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This work reports the development, optimization and subsequent scale-up of 3D printed catalyst structures for
direct CO, hydrogenation to DME. To ensure compatibility between the used Cu-ZnO-Al,O3 (CZA) catalyst and
the acid form H-ZSM-5 co-catalyst, a new binary polymeric binder system, based on polyethyleneimine (PEI) and
methylcellulose (MC), was selected. The 3D-printing paste composition was optimized through 2 successive
Design of Experiments (DOE) to achieve (i) good textural properties that ensure catalytic activity and (ii)

improved mechanical integrity and printability. The DOE unveiled the critical link between the pH of the
printing paste and the preservation of textural properties and catalytical activity of the printed catalysts. Finally,
the successful scale-up of the 3D-printed catalyst structures was demonstrated using the optimized printing paste,
and the performance of the final catalysts was evaluated by catalytic testing and accompanied X-ray Diffraction
(XRD), Scanning Electron Microscopy (SEM) and Energy Dispersive Spectroscopy (EDS) analyses.

1. Introduction

Carbon Capture and Utilization (CCU) technologies employ captured
CO, that is typically recycled into other components and products, such
as chemical feedstocks, fuels or building materials, which would
otherwise be derived from fossil-based resources [1,2,3]. The work
presented herein was conducted as part of the EU Horizon CO2Fokus
project, aiming to develop an innovative reactor design for direct
dimethyl ether (DME) production from Hy and CO, as feedstock instead
of syngas. To this end, a multi-phase catalyst system was employed,
comprising Cu-ZnO-Al;03 (CZA) and ZSM-5 zeolite. The overall goal
was to deliver a sustainable, energy efficient and economically viable
process to convert green Hy and industrial CO, into DME, with huge
potential for avoiding emissions in the atmosphere from energy inten-
sive industries [4,5,6].

To tackle the technological challenges behind current chemical
conversion technologies, new catalytic, high-performance materials
were developed using innovative 3D printing technology. Conventional
catalyst shaping techniques, such as extrusion and pelletizing, have
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limitations. The catalyst is often not efficiently used, because reactants
cannot reach the active sites inside the pellet. The pellets cannot be
made smaller as that can lead to an increase in the pressure drop [7,8].
Other well-known structured catalyst shapes are monolithic/honey-
comb structures alongside catalytic foams. Foam structures show good
radial heat and mass transfer, adjustable pressure drop, but they lack a
precise control of the flow due to the more random porous structure [9].
The monolith or honeycomb reactors are commercially used as reactor
configurations in the fuel reforming industry. They make use of arrays of
parallel passageways for directed gas flows [10]. The active catalyst
material is commonly coated on the channel walls of the solid monolith/
honeycombs [11]. Previous reports have already shown commercially
available Cu/ZnO/Al,03 catalyst, wash coated on metal open-cell foams
and monoliths, as promising for the intensification of the methanol
synthesis [12,13].

3D printing has recently taken off as a technical advancement in
mimicking monoliths/honeycombs, allowing for the direct patterning of
(multichannel) catalyst reactors with active materials and supports of
choice [14,15,16,17]. A comparison of 3D printed monoliths and
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conventional packed bed reactors has shown that the former can offer
superior performance due to high geometric surface area, high mass
transfer rates and easier scale-up [18,19]. 3D printed structures offer
superior tunability and reproducibility of physico-chemical properties of
materials. This results in a high geometric surface area, high mass
transfer rates, reducing pressure drop in the reactor and allowing re-
agents to reach the entire catalyst. Furthermore, they enable easy scale-
up and product-catalyst separation, which has a direct effect on the
sustainability and cost of the process [20].

There are quite a few different 3D printing technologies, such as
Fused Deposition Modelling (FDM), Stereolithography (SLA), Digital
Light Processing (DLP), Selective Laser Sintering (SLS) and Selective
Laser Melting (SLM) (as previously described in the literature)
[21,22,23,24,25,26]. However, Micro Extrusion, also known as Direct
Ink Writing (DIW), has been used most frequently for applications where
porous materials are needed, such as catalysis and adsorption. As typi-
cally in any composites processing technology, DIW relies on high solid
contents i.e., highly concentrated suspensions of particles and it is
essential to control the rheological properties of these suspensions
[27,28]. The design of the suspensions (inks) represents the most critical
aspect of DIW. An adequate ink requires an appropriate solid loading
and rheological (shear thinning) properties tuned to allow for extrusion
and ensure the necessary fidelity and structural stability of the final
shaped material [29]. For applications such as catalysis and adsorption,
it is important to preserve the surface properties of the catalytic mate-
rials and adsorbents, to ensure catalytic/adsorption activity. This adds
an extra layer of complexity to the whole process, as it may limit the
working window of the printing process, and post-printing treatment,
such as the calcination temperature.

