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Abstract: Greenhouse gas emissions from waste plastics have caused global warming all over the world, which has been a central threat to the ecological environment for humans, flora and fauna. Among waste plastics, waste polyethylene terephthalate (PET) is attractive due to its excellent stability and degradation-resistant. Therefore, merging China’s carbon peak and carbon neutrality goals would be beneficial. In this review, we summarize the current state-of-the-art of carbon emission decrease from a multi-scale perspective technologically. We suggest that the carbon peak for waste PET can be achieved by employing the closed-loop supply chain, including recycling, biomass utilization, carbon capture and utilization. Waste PET can be a valuable and renewable resource in the whole life cycle. Undoubtedly, all kinds of PET plastics can be ultimately converted into CO2, which can also be feedstock for various kinds of chemical products, including ethyl alcohol, formic acid, soda ash, PU, starch and so on. As a result, the closed-loop supply chain can help the PET plastics industry drastically reduce its carbon footprint.
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Abbreviations Table



	PET
	polyethylene terephthalate



	MEG
	monoethylene glycol



	GHG
	greenhouse gas



	PLA
	polylactic acid



	CLSC
	closed-loop supply chain



	PBS
	poly (butylene succinate)



	SCC
	social cost of carbon



	PBAT
	polyadipate/butylene terephthalate



	CF
	Carbon footprint



	PHA
	polyhydroxyalkanoate



	LCA
	life cycle assessment



	MOF
	metal organic frameworks



	VOCs
	volatile organic chemicals



	PC
	(poly) carbonates



	PP
	polypropylene



	PU
	polyurethane



	BHET
	Bis (2-hydroxyethyl) terephthalate



	MHET
	Monohydroxyethyl terephthalate



	FA
	formic acid



	PS
	polystyrene



	PM
	particulate matter



	LDPE
	low density polyethylene



	R-PET
	recycled polyethylene terephthalate



	TPA
	1,5-trans polypentene rubbe



	EG
	ethylene glycol



	TBAI
	tetrabutylammonium iodide



	TBA+
	tetrabutylammonium cation



	DEG
	2-(2-hydroxyethoxy)ethanol



	TEG
	2,2-(ethylenedioxy)diethanol



	PG
	1,2-propanediol



	DMT
	dimethyl terephthalate





1  Introduction

Owing to the announcement of reaching peak emissions by 2030 and carbon neutrality by 2060, China has planned a number of policies to achieve these goals in industries [1]. This has attracted a great deal of attention to achieving the goals academically from the technology level due to the central threat of global warming from greenhouse gas (GHG) emissions, such as carbon dioxide (CO2). To evaluate the influence of carbon emissions, the social cost of carbon (SCC) is proposed by characterizing how the additional CO2 emissions affect future economic outcomes by changing the climate. It is predicted that electricity consumption will increase substantially in emerging tropical economies due to global warming. When the global average surface temperature increases by 1°C, the global annual electricity consumption will increase by about 4.5 exa-joules (7% of current global consumption), while every direct consumption of other fuels will decrease by about 11.3 exa-joules (7% of current global consumption) [2]. For most countries, carbon peak (carbon emission reaches the peak, referring to the process that the annual carbon dioxide emission of a region or industry reaches the highest value in history) and carbon neutrality (the 2.0°C goal corresponds to the positive balance of CO2 emissions) are phased goals [3], which can be achieved as scheduled by employing technologies of fossil fuel mining and transportation, plastic refining and manufacturing, management of plastic waste, and deep decarbonization of energy industry, etc. In China, we will strive to stably keep the proportion of manufacturing and carbon emission intensity of traditional industries such as steel, non-ferrous, petrochemical, chemical, paper and cement. The main expectation is to reduce energy consumption, which is an inevitable requirement for achieving the goal of carbon peak and carbon neutrality. Especially in plastics and waste plastics management, urban plastic wastes have caused serious damage to the environment in China. It is necessary to reduce the production and use of plastic at the source, namely petroleum resources. Strategies to mitigate the employment of plastics include alternative plastic products, recycling and utilization of plastic wastes, and exchange of fossil carbon feedstock [4].

The following measures have been carried out to decrease fossil-based plastics, as well as GHG emissions. First, it involves aggressively supporting the reduction in plastic production, which includes encouraging eco-friendly plastic product design and minimizing the usage of disposable plastic goods. Second, there is a significant need to expedite the standardized recycling and disposal of plastic waste. This includes developing a system for the collection, transportation, and disposal of waste in rural areas, improving the effectiveness of recycling, and raising the bar for the safe disposal of plastic waste. Thirdly, there is a strong effort being made to remove plastic waste from important locations, including rivers, lakes, seas, tourist attractions, and rural regions. The categories of technology and procedures are primarily the key questions in the field for achieving these aims with carbon peaks [5–10].

Polyethylene terephthalate (PET), the main type of thermoplastic polyester from fossils, is one of the most multifunctional plastics with wide application in spinning, printing, food, package industry and electronic fields [11]. The consumption of PET accounts for 8.4% of global plastics consumption of 367 million tons in 2020, which are mainly bottles for water, soft drinks, juices, cleaners, etc. [12]. Most of the PET products are wasted in landfills, incinerators, and into rivers and oceans. Thus, one of the emergency measures should be laid to carbon peak emission of waste PET. PET is a potential resin that is suitable for the CLSC model and clean production [13]. The closed-loop supply chain (CLSC) model is supposed to be a promising pathway to achieving the goal of carbon peak emission. The achievement of CLSC model mainly depends on circular technologies, including (1) recycling of waste PET in physical and chemical processes, (2) biomass utilization for alternative products, and (3) carbon capture and utilization to end the life cycle of waste PET [4,14–16].

