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ABSTRACT: Polyethylene terephthalate (PET) accounts for a
significant portion of textile waste, and recycling strategies for this
material have attracted much attention. This study proposes a
facile and innovative PET recycling method applicable to Template—based 34
environmental remediation that involves the conversion of dyed o ou o oH 'Ui0-66 synthesis “xe
PET fabric waste into a value-added fabric. Herein, a template- X ol < A8 S Bk

based synthesis approach capable of growing a UiO-66 metal— I
organic framework (MOF) directly on a dyed PET fabric is 1
reported. The advantage of this process lies in its simplicity, where
the partial hydrolysis of PET followed by a zirconium chloride
treatment results in the successful growth of UiO-66 on a dyed \_
PET fabric with the concurrent removal of the dye without
additional steps. The catalytic performance of the UiO-66-grown
fabric was evaluated through the degradation of dimethyl 4-nitrophenyl phosphate (DMNP), a nerve agent simulant. The fabric
produced by the simple metal treatment (Zr@PEThYd) exhibited excellent DMNP degradation performance with ¢, ,, = 43.3 min and
maintained functional stability after a harsh washing procedure, an outcome attributed to the surface-assisted UiO-66 growth that
ensured good bonding stability. The developed process is innovative in that it uses dyed PET waste as a template for the direct
growth of UiO-66, simplifying the process without compromising the catalytic functionality. This research provides an informative
option for a sustainable textile recycling strategy by transforming dyed PET waste into an advanced self-detoxifying material.

('::o Facile polyester recycling approach «

{- W zCly

PET hydrolysis "t e
: Non-toxic

B INTRODUCTION underway to develop textile-based MOF composites for a wide
range of potential applications.'”*® Specifically, the fabrication
process from PET waste to MOF-based textiles involves
additional steps, such as extracting TA, the synthesis of MOF,
and application to a substrate, making the process even more
laborious.” Meanwhile, the complete decomposition of PET
fabrics into a powdery form of TA appears somewhat wasteful,
as the fabric itself can be used as a substrate for MOF
attachment. Thus, it is necessary to design a simplified
recycling process to turn PET waste into MOF-treated textiles
without completely sacrificing the fabric structure. Such an
advance can help to expand PET recycling opportunities.
Recently, exploratory research was conducted to use PET as
a template to grow a TA-based MOF, proposing a method for
the direct preparation of MOF-grown materials.”>~>* For this
procedure, PET is partially hydrolyzed to reveal carboxyl

Polyethylene terephthalate (PET) is widely used in everyday
plastics and textiles, and environmental issues related to PET
waste disposal have led to significant concerns."”” Among PET
recycling approaches, chemical recycling is attracting attention
due to its versatility in yielding a wide range of distinct
materials.”* As terephthalic acid (TA) is both a monomeric
component of PET and a ligand of certain metal—organic
frameworks (MOFs) at the same time, efforts have been made
to obtain TA from PET waste and use it as a MOF synthesis
ingredient.s_7 MOFs, gaining increasing attention in the
environment and energy sectors, are composed of metal
clusters and organic ligands, forming porous crystals with a
high surface area and numerous catalytic sites."""” Among the
wide range of applications, MOFs have emerged as highly
efficient catalysts, with the metal-containing building units
acting as a Lewis acid for catalyzing the hydrolysis of hazardous
compounds.'”"* In particular, Zr-based MOFs have been
applied to decompose organophosphorus chemical warfare
agents (CWAs), effectively cleaving the phosphate ester bond
at the Lewis acidic sites on Zr°® nodes.*™"*

In many cases, MOFs are used as a composite form for
practical applications.'®™"® In this regard, extensive studies are
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functional groups on its surface, with these functional groups
actin§ as nucleation sites for the direct bonding with metal
ions.”> While it is expected that the extent of available carboxyl
groups affects MOF synthesis, more clarification is needed with
regard to how the hydrolysis condition and TA ligand
concentration affect MOF grow‘ch.26 Moreover, previous
studies” ™" of template-based MOF growth focused on the
use of transparent, dye-free bottle-grade PET as a substrate.
However, it is important to note that over 60% of PET is used
in synthetic fibers and textiles, which often contain dyes and
other additives.”” Decomposing dyed PET without dye
removal can leave residual dye in the TA, which may impede
the coordination process during MOF synthesis, ultimately
affecting the crystallization of MOFs.® Consequently, when
dyed PET waste is utilized for MOF synthesis, a proper dye
removal procedure is imperative. Specifically, the direct
synthesis of MOFs on a dyed PET template requires measures
capable of effectively removing dyes while concurrently
maintaining the intrinsic chemical and physical structure of
the PET.

Herein, a simple process of synthesizing UiO-66 directly
onto dyed PET textile waste, denoted as a template-based
approach, is introduced. In this procedure, the PET surface
was partially hydrolyzed to expose carboxyl groups, and metal
ions were treated so that they could bond to the exposed
carboxylates. During this procedure, acid hydrolysis was
employed to decompose the chromophoric groups of the
dyes in the PET. Simultaneously, the surfaces of the PET fibers
were functionalized with carboxyl groups to facilitate bonding
with metal ions for the synthesis of UiO-66. DMF was used as
a solvent in the UiO-66 synthesis process, where it helped to
facilitate the removal of residual dye from the PET. The main
emphasis of this study is to investigate template-based
processability when using the proposed method for the direct
synthesis of UiO-66 onto dyed PET as a novel upcycling
strategy for used PET textiles. Variations of the process,
including the hydrolysis conditions and an external addition of
TA, were examined to assess the functional effectiveness and
durability of the resulting material upon degrading dimethyl 4-
nitrophenyl phosphate (DMNP), a nerve agent simulant. In
consideration of practical applicability, the cyclic stability and
functional durability of the developed material were evaluated
by examining the effects of hydrolysis on the bonding stability.
This study attempted to maximize the process efficiency to
develop a value-added MOF textile from textile waste, thereby
widening the value-added recycling window. As dyed PET
textiles constitute the majority of waste PET waste, this study
employed dyed PET textile waste for conversion to a detoxified
fabric, anticipating the demonstration of a practical upcycling
strategy.

B MATERIALS AND METHODS

Materials. PET fabrics dyed with anthraquinone dye
(AISE-30) were purchased from Testfabrics, Inc. (West
Pittston, PA, USA). Nitric acid (HNO; 70%), toluidine blue
O (TBO), zirconium(IV) chloride anhydrous (ZrCl,), N,N-
dimethylformamide (DMF), hydrochloric acid (HCI), tereph-
thalic acid (TA), ethanol, and acetic acid were purchased from
Daejung Chemicals (Gyeonggi-do, Korea). N-Ethylmorpholine
(NEM) (97%), p-nitrophenoxide (>98%), and dimethyl 4-
nitrophenyl phosphate (DMNP, > 98%) were purchased from
Sigma-Aldrich (St. Louis, MO).

Hydrolysis of PET Fabrics. PET fabrics were cut into 3 X
3 cm. Then, S g of fabric was immersed in 300 mL of 7 M
HNO; aq. solution. The mixture was heated with a reflux
condenser at 90 °C for S h. After the reaction, the fabric was
taken out to rinse with distilled water and oven-dried at 40 °C
for 24 h. The same protocol was applied with varied reaction
time from 1 to 6 h to determine the optimal hydrolysis
condition.

Synthesis of UiO-66-Grown PET Fabrics. As shown in
Table 1 and Figure 1, the UiO-66-treated fabrics were

Table 1. Samples of UiO-66-Grown PET Fabrics

PET
sample treatment UiO-66 synthesis method

Zr@PET}y4 hydrolyzed  ZrCl, was treated onto hydrolyzed fabric.
Zr+TA@ hydrolyzed  ZrCl, and additional TA were treated onto

PET}yq hydrolyzed fabric.
Zr@PET untreated ZrCl, was treated onto untreated fabric.
Zr+TA@ untreated ZrCl, and additional TA were treated onto

PET untreated fabric.

PET PET, With PET hydrolysis
hyd

E =N ZEN) ZrGPET
[
Hydrol Additional TA

' zrcwﬂ-
Nitric acid
e

Without PET hydrolysis
PET yaroly
ZrCl, — Zr@PET
Additional TA

‘ Z AT Zr+TAQPET

Figure 1. Synthesis of Zr@PET},q, Zr@+TA@PET},q Zr@PET, and
Zr+TA@PET.

Zr+TA@PET g

prepared by four different methods, varying the PET hydrolysis
and extra TA addition. For the preparation of Zr@PET},q, the
hydrolyzed PET was treated with DMF to facilitate the
complexation of zirconium ions by releasing free TA from
hydrolyzed PET. A 1 g of hydrolyzed PET fabrics (3 cm X 3
cm) was immersed in a vial containing 20 mL of DMF, heated
up to 120 °C for 12 h, and then cooled to room temperature.
The metal precursor solution was prepared by adding 0.375 g
of ZrCl, in a mixed solvent consisting of S mL of DMF and 3
mL of HCI. The metal precursor solution was added to the vial
containing PET fabrics and DMF, and then the solution was
sonicated for 20 min. After sonication, the solution and the
fabric were heated up to 80 °C for 24 h.

For Zr+TA@PET}yy supplementary TA was added in Zr
treatment. The DMF process of the hydrolyzed PET fabric was
conducted identically with Zr@PET},4. The ligand precursor
solution was prepared by adding 0.267 g of TA in S mL of
DMF. 8 mL of ZrCl, solution prepared as above and S mL of
TA/DMF solution were added together into the vial
containing PET fabric and DMF. The mixture was sonicated
for 20 min and placed in the oven at 80 °C for 24 h.

The Zr+TA@PET sample was prepared the same way as Zr
+TA@PET},q except that the treatment was conducted on an
untreated (nonhydrolyzed) PET fabric. For Zr@PET, the
untreated (nonhydrolyzed) PET fabric was immersed in 20
mL of DMF without heating; then, the metal precursor was
added to it, with 20 min of sonication and then heating at 80
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Figure 2. FE-SEM image of (a) PET and (b) PET}4 (c) FTIR spectra of PET and PET} 4.

°C for 24 h. After synthesis, all samples were washed in DMF
and ethanol and then oven-dried at 40 °C for 24 h.

Additionally, powdery UiO-66 was fabricated via the
solvothermal method as follows: 0.375 g of ZrCl, and 0.267
g of TA were dissolved in 30 mL of DMF under sonication.
Then, the solution was heated at 80 °C for 24 h. After cooling
in air to room temperature, the resulting UiO-66 was washed
with DMF and ethanol and then oven-dried at 40 °C for 24 h.

Characterization. Morphologies of fabric samples were
observed by field emission scanning electron microscopy (FE-
SEM) (JSM-7800F Prime, JEOL Ltd., Tokyo, Japan) with
prior treatment with Pt sputter-coating under 20 mA for 180 s
(108 Auto Sputter Coater, Ted Pella, CA, USA) and corrected
scanning transmission electron microscopy (Cs-TEM) (JEM-
ARM200F, JEOL Ltd., Tokyo, Japan). Elemental mapping was
done by energy-dispersive spectroscopy (EDS) equipped with
a NORAN system 7 detector (ThermoFisher Scientific,
Waltham, MA, USA) attached to the FE-SEM. For analysis
of the crystalline phase of powdery UiO-66 and the fabric
sample, high resolution X-ray diffraction (HRXRD) (Smar-
tLab, Rigaku Corp., Tokyo, Japan) with a Cu-targeted X-ray
generator was used. The chemical composition of material was
analyzed by the Fourier transform infrared-attenuated total
reflectance spectroscopy (FTIR-ATR) (Tensor27, Bruker
Corp., MA, USA) in 400 to 4000 cm™!. Brunauer—Emmett—
Teller (BET) adsorption analysis was conducted for fabricated
samples by the nitrogen (N,) sorption—desorption isotherm
(Tristar 1I 3020, Micromeritics, USA). The samples were
degassed at 373 K for 12 h under vacuum, and then N, gas
(99.99%) was purged at 77 K. BET surface area was calculated
in the relative pressure range of 0.0 to 1.0 bar.

The concentration of Zr in the fabricated samples was
analyzed using inductively coupled plasma optical emission
spectroscopy (ICP-OES) (ICPS800, Agilent Technologies,
CA, USA). Before the analysis, the samples were treated with
HNO; (2.5 mL) and HCI (7.5 mL), heated to 200 °C, and
kept at this temperature for 3 h. Following the decomposition
of the samples, the solution was filtered through 0.45 pm
syringe filters.

Zr element leaching was measured by inductively coupled
plasma mass spectrometry (ICP-MS) (Varian 820-MS, Varian,
Melbourne, Australia). UV/vis absorption spectra of 4-
nitrphenol was analyzed using the UV/vis spectrometer (UV-
2600, Shimadzu, Japan). Tensile strength of fiber samples (2.5
X 15 cm) was evaluated using a universal testing machine

15076

(5ST, Tinius Olsen, Redhill, England). A crosshead speed of
150 mm-min~" and gauge length of 100 mm was used for the
test.

DMNP Hydrolysis Test. The pH of 045 M aq. N-
ethylmorpholine (NEM) solution was adjusted to pH 9 with
addition of acetic acid.”**” A 60 mg sample of fabric cut in 0.3
cm X 0.3 cm was immersed in 1.5 mL of prepared NEM
solution, and the solution was stirred at 1100 rpm for 30 min.
Then, 4 uL of DMNP was added to this fabric-containing
solution with continuous stirring. The DMNP conversion (%)
was monitored by measuring the concentration of conversion
intermediate, p-nitrophenoxide. A 10 uL portion of the
reaction solution was diluted in 3 mL of 0.45 M aq. NEM
solution, and the absorbance was measured at 403 nm to
measure the concentration of p-nitrophenoxide. All tests were
performed under dark conditions. For the cyclic stability test,
the used fabric was washed sequentially with ethanol and
distilled water after each hydrolysis test and dried at 40 °C for
12 h to remove any residual solvent.

