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Industrial organic synthesis is time and energy consuming, and generates substantial waste. Traditional conductive heating and mixing in batch reactors is no longer competitive with continuous-flow synthetic methods and enabling technologies that can strongly promote reaction kinetics. These advances lead to faster and simplified downstream processes with easier workup, purification and process scale-up. In the current Industry 4.0 revolution, new advances that are based on cyber-physical systems and artificial intelligence will be able to optimize and invigorate synthetic processes by connecting cascade reactors with continuous in-line monitoring and even predict solutions in case of unforeseen events. Alternative energy sources, such as dielectric and ohmic heating, ultrasound, hydrodynamic cavitation, reactive extruders and plasma have revolutionized standard procedures. So-called hybrid or hyphenated techniques, where the combination of two different energy sources often generates synergistic effects, are also worthy of mention. Herein, we report our consolidated experience of all of these alternative techniques.
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INTRODUCTION
Chemical processes can be found at the onset of all societal progress, and only the greener design of industrial production will facilitate the future of humankind. Green chemistry, and its complete merger with industry 4.0 strategies and the circular economy, will have an indisputable role in shaping the next generation of the chemical industry. This latest industrial and technological revolution, in part conceptualized and popularized at World Economic Forum meetings, focuses on innovation dominated by digitalization and robotization, along with more sustainable production models of food, clean water and energy. Over the last 2 decades, chemistry and chemical engineering, as both basic and applied disciplines, have progressively paid more attention to greener and sustainable approaches. It should be unnecessary to underline the key concepts of green chemistry in academia and research, but these are mainly aimed at reducing waste, maximizing efficiency and preventing serious threats to human health and the environment. The conditions for sustainable innovation not only include a series of conceptual protocols, such as atom economy, the reduction of derivatization steps and the use of eco-friendly solvents, among others, but also enabling technologies that help chemical industries with process intensification (Etzkorn, 2020). Ideally, they maximize heat and mass transfer, leading to significant acceleration and enchantments in yield/conversion, thus contributing to energy savings and lower production costs. The other pillar of chemical transformations and processing obviously lies in the catalytic methods, which are indispensable tools in modern organic/inorganic syntheses and material design. While catalysts have often been considered as tools to be tested empirically, only research groups with expertise in material characterization and structure/activity correlation have contributed to developing and characterizing new catalysts, with the ultimate goals of achieving better efficiency and selectivity. Such studies showcase the structural factors and working parameters required for optimal performance.
Chemical manufacturing in organic synthesis still relies on traditional batch reactors and procedures. Continuous flow systems have several advantages over batch processes, namely improved heat and mass transfer, which positively affect conversion, safety and reproducibility. The transition from batch-to continuous-flow synthetic processes is one of the more relevant advances in fine chemicals and pharmaceutical industries. The high level of molecular complexity and multiple functionality of active pharmaceutical ingredients (APIs) generally entail many synthetic steps, with work-up and purification affecting overall yield (Baumann and Baxendale, 2015), and everything being facilitated by continuous flow (Ferlin et al., 2020). Additional advantages are related to the small inventory and almost complete absence of reactor headspace, thus avoiding the risks associated with handling volatile solvents and toxic reagents (Gutmann et al., 2015; Movsisyan et al., 2016). In fact, it is fair to mention that the industrial exploitation of flow chemistry began almost one century ago when the Italian company Dipharma moved production of nitroglycerin to flow-mode, resulting in a much more efficient and safer process (Tagliapietra et al., 2019). Bearing in mind that safety constitutes a major concern in industrial entrepreneurship, the synthesis of potentially hazardous, if not explosive, reagents or reaction mixtures, can safely be carried out in continuously operated flow reactors (Seemann et al., 2021). A comparative analysis of the pros and cons in the synthesis of privileged heterocyclic scaffolds, present in most drugs, has highlighted the benefits of flow reactors (Alfano et al., 2021). Furthermore, although the setup of continuous-flow synthetic procedures of complex chemical architectures is not a trivial task, an economic analysis of continuous-flow protocols in comparison to equivalent batch-mode processes has highlighted that large savings can be achieved (Tagliapietra et al., 2020).
This account highlights the implementation of enabling technologies, which have become widespread in chemical synthesis and processing, as part of continuous operations. Although this analysis cannot be comprehensive and readers are referred to specific literature, the exploration of some non-conventional methods in continuous systems illustrate further improvements. Likewise, two or even more technologies can be sequentially hyphenated, and run at different scales, from milligram to multigram, thereby increasing applicability. Flow reactors can now be fabricated in multiple designs and shapes (i.e. micro and meso channels), and tailored for particular applications, including clinical and diagnostic use. Both tubing diameter and pump rates, among others, influence the flow regimes and impose other limitations. Clogging and precipitation, especially in heterogeneous transformations, are a serious drawback that results from channel miniaturization. The issue can be overcome by merging flow systems with thermal or mechanical activation. The vigorous agitation provided by ultrasonic waves is a valuable tool in microfluidics (Rivas et al., 2012; Noël et al., 2011). We show where it is likely to improve results and how the machine-assisted approach usually adheres to green chemistry principles. We also outline challenges and prospects for such fields. Highly automated industrial flow reactors have broadened applicability across fine chemicals and the pharmaceutical industry (Ferlin et al., 2021).
Table 1 summarizes the main technologies and energy sources used to promote chemical reactions, by improving mixing, dissolution and heating, and simplifying work-up and downstream processes, such as crystallization. Except ball milling, which is typically performed in batch mode (semi-continuous examples are also known), all of the following thermal and non-thermal techniques can be used in continuous-flow processes, with excellent heat and mass transfer capabilities, and provide easier scale-up.
TABLE 1 | Enabling technologies for process intensification.
[image: Table 1]ENABLING TECHNOLOGIES
Ultrasound - Sonochemistry
Sonochemical reactions are carried out under ultrasound (US) in a frequency range between 20 and 100 kHz, which is extended to 300–500 kHz when radical pathways are expected (Bucciol and Cravotto, 2022). US generates cavitation in the liquid medium, a phenomenon that generates high-energy microenvironments (hot spots) and turbulence. Within this context, US-induced chemistry can be appropriately defined as cavitational chemistry (Martínez et al., 2021), and it has been widely applied both in research labs and in industrial production (Cravotto and Cintas, 2006). Cavitation refers to the generation of voids or micro cavities when a liquid suffers a sufficient pressure drop that disrupts its cohesive forces. The subsequent and violent collapse that occurs to restore the intermolecular interactions releases huge amounts of energy, which causes the aforementioned effects.
