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A sustainable framework for advancing circular
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This study demonstrates a novel circular approach for discarded polyethylene terephthalate (PET) textiles
with life cycle assessment (LCA) validation, proposing an optimized recycling method for PET
depolymerization byproducts. The experimental approach emphasizes sourcing the metal-organic
framework ingredients including metal and linker components from a single PET depolymerization
reaction. For depolymerization, a metal salt-based deep eutectic solvent (DES) composed of p-toluene
sulfonic acid and iron(i) chloride hexahydrate was employed acting as both solvent and catalyst.
Sequential recovery processes for multiple depolymerization products were established, and their
recyclability was demonstrated. LCA was performed on the varied scenarios of the developed process,

and the results provided solid grounds to conclude that the suggested process produces relatively less
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burden on the environment, attributed to the effective catalytic action of DES and the maximized use of
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byproducts generated from the depolymerization reactions. This work pioneers a comprehensive

DOI: 10.1039/d5ra00572h approach integrating novel experimental methods with LCA validation, establishing a robust proof-of-
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Introduction

Metal-organic frameworks (MOFs), composed of inorganic
metal nodes and organic linkers, have drawn rising attention in
a wide range of applications including foulant adsorption, drug
delivery, photocatalysis, gas separation and storage due to their
high porosity, large surface area, adjustable pore size, and
chemical tailorability."* Among the numerous organic linkers
forming MOFs, terephthalic acid (TA, or benzenedicarboxylic
acid, BDC) or bis(2-hydroxyethyl) terephthalate (BHET) are well
suited to construct useful MOFs including HKUST-1, UiO-66,
and MIL-88B, which exhibit notable stability in aqueous envi-
ronments and serve as effective adsorbents for pollutant
removal.*” Since TA is one of the monomeric constituents of
polyethylene terephthalate (PET), which comprises the largest
proportion of synthetic textile materials, using PET waste as
a source of MOF linkers has been explored as a green synthesis
strategy to solve fiber waste pollution by producing high-value
products.>**

Regarding PET depolymerization, various methods have
been suggested toward efficient and eco-friendly processes to
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concept for maximizing the recycling potential of PET depolymerization products.

lower the environmental burden such as process temperature,
time, and byproduct waste.”** Most of the prior studies
employed catalysts to reduce the activation energy in the
depolymerization reaction.'®** With the catalytic effect of metal
salts, metal salt-based deep eutectic solvents (DES) have gained
attention.>*** DES is a mixture of two or three-component
chemicals, which are associated with hydrogen bonds to form
a liquid with a single melting point lower than the individual
components. When the metal salt-based DES is used as
a solvent for PET depolymerization, the chain disassociation is
accelerated by the synergistic effect, whereby the metal salt acts
as a Lewis acid and the other component acts as a Brgnsted
acid. Despite the benefit of metal-based DES, they often leave
the unwanted metal complex and byproducts in the reaction
system, contaminating the solvent.*®*” Therefore, measures to
effectively remove and/or utilize the generated metal byproducts
need to be studied to overcome the current challenges of using
metal-based catalysts in a depolymerization system.

Most of the prior studies for PET-derived MOF synthesis were
performed for (1) obtaining a high-purity TA from depolymer-
ization of uncolored PET plastic bottles or textiles, and (2)
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synthesizing a well-defined MOF of interest. While numerous
studies have progressed in this area, most of earlier studies have
rarely paid attention to the discarded byproducts generated
from the depolymerization process other than TA, and the
metal nodes of MOF were still sourced from commercially
purchased materials. As a prior attempt to source both metal
and ligand components from waste, Song et al.*® sourced the
metal node and TA from the nickel-containing electroplating
sludge (EPS) and PET waste, respectively, and synthesized Ni-
MOF. While this study demonstrated a way to source the
main MOF ingredients from the waste, it involved independent
processes to extract the metal and ligand ingredients from each
EPS and PET, which may require high cost and environmental
burden due to the complex processes. Therefore, to conceive
a significantly sustainable recycling strategy, it is essential to
account for simple and environmentally responsible processes
with minimized generation of process byproducts and waste.
Herein, a novel strategy of recycling the TA and reaction
byproducts from PET depolymerization is suggested by devel-
oping a series of processes to extract and separate TA (or TA in
NaOH aq. solution), metal compounds, and dye, as shown in
Fig. 1. A particular emphasis lies in sourcing the MOF ingre-
dients including both metal and linker components from
a single reaction system of PET depolymerization. Furthermore,
dye from the discarded PET fabric was also simultaneously
recovered from the depolymerization system, and it was recy-
cled for dyeing an uncolored PET fabric. Aiming at developing
an environmentally responsible PET depolymerization process,
a metal salt-based DES, comprised of p-toluene sulfonic acid
(PTSA) and iron(m) chloride hexahydrate (FeCl;-6H,0), was
employed for an efficient reaction with lowered temperature
and time. Sequential processes of recovering TA, FeCl;-6H,0,
and dye from the reaction solution were developed, and a series
of recycling approaches were developed for: recycling TA and
FeCl; for the synthesis of MIL-88B(Fe), and recycling the dye.
Life cycle assessment (LCA) was performed on the developed
depolymerization process and the suggested process was
compared to others from prior studies.”**® Furthermore, LCA
was tested for varied scenarios in which certain byproducts were
credited as useful byproducts. The LCA results provided solid
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grounds to conclude that the developed process produces
relatively less burden on the environment, attributed to the
effective catalytic action of DES and the optimized use of
byproducts. This study offers an innovative circular strategy for
discarded PET by conceiving a series of sequential processes to
recover reaction byproducts and by recycling them. To our
knowledge, it is the first time to report a comprehensive
discussion including the novel experimental approach and the
LCA validation. The significance of this study lies in demon-
strating a novel proof-of-concept recycling approach and
offering an integrated assessment method to substantiate the
experimental results. Ultimately, this study contributes to
a sustainable framework for advancing circular practices in PET
recycling.

