the standard deviation
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"Before the fluorocarbon coating: BFC and ™ after the fluorocarbon coating: AFC

**The number in parenthesis is the standard deviation

This journal is © The Royal Society of Chemistry 2012
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Table 4 Repellency of the untreated and the fluorocarbon-treated pure and AMG-filled PET nanofibers

WCA (°) SA (°) 3M water repellency
Sample

BFC” AFC™ BFC AFC BFC AFC

PF 55.6 (0.1) 67.5(0.1) >90 >90 1 9-10

PNF 103.4 (0.2) 111.4(0.6) >90 >90 1 9-10
4SMG/PNF 110.9 (2.9) 127.1 (0.8) >90 >90 1 10
0.5AMG/PNF 123.8 (0.9) 135.4(0.9) >90 >90 1 10
| AMG/PNF 121.9 (1.2) 135.6 (0.5) >90 55 1 10
» AMG/PNF 130.1 (1.0) 147.2(0.3) >90 5 1 10
AAMG/PNF 126.1 (0.8) 132.0 (0.4) >90 10 1 10
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Table 5 Thermal and acoustic behaviour of the pure and AMG-filled PET nanofibers
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sample Heat transfer Frequency (Hz) Thickness Efl?:::i Density
P (%) (mm) ; (g/em’)
250 500 1000 2000 4000 (g/cm?)
PNF 209 0.14)" 0.3225 0.2883 0.4329 0.3906 0.5724 0.18 0.0089 0.047
oA (0.0001) | (0.0002) | (0.0006) | (0.0021) | (0.0010) (0.012) (0.001) (0.03)
164 (0.9) 0.5258 0.4909 0.4700 0.6995 0.6805 0.17 0.0097 0.052
0.5AMG/PNF o (0.0012) | (0.0005) | (0.0005) | (0.0003) | (0.0001) (0.010) (0.003) (0.04)
83 (0.14) 0.3527 0.4018 0.5116 0.7575 0.6505 0.18 0.0062 0.036
4AMG/PNF o (0.0008) | (0.0002) | (0.0012) | (0.0003) | (0.0002) (0.010) (0.002) (0.03)
0.2226 0.1718 0.3950 0.3711 0.4773 0.24 0.0094 0.041
4SMG/PNF 15.0(1.83) (0.0031) | (0.0022) | (0.0001) | (0.0012) | (0.0011) (0.014) (0.002) (0.02)

"The mass per cubic centimeter of the screen was 0.007 + 0.001 g/cm” and its thickness was 0.11 = .01 mm

“The number in parenthesis is the standard deviation
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