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Introduction

The most challenging problem currently facing the pharmaceutical and specialty chemical industries is the transformation of existing batch catalytic processes into continuous flow processes. Such transformation promises many benefits, such as increased safety, simpler scale-up, access to novel processing windows, and higher throughput. This transition could only be possible if highly active and, as importantly, stable catalysts are developed. In addition, from a green chemistry perspective, solvent-free chemical transformations are more interesting than reactions carried out with any solvents. [1] However, from a process chemistry perspective, solvent-free reactions are linked to safety issues (especially for highly exothermic reactions), mass transfer limitation (for viscous products), and inhibition (particularly for bio-based substrates). [2] Therefore, the development of environmentally friendly solvent-free reactions continues to be of great interest.

The reduction of squalene (SQE) into squalane (SQA) is a representative illustration of this particular challenge (Figure 1). SQE is a linear triterpene present in the cells of all living organisms, which is extensively used in pharmaceuticals, food supplements, and cosmetics due to its multiple functions. [3] The global SQE market size was higher than USD 110 million in 2016 and is expected to witness significant growth over the following years. [3] In order to increase its stability (SQE oxidizes quickly due to its unsaturated character), SQE could be fully hydrogenated to SQA (Figure 1). Besides applications in cosmetics and pharmaceuticals, SQA, because of its high boiling point, inertness, low viscosity, and high gas solubility is an interesting apolar solvent used as the reaction medium for catalytic tests [4] or the synthesis of quantum dots. [5] Figure 1 Hydrogenation of squalene (SQE) into squalene (SQA)

The highly exothermic hydrogenation of SQE is traditionally carried out in stirred tank reactor using high loading of metal-based catalyst (Ni/diatomaceous earth, [6] copper chromite, [7] and Pd [1c, 1d, 8] ) under harsh conditions (Table 1 for Pd catalysts). Under those conditions, fast and irreversible catalyst deactivation and metal leaching occur, requiring product purification and catalyst refining and remanufacturing. [9] As such, purification by distillation could be necessary to obtain high-quality SQA, which increases overall production costs. Furthermore, safety issues arise due to the exothermicity of the reduction (HR = -765 KJ.mol -1 ). Without solvent, an adiabatic temperature rises higher than 860 K to reduce SQE could be calculated. Thus, intentionally degraded operation conditions for safety reasons are generally implemented at an industrial scale, i.e., a two-step, one-pot process. The first step is performed at low H2 pressure to initiate the reduction without the risk of a thermal run-away, followed by a subsequent step at higher H2 pressure and temperature to obtain the total reduction (Table 1, entries 1 to 3). At the lab scale, solvent-free SQE could be fully hydrogenated using new Pdbased catalysts, but prolonged reaction time and harsh conditions are still required (Table 1, entries 3 and 4). Clearly, there is a need for more active and stable hydrogenation catalysts to convert SQE into SQA under milder conditions, especially now that bio-based SQE is poised to entirely replace SQE of animal origin. 3 Pd/clay 1 300 °C [b] -10 bar [c] This work [a] Not provided. The reaction was stopped when H2 uptake ceased. [b] Temperature was gradually increased from 25 °C at a rate of 5 °C.min -1 [c] H2 pressure at 25°C

Recently, we have prepared new Pd-supported catalysts on carbon nanotubes (CNT), bearing both Pd nanoparticles (PdNP) and Pd single atoms (PdSA). [10] We have demonstrated that the control of the ratio between PdSA and PdNP on carbon supports enables, thanks to cooperative catalysis, [11] the development of very active hydrogenation catalysts integrating the ultra-rational use of precious metals. [12] In particular, we have reported that Pd/CNT catalysts show a high activity compared to catalysts already described for hydrogenation of terpenes, i.e., myrcene and SQE in solution (0.33 M in heptane). [12b] These catalysts should meet the need to increase catalytic activity for a highly demanding reaction like solvent-free hydrogenation of SQE.

