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Abstract

:

Poly(ethylene terephthalate), the fifth most produced polymer, generates significant waste annually. This increased waste production has spurred interest in chemical and mechanical pathways for recycling. The shift from laboratory settings to larger-scale implementation creates opportunities to explore the value and recovery of recycling products. Derived from the glycolysis of PET, bis(2-hydroxyethyl) terephthalate (BHET) exhibits versatility as a depolymerization product and valuable monomer. BHET exhibits versatility and finds application across diverse industries such as resins, coatings, foams, and tissue scaffolds. Incorporating BHET, which is a chemical recycling product, supports higher recycling rates and contributes to a more sustainable approach to generating materials. This review illuminates the opportunities for BHET as a valuable feedstock for a more circular polymer materials economy.
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1. Introduction


Poly(ethylene terephthalate) (PET) plays a significant role in the single-use packaging industry, comprising diverse materials such as disposable bottles and textiles. As the fifth most widely produced polymer globally, the PET market reached an estimated value of USD 35.47 billion in 2021, and it is expected to continue growing [1]. Additionally, PET accounted for 44.7% of single-use bottles in the United States in 2021 [2]. Although disposable bottles and packaging are encompassed in traditional recycling collection, the recycling rate of PET was only 33.9% within North America and 26.6% worldwide in 2020 [3]. However, the rate of recycling increases yearly, and the 2022 market, valued at USD 9.99 billion, is projected to increase to USD 14.46 billion by 2030 [3]. As the demand for PET and the market for recycled PET (rPET) continues to rise, the importance of sustainable practices and the uses for recycled materials will grow accordingly. Exploring effective recycling strategies and opportunities for PET waste holds significant potential for achieving a more sustainable circular economy and promoting the recycling of PET.



The recycling of PET can be divided into two primary categories: mechanical recycling and chemical (molecular) recycling [4,5,6,7,8]. Mechanical recycling involves physically reshaping PET into new products through a thermal process that involves grinding, heating, and reforming. However, this process often leads to thermo-oxidative and thermo-mechanical degradation, resulting in lower molecular weights, higher degrees of branching, impurities from previous use, and discoloration. These factors limit the potential for high-value applications of recycled materials [9,10]. On the other hand, chemical recycling intentionally depolymerizes PET into monomers or oligomers using solvents, heat, catalysts, or other selective stimuli. The resulting product has higher purity, enabling use in high-value applications and supporting a circular economy. Solvent-based depolymerization methods leverage a reactive solvent to break down PET into a wide array of products. Depolymerization methods include hydrolysis, alcoholysis, glycolysis, aminolysis, and ammonolysis (Figure 1) [4].



Numerous life-cycle and economic analyses highlight increasing interest in the sustainability of PET and PET bottles [11,12,13,14,15,16,17,18,19,20,21]. Researchers are exploring ways to promote sustainability by incorporating waste PET into new applications [22,23]. These areas encompass reinforced concrete and asphalt substances [24,25,26,27,28,29,30], energy devices [31,32,33], vitrimers [34,35], and materials for filtration and adsorption [31,36,37,38,39,40]. Recent reviews have focused on the chemical recycling of PET to promote sustainability [41,42,43,44,45,46,47,48,49,50]. These reviews pay particular attention to glycolysis, optimizing catalyst systems, reaction conditions, and feedstock to achieve controlled depolymerization to monomeric and oligomeric products [10,51,52,53,54]. The literature explores the PET glycolysis products propylene glycol, PEG400, and diethylene glycol [55,56,57,58,59,60,61,62,63,64,65,66,67,68,69,70,71,72,73,74,75,76,77,78,79,80,81,82,83]. Several polymer formulations incorporate these depolymerization products in the form of unsaturated polyester resins, epoxy resins, and oligomeric polyesters [55,56,57,58,59,60,61,62,63,65,67,68,69,70,71,72,73,75,76,77,78,79,81,82,83]. Among these applications, bis(2-hydroxyethyl) terephthalate (BHET), the monomeric glycolysis product of PET by ethylene glycol, plays a prominent role.



This review aims to examine the contemporary PET literature by highlighting products and processes that incorporate BHET derived from recycled PET as a valuable feedstock. This review additionally seeks to promote BHET’s integration into industrial processes and contribute to the advancement of sustainable practices in the polymer field. The comprehensive analysis will explore opportunities and challenges associated with the utilization of BHET, providing insight into its application in a more sustainable and circular economy.




2. Life-Cycle and Economic Analyses


Mechanical recycling is the most industrially relevant form of recycling today; however, the literature focuses heavily on chemical recycling, with over 70% of papers on recycling focused on advanced recycling methods [17]. Life-cycle and technoeconomic analyses (LCA and TEA, respectively) compare the two regarding cost, global warming impact, and circularity. All forms of recycling are heavily dependent on feedstock purity, and mechanical recycling has more stringent standards than chemical recycling. Some forms of chemical recycling (methanolysis and enzymatic recycling) are particularly tolerant to contamination [15,20,21,84]. Contamination and degradation during mechanical recycling traditionally limit the mechanically recycled content in PET to 35%, although some sources report up to or above 50% recycled content [17]. Mechanical recycling has lower energy usage, greenhouse gas emissions, and economic cost than chemical recycling methods [12,18,20]. However, mechanical recycling’s circularity is limited due to the low incorporation of recycled content and the high need for virgin material, necessitating some chemical recycling to achieve greater circularity [18,21,84,85]. In contrast to mechanical recycling, chemically recycled monomers act as a direct substitute for virgin monomers in PET synthesis [18,86,87]. LCA displays that a combination of mechanical and chemical recycling is ideal [12,18,21,88].



The combination of mechanical recycling and chemical recycling reduced virgin material use by up to 56% and reduced waste by 64% in one analysis [12]. In a study estimating plastic consumption and recycling from 2020 to 2049, glycolysis outperformed mechanical recycling. In conjunction with improved collection, glycolysis displayed an estimated cost reduction of 40% from mechanical recycling and 50% of the global warming potential in 2049. Even with technological improvements in mechanical recycling, it has failed to reach the same level of circularity and impact of glycolysis [85]. This limited viability of mechanical recycling is often attributed to the loss of molecular weight and chemical degradation during each extrusion cycle.



The current PET bottle economy, with 27% mechanically recycled PET and the rest being landfilled or incinerated, produces 4.507 kg of CO2-eq/kg of PET. This state has a limited circularity score of 0.22. The circularity score relates the losses during processing and disposal to the total flows of PET. A mechanically recycled economy, with 35% recycled content and 65% virgin material, lowers greenhouse gas (GHG) emissions to 4.120 kg of CO2-eq/kg of PET and raises circularity to 0.34. An entirely chemically recycled bottle economy reduces GHGs further to 3.942 kg of CO2-eq/kg of PET and improves circularity to an estimated 0.9. The best scenario for high circularity and low GHG uses 35% mechanically recycled content, chemically recycled materials, and virgin material to replace the material lost during processing. This state leads to a GHG of 3.640 kg of CO2-eq/kg of PET and a 0.88 circularity index [18].



Chemical recycling takes many forms, as shown above in Figure 1, with different benefits and drawbacks. Glycolysis and methanolysis are the most developed recycling pathways with market capability [15]. Methanolysis and enzymatic hydrolysis produce high-quality recyclate materials and demonstrate a greater tolerance to contamination than glycolysis [15,21]. Glycolysis allows for greater versatility in reaction conditions and displays superior robustness and simpler recovery steps [11,21]. It can produce undesirable side products, as ethylene glycol can dimerize to diethylene glycol [11]. Despite this, glycolysis outperforms other methods of chemical recycling and displays lower GHG, energy usage, and toxicity [21].



Mechanically recycled PET currently displays the best economic performance and lowest GHG emission, but both mechanical recycling and glycolysis outperform virgin PET economically, environmentally, and in terms of resource consumption. A mixture of mechanical recycling and PET glycolysis leads to the best economic and environmental performances, with improvements of 9–73% and 7–88%, respectively [21]. Glycolysis additionally shows potential for economic profitability. A potential glycolysis plant in England led to greater profits than hydrolysis or methanolysis and led to an estimated USD 13.24 M/year of profit [86]. Additionally, the microwave-assisted glycolysis of PET leads to high-quality BHET with lower cost and lower GHG emissions than the transesterification of dimethyl terephthalate. A large-scale plant using this method could reduce the selling price by 44% [87].



