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ABSTRACT

Innovating in materials manufacturing processes is a challenge to reduce the environmental impact
of the chemical industry in line with sustainable development objectives, such as promote
sustainable industrialization, and ensure responsible consumption and production patterns. One of
the ways to reach this goal is to revisit the main synthesis processes and to rethink their use.
Reactive extrusion is a well-known continuous process used to produce and shape various
materials in the field of polymer and food industries, but hardly any for the direct synthesis and
shaping of metal oxide materials (ceramics). By contrast, sol-gel chemistry offers tremendous
opportunities to synthesize metal oxide networks by polycondensation of molecular precursors at
low temperature, but it is mostly operated in sluggish batch processes, using massive amounts of
solvent contaminants, and producing large amounts of chemical wastes (E-factor > 40). In this
work, for the first time, we coupled extrusion with sol-gel chemistry to produce high surface area
shaped alumina-based materials that meet or exceed the requirements to be used as heterogeneous
catalysts or catalyst supports. The necessity to adapt sol-gel chemistry — usually done in diluted
environment — to meet the twin-extruder technical constraints — usually working in viscous
environment — led to a peculiar choice of reaction conditions little discussed in the literature: the
hydrolysis/condensation of (solid) alkoxide precursors without solvent. We were able to synthetize
and shape high specific surface area boehmite (y-AIOOH), at room temperature, in a continuous
mode, and in solvent-free conditions. The solids are directly shaped in the form of self-standing
“spaghetti” or extrudates. Upon calcination, the shaped hydroxides are converted into mesoporous
and high specific surface area gamma alumina (y-Al,O3) materials. We show that such materials
display high catalytic activity in the dehydration of ethanol. The process intensification presented

here paves the way to very low-waste, low-energy, and — all in all — more sustainable



manufacturing practices toward shaped high surface area metal oxides. In addition, it could be
potentially less expensive since the simplification of the equipment and the lower energy
consumption will contribute to drastically reduce the production costs even if the reagents are more

expensive.
INTRODUCTION

Catalysts are an essential cornerstone of industrial chemistry, especially for sustainable chemical
processes development since they allow massive production of chemical commodity for a lower

cost. They are used in many fields: energy ', environment >~ and materials >°.

Heterogeneous catalysts are favored whenever possible for they allow performing the same
reaction multiple times, with lower energy input and, in some cases, they can be operated in
continuous flow mode, for long time on stream ’~°. Their structure and composition can be complex
according to the targeted reaction. They are usually made of an active phase dispersed onto a
mechanically and chemically robust porous support. The shape of the support is adapted to the

type of the reactor, it can be powders, extrudates, monoliths, etc *13.

While efficient heterogeneous catalysts are essential to develop effective and sustainable
chemical processes, the environmental and economic burden of their preparation itself must also
be considered in the evaluation of any proposed catalytic technology '*. The preparation of
catalysts and catalyst supports usually requires multi-steps synthesis to control textural and
mechanical properties that generate large amounts of (liquid and gaseous) wastes and are often
energy intensive. Gamma alumina (y-Al2O;3) is one of the more representative support catalysts
from the family of transition alumina that can be produced efficiently and reproducibly, with

controlled size and shape, by topotactic dehydration of y-AIOOH (boehmite). y-AlOs is



commonly used as catalyst support at the industrial scale for oil refinery, especially for reforming
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1516 “hydro-treatment !” and hydro-conversion '® reactions and also for alcohol dehydration to

alkenes and in the Claus process '*

. v-AlO3’s interest resides in its highly modular textural
properties, which can be tuned by the size and morphology of primary boehmite particles, their
shaping process (peptization and neutralization steps), as well as its quite low reactivity coupled

with a good mechanical strength 223,

The preparation of ready-to-use alumina-based catalysts is a long and quite expensive process
including at first several steps for the boehmite nanoparticle synthesis and in a second time a
shaping process as illustrated figure 1 2#?°. Boehmite conventional synthesis protocols imply a
multi-step approach depending on the synthesis strategy. The sol-gel method, also known as the
Yoldas process, uses metal alkoxides as precursors with an excess of water (H,O/Al is around
200/1)*. In industry, the most common strategy is the neutralization of an aqueous acidic solution
of metal salt precursors (such as AI(NO;3); 2"2°, A,SO42°3! or AICI; *) by a basic solution of

aluminate ¥, NaOH 2*, ammonia * or urea 2°3!.

As obtained precipitate corresponding to
boehmite is usually aged in the mother liquor at atmospheric or higher pressure, at different
temperature (from room temperature to 150 °C) 234, Afterward, the solid is filtered from the
reaction medium, and washed several times with a large amount of water, at room temperature or
higher, to eliminate the counter-ions from the aluminum salts. Then the wet powder, named
“filtration cake”, is dried in an oven. Apart from precisely controlling the texture, crystalline
structure, and surface properties of the alumina powders, catalysis scientists must also consider the
shaping of the latter into larger catalysts bodies (microsphere, extrudates, monolith, etc.) that can

be handled easily and loaded in flow reactors without causing excessive pressure-drop 3%, This

kneading-extrusion process includes the peptization of the powder in a liquid, usually acid or base



and potentially with organic or mineral additive before extrusion. Peptization leads to a de-
agglomeration of particles due to electrostatic repulsions of charged surface after adsorption of
protons or hydroxyl ions. Finally, in order to transform the boehmite into y-Al>O3 a calcination
step is applied, usually between 500 to 700 °C 3*%°, The final textural properties of the support are
mainly set during boehmite synthesis, but it can be modulated to a certain degree during the

shaping process >°.
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Fig. 1. Schematic view of a conventional, multi-step ** production route for y-Al,Os catalyst support

from aluminum salts according to Industry. RT stands for Room Temperature

As depicted in figure 1, before calcination, at least six elementary steps are necessary to get y-
AlOs shaped extrudates via the conventional precipitation methods. Each step requires a different
device, different temperature and different completion times. In most cases, each step is carried

out in a batch mode. One of the many consequences of this processing pathway is that a very large



volume of solvent (mostly water) is spent. Also, binding agent *!

