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Abstract

A process intensification study for the full hydrogenation of bio-derived platform molecule squalene
(SQE) into squalane (SQA), using commercial heterogeneous Pd catalysts and Pd supported on
carbon nanotubes (CNT) is reported. Pd/CNT shows a substantial improvement of the catalytic
activity for the total hydrogenation of SQE into SQA thanks to cooperativities between Pd
nanoparticles and single atoms simultaneously present on the CNT. However, the stirred reactor's
productivity, scalability, and operability are limited by the exothermicity of the reaction (AH= - 765
kJ.moll). The implementation of the Pd/CNT catalyst in flow was then studied after coating this
catalyst on metallic open cell foams. Using the foam-based milli-reactor's characteristics, including
high mass and heat transfer rates and safety, fully reduced SQA (> 99 %) was obtained at 180 °C and
30 bar of H; for a contact time of 1.45 min with a space-time yield of 68 molsqa.molpg™.mint. Finally,

a scale-up strategy (7 fold) was successfully attempted in a commercially available pilot-scale reactor



that meets further seamless scale-up requirements. A production capacity of 2 kg per day using a
commercial intensified reactor with a reacting volume of 43.2 mL was obtained under mild

conditions (120°C and 30 bar of Hy).
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reactors - seamless scale-up.
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1. Introduction

Squalene (SQE) is a linear triterpene (Figure 1) present in the cells of all living organisms and is a
precursor for the synthesis of secondary metabolites such as sterols, hormones, or vitamins [1]. In
1916, M. Tsujimoto correctly identified its formula as C3oHso and named it squalene, referring to the
fact that it was isolated from the liver oils of deep-sea sharks (squalus spp.) [2]. At present, SQE is
used extensively in pharmaceuticals, food supplements, and cosmetics due to its multiple functions.
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].

SQE demand has been mainly covered by extracting the deep-sea shark's liver oil for almost a
century. However, due to sharks' slow growth, long reproductive cycles, and concomitant over-
fishing, leading cosmetic companies have stopped using SQE from the marine source. Hence, new
sources from plants [4, 5], biorefinery [6], or biotechnology are becoming increasingly important [1,

7-9], and SQE is now an interesting bio-derived platform molecule [10, 11].

SQE is a relatively stable molecule in the absence of oxygen [12]. In the presence of oxygen, SQE
exerts a weak antioxidant activity due to competitive oxidation phenomena, leading to squalene
oxidation products (SOPs, i.e. epoxides and alcohols, as well as scission products from the latter)
[12]. These SOPs have a pro-oxidant activity that mitigates the global antioxidant activity. In order to
increase stability, SQE could be fully hydrogenated to squalane (SQA) (Figure 1). This reduction was
reported by M. Tsujimoto using Pt oxide catalyst (0.02 M in Et,0, 1 atm H,, r.t.) [2]. However, SQA
had no practical use until 1950, when the French firm Laserson reduced SQE neat using a copper-
chromite catalyst and marketed it under the trade name Cosbiol (perhydrosqualene) for cosmetic
applications [13]. In particular, SQA was found non-comedogenic, unlike SQE, and behaves as a
transparent, colorless, odorless, stable, and non-irritant emollient substance [14]. SQA, because of

the high boiling point, inertness, low viscosity, and high gas solubility is also an attractive apolar



solvent used as a reaction medium for catalytic tests [15, 16] or for the synthesis of quantum dots

[17], for example.
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Figure 1. Full hydrogenation of squalene (SQE) into squalane (SQA) (See section 2.4 Analytical monitoring of the reaction

progress for details).

The hydrogenation of SQE into SQA was mainly studied in a batch reactor under harsh conditions
and high loading of Ni-based catalyst. The high metal loading and harsh conditions could be
explained by the presence of impurities (wax, esters, ...) that originated from the raw materials [18],
i.e. originally sharks liver oil or currently from vegetable sources. However, this conventional
reduction method produced by-product(s) with lousy smell(s) [19]. The by-product(s) structure is
unknown but probably derived from bond migration induced by Ni catalyst and harsh conditions
[20]. Consequently, product purification was necessary to obtain high-quality SQA, which raised the
overall production costs. Furthermore, under those conditions, Ni leaching could be expected. Thus
post purifications are required to decrease the concentration of toxic nickel compounds (Ni** and

Ni% to the maximum acceptable levels in the cosmetic product (0.2 ppm) [21].

Recently, biotechnology processes were developed to produce microbial-derived SQE with less
impurity and renew the interest in reducing the latter [10, 11]. Milder reaction conditions may be
used to reduce SQE of the finest quality. In particular, M. Pagliaro et al. have studied the reduction
of SQE (98 % purity) using encapsulated Pd nanoparticles within mesoporous organosilica

(Siliacat® Pd). With this catalyst, a high yield (> 99.5 %) of SQA could be obtained under mild



conditions (i.e. 1 atm H; at 50 °C and in 4 h using 0.5 mol % of Pd in EtOH 0.33 M) [18]. The reduction
of diluted SQE in a continuous reactor using innovative 3D printed catalytic supports was also

recently described [22].

In this paper, the reduction of SQE into SQA was explored using a new and highly active Pd catalyst
supported on carbon nanotubes under mild conditions and compared to commercially available
catalysts. Batch stirred tank to intensified continuous reactor transposition has also been

investigated.

2. Experimental section

2.1. Solvents, SQE and SQA

Analytical grade heptane and EtOH were purchased from Aldrich or Acros and used as received. SQE
(= 98 %) was purchased from Aldrich and used as received. SQE was stored under refrigeration (2-
8 °C) and protected from light. High purity SQA was produced by reducing SQE using Pd/Al,0; under
standard conditions (0.33M, 120 °C, 20 bar H,). After completion of the reaction, the reaction
mixture was filtrated over Celite. The Celite pad was washed with heptane, and the organic phase
was passed through a short column of SiO,. Heptane was removed under reduced pressure using a
rotary evaporator. The yield was quantitative, and the purity of SQA determined by GC was higher

than 98 %.

2.2 Catalysts

Pd/Al,O; (Alfa Aesar, Product number 11713, batch number Z07B031) and Siliacat® Pd catalyst
(SiliCycle (Canada), Product number R815-100, batch number 106744) were used directly. Pd/CNT
was prepared according to a previous publication [23]. Our groups recently demonstrated that

isolated palladium single atoms (Pdsa) and nanoparticles (Pdnp) are simultaneously present on the



carbon support [24, 25]. Pd/CNT catalyst was already characterized by XRD, XPS, and TPD/MS
analysis [23, 24]. From the STEM-HAADF analyses, a semi-quantitative Pdsa/Pdne ratio of = 2 for the
Pd/CNT catalyst was determined [24]. The Pdsa/Pdnp ratio (a number ratio) was measured from the
STEM-HAADF analyses of at least 500 elements. Table 1 compared the characteristic of the catalysts
used in this study, and Figure 2 shows representative STEM-HAADF images of the Pd/CNT catalyst,

where isolated Pdsx and Pdyp coexist.

Table 1. Characterization of the catalysts

Catalyst Metal content (wt %) Particle size (nm) Pd dispersion (%)
Pd/Siliacat® @ 2.13 3.1 n.d.
Pd/Al,05" 5.00 39+1.1 31
Pd/CNT® 2.04 22+1.2 49
Pd/CNT@FeCrAlOY ¢ 2.0+0.5 51

2 see ref. [26];° see ref. [24]; ¢ see section 2.5
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Figure 2. STEM (scale bar = 50 nm) and STEM-HAADF (scale bar = 20 and 10 nm) micrographs of Pd/CNT.

2.3. General procedure for the hydrogenation of SQE in stirred tank reactor

The reactions were performed in a 200 mL thermo-regulated stainless steel autoclave from Top
Industrie. Four baffles were mounted to the reactor walls, and the reaction medium was stirred by a
gas-inducing 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 at
constant pressure, 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 over time provide the hydrogen

consumption profile.



The catalyst and 80 mL of the desired mixture of SQE and solvent were placed in the reactor.
Tetradecane (0.1 M) was used as an internal standard. The reactor was purged with N; at room
temperature, and the reactor was heated to the desired temperature under stirring. When the
desired temperature was reached, the stirring was stopped. The N, atmosphere was replaced by H,
by several purges, and the experiment was started by switching on the agitator. H, consumption and

liquid phase temperature were recorded as the function of time (1 Hz) using Labview®.

G-L equilibrium flash calculations help estimate solvent vaporization and hydrogen solubility for the
heptane/squalene mixtures in the different experimental conditions used in this study (See

supporting information, Figures S1 and S2 and Table S1).

2.4. Analytical monitoring of the reaction progress

Unlike other terpenes, the reactivity of the double bonds in SQE is similar (6 tri-substituted double
bonds with comparable steric crowding). In addition, there are 4 prochiral carbons in SQE. As such,
identifying different intermediates as the function of time by classical GC/FID or GC/MS method is
impractical (See supporting information, figure S3 to S5). It was indeed impossible to kinetically
measure the first step of the reaction or to perform a proper kinetic study. Nevertheless, reactant
(SQE) and product (SQA) could be identified and quantified from the bulk of intermediates using

GC/FID using tetradecane as internal standard (1.S.) (See Figures S6 to S8).

However, reaction progress could be easily followed by monitoring H, consumption as the function
of time. For each experiment, the reaction mixtures were analyzed by GC-FID equipped with DB-17
column and SQE conversion. SQA yield and selectivity could be determined using tetradecane as I.S. .
The concentration of intermediates could be determined by the difference between initial SQE and

SQA formed.

