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Abstract: Novel catalysts for recycling PET bottles into monomers have been developed by
depositing zinc onto the surface of SBA-15, mitigating ZnO catalyst agglomeration in glycolysis
separation processes to enhance reaction yields. Various zinc compounds (Zn(OAc),, ZnCl, and
ZnS04) were employed as substrates for catalyst design on the porous, high-surface-area material
SBA-15 via impregnation. The presence of distinct Zn species on SBA-15 was confirmed through
XRD and EDS analyses. The acidity of the catalyst, a crucial factor in the PET glycolysis process,
was assessed using different Zn-containing precursors. NH3-TPD measurement has revealed the
highest acidity in ZnCl,, followed by Zn(OAc). and ZnSOg, respectively. Glycolysis reactions with a
PET:EG ratio of 1:5 and a 1% catalyst at 200°C for 2 hours revealed the catalytic efficacy of zinc-
deposited compounds in the sequence ZnCl> > Zn(OAc)2 > ZnSQOg4. Surprisingly, the ZnCl, catalyst
produced the highest yield of bis-2-hydroxyethyl terephthalate (BHET) at 75% and displayed
exceptional recycling capability over three cycles, contributing significantly to resource recovery
objectives aligned with the Sustainable Development Goals (SDGSs).
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1. Introduction

Polyethylene terephthalate (PET) is widely used for beverage packaging due to its exceptional
properties, including transparency, gas and water resistance, high impact strength, UV resistance, and
being lightweight. However, the global production and use of PET bottles have led to significant
plastic waste, causing environmental pollution and reducing landfill space. Incineration as a waste
management method not only generates energy but also contributes to air pollution. The Great
Pacific Garbage Patch serves as a clear example of the negative impacts of plastic waste on a global
scale, breaking down into microplastics that contaminate soil, water, and air. Studies have even
found microplastics in seafood and human blood, which have been linked to respiratory problems
and the development of cancer [1]. Additionally, the production of PET bottles relies on fossil fuels,
contributing to greenhouse gas emissions and climate change. Therefore, immediate action is
essential to address and prevent this issue from escalating into a worldwide public health and
environmental crisis.

Recycling is a promising way to reduce waste in landfills. Various methods can be employed to
recover PET, including primary (re-extrusion), secondary (mechanical), tertiary (chemical), and
quadruple (energy recovery) methods that possess their own advantages and disadvantages in terms
of cost, quality, and environmental impact. For primary and secondary methods, the properties of
recycled-grade PET deteriorate by thermal degradation during the process due to contamination of
acid, water, color, and additives in the plastic [2]. Chemical recycling, on the other hand, involves
breaking down polymer chains into monomers, providing valuable feedstock for the plastic industry,
and promoting a circular economy. Among the chemical recycling reactions, glycolysis has gained
significant attention due to its moderate operating temperature, mild reagents, normal pressure, high
yield, and scalability. Glycolysis involves the trans-esterification of PET polymers using glycols,
primarily ethylene glycol (EG), resulting in the cleavage of ester linkages to obtain bis-2-
hydroxyethyl terephthalate (BHET) [3].

However, without a catalyst, the glycolysis of PET is inherently slow. This is primarily because
the adjacent aromatic ring in the PET structure stabilizes the carbonyl group, which has a low degree
of reactivity. Zinc acetate (Zn(OAc)2) is widely used as a catalyst in PET glycolysis, offering a high
yield of BHET compared to other metal salts. Nevertheless, its drawback lies in the dissolution of the
metal salt in EG, making it challenging to recover for reuse. Even trace amounts of metal ions
remaining in the BHET monomer can adversely affect the properties of the polymer, including
rheological behavior, discoloration, and degradation of polymer chains [2,4].

