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Despite their widespread use in the chemical industries, hydrogenation reactions remain challenging. Indeed, the nature of reagents and catalysts induce intrinsic safety challenges, in addition to demanding process development involving a 3-phase system. Here, to address common issues, we describe a successful process intensification study using a meso-scale flow reactor applied to a hydrogenation reaction of ethyl cinnamate at kilo lab scale with heterogeneous catalysis. This method relies on the continuous pumping of a catalyst slurry, delivering fresh catalyst through a structured flow reactor in a continuous fashion and a throughput up to 54.7 g/h, complete conversion and yields up to 99%. This article describes the screening of equipment, reactions conditions and uses statistical analysis methods (Monte Carlo/DoE) to improve the system further and to draw conclusions on the key influential parameters (temperature and residence time).
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INTRODUCTION
Hydrogenation reactions are synthetically useful. They rely on a simple green reagent and are present in many fields such as API synthesis (Ciriminna and Pagliaro 2013), common both in academic and industrial settings (Westerterp et al., 1997). A benefit from the implementation of hydrogenation is the limited amount of catalyst they require. However, the high reactivity of hydrogen itself is a major issue (Allian and Sperry, 2020), requiring significant safeguards during its use (Sperry et al., 2021). The outcome is a reactor system with a limited operating range (up to 5 bar and 100°C in many cases) (May 2017). The implantation of hydrogenation processes in continuous flow has been popularized, as it intrinsically involves a low reactive inventory and thus is easier to control (Porta et al., 2016; Yu et al., 2020; Guan et al., 2020; Guidi et al., 2020). As flow chemistry is part of process intensification, it can deliver “greener” conditions, thus its implementation in hydrogenation appears as a sensible beneficial outcome (Mason et al., 2007; Glasnov and Kappe 2010; Poechlauer et al., 2013; Horn and Cerato-Noyerie 2014; Mallia and Baxendale 2016; Glasnov 2016; Tanimu et al., 2017).
Hydrogenation reactions are used to reduce several functional groups such as alkenes (Mercadante and Leadbeater, 2012; Irfan et al., 2009) or nitro groups (Orlandi et al., 2018; Cole et al., 2019). In some cases, alternatives to hydrogen gas can be used (Battilocchio et al., 2013). A number of technologies exist to practically carry out the reaction, such as porous membrane reactors (Mo et al., 2018). Another way to perform the reaction is to have the catalyst precoated on static mixers in the reactor (Hornung et al., 2017; Gardiner et al., 2018; Lebl et al., 2020; Kundra et al., 2021) despite potential metal leaching.
A very common practice is the use of a trickle bed reactor (Saroha and Nigam, 1996; Al-Dahhan et al., 1997; Deutschmann et al., 2009) containing a packed bed of catalyst, which the reactants flow through (Gulotty et al., 2018). This is widely used in industry (Perry and Green 2008; Johnson et al., 2012; Rinaldi 2014; Carangio et al., 2020; Fernandez-Puertas et al., 2020), as it allows good control of reaction conditions and simplified scale-up (Jiménez-González et al., 2011; Hickman et al., 2013; Gutmann et al., 2015; Russell et al., 2017; Duan et al., 2020). In this case, the nature and particle size of the catalyst has to be optimized to obtain good results. Several commercial reactors to perform hydrogenations are available for laboratory scale, including the Thales Nano H-Cube system (Irfan et al., 2011; Moreno-Marrodan et al., 2017). One particular property of this technology is its reliance on disposable cartridges containing catalytic species. Other uses of trickled bed strategies have been implemented in microreactors (Yoswathananont et al., 2005; Oyamada et al., 2011; Tsubogo et al., 2015; Orlandi et al., 2018; Durndell et al., 2019). Use of a baffled system has also been reported (Navarro-Fuentes et al., 2021). Disadvantages of this approach include potential leaching as well as catalyst particle size distribution (Koekemoer and Luckos, 2015), which can lead to high pressure drops.(Gray et al., 2002; Rabbani et al., 2017; Jung et al., 2019)
An alternative to avoid issues with the catalyst breakdown is to pump a solution of slurry through the reactor and have it mixed within the system with the substrate and hydrogen (Buisson et al., 2009), such as in the Fischer-Tropsch process (Savchenko et al., 2016) or other hydrogenation reactions (Marie et al., 2010; Hofferb et al., 2006). In this case, the catalyst is always prepared and used “fresh” and there is a potential for catalyst recycling (Molnár and Papp 2017).
As part of Corning’s work towards industrialization of flow chemistry processes, we decided to examine the transposability of method developed using a laboratory scale cartridge-based system to a slurry system, select the best equipment by testing to compare both methodologies and explore the pros and cons of both approaches. After selecting a benchmark substrate such as ethyl cinnamate, the strategy was to transpose and scale-up the system, identify key parameters and study them using statistical data analysis. Modelling has already been used in similar research cases (Papari et al., 2012; Papari et al., 2014; Darvishi et al., 2016).
