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Abstract. Heat regulation of the human body through textile fabrics is of great interest to the apparel industry. Herein, blends
of environmentally friendly materials, including modified polylactic acid (MPLA) (polylactic acid (PLA) + acrylic acid
(AA)-grafted PLA (PLA-g-AA) mixed complex) and silica aerogel (SA) composite, were used to make textiles. The tensile,
thermal, heat/cold resistance and surface wettability of the novel composites were characterized. MPLA and SA improved
the properties of these composites. The MPLA/SA textiles exhibited more favorable mechanical properties than the PLA/SA
textiles; this effect was due to better compatibility between the MPLA and SA. Polylactic acid typically exhibits high hy-
drophilicity and poor thermal conductivity. Incorporating SA as a filler in the processed yarn significantly enhanced the
functional performance of the PLA composite textiles. The addition of SA enhanced hydrophobicity and decreased thermal
conductivity, which enabled better temperature regulation. The MPLA/SA textiles displayed superior tensile strength, insu-
lation property, temperature adjustment, water resistance, and washing durability. Moreover, the developed MPLA/SA fabric
is suitable for mass production and use in various types of textile goods.
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1. Introduction the corresponding heat needed for PET. PLA fiber is
As global demand for textiles grows, the potential readily decomposed into CO, and water during com-
environmental effects resulting from their produc-  posting; it is environmentally friendly [11, 12]. The
tion, use, and disposal increase accordingly [1-3].  fiber has excellent performance features, including
Textile fibers are primarily made from petrochemical  higher hydrophilicity than PET, low density, good
materials, such as polyethylene terephthalate (PET) tensile properties, and biodegradability [13—15]. It is
[4], nylon [5], and polypropylene [6]. Unused textile  used for clothing and nonwoven fabrics. For exam-
fibers are typically incinerated, which contributes to  ple, Feng ef al. [16] prepared a composite fiber yarn
environmental pollution [7, 8]. Environmental con-  from polyhydroxyalkanoates (PHAs) and PLA, which
siderations are of increasing importance, and the de-  are biodegradable plastics. The yarn had good air
velopment of environmentally friendly materials permeability, water vapor permeability, and crease
guarantees sustainable growth of the textile industry.  restorability. Baghaei and Skrifvars [17] blended PLA
Extensive research regarding biodegradable fibers, with hemp to form a complex yarn that was made
commonly polylactic acid (PLA)-based, has been into a nonwoven fabric. The impact resistance, flex-
conducted during the past decade [9—-10]. ural strength, and tensile strength of the nonwoven
PLA fiber can be synthesized from renewable re-  fabric were significantly enhanced. However, a PLA
sources. Its heat of combustion is only one-third of  fiber-based textile is not commercially viable due to
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its poor hydrolysis resistance and heat retention,
which lead to poor durability. Reinforcement with
silica aerogel (SA) helps to solve this issue; the com-
posite textile has enhanced water resistance, me-
chanical properties, and heat retention.

