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Abstract


A sustainable circular pathway was developed for poly(ethylene terephthalate) (PET) nanocomposites through a catalyst-driven polymerization and depolymerization process. In this study, calcium dodecylbenzene sulfonate with n-butyl alcohol modified ZnAl layered double hydroxides (LDHs) were utilized as bifunctional catalysts to synthesize highly exfoliated PET/LDH nanocomposites via in situ polycondensation of bis(2-hydroxyethyl) terephthalate (BHET). The organic modification of LDHs expanded interlayer spacing, improved interfacial compatibility, and promoted uniform dispersion, leading to enhanced mechanical, thermal, and barrier properties. In the second stage, the pristine LDH catalyst efficiently depolymerized the prepared PET/LDH nanocomposites back into BHET through glycolysis, completing a closed-loop BHET-to-BHET cycle. This integrated strategy demonstrates the reversible catalytic functionality of LDHs in both polymerization and depolymerization, reducing metal contamination and energy demand. The proposed approach represents a sustainable route for designing recyclable high-performance PET nanocomposites aligned with the principles of green chemistry and circular material systems.
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1. Introduction


The development of sustainable polymer materials is essential to address global challenges such as plastic waste accumulation, resource depletion, and climate change. In line with the United Nations Sustainable Development Goals (SDGs), particularly SDG 12 (Responsible Consumption and Production), SDG 13 (Climate Action), and SDG 9 (Industry, Innovation and Infrastructure), there is a growing need to design high-performance polymers through environmentally friendly and resource-efficient methods. Sustainable synthesis of polymer nanocomposites provides a pathway to enhance material performance, reduce dependence on non-renewable resources, and minimize the environmental footprint of production. In this study, a sustainable strategy is proposed for developing high-performance PET nanocomposites using synthetic layered double hydroxides (LDHs) as dual-function materials that serve as catalysts and reinforcing nanofillers during polymerization, and as catalysts for glycolysis-based depolymerization, thereby establishing a circular BHET-to-BHET pathway.



Poly(ethylene terephthalate) (PET) is among the most widely used polymers due to its excellent mechanical strength [1,2,3,4], chemical resistance [5,6,7], inherent recyclability [8,9,10], and ease of processability. However, its durability contributes to persistent plastic pollution, leading to the accumulation of micro- and nano-plastics in the environment [8,9,10,11,12,13,14,15]. To address this, polymer science increasingly emphasizes closed-loop systems that integrate synthesis, use, and recovery through sustainable catalytic design.



Nanocomposite technology contributes to sustainability by improving mechanical, thermal, and barrier properties, thus extending product lifetimes and reducing waste [16,17,18,19]. However, conventional clay-based fillers [20,21] are environmentally problematic due to open-pit mining [22,23,24], land degradation [25,26], biodiversity loss [27,28,29,30], soil erosion [31,32,33], and water pollution [34,35,36]. Their processing involves energy-intensive grinding, purification, and surface modification, significantly increasing the carbon footprint [37,38]. In contrast, synthetic LDHs, prepared from simple metal salts via low-temperature aqueous synthesis, offer a lower-carbon, mining-free alternative [39,40,41,42]. Proper exfoliation and homogeneous dispersion of LDH platelets play a key role in determining the final nanocomposite performance, as nanoparticle agglomeration can significantly deteriorate mechanical and barrier properties [43,44]. The well-dispersed and exfoliated structure obtained here minimizes such agglomeration effects, leading to notable improvements in modulus, tensile strength, thermal stability, and gas barrier behavior [45]. Owing to their brucite-like layered structure, expressed as [MII(1−x) MIIIx (OH)2]x+(An−)x/n·yH2O, allows controlled intercalation of anions for catalytic activity, capitalizing functions, while maintaining high purity and tunability [46,47,48,49,50].



In this work, calcium dodecylbenzene sulfonate with n-butyl alcohol (CDS) was intercalated into ZnAl-LDH to generate a bifunctional organophilic catalyst. The bulky surfactant increased interlayer spacing and compatibility with PET, enabling PET monomers to diffuse into the LDH galleries during in situ polymerization. This process promoted complete exfoliation and uniform LDH dispersion, forming PET LDH nanocomposites with superior mechanical strength, thermal stability, and gas barrier performance, achieved under mild, energy-efficient conditions consistent with green chemistry principles.



Despite advances in PET nanocomposites, their end-of-life management remains challenging. Mechanical recycling often leads to chain scission and performance loss, while chemical recycling through glycolysis provides a more sustainable route by depolymerizing PET into BHET [51]. Efficient glycolysis requires suitable catalysts to accelerate reaction rates and maximize BHET yield. Catalysts, including metal derivatives [52,53,54], ionic liquids [55], deep eutectic solvents [56], organic systems [57,58,59], and nano- catalysts such as metal oxides [60,61], metal nanoparticles [62], and LDHs [63,64,65], have been studied. LDHs are particularly attractive due to their dual acidic–basic sites, high reusability, and compositional tunability. For example, MgZnAl-LDHs achieved full PET conversion with a 75% BHET yield [66], Mg-Al hydrotalcite-type materials yielded 66.4% BHET at an Mg/Al = 3 ratio [67], ZnAl-CO3 LDH produced a 79.3% yield, and ZnTi-LDH reached an 82% BHET yield with excellent recyclability [68,69]. These studies confirm LDHs as highly efficient, stable, and eco-friendly catalysts for PET glycolysis. Building upon this foundation, the present work introduces a closed-loop catalytic model uniting PET synthesis and chemical recycling within one framework. Modified LDHs serve as dual-function catalysts that promote in situ PET polymerization and later enable glycolytic depolymerization to regenerate BHET. In the first phase, organically modified LDHs catalyze polymerization and enhance filler dispersion, yielding reinforced PET nanocomposites. In the second phase, pristine LDHs catalyze the reverse reaction, depolymerizing PET back to BHET monomers. This reversible transformation establishes a BHET-to-BHET circular cycle, eliminating toxic metal catalysts and reducing environmental waste. Overall, this study demonstrates a catalyst-driven circular pathway in which LDHs act as both catalytic and structural agents, achieving high-performance, recyclable PET nanocomposites aligned with sustainable and circular economy principles.




