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ARTICLE INFO ABSTRACT

Keywords: Geopolymer and geopolymer-zeolite composite monoliths were produced by cold sintering process (CSP) at 40°C

Cold sintering process and 56 MPa or 168 MPa, as solid adsorbents for CO, capture. Structural integrity, surface area and adsorption

(Z3e011?olymer capacity are achieved along with reducing the energy penalty, resulting in more efficient, durable and sus-
eolite

tainable CO, adsorbents. KOH or NaOH 4 M were used as alkaline solutions (to wet the powders, namely a
geopolymer with SiAl = 2.0 and KAl = 1.0, a geopolymer containing 81 vol% of in situ formed zeolite NaA and
commercial zeolite Nal3X, and activate the near room temperature sintering process under pressure. This
process resulted in relative densities approaching 60 %. Pore size distributions, microstructures, specific surface
areas up to 310 m? g~ ! for geopolymer-Na13X based monoliths, and compressive strengths from 4 to 27 MPa area
found to be mainly dependent on the material composition. Adsorption isotherms for CO; and Ny were also
obtained to assess the performances of the adsorbents. The CO5 capacity of zeolite Nal3X is basically preserved,
reaching 1.9 mmol g’1 (at 35°C and pco2=0.1 bar). The great CO capacity and CO2/Ny selectivity, especially at
low CO., partial pressure, makes these materials great candidates for post combustion carbon capture adsorbents.

Adsorption, CO, capture

1. Introduction capabilities [7,8]. However, their adsorption capacity can be further

enhanced through strategies such as the incorporation of additional

According to the International Energy Agency (IEA), COy capture
and storage (CCS) technologies [1] allow a cost-effectively removal of
CO» [2,3], being able to lower significantly the emissions. Among the
available technologies for CO2 removal from gaseous streams, adsorp-
tion processes are considered convenient and environmentally friendly
due to their high efficiency and cost-effectiveness. Unlike chemical ab-
sorption methods, requiring liquid solvents that are often corrosive and
energy-intensive for regeneration, solid adsorption avoids the handling
of hazardous substances, and it allows for lower-energy regeneration
cycles [4]. Conventional solid sorbents, such as zeolites and activated
carbons, while more recently developed metal organic frameworks
(MOF) systems, have demonstrated relatively high CO: capture capac-
ities, but they exhibit limitations in terms of selectivity and stability
under real operating conditions [5,6].

Recently, geopolymers have emerged as a promising alternative due
to their low environmental impact and selective CO: adsorption

* Corresponding authors.

adsorptive phases, like zeolites, or chemical modifications that optimize
the interaction between the geopolymeric matrix and CO2 molecules
[9-11]. Previous studies have demonstrated that the addition of zeolites
into geopolymer compositions significantly improves COz adsorption
capacity, thanks to the combined micro and mesoporosity within the
composite structure [12-19]. Specifically, the incorporation of Nal3X
zeolite into geopolymers has led to CO- adsorption capacities exceeding
2.5mmol g~! at atmospheric pressure, with CO2/N: selectivity compa-
rable to that of high-performance sorbents [17,20]. Moreover, the use of
advanced consolidation techniques, such as the cold sintering process
(CSP), enables the fabrication of mechanically robust monolithic struc-
tures with controlled porosity and enhanced CO: capture efficiency [21].

In this context, the present work investigates the development of
geopolymer and geopolymer-zeolite monoliths prepared via CSP, aim-
ing to optimize solid adsorbents for post-combustion CO: capture
applications.
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Probably, the state-of-the-art class of materials employed for COy
adsorption are zeolites, which are crystalline, microporous hydrated
tectoaluminosilicates [6,22,23]. One of the issues related to the use of
zeolites at the commercial scale is linked to the need to shape these
materials [24] with the aim of improve flowability and reduce the
diffusion resistance in their use as solid sorbents in adsorption processes.
Among the possible binders, geopolymers are the most similar in term of
composition, as well zeolite could be in situ synthetized during geo-
polymerization [12-15]. Furthermore, geopolymer-zeolite composites
exhibit synergistic properties that combine and potentiate the distinc-
tive characteristics of the two constituent phases, offering a wide range
of benefits. Indeed, the presence of the zeolite allows to enhanced
adsorption and cation exchange capacities, surface area and porosity;
while the geopolymer is basically used as binder, further promoting the
mechanical resistance and improving CO, selectivity. These bulk ma-
terials offer inter-connected and multiscale distributed pores by
combining zeolite microporosity with geopolymer meso- and macro-
pores [16,17,25-28]. Minelli et al. [20] highlighted that the addition, as
a filler, of 22 wt% of zeolite Nal13X increased the CO, adsorption ca-
pacity up 1.1 mmol g! at 35 °C and 1 bar, compared to 0.58 mmol g~*
at the same conditions for the K-geopolymer bulk matrix, with a CO2/Ny
selectivity equal to 120, provided by the K-geopolymer matrix.
Improved adsorption capacity up to 2.5 mmol g ! at 1 bar was found by
the same authors [17] using Na-based geopolymer composite with a
Si/Al atomic ratio of 1.2. This is due to the synergetic action of the
Nal3X zeolite used as a filler and the presence of the zeolite NaA,
formed by the partial transformation of the geopolymer matrix, that
resulted in an adsorption capacity 50 % higher than that of the corre-
sponding K-based composite. Han et al. [14] focused on the tailoring of
textural characteristics in geopolymer-zeolite material, producing fly
ash-based foam geopolymer-zeolite X composites, in which the zeolite
was synthesised in situ by the geopolymer gel. The CO» adsorption ca-
pacity at 1 bar resulted 5 times greater than that obtained by Minelli
et al. [20] for the Na-geopolymer-zeolite X composite.

An energy-efficient alternative to the traditional sintering techniques
for the production of adsorbent pellets or monoliths is the cold sintering
process (CSP), developed by Randall et al. in 2015 [29]. Thanks to this
technique, one can obtain the consolidation of ceramic powder, working
at temperatures well below 300 °C, applying a pressure up to 500 MPa in
the presence of a transient liquid phase at a phase fraction between 1
and 10vol%. That allows the partial dissolution of the surfaces of
ceramic particulates, and the subsequent liquid evaporation, taking
place upon heating, that leads to the formation of a supersaturated so-
lution for precipitation. The CSP allows to fabricate materials with
specific shape, geometry and reduced macroporosity [30-35]. For
example, Lee et al. [21] demonstrated the possibility to create zeolite
Nal3X-based nanoporous adsorbents for caesium adsorption by cold
sintering, heating to 200 °C for 10 minutes under a pressure of 500 MPa.
In particular, the use of 17 wt% of the liquid activator allowed to obtain
relative densities of 90.4 % of the theoretical density, in the presence of
H»0, and 96.7 % in the presence of NaOH 5 M.

Examples in the literature on the application of CSP in geopolymers
are not primarily focused to the consolidation of a pre-existing geo-
polymer matrix, but are mainly related to the synthesis of the material
itself [36-40]. Geopolymer-based construction blocks using fly ash and a
combination of sugarcane bagasse ash were obtained by Wang et al.
[41], using a mixture of NaOH 12 M and sodium silicate as activating
solution, applying a pressure of 20 MPa and a curing temperature of 70
°C. Such construction blocks, known for their high strength and dura-
bility, have potential applications in sustainable building practices,
serving as eco-friendly alternatives. Filipponi et al. [42] synthesized
metakaolin-based geopolymeric membrane supports by pressing in the
range 2-20 MPa at 70 °C a mixed powder with SiAl =1.45, Na/Al
=0.90, and Na/Si = 0.62 wetted by 12 wt% of water. The increase of the
pressure resulted in the decrease of the total volume porosity from 39 %
to 14 %, and of the modal diameter from 23.5 pm to 5.8 pm, associated
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to an increase of the flexural strength from 7.3 MPa to 20.4 MPa.

In a previous work [43], the authors used cold sintering process to
reconsolidate a waste K-based geopolymer powder with a molar ratio
SiAl = 2.0 and a geopolymer-zeolite powder characterized by a 81 vol%
of in situ synthetized NaA phase, using 10 wt% of waste K-based geo-
polymer powder as binder material. The CSP of the geopolymer was
carried out at 168 MPa up to 80 °C, using KOH as activating solution,
leading to the removal of the macroporosity, and obtaining a variable
porosity and a relative density of approximately 60 % of its theoretical
density, thereby surpassing the bulk density of the original geopolymer.
Conversely, the geopolymer-zeolite powder was processed at 56 MPa
and 40 °C and using NaOH as the transient liquid phase. Such treatment
resulted in a significant improvement in mechanical resistance, which
increased by more than 140 %. Additionally, the densification of the
material reached approximately 70 % of its theoretical density, meaning
that the material became more compact and less porous compared to its
original form.