SA has excellent hydrophobicity and thermal insu-
lating properties. It is prepared by a sol-gel method
and processed through various supercritical or dry-
ing methods to form a nanoparticle assembly with
an internal SiO, crosslinked structure. The enhanced
properties of SA make it highly suitable as a textile
fiber material [18-21]. Islam et al. [22] prepared and
characterized a composite fabric prepared from a
high polymer and aerogel. Retention of air within the
fabric fibers enhanced the thermal resistance.
Kiekens et al. [23] noted that multifunctional textiles
are becoming increasingly important. Demand for
functional textiles with heat/cold resistance, water re-
pellency, and good mechanical properties, which are
derived from biobased materials, is rapidly growing.
Functional textile fabrics that regulate energy flow
between the human body and the environment to
promote human health and comfort are of great in-
terest to the clothing industry [24]. Temperature reg-
ulation of the cold/heat energy between the human
body and the environment is usually achieved by
coating temperature-regulating materials on the fab-
ric surface [25, 26]. However, such coating material
is readily removed during washing and thus loses its
regulatory function. To address this shortcoming,
nanoporous ceramic materials are directly incorpo-
rated into biobased polyester polymers, which are
drawn into yarns and then woven into textile fabrics.
Washing does not remove the ceramic coating ma-
terial, so the temperature-regulating function is re-
tained. Hence, a composite material composed of or-
ganic matter and a ceramic material made into yarn
is of great interest. Herein, we prepared a functional
textile fiber material by combining SA with biobased
PLA substrate. The composite was spun into fibers
that were formed into the fabric using a plain-weave
technique. Pretreatment of the aerogel and PLA en-
hanced the cohesion of the composite. First, a nano-
scale SA powder was prepared via wet lapping. Mod-
ified PLA (MPLA), prepared by treating PLA with
acrylic acid (AA), served as a compatibilizer. The
MPLA and aerogel powder were blended; a filter
screen installed in the thermal processing equipment
head removed impurities and enhanced aerogel dis-
persion. The finished yarn and fabric were formed
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Figure 1. Fabrication of MPLA/SA yarn and textile from
modified polylactic acid (MPLA) and silica aero-
gel (SA).

through a spinning process. The structure, mechan-
ical strength, water resistance, heat/cold resistance,
and thermal properties of various MPLA/SA com-
posites were characterized. Thermally regulating fiber
composites have recently been reported [27, 28].
Here, we successfully fabricated fabric textiles con-
taining modified polylactic acid (MPLA) and SA
that provided passive thermal regulation. To summa-
rizing, a new functional regulating composite yarn
was designed and woven into a fabric displaying ex-
cellent washing resistance and temperature regula-
tion (Figure 1).

2. Experimental

2.1. Materials

Polylactide (PLA) composed of 95% L-lactide (Pu-
rapol L130; density = 1.24 g/cm?) and 5% meso-lac-
tide (Purapol D070; density = 1.24 g/cm?) were sup-
plied by Corbion Purac (Amsterdam, The Nether-
lands). SAs (trimethylsilated content > 98%, densi-
ty =0.04-0.1 g/cm?, specific surface areas = 850 and
1050 m?/g, porosity > 93%, and thermal conductiv-
ity =0.031 W-m™'-K~! was supplied by JIOS Aero-
gel Pro. Co. (Gyeonggi-do, Korea). AA, dicumyl
peroxide, and ethanol were obtained from Aldrich
Chemical Co. (Milwaukee, WI, USA). The grafting
of AA to PLA was done using a similar method to
that used in our previous research; the grafting per-
centage was 5.96 wt% [29].

2.2. Fabrication of MPLA/SA textiles

SA powder (50-200 pm) was soaked in ethanol
(1:25, w/w), mixed thoroughly, and ground in a water
mill (1.5 HP, 60 Hz) at 3600 rpm for 12 h. The frac-
tion consisting of particles smaller than 20—80 nm
was dried at 80 °C for 2 days.

SA was oven-dried at 110°C for 1 day before com-
posite fabrication. The weight ratios of SA to PLA or
MPLA were 0.3/99.7, 0.6/99.4, 0.9/99.1, and 1.2/98.8.
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Figure 2. Schematic diagram showing the fabrication of MPLA/SA composites containing modified polylactic acid (MPLA)
and silica aerogel (SA). (a, b) Chemical reaction. (c) Processing of mixed MPLA/SA melts into yarns, and drawing
and false-twisting of the yarns into MPLA/SA textiles.

The composites were made in an extruder with a co-
rotating screw (PSM 50A; Polyalloy Inc., Taoyan,
Taiwan). The composites were then blended at 180—
200°C for 2 min at 200 rpm. Various filter screens
were used to enhance the dispersion of SA in PLA
or MPLA and for casting parts. Figure 2a, 2b illus-
trates the fabrication process, and Table 1 details the
composition of each prepared specimen.