2. Materials and Methods


2.1. Materials


All chemicals and reagents used in this study were of analytical grade or the highest purity available, unless otherwise noted. Aluminum nitrate nonahydrate (Al(NO3)3·9H2O), Zinc nitrate hexahydrate (Zn(NO3)2·6H2O), sodium carbonate (Na2CO3), and sodium hydroxide (NaOH) were obtained from SHOWA Chemical Co. and Bis(2-hydroxyethyl) terephthalate (BHET) for catalyst premixing was sourced from Sigma-Aldrich (Merck KGaA, Darmstadt, Germany). BHET used as a raw PET monomer was provided by Shinkong Synthetic Fiber Corp. (Taipei, Taiwan). The surfactant calcium dodecylbenzene-sulphonate with n-butyl alcohol (together denoted CDS) were supplied by Taiwan Surfactant Corporation (Taipei, Taiwan). Ultrapure water (double-distilled) was produced by Cheer-Hsun Engineering Technology Co., Ltd. (Hsinchu County, Taiwan).




2.2. Synthysis of ZnAl LDH-CDS


ZnAl-LDH was synthesized via a hydrothermal co-precipitation method. Solution A was prepared by dissolving 8.42 g of Zn(NO3)2·6H2O and 5.30 g of Al(NO3)3·9H2O (Zn/Al molar ratio, 2:1) in 100 mL of deionized water. Solution B consisted of 6.04 g NaOH and 4.00 g Na2CO3 (NaOH/Na2CO3 molar ratio = 4:1), corresponding to concentrations of 1.5 M NaOH and 0.375 M Na2CO3, also dissolved in 100 mL of deionized water. Solution B was added dropwise to Solution A under vigorous stirring until the pH reached 10 ± 0.2. The resulting suspension was transferred to a Teflon-lined autoclave, made by Tung Kuang Glassware (Hsinchu, Taiwan) and hydrothermally treated at 150 °C for 12 h. After cooling to room temperature, the precipitate was collected by centrifugation, washed repeatedly with deionized water until neutral pH, freeze-dried, and ground to obtain pristine ZnAl-LDH. For organic modification, ZnAl-LDH was calcined at 600 °C for 1 h (heating rate: 5 °C min−1) to form mixed metal oxides (MMO). One gram of MMO was dispersed in 50 mL of deionized water, and the pH was adjusted to 5 using dilute HNO3. Subsequently, 1.17 g of organic modifier CDS was added gradually under continuous stirring. The mixture was hydrothermally treated at 150 °C for 12 h, followed by centrifugation, washing, freeze-drying, and grinding to obtain ZnAl LDH-CDS. This reconstruction intercalation route enables efficient surfactant incorporation under mild aqueous conditions, consistent with green chemistry principles.




2.3. Polymerization of PET ZnAl LDH-CDS Nanocomposites


BHET was used as the monomer for PET synthesis via melt polycondensation. A predetermined amount of BHET was charged into a reactor (Tung Kuang Glassware, Hsinchu, Taiwan) and melted at 245 °C under a nitrogen atmosphere to prevent oxidation and to remove residual moisture and ethylene glycol generated during the early stages of condensation. ZnAl LDH-CDS, pre-dried at 200 °C for 2 h to remove adsorbed moisture, was then introduced at loadings of 500, 800, and 1000 ppm relative to BHET. After homogeneous mixing, the temperature increased to 280 °C, and the system pressure was gradually reduced to below 1 torr to promote polycondensation. The reaction continued until the melt torque reached approximately 3 kgf·cm, indicating completion of polymerization. The molten PET nanocomposites were extruded, quenched in chilled water, and pelletized. The resulting materials were denoted as PZD-500, PZD-800, and PZD-1000, corresponding to ZnAl LDH-CDS loadings of 500, 800, and 1000 ppm, respectively.




2.4. De-Polymerization of PET ZnAl-LDH-CDS Nanocomposites


To establish the closed-loop recyclability of the synthesized PET nanocomposites, a glycolysis reaction was employed to depolymerize the polymer matrix and recover its monomeric unit, BHET. PET nanocomposites (1.0 g, Figure 1a) were subjected to catalytic glycolysis using ZnAl-LDH as a heterogeneous catalyst. The reaction was performed in a 100 mL two-necked round-bottom flask containing 10 mL of EG and 0.01 g (1 wt.%) of ZnAl-LDH. The mixture was refluxed at 185 °C for 2 h under continuous stirring (400 rpm). After completion, the temperature was lowered to 100 °C to facilitate the separation of any unreacted PET. The heating was then discontinued, and the reaction was allowed to cool to approximately 65–75 °C. At this temperature, the reactor was opened, and the reaction mixture was visually inspected. In cases where a high yield was achieved, the reaction mixture appeared as a homogeneous brown suspension with the catalyst uniformly dispersed in a single-phase liquid (Figure 1b). The catalyst was removed by hot vacuum filtration, ensuring that the filtration apparatus was preheated to avoid premature precipitation of BHET and low-molecular-weight oligomers due to their temperature-dependent solubility in EG. The filtrate was then cooled to room temperature, where BHET and other oligomeric products gradually precipitated as a white solid (Figure 1c). The solid was further purified by pouring the reaction mixture into cold water and maintaining it at 4 °C overnight to allow complete crystallization of BHET. The resulting crystals were filtered and vacuum-dried at 65 °C to obtain the final white crystalline product (Figure 1d). The percentage yield of BHET was calculated according to the following expression:


  Y i e l d   B H E T   %   =     W  r B H E T   /   M W   B H E T      W  i P E T   /   M W   P E T      × 100 %  



(1)




where WrBHET and WiPET are the weights of recovered BHET and initial PET, respectively, and MWBHET and MWPET are their respective molecular weight.