While solid catalysts composed of metal oxide particles, mostly transition metals, have been
used, their toxicity poses significant risks to the environment. Zinc oxide (ZnO), a non-toxic metal
oxide commonly found in sunscreen [5], presents a promising alternative. It is not only
environmentally friendly, but also exhibits excellent catalytic potential. Previous studies have
investigated the reactivity of ZnO in PET glycolysis, showing a high yield of BHET but requiring
high operating temperatures and pressures (260 °C and 5 atm) [6]. Our work explored the use of ZnO
nanoparticles via reflux under normal pressure to achieve a high yield of BHET [7], although the
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aggregation of nanoparticles after use reduces the efficiency of the reaction acceleration.
Furthermore, nanoparticles may mix with the wastewater used for BHET washing, potentially
leading to environmental contamination that could impact living organisms. To address this issue,
distributing the catalyst on the surface of a support material could be offered.

Santa Barbara Amorphous-15 (SBA-15) is a mesoporous silica with a uniform hexagonal pore,
a narrow pore-size distribution, and a high surface area. It has been applied to be a supported
material for ZnO to utilize in various applications, including photocatalytic degradation [8,9],
antibacterial agents [10], and catalysts [11-13]. For instance, Bhuyan et al. successfully prepared a
ZnO/SBA-15 catalyst for the synthesis of dihydropyrimidinones. The catalytic efficiency of the ZnO
nanocomposite was superior to that of pure ZnO nanoparticles, requiring a lower catalyst loading and
a shorter reaction time [11]. Yao et al. employed ZnO/SBA-15 for the glycolysis of PET, achieving a
remarkable 91% yield of BHET. The authors also noted that the resulting product exhibited
improved whiteness compared to catalysts such as Zn(OAc)2z, ZnO, and ionic liquids [14].

The role of zinc in the glycolysis reaction was studied and generally proposed at the acid site of
the catalyst. Both zinc atoms and zinc ions (Zn?*) possess the ability to activate the carbonyl group of
PET, facilitating its reaction with EG. However, most of the solid catalysts described in the literature
for the glycolysis of PET are composed of metals or metal oxides. In a notable study, Datta and
Pasha reported the preparation of ZnCl, absorbed on silica for the synthesis of 4-methylcoumarins.
Their results demonstrated that Zn?* ions on the silica surface could catalyze the reaction and be
reused up to five times without a significant loss in efficiency [15].

The objective of this research is to develop catalysts comprising Zn?* ions and ZnO distributed
on SBA-15 for the purpose of catalyzing the glycolysis of PET waste bottles. Metal salts, namely
Zn(OAC)2, ZnCly, and ZnSO4, were introduced using a wet impregnation technique. The calcination
temperature was maintained at a constant 550°C to prevent any alterations to the pore structure
caused by excessive heat [10]. At this temperature, the Zn salts decompose in different ways,
resulting in the formation of either ZnO or Zn?' ions on the SBA-15 support material [16,17].
Subsequently, the prepared catalysts underwent characterization and were employed in the glycolysis
of PET to investigate their efficiency and optimize reaction conditions.

2. Materials and methods
2.1. Materialss

The disposal PET bottles were collected, removed labels, and cleaned with detergent, then air-
dried and cut into chips (size 0.3 x 0.3 cm), avoiding the adhesive area. The chips were pulverized
using a rotary cutter to obtain a PET particle size of 0.1 mm, further dried at 60 °C in an oven to
remove moisture, and stored in a zip bag. Pluronic P123 (copolymer), tetraethyl orthosilicate
(TEQS), 37% w/w hydrochloric acid (HCI), zinc acetate (Zn(OAc)2), zinc chloride (ZnCly), zinc
sulfate (ZnSQO4), 95% ethanol, and ethylene glycol (EG) were analytical grade and used as received.
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2.2. Synthesis of SBA-15

A Pluronic P123 solution was prepared by adding 4.0 g of Pluronic P123, 90.0 g of distilled
water, and 60.0 g of 4 M HCI in a round-bottom flask. The mixture was stirred at room temperature
for 2 hours until it was fully dissolved. Then, 8.5 g of TEOS was gradually added dropwise to the
mixture while continuously stirring at 40 °C for 20 hours. The mixture was poured into the autoclave
with the temperature controlled at 100 °C for 24 hours in an oven. After finishing the reaction, the
autoclave was cooled to room temperature by soaking in water. The precipitate was filtered using
vacuum filtration, washed thoroughly with 95% ethanol to remove the copolymer, and oven-dried at
100 °C for 24 hours. The resulting solid was calcine at 550 °C with a heating rate of 10 °C/min for 6
hours to obtain a white solid of SBA-15.