and porogen can be added in
order to improve respectively extrudates cohesion before thermal treatment and to reach required
textural properties. Based on rare published reports “** the production of y-Al,Os extrudates
produces a lot of liquid wastes. In the literature the weight of effluents generated by the washing
of aluminum counter ions is rarely quantified (from our experience, several times the same amount
of, sometimes hot, water used for precipitation). Furthermore, the overall production process is

discontinuous. This conventional approach, is highly unsatisfactory from a sustainability point of

view: poor atom economy, large waste production (high E-factor), and high energy consumption.

A possible way to tackle this problem is to regroup as many steps as possible into one single
device, using a drastic economy of atoms and energy. With this later considerations, reactive
extrusion is an interesting process to develop for the intensive production of such catalysts. First,
the extrusion process is a shaping process, well-known in the industry and widely used to shape
metal oxide catalysts or catalyst supports such as y-Al2Os3. Reactive extrusion process is about
using a continuous extruder as chemical reactor as well as a shaping tool. Indeed, it is a chemical
reactor with a large contact surface area able to transfer heat to/from the reactive medium. The
modularity of its screw profile allows performing transport, mixing, and shearing of matter; and it
can accommodate highly viscous media. Reactive extrusion has been used for a long time for

4445 in industrial field . Its recent development

organic polymerization or polymer modifications
is focused on hybrid materials ***¢. Despite its obvious potential for synthesis and shaping of metal

oxides materials, like y-AIOOH boehmite, no information has been published on the subject to our

knowledge.

In this paper, the production of shaped gamma alumina is revisited by combining extrusion

process with Sol-Gel chemistry #’, which is known for its ability to produce metal oxides in mild



experimental conditions and its adaptability to industrial processing. Intrinsically, aluminum-
based sol-gel reactions require large amounts of heated solvent to control hydrolysis and
condensations steps, and lead to boehmite particles of controlled shape and size which are crucial
for obtaining highly porous active and selective catalysts 2**-3!_ In the literature, the precipitation
of boehmite from aluminum alkoxide precursors uses also large amounts of solvent for controlling
the high reactivity and exothermicity of the hydrolysis step 2¢. By contrast, a few recent scholarly

publications**>2-8

mention the facile synthesis of boehmite at ambient temperature by using a
solvent free synthesis in which a very small amount of water, used as a reactant, is ground into a
hand mortar with aluminum alkoxides. These reports focused on the final characteristics of the -
AL Os particles obtained after calcination but no investigation was presented on the properties of
the boehmite intermediates or on the influence of processing parameters. More specifically, the
high exothermicity of alkoxide hydrolysis reaction was not discussed, even though it is likely to
strongly influence the final product characteristics for the reaction temperature depends on the
amount of matter reacted at a time. Looking for strategy allowing eliminating liquid waste

completely, we concluded that the direct use of alkoxide precursors in a solvent-free reaction can

be an efficient synthesis approach.

Here, we disclose for the first time a solvent-free, binder free, and porogen-free synthesis and
shaping strategy of high surface area mesoporous y-AIOOH extrudates with a near ambient
temperature, one-step-one-tool process of reactive extrusion. After calcination, y-AIOOH
extrudates lead to y-AloO3 with high specific surface area and porous volume. As a reference,
extrudates are also prepared from boehmite particles obtained in the same chemical conditions but

using a batch process following by a wusual kneading-extrusion processes (including



peptization/neutralization steps). The obtained y-Al,Os; extrudates were tested for alcohol

dehydration reaction and compared to a commercial alumina powder.

MATERIALS AND METHODS

Chemicals

Chemical as follows were used; Aluminum tri-Sec-Butoxide (ASB) 97% from Sigma-Aldrich,
Aluminum IsoPropoxide (AIP) 98% from Sigma-Aldrich. Milli-Q water was used for alkoxide
hydrolysis. AIP was grinded with a mortar before used (the grinded powder is analyzed before use
by FTIR spectroscopy to ensure that it wasn't hydrolyzed/condensed during grinding or storage).
A commercial boehmite (PuralSB3) coming from Sigma-Aldrich is also used as reference for

characterization.

Reactive extrusion of y-AIOOH mesoporous extrudates

Scamex’s Twin Screws Micro-Extruder (TSME) of 60 cm length, with 18 mm diameter screws
was used. Temperature device was set at 30 °C (corresponds to room temperature during summer
time) and the screws speed at 300 rpm. The screws profile of the mixing area (figure SI.1 B) was
selected by comparing kneading, transport, and mixing modulus in term of textural properties of
the materials produced at various temperatures and hydrolysis rates (experiments not presented
here). We selected the kneading profile that gave boehmite with highly reproducible surface area
and porous volume and that was reasonably stable with hydrolysis rate variations and aluminum
alkoxide source.”. Water was fed through the hopper, (H2 in figure SI.1 A), using a peristaltic

pump at 1.32 and 1.76 ml/min (corresponding respectively to a water/ aluminum molar hydrolysis



ratio “h” of 6 and 8). AIP was fed by doser through the next hopper (H3 in figure SI.1 A), which
is closest to the head extruder, with a constant feed of 2.5 g/min. The feeding rate of aluminum
alkoxide and water were chosen for producing as much boehmite as possible, while maintaining a
constant water/alkoxide molar ratio. We determined the limit by increasing the doser feeding rate
until the feeding hopper was blocked. Feeding rates provided in the manuscript are about 20%
below the limit of our device. Mixing/shearing of AIP and water takes place between the third
hopper and the die. It corresponds to a length of 18 cm along the screws, that includes three
functional segments, one for transport, one for kneading and one for transport/compression, (figure
SI.1 B). Samples are collected fifteen minutes after a solid come out from the extruder
corresponding to the stabilization time. We checked that the production rate is constant without

changing the appearance of the as-obtained material.