Thanks to the results reported in a previous paper [43], this work
focuses on the development and fabrication of geopolymer and
geopolymer-zeolite based systems through cold sintering process as a
novel prospect for carbon capture by adsorption. Such concept is
thought in the framework of a circular economy, with the use of waste
geopolymer powders used to produce (with a low energy demand at low
temperature and pressure) solid adsorbents for the separation of COq, e.
g. from flue gas streams. In particular, zeolite-based membranes, namely
NaA and Nal3X, were fabricated by adding 0-30 wt% of K-based geo-
polymer powder, inspecting the resulting CO, (and N3) capacity at near
room temperature, up to atmospheric pressure.

2. Materials and method
2.1. Sample preparation

The potassium-based geopolymer (K-Gy) powder was prepared as
reported in [44], with theoretical Si/Al and K/Al ratios of 2.0 and 1.0,
respectively. The average particle size of the K-G; powder was found to
be 56 pm, which represents the typical grain size of the powder [43].
The sodium-based (Na-Gj ) was prepared according to the procedures
indicated [12] and [43], with theoretical Si/Al and Na/Al ratios of 1.2
and 1.0, respectively. The average particle size of this powder was
approximately 2 pm, and 81 vol% of in situ synthetized NaA phase [43].
The commercial Nal3X zeolite powder (Nagg[(AlO2)gs(SiO2)106]1-x
H20), with an average particle size of 2 pm, was purchased from
Sigma-Aldrich. The alkali activators were 4 M solution of KOH (>85 %,
Sigma-Aldrich) or NaOH (>98 % Sigma-Aldrich).

For the preparation of sorbents by Cold Sintering Process (CSP),
0.3 mL of alkali activator were added to 0.5 g of each powder type or
powder mixture. Then the wet powders were poured into a cylindrical
mold of 8 mm diameter using the apparatus reported in [45]. A constant
pressure of 56 MPa or 168 MPa was applied for 15 minutes at 40 °C and
for 30 minutes during cooling of the mold. Process parameters were
selected on the basis of previous findings [43]. After CSP, pellets (about
8 mm in diameter and 6-8 mm in height, the latter depending on the
powders) were conditioned for 24 h in distilled water and for 1h in
acetone, and then dried at atmospheric conditions.

The list of the different samples fabricated and tested is reported in
Table 1, with the assigned coding that includes powders composition (G
is for the K-G, powder, Z for Na-G; ; powder and X for commercial
Nal3X, the latter followed by the weight percentage), and process pa-
rameters (P is for nominal pressure of the press where 10 and 30 bars
correspond to an applied pressure of 56 and 168 MPa respectively [43],
while K or N stand for KOH or NaOH respectively, followed by 4 for the
molarity).
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Table 1
Code, composition and process parameters (pressure and alkaline solution) of
the CSP samples.

Code Powder (wt%) Pressure Alkaline
(MPa) solution
K- Na- Nal3X
Go Gi.2
G-P30-K4 100 - - 168 KOH 4M
G-P10-N4 100 - - 56 NaOH 4 M
GZ-P10-N4 10 90 - 56 NaOH 4 M
GX70-P10- 30 - 70 56 NaOH 4 M
N4
GX80-P10- 20 - 80 56 NaOH 4 M
N4
GX90-P10- 10 - 90 56 NaOH 4 M
N4
GX95-P10- 5 - 95 56 NaOH 4 M
N4
X100-P10- - - 100 56 NaOH 4 M
N4

2.2. Material characterization

Mercury Intrusion Porosimetry (MIP) (Thermo Finningan Pascal 140
and Thermo Finningam Pascal 240, Thermo Fisher Scientific, Waltham,
MA, USA) was used for porosimetric characterization of the CSP
monoliths in the range 0.0058-100 pm.

The specific surface area of the materials was determined using Ny
adsorption measurements on the geopolymer samples (Nova 2200e,
Surface Area & Pore Size Analyzer, Quantachrome, Boyton Beach, FL,
USA), and the Brunauer—-Emmett-Teller (BET) method. Tests were car-
ried out on monoliths (on powdered samples for pristine zeolite only),
with an overnight pre-treatment at 200 °C under vacuum.

A field emission gun-scanning electron microscope FE-SEM, IGMA:
Zeiss, Germany was used to characterize the microstructure. Monoliths
were broken and fresh fracture surfaces were gold-coated using a turbo-
pumped sputter coater Quorum Q150T ES. Semi-quantitative elemental
analyses were performed by energy dispersion spectroscopy (EDS-Ox-
ford Instruments) in triplicate on carbon coated flat surfaces. The
working distance was 8 mm and EHT (electron high tension) was equal
to 10keV. The calibration was preliminary performed at the same
conditions using a cobalt standard (Co ka= 1.8 keV).

X-Ray Diffraction (XRD) analysis was performed on powdered sam-
ples at 260 values from 5 to 70° with a step size of 0.02° using a Powder
Diffractometer Bruker D8 Advance with CuKa radiation, Karlsruhe,
Germany.

Compressive strength was measured using a universal testing ma-
chine Zwick Z050, GmbH, Ulm, Germany with a cross-head speed of
1 mm min ™. The tests were performed on at least 3 specimens, on CSP
monoliths with a diameter of 8 mm and a height of 6-8 mm.

2.3. CO3 adsorption tests

Adsorption isotherms for CO, and Ny were obtained using a volu-
metric technique in a custom-made pressure decay apparatus. The
experimental setup allows the evaluation of the amount of gas adsorbed
by measuring the pressure decrease in a calibrated sample chamber
containing the solid sorbent. All samples were tested in monolithic form,
while pristine Nal3X is also analyzed in powdered form, for sake of
comparison. Prior to the adsorption experiments, the samples were
conditioned at 200 °C under vacuum for 16 hours to ensure complete
removal of atmospheric gases and moisture. The sample chamber was
then filled with a known amount of pure gas at a constant temperature of
35 °C. As the gas adsorbs onto the porous surface of the material, a
decrease in pressure is observed. The adsorptive capacity was deter-
mined once the pressure reached a steady-state value, using the ideal gas
law to calculate the number of moles adsorbed. The process was
repeated by incrementally increasing the gas pressure up to
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approximately 1 bar, enabling the construction of detailed adsorption
isotherms for the materials under investigation. A schematic diagram of
the pressure decay apparatus is provided in Fig. 1, while further detail
can be retrieved in a previous work [8].

3. Results and discussion
3.1. Microstructural and porosimetric characterization

Fig. 2 shows some samples after demoulding and conditioning.
Table 2 reports the relative density of matrices and CSP samples pre-

pared at 40 °C and 168 MPa or 56 MPa, calculated by Eq. 1:

Pgeom
£ * 100
Preal Na-G1.2 ® XNa-G12 T Prealk-G2 ® XK-G2

Relative density % =

(€8]

where: i) pgeom is the geometric density by weight-to-volume ratio; ii)
Preal is the real density (i.e., preal kG2 = 2.27 & cm’s, Preal Na-G1.2 =
212¢g cm~ [43], and Preal Na13x = 1.93 g cm ™2 from PDF card #:
00-038-0237); and iii) x is the mass fraction of K-Go, Na-Gj 2 or Nal3X.

From previous findings [43], the CSP of a Na-G; » matrix requires the
addition of at least 10 wt% of K-G-, to allow the safe extraction from the
mold, and to prevent powder extrusion along the piston. In the case of
Nal3X, the minimum quantity of K-Go was 5 wt% to preserve the
integrity of the sample, while powder extrusion did never occur. CSP led
to an increase of the relative densities, which approached or overcame
60 %, being appreciably higher than those of the original geopolymer
matrices by slurry route, K-Gy and Na-Gj 3, also included in Table 2.

Among the different samples analyzed, only G-P10-N4, consolidated
at 56 MPa, showed a relative density similar to that of K-Go. That has to
be ascribed to several factors: i) the pressure applied might not have
been sufficient to significantly reduce porosity; ii) differences in material
composition and phase interactions might have limited densification;
and iii) inherent material properties, such as initial porosity or structural
characteristics, could also contribute to the observed density. In
contrast, the zeolite-geopolymer composites, such as GZ-P10-N4, ach-
ieved higher relative densities (around 64 %), indicating successful
consolidation despite being processed under the same pressure condi-
tions (56 MPa). Noteworthy, the relative densities (from Eq. 1) of
zeolite-geopolymer composites are in agreement with the total poros-
ities measured by MIP (Table 2). Such consistency suggests that the
majority of the pores are within the detection range of MIP (0.0058-100
pm), and any pores outside this range, whether smaller or larger, are not
significant in quantity. Therefore, the MIP method is effective in
capturing the overall porosity of these materials. Furthermore,
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e

Fig. 1. Schematic representation of the pressure decay apparatus used for
volumetric CO: adsorption measurements. The setup includes gas supply lines,
sample chamber, and monitoring systems for pressure and temperature control.
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Fig. 2. CSP samples (8 mm diameter) after demoulding and conditioning: G-P30-K4 (a), GZ-P10-N4 (b) and GX90-P10-N4.

