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Abstract: Wollastonite (CaSiOs) based porous structures are useful in a wide range of
applications including catalysis. Furthermore, the use of additive manufacturing techniques
for the production of on-demand structures with controlled porosity are widely used for
numerous materials. In the present work, CaSiO3; was synthesized by co-precipitation method
resulting in a fine CaSiOs—SiO, powder, which was processed to fabricate regular porous
structures using the robocasting technique. Cylindrical structures of 10 mm in diameter and
10 mm in height were robocast following two different arrangement patterns, i.e., orthogonal
and honeycomb with two different pore sizes (350 and 500 um). In general, the orthogonal
structures showed better geometrical and dimensional accuracy than honeycomb ones. The
compression test showed that orthogonal structures were more reliable, while the honeycomb
structures exhibited higher compressive strength. The reasons are on the differences in
porosity and pore architecture between them. Additionally, the catalytic properties of the
CaSi05-Si0; powder were studied by the decomposition of isopropyl alcohol. The CaSiO;—
Si0, showed strong selective basic catalytic properties, leading on the dehydrogenation of the
alcohol producing acetone with a yield up to 92% at 350 °C. In summary, the CaSiO3;—SiO;
robocast structures have a significant potential for self-supporting catalytic reactors.
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1. Introduction

Wollastonite is one of the calcium silicates with wide scientific and industrial applications.
With a chemical formula of CaSiO3, wollastonite possesses interesting properties, e.g., creep
resistance, chemical inertness, thermal stability, low thermal expansion, and low thermal
conductivity [1]. Wollastonite and its high-temperature polymorph pseudowollastonite (-
wollastonite, Ca3Si309) are natural-resource minerals and for many years this calcium silicate
was a mine residue useful as a thermal insulator [2] and as an additive mixture in the cement
industry [3]. In the last decade, CaSiO; has been investigated for its ability to adsorb heavy
metallic ions, e.g., Pb+2, Cr'® or Ni? [4, 5, 6]. Most recently, wollastonite has become suitable
for reinforcing composites [7,8] and as a bone substitute in orthopedic applications owing to
its bioactive properties [9,10]. Different methods are currently known for the production of
synthetic wollastonite from various sources of calcium and silicon, e.g., synthesis via solid-
state reaction [11,12], sol-gel method [13,14], hydrothermal synthesis [15], chemical
precipitation [16,17], among others. Most of the wollastonite applications involve the use of
bulk bodies or free-particles that exhibit as large specific surface area as possible without
detriment of the mechanical stability. Thus, either for orthopedic implants, adsorbent filters,
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water purification, catalysts, reinforcement fillers for composites, or in some cases as
insulators, wollastonite porous structures can fulfill the design requirements in an
environmentally sustainable manner [18,19].

Nowadays, one of the methods for the fabrication of controlled porous structures is additive
manufacturing, which allows the processing of endless-list of materials to produce diverse
shaped-structures with different degrees of open porosity. Among the additive manufacturing
techniques, robocasting (direct ink writing) allows to design and rapidly fabricate any kind of
powder materials in a form of injectable pastes into complex 3D shapes without the need of
expensive tooling, dies, or lithographic masks [20].

Previously, robocasting has been successfully used to fabricate calcium phosphate porous
structures reinforced with wollastonite [ 10]. Wollastonite improves the mechanical strength of
calcium phosphates without compromising their biocompatibility, making possible to use the
obtained biphasic structures as scaffolds for bone tissue engineering. Despite the potential use
of wollastonite porous structures for catalysis, there are not studies devoted to the robocasting
of wollastonite porous structures for such purpose. Therefore, this work is focused on the
synthesis and processing of calcium silicate powder with a Ca/Si in equal ratio to obtain the
wollastonite phase composition in order to manufacture porous structures with catalytic
activity. Synthesis of the calcium silicate led to a composite ceramic based on CaSiO3—SiO,
system that was processed to create sets of predesign porous structures by means of
robocasting technique. The resulted structures were compared in terms of their compressive-
strength dependency on the pore geometry and size. Additionally, the catalytic activity of the
obtained calcium silicate powder was evaluated in terms of the decomposition of isopropyl
alcohol vapor. This reaction is commonly used as a model in studies of variations in catalytic
activity and selectivity at the temperature range from 250 to 350 °C for nonmetallic catalysts.
Additionally, the acid active sites were evaluated by NHj3 adsorption.