Reaction medium Minimum Residence Time (MRT) is measured by adding a dye, rhodamine
B, with AIP through the third hopper H3. MRT is the time between the dye addition and a
coloration appearance of the reaction medium extruded. For our samples MRT remained stable at

46-48 seconds.

Mechanically-mixed Solvent-free synthesis of y-AlIO(OH) mesoporous powders (batch)

Powder samples were prepared by mechanical mixing with an anchor, in a polypropylene bottle,
for 10 minutes at 900 rpm at room temperature, 0.5 mol precursors (123.2 g of ASB or 102.1 g of
AIP) with respectively 3 mol of water for ASB (h = 6) and 2.5 mol of water for AIP (h =5). The
cake was dried under vacuum for 14 hours at room temperature. Around 30 g of powder was

produced for each precursor.

v-AlIOOH mesoporous powder shaping into extrudates by kneading and extrusion



Powder of each precursor obtain from a mechanically mixed Solvent-free synthesis was kneaded
and underwent a peptization (addition of an acid solution, HNO3) / neutralization (addition of a
basic solution, NH4OH) process to minimize aggregation defects and reach an adequate viscosity
to allow shaping by extrusion. The kneading of boehmite powder was performed with a standard
Kneader, aside from extrusion device. In a typical experiment 31 g of dry boehmite powder was
introduced into a kneader. Then,20 mL of a nitric acid solution was added, to reach a HNOs3/Al
molar ratio of 5%. After 105 min of kneading, 0.8 mL of NH4OH solution (3.73 M) and 3.3 mL
of water were added, in order achieve a NH4OH/HNO3; molar ratio of 20%. Extrusion was

performed with a press extruder and a trilob shape with a pressure in the 100-150 Bar range.

Extrudates samples prepared this way are labeled as follows: Processing Precursor_hydrolysis
ratio_ post processing. Processing can be either Kneading-extrusion (KE) or reactive extrusion
(RE). For post-processing, fresh materials, dried materials and calcined materials are labeled (F),
(D) and (C) respectively. For example, fresh extrudates prepared from IPA, with a hydrolysis ratio
of 6 by reactive extrusion is labeled “RE IPA 6 F”, while a calcined extrudates made from an
already prepared boehmite obtained with ASB using hydrolysis ratio of 5, and shaped in a second

time by kneading followed by extrusion is labeled “KE_ASB 5 C”.

Characterization techniques

Fourier-Transform InfraRed (FTIR) spectroscopy was carried out on a Spectrum 400 FT-IR/FT-
NIR Spectrometer de PerkinElmer©. Attenuated Total Reflectance (ATR) measurement were
done as follow: samples were scanned 16 times from 550 to 4000 cm™! with a resolution of 1 cm™!,
at room temperature. Transmittance measurements were done with KBr binder. Analysis

procedure was 16 scans from 400 to 4000 cm™ ! with a resolution of 1 cm™!, at room temperature.
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X-Ray Diffraction (XRD) was carried out by a low angle diffractometer Bragg—Brentano Bruker
D8 ADVANCE using filtered Cu Ka radiation over a 26 range from 4° to 80° with a step size of
0.02°. To calculate an apparent size of the particles in all the hkl dimensions, the Scherrer equation

was used.

Scanning Electron Microscope (SEM) was carried out by a Hitachi S-3400N.

Transmission Electron Microscopy (TEM) was carried out by a TECNAI 120 Spirit Twin at an

acceleration voltage of 120.0 kV, with a Gatan Orius 1000 camera model.

Nitrogen Physisorption measurements were carried out by a BELSORP-max de
MicrotracBEL©O. Before the measurement, samples were degassed under a primary vacuum, (110
°C for 6 hours for boehmite and 250 °C for 3 hours for gamma alumina) to remove any adsorbed
organic compounds and water. The Brunauer, Emmet, and Teller (BET) method was applied to
determine the specific surface area and the BJH model was used for the determination of pore size

distributions.

The measurement of the crushing strength was carried out with a servo-hydraulic testing

system Instron 8502 (High Wycombe, UK), associated with a 5000 N load cell.

Ethanol dehydration

The catalytic tests were done as described by A. Styskalik ef al. 2020.%° The tests were carried
out at atmospheric pressure, WHSV = 1.1 h™!. The analysis temperature was varied stepwise (210,
255 and 315 °C). One step consisted of (i) heating ramp (5 °C min ') and stabilization at the set
temperature (21 min) and (ii) steady temperature state (63 min). The catalysts were diluted with

glass beads (0.5—1 mm) in order to keep the volume of the catalyst bed constant and silica beads

11



was added to fill the void of the reactor. The catalytic tests were performed with absolute ethanol,
injected at a 0.212 g h™! rate using a NE-300 syringe pump in a 40 cm® min ™! flow of N> (4.4 mol%
of ethanol in N»). The effluent gas was analyzed by a VARIAN 3800 Gas Chromatograph (9
injections at each temperature) equipped with a flame ionization detector (FID) and a Cydex B

column (25 m long, internal diameter 0.22 mm, film thickness 0.25 um).

