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Abstract: Nowadays, the growing concern about improving thermal comfort in different structures
(textiles, buildings, and pavements, among others) has stimulated research into phase change ma-
terials (PCMs). The direct incorporation of PCMs into composite materials can cause mechanical
impacts. Therefore, this study focuses on the design of phase change coaxial fibres (PCFs), using
commercial cellulose acetate (CA) or recycled CA obtained from cotton fabrics (CAt) as the sheath
and polyethylene glycol (PEG) 2000 as the core, via the wet spinning method; the fibres vary in
molecular weight, concentration and ejection velocity. The fibres were assessed for their optical,
chemical, thermal, and mechanical properties. The presence of PEG2000 is confirmed in the core of
the fibres. Thermal analyses revealed a mass loss at high temperatures, attributable to the presence
of PEG2000. Notably, the fibres with CA (Mn 30,000) showed superior thermal and mechanical
performance. The melting point of PEG2000 incorporated into these PCFs coincided with the melting
point of pure PEG2000 (about 55 °C), with a slight deviation, indicating that PCFs were obtained.
Finally, the results point to the application of the fibres in civil engineering materials requiring a
phase change between 50 and 60 °C, providing promising prospects for their use in applications
requiring thermoregulatory properties.

Keywords: phase change fibres; core—shell fibres; cellulose acetate; polyethylene glycol 2000; recycled
cellulose acetate; cooling technologies; wet spinning

1. Introduction

Civil engineering materials such as cement and asphalt concretes absorb a large
amount of solar thermal energy in the form of heat, thus contributing to heat retention far
more than the natural elements in rural landscapes [1,2]. As a result, city areas often record
higher air temperatures than their rural counterparts, leading to significant consequences
for the environment, economy, and society [3]. Called the urban heat island (UHI), this
phenomenon becomes more pronounced with urbanization through the construction of
asphalt pavements and built structures [4,5]. It is important to emphasize that the world’s
population is expected to increase at least 60% in the second half of this century, and this
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excessive growth will aggravate urbanization [1,6]. Thus, the thermoregulation of these
structures is essential.

As an alternative, researchers have been studying the application of latent heat thermal
energy storage (LHTS) materials or, more simply, phase change materials (PCMs) within
civil engineering materials in order to mitigate and prevent the effects of the UHI. According
to this approach, the integration of PCMs is a promising solution because they have dual
benefits: the ability to store and release thermal energy latently, coupled with an isothermal
nature during storage, thus reducing temperature fluctuations [7,8]. However, their direct
application can affect the mechanical properties of the composite material.

PCMs have gained significance in thermoregulating environments since their intro-
duction in the 1980s [9]. With their high latent heat capacity, PCMs are excellent for storing
energy from cooling systems or lower night-time temperatures to be released during peak
heat periods, improving thermal comfort [10]. Pinheiro et al. [11] adopted an approach to
study PCMs and observed that they differ significantly from high-albedo materials. While
high-albedo materials focus on reflecting solar radiation to reduce heat gain and cooling
loads [11], PCMs adopt a more dynamic strategy. They absorb excess heat during periods
of high temperature (such as during the day) and release it during cooler periods (such as at
night) [12]. This phase change allows PCMs to store and release thermal energy efficiently.
So, unlike high-albedo materials that passively prevent heating by reflecting solar radiation,
PCMs actively balance thermal energy, absorbing and releasing heat as needed [13]. This
ability to actively adjust surface temperatures makes PCMs a more versatile solution for
climate control in different applications, adapting to thermal variations in the environment
throughout the day.

PCMs are versatile in their applications within the civil engineering [7], encompassing
areas such as air conditioning systems [14], solar energy storage [15], and more broad inte-
gration in various construction materials [16]. Their primary purpose in these applications
is to prevent damage caused by abrupt temperature changes, thus lowering the energy per
area needed for heating/cooling these materials. PCMs can be incorporated directly [17,18]
or encapsulated [19,20]. Drissi et al. [21] carried out various studies with PCMs applied
directly or encapsulated and, in response, the direct application method caused the PCMs
to leak, thus inhibiting water migration and interfering with the hydration process, thereby
negatively affecting the development of the materials’ strength [22]. Therefore, in order
to achieve stable PCM incorporation so that their phase change occurs without leakage,
different methods can be used to protect and encapsulate them, such as microencapsulation
by sol-gel, electrospinning [23], and wet spinning [24].

Ozipek et al. [25] explained that the wet spinning technique is a widely used commer-
cial process that allows the manufacture of mono- or multi-structured fibres using polymers
dissolved in solvents that are extruded through small holes, forming continuous filaments
in a liquid medium (coagulation bath), i.e., as the extruded filaments pass through the
coagulation bath, the polymer solidifies, resulting in the formation of fibres with a uniform
morphology. According to Shirvan et al. [26], the wet spinning technique was first used
to produce rayon fibres and is considered the oldest fibre spinning process. Due to its
simple configuration, the wet spinning technique [27-29] has recently attracted attention
as an alternative encapsulation method that allows for the stable incorporation of PCMs.
The main advantage of this technique is that it does not involve heat during production,
reducing the risk of possible thermal degradation. Another point is that it can produce
fibres with different diameters, shapes and cross-sectional sizes. It is also a continuous
process and can produce any type of polymer, which makes it a very efficient [26]. Through
wet coaxial spinning, hollow or single-core fibres can be produced for different purposes,
such as electronic textiles, sensors and controlled release applications [30].

Phase change fibres (PCFs) are considered intelligent materials because, in addition to
containing PCMs, PCFs react to environmental changes without any human action required.
On their own, PCFs recognize changes and work to maintain the standard for which they
were programmed [31]. The reproducibility and the performance of coaxial fibres will
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depend on the rigorous selection and maintenance of wet spinning parameters [26]. Among
the different existing parameters, it is necessary to take into account the evaluation of the
process parameters, from solution to production, in order to obtain fibres with a well-
defined core and sheath to maximise the performance of the coaxial fibres in the final
application [32].

