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Chemical recycling of polyester through depolymerisation processes is a promising strategy to mitigate
the environmental burden of polyester-containing textile waste. However, residual disperse dyes in depo-
lymerised products often degrade the purity and whiteness of recovered monomers. Conventional dye
removal methods, such as solvent extraction, frequently fail to achieve complete dye removal. Herein, we
report the development of iron oxide magnetic nanoadsorbents capped with three hydrophobic ligands
for the efficient removal of disperse dyes from monomer solutions. Strong hydrophobic interactions
between the ligands and dye molecules significantly enhance adsorption efficiency. Systematic evaluation
with different dyes reveals that molecular features such as contour length, polarisability, and flexibility
strongly influence adsorption performance. The dye-adsorbed nanoadsorbents are readily recovered
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through magnetic separation and reused without structural degradation. By applying the nanoadsorbents
to the decolourisation of depolymerised coloured textiles, we obtained highly pure white monomers suit-
able for repolymerisation into textile-grade materials. These findings highlight a sustainable and reusable
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Introduction

Global polyester textile production is increasing annually,
reaching 74 million tonnes in 2022, and accounts for more
than half of the total textile market owing to its superior pro-
perties, such as excellent tensile resistance, wash fastness, and
abrasion resistance.’ The mass production of polyester-based
fibres has resulted in a substantial amount of discarded tex-
tiles. At present, textile waste is mainly managed through land-
filling or incineration, which not only causes soil and air pol-
lution but also depletes available resources in the textile value
chain.”?
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nanomaterial platform for dye removal during the recycling of polyester textiles.

Recycling or upcycling polyester-based textile waste into
high-value pure fibres is considered a feasible solution to
address the associated environmental issues, particularly for
polyethylene terephthalate (PET) fibres. Waste polyester fibres
can be recycled via chemical recycling, where the polymer is
depolymerised into monomers and subsequently repoly-
merised.? Nucleophilic solvents, such as ethylene glycol, water,
and methanol, are commonly employed for depolymerisation
through nucleophilic substitution of the ester bonds in poly-
ester chains.” Among these approaches, ethylene glycol-based
depolymerisation, known as glycolysis, has emerged as a
promising methodology due to its mild reaction conditions
and cost-effectiveness.®”’

When applying glycolysis to polyester-containing textiles, the
influence of dyes on both process controllability and product
purity must be carefully considered.> Dye molecules in coloured
polyester can induce undesirable side reactions, reduce the
intrinsic viscosity of polyester chips, yield low-value recycled
polyester, and even pollute the working environment during re-
cycling. Furthermore, dyes that remain after the recycling
process can cause unpredictable coloration in recycled products,
thereby decreasing the market value of textiles produced from
recycled fibres with undesired colours.>®® Therefore, dye
removal constitutes a critical step in fibre-to-fibre recycling.
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The conventional method for removing dyes from textile
waste is solvent extraction, in which dye molecules are
removed using appropriate solvents. Solvents with solubility
parameters and polarity similar to those of dye molecules,
such as N,N-dimethylformamide, dimethyl sulfoxide, chloro-
benzene, chloroform, acetic acid, and ethylene glycol, are com-
monly employed for dye extraction with high throughput.®'%"!
However, this method cannot completely eliminate residual
dyes inside fibres because the process is governed by the equi-
librium partitioning of dyes between the fibre and solvent.>"?
At equilibrium, the dye concentrations in the fibre and solvent
balance, leaving a significant proportion of dye molecules in
the textile. Furthermore, strong dye-polymer interactions sub-
stantially reduce extraction efficiency. Due to their high stabi-
lity within the dense fibre matrix, dye molecules tend to
remain inside the fibres rather than migrate into the solvent."®
In particular, for polyester textiles that use disperse dyes con-
taining azo or anthraquinone groups, the hydrophobic dye
molecules are strongly encapsulated in the amorphous regions
of the polyester, making their removal especially difficult."*
Continuous solvent infusion has been attempted to enhance
dye extraction efficiency; however, this approach requires a
large amount of solvent, thereby resulting in high cost and
additional environmental burdens."