Table 2
Relative density from Eq. 1, total porosity, total pore volume and pore sizes measured by MIP, specific surface area and mechanical strength of CSP samples prepared at
40 °C.
Sample Relative MIP BET Mechanical
2;)1)151ty Total Total pore volume Average pore Median pore Modal Specific surface area (m? Zt\:[;r;g)th
porosity (mm3g~1) size size pore g
(%) (pm) (pm) size
(pm)
K-Gy 52 43 363 0.015 0.014 0.014 88 27 +£3
Na-G; » 42 57 684 0.426 2.597 3.489 14 3+1
G-P30-K4 60 34 243 0.017 0.016 0.016 47 27 £2
G-P10-N4 53 41 349 0.034 0.051 0.065 25 8+1
GZ-P10-N4 64 35 264 0.146 0.435 0.668 3 6.4+0.6
GX70-P10-N4 59 40 338 0.114 0.681 0.896 233 4.6 +£ 0.6
GX80-P10-N4 58 42 377 0.158 0.839 0.986 261 4.6 £0.9
GX90-P10-N4 58 43 385 0.249 0.914 1.021 310 4+2
GX95-P10-N4 57 41 378 0.302 0.937 1.014 251 4.0+ 0.4
X100-P10-N4 58 38 318 0.472 0.779 0.821 249 -
Nal3X - - - - - - 342
(powder)

regarding K-G, samples, the calculated pore size (average), the pore size
at 50 % mercury saturation (median) and the most frequent pore size
(modal) almost coincided, indicating a strictly monomodal distribution.
Such feature was maintained in G-P30-K4, while in G-P10-N4 and
sample containing zeolites the average, median and modal pore size
were different because of bimodal or broadened distributions [43].
Fig. 3 reports the pore size distributions of cold sintered samples con-
taining zeolite Nal3X compared to G-P10-N4. The bimodal distributions
of the geopolymer- Nal3X composites evidenced the presence of a broad
peak in the range 0.005-0.1 pm, due to the addition of K-G3. Moreover,
the pore volume increased, increasing the Nal3X amount, reaching a
maximum in a GX90-P10-N4.

While the densification achieved is significant, its potential impact
on adsorption and desorption kinetics should be carefully considered.
The presence of zeolitic phases ensures the required microporosity for
high CO: uptake, while macroporosity is expected to facilitate efficient
mass transport. Maintaining rapid adsorption rates is essential for the
effective use of these materials in industrial CO2 capture processes, and
further optimization of gas transport properties may be beneficial.
Furthermore, the ease of fabrication of geopolymers and related com-
posites allows for the design of monolithic or structured sorbents with
tailored pathways that promote convective gas flow. This architecture
may not only enhance CO: diffusion into the porous network, but it is
also able to control pressure drops, which is crucial for continuous
capture systems.

The values of specific surface area (SSA) are also listed in Table 2.
Inspecting the case of pure geopolymer phases, the analysis reveals that
CSP leads to a partial decrease of the SSA, as one can see from the
comparison of the values of G-P30-K4 and G-P10-N4 with respect to that
of the pristine K-G, geopolymer. Such an effect is expected to be related
to the consolidation process and the activating solution. While the
densification mechanism proposed by Takeda et al. [36] is based on the

secondary condensation of the geopolymer activated by pressure and
temperature, in the present case hydroxide aqueous solutions are
essential to achieve cold pressure sintering also in mild conditions
(56 MPa, 40°C and KOH or NaOH 4 M). In fact, the pressure determines
the degree of compaction of the material as well the hydroxides solu-
bilize the powder surfaces to allow mass transport, while temperature
enhanced the solvent removal [43]. It follows that consolidation is
directly linked to the surface leachability of the powder formulation in
view of the dissolution and precipitation processes, which are respon-
sible for the densification of the material. KOH and NaOH partially
dissolve and rearrange the surface of the geopolymer particles, leading
to a particle densification and change in porosity, associated to the fact
that NaOH could trigger a partial ion exchange. Similarly, due to alka-
line dissolution [21], a marked decrease in SSA was observed in CSP
samples containing Nal3X compared to Nal3X pristine powder. In case
of the NaGj 5 (and GZ-P10-N4), a major part of the sample is composed
by zeolite NaA phase, formed during the geopolymerization process.
This zeolite is characterized by a very narrow pore size, able to
accommodate COy, (it is indeed a suitable material for CO5 adsorption),
but not larger molecules as N», used as probe in BET measurements.
Fig. 4 shows the fracture surfaces of some CSP samples. The different
porosities of G-P30-K4 and G-P10-N4 (Table 2) correlated well with the
SEM micrographs being G-P30-K4 (Fig. 4a) more compact than G-P10-
N4 (Fig. 4b), due to the greater pressure applied. Regarding GZ-P10-K4
(Fig. 4c¢), the microstructure highlighted the decrease in porosity up to
47 % with cubic NaA particles bound by the K-G; geopolymer (Fig. 4d).
The same characteristics were observed in GX90-P10-K4 with Nal3X
grains covered by geopolymer phase reaching a relative density of 58 %.
Table 3 reports the results of elemental composition of pristine KGo,
NaGj 2 and Nal3X, and of CSP samples GZ-P10-N4, GX90-P10-N4 and
X100-P10-N4. Considering the CSP powder percent composition
without the addition of the NaOH activating solution, the most
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Fig. 4. SEM micrographs of the fracture surfaces of G-P30-K4 (a), G-P10-N4 (b), GZ-P10-K4 (c, d), GX90-P10-K4 (e, f).

Table 3
Elemental composition by EDS analysis of KGg, NaGy,5, Na13X, GZ-P10-N4, GX90-P10-N4 and X100-P10-N4.
K-G2 NaGi > Nal3X GZ-P10-N4 GX90-P10-N4 X100-P10-N4
0O at% 67.7 £ 0.5 63.7 £ 0.4 62.7 £ 0.4 64.4 £ 0.4 63.1 £0.2 63.6 £ 0.3
Na at% / 11.6 + 0.2 11.0 £ 0.2 9.4+0.1 10.4+ 0.1 11.04 £ 0.06
Al at% 8.4+0.2 11.2+0.2 11.32 £ 0.01 11.4+0.2 11.1 £ 0.1 11.1+0.1
Si at% 16.8 +£ 0.3 13.0 £ 0.2 15.0 £ 0.2 13.8 +0.2 14.65 £+ 0.06 143 +£0.1
K at% 7.03 £ 0.04 0.45 £ 0.03 / 1.07 + 0.07 0.75 £ 0.06 /
Si/Al 2.0 1.2 1.3 1.2 1.3 1.3
K/Al 0.8 0.04 / 0.09 0.07 /
Na/Al / 1.0 1.0 0.8 0.9 1.0

significant difference was detected in GZ-P10-N4, where the Na value
was lower than expected from the rule of phase additivity by approxi-
mately 10 %. Furthermore, no significant increase in Na was found in
any CSP sample, as the long conditioning removed any excess of NaOH.
XRD performed on zeolite Nal3X and powdered X100-P10-N4 and
GX90-P10-N4 (Fig. 5) showed a marked decrease of the intensity of
peaks related to zeolite in the CSP samples, indicating that the crystal-
linity of Na13X decreased [46]. As observed by Lee et al. [21], the peak
decrease mainly occurred at 20 = 6.1° (Fig. 5 insert), due to arrange-
ment in the Nal3X crystal structure during processing. Furthermore, Lee
et al. observed the desilication of the pristine aluminosilicate structure,
in case CSP was performed with NaOH 5 M at 200 °C for 10 min under at
500 MPa [21]. These features were due to dissolution and
re-precipitation occurring on the powder surfaces during the CSP.

3.2. Mechanical characterization

The compressive strength of sorbent materials is crucial for their

application in industrial CO2 capture systems. High compressive
strength, indeed, ensures that the sorbents can withstand the mechanical
stresses encountered during handling, packing, and long-term operation
without degradation or grinding, is essential for maintaining consistent
performance and durability in large-scale industrial applications.
Optimal values would typically depend on the specific temperature and
pressure conditions employed in the process, but a compressive strength
in the range 25-50 MPa (i.e., medium strong material) would be
considered adequate for these purposes, according to the strength clas-
sification proposed by Bieniawski [47].

The mechanical strength is controlled by the sorbent densification
and by the presence of defects, also expressed by the standard deviation.
In the case of the cold sintering process, process parameters such as
temperature, pressure and alkali activator influence the consolidation
occurring through dissolution and re-precipitation as in the geo-
polymerization process. At fixed material formulation and process
temperature, the higher the pressure and the alkalinity of the hydrox-
ides, the higher the densification and ultimately mechanical strength
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Fig. 5. XRD spectra of zeolite Na13X powder and powdered X100-P10-N4 and GX90-P10-K4 with enlargement at 20 = 6.1° (insert).

