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Abstract: With the rapid increase in polyethylene terephthalate (PET) usage in recent years,
recycling has become indispensable in mitigating environmental damage and safeguarding
natural resources. In this context, this study presents a methodology for valorizing PET
waste through phase transfer catalytic hydrolysis conducted at a low temperature (80 °C)
and atmospheric pressure, with the goal of recovering the terephthalic acid (TPA) monomer.
The recovered TPA monomer was subsequently utilized as a precursor for the synthesis of
metal-organic frameworks (MOFs). Tributylhexadecyl phosphonium bromide (3Bu6DPB)
was selected as the phase transfer catalyst due to its efficiency and sustainability. The
process parameters, including the concentration of NaOH, the wt.% of catalyst to PET, and
the concentration of PET in the solution, were varied to optimize the hydrolysis reaction.
The Taguchi design methodology with an L9 (3"3) orthogonal array was employed to
analyze the influence of these factors on the depolymerization time. The analysis of variance
(ANOVA) results revealed that the concentration of NaOH was the most significant factor,
contributing to 93.3% of the process efficiency, followed by the wt.% of the catalyst to PET
(6.5%). The findings also demonstrated that the concentration of NaOH had the greatest
impact (A = 4.27, rank = 1), while the concentration of PET had the smallest effect (A = 0.16,
rank = 3). The optimal conditions for PET depolymerization were achieved in 75 min with
20 g/100 mL of NaOH, 12 wt.% of catalyst to PET, and 5 g/100 mL of PET. The recovered
TPA monomer was further employed as an organic ligand to synthesize Fe(III)-TPA MOFs
under mild conditions (80 °C for 24 h). The X-ray diffraction (XRD) analysis revealed the
simultaneous formation of MOF-235(Fe) and MIL-101(Fe), two multifunctional materials
with diverse properties and applications. This study highlights an efficient approach for
producing low-cost MOFs while promoting urban waste recycling, contributing to an
integrated strategy for PET recycling and resource valorization.

Keywords: PET waste; recycling; depolymerization; terephthalic acid; phase transfer
catalyst; metal-organic framework

1. Introduction

In recent decades have witnessed rapid growth in the plastic industry and a dramatic
increase in the number of manufactured plastic products (especially soft drink and water
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bottles), which has negatively affected the environment due to the ubiquity of polyethy-
lene terephthalate (PET) waste. Recent statistical studies estimate that plastic packaging
constitutes approximately 36% of global plastic productions, with 46% of it either being
incinerated or discarded into the environment [1]. To deal with this crisis, it has become
crucial to introduce sustainable approaches [1,2]. PET waste can be valorized through
various recycling methods, including re-extrusion (primary recycling process), mechani-
cal recycling (secondary process), chemical recycling (tertiary process), and incineration
processes (quaternary process) [3-5].

During the chemical recycling by solvolysis, PET waste is depolymerized to monomers
or oligomers using different solvents. There are a wide spectrum of solvent/PET possi-
ble combinations, including aminolysis (solvent = amines, monomer = terephthalamide
derivatives), neutral hydrolysis (solvent = water, monomer = terephthalic acid (TPA)),
acidic hydrolysis (solvent = acids, monomer = TPA), hydrolysis (solvent = alkaline solution,
monomer = TPA), alcoholysis (solvent = alcohol, monomer = dimethyl terephthalate),
and glycolysis (solvent = ethylene glycol, monomer= Bis(2-hydroxyethyl) terephthalate
(PHET)) [3-5].

Among all these possibilities, only hydrolysis facilitates the recovery of terephthalic
acid (TPA) from PET waste. TPA is an attractive and rigid ligand that is widely utilized in
coordination chemistry [5]. More specifically, neutral hydrolysis requires high temperatures
and pressures, often resulting in the formation of oligomers [6,7]. Acid hydrolysis, such as
that involving sulfuric acid, poses challenges due to its corrosive nature, necessitating the
use of costly equipment [8]. Alkaline hydrolysis involves treating PET with a sodium hy-
droxide (NaOH) solution at elevated pressures and temperatures reaching up to 220 °C [8].
In this process, TPA is recovered as a precipitate by the neutralization of a disodium salt of
TPA [9].

To enhance the efficiency and feasibility of the PET hydrolysis process, this study fo-
cuses on optimizing alkaline hydrolysis by reducing the amount of NaOH and lowering the
reaction temperature. This optimization is achieved through the use of tributylhexadecyl
phosphonium bromide as a phase transfer catalyst and Taguchi design to minimize the
number of experiments. Research has demonstrated that tributylhexadecylphosphonium
bromide is one of the most effective phase transfer catalysts. It enhances the hydrolysis
reaction by promoting contact between hydroxide anions and polymer chains [10,11].

Metal-organic frameworks (MOFs) are hybrid organic-inorganic materials with highly
organized structures, formed by the coordination of metal ions with organic ligands. By
varying these building blocks, materials with diverse properties and applications can be
developed (such as water treatment, gas adsorption, catalysis, controlled drug delivery, and
luminescence) [12,13]. Among organic ligands, terephthalic acid is widely used in MOF
synthesis due to its excellent coordination properties and stability. Furthermore, TPA can be
recovered from PET waste, and several MOFs based on TPA derived from PET waste have
been successfully synthesized [14-18]. For example, MOF-235, Fe(IlI)-TPA-based MOF, is
an environmentally friendly material with applications across various domains. It was first
synthesized by the Yaghi group in 2005 using a solvothermal method [19]. The chemical
formula of MOF-235 is [Fe;0(1,4-BDC)3(DMF);3][FeCly] (where 1,4-BDC represents TPA
and DMF refers to N,N-dimethylformamide). The material forms octahedral crystals in
which each trivalent iron atom is surrounded by TPA molecules, resulting in an overall
cationic framework with a +1 charge per formula unit. This positive charge is balanced by
FeCl; ™ ions, which are localized within different cavities, as illustrated in Figure 1.
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Figure 1. Chemical structure of MOF-235 (Fe—blue; O—red; Cl—teal; C—gray) [19].

While numerous MOF structures have been synthesized and investigated, to the best
of our knowledge, TPA derived from PET waste has not been utilized in previous studies
to prepare MOF-235. To enhance and optimize the recovery of TPA from PET waste for use
as an organic linker in MOF materials, this study aims to depolymerize PET under milder
conditions compared to those previously reported. The process optimization is achieved
through the use of an efficient catalyst and the application of a Taguchi robust design,
reducing operating costs and making the process more economical at lower temperatures
and atmospheric pressure.s In this study, the alkaline hydrolysis of PET waste was examined
at 80 °C using a 12-20 g/100 mL of NaOH solution, with 3Bu6DPB phosphonium salt
serving as a phase transfer catalyst. The recovered monomer (TPA) was subsequently
utilized as a ligand in the synthesis of MOF materials.

2. Materials and Methods
2.1. Materials

All the chemicals were of analytical grade. Tributylhexadecyl phosphonium bro-
mide (3Bu6DPB) and sodium hydroxide pellets (NaOH) were purchased from Novachim,
Co., Ltd, Marseille, France and HCI from Sharlau, Co., Ltd, Barcelone, Spain. On the
other hand, FeCl3.6H,O was obtained from Oxford Lab Fine Chem, Co., Ltd, Maharash-
tra, India and N,Ndimethylformamide (DMF, 99%) and 98% H,SO4were obtained from
Fluka, Switzerland.