Although several studies are exploring potential applications to produce PCFs, there
needs to be more research in the literature on this subject in order to broaden the range of
innovation. In a study carried out by Chen et al. [33] where PCFs were developed using the
electrospinning technique, containing cellulose acetate (CA) as the support material and
polyethylene glycol (PEG) as the PCM, it was observed that the thermal properties of PEG
were different to those of virgin PEG due to the presence of CA. Swapnil et al. [34] studied
the production of fibres, via wet spinning, consisting of CA/PEG in the same solution. As a
result, they observed that the viscosity of the solutions and the dH,O used as a coagulation
bath induced a more solid structure in the fibres. The addition of PEG to the CA solution
considerably increased the mechanical properties of the fibres.

To the best of the authors” knowledge, this is one of the first research works detailing
the manufacturing process of wet spinning using this specific structure of PCF (coaxial
fibres with CA and specially recycled CA from cotton fabrics (CAt) in the protective sheath
and PEG in the core). Therefore, different manufacturing parameters were studied: (i) CA
concentration and molecular weight; (ii) CA source (conventional versus recycled); and
(iif) PEG concentration, molecular weight, and ejection. PCFs were analysed for their
morphological, chemical, thermal, and mechanical properties. Morphological characteris-
tics were examined using both bright-field microscopy and scanning electron microscopy
(SEM). Chemical properties were assessed through Fourier transform infrared spectroscopy
(ATR-FTIR), while thermal properties were evaluated using thermogravimetric analysis
(TGA) and differential scanning calorimetry (DSC). Mechanical properties were tested with
a dynamometer. The PCFs were then compared to their analogous uniaxial (Fu) and hollow
(Fh) fibres.

2. Materials and Methods
2.1. Materials

The materials used in this work were (i) commercial cellulose acetate (CA, Sigma-
Aldrich, St. Louis, MO, USA) powder, with an acetyl content of 39.8 wt. %, average
Mn = 30,000 and an acetyl content of 39.8 wt. % by weight, average Mn = 50,000; (ii) N,N-
Dimethylformamide (DMF, 99%, Sigma-Aldrich, St. Louis, MO, USA); (iii) N-Methyl-
2-pyrrolidone (NMP, 99%, Sigma-Aldrich, St. Louis, MO, USA), (iv) Polyethylene gly-
col 2,000 H(OCH,CH,),OH (PEG2000, Thermo Fisher Scientific, Waltham, MA, USA),
MP = 53-55 °C; and (v) dH,O. DMF and dH,O were used as solvents for the CA and PEG
solutions, respectively.

CA, which is an ester of cellulose acetate and the most common derivative of cellulose,
was selected to be the polymeric material of the protective sheath due to its natural and
non-toxic characteristics, being a polymer used to produce PCFs that result in good thermal
and mechanical properties [24,35].

Among the different PCMs available on the market and in the literature, polyethene
glycol (PEG), was selected for the core of PCFs as it presents interesting properties such
as chemical stability, high storage capacity, a wide temperature range, low overcooling
behaviour, and negligible volume change during its phase change [36].

Regarding the thermal proprieties of the CA and the PEG, Figures 1 and 2 show
the TGA and the DSC characterization of the virgin materials under study, respectively.
Regarding TGA, studies were carried out on the loss of mass of the virgin materials in
relation to the increase in temperature, where the main mass loss phase for PEG2000 starts
at &350 °C and ends at ~430 °C. For commercial CA and CAt, the main mass loss phase
starts at ~315 °C and ends at ~350 °C.
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Figure 1. TGA of virgin materials obtained from 25 to 500 °C under a nitrogen atmosphere, flow rate
of 200 mL/min, and temperature rise of 10 °C/min.

0.1+ _
(@ 034 ()
0.0 1 L
0.2 F -0.14 L
o = I © 5
% E E I :
g 2 % Fm 2
E [ £-034 -
2 00 F 204 L
L ¥ L(L,E 05 T=232.66 (°C)
@ L —U.0q o
3011 T=230.47 (°C) I -
: -0.6 L
-0.2 1 F -0.7 4 L
—— CA( Mn 30,000) f 08 —— CA (Mn 50,000)
0 100 200 300 400 500 0 100 200 300 400 500
Temperature (°C) Temperature (°C)
1= _
© o] (@)
01 L
% B 0.6 r ,_8 -1 r
S = =T
M E o0s- - @ £ 2 i
3 z 3] i
2 044 F 3
w 8 -4 L
3 i
T 0.34 - w 5] i
T=289.86 (°C) I
0.2 - -6 L
1 i -7 T=54.54 (°C) L
01 CAt . —— PEG 2000
0 100 200 300 400 500 0 20 40 60 80 100
Temperature (°C) Temperature (°C)

Figure 2. DSC of virgin materials: (a) CA (Mn 30,000); (b) CA (Mn 50,000); (c) recycled CAt;
(d) PEG2000.
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In DSC measurements, multiple peaks are observed, a phenomenon not evident in
TGA analysis results. The initial two endothermic peaks correspond to melting, as these
events do not involve any mass loss. Consequently, these events are not visible in the TGA.
In DSC curves, the third thermal effect (above 300 °C), characterized by irregular peaks and
where the baseline is no longer maintained, corresponds to and corroborates degradation,
as observed in the TGA results. The fact that the temperatures are not exactly the same
is due to the experimental conditions. While the DSC measurements are performed in
hermetically closed pans, the TGA analysis is carried out in an open crucible. Consequently,
they reveal that the degradation event can start at lower or higher temperatures, as the
samples may adsorb any water, for example.

For the DSC, the peaks, phase change temperatures, and comparison of the PCFs with
the Fh were analysed. In this test, the virgin materials produced results that were expected
and in accordance with the literature.

For the synthesis of the Cat, 100% cotton fabric (from Nostrobiz, Guimaraes, Portu-
gal), glacial acetic acid (CH3COOH, 100%, Pronalab, Lisbon, Portugal), sulphuric acid
(HS0y4, 95-98%, Sigma-Aldrich) and acetic anhydride ((CH3CO),0, 98%, AnalytiCals Car-
los Erba, Emmendingen, Germany) were used. Sodium hydroxide (NaOH, JMGS, Odivelas,
Portugal), ethanol absolute (CH3CH,OH, 99.5%, Merck, Rahway, NJ, USA), hydrochlo-
ric acid (HCl, 37%, Fisher Scientific), sodium hydroxide solution (NaOH, 0.25 mol/L,
JMGS), hydrochloric acid solution (HCl, 0.25 mol/L, Fisher Scientific), and phenolphthalein
(C20H1404, AnalytiCals Carlos Erba) were used to determine the degree of substitution
of CAt.