[43]. At constant CSP operative parameters such as 56 MPa, 40°C, 4 M
NaOH, mechanical resistance is only related to the initial formulation of
the powder, and to surface leachability for dissolution and precipitation
processes, compactability and microstructural homogeneity of the
phases. As reported in Table 2, the compressive strength of K-Gy
(27 MPa) was equal to that obtained by the sample G-P30-K4, pressed at
168 MPa and 40 °C using KOH 4 M [43]. These mild CSP conditions
allowed for compressive strength values higher than those of other
geopolymer-based systems [48,49]. However, the application of a
56 MPa pressure was not sufficient to reach the compressive strength of
K-Gg, since G-P10-N4 had a multimodal porosity, significantly larger
than that of G-P30-K4, indicating a lower homogeneity of the micro-
structure. Higher CSP temperatures were found to increase the densifi-
cation of geopolymer matrix, and thus the mechanical strength could be
further improved [43,50,51]. In the case of Na-Gj 3, the compressive
strength (3 MPa) was more than doubled in GZ-P10-N4 (6.4 MPa,
Table 2), i.e., after pressing the powder at 40 °C with the 4 M NaOH
solution [43]. The results were congruent with the degree of densifica-
tion reached after CSP (64 %). It should be noted the decrease of stan-
dard deviation related to the decrease of the pore dimensions (Table 2)
and increase of the homogeneity of the materials (Fig. 4c and d) due to
the addition of 10 wt% of K-Gy favouring densification. It was reported
by He et al. [52] that a strength up to 57.6 MPa (no details were given on
the compressive test) was reached preparing a self-supporting NaA
zeolite membranes trough gel casting of the geopolymer and hydro-
thermal transformation into zeolite. This procedure, however, was very
far from CSP purposes, primarily starting from lab grade reagents such
as tetraethyl orthosilicate (TEOS) and aluminium nitrate nonahydrate
(ANN) for geopolymer synthesis.

In the case of the composites with Nal3X, the measured compressive
strength was found to be around 4 MPa, basically the same for all
compositions. These mechanical resistances were sufficient for the tar-
geted application, in the form of self-supporting monoliths [53]. How-
ever, the standard deviation raised with the amount of zeolite up to a
maximum in GX90-P10-N4, indicating an increase of inhomogeneity
and flaws due to particle packing, as well as porosity that decreased in
GX95-P10-N4. Again, using very high temperature such as 200 °C, Lee
et al. [21] reported a densification of zeolite Nal3X over 90 % and
compressive strength up 163 MPa.

3.3. CO3 adsorption tests

Pure CO, adsorption capacity was measured at 35 °C in all
geopolymer-zeolite composites listed in Table 1, using the pressure
decay technique in the pressure range of 0-1 bar. The gas adsorption
isotherms presented in this section were derived from at least two
consecutive adsorption runs to confirm the repeatability of the results.
Experimental measurement errors consistently remained well below
10 %. Fig. 6a illustrates the CO, adsorption capacity of K-based geo-
polymers with different amounts of zeolite Nal3X, compared to the pure
materials. As anticipated, the CO5 capacity of K-based geopolymer is
significantly lower than that of pure zeolite Nal3X, with a noticeably
lower saturation pressure. However, the addition of zeolite to the K-
based geopolymer matrix and the fabrication of the composite materials
leads to sorbent characterized by an intermediate behavior, as the
presence of zeolite significantly enhances the CO, adsorption capacity
compared to the pristine pure geopolymer.

The quantification of the effect of the inclusion of zeolite in geo-
polymer and the relative contribution of the two phases is carried out
analyzing the adsorption isotherms by the Dual Site Langmuir (DSL)
model (Eq. 2), which provides an accurate fit to the experimental data
across the entire pressure range examined:

Gs2 *by xp
1+byxp

_ga*xbixp

T 1+bep @

q(p)

This model posits that the adsorbent material features two separate
adsorption sites, each characterized by its own saturation capacity (qs1
and qg2) and affinity coefficients (b; and by). The DSL model was utilized
to describe the CO: adsorption capacity of the geopolymer-zeolite
composite adsorbents (K-based geopolymer, Na-based geopolymer and
zeolite Nal3X). The parameters obtained from this analysis are listed in
Table 4 for the pure geopolymer and zeolite phases. In case of com-
posites, the expected values were calculated using a simple additive law
based on the weight fractions of the two phases, and the resulting curves
are included in Fig. 6, together with the experimental data. The devia-
tion from the additive behavior was assessed using the G-P10-N4 com-
posite as the reference material to evaluate the extent of the
performance reduction. Such deviation is likely influenced by both the
porosity and the specific surface area of the composites. For comparison
purposes, data for K-Gy (obtained by slurry route) as retrieved from a
previous work [20]) was also included.

The comparison between the adsorption isotherms of the cold



C. Di Pietro et al.

a
~ 4 T I T T I T I T
o0
> .
o -
g _
Bk
2 I
5}
g _
54 ]
= ; g
S L/ % o O X100-P10-N4 O GX70-P10-N4 —
*é ) ot © G-P10-N4 A GX80-P10-N4
by )é X Nal3X O GX90-P10-N4 1
2 1 g, + K-G2[20] V  GX95-P10-N4 ]
P -+
QG - i by dobis
) 0__'_044,::@—.#--#75 4
Q 0 I 1 | 1 I i I 1
0.0 0.2 0.4 0.6 0.8 1.0
CO, pressure (atm)
b
3 T T T T T
?D | | | | B
200 e
= -
L _.--"O O -----"" 4
Er .. DSL I - 20REEN Ll
g Q.77 _.---
~—~ Lot et
i 8 -
- e &
) Q" o + K-G2[20]
o r '3'o° O GZ-P10-N4 1
g . O G-Pl0-N4
TE“ = i O G-P30-K4
5 & 0 NGy,
2 |4
< L _+___-u----ﬂ---+ i
Qe T e RS
S R
O
0 1 I 1 I 1 I 1 I 1
0.0 0.2 0.4 0.6 0.8 1.0

CO, pressure (atm)

Fig. 6. CO, adsorption capacity at 35 °C in geopolymer composites, experi-
mental data and curves modeled by the Dual Site Langmuir (DSL) approach: a)
K*-based geopolymer composites; and b) Na*-based geopolymer composites.
The adsorption behavior of the composites is represented as weighted averages
of the capacities of the individual geopolymer and zeolite components.

Table 4
Coefficients for the dual Langmuir adsorption model (Eq. 2) for COz adsorption
at 35 °C in the samples studied.

Qs1 by Qs2 by

mmol g~! atm™! mmol g~! atm™!
G-P30-K4 0.339 6.67 0.111 24.7
G-P10-N4 0.447 5.18 0.105 175
GZ-P10-N4 218 6.08 0.288 194
GX70-P10-N4 2.37 8.79 0.339 303
GX80-P10-N4 2.78 2.27 1.02 53.8
GX90-P10-N4 2.70 7.91 0.0337 1508
GX95-P10-N4 2.98 7.91 0.246 593
X100-P10-N4 3.04 8.03 0.306 2895
Na-G; 2 3.18 5.27 0.165 1359
Nal3X 3.11 11.8 0.639 120
K-G [20] 0.125 272 0.587 3.42

sintered zeolite Nal3X (X100-P10-N4) and the pristine (commercially
available) zeolite Nal3X reveals a certain reduction of the CO: capacity
due to the CSP. Such difference can be attributed to the effects of the
applied processing conditions, specifically the 56 MPa pressure com-
bined to the use of 4 M NaOH that may have led to partial pore collapse
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or reduction in the pore volume of the zeolite, limiting the accessibility
of CO2 molecules to the adsorption sites. Therefore, the cold sintering
process, aimed at the fabrication of robust and effective sorbent mono-
liths, appears to have partially affected the adsorption capacity of the
zeolite, although only to a limited extent. Conversely, the adsorptive
properties of geopolymer K-G; appeared to be basically preserved, with
only a very minor decrease, as one can see in Fig. 6.

The comparison of simple additive law for the CSP composites
(containing Nal3X and K-Gy), which basically assumes that the two
phases are well separated and that any potential interplay, with exper-
imental data reveals that no significant specific interaction among ze-
olites and geopolymer is actually taking place for K-based composites, as
no appreciable deviation is observed, either detrimental or synergistic.
As shown in Fig. 6a, indeed, the additive law predicts a similar or lower
behavior for the CO: adsorption capacity of the K-based geopolymer and
zeolite composite materials. This indicates that the two phases are
responding independently to the adsorption process and that the
microstructure of the composite resembles that of the pure phases.
Moreover, it is worth noting that in the range of pressures tested
(specially at lower CO: pressures), the composites exhibit improved
adsorption compared to pure materials. Such improvement may be
attributed to the cold sintering process, which could enhance the
interfacial bonding between the geopolymer matrix and the zeolite
particles, resulting in more accessible adsorption sites and improved gas
diffusion within the composite. Indeed, the composite materials
combine the fine microporosity of zeolite crystals, ideal for CO: capture,
with the meso/microporosity of the geopolymer amorphous matrix.

Interestingly, the 35 °C gas adsorption results are in line with the
total surface area characterization of the monoliths obtained through
BET analysis. As shown in Table 2, the addition of zeolite significantly
enhances the microporosity of the geopolymer matrix, increasing the
overall surface area 2- or 3-fold in the composites. When the zeolite
reaches 80 wt% or above, the resulting BET area is comparable with that
of the CSP pure Nal3X. The same experimental analysis was performed
on the second series of zeolite/geopolymer composites, derived from a
Na-based geopolymer matrix. The resulting CO2 adsorption capacity
curve, measured at 35 °C, is shown in Fig. 6b, with CO2 adsorption data
for pristine zeolite NaA also included for comparison. As illustrated in
Fig. 6b, the Na-based geopolymer (Na-Gi) exhibits a significantly
higher CO: capacity than the K-based geopolymer (K-Gj), with the
adsorption curve being 2-3 times greater. The DSL model indicates that
the saturation capacity (qs1 + qs2) for Na-Gj is notably larger,
approximately two or three times higher than that of the corresponding
K-based geopolymer (K-G2). Such disparity is likely due to the specific
stoichiometry of the geopolymer matrix and the presence of Na* cations,
which facilitate the formation of small zeolite NaA crystals within the
amorphous matrix. These materials are widely regarded as effective
adsorbents for sub-atmospheric COz capture, demonstrating high CO:
capacities even at very low pressures [54-56], thereby greatly
enhancing the adsorptive properties of the geopolymer matrix.

The experimental CO: adsorption isotherm of the Na-geopolymer/K-
geopolymer (GZ-P10-N4) composite was subsequently compared to the
adsorption values of the pure materials as showed in Fig. 6b, using the
same methodology applied to K-geopolymer/zeolite Nal3X. Interest-
ingly, the composite deviates from the expected additive behavior,
showing a reduced adsorption capacity compared to the sum of the ca-
pacities of the individual pure materials. Such depression may result
from a complex interaction between the two phases, potentially
involving interfacial effects not captured by the simple additive model.
Furthermore, the CSP might have triggered microstructural changes or
phase transitions as highlighted by XRD in Fig. 5 that influenced the
adsorption properties. However, the main reason for not following the
additive model should be attributed to the different porosities and
specific surface areas, that decreased after CSP (Table 2). As well, in the
case of G-P30-K4, the slight decrease in adsorption capacity compared to
G-P10-N4 can be attributed to the reduction in total pore volume, as
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shown in Table 2.

In this scenario, there is no direct correlation between the saturation
capacity of the adsorbents and their specific surface areas, as the surface
of the zeolite NaA crystals are not detectable by N2 adsorption experi-
ments at 77 K. As a result, the surface area reported in Table 2 can hardly
represent accurately the true surface area available for adsorption at 35
°C. The parameters derived from the DSL model are listed in Table 4,
together with those for K-Go, retrieved from [20].

3.4. Analysis of the gas separation performances

The gas adsorption capacities of the newly developed geopolymer-
zeolite composites in this study have also been utilized to assess the
selective capabilities of the solid sorbents. The resulting CO2/Nz selec-
tivity parameter is defined as follows (Eq. 3):

@y _ /P 3)
gj / Dj

The CO2/Nj selectivity in adsorption capacity is remarkably high,
especially at low pressure, which can be attributed to the strong affinity
of CO4, for the specific adsorption sites present in the geopolymer-zeolite
composites, possibly due to the interaction of CO5 with the alkali metal
cations and the micro/mesoporous structure of the materials. Fig. 7a and
b show the selectivity calculated from pure gas adsorption tests without
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Fig. 7. Separative adsorption performances of: a) composite K*-geopolymers/
zeolite; and b) composite Na*-geopolymers/zeolite. Curves are obtained using
DSL model and considering a reference CO,/N, mixture at an 80/20 ratio.
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considering competitive effects, for a reference COy/N, mixture with an
80/20 ratio. To this aim, the DSL model is used as an appropriate and
accurate interpolant of the experimental curves. For the sake of conve-
nience, no additive rule among the two phases is here considered, and
the model parameters for the composites are evaluated from each ca-
pacity curve, and the model parameters for the CSP composites are
included in Table 4. As observed, the composite systems exhibit a
slightly different selective performance for COy/N> separation in Fig. 7a
and Fig. 7b. For comparison purposes, data for the base form of K-Gg
from [20] was also included. It is noteworthy that the selectivity values
obtained from pure gas adsorption tests would likely be significantly
higher when real gas mixtures containing CO2 and lighter gases are
considered, due to competitive effects that favor the more condensable
species, as is well-documented in the literature [57].

The selectivity of the pristine Nal3X powder is significantly
improved in X100-P10-N4, with an apparent increase in the whole range
of pressure inspected, most likely as a result of the densification of the
sorbent, leading to the inaccessibility of the larger and less selective
pores. The newly formed amorphous phases (Fig. 5), due to the disso-
lution and re-precipitation occurring on Nal3X during CSP, enhance
CO2/Nz selectivity. The resulting values are in line with the performance
of K-Gp, which is known for its outstanding selectivity capabilities
(although with limited capacity). The same feature can be observed in
the case of X90-P10-N4 and X70-P10-N4 composites, for which the
selectivity is composure with that of the processed zeolite, indicating the
remarkable affinity of these sorbents with COy and the very limited
interaction with Ny. Conversely, the CSP composites based on Na-Gj o
show a more limited CO3/Ny selectivity, which however remains quite
high, in comparison with the results observed for K-G, composites and
zeolite Na-13X, as indicated in Fig. 7b. Interestingly, it was already re-
ported that this geopolymer phase was less selective than the corre-
sponding K-based series, and the resulting partial densification by the
CSP does not improve the selective character in a significant manner.

It is noteworthy, however, that the capacity selectivity of the geo-
polymers analyzed in this study is substantially higher than that of most
conventional adsorbent materials commonly employed for CO capture,
such as zeolites, activated carbons, or metal-organic frameworks
(MOFs). Therefore, the geopolymer materials investigated in this study
exhibit promising properties for the selective capture of CO.. Addition-
ally, the synthesis process does not require high-temperature or high-

Table 5
Comparison of COz adsorption performances at 308 K, with a 10/90 - CO3/N,
mixture for selectivity performance.

Adsorbent material Adsorption CO2/N:2 Reference
Capacity (mmol Selectivity
gh
0.1 bar 1bar 1 bar
Zeolite Na13X 2.28 3.5 110 This work
Zeolite NaA 2.1 4.2 59 [58]
Activated Carbon 0.18 1.1 8.2 [59]
Silicalite 0.25 1.2 17 [60]
MOF—74 (Mg-MOF—74)* - 8.61 - [61]
K-Gy 0.27 0.58 130 [20]
Na-Gp 2 0.6 1.7 44 [20]
Zeolite-Geopolymer (K-G3-Z1) 0.59 1.1 120 [20]
Zeolite-Geopolymer (K-G2-Z2) 0.75 1.6 120 [20]
Zeolite-Geopolymer (Na-G »- 1.1 2.5 61 [20]
7)
Geopolymer-Zeolite X - 0.48 - [62]
(45.6 wt%)*,*
Geopolymer-Zeolite NaX - 3.2 - [63]
(70 wt%)*
GZ-P10-N4 1.1 2.16 166 This work
GX70-P10-N4 1.44 2.47 291 This work
GX90-P10-N4 1.53 2.73 232 This work
X100-P10-N4 1.66 3 245 This work

* Isotherm tests measured at 298 K;** Isotherm tests measured at 303 K
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pressure steps, thanks to the cold sintering process, which enhances the
material’s structural integrity and reduces energy consumption, further
establishing the composites as promising materials for CO, capture
applications.

To evaluate the performance of the synthesized geopolymer-zeolite
monoliths for CO: adsorption, a comparison with other literature-
reported adsorbents is provided in Table 5. The table highlights the
adsorption capacity and selectivity under similar conditions for con-
ventional zeolites, activated carbons, silicalites, and metal-organic
frameworks (MOFs). The results demonstrate that the cold-sintered
monoliths exhibit competitive adsorption performance, benefiting
from their binder-free structure and tailored porosity.

