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Abstract

This study addresses the critical issue of environmental pollution from plastic waste by
investigating an effective chemical recycling method for polyethylene terephthalate (PET)
via neutral catalytic hydrolysis. We utilized a recoverable and regenerable composite
catalyst based on cracking zeolite and y-Al,O3, which possesses both Brensted and Lewis
acidic sites that facilitate the depolymerization of PET into its constituent monomers,
terephthalic acid (TPA) and ethylene glycol (EG). This investigation reveals that the catalytic
performance is strongly dependent on the total acid site concentration and the specific
nature of these sites. A key finding is that a balanced acidic profile with a high proportion
of Brensted acid sites is crucial for enhancing PET hydrolysis attributed to a significant
decrease in the activation energy of the reaction. The experiments were conducted in
a stirred stainless-steel autoclave reactor, where key parameters such as temperature
(210-230 °C), the PET-to-water ratio (1:2 to 1:5), and reaction time were systematically
varied. Under optimal conditions of 210 °C and a 6 h reaction time, the process achieved
near-complete PET depolymerization (99.5%) and a high TPA yield (90.24%). The catalyst
demonstrated remarkable recyclability, maintained its activity over multiple cycles and was
easily regenerated. Furthermore, the recovered TPA was of high quality, with a purity of
98.74% as confirmed by HPLC, and exhibited a melt crystallization temperature 14 °C lower
than that of the commercial standard. These results not only demonstrate the efficiency and
sustainability of neutral catalytic hydrolysis using zeolite/alumina composites but also
provide valuable insights for designing advanced catalysts with tunable acidic properties.
By demonstrating the importance of tuning acidic properties, specifically the balance
between Brensted and Lewis sites, this work lays a foundation for developing more
effective catalysts that can advance circular economy goals for PET recycling.

Keywords: polyethylene terephthalate (PET); recycling; neutral catalytic hydrolysis;
terephthalic acid (TPA); zeolite

1. Introduction

Polyethylene terephthalate (PET) is a widely used thermoplastic polymer within the
polyester category and has become a preferred material for producing fibers and films due
to its favorable performance characteristics. Beyond its initial application in carbonated
beverage packaging, PET has found broader application in containers for products such
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as mineral water, juices, sports drinks, condiments, and salad dressings. This expanded
application range is largely due to its combination of desirable properties, including
strong gas barrier capabilities, low permeability, high mechanical and thermo-mechanical
strength, chemical inertness, optical clarity, and ease of fabrication. Therefore, global
PET resin consumption is increasing each year. Rapid industrial expansion has driven a
dramatic escalation in global plastic production, which had grown to 311 Mt as of 2014.
Current projections indicate that this volume is expected to double by 2035 and nearly
quadruple by 2050, signaling an urgent need for sustainable solutions. The increase in
plastic production has raised concerns about environmental issues, leading to increased
research in studies on the recycling of waste plastic [1-6]. PET waste recycling is generally
classified into four main types: primary (re-extrusion), secondary (mechanical processing),
tertiary (chemical methods), and quaternary (energy recovery) [7]. Tertiary, or chemical,
recycling is regarded as a sustainable approach because it recovers the monomers used in
the production of new polymers. Chemical recycling can be accomplished through various
methods, including alcoholysis, hydrolysis, aminolysis, ammonolysis, and glycolysis, all
of which use specific reagents to decompose the PET structure, each with advantages
and disadvantages. Among the various PET depolymerization methods, glycolysis and
methanolysis are the most commercially established. Despite their industrial viability, these
processes face challenges such as the presence of contaminants that are not easily removed
through standard purification techniques. Additionally, the separation and refinement of
the resulting reaction mixtures can be costly, which limits the overall economic efficiency
of these methods [8-11]. Hydrolysis is regarded as an effective approach for PET waste
recycling, as it decomposes the polymer into its original monomers—terephthalic acid
(TPA) and ethylene glycol (EG)—by reacting with water under acidic, basic, or neutral
environments. Growing interest in this method is largely driven by the emergence of
facilities focused on the direct synthesis of PET from its monomeric constituents. Among
these approaches, neutral hydrolysis is particularly advantageous, as it minimizes the
generation of difficult-to-manage inorganic salts, a common issue with acidic or alkaline
hydrolysis. Consequently, the kinetics of PET depolymerization under neutral conditions
have become a focal point of recent research. As a result, it is more environmentally friendly;
consequently, researcher interest is growing in this technology [12,13]. Depolymerization of
PET typically involves the hydrolysis of ester bonds, which can be effectively catalyzed by
both acids and bases [14]. These catalysts lower the activation energy for ester hydrolysis
by providing protons or hydroxide ions, which interact with the nucleophilic centers of
the ester groups, making the reaction thermodynamically favorable [15]. For example,
PET hydrolysis can be significantly accelerated under strongly acidic conditions, such as
10 M sulfuric acid at 150 °C or 13 M nitric acid at 100 °C [16,17], leading to complete PET
breakdown. Similarly, strong basic conditions, such as using 3.75 M sodium hydroxide
at 100 °C, also enhance hydrolysis kinetics [18]. The use of concentrated acids or bases
for PET hydrolysis, while effective, presents significant drawbacks including corrosive
conditions, difficulty in medium recycling, and hazardous wastewater generation. This
necessitates exploring environmentally benign alternatives, particularly recoverable solid
catalysts operating under neutral pH conditions [19]. Zeolites (crystalline, microporous
aluminosilicate) are promising candidates due to their intrinsic Brensted and Lewis acid
sites, which can catalyze hydrolysis [20,21]. Although zeolite acidity can be tuned (e.g.,
via the Si/Al ratio), enabling PET depolymerization in pure water, practical industrial
applications often require incorporating binders like y-alumina (y-AI203) to improve
mechanical strength and handling [22]. Binders play a crucial role in facilitating the
handling of catalysts and reducing pressure drop in fixed-bed reactors. They also help
shape the catalysts and modify their physicochemical properties, which in turn influence
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their overall catalytic performance [23-27]. Common binders include silica and alumina,
which impact the physical and chemical characteristics of the zeolite and, consequently,
its catalytic effectiveness [28]. Although binders themselves are not very active, they are
essential for enhancing the mechanical strength of the catalysts [22,29]. Gamma alumina is
particularly notable for its higher porosity and surface area compared to alpha alumina,
making it a popular choice in catalytic applications [30]. Research by Choudhary et al.
found that using alumina as a binder in ZSM-5 catalysts for aromatic disproportionation
had a significantly smaller impact on reducing catalytic activity and acidity compared
to silica. Alumina tends to enhance the Lewis acidity of the zeolite, while its effect on
Brensted acidity is minimal [31]. Wu et al. also reported that the influence of alumina
on Bronsted and Lewis acid sites depends on the type and structure of the zeolite [32].
Binders can significantly influence the surface acidic properties of zeolite-based catalysts
through interactions with the support material. These interactions may impact proton-
exchange efficiency, promote or suppress the formation of coke precursors, and ultimately
affect overall catalytic performance. Moreover, binders can modify the catalyst’s textural
properties by obstructing pore channels and altering the dispersion of active metal sites,
potentially reducing accessible surface area.

Therefore, the unique contribution of this study is the systematic investigation of
how incorporating varying amounts (0% to 50%) of y-Al,O3 binder modifies the physic-
ochemical properties (particularly the BAS/LAS ratio) of a commercial cracking zeolite
and influences its catalytic efficiency for the neutral hydrolysis of PET waste. We aim to
elucidate the binder’s active role in tuning the catalyst’s acid profile and correlate this with
PET conversion and terephthalic acid (TPA) yield. Additionally, the effects of reaction
parameters such as time, temperature, the PET-to-water ratio, and the presence of xylene
were evaluated.