2.2. Synthesis of Recycled Cellulose Acetate (CAt)

As a sheath that is more environmentally friendly for PCFs, CAt (recycled cellulose
acetate from textile waste) was produced using the homogeneous acetylation method [37].
In detail, 2.0 g of cotton fabric was first cut into thin strips and left in the desiccator for 24 h.
The process was started by adding 40 mL of CH3COOH to 2.0 g of the cotton fabric. This
mixture was stirred for 30 min at room temperature. Subsequently, a solution of H,SO4
and CH3COOH (0.3 mL and 17.5 mL, respectively) was added and the mixture was stirred
for 15 min at room temperature. After 15 min, the textile was filtered and separated from
the solution. At this point, 20 mL of (CH3CO),0 was added to the liquid, the textile was
replaced and the solution stirred at room temperature for 24 h. After 24 h, the solution was
removed from the stirrer and slowly added to a beaker containing 1.0 L of dH,O. Finally,
the CAt was vacuum-filtered (Diaphragm Vacuum Pump N810, LABOPORT, Ebhausen,
Germany) and washed with dH,O until pH 7 was reached. The CAt was dried in a drying
and sterilyzing oven (J.P Selecta, Barcelona, Spain) overnight at 50 °C and stored in a
humidity-controlled environment for further characterization. The drying stages of the
recycled CAt are shown in Figure 3.

77.29 g 292g 2822 g 20.68

Figure 3. Demonstration of the drying process of recycled synthesized CAt.

The degree of acetylation was determined by acid-base titration. Firstly, 5.0 mL of
NaOH (0.25 mol L1) and 5.0 mL of CH3CH,;OH were added to 0.10 g of CAt and the
mixture was left to stand for 24 h. After 24 h, 10 mL of HCI (0.25 mol L1) was added and
the mixture was left to stand for 30 min. After this period, the solution was titrated with a
standard NaOH solution, using Cy0H14O4 as an indicator [37]. This test was carried out
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in triplicate. The percentage of acetyl groups (%GA) was obtained using the following
Equation (1):

[(Vyi + Vi) X ub — (Va.pa) x M x 100] 1)

mCAt

where Vy; is the volume of NaOH added to the system (L), V}; is the volume of NaOH used
in the titration (L), ub is the molarity of sodium hydroxide (M), V, is the volume of HCI
added to the system, pa is the molarity of hydrochloric acid (M), M is the molar mass of the
acetyl group (g/mol), and mCAt is the mass of the CAt sample (g). By assessing the degree
of acetylation, it is possible to determine the degree of substitution of the sample [38].

%GA =

2.3. Fibres’ Production

Solutions of CA (10-20-30 wt. %) and PEG2000 at (40-60-80 wt. %) were prepared
overnight in DMF and dH;O, respectively, both being stirred continuously at 50 °C. Mean-
while, the CAt (8 wt. %) solutions were prepared overnight in NMP under moderate
stirring at 50 °C. Prior to the wet spinning production, the solutions were left to stand at
room temperature for 1 h to remove any air bubbles.

For all productions, the wet spinning setup consisted of a syringe pump NE-1000
(New Era Pump Systems Inc., Farmingdale, NY 11735, EUA), a coagulation bath of dH,O
at room temperature, a collector, and a needle (uniaxial or coaxial and one/two syringes
connected to the pump, with the latter two parameters adjusted according to the type
of fibre produced). A representative schematic of the wet spinning process is shown in
Figure 4. The fibre collector consisted of aluminium foil wrapped around an automatic
collector at a moderate velocity of 6.21 rpm. The distance between the collector and the
needle was 45 cm, and the distance between the needle and the coagulation bath was 5 cm.

Polymeric solution

Wet spinning
fibres
Syringe Pump 2 Needle (7
.
Syringe Pump 1 Coagulation Bath
Collector

Figure 4. Scheme of production of PCFs via wet spinning.

To produce uniaxial fibres (Fu) and uniaxial CAt fibres (Fut), a wet spinning configu-
ration was applied, but the needle used for the process was uniaxial, requiring only one
pump and adjusted according to ejection parameters. To produce hollow fibres (Fh), hollow
CAt fibres (Fht), and PCF and coaxial CAt fibres (PCFt), the only parameter that differed
was the needle, which instead of being a single needle was replaced by a coaxial needle.
Meanwhile, for Fh and Fht only, the outermost port was used with the solution of CA and
CAt, respectively. In contrast, for PCF and PCFt, the outermost port was used for CA and
CAt, respectively, and the innermost port for PEG2000.

The parameters of the wet spinning process were adjusted to obtain fibres with
better properties [39] and are demonstrated in Figure 5. The ejection velocity for CA
was 0.165 mL/min, while for PEG2000, it varied from 0.130 to 0.140-0.150 mL /min. Fibres
with CAt and PEG2000 were produced with slightly lower ejection velocities, namely
0.130 mL/min for CAt and (0.100-0.120 mL/min) for PEG2000. In the case of coaxial fibres,
CAt required different ejection velocities to obtain enough time to compose a coaxial system
with a protective sheath.
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Sheath: CA, Mn.30,000 and Mn 50,000
(v CAt

Core: PEG2000 |

Sheath: CA, 10-20-30 wt. %, in DMF
Ejection velocity: 0.165 mL/min
Or
Sheath: CAt, 8 wt. %, in NMP
Ejection velocity: 0.130 mL/min
Core: PEG2000, 40-60-80 wt. %, in dh,0
Ejection velocity: 0.100 mL/min
0.120 mL/min
0.130 mL/min

0.140 mL/min
0.150 mL/min

Figure 5. The parameters of the wet spinning process.

After production, all fibres were passed through dH,O to remove any traces of solvent
(DMF and NMP) and dried for 1 h at room temperature. The fibres were then stored at
room temperature and humidity for subsequent testing. A qualitative analysis was carried
out during the production of the fibres by wet spinning, which considered whether the
fibres could be extruded easily, whether there was surface roughness, and whether the
fibres were extruded uniformly. This analysis is presented in the results and discussions.

