
Creative Commons CC BY: This article is distributed under the terms of the Creative Commons Attribution 4.0 
License (https://creativecommons.org/licenses/by/4.0/) which permits any use, reproduction and distribution of  

the work without further permission provided the original work is attributed as specified on the SAGE and Open Access pages 
(https://us.sagepub.com/en-us/nam/open-access-at-sage).

https://doi.org/10.1177/15589250241256748

Journal of Engineered Fibers and Fabrics
Volume 19: 1–9

© The Author(s) 2024
DOI: 10.1177/15589250241256748

journals.sagepub.com/home/jef

Introduction

The phenomenon of fast consumption directs the textile 
industry toward producing petroleum-based products as an 
economical path.1 Although petroleum-based products are 
a more economical alternative than renewable natural 
sources, they cause irreparable damage to nature. The idea 
of building a sustainable and inclusive global economy has 
gained value in the international community, and the Green 
Deal Strategy has been developed by the European Union.2 
Therefore, there has been an increasing demand for devel-
oping natural, sustainable, and environmentally friendly 

materials instead of petroleum-based products in recent 
years. In this regard, non-traditional natural plant-based 
fibers such as kapok, milkweed, poplar, nettle, etc. play a 
critical role.
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Milkweed seed fibers are one of the non-traditional fib-
ers that are obtained from the seeds of Asclepia syriaca 
trees, which grow widely in the Northern Hemisphere. 
Since Asclepia syriaca plants can generally adapt to mild 
climates, their living spaces are quite wide. Although the 
length or appearance of milkweed fibers may vary slightly 
depending on the geography, the reported fiber lengths 
range from 9.5 to 43 mm in various studies.3–6 Fiber is 
mainly composed of cellulosic compounds and has 
approximately 40% crystallinity.7 These fibers have an 
average diameter of 20–30 µm and almost 90% of each 
fiber is composed of a hollow lumen. Therefore, the fiber 
density of milkweed fibers is around 0.97 g/cm3 while the 
fiber density of cotton is around 1.54 g/cm3.3 Although 
milkweed fibers are more rigid than cotton fibers, there are 
several studies reported on the spinning of milkweed fib-
ers.3,8–10 Since milkweed is an untraditional fiber, it has a 
higher unit cost than cotton and flax.11 Thus, milkweed 
waste obtained from the spinning process is a valuable 
byproduct, and it is important to utilize this leftover 
material.

However, these waste milkweed fibers are too short to 
be spun. Thus, using them as a filling material in a nonwo-
ven product might be an alternative solution.

The type of filling material has a primary role in ther-
mal insulation. The selected material should possess satis-
factory thermal properties. The thermal properties of fiber 
can be influenced by its denier, fiber cross-section, poros-
ity, etc. Gnanauthayan et al.12 investigated the effect of 
physical properties on the thermal properties of non-woven 
fabrics made from solid and hollow polyester fibers. It was 
stated that thin and hollow structured fibers showed better 
thermal properties than thick and solid structured fibers. 
Needle-punched nonwovens made from solid and hollow 
polyesters were compared by Raeisian et al.13 to evaluate 
their performance. They emphasized that hollow fibers 
trap air inside and have more volume and surface area, 
causing their thermal properties to be better than solid pol-
yester fibers.

The needle punching process is a nonwoven production 
technique based on intertwining the fibers with the help of 
needle plates. Needle-punched nonwovens serve critical 
purposes in various industrial fields. For instance, it has 
been used as insulation materials, filtration media, clean-
ing materials, geotextiles, and automotive carpets.14–20 In 
addition, the needle punching process is suitable for blend-
ing long and short fibers together. For instance, short lin-
seed fibers with an average length of 10–16 mm were 
blended with longer hemp fibers in a ratio of 50/50 by 
weight, and needle-punched nonwovens were developed 
for agromat application.21

In this study, short milkweed fiber leftovers obtained 
from a spinning mill were aimed to be utilized in a nonwo-
ven fabric, rather than thrown away. For this purpose, 
those short milkweed fibers were blended with hollow 
PET fiber and turned into needle-punched nonwoven 

fabrics with different thicknesses. The physical perfor-
mance of the blended nonwovens was compared with non-
woven fabrics produced solely from hollow PET fibers.