2.5. Coating procedure of FeCrAIOY foams [27]



FeCrAlOY foams (Holomet Foamet 400 um, void fraction 92 % and geometrical specific surface area
of 7050 m2/m3) (See supporting information, Figures S9 and S10, Table S2) were cut in cylinders
(D=4.3 mm and L=50.0 mm) or in rectangular sheets (12 mm x 1.5 mm x 150 mm) through electrical
discharge machining [28]. After degreasing with acetone, metallic foam substrates were submitted
to a preliminary heat treatment at 500 °C under an air atmosphere for 6 h. After cooling down, the
foam pieces were dip-coated with an aqueous suspension of the 2.04 wt% Pd/CNT catalyst (100 g/L)
according to the procedure developed in our group [27]. After air blowing and drying, a final heat
treatment at 300 °C under a reductive N;-H, mixture provides the final supported catalyst. This
procedure obtained a similar mean catalyst mass of Pd/CNT per liter of FeCrAlOY foam, i.e., 17.2 +
5.0 gpa/ent/Loam and 16.5 = 4.0 gpajent/Lioam for cylinders and rectangular sheets, respectively.
Assuming an homogeneous coating of the foam objects, these similar loadings correspond to an
estimated mean layer thickness around 4-5 um. It has been checked that the particle size
distribution (2 + 0.5 nm) and the Pdsa/Pdnp ratio (5.6) of the Pd/CNT catalyst (Figure S5) were not

significantly modified by the coating process.

2.6. General procedure for the hydrogenation of SQE in flow

The experimental setup for the hydrogenation of SQE in flow is detailed in Scheme 1. Cylindrical
coated foam objects were inserted in a homemade milli-reactor, i.e., 4 tubes in series of 100 mm
length and 4.4 mm internal diameter (Figure 3) 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).



c) 10 mm

Figure 3. a) Optical microscopy picture of the coated metallic foam inserted into the stainless steel tubing. b) Uncoated

foam sheets and c) Coated foam sheets with Pd/CNT catalyst used in Miprowa-lab reactor.

The temperature was controlled by a thermoregulated oven or a heated circulating bath for
cylinders and rectangular sheets, respectively (Scheme 1). The temperature inside the reactor was
monitored using J-type thermocouples. In a 1000 mL volumetric flask, 0.33 M SQE with tetradecane
as internal standard was prepared. At the reactor inlet, organic solution (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 was used to calculate the conversion of

SQE and the yield of SQA.



@ Flow controler

@ Thermocouple

A
E Safety valve
% S
T

Safety valve

Back pressure
- regulator
CP Milli-structured | CP :
g?f reactor
b -~ " «
HPLC pump -
- ~N
? - A ~. SQA in heptane
- ~
-~ /oA N
“Tubular reactor / 5 Miprowa—Lab reactor -
Reacting volume of 5.8 mL / \ Reacting volume of 43.2 mL .

SCQE in heptane divided into 4 tubes in series

divided into 8 channels in series

SJE
Sa

pre-heater

é @ Heated Circulating Bath

Cylindrical foam coated with Pd/CNT ==n Rectangular foam coated with Pd/CNT

Scheme 1. Experimental setup for the reduction of SQE in flow using milli-reactor

The continuous experiments were performed at 120 °C or 180 °C and 30 bar of H,, applying a gas
flowrate (Qg) between 200 and 1800 NmL.mint and liquid flow (Q.) (SQE 0.3M in heptane) between
1 to 20 mL.minL. In all experiments, an excess of H, was used (H,/SQE molar ratio between 12 and
40). Periodical analysis of the liquid phase by GC-FID and GC-MS is used to calculate the conversion

of SQE, the yield of SQA.



3. Results and discussion

3.1. Hydrogenation of SQE by commercial catalysts

The reduction of SQE was first studied using the commercial Siliacat® Pd catalyst under the
experimental conditions (50 °C, H, 3 bar, Pd/SQE = 0.5 mol % and EtOH as solvent) described by M.
Pagliaro et al. [18]. Reaction progress could not be easily followed by in-situ or ex-situ analysis. The
reactivities of double bonds in SQE are similar and partial reduction could lead to the formation of
up to 62 intermediate species and their isomers (See supporting information, Figures S6 to S9 for
typical chromatograms). Thus, identifying and quantifying different intermediate species as the
function of time by classical GC/FID and GC/MS methods is impractical. However, monitoring H»
pressure inside the batch reactor as the function of time (Figure 4) could give reliable information on
the apparent catalytic activity. When 6 mol of H, per mol of SQE are consumed, the reaction was
stopped, and analysis of the reaction mixture using GC-FID and GC-MS system, both equipped with
DB-17 columns, confirmed the total reduction of SQE into SQA (within the experimental error of 2

