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A B S T R A C T

Geopolymer and geopolymer-zeolite composite monoliths were produced by cold sintering process (CSP) at 40◦C 
and 56 MPa or 168 MPa, as solid adsorbents for CO2 capture. Structural integrity, surface area and adsorption 
capacity are achieved along with reducing the energy penalty, resulting in more efficient, durable and sus
tainable CO2 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 Na13X, 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 m2 g− 1 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 CO2 and N2 were also 
obtained to assess the performances of the adsorbents. The CO2 capacity of zeolite Na13X is basically preserved, 
reaching 1.9 mmol g− 1 (at 35◦C and pCO2=0.1 bar). The great CO2 capacity and CO2/N2 selectivity, especially at 
low CO2 partial pressure, makes these materials great candidates for post combustion carbon capture adsorbents.

1. Introduction

According to the International Energy Agency (IEA), CO2 capture 
and storage (CCS) technologies [1] allow a cost-effectively removal of 
CO2 [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 CO₂ 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 CO₂ adsorption 

capabilities [7,8]. However, their adsorption capacity can be further 
enhanced through strategies such as the incorporation of additional 
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 CO₂ adsorption 
capacity, thanks to the combined micro and mesoporosity within the 
composite structure [12–19]. Specifically, the incorporation of Na13X 
zeolite into geopolymers has led to CO₂ adsorption capacities exceeding 
2.5 mmol g− 1 at atmospheric pressure, with CO₂/N₂ 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 CO₂ 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 CO₂ capture 
applications.
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Probably, the state-of-the-art class of materials employed for CO2 
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 CO2 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 Na13X increased the CO2 adsorption ca
pacity up 1.1 mmol g− 1 at 35 ◦C and 1 bar, compared to 0.58 mmol g− 1 

at the same conditions for the K-geopolymer bulk matrix, with a CO2/N2 
selectivity equal to 120, provided by the K-geopolymer matrix. 
Improved adsorption capacity up to 2.5 mmol g− 1 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 
Na13X 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 CO2 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 10 vol%. 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 
Na13X-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 
H2O, 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 μm to 5.8 μm, associated 

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 CO2, e. 
g. from flue gas streams. In particular, zeolite-based membranes, namely 
NaA and Na13X, were fabricated by adding 0–30 wt% of K-based geo
polymer powder, inspecting the resulting CO2 (and N2) capacity at near 
room temperature, up to atmospheric pressure.

2. Materials and method

2.1. Sample preparation

The potassium-based geopolymer (K-G2) 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-G2 powder was found to 
be 56 μm, which represents the typical grain size of the powder [43]. 
The sodium-based (Na-G1.2) 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 μm, and 81 vol% of in situ synthetized NaA phase [43]. 
The commercial Na13X zeolite powder (Na86[(AlO2)86(SiO2)106]⋅x 
H2O), with an average particle size of 2 μm, 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 1 h 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-G2 powder, Z for Na-G1.2 powder and X for commercial 
Na13X, 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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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 μm.

The specific surface area of the materials was determined using N2 
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, ΣIGMA: 
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 10 keV. The calibration was preliminary performed at the same 
conditions using a cobalt standard (Co kα= 1.8 keV).

X-Ray Diffraction (XRD) analysis was performed on powdered sam
ples at 2θ values from 5 to 70◦ with a step size of 0.02◦ using a Powder 
Diffractometer Bruker D8 Advance with CuKα 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− 1. 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. CO2 adsorption tests

Adsorption isotherms for CO2 and N2 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 Na13X 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 

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: 

Relative density % =
ρgeom

ρreal Na-G1.2 • xNa-G1.2 + ρreal K− G2 • xK− G2
• 100

(1) 

where: i) ρgeom is the geometric density by weight-to-volume ratio; ii) 
ρreal is the real density (i.e., ρreal K-G2 = 2.27 g cm− 3, ρreal Na-G1.2 =

2.12 g cm− 3 [43], and ρreal Na13X = 1.93 g cm− 3 from PDF card #: 
00–038–0237); and iii) x is the mass fraction of K-G2, Na-G1.2 or Na13X.