US can certainly be applied to almost all reaction types, including heterogeneously and homogeneously catalyzed reactions, ion exchange resin and enzyme catalyzed reactions, and phase transfer catalyzed reactions, as well as biphasic reactions. However, it is important to note that, while the use of US has been established as highly effective in laboratory scale operations, its successful transformation into commercial scale processing for organic synthesis applications in flow mode is still lacking due to number of engineering issues (Sancheti and Gogate, 2017). The combination of sonication and micro flow reactors may represent a new, emerging area in the context of organic flow processes, as previously foreseen by Rivas et al. (Rivas et al., 2012). This combination is technically feasible and could also lead to synergistic results in terms of higher product selectivity and lower waste generation, while sonication can also prevent pipes clogging. Although sonication has been generally utilized to generate liquid flow and avoid the deposition of solids, it can do much more. Current research aims to explore sonochemical processes themselves with microfluidics in order to create so called “micro-sono-reactors”. Under such conditions, cavitation collapse and associated phenomena, such as radical production and sonoluminescence among others, can be enhanced and fine-tuned. It should be mentioned that several US-assisted reactions lack reproducibility, mostly because cavitational energies are related to external parameters (frequency, power, reactor deign etc.) and solvent properties. Microfluidic devices can be adapted for the accurate control of temperature, mixing and frequency and pressure amplitudes while providing short residence times. Moreover, microfluidic systems entail reduced operation risks (explosive or run-away reactions, etc.) when performing reactions under extreme conditions. In addition, large-volume applications only require numbering up, which involves the parallel design of multiple reactors. US can, even more easily, be applied in flow chemistry by dipping the loops and tubing reactors into an ultrasonic bath. In this case numbering up and sizing up move in parallel considering the penetration depth of ultrasonic waves in the reaction medium, in general around 10–30 mm. Examples reported over the last decade include the oxidation of alcohols and aldehydes to carboxylic acids, as well as the Nef oxidation of nitroalkenes to carbonyls and acids, which can be performed in a flow reactor combined with a US bath using KMnO4 (Sedelmeier et al., 2010). Buchwald et al., have adopted the same strategy to perform some Pd-catalyzed amination reactions using a microreactor made of polytetrafluoroethylene (PTFE), which was placed in an ultrasonic bath (Noël et al., 2011). Likewise, other US assisted synthetic transformations have been reported (Hartman, 2012). Particularly worthy of note are US-promoted copper-catalyzed Huisgen 1,3-dipolar cycloadditions performed in a meso-flow reactor customized with a piezoelectric transducer (Tu et al., 2012) (Figure 1) to enhance reaction rate and efficiency. 1,4-Disubstituted triazoles were synthetized in 15–55% yields at 50–150°C, depending on the starting substrates, in only 5–10 min. Moreover, the results presented above demonstrate an enhanced version of click chemistry under meso-flow conditions utilizing US to generate triazoles under low temperature conditions.
[image: Figure 1]FIGURE 1 | Reaction set-up: flow set-up and Autochem’s PZT transducer; reaction scheme.
The application of US to chemical process intensification is also illustrated by the large-scale multiple transducer sonochemical reactors (operating in continuous mode) that have been developed for biodiesel production from soybean oil via transesterification (Bucciol et al., 2020). Apart from the cost of the oil, the main parameters that influence the attractiveness of this process are energy consumption and the amounts of methanol and catalyst used. With extremely low ratios of methanol and catalyst, moderate energy consumption and a short reaction time, the US-assisted flow transesterification proposed by this team represents an example of synthetic process intensification by means of US, and provides future opportunities for US to be applied in continuous flow reactors both at academia and industrial level (Cintas et al., 2010).
Hydrodynamic cavitation
HC typically occurs as the result of an increase in the kinetic energy through an area constriction, or the high-speed rotation of a rotor through a fluid (Wu et al., 2019). Ways to achieve this include throttling valves, orifice plates, venturi, cavitation jet mixers, two-stage orifice valves, high-pressure liquid whistles, high-pressure jet fluidisers and high-speed rotor–stator homogenisers, among others. The earliest use of HC technology in chemical processes is the intensification of oils hydrolysis (Pandit and Joshi, 1993). The use of a rotor-stator HC unit enabled the oxidative polymerization and emulsification of oils and the process industrialization with remarkable energy saving (Rinaldi et al., 2017). The production of fatliquors from waste frying oils may ensure a full embedding of the circular economy’s recycling concepts.
Ball milling–mechanochemistry and reactive extruders
Mechanochemical energy has been successfully applied in synthetic chemistry using efficient ball mills, usually in solvent-free conditions. The possibility to perform reactions without a solvent or with very small amounts, such a glidant, is of paramount environmental and economic importance from an industrial point of view. Recent advances in ball mill set-ups with multi-sample jars allow parallel synthesis for a preliminary screening of substrates, catalysts and conditions to be completed at the milligram scale (Martina et al., 2018), before then moving up to kilo scales for semi-industrial production (Barge et al., 2020).
Although “rudimentary” forms of mechanical activation, such as grinding and rubbing, have proven to be extremely useful in preparative chemistry, such procedures can also be inefficient due to limited contact and poor homogenization. Professional reactors, in the form of planetary ball mills and acoustic mixers, among others, allow for a more accurate control of operational parameters.
Reactive extrusion is a powerful technique for activating chemical reactions with mechanical forces in continuous flow. This feature allows the intrinsic batch nature of ball milling, which hinders industrial scale-up, to be overcome (Calcio Gaudino et al., 2022). Extrusion is commonly applied in the polymer, materials and food industries while organic synthesis has only recently been investigated (Bolt et al., 2022), by means of new versatile single and twin screw micro-extruders.
Despite the effectiveness of continuous extrusion technology in other fields, it was, remarkably, only in 2017 that the first documented studies were reported in the field of organic synthesis. In this context, Crawford, James and co-workers were the first to report the Knoevenagel reaction between vanillin and barbituric acid, performed under continuous twin screw extrusion (TSE) (Crawford et al., 2017a).
Following this successful translation from “batch-mode” ball-milling to the “flow-mode” extrusion of Knoevenagel reaction, the same authors explored the further reaction of vanillin and malononitrile with the introduction of Na2CO3 (10 mol%) as the catalyst. Kaupp and co-workers have previously shown the potentiality of the aldol reaction of ninhydrin and dimedone to provide a quantitative product without the need for purification steps (Kaupp et al., 2002; Kaupp et al., 2003). This reaction was exploited by Crawford and co-workers under continuous TSE. It was found, once again, that Na2CO3 (10 mol%) was crucial to affording the quantitative conversion of the desired condensation product, highlighting, once more, how TSE could provide an excellent alternative for continuous organic synthesis. Isoni et al., have developed a “greener” alternative for 4-chlorobenzaldehyde reduction in the presence of NaBH4 (Isoni et al., 2017) that is capable of multi-kilogram continuous scale operation under tween screw extrusion. Moreover, the versatility of continuous extrusion in carrying out multi-step reactions was later proved by Crawford, James and co-workers (Crawford et al., 2017b), who showed how multiple sequential reactions could be telescoped via the successive addition of reagents along the extrusion barrel. They exploited the Knoevenagel condensation of vanillin and malononitrile, followed by subsequent Michael addition, upon the feeding of dimedone (Figure 2).
[image: Figure 2]FIGURE 2 | Telescoped cascade processes through reactive tween extrusion. Reproduced from (Bolt et al., 2022) with permission from the Royal Society of Chemistry.
In 2018, Browne and co-workers translated a range of highly selective protocols for the synthesis of fluorinated building blocks, including heterocycles and 1,3-dicarbonyls, from batch milling conditions to continuous reactive extrusion protocols (Cao et al., 2018).
When a screw configuration, made up of kneading, conveying and reverse sections, was adopted, continuous extrusion was confirmed to produce a 70% yield of difluorinated products at a flow rate of 3.94 kg h−1, while only 0.14 kg h−1 could be reached under the optimized ball-milling process. Likewise, the mono-fluorinated diketone was produced in an excellent yield (up to 90%), with a throughput rate of 5.14 kg h−1. This work demonstrates the potentiality of extruder technology when applied as an intensification tool to build up previously established ball milling procedures.
In 2018, Métro and co-workers documented a crucial step towards the continuous solvent-free synthesis of di- and tri-peptides (such as Boc-Asp(OBzl)-Phe-OMe/Boc-Trp-Gly-OMe and Boc-Asp(OBzl)-Trp-Gly-OMe/Boc-Asp(OBzl)-Trp-Phe-OMe) when they adopted co-rotating recirculating screw extrusion (RSE) (Yeboue et al., 2018). In particular, they documented remarkable 20–200 fold increases in STY values for the RSE-assisted peptide coupling, compared to the “batch-mode” planetary ball mill and solution-phase counterparts (Figure 3).
[image: Figure 3]FIGURE 3 | Bulk solvent and CRM-free peptide coupling enabled by recirculating screw extrusion; (A) experimental set-up, (B) chemical synthesis. Reproduced from (Bolt et al., 2022) with permission from the Royal Society of Chemistry.
Still in 2020, a rapid solvent-free procedure, using a co-rotating tween screw extruder, to perform a multi-component Ugi reaction was reported by El-Remaily et al. (El-Remaily et al., 2020), and, at the same time in the field of sustainable active pharmaceuticals synthesis, Crawford, Colacino and co-workers reported the development of an extrusion methodology for the synthesis of hydantoin-based API’s (Crawford et al., 2020). In particular, Nitrofurantoin and Dantrolene were afforded with 100% and 84% conversions, respectively, in a more sustainable way by means of a reverse twin screw configuration (Galant et al., 2022). (Figure 4).
[image: Figure 4]FIGURE 4 | Process mass intensity (PMI), quantity of wastewater and cost for the gate-to-gate production of 1 kg of nitrofurantoin by TSE (left, yellow) and conventional solvent-batch (right, green) synthesis routes (Authors’ graphic inspired by Galant et al., 2022).
Finally, in 2021, Andersen et al., reported the first extrusion example of a nucleophilic aromatic substitution (SNAr) between benzylamine and 3-bromo-4-fluoro-nitrobenzene via TSE (Andersen et al., 2021) (Figure 5). The authors by investigating this model reaction, with an accurate temperature monitoring in small-scale ball mill, could predict the most suitable conditions for the scale-up in twin-screw extruder and the required residence time.
[image: Figure 5]FIGURE 5 | Extrusion parameters for the SNAr reaction.
Microwaves and radio frequency
MW are basically RF waves, however there is difference between RF and MW as far as operating range and applications are concerned. MW range starts from 300 MHz to 300 GHz, with common ovens working at 2.45 GHz and industrial reactor at 915 MHz. MW are currently used in every facet of chemistry, providing efficient volumetric heating and much shorter reaction times, among a host of other benefits, making the technology a valid ally to green organic synthesis. Since the publication of “Microwaving myths”, in which several experts described the current status, and potential pitfalls, of synthetic application, new technological advances have been made that have broadened use and scientific interest (Van Noorden, 2008). In fine chemicals and drug discovery, almost all new compounds now have their first synthesis carried out under MW (Martina et al., 2021).
MW and flow technologies are a fine fit for each other when scale-up purposes are envisaged in organic synthetic fields. The main advantage of flow reactions is the high versatility and the best guaranteed safety for operators, especially when working with micro- and meso-reactors. Moreover, the small diameter of the flow reactors is perfect for the application of MW irradiation as it solves the problem encountered in scaling MW-assisted reactions; MW irradiation has a limited penetration depth that is defined by the material’s dielectric properties.
Faster heating rates, small reactor volumes and rapid changes in reaction temperature in real time are some of the salient features of continuous-flow MW-assisted organic synthetic (CF-MAOS) systems that aim to be a unique laboratory tool for the safe and fast optimization of reaction conditions and scale-up synthesis. Strauss (Strauss, 1999) pioneered this theory and described the first mono-mode MW reactor coupled to a flow system, the CMR (Continuous MW Reactor) MW reactor developed at CSIRO. As an example of the application of this equipment, he reported the degradative hydrolysis of ethyl 2-indolecarboxylic ester, for which it was possible to control the hydrolysis and the subsequent decarboxylation by fine tuning the process temperature. Several CF-MAOS examples have recently been reviewed and compared to batch processes (Horikoshi and Serpone, 2019). For instance, excellent conversions have been observed in a variety of cross coupling reactions and ring closing metathesis (RCM) reactions (using metal catalysts), as well as in nucleophilic aromatic substitutions NArS and Wittig reactions (that do not use metals) by adopting a custom-built micro-capillary MW reactor (Comer and Organ, 2005) (Figure 6). This paves the way for the use of microwave-assisted, flow capillary synthesis as a powerful and efficient means to replace one-at-a-time MW synthesis and provide libraries of compounds on a scale suitable for biological screening purposes with dramatic reaction rate enhancements.
[image: Figure 6]FIGURE 6 | Continuous flow MW microreactor. Reprinted with permission from (Comer and Organ, 2005). Copyright (2005) American Chemical Society.
Another interesting example of CF-MAOS has been reported by Nishioka et al., who, in 2013, developed a single-mode MW reactor to perform continuous-flow reactions at elevated pressures (Nishioka et al., 2013). The authors tested the reactor in the oxidative decomposition of ethylene over a palladium-dispersed tubular reactor and concluded that the selective heating of the catalyst was observed. This methodology can not only be applied to liquid flow reactions, but also to solid-state and gas-flow reactions. The system (Figure 7) is capable of operating at high temperature and pressure (310°C/60 bar) in an extremely energy efficient manner (MW power 0.six to six kW), thus providing a system to improve productivity through the rapid elevation of temperature and pressure.
[image: Figure 7]FIGURE 7 | Experimental setup of the MW-assisted flow reactor system and image of the MW cavity. The quartz reactor tube relates to the PEEK sheath, which is designed to resist up to 10 MPa. Reprinted with permission from (Nishioka et al., 2013). Copyright (2013) American Chemical Society.
A similar setup was designed by Akai and associates (Yokozawa et al., 2015). The system incorporated a solid-state MW generator (200W, 2.4–2.5 GHz) to perform fine adjustments to the irradiation frequency according to changes in electric permittivity. The resonance cavity was occupied by a helical tubular borosilicate glass reactor with an internal volume of 5.5–6.0 ml. This MW flow setup was tested with several solvents and known reactions such as the Fisher indole synthesis and Diels–Alder reactions. Immediately afterwards, a continuous flow MW-assisted palladium (II)-catalysed desulfitative synthesis of aryl ketones, starting from sodium aryl sulfinates and nitriles, was reported by Skillinghaug et al. (Skillinghaug et al., 2016). The desired aryl ketones were recorded in fair-to-good yields when a MW transparent aluminium oxide reactor (as a safe and thermostable alternative to borosilicate glass reactors) was used, among the others (Figure 8). Different behaviour for Silicon carbide (SiC) a typical MW absorbing material due to the excellent dielectric properties and thermal stability at high temperature.
[image: Figure 8]FIGURE 8 | MW-assisted continuous flow Palladium (II)-catalyzed desulfitative synthesis of aryl ketones. Reprinted with permission from (Skillinghaug et al., 2016). Copyright (2016) American Chemical Society.
Once again, in 2018, the versatility of MW technology was confirmed by other researchers (Egami et al., 2018) who applied MW for the rapid and continuous Johnson−Claisen rearrangement of allyl alcohol and triethyl orthoacetate by means of flow apparatus. The reactions could be performed without solvent and only a catalytic amount of acetic acid. When scaling up the MAOS to the industrial level, Benaskar and co-workers examined cost benefits (Benaskar et al., 2011). The authors assessed that, when MW were employed, a realistic cost-competitive process could be achieved using single-mode MW heating combined with a fixed-bed catalyst. Nevertheless, a comparison of the CAPEX impacts from the different heating techniques shows that the multi-mode MW cavity for flow systems is more expensive than all other heating techniques (Figure 9).
[image: Figure 9]FIGURE 9 | MAOS cost benefits outlook for Multi-Mode MM-MW and Single-Mode SM-MW (Authors’ graphic inspired by Benaskar et al., 2011).
Nowadays, the most commercially available MW-assisted flow reactors are designed by CEM, Sairem, Biotage, Syrris-wavecraft and Milestone. Of these, the FlowSynth system developed by Milestone is the only multimode instrument designed for flow chemistry. The reaction chamber is mounted vertically in the cavity and the mixture is pumped from the base to the top. The system can operate at temperatures of up to 230°C, pressures up to 30bar and flow rates in the range 10–200 ml min−1. One of the first examples of the use of FlowSynth was described by Shieh and associates, who reported the methylation of phenols using DBU as the catalyst (Shieh et al., 2001). The use of MW irradiation and flow conditions produced a dramatic rate enhancement in comparison to conventional heating, with a 1,900-fold increase for the congested phenol to give trimethoxybenzene. Cravotto and co-workers have documented the effectiveness of FlowSynth and have described MW-assisted γ-valerolactone production through levulinic acid hydrogenation in continuous flow mode over heterogeneous palladium (Tabasso et al., 2016), and, more recently, ruthenium catalyst (Ru/AC Ru/TiO2) (Grillo et al., 2021). A novel protocol for continuous MW-assisted alkyne semi-hydrogenation under heterogeneous catalysis was reported in 2018 (Calcio Gaudino et al., 2018). This challenging task has been accomplished using a multifaceted strategy which entails the US-assisted preparation of Pd nanoparticles (average Ø 3.0 ± 0.5 nm) that were produced on the μ-metric pores of sintered alumina spheres (Ø 0.8 mm) and a continuous flow reaction under H2 (flow rate 7.5 ml min−1) in a FlowSynth MW reactor (counter-pressure 4.5 bar). With such features, innovation in MW science (MW chemistry) is sure to progress and advance the CF-MAOS field. Currently the market offer several excellent continuous-flow MW reactors: C-Wave PRD (by C-Tech innovation, United Kingdom) capable of operating up to 250°C and 30 bar pressure; SAIDA’s flow-MW technology up to 230°C and 25 bar pressure (by SAIDA FDS Inc., Japan), µWaveFlow 20 (2.45 GHz) and µWaveFlow 40 (915 MHz) (by Püschner Microwave Power Systems, Germany), and other producers such as Sairem (France) and Microwave Chemical Co. Ltd (Japan).
Ohmic and induction heating
This technology is typically used in the food industry to rapidly increase temperature by exploiting the Joule effect that is generated by an electric current moving through a solution or a suspension with proper electric conductance. This highly energy efficient means of heating chemical reactions is the most recent improvement in organic synthesis (Silva et al., 2017). In general, organic reactions are fast, the yields and selectivities are high and the products are easily isolated and purified. There are numerous documented organic reactions carried out under ohmic heating (Soengas et al., 2016). Recently, Silva et al. (Silva et al., 2020) have reported a Suzuki–Miyaura reaction protocol that is based on the combined use of ohmic heating (ΩH) and supported ionic liquid phase catalysts. This methodology was applied to obtain different flavonoid derivatives in aqueous media in a sustainable and efficient way. Several static and flow ohmic heaters (only) have been developed for food applications with different electrode arrangements (Kaur and Singh, 2016). Static ohmic heaters can have a number of electrodes inserted within a container and are most commonly employed in small-scale applications, such as in water heaters and laboratory-scale chemical reactors, while flow ohmic heaters are the most common type employed in industrial applications, due to the inherent advantages of flow processes (Alkanan et al., 2021). However, suitable commercial static or flow ohmic heaters for chemical synthesis are not available (to our knowledge). With respect to ohmic heating reactors, there are several opportunities for the design of new ohmic devices, including:
ii) the miniaturization of the existing reactor prototype;
ii) the development of suitable reaction vessels (mainly closed vessels) to perform reactions beyond atmospheric pressure;
iv) the engineering and development of suitable ohmic heating reactors for flow organic synthetic applications;
iii) the coupling of an ohmic reactor with other enabling technologies (such as US) to improve organic synthesis sustainability.
However, the future exploitation of ohmic heating at an industrial scale will depend on economic studies to assess the overall costs and feasibility of its application, on the development of reliable predictive models of the ohmic heating pattern and on the improvement of safety and quality-assurance protocols.