PEG being soluble in dH,O guarantees its incorporation into the fibre. When dH,O
meets the walls of the protective sheath, coagulation occurs, forming a resistant inner wall
to fix the substance. Although there are not yet many reports on wet-spun coaxial fibres
with this type of structure, it is hoped that research will progress in this direction.

2.4. Fibres” Physical, Chemical, Thermal, and Mechanical Characterization
2.4.1. Bright-Field Microscopy

The morphology of the fibres will be presented herein. In addition, this test will give
indications of the presence of a coaxial system. This analysis was carried out by bright-field
microscopy using a Leica DM IL LED inverted microscope (Leica Microsystems, Weetzlar,
Germany). Images were taken at 5x magnification, and the average fibre diameter was
determined using Image]® software (version 1.53, National Institutes of Health, Bethesda,
MD, USA).

2.4.2. Scanning Electron Microscopy (SEM)

To examine the morphology and differentiation between the fibre structure (uniaxial,
hollow or coaxial), the CA and CAt sheath, and the corresponding cores within the fibres,
fibres were characterised by SEM micrographs obtained using a dual-column ultra-high-
resolution field emission SEM (NOVA 200 Nano SEM, FEI Company, Houston, TX, USA)
with an accelerating voltage of 10 kV. The samples were initially coated with a 10 nm
gold-palladium film (Au-Pd, 80-20% w/v) using a 208 High-Resolution Sputter-Coater
(Cressington Company, Watford WD19 4BX, UK) coupled to an MTM-20 High-Resolution
Thickness Controller (Cressington Company). Images were taken at 500 x magnification.

2.4.3. Attenuated Total Reflectance-Fourier Transform Infrared Spectroscopy (ATR-FTIR)

The surface chemistry and chemical composition of different fibres were analysed
using attenuated total reflectance Fourier transform infrared spectroscopy (ATR-FTIR). The
equipment used was an IRAffinity-1S (Shimadzu, Kyoto, Japan) coupled with a HATR
10 accessory with a diamond crystal. The spectra were obtained over a wavenumber range

of 400-4000 cm ™! at a scanning velocity of 200 scans with a resolution of 2 cm 1.

2.4.4. Thermogravimetric Analysis (TGA)

Thermogravimetric analyses (TGA) to evaluate variations in the thermal stability of
polymer materials—specifically CA (Mn 30,000 and 50,000), recycled CAt, and PEG2000—
and samples of fibres were carried out using Hitachi STA 7200 equipment (Fukuoka, Japan).
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The samples were placed in platinum crucible (Mettler Toledo, ME-26763, Columbus, OH,
USA) and exposed to a heating rate of 10 °C/min over a range of 25 to 500 °C for all
samples. The measurements were carried out under a Ny atmosphere of 200 mL/min. The
test was carried out using an empty crucible as a reference.

2.4.5. Differential Scanning Calorimetry (DSC)

To evaluate the phase change behaviour of the samples and verify the phase change
temperature, melting enthalpy, and endothermic changes in the materials (specifically CA
(Mn 30,000 and 50,000), recycled CAt, and PEG2000) and the fibre samples, DSC analyses
were carried out using Mettler Toledo equipment, model DSC-822 (Columbus, OH, USA),
and a cooling accessory (Labplant RP-60 cryostat, Huddersfield, UK). The polymer material
samples were placed in an aluminium crucible (Mettler Toledo, ME-26763, Columbus, OH,
USA) and exposed to a heating rate of 10 °C/min over a range of 25 to 500 °C for all
samples under an N, atmosphere of 200 mL/min.

2.4.6. Mechanical Performance-Dynamometer

The mechanical properties of the fibres, such as tensile strength, were evaluated
using a dynamometer test. The tensile strength and the maximum elongations of the
fibres were determined using a Housefield H5KS dynamometer (Artilab, Kerkdriel, The
Netherlands), associated with the QMAT Materials Testing & Analysis software, version
3.51, following the ISO 2062-2009 standard [40]. Fibres of 10 cm in length were analysed at
RT with a holding distance, also known as gauge length, starting at 100 mm and increasing
continuously until the maximum elongation to break was reached. The extension range
was 5 mm, and the crosshead velocity was set at 25 mm/min, using a load cell of 250 N
applied with a preload of 0 N and a load interval of 100 N.

3. Results
3.1. Degree of Substitution for CAt

The process of verifying the degree of substitution for the CAt was carried out by
initially separating 0.1 g of the recycled CAt in a flask and adding 5 mL of NaOH solution
(0.25 mol/L) and 5 mL of absolute ethanol. After the samples had rested for 24 h, 10 mL
of HCl solution (0.25 mol/L) was added and left to rest for 30 min. Finally, three drops of
phenolphthalein solution were added to each of the samples, and the acid-base titration
was carried out by shaking the samples and using the standardised NaOH (0.25 mol/L)
solution until a pink colour was achieved. Puleo et al. (1989) stated that by calculating the
degree of acetylation (% GA), it is possible to determine the degree of substitution of the
Cat, since a %GA of 43.5% is associated with a degree of substitution (DS) of 2.88 [38]. Thus,
the DS of the CAt samples was calculated, and the results are shown in Table 1.

Table 1. Degree of acetylation and degree of substitution for synthesized CAt.

Samples %GA DS
CAt 42.70 2.83
CAty 42.74 2.83
CAt, 42.96 2.84

Average 42.80 +0.14 1 2.83 +£0.01!

1 Standard deviation.

As can be seen, the recycled CAt showed a DS of ~2.83 (very similar to the theoretical
value) and a %GA of 42.80%. These results show that the acetyl groups partially replaced
the hydroxyl groups through an acetylation reaction, making it possible to obtain the
recycled CAt. These results are in line with those of the commercial samples. CA is the
most important ester of cellulose, with the OH groups of cellulose being replaced with
acetyl groups at a DS of approximately 2.50 [41].
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During the testing of the DS of recycled CAt, it was shown that there can be a large
amount of intermolecular interaction between the two hydroxyl groups, between two
acetyl groups, and between the hydroxyl and an acetyl. These intermolecular interactions
contribute to the packing and movement of the cellulose acetate chains. Since all positions
are approximately uniformly acetylated, the type and number of intermolecular interactions
are also distributed uniformly throughout the polymer [38]. Therefore, due to the results
obtained, recycled CAt can be tested in the manufacturing of fibres.

