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Abstract: Biobased lignin represents one of the possible materials for next-generation flame retardant
additives due to its sustainability, environmental benefits and comparable efficiency to other flame
retardant (FR) additives. In this context, this study presents the development of FR polyamide 11 (PA11)
multifilament yarns and fabric structures containing different industrial lignins (i.e., lignosulfonate
lignin (LL), and Kraft lignin (KL)) and zinc phosphinate (ZnP). The combination of ZnP and lignin
(KL or LL) at different weight ratios were used to prepare flame retarded PA11 blends by melt mixing
using a twin-screw extruder. These blends were transformed into continuous multifilament yarns by
the melt-spinning process even at a high concentration of additives as 20 wt%. The mechanical test
results showed that the combination of KL and ZnP achieved higher strength and filaments showed
regularity in structure as compared to the LL and ZnP filaments. Thermogravimetric (TG) analysis
showed the incorporation of lignin induces the initial decomposition (T5%) at a lower temperature;
at the same time, maximum decomposition (Tmax) shifts to a higher temperature region and a higher
amount of char residue is reported at the end of the test. Further, the TGA-FTIR study revealed
that the ternary blends (i.e., the combination of LL or KL, ZnP, and PA11) released mainly the
phosphinate compound, hydrocarbon species, and a small amount of phosphinic acid during the
initial decomposition stage (T5%), while hydrocarbons, carbonyls, and phenolic compounds along
with CO2 are released during main decomposition stage (Tmax). The analysis of decomposition
products suggests the stronger bonds formation in the condensed phase and the obtainment of a stable
char layer. Cone calorimetry exploited to study the fire behavior on sheet samples (polymer bulk)
showed an improvement in flame retardant properties with increasing lignin content in blends and
most enhanced results were found when 10 wt% of LL and ZnP were combined such as a reduction
in heat release rate (HRR) up to 64% and total heat release (THR) up to 22%. Besides, tests carried
out on knitted fabric structure showed less influence on HRR and THR but the noticeable effect on
postponing the time to ignition (TTI) and reduction in the maximum average rate of heat emission
(MARHE) value during combustion.

Keywords: industrial lignin; polyamide 11; zinc phosphinate; flame retardancy; biobased textile;
thermal decomposition
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1. Introduction

Textiles play a significant role in our daily life. Most textile fibres and fabrics are made of
petroleum-based thermoplastic polymers, which are flammable and present a potential fire risk.
Flame retardant (FR) materials have been developed to reduce the risk either by inhibiting the
possibility of the textile material ignition or reduction of the rate of heat release during flame spread.
Halogen-based FR compounds, which have been in use since the 1930s, are still widely used and very
efficient to enhance the fire-retardant behavior of textile materials. However, due to the persistency,
bioaccumulation and toxicity of certain halogenated compounds to human health and stringent fire
safety regulations, the scientific and industrial communities have been forced to find alternative
sustainable solutions [1,2]. To this end there has been a strongly growing interest in sustainable
resources, especially in the development of flame retardant systems made of biobased resources as
environmentally-friendly non-halogenated alternatives [3–5].

In this context, lignin has gained attention as a bio-based additive in FR systems. Lignin is a naturally
abundant polyphenolic compound that is obtained from lignocellulosic biomass. Industrial lignin is
mainly produced as a by-product of the wood-pulping and paper-making industries. Lignosulphonate
and Kraft lignin are the most commonly produced lignins on an industrial scale, which are isolated from
the sulphite and the Kraft process, respectively. Owing to its highly aromatic framework, lignin achieves
a very high char yield (around 40–50 wt%) upon thermal decomposition in an inert atmosphere [6].
It is reported that during the combustion the formation of the char layer is an important phenomenon
to provide a good barrier against heat and oxygen diffusion in the polymer matrix [7–9]. Lignin
has been employed as a carbon source in intumescent systems, i.e., in combination with other FR
compounds in polypropylene [10], polylactic acid [11], polyurethane [12], and more recently with
polyamide [13,14] matrices to provide flame retardancy. Recently, Cayla et al. studied the optimal ratio
of lignin and ammonium polyphosphate (APP) combinations to develop FR polyethylene terephthalate
(PET) multifilament yarns and fabric structures [15].

Polyamide 11 (PA11) is one of the most promising biobased thermoplastic engineering polymers,
which is derived from a renewable resource (castor oil) [16]. Thanks to its excellent mechanical
properties PA11 is used for various applications in many industries such as automotive, aerospace and
sports [17,18]. Nowadays, PA11 is also exploited in the textile industries for making technical and
high-end fabrics, brushes, filters and industrial woven fabrics [19,20]. However, the low flame retardant
properties and extended dripping of PA11 limits its potential applications in high-end technical textiles.
The effect of APP on the thermal stability of PA11 was studied by Levchik et al. [21]. It was suggested
that the interaction of APP and PA11 forms the intermediate phosphate ester bonds which further
decompose to favor the formation of an intumescent char. Some other research groups used the
metal phosphinate and various types of nanoparticles (e.g., nanoclay, nanosilica and nanotubes) to
improve the flame retardancy of PA11 [22–24]. Interaction between phosphinate FR and nanoparticles
develops effective char layer in the condensed phase and flame retardancy was enhanced. As far
as flame retardant PA11 fibres and textile is concerned, the most commonly used approach for the
development of inherently fire-retardant polyamide fibres is melt mixing of compounds followed by a
melt-spinning process. Usually, flame retardants that are commercially acceptable for engineering
polymers, including PA11, require a high concentration (≥20 wt%) of FR additive in the polymer
bulk [23–26]. However, most of the time a high concentration (>10 wt%) of FR is unsuitable for
multifilament yarns due to the difficulties in spinning, causing clogging of filters and spinnerets [27,28]
and a reduction in yarns’ tensile properties [29]. This problem has been overcome by the selection
of FR additives which are miscible with the molten polymer matrix and optimization of the additive
ratio in a polymer. For example, Didane et al. used the combination of ZnP and different polyhedral
oligomeric silsesquioxanes (POSS) to obtain continuous multifilaments [30]. Recently, Vasiljevic et al.
developed FR polyamide 6 (PA6)/bridged 9,10-dihydro-9-oxa-10-phosphaphenanthrene-10-oxide
(DOPO)-derivative (PHED) nanocomposite textile filament yarns using 10 and 15 wt% of PHED [31].