This work presents the successful development, optimization and
subsequent scale-up of 3D printed mixed phase CZA-ZSM-5 catalyst for
direct CO3 hydrogenation to DME, building on the authors recent work
[30]. We highlight the importance of the effect of the printing paste
composition on the rheological properties and final structural stability of
the printed materials, as well as the effect on the textural properties that
are needed for the final application. This multi-factorial multi-disci-
plinary problem is addressed efficiently using Design of Experiments.
Finally, the successful scale-up of the 3D-printed catalyst structures is
demonstrated using the optimized printing paste. The performance of
the final catalysts is evaluated in a single-tube catalytic reactor.

2. Experimental
2.1. Starting formulations — reference systems

Materials used to prepare the 3D printed catalysts include a com-
mercial Cu-ZnO-Al,O3 catalyst i.e. CZA (supplied by Alfa Aesar) and
ZSM-5. The starting powders, CZA and ZSM-5, were combined at a
constant weight ratio of 1:1 between the metal-oxide catalyst and the
zeolite co-catalyst. Before mixing, ammonium-ZSM-5 (supplied by Alfa
Aesar, SiO5/Al,03 = 23.1) was calcined at 500 °C for 4 h to obtain the
acid form H-ZSM-5.

2.2. 3D-printing

The CZA-based systems were developed by printing the solid powder
coming from the mechanical mixing of the metal-oxide(s) phase and
acid zeolite phase (in a weight ratio 1:1). Prior to printing, each powder
was suspended into a polymer solution of polyethyleneimine (PEI) and
methylcellulose (MC) to obtain a printing ink/paste. The paste included
a certain fraction (wt.%) of an alumina based inorganic binder (Disperal
P2, Sasol) with the final catalyst dry content amounting to up to 90 wt%.
A series of structures were 3D printed by micro-extrusion (fibre depo-
sition, also referred to as direct ink writing) through a thin nozzle
depositing the material in a layer-by-layer fashion. The final geometries,
whether in cuboid or cylindric form were dried and subsequently
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calcined at 500 °C.
2.3. Paste characterization

Before printing, the pH of the printing pastes was measured using a
Mettler Toledo SevenCompact Duo pH meter using with an InLab Expert
Pro ISM probe.

The rheological behaviour of the pastes plays a key role in the
development of 3D printed catalysts. This behaviour was evaluated
using a Haake Mars 60 Rheometer at 25 °C, using a plate-plate config-
uration with a 35 mm Ti plate and a gap of 1 mm. To avoid the drying of
the printing pastes during the measurement, a two-part polyoxy-
methylene sample hood with an integrated inner and outer solvent trap
was used, containing demineralised water. The pastes were applied to
the plate; after reaching the gap height, the pastes were equilibrated for
1 min before starting the oscillation measurement. The oscillation
measurements (stress-controlled amplitude sweep) were started at a
shear stress of 7.5 Pa up to 10* Pa with a break criterium when the
displacement angle exceeded 0.4 rad to avoid excessive paste removal
from between the plates.

2.4. Material characterization

The zeta potential of the catalyst powders was executed with a
colloidal dynamics Zeta probe analyzer with a flow-through cell. Typi-
cally, 5 wt% suspensions in an ionic buffer of 10 mM KClI solution in
demineralised water were made.

To characterize the phase composition of the catalyst powders and
printed catalysts, powder X-ray diffraction (XRD) experiments were
performed using a Philips X’Pert diffractometer with PANalytical X’Pert
Pro software with CuKa (A = 1.5405 i\) at 40 kV. The printed catalysts
were investigated by Scanning Electron Microscopy (SEM) using a FEI
NOVA NanoSEM 450 with an Energy Dispersive Spectroscopy (EDS)
system.

