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Abstract

Polyethylene terephthalate (PET) plays a pivotal role in the chemical fiber industry, consti-
tuting over 50% of fiber consumption. However, the reduction of the recycled fiber-derived
viscosity of the PET significantly impacts its spinning performance and restricts its closed-
loop recycling to high-value regenerated fibers. To address these limitations, this study
explored the viscosity improvement of black and white waste fiber-derived polyester par-
ticles through a two-step process involving micro-glycolysis and self-polycondensation.
Initially, a continuous micro-glycolysis of fiber-derived PET was carried out in a twin-
screw extruder with ethylene glycol (EG), which effectively cleaves the ester bonds in
the PET chains, generating oligomers with reactive hydroxyl end groups. Subsequently,
these oligomers were repolymerized without purification, and a higher molecular weight
regenerated PET with enhanced intrinsic viscosity was obtained with antimony ethylene
glycolate (Sb-EG) as a catalyst. The results revealed that the intrinsic viscosity decreased
exponentially with increasing EG dosage during glycolysis, reaching approximately 50% of
the initial value at 0.2–2 phr EG dosages. Optimal viscosity enhancement was achieved
at a polycondensation time of 1–3 h, resulting in improved thermal stability and reduced
crystallization temperatures. Importantly, regenerated PET samples with EG dosages of
≤2 phr demonstrated intrinsic viscosities of about 0.70 dL/g, meeting the standard for
spin-grade polyester fiber, which is used to produce regenerated polyester fibers. This
recycling process is low cost, environmentally friendly, and easy to scale-up, contributing
significantly to the development of industrial recycling of waste polyester fabrics.

Keywords: polymer recycling; waste textile; polyester; controlled micro-glycolysis;
self-polycondensation

1. Introduction
With the increasing production and consumption of textiles worldwide, the com-

prehensive utilization of solid waste from the textile and apparel industry has attracted
growing attention [1]. Globally, the total amount of textile waste has reached approximately
92 million tonnes, with chemical fibers, such as polyester, nylon, and spandex, constituting
the majority of this waste. Among them, polyester (polyethylene terephthalate—PET)
fibers account for more than 50% [2]. Discarded PET textiles often contain dyes, pigments,
spinning additives, and other contaminants, which significantly deteriorate the thermal
stability, viscosity uniformity, and spinnability of the recycled materials [3]. Consequently,
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the development of efficient and high-value recycling technologies for waste polyester
fibers has become a key challenge in advancing the sustainable management of textile
solid waste [4–6].

Currently, the primary methods for recycling waste polyester fibers fall into two major
categories: chemical recycling and mechanical recycling [7]. Chemical recycling includes
glycolysis, hydrolysis, ammonolysis, pyrolysis, and so on [8]. Among them, glycolysis
is the most widely employed method [9], particularly the alcoholysis reaction involving
ethylene glycol. This process operates under mild conditions (180–240 ◦C, atmospheric
pressure) and offers diverse catalyst options, including metal catalysts [10–12], metal oxide
catalysts [13], ionic liquids [14–16], organic bases [17,18], nanoparticles [19,20], and others.
Zhifeng Ao et al. synthesized surfactant-free ZnO nanoparticles (SF-ZnO) and applied them
to the glycolysis of PET, and the PET conversion rate and BHET yield reached 100% and
97.3% respectively, demonstrating highly efficient catalytic performance and environmental
friendliness [21]. Yachan Liu et al. developed a series of metal-free choline-based ionic
liquids (ILs) as catalysts for the glycolysis of PET. Among them, choline acetate exhibited
the best performance, offering catalytic activity and environmental benefits comparable to,
or even surpassing, those of conventional imidazolium-based metal-containing ILs [15].
However, chemical recycling methods are typically batch solvent reactions, which suffer
from disadvantages such as time-consuming, significant scale-up challenges, and high
production costs. Additionally, a large amount of organic solvents used in the reaction and
purification processes also increases the procedure of reuse and poses potential environ-
mental pollution risks in scale-up production.

Mechanical recycling typically involves reprocessing waste polyester fibers through
dehydration and pelletizing and is widely used due to its simplicity and cost-effectiveness.
However, it still faces significant challenges regarding the degradation of mechanical
properties and the low value. During mechanical recycling, challenges such as feeding
difficulties and product heterogeneity often arise, resulting in regenerated materials with
inferior mechanical performance [22]. Qu et al. investigated the thermomechanical degra-
dation behavior of PET during repeated melt processing and reported that chain scission
induced by thermal and shear stresses led to a significant reduction in molecular weight and
intrinsic viscosity, thereby deteriorating the mechanical properties of the recycled PET [23].
Therefore, factors such as melting conditions, shear stress, and hydrolytic degradation
during melt processing can substantially reduce the melt strength of recycled polyester,
further deteriorating the product quality and limiting its range of applications.