Materials and methods

Materials

Undyed PET fabric was purchased from Testfabrics, Inc. (USA),
and discarded dyed PET fabric was obtained elsewhere. Iron(u)
chloride hexahydrate (FeCls;-6H,0), p-toluene sulfonic acid
(PTSA), terephthalic acid (TA), hydrochloric acid (HCl), sodium
hydroxide (NaOH), N,N-dimethylformamide (DMF), and
ethanol were purchased from Daejung Chemicals (Korea) and
used without further purification. Rhodamine B (RhB) was
supplied by SCI Seoul Chemical (Korea).

PET depolymerization

The DES was synthesized by heating a mixture of FeCl;-6H,O
and PTSA at 60 °C until a homogeneous dark red liquid was
obtained. PET fabrics were cut into 1 cm x 1 cm pieces, and 5 g
of fabric pieces were immersed in 25 g of DES. The mixture was
heated at varied reaction temperatures (80, 90, 100, and 110 °C)
for varied reaction times (15, 30, 45, and 60 min) to determine
the optimal depolymerization condition.

After the depolymerization reaction, powdery TA,
oxides, extracted dyes, and PET fragments with incomplete
degradation were precipitated in DES solution. These precipi-
tates were separated from the DES solution by passing through
a glass filter (pore size of 15-40 um) at least twice. Among the
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Fig. 1 Schematic overview of processes for PET depolymerization with catalytic activity of DES, chemicals recovery, and MOF synthesis.
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separated precipitates, visibly apparent PET fragments were
easily removed. After cleaning the PET fragments, their weight
was measured as Wyy;. The remaining precipitates, which were
TA, Fe-compound, and dyes, were mixed with 20 mL of 2 M
NaOH agq. solution to selectively dissolve the TA. Fe-compound
and dyes were filtered out of a glass filter (pore size of 15-40
pum), leaving TA/NaOH eluent. This TA/NaOH solution was used
as is for MOF synthesis step without further purification.

To calculate TA yield (%) and crystal analysis, it was neces-
sary to obtain TA solid particles. For this, 8 mL of 10 M HCl aq.
solution was added to the TA/NaOH solution to sediment TA
precipitate and NaCl. After NaCl was removed by washing with
distilled water, high-purity TA particles were collected. The
depolymerization efficiency (%) and TA yield (%) for varied
process conditions were calculated using eqn (1) and (2); where
Weer is the weight of PET fabric, Wy, is the weight of PET
fragments with incomplete degradation, and Wy, is the weight
of TA obtained from the reaction.** The coefficient of 0.85
represents the theoretical ratio of the molecular weight of TA
units (CgH,404, 164.11 g mol ') to that of ethylene terephthalate
repeating units (C,oHgOy, 192.17 g mol 1).%?