MATERIALS AND METHODS
Choice of Reaction
In order to perform the work, a benchmark reaction on a simple, yet functionalized substrate, ethyl cinnamate was selected (Figure 1). This synthesis has already been carried out in different reactor types, such as the H-Cube (Dillon et al., 2009), allowing an easy comparison between methods (O’Brien et al., 2011; Cossar et al., 2015; Kobayashi et al., 2015; Kobayashi et al., 2015; Rathi et al., 2016;Ramezani and Abolhasani. 2020; Yu et al., 2020). As the original research paper is more than a decade old and that the reaction has often been used as a test one, it was selected as a starting point. In addition, the decision was made to perform the catalyst activation and thermal quench in situ. Indeed, the stability of solutions containing a catalyst can be problematic and might need special measures to protect it. Additionally, freshly generated or activated catalyst have a higher activity as they have not had time to decompose before they react. For these two reason, namely the ease of handling and the higher result reproducibility, it had been decided to activate the catalyst in situ. This approach makes the best use of flow chemistry toward an intensified process.
[image: Figure 1]FIGURE 1 | Substrate hydrogenation carried out in this work: ethyl cinnamate into ethyl 3-phenylpropanoate.
Reactor Equipment
To perform the reaction, a kilo lab scale flow reactor was selected. As Corning AFR have been released and characterized for many years (Lavric and Cerato-Noyerie, 2012), a G1 reactor was selected (More information in the Supplementary Material). Its working conditions go up to 200°C and 18 bar, so it is well inside the desired working range. In terms of setup, the system is adapted to fit its required number of inlets, outlets and residence time units (The Piping and Instrumentation Diagram (PID) is available in the Supplementary Material). The choice was carried out in accordance with a safety assessment (see Supplementary Material).
Auxiliary Equipment Selection
Back-Pressure Regulators
Performing reactions with gas such as hydrogen works better under pressure as gas solubility in the liquid phase is increased, which increases the reaction rate. Moreover, under pressure, the gaseous reagents take up less space and therefore leads to a better gas to liquid ratio, thus improving the gas-liquid flow regime inside of the channels. It also avoids flushing the reagent through the reactor resulting in a short residence time. The use of a back-pressure regulator (BPR) allows the reactor pressure to be easily set at a desired target. Two different systems were tested in the course of the experiments. One is from Equilibar (GSD3) while the second system is from Zaiput (BPR-1000). Pressure measurement was performed via an Endress Hauser PTP31B pressure sensor.
Slurry Pumps
The reliability of the pump to push a slurry through the reactor, under pressure, pulseless, reproducibly to ensure fast reagent mixing and high reaction throughput was first assessed. Two pump systems were evaluated in the course of this research: the Tacmina TPL, a two head membrane pump working at a range of 1–100 ml/min up to 100 bar and the Lewa Ecodos, a three head membrane pump from 15 to 100 ml/min up to 18 bar. The pump flow rate ranges and operating pressures were chosen to match with the optimal working conditions of the flow reactor used for the experiments. The recommended flow rate for multiphase mixing is 60 ml/min of total flow rate at a pressure up to 18 barg. Both pumps had been selected as they allowed a flexible adjustment of the flow rate close to 60 ml/min and both were able to operate at pressures close to the maximum allowable pressure of the system. This allowed to take most advantage of the pressurization of the gas for improved mass transfer and optimization of the residence time.
The pulsation of the pumps was recorded, as well as flow rate accuracy and reliability. No material compatibility issues were detected in this reaction.
Other Equipment
Other auxiliaries were selected to ensure an optimal working system. Amongst others, the dosing line for reactant solution was composed by an HNPm pump and a Coriolis Flowmeter M14 from Bronkhorst, linked to an Eurotherm Nanodac controller to operate in a control loop. The slurry flow was also controlled by a Bronkhorst Coriolis Flowmeters. The hydrogen and nitrogen gas flows were controlled by thermal mass flow meters. Gas was introduced in the liquid at the inlet of the reactor. The mixing took place within a Fluidic module of the reactor (more information in the Supplementary Materials). Temperature measurement was performed via Thermocouple K type connected to a Eurotherm (Figure 2). Data acquisition was performed via a Q.brixx2 A107 acquisition card to record both flow rate and pressure measurements. A LAUDA RP845 C proline thermostat was used to control the reaction temperature and a LAUDA Loop 250 for the quench temperature. All connections, for the liquid phase, were in 1/4” PFA tubing. Pressure was adjusted with Equilibar Back Pressure Regulator and measured with an Endress Hauser PTP31B pressure transmitter.
[image: Figure 2]FIGURE 2 | Setup of flow reactor and auxiliaries.
Plan of Experiments