%).
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Figure 4. H, consumption as the function of time, solvent, catalyst, and H, pressure. Reaction conditions: SQE 0.33M in
EtOH or heptane, 50 °C, H, 3 bar or 20 bar, Pd/SQE = 0.5 mol %; Liquid phase 80 mL, 280 mg of 5wt % Pd/Al,O3; or 670 mg

of 2.1wt % Pd/Siliacat®

Surprisingly, at room temperature, SQE was not fully soluble in EtOH (0.33 M). A milky suspension
was formed under stirring that rapidly demixes on standing. Despite the formation of this emulsion,
a quantitative yield of SQA was obtained in ~ 3.5 h (Figure 4), as expected from the works of M.
Pagliaro et al. [18]. An increase of H, pressure from 3 to 20 bar slightly increased the initial chemical
rate, measured by the hydrogen consumption rate, but does not change the time to get total
conversion into SQA, ~3.5 h (12’000 s). Siliacat® Pd catalyst was then compared to a Pd/Al,Os (Strem
Chemicals) catalyst using the same metal loading and experimental conditions. A similar H,
consumption profile was observed, indicating similar reaction progress and chemical rate (Figure 4).

The complete hydrogenation was obtained concurrently, in ~3.5 h. In heptane, a suitable solvent for



SQE, similar reactivity was observed (Figure 4). As such, Pd/Al,Os; in heptane was chosen as a

catalytic reference system to further optimize the reduction of SQE.

3.2. Influence of the temperature on hydrogenation of SQE by commercial catalyst

The influence of the temperature on the catalytic activity was then studied (Figure 5) with the
Pd/Al,O; reference catalyst. As expected, the chemical rate, determined by the apparent H»
consumption rate, was increased with increasing the temperature. After checking for the absence of
physical transport limitations and assuming similar reactivity of the six double bonds of SQE
(trisubstituted C=C, see Figure 1), the apparent H, consumption rate profiles could be regressed
using a pseudo-1% order kinetic rate expression regarding the C=C double bonds concentration. The
apparent kinetic constant increased sixtyfold from 50 °C to 120 °C, corresponding to an apparent
activation energy of 55 = 5 kl.mol ™. A slight decrease of apparent activation energy is noticed above
120°C, most probably meaning the appearance of some internal mass transfer limitation.
Consequently, even if present on the figure 5, the point at 140°C was not considered for the
apparent activation energy determination. Due to the exothermicity of the total hydrogenation
reaction (A\H = — 765 kl.mol?), increased reaction rate means increased heat production rate.
However, in the experimental domain tested with this catalyst, the exothermicity was easily handled
by the stirred tank reactor and its cooling system up to 120 °C (AT ~ 10 °C for the experiment at
120 °C, see Supporting information, Figure S12). The temperature was thus set to 120 °C for the

following experiments.
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Figure 5. H, consumption as the function of the temperature. Reaction conditions: SQE 0.33M in heptane, H, 20 bar,
Pd/SQE = 0.5 mol %; Liquid phase 80 mL, 280 mg of 5wt % Pd/Al,0s. Insert: Arrhenius plot of the apparent kinetic constant

(kins?t).

3.3. Influence of the substrate concentration on hydrogenation of SQE by commercial catalyst

The influence of SQE concentration on the extent of reaction and the apparent rate of H,
consumption was then studied. When increasing the SQE concentration from 0.15 M to 2.03 M
(neat), the time needed to achieve complete hydrogenation of SQE increases, and it is noticeable
that the apparent H, consumption rate profiles (normalized by the SQE concentration, see Figure 4)
tend to decrease. This phenomenon has already been reported in the literature and was explained
by strong adsorption of SQE and partially hydrogenated products on the catalyst surface, resulting
kinetically in a term of inhibition by the reactant on the rate law [18, 29]. The reduction of neat SQE
(100 % conversion and 96 % selectivity) could be achieved after ~ 8.6 h (See supporting information,
Figure S13) under those relatively mild conditions (120 °C, H, 20 bar, Pd/SQE = 0.5 mol %). This result
is roughly comparable (in terms of activity) to the published result with 2.5 wt % SiliaCat Pd,[26] i.e.
100 % conversion and 99 % selectivity after 24h (70 °C, Hx 3 bar, Pd/SQE = 20 mol %). Comparison of

the initial reactions rates as the function of the concentration (Figure 6, inset) showed that the



maximum chemical rate was reached for a concentration between 0.15 and 0.33 M. This evolution
of reaction rate with the substrate concentration is typical of Langmuir-Hinshelwood kinetics with
competitive adsorption between alkenes and hydrogen resulting in inhibition by the substrate. For
further experiments, the experimental conditions were set to a concentration of SQE of 0.33 M in
heptane, 120 °C, and 20 bar H,. This concentration allows a compromise between optimal reaction

rate and excessive substrate dilution.
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Figure 6. H, consumption as the function of the initial concentration of SQE. Reaction conditions: SQE 0.15 M in heptane to
2.03 M (neat), 120 °C, H, 20 bar, Pd/SQE = 0.5 mol %, 280 mg of 5wt % Pd/Al,03, liquid phase 80 mL. Insert: initial reaction

rates (r°) at the function of initial concentration of SQE.