Wper — Wl;

Depolymerization efficiency (%) = ET % 100 (1)

PET

Wra

TA yield(%) = W x 085

x 100 )

The remaining precipitates of Fe-compound and dyes were
mixed with 4 mL of 10 M HCI aq. solution. At this time, the Fe-
compound was dissolved in aq. HCl solution, presumably
forming FeCl;-6H,0, whereas the dye is precipitated. The dye
particles were separated by the glass filter and dried. This dye
was recycled later for dyeing the uncolored PET fabric. The Fe-
compound (presumably FeCl;-6H,0) in 10 M HCI aq. solution
was concentrated to about 60 wt%, evaporating the solvent at
100 °C, and 14 mL of concentrated solution was stored at 5 °C to
precipitate FeCls-6H,0.

Synthesis of MIL-88B(Fe)

The TA dissolved in 2 M NaOH agq. solution and FeCl;-6H,0 (s),
which were recovered from PET depolymerization process, were
used for MIL-88B(Fe) synthesis. A 0.635 g of FeCl;-6H,0 and
4 mL of TA/NaOH agq. solution were added in 50 mL of DMF
under sonication. The solution was then placed in a hydro-
thermal reactor and heated at 100 °C for 12 h. The resulting
MIL-88B(Fe) was washed with DMF and ethanol, and then oven-
dried at 60 °C for 24 h for activation.

Characterization

Thermal property of dyed PET sample was examined by differ-
ential scanning calorimetry (DSC) (DSC Q100, Ta Instruments,
USA) with heating and cooling rates of 5 °C min~' under
nitrogen (N,) gas flow (50 mL min~'). The precipitated Fe-
containing compound was analyzed for its composition by the
wavelength dispersive X-ray fluorescence spectrometer (WD-
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XRF) (ZSX Primus, Rigaku, Japan). The collected TA and dye
were analyzed by the Fourier transform infrared assembled with
attenuated total reflectance spectroscopy (FT-IR) (Vertex-80V,
Bruker Corp., Germany). Morphology of MIL-88B(Fe) was
observed by a field-emission scanning electron microscopy (FE-
SEM) (JSM-7800F Prime, JEOL Ltd, Japan) with prior Pt-coating
using a sputter coater (108 Auto Sputter Coater, Ted Pella, USA).
The crystalline phase of MIL-88B(Fe) was analyzed using X-ray
diffraction (XRD) (SmartLab, Rigaku Corp., Japan) with a Cu-
targeted X-ray generator. Brunauer-Emmett-Teller (BET)
adsorption analysis was conducted for MIL-88B(Fe) by the
nitrogen (N,) sorption-desorption isotherm (Tristar 11 3020,
Micromeritics, USA).

Adsorption property of MIL-88B(Fe)

The adsorption performance of MIL-88B(Fe) was examined
using RhB dye as a model water pollutant. In this test, 0.015 g of
MIL-88B(Fe) was immersed in 50 mL of aq. dye solution
(20 mg L"), and the concentration of RhB solution was
measured over time. The dye concentration was determined by
measuring the absorbance at 553 nm of RhB using a multi-
mode microplate reader (BioTek Synergy H1, Agilent, USA).

Dyeing performance of recycled dye

A 2 g of uncolored PET fabric was treated with 100 mL of 0.8 g
L~" dye solution (4% on the weight of fabric), in which the dye
was the one recovered from PET depolymerization process. The
pH of the dyeing solution was adjusted to 4.5 using acetic acid,
and the dyeing procedure was conducted at 130 °C for 1 h,
followed by washing with distilled water to remove unfixed dyes.
The color of the fabric dyed with the recycled dye was compared
with that of the originally dyed PET fabric before depolymer-
ization, using the CIE L* a* b* color system. The color difference
between the samples AE was calculated as eqn (3). In this eqn,
L* indicates the lightness of the sample, a* indicates the
redness/greenness, and b* indicates yellowness/blueness. The
AL*, Aa*, and Ab* represent the lightness and color difference
between the originally dyed PET sample and the PET dyed with
recycled dye. The L*, a*, b* measurements were done at least
five times.

AE = \/(AL* + (aa*) + (6% 3)

Life cycle assessment

LCA was performed on the processes including PET depoly-
merization and the byproduct recovery. The system boundary of
the LCA was defined as ‘cradle-to-gate’ including transport
(Fig. S77). To perform LCA, the ‘cut-off’ method was applied.
Ecoinvent version 3.10 database and OpenLCA software version
2.3.0 were used to implement LCA. ReCiPe 2016 version 1.03
(Hierarchist) method was utilized to calculate the impact cate-
gories. The functional unit of 1 kg sorted waste PET was inser-
ted into the depolymerization process. The assumptions
applied to accomplish the LCA are summarized in Table S2.}