To optimize the original work to a Corning Reactor, it was decided to perform reaction optimization based on a design of experiments (DoE) approach. It was set in four phases: 1) Auxiliary selection. 2) Different sets of conditions were tested empirically to identify key parameters (44 experiments) 3) A DoE approach was used to assess the critical parameters, allowing further study toward the optimal conditions (Taylor et al., 2021) 4) Lastly, a variability analysis on three parameters was carried out to assess the relative impact of each factor on the final result.
The parameter boundaries for this work (regarding the pump selection) were selected according to the technical limitations of the installation (15 barg). Once the best auxiliary had been selected, the optimization of the reaction itself was started. More precisely, the maximal temperature was set at 75°C. The shortest residence time (maximal flow rate) was set according the maximum tolerated pressure drop (18 bar). Similarly, the maximal ethyl cinnamate concentration took into account the viscosity of the solution. Concentration of ethyl cinnamate and Pd/C were calculated in mol/L and %wt considering the volume of the mixing solution. The analysis of potential metal leached in the final product was not included in the present scope.
Methodology: Experimental Run
A typical experimental run sequence is detailed here: 1) Switch on and set thermostat for the reaction. 2) Start flushing the system with nitrogen, both in the reactor and in the diluting outlet section. 3) Start the pump using the valves to move both solvents into system. 4) Set the back-pressure regulator. 5) Upon reaching a steady state, swap the solvent for the reaction system (valves). 6) Change the nitrogen gas to hydrogen in the reactor. 7) After waiting for stabilization, collect a sample and record all parameters at that time.
Two theoretical residence time (18 and 30 s) were set for the experiments in order to have stable parameters for statistical analysis. Flow rate of each stream was calculated to reach the right residence time while maintaining one equivalent of H2 for every experiment.
Shutdown procedure. Once the system has been stopped, the inverse procedure was followed: 1) Swap the hydrogen gas flow for nitrogen. 2) Switch the reagents back to solvent for both the reagent and catalyst pumps 3) Release the back-pressure regulator to reach atmospheric pressure 3) Switch off both liquid pumps 4) Switch off the gas system.
Statistical Analysis and Data Treatment
Sample Analysis
Upon collection, samples were filtered and analyzed by a GC-FID method to give the conversion. A few samples were analyzed via GC-MS to confirm the nature of the molecule.
Data Treatment (Design of Experiments)
The DoE was performed via Minitab (Kowalski, 2002; Montgomery, 2004). All recorded data were introduced to explore the chemical space.
Monte Carlo
The analysis of the variation of the main sample was performed via a Monte Carlo Analysis. Such method allowed the relative importance of different parameters to be assessed. This was performed via Oracle Crystal Ball software from Oracle (Mc Cracken, 1955; Trotter and Tukey, 1956)
RESULTS AND DISCUSSION
Auxiliary Equipment Selection
Back-Pressure Regulators
Although both back-pressure regulators are very effective, the Equilibar system was selected for the next set of experiments. The Equilibar system smoothly dealt with the slurry and gas, meeting the requirement for a stable and reliable process. In addition to the ability to clean the BPR easily, the presence of metals did not have any compatibility issue with the chemicals involved. Even though hydrogen has been reported to trigger corrosion in metal devices, the low quantities, the room temperature and low pressure conditions are unlikely to make a serious hazard in the present case (Woodtli and Kieselbach, 2000; Dwivedi and Vishwakarma, 2018).
Slurry Pumps
Based on the results from the equipment testing (Back-Pressure Regulators), comparison between the Tacmina TPL and the Lewa Ecodos led to the conclusion that the Tacmina system is more suited for this application (cf Figure 3). The Tacmina TPL is more stable and more precise for low slurry concentration and same flow rate. However, due to its small valves, Tacmina can handle less concentrated slurries than Lewa. Moreover, the lower the flowrate, the higher the imprecision, regardless of the pump used. When parameters of the reaction are optimized, either pump can repeat this result.
[image: Figure 3]FIGURE 3 | Normal probability plot used to select the most relevant parameters. The last stage of analysis is represented here (previous stages are in Supplementary Materials) and shows some significant interactions of parameters in complement to main parameters, while some other interactions of parameters appear not significant.
The pulsation behaviors are quite stable and reproducible for each pump when the BPR is clean, even if a check-valve is sometimes blocked for one or several pulsations. However, pulsation of Tacmina is comparatively smoother than Lewa (Figure 4). Lastly, the flow rate given by LEWA decreases when the pressure in the reactor increases. It can be explained by the fact that the pulsation period increases with the pressure. The Tacmina was able to carry the slurry with a relatively constant flow. However, under real process conditions, Tacmina valves must be regularly disassembled and cleaned. These results led to the selection of the Tacmina pump for the chemistry part of this project. The frequency of this maintenance was conditions dependent. They could vary between a daily and a weekly maintenance.
