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Abstract

:

In the present review article, the definitions and the most advanced findings within Process Intensification are collected and discussed. The intention is to give the readers the basic concepts, fixing the syllabus, as well as some relevant application examples of a discipline that is well-established and considered a hot topic in the chemical reaction engineering field at present.
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1. Introduction


Process intensification (PI) is defined as an innovative principle applied in chemical reaction engineering and process design. The first definitions were given in 2000, when the pioneering work of Stankiewicz and Moulijn began this means of novel enthusiastic definition of chemical processes [1], which can bring significant benefits in terms of process and efficiency, higher quality of products, lower capital and operating expenses, less waste, and improved process safety. Starting from that moment, several roadmaps [2,3,4,5], books [6,7,8,9], and scientific papers [1,10,11,12,13,14,15] were published in the field, focused on PI in the chemical industry. As more papers have been published in the field, there is a growing need to summarizing all the efforts published in the literature in order to provide a starting point for researchers in both the academic and the industrial arena to begin investigating the different options available within Process Intensification. For this reason, the authors have decided to write this dedicated review article.




2. Overview of Strategies for PI


Efficiency in terms of atoms, mass and energy, along with process profitability, mainly depend on the selection of a proper chemical transformation, a suitable catalyst, and a favorable reactor type. More active and long-term stable catalysts are one route for significant improvement. For a synthesis with an already optimized catalyst, the productivity and selectivity of the process can be remarkably affected by the choice of the reactor type and operating conditions, because thermodynamic equilibrium as well as reaction kinetic properties are fixed in this case. Although the reactor typically represents only 5% to 15% of the capital and operating costs of the plant, it mainly dictates the number of up- and downstream process units, and therefore the costs and efficiency of the whole process [16,17]. For improvements in reactor technology, chemical reaction engineers have focused on the integration of multiple unit operations in one apparatus, enhanced transport properties, and alternative process fluids and energy sources [14].



Van Gerven and Stankiewicz (2009) [11] provide four guiding principles for PI:




	
Maximize the effectiveness of intramolecular and intermolecular events (example: dynamically changing conditions to attain kinetic regimes with higher conversion and selectivity).



	
Provide all molecules the same process experience (example: plug flow reaction with uniform, gradientless heating).



	
Optimize driving forces at all scales and maximize the specific surface areas to which they apply (example: increase transfer surface area through microchannel designs).



	
Maximize synergistic effects from partial processes (example: multifunctional reactors).








The principles and the main concepts are accepted worldwide, and are today considered common practice and theory. The four principles above lead to practical application. Changing the structure of a conventional reactor means focusing both on the catalyst and on the reactor’s shape and dimension. The synergy between chemical reaction and separation unit leads to the design of more compact and cheaper plants, reducing the amount of equipment and thus simplifying the control systems of the chemical plant. The pursuit of novel energy sources leads to more efficient mixing and heating systems, allowing for optimal heat and mass transfer properties. Alternative time use and optimization can be reached by implementing dynamic operations or using alterative fluids that enhance the global conversion of a reaction network.



A summary of the main idea, including the four principles and their means of application, is shown in Figure 1.



Starting from these concepts, Process Intensification allowed for the opening of Novel Process Windows, making possible the achievement of process performances in terms of conversion, selectivity, and safety issues [19]. As reviewed by Illg et al. [19], it is possible to achieve good performances for reactions characterized by strong limits (e.g., high exothermicity, low miscibility of the reactants) by going beyond the classical protocols and applying PI concepts, permitting excellent mixing and thermal control when using milli- and microreactors. This aspect clearly led to the possibility of working in harsh conditions with respect to the element of safety; for instance, explosive conditions that cannot be achieved in a conventional apparatus (e.g., Kolbe–Schmitt synthesis or the bromination of 3-nitrotoluene [19]), as well as the development of one-pot processes, reducing waste compared to classical methods for the synthesis of chemical intermediates (e.g., synthesis of phenyl boronic acid [20]). Fast reactions can be handled and studied, as residence times can be on the order of magnitude of milliseconds; thus, it is possible to achieve very precise kinetic information to optimize the chemical process.



Writing a review article on PI is a rather difficult task today, as several books and reviews have been published already. Therefore, the aim of this paper is to give the reader both the basic tools of PI, including definitions and the explanation of the primary strategies. Moreover, an evaluation of intensification potential, including guidelines to help a chemist to choose an intensification pathway, are be reported here as well. The review is accompanied with PI examples; it must be remembered that the application examples reported within this review article are only a small selection of chemical processes, as the volume of PI literature is exploding in the most recent years. The main trends can be seen in the Scival Analysis shown in Figure 2.



As revealed, the trends are very clear, suggesting that researchers are exploring PI alternatives in every field of chemical reaction engineering, starting with reactor design and including, among others, mixing science, catalysis, unit operation design, and alternative energy sources.




3. Detailed Description of Selected Strategies


3.1. Equipment Design


In this section, the newest efforts published in the different areas of process intensification dealing with equipment design are described. Different levels for the process intensification of a reactive unit can be identified as:




	(a)

	
miniaturization, reactor structure, and catalysts;




	(b)

	
integration of mixing elements and static mixers;




	(c)

	
combination of unit operations with multifunctional reactors.









The basic concepts of each technology area along with examples applications are given in detail within this section.



3.1.1. Structuring and Miniaturization of the Reaction Chamber


The integration of regular structures into the contact apparatus is a successful approach to intensifying the transport of mass and energy. By structuring on the catalyst level, the pore system inside the catalyst is designed in such a way that diffusive transport is maximized or diffusion limitations are used to promote desired reactions and suppress undesired side-reactions. By structuring on the reactor level, random packed beds of particles, pellets, or extrudates inside reactor columns are replaced by a regular catalyst structure. This results in larger surface areas for solid–fluid contact and in higher porosities, which reduce flow resistance. Furthermore, the reactor void volume is partly separated into smaller reaction chambers which provoke thinner boundary layers, enhancing mass transfer as well as enabling precise control of the fluid flow, affecting sharper residence time distributions, among other things [21,22].



