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The efficiency of supported catalysts depends on the porous microstructure of their solid support, which regu-
lates mass transfer, exposure to the active phase, and mechanical strength. Here, we focus on the manufacturing
of a specific type of catalytic support, y-alumina extrudates, by a kneading-extrusion process. In this process,
a paste is initially formed by blending and subsequently kneading a boehmite powder, an aluminum oxide
hydroxide precursor of y-alumina, with various liquids before undergoing extrusion. The crucial step in this
process is the kneading step, which allows control over the textural and mechanical properties of the extrudate.
The present experimental study aims to measure the impact of the kneading step on boehmite pastes prepared
using a pilot kneader. The pastes are obtained by mixing boehmite powder subsequently with an acid and a basic
solution in a two-step process known as peptization and neutralization. In this study, kneading is conducted
at various mixing speeds and durations while monitoring the torque exerted by the boehmite paste on the
kneader blades. Moreover, samples are extracted from the pilot kneader at various stages of the kneading process,
and their textural properties are determined by both nitrogen sorption and mercury intrusion porosimetry. Our
findings show that, at fixed composition, the textural properties of boehmite pastes are controlled by the overall
deformation accumulated during kneading. Conversely, for a fixed accumulated deformation, the pH sets the
textural properties. Finally, we identify an empirical control parameter that captures the combined effects of pH
and accumulated deformation on the key textural attributes of boehmite pastes. These results set the stage for a

systematic design approach of boehmite-based catalyst supports.
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I. INTRODUCTION

Blending powders with liquids is a common process per-
formed in different industrial sectors such as civil engineering,
food production, and pharmaceuticals [1-5]. The textural
characteristics of the mixture vary depending on the powder-
to-liquid ratio. At lower liquid content, the mixture may
exhibit properties of a cohesive powder or crumbly agglom-
erates, whereas, with an adequate amount of liquid acting as
a continuous phase, it can transform into a dense, cohesive
granular paste [6,7].

Processes designed for preparing pastes involve handling
highly viscous liquids, typically with viscosities higher than
10 Pa.s, or even solidlike viscoelastic materials [8]. Such
processes are referred to as “kneading.” The goal of knead-
ing operations is to induce fluid movement through laminar
stretching and folding so as to disperse agglomerates, favor
chemical reactions, and eventually achieve sample homoge-
nization [8—10]. Due to the substantial viscosity of the mixture
resulting in significant dissipation, the fluid motion is primar-
ily driven by the rotation of mixing blades throughout the
volume. Effective technology design is crucial in this process,
leading to the development of batch or continuous mixing
technologies encompassing different tank and blade shapes,
sizes, and complexities [8,11-14].

The present study focuses on the kneading process em-
ployed in the industrial production of y-alumina extrudates,
which are currently used as catalyst supports for reforming
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and hydrotreating in refineries [15-18]. These extrudate sup-
ports are shaped by a four-step kneading-extrusion process
involving kneading, extrusion, drying, and calcination aiming
at transforming boehmite powder—a y-alumina precursor—
into cylindrical objects a few centimeters long [19]. Industri-
ally, the microstructure of catalytic supports plays a critical
role in determining the quality of the carrier by controlling
mass transfer and mechanical strength [20-23]. Previous work
on extrudate manufacturing has explored methods to control
support structures throughout the shaping process in order
to improve their mechanical robustness and fine-tune their
textural properties. Specifically, earlier studies have separately
examined the thermal treatment phase of the process (i.e., dry-
ing and calcination), from the kneading and extrusion stages
[22,24,25]. Among the key results of these studies, it has been
demonstrated that thermal treatments allow one to access to
a wide range of textures by transforming boehmite into dif-
ferent phases of alumina. Industrially, the y phase is the most
used in catalytic applications, as this phase provides the best
compromise between surface acidity, mechanical resistance,
and surface area [15,19,26-29]. Moreover, it was shown that
the kneading step can impact the porosity of the catalytic
support via two parameters: the support composition, and the
type of kneading equipment used, along with its operational
conditions.

On the one hand, the support porosity can be mod-
ified by mixing boehmite powder with peptizing agents,
typically nitric and boric acids, which induce a colloidal
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dispersion of the boehmite powder [16,30-33]. The pep-
tization depends on factors like the molar ratio of the
peptization agent to the boehmite powder, the nature of
the peptizing agent (type of acids, ammonia), and the in-
herent dispersibility of the boehmite powder fixed during
the boehmite synthesis [16,17,25,30,34]. More specifically,
it was shown that boehmite peptization reduces the popu-
lation of macropores (i.e., pores with a diameter exceeding
50 nm) without significantly affecting the micropores and
mesopores (i.e., pores with diameters smaller than 50 nm)
[22,35]. Another approach to tuning the support porosity
involves mixing boehmite powder with additives such as
polymers (e.g., methylcellulose, polyethylene glycol) or or-
ganic species (e.g., ethylene glycol, glycerin) [22,36]. Both
types of additives are used to create macro- or meso-porosity
depending on their size, acting in two ways: freeing space
when removed by combustion or modifying the spatial ar-
rangement of alumina precursor particles by physicochemical
interactions [22,37-40].