RESULTS AND DISCUSSION

So far, the one-step manufacturing of mesoporous y-AIOOH extrudates remains essentially
unexplored and was never reported. Industrially and in literature, synthesis and shaping of -
AIOOH particles are carried out in separate steps. The final extrusion processing often requires a
peptization/neutralization step performed by kneading to increase adhesive forces between
compressed granules that form an extrudate. It removes the macroporosity coming from boehmite

aggregates and insures the final product mechanical strength before calcination 4!

. In one-step
manufacturing of mesoporous y-AIOOH extrudates without peptization, extrudates would hold
together only by Van der Waals forces and hydrogen bonds, reducing considerably their ability to
maintain shape and their mechanical strength after extrusion. Still, to go further with atom
economy, we searched for a strategy to avoid the use of any binder. To safeguard mechanical
integrity and cohesion between elementary boehmite crystals, we inferred that it would be more
coherent to form them as much as possible after extrusion (in that way, the shear stress inside the
device is not likely to break inter-crystal chemical bonds). Thus, the reactive medium (alumina

precursor plus water) was extruded and pre-formed before the sol-gel condensation reaction was

completed. In addition, this allows to control the residence time of the material in the device.

12



Following this train of thoughts, in order to reduce the observed reaction kinetics, chemical and
processing parameters were adjusted in a way that allowed controlling the diffusion rates and
minimizing the reaction medium residence time in the extruder: AIP was chosen as the sol-gel
precursor. Theoretically, AIP, which is solid, is more reactive than ASB, which is liquid, but in a
solvent-free reaction, AIP hydrolysis/condensation take more time than ASB due to its solid state

(water diffusion into aluminum precursor’s grains is much slower).

In this manuscript, we report reactive extrusions performed with two hydrolysis ratios (h = 6 and
h = 8). Extrusion was not managed below a hydrolysis ratio of 6 due to extruder stuffing, and was
not done above a hydrolysis ratio of 8 to avoid bayerite phase (a-Al(OH)s3) formation as a co-
product of boehmite, as it was observed by Huang et al **. Fresh extrudates obtained for a

hydrolysis ratio of 6 and 8 are respectively named RE_AIP_6 F and RE_AIP 8§ F.

To verify that reaction medium extrusion is done before the complete hydrolysis of AIP, freshly
extruded product was analyzed by FTIR spectroscopy. The infrared spectra of AIP sol-gel

precursor, freshly extruded RE_AIP 6 F and RE_AIP_8 F are shown in figure 2.

RE_AIP_8_F {J

RE_AIP_6_F

Intensity (a.u)

AlP_Precursor

T T T T T T T T T i T
3500 3000 2500 2000 1500 1000
o(cm™)

Fig. 2. Infrared spectra of AIP sol-gel precursor in black, RE AIP 6 F (freshly extruded with h=6) in red
and RE_AIP_8 F (freshly extruded with h=8) in blue
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Similar bands are observed in all three compounds. Most bands are associated to the isopropyl
group: C-H stretching mode of the CH; and CH groups is between 2975 and 2850 cm™ °, C-H
bending and rocking modes between 1465 and 1340 cm™ and C-CHj stretching mode ®! with single
band around 950 cm™'. The C-O stretching mode is observed between 1100 and 1170 cm™. Bands
at 860, 700, 674, 610 and 570 cm™ %9, are assigned to tetrahedral and octahedral Al-O vibration
64 (Al)-O-C peak, characteristic of p2-bonds of alkoxide is visible at 1033 cm™ ©°, and is found in
both extruded compounds, attesting that AIP hydrolysis is still in progress after extrusion. Finally,
two peaks absent for AIP precursor, appear for RE_AIP 6 F and RE _AIP 8 F: a large and
intense band around 3330 cm™ assigned to water and alcohol O-H stretching mode, and a small
band at 1645 cm™! assigned to water bending mode. Their appearance is expected since water is
added to AIP as a reagent, and AIP hydrolysis generates isopropanol.

Study of hydrolysis kinetic

RE _AIP_8 F sample was analyzed by ATR FTIR spectroscopy after aging at room temperature
for different time intervals (60, 90, 105 and 120 minutes). Infrared spectra are shown in figure 3.
By comparing sample at 0 and 60 minutes after extrusion, the C-H stretching modes at 2975 and
2850 cm! decrease fast if compared with the large band related to water, AI-OH and alcohol O-H
stretching around 3000-3500 cm! (the later decreases slowly with the progressive evaporation of
alcohol). Bands of O-H bending mode at 1300 cm™ and C-O symmetric stretch at 815 cm’!
corresponding to a characteristic band of isopropanol become visible. Most bands attributed to
alkoxides have disappeared after 90 minutes including the pu2-Al-OC vibration at 1033 cm™!, after
105 minutes. Complete hydrolysis of AIP is considered done at that time. No more change is

observed afterwards.

14
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Fig. 3. Infrared spectra of RE_AIP 8 F sample as a function of time after reactive extrusion processing

Study of condensation kinetic

RE _AIP 8 F sample was analyzed by XRD after aging in air at room temperature and at different
time intervals, from one hour to 28 hours (figure 4). No diffraction peaks from AIP is visible
(reference AIP XRD patterns provided in SI1.2) %, confirming that most of AIP is either hydrolyzed
(this is coherent with FTIR data on hydrolysis kinetic) or not crystalline. The presence of very
broad bands at diffraction angles close to those of boehmite material means that extrudates are

made of low-ordered boehmite. From one to three hours of aging, slow boehmite structuration of

15



boehmite sheets is observed with the slow sharpening of boehmite diffraction peaks. From five
hours of aging, the (020) diffraction peak characteristic of the stacking of boehmite sheets appears,
meaning that the inorganic network starts its polymerization. This process goes on until no further

evolution can be observed (after 28 hours of aging).