3.2. Fibres Production

The different (functionalized) fibre samples were designated by an alphanumeric
string, as shown in Table 2, called Fu_a_b, Fh_a_b and PCF_a_b/x_y for the fibres with
CA/PEG2000 and Fut_b, Fht_b and PCFt_b/x_y for the fibres with CAt/PEG2000. Fu,
Fut, Fh, Fht, PCF, and PCFt indicate the type of fibre (uniaxial, recycled uniaxial, hollow,
recycled hollow, phase change fibres, and recycled phase change fibres, respectively).
Next, the letter a represents the molecular weight (Mn 30,000 or Mn 50,000) of the CA,
the letter b represents the concentration of CA (10-20-30 wt. %) and CAt (8 wt. %), the
letter x represents the concentration of PEG2000 (40-60-80 wt. %), and, finally, the letter y
represents the ejection velocity of PEG2000 (0.100-0.120-0.130-0.140-0.150 mL/min). In
this case, the concentration of the solvent DMF, the solvent NMP, the ejection velocity of
CA (0.165 mL/min), the ejection velocity of CAt (0.130 mL/min), and the molecular weight
of PEG (Mn 2000) were not represented in the alphanumeric string of the samples, as they
are constant values. For example, in PCF_30_30/40_140, where the structure PCF_a_b/x_y,
i.e., is represented, PCF is the designation for a phase change fibre; the letter a is 30,
which is the molecular weight of the CA (Mn 30,000); the letter b is 30, meaning a 30%
concentration of the CA solution; the letter x is 40, meaning a 40% concentration of the
PEG2000 solution; and, finally, the letter y is 140, referring to the 0.140 mL/min ejection
velocity of the PEG2000.

Table 2. Names of the samples in the wet spinning process.

. wt. % wt. % Ejection Velocity PEG
Samples Fibre Type Mn CA CA/CAt PEG ) (mL /min)y
Fu_a b Uniaxial 30,000 and 50,000 10, 20 and 30 - -
Fut b Uniaxial - 8 - -
Fh_a_b Hollow 30,000 and 50,000 10, 20 and 30 - -
Fht_b Hollow - 8 - -
PCF_a_b/x_y  Phase Change Fibre 30,000 and 50,000 10, 20 and 30 40, 60 and 80 0.130, 0.140 and 0.150
PCFt_b/x_y Phase Change Fibre - 8 40 and 80 0.100 and 0.120

While producing the fibres by wet spinning, it was important to pay attention and
record whether the fibres were produced uniformly or presented any defects, which would
warrant future testing. Table S1 reports these observations.

In this study, the production of recycled fibres made from CAt in the sheath and
PEG2000 in the core was considered, by testing, only to succeed under the same commercial
conditions that produced the best results.

3.3. Sample Selection

Before starting to analyse the results, a flowchart was drawn up (Figure 6) showing
production with CA in the sheath and PEG2000 in the core. This flowchart considered the
number of samples produced and their variables. This approach aimed to better organise
and justify the choice of the best conditions for carrying out both the production of the
samples with recycled CA and more detailed tests, such as dynamometry, DSC, and TGA,
which were planned for this article.
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U What types of fibres are there in theory? ‘
| Fh: Fibres without PEG in the core | PCFs: Fibres with PEG in the core |
ﬂ What differentiates these fibres? ‘
Molecular Weight Concentration ’ Concentration ’ Ejection Velocity
CA CA PEG2000 PEG2000

Py

U Eliminating Fu and fibres that are difficult to produce. What are the next steps?

|

Regarding morphology under a bright-field microscope: The uniform fibres with the PEG core visible in
the images move on to the next stage.

1 Regarding the FTIR test: The Fh and PCFs that showed the corresponding CA and PEG peaks went on to

the next stage.

Regarding the dynamometer test: The fibres with the best results in terms of tension (kPa) and elongation
(%) went on to the next tests.
| .
Since the most expected thing is to be uniform, have a visible core, have the corresponding
FTIR peaks of virgin materials and have higher Tensile Strength. What are the best fibres?

|

Samples:
Fh_30_30
PCF_30_20/40_140
PCF_30_30/40_130

PCF_30_30/40_140
Fh_50_10
PCF_50_10/40_140
PCF_50_10/80_150

|

The best fibres will be selected. These will be analysed by DSC and TGA |

Figure 6. A flowchart explaining the selection of the best samples.

The flowchart indicates that the samples with 40% and 80% PEG2000 performed better
than the remainder. Therefore, the production of the fibres with recycled CAt followed
the same conditions. In addition to Fut and Fht, PCFt was produced with 40% and 80%
PEG2000. The ejection velocities were set at 0.100 mL/min for 40% and 0.120 mL/min for
80% for both CA and CAt.

3.4. Morphology

At this point, only the fibres with the best performance in terms of wet spinning
production were analysed. Figure 7 illustrates the morphology of these 13 fibres, where
direct observation revealed that PCFs_30_30 have a more rounded, cylindrical shape. This
can be explained by the differences in concentration (30 wt. % (Mn 30,000) versus 10 wt. %
(Mn 50,000)). The production of PCFt with recycled CA in the sheath and PEG2000 in the
core was an innovation that encompassed everything from the solution phase to ejection by
wet spinning.
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Figure 7. Micrographs of the morphology of the hollow and PEG2000-incorporated fibres
obtained by brightfield microscopy. (a) Fh_30_30; (b) PCF_30_10/60_150; (c¢) PCF_30_10/80_150;
(d) PCF_30_20/40_140; (e) PCF_30_30/40_130; (f) PCF_30_30/40_140; (g) PCF_30_30/40_150;
(h) PCF_30_30/80_150; (i) Fh_50_10; (j) PCF_50_10/40_130; (k) PCF_50_10/40_140;
(I) PCF_50_10/80_140; (m) PCF_50_10/80_150; (n) Fht_8; (o) PCFt_8/40_100; (p) PCFt_8/80_120.

These fibres were then measured for thickness (Figure 8) using Image] software. As
can be seen in Figure 8, of the 29 fibres analysed, only 13 had a uniform morphology and a
visible core. The main difference between CA with Mn 30,000 and Mn 50,000 is in the molar
mass of the CA molecules [42,43]. In more practical terms, this difference in molar mass
can affect the material’s properties, such as its solubility, viscosity, and mechanical strength.