In this review, the pathway to reach carbon peak emissions and carbon neutral for PET plastics is illustrated in the form of CO2. It is suggested that the combination of recycling, biomass utilization, and carbon capture and utilization for PET plastics can be the desirable strategy to achieve the goals. To the best of our knowledge, there is little literature to summarize the carbon peak emissions and carbon neutral for PET plastics from the aspect of materials science. We assume that there are mainly two novel contributions of this review: (1) The focus on carbon peaking emissions is specifically shifted from the national level to the technological level, which supplies the controlled methods to reach carbon peak emissions and carbon neutral for PET plastics. (2) Alternative materials are firstly summarized to replace PET in different areas, as well as the closed-loop recycling of waste PET.

2  The Carbon Resources in Waste PET

Daily consumed plastics, which account for more than 90% of all plastic items in industries including building, medicine, packaging, automobiles, etc., mainly originated from petroleum derivatives [17]. It suggests that the main components of plastics are polymer chains consisting of carbon and hydrogen elements. These are the main components of most applied materials, especially organic materials. It indicates that the carbon resources can be reused to produce virgin materials, such as polymers, composites and even fuel gases. Unfortunately, the vast scale of waste plastics is landfilled and burned down in both developed and developing countries, resulting in the huge wasting of resources [18]. It is indicated that the PET recycling ratio has increased 37.9% to 55.5% due to the PET banning from landfill in Italy [19]. The main disposal methods of waste PET include landfill, mechanical recovery, chemical recovery, heat treatment, and biodegradation [19–22]. The various treatment methods are shown in Table 1. As one of the major components in municipal solid wastes, PET can be also a promising feedstock source for engineering materials [23]. The fixed carbon accounts for 7.77%–13.17%, and the carbon-based gases take up 86.83%–91.75% when waste PET is pyrolyzed under a temperature around 500°C [24]. The key point is how to complete the transformation of the carbon resources in the used PET plastics into valuable components. Apart from physical recycling processes, the CO2 emission from waste PET is mainly captured and stored by vegetation, as depicted in Fig. 1. Furthermore, some processes have been developed to introduce PET wastes (including transparent and colored PET) and their degradation products as raw materials for the preparation of highly valuable products [25,26].
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Figure 1: The vegetation and carbonization paths for waste PET recycling

Notably, the abundant carbon resources from PET can be a great promising feedstock for carbon nanomaterials, as illustrated in Fig. 1 [27–30]. The production of activated carbon from waste PET is one of the most promising ways to accomplish recycling PET in high value [31]. The activated carbon materials can be obtained under the function of alkali agents with carbonation and activation processes. The produced carbon materials can be an adsorbent candidate for water decontamination with cheap cost, large scale, and chemical stability (such as eliminating radioactive metals, methylene blue dyes, etc.) [32–34]. Moreover, functional carbon materials with unique micro- or nano-structures can also be obtained by using different precursors from waste PET, including hierarchical porous carbon for symmetric supercapacitors [35], carbon nanofibers for multifunctional surfaces [31], carbon nanotubes [36], magnetic carbon nanomaterials [37], graphene [38], etc., as shown in Fig. 1. The recycling of waste PET for the preparation of active carbon materials has been proven to be a significant way to convert waste PET into high-value-added products [39]. For example, El Essawy et al. [40] prepared graphene from waste PET bottles through the thermal dissociation process, which presents relatively high surface area and micropore volumes. The results suggest that the graphene shows the significant adsorption of methylene blue and acid blue 25, indicating great potential application in water purification areas. Furthermore, the graphene can be used to prepare 3D sponge nitrogen-doped graphene by mixing urea through a one-step method. The prepared composite presents outstanding performance, such as the specific capacitance of 405 F/g at 1 A/g, the energy density of 68.1 W⋅h/kg, the high maximum power density of 558.5 W/kg, as well as the appropriate cyclic stability with capacitance retention of 87.7% after 5000 cycles at 4 A/g with high charge/discharge duration. It holds promise in energy storage applications due to the cost-effective and environmentally friendly method of reducing waste PET [41]. Due to the abundance of carbon resources and the simplicity of the methods, it is possible to achieve carbon peak emission by repurposing waste PET as micro-or nanomaterials.

3  Analysis of the Carbon Recycling/Carbon Footprint of PET

Carbon footprint (CF), which is a significant single-issue impact assessment method belonging to life cycle assessment (LCA), is commonly employed to evaluate the pressure caused by human activities (including manufacture processes and consumer products) on the natural environment. It reflects the quantification impact of an activity on the environment. CF can be evaluated by equivalent carbon dioxide (kg CO2eq) emissions directly [42]. For the CF of PET bottles, it can be calculated by the sum of the CF in materials fabrication (CFmaterials), energy consumption (CFenergy), and transportation (CFtransportation), as depicted in Eq. (1).


CF=CFmaterials + CFenergy + CFtransportation
(1)

CF materials are the CF of the packaging materials, such as PET resin, glue, labels, and printing materials. CF energy is the CF from energy consumption during the manufacturing process of the materials and packaging. CF transportation is the CF of the transportation for packaging products.

The average CF of PET bottle is 3.37 × 10−1 kg CO2eq per functional unit (1.5 L). According to Eq. (1), three main resources contribute to the carbon footprint content. The CF materials account for 1.98 × 10−1 kg CO2eq (59% CF) due to packaging processes, 46% of which are produced from PET bottles. CF transportation is 8.81 × 10−2 kg CO2eq (26% of the CF) and CF energy is 5.1 × 10−2 kg CO2eq (15% of the CF). When the usage of PET is limited, it is suggested the GHG emissions reduction by 163.5 kg CO2eq (per year, 2 L) [43].

To clearly show the decreased CO2 emissions of the waste plastics, a study was conducted to compare the production of resins by using waste and virgin plastics. As one of the largest plastic producers in Asia, Malaysia is selected as the studied region. The consumed raw materials, chemicals, water, and energy were evaluated as CO2. It suggests that 0.84 kg CO2/kg resins are produced for all kinds of plastics products. The value is significantly lower than 2 kg CO2/kg resins of virgin plastic resins production. Notably, the CO2 emissions are mainly from electricity consumption, solid waste generation and diesel consumption, which account for 73.8%, 23.3% and 2.3%, respectively [44].

4  The Methods to Reduce Carbon Dioxide Emission of Waste PET

It is assumed that circular technologies, including physical and chemical recycling, biomass utilization, and carbon capture and utilization, can be the most promising way to achieve the goal of accomplishing the peak carbon dioxide emissions for waste polymers, as depicted in Fig. 2 [2,4]. According to reducing the consumption of fresh carbon-based polymers, circular technologies can achieve net-zero emission plastics. In this way, the amount of carbon can be immobilized from the perspective of consumption.
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Figure 2: Feedstock supply and waste treatment of the circular carbon pathway for wind-based electricity production with 7 g of CO2-equiv per kWh. The corresponding values represent the of carbon reduction (million tons of C) of the methods [4]

The physical recycling technology is known as mechanical recycling technology, which can be the most effective way with the highest reusing ratio of 100%. Waste polymers are primarily reused directly by blending with other materials to prepare composites, such as virgin polymers, concrete, pitch, etc. However, the performance of the obtained composites is commonly adequate, which is not suitable for the situation with high requirements. Chemical recycling can be the most effective way of producing feedstock with adjustable properties. The degradation of waste polymers produces various kinds of oligomers, diols, and other compounds in low molecular weight with reactivity. The main methods are hydrolysis, alcoholysis, glycolysis, aminolysis, ammonolysis, pyrolysis and so on. Biomass utilization and carbon capture and utilization are assumed to significantly incinerate waste plastics [4]. Although the carbon content in biomass is abundant, corresponding to petroleum-based plastics, the produced CO2 can be captured and reused directly in the form of hydrogen and carbon monoxide mixture. The main difference in the pathway for emission of CO2 between the biomass and fossil resins can be that the biomass can generate CO2 and energy immediately via a green process, while the fossil resins need over millennia [4,18]. Thus, biomass can offset the primary source of CO2 from the incineration and the production of waste plastics.

4.1 Recycling

The saved waste gas emission of the manufacturing products from the recycling process and from virgin materials is listed in Table 2. It is obvious that the employment of recycling PET can significantly decrease the emission of the gases of CO2, CH4, NOx, volatile organic chemicals (VOCs), SOx, and fine particulate matter (PM). Thus, recycling waste PET is greatly essential for carbon emission peak.
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4.1.1 Physical Recycling

Recycled polymers can be obtained from waste packaging plastics via physical recycling processes, including co-extrusion, hot-press, melting mixture, etc. For this strategy, waste packaging plastics are totally mixed with virgin resins to obtain composites with no emission of carbon waste (especially greenhouse gas (GHG)).

It is reported that more than 60% of waste plastics are treated in landfills all over the world because it is the most direct, simple, and effective means of treating solid waste [55]. However, the drawbacks are also obvious, such as space load and pollution of soil and water [56,57]. The plastics in the soil release a small number of harmful components into the groundwater after natural aging and degradation, causing water pollution. Furthermore, landfill leads to land desertification and seriously endanger the survival of soil organisms. Mechanical recovery involves the collection, screening, classification, crushing, melting and granulation of waste PET [58]. This method is nearly harmless to the environment and relatively inexpensive. Recycled PET is predominantly used to renew PET. Nevertheless, the inclusion of chemicals, contaminants, and other things will diminish the performance of recycled PET. To solve this problem, a number of studies have improved the properties of recycled PET by adding fillers, fibers, additives, coupling agents, stabilizers, and other types of polymers to meet the standards of industrial applications [59,60].

Furthermore, owing to the stability and highly sensitive to the alkaline environment of PET, the reuse of PET is good for the performance of concrete, such as flexural toughness, impact resistance and workability [61]. A series of researches have presented that the addition of recycling PET can improve the tensile strength of the building materials, as well as decrease GHG emissions. Maalouf et al. studied the CF of insulating layers in buildings façades by using three sustainable materials, including natural resources, hemp-concrete, and recycled polyethylene terephthalate (R-PET). CF assessment was performed by employing the façades located in France and Italy [42]. It suggested that the R-PET façade presented the most performing solution among the three materials in all the scenarios, which performed less electricity consumption, as well as less GHG emitting. Thus, the utilization of R-PET for preparing building materials is of great promise, with significant energy efficiency by decreasing environmental impact [62,63]. Schaefer et al. recycled waste PET to replace cement for preparing durable and sustainable concrete with significantly lower CF [61]. They indicated that the irradiated waste PET (highest addition amount of 100 kGy) contributed to the compressive strength compared with the nonirradiated waste PET.

4.1.2 Chemical Recycling

Chemical recycling can reduce the emission of CO and CO2, resulting in the reduction of the carbon footprint of both thermoplastics and thermoset plastics [24]. It is reported that the CLSC model can evaluate CO2 emissions of producing PET under the chemical recycling pathway. During the chemical recycling process, the CO2 generation and energy consumptions are only 0.0391 tons and 1033.284 MJ, respectively. It suggested that 79% less energy and 73% less CO2 can be achieved during the production of PET [64].

