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ABSTRACT

In this work, three metakaolin-based geopolymer matrices were prepared, varying the molar ratio Si:Al (2.0 or
1.2) and the type of cation (sodium or potassium). Starting from these matrices, geopolymer-zeolite composites
were synthesized and consolidated (80 °C), incorporating a commercial sodium-based zeolite, Na4A, with the
aim of producing post combustion CO, adsorbents, since the presence of Na4A crystalline phase is desirable due
to its known remarkable CO, adsorption capacity.

The sodium-based geopolymer matrix with Si:Al = 1.2 allowed the in situ nucleation of the zeolite NaA,
therefore this matrix was added with different amount of synthetic zeolite Na4A to verify the total conversion of
the matrix into zeolite NaA, in view of an alternative low-cost synthesis method to obtain zeolite NaA as a “solid”
in a complex form.

The composites were deeply characterized and lastly tested for CO, adsorption. The geopolymer matrices act
as binders allowing the shaping of zeolite and producing functional composites with mutable chemical
composition, microstructure and porosity according to the starting composition. The sodium-based geopolymer
zeolite composite was the best performing in term of CO, adsorption capacity being 1.0 mmol g~! at 0.1 bar,
nearly equivalent to synthetic zeolite Na4A (1.2 mmol g~1) and close to pure zeolite Nal13X (1.4 mmol g~?), the
current benchmark material for carbon capture application.

1. Introduction

Davidovits coined the term geopolymer in the late 1970s, indicating
materials of mineral/inorganic origin obtained by polycondensation
that leads to an amorphous three-dimensional aluminosilicate network
(Davidovits, 1991). Geopolymers are obtained by alkaline activation of
an aluminosilicate precursor, which, because of polycondensation re-
actions at low temperature (generally below 100 °C), gives rise to the
matrix. Such mechanism is named geopolymerization. The structure
obtained is characterized by a connection of silicon and aluminum tet-
rahedras, which combined give origin to interconnected channels, rings
and cages similar to that of zeolites (Breck, 1974; Rozek et al., 2019),
although on different long-range order (Duxson et al., 2005). Not sur-
prisingly, as reported by Kriven et al., 2003, geopolymers can be
considered as “amorphous zeolites that have not had the opportunity to

crystallize”. Geopolymers are inherently porous materials, similarly to
zeolites; in particular, they are mesoporous materials while zeolites are
microporous. However, unlike zeolites, they have good mechanical
properties and they are easily shaped (Landi et al., 2013). These char-
acteristics make geopolymers very appealing either for structural use, as
thermal and acoustic insulators, or as supports for catalysts (Cong and
Cheng, 2021; Zhang et al., 2021). Furthermore, the synthesis of geo-
polymers is simpler and less energy-intensive than that of zeolites.
Geopolymers can boast high mechanical performance with an easy
shaping and reproducibility even on a large scale.

The characteristics of geopolymer materials strongly depend on the
raw materials used, which have to be carefully selected for the desired
application. For the synthesis of a geopolymer, three different types of
raw materials are needed: aluminosilicate powder, alkaline activator
and fillers. The selection of the aluminosilicate source, as a matter of
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fact, determines the Si:Al ratio, and therefore it controls the two or
three-dimensional structure of the resulting geopolymer. That leads to
different characteristics of the product (compressive strength, possibility
of formation of crystalline phases, etc.) and its possible applications
(Davidovits, 2008). Beside the use of waste raw materials such as fly
ashes or slugs (Ren et al., 2021), the purest and most reactive is meta-
kaolin deriving from thermal dihydroxylation of kaolin (Medri et al.,
2010; Romero and Nishant, 2022).

The type of activator (generally solutions of alkali metal hydroxides
and/or silicates) is selected based on the reactivity of the precursor
powders and the type of cation to be introduced (usually sodium or
potassium). The hydrolysis rate of the aluminosilicate powder, the rate
of polycondensation and, consequently, the mechanical properties of the
final material depend on the nature of the cation (Medri et al., 2010).