The fabricated MPLA/SA particles were dried at
50°C for 18 h. The particles were extruded under
conditions of 1.8 bar and 180-240 °C to produce a se-
ries of yarns. A line heater operating at 80°C and

23

4000 m/min was used to pull the yarns into fibers
having a mean length of 38 mm and fineness of
40+3%. Textiles of each MPLA/SA composition were
prepared by false twisting (36+1) with tatting (3.6))
(Figure 2c).

2.3. Characterization

PLA, modified PLA, and their composites were ex-
amined by Fourier transform-infrared (FT-IR) spec-
troscopy and X-ray diffraction (XRD) [30]. Tensile
testing of the fabricated 50D/36f filament yarn and
textile composites was conducted using a universal
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Table 1. Formulation of PLA/SA and MPLA/SA composites.

Component
Sample code PLA | PLA-g-AA SA
[wt%] [phr]

PLA 100.0 - -
PLA/SA 0.3 wt% 99.7 - 0.3
PLA/SA 0.6 wt% 99.4 - 0.6
PLA/SA 0.9 wt% 99.1 - 0.9
PLA/SA 1.2 wt% 98.8 - 1.2
MPLA 100.0 10.0 -
MPLA/SA 0.3 wt% 99.7 10.0 0.3
MPLA/SA 0.6 wt% 99.4 10.0 0.6
MPLA/SA 0.9 wt% 99.1 10.0 0.9
MPLA/SA 1.2 wt% 98.8 10.0 1.2

PLA: polylactide; MPLA: modified PLA; SA: silica aerogel.

testing machine (model HT-9102; Hung Ta Instrument
Co., Ltd., Taichung, Taiwan) operating with a
10 mm/min crosshead speed and 10 mm gauge length.

a)

q[%]

The fibers were conditioned at 25+1 °C (60+2%
relative humidity) for >1 day, and testing was then
performed. Laundering durability was evaluated
using a standard method similar to that reported in
[31]. Briefly, a specimen was immersed in a tank con-
taining 10 steel balls and 300 ml of soap solution at
45°C for 1 day. Then, the specimen was washed using
a six-cycle program.

The SA particle size distribution was determined
using a particle size instrument [32]. The SA samples
were dispersed in water under ultrasonic agitation
for 30 min. The SA was also examined by transmis-
sion electron microscopy [30]. The micrographs in
Figure 3a show the SA morphology and Figure 3b
presents the particle size distribution. Particle sizes
ranged from 20 to 80 nm. The yarn surface was meas-
ured by scanning electron microscopy (SEM) [31].
Compared with the PLA/SA and MPLA/SA fibers,
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Figure 3. (a) Transmission electron micrographs and (b) particle size distributions of SA.

MPLA/SA 0.6 wt%

PLA/SA 0.6 wt%

MPLA/SA 1.2 wt%

d)

Figure 4. Scanning electron microscopy images showing the distribution of SA powder in the PLA or MPLA fabric samples.
a) PLA, b) PLA/SA 0.6 wt%, ¢) MPLA/SA 0.6 wt%, d) MPLA/SA 1.2 wt%.
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the surface of the pure PLA fiber was smoother and
free of spots (Figure 4). The rough surface and spots
scattered across the PLA/SA composite yarn surface
were particularly notable. The surface of the MPLA/
SA composite yarn was smoother, had fewer spots,
and demonstrated a more uniform texture compared
with the PLA/SA composite yarn. Mottle and irreg-
ular area increased with increasing SA content, and
the yarn breakage rate was high when the SA content
exceeded 1.2% by weight. Poor dispersion and ag-
glomeration occurred when the SA content exceeded
this level, which led to yarn breakage.