Experimental

Employed materials

Short milkweed fibers (SMF) were donated by Pangai 
Materials Science, Italy. At least 50 individual SMF 
lengths were measured under the optical microscope and 
the average fiber length and fiber diameter were found to 
be 2.13 ± 1.4 mm and 25.35 ± 3.7 µm, respectively. 
Hollow PET fiber used in the experiments was generously 
donated by SASA Polyester Sanayi A.Ş. Turkey. Hollow 
PET fibers have a 64 mm staple length and 6.7 denier fine-
ness. Figure 1 displays the SEM images of a hollow PET 
and short milkweed fiber. Both fibers were used as they 
were received from the companies, without being sub-
jected to any additional process.

Carding and needling process

About 50 g of PET fibers were manually fed into the 337A 
Mesdan laboratory-type carding machine to create a single 
PET carded web. The feeding conveyor belt of the carding 
machine has a width of 43 cm, while the end roller width is 
48 cm and the operating speed is 10 m/min. To obtain the 
blended web, previously produced PET carded web was 
cut into two-halves and one-half placed on the conveyor 
belt of the carding machine. About 50 g of SMFs were 
evenly distributed onto this web and the other half of the 
PET web was placed onto the SMFs. Then, this sandwich-
like assembly fed into the carding machine at once. The 
resulting carded web was taken from the end roller, rotated 
90°, and then fed into the carding machine one more time 
to achieve a homogeneous distribution of the SMF inside 
the web.

The needling process was carried out with the Cormatex 
S.R.L needle punching machine. The needle punching 
machine has 2080 needles on the needle plates which are 
104 cm width. Notched needles entered the web from the 
top and bottom with a 90° angle. Thus, the fibers were 
thoroughly intertwined, and needle-punched nonwovens 
were obtained. The needling machine was operated 
according to the parameters shown in Table 1. The needle 
punching stroke was fixed at 354 strokes per minute from 
the top and 351 strokes from the bottom per minute. The 
punching depth is set to 10 mm from the top and bottom 
stroke. To obtain multilayered needle-punched samples, a 
desired number of carded webs were placed on top of each 
other and then fed into the needle-punching machine 
together. The Needle-punched nonwovens used in the 
experiments are listed in Table 2. The pure PET samples 
are called PET and blended samples are called Mix 
respectively.



Tekbaş et al.	 3

Thickness measurements.  Thickness values of the pure hol-
low PET needle-punched nonwovens and the mixed sam-
ples are measured using a James H. Heal cloth thickness 
tester, with a probe diameter of 1.12 cm, according to ISO 
9073-2. Each sample was measured 5 times and average 
values were reported.

Scanning Electron Microscope analysis.  Images of PET fib-
ers, milkweed fibers, and needle-punched nonwovens 
were captured by using a TESCAN VEGA3 Scanning 
Electron Microscope. Before the SEM analysis, each sam-
ple was coated with Au/Pd using a Quorum Sputter Coater 
instrument under vacuum for 120 s. The acceleration volt-
age was 10 kV, and the working distance was between 8.34 

and 13.72 mm. To investigate the cross-sections of the fib-
ers, samples were cut using a razor blade and placed on the 
appropriate sample holder.

Determining the composition of the webs

Quantitative chemical analysis was conducted under BS 
EN ISO 1833-11:2017 standard to determine the mass per-
centage of short milkweed and hollow PET fibers in 
blended fabrics. First, the mixed fabrics are dried in the 
oven and the dry fabric mass is measured. About 200 ml of 
50 wt% sulfuric acid (H2SO4) per gram of fabric is added 
to the fabrics in the glass beaker. The bottle is shaken peri-
odically for 1 h at (40 ± 5)°C then filtered through filter 
paper. The residues that cannot pass through the filter 
paper are washed, dried, and reweighed. This process was 
repeated two times and the mean mass of short milkweed 
fibers was calculated. In this way, quantitative chemical 
analysis of fabrics was investigated.

