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The best slurry formulation to prepare a structured catalyst for methanol synthesis reaction by washcoating
method was investigated. The effect of different inorganic oxide colloids in the slurry preparation of Cu/ZnO/
Al;0O3 catalyst was studied: colloidal ZnO, SiO, and Al;O3. The addition of all these colloids showed an

Xv;;}iics:tmg improvement in adherence obtained on Fecralloy® monoliths, but Al,O3 exhibited the best performance.
Colloid Adherence >80% was obtained with a lower amount of Al;O3 than with the other colloids. Nevertheless, the

addition of these additives changes the catalytic properties of the parent catalyst. Adding a high amount of
colloids decreases the copper metallic surface area which is the active phase of the methanol synthesis reaction.
Moreover, the addition of Al,O3 gave rise to the dehydration of methanol to dimethyl ether (DME) due to the
high acidity that Al,O3 presents. Something similar happens but to a less extent with SiOy, which present weak
acidity. In contrast, the basic character of ZnO neutralizes the parent catalyst’s low acidity reducing the selec-
tivity to DME. Finally, the slurry formulation containing 10% Al,O3 exhibited the best methanol yield. Hence, a

methanol synthesis structured catalyst was successfully prepared with similar activity to the powder catalyst.

1. Introduction

Methanol is one of the most demanded products worldwide, of which
30-40 million tons per year are produced by syngas [1,2]. Methanol is
widely used in the chemical industry as an intermediate or raw material
for many oxygenated compounds (such as formaldehyde, dimethyl
ether, formic acid, methyl tert-butyl ether, and acetic acid) and several
solvents. It is also employed to synthesise hydrocarbons (especially
olefins in a so-called Methanol-to-Olefins (MTO) process). In addition, it
can be used for in situ easy production of Hy and itself, as a clean fuel [3,
4].

Copper is the main active metal employed for methanol synthesis.
Especially, Cu/ZnO-based catalysts are used [5,6], but since ICI patented
a novel catalyst containing Cu/ZnO/Al»03 in 1965 [7], it has been the
most common catalyst selected for methanol synthesis reaction due its
welcome combination of low prize and high activity [8,9]. Cu is
commonly regarded as the active phase, but ZnO and Al;O3 have a role
that surpasses those of just an inert support [6]. Prasnikar et al. [6]
observed that an increased methanol synthesis activity with the
uncovering of Al,O3 from Cu, indicating a steric hindrance of Cu-Zn
active sites. Therefore, the catalytic site Zn sites need to be
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surrounded by Cu atoms, which are necessary for Hj activation.

This reaction is traditionally carried out in fixed bed reactors [10].
However, this technology produces high-pressure drops and offers poor
heat transfer. Due to the high sensitivity of Cu to temperature, which
could deactivate the catalyst by sintering, a considerable effort has been
made to control the temperature of this exothermic reaction: the reac-
tion is quenched by adding cold gas at several points or using
multi-tubular cooling systems [7,11]. Metallic structured substrates
offer interesting possibilities for these tasks. They present a high void
fraction and surface/volume ratio, allowing high feed flows with lower
pressure drop in the system as well as favouring a better temperature
control due to the high conductivity provided by the metallic substrate
employed [12]. In particular, the highly conductive substrate offers high
radial and axial effective thermal conductivities [13]. Therefore, tech-
nologies based on metallic monoliths, foams and microchannel reactors
are becoming a promising way of process intensification for exo-
thermic/endothermic reactions [13-15].

Washcoating is one of the most employed coating methods for
different substrates due to its simplicity and versatility [16]. One of the
main steps in this method is the slurry preparation of the catalyst.
Generally, the solid to be deposited is dispersed in an aqueous or
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alcoholic medium [17]. Factors such as solid content, particle size,
viscosity, or additives are vital for obtaining stable slurries to produce
homogeneous coatings [17]. However, it is widely accepted that the
difficulty of coating catalysts on a metallic substrate is more consider-
able than on ceramic ones due to the difference in porosity, surface
roughness, and thermal stress [18].

Consequently, some additives are required in the slurry formulation
to performance the structured catalyst’s preparation well. Among the
most used additives are inorganic colloids. These colloidal nanoparticles
are employed to stabilize the slurry and as a binder, improving the
cohesion and adhesion of the catalyst layer. Furthermore, due to the
small size of the colloidal particles, during the coating drying process,
these small particles are drawn by capillary forces to the intraparticular
points of the parent catalyst particles [19]. Hence, they can create
anchoring points between particles and between the particles and the
substrate. Therefore, many researchers propose using these inorganic
oxide colloids in the slurry formulation.

Zamaro et al. [20] showed an improvement in adherence of zeolites
on cordierite honeycomb substrates using colloidal SiO,. With an
addition of 3% wt. ratio with respect to the zeolite, the adherence
increased 10-20%. The selected colloid nature depends on its compat-
ibility with the catalyst and the scale of the substrate alloy employed.
Echave et al. [17] used colloidal ZnO to deposit PdZnO catalyst on
Fecralloy, and Pérez et al. [21] used colloidal SiO; to deposit SBA-15 on
Fecralloy monoliths, while Peela et al. [22] coated alumina on AISI304
employing colloidal alumina. Milt et al. [23] coated Au/TiO3 catalyst
aided with colloidal alumina on Aluchrom YHf monoliths. This alloy
presented whiskers of o-alumina on its surface after the proper
pre-treatment. Nevertheless, using these additives improves the coating
process, but they could also modify the main properties of the parent
catalyst, such as activity, selectivity, or stability [17].

To our knowledge, there is little bibliography about Cu/Zn0O/Al;O3
catalyst structuration for the methanol synthesis reaction. Phan et al. [4]
studied different methods to deposit Cu-based catalyst on Fecralloy®
monoliths and concluded that the use of a slurry for washcoating is the
method that produces the best performances for methanol synthesis.
Montebelli et al. [3] also carried out the structuration of Cu/Zn0O/Al;03
catalyst on metallic open-cell foams. They observed that the activity
with respect to the parent catalyst decreased due to the slurry prepa-
ration steps, the calcination procedure, or both.