Consequently, physicochemical recycling approaches have emerged as an effective
alternative, among which the most widely adopted industrial process involves glycolytic
depolymerization of PET using EG as the alcoholysis agent in a twin-screw extruder.
However, current research has primarily focused on PET wastes derived from bottle flakes,
industrial scraps, and food packaging materials [24]. In practice, approximately 60% of
global PET production is used in the textile and apparel industry. Specifically, textile waste
is typically in the form of loose, fibrous material, which complicates uniform feeding into
reactors and extrusion systems, thereby reducing recycling efficiency [25]. Additionally,
the high crystallinity further reduces the reactivity of fiber-derived PET wastes and slows
down the alcoholysis reaction [26]. Gaozhe Liu et al. found that the depolymerization
process of PET is slower and less efficient at higher crystallinities, due to the tightly packed,
ordered molecular chains in crystalline regions, which hinder the accessibility of glycolysis
agents like EG, requiring more energy for effective depolymerization [27]. Fiber-derived
PET recycling is still a challenge.

In this study, we propose a two-step recycling strategy that integrates controlled
micro-glycolysis of waste polyester fibers using EG as the alcoholysis agent in a twin-screw
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extruder and followed by self-polycondensation in a short time. This approach effectively
enhances the intrinsic viscosity of the recycled fiber-derived PET, meeting the quality stan-
dards required for textile applications. Initially, discarded polyester fibers were pretreated
and pelletized using a disc pelletizer to produce uniform recycled polyester pellets. This
process effectively reduced the material’s crystallinity and transformed it from a fluffy state
into a pelletized foam, facilitating subsequent processing. A comparative analysis was also
conducted on two types of recycled PET: black PET (rPET-E) and white PET (rPET-w-E).
rPET-E typically contains higher concentrations of dyes and other impurities, which can
hinder the depolymerization reaction rate and affect the final properties. While rPET-w-E
is less influenced by colorants, it still contains stabilizers, flame retardants, and other impu-
rities that may interfere with the depolymerization process. Feeding these pellets into the
twin-screw extruder for micro-glycolysis effectively overcomes the challenges of uneven
feeding and material inhomogeneity, common in conventional recycling. The intense shear
force generated by the twin-screw extruder ensures thorough mixing between EG and the
polyester matrix, significantly shortening the reaction time, while the filter screen at the
die head efficiently removes most solid impurities. In this process, ethylene glycol, a cost-
effective and industrially mature alcoholysis agent, depolymerizes the polyester pellets into
low-molecular-weight oligomers or monomers with a narrow molecular weight distribu-
tion and an increased number of reactive end groups, facilitating efficient chain-extension
reactions during subsequent polycondensation. The glycolyzed intermediates were then
transferred into a reactor, where Sb-EG was employed as the polycondensation catalyst
to produce high-quality recycled PET granules with enhanced viscosity, fully meeting
textile-grade specifications. This two-step extrusion–polycondensation strategy provides a
promising pathway for the upcycling and high-value recycling of waste polyester fibers,
enabling the production of textile-grade regenerated materials with improved performance.

2. Materials and Methods
2.1. Materials

Waste PET materials from the textile and apparel industry were sorted and shredded,
followed by melt processing in a disc pelletizer to obtain black PET particles (rPET-F, which
are from colored waste) and white PET particles (rPET-F-w, which are from white waste and
do not contain dyes). These recycled PET particles were produced on a large scale by Fujian
Baichuan Resource Recovery and Technology Co., Ltd, Fujian, China. Ethylene glycol (EG)
was purchased from Energy Chemical (Shanghai, China), and antimony ethylene glycolate
(Sb-EG) was obtained from Sinopharm Chemical Reagent Co., Ltd, Shanghai, China.

2.2. Micro-Glycolysis Process

In this experiment, the collected waste PET textiles (rPET-T) were pelletized using
a disc pelletizer to obtain waste polyester particles, rPET-F and rPET-F-w. As shown in
Table S1 and Figure S1, the crystallinity of rPET-T is 43.4% and the rPET-F is 27.5% after
disc pelletizing. This is due to the effect of friction and temperature in disc pelletizing,
making the fibers partially melt and bond together into lumps, which are then crushed
into irregularly compacted particles. The obtained compacted particles also solved the
feeding difficulties [3]. Both rPET-F and rPET-F-w were pre-dried in a vacuum drying oven
at 120 ◦C for over 12 h to minimize moisture content. Subsequently, the pre-dried rPET-F
or rPET-F-w were premixed with EG at the concentrations of 0, 0.2, 0.4, 0.6, 0.8, 1.0, 1.2, 1.4,
1.6, 1.8, 2, 4, and 6 phr, respectively. The mixtures were then introduced into a twin-screw
extruder for micro-glycolysis. The temperature profile from screw zones 1 to 10 was set
sequentially as 140, 165, 190, 230, 260, 268, 268, 265, 265, 260 ◦C, respectively. And the screw
rotation speed was maintained at 300 rpm. The resultant glycolyzed polyester samples
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were designated as rPET-E (black) and rPET-w-E (white). The formulations of rPET-E and
rPET-w-E samples are listed in Table 1.