Characterization of mechanical properties.  To analyze the 
mechanical properties of the nonwoven samples, the James 

Table 1.  Needle punching machine parameters (m/min) employed to produce waste milkweed/PET containing nonwovens.

Feeding top Strokes top Delivery top Feeding bottom Strokes bottom Delivery bottom

0.97 354 1.07 1.03 351 1.11

Table 2.  Milkweed fiber composition of the webs.

Sample Milkweed fiber (%)

Mix1 17.42 ± 0.73
Mix2 17.66 ± 0.80
Mix3 18.95 ± 0.66

Figure 1.  Cross-sectional SEM images of short milkweed fiber (a) and hollow PES fiber (b). Scale bars are 10 μm.
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H. Heal, Titan 2 was used and tests were conducted accord-
ing to the ISO 9073-3 standard. Each specimen was cut 
into 16 cm × 2 cm rectangle shapes and then placed in the 
tensile testing instrument. The initial gage distance was set 
to 10 cm, and the upper gage’s separation speed was set to 
100 mm/min. About 120 N load cell was employed for all 
experiments. At least five samples were tested for each set 
of samples. Breaking Stress (MPa) values were calculated 
using the original cross-sectional area of each specimen.

Bursting test.  To analyze the burst strengths of samples, 
Dachang QC 115D was employed under the TS EN ISO 
13938-2 standard. The samples were kept in standard con-
ditions for at least 24 h before performing the test. The 
pneumatic diaphragm operating speed is adjusted to be 
20 ± 5 s to detonate the sample. Pressure is applied to the 
sample until the fabric bursts.

Wear and abrasion analysis.  According to the TSE EN ISO 
12947-2 standard, the abrasion test is based on the princi-
ple of abrasion of the standard fabric with a test sample. A 
woven wool felt fabric with a mass of 750 ± 50 g/m2 and a 
thickness of 2.5 ± 0.5 mm is used as a standard fabric 
according to TSE EN ISO 12947-1 standard. The test spec-
imen is mounted on the test piece holder with a foam back-
ing. Before starting the experiment, the samples were 
conditioned under standard atmospheric conditions. The 
abrasion test is carried out at certain intervals according to 
the friction number at which the sample ruptures.

Water contact angle analysis.  Water contact angle analysis 
was conducted using the ThetaLite Optical Tensiometer 
TL 101 to measure the water contact angle of the nonwo-
ven fabric. The tests were performed according to the BS 
EN 828:2013 standard, and each sample was tested from at 
least three different locations.

Air permeability analysis.  The air permeability of the samples 
was assessed using a PROWHITE tester (document number 
1) under the EN standard for plate number 1. The test was 
conducted using a 20 cm2 test head and a prescribed air pres-
sure of 200 Pa for 1 min. To ensure accuracy, at least five 
specimens were tested for each group of fabrics.

Thermal conductivity and resistance analysis.  The Alambeta 
testing instrument (Sensora, Czech Republic) was used to 
measure the thermal conductivity and thermal resistance 
of the fabrics according to the ISO 11092 standard. Each 
sample was tested from at least three different locations.

Results and discussions

In this study, 100% PET and 50/50 wt % PET/short milk-
weed webs were produced. SEM images of the needle-
punched PET and Mix samples are shown in Figure 2(a) 

and (b), respectively. As seen in both figures, longer PET 
fibers are intertwined as a result of the needle-punching 
process. Since SMFs are thinner and shorter than PET fib-
ers, needle-punched blended samples can accommodate 
SMFs. This can be seen in Figure 2(b) and also in the 
porosity analysis results. The SEM image of the mixed 
sample has a large number of SMFs and less space between 
the fibers. While a PET sample has 36.3% porosity, this 
value almost drops to half for the mixed sample (See Table 
3). As indicated by the lower porosity percentages of the 
mixed sample, SMFs are filling the interspaces between 
the PET fibers, and their presence also slightly hinders the 
entanglement of PET fibers during the needle punching 
process. This is concluded from the weight and thickness 
results listed in Table 4. Samples with similar layer num-
bers and weight/g should have similar thickness values 
after the needle punching process. However, mixed sam-
ples are thicker compared to their PET counterparts. Less 
intertwinement of PET fibers in the mixed samples not 
only increases the sample thickness but also results in a 
decrease in the mechanical strength of the mixed nonwo-
ven samples.