Finally, fillers, additives and/or pore-forming agents are added in
order to impart specific properties or functionalities to the geopolymer
material (rheological properties, dimensional stability, adequate
porosity, new functions). In geopolymer-zeolite composites, for
example, the peculiarities of the zeolites, used as fillers, are combined
with those of the geopolymers (Rozek et al., 2019). In that way, the
microporosity, the high surface area and the reactivity of the zeolites are
combined with the mesoporosity, mechanical resistance and support
provided by the geopolymer matrix (Papa et al., 2018; Rozek et al.,
2019). Indeed, self-supporting, scale designable, porous and easy-to-
handle materials, can be produced, allowing to consolidate effectively
the zeolite phase, that is of great importance at the industrial level. That
allows to obtain customized materials, potentially suitable in the most
disparate fields. In fact, zeolites by virtue of their three-dimensional
network can be classified as tecto-aluminosilicates with cation ex-
change properties. For this reason, zeolites are often used industrially for
water softening, while the microporosity that characterizes them de-
termines their use as catalysts, adsorbent materials, molecular sieves
and materials used for the treatment of polluted water (Khaleque et al.,
2020).

Geopolymer-zeolite composite materials can thus be used as solid
adsorbents for the separation or the purification of aqueous or gaseous
systems. Indeed, they are suitable for the purification of aqueous media,
and in particular for large-scale wastewater treatment (Liu et al., 2016)
or as bulk adsorbents of heavy metals (Lee et al., 2016). Furthermore,
self-supported membranes can be produced exploiting the formation of a
layer of zeolite on the geopolymer matrix used as support, increasing the
mechanical resistance of the membrane (Xu et al., 2017). Geopolymer-
zeolite composites find applications also in the building sector, since
they have humidity control (Takeda et al., 2013) and thermo-insulating
properties related to the release of the zeolite water during heating
(Rozek et al., 2019).

Regarding the purification of gaseous systems, these materials are
suitable to remove specific components, for instance in drying applica-
tions in air conditioning system (Wu et al., 2018), or as purifiers against
toxic substances, such as formaldehyde (Huang et al., 2012), or as solid
adsorbents for carbon dioxide (CO3) removal (Papa et al., 2018; Minelli
et al., 2018). Referring to this last example, it is noteworthy the syner-
gistic effect found between the geopolymer matrix and the zeolite used
as filler, which thus opens up a promising scenario for the separation of
gaseous mixtures (Boscherini et al., 2021). Indeed, there are recent ap-
plications of geopolymers and geopolymer-zeolite composites in carbon
capture (Freire et al., 2022), in particular for the separation of CO; from
flue gases (post-combustion carbon capture) (Zhu et al., 2019), con-
taining mainly nitrogen. Interesting CO capacities have been detected
(Pei et al., 2019; Freire et al., 2020; Chen et al., 2021; Candamano et al.,
2022; Han et al., 2022), especially in the range of low pressure, but still
not quite comparable with those of synthetic zeolites, which represent
the benchmark materials for such application (Samanta et al., 2012) and
which are obtained following standardized syntheses studied for a long
time to maximise the adsorption performances related to their
structures.
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In this work, a sodium-based commercial zeolite, Na4A
(Naj2[(Si02)12(A102)12]-27H50), was selected and incorporated into
geopolymer matrices to produce geopolymer-zeolite composites. Such
zeolite is characterized by the “Linde Type A" (LTA) structure, which can
be described as the union of 8 sodalite cages ($-cages) through 12 cubic
secondary building units (SBU) structures (D4R - double four-membered
rings). The interconnection gives rise to a central cavity, called a-cage,
with a size of about 4 10\, for which zeolite NaA is also called “4A” (Rozek
et al., 2019). Zeolite NaA is known for its remarkable CO5 adsorption
capacity (Harper et al., 1969; Indira and Abhitha, 2022), but it is also
used in processes of separation by evaporation, as membrane in
seawater desalination processes (He et al., 2013). Because of its pro-
nounced hydrophilic character, zeolite NaA can further be used to
remove water from organic solutions (Xu et al., 2017) and to control
humidity in the air (Takeda et al., 2013). Furthermore, since zeolite
NaA, under certain conditions, can spontaneously nucleate from geo-
polymers (Papa et al., 2018; Rozek et al., 2019), this aspect can be
exploited as a more sustainable alternative synthesis compared to the
conventional hydrothermal one (Duan et al., 2015). In addition, this in
situ synthesis from geopolymers allows to control the crystallinity of
zeolites, which is not always possible with standard hydrothermal
treatments (Alzeer and MacKenzie, 2018). Synthetic zeolites, although
more performing than natural zeolites, are obtained by relatively slow,
expensive processes that usually use organic templates. Not surprisingly,
the research aims to find alternative methods for the synthesis of these
materials, including geopolymerization (Duan et al., 2015; Wang et al.,
2018; De Rossi et al., 2019; Zheng et al., 2019; Ma et al., 2021; Wu et al.,
2021; Ren et al., 2022).