For the PET plastics, the essence of chemical recovery of PET is the cleavage of ester bonds to obtain monomers, oligomers or polyols. These monomer units can be used to synthesize new PET, as well as other polymers. According to the many solvents employed, chemical recovery techniques can be categorized as hydrolysis, alcoholysis, aminolysis, glycolysis, amination, and so on [65–69]. Specific recovery methods and research progress are illustrated in detail in Section 4. In addition, heat treatment is a typical waste management technique, which can be classified as pyrolysis or incineration. Pyrolysis is a kind of thermochemical conversion under high temperature and non-oxygen atmosphere, which can be carried out directly or under the function of a catalyst [70]. Incineration is ultimately aimed at recovering energy. Whereas air pollution caused by incineration, such as soot particles, various harmful and toxic gases have a great impact on human health. Moreover, one of the promising methods is to use carbon-based fuel derived from waste plastics to reduce greenhouse gas emissions [71]. Biodegradation technology, eco-friendly and economically feasible, is gradually becoming a hot research point in the field of plastic waste management. The microorganism is the driving force of PET degradation. Researchers have found that many kinds of enzymes from bacteria and other organisms have shown the potential to degrade PET, among which PETase from ideonella sakaiensis has the most prominent hydrolysis effect on PET [72–74]. The current technical problem for biodegradation lies in the high accuracy requirements of microbial cultivation, maintenance, and enzyme extraction [75]. Moreover, the enzyme activity and stability are also the biggest obstacles to its technical popularization [76].

(1)    Hydrolysis

Waste PET can be degraded into TPA and EG via the hydrolysis process. According to the different pH values in the water medium, it can be divided into neutral hydrolysis, acid hydrolysis, and alkaline hydrolysis [77]. Neutral hydrolysis often resorts to mechanical agitation and external forces. The temperature is controlled above the melting point of PET. Grause et al. [78] reported early research on the recovery of TPA and EG from waste PET through a fluidized bed reactor. Unfortunately, at 450°C, the highest yield of TPA is only 72%, and 22%–27% of TPA remains in the oligomer. In addition, the yield of EG is less than 10%. A large number of studies have expounded that acidic/alkaline reagents, catalysts and auxiliary technologies can enhance the hydrolysis kinetics of PET to achieve the effect of reducing the reaction temperature, shortening the reaction time, and increasing the yield of TPA and EG [79,80]. Paliwal et al. [81] proposed the use of a tetrabutylammonium iodide (TBAI) phase transfer catalyst with 190 W ultrasound supports to accelerate alkaline hydrolysis of PET. The phase transfer catalyst acts as a bridge here, connecting the inorganic and organic phases to facilitate molecular transportation. The specific PET alkali hydrolysis kinetics is shown in Fig. 3. The lipophilicity of tetrabutylammonium cation (TBA+) can attract OH− ions to the outer surface of PET. The OH− group acts as a nucleophilic to attack PET breaking into TPA and EG. Owing to hydrogen bonding, TPA and EG are subsequently transferred to the water phase. The experimental results are impressive. The reaction temperature is reduced to 90°C, and the reaction rate is increased by nearly 31% (compared to unassisted catalysis). The hydronium ion provided by the acid and alkali reaction conditions makes the ester group easier to hydrolyze. However, considering the economic and safety issues of strong acids and strong bases, using recyclable acid and base catalysts to hydrolyze PET in neutral pH media is an effective and practicable option.
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Figure 3: The mechanism of the phase transfer catalyst in the alkaline hydrolysis of PET. Reproduced from [81]

(2)    Alcoholysis

Waste PET can be converted to oligomers, diols, and phthalate derivatives through the alcoholysis process. For this pathway, monomers of PET are commonly obtained, which can be used as raw materials for polymer synthesis, especially PET. During the reaction process, dimethyl terephthalate (DMT) easily reacts with EG under catalysis, which reduces the monomer yield [82,83]. Therefore, the loss can be reduced by separating the product or controlling the amount of the catalyst. In recent years, supercritical fluids have manifested a strong attraction to PET depolymerization. Supercritical methanol (Tc = 512.3 K, Pc = 8.09 MPa) and ethanol (Tc = 836 K, Pc = 7.7 MPa) are frequently used in PET alcoholysis [84,85]. Yang et al. [86] explored the process conditions of supercritical methanol depolymerization of PET in the early stage. It was reported that the optimal parameters were 533∼543 K of temperature, 9.0∼11.0 MPa of pressure, 40∼60 min and the weight ratio of methanol to PET is in the range of 6∼8. The alcoholysis process can be carried out at the temperature of 180°C–250°C with free CO2 emission. However, it needs high pressure to obtain degradation products, and this process is only applicable to plastics without dyes [87].

