 2

[bookmark: _GoBack][image: ]


Chemical reaction engineering as a bridge between nano and macro world





[image: ]Health & Medicine


Chemical Reaction Engineering started its history with the development of refinery and petrochemical industry at the beginning of the last century ( Levenspiel, 1980 ). To come to commercial scale, laboratory data needs to be transferred toward industrial applications. That optimization of process performance demands for the merge of fundamentals sciences (chemistry, physics, mathematics—reactor modeling) in a new applied discipline: Chemical Reaction Engineering (CRE) ( Levenspiel, 1998 ; Froment et al., 2010 ; Scott Fogler, 2016 ). In the recent decades, an increasing trend is observed in the use of biology and particularly biocatalysis for application in biotechnology ( Bischoff, 1966 ; Katoh et al., 2015 ). 
The main fields of chemistry belonging to CRE are thermodynamics, kinetics and catalysis ( Levenspiel, 1998 ; Froment et al., 2010 ; Scott Fogler, 2016 ). The classical kinetic approach provides the development of know-how about the conduction of a kinetic test, drawing the lines about the correct definition of the minimum number of experiments needed to understand the kinetics of a reaction network ( Salmi et al., 2010 ; Santacesaria and Tesser, 2018 ). The main concern of this approach is the need to determine kinetic parameters from the collected data, most likely defining a reaction mechanism. The experimental data implementation is becoming nowadays more and more sophisticated, moving to a deeper understanding of the micro-scale of a reaction. To describe the observed chemical phenomena, the underlying physical phenomena need also to be considered ( Ramachandran and Chaudhari, 1983 ; Dudukovic et al., 1999 ). 
Currently, the boundary in CRE is pushed from the macro-meso-micro- to the nano-electronic scale ( Lerou and Ng, 1996 ; Šivec et al., 2019 ). This is enabled by advances made in the development of experimental equipment for investigation. For instance, nowadays it is possible to follow the kinetics of a reaction with in-situ operando techniques allowing the determination of realistic reaction mechanism ( Gracia et al., 2003 ; Frenken and Groot, 2017 ; Li et al., 2019 ). To describe the phenomena at the nano scale it is necessary to use a quantum mechanics approach. Increasingly, DFT is coupled with kinetic modeling, coined microkinetic, demonstrating high predictability of the reaction kinetics ( Alexopoulos et al., 2016 ; Hussain Motagamwala et al., 2019 ). In the future, efforts in this field are expected to provide important insights into molecular phenomena and to foster process improvement. 
A great disruptive transformation of reactor design has made its way from academia to industrial use. New concepts are now available, such as: 
• the intensification of the processes with multifunctional reactors ( Cho et al., 1980 ; Taylor and Krishna, 2000 ; Rodrigues et al., 2012 ; Gallucci et al., 2013 ; Russo et al., 2018 ) 
• the opening the novel process windows by microreactors ( Kiwi-Minsker and Renken, 2005 ; Hessel, 2009 ); 
• the use of alterative way to transfer energy to the reactive system (mainly with microwaves or cavitational reactors; Nüchter et al., 2004 ; Gogate, 2008 ). 
All the above new concepts have the same objective: on the one hand to optimize the processes by reducing the required energy and waste and, on the other hand, to increase the safety. Yet, although they can offer more novel process windows, with only a part of that having been released,—the new types of reactors slowly change the way of carrying processes. 
Also concerning macro-scale processing substantial efforts have been made to improve technical instrumentations, allowing the precise determination of the physical properties of fluids and solids inside the reactors (e. g. tomography, high resolution IR camera, MRI imaging) ( Kumar et al., 1997 ; Gladden et al., 2003 ; Rafique et al., 2004 ). Therefore, the classical approach of describing physical phenomena in simple terms is moving in a more sophisticated and realistic direction: from the use of dimensionless numbers to computational fluid-dynamics. Classically, for example, when simulating continuous reactors, the momentum balance equations are neglected, and the fluid-dynamics is described in terms of pressure-drop correlations. This approach is usually valid, but what if the geometry of the packing is non-conventional? What if the fluid-dynamics is far from being classical? It has been demonstrated that CFD modeling can be coupled with a classical kinetic approach to consider irregular geometries of non-conventional packing materials, such as foams ( Della Torre et al., 2016 ). 
These approaches are at the forefront of CRE: scientists specialized in physical chemistry and fluid-dynamics develop tools for the deep investigation of the fundamentals of the cited disciplines. It is evident that classical CRE is the joining link between the two approaches. 
In the development of CRE the evolution of computational tools (both hardware and software) is gaining a fundamental role. Computational times are becoming ever shorter, high performance calculators are released virtually every day, supporting the development of reliable and more sophisticated kinetic and reactor models. Great efforts have been made in the past to develop adequate mathematical models. The research in the field is still taking on new challenges for chemical reaction engineering ( Varma and Morbidelli, 1997 ; Rasmuson et al., 2014 ). 
What is the Grand Challenge of CRE ? The main challenge is to build a reliable bridge from the nano to the macro scale, that allows to predict the behavior of a whole chemical process, starting from its definition by scratch. To do this it is certainly necessary to continue researching the boundaries (the nano dimensions and the detailed description of fluid dynamics phenomena) without compromising the use of classical approaches. It must be remembered that often the simplest approaches lead to the faster and to the most reliable results (KISS principle—keep it simple, stupid). Both fundamental and applied research are equally important to achieve the final objective: to develop new chemical processes for the sake of increasing safety and decreasing depletion of natural resources and the total environmental impact, following the 12 principles of green engineering ( Anastas and Zimmerman, 2003 ) and sustainable process design ( Constable et al., 2016 ). 
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