Molecules 2020, 25, 4963 3 of 19

In our earlier studies, industrial lignins were combined with zinc phosphinate FR to evaluate the
flame retardant properties in PA11 blends. It was demonstrated that the combination of lignin and
metal phosphinate is effective for the enhancement of flame retardancy attributed to the formation of a
protective char layer in the condensed phase in polymer bulk [32,33]. Though flame retardancy of lignin
with FR additives in polyamides has been investigated, the realization to obtained lignin-based FR
multifilament yarns and textile structure has been unexplored. Hence, this present study investigates
the development of multifilament yarns and fabric structure of PA11 blends based on industrial
lignins (KL and LL) and zinc phosphinate FR. Different concentrations of lignin and ZnP up to 20 wt%
were used to optimize the fire properties as well as to increase biobased character in the resulting
textile structure. ZnP was chosen as an FR additive due to its miscibility with molten polymer,
high phosphorus content (19.5–20.5 wt%), and thermal stability (>350 ◦C). The mechanical and physical
properties of multifilament yarns were investigated. Besides, the analysis of thermal stability along
with the analysis of evolved gas products was also studied to understand the decomposition behavior.
The fire-retardant properties of the ternary blends as sheets (polymer bulk) were evaluated by the cone
calorimeter test. Furthermore, the combustion behavior of knitted fabric structures was also assessed
and compared with sheets sample.

2. Materials and Methods

2.1. Materials

A biobased Polyamide 11 (PA11), Rilsan® BMNO-TLD; Mn = 17,000 g/mol, Melt flow index (MFI)
= 14–20 g/10 min at 235 ◦C, supplied by Arkema (Colombes, France), was chosen as the polymer matrix
for the realization of multifilament production. Zinc phosphinate (ZnP), Exolit® OP 950, supplied by
Clariant (Muttenz, Switzerland), was used as flame retardant. Two different types of industrial lignins
were used as carbon source, varying in chemical nature: the first one is lignosulphonate lignin (coded as
LL), provided from Domsjo Fabrikar AB (Örnsköldsvik, Sweden) and the second one is alkali kraft
lignin (coded as KL) obtained from UPM Biochemicals, Helsinki, Finland (the European distributor of
Domtar BioChoice® lignin). LL contains mainly Na-lignosulfonate (about 70%), small amounts of Mg
and Ca-lignosulfonates, and some impurities such as ash and carbohydrates (about 20%). KL comprises
mostly alkali kraft with a 90% purity level. All the materials were dried at 80 ◦C for 12 h before use.

2.2. Blend Preparation and Processing

The different blend formulations based on PA11, ZnP, and two different lignins (LL and KL)
were prepared by melt extrusion. A total of 20 wt% loading was fixed in all blend formulations;
phosphinate was varied from 10 to 15 wt% and lignin from 5 to 10 wt%. All the formulations prepared
for this study have been reported (Table S1, supporting file). These blends were prepared using a
co-rotating intermeshing twin-screw extruder (PTW 16, L/D = 25, Thermo Haake, Waltham, MA, USA).
The extruder has five heating zones and for this work, the temperature profiles of the five heating zones
set as follows, 170, 190, 210, 210, and 220 ◦C, and the rotation speed was set at 100 rpm. The polymer
in the form of granules and additives as powder form were mixed and introduced into the extruder at
the feeding zone. The polymer was melted and mixed homogeneously with the additives by shearing,
extruder output was then obtained in the form of a rod (1.5 mm). In all cases, the extruded rods were
pelletized for further analysis. All the polymers and additives were dried at 80 ◦C for 12 h before
processing and analysis. Sheet specimens (thickness of 3 mm) in accordance with cone calorimeter
(100 × 100 mm2) were prepared by compression molding using a Teach-Line 200T hydraulic press
(Collin Lab, Maitenbeth, Germany) operating at 60 bars and 220 ◦C.

2.3. Multifilament Development via Melt Spinning

Extruded blends were transformed into multifilament yarns using a pilot-scale melt spinning
device (SPINBOY I, Busschaert Engineering, Outrijve, Belgium) as shown in Figure S1 (Supporting File).
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The extruder of the spinning device has six heating zones, five at the extruder and one at the spin-
pack zone whose temperature profile ranged between 180 and 220 ◦C and spin-pack at 230 ◦C.
Under thermal and mechanical stresses, pellets melt and are transported to the volumetric pump
(chamber volume = 3.5 cm3) whose rotational speed was set 20 rpm to ensure a constant flow of molten
polymer to the spinneret (80 holes, 1.2 mm diameter), giving consisted 80 filaments, which were cooled
and coated with spin-oil to limit electrostatic effect. Multifilaments were then drawn between two
rolls (supply roll (R1) and drawing out roll (R2), heated at 75 ◦C and 90 ◦C, respectively), with varying
speeds S1 and S2 to ensure the drawing of multifilaments. The theoretical draw is given by the draw
ratio DR = S2/S1 that applies a mechanical stretching on the multifilaments. Finally, the multifilaments
were winded on a bobbin. The multifilaments produced for unfilled PA11 and PA-KL-ZnP blends
achieved the stretching speed (S2) up to 200 m/min (DR = 2). However, the LL and ZnP blend found
its drawing limit with a stretching speed (S2) up to 130 m/min (DR = 1.3), increasing this speed caused
the disturbance and breakage in multifilament production.

2.4. Knitted Fabric Development

Knitted fabric structures were produced with the multifilaments to perform the cone calorimeter
(fire behavior) tests. A double-layer structure of about 1400 ± 50 g/m2 and a thickness of around
3 mm was developed (Figure S2, supporting file) on a flat knitting machine (SES122ff, gauge E7,
Shima Seiki, Wakayama, Japan). This structure was preferred due to its compactness and dimensional
stability. It is important to note that knitted fabric samples were successfully developed for KL and
ZnP combinations, however, multifilaments with LL and ZnP blends failed to produce fabric structures
due to the lower mechanical strength of multifilament yarns.