In this study, three metakaolin-based geopolymer matrices were
prepared, varying the molar ratio Si:Al and the type of cation (sodium or
potassium). A potassium-based matrix with Si:Al = 2 was already proved
to have high CO, selectivity towards light gases such as nitrogen or
methane (Minelli et al., 2016), while the sodium-based matrix with Si:
Al = 1.2 allowed the spontaneous nucleation (in situ synthesis) of the
NaA zeolite during the consolidation process (Papa et al., 2018). Since
the presence of NaA crystalline phase is desirable, due to its adsorbing
capacity towards COo, starting from the geopolymer matrices, compos-
ites were prepared adding synthetic zeolite Na4A. Moreover, given the
possibility to directly nucleate zeolite NaA starting from the Na-based
geopolymer matrix, the latter was added with different amount of syn-
thetic zeolite to verify the total conversion of the matrix into zeolite
NaA. The composites were deeply characterized in terms of chemical
and microstructural properties and lastly tested for CO5 adsorption.

2. Materials and methods
2.1. Sample preparations

Metakaolin (grade M1200S, Imerys, SiOz = 55%, Al,O3 = 39%, SSA
= 25m? g1, Dsp = 1.5 pm) with an amorphous content of about 87%
(Autef et al., 2013) was mixed with NaOH 5 M, KOH 6 M or a potassium
silicate solution (K-silicate) with a molar ratio of SiO5:K30 = 2.0 and
H,0:K30 = 13.5 to prepare geopolymer slurries with Si:Al ratio equal
1.2 or 2.0 and coded respectively Na-Gj 3, K-G; 2 and K-G», using pro-
tocols reported in Papa et al., 2018. Then commercial zeolite Na4A,
kindly provided by Luoyang Jianlong Micro-Nano New Materials Co,
Ltd. (Dsp = 3-5 pm, water adsorption >27% m/m) and deionized water
were added to the geopolymer slurries and mixed with a centrifugal
orbital mixer (Thinky Mixer ARE-500, Thinky, Japan) for 3 min at 900
rpm, followed by one minute of defoaming at 1200 rpm.

The composites formulations were firstly set up by a trial-and-error
approach to obtain easy-to-cast slurries with the maximum amount of
zeolite filler and the minimum quantity of water. Subsequently, the
amount of zeolite Na4A, added to the Na-based geopolymer matrix and
used also as seed for nucleation, was decreased to assess the possible
influence on the conversion of the geopolymer matrix into zeolite NaA.
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Table 1

Samples codes, alkaline solution used, Si:Al molar ratio of the consolidated
geopolymer matrix, zeolite Na4A wt% and total amount of water (alkaline so-
lution plus added water) used for the slurries preparation.

Sample code Alkaline solution Si:Al Na4A H,0
(wt%) (Wt%)
K-G, K-Silicate 2.0 - 30
K-G1.p KOH 1.2 - 44
Na-Gi 2 NaOH 1.2 - 53
K-G2-4A K-Silicate 2.0 22 34
K-Gy.0-4A KOH 1.2 25 37
Na-Gy 5-4A-1 NaOH 1.2 27 45
Na-Gj 2-4A-2 NaOH 1.2 16 49

Table 1 reports the codes and formulations of the produced geopolymer
matrices and composites.

The slurries were cast in cylindrical silicone molds (diameter @ = 17
mm, height h = 25 mm), then hermetically sealed and placed for 24 h in
a heater set at 80 °C. Subsequently, molds were opened and the samples
left at 80 °C for further 24 h, to complete the consolidation. 80 °C was
the selected temperature to consolidate benchmark geopolymer
matrices. This temperature is able to favor and speed up the geo-
polymerization, obtaining samples with a geopolymerization degree
over 97% (Landi et al., 2013), furthermore zeolite A has typically been
synthesized at temperature comprised around 60-100 °C (Park et al.,
2015). The consolidated materials were then analyzed in bulk or in
powder form, after washing at room temperature in distilled water to
eliminate the residues of unreacted material.

