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In this work, a NaX zeolite/Na-activated geopolymer composite material having a 70 wt% zeolitic content
was used for fabricating 3D-printed monoliths by means of Direct Ink Writing. The produced material was
characterized employing X-ray diffraction, scanning electron microscopy and gas adsorption porosimetry,
confirming that the NaX zeolite substantially retained its structure and properties after being mixed with the
geopolymer matrix and undergoing the 3D printing process. In particular, the textural properties, specifically
the specific surface area (242 m? g~ and total pore volume (0.100 cm® g~3), exceed those already reported
for comparable composites. CO, and water vapour adsorption isotherms of the samples were
gravimetrically evaluated at 298.15, 318.15 and 338.15 K. CO, adsorption results (e.g., about 3.2 mol kg™t at
100 kPa and 298.15 K) suggested that, inside the composite, the NaX zeolite is the only active adsorbent for
this adsorbate. On the other hand, water vapour adsorption results (e.g., about 10.1 mol kg~* at saturation
and 298.15 K) showed that the geopolymer matrix was a significantly active adsorbent, working alongside
the embedded NaX powders. The experimental data regarding both CO, and water vapour adsorption were
well fitted by the semi-empirical Toth model, thus allowing determination of the respective isosteric heats of
adsorption, with values significantly lower than those of pristine NaX powders. In the case of CO,
adsorption, this is a positive finding in the light of possibly implementing this material in adsorption-based
CO, capture technologies. Conversely, the same result for water vapour adsorption renders the material
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Introduction

Mitigating the effects of climate change caused by high emis-
sions of greenhouse gases is one of the greatest challenges of
our times.! To achieve this, an integrated approach is needed.
On one hand, it is necessary to limit energy applications based
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unsuitable for use in thermal energy storage devices.

on fossil fuels or increase their efficiency to reduce the for-
mation of climate-altering emissions; on the other hand, it is
necessary to limit CO, emissions into the environment through
strategies for capturing the gas produced by widespread indus-
trial processes. One of the most important technologies to
remove CO, is adsorption. As an alternative CO, capture
technology, adsorption using a variety of materials capable of
reversibly or permanently removing CO, has been proposed as
a viable approach with low energy requirements. A wide variety
of adsorbents were investigated for CO, capture including
carbons, silica, basic oxides, clays, zeolites, amine-containing
porous materials, metal-organic frameworks (MOFs) and cova-
lent organic frameworks (COFs).?

Therefore, it appears increasingly clear that applications of
environmental interest are closely related to those of energy
interest and vice versa. One of the latter ones is undoubtedly the
storage of thermal energy in materials capable of reversibly
releasing it by means of adsorption/desorption processes.’
Usually, water vapour is considered the de facto standard
adsorbate for this kind of technology.
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As regards adsorbent materials, a specific synthetic type of
faujasite mineral group - i.e., the NaX zeolite - is well known for
both its CO, and water vapour adsorption capabilities. Unfortu-
nately, its conventional synthesis routes yield micrometric pow-
ders that pose problems related to their handling and would
cause a significant pressure drop in powder-loaded fixed-bed
columns. Because of these problems, it becomes necessary to
appropriately shape zeolite powders. Recently, Papa et al. added
NaX to a geopolymer slurry obtaining a zeolite-geopolymer com-
posite suitable for the fabrication of monoliths.* Geopolymer
slurries are obtained by combining aluminosilicate sources with
an activating alkaline solution (generally based on sodium and/or
potassium hydroxides or silicates of these alkaline metals). During
the mixing phase, additives can be used (porous fillers, sacrificial
fillers, chemical foaming agents, viscosity regulators, and reinfor-
cing fibres) to modulate properties such as porosity, workability,
setting time, thermal stability, thermal and electrical conductivity,
and mechanical strength.>® The already cited zeolite-geopolymer
composite monoliths® show a relatively low NaX, ie., main
adsorbent phase content (not more than 27.3 wt%) and, being
fabricated by simple casting, would paradoxically cause the same
issues associated with the use of loose powders when loaded into
a fixed-bed column. Indeed, it is well known that the optimal
performance of a monolithic mass transfer device is achieved
when the device is fabricated with an open cell structure.”

For the latter reasons, the aim of this work is the fabrication of
a monolithic adsorbent with an open cell structure made of a
zeolite-geopolymer composite material. A NaX zeolite/Na-activated
geopolymer composite having a 70 wt% zeolitic content was used
for this purpose, and the open cell-structured monoliths were 3D-
printed by means of Direct Ink Writing (DIW). Indeed, such an
Additive Manufacturing technique allows for the fabrication of
intricate, bespoke 3D structures that would be difficult to achieve
through traditional manufacturing methods.® Moreover, the rheo-
logical properties of geopolymer-based inks can be tailored to
enable precise deposition and shape retention during the printing
process. The composite material produced in this work was
preliminarily characterized using X-ray diffraction, scanning elec-
tron microscopy, gas adsorption porosimetry, He pycnometry, and
mechanical testing. Subsequently, CO, and water vapour adsorp-
tion isotherms on the samples were gravimetrically evaluated at
298.15, 318.15, and 338.15 K, and the corresponding experimental
data were modelled by the Toth semi-empirical equation for
determining the isosteric heats of adsorption and other relevant
parameters such as adsorbate affinities and maximum adsorption
capacities.

Experimental
Adsorbent preparation

Alkaline solutions for the conversion of metakaolin to geopo-
lymers were prepared by dissolving sodium silicate (SS2942,
Ingessil, Italy) and NaOH pellets (reagent grade, Sigma-Aldrich,
USA) in deionized water. The solution was left overnight to fully
depolymerize. When considered together with the metakaolin,
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the amount of alkaline solution relative to metakaolin was
selected to produce geopolymer slurries with an overall molar
composition of 3.8 SiO,: Al,05: Na,O: 18 H,O0.

DIW slurries were prepared by initially mixing the alkaline
solution by means of a mechanical stand mixer (AM 20-D,
Argolab, Italy) at a low speed (100 rpm). Zeolite NaX powder
(Carlo Erba Reagenti, Italy) and Na-bentonite (ClearOFF Minerals,
UK) as a rheological additive were added to the solution, and the
mixing speed increased to 2200 rpm. Additional deionized water
was required to compensate for the severe increase in viscosity
caused by the introduction of the highly hydrophilic NaX filler,
bringing the overall liquid-to-solid ratio of the slurry to 0.8 by
mass. After 15 min of mixing at 2200 rpm, metakaolin (Argical
12008, Imerys, France) was added as an aluminosilicate source for
the geopolymer binder and the slurry was further mixed for
15 min at the same speed. Polycondensation of the geopolymer
network yields a progressive increase in viscosity that can rapidly
make a slurry unprintable; thus, in order to delay this phenom-
enon and increase the duration of the printing window, meta-
kaolin was introduced last into the slurry and the temperature was
held at 273.15 K during the entire mixing process by means of an
ice bath.

The resulting slurry was placed into a 30cc syringe (Vieweg,
Germany) for DIW. In a simplified overview of the process, the
syringe is loaded onto a Delta-type 3D-printer (Delta
2040Turbo, WASP, Italy); the slurry is then pushed by com-
pressed air from the syringe into the chamber of an auger
extruder (LDM Extruder, WASP, Italy), from where it is finally
extruded onto the build platform through a 0.84 mm tapered
nozzle (Vieweg, Germany) by the mechanical action of the
screw. In order to obtain prints of good quality with this
technique, the rheology of the slurry must be tailored through
the use of appropriate additives (Na-bentonite in the case of
this work) to exhibit a pseudoplastic behavior and a yield stress
for flow. The former facilitates extrusion through the nozzle
when pressure is applied and allows shape retention through a
rapid recovery of viscosity after deposition. Conversely, a suffi-
ciently high yield strength allows the slurry to behave like an
elastic solid when at rest, ensuring that the printed part does
not collapse under its own weight. This is critical because,
unlike other extrusion-based Additive Manufacturing technol-
ogies such as fused filament fabrication (FFF), the feedstock
material in DIW does not immediately solidify during printing,
necessitating a successive consolidation step such as drying or
curing. Through this mechanism, the mobile printhead can
shape the desired object layer by layer following a suitable pre-
programmed print-path. Cylindrical samples with a log-pile
scaffold geometry and 50% design porosity (labelled “3DZGC”)
composed of twelve 0.6 mm layers (overall dimensions
©20xH7.2 mm) were produced in this manner.