2.4. Thermal property measurements

The thermal properties of PLA, modified PLA, and
their composites were examined by differential scan-
ning calorimetry (DSC) and thermogravimetric analy-
sis (TGA) [31]. The thermal conductivity and thermal
diffusivity of the PLA/SA and MPLA/SA fabrics were
measured using a thermal constants analyzer (Hot
Disk 2500; Hot Disk AB, Géteborg, Sweden) at 25 °C.
The textile fabric was made for evaluation by people.
The fabric cloth was tied to the right arm, and the sub-
ject remained at a 45% relative humidity and 20 or
40°C for 0.5 h. A FLIR ONE PRO (FLIR Systems
Inc., Wilsonville, OR, USA) thermal imaging system
was used to obtain infrared images of the textile sam-
ples. All acquired photographs and data were archived
and recorded on a computer. Each test was conducted
five times with an interval of at least 3 h between each
test. Data are shown as the mean of six replicates.

3. Results and discussion
3.1. Structural analyses of PLA and its
composites
The FT-IR spectra of PLA, MPLA, SA, PLA/SA, and
MPLA/SA are presented in Figure 5. Absorption
bands for PLA appeared in the ranges of 3300-3700,
1700-1760, and 500-1500 cm™" (Figure 5 curve a);
MPLA displayed an additional shoulder at 1710 cm™
(Figure 5 curve b). These findings agree with previ-
ously reported data [33]. The carboxyl groups in the
modified polymer (AA grafted onto PLA) resulted
in an additional shoulder.
The intensity of the peak at 3200-3600 cm™! (-OH
stretching vibration) was higher in the 0.6 wt% PLA/
SA and 0.6 wt% MPLA/SA composites (Figure 5
curve ¢, and curve d) due to the participation of SA
—OH groups. The SA spectrum (Figure 5 curve e)
showed typical absorption peaks at 3200-3600 cm™!
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Figure 5. Fourier transform-infrared spectra of (a) PLA,
(b) MPLA, (c) 0.6 wt% PLA/SA, (d) 0.6 wt%
MPLA/SA composites and (e) SA.

(hydroxyl groups), 2850-2950 cm™! (C—H stretching),
1050-1200 cm™! (Si-O-Si asymmetric bending), and
800-850 cm™! (Si—-O-Si symmetric stretching) [34].
Silica is the main inorganic component of SA. A
peak that appeared at 1,737 cm™! in the MPLA/SA
(0.6 wt%) composite spectrum was attributed to the
—C=0 stretching vibration of the -OCOR group; this
peak was not present in the PLA/SA (0.6 wt%) spec-
trum [35]. These ester groups resulted from the re-
action of AA groups of MPLA with HO-Si groups
of SA.

XRD analysis revealed the crystalline structure of
PLA, 0.6 wt% PLA/SA, 0.6 wt% MPLA/SA, and
SA (Figure 6). Two peaks at approximately 16.9° (1)
and 19.7° (2) appeared in the PLA diffractogram
(Figure 6 curve a), in agreement with a previous re-
port [36]. An additional peak at approximately
23.3° (3) in the X-ray diffraction spectra of the PLA/
SA composites (Figure 6 curve b) was attributed to
SA (Figure 6 curve d) [37] after comparison with the
pristine PLA diffractogram (Figure 6 curve a); these
results indicated good dispersion of SA in the PLA
matrix. A new peak present at 26 = 18.1° (4) in the
MPLA/SA composites diffractograms (Figure 6



C-S.Wu et al. — Express Polymer Letters Vol.16, No.1 (2022) 21-33

S
8
= (b) 3
E=]
£
7]
c
©
'_
(c) 4
(d)
T T T T T T T
10 15 20 25 30 35 40

26[°]

Figure 6. X-ray diffractograms of (a) PLA, (b) 0.6 wt%
PLA/SA, (c) 0.6 wt% MPLA/SA composites, and
(d) SA.

curve ¢) was not present in the PLA/SA composites
diffractograms (Figure 6 curve b). A new ester bond
formed between the AA of MPLA and HO of SA in
the MPLA/SA composite, in agreement with a pre-
vious report [38]. This also provides molecular evi-
dence that PLA/SA and MPLA/SA have different
crystalline structures.