2.3. Synthesis of Zn/SBA-15

SBA-15 was added to the solutions of Zn(OAc)., ZnCl,, or ZnSO4 by controlling the
concentration of Zn at 10% wt. The mixture was impregnated at room temperature for 7 days. The
precipitate was filtered using vacuum filtration, washed with distilled water, and dried at 100 °C for
24 hours. The resulting solid was calcine at 550 °C with a heating rate of 10 °C/min for 6 hours to
obtain the expected Zn?" or ZnO distributed on SBA-15 support. The prepared catalysts doped by
Zn(OAC)2, ZnCly, and ZnSO4 were designated as ZA, ZC, and ZS, respectively.

2.4. Glycolysis of PET plastics

PET particles were mixed with EG at a weight ratio of 1:5 in a digestion tube. The catalysts,
calculated as a percentage of the weight of PET, were then added, and the mixture was heated in a
digestion box for a specified period. The obtained mixture was filtered using the Bichner funnel and
washed with hot distilled water to separate the catalyst and incomplete depolymerized PET. Distilled
water was added to the filtrate and stirred using a magnetic bar for 45 minutes to dissolve EG from
the product. Then, water was removed using a rotary vacuum evaporator until the volume of the
remaining mixture was about 60 cm®. The mixture was transferred to a conical flask, closed with
parafilm, and then placed in a refrigerator (4 °C) for 24 hours to crystallize BHET. The white solid of
BHET was filtered using a Biichner funnel and washed with cold distilled water several times. The
product was placed in an oven at 60  for 24 hours. The weight of BHET was recorded for
calculating the percent yield of BHET (%YgreT) as in the equation below.

mol BHET

W¥ner = 1 ppr X 100

Where mol BHET is the weight of BHET divided by a molecular weight of BHET (254 g/mol)
and mol PET is the weight of PET divided by a molecular weight of the repeating unit of PET (192
g/mol).
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2.5. Characterization

The prepared catalysts were characterized by X-ray diffraction (XRD) (Rigaku, smart lab) to
obtain the crystal information of the catalysts. Surface morphology and 2D projection pictures were
examined by a field emission scanning electron microscope (SEM-Hitachi; SU-8030) equipped with
Energy-dispersive X-ray spectroscopy (EDS) to determine the percentage of elements on the surface.
A transmission electron microscope (TEM-Hitachi HT7700) was applied to explore the pore
structure of SBA-15 and the lattice fringe of the Zn catalyst on the surface. Surface area, pore
volume, and pore diameter were examined by the physisorption of N2> molecules using a BET
analyzer (Micromeritics, 3Flex). The chemical functional group was confirmed using Fourier
transform infrared spectroscopy (Jasco; FT-IR4000). The chemical state information from the
surface of the catalysts was revealed by X-ray photoelectron spectroscopy (AXIS Ultra DLD).
Temperature-programmed desorption (NHs3-TPD) experiments on the catalysts were carried out
using a TA instrument (SDT2960 Simultaneous DTA-TGA Universal 2000). Differential scanning
calorimetry (DSC, Netzsch DSC 214 polyma) was applied to confirm the purity of BHET products.