From previous findings [43], the CSP of a Na-G1.2 matrix requires the 
addition of at least 10 wt% of K-G2 to allow the safe extraction from the 
mold, and to prevent powder extrusion along the piston. In the case of 
Na13X, the minimum quantity of K-G2 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-G2 and Na-G1.2, 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-G2. 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 
μm), 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, 

Table 1 
Code, composition and process parameters (pressure and alkaline solution) of 
the CSP samples.

Code Powder (wt%) Pressure 
(MPa)

Alkaline 
solution

K- 
G2

Na- 
G1.2

Na13X

G-P30-K4 100 - - 168 KOH 4 M
G-P10-N4 100 - - 56 NaOH 4 M
GZ-P10-N4 10 90 - 56 NaOH 4 M
GX70-P10- 

N4
30 - 70 56 NaOH 4 M

GX80-P10- 
N4

20 - 80 56 NaOH 4 M

GX90-P10- 
N4

10 - 90 56 NaOH 4 M

GX95-P10- 
N4

5 - 95 56 NaOH 4 M

X100-P10- 
N4

- - 100 56 NaOH 4 M

Fig. 1. Schematic representation of the pressure decay apparatus used for 
volumetric CO₂ adsorption measurements. The setup includes gas supply lines, 
sample chamber, and monitoring systems for pressure and temperature control.
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regarding K-G2 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 Na13X compared to G-P10-N4. The bimodal distributions 
of the geopolymer- Na13X composites evidenced the presence of a broad 
peak in the range 0.005–0.1 μm, due to the addition of K-G2. Moreover, 
the pore volume increased, increasing the Na13X 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 CO₂ 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 CO₂ 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-G2 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 Na13X compared to Na13X pristine powder. In case 
of the NaG1.2 (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 CO2 (it is indeed a suitable material for CO2 adsorption), 
but not larger molecules as N2, 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-G2 geopolymer (Fig. 4d). 
The same characteristics were observed in GX90-P10-K4 with Na13X 
grains covered by geopolymer phase reaching a relative density of 58 %. 
Table 3 reports the results of elemental composition of pristine KG2, 
NaG1,2 and Na13X, 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 

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 
density 
(%)

MIP BET Mechanical 
strength 
(MPa)Total 

porosity 
(%)

Total pore volume 
(mm3g− 1)

Average pore 
size 
(μm)

Median pore 
size 
(μm)

Modal 
pore 
size 
(μm)

Specific surface area (m2 

g− 1)

K-G2 52 43 363 0.015 0.014 0.014 88 27 ± 3
Na-G1.2 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 -
Na13X 

(powder)
- - - - - - 342 -
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Fig. 3. Pore size distribution of G-P10-N4 (a), GX70-P10-N4 (b), GX80-P10-N4 (c), GX90-P10-N4 (d), GX95-P10-N4 (e) and X100-P10-N4 (f).
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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 Na13X 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 2θ = 6.1◦ (Fig. 5 insert), due to arrange
ment in the Na13X 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 

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 KG2, NaG1,2, Na13X, GZ-P10-N4, GX90-P10-N4 and X100-P10-N4.

K-G2 NaG1,2 Na13X GZ-P10-N4 GX90-P10-N4 X100-P10-N4

O 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 14.3 ± 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

C. Di Pietro et al.                                                                                                                                                                                                                               Journal of Environmental Chemical Engineering 13 (2025) 117098 

6 



[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-G2 
(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-G2, 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-G1.2, 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-G2 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 Na13X, 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 Na13X over 90 % and 
compressive strength up 163 MPa.

3.3. CO2 adsorption tests

Pure CO2 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 CO2 adsorption capacity of K-based geo
polymers with different amounts of zeolite Na13X, compared to the pure 
materials. As anticipated, the CO2 capacity of K-based geopolymer is 
significantly lower than that of pure zeolite Na13X, 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 CO2 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: 

q(p) =
qs1 ∗ b1 ∗ p
1 + b1 ∗ p

+
qs2 ∗ b2 ∗ p
1 + b2 ∗ p

(2) 

This model posits that the adsorbent material features two separate 
adsorption sites, each characterized by its own saturation capacity (qs1 
and qs2) and affinity coefficients (b1 and b2). The DSL model was utilized 
to describe the CO₂ adsorption capacity of the geopolymer-zeolite 
composite adsorbents (K-based geopolymer, Na-based geopolymer and 
zeolite Na13X). 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-G2 (obtained by slurry route) as retrieved from a 
previous work [20]) was also included.