4. Conclusions

Cold Sintering Process (CSP) is able to fabricate zeolite/geopolymer
innovative sorbents with improved performances, varying the relative
amount of zeolite and geopolymer in a wide range, differently from the
consolidation by slurry route, allowing thus a fine tuning the properties
of the consolidated materials. The characterization carried out on the
pellets highlighted how the CSP process resulted in relative densities
approaching 60 % and with compressive strengths from 4 to 27 MPa,
mainly depending on the material composition, but nevertheless suffi-
cient for the targeted application of self-supporting monoliths. The
densification achieved was significant, but the adsorption kinetics of the
materials was not adversely affected and the presence of zeolitic phases
provided the required microporosity that guaranteed not only large
capacity but also efficient mass transport.

Indeed, the zeolite phases present in the geopolymer-zeolite based
monoliths allowed to obtain quite high specific surface areas up to
310 m? g_l, with relevant CO2/N; separation performances with CO5
capacity up to 1.9 mmol g~ and selectivity as high as 600, substantially
higher than that of most conventional adsorbent materials commonly
employed for CO, capture, as pristine zeolites, activated carbons, or
metal-organic frameworks (MOFs).

CRediT authorship contribution statement

Minelli Matteo: Writing — review & editing, Supervision, Funding
acquisition, Data curation, Conceptualization. Medri Valentina:
Writing — original draft, Supervision, Funding acquisition, Conceptual-
ization. Landi Elena: Validation, Supervision, Methodology, Concep-
tualization. = Miccio  Francesco:  Supervision, = Methodology,
Conceptualization. Cossio Guzman Walter Felix: Writing — original
draft, Formal analysis, Data curation. Papa Elettra: Writing — review &
editing, Supervision, Methodology, Formal analysis, Data curation,
Conceptualization. Di Pietro Cristina: Writing — original draft, Formal
analysis, Data curation.

Declaration of Competing Interest

The authors declare that they have no known competing financial
interests or personal relationships that could have appeared to influence
the work reported in this paper.

Acknowledgments

The authors acknowledge the financial support of the MUR PRIN
2022 Project GEA, Prot. 20229THRM2, funded by the European Union —
Next Generation EU.

The authors greatly thank Mr. Cesare Melandri for mechanical tests
and Maria Chiara Marchioni for the help in the preparation of the
samples.

10

Journal of Environmental Chemical Engineering 13 (2025) 117098
Data availability
Data will be made available on request.

References

[1] International Energy Agency (IEA). Energy Technology Perspectives 2020-Special
Report on Carbon Capture Utilisation and Storage; IEA: Paris, France, 2020,
https://doi.org/10.1787/208b66f4-en.

C.C. Song, Global challenges and strategies for control, conversion and utilization
of CO; for sustainable development involving energy, catalysis, adsorption and
chemical processing, Catal. Today 115 (2006) 2-32, https://doi.org/10.1016/j.
cattod.2006.02.029.

T.M. Letcher, Future Energy: Improved, Sustainable and Clean Options for Our
Planet, Elsevier, 2020, https://doi.org/10.1016/C2018-0-01500-5.

M. Karimi, M. Shirzad, J.A.C. Silva, A.E. Rodrigues, Carbon dioxide separation and
capture by adsorption: a review, Environ. Chem. Lett. 21 (2023) 2041-2084,
https://doi.org/10.1007/s10311-023-01589-z.

M.S.B. Reddy, D. Ponnamma, K.K. Sadasivuni, B. Kumar, A.M. Abdullahb, Carbon
dioxide adsorption based on porous materials, RSC Adv. 11 (2021) 12658-12681,
https://doi.org/10.1039/DORA10902A.

D.G. Boer, J. Langerak, P. Pescarmona, Zeolites as selective adsorbents for CO»
separation, ACS Appl. Energy Mater. 6 (2023) 2634-2656, https://doi.org/
10.1021/acsaem.2c03605.

R.M. Novais, R.C. Pullar, J.A. Labrincha, Geopolymer foams: an overview of recent
advancements, Prog. Mater. Sci. 109 (2020) 100621, https://doi.org/10.1016/j.
pmatsci.2019.100621.

M. Minelli, V. Medri, E. Papa, F. Miccio, E. Landi, F. Doghieri, Geopolymers as solid
adsorbent for CO, capture, Chem. Eng. Sci. 148 (2016) 267-274, https://doi.org/
10.1016/j.ces.2016.04.013.

A.L. Freire, H.J. Jose, R.F.P.M. Moreira, Potential applications for geopolymers in
carbon capture and storage, Int. J. Greenh. Gas. Control 118 (2022) 103687,
https://doi.org/10.1016/j.ijggc.2022.103687.

A.L. Freire, C.D.M. Nickel, G. Scaratti, A.D. Rossi, M.H. Aratjo, A.D.N. Jtnior, A.
E. Rodrigues, E.R. Castellon, R.F.P.M. Moreira, Geopolymers produced with fly ash
and rice husk ash applied to CO; capture, J. Clean. Prod. 273 (2020) 122917,
https://doi.org/10.1016/j.jclepro.2020.122917.

H. Chen, S. Dong, Y. Zhang, P. He, Robust structure regulation of geopolymer as
novel efficient amine support to prepare high-efficiency CO, capture solid sorbent,
Chem. Eng. J. 427 (2022) 131577, https://doi.org/10.1016/j.cej.2021.131577.
E. Papa, M. Minelli, M.C. Marchioni, E. Landi, F. Miccio, A. Natali Murri, P. Benito,
A. Vaccari, V. Medri, Metakaolin-based geopolymer — zeolite NaA composites as
CO; adsorbents, Appl. Clay Sci. 237 (2023) 106900, https://doi.org/10.1016/j.
clay.2023.106900.

H. Wanga, C. Yana, D. Lia, F. Zhoua, Y. Liua, C. Zhoua, S. Komarneni, In situ
transformation of geopolymer gels to self-supporting NaX zeolite monoliths with
excellent compressive strength, Microporous Mesoporous Mater. 261 (2018)
164-169, https://doi.org/10.1016/j.micromes0.2017.11.015.

L. Han, X. Wang, B. Wu, S. Zhu, J. Wang, Y. Zhang, In-situ synthesis of zeolite X in
foam geopolymer as a CO2 adsorbent, J. Clean. Prod. 372 (2022) 133591, https://
doi.org/10.1016/j.jclepro.2022.133591.

X. Qiu, Y. Liu, D. Li, C. Yan, Preparation of NaP zeolite block from fly ash-based
geopolymer via in situ hydrothermal method, J. Porous Mater. 22 (2015) 291-299,
https://doi.org/10.1007/5s10934-014-9895-3.

H. Takeda, S. Hashimoto, H. Yokoyama, S. Honda, Y. Iwamoto, Characterization of
zeolite in zeolite-geopolymer hybrid bulk materials derived from kaolinitic clays,
Materials 6 (2013) 1767-1778, https://doi.org/10.3390/ma6051767.

E. Papa, V. Medri, S. Amari, J. Manaud, P. Benito, A. Vaccari, E. Landi, Zeolite-
geopolymer composite materials: production and characterization, J. Clean. Prod.
171 (2018) 76-84, https://doi.org/10.1016/].jclepro.2017.09.270.

S. Candamano, A. Policicchio, G. Conte, R. Abarca, C. Algieri, S. Chakraborty,

S. Curcio, V. Calabro, F. Crea, R.G. Agostino, Preparation of foamed and unfoamed
geopolymer/NaX zeolite/activated carbon composites for CO2, Adsorpt. J. Clean.
Prod. 330 (2022) 129843, https://doi.org/10.1016/j.jclepro.2021.129843.

L. Han, X. Wang, B. Wu, S. Zhu, J. Wang, Y. Zhang, In-situ synthesis of zeolite X in
foam geopolymer as a CO2 adsorbent, J. Clean. Prod. 372 (2022) 133591, https://
doi.org/10.1016/j.jclepro.2022.133591.

M. Minelli, E. Papa, V. Medri, F. Miccio, P. Benito, F. Doghieri, E. Landi,
Characterization of novel geopolymer-zeolite composites as solid adsorbents for
CO; capture, Chem. Eng. J. 341 (2018) 505-515, https://doi.org/10.1016/j.
€€j.2018.02.050.

S. Lee, Y.I. Kim, M. Akmal, H.J. Ryu, Effects of cold sintering on the performance of
zeolite 13X as a consolidated adsorbent for cesium, ACS Appl. Mater. Interfaces 15
(2023) 36489-36499, https://doi.org/10.1021/acsami.3c08628.

S. Kumara, R. Srivastavab, J. Koha, Utilization of zeolites as CO, capturing agents:
advances and future perspectives, J. COz Util. 41 (2020) 101251, https://doi.org/
10.1016/j.jcou.2020.101251.

J. Mérel, M. Clausse, F. Meunier, Carbon dioxide capture by indirect thermal swing
adsorption using 13X zeolite, Environ. Prog. 25 (2006) 327-333, https://doi.org/
10.1002/ep.10166.