3.2. Tensile properties and surface wettability
of PLA and its composites

Figure 7 and Table 2 show the tenacity and elonga-
tion at break of the PLA/SA and MPLA/SA com-
posite filaments. The PLA/SA and MPLA/SA yarns
displayed characteristic behavior in their tenacity
at break, which increased with increasing SA con-
tent up to 0.6 wt% and then slightly decreased. In
addition, the tenacity at break of MPLA/SA was
approximately 0.26—0.81 cN/dtex higher, respec-
tively, than the tenacity at break of PLA/SA. This
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Figure 7. Tensile behavior. Stress—strain curves of PLA,
MPLA, PLA/SA, and MPLA/SA yarns.

phenomenon was due to enhanced SA adhesion to
MPLA.

For the PLA/SA and MPLA/SA yarns, the elonga-
tion at break also decreased with increasing SA con-
tent, while the pristine PLA yarn displayed higher
values. Compared with the PLA yarn, the increase of
tenacity and decrease of elongation at break of the
PLA/SA and MPLA/SA yarns was attributed to the
rigidity of the SA material.

The surface polarities of PLA, PLA/SA, and MPLA/
SA composites were examined by water contact angle
analysis (Figure 8). The contact angle on pure PLA
was 92.31£3.05° and water was absorbed (Figure 8a).
The PLA/SA (0.6 wt%) and PLA/SA (1.2 wt%)
composites had contact angles of 111.9243.96 and
121.3544.12°, respectively, which was attributed to
the hydrophobicity of SA. This behavior was also
noticed with the MPLA/SA composites and in-
creased with increasing SA concentration. Thus, water
resistance can be increased by adding SA to PLA or
MPLA-based composites [39, 40]. Moreover, at the
same SA loading, composites containing PLA/SA
had contact angles that were about 4.0-5.5°
(0.6 wt%) or 7.0-8.0° (1.2 wt%) lower than the con-
tact angles of composites containing MPLA/SA.

Table 2. Tensile properties of PLA/SA and MPLA/SA filaments.

SA PLA/SA MPLA/SA

[Wt%] Tenacity Elongation Tenacity Elongation

[eN/dtex] [%] [cN/dtex] [%]

0.0 5.21+0.28 24.31+£0.48 5.19+0.29 22.35+0.48
0.3 5.46+0.29 21.02+0.52 5.72+0.35 19.03+0.50
0.6 5.65+0.32 17.79+0.55 6.46+0.36 15.96+0.52
0.9 5.50+0.35 15.25+0.56 6.20+0.38 14.78+0.53
1.2 5.3840.38 13.96+0.58 5.98.£0.39 13.86+0.55
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Figure 8. (a) Contact angles of PLA, and PLA/SA and MPLA/SA composites. (b) Contact angle changes of PLA, and
PLA/SA and MPLA/SA composites as a function of washing cycle.

The washing resistance of the composite textiles
was demonstrated by their water contact angles
(Figure 8b). As the number of washing cycles in-
creased to 50, only a slight decrease in the water con-
tact angles of PLA/SA (0.6 and 1.2 wt%) and
MPLA/SA (0.6 and 1.2 wt%) composite textiles
were observed. This indicated that the PLA/SA (0.6
and 1.2 wt%) and MPLA/SA (0.6 and 1.2 wt%)
composite textiles were still highly hydrophobic.
The PLA/SA (0.6 and 1.2 wt%) and MPLA/SA (0.6
and 1.2 wt%) composite textiles displayed superior
laundering durability.

3.3. Thermal properties of PLA and its
composites

Figure 9 presents DSC heating thermograms and
Table 3 summarizes the melting enthalpy (AH,,),
glass transition temperature (1), and melting tem-
perature (7},) of the PLA/SA and MPLA/SA com-
posites comprising various quantities of SA. The
presence of SA did not dramatically affect the T},,. A
loose polymeric structure in the PLA/SA and MPLA/
SA composites was induced by SA addition. The
MPLA/SA composites had lower 7;,,, compared with
the PLA/SA composites, at a specific SA content;

MPLA/SA 1.2 wt%
~N\ V
MPLA/SA 0.6 wt%
~\
MPLA/SA 0.3 wt%
e
g V
£ | PLA/SA 0.6 wt%
3 ~~
C
18}
MPLA V
AV
PLA \/7
v N
v T 1T T T T T 1
0 50 100 150 200

Temperature [°C]

Figure 9. Differential scanning calorimetry scans of PLA,
MPLA, and PLA/SA and PLA/SA composites.