Table 1. Formulation of glycolyzed polyester particle samples.

Sample rPET-F (wt%) rPET-w-F (wt%) EG (phr)

rPET-E1EG 100 - 1
rPET-E2EG 100 - 2
rPET-E4EG 100 - 4
rPET-E6EG 100 - 6

rPET-w-E1EG - 100 1
rPET-w-E2EG - 100 2
rPET-w-E4EG - 100 4
rPET-w-E6EG - 100 6

2.3. Self-Polycondensation Process

rPET-E or rPET-w-E were uniformly blended with 200 ppm of Sb-EG catalyst and
subsequently subjected to self-polycondensation in a high-temperature reactor. The reaction
was conducted at a temperature of 268 ± 10 ◦C, under a vacuum of ≤200 Pa, with stirring
at 750 rpm for 3 h. The resulting regenerated polyesters are designated as rPET-P (black)
and rPET-w-P (white). The formulations are detailed in Table 2.

Table 2. Formulation of regenerated polyester samples.

Sample rPET-F (wt%) rPET-F-w (wt%) EG (phr)

rPET-P1EG 100 - 1
rPET-P2EG 100 - 2
rPET-P4EG 100 - 4
rPET-P6EG 100 - 6

rPET-w-P1EG - 100 1
rPET-w-P2EG - 100 2
rPET-w-P4EG - 100 4
rPET-w-P6EG - 100 6

2.4. Characterizations

Thermogravimetric analysis (TGA) was performed using a Q50 thermogravimetric
analyzer (TA Instruments, New Castle, DE, USA). Approximately 6–9 mg of each sample
was weighed and heated from 35 ◦C to 700 ◦C at a constant heating rate of 10 ◦C/min
under a nitrogen atmosphere.

Differential scanning calorimetry (DSC) was performed using a Q20 calorimeter (TA
Instruments, New Castle, DE, USA). Approximately 6−8 mg of each sample was weighed
and subjected to the following thermal cycle: initial heating from 30 ◦C to 280 ◦C at a rate
of 10 ◦C/min, followed by a 5 min isothermal hold at 280 ◦C. The sample was then cooled
to 30 ◦C at a rate of −10 ◦C/min and reheated to 280 ◦C at 10 ◦C/min.

Rheological measurements were carried out using a DHR-2 rotational rheometer (TA
Instruments, New Castle, DE, USA). Rheological measurements were performed in stress-
controlled mode using a rotational rheometer equipped with 25 mm diameter aluminum
parallel-plate fixtures. The gap between the plates was set to 1 mm. Oscillatory frequency
sweeps were conducted within the linear viscoelastic region of the material, under a fixed
strain of 1.0%. All tests were carried out at 268 ◦C over a frequency range of 0.1 to 100 rad/s.

The intrinsic viscosity (IV) of the PET samples was determined using an Ubbelohde
viscometer (Type 1835, Shanghai, China). Approximately 0.15 g of each sample was
dissolved in 30 mL of a 1:1 (w/w) mixture of 1,1,2,2-tetrachloroethane and phenol. The
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solution was heated to 120 ◦C and stirred for 1.5 h to ensure complete dissolution. Flow
times of the sample solution and the solvent were measured in a 25 ◦C oil bath. Each
measurement was repeated three times, and the average value was used for calculation.
The IV was calculated using the following Equation (1) [28]:

IV =

√
1 + 1.4( t1

t0
− 1)− 1

0.35
(1)

where t1 is the flow time of the polymer solution, and t0 is the flow time of the pure solvent.
The viscosity-average molecular weight (Mη) was calculated from the IV using the

following Equation (2):

Mη = (
IV

2.1 × 10−4 )

50
41

(2)

where Mη is the viscosity-average molecular weight.

3. Results
The recycling process of fiber-derived PET via micro-glycolysis and self-polycondensation

involved two primary steps. Initially, rPET-F and rPET-F-w were blended with a specified
amount of EG and underwent micro-glycolysis extrusion using a twin-screw extruder, yielding
glycolyzed polyester samples rPET-E and rPET-E-w. Subsequently, these samples underwent
self-polycondensation under high temperature and vacuum conditions in a polycondensation
reactor to produce rPET-P and rPET-P-w with enhanced intrinsic viscosity. The detailed
process is illustrated in Figure 1.

 

Figure 1. Schematic illustration of the micro-glycolysis and self-polycondensation process for prepar-
ing regenerated polyester from fiber-derived PET particle waste.