2.5. Characterization Techniques

2.5.1. Melt Flow Index

A Thermo Scientific Haake Melt Flow HT indexer compliant with the ASTM D1238 standard [34]
was used for melt flow index (MFI) measurements to analyze spinning feasibility and to determine
the spinning temperature parameters. Beforehand, the piston was preheated at 220 ◦C for 2 min,
and then the barrel was filled with dried material (7 g per measurement) and heated for 4 min, and then
measurements were carried out under a load of 2.16 kg. This procedure was repeated three times for
each sample and the results were averaged.

2.5.2. Optical Microscopy

Microscopic observations were performed by using a microscope (Axiolab, Carl Zeiss, Jena, Germany),
equipped with a uEYE camera (IDS, Obersulm, Germany). All filled filaments of ternary blends were
observed longitudinal and cross-section view at 20× magnification to analyze the mean diameter,
the surface aspects, and regularity. Further, images were processed in ImageJ online available particle
analysis software to measure the mean diameter.

2.5.3. Mechanical Properties

Measurement of the mechanical properties of monofilament extracted from multifilaments was
carried out on a model 1456 universal testing machine device (ZWICK, Ulm, Germany) following the
ISO 5079 standard procedure. The force sensor of 10N was used. The length between jaws was 20 mm
and the crosshead speed was 20 mm/min. Multiple tests, set of 10 was conducted using a standard
conditioned sample at a confined temperature of 23 ± 2 ◦C and relative humidity (RH) of 65 ± 5%.
Obtained results were then averaged and analyzed. At first, the maximum force at the breaking
point was measured and then the elongation (%), elastic modulus (MPa), and tenacity (cN/Tex) were
calculated from tensile testing data. Before mechanical experiments, the fineness of each monofilament
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was determined according to ISO 1973 using a vibroscope (Zweigle, Uster, Switzerland) which allows
measuring the linear density of the monofilament in Tex (g/km).

2.5.4. Thermal Decomposition

Thermogravimetric (TG) analyses were carried out with a Q500 thermal analyzer (TA Instruments,
New Castle, DE, USA) in a nitrogen atmosphere at a purge rate of 60 mL/min, with a heating rate of
10 ◦C/min from 50 to 800 ◦C, using alumina pans and sample weight of 10 ± 0.2 mg. The decomposition
parameters, such as onset of decomposition temperature at 5% weight loss (T5%), and residue at
700 ◦C were obtained from the TG curve. Subsequently, the maximum mass loss rate (MMLR) and
the corresponding temperature (Tmax) were obtained from derivative curves (dTG). Furthermore,
theoretical residue mass was calculated from the linear combination of individual residue mass and
compared with the practical residue mass of the blend.

Alternatively, the analysis of evolved gas was carried out by TG-FTIR experiments. TGA-4000
thermo balance (Perkin Elmer, Shelton, CT, USA) coupled with an infrared spectrometer FTIR Spectrum
Two (Perkin Elmer) was used to carry out these experiments in a nitrogen (flow 35 mL/min) atmosphere
with a heating rate of 10 ◦C from 50 to 800 ◦C. In order to evaluate the gaseous decomposition products
in real-time a transfer tube connecting the TG and the infrared cell was heated to 280 ◦C to avoid the
condensation of the evolved gaseous products. The infrared spectrometer, equipped with a DTGS KBr
detector, was operated in the range from 4000 to 500 cm−1 with 4 cm−1 optical resolution.

2.5.5. Raman Spectroscopy

Raman spectroscopy of char residue of ternary blends was performed on ALMEGA Dispersive
Raman spectrometer (Thermo Nicolet, Dreieich, Germany) with 514 nm excitation. The following
wavelength was chosen to reduce noise level and yields a spectrum with a superior signal-to-noise ratio.

2.5.6. Fire Behavior

Fire behavior was studied by cone calorimeter tests for sheet samples (polymer bulk) and fabric
samples and compared by different flame retardant parameters. The oxygen consumption cone calorimeter
was employed to assess the forced combustion behavior of the sheet sample (100 × 100 × 3 mm3) at a
heat flux of 35 kW/m2 following ISO 5660 standard [35]. The distance between the sample and the
heating cone was increased to 60 mm due to the material swelling behavior. Before performing the
tests, all specimens were conditioned at 23 ◦C and 50 ± 3% RH for 72 h. Three tests were carried out on
each formulation, and the results were averaged.

The measurements of knitted fabric samples were carried out on a fire testing technology (FTT)
Mass Loss Calorimeter (MLC) instrument according to the ASTM E 906 standard procedure. To maintain
dimensional stability of fabric samples a metallic grid was used during experiments. In principle,
the HRR in MLC is calculated from thermal measure by a thermopile in the chimney rather than
employing the oxygen consumption principle in the cone calorimeter. The adopted procedure involved
exposing specimens (100 mm × 100 mm × 3 mm) in a horizontal orientation. The external heat flux
of 35 kW/m2 used for these tests corresponds to common heat flux in a mild fire scenario. The data
reported in this work are the average of three replicated experiments.

According to this test method, critical parameters, for example, time to ignition (TTI), heat release
rate (HRR), total heat release (THR) were evaluated for sheet and fabric samples. Furthermore, from
HRR the average rate of heat emission (ARHE) defined in Equation (1) and its maximum (MARHE)
were calculated:

ARHE(tn) =

n∑
2
(tn − tn−1) ×

(qn−qn−1)
2

(tn − t0)
(1)

where t0 is the time at the beginning of the test, tn is test time after t0, and qn is the rate of heat release
at tn.
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3. Results and Discussion

3.1. Melt Fluidity

The MFI of unfilled polymer and the blends has been evaluated, to have a qualitative assessment
of the effect of lignin and phosphinate addition on the fluidity, and hence on the processing of
the resulting blends. The trend of MFI as a function of the lignin and phosphinate content in the
blends is shown in Figure 1a,b. The addition of 20 wt% of LL or ZnP in binary blends decreases the
fluidity (MFI values). This reduction in MFI with LL 20 wt% is attributed to the presence of larger
molecular chains (i.e., molecular weight) of sulphonated lignin and molecular weight distribution
as observed by Kun and Pukánszky [36]. However, the combination of LL and ZnP within the
ternary blends increases the fluidity with respect to neat PA11, plasticization effect of lignin is known
in the literature [37]. Conversely, the introduction of KL in the binary blend increases the fluidity,
which might be associated with the plasticization effect and the lower molecular weight of kraft
lignin [36]. However, the combination of KL and ZnP reduces the MFI values, as the system turns out
to reduce the fluidity; furthermore, the interactions between ZnP and KL contribute in achieving a
good filler distribution [38]. Based on the MFI result it is observed that with slight variation in values
the fluidity of the ternary blends remains in the range required for the spinning set up used in this
study (i.e., between 15–30 g/10 min).
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Figure 1. Melt flow index of PA11 and its blends with phosphinate and lignins: (a) PA-LL-ZnP blends,
(b) PA-KL-ZnP blends.