2.2. Characterization techniques

2.2.1. Chemical and microstructural characterization

Attenuated total reflection (ATR) measurements were performed
with a Thermo Scientific Nicolet iS5 FT-IR Spectrometer, with iD7 ATR
accessory, to assess the bonds vibrations mode of the samples. The range
of acquisition was between 4000 and 400 cm ™! and each spectrum was
accumulated from 32 individual measurements executed on powder
samples.

X-Ray Diffraction (XRD) patterns were obtained using a Powder
Diffractometer Bruker D8 Advance with CuKa radiation, Karlsruhe,
Germany. The XRD data were analyzed using the RIR method (Chung,
1974), in order to quantify the amount of zeolite NaA. This X-ray
diffraction method, applied for quantitative multicomponent analysis,
avoid the conventional calibration-curve procedure and a more funda-
mental ‘matrix-flushing’ concept is used (Chung, 1974). The matrix-
flushing concept gives an exact relationship between intensity and
concentration since neither assumption nor approximation is made.
Corundum was used as flushing agent and the correct reference intensity
for zeolite Na4A was calculated and used to estimate the amount of
zeolite NaA presents in the Na-based geopolymer matrix and
composites.

The microstructure of the samples was examined by an Environ-
mental Scanning Electron Microscope (E-SEM FEI Quanta 200, FEI,
Hillsboro, OR, USA). All samples have been covered with a thin layer of
gold, to make them conductive, using a turbo-pumped sputter coater
(Quorum Q150T ES, Quorum Tech, Laughton, United Kingdom).

Transmission Electron Microscope (TEM) analyses were performed
with a FEI TECNAI F20 microscope operating at 200 keV. The powdered
samples were suspended in isopropanol and treated in ultrasonic bath
for 20 min. The suspension was deposited on a “quantifoil carbon film”
Cu grid for TEM analysis and then dried at 100 °C.

The bulk density of the composites was calculated by weight-to-
volume ratio, while the true density was obtained analysing the com-
posites powders with a helium pycnometer (Multivolume pycnometer
1305, Micrometrics). Then, total porosity percentage was calculated
applying:
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Total porosity% = (1 — (bulk density/true density) ) x100 (@D)]

Mercury Intrusion Porosimetry (MIP) has been used to investigate
the pore size distribution of the composites in the range 0.0058-100 pm.
The analysis was performed on composites pieces using a Thermo Fin-
ningan Pascal 140 and Thermo Finningam Pascal 240, Thermo Fisher
Scientific, Waltham, MA, USA.

Specific Surface Area (SSA) values were obtained performing anal-
ysis on composites pieces with a Thermo Scientific Surfer instrument
(Thermo Fisher Scientific, Waltham, MA, USA), working by nitrogen
adsorption at 77 K and applying the Brunauer-Emmett-Teller (BET)
method.

2.2.2. COy adsorption tests

The analysis of COy capacity in the geopolymer based composites
was performed in a custom-made pressure decay apparatus, using a
volumetric method, as already reported in previous publications
(Minelli et al., 2016, 2018). Tests were carried out at 35 °C in a differ-
ential fashion, with step increases of pressure. The amount of CO5
adsorbed is evaluated from the pressure decrease of a calibrated volume
that contains the sample. Before each test, the sample granules (about 1
g) were conditioned at 200 °C in a vacuum oven, already housed in the
holder chamber, and further conditioned at 80 °C under vacuum over-
night. The adsorption capacity was calculated from the final chamber
pressure at asymptotic time, using the ideal gas law (compressibility
factor z is always well near 1 in those conditions). Such procedure was
repeated increasing stepwise the pressure up to atmospheric pressure.

3. Results and discussion
3.1. Chemical and microstructural characterization

Since geopolymers and zeolites consist of an aluminosilicate frame-
work, the infrared (IR) region between 1200 and 400 cm ™! contains the
fundamental vibrations of the framework (Si,A1)O4 (TO4) tetrahedra and
should reflect the framework of the materials (Flanigen et al., 1971).
Fig. 1 reports this region of the spectrum for the produced composites
and for the commercial zeolite filler Na4A used as reference.