2.2. Taguchi Optimization of Depolymerisation of PET Waste
2.2.1. Taguchi Methodology

The Taguchi method is a statistical approach to experimental design that uses orthog-
onal arrays to evaluate process parameters, assess their performance, and analyze their
impact on the overall process. Its distinct advantage over other models lies in its ability to
assess performance and robustness while minimizing the number of experimental trials.
This makes it a cost-effective and efficient tool for optimization studies [20]. The ratio of the
signal (desired performance) to the standard deviation (noise), denoted as the S/N ratio, is a
key performance introduced by Taguchi. It measures the robustness of a process against
variations. The signal represents the desired value or performance characteristic, while
the noise encompasses variations or uncontrollable factors that may cause deviations from
the desired outcome. A higher S5/N ratio indicates that the desired performance is stronger
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relative to variations, reflecting a more stable and robust process. Depending on the nature
of the problem or the response variable to be optimized, Taguchi utilizes three types of
S/N ratios (Equations (1)—(3)):

Larger-the-better: Used when attempting to maximize the response:
1

1
S/Nratio = —10 x logyo(=Y " (=
i

- ) ©)
n y

Smaller-the-better: Used when attempting to minimize the response:

S/Nratio = —10 x loglo(%zz; (v9)) (2)

Nominal-the-best: Used when attempting to make the response attain a specific
value (T):

S/Nratio = —10 x logw(%zﬂi1 ((vi—T)%) (3)

where y; is the individual observed value and n is the number of trials. The selection of
an appropriate Signal-to-Noise (S/N) ratio in Taguchi methods is guided by the specific
objective of the experiment, which is classified into three distinct categories: smaller-is-
better, larger-is-better, and nominal-is-best. Each category employs a unique S/N ratio
formulation to address the problem requirements. The overarching objective of the Taguchi
design approach is to identify the optimal parameter settings that maximize the S/N ratio. By
doing so, the process achieves enhanced performance and robustness, effectively reducing
the influence of variability and noise factors [20].

2.2.2. Taguchi Optimization of PET Depolymerization by Catalytic Hydrolysis

Prior to the experiments, PET water bottles were collected, and their caps and labels
were removed. The bottles were subsequently washed with water and detergent to remove
impurities and then dried in an oven at 40 °C for 4 h. Once dried, the bottles were cut

into sections approximately 3 x 3 to 5 x 5 mm?

in size. In the experiments, three factors
were evaluated using the Taguchi method with an L9 (3%) orthogonal array, implemented
through Minitab Statistical Software 22. As presented in Table 1, the study examined
three factors: the weight percentage (wt.%) of the catalyst to PET, the concentration of
NaOH, and the concentration of PET in the solution. Each of these process parameters was
evaluated at three levels (L) to systematically analyze their influence. The performance
parameter considered was the time required for PET to totally depolymerize (in minutes).
The optimization of performance parameters and the calculation of the signal-to-noise
(S/N) ratio were performed for each experiment, and the smaller-the-better criterion was
selected, aligning with the Taguchi approach. The software (MINITAB) identifies nine
significant experimental runs, reducing the total from the 27 runs (3> = 27) that would be
required for three reaction parameters, each with three levels.

Table 1. The key operating factors and their levels;.

. Levels
Factors Units
Level 1 Level 2 Level 3
Concentration of NaOH  g/100 mL 12 15 20
Concentration of PET g/100 mL 5 10 15
Wt.% of catalyst/ PET % 3 7 12

Table 2 presents the experimental conditions for PET hydrolysis, including variations
in the NaOH concentration, PET amount, and catalyst percentage. Different combinations
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of these parameters were tested to optimize the PET hydrolysis conditions and minimize
the depolymerization time. According to run n°1, 5 g of PET waste and 0.15 g of the
catalyst (3Bu6DPB) were added to 100 mL of 7 g/L of NaOH solution, and the mixture was
stirred continuously at 80 °C in a 250 mL Pyrex round-bottom flask equipped with a reflux
condenser. The reaction was considered complete when all PET flakes were fully dissolved.
The depolymerization time was recorded for each experiment. Afterward, the reaction
solution was neutralized to pH = 7 using H,SO, and filtered to remove additives and
colorants. Subsequently, the solution was acidified to pH = 2 to facilitate the precipitation
of terephthalic acid. The precipitated TPA was purified by washing with an excess of water
and then dried at 378 K. Tributylhexadecyl phosphonium bromide is soluble in water,
which facilitates its removal through a simple water washing step. To recover the catalyst
from the washing water, its significantly higher solubility in methanol compared to water
can be utilized. This is achieved through a methanol/water extraction process where the
washing water is mixed with methanol to dissolve the catalyst, followed by separation
of the organic phase. The tributylhexadecyl phosphonium bromide is then recovered by
evaporating the methanol under reduced pressure, leaving behind the phosphonium salt.