M. Aghaei, M. Anbia, S. Saleh, Measurements and modeling of CO, adsorption
behaviors on granular zeolite 13X: impact of temperature and time of calcination
on granules properties in granulation process using organic binders, Environ. Prog.
Sustain. Energy 41 (2022) 13866, https://doi.org/10.1002/ep.13866.

[2]

[3]

[4]

[5]

[6]

[71

[8]

[91

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]

[21]

[22]

[23]

[24]


https://doi.org/10.1787/208b66f4-en
https://doi.org/10.1016/j.cattod.2006.02.029
https://doi.org/10.1016/j.cattod.2006.02.029
https://doi.org/10.1016/C2018-0-01500-5
https://doi.org/10.1007/s10311-023-01589-z
https://doi.org/10.1039/D0RA10902A
https://doi.org/10.1021/acsaem.2c03605
https://doi.org/10.1021/acsaem.2c03605
https://doi.org/10.1016/j.pmatsci.2019.100621
https://doi.org/10.1016/j.pmatsci.2019.100621
https://doi.org/10.1016/j.ces.2016.04.013
https://doi.org/10.1016/j.ces.2016.04.013
https://doi.org/10.1016/j.ijggc.2022.103687
https://doi.org/10.1016/j.jclepro.2020.122917
https://doi.org/10.1016/j.cej.2021.131577
https://doi.org/10.1016/j.clay.2023.106900
https://doi.org/10.1016/j.clay.2023.106900
https://doi.org/10.1016/j.micromeso.2017.11.015
https://doi.org/10.1016/j.jclepro.2022.133591
https://doi.org/10.1016/j.jclepro.2022.133591
https://doi.org/10.1007/s10934-014-9895-3
https://doi.org/10.3390/ma6051767
https://doi.org/10.1016/j.jclepro.2017.09.270
https://doi.org/10.1016/j.jclepro.2021.129843
https://doi.org/10.1016/j.jclepro.2022.133591
https://doi.org/10.1016/j.jclepro.2022.133591
https://doi.org/10.1016/j.cej.2018.02.050
https://doi.org/10.1016/j.cej.2018.02.050
https://doi.org/10.1021/acsami.3c08628
https://doi.org/10.1016/j.jcou.2020.101251
https://doi.org/10.1016/j.jcou.2020.101251
https://doi.org/10.1002/ep.10166
https://doi.org/10.1002/ep.10166
https://doi.org/10.1002/ep.13866

C. Di Pietro et al.

[25]

[26]

[271

[28]

[29]

[30]

[31]

[32]

[33]

[34]

[35]

[36]

[371

[38]

[39]

[40]

[41]

[42]

[43]

[44]

J.L. Provis, Gr.C. Lukey, J.S.J.V. Deventer, Do geopolymers actually contain
nanocrystalline zeolites? A reexamination of existing results, Chem. Mater. 17 (12)
(2005) 3075-3085, https://doi.org/10.1021/cm050230i.

M. Boscherini, F. Miccio, E. Papa, V. Medri, E. Landi, F. Doghieri, M. Minelli, The
relevance of thermal effects during CO, adsorption and regeneration in a
geopolymer-zeolite composite: experimental and modelling insights, Chem. Eng. J.
408 (2021) 127315, https://doi.org/10.1016/j.cej.2020.127315.

H. Chen, Y.J. Zhang, P.Y. He, C.J. Li, L.C. Liu, Novel activated carbon route to low-
cost geopolymer based porous composite with high mechanical resistance and
enhanced CO; capacity, Microporous Mesoporous Mater. 305 (2020) 110282,
https://doi.org/10.1016/j.micromeso.2020.110282.

Sk.S. Hossain, F. Akhtar, Recent progress of geopolymers for carbon dioxide
capture, storage and conversion, J. CO Util. 78 (2023) 102631, https://doi.org/
10.1016/j.jcou.2023.102631.

C.A. Randall, J. Guo, H. Guo, A. Baker, M.T. Lanagan, Cold sintering ceramics and
composites, US Provisional Pat. Appl. 62/234 (2015) 389.

Y. Li, X. Zhao, S. Kang, Y. Xiao, C. Ren, J. Guo, X. Wang, Recent progress of cold
sintering process on functional ceramic materials, J Mater Sci Mater Electron 34
(2023) 2105, https://doi.org/10.1007/s10854-023-11460-.

S. Grasso, M. Biesuz, L. Zoli, G. Taveri, A.I. Duff, D. Ke, A. Jiang, M.J. Reece,

A review of cold sintering processes, Adv. Appl. Ceram. 119 (2020) 115-143,
https://doi.org/10.1080/17436753.2019.1706825.

H. Guo, A. Baker, J. Guo, C.A. Randall, Protocol for ultralow-temperature ceramic
sintering: an integration of nanotechnology and the cold sintering process, ACS
Nano 10 (2016) 10606-10614, https://doi.org/10.1021/acsnano.6b03800.

H. Guo, A. Baker, J. Guo, C.A. Randall, Cold sintering process: a novel technique
for low-temperature ceramic processing of ferroelectrics, J. Am. Ceram. Soc. 99
(2016) 3489-3507, https://doi.org/10.1111/JACE.14554.

J.P. Maria, X. Kang, R.D. Floyd, E.C. Dickey, H. Guo, J. Guo, A. Baker, S. Funihashi,
C.A. Randall, Cold sintering: current status and prospects, J. Mater. Res 32 (2017)
3205-3218, https://doi.org/10.1557/jmr.2017.262.

H. Guo, T.J.M. Bayer, J. Guo, A. Baker, C.A. Randall, Current progress and
perspectives of applying cold sintering process to ZrOy-based ceramics, Scr. Mater.
136 (2017) 141-148, https://doi.org/10.1016/j.scriptamat.2017.02.004.

H. Takeda, S. Hashimoto, H. Matsui, S. Honda, Y. Iwamoto, Rapid fabrication of
highly dense geopolymers using a warm press method and their ability to absorb
neutron irradiation, Constr. Build. Mater. 50 (2014) 82-86, https://doi.org/
10.1016/j.conbuildmat.2013.09.014.

N. Ranjbar, M. Mehrali, M.R. Maheri, M. Mehrali, Hot-pressed geopolymer, Cem.
Concr. Res. 100 (2017) 14-22, https://doi.org/10.1016/j.cemconres.2017.05.010.
N. Ranjbar, A. Kashefi, M.R. Maheri, Hot-pressed geopolymer: dual effects of heat
and curing time, Cem. Concr. Compos 86 (2018) 1-8, https://doi.org/10.1016/j.
cemconcomp.2017.11.004.

K. Nishikawa, S. Hashimoto, H. Imai, S. Rossignol, Cold reaction sintering for
preparation of ultra-dense geopolymer products, Constr. Build. Mater. 328 (2022)
127101, https://doi.org/10.1016/j.conbuildmat.2022.127101.

N. Ranjbar, A. Kashefi, G. Ye, M. Mehrali, Effects of heat and pressure on hot-
pressed geopolymer, Constr. Build. Mater. 231 (2020) 117106, https://doi.org/
10.1016/j.conbuildmat.2019.117106.

Y. Wang, 1. Zafar, K. Rashid, M. Ltifi, M. Ju, Multicriteria analysis for quantifying
sustainability of developed load baring lightweight geopolymer, J. Clean. Prod.
434 (2024) 140266, https://doi.org/10.1016/].jclepro.2023.140266.

A. Filipponi, G. Masi, S. Bandini, M.C. Bignozzi, Preparation and characterization
of metakaolin-based geopolymer membrane supports by facile pressed one-part
route, Ceram. Int. 49 (2023) 6834-6842, https://doi.org/10.1016/j.
ceramint.2022.10.233.

V. Medri, M.C. Marchioni, E. Landi, E. Papa, Development of membranes based on
recycled geopolymer and zeolite through a cold sintering process, J. Eur. Ceram.
Soc. 44 (2024) 7778-7790, https://doi.org/10.1016/j.jeurceramsoc.2024.05.053.
V. Medri, E. Papa, E. Landi, C. Maggetti, D. Pinelli, D. Frascari, Ammonium
removal and recovery from municipal wastewater by ion exchange using a

11

[45]

[46]

[47]

[48]

[49]

[50]

[51]

[52]

[53]

[54]

[55]

[56]

[57]

[58]

[59]

[60]

[61]

[62]

[63]

Journal of Environmental Chemical Engineering 13 (2025) 117098

metakaolin K-based geopolymer, Water Res. 225 (2022) 119203, https://doi.org/
10.1016/j.watres.2022.119203.

V. Medri, F. Servadei, R. Bendoni, A. Natali Murri, A. Vaccari, E. Landi, Nano-to-
macroporous TiO; (anatase) by cold sintering process, J. Eur. Ceram. Soc. 39
(2019) 2453-2462, https://doi.org/10.1016/j.jeurceramsoc.2019.02.047.

