
Citation: Claude, V.; Mahy, J.G.;

Lohay, T.; Geens, J.; Lambert, S.D.

Coating Process of Honeycomb

Cordierite Support with

Ni/Boehmite Gels. Processes 2022, 10,

875. https://doi.org/10.3390/

pr10050875

Academic Editor: Wang Chuanyi

Received: 21 March 2022

Accepted: 27 April 2022

Published: 28 April 2022

Publisher’s Note: MDPI stays neutral

with regard to jurisdictional claims in

published maps and institutional affil-

iations.

Copyright: © 2022 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

processes

Article

Coating Process of Honeycomb Cordierite Support with
Ni/Boehmite Gels
Vincent Claude 1, Julien G. Mahy 1,2,* , Timothée Lohay 1, Jérémy Geens 1 and Stéphanie D. Lambert 1,2,*

1 Department of Chemical Engineering—Nanomaterials, Catalysis, Electrochemistry, B6a, University of Liège,
4000 Liège, Belgium; vincent.claude.bbri@gmail.com (V.C.); vincent.claude@gmail.com (T.L.);
j.geens@uliege.be (J.G.)

2 Fonds de la Recherche Scientifique (FNRS), Rue d’Egmont 5, 1000 Bruxelles, Belgium
* Correspondence: julien.mahy@uliege.be (J.G.M.); stephanie.lambert@uliege.be (S.D.L.);

Tel.: +32-4-3664771 (S.D.L.)

Abstract: This study presents the development of a method for the washcoating of Ni/boehmite
gels, prepared by the sol–gel process, onto the surface of a commercial ceramic monolith. Indeed, a
cordierite monolith in a honeycomb shape was used as the substrate for the Ni/Al2O3 deposition.
An experimental assembly was made in order to apply the coating on the cordierite surface. Different
suspensions were used with various viscosities, and multiple coating parameters were tested as the
withdrawal speed, or the number of impregnations. It was observed that the simple deposition of
the Ni/boehmite gel led to the formation of coating. Different morphologies were observed, and
defects were highlighted as cracks, coating-free areas or aggregates. Among the various parameters
studied, the pH of the sol appeared to play a role even more important than the viscosity. Indeed, the
sol acidified with nitric acid showed a coating which was almost free of cracks or of large aggregates.
Moreover, the use of a slurry mix of calcined alumina particles and colloidal boehmite appeared also
as an interesting path. The beneficial influence of the slurry was attributed to a better resistance of
the coating against the stresses induced during drying, and a deviation of the cracks in the gels by
slurry grains.

Keywords: monolith support; sol–gel coatings; Ni/Al2O3 catalysts; surface defects; porous materials

1. Introduction

Monolithic catalytic reactors are part of a broad category of structured catalysts.
Monoliths can be described as bunches of parallel channels of square-shaped cross sections,
though triangular, hexagonal, corrugated or circular shapes are also common. Each of
these channels constitutes by itself a sub-reactor because no mass transfer can occur from
one channel to another. A fluid flows through the channels and comes in contact with the
catalytically active phase, which may either be the monolith itself or a coating. Monolithic
supports can be made of either metal or ceramic. Metallic monoliths are produced by
the corrugation of a metal sheet, whereas ceramic ones are extruded and fired at a high
temperature (>1000 ◦C) [1]. Only ceramic monoliths are used in this study.

The use of monolithic reactors has different advantages/disadvantages in comparison
to packed-bed reactors, whose catalytic phase spatial arrangement does not exhibit any
geometrical regularity or symmetry. Among these particularities, one can retain (i) the low-
pressure drop associated with a laminar flow of the reaction mixture within the straight
channels of the monolith; (ii) an almost impossibility to plug the channels—however,
fouling can occur by impaction of dust particles or by coking against the channel walls;
(iii) the ease of scaling-up; (iv) the absence of attrition in the active phase; (v) the high
surface-to-volume ratio [2–7].

Processes 2022, 10, 875. https://doi.org/10.3390/pr10050875 https://www.mdpi.com/journal/processes

https://doi.org/10.3390/pr10050875
https://doi.org/10.3390/pr10050875
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/processes
https://www.mdpi.com
https://orcid.org/0000-0003-2281-9626
https://orcid.org/0000-0001-9564-1270
https://doi.org/10.3390/pr10050875
https://www.mdpi.com/journal/processes
https://www.mdpi.com/article/10.3390/pr10050875?type=check_update&version=1


Processes 2022, 10, 875 2 of 17

The ceramic monoliths used in catalysis are classified according to the porous prop-
erties of the constitutive material and of the method of incorporation of the active phase
(Figure 1) [8,9].