The chemical recycling of PET, in conjunction with mechanical recycling, is necessary to achieve a circular economy, reduce waste, and lower resource consumption. Current research suggests the economic viability of glycolysis to BHET [21,86,87]. As the BHET economy develops, the economic driving force will increase and glycolysis will continue to grow in importance. While resynthesis into PET is a primary driving force in glycolysis, BHET shows potential as a versatile monomer in a wide array of polymers.




3. BHET as a Feedstock


3.1. Resynthesis into PET


The potential of resynthesizing BHET into PET highlights one avenue of circularity for this versatile difunctional monomer. Scheme 1 highlights the potential reversibility and circularity of this process. Through explorations of diverse catalyst systems, purification processes, reaction conditions, and comonomers, researchers have successfully synthesized recycled PET with properties comparable to virgin PET using BHET from PET glycolysis. While purification significantly influences the mechanical and chemical properties of rPET, continual advancements are contributing to sustainability by simplifying processes and promoting greener alternatives. The resynthesis of BHET into PET offers a promising pathway for utilizing BHET and encourages circularity within the polymer industry.



Researchers have extensively investigated BHET obtained from the glycolysis of PET, including exploration into catalytic systems [89,90,91,92,93,94,95]. To expand on the depolymerization process, many researchers are utilizing both virgin BHET and BHET from glycolysis to polymerize new PET. Bhatty et al. conducted tests on the polycondensation of BHET into PET, examining different metallic catalysts, polymerization temperatures, and reaction times. Traditional transesterification catalysts commonly used for PET depolymerization, such as lead, zinc, and manganese acetates, proved ineffective for the polymerization. However, metallic catalysts containing titanium, antimony, and tin effectively catalyzed the system, strongly depending on catalyst and reaction conditions. These catalysts activated either the polymerization site (end groups) or chain scission sites (ester groups), with excess catalyst-activating chain scission locations, thereby reducing the molecular weight. Increasing time and temperature resulted in higher-molecular-weight polymers, achieving similar molecular weights at elevated temperatures or longer reaction times [96]. In a different study, Lin and Baliga investigated the kinetics of BHET polycondensation reactions using Sb2O3 catalysts and observed the linear increase in molecular weight over time [97].



After understanding the system kinetics, researchers focused on enhancing the properties of rPET. Lu and Zhao investigated the influence of BHET purity on rPET properties. To remove the glycolytic zinc acetate ion, the authors implemented ion exchange by utilizing activated carbon and sulfonic acid resins. These materials provided binding sites for the chemisorption of the zinc ions. The presence of a residual catalyst and its activity impacted both the color of the rPET and weakened its physical properties. The purified BHET produced an rPET of comparable quality to PET obtained from ultra-pure BHET [98]. In an effort to improve the color of rPET, Li et al. utilized nitric acid-modified activated carbon. The oxygen-containing functional groups induced on the carbon surface facilitated the adsorption of a common disperse dye (DR60), significantly improving the relative whiteness from 40.3% to 98.3% [99].



To investigate the impact of BHET on the final properties of rPET, Koo et al. compared the chemical and mechanical properties of virgin PET with mechanically recycled PET and chemically recycled PET. The authors employed a metal catalyst for glycolysis and conducted several pressurized melt filtrations to purify the BHET. The highest purity of BHET led to an rPET with mechanical and chemical properties and resistance comparable to virgin PET. In comparison, lower-purity BHET resulted in a decrease in properties, underscoring the significance of the purification process for chemical recycling. Figure 2 illustrates the reduction in tensile strain and melting transition temperature of rPET as compared to the virgin product [100].



Ruipérez and Sardon et al. employed a unique catalyst system to achieve an rPET with desirable properties. The authors prepared a protic ionic salt derived from two common organic acids and bases (triazabicyclodecene and methanesulfonic acid) as a catalyst for both the depolymerization and repolymerization of PET. The optimized glycolysis process with this catalyst system and ethylene glycol achieved a 90% conversion of PET to BHET. Notably, the catalyst system demonstrated sustainability, as it depolymerized four additional batches of PET without any loss in efficiency. The same catalyst facilitated the self-polycondensation of BHET, achieving a product with an Mn (number-average molecular weight) of 12 kDa and exhibiting a similar Tg (glass transition temperature), Tm (melting temperature), and Tc (crystallization temperature) as virgin PET, as demonstrated via differential scanning calorimetry (DSC) [101].



Hu et al. conducted a similar polycondensation reaction to compare the synthesis of PET from virgin monomers, BHET, and mixed glycolysis wastes. All three systems achieved similar intrinsic viscosities, indicating comparable molecular weights, suggesting that the reaction proceeded independently of the monomer source. PET derived from virgin monomers and PET synthesized from mixed waste products (defined as PET(b)) both utilized a similar incorporation of diethylene glycol (DEG) for enhanced flexibility and achieved similar melting temperatures. In contrast, the PET obtained from BHET (defined as PET(a)) incorporated less DEG and demonstrated a slightly higher Tm. Despite these slight variations, all the PET samples exhibited similar thermal stabilities. PET(b) had the highest yellowness, while PET(a) exhibited a yellowness index comparable to the virgin material [102].



Other researchers aimed to modify PET for easier depolymerization. Olewnik et al. developed biodegradable PET by copolymerizing BHET with L-lactic acid oligomers (OLLA). PET-PLLA copolymerization reacted in the melt at various BHET to OLLA ratios (80/20 to 50/50 by wt.). Interestingly, the 50/50 ratio exhibited characteristics of a segmented copolymer. Polymers with a higher PET content were random copolymers with a single Tg and a Tm that was 50 °C lower than virgin PET. Additional crystallinity improved the mechanical properties but reduced the biodegradability, necessitating careful tuning based on the desired application [103].



The resynthesis of PET is the primary driving force for PET glycolysis and BHET production. In a truly circular economy, 65% of PET would glycolyze to BHET for PET production [18]. While a catalyst is necessary for the reaction to proceed at an effective rate, catalyst removal poses a challenge [11,18,21]. Future research should emphasize effective catalyst separation, minimizing energy input, and avoiding colorization during depolymerization. Chemically recycled rPET will be a major output of a BHET economy.




3.2. Resins and Paints


The history of glycolyzed PET for use in unsaturated polyester resins (UPRs) dates back to the 1980s [59,104]. BHET now incorporates unsaturated polyester resins and, more recently, into epoxy and alkyd resins. While propylene glycol or diethylene glycol are common depolymerization glycols, ethylene glycol glycolysis to BHET is a major practice and diverse material in this space [55,59,60,61,62,63,71,73,77,79,81,83]. The extensive range of applications for BHET in resins and paints is continually expanding, with researchers developing copolymers and composites. These resins have achieved desirable properties, including hardness, tensile strength, chemical resistance, and thermal stability. The versatility of materials synthesized with BHET highlights its potential as a value-added monomer, displaying the ability to enhance and diversify the performance of unsaturated polyester resins.



3.2.1. Polyester and Alkyd Resins


Polyester resins are a key area of exploration in the use of BHET from the glycolysis of PET. Tong et al. introduced poly(propylene glycol) and other flexible glycols into a BHET–maleic anhydride–ethylene glycol system to enhance compatibility with styrene as a standard crosslinker. The resulting BHET-based unsaturated polyester resins (UPRs) exhibited good hardness [104]. In subsequent research, Pimpan, Sirisook, and Chuayjuljit used BHET monomers and dimers in a maleic anhydride–styrene system crosslinked with a methyl ethyl ketone peroxide initiator and cobalt octoate crosslinker in a heated process, yielding an opaque, brittle, and high-modulus molded product [105].



Rafizadeh et al. and Duque-Ingunza et al. conducted fundamental studies to determine the reaction conditions necessary to achieve high molecular weights [106,107]. Rafizadeh et al. successfully achieved an Mn of over 1640 g/mol over 8 h by reacting BHET with maleic anhydride [106]. Duque-Ingunza et al. observed a higher Mn over longer reaction times and higher temperatures, as shown in Figure 3. The authors mixed BHET with maleic anhydride and styrene and poured the resin into a mold with an added curing catalyst and initiator. Shorter curing times and lower curing temperatures led to lower-molecular-weight species over a variety of curing temperatures and times. These cured resins exhibited lower Tgs and higher flexibility. Higher-molecular-weight samples exhibited increased viscosities and superior thermal stability. Despite these variations, all samples showed similar thermal degradation onset temperatures. The authors found that reacting materials at 180 °C for longer than 4 h resulted in high-molecular-weight samples with viscosities too high for practical use [107].



Güçlü et al. conducted a comparative study between the unsaturated polyester resins derived from BHET and those derived from the monomeric and dimeric products of PET glycolysis with propylene glycol, diethylene glycol, and triethylene glycol. Reacting BHET with propylene glycol, maleic anhydride, and 30 wt. % styrene, Güçlü et al. successfully addressed the incompatibility of ethylene glycol in an unsaturated polyester resin with styrene, as describe earlier by Tong et al. [104]. BHET UPR and bis(hydroxy propyl) terephthalate-based UPR featured a higher hardness, tensile strength, and elastic modulus but lower elongation at break. In contrast, UPRs derived from diethylene and triethylene glycol-based glycolysis products featured an ether linkage that increased the flexibility while lowering other mechanical properties [108]. In another work, Güçlü et al. synthesized alkyd resins from BHET and BHET dimers through a reaction with phthalic anhydride, pentaerythritol, and fatty acid. These alkyd resins exhibited good hydrolytic and alkaline resistance and displayed higher thermal stability, with a Td-5%s between 200 and 250 °C, compared to a reference resin prepared with ethylene glycol. The PET glycolysis resins, particularly the BHET-based resin, demonstrated suitability for alkyd resin formulation [109].



Mahdi et al. utilized a UPR as a binder for mortar composites by subjecting BHET to melt polyesterification with maleic and phthalic anhydride. Following the inhibition with hydroquinone and the addition of styrene, the authors added an initiator, promoter, and inorganic aggregates to prepare composites for casting into cubes. The composite cubes failed testing at the binding interface between the resin and the additive under both compression and tension testing. However, the product demonstrated suitability for usage in pavement, median barrier, and sewer pipe applications [110].



Nevrekar, Naik, and Joshi compared a polyester hot-melt adhesive derived from BHET to resins from ethylene glycol and terephthalic acid. Initially, the authors reacted BHET with isophthalic acid, followed by sebacic acid. By decreasing the amount of sebacic acid, an increase in shear tensile strength occurred. All synthesized adhesives adhered to metals, surpassing the adhesion behavior of comparable resins. Due to the high melting temperature of the adhesive, above 110 °C, limiting potential applications, the authors attempted to replace sebacic acid with succinic or adipic acid to lower the Tm. However, those adhesives failed to adhere to metal [111].



In another work, Malek et al. employed BHET as the diol for PET depolymerization, reacting PET, BHET, and zinc acetate for 2 h at 250 °C under nitrogen. This reaction yielded hydroxy-functional telechelic oligomers of PET with an Mn of 1360 g/mol, exhibiting the expected thermal properties for PET oligomers. The authors subsequently utilized these oligomers in a reaction with carboxytelechelic poly(ε-caprolactone) oligomers to produce a copolyester [112]. Abid et al. synthesized copolyesters with BHET and ε-caprolactone (CL) in a ring-opening polymerization. Ratios of 30/70 to 60/40 BHET-to-ε-CL by mass achieved random copolymers [113].



Pitet et al. synthesized thermoplastic copolyesters (TPCs) from a mixture of BHET and a bioderived dimer fatty acid (DFA), Pripol 1009, through melt polycondensation. The research compared the product to another TPC derived from Pripol 1009 and rPET. Both TPCs contained semicrystalline hard segments (i.e., PET) and soft segments (i.e., DFA), achieved through the transesterification and polycondensation of the BHET and DFAs. While the system with rPET mandated dissolution and reprecipitation to obtain a high-surface-area microporous solid prior to reaction, a custom reactor allowed for the bypassing of this step and the streamlining of the process. Both syntheses with BHET and rPET achieved a statistical random copolyester, suggesting that the process was independent of the monomer selection. The authors observed that increasing the soft-segment content reduced the Tg and Tm, hindering crystallization and leading to smaller crystals. Despite the lower crystallinity, the polymer demonstrated favorable properties. Although the properties were acceptable, the presence of additives and dyes in rPET feedstock may inhibit crystallinity and compromise physical properties. The presence of impurities necessitates a purification step for the rPET. Additionally, the slow crystallization process limits the suitability for injection molding as a processing method [114].



Radenkov et al. sought to improve a glass-fiber-reinforced composite by incorporating PET depolymerization products into a commercial unsaturated orthophthalic polyester resin. The authors mixed BHET, ethylene glycol, and higher-molecular-weight depolymerization products into the resin, together with a catalyst and promoter. The addition of toluene diisocyanate (TDI) subsequently led to crosslinking. The higher reactivity of the para isocyanate of the primarily 2,4-toluene diisocyanate led to a rapid reaction at that position. In contrast, the ortho position required additional reaction time, allowing the product to maintain a sufficiently low viscosity for glass fiber impregnation. The slower crosslinking reaction enabled impregnation, but still limited the production of large objects. Despite this limitation, the modified resin outperformed the unmodified resin, with a 5 wt. % incorporation increasing the tensile and bending properties from 23.2 and 11.6 MPa, respectively, to 255.8 and 278 MPa. However, the impact strength decreased from 174.3 to 168.8 MPa. The authors attributed the improvement in most properties to increased wetting and improved interlayer adhesion upon modification [115].



In a recent work, Huang et al. addressed the issue of mixed textile waste by determining the effect of chinlon (CL), polypropylene (PP), and polyurethane (PU) fibers mixed with PET fibers during glycolysis. The primary glycolysis product was BHET, with CL and PU improving the glycolysis to BHET, while PP promoted the production of more oligomers. CL and PP did not participate in the glycolysis, but PU did depolymerize to additional polyols. The authors explored the application of the products by directly reacting them with maleic anhydride, an antioxidant and inhibitor, along with styrene to form an unsaturated polyester resin. The resins incorporating CL and PP exhibited higher viscosity than the PET/PU resin due to the long chains not having been affected by depolymerization. The PU oligomers led to a lower viscosity and higher crosslink density of the resin. Increasing the maleic anhydride content improved the tensile strength, and all resins, despite some variation, demonstrated favorable mechanical properties [116].




3.2.2. Epoxy Resins


Czub et al. conducted the glycolysis of PET with a variety of glycols and subsequently synthesized epoxy resins with the depolymerization products, comparing them to resin with BHET. The reaction dissolved the glycolysis product or BHET in toluene, followed by a reaction with sulfuric acid and epichlorohydrin. To neutralize the reaction, the authors added calcium carbonate and NaOH and subsequently washed and collected the product. Due to the resins’ high viscosity, Czub et al. incorporated low-molecular-weight commercial bisphenol-A-based resins, Araldite GY 793 BD and Epidian 5, varying the incorporation of BHET or glycolyzed resin from 5 to 20%. The diethylene glycol (DEG)-based resin had the best properties of the depolymerization-based resins. The 5% incorporation had the highest mechanical properties but lowest relative elongation at break for the BHET resin, DEG product resin, and pure Araldite GY 793 BD resin. The tensile strength, flexural strength, and hardness increased for the BHET and DEG-modified resins, with a corresponding decrease in impact strength. Overall, BHET as an epoxy resin modifier in a low-molecular-weight epoxy resin enhanced the properties of the cured resin [117].



Ҫam, Bal, and Güçlü modified epoxy ester resins into epoxy ester–amino resins using a mixture of depolymerization products that primarily included BHET. The authors reacted the ester resin with epichlorohydrin to prepare epoxy ester resins with 40% and 50% oil. The 40% oil epoxy ester resin reacted with urea–formaldehyde and melamine–formaldehyde to form an epoxy ester–amino resin. All three resins demonstrated high adhesion and exhibited resistance to water and salt-water. While the epoxy ester resins swelled and showed pore formation in an acidic environment and dissolved in alkaline environment, the modified epoxy ester–amino resins displayed resistance to both acidic and alkaline environments during the 24 h test [118].



Bal, Ünlü, Acar, and Güçlü incorporated BHET into epoxy-based paints by dissolving a BHET depolymerization product in toluene, mixing it with bisphenol-A and sulfuric acid, and reacting it with epichlorohydrin. After neutralization and dehydrohalogenation with calcium carbonate and NaOH, the collected epoxy paint was blended with commercial epoxy paint and other additives. The BHET-based epoxy demonstrated greater viscosity despite similar densities and particle sizes. Both paints exhibited comparable hardness, gloss, abrasion resistance, and excellent adhesive properties. Air-drying the samples increased the hardness and lowered the abrasion resistance, while oven-drying improved the immersion resistance to common materials including detergent, soap, NaOH, H2SO2, and water. Both paints demonstrated resistance to ethyl alcohol, tea, coffee, and cola, and lacked resistance to acetic acid. The inclusion of BHET in the epoxy paint did not adversely affect its properties and demonstrated suitability for epoxy paint use [119].



Resins are a large area of exploration for BHET and showcase the diversity and compatibility of BHET. Researchers have incorporated it into composite binders, adhesives, thermoplastic copolyesters, epoxy resins, and paints. BHET often leads to resins with suitable or superior properties. Due to its nature as a diester and rigid aromatic component, BHET incorporates well into polyester resins while adding strength to the material. Future work should investigate the depolymerizability of unsaturated polyester resins with BHET. Recent works suggest that unsaturated polyesters are depolymerizable, even in a crosslinked form, due to the ester bonds [120,121]. The recovery of BHET and other polyesters would add sustainability to resin production.





3.3. Textile Industry Applications


Poly(ethylene terephthalate), in addition to single-use packaging, plays a significant role in the textile industry, and researchers have explored the application of BHET in this area. This section explores the uses of the monomer in the industry, from fabric softeners to dyes to sizing. BHET adds circularity to the textile industry as a derivative of PET-based fabrics for incorporation into the next generation of textile materials.



Shukla et al. transformed BHET into cotton fabric softeners for textiles. The authors designed a cationic quaternary ammonium surfactant by chlorinating BHET with thionyl chloride, leveraging the negative potential of cotton fabric in water to increase softener effectiveness. The resulting compound, bis(2-chloro ethyl) terephthalate, underwent quaternization with the product of a fatty acid and an amine using dimethyl sulfate. Utilizing a variety of fatty acids and amines, Shukla et al. dipped cotton strips into an aqueous bath with synthesized softeners, passed the fabric through a pneumatic padding mangle, and allowed the softened fabric dry before performing tests. The synthesized softeners showed similar performance to a commercial softener based on the percent decrease in bending length and tensile strength, common methods of evaluating the efficiency of a softener. Additionally, the washing fastness and absorbency were satisfactory. Although the compounds caused greater degrees of yellowing than the commercial faster; the authors addressed this with an optical brightener. Overall, BHET-based softeners demonstrated efficiency in softening fabrics [122].



Shukla et al. also explored the conversion of BHET into hydrophobic dispersible dyes for synthetic fabrics. The authors first reacted BHET with 4-nitrobenzoyl chloride, followed by reduction and coupling with N,N-diethylaniline to produce orange-colored Dye B. Dye A was formed through the reaction of the reduced product with bromine potassium thiocyanate and sodium nitrite to form a diazonium salt. Dye A exhibited a bright-yellow color and was five times stronger than Dye B. While both dyes featured good wash fastness, only Dye A demonstrated good light fastness. Overall, the dyes were satisfactory for polyester textile dying [123].



Continuing with diazonium salt dyes, Li and Ju delved into the synthesis of azo dispersive dyestuffs using BHET and terephthalic acid (TPA) extracted from post-consumer PET textile fibers. The two monomers underwent a series of reactions, including nitration, reduction, and azotization to form diazonium salts. The authors coupled the salts with N,N-dimethylaniline to create two azo-dispersive dyestuffs. When integrated into nylon and polyester fabrics at different pH levels, the dyes exhibited varying efficacies. Nylon filaments absorbed both dyes better, with the effectiveness of dying being more pronounced at pH levels below 5.5. As the pH lowered, Li and Ju also observed color variation from yellow to red tones with the BHET dye and orange to red with the TPA dye. This is visually depicted in Figure 4 [124].



Li and Ge et al. further utilized BHET-based diazonium salts and coupled them with 1-(4-sulfophenyl)-3-methyl5-pyrazolone, resulting in the formation of a novel azo dyestuff. The dye exhibited enhanced color uptake in nylon fabrics at lower pH levels and maintained consistent washing and light fastness despite application from pH 4.14 to 5.88. The washing and light-fastness properties were good and moderate, respectively, demonstrating suitability as nylon fabric dyes [125].



Zhang et al. synthesized 1,4-,4-cyclohexanedimethanol (CHDM), a polymer fiber modifier, through a two-step selective hydrogenation of BHET. The first step employed a Pd/C catalyst to hydrogenate the phenyl ring, and the second, a copper-based catalyst to selectively hydrogenate the ester group. In both steps, the authors carefully controlled the reaction temperature, time, and pressure to optimize production and minimize byproducts. Figure 5 illustrates the formation of side products during the process. Increasing pressure to an optimal point improved selectivity towards the desired product in both steps. Similarly, temperature and time enhanced CHDM production, but excessive values negatively impacted the yield. Zhang et al. discovered that the optimized process steps were comparable to the standard method of hydrogenating dimethyl terephthalate (DMT) or terephthalic acid (TPA) to CHDM [126]. In another work, Hou also employed BHET to synthesize CHDM. In this case, the authors used various monometallic, bimetallic, and trimetallic catalysts to optimize the process for competition with the standard methods of CHDM synthesis from DMT or TPA [127].



Li and Ge continued their work with derived BHET from the glycolysis of PET-based fabrics, primarily utilizing ethylene glycol and zinc acetate. The BHET reacted with sodium dihydrogen 5-sulfoisophthalate, diethylene glycol, Sb2O3, and zinc acetate through transesterification, esterification, and polycondensation to produce a water-soluble polyester for polyester fabric sizing. The authors found that adding DEG improved the flexibility and the properties of the sizing. In comparison to a pure starch sizing, Li and Ge found that the water-soluble product (WSP) and starch mixture had lower surface tension and better adhesion to the polyester fibers. The BHET/starch sizing improved the breaking elongation, demonstrating the suitability of BHET-based water-soluble-polyester sizing [128].



Chen and Zuo et al. aimed to close the loop in the textile industry by focusing on the purity of BHET obtained from polyester textile glycolysis. The authors treated various textile samples with boiling ethylene glycol to decolorize the fabrics. The resulting BHET, after glycolysis, exhibited high purity and suitability for polycondensation to rPET. Despite variations in the original textiles, the synthesized rPET demonstrated consistency across the textile samples and similarity to PET made from virgin BHET. The versatile process applies to a wide array of polyester textiles for circularity [129].



PET is common in the textile industry, and BHET comes full circle in that industry as new PET fibers, dyes, softeners, and sizing. Modified dyes, softeners, and sizing from BHET show compatibility with synthetic fibers and good properties. Future research should focus on the circularity of dyes, including the collection and reuse of BHET-sourced dyes when recycling PET fabrics.




3.4. Uses in Polyurethanes


In recent years, interest in the versatile applications of BHET in polyurethanes (PUs) has grown. Applications include diverse areas such as oligomers, chain extenders, flame retardants, biodegradable polymers, and shape-memory polymers. Researchers have incorporated BHET in both one-pot and prepolymer method syntheses and in varied types of PUs, including elastomers, foams, and waterborne polyurethanes (WPUs). In formulations, BHET improves mechanical strength and increases the Tg. BHET shows promise for enhancing the performance and sustainability of PUs.



3.4.1. Oligomers for Polyurethanes


BHET, as a monomeric glycolysis product of PET, holds significance not only for its direct applications, but also as a model compound system for PET glycolysis products. Jung et al. conducted a study where BHET transesterified with DEG produced similar oligomers to the DEG glycolysis of PET. The addition of ethylenediaminetetraacetic acid (EDTA) aided in the removal of the Zn2+ ion, resulting in improved PU synthesis. DEG provided additional flexibility to the polyol, allowing the successful synthesis of a PU with good mechanical properties using 4,4′-methylene diphenyl diisocyanate (MDI) and 1,4-butane diol (BDO) [130].



Lin et al. incorporated BHET into the polyol soft segment of rigid and flexible PU foams (PUFs). The author synthesized the polyol by reacting BHET or a mixture of BHET and ethylene glycol (EG) with adipic acid, subsequently reacting the resulting polyol with TDI and NaCN to form a polyisocyanurate foam. Foams with an increased isocyanate index demonstrated higher rigidity and lower strain at break. BHET additionally enhanced the foam rigidity, leading to foams with the highest tensile stresses and lower strains. Additionally, the aromatic BHET unit hindered the crystallinity in the soft segment while maintaining segmental mobility, lowering the exhibited Tg. The foam with pure EG demonstrated transitions above room temperature and greater plastic-like behavior [131]. Nadkarini et al. also derived polyols from BHET and adipic acid and investigated the kinetics of this polycondensation reaction. The BHET-derived polyols reacted with polymeric 4,4′-methylene diphenyl diisocyanate (PMDI) or MDI to form both elastomeric and rigid foams [132,133].