Herein, we compared the Pd/CNT catalyst activity with commercial catalysts, and we evaluated the Pd/CNT catalyst stability in continuous flow reactors after its immobilization on a metallic foam. Then, an intensified commercial pilot-scale continuous flow reactor was implemented to demonstrate its efficiency and robustness and provide a safe, compact, intensified, and scalable production process developed for the solvent-free hydrogenation of SQE.

Results and Discussion

Solvent-free hydrogenation of SQE with commercial catalysts

The solvent-free reduction of SQE was first studied using commercial catalysts as a benchmark. The reaction progress could not be easily followed by in-situ or ex-situ analysis. SQE has 6 double bonds with similar reactivity (all tri-substituted double bonds), and partial reduction leads to the formation of many isomers and diastereoisomers (there are 4 prochiral carbon in SQE). Nevertheless, reactant (SQE) and product (SQA) could be identified and quantified from the bulk of intermediates using GC/FID using tetradecane as an internal standard (Figure 2). Furthermore, monitoring H2 consumption as the function of time (

Figure 3), associated with off-line GC/FID analysis, could give highly reproducible monitoring of the catalyst activity. By using commercial 5wt % Pd/-Al2O3, under typical conditions (120 °C, H2 20 bar, 2 mol% Pd), the solvent-free catalytic reduction of SQE was achieved after 8.6 h (Figure 3 a). The time required to achieve the total transformation of SQE into SQA is comparable to published data (Table 1). For SQE hydrogenation in heptane (0.33 M), complete saturation was obtained in less than 0.3 h for equivalent experimental conditions (Figures S5 andS6). The strong adsorption of SQE could explain this concentration effect and partially hydrogenated products on the catalyst surface, resulting kinetically in a term of inhibition by the reactant on the Langmuir-Hinshelwood-Hoogen-Watson (LHHW) rate law. [1d, 13] The reduction of solvent-free SQE was also studied with 2 mol % Ni using a commercial 65wt % Ni/SiO2-Al2O3 catalyst under the same conditions (Figure 3 b). After 30 min at 120 °C, no H2 consumption could be detected, and thus the temperature of the reactor was heated up to 150 °C. Signal (a.u.)

Then a slow reduction of the solvent-free SQE could be observed, and total reduction could be obtained after more than 5 h at 150 °C. Solvent-free hydrogenation of SQE with Pd/CNT.

Our groups recently reported that Pd supported on mesoporous nano-carbons catalysts showed high activity for the hydrogenation of terpenes in heptane (-myrcene, SQE) [10,12] and demonstrated that PdSA and PdNP were simultaneously present on the carbon supports. Unique cooperative catalysis operates between these species, allowing one to reach very high activity for alkene hydrogenation through an H-spillover assisted mechanism involving the support functionalized surface. [12a, 14] On CNT support, the optimum PdSA/PdNP ratio was found at 10/1 for terpene hydrogenation in solution. [12] The main characteristics of the Pd/CNT catalyst used for SQE hydrogenation are summarized in the experimental section (other characterization can be found in ref. [12a] ), and Figure 4 shows representative STEM-HAADF micrographs (PdSA are circled in yellow for better visualization). It has been previously shown that the activities of such Pd/CNT catalysts are very high. [12] For safety reasons, the amount of Pd was thus decreased to 0.03 mol % (300 ppm). The solvent-free reduction of SQE was first studied under standard conditions, i.e., 120 °C, 20 bar H2 (Figure 5). Under those relatively mild conditions, the total and selective reduction of SQE into SQA was achieved in less than 1.4 h with 300 ppm of Pd (Table 1, entry 6). Despite using an efficient Ranque-Hilsch vortex device for cooling the relatively small stirred tank reactor (200 mL), the liquid phase temperature reaches 130°C within the first min of reaction. Such heat release obtained for 300 ppm of Pd prevents the use of higher loading of catalyst in a batch reactor. However, this result clearly demonstrates that Pd supported on CNT that combines PdSA and PdNP can reach a very high activity for SQE hydrogenation under solvent-free conditions. This catalyst is much more efficient than the catalysts already described in the literature (Table 1) for the solvent-free reduction of SQE. The implementation of this catalyst in a continuous flow reactor was performed to evaluate its stability. Furthermore, the use of an intensified reactor with efficient heat transfer will enable us to study new process windows for this reaction [15] and to propose a more intense/efficient reactor for heat transfer and thus be able to propose an intensified synthesis with new operating conditions