Table 2. The Ly OA design of experiment for catalytic hydrolysis of PET waste (the green color
corresponds to the optimal combination with the highest S/N value).

Run Concentration Concentration of Wit% Catalyst to Depolymerization SIN ratio
of NaOH PET PET Time (min)
1 12 5 3 135 —42.61
2 12 10 7 130 —42.29
3 12 15 12 125 —41.94
4 15 5 7 115 —41.21
5 15 10 12 105 —40.42
6 15 15 3 120 —41.58
7 20 5 12 75 —37.50
8 20 10 3 88 —38.89
9 20 15 7 82 —38.28

2.3. Synthesis of MOF-235 by the Hydrothermal Route Using Recovered TPA

MOF-235 was synthesized as described in the literature, with slight modifications [19].
Briefly, a 1:1 molar ratio of the previously obtained TPA and FeCls-6H,O were dissolved in
10 mL of N,N-dimethylformamide (DMF). The solution was stirred until homogeneous.
The clear reaction solution was then transferred into a Teflon-lined autoclave and heated at
80 °C for 24 h. Orange crystals of MOF-235 were recovered by filtration, washed with DMF
and distilled water, and then dried at 60 °C for 12 h.

2.4. MOF-235 Characterizations

X-ray diffraction (XRD) spectra were obtained using an X'Pert Pro Panalytical X-ray
diffractometer and a D8 ADVANCE system from Bruker, San Jose, USA. The diffractograms
were processed with X'Pert High Score Plus 4.0 software and were performed with a
resolution of 0.02° and 30 scans. Fourier Transform Infrared (FTIR) spectroscopy was

recorded with 64 scans at a resolution of 4 cm™!.

The functional groups of TPA and
MOF were identified using the ATR-FTIR spectroscopy technique within the range of
400-4000 cm~ 1. The analysis was conducted with a Perkin Elmer Spectrum instrument, a
two-beam IR spectrophotometer equipped with an Attenuated Total Reflection accessory.
Scanning Electron Microscopy (SEM) images of the selected samples were captured using a
Quanta 650 FEG scanning electron microscope, FEI Co Ltd, Oregon, US with a resolution

range from 30X to 200,000, and an accelerating voltage varying between 0.2 and 30 kV.
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The coupled Differential Thermal Analysis/Thermogravimetric (DTA/TG) curves were
recorded using a Setsys Evolution 1750 SETARAM instrument KEP Technologies, Sophia
Antipolis France, coupled with a thermo-balance. The sample was carefully weighed and
heated to 500 °C at a rate of 20 °C per minute under a nitrogen atmosphere.