2. Results and Discussion

A summary of all experimental parameters investigated for the neutral hydrolysis of
waste PET and the corresponding results are provided in Table 1, serving as a reference
for the detailed discussions that follow. The reaction yield was determined by comparing
the amount of terephthalic acid (TPA) obtained to the theoretical maximum yield from the
complete depolymerization of 5 g of PET, equivalent to 4.32 g of TPA.

Table 1. Experimental conditions of the zeolite/ Alumina catalyzed neutral hydrolysis of waste PET.

PET/Water

Run Tﬁmp Xylene Time Catalyst Cat-Load Cat-Style Ratio PET (%) TOP A TAP (g)
(@) (h) (g (Wt.%) (%)
1 210 4 8 None 0.143 Fresh 1:5 88.5 64.09 2.755
2 210 v 8 Cat-100 (Zeolite) 0.143 Fresh 1:5 96.34 78.83 3.407
3 210 v 8 Cat-0 (Alumina) 0.143 Fresh 1:5 92.45 71.4 3.085
4 210 v 8 Cat-90@10%Alumina 0.143 Fresh 1:5 100 81 3.50
5 210 4 8 Cat-80@20%Alumina 0.143 Fresh 1:5 96.4 79.1 3.417
6 210 4 8 Cat-50@50%Alumina 0.143 Fresh 1:5 96.36 75.78 3.275
7 210 v 2 Cat-90@10%Alumina 0.143 Fresh 1:5 11.2 4.164 0.18
8 210 v 4 Cat-90@10%Alumina 0.143 Fresh 1:5 46.86 43.04 1.86
9 210 v 6 Cat-90@10%Alumina 0.143 Fresh 1:5 93.09 78.67 3.40
10 210 No 6 Cat-90@10%Alumina 0.143 Fresh 1:2 94.24 82.44 3.563
11 210 No 6 Cat-90@10%Alumina 0.143 Fresh 1:3 95.9 86.27 3.728
12 210 No 6 Cat-90@10%Alumina 0.143 Fresh 1:4 97.68 87.32 3.774
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Run. PP Xylene  1ime Catalyst CatLoad )y givle PEII;Y:[: = e TPA AP (g)
Q) (h) (g (Wt.%) (%)

13 210 No 6 Cat-90@10%Alumina 0.143 Fresh 1:5 99.5 90.24 3.90
14 220 v 2 Cat-90@10%Alumina 0.143 Fresh 1:5 36.94 25.45 1.10
15 230 4 2 Cat-90@10%Alumina 0.143 Fresh 1:5 72.26 55.53 2.40
16 210 No 6 Cat-90@10%Alumina 0.05 Fresh 1:5 24 16.5 0.713
17 210 No 6 Cat-90@10%Alumina 0.1 Fresh 1:5 87.46 62.47 2.7

18 210 No 6 Cat-90@10%Alumina 0.2 Fresh 1:5 58 423 1.83
19 210 No 6 Cat-90@10%Alumina 0.25 Fresh 1:5 46.52 36.1 1.56
20 210 No 6 Cat-90@10%Alumina 0.143 Cycle 2 1:5 95.2 86.1 3.72
21 210 No 6 Cat-90@10%Alumina 0.143 Cycle 3 1:5 92.58 782 3.38
22 210 No 6 Cat-90@10%Alumina 0.143 Cycle 4 1:5 89.47 62.1 2.68
23 210 No 6 Cat-90@10%Alumina 0.143 Regenerated 1.5 97.32 89 3.86

2.1. Characterization of Cracking Zeolite/y-Al,O3-Based Catalysts

N2 adsorption—-desorption isotherms of catalyst samples are shown in Figure 1. The
textural and structural properties of the solid catalysts are summarized in Table 2. y-Al, O3,
Zeolite, and Zeolite/y-Al,O3 primarily display typical characteristics of a mesoporous
structure, and the specific surface area of composite catalysts exceeds that of y-Al,O3, espe-
cially Cat-90, because the mesoporous y-Al,O3 phase content is only 10%. Figure 1 displays
the nitrogen adsorption—desorption isotherms, which are classified as type IV according to
IUPAC standards, indicating the presence of mesoporous structures. The type H2 hysteresis
loops observed for the zeolite catalyst suggest the existence of a complex pore network,
characterized by features such as narrow necks and pore condensation phenomena [33,34].
In contrast, y-Al,O3 and the composite catalysts exhibit type H3 hysteresis loops with high
closure points (P/Pj > 0.9), suggesting the presence of large slit-like pores with average
diameters exceeding 16 nm. The broad pore size distributions further imply a nonuniform
pore structure, likely resulting from the aggregation of amorphous silica—alumina or the
stacking of plate-like y-Al,O3 particles. For y-Al,O3 and the composite catalysts, the
nitrogen adsorption isotherms show significant uptake at relative pressures (P/Pj) above
0.9. This indicates the presence of interparticle mesopores. This behavior suggests that the
amorphous silica-alumina agglomerates in these materials contribute to the development of
extensive interparticle voids. According to Table 2, the BET surface areas for Cat-90, Cat-80,
and Cat-50 are 228, 221.4, and 198.3 m? /g /g /respectively, respectively-significantly greater
than that of the unmodified y-Al,O3, which exhibits a surface area of 178.7 m?/g. This
enhancement in surface area can be attributed to the acidic conditions applied during the
zeolite modification process, which likely facilitate the development of a porous amorphous
silica-alumina layer on the surface of the alumina particles in the modified catalysts.



Catalysts 2025, 15, 1072 5 of 26

20 -
Zeolite
1 —— Alumina
—— Cat-90
15 - —— Cat-80
—+— Cat-50

Quantity Adsorbed by (c1113/g STP)
=
|

T 1 N T ’ T
0.0 0.2 0.4 0.6 0.8 1.0
Relative Pressure (P/Po)
1 " Mesopores
=
I Ny
° 3 g
é g :~
i z i
§ g 5 A
8
Macrogns, g

Relative pressure e Relative Pressure el

Figure 1. N2 adsorption-desorption isotherms of the zeolite, alumina, and their composite catalysts.
TUPAC classified hysteresis and isotherm models.

Table 2. BET surface area, pore volume, and pore diameter of various catalysts.

Catalvst Zeolite: BET Surface Micropore Pore Volume Pore Diameter
y Alumina Ratio Area (m?/g) Area (m?/g) (cm3/g) (nm)
Cat—l‘OO 100:0 187.8831 155.1992 0.057467 8.37
(Zeolite)
Cat-90 90:10 228.0894 170.0267 0.246529 16.04
Cat-80 80:20 221.4337 153.4648 0.312032 16.56
Cat-50 50:50 198.3791 115.7011 0.450898 15.6
Cat-0
i1 178.7842 70.0541 .648641 17.14
(y-Al,03) 0:100 8.78 0.05 0.6486:

2.2. Cracking Zeolite/~y-Al,O3 Binder Mixtures: X-Ray Diffraction Analysis

Figure 2 presents the XRD patterns of y-alumina, zeolite, and their composite catalysts.
A noticeable decrease in the intensity of the zeolite’s characteristic peaks upon alumina
incorporation suggests successful integration of alumina into the catalyst framework.
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Figure 2. X-ray diffraction patterns of zeolites/binder mixtures.