© 2025 The Author(s). Published by the Royal Society of Chemistry
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The scenarios analyzed in this research are summarized in
Table S3.1 The input and output data were calculated from lab-
scale data of this work, which recycled 5 g of PET (Tables S4-
S6t). This LCA aimed to find major contributors to impacts and
suggest a better scenario for further research and industriali-
zation. The detailed information for LCA implementation
including assumptions, inputs, outputs, inventories, and
providers is summarized in ESI Section 2.}

Results and discussion
Optimization of PET depolymerization

As shown in eqn (1), PET depolymerization efficiency (%) was
defined as the extent to which PET was depolymerized into
smaller molecular chains until the apparent fiber pieces were
not observed. The depolymerization of various PET-based
materials, including PET bottles and fibers, using FeCl;-6H,-
O/PTSA confirmed that the solvent effectively depolymerizes
PET (Table S17). In Fig. 2, depolymerization efficiency (%) and
TAyield (%) of dyed PET were examined with respect to reaction
parameters, including the PET to DES mass ratio, the molar
ratio of FeCl;-6H,0 to PTSA, process time and temperature.
Fig. 2a shows the depolymerization efficiency as a function of
PET to DES (solvent and catalyst) mass ratio when the reaction
was carried out at 100 °C for 30 min in DES with a molar ratio of
FeCl;-6H,0 to PTSA of 1: 1. When PET DES mass ratiowas 1: 3,
the amount of solvent was insufficient to fully immerse the PET
mass (Fig. S1t), inhibiting the proper depolymerization. As the
PETDES mass ratio increased to 1:5 or higher, PET was
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sufficiently immersed in DES, reaching 100% depolymerization
efficiency and 95% TA yield. Thus, the optimized mass ratio of
PET to DES was determined to be 1:5.

Fig. 2b shows the depolymerization efficiency and TA yield
with varied molar ratios of FeCl;-6H,O to PTSA when the
experiment was conducted at 100 °C for 30 min with a PET to
DES mass ratio of 1:5. The FeCl;-6H,0 or PTSA alone was in
the solid phase, thus, neither could be used as a solvent. To test
the depolymerization efficiency by the single component-
solvent (FeCl;-6H,OPTSA of 1:0 or 0:1), an 80% aqueous
solution of either FeCl;-6H,0 or PTSA was prepared. In either
case of FeCl;-6H,0 or PTSA aq. solution, PET fabrics remained
intact with 0% depolymerization efficiency. Yang et al* re-
ported that PET was depolymerized by PTSA solution (80%) at
150 °C within 90 min, but under the conditions of this experi-
ment at 100 °C for 30 min, depolymerization was very limited.
When a DES with FeCl;-6H,0 and PTSA was used as the solvent,
100% depolymerization efficiency and 95% TA yield were
attained at 100 °C, regardless of the molar ratios tested in this
study. In the depolymerization process, FeCl;-6H,O acts as
a Lewis acid by accepting electron pairs from the oxygen in the
ester bonds, and it weakens the ester linkage. In the meanwhile,
PTSA acts as a Brensted acid by donating H' ions and cleaves
the ester bonds.** By the dual activation of PTSA and FeCl;-
-6H,0, the reaction is facilitated, allowing the depolymeriza-
tion at a lower temperature. After the reaction, a partial amount
of FeCl;-6H,0 was precipitated and it was recovered by the
subsequent process to be used for MOF synthesis. As the
amount of FeCl;-6H,O in DES gradually reduced with
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Fig.2 Depolymerization efficiency and TA yield with varied conditions. (a) PET to DES mass ratio, (b) FeClz-6H,O to PTSA molar ratio, (c) reaction

temperature, and (d) reaction time.
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precipitation, the molar ratio of 2:1, with a higher ratio of
FeCl;-6H,0, was chosen as an optimal condition, in consider-
ation of recycling the DES for the next PET depolymerization.

The optimal reaction temperature was examined in Fig. 2c,
fixing the other process conditions as follows; PET DES mass
ratio of 1: 5, FeCl;-6H,0 PTSA molar ratio of 2 : 1, reaction time
30 min). At 80 °C, only 20% of PET depolymerization was
attained. The glass transition temperature (Ty) of the dyed PET
sample, analyzed by DSC, was approximately 85 °C (Fig. S27).
This suggests that polymer chains will have segmental motions
above this temperature, at least in the amorphous region,
allowing efficient DES penetration into the polymer chains. For
that reason, a substantial portion of PET began to depolymerize
from 90 °C onward, and at 100 °C and above, about 95% TA
yield was attained. From Fig. 2d, under the optimized condi-
tions (PETDES of 1:5, FeCl;-6H,OPTSA of 2:1, 100 °C),
a minimum reaction time of 30 min of reaction time was
required to achieve a 95% TA yield. A longer reaction time did
not contribute to a higher TA yield. The discrepancy between
depolymerization efficiency and TA yield at 15 min reaction
time demonstrates that the random hydrolysis reaction occurs
first, producing shorter chains and oligomers, and as the
degradation proceeds, it further degrades to TA and ethylene
glycol (EG).