2.5. Characterization


The physicochemical properties of PET/MgAl-LDH-CDS nanocomposites were analyzed using various techniques. X-ray diffraction (XRD) was performed on a D8 Advance ECO (Bruker, AXS GmbH, Karlsruhe, Germany) using Cu Kα radiation (λ = 1.5406 Å, 40 kV, 25 mA) over a 2θ range of 2–80° with a step size of 0.05°. Fourier-transform infrared (FTIR) spectroscopy was carried out on a JASCO FTIR-4200 Type A (JASCO Inc., Tokyo, Japan) using KBr pellets (wavenumber range 400–4000 cm−1). Morphology was examined by scanning electron microscopy (SEM, JEOL JSM-6500F (JEOL Ltd., Tokyo, Japan). Thermogravimetric analysis (TGA) was performed on an SII TG/DT analyzer (Nano Technology Inc., Tokyo, Japan) using 10 mg samples under nitrogen from 30 to 900 °C at a rate of 10 °C/min under nitrogen gas. DSC measurements were performed on a TA Q10 under nitrogen using heating-cooling-heating cycles from 30 to 280 °C at 10 °C min−1 (TA Instruments, New Castle, DE, USA). Gas permeability (GPA) was measured using a Yanco GTR-31 (GTR Tec Corporation, Kyoto, Japan). Dynamic mechanical analysis (DMA) was conducted on a TA-Q800 from 30 to 180 °C at 3 °C/min using film strips (10 × 5 × 0.03 mm3). Optical properties were measured using a VARIAN Cary 100 UV-Vis spectrophotometer (Agilent Technologies, Santa Clara, CA, USA) in the wavelength range of 200–800 nm using free-standing films of uniform thickness. The viscosity-average molecular weight was determined using a Ubbelohde capillary viscometer (Cannon Instrument Co., Ubbelohde No. H531, State College, PA, USA) with 1,1,1,3,3,3-hexafluoro-2-propanol as the solvent at a polymer concentration of 0.5 mg mL−1 and calculated using the Mark-Houwink-Sakurada equation. Crystalline morphology was examined by polarizing optical microscopy (POM, LEICA DM 2500, Leica Microsystems, Wetzlar, Germany).





3. Result and Discussion


3.1. Structural Characterization of Modified ZnAl-LDH and ZnAl-LDH-CDS Nanocomposites


The XRD patterns of ZnAl LDH and modified ZnAl LDH are shown in Figure 2A(a,b), respectively. These patterns show the characteristic reflections of hydrotalcite-like structures of ZnAl LDH, with peaks at 2θ = 11.9° (d003), 23.9° (d006), 35.4° (d009), 61.5° (d110), and 62.9° (d113). This result suggests that well-defined diffraction peaks with smooth baselines and sharp, narrow widths indicate the formation of a complete crystalline phase with high crystallinity. Furthermore, the d(003), d(006), and d(009) reflections exhibited a clear correlation, confirming the presence of an orderly and well-defined layered arrangement within the material’s structure. The presence of reflections of (0012), (0015), (0018), (110) and (113) were indexed as the hexagonal lattice with rhombohedral 3R symmetry. The most intense peak in the XRD pattern corresponds to JCPDS card No. 38-0486, which is assigned to Zn6Al2(OH)16CO3·4H2O. This confirms that the synthesized ZnAl LDH exhibits characteristic diffraction patterns typical of layered double hydroxides. After modification with CDS, the XRD pattern of ZnAl LDH CDS (Figure 2A(b)) showed a marked reduction in peak intensity and a significant shift in the (003) reflection toward lower angles, appearing at 2θ, 2.98° (d003, 29.6 Å). This pronounced expansion of the basal spacing confirms the successful intercalation of bulky dodecylbenzene sulphonate anions and carbon long chain of CDS into the interlayer galleries. The weakening and broadening of the higher-order reflections indicate partial loss of long-range ordering and increased disorder along the stacking direction, suggesting the disruption of the compact layered arrangement. Such structural modification aligns with the principles of sustainable chemistry, as it facilitates the development of highly dispersible and catalytically active LDH-based nanofillers, thereby enabling enhanced polymer-filler interactions while reducing the energy-intensive exfoliation steps in downstream processing.



Following the confirmation of the crystalline structure and interlayer expansion by XRD analysis, SEM observations were conducted to further investigate the morphological changes induced by surfactant modification. As shown in Figure 3a, the pristine ZnAl LDH exhibited plate-like particles with well-defined hexagonal shapes and smooth surfaces. These particles appeared thicker and more compact, likely due to the larger ionic radius of Zn2+, which enhances interlayer electrostatic interactions and promotes vertical crystal growth. Such structural order and high crystallinity suggest favorable properties for catalytic and reinforcement applications. In contrast, the morphology of the ZnAl LDH-CDS (Figure 3b) changed markedly after organic modification. ZnAl LDH-CDS showed loosely stacked platelets with opened and irregular edges, indicating successful intercalation of CDS molecules. The increased layer separation is consistent with the expanded basal spacing observed in the XRD patterns, confirming effective organic modification. In addition, the modified particles exhibited a more porous and fragmented structure, suggesting disruption of the original compact LDH architecture. The region highlighted by the red rectangle in Figure 3b was further magnified at a higher resolution (×50,000), as shown on the right, clearly revealing the thin, irregular morphology, indicating the breakdown of the original dense LDH framework along with noticeable distortion of their hexagonal geometry. This disruption is attributed to the dual role of CDS as both a dispersant and a spacing agent, which reduces interlayer cohesion and facilitates delamination of the LDH layers.



Complementary to the structural information obtained from XRD and the morphological observations from SEM, FTIR spectroscopy was employed to examine the chemical functionalities of ZnAl LDH and to confirm the successful incorporation of surfactant species into the LDH structure. The FTIR spectrum of pristine ZnAl LDH Figure 2B(a′) shows a broad absorption band centered around 3450 cm−1, corresponding to O-H stretching vibrations from hydroxyl groups in the brucite-like layers and interlayer water molecules.