[image: Figure 4]FIGURE 4 | Recorded pulsation on slurry at 1% in IPA of LEWA in cyan (100 ml/min) and orange (15 ml/min) and Tacmina in blue (100 ml/min) and red (15 ml/min).
Reaction Optimization
Catalyst Activation and Reaction Quench
The catalyst activation (performed just before the reaction) and thermal quench of the reaction (15°C, performed after the reaction) were successfully implemented in the reactor. Indeed, independent of the yield, conversion started in all conditions after the initial catalyst activation (catalyst slurry and hydrogen flow). This premixing of catalyst slurry and hydrogen was necessary to increase the efficiency of the catalyst and reach good conversion. This aim of this activation is to reduce the Pd catalyst to its metallic state and link it with Hydrogen.
No attempt at optimizing these steps was made as they successfully met their target requirement.
Initial Results and Empirical Optimization
The results from the first series of experiments can be seen below (see Table 1). A complete list of results can be found in the Supplementary Material. This also includes the calculation of the residence time based on reactivity hypotheses. The following results were obtained using the Tacmina TPL (See Slurry Pumps) as slurry pump and Equilibar as BPR (See Back-Pressure Regulators) and performed in a five Fluidic Module (FM) G1 reactor (Total reaction volume = 41 ml).
TABLE 1 | Hydrogenation empirical optimization results.
[image: Table 1]Based on Table 1, the initial conditions, inspired by the research of Kappe et al., entry 1 gave a low yield. A higher catalyst loading led to a better yield. Increasing the residence time (entry 3) further improved the yield but not the productivity as flow rates had to be reduced. Moving on, the pressure was set at 9 bar to increase the amount of hydrogen in solution, with little effect of the catalyst slurry at 25°C (entries 4 and 5). Increasing the temperature to 75°C led to a significant improvement of the yield. Here again, varying the residence time did not have much impact (entry 6 and 7) compared to the temperature. Tests aiming at increasing the productivity by increasing the substrate concentration led to a higher productivity (entry 8 up to 54.7 g/h). Lastly, it is worth noting that a higher flow rate is better for productivity, compared to a lower flow rate with higher pressure (e.g., entry 10, 12 bar, there is a lower productivity (34.6 g/h) despite a high yield. Finally, the experiment n°9 (75°C, 9 bar, 30 s residence time, 0.55M Ethyl cinnamate (C) and 0.25%wt slurry) gave the best yield but experiment n°8 (75°C, 9 bar, 18 s residence time, 0.55M Ethyl cinnamate and 0.25%wt slurry) gave the best productivity.
Based on these results, a number of conclusions can be drawn.
1) The benchmark substrate can be successfully hydrogenated using the kilo lab scale reactor and the selected auxiliaries. Product yield up to 99% can be reached with only 1 eq of hydrogen. This means limited amounts of byproducts are formed, making the chemical purification step easier or avoidable altogether.
2) A productivity of 55 g/h was reached with all the parameters considered in the study. A higher productivity with the same installation might be reached by further optimization.
3) The contribution of the temperature on the yield is so overwhelming (yield >90% at 75°C whatever the other parameters) that the influence of other parameters cannot be analyzed without additional experiments. So for the statistical analysis of every parameter, experiments at 50°C have been carried out.
4) Longer residence time did not yield better results (e.g., entry 6 vs entry 7). This is because the flow rate conditions are outside the optimal mixing range of the reactor. Hence the mass and heat transfer are much lower. A lower mixing results in lower reactivity. This is especially true in the case of a triphasic liquid/gas/slurry mixture in which the benefit from diffusion is very limited.
STATISTICAL ANALYSIS
Statistical analysis was then performed on the results of the experiments obtained using the Tacmina TPL (See Slurry Pumps) as slurry pump and Equilibar as BPR (See Back-Pressure Regulators).
Statistical Analysis
Statistical analysis, using the software Minitab, were performed on experiments at 25 and 50°C using a DOE methodology. Using data at higher temperature completely removes the ability to see the impact of other factors as it was much more important. Indeed, most of the reactions at 75°C led to a 99% conversion. Although this is good result regarding the yield, it cannot be extrapolated to learn more about the reaction itself.
Design of Experiments
The study is about the influence of five parameters and their interactions (Concentration of Slurry, Concentration of reactants, Temperature, Pressure and residence time) on the conversion and aim to better characterize the reaction. Table 1 summarizes a number of variable parameters used for the design of experiments). The transformation therefore could include a wider range of parameters compared to an empirical optimization approach.
The identification of statistically significant parameters is described in supplementary materials and last stage is shown in Table 2. Revealing the effects of parameter interactions highlights the benefit of this approach compared to a one factor at a time approach.
TABLE 2 | Display of the parameters varied for the DoE study. The minima and maxima are reported. All the conditions can be found in the Supplementary Material section).
[image: Table 2]The selection of significant parameters results into a model to match the observed data. Using only the significant parameters to describe the system results into the equation below with a correlation coefficient R2 = 0.8886:
[image: image]
Symbols: T reaction = A, residence time = B, Conc. Ethyl Cinnamate (C) = C, C slurry (%) = D, Pressure = P
Effects of principal parameters as well as interactions of parameters on conversion were then determined as shown in Figure 5. Exploration of more complex interactions can also be found in Figure 6 and in the Supplementary material.
[image: Figure 5]FIGURE 5 | Effect of main parameters. The vertical axis represents the conversion while the horizontal axis displays different values of each parameter. The line in each case displays the correlation either positive or negative.
[image: Figure 6]FIGURE 6 | Effect of parameters interactions. To read the plot: consider first the name of each column of plots then the interaction of parameters considered. The colored lines in the plot correspond to the second term of the interaction in the legend, while the value of first term of interaction is readable on the abscises. The empty plots correspond to the interactions of parameters which are not statistically significant and are out of the equation.
The equation includes the main parameters (A, B, P, C, D) and interaction parameters (A*P, A*C, P*C, B*D).
This first set of data is also a good way to check the basic trends are sensible. For instance, there is a high correlation between the reaction temperature and the yield. A similar positive trend can be observed for the pressure, while a negative correlation can be found for both an increased reaction time and an increased reactant concentration. Initial testing also proved the results were randomly obtained and not the residual values of an unknown but impactful bias.
Figure 5 show that a rise of the temperature, the pressure or the concentration of slurry led to an increase of the conversion. However, more residence time or higher ethyl cinnamate concentration led to a decrease of the conversion. In fact, the more concentrated ethyl cinnamate is, the more the reaction requires optimized conditions to reach full conversion.
Moreover, the residence time is a parameter hard to control (indirectly through plump flowrate and the use of liquid/gas under pressure). When in conditions required for the flow to reach longer residence time, slurry pump work out these optimal flowrates and the flow became less stable. In addition, as the configuration of the reactor was unchanged, longer residence time meant decreased flow rate and therefore outside the optimal reactor operating conditions (poor gas mixing, poor mass and heat transfer coefficient). The statistical analysis points out this impact.
After the initial correlation, an adjustment of the model in regard to experimental data was carried out as shown in Figure 7. While the red line is the linear regression, a predictive domain (76.8% of probability) could be extrapolated. This area displays the relevance of the model in regard of the obtained data. While the domain might seems relatively large initially, it can be seen that it incorporates most of the experimental points. This therefore leads to the conclusion this set of data can provide an initial and relevant model, although not the most defined. The fact that the correlation coefficient is at 88.5% once adjusted reveals that this preliminary study is noisy due to uncertainties of residence time. A future study with a more accurate control might reveal more significant parameter interactions and an increase of correlation coefficient.
[image: Figure 7]FIGURE 7 | Model versus experimental trials. The dotted lines represent the interval of prediction of the model.
Monte Carlo Analysis
After the initial analysis, a Monte Carlo analysis was then performed on the DoE equation to study the variability of the system. This study is aimed at probing the impact and variability of each parameter on the final result (Table 3). It is useful as it allows a comparison of the real impact of each parameter (and the impact of measurement imprecision). The Monte Carlo analysis is very useful in the present case (cf Figure 8). From this operation (operation described), two relevant output and conclusion could be drawn. Firstly, it was possible to evaluate the variability of the experiments using the equation (i.e., equation of the conversion extracted from the DoE in Design of Experiments). The quality of fit from the equation could be due to the noise of the experiments. Additionally, the use of the Monte Carlo analysis can also help excluding the impact of the noise within the result and therefore see the impact and sensitivity of each parameter. The identification of relevant parameters becomes easier.
TABLE 3 | Imprecision of each parameter considered for the Monte Carlo analysis.
[image: Table 3][image: Figure 8]FIGURE 8 | Explanation of the benefits from the Monte Carlo Analysis.
Additionally, a Tornado chart study was carried out (available in the Supplementary Materials).
Assumptions used for this study are given below:
The study was performed using the best parameters condition in dataset to obtain the highest conversion level (see Supplementary Material). The upper assumptions were then considered as 99.9% of Gaussian distributions, i.e., 50.5°C at 99.9% for a mean reaction temperature of 50°C, or 9.3 bars at 99.9% for a mean precision of 9 bars.