Figure 1. Types of monoliths as a function of the method of deposition of the active phase and of the
porous properties of the monolith constitutive material. (a) integral (b) high-surface (c) low-surface.

Integral monoliths (Figure 1a) are partially or entirely made out of the active phase.
They are usually formed from a paste, which is either molded or extruded, and then
fired at high temperature (T > 1000 ◦C) [8,9]. High-surface monoliths (Figure 1b) show a
well-designed porous structure (specific surface of a few hundreds of m2/g), over which
precursors of the active phases (usually salts) can be directly deposited by impregnation.
However, these supports show low mechanical strengths [10]. Low-surface monoliths
(Figure 1c) show a low specific surface (<10 m2/g), but present higher mechanical strength.
The purpose of the low-surface monolith is to be a support for the deposition of a high-
surface coating. The coating material can either be a commercial high-surface catalyst or a
highly porous support phase, such as mesoporous γ-alumina or colloidal boehmite [11–13].
The active phase can be either contained inside the coating phase or impregnated thereafter
on the high-surface-area layer.

In this study, low-surface monoliths were produced from Ni/boehmite-based catalyst
suspensions. Low-surface monoliths give a high mechanical strength to the produced
catalysts. Commercial cylinders of cordierite with square-shaped cross sections were used.
Cordierite material (2Al2O3·2MgO·5SiO2) is commonly used as a monolith support in the
catalyst field [14–17].

Ni/boehmite-based catalysts can be used in tar removal [18–22]. Indeed, Ni catalysts
can be supported on many substrates as Al2O3, ZrO2, SiO2, Zeolites or Olivine [18–22].

To produce the coating, a suspension of catalytic materials must be prepared. The
coating precursor phase is either a powder slurry or a sol that undergoes gelation in the
channels of the monolith [12]. The premises of monolith coating were established by
Taylor [23] for the coating of cylindrical capillaries, extending the work of Fairbrothers &
Stubbs [24] to a greater range of experimental conditions. The method developed by the
authors, known as gas–fluid displacement, consisted of sending a gas flux into a previously
filled glass capillary. As the bubble of gas crossed the capillary at a given speed, it drives
out a fraction of the liquid and leaves the remaining as a film. A few decades later, Kolb
& Cerro [25] devised a similar method to coat porous square-channeled monoliths. The
coating was performed in three steps: filling of the channels by dip; removal of the liquid
with a blowdown step; and drying (Figure 2). The blowdown step allows the formation of
a film whilst pre-drying it, thus preventing the appearance and growth of instabilities in
the liquid coating film [26].
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Figure 2. Coating process used by Kolb [26].

The thickness and quality of the deposited layer depends on two simultaneous mecha-
nisms: (i) the mechanism of filter–cake formation, which consists in the selective absorption
of the solvent by capillary suction into the porous monolith walls, leaving behind a con-
centrated layer of particles that may gel if the concentration of particles exceeds a critical
value [11]. The name “filter” comes from the fact that the support acts the same way as
a classical filter used to recover a solid from a colloidal solution; (ii) the mechanism of
viscous adhesion, which is defined by the remaining of a liquid film on the monolith walls
after the blowdown step. The film thickness depends on the purging gas velocity and on
the viscosity of the coating solution [11,26]. A similar system was used in this study.

Once a solid film is deposited, it must adhere strongly enough to the monolith walls
to prevent spalling during operation. Coating adhesion is mainly the result of anchoring
and interlocking of the washcoated gel with the support surface irregularities and porosity.
In comparison, the chemical affinity between the support and the coating is, apparently,
asserted to play little role [27].

This study presents the development of a method for the washcoating of Ni/boehmite
gels (prepared by the sol–gel process) onto the surface of a ceramic monolith. Indeed,
from the economic and technical points of view, it is common to use a catalyst made of an
inert ceramic support coated with an active phase [28]. The development of an effective
washcoating method in the laboratory would therefore allow the use of the catalysts
designed at larger scale. An experimental assembly was made in order to apply the
coating on the surfaces of a commercial honeycomb monolith made of cordierite. Different
compositions of Ni/alumina sols were used. The obtained materials were characterized by
electronic microscopy. Hence, the influences of the composition of the coating solutions
(type of solvent, concentration, acidity, slurry and sol + slurry) and of the procedure
variables (withdrawal speed, number of impregnations, blowdown step and impregnation
with a syringe) are investigated in order to optimize the quality of the deposited film.