On the other hand, the kneading technology used, in-
cluding the shape and volume of the tank, the number,
position, and geometry of the blades, and the operating con-
ditions also impact the support porosity, although this aspect
has received less attention in the literature [41-45]. Specifi-
cally, for boehmite powder, increasing the kneading duration
impacts the bimodal pore size distribution of the alumina
support, promoting the growth of a larger pore population
(with a mean diameter around 13 nm), while reducing the
smaller pore population (with a mean diameter around 8 nm)
[16,42]. However, the majority of previous studies that inves-
tigated the impact of kneading on the porosity of alumina
support through paste composition or operating conditions,
have focused on extruded and calcinated alumina supports
[16,34,35,41,42]. Therefore the sole impact of the knead-
ing step preceding extrusion and calcination has not been
addressed.

Here, we aim to focus solely on the kneading process to
comprehensively understand the impact of both mechanical
and physicochemical aspects on the textural properties of
boehmite pastes. In the following, the term fexture refers to the
void distribution of the porous paste, according to the IUPAC
terminology reported [46], which is commonly characterized
by the surface area, the porous volume, and the pore size
distribution [15,19,46]. We first demonstrate that, for a fixed
chemical composition, the temporal evolution of the torque
recorded throughout the kneading process, as well as the
paste textural properties, are controlled by the deformation
accumulated during kneading. In addition, we show the key
role of the paste pH through the addition of acid and basic
aqueous solutions with various concentrations. We further
introduce the product of the accumulated deformation y and
the neutralization ratio #, defined as the molar ratio between
base and acid added to the boehmite paste, as an empirical
control parameter accounting for both mechanical effects and
physicochemical processes during kneading. We show that the
parameter y X f, allows one to capture remarkably well the
evolution of textural properties of boehmite pastes produced
by kneading.

The outline of the paper is as follows. In Sec. II, we in-
troduce the method followed for preparing boehmite pastes,

FIG. 1. (a) Sketch of the laboratory pilot kneader. The dimen-
sions of the kneading cell are 40 x 80 mm, with a usable volume of
80 cm?. Pictures of the granular boehmite pastes: (b) peptized and
[(c) and (d)] neutralized samples. White bars set the scale in each
picture and correspond to 1 cm.

and the pilot kneader used for that purpose, as well as the
analytical techniques applied for characterizing the textural
properties of the pastes. Section III reports our main findings
and discusses how the kneading operating conditions and the
composition of the paste affect its porosity and other pa-
rameters measured at various stages of the kneading process.
Finally, we discuss our results and conclude in Sec. IV.

II. MATERIALS AND METHODS

A. Boehmite paste preparation

The present experimental study focuses on boehmite pastes
prepared using Pural SB3 (Sasol) powder. This boehmite pow-
der consists of micrometric grains, whose size ranges from 1
to 100 um, as determined by scanning electron microscopy
[47]. These grains, referred to as agglomerates in the liter-
ature, are assemblies of aggregates sized around hundreds
of nanometers. These aggregates themselves are composed
of stacked nanometric particles termed crystallites, typically
measuring between 10 and 20 nm in length and 3 to 10 nm
in width and thickness [47-49]. This boehmite powder has
a specific surface area of 260 m? g~!, as computed with the
Brunauer, Emmett, and Teller (BET) model, and a meso-
porous volume of 0.38 mL g~!, as determined by nitrogen
sorption. Additionally, mercury intrusion porosimetry reveals
a macroporous volume of about 0.19 mL g~! (see Fig. 9 in
Appendix A for details on the pore size distributions). In
practice, the boehmite powder is stored at ambient tempera-
ture and contains about 14%wt. of humidity, as determined
indirectly during the dehydration process of boehmite into
alumina.

Boehmite pastes are prepared into an 80 cm? laboratory
pilot kneader (Pastograph, Brabender) equipped with two
contrarotating cam blades with a velocity ratio of 2/3 [see
sketch in Fig. 1(a)]. In the present work, velocities refer to
the fastest blade, although in practice, the slowest blade is the
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one directly connected to the motor. The pilot device is also
equipped with a force sensor (HBM) for torque measurement
and a Pt100 sensor to monitor the temperature inside the
kneading cell.