(3)    Glycolysis

Glycolysis uses diols (EG, DEG, TEG, PG, etc.) to depolymerize PET into oligomers and monomers (BHET, MHET, EG) under the action of the catalyst. It is the most widely used PET recycling technology with many controllable factors, and a high recycling rate can be obtained by optimizing the depolymerization process. Presently, there are numerous studies on PET glycolysis, with catalysts playing a crucial role. Without a catalyst, the glycolysis rate of PET is very low, and it is nearly impossible to completely depolymerize PET into a BHET monomer, according to kinetic studies [88]. Nabid’s group [67] opened up a new path for PET glycolysis by using γ-Fe2O3/nitrogen-doped graphene bifunctional catalyst. On the one hand, the functional groups of the catalyst can form hydrogen bonds with ethylene glycol to enhance the glycolysis activity of PET. On the other hand, it will act on the carbonyl oxygen of PET to make the chain more easily broken (shown in Fig. 4 for the catalytic mechanism). The yield of BHET obtained by this method under normal pressure is almost 100%. In addition, the reaction temperature is lower than that of Aguado’s, the dual-function catalyst has super paramagnetism and is recyclable. After 5 cycles, the catalyst activity hardly changes.
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Figure 4: Reaction mechanism of PET glycolysis catalyzed by γ-Fe2O3/n doped graphene bifunctional catalyst. Reproduced from [67]

Even waste PET can be employed as a feedstock for the preparation of construction materials, such as concrete, glass fibers, etc. [89]. Our previous work implies that waste PET can be degraded into nanofiber-based white fillers. These fibers devote to the enhancement of the mechanical performance of polymer composites [26]. Beckham et al. transformed waste PET bottles into renewable unsaturated polyesters, which can be mixed with glass fibers to produce usable products with high performance. The LCA results suggest that the recycled PET specifications can save feedstock energy as high as 80% potentially. Therefore, the recycled can be the ideal replacement of the virgin PET, as well as the remainder of the polymer backbone in composites [90]. It is reported that various kinds of glycols can be used to degrade waste PET, such as ethylene glycol, diethylene glycol, propylene glycol, butylene glycol, dipropyleneglycol, etc. The glycolysis process contributes most to the degradation of waste PET with controlled degradation products. The only key problem is the slow reaction in the absence of a catalyst during this process [25,87].

(4)    Biodegradation

PET and enzymes exhibit a typical substrate binding mechanism. The ester groups of PET molecular chains are guided to specific active areas on the surface of the enzyme, where they are attacked by nucleophiles and broken apart [73]. PET hydrolase has an open surface structure that can accommodate hydrophobic polymers with a high molecular weight [91]. In this structure, PET interacts with the active regions of the enzyme. Typically, enzymes attack the fluid amorphous portion of PET. This portion of the chain is flexible, and the intermolecular force is low, which facilitates its precise interaction with the ester bond [92].

Since the found of the PETase hydrolase (Ideonella sakaiensis 201-F6), attention to the enzyme degradation of waste PET has been attracted largely [93]. Using highly thermally stable IsPETase variants to improve the degradation activity of PET is an effective path [76]. The researchers found two main candidate structures based on the key structural characteristics affecting the low-temperature stability of the protein. One is the central β gene sheet in the protein structure. The destruction of this structure seriously affects the thermal stability of IsPETase. The other is the connecting loop part of β6-β7, which has poor stability and can be enhanced by introducing hydrogen bonds. Several constructed PETase variants have higher thermal stability and enzymatic activity than PETase, which is an important step toward large-scale recycling of PET.

Enzymes for hydrolyzing PET are not limited to extracellular lipase and cutinase, and esterases also show activity on low-molecular chain polyesters. Unlike the water-insoluble substrate that lipase acts on, the substrate that esterase acts on is a water-soluble short-chain ester [94]. Bacillus subtilis p-nitrobenzylesterase (BsEstB) has been proven to hydrolyze film-like PET and produce TPA and MHET monomers [95]. BsEstB realizes the surface functionalization of PET here, which is reflected in the generation of a large number of hydroxyl and carboxyl groups, thereby increasing the surface hydrophilicity. Furthermore, the esterase also has MHET binding sites, which can realize the transformation of the inhibitory product MHET. In comparison to lipase and cutinase, esterase has a low activity temperature and harsh substrate-binding conditions. Therefore, PET degradation is unlikely to occur.

Utilizing PHL7, a metagenomic polyester hydrolase, it is possible to recycle amorphous PET waste with a minimal carbon footprint. This breakdown mechanism yields 91 mg of terephthalic acid per hour per mg of PHL7. The resulting terephthalic acid can be used to prepare virgin PET with a low carbon footprint and great efficiency [96].

For the recycling of waste PET plastics, chemical recycling and biodegradation technologies can be the best choices in terms of sustainability, environmental protection, and economy. The chemical recycling process leads to the formation of polymer raw materials (monomers) or fillers, which neither impose an additional burden on the environment nor require additional resources (monomers) to produce PET [51,52]. Biodegradation technologies have little environmental stress and are economical as well as effective. Thus, the following sections will focus on the biodegradation processes and chemical recycling of waste PET.

4.2 Biomass Utilization

Bio-based materials are attractive due to the abundant resources from nature, the benefits of reduced CF, and increased resource efficiency. They are either biobased or biodegradable or with both of the two characteristics [97]. Bioplastics have been one of the most important bio-based materials because of the heavy environmental pollution and waste of carbon resources from petroleum-derived plastics. As to PET plastics, the non-biodegradable bio-based PET that is derived from renewable resources partially accounts for the market of ca. 57% [98]. Under the function of microbial breakdown, the non-biodegradable bio-based PET can reduce CF during manufacture as well as boost resource efficiency. In this sense, bio-based PET can be a highly promising replacement for numerous durable and long-lasting PET plastic items made from fossil fuels. Thus, biomass, which should be pretreated with suitable modification techniques including hydrolysis, fermentation, filtration and so on, can be a biological source to produce bio-based PET. The bio-based PET chemically corresponds to the petrochemical counterparts with partially bio-based components, such as the feedstock of monoethylene glycol (MEG) originating from ethanol from sugarcane or corn starch. In this case, PET resins can be obtained by the reaction between MEG and fossil-based terephthalic acid. The commercial bio-based PET and the feedstocks, such as MEG and TPA from renewable resources, have been simultaneously developed from biomass (mainly sugar and starch), as shown in Fig. 5. According to the bio-synthesis process, the first PET bottle (PlantBottle™) appeared at the World Expo in Milan by Coca-Cola [99]. Furthermore, bio-based PET plastics can be degraded by the novel bacterium, namely Ideonella sakaiensis 201-F [93].
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Figure 5: The scheme for preparing fully and the main feedstocks of bio-based MEG and TPA monomers from sugar and starch. Reproduced from [100]