2. Materials and methods

2.1. Synthesis of CaSiO; powder

Calcium silicate powder was prepared by means of co-precipitation method using calcium
nitrate, Ca(NOs3),-4H,0 (>99%; Sigma Aldrich, Germany) and tetraethylorthosilicate (TEOS),
Si(OCyHs)s (299%; Sigma Aldrich, Germany) as reactants. The reactants were separately
dissolved in 500 mL of analytical-grade ethanol (Merck, Germany) to create two separate
solutions containing the equal molar concentration of Ca and Si ions in order to keep a
stoichiometric Ca/Si ratio for the formation of the CaSiO;. Both solutions were mixed and
kept under stirring for 30 min, then ammonium hydroxide solution (NH4OH, 26% w/w
solution in water, Sigma Aldrich, Germany) was added dropwise until the solution turned
turbid and particles started to precipitate. The suspension was let to mature under stirring for
2 h. The obtained product was filtered and rinsed three times with distilled water to eliminate
residues from the reactants. Finally, the obtained material was dried at 120 °C and calcined at
800 °C for 5 h to obtain a block that was milled in a vibration disk mill (RETSCH, Germany)
at 1000 rpm for 100 s; the final powder was sieved at a particle size below 36 um to obtain a
conditioned powder for the robocasting.

2.2. Robocasting and sintering of porous CaSiO;—SiO; structures

Robocasting technique was used to produce cylindrical samples of 10 mm in diameter and
10 mm in height. The sieved powder was mixed with a water-based solution of 40 wt % of
pluronic F-127 (Sigma Aldrich, Germany) in a 1:1 wt ratio with the purpose of producing a
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paste that was extruded using a robotic deposition apparatus (Pastecaster, Fundacio CIM,
Spain) at an extrusion rate of 8 mm-s ', using a nozzle with an aperture of 410 pm. The
samples were printed following different filling patterns named as honeycomb (hexagonal-
like pores) and orthogonal (squared pores) patterns. The filling ratio of the samples was set to
obtain nominal pore sizes of 350 and 500 um for each of the patterns. Ten samples of each set
were robocast and denoted as honeycomb 500; honeycomb 350; orthogonal 500; and,
orthogonal 350. Finally, the 3D-printed structures were left to dry overnight at room
temperature and afterwards pressure-less sintered (LH-300, LAC, Czech Republic) in air at
1200 °C for 5 h, using a heating rate of 2.5 °C-min """

2.3. Chemical and microstructural characterization

In order to identify the crystalline phases in the sintered samples, two cylinders were ground
to be analyzed by powder X-ray diffraction (XRD) using a Rigaku SmartLab 3 kW apparatus.
Scans were performed in Bragg—Brentano geometry between 10° and 90°, using Cu-Ka
radiation (A= 0.154 nm) at a current of 30 mA and 40 kV with a scan speed of 4°'min"". The
Rietveld refinement was performed using the High Score Plus software (PANalytical B.V.,
The Netherlands, Version 3.0e) to determine the weight percentage of each crystalline
compound.

The skeletal density of the sintered CaSiO;—SiO, structures was determined by helium
pycnometry (Micromeritics AccuPyc II 1340) and the specific surface area (SSA) was
determined by nitrogen adsorption using the Brunauer-Emmett-Teller (BET) method
(Autosorb 1Q (Quantachrome Instruments, Boynton Beach, FL, USA). Prior to the
measurement, the samples were degassed in vacuum at 180 °C for 12 h.

For the microstructural characterization, the upper surface of sintered samples was coated
with a nanometric carbon layer to observe the microstructure by scanning electron
microscopy (SEM; Lyra3, TESCAN). The final pore size of the sintered samples was
measured by means of image analysis. Images were obtained at different magnifications and
analyzed using the Imagel software (FIJI, https://imagej.nih.gov/ij/index.html) in order to
determine the average pore size for each arrangement, calculated by the distance between the
filaments of a same deposited layer. Additionally, the porosity and pore size distribution of
the sintered structures was measured and registered in the range between 0.09 and 1000 pm
by mercury intrusion porosimetry (MIP, Quantachrome Poremaster, USA).