Quantitative Measurement of —COOH from the
Surface. The number of carboxyl groups exposed on the
PET fabric was determined by surface derivatization with
toluidine blue O (TBO).** A fabric in 3 cm X 3 cm was
incubated in 10 mL of 0.5 mM TBO agq. solution at 30 °C for 6
h, adjusting the solution pH to 10 using NaOH. After 6 h of
incubation, the fabric was washed with 0.1 mM aq. NaOH for
10 min to remove free TBO. Then, the surface-bound TBO
was released by immersing the fabric in S mL of 17.5 M acetic
acid aq. solution for 30 min. The amount of detached TBO
was measured by UV/vis spectroscopy at 630 nm, and the
surface density of carboxyl groups was calculated by assuming
that each carboxyl group is bonded to a single TBO molecule.

Dye Removal Analysis. The color strength (K/S) values
of PET fabrics were measured on a spectrophotometer (CM-
26d, Konica Minolta, Japan). K/S values represent the ratio of
light absorbed to light reflected by the fabric. Dye removal (%)
of fabrics was calculated by eq 1, where [K/S], is the K/S
value of dyed PET, [K/S]; is the K/S value of undyed white
PET, and [K/S]c is the K/S value of dyed fabric that is
hydrolyzed or has undergone both hydrolysis and DMEF-
assisted solvothermal UiO-66 synthesis.

[K/S]y — [K/S]c 100
[K/S]A - [K/S]B (1)

dye removal(%) =
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Durability Test. To test the functional durability, a fabric
sample in 3 cm X 3 cm was washed in ethanol stirring at 300
rpm for 24 h. The sample was dried at 40 °C for 12 h, and
DMNP hydrolysis tests were conducted to assess the
performance after the washing procedure.

B RESULTS AND DISCUSSION

PET Hydrolysis with Various Treatment Times.
Throughout the experiments, PET fabric materials dyed with
a red disperse dye was used. While the PET fabric displayed a
smooth surface, hydrolyzed PET (PEThyd) showed an etched
surface (Figures 2a,b). From FTIR spectra of the untreated
and hydrolyzed PET fabrics (Figure 2c), typical PET peaks
appeared from 1241, 1339, 1408, and 1712 cm™, correspond-
ing to the stretching vibrations of C—O—C, C—0O, C-C, and
C=0O0, respectively.’' After hydrolysis (PET}), peaks at
3000—3600 and 1637 cm™" newly appeared, corresponding to
O—H stretching vibration and O—H bending vibration,
respectively.”>** An XPS analysis confirmed an increased
percentage of O at the surface after hydrolysis due to formation
of —COOH and —OH groups on the PET surface (Table 2).**

Table 2. XPS Atomic Compositions of PET and PET},4
Surfaces

atomic composition (%)

sample C (¢]
PET 73.6 26.4
PET,, 717 283

In Figure 3a, PET tensile strength results with various
hydrolysis times are shown. Compared to an untreated PET
fabric sample for which the tensile strength was 544 N, the
tensile strength of PET},y dropped by more than 55% after 1 h
of hydrolysis (246 N), with the strength continuing to decrease
as the hydrolysis time increased. As a reference sample, the
tensile strength of a useful spunbond nonwoven fabric with a
basis weight of 29 g'm™> was measured and found to be 59 N.
As 6 h of hydrolysis of the sample (PET}y_6h) weakened the
fabric, with a resulting value as low as 31 N, hydrolysis to this
extent was excluded from further experiments.

Given that the purpose of hydrolysis is to realize reactive
carboxyl groups at the surface, the carboxyl group density with
longer hydrolysis times was investigated by a TBO assay.***°
As shown in Figure 3b, PET} 4 with an increased hydrolysis
time resulted in a higher density of the carboxyl groups, which
will act as metal-binding sites. The PET fabric hydrolyzed for 5
h (PETy,q_Sh) displayed higher carboxyl surface density (31
nmol-cm~?) by approximately 60% compared to the untreated
PET fabric. When the hydrolyzed PET was treated with a
ZrCl, solution, UiO-66 was directly grown on the PET fabric
(Zr@PEThyd). Assuming that the increased carboxyl surface
density would lead to a greater amount of UiO-66 synthesis,
the carboxyl surface density can be associated with the extent
of the catalytic reaction that leads to DMNP degradation. In
Figure 3c, the degradation of DMNP (for 240 min)
represented by the DMNP absorbance (4,,,, = 273 nm) was
examined for Zr@PET}, at different PET hydrolysis times. As
expected, the DMNP absorbance decreased as the hydrolysis
time was increased, implying that a longer hydrolysis time
results in a greater amount of UiO-66 synthesis, eventually
demonstrating higher DMNP degradation performance.’”