A well-known example of PI through structuring of the apparatus is the implementation of structured packings in continuous distillation columns [23]. These packings are composed of vertical crimped sheets, increasing the packing porosity from 40% to more than 80% in comparison to a random particle packing in similar geometric surface areas [24].



In chemical reactors, structured monolithic packings (known as honeycomb packings) have been used in exhaust gas treatment since the 1970s. Monolithic packings consist of an array of parallel flow channels, and combine large specific surface areas of several 1000 m2/m3 with high porosities of 80% or more [25] (see Figure 3). Usually, monolithic packings are manufactured by extrusion of a ceramic paste (hydraulic channel diameters down to 0.7 mm [26]) or by wrapping a set of straight and corrugated metal sheets (hydraulic channel diameters down to 0.6 mm [27]). Even smaller channel diameters, of 100 µm or less, can be generated by mechanical processing; by milling, for example, or by chemical processing, e.g., etching of foils which are afterwards stapled and connected by welding or bolted fastenings. The latter structures are commonly known as microreactors. By stapling of the foils guiding the reactants and the heat transfer fluids (a principle known from plate heat exchangers), reactors with excellent temperature control can be built, which may open novel process windows for so-called flow chemistry devices [28,29].



Beginning in 2003, open-celled foam structures have become more and more the focus of research due to their extremely high porosity and surface area [24,30]. Furthermore, such structures also provoke a radial transfer of matter which is not present in monolithic packings, making them less sensitive to initial liquid distribution. However, an efficient and reliable method to deposit industrial catalysts is still a central challenge in the application of these novel catalyst structures. An alternative could be the integration of industrial catalyst particles into structures which guide the flow in so-called composite structured catalysts [31,32,33]. Particles, pellets, extrudates and even foams are suggested as internals.



Due to the advancements in additive manufacturing methods, the manufacture of process-tailored structures seems to be the next step in further exploiting the full potential of structuration and miniaturization, as addressed in a recent special issue of Process Intensification of Chemical Engineering and Processing [34,35,36,37]. It should be mentioned that there are many other strategies for structuring and miniaturisation, such as fibre-based structures [38], capillaries with slurry flows [39,40], or micro-packed bed reactors [41,42], to name a number of areas which were not addressed here.




3.1.2. Integration of Mixing Elements and Static Mixers


Mixing plays a very important role in industrial processes as the way in which reagents are mixed affects the selectivity of reactions, and consequently the process efficiency. Static mixers have become widely used in the process industry thanks to their favorable characteristics [1,18,43,44]. Static mixers, together with heat exchangers, are very important in the process industry as mixing, chemical reactions and heat transfer occur within the same equipment. Static mixers are used as an alternative to classical mixers because similar results can be obtained with lower costs. Several advantages make them suitable to replace the classical equipment, among which are lower space requirements and energy demand thanks to the absence of moving parts. Further benefits include low operational costs, increased process safety, and better selectivity with respect to the reduction of byproducts reduction thanks to mixing intensification [43,45,46]. This has led to various applications in several fields, e.g., chemistry, pharmaceuticals, food, polymers, and water treatment. A static mixer is made by fixed inserts placed in pipes with a specific geometrical form; they can be made from different materials, making them suitable even in difficult operating conditions.



Static mixers have a wide variety of geometries, which can be classified into five groups: open designs with helices, open designs with blades, corrugated plates, multi-layer designs, and closed designs with channels or holes [43,45,47]. Figure 4 shows a generic representation of a static mixer.



The industrial application influences the choice of mixer, as the inserts have different effects on the fluid flow. In this way the improvement of mass and heat transfer can be realized.



Static mixers are used in several applications including liquid–liquid, gas–liquid, solid–liquid and solid–solid systems [45]. They lead to better homogenization of the feed and lower residence time. Originally, static mixers were developed to mix fluid in laminar flow, and successive applications for heat transfer in turbulent systems were improved [45]. Mixing mechanisms are different in laminar and turbulent flows. Laminar flows are typical of high viscosity fluids, for example in the food, cosmetics, polymer and varnish industries [43]. A low mixing level in the laminar flow leads to spatial and temporal non-homogeneity in composition, as molecules that leave the pipe at the same time enter at different moments in turbulent flows; static mixers promote a high radial mixing leading to heat and mass transfer increase, particularly in the case of laminar flow, while the improved effect is smaller in turbulent flows [43,48]. Important applications of static mixers are gas mixing and mixing of aqueous solutions in turbulent flow, particularly for water treatment and mixing of polymeric solutions. They are used also as reactors for polymerization. Static mixers are useful for mixing gases and liquid fuel before a reaction to improve the yield. Furthermore, they can reduce NO emissions in combustors, and can be used in catalyst tubes in a reformer furnace, where inserts increase the heat transfer coefficient and avoid cocking, which prevents the catalyst degradation caused by hot spots [43].




3.1.3. Multifunctional Reactors


Multifunctional reactors represent the frontier of Chemical Reaction Engineering science and the intensification of chemical systems. The term ‘multifunctional’ clearly indicates that a single unit consists of a smart combination of more than one unit operation, including a chemical reactor. The main advantage of this approach consists of realizing optimized equipment where both the kinetics and transport phenomena are optimized, obtaining the desired target product specimen (i.e., conversion and selectivity) while at the same time separating the desired product from the reaction mixture (usually composed of byproducts and unreacted reagents). The idea behind this concept is not novel, as many articles on the topic have appeared in both the scientific and technical literature. Some applications are even running at the industrial level, such as FCC, wherein a single piece of equipment combines several units: (i) the riser, serving as the chemical reactor; (ii) an initial fluidized bed to separate the products from the spent catalyst; and (iii) a third fluidized bed to regenerate the catalyst via coke oxidation.



The rationalization of the concept in terms of process intensification, along with a related classification, was published by Dautzenberg [10], individuating four main classes including the multifunctionality of the following:




	
The catalyst, combining catalytic properties with an engineered catalyst structure;



	
The reaction inter-phase, in which a chemical reaction is improved by interphase mass transfer;



	
The intra-reactor level, combining a chemical reaction with an intra-reactor unit, e.g., heat transfer or separation;



	
The inter-reactor level, combining two reactors using recirculation of solids.








The latter two categories are well-framed in this review article in the context of the process intensification of chemical plant units.



Coupling a chemical reaction with an intra-reactor process is a valid procedure in process intensification. The integration of the unit process (e.g., chromatographic separation, distillation) with the chemical reaction occurs by combining the two operations within the same equipment [49,50]. In every case, both operating costs and investment are lower than for plants designed with conventional reaction followed by the operation unit.



Reactive distillation represents a combination of chemical reaction and distillation, normally conducted using heterogeneous catalysts packed within the equipment (Figure 5a). The unit works at a constant pressure, ensuring precise temperature control in the catalyst zone as set at the boiling point of the mixture, using the reaction heat to vaporize the products. In the case of reversible reactions, catalytic distillation permits working over the chemical equilibrium, as the products are separated during the distillation once they are formed, switching the reaction to the products side.



Selective extraction combines chemical reaction and liquid–liquid extraction, where a solvent is fed either in co-current or in counter-current to a packed bed reactor, where the packing is a heterogeneous catalyst. Even in this case, a reversible reaction can be switched to the correct side by extracting the products from the reaction mixture.



Another interesting case is the use of membrane reactors, where membranes are used to selectively separate one of the products to shift the chemical equilibrium. The main idea is sketched in Figure 5b, where the membrane can be placed next to the catalytic bed to allow the selective separation of one of the components.



Reactive chromatography implies the combination of reaction and chromatographic separation in the same unit, where the packing material must act both as catalyst and stationary phase (Figure 5c). For a reversible reaction, the chromatographic separation permits working over the chemical equilibrium, offering different advantages compared with classical packed bed reactors: (i) conversion enhancement, overcoming equilibrium limitations; (ii) separation of the products; and (iii) enhancement of the selectivity of complex reaction networks [51,52]. This system is well suited for esterification or ketalization reactions, where water must be removed on-stream to achieve full conversion of the reactant [52,53,54,55]. Its industrial application is unrealistic, as it is in effect a semi-batch system; therefore, the analogy of the simulated moving bed reactor was developed, where the feed/extract/raffinate position of a packed bed is switched automatically in different positions of the packed bed in order to simulate the motion of the catalytic bed with the operation time [56,57], leading to a continuous operation.





3.2. Alternative Energy Sources


There are several different types of irradiation which can be used for process intensification due to their ability to produce intense localized heating, turbulence, and chemical effects [58]. Here, we will briefly describe the most popular types, namely, microwave, ultrasound, and plasma irradiation, and highlight some of the most recent scientific progress using these techniques in the context of chemical engineering. As seen in Figure 6, among these three technologies, using microwaves to enhance chemical systems has been the most commonly reported in scientific research, with an annual output on this topic of over 500 publications in the chemical engineering field at present.



3.2.1. Microwave


One of the greatest benefits of using microwave irradiation is selective, targeted heating. Microwaves are frequencies in the gigahertz (0.1–300 GHz) range, falling between the infrared and radio wave regions; typically, microwave ovens operate at 2.45 GHz. Here, different molecules behave differently depending on their absorbance. More polar substances absorb better than less polar ones; hence, for example, water is rapidly heated by MW radiation, while oil is heated much slower and a ceramic plate underneath is not directly heated at all when preparing some food in a microwave oven. In terms of energy saving, using microwave heating can save energy consumption; however, other benefits can be found as well. There are many examples of this in chemical engineering, where this kind of selective heating can be beneficial, such as the extraction processes of various components, as well as in actual reactions such as transesterification reactions.



Extraction of natural substances from one phase to another is one of the oldest applications. Typically, conventional extraction is carried out with a solvent which captures the desired compound. This is the most-developed type of technique utilizing microwave technology at the moment, as it offers such important advantages over traditional solvent extraction [59] as reduced use of solvents, improved extraction kinetics, and higher yields in shorter extraction times due to the benefit of localized heating under microwave radiation, which can disrupt cell walls and plant tissues and result in the release of solutes from the material [60]. Recent advances in extraction using MW include using supercritical conditions. The idea is to apply higher pressure over the system in order to maintain the solvent in its liquid state even at higher temperatures, which increases solubility, extraction, and extraction velocity [61]. Other new strategies in achieving microwave enhanced extraction include so-called negative pressure cavitation, utilizing nitrogen for increasing turbulence in liquid–solid systems [62].