2.4. Differential thermal analysis and thermogravimetric essays

The thermal analysis of the calcined powder was carried out in order to identify energetic
processes taking place during sintering. Simultaneous thermogravimetric analysis (TGA) and
differential thermal analysis (DTA) were carried out in a Netzsch STA 409¢/CD apparatus in
a synthetic air atmosphere (14 vol % of O, in Ar) using Al,Os crucibles with a heating rate of
10 °C-min”" in the range of 20-1400 °C.

2.5. Mechanical characterization

Uniaxial compression test was performed using a universal testing machine (Instron 8874,
USA) at a constant crosshead speed of 0.5 mm-min_'. The load was applied along the
longitudinal axis of cylinders. The stress was calculated by dividing the applied force by the
cross-section area of the sample. The compressive strength was equated to the maximum
stress supported by the samples. Five samples were tested for each series and the mean values
are reported with their standard deviations. The statistically significant differences between
groups were determined by the #-test.
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2.6. Assessment of active acid sites by NH3 adsorption

The temperature-programmed desorption of ammonia (NH3-TPD) experiments were carried
out in a catalyst characterization instrument (AMI-90, Altamira Instruments, USA), equipped
with a thermal conductivity detector (TCD) and coupled to a mass spectrometer (ThermoStar,
Pfeiffer, USA). First, 50 mg of wollastonite—silica powder obtained from the grinding of
porous structures (sintered at 1200 °C for 5 h) were thermally treated in Ar flow at 600 °C for
2 h in order to desorb the chemisorbed species in the material that might influence the NH3
quantification. Later, the samples were exposed to an NHs/He (5 vol % NHj, 50 cm®-min ')
stream at 100 °C for 1 h. After purging the system with Ar to remove the physisorbed gas
(weakly adsorbed at 100 °C for 1h), the NH;-TPD measurements were conducted
incrementing the temperature up to 600 °C with a heating ramp of 10 °C-min"'. The quantities
of chemisorbed NH; were obtained by integrating the areas under the peaks of the NH3;-TPD
profiles and referenced to TCD signal calibrated for a known volume of NHj;. The
classification of the acid-site strength was based on the desorption profile along the
temperature range as follows: weak between 100 and 250 °C; medium from 250 to 400 °C;
and strong above 400 °C.

2.7. Evaluation of catalytic activity by decomposition of isopropyl-alcohol vapor

The catalytic performance of the ground porous structures was tested using the isopropyl
alcohol (IPA) decomposition as a model reaction. The catalytic conversion measurements
were conducted in a fixed-bed reactor connected online to a gas chromatography system (HP
5890 Series II, HP, USA) equipped with a flame ionization detector (FID). In a typical
experiment, 0.075 g of wollastonite-silica powder was deposited in a U-quartz reactor with an
internal diameter of 8 mm, which was placed vertically inside a tubular furnace. Before the
catalytic tests, the samples were pre-treated at 400 °C for 2 h with a pure N, stream
(10 cm’-min") to desorb the chemisorbed species in the material that might have an impact
on the results. Later, the system was cooled down to the reaction temperature under N, flow.
The IPA (analytical reagent grade, purity > 99.8%, Sigma Aldrich) was fed in gas phase
(7.6 x 10 ® mol's ") using the N stream through a saturator, which was maintained at 0 °C.
Finally, the decomposition reaction was carried out in the temperature interval from 250 to
350 °C under atmospheric pressure. The progress of the IPA conversion into the
corresponding decomposition products on the CaSiO3—Si0, system was monitored by the gas
chromatography system. The catalytic conversion (X) was calculated following equation (1)
and the selectivity of the reaction (S;) was estimated following equation (2):

X . M, |'|.r‘r ; Eq(l)

Si = S5 Eq.(2)

where M, is the molar flow of IPA initially introduced, M¢ is the molar flow of IPA at the
exit, and M; is the molar flow of each product determined by the flame ionization detector
(acetone or propylene).