A weak band near 1630 cm−1 is attributed to the bending vibration of interlayer water. The sharp band at approximately 1370 cm−1 is characteristic of the stretching vibration of interlayer carbonate (CO32−) anions, while absorption bands below 800 cm−1 arise from metal oxygen lattice vibrations associated with Zn-O and Al-O bonds. After modification with CDS, the FTIR spectrum of ZnAl LDH-CDS Figure 2B(b′) exhibits several new features that confirm successful surfactant intercalation. Notably, the intensity of the carbonate band at 1370 cm−1 is significantly reduced, indicating effective replacement of CO32− anions by CDS species within the LDH galleries. New absorption bands appearing at 2960, 2920, and 2850 cm−1 are assigned to the C-H stretching vibrations of -CH2- and -CH3 groups from the long alkyl chains of dodecylbenzene sulphonate. In addition, a strong band observed in the 1180–1040 cm−1 region corresponds to the symmetric and asymmetric stretching vibrations of sulfonate (SO3−) groups. The coexistence of these organic functional group signals with the characteristic LDH lattice vibrations confirms that the bulky DBSNBA anions were successfully incorporated into the interlayer galleries, leading to modified surface chemistry and enhanced organic compatibility of the LDH structure. TGA was performed to evaluate the thermal stability of pristine and modified ZnAl LDHs under conditions relevant to PET polymerization and depolymerization. The TGA curve of pristine ZnAl LDH (Figure 2C) shows three characteristic weight-loss stages. The first stage, up to approximately 250 °C (15.4%), corresponds to the removal of physically adsorbed and interlayer water. The second stage between 250 and 350 °C (6.3%) is attributed to the decomposition of interlayer carbonate species and partial dehydration. The final stage from 350 to 850 °C (4.9%) is associated with further dehydration and collapse of the brucite-like layers, leading to the formation of mixed metal oxides (ZnO-Al2O3). These results indicate that pristine ZnAl LDH is thermally stable up to ~250 °C, which is sufficient for the temperatures employed during PET glycolysis and catalyst pretreatment. In contrast, the modified ZnAl LDH–CDS (Figure 2D) exhibits a different thermal profile due to the presence of the intercalated organic surfactant. An initial weight loss of approximately 8.2% below 300 °C is attributed to the removal of free and interlayer water. A major decomposition step between 300 and 535 °C (55.6%) corresponds to the degradation of the aliphatic chains of CDS confined within the LDH galleries, followed by a minor loss (3.6%) between 535 and 650 °C associated with the decomposition of aromatic components. The final stage up to 850 °C reflects the removal of residual anionic species and complete conversion to mixed metal oxides. The estimated organic loading (29.4 wt.%), calculated from the anion-exchange capacity, confirms effective intercalation of CDS, while the overall thermal behavior demonstrates that the modified LDH remains sufficiently stable within the temperature window relevant to PET processing and closed-loop recycling.




3.2. Structural and Thermal Stability Assessment of PET Nanocomposites


The XRD patterns of pristine PET and its nanocomposites containing 500, 800, and 1000 ppm of organo-modified LDHs are presented in Figure 4A. The semi-crystalline character of pristine PET was evidenced by a broad, amorphous region in its XRD pattern. In contrast, the characteristic (003) basal reflections of the modified LDHs were not detected in any of the PET LDH nanocomposites. This absence of LDH diffraction peaks suggests a loss of long-range crystalline order within the LDH phase, indicating that the layered structure was disrupted and exfoliated during in situ polymerization. The organic modifier CDS reduces the LDH surface hydrophobic, which promotes compatibility with the hydrophobic PET matrix and reduces electrostatic interactions between LDH platelets. This enhanced compatibility likely facilitates the penetration of PET chains into the interlayer galleries and promotes the delamination and exfoliation of LDH stacks, leading to highly dispersed nanofillers within the polymer matrix. Such exfoliated dispersion is a key strategy in sustainable nanocomposite design, as it maximizes surface contact and minimizes the amount of fillers required to achieve targeted property enhancements.



TGA was employed to evaluate the thermal degradation behavior of neat PET and PET nanocomposites containing 500, 800, and 1000 ppm of modified LDHs Figure 4B. All samples exhibited a single main degradation step in the temperature range of approximately 350–470 °C, which is characteristic of PET thermal decomposition. Compared with pristine PET, the nanocomposites showed a slight shift in the degradation curves toward higher temperatures. The temperature at 5% weight loss (T5d) increased by about 2.2, 3.1, and 5.2 °C for the 500, 800, and 1000 ppm samples, respectively. Considering the experimental uncertainty of TGA measurements (standard deviation ± 0.4 °C), these differences are modest and fall close to the normal error range of the technique. Therefore, the observed changes should be interpreted as indicative trends rather than significant enhancements in thermal stability. The minor upward shift in T5d may be related to the presence of well-dispersed LDH nanoplates, which can locally hinder heat transfer and slow the diffusion of volatile degradation products through a limited barrier effect. In addition, the organically modified LDHs may promote mild interfacial interactions with PET chains, resulting in a slightly more compact interphase. However, the overall degradation mechanism and thermal decomposition profile of PET remain essentially unchanged after LDH incorporation. Importantly, this study is not focused merely on thermal stability, it also addresses the simultaneous enhancement of mechanical and barrier properties, together with the demonstration of a closed-loop BHET to PET to BHET recycling process, achieved without compromising the sustainability of the overall system.




3.3. Crystallization Behavior of PET Nanocomposites


Figure 5A(a–d) presents the first-heating DSC thermograms of pristine PET and PET nanocomposites containing 500, 800, and 1000 ppm of ZnAl-LDH modified CDS, with the corresponding thermal parameters summarized in Table 1. The glass transition temperature (Tg) remains nearly unchanged for all samples, indicating that the incorporation of ultra-low loadings of modified LDHs does not significantly affect the segmental mobility of PET chains in the amorphous phase. During heating, the crystallization temperature (Tch) shows only minor variations compared to neat PET, remaining in the range of 130 to 131 °C. This suggests that the presence of CDS-modified ZnAl-LDH has a limited influence on the onset of crystallization during heating and does not act as a strong nucleating agent under these conditions. The melting temperature (Tm), however, decreases gradually with increasing LDH content, with the most pronounced reduction observed at 1000 ppm. This melting point depression is attributed to the formation of thinner and less perfect lamellae, resulting from spatial confinement and interfacial interactions between PET chains and exfoliated LDH nanoplatelets decorated with long alkyl sulphonate chains. The DSC cooling curves (Figure 5B) reveal a clear shift in the crystallization temperature during cooling (Tcc) toward lower temperatures, decreasing from 197.9 °C for pristine PET to approximately 180 °C for all nanocomposites. This downward shift indicates a retardation of crystallization during cooling, rather than enhanced nucleation. The crystallization delay is associated with restricted chain diffusion and reduced molecular mobility caused by strong polymer filler interfacial interactions and steric hindrance introduced by the organically modified LDH layers. Although CDS modification improves LDH exfoliation and dispersion, the long alkyl chains promote adsorption of PET segments at the filler surface, which slows down crystal growth under non-isothermal cooling conditions. Despite the delayed crystallization during cooling, the degree of crystallinity (Xch), calculated from the melting enthalpy, increases from 22.2% for neat PET to 26.6%, 27.5%, and 30.0% for PZD-500, PZD-800, and PZD-1000, respectively. This indicates that additional crystallization occurs during heating, where increased chain mobility enables PET segments previously constrained at the LDH interface to reorganize into more ordered crystalline structures. Such behavior is characteristic of polymer nanocomposites containing organically modified layered fillers, where crystallization kinetics are slowed during cooling, but the final crystallinity is enhanced upon thermal equilibration. Overall, the DSC results demonstrate that CDS-modified ZnAl-LDH does not function as a classical nucleating agent for PET but instead modulates crystallization behavior through interfacial confinement effects. Achieving higher crystallinity at ultra-low filler loadings (≤0.1 wt.%) while maintaining simple processing aligns with the principles of sustainable polymer engineering.