Reaction intensification using microwaves is perhaps the most-debated topic in process intensification over the last decade. The discussion has focused on whether microwaves truly enhance the kinetic reaction rate itself, or if the enhancement is due to the fact that the temperature is locally increased such that reactions occur faster due to the Arrhenius effect. However, the observed enhancements are attributed to selective heating and generation of local hotspots. Regarding the debate on this matter, attention has focused on the accuracy of temperature measurements. A worthy critical review on this topic is given by Priecel and Lopez-Sanchez [63]. Selective heating is accomplished when at least two substances with different absorption responses to MW are present. Often, one of the substances is a catalyst and becomes much hotter than the bulk temperature around it, and therefore the reaction rate is increased. This property can be successfully enhanced by, for instance, adding a specific metal or carbon material, i.e., Pd on active carbon, which strongly absorbs MW irradiation [64]. However, care must be taken in the selection of the MW field strength, as overheating can have negative effects such as deactivation of the catalyst. Therefore, it is recommended to carefully measure the true temperature applied to the particles which are heated by MW, for instance, by using fiber optic probes/thermocouples along with thermal cameras [65].



Additionally, microwave irradiation in chemical reaction systems has found an important place in materials processing due to the different behaviors of materials when affected by microwaves. Non-magnetic materials experience dipolar and conduction losses, whereas magnetic material behave in much more complex ways. These properties have led to new research in various areas of composites, such as gas sensor nanomaterials, photocatalytic materials, and graphene, to name a few. An excellent overview of current applications of microwave processing of materials is available from Mishra et al. (2016) [66].



Recently, Kappe et al. rationalized the effect of microwaves in organic synthesis, underlining that the main effects of microwaves can be explained as bulk thermal phenomena [67]. In detail, the authors critically defined and analyzed the phenomenon, discussing cases in which microwave irradiation is very effective (e.g., the synthesis of 2-methylbenzimidazole) or in which it is inefficient, concluding that nonthermal microwave effects do not exist.




3.2.2. Ultrasound


Ultrasonification is a term describing the use of ultrasound in a process to enhance either the efficiency of a reaction or to improve mass transfer or dissolution of solid reactants. The effect of ultrasound originates from the extremely high local temperatures and pressures which are attained inside of cavitating “bubbles” when they are about to collapse, leading to the formation of reactive intermediates. The first description of cavitations originating from ultrasound was reported by two shipbuilders in Britain (Thornycroft and Barnaby) as early as 1895, who noted strange erosion on a propeller. The first study of the relevant chemical reactions was reported by Richards and Loomis in 1927 [68] in a study on the hydrolysis of Dimethyl Sulfate. Later, so-called cavitations were described in 1949 by Plesset [69], defining the phenomenon for the first time. However, the growth in the field of sonochemistry started on a large scale in the late 1990s. Both phenomena, enhancing of reactivity and mass transfer, have subsequently been widely studied on the lab scale; however, the adoption of this technology in industry has been difficult, particularly due to issues with microfluidic clogging, numbering up, and scaling up [15]. Taking a closer look at where most of the research dealing with ultrasound is being carried out, it is not surprising to see the medical research category clearly in the top position, with the food processing and multidisciplinary chemistry areas more or less tied in the second place based on a count of the review articles over the recent five years containing the keyword ‘ultrasound’ (source: web of science).



Chemistry-related research dealing with ultrasound has grown steadily during the last 20 years. Currently, the leading journal in this field, Ultrasonics Sonochemistry (Elsevier, IF 6.5 at date), yields around 500 publications per year. When inspecting the type of research that is currently done, relating primarily to chemical reactions and reactors induced by ultrasonic waves, a breakdown of review articles can be made: food related utilization applications are dominant, while on the pure chemistry side, degradation of different aquatic pollutants as well as nano-related reviews stand out (source: reviews in Ultrasonics Sonochemistry, 2020). We now take a closer look at what kinds of ultrasound-related research relating to chemical modification have been performed in the past several years. Web of Science offers a filtration of search results within “Hot Papers”. In order to be considered a “Hot Paper”, a publication must have been published within the past two years and received enough citations as of May/June 2020 to place it in the top 0.1% of papers in the academic field of its section (here, the field of Engineering). The hottest paper today, cited 38 times to date, (18 October 2020, keyword: ultrasound, field: engineering) is a paper studying photocatalytic degradation, where ultrasound combined with photocatalysis is used to assist in the removal of the pharmaceutical drug sulfadiazine [70]. In sono-photocatalysis, US waves can refresh the surface of photocatalysts continuously and create a fresh catalyst for further reactions. Water dissociation and subsequent dissolving of oxygen molecules take place in hot spots to form free radicals (    HO  ·  ,   O  2 ·    and     HO  2 −   ), leading to the destruction of organic compounds. In the study of Hayati, a clear improvement in the reaction kinetics was found when increasing the effect of UV intensity, as well as when increasing the effect of US power. Radical scavengers were used to prove that radicals are formed; additionally, they found that the most active radicals for sulfadiazine degradation were hydroxyl radicals, and that the second-most active were positively-charged holes.



A review by Sancheti et al. [71] summarized the current engineering aspects in terms of chemical synthesis using ultrasound technology. In their study, the reaction system was classified depending on the phases involved: homogeneous reactions benefit from US only in radical mechanisms, whereas heterogeneous reactions are influenced by the physical effects of cavitation such as shrinking of particles and improved mass transfer. If combined (radical reaction and several phases), there is a high probability of enhanced intensification. Moreover, in this review, recent reactions assisted with US were well-summarized: benefits were found from oxidation reactions i.e., the cyclohexanone reaction time can be shortened from 60 to 15 min while using less energy [72]. Shorter reaction times were noticed with acetylation reactions [73], Mannich-type reactions [74], Aza–Michael reactions [75], and catalytic coupling reactions [76,77]. Significantly higher yields were reported for bromination of aromatic compounds [78]. A cleaner product and shorter reaction time was reported for synthesis of lutein disuccinate [79], as well as for esterification of carboxylic acids [80] and enzymatically catalyzed transesterification of glycerol [81]. Other reported benefits using US were reported, such as avoiding the formation of unwanted side products in synthesis of dichloroaziridines [82]. The guidelines for ultrasound operating parameters, such as the effects of power and frequency, duty cycle, and temperature on performance were thoroughly discussed in the review by Sancheti [71], highlighting how crucial it is to take all these into account when designing a new ultrasonificated reactor system.