3.2. Structure and Surface Properties

The microscopic images of the monofilament of PA11 and its blends filled with ZnP and lignin
(KL or LL) are shown in Figure 2 to provide the qualitative observation of the surface smoothness and
regularity of the fibres. Furthermore, the diameter of monofilament was also measured for at least
10 samples and averaged value has been reported (Figure 3). It is observed that PA11 has a smooth and
regular surface with an average diameter of 60 ± 5 µm, showing uniform fibres diameter (Figure 2a,b).
The ternary blends of PA-KL-ZnP report that the combination of KL and ZnP shows less effect on the
surface irregularity of monofilament because the surface of the filament stays regular (Figure 2c,f)
and the average size was between 62 and 65 µm (Figure 3). It is also found that KL and ZnP are well
mixed and evenly dispersed in the polymer matrix, there was no visible agglomeration observed.
Conversely, the monofilaments extracted from multifilament with LL and ZnP combination tend to
have an irregular surface (Figure 2g–j) and the average size of monofilaments between 68 and 76 µm,
which has a quite high variation in the diameter (Figure 3). This irregularity is related to the reduction
of draw ratio and agglomeration (up to 10 µm) of particles on the surface. Larger the particle size
create microvoids around the agglomerate, which under tension causes the propagation of microcracks,
then coalescence and finally breakage of filament. As consequence, the spinnability of PA-LL-ZnP
multifilaments was suffered and a limited draw ratio (DR = 1.3) was achieved compared to a DR = 2
for unfilled PA11 and PA-KL-ZnP multifilaments.
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3.3. Mechanical Properties of Multifilament Yarns

The influence of ZnP and lignin addition on the mechanical properties of monofilaments was
analyzed by tensile tests. Tensile properties such as modulus (MPa), force at break (cN), elongation
(%) at break, and tenacity (cN/Tex) are reported in Table 1, and the force-displacement curve is shown
in Figure 4. The fineness of monofilament yarns was also measured before testing of mechanical
properties to evaluate the linear density (Figure S3, Supporting File). It is noticed that KL and ZnP
combination gives consistent multifilament yarns with uniform linear density between 37 and 39 dTex,
whereas LL and ZnP blends produce inconsistent yarns with considerable variation in linear density
between 36 and 45 dTex. Moreover, variation increases with increasing the LL add-on and the blend
with 10% LL has the highest variation. This behavior was attributed to the agglomerations of LL
particles in the multifilaments which limits the spinning process.
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Table 1. Tensile properties of multifilament yarns.

Sample Elastic Modulus
(MPa)

Force at Break
(cN)

Elongation
(%)

Tenacity
(cN/Tex)

PA11 1.22 ± 0.20 75 ± 11 194 ± 32 21.2 ± 2.3
PA80-KL5-ZnP15 1.28 ± 0.20 77 ± 5 173 ± 15 19.8 ± 1.7
PA80-KL7-ZnP13 1.12 ± 0.13 57 ± 9 158 ± 15 16.1 ± 1.5
PA80-KL10-ZnP10 1.68 ± 0.14 64 ± 7 122 ± 13 18.5 ± 1.5
PA80-LL5-ZnP15 0.57 ± 0.20 47 ± 6 253 ± 37 12.7 ± 2.2
PA80-LL7-ZnP13 0.81 ± 0.20 51 ± 6 178 ± 61 12.4 ± 1.7

PA80-LL10-ZnP10 0.60 ± 0.29 39 ± 8 246 ± 65 12.0 ± 4.2

PA11 monofilaments displayed force and elongation at break values of around 75 cN and 194%,
and tenacity about 21.2 cN/Tex (Figure 4, Table 1). These properties were influenced by the addition of
lignin and ZnP in PA11. The blends containing KL and ZnP resulted in a decrease in the % elongation
and tenacity with increasing KL content from 5 to 10 wt% in ternary blends. In addition, elastic
modulus increases with increasing KL and reducing ZnP content, which is attributed to better stress
transfer between additive and polymer matrix. A higher modulus indicates the stiffness of filaments
compared to unfilled PA11. On the other hand, filaments containing LL and ZnP show higher %
elongation compared to that of unfilled PA11, at the same time other properties such as force at
break, modulus, and tenacity are decreased significantly with increasing LL loading. This reduction
in mechanical properties is noticed due to the uneven distribution and immiscibility of LL particles
in the polymer matrix [33]. This behavior might be ascribed to the poor stress distribution from the
matrix to LL. In our earlier study, it was found that LL has a larger particle size than KL in the original
material [39]. As a consequence, tensile properties were degraded after the addition of LL in PA11.

Lower mechanical properties for PA-LL-ZnP multifilament also explain the obtainment of low
draw ratio (DR = 1.3) and a larger diameter of these filaments. Consequently, LL and ZnP filled
multifilament yarns were repeatedly broken during the twisting and yarn knitting process (fabric
production). Therefore, LL and ZnP filaments failed to be transformed into the knitted fabric.

Molecules 2020, 25, x FOR PEER REVIEW 8 of 20 

 

Table 1. Tensile properties of multifilament yarns. 