The standard kneading protocol begins with introducing
30.23 mL of a 3.7%wt. nitric acid solution (Thermo Sci-
entific) into the kneader, initially at rest. Subsequently, the
kneader is turned on at Q4 = 50rpm, and the boehmite
powder is progressively introduced in four batches of 9.5 g
each, added every minute. This step of total duration Atp =
4 min referred to as the peptization phase, allows for the
dispersion of powder agglomerates. Indeed, the addition of
the acid solution leads to the protonation of the hydroxyl
groups present at the crystallites surface [30,36,50,51]. The
appearance of positive charges at the surface of crystallites
induces an electrostatic repulsion resulting in the powder
deagglomeration [25,32,34]. The result is the formation of
an acidic granular paste, shown in Fig. 1(b), whose pH is
around 4.3 (as measured with a specific semi-solid probe from
HANNA Instruments). This acidic paste, hereafter referred to
as peptized paste, is kneaded at 24 = 50 rpm during Aty =
30 min. Following the “acid kneading” phase, 11.74 mL of a
1.0%wt. ammonia solution (LCH Chimie) is introduced into
the kneader with a syringe pump at a controlled flow rate
of 4.11 mLmin~!. The injection flow rate corresponds to a
duration Aty >~ 3 min, which is the time practically required
to achieve a homogeneous and pasty texture. Note that using
faster injection rates leads to a stickier paste that adheres to
the blades and cannot be thoroughly mixed in the kneader,
even before the entire amount of liquid has been incorporated.
The concentration of the ammonia solution is fixed by the
neutralization ratio #,, which is defined as the molar ratio
between base and acid added to the boehmite powder. In
the standard protocol, the neutralization ratio is set at 40%,
which results in a paste with a pH = 6.2. This phase of
ammonia addition is referred to as the neutralization phase.
The ammonia addition induces a decrease of the paste pH,
which yields, at the crystallite scale, a partial deprotonation
of the boehmite surface. Thus, the electrostatic repulsion be-
tween crystallites decreases, enhancing the cohesion of the
paste, while increasing its porosity [25]. Finally, the resulting
boehmite paste undergoes a last kneading phase, called “basic
kneading” and performed at Q5 = 50 rpm during Atg = 2h.
The final neutralized paste, illustrated in Figs. 1(c) and 1(d),
has a fixed mass fraction of 41%wt. of boehmite.

The blade rotational speed, the kneading duration, and
the neutralization ratio used for the standard protocol de-
scribed above are varied to assess their impact on the
properties of the boehmite paste. In practice, the various
mixing speeds remain constant during each phase, varying
between 10 and 100 rpm, but the mixing speeds €24 and
Qp, during the acid and basic kneading phases, respectively,
may differ. Moreover, the duration of the acid kneading
phase ranges from Af4 = 3min to 25 min, while that of
the basic kneading phase extends from Atg = 3min to 4 h.
Concerning the paste composition, the neutralization rate
is varied from #, = 10% to 130%, through the addition of
ammonia solutions whose concentrations range from 0.3 to
3.4%wt. Such variations in f, result in a paste pH varying
from 5 to 9.

B. Textural characterization

In order to characterize the impact of kneading on the prop-
erties of boehmite pastes, the textural characteristics of dried
boehmite pastes are determined by nitrogen sorption analysis
and mercury intrusion porosimetry, two complementary tech-
niques commonly used for characterizing porous materials
[52,53]. Nitrogen sorption allows for the examination of the
micro- and mesoporosity, encompassing pores smaller than
50 nm, while mercury porosimetry probes pores with a diam-
eter ranging from 3.7 nm to 400 um. Following the kneading
protocol and prior to any porosity measurements, the samples
are dried for 20 h at 80°C in an oven. Just before textural
measurements, samples are heated up to 110 °C for 6 h, under
vacuum and at atmospheric pressure for nitrogen and mercury
analyses, respectively. The drying step is crucial to remove
free water that could obstruct certain pores and potentially
alter the measurements [54]. Note that the drying temperature
is kept below 130°C to prevent the conversion of boehmite
into alumina [22]. We checked that the porosimetry results are
not sensitive to the drying conditions by analyzing samples
from the same paste after drying at 40 °C, 80°C, and 120 °C
for durations of 6, 20, and 24 h, respectively.

Nitrogen  sorption. Nitrogen adsorption-desorption
isotherms are measured at 77 K with an ASAP 2420 device
(Micrometrics) [53]. The BET model is applied to compute
the specific surface area from the nitrogen isotherms [55],
while the Barrett, Joyner, and Halenda (BJH) model is used
to determine the pore size distribution [56]. The mesoporosity
assumption within the BJH model is consistent with the
observed isotherm shape in this study, in accordance with
the TUPAC classification [57]. The volume of mesopores,
encompassing pores with diameters ranging from 2 to 50 nm
[58] as probed by nitrogen, is considered equivalent to the
injected nitrogen volume at saturation. This assumption
is valid due to the negligible microporous volume of the
boehmite samples, as discussed in Sec. III A.

Mercury intrusion porosimetry. Mercury intrusion mea-
surements are performed on an Autopore 9500 porometer
(Micrometrics) with a pressure range spanning from 3.5 kPa
to 413.4 MPa. The mercury volume increments are con-
verted into pore diameters using the conventional Washburn
equation computed by considering a surface tension of
0.485Nm~', and a contact angle of 140° [59]. These cal-
culations allowed us to determine a truncated mesoporous
volume—considering only pores with diameters ranging from
3.7 and 50 nm due to the important size of mercury atoms—
and a macroporous volume [60]. The uncertainty on nitrogen
and mercury analyses is taken as twice the standard deviation
of each textural property characterized on 2 x 7 = 14 sam-
ples from two different pastes of identical composition and
prepared following the exact same kneading protocol.