After DIW, the 3DZGC samples were cured at 348.15 K and
100% Relative Humidity (RH) for 3 days, and subsequently
dried at 348.15 K for 3 more days. After consolidation and
drying, the final composites consisted of 70 wt% zeolite NaX,
27 wt% Na-geopolymer matrix with a molar composition of
3.8 Si0,:Al,0;:Na,0, and 3 wt% Na-bentonite.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Characterization methods

The X-ray diffraction (XRD) patterns of finely ground 3D-
printed composite samples were acquired using a PANalytical
X'Pert PRO apparatus with CuKo working radiation.

Morphological and microstructural analyses were performed
by means of a Tescan Vega 4 scanning electron microscope
(SEM). Observed monolithic samples were preliminarily gold-
sputtered using a Cressington 108 coater.

The specific surface area (SSA) and porosity were analysed
using N, adsorption at 77 K with a Micromeritics ASAP 2020
instrument. Samples crushed to macroscopic fragments were
degassed at 473.15 K for 8 h. The SSA was evaluated using the
Brunauer-Emmett-Teller (BET) model and following the
recommendations by Rouquerol et al.’ The total pore volume
was estimated by applying the Gurvitch rule at p/p, = 0.9, while
the micropore area and volume (together with the external
surface area) were obtained by the ¢-plot method.

The bulk density (pg) was calculated from the mass and
external volume of the cylindrical 3DZGC samples. Apparent
(pa) and true densities (pr) were measured using He pycnome-
try with an Anton Paar Ultrapyc 3000 on 3DZGC samples milled
into macroscopic fragments (d &~ 1-5 mm) and fine powder
(d < 125 pum), respectively. Open (Py) and total porosities (Pr)
were then computed from the three density values using eqn (1)
and (2), respectively:

PB

Po=1-— 1
PA @
PB

Pr=1-—> 2
%) @

Mechanical testing was carried out on a Quasar 25 Universal
Testing Machine (Galdabini, Italy). The samples were loaded
in compression along the axis of the cylinder at a constant
0.5 mm min " rate until fracture, and the average value was
taken as the compressive strength (o).

CO, and water vapour adsorption measurements

CO, and water vapour adsorption isotherms were measured at
three temperatures (298.15, 318.15, and 338.15 K) using a
gravimetric apparatus with a McBain-type balance. A small
platinum pan attached to a lab-made, gold-coated tungsten
spring was pre-loaded with several milligrams of the crushed
adsorbent sample. The CO, or water vapour adsorbed amount
was indirectly determined by measuring the spring elongation
due to the mass increase of the sample inside the pan. The
extent of such elongation was obtained by using a cathet-
ometer. Inside the adsorption chamber, pressure values were
collected by means of an Edwards Datametrics 1500 capacitive
transducer, while a FALC FA90 thermostatic control unit was
used for keeping the temperature constant. Detailed sche-
matics of the employed apparatus can be found elsewhere.®
Before starting adsorption runs, the zeolite-geopolymer com-
posite was degassed in situ at 473.15 K under high vacuum
using an Edwards turbomolecular pump and a toroidal fur-
nace. Each isothermal dataset was collected in triplicate.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Results and discussion

Characterization results

The Direct Ink Writing process allowed us to obtain porous,
self-supporting monoliths like the one shown in Fig. 1.

Conventional cameras can easily show how these structured
objects are composed of continuous filaments of regular size,
deposited sequentially at orientations switching from 0 to 90°
forming a porous 3D network.

Fig. 2 shows the XRD pattern of the ground zeolite-geopo-
lymer composite along with the theoretical pattern of the
hydrated NaX zeolite.

Except for minor differences in scale, the experimental pattern
in Fig. 2 closely matches the theoretical pattern of the zeolitic

P RV, A syt 165 !

Fig. 1 Conventional photograph of a NaX-rich, 3D-printed zeolite—geo-
polymer composite sample.

3DZGC

Intensity (Arbitrary Units)

ll I O Y T

NaX, Hydrated
10 20 30 40 50 60 70 80
26(°)
Fig. 2 XRD patterns of the ground NaX-rich, 3D-printed zeolite—geopo-
lymer composite (experimental) and hydrated NaX zeolite (theoretical).
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Fig. 3 SEM micrographs of the NaX-rich, 3D-printed zeolite—geopolymer composite.

phase in the composite sample. The experimental pattern in Fig. 2
does not show any diffraction characteristics of the geopolymer
phase. Geopolymers typically exhibit a broad, glass-like hump
between 20° and 35° 29, along with well-resolved peaks corres-
ponding to impurities in the metakaolin."* The absence of any
sign of the geopolymer in the pattern of 3DZGC is attributed to its
low concentration, similar to observations in zeolite-rich tuffs
with approximately 30 wt% volcanic glass.'”> The experimental
pattern in Fig. 2 was also processed using the “Search & Match”
feature of the X'Pert HighScore®™ suite, finding no other crystalline
phase besides the NaX zeolite. These results are explained by the
much higher concentration of the zeolite compared to that of the
geopolymer matrix and the lack of significant impurities in
the metakaolin.