2. Materials and Methods
2.1. Properties of Monolithic Support

The support is shown in Figure 3. The cylinder cordierite monolith was furnished
by the CTI SAS enterprise. Its cell density was of 400 cpsi (62 cells/cm2). The diameter
of the cylinder was determined as 26 mm ± 1 mm. The channels were square-shaped
with an inner width of 1 mm and the cordierite wall thickness was roughly of 0.275 mm.
The cylinder was sliced into different parts of 0.96 cm for the impregnations. Hence, the
surface-to-volume ratio of the monoliths was 31.5 for an open frontal area (OFA) of 61%.
The OFA is the clear cross section surface available for the flow of the reaction mixture.

Nitrogen adsorption–desorption measurements (Supplementary Materials Figure S1)
revealed that the support did not present any micro/mesoporosity (VDubinin < 0.001 cm3/g;
Vp < 0.1 cm3/g) and had a very low specific surface area (SBET < 1 m2/g). Figure S2
shows a SEM–BSE picture of cordierite support. It can be observed that the support was
macroporous with a wide pore size distribution, from a few µm to a ten of µm.
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Figure 3. Cordierite monolith used in this work.

Thanks to mercury porosimetry (Supplementary Materials Figure S3), it is observed
that most of the macropore sizes of the cordierite are between 1 and 20 µm. The macrop-
orous volume, VHg,Cordierite was relatively small (0.30 cm3/g).

2.2. Ni Catalyst Suspension Preparation

Different suspensions were prepared for deposition on cordierite support with two
main paths: (i) suspensions made from precursor solutions (Ni/boehmite suspensions);
and (ii) suspensions made from pre-calcined-Ni/Al2O3 nanoparticles.

For the precursor suspension, the synthesis is as follows [18]:
Aluminum(III) nitrate nonahydrate Al(NO3)3·9H2O was dissolved in a deionized

water/ethanol 3:1 mixture in a bottle under stirring. Amorphous aluminum hydroxide
[Al(OH)3]n was precipitated at room temperature by dropwise addition (1 mL/min) of
aqueous ammonia NH4OH (30 wt. %) until a pH of 9.5 was reached. The precipitate was
aged at 85 ◦C in an oil bath and boehmite nanocrystallites were obtained within 24 h. They
were washed two times with deionized water by centrifugation (8000 rpm for 15 min) to
remove NH4+. Indeed, mixed with NO3

− from the metallic salt, they could lead to the
formation of explosive ammonium nitrate upon drying. The hydrated solid recovered was
then redispersed in deionized water in a bottle. When the agglomerates have been broken
under stirring, nickel(II) nitrate hexahydrate, Ni(NO3)2·6H2O, was added. The reference
suspension (suspension A) of Ni/boehmite was obtained; some variations in the protocol
provided different suspensions denoted in Table 1.

Table 1. Modifications to the coating solutions and corresponding viscosity.

Samples Type of Suspension Modified Parameter Coating Solution Viscosity
(in cP—At 10 rpm and 25 ◦C)

A Precursor (Ni/boehmite) - 630
B Precursor (Ni/boehmite) Solution concentration divided per 2 (25 g/L) 80
C Precursor (Ni/boehmite) Solution concentration doubled (100 g/L) (too high to be measured)
D Precursor (Ni/boehmite) Solution pH (1.8) 1490
E Precursor (Ni/boehmite) Solution solvent (acetone) 710
F Precursor (Ni/boehmite) Solution solvent (ethanol) 1100

G Pre-calcined Ni/Al2O3
nanoparticles

Coating with a slurry composed of calcined
Ni/γ-Al2O3, crushed below 45 µm and

dispersed in water.
~1

H Pre-calcined Ni/Al2O3
nanoparticles Suspension A/H 50/50% vol. mixture 200
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Then, for the suspensions made from pre-calcined-Ni/Al2O3 nanoparticles, the same
steps were followed with these the following additional steps:

The bottle with precursor suspension was kept at room temperature under stirring
for 30 min. Water was evacuated in an oven at 85 ◦C for 24 h at 700 mbar and a paste-like
solid was obtained. Another drying step at 110 ◦C and 900 mbar for 24 h led to complete
removal of the absorbed water and consecutive gelation between the boehmite crystallites.
Nickel ions were supposed to be adsorbed on the colloidal boehmite. Calcination under air
at 550 ◦C for 5 h transformed boehmite into γ-alumina and yields nickel oxide. Then, the
powder was mechanically crushed to below 45 µm and dispersed in water to produce the
suspension G (Table 1). The reference concentration was set to 50 g/L.

2.3. Coating Production

Figure 4 shows the experimental apparatus used for the preparation of cordierite
supports coated with Ni/boehmite sols.

Figure 4. Coating apparatus used for the coating of cordierite supports with Ni/boehmite gels.