3.1. Micro-Glycolysis and Self-Polycondensation in Recycled Polyester Particles

In the initial glycolysis stage, EG serves as a nucleophilic agent, selectively attacking
and cleaving the ester linkages in the PET backbone. Due to the small amount of EG used,
this reaction produces short-chain oligomers terminated with hydroxyl (–OH) end groups,
thereby decreasing the intrinsic viscosity, enhancing melt flowability, and generating
reactive chain ends for subsequent repolymerization. In the second stage, Sb-EG functions
as a catalyst to accelerate intermolecular esterification. This promotes the formation of new
ester bonds, driving step-growth polymerization and enabling molecular chain extension
and viscosity recovery. However, excess EG that is not effectively removed may act as a
chain terminator, limiting further polycondensation and reducing the overall efficiency of
viscosity enhancement. The detailed reaction mechanism is illustrated in Figure 2.
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Figure 2. Schematic illustration of the micro-glycolysis and self-polycondensation reaction mechanism.

3.2. Intrinsic Viscosity of Glycolyzed PET Particles

Figure 3 presents the variation in IV and viscosity-average molecular weight (Mη) for
rPET-E (a) and rPET-w-E (b) with EG dosage. As shown in Figure 3a, the intrinsic viscosity
of rPET-E decreases markedly with increasing EG addition. Specifically, at EG content of
1 phr, the intrinsic viscosity decreases from 0.57 dL/g to 0.38 dL/g, representing 33.3%
reduction relative to the untreated sample. When the EG dosage is increased to 2 phr,
the intrinsic viscosity further decreases to 0.30 dL/g, corresponding to a 47.4% reduction.
Beyond 2 phr, the decline in intrinsic viscosity becomes progressively less pronounced,
indicating an approaching plateau. Concurrently, the intrinsic viscosity of rPET-E exhibits
an exponential decrease with increasing EG concentration. At 2 phr EG, Mη approaches
approximately 7200 g/mol. The experimental data were fitted using a regression model,
yielding a high correlation coefficient (R2 ≈ 1), suggesting a strong predictive relationship
between EG content and the extent of molecular weight degradation. The fitted curve is
shown below:

y = 0.244 + 0.342e(−
x

1.11 ) (3)

where x represents the EG dosage (phr), and y denotes the IV (dL/g).

 
Figure 3. Exponential fitting curves of IV and Mη for (a) rPET-E and (b) rPET-w-E.

As illustrated in Figure 3b, the IV and Mη of rPET-w-E samples exhibit a similar
decreasing trend to that observed in rPET-E with increasing EG dosage. This trend is
consistent with the findings of Wang et al., whose study also demonstrated that during the
alcoholysis process, as the alcoholysis agent increased, the molecular weight and intrinsic
viscosity of PET decreased rapidly. When the alcoholysis agent exceeded 10 wt%, the effect
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plateaued, indicating that the alcoholysis process had reached saturation [28]. Specifically,
the IV of rPET-w-E decreases sharply from 0.53 dL/g to 0.18 dL/g at an EG dosage of 1 phr.
When the EG dosage is further increased to 2 phr, the intrinsic viscosity drops to 0.11 dL/g.
Beyond this level, the rate of decrease becomes progressively less pronounced, indicating
a plateau-like behavior, with no significant viscosity reduction at higher EG dosages. A
comparable trend is observed for the Mη . As the EG dosage increases, the Mη of rPET-w-E
decreases substantially, reaching approximately 2100 g/mol at 2 phr. The experimental
data were fitted using a regression model, resulting in the following fitted curve:

y = 0.109 + 0.431e(−
x

0.565 ) (4)

A comparison of the IV curves for glycolyzed black and white polyester particles
reveals that, at the same EG dosage, rPET-w-E exhibits a lower intrinsic viscosity than
rPET-E. Moreover, the reduction in IV for rPET-F-w is more pronounced, indicating that
the white particles are more sensitive for the EG to chain scission under identical gly-
colysis conditions. It indicates that the presence of impurities in rPET-E influences the
alcoholysis of PET. When the EG content is below 2 phr, both types of particles exhibit a
substantial decrease in IV and a significant increase in melt fluidity. This confirms that
the EG dosage is a critical parameter in regulating chain cleavage during the glycolysis
process. Enhanced melt fluidity is advantageous for removing the embedded impurities
from polyester particles. However, excessive fluidity can be detrimental to the following
processing, particularly when the melt becomes too weak to be drawn and can only be
conveyed. At EG dosages exceeding 2 phr, the depolymerization efficiency reaches a
plateau, with no further substantial improvements. This saturation behavior suggests that
most accessible ester linkages have already reacted. Additionally, excess EG may be lost
due to evaporation under high processing temperatures or may not react effectively due
to limited residence time in the twin-screw extruder, resulting in a nonlinear relationship
between EG addition and its actual reactive availability in the melt.

Therefore, controlling the IV is essential to balance the glycolysis efficiency with down-
stream processability in the recycling of waste polyester materials. In this study, empirical
models were established based on multiple experimental datasets, providing predictive
equations for IV. These models can guide the selection of appropriate EG dosages based on
specific product requirements, enabling precise and tunable glycolysis performance.