I

NTAA et \w“wm

Intensity (a.u)

26 (°)

Fig. 4. XRD patterns of RE_AIP 8 F samples as function of resting time at room temperature after
extrusion

Structural analysis of extrudates

For performing a reproducible structural study, four hours after synthesis we dried the samples
under vacuum for removing remaining water and alcohol molecules and compared XRD patterns
of RE_AIP_6 D and RE_AIP_8 D shown (figure 5). Both products show 6 broad peaks that can
be indexed to the (020), (021), (130), (150), (132) and (152) characteristic plans of a nanometric

boehmite phase.
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Fig. 5. XRD patterns of RE_AIP 8§ Dand RE_AIP 6 D samples. A commercial boehmite (PuralSB3) and
peak indexation from ICDD file are provided for comparison

The Scherrer equation was used to calculate boehmite crystallites dimensions over specific
directions (020), (021), and (130) (table 1). RE_AIP 8 D and RE_AIP 6 D have very similar
crystallites dimensions of less than 5 nm ®’. Crystallites aspect ratio is calculated from d(020) and
d(021). The result is equal or under 0.7 showing that extrudates are made of ultra-small 2D sheet-

like nano crystals with moderate aspect ratio 7.

Table 1. RE_AIP_6_D and RE_AIP_8 D crystallites length over d(020), d(021), d(130) directions
and aspect ratio calculated from d(020), d(021). Taking into consideration that crystallite length
evaluation is difficult to evaluate with precision, we added brackets on the last digit of the evaluation.

Sample Yoy Gy Gz d 920/ d 021
(mm) (nm) (am) @V O
RE_AIP 6 D 2.9) 4.() 3.9 0.7
RE AIP 8 D 2.4) 41 3.07) 0.5

Tettenhorst et al. % compared experimental XRD of boehmite powders with calculated one. Their

work shows that d(020) reflection 20 position gives information about crystallite’s thickness for

17



thin nanoparticles. They showed that d(020) reflection slightly shifts below 14.6° for a crystallite
thickness inferior to 3 crystal meshes (3.6 nm). Since the position of this peak in our materials is
20020y < 14.0°, crystallites thickness can be assumed to be under 3.6 nm, (less than three boehmite

sheets in average) which is consistent with thickness calculated by Scherrer equation.

Samples calcined for 4 hours at 540 °C exhibit four main diffraction peaks indexed to the (311),

(222), (400) and (440) plans, characteristic of a gamma alumina phase (figure 6).

ER_AIP_8_C

Intensity (a.u)

Pural_SB3_C

y-Al,0; (ICDD 00-056-0457)
T T T - -I : T T - - T

10 20 30 40 50 60 70
26(%)

Fig. 6. XRD patterns of RE_AIP_8 Cand RE_AIP 6 C samples. A commercial gamma alumina obtained
by calcining PuralSB3 reference boehmite and peak indexation from ICDD file are provided for comparison

TEM pictures of RE _AIP 8 D sample (cf. figure 7) show that our materials consist of a
homogeneous tangle of platelets with an average length of 50 nm (£20). It is possible to observe
only few heterogeneous domains of a few hundred nanometers (figure S1.3). From these TEM
images, we can hypothesize that the presence of these domains is the signature of partially

hydrolyzed AIP grains.
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Fig. 7. Microtome TEM pictures of RE_AIP 8 D sample. a) view at a large scale; b) zoom to the black
square zone

SEM analyses of calcined extrudates give an overview of the final structure at near macroscopic
scale (figure 8). For this analysis, each extrudate was broken in two pieces and the fracture was
examined. On the one hand, RE_AIP_ 6 C extrudates exhibit a heterogeneous composite structure
made of grains (size ranging from 1 to 15 micrometers) scattered within a continuous phase. Grains
seem poorly cohesive with the continuous phase. Such a microstructure is likely to result from a
lack of homogeneity of reactive extrusion/shaping process and can be due either to (i) unreacted
alkoxide grains trapped within a partly reacted matrix after extrusion process, and/or (ii) a problem
of extrudate compacity resulting from inhomogeneous compression into the dye of the extruder.
On the other hand, RE_AIP 8 C images show a homogenous phase, with no large particles (the

long fracture line clearly visible on pictures is due to the breaking of the extrudate).
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Fig. 8. SEM pictures of fractured extrudates: a) RE_AIP 6 C extrudate ; b) RE_AIP 6 C zoom at zone 1
at the edge of extrudate ; ¢) RE_AIP 6 C zoom at zone 2 in the middle of extrudate ; d) RE AIP 8 C
extrudate ¢) RE_AIP 8 C zoom at zone 1 at the edge of extrudate ; f) RE_AIP 8 C zoom at zone 2 in the
middle of extrudate

Thus, it seems that the mechanical strength of our material is closely related to the phase
homogeneity at the micrometer scale, the presence of large particles and holes favoring very
probably the propagation of cracks. Whenever calcined extrudates are subjected to a very basic
and qualitative mechanical test, crushing between fingers, RE_AIP 8 C is able to resist the
pressure without breaking while, RE_AIP_6 C is crushed to powder. To estimate the mechanical
strength of RE_AIP 8 C compared to real industrial requirements, we performed a quantitative
mechanical test of crushing strength called “side crushing test”. The strongest extrudates broke at
1.14 daN/mm. According to this mechanical test, their integrity is comparable to that of classical
industrial extrudates prepared by a conventional kneading/extrusion process *. These preliminary

results are of very high interest for they prove that extrudates prepared by reactive extrusion are
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already close to reaching industrial requirements. The understanding of reactivity mechanisms is
likely to help us further improve the cohesion strength of our materials, thus their average value