III. RESULTS

The primary goal of the present experimental investigation
is to assess how the textural properties of boehmite pastes
in both their peptized and neutralized states are affected by
kneading speed, duration, and paste composition. We first
report on the influence of the kneading speed and duration on
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FIG. 2. (a) Temporal evolution of the torque I" (continuous line) and temperature 7' (dashed line) as measured in-situ during a standard
kneading experiment performed on a paste neutralized at 7, = 40%. The first step of duration Az, =4 min. highlighted in dark yellow
corresponds to the peptization, i.e., the formation of a granular paste by mixing the boehmite powder at 2, = 50 rpm with the acid solution.
The peptization is followed by the “acid kneading” phase (yellow interval) performed at 4 = 50 rpm during Azy = 30 min. The next time
interval Aty =~ 3 min, highlighted in gray, corresponds to the neutralization phase, i.e., the addition of a basic solution while the mixing speed
is kept at €24. The final “basic kneading” phase, highlighted in blue, is performed at 25 = 50 rpm during Az = 2 h. The colored points along
the torque curve I'(¢) mark the times at which peptized (P1 to P3) and neutralized (N1 to N4) pastes are extracted from the pilot kneader for
textural characterization. Note that an additional sample N5 may be extracted at t = 278 min (see Fig. 11 in Appendix B). (b) Torque I and
temperature 7 evolution vs. the deformation y accumulated during the kneading of pastes neutralized at #, = 40%. The colored lines refer to
various pairs of rotation speeds (£24, €2) used for the acid and basic kneading phases, respectively: (50 rpm, 50 rpm) (black), (50 rpm, 75 rpm)

(blue), (50 rpm, 100 rpm) (orange), and (100 rpm, 100 rpm) (red).

pastes neutralized at 7, = 40% (pH = 6.2), where the mixing
speed ranges from 50 to 100 rpm, while the total duration
varies from 80 min to 158 min. Subsequently, the influence of
the composition is quantified on samples with various degrees
of neutralization f,, with pH ranging from 5.2 to 8.6.

A. Influence of the accumulated deformation

Figure 2(a) depicts the temporal evolution of the torque
I'(t) and the temperature 7 (t) as recorded during the standard
kneading process outlined in Sec. IT A. The acid kneading is
highlighted in yellow, while the basic kneading is indicated
in blue. Upon the addition of boehmite powder to the ni-
tric acid solution, which sets the origin of time (t = 0), the
torque I' experiences a rapid increase within the first 5 min
as the paste begins to form. Subsequently, I" reaches a plateau
value associated with the kneading of a stable granular paste
[see Fig. 1(b)]. Upon neutralization from ¢ = 35 to 38 min
[see vertical gray stripe in Fig. 2(a)], the torque displays a
sharp increase due to the agglomeration of boehmite aggre-
gates, followed by an exponential decay associated with paste
homogenization. Throughout the entire kneading process, the
temperature 7 exhibits a significant increase. However, the
exact cause behind this temperature increase remains unclear
and could be attributed to multiple factors such as viscous
dissipation resulting from mixing, acid dilution, and boehmite
surface protonation [8,13,61-63].

The temporal evolution of I' and 7 described above is
significantly impacted by both the mixing speed and duration.
Figure 2(b) displays the torque and temperature evolution
from four distinct tests performed at various speeds and du-
rations, plotted as a function of the number y of revolutions

of the slowest blade, which represents a measure of the to-
tal deformation accumulated since the start of the kneading
process. Due to the complex geometry of the kneader, a pre-
cise estimate of the deformation undergone by the paste is
out of reach. Therefore, in the following, we shall simply
assimilate y to the accumulated deformation. Remarkably, all
four torque measurements collapse onto a master curve as a
function of y (see Fig. 10 in Appendix B for the same data
as a function of time). This shows that, for a given chemical
composition of the paste, y is the relevant control parameter
that sets the torque evolution during both the peptization and
neutralization phases. As for the temperature, the relevant
operating parameter appears to be the blade rotation speed. In-
deed, the temperature increases roughly quadratically with the
mixing speed for a fixed total deformation. This observation
is compatible with the kinetic energy of the rotating blades
setting the sample temperature.

To further quantify the influence of the kneading speed
and duration on the textural attributes of boehmite pastes,
we extract samples during both the acid and basic kneading
phases [see points P1 to P3 and N1 to N4, respectively, in
Fig. 2(a)]. The samples are dried before performing nitrogen
adsorption and mercury intrusion porosimetry tests following
the protocol described in Sec. IIB. The results reported in
Fig. 3 focus on the impact of the kneading duration on pep-
tized and neutralized pastes prepared at 50 rpm. The nitrogen
adsorption-desorption isotherms for both data sets are shown
in Fig. 3(a). It is observed that each isotherm is a type IV with
an H2 hysteresis, following the ITUPAC classification [57].
Our observations suggest that all the boehmite samples ex-
tracted at various stages of the peptization-neutralization pro-
cess primarily exhibit mesoporous characteristics, featuring
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FIG. 3. Influence of the accumulated deformation on the pore
size distribution of a boehmite paste before and after neutraliza-
tion at t, = 40% and prepared at 2, = Q5 = 50rpm. (a) Nitrogen
adsorption-desorption isotherms and (b) pore size distribution com-
puted from the BJH model applied on nitrogen desorption isotherm.
(c) Pore size distribution estimated from mercury porosimetry mea-
surements. Color codes for an increasing level of deformation
accumulated by the boehmite paste along the kneading protocol.
Samples are extracted at times marked in Fig. 2(a) and labeled P1
to P3 (yellow to red) in the peptization phase and N1 to N5 (cyan to
dark blue) in the neutralization phase.

interconnected and/or bottle-shaped pores [57]. Moreover,
based on the results in Fig. 3(a), we can assume that our
samples are mainly mesoporous and hold negligible micro-
porosity (pores smaller than 2 nm). In fact, since the nitrogen
analysis conducted here covers only pores with diameters
exceeding 1.7 nm (and not the entire range of micropores from
0 to 2 nm), the porous distributions tend towards zero at low
diameter, suggesting negligible micropore presence. Note that
the smallest measurable pore diameter depends on the relative
pressure increase applied at each step for isotherm measure-
ment. We can, therefore, safely conclude that isotherms allow
us to determine the sample mesoporous volume based on the
nitrogen volume adsorbed at saturation (P/P, = 1), as micro-
porosity is negligible. In this context, we can further exploit
Fig. 3(a). First, we observe an increase in the porous volume
for increasing kneading duration in both the peptization and
neutralization phases. Second, the mesoporous volume dis-
plays a twofold increase upon the neutralization step. Namely,
the mean mesoporous volume of the boehmite paste increases
from 226 mL g~! in the peptized state to 445 mL g~ ! in the
neutralized state.

From nitrogen desorption isotherm and mercury porosime-
try analysis, we extract the pore size distribution plotted
respectively in Figs. 3(b) and 3(c). The nitrogen desorption
analysis exploited with the BJH model reveals that the neu-
tralized pastes have larger pores compared to the peptized
pastes, a result consistent with the volume increase discussed
above. Moreover, both mercury and nitrogen pore size dis-
tributions show that longer kneading durations lead to larger
pore diameters for both peptized and neutralized pastes. In
order to quantify the effect of the kneading duration on the
pore diameter, two mean pore diameters are extracted from
the pore size distributions, considering their bimodal nature
(see Fig. 12 in Appendix C).

Figure 4 summarizes the influence of kneading speed and
duration on the textural properties of boehmite pastes pro-
duced using the different kneading speeds 24 = Q2 = 50 or
Q4 = Qp = 100 rpm. Figures 4(a) and 4(b) show that the
accumulated deformation y is the control parameter for both
specific surface area and porous volume evolution, as the
data sets obtained at two different speeds fall on to a master
curve, up to experimental uncertainty. Additionally, Figs. 4(c)
and 4(d) show that the total deformation is also the relevant
parameter governing the evolution of the mean pore diameter
for both pore populations. More generally, the evolution of the
mean diameters, mirroring the trend of the porous volume,
reveals that the larger pore population is the most impacted
by the deformation accumulated over the whole kneading
protocol.

Upon comparing the mesoporous volume or the mean pore
diameters derived from nitrogen sorption and mercury in-
trusion measurements, discrepancies in the obtained porosity
values at a fixed cumulative deformation become evident, as
illustrated in Figs. 4(b)—4(d). Still, both techniques exhibit
a consistent trend, and the dissimilarities in absolute value
can be attributed to the different ranges of pore diameters
accessible with each technique (as explained in Sec. IIB)
and to differences in the models used for data analysis [53].
Hence, Fig. 4 allows us to conclude that dried boehmite pastes
are mainly mesoporous, as throughout the entire kneading
process, the mean pore diameters of both pore populations
remain within the mesoporous diameter range. Furthermore,
the porous volume reported in Fig. 4(b) is dominated by the
mesoporous component, with the contribution of macroporous
volume (resulting from the tail of the larger pore distribution)
remaining below 10% of the total volume. It is also worth
noting that, except for its specific surface area, the texture of
the paste remains stable after 2 h of basic kneading, whereas
the torque still decreases significantly beyond that time, i.e.,
between neutralized samples labeled N4 and N5 points (see
Fig. 11 in Appendix B). This observation suggests that the
torque decay cannot be explained solely by structural modi-
fications at the porosity scale and that another process is at
stake. In the context of cement mixing, similar exponential
torque decays have been reported for fresh cement pastes
and associated with their homogenization by destruction and
dispersion of centimetric agglomerates composed of cement,
sand, and gravel [61,64,65]. Along the same lines, we may
assume that the torque decay measured during the knead-
ing of boehmite pastes results from the rearrangement of
the paste microstructure at a centimetric scale. To confirm
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FIG. 4. Influence of the accumulated deformation on the textural properties of a paste neutralized at 7, = 40%. (a) Specific surface area
sgeT, (b) mesoporous vyese (full symbols) and macroporous volume Vet (empty symbols), and mean pore diameter D, of first (c) and second
(d) deconvoluted pore populations as a function of the accumulated deformation y (see Appendix C for details regarding the deconvolution).
Symbols stand for the blade rotation speed of 50 rpm (o) and 100 rpm (A). The colors of the symbols code for the characterization technique:
nitrogen adsorption (blue) and mercury porosimetry (red). Missing points in mercury data result from the technique failing to detect pores with
a diameter smaller than 3.7 nm. Error bars indicate the uncertainty as explained in Sec. II. Colored areas correspond to the various phases of

the kneading process as defined in Fig. 2.

this assumption, mechanical characterization and microscopic
imaging should be performed on neutralized samples. Such
measurements will allow one to quantify the effect of knead-
ing on paste structures at scales exceeding that of the
porosity.