3.2.3. Plasma


Plasma-assisted process intensification is the third non-conventional energy source explored in this review. Plasma can be defined as the fourth state of matter, where an ionized substance becomes highly electrically conductive such that long-range electric and magnetic fields dominate its behavior. Using plasma reactors is a rather new and exciting technology compared to MW and US. However, it is finding grounds for use in a vast range of applications, from decomposition of CO2 and other volatile organics and removal of aquatic pollutants to naphtha-cracking, steam reforming of ethanol, and biomass pyrolysis. Indeed, plasma technologies are now widely studied for their application in CO2 reduction in fuels and chemicals due to the potential to enable methane activation to more reactive intermediates [83]. It may be worthwhile here to distinguish between different plasma types. Plasma is usually associated with a very hot fluid; however, plasmas can occur in a wide range of temperatures depending on their energy level, temperature, electronic density, and whether the plasma state is classified either as a high temperature (thermal) plasma or a cold (non-thermal or non-equilibrium) plasma. Very hot temperatures can have a negative or ‘scary’ chime and many reactions cannot be performed at high temperatures. Therefore, authors have recently adopted the term non-thermal plasma (NTP) technology for cases when the process occurs at ambient temperatures. NTP finds applications in the removal of volatile organic compounds (VOCs), where typically control of VOC emissions has relied on technologies such as adsorption, thermal and catalytic oxidation, membrane separation, bioreaction and photocatalysis [84]. NTP has proven to be more efficient and less energy-intensive than most of the traditional gas treatment technologies, and is capable of ionizing compounds in gaseous form, thus leading to future innovations in many chemical synthesis reactions, especially in the field pollution control [85]. A wide variety of plasma technologies has emerged lately, including dielectric barrier discharge (DBD), corona, microwave, radio frequency (RF), glow discharge and gliding arc discharge technologies [86].



So-called cold plasma has gained attention in food processing due to the ability of plasma to inactivate microbial growth [87]. Food science thus tops the current research trends in plasma; however, this is outside of the chemical engineering scope of this review.



Chemical engineering, especially reaction engineering research, has been focusing recently on non-thermal plasma technology, as the low temperatures used lead the process in a more sustainable direction. Using NTP for synthesis of ammonia has been a recent trend [88], as ammonia could be a clean, sustainable fuel source and an efficient medium to store energy due to its power a hydrogen carrier molecule. The Haber–Bosch process is known as a major non-green energy consumer, and here NTP would be an excellent candidate to reduce the losses and emissions of VOCs. At this point, researchers have made smaller developments in catalyst synthesis, providing stronger plasma synergistic activities, and reactors designs have been optimized for more rapid separation of ammonia after being synthesized. As for the catalyst type, it has been found that powder is unsuitable as it tends to spread under plasma conditions; therefore, pellets are preferred [89].



In addition to ammonia, other chemical processes with lower pressures and temperatures have been reported, such as hydrocarbon reforming, for instance, for hydrogen production in fuel cells [90]. These processes, assisted by non-thermal plasmas for hydrogen production, have been much studied in recent years. In the review of Petitpas [90], many different reforming reactor technologies which have emerged in the non-thermal plasmatic field were discussed. Most recently, Abiev et al. [83] reviewed the latest discoveries in NTP-assisted dry reforming of methane (DRM) fields, focusing on renewable feedstock. The leading vector in this field is the combination of metal doped Ni-based catalysts and post-plasma photocatalysis. Photocatalysis seems to be an important step towards further developments in the plasma catalysis field. In summary, plasma and catalysis have different reaction mechanisms and might complement each other; thus, combining them can be a promising technique to improve DRM performance. Electron density can be increased with a catalyst, resulting in higher energy efficiency, whereas plasma interacts with the catalyst to restructure active metals and supports, leading to enhanced catalyst activity. Combining them can provide many benefits via synergistic effects [91].



Carbon dioxide is a hot topic in thermal and non-thermal plasma research. It has been found that CO2 can be activated in a pulsed discharge field. Vibrational levels of CO2 molecules can be excited by plasma, and the kinetic energy of electron impact dissociation can consequent be reduced from 11 eV to 5.5 eV [91].





3.3. Dynamic Operation Modes


Dynamic or unsteady operation modes of chemical reactors may improve reactant conversion, selectivity to the target molecule, energy efficiency, and catalyst lifetime, among many others. By tuning the dynamically changing conditions at the catalyst surface, the catalyst can operate in another kinetic regime or in multiple regimes; affecting the yield and selectivity and/or mass transfer of the limiting species can significantly elevate reactor productivity. Furthermore, the yield of intermediates in consecutive–competitive reaction networks can be elevated by time-dependent acceleration of forming reactions and throttling of decomposition reactions due to variable dosing of the educts. The thermal inertia of the catalytic bed may be used as a recuperator to preheat educt streams and to homogenise temperature profiles [8,92,93,94,95,96].



In dynamic operation modes, process parameters such as flow direction, flow rate, concentration, temperature, and pressure are periodically modulated, which may be achieved by (for example) flow reversal, modulation of inlet parameters, and movement of the reactor, as illustrated in Figure 7. It must be mentioned that there are many other strategies for benefiting from process dynamics, such as in discontinuously operated reactors, apparatuses combining reaction and separation (e.g., chromatographic, membrane or swing reactors), and systems with oscillating reactions, which will not be addressed here. Important characteristics of the dynamics include (a) the period  τ , defining the time between the repetitions of changes; (b) the split  s , giving the duration ratio of a partial cycle; and (c) the amplitude  A , describing the intensity of the change. These additional degrees of freedom provide further tuning parameters for process optimization. On the other hand, identification of favorable operation modes and reliable comparison with steady-state modes is very challenging, and usually requires extensive reactor simulation.