of crushing strength.
Reaction mechanisms

From a Sol-Gel chemistry point of view, the reactive medium being essentially granular AIP with
few droplets of water, the hydrolysis reaction probably takes place in two steps. In the first step,
the extrusion processing intimately mixes the newly added water and AIP grains so that water has
little or no diffusion problems to reach the surface of the grains. At AIP grain surface, the
hydrolysis starts with a high water/AIP molar ratio (higher than the average rate introduced),
resulting in the formation of large aggregates of platelets. Rapidly, hydrolysis leads to the
formation of isopropanol which slowly diffuses into AIP grains with the remaining water, creating
a hydro-alcoholic front which propagates the hydrolysis reaction towards the center of AIP grains.
As a consequence, one can assume that AIP grains are hydrolyzed progressively until they are
consumed. Remaining domains observed in figure SI.3 are likely to be the very center of larger
AIP grains partially hydrolyzed during the synthesis or/and AIP domains imperfectly mixed with
water. From a chemical reaction point of view, the solvent-free hydrolysis and condensation of
aluminum alkoxides follows the very specific pathway known for most metal alkoxides that form

metal oxoalkoxo polymers of general formula M*0 Zxyy (OH),(OR), 4770 The extra small

2 2 2

dimensions of crystallites are characteristic of a massive nucleation process, followed by a very
limited growth of crystals due to the very small diffusion coefficient of reactant and product within
a highly viscous matrix resulting from the absence of dispersion media (solvent). A second

specificity of the solvent-free pathway is that no external heating of the reactant was needed for
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producing boehmite, while a heating is most often used to obtain the same crystallographic phase

in the presence of a solvent ’!

. Yet, in our case, we must highlight that the hydrolysis step is very
exothermic, so that the condensation step is in fact running in a hot environment (we monitored
43 °C with the external extruder thermocouple meaning that no external heat is needed for reactive

extrusion of our samples). Hence, the result of our experiments is coherent with thermodynamics

and literature data highlighting that a warm environment favors the crystallization of boehmite.

Textural characterization of extrudates

We analyzed textural properties of dried and calcined extrudates by nitrogen physisorption.
Surface area, porous volume, and pore size distribution are listed in table 2. All isotherms (figure
SI.4) exhibit hysteresis loops characteristic of wedge-shaped pores 7%, which is consistent with
TEM observations. RE_IPA_6 D has a specific surface area of 308 m?.g"!, a porous volume of 1.0
cm’/g and a pore size distribution at desorption centered at 11.2 nm. RE_AIP_8 D extrudates
present a higher surface area (391 m?.g"") and porous volume (1.7 cm>.g™!), as well as a larger pore
size distribution (15.2 nm) compared to RE_AIP_6 _D. All pore size distributions are asymmetric
and broad, extending down to 4 nm. After calcination, RE_AIP_ 6 C shows an important decrease
in surface area, falling down to 228 m?.g”!, while porous volume remained stable at 1.0 cm?.g”!,
and mean pore size distribution increased slightly to 12.2 nm. The same trend has been observed
for RE_AIP_8 C. It shows a slight decrease in surface area (337 m>.g"'), an increase in pore

volume (1.9 cm®.g!) and larger average pore size (18 nm) (figure SL.5).

Table 2. RE_AIP_6_D and RE_AIP_8 D extrudate textural properties. (a) Porous volume was taken
at P/Py = 0.99; (b) pore size distribution was estimated with BJH model at desorption branch.

SBET Vp* Pore size®

Sample (mz.g‘l) (cm3.g'1) (nm)
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RE AIP 6 D 308 1.0 11.2
RE AIP 6 C 228 1.0 12.2
RE AIP 8 D 391 1.7 15.2
RE AIP 8 C 337 1.9 18.0

Overall, RE_AIP 8 C presents remarkable textural properties, which are comparable or even
higher than gamma alumina obtained from salt co-precipitation ’* and complex syntheses '* (for

which no extrudate shaping is reported).

Catalytic tests

Calcined extrudates were tested in the gas phase dehydration of ethanol, and compared with a
commercial y-alumina powder of surface area 100 m?.g"! (commonly used industrially for such
reaction) °. For comparison, we also used boehmite powders prepared with the same solvent-free
reaction but made with a steel anchor in a polypropylene bottle. Resulting materials were then
shaped using a usual kneading, peptisation, neutralization and extrusion pathway in order to
determine the influence of the shaping process on the catalytic performance. We obtained by this
way, two other types of extrudates, KE ASB 6 C and KE AIP 5 C of surface area 314 and 302
m?.g"! respectively (see full characterization in SI.6). This hybrid alternative method (solvent-free
boehmite synthesis followed by regular kneading/extrusion) uses more than one device but it is
still attractive from a sustainability point of view for it uses no solvent and produces no liquid

waste.
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Fig. 9. Ethanol dehydration conversion at different temperature catalysis VS Ethylene and Diethyl Ether
selectivity

Catalytic tests were made on crushed extrudates. Interestingly, the ethanol conversion is already
very significant at 210 °C (higher than 40% for our materials) and even reaches 75% for
KE ASB 6 Csample. As expected, the conversion increases with raising temperature; it is higher
than 80% at 255 °C for all materials prepared by solvent-free syntheses and reaches 100% at 315
°C (while the commercial y-Al2O3 does not reach full conversion at this temperature). Major
products obtained are diethyl ether and ethylene with carbon balance ranging between 95 and
109% (98—103% in majority of experiments). Acetaldehyde and butene (product of ethanol
dehydrogenation and ethylene dimerization, respectively) were observed at 255 and 315 °C in
minute amounts (< 1%). Higher temperatures favored the production of ethylene in agreement
with the reaction thermodynamics and literature ’*”°. From a selectivity point of view, it can be

observed that the ethylene selectivity at 255 °C is always higher than 40% and even reaches an
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impressive 91% for KE_ ASB 6 C sample. This point is to compare with the reference y-alumina
which exhibits only 32% of selectivity at 255 °C. In all cases, the catalysts were very stable during

these analyses, similar to other reports on alumina, as it can be seen in figure SI.7 /-6,