Marcos-Fernández et al. investigated the synthesis of oligomers for PU soft segments using PET and BHET. The authors initially reacted BHET with ethylene carbonate (EC) to yield oligomeric PET. However, upon adding KOH, the reaction continued, leading to the hydrolysis of the PET and further reactions, achieving a polyester oligomer with carbonate, ester, ether, and terephthalate moieties. The author produced similar oligomers by hydrolyzing PET with EC and KOH. The synthesized oligomers, depicted in Figure 6, had Mn values in the range of 1000–2000 g/mol, which are suitable for PU synthesis [134].



Sinha et al. incorporated BHET glycolyzed from textile waste into flame-retardant polyols for PU coatings. The polyol derived from the reaction of BHET with phosphorous oxychloride and further condensation with phthalic anhydride and a glycol (ethylene glycol, poly(ethylene glycol) (PEG), or 1,3-propane diol). The author formed the PU coating by reacting the polyols with either TDI or hexamethylene diisocyanate. All coatings demonstrated excellent adhesion and displayed good chemical resistance. Among the three diols used, the propane diol PUs exhibited the highest scratch hardness, whereas poly(ethylene glycol) PUs had the lowest, attributed to its higher flexibility. Additionally, TDI-based PUs expressed higher hardness due to the aromatic moiety and demonstrated greater flame resistance with higher limiting oxygen indexes. Notably, all the coatings exhibited good flame retardance due to the scavenging phosphorus groups in the polyols [135].



Sabnis et al. developed ecofriendly polyols for PU coatings by esterifying BHET with a linseed oil fatty acid, with a subsequent epoxidation with formic acid and hydrogen peroxide. The final hydrolysis yielded a multifunctional ecofriendly polyol for PUs. The authors crosslinked the PUs with either N-75 (a commercial aliphatic isocyanate) or MDI and compared the coatings to ones synthesized from a conventional acrylic polyol. The highly crosslinked coatings demonstrated suitable resistance to HCl, NaOH, and water environments, as well as resistance to MEK and Xylene solvents in rub tests. All synthesized PUs exhibited good thermal resistance and had Tgs around 54 °C. The MDI-based PUs demonstrated higher hardness and lower flexibility than the aliphatic N-75 PUs. The PUs with the BHET-based ecofriendly polyol demonstrated similar properties to the ones with the conventional polyol and are suitable for comparable applications [136].




3.4.2. Chain Extenders


Chiu, Chen, and Lee explored BHET as a chain extender in elastomeric PUs. The PU formulation consisted of hydroxyl-terminated polybutadiene as the soft segment and MDI as the diisocyanate. The authors carried out the polymerization using one-shot and prepolymer methods while varying the ratios of BHET to soft segment. These BHET-based PUs demonstrated distinct phase separation with a soft-segment Tg of −60 °C and a hard-segment Tg close to 100 °C, regardless of the concentration or polymerization method. The one-shot method exhibited less efficient phase separation. In contrast, PUs with 1,4-butanediol (BDO) displayed broader and higher soft-segment Tgs, indicating less efficient phase separation. The authors attributed this difference to the greater solubility of BDO in the soft segment and the increased hydrogen bond capability of BHET. An increase in the BHET weight ratio led to higher hardness and tensile strength but reduced the elongation at break. Additionally, a greater hard-segment content resulted in larger domain sizes, increasing from 60 Å to 100 Å [137].



An additional study on PU elastomers used a liquid mixture composed primarily of BHET obtained from PET alcoholysis. Zhou et al. reacted poly (tetramethylene ether) glycol (PTMG), isophorone diisocyanate (IPDI), and the BHET mixture to form a versatile elastomer. The PU proved to be crystallizable with PTMG 2000 soft segments at an isocyanate index of 1.5. The PU exhibited tunable properties, with a Tg ranging from 76 to 37 °C, and elongation up to 670% with complete recovery to its original dimensions [138].



Maafi, Malek, and Tighzert employed BHET as a chain extender in a composite instead of an elastomer. Using both one-shot and prepolymer synthesis methods, the authors reacted MDI, polycaprolactone, and BHET in tetrahydrofuran (THF) and a solvent cast in chloroform. The Tg increased with the BHET content, while the hydrophilicity decreased due to BHET’s hydrophobic aromatic rings. The mechanical properties showed improvement with higher incorporations of hard segments due to physical crosslinking within the hard segment [139]. The researchers added cellulose nanofibers purified from alfa plants to the films at levels varying from 0 to 30%. Films with a higher incorporation of cellulose had lower Tgs and higher Tms, suggesting that cellulose induced PCL phase separation while breaking up hydrogen bonding in the hard segment. The addition of cellulose decreased the thermal stability but increased the mechanical properties. At 30% cellulose incorporation, the Young’s modulus increased from 40 MPa to 267 MPa. While the yield point increased, cellulose reduced the elongation at break and formed a more brittle PU. The authors concluded that composites require higher adhesion at the fiber/matrix interface and proposed adding a fiber treatment step to improve properties [140].



Li and He et al. developed a crosslinked WPU with BHET as a chain extender for comparison with BDO. The authors varied the BHET from 1 to 100 parts by weight per hundred (phr) of poly adipate-1,4-butanediol ester (PBA) and IPDI. 2,2-dimethylol propionic acid acted as a secondary chain extender, with trimethylolpropane as a crosslinking agent and triethylamine as a neutralizing agent; see Figure 7. The emulsions remained stable for two months, maintaining an even size distribution for BHET weights under 7 phr, while agglomeration occurred above that ratio. BHET increased the tensile strength up to three times compared to the BDO alternative, with the elongation at break maximizing at 8 phr. The authors hypothesized that BHET agglomerates and causes cracking at higher concentrations. Increased BHET contents led to higher degrees of crosslinking and hard segments, leading to a more hydrophobic network [141].



Eceiza et al. developed segmented thermoplastic polyurethanes (TPUs) with BHET as a chain extender, HDI, and a renewable macrodiol. The authors depolymerized marine waste into BHET and found no difference in the behavior of PUs synthesized with marine-waste BHET and commercial BHET. The TPUs exhibited phase-separated behavior, with distinct Tgs in DSC and dynamic mechanical analysis (DMA). Atomic force microscopy further confirmed the separation. Both phases demonstrated crystallizability, and higher contents of hard segments significantly increased the tensile modulus (up to 250%), yield stress, and stress at break. The crystalline regions acted as stress concentration points, leading to a reduction in the strain at break [142]. Eceiza et al. also synthesized a crosslinked PU with BHET, castor oil, and PMDI, while varying the ratio of BHET to castor oil. Increasing the BHET content reduced the crosslink density and decreased the material strength. This resulted in a higher flexural modulus and lower flexural strain. The mechanical properties were suitable for some applications as composite matrices in structural applications. Glycolysis of the PU achieved a BHET-rich phase and a polyol-rich phase, as determined via gel permeation chromatography (GPC). The liquid depolymerization mixture exhibited a broad molecular weight distribution. Despite the broad distribution, the two phases resembled the original polyol and BHET, indicating successful depolymerization [143].




3.4.3. Foams


Li and Ge expanded on their previous work, making BHET from PET textiles and synthesized BHET-containing flame-retardant PUFs for thermal insulation or packing. The foams featured PMDI, water as the blowing agent, tin (II) bis(s-ethyl hexanoate) as the catalyst, a silicone oil surfactant, and dimethyl methyl phosphonate (DMMP) as a flame-retardant dopant. The free-rise foam displayed cell diameters ranging from 200 to 440 µm, with an average wall thickness of 20 µm, as shown in Figure 8. The authors investigated the impact of DMMP, and observed that DMMP decreased the compressive strength due to cell rupture. However, DMMP increased the flame retardancy, increasing the limiting oxygen index (concentration of oxygen that sustains a burning specimen of polymer) and reducing the flame time. While traditional PUFs have limiting oxygen indexes (LOIs) of 16 to 18%, the BHET foam had an LOI of 23%, a significant improvement, and the DMMP-modified BHET foam had an LOI of 27% [144].



Kim and Hoang synthesized a BHET-modified high-performance PUF with MDI, water, a silicone surfactant, and an array of flame retardants (FRs) to improve flame resistance. The BHET foam displayed superior flame resistance and higher thermal stability, attributed to the increased stability of the aromatic moiety in BHET in both FR-treated and untreated cases. The BHET foam exhibited a higher density and corresponding higher compressive strength than comparable foams with commercial polyol. Sorption testing demonstrated the effective hysteresis and stability of the BHET foam in high-humidity environments, indicating the suitability of these foams in building construction [145].