Fig. 3 shows SEM micrographs of the NaX-rich, 3D-printed
zeolite-geopolymer composite. As expected, the main morphol-
ogy that is identifiable from the observation of the sample
struts corresponds to the typical multifaceted/rhomboidal NaX
zeolite crystals. The normal sharp edges of these crystals are
somewhat rounded due to the interactions with the highly
alkaline geopolymer matrix.* Although the geopolymer/zeolite
ratio was quite low, the geopolymer matrix can still be seen as
scattered, flaky particles around the zeolite crystals.

Fig. 4 shows the N, adsorption/desorption isotherm at 77 K
of the NaX-rich, 3D-printed zeolite-geopolymer composite.

This isotherm is primarily of IUPAC type I, but shows two
deviations from the typical form:

The slight increase in adsorption at p/p, > 0.9, which
indicates some adsorption on the external surfaces of the
zeolite crystals and geopolymer particles.

2582 | Mater. Adv, 2025, 6, 2579-2587
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Fig. 4 N, adsorption (solid symbols)/desorption (open symbols) isotherm
at 77 K of the NaX-rich, 3D-printed zeolite—geopolymer composite.

The low-pressure hysteresis, which is likely caused by the
geopolymer reducing the size of some zeolite pores. This can
worsen the gas diffusion limitations at low temperatures, which
sometimes appear as discrepancies between the adsorption
and desorption branches of the isotherm."?

The BET SSA of 3DZGC turned out to be 242 m? g™, 212 of
which are related to the micropore surface according to ¢-plot
results. Moreover, the ¢-plot micropore volume was found to
measure 0.081 cm® g~ ', whereas the total pore volume obtained
by applying the Gurvitch rule was 0.100 cm® g~'. The textural
properties of 3DZGC are all higher than those reported by Papa
et al.®, likely due to the higher zeolite content. In summary, the

© 2025 The Author(s). Published by the Royal Society of Chemistry
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results confirm that the NaX zeolite largely retained its struc-
ture and properties after mixing with the Na-activated geopoly-
mer and 3D printing via Direct Ink Writing.

The total porosity of the 3DZGC scaffolds, measured by He
pycnometry, was 68.11 £+ 0.02%, significantly higher than the
50% design porosity introduced by the shaping process. This is
attributed to the inherent micro- and macroporosity of the NaX
zeolite and geopolymer matrix, respectively. Furthermore, the
open porosity was 67.89 £ 0.02%, indicating good accessibility
of the adsorption sites to the gas molecules.

The compressive strength was measured to be 0.59 £ 0.17 MPa.
This low value is expected due to the high porosity and low
geopolymer content. However, the loads from gas flow during
operation are negligible. The monoliths need only to be strong
enough for handling and installation, and this compressive
strength is sufficient for these purposes.

Adsorption results

Fig. 5 presents the CO, and water vapour adsorption isotherms
of the NaX-rich, 3D-printed zeolite-geopolymer composite at
three different temperatures: 298.15, 318.15, and 338.15 K.

All isotherms display a distinct type I shape. The water
vapour adsorption isotherms reach their respective saturation
adsorbed amounts already at pressures around 1.5 kPa, as
expected from an adsorbent primarily made of a low Si/Al ratio
zeolite such as NaX. The noticeable scattering in all triplicate
datasets suggests a degree of inhomogeneity in the adsorbent
composition. Indeed, for every adsorption run, a different, very
small portion of a printed monolith was removed and crushed
before being loaded inside the balance.