3. Results and Discussion
3.1. Characterization of the catalysts
3.1.1. Chemical structure

The XRD spectra of the samples reveal intriguing findings. Figure 1 presents a broad peak
within the 15-40 2-theta range, indicating the presence of amorphous silica. The distinctive peak
pattern of ZnO wurtzite was observed in the ZA within the 2-theta range of 30-70. The signals of the
ZS spectrum correspond to the crystalline structure of ZnSO4s0H>0 [pdf card No: 01-074-1331],
indicating the unchanged nature of the ZnSO4 precursor. These observations can be attributed to the
different decomposition temperatures of the various zinc salts, where Zn(OAc). decomposed at
280°C, ZnCl; at 500°C, and ZnSQO4 at 680°C, respectively [11,13]. Consequently, the experimental
calcination temperature set at 500°C was exclusively adequate for the transformation of Zn(OAc): to
Zn0. Nonetheless, the applied temperature might have been sufficient for ZC transformation, but the
heating time possibly fell short of completely decomposing ZnCl, into ZnO. Accordingly, it is
plausible that the size of the ZnO crystallites was too small to be detected by the XRD technique. As
for ZC, the applied temperature might have been sufficient, but the heating time possibly fell short of
completely decomposing ZnCl, into ZnO. Consequently, it is plausible that the size of the ZnO
crystallites was too small to be detected by the XRD technique [10,18].
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Figure 1. XRD patterns of the catalysts, prepared by impregnation and calcination at 550 .

Figure 2 displays the FTIR spectra of all the samples. The weak broad peaks at wavenumbers
3454 cm™ (stretching and bending vibrations in the O—H bonds of silanol groups (Si—O—H)) and
1639 cm! suggest the residual adsorbed water molecules [19]. The relatively weak intensity of the
O—H signal indicates a low level of O—H functionality on the surfaces of the samples. Notably, a
strong broad peak within the range of 1280-1000 cm™ and a weak peak at 800 cm™ correspond-to the
asymmetric and symmetric stretching vibrations of Si—O—Si, and the prominent signal at 460 cm™
pertains to the bending vibration of Si—O-Si, respectively. Additionally, a minor peak at 965 cm™
was attributed to the asymmetric stretching of Si-OH [20]. Surprisingly, the characteristic ZnO signal
at 400 cm™ disappeared for the catalyst samples, indicating a limited presence of the catalyst on the
surface of SBA-15.



96

ZnO

SBA-15

ZA

ZC

%T

2 \

||||||||||||||||||||||||||||||||||||||||

4000 3500 3000 2500 2000 1500 1000 500 0

Wavenumber (cm1)

Figure 2. FTIR spectra of the commercial ZnO, SBA-15, and the catalysts.
3.1.2.  The chemical state information from the surface

The XPS technique was employed to investigate the type of Zn atoms presenting on the surface
of SBA-15, with their respective binding energies (BE) documented in Table 2. Intriguingly, the
binding energy of Zn (2psr2) in all samples was observed to be higher than that of pure ZnO (1021.1-
1022.0 eV) [21-24]. This discrepancy could be attributed to the interaction between the Zn atom and
silica through the formation of a Si—O—Zn bond. The difference in electronegativity between Si
atoms (1.90) and the Zn atom (1.65) resulted in electron withdrawal from the Zn atoms.
Consequently, the reduction of electron density in the Zn atom contributes to a higher shift in its
binding energy [21].

In the case of ZA, the Zn(2p) signal was detected at 1022.17 eV, which closely aligns with the
binding energy of the pure ZnO, providing solid evidence for the presence of ZnO crystalline
structures [21,25]. On the other hand, the Zn(2p) signal observed in ZS exhibited a higher energy
value of 1023.02 eV, indicating a significant deviation of 0.88 eV from the pure ZnO. This variation
could be attributed to the presence of Zn?* ions with the characteristic Zn(2p) signals ranging from
1022.54 to 1023.07 eV [4,26], indicating their interaction with SBA-15. These findings further
confirm the specific type of the presented Zn atoms and are consistent with the results obtained from
the previous analytical techniques.

The Zn(2p) signal of ZC was found at 1022.71 eV, which was greater than that of ZA. ZC
spectra also showed a slight signal around 200 eV, corresponding to the Zn-Cl(2ps2) and Zn—
CI(2p1s2) species [23]. These results implied that the prepared catalysts contain ZnO and Zn?* ions on
the surface of the ZC sample. In addition, the energy difference of 23 eV between the Zn(2ps/2) and
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Zn(2p1) signals serves as a characteristic indicator of the presence of ZnO in both ZA and ZC

samples.
Table 2. Binding energy of the Zn atom from the XPS technique.
Samples Zn(2par2) Different BE
ZA 1022.17 23.05
ZC 1022.71 23.03
ZS 1023.02 23.12

3.1.3.  Morphological and elemental analysis

SEM and EDS analyses provided insights into the surface morphology and elemental
composition of the samples, as illustrated in Figure 3 and Table 1. The surface roughness of the Zn-
containing catalysts exhibited a resemblance to that of SBA-15. Notably, chlorine and sulfur atoms
were detected on ZC and ZS, indicating an incomplete decomposition of ZnCl; and ZnSO4 into ZnO.

Figure 3. Surface morphology of the samples investigated by SEM.

Table 1. Atomic composition on the surface of the samples investigated by the EDS technique.

others

Samples Elemental composition (Atomic%)
0] Si Zn

SBA-15 80.64 19.36 -

ZA 76.54 20.59 2.29

ZC 77.11 18.91 2.90

ZS 77.35 16.93 1.92

0.58

1.43
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TEM images (Figure 4) depict a remarkable two-dimensional hexagonal and honeycomb
structure with long-range ordered channels, featuring a pore diameter ranging from 6 to 8 nm.
Notably, the ZA sample showcases the presence of aggregated ZnO particles on the surface of SBA-
15. Upon closer inspection, the magnified image reveals the distinct parallel lattice fringes with a
width of 0.28 nm, which corresponds to the (100) crystal face. In contrast, the ZS sample displays
lattice fringes characteristic of ZnSOs, while the ZC sample exhibits no discernible features apart
from SBA-15. These TEM findings align perfectly with the XRD data, reinforcing the consistency of
the results.

ZS (magnified)

Figure 4. TEM images of SBA-15 and the catalyst samples. The scale bars of SBA-15,
ZA, ZC, and ZS are 100 nm.

3.1.4.  Surface area analysis

To assess the absorption characteristics of the sample, nitrogen adsorption/desorption isotherms
were employed, providing useful insights into the surface area, pore volume, and pore size, as
outlined in Table 3. Remarkably, all isotherms exhibited Langmuir type IV adsorption behavior,
while the hysteresis branches with near-parallel alignment indicated the presence of cylindrical pores
with a relatively consistent pore size [27]. Notably, the Zn-containing catalysts displayed a
significant reduction in both BET-specific surface area and pore volume. Interestingly, the reduction
in surface area surpassed the decline in pore volume, resulting in an overall increase in pore diameter
compared to the SBA-15.
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Table 3. Surface area, pore volume, and pore diameter of SBA-15 and prepared catalysts.

Samples BET Surface area (m2/g) BJH (Desorption)
Surface area Pore volume Pore diameter*
(m?/g) (cm?3/g) (hm)

SBA-15 651.41 550.18 0.88 6.39

ZA 333.37 390.76 0.72 7.32

ZC 291.26 346.86 0.65 7.46

ZS 289.34 304.29 0.59 7.70

*Pore diameter is calculated using BJH (desorption) as 4V/A (V = pore volume and A = surface area). The data was
calculated from the raw data of surface area and pore volume with 4 and 6 decimal places, respectively.

3.15.

