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Abstract. In this work, two types of pre-consumer textile waste, namely, viscose-rayon and nylon yarn, were utilized for
nanocomposite filmmaking using the green solvent casting method. The nanocellulose was extracted from the viscose-rayon
and incorporated as a filler in nylon films. The effects of nanocellulose on thermal, chemical, mechanical, structural, and
barrier properties of films containing 0.1, 0.5, and 1 wt% nanocellulose were investigated in detail. The thermal study of
films using differential scanning calorimetry (DSC) confirmed that adding nanocellulose into the nylon matrix does not act
as a nucleating agent as nylon yarn waste already had ~5 wt% nucleating agents (thermogravimetric analysis, TGA). Rather,
a decrease in the crystallinity of films was determined with the addition of nanocellulose. No significant changes in the me-
chanical properties were observed for nylon nanocomposite films. However, an increased hydrogen bonding was observed
between the nanocellulose and nylon, along with the reorientation of hydrogen bonds (Fourier-transform infrared spec-
troscopy, FTIR). A dense cross-section and structured surface were observed in the scanning electronmicroscopic (SEM)
images for nanocomposite films. The water vapor barrier of films increased as the concentration of nanocellulose increased
in the nylon films and resulted in a 55% decrease in water vapor transmission rate (WVTR) compared to neat nylon film.
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1. Introduction

The textile industry generates a large amount of
waste, leading to waste accumulation, greenhouse
gas emissions, and environmental pollution. Textile
wastes are often classified as pre-consumer (fibers,
yarns, fabrics, and mixed fiber/yarn/fabric with chem-
icals), post-consumer (discarded garments), and in-
dustrial waste (technical textiles, carpets, durries,
conveyor belts, industrial ropes, drive belts, medical
textiles). Most of these discarded textiles can be re-
cycled but are landfilled or incinerated due to the
cost involved [1]. Textile waste can be valorized de-
pending on its type, form, and usability. A recent re-
view on the valorization potential of textile wastes
is presented elsewhere [2]. Textile wastes could be
valorized for numerous applications, including tex-
tile manufacturing, energy generation [3], building
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materials [4], packaging film [5], paper [6], and com-
posites [7]. Textile waste includes fiber/yarn/fabric
of cotton, cellulose (viscose, flax, hemp, kapok, rami),
wool, polyester (PET), nylon-6, acrylic, and poly-
propylene.

Recently, viscose-rayon has been gaining much at-
tention as a raw material for green textiles [8]. It is
a manmade regenerated cellulosic textile produced
from the wet spinning process of natural sources like
woods [9, 10] that are later converted into yarns.
Yarns are further used in textile weaving, hand-knot-
ted carpet weaving, home furnishing, and industrial
textile applications [9, 10]. In the textile weaving
processes, a huge amount of cut viscose-rayon yarns
waste is generated [11, 12], which is either inciner-
ated or landfilled [1, 13]. A few research articles
have been reported on the valorization potential of
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viscose-rayon for energy production [ 14], reinforce-
ment in building materials [4], reinforcement in
polymer composite [15], and extraction of nanocel-
lulose (NC) [16]. Viscose-rayon consists of pure
alpha-cellulose and hence possesses numerous sur-
face hydroxyl groups, which are reactive and interact
strongly with the polar polymer matrix; otherwise,
the presence of lignin and hemicellulose as in native
cellulose fibers resulted in weak interactions with a
polar matrix like nylon [20].

Nylon-6 is a synthetic polymer extensively used in
textile production [17], packaging [18], composites
[19], and many other applications [3, 20-23] due to
its excellent mechanical and thermal properties,
transparency, and resistance to chemicals [24]. Con-
sequently, an enormous amount of nylon waste is
generated annually, which needs urgent attention.
Packaging and composite waste of nylon often con-
tain multi-layered components [25], which makes re-
cycling or valorization cumbersome. However, a few
research articles on nylon textile waste valorization
are reported for applications like insulation material
[21], building material [20], energy [23], and filtra-
tion membrane [22] due to the simplicity and purity
of nylon-6 in textile waste. The industrial-grade of
nylon-6 is often reinforced with cellulosic-based
fibers like flax, hemp, hardwood [19], nano/micro-
fibrillated cellulose (NFC/MFC) [26], and cellulose
nanocrystals (CNC) [27] to enhance the mechanical
properties of composites. The tensile strength in-
creased by 23.82% with the addition of fibers, and
lower crystallinity was observed with the addition of
NFC/MFC and CNC. Apart from cellulosic fillers,
graphene has been previously added to the recycled
nylon-6 matrix to enhance the tensile strength of the
films at a lower concentration of 2 wt% [28]. In an-
other study impact strength of recycled nylon-6 was
improved by 55.5% with the addition of Hytrel (elas-
tomer) [29]. However, for packaging applications,
both mechanical and barrier properties (like oxygen
transmission rate, OTR, and water vapor transmis-
sion rate, WVTR) of pure nylon-6 were targeted by
blending with nanoclays like montmorillonite [30]
and Cloisite 30B [31], which increased oxygen bar-
rier by 2.8 times. With the continuous trend of sus-
tainability, green fillers are favored. In addition, waste
management practices leading to waste-to-wealth
and circular economy are the prime concern of many
counties [32]. Nylon-6 is used as a packaging mate-
rial where an oxygen barrier is required, but it absorbs