Each zeolite species has a typical infrared pattern and consists of two
classes of vibrations: internal vibrations of the framework TO4-tetrahe-
dron and vibrations due to external linkages between tetrahedra, which
are sensitive to the presence of secondary building units, as double rings,
and which distinguish the various zeolites. In particular, zeolite A is
characterized by the presence of vibrations at ~ 542 cm ™! because of the
presence of double rings (D4R). In fact, the presence of this band is
evident in all the spectra of the composites reported in Fig. 1. The main
peak is located around 950-980 cm ™!, because of internal asymmetric
stretching vibrations of TO4 tetrahedra, which are sensitive to frame-
work Si,Al composition since the vibrational frequencies represent the
average Si,Al composition and bond characteristics of the central T
cation (Flanigen et al., 1971). Regarding the average Si,Al composition
it is evident, in Fig. la, as this peak is shifted mainly due to the
composition of the geopolymer matrix which change from Si:Al = 2.0 to
1.2, with a shift to higher wavenumbers increasing the silica content
(Krol et al., 2016).

K-based composites showed weaker bands (Fig. 1a), typically for
non-crystalline material, associated with the symmetrical stretching
(800-600 cm™!) and bending (600-400 cm™!), of the Si-O-Si, Al bonds
in the aluminosilicates (Krol et al., 2016).

Conversely, the spectra of all Na-based composites are substantially
overlapped to that of the starting zeolite Na4A (Fig. 1b). Indeed, in this
case the typical zeolite A bands at ~660 cm~! (TO4 symmetrical
stretching internal vibrations), ~542 cm ™! (double rings vibrations) and
~460 cm ! (T-O bending), are well evident. This supports the hypoth-
esis that the geopolymer moiety is able to crystallize into NaA crystalline
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Fig. 1. ATR-FTIR spectra of the zeolite Na4A used as filler and of the synthesized composites Na-G; 5-4A-1, K-G»-4A-1, K-G; »-4A-1 (a). Comparison between the filler

Na4A and the Na-based geopolymer matrix and composites (b).

phase during the geopolymerization reaction, in fact, also the spectrum
of the Na-Gj 2 matrix is superimposable with the spectrum of the filler
Na4A (Fig. 1b).

In Fig. 2 are reported the XRD spectra of the samples. Regarding the
K-based composites (Fig. 2a), in the case of K-G2-4A, there is the typical
hump, centred at 27° of 20 (Papa et al., 2018), due to the amorphous
geopolymer matrix, the peaks related to the crystalline impurities of the
starting metakaolin (quartz and muscovite) and the peaks due to the
crystalline zeolite Na4A used as filler. K-Gj 2-4A shows the geopolymer
amorphous hump shifted and centred at 30° of 20 because of the
different Si:Al of the matrix. Peaks of crystalline phases, due to impu-
rities of the metakaolin and the zeolite filler, are also evident in this case.
In K-based composites ion exchange phenomenon can occur due to the
contemporary presence of K cations in the reactive K-based geopolymer
slurry and Na cations, present in zeolite Na4A used as filler/seed. K ions
do not participate to the nucleation of zeolite A crystals (Warzywoda
and Thompson, 1991). When zeolite NaA is used as a seed in K-based
synthesis system, some Na ions are exchanged out of the seeds during the
synthesis, and nucleation of a new population of zeolite A crystals is not
observed (Warzywoda and Thompson, 1991).

Concerning the geopolymer matrix Na-G; » and the two composites
Na-Gj 2-4A-1 and Na-Gj »-4A-2 (Fig. 2b), it is evident as the geopolymer
amorphous hump is practically absent and only crystalline phases
belonging to zeolite NaA and some impurities of the metakaolin are
present. This further confirms how the geopolymer matrix is able to
transform itself into zeolite.

Moreover, to evaluate the degree of conversion into zeolite, quanti-
tative analysis has been performed on the Na-based geopolymer matrix
and composites, applying the RIR method (Chung, 1974). The method
allowed to estimate approximately 81% of zeolite NaA nucleated in the
Na-Gj » matrix. The centrifugal orbital mixer, used for the synthesis of
these materials, generates a vertical spiral convection in the container
allowing an intimate and homogeneous mixing of the reagents, thus
favouring the nucleation of NaA in the matrix compared to a mechanical
mixing, previously used in Papa et al., 2018, where the formation of NaA
was estimated by RIR to be equal to 65%. The addition of different
amount of zeolite Na4A, used also as seed for nucleation, did not sub-
stantially increased the amount of zeolite NaA, being 82% for both the
composites Na-Gj »-4A-1 and Na-Gj 5-4A-2.