During the preparation procedure depicted in Fig. 5, bioethanol can be obtained in different forms. This is a promising development for ethanol-based chemical products and the reduction of GHG levels. For example, Song et al. prepared a series of bio-based chemical agents by destructing lignin structures in waste bamboo. Xylose and bioethanol were obtained with high efficiency, followed by the successful separation of both products. It supports an alternative pathway that presents the co-production of xylulose and xylitol at low cost, as well as the high-value-added byproducts [101].

Besides the non-degradable bio-based plastics from biomass, degradable plastic is a key material to replace existing plastics and reduce GHG emissions. The most attractive biodegradable plastics are polylactic acid (PLA), poly (butylene succinate) (PBS), PBAT (polyadipate/butylene terephthalate), and polyhydroxyalkanoate (PHA). It is reported that bio-based biodegradable plastics account for 44.6% of the bioplastics market, in which the PLA is 18.7%, PBS is 4.1%, and PHA is 1.7% [102]. Among them, PLA and PBAT are the mainstream products in the field of degradable plastics.

At present, the top three degradable plastics are starch-based composites, PLA and PBAT. Starch is a natural material with defects in performance, and the scope of use is very limited. PLA possesses unique hardness and transparency, and PBAT has the lowest cost as soft material. Owing to the synthesis controlling, the PLA and PBAT can be the most promising bio-polymers. PLA is predominantly utilized for biodegradable straws, while PBAT is predominantly used for biodegradable plastic bags according to their properties [30,103]. Compared to bio-PE and PE, a garbage bag made from PBAT/starch blends has the lowest environmental impact [104]. In addition, PLA has the lowest influence on climate change compared to PLA-based composite films, PLA, PET, and PP, in terms of energy recovery at the end of life [105]. Although the bio-polymers are biodegradable, CO2 emission remains a major environmental concern. It is uncertain whether biodegradable plastics can assist lower the carbon footprint of plastics. Commonly, plants are utilized in the creation of bio-based biodegradable polymers, despite the fact that plants can absorb CO2 through photosynthesis [106]. It has been found that biodegradable plastics can promote metabolic pathways in anaerobic sediments on the seafloor, leading to the decomposition of organic carbon buried in the ocean. This has the potential to impact carbon sequestration in coastal ecosystems, diminishing their capacity to moderate climate change [106,107]. In addition, around 0.02% of the world’s arable land is used to produce bio-based plastics. Up to 5% of arable land will be needed when plastic manufacture is entirely based on biomass [107]. Therefore, the use of land for the production of bio-based plastics should also be concerned. Notably, CO2 emission of bio-based plastics is not always lower than that of traditional plastics. It is reported that the CO2 emission of a PLA clamshell container is higher than that of PS plastics and lower than that of PET. Additionally, PLA composites emit somewhat more CO2 than LDPE composites. Similar results are observed for PHA and PLA in terms of CO2 emission [108]. It is a fact that most bio-based plastics contain similar chemical compounds to fossil-based plastics. Consequently, most bio-based polymers exhibit the same issues as fossil-based plastics [109]. We conclude that one of the best merits of bio-polymers can be bio-degradation in nature instead of decreasing carbon emission.

By contrast, these degradable polymers open up a new cycle from waste plastics to plastic raw materials, reducing soil damage and energy assumption. In addition, the degraded productions can be used as fertilizers, CO2 and water through composting processes, which contributes to the cultivation of sugar- or starch-containing crops. These can be converted into organic molecules for the production of bio-polymers through fermentation and chemical processes. As with fossil raw materials, the entire process forms a degradable cycle to dramatically reduce CO2 emissions. Notably, the improvements regarding biomass utilization should also be carefully balanced with comprehensive environmental impacts, such as GHG emissions, terrestrial acidification, water eutrophication and even marine environment, etc.

4.3 Carbon Capture and Utilization

Carbon capture and utilization strategies offer a promising method for reducing GHG emissions and fossil resource depletion. Owing to the abundance of carbon in plastics, waste plastics can be released as carbon-based gases, primarily carbon monoxide (CO) and carbon dioxide (CO2). Thus, in order to reduce the carbon emissions peak from plastics, it is believed that two factors are crucial. Firstly, the recycling and transformation of waste plastics into carbon-based materials of high efficiency should be noted. Secondly, facile technologies for carbon capture should be developed. It is suggested that carbon capture and utilization can be the optimal approaches to reducing carbon emissions and the employment of fossil resources. It can achieve the two goals specifically by capturing and utilizing CO2 [110].