2.3. Catalytic Performance of Cracking Zeolite and Its Alumina Binder Composite Catalysts

To investigate the catalytic performance of various cracking zeolite-based catalysts in
the neutral hydrolysis of waste PET, five distinct catalysts were prepared with different
alumina loadings: Cat-100, Cat-90, Cat-80, Cat-50, and Cat-0 (Alumina). Figure 3 shows
the yields of the hydrolysis reaction, which were 78.83%, 81%,79.1%, 75.78% and 71.4%,
respectively. The trend with increased Al,O3 binder in the catalysts generally led to lower
TPA yield. To evaluate the levels of Bronsted and Lewis acid sites in the prepared zeolite-
based cracking catalysts, NH3-TPD analysis was conducted on zeolite-based samples
containing varying ratios of AlO3 binder. As reported in previous research, Bronsted
and Lewis acidic sites in the zeolite framework can be differentiated by the temperature
of the peak in the NH3-TPD curves [35]. Lewis acid sites were observed in the low-
temperature range (below 300 °C), whereas those associated with Bronsted acid sites
emerged at higher temperatures (above 300 °C) [36]. The overall acidity of the zeolite-
based cracking catalysts was determined by integrating the NH3-TPD profiles, with the
resulting total acid site concentrations summarized in Table 3. The measured total acid site
concentrations were 0.666, 0.3248, 0.2961, and 0.2446 mmol/g for Cat-100, Cat-90, Cat-80,
and Cat-50, respectively, suggesting variations in the acidic site concentrations that could
influence catalytic activity.

100 ~®- PET conversion
-~ TPA yield
90
NS
ST 80
70
60 T T T T T T
None Cat Zeolite Cat-90 Cat-80 Cat-50 Alumna

Figure 3. Influence of addition of alumina binder to cracking catalysts on PET conversion and TPA
yield [Temperature:210 °C, catalyst 2.86% wt., 8 h].
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Table 3. Acid Site Types and Concentrations on Zeolite-Based Cracking Catalysts Determined by
NH;-TPD.

Total Acidic Site Lewis Acidic Site Bronsted Acidic Site
Catalysts Corz/t;?\ltz(ov:t %) Quantity . Quantity . Quantity
: (mmol/g) Tm (°C) (mmol/g) Tm (°C) (mmol/g) BAS/LAS

123 0.027 508 0.4885

Cat-100 0 0666 269 0.14366 723 0.00715 29
116 0.192

Cat-90 10 0.3248 283 0.0434 685 0.0894 0.38
118 0.1146

Cat-80 20 0.2961 291 0.109 681 0.0725 0.324
121 0.1619 504 0.0145

Cat-50 50 0.2446 283 0.02822 720 0.040 0.2866

The Bronsted to Lewis (BAS/LAS) acidic site ratios were calculated for each catalyst,
yielding values of 2.9, 0.38, 0.324, and 0.2866, respectively. Notably, Cat-90 exhibited the
highest yield, suggesting that the introduction of 10% alumina may have optimized the
catalytic activity. This phenomenon can be attributed to several factors: Firstly, the presence
of alumina can modify the acidic properties of the cracking zeolite, potentially enhancing
the availability of active sites for the hydrolysis reaction. The optimal alumina loading
in Cat-90 may have created a favorable balance between Bronsted and Lewis acid sites,
facilitating the hydrolysis process more effectively than either extreme of 0% or 50% alumina.
Also, the introduction of alumina may improve the accessibility of the active sites within
the cracking zeolite framework. A moderate amount of alumina could prevent excessive
pore blockage, which can occur at higher loadings, thus allowing for better diffusion of
reactants and products during the hydrolysis reaction. The stability of the catalyst can also
play a role in its performance. Cat-90 may have exhibited better structural integrity under
reaction conditions, leading to sustained catalytic activity compared to the other catalysts.
The trend of Acidic Site Concentration indicates a decrease in acidic site concentration with
increasing alumina content. This observation aligns with the general understanding that
higher alumina loading can dilute the zeolitic acid sites, thereby reducing the overall acidity
of the catalyst [37,38]. However, the relationship between acidic site concentration and
catalytic performance is not linear. For instance, despite having the highest concentration
of acidic sites, Cat-100 did not yield the highest TPA production. This suggests that the
mere presence of acidic sites is not sufficient for optimal catalytic activity; the nature and
distribution of these sites are equally important. Furthermore, the BAS/LAS ratios reveal a
critical insight into the reaction mechanism. Cat-100 (pure zeolite) is heavily dominated
by Brensted acid sites (BAS/LAS ratio = 2.9), whereas the addition of 10% alumina in
Cat-90 creates a much more balanced acidic environment (BAS/LAS ratio = 0.38). The
superior yield of Cat-90, despite its lower total acidity, suggests a synergistic mechanism is
required for efficient hydrolysis. We propose that Brensted Acid Sites (BAS) are essential
for initiating the reaction by protonating the carbonyl groups of the PET ester linkages.
This step is crucial for lowering the activation energy (E;) of the nucleophilic attack by
water, and Lewis Acid Sites (LAS) play a distinct and vital role in stabilizing the carbocation
intermediates formed during this attack. Therefore, the balanced profile of Cat-90 provides
an optimal synergy of both functions. While Cat-100 has abundant Brensted sites to lower
(Ea), its performance is likely limited by an insufficient number of Lewis sites to stabilize
the reaction intermediates. The balanced Cat-90 catalyst, however, provides sufficient BAS
to initiate the reaction and sufficient LAS to stabilize it, leading to a more efficient overall
pathway and a higher TPA yield. This finding underscores that the quality and balance of
acid sites, not just the total quantity, are pivotal for this reaction. Figure 4 illustrates the
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relationship between the acidic site concentration of the zeolite-based cracking catalysts and
the TPA yield obtained from the neutral hydrolysis of waste PET. Notably, Cat-90 showed a
higher TPA yield than Cat-80, Cat-50, and even Cat-100, despite Cat-100 having a higher
total acid site concentration. This can be attributed to the optimal loading of alumina, which
promotes a higher concentration of Bronsted acid sites with greater acid strength compared
to Lewis sites under aqueous conditions. Consequently, Cat-90, identified as the most
acidic catalyst in this study, exhibited superior catalytic performance in the hydrolysis of
waste PET. Although NH3-TPD provides indirect but supportive evidence for this balance,
we acknowledge that techniques like Pyridine-IR or DRIFTS would offer more definitive
quantification of BAS and LAS. Due to current experimental limitations, these techniques
were not included in the present study but are part of our ongoing investigations.

“ap 0.8

e
~
1

Cat-100

o
(<]
1

te quantity (mmol/g

1C S1
o
I
1

Cat-90

0.3 Cat-ol

Total aci
o
=4
n
o

o 20 40 60 80 100
TPA yield (%)

Figure 4. TPA yield of the cracking zeolite-based catalysts and their acidic site concentration plot.

2.4. Impact of Catalyst Loading of Cat-90 @10%Alumina

The influence of catalyst loading on the depolymerization of PET was systematically
examined by varying the concentration of Cat-90@10% Alumina from 1 to 5 wt.% at 210 °C.
The results revealed that the reaction efficiency is highly sensitive to catalyst dosage. As
shown in Figure 5, increasing the catalyst loading from 1 wt.% led to a sharp rise in both
PET conversion and terephthalic acid (TPA) yield, reaching optimal performance at 3 wt.%.
At this loading, a near-quantitative PET conversion of 99.5% and a maximum TPA yield
of ~91% were obtained, demonstrating what appears to be a favorable balance between
active catalytic sites and reactant availability. However, further increases beyond 3 wt.%
proved detrimental; at 4 and 5 wt.%, both conversion and yield declined significantly. This
inhibitory effect at higher concentrations can be attributed to multiple factors, including
increased slurry viscosity causing mass-transfer resistance, agglomeration of catalyst parti-
cles reducing effective surface area, and the possible promotion of undesired side reactions
consuming the target TPA. Collectively, these findings establish 3 wt.% as the optimal
catalyst loading, as insufficient catalyst limits the reaction rate, whereas excessive amounts
impede efficiency, likely due to mass transfer limitations or particle agglomeration.
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Figure 5. Impact of Catalyst loading on the PET hydrolysis [temperature:210 °C, Cat-90@10%alumina, 6 h].