Lee and Jung et al. conducted the depolymerization of PET using several deep eutectic solvents. The researchers reacted both filtered (f-BHET) and as-is (a-BHET) samples with MDI, a flame retardant, a catalyst, a blowing agent, and a surfactant to produce a flame-retardant foam. All foams exhibited uniform porosity, with pores measuring around 200 microns in size. The a-BHET contained oligomeric segments, which positively influenced the thermal stability and flame retardancy. Despite this slight increase, none of the foams demonstrated significantly enhanced flame retardancy and required additional flame retardants to be flame-retardant PUFs [146].



The authors subsequently introduced BHET as a thermal stabilizer in PUFs through the reaction of BHET, 1,4-cyclohexanedimethanol (CHDM), polycaprolactone diol (PCLD), and a traditional polyol. Additional flame retardants, expandable graphite (EG) and tris(1-chloro-2-isopropyl) phosphate (TCPP), acted as a standard of comparison in other foams. Lee and Jung observed that BHET and its hydrogenated form (CHDM) improved the thermal resistance, with the aromatic BHET having a greater effect than the cyclic CHDM. BHET improved the flame retardance of the PUFs and formed stacking layers of char to aid in the flame retardance process [147].




3.4.4. Biocompatible and Biodegradable Polyurethanes


Bhattacharyya, Mukhopadhyay, and Kundu developed biodegradable BHET PUs for intestinal protein delivery. BHET reacted with hexamethylene diisocyanate and poly(ethylene glycol) 400 (PEG400) or PEG600 to create a linear PU. The authors added sodium alginate (a pH-responsive material) and bovine serum albumin (a model protein) and dropped the mixture into CaCl2 to form beads with a semi-interpenetrating network. The increased alginate ratio enhanced the crosslinking, encapsulation efficiency, circularity, regularity, smoothness, and bead size. Figure 9 illustrates the ratio’s effect on the encapsulation efficiency of the protein. High-alginate-content beads achieved pH-dependent swelling, with minimal swelling and protein release at pH 1.2 (representative of the stomach) and significant swelling and release at pH 7.4 (representative of the intestines). The authors tuned the protein release by varying the PU-to-alginate ratio. A 7:3 ratio of PU to alginate reached a 68% protein release after 5 h and 84% after 7 h, and a 9:1 ratio achieved a 99% release. This biodegradable PU also demonstrated fungal degradability and suitability for protein release functionality [148]. In a later work, the authors encapsulated insulin for intestinal track delivery, adding chitosan into the PU/alginate blend to increase the encapsulation efficiency [149].



Further research in biocompatible PUs explored BHET-based PU scaffolds with a graphene oxide (GO) filler for bone tissue regrowth. The pores formed under solvent casting/particle leaching conditions using sodium chloride crystals. Figure 10 shows the general scheme for this work. Kundu et al. modified GO with hydroxyapatite (HAP) to mimic calcium hydroxyapatite in bones. Increasing amounts of the GO/HAP filler in the hexamethylene diisocyanate (HMDI), BHET, and PEG600 PU altered its mechanical and bioactive properties. A low incorporation (1–2%) improved the tensile strength and Young’s modulus, with hydroxyl and carboxyl groups on the GO surface acting as covalent and non-covalent bonding points for the network. Higher incorporations (5–10%), caused GO/HAP agglomeration, detrimentally affecting the mechanical properties, porosity, and pore size. While the density and hardness increased linearly, the impact resistance peaked at 5% incorporation due to interfacial tension at the agglomeration sites, causing embrittlement. The increased GO content led to a smaller pore size and lower overall porosity, as the GO agglomerated and clogged the pores. The 1 and 2% GO content scaffolds demonstrated the highest rate of cell growth, with 82 and 93% cell viability. The 2% GO content scaffolds performed the best for bone tissue regrowth due to their antimicrobial potential after 24 h, as well as their porosity and cell viability. Additionally, the GO increased the antimicrobial activity, water contact angle, scaffold wettability, and overall hydrophilic nature, and lead to faster degradation [150].



A starch-based PU incorporating magnetic nanoparticles (MNPs) and silver nanoparticles used BHET as a biocompatible diol for the creation of antibacterial nanocomposites. Kamali et al. prepared the nanoparticles (MNPs@Starch-Ag) by coating magnetic nanoparticles with starch and embedding the coated nanoparticles with silver. The nanoparticles reacted with diisocyanate 1,2-bis(4-isocyanatophenoxy) ethane and BHET to create a PU. The resulting nanocomposite exhibited superior mechanical and thermal properties compared to a PU without nanoparticles. Additionally, the nanocomposite demonstrated antibacterial properties against Escherichia coli and Staphylococcus aureus in disk diffusion tests. Combined magnetic and silver nanoparticles displayed synergetic behavior, leading to the high inhibition of bacterial growth as magnetic particles facilitated the release of the Ag+ ion. However, silver nanoparticles agglomerated at higher concentrations, lowering interactions with bacteria and the total antibacterial behavior. The MNPs@Starch-Ag nanoparticles exhibited the best behavior at 0.01 mol L−1, killing bacteria while still allowing the passage of an extracellular enzyme, lactate dehydrogenate (LDH) [151].



Molla et al. used BHET from glycolysis as an aid in designing nanocapsules for drug delivery. In water, BHET-containing amphiphilic nanocapsules self-assembled into a micelle to encapsulate hydrophobic moieties. BHET added π–π stacking and hydrogen bonding to the micelle, strengthening the nanostructure significantly. A backbone tertiary amine (for tunable surface charge), pendant triethylene glycol monomethyl ether (for water solubility), and disulfide bond (for redox responsiveness) added a self-immolative behavior for drug release in response to the acidity of a tumor (pH~6.5) [152,153].




3.4.5. Other Polyurethane Work


Chung et al. improved shape-memory and cold-flexibility properties by grafting BHET onto PUs. The authors added an extra 2.5 to 15 mmol of MDI and BHET for grafting to a segmented PU prepared with poly(tetramethylene oxide), MDI, and 1,4-BDO. A polymer mixed with free BHET served as the standard for comparison. The FTIR-determined degree of phase separation for the free-BHET films stayed consistent at around 70–72%. The grafted BHET increased the phase separation to 92%, raised the Tg, and enabled greater degrees of crosslinking while not preventing solvent casting into a film. Films grafted with BHET exhibited increased tensile stress and strain at break, with each of these properties peaking and decreasing with BHET. The free-BHET films had a lower effect on the final properties than the grafted films. The grafted BHET additionally improved the shape recovery and cold flexibility, as shown in Figure 11. The shape-recovery properties dramatically increased from 24% to above 10 °C for the base polymer and at 0 °C for the highest BHET-modified polymer [154].



Sürdem et al. developed PU adhesives with MDI and PET depolymerization products. The authors compared PUs with BHET to those with bis(2-hydroxyethyl) terephthalamide (BHETA). Initially, the BHET-based adhesives had a higher shear strength than the BHETA adhesives for beech wood testing. The authors attributed this difference to the higher hydrogen bonding within the BHETA matrix preventing good adhesion to the wood. Subsequently, the authors added 30 to 50% castor oil into the adhesive to promote crosslinking. As shown in Figure 12, the BHET PU adhesive increased in shear strength with the castor oil content, but the BHETA adhesives achieved a greater incorporation of the castor oil and a higher final adhesive shear strength [155]. In another adhesive work, Gayathri and Samanata benzoylated BHET from the glycolysis of PET to bis(2-([4-Butoxy benzoyl]oxy)ethyl) terephthalate (BBET) using 4-butoxybenzoyl chloride. The addition of 1% BBET in a commercial PU adhesive quickly nucleated the crystallization. Higher incorporations failed to nucleate as rapidly, making 1% the best nucleating ratio [156].



He et al. modified graphene oxide (GO) with BHET to act as a functional crosslinker in composite WPUs with high conductivity. The authors synthesized two fillers, GO modified with BHET (BHET-GO) and reduced GO modified with BHET (BHET-rGO). These fillers combined with a PU synthesized with PBA, IPDI, and dimethylolpropionic acid (DMPA). The GO/BHET fillers reacted with trimethylolpropane (TMP) to crosslink the PU. After neutralization with TEA, the authors added water to form an emulsion, freeze-dried the PU, and pressed it into a composite. The BHET-modified GO crosslinkers demonstrated improved interfacial adhesion and dispersed better in the WPU than the pure GO fillers, leading to a reduction in agglomeration and superior mechanical, thermal, and electrical properties. The BHET-rGO WPU demonstrated enhanced mechanical properties, which the authors attributed to greater the carbon-to-oxygen ratio formed during the reduction. The functionalized crosslinker formed a WPU composite with higher mechanical, thermal, and electrical properties, good resistance under deformation, and suitable recovery [157].