4.3.1 Carbon Capture

Carbon capture and storage technologies are promising strategies to reduce CO2 emissions in the atmosphere significantly. For all the carbon capture and storage technologies, carbon capture has become a feasible pathway for humans due to the natural photosynthesis with plants. The abundant CO2 in the atmosphere supplies a big meal for plants with large above-ground surfaces of leaves. Thus, researchers have developed artificial photosynthesis technologies to capture carbon from waste incineration [110–112]. For the purpose of capturing carbon dioxide, Wala et al. heated plastic trash with potassium acetate (as a catalyst) to produce a carbon adsorbent with holes between 0.7 and 1.4 nm. By reversibly capturing CO2 from post-combustion sources like flue gas, the protocol presented here increases and leverages the value of PW products and offers a potential solution to two environmental problems: PW and growing atmospheric CO2 levels [112]. In addition, Yang et al. developed a series of artificial photosynthesis nanomaterials to accomplish carbon capture and transformation into value-added chemicals [113–115]. A technique that mimics natural photosynthesis using carbon dioxide, water, and solar energy has both theoretical and practical relevance. In natural photosynthesis, carbon dioxide is first converted to common biochemical building blocks in large quantities utilizing the energy of the sun, and then it is used to construct complex combinations of molecular compounds that constitute biomass. By creating a biocompatible light-capture nanowire array, Liu et al. [113] have investigated an artificial photosynthetic scheme and demonstrated that a hybrid semiconductor nanowire bacterial system could reduce carbon dioxide at neutral pH to a wide range of chemical targets, including fuels, polymers, and complex drug precursors. Besides, chemical absorption methods, including liquid-phase and solid-phase sorbents, membranes, and ionic liquids, have also been used to capture CO2 [116]. Furthermore, the main promising commercial ways for post-combustion CO2 capture are amine solvents, oxyfuel combustion, and calcium looping technologies [117].

The physical absorption process has also been attractive by using metal-organic frameworks (MOF) nanomaterials, zeolites and active carbon materials, etc. [118], which has been summarized elsewhere in detail [117]. Therefore, the purpose of the carbon capture technology for recycling PET waste is to repurpose these wastes. Transformation of discarded PET into efficient microporous carbons may be the most prevalent approach for CO2 capture [119,120]. According to the previous work [121], there is a large proportion of overlap with the carbon utilization for capturing CO2. It is identified that waste PET bottles-to-CO2 adsorbent strategy is able to achieve negative CO2 emission and thus accomplish an environmentally-friendly route to close the carbon loop. Furthermore, it is suggested that the life cycle implications of water resource depletion can be reduced by more than 25 percent by recycling PET into new products. It has the potential to reduce CO2 emissions indirectly. It is proposed that biomass can directly absorb CO2 in a controlled manner. The biomass gasification (mainly CO2) can be captured experimentally, such as Rectisol process [4]. Then, the captured CO2 can be significantly converted to methanol via the thermal hydrogenation process directly. The obtained methanol can be a feedstock for various kinds of chemical agents, such as ethylene, propylene, benzene, toluene, etc.

4.3.2 Carbon Utilization

PET waste can be converted into solids, liquids, and gases, which can be quantified as CO2 throughout the carbon utilization process. Thus, this section will focus on the utilization of carbon from waste PET in the form of CO2. Some significant progress has been gained in the utilization of CO2 from waste. The capture and utilization of CO2 from waste incineration can contribute to the assay of crops and algae [116]. In this way, the desirable goal of net-zero emission of CO2 from plastics can be achieved in combination with recycling, as depicted in Fig. 6. Technologically, CO2 is mainly from the air with the resources of plastics, which can be captured and conversed into products. Apart from the direct use of CO2, the main transformations of them are chemical products, solid inorganic carbonates and biomass, as shown in Fig. 6. The CO2 captured by vegetation can generate valuable natural materials, such as wood products, increased plant yields, biofuel and bio-derived chemicals [122]. These products are consumed by humans in daily life, which can be transformed again into CO2 following by capture of biomass and artificial capture technologies in the ecosphere stated above. Thus, the closed-loop recycling formed with only the key problem of conversion rate in these processes.

[image: images]

Figure 6: Lifecycle of carbon dioxide reuse with main classes of CO2 sources and partial utilization pathways

So far, two main ways are artificially developed for carbon utilization of CO2 in the carbon capture and utilization strategy, including physical and chemical processes. For the physical process, CO2 is mainly used as a medium material (Fig. 6), including the inert gas in the areas of refrigerant, as extinguishant and modified atmosphere packaging for food preservation, and as the dispensing agent in the carbonation of beverages [110].

For the chemical process, CO2 can be applied in the preparation of inorganic and organic materials under the function of catalysis (mainly homogeneous, heterogeneous, enzymatic agents) and reaction environments (such as photochemical, electrochemical, thermochemical, etc.) inspired by the natural photosynthesis [122]. The inorganic materials are mainly calcite and hydrotalcite, and the organic materials are mainly urea, methanol, salicylic acid and cyclic carbonates, etc. [110,123]. These chemical monomers are accessible to prepare polymers and then plastic products in a closed cycle. It is suggested that the production of several polymers is experimentally possible, such as (poly)carbonates (PC), polyol, polypropylene (PP), polyurethane (PU) and so on [110]. For example, it indicates that the utilization of CO2 for preparing polyurethane can reduce the amounts of fossil resources significantly, according to the life-cycle-assessment (LCA) of CO2-based PU [124].

CO2 can be applied to preparing soda ash products via NaOH route by capturing CO2 from a power plant. It suggests that the cost of CO2 capture can be offset by the soda ash price of 18 $/t. This process supports significant sustainability promising for CO2 utilization due to the less parasitic energy requirements and low initial capital cost [125]. It is notable and arousing that CO2 can be used as feedstock for preparing starch by a cell-free process, according to Cai et al. [126]. They developed a hybrid system, the namely chemoenzymatic system with spatial and temporal segregation, in which CO2 is reduced to methanol under the function of an inorganic catalyst firstly and then significantly converted to three and six carbon sugar units by enzymes, and lastly to polymeric starch. It is able to produce amylose or amylopectin at a rate of 22 nanomoles of CO2 per minute per milligram of total catalyst, which presents about 8.5-fold higher rate than starch synthesis in maize. It is a high-worthy work for the utilization of CO2.