2.5. Effect of Reaction Conditions
2.5.1. Effect of Reaction Time on Neutral Hydrolysis of PET

Figure 6 illustrates the effect of reaction time on PET conversion and TPA yield during
neutral hydrolysis. The results showed a clear upward trend in TPA yield with increasing
reaction time from 2 to 8 h. At 2 h of hydrolysis, the TPA yield is relatively low at 4.164%,
indicating that the reaction had just begun and significant PET depolymerization had not
occurred yet. As the hydrolysis time increases to 4 and 6 h, there is a substantial increase
in TPA yield, with values of 43.04% and 78.671%, respectively. This suggests that more
PET was being depolymerized into TPA as the reaction progressed. Finally, at 8 h of
hydrolysis, the conversion was achieved at 100%, and the TPA yield reached 81%. The
low conversion of PET flakes during the initial 2 h is attributed to PET’s limited solubility
in water, which restricted the neutral medium from sufficiently swelling the PET surface.
However, the majority of PET conversion to TPA took place within the first 4 h; a notable
rise was observed as the reaction time was increased further.

100 .
,/. -
80 ) // g ) .///,,—\, B |
S
> 60 -
&
?, —e— PET Conversion
£ 40 —=— TPA yield
[-W
20
O -
T T T T T T T T T T T T T
2 3 4 5 6 7 8
Time (h)

Figure 6. Effect of reaction time on the hydrolysis of PET (temperature:210 °C, catalyst [Cat-90@10%
alumina]: 2.86% wt).
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2.5.2. Effect of Temperature on Neutral Hydrolysis Reaction of Waste PET

Figure 7 shows the effect of reaction temperature on PET conversion and TPA yield.
The data showed a clear trend: as the temperature rose, the TPA yield also increased signifi-
cantly. This suggests the hydrolysis reaction was strongly temperature-dependent under
these conditions. To further investigate the catalyst’s performance at lower temperatures,
additional experiments were conducted at 180 °C and 200 °C. At 180 °C, no significant
reaction was observed, indicating that this temperature is below the activation threshold
for effective depolymerization under these conditions. At 200 °C, the reaction proceeded at
a slower rate compared to 210 °C, but the catalyst (Cat-90) still demonstrated significant
activity and selectivity for TPA formation. The yield improved from 4.164% at 210 °C to
25.45% at 220 °C, which is approximately a 6-fold increase. Further increasing the tempera-
ture to 230 °C resulted in a yield of 55.53%, more than doubling the yield obtained at 220 °C.
A significant increase in the PET conversion and TPA yield was observed with increasing
reaction temperature. The conversion of PET showed a clear and rapid increase from 11.2%
to 72.26% when the temperature increased from 210 °C to 230 °C. These findings are crucial
for industrial recycling processes where maximizing the yield of PET hydrolysis is often
desirable. Higher temperatures markedly enhanced process efficiency. However, higher
temperatures also meant higher energy consumption and potential degradation of the
PET or the formation of unwanted by-products. Thus, a balance must be struck between
achieving high yields and managing operational costs and product quality.

100

90 —aA— PET Conversion

TPA yield

80 +

70 ~

60

50 ~

Percentage (%)

40 -

30 +

20 +

10

0

T T
220 230

Temperature(°C)

T
210

Figure 7. Influence of Reaction Temperature on PET Hydrolysis (catalyst [Cat90@10% aluminal]:
2.86% wt, 2 h).

2.5.3. Effect of the PET /Water Ratio on the Conversion of PET and TPA Yield

The effect of the weight ratio of water to PET on the neutral hydrolysis reaction
at autogenous pressure for 6 h and at 210 °C are indicated in Figure 8. At the ratio
of 1:2, the PET conversion percentage was 94.24%, indicating that a significant portion
of PET had been depolymerized into TPA and ethylene glycol, and the TPA yield was
82.44%, suggesting that a substantial amount of TPA had been produced from the hydrol-
ysis of PET at this ratio. With a slightly higher ratio of water to PET compared to the
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previous condition, the hydrolysis reaction may proceed more efficiently. The PET conver-
sion percentage increases to 95.9%, indicating greater depolymerization compared to the
1:2 ratio, and the TPA yield also increases to 86.27%, reflecting the higher efficiency of the
hydrolysis reaction at this ratio. The PET conversion percentage continues to rise to 97.68%,
and the TPA yield increases slightly to 87.32% at the ratio of 1:4, indicating more complete
depolymerization of PET. The PET conversion percentage reaches its highest value at 99.5%,
indicating almost complete breakdown of PET chains under these conditions and the TPA
yield also increases to 90.24%, indicating a high efficiency of TPA production from the
hydrolysis of PET at a ratio of of 1:5. In general, the data show that increasing the water
to-PET ratio led to higher PET conversion percentages and TPA yields. This was likely
because a higher concentration of water promoted the hydrolysis reaction, resulting in
more efficient depolymerization of PET and higher production of TPA.
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Figure 8. Effect of the PET/water ratio on the hydrolysis of PET (temperature:210 °C, catalyst
[Cat-90@10% alumina]: 2.86% wt, 6 h).

2.5.4. The Effect of Xylene as a Solvent on Neutral Hydrolysis of Waste PET

Xylene appeared to facilitate the formation of low-viscosity dispersions that were
initially easy to mix, thereby enhancing the progress of depolymerization reactions. Ad-
ditional benefits of using xylene include the straightforward separation of oligomers and
excess water, as well as high product purity, due to the solubility of most degradation
intermediates in the solvent. Figure 9 shows the TPA yield from the hydrolysis reaction at
210 °C, 6 h, and the PET /water mass ratio was 1:5 in the presence and absence of xylene.
In the case of the presence of xylene, the TPA yield was 78.6%, and the value increased
t0 90.24% in the absence of xylene. The decreasing yield of terephthalic acid (TPA) when
xylene is added to the neutral hydrolysis depolymerization of polyethylene terephthalate
(PET) can be attributed to several interrelated factors. Firstly, the presence of xylene as a sol-
vent can alter the reaction dynamics of PET hydrolysis. While xylene may have enhanced
the solubility of PET and facilitated the reaction at lower temperatures, it may also have
led to competitive reactions that divert the pathway toward TPA production. Specifically,
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xylene might have engaged in reactions resulting in the formation of oligomers or other
by-products rather than TPA, thus reducing the overall yield of the desired product [39,40].
Crucially, the observed reduction in TPA yield in the presence of xylene (e.g., 78.6% with
xylene vs. 90.24% without) is largely an apparent reduction due to the gravimetric measure-
ment method employed. As confirmed by HPLC analysis of the xylene phase (Section 2.10),
a significant portion of the formed TPA and its degradation intermediates dissolve into the
xylene solvent. This dissolved fraction is not recovered during the subsequent purification
and gravimetric weighing steps, thus leading to a lower recorded yield, rather than an
actual decrease in TPA formation. Moreover, the interaction between xylene and the hydrol-
ysis process may affect the kinetics of the reaction. Research indicates that incorporating
organic cosolvents like xylene can favor glycolysis over hydrolysis, which is less favorable
to maximizing TPA yields [40]. This shift in the reaction pathway can be detrimental, as
glycolysis typically yields ethylene glycol (EG) and lower molecular weight oligomers
rather than TPA. The competitive nature of these reactions suggests that the presence
of xylene may inhibit the effective breakdown of PET into TPA, thereby decreasing the
yield [39,40]. Additionally, the solubility and phase behavior of the reactants in the presence
of xylene can influence the efficiency of the hydrolysis reaction. Xylene may have created
an environment less conducive to PET hydrolysis by hindering the accessibility of water to
the PET chains, which is crucial for effective depolymerization [39,40]. This phenomenon
is particularly relevant when considering that the hydrolysis of PET is fundamentally a
reaction that requires adequate water interaction to cleave the ester bonds effectively [39,41].
In summary, the addition of xylene to the neutral hydrolysis of PET likely led to decreased
TPA yields due to promoting alternative reaction pathways, altering the kinetics of the
hydrolysis process, affecting the solubility and phase behavior of the reactants and most
of the degradation intermediates dissolved in xylene, which affects the final yield of TPA.
These factors collectively contribute to the less efficient conversion of PET into TPA when
xylene is present in the reaction medium. These conclusions are supported by the anal-
ysis the xylene phase after the reaction by HPLC discussed in Section 2.11 and Effect on
TPA Yield.
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Figure 9. Effect of xylene as solvent on the TPA yield via hydrolysis of PET at 210 °C, 6 h, and
PET /water mass ratio was 1:5.



Catalysts 2025, 15, 1072

13 of 26

2.6. Catalytic Recyclability of Cat-90@10% Alumina

The recyclability and long-term stability of a catalyst are crucial for its viability in
industrial-scale applications. The reusability of the Cat-90@10% Alumina catalyst was
investigated for the depolymerization of PET. One of the significant advantages of this
Zeolite-based catalyst is its ease of recovery from the reaction mixture through simple filtra-
tion, which allows for its straightforward separation and reuse. As illustrated in Figure 10,
the performance of the Cat-90@10% Alumina catalyst was evaluated over five consecutive
cycles. The fresh catalyst exhibited excellent activity in the first cycle, achieving nearly
100% PET conversion and a corresponding TPA yield of approximately 90%. However, in
the subsequent cycles (2, 3, and 4), the catalyst showed a gradual but noticeable decline
in performance. By the fourth cycle, the PET conversion had decreased to approximately
89%, and the TPA yield had dropped significantly to around 62%. This decrease in catalytic
efficiency suggests a partial deactivation of the catalyst, which could be attributed to factors
such as the fouling of active sites by reaction byproducts or the deposition of carbonaceous
residues on the catalyst surface. After the fourth cycle, the catalyst was simply regenerated
by annealing at 600 °C for 6 h. The regenerated catalyst showed a similar TPA yield to
that of the fresh Cat-90@10%Alumina. The PET conversion and TPA yield were restored
to approximately 97% and 88%, respectively. These values are almost identical to the
performance of the fresh catalyst in the initial run. This successful regeneration indicates
that the deactivation mechanism is largely reversible and that the structural integrity and
active sites of the Cat-90@10% Alumina catalyst can be effectively restored. The ability to
maintain high performance over multiple cycles, combined with a simple and effective
regeneration protocol, highlights the robustness and potential of Cat-90@10% Alumina as a
stable and economically attractive catalyst for the chemical recycling of PET.
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Figure 10. Recyclability test results for the Cat-90@10% Alumina catalyst.

2.7. Reaction Mechanism of Neutral Catalytic Hydrolysis of PET

PET depolymerization via chemical hydrolysis initiates with the cleavage of ester
linkages, producing oligomeric intermediates that are subsequently broken down into
monomers. Since PET is insoluble in the reaction medium, hydrolysis predominantly occurs
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at the polymer’s surface, making surface area a key factor influencing reaction kinetics.
In neutral hydrolysis, the catalyst’s acidity accelerates the reaction, which proceeds via a
nucleophilic attack by water on the ester group. As supported by our catalytic performance
data, this process is most efficient when there is a synergistic balance of Brensted and
Lewis acid sites. The mechanism involves two key functions provided by the catalyst:
Bronsted acid sites generate hydroxonium ions that protonate the carbonyl group, lowering
the activation energy (E,) for the nucleophilic attack, while Lewis acid sites stabilize the
carbocation intermediates formed during this process. This dual-site mechanism, in which
BAS lowers the (E,) and LAS provides stabilization, facilitates faster and more efficient
reaction rates, with the subsequent steps proceeding along the standard ester hydrolysis
pathway. Subsequent steps follow the standard ester hydrolysis pathway, yielding TPA and
EG as the final products of PET hydrolysis [35,42]. Figure 11 illustrates the mechanism of
PET hydrolysis. It is important to acknowledge that while our experimental observations
and characterization data strongly support this proposed mechanism, we did not perform
in situ spectroscopic studies (such as DRIFTS or in situ Raman spectroscopy) during the
reaction. Such techniques would be required to directly observe the reaction intermediates
or the dynamic changes on the catalyst surface, thereby providing definitive proof of the
proposed mechanistic pathways. We suggest that further in situ mechanistic studies would
be a valuable area for future research to gain a deeper and more conclusive understanding
of the catalytic process.
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Figure 11. PET hydrolysis mechanism with an acid catalyst.

2.8. Comparison of the TPA Melting of Fusion Temperatures

Figure 12 shows the melting temperatures of TPA produced from the depolymerization
of PET using xylene as a solvent (384.93 °C) and without xylene (374.45 °C), revealing
significant insights into the effects of solvent presence on the thermal properties of TPA.
The observed decrease in melting point by 10.48 °C when xylene is absent suggests that
the solvent plays a crucial role in influencing the crystallization behavior and thermal
stability of TPA. It is important to distinguish between chemical purity, as measured by
HPLC (e.g., 98.74% purity, as discussed in Section 2.9), and physical characteristics such as
crystallinity, molecular packing, and crystal defects, which are reflected in the melting point
determined by DSC. While HPLC confirms the high chemical purity of the synthesized
TPA, the melting point provides insight into its solid-state structure. The presence of
xylene during the depolymerization process likely facilitated a more efficient breakdown



Catalysts 2025, 15, 1072

15 of 26

of the PET polymer chains, leading to a higher degree of purity and crystallinity in the
resulting TPA. Solvents like xylene can act as plasticizers, which may have enhanced the
mobility of polymer chains during the melting process, thus allowing for better packing
and alignment of the crystalline structures in TPA [43]. This improved alignment can
result in a higher melting temperature due to the increased energy required to disrupt
the more ordered crystalline structure. Conversely, the absence of xylene may have led to
less efficient crystallization, resulting in TPA with lower crystallinity and potentially more
amorphous regions. The presence of amorphous regions in a polymer typically lowers the
melting temperature, as these regions do not contribute to the ordered structure necessary
for higher thermal stability [44]. This phenomenon is consistent with findings in other
polymer systems where the melting temperature is influenced by the degree of crystallinity
and the presence of amorphous phases [45]. Additionally, the thermal properties of TPA
can be affected by the molecular weight and the distribution of molecular chains resulting
from the depolymerization process. Higher molecular weights generally correlate with
higher melting points due to the increased entanglement and interactions among polymer
chains, which can be disrupted by the presence of solvents [46]. Therefore, the solvent’s
role in controlling the molecular weight distribution during the depolymerization of PET
is critical in determining the thermal properties of the resulting TPA. In summary, the
significant difference in melting temperatures of TPA produced with and without xylene
underscores the critical influence of solvent on the crystallization behavior and thermal
stability of TPA. The presence of xylene appears to enhance the crystallinity and thermal
properties of TPA, while its absence leads to a decrease in melting temperature, likely due
to less efficient crystallization and the formation of more amorphous structures.
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Figure 12. DSC spectra of commercial TPA, TPA1, and TPA2 from a waste PET bottle.