2.5. Catalytic tests

The printed monolithic catalyst was finally tested for its performance
for CO4 reduction to DME. In two separate experiments, one monolith
(4.35 g) and two stacked monoliths (9.55 g) respectively were intro-
duced in a 1" reactor inside an electrical furnace. The small space be-
tween the printed monolith and the inside wall of the reactor (1 mm)
was filled up with 40 um sized SiC. Initial tests on the single and double
monoliths were executed using a feed of 0.82 SLM and a Hy: CO; ratio of
~4 (0.62 SLM H2, 0.15 SLM CO5 and 0.05 SLM Ar, where SLM denotes
standard liters per min) at 29.7 barg. A standard temperature sweep was
applied up to 290 °C (x°C/min) after which the reactor was set to 265 °C
for a duration test for 17 h for the single monolith reactor and 60 h for
the stacked monolith reactor.

3. Results and discussion

3.1. 3D printing paste formulation for the catalysts for CO5 conversion to
DME

As initial printing pastes (not included in the publication) displayed
issues related to instability and nozzle clogging, Zeta potential mea-
surements were carried out on the main constituents of the catalyst
printing paste (the mixed oxide and the zeolite). The measurements
established the magnitude and ‘sign’ of the charge at the surface of
particles inside a medium. Particles with zeta potentials that are more
positive than +30 mV or more negative than —30 mV are generally
regarded as being in a ‘stable’ state in a suspension. This approach is
probably not directly transferrable to printing pastes due to the much
higher solids content when compared to conventional suspensions, but
can still give an indication of the pH region where attractive interactions
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Fig. 1. Zeta potential measurements on catalyst (CZA) and co-catalyst (H-ZSM-5) powders and the effect of PEI addition to the 3D printing paste on their

zeta-potential.
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Fig. 2. Design of Experiments (DOE) for CZA-PEI pastes for: pH response factor (top row) and Specific Surface Area (SSA) response factor.

between particles of the same charge can be minimized. This leads to
substantial reduction in viscosity and limits sedimentation, agglomera-
tion and prevents nozzle-clogging. In addition, the sign of the charge
might indicate compatibility issues, as opposite charges attract each
other. Particles with positive charges, in this case the pure CZA in the pH

range < 9.5 (see Fig. 1) will be attracted to particles with net negative
charges, in this case the H-ZSM-5 zeolite. This results in agglomeration
of particles and potential issues with stability, should they be added
together in the same medium in this pH-region. This instability may
result in instable paste rheology and lower solids content (due to an
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Table 1

Selected design of experiments for screening of parameter influence on catalyst
properties and catalytic performance; Inorganic Binder (IB), Solids Content (SC),
and Methyl Cellulose (MC) binder content were varied.

Run PEI HNO3 1B MC

1 +1 -1 +1 -1

2 -1 +1 +1 +1

3 -1 +1 -1 -1

4 +1 +1 -1 +1

5 -1 -1 -1 +1
Table 2

Selected experimental values corresponding to the levels selected in the Design
of Experiments (DOE). Values are calculated in wt.% with respect to the solids in
the printing paste without the addition of the inorganic binder.

Level PEI HNO3 B MC

-1 5% 3.3% 10 % 13 %

+1 15 % 15.4 % 19 % 23 %
Table 3

Resulting output variables investigated in the experiments and their values.

Run pH Load cell/N SSA (BET)/m?%g ™!
1 11.52 89 214
2 5.65 306 160
3 5.50 820 169
4 6.69 358 180
5 8.54 313 196

increase in viscosity) that may in turn cause increased shrinkage and
cracking during drying.

By adapting the surface charge of one of both components, the
presence of opposite charged particles in the printing paste can be
avoided, as well as the resulting instabilities. The authors tried to add a
branched PEI (polyethyleneimine) based system. As this material is

Materials Science & Engineering B 310 (2024) 117759

cationic in nature, it preferably attaches itself to the surface of the
negatively charged H-ZSM-5 zeolite. The addition of the PEI to the
zeolite directly makes the zeolite net positively charged (dark blue
points in Fig. 1) while the total pH of the printing paste becomes higher
when adding more PEI-solution. The addition of the PEI solution was
also executed on the pure CZA-based particles. As evidenced in the light
blue curve in Fig. 1, no unexpected changes to the surface charge of CZA
happened by adding the PEI solution. Finally, a ‘stabilized’ suspension of
H-ZSM-5 with PEI was created, and the effect of a pH reduction was
investigated, to confirm if the combined material remained positively
charged at that point. To summarize, the PEI addition to the H-ZSM-5

Table 4
Selected design of experiments for screening of parameter influence on me-
chanical properties and bending.

Run PEI/HNOg3 1B SC MC Drying
1 -1 -1 -1 -1 L2
2 -1 -1 +1 +1 L1
3 +1 -1 +1 -1 L3
4 +1 +1 +1 +1 L2
5 -1 +1 -1 +1 L3
6 +1 +1 -1 -1 L1
7 +1 -1 -1 +1 L1
Table 5

Selected experimental values corresponding to the levels selected in the second
Design of Experiments. Values are calculated in wt.% with respect to the solids in
the printing paste without the addition of the inorganic binder.

Level PEI/HNO3 1B SC MC Drying

-1/ 13.3 %/3.7 8 % 60 % 13% Open drying @ 60 %RH
L1 %

+1/ 20 %/5.5 % 12% 62% 20%  Enclosed drying
L2

L3 Climate chamber 80 %RH

20°C

Fig. 3. Dynamic oscillatory rheological measurements (amplitude sweep results) on 3D-printing CZA:H-ZSM-5 pastes. Plots of the elastic (storage) modulus (G),
plastic (loss) modulus (G"), viscosity (|n*|), shear stress (t) and phase angle (5) as a function of sheer deformation (y) correspond to (from left to right): pH values of
10.3, 9.3 and 8.3, and respective paste solids content of 60.15 wt%, 59.7 wt% and 58.8 wt%.
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Table 6

Resulting output variables investigated in the utilized designed experiment and their values.
Run pH Load cell/ Cracks/fibers/ Curvature/ G =G/ T (@G =G")/ Yield point/ G LVR/ Intraparticle porosity/  Crushing strength/

N % mm Pa Pa Pa Pa % N

1 9.42 47.2 89 22 284 116 14 7,070 49.8 6.4
2 9.27 163.5 33 6.2 767 486 42 41,500 48.7 8.4
3 9.72 190.4 22 7.3 1,678 1,715 131 251,000 47.6 16.8
4 9.62 271.9 17 1.6 1,613 1,650 116 157,000 46.7 9.3
5 9.12 93.2 100 5.1 695 335 34 24,900 47.3 7.7
6 9.62 106.3 50 13 1,081 936 73 55,800 47.5 11.6
7 9.76 112.8 43 3.5 1,122 956 71 65,900 44.9 11.0

Fig. 4. Failure in printing CZA:H-ZSM-5 catalysts at an early stage.

Fig. 5. Actual by predicted plot and related leverage plots for the amounts of cracks in the printed fibers (C/F) from the second Design of Experiments as function of
(top left) cracks per fibers (C/F) using Root Mean Square Error (RMSE) as the standard deviation and the high correlation coefficient R-squared (RSq) and as function
of important parameters including: (top right) solids content (SC, p = 0.0022), (bottom left) PEI and acid (P&A, p = 0.0064) and (bottom right) the interaction

between these two (P&A*SC, p = 0.0314).

resulted in both components having the same net (positive) charge in the
pH range during printing. This resulted in internal compatibility and
preventing issues related to nozzle clogging and instability.

After ensuring compatibility between the components in the paste, a
Design of Experiment was utilised to investigate the interrelation be-
tween the paste composition and the effect of the paste composition on
the properties of the printed catalyst, which have an influence on the
activity. The properties included Specific Surface Area (SSA) of the final
calcined catalyst, as well as the pH of the printing paste.

3.2. DOE — catalytic activity

In the initial Design of Experiments, the investigated output variables
were pH, load cell (indicating the printability of the printing ink) and the
specific surface area of the catalyst material calcined at 425 °C after
printing. While the broad range utilized for all input parameters did not
give a printable paste for all runs, the large variation in output param-
eter results made it possible to link input and output parameters,
enabling further finetuning during further experimentation.
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Fig. 6. Actual by predicted plot and related leverage plots for the amounts of curvature in the printed fibers from the second design of experiments.
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Fig. 7. Left and middle: plots avoiding cracks and bending - verification run (triangle). Right: resulting 3D printed structures, based on scale-up of opti-

mised procedure.

The screening experiments from the first DOE successfully high-
lighted the link between the paste composition and resulting pH and
specific surface area. For each output parameter, a model was built with
respective correlation coefficients of 0.97 and 0.96. The fitting of both
calculated values through the model and the experimental data are
included in Fig. 2. Interestingly, both amounts of HNO3 and PEI signif-
icantly altered the pH of the printing paste as well as the specific surface
area of the final calcined catalyst. It is logical that larger amounts of PEI
increase the pH due to the increase in the amount of amine functional
groups present in the paste. It is also logical that HNOs, as an acid, de-
creases the pH. Although the model’s results are readily explained, the
correlation is still interesting as it can be used to work towards the
desired pH value during subsequent experiments, when combining both
acid and PEL

However, the influence of the paste composition on the specific
surface area of the printed calcined catalyst is of more interest. Its value
is slightly unexpected: both acid and PEI affected the specific surface
area, and their influence is more significant than the addition of 9 %
more inorganic binder (which effect in the utilized range and with the
limited set of experimental runs is not deemed statistically significant).
The same trends can be observed for the influence of both components
on the pH and specific surface area. Therefore, the correlation between
both output parameters is of interest too, as shown in Fig. 2. This figure
shows a strong correlation between the pH value of the fresh paste and
the final specific surface of the calcined catalyst. This is of great
importance, as it can affect catalytic results of 3D printed catalysts.
During the assessment of the early results in the project, poor catalytic
performance (versus the original powder catalyst) was attributed to a
drop in specific surface area. Therefore, it was essential to address the
reason behind this drop. After assessing these parameters, it was found
that the pH of the printing paste is crucial to the resulting print. A
reduction in specific surface area at lower pH values can be explained by

H-ZSM-5 zeolite degradation (dealumination) and possible CZA disso-
lution. For the printing of future CZA:H-ZSM-5 catalysts, a paste pH
below 9 should be avoided, according to the models.

Table 1 includes the selected design of the experiment to screen the
influence of a changing composition of the printing paste on the prop-
erties of the printed catalysts. By convention, —1 and +1 indicate the
edges of the parameter space investigated in the series of experiments.
For the various parameters, the values were defined by comparison to
the mass of solids in the printing paste. These values are included in
Table 2. For PEIL, —1 and +1 respectively indicate the addition of PEI in
an amount corresponding to 5 wt% and 15 wt% of the total solids in the
paste. While the amount of PEI was calculated with respect to the total
amount of solids in the paste, the amounts of HNOs, inorganic binder
and MC-binder were calculated with respect to the weight of catalyst
(without inorganic binder) in the paste. Specific values can be found in
Table 2. Water was adjusted appropriately to ensure a solids content in
the paste of approximately 58.5 wt%. Table 3 gives an overview of the
resulting output variables investigated in the experiments and their
values.

It should be noted that pastes generated within run 2, 3 and 4
resulted in agglomerates blocking the nozzle from time to time during
printing. Paste 1 was too liquid for printing, which was clear from the
very low load on the syringe during printing (load cell value). In addi-
tion, the paste from this experiment exhibited phase separation.
Although the pastes themselves were not resulting in good structures,
they could be dried and calcined and subjected to measurement of the
Specific Surface Area (SSA), determined using Brunauer-Emmett-Teller
(BET) analysis (shown in Table 3).

3.3. DOE — mechanical integrity and printability

The next strategy focussed on improving the mechanical integrity of
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Fig. 8. Rheology data from oscillation sweep measurements on final scaled up
CZA:H-ZSM-5 (PEI-based) 3D-printing paste.

the printed catalysts. After printing, several factors may affect the
structural integrity of printed catalysts. These factors include warping
and bending during drying, cracking. In addition, the mechanical
integrity is influenced by the amount and type of inorganic binder in the
printing paste.

To improve the mechanical integrity of printed CZA:H-ZSM-5 cata-
lysts, a second Design of Experiments was executed. However, to be able
to draw meaningful conclusions from the DOE, pastes with decent
printability had to be achieved. In the first series of experiments, it was
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shown that lower pH-values and a pH value at 11.5 led to issues with
agglomerates and low viscosity/phase separation, respectively. There-
fore, a closer assessment was made of the pH range where printable
pastes could be made. With earlier observations regarding catalytic ac-
tivity, three pastes with a pH value in the range of 8 — 10.5 were made
(pH at second day, before printing of 8.3, 9.3 and 10.3). Afterwards,
printability and rheology were investigated. Furthermore, the earlier
relation of the ratio of HNO3:PEI and the paste pH was confirmed.

Fig. 3 includes the data from the dynamic oscillatory rheological
measurements as a standard means of characterising the viscoelastic
properties of the pastes with different pH values and correlating the
paste rheology with its printing performance. The curves show typical
(shear-thinning) rheological behaviour for the CZA:H-ZSM-5 pastes
suitable for 3D printing through micro-extrusion: a drop in viscosity
with increasing stress. Also the viscoelastic properties linked to the
printability and shape retention of the printing pastes can be assessed
from these curves.

Several trends can be observed in the curves in Fig. 3. Although all
pastes were printable, there were differences in pH and solids content
yields between pastes, with slight differences in the stresses at the linear
viscoelastic range (G’ and G"), yield point, the crossover point (when G’
= G"), and overall viscosity. At high pH, the crossover point occurred at a
yield stress of 304 Pa. Decreasing the pH to 9.3 almost halved this yield
stress to 185 Pa. Further lowering the pH to 8.3 doubled the original
yield stress back to 645.6 Pa. The Yield point calculated based on G’ at
high pH amounted to 19 Pa. Decreasing the pH to 8.3 lowered the yield
point to 18 Pa, while further lowering the pH to 8.3 increased the yield
point to 24 Pa. The storage and loss moduli (G’ and G") and complex
dynamic viscosity (|n*|) showed similar trends. These observations,
coupled with the measured solids content, indicates that lower pH
values in the investigated range have an unwanted effect on the
rheology of the printing pastes which results in a lower achievable solids
content. Fig. 3 essentially shows that an optimal pH value of the paste,
from a rheological point of view, is in the range of 9 — 10. This is
confirmed by load cell data of respectively 170 N, 85 N and 140 N during
the printing of these pastes.

After determining the right pH values through earlier SSA-
measurements (the first Design of Experiments) and finetuning this
range through rheological experiments, a second Design of Experiments
was executed, during which the ratio between HNO3 and PEI was fixed,
to reach approximate appropriate pH values. The total amounts of PEI/
HNOg, inorganic binder (IB) content, solids content (SC), and methyl
cellulose (MC) binder content were varied (see Table 4). The drying
procedure was also varied.

Fig. 9. Scaling up of CZA-based 3D printed catalysts.
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Fig. 10. Photo and SEM images of representative H-ZSM-5 cylinders (914 mm diameter) containing typically 80.4 wt% H-ZSM-5, 7.3 wt% bentonite and 12.3 wt%

silica binder.

Fig. 11. SEM/EDS images (top view) of optimized 3D printed 21,047 CZA:H-ZSM-5 (PEI-based) monoliths (¢14 mm diameter) composed of 50:50 ratio of CZA:H-

ZSM-5 (42.65 wt% CZA + 42.65 wt% H-ZSM-5 + 14.7 wt% AL203 BINDER).

Fig. 12. SEM/EDS images (vertical cross-section) of optimized 3D printed 21,047 CZA:H-ZSM-5 (PEI-based) monoliths (914 mm diameter composed of 50:50 ratio of
CZA:H-ZSM-5 (42.65 wt% CZA + 42.65 wt% H-ZSM-5 + 14.7 wt% AL203 BINDER)).

The input variables were adjusted to similar values as the ones used
within the first Design of Experiments, mainly in order to achieve
printable materials. As the earlier experiments had shown, printable
pastes could be achieved with a paste composition with a pH value be-
tween 9 and 10 while keeping the solids content between 60 % and 62 %
(see Table 5). This pH range also ensured sufficient catalytic activity for
CZA-based catalysts.

The resulting output variables are included in Table 6. The investi-
gated parameters included pH, load cell during printing, elastic and loss
moduli at the crossover point, the yield stress at the crossover point, the
yield point, the storage modulus in the LVR region, the intraparticle

porosity of calcined printed materials and the final crushing strength of
printed fibers. Two parameters included in Table 6 need further expla-
nation, i.e. (i) cracks/fibers and (ii) curvature.

As initial screening has shown, the mechanical strength of 3D printed
materials is a complex concept. Initially, the aim was to avoid printed
structures which failed to hold their printed structure, due to (i) cracks
originating from bending or (ii) failure during drying or (iii) generally
poor mechanical strength leading to breakage during handling. Some of
these structures are included in Fig. 4 (left).

In order to obtain a clear measure of the parameters leading to cracks
and bending, the authors analysed parameters that offered quantifiable
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Fig. 13. XRD patterns of calcined H-ZSM-5 and CZA catalyst starting powders and 3D printed CZA:H-ZSM-5 catalyst before and after calcination showing the main

peaks that can be assigned to Zn and Cu oxide phases (*CuO, *ZnO).

results that could be utilized in the design of experiments. The most
straightforward manner of comparing different pastes was to print
different straight fibers in a fixed pattern with the same printing con-
ditions, on the same printing substrate, and evaluate bending and
cracking of these printed fibers. Curvature is the total height reached by
the bending of the fibers in mm. 20 mm means that the end of the fiber
was bent into the air, reaching 20 mm of height perpendicular to the
table after drying. 1.6 mm means that the fiber did not bend signifi-
cantly, as this value approaches the thickness of all printed fiber during
the experiments. Therefore, higher values indicate more bending of the
printed fibers after drying. On the other hand, the results provided under
‘cracks/fibers’ show the value calculated when counting the number of
visible cracks of the (fully printed) fibers, divided by the total number of
fibers investigated in the experiment. 22 %, for example, means 2 cracks
in a set of 9 fully printed fibers. The very large variation of results can be
seen in Fig. 4 (right) indicating a large influence of the utilized param-
eters on the printed structures.

Not all investigated output parameters showed meaningful trends,
due to the complexity of the processes. However, both curvature and
cracks/fibers showed a meaningful indication of which paste composi-
tion could lead to 3D-printed structures with improved mechanical
properties. From the rheology side, Yield point and storage modulus (G
of the printing pastes could be well correlated with the paste
composition.

Fig. 5 shows the actual by predicted plot for the cracks per fibers (C/
F) with important parameters including solids content (SC, p = 0.0022),
PEI and acid (P&A, p = 0.0064) and the interaction between these two
(P&A * SC, p = 0.0314), all included in the model. The high correlation
coefficient (R> = 0.98) indicates an excellent correlation between the
parameters included in the model and the output variable. Fig. 5 also
contains the leverage plots of the variables included in the model. These
leverage plots give an indication of the variability explained by the
specific parameter when it is included in the model. Especially an in-
crease in solids content (SC, p = 0.0022) and an increase in PEI, while
keeping enough acid to achieve an appropriate pH (PEI/HNO3, p =

0.0064) result in a significant decrease in cracks in the printed CZA:H-
ZSM-5 catalysts within the Design of Experiments. The interaction
parameter means that at a higher value of either PEI and acid, or of the
solids content, there is less effect of the other parameter (improving the
robustness of the recipe). Other parameters did not have a statistically
significant effect.

Fig. 6 shows the actual by predicted plot for the curvature with
important parameters including the percentage of methyl cellulose (MC,
p = 0.0052) and the percentage of PEI and HNO3 (PEI&HNO3, p =
0.0304), i.e. both organic binders. The correlation coefficient of 0.90
indicates a decent correlation between the observed values and the
values calculated in the model. The output parameter (Curvature) was
transformed through a box-cox transformation (A = 0.216) to ensure
normality of the data. The leverage plots show that an increase in per-
centage of both methyl cellulose and of PEI ensures lower curvature and
thus less bending of the fibers after printing. Other parameters did not
have a statistically significant effect.

In summary, after optimization, high PEI content and high solids
content led to a reduction in the number of cracks in the final structures
(R? = 0.98). The bending of fibres and structures was avoided by uti-
lizing enough organic binder and a high PEI content (R? = 0.92). All
input variables were simultaneously optimized in a final recipe. The
effect of this final composition was verified with a verification run (see
triangle in Fig. 7). The results show the suitability of this optimized
composition for upscaling the paste production, while keeping excellent
mechanical integrity. Fig. 7 also includes a picture of printed structures
after the scale-up of the optimized procedure.

See Supplementary Figure S1 for resulting intercorrelation between
pH and specific surface area. For more details on the full printing paste
optimization (second Design of Experiments) see the Supplementary
Material where Figures S2-S5 and Table S1 show respectively: predicted
plot and related leverage plots for the yield point; yield stress; the pH of
the printed pastes; as well as a relative magnitude of effects in the model
versus strongest effect for each variable.
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Fig. 14. Conversion, DME and methanol yield and DME and methanol selectivity for the initial temperature sweep experiments on the printed monolith reactors.
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Fig. 15. Duration experiments of printed single monolith reactor (left) and printed stacked double monolith reactor (right) indicating yield of both dimethyl ether

and methanol.

3.4. 3D printed catalyst for DME production — scaling up

After optimizing the printing of catalyst monoliths with 1:1 wt of
catalyst and co-catalyst at small scale, the work focused on preparing the
catalyst ink at a higher amount, suitable for printing multiple structures.
The scaled-up printing pastes had a pH of 9.23 and consisted of 42.65 wt
% CZA, 42.65 wt% H-ZSM-5 and 14.7 wt% of inorganic binder. The yield
point, storage modulus and crossover point were respectively 1.04 10°
Pa, 9.3 10° Pa, 1.66 10* Pa, as can be seen in the oscillatory sweep
rheology measurement included in Fig. 8 (for more details see Supple-
mentary Figure S6). Fig. 9 shows the final scaled up 3D printing. Sub-
sequently, the printer was equipped with up to 6 syringes, printing up to
42 catalyst structures of 914 mm diameter per batch (see Fig. 9).

3.5. Characterisation of printed catalysts

Figs. 10, 11 and 12 include SEM/EDS images from respectively pure
printed H-ZSM-5, and the optimized CZA:H-ZSM-5 catalyst (both top
view and vertical cross section). The top view shows the excellent sta-
bility of the printing paste, resulting in structures that keep their
structural integrity after printing. The SEM/EDS images display the
excellent homogeneity of the catalyst as all CZA components and Si
(from the zeolite) are all well dispersed in the structure.

Fig. 13 shows the XRD patterns of the printed structure after calci-
nation, together with the XRD patterns of the constituent powdered
catalyst and co-catalyst. Characteristic peaks from both zeolite and
mixed oxides are identified.

3.6. Catalytic measurements

The printed monolithic catalyst was tested for its performance for
CO; reduction to DME (see Figs. 14 and 15). A standard temperature
sweep showed a profile similar to the values reported in our previous
paper (Bonura et al., 2023), with the powdered catalyst test. However,
the conversion and yield of the reaction test on the single monolith
appear a bit lower. This is most likely the result of a much higher Weight
hourly space velocity (WHSV) (~11 NL/gcat/h versus 1 NL/gcat/h).
The test on the double monolith reactor with the same gas flow rates
shows the increased conversion and yield as a result of the lower WHSV
(~5.2 LN/gcat/h), but the selectivity is similar. It appears that the
selectivity for DME decreases with temperature (60-30 % between
240-290 °C), while the selectivity towards methanol stays at a similar
level (10-8 % between 240-290 °C).

After the temperature sweeps for each respective catalyst, the reactor
was set to 265 °C. The reaction was run at this temperature for >1000
min (17 h) for the single monolith reactor and 60 h for the stacked
monolith reactor. The yield showed some spikes which are the result of
condensation of products in the exhaust lines (quite some water is
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produced during the reaction), but the general trend is very promising.
Overall, the deactivation in this run looks almost linear, decreasing the
DME yield with ~0.18 % per 24 h.

As the conversion on the stacked monolith reactor is much higher,
there are increased issues related to the condensation of water in the
exhaust line, but the trend is clear. Initially, there is some deactivation,
with the yield dropping from 7.8 % to 6.2 % DME, but after approxi-
mately 40 h, the DME yield remains stable at around 6.1 %.

4. Conclusions and further work

This work has shed light on the optimization procedures for printing
formulations for dual phase CZA:H-ZSM-5 catalyst systems. A series of
monoliths of the CZA:H-ZSM-5 catalyst formulation were printed with
defined shapes and desired properties, including the level of solid and
binder content, pH, resulting specific surface area and catalytic activity.

We were able to demonstrate stable formulations during and after
the printing process by selecting critical criteria for the suitability for
upscaling of the printing paste production, while retaining excellent
mechanical integrity of the resulting material post printing. To achieve
the desired improvement of the 3D printing process, the methodology
relied on Design of Experiments (DoE), which revealed the physical
processes while minimising the number of preparation experiments. It
was shown that DoE provided a clear understanding of the parameters
causing cracks and bending of the 3D printed structures. The parameters
offered quantifiable results (leverage plots) at up to 99 % confidence
level (expressed as correlation coefficients R? of up to 0.99), that could
be applied in the optimization step. The optimisation demonstrated the
effect of the composition and rheological properties of the printing paste
on the structural stability and performance of the resulting printed
catalysts. After successful paste optimization, the final 3D-printed cat-
alysts were scaled up and evaluated in a single-tube catalytic reactor.
The catalytic tests showed similar conversions and selectivities to pre-
viously reported measurements on powder catalysts, demonstrating the
success of this printing paste optimization and printing of the catalyst
structures.
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