water and loses its barrier properties because it is hy-
groscopic. Therefore, it is a sandwiched layer for
packaging applications [18]. Inorganic materials
such as nanoclay have enhanced water and oxygen
barrier properties of nylon-6 [30]. The barrier prop-
erties of nylon-6 textile waste can also be enhanced
using bio-based nanomaterials like nanocellulose,
but it is never reported and explored. Due to the pres-
ence of polar groups in nylon-6, it is expected to
have higher compatibility with the hydroxyl groups
of cellulose [20], along with good dispersion. Thus,
compatibilizers or coupling reagents are not needed
for composites.

In the present study, powdered nanocellulose was in-
corporated (derived from viscose-rayon textile waste)
in the nylon-6 matrix (obtained from nylon textile
yarn waste) to produce nanocomposite films. A de-
tailed raw material analysis of nylon textile waste
was conducted, revealing a few nucleating agents,
plasticizers, and antioxidants in nylon textile yarn
waste. Nanocomposite films containing a variable
amount of nanocellulose were characterized for their
morphological (field emission scanning electronmi-
croscopy, FESEM; atomic force microscopy AFM),
chemical (FTIR), thermal (TGA, DSC), mechanical
(universal testing machine, UTM), and barrier prop-
erties (WVTR, contact angle). This work empha-
sized the importance of nanocellulose extraction
from viscose yarn waste and used it as a green filler
for the nylon matrix. In addition, nylon yarn textile
waste was proposed as a cheap alternative to expen-
sive industrial-grade nylon-6 for various appropriate
applications.

2. Materials and methods

2.1. Materials

Nylon scrap yarn waste was collected from Kusum-
gar Corporates Pvt. Ltd. (Textile Mill, Vapi, Gujrat,
India), and the viscose-rayon yarn waste was obtained
from a local yarn vendor (Bhadohi, Uttar Pradesh,
India). Sulphuric acid (97% pure) and acetic acid
(98% pure) were purchased from Avantor Perform-
ance Materials India Limited (India).

2.2. Sample preparation

2.2.1. Extraction of nanocellulose from
viscose-rayon yarn waste

The acid hydrolysis technique was adopted from

elsewhere [16] to extract nanocellulose from viscose

yarn waste. First, the viscose yarn was cut into small
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fibers, washed thoroughly with hot water, and dried.
The 64 wt% H,SO4 solution was prepared and cooled
in an ice bath. 1 g of viscose yarn was slowly added
to 20 ml of cold 64 wt% H,SO, solution under stir-
ring to avoid the decomposition of viscose yarn. Fur-
ther, heating was done at 40 °C in an oil bath placed
over a hot plate magnetic stirrer. The hydrolyzed
sample was collected after the reaction time of 30 min-
utes and appeared white, suggesting no over degra-
dation of nanocellulose, which would otherwise turn
dark yellowish [16]. The suspension was immediate-
ly cooled by adding 400 ml of cold deionized water
to stop the reaction, and the pH was also increased
from 1 to 3. A turbid supernatant of nanocellulose sus-
pension was formed and kept for settling down for
over 48 hours that was later drained and collected.
To eliminate the free excess acid from the nanocel-
lulose, a semi-permeable membrane was used for
dialysis against deionized water for 72 hours until a
neutral pH was attained. Finally, the nanocellulose
sample was ultrasonicated, refrigerated at —40 °C, and
further lyophilized at —70 °C to obtain nanocellulose
powder.

2.2.2. Fabrication of neat nylon and nylon
nanocomposite films

Nylon yarn waste was washed thoroughly with hot
water to remove any surface impurities and later
dried and stored at 23 °C and 50% RH. Neat nylon
and nanocomposite films were developed using acetic
acid as a green solvent by the solution casting method.
0.4 g of nylon yarn was dissolved in 27 ml of acetic
acid (1.5% w/v). The stirring was done for 45 min-
utes at 80 °C using a temperature-controlled hot plate
magnetic stirrer. The nanocellulose powder derived
from viscose yarn waste was dispersed into nylon
acetic acid solution under continuous stirring for
5 minutes with a concentration of 0% (neat, control),
0.1, 0.5, 1, and 2 wt%. The resulting solution was
then cast into 90 mm diameter glass Petri dishes
using a surface leveler to obtain films of uniform
thickness. The solvent was evaporated in a hot air
oven at 5043 °C for 12 hours, and films were peeled
off from the Petri dishes. Before physical, chemical,
and mechanical testing, the prepared nylon nano-
composite films were stored at 23 °C and 50% RH
in a regulated environment [33]. All prepared films
will be denoted as Neat Nylon (nylon film with 0%
nanocellulose), Nylon-0.1% (nylon film with 0.1%
nanocellulose), Nylon-0.5% (nylon film with 0.5%
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nanocellulose), Nylon-1% (nylon film with 1% nano-
cellulose), and Nylon-2% (nylon film with 2% nano-
cellulose) throughout the text.