3.4. Gas Barrier Properties of PET Nanocomposites


The oxygen transmission results of pristine PET and ZnAl LDH-CDS nanocomposites (PZD-500, PZD-800, and PZD-1000) are summarized in Table 2. Incorporation of organo-modified LDH platelets significantly reduced the oxygen permeability (O2) of PET, with values decreasing from 0.6768 cm3·cm/(cm2·s·cm-Hg) for pure PET to 0.3381, 0.3164, and 0.2780 for PZD-500, PZD-800, and PZD-1000, respectively. The corresponding oxygen barrier improvement factors (O2 BIF) increased progressively from 2.00 to 2.14 and 2.43, showing that the barrier performance was enhanced by up to 2.4-fold at just 1000 ppm of filler loading.



The marked reduction in oxygen permeability can be attributed to the uniform dispersion of the high aspect ratio modified LDHs platelets, which generate a tortuous diffusion pathway that forces gas molecules to travel around the impermeable nanolayers, thereby extending their permeation path and delaying transport through the polymer film. At the same time, the improved interfacial adhesion between the organophilic LDH platelets and PET chains reduces micro voids that could otherwise serve as rapid diffusion channels. The incorporation of modified LDH also results in increased crystallinity and restricted segmental mobility of PET chains, leading to a stiffer and more tightly packed microstructure, which further hinders gas diffusion. The combined effects of physical reinforcement and microstructural ordering become more pronounced with increasing filler loading, with PZD-1000 showing the greatest improvement due to its denser and better-aligned nanoplatelet network. From a sustainable chemistry perspective, achieving substantial barrier enhancements at extremely low additive levels (≤0.1 wt.%) reduces the material intensity and enables the production of thinner PET films without sacrificing performance. This not only decreases resource consumption and energy demand during processing but also extends the shelf life of packaged goods, reducing food and material waste. The synergy between low filler content, improved barrier efficiency, and enhanced durability demonstrates a resource-efficient route for developing high-performance PET-based packaging materials aligned with sustainable polymer engineering principles.




3.5. Insights from Polarizing Optical Microscopy (POM) into LDHs Dispersion and Intercalation with Organic Surfactants


The POM results provide direct visual evidence of the structure and property relationship governing the enhanced gas barrier performance of ZnAl LDH-CDS nanocomposites. The micrograph of pure PET (Figure 6a) shows a dark and nearly featureless field, confirming its highly amorphous structure where the polymer chains remain loosely packed and easily allow oxygen molecules to diffuse through the matrix. In contrast, the nanocomposites (Figure 6b–d) exhibit numerous bright birefringent crystalline domains, which increase in density and uniformity as the filler concentration rises. This progression clearly indicates that LDH platelets act as efficient heterogeneous nucleating agents, promoting the formation of more ordered regions that restrict segmental mobility and reduce free-volume pathways.



To complement the optical observations from POM, cross-sectional SEM imaging was performed on the 1000 ppm PET nanocomposite, where the higher filler content enables clear visualization of the actual fraction of dispersed single LDH platelets and their internal distribution within the matrix. As shown in Figure 6e, the film displays a homogeneous thickness of 434 μm with a compact and continuous microstructure, suggesting excellent processing stability and strong polymer filler compatibility. At higher magnification (Figure 6f), finely distributed LDH platelets can be distinguished throughout the matrix. The red-circled regions highlight nanoscale filler features rather than micro-scale tactoids, confirming effective dispersion and minimized aggregation. Moreover, the absence of crack deflection or platelet pull-out during fracture implies strong interfacial interaction, which contributes simultaneously to mechanical robustness and barrier reinforcement. Overall, the combined results of DSC, POM, and SEM establish a clear structure property relationship in which the synergistic increase in crystalline and nanoscale LDH dispersion creates a highly tortuous and extended diffusion pathway for gas molecules. Oxygen must navigate around impermeable crystalline zones and well-aligned LDH domains, significantly slowing its transport through the film. This mechanism explains the more than twofold reduction in oxygen permeability observed at 800–1000 ppm filler loading. Importantly, such substantial enhancement in barrier efficiency is achieved with ≤0.1 wt.% additive, enabling thinner PET packaging solutions without sacrificing performance. This reduction in polymer consumption supports sustainable material development by lowering environmental impact, extending product shelf life, and promoting circularity in packaging applications. Thus, the incorporation of ZnAl-LDH-CDS represents a promising low carbon strategy for producing high value, resource efficient PET nanocomposites.




3.6. Optical Properties of Nanocomposites


The UV-Visible transmittance data of pristine PET and ZnAl LDH-CDS nanocomposites of PZD-500, PZD-800, and PZD-1000 are summarized in Table 3. Pristine PET showed high transmittance in the visible region (93.69% at 550 nm) but poor UV shielding, with 5.98% transmittance at 320 nm and 73.46% at 375 nm. Incorporation of ZnAl LDH-CDS significantly improved the UV-blocking ability without compromising visible transparency. The UV transmittance at 320 nm decreased progressively from 2.51% (PZD-500) to 3.73% (PZD-800) and as low as 0.59% for PZD-1000. A similar trend was observed at 375 nm, where transmittance decreased from 73.46% in pure PET to 42.13%, 61.11%, and 50.90% for PZC-500, PZC-800, and PZC-1000, respectively. Importantly, all nanocomposites maintained high visible light transmittance (>89% at 550 nm), confirming that the incorporation of LDH platelets does not compromise optical clarity.



The improved UV shielding performance can be attributed to the strong UV absorption capability of the ZnAl LDH-CDS platelets and their uniform dispersion within the PET matrix, which enhances light scattering and creates a barrier to UV penetration. These platelets absorb and reflect UV radiation while preserving visible light transmission, resulting in a transparent yet UV-protective material. This synergistic combination of UV protection and optical clarity is especially valuable for applications in packaging and optical films, where photodegradation resistance is critical.