An additional dye removal step for polyester textiles is there-
fore required to eliminate residual dye molecules. After depoly-
merisation of the polymer chains into monomers, dyes that
are previously trapped in the amorphous regions of polyester
fibres become unencapsulated, enabling their removal by
adsorption using adsorbents such as activated carbon.'®'’
Although activated carbon exhibits strong adsorption capacity
for disperse dyes, its application has largely been limited to
wastewater treatment and has not been widely adopted for dye
removal after chemical recycling owing to selectivity issues and
desorption challenges."® For instance, bis(2-hydroxyethyl) tere-
phthalate (BHET), a product of PET chemical recycling, is also
adsorbed within the pores of activated carbon via n-n inter-
actions, leading to significant production losses." Moreover,
desorption of adsorbed dyes requires substantial time and
energy, thereby increasing the cost of adsorbent
regeneration.™'® Therefore, the development of selective adsor-
bents suitable for chemical recycling of waste fibres is urgently
required.

In this study, we developed selective dye removal agents
based on dispersible superparamagnetic nanoparticles. Using
these nanoparticles, we eliminated 83% of residual dyes from
the solution and recovered the dyes after magnetic separation.
Through ligand engineering of the magnetic nanoparticles, we
investigated the influence of the ligand structure and chain
length on the adsorption properties of various dyes.
Employing this adsorbent, we extracted dyes from coloured
chemically recycled products and subsequently obtained white
monomers (L* = 71.51, a* = 3.13, b* = 2.83) from depoly-
merised PET. These results suggest a potential solution to the
problem of residual dyes, which constitute a major bottleneck
in the chemical recycling of coloured fibres.

28024 | Nanoscale, 2025, 17, 28023-28032

View Article Online

Nanoscale

Results and discussion
Characterisation of nanoparticles

We prepared three types of iron oxide nanoparticles capped
with different ligands (oleate, stearate, and laurate) via thermal
decomposition of Fe(acac); precursors at 290 °C in benzyl
ether solvent in the presence of each ligand.?*”>> TEM images
of the oleate-, stearate-, and laurate-capped iron oxide nano-
particles show high monodispersity with sizes ranging from
6.6 nm to 7.1 nm (Fig. 1a—c). Successful encapsulation of the
ligands was confirmed by Fourier transform infrared (FT-IR)
spectra of the synthesised nanoparticles (Fig. 1d and Fig. S1).
Peaks at 2927 cm ™" and 2857 cm™" observed for all three types
of nanoparticles correspond to the asymmetric and symmetric
C-H stretching modes of the hydrocarbon chains of the
ligands, confirming effective ligand passivation on the nano-
particle surfaces.”>** Small differences in the IR spectra reflect
structural variations among the ligands. For instance, a peak
at 3004 cm™" in oleate-capped nanoparticles indicates the pres-
ence of C=C double bonds, as this peak is characteristic of
C-H vibrations in unsaturated bonds.>®> A shoulder peak at
2960 cm™" for laurate-capped nanoparticles corresponds to
C-H stretching of primary carbons, which is attributed to the
higher proportion of primary carbons in laurate (carbon
number = 12) compared with oleate and stearate (carbon
number = 18).%°

The crystal structures of the synthesised iron oxide nano-
particles were analysed using XRD. The peaks at 30°, 34°, 42°,
53°, 56°, and 62° matched well with the (220), (311), (400),
(422), (511), and (440) planes of magnetite (Fe;0,) with a
spinel structure, confirming that the oleate-, stearate-, and
laurate-capped nanoparticles are magnetic materials.””*®
Their magnetic properties were characterised under an applied
magnetic field (H) ranging from —1.5 T to 1.5 T at room temp-
erature. All nanoparticles exhibited high saturation magnetisa-
tion of 50-60 emu g, indicating that they can be efficiently
recovered with external magnets after dye adsorption.>® The
negligible coercivity and remanence of the nanoparticles,
attributed to their nanoscale domain structures, ensure that
the nanoparticles remain well-dispersed in media.**'