The percentage of short milkweed fiber by mass of the 
hollow PET/short milkweed blended fabrics is given in 
Table 2. To create a carded web 50 g each of hollow PET 
and short milkweed fibers are used. Since the short milk-
weed fiber leftovers from the milkweed yarn spinning pro-
cess are employed, the fiber length is very short 
(2.13 ± 1.4 mm). During the carding process, short milk-
weed fibers flew around. Therefore, when the quantitative 
chemical analysis was performed on the blended fabrics, 
the milkweed fiber ratio for Mix1, Mix2, and Mix3 was 
found to be 17.42 ± 0.73, 17.66 ± 0.80, and 18.95 ± 0.66, 
respectively.

As seen in Table 5, feeding a higher numer of carded 
PET webs to the needle-punching machine results in more 
durable nonwovens due to the stronger intertwining of the 
fibers. Among the PET samples, increasing the layer num-
ber from single layer to triple layers increases the stress at 
break values from 0.5 to 2.76 MPa. To visualize the effect 
of adding SMFs into the PET webs, stress-strain curves are 
plotted for the same layer numbered groups separately in 
Figure 3. In all layer numbers, the mixed samples have 
nearly 50% lower stress at break values compared to their 
PET counterparts. However, their breaking strain values 
are comparable mainly due to the breaking mechanism of 
the needle-punched samples.

ANOVA results indicate that there is no statistically sig-
nificant difference (p > 0.05) among the values in terms of 
breaking strain values of all six sample groups. During the 
mechanical tests, needle-punched samples initially exhibit 
an elastic elongation where the non-intertwined PET fibers 
align with the extension direction. Then, intertwined PET 
fibers and nots created by the intertwined fibers deform 
and break, yielding the full breakage of the sample. Since 
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very short milkweed fibers do not play a significant role in 
this breaking fashion of the nonwoven samples, all sam-
ples exhibit a similar elongation range.

Similar mechanical performance was observed when 
the bursting test was conducted on each sample. As the 
number of webs increases in the nonwoven fabric, both 
bursting strength and height increase as seen in Table 6. 
Mixed samples have lower bursting strength and height 
compared to their pure PET counterparts. However, differ-
ences in their bursting strength are not as low as their 
breaking strength values. This is due to the difference in 
the tensile and bursting tests working principle.

Martindale resistance to wear test method was applied 
to analyze the abrasion performance of the needle-punched 

Table 3.  Fiber fraction and porosity values obtained from 
representative images of PET1 and Mix3.

Sample Fiber fraction (%) Porosity (%)

PET 63.7 36.3
Mix 83.0 17.0

Figure 2.  SEM images of PET (a) and mix (b) nonwoven samples. Scale bars are 500 μm. Fiber fraction and porosity analysis of PET 
and Mix samples were conducted in c and d, respectively.
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nonwoven samples. Among all samples, the single layer 
PET/SMFs sample exhibited the worst abrasion resistance. 
The Mix1 sample was heavily worn at 3000 cycles and the 
test was discontinued. All other samples survived until 
4500 cycles and they have resulted in similar nep forma-
tion at 4500 cycles as seen in Figure 4.

As discussed in the literature, milkweed fibers have a 
waxy surface which makes these natural fibers highly 

water-repellent. High water contact angles of hollow PET 
fibers have also been reported and results are shown in 
Figure 5 as well.22 As a result, both PET and mixed non-
wovens exhibited high hydrophobicity. There is no statis-
tically significant difference among the values in the PET 
and Mix samples according to ANOVA (p > 0.05). The 
contact angle of the 100% PET sample was measured as 
143° ± 9.8°. Increasing the layer number has not affected 

Table 5.  Breaking strength and breaking strain values of PET 
and Mix samples.