This study aimed to design a PET depolymerization process
with minimal environmental impacts with lower reaction
temperature, less reaction time, and less use of solvent. By
using DES as a solvent, the reaction temperature was lowered
compared to that of conventional acid or alkaline hydrolysis.
The optimal depolymerization condition for obtaining 95% TA
yield (%) was chosen as 1:5 PET to DES ratio, 2 : 1 FeCl;-6H,0
to PTSA, 100 °C reaction temperature, and 30 min reaction time,
and those process parameters were employed for later experi-
ments. The comparative LCA of the depolymerization process is
discussed further in the later section.

Byproduct recovery

In the depolymerization reaction, precipitates including TA, dye
from PET fabric, and Fe-compound from FeCl;-6H,0 were
formed in the solution. Each component of the precipitates was
separated and recovered as described in the ‘methods’ section.
When the precipitates were added to a 2 M of aq. NaOH solu-
tion, only TA dissolved, while the dye and Fe-impurities
remained as solid precipitates. The TA/NaOH solution was
separated and then the solution was directly used for the
synthesis of MIL-88B(Fe) without further purification of TA. To
confirm the presence of TA in the NaOH solution (denoted as
‘recovered TA/NaOH’), FT-IR analysis was performed on the TA/
NaOH solution, and the resulting peaks were compared with
those of commercially purchased TA dissolved in 2 M of aq.
NaOH solution (denoted as ‘commercial TA/NaOH’). From
Fig. 3, the FT-IR peaks of recovered TA/NaOH matched those of
commercial TA/NaOH, presenting: 3440 cm ™' for OH stretching
due to hydrogen bonding with hydroxide ions (OH );*
1652 cm ™! for C=0 stretching;***” 1580 cm™ ' for C=C of the
benzene ring;*** 1411 for OH in-plane deformation.** From the
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Fig. 3 FT-IR spectra of recovered TA/NaOH and commercial TA/
NaOH.

UV absorbance in Fig. S3,} the commercial TA (purity >97%)
and the recovered TA showed a similar trend with varying
concentrations. While an exact purity of the recovered TA was
not analyzed, the experiment suggests the recovered TA has
a purity as close to the commercial one.

The remaining precipitates after TA separation were
analyzed by XRF (Table 1) to examine the compositions. From
the analysis, the precipitates contained 80 wt% Fe in the Fe,O;
form; Cl and SO; from the dyes of PET fabric;*>** and TiO,,
a common pigment added in PET fiber manufacturing.*>** The
Fe,0; was generated through the following process. When PET
was depolymerized in DES, TA precipitated, binding with Fe**
ions in the solution. The Fe** containing precipitate reacts with
OH™ of NaOH solution, and Fe(OH); (s) is precipitated. Subse-
quently, Fe(OH); is oxidized to Fe,O; in the air,*” and Fe,03
remains as a solid byproduct.

Fe** + 30H™ — Fe(OH); (s)]
4FC(OH)3 + 302 - 2FCQO3 + 12 OH™

The precipitates consisting of Fe,O; and dye are typically
treated as reaction waste; however, in this study, Fe,O; was
reacted with HCI aq. solution to produce FeCl;-6H,0, which
was then used for the synthesis of MIL-88B(Fe). When the
precipitates containing Fe,O; and dye were treated with HCl aq.
solution, only dye precipitated. After the dye was separated by
filtration, it was recycled for dyeing an uncolored PET fabric. For
the recovered crystals of FeCl;-6H,0,* the morphology and
elemental compositions were analyzed by SEM-EDS (Fig. S47),