Our groups recently reported that Pd/C catalysts could show high activity for the hydrogenation of
monoterpene (B-myrcene) and evidenced a structure-activity correlation, integrating three catalyst
structural features: metal dispersion, amounts of surface oxygen groups, and defective sites on the

support [23]. While the presence of metal dispersion in such a correlation was not surprising, the



role of surface defects and oxygenated groups was less straightforward. Then, further investigations
demonstrated that Pdsa and Pdne are simultaneously present on the carbon supports and that
unique cooperative catalysis operates between these species, allowing one to reach very high
apparent activity for monoterpene hydrogenation [24, 25]. Thus, Pd/CNT was evaluated for the

reduction of SQE.

3.4. Hydrogenation of SQE in heptane by Pd/CNT catalyst

Pd/CNT catalyst was compared to Pd/Al,O3 under the optimized conditions for the latter, i.e. SQE
0.33M in heptane, 120 °C 20 bar H, (Figure 7), but the Pd/SQE ratio was decreased from 0.5 mol % to
0.2 mol %. Under those conditions, SQE was selectively reduced to SQA in 700 s using Pd/Al,Os,
whereas less than 120 s were necessary for Pd/CNT (Figure 7). This significant improvement of the
catalytic activity is also highlighted by the increase of the liquid phase's temperature (Figure 7). For a
SQE concentration of 0.33 M, an adiabatic temperature rise of 160 °C is expected. Despite the use of
an efficient Ranque-Hilsch vortex cooling system for this relatively small stirred tank reactor (200
mL), the temperature of the liquid phase reaches 146 °C (AT = 26 °C) in less than 20 s for Pd/CNT.
This indicates a drastic change in apparent instantaneous activity compared to the reference
alumina catalyst, where a lower temperature peak was noticed (AT = 10 °C, see Figure 7). Such an
abrupt increase of liquid phase temperature has a conjugated effect, accentuating the difference in
apparent catalytic activity (Figure 7) as the two parameters are interlinked. Additionally, the
performance observed with Pd/CNT could be affected by mass transfer limitation (reactor
dependent) at the G-L interface, which was not the case for Pd/Al,O3 and Pd/Siliacat® catalysts due
to their limited activity. Additional experiments are required with less catalyst to assess a fully
guantitative comparison of catalytic activities without any mass or heat transfer limitations.
Nevertheless, using the same amount of catalyst (Pd/SQE = 0.2 mol %), total hydrogenation of 0.33
M SQE in heptane could be achieved in less than 120 s with Pd/CNT compared to 900 s with Pd/Al,O3

in the same reactor (Figure 7). The coexistence of Pdne and Pdsa in Pd/CNT catalyst has a synergetic



effect on catalytic activities[25] that have already been discussed for the hydrogenation of
monoterpenes [24]. However, the objective of the present work was to intensify the hydrogenation

of SQE; thus, new experimental conditions were evaluated.
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Figure 7. H, consumption as the function of time and catalysts. Reaction conditions: SQE 0.33M in heptane; 120 °C; H, 20

bar; Liquid phase 80 mL; 280 mg 2.04 wt% Pd/CNT (Pd/SQE = 0.2 mol %) or Pd/SQE = 0.5 mol %, 280 mg of 5wt% Pd/Al,O3

3.5. Hydrogenation of SQE in SQA by Pd/CNT catalyst

Under previous conditions (Figure 7), post-purification of the product by distillation is necessary (i.e.
SQA/heptane separation). One way to circumvent this problem is to use the reaction product (i.e.
SQA) itself as a solvent. SQE was thus dissolved into high purity SQA (> 98 %) to get a concentration
of 0.33 M. The comparison between heptane and SQA as the solvent is shown in Figure 8 using 0.2

mol % of Pd/CNT catalyst.
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Figure 8. H, consumption and temperature of the liquid phase profiles as the function of time and solvent. Reaction
conditions: SQE 0.33M in SQA or heptane; 120 °C; H, 20 bar; Liquid phase 80 mL; Pd/SQE = 0.5 mol%; 280 mg of 2.04 wt%

Pd/CNT.

A slight decrease in the apparent activity of the catalyst was noticed using SQA as the solvent
compared to heptane (Figure 8). This decrease could be primarily attributed to the decrease of
hydrogen solubility from heptane to SQA [30] and an important increase in the solvent's viscosity
(0.39 and 36.1 mPa.s* at 20 °C for heptane and SQA [31] and 2.2 mPa.s? at 120 °C for SQA [32]). This
difference in the apparent catalytic activities is emphasized by the maximum temperature reached
by the liquid phase (132 °C vs. 146 °C) for SQA and heptane as the solvent, respectively. Still, after 6
min, neat SQA (selectivity > 99.6 %) could be obtained in this stirred tank reactor, and a simple
filtration is used to remove the heterogeneous catalyst from the mixture that does not need further

purification steps.



3.6. Transposition of batch to continuous flow

Multiphase stirred tank reactors often suffer from safety and productivity issues when scale-up is
addressed with such exothermic demanding reactions [33, 34]. Indeed, for given conditions, often
optimized at lab-scale, a direct scale-up lead to a significant decrease in available heat transfer
capacity (UAw) as the function of the volume of the reactor(Vg), leading thus to highly probable
thermal runaway and deteriorated product quality (Figure 9). Reduced and “degraded” experimental
windows involving diluted charges or controlled fed-batch operation are used to mitigate this issue

but at the extent of an ineluctably reduced reactor productivity and possible extra purification costs.
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Figure 9. Graphical comparison of the wall heat transfer capacity (UAw) with reacting volume (Vg) for the 3 reactor
technologies considered in this study. See Supporting information and Table S3 for details on the methodology used to

compare these 3 types of reactors.

It is interesting to notice in this rough comparison that the MIPROWA reactors and the lab-scale

tubular foam reactor clearly exceed the stirred tanks, whatever their volume. Moreover, and as



already known, stirred tank vessels see their heat transfer capacity drastically decrease when reactor
volume increases while the MIPROWA technologies maintain a constant heat transfer capacity

throughout the scaled-up versions due to seamless scale-up consideration.

Due to a similar millimeter-scale geometry and a less efficient external heat transfer coefficient on
the utility side, the lab-scale tubular reactor lies slightly behind the MIPROWA reactor but surpasses
the stirred tanks. This comparison clearly deserves the interest of such reactors and transpositions

for demanding reactions and strengthens the methodology followed in this work.

A novel approach has been proposed for several years with continuous intensified reactor
technologies [33, 35, 36]. These reactors allow fast transpositions from traditional lab-scale stirred
tank reactors due to small characteristic lengths and more intense physical phenomena (mixing,
heat, and mass transfer). Furthermore, extended or new process windows can be reached beyond
the batch to continuous transposition, allowing to expect more process intensification of the
synthesis [37, 38]. Finally, with the more and more mature “seamless scale up” strategy [39-41],
identical physical performances are provided at different production capacities (Figure 9) up to the

industrial one, ensuring an easy and quasi instantaneous scale up.

Pd/CNT appears as a nano-textured micro powder (particle size < 10 um), and its processability in
continuous equipment appears as a bottleneck. Micropacked bed reactors have been successfully
demonstrated [42, 43] for such 3-phase operations but were operated with larger particles
(10-100um), and prohibitive pressure drops are expected with this catalyst. “Slurry Taylor flow”,
already mastered in our group [44-46], can be envisaged as an advantageous contacting mode, but

its scalability remains unsolved.

Recently, the design of 3D printed supports for continuous reactors has been described [22, 47-49],
particularly for SQE reduction [22]. The catalyst could be prepared by electrodeposition [47],
impregnation [22], and coating with a supported catalyst layer [48, 49]. The catalyst immobilization

on metallic open cell foams (OCF) has been developed in our group for several years [50, 51] and has



been favored here to operate this catalyst in continuous flow mode. OCF have several attractive
benefits compared to 3D printed supports. OCF are structured materials commercially available at a
relatively low cost. This structure can present interesting features such as high thermal conductivity,
appropriate mixing due to the disordered structure, low-pressure drop, and large external specific
surface area (up to 10,000 m%/m3). OCF have demonstrated their interest as heat exchangers,
internal mixers, and catalyst supports by the past [50, 51]. Metallic OCF offers a good cutting
accuracy (5 um) by electro-machining discharge, ensuring then a perfect adaptation to the
geometry of the different types of flow reactors without any wall by-pass issues. Finally, foam
internals can be prepared for a wide range of reactor diameters (millimetre-scale to decimetre-scale)

and cross sections.

A first lab-scale transposition with millimeter-scale cylindrical FeCrAIOY foam objects (J = 4.3 mm)
inserted in 4 stainless steel tubing ((J =4.4 mm, L = 100 mm) was undertaken (Scheme 1). Such a
small millimeter-scale allows the use of a reasonable reactant (and solvent) inventory (active reactor
volume of 5.8 mL with a total catalyst amount of 0.1 g) for a lab-scale demonstration combined with

the benefits of good heat and mass transfers capacities (Figure 9).