Reverse flow reactors have been investigated for exothermic reactions since the 1960s. Such an apparatus efficiently traps the reaction heat of the chemical reaction in the fixed catalyst bed. By switching between the two flow directions, the thermal inertia of the catalytic bed is used to quickly elevate fluid temperatures at the reactor inlet, to adjust optimal temperature profiles for reversible and selective reactions, and to exploit dynamic properties of the catalyst [94,95].



Exhaust gas treatment converters for cars were introduced in the 1970s, and are a typical example of a reactor operated under varying inlet conditions. However, the change in the amount and composition of the inflowing gas is not on purpose because it is affected by the operation mode of the upstream engine. A systematic variation of inlet parameters was extensively studied in trickle-bed reactors, that is, reactors with a fixed solid catalyst and gas–liquid downflow. In the so-called forced periodic operation, mostly liquid flow rates are modulated to enhance reactor performance. The liquid-rich pulses modify flow regimes to intensify mixing and mass transfer as well as to improve catalyst wetting by flushing and restructuring the flow in the catalyst bed. The low-liquid or dry phase provokes a thinning of liquid films, which enhances the transport of the gaseous compound to the solid catalyst and reduces heat removal, elevating the bed temperature [96]. Other typical modulation mode use changes include: (a) the feed composition, to adjust selectivity [97,98,99]; (b) the system pressure, to enhance mass transfer inside the porous catalyst as well as to benefit from adsorption/desorption phenomena [100]; and (c) temperature, which is rather challenging because of the thermal reactor mass [101]. It should be mentioned that reactors with feed modulation will play a major role in the implementation of power-to-X processes with fluctuating energy supplies [102].



Another way to provoke periodic changes in chemical reactors is to move parts of the reactor, or even the whole reactor. Spinning disk reactors are a typical example, and were introduced in the final years of the last century [103]. In these contact apparatuses, thin liquid films are created on a rotating disk inside the reactor, which provides large and tunable mass transfer rates and favors applications in absorption, mixing, and reaction processes [104]. Härting et al. [105,106] presented the concept of a rotating, inclined packed-bed reactor for gas–liquid reactions. The inclination and gravity lead to radial gas and liquid separation inside the reactor, i.e., parts of the catalyst bed are completely wetted, whereas others are surrounded by the gas phase. By applying rotation, the catalyst bed is periodically immersed in the liquid phase, which provokes adjustable contact times for gas and liquid with the solid catalyst [107]. Enhancement factors of 80% have been reported for a hydrogenation reaction [108]. Even more complex movements of the whole reactor have been investigated by the group of Prof. Larachi using a hexapod ship motion simulator [109,110]. The setup mimics the rolling and heaving motions in marine applications, which supports the development of offshore reactor installations. In addition, the potential of inlet modulation for reduction of maldistribution was analyzed [110]. Recent reviews summarize important findings in this area [111,112,113].



The review article published recently by Marin et al. is a particularly useful reference [114], as the technology involved was screened in all its aspects, ranging from modeling to application examples to practical considerations. The authors guide readers in designing and modelling the correct reactor for specific chemical applications.




3.4. Alternative Fluids


Great attention is focused at present on the development of solvents to replace volatile organic compounds, improving processes using environmentally friendly solvents such as water, supercritical fluids, and ionic liquids [115]. Ionic liquids are salts melting at a temperature lower than 100 °C, resulting in liquids composed of cations and anions [116]. The growing interest in ionic liquids can be attributed to the wide range of their applications, such as in catalytic reactions, where the solubility of components and the interactions between solvents and solutes are of crucial interest due to their influencing the reactivity of the solutes themselves, as electrolytes in batteries and capacitors and to replace conventional solvents [115,116,117]. The miscibility of a substance with an ionic liquid depends on the ions which compose the ionic liquid itself and the properties of the solute. In particular, miscibility with water is very interesting. Some ionic liquids are miscible with water in all compositions, while in some other cases two different layers are formed. This phenomenon is due to the strong hydrogen bonds between water and the ionic liquid anions; the solubility of water in the ionic liquid can be modified by adding short chain alcohol to the biphasic systems to increase mixing [116]. Interesting properties are common among ionic liquids: they are non-flammable, which is very important when they are employed as solvents in exothermic reactions; their vapor pressure is low as well, a characteristic which allows their use in separation techniques such as distillation or sublimation, where low-boiling solvents cannot be used. Furthermore, thermal stability in a wide temperature range is typical of ionic liquids, allowing good kinetic control of chemical processes as well as applications in temperature-dependent processes such as extraction or crystallization [115].



Another interesting alternative is represented by the supercritical fluids (Figure 8). A fluid is said to be supercritical when its temperature and pressure overcome the critical temperature and pressure. Supercritical fluids are characterized by intermediate properties between gases and liquids. They show a density similar to liquids with a viscosity and diffusivity similar to gases, and these properties can be modified by varying pressure and temperature [118].