Table 1 XRF analysis of Fe-containing precipitates

Oxide

Component Mass (%)
Fe,03 80

Cl 12

X 5

TiO, 3

© 2025 The Author(s). Published by the Royal Society of Chemistry
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where the atomic ratio of Fe Cl was found to be about 1: 3. The
XPS analysis of Fig. 4a-c was performed to verify the hydration
status of FeCl;. In Fig. 4a, the peak at the binding energy of
710.97 eV and 724.07 eV were attributed to Fe(i) 2p;/, and Fe(i)
2p1/2, While the peak at 715.12 eV and 729.47 eV corresponded to
the satellite peak of Fe(u) 2p;/, and Fe(i) 2py,,.*”*® In Fig. 4b,
Fe-Cl bonds and Cl 2p,,, at binding energies of 198.6 and
200.6 eV.**° In Fig. 4c, the presence of H,O was observed at
532.3 eV and O-Fe at 533.4 eV.*>** The XRD analysis shown in
Fig. 4d supports the identical crystal structures of FeCl;-6H,0
and r-FeCl;-6H,0 with distinct peaks at 15.2°, 20.1°, 25.38°,
28.18°, 36.8°, 46.48° and 50.56°.> This confirms the successful
recovery of FeCl;-6H,0 in the PET recycling process. The recy-
cled FeCl;-6H,0O could be used as an addition to the DES
component, but we used it as a source of metal component for
MIL-88B(Fe) synthesis. Although the purity of the recycled
FeCl;-6H,0 was not directly calculated, it exhibited XRD peaks
very similar to those of commercially purchased FeCl;-6H,0,
and the successful synthesis of the MOF suggests that a high
yield of FeCl;-6H,0 was obtained.

After the 1st depolymerization (dep'n) process with the
subsequent byproduct recovery, the remaining DES solution
was recycled for the 2nd PET dep'n. It is noted that after the 1st
dep'n, EG was not separated from the DES solution. Thus, the
DES reused for the 2nd dep'n certainly contains EG; however, in
this case, EG remaining in DES may be beneficial as functions
as a catalyst for PET dep'n.>*** For the 2nd dep'n experiment, 5 g
of discarded PET fabric was reacted with the recycled DES
solvent, and it produced the same depolymerization efficiency

(a)

Fe 2p Fe(Il) 2ps,

3
< Fe(Il) 2ps), i
>
‘» Fe(II) 2p,;,
5
§ Fe(I) 2p,, f

740 730 720 710 700

Binding Energy (eV)
(c)
O1s

— H,0

3

S

>

®

c

9

£ Fe-O

540 535 530 525

Binding Energy (eV)

Fig. 4

© 2025 The Author(s). Published by the Royal Society of Chemistry

View Article Online

RSC Advances

(100%) and TA yield (95%) as the 1st dep'n reaction (Fig. S51).
This result demonstrates the efficient recyclability of DES at
least in the 2nd dep'n process.

MIL-88B(Fe) synthesis with recycled compounds

The TA/NaOH and FeCl;-6H,0 obtained from the PET depoly-
merization process were used for the synthesis of MIL-88B(Fe),
which is denoted as r-MIL-88B(Fe). The characteristics of r-MIL-
88B(Fe) were compared with those of MIL-88B(Fe) synthesized
from commercial chemicals of TA, FeCl;-6H,0 and NaOH agq.
solution (Fig. 5). The crystal morphologies for MIL-88B(Fe) and
r-MIL-88(Fe) were similar in their shape and size, suggesting
that TA/NaOH and FeCl;-6H,0 recovered from the PET depo-
lymerization process formed the well-defined MIL-88B(Fe)
crystals. The XRD analysis of Fig. 5c also supports the iden-
tical crystal structures of MIL-88B(Fe) and r-MIL-88B(Fe) with
distinct peaks at 9.2°, 10.1°, 10.6°, 16.7°, 18.1°, and 21.3°, cor-
responding to the (002), (100), (101), (103), (200), and (202)
crystal planes, respectively.>*

In Fig. 5d, the adsorption of RhB dye was compared for MIL-
88B(Fe) and r-MIL-88B(Fe) samples. The comparable adsorption
performances between the two samples, or slightly better
adsorption performance of r-MIL-88B(Fe), confirms that r-MIL-
88B(Fe) can be well applied as an adsorbent against a water-
soluble pollutant. Fig. 5e shows the average pore diameter
and specific surface area of the two MOF samples, which
demonstrates that the pore characteristics of r-MIL-88B(Fe) are
not inferior to those of MIL-88B(Fe); the data shows a slightly
larger surface area for r-MIL-88B(Fe) than MIL-88B(Fe).
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dye concentration (mg L™, (e) Brunauer—Emmett—Teller analysis of r-MIL-88B(Fe) and MIL-88B(Fe).

The results demonstrate that MIL-88B(Fe) was successfully
synthesized using the TA/NaOH solution recovered from the
developed process, without further purification steps for
obtaining TA powder. Notably, FeCl;-6H,0, one of the DES
components, was obtained from the byproduct of the same
depolymerization system, and it was recycled as a main
component of MIL-88B(Fe) synthesis. To our knowledge, it is
the first time to report that both MOF ingredients of metal and
ligand components were simultaneously resourced from
a single PET depolymerization system.