In Fig. 3 SEM micrographs of zeolite Na4A, matrix Na-Gj » and of all
the synthesized composites are reported, with an evident difference
between the sodium and potassium-based materials.

The commercial zeolite filler Na4A (Fig. 3a) is formed by cubic
particles, even if some occur with rounded edges and dimensions
ranging from about 2 to 5 pm. It is easy to recognize these features also
in the Na-based matrix Na-Gj o (Fig. 3b), where it is evident as the cubic
zeolite NaA has nucleated starting from the geopolymer matrix.
Evidently, the geopolymer matrix has transformed in a significant
amount of zeolite NaA, which differs from the commercial one due to the
presence of less homogeneous zeolite domains, albeit with a similar size

distribution, probably because of a not complete crystallization.
Furthermore, the Na-based composites microstructures, showed in Fig. 3
c,d are very similar to the Na-based geopolymer matrix. The typical
cubic phases of zeolite NaA are evident in all samples even if with more
or less defined edges.

The microstructures of the K-based composites are completely
different than cubic zeolite NaA: K-G2-4A (Fig. 3e) is quite homogeneous
resembling the typical geopolymer matrix formed by nanoprecipitates,
which embed the zeolite particles of the filler Na4A. Conversely, K-G »-
4A shows a geopolymer matrix poorly cohesive and non-homogeneous,
with the presence of flat flakes associable to unreacted metakaolin
particles (Fig. 3f). The cubic phases of the zeolite Na4A appear in the
geopolymer matrix, but more rounded or in larger aggregates than the
commercial one (Fig. 3a).

In Fig. 4 the high resolution TEM images deepen and clarify what was
observed with the SEM analyses. In the matrix Na-Gj » the presence of
large (2-3 pm) NaA zeolite particles is confirmed (Fig. 4a), and smaller
zeolite particles are observed in the early stages of nucleation in the
amorphous geopolymer matrix (Fig. 4a,c), as also evident in Na-G; »-4A-
1 (Fig. 4c,0).

Conversely, in K-Go-4A (Fig. 4g,h,i) zeolite 4A particles (2-3 pm)
with rounded edge (Fig. 4g) are embedded in agglomerates of nano-
particles (5-50 nm), characteristic of the K-based geopolymer matrix.
Finally, composite K-Gj 2-4A shows the presence of larger agglomerates
of geopolymer nanoparticles, as noticed also in the SEM image (Fig. 3f).
Probably, in this last case, the highly alkaline geopolymerization con-
ditions have affected the zeolite filler modifying it superficially,
rounding the vertices and edges of the cubic structure. This likely due to
the nucleation of an additional K-substituted zeolite fraction resulting in
formation of larger aggregates.

3.2. Porosity characterization of the composites

Table 2 shows the data of bulk and true density, total porosity %, the
main values obtained by Mercury Intrusion Porosimetry (MIP) analysis
and the specific surface area (SSA) values of the three most represen-
tative composites.

The bulk density is inclusive of both the solid material and the total
porosity (closed and open). Conversely, true density does not consider
the porosity and depends on the stoichiometry, indeed it increases
increasing the Si:Al ratio, since silicon has a greater atomic mass than
aluminum. Furthermore, true density depends on the type of cation, and
in general, with the same charge, it increases as its atomic mass in-
creases, as in the case of the potassium-based composite compared to the
sodium-based one.

The open porosity and the specific surface area also depend on the
composition of the material and, in particular, as the Si:Al ratio in-
creases, there is an increase in the surface area and a decrease in porosity
detected by MIP, due to the change in the average size of the pores (Papa
et al., 2018). All the trends described can be observed in the values
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reported in Table 2 for the synthesized composites.