Table 3. Differential scanning calorimetry data for PLA/SA and MPLA/SA composites.

oA PLA/SA MPLA/SA
[Wt%] T, Tm AH,, T, Tm AH,,
[°Cl] [°Cl] [J/g] [°Cl] [°C] [J/g]
0.0 55.7 1743 38.1 55.2 174.1 37.9
0.3 57.0 173.2 34.1 61.4 1723 36.6
0.6 59.1 172.5 311 64.3 171.8 35.5
0.9 58.9 172.8 28.8 63.7 172.0 342
1.2 58.4 1733 26.6 62.6 1723 33.1
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moreover, SA enhanced the T, of both types of com-
posites, which is consistent with the greater molecular
motion restriction in the presence of SA [41]. Greater
T, (by 3.5-5.0°C) of the MPLA composites was at-
tributed to bridge formation between SA and MPLA,
which restricted molecular movement.

The AH,, of PLA (38.1 J-g”!) was slightly higher
than the AH,, of MPLA (37.9 J-g!). The lower AH,,
of MPLA is due to grafted branches that disrupted
the regularity of the chain structures in PLA and in-
creased the spacing between polymer chains. The
difference in AH,, of 2.5-6.5]-g"! between the
MPLA/SA composites and PLA/SA analogs was re-
lated to the condensation reaction. For both PLA/SA
and MPLA/SA composites, increasing SA content
resulted in decreasing AH,, (Table 3) [42]. However,
the PLA/SA cases displayed a larger AH,, decre-
ment, which indicated lower crystallinity.

Figure 10 presents TGA thermograms and Table 4
summarizes the residual yields and initial decompo-
sition temperatures at 5% weight loss (75¢;) of the
PLA/SA and MPLA/SA composites as a function of
SA content. There was no decomposition up to
250°C, and only minor decomposition from 250 to
350°C for SA, PLA, and PLA/SA and MPLA/SA

100 4

80 +

60 4

Weight [%]

40 4
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- — PLA/SA 0.6 wt%
— MPLA

— MPLA/SA 0.6 wt%
— MPLA/SA 1.2 wt%
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T T T T
300 400 500 600

Temperature [°C]

T
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Figure 10. Thermogravimetric analysis curves of SA, PLA,
MPLA, and 0.6 wt% PLA/SA and 0.6 wt%
MPLA/SA composites.

composites (Figure 10). Above 350 °C, decomposi-
tion rapidly increased for PLA, MPLA, PLA/SA
0.6 wt%, and MPLA/SA 0.6 wt%, with 0.5, 0.4,
19.6, and 20.5% residual yields at 500 °C, respectively
(Table 4 and Figure 10). The T, increased with in-
creasing SA content (Table 4) due to the inhibition
of PLA or MPLA chain mobility. SA is a framework
structure of heat-resistant material [43]. As SA was
heated over 600 °C, its weight loss remained within
15% (Figure 10). Hence, the addition of SA to PLA
or MPLA enhanced the rigidity of the PLA/SA and
MPLA/SA composites due to SA inhibiting the mo-
bility of the PLA or MPLA chains. Reduced thermal
degradation of the composites was indicated by the
higher IDTs. For the same SA amount, the PLA/SA
composites had lower 7T, compared with the MPLA/
SA composites, because the bonding between MPLA
and SA increased the thermal resistance of the com-
posites. The Tso, of the PLA/SA composites were
about 6-20°C lower than those of the MPLA/SA
composites. Comparison of the PLA and MPLA/SA
composites revealed Tso, increases of about 58 °C
with 0.6 wt% and 82 °C with 1.2 wt% SA, thus com-
prising a 24 °C improvement from 0.6 to 1.2 wt%
SA. This again shows that 0.6 wt% SA is the optimal
loading. When the SA loading exceeded 0.6 wt%, the
particle dispersion was negatively affected. Residual
yields also improved with increasing SA content
(Table 4). This indicated that a more thermally stable
polymer matrix was formed in the PLA/SA or MPLA/
SA composites. The release of decomposition prod-
ucts from the polymer matrix was hindered by SA.
Char layer formation increased due to thermal sta-
bility and an SA network formed in the polymer/SA
composites. Diffusion of volatile fragments during
polymer degradation accordingly decreased [44].
The TGA data also indicate that the thermal stability
of the PLA/SA or MPLA/SA composites was greatly
enhanced by adding small quantities of SA.