The coating apparatus consisted of two joined plastic tubes of a diameter slightly
larger than the cordierite samples, so that the cordierite cylinders could be made to fit by
surrounding their outer border with Parafilm®. The coating solution was sent in the tubes
via an ISMATEC IPC peristaltic pump and risen at 0.6 cm/min until the monolith was
completely covered. The pump was then stopped and after 2 min, the liquid was pumped
back to the coating solution bottle. Clean glass beads were added to the bottom tube in
order to reduce the dead volume and speed up the process. Finally, the monolith sample
was carefully removed and dried from its top and bottom face at 85 ◦C and 700 mbar for
24 h.

Table 2 presents the different coating procedures investigated for sample A and the
corresponding names of the resulting samples. The samples B to H were deposited with
the classical parameters.

Prior to coating, the monoliths were cleaned in diluted nitric acid (1 M) for 30 min,
followed by thorough washing with water and acetone, and a drying step at 120 ◦C for 2 h.
The solid content of the coating solutions was equal to 5 g of calcined 10 wt. % Ni/γ-Al2O3
per 100 mL, except for the sol of the sample B, for which the amount of solid content was
set to 2.5 g. In the case of sample 2A, the support was impregnated, dried for 2 h, and then
submitted to a second impregnation.
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Table 2. Modifications of the coating procedures for sample A.

Samples Modified Parameter

A -
A-0.5V Withdrawal speed (×0.5)
A-2V Withdrawal speed (×2)

2A Number of impregnations (2)
A-syringe Channels filled with a syringe

A-blow Blowdown step

2.4. Characterizations

Nitrogen adsorption–desorption isotherms were measured at −196 ◦C on a Micromerit-
ics ASAP 2010 instrument after 12 h of outgassing at 300 ◦C and 10−5 Pa. The total specific
surface area (SBET, m2/g) and mesoporous surface area (Smeso, m2/g) were determined by
the Brunauer–Emmet–Teller (BET) theory on the part of the nitrogen adsorption curves
for p/p0 values from 0.05 to 0.3. The Dubinin volume (VDubinin, cm3/g) corresponds to
the sample microporous volume and was calculated using the Dubinin–Raduskevitch
model [29,30]. The pore volume at saturation pressure (Vp, cm3/g) and the pore size
distributions were determined by a home-made informatic program, which applied the
Broekhoff–de Boer theory (BdB) to the adsorption profile branch of the nitrogen isotherms.
The pore volume density is defined by the pore volume (cm3/g) as a function of the pore
size (nm).

Mercury porosimetry measurements were performed on monolith samples crushed
to between 300 and 700 µm using a Poremaster60 instrument from Quantachrome with
pressures ranging from 1 to 60,000 Psi. The measurements permitted the determining of the
macroporous volume (VHg, cm3/g), to plot the curves of volume introduced as a function
of the pressure and to plot the macropore size distribution.

Viscosity measurements were performed on a DV-2+ Pro Brookfield viscometer at 10,
20, 50 and 100 rpm on an S61 or S62 spindle to ensure that the measured torque was superior
to 10%. Solutions were poured into a 100 mL graduated cylinder to allow immersion of
the spindle to the required level. To avoid border effect, the spindle was also placed at the
center of the graduated cylinder. The measurement consists of the rotation of a spindle at a
fixed speed in a fluid and the measurement of the amount of torque required to maintain
the speed as viscous forces impede the rotation. It translates into the torsion of a spring
inside the apparatus, proportional to the fluid viscosity. Apparent viscosity (shear stress
divided by shear rate, expressed as mPa·s or centipoise, cP) was then recorded.

Point of zero charge (PZC) measurements were performed by powder addition method
by adding crushed cordierite or 1 mL of the suspension to 10 mL flasks filled with deionized
water, with a pH adjusted between 1 and 12 with NaOH and HCl. The flasks were stirred
for 2 h and the pH was measured. As the hydroxyl surface groups of the powder protonate
and deprotonate, the number of protons within the solution decreased or increased and the
final pH changed. The hydroxyl surface groups of the powder assumed the role of a buffer,
and providing sufficient surface groups were available, the solution reached equilibrium.
On a plot of initial pH versus final pH, a plateau value is observed and corresponds to the
PZC point.

The Dynamic Light Scattering Apparatus used was a Viscotek 802 DLS instrument.
The sols were diluted 30× in MilliQ water and put on ultra-sound for 5 min in order to
eliminate the presence of air bubbles. Dynamic light scattering (DLS) allows the obtaining
of the particle hydrodynamic size distribution of the suspensions.