3. Results and Discussion
3.1. Catalytic Depolymerization Mechanism

During the first step of the alkaline hydrolysis of PET (Figure 2, Step I), hydroxide
ions act as nucleophilic centers, attacking the electrophilic carbonyl carbon (C=0) of the
ester groups in PET chains. This reaction produces disodium terephthalate (Na,TPA) and
ethylene glycol (EG). In the second step of the process (Figure 2, Step 1I), sulfuric acid
is added to the disodium terephthalate solution until the pH reaches 2-3, resulting in
the precipitation of terephthalic acid (TPA) [21]. It is important to note that the excess
sulfuric acid also leads to the formation of sodium sulfate (Na;SO,). Consequently, the
precipitated TPA was washed with deionized water to remove any impurities. The catalytic
alkaline hydrolysis of PET using a phase transfer catalyst (PTC) is an efficient method that
enhances the depolymerization process by facilitating the transfer of hydroxide ions from
the aqueous alkaline phase to the organic solid phase of PET. Quaternary ammonium and
phosphonium salts are commonly employed as phase transfer catalysts due to their ability
to promote the migration of reactants between phases. They contain a positively charged
cation, enabling them to attract and solvate hydroxide anions (OH™), thereby allowing
the anions to cross the phase boundary between the aqueous and organic PET phases.
Once in the organic phase, the OH™ anions can attack the carbonyl (C=0O) groups of PET.
While numerous studies have examined the role of ammonium in PET depolymerization,
relatively little attention has been given to phosphonium salts [21]. In this study, tributyl-
hexadecyl phosphonium bromide (3Bu6DPB) was selected due to its high efficiency as a
phase transfer catalyst. As illustrated in Figure 3, the catalytic reaction using 3Bu6DPB
involves transferring hydroxide ions (OH™) from the aqueous phase into the organic phase
where the PET polymer is located. This transfer occurs through the formation of an ion
pair complex between the OH™ anion and the phosphonium cation (PTC-OH™ complex),
making the OH™ anions more lipophilic. This property allows the PTC-OH™ complex to
migrate from the aqueous phase into the organic PET phase. Reference [11] provided a
detailed analysis of several ammonium and phosphonium salts as phase transfer catalysts
for the alkaline hydrolysis of PET waste.

These catalysts differ in regard to water solubility, alkyl group composition, and
anion nature. The study showed that the high reactivity of 3Bu6DPB salts is attributed to
their strong compatibility with the organic phase and to the efficient anion transfer. This
efficiency is facilitated by the highly lipophilic cation and the presence of large alkyl groups,
which ensure significant partitioning of the cation-anion pair into the organic phase.
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Figure 3. Mechanism of the PTC catalytic alkaline hydrolysis of PET.

3.2. Taguchi Optimization Regression and ANOVA Study

The optimization of the parameters of depolymerization, using the Taguchi method
and ANOVA, enabled the complete depolymerization of PET at 80 °C and atmospheric
pressure in the shortest time possible. Table 3 presents the S/N ratio and the mean response
for each factor and each level, including the delta value, which represents the difference
between the maximum and minimum S/N values for each factor. The calculation method
involves subtracting the S/N ratio of the minimum level from the S/N ratio of the maximum
level for each factor [22]. The ranks of the different factors are determined based on
delta values: rank 1 is assigned to the factor with the highest delta value, rank 2 to the
second-highest, and so on. The results presented in Table 3 show that the concentration
of NaOH has the greatest influence on both the S/N ratio and the mean response for the
depolymerization time. The wt.% of catalyst to PET has the second greatest influence,
followed by the concentration of PET.
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Table 3. The S/N and mean values at each level; the delta and rank of each factor.

S/N
Level E(;I(l)cle_:lntration of Concentration of Wt.%

(/100 mL) PET (g/100 mL) Catalyst to PET
1 —42.27 —40.44 —41.03
2 —41.07 —40.53 —40.59
3 —38.0 —40.60 —39.95
Delta 4.27 0.16 1.08
Rank 1 3 2
Optimum Level 3 Level 2 Level 1

Mean

Level S;r(l)clc_elntration of Concentration of Wt.%

(/100 mL) PET (g/100 mL) Catalyst to PET
1 130 108 114
2 113.33 113.33 109
3 81.67 109 101.67
Delta 48.33 5.33 12.33
Rank 1 3 2

Based on these findings, the optimal levels for maximizing the S/N ratio are level
3 for the concentration of NaOH (20 g/100 mL), level 1 for the concentration of PET
(5 g/100 mL), and level 3 for the wt.% of catalyst to PET (12%). Further confirmation of the
significance of these parameters can be found in the slopes of the S/N vs. parameters plots
(Figure 4). The quasi horizontal line in the plot indicates that the corresponding parameter
has a slight effect on the response [21]. These results suggest that the concentration of PET
has a slight effect on the depolymerization time, particularly within the variation range of
concentration of NaOH between 12% and 20%.

Figure 5a—e illustrates the 3D surface plots of various process parameters. Specifically,
Figure 5a,b show the effect of the concentration of PET and NaOH on the depolymerization
time. It is evident that, as the concentration of PET increases, the depolymerization time
also increases. This trend is expected, as higher PET concentrations reduce the contact area
available for the alkaline solution, which hinders the diffusion of hydroxide ions (OH™) into
the interior of the PET particles, thereby slowing the reaction [22]. Additionally, at lower
PET concentrations, increasing the NaOH concentration initially decreases the reaction
time, suggesting an acceleration of the process. However, at higher PET concentrations,
this effect becomes less pronounced. Figure 5c,d illustrate the effect of the concentration of
NaOH and the catalyst-to-PET on the depolymerization time. The plots indicate that, as the
NaOH concentration increases, the reaction time decreases, evidenced by the downward
slope of the surface plot. The influence of the catalyst-to-PET ratio on the reaction time is
less significant compared to NaOH concentration. Figure 5e f reveal a wave-like structure
with peaks and valleys, indicating that certain combinations of the wt.% of the catalyst
and PET result in shorter or longer process times. Additionally, Taguchi 3D surface plots
provide a visual tool to estimate the optimal combination of factors by identifying the
region where the response variable is at its lowest level. From the 3D plots and Table 4, the
ranges of factors to minimize the process time can be estimated as follows: concentration



Solids 2025, 6, 10

90f18

130

1204

Mean

90 4

80 {

110

100 4

\
‘Wt.% NaOH \5

T
12 15 20

of NaOH concentrations in the range of 19-20%, wt.% catalyst/PET of 5-12 wt.%, and the
concentration of PET between 4.5 and 13%.

38

»
/
{
/
39 /
L r‘f
— e \‘v = 4 / .
\\ ~. /-’ /
e 7)) / S . e
-~
» / o~
42 //
Wt.% PET ‘Wt.% catalyst to PET ¢ Wt.% NaOH Wt.% PET ‘Wt.% catalyst to PET

5 10 1‘5 3 7 12 12 15 20 5 10 15 3 7 12
Figure 4. Graph of mean of depolymerization time of PET flakes and S/N response for different factors.

Figure 6a,c illustrate the effect of the interaction between the concentration of NaOH
and that of PET on the depolymerization process time. They show that, regardless of
whether the PET flake loading is low or high, increasing the concentration of NaOH
reduces the depolymerization time. Similarly, Figure 6b,e highlight the interaction between
the percentage of catalyst and NaOH. As expected, for all NaOH concentrations, the
depolymerization time decreases with an increase in catalyst concentration. For instance,
at 20% NaOH, PET flakes are completely depolymerized in approximately 1.5 h with 5%
of catalyst to PET. This time further reduces to about 1 h when the catalyst percentage
increases to 15%. These results align well with findings reported in previous studies [10,11].

Based on Supporting Information (S1), which presents the ANOVA results for the
S/N ratios obtained for PET depolymerization time, it is evident that the concentration of
NaOH and the wt.% of catalyst to PET have p-values less than 0.05 (0.02 for concentration of
NaOH and 0.024 for wt.% catalyst to PET). This indicates that these factors are statistically
significant at the 0.05 level of significance. Additionally, these two factors exhibit the largest
SS Adj values, further confirming their statistical relevance. Conversely, the PET percentage
factor has no significant effect, as indicated by its p-value of 0.692 [22]. This conclusion
is further supported by the Pareto chart presented in the Supporting Information, which
highlights that NaOH concentration and the catalyst/PET percentage ratio are statistically
significant at the 0.05 level of significance.