Assessment of catalyst stability

The catalyst stability could be evaluated by several consecutive batch reactions under the same conditions. In each cycle, after completion of the reduction, the catalyst should be collected by filtration, washed, dried, and reused in a subsequent cycle. Under those conditions (Figure 5), a maximum Turn Over Number (TON) of 20'000 could be achieved for such a cycle.

Otherwise, implementing this catalyst in a continuous flow reactor is an outstanding approach to demonstrate heterogeneous catalysts' stability with access to very high TON. However, implementing Pd/CNT catalyst in a continuous flow microreactor is not straightforward since Pd/CNT is a nanotextured micro powder (particle size < 10 m). Heterogeneously catalyzed reactions with powder catalysts typically used in stirred tank reactors (particle size between 10-100 m) have been successfully used in microreactors. [16] The catalysts could be confined in micro-packed bed systems [17] , but limitations such as high-pressure drops and possible temperature gradients are likely. This is especially relevant with the viscous SQE/SQA charge (36.1 and 2.2 mPa.s -1 for SQA at 20 °C and 120 °C compared to 0.39 mPa.s -1 for heptane at 20°C). [18] New strategies, adapted explicitly to micro-or milli- reactors, have been developed, such as catalytic static mixers (CSM), [19] and metallic open cell foams (OCF). [20] These scaffolds, coated with an active porous catalyst layer, can be inserted into continuous flow reactors. CSM should be specifically designed to fit in the microreactors and could be produced by additive manufacturing. [19b, 19c, 21] Another approach would be to use high voidage structured materials commercially available at low cost, i.e., OCF. With their excellent thermal performance and large external specific surface area (up to 10,000 m 2 /m 3 ), OCF have demonstrated their interest as heat exchangers, internal mixers, and catalyst supports. [20,22] Fecralloy metallic foams (Hollomet, Foamet 400µm, void fraction 92 %, and geometrical specific surface area of 7000 m 2 /m 3 ) could be precisely adapted as milli-reactors internals from a foam sheet by electro-machining discharge. This offers a good cutting accuracy (±5 m) for conductive substrates, ensuring adaptability to various reactor geometries and intimate contact with channel walls, avoiding by-pass flows. OCF millimeter-scale blocks were then dip-coated with an aqueous suspension of the Pd/CNT catalyst (100 g/L) according to a reported procedure. [23] A final heat treatment at 300 °C under a reductive N2-H2 mixture provides the final supported catalyst. The coated OCF were controlled by optical microscopy (Figure S 7) and elemental analysis. A mean catalyst content of 16.5  5.0 g Pd/CNT catalyst per L of foam was obtained. The coating process did not significantly modify the particle size distribution (2 ± 0.5 nm) and the PdSA/PdNP ratio (5.6) of the Pd/CNT catalyst (Figure S 8), pointing to its high thermal stability.

