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ABSTRACT

Anthropogenic emissions of green-house gases and increasing CO, atmospheric concentration are considered the
major causes of global warming and ocean acidification. Carbon capture and sequestration turned out to be a
valuable strategy to help mitigating these problems, making it urgent to develop novel materials able to selec-
tively capture CO2. Thus, in the present experimental study, a new system for CO, capture based on porous
mullite (3A1,03-2Si03) substrates fabricated by Digital Light Processing and properly functionalized with Metal
Organic Frameworks (MOFs) was developed. Printable ceramic pastes were obtained by mixing in proper
amounts commercial mullite powders to a photocurable commercial resin with a dispersant and a sintering
additive to optimize the rheological behaviour, printability, and solid loading. Then, different geometries were
successfully shaped with high accuracy: bars, pellets, as well as monoliths with two structures, grid-like and
Schwartz primitive triply periodic minimal surface (TPMS).

After debinding and sintering of the samples, mullite substrates were successfully functionalized with HKUST-
1 (Cus(BTC)2) crystals by a two-step solvothermal synthesis process. HKUST-1 powders, as well as blank and
coated lattice monoliths were tested in a catalytic bench reactor under 1% CO; flux (99% He). Before each
measurement samples were heated at 120 °C for 4 h under He flux for regeneration. The samples showed an
efficient CO, adsorption capacity, and the regeneration efficiency led to reusable and durable systems. Pre-
liminary results showed that the TPMS structure was a more efficient substrate than grid-like architecture for
capturing COg, because of its higher surface area. Thus, this study demonstrates how the combination between
additive manufacturing and MOFs technologies can set the stage to produce efficient engineered systems for CO2
capture.

1. Introduction

Climate change is one the most severe threats of the 21st century and

°C. To reach the ambitious goal, Europe targets at being the first
continent reaching net zero or negative CO, emissions by 2030 [4]: this
requires an immediate and significant greenhouse gases reduction

is strongly influenced by human activities. Greenhouse gases release, e.
g. carbon dioxide (CO2) and methane (CHy4), are univocally recognized
to be the main responsible for global warming. Comparing to the pre-
industrial era, CO, atmospheric concentration almost doubled reach-
ing 422 parts per million (ppm) in December 2023 [1,2]. This resulted in
a temperature rise of 1.2 °C in the first decade of the 21st century
compared to the global temperature in 1850-1900 [3]. This situation, if
left uncontrolled, can result in severe damages to the environment and
human populations. Hence, during Paris Agreement of 2021, govern-
ments set the target to limit the global temperature increase below 1.5

* Corresponding author.
E-mail address: jeanmarc.tulliani@polito.it (J.-M. Tulliani).

https://doi.org/10.1016/j.apmt.2024.102407

[1-4]. To achieve this challenging target, several mitigation options
have been proposed (e.g. transition to renewable energies, electrifica-
tion of the energy demand etc. [3]). Among them, carbon capture, uti-
lisation, and storage may account for up to 15% of the cumulative
reduction in emissions according to the Sustainable Development Sce-
nario [5]. Current materials for Carbon Capture and Sequestration (CCS)
involve amine solvents, ionic liquids, membranes and porous materials.
In particular, amine chemical absorption is a common solution
employed at the industrial scale. But, despite the high CO5 capture ef-
ficiency, chemical absorption evidence dramatic drawbacks: a need for
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high absorber amounts, large energy consumption and low corrosion
resistance [6]. Thus, a faster transition to net zero emission increases the
need for novel solid adsorbents able to selectively capture CO». So far,
several classes of porous materials have been intensively studied and
Metal Organic Frameworks (MOFs) attracted increasing attention due to
their unique pore characteristic and interconnected network. MOFs
seem preferable to the well-known zeolites and activated carbons, due to
a higher CO uptake capacity, more effective regeneration processes and
better selectivity especially in the system N3/CO2 [6,7]: in fact, they
have shown a great potential for CCS applications [2,3,6-8]. These
promising hybrid materials are formed by two main building blocks,
organic molecules, and metal-based nodes. The organic part usually
consists of coordination polymers based on bi- to tetravalent carboxylic
acids, acting as bridging ligands through a specific functional group (e.g.
carboxylate, pyridyl), coordinated to metal ions or metal oxide clusters
(e.g., A3, cr® cu®', or Zn?"). These crystalline systems have a
microporous structure characterized by a specific surface area up to 6,
000 m?g™!, high porosity volume (reaching 90%) and low density (from
0.21 to 1.00 g.cm’®), as well as high thermal and chemical stability
[6-8]. For these reasons, they show a great potential for various appli-
cations such as gas sensors [9-11] catalysts [12-14] electric conductors
[15-18] or in biomedicine [19-21]. Among them, the use of HKUST-1
for CCS has been reported by several authors [22-25]. HKUST-1
(Cus(BTC)2), also known as MOF-199 or Cu-BTC, consists of copper
nodes (Cu®") and benzene-1,3,5-tricarboxylate (BTC): each metal centre
is coordinated with four oxygen atoms and water molecules[23,26,27].
The electrically neutral and face-centred crystalline framework of
HKUST-1 provides superior thermal stability, good functionalization
potential and high specific surface area (up to 2,000 m?/g [8,28-35]),
which are typically desired properties for gas separation and adsorption
applications. Despite its well-known drawback of instability in humid
environment [32,40], HKUST-1 has a promising CO; capture ability,
relying on the combination of two different mechanisms [8,23,28-30,
32-38]. First, its microporous 3D-channels network provides a molec-
ular sieving effect. It contains a bimodal pore size distribution displaying
larger cages with 0.9 nm diameter that coexist with smaller pores of 0.35
nm diameter. The smaller micropores act as molecular sieves towards
CO,. Indeed, the kinetic diameter of CO; is 0.33 nm, and it can pass
through HKUST-1 network, while bigger molecules, such as CH4 and Ny
with kinetic diameters of 0.38 and 0.364 nm respectively, are too large
to enter the small pores [39]. Second, HKUST-1 can selectively adsorb
CO4 molecules due to the presence of Cu active sites. In HKUST-1 pad-
dlewheel structure, water molecule in axial position can be thermally
removed from the copper node, making them able to interact with the
CO4 quadrupole moment [40]. Nevertheless, a direct use of MOFs in the
adsorption separation process has severe limitations related to the use of
powder bed systems, because of bad manageability, high pressure drops,
low mass transfer rate, and poor recyclability [41]. Recent works are
focusing on producing self-standing monoliths of adsorbent materials
(such as MOF) that consist in a mixture of the adsorbent powder with a
suitable binder and additives using additive manufacturing, mainly
Direct Ink Writing [42-46]. Despite large MOFs or zeolites weight
fractions (>80 wt%), the employment of a polymeric binder allows for a
weak structural support only, while blocking the access to the micro or
mesoporous network of the adsorbent powder [43,53]. For example, the
shaping of HKUST-1 (60 wt%) with Torlon as binder induced a reduction
of its specific surface area from 830 to 290 m2.g™ and of its pore volume
from 0.43 to 0.17 cm®/g [42]. A calcination/sintering step after shaping
hence allows removing the organic binder while strengthening the
material. Zeolites such as zeolite 13X were successfully prepared via this
approach, exhibiting remarkable CO; sorption properties (up to 50 mg/g
of CO, adsorbed as evidenced by TGA measurements) [46]. Nonetheless,
using a similar route to shape MOFs on ceramic substrates such as
HKUST-1 remains challenging as their degradation temperature is lower
than the one used for binder removal and substrate sintering [47]. A
valuable strategy to overcome these issues is the incorporation of
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microporous materials [48,49], into pre-shaped substrates to obtain
various composites, combining the advantageous textural properties of
the coating with the hierarchical porous supports. Production of acti-
vated structural supports is still challenging: even if several in-
vestigations have been carried out on the deposition of microporous
materials, such as MOFs [50-56] and zeolites [57-62] on different
substrates, various drawbacks are still unsolved. Main crucial limitations
concern the complexity of the preparation and functionalization of the
macroporous scaffolds, low crystals loading, weak mechanical stability
and adhesion of MOF films, but also low adsorption capacity compared
to the powder counterparts. Growing MOF crystals on the walls of
monolithic supports have been shown as a facile approach to shape this
commonly studied class of adsorbent [50,51,53,54,57,59,61,63-69].
Specifically, HKUST-1 coatings have been manufactured on alumina
substrates in the shape of granules [68] or porous foams [69] which
were functionalized with fairly high MOF loadings (4.5, 6.0, 12.7 wt%)
modifying the synthesis temperature. These coating strategies were not
applied to structured supports with controlled microporosity. Thus, the
current study is proposing to combine the CO; adsorption properties of
HKUST-1 with the efficient design and support offered by a ceramic
substrate realized by Digital Light Processing (DLP), an additive
manufacturing method. Due to their chemical and thermal stability,
porous ceramics show a great promise in environmental applications
and recently attracted the attention of the scientific community as
suitable growth substrates, providing desirable advantages, such as
structural lightweight, good thermal conductivity and mass transport
properties [70,71]. For these reasons, several studies explored various
complex porous structures, especially Triply Periodic Minimal Surfaces
(TPMS), tailoring their anisotropic morphologies, pore-size and pore
connectivity to optimize the systems performance [72-81]. Among all
the techniques to fabricate porous ceramics, additive manufacturing
leads to an accurate production of geometrically complex and inter-
connected substrates [82-84]. In particular, DLP stands out for its high
resolution and dimensional accuracy in realizing customized tiny com-
plex geometries with superior surface quality [85-89] . In the wide
world of ceramics, mullite (3A1,03-2Si05) is an ideal refractory material
to produce porous scaffolds due to its durability, high mechanical
strength, creep resistance, low thermal expansion, and high thermal
shock resistance [90-93]. In addition, it has been demonstrated that
mullite structures with complex design, tailored porosity and perme-
ability can be shaped by DLP technique [94-99]. Continuous and
resistant HKUST-1 coatings were produced on the mullite substrates and
results show that this design induces an increase of the CO5 capture
properties of the monoliths in respect to the MOFs powder bed. In fact,
several characterizations were conducted to study the 3D-printed
monoliths, HKUST-1 powder, and their mutual interaction. Finally,
preliminary CO; adsorption tests allow evaluating their applicability for
CCS aim. The synergic combination of the macroporous ceramic scaffold
and MOFs microporosity led to the innovative development of a
hierarchically-structured efficient CO5 capture system.

2. Experimental
2.1. Fabrication of ceramic substrates

2.1.1. Mullite powder characterization

Commercial mullite powder (3A1503-2S102) supplied by Baikowski
SAS (SA 193CR, Poisy, France) was used to fabricate the ceramic sub-
strates. The particle size and granulometric distribution was checked by
laser granulometry (Mastersizer 3000, Malvern Pan’alytical, Worces-
tershire, UK). The morphology of the powder was characterized by
means of a Field Emission Scanning Electron Microscope (FESEM,
Hitachi S4000, Tokyo, Japan).

The sinterability was investigated by dilatometric analysis (Netzsch
Geraetebau GmbH 402E, Selb, Germany), performed on pressed bars, up
to 1,550 °C, at the heating rate of 10 °C/min. Magnesium nitrate
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hexahydrate (Mg(NO3)2-6H20 supplied by Sigma-Aldrich, 99.0% purity,
Milan, Italy) was used as a sintering aid, in the required amount to yield
1 wt% of MgO during sintering. This was done to improve the density of
the sintered mullite [100]. Magnesium nitrate was mixed with the
mullite powder, in water medium, and the mixture was then dried and
uniaxially-pressed.

Pressed ceramic sintered bodies were characterized by mercury
intrusion porosimetry (MIP, Micormeritics Autopore V by Micromeritics
Instrument Corporation, Norcross, GA, USA). Two measurements were
done for each sintering temperature (1,450 °C and 1,550 °C).

The phase composition of the powder and sintered samples was
determined by X-Ray Diffraction (XRD, Malvern Pan’alytical, Worces-
tershire, UK) with a CuKa radiation source (0.154056 nm) in the 20
range 5-70° A time per step of 22.95 s and step size of 0.0066° were
used.

2.1.2. Mullite slurry elaboration

Mullite slurry for 3D printing was prepared starting from a photoc-
urable commercial resin (Admatec Europe BV, Alkmaar, The
Netherlands), which consists of acrylates-based monomers containing
the photoinitiator (diphenyl(2,4,6-trimethylbenzoyl) phosphine oxide).
A commercial dispersant (Disperbyk-103, BYK Chemie, Wesel, Ger-
many) was used to improve the stability of mullite powder in the resin
and hence enhance the solid loading in the slurry.

The ceramic slurry was prepared by mixing the liquid monomer with
the dispersant (the amount of dispersant corresponds to 5.0 wt% with
respect to the dry mullite powder) under mechanical stirring for 15 min.
Then, mullite powder was gradually added to the mixture under stirring
in order to obtain a final solid loading of 69 wt%. Finally, magnesium
nitrate hexahydrate was added, and the slurry mixed again. The total
mixing process lasted 45 min. The obtained slurry was milled in agate
jars with agate spheres (d = 10 mm) for 6 h at 350 rpm in a planetary
miller (Fritsch Pulverisette, Fritsch GmbH, Idar-Oberstein, Germany).
The slurry was then degassed for 30 min under vacuum by means of a
rotary pump, in order to release the entrapped air bubbles.

The rheology of the slurry was investigated using a rotational
rheometer (Kinexus Pro+, Netzsch Geratebau GmbH, Selb, Germany)
equipped with stainless steel parallel plates (20 mm diameter), with a 1
mm gap between plates, and by applying shear rates of 0.1-1,000s at
25 °C.

2.1.3. DLP of mullite substrates

Samples were additively manufactured using a DLP-based stereo-
lithographic printer (Admaflex 130, Admatec Europe BV, Alkmaar, The
Netherlands), which operates with a 405 nm wavelength UV light. The
slurry was spread on a moving tape through a 125 pm doctor blade. To
determine the curing depth, slurries were submitted to the UV light for
different exposure times. The cured layers in a chessboard configuration
were cleaned with paper to remove the uncured slurry and the thickness
of the single layer was measured with a digital micrometre. After several
tests, the curing parameters were optimized in order to provide the best
compromise between high resolution, good adhesion, and uniformity of
each layer. Therefore, a layer thickness of 30 pm, an exposure time of 1.2
s, and a LED power of 20.24 mW/cm? were fixed. A delay of 20 s before
exposure was applied to let air bubbles be removed from the slurry.

Via this process, the following specimens, designed by AutoCAD
software (Autodesk, San Francisco, CA, USA), were printed:

- Dense cylinders (diameter 1 cm, 0.5 cm height)
- Grid-like lattice cylinders (diameter 2.1 cm, 1.3 cm height)
- TPMS lattice cylinders (diameter 2.1 cm, 1.3 cm height)

2.14. Post-processing, sintering and characterization

After printing, the green bodies were submitted to a water debinding
process for 4 h at 30 °C, to remove the uncured slurry as well as the

Applied Materials Today 40 (2024) 102407

hydro-soluble components of the resin, and then left overnight at room
temperature. Then, the samples were oven-dried at 70 °C overnight
before being submitted to thermal debinding and sintering processes,
according to the treatment displayed in Fig. 1. Thermal treatments were
performed in an electric furnace (Nabertherm, Nabertherm GmbH, Lil-
ienthal, Germany) under air atmosphere. The slow heat treatment up to
400 °Cis aimed at avoiding crack formation during resin decomposition.
The geometrical density of the ceramic parts, p (g/cm>) was determined
by mass and geometric measurements. The density of the sintered
samples was also determined by buoyancy method, following Archi-
medes’ principle (Density Determination Kit, Sartorius YDKO1,
Gottingen, Germany). These sintered densities were then related to the
theoretical density (TD) of mullite (3.17 g/cmg).

The microstructures of sintered bodies were characterized by means
of FESEM observations. The samples were previously gold sputtered (SPI
Module Sputter Coater, West Chester, PA, USA).

2.2. Fabrication of MOFs-functionalized mullite substrates

2.2.1. Synthesis of HKUST-1

HKUST-1 seed crystals were synthetized by a solvothermal method,
following the protocol proposed in [116] and schematically reported in
Fig. 2. In a typical preparation, 2.16 g of Cu(NOs3)2-3H20 were dissolved
in 30 mL of distilled water and 1.05 g of 1,3,5,-benzenetricarb-oxylic
acid were dissolved in 30 mL of ethanol. Both reactants were supplied
by Sigma-Aldrich (St. Louis, Missouri, USA) and used as received. The
two solutions were mixed under stirring for about 30 min. The resulting
precursor solution was then transferred into a hermetic Teflon bottle and
heated at 120 °C for 6 h. The reaction vessel was then cooled naturally to
room temperature. The resulting solution was labelled as solution A: it
contained HKUST-1 crystals, unreacted ligands and copper species, and
used as seeding solution on ceramic substrates.

2.2.2. Seeding and growth of HKUST-1 on mullite substrates

Prior to seeding, sintered mullite substrates were heated in an oven
at 60 °C for 15 min. Ceramic samples were completely immersed in
solution A and kept into the oven at 95 °C until complete solvents
evaporation: the original protocol [37] was modified rising the tem-
perature for this step at 95 °C to limit MOFs permanence in a water-rich
environment. This seeding process was repeated three times to
completely cover the ceramic surface with seed crystals. The seeded
substrates were then washed with ethanol and sonicated for 1 min to
remove crystals loosely attached to their surface. The three depositions,
followed by ethanol washing and 1 min sonication, were repeated three

Fig. 1. Schematic diagram of thermal debinding and sintering cycles.
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Fig. 2. Schematic illustration of the experimental procedure for HKUST-1 solvothermal synthesis, according to the protocol from [37].

times, so until the monoliths were uniformly coated with strongly bound
seed crystals.

In a second step, the seeds deposited on the substrate were submitted
to a growth stage. A second HKUST-1 solution was prepared by dis-
solving 1.09 g of Cu(NO3)2-3H20 in 30 mL of water and 0.69 g of 1,3,5,-
benzenetricarb-oxylic acid in 30 mL of ethanol. Then the two solutions
were mixed and stirred for about 30 min, providing solution B. Mean-
while, seeded mullite substrates were placed in Teflon bottles, immersed
in solution B, and transferred in an oven. After being heated at 120 °C for
6 h, the reaction vessel was then cooled naturally to room temperature.
The samples were washed with ethanol and sonicated for 5 min to
remove crystals loosely attached. Finally, the samples were dried under
vacuum at 100 °C overnight. The overall scheme of the process is
depicted in Fig. 2.

HKUST-1 crystals morphology and adhesion to the mullite substrates
were characterized by means of FESEM observations. To evaluate spe-
cific surface area (SSA), pore volume and pore size of the synthetized
MOFs, nitrogen physisorption tests were performed at—196.15 °C (77 K)
using the instrument TriStar II (Micromeritics, Norcross, GA, USA).
Samples were degassed for 24 h under vacuum at 150 °C, in agreement
with previous works [30,34].

2.2.3. Adsorption tests

CO; adsorption capacity of HKUST-1 powders as well as of coated
and uncoated ceramic substrates were investigated in a flow-through
reactor. The homemade experimental setup (Fig. S 1, a) consists of a
tubular vertical furnace, an electronic control box for the bench
(Siemens™, Berlin, Germany) and an analyser at the outlet of the reactor
(uGC SRA 3000™). The time resolution of the analyser was of 2 min. A
gas panel feeds a series of mass flow controllers. Helium was used as
carrier gas, at two flow rates (3 L/h and 5 L/h) and the analyses were
conducted at ambient pressure.

HKUST-1 seeds were tested as powdered material (around 100 mg)
inserted into a quartz tube (Fig. S 1, b) while DLP-shaped mullite sub-
strates were inserted into a microreactor with an aluminium foil to avoid
gas leaks (Fig. S 1, c). In the powder bed experiments, the amount of
HKUST-1 powder (ca. 100 mg) was chosen to correspond to the amount
coated onto the monoliths. The powder was mixed with inert SiC to
reach a height comparable to the monoliths (ca. 1.5 cm). For the DLP-
shaped substrates, grid-like and TPMS architectures, both in the blank
and HKUST-1 coated form, were studied. Further information about
samples preparation is given in detail in SI.

Measurements were carried out as follows (Fig. S 2): i) stabilization
of gas flow and CO4 concentration at 30 °C and ambient pressure (1 atm)
were needed to ensure the tests reliability; ii) adsorption measurements
were performed at the same temperature and pressure, flowing 1% CO
in He flow (at 3 or 5 L/h) inside the reactor, before iii) a regeneration
step, consisting in the heating of the sample from ambient temperature
to 70 °C (at 5 °C/min), then to 120 °C (at 2 °C/min) for 4 h before a
natural cooling to room temperature. COy uptake was estimated by
integration of the peak occurring in the outlet signal when the 1% CO,
flow passed through the reactor. The total uptake amount during the
adsorption time is obtained from the integral of the adsorption with time
curves, from the beginning until the end of CO2 uptake. Further details
on CO; uptake are provided in the supplementary information.

Fig. 3. XRD pattern of as received mullite powder.
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3. Results and discussion
3.1. Powders characterization

3.1.1. Mullite powder

XRD pattern of the as-received mullite powder is depicted in Fig. 3.
Mullite peaks were indexed according to the JCPDS file number
15-0776. A small fraction of aluminium oxide (Al,O3) was detected both
in the hexagonal and monoclinic phase (respectively identified by
JCPFD files 96-900-7499 and 035-0121). Finally, the peaks occurring
at 20~21.8° is due to cristobalite (SiOj), identified by JCPD file
96-900-8230.

The particle size distribution of mullite powder from laser gran-
ulometry is depicted in Fig. 4(a), whereas Do, Dsp and Dgy values
(corresponding to 10%, 50% and 90% of the cumulative volume dis-
tribution) are collected in Table 1. The as-received powder shows a
multimodal distribution (black lines), with a Dsq value corresponding to
~ 29 pm. A time of 5 min in a sonication bath was effective to signifi-
cantly decrease the starting particle size: sonicated powder, in fact,
reached a Ds5g of ~ 1.8 pm (red lines). Sonication reduced the size of the
coarser fractions, as well depicted by the cumulative distributions rep-
resented by dot lines in Fig. 4(a): thus, it can be concluded the as-
received powder is affected by soft agglomeration. The absence of
hard clusters in the powder is desirable to ensure a good flowability and
homogenization of the ceramic slurry. In Fig. 4(b), a FESEM micrograph
of the as-received powder is depicted, showing micrometric agglomer-
ates, made by nanometric primary particles.

Following already established protocols [100], 1% MgO sintering aid
was mixed with the ceramic powders to optimise the sintering condi-
tions and decrease the temperature of densification. This allows us
tailoring the sintering temperature and substrate porosity. To do so, we
studied the sintering behaviour of a green pressed bar by dilatometric
analysis. The dilatometric curve up to 1,550 °C is depicted in Fig. 5(a)
(solid line), showing that the material underwent a linear shrinkage of =~

15% during the heating stage. The derivative curve (dotted line)
showed that the sintering onset temperature occurred at around 1,200
°C while the temperature corresponding to the maximum densification
rate was determined to be 1,470 °C. The densification curve is depicted
in Fig. 5(b), showing that the sample reached a geometrical density
(pgeom) equivalent to 85.9% of theoretical density (TD of 3.17 g/cm®
according to JCPDS file number 15-0776) (see Table 2). In order to
increase the porosity in the sintered samples, which could be beneficial
for the adhesion and growth of the HKUST-1 crystals, a second sintering
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Table 1

Particle size (um) corresponding to 10% (D), 50% (Dso) and 90% (Do) of the
cumulative distribution (Fig. 4) of as-received and 5 min-sonicated mullite
powders from laser granulometry.

Do (um) Dso (um) Dgo (um)
As received 0.90 28.70 106.00
5 min sonication 0.58 1.76 4.36

cycle in which the sintering temperature was decreased to 1,450 °C was
explored. In this case, a geometrical density of = 65% with a highly
porous microstructure (Fig. 5b, inset) was reached. FESEM observations
of the sintered material showed a high coalescence of the acicular
mullite grains during sintering at 1,550 °C. Even though porosity is
partially still present, the higher density, in comparison to the part
sintered at 1,450 °C, is clear. At lower sintering temperature, the
microstructure  remains highly = microporous since the
solid-state-diffusion, occurring at 1,450 °C, is not in a sufficient
advanced phase to promote grain coalescence. Despite the high porosity,
the sample holds sufficient mechanical strength to be handled. It should
be also observed that the Archimedes’ densities (parch) Were signifi-
cantly higher, at precisely 90% and 94.6% TD for samples sintered at 1,
450 °C and 1,550 °C, respectively. The huge difference between
geometrical and Archimedes’ density for the 1,450 °C-sample suggests
that a high fraction of open pores is present in the material, as also
indicated by the FESEM micrograph. According to these considerations,
1,450 °C was chosen as the optimal sintering temperature and used for
the mullite-printed substrates.

The influence of the sintering temperature on the porosity of mullite
substrate after DLP was also studied by MIP. We used the dense pellet-
like morphology for these studies. The opened porosity volume de-
creases together with the total pore area when increasing the sintering
temperature (Table 3). The average pore diameter is more than five
times lower for 1,450 °C sintered pellet, meaning that a 100 °C higher
sintering temperature promotes pore coalescence. Both samples show a
bimodal pore size distribution, but inverted peaks intensities (Fig. 6): the
fraction of smaller porosity is more significant for the 1,450 °C sintered
pellet. These results confirmed the previous FESEM observations and
dilatometric measurements.

3.1.2. HKUST-1 powders
The crystals morphology of HKUST-1 seeds was observed via FESEM
(Fig. 7(a)). The seed crystals exhibit a typical octahedral pyramid

Fig. 4. (a) Particle size distribution of the as-received (dark lines) and 5 min-sonicated (red lines) mullite powder from laser granulometry. Frequency (solid lines)
and cumulative frequency (dotted lines) curves are depicted. (b) FESEM micrograph of the as-received powder.
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Fig. 5. (a) Dilatometric (solid line) and derivative (dotted lines) curve of mullite compact; (b) densification curve, showing the relative density and the micro-

structure of samples sintered at 1,450 °C and 1,550 °C.

Table 2

Characteristics of mullite pressed pellet sintered at 1,450 °C and 1,550 °C in
terms of volumetric shrinkage, geometrical and Archimedes’ density and
HKUST-1 deposition amount.

Sintering T [ °C] 1,450 °C 1,550 °C
Volumetric shrinkage [%] 14.5 37.5
P geom [%] 62.6 85.9
P Arch [%] 90.0 94.6
HKUST-1 deposition [wt%] 1.6 0.1

Table 3
Total intrusion volume, total pore area and average pore diameter of mullite
sintered pellets as determined by MIP.

Sintering temperature 1,450 °C 1,550 °C
Total intrusion volume (at 29,986.59 psia) (mL/g) 0.2001 0.1394
Total pore area (at 29,986.59 psia) (m?/g) 8.6 1.1
Average pore diameter (nm) 93.6 500.8

structure and dimensions of the order of a few um, these features being
comparable with data reported in the literature [47,68,69,101]: this
confirms the successful nucleation by solvothermal synthesis. However,
a change in morphology occurred after the growth stage (Fig. 7(b)): the
HKUST-1 seeds assemble in polyhedral or cuboctahedral morphologies,
as already reported in literature [102]. The presence of such crystalline
structures proved that the synthesis strategy made up of seed deposition
and then crystal growth, was successfully performed.

To evaluate the crystalline purity of HKUST-1 crystals, XRD analyses
were performed (Fig. 8, blue curve). Incomplete HKUST-1 crystalliza-
tion, or incorrect stoichiometry, could lead to the presence of unreacted
copper oxide species (CuzO or CuO) [47,103], which can significantly
affect the adsorption properties of solids. XRD patterns of HKUST-1
crystals from the seeding solution (blue line) confirmed the successful
formation of the MOF phase: in fact, the XRD patterns exhibited the
same peaks as calculated patterns for HKUST-1 or previous experimental
results from the literature [47,102-105]. The synthesized powder does
not exhibit any peaks corresponding to CuO (20 = 35.5° and 38.7°) or
Cuz0 (20 = 36.43°) and hence can be related solely to [Cu3(BTC)s].
Moreover, the absence of significant impurities peaks at 26 = 11.0° [47,
103] confirms the high purity of HKUST-1 obtained from the

Fig. 6. Pore size distribution of pressed mullite pellets sintered at 1,450 °C
(green line) and 1,550 °C (orange line).

solvothermal protocol employed in this study. As previously mentioned,
water, present in our solvothermal protocol, could have had a high
negative impact on the formation of well-defined HKUST-1 [106]. Our
results hence show that a mixture of water and ethanol, followed by
drying at temperatures close to 100 °C, to allow a fast evaporation of
water, are a promising approach to mitigate the effect of water in the
synthesis.

The CO; capturing properties of the synthesized MOFs and their
capacity of interaction with CO2 molecules correlate to the specific
surface area (SSA) and porosity of HKUST-1 crystals. Nitrogen phys-
isorption isotherms at 77 K were performed on both the nucleation seeds
and the grown crystals, as depicted in Fig. 9. Both isotherms show a type
IV shape, according to IUPAC classification [107]. In detail, the increase
at low relative pressure (p/pp in the range 0-0.4) is related to the
microporosity of HKUST-1, consistent with the two pores structures of
diameter 0.9 and 0.35 nm. Surprisingly, a hysteresis loop is observed in
both curves at p/pp > 0.4. This hysteresis is associated to a mesoporous
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Fig. 7. FESEM micrographs of HKUST-1: tetrahedral seeds after nucleation (a) and cuboctahedral crystals after growth (b).

Fig. 8. XRD patterns of synthesized HKUST-1 (blue curve), mullite substrate in
blank form (black curve) and after functionalization (green curve). In black, the
peaks are related to mullite (m, JCPDF 00-015-0776), with small fractions of
cristobalite (¢, JCPDF 96-900-8230), corundum (a, JCPDF 96-900-7499) and
alumina (A, JCPDF 00-035-0121), similarly to the mullite powder. In green,
the peaks related to HKUST-1 are highlighted, the others are from the
mullite substrate.

Fig. 9. Ny-sorption isotherms at 77 K for HKUST-1 seeds and grown crystals.
Regeneration conditions: 24 h at 150 °C under vacuum.

structure. Indeed, the Barrett-Joyner-Halenda Model (BJH) approxi-
mation on the desorption branch allows extracting a mesoporous
diameter of ca. 8 nm for both the seeds or grown HKUST-1 crystals. We
interpretate this as the signature of particle aggregation and interpar-
ticle porosity, rather than from a mesoporous texture intrinsic of the
material. Indeed, this has been observed previously for some HKUST-1
powders [69,108]. Nucleation seeds and grown crystals show similar
isotherms trend: in fact, they are equivalent in terms of material nature.
The main differences among the samples are related to the crystal’s
morphology, which influences textural properties. Grown crystals
showed slightly higher SSA, resulting in a more efficient porous struc-
ture than seeds: thus, the growth step is fundamental not only to guar-
antee coating adhesion but also to enhance its porosity. This result seems
promising for the CCS capacity of the systems, since the HKUST-1
functionalization on the ceramic substrates is made of grown crystals.
Table 4 resumes the results in terms of SSA and pore volume obtained
using the BET calculation. It is important to note that the specific surface
area is lower than what is observed in the literature, while the pore
volume, albeit consistent with some other results in the literature, could
still be improved. Water, both present in our solvothermal treatment and
after during storage of HKUST-1 as water vapours in ambient air may
explain these underwhelming textural properties [32,106]: regarding
the first possibility, our solvothermal synthesis could be optimized,
notably by reducing the amount of water in the mixture and the drying
step, while storage in vacuum may help for the second one. Nonetheless,
this was not attempted as our goal is to design a procedure that can be
easily industrially-scalable (hence avoiding harmful or complex solvents
such as DMSO or complex storage), but also as HKUST-1 will anyway be
in contact with water vapour in real life applications, we believe our
protocol is a good approximation to estimate the COy adsorption ca-
pacity of CCS MOF-mullite monoliths.

To check HKUST-1 adhesion and growth on mullite substrate and to
investigate the role of mullite density, a first synthesis was performed on
mullite pressed pellets sintered at either 1,450 °C or 1,550 °C. As shown
by dilatometric graph in Fig. 6 and previously discussed, at 1,450 °C a
higher porosity (~35%) is obtained than at 1,550 °C (~16%). This dif-
ference significantly affects the MOFs growth, as shown in Fig. 10. The
presence of the turquoise-coloured layer on the white pellets confirms
the adhesion of HKUST-1 to the porous mullite substrate. The sample
with a higher porosity (left) is characterized by a more intense and

Table 4

Results of nitrogen adsorption analysis (77 K) in terms of SSA and pore volume
(obtained via the BET method) and mesopores diameter (via the BJH desorption
approximation) from the current study. Results are compared to diverse values
from the literature.

SSA [mz/g] Pore volume [cm3/ g]
HKUST-1 Seeds 433.40 0.32
HKUST-1 Grown Crystals 504.66 0.37
[8,28-36] 1,968-688.50 0.71-0.29
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Fig. 10. Mullite pressed pellets sintered at 1,450 °C (left) and 1,550 °C (right),
functionalized with HKUST-1.

homogeneous turquoise colour than the pellet sintered at 1,550 °C
(right): consequently, as expected, HKUST-1 deposition (in terms of
weight percentage) is significantly higher for the less dense pellet (see
Table 2). Therefore, as expected, substrate inner porosity plays a crucial
role in HKUST-1 adhesion: this confirms that 1,450 °C is preferable as
sintering temperature than 1,550 °C.

Functionalized and blank pressed pellets, sintered at 1,450 °C, were
analysed by XRD measurements to verify the presence and the chemical
composition of the HKUST-1 coating. The patterns are compared to
HKUST peaks in Fig. 8. Concerning the blank mullite support (black
line), on top of peaks associated to mullite, the same previously dis-
cussed second-phases (a-AlyO3 and cristobalite) are occurring, even if
with lower relative intensity compared to the as-received powder
(Fig. 3), suggesting a certain reactivity during sintering. Finally, the XRD
pattern of the mullite substrate coated with HKUST-1 crystals is depicted
as well (green line): although the reflections of the mullite support have
much higher intensities, when focussing on 2 theta angles in the range of
the 5-20°, peaks corresponding to the MOF material are clearly evident
[117]. Thus, Cus(BTC)2 was successfully synthetized by seeding the
support with micrometric crystals which, growing during the hydro-
thermal synthesis, effectively covered the substrate with a functionali-
zation coating.

3.2. Elaboration and characterization of mullite slurries, 3D printing and
functionalization of dense parts

The slurry used for additive manufacturing was prepared at 69 wt%
solid loading (corresponding to 42.6 vol%), which was reached by the
addition of 5 wt% dispersant (with respect to the mullite powder).
Literature shows that a solid loading higher than 40 vol% is desirable to
ensure a good densification of DLP processed materials [109]. High solid
loading needs to be, however, combined with a correct rheological
behaviour. Fig. 11 shows the evolution of the viscosity as a function of
the shear rate. The desirable shear-thinning behaviour, characterized by
a marked viscosity decrease as the shear rate increases, ensures a ho-
mogeneous spreading of the slurry on the tape during the DLP shaping
[109,110].

Besides the necessary shear-thinning behaviour, it is important to
check the shear viscosity at the operative shear rate, which corresponds
to the shear rate applied by the blade on the slurry during its spreading.
This value was identified at 160 s~! in our process, corresponding to
shear viscosity of ca. 1.4 Pa-s. Best formulations proposed in literature,
usually show a viscosity lower than 3 Paes, to guarantee a good flow-
ability [109]. Thus, the slurry formulation here proposed has a solid
loading and a viscosity suitable for DLP.

This formulation was used to produce samples with different archi-
tectures by DLP. The first step was to realize simple dense designs, like
pellets. The printed samples, after water and thermal debinding, were
sintered at 1,450 °C, according to the preliminary tests described in
§3.1.1. Table 5 summarizes the results in terms of shrinkage, geometrical
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Fig. 11. Rheological curve of mullite slurry, prepared at 69 wt% solid loading
and 5 wt% dispersant.The shear viscosity at the printing operative shear stress
(160 s71) is highlighted.

Table 5

Properties of DLP shaped mullite samples, sintered at 1450 °C.
Printed sample property Value
Pgeom [%] 59.7 £ 0.5
Parch [%] 92.6 + 3.1
x-y plane shrinkage [%] 9.4 +0.2
z direction shrinkage [%] 7.9 +£0.7
Volumetric shrinkage [%] 24.5 £ 0.6

and Archimedes’ density for dense samples. Since 3D printing is an
anisotropic process, different shrinkage in different directions have been
observed. The geometrical density obtained from printed sintered
samples (=~ 60%TD) on one hand is high enough to guarantee a good
mechanical stability and manageability of mullite structures; on the
other hand, results are intentionally distant to the full densification to
guarantee a desirable microporosity which could promote HKUST-1
crystals adhesion. The values obtained here are comparable but
slightly lower in respect to pressed samples sintered at the same sin-
tering temperature (pgeom~65%). This was expected as, compared to a
pressed green pellet, the mandatory addition of photopolymerizable
polymeric medium, burned out before sintering, acts as an extra porogen
agent [94,95]. The shrinkage among the printing direction (z) is sur-
prisingly lower than in the x-y plane, meaning that the layer adhesion is
good enough to limit the z-direction contraction. Fig. 12 shows repre-
sentative FESEM micrographs of a printed and sintered bar. The lower
magnification image (a) shows the layered structure of the 3D built
material, having a layer dimension compatible with the nominal layer
thickness set for printing (30 pm) and a good layer adhesion as no
remarkable flaws can be observed at the interface between layers. In
addition, the different micrographs at increasing magnifications (Fig. 12
(b) and (c)) show the presence of denser areas besides more porous ones,
the former providing the sufficient mechanical strength for handle-
ability of the ceramic substrate, the latter the required microporosity for
MOFs adhesion and growth.

The 3D printed and sintered substrates were then functionalized by
MOFs seeds, as described in §2.2.2. The successful functionalization of
the mullite substrate by HKUST-1 was verified by FESEM observations,
depicted in Fig. 13. HKUST-1 is grown from deposited nucleation seeds,
forming onto the mullite support a continuous and homogeneous func-
tionalized layer. Micrographs confirm both the formation of a
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Fig. 12. FESEM micrographs of DLP-fabricated mullite structure.

Fig. 13. FESEM micrographs of the HKUST-1 coating on DLP printed and sintered mullite substrate: top view of MOFs polyhedral grown crystals forming a ho-
mogeneous layer (a), cross-sectional view of the good quality mullite/grown HKUST-1 crystals interface (b).

homogenous and continuous coating, as well as the adhesion of HKUST-
1 crystals on the substrate. Indeed, Cu3(BTC), crystals exhibit a poly-
hedral morphology and larger dimension than HKUST-1 seeds on the 3D
printed substrate. After a second solvothermal synthesis at 120 °C in a
Teflon hermetic bottle for HKUST-1 particles growth, crystals have
increased in size and cracks developed running through neighbouring
intergrown crystals Fig. 13 (a)): this is probably caused by differences in
the coefficient of thermal expansion (CTE) between support and coating
[68]. As typical for MOFs, HKUST-1 has a negative thermal expansion
(CTE=—4.1 x 10°%C~! [111]. This is due to the thermal excitation of
vibrational modes within the organic linkers: the shrinkage of their
longitudinal extension causes a contraction of the structure. Thus, upon
heating, stress occurs in MOF thin films firmly adherent to a ceramic
support with positive thermal expansion coefficient, such as mullite (4-5
x 107%™ [112]), which on the contrary expand upon heating. This
stress may induce internal microcracking or lead to delamination of
MOFs coating from the substrate [113]. Therefore, the shown result on
one hand confirms the good adhesion with the porous support. On the
other hand, it suggests that crystals dimension must be controlled [68],
to limit interfacial stress during the film formation and guarantee the
MOFs grafting on the ceramic pores. Cross-sectional view in Fig. 13(b)
highlights intergrowth between crystals and a good quality interface
between mullite and MOFs grown crystals. The continuous and homo-
geneous MOFs layer here obtained can be considered an ideal candidate
due its cross-linked structure and the presence of free carboxylic groups,
which facilitate the attachment of this compound to the porous ceramic
surface [68]. In addition, a homogeneous turquoise coloration due to the

HKUST-1 coating can be macroscopically observed in Fig. 14, (e) and (f).

3.3. 3D printing and functionalization of complex architectures

After optimizing the printing process for dense specimens of simple
geometry, our attention was focused on the shaping of lattice ceramic
architectures: two designs were obtained by CAD software and are
shown in Fig. 14 (a and b), whereas Table 6 summarizes their nominal
characteristics. The grid-like architecture was selected since it is widely
used for gas filtering applications [114,115],. The main drawback
related to grid-like lattices are related to sharp edges (Fig. 14(a)): they
may cause limitations in the coating adhesion and gas/surface contact.
Thus, Triply Periodic Minimal Surfaces have been also tested, in
particular with a Schwartz Primitive structure: TPMS are promising
designs for several applications due to their smooth surfaces (Fig. 14(b))
and high porosity [72,79] . Comparing the two selected architectures,
for almost the same surface area, TPMS requires less volume and pro-
vides a tripled surface to volume ratio (Table 6): thus, it seems more
promising for CCS applications. To verify this hypothesis, both archi-
tectures were printed through DLP and sintered at 1,450 °C, (Fig. 14(c)
and (d)), then coated with HKUST-1 (Fig. 14(e) and (f)).

Once identified the optimal conditions to grow MOF crystals on
simple mullite DLP-fabricated pellets, the next step was to develop a
MOFs coating on the complex grid-like lattice and TPMS structures. To
produce a complete coverage and achieve a homogeneous coating, the
two complex structures were submitted to several seeding/growth pro-
cesses (as described in §2.2.2), and the efficiency of the deposition
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Fig. 14. (a, b) CAD files, (c, d) 3D printed blank and (e, f) functionalized
monoliths with grid-like (a,c,e) and Schwartz primitive TPMS (b,d,f)
architecture.

Table 6
Nominal properties of the CAD files for grid-like and Schwartz Primitive TPMS
monoliths.

Nominal property Grid-like structure TPMS
Surface area [mm?] 7,268.12 7,245.55
Volume [mm?] 2,363.66 775.47
SA:V ratio [mm™] 3.08 9.34
Weight [g] 7.49 2.46
SSA [mm?/g] 970 2,947

process was monitored in terms of weight variation. An example is
provided in Fig. S 4 (SI) for the TPMS structure. Each deposition results
in an increase of the HKUST-1 wt percentage, but a decrease is observed
after each EtOH washing, performed to clean the sample from any
crystals in excess, not completely adhering to the surface. At the end of
the process, an average final weight mass increase of about 1.7% and
3.5% were determined for the grid-like and TPMS structures, respec-
tively. Thus, TPMS designs demonstrated a doubled uptake of HKUST-1
in wt% in respect to grid-like lattice monoliths. Compared to the sharp
edges of the grid-like design, the smooth and interconnected TPMS
surface seems to promote a better MOFs adhesion. The higher HKUST-1
percentage of the TPMS compared to the grid-like structure enhances the
functionalization degree and CO2 adsorption capacity of the material, a
key property for CCS system.

3.4. CO2 adsorption tests
Preliminary tests in the bench were performed using first the HKUST-

1 seeded crystals at various CO; concentration (Fig. S 5, SI). As expected,
the CO; uptake increases with the CO4 concentration in the gas flow. The
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highest CO, concentration achievable with our setup, 1%, was then used
for the adsorption studies. A crucial role in the investigation of CO;
adsorption capacity is the regeneration process. Several studies have
demonstrated that CO2 adsorption on HKUST-1 is completely reversible,
and that the full adsorbent regeneration can be obtained raising the
temperature under inert flow or under vacuum [28,32]. In the current
study, HKUST-1 regeneration is performed under a helium flow of 3 L/h,
keeping the samples at 120 °C for 4 h. During regeneration, a drastic
change of colour, from light cyan to Prussian blue, is observed for MOFs
powders (see Fig. S 6, SI). This colour shift is the macroscopic effect of
the change in symmetry of copper ions: water removal from Cu?* co-
ordination sphere, due to the temperature increase, produces a loss of
degeneracy in d levels and the availability of new d-d transitions [25].

CO3, uptake profiles for the HKUST-1 powder bed, the grid-like (GL)
and TPMS monoliths, both without (blank) and with HKUST-1, are
shown in Fig. 15. Steeper slopes and significantly larger areas under the
curves for functionalized monoliths compared to either blanks or pow-
der bed are observed. Let us note that, due to the 2 min time resolution of
the puGC analyser, the breakthrough time cannot be measured
accurately.

Total CO, uptakes are estimated at two specific flow rates and
evaluated from the integration of CO, adsorbed versus time curves and
are shown in Fig. 16. Firstly, the gas flow conditions, chosen in accor-
dance with literature [36,43,67] are significantly impacting the
adsorption mechanism with a decrease of the amount of adsorbed CO4
when the gas flow increases, as previously observed in the literature
[116]. Secondly, comparing the blank and functionalized systems
(Fig. 16(a)), results clearly show that the amount of COy adsorbed is
increased for the coated monoliths compared to the blanks. Interest-
ingly, blank samples seem to also interact weakly with COy: a possible
interaction could occur between the positive dipole of the CO5 molecules
and the ~OH groups on the ceramic surface, but the nature, stability and
durability of this effect are not clear and would require a study of their
own. Thirdly, when comparing the results obtained between HKUST-1
powder and coated monoliths, we have normalised the amount of CO,
adsorbed by the mass of HKUST-1 used to evidence the influence of
shaping (Fig. 16(b)). Results clearly show that, for the same amount of
HKUST-1, the CO; intake for both coated monoliths is higher compared
to the powder bed. In detail, compared to HKUST-1 powder bed, 3D
printed mullite structures functionalized with Cug(BTC); led to a CO,
uptake increase up to 40.1% and 51.3% for grid-like and TPMS geom-
etries (in terms of mg of CO, for each gram of HKUST-1). This increase in
the uptake from the monoliths compared to the powder may be related
to a better accessibility to the active sites thanks to the macroporosity.
The Schwartz primitive is providing the best results, both in term of total
CO, uptake (Fig. 16(a)) than when normalised to the amount of
HKUST-1 (Fig. 16(b)). The higher surface-to-volume ratio (see Table 6)
and high specific surface area of TPMS enhances the HKUST-1 loading
(3.5% for TPMS versus 1.7% for the grid-like) explaining the former,
while the more complex architecture and tortuosity would help increase
the contact time between CO, molecules and active sites and hence the
latter. Data hence are confirming the key role played by complex design
supports with interconnected and highly porous architectures. The great
potential of DLP as ceramic shaping process is asserted too as it allows
designing easily such complex geometries.

Although this work is not focused on the system durability, to ensure
reliable results and guarantee the reproducibility of the COy storage
properties of our powders and monoliths, all samples have been tested at
least twice. The experimental error bars are significant especially at
higher flow; thus, the 3 L/h gas flow allowed in general to obtain more
reliable results. No loss of capacity over time was observed in these
conditions. The system is equipped to measure pressure at inlet and
outlet of reactor, ensuring a constant pressure of 1 atm during test. In the
employed tests conditions (low samples height, gas flow and SiC coarse
granulometry), no relevant differences between monoliths and powder
were observed.
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Fig. 15. CO, uptake with time for HKUST-1powder bed, blank and MOFs functionalized Grid-like (GL) and TPMS monoliths. Samples tested into the bench with 1%

CO, after regeneration at 120 °C for 4 h with two different gas flows.

Fig. 16. Results from CO, adsorption measurements: a) mmol of CO, adsorbed by blank or HKUST-coated monoliths with the grid-like (GL) or TPMS network. For
each network, both blank and HKUST-coated monoliths exhibited the same dimensions. B) mmol of CO; per g of HKUST-1 for MOFs powder and functionalized grid-
like (GL) and TPMS monoliths. All samples were tested after regeneration (at 120 °C for 4 h under He flow) and with similar conditions (see Materials and methods).
Experimental error bars are the standard deviation from two analyses, except for the blank GL.

Table 7 provides a comparison between our results with studies on
HKUST-1 used for CO, capturing in various shaping (powders or
composites).

Different testing conditions are responsible for most of the uptake
variations. Regeneration parameters are crucial for MOFs response, and
it has to be highlighted that here HKUST-1 was not activated in high
vacuum. In addition, only a low CO, concentration (1%) is allowed by
the installation. Thus, a future perspective is to increase COy concen-
tration for the inlet gas flow in order to evaluate the material response in
more realistic conditions in respect to gas flow and CO2 concentration,
and study in more detail breakthrough curves. Among investigations on
HKUST-1, the study by Liu et al. [36] led to a CO5 uptake in mg per g of
HKUST-1 of 24.21 mg/g (0.55 mmol/g), using a HKUST-1 and
Ni/DOBDC system, the same flow rate of 3 L/h but a doubled CO,
concentration ([CO2]=2%) and a different activation process (2 regen-
eration steps, 170 °C, 8 h under vacuum and 170 °C). Thus, at the testing
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conditions applied, CO, uptake values reported here can be considered
in line with previous studies.

It is also interesting to compare our materials to other types of
textured CCS systems currently investigated in the literature. The cur-
rent most promising CCS include amine functionalised silica [89], zeo-
lites monoliths made via robocasting [46], MOF-polymer composites
made by robocasting [43] or currently used activated carbons [121].
Table 8 gives the SSA and CO, uptake from those materials. Although
the methods for measuring the COy-sorption capacity may differ and
may not be directly comparable, notably as most examples were studied
at much higher concentration of COy, it can be observed that most of
these examples exhibit higher CO5 uptake than our current study, with
Zeolite 13X shaped with robocasting exhibiting a sorption capacity
almost ten times higher than the current study. This highlights the
importance of the total amount of active phase in the composite, as the
samples made via robocasting can exhibit up to 90% of active phase and
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Comparison of CO, intake for HKUST-1 powder bed, DLP-shaped monoliths found in this study with various results from the literature. In each case, the adsorption and

regeneration conditions are provided.

Study CO, uptake Adsorption conditions Regeneration conditions

[mmol/g] CO, [%]" Flow [L/h]* T[°C] P [bar] T[°C] t [h] Atmosphere
HKUST-1 0.096 1 3.00 30 1.01325 120 4 He
GL 0.128 1 3.00 30 1.01325 120 4 He
TPMS 0.151 1 3.00 30 1.01325 120 4 He
[36] 0.55 2 3.00 170, 170 8,12 vacuum
[23] 1.82 30 10
[117] 3.27 25 1
[23] 4.2 Pure (30 min) 6 N, and 1.98 CO, 27 1 150, 27 30min Ny
[38] 4.5 22 0.9
[33] 7.23 pure 65 1.01325 180 8 vacuum
[118] 8.07 99.999 30 10 150 overnight vacuum
[119] 0.8 25 1 160 3 vacuum
[32] 1.75 45-60 0-1 100, 200 3,8 vacuum
[28] 2.88 99.999 25 1 150 2 vacuum
[30] 6.85 99.999 23 1 150 8 vacuum
[8] ~10 amb 42 inert
[35] ~18 35 100 150 12 0.3 Pa
[120] 6.13 99.999 0 1 150 8 vacuum

! For some studies flow and gas concentration are not specified: usually, in this cases, adsorption isotherms analysis was performed and pure CO, use is assumed.

Table 8
Some examples of textured CCS systems reported in the literature.
CCS Material Shaping CO, uptake Adsorption conditions Ref
Technique Substrate Sorbent CO,, uptake CO, Flow[L/ TI[ P [bar]
wt% [mmol/g] [%] h] °C]
HKUST-1 DLP Coated mullite (GL) 1.7 0.128 1 3 30 1.01325 This
DLP Coated Mullite (TPMS) 3.5 0.151 1 3 30 1.01325 study
MOF-74 Extrusion Coated Cordierite 52 1.5 10 3.6 25 1.01325 [67]
UTSA-16 Extrusion Coated Cordierite 55 0.6 10 3.6 25 1.01325
MOF-74 Robocasting bentonite clay and PVA 80 1.35 0.5 3.6 25 1 [43]
UTSA-16 Robocasting  bentonite clay and PVA 85 1.31 0.5 3.6 25 1
MOF-74 Robocasting  Secondary growth on Torlon ~40 2.5 10 3.6 25 1.01325  [42]
HKUST-1 Robocasting ~ Torlon 60 1.2 10 3.6 25 1.01325
13X zeolite Robocasting ~ Bentonite clay; Methyl cellulose and PVA 90 1.93 0.5 3.6 25 1.01325  [46]
removed by calcination
5A zeolite Robocasting ~ Bentonite clay; Methyl cellulose and PVA 90 1.94 0.5 3.6 25 1.01325
removed by calcination
Amine functionalized silica DLP Amine grafted silica 2.8 0.66 100 - 70 0.1 [89]
sorbents mmol/g
Active carbons SLA 3.17 15 10 40 1.2 [121]

suggests further optimisation of our impregnation procedure should be
implemented, both to improve the textural properties of the HKUST-1
synthesised and the amount of active phase added to the support.
Interestingly, CCS made using MOF-74 and UTSA-16 via robocasting
also present remarkable COs-sorption properties, despite the reduction
in SSA from the presence of the binder. Our procedure could be extended
to other types of MOFs to further tune our CO5 uptake. Moreover, other
important parameters than the CO; uptake should be considered such as
the processability, the selectivity towards CO, regeneration, durability,
effect of shaping among other to finely evaluate the properties of any
CCS. For example, active carbon, extensively used due to its cheapness,
is poorly selective. Further works on our materials will include notably
the study of their selectivity towards water.

In conclusion, our work combines for the first time the formation of
monoliths exhibiting highly complex architecture of high resolution
using DLP with the surface functionalisation using MOFs to form new
CCS composites. Despite the limited adsorbent mass incorporated on the
supports surface (3.5 wt%), the MOFs/mullite system showed a prom-
ising interaction with CO; in the bench tests: the novelty proved in this
preliminary study is the key role of substrate geometry and SSA in
enhancing both HKUST-1 deposition and contact time between the
adsorbent phase and COy molecules. Thus, an accurate model of com-
plex substrate geometry, eventually increasing the cell number, is a
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promising focus for future investigations in order to optimise CCS
properties of such systems.

4. Conclusion

Complex porous mullite parts were successfully printed by DLP using
slurries with a solid loading of 69 wt% in a photocurable resin, with the
help of a dispersant at 5 wt% in respect to the ceramic powder. The
slurry exhibited rheological properties suitable for printing, with a shear
thinning behaviour and a shear viscosity of 1.4 Pa-s at the printing
operative shear stress (160 s’l). Then, the best printing parameters were
found fixing the layer thickness at 30 pm, the exposure time at 1.2 s, the
LED power at 20.24 mW/cm? and the delay before exposure at 20 s.
High resolution of the DLP process allowed to precisely shape geomet-
rically complex monoliths with grid-like and Schwartz primitive TPMS
design.

Highly pure HKUST-1 crystals were successfully synthetized by a
two-step solvothermal synthesis process based on crystal nucleation and
subsequent growth. The method was adapted, using a 9 steps deposition,
to functionalise 3D printed mullite monoliths with homogeneous
Cus(BTC); coatings. The amount of HKUST-1 coated was estimated by
studying the mass intake for both the grid-like and TPMS geometries,
and the results showed that more HKUST-1 were deposited on the TPMS
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samples, with a mass intake of 3.5% compared to 1.7% for the grid-like
structure.

CO, adsorption tests performed in a catalytic bench reactor under 1%
CO4, gas flow (99% He) provided encouraging results. Before adsorption
measurements, samples were always regenerated under helium at 120
°C for 4 h. Up to three cycles of regeneration-adsorption studies were
done without any loss of the adsorption capacity of the HKUST-1 powder
or the coated materials. Coated ceramic lattices showed a higher uptake
than HKUST-1 powder, demonstrating the importance of a support in
enhancing the uptake efficiency. Compared to HKUST-1 powder bed, 3D
printed mullite monoliths functionalized with Cuz(BTC)2 led to a COy
uptake increase of 40.1% and 51.3%, for grid-like and TPMS geometries
respectively.

Thus, TPMS designs showed the best results both in term of HKUST-1
loading and CO; adsorption, confirming the key role played by complex
design supports and the great potential of DLP as a ceramic shaping
process. A geometrically complex and porous ceramic support provides
several advantages: on one hand, it guarantees a good handling of the
CCS system, avoiding issues related to the use of powders alone (e.g.
powder bed stacking, pressure drops). On the other hand, it enhances
the accessibility of the active sites thanks to the formation of shaped
macropores, thus increasing the adsorption capacity in respect to the
same amount of active sorbent in form of powder bed. However, further
developments are needed to increase the efficiency of the engineered
CCS systems and enhance adsorbed CO; amount. Furthermore, as
HKUST-1 is sensitive to moisture, future works focusing on the selec-
tivity of these HKUST-1 coated monoliths towards CO5 and water will be
carried. In any case, the current work paves the way for the design of
CCS tailored both in term of architecture than chemical selectivity to-
wards CO».
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