For this reason, finding model isotherms that can provide
information about the average behaviour of an adsorbent
monolith becomes really important. To this end, the Toth
isotherm' was chosen to model the experimental data in
Fig. 5. The Toth isotherm is a semiempirical but quite thermo-
dynamically consistent model: indeed, its equation can be
reduced to Henry’s law when approaching very low pressures,

298.15 K
318.15K
e 338.15K

Adsorbed amounts (mol/kg)

*

T 1
40 60 80 100 120
Pressure (kPa)

View Article Online
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and it also shows a finite saturation limit when reaching
significantly high pressures. Furthermore, its mathematical
formulation does not include the saturation pressure of the
adsorbate, making it suitable for modelling both subcritical
and supercritical isotherms. At the same time, it contains a
heterogeneity parameter whose optimized value can alterna-
tively account for physical or chemical adsorption phenomena.
According to this equation, the adsorptive pressure p and
adsorbed amount q are related as follows:

_ b
T (3)

In eqn (3), gmax, b, and ¢ are the model parameters. In
particular, gmax Symbolizes the saturation adsorption capacity,
b is the affinity constant, and ¢ is the aforementioned hetero-
geneity parameter, whose value is always positive but never
higher than 1. Lower ¢ values usually imply more heterogeneous
(i.e., chemisorption-like) processes. Indeed, for ¢ = 1, the Toth
isotherm becomes identical to the Langmuir isotherm, which
describes particularly homogeneous (i.e., “physi-like”) adsor-
bent-adsorbate systems. As reported by Do,'® the parameters in
eqn (3) are usually temperature-dependent. As regards the
affinity constant, its variability with temperature is governed
by the following equation:

b:wap[%(?— 1)] (4)

where b, is the value of b at a reference temperature T, R is the
molar gas constant, and Q is a quantity related to the heat of
adsorption. The temperature dependence of gma.x can be
expressed by the following empirical formula:

T
gmax = {max,0 €XP |:X (1 - ?)] (5)
0

where gmax,o is the value of . at Ty and y is a dimensionless,
non-negative parameter. The heterogeneity parameter can also
vary with temperature;'® however, in this study, this adjustment

4 = {max
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Fig. 5 CO, (a) and water vapour (b) adsorption isotherms (triplicate measurements) of the NaX-rich, 3D-printed zeolite—geopolymer composite at
298.15, 318.15 and 338.15 K. Continuous lines: best fitting Toth model isotherms.
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Table 1 Toth parameters for CO, and water vapour adsorption on the NaX-rich, 3D-printed zeolite—geopolymer composite

CO, H,O vapour
Value Standard error Value Standard error
Gmax,o (Mol kg™) 4.14833 0.52835 10.10605 0.22960
7 (dimensionless) 0 (fixed) 0 2.64049 0.26160
bo (kPafl) 0.32787 0.13429 43.03692 10.7688
Q (k] molfl) 24.13960 2.24594 18.47563 5.23283
t (dimensionless) 0.53972 0.11814 1 (upper bound) 0.15955

Coefficient of determination R = 0.934

did not significantly improve the data fitting quality. Therefore,
t was kept constant with temperature to simplify model imple-
mentation. Indeed, eqn (3)-(5) were coded inside the Origin
Pro® environment using the Fitting Function Organizer tool,
and then the experimental data in Fig. 5 were submitted to
nonlinear regression for simultaneously computing the opti-
mal values of by, Q, ¢, max,0 and y. The best-fit values of these
parameters, calculated using T, = 298.15 K, are shown in
Table 1, and the graphical comparison between the model
and experimental results can be seen in Fig. 5, where the
symbols pertain to the experimental measurements and the
continuous curves refer to the best-fit Toth model isotherms.

Regarding CO, adsorption isotherms, incorporating the tem-
perature dependence of gnma.x did not enhance the data fitting
quality. This suggests that the CO, saturation adsorption capacity of
the NaXrich, 3D-printed zeolite-geopolymer composite is
temperature-independent. For this reason, the value of y was fixed
equal to zero when modelling the CO, adsorption isotherms. On the
other hand, fitting water vapour adsorption data led the heterogene-
ity parameter to converge towards the unit value, thus reducing the
resulting model isotherms to typical Langmuir curves. The latter
observation can be usually expected for water vapour adsorption on
zeolites, which is a process characterized by quite a high adsorbent-
adsorbate affinity while, however, preserving an essentially physisorp-
tion-like behaviour.

Regarding the adsorption modelling results, the key obser-
vations are as follows:

501
45
4.0
35

3.0+

Adsorbed amounts (mol/kg)
P
1

3DZGC (model)
4 NaX powder (experimental)

0.0 T T T T T T 1
0 20 40 60 80 100 120

Pressure (kPa)

Coefficient of determination R? = 0.943

(1) The ambient temperature value of the affinity coefficient
b for CO, adsorption is in line with values reported in the
literature for NaX powders,'® which in turn are significantly
lower than those relating to monolithic adsorbents that rely on
reversible chemisorption processes;"”

(2) The value of the heterogeneity parameter ¢ for CO,
adsorption is significantly lower than 1 and, again, in line with
values reported for NaX powders,'® confirming how CO,
adsorption on NaX develops through specific interactions,
which were found to produce carbonate-like species starting
from basic framework oxygen atoms and CO, molecules polar-
ized on neighbouring Na* ions."®

Once model curves that average the adsorption behaviour of
the fabricated monoliths were obtained, a comparison at
298.15 K was carried out with both CO, and water vapour
experimental adsorption isotherms of the pristine NaX powder
used for preparing the 3D-printing ink (Fig. 6).

In Fig. 6, the CO, adsorption data were collected specifically
for this study, whereas the water vapour adsorption data on the
same adsorbent were sourced from the literature.”® Fig. 6(a)
clearly shows the difference between the equilibrium adsorp-
tion capacities of pristine NaX powders and the fabricated
composite. Unlike previous reports,* the geopolymer binder
used in this study does not contain any additional zeolitic
phase capable of contributing to CO, adsorption. Considering,
for example, the CO, adsorbed amounts at 100 kPa and
298.15 K, the corresponding estimated values from Fig. 6(a)

b)

Adsorbed amounts (mol/kg)
(o]
1

—— 3DZGC (model)
4 NaX powder (experimental)

0 T T T T T T T 1
0.0 0.2 0.4 0.6 0.8 1.0 1.2 1.4

Pressure (kPa)

Fig. 6 Comparison between the model CO, (a) and water vapour (b) adsorption isotherms of the NaX-rich, 3D-printed zeolite—geopolymer composite
and the corresponding experimental isotherms of pristine NaX powders at 298.15 K.
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for 3DZGC and pristine NaX powders are 3.2 and 4.7 mol kg™,
respectively. The ratio among these quantities is about 0.7, i.e.,
the actual content of NaX powders inside 3DZGC. A completely
different scenario arises from the analysis of Fig. 6(b), where
the shown isotherms are almost superimposable. Indeed,
totally amorphous, sodium-activated geopolymers can adsorb
significant water vapour amounts.”® Therefore, the specific
water vapour adsorption capacity of the geopolymer binder
inside 3DZGC is most probably comparable to, if not higher
than that of the NaX zeolite, thus leading to the peculiar result
shown in Fig. 6(b).

The previously described modelling approach was also use-
ful for investigating the isosteric heat of adsorption for both
adsorbates. Indeed, having information about the isosteric heat
of CO, adsorption is crucial for designing pressure swing
adsorption (PSA) and temperature swing adsorption (TSA) fixed
beds, which essentially work in an adiabatic way. As regards
water vapour, the knowledge of the isosteric heat of adsorption
represents the first step for calculating parameters, such as the
specific heat storage density, which are essential for evaluating
the use of a specific adsorbent inside thermal energy storage
devices. The isosteric heat of adsorption (AH) can be calculated
from the van’t Hoff equation:'’

AH Olnp
RT2__(E)T )q (©)

A general expression for AH as a function of the fractional
coverage 0 = g/gmax can be derived by rewriting eqn (3) in terms
of p versus g, substituting eqn (4) and (5) and differentiating its
natural logarithm with respect to T. However, for CO, adsorp-
tion on 3DZGC, this procedure is significantly simplified as
gmax 1S temperature-independent. As a result, the isosteric heat
of CO, adsorption on 3DZGC is independent of 6 and its
modulus is equal to Q. Such a value is significantly lower than
that of others similarly obtained for CO, adsorption on NaX
powders.?"?* As already mentioned, fixed-bed adsorption is a
substantially adiabatic operation, so the isosteric heat of
adsorption causes temperature increases during the process.
Once the working conditions are set, because the adsorption
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capacity decreases with increasing temperature, the adsorbent
materials used in fixed beds are thus systematically prone to
losing part of their adsorption capacity as the working tem-
perature rises. Therefore, given the adsorptive to be captured, a
lower isosteric heat of adsorption is desirable when choosing
the corresponding adsorbent. As regards water vapour adsorp-
tion on 3DZGC, the already described procedure for obtaining
an analytical form of AH can be simplified by substituting
eqn (3) with the Langmuir equation due to the fitting results
reported in Table 1. The resulting function has already been
derived elsewhere®® and takes the following form:

«RT? 1
T, 1—-90

—AH =0+ 7)

The parametric relationship between AH(6) and T makes
eqn (7) substantially useless for calculating useful physical
quantities such as the specific heat storage density. Consequently,
the isosteric heat of water vapour adsorption on 3DZGC was
numerically obtained as a function of g by linear regression of
selected isosteres (Fig. 7)."® In this procedure, the inverse function
of the model isotherms in Fig. 5(b) was used for easily calculating
the (T, p) couples to be charted on the isostere plot.

Analysing Fig. 7(a) reveals how the opposite of the isosteric
heat increases while approaching the adsorbent saturation
capacity, which is a common behaviour when adsorbing con-
densable vapours and gm.« depend on the temperature.”*>*
Surprisingly, the values of —AH reported in Fig. 7(a) are much
lower than most of the others that can be found in the literature
for water vapour adsorption on NaX powders.'>>>”

The specific heat storage density (AHjy,,), i.e., one of the main
parameters for evaluating the eligibility of an adsorbent inside
a thermal energy storage device, is defined as follows:"’
da=phase

AHdq (8)

4d-phase

AHint = J

In eqn (8), gd-phase aNd Gaphase are the amounts of water vapour
retained by the adsorbent at the end of desorption and adsorp-
tion phases of the thermodynamic cycle, respectively. Keeping
in mind that the values of the isosteric heat of water vapour
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Isosteric heat of water vapour adsorption on the NaX-rich, 3D-printed zeolite—geopolymer composite (a) and the corresponding isostere plot (b).
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adsorption on NaX powders can be already considered sub-par
for obtaining good heat storage densities,"*?® the results shown
in Fig. 7 suggest that 3DZGC is not a good adsorbent for
designing thermal energy storage devices.

Conclusions

Using an Additive Manufacturing approach based on the Direct Ink
Writing technology, we successfully fabricated a 3D-structured
monolithic adsorbent that incorporates an unprecedented 70 wt%
of commercial NaX zeolite powders inside a geopolymer matrix and
offers both mechanical stability and hierarchical porosity. The X-ray
diffraction pattern of the produced composite material showed an
impressive overlap with the pattern of the pristine NaX zeolite, thus
revealing that no secondary crystalline phases formed within the
geopolymer matrix and confirming the stability of the zeolite within
the matrix. Furthermore, the textural properties (e.g:, specific surface
area and total pore volume) are higher than those already reported
for comparable composites. All the characterization results reported
thus confirm that the NaX zeolite largely retained its structure and
properties after being mixed with the Na-activated geopolymer matrix
and undergoing 3D printing. Ultimately, the total porosity of the
fabricated monoliths far exceeds the 50% design porosity introduced
by the shaping process and their compressive strength appears
adequate for routine handling and installation procedures in fixed-
bed columns.

CO, equilibrium adsorption results suggested that the NaX
zeolite was the only active adsorbent inside the composite. Indeed,
a comparison between the CO, amounts adsorbed by the fabricated
samples and pristine NaX powders yielded the same 0.7 ratio,
corresponding to the NaX content inside the monoliths. Moreover,
the Toth adsorption model parameters for the fabricated samples
were quite comparable to those of pristine NaX powders. On the
other hand, water vapour equilibrium adsorption results showed
that the geopolymer matrix was a significantly active adsorbent
together with the embedded NaX powders. Indeed, water vapour
adsorption isotherms at ambient temperature for the fabricated
samples and pristine NaX powders were almost superimposable.

Determining the isosteric heat of both CO, and water vapour
adsorption on 3DZGC revealed that their values were signifi-
cantly lower than those of pristine NaX powders. In the case of
CO, adsorption, this is a positive finding in view of the
potential implementation of the produced components in
adsorption-based CO, capture technologies. In contrast, the
same result for water vapour adsorption indicates that the
material is not suitable for use in thermal energy storage
devices. Further investigations are needed to assess the feasi-
bility of packing pre-pilot columns with monoliths homologous
to those fabricated in this work for effective CO, adsorption.
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