3. Results
3.1. Crystalline phase composition

The XRD results of the as-obtained, calcined and sintered CaSiO3;—SiO, powders are shown in
Fig. 1a. The as-obtained powder showed the characteristic pattern of an amorphous material
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with some crystalline peaks attributed to the wollastonite. After calcination at 800 °C for 5 h,
the partial crystallization of the amorphous powder was revealed by the sharping of the peaks,
which mainly corresponded to wollastonite but also silica in its quartz polymorph.
Furthermore, the hump in the XRD pattern indicates that an amorphous phase remained in the
calcined powder. Finally, after sintering at 1200 °C for 5 h, the present crystalline phases
were pseudowollastonite (Ps-wollastonite; PDF 01-089-6485) and two silica polymorphs, i.e.,
Cristobalite (PDF 01-076-0941) and Quartz (PDF 01-089-1961). Rietveld refinement of XRD
patterns revealed that the sintered samples are composed of 53.9 wt % of Ps-wollastonite,
40.3 wt % of Cristobalite, and 5.8 wt % of high-temperature Quartz, resulting in a calcium

silicate system with a skeletal density of 2.88 g-cm .
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Fig. 1. a) X-ray diffraction patterns of the as-obtained powder, powder calcined at 800 °C for
5 h, and after sintering at 1200 °C for 5 h; b) initial morphology of as-obtained powder; c)
characteristic surface microstructure of the robocast filaments that form the porous structures
after sintering.

The morphology of the as-obtained powder is shown in Fig. 1b, revealing sub-micrometric
particles forming agglomerates of several micrometers size. Fig. 1¢ shows the final surface
microstructure after robocasting and sintering of the synthesized powder. The sintering
mechanism appears to be promoted by a liquid or glass transition sintering, this is based on
the visibly smooth surface of the filaments that surrounds bigger particles. However, the full
densification of the filaments was not reached, since open pores with size below 10 um can be
found along the filaments. Such pores can be caused by the presence of trapped air during the
paste preparation and/or extrusion during the robocasting process. The SSA of the sintered
samples was in the range of 1-2 m*-g'. Despite the values are close to the low detection limit
of the technique, the honeycomb samples showed twice larger SSA (1.8 m*-g ') than their
orthogonal counterparts (0.8 m*-g ).
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3.2. Thermal phenomena occurring during sintering

TG/DTA curves of the synthesized powder after calcination at 800 °C for 5 h are shown in
Fig. 2. The first endothermic phenomenon around 115 °C corresponds to desorption of water
molecules accompanied by a mass loss of less than 0.5 wt %. Following that, a wide
endothermic process was present up to around 500 °C that can be attributed to the slow quartz
phase crystallization from the still present amorphous phase. In congruence with the pre-
calcination of the powder, the total weight loss was around 2 wt %. Above 840 °C, an
endothermic process took place, which is most probably initiated by the phase transformation
of the quartz into tridymite and/or cristobalite phase. Above this temperature, the sample did
not reveal any considerable weight change, thus, the mass was almost constant until the end of
the measurement. Above 1100 °C, another endothermal transformation occurred, which is
attributed to the restructuration of the wollastonite into pseudowollastonite [21] and it is in
accordance with the XRD after the heat treatment at 1200 °C. The last endothermic process
was registered around 1324 °C, which was probably caused by the glass transition of one of
the present silica phases [22].
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Fig. 2. Mass loss and DTA curve of pre-calcined wollastonite-silica powder.

3.3. Structural analysis of robocast CaSiO;—SiO; samples

Characteristic SEM micrographs of the upper layer of CaSiO3;—SiO;, samples are shown in
Fig. 3 together with a close-up of the obtained pore geometry and the in-silico pattern
projections in red. In addition, Table 1 summarizes the pore size, determined by image
analysis and MIP, the final diameter of the filaments, the final diameter of the samples, and
total porosity determined by MIP after the sintering for each of the arrangements.
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Fig. 3. Scanning electron micrographs of the robocast CaSiO3;—SiO; structures: a) and b)
orthogonal 500-um pore size; ¢) and d) honeycomb 500-um pore size; ¢) and f) orthogonal
350-um pore size; g) and h) honeycomb 350-pm pore size.

Table 1. Summary of the final dimensions and porosity of CaSiO3;—SiO, porous structures
after sintering.