From a sustainable chemistry perspective, achieving strong UV shielding performance at extremely low additive loadings (≤0.1 wt.%) extends the service life of PET materials by minimizing UV-induced degradation and yellowing, reducing the frequency of material replacement and associated waste. By combining durability, clarity, and low material intensity, these PET/LDH nanocomposites exemplify resource-efficient, sustainable design for advanced packaging and engineering applications.




3.7. Mechanical Properties of the PET Nanocomposites


The influence of temperature on the storage modulus (E′) of pristine PET and PET ZnAl LDH–CDS nanocomposites is presented in Figure 7. The measurements were performed between 40 °C and 145 °C to evaluate their thermo-mechanical stability. In all samples, the storage modulus decreased progressively with increasing temperature, reflecting the enhanced molecular mobility of the polymer chains. As shown in Figure 7a–d, the storage modulus of the PET nanocomposites was consistently higher than that of pristine PET across the entire temperature range, demonstrating the reinforcing effect of the modified LDH platelets.



A sharp decline in E′ was observed between approximately 55 °C (glassy region) and 85 °C (rubbery region), which corresponds to the glass transition region of PET [70,71,72]. This transition is attributed to segmental chain relaxation, which reduces stiffness and storage modulus. Beyond 85 °C, a partial recovery of Eʹ occurred, typically associated with cold crystallization of PET. Notably, pristine PET showed an earlier and steeper drop in Eʹ compared to the nanocomposites, highlighting the improved thermal and mechanical performance imparted by the LDH fillers. In the glassy region, the tightly packed polymer chains are restricted by strong intermolecular interactions, giving rise to a high modulus. As temperature increases, these restrictions are relaxed, resulting in greater molecular mobility and lower stiffness. The incorporation of ZnAl LDH-CDS counteracts this softening by restricting chain movement and improving stress transfer across the polymer filler interface. Quantitatively, the storage modulus values of the PET nanocomposites exceeded those of pristine PET by 456 MPa (500 ppm), 519 MPa (800 ppm), and 579 MPa (1000 ppm). The 1000 ppm nanocomposite displayed the highest E′, confirming that increased LDH content enhances interfacial adhesion and mechanical reinforcement [73].




3.8. Intrinsic Viscosity (IV) and Molecular Weight Determination of In-Situ Synthesized PET/LDH Nanocomposites


In line with the principles of sustainable polymer design, which aim to enhance material performance without increasing catalyst loading or processing complexity, the intrinsic viscosity (IV) and molecular weight of the in situ-synthesized PET nanocomposites were analyzed to examine how ZnAl LDH-CDS promotes chain growth and molecular build-up during polymerization.



Table 4 summarizes the intrinsic viscosity (IV) and molecular weight parameters of pristine PET and the in situ-synthesized ZnAl LDH-CDS nanocomposites. A distinct improvement in both the weight-average (    M  ¯   w) and number-average (    M  ¯   n) molecular weights is observed with the incorporation of the modified LDH, accompanied by higher IV values. Pristine PET exhibits an IV of 0.428 dL g−1 with     M  ¯   w is 23,936 and     M  ¯   n is 16,432. The nearly two-fold enhancement in molecular weight demonstrates that the ZnAl LDH-DBSNBA catalyst effectively promotes PET chain growth during the polycondensation process, indicating improved catalytic activity and polymer chain extension. The increase in molecular weight can be attributed to the catalytic effect of the ZnAl LDH layers, which provide abundant active sites that accelerate esterification and polycondensation reactions. The strong interfacial interactions between the organophilic LDH platelets and PET oligomers facilitate monomer adsorption and condensation at the LDH surface, leading to faster chain propagation and reduced chain termination. Additionally, the slightly higher Dispersity (Đ) values of the nanocomposites (1.5157–1.5267) compared to pristine PET (Đ 1.4567) indicate a broader molecular weight distribution typical of catalytically enhanced step-growth polymerization systems. The increase in storage modulus and the reduction in oxygen transmission rate (OTR) of the nanocomposites is attributed to the presence of well-dispersed CDS-modified ZnAl-LDH platelets, which reinforce the PET matrix by restricting segmental mobility and increasing crystallinity. In addition, plate like nanostructure introduces a tortuous diffusion pathway that hinders gas permeation, resulting in enhanced barrier performance. Intrinsic viscosity values confirmed that the nanocomposites possess a higher molecular weight compared to pristine PET, indicating that polycondensation remains efficient in the presence of the modified LDH and that the mechanical and barrier improvements originate from structural reinforcement rather than polymer degradation. Achieving a substantial molecular weight increase at ≤0.1 wt.% filler highlights the catalytic efficiency of the ZnAl LDH-CDS system. This improvement enhances the mechanical strength, thermal stability, and long-term durability of PET nanocomposites. The approach exemplifies sustainable polymer design by reducing catalyst usage, energy demand, and material waste while maintaining high performance.




3.9. Characterization of Recovered BHET and Its Role in Sustainable Circular Polymer Chemistry


The crystallized BHET obtained from the glycolysis of PET/LDH nanocomposites using pristine ZnAl LDH catalyst was analyzed by TGA, DSC, and 1H NMR to verify its purity and recyclability within the circular PET system.



The TGA curve of the recovered BHET (Figure 8a) exhibits a clear two-step degradation behavior, with an initial weight loss around 212 °C attributed to the evaporation of residual ethylene glycol and low-molecular-weight BHET oligomers, followed by a major decomposition step near 412 °C corresponding to the breakdown of pure crystalline BHET. This two-stage pattern is characteristic of high-purity BHET and confirms the absence of polymeric residues. In comparison, the PET/LDH nanocomposites (Figure 4B(d′)) exhibit a single-step thermal degradation centered at approximately 400 °C, corresponding to the scission of the PET backbone and the formation of a minor inorganic residue from the LDH phase. The transition from a single-step polymer degradation in PET to a two-step profile in BHET provides strong evidence that the glycolysis reaction efficiently converted the PET/LDH nanocomposites into pure BHET monomer, thereby validating the success of the BHET to PET to BHET sustainable recycling loop.



