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A B S T R A C T

Given the increase in CO2 emissions, the adsorption process using zeolites are proposed to remove this com-
pound from combustion gases in pulverized coal power plants. Besides it, these materials can also be synthesized
using coal fly ash to reconcile environmental and economic concerns. The aim of this study was to measure the
adsorption capacity of zeolites synthesized from coal fly ash compared with commercial zeolites and assess their
performance in temperature swing adsorption processes. Two pelletized synthetic zeolites were selected, one
NaX type (SZX) and one NaA type (SZA), and two commercial zeolites, one NaX (CZX) and one NaA (CZA).
Zeolites were characterized by XRF, XRD and textural analysis (BET). Adsorption capacity tests were performed
by thermogravimetric analysis using similar CO2 concentrations to those found in pulverized carbon combustion
gases, without moisture. Isotherms were also obtained for synthetic and commercial zeolites type X. The XRD
results showed substantial similarity between the commercial and synthesized zeolites, indicating a good degree
of crystallinity. The CO2 adsorption capacity at 303 K for both samples showed values similar to those reported
in the literature (1.97 mmol/g for SZX and 1.37 mmol/g for SZA), demonstrating their potential in commercial
applications. After five cycles, the adsorption capacity of all samples remained practically unchanged, indicating
the possibility of application in TSA processes. In the adsorption tests at different temperatures and in the
isotherms, adsorption capacity declined as temperature increased for both samples, being similar to benchmark
commercial 13X and 4A zeolite adsorbents.

1. Introduction

The environmental pollution caused by high greenhouse gas (GHG)
emissions has gained greater visibility in recent years [1,2]. Carbon
dioxide stands out as the greatest source of anthropogenic emissions,
associated primarily with the burning of fossil fuels [3,4]. As such, post-
combustion CO2 capture in power plants is an emerging demand and
challenging in terms of developing technically and economically viable
technologies [2].

The most well-developed industrial CO2 capture processes occur via
absorption, with ammonia standing out among the solvents used due to
its easy reaction with CO2 via rapid bonding, even at low partial
pressures. However, despite its efficient CO2 removal, this technique

can be improved, particularly in relation to the regeneration costs of the
absorbent material [1–3]. Additional problems that raise capital and
operating costs include thermal and oxidative degradation of solvents,
solvent losses via volatilization and corrosion [4].

As a result, alternative capture processes have been increasingly
studied, including pressure (PSA) and temperature swing adsorption
(TSA) [5]. Processes involving adsorption are recommended as func-
tional techniques with significant economic advantages, largely due to
their low energy demand per metric ton of CO2 captured [3]. Adsorp-
tion processes are also beneficial because of their high CO2 capacity and
selectivity in gaseous mixtures containing nitrogen, oxygen, methane
and hydrogen; good mechanical properties of the adsorbents; easy re-
generation and the ability to act in adsorption/desorption cycles [6,7].
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Microporous materials, such as zeolites, can be applied in various
industrial processes as in advanced ceramic coatings [8], removal of
contaminants from liquid effluents [2,9–11], catalysis [12,13], de-
tergent additives [14,15] and fertilizers [16,17]. And in the context of
gas adsorption, particularly CO2 capture, these materials stand out for
their use as adsorbents [1,6,18,19]. Their high adsorption capacity is
the result of low density, large volume of empty spaces (when dehy-
drated), high crystalline structure stability and uniformly sized chan-
nels [3,19].

Among the different classes of zeolites, types NaX and NaA are the
most well-known in the field of CO2 capture, exhibiting high selectivity
in relation to other gases [1,7,18,20,21]. These zeolites are differ-
entiated according to their structure and Si/Al molar ratio, with zeolite
X exhibiting a ratio between 1.0 and 1.5 and zeolite A 1.0 [22].

Nevertheless, the progression of adsorption processes is dependent
on the availability of low-cost adsorbents, high adsorption capacity and
dynamics, and the substantial selective power of these materials [5]. To
achieve this viability, studies about synthetic zeolites have been made
using different industrial wastes [2,21,23–25]. Among these wastes,
coal fly ash is one of the most used materials to synthesize zeolites, and
already shows promising results, in some cases can reduce the costs
around 40% [5,7,19,26–32]. Its good application is the result of high
concentration of silicon and aluminium in the fly ash and the low
presence of organic materials [7,19,28,29].

In addition to this, Brazilian coals have around 20–50% of ashes
[33], therefore, its consumption generates significant amounts of ashes
[27,18]. Furthermore, coal is the primary source of electrical energy
production worldwide and its use has grown sharply since 2003 [26].
The industry cannot consume the entire volume of ashes generated,
since less than 45% of the total amount of ashes produced in Brazil are
reused, particularly in the cement industry [18,21,34]. It creates a
demand for more economically and environmentally adequate solutions
for these wastes [26,29,30,33].

In order to be applied in industrial adsorption processes, zeolites
may not be in powder form, as synthesized, but in pellet form or ap-
propriately sized spheres [35,36]. The conformation of these adsorbent
materials is crucial to industrial applications and the products of this
process must exhibit high porosity to maintain the properties of the
adsorbent [3]. The material used in conformation can significantly in-
fluences its intracrystalline features and affects the adsorption proper-
ties of the final material [36].

In light of the above, the primary objective of this study was to
assess the CO2 adsorption capacity of zeolites synthesized from coal fly
ash and compare it to commercial zeolites applied under the same
conditions. The possibility of regenerating these materials by applying
several adsorption/desorption cycles was also assessed to verify their
possible applications in a TSA process. In addition the influence of
temperature on adsorption capacity was also evaluated.

2. Materials and methods

Two fly ash samples were used in this study, one collected at the
outlet of the electrostatic precipitator of unit C at the Jorge Lacerda
power plant in the city of Capivari de Baixo (Santa Catarina state,
Brazil), and the other from the silos at the Pecém II power plant in
Fortaleza (Ceará state, Brazil) under flue-gas desulfurization (FGD).
Distilled water was used in all stages of the synthesis process and the
other reactants were all analytical grade.

2.1. Zeolite synthesis from coal fly ash

In the present study, zeolites types NaX and NaA were synthesized
from coal fly ash, based on previous studies, where the parameters of
the processes have been already optimized [7,28]. The syntheses were
carried out by a two-step process consisting of prior fusion of the ash
with sodium hydroxide (NaOH) and subsequent hydrothermal reaction.

The flowchart in Fig. 1 shows the synthesis steps to obtain zeolites
types NaA and NaX. To determine the molar ratio of the synthetic
zeolites was necessary to characterize the coal fly ashes using XRF and
XRD technics. Then, considering the chemical reactants (H2O, NaOH e
NaAlO2) and the amorphous content of silicium and aluminium in the
fly ashes, it was possible to determine the main molar ratio of the oxides
utilized in the zeolites syntheses processes. The ratios used for zeolite
SZX were SiO2/Al2O3 = 3.5; Na2O/SiO2 = 2.05; and H2O/
Na2O = 51.4, and for synthetic zeolite SZA SiO2/Al2O3 = 1.0; Na2O/
SiO2 = 3.25; and H2O/Na2O = 80.4.

To synthesize both samples, the fusions of the fly ashes with NaOH
were carried out at 823 K for 1 h. After cooling, the samples were
grinded and NaAlO2 and H2O were added. Both samples were homo-
genized by agitation at 300 rpm. For zeolite type NaX, the solubilization
was carried out at room temperature for 16 h, and for type NaA this step
was proceeded at 323 K for 1 h.

After the solubilization step, the hydrothermal reactions were per-
formed in a static PTFE reactor with controlled temperature between
363 and 368 K during 24 h to zeolite type NaX and 8 h to zeolite type
NaA. The temperature was controlled by a thermocouple PT100 type
inserted into the reactor. This temperature control is really important to
avoid the formation of other types of zeolites [23,37].

Fig. 1. Basic zeolite synthesis procedure.
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After the process, the synthetic zeolites were shaped in spherical
form with 8% of bentonite e 35% of H2O, using a Caleva struder/
spheronizer, Multilab model. The samples were characterized according
to their main properties, including chemical, mineralogical and mor-
phological analyses as described below.

2.2. Characterization of the ashes and zeolites

2.2.1. Chemical, mineralogical and morphological composition
Chemical composition was determined by X-ray fluorescence (XRF)

in all the samples (pressed tablets), using an energy-dispersive X-ray
fluorescence spectrometer (Shimadzu EDX 7000). Prior to these ana-
lyses, loss on ignition (LOI) testing was conducted based on the pro-
cedure described in ASTM D7348-07.

The mineral composition of the fly ash samples was quantitatively
analyzed by powder diffraction, in a Philips X-ray diffractometer (MPD
1880). Phases were identified using the ICDD (International Center for
Diffraction Data, 2003) PDF2 database and PAN-ICSD (PANanalytical
Inorganic Crystal Structure Database, 2007), and quantified via the
Rietveld method using crystalline structures from the ICSD database
(2007) and 10% fluorite (CaF2) as internal standard to help calculate
the amorphous phase.

Qualitative mineralogical analyses of fused samples and synthesized
zeolites were also performed using the powder method, in an X-ray
diffractometer (Shimadzu, LabX XRD 6100), and phase identification
with the aid of the COD (Crystallography Open Database, 2016) and
Match!3 software.

In order to assess morphology, the samples were previously coated
with gold-palladium (Au/Pd) and analyzed by scanning electron mi-
croscopy (SEM) (Zeiss EVO 10).

2.2.2. Textural properties and thermogravimetric analysis
Textural analyses were carried out using the nitrogen (N2) adsorp-

tion technique, in a surface area and pore size analyzer (Quantachrome
Instruments, Quadrasorb EVO). Information on the surface area (cal-
culated via the BET method), pore volume and diameter were obtained
with Quantachrome QuadraWin software.

The adsorption capacity of the samples was determined by ther-
mogravimetric analysis (TGA), using a Discovery SDT 650 simultaneous
TGA-DSC instrument (TA Instruments).

Considering the application of the zeolites in TSA process operating
in atmospheric pressure, the adsorption capacity of the samples was
assessed in five adsorption/desorption cycle using a 7% CO2/N2 v/v gas
mixture without the presence of water, at an adsorption temperature of
303 K and ambient pressure (1.01 bar). Analysis was conducted in
stages, as follows:

a) Pretreatment at 723 K for 30 min and a flow rate of 100 mL/min of
N2 for sample activation;

b) Gas exchange of N2 for a 14% CO2/N2 mixture at 100 mL/min,
producing a 7% CO2 chain, for 20 min (after equilibrium) at 303 K
for the adsorption stage;

c) Further exchange to a N2 atmosphere at 100 mL/min for 10 min and
heating up to 573 K with a 30 min plateau for CO2 desorption;

d) Repetition of steps b and c four more times.

Adsorption capacity at different temperatures was assessed in three

adsorption cycles, following the same steps described above except the
adsorption temperature (step b) was changed to 323 K, 348 K and
373 K. The average value of three readings was used.

2.2.3. Pure CO2 adsorption isotherms
The experimental adsorption isotherms were obtained using a

magnetic suspension balance Rubotherm (Bochum, Germany). The pure
CO2 equilibrium measurements were performed at three temperature
values (323, 343 and 363 K) for both the commercial and synthesized
adsorbent samples. Between 0.5 and 1 g of each sample was placed
inside the balance and outgassed prior the experiment at 573 K under
vacuum during 10 h. Afterwards the adsorbent sample was cooled
down to the experiment temperature while the gas pressure was in-
creased stepwise until 1 bar. The mass variation was recorded con-
stantly for each pressure level until achieving the equilibrium condition
(mass variation < 10−4 g for at least 30 min).

3. Results and discussion

3.1. Chemical and mineralogical characterization of ashes

The chemical compositions of the major elements in the two fly ash
samples studied are shown in Table 1. The main differences between
the two materials are the higher silicon and aluminum concentrations
in the Jorge Lacerda sample (> 85%) and its lower unburned carbon
and iron content, which is a good sign since these factors compromise
high-quality zeolite formation from coal fly ash, particularly for type X
zeolites [7]. The high calcium and magnesium oxide concentration in
the fly ash from Pecém can be explained by its exposure to flue-gas
desulfurization (FGD), whereby flue gases are absorbed using a lime
solution to remove sulfur dioxide. Additionally, hydrothermal synthesis
with prior fusion produced a good quality type X zeolite (SZX) from
ashes collected at the Jorge Lacerda power plant, but not that obtained
at the Pecém plant, although the latter did produce a synthetic type A
zeolite (SZA).

X-ray diffraction (XRD) is one of the best techniques to characterize
ash used in synthesis processes. The mineralogy results of both ash
samples are displayed in Fig. 2, indicating the presence of halos typical
of materials with a high amorphous content, such as coal fly ash. Al-
though both samples contain the same mineralogical phases, quartz,
mullite and hematite, the Jorge Lacerda fly ash exhibits more intