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Highlights
· A novel 3D printed reactor was designed for flow chemistry applications.
· Sulfonation of anisole and dilution of sulfuric acid were tested as model reactions. 
· Batch and commercial 3D printed reactor used as benchmark. 
· Computational fluid dynamics was used to assist in reactor design.

1. Introduction
Exothermic and corrosive reactions are normally carried out in batch units manufactured with expensive steel alloy materials and sometimes with high dilution. Additive manufacturing can be used for continuous reactor design with tailored properties for matching mass and heat transfer rates. Additionally, the possibility of printing in titanium can lead not only to smaller volumes and thus increased safety, but also to higher rates of heat transfer.
Design of tailored reactors is a new area of flow chemistry that can allow higher interplay between design and possibilities to tailor mass, heat and momentum transfer (mixing). This can result in reactors having the properties of micro-reactors but with the advantage of being millimeter size. 
Exothermic reactions are present in almost all fields of chemistry. Unfortunately, often the increase of temperature resulting from the reaction not only accelerates the reaction that was targeted, but also triggers other reactions resulting in a net loss of selectivity and reducing conversion towards desired products. 
In last years, additive manufacturing has proven that it allows great flexibility in the design of customized pieces. The customization of shapes that is possible to achieve with some 3D printing techniques, can lead to advanced reactors where traditional constrains and trade-offs are displaced to other more profitable design and modes of operation. 

2. Methods
We have made batch reactions of sulfuric acid dilution and sulfonation of anisole. We have also used a continuous process in a commercial 3D printed reactor (Innosyn) as a reference. 
To manufacture our customized reactor, we have used a genetic algorithm to design optimized shapes for Hartridge-Roughton mixers which are good for mixing at intermediate Reynolds. We have designed a reactor with enhanced heat-transfer properties that was 3D printed using commercial titanium alloy.
3. Results and discussion
Using a genetic algorithm we have designed a Hartridge-Roughton mixer with optimized surface area per unit volume of reactor. Although multi-parametric 3D optimization is required, the computational time required for this task is still larger than finding semi-optimal solutions and test the flow quality experimentally. Once a satisfactory design was achieved, we have made CFD simulations of a single reactor as shown in Figure 1.
Based on the simulation results and on the need of extending the production of products, we have designed a reactor that has 4 parallel reactors and that has enhanced heat exchanger properties. A cut-off of the reactor is shown in Figure 2. 
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Figure 1.  Detailed 3D simulations in the designed mixers.
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Figure 2.  3D simulations and cut-off of the 3D printed reactor for sulfonation reactions.

4. Conclusions
3D printing allows us to produce tailored reactors that can equilibrate rates of reaction and heat transfer in order to pursue continuous operation even in very exothermic conditions. It is very difficult to make multi-parametric 3D optimization for determining optimal shapes, but some simplifications can be made to reach suitable reactor designs.
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