The comparison between the adsorption isotherms of the cold 

Fig. 5. XRD spectra of zeolite Na13X powder and powdered X100-P10-N4 and GX90-P10-K4 with enlargement at 2θ = 6.1◦ (insert).
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sintered zeolite Na13X (X100-P10-N4) and the pristine (commercially 
available) zeolite Na13X reveals a certain reduction of the CO₂ 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 

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-G2 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 Na13X and K-G2), 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 CO₂ 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 CO₂ 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 CO₂ 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 Na13X. 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-G1.2) exhibits a significantly 
higher CO₂ capacity than the K-based geopolymer (K-G2), with the 
adsorption curve being 2–3 times greater. The DSL model indicates that 
the saturation capacity (qs1 + qs2) for Na-G1.2 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 CO₂ capture, demonstrating high CO₂ 
capacities even at very low pressures [54–56], thereby greatly 
enhancing the adsorptive properties of the geopolymer matrix.

The experimental CO₂ 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 Na13X. 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 

Fig. 6. CO2 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 CO₂ adsorption 
at 35 ◦C in the samples studied.

qs1 

mmol g− 1
b1 

atm− 1
qs2 

mmol g− 1
b2 

atm− 1

G-P30-K4 0.339 6.67 0.111 24.7
G-P10-N4 0.447 5.18 0.105 175
GZ-P10-N4 2.18 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-G1.2 3.18 5.27 0.165 1359
Na13X 3.11 11.8 0.639 120
K-G2 [20] 0.125 272 0.587 3.42
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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-G2, 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/N₂ selec
tivity parameter is defined as follows (Eq. 3): 

αi/j =
qi/pi

qj

/
pj

(3) 

The CO2/N2 selectivity in adsorption capacity is remarkably high, 
especially at low pressure, which can be attributed to the strong affinity 
of CO2 for the specific adsorption sites present in the geopolymer-zeolite 
composites, possibly due to the interaction of CO2 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 

considering competitive effects, for a reference CO2/N2 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 CO2/N2 separation in Fig. 7a 
and Fig. 7b. For comparison purposes, data for the base form of K-G2 
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 Na13X 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 Na13X during CSP, enhance 
CO₂/N₂ selectivity. The resulting values are in line with the performance 
of K-G2, 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 CO2 and the very limited 
interaction with N2. Conversely, the CSP composites based on Na-G1.2 
show a more limited CO2/N2 selectivity, which however remains quite 
high, in comparison with the results observed for K-G2 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 CO2 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 CO₂. Addition
ally, the synthesis process does not require high-temperature or high- 

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 CO2/N2 mixture at an 80/20 ratio.

Table 5 
Comparison of CO₂ adsorption performances at 308 K, with a 10/90 - CO2/N2 
mixture for selectivity performance.

Adsorbent material Adsorption 
Capacity (mmol 
g− 1)

CO₂/N₂ 
Selectivity

Reference

0.1 bar 1 bar 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-G2 0.27 0.58 130 [20]
Na-G1.2 0.6 1.7 44 [20]
Zeolite-Geopolymer (K-G2-Z1) 0.59 1.1 120 [20]
Zeolite-Geopolymer (K-G2-Z2) 0.75 1.6 120 [20]
Zeolite-Geopolymer (Na-G1.2- 

Z)
1.1 2.5 61 [20]

Geopolymer-Zeolite X 
(45.6 wt%)*,*

- 0.48 - [62]

Geopolymer-Zeolite NaX 
(70 wt%)*

- 3.2 - [63]

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 CO2 capture 
applications.

To evaluate the performance of the synthesized geopolymer-zeolite 
monoliths for CO₂ 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 m2 g− 1, with relevant CO2/N2 separation performances with CO2 
capacity up to 1.9 mmol g− 1 and selectivity as high as 600, substantially 
higher than that of most conventional adsorbent materials commonly 
employed for CO2 capture, as pristine zeolites, activated carbons, or 
metal-organic frameworks (MOFs).
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