Arrangement Orthogonal Honeycomb

Nominal pore size [um] 500 350 500 350

Final pore size by image analysis [um] | 330+ 60 | 230 + 45 | Minor axis: | Minor axis:
167 +43 129 +£22
Major axis: | Major axis:
809 £159 |646+118

Mean macro-channel size by MIP [um] | ~326 ~275 ~245 ~243

Final diameter of filaments [um] 32712 312+10 | 333+ 11 332+£6

Final diameter of samples [mm] 80+0.1]79+0.1]79+0.2 8.0+0.1

Total porosity [%] 65.8 61.5 56.4 53.1

In comparison to the honeycomb pattern, the orthogonal arrangement was reproduced with a
higher dimensional accuracy of the pore geometry. Despite that the filaments were deposited
closer or farther to each other at some locations than prescribed in the in-silico pattern, the
square shape of the pores was maintained along the whole samples (Fig. 3 a-b and 3 e-f). The
average filament to filament aperture size was found to be 330 um and 230 um for the 500-
um and 350-um nominal pore size structures, respectively (Table 1). These values were
confirmed by MIP (Table 1 and Fig. 4). Furthermore, as the pore size was increased, i.e.,
nominally from 350 to 500 um, the filaments bent due to the larger unsupported span. In
contrast, the honeycomb pattern did not present any evident bending of the filaments, neither
for 350 nor for 500 um nominal pore size. This was because the layers in this arrangement
were deposited one over the other with a 120-degree rotation between them, having a bigger
amount of support material deposited in comparison to the orthogonal arrangement. The
accuracy in the shape of the pores of the honeycomb arrangement was not in a good
agreement with the in-silico models. Elliptical-like pores were obtained instead of hexagonal-
like pores (Fig. 3 c-d and 3 g-h). Therefore, two pore sizes were measured, corresponding to
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the minor and major axes of the elliptical pores (Table 1). In this case, the pore size (channel
size) determined by MIP was considerably different than the two diameters of the ellipse
determined by image analysis. However, as it can be observed in Fig. 4, the channels in the
honeycomb pattern had a wider pore size distribution within the range of the values obtained
by image analysis.
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Fig. 4. Pore size distribution of the robocast CaSiOs—SiO, structures with different pattern
arrangements and different nominal distance between filaments.

In general, the shrinkage in the diameter of the samples was around 20 %, while the final
diameter of the filaments was around 325 um, similar values were observed for all the
different structures.

The pore size distribution showed a bimodal distribution of pores in the samples (Fig. 4).
While the pores centered on ~270 um correspond to the spaces between deposited filaments,
the pores centered on ~4—5 um correspond to the open pores within the filaments. In general,
the pore size distribution in the filaments was similar for all the patterns. In contrast, a clear
difference was observed between honeycomb and orthogonal patterns in terms of the pore size
distribution between filaments (macro channels). For the orthogonal arrangement, the distance
between filaments showed a narrow distribution and the mean values for the two nominal
sizes were different. In the case of the honeycomb arrangement, the pore size distribution was
wider, with no clear shift of pore size. Moreover, the pore size distribution for the honeycomb
samples showed the presence of some pores with size between 10 and 30 um, which could be
attributed to the lateral connections between the main channels of the structure.

3.4. Compression test

Porous structures with different arrangement and pore size were compared in terms of their
compressive strength along the longitudinal axis (z-axis, Fig. 5a). The structures with
honeycomb arrangement had more than threefold higher compressive strength than the
orthogonal architecture (Fig. 5b). Furthermore, the variation in compressive strength was also
larger for the honeycomb structures. This result is due to the more compact structure of the
honeycomb pattern (Table 1) and different structure of load-bearing pillars, Fig. 5a.
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Interestingly, the compressive strength of each design did not show statistically significant
differences between the two studied pore sizes (Fig. 5b). Although the expected decrease in
the average compressive strength with increasing pore size is apparent, more tests are needed
to establish functional relationships.
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Fig. 5. a) Scheme showing the loading direction during the compression test. The effective
area of the cross-section supporting the load is highlighted in red; b) mean compressive
strength for different CaSi0O3;—Si0, porous structures. (For interpretation of the references to
colour in this figure legend, the reader is referred to the Web version of this article.)