Scanning Electron Microscopy measurements were performed with a FEI ESEM-FEG
XL3 device. The measurements were performed at an acceleration voltage of 15 keV, set on
the Spot 4 and with a vacuum of 0.4 Torr. No previous metallization of the samples was
necessary.
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3. Results and Discussion
3.1. Properties of the Suspensions
3.1.1. Suspension A

Figure 5 presents the particle size distribution of the reference suspension of Ni/boehmite
(sample A, Table 1). It was observed that the major part of the boehmite grains sizes were
either about 250 or 1500 nm.

Figure 5. Particle size distribution of a standard Ni/boehmite sol (sample A).

PZC measurements were carried out using the powder addition method to highlight
potential electrostatic interactions between suspension A and the cordierite monolith. The
PZC of cordierite was around 9.8, whereas it was around 8.1 for the Ni/boehmite sol
(Figure 6). For information, the pH of a freshly prepared Ni/boehmite sol was equal to 6.7.
Hence, the particles of boehmite were positively charged and were therefore theoretically
able to be adsorbed on the basic surface of cordierite.

Figure 6. PZC measurements performed on cordierite and the standard Ni/boehmite sol (sample A).

3.1.2. Modified Suspensions (B to H)

The composition of the standard Ni/boehmite sol (sample A) was modified according
to different parameters. Table 1 presents the different parameters investigated, their corre-
sponding samples names, and the viscosity of the sols measured at 10 rpm. In the case of
sample C, the sol was paste-like and unsuitable for coating.

Figure 7 shows the viscosity of the different sols measured with rotating spindles and
at different rotation speeds (10, 20, 50 and 100 rpm).
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Figure 7. Viscosity of the coating solutions at 10, 20, 50 and 100 rpm.

It can be observed in Figure 7 that, except for sample G, all the sols showed shear-
thinning (i.e., non-Newtonian) behaviors, meaning that their viscosity values decreased
under increasing shear strain. For example, the viscosity of sample A was measured to
be equal to 630 cP at 10 rpm, but decreased to 110 cP when the rotation speed was set
at 100 rpm. This rheological property can be explained by the interactions between the
particles, which can form micron and submicron-sized agglomerates, as evidenced by
the DLS measurement (Figure 5). These agglomerates are destroyed upon stirring, but
reassembles as soon as stirring strength is decreased [31,32].

In the case of sample G, DLS measurement (Figure 8) showed that the slurry was
mostly composed of grains of either about 800 nm or 5 µm. This information was im-
portant since it has been shown in the literature that coatings performed with slurry and
slurry/boehmite sols should be performed with calcined alumina particles whose diame-
ters are 5 µm maximum [33]. The very low viscosity (magnitude of the viscosity of water,
~1 cP) observed for this sample (Figure 7, Table 1) was attributed to the very few interactions
existing between the calcined γ-Al2O3 particles of the slurry [11].

Figure 8. Particle size distribution of Ni/γ-Al2O3 slurry sol (sample G).

The addition of nitric acid, down to a pH of 1.8, for the coating solution of sample D,
resulted in an increase in viscosity compared to sample A (Figure 7 and Table 1). Figure 9
shows the typical behavior of the viscosity of a boehmite solution as a function of pH [34].
At high acidic or basic pH (sample D), the viscosity is increased due to the presence of strong,
long-range particle–particle repulsions [32,34]. Then, when the pH is moderately acidic
or basic, the viscosity goes through minima because of lower repulsion forces between
the particles (sample A). As the pH of the boehmite sol comes closer to the isoelectric
point (typically a pH of 8–9, in the present case 8.1), the suspended particles are no longer
repulsed but instead they flocculate, which greatly increase the viscosity of the sol [32].
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Figure 9. General evolutions of the viscosity of boehmite sols versus pH for different loadings of
solid [32].

It was observed in Figure 7 that the viscosities changed with the nature of the solvent
in this increasing order: A < E < F. This was attributed to two reasons: (i) the dielectric
constant values of ethanol and acetone are much lower than water (εWater,25◦C = 80.1 >
εEthanol,25◦C = 25.1 > εAcetone,25◦C = 20.3) [35]. This could result in greater repulsion between
particles of similar charges and consequently an increase in the viscosity [36]; (ii) the
absolute viscosity value of the solvents are as follows: µEthanol,25◦C = 1.09 cP > µWater,25◦C =
0.89 cP > µAcetone,25◦C = 0.30 cP [35], which would explain why, among the three solutions,
sample F showed the highest viscosity.

In accordance with the literature [32], it was observed that the evolution of the viscosity
of the sol with the concentration of Ni/boehmite was non-linear (Figure 7, Table 1). In
the case where the gel concentration was multiplied by 2 (sample C), the sol was far too
viscous for its viscosity to be measured, or to coat in on the monolith. In contrast, when the
Ni/boehmite concentration was divided by 2 (sample B), the sol was much less viscous
(viscosity divided by 8 at 10 rpm) (Figure 7, Table 1).