2.9. FTIR Spectroscopy (Comparison of Recycled TPA via Standard TPA)

The FTIR spectrum of terephthalic acid (TPA) obtained from the hydrolysis of waste
PET exhibits distinct absorption bands closely resemble those of pure TPA, as illustrated in
Figure 13 and Table 4. Key peaks appear at 3061 cm ! (aromatic C-H stretching), 1680 cm !
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(C=0 stretching), 1280 cm ™! (C-O stretching), and 1136 and 1112 cm~! (C-C stretching),
reflecting the functional groups present in the synthesized compound. The absorption at
3061 cm ™! is particularly indicative of aromatic C-H vibrations, confirming the retention of
the aromatic ring structure. These spectral similarities suggest that the hydrolysis process
preserved the core aromatic structure of TPA [47]. The C=O stretching vibration observed
at 1680 cm ! is indicative of the carbonyl group present in TPA, which is crucial for its
chemical properties and reactivity [48]. This peak is typically found in the FTIR spectrum
of pure TPA, affirming that the hydrolysis process retained the carbonyl functionality. The
C-O stretching peak at 1280 cm ™! is also a characteristic feature of TPA, reflecting the
ester functionality that remains intact during the hydrolysis of PET [39]. The presence of
C-C stretching peaks at 1136 and 1112 cm ™! further supports the integrity of the aromatic
structure, as these vibrations are associated with the carbon backbone of TPA. The retention
of these peaks in the FTIR spectrum of TPA produced from PET hydrolysis suggests that
the hydrolysis process did not lead to significant degradation of the TPA structure.

Commercial TPA

—— TPA via hydrolysis of PET waste

ransmittance (a.u)

1680 (C=0) 1136,1112(C-C)
3061(C-H) 1570,1510(C=C) 1280 (C-O)
T T T T T j T ) T )
3000 2500 2000 1500 1000 500

Wavenumber (cm-1)

Figure 13. FTIR-spectra of the obtained TPA in comparison with the commercial TPA standard.

Table 4. FTIR data of TPA obtained via the hydrolysis of waste PET.

Assignment Peak (cm—1) Structure Products
C-H 3061
co 1280 " P&
c < Terephthalic acid
C=0 1680 g \
C-C 1136, 1112
Hydroxyl stretching .

vibrations (O-H) 2500-3400

C=0 1690 o o

C=C 157Or 1510 {O/“\‘@)\OI Isophthalic acid
The para-substituted 730

arene group of TPA
C-0 1287

2.10. Purity Analysis of TPA by HPLC

The HPLC analysis results, indicating a range of purities for the TPA samples, are
shown in Table 5, with values such as 98.74% and 98.5% among the highest purities recorded.
A distinct, sharp TPA peak was detected at a retention time (RT) of 1.9 min, as shown in
Figure 14. These high purity levels suggest the effectiveness of the purification process
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was effective in removing contaminants, as supported by the literature that emphasizes
the importance of purification in achieving high-quality monomers from PET [49]. The
calibration curve established during the HPLC analysis further validated the reliability
of the quantification method used, ensuring that the reported purity values are accurate
and reproducible [50]. Moreover, the conditions under which the HPLC analysis was
performed, specifically, the use of a ZORBAX Eclipse Plus C18 column and a well-defined
eluent composition, were critical for achieving optimal separation and detection of TPA.
The choice of a photodiode array (PDA) detector allows for precise monitoring of TPA
concentrations, reinforcing the robustness of the employed analytical method [49]. The
flow rate and column temperature were also optimized to enhance the resolution of the
chromatographic separation, which was crucial for accurately assessing the purity of the
final product [50].

Table 5. HPLC analyzed results for all TPA samples and their purities.

Concentration s o Actual TPA Yield
Sample No. Peak Area (mg/mL) TPA Purity (%) (g) by HPLC (%)
1 1,158,692 43.71 90.21 2.485165
2 1,235,232 46.59 96.16 3.276319
3 1,265,258 47.73 98.50 3.447567
4 1,247,277 47.05 97.10 3.317978
5 1,287,940 48.58 95.68 3.133628
6 1,250,587 47.17 97.36 3.368647
7 1,154,576 43.55 89.89 0.161793
8 1,265,360 47.73 98.51 1.832283
9 1,192,022 44.96 92.80 3.155213
10 1,268,380 47.85 98.74 3.518283
11 1,218,256 45.95 94.84 3.535738
12 1,249,403 47.13 97.27 3.670878
13 1,242,065 46.85 96.70 3.771156
14 1,240,664 46.80 96.59 1.06246
15 1,229,213 46.37 95.70 2.296698
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Figure 14. HPLC analysis of solutions of standard TPA and TPAs from neutral hydrolysis of waste
PET, in 60% water, 30% acetonitrile, 10% methanol, and 0.5% DMSO.
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2.11. HPLC Analysis of Separated Xylene Phase

Upon completing the reaction, analysis of the xylene phase using HPLC revealed
several additional peaks compared to pure xylene. These new peaks likely correspond
to dissolved TPA and/or its derivatives formed during the reaction. This indicates that
xylene is not merely a passive solvent but is involved in the dissolution of reaction interme-
diates [51]. The presence of TPA and its derivatives in the xylene phase suggests that these
compounds partitioned, are partitioning into the xylene phase rather than remaining in
the aqueous phase, where they could have undergone further transformations to yield the
final TPA product.

Effect on TPA Yield

The decrease in TPA yield in the presence of xylene could be attributed to dissolved
TPA and its derivatives in the xylene phase being removed from the reaction mixture,
reducing the concentration of TPA available for recovery. It is possible that during the
reaction, some TPA intermediates (such as mono-hydroxy or di-hydroxy TPA derivatives)
or even unreacted PET fragments dissolve into the xylene solvent, where they remain
unreacted or are less efficiently converted into TPA (Figure 15). This partitioning effect
explains the lower TPA yield observed when xylene is used as a solvent. Essentially, instead
of accumulating in the desired product phase (likely the aqueous phase), the intermediates
are transferred to the xylene phase, where they are likely not as readily converted to TPA or
recovered. Furthermore, some of the TPA derivatives dissolved in xylene could have acted
as side-products or inhibitors hindering the final stages of TPA production or extraction.
If these derivatives are not stable or are less reactive, they could act as chemical blockers,
decreasing the overall efficiency of the process [52]. In summary, the decrease in TPA
yield in the presence of xylene is likely to be attributed to the solvent’s ability to dissolve
TPA and its derivatives, removing them from the reaction medium where they could
otherwise have been recovered. The dissolution of intermediates into the xylene phase
decreases the availability of the desired product in the reaction medium, thus lowering
the overall efficiency of TPA production. Further optimization of solvent choice or phase
separation techniques could potentially mitigate this effect and improve the overall yield
of the hydrolysis process.

TPA and its derivatives in the xylene phase

TPA

Intensity (mAU)

, SN

4
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Figure 15. HPLC analysis of the xylene phase which used as a solvent during the hydrolysis of PET.
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2.12. GC-MS Analysis of Separated Xylene Phase

Upon completion of the reaction, HPLC analysis of the xylene phase revealed addi-
tional peaks attributed to dissolved TPA and its derivatives, shown in Figures 16 and 17,
indicating that these intermediates were not confined to the aqueous phase but also parti-
tioned into xylene. Subsequent GC-MS analysis confirmed the presence of BHET, various
terephthalate esters, and phthalate-related species within the organic layer, demonstrating
that xylene not only extracted but also retained a significant portion of PET hydrolysis
products. This partitioning effect explains the decreased TPA yield observed during hydrol-
ysis, TPA and its intermediates dissolve into the xylene phase, rather than accumulating in
the aqueous layer where further conversion or recovery could have occurred. As a result,
the effective concentration of TPA available for isolation is reduced, and some derivatives
in xylene may have acted as side-products or inhibitors, further diminishing the overall
process efficiency.
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Figure 16. GC-MS analysis of the xylene phase, which used as a solvent during the hydrolysis of PET.
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3. Materials and Methods
3.1. Materials

Waste PET, approximately 2 mm x 2 mm flake size; Xylene (99%, pure, Acros Organics,
Antwerpen, Belgium); Methanol (HPLC grade, Panreac, Barcelona, Spain); Acetonitrile
(purity 99.99%, LiChrosilve, Merck, Kenilworth, NJ, USA); Dimethyl sulfoxide (DMSO
Analytical grade); Sodium hydroxide pellets (NaOH, Extra pure, Lobachemie, Mumbai,
India); Hydrochloric acid (HCl, Sigma-Aldrich, St. Louis, MO, USA); Aluminum oxide
(Al,O3 nanopowder, <50 nm particle size (TEM), gamma phase, Sigma-Aldrich), and
commercial cracking catalyst (Zeolite, USA).

3.2. Experimental Setup

The hydrolysis reaction was performed in a 100 mL stainless steel batch autoclave
reactor fitted with a stirrer, operating under controlled temperature and pressure conditions.
The neutral catalytic hydrolysis procedure included the following steps:

3.3. Poly (Ethylene Terephthalate) Flakes Preparation

Post-consumer PET water bottles were sourced from household waste streams. Fol-
lowing the removal of caps and labels, the bottles were manually cut into small frag-
ments using scissors to prepare them for further processing. These small pieces of PET
were fed into crab-ball milling to obtain the targeted granular size of 8-10 mesh using
liquid nitrogen.

3.4. Catalyst Preparation

A commercial cracking catalyst (Zeolite) and gamma alumina (y-Al,O3) were used as
composite mixed catalysts. The catalysts were prepared by blending the cracking Zeolite
with 10, 20, and 50% of y-Al,O3 binder in dry form. Later slurries of the composites were
prepared by adding distilled water to the composite mixtures. The prepared slurries were
stirred for 2 h and then allowed to stand at ambient temperature for an additional 2 h.
Subsequently, the samples were dried at 120 °C for 12 h and subjected to calcination at
500 °C for 3 h. The resulting catalysts were stored in airtight containers until further use
(Tables 6 and 7).

Table 6. Properties of cracking catalyst (zeolite).

Zeolit Channel Channel BET Surface Pore Volume XRF
eotte Dimension Diameter (nm) Area (m?/g) (cm3/g) (Si/Al) Ratio
Cracking 3D 8.37 187.8831 0.0574 1.436

Table 7. Catalysts with different zeolite and y-Al, O3 ratios.

Abbreviation Zeolite Type Zeolite: y-Al, 03 v-Al, O3 Content (wt.%)
Cat-100 (Zeolite) Cracking 100:0 0
Cat-90 Cracking 90:10 10
Cat-80 Cracking 80:20 20
Cat-90 Cracking 50:50 50

3.5. Catalyst Loading Experiment Procedure

To determine the optimal catalyst loading for PET neutral hydrolysis, a series of
experiments was conducted in which the dosage of Cat-90@10% alumina was systematically
varied from 1 to 5 wt.% relative to the PET mass. Each reaction was performed in a 100 mL
stainless steel batch autoclave containing 5 g of PET flakes, deionized water (in a defined
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PET/water ratio), and the specified amount of catalyst. The reactor was sealed and heated to
210 °C under continuous stirring (500 rpm) for 6 h. Upon reaction completion, the mixture
was filtered to recover solid and liquid fractions. Terephthalic acid (TPA) was recovered
and weighed, and PET conversion and TPA yield were determined gravimetrically. The
effect of catalyst dosage on PET conversion and TPA yield was carefully monitored.

3.6. PET Recycling

The hydrolysis reaction was achieved using a 100 mL stainless steel batch-type au-
toclave reactor fitted with a stirrer (500 rpm). To recycle PET,5 g of waste PET flakes
measuring 2 mm X 2 mm was mixed with deionized water at varying ratios of 1:2, 1:3, 1:4,
and 1:5. The minimum water quantity required to achieve complete PET depolymerization
was 5.1 g of water/g of PET [14,53], and 40 mL of xylene as a solvent in the presence of
0.143 g of catalysts (2.8% by weight of PET) for a time period varying up to 8 h.

3.7. Catalyst Reusability Assessment

The reusability of the Cat-90@10% alumina catalyst was carefully examined to eval-
uate its long-term performance. The optimized protocol involved the use of 3 wt.% Cat-
90@10%alumina relative to PET, as this dosage provided the most favorable balance be-
tween PET conversion and TPA yield. After each hydrolysis run, the catalyst was recovered
through simple filtration, washed, dried, and reused for subsequent cycles under identical
conditions. The experiment was carried out for 5 cycles. The catalyst maintained high activ-
ity during the first three cycles with minimal loss in PET conversion and TPA yield. After
four operating cycles, slight deactivation was observed, primarily attributed to fouling
of active sites. Simple regeneration by annealing at 600 °C for 6 h fully restored catalytic
performance to nearly the original level, demonstrating easy recoverability and durability
over multiple cycles.

3.8. TPA Recovery and Purification

Upon completion of the reaction, the reaction mixture was removed from the reactor
vessel and subjected to vacuum filtration to separate the liquid phase from solid residues.
The liquid phase contained the produced EG and xylene. To separate xylene and ethylene
glycol, the mixture was transferred to a separating funnel. Since the two liquids are
immiscible, they form two distinct layers within the funnel. The lower layer, consisting of
EG, was carefully drained. The solid residue, comprising unreacted PET, formed TPA, and
catalyst, was treated with 1 M NaOH solution for 15 min to convert the TPA into its soluble
sodium salt (Na2-TPA). The resulting sodium terephthalate solution was then acidified with
a twofold molar excess of 2 M HCl to precipitate TPA. The resulting white precipitate was
subsequently filtered, air-dried at room temperature for 12 h, and oven-dried at 80 °C for
5 h. The purified TPA was stored in sealed containers for subsequent chemical analysis. It is
important to note that the TPA yield reported in this study was determined gravimetrically
from this recovered solid TPA. Any TPA or TPA derivatives that remained dissolved in the
xylene (organic) phase were not quantified or included in this yield calculation.

3.9. Chemical Analysis

The purity of the recovered TPA was assessed using HPLC, while its molecular
structure was verified through FTIR spectroscopy. The degree of crystallinity was evaluated
using differential scanning calorimetry (DSC).

3.10. Calibration Curve

For the HPLC analysis of TPA, a comprehensive calibration curve is shown in Table 8,
established under the following conditions: The eluent used was 60% water, 30% acetonitrile,
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10% methanol, and 0.5% DMSQO, using an analytical ZORBAX Eclipse Plus C18 analytical
column (Agilent Technologies, Santa Clara, CA, USA, 4.6 x 250 mm, 5 um) was employed.
The mobile phase was delivered at a flow rate of 1.0 mL/min, and detection was performed
using a photodiode array (PDA) detector (Agilent Technologies). The column temperature
was kept constant at 35 °C to maintain optimal separation. A stock solution was prepared by
dissolving 5 mg of high-purity TPA (Aldrich) in 10 mL of methanol. Calibration standards
were obtained by diluting 10, 20, 30, 40, 50, and 60 pL of the stock solution with methanol
to a final volume of 1000 pL, yielding standard concentrations from 10 to 60 mg/L. For
sample analysis, 50 uL of each sample was diluted with 950 pL of methanol. This method
ensured precise quantification of TPA, providing a robust calibration curve with a correla-
tion coefficient (r) exceeding 0.999, allowing for accurate quantification of TPA in various
test samples.

Table 8. Standard solutions and their peak area for the calibration curve.