Decolourisation of disperse dye solution

We applied the three types of Fe;O, nanoparticles capped with
hydrophobic ligands as adsorbents to remove residual dye
molecules and produce highly pure recycled products from
waste polyester textiles. Most polyester clothing contains dis-
perse dyes, which are generally categorised as conjugated
molecules containing azo or anthraquinone groups.*” In this
study, conventional azo and anthraquinone dyes with identical
hues, Disperse Red 1 and Disperse Red 60, were selected as
model systems to test the applicability of the method to
different chromophores (Fig. 2). In addition, two conventional
anthraquinone dyes with different hues, Disperse Blue 56 and
Disperse Yellow 54, were chosen to investigate structural
effects (Fig. 2). For simplicity, these four conventional dyes are
hereafter referred to as DR1, DR60, DB56, and DY54.
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Fig. 1 Structural characterisation of FezO4 nanoparticles capped with different ligands: (a—c) Schemes (top) and TEM images (bottom) of oleate-,
stearate-, and laurate-capped nanoparticles, respectively; (d) FT-IR spectra; (e) XRD patterns; and (f) VSM curves.

Dye removal experiments were performed using nanoadsor-
bents capped with three types of ligands: oleate, stearate, and
laurate. Both stearate and oleate ligands contain 18 carbon
atoms and have similar contour lengths, but their structures
differ: the cis-C=C double bond in the oleate ligand induces a
bent conformation, whereas stearate has a linear confor-
mation. Laurate ligands, on the other hand, have a shorter
chain length of 12 carbons, corresponding to a shorter
contour length of 14.9 A compared with the 22.1 A for stearate.

Before applying the nanoparticle adsorbents to depoly-
merised waste polyester textiles, we quantitatively analysed
their adsorption properties using model dye solutions. To
simulate the conditions after the glycolysis reaction, the initial
dye concentration was set at 30 pmol L', and the solvent
system was modelled with 1:9 ethylene glycol to water. The
amount of adsorbent was fixed at 1 g L™'. Using the three
types of ligand-capped nanoadsorbents and the four selected
disperse dyes, we examined the effects of ligand structures and
dye-ligand interactions on dye removal efficiency.

Dye removal efficiencies were quantitatively measured using
calibrated UV-vis spectroscopy (Fig. 2 and Fig. S2). For DR60

This journal is © The Royal Society of Chemistry 2025

dye, stearate- and oleate-capped nanoparticles removed 83.1%
and 63.4% of dye molecules from solution, respectively. The
high removal efficiency arises from hydrophobic-hydrophobic
interactions between the long chain hydrophobic ligands of
nanoparticles and the non-ionic disperse dyes.>® In contrast,
laurate-capped nanoparticles, with a shorter carbon chain
length (C12), removed only 26.2% of the DR60 dye, much
lower than that observed for nanoparticles capped with long-
chain ligands (C18) (Fig. 2).

Interestingly, the removal trends varied depending on the
dye molecules. For DR1, the laurate-capped nanoparticles
exhibited the highest removal rate (48.7%), while the oleate-
and stearate-capped nanoparticles showed removal rates of
44.6% and 45.1%, respectively. DB56 was relatively poorly
removed, with efficiencies of 20.8%, 23.0%, and 11.1% for
oleate-, stearate-, and laurate-capped nanoparticles, respect-
ively, which are significantly lower than those for DR60 and
DR1. Similarly, DY54 removal efficiencies were limited to
25.8%, 22.9%, and 13.3% for nanoadsorbents capped with
oleate, stearate, and laurate, respectively. Taken together, the
optimal dye-ligand combinations are laurate-capped nanoad-
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Fig. 2 Changes in the UV-vis absorption spectra and decolourisation efficiencies of FezO4 nanoparticles capped with different ligands (oleate, stea-
rate, and laurate) towards four commercial disperse dyes (DR60, DR1, DB56, and DY54).

sorbents for DR1, stearate-capped nanoadsorbents for DR60
and DB56, and oleate-capped nanoadsorbents for DY54.