Sample Breaking strength (MPa) Breaking strain (%)

PET1 0.50 ± 0.07 56.09 ± 3.14
PET2 1.58 ± 0.27 44.13 ± 3.58
PET3 2.76 ± 0.41 42.48 ± 0.78
Mix1 0.21 ± 0.04 48.07 ± 5.34
Mix2 0.72 ± 0.18 54.78 ± 1.64
Mix3 1.50 ± 0.1 52.28 ± 1.63

Table 4.  Weight and thickness values of pure PET and mixed 
samples. Numbers in the sample names indicate the layer 
numbers of the web feed into the needle-punching machine.

Sample Thickness (mm) Weight (g/m2)

PET1 4.15 ± 0.21 125
PET2 4.35 ± 0.19 179.1
PET3 6.35 ± 0.15 367.3
Mix1 4.12 ± 0.16 113
Mix2 5.81 ± 0.13 182
Mix3 6.92 ± 0.11 335

Figure 3.  Comparison of the strength of PET and mixed fabrics with the same number of layers.
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the water contact angle of the mixed samples. Mix1, 2, 
and 3 samples’ water contact angles were measured as 
150.7 ± 7.4, 146.7 ± 4, and 148.6 ± 6.2 respectively.

Sample thickness plays a critical role in the air perme-
ability of the samples. As shown in Figure 6, increasing the 
layer number decreases the air permeability of both PET 
and Mix samples. However, the presence of the SMFs 
determines the final air permeability because mixed sam-
ples have lower air permeability even when they are 

Figure 4.  Abrasion performance of nonwovens.

Table 6.  Bursting strength values of PET and Mix samples.

Sample Burst pressure (kg/cm2) Burst height (mm)

PET1 10.15 ± 0.73 14.4 ± 0.4
PET2 11.28 ± 0.85 17 ± 1
PET3 26.18 ± 2.06 19.53 ± 0.58
Mix1 8.73 ± 0.39 10.5 ± 0.7
Mix2 11.75 ± 1.46 13 ± 0.26
Mix3 18.55 ± 3.77 17.67 ± 2.08
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thinner than PET samples. For instance, Mix1 is thinner 
than PET2, and Mix2 is thinner than PET3. Yet Mix1 and 
Mix2 have lower air permeability than PET2 and PET3, 
respectively. When a t-test was conducted on the air per-
meability performance of PET2 and Mix1 samples, which 
showed similar results in Figure 6, no statistically signifi-
cant difference was found between them. Similarly, 
according to the t-test on PET3 and Mix2, there is no sta-
tistically significant difference in the air permeability per-
formance between samples. Since SMFs are filling the 
gaps between the PET fibers and resulting in lower poros-
ity, airflow through the nonwoven samples decreases.

It is well known in the literature that the air in the hol-
low fiber structures reduces the thermal conductivity and 
the sample thickness has an effect on the thermal proper-
ties.23–25 Thermal resistance and conductivity values are 
listed in Table 7. When compared with the same number of 
layer PET and Mix samples, it is clear that the presence of 
SMFs increases the thermal resistance and decreases the 
thermal conductivity. The huge hollow lumen of the milk-
weed fibers allows blended nonwovens to provide better 
insulation properties compared to hollow PET nonwovens. 
When ANOVA (Tukey’s Post Hoc Test with 95% confi-
dence interval) was performed to analyze the thermal 
resistance performances of the samples, it was determined 
that there was a statistical difference between all PET and 
Mix samples when they had the same layer numbers, 
except for PET2 and Mix1.