Periodical analysis of the liquid phase at the reactor outlet by GC-FID and GC-MS is used to
determine the concentration profile of SQE, the yield of SQA at 120 °C, and 30 bar of H; as the
function of contact time is reported in Figure 10. Contact time was defined as the ratio of the reactor
volume (V,) vs. the liquid phase flow (Q.). For this experiment, a constant large excess of hydrogen
was used (H2/SQE molar ratio of 30), i.e. the hydrogen flow (Qg) vs. Q. was kept constant. Total
conversion of SQE was obtained for a contact time below 1 min (Figure 10). When increasing the
contact time, i.e. decreasing Q, the concentration of SQA at the reactor outlet rapidly increases
(Figure 10, and Table 2, entries 1-3). Quantitative yields (SQA >99%) were obtained for a contact

time of 6 min (Table 2, entry 3) with a space-time yield of 17 molsqa.molsst.min™(Table 2, entry 3).
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Figure 10. Concentration at the reactor outlet as the function of contact time for the hydrogenation of SQE in flow using
tubular reactor. Reaction conditions: SQE 0.33 M in heptane; 120 °C, H, 30 bar; Qs/G. = 10; H,/SQE molar ratio = 30; 0.10 g
of 2.04 wt% Pd/CNT coated on 400 um foams; foam volume : 5.8 mL; SQA and SQE concentration 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. Lines are guides to the eyes.

The absence of external mass transfer limitation was checked by using 3 different lengths of reactor.
For the same contact time (Vr/Qu), both conversion and yield were identical for those 3 different
reactors (see Supporting information, Figure S14). The hydrogen flow (Qg) has little impact on the
mean liquid residence time [51, 52] and in conversion and selectivity levels since no mass transfer

limitation was detected, as far as hydrogen is provided in excess (an H,/SQE molar ratio between 24

and 237 was used).



Table 2. SQA yield and Space-Time Yield (STY) as the function of temperature and contact time in the tubular reactor

Entry Temperature (°C)  Contact time (min)®  SQAYield% <  STY (molsaa.molea™.min™)

1 120 1.9 72 37
2 120 2.9 94 32
3 120 5.8 >99 17
4 180 0.7 85 117
5 180 1.0 96 96
6 180 1.45 >99 68

a) Reaction conditions: SQE 0.33 M in heptane; 120 °C or 180 °C, H, 30 bar; H,/SQE molar ratio = 30; 0.10 g of 2.04 wt%
Pd/CNT coated on 400 um foams; reactor volume : 5.8mL.
b) Contact time = V,/Qq

°) SQA yield was determined by GC-FID using internal standard

Then, in an attempt to further improve the continuous reactor productivity, the temperature was
increased to 180 °C (see Supporting information, Figure S15). The productivity increases reaching a
space-time yield of up to 117 molsga.moleg.min (Table 2, entry 4) for a SQA vyield of 85%. In order
to increase the SQA yield, the contact time was increased. Fully reduced SQA (> 99 %) was obtained
at 180 °C and 30 bar of H; for a contact time of 1.45 min (Entry 6, Table 2) with a space-time yield of
68 molsaa.molpgt.min’t and volumetric productivity of 95.3 kg of fully reduced SQA (> 99 %) per liter
of reactor and per minute. It is worth noting that under those conditions, the reaction rate is
partially limited by mass transfers; thus, the yield improvement is much lower compared to what
could be expected on a chemical kinetic basis. Moreover, only a minor improvement can be

expected by increasing further the reaction temperature.

At 180 °C, a low exothermicity could be detected inside the reactor (see Supporting information,

Figure S16), illustrating one significant benefit of this contact mode. The observed exothermic peak



remains below 10 °C (ATmax=7 °C) inside the reactor and was dependent on the liquid flow rate (Q.):

The temperature profile tends to spread and flatten when increasing liquid flowrate as expected.

Catalyst stability is under evaluation to reach high Turn Over Numbers (TON). This aspect is

mandatory for a reliable and robust continuous catalytic process with an immobilized catalyst.

3.7. Seamless scale-up

After this successful batch to continuous transposition at lab-scale, a further step towards a reliable
continuous pilot production has been attempted. The scale-up and adaptation of the coated foam
inside millimeter-scale tubing (5.8 mL) to a commercially available milli-structured intensified pilot-
scale reactor has been done with the Miprowa-Lab reactor (active reactor volume of 43.2 mL with a
total catalyst amount of 0.75g) from Ehrfeld Mikrotechnik [53] (Scheme 1, Figure 11). As a result, a

potential scale-up factor of 7.5 has been experienced.

Figure 11. a) Erhfeld Mikrotechnik Miprowa-Lab reactor; b) coated foam internals; c) head of the reacting zone of Erhfeld
Mikrotechnik Miprowa-Lab reactor showing the filling with a foam sheet internal.