Sample Elastic Modulus 
(MPa) 

Force at Break 
(cN) 

Elongation 
(%) 

Tenacity 
(cN/Tex) 

PA11 1.22 ± 0.20 75 ± 11 194 ± 32 21.2 ± 2.3 
PA80‑KL5‑ZnP15 1.28 ± 0.20 77 ± 5 173 ± 15 19.8 ± 1.7 
PA80‑KL7‑ZnP13 1.12 ± 0.13 57 ± 9 158 ± 15 16.1 ± 1.5 
PA80‑KL10‑ZnP10 1.68 ± 0.14 64 ± 7 122 ± 13 18.5 ± 1.5 
PA80‑LL5‑ZnP15 0.57 ± 0.20 47 ± 6 253 ± 37 12.7 ± 2.2 
PA80‑LL7‑ZnP13 0.81 ± 0.20 51 ± 6 178 ± 61 12.4 ± 1.7 

PA80‑LL10‑ZnP10 0.60 ± 0.29 39 ± 8 246 ± 65 12.0 ± 4.2 

PA11 monofilaments displayed force and elongation at break values of around 75 cN and 194%, 
and tenacity about 21.2 cN/Tex (Figure 4, Table 1). These properties were influenced by the addition 
of lignin and ZnP in PA11. The blends containing KL and ZnP resulted in a decrease in the % 
elongation and tenacity with increasing KL content from 5 to 10 wt% in ternary blends. In addition, 
elastic modulus increases with increasing KL and reducing ZnP content, which is attributed to better 
stress transfer between additive and polymer matrix. A higher modulus indicates the stiffness of 
filaments compared to unfilled PA11. On the other hand, filaments containing LL and ZnP show 
higher % elongation compared to that of unfilled PA11, at the same time other properties such as 
force at break, modulus, and tenacity are decreased significantly with increasing LL loading. This 
reduction in mechanical properties is noticed due to the uneven distribution and immiscibility of LL 
particles in the polymer matrix [33]. This behavior might be ascribed to the poor stress distribution 
from the matrix to LL. In our earlier study, it was found that LL has a larger particle size than KL in 
the original material [39]. As a consequence, tensile properties were degraded after the addition of 
LL in PA11. 

Lower mechanical properties for PA‑LL‑ZnP multifilament also explain the obtainment of low 
draw ratio (DR = 1.3) and a larger diameter of these filaments. Consequently, LL and ZnP filled 
multifilament yarns were repeatedly broken during the twisting and yarn knitting process (fabric 
production). Therefore, LL and ZnP filaments failed to be transformed into the knitted fabric. 

 
Figure 4. Force displacement curve for lignin and ZnP filled PA11 monofilaments. 

3.4. Thermal Properties 

The influence of the incorporated lignin (KL or LL) and ZnP on the thermal decomposition 
behavior of PA11 blends was studied by TG analyses carried out under a nitrogen atmosphere. The 
TG data are summarized in Table 2 and the thermal degradation profile of unfilled PA11, binary, 
and ternary blends are shown in Figure 5. It is observed that decomposition of unfilled PA11 occurs 

Figure 4. Force displacement curve for lignin and ZnP filled PA11 monofilaments.

3.4. Thermal Properties

The influence of the incorporated lignin (KL or LL) and ZnP on the thermal decomposition
behavior of PA11 blends was studied by TG analyses carried out under a nitrogen atmosphere. The TG
data are summarized in Table 2 and the thermal degradation profile of unfilled PA11, binary, and ternary
blends are shown in Figure 5. It is observed that decomposition of unfilled PA11 occurs mainly with
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single-step degradation taking place between 350 and 500 ◦C without leaving any considerable char
residue at the end of the test. A sharp dTG profile indicates a rapid mass loss rate with a maximum
decomposition temperature (Tmax) at 423 ◦C and a shoulder identified at around 450 ◦C is associated
with cross-linked structure obtained during thermal decomposition [21].

Table 2. Thermogravimetric data for PA11 and its blends with lignins and ZnP.

Sample T5%
(◦C)

Tmax
(◦C)

MMLR
(%/◦C)

Rexp@700
(%)

Rcal
(%)

PA11 396 423 2.0 0.7 -
PA80-LL20 285 468 1.6 13.5 12.5
PA80-KL20 341 435 1.4 12.4 9.1

PA80-ZnP20 366 473 2.3 1.2 4.8
PA80-LL5-ZnP15 373 472 2.4 5.8 6.7
PA80-LL7-ZnP13 364 467 2.0 8.2 7.5
PA80-LL10-ZnP10 326 465 1.8 12.7 8.6
PA80-KL5-ZnP15 359 473 2.0 5.4 5.8
PA80-KL7-ZnP13 347 472 1.8 6.4 6.3

PA80-KL10-ZnP10 339 453 1.6 8.9 6.9

Rexp = experimentally recorded residue; Rcal = theoretically calculated residue.
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The addition of LL or KL in binary blends initiates the degradation earlier (i.e., lowering T5%) at
285 and 341 ◦C, respectively. As compared to PA11, a significant reduction of T5% temperature in LL
blends was attributed to the decomposition of subunits present in LL and evolution of less thermally
stable compounds, e.g., hydrocarbons and CO2 that leads to the formation of stronger bonds in the
condensed phase and promotes the thermal stability [40]. LL blends shows Tmax at a higher temperature
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region (468 ◦C) compared to the Tmax (435 ◦C) of PA80-KL20 blend; consequently, the PA80-LL20
blend generates a higher amount of char residue (13.5 wt% at 700 ◦C) as compared to the calculated
char residue 12.5 wt%. Besides, the thermal stability of binary blends of ZnP increases, and the
decomposition step occurs around 460 ◦C. However, no residue is left from the PA80-ZnP20 blend [41].