The coated OCF were inserted into a homemade millimeter-scale tubular reactor (4 tubes of 100 mm length and 4.4 mm internal diameter) to provide an effective reactor volume (VR) of 5.8 mL with a total catalyst amount of 0.1 g. These tubes are positioned in series in a thermoregulated oven (Figure 6), and thermocouples distributed along the tube allow for measuring the axial temperature profile (See Supporting Information for details). The continuous experiments were performed at 180 °C and 30 bar of H2 with solvent-free SQE (2.03 M) to obtain a total reduction of SQE. An H2/SQE molar ratio higher than 14 was used to ensure a large excess of H2. First, the influence of contact time, defined as the ratio between the effective reactor volume (VR) and the liquid flow (QL), on the yield in SQA and conversion of SQE was studied in this configuration. The results are shown in Figure 7. For a contact time below 6 min at 180 °C and 30 bar H2, total conversion of SQE was obtained, and the yield in SQA was up to 70 % (Figure 7). These results further emphasized the synergy between the high activity of the Pd/CNT catalyst and the mixing effect of the metallic foam on H2 mass transfer. No increase in the liquid phase temperature inside the reactor could be noticed. In order to increase the yield in SQA, the contact time was increased by decreasing the liquid flow (QL). For a contact time higher than 14 min, at 180 °C and 30 bar of H2, the yield of SQA was higher than 98%.

Figure 8 depicts 2 distinct curves to illustrate the stability along time on stream in this continuous reactor. The first one (squares) reflects the entire catalyst work through the evolution of TON in the continuous hydrogenation of SQE. It is noticeable that this curve is obtained under various experimental conditions, i.e., temperature, gas and liquid flow, and concentration of SQE, explaining the variations in slope. Under those various conditions, a cumulative turnover number (TON) up to 300'000 molH2/molPd could be determined (Figure 8). It should be mentioned that such a value is largely minimized compared to the real value since only the amount of SQA produced was considered to calculate the TON (eq. 1). Intermediates, i.e., partially hydrogenated SQE, should theoretically be taken into account for the determination of the TON. However, since they could not be precisely quantified (Figure 2), TON was only based on the SQA produced (eq. 1).

𝑇𝑂𝑁 =

6×mol of SQA produced mol of Pd (eq. 1)

The second curve (triangles) is dedicated to periodic control experiments of the space-time yield using rigorously identical experimental conditions (i.e., SQE 0.3 M in heptane, contact time 2.9 min, 120 °C, and 30 bar of H2). These activity control experiments were performed regularly throughout the different conditions experienced by this catalytic object in the continuous reactor. Under those conditions, a space time yield (STY-90%), defined by the quantity of SQA produced in the reactor per second and per mol of palladium, of 36  5 molSQA.molPd -1 .s -1 was obtained. No decrease of the STY-90% as the function of time on stream could be noticed for a time on stream higher than 18h (Figure 8). The STEM-HAADF analyses carried out on the spent catalyst do not show any significant modification in the size of the palladium particles (2.4 ± 0.1 nm) and the PdSA/PdNP ratio (6.1) (Figure S9), pointing to its high thermochemical stability. 

Scale-up and transposition to a commercial intensified pilot reactor

With highly efficient catalysts, demanding batch hydrogenation protocols pose safety hazards, particularly when large-scale reactors are required, because of reduced heat transfer capacities compared to lab-scale. Furthermore, the resulting temperature excursions may affect the selectivity of the transformations and cause the deactivation of the catalysts. This is particularly significant in the case of solvent-free SQE hydrogenation, where an adiabatic temperature rise of 863 K could be estimated. These safety concerns associated with mass transfer-limited reaction kinetics hindered the further development of highly efficient hydrogenation catalysts in physically limited reactors.