B. Influence of the composition of the boehmite paste

We now investigate the effect of the paste composition,
more specifically, the effect of the paste pH on both the
torque evolution and the structural properties of the paste.
Experiments are conducted on neutralized pastes prepared
using the standard protocol described in Sec. II B, where the
total kneading duration is 160 min at 24 = Qp = 50 rpm. The
paste composition is modified in the neutralization phase by
adding 11.74 g of basic ammonia solution, whose pH varies
from 11.3 to 11.9 [see empty symbols in Fig. 5(c)], to make a
paste of pH varying from 5.2 to 8.7. Here, it is worth noting
that the boehmite mass fraction of all the pastes is constant
as a fixed mass of ammonia solution is added. We emphasize
that small variations of the pH of the ammonia solution from
11.3 to 11.9 induce large changes in the paste pH from 5.2
to 8.7. In practice, we observe that the paste composition has
two effects on the torque and temperature measured in-situ,
as reported in Fig. 5(a). First, the neutralization ratio f,, or
equivalently the paste pH [see filled symbols in Fig. 5(c)],
strongly affects the torque evolution, which displays two dis-
tinct behaviors depending on the pH of the basic solution.
Indeed, for#, < 30%, i.e., upon injecting an ammonia solution

with a pH smaller than 11.5, yielding a paste of final pH
smaller than 6.0, induces a sudden drop in torque. In contrast,
for t, > 30%, i.e., upon adding a basic solution with a pH
larger than 11.5, triggers a rapid increase in I'(z). This dual
behavior arises from the competition between the paste di-
lution resulting from the addition of the basic solution and
the aggregation/agglomeration of the boehmite aggregates,
promoted by the pH increase. Such a competition is also
reflected by the terminal value of the torque at the end of the
basic kneading phase, i.e., after y = 5260 revolutions, which
shows a strong increase with the neutralization ratio #;, up
to a plateau value of about 12.5 N.m reached for a neutral-
ization ratio , >~ 80% [see Fig. 5(b)]. The torque increase
can be explained as a macroscopic response triggered by
the enhancement of the aggregation of boehmite crystallites
induced at the nanoscale by the pH increase. Interestingly,
the saturation of the torque occurs at a pH lower than the
isoelectric point, for 7, >~ 80% [see striped area in Fig. 5(c)].
This effect could be due to the confinement of the boehmite
crystallites that are densely packed within the pastes.

Next, we examine the impact of paste composition on
the textural properties of neutralized pastes. To this aim, we
collected pastes prepared at different pH levels and measured
the pore size distributions computed from nitrogen sorption
and mercury porosimetry. Figure 6 shows a widening of the
bimodal distribution towards larger mesopores for increasing
pH values. More precisely, nitrogen measurements shown
in Fig. 6(a) reveal the appearance of larger but less nu-
merous pores as the pH increases [66]. Similarly, mercury
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FIG. 5. (a) Torque I' (full line) and temperature 7 (dashed line) vs. accumulated deformation for various neutralization ratios t,.

(b) Terminal value of the torque I'

Ymax

reached after the standard kneading protocol presented in Sec. II, i.e., after 160 min of kneading at

Q4 = Qp = 50rpm, and (c) paste pH (colored points) as a function of the neutralization ratio #,. The point of zero charge is shown as a
horizontal striped area (value extracted from Ref. [31]). Empty symbols (o) show the pH of the ammonia solutions used to neutralize the paste
for the various values of 7, tested. In (a), (b), and (c), colors code for the pH of the boehmite paste as reported in (c).

porosimetry shows an increase in the size of pores [see
Fig. 6(b)]. The widening of both pore size distributions is
consistent with the evolution of additional textural properties
reported in Fig. 7. Indeed, the specific surface area computed
from the nitrogen sorption experiments decreases linearly
with the pH [see Fig. 7(a)], in agreement with the shift to-
wards bigger but fewer pores shown in Fig. 6(a). Moreover,
both meso- and macroporous volumes presented in Fig. 7(b)
increase for increasing pH values and yet follow two different
trends. The mesoporous volume increases weakly until pH =
6.9, before saturating around 0.78 mL g~! according to nitro-
gen analysis (compared to 0.66 mL g~! measured by mercury
intrusion porosimetry). In contrast, the macroporous volume
shows a linear increase with pH. Therefore boehmite pastes
become progressively more porous with higher neutralization
ratios. This increase in pore volume coincides with an increase
in the mean pore size diameter for both distributions, as seen
in Figs. 7(c) and 7(d). We also emphasize that the mean

diameter of the large pore population is more significantly
affected than that of the smaller pore population, as observed
in Sec. IIT A.

IV. DISCUSSION AND CONCLUSION

Let us now summarize and discuss the key findings from
this study. We have reported on the influence of both kneading
operating conditions (speed and duration) and paste composi-
tion on in-situ measurements of the torque and temperature
in a pilot kneader, and on the paste textural properties mea-
sured ex situ. The mechanical effect of kneading is completely
captured by the accumulated deformation, while the paste
pH stands out as a significant parameter regarding paste
composition. Comparatively, the paste pH has more effect
on textural properties than the accumulated deformation. For
instance, when analyzing the mesoporous volume (via nitro-
gen adsorption), neutralized pastes exhibit an increase from

2.5 T T T T T T T T
= | ® 51 54 60 62 69 7.5 89
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=15+ pH .
g
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>
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FIG. 6. Influence of the pH of boehmite pastes on the pore size distributions obtained from (a) nitrogen adsorption measurements exploited
with BJH model and (b) mercury porosimetry analysis. The pastes were prepared at different neutralization ratios #, following the standard
protocol [see Sec. II] and sampled after a deformation of y = 5260 rev. [equivalent to the point labeled N4 on Fig. 2(a)].
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0.48 to 0.78 mL g~! with a rise in pH from 5.2 to 6.9 [see
Fig. 7(b)]. However, this volume only increases from 0.62 to
0.71 mL g~! for a two-hour increase in the duration of basic
kneading at pH = 6.2 [see the difference between the first and
fourth points in Fig. 4(b)].