Consequently, a supercritical fluid can diffuse in a matrix faster than a liquid solvent; however, at the same time it displays the solvent strength of a liquid to extract a component from the matrix itself [119]. The main advantage of the use of supercritical fluids in industrial processes is the possibility of separating the product and reusing the gas without any other purification steps. These benefits are particularly evident in the use of the most important supercritical fluids, CO2 and water. They are nontoxic, non-flammable, and thermodynamically stable. Furthermore, they show excellent heat transfer properties, and thanks to this characteristic they are considered a valid alternative to the fluids used in refrigeration systems [120]. Great attention has been paid to the use of CO2 as a solvent, as there are no additional costs for waste treatment and the process residual can be considered a highly value-added byproduct; however, the use of other solvents such as propane, butane, hexane, and ethanol in supercritical condition recently is drawing interest as well [121]. Supercritical fluids can be used in many applications, such as for the synthesis of new materials, supports for new catalysts, as a reaction medium in several reactions (examples of reactions which can be conducted supercritically with CO2 include Friedel–Crafts alkylation, hydroformylation and transesterification [122]), and in separation techniques such as chromatography and extraction processes [120]. Supercritical fluid extraction and chromatography are important purification techniques in the pharmaceutical and food industries [121]. One example is the extraction process of some natural compounds, such as vitamins and flavors, which are soluble in supercritical fluids. The classical method occurs in the presence of organic solvents to dissolve and separate the compounds from the solid, after which the product can be separated from the solvent by increasing the temperature. The advantage of using supercritical fluids lies in the possibility of removing the solvent from the product through depressurization, which lowers the temperature of the process and can be carried out in the absence of organic solvents [120]. Supercritical fluid extraction can be performed by bringing into contact the solid substrate and the supercritical solvent. Usually, the solid substrate is in a fixed bed and the supercritical gas flows through the fixed bed itself, extracting the product components [122].





4. Process Intensification: Potentials and Guidelines


In this paragraph, the potential of the PI strategies described in the previous section will be described and discussed. Moreover, some guidelines are provided to help the researchers choose between the different available options for intensification of a given chemical process.



In Table 1, the main benefits and drawbacks of the different PI strategies are reported, together with some common application areas. This table may be of interest for a reader who is starting his or her scientific journey in the field of PI.



The main benefits were already discussed in the previous paragraph; thus, it may be worthwhile here to underline some important drawbacks of these operations.



Miniaturized and structured systems seem to be the best alternative in PI, as they allow to work in ideal conditions in terms of fluid dynamics, allowing achievement of high selectivity and low chemical risks and reducing operation volumes. Therefore, operation is difficult to scale at industrial level, as numbering up is an expensive procedure due to the high price of a single reactor. Moreover, there is an elevated blocking risk as microchannels can be blocked by even small traces of microparticles contained in the reactant vessels.



Static mixers are easy to be set up, as the operation consists of packing a standard pipe. Therefore, even if good mixing can be achieved the reactor volume can decrease dramatically, leading long pipes to achieve the reasonable residence times needed for operation.



Multifunctional reactors are very efficient when selectivity problems are the main issue in the process; however, their operation can be expensive and sophisticated in terms of process control. Membranes are usually expensive, and must be maintained and replaced frequently overall when the reaction leads to heavy byproducts. A simulated moving bed needs a sophisticated control logic to control the switch between the feed and withdrawal positions.



MW, US and Plasma are very good options when thermal control is an issue; therefore, the equipment is expensive and characterized by an intrinsic risk, i.e., exposure to irradiation, which requires additional attention to the management of the chemical plant.



Dynamic operations are useful to optimize product selectivity; however, complex process control is required to ensure reproducibility; thus, phase composition may vary at the reactor outlet from test to test, which must be avoided during the operation of the industrial plant.



Alternative fluids are well-suited to replace standard solvents, and ensure high mixing of reactant and products as well as their subsequent separation. Therefore, these liquids are often very expensive, and their recovery and relayed purification is a major issue.



A second question to be answered is how to choose between the different PI strategies. In Table 2, the most frequently encountered process limitations and the suitability of different PI strategies are reported. This table can be considered a conceptual map where the reader should detect the correct PI strategy once the limitations of the chemical process of interest are defined.



When the main limitation, and thus the investigation area, is the reaction kinetics, most of the options are valid. Miniaturized systems can be useful to suppress internal mass transfer aspects and both concentration and temperature gradients along the axial and radial direction of the reactor, allowing the achievement of ideal fluid dynamics. Thus, it is possible to obtain the intrinsic kinetics of the system. When surface reactions are under investigation, transient operations can be of high impact, as they allow for collection of a large amount of steady-state data in one experiment [133,134] in order to distinguish between reaction mechanisms.



When working with continuous devices, very often the problem involves fluid–solid external mass transfer resistance [135,136]. In these cases, millireactors, microreactors, and static mixers can be the best option due to their high local turbulence, which can be achieved even at a low Reynolds number.



Product selectivity can be enhanced by using miniaturized reactors, static mixers, multifunctional reactors, and dynamic operations. There is a great deal of published literature in this field, demonstrating that when working at low residence times and for consecutive reaction networks, a high selectivity towards the intermediate can easily be achieved. For example, microreactors and transient-state packed beds can be adopted to enhance selectivity to ethylene oxide in the ethylene partial oxidation process [124,133].



Different options can be selected when the main idea is to decrease the process complexity; for example, reducing the amount of operation units using multifunctional reactors [52,55], or working with supercritical fluids to easily remove solvent from the reaction medium without the necessity of designing a sophisticated separation unit [119].



Finally, thermal and mixing control can be achieved using any of the selected options, as already discussed in the dedicated sections in the previous paragraph. The main idea is either to increase the specific surface area, namely the contact area between the different phases (milli- or microreactors, static mixers), use alternative energy sources (MW, US, plasma), or use a novel solvent which can be easily separated and acting as a thermal medium.