2.3. Characterization
2.3.1. Fourier transform infrared spectroscopy
(FTIR)
Attenuated total reflection Fourier-transform in-
frared spectroscopy or ATR-FTIR was conducted to
determine the chemical composition of nylon yarn
waste, viscose yarn waste, nanocellulose, and nano-
composite films, using Perkin Elmer, C91158 spec-
trophotometer (Chicago, USA). FTIR spectra were
collected between 4000 and 500 cm™' wavenumbers
with a resolution of 4 cm™' and averaged over
16 scans. The spectra were baseline corrected and
normalized for comparative analysis to determine
the changes in chemical content.

2.3.2. Field emission-scanning electron
microscopy (FESEM)

The variation in surface and cross-section morpholo-
gies of nylon yarn waste, viscose yarn waste, nano-
cellulose, and nanocomposite films was inspected by
Field Emission Scanning Electron Microscopy
(MIRA3 LMH Tescan, USA), operating at an accel-
erating voltage of 5 kV. The cross-sections were ob-
tained by cryo-fracturing in liquid nitrogen. Each
sample was sputter-coated with a thin gold layer (2—
10 nm) using glow discharge plasma to improve
conductivity and picture clarity [34].

2.3.3. Atomic force microscopy (AFM)

The nanoscale’s topography of nanocellulose pro-
duced from viscose waste was further studied with
atomic force microscopy (AFM, Bruker Dimension
Icon AFM, USA). A dilute suspension of nanocellu-
lose was probe sonicated and drop cast over a glass
slide. The glass slide was dried overnight at ambient
conditions, and images were obtained in Scan Assist
mode using silicon nitride tips. The diameters of
nanocellulose were analyzed using Nanoscope analy-
sis software.

2.3.4. Differential scanning calorimetry (DSC)

The thermal behavior of nylon yarn waste and all
fabricated nylon-based nanocomposite films was
studied using differential scanning calorimetry (TA
Instruments, New Castle, DE, USA, DSC 25) under
a constant nitrogen gas flow. Double heating cycles
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with an intermediate cooling cycle were performed
on each 5 mg weight sample (sealed in aluminum
pans). To erase the thermal history, samples were
heated from 0 to 250 °C at 10 °C/min during the first
heating cycle and maintained at 250 °C for 2 minutes
before being cooled to 0 °C at 10 °C/min. The sample
was then heated a second time at 10 °C/min from 0
to 250 °C. Three measurements were taken for each
sample. The thermogram’s second heating cycle was
used to determine the glass transition (7;), melting
point (7;,,), and melting enthalpy (H,). The cooling
cycle was used to measure the temperature of melt
crystallization (7). Equation (1) was used to cal-
culate the total crystallinity (X.) of nylon yarn waste
and nylon-based nanocomposite:

AH
X, =—F52—-100 1
¢ AH) (1-0) M

where the melting enthalpy of the generated crystals
in the nylon-6 is AH,,, while the theoretical enthalpy
value for a 100% crystalline nylon-6 is AHY (190 J/g)
[35], and a is the weight fraction of nanocellulose
content in nanocomposite films.

2.3.5. Thermogravimetry analysis (TGA)

The thermal degradation behavior of samples was
studied using thermogravimetric (TA Instruments,
New Castle, DE, USA, TGA 55). The sample weight
of around 5 mg was heated from 25 to 600°C at
10°C/min (ASTM E1131). The testing was conduct-
ed in a nitrogen gas atmosphere with a 20 ml/min
gas flow rate.

2.3.6. Thickness and mechanical properties of
films
A digital micrometer (Lorentzen & Wettres, Stock-
holm, Sweden) was used to measure the thickness of
the neat nylon and nanocomposite films. Each sam-
ple was measured at five different locations and re-
ported as a mean with a standard deviation.
Mechanical properties such as tensile strength and
percentage elongation at break were determined
using the Universal Testing Machine (INSTRON
3365, Integrated System Solutions, Bengaluru, India).
Rectangular strips of dimension 10x40 mm? were
cut by a cutting die and tested with a primary grip sep-
aration of 20 mm at a 1 mm/min crosshead speed.
Each sample was replicated three times.

2.3.7. Water contact angle and water vapor
transmission rate (WVTR) of films
The surface wettability of films was measured by the
sessile drop test method using a contact angle ana-
lyzer (DSA25 KRUSS GmbH, Germany). A droplet
volume of 5 pl was placed on films using a microsy-
ringe. The measurements were repeated three times
per sample.
As described in ASTM E96/E96M-16, the desiccant
method was used to calculate the WVTR of all sam-
ples. Around 10 g of dried silica gel was placed in
glass vials with an opening mouth area of 2.27 cm?.
The developed films were securely sealed on top of
the glass vials. The glass vials were then placed in a
desiccator with a saturated sodium chloride solution
to maintain a relative humidity of 75%. The desic-
cators were then sealed with paraffin wax and kept
in a 25 °C oven. The weights of the cups were taken
at the start and every 24 hours for a total of 10 days.
Each sample was replicated three times. The slope
[g/day] of the curve drawn between weight and days,
divided by transfer area, i.e., 2.27 cm?, was used to
calculate WVTR [g/(m?-day)].