50,000 iterations were performed for Monte Carlo analysis (Figure 9). Results reveal a potentially high variability of conversion, mainly due to residence time variability. The maximum conversion level was not limited at 100% to allow the sensitivity to be estimated. All results above 100% naturally translate into a full conversion in real life. The result shows a Gaussian distribution of all the relevant parameters as all parameter distributions were considered as gaussians (See Supplementary Materials).
[image: Figure 9]FIGURE 9 | Monte Carlo Analysis results.
The result also confirms the calculated variability is compatible with the low R2 obtained through the DoE. Effectively, for the conditions explored, the model predicts a conversion of 98.5%, while the experimental result gives 92% (i.e., the leading parameter used as reference to perform the Monte Carlo Analysis on). But Monte Carlo analysis shows that the conversion level can vary for such experimental parameters from 83.6% up to 100%, mainly due to residence time variability which contributes to 92.9% of global variance.
The Monte Carlo analysis led to the identification of the most critical parameters when it comes to variation and reliability (Table 4). This is important in order to have good reproducibility when running experiments. It highlights that the residence time is by far the most critical parameter (in terms of variability, not in terms of impact on the reaction). While other parameters can be easily controlled (reagent concentrations, temperature, pressure), the exact measurement of the residence time remains elusive and the results of the Monte Carlo analysis point out that the most critical parameter is the residence time.
TABLE 4 | Impact of each parameter variability on global variation of system.
[image: Table 4]The exact measurement of the residence time has to be calculated based on assumptions (See Supplementary Material). Indeed, as there is gas involved, its consumption greatly impacts the volume and the hydrodynamic behavior inside the reactor.
This highlights that the assumptions around it are important and require an in-depth analysis, rather than a quick assumption, which might not take into account the importance of this parameter. To study this part better, a more in-depth analysis of the mechanism itself might be interesting and have a strong impact on the exact residence time. This is especially true when optimizing a system, even more if the process is aimed at being implemented at industrial scales. The outcome is interesting as modification implies either changing the size of the reactor or the flow rate. This also has consequences related to the mixing itself.
Stepping back, the temperature of the reaction was even more important for the variability of this process (Statistical Analysis).
The main conclusion based on the present study is the importance of the temperature and a short and controlled residence time. Indeed, a shorter residence time translates into a higher throughput. These two outcomes are highly desirable in the vein of flow chemistry.
Throughput/Scale-Up Comparison With Other Methods.
Scale-Up From Initial Method
Table 5 compares this work to the original optimal conditions which uses a catalyst cartridge system to carry out the same reaction. A quick comparison shows that residence time in the H-Cube system is between 2.5 and 15 s, while the Corning is slightly higher at 18–44 s, albeit still in the sub-minute range. On the other hand, the slurry system allows higher reagent concentration and pressure (0.55 M, 5–9 bar vs 0.2M at 1 bar). On the other hand, the temperature conditions are close (75–80°C). Both systems can deliver complete conversions.
TABLE 5 | Comparison of the cartridge and slurry hydrogenation conditions.
[image: Table 5]The conditions from the original paper, run in the commercial H-Cube unit, can be translated to a larger scale reactor using a slurry. This makes it easier to perform a chemical reaction regardless of the reactor technology used. This allows a transposability of the reaction. Additionally, the example shows the ability to scale-up moving from one method to another one. This may be an attractive way for scientists developing their research to identify scale-up technology. On the other hand, using a slurry requires homogeneous catalyst slurry and can add potential clogging issues.
Methods Comparisons
In order to take a snapshot of current technologies and their overall aspects, a number of points are discussed in the present section. This section compares a number of method in giving some general ideas of their different properties; As there are many different parameters (catalyst, substrate, etc … ) which are different, the current list should be considered as a summary. But many variation of each method can be found, so direct comparison has limited values although comparing the different approaches is interesting.
A comparison of the different methods used in flow hydrogenation is reported in Table 6. This includes a trickle bed reactor (Carangio et al., 2020), a catalytic mixer (Kundra et al., 2021), the H-cube (Irfan et al., 2009), and this work using a slurry conditions. In this case, a reactor of similar size is compared.
TABLE 6 | Comparison of different flow hydrogenation methodologies (Slurry: this work, Cartridge Irfan et al. (2009), Trickle Bed: Carangio et al. (2020), 3D printed catalytic Mixer Kundra et al. (2021))