Contrary to stirred tank batch reactors, heat exchange in structured micro-/milli-reactors is sufficiently intense that even highly exothermic reactions can be conducted under nearly isothermal conditions. [24] Furthermore, due to the large interfacial areas, very efficient hydrogen mass transfer is achieved. [25] Finally, for a given production capacity, continuous processes are inherently safer because of drastically reduced reactor inventories in opposition to stirred tank batch reactors. For these reasons, continuous-flow hydrogenation protocols employing metal catalysts have increased significantly over the past few years. [16a, 26] In order to demonstrate the robustness and the scalability of the results obtained in the homemade laboratory reactor, a transposition of the solvent-free SQE hydrogenation to a commercial intensified reactor was studied. The Miprowa-Lab reactor from Ehrfeld Mikrotechnik [27] (Figure 9a) was chosen for its similar millimeter-range hydraulic diameter (12 x 1.5 mm 2 ) and its possible and easy operation with coated foam internals (Figure 9b). This reactor presents a practical reacting volume of 43.2 mL (divided into 8 channels in series), corresponding to a potential scale-up factor of 7.5 compared to our homemade tubular reactor (5.8 mL). Again, foam pieces were precisely cut in the same foam block to be mounted inside the 8 channels after coating with the same Pd/CNT catalyst (Figure 9c). A catalyst content of 16.5  4.0 g of Pd/CNT catalyst per L of foam was obtained, close to the one obtained for the tubular reactor. Table 2 compares the two reactors for two different contact times, i.e., 14.4 min and 9.6 min, under the same experimental conditions (180 °C, 30 bar H2, solvent-free SQE). For a given contact time, the SQA yields in different reactors are close, demonstrating the scalability of the coated foam contacting mode to a commercial reactor. A slight difference could be noticed, reflecting both the slight difference in catalyst content and possible variations in heat and mass transfer capacities due to the changes in the geometrical configuration of the reacting volume (channel section, channel length, aspect ratio, etc…) and wall heat exchanging system.

Transposition of SQE reduction at two similar operating points, from the homemade tubular reactor to the commercial intensified reactor, results in higher production capacity (Table 2). From lab-scale tubular reactor to Miprowa-Lab reactor, the production capacity of high purity SQA (>98 %) was increased by a factor of 7.5, i.e., 0.485 kgSQA/day to 3.630 kgSQA/day for tubular reactor and Miprowa-Lab reactor, respectively. Under those conditions, even if all Pd present in the microreactor was leached in 24h, the amount of Pd present in SQA will be less than 50 ppb, far below the parenteral concentration limit for Pd in drug products, i.e., 1 ppm (1 μg/g) due to the toxicity of Pd (ICH classification 2b). [START_REF]ICH Harmonised Guideline, Guideline for Elemental Impurities, Q3D(R1) 22 march 2019, International Council For Harmonisation of Technical Requirements For Pharmaceuticals For Human Use[END_REF] It should be noticed that the absence of appreciable deactivation during the 18h time on stream study (Figure 8) indicates that the situation concerning Pd leaching is far from this most pessimistic scenario. SQA yield [b] [%] STY [molSQA/molPd/min] SQA Production capacity [c] [kgSQA/day] [a] Reaction conditions: solvent-free SQE (2.03 M) with tetradecane as internal standard (0.1 M); 180 °C; H2 30 bar; Pd/CNT coated on Fecralloy metallic foams (Foamet 400µm). Catalyst content of 17.2 g and 16.5 g of Pd/CNT per L of foam for tubular and Miprowa-Lab reactor, respectively. QG = 400 NmL/min and 3000 NmL/min for tubular and Miprowa-Lab reactors, respectively. [b] SQA yield was determined by GC/FID using internal calibration. [c] SQA purity was higher than 98% without could be used without further purification

In case of coated foam availability, further seamless scale-up would be quickly and easily ensured (by the technology provider) up to reactor units able to process several m 3 /h. [27] Other internals could also be coated, such as the pristine static mixing elements of Ehrfeld microreactors or CSM. [19b, 19c] Before such demonstrations, identical transfer features need to be demonstrated, and the Pd/CNT catalyst coating has to be adapted. Furthermore, except for the first double bond hydrogenation of SQE, the reactor operates roughly in a chemical regime. Further process intensification can be expected thanks to this equipment with higher H2 pressure and a slightly higher temperature operating window, and it still needs to be investigated.