Jun Zuo Shi, Xiao Li Zhu, Lei Li, Xiang Ming Chen, Zeolite ceramics with ordered
microporous structure and high crystallinity prepared by cold sintering process,
J. Am. Ceram. Soc. 104 (2021) 5521-5528, https://doi.org/10.1111/jace.17964.
Z. Bieniawski, Estimating the strength of rock materials, J. South Afr. Inst. Min.
Metall. 74 (1974) 312-320. (https://hdl.handle.net/10520/AJA0038223X 382).
Y. Ge, Y. Yuan, K. Wang, Y. He, X. Cui, Preparation of geopolymer-based inorganic
membrane for removing Ni®* from wastewater, J. Hazard. Mater. 299 (2015)
711-718, https://doi.org/10.1016/j.jhazmat.2015.08.006.

J. Zhang, Y. He, Y.P. Wang, J. Mao, X.M. Cui, Synthesis of a self-Supporting
faujasite zeolite membrane using geopolymer gel for separation of alcohol/water
mixture, Mater. Lett. 116 (2014) 167-170, https://doi.org/10.1016/j.
matlet.2013.11.008.

H. Takeda, S. Hashimoto, H. Matsui, S. Honda, Y. Iwamoto, Rapid fabrication of
highly dense geopolymers using a warm press method and their ability to absorb
neutron irradiation, Constr. Build. Mater. 50 (2014) 82-86, https://doi.org/
10.1016/j.conbuildmat.2013.09.014.

A. Conte, Development of brake components: geopolymer based brake pads. PhD
thesis University of Padova 2018, (https://www.research.unipd.it/handle/11577/
3424930).

Y. He, X. Cui, X. Liu, Y. Wang, J. Zhang, K. Liu, Preparation of self-supporting NaA
zeolite membranes using geopolymers, J. Membr. Sci. 447 (2013) 66-72, https://
doi.org/10.1016/j.memsci.2013.07.027.

P. Rozek, M. Krél, W. Mozgawa, Geopolymer-zeolite composites: a review,

J. Clean. Prod. 230 (2019) 557-579, https://doi.org/10.1016/j.

jclepro.2019.05.152.

H. Ahn, J.H. Moon, A.H. Hyun, C.H. Lee, Diffusion mechanism of carbon dioxide in
Zeolite 4A and CaX pellets, Adsorption 10 (2004) 111-128, https://doi.org/
10.1023/B:ADS0.0000039867.14756.ac.

R.V. Siriwardane, M.S. Shen, E.P. Fisher, Adsorption of CO2 on Zeolites at
moderate temperatures, Energy Fuels 19 (2005) 1153-1159, https://doi.org/
10.1021/ef04005%.

M. Krdl, J. Minkiewicz, W. Mozgawa, IR spectroscopy studies of zeolites in
geopolymeric materials derived from kaolinite, J. Mol. Struct. 1126 (2016)
200-206, https://doi.org/10.1016/j.molstruc.2016.02.027.

R. Bai, R.T.A. Yang, Thermodynamically consistent langmuir model for mixed gas
adsorption, J. Colloid Interfaces Sci. 239 (2001) 296-302, https://doi.org/
10.1006/jcis.2001.7563.

R.J. Harper, G.R. Stifel, R.B. Anderson, Adsorption of gases on 4A synthetic zeolite,
Can. J. Chem. 47 (24) (1969) 4661-4670, https://doi.org/10.1139/v69-770.

I.A. Esteves, M.S. Lopes, P.M. Nunes, J.P. Mota, Adsorption of natural gas and
biogas components on activated carbon, Sep. Purif. Technol. 62 (2) (2008)
281-296, https://doi.org/10.1016/j.seppur.2008.01.027.

J.A. Dunne, R. Mariwala, M. Rao, S. Sircar, R.J. Gorte, A.L. Myers, Calorimetric
heats of adsorption and adsorption isotherms. 1. Oz, Nj, Ar, CO3, CHy, CoHg, and
SFe on silicalite, Langmuir 12 (24) (1996) 5888-5895, https://doi.org/10.1021/
1a960495z.

Z. Bao, L. Yu, Q. Ren, X. Lu, S. Deng, Adsorption of CO, and CH4 on a magnesium-
based metal organic framework, J. Colloid Interface Sci. 353 (2) (2011) 549-556,
https://doi.org/10.1016/j.jcis.2010.09.065.

N.T.T. Phuong, N.M. Phuoc, L.T. Thien, N.T.H. Duong, N. Van Dung, N.Q. Long,
Synthesize and investigate the applicability of carbon dioxide capture of zeolite-
based geopolymer materials, Chem. Eng. Trans. 106 (2023) 745-750, https://doi.
org/10.3303/CET23106125.

C. Gravino, N. Gargiulo, A. Peluso, P. Aprea, M. D’Agostini, G. Franchin,

P. Colombo, D. Caputo, Equilibrium adsorption behaviour of a 3D-printed
zeolite—geopolymer composite with high faujasitic content, Mater. Adv. (2025),
https://doi.org/10.1039/D4MA01074D.


https://doi.org/10.1021/cm050230i
https://doi.org/10.1016/j.cej.2020.127315
https://doi.org/10.1016/j.micromeso.2020.110282
https://doi.org/10.1016/j.jcou.2023.102631
https://doi.org/10.1016/j.jcou.2023.102631
http://refhub.elsevier.com/S2213-3437(25)01794-4/sbref28
http://refhub.elsevier.com/S2213-3437(25)01794-4/sbref28
https://doi.org/10.1007/s10854-023-11460-
https://doi.org/10.1080/17436753.2019.1706825
https://doi.org/10.1021/acsnano.6b03800
https://doi.org/10.1111/JACE.14554
https://doi.org/10.1557/jmr.2017.262
https://doi.org/10.1016/j.scriptamat.2017.02.004
https://doi.org/10.1016/j.conbuildmat.2013.09.014
https://doi.org/10.1016/j.conbuildmat.2013.09.014
https://doi.org/10.1016/j.cemconres.2017.05.010
https://doi.org/10.1016/j.cemconcomp.2017.11.004
https://doi.org/10.1016/j.cemconcomp.2017.11.004
https://doi.org/10.1016/j.conbuildmat.2022.127101
https://doi.org/10.1016/j.conbuildmat.2019.117106
https://doi.org/10.1016/j.conbuildmat.2019.117106
https://doi.org/10.1016/j.jclepro.2023.140266
https://doi.org/10.1016/j.ceramint.2022.10.233
https://doi.org/10.1016/j.ceramint.2022.10.233
https://doi.org/10.1016/j.jeurceramsoc.2024.05.053
https://doi.org/10.1016/j.watres.2022.119203
https://doi.org/10.1016/j.watres.2022.119203
https://doi.org/10.1016/j.jeurceramsoc.2019.02.047
https://doi.org/10.1111/jace.17964
https://hdl.handle.net/10520/AJA0038223X_382
https://doi.org/10.1016/j.jhazmat.2015.08.006
https://doi.org/10.1016/j.matlet.2013.11.008
https://doi.org/10.1016/j.matlet.2013.11.008
https://doi.org/10.1016/j.conbuildmat.2013.09.014
https://doi.org/10.1016/j.conbuildmat.2013.09.014
https://www.research.unipd.it/handle/11577/3424930
https://www.research.unipd.it/handle/11577/3424930
https://doi.org/10.1016/j.memsci.2013.07.027
https://doi.org/10.1016/j.memsci.2013.07.027
https://doi.org/10.1016/j.jclepro.2019.05.152
https://doi.org/10.1016/j.jclepro.2019.05.152
https://doi.org/10.1023/B:ADSO.0000039867.14756.ac
https://doi.org/10.1023/B:ADSO.0000039867.14756.ac
https://doi.org/10.1021/ef040059h
https://doi.org/10.1021/ef040059h
https://doi.org/10.1016/j.molstruc.2016.02.027
https://doi.org/10.1006/jcis.2001.7563
https://doi.org/10.1006/jcis.2001.7563
https://doi.org/10.1139/v69-770
https://doi.org/10.1016/j.seppur.2008.01.027
https://doi.org/10.1021/la960495z
https://doi.org/10.1021/la960495z
https://doi.org/10.1016/j.jcis.2010.09.065
https://doi.org/10.3303/CET23106125
https://doi.org/10.3303/CET23106125
https://doi.org/10.1039/D4MA01074D

	Cold sintered geopolymer and geopolymer-zeolite composite sorbents for CO2 capture
	1 Introduction
	2 Materials and method
	2.1 Sample preparation
	2.2 Material characterization
	2.3 CO2 adsorption tests

	3 Results and discussion
	3.1 Microstructural and porosimetric characterization
	3.2 Mechanical characterization
	3.3 CO2 adsorption tests
	3.4 Analysis of the gas separation performances

	4 Conclusions
	CRediT authorship contribution statement
	Declaration of Competing Interest
	Acknowledgments
	Data availability
	References