The presence of slurry particles increased the viscosity of the sol. Indeed, for a similar
concentration of boehmite, sample H presented a viscosity of 200 cP at 10 rpm instead of
80 cP for sample B.

3.2. Control of the Coating Mass Deposition

Figure 10 shows the typical geometrical variables used to definite a honeycomb
channel inside a monolith.

Figure 10. Schematic representation of a channel and monolith section seen from the top.

In order to check that the amount deposited was equal to the amount expected, the
samples were weighted before the coating and after the drying steps. The theoretical
mass load after calcination, mth, was calculated for each sample using Equation (1). It
corresponds to the total amount of solid that should be found in the monolith after drying,
considering that the whole channel volume was filled by the coating solution.

mth = Vch ∗ Dc ∗ Amonolith ∗ Csol,wt (1)
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where mth is the theoretical mass load, Vch is the whole channels volume, Dc is the cell
density, Amonolith is the monolith of cross section area and Csol,wt is the concentration of the
coating solution.

Replacing Vchl by H ∗ W2 and Amonolith by π∗(d/2)2, Equation (1) becomes:

mth = H ∗ W2 ∗ Csol,wt ∗ Dc ∗ π ∗ d2

4
(2)

Csol,wt was set to 0.05 g/mL. H, W and d were respectively equal to 0.96 cm, 0.1 cm and
2.55 cm. Dc was equal to 62 cells/cm2.

mth,calcined.sample = 0.96 ∗ (0.1)2 ∗ 0.05 ∗ 62 ∗ π ∗ (2.55)2

4
= 0.15 g (3)

According to TG-DSC measurements performed on these kinds of Ni/Al2O3 cata-
lysts [18], the mass loss during transformation of boehmite to γ-Al2O3 is of 75%. Hence,
the theoretical mass of boehmite obtained after coating and drying is:

mth,boehmite =
1

0.75
∗ mth,calcined.sample = 0.20 g (4)

It was observed in Figure 11 that most of the coated monoliths presented differences
between their theoretical and actual loadings after drying. These differences revealed some
issues that occurred during the impregnation. For instance, sample A presented a coating
mass of about 70% of the theoretical load. When impregnated a second time (sample 2A),
the sample presented a higher mass (123%), but this value was still below the theoretical
mass gain value (in case of twice doping: 200%).

Figure 11. Diagram showing the actual load of coating compared to the theoretical load of coat-
ing. The error intervals were estimated by taking into account the uncertainty about the monolith
diameters.

It was suspected that the high viscosity of the coating solutions avoided their uniform
penetration through the channels of the monolith. Indeed, it was observed that, at first,
the coating solutions penetrated the sample only by a few channels, whilst the others may
have been only partially filled. Aside from inhomogeneous filling of the channels by the
coating solutions, the difference between the actual and theoretical coating mass deposited
was also attributed to the presence of air bubbles trapped by the coating solution as the
sol rose through the monolith channels. Evidence confirming this effect is presented in the
next section.

The change in the withdrawal speed (samples A-0.5V and A-2V) did not have a visible
influence on the mass of deposited coating.
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Since ethanol and acetone show lower tension surface values compared to water
(γEthanol ~ 0.022 N/m and γAcetone ~ 0.024 N/m, whereas γWater ~ 0.073 N/m) [37], one
could have expected that it would have promoted the capillary filling of the channels.
However, as these samples also showed high viscosity values (Figure 7, Table 1), it could
explain why these samples also showed lower mass deposits (Figure 11).

The low mass deposit observed for sample A-blow is attributed to the nitrogen flux
causing the evacuation of a part of the sol from the channels (Figure 11).

In the case of samples B and G, it was assumed that the coating solutions had a too
low viscosity to remain totally inside the channels when solutions were withdrawn. As
a result, only a liquid film, whose thickness is a function of the coating solution viscosity,
was deposited when the coating solution was withdrawn. Furthermore, as the particles of
the slurry had very low interactions between each other, this would explain why sample G
showed the lowest mass gain value (8%).

The correct mass deposit (99% of mass gain) obtained for the sample prepared by an
individual filling of each channel with a syringe (sample A-Syringe) tends to confirm the
assumption that the mass deficits were principally caused by an incomplete filling of the
channels.

3.3. Aspects of the Coatings

SEM measurements were performed on each dried sample in order to get an overview
of the aspects of the coatings. The following three main types of defects were observed:
coating-free areas; large aggregates; and cracks. Table 3 lists the observations made on the
13 samples coated, varying the solution properties and the coating procedure parameters.