Conclusion

The catalytic activity of palladium catalyst with PdSA and PdNP supported on CNT was tested on solventfree squalene's hydrogenation. The catalytic activity of Pd/CNT showed a tremendous improvement compared to previously described and/or commercially available catalysts. The total reduction of solvent-free SQE into SQA was effective at 120 °C, 30 bar H2 using 300 ppm of Pd in less than 1.4 h in a lab-scale batch stirred tank reactor. The catalyst stability was assessed in a continuous flow reactor, and a TON higher than 300'000 without any detectable loss in activity was demonstrated. A successful batch to a commercial continuous milli-structured pilot-scale reactor was then validated. These experiments assess the operability of such a catalyst in flow and its stability. Neat squalane ( 98%) could be obtained continuously at 180 °C and 30 bar H2 with a contact time below 15 min. Under those conditions, a space-time yield of 43.7 molSQA.molPd -1 .min -1 and a high purity squalane production capacity of 3.6 kg per day was obtained using a commercial intensified reactor with an effective reactor volume (VR) of 43.2 mL.

Experimental Section

Squalene and solvents SQE (98%) was purchased from Aldrich and used as received. SQE was stored under refrigeration (2-8°C) and protected from light. Heptane, EtOH, Triton X-100, and dextrin were purchased from Aldrich or Acros and used as received.

Catalysts

Pd 0 /Al2O3 (Alfa Aesar, Product number 11713) and Ni/SiO2-Al2O3 (Alfa Aesar, Product number 31276) were used directly without further treatment. Pd/CNT was prepared by wet impregnation method according to P. Serp et al.. [10] The main characteristics of these catalysts are summarized in Table 3, and Figure 4 shows representative STEM-HAADF. Particle size [a] [nm]

Pd dispersion [b] [%]

PdSA/PdNP ratio [c] Pd/Al2O3 [d] 5.00 140 n. -Pd/CNT [e] 2.04 232 1.5 ± 0.5 67 3.1 [a] from TEM [b] Metal dispersion was evaluated from a universal mathematical relation between the mean relative size of metallic crystallites and their dispersion, as described elsewhere ref. [START_REF] Borodziński | [END_REF] . [c] The SA/NP ratio is a number ratio measured from the STEM-HAADF analyses [d] see ref. [30] [e] see ref. [10, 12a] 

Characterization of the catalysts

The palladium content in the products was measured by inductively coupled plasma optical emission spectroscopy (ICP-OES). TEM and HR-TEM analyses were performed at the "Centre de microcaracterisation Raimond Castaing, UMS 3623, Toulouse" by using a JEOL JEM 2100F equipped with a field emission gun (FEG) operating at 200 kV with a point resolution of 2.3 Å and a JEOL JEM-ARM200F Cold FEG operating at 200 kV with a point resolution of > 1.9 Å. The particle size distribution was determined through a manual measurement of enlarged micrographs from different areas of the TEM grid (at least 300 particles). The size distribution reported as Pd atomic percentage (based on total atoms) in each size range was obtained by calculating the number of atoms (N) in each nanoparticle, assuming a spherical shape using an equation described in ref. [31] . The SA/NP ratio (a number ratio) was measured from the STEM-HAADF analyses of at least 500 elements. Optical microscopy was performed using optical microscope KEYENCE VHX 6000.

General procedure for the hydrogenation of SQE in a stirred tank reactor

The reaction was performed in a 200 mL thermo-regulated stainless steel autoclave from Top Industrie. A stainless steel insert with four baffles was mounted on the reactor walls, and the reaction medium was stirred by a gas-inducing Rushton impeller having six straight blades. Temperature control is provided by both an electric shell (for heating) and a Ranque-Hilsch vortex device (for cooling). The reactor is operated in batch mode for the liquid and solid phases and semi-batch mode for the gas phase. Hydrogen was constantly fed via a pressure regulator and supplied by a calibrated reserve. The pressure and temperature monitoring of this reserve provide the hydrogen consumption rate. The liquid phase temperature, monitored using J type thermocouples, and the time-course of hydrogen consumption, monitored with a pressure transducer, were acquired and recorded online using Labview® at 1 Hz.