[image: Table 6]Firstly, the material of the G1 reactor is metal-free, giving a better chemical compatibility, including against hydrogen damage to metal parts (Woodtli and Kieselbach 2000; Dwivedi and Vishwakarma 2018). However, this phenomenon has only been observed in more extreme conditions compared to the ones used in this current case (usually at temperatures above 250°C).
As the substrates and the catalysts are different, a direct comparison of yield/methods cannot be directly carried out. However, an overall comparison is still relevant to compare the efficiency of the methods.
With a smaller reactor volume, the packed bed (entry 3) reached a high volumetric productivity (entry 2) of 2.26 kg/L/h versus 1.33 kg/L/h for the slurry system (entry 1), and up to 2.66 kg/L/h with the catalytic mixer (entry 4). Overall, this shows that all methods can offer the same range of throughput except for the H-Cube which is designed for laboratory scale. It has a productivity of up to 3.4 kg/L/h, but it has laboratory scale target and is not easily scalable.
However, while comparing the catalyst activity, the trend differs. As the packed bed reactor is filled with catalyst, it contains a large excess and the total amount is higher, resulting in a significantly lower turnover number (TON of 6.5 vs 21.7 for the slurry system). A run with more materials would significantly change this (19 h in the reported paper). The example using the H-Cube reports a TON of 7 due to the need of regularly replace cartridges. Lastly, the small amount of catalyst on the catalytic mixer meant a high TON of 1,548.
Looking at the turnover frequency (TOF), the catalytic mixer has a high TOF of 258 h−1, higher than the trickle bed and H-Cube. The slurry system, on the other hand, stands apart at 2,706 h−1. This is likely the effect of using continuously freshly activated catalyst. This shows the slurry method, although with a lower throughput, might be relevant in the case of a short-lived but very active catalyst. Such catalyst would mostly be beneficial in this case.
In terms of recycling, the catalyst slurry might get reused after filtration. H-cube uses cartridges which were changed at regular intervals in the published study. The trickle bed and catalytic mixers, if stable over time, do not necessitate filtration and thus are valuable solutions.
The main drawback of the use of slurry is the reliance on an adequate pump system, which has to be able to perform the pumping throughout the system without issue. This is critical and is very dependent on the pump used. Another main point of the slurry is the presence of the catalyst in the liquid. On the other hand, it needs an adequate filtering/removal system (Recho et al., 2014) as the presence of metals in the product is problematic in the pharmaceutical industry (Garrett and Prasad 2004) and requires removal and analytical method (Lukomski et al., 2020; Williams et al., 2020). This can be achieved with resin systems (for dissolved metal species) (Barbaras et al., 2009; Phillips et al., 2016) and subsequently filtration (Ottoboni et al., 2019).
The other positive point is that slurry use does not involve catalyst deactivation over time, as the metal involved can be prepared freshly, at any given time and on demand.
While the trickle bed method delivers high throughput and conversion, results are consistent while no deactivation arises (Brazier et al., 2014). Unfortunately, there are issues when it comes to the catalyst itself. Indeed, catalyst particle size distribution matters. It is the main variable issue as the catalyst may leach and there is a particle migration based on their sizes, leading to a higher pressure drop build up in the reactor (Wu et al., 2003; Li et al., 2004; Wu et al., 2006; Wu et al., 2007). Much work on the deactivation mechanism has been carried out, including investigation towards pressure drop (Quinn 2014) or hydrodynamic (Macdonald et al., 1979) equations, to better understand the technology (Hammond 2017; Carangio et al., 2020). Then, scaling up requires a good understanding of all key parameters (e.g., reactor volume, heat transfer, catalyst size) (Al-Dahhan et al., 1995; Hanusch et al., 2018; Wang et al., 2019).
Therefore, all different methods have their own advantages and limitations. Consequently, the selection of technology based on these criteria can be applied. In the case of short-lived catalyst species, the use of a slurry system is a noteworthy option.
CONCLUSION
The method and study described herein allows a safe continuous flow hydrogenation at kilo lab scale. The method relies on pumping a catalyst in slurry throughout the reaction and therefore delivers fresh catalyst to perform the reaction safely. After a risk assessment, the best auxiliaries were selected to ensure reliable delivery of material and stable conditions. The results were then exploited through statistical analysis to gain a deeper understanding of the system. The statistical method added an extra layer of investigation in the main parameters of the reaction.
Compared to existing methods, the reacting catalyst is always fresh and is not impacted by deactivation processes. The productivity is in the same order of magnitude and this method offers a range of options. We believe this method nicely complements other options available for hydrogenation reactions.
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Technology