To quantify the DMNP degradation, the absorbance peak of
p-nitrophenoxide, an intermediate product during the DMNP
degradation process (Figure 3e), is generally used, as the
absorbance peak of p-nitrophenoxide is linearly correlated with
the extent of DMNP degradation.38 In other words, as DMNP
degrades, it is converted more into p-nitrophenoxide. In this
study, a higher DMNP conversion rate (%) indicates relatively
more p-nitrophenoxide produced from a greater extent of
DMNP degradation.” A further analysis of DMNP degrada-
tion was conducted by measuring the absorbance of p-
nitrophenoxide. In Figure 3d, the DMNP conversion of Zr@
PET},4 is shown to have increased as the hydrolysis time was
increased, suggesting that the greater carboxylic density,
attributed to the extended hydrolysis period, allowed a higher
loading of UiO-66, leading to an enhanced catalytic reaction
for DMNP degradation.

Fabrication of UiO-66-Grown Fabrics. As illustrated in
Table 1 and Figure 1, UiO-66-grown fabrics were synthesized
by four different methods. The treatments of particular interest
are denoted here as Zr@PET},y and Zr+TA@PET,y,,
anticipated to form UiO-66 directly on a hydrolyzed PET
substrate. For Zr+ TA@PET},, the effect of a supplementary
TA addition on the UiO-66 synthesis process was analyzed. As
a comparison, the Zr+TA@PET sample was prepared by a
typical MOF treatment method, where PET without hydrolysis
was treated with ZrCl, and TA. The Zr@PET sample, a
control sample here, is used to examine whether a single
treatment of ZrCl, on PET (without hydrolysis) forms any
UiO-66 on the surface. From the morphological observation in
Figure 4a, Zr@PET showed no specific features on the surface,
indicating that the MOF was not synthesized by the single
treatment of ZrCl, on a PET fabric. Without hydrolysis, Zr
ions did not attach to the inert PET surface. The hydrolyzed
PET, on the other hand, exhibited uniform crystal growth on
the surface with the same ZrCl, treatment, as shown by Zr@
PET}y4 in Figure 4d. A difference was observed during the
reaction of Zr@PET and Zr@PETy during which white
precipitates formed from the Zr@PET},4 reaction, whereas the
Zr@PET reaction solution remained transparent (Figure S1).
After hydrolysis, the PET surface is uniformly carboxylated
with metal ions chemically bonded to form UiO-66. However,
UiO-66 at the outermost layer may be physically adhered,
resulting in a reduced bonding strength. Figure S2 presents the
uniform formation of UiO-66 on Zr@PET}, as shown from
the uniform coverage of the elemental mapping for C, O, and
Zr. From the cross-sectional TEM image, a thin MOF layer is
apparent from Zr@PETyyy (~74 nm), indicating the uniform
synthesis of UiO-66 on the PET surface (Figure 4e).

With the addition of supplementary TA to the ZrCl,
solution, both Zr+TA@PET and Zr+TA@PET,, showed
substantial loading of MOF aggregates (Figure 4b,c). Also, the
same types of precipitates formed within the reaction solution
for those samples (Figure S1). For Zr+TA@PET without the
hydrolysis of PET, the surface is inert and thus chemical
bonding with Zr ions does not occur. Instead, UiO-66 formed
in solution can physically attach onto random sites on the PET
surface. Once nucleation seeds are formed randomly on the
PET surface, more of UiO-66 can be physically attached,
leading to aggregation.”” Consequently, Zr+TA@PET showed
poor coverage of UiO-66 on the fiber surface compared to the
sample treated on the hydrolyzed PET (Figure 4b). For the
hydrolyzed sample, Zr+TA@PET},q, MOFs were rather
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after DMNP hydrolysis for 240 min, and (d) DMNP conversion into p-nitrophenoxide (%) by Zr@PET}, 4, measured by the absorbance of p-

nitrophenoxide. (¢) DMNP hydrolysis mechanism by UiO-66.

uniformly grown on the fiber surface, which is attributed to
—COOH sites from the hydrolyzed surface.

In Figure 4f, from the X-ray diffraction (XRD) analysis,
broad diffraction peaks corresponding to crystalline PET are
observed from all samples, confirming that neither the
hydrolysis process nor MOF growth changed the crystal
structure of PET. The Zr+TA@PET,y and Zr+TA@PET
samples exhibited distinct peaks at 7.4° and 8.5°, correspond-
ing to the (111) and (002) crystal planes of UiO-66."" While
the peaks for Zr@PET),y were not very clear, subtle
protrusions on those positions could be observed. This
confirms the presence of UiO-66 on Zr@PET}, though
there is less synthesized UiO-66 compared to the Zr+TA@
PET},q and Zr+TA@PET cases, in which additional TA was
treated. From the FTIR analysis, Zt@PET},q showed O—H
stretching vibration and Zr—O stretching vibration peaks at
3000—3600 and 660 cm™', respectively, confirming the
presence of UiO-66 (Figure 4g).*