The different types of fibre structure were observed by SEM, as shown in Figure 9. In
general, the structures have an expected shape, where Fu, being uniaxial, has a cylindrical
structure. In comparison, Fh has a coaxial hole, albeit a small one, which could be affected
by the fact that it was filled with dH,O; when it met the coagulation bath, as it did not
have a core structure, the structure collapsed and flattened. The PCF composed of CA (Mn
30,000) in the sheath and PEG2000 in the core had a more cylindrical structure with a larger
opening compared to the PCF composed of CA (Mn 50,000) in the sheath and PEG2000 in
the core, which not only had a smaller coaxial structure but also had a flattened structure.
In addition, the PCFt with a PEG2000 with an 80% concentration in the core showed a
similar (albeit less uniform) structure to the PCF_50, with the same PEG2000 concentration.

The presence of PEG2000 inside the PCFs is not noticeable and can be explained
by a few possible factors. Firstly, as PEG2000 is diluted in dH,O and is in liquid form,
when cutting the PCF samples for SEM, the PEG could leak out. Another viable option
is the potential evaporation of the polymer during vacuuming. It is also likely that the
magnification of the test was not big enough to detect the PEG2000 in contact with the CA
and CAt sheath. Even though PEG detection was not possible, the goal of this test was the
visualisation of the coaxial fibres, which was achieved.
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Figure 8. Calculation of the thickness of the fibres produced by wet spinning with a detailed analysis

of the uniformity and presence of the visible core. Data presented as mean + SD (1 = 5).

Figure 9. SEM micrographs of the Fu, Fh, PCF and PCFt. (a) Fu_30_30; (b) Fh_30_30;
(c) PCF_30_30/40_140; (d) PCF_50_10/40_140; (e) PCF_50_10/80_150; (f) PCFt_8/40_100.
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3.5. Chemical Composition (ATR-FTIR)

ATR-FTIR was used to investigate the chemical composition of the hollow and uni-
axial fibres derived from CA [44,45]. The obtained spectra revealed characteristic peaks,
mainly at 1745, 1657, 1376, 1238, 1047, and 901 cm L, indicating the prevalent bonds and
functional groups within these fibres [46]. The 1745 cm~! peak was attributed to the stretch-
ing vibration of the carbonyl group (C=0) from acetate units, signalling the successful
acetylation [47]. A peak near 1657 cm ™!, approximating the expected band for C=0O stretch-
ing in DMF around 1670 cm ™!, refers to a potential residual solvent within the resultant
fibres [44]. Furthermore, peaks at 1376 and 1238 cm~! were ascribed to the symmetric
deformation vibrations of CH3 in the acetate units and the ester linkage C-O-C stretching in
the CA molecule, respectively [48]. A band at 1047 cm ™! confirmed the presence of typical
C-O stretching vibrations found in cellulose derivatives, further affirming the structural
integrity post fibre fabrication [44]. The 901 cm ™! peak is characteristic of the glycosidic
ring’s out-of-plane vibration, cementing the fibre’s polysaccharide character [49].

ATR-FTIR also provided detailed chemical structure analyses of the coaxial fibres
comprising a CA sheath enveloping a PEG2000 core (Figure 10a,b). The analysis exhibited
noticeable peaks, offering insights into molecular interactions and functional groups within
the fibre. The 2885 cm ! peak resonated with C-H stretching vibrations of methyl (-CH3)
and methylene (-CH;-) groups, aligning with PEG2000 repetitive methylene units and
cellulose acetate’s structural attributes [50]. A 1745 cm ™! peak corresponded to the C=0O
stretching vibration characteristic of the acetate groups bonded with the cellulose polymer,
underlining the seamless incorporation of the acetate structure [47]. The peak at 1657 cm !
is notable; while it aligns with C=0 stretching vibrations, potentially emanating from resid-
ual DME, it also alludes to potential contributions from PEG (more specifically, any traces
of water or -OH group deformations) [51]. Peaks observed at 1465, 1376, and 1368 cm ™!
match with the structural vibrations of PEG2000 and acetate groups, signifying methylene
deformation and methyl symmetric deformations, respectively [52]. Additionally, peaks at
1278, 1238, and 1105 cm ™! can be tied to varied C-O and C-O-C stretching, denoting the
ester connections in cellulose acetate and PEG2000 recurrent ether linkages [53]. Peaks at
1047, 939, and 901 cm~! further cement the polysaccharide nature of the fibre, with the
latter denoting the glycosidic ring’s out-of-plane vibration in cellulose structures [53]. The
835 cm ! peak might have origins in the PEG framework [50].

An FTIR analysis of the recycled CAt and its respective spectra are shown in Figure 10c.
As can be seen, the spectrum for the recycled CAt is very similar to the spectrum of the
commercial CA. There is a pronounced band at 1748 cm~!, which may be due to the
stretching of the ester’s carbonyl, a characteristic of acetyl groups. Based on the literature,
this peak is one of the main indications that cellulose has been acetylated [54]. It is also
possible to see the presence of a band between 1300 and 1200 cm ™! (peak at 1238 cm™1),
which represents the C-O stretching of acetate. The appearance of the band at 1376 cm ™!
corresponds to the vibration of the C-H bond, which is also a characteristic band of acetyl
groups. Therefore, the ATR-FTIR spectra indicate that acetylation of the cellulose molecule
has been successfully carried out [55].
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Figure 10. ATR-FTIR spectra of (a) Fh_30, PCF_30_10, PCF_30_20 and PCF_30_30 fibres; (b) Fh_50_10
and PCF_50_10 fibres; (c) CAt, Fht and PCFt fibres.
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3.6. Thermogravimetric Analysis (TGA)

The increase in temperature associated with polymer degradation was identified
in the variations in the fibres’ TGA curves, as shown in Figure 11. In the initial phase,
degradation was observed up to =100 °C in all the samples, with this phase corresponding
to the dehydration of the samples with the elimination of the dH,O molecules (associated
with humidity) [56] and potential traces of DMF and NMP solvents. As mentioned in the
Materials and Methods section, the fibres were stored for 24 h in a humidity-controlled
environment and, to maintain their integrity, they were subjected to TGA without the fibres
being completely free of dH,O. Both the Fh and the PCFs showed thermal stability up
to =300 °C and ~350 °C, respectively. Thereafter, mass losses were observed, consistent
with the endothermic peak recorded in the DSC around 415 °C (Figure 12) [57]. The fact
that PCFs, which have a CA sheath and a PEG core, showed thermal stability followed
by mass loss at a slightly higher temperature can be explained by the presence of PEG in
their core. Thus, the decomposition of the polymer takes place in two phases, with the first
degradation due to the breakdown of the PEG2000 chains and the second decomposition
due to the breakdown of CA [58]. According to the literature, the pyrolysis process of PEG
with a molecular weight above 1000 g/mol generally takes place at a temperature of 350 °C,
where thermal decomposition begins at the -C-O- and -C-C- bonds of the two chains and
is evident between 340 and 415 °C [59]. However, CA has high thermal stability, with a
degradation temperature of over 300 °C [58].