The reference y-alumina showed similar catalytic behavior to previously reported data on non-
shaped commercial alumina and amorphous silica-alumina catalysts "*8%-% For example, Phung
et al. reported a stepwise increase of ethanol conversion from 2—21% to 72—98% when changing
temperatures from 200 to 300 °C at WHSV = 1.43 h™! over commercial alumina catalysts prepared
by various methods (flame hydrolysis; precipitation of Al salts; synthesized from Al alkoxides).
Commercial silica-alumina displayed similar catalytic behavior 72, The materials produced by
solvent-free synthesis and shaped as extrudates after kneeding-extrusion or directly by reactive
extrusion exhibited comparable or better dehydration activity. More globally, a simple selectivity
and conversion comparison with results of the literature showed that our results are comparable
with those of pure inorganic and hybrid aluminosilicate catalysts obtained by an advanced non-
hydrolytic sol-gel method (ethanol conversion~85%, selectivity to ethylene 60—80% at 240 °C and
identical WHSV) 808 The HZSM-5 molecular sieve containing strong Brensted acid sites
showed a higher catalytic activity (ethanol conversion~90%, selectivity to ethylene 90% at 240 °C
and WHSV = 17.5 h™!) ¥ however it suffers from rapid deactivation by coking ¥*#!. Although a
precise performance evaluation of our samples would need a dedicated study at low conversion
(less than 20%) and acidity measurement tests, the materials presented herein display a high
potential for catalytic applications, not only from the point of view of catalytic performance, but

also from a sustainability point of view as discussed in the following section.

Atoms and energy metrics
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We made an attempt to compare the one-step reactive extrusion approach with a boehmite
synthesis approach using precipitation at high concentration of reactants (which is representative
of industrial reality) **. In this section, we calculated atom and energy consumptions, estimated E-
factor (total mass of waste divided by the produced mass of catalyst) and space time yield of
production (the mass of final product obtained per cubic meter of reactor in one day). We highlight
here that the E-factor usually does not consider water in its calculation. The pertinence of this point
can be debated for all liquid wastes dissolved in water are not easily eliminated and water recycling
costs time and energy. Also, considering that water rarefaction is considered by United Nations as
one of the seventeen challenges to solve for the coming century, we decided to consider water and
thus also calculate what is commonly referred to as the “complete E-factor” (cE-factor) 4. We
compared three scenarios considering only the preparation of dry boehmite. For this comparison,
we excluded calcination for it is the same for materials prepared by reactive extrusion and
precipitation. We highlight that, while reactive extrusion integrates a shaping step, the precipitation
method requires additional kneading and shaping steps (i.e. two more tools with their energy
consumption and longer preparation time). These additional costs were not included in the

energetic comparison presented below.

The first scenario is the conventional synthesis method in which aluminum salts are precipitated
in water, then filtered, washed and dried. In that case, we considered the use of 0.75 mol.l"' of
aluminum salt in water and two possible precipitation temperatures, 30 and 85°C. For washing,
we considered that three times the reaction volume of solvent at ambient temperature is required
(this step is usually not described in literature but from salt counterions dilution calculations, three
washings are likely to be a minimum). The second scenario is the equivalent of the first one, pushed

at its theoretical limit, that is, we consider that the aqueous solution of aluminum nitrate salt is

26



saturated before reaction. This was calculated for determining the theoretical limit of the
precipitation approach. The third scenario is the case of the reactive extrusion presented herein,
requiring no energy input for heating (the exothermicity of the reaction is enough for promoting

boehmite crystallization, as demonstrated above).

The energy consumption of devices is not included in the calculations. Similarly it is considered
that precipitation reactors are perfectly isolated from a thermal point of view. We considered only
the energy required for the chemical reaction, and washing (heating of water). The powder drying
energy consumption was calculated by considering only the vaporization enthalpy of remaining

solvent (the wet cake of boehmite typically contains in between 84% and 93% of water by weight

42,43

before drying , and isopropanol for reactive extrusion). We summarized the comparison in the

table 3.

Table 3 . Minimal atom and energy consumption, E-Factor and cE-factor calculated for a
conventional precipitation, a fictive ideal precipitation, and for the reactive extrusion, the
production of one kg of AIOOH. a) Precipitation temperature is 30 °C; b) precipitation
temperature is 85 °C; c¢) hydration water of the salt was removed for this calculation

Reference Theoretical limit of Reactive
precipitation precipitation extrusion
ATOMS
Water (kg) 102.4 41.9 2.39
Aluminium salts (mol) 16.6 16.6 -
Aluminium alkoxide (mol) 16.6
NH4OH (kg) 1.4 1.4 -
ENERGY
Solvent heating (MJ)  4.3% to 27.8° 1.7%to 11.4° -
Vaporization (MJ) 21.9 21.9 1.9
E-FACTOR 7.5¢ 7.5¢ 34
cE-FACTOR 110.0 49.5 5.8
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The comparison of water consumption between precipitation and solvent-free reactive extrusion
methods highlights immediately the huge advantage of reactive extrusion which simply does not
use any solvent. E-factor calculation (more representative of atom consumption at the industrial
scale) is more than two times higher for precipitation method if we do not consider water. Yet,
using chemical grade water (either purified or recycled) has a cost. The more realistic comparison
based on the cE-factors yields a value of 110, that is, nearly 19 times higher than the reactive
extrusion method. When compared with the theoretical limit of the precipitation method (that is
starting from a salt-saturated solution), the cE-factor of reactive extrusion is still 8 times lower,
highlighting the very significant sustainability gain that can be achieved by using reactive
extrusion processing. From an energy consumption point of view, the precipitation method
consumes energy for heating the precipitation solution and evaporating the remaining solvent from
the final boehmite. Reactive extrusion consumes 12 times less energy. This calculation does not
take in consideration the energetic consumption of devices used for mixing, kneading, filtering
and washing of precipitation approach so that the advantage of reactive extrusion is actually

underestimated.