2.4. Statistical analysis

With the help of statistical software SPSS ver. 26,
the experimental data were statistically analyzed to
estimate the analysis of variance (IBM Corporation,
Armonk, USA). The Tukey post hoc test (p < 0.05)
was used to see if there were any significant changes.
Small alphabets in superscripts were assigned next
to the values. Different letters in the respective col-
umn indicate a significant difference in values con-
sidering a 95% confidence level.

3. Results and discussion
3.1. The threshold concentration of
nanocellulose in nylon films

The nylon films with varying concentrations of nano-
cellulose were prepared and placed over the printed
white logo on black paper, presented in Figure 1. All
films appeared to be transparent, smooth, and with-
out cracks. As the concentration of nanocellulose in-
creased, the films became slightly cloudier. At 2 wt%
nanocellulose, the film appeared white, brittle, and
developed cracks. The brittle nature of the film
might be due to increased bonding between the hy-
droxyl groups of nanocellulose and amine group of
nylon, leading to arresting of nylon’s crystallization
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Figure 1. Photographs of solvent cast nylon-nanocellulose films showing (a) neat Nylon film, (b) Nylon-0.1% film,
(c) Nylon-0.5% film, (d) Nylon-1% film, and (e) Nylon-2% film.

into the amorphous form and thus resulting in dis-
rupted internal bonding between the nylon polymeric
chains leading to cracks [36]. Therefore, nanocellu-
lose up to 1 wt% was selected as a threshold concen-
tration of filler in nylon films, and Nylon-2% was
not characterized further.

3.2. The thickness of the films

The thickness plays a crucial role in a polymer’s
physical and functional properties. Table 1 indicates
the thickness of the nanocomposite films. It can be
observed that all films were uniform and varied in

Table 1. The thickness of neat nylon and nylon nanocom-
posite films.

Sample Thickness
[um]

Neat nylon 48+2.74°

Nylon-0.1% 54+5.48%

Nylon-0.5% 49+4.18*

Nylon-1% 534+2.712

The mean and standard deviation are used to express the data.
Different letters in the same column indicate significant differences
(p <0.05). (There are no significant diffences.)

------------- Viscose rayon
——— Nanocellulose
1.0 A
S
[0]
8]
C
®
2 054
o
[%]
o)
<<
0.0 4
T LA I B | T
4000 3500 3000 2500 2000 1500 1000
a) Wavenumber [cm™']

thickness in the range of 48—53 pum. No significant
differences in thickness were determined for all
films. The thickness of the films was also aligned
with the thickness observed in the FESEM images
performed on the cross-section of the films (will be
shown later).

3.3. Fourier transform infrared spectroscopy

FTIR was used to analyze raw fiber waste, fabricated
nanocellulose, and nanocomposite films. Figure 2a
shows the absorption bands for viscose-rayon yarn
waste and extracted nanocellulose; a broad peak
around 3400 cm™! (—OH stretching), 2920 cm™!(CH,
symmetrical and asymmetrical stretching), 1642 cm™!
(C=0 stretching), 1432 cm™! (CH, symmetric bend-
ing), 1372 cm™' (C-H bending), 1150 cm™ (C-O-C
asymmetric stretching), 1020 cm™' (C-O stretching),
895 cm™! (C—O—-C stretching) and 670 cm™! (C-H
bending), as described previously [16, 37-43]. Simi-
larly, the characteristics peaks of nylon yarn waste
(Figure 3a) shows a broad peak around 3400 cm™
(~OH stretching), 3291 cm™ (N-H stretching bond),
2925 cm™!' (CH, asymmetric stretching), 2853 cm™!

------------- Viscose rayon
——— Nanocellulose

1.0 4

0.5

Absorbance [%]

0.0 NI

T T T T T T T y T
1300 1200 1100 1000 900
b) Wavenumber [cm™']

700

Figure 2. FTIR plots of viscose yarn and nanocellulose in the wavenumber of (a) 4000 to 600 cm™' and (b) magnified at

1300 to 700 cm .

200



P. K. Mishra et al. — Express Polymer Letters Vol. 17, No.2 (2023) 196-210

(C—H stretching), 1633 cm™! (C=0 (amide-I) stretch-
ing), 1534 cm™ (N-H (amide-II) deformation),
1367 cm™ (CH, wagging), and 1261 cm™' (CHj
bending), 1025 cm™! (C-O stretching) and 695 cm™
(C—H bending), as reported in previous literature [44].
From Figure 2a, the appearance of new peaks at 8§74
and 811 cm™' was only observed in the nanocellulose
sample representing C—O—SO3 group vibration, at-
tributed to the presence of sulfonate esters on the
nanocellulose surface during sulphuric acid hydrol-
ysis [45, 46]. Several other bands related to sulfonate
esters were also reported in the literature ranging
from 1350 to 750 cm™! [45]. Due to the increase in
the surface area of nanocellulose compared to vis-
cose, it was expected that the peak intensity around
3330 cm™! should be higher for nanocellulose be-
cause of more free hydroxyls (—OH) at the surface.
Rather a decrease in the 3330 cm™! peak was visible
in the nanocellulose sample. A similar observation
was noted qualitatively in the case of nanocellulose
extracted using sulphuric acid [16]. This decrease in
peak intensity results from converting a few surface
hydroxyls of nanocellulose with sulfonyl groups,
thereby reducing the overall hydroxyls present on
the surface. Moreover, the intensity of several nano-
cellulose peaks (1432 and 1371 cm™) was higher than
viscose. The higher peak at 1110, 1055, and 995 cm™!
might be due to higher C—O—C ether linkages that
were developed after acid hydrolysis and thereby re-
sulted in an increased crystallinity of nanocellulose
[47] (Figure 2b). The spectra were normalized on cel-
lulose ring-related bands (1200 to 850 cm™).