Dye Removal from PET through Hydrolysis and a
DMF Treatment. The advantage of the developed process is
in how dyes are extracted almost completely without additional
procedures. Therefore, synthesized UiO-66 demonstrates a
performance similar to the performance of UiO-66 manufac-
tured from pure linker and metallic chemicals. Dyes from the
PET fabric were removed via acid hydrolysis and the DMF-
assisted solvothermal synthesis of UiO-66. As shown in Figure
S3, the color of the PET fabric was lightened after each acid
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hydrolysis and DMF treatment. The dye removal (%)
calculated by eq 1 demonstrates that hydrolysis removed
67.6% of the dye (Table S1). During acid hydrolysis, H" ions
in the acidic solution facilitate the breakage of the bonds in
anthraquinone dyes, degrading the chromophore.” Further-
more, the subsequent DMF treatment for the solvothermal
synthesis of UiO-66 removed any residual colorant, with a dye
removal rate of 98.7% after the combined process of acid
hydrolysis and DMF-assisted solvothermal UiO-66 synthesis
(Table S1).

This phenomenon can be explained as follows. The Hansen
solubility parameter of DMF (24.9) is close to that of PET
(22.7), and the relative energy difference (RED) value is as
close as 0.95 (Table S2). The lower RED value indicates high
affinity between them, implying that DMF can cause
substantial swelling of PET."* Additionally, because the
solvothermal process with DMF was conducted at 120 °C,
DMEF may have sufficiently swelled the PET fibers, thereby
effectively removing the dye from these fibers.

Catalytic Performance of UiO-66-Grown Fabrics for
DMNP Hdrolysis. As the DMNP hydrolysis proceeded, the
absorbance of DMNP (4,,,, = 273 nm) decreased, while the
absorbance of p-nitrophenoxide (4,,,, = 403 nm) increased
(Figure Sa—d). As p-nitrophenoxide formed, the transparent
color of the DMNP solution gradually changed to light
yellow.” The catalytic effect of the prepared samples for
hydrolyzing DMNP was investigated by DMNP conversion
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Figure 4. Characterization of the fabricated samples. FE-SEM images of (a) Zt@PET, (b) Zr+TA@PET, (c) Zr+TA@PET},4, and (d) Zr@
PET} 4 (e) TEM image of Zr@PET}4 (note: resin used for TEM sample preparation is shown in the image). (f) XRD patterns and (g) FT-IR

analysis.

into p-nitrophenoxide (%); ie., the percentage of p-nitro-
phenoxide produced. Figure Se illustrates that untreated PET
and PET),4 exhibited negligible conversion rates of 5.4% and
5.5%, respectively, during the 240 min of reaction. The Zr@
PET showed very low DMNP conversion of 14.7% for 240
min, aligning with the fact that only a few MOFs were
synthesized on the surface, as evidenced in the SEM image in
Figure 4a.

The pseudo-first-order rate constant, k, and the half-life time
(ti,) of DMNP conversion, calculated t,,, = 0.693/k, are
compared in Table 3.*° The results of comprehensive analyses
of the first-order kinetics reaction are presented in Figure S4a—
e. To examine whether the reactivity of the DMNP conversion
was associated with the reactive surface area, the BET surface
area and mass ratio of the MOF are also compared (Table 3).
The mass ratio of MOF was calculated by eq 2, where X
represents the UiO-66 mass loading (wt %) and SAyio.ripen
SAyio, and SAgy,, are the BET surface areas (m>g™') of the
UiO-66-grown PET, UiO-66, and PET, respectively.47 It
should be noted that the surface areas of PET and PET},,q were
not measurable by the BET analysis; thus, the surface area of
the fabric was considered to be zero in the calculations.
Instead, only the surface stemming from UiO-66 was counted.
For comparison, powdery UiO-66 had a BET surface area of
1361.28 m*g .

SAUiO+Fiber = SAUiO + SAFiber'(l - X) (2)

In the Zr@PET case, for which the MOF loading was
negligible, valid BET data were not gained. Zr@PET}q, Zr
+TA@PET, and Zr+TA@PET},q showed BET surface areas of
0.54, 12.05, and 14.55 mz-g_l, respectively (Table 3 and Figure
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SS). The samples synthesized with the addition of an external
supplementary TA exhibited relatively high surface areas. This
is attributed to UiO-66 particles that grew in multiple layers on
the PET surface. In contrast, Zr@PET},4 exhibited a relatively
low surface area, primarily due to the thin UiO-66 layer on the
PET surface with limited TA exposure from the hydrolyzed
PET. Similarly, Zr+TA@PET and Zr+TA@PET}y synthe-
sized with an addition of externally sourced TA, exhibited
higher UiO-66 mass loading of 0.89 and 1.07 wt %,
respectively, compared to Zr@PET},4 which showed a MOF
mass of 0.04 wt %. This result is consistent with the ICP-OES
data (Table S3).