In all ternary blends, the presence of KL or LL with ZnP shifted the initial decomposition
temperature (T5%) to a lower temperature, at the same time Tmax moved to a higher temperature
range (Figure 5a,b). A decrease of T5% of the ternary blends is ascribed to the lignin degradation,
which starts at a lower temperature due to the scission of weak ether, aryl-alkyl, phenyl glycoside
bonds, and unstable C-C bonds leading to the maximum evolution of decomposition products between
400 and 500 ◦C. In the meantime, structural rearrangement occurs in the condensed phase; as a
consequence, a noticeable amount of char residue is collected at the end of the tests. It is noteworthy
that increasing the LL loading content from 5 to 10 wt% in PA-LL-ZnP blends strongly reduces T5%

from 375 to 326 ◦C, respectively. The mass-loss rate is also decreased and Tmax is shifted about 42 ◦C
towards higher temperature region. Subsequently, these blends report higher char residue at the end
of the test, for example, PA80-LL10-ZnP10 reported 12.7 wt% char residue at 700 ◦C with respect to
8.6 wt% calculated value. The presence of ZnP evolves phosphinate anion in the gas phase during
decomposition and transformed into zinc phosphate [42], which also contributes to a thermally stable
char residue. Hence, indicating the positive interaction between the additives and the polymer matrix.
Moreover, it is previously reported that during the decomposition of LL, the sulphonate compounds
release SO2 and transform into thermally stable Na2SO4, hence giving rise to the stable char. However,
in this study evolution of SO2 is not detected by TGA-FTIR analysis. Shukla et al. also reported a
similar finding [43].

Unlike PA-LL-ZnP blends, increasing KL content 5, 7, and 10 wt% in its ternary blends (Figure 5c,d),
slightly influence the decrease of T5% between 359 and 339 ◦C, is lower than T5% of PA-LL-ZnP blends.
On the other hand, Tmax for PA80-KL5-ZnP15 and PA80-KL7-ZnP13 was similar to LL and ZnP blends
and considerable change is noticed for PA80-KL10-ZnP10 where Tmax shifted by 30 ◦C, leading to
higher mass-loss between 400 and 500 ◦C. As a consequence, PA-KL-ZnP combination produces lower
char residue compared to the theoretical value (calculated from the linear combination of individual
residue mass) than that of PA-LL-ZnP blends.

3.5. Analysis of Released Products

The evolved gas products were also investigated by TG analyzer coupled with FTIR (TG-FTIR).
The identification of released products and their characteristic peaks in FTIR spectra are reported in
Table 3. The FTIR spectra of evolved gaseous products for T5% and Tmax decomposition temperature
are shown in Figure 6. In PA11, FTIR spectrum of evolved gas products during initial decomposition
temperature (T5%) shows the evolution hydrocarbons (2930, 2856, 723, 1460 cm−1), carbonyl
compound (1706 cm−1), conjugated olefin (1497 cm−1), and a small amount of alkyl vinyl groups
(1460, 965, 913 cm−1). During the main decomposition with the formation of nitrile (2245 cm−1),
vinyl group, hydrocarbon species increases and carbonyl peak diminishes and amide group (1683 cm−1)
is formed. Similar decomposition products are reported by other researchers [21,44]. The assignments
of the detected FTIR bands for PA80-LL10-ZnP10 ternary blend at T5% showed mainly the formation of
phosphinate anion (1131, 1056, 772 cm−1) and a small amount of phosphinic acid (3650, 1270, 855 cm−1)
due to the presence of ZnP and weak peak of hydrocarbon species (2930, 2856, 723 cm−1) and carbonyls
(1706 cm−1) are related to the presence of LL. At Tmax, hydrocarbon species release increases and some
additional characteristic peaks are observed, ascribing to carbonyl (1706 cm−1), phenolic compounds
(1497, 3340 cm−1), and CO2 (2298, 668 cm−1). The ternary blend of KL and ZnP reveals the gas products
release similar to that of LL and ZnP blends, the evolution of phosphinate anion (1140, 1058, 772 cm−1)
and hydrocarbon species (2930, 2856, 1460, 723 cm−1) and phosphinic acid (3650, 1270, 855 cm−1)
at the beginning (T5%) and carbonyls (1706 cm−1), phenolic compounds (1498, 3340 cm−1) and CO2

(2298, 668 cm−1) compounds are released during Tmax. The only difference relates to the intensity of



Molecules 2020, 25, 4963 11 of 19

hydrocarbons, carbonyls, and phenolic compounds are higher in PA-KL-ZnP which indicates that
more volatile species are released at the beginning (T5%) of thermal decomposition of these blends.

Table 3. Main decomposition products and their characteristic IR frequency [41,45–50].

Decomposition Products Functional Group Characteristic Peak (cm−1)

Polyamide 11
Hydrocarbon species (R-CH2-CH3) -C-H2- 2930, 2856, 1460, 723

Alkyl vinyl (R-CH=CH2) -CH=CH2 (cis-substitution) 1460, 965, 913
Olefin (conjugated) -C=C- 1497

Carbonyl compound >C=O 1706
Alkyl nitrile -C≡N 2245

Amide compound -CO-NH2- 1683
PA80-KL10-ZnP10

Phosphinate compound P=O, P-O 1140, 1058, 772
Phosphinic acid P-OH 3650, 1270, 855

Hydrocarbon species (-CH2-, CH3-) C-H 2930, 2856, 1460, 723
Phenolic compound -C=C-, -OH 1498, 3340
Carbonyl compound C=O 1706, 1675 (conjugation)

Carbon dioxide O=C=O 2298, 668
PA80-LL10-ZnP10

Phosphinate compound P=O, P-O 1131, 1056, 772
Hydrocarbon species (-CH2-, CH3-) C-H 2930, 2856, 1460, 723

Phosphinic acid P-OH 3650, 1270, 855
Carbonyl compound C=O 1706
Phenolic compound -C=C-, -OH 1496, 3340

Carbon dioxide O=C=O 2298, 668
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3.6. Fire Behavior Analysis of Polymer Bulk