Effect of ligand selectivity and dye structure

We next investigated how the interplay between ligand
characteristics®*** and dye molecular structures®® (Fig. 3a)
governs decolourisation efficiency. To analyse the correlation
between ligand types and dye structures, six molecular para-
meters of the dye molecules were considered: end-to-end dis-
tance, contour length, width, linearity, molar volume, and
polarizability (Fig. 3b and Table 1). Molar volume and polariz-

28026 | Nanoscale, 2025, 17, 28023-28032

37740 whereas the

ability values were obtained from databases,
other structural parameters were measured from three-dimen-
sional molecular models (Fig. S3).*"*> The dependence of
these factors on the decolourisation rates for the three ligand-
capped nanoparticles is shown in Fig. 3c-e.

The decolourisation efficiency was positively correlated with
polarizability. The polarizability reflects how easily the electron
cloud of a molecule can be distorted by an external electric
field, this distortion wunderlies van der Waals
interactions.*>** Accordingly, greater polarizability strengthens

ligand-dye interactions and improves dye removal efficiency.

and

This journal is © The Royal Society of Chemistry 2025
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Fig. 3 (a) Three-dimensional structures of four disperse dyes; (b) diagram of six defined molecular parameters; and (c—e) decolourisation perform-

ance as a function of these parameters (red square: DR60, red circle: DR1, blue triangle: DB56, and yellow diamond: DY54).

Table 1 Six defined molecular parameters of four commercial disperse

dyes (DR60, DR1, DB56, and DY54)

DR60 DR1 DB56 DY54
End-to-end distance 13.50 15.27 10.41 13.21
(A]
Contour length [A] 15.11 16.26 10.41 13.27
Wwidth [A] 6.31 4.29 6.31 4.95
Linearity 0.893 0.939 1 0.997
Molar volume [cm?] 255.1 230.4 + 201.5 + 176.7 +

7.0 3.0 3.0 3.0
Polarizability [107>* 34.7 + 36.2 + 321+ 31.2+
ecm™?] 0.5 0.5 0.5 0.5

This journal is © The Royal Society of Chemistry 2025

The polarizability effect also explains the relatively poor per-
formance of the laurate-capped nanoparticles, as the low
polarizability of laurate leads to weaker van der Waals inter-
actions with dye molecules.

Polarizability is closely correlated with molar volume; thus,
the molar volume of a dye follows a similar trend to its polariz-
ability.*> The molar volume component can be further divided
into a length contribution (end-to-end distance) and a width
contribution. For oleate-, stearate-, and laurate-capped nanoad-
sorbents, the end-to-end distance was positively correlated
with the decolourisation efficiency, with the correlation coeffi-
cients (r values) of 0.59, 0.42, and 0.85, respectively. This

Nanoscale, 2025, 17, 28023-28032 | 28027
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suggests that longer dye molecules interact more effectively
with the ligand shell.

In contrast, the effect of molecular width depends on
ligand type. For laurate-capped nanoadsorbents, decolourisa-
tion efficiency decreased with increasing dye width, whereas
no clear trend was observed for oleate- and stearate-capped
nanoadsorbents. This can be attributed to the spacing between
ligands coordinated on nanoparticle surfaces. Considering the
typical surface density of carboxylate ligands on Fe;O, nano-
particles (3.5-4 nm?),*° the longer oleate and stearate ligands
create sufficient spacing to accommodate bulky dye molecules,
whereas the shorter laurate ligands hinder the insertion of
large dye molecules (Fig. S4). As a result, dye width becomes a
limiting factor for laurate-capped nanoadsorbents.

We further investigated the decolourisation performance
with respect to contour length, defined as the total molecular
length considering bond lengths and angles in the molecular
chain. The contour length showed a trend similar to that of
the end-to-end distance. We also examined the effect of mole-
cular shape by considering linearity, defined as the ratio
between the end-to-end distance and contour length. Dyes
with low linearity tend to show high decolourisation rates.

DR60 deviates from these linear correlations (Fig. 3c-e)
with an exceptionally high removal rate. The behavior is
attributable to conformational flexibility about its aryl-O-aryl
ether bond, which has a very low rotational energy barrier
(0.36-0.40 kcal mol™'; Table S1).*”7*° This flexibility around
the ether bond enables dye molecules to intercalate between
ligands. Consequently, the flexible DR60 exhibited particularly
high dye removal rates compared with the other dyes.