Acidity of the catalysts

The acidic properties of the samples were assessed using NHs-TPD (Figure 5). NH3 desorption
temperature indicated acid site strength: weak (T < 200 °C), moderate (200 °C < T < 500°C), and
strong (T > 500°C) [28]. SBA-15 had limited acidic sites, with a broad desorption peak suggesting
weak to moderate acidity. Incorporating Zn into SBA-15 increases acidic sites. ZA (ZnO) showed
weak acidity at 160 °C and broad moderate acidity (200—-400 °C) [29]. ZS (Zn?*) exhibited a distinct
desorption peak at 238 °C, indicating moderate acidity [30]. These findings align with the literature
on ZnO/S-1 and Zn%*/S-1 [25]. ZC provided the highest acidic site concentration, suggesting the
coexistence of ZnO and Zn?* ions. The total acidity trend is in the order of ZC > ZA > ZS > SBA-

15.

TCD signal (a.u.)

Figure 5. NHs-TPD profiles of SBA-15 and the catalysts.

100 200 300
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3.2. Glycolysis of PET

SBA-15 and the catalysts were tested for PET glycolysis to evaluate their efficiency in
recovering the BHET monomer. The catalyst at 1% (w/w) of PET was added to the PET:EG with a
1:5 (w/w) ratio at a constant temperature of 200°C. In the presence of catalysts, the %yield of BHET
(%YgHeT) rapidly increased within the first hour, followed by a gradual increase, and remained
stabilized after 2 hours (Figure 6). Catalyst reactivity is in the order of ZC > ZA > ZS, which is
correlated to their acidity. On the contrary to the zinc-deposited catalysts, SBA-15 exhibited no
changes in the starting material after 3 hours due to the insufficiency of its acidity. Even with a small
amount of Zn (1-3% atomic ratio) on the surface of SBA-15, the glycolysis reaction could be
activated, yielding a higher amount of BHET compared to 15 of pure ZnO [7]. Consequently, ZC
was selected for further optimization of PET glycolysis conditions.

The increase in catalytic efficiency can be attributed to the enhanced surface area of the active
site. This suggests that the prepared catalysts exhibit a well-distributed Zn active site on the surface
of SBA-15, which prevents agglomeration compared to the use of ZnO nanoparticles. Another
contributing factor is the binding of Zn atoms to SBA-15, which enhances the acidity of the active
site. The higher electronegativity of Si atoms compared to Zn atoms results in electron withdrawal
from Zn atoms, increasing electrophilicity to accept electron pairs from carbonyl groups.
Furthermore, in our research, we employed a digestion tube for PET glycolysis without additional
stirring or dispersing techniques for the catalyst. During the reaction, EG vaporizes and condenses
within the digestion tube. Reflux occurs when the temperature surpasses the boiling point of EG
(197°C). After 2 hours, the reaction reaches equilibrium, yielding a constant BHET yield. This
glycolysis method is easy to set up, employing mild reagents and requiring only an available heating
source, making it suitable for potential large-scale applications.

90 T

80 |

70 +

60 £

50 £

%YBHET

a0 £
30 +
20 +

10 £

0

Time (h)

Figure 6. Efficiency of prepared catalysts on the glycolysis of PET. The reaction
condition is the ratio of PET:EG (1:5) with a 1% catalyst at 200 °C.
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To optimize the level of each parameter, a scanning experiment using ZC as the catalyst was
conducted. Figure 7 illustrates that %YgHer consistently increased across all experiments. The
PET:EG ratio of 1:5 was found to be adequate for the reaction, as previously reported [7]. The cost
of chemical compounds was minimized by exploring the optimization range of 1:3 to 1:5. %YgHer
remained constant at a temperature of 200°C and a catalyst concentration of 1%. Consequently, we
conducted glycolysis experiments with 0.5-1.5% catalysts, temperatures ranging from 180—-220°C,
and durations of 1-2 hours, each with three replicated runs.

100 100 100
. 80 = . B » . 80 ¢ & W
T L E
3 60 52 60 f S35 60
X e = S 2
40 - m 1% ZC 40 | s PET:EG (1:5) a0 PET:EG (1:5)
200°C 1% ZC 200°C
20 + 2h 20 | 2h 20 | 2h
0 ———— 0 0
01 2 3 4 5 6 7 8 160 180 200 220 0 0.5 1 1.5 2
Ratio of PET:EG Temperature (°C) %Catalyst

Figure 7. The scanning experiment to estimate the level of each parameter for the optimization.