Slurry using G1 reactor
Cartridge system

Trickle bed

3D printed catalytic mixer

Reactor volume
(ml)

4

0.14
20
31

Throughput (kg/L/h)

1.33
3.4

2.26
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Throughput
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12
29

Minimum TON

217

65
1,548

TOF (h)
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0.34
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Cartridge System (Irfan et al., 2009) This work

Catalyst Thales nano CatCart™ (catalyst Commercial PA/C 10%wt (0,25 to 0,5%wt)
cartridge)
Equipment Thales nano H-Cube G1 reactor with 5 FM for reaction
Auxiliary: Tacmina TCL as slury pump
Residence time 25-15s 18-44s
Concentration 001-02 M 035-0.55 M
Pressure/Temperature 1 bar/25'C 1 bar/80'C 9 bar/25'C 5-9 bar/50°C 5-9 bar/75'C
Conversion 70-100% 100% Ca 25% 20-90% 100%

Bold indicates: Each conversion (= starting material vanishing) i connecied 1o the set of condiione wiitten just on top.
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Conc. Ethyl cinnamate (C)
Concentration slurry
Residence time (5)

Minimal value

25
5
0.35
0.25
25

Maximum value

50
9
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Entry  T(C)  P"(bar)  Theoretical residence time
(sec)®

1 25
25
25
25
25
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75
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18
18
30
18
18
18
30
18
30
65

Conc.
Ethyl cinnamate (M)

0.35
0.35
0.35
0.35
0.35
0.35
0.35
0.55
0.56
0.55

Con. slurry® (%wt)

0.25
05
05

0.25
05
05
05
0.25
0.256
0.25

Yield® (%)

15
27
36
23
48
98
93
93
29
98

Productivity® (g/h)

57
10.2
82
131
278
51.3
296
547
349
346

Reaction of ethylcinnamate with H (1eq); Solvents: ethyl acetate for ethyl cinnamate and ethanol for Pa/C (more stable suspension); the residence time depends on other parameters (see
Supplementary Material). Bold indicates: Yield = chemical transformation conversion ratio calculated about molecules. Productivity = weight of molecules producted.

"Absolute Pressure (5 bar = 4 barg).

“Residence time calculated based on the volume of the reactor and the assumption that the rate is linear across te reactor (see Supplementary Material).
“Mass concentration measured based on the overall weight of P/C (including the charcoal suppor)
“ield calculated by GC using an intemnal standard, after calibration.

“Calculated based on the flow rate and the yield.

‘Lower liquid flow rate and one equivalent of Hydrogen (compared to Entry 2).
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