Cone calorimeters are widely used to simulate the fire behavior of polymeric materials in a real fire
scenario. The heat release rate (HRR) and total heat release (THR) curves are shown in Figures 7 and 8.
These potential fire hazards parameters are used to evaluate the combustion behavior of a material
exposed under a certain heat flux [51,52]. Cone calorimeter data of PA11 and its blends characterized
on sheet samples (polymer bulk) are reported in Table 4. As mentioned (Figure 7a,b) the addition
of LL decreases TTI due to the rapid mass loss of LL taking place before the decomposition of PA11,
which substantially decreases the peak of HRR from 884 to 454 kW/m2 and THR from 92 to 78 MJ/m2,
respectively. The addition of ZnP (20 wt%) in binary blend shows delaying in TTI compared to that
of unfilled PA11. After ignition at 223 s, the HRR for PA80-ZnP20 increases and the curve shows the
thin char layer formation followed by its destruction, which is marked by the shoulder and followed
by the continuous increase of PHRR up to 825 kW/m2. Furthermore, MARHE has reduced for LL or
ZnP binary blends (about 22%) than unfilled PA11, showing some flame retardant effect. However,
KL binary blend reported practically no effect in MARHE.
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Besides, the ternary blends containing LL and ZnP showed lower TTI as compared to unfilled
PA11. TTI value decreases with increasing LL content from 5 to 10 wt% in blends; this finding is
attributed to the presence of LL. Besides, PHRR and THR values substantially drop (by 64% and 22%,
respectively) for the PA80-LL10-ZnP10 blend, due to the formation of a protective char layer in the
condensed phase that can effectively reduce the heat release during combustion. MARHE values were
also decreased between 32 and 49% for these blends compared to unfilled PA11. It is assumed that
LL contains sulfonate compounds, which are likely to decompose during combustion and produce
thermally stable Na2SO4 in the condensed phase [53]. This enhanced fire-retardant properties in forced
combustion tests are ascribed to the presence of LL and ZnP, which are able to confer stability to the
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char residue by the formation of a barrier layer. The increased char residue at the end of the test further
confirms the formation of the protective layer. Hence, these results demonstrate that the proposed
LL/ZnP combinations are effective.

It is noteworthy that unlike LL, the addition of KL in binary blends increases the HRR and
its peak showing only a marginal reduction in PHRR with 5 and 7% KL loading (Figure 8a,b).
The combination of KL and ZnP (ternary blends) decreases the TTI with increasing KL loading;
for instance, PA80-KL5-ZnP15 blend ignites at 150 s close to PA11 whereas PA80-KL10-ZnP10 reports
TTI at 116 s. MARHE value for these blends also reduced between 42% and 55% with increasing KL
content 5 to 10 wt%.
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Table 4. Cone calorimetry data for PA11 and its blends.

Sample TTI
(s)

∆

(%)
PHRR

(kW/m2)
∆

(%)
THR

(MJ/m2)
∆

(%)
MARHE
(kW/m2)

∆

(%)

PA11 154 ± 3 - 884 ± 4 - 92 ± 4 - 281 ± 2 -
PA80-LL20 72 ± 12 −53 454 ± 30 −49 78 ± 6 −15 218 ± 5 −22
PA80-KL20 112 ± 10 −27 821 ± 27 −7 90 ± 2 −2 284 ± 3 +1

PA80-ZnP20 223 ± 14 +31 825 ± 29 −7 88 ± 6 −4 220 ± 4 −22
PA80-LL5-ZnP15 112 ± 12 −27 560 ± 40 −37 79 ± 2 −14 192 ± 20 −32
PA80-LL7-ZnP13 92 ± 9 −40 443 ± 21 −50 77 ± 4 −16 167 ± 7 −41
PA80-LL10-ZnP10 86 ± 9 −44 315 ± 11 −64 73 ± 2 −21 143 ± 14 −49
PA80-KL5-ZnP15 150 ± 18 −3 740 ± 23 −16 79 ± 2 −14 163 ± 11 −42
PA80-KL7-ZnP13 128 ± 14 −17 678 ± 36 −23 77 ± 3 −16 148 ± 15 −47

PA80-KL10-ZnP10 116 ± 13 −25 500 ± 48 −43 75 ± 7 −18 127 ± 18 −55
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Moreover, PHRR and THR values decrease slowly with the addition of KL in blends; a certain
reduction in PHRR (−43%) is seen when KL content achieves 10 wt%. Higher PHRR in KL containing
blends is linked with the higher mass loss of chemical subunits in KL, which shows maximum
decomposition during combustion, similar behavior with kraft lignin and PA11 blends have been
reported in our previous study [39], As a consequence, a less effective char layer is formed to reduce
the HRR and its peak values.

To verify the presence of graphitic structure and to determine the hybridization state of
carbon atoms in the residue char, Raman spectroscopy is conducted for ternary blends, namely,
PA80-LL10-ZnP10 and PA80-KL10-ZnP10, as shown in Figure 9. Two strong peaks are observed at
1357 cm−1 and 1360 cm−1, which belong to the D band and peaks at 1602 cm−1 and 1605 cm−1 belong
to the G band, respectively. Generally, the G band indicates the presence of crystalline graphitic carbon,
sp2 hybrid carbon, in the char residue, while the D band derives from the defects of long-ranged
disorder in the graphitic layer, sp3 hybrid carbon and other impurities [54]. This suggests that there are
graphitic and disordered carbon structures coexisting in the char residue. The appearance of these two
peaks demonstrates that the char residue is a highly conjugated polyaromatic structure [55]. In addition,
the relative intensity ratio (R), namely IG/ID, allowed to evaluate the degree of graphitization of the
char, and the smaller the value of IG/ID, the higher the degree of graphitization [56]. It was found
that the IG/ID value of PA80-LL10-ZnP10 char 1.23 is slightly higher than that of PA80-KL10-ZnP10
char 1.21, respectively, which means the degree of graphitization of PA80-KL10-ZnP10 char residue
is slightly increased. This illustrated that the char has partially graphitic or highly conjugated
polyaromatic structure, working as a protective layer. However, cone calorimeter results exhibit that
the PA80-LL10-ZnP10 blend achieved greater flame retardant performance because of better resistance
of char with higher barrier properties owing to the effective interaction of LL and ZnP.
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Figure 9. Raman spectra pattern of char residue was collected from the combustion test for
PA80-LL10-ZnP and PA80-KL10-ZnP10 ternary blends.