In Table 3, the t,,, outcome for of DMNP degradation is
listed as shortest to longest in the order of Zr+TA@PET) 4
(14.5 min) < Zr@PET,q (43.3 min) < Zr+TA@PET (330.0
min) < Zr@PET (1155.0 min). Notably, Zr@PET},4 exhibited
a significantly shorter t,,, compared to Zr+TA@PET, despite
the fact that Zr+TA@PET had a higher MOF mass (0.89 wt
%) than Zr@PETy4 (0.04 wt %). In contrast to Zr@PETy in
which the TA ligand is sourced from the PET substrate, the Zr
+TA@PET formed the MOF from the external source of the
TA ligand; therefore, the MOF attachment of Zr+TA@PET
was rather random on the surface. In the SEM image in Figure
4b, Zr+TA@PET shows partial coverage of UiO-66; as the
outermost UiO-66 surface would contribute most to the
catalytic reaction,**” the lack of surface coverage by UiO-66
would result in lower catalytic performance. For Zr+TA@PET,
the absorbance of DMNP (4,,,, = 273 nm) did not decrease
significantly, while that of p-nitrophenoxide (4,,,, = 403 nm)
increased. It is possible that, for Zr+TA@PET, which had
slower catalytic activity, DMNP was partially hydrolyzed to
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Figure S. UV/vis absorption spectra for monitoring DMNP hydrolysis (a) Zr@PET},yq (b) Zr+TA@PET},, (c) Zr@PET, and (d) Zr+TA@PET.
(e) Conversion of DMNP to p-nitrophenoxide for UiO-66-grown fabrics.

Table 3. Material Characteristics and DMNP Hydrolysis
Performance

rate
BET surface UiO-66 mass constant, half-life time,
sample  area (m*g™') loading (wt %)  k (min™") t,/, (min)
Zr@PET 0.0006 1155.0
Zr+TA@ 12.05 0.89 0.0021 330.0
PET
Zr@ 0.54 0.04 0.0160 43.3
PET}
Zr+TA@ 14.55 1.07 0.0477 14.5
PET},

form methyl 4-nitrophenyl phosphate (M4NP) as an
intermediate, which has an absorbance peak similar to that
of as DMNP at 260—290 nm (Figure 5d).**°

In contrast, Zr@PET;,y and Zr+TA@PET},g which
exhibited faster DMNP degradation, showed a significant
decrease in the absorbance of DMNP. Specifically, Zr@PET},q,
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despite the considerably lower loading of UiO-66, had a
surface that was fully covered by UiO-66, resulting in a higher
catalytic performance. The half-life of the DMNP hydrolysis of
Zr@PET,q (43.3 min) is comparable to that of UiO-66
powder {BET surface area of 1450 m*g™'), as studied
previously by Katz et al.*’ This implies that even with a
lower BET surface area, the exposed carboxylic groups on the
PET surface allowed the even distribution of MOF growth,
resulting in advantageous catalytic performance for DMNP
hydrolysis. Though the surface coverage of MOF is a crucial
factor affecting the catalytic performance, the higher mass
loading of MOF was also advantageous for a fast reaction, as
indicated by the highest reaction rate and shortest t,,, for Zr
+TA@PET}, .

From these results, it is evident that MOF formation on a
PET substrate is achievable by a simple metal treatment on
hydrolyzed PET, even without the addition of an external TA
ligand. Moreover, the exposed carboxylic groups on the PET
surface allow an even distribution of MOF growth, leading to
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Figure 7. (a) Cyclic stability of Zr@PET)},4 for conversion of DMNP to p-nitrophenoxide. (b) Functional stability of Zr@PET},y4 and Zr@PET},4

after harsh washing procedure for 24 h.

advantageous catalytic performance for DMNP hydrolysis. The
Zr+TA@PET},q sample showed the most rapid DMNP
degradation, demonstrating that both the uniform distribution
and the total mass quantity of MOF affected the catalytic
performance.

Comparison of Dyed and Undyed Fabrics for DMNP
Hydrolysis. To investigate whether the presence of the dye
affects the MOF synthesis and the DMNP degradation
performance, undyed PET was additionally tested with the
same UiO-66 synthesis protocol used with Zr@PET} 4. Figure
6a reveals a morphology similar to that of Zr@PET}yy. For
DMNP hydrolysis, the halfife time (t;,,) of undyed Zr@
PET} 4 was 56.3 min, similar to that of Zr@PET},4 (43.3 min)
(Figure 6b,c). The comparable degradation performance of
dyed and undyed Zr@PET) indicates that the dyes initially
present on the PET fibers were effectively removed through
the processes of acid hydrolysis and solvothermal UiO-66
synthesis. To conclude, via this method, the UiO-66 synthesis
was not adversely affected by the presence of dye. As dyed
textiles constitute the majority of textile waste, this result
provides evidence of a practical recycling method for
converting textile waste into value-added MOF fabrics.