The crystallinity index was calculated for viscose-
rayon and nanocellulose from the peak intensity

12

ratio of 1373/2900 cm™! [48]. The crystallinity index
for viscose and nanocellulose was 1.48 and 2.82,
respectively. The increased crystallinity of nanocel-
lulose compared to viscose fiber is in line with the
previous studies [16], as sulphuric acid degrades the
amorphous part of cellulose and thus increases the
crystallinity of cellulose.

To compare the chemical composition of nylon yarn
waste and nylon films, the spectra were normalized
at 1168 cm™ [49, 50]. From Figure 3a, a broad peak
around 3460 cm™! (—OH stretching) was observed in
nylon yarn waste, which is usually absent or very
weak in the spectrum of industrial-grade nylon pel-
lets [51]. It indicates the presence of additives like
talc powder (as a nucleating agent) or phenols (an-
tioxidant) in the nylon yarn that is usually added to
enhance the mechanical properties and thermal sta-
bility, respectively, during the manufacturing process
of nylon fibers for textile application [52]. The pres-
ence of phenols in nylon yarn waste was further con-
firmed by a peak at 750 cm™!. Hot water washing of
nylon yarn before film formation might remove the
extra talc on the surface of the yarn and lead to a re-
duction in the peak of 3400 cm™ in the neat nylon
film. Similarly, solvent processing of nylon yarn at
80°C completely oxidized the antioxidant present,
and hence peak at 750 cm™! was absent in films. Peaks
at 17201 and 1740 cm™' (C=O0 stretching) in nylon
yarn indicated the presence of plasticizers that are
often added to nylon during the processing of nylon
yarn to avoid runnability issues and to provide elas-
ticity to yarn [17]. It is also observed that peak in-
tensity at 3300 cm™! (hydrogen-bonded N-H stretch-
ing) increased for neat nylon film compared to nylon

Neat nylon film
------------- Nylon yarn

104 695

co
1

Absorbance [%]

\ —— Neat nylon

5 v — — - Nylon-0.1%
F Nylon-0.5%
1+ —--= Nylon-1%

Absorbance [%]

— T T T T T T T
4000 3600 3200 2800 2400 2000 1600 1200 800
a) Wavenumber [cm™]

T T
3500 3250
b) Wavenumber [cm™]

Figure 3. FTIR spectra of (a) nylon yarn and neat nylon film and (b) neat nylon and nylon nanocomposite films containing

nanocellulose.
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yarn, which is attributed to solvent processing pro-
viding easy mobility to polymeric chains leading to
new hydrogen bond formation. In contrast, a reduc-
tion in the peak intensity at 695, 1198, 1367, 1418,
2925, and 2850 cm™! for neat nylon film was evident
compared to the nylon yarn waste. This observation
is attributed to the conversion of a-crystalline form
(stable) of nylon to y-crystalline form (metastable)
that was mediated through solvent processing [51].
As the concentration of nanocellulose in the films
was very low (<1%) and the limitations of FTIR to
sense the material up to a few microns deep inside
the film [53], the prominent characteristic peak of
nanocellulose (1200 to 900 cm™!) was not visible in
the nanocomposite films (data not shown). From
Figure 3b, with the addition of nanocellulose in the
nylon films, a continuous increase of broad peak at
3460 cm™! was observed, attributed to the formation
of new hydrogen bonds with the OH groups of cellu-
lose and amide groups of nylon [51]. At the maxi-
mum concentration of nanocellulose in the film (1%),
the peak intensity at 3460 cm™! increased abruptly,
possibly due to the increased hydrogen bonding be-
tween the nanocellulose and the nylon that reorient-
ed the original hydrogen bonding in the nylon poly-
meric chain [51].