3.5. Measurement of active sites by NH; temperature-programmed desorption (TPD)
The acidic property of the CaSiO;—SiO, compound was evaluated by means of the
quantification of the active sites with acidic nature. Table 2 shows the quantification of the
active sites by the measurement of the desorbed NHj; per gram of the material. The strength of
the acid sites was qualitatively determined by the range of temperature to desorb the NHj3
molecules. Additionally, the NH3-TPD profile is graphed in Fig. 6. Results showed that weak
acid sites predominate in the CaSiO;—SiO; system (4 x 10~ mol per gram of the solid),
followed by the strong active sites. The total number of active sites registered over the whole
temperature interval (25-600 °C) was 9 x 10 mol-g .

Table 2. Acid-site density for the CaSiO;—SiO, system measured by NH; desorption
concentration in a temperature range from 25 °C to 600 °C.

Temperature interval | NH; desorbed [mol-g"'] | Adsorption force
25-250 °C 4x10° Weak

250400 °C 2x107° Medium
400-600 °C 3x10° Strong
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Fig. 6. Registered NH3-TPD profile of 50 mg of CaSiOs—SiO, (ground sintered structure).
NHj; adsorption force is classified by temperature range from weak to strong.

3.6. Catalytic decomposition of isopropyl-alcohol vapor

The effective catalytic properties of acid and base sites were assessed through the vapor-phase
decomposition of IPA by ground powder obtained from the sintered robocast CaSiO3—SiO,
structures. Results showed that the IPA conversion increased with the temperature from
around 0.46 at 250 °C to 0.92 at 350 °C (Fig. 7a), in accordance to an Arrhenius behavior,
indicating that the mass-transfer limitations during the reactions were negligible. Only
acetone and propylene were formed during the catalytic reaction.
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Fig. 7. a) Catalytic decomposition of isopropyl alcohol (IPA) by CaSiO3;-SiO, system at
temperature range from 250 to 350 °C and schema of the decomposition of isopropyl alcohol
depending on the acid or base properties of solid catalysts; and b) chemical reaction
selectivity at different temperatures of the isopropyl alcohol decomposition into propylene
and acetone.

The chemical reaction selectivity along the different temperatures is presented in Fig. 7b. The
values indicate that the selectivity to produce acetone is higher than 80%. This result suggests
a higher number of base-nature active centers than the previously measured acid sites, which
are linked to the formation of propylene. The selectivity of both catalytic reactions was found
nearly constant along the studied temperature range.

4. Discussion

The synthesis of wollastonite through wet chemistry involves a complex mechanism [23,24].
The synthesis of chemical-pure wollastonite must keep a Ca/Si ratio of 1:1. A small difference
in the Ca/Si ratio leads to the precipitation of secondary phases as it can be observed in the
binary phase diagram CaO-SiO, (Fig. 8) [25]. In this study, the co-precipitation method
produced micro-agglomerates with Ca/Si ratio <1, which upon calcination produced
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wollastonite with the presence of silica as a-cristobalite and B-quartz, which are stable at
room temperature [26]. The crystallization of these two silica phases indicates the non-
complete reaction between the Ca and Si ions to form wollastonite (Eq. (3)), accompanied by
a simultaneous formation of silicon dioxide during the process. The remaining non-bonded Ca
ions were most probably removed by the rinsing treatment before the calcination of the
powder at 800 °C. Nevertheless, the presence of silica as a secondary product does not
compromise the final use of the material, as silica and wollastonite are materials that share
applications, e.g., catalysis, medicine, fillers for mechanical properties, water purification,
among others [27, 28, 29].

Eq.(3)
2 NH,OH
Ca(NO3), + Si(OCH3), L CaSiOy + 2 NH,NO; + 2 C,H;OH

+2H,0

2700 . T - T . . . ;
2400 -
Slag liquid
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2100 r 2017 ¢ = 1
€a0 +Ca,Si0 . msc %
321l sl
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Fig. 8. CaO-SiO; phase diagram. Adapted from Ref. [25].

