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Abstract:



In this present work, we have briefly discussed the importance of recycling within the chemical sector. Recycling is fundamental in promoting a circular economy, which is a new paradigm of sustainability that is able to reduce environmental implications, and in creating new business opportunities. Therefore, to highlight the importance of recycling in the circular economy era, we have reported on some recent examples of strategies helpful to minimize waste by increasing the efficiency of the whole system and promoting a greener/safer chemical industry.
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The new paradigm of a circular economy suggests an innovative way of exploiting resources that is only viable through closed industrial loops. The recovery and recycling of building blocks and semi-finished products guarantee the possibility of exploring new businesses by reducing the environmental burdens due to extraction and refining of virgin materials. This approach can be realized through a new way of thinking, which is based on the waste-to-resource opportunities. As a matter of fact, the core principles of the circular economy involve the recycling and the re-use of materials accompanied by a holistic and sustainable use of resources [1]. Clark et al. [2] introduced a new concept to drive innovation with a sustainable utilization of resources, which they called recirculation. A recirculated product should be returned back to a usable state without becoming waste. By this way, the researchers can maximize material efficiency by reducing pollution and waste.



The chemical industry should represent an excellent example of symbiotic production. According with a well-known quote of August Wilhelm von Hoffman (1848) “in an ideal chemical factory there is, strictly speaking, no waste but only pro-ducts. The better a real factory makes use of its waste, the closer it gets to its ideal, the bigger is the profit”. Therefore, the introduction of innovative recycling practices represents a promising opportunity to reduce the overall chemical industry environmental footprint by contributing to the development of a lower carbon society. This crucial point should be stressed when fulfilling the Green Chemistry & Green Engineering principles [3,4] and pursuing a benign by design [5] production of new chemicals. Although the recycling concept is commonly associated with the end-of-life treatment of such materials, new scenarios that include the recycling of by-products and recovery of solvents in a solvent demanding process represent new emerging goals to achieve. Nowadays, in the circular economy era, waste should represent the feedstock of industrial processes [6] (Figure 1).


Figure 1. Circular economy era within the chemical industry.
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In this context, we recently reported the preparation of high-value compounds, such as monoalkyl glyceryl ethers (MAGEs), using a side-product from the bio-based epichlorohydrin (ECH) synthesis. In more detail, we first evaluated the production of glycidol through a new and highly efficient route, which is based on the conversion of 2-chloro-1,3-propanediol, a by-product in the ECH production chain. After this, we conducted the synthesis of MAGEs by glycidol alcoholysis [7,8]. This approach allows us to valorize the entire production chain of bio-ECH by promoting a new valuable and green route for the preparation of glycidol (mainly produced from a fossil-based route that involves the oxidation of alkyl alcohol) and MAGEs.



The carbon dioxide conversion to value-added products has become a major investigated topic. Nowadays, CO2 is mainly produced as a side-product during combustion processes [9]. This research field has attracted increasing interest of the industrial and academic community as it has been estimated that about 5–10% of the total carbon dioxide emissions can be used to produce fuels and chemicals. From an industrial point of view, the use of carbon dioxide as a starting material could be introduced via key intermediates (CO, CH3OH, etc.) or as a C1 building block to reduce fossil dependence and global warming. The main worldwide industrial process that includes CO2 as a starting material is represented by the urea synthesis with an estimated global market of around 250 Mt in 2020 [9]. Furthermore, salicylic acid and polycarbonates can be produced using CO2 as a precursor. Nevertheless, in order to increase the potentiality connected to CO2 recycling, there are two most valuable strategies: (i) its incorporation in fuels rather than chemicals; and (ii) synthesis of materials and products with longer lifespans, such as mineral carbonates that can be used in construction [10]. Using these strategies, it should be possible to create value from CO2 by reducing and preventing emissions as well as allowing companies to be the main actors in a responsible and sustainable new scenario. Centi et al. [11] reported several aspects and opportunities for companies connected to the use of CO2 as a starting material. These included the improvement of the public image of the companies, the reduction of costs for the carbon emissions, the development of new products or processes using a low value compound. More recently, many efforts have been devoted to creating a challenging route based on the CO2 recycling using solar energy [12]. Due to the inherent thermodynamic stability of CO2, many processes demand high energy. Remarkably, the cycloaddition of CO2 to epoxide is thermodynamically favored due to the release of ring-strain energy of the epoxide substrate, with several catalysts favoring the synthesis of cyclic carbonates at an ambient temperature and pressure. The as-obtained cyclic carbonates are generally in liquid form and permits a long-term storage of CO2 [13].



Another crucial aspect that highlights the importance of recycling within the chemical industry is the solvent recovery and reuse in solvent-demanding processes. This practice allows the reduction in the amount of solvent needed for a certain process. Several methodologies have been investigated [14,15]. Among these, distillation deserves the majority of the credit, even if this strategy has high-energy demands and accounts for 10–15% of the world’s energy consumption [16]. Capello et al. [17] studied the environmental benefits that are connected to the solvent recovery by distillation with respect to incineration through a detailed life cycle analysis (LCA). The results have shown interesting benefits in terms of avoided environmental impacts related to the production of fresh solvents. The importance of solvent recycling and LCA was also discussed in depth in our previous studies [7,8]. The LCA results have demonstrated that the avoidance of distillation is not environmentally affordable since greater damages on human health and ecosystems result if no recycling is performed.



In addition to distillation, several alternatives have been investigated and the scientific community is continually looking for new separation techniques that do not rely on heat. One example is organic solvent nanofiltration (OSN), which is mostly used within the pharmaceutical industry [18]. As a matter of fact, the researchers from GlaxoSmithKline have demonstrated that OSN uses 25 times less energy per liter of recovered solvent when compared to distillation [18].



In conclusion, chemistry plays a pivotal role in designing new products with high recyclability or in creating new processes that are able to recycle side-products into valuable molecules/substrates. In this context, an industrial symbiosis approach [19], where the output of one process is the input of another one, can be viewed as an unavoidable solution to fulfil a circular economy by eliminating the primary resource demand [20].



In this short communication, we have reported on some of the recent examples of methodologies that are able to increase the recycling grade within the chemical industry and promote sustainability and new paradigms. The intent is to encourage researchers to share their knowledge on the development of new strategies of separation and recovery of chemical specialties, especially in innovative sectors, such as nanoparticles and bio-based chemicals.
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