Recyclability of recovered dye

The recyclability of the dye obtained from the PET depolymer-
ization reaction was investigated. Since the experiments were
conducted on the discarded dyed fabrics, the chemical formula
of the dye was unknown, except that PET is commonly dyed with

7360 | RSC Adv, 2025, 15, 7354-7364

azo- or anthraquinone-type dispersive dye. The recovered dye
was dissolved in benzyl alcohol and was analyzed by FT-IR
(Fig. 6a). The peaks were observed at: 1454 cm ™" correspond-
ing to N=N stretching®~** a characteristic vibrational mode of
azo compounds; and 1264 cm ' for S-O stretching in the
sulfonate group.® From the analysis, the dye recovered from the
depolymerization process was characterized as a dispersive dye
containing the azo and sulfite groups. To assess the recyclability
of the recovered dye, the color difference between the PET fabric
dyed with the recycled dye (noted as r-Dyed PET) and the dis-
carded PET fabric originally dyed (noted as Discarded PET) was
examined. Since the dyeing condition of the original fabric was
unknown, the process conditions such as dye concentration,
time, and temperature were arbitrarily adjusted to attain
a similar color to the original fabric (Fig. S6T). From Fig. 6b, the
CIEL",a",b", and the color difference value (AE ~1.4) presented

© 2025 The Author(s). Published by the Royal Society of Chemistry
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the comparable color between the original fabric and the fabric
treated with recycled dye, indicating the dye extracted from the
depolymerization process can be effectively recycled for PET
dyeing, as similar colors were maintained even after three
washing cycles. The proposed dye recycling process minimizes
the essential purification and separation steps required in
previous studies, presenting a highly efficient method for
recovering and recycling the dye through simple filtration
during the waste recovery process.

To conclude, novel and efficient processes sequentially
linked with PET depolymerization, byproducts recovery, and
their recycling/upcycling were developed in this study. Applying
the developed processes, PET was efficiently depolymerized at
a lower reaction temperature than other hydrolysis processes,
due to the synergistic catalytic effect of DES. From the recovery
processes, TA/NaOH and FeCl;-6H,0, the main ingredients of
MIL-88B(Fe) synthesis, and the dye from the discarded PET
fabric were appropriately recovered. The analytical results
showed that all the recovered byproducts functioned well
enough for proper MIL-88B(Fe) synthesis and PET fabric dyeing,
demonstrating that the proposed process is a relevant option
for circular practices of discarded PET textiles.

Life cycle assessment

LCA was performed on four case scenarios for our developed
process including PET depolymerization (dep'n) and byproduct
recovery. Case 1 analysis was conducted assuming that DES is
not reused and all products (TA/NaOH(aq.), FeCl;-6H,0, and
dye) are intended products from this process, without giving
any credits for the obtained products. From the life cycle impact
analysis (LCIA), Case 1 recorded 13.62 kg CO, eq. of global
warming potential (GWP), where the major causes for this value
were: electricity (34.81%), PTSA (26.52%), and FeCl;-6H,0
(23.76%) (Tables 2 and S77).

Case 2 reflects the scenario where DES solvent/catalyst
(FeCl3-6H,O and PTSA) is used two times, assuming that all
DES is regained after the 1st dep'n process and a similar
amount of DES is used in the 2nd dep'n. The analysis in Fig. 7
showed that GWP for Case 2 was 75% of Case 1, attributed to the
full recycle of FeCl;-6H,0 and PTSA. Since FeCl;-6H,0 and
PTSA were the major contributors to the environmental

© 2025 The Author(s). Published by the Royal Society of Chemistry

impacts, the reuse of DES (Case 2) significantly reduced the
GWP. The analysis demonstrates that DES, simultaneously
functioning as solvent and catalyst, needs to be reused as much
as possible to reduce GWP, and an efficient solvent recovery
process needs to be considered in developing an industrial-level
process.