110
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Figure 11. TGA curves of the Fh, PCE Fht and PCFt fibres obtained from 25 to 500 °C under a
nitrogen atmosphere, flow rate of 200 mL/min, and temperature rise of 10 °C/min.

Considering that the PCFs with the best performance were selected, both visually and
through mechanical and thermal tests, the results presented by the TGA analysis may be
associated with the diameter of the PCFs. The PCFs with Mn 30,000 CA in the sheath had a
more cylindrical shape, thus better preserving the PEG at their core, while the PCFs with
Mn 50,000 CA showed flattening, which may have compromised the thermal stability of
the PCFs (as evidenced in the DSC data) and resulted in a slightly greater loss of mass [24].

Finally, regarding the TGA analysis for PCFt, as with the PCFs, degradation up to
~100 °C was recognized in all the samples, where the extent of this step corresponds
to the dehydration of the samples with the elimination of the dH,O molecules and the
NMP solvent present during production. CA synthesized with a degree of substitution of
2.90 registers the most important degradation step at 350-360 °C [55,60]. Therefore, the
results for PCFt with a degree of substitution of 2.83 are in line with the literature and show
similar thermal behaviour with a degradation temperature of ~350 °C.
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Figure 12. DSC curves of the Fh, PCF, Fht and PCFt fibres obtained from 25 to 500 °C under a nitrogen
atmosphere, flow rate of 200 mL/min, and temperature rise of 10 °C/min.

3.7. Differential Scanning Calorimetry (DSC)

DSC is used to study the thermal behaviour of materials and to determine enthalpy [33].
Figure 12 shows the DSC thermograms for Fh, Fht, PCFs and PCFts, in which coaxial fibres
have different CA molecular weights and concentrations and different PEG concentrations
and ejection velocities. Meanwhile, the corresponding thermal property data from the DSC
curves are shown in Figure 12.

At first, both Fh and Fht were subjected to DSC and, as can be seen in Figure 12, an
average endothermic transition occurred around 100 °C, which suggests the loss of moisture
absorbed from the solvents [20] and the elimination of water molecules [61]. An average
peak at ~137.26 °C was detected and associated with the glass transition temperature
of CA [62]. Finally, a last peak was detected at ~236.08 °C, which was attributed to the
crystallisation of the amorphous domains of the CA chains [61].

When the PCFs and PCFts were subjected to the DSC test, different behaviour was seen,
where the addition of PEG to the core of the CA and CAt fibres resulted in the appearance
of an average endothermic transition at ~38.30 °C and an average peak, representative of
PEG, at around 70.72 °C, with a variation of 10 °C which is attributed to the exothermic
crystallisation of PEG [63].

A peak at =89.25 °C was also observed because of the interactions between CA,
CAt and PEG, which displaced the peak detected in the pristine CA fibres at 92 °C. The
introduction of a plasticiser such as PEG into the core lowers the Tg of the CA polymer as
it causes a reduction in intermolecular forces, generating protective effects with functional
groups such as -OH [34]. The PEG acts as a working material and the CA entanglement,
due to secondary interactions, hinders and disturbs the orientation of the PEG molecular
chains [58]. This explains the displacement of the endothermic melting peak of PEG2000
crystallisation, since according to Ansu et al., this peak normally occurs in the 46-54 °C
range. These interactions between the carbonyl of CA and the hydroxyl groups of PEG
occur frequently, and this justifies the displacement of the characteristic PEG peak [63,64].
Finally, two endothermic peaks could still be observed, the first characteristic of CA and
CAt at =223.85 °C and the second referring to the PEG pyrolysis process at ~370.55 °C,
which generally happens around 350 °C, as detailed in the TGA discussion. As reported,
the higher the molecular weight of PEG, the higher the temperature at which the pyrolysis
process takes place, which explains the increase of ~20.55 °C [59].

The peaks around 70 °C determined the enthalpy of phase change (Table 3). This
reduction in PEG’s enthalpy of phase change was due to the disturbance in PEG crystalli-
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sation caused by the presence of CA [58]. There is a protective CA sheath, which, due to
the different molecular weights and concentrations, was better formed for PCFs_30_30;
consequently, PEG used less energy to change phases. Meanwhile, for PCF_50_10, as the
sheath was less developed and the PCF was flatter, PEG needed more energy to change the
phase. This explains why the enthalpy values were lower for PCFs_30_30. Therefore, the
corresponding experimental enthalpy values for PCFs_30_30 were lower than the theoreti-
cal ones, with the decrease in enthalpy being attributed to PEG crystallisation becoming
restricted and the possible entanglement between the PEG and CA molecular chains in the
sheath of PCFs and PCFt [65]. Another factor that may have influenced this was the use of
different PEG concentrations, i.e., even with a lower concentration for most of the PCFs,
the high temperature was able to distribute the solution evenly, so that crystallisation was
not negatively affected [58]. Finally, PCFs have good thermal reliability due to the PEG in
the core of the fibres, as discussed above.

Table 3. Thermal properties of Fh, Fht, PCF, and PCFt.