With the exception of DR60, DR1 (an aromatic molecule
linked by an aromatic azo group), DB56 (a polycyclic aromatic
molecule), and DY54 (a quinophthalone dye that predomi-
nantly exists in the enaminone (NH-form) tautomer with a
high rotation barrier, 15.5 kcal mol™'; see Table $1)°° can be
regarded as rigid molecules. When analysis was restricted to
these three rigid dyes (DR1, DB56, and DY54), the trends
between molecular parameters and decolourisation rates
became much clearer. The r values obtained for the rigid dyes
(shown in blue in Fig. 3c-e) were substantially higher than
those obtained for all four dyes (shown in black). For example,
for oleate-capped nanoadsorbents, the correlation between
molar volume and the decolourisation rate yielded an r value
of 0.74 across all four dyes, but this increased to 0.99 when
restricting the analysis to the three rigid dyes. Likewise, the
correlations with decolourisation rates for most parameters
exceeded r = 0.9 for rigid dyes. Thus, rigid dye molecules with
large polarizability and elongated shapes exhibit predictable
and enhanced decolourisation efficiency.

Decolourisation of depolymerised monomers from coloured
textiles

Building on the adsorption performance of the nanoadsor-
bents in dye solutions, we carried out dye removal during the
chemical recycling of polyester textiles. We applied the
nanoadsorbents in the glycolysis process of PET textiles, the
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dominant polyester type. Specifically, the dye was preliminarily
extracted with a solvent from PET fibres dyed with DR60
before depolymerisation. As shown in Fig. 4 (top), the dye was
not completely removed during this preliminary extraction
step. The partially decolourised fibres were then depoly-
merised to yield BHET monomers that still contained residual
dye. Without an additional dye removal step, the residual dye
may act as a nucleation seed around which BHET crystallised.
Consequently, the dye may become encapsulated in the BHET
crystals, leading to the precipitation of coloured BHET.*'

Therefore, dye removal after the depolymerisation process
is essential.

In this study, we successfully removed the residual dye in
BHET using nanoadsorbents and obtained pure white BHET.
UV-vis absorption measurements showed a significant
decrease in absorbance at 509 nm after nanoadsorbent treat-
ment, confirming efficient dye removal during the secondary
decolourisation process (Fig. 4a). In addition, the colour differ-
ence of BHET before and after decolourisation was quantified
using a whiteness meter. The chromaticity coordinates were
defined by relative ratios of the CIE 1931 tristimulus values
( Y

x= ,y=
X+Y+2Z X+Y+2Z
nates shifted from (0.3227, 0.2945) before decolourisation to
(0.3255, 0.3349) after decolourisation (Fig. 4b). Also, the L*, a*,
and b* values changed from 75.09 to 71.51, from 19.40 to 3.13
and from —10.36 to 2.83, respectively, after decolourisation
(Fig. 4c). The decrease in the a* (red-green) component
towards zero indicates that the red DR60 dye was almost com-
pletely eliminated. Importantly, the whiteness values also
imply that the dark brown nanoadsorbents were magnetically
separated and rarely remained in the depolymerised BHET.
Together, these results establish our nanoadsorbent-assisted
decolourisation as an effective strategy for producing high-purity
monomers from depolymerised coloured polyester textiles.

).52 Accordingly, the coordi-

Recovery of nanoadsorbents

The reusability of nanoadsorbents is crucial for ensuring their
economic viability and practical applicability. In this context,
it is essential that their structural integrity is preserved after
repeated cycles of dye adsorption and desorption. FT-IR ana-
lysis confirmed the retention of the ligands before and after
adsorption experiments. Identical IR peaks representing the
asymmetric and symmetric C-H stretching modes of the
ligands were observed at 2927 cm™" and 2857 cm™* (Fig. 5a
and Fig. $5).>*** This result indicates that the ligand structure
remained intact and capped to the nanoparticle surface during
dye adsorption and desorption. XRD analysis revealed that
both fresh and recovered nanoadsorbents are magnetite with a
spinel structure (Fig. 5b).*”*®* Thus, the nanoadsorbents
retained their crystalline and magnetic properties after recov-
ery, ensuring efficient magnetic separation and reuse.