The pore size distributions, obtained by MIP, are reported in Fig. 5.
MIP analysis provides a good interpretation of the distribution of the
meso- and macro-pores, in the range 0.0058-100 pm, therefore mainly

due to the geopolymer matrix, since it is not able to detect the zeolite
micro-porosity, while other methods are used (Marko et al., 2013). In
general, all distributions are monomodal but with different modal pore
diameter (most frequent pore size) (Table 2), being 0.06 pm for K-Go-4A,
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Fig. 3. SEM micrographs of a) zeolite filler Na4A, b) Na-G; » matrix, c) Na-G; »-4A-1, d) Na-G; »-4A-2, e) K-G»-4A and f) K-G; »-4A composites.

0.63 pm for K-Gj.2-4A and 1.84 pm for Na-Gj 2-4A-1. As reported pre-
viously, porosity depends on the geopolymer composition: the larger Si:
Al ratio, the lower the pores diameter with a higher frequency. It follows
that in the case of K-G2-4A, although the modal pore is just “outside” the
mesoporosity range (2-50 nm), the most part of the pore size distribu-
tion is “inside” because of the presence of a tight geopolymer matrix
acting as a binder for zeolite NaA. In the case of K-G 2-4A, the modal
pore diameter is shifted at higher value both for the lower Si:Al ratio and
for the formation of agglomerates which increase the porosity in the
composite, as visible in Fig. 3f. Finally, in Na-Gj »-4A-1, the value of the
modal pore size can be associated with the pores present between the
various zeolite particles (both added and in situ formed), as evident from
the SEM image (Fig. 3c). It is important to mention that as MIP technique
is not able to evaluate the micro-porosity of the zeolite, even BET surface
area analysis is not able to determine the contribution provided by the
zeolite to the overall surface area, as the limit dimension for Ny to
penetrate inside the pores at 77 K is 5 A (Garcia-Martinez et al., 2000),
while the NaA zeolite has a size of 4 A.

3.3. CO2 adsorption capacity

Figure 6 shows the adsorption isotherms, obtained by averaging at
least three replicates of the analysis. The Dual Site Langmuir (DSL)
model (Minelli et al., 2018) was used to describe the experimental data.
In detail, the adsorbing capacities against carbon dioxide at the refer-
ence temperature 35 °C and measured in a sub-atmospheric pressure
range from O to 1 atm are reported.

In K-based composites, the addition of zeolite Na4A does not lead to
an increase in COy adsorption capacity, as previously found thanks to
the addition of commercial zeolite Nal3X (with faujasite-type structure
an effective pore size of 10 A) in composite K-Go-Z2 (Papa et al., 2018;
Minelli et al., 2018) (Table 3). As one can see, K-Gj 2-4A shows basically
no CO; capacity throughout the pressure range investigated, while K-Go-
4A shows almost the same CO5 adsorption curve than that of the K-based
geopolymer matrix (Minelli et al., 2018). However, as mentioned before,
ion exchange phenomena probably occurred during the reaction syn-
thesis because of the contemporary presence of a reactive K-based
geopolymer slurry and Na-based zeolite 4A. The different behaviour of
these composites compared to those made with the addition of Nal3X
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Fig. 4. TEM images of Na-G; » geopolymer matrix (a,b,c) and of the composites Na-G; »-4A-1 (d,e,f), K-Go-4A (g,h,i) and K-G; »-4A (1,m,n).

Table 2

Bulk and true density and calculated total porosity %. The main values obtained by MIP: open porosity, total pore volume, average and modal pore diameters. Specific

surface area (SSA) values of the composites.

Sample code Bulk D True D Total Porosity Open Porosity Tot pore volume Average pore @ Modal pore @ SSA
(gem™) (gem™) (%) (%) (mm°® g™ (pm) (pm) m>g™h
K-Go-4A 1.02 £+ 0.02 2.18 +£0.01 53 49 440 0.04 0.06 37
K-G; 2-4A 0.98 + 0.01 2.15+0.01 55 55 562 0.18 0.63 8
Na-Gj 2-4A-1 0.88 + 0.01 2.04 +£0.01 57 51 569 0.32 1.84 11

(in which the adsorption capacity was the sum of the relative contri-
butions of zeolite Na13X and K-based geopolymer matrix, Minelli et al.,
2018) is likely related to the higher cation exchange capacity of zeolite
Na4A with respect to zeolite Nal3X, due to the different structures and
free openings of the channels (size windows) (Garcia-Sosa and Solache-
Rios, 2001). The larger dimension of potassium than sodium, having a
smaller charge concentration, leads to a reduced or null electrostatic
interaction with CO» in the K-exchanged A zeolite.