Electromagnetic induction, conversely, can be carried out by applying a medium-frequency field (15–25 kHz) to magnetic nanoparticles, giving selective and almost instantaneous heating by exploiting the so-called Néel relaxation process and Eddy currents. The first generates heat as a consequence of magnetic hysteresis loss, whilst the second happens when very strong rapidly alternating magnetic field are exerted on conductive materials (Ceylan et al., 2011). Currently, superparamagnetic particles are used as an initial source of heating as they can be superheated (up to 500°C). In general, magnetic nanoparticles can change their heating profiles in relation to the percentage of output power, material nature and even shape and size of the particles. Furthermore, the adopted material can be chemically inert, used only to heat up the reaction system, or can have a catalytic role (i.e., functionalized MagSilica). Usually glass and PEEK (Polyetheretherketone) are the main materials applied to produce induction reactors, due to their transparency to inductive fields (Kirschning et al., 2006; Kirschning et al., 2012). Kirschning and co-workers were the first to exploit the flow application of inductive heating with magnetic nanoparticles, and they investigated a number of organic reactions, such as oxidations, Buchwald–Hartwig amination, Wittig reactions, palladium-catalyzed couplings, metathesis, Claisen rearrangements and Click cycloadditions (Kirschning et al., 2012). Furthermore, the same group developed a synthesis for the neuroleptic olanzapine in a three-step protocol by exploiting inductive heating (Hartwig et al., 2013, vide infra, Sect. 3.1).
Infrared heating
IR is still in its infancy but provides efficient heat transfer with a deeper wave penetration than photochemistry at higher frequencies. IR heating can be conducted with inexpensive lamps, often a W filament sealed in a quartz capsule containing a halogen gas. The technique provides both homogeneous and short heating times with low energy consumption. Solvent-free protocols can be performed as well (Escobedo et al., 2016). Applications in food processing and organic synthesis, the latter providing some improvements over MW or mechanical activation, have been reported (Aboud et al., 2019; Zappimbulso et al., 2021).
Electrochemistry
Electrochemistry is, along with photochemistry (UV/Vis mode in particular), an old technology that is currently enjoying a renaissance, as using the “electron” as a chemical reagent is doubtlessly a green strategy. Selective functional group manipulations are among the most important applications in synthetic chemistry (Schotten et al., 2020). APIs can likewise be obtained through electrochemical methods in quicker and more sustainable processes than via other activation methods (Cantillo, 2022). Recent innovations include the use of rapid alternating current, rather than direct current as is usual in electrochemistry (Kawamata et al., 2021), and it is hoped that alternating polarity should find new vistas in synthesis and catalysis. Electrosynthesis can be carried out via a variety of procedures and technical variations, and portable electrochemical reactors are currently available at a moderate cost. Importantly, electrochemical flow reactors can easily be implemented and/or combined with other techniques, such as US or photochemistry (Folgueiras-Amador et al., 2017; Shida et al., 2021).
The electron transfer processes that occurs on the surface of an electrode represents the driving force for electrochemical reactions, thus reagents and electron mediators need to be in contact with electrode surfaces. For this reason, the design of appropriate systems depends on mass transport phenomena and the enhancement of electron transfer kinetics. These aspects are of even greater importance in the development of flow systems (Noël et al., 2019). The exploitation of microreactors (Figure 10) can meet the above-mentioned requirements, solving several issues and technological barriers that are usually encountered in conventional macro batch electrochemical synthesis.
[image: Figure 10]FIGURE 10 | Electrochemical flow set-up.
The reduced distance between the electrodes, for example, cuts the electrode surface-to-reactor volume ratio and simultaneously avoids a high ohmic drop, resulting in a substantial increase in the mass transfer on the surface of the electrodes (Yoshida et al., 2008). These features are also of great importance for scale-up purposes, minimizing electrolytes and providing opportunities for high automatization. Over the last decade, great efforts have been made by flow chemists and electrochemists to develop electrochemical continuous flow systems suitable for organic synthesis applications (Atobe et al., 2018; Pletcher et al., 2018; Elsherbini et al., 2019; Elsherbini and Wirth, 2019).
Several examples of electrochemical flow approaches are available in literature, such as the electrooxidation of sulfides and sulfoxides without electrolytes, as supported by an automated two-step procedure (Amri and Wirth, 2021), and the electrochemical azolation of arenes via N−H/C−H cross coupling (Buglioni et al., 2021). By exploiting continuous-flow technology, numerous synthetic and purification steps can be merged into a single, streamlined flow configuration (Britton et al., 2017; Britton and Raston, 2017; Pieber et al., 2017). This approach is crucial for the synthesis of unstable intermediates and reactives, short-lived compounds and even in the conversion of hazardous and toxic species (Gutmann et al., 2015; Gutmann and Kappe, 2017; Kockmann et al., 2017; Elsherbini and Wirth, 2019). This application of flow electrochemical synthesis makes it possible to perform amino acid synthesis via the sequential condensation of aldehydes and amines, to form sensitive aldimines, which then undergo electroreductive carboxylation with CO2 (Naito et al., 2021).
Suga et al., have integrated the continuous production of unstable cyanohydrin, via reduction with LiAlH4, to synthesize vicinal amino alcohols (Sato et al., 2021). With a different approach, ortho-quinones can be generated, via anodic oxidation, and then quickly exploited in a Diels−Alder batch reaction (Tanaka et al., 2019). In this way, the typical poly-/isomerization and decomposition of the substrate can be avoided. Another interesting example, from Wirth et al., is the development of a flow method to prepare bench-unstable hypervalent iodine reagents, which are then coupled with a variety of synthetic pathways, including heterocycle synthesis, tosyloxylation and oxidations, all performed under flow conditions (Elsherbini et al., 2019).
In terms of transposition from lab scale to pilot and production scales, classical scaling up, by means of a geometrical enlarging strategy, cannot be considered, as electrochemical reactions are surface reactions: cell voltage and energy costs would raise proportionally to the interelectrode gap. For this reason, the main electrochemical flow scale-ups are provided by flow cells, which consist of modular units that can be stacked in parallel (numbering-up approach) (Zhang et al., 2017). A narrow interelectrode gap is the key to providing low cell voltage with a high specific area. This approach has been exploited by Peter et al., in the development of a safe alternative for the classical Birch reduction; a scalable electroreduction of arenes by stacking several electrodes in parallel (Peters et al., 2019). It worth noticing that, of all the electrochemical processes reported, roughly 7% have been commercialized and 15% piloted (Sequeira and Santos, 2009) (Figure 11).
[image: Figure 11]FIGURE 11 | Electrochemical organic processes: commercial/pilot overview (Authors’ graphic inspired by Sequeira and Santos, 2009).
There are several pitfalls that may actually limit piloting and commercial applications, such as mixing and mass transfer issues, poor process flexibility and even heat runaway. These issues can be efficiently solved or mitigated by transposition to continuous flow processes, which will enable industry to implement large scale electrosynthesis. The fact that almost all commercial electrochemical processes use flow cells is an important factor to emphasize in this conclusion (Goodridge and Scott, 1995; Sequeira and Santos, 2009; Atobe et al., 2018; Tanbouza et al., 2020).
Cross-disciplinary innovation is currently facilitating the development of new systems and their commercialization (Kirkaldy et al., 2018; Murray et al., 2019; Folgueiras-Amador et al., 2020). An example of this can be found in Ammonite electrolysis cells, which are developed by Green and associates in collaboration with Cambridge Reactor Design Ltd., who have elucidated reactor performance by means of model synthesis, namely the deprotection of PMB (para-methoxybenzyl) ethers and the methoxylation of N-formylpyrrolidine (Green et al., 2016; Green et al., 2017). Nevertheless, the most powerful example of organic electrochemistry is the synthesis of adiponitrile from acrylonitrile, generating up to 0.35 million tons/yr of adiponitrile, with a current efficiency close to 95% (Monsanto adiponitrile process) (Botte, 2014).
Photochemistry
The application of photochemistry has experienced growing interest over the last decade, both in terms of academia and industrial realities. Commercial flow reactors are therefore becoming more readily available, in a move from home-built systems (Donnelly and Baumann, 2021).
The very first parameter to consider in photochemistry is light penetration. Thus, reactor dimensions are strictly related by the Lambert-Beer law and reaction media absorption. Flow processes overcome this issue by means of miniaturization, shortening the radiation path length. It is worth noticing that miniaturization technologies represent the real milestone in flow photochemistry, as they allow for unprecedented process intensification (Mizuno et al., 2016). In detail, a plethora of new photoreactors for continuous synthesis have been designed and produced: the Uniqsis PhotoSyn (Lima et al., 2018; Chen et al., 2019); the Firefly system from Cambridge Reactor Design (Elliott et al., 2016); the Vapourtec UV-150 reactor (Di Filippo and Baumann, 2020); and the Corning photoreactor system (Bianchi et al., 2020), which is a modified flow system for heterogeneous reactions, such as vortex (Britton et al., 2017), rotary (Clark et al., 2018), and oscillatory flow reactors (Rosso et al., 2020). All of this potentiality has led to a real rise in industrial R&D applications. Several reviews and books have been published on this topic, with attention being focused on applications of photochemistry in flow reactors (Gilmore and Seeberger, 2014; Oelgemöller et al., 2014; Pinho et al., 2015; Vaccaro, 2017). For this reason, only a few examples will be presented herein, with the sole aim of depicting the vast array of possibilities in the applicability of continuous-flow photochemical approaches in organic chemistry. Firstly, photomicroreactors have been widely exploited for cycloadditions, such as for diastereoselective photocycloadditions (Nijland and Harutyunyan, 2013; Brimioulle et al., 2015) that are enhanced by carbon dioxide (scCO2) as a solvent (Nishiyama et al., 2014), and, in general, for multiphase reaction systems (Mallia and Baxendale, 2016). Other examples involve photoisomerizations (Szymański et al., 2013; Baumann and Baxendale, 2015; Broichhagen et al., 2015), singlet oxygen mediated oxidations (Ogilby, 2010; Loponov et al., 2014), photocleavage/deprotection (Calin et al., 2013; Yueh et al., 2015), and photochemical decarboxylation (Dawes et al., 2015).
Pulsed electric fields
Several studies demonstrated how PEF are a versatile technology exploitable in different industrial areas in particular food processing. Among all the applications we can find solid/liquid extraction, pasteurization, drying and freezing, but also pesticides and contaminants remediation. In general, PEF consists in a treatment led by short electrical pulses (from μsec to msec) with field strength from 100 to 300 V/cm to 20–80 kV/cm (Koubaa et al., 2015). Inactivation of enzymes or pathogens is feasible by setting field strength to high values, without affecting general nutritional values (Sánchez-Vega et al., 2014). Working with low electric fields, on the other hand, it is possible to obtain a peculiar poration of biological membranes, exploitable for metabolites extraction or physical transformation (i.e. freezing and drying) (Barba et al., 2014; Deng et al., 2014). In general, the electroporation effect does not require high power consumption, and it increases the industrial attractiveness of PEF treatment. PEF attracted over the last years great interest for industrial by-product and agricultural residues valorisation (Rosello-Soto et al., 2015). Literature covered this topic with huge number of studies, evaluating different matrices according to their residual bioactive contents (i.e. catechins, phenolic acids, anthocyanins, vitamins, fatty acids) (Barba et al., 2015). It worth to mention that stability of these compounds have been extensively evaluated, in particular vitamins, polyphenols, amino acids, fatty acids. Different screenings have been made both on water-soluble vitamins (i.e. biotin, ascorbic acid, thiamine, folic acid, pantothenic acid and riboflavin) (Guderjan et al., 2007; Rivas et al., 2007) and fat-soluble vitamins (cholecalciferol, tocopherol, retinol), generally unaltered by pulsed fields (Bendicho et al., 2002; Cortés et al., 2006). PEF have been adopted also to reduce foods contaminants, such as Maillard-induced derivatives (i.e. acrylamide). The effects of electric fields on these compounds have been previously reviewed by Jaeger, et al. (2010), whilst other studies focused attention on pesticides, a crucial point for food processing as well. Degradation of diazinon, dimethoate, methamidophos, chlorpyrifos, pyrimethanil, vinclozolin, cyprodinil and procymidone were evaluated, in juices and wines (Chen et al., 2009; Zhang et al., 2012).