Furthermore, a deeper analysis allows us to rationalize both
the mechanical and the physicochemical effects on textural
properties using a single parameter. Indeed, Fig. 8 presents
the specific surface area sggy, mesoporous volume meeso
and macroporous volume mea“", and mean pore diameters
D, as a function of the total deformation y multiplied by
the neutralization ratio #,. Remarkably, this empirical con-
trol parameter allows collapsing all the data characterizing
the textural properties onto master curves (see Fig. 13 in
Appendix D for textural properties reported as a function of
y and ¢, separately). Let us emphasize that Fig. 8 contains the
textural properties of 32 neutralized pastes. Sixteen of them
have already been presented in Sec. III, i.e., 10 data points
come from the deformation evolution data set pictured in
Fig. 5, while 7 points correspond to the composition database
reported in Fig. 7, and one point at f, = 40% is common to
both data sets. The other 16 pastes were prepared with 16
different combinations of pastes pH (from 5.2 to 8.5), basic
kneading time (from 3 min to 4 h), and mixing speed (10, 25,
50, 75, and 100 rpm) to cover the broadest possible range of
operating conditions.

Although the parameter y X f, remains purely phe-
nomenological, its identification is valuable for industrial
applications, especially for making catalyst supports, be-
cause it demonstrates the possibility of achieving a broad
range of textural properties from the same boehmite

powder. Moreover, this parameter highlights the coupling be-
tween two independent control parameters—mechanical and
physicochemical-which can be adjusted to tune textural prop-
erties by modifying the kneading operating conditions. At
the laboratory scale, such a control parameter for textural
properties holds value in optimizing new paste characteris-
tics. Indeed, the validity of this empirical parameter can be
evaluated with just a few tests on new supports, which signifi-
cantly reduces the number of tests required to identify trends.
Subsequently, this parameter can be used as a guide to define
optimal operating conditions for achieving a targeted porosity
for catalytic tests. However, it remains crucial to explore the
applicability of this empirical parameter to other pastes and
protocols in future works. Indeed, numerous parameters were
kept fixed in the present study, such as the type of boehmite,
the solid and nitric acid concentrations, the size and shape of
the kneader blades, which may all also affect the texture of
boehmite pastes.

More generally, it is interesting to revisit our results in
the framework of the existing literature. When considering
the torque evolution during the kneading step of the extru-
date manufacturing process—a step that has received limited
attention—we refer to Ref. [35], where it is noted that the
time to reach a given torque level in a 3-L kneader decreases
linearly with the mixing speed. This observation is consis-
tent with our findings, which demonstrate a torque decrease
driven by the accumulated deformation. Regarding textural
properties, as recalled in the introduction, previous works on
the effects of kneading on alumina porosity have only char-
acterized dried and calcinated extrudates [16,34,35,41,42].
Moreover, these studies employed boehmite powders and
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peptizing agents that are different from the raw materials used
in the present study. Because both raw material composition
and thermal treatments impact absolute values of porosity
[22,24,67], our ability to make direct comparisons is limited.
Nonetheless, we can compare trends and check that our re-
sults are consistent with the literature [16,42]. For instance,
an increase in the kneading duration leads to a widening
of the bimodal pore size distribution of alumina catalytic
supports, consequently resulting in an increase in the mean
pore diameter for both pore populations. Finally, we may
discuss the sequential effect of peptization and neutraliza-
tion steps on boehmite pastes. Seminal Refs. [22,35] report
that the peptization step induces a considerable decrease in
the macroporous population, while the mesoporous volume
is almost not affected. In excellent agreement, our results
show that the initial macroporous volume of the boehmite
powder is about 0.19 mL g~! (see Fig. 9 in Appendix A for
the textural properties of the dry powder) and drops signif-
icantly to 0.004 mL g~' just after the peptization step [see
the first empty symbols in the yellow interval on Fig. 4(b)].
In contrast, the mesoporous volume analyzed by nitrogen
adsorption only decreases marginally from 0.38 mL g~! for
the powder to 0.31 mLg~! for the first peptized sample
[refer to the first colored points on Fig. 4(b) in the yellow
interval].