3.4. Field emissions-scanning electron
microscopy

FESEM was used to analyze the surface morphology
and cross-section of fiber waste, nanocellulose, and
prepared nylon nanocomposite films. Figure 4a and
Figure 4c illustrate the surface of the viscose and
nylon yarn waste (as received), respectively. From
the surface of viscose yarn, fine longitudinal lines or
striations of a single viscose fiber are visible. The
flower-like surface of viscose fiber is due to the
shape of the spinneret used in the wet spinning of
viscose fibers. In contrast, the nylon yarn waste
showed a uniform rod-like surface appearance with
few impurities at the surface that might be talc pow-
der (Figure 4d), which were absent from the viscose
yarn (Figure 4b). The diameter from FESEM images
was observed as 35.71+£9.42 um for nylon yarn and
11.47+4.01 pm for viscose-rayon yarn.
Nanocellulose was extracted using viscose-rayon
yarn waste by acid hydrolysis. The FESEM of
nanocellulose was performed by drop-casting the
nanocellulose water suspension onto the glass plate.
The nanocellulose appeared as small aggregates

(Figure 5a) with irregular shapes (Figure 5b). The
irregular shapes of nanocellulose were due to strong
swelling treatments by NaOH in the wet spinning
process of viscose-rayon fiber from wood and had
already been reported in past research [16]. At high-
er magnification, nanocellulose aggregates’ diame-
ter appeared to be less than 100 nm (Figure 5b).
The FESEM images of all the nylon films are shown
in Figure 6. The surface image of the neat nylon film
(Figure 6a) was smooth and had a uniform structure
without any visible impurities, cracks, or agglomer-
ation. With the addition of nanocellulose, the struc-
turing of the surface (Figure 6b—6d) was observed
when compared to neat nylon. This surface structur-
ing could be due to the reorientation of hydrogen
bonds in nylon polymeric chains due to the formation
of new hydrogen bonds between nylon and nano-
cellulose (as seen previously) [51]. In the FESEM of
cryo-fractured cross-section images, the thickness of
all the films was around 50 um (Figure 6e—6h). At
higher magnification (Figure 61), minute pores were
observed in the neat nylon film due to solvent evap-
oration during the casting process. A few nanocel-
lulose clusters were visible (marked with arrows) in
the nanocomposite film at a low concentration of
nanocellulose (0.1 and 0.5 wt%) (Figure 6j—6k),
showing a better dispersion of nanocellulose in the
nylon matrix. As the concentration of nanocellu-
lose was increased to 1 wt% in the films, the pores
were not visible (Figure 61). These pores were
closed due to the hydrogen bonding between
nanocellulose and nylon and nanocellulose as a
filler material that filled the pores, thus forming a
denser structure required for high-barrier packag-
ing applications.

3.5. Atomic force microscopy

The AFM micrograph of nanocellulose extracted
from viscose-rayon yarn waste after 30 min of the
hydrolysis reaction was performed on a 2x2 pum?
sample size. It was observed that nanoparticles of
irregular shape were present (Figure 7) and had an
average diameter size of 65.03+10.15 nm. As previ-
ously reported in the literature, due to the many hy-
droxyl groups and high surface area [1, 54, 55], the
drying process leads to agglomeration of nanocellu-
lose during the AFM analysis, hence diminishing the
specific surfaces by forming strong hydrogen bonds
[56]. The TEM has seen similar fragmented forms
in the literature [57].
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c)

Figure 4. FESEM image of (a) viscose-rayon yarn waste, (b) viscose-rayon yarn waste magnified, (¢) nylon yarn waste, and

(d) nylon yarn waste magnified.

3.6. Differential scanning calorimetry

The crystallization behavior of nylon yarn waste and
nylon films was investigated by DSC with first cool-
ing and second heating curves, as shown in Figure 8.
For nylon yarn waste, Tp,, close to 219 °C signifies the
presence of nylon-6 in the yarn waste [51]. The higher
Tne of nylon yarn waste (186 °C) than the pure nylon-
6 (180°C) [58] might be attributed to the presence of
nucleating agents in the yarn like talc powder, boron
nitride, or any organic phosphates (as seen previous-
ly). From Figure 8a, fully developed melt crystalliza-
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tion peaks (71,) were observed for different samples
during the cooling cycle. Clearly, the crystallization
of nylon yarn occurred in a broad temperature range
(Tonset = 193.75°C, Tengset = 176.17°C), whereas the
crystallization of neat nylon and other films occurred
in a narrow temperature regime (7opset = 191.94—
193.38 °C, Tendset = 178.5-177.16°C), which signifies
the effect of solvent processing favoring the crystal-
lization of nylon by providing more mobility to the
polymeric chains. A similar observation reported the
effect of solvent processing on crystallization [36].
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i)

Figure 6. FESEM images of nylon- nanocellulose composite films illustrating the surface morphology of (a) neat nylon film,
(b) Nylon-0.1% film, (c) Nylon-0.5% film, (d) Nylon-1% and cross-section morphology of (e) neat nylon film,
(f) Nylon-0.1% film, (g) Nylon-0.5% film, (h) Nylon-1% film, and magnified cross-section of (i) neat nylon film,
(j) Nylon-0.1% film, (k) Nylon-0.5% film, (1) Nylon-1% film.

204



P. K. Mishra et al. — Express Polymer Letters Vol. 17, No.2 (2023) 196-210

8.9 nm

-9.1 nm

Figure 7. AFM image of nanocellulose extracted from vis-
cose-rayon yarn waste.