3.3. Thermal Properties of Glycolyzed Polyester Particles

Figure 4 presents the TGA and DTG curves of rPET-E and rPET-w-E samples gly-
colyzed with different dosages of EG, while Table 3 summarizes the corresponding thermal
decomposition data. As shown, the Td values of both rPET-E and rPET-w-E samples
decrease slightly with increasing EG content. At an EG dosage of 2 phr, the Td of rPET-E
drops by 7.6 ◦C while that of rPET-w-E decreases by 3.8 ◦C, compared to their respective
non-glycolyzed counterparts. Moreover, the DTG curves for each sample series are nearly
superimposed. These results suggest that while glycolysis with increasing EG dosage leads
to partial chain scission and a reduction in molecular weight, the overall decrease in thermal
decomposition temperature remains minimal. This implies that the resulting glycolyzed
products still retain sufficient molecular weight and exhibit good thermal stability.
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Figure 4. TGA curves of rPET-E and rPET-w-E (a,c); DTG curves of rPET-E and rPET-w-E (b,d).

Table 3. Td and Tmax of rPET-E and rPET-w-E samples.

Sample rPET-E rPET-w-E

EG Content (phr) Td (◦C) Tmax (◦C) Td (◦C) Tmax (◦C)

0 400.75 438.43 402.37 437.24
0.2 400.60 439.34 402.35 438.42
0.4 400.78 439.54 402.56 439.08
0.6 400.16 439.06 403.79 442.32
0.8 399.23 439.63 402.96 438.61
1 400.63 440.01 401.36 433.34

1.2 400.69 439.34 401.65 433.58
1.4 398.64 438.45 400.44 437.37
1.6 398.47 439.17 400.03 439.73
1.8 397.92 438.79 399.55 440.34
2 393.16 438.62 398.57 438.82
4 390.61 438.56 397.52 437.3
6 389.68 438.50 398.19 437.84

Figure 5 displays the DSC results for rPET-w-E samples glycolyzed with various
dosages of EG, where Figure 5a,b show the second-cycle cooling curves and Figure 5c,d
show the third-cycle heating curves. The corresponding thermal parameters, including
crystallization temperature (Tc), melting temperature (Tm), and glass transition temperature
(Tg), are summarized in Table 4. In the cooling profiles, a noticeable increase in Tc is
observed upon the addition of EG. Specifically, at 0.2 phr EG, Tc rises from 214 ◦C (pristine
PET particles) to 218 ◦C. As the EG dosage increases further, Tc continues to climb, reaching
220 ◦C at 6 phr, representing an overall enhancement of 6 ◦C relative to the untreated
sample. This behavior is attributed to the molecular changes induced by glycolysis, and
the PET backbone undergoes partial depolymerization, generating short chains. These
species not only enhance chain mobility but also serve as effective nucleation sites, thereby
facilitating crystallization during cooling and elevating Tc. In the subsequent heating scan,
Tg decreases progressively with increasing EG content. Since Tg reflects the onset of chain
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segment mobility, this trend suggests reduced molecular weight and chain entanglement in
the glycolyzed samples, requiring less thermal energy to transition from the glassy to the
rubbery state. A similar trend was reported by Levente Kárpáti et al., it was observed that
with an increase in the amount of adipic acid (AdAc), the Tg of the resulting unsaturated
polyesters after glycolysis-polycondensation showed a significant decreasing trend [29].
Meanwhile, Tm exhibits a slight increase. The melting behavior evolves from a single peak
in the non-glycolyzed sample to a distinct double-peak structure starting at 1.2 phr EG.
With higher EG dosages, this dual-melting phenomenon becomes more pronounced. The
lower temperature melting peak weakens, while the higher temperature peak intensifies.

Figure 5. DSC curves of rPET-E samples prepared with varying EG dosages: second cooling
curves (a,b) and third heating curves (c,d).

Table 4. DSC data of rPET-E samples prepared with varying EG dosages.

Sample Tm1 (◦C) Tm2 (◦C) Tc (◦C) Tg (◦C)

0 248.45 - 214.23 75.57
0.2 249.83 - 218.51 76.08
0.4 250.00 - 219.27 75.77
0.6 250.26 - 219.81 76.35
0.8 249.78 - 220.47 76.40
1 249.96 - 220.32 75.77

1.2 252.91 248.80 220.84 72.17
1.4 253.28 245.65 220.58 69.69
1.6 252.85 244.15 220.36 66.81
1.8 252.49 243.60 220.31 67.07
2 252.34 243.36 220.08 69.04
4 249.67 239.04 220.72 63.20
6 250.57 239.20 220.36 61.29

This bimodal melting response is indicative of heterogeneous crystals. The lower Tm

peak corresponds to the melting of imperfect or small crystallites, while the higher Tm

peak is attributed to more stable and ordered crystals that may form during the heating
process via melt-recrystallization. Such a dual-peak profile is characteristic of a melt–
recrystallization–remelt mechanism [30]. As the EG dosage increases, the enhanced chain
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mobility promotes crystalline rearrangement, facilitating the formation of thermodynami-
cally favorable crystalline domains.