Table 3. Coated samples, related coating method and observed defects on dried coatings.

Samples Modified Parameters Coating Solution
Viscosity at 10 rpm (cP) Coating-Free Areas Cracks Aggregates

A - 630 Yes Yes Yes
A-0.5V Withdrawal speed (×0.5) 630 Yes Yes Yes
A-2V Withdrawal speed (×2) 630 Yes Yes Yes

B Solution concentration (×0.5) 80 Little Almost
none Few

C Solution concentration (×2) Impregnation not possible, solution too much viscous

D Solution pH (1.8) 1490 Little Almost
none Few

E Solution solvent (acetone) 710 Yes Yes Yes
F Solution solvent (ethanol) 1100 Yes Yes Yes

2A Number of impregnations
(×2) 630 Yes Yes Yes

A-syringe Channels filled with a syringe 630 Yes Yes Yes
A-blow Blowdown step 630 Yes No No

H Particles slurry instead of
boehmite sol ~1 Almost exclusively

(scattered particles) No No

G Slurry/sol 50/50% vol.
mixture 200 Almost none Little Few

All the coatings prepared at different withdrawal speeds (samples A-0.5V and A-2V),
with different solvents (samples E and F), and with a second impregnation (sample 2A) or
with a filling of the channels by a syringe (sample A-Syringe), presented the typical defects
observed for a standard impregnation (sample A), that is to say, coating-free areas, cracks
and large aggregates.

The transformation of boehmite into γ-Al2O3 is known to be topotactic (no variation
of volume) [38,39]. Hence, the formation of a homogeneous Ni/boehmite gel coating free
of defects appears as the most critical step. This assumption was confirmed by the fact
that SEM observations (not shown here) performed on a calcined coating of Ni/γ-Al2O3,
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prepared according to the standard impregnation method (sample A), presented similar
aspects and defects as observed for the dried samples. For this reason, only the aspects of
dried samples are described in the following parts.

3.3.1. Coating-Free Areas and Large Aggregates

Coating-free areas were observed for almost all the samples (Table 3). In the case of
sample G, instead of a film, only isolated micron-sized slurry particles were present on the
channel walls (Figure 12).

Figure 12. Picture of sample G: (a) magnification of 100×, (b) magnification of 1000×.

Figure 13 gives an overview of the three main aspects and reasons leading to the
presence of coating-free areas.

Figure 13. Illustrations of the three main type coating-free areas encountered.

The progressive disappearance (Figure 13a) of the coating in some areas was a con-
sequence of an inhomogeneous repartition of the coating. According to the surface of
monoliths available and to the theoretical mass deposited (determined in Section 3.2), the
thickness of a homogeneous coating was expected to be at a maximum of 4.2 µm for a
standard impregnation. In reality, in some areas, the coating was thicker than the theoretical
value of 4.2 µm. Hence, in some other areas, it was thinner than 4.2 µm, sometimes to such
an extent that there was no coating anymore. The progressive disappearance generally
occurred in a gradual transition from thick to thin and, finally, to no coating. This behavior
could be attributed to uneven drying, which tended to draw the coating solution to places
where the evaporation was fastest, usually the outer rims [12,40]. Indeed, it was observed
during SEM measurements that these coating-free areas were usually present at the center
of the channels.

Figure 13b shows a typical example of a coating-free area caused by the formation of
large aggregates. The formation of these large aggregates is believed to be caused by an
insufficient anchoring of the gelating sol within the porosity of the cordierite support [27].
In this way, during the drying step, the shrinking gels are broken apart from the support
and compacted into huge agglomerates.
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Figure 13c shows a typical aspect of a circular coating-free area caused by the presence
of bubbles. Indeed, during the impregnation, bubbles could be either within the cordierite
porosity or in the coating solution.

Sample A-Blown confirmed the positive influence of a blowdown step on the for-
mation of homogeneous coating (Table 3). In that case, the flux permitted to prevent the
formation of large aggregates and to eliminate the presence of bubbles. However, coating-
free areas of the progressive disappearance type were observed, caused by a too high
experimental blowing pressure. It is noteworthy that in some places where the coating film
was homogenous, darker spots were visible during SEM–BSE measurements (Figure 14a).
These darker spots were actually pores of cordierite filled with the Ni/boehmite gel. This
fact was positive since a good anchoring of the gels within the support porosity is known
to prevent the shrinkage of the gels, together with its associated undesirable consequences.

Figure 14. Homogeneous coatings with presence of dark spots: (a) sample A-blown, (b) sample D.

These darker spots were also observed for the solution acidified by nitric acid (Figure 14b,
sample D). Whereas this sample was the one presenting the highest viscosity value (Table 1),
it presented a homogeneous coating, almost free of cracks and almost free of large agglom-
erates. This good aspect of the coating was attributed to the presence of strong repulsions
between positively charged boehmite particles at a strongly acidic pH (Figure 6), which
would permit the retention of a good dispersion of the particles and to prevent the aggrega-
tion of the coating in large aggregates [11,34].

3.3.2. Cracks

Cracks are thought to result from shrinkage-induced stresses in the gelating sol, mostly
caused by non-uniform drying rates through the coating. Once the stresses reach a critical
value, cracks appear [11,41]. However, it is known that for a given support and a given
coating material, below a critical thickness, the coating can withstand the residual stresses
and consequently the formation of cracks is prevented [42]. For the coating of cordierite
monoliths, the critical value of the calcined Al2O3 film thickness is about 10 µm [11]. Since,
in this study, the theoretical Al2O3 thickness value was equal to 4.2 µm for a standard
impregnation, it is assumed that a better homogeneity of the coating homogeneity would
theoretically result in a coating free of cracks.

The most visible influence of the critical thickness value was observed for sample B
(Figure 15), where a reduction in the concentration of the coating solution decreased the
thickness of the coating and led to a film which was almost free of cracks. However, as
depicted in Figure 15, the sample still presented some heterogeneity in the repartition of
its coating.
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Figure 15. Influence of the coating thickness on the appearance of cracks for sample B after drying
step; (a) thickness below the critical value, (b) thickness above the critical value.

The support impregnated with a mixture of sol and slurry (sample H) presented a
composite-like aspect with a homogeneous distribution of the slurry grains dispersed
within the gelated sol matrix (Figure 16).

Figure 16. Pictures of dried coatings; (a) sample H, (b) cracks on sample H coating, (c) cracks on
sample A coating.

The coating of sample H presented almost no cracks, and where cracks were observed,
they had smaller lengths compared to those observed in a standard sample. This beneficial
association of the colloidal boehmite and the slurry of alumina particles (whose diameters
are <5 µm) was also evidenced by Agrafiotis & Tsetsekou [11]. In the present case, it was
assumed that the interactions at the interface between the slurry particles and the gelating
sol helped the coating to resist the capillary pressure-induced shrinkage and resultant
stresses during drying. Furthermore, it is assumed that the presence of slurry grains slowed
down the propagation of cracks, as the energy would dissipate by the change of directions
needed to bypass the slurry grains [43].

4. Conclusions

This study set the basis for the development of an efficient method for the washcoating
of cordierite monolith with an aqueous sol of Ni/boehmite. Thirteen samples were coated
with varying solution properties and coating procedure parameters.

The presence of high-mass losses of coating for almost all the samples was the first
technical problem. From visual observations, and since the sample prepared by an individ-
ual filling of the channels with a syringe did not present this mass loss, it was deduced that
the mass losses resulted from an imperfect penetration of the sols through the channels of
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the support. A small pressurization or depressurization applied on the solution during the
coating step could be a simple and efficient way to favor the penetration of the solutions
through the support channels.

Furthermore, it appears necessary to improve the coating assembly prototype in order
to apply a blowdown step with an adjustable flowrate. Indeed, the sample prepared with a
manual blowdown presented a good quality of coating (no cracks, no aggregates), but the
too high nitrogen flux caused a high-mass loss and coating-free areas.

No influences on the coatings quality were observed at different withdrawal speed,
with different solvents (water, ethanol or acetone), with a second impregnation or by filling
of the channels by a syringe.

The pH of the sol appeared to play a role even more important than the viscosity.
Indeed, despite having the highest viscosity, the sol acidified with nitric acid showed
a coating which was almost free of cracks or of large aggregates. This was attributed
to the presence of strong repulsions between positively charged boehmite particles at a
strongly acidic pH, which permit the retention of a good dispersion of the particles and the
prevention of aggregation of the coating in large aggregates. One direction of investigation
would, therefore, be to determine the optimal pH for the deposition of the coating.

The presence of a slurry mix of calcined alumina particles and of colloidal boehmite
appeared also to be an interesting path to follow. The beneficial influence of a slurry was
attributed to a better resistance of the coating against the stresses induced during drying,
and a deviation of the cracks in the gels by slurry grains. It would be however interesting
to determine the influence of the slurry/boehmite ratio on the property of the coating.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/pr10050875/s1, Figure S1: Cordierite monolith nitrogen adsorption–
desorption isotherms; Figure S2: Cordierite channel surface (front view) obtained with SEM–BSE at
100× magnification; Figure S3: Mercury porosimetry curve for the cordierite sample; (1) mercury
volume introduced as a function of the pressure, (2) macropore size distribution.
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