Figure 8b reflects the glass transition temperature and
melting peaks of nylon yarn and nylon nanocomposite
films. Two melting peaks were observed, indicating
y-crystalline form and a-crystalline form, which were
in line with previous DSC studies of nylon yarns [59].
Various thermal characteristics are summarized in
Table 2. With the increasing concentrations of
nanocellulose in nylon films, a slight decrease in 7},

was observed, whereas the 7, of films increased.
Consequently, the crystallinity of films was also de-
creased with the increasing nanocellulose. Similar
observations were reported when CNFs were incor-
porated into the nylon-6 matrix [51]. These effects
are attributed to the strong interactions between hy-
droxyl groups of nanocellulose and the polar amide
groups of nylon, which restricted the movement of
nylon polymeric chains due to increased hydrogen
bonding [51, 60] (seen previously from FTIR).

3.7. Thermogravimetric analysis

Figure 9 shows the weight loss curve of nylon yarn
waste, neat nylon film, and nylon nanocomposite
film (Nylon-1%). A 5 wt% residue was obtained for
nylon yarn waste at 600 °C, confirming the presence
of inorganic substances like talc in the nylon yarn
(mentioned previously). In contrast, the residues for
neat nylon film and Nylon-1% film were less than
1.5 wt%, confirming the removal of talc from the
yarn’s surface during the washing of the fibers. Some
fluctuations were also visualized in the temperature
range of 150-200°C for nylon waste (marked with

Exo up
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Nylon-2%

Nylon-1%

Nylon-0.5%

Nylon-0.1%

Neat nylon

Specific heat flow (normalized) [a.u.]

Nylon yarn waste
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Specific heat flow (normalized) [a.u.]

T

T T T T T T T T T
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a) Temperature [°C]
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0O 20 40 60 80 100 120 140 160 180 200 220 240
b) Temperature [°C]

Figure 8. DSC curves of nylon yarn and nylon films during (a) first cooling and (b) second heating.

Table 2. DSC analysis for nylon yarn and nylon nanocomposite films.

Sample Tne T, T AH,, X,

[°C] [°C] [°C] [J/gl [%]
Nylon yarn waste 186.17+0.76° 54.00£0.30° 219.50+0.50° 60.17+0.76¢ 31.67+0.38¢
Neat nylon 187.5440.13¢ 53.68+0.25° 222.1940.18¢ 62.33+0.72¢ 32.80+0.244
Nylon-0.1% 187.4740.13¢ 54.70+0.312P 221.49+0.254 59.73+0.45¢4 31.4740.21b¢
Nylon-0.5% 187.1340.120¢ 55.73+0.140¢ 220.36+0.14¢ 58.39+0.43¢ 30.78+0.35P
Nylon-1% 186.7140.520¢ 56.48+0.11¢4 219.77+0.18b< 55.32+0.66° 29.41+0.232
Nylon-2% 185.08+0.222 57.39+0.16¢ 218.76%0.13% 53.39+0.43% 28.68+0.40°

The mean and standard deviation are used to express the data.

abedDifferent letters in the same column indicate significant differences (p < 0.05).
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Figure 9. TGA curve for nylon yarn waste and nylon films.

arrow), which might be due to the release of some
plasticizers from the nylon yarn. The film with nano-
cellulose showed an early degradation compared to
neat nylon, which might be due to less thermal sta-
bility of cellulose when compared to nylon-6 [51].
In addition, a higher concentration of nanocellulose
(1 wt%) might lead to an increased reorientation of
hydrogen bonds, which result in the conversion of a
fraction of a-crystalline form (stable) to y-crystalline
form (metastable) and consequently became less
thermally stable.

3.8. Thickness and mechanical properties of
films

The effect of nanocellulose on the film’s mechanical
properties, like tensile strength and elongation at
break, was determined and presented in Table 2.
With the addition of nanocellulose in the nylon films
(up to 0.5 wt%), tensile strength decreased com-
pared to neat film. However, the tensile strength re-
mained similar to neat film at a maximum concen-
tration of nanocellulose (1 wt%). The decrease in
tensile strength (at low filler content) might be at-
tributed to a few aggregates of nanocellulose in the
nylon matrix, which were unable to disperse in the
matrix due to the lower shear generated in response
to the lower viscosity of the suspension. Although
nanocellulose powder was freeze-dried to avoid the
formation of aggregates and produce a porous,
weakly bonded material [61], a few agglomerates
might still be present in the powder. A similar case
was observed where large agglomerates of micro-
crystalline cellulose (MCC) in PLA (polylactic acid)
reduced the tensile strength of the composite [62].
Whereas, at higher filler concentration (1 wt%),

Table 3. Mechanical properties of neat and nanocomposite

films.
Tensile Elongation at Modulus
Sample strength break [MPa]

[MPa] (%]
Neat nylon 20.43+2.03* 10.81+5.45% 1411£34°
Nylon-0.1% | 13.79+4.43% 17.93+5.702 1040+£25*
Nylon-0.5% | 13.95£1.67* 11.81+£2.13% 976+128?
Nylon-1% 19.05+1.89% 10.82+1.09% 1121+1512

The mean and standard deviation are used to express the data.
Different letters in the same column indicate significant differences
(p <0.05). (There are no significant diffences.)