Figure 6 presents the DSC thermograms of rPET-w-E samples glycolyzed with different
EG dosages. Figure 6a,b show the second-cycle cooling curves, while Figure 6c,d show the
third-cycle heating curves. The corresponding thermal parameters, including Tm, Tc and
Tg, are summarized in Table 5. As shown, Tc increases, reaching approximately 220 ◦C
across all EG-treated samples. Notably, when the EG content exceeds 1 phr, the melting
curves begin to exhibit shoulder peaks, indicating the presence of multiple crystals. As the
EG dosage increases further, the temperature difference between the main melting peak
and the shoulder peak becomes more pronounced. This behavior reflects the coexistence of
less-ordered and more-ordered crystalline regions formed during the thermal history and
recrystallization processes. Similar to the rPET-E samples, the introduction of EG leads to
the cleavage of the ester bonds in the PET backbone, resulting in chain scission, molecular
weight reduction, and enhanced segmental mobility.

Figure 6. DSC curves of rPET-w-E samples prepared with varying EG dosages: second cooling curves
(a,b) and third heating curves (c,d).

Table 5. DSC data of rPET-w-E samples prepared with varying EG dosages.

Sample Tm1 (◦C) Tm2 (◦C) Tc (◦C) Tg (◦C)

0 EG 252.48 - 217.52 81.16
0.2 EG 251.43 - 220.16 80.90
0.4 EG 252.07 - 220.62 78.67
0.6 EG 253.44 - 220.53 78.78
0.8 EG 255.31 - 222.19 74.20
1 EG 255.18 - 221.50 77.61

1.2 EG 254.49 246.68 221.66 71.20
1.4 EG 253.65 244.55 221.25 72.56
1.6 EG 252.88 243.13 220.51 68.66
1.8 EG 253.13 244.08 221.91 73.81
2 EG 252.78 242.89 220.9 66.84
4 EG 250.27 239.34 220.94 63.54
6 EG 248.35 235.08 220.26 57.05
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3.4. Intrinsic Viscosity of Regenerated PET

To determine the optimal polycondensation time for intrinsic viscosity enhancement,
a series of self-polycondensation trials were conducted using glycolyzed rPET-E1EG as
the starting material. Figure 7 illustrates the IV of regenerated polyester as a function of
polycondensation time. A clear trend is observed: the IV initially increases with reaction
time, reaches a peak, and subsequently decreases. For textile applications, the minimum IV
requirement for polyester fibers is typically >0.60 dL/g. When the polycondensation time
varied from 1 to 4, all rPET samples exceeded this threshold, confirming their processability
via melt-spinning. After 1 h of reaction, the IV reaches 0.64 dL/g and continues to increase,
peaking at 0.72 dL/g at 3 h. However, extending the reaction time to 4 h leads to a noticeable
decrease in intrinsic viscosity. This behavior is attributed to the competing mechanisms of
chain growth and thermal degradation occurring simultaneously in the reactor. During the
first 3 h, the polycondensation is dominant; beyond this point, prolonged exposure to high
temperature promotes chain scission, leading to a net reduction in Mη and IV. Therefore, in
subsequent experiments, the reaction time was limited to a maximum of 3 h.

Figure 7. Intrinsic viscosity of regenerated polyester as a function of polycondensation time. The dashed
line represents the minimum intrinsic viscosity required for polyester fiber spinning (0.60 dL/g).

Figure 8 shows the IV and Mη for rPET-w-E samples glycolyzed with varying EG
dosages after 3 h of self-polycondensation. As shown in Figure 8a, the IV of the regenerated
PET decreases exponentially with increasing EG dosage after 3 h of self-polycondensation.
This trend suggests that excessive chain scission caused by higher EG content limits the
efficiency of molecular weight recovery. In Figure 8b, a significant increase in IV is observed
after self-polycondensation of the glycolyzed samples. Specifically, the IV of the regenerated
polyester derived from the 0.2 phr EG-treated rPET-w-E reaches 1.09 dL/g, while that of
the sample glycolyzed with 1 phr EG increases to 0.72 dL/g. However, at an EG dosage of
6 phr, the IV of the regenerated polyester drops to 0.53 dL/g, indicating a diminished chain
extension efficiency. This decline can be attributed to residual unreacted EG entrapped in
the glycolyzed intermediate. During twin-screw extrusion, not all the EG is consumed when
its dosage increases. The remaining EG acts as a chain terminator or sterically interferes with
the polycondensation reactions, thereby limiting molecular weight growth and reducing
the final IV. Therefore, strict control of EG dosage is essential in the micro-glycolysis and
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self-polycondensation process. An optimal balance must be achieved—sufficient EG should
be used to enhance melt flow and facilitate impurity removal, but excessive EG must be
avoided to prevent inhibition of polycondensation.