In this work, we studied the effect of different inorganic colloidal
oxides (ZnO, SiO,, and Al;O3) in the slurry preparation for the struc-
turation of methanol synthesis catalyst (Cu/ZnO/Al,03). Although the
washcoating process for the preparation of structured catalysts is well
known, the additives have a constant amount in slurry formulations, and
the role of these additives has not been studied in detail. Therefore, in
this work, we have studied in a more in-depth way the influence of the
inorganic colloids used, not only in the structuring process but also its
influence on the activity and selectivity of the catalyst. In this way, we
tested the adherence of the catalyst layer on Fecralloy® monoliths
(coated with different slurry formulations) and the catalytic properties
of the samples in the methanol synthesis reaction.

2. Experimental
2.1. Parent catalyst preparation

The standard co-precipitation method was used to synthesize the Cu/
Zn0/Al,03 catalyst [24]. A solution of the different metal precursors
[Cu(NO3)5-3H,0 (0.6 M), Zn(NO3)5-6H,0 (0.3M), and Al(NO3)3-9H,0
(0.1M); salts provided by Sigma-Aldrich], was added dropwise to a
vessel containing water at 343 K. The mixture was fixed to pH 7 with a
solution 1 M of NayCOg3 (Panreac), used as a precipitant agent, and was
aged for one hour under the same conditions (343 K and pH 7).

The obtained precipitate was washed with abundant distilled water.
Then it was dried at 373 K overnight and calcined at 663 K and 773 K (2
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K/min) for 3 h.
2.2. Structured catalyst preparation

The metallic substrates used were Fecralloy® monoliths of 30 mm
length and 16 mm diameter (cell density of 289 and 2360 cpsi), pre-
pared by rolling up corrugated and flat metallic sheets. The manufac-
tured monoliths were cleaned with water and soap, and then with
acetone before the thermal treatment at 1173 K (10 K/min) for 22 h.
This thermal treatment generated alumina whiskers, providing adequate
chemical composition and roughness for sticking to the catalyst layer
[25].

The washcoating method was selected for structuring Cu/Zn0O/Al,03
catalyst. The first step to washcoat structured substrates is preparing
stable catalyst slurries to be deposited. The slurries were prepared by
mixing using a magnetic stirrer the pre-synthesised Cu/ZnO/Al»O3
catalyst (CZA) in its dried form to avoid double calcination, an inorganic
colloid (Al,03 [Nyacol® AL20], ZnO [Nyacol® DP5370] or SiOs
[Ludox® TMA Sigma-Aldrich]), polyvinyl alcohol (PVA) (Mowiol® 4-88
Sigma-Aldrich) and distilled water. The solids content of the slurries was
fixed to 20% wt. The colloid content with respect to the solid fraction
(excluding PVA that disappears after calcination) varied from 0 to
33.3%, maintaining the CZA/PVA mass ratio of 21 (Table 1).

Moreover, the neutralization employing boric acid addition to the
slurry formulation was studied to avoid the colloidal compound’s
dehydration capacity. The acid centers from colloidal alumina are able
to dehydrate methanol to DME (not desired product) [26]. The boric
acid can avoid forming strong Lewis acid sites or reducing the adsorbate
molecules’ accessibility [27]. The addition of boric acid (5.7-17.1 mmol
H3BO3/g Aly03, Sigma-Aldrich) was studied to neutralize the acidity of
CZA_17.7%Al,0s3. Finally, the slurries to ensure a good dispersion of the
catalyst particles were sonicated for 10 min and stirred overnight.

The washcoating method (or dip coating) consisted of dipping
monoliths in the slurry at a constant speed of 3 cm/min, maintaining it
dipped for 1 minute, and withdrawing at the same speed. Then, to
remove excess suspension from the channels of the monoliths, they are
placed in a centrifuge tube that fits the diameter of the monolith over a
hollow support that allows to leave a free zone at the bottom of the tube
to collect excess suspension without being in contact with the monolith.
Monoliths are centrifuged at 400 rpm for 1 min (Eppendorf Centrifuge
5702). Next, the monolith was dried at 393 K for 30 minutes, and the
coating procedure was repeated until 1000 mg were coated. Finally, the
coated monoliths were calcined at 673, 723, and 773 K.

Additionally, an aliquot of the catalytic slurry was dried and calcined
under the same conditions as coated monoliths to obtain the slurried
catalyst. The slurried catalyst represents the solid layer coating on a
monolith surface, with similar composition and thermal treatments
undergone.

Table 1
Formulation of different slurries prepared.

Name Slurry formulation Slurried Catalyst
composition
CZA Colloid PVA H,0 CZA Colloid
(wt.%) (wt.%) (wt.%) (wt.%) (wt.%)  (wt.%)
CZA_0.0% 19.1 0 0.9 80.0 100 -
CZA_10.0% 17.3 1.9 0.8 80.0 90.0 10.0
c
CZA_17.7% 15.85 3.4 0.75 80.0 82.3 17.7
c
CZA_33.3% 12.9 6.5 0.6 80.0 66.7 33.3
c

C = Employed colloid; namely, Al,03, ZnO and SiO,.
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2.3. Catalytic test

Methanol synthesis reaction was carried out in a Microactivity
Reference lab reactor (PID Eng&Tech). A fixed bed reactor (316 Stain-
less steel @ 9 mm ID) with 500 mg of catalyst calcined at 673 K (with a
particle size of 300-500 pm) was used. The catalyst was diluted with SiC
(Carborundum of 500 um, VWR) to obtain an isothermal bed of 3 cm in
length. Before reaction, the catalyst was reduced at 518 K for 4 h (2 K/
min) with 5%H> in N3 stream at atmospheric pressure. The reaction was
carried out at 533 K and 4 MPa and was fed with a mixture of 90%
syngas (Hy/CO = 2) and 10% Ny with a space velocity (SV) of 2.55
Lsyngas/8cza'h. The products were taken out through a thermostatic line
and were analysed with a GC (Agilent 7890A) using TCD (HP-PLOT/Q
and HP-MOLESIEVE) and FID (HP-PLOT/Q) detectors.