Functional Stability of Catalytic Fabrics. In Figure 7a,
the DMNP degradation performance of Zr@PET}y4 upon
repeated use was examined according to the DMNP
conversion rate (%) per unit mass of fabric after reaction for
240 min of reaction. The performance of Zr@PET},q showed a
slight decrease after four recycled uses; after the fourth
recycling, the outcome was 80.1% compared to that of the first
cycle. To examine the metal leaching from Zr@PET},q, 60 mg
of Zr@PET}yy was immersed in distilled water and vigorously
stirred at 1100 rpm for 4 h. The water solution was then
collected for analysis by ICP-MS. The concentration of Zr was
as low as 0.61 ug/L, confirming the stability of UiO-66 on
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fibers.”> For Zr@PET},y4 and Zr+TA@PET},y, which exhibited
high catalytic performance, the functional stability after a harsh
washing procedure was additionally tested, where washing with
ethanol was conducted with stirring at 300 rpm for 24 h.
Figure 7b shows the DMNP conversion rate (%) before and
after the harsh washing process. Zr+TA@PET},y lost its
catalytic capabilities considerably after washing, while Zr@
PET}q maintained these capabilities. For Zr+ TA@PET}q, the
externally added TA reacted with metal ions, forming a thicker
layer of UiO-66 than in the Zr@PET}4 case. While this extra
layer offered higher catalytic performance initially, the outer
UiO-66 layer appeared to be weakly adhered to the surface,
with a considerable number of particles falling off after the
harsh washing. As a result, this sample showed significantly
lower DMNP conversion performance capabilities. Because
most of the UiO-66 on Zr@PET},y was directly attached to
carboxyl groups on the hydrolyzed surface, the UiO-66
adherence was stronger for Zr@PET},, meaning that it
maintained higher catalytic performance even after harsh
agitation. Following the harsh washing cycle, it was confirmed
that the morphology of the UiO-66 crystals in Zr@PET},4
remained intact (Figure S6a). An XRD analysis of Zr@PET}y4
conducted after the DMNP hydrolysis test indicated that the
UiO-66 crystal structure was well maintained after the catalytic
reaction (Figure S6b). Overall, Zr@PET},y exhibited an
acceptable functional stability after harsh washing and repeated
use, suggesting its practical applicability as an effective self-
detoxifying material.

B CONCLUSIONS

This study presents a facile strategy for PET recycling that
involves converting dyed PET fabric waste into a self-
detoxifying fabric. PET template-based MOF synthesis assisted
by acid hydrolysis and a DMF-solvothermal method was
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explored for the simultaneous growth of UiO-66 directly onto
a PET fabric and for the decolorization of the dyed PET fabric.
In this approach, the PET surface was partially hydrolyzed to
expose carboxyl groups, and metal ions were treated to bond
with the carboxyl groups on the surface, forming UiO-66. The
dye on the fabric decomposed during acidic hydrolysis, and the
residual dye molecules were eliminated by a subsequent
treatment by DMF. The effects of process variations on the
morphology of the UiO-66-grown fabrics were investigated, as
were their subsequent impact on the degradation of a nerve
agent simulant, dimethyl 4-nitrophenyl phosphate (DMNP).

Intriguingly, the hydrolyzed PET treated only with Zr ions
(Zr@PEThyd), displaying a thin and uniform coating of UiO-
66, exhibited an accelerated DMNP degradation rate (t,,, =
43.3 min). PET fabrics treated with Zr ions and additional TA
(Zr+TA@PET) (t,,, = 330 min), which had a nonuniform
coating but with a higher UiO-66 mass, showed a slower
degradation rate. The Zr+TA@PET),4 demonstrated greater
MOF mass loading and the fastest half-life time for DMNP
degradation (t;, = 14.5 min). However, in practical
applications, Zr@PET},q with the surface-assisted growth of
UiO-66, appeared to better maintain its functional stability
compared to Zr+TA@PET)4 implying that the bonding
stability between the MOF and the PET surface may be a
critical factor for sustaining continuous catalytic reactions.

This study demonstrates that through acid hydrolysis and a
DMF-assisted solvothermal method, UiO-66 can be facilely
synthesized on a dyed PET fabric. The developed material can
serve as an effective protective material to detoxify organo-
phosphorus CWAs. As dyed PET textiles constitute a
substantial portion of PET waste, the findings from this
research can provide an informative option for textile upcycling
strategies to transform environmental waste into a value-added
material, while also broadening the scope of PET recycling
methods.
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