Cold plasma
In plasma-based chemistry, gas discharge plasmas, generated from different power sources, provide a high-energy state that initiates ionization or electron impact-induced chemical reactions. The main applications in sustainable chemistry involve, for instance, the treatment and modification of biomass, and the destruction of waste and pollutants (Bruggeman et al., 2016; Dimitrakellis et al., 2022). To extend the discussion of cold plasma, this type of technique can rely on a few methods to generate RT plasma; low pressure glow discharge, dielectric barrier discharge (DBD), corona and plasma jets (Hippler et al., 2001). DBD plasma has been applied in flow mode for the degradation of several pollutants and even conversion, over air media. Piferi et al., have developed a plasma-assisted strategy for the abatement of Organic Volatile Compounds (VOCs), using propane, pentane and acetone as the model compounds (Piferi and Riccardi, 2022). The fast residence times of contaminated air flow were studied (approx. 20 min max.), revealing propane to be the most prone to degradation, with depletion efficiencies ranging between 2 and 7.5 g/kWh. Cold plasma was recently applied to convert CO2 to CO and O2, responding to the problem of carbon dioxide fixation/exploitation (Ding et al., 2022). Ding and co-workers proposed a flow protocol were ZrO2-coated frosted DBD plasma was exploited giving an overall conversion of 21.7%, under a flow rate of 10 ml/min, by exerting 14.5 W of discharge power and a max. Discharge voltage of 11.0 kV (2% of energy efficiency). A novel type of plasma system has made use of a tangled wire DBD reactor for the production of ammonia from N2 and H2 (Ma et al., 2021). Briefly, Ma et al., achieved the lowest energy cost (59.0 MJ/mol) for NH3 synthesis over a Cu electrode with a discharge power of 20 W, working at a flow rate of 250 ml/min. A DBD reactor has been exploited by Purwanto et al., to enhance the transesterification reaction for biodiesel production, achieving a 77.2% yield. The system applied a 5 wt% K2O/CaO–ZnO catalyst at 65°C with a weight hourly space velocity of 1.186 gfeed min−1 gcat−1 (Purwanto et al., 2020). Similar results (80.78% oleic acid conversion) have been achieved at RT with a flow rate of approx. 160 ml/min by Wu et al., in an homogeneous system (H2SO4 as a catalyst) (Wu et al., 2020). A plasma jet flow reactor has been studied for the continuous degradation of amoxicillin in waste water, with the effects of different types of gases being screened (N2, Air, Ar, O2) and degradation pathways being proposed via the determination of intermediates (Li et al., 2022). Acayanka et al., have also tested a recirculating system for amoxicillin degradation. They made use of gliding arc plasma and achieved an overall abatement of 98% (Acayanka et al., 2019). Regarding the degradation of pharmaceutically active compounds, the literature also reports the use of pulsed corona plasma technology for the continuous flow treatment of diclofenac and verapamil hydrochloride, which achieved an overall removal of 99% after fast treatment (max. 12 min) (Nippatlapalli et al., 2022). The cold-plasma technology is suitable for integration with other enabling technologies under flow conditions. For example, a recirculating hybrid reactor that combines US and pulsed discharge plasma has been developed for pollutant degradation, and Rhodamine B was adopted as the model compound. Complete degradation was achieved after 23.5 s working in acidic conditions with 32 kV of plasma discharge, 280 W of US power and with a 8 L/min flow rate (Komarov et al., 2020).
APPLICATION OF CONTINUOUS FLOW-BASED METHODS TO THE SYNTHESIS OF APIS
As mentioned in the introductory framework of this perspective, the implementation of continuous flow processing as a fundamental enabling technology has revolutionized the way chemistry is currently performed, from micro-to large-scale-based reactors. As outlined through this section on hybrid technologies, continuous flow methods can easily be combined to other sustainable technologies such as microwaves, ultrasound, photochemistry, electrochemistry, and inductive heating, among others, together with supported reagents/catalysts and a variety of solvent systems. Indisputably, the key application of such flow methods involves the synthesis of active pharmaceutical ingredients (APIs), some being essential WHO medicines. Thus, blockbuster drugs like celecoxib, efavirenz, fluconazole, imatinib, ribociclib, ibuprofen, hydroxychloroquine, valtarsan, tamoxifen, artemisinin, olanzapine, or atorvastatin, to name a few inhibitors, are manufactured under flow. This subsection cannot describe this issue in detail, although some considerations in the context of green chemistry are briefly discussed, with a few illustrations on API synthesis. Some recent overviews providing a general and well-balanced state-of-the-art status are recommended (Baumann and Baxendale, 2015; Porta et al., 2016; De Souza et al., 2018; Burange et al., 2022).
The implication of continuous processing is clearly compatible with the principles of green chemistry. In general, flow methods decrease the amount of raw materials and energy utilized in a given process, while maintaining real-time analysis, and augmented safety. Moreover, in-line reaction analysis enables facile automation, constant control of reaction parameters, and process reliability. Also, hybrid equipment facilitates process intensification leading to higher productivity and purity of reaction products (Burange et al., 2022; Kar et al., 2022). That said, a flow route is not necessarily superior to a conventional method, especially when all reaction metrics are critically examined. In fact, some pharmaceuticals benefit from hybrid batch-flow syntheses, while others are still produced by conventional approaches (Kar et al., 2022). The advantages of conducting synthesis in flow devices over batch protocols are mainly associated to faster completion under mild conditions and less unit operations, all figures resulting in a lower environmental impact and in a reduced footprint (Porta et al., 2016).
Figure 12 showcases the above-mentioned pluses, summarizing the flow synthesis of olanzapine, an antipsychotic drug used against schizophrenia and bipolar disorders. The multistep continuous synthesis took advantage of inductive heating (IH) as enabling technology to significantly accelerate reaction rates and to increase process efficiency (Hartwig et al., 2013). Here, an electromagnetic field at medium or high frequency is induced on magnetic nanoparticles to increase rapidly the temperature. The first step, a Buchwald-Hartwig coupling between an aryl iodide and an aminothiazole using Pd2 (dba)3 as catalyst and Xantphos as ligand took place in a reactor filled with steel beads and heated inductively at 50°C (15 kHz). After quenching with water and in-line extraction in a glass column, the mixture was passed through silica to remove the catalyst. Nitroaromatic compound 6 was reduced with Et3SiH and Pd/C at 40°C. The resulting aniline 7) could be obtained in quantitative yield. The reaction outcome was treated with HCl/MeOH and heated at 140°C (IH at 800 kHz). This acid-catalyzed reaction led to cyclic product 8 in 88% overall yield. The final step involving reaction of the latter with piperazine 9 was conducted on a reactor containing an inductive material (MagSilica) and silica-supported Ti(OiPr)4 and heated at 85°C (IH at 25 kHz), which led to olanzapine (10) in 83% yield.
[image: Figure 12]FIGURE 12 | Continuous flow synthesis of antipsychotic drug Olanzapine. Reprinted with permission from (Porta et al., 2016). Copyright (2016) American Chemical Society.
A six-step continuous flow synthesis of diclofenac (as sodium salt), a well-known non-stereoidal antiinflammatory drug (NSAID), has been recently developed starting from inexpensive aniline and chloroacetic acid (Wang et al., 2022). The entire process is displayed in Figure 13 and comprises a cascade etherification-Smiles rearrangement, in which the resulting 2-chloro-N-phenylacetamide and 2,6-dichlorophenol are converted into a hydroxyacetyl diphenylamine derivative that skips the formation of 2,6-dichloro-N-diphenylaniline. Further chlorination was followed by an intramolecular Friedel-Crafts-type cyclization and hydrolysis affording the wanted drug (in 63% isolated yield and a residence time of less than 3.5 h). The route is clearly advantageous over the batch protocol in terms of higher atom and step economies, within shorter reaction times, and allowing automatic operations.
[image: Figure 13]FIGURE 13 | Elaborated flow synthesis of sodium diclofenac involving sequential amination, chlorination, and hydrolysis protocols. Reprinted with permission from (Wang et al., 2022). Copyright (2022) Wiley-VCH GmbH.
HYBRID TECHNOLOGIES
The simple use of a single enabling technology is no longer satisfactory for the latest synthetic approaches, making the integration of two or more of these enabling techniques necessary (Kirschning et al., 2006). For this reason, the integration of flow approaches has increasingly acquired importance, allowing reaction intensification to be merged with high productivity rates. Almost all of the technologies listed in Table 2 have been successfully coupled with each other.