We then assessed the reuse of the oleate-capped Fe;O,
adsorbent. Under identical conditions, the decolourisation
ratio decreased from 63.4% in cycle 1 to 32%, 26%, and 23.4%

This journal is © The Royal Society of Chemistry 2025
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in cycles 2-4, respectively (Fig. S6). The decline is attributable
to incomplete desorption and site fouling rather than struc-
tural degradation, as supported by the spectroscopic and diffr-
action data. Improving the regeneration step, for example,
tuning the extraction-solvent polarity and applying mild ultra-
sonication, is expected to enhance reusability and will be
pursued in future work.

Conclusions

In summary, Fe;O, nanoparticles capped with fatty acid
ligands (oleate, stearate, and laurate) were synthesised and
applied as nanoadsorbents for disperse dye removal. Their
ligand-dependent adsorption behaviour enabled efficient deco-
lourisation, with performance strongly influenced by the inter-
play between ligand type and dye structure. The nanoadsor-

This journal is © The Royal Society of Chemistry 2025

bents maintained structural integrity and reusability after dye
adsorption and desorption, confirming their robustness.
Relative to conventional wastewater adsorbents (e.g., activated
carbon or polymer/clay composites) that rely on hydrophobic/
n-n interactions, our approach benchmarks a similar inter-
action paradigm in the BHET/EG post-depolymerisation matrix
and couples it with rapid magnetic retrieval, enabling minute-
scale decolourisation without filtration or centrifugation. This
study demonstrated that stearate-capped Fe;O, nanoparticles
achieved removal efficiencies of up to 83% for the DR60 dye.
The adsorption-based approach presented in this study can be
further enhanced by combining it with established dye degra-
dation technologies, such as photolysis, redox reactions, and
electrolysis, to achieve near-complete dye removal.*> This
methodology is broadly applicable and it can be extended to
various processes and technologies. This ligand-engineering
strategy provides an effective route for extending chemical re-
cycling from colourless to coloured PET fibres, thereby broad-
ening the scope of sustainable polyester recycling and advan-
cing nanoscale solutions for circular textile technologies.

Experimental
Materials

1,2-Hexadecanediol (98%), iron(m) acetylacetonate (Fe(acac)s,
99.9%), benzyl ether (98%), oleic acid (90%), oleylamine
(70%), lauric acid (98%), dodecylamine, stearic acid (98%),
and stearylamine (85%) were purchased from Sigma-Aldrich
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(St Louis, MO, USA). Zinc acetate was obtained from Rhawn
(Shanghai, China), and ethylene glycol (99.5%) was purchased
from Duksan (Ansan, Republic of Korea).

Synthesis of ligand-capped Fe;O, nanoparticles

Fe(acac); (2 mmol), 1,2-hexadecanediol (10 mmol), a long-
chain hydrocarbon acid (6 mmol), and a long-chain hydro-
carbon amine (6 mmol) were mixed and stirred under an
argon flow. Oleic acid/oleylamine, stearic acid/stearylamine,
and lauric acid/dodecylamine pairs were employed as the
respective capping agents to obtain oleate-, stearate-, and
laurate-capped nanoparticles. The mixture was degassed under
vacuum at 100 °C for 1 h, heated to 290 °C at a rate of 4 °C
min~", and refluxed for 30 min. After removal of the heat
source, the dark brown dispersion was cooled to room temp-
erature. The resulting product was precipitated with ethanol,
centrifuged to remove the solvent, and redispersed in hexane.