Table 4. Effect of SA content on the decomposition temperature and char residue of PLA/SA and MPLA/SA composites.

SA PLA/SA MPLA/SA
[Wt%] IDTs, 5% Char residue IDTs, 5% Char residue

[°C] [%] [°C] [%]

0.0 296 0.5 293 0.4

0.3 320 10.2 326 10.8

0.6 342 19.6 354 20.5

0.9 359 24.8 370 25.9

1.2 369 28.6 378 29.5

IDTs: initial decomposition temperature at 5 wt% loss.
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Figure 11. (a) Thermal conductivity and (b) thermal diffusivity of PLA/SA and MPLA/SA fibers.

The insulating properties of textile products are
mainly determined by their thermal conductivity and
thermal diffusivity [31, 45, 46]. Figure 11 shows that
the thermal conductivity and thermal diffusivity of
the PLA/SA and MPLA/SA fabrics were lower than
those of the PLA fabric. These two factors clearly
decreased with increasing SA content, and ranged
from 0.195 W-m™'-K~1/0.106 mm?-s™! to

0.163 W-m™-K~/0.090 mm?-s~! and

0.161 W-m-K~1/0.087 mm?-s~! for the PLA/SA
and MPLA/SA textiles, respectively (Figure 11).
These changes became less pronounced when the SA
concentration exceeded 0.6 wt%; this was attributed
to SA aggregation. Moreover, the thermal conduc-
tivity and thermal diffusivity of the MPLA/SA tex-
tile were 0.002-0.003 W-m'-K~! and 0.002—
0.003 mm?-s~! lower, respectively, than those of the

PLA/SA textile. SA has a microporous network struc-
ture [47, 48]. SA was embedded in PLA or MPLA
when the composite material was formed. This pre-
vented heat transfer from the outside environment or
retained most of the heat within the composite, which
hindered heat transfer and diffusion. In summary, the
insulating properties of MPLA/SA textile were better
than those of PLA/SA textile. Incorporating SA into
PLA and MPLA composites decreased both the ther-
mal conductivity and thermal diffusivity of PLA/SA
and MPLA/SA textile.

3.4. Infrared images of PLA and its composite
fibers

A FLIR infrared camera was used to obtain infrared

images of PLA, PLA/SA, and MPLA/SA fabrics. The

images revealed cold/heat conduction to the ambient

PLA PLA/SA 0.6 wt%
—— " g34°C
. %
MPLA/SA 0.6 wt% MPLA/SA 1.2 wt%

— N Lo
\, 7
PLA PLA/SA 0.6 wt%
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Figure 12. Infrared images of human skin covered with PLA, PLA/SA, and MPLA/SA textiles at 20 and 40 °C.

Table 5. Infrared images of PLA/SA and MPLA/SA fibers.