The reactor's eight millimeter-scale channels (a rectangular cross-section of 12 x 1.5 mm2 x 300 mm
length) were easily mounted with coated foam sheets (12 x 1.5 x 150 mm?3) in place of the classical
static mixing elements of this technology [49, 53]. The foam material and the coating procedure
were identical to the former reactor and led to a roughly similar loading of 16 g of Pd/CNT catalyst

per L of foam. As expected, experiments conducted at an iso-contact time and identical process



conditions (120 °C, 30 bar H, pressure, and 0.33 M SQE in heptane) demonstrate the successful
scale-up from the tubular lab-reactor to this pilot technology. By increasing the liquid flow rate (Q.)
by a factor of 10 by switching from the tubular reactor to the pilot reactor, it is possible to obtain an
SQA yield higher than 99% with similar productivity (Table 3, Figure S19 and S20). Under those mild
conditions (i.e., 120°C and 30 bar of H;), a production capacity of 1.989 kg per day using a

commercial intensified reactor with a reacting volume of 43.2 mL was obtained (Table 3).



Table 3. Comparison of SQA yield and productivity obtained with tubular reactor (active reactor volume of 5.8 mL) and

Miprowa-Lab reactor (active reactor volume of 43.2 mL) under the same operating conditions.?

Reactor Temp./P H, Contacttime? Q SQA Yield ¢ SQA Production capacity Productivity
(vol.) (°C/bar) (min) (mL/min) (%) (kgsaa/day) (kg saa/m3z/min)
Tubular 120/30 1.9 3d 72 52.0

(5.8mL) 120/30 5.8 1le >99 0.199 23.8
Miprowa-Lab 120/30 2.2 20f 63 40.7

(43.2 mL) 120/30 4.3 10f >99 1.989 32.0

a Reaction conditions: SQE 0.33 M in heptane, 120 °C, H, 30 bar; 2.04 wt% Pd/CNT coated on FeCrAlOY metallic foams
(Foamet 400um). Catalyst content of 16.5 g and 17.2 g of Pd/CNT per L of reactor (Lg) for tubular and Miprowa-Lab reactor,
respectively. ® Contact time = V,/Q..9 SQA yield was determined by GC-FID using internal standard. 9 Qg = 800 NmL / min. ©

Qg =200 NmL / min. Qg = 1800 NmL / min.

The combination of similar reactor characteristic lengths, comparable catalyst contents, and of
course, similar contacting modes with sufficient heat and mass transfer capacities ensured the
observed chemical regime operation. It explained the easy scalability of the homemade tubular
reactor to this commercial pilot unit. Such a demonstration is useful to promote the maturity of
continuous micro/milli structured reactor technologies. The seamless scale-up praised by the
provider could then ensure a quasi-instantaneous scale-up to more significant and qualified units
suitable to process desired industrial capacities, even for this kind of complex 3-phase chemistries
involving new heterogeneous catalysts. Further intensification with novel process windows
unreachable safely in large batch stirred tank reactors remains possible and is under study with

these continuous tools.



4. Conclusion

High purity SQE, obtained by fermentation using genetically modified yeast, will become an
interesting bio-based intermediate over the next few years. To increase the stability and commercial
interest of SQE, its efficient reduction into SQA has to be achieved. Selective SQE reduction into SQA
can be performed using a classical lab-scale stirred tank reactor (200 mL) under relatively mild

conditions (0.33 M, 120 °C, 20 bar Hy, Pd/SQE = 0.2 mol %) using commercially available catalysts.

The use of new Pd/CNT catalysts significantly improves chemical rate under those conditions thanks
to the cooperativity between Pdne and Pdsa [24]. However, the productivity and operability of the
lab-scale stirred tank reactor using this very active catalyst are limited by the reaction's

exothermicity (AH= - 765 kl.mol ).

The use of the highly active catalyst in flow was investigated by coating it on open-cell solid foam
internal, enabling the control of the reaction's exothermicity and further process intensification. At
180 °C and 30 bar of H,, fully reduced SQA could be obtained without being bothered by the
exothermicity of the reaction. Under those conditions, SQE can be reduced into SQA (> 99%) with a
contact time of 1.45 min with a space-time yield of 68 molsqga.molps.min. A step towards a reliable
continuous pilot production was taken by implementing the reaction in a commercially available
milli-structured intensified pilot-scale reactor. Similar productivity with SQA yields higher than 99%,
close to 30 kg of SQA per m? of reactor active volume and per min were obtained. These new Pd-
supported catalysts meet the need to increase catalytic activity for highly demanding substrates like
SQE. Moreover, easy transposition and scalability of the contacting mode to commercial milli-

structured reactor have been demonstrated.
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