The coated monoliths (1000 mg of catalyst) calcined at 673 K were
tested in the same setup as the powder but in a Hastelloy® reactor of
?»16 mm ID. Three thermocouples were used to measure the radial
temperature profile of the monolith, and a thermocouple with a double
temperature sensor at two different heights was used to measure the
axial gradient (Fig. S1).

2.4. Characterisation techniques

The rheological properties of the slurries were measured in a rota-
tional viscometer at 298 K (TA Instruments AR 1500ex). The viscosity
value at the 3400 s~ ! shear rate was taken into account. The Zeta Po-
tential was measured using a MALVERN Zetasizer 2000 instrument.
Solids were dispersed in an aqueous solution of 1 mM NaCl. Then, the pH
of the solutions was adjusted with HNO3 or NH4OH solutions. Finally,
the particle size distribution of the catalyst was measured with a Laser
Particle Size Analyzer MALVERN Master Sizer 2000.

An ASAP 2020 of Micromeritics was employed to obtain Ny
Adsorption isotherms. Isotherms were measured at 77 K with previous
degas at 453 K during 5 hours. The specific surface area (Sggr) was
calculated with the BET equation, and the specific pore volume (V) was
determined at 0.99 P/Po. The equivalent pore diameter was calculated
as 4V/ SBET-

Reactive Frontal Chromatography of N2O (N2O-RFC) was used for
the copper metallic surface area measurement employing Micromeritics
AutoChem II 2920. The previously reduced catalyst (with a flow of 10%
Ha/Ar) was submitted to pulses of NoO at 333 K in He flow. At this
temperature, the copper surface was oxidized to CuxO (Eq. (1)) [28]

2-Cu + N,O - Cu0 + Ny 1)

The NO was trapped with a cold trap of a mixture of liquid N3 and
acetone, and the amount of Ny produced was quantified with a TCD
detector. The copper metallic surface area was determined by Eq. (2),
being the atomic cross-sectional area of copper (dg,) 0.068 nm?,

de, (nm?/atom)

107 @

Scu (mz/g) = ny,(mol/g)-2-Ny-

X-ray diffraction (XRD) patterns were obtained on a Bruker D8
Advanced with CuKa radiation (A=1,54 108) from 5 to 85 °. The CuO
average size was estimated using the Scherrer equation at 20 = 38,5°.
This angle is the only one of the most intense peaks that have fewer
interferences with other compounds. Metal Cu particle size was deter-
mined using the Scherrer equation in the reduced samples at 26 = 43.3°
with in-situ XRD measurements.

Temperature programmed reduction (Ho-TPR) was carried out in
AutoChem II 2920 (Micromeritics). A mixture of 10% Hy/Ar was flown
through the sample at 313 - 1173 K. Hy consumption was calculated
with a TCD.

The sample’s acidity was measured by Ammonia Temperature Pro-
grammed Desorption (NH3-TPD) in an AutoChem II 2920 (Micro-
meritics). The sample was pretreated at 443 K with He flow for 30 min,
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cooled down to 373 K with He, and saturated with ammonia using a flow
of 10%NHj3 in He for 15 min. Finally, the adsorbed ammonia was des-
orbed with a flow of He. A temperature program from 373 to 950 K was
employed with a 10 K/min ramp. The signal was recorded with a mass
spectrometer, and the 15 m/z signal was followed for NH3 desorption.

The adherence of the catalytic layer deposited in the monolith was
calculated by measuring the weight loss produced during sonication of
the coated monolith immersed in petroleum ether (OPPAC) for 30 mi-
nutes at room temperature [29].

3. Results and discussion
3.1. The preparation of CZA catalyst slurry

The first step to washcoat structured-substrates is to prepare a stable
slurry of the catalyst to be deposited. Water was selected as dispersion
media for the CZA catalyst slurry preparation because alcohols produced
poorly adherent catalytic layers than that obtained with water [17,30].
To develop a homogeneous and strongly adhered catalyst layer by
washcoating, the particle size of catalyst, pH, viscosity, solid contents,
and additives, must be adequately adjusted [12,18,19].

Three different inorganic colloids were selected to be used as
binders, considering the chemical compatibility between the CZA cata-
lyst and the Fecralloy® monolith surface covered with alumina whis-
kers. The Al,O3 colloid would have affinity with CZA and the monolith
surface, the ZnO colloid would have an affinity only with the CZA
catalyst, and the colloid SiO5 will not have a particular affinity with
either of the two.

An important parameter in preparing a stable slurry in water is the Z
potential of the solids used: catalyst and binders. This variable indicates
the suitable pH range to maximize the repulsion between particles to
improve the slurry stability. The CZA catalyst showed an isoelectric
point at pH values around 10 and a high zeta potential value at pH 6
(Fig. 1). However, using Cu-based catalysts, pH changes must be care-
fully analysed. As is shown in Fig. 1 (top image), acid solution (pH<4)
leads to the dissolution of the copper [31], and the suspension become
transparent. However, the use of large amount of ammonia (pH > 11)
generate a copper coordination complex and the solution becomes dark
blue [32,33].

—e—CzA
60 - —0O— Colloidal ZnO
—A— Colloidal Al,0,
404 A/A\A —O— Colloidal Sio,
oo yﬁ\.\\x‘ & CZAAT.T%AI,0,
20 /‘ : CZA_33.3% Aly0,
> [ )
N N
-204 o 0
20 &> <>\<>
A
-40 &> O—0
[m)
-60 T T T T T )
0 2 4 6 8 10 12

Fig. 1. Zeta potential of different samples at different pH values.
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On the other hand, the inorganic oxide colloids presented different
zeta potential curves (Fig. 1). The colloidal alumina showed the iso-
electric point at pH 8.5 and the colloidal ZnO at pH 2. However, the zeta
potential values of colloidal SiOy were lower than -20 mV in all the
studied pH. Moreover, the colloidal ZnO and SiO, exhibited a zeta po-
tential negative in all the studied ranges; and the CZA catalyst and the
colloidal Al;O3 presented more similar zeta potential with positive
values at pH lower than 10 and 8.5 respectively and negatives at higher
pH values.

When selecting at what pH the suspensions are prepared, it has been
taken into account that mixing two solids with different charges (posi-
tive and negative) could generate aggregates when combined due to an
attraction of charges. Therefore, the zeta potential of the different slurry
formulations was also measured (Table 2, Figs. 1, and S2). It can be seen
that the addition of colloidal Al,O3 to the slurry generated an interme-
diate behaviour between the two solids (Fig. 1). On the contrary, the use
of the colloidal ZnO and SiO,, with opposite charges to the CZA catalyst,
produced a similar behaviour to that of the colloids (Fig. S2). This
suggests that the colloidal particles are surrounding the CZA particles.

During the slurry preparation, the measured pHs of all formulations
presented values corresponding to zeta potential (higher than +/- 20
mV, Table 2) high enough to ensure the slurry stability [12]. Therefore,
the slurries’ pH was not modified.

The particle size measurements are shown in Table 2. The starting
catalyst, CZA, has a size of 4.2 microns that increases slightly with the
addition of the different colloids studied. However, in all cases, the value
does not exceed 10 microns, which is considered the limit value below
stable suspensions can be obtained [34].

The viscosity of different slurry formulations was also measured
(Table 2). The results showed an increase in the viscosity with the
colloid content. Moreover, the nature of the colloid affects this property.
The addition of colloidal alumina produced the highest viscosity and the
colloidal SiO; the lowest value, even lower than the slurry without
colloid. However, the adequate viscosity to obtain a homogeneous
coating by washcoating on structured substrates usually ranges between
5 and 30 mPa-s (at 3.400 s’l) [18]. Therefore, the viscosity values of
slurry formulations were adequate (Table 2).

Therefore, it can be said that the selected formulations and prepa-
ration conditions for CZA structuring produced stables slurries
adequate, in principle, for washcoat Fecralloy monoliths.

3.2. Effect of the inorganic oxide colloids on monoliths washcoating

Monoliths were coated with different slurries by the washcoating
method. The number of catalyst coating required to deposit 1 g of
catalyst is presented in Table 2. Results show that the viscosity affects
the coating process. More immersions were required to deposit the same
amount of catalyst when colloidal SiO5 was used, presenting the lowest
viscosity (Table 2). Low viscosity values produced low loading per

Table 2
Slurries properties.
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immersion.

Moreover, all the studied formulations showed homogeneous coat-
ings without plugged channels (Fig. 2). Fig. 2D appears to indicate a
dramatic accumulation of the catalyst in some channels of the monolith.
This effect is because, during the suspension excess elimination
employing centrifugation, a small accumulation always occurs at the
ends of the monolith, which are those observed in this image. However,
when monoliths are opened, and the channel is longitudinally analyzed,
it can be observed that it is only a punctual effect at the ends of some of
the channels in only some monoliths and these accumulations are not
quantitatively relevant with respect to the monolith as a whole.

For industrial applications, the mechanical properties of the catalyst
are very important. However, at this stage of the research, we believe
that the most important point is the stability of the coating. In the
preparation of the structured catalysts by the washcoating method, the
adherence of the catalyst layer to the monolith is an essential parameter
that must be considered to avoid catalyst loss during its handling or use
[19]. Adhesion test based on heat shock is sometimes applied as a more
extreme manner of adhesion testing of structured catalytic reactors used
in automotive applications [35]. Nevertheless, this type of testing is less
appropriate for structured reactors to be applied under stationary con-
ditions [19]. Zhao et al. [36] compared the thermal shock test with the
ultrasonic test (adhesion calculated as the amount of coating remaining
after dipping samples in a bath of a supersonic cleaner). The ultrasonic
adhesion test showed, in general, higher weight losses than the thermal
shock test, but both methods showed the same trends as a function of the
preparation variables.

In this work, the coating adherence obtained by the different slurry
formulations (Table 1) was analysed using the ultrasonic test [29]. The
catalyst layer adherence on Fecralloy® monoliths as a function of the
colloid employed and the calcination temperature is presented in Fig. 3.
In the absence of inorganic colloids, the interactions between the CZA
particles are insufficient to produce a catalyst layer adequately attached,
remaining only around 20% of the catalyst after the test.

A dramatic increase was obtained by adding inorganic colloids as a
binder using an adequate amount of colloid but also depending on the
calcination temperature (Fig. 3). The adherence improved when
increasing the colloid content from 5 to 50 % (Fig. 3). Adherence rises to
around 90% with all the colloids used, when the colloid content reaches
33.3%.

The small particle of the colloids (nanoparticles) could fill the
interparticle space of the catalyst layer [19]. Thus, the cohesion of the
coated layer improves. Moreover, the small size of the colloidal particles
(Table 2) allows entering into the substrate roughness, improving the
anchorage between the catalyst layer and the monolith. Therefore,
adherence is improved by increasing the adhesive and cohesive prop-
erties of the catalyst layer and substrate [20].

The alumina was the inorganic oxide that produced the best results in
adherence (Fig. 3). It could be due to its compatibility between the CZA

Sample Name Solid content (Wt. %)  Slurry pH  Zeta Potential (mV)  Particle size (um)  Viscosity at 3400 s™' (cP)  Number of coatings to deposit 1 g of catalyst

CZA_0%colloid 20 6.5 + 32 4.2 7.0 32

CZA_10%Al1,03 20 6.4 +22 5.6 8.7 29

CZA_17.7% 20 5.7 +24 6.6 12 25
AlL,O;

CZA_33.3% 20 5.5 + 30 7.3 16 21
Al,03

CZA_17.7%ZnO 20 8.3 -23 5.3 8.3 30

CZA_33.3%ZnO 20 8.8 -30 5.9 10 22

CZA_17.7%8Si0, 20 7.5 -20 7.0 4.8 34

CZA_33.3%8Si0, 20 7.7 -28 7.4 5.2 33

Colloidal Al,O3 20* 4.2 +42 0.06-0.09* 14 -

Colloidal ZnO 30* 9.9 -40 0.05* 20

Colloidal SiO, 34+ 8.0 -32 0.01-0.02* 4.8

" Manufacturer information
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Fig. 3. Coating adherence varying colloids content and calcination
temperature.

and the alumina whisker of Fecralloy® obtained after pre-treatment.
Intermediate behaviour was observed using colloidal ZnO (compatible
only with catalyst), and the less relevant results were obtained with
slurries prepared with SiOy that do not present special compatibility,
neither with the substrate nor with the catalyst. Therefore, chemical
compatibility between the catalyst and the monolith surface is crucial
increasing adherence with low binder content.