- PLA/SA MPLA/SA
[Wt%] [°Cl [°C]
’ 20°C 40°C 20°C 40°C

0.0 24.42+0.75 37.91£0.79 24.414+0.76 37.84+0.80
0.3 25.96+0.82 36.95+0.85 26.06+0.84 36.86+0.90
0.6 27.66+0.86 34.86+0.87 27.98+0.88 34.56+0.92
0.9 28.05+0.88 34.43+0.89 28.31+0.90 34.19+0.93
1.2 28.33+0.91 34.16+0.92 28.61+0.91 33.85+0.93
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environment, PLA, PLA/SA, and MPLA/SA fabrics
from human arms (Figure 12 and Table 5). Infrared
images were obtained over 20 min at 20 or 40 °C.
The temperature of a human arm wrapped with PLA
and MPLA fabric at 20°C was 24.42+0.75 and
24.41+0.76 °C, respectively. The temperature of a
human arm wrapped with PLA and MPLA fabric at
40°C was 37.914+0.79 and 37.8440.80 °C, respec-
tively. The temperatures of arms covered with PLA/
SA and MPLA/SA fabric at 20 °C increased by about
3.2-3.6°C as the SA increased to 0.6 wt%, and then
slightly increased by about 0.6°C to 1.2 wt%
(Table 5). The temperatures of arms covered with
PLA/SA and MPLA/SA fabric at 40 °C decreased by
3.0-3.3°C as the SA content increased to 0.6 wt%,
and then slightly decreased by about 0.7°C to
1.2 wt% (Table 5). The optimal loading of SA to
minimize cold/heat conduction in PLA/SA and
MPLA/SA fabric was 0.6 wt%.

The image colors correspond to the temperature of
the arm surface wrapped with PLA, PLA/SA, or
MPLA/SA fabric (Figure 12). The arm wrapped with
unmodified PLA fabric appeared dark red and purple
at 20 and 40 °C, respectively. Arms covered with
PLA/SA and MPLA/SA fabric appeared light green
and brown at 20 and 40 °C, respectively. Moreover,
these color changes were more obvious as the SA
content increased.

The temperature of an arm covered with PLA/SA or
MPLA/SA fabric tended to approach the temperature
of the human body, regardless of the ambient tem-
perature at 20 and 40 °C. The insulating properties of
PLA/SA and MPLA/SA fabric were enhanced by
micro-hole network formation. The micro-hole net-
work formed by SA addition provided a long and cir-
cuitous path between the skin and the ambient envi-
ronment, which resulted in decreased heat transfer
[49, 50].

4. Conclusions

Unique textiles for consumer use were fabricated
from environmentally friendly PLA composites.
PLA, PLA/SA, and MPLA/SA fabrics were pre-
pared, and their properties were determined. FT-IR
spectra and X-ray diffractograms revealed the struc-
tures of PLA, and the PLA/SA and MPLA/SA com-
posites. SA addition to PLA and MPLA dramatically
increased the Tso, of PLA/SA and MPLA/SA com-
posites. DSC and TGA analyses also indicated im-
proved thermal stability. The water contact angle of

30

PLA was significantly smaller than that of the
PLA/SA and MPLA/SA composites. The SA in
PLA/SA and MPLA/SA composites was the main
factor that influenced the greater water resistance.
Both thermal conductivity and thermal diffusivity
dramatically decreased with increasing SA content
for PLA/SA and MPLA/SA composites. The
MPLA/SA composites had better thermal properties
than the PLA/SA composites. Analysis of thermal
images revealed that heat transfer in cold and hot en-
vironments was partially impeded by the SA present
in the PLA/SA and MPLA/SA textiles. All of these
properties provided a more comfortable temperature
for human arms at 20 and 40 °C. The regulation of
energy flow to the body surface from the environ-
ment through clothing is a key issue for the fabric
textile industry. In that study, composite fabrics con-
taining PLA or MPLA as a biopolymer and SA as an
insulating agent were fabricated. The resulting com-
posites displayed high tensile strength, washing
durability, thermal stability, insulation, and enhanced
temperature-regulating properties, and increased
comfort in human arm trials. Future research will
aim to design environmentally friendly thermal tex-
tiles for end-uses, such as cold-proof clothing,
gloves, socks, and cushions.
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