3.7. Fire Behavior Analysis of Fabric Sample

Cone calorimeter tests on knitted fabric samples were performed using a 35 kW/m2 heat flux
which simulates a mild fire exposure and it is especially used for textile materials. It is noteworthy
that when fire properties were evaluated on fabrics produced from KL and ZnP-filled multifilaments.
LL and ZnP-based multifilaments were failed to incorporate into the fabric structure. HRR and THR
curves with respect to time for fabric samples are shown in Figure 10a,b. Cone calorimetry data are



Molecules 2020, 25, 4963 15 of 19

collected in Table 5. It has been observed that the PHRR and THR are less influenced as compared to
that of the unfilled PA11 fabric sample, similar behavior is reported in the literature for different fabric
material, wherein HRR and THR are slightly changed [31,57]. The PA11 fabric sample quickly ignites
after 78 s, rapidly increases the HRR and reaches PHRR about 278 kW/m2, and then decreases with the
total heat released of around 38 MJ/m2. Besides, in PA80-ZnP20 fabric, the presence of ZnP slightly
delays the ignition time to 122 s, whereas the fabric sample of PA80-KL20 shows ignition (TTI) after
184 s, reaching PHRR about 246 kW/m2 and the flame extinguishes in 265 s. No significant reduction
in the value of HRR and PHRR is observed, indicating that the char layer formed in the condensed
phase is not capable of reducing the evolution of combustible products. Similar behavior with kraft
lignin and PLA fabric sample has been reported wherein the HRR and PHRR were not significantly
reduced with the lignin addition [15].
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Table 5. Cone calorimeter data for knitted fabric structures.

Sample TTI
(s)

∆

(%)
PHRR

(kW/m2)
∆

(%)
THR

(MJ/m2)
∆

(%)
MARHE
(kW/m2)

∆

(%)

PA11 78 ± 5 - 278 ± 2 - 38 ± 4 - 114 ± 4 -
PA80-KL20 184 ± 68 +58 246 ± 30 −12 31 ± 4 −17 75 ± 3 −34

PA80-ZnP20 122 ± 21 +36 287 ± 19 +3 32 ± 2 −15 106 ± 5 −7
PA80-KL5-ZnP15 209 ± 40 +63 234 ± 1 −16 30 ± 1 −21 66 ± 7 −43
PA80-KL7-ZnP13 294 ± 42 +73 237 ± 8 −15 32 ± 4 −16 52 ± 0 −54

PA80-KL10-ZnP10 198 ± 90 +61 247 ± 20 −11 31 ± 0 −17 75 ± 7 −34

All the combinations of KL and ZnP showed delayed TTI as compared to that of neat PA11,
which is attributed to delay in the formation of an effective gas mixture that can trigger the ignition.
In addition, the HRR and PHRR are slightly reduced; at the same time, THR and MARHE greatly
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influenced. For example, the PA80-KL5-ZnP15 sample shows the PHRR reduction of about 16%
and THR around 21% than that of PA11, besides, increasing the lignin content in PA80-KL7-ZnP13
significantly reduces the MARHE up to 54%. This combination gives better flame retardancy compared
to the other two formulations. Increasing char residue is observed due to the presence of lignin showing
the charring effect. Furthermore, a visually higher amount of char residue is observed with increasing
lignin content.

Based on the fire behavior testing of polymer bulk and fabric samples it is concluded that ignition
and burning rate during forced combustion tests are different in polymer bulk and fabric structure
under test conditions. Fibres have different geometry and the response to the fire would be different
from polymer bulk. A general decrease in heat release parameters value (HRR, THR, and MARHE) is
observed for fabric samples than polymer bulk due to the amount of polymer available as fuel in fabric
for combustion is less in fabric samples. Ignition time in the fabric is higher than polymer bulk because
volatile leaving from the heated sample and the oxygen takes more time to form an effective gaseous
mixture that reaches to critical heat flux and starts the ignition. In sheet samples, PA-LL-ZnP blends
offer better flame retardant properties than PA-KL-ZnP blends. However, PA-LL-ZnP multifilaments
failed to produce fabric structures due to their lower mechanical properties. Fabric produced from the
PA-KL-ZnP combination showed the best flame retardant performance for PA80-KL7-ZnP13.

4. Conclusions

In this study, two different industrial lignins (KL and LL) have been explored as char former in
combination with zinc phosphinate FR additive and blended with PA11 polymer matrix at a higher
concentration of 20 wt% by varying the additive ratio. The ternary blends containing industrial
lignin (KL or LL) and ZnP were transformed into multifilament yarns by melt spinning process and
then knitted fabric structures were developed. Tensile testing results have shown the mechanical
properties of PA-LL-ZnP multifilaments were lowered than PA-KL-ZnP due to poor dispersion of
LL particles in the PA11 matrix that has explained the failure of getting fabric structures for these
blends. TG analysis showed the incorporation of lignin promotes the initial degradation (T5%) to
begin at a lower temperature due to the presence of weak bonds in lignin, which led to the structural
rearrangement and the formation of stronger bonds in the condensed phase; as result, the thermal
stability of PA11 blends is increased. Further, the TG-FTIR study revealed that the ternary blends
released phosphinate compound and phosphinic acid along with the hydrocarbon species, carbonyls
and phenolic compounds, and CO2 during thermal decomposition. It was noticed that phosphinic
acid was released only with the initial decomposition step (T5%). Forced combustion tests on polymer
bulk have demonstrated that the interaction between lignin (KL or LL) and ZnP promoted a reduction
in PHRR, THR and MARHE. In particular, the best flame retardant performance was found for LL and
ZnP combination (i.e., PA80-LL10-ZnP10), resulting in a strong reduction in PHRR (−64%), THR (−22%)
and MARHE (−49%) values. The formation of zinc phosphate and sodium sulphate compound in
the condensed phase due to the presence of LL and ZnP was responsible for the protective char layer
formation, which improves the fire-retardant properties. Besides, the cone calorimeter tests of the
PA-KL-ZnP fabric sample showed a small reduction in HRR and PHRR value, which was expected due
to the presence of less polymer amount as fuel. However, the presence of lignin significantly influenced
the TTI and MARHE due to the char residue formation showing the charring effect. Among these
formulations, the best fire-retardant properties were found with the PA80-KL7-ZnP13 fabric sample.
From the overall point of view, this combination of industrial lignin and ZnP FR is found attractive
due to the high availability and low cost of lignin and environmentally friendly FR alternative like
ZnP. This work provides a cost-effective and sustainable approach towards the development of fully
biobased textile FR textiles.

Supplementary Materials: The following are available online. Figure S1: Schematic of melt spinning machine;
Figure S2: KL and ZnP filled PA11 knitted fabric structure; Figure S3: The linear density of monofilament yarns;
Table S1: Prepared blend formulations.
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