In another study, the authors synthesized flame-retardant WPUs with BHET and tris(hydroxymethyl)phosphine (THPO). The THPO was derived from the reaction of BHET with tetrakis(hydroxymethyl)phosphonium sulfate. The incorporation of 1.5 wt. % THPO improved the flame retardancy, as tested in the LOI, vertical burning test, and cone calorimeter test. Increasing the THPO to 2.5 wt. % slightly decreased the final adhesive properties of the film, as the film cracked and the architecture weakened. Increased THPO improved the thermal properties by increasing the degradation temperature [158]. Later, the researchers used BHET as a coupling agent to develop rGO/Ti3C2Tx nanohybrids. This functional nanofiller enhanced the mechanical performance of the WPU, increasing the tensile strength while also imparting conductivity to the network. The BHET-coupled nanofiller increased the conductivity and durability of the conductive network, allowing for conductivity at higher strains comparative to similar composites without BHET. The incorporation of filler additionally increased the thermal stability of the WPU when compared to the unfilled WPU [159].



In the realm of optoelectronic coatings, Galliano et al. focused on synthesizing a bio-derived PU. The researchers conducted a comparison between a standard commercial formulation and one derived from BHET, a prepolymerized polyisocyanate, Sovermol780 (a bio-based polyol), and LCR40RT (a fossil fuel polyol). A polyol solution of 10% BHET, 70% Sovermol780, and 20% LCR540RT led to the film with the optimal properties. While BHET tended to crystallize and lower the optical properties, higher mixing temperatures mitigated the issue. The resulting formulation exhibited a comparable Td-5% and higher Tg, and the transmittance at 555 nm matched the standard formulation. The water uptake compared positively to other PU coatings in the market. The BHET and bio-derived PU coatings contained 24.4% w/w recycled and bio-derived materials, demonstrating good aging behavior over 50 days and overall favorable behavior as an optoelectronic coating [160].



BHET use in polyurethanes is highly promising and diverse. BHET is suitable as a chain extender, in the soft segment, in waterborne polyurethanes, in foams, and in adhesives. It demonstrates biocompatibility and thermal stability. Polyurethanes clearly demonstrate the versatility of BHET as a monomer. Circularity within the polyurethane industry is low, with most material landfilled [161]. As the BHET unit is depolymerizable within PET, researchers should investigate its effect on PU depolymerization and recycling. BHET adds circularity as a feedstock and as a potential linkage for depolymerization.





3.5. Biocompatible and Biodegradable Materials


In biocompatible materials, Chatterjee et al. reacted BHET with biocompatible monomers from renewable resources to explore polymers for regenerative medicine. The authors synthesized a biocompatible and biodegradable polyester through the melt polycondensation of citric acid, sebacic acid, D-mannitol, and BHET, plus varying post-polymerization steps. Solvent casting from dioxane and particle leaching with NaCl crystals created porous scaffolds. The length of post-polymerization significantly increased crosslinking. The higher crosslinking increased the Young’s modulus 11.5 times and the ultimate tensile strength 5.5 times, and decreased the elongation at break 2 times. A higher BHET content decreased the crystallinity and mechanical properties. Despite the reduction, the mechanical properties fell within or above the range of similar polyesters. The wettability decreased with the crosslinking/post-polymerization time and BHET content due to the decrease in free hydroxyls and increase in hydrophobic aromatic rings. These factors led to a higher water contact angle and slowed hydrolytic degradation. The authors found that varying the BHET content and post-polymerization time allowed for the control of degradation timescales. Cell viability and biocompatibility tests demonstrated the effectiveness of the film, with mouse osteoblasts cultured on the polymer increasing in number and cell growth on a porous scaffold proliferating, as shown in Figure 13. These viability tests clarify the cytocompatibility. Additionally, a subcutaneous implantation in a rat did not cause atypical inflammation of the liver or kidney toxicity, affirming the polymer’s suitability for bone regeneration. The polymer films exhibited potential for tissue growth applications in conjunction with the porous scaffold [162].



Marcos-Fernández et al. modified starch-based polymer films with BHET to create easy-to-recycle polymers. The authors reacted starch, a biodegradable material, with BHET in the presence of potassium hydroxide and ethylene carbonate to produce a modified starch film. The modified film (made from a mixture of modified starch and native starch) exhibited depressed crystallinity, lower thermal stability, and reduced mechanical properties. The authors attributed this to the lack of homogeneity between the native starch and modified components. The addition of BHET increased the electrical conductivity of the films, demonstrating potential applicability in the realm of semi-conductive materials. Despite the modifications, the modified film experienced only a slight reduction in biodegradability. Further efforts are needed to address the inhomogeneity to improve mechanical properties [163].



Cabrera-Munguia et al. employed BHET as an organic ligand to synthesize a biocompatible metal–organic framework (MOF) of aluminum nitrate out of water. For comparison, the authors created a traditional MOF with terephthalic acid as the ligand. Figure 14 depicts the synthesis for both MOFs. The BHET-Al MOF presented smaller crystals and a lower crystalline order than the MIL53-AL MOF due to the ethyl groups of BHET disrupting the crystallinity. The MIL53-Al MOF, with a nanoporous network, demonstrated 10x the surface area of the BHET-Al MOF, which had micron-scale pores. The BHET-Al MOF demonstrated a greater thermal stability despite its lower surface area. Neither MOF showed cytotoxicity to the fibroblasts introduced to the framework, but the BHET-Al MOF did enhance the respiratory capacity of the fibroblasts and demonstrated potential as an MOF [164].



A later work placed the two MOFs as fillers in collagen crosslinked with either hexamethylene diisocyanate (HDI) or IPDI. The MOF, at a 1.6% incorporation rate, contributed to crosslinking while allowing for some crystallinity. All MOFs demonstrated hemocompatibility and cell viability, but the HDI MOFs showed superior dispersion, resulting in improved properties, including the inhibition of E. coli growth [165].




3.6. Other Applications


Almeida et al. synthesized a composite comprising magnetic microspheres with a polymer matrix formed from the reaction of BHET with glycidyl methacrylate (GMA) in DMSO and catalyzed by N,N,N′,N′-tetramethylethylenediamine (TEMED). As demonstrated in Figure 15, the reaction involved both the transesterification of the methacrylate and the ring opening of the epoxy, with the ring opening as the primary reaction. The authors synthesized microspheres through suspension polymerization. Additional microspheres of Fe3O4 (magnetite), coated in oleic acid for compatibilization, formed the other phase of the composite. The size of the magnetite nanoparticles ranged from 15.69 to 24.36 nm, below the superparamagnetic diameter threshold, rendering the composite superparamagnetic. Despite minor irregularities, the composite was evenly distributed and demonstrated good adhesion [166].



Almeida et al. also synthesized a precursor for an organophosphorus surfactant by reacting BHET with triethyl phosphate to form bis(2-((triethoxy(hydroxy)-l5-phosphaneyl)oxy)ethyl) terephthalate (BHETEO). The resulting bolaform surfactant exhibited hydrophilic heads and a hydrophobic chain. Surfactant characterization determined that the particle size was temperature-independent and consistently near 66 nm. The aggregates demonstrated UV stability and a zeta potential of −21.7 mW, indicating stability in an aqueous solution. The BHETEO surfactant demonstrated good solubility in hexane, dichloromethane, ethyl acetate, and ethanol; however, the non-polar nature of the surfactant precluded its solubility in water. The surfactant demonstrated moderate thermal resistance, with degradation beginning at around 150 °C and not completing until above 300 °C [167].



Another study created cementitious composites to harness BHET’s hydrophilic nature for enhanced material hydration. Highly hydrated cementitious composites exhibit superior properties, preventing the agglomeration of cement particles and decreasing water absorption. Hydroxyl groups additionally promote self-healing and promote homogeneity. Şimşek et al. investigated these composites with BHET as an additive, revealing increased density and improved compressive strength compared to a reference cement. Increasing the BHET content lowered the compressive strength slightly, while remaining above that of the reference cement, indicating a solubility limit for BHET in cementitious composites [168].



Coreño et al. applied BHET to synthesize acrylic and allylic crosslinking monomers through two different reactions. The reaction of BHET with acryloyl chloride produced the acrylic monomer bis(2-(acryloyloxy)ethyl) terephthalate (BAOET), and the further reaction of BAOET with either benzoyl peroxide (BPO) or azobisisobutyronitrile (AIBN) achieved a high degree of conversion (over 90%) to the acrylate. Both mono- and difunctional allylic monomers form from BHET’s reaction with allyl chloroformate, with allylic monomers exhibiting lower reactivity due to the resonance stability of the allylic radical. The BPO initiator achieved 80% conversion in 6 h, but AIBN only achieved 2% due to AIBN’s shorter half-life. While the allylic monomers need further development, the acrylic crosslinkers with BHET demonstrated potential as an effective crosslinking agent [169].