Figure 8. (a) Fitted curves of Mη and IV for rPET-w-P samples glycolyzed with varying EG dosages
and 3 h of self-polycondensation; (b) comparison of IV values for white PET particles samples before
and after self-polycondensation with different EG dosages. The dashed line represents the minimum
intrinsic viscosity required for polyester fiber spinning (0.60 dL/g).

These results demonstrate that under well-regulated conditions, the “micro-glycolysis–
self-polycondensation” strategy effectively enhances the IV of waste polyester. EG dosages
in the range of 1–2 phr are optimal for achieving efficient chain scission and molecular
weight recovery without compromising the quality of the regenerated polyester.

3.5. Thermal Properties of Regenerated Polyester Samples

Figure 9 displays the TGA curves (a), the DTG curves (b), the DSC cooling curves (c),
and the heating curves (d) of rPET-P samples obtained by self-polycondensation for 3 h with
various EG loadings glycolysis. The corresponding thermal parameters are summarized
in Table 6. The TGA results reveal that the Td of samples after polycondensation increase
slightly compared to their glycolyzed counterparts. For example, at an EG dosage of 2 phr,
the Td increases from approximately 393.13 ◦C (glycolyzed sample) to 404.22 ◦C (after
3 h polycondensation), representing an enhancement of about 11 ◦C. This increase clearly
indicates improved molecular weight and structural integrity during polycondensation,
thereby enhancing the thermal stability of the regenerated PET. The DSC analyses show a
notable decrease in Tc following polycondensation. Specifically, at 2 phr EG, Tc decreases by
approximately 6 ◦C compared to the glycolyzed samples. This reduction may be attributed
to increased molecular entanglement and chain length, which restricts the chain mobility
and consequently retards the crystallization kinetics upon cooling.

Furthermore, Tm behaviors also significantly change after polycondensation. When
EG dosages are in the range 2−6 phr, substantial chain scission during glycolysis is followed
by efficient recombination and homogenization during polycondensation, resulting in a
more uniform molecular weight distribution. Thus, the DSC heating curves exhibit a single
melting peak, representing a homogeneous and stable crystalline structure. However, in
the absence of glycolysis (EG content is 0 phr), the PET chains have difficulty undergoing
polycondensation due to the lack of reactive end groups. The coexistence of short chains
and long chains leads to different crystalline domains as shown in Figure 9d. When the EG
content increases to 1 phr, the lower melting peak becomes smaller. Lastly, the Tg markedly
increases after polycondensation, consistent with enhanced chain length and entanglement
density, resulting in reduced segmental mobility and greater rigidity of the polymer matrix.
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Figure 9. TGA curves (a,b) and DSC curves (c,d) of rPET-P samples obtained by self-polycondensation
for 3 h with various EG loadings glycolysis.

Table 6. TGA and DSC analysis of rPET-PxEG samples.

Sample Td (◦C) Tmax (◦C) Tm1 (◦C) Tm2 (◦C)

rPET-P0EG 401.23 438.17 244.73 250.89
rPET-P1EG 403.87 439.70 243.67 250.48
rPET-P2EG 404.22 439.06 - 249.05
rPET-P4EG 403.02 438.41 - 249.26
rPET-P6EG 403.23 439.07 - 249.38

Figure 10 presents the TGA curves (a), DTG curves (b), DSC cooling curves(c), and
heating curves (d) of rPET-w-P samples obtained by self-polycondensation for 3 h with
various EG loadings glycolysis. The corresponding thermal parameters are summarized in
Table 7. The rPET-w-P samples exhibit trends analogous to those observed for the rPET-P
counterparts. The TGA results indicate that self-polycondensation effectively facilitates
chain extension and molecular restructuring, significantly enhancing the thermal stability
of the material. For instance, at an EG dosage of 2 phr, the Td increases from approximately
398.57 ◦C (glycolyzed) to 403.02 ◦C after polycondensation, representing an increment of
about 4.5 ◦C. The DSC results similarly reveal a marked decrease in the Tc of the white
regenerated PET after polycondensation. Specifically, at 2 phr EG dosage, the Tc drops
by approximately 1.6 ◦C, implying enhanced molecular entanglement restricting chain
mobility. Additionally, the Tm increases slightly, reflecting a more orderly and uniform
crystalline structure, while the Tg exhibits a pronounced rise, indicative of increased
molecular weight and restricted segmental mobility.
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Figure 10. TGA curves (a,b) and DSC curves (c,d) of rPET-w-P samples obtained by self-
polycondensation for 3 h with various EG loadings glycolysis.

Table 7. TGA and DSC analysis of rPET-w-PxEG samples.