TABLE 2 | Enabling technologies used in hybrid combinations.
[image: Table 2]Miscellaneous hybrid combinations
Continuous flow technology can also be synergistically combined with US. Jolhe et al., have studied the US-assisted preparation of performic acid (PFA) in a continuous flow micro-structured reactor (Jolhe et al., 2017). The optimum reaction conditions for PFA formation are a reactant flow rate of 50 ml/h, a molar ratio of formic acid to H2O2 of 1:1 and a temperature of 40°C. In addition, the authors have performed a comparative investigation of PFA synthesis both in batch and continuous flow systems. The first approach required 60 min for reaction completion, whilst, in flow mode, only 10 min were required and the maximum concentrations of PFA were obtained (3.55 mol/L). Several papers have reported the application of combined MW-US irradiation in different fields, including organic/inorganic synthesis, pollutant degradation, chemical digestion and even plant extraction (Cravotto and Cintas, 2007). The first application of this set-up resulted in biodiesel production. The synergy of MW and US leads to higher process efficiency; while MW dielectric heating can selectively act on a reaction mixture, US increases mass and heat transfer. There are two approaches to combining these technologies. The first involves the use of two different reactors, one for each technology. The second set-up involves simultaneous US and MW irradiation in the same hybrid reactor, usually with the use of a non-metallic horn (Pyrex, quartz, ceramic horns and specific polymers such as PEEK). Martina et al. (2016) another example of combined enabling technologies can be found in the large-scale ultrasonic atomization-type microwave nano-particle continuous-flow synthesis reactor created by the Kojundo Chemical Lab. Co. Ltd. It is a 3.5 m hybrid US-microwave reactor that has been used for the flow synthesis of ferrite on an industrial scale (Horikoshi and Serpone, 2013). Moreover, the versatility of US for flow chemistry purposes has been promptly illustrated by Horie and coworkers who devised a hybrid microreactor for the efficient photodimerization of maleic anhydride into cyclobutane tetracarboxylic dianhydride (Horie et al., 2010). The reaction solution was passed through a mm-sized fluorinated ethylene propylene (FEP) tube, which was simultaneously irradiated with a high-pressure Hg lamp (400 W) and an ultrasonic bath (100 W, 39 kHz) to prevent the deposition and adhesion of insoluble products (Figure 14). The hybrid flow microreactor could be operated continuously for more than 16 h without clogging and this method led to better product quality, improved conversion and reduced waste formation compared to a batch reactor.
[image: Figure 14]FIGURE 14 | Flow cell for maleic anhydride dimerization under photochemical and ultrasonic irradiation (Authors’ graphic inspired by Horie et al., 2010).
Other examples of the combination of enabling technologies are available in literature. For example, the combination of a reactive extrusion process and US has been studied for the preparation of crosslinked polypropylene (Mingtao et al., 2017). Polypropylene is widely used in the thermoforming, blow molding and foaming processes. Therefore, the crosslinked structure in polypropylene is highly desired to fulfill the requirement of high melt strength. Thanks to its high productivity and low cost, the reactive extrusion process, in the presence of a low peroxide concentration, is preferred for crosslinked polypropylene preparation, but this process alone might also deteriorate the extent of branching and crosslinking due to fewer reactive points. Yang and coworkers have thus applied US to the outlet of the extruder, inducing partial radical recombination with the resulting formation of a new crosslinked system and higher molecular weight. The US-assisted extrusion process can be considered a robust method for controlling the crosslinked system and promoting melt strength.
In a recent work, a combination of non-conventional technologies has also been applied to water treatment via simultaneous irradiation with hydrodynamic cavitation and plasma discharge (Abramov et al., 2021). Treatment with the combination of cavitation and plasma produces shock-waves via the action of collapsing bubbles, ultraviolet radiation, hydroxyl radicals and ozone formation (Figure 15). All of these effects participated in producing a peculiar effect on the treated liquid, such as disinfection by cavitation, disinfection by radicals and ozone, disinfection by UV light, prolonged oxidation after treatment and homogenization. The authors analysed, in particular, the effects of this treatment on E. Coli concentration. With the hybrid set-up, more than 95% of microorganisms were suppressed, which contrasts with the 10% reduction provided by hydrodynamic cavitation alone. Additionally, a 7% methanol solution was used as a model organic pollutant to study the effectiveness of the combined system on pollutant decomposition in water. After treatment, the concentration of methanol was decreased 5-fold. Several publications have described the combination of MW technology and micro-channel reactors under flow mode conditions.
[image: Figure 15]FIGURE 15 | Hydrodynamic and plasma discharge: Laboratory set-up for useful for advanced oxidation process (AOP). Reprinted with permission from (Abramov et al., 2021). Copyright (2021) Elsevier.
He et al., have performed a Suzuki-Miyaura cross-coupling reaction using a heterogeneous Pd-supported catalyst (Pd/Al2O3) in a custom-built microreactor heated by means of MW irradiation (He et al., 2004). Two-reactor designs have been developed. In the first (Figure 16A), the top and bottom plates of the microreactor were both 3 mm thick. The catalyst channel was 1.5 mm wide, 80 µm deep and 15 mm long and connected to the inlet and outlet reservoirs by channels that were 130 µm wide and 50 µm deep. In the second (Figure 16B), the thickness of the top plate is 10 mm and the bottom plate is 3 mm, the catalyst channel which was 1.5 mm wide, 50 µm deep and 15 mm long. The dimensions of the catalyst channel were unaltered, and a thin gold film, with two different thicknesses (10 or 15 nm), was added to the outer surface (He et al., 2004).
[image: Figure 16]FIGURE 16 | Microreactor employed in Suzuki–Miyaura couplings (He et al., 2004). Reproduced with permission of Royal Society of Chemistry.).
Different heating methods for the microreactor design were tested: room temperature, oil bath, MW heating and MW combined with gold coating. In all cases, a flow rate of 5 μl min−1 was used and the best conversion (99%) was obtained at low MW power (55 W) with the gold coating to enhance heat transfer. Finally, the authors compared the two designs and observed that design A required longer residence times due to the lower flow rate, but required less catalyst and less MW energy, giving good product yields (between 72% and 90%, with reference to the starting compound).
CONCLUSION
General consensus indicates that chemistry should be re-designed to facilitate safe, secure and sustainable research. Such concerns appear to be critical in contemporary science. This is particularly true for people working in chemical companies and laboratories, where work and production may involve potential risks of exposure to hazardous materials, along with spills into the environment, thereby increasing damage still further. Together with green chemistry principles for the prevention and minimization of impacts, machined chemistry can help us to enhance efficiency while reducing waste and cost. This article provides a concise overview of all the main synthetic technologies used for process intensification, either alone or in combination, in accordance with the general trend to move from batch to continuous-flow production.
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