Different results were obtained for the Na-Gj2-4A-1 composite,

which showed a relatively high adsorbing capacity (Table 3). The main
difference depends on the presence of sodium as a cation in the reactive
geopolymer slurry, which on the one hand leads to a faster and more
complete hydrolysis of the reactive powder than potassium and on the
other allows the nucleation of a further fraction of zeolite NaA with
respect to the added one. The high charge of sodium implies a great
electrostatic interaction with COs.

The obtained CO, capacities are in any case larger at lower pressure
values (corresponding to the typical CO, partial pressure in post
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Fig. 5. Pore size distributions by MIP of composites a) K-G»-4A, b) K-G; 2-4A and c¢) Na-Gj »-4A-1.
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Fig. 6. CO, adsorption capacity in neat zeolite Na4A and in the geopolymer-
zeolite composites at 35 °C. The samples were compared with neat zeolite
Nal3X and composite Na-G; »-Z (Nal3X) reported in Minelli et al., 2018. Lines
are obtained using a Dual Site Langmuir correlation.

Table 3
Values of CO, adsorption capacity at 0.1 bar and 1 bar, calculated according to
Dual Site Langmuir (DSL) model (Minelli et al., 2018).

Adsorbent CO,, capacity Reference

qCO4 (mmol g’l)

0.1 bar 1 bar
K-Go-4A 0.25 0.47 This work
K-Gy.»-4A 0.003 0.03 This work
Na-Gj »-4A 1.0 2.6 This work
Na4A 1.2 2.9 This work
Nal3X 1.4 3.5 Minelli et al., 2018
K-G»-Z2 (Nal13X) 0.75 1.6 Minelli et al., 2018
Na-G; »-Z (Na13X) 1.1 2.5 Minelli et al., 2018

combustion carbon capture application) than those of the Na-Gj »-Z
(Nal3X) composite (Minelli et al., 2018) (Table 3), while at higher
pressure the CO3 capacity is similar as in in the case of zeolite Na4A and
Nal3X (Minelli et al., 2018). Nevertheless, the adsorption value of the
Na-Gj 2-4A-1 composite is comparable with that of the commercial
zeolite NaA in powder form (and close to pure zeolite Nal3X, the current
benchmark material for carbon capture application), but with the
advantage of the simple shaping of the material. In fact, since on an
industrial level it is necessary to resort to the use of binders to support
and form the zeolites, the performance of the zeolites is significantly
reduced. This drawback can be avoided by using a geopolymer support,
which would allow the obtainment of a carrier material without

decreasing the adsorbing properties characterizing the zeolites.

4. Conclusion

Starting from three metakaolin-based geopolymer matrices, varying
in Si:Al molar ratio (2.0 or 1.2) and type of cation (sodium or potas-
sium), geopolymer-zeolite composites were synthesized adding a com-
mercial synthetic zeolite Na4A in order to produce post combustion CO,
adsorbents.

In general, the geopolymer matrices act as binders allowing the
shaping of zeolite and determining the different chemical composition,
microstructure and porosity of the final composites.

The sodium-based geopolymer matrix with Si:Al = 1.2 (Na-Gj o)
allowed the spontaneous in situ nucleation of the zeolite NaA, approxi-
mately estimated to be 81%. Two different amounts of synthetic zeolite
Na4A were added as seed for nucleation to matrix. However, the addi-
tion of syntethic zeolite did not substantially increased the amount of
zeolite NaA, being 82% for both composites (Na-G »-4A-1 and Na-Gj »-
4A-2).

Regarding the CO, adsorption capacity, the K-based composites (K-
Go-4A and K-Gq 2-4A) exhibited low values because the beneficial effect
given by the presence of zeolite Na4A was cancelled by ion exchange
phenomena that occurred during the reaction synthesis due to the
contemporary presence of a reactive K-based geopolymer slurry and Na-
based zeolite 4A.

Conversely the Na-based composite (Na-Gj 3-4A-1) was the best
performing with an adsorption capacity of 1.0 mmol g~ at 0.1 bar and
2.6 mmol g~ at 1 bar, nearly equivalent to synthetic zeolite Na4A and
close to pure zeolite Nal3X, the current benchmark material for carbon
capture application.
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