higher suspension viscosity was achieved, leading
to higher shear required to break the nanocellulose
aggregates and disperse them uniformly in the ma-
trix. In addition, for Nylon-1% film, the higher hy-
drogen bonding between cellulose and nylon, as ob-
served from FTIR, might also be the reason for
maintaining the higher tensile strength, similar to
neat film. When comparing modulus (stiffness), the
modulus decreased with the addition of nanocellu-
lose when the concentration was 0.1 and 0.5 wt%.
A decrease in stiffness of about 30.78% was ob-
served, however, the modulus increased drastically
to 1121 MPa when the concentration of nanocellu-
lose was 1 wt% in nylon-6 matrix. This high modu-
lus was in-line with the tensile strength observed at
1 wt% of nanocellulose. It can be seen that by
adding a small amount of nanocellulose, the film’s
elasticity increased, and the strength and stiffness
decreased, showing ductile behavior. However, at
high nanocellulose content (1 wt%), the elongation,
tensile, and modulus were like that of the neat nylon
film. Although, it should be noted that the differ-
ences in tensile strength, elongation at break, and
modulus for films were insignificant when consid-
ering standard deviation (Table 3).

3.9. Barrier properties: water contact angle
and water vapor transmission rate of films

The water contact angles of the films were deter-
mined and presented in Figure 10. The contact angle
decreased from 60.38° to 48.38° with the addition of
nanocellulose. The nanocellulose being hydrophilic
[63] has increased the surface wettability of the nylon
films. One more reason for the decrease in contact
angle could be the reorientation of the hydrogen
bond at the surface of the nanocomposite films, as
previously discussed in FTIR; and hydrogen bonding
being highly polar [64] can have a lower contact angle
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Figure 10. Water contact angle and WVTR of nanocompos-
ite films.

with the water; hence the affinity of films towards
water also increased.

The WVTR of the nylon films incorporated nanocel-
luloses were determined and presented in Figure 10.
WYVTR of the nanocomposite films significantly de-
creased compared to neat film. WVTR was de-
creased from 162.72 for neat films to 72.54 g/(m?-day)
for Nylon-1% films. Similar results were achieved
when nanoclay was added to the nylon matrix [58].
The decrease in WVTR of films is attributed to the
increased surface structuring and dense cross-section
of films (from FESEM images), leading to higher
tortuosity for water vapors. The tortuous path created
for moisture transfer by nanocellulose inside the
nylon polymer matrix delays the transfer rate of
water vapors. A similar observation was observed
when CNC was incorporated in PLA [65] and PHB
(polyhydroxybutyrate) [66] films. The nanocompos-
ite film from textile yarn waste might create a new
opportunity for application in packaging where a
high barrier is required. Nevertheless, due to the
water-sensitive nature of nylon-6 [ 18], the nanocom-
posite films should be sandwiched between the lay-
ers of water-insensitive polyolefins (PP or PE) for
preparing multi-layered packaging [18] in order to
take complete advantage of the engineered proper-
ties of developed films.

4. Conclusions

A high-water vapor barrier nylon nanocomposite
films were successfully prepared using the solvent
casting method utilizing acetic acid as a green solvent.
Nanocellulose powder as a green nanofiller was ex-
tracted from the viscose-rayon textile yarn waste by
acid hydrolysis and later introduced into the nylon
matrix obtained from nylon textile yarn waste.

Nanocellulose strongly interacted with the nylon ma-
trix by forming new hydrogen bonds. In addition,
nanocellulose also reoriented a few existing hydro-
gen bonds of nylon, as determined through FTIR and
DSC. Consequently, nanocomposite films appeared
dense with structuring at the surface (from FESEM),
which increased the tortuosity for water vapors, and
hence a maximum of 55% reduction in WVTR was
noted for nylon films containing 1 wt% nanocellu-
lose. However, the surface wettability of films was
increased with the incorporation of nanocellulose.
The tensile strength and elongation at break of
nanocomposite films were changed with the addition
of nanocellulose. The tensile strength decreased by
32.5%, elongation at break increased by 65.86%, and
modulus decreased by 30.78% when 0.1 wt% of
nanocellulose was added. However, at higher con-
centrations (1 wt%), the mechanical properties were
similar to that of neat nylon films. The raw material
analysis of nylon textile waste revealed the presence
of around 5 wt% inorganic matter (TGA) that acted
as a nucleating agent for nylon matrix (DSC).
Nanocellulose did not act as a nucleating agent for
the nylon matrix; rather, the crystallinity of nylon
films decreased with the introduction of nanocellu-
lose (DSC). The presence of plasticizers and antiox-
idants in nylon textile yarn waste was also evident
from FTIR. Nevertheless, with nearly the same ther-
mal properties as industrial-grade nylon-6, the pre-
consumer nylon textile yarn waste could be a cheap
alternative to expensive nylon-6 for various applica-
tions. Finally, the developed high-barrier nylon
nanocomposite films may find an application where
alow WVTR is required for packaging. More rigor-
ous studies on the barrier properties of multi-layered
packaging materials incorporating the developed
nanocomposite film as a sandwich layer will be con-
ducted in our future research.
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