In Fig. 7, additional scenarios of Case 3 and Case 4 were
analyzed, where the credits were given for the avoided produc-
tion of virgin products. In Case 3, all the recovered materials
(TA/NaOH, FeCl;-6H,0, dye, and NaOH(aq.)) are recognized as
useful byproducts, thus credits are given accordingly as it allows
to avoid the production of virgin materials for TA/NaOH,
FeCl;-6H,0, dye, and NaOH(aq.) and to avoid the associated
environmental burden as detailed in Table S3.f Case 4
considers the whole process as a TA production process, and the
obtained byproducts except TA (that is, byproducts of FeCl,-
-6H,0, dye, and NaOH(aq)) are considered as additional
benefits, avoiding the production of FeCl;-6H,0, dye, and
NaOH(aq). Thus, in this case, credits are given to the avoided
production of FeCl;-6H,0, dye, and NaOH(aq.). Case 4 focuses
on the TA production only to reflect the others' approach of
using recycled TA only for MOF synthesis, even though our
process and LCA does not include separation between TA and
NaOH(aq.). From the analysis, Case 3 and Case 4 produced 79%
and 94% of the GWP in Case 1, respectively. As the recovery of

Table2 Contributes of the global warming potential in Case 1 analysis

Electricity and materials® Contribution (%)
Electricity 34.81

PTSA 26.52

FeCl,-6H,0 23.76

HCl 7.84

NaOH 4.30

Sorted waste PET 2.76

Water 0.02

Global warming potential 13.6242 kg CO,-eq. (100%)

“ As mentioned in ESI, since materials in the LCI DB (life cycle inventory
database) were not exactly same concentration with our process,
compensation value of water was added in the LCA to meet the total
materials inserted.
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TA was much larger than the other recovered materials, Case 3
showed significantly lower environmental impacts than Case 4.
The analysis offers evidence-based justification for our efforts to
recover TA and other byproducts for the maximized recycling of
materials. Detailed data for other impact categories are
summarized in Fig. S8.t

The scenarios from our developed process (Cases 1-4) were
compared to other polyester depolymerization and waste PET
handling methods for the GWP (Fig. 7). The compared data of
alkaline hydrolysis was referred from Iturrondobeitia et al.*’
which used the same impact assessment method with this study
(ReCiPe 2016(Hierarchist)). PET waste landfill was referred from
other references,* > and Iturrondobeitia et al.*° also referred
Sarda et al.®® It should be noted that all data from Iturrondo-
beitia et al*® are the prospective LCA by the up-scale process
while our results are calculated from the lab-scale process; the
functional unit of Iturrondobeitia et al.*>* was 1 kg of as-received
post-consumer PET, while our result was obtained from 1 kg of
sorted waste PET. The functional unit of PET waste landfill was
1 kg of PET bottle. From Fig. 7, “alkaline hydrolysis” route
which recovers TA like our study generated 74.59 kg CO, eq.,
which is much higher than any of the scenarios from our
developed process. The “PET waste landfill” route showed 44.65
kg CO, eq., which was also much higher than our scenarios
(Cases 1-4). This environmental impact analysis demonstrates
the competitiveness of our depolymerization approach as
a sustainable process, attributable to DES that allowed accel-
erated depolymerization by the effective catalytic action.

Conclusions

This study demonstrated an integrated framework for circular
practices of PET textiles proposing an optimized recycling
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method and providing LCA validation. For depolymerization,
a metal salt-based DES comprised of PTSA and FeCl;-6H,0 was
employed as both solvent and catalyst, and the reaction
produced TA with a high yield of 95% in just 30 min at 100 °C.
Sequential processes for multiple byproduct recovery were
established, where the experimental approach emphasizes
sourcing MOF ingredients of both metal and linker components
from a single PET depolymerization reaction. The TA and
FeCl;-6H,0 regained from the depolymerization system were
used to synthesize MIL-88B(Fe), which demonstrated an excel-
lent adsorption performance against a water-soluble foulant,
RhB. Furthermore, dye from the discarded PET fabric was also
simultaneously recovered from the depolymerization system,
and it was recycled for dyeing an uncolored PET fabric. Life
cycle assessment (LCA) was performed on the varied scenarios
of the developed process, and the results provided a solid
ground to conclude that the developed process produced rela-
tively less burden on the environment, attributed to the effective
catalytic action of DES and the maximized use of byproducts.
This work pioneers a comprehensive approach integrating
novel experimental methods with LCA validation, establishing
a novel proof-of-concept for maximizing the recycling potential
of PET depolymerization byproducts. This work intends to
demonstrate potential recovery processes for the materials that
have been wasted or ignored before and their recyclability as
useful materials, rather than testing the economic feasibility of
recycling processes. Further study is suggested to examine the
economic feasibility of the process with the recyclability of
solvent and ethylene glycol. In response to the urgent need for
sustainable practices for discarded textiles, this study provides
insightful ideas on the circular development of value-added
materials and suggests practical considerations for designing
environmentally responsible processes.
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