Figure 8 presents the results of the optimized experiment. Temperature has a significant impact
on %YeHeT. At a temperature of 180°C, all conditions resulted in a product yield of less than 50%,
likely due to glycolysis being a diffusion-controlled kinetic reaction [31]. The softening point of PET
occurs at 220°C, and it is speculated that a solvent like EG can lower this point, facilitating faster
depolymerization. The reported temperature for glycolysis of PET with EG is approximately 197°C
(the boiling point of EG) or higher. Increasing the EG content greatly enhances glycolysis at lower
reaction temperatures, but its effectiveness diminishes at 200°C and 220°C. The addition of catalyst
from 1% to 1.5% slightly improves %Ygrer. Glycolysis for a duration of 2 hours yields over 70% of
the product, as summarized in Table 5. Based on these findings, we optimized the glycolysis
conditions using a 1:5 PET:EG ratio and a 1% ZC catalyst at 200°C for 2 hours, resulting in a 75%

yield of BHET.
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Figure 8. 3D graph for optimization of the parameters for glycolysis of PET using a ZC catalyst.
3.3. Purity of the BHET product

The FTIR spectrum of BHET displays prominent absorption peaks corresponding to the
hydroxyl group (O—H) and carbonyl group (C=0) at wavenumbers of 3492-3432 cm™ and 1713 cm"
! respectively. The C—O stretching vibration signal was observed at 1270 cm™. The methylene group
is identified by stretching signals at 2954—2904 cm™ (C—H stretching of methylene) and a bending
signal at 1408 cm™ (C—H bending). The presence of the aromatic ring is confirmed by the signals at
3090 cm™ (C—H stretching of unsaturated carbon), 16501629 cm™ (C=C stretching of aromatic
ring), and 730 cm® (1,4-disubstituted benzene ring), respectively. The FTIR spectrum of the obtained
BHET closely resembles that of the BHET standard, confirming the purity of BHET obtained from
our glycolysis reaction (see Sl, Figure S1).

The purity of the BHET product was also further assessed using melting point and DSC
analysis. Our product exhibited a melting point range of 107-110°C, consistent with the reported
standard value [7,32]. The DSC thermogram, spanning a range of 30—200°C, displayed a single
sharp endothermic peak at 111°C, with no indication of a dimer by product signal (170°C) [33].
These findings confirm the purity of the BHET obtained from the glycolysis process (see Sl, Figure
S2).
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3.4. Reusability

The ZC catalyst can be recovered by filtration, followed by washing with hot distilled water and
drying at 80°C for 6 hours. By recycling the catalyst three times, the producibility of the BHET
remained at 70% [11,15] (see SI, Figure S3).

4. Conclusion

Impregnating SBA-15 with various zinc salts and calcining at 550°C yielded active sites in the
form of ZnO and Zn?* ions. The presence of Zn atoms led to a decrease in surface area and pore
volume compared to bare SBA-15. XRD and XPS analysis confirmed the presence of ZnO,
Zn0O/Zn?*, and Zn?" in ZA, ZC, and ZS, respectively. The efficiency of catalysts in glycolysis has
depended on their acidity, which is in the order of ZC > ZA > ZS >> SBA-15. Using a PET:EG ratio
of 1:5, a 1% ZC catalyst based on the weight of PET, and heating at 200 °C for 2 hours resulted in
the highest yield of BHET at 75% via recrystallization. The catalysts are conveniently prepared,
reusable, and environmentally friendly. The catalyst we developed has the potential to be further
enhanced in the future to enable industrial-scale PET bottle degradation. This work has implications
for resource recovery and the circulation of BHET monomers in the PET industry, aligning with the
goal of sustainable development.
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