CO2 can be used to synthesize formic acid (FA) with high efficiency. The result illustrates that GHG emissions can be reduced by 97%–132% (1.43–1.95 kg of CO2eq per kg of pure FA). Meanwhile, the fossil resources can be saved by 69%–94% (0.56–0.78 kg oil eq. per kg of pure FA). It concluded that clean production could be conducted by improving energy efficiency and introducing renewable electricity sources during the CO2-based FA production process [127–130]. It is noted that CO2 is suitable for preparing several high-value chemical compounds. This is potentially the most promising method for reducing CO2 emissions at both the beginning and end of the CO2 life cycle. It is the most effective means of achieving carbon peak and carbon neutrality. The key problem is how to recycle the abundant CO2 into a large amount of useful products in environmental processes with high efficiency. According to the previous works [131–133], catalyst technologies can be the key to solving these problems for CO2 recycling.

5  Conclusion and Outlook

In summary, we review the paths to achieving a carbon peak for waste PET. Waste PET has been a significantly attractive resource since the globally agreed policy instruments have increased recently, especially for the goals of carbon peak and carbon neutral in China. The optimism path for achieving these goals lays in the net-zero carbon emission PET plastics, including the mixture processes of recycling, biomass utilization, and CO2 capture and utilization.

For the recycling process, physical recycling can be more effective than chemical recycling. The life cycle impacts of water resource depletion can decrease by over 25% by converting waste PET into fresh PET products physically. Nevertheless, chemical recycling presents particular advantages. Waste PET can be transformed into high-valuable products, whether by chemical degradation or carbonized, which enhances the monetary incentive in recycling plastics. Moreover, the degradation products of waste PET can be recycled into another sustainable life cycle with low CO2 emissions. In a word, owing to the huge assumption of PET plastics as bottles, fibers, membranes and even micro-particles, recycling waste PET becomes an extremely way to reduce the emission of the gases of CO2, CH4, NOx, VOCs, SOx, and PM, as well as decrease energy assumption. The vital point lies in the recycling efficiency (100%) of waste PET for both physical and chemical processes. Notably, the PETase hydrolase was firstly and significantly extracted from a bacterium (Ideonella sakaiensis 201-F6) by Yoshida et al. [134], which provided a better solution for the biodegradation of waste PET with low carbon emission. The enzyme uses PET as the only carbon source and has higher binding characteristics than PET. It not only maintains enzyme activity under mild conditions but also has degradability for high crystallinity PET [135–138].

For the biomass utilization process, to reduce the carbon emission in PET, the most promising way can be biomass utilization instead of petroleum-based PET in plastic products, considering the mechanical properties. The bio-based polymers, such as bio-PET, PLA, PGA, PHA, etc., can be alternatives for PET from petroleum resources. These bio-polymers can endow plastics with degradability in nature, while the CO2 emission is higher than that of PS, LDPE, etc., according to LCA. The prepared bio-PET from a feedstock of biomass is a promising way to reduce CO2 emission by decreasing the byproducts and energy consumption.

The carbon capture and utilization processes are the ending lifecycles of the carbon emission and the beginning lifecycle of the carbon resources from wastes PET. These processes enhance the availability of waste PET as a resource, as well as provide the chance for CO2 utilization to achieve net-zero emission PET plastics. It is widely believed that CO2 can be feedstock for various kinds of chemical products, including ethyl alcohol, formic acid, soda ash, PU, starch and so on. This can be the most efficient strategy to complete CO2 recycling.

Despite considerable progress in carbon peak for recycling waste PET and its derivatives, there are challenges that remain to be solved so that waste PET can be 100% recycled and the CO2 emission can be controlled and reused. Here we outline several proposed solutions presented as follows:

1.    The circular carbon economy with low energy consumption, operational costs, and environmental well-being should be carried out to redesign plastics production systems.

2.    The degradation efficiency should be improved for the chemical degradation of waste PET, as well as the reusing efficiency of the degradation products. These degradation products must be used as raw materials in preparing chemical agents or polymers as much as possible.

3.    The biocatalytic degradation of PET provides a “green way” for waste management, which shows a high degree of adaptation to PET. Yet, enzyme activity, low thermal stability, and long cycle should be improved in future works.

4.    The CO2 capture and utilization technologies need to be further developed, including CO2 capture materials and process design and CO2 utilization methods. The CO2 utilization efficiency also should be improved in two ways. The first one can be the improvement of the utilization amount of CO2. The other one is to expand the kinds of products from CO2.
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Table 1: Advantages and disadvantages of methods for treating PET waste

Strategy Advantages Disadvantages Ref.
Landfill Large capacity, low cost Occupying land, secondary [45]
pollution (soil and water)

Mechanical Recycled PET, low cost, simple, flexible = Molecular weight decreases, hard [46,47]

recovery supply of raw materials, eco-friendly to separate, low quality

Chemical New degradation products, sustainability, Small-scale, high costs, hard to  [48-51]

recovery retaining molecular weight of recycled PET separation and purification

Incineration Thoroughly and quickly, recovery energy, Harmful gases (CO,, NO,, SO,, [52]
low cost, first choice under harsh conditions dioxins, and furans)

Biodegradation Eco-friendly, mild conditions Limited enzyme activity, [46,53]

complex and expensive operation
process
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Table 2: Parameters used for the calculations of waste gases emissions saved for the recycling process and
virgin materials (kg/ton) [54]

PET CO, CH,4 NOy VOCs SOy PM
Recycling 2363 25 9.5 7.2 14 4.6
Virgin 163 0.016 0.08 6.95 / /
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