To conclude, this experimental study allowed us to disen-
tangle the effects of the paste pH from that of the accumulated
deformation on the textural properties of boehmite pastes
prepared by kneading. An outstanding question remains to

linear in (a) and stretched exponential in (b), (c),

determine the influence of the kneading preparation step
on the final mechanical properties of boehmite pastes. In
practice, future experiments should include rheological mea-
surements for determining the linear viscoelastic properties
of the paste and micro-indentation to determine their lo-
cal mechanical properties and, therefore, provide a spatially
resolved picture of their elastic properties along the kneading
process.
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APPENDIX A: POWDER TEXTURAL PROPERTIES

The boehmite powder textural properties are measured
with nitrogen sorption and mercury intrusion porosimetry,
according to protocols introduced in Sec. II. Figure 9 presents
the nitrogen adsorption-desorption isotherm and the pore size
distribution computed from nitrogen and mercury analyses.
Nitrogen sorption analysis measures a mesoporous volume of
the dry powder equal to 0.38 mL g~!. The mercury porosime-
try analysis gives 0.33 and 0.19 mLg~! for meso- and
macroporous volumes, respectively.
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FIG. 9. (a) Pore size distribution computed from the BJH model
applied on nitrogen desorption isotherm, shown as an inset. (b) Pore
size distribution estimated from mercury porosimetry measurements.

APPENDIX B: TEMPORAL EVOLUTION OF THE TORQUE

Figure 10 shows the same data as in Fig. 2(b) as a func-
tion of time, namely, the temporal evolution of the torque
recorded during four tests performed with various pairs of
rotation speeds (€24, 25) used for the acid and basic kneading
phases, respectively, and various durations adjusted to reach a
constant total deformation of 5260 revolutions.

Figure 11 shows the temporal evolution of the torque
measured during the longest kneading experiment performed
on a paste neutralized at f, = 40%. Indeed, the duration of
the basic kneading phase was increased to Atg = 4h when
the rotation speed was kept at Q4 = Qp = 50rpm. This
figure emphasizes the continuous decrease of the torque after
the end of the standard protocol (see blue point labeled N4 on
Fig. 11), as the torque measured after 4 h of basic kneading
(labeled NS5 on Fig. 11) is significantly lower.

APPENDIX C: DECONVOLUTION OF PORE
SIZE DISTRIBUTIONS

The paste porosity is characterized by five textural proper-
ties: specific surface area, meso- and macroporous volumes,
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FIG. 10. Time evolution of the torque measured during the
kneading of pastes neutralized at 40%. The colors refer to various
pairs of rotation speeds (£24, 2p) used for the acid and basic kneading
phases, respectively: (50 rpm, 50 rpm) (black), (50 rpm, 75 rpm)
(blue), (50 rpm, 100 rpm) (orange), and (100 rpm, 100 rpm) (red).
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FIG. 11. Time-evolution of the torque I' measured during the
longest kneading experiment performed with a rotation speed of
Q4 = Qg = 50 rpm to prepare a paste neutralized at t, = 40%. The
basic kneading duration was increased to Atz = 4 h while the pre-
vious phases were kept as described in the standard protocol (see
Sec. I1 A). The blue points along the torque curve I'(¢) indicate the
times at which peptized (P1 to P3) and neutralized (N1 to N5) pastes
are extracted from the pilot kneader for textural characterization.

and two mean pore diameters. Those mean pore diameters are
extracted from the pore size distribution computed from both
nitrogen and mercury porosimetry measurements by fitting a
sum of two Gaussian distributions. An example of deconvo-
lution is shown in Fig. 12, for a t, = 40% neutralized paste
kneaded for 160 min at 24 = Q = 50 rpm.
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FIG. 12. Deconvolution of pore size distribution computed from
(a) nitrogen desorption isotherm and (b) mercury porosimetry. Ex-
perimental data (black points) are deconvoluted by two Gaussian
functions, outlined by the blue curves, whose sum is represented
by the red curve. Blue vertical bars indicate the mean value of
each Gaussian function, which defines the mean diameter for the
small and large pore populations. The distribution computed from
nitrogen isotherms is fitted with two Gaussian functions charac-
terized by means of 7.79 and 11.37 nm, and standard deviations
of 2.6 and 0.63 nm, respectively. Similarly, mercury porosimetry
distribution is fitted with two Gaussian functions with means of
0.80 and 1.1 nm, and standard deviation of 0.08 and 0.63 nm,
respectively.
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FIG. 13. Evolution of textural properties characterized on neutralized pastes as a function of (a)—(d) the neutralization rate #, and (e)—(f)
the accumulated deformation. The product of those two parameters is a relevant control parameter for textural properties, as shown in Fig. 8 in
the main text. Colors and shapes code the neutralization rate and the total deformation, respectively.

APPENDIX D: EMPIRICAL CONTROL PARAMETER

In Sec. IV, we report that the product of the total accu-
mulated deformation y and the neutralization ratio f, is a
relevant control parameter for textural properties evolution
(see Fig. 8). Figure 13 presents the evolution of the same
textural properties as a function of the total deformation y and
the neutralization ratio #;, separately. This figure shows that
the product of those parameters is a relevant control parameter
as none of them, taken individually, does reveal any clear

trend in the evolution of the textural properties. Moreover,
Figs. 13(a)-13(d) illustrate that a modification of the paste
composition allows one to cover a broader range of textural
properties than that obtained by modifying the mechanical
operating conditions. Indeed, the texture variations induced
by modifying the kneading speed or duration, evaluated at a
fixed neutralization ratio, are smaller than those measured by
modifying the pH for the three textural properties presented
in Fig. 13 (specific surface area and meso- and macroporous
volumes).
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