V (uL) m (mg) C (mg/L) Peak Area
10 0.01 10 319,421
20 0.02 20 572,893
30 0.03 30 825,481
40 0.04 40 1,054,455
50 0.05 50 1,284,501
60 0.06 60 1,654,632

4. Analysis of Results
4.1. Quantitative Analysis

The reaction extent was quantitatively evaluated based on the percent yield of TPA
and the conversion of PET. The TPA yield was determined gravimetrically by weighing the
dried TPA recovered after precipitation from the filtrate, as described in Equation (1). The
percentage conversion of PET was calculated from the mass of PET flakes collected, dried,
and weighed after the reaction had concluded. The calculations for PET conversion and
TPA purity were performed according to Equations (2) and (3), respectively.

Produced TPA amount(g)

TPA yield(%) = (Theoretically Produced TPA amount (g)) X100 @
weight of PET feed — weight of PET remaining after reaction < 100 @)
weight of PET feed

TPA purity by HPLC(%) :
_ ( Sample Peak Area ) % (Stundurd Concentration ) % 100 (4.1.3) (3)

— \ Standard Peak Area Sample Concentration

4.2. Analytical and Characterization Methods
4.2.1. Surface Area Analysis

The surface area and porosity of the fresh catalyst samples were characterized using a
Micromeritics TriStar II 3020 analyzer (Norcross, GA, USA). Nitrogen (N) physisorption
was conducted at —196 °C. Before analysis, approximately (0.2-0.3 g) of each sample was
degassed at 250 °C for 3 h under a nitrogen atmosphere to eliminate surface moisture and
adsorbed gases. The Brunauer-Emmett-Teller (BET) method was employed to calculate
the specific surface area, while the Barrett-Joyner-Halenda (BJH) model was applied to
determine the pore volume.
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4.2.2. X-Ray Diffraction (XRD)

Wide-angle X-ray diffraction (XRD) was used to evaluate the long-range order of
alumina, zeolite, and their composite catalysts. Patterns were acquired using Cu-Ko
radiation on a Bruker D8 Discover diffractometer (Billerica, MA, USA), scanning from 5° to
85° (20) in continuous mode at 20 kV and 5 mA. The scan employed a 0.2° step size, 3-s
dwell time, and a rate of 4° /min.

4.2.3. Temperature Programmed Desorption (TPD)

Ammonia temperature-programmed desorption (NH;3-TPD) analysis was performed
using a Micromeritics Autochem II 2920 chemisorption analyzer (Norcross, GA, USA)
equipped with a thermal conductivity detector (TCD). Each catalyst sample (50 mg) was
initially pretreated under a helium atmosphere at 200 °C for 1 h to remove physiosorbed
impurities, followed by cooling to room temperature. Ammonia adsorption was carried
out at 50 °C for 60 min using a helium-ammonia gas mixture at a flow rate of 25 mL/min.
Desorption was then conducted by heating the sample up to 700 °C at a rate of 10 °C/min,
with NHj3 desorption monitored via the TCD.

4.2 4. Differential Scanning Calorimetry (DSC)

DSC was employed to study the melting characteristics of the produced TPA using a
TA Instruments 60WS thermal analyzer (New Castle, DE, USA). The sample was initially
heated from 20 °C to 450 °C at a rate of 10 °C/min, held isothermally at 450 °C for 3 min
to eliminate any prior thermal history, and then reheated to 450 °C at the same heating
rate to capture the melting endothermic peak. All measurements were carried out under a
nitrogen atmosphere to prevent oxidative degradation.

4.2.5. High-Performance Liquid Chromatography (HPLC)

Terephthalic acid (TPA) was quantified using high-performance liquid chromatogra-
phy (HPLC) on a Shimadzu RID-10A series system (Shimadzu Co., Kyoto, Japan), utilizing
an Agilent ZORBAX Eclipse Plus C18 column (Shanghai, China, 4.6 x 250 mm, 5 um). The
injection volume was set at 20 pL, with the column maintained at 35 °C and the mobile
phase delivered at a flow rate of 1 mL/min. The eluent composition was 60% water, 30%
acetonitrile, 10% methanol, and 0.5% dimethyl sulfoxide (DMSO).

4.2.6. Fourier Transform Infrared Spectroscopy (IR-FTIR)

FTIR spectroscopy was utilized to investigate the molecular structure of the recovered
terephthalic acid (TPA). The identification of pure TPA was further supported by proton
and carbon NMR spectra of the monomer mixture resulting from PET hydrolysis. spectra
were obtained using a Shimadzu IR-Prestige-21 spectrophotometer (Kyoto, Japan) over the
range of 400 to 4000 cm ™!, with a resolution of 4 cm~!. The samples were prepared in the
form of KBr pellets.

4.2.7. GC-MS Analysis

After PET hydrolysis, the xylene layer was analyzed by GC/MS. A QP2010 Ultra GC/MS
apparatus (Shimadzu, Kyoto, Japan) with a Rtx 5MS column, crossbond 5% diphenyl/95%
dimethyl polysiloxane (30 m length, 0.25 mm internal diameter, 0.25 um film thickness) was
used. The injector temperature was 250 °C. The oven temperature was initially 140 °C, then
increased at 5 °C/min up to 200 °C, then increased at 10 °C/min up to 300 °C and kept there
for 3 min. The flow rate of the helium carrier gas was 1.7 mL/min with a splitless mode.
The mass spectrometer was operated at 300 °C in positive electron impact mode with an
ionization energy of 70 eV, a m/z range of 50 to 500, and a scan speed of 1666 scans/min.
The GC-MS solution integrated software (Shimadzu Cat. No. 225-21731-92) was used for
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the chromatogram analysis. The NIST11 library and the NIST analysis software (MODEL
NIST11 LIBRARY, CAT. NO. 225-21772-91, SERIAL NO. 020675102139 SL) were also used for
the interpretation of the mass spectra and the identification of the xylene phase.

5. Conclusions

This study presents an effective and sustainable method for PET chemical recycling
via neutral catalytic hydrolysis. Using alumina-modified zeolite (Cat-90, 10% alumina), the
process achieved a high TPA yield (90.24%) and nearly complete depolymerization (99.5%)
at 210 °C for 6 h, with optimal performance attributed to the balanced Bronsted and Lewis
acid sites and improved catalyst stability. Xylene was found to enhance TPA crystallization,
increasing its melting point to 384.93 °C, though its presence apparently reduced the
measured yield by dissolving TPA and intermediates. FTIR confirmed that hydrolysis
preserved key structural features of TPA, while HPLC analysis showed high-purity TPA (up
to 98.7%) was obtained through optimized purification. Key factors influencing efficiency
included reaction time, temperature, and the water-to-PET ratio, with a 5:1 ratio offering
the best results. These findings support the development of energy-efficient, high-yield
PET recycling strategies aligned with circular economy goals. Critically, our extended
investigation revealed that a catalyst loading of 3 wt% Cat-90@10%Alumina provides an
optimal balance between catalytic activity and mass transfer, maximizing PET conversion
and TPA yield. Higher catalyst dosages proved detrimental to performance due to increased
viscosity and particle agglomeration. Furthermore, the catalyst demonstrated excellent
recyclability: it retained high depolymerization performance over at least four cycles, and
its activity could be efficiently restored by simple annealing at 600 °C, underscoring its
regenerative capacity. The results highlight that catalyst acid site tuning, optimal loading,
and efficient regeneration are all pivotal for the economic and environmental feasibility
of industrial PET chemical recycling. Overall, the Cat-90@10%Alumina catalyst emerges
as a highly active, stable, and recoverable material—offering a promising solution for
large-scale, circular, and sustainable production of high-purity TPA from PET waste.
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