Conclusion

In summary, 100 wt% PET and 50/50 wt% PET/SMFs 
blended needle-punched nonwovens were produced. The 
addition of SMFs decreases the porosity and air permeabil-
ity of the PET blended nonwovens. To test the mechanical 
properties of the samples, tensile and bursting tests were 
conducted. The results showed that mixed samples have 
lower tensile strength, bursting strength, and height com-
pared to their pure PET counterparts. Although mixed 
samples have lower strength, their strain values were 

comparable. Both blended and unblended samples exhibit 
high water contact angles. The presence of the SMFs 
increases the sample thickness and thermal resistance 
while decreasing the thermal conductivity. While the PET 
3 sample showed 135.17 ± 0.60 mK/W/m2 thermal resist-
ance, the Mix3 sample showed 157.13 ± 0.61 mK/W/m2 
thermal resistance. The thermal conductivity values of 
mixed fabrics give similar and better results compared to 
commonly used thermal insulation materials. Therefore, 
this study indicates that extremely short milkweed fiber 
leftovers from the milkweed yarn spinning process can be 
utilized as a filler material in needle-punched nonwovens 
to obtain better thermal insulation.

Acknowledgements

We would like to thank Dr. İlkay Özsev Yüksek for conducting 
Thermal Conductivity and Resistance Analysis.

Declaration of conflicting interests

The author(s) declared no potential conflicts of interest with 
respect to the research, authorship, and/or publication of this 
article.

Funding

The author(s) disclosed receipt of the following financial support 
for the research, authorship, and/or publication of this article: 
This study is supported by the Scientific and Technological 

Table 7.  Thermal resistance and thermal conductivity values 
of the test specimens.

Sample Thermal resistance 
(mK/W/m2)

Thermal conductivity 
(mW/m K)

PET1   98.10 ± 0.41 42.27 ± 0.12
PET2 102.17 ± 0.58 42.63 ± 0.21
PET3 135.17 ± 0.60 46.93 ± 0.31
Mix1 101.77 ± 0.62 40.47 ± 0.05
Mix2 137.53 ± 0.76 42.23 ± 0.09
Mix3 157.13 ± 0.61 44.03 ± 0.25

Figure 5.  Water contact angle values and representative 
goniometer images of the samples.

Figure 6.  Air permeability performances of PET and Mix 
samples.



Tekbaş et al.	 9

Research Council of Turkiye (TUBITAK) under the 1001 project 
Grants No. 121M308. In addition, additional support is provided 
by the European Commission Marie Sklodowska-Curie Actions 
program, the SMARTWASTE, under Grant agreement ID: 
101086258.

ORCID iD

Fehmi Cengiz  https://orcid.org/0009-0006-5430-3316

References

	 1.	 Niinimäki K, Peters G, Dahlbo H, et al. The environmen-
tal price of fast fashion. Nat Rev Earth Environ 2020; 1: 
189–200.

	 2.	 Krämer L. Planning for climate and the environment: the 
EU green deal. J Eur Environ Plann Law 2020; 17: 267–
306.

	 3.	 Sakthivel JC, Mukhopadhyay S and Palanisamy NK. Some 
studies on mudar fibers. J Ind Text 2005; 35: 63–76.

	 4.	 Reddy N and Yang Y. Extraction and characterization of 
natural cellulose fibers from common milkweed stems. 
Polym Eng Sci 2009; 49: 2212–2217.

	 5.	 Ashori A and Bahreini Z. Evaluation of Calotropis gigantea 
as a promising raw material for fiber-reinforced composite. 
J Compos Mater 2009; 43: 1297–1304.

	 6.	 Hassanzadeh S, Hasani H and Zarrebini M. Analysis and 
prediction of the noise reduction coefficient of lightly-nee-
dled estabragh/polypropylene nonwovens using simplex lat-
tice design. J Text Inst 2014; 105: 256–263.

	 7.	 Karthik T and Murugan R. Milkweed—a potential sustain-
able natural fibre crop. In: Muthu S and Senthilkannan GM 
(eds) Sustainable fibres for fashion industry: volume 2. 
Singapore: Springer,  2016, pp.111–146.

	 8.	 Dréan J-YF, Patry JJ, Lombard GF, et al. Mechanical char-
acterization and behavior in spinning processing of milk-
weed fibers. Text Res J 1993; 63: 443–450.