The catalyst and 80 mL of solvent-free SQE, with tetradecane (0.1 M) as an internal standard, were placed in the reactor. The reactor was purged three times with N2 at room temperature, and the reactor was heated up to the desired temperature under stirring. When the desired temperature was reached, stirring was stopped. The N2 atmosphere was replaced by the H2, and the experiment was restarted by switching on the agitator, determining the t0 of the reaction.

At the end of each experiment, the reaction mixture was analyzed after dilution with heptane using an Agilent 6890 GC-FID and a Shimadzu 2010 GC-MS system, both equipped with DB-17 columns. Unlike other terpenes, the reactivity of the double bonds in SQE is quasi-identical (all tri-substituted double bonds). As such, the identification of different isomers as the function of time by classical GC and GC/MS methods is impractical. Nevertheless, reactant (SQE) and product (SQA) could be identified and quantified from the bulk of intermediates using GC/FID using tetradecane as the internal standard (Figure 2). In-line H2 consumption associated with off-line GC analysis could give highly reproducible catalyst activity monitoring.

Dip-coating procedure

Preparation of the suspension: In the tank of a planetary mill, 20 mL of water was added with 1.1 mL of Triton X-100 and stirred at 300 rpm for 3 min. 0.8 g of dextrin was added, and the mixture was ballmilled for 5 min at 300 rpm. 5g of Pd/CNT was added, and the mixture was again ball-milled for 45 min at 500 rpm. The final suspension of the catalyst was collected with water to reach a final concentration of 100 g/L. Activation of the supports: Fecralloy metallic foams (Hollomet, Foamet 400µm) were cut into cylinder-shaped blocks (length-diameter: 50 mm-4.3mm) or into sheets (length, width, thickness: 150 mm, 12 mm, 1.5 mm). The metallic foams were carefully washed in acetone in a sonication bath, then dried and heated to 500 °C for 4 hours under 500 NmL/min airflow and then cooled to room temperature. Dip-coating of the support: Activated substrates were dipped entirely in the catalyst suspension. Excess catalyst suspension was removed by airflow. The coated foams were dried under air at 80 °C overnight, then heated to 300 °C for 2 hours under nitrogen/hydrogen flow (80/20) (total flowrate of 500 NmL/min) and kept for 2 hours at 300 °C. The oven was cooled down to room temperature under nitrogen flow (500 mL/min). The amount of catalyst coated on the metallic foams was determined by weighing. Analysis of the Pd/CNT catalyst after coating shows that the coating process did not significantly modify the particle size distribution (2 ± 0.5 nm) and the PdSA/PdNP ratio (5.6) (Figure S 8).

General procedure for the hydrogenation of SQE in flow in a milli-reactor Coated foam pieces were inserted in a homemade milli-reactor (4 tubes in series of 100 mm length and 4.4 mm internal diameter) or in a Miprowa-Lab reactor (8 channels in series of 300 mm length with a width of 12 mm and a height of 1.5 mm). The temperature was controlled by a thermoregulated oven or a heated circulating bath (Figure 6 and Supporting Information). The temperature inside the reactor was monitored using J-type thermocouples.

In a 1000 mL volumetric flask, solvent-free SQE with tetradecane as internal standard (0.1M), was prepared. At the reactor inlet, solvent-free SQE (ensured by an HPLC pump Shimadzu LC 20 AD) and gas flow (regulated by a mass flow controller Bronkhorst Elflow Prestige) meet at a T junction. An Equilibar back pressure regulator precisely regulated outlet pressure. G-L separation and liquid collection are ensured by gravity. When a stable temperature was obtained, periodical analysis of the liquid phase by GC-FID and GC-MS after dilution with heptane was used to calculate the conversion of SQE and the yield of SQA.
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Solvent-free total hydrogenation of highly unsaturated squalene into squalane is achieved in batch in less than 2h using Pd-supported catalyst on carbon nanotubes bearing both Pd nanoparticles and Pd single atoms under mild conditions (120°C, 20 bar, 300 ppm Pd). Implementation of this catalyst in a commercial continuous flow pilot was successfully achieved and a TON higher than 300'000 was demonstrated.