Altogether, from an industrial point of view, the Space Time Yield (STY) is another useful
indicator. Intrinsically, reactive extrusion using mass reaction with no solvent reaches very high
STY. In the present case, the calculation can be performed in two ways. If one considers that the
volume of the twin screw of the extruder is a part of the volume of the reactor, the STY of our
process is 11525 kg.m™.day!. If one considers that the volume of the used reactor is the volume
of reactants only, STY is five time higher. We did not find in literature any proper estimation of

STY for standard manufacture of boehmite by precipitation. Yet, we can compare with other
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materials prepared by precipitation such as MOFs. The optimized BASF production of aluminium

fumarate is amongst the best ever reported in literature with a STY of only 3600 kg.m>.day™! 8.

Finally, we did not discuss the production cost for it depends very much on the industrial
environment, manpower cost, investment cost, maintenance cost and chemical reactant cost. The
latter is difficult to estimate at industrial scale for it depends on negotiations. While Al alkoxides
are significantly more expensive than the chlorides or nitrates counterparts, we can very probably
balance the reactants cost difference with the huge gains in energy, manpower and maintenance
costs. Continuous reactive extrusion processing, using only one device from the chemical reaction
to the final shaping of the catalyst, is likely a realistic alternative to batch precipitation method

using several devices with a global improved environmental footprint.

5. Conclusion

To summarize, we presented a new integrated method for the green synthesis and shaping of high
surface area boehmite supports. The obtained materials are successfully prepared in one step via a
solvent-free pathway using aluminium alkoxides that requires no sacrificial organic pore
generating agent such as surfactant or polymer, no washing, no filtration, and produces no liquid
waste. Upon calcination high surface area y-alumina extrudates are readily obtained. Thus, this
solvent-free synthesis strategy can be easily implemented for the industrial production of
heterogeneous catalysts or supports. We proved that the shaped y-alumina materials prepared
through reactive extrusion exhibit high ethanol dehydration catalytic properties, competing with
similar materials. The decisive advantage of this innovative method is the drastic intensification
of the production process, featuring sustainability metrics (atom economy, energy consumption,
E-factor, cE-factor) that are outstanding, as compared to those of the conventional precipitation

method. Indeed, by comparison with a standard production method — even if using highly

29



concentrated aqueous salt solutions — the reactive extrusion process uses one extruder for replacing
several devices (used for mixing, filtering, washing, and kneading), and it completely eliminates
all filtration and, if salt precursors are used, washing steps. Concomitantly, we replace a batch
production process by a continuous production process allowing removing the need of heating
large volume of solvents (the hydrolysis of reactant produces enough energy for boehmite

synthesis).

As this last aspect also allows saving a lot of atom, energy, and manpower, we do believe that the
strategy presented here paves the way to the sustainable industrial production of such
nanomaterials. Such one step-one tool process opens new interesting ways for shaping porous
materials synthesis since it may subsequently be reproduced for many other oxides as far as
alkoxides are available. Due to the great versatility of the process, the preparation of more complex

materials such as mixed oxides or metal-supported oxide catalysts can also be envisaged.
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Scamex’s Twin Screws Micro-Extruder (TSME)
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SI. 1. A) TSME picture with the doser (1) and the peristaltic pump (2); B) scheme of the experimental

set up associated with the picture of screws design; C) Zoom into the extruder head with 0.5 cm orifice

size, in the left, and zoom into screw profil: kneading module 1.8 X 1.8 cm and the transport module 1.8
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Aluminium isopropoxide XRD diffractogram

— AIP PDF 030-1508 ICDD
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SI. 2. XRD pattern of AIP precursor.
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Microtome TEM picture

SI. 3. Microtome TEM picture of RE _AIP 8 D sample, presence of some heterogeneous domains of
small platelets.
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Nitrogen physisorption isotherms of the extrudates
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SI. 4. Nitrogen adsorption-desorption isotherms, recorded at 77 K, for samples with hydrolysis rate h=
and h=8. The dried extrudates are represented in black and extrudates calcined at 540 °C are represented
in red.
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SI. 5. Pore size distribution curves for samples with hydrolysis rate h=6 and h=8. The dried extrudates
are represented in black and extrudates calcined at 540 °C are represented in red.
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Characterization of the extrudates made by the kneading extrusion pathway
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SI. 6. Characterization of the extrudates obtained in batch synthesis by sol-gel solvent-free synthesis and
shaped in a second time by the usual kneading, peptisation, neutralization, followed by extrusion
pathway. Analyses are performed before and after calcination. The obtained extrudates before
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calcination are labeled with D (D stands for Dry), extrudates after calcination are labeled with C and
ASB stands for Aluminum tri-Sec-Butoxide. a) XRD pattern; b) N; physisorption isotherms; c) Pore size
distribution curves.
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Catalytic stability during ethanol dehydration catalytic test
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SI. 7. Time-on-stream evolution of ethanol conversion and Ethylene and Diethyl Ether selectivity
for the tested samples at 255 °C.
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