	 9.	 Thangavel K and Murugan R. Analysis of comfort proper-
ties of cotton/milkweed blended rotor yam fabrics. Melliand 
International 2013; 19(4): 203–204.

	10.	 Bakhtiari M, Hasani H, Zarrebini M, et al. Investigation of 
the thermal comfort properties of knitted fabric produced 
from Estabragh (Milkweed)/cotton-blended yarns. J Text 
Inst 2015; 106: 47–56.

	11.	 Knight L and Hodgson S. Growing milkweed in Vermont: 
an economic case study, https://ageconsearch.umn.edu/
record/330089 (2021, accessed 4 February 2024).

	12.	 Gnanauthayan G, Rengasamy RS and Kothari VK. Heat 
insulation characteristics of high bulk nonwovens. J Text 
Inst 2017; 108: 2173–2179.

	13.	 Raeisian L, Mansoori Z, Hosseini-Abardeh R, et al. An 
investigation in structural parameters of needle-punched 
nonwoven fabrics on their thermal insulation property. 
Fibers Polym 2013; 14: 1748–1753.

	14.	 Gounni A, Mabrouk MT, El Wazna M, et al. Thermal and 
economic evaluation of new insulation materials for build-
ing envelope based on textile waste. Appl Therm Eng 2019; 
149: 475–483.

	15.	 Gounni A, El Wazna M, El Alami M, et al. Thermal perfor-
mance evaluation of textile waste as an alternative solution 
for heat transfer reduction in buildings. J Sol Energy Eng 
2018; 140: 021004.

	16.	 Anandjiwala RD and Boguslavsky L. Development of nee-
dle-punched nonwoven fabrics from flax fibers for air filtra-
tion applications. Text Res J 2008; 78: 614–624.

	17.	 Sakthivel S, Ezhil AJJ and Ramachandran T. Development 
of needle-punched nonwoven fabrics from reclaimed fibers 
for air filtration applications. J Eng Fibers Fabr 2014; 9: 
155892501400900117.

	18.	 Çinçik E and Günaydin E. The influence of calendering 
parameters on performance properties of needle-punched 
nonwoven cleaning materials including r-PET fiber. J Text 
Inst 2016; 108: 1–12.

	19.	 Atakan R, Sezer S and Karakas H. Development of non-
woven automotive carpets made of recycled PET fibers 
with improved abrasion resistance. J Ind Text 2020; 49: 
835–857.

	20.	 Ding Z, Babar AA, Wang C, et al. Spunbonded nee-
dlepunched nonwoven geotextiles for filtration and drainage 
applications: Manufacturing and structural design. Compos 
Commun 2021; 25: 100481.

	21.	 Janíčková M, Marek J and Bjelková M. Development of new 
agrotextiles from renewable sources and with controlled life 
time, https://www.ifatcc.org/wp-content/uploads/2018/01/
O35.pdf (2018, accessed 4 February 2024).

	22.	 Subramoniapillai V and Thilagavathi G. Utilization of recy-
cled polyester nonwovens as sorbent for oil spill cleanups. 
Res J Text Apparel 2021; 25: 158–169.

	23.	 Mahlia TMI, Taufiq BN and Masjuki HH. Correlation 
between thermal conductivity and the thickness of selected 
insulation materials for building wall. Energy Build 2007; 
39: 182–187.

	24.	 Liu H, Tian Y, Jiao J, et al. Thermal conductivity mod-
eling of hollow fiber-based porous structures for thermal 
insulation applications. J Non-Cryst Solids 2022; 575:  
121188.

	25.	 Erteki̇n G, Oğlakcioğlu N and Marmarali A. Strength and 
comfort characteristics of cotton/Elastane knitted fabrics. 
Tekstil ve Mühendis 2018; 25(110): 146–153.

https://orcid.org/0009-0006-5430-3316
https://ageconsearch.umn.edu/record/330089
https://ageconsearch.umn.edu/record/330089
https://www.ifatcc.org/wp-content/uploads/2018/01/O35.pdf
https://www.ifatcc.org/wp-content/uploads/2018/01/O35.pdf