Removal of dyes from dye solution

An experiment was conducted to simulate the conditions after
PET glycolysis. A dye solution was prepared by dissolving the
dye in ethylene glycol at a concentration of 300 uM L™, fol-
lowed by mixing with deionised water at a 1:9 volume ratio.
The adsorbent was dried and subsequently redispersed in
pentane at a concentration of 10 g L™'. At room temperature,
5 mL of the glycolysis-simulated dye solution was mixed with
0.1 mL of the nanoadsorbent suspension. The mixture was
dried for 30 min to form Fe;0, flakes, after which dye removal
was performed by vortexing for 10 min. The adsorbent was
then separated from the dye solution by magnetic separation,
and ethanol was added to the supernatant. The residual dye
concentration was determined using ultraviolet-visible (UV-vis)
spectroscopy.

The decolourisation efficiency (R) was calculated according
to the following equation:

(Ci - Ce)

i

R(%) = x 100
where C; and C. are the initial and equilibrium dye concen-
trations (UM L"), respectively. Six parameters were defined for
the dyes, and their effect on removal efficiency was analysed.
The correlation coefficient (r value) was calculated according
to the Pearson correlation equation to evaluate the linear
relationship between the measured and fitted values.

PET fibre dyeing with commercial dyes

A dye solution was prepared at a concentration of 1% o.w.f of
Disperse Red 60 with a liquor ratio of 1: 1. The prepared solu-
tion and ISO AD]J polyester standard fabric were placed in a
200 mL high-pressure pot of an infrared dyeing machine and
mounted on a Mathis AG IR dyeing machine (LABOMAT BFA).
The temperature was then increased to 140 °C at a heating rate
of 3 °C min™', maintained at 140 °C for 40 min, and sub-
sequently cooled to 60 °C at a rate of 4 °C min™".

To remove unfixed dye, a reduction clearing bath was pre-
pared by dissolving NaOH (3 g L") and Na,S,0, (5 g L") in
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water. The reduction clearing process was subsequently
carried out at 60 °C for 20 min.

Coloured PET fibre decolourisation

Preliminary decolourisation of PET fibres (1 g) dyed with
Disperse Red 60 (1% o.w.f.) was conducted by extracting dye
molecules into 40 mL of ethylene glycol with vigorous stirring
at 196 °C for 30 min. This preliminary decolourisation step
was repeated twice. The partially decolourized fibres were sub-
sequently washed with deionised water.

The decolourized fibres were depolymerised via catalytic
glycolysis using zinc acetate as a catalyst. Specifically, 1 g of
decolourized PET fibre, 0.01 g of zinc acetate, and 20 mL of
ethylene glycol were placed in a three-neck round-bottom
flask. The mixture was degassed under vacuum at 70 °C for 1 h
and then heated to 180 °C at a rate of 4 °C min~" under an
argon flow. The glycolysis reaction was carried out at this
temperature for 2 h.

The second decolourisation was performed concurrently
with the recrystallisation of monomers after glycolysis.
Following the reaction, 0.02 g of Fe;O, nanoadsorbents and
180 mL of preheated deionised water were added to the depo-
lymerised solution. The mixture was vortexed for 10 min to
ensure adsorption of dyes onto the adsorbents. The dye-
adsorbed Fe;0, adsorbents were then separated using
magnets. After dye removal, the purified solution was stored at
4 °C overnight, yielding BHET crystals by precipitation. The
dye-containing nanoadsorbents were regenerated by treatment
with acetone to desorb the dye molecules, followed by mag-
netic separation to recover the Fe;0, powder.

Characterization of materials

Transmission electron microscopy (TEM) was performed using
a Talos F200X G2 instrument (Thermo Fisher Scientific, MA,
USA) operated at an accelerating voltage of 200 kV. Structural
characterization was carried out using X-ray diffraction (XRD;
D2 Phase, Bruker, Ettlingen, Germany). Fourier transform
infrared (FT-IR) spectra were recorded in transmission mode
using a VERTEX 70 spectrometer equipped with a TR module
(Bruker, Ettlingen, Germany). Magnetic properties were ana-
lyzed using a vibrating sample magnetometer (VSM; Model
8607, Lake Shore Cryotronics, OH, USA). Ultraviolet-visible
(UV-vis) absorption spectra were obtained using a V-770
spectrophotometer (Jasco, Tokyo, Japan). Colorimetric
measurements were performed using a Ci7600 spectrophoto-
meter (X-Rite, MI, USA).
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