The DSC thermogram (Figure 8b) reveals a single sharp melting endotherm at approximately 105.31 °C, which is consistent with the melting point of pure BHET. The narrow peak profile and absence of additional transitions suggest high crystallinity and homogeneity of the regenerated monomer. By contrast, the DSC curve of PET nanocomposites (Figure 5A(d)) exhibited glass-transition, cold-crystallization, and melting events typical of semicrystalline PET. These findings confirm that the glycolysis reaction effectively converted high-molecular-weight PET chains into uniform BHET crystals, supporting the principle of chemical circularity.



The 1H NMR spectrum (Figure 8c) of the recovered BHET exhibits distinct signals confirming its molecular identity and purity. The resonance peak at δ 8.1 ppm corresponds to the four aromatic protons of the benzene ring, indicating the presence of the terephthalate moiety. The signals at δ 4.4 ppm and δ 3.9 ppm are assigned to the methylene protons adjacent to the ester (-CH2OCO-) and hydroxyl (-CH2OH) groups, respectively, verifying the intact glycol unit of BHET. Minor peaks from water at δ 3.3 ppm and DMSO-d6 at δ 2.5 ppm are also present. The absence of any additional peaks from oligomeric or polymeric fragments confirms the complete depolymerization of PET and the successful regeneration of pure BHET suitable for depolymerization.



Collectively, these results demonstrate that ZnAl-LDH serves as an efficient and reusable catalyst for selective glycolytic cleavage of PET, leading to high-purity BHET with preserved molecular integrity. The identical thermal and spectroscopic characteristics of the regenerated BHET validate the sustainable chemical loop of BHET to PET to BHET, highlighting the potential of LDH-catalyzed systems to realize closed-loop, heavy-metal-free circular polymer chemistry in alignment with the goals of Sustainable Chemistry.



The glycolysis of PET begins when a deprotonated ethylene glycol molecule attacks the electron-deficient carbonyl carbon of the ester bond. An efficient catalyst must therefore increase the electrophilicity of this carbon while also promoting glycol deprotonation. In LDH-based catalysts, this occurs through the combined action of interlayer anions and surface hydroxyl groups. The metal cations in the LDH layer withdraw electrons from the carbonyl group, while the interlayer anions abstract protons from ethylene glycol to form the active glycolate species. When these anions are weakly bonded, proton abstraction is easier, leading to faster depolymerization. During glycolysis, ethylene glycol molecules can intercalate into the LDH galleries, enabling close interaction and efficient catalytic conversion of PET into BHET. A schematic representation of the proposed catalytic glycolysis mechanism is illustrated in Scheme 1.



This mechanism supports the BHET to PET to BHET circular process, where modified LDHs catalyze both polymerization and depolymerization under mild, low-energy conditions. Such a reversible, catalyst-driven cycle demonstrates the core principles of sustainable chemistry, including waste reduction, avoidance of heavy-metal catalysts, and enabling continuous material recovery within a closed-loop polymer system. The LDH layers effectively promoted ester bond cleavage during glycolysis, leading to complete depolymerization of PET. The glycolysis process effectively depolymerized the PET nanocomposites into high-purity BHET monomers, demonstrating complete (100%) conversion without leaving any unreacted polymer residue. The recovered BHET exhibited the same crystalline and structural characteristics as the original monomer, confirming the successful regeneration of feedstock suitable for repolymerization.



The yield of BHET was calculated according to the stoichiometric relation by Equation (1). Quantitatively, the overall BHET to PET to BHET recovery yield was approximately 77%, which should be regarded as a moderate value when considering both the polymerization and depolymerization steps. The yield loss can be attributed to the formation of low molecular weight oligomers (mainly dimers and trimers), as well as handling and purification losses, which are typical for laboratory scale glycolysis experiments. Nevertheless, the recovered BHET exhibited the same structural characteristics as the original monomer, indicating that the depolymerization process does not introduce chemical impurities that would hinder repolymerization. These findings demonstrate that the ZnAl LDH catalyst enables a simple and sustainable closed loop conversion between BHET and PET, while maintaining the monomer integrity necessary for repeat cycling. Although extended multi cycle evaluation is beyond the current scope, the results confirm the feasibility and recyclability potential of this catalyst assisted circular pathway within a resource efficient and low complexity process design.



In this study, CDS-modified ZnAl-LDH was incorporated into PET at ≤1000 ppm to act as a capitalizing and reinforcing nanofiller during polymerization. The long alkyl sulfonate chains reduce interlayer interactions and increase hydrophobicity, enabling exfoliation and strong interfacial contact with PET for improved dispersion and composite performance at ultralow additive levels. However, such concentrations do not provide enough catalytic sites for ester-bond cleavage. Therefore, unmodified ZnAl-LDH at 1 wt% was used as the glycolysis catalyst, where the Lewis-acidic Zn2+/Al3+ centers and basic interlayer carbonate anions promote the nucleophilic attack of ethylene glycol necessary for PET depolymerization. Importantly, assigning two distinct yet complementary roles to the same LDH material modified for high performance polymer formation and unmodified for efficient BHET recovery enables a simplified, catalyst-compatible, and sustainable closed-loop recycling system. This approach reduces chemical consumption, avoids introducing foreign catalysts, and supports a resource-efficient circular-economy strategy for PET.





4. Conclusions


In this work, a sustainable circular route for poly(ethylene terephthalate) (PET) nanocomposites was successfully demonstrated through catalyst-driven polymerization and depolymerization, completing a reversible BHET-to-PET-to-BHET cycle. The bifunctional ZnAl-LDH catalyst, organically modified with calcium dodecylbenzene sulfonate with n-butyl alcohol, played a dual role in promoting polymerization and reinforcing the PET matrix. The organic modification expanded the LDH interlayer spacing and enhanced interfacial compatibility, leading to highly exfoliated PET/LDH nanocomposites with markedly improved properties. The crystallinity of the composites increased significantly, accompanied by a barrier improvement factor (BIF) of 2.43, optical transparency above 90% at 550 nm, and UV shielding of about 50% at 375 nm. The incorporation of modified ZnAl LDH markedly enhanced PET performance, increasing its modulus from 23,936 MPa to 47,504 MPa, and its weight-average molecular weight (    M  ¯   w) from 23,936 g mol−1 to 47,504 g mol−1, confirming the strong reinforcement achieved through uniform LDH dispersion. In the depolymerization, pristine ZnAl-LDH acted as an efficient heterogeneous catalyst for PET glycolysis, achieving complete polymer conversion and recovering BHET with a moderate yield (~77%). Although higher BHET yields have been reported using more complex catalytic systems, the present approach prioritizes process simplicity and sustainability by employing a single LDH-based catalyst without additional reagents. Structural analysis confirmed that the recovered BHET retained characteristics suitable for repolymerization, supporting the feasibility of closed-loop recycling. Overall, the results demonstrate that organically modified LDHs can serve as multifunctional additives for PET nanocomposites, enabling balanced improvements in structure, performance, and recyclability while adhering to the principles of sustainable and resource-efficient polymer engineering.
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The following abbreviations are used in this manuscript:



	SDGs
	Sustainable Development Goals



	LDH
	Layered Double Hydroxide



	CDS
	calcium dodecylbenzene sulphonate, n-butyl alcohol



	BHET
	Bis(2-hydroxyethyl) terephthalate



	MMO
	Mixed metal oxide



	PET
	Polyethylene terephthalate



	XRD
	X-ray diffraction



	FTIR
	Fourier transform infrared spectroscopy



	SEM
	scanning electron microscope



	TGA
	Thermogravimetric analysis



	BIF
	Barrier improvement factor



	IV
	Intrinsic viscosity



	Đ
	Dispersity



	    M  ¯   w
	Weight-average molecular weight



	    M  ¯   n
	Number-average molecular weight
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Figure 1. (a) PET Nanocomposites, (b) Reaction mixture of PET glycolysis at 65 °C containing the dispersed catalyst, (c) BHET crystals from recrystallization in cold water, and (d) Recovered BHET. 
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Figure 2. (A) XRD pattern (a) pristine ZnAl LDH, (b) ZnAl LDH-CDS, (B) FTIR spectra, (a′) pristine ZnAl LDH, (b′) ZnAl LDH-CDS, (C) TGA curves of pristine ZnAl LDH, (D) TGA curves of ZnAl LDH-CDS. 
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Figure 3. SEM micrographs of (a) pristine ZnAl LDH and (b) ZnAl LDH CDS. 
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Figure 4. XRD patterns (A) of (a) Pristine PET, (b) PZD-500 ppm, (c) PZD-800 ppm, (d) PZD-1000 ppm nanocomposites, and TGA curves (B) of (a′) Pure PET (b′) PZD-500 ppm (c′) PZD-800 ppm (d′) PZD-1000 ppm nanocomposites. 
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Figure 5. (A) DSC heating curve thermogram of pure PET and PET nanocomposites (a) pure PET (b) PZD 500 ppm (c) PZD 800 ppm (d) PZD 1000 ppm nanocomposites; (B) DSC cooling curve thermogram of pure PET and PET nanocomposites (a′) pure PET (b′) PZC 500 ppm (c′) PZC 800 ppm (d′) PZC 1000 ppm nanocomposites. The dashed vertical lines indicate Tg, Tch, Tm and Tcc. 
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Figure 6. POM micrographs of pure PET and PET nanocomposites films (a) pure PET (b) PZD 500 ppm (c) PZD 800 ppm (d) PZD 1000 ppm and Cross-sectional SEM micrographs of PET nanocomposite films, (e) low-magnification (f) high-magnification. Red-circled regions indicate nanoscale filler features, suggesting good dispersion and minimal aggregation. 






Figure 6. POM micrographs of pure PET and PET nanocomposites films (a) pure PET (b) PZD 500 ppm (c) PZD 800 ppm (d) PZD 1000 ppm and Cross-sectional SEM micrographs of PET nanocomposite films, (e) low-magnification (f) high-magnification. Red-circled regions indicate nanoscale filler features, suggesting good dispersion and minimal aggregation.



[image: Suschem 07 00006 g006]







[image: Suschem 07 00006 g007] 





Figure 7. Storage modulus of (a) pure PET (b) PZD 500 ppm (c) PZD 800 ppm (d) PZD 1000 ppm nanocomposites. 
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Figure 8. (a) TGA data of crystalized BHET, (b) DSC data of crystalized BHET, (c) 1H NMR spectra data for crystallized BHET. 
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Scheme 1. Schematic representation of the proposed catalytic mechanism for PET depolymerization. 






Scheme 1. Schematic representation of the proposed catalytic mechanism for PET depolymerization.



[image: Suschem 07 00006 sch001]







 





Table 1. DSC data of pure PET and PET composites (PZD) with different loadings of modified LDHs.
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	Samples
	Tch (°C)
	Tcc (°C)
	Tm (°C)
	Tg (°C)
	Xch%





	Pure PET
	130.98
	197.92
	259.49
	66.01
	22.2



	PZD-500
	129.97
	180.64
	250.40
	66.30
	26.6



	PZD-800
	131.03
	180.26
	251.61
	66.65
	27.5



	PZD-1000
	131.67
	180.64
	243.48
	65.12
	30.0










 





Table 2. Oxygen barrier properties of PET and PET nanocomposites.
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	Sample
	Thickness (mm)
	O2 Barrer

(cm3 cm/cm2⋅s⋅cm-Hg)
	O2 BIF





	Pure PET
	0.19 ± 0.02
	0.6768
	-



	PZD-500 ppm
	0.17 ± 0.04
	0.3381
	2.00



	PZD-800 ppm
	0.18 ± 0.01
	0.3164
	2.14



	PZD-1000 ppm
	0.16 ± 0.02
	0.2780
	2.43










 





Table 3. UV-Visible transmittance of pristine PET and PET nanocomposites.
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Sample

	
Thickness

	
UV-Vis (nm) in % T




	
(mm)

	
320 nm

	
375 nm

	
550 nm






	
Pure PET

	
0.22 ± 0.01

	
5.98

	
73.46

	
93.69




	
PZD-500 ppm

	
0.22 ± 0.02

	
2.51

	
42.13

	
89.81




	
PZD-800 ppm

	
0.21 ± 0.02

	
3.73

	
61.11

	
94.14




	
PZD-1000 ppm

	
0.22 ± 0.01

	
0.59

	
50.90

	
91.26











 





Table 4. Intrinsic Viscosity (IV) and Molecular Weight PET nanocomposites.
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	Samples
	      M  ¯     w
	      M  ¯     n
	Đ
	IV





	Pure-PET
	23,936
	16,432
	1.4567
	0.428



	PZD-500
	42,739
	28,198
	1.5157
	0.622



	PZD-800
	43,905
	28,914
	1.5185
	0.633



	PZD-1000
	47,504
	31,117
	1.5267
	0.666
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