5. Conclusions


There is no a single choice, nor a simple choice, to intensify a chemical process. The PI strategy must be tailored to the chemical and physical application by investing time, passion, and energy in trying to find the best solution to achieve the PI goal. Possible alternatives, routes, and strategies are numerous, and new technologies will definitely emerge along with the need to reducing energy and loss of resources. In the present review article, we have summarized the main definitions and the strategies for PI in an attempt to provide order to the enormous literature published on this topic to date.
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Figure 1. Principles of Process Intensification: definition of the main concepts of PI with application examples, adopted from [11,18]. 
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Figure 2. Scival Analysis trends obtained using Process Intensification as keyword. 
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Figure 3. Comparison of bed porosity (   ε  P a    ) and solid surface area (   a  s , P a    ) for different structured packings. 
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Figure 4. Representation of a static mixer with helix elements for installation in a conventional pipe; adapted from [46]. 
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Figure 5. Sketch of multifunctional reactor units: (a) reactive distillation column; (b) membrane reactor; (c) chromatographic reactor. 






Figure 5. Sketch of multifunctional reactor units: (a) reactive distillation column; (b) membrane reactor; (c) chromatographic reactor.



[image: Processes 10 00099 g005]







[image: Processes 10 00099 g006 550] 





Figure 6. Number of annual articles on the specified topics (MW/US/Plasma) in the field of Chemical engineering; source: Web of knowledge 18.10.2021. 
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Figure 7. Selected strategies for dynamic operation modes of fixed-bed reactors: (a) reverse flow reactors, (b) reactors with inlet modulation, and (c) rotating reactors. 
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Figure 8. CO2 phase diagram, highlighting the region of supercritical fluids and both the triple and critical points. 
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Table 1. Main benefits and drawbacks of different PI strategies and potential application areas.
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PI Strategy

	
Pros

	
Cons

	
Application






	
Equipment

	
Miniaturisation and structurisation

	

	–

	
Alternate packings may be integrated in existing reactors




	–

	
Additive manufacturing enables tailoring the packing according to the process needs




	–

	
Enhanced temperature control







	

	–

	
No industrially-proven catalysts available




	–

	
Challenging phase distribution if radial mixing is suppressed




	–

	
Elevated blocking risk







	

	–

	
H2O2 decomposition [123]




	–

	
Ethylene oxide synthesis [124]




	–

	
Alcohol oxidation to aldehydes [125]










	
Integrated mixing elements

	

	–

	
Alternate packings may be integrated in existing reactors




	–

	
The eventually costs is rather cheap







	

	–

	
Lowering the volume of the reactive unit, leading to lower residence times per reactor volume




	–

	
Temperature control if the elements are non-conductive







	

	–

	
Biodiesel synthesis [126,127]




	–

	
H2O2 decomposition [128]










	
Multifunctional reactors

	

	–

	
Two operations in one unit (reaction and separation)







	

	–

	
Difficult to design and model




	–

	
Unit control is crucial







	

	–

	
Levulinic acid esterification [52]




	–

	
Ester hydrolysis [129]










	
Energy

	
Microwave

	

	–

	
Enhancing mass transfer between phases




	–

	
Rapid, selective heating/hot spots




	–

	
Extraction processes




	–

	
Low heating eventually costs







	

	–

	
The equipment has intrinsic risks




	–

	
Scale-up cumbersome




	–

	
Not applicable to every fluid







	

	–

	
Rapid synthesis of catalysts [130]




	–

	
Rapid HMF synthesis from glucose [131]










	
Ultrasound

	

	–

	
Enhancing mass transfer between phases




	–

	
Can be an inexpensive, simple, and efficient alternative to conventional extraction techniques, especially with solids




	–

	
Excellent for cleaning, i.e., of catalyst surfaces







	

	–

	
Not applicable to every fluid




	–

	
Effect of ultrasound waves varies depending on transmitter position




	–

	
Scale-up cumbersome







	

	–

	
Ultrasound Biodiesel production [132]










	
Plasma

	

	–

	
Mild operating conditions




	–

	
Unique advantages in activating inert molecules







	

	–

	
Cost of the equipment




	–

	
May lack selectivity as it can produce a diversity of activated species, radicals, and ions







	

	–

	
Dry reforming of Methane [83]




	–

	
Cleaner ammonia production [88]










	
Operation

	
Dynamic/transient operation

	

	–

	
Implementable without changes in catalyst and reactor







	

	–

	
Complex process control required




	–

	
Phase composition may vary at reactor outlet







	

	–

	
Olefine epoxidation [133]










	
Alternate fluids

	

	–

	
The operation can be conducted potentially in one liquid phase (if heterogeneous catalyst is not used)




	–

	
High reaction rates due to the high local concentration







	

	–

	
Conditions far from room temperature and pressure




	–

	
eventually costs of the alternative fluid (if Ionic Liquids)




	–

	
Separation of the fluid (if Ionic Liquids)







	

	–

	
Supercritical CO2 [121]




	–

	
Ionic liquids [117]
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Table 2. Commonly-encountered process limitations and suitability of different PI strategies.
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PI Strategy

	
Limitations by




	
Reaction Kinetics

	
Internal Mass Transfer

	
External Mass Transfer

	
Product Selectivity

	
Process Complexity

	
Thermal Control

	
Mixing






	
Equipment

	
Miniaturisation and structurisation

	
X

	
X

	
X

	
X

	

	
X

	
X




	
Integrated mixing elements

	
X

	

	
X

	
X

	

	
X

	
X




	
Multifuctional reactors

	

	

	

	
X

	
X

	

	




	
Energy

	
Microwave

	

	

	

	

	

	
X

	
X




	
Ultrasound

	

	

	

	

	

	
X

	
X




	
Plasma

	

	

	
X

	

	

	
X

	
X




	
Operation

	
Dynamic/transient operation

	
X

	

	
X

	
X

	

	

	




	
Alternate fluids

	

	

	

	

	
X

	
X

	
X
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