Samples Peak Temperature Melting Point
Q) (J/g)
Fh_30_30 139.84 111.78
Fh_50_10 134.42 140.46
Fht_8 137.52 134.39
PCF_30_20/40_140 78.02 108.43
PCF_30_30/40_130 72.26 56.38
PCF_30_30/40_140 64.87 50.51
PCF_50_10/40_140 61.61 70.91
PCF_50_10/80_150 74.96 106.40
PCFt_8/40_100 69.83 44.97
PCFt_8/80_120 72.84 41.52

3.8. Mechanical Behavior

The maximum elongation and maximum breaking strength of the Fh and PCF fibres
produced by wet spinning were analysed using 10 cm long filaments (Table 4). This test
was carried out to assess and observe the mechanical strength of the fibres.

Table 4. Mechanical testing of wet spinning fibres. Data presented as mean + SD (1 = 5).

Samples Maximum Elongation at Breaking Strength
Break (%) (kPa)
Fh_30_30 28.86 + 1.59 133.18 £+ 6.57
PCF_30_10/60_150 1.59 +0.14 105.54 + 14.73
PCF_30_10/80_150 2.46 +0.30 212.83 £ 52.80
PCF_30_20/40_140 14.32 + 0.22 1023.64 £ 52.56
PCF_30_30/40_130 28.46 £+ 1.08 1094.60 £ 150.04
PCF_30_30/40_140 2242 +0.84 1122.49 4 145.56
PCF_30_30/40_150 13.07 £ 0.93 920.01 + 104.02
PCF_30_30/80_150 25.40 £ 0.63 264.68 +22.18
Fh_50_10 16.50 £ 0.95 117.28 + 30.03
PCF_50_10/40_130 11.71 + 0.60 60.28 + 5.86
PCF_50_10/40_140 16.20 & 0.99 100.63 £ 13.22
PCF_50_10/80_140 12.98 £ 0.58 75.03 £ 17.68
PCF_50_10/80_150 21.62 +£0.42 105.69 + 15.68
Fht_8 4.00 £0.71 61.36 + 18.46
PCFt_8/40_100 7.18 £ 0.62 28.06 & 14.20
PCFt_8/80_120 9.02 £ 0.66 39.75+9.21

The fibres that did not show uniformity and a visible core could not be examined,
since after the production, they were flattened and open; this is due to the fibre collapsing
into its hollow interior and possible clogging of the needle.
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Reports have addressed the poor mechanical properties of CA alone as an obstacle
to many applications [66]. However, this does not significantly influence PCFs, since
the final application depends on the properties of the CA, PEG, and PCF composites
working together.

The tensile properties of wet-spun fibres can be affected by different factors, such as
the concentration of the CA, the direction of the test, the concentration of the solution, and
so on [34].

In this work, the tensile properties of PCFs and PCFt composed of CA and CAt in
the sheath and PEG2000 in the core were measured, examining the extent to which the
concentrations of CA and PEG can influence the final data. The cross-sectional area of the
fibres was measured using bright-field microscopy (Figure 8), and from those values, the
stress (kPa) could be calculated for each of the fibres. The maximum stress—stretch values
for Fh and PCFs are shown in Table 4.

The mechanical properties of PCFs are also sensitive to the acetyl content; the ten-
sile strength and modulus of elasticity are higher in CA with lower molecular weights
and higher concentrations. This indicates that increased acetylation produces a stronger
and stiffer material. The glass transition decreases as the degree of acetylation increases,
reflecting the reduced fraction of the amorphous phase [38]. Following the reasoning in
the literature, comparisons between PCFs—where the difference was in the molecular
weight of the CA—showed that fibres with a molecular weight of Mn 30,000 exhibit higher
tensions while fibres with Mn 50,000 show considerably lower values. This discrepancy
can be attributed to the fact that PCF_30_30 has a thicker and more well-formed sheath
compared to PCF_50_10. As for the comparison between the PCFs, where what changes
is the concentration of CA, the conclusion is that the higher the concentration of CA, the
higher values of elongation and tension. When the comparison factor was the concentration
of PEG2000, we observed that the lowest concentration, 40%, showed better results than the
higher concentrations. Finally, the PEG ejection velocity was peculiar, while the moderate
PEG velocity (0.140 mL/min) showed considerably higher values. This can be explained by
the fact that during fibre production, a moderate ejection speed (0.140 mL/min) can mean
that the PEG does not mix with the CA sheath, remaining stored inside and considerably
increasing the tension values [33]. As shown and discussed above, the PCFt had a less
uniform morphology and structure and because of that, these fibres were more fragile and
reported much lower values than expected compared to PCFs with commercial CA.

Therefore, the fibre with the highest tension value was PCF_30_30/40_140, which met
all the requirements of the previous analyses.

4. Conclusions

In this study, an innovative approach was used to produce coaxial fibres using the wet
spinning technique. These fibres were composed of cellulose acetate (CA) in the sheath,
with different molecular weights and concentrations, while the core was made up of
polyethylene glycol 2000 (PEG2000) with different concentrations and ejection speeds. The
research aimed to improve the thermal properties of these fibres for potential applications
in civil engineering. Chemical, thermal and mechanical tests were conducted to investigate
the presence and impact of PEG2000 on the fibres. The results confirmed the successful
production of coaxial fibres (PCFs) and the synthesis of recycled cellulose acetate (CAt).
Microscopic analyses, including bright-field microscopy and scanning electron microscopy
(SEM), differentiated between the core and the sheath, confirming the existence of coaxial
fibres. Despite the challenges in confirming the presence of PEG2000 by SEM due to its
liquid state, ATR-FTIR analyses showed representative peaks for CA, CAt and PEG2000
in all PCFs. Thermal tests (TGA and DSC) confirmed the presence of PEG2000, with the
CA sheath influencing the displacement of the phase change peak and the decrease in
PEG2000 enthalpy. The mechanical tests revealed varied performance between the fibres,
with PCF_30_30 exhibiting superior tensile properties. The presence of PEG2000 was
shown to improve the fibres” performance in terms of tension. As a next step, we suggest
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optimising wet spinning production systems to produce a more uniform fibre morphology
and structure, exploring alternative solvents, using coagulation baths, and addressing
drying processes to avoid mass loss at high temperatures. These improvements aim to
enhance fibre consistency, which is fundamental for civil engineering applications that
require a phase change between 50 and 60 °C.

Supplementary Materials: The following supporting information can be downloaded at:
https:/ /www.mdpi.com/article/10.3390/app14062473/s1, Table S1: Qualitative analysis of the
production of the fibres.
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