H 2 solvent-free

Figure 2 .

 2 Figure 2. Comparison of the GC/FID chromatograms as the function of reaction progress. a) initial composition of reaction mixture; b) reaction mixture at 85% conversion, 1 h; c) final composition of the reaction mixture after 9 h (Conversion >98%). Reaction conditions: H2 20 bar; 120 °C; liquid phase 80 mL of solvent-free SQE (2.03 M) with tetradecane as internal standard (0.1 M); Pd 0.08 mol % (280 mg of 5 wt % Pd/-Al2O3), 120 °C. Heptane was used to dilute the reaction mixture for GC analysis. (See supporting information in Figures S1 to S4 for full-scale chromatograms).

Figure 3 .

 3 Figure 3. H2 consumption and temperature of the liquid phase as the function of time. Reaction conditions: H2 20 bar; 120 °C; liquid phase 80 mL of solvent-free SQE (2.03 M) with tetradecane as internal standard (0.1 M); a) Pd 0.08 mol % (280 mg of 5 wt % Pd/-Al2O3), 120 °C; b) Ni 2 mol % (300 mg of 65 wt % Ni/SiO2-Al2O3), 120 °C for 0.5 h then 150 °C.

Figure 4 .

 4 Figure 4. STEM-HAADF micrographs and particle size distribution are based on total particles and total atoms for Pd/CNT catalyst.

Figure 5 .

 5 Figure 5. H2 consumption and temperature as the function of time. Reaction conditions: H2 20 bar; 120 °C; liquid phase 80 mL of solvent-free SQE (2.03 M) with tetradecane as internal standard (0.1 M); Pd 0.03 mol % -300 ppm (270 mg of 2.04 w% Pd/CNT).

Figure 6 .

 6 Figure 6. Experimental setup for the assessment of Pd/CNT catalytic stability.

Figure 7 .

 7 Figure 7. Composition at the outlet of the reactor as the function of contact time. Reaction conditions: effective reactor volume (VR) 5.8 mL; 95.7 mg of 2.04 wt% of Pd/CNT coated on Fecralloy OCF (Foamet 400 µm); solvent-free SQE (2.03 M) with tetradecane as internal standard (0.1 M); 180 °C; H2 30 bar; (QG/QL)0 >30. SQA and SQE concentrations were determined by GC/FID using internal calibration. The concentration of the different intermediates was calculated by the difference in the concentration of SQA and SQE (see text and Figure2). Lines are guides to the eyes.

Figure 9 .

 9 Figure 9. a) Ehrfeld Mikrotechnik Miprowa-Lab reactor; b) head of the reacting zone showing the foam sheets internals; c) coated foam sheets with Pd/CNT catalyst.

Table 1 .

 1 Experimental conditions for solvent-free hydrogenation of SQE by Pd catalysts.

	Entry	Catalysts	Pd [mol%]	Reaction conditions [temp. -P H2]	Time [h]	Ref.
	1	Pd/C	0.1	120 °C -50 bar then 160 °C -150 bar	[a]	[8a]
	2	Pd/C	0.1	25° C -65 bar then 60 °C -65 bar	47	[8b]

Table 2 .

 2 Comparison of a homemade tubular reactor (VR = 5.8 mL) and commercial intensified reactor (VR = 43.2 mL) at two operating points[a] 

	Effect	Contact time	QL
	[mL]	[min]	[mL/min]

Table 3 :

 3 

	Catalysts' main characteristics
	Catalyst	Pd content	BET surf. area
		[wt%]	[m 2 .g -1 ]
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