Sample Td (◦C) Tmax (◦C) Tm1 (◦C) Tm2 (◦C)

rPET-w-P0EG 402.73 437.62 245.15 252.33
rPET-w-P1EG 402.90 438.17 - 251.97
rPET-w-P2EG 403.02 436.54 - 251.6
rPET-w-P4EG 402.80 436.98 - 252.33
rPET-w-P6EG 403.33 436.63 - 251.74

Overall, both black and white regenerated PET samples demonstrate improved thermal
stability following polycondensation. However, the black PET samples exhibit a slightly
greater enhancement in thermal stability than their white counterparts, which is likely due to
differences in impurity content or the initial degradation level of the raw materials.

The regenerated PET pellets obtained after glycolysis and subsequent polycondensa-
tion were further processed via melt spinning at Fujian Baichuan Resource Recovery and
Technology Co., Ltd. The rPET-P1EG exhibited good spinning properties when applied to
the production of regenerated polyester monofilaments and regenerated polyester fibers.
The fiber-derived recycled PET can serve as feedstock for the production of regenerated
polyester monofilaments. The tensile strength was 2.89 cN/dtex and the elongation at
break was 38.3% for the monofilaments with a diameter of 0.74 mm tested according to
the GB/T 14344-2008 standard [31]. Moreover, it can partially substitute recycled PET
bottle flakes (rPET-B) at substitution ratios of 30% in the manufacture of recycled colored
yarns without compromising the mechanical performance. The produced material was
tested with the following result. The tensile strength and elongation at break 150 D of
regenerated polyester fibers were 4.04 cN/dtex and 22.9%, respectively, according to the
GB/T 14644-2008 standard. The detailed mechanical performance data are provided in the
Supporting Information (SI). This result indicates the technical feasibility and industrial
potential of converting waste polyester fibers into high-value textile materials, thereby
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providing a promising pathway for the high-value recycling and circular utilization of
polyester textile waste.

3.6. Rheological Characterization of Regenerated Polyester Samples

Figure 11 illustrates the relationship between complex viscosity (η*) and angular fre-
quency (ω) for rPET-P (a) and rPET-w-P (b) samples prepared using varying EG amounts
after polycondensation. The results indicate a clear reduction in complex viscosity with in-
creased EG dosage. At lower EG dosages (0–2 phr), glycolysis results in limited chain scission,
preserving the molecular weight and chain length of the PET samples. The intermediates
retain long polymer chains and a high degree of end-group reactivity, which facilitate effec-
tive chain extension during the subsequent self-polycondensation process. This leads to the
formation of a stronger molecular network, and consequently, the samples exhibit higher η*.
This correlation demonstrates that maintaining longer polymer chains and high end-group
reactivity enhances molecular entanglement and network formation, which is directly linked
to the observed increase in viscosity. Therefore, the molecular architecture, characterized by
longer chains and reactive ends, is a key determinant of the polymer’s rheological properties,
influencing its flow behavior and processability. Conversely, higher EG dosages (4–6 phr)
significantly increase the extent of polymer chain scission during glycolysis, leading to shorter
oligomeric chains with lower molecular weights. These shorter chains have limited ability
to extend during polycondensation. During the subsequent polycondensation, the residual
unreacted EG further impedes efficient molecular recombination and chain growth, leading
to a marked reduction in molecular weight. As the molecular weight decreases, its viscosity
and processing stability diminish.

Figure 11. Complex viscosity as function of frequency for rPET-PxEG (a) and rPET-w-PxEG (b).

Overall, controlling the EG dosage (approximately 1 phr) proves essential for achieving
optimal viscosity and processing performance in regenerated PET. This dosage strikes a
balance between maintaining chain length and reactivity, which is crucial for achieving the
desired molecular architecture and rheological properties.

4. Conclusions
This study successfully demonstrated an efficient approach to improving the viscosity

of waste fiber-derived PET through micro-glycolysis and self-polycondensation. EG dosage
is a key factor to balance macromolecular degradation and reconstruction, enhancing
intrinsic viscosity, thermal stability, and processability. Specifically, a moderate EG dosage
(~1 phr) was most effective in facilitating polymer reformation and achieving the desired
viscosities, whereas excessive EG (≥2 phr) adversely impacted the chain growth and melt
properties. Thereby, the relationship between PET IV and EG was constructed and used
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as guidance for the process parameter selection. Regenerated polyester monofilaments
and regenerated polyester fibers were produced by melt-spinning from regenerated fiber-
derived PET, and their mechanical properties met the required standards. These findings
provide a viable route for upgrading recycled PET to meet textile industry standards,
contributing significantly to sustainable waste management practices and resource recovery.

Supplementary Materials: The following supporting information can be downloaded at: https://www.
mdpi.com/article/10.3390/polym18060727/s1, Figure S1: DSC Curves of rPET-F and rPET-T. (a) Heating
curve, (b) Cooling curve. Table S1: DSC Thermal Performance Parameters of rPET-F and rPET-T.
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