Table 4. Optimal PET depolymerization values based on factor variation (different optimized values
have been deduced from circle zones in Figure 5a—f).

l;;%::;: Figure 5a Figure 5b Figure 5¢ Figure 5d Figure 5e Figure 5f
Concentration of PET 4.5 5.75 55 - 8-13 55
Concentration of NaOH 20 20 20 19 - -
Wt% catalyst to PET - - - 5-12 11 11.5
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Figure 5. Three-dimensional surface plot of the combination of process parameters (optimized zones
are marked by circles).
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Interaction plots of depolymerization parameters
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Figure 6. Interaction plots of different parameters and the depolymerization time of PET. (a) Interac-
tion of the concentration of NaOH versus that of PET; (b) interaction of the concentration of NaOH
versus wt.% catalyst to PET; (c) interaction of the concentration of NaOH versus that PET; (d) interac-
tion of the concentration of PET versus wt.% catalyst to PET; (e) interaction of the concentration of
NaOH versus that of PET; and (f) interaction of the concentration PET versus wt.% catalyst to PET.

3.3. Characterization of the Recuperated TPA
3.3.1. FI-IR Analysis

The spectrum of the recovered TPA is shown in Figure 7. It revealed characteristic
peaks corresponding to the functional groups of terephthalic acid. Specifically, the C=O
stretch (3000-2500 cm 1), C=C stretch (1675 cm~!), C—C aromatic stretch (1427 cm~1), and
C-O stretch (1237 cm™!) were observed in the sample obtained from the depolymerization
of PET. Additionally, bands at 1014 em 1, 1089 cm ™1, and 1237 cm ™! are attributed to the
bending vibrations of CO groups. These findings align well with reference data, confirming
the presence of TPA [23].

3.3.2. X-Ray Diffraction

The X-ray diffractograms of the TPA obtained through the depolymerisation of PET is
presented in Figure 8. The XRD pattern of the TPA powder displayed peaks at 26 values of
17.12° (110), 25.1° (222), 27.4° (220), 30.9° (121), 39.6° (212), and 41° (222). The corresponding
20 values are consistent with the reported values [23].
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Figure 8. X-ray diffractogram of recovered TPA.

3.3.3. Thermal Characteristics of TPA

The TPA recovered from the hydrolysis of PET waste was subjected to Differential
Thermal Analysis/Thermogravimetric (DTA/TG) analyses to evaluate its thermal decom-
position profile. The results of these analyses are shown in Figure 9. A significant mass
loss of approximately 70% occurred in the temperature range of 350-430 °C, which can be
attributed to the decomposition of the ester groups into volatile products. According to the
literature [23-25], the carboxylic acid groups undergo thermal decomposition within this
temperature range.
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Figure 9. DTA /TG thermograms of recovered TPA.

3.4. Application of the Recuperated TPA Used as Ligand to Prepare MOF-235

The TPA recovered from the depolymerization of PET was used as an organic linker
for the preparation of MOF-235. The surface chemical composition of MOF-235 was
characterized using Fourier Transform Infrared (FTIR-ATR) spectroscopy, as shown in
Figure 10. The FTIR spectrum revealed some characteristics bands, including those at
823 cm~! and 1012 cm ™!, which were attributed to C-H vibrations of the aromatic ring.
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Figure 10. Infrared spectrum of synthesized MOF.

Additionally, the bands at 1573 cm ! and 1383 cm ™! corresponded to the asymmetric
and symmetric stretching vibrations of the C-O bonds in carboxyl groups. The broad
band observed around 3400 cm~! was assigned to the stretching vibrations of O-H groups.

Furthermore, the peak of Fe-O in Fe-MOFs appears at 550 cm . The low-intensity band at
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2991 cm~! is related to the C-H vibrations of DMF. These findings are in good agreement
with previous data [26,27].