On the other hand, the calcination temperature (673-773 K) effect in
adherence was studied (Fig. 3). A decrease in adherence was observed
when the colloidal Al;03 was used. By XRD analysis of the colloidal
Al,03 at different calcination temperatures (Fig. 4), it was found that the
dried colloidal alumina presented a pseudo-boehmite phase (AlIO(OH) or
Al,03-H,0) that changed to y-alumina at 773 K approximately. Calci-
nation at 673 K resulted in an intermediate state between these two
phases. Sanchez et al. [37] suggested that the Al(H20)4OH]‘2Pr ions,
which are present in boehmite, could react and form chemical bonds
that improve the catalyst’s adherence. Therefore, adherence decreases

001-1308 A0,

N / \ ) \ 773K
M/\M\/\ff ‘
A A ‘\ A n A dried

’ | ‘ 001-1283 Boehmite
(| |

10 20 30 40 50 60 70 80
26(%

Intensity (a.u.)

Fig. 4. XRD of colloidal alumina at different calcination temperatures

when the OH groups are eliminated by increasing calcination temper-
atures (Fig. 3).

3.3. Effect of inorganic oxide colloids on the slurried catalyst

The effect of the inorganic colloids on the physicochemical proper-
ties of the CZA catalyst was analysed by obtaining the slurried catalyst
samples by drying (373 K) and calcinating (673 K) the catalyst slurries
(Table 1).

On the one hand, it can be seen in Table 3 that the textural properties
of the slurried catalysts depend on the type and the amount of colloid
added. Nevertheless, it seems that the colloids do not alter the textural
properties of the parent catalyst because the texture of the slurried
catalysts agrees with the weighted average of those of the individual
components (catalyst and binder). As a result, the addition of the
colloidal ZnO decreases the surface area of the slurried catalysts due to
the low surface area that this colloid presents (19 mz/g). However,
adding colloidal Al;O3 increases the BET surface area, which could be
attributed to the additional surface area provided by the colloidal
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Table 3

Properties of different slurried catalysts.
Characterization N»-Adsoption N,O-RFC Ho-TPR XRD
technique
Sample Name SBET (m?%/ VpoRre (cm®/ Dpogrg (nm) Cu surface area (mz/g czA) Reducibility* (%) CuO crystal size** (nm) Cu° crystal size” (nm)

8) g)

Parent catalyst 100 0.62 24 35.9 100 3.8 -
CZA_0%colloid 80.1 0.52 26 30.7 101 4.0 6.9
CZA_10%Al,03 86.3 0.50 23 27.5 104 4.3 7.8
CZA_17.7%Al1,03 101 0.54 21 26.5 90 4.6 -
CZA_33.3%Al1,03 127 0.51 16 23.0 88 4.4 8.7
CZA_17.7%Zn0O 55.2 0.38 27 21.3 85 4.6 -
CZA_33.3%Zn0O 46.3 0.29 25 17.4 76 4.2 12.0
CZA_17.7%SiO4 75.1 0.48 25 27.4 92 3.9 -
CZA_33.3%Si0, 80.2 0.44 22 25.6 85 4.4 7.3
Colloidal Al,03 204 0.31 6.2 - - - -
Colloidal ZnO 19.1 0.11 24 -
Colloidal SiO, 114 0.22 7.6 -

" The reducibility was measured by means of the H, consumption during TPR. In the case of our experimental conditions and the equipment adapted to measure
integral monolith samples (high dead volume and therefore important widening of peaks), it allows us to obtain an accuracy in the measurement of hydrogen con-

sumption no better than 10%.
** Estimated by Scherrer equation

alumina that doubles that of CZA.

On the other hand, the Cu metal surface area, the Cu° crystal size,
and the catalyst reducibility were modified by incorporating the
different colloids (Table 3). Both properties decrease with the addition
of colloids. Such trends are more accentuated when colloidal ZnO is used
(Table 3). However, even though significant modifications are not
observed in the CuO crystal size by XRD, an increase in the Cu crystal
size after reduction was observed by in-situ XRD analysis, in agreement
with the decrease in the Cu surface area (Table 2) measured by N5O-
RFC.

Our results show that during the reduction process, the colloids seem
to promote the sintering of the active phase. As can be seen below
(Section 3.4.1), the decrease in the Cu surface area would lead to a
decrease in activity. Some authors have observed that these additives
can reduce the catalytic activity of the parent catalyst [17,19,38].
However, they suggest that this phenomenon is only due to a relative
blocking of the active surface of the Cu, so it would be advisable to use
the least necessary amount of colloids to promote adherence minimizing
the alteration of catalytic properties [19].

The sample’s acidity was also modified by adding the different
inorganic oxide colloids (Fig. 5). Analysing the NH3-TPD patterns, it can
be seen that the parent catalyst and the slurried catalyst without colloids
(CZA_0%colloid) presented similar acidity. However, when the colloids
are added to the slurry formulation, the acidity changes depending on
the colloid’s nature and amount (Fig. 5). The colloidal alumina, which is
well-known as an acid solid [39,40], presented higher acidity than the
CZA catalyst (Fig. 5-B). Therefore, the addition of colloidal Al;O3 to the
CZA catalyst increased the peak signal and, consequently, in the acidity
of the final slurried catalyst (Fig. 5-B). A similar effect but less intense is

. ] - - - Parent
g ] —0— CZA_0% colloid
g ] —e— CZA_33.3% ZnO
2 —— CZA_33.3% SiO,
g ] CZA_33.3% Al,0,
©
[
2
w
N
€
o]
<

} T T T T T
400 500 600 700 800 900
Temperature (K)

observed with colloidal SiO5 (Fig. S3-A). When colloidal SiO; was added
to the CZA catalysts, it slightly increased overall acidity (Fig. 5). In
contrast, the colloidal ZnO presented negligible acidity (Fig. S3-B).
Hence, using ZnO produced a sharp decrease in the overall acidity of the
slurried catalyst (Fig. 5).

3.4. Methanol synthesis

First, methanol synthesis was studied with slurried samples to
analyse the effect of binders on catalyst activity. The slurried catalysts
were obtained by drying at 373 K and calcinating at 673 K catalyst
slurries (Table 1). Later, the catalytic behaviour of structured catalysts
coated with the selected slurry formulations was analysed.

3.4.1. Slurried catalyst activity

Samples with colloidal zinc oxide. Fig. 6A and Table 4 show the activity
and selectivity of the powdered samples of the parent catalyst and the
slurried catalysts without ZnO (0%) and with two different ZnO contents
(17.7 and 33.3%).

The parent and the slurried catalysts activity without colloid is kind
of low in comparison to other published studies. For example, Garcia-
Trenco et al. [41] at similar reaction conditions (pressure, temperature,
and Lsyn/gCZA-h) obtained a CO conversion of around 20 %. However,
the syngas composition of the cited research was 66% Hy/30% CO/4%
CO»; in our research, there is an absence of CO,. It seems that the
presence of CO, in the syngas composition improves the activity of
Cu-based catalysts [42,43]. Moreover, hydrogenation of CO at equilib-
rium was shown to have a positive dependence on pressure, 50-100 bar

=z

—o— CZA
—eo— CZA_0% AlL,0,
) 3
? | —+— CZA_10% ALO,
of CZA_17.7% AL,O,
;3 CZA_33.3% AlL,O,
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Fig. 5. NH3-TPD curves monitored with m/z=15 by MS: (A) the effect of colloid type and (B) the effect of colloidal alumina amount.
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Fig. 6. Activity and selectivity in the methanol synthesis of samples with
different colloid content: (A) ZnO, (B) SiO, and (C) Al,Os3. Reaction conditions:
533 K, 4 MPa and 2.55 Lsyngas/(8cza'h).

of pressure has to be used to obtain high conversions syngas to methanol
[44]. Unfortunately, our experimental system did not allow experiments
to be carried out with a pressure higher than 40 bar that would improve
the activity of the catalyst.

The addition of colloidal zinc oxide produced slight changes in
methanol synthesis. On the one hand, the use of ZnO resulted in a
decrease in the selectivity to DME comparing with CZA_0% (Table 4). At
the same reaction conditions, the DME selectivity decreases in this
order: CZA_0%> CZA_17.7% > CZA_33.3%. This change in DME selec-
tivity could be due to the basic character of the ZnO that neutralize the
acid sites (Fig. 5) that are active in the methanol dehydration to DME

Chemical Engineering and Processing - Process Intensification 182 (2022) 109210

Table 4
CO conversion and selectivity value for the catalyst with different colloidal
content at different space velocities. Reaction conditions: 533 K and 4 MPa.

Sample SV (Lsyn/ Xco Selectivity (%)
gczah) (%) MeOH DME CO, Other
CZA 2.55 13.2 95.9 0.98 2.63 0.49
CZA_0% 2.55 12,5 96.1 0.87 2.54 0.50
CZA_10%_Al,03 2.55 15.8 92.5 3.29 3.68 0.52
CZA 17.7% 2.55 43.4 61.1 27.2 11.6 0.10
_Al,03
CZA_33.3% 2.55 62.6 34.9 45.8 19.1 0.10
_Al,03
CZA_17.7%_ZnO 1.2 17.6 96.0 0.53 2.7 0.73
2.55 10.3 96.2 0.40 2.8 0.58
5 5.2 96.2 0.31 3.0 0.57
CZA_33.3%_Zn0O 1.2 15.6 96.3 0.17 2.8 0.74
2.55 9.3 96.6 0.14 2.7 0.57
5 4.9 96.4 0.15 2.9 0.51
CZA_17.7%_SiO, 2.55 13.7 90.9 4.19 4.2 0.63
CZA_33.3%_SiO, 2.55 14.1 89.5 5.27 4.7 0.52

reaction [26]. On the other hand, the colloidal ZnO also generated a
slight decrease in the CO conversion, from 12 to 9%. A tendency was also
observed at different space velocities (Table 4).

As seen before, adding the colloidal ZnO decreases the Cu surface
area (Table 3), which could explain the decrease in the CO conversion.
Nijhuis et al. [19] suggested that this could be due to the colloids’
coverage of the metallic phase reducing the catalyst’s activity. As said
before, in-situ XRD analyses showed that the copper surface area
decreased due to an increase in the Cu crystal size (Table 3). However,
the decrease in CO conversion is significantly higher than that of the Cu
surface area (Fig. 6-A and Table 4).

There is a great controversy concerning the mechanism of the
methanol synthesis reaction and the role of zinc in this reaction [45]. Zn
is widely thought to act as a promoter that improves Cu dispersion and
reduces Cu sintering [45]. However, the reaction yield improves when
ZnO is added to Cu-based catalysts [45-47]. Burch et al. [46] attributed
this improvement to the role of ZnO as an Hj reservoir. Hence, it would
favour the hydrogenation of the reaction intermediates. On the contrary,
Kanai et al. [47] propose that the activity improvement is due to the
migration of ZnOy to the cooper surface that could generate CuZn alloys
or Cu-O-Zn sites stabilising the Cu™ ions.

Additional mixtures were studied to deepen the effect of colloidal
ZnO on the CZA_33.3%ZnO catalyst’s properties. First, a physical-
mixture of powders of both compounds were separately pressed,
grounded, and sieved (300-500 pm) and then mixed. Next, in the
mechanical-mixture, powders of both compounds were initially mixed
together and then pressed, grounded, and sieved to 300-500 pm. Finally,
the slurried mixture was prepared in a water dispersion of both com-
pounds, and then dried at 373 K and calcined at 673 K, pressed and
sieved to 300-500 pm.

Fig. 7 and Table S1 show the prepared samples’ catalytic and Cu
surface area results with the different mixing methods. The results
showed that the selectivity to DME is only altered by mixing both
compounds with high interaction (slurried mixture), decreasing sharply
(from 1.1 to 0.2 %). Despite reducing the Cu metal surface area due to
increased contact between phases, CO conversion rose slightly in the
mechanical mixture (Fig. 7, Table S1). The contact between phases in
the physical mixture is insufficient to produce noticeable changes in the
activity.

In contrast, intimate contact negatively affects the properties in the
slurried mixtures. In the latter, the positive impact of ZnO is mitigated
by the sharp decrease of the Cu metal surface area (Fig. 7, Table S1).
However, the mechanical mixture allows for an intermediate contact
while not causing a dramatic diminution of Cu surface area, which re-
sults in an improvement in CO conversion when the ZnO is added (Fig. 7,
Table S1). Pori et al. [48] proposed that the increase in the methanol
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different mixing method. Reaction conditions: 533 K, 4 MPa and 2.55
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formation is due to a larger interface contact between Cu and ZnO. In the
case of mechanical mixing, higher Cu-ZnO contact is possible than
physical mixing. This contact is not as high as in the slurried system,
where nanometric particles of the colloid can surround the Cu particles.
However, the interaction in the case of the mechanical mixture can be
high enough for the ZnO to partially block the surface of the Cu.
Therefore, it seems that the type of contact between phases and conse-
quently the interaction between them plays an important role.

The results show the demanding character of this reaction again,
since the conversion of CO, i.e., the activity, is not directly proportional
to the active surface area, the Cu surface area. As previously mentioned,
different authors have indicated the positive role that Zn can play on the
Cu in this reaction, increasing its specific activity (turnover number).
Nevertheless, we have also seen that adding Zn in the form of colloid or
physical mixtures can produce a partial coating of Cu that manifests
itself on a lower active surface measured by NoO-RFC (Table 1). Both
effects are opposite as one increases the specific activity of Cu centres,
but the other decreases the number of accessible surface centres. The
activity, and, therefore, the CO conversion, will be proportional to the
product of both turnover and number of active centres.

Samples with colloidal silica. The effect of adding colloidal silica to the
slurried catalyst activity is shown in Fig. 6-B and Table 4. These results
showed a slight increase in CO conversion (from 12 to 14%) with the
silica content was observed. Meanwhile, the methanol selectivity
decreased (from 96 to 89%), and the selectivity to dimethyl ether (DME)
and CO; increased from 0.9 to 5.3% and 2.5 to 4.7%, respectively. The
addition of colloidal silica produced a slight increase in the overall
acidity of the sample (Fig. 1). Acid sites are active in the methanol
dehydration reaction to DME, also producing water (Eq. (3)) [26].
Hence, the selectivity to methanol decreased, and the selectivity to DME
increased. Simultaneously, the water production favours the water-gas
shift (WGS) reaction, which increases CO, production.

Samples with colloidal alumina. Fig. 6-C and Table 4 show the slurried
catalyst’s catalytic activity prepared with colloidal alumina. The higher
the Al,O3 content is, the lower the methanol selectivity is and the higher
the DME selectivity is. It is widely known the ability of alumina to
dehydrate methanol to DME [40,49]. Alumina presents acid sites
detected by the NH3-TPD analysis (Figs. S2 and 5) that can produce
methanol dehydration.

Apart from these changes in selectivity, the increase in colloidal
Al,03 content leads to increased CO conversion (Fig. 6-C). Furthermore,

Chemical Engineering and Processing - Process Intensification 182 (2022) 109210

methanol dehydration generates a consumption of methanol while it is
formed; therefore, the methanol synthesis reaction is shifted, and the
thermodynamic equilibrium limitation of this reaction is reduced [50,
51]. On the other hand, the dehydration of methanol to DME also gen-
erates water. Hence, the presence of this compound in the reactor fa-
vours the WGS reaction, and CO5 is produced (Fig. 6-C) [50,51]. In
conclusion, this “extra” acidity of the alumina leads to a decrease in the
methanol yield.

The overall effect of alumina addition can be explained as the sum of
opposed effects on activity and selectivity. On the one hand alumina
produces a partial blockage of the Cu active surface that should produce
a decrease in CO conversion. However, alumina provides also acid
centres that dehydrate methanol as it is producing, which reduces the
limitation of the thermodynamic equilibrium of methanol synthesis
favouring greater conversion of CO. Our experimental results confirm
that globally, the positive effect due to the transformation of methanol
into DME is superior to the negative effect of a lower active surface of Cu
to convert CO into methanol

The neutralization employing boric acid addition to the slurry
formulation was studied to avoid the alumina’s dehydration capacity.
Mineral acids such as H3BO3 or H3PO4 are often used to modify alumina
and to reduce the strength of the Lewis acid sites that this compound
presents [27,52,53]. These mineral acids can avoid forming strong Lewis
acid sites or reducing the adsorbate molecules’ accessibility [27].

Fig. 8 shows the methanol synthesis activity and Cu surface area of
the CZA_17.7%Al1,03 prepared with different H3BO3 amounts. The in-
crease of boric acid content in the formulation produced a decrease in
DME selectivity. However, even with the highest content studied (17.4
mmol of H3BO3/g Aly03), DME selectivity (=3%) did not reach the
values of the parent catalyst (=1%). Unfortunately, the CO conversion
decreased as the H3BOs3 content increased (Fig. 8-A) as expected due to
the decrease of methanol dehydration, and consequently, acting against
the displacement of the equilibrium. Nevertheless, the Cu surface area of
the catalysts also decreased when the H3BO3 was added to the slurry
(Fig. 8-B). Therefore, the addition of boric acid produces effects not only
in selectivity but also on the active surface area and, therefore, in the
activity. Consequently, this strategy did not help us to separate both
effects and was abandoned.

3.4.2. Structured catalyst activity

The structured catalytic substrates were washcoated with the slurry
formulations that presented the best correlation between good adher-
ences with minor changes in catalytic properties, the CZA_10% Al,0s3.
Therefore, 1 g of this catalyst was deposited on Fecralloy® monolith of
289 cpsi (R4) and 2360 cpsi (R1). Structured samples were characterised
(Table 5), and the catalytic activity was measured (Fig. 9).

In Table 5, it can be seen that the CZA_10%Al,03 catalyst was suc-
cessfully structured with similar physicochemical properties to that of
the slurried catalyst. On the other hand, the structured catalysts also
presented similar selectivities to the slurried catalyst, independent of the
void fraction of the metallic monolith used (R4 or R1) (Fig. 9-A).
However, the CO conversion values of the structured catalysts (R4 and
R1) are slightly higher than that of the slurried catalyst (Fig. 9-A). The
thickness of the layer is an essential factor in reactions with strong
diffusion limitations, such as the Fischer-Tropsch reaction [15]. The
average layer thickness was obtained by the coating density determi-
nation by Hg porosimetry and estimating the geometric surface area of
the structured substrate. In this work, we have used two substrates with
a geometric surface area twice the other (R1=521 c¢m? and R4= 207
cm?) and, therefore, the catalytic layer thickness would be half from one
to the other. As no differences in activity have been observed between
the monoliths, it seems that there should be no diffusional problems in
the case of the slurried catalyst that could explain the differences in
activity.

The stability tests for up to 60 h of the monoliths were performed,
presenting similar catalytic behavior (Fig. 10). However, we have tried
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Table 5
Textural properties and reducibility of the structured catalysts prepared with
CZA_10%Al1,05.

Sample Form N»-Adsoption N,O-RFC H,-TPR
SBET Vpore Dpore Cu Reducibility
(m?/ (em®/ (nm) surface (%)
g) g) area (m?%/
8cza)
Slurried 86 0.50 23 30.7 104
CZA_10% R4 87 0.45 21 31.1 103
AlL,O;
R1 92 0.44 19 32.1 105

to do these tests with the slurried catalyst without SiC (no isothermal
bed), and the system is impossible to control thermally. Therefore, a
correct comparison has not been possible.

Minimal temperature gradients (axial and radial) lower than AT=-3
°C inside monoliths are measured at 533 K (Fig. 9-B). The volumetric
heat duty (Q = w
set to -90.6 kJ/molco and Vieqeor is the volume occupied by the struc-
tured catalyst) calculated in the experiments with the monolithic re-
actors was lower than 30 kW/m3 being a moderate value. In our
previous works using similarly structured reactors for highly exothermic
reactions (DME synthesis [54] and FTS [15,55]), the temperature dif-
ferences were significant when using FeCrAl monoliths when Q is higher
than 160 kW/m>.

To the best of our knowledge, there is little bibliography about
structuring Cu/Zn0O/Al,03 catalyst for methanol synthesis. For example,
Montebelli et al. [3] tried to coat Cu/ZnO/Al;O3 catalyst in metallic

, where AHY is the standard reaction enthalpy
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open-cell foams, but a decrease in activity was observed, which was
attributed to the slurry preparation, calcination, or both treatments. In
contrast, Phan et al. [4] achieved the preparation of a Cu-based catalyst
on Fecralloy® monoliths with good activity performances. What is more
important, these structured catalysts presented better activity than the
corresponding powder catalyst. The authors suggested that the superior
performance of the structured catalyst could be related to the better
thermal properties of the metallic substrates: the axial temperature
gradient in a fixed bed reactor configuration reached up to 10°C, being
less than 1°C in the case of the structured catalyst [4].

4. Conclusion

The structuration of the CZA catalyst was successfully obtained by
the washcoating method. When preparing a suitable formulation of this
catalyst in aqueous media, the suspension’s pH must be considered to
produce high repulsion between particles while preserving their
structure.

The use of inorganic colloids (ZnO, SiO5, and Aly03) is crucial for
obtaining good adherence between the catalyst layer and the monolith.
The small size of the colloidal particles improves adherence by
increasing the adhesive and cohesive properties of the catalyst layer and
substrate. Moreover, the chemical compatibility of the colloid with the
catalyst and the monolith scale controls the amount of colloid required
for good adherence. However, colloids also produce a negative effect on
the activity since they partially cover the copper surface and decrease its
reducibility, reducing thus their ability to convert CO into methanol.
Therefore, both effects, positive and negative must be balanced, using
the least amount of colloid necessary to enhance the adhesion of the
catalytic layer to the substrate, thus minimizing the loss of activity due
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Fig. 9. Activity test (A) and temperature gradients (B) of structured catalyst coated with 1 g of CZA_10%Al1,03 at 533 K and 4 MPa at space velocity of 2.55 Lgy,/
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to the loss of copper surface.

Significant colloid content (>33.3%) dramatically decreases the Cu
metallic surface area and reducibility. Moreover, the acidity of colloids
like Al;03 and SiO; is able modify the selectivity because it is able to
dehydrate the methanol produced to DME (not desired product), and
this effect is proportional to the colloid content. On the other hand,
changes in selectivity can also modify the global conversion of CO.
Methanol synthesis is a thermodynamically balanced reaction, so the
disappearance of methanol produced favours the displacement of the
equilibrium to the right and therefore increases the conversion of CO.

When alumina is used as a colloid, the positive effect in the con-
version of CO due the displacement of the equilibrium by methanol
consumption prevails on the negative effect produced by the partial
blockage of the copper surface. In addition, the positive effect on
adhesion is obtained with lower alumina content (10%) than in the case
of silica or zinc oxide. CZA_10%Al,03 formulation showed excellent
activity when used to coat Fecralloy® monoliths with different cell
densities.
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