Buasri et al. developed an innovative, green electrochemical (EC) device by polymerizing BHET with L-lactic acid into a random amorphous copolymer with a Tg between that of PET and PLA. The authors deposited graphene ink on the polymer film to create the EC device, which consisted of a liquid monomer electrolyte between two coated polymer films, as shown in Figure 16. Upon the first cycle, the electrolyte pyrrole (C4H5N) crosslinked into polypyrrole (PPy). Buasri et al. found that the reduction and oxidation of the PPy switched the color of the device from yellow to clear to black. Despite exhibiting higher resistance and lower transmittance when compared to an ITO-coated glass slide, the new EC offered enhanced flexibility and biodegradability and potential as a new EC device [170].



Goujon et al. explored another potential approach for the upcycling of BHET, focusing on its use in energy storage as a redox-active nanoparticle for anodes, as depicted in Figure 17. First, the authors modified BHET to a methacrylic monomer through reacting with methacrylic anhydride. Through subsequent emulsion polymerization with sodium dodecyl sulfate (SDS) and ethylene glycol dimethacrylate (a crosslinking agent), the authors formed crosslinked sub-100 nm nanoparticles, with the small size enhancing the redox reaction activity. The electrode was formed from a slurry of nanoparticles, conductive carbon, and a commercial binder in N-methylpyrrolidone. The small-molecule BHET and the nanoparticles demonstrated reversible redox activity in a tetrabutylammonium hexafluorophosphate (TBAPF6) system, but were not suitable in the traditional lithium bis(trifluoromethane)sulfonimide (LiTFSI) system. This limits their use to organic batteries rather than lithium-ion batteries. At low C-rates, the system exhibited an irreversible capacity loss, which the authors hypothesized was due to degradation or difficulty in oxidizing the system. At high C-rates and voltage limits of −2.4 V and −1.8 V vs. Fc/Fc+, the device demonstrated good retention of 94% over 100 cycles. At lower potentials, however, the capacity faded to 49% [171].



Rwei et al. developed a thermoplastic copolyamide (TPCPA) that served as both a foam and a hot-melt adhesive using a BHET precursor. The author aminolyzed the BHET with hexamethylenediamine (HMDA) to obtain N1,N4-bis(6-aminohexyl)terephthalamide (BAHT). The aromatic BAHT incorporated up to 5 mol % with HMDA and a renewable dimer fatty acid in melt polycondensation. The resulting TPCPAs had Tgs at or above room temperature and melting points in the range of 57 to 87 °C. The authors foamed the TPCPA through loading with supercritical CO2 and rapidly depressurizing the system. The foam control depended heavily on the foaming conditions, with elevated temperatures leading to foam collapse and low temperatures resulting in small cells with thick walls. In extreme cases, successful foaming only occurred in the amorphous region of the semicrystalline polymer. The authors investigated the recyclability of this solvent and catalyst-free foam by crushing, reprocessing, and refoaming, which proved successful through multiple cycles with only a slight increase in pore size and decrease in creep recovery. The TPCPA also demonstrated suitability as a hot-melt adhesive [172].



Through the melt polycondensation of BHET with 4′-acetoxybiphenyl-4-carboxylic acid (ABCA), Kulichikhin et al. produced a random copolyester of PET and 4′-hydroxybiphenyl-4-carboxylic acid (HBCA). The resulting PET/HBCA demonstrated variable properties depending on the incorporation of HBCA, which varied from 20 to 80 mol %. Increasing amounts of HBCA raised the Tg up to 100 °C and lowered the Tm. The HBCA broke up the PET crystallinity, with 60 and 80 mol % of HBCA not displaying a Tm. The highly aromatic polymer displayed liquid crystalline characteristics, with a mesophase forming in the 60 and 80 mol % copolyesters at 270 °C. These compositions had increased tensile strength, and proved comparable to other semi- and fully aromatic LC polymers [173].





4. Conclusions


Bis(2-hydroxyethyl) terephthalate is an emerging monomer with significant potential in various products, including resynthesized PET, unsaturated polyesters, polyurethanes, and composites in wide applications areas, including the textile industry, electrochemical devices, and biocompatible material space. As applications continue to grow, so does the diversity of uses for BHET. The exploration of BHET throughout this paper showcases its value as a depolymerization product to support a circular system.



In the synthesis of new PET from BHET, the process closes the circular loop and reproduces PET with properties akin to the virgin material. BHET serves as an eco-friendly option in polyester resins, supporting the principles of green chemistry. The textile industry loop closes as BHET from the glycolysis of PET-based fabrics returns as dyes, sizing agents, and fibers. BHET in polyurethanes is extensive, incorporating into both the hard and soft segments of elastomers and foams. BHET intregates into biodegradable and biocompatible polyurethanes and other materials, reinforcing sustainability efforts. The future directions for BHET are as numerous and diverse as the current research. A BHET economy requires circularity in multiple streams, not just PET. This demands investigation into chemical recycling and the recovery of monomers from polymers, including unsaturated polyesters and polyurethanes. The cleavable ester linkage has the opportunity to add circularity to the economy in many polymer formulations.



Overall, BHET has evolved its application into a broad spectrum of use and an ever-expanding array of applications, demonstrating the diversity of this monomer. As the glycolysis processes of PET continues to develop and commercialize, BHET will find further applications in diverse materials, diverting waste streams into new value-added products and driving continuous progress toward a more circular future.
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Figure 1. Chemical recycling solvolysis achieves a wide array of products depending on the solvent system. Reprinted with permission from [4]. 
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Scheme 1. The glycolysis process of PET using ethylene glycol yields bis(2-hydroxyethyl) terephthalate. 
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Figure 2. The purity of BHET affected the (a) melting temperature and (b) tensile strain of rPET. Mechanically recycled rPET (MR-PET) had lower tensile strain than chemically recycled rPET with lower purification (CR-PET-P), greater purification (CR-PET-F), and virgin PET. Adapted from [100]. 
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Figure 3. Higher polyesterification temperatures and longer times achieved higher molecular weight polymers. Reprinted with permission from [107]. 
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Figure 4. Applying BHET-based dye on nylon (top) and polyester (bottom) fibers at pH (a) 3.6, (b) 4.0, (c) 4.5 (d) 5.0, (e) 5.5 and (f) 5.8 (left to right). Reprinted with permission from [124]. 
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Figure 5. The reaction time affected the conversion of BHET, with 3 h being the best time to achieve the desired product in the highest yield. Reprinted with permission from [127]. 
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Figure 6. Potential representative chemical structure of BHET/EC/KOH polymer. Reprinted with permission from [134]. 
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Figure 7. The reaction mechanism for the crosslinked WPU with BHET. Reprinted with permission from [141]. 
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Figure 8. Foam morphology using an optical microscope. Reprinted with permission from [144]. 
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Figure 9. Higher ratios of PU/alginate led to higher encapsulation efficiency. The asterisk denotes a statistically significant change from the control. Reprinted with permission from [148]. 






Figure 9. Higher ratios of PU/alginate led to higher encapsulation efficiency. The asterisk denotes a statistically significant change from the control. Reprinted with permission from [148].



[image: Suschem 04 00025 g009]







[image: Suschem 04 00025 g010] 





Figure 10. Synthesis of the PU casted film and porous scaffold. Reprinted with permission from [150]. 
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Figure 11. Shape recovery of the BHET PU. Reprinted with permission from [154]. 
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Figure 12. Effect of castor oil content on the tensile strength of BHET and BHETA adhesives. Adapted from [155]. 
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Figure 13. Cell attachment and proliferation after (a) 1 day, (b) 3 days, and (c) 7 days. Reprinted with permission from [162]. 
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Figure 14. Synthesis of the (a) MIL53-Al MOF and (b) BHET-Al MOF. Reprinted with permission from [164]. 
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Figure 15. Reaction of BHET and GMA through (a) reversible transesterification or irreversible epoxide ring-opening at position 1 or 2. (b) via ring-opening reaction of epoxy groups. Reprinted with permission from [166]. 
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Figure 16. Electrochemical device schematic. Reprinted with permission from [170]. 






Figure 16. Electrochemical device schematic. Reprinted with permission from [170].



[image: Suschem 04 00025 g016]







[image: Suschem 04 00025 g017] 





Figure 17. Schematic of redox-active nanoparticle synthesis. Reprinted with permission from [171]. 
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