3.4.1. X-Ray Diffraction

The X-ray diffraction (XRD) pattern of the prepared MOF powder is presented in
Figure 11. The XRD peaks corresponding to the MOF-235 structure are observed at
20 =10.27°,13°,17°, 22.0°, and 27.5° which are in good agreement with the previously re-
ported literature [27,28]. Additionally, the appearance of additional peaks at 26 = 9.52°, 11°,
18.22°,22.0°, and 27.5° can be observed, corresponding to another Fe-TPA MOF, namely
MIL-101(Fe), as reported in reference [29]. MIL-101(Fe) is a well-known iron(III) tereph-
thalate MOF with the molecular formula [Fe3O(OH)(H,0),(1,4-BDC)3], where 1,4-BDC
represents 1,4-benzenedicarboxylate(TPA). MOF-235 and MIL-101 exhibit distinct differ-
ences in their morphologies and pore structures. MIL-101 features a three-dimensional
porous structure consisting of two differently sized nanocages with diameters of 29 A and
34 A, connected by windows with diameters of 12 Aand16 A. In contrast, MOF-235 has a
one-dimensional hexagonal channel structure with a diameter of 6.7 A2 [30]. Simonsson
et al. [30] conducted a detailed study on the synthesis of MIL-101 and MOE-235, as well as
their simultaneous formation. Their findings indicated that a synthesis process at 80 °C for
24 h did not yield a pure MOF-235 phase. Instead, additional peaks corresponding to MIL-
101 were detected in the XRD spectrum, confirming the co-formation of both frameworks
under these conditions. Various adjustments were tested to optimize the synthesis process,
including using anhydrous solvents, employing freshly purchased chemicals, repeating
the synthesis multiple times, conducting thermal treatments in different types of vessels,
and varying the drying temperature. However, none of these modifications yielded a
significant improvement. It was found that a higher DMF proportion and lower synthesis
temperature appear to favor MOF-235 formation. Conversely, using a non-insulated ves-
sel, such as a glass bottle, tends to promote the formation of MIL-101, which is the more
thermodynamically stable phase [30].
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Figure 11. X-ray diffractogram of synthesized MOF-235 (*) associated with MIL-101 ().
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3.4.2. SEM Morphology

An SEM analysis was performed to characterize the micromorphology of the prepared
MOF, as shown in Figure 12. The analysis revealed the presence of two distinct micromor-
phologies. Hexagonal bipyramidal structures, with particle sizes ranging from 150 nm to
0.5 um, were associated with the MOF-235 structure [31].

Figure 12. SEM image and EDS of prepared MOF.

Additionally, it is possible to observe the presence of tubular and spindle-like mor-
phologies, with an average length of 3-5 um and a diameter of approximately 1 um, which
were attributed to the MIL-101 structure [32].

4. Conclusions

This study explored the alkaline hydrolysis depolymerization of PET bottle waste
using an efficient phase transfer catalyst, tributylhexadecyl phosphonium bromide. The
depolymerization reaction was conducted under mild conditions, specifically under lower
atmospheric pressures and at temperatures not exceeding 80 °C. Optimization parame-
ters, including the wt.% of catalyst/PET, the concentration PET, and the concentration of
NaOH, were investigated using the Taguchi robust design method. The optimal conditions
yielding the highest signal-to-noise (S/N) ratios and the shortest depolymerization time
(75 mn) were 20% NaOH (level 3, S/N = —38.22), 5% of PET (level 1, S/N = —40.44), and
12 wt.% catalyst/PET (level 3, S/N = —39.95). The results demonstrated that the p-values
for the concentration of NaOH and the wt.% of catalyst/PET were less than o = 0.05,
indicating that these factors were statistically significant. The 3D plot of interaction of
different factors reveals that the time of depolymerization for PET is primarily influenced
by the concentration of NaOH and that the impact wt.% of catalyst/PET is less signifi-
cant. Characterization techniques, including FTIR, XRD, and TGA, confirmed that TPA
was recovered using this process. Furthermore, it was successfully utilized as an organic
linker to synthesize iron-based porous metal-organic frameworks, specifically MOF-235
and MIL-101. These findings suggest that catalytic depolymerization is a promising and



Solids 2025, 6, 10 16 of 18

sustainable approach for converting PET waste into valuable TPA, which can serve as a
precursor for the production of advanced metal-organic framework materials.

Supplementary Materials: The following supporting information can be downloaded at https:
/ /www.mdpi.com/article/10.3390/s0lids6010010/s1: Figure S1: Pareto chart of different factors
o = 0.05; Table S1: ANOVA results of the S/N ratios obtained for the observed PET conversion time.
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