Even though the heat treatment during the sintering was carried out at 1200 °C, the
cristobalite phase (high-temperature SiO, polymorph, above 1470 °C) was formed instead of
the expected tridymite (low-temperature SiO, polymorph, 870 °C-1470 °C). Numerous
investigations had reported that the presence of impurities can lead to the formation of
cristobalite at lower temperatures [30, 31, 32, 33]. In the SiO, phase diagram, the first
crystalline phase that forms when heating up amorphous silica is the a- and B-quartz (235 °C—
870 °C), followed by the tridymite. However, the direct transition quartz — cristobalite [31]
is reported in many studies without the transition quartz — tridymite — cristobalite, based on
the intrinsic nature of the initial silica source, e.g., purity, particle size, crystal lattice
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parameters and heat treatment [34, 35, 36, 37]. In addition, it is reported that the formation of
cristobalite is considerably improved at temperatures higher than 1200 °C, temperature used
for the sintering of the samples in the present work. Wollastonite, for its part, transforms to
pseudowollastonite at ~1125 °C [21,38]; and at high temperatures (above 1200 °C) increases
its activity as a flux material, decreasing the melting point or phase transition temperatures of
the accompanying mineral material [39]. Thus, the presence of high-temperature phases is
possible also in the CaSi0;—Si0, composite system at low temperature.

The geometrical accuracy of the porous structures depends on the precision of the robocasting
machine. In particular, the device used in the present work caused the filaments to be closer or
farther to each other, varying the size of the cavities. Despite those shifts, the pore shape
remained periodically homogenous along the whole samples. Moreover, it was observed that
for the orthogonal arrangement, the geometry was better controlled than for the honeycomb
architecture. In general, the honeycomb arrangement was found to have nearly two times
higher shrinkage of pores compared to the orthogonal architecture, which can be caused by
the initial shape of the pores. In the honeycomb structure, each layer is made of non-straight
filaments in a distribution that creates ellipse-like pores. The staking of the elliptical pores in
Z-direction creates channels along the axis of the cylindrical samples, with a few lateral
connections between channels (Fig. 9) [40]. The elliptical shape of the pores results in a wider
pore size distribution and the small lateral connections between channels are in the range of
few tens of micrometers. In contrast, the pores in the orthogonal structure are formed by linear
filaments rotated by 90° with respect to the previous layer, resulting in square-like pores.
Similar to the honeycomb structure, the staking of pores in Z-direction creates channels that
run along the axis of the cylindrical samples but they contain more lateral connections
between channels (Fig. 9). The narrow pore size distribution of the orthogonal samples shows
that the size of the channels is similar to the size of the lateral connections between channels.
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Fig. 9. The CAD model of porous structures with an orthogonal and honeycomb pattern.
From left to right: 1) top view of the cylindrical structures with different patterns, load-
bearing pillars under longitudinal compression are highlighted in red; 2) longitudinal cut
through the patterns with a close-up of the formed channels and load-bearing pillars in the
orthogonal and honeycomb pattern. (For interpretation of the references to colour in this
figure legend, the reader is referred to the Web version of this article.)

Regarding the microstructure of the filaments, the sintering of the material was considered as
semi-liquid sintering because the previous studies have reported that wollastonite decreases
the glass transition temperature (Tg) of glass-ceramics [41,42], which might have happened
for the silica. Therefore, a sintering mechanism controlled by mass transfer in liquid phase
can be expected, which was confirmed by the smooth surface of the final filaments. Despite
the fact that the semi-liquid sintering mechanism is considered beneficial for densification
[43], the filaments of the sintered bodies still showed some remaining open pores. The
porosity is something that can be controlled by varying the sintering conditions, depending if
the pores within the filaments are desired or not for the final application.

As confirmed by the compression test, the consolidation of the 3D-plotted bodies resulted in
relatively strong porous structures in all the cases. The mechanical strength depends mostly
on the architecture pattern. The honeycomb arrangement was more than three times stronger
than the orthogonal arrangement. This result is consistent with recent findings by Raymond et
al. [40] and can be explained by the different geometry of load-bearing pillars formed by the
staking of filaments in Z-direction. In the orthogonal arrangement, the pillars are based on
consecutive crossings of perpendicular filaments. The pore channels in the Z-direction are
regularly intersected by transverse pore channels, producing the 3D grid [40,44]. In contrast,
the load-bearing pillars of the honeycomb structure are the walls of each elliptical unit, which
have much lower transverse porosity (Fig. 8) [40,45]. This design is much more compact and
leads to the higher stiffness and therefore the higher strength. However, geometrical
irregularities resulting from the production process are also much more important in this case.
When the compression load is applied longitudinally (perpendicular to the printing plane), the
mechanical stability of the wall is affected by its imperfections. In the case of the orthogonal
pattern, the longitudinal compression causes tension in individual filaments, which is highest
at some distance from the joints [46]. The imperfections in the geometry of each filament and
their alignment are less variable than the imperfection of much larger wall-like pillars and
hence the variability of the compression strength is also lower. Consequently, when a more
reliable design is required, the orthogonal pattern is more convenient. On the other hand,
when higher strength is needed, the honeycomb architecture is more suitable. Furthermore,
the two arrangements have pore channels suitable for gas transport in catalysis and showed
similar SSA. However, a disadvantage of the studied structures is the low values of SSA
which are considerably below the optimal for a catalyst but this can be improved by changing
the sintering conditions or increasing the number of filaments in each layer.

After the optimization, the 3D-plotted CaSiO3—SiO, structures can find their application as
self-supporting catalytic structures, which may overcome the drawbacks of reactors that use
packed beds of catalyst or inert structural supports coated with a thin layer of active material
[47]. Either honeycomb or orthogonal structures fabricated on demand will avoid the use of
inert support material, therefore no volume in the reactor will be lost. Regular structures will
prevent pressure drops in the reactor while offering good mechanical, mass and heat transfer
properties. Therefore, helping to make more efficient the use of the catalytic material.

The decomposition of IPA was studied as a preliminary proof of the effective catalytic
properties of the CaSiO3—Si0, system. The experiments were performed in grounded samples
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instead of 3D structures with the aim to compare the results with previous results. The
catalytic conversion of IPA occurs by two main pathways according to the chemical nature of
the active sites in the catalyst. In the presence of acid sites, the dehydration of IPA produces
propylene while in basic sites the dehydrogenation of IPA produces acetone [48]. This study
showed that the basicity of the CaSiO3;—Si0O; system was predominant, giving to the system
high selectivity for basic-catalyzed processes. Therefore, the CaSiO3—SiO; system can be used
in catalytic processes such as amination, double bond migration, and alcohol condensation
[49,50]. In fact, numerous studies have reported on the activity of calcium silicates as strong
base catalysts or excellent substrates for several reactions related to the decomposition of oils
for fuel production [51, 52, 53]. In addition, active metals can be incorporated as dopants or
particles during the manufacturing to obtain complex catalysts, which can perform reactions
where a bifunctional base-site/metal is required, for example in the hydrogenation of carbon
monoxide for environmental applications [54].

Despite the strong base catalytic behavior in the CaSiO3—SiO; system, the number of acid
active sites with strong absorption force (4000 pmol-g™') is higher compared to other single
and combined oxide substrates reported in the literature, e.g., Al,03, MgO, SiO,, zeolites, etc.
[47,50]. Those acid active sites can function as proton donors (Brensted acid) or as electron-
pair acceptors (Lewis acid), in both cases are useful as absorbents of heavy metals and ions or
in selective cracking reactions [55].

5. Conclusions

Different design of patterns led to different degrees of accuracy of the pore geometry and size
in the final robocast structures. An orthogonal pattern is more reproducible with better
accuracy in comparison to the honeycomb arrangement. The mechanical strength can be
tailored by the pattern used for the construction of the porous bodies. As it was registered, a
honeycomb pattern exhibited almost three times higher compressive strength compared to the
orthogonal pattern. The difference in the compressive strength is based on the porosity and
geometry of pores, resulting in significantly different cross-sections. In the honeycomb
pattern, dense tubular pillars are formed while in the orthogonal pattern thinner pillars are
obtained.

The combination of CaSiO; together with SiO; leads to a synergetic combination for multiple
applications. In the case of the catalytic study for the CaSiO;—SiO, system exhibited high
selective conversion of IPA into acetone with a yield up to 92% of total decomposition at
350 °C. This result demonstrates that this system can be used as a strong selective base-nature
catalyst or function as a substrate for composed catalysts. Therefore, further analyses in
porous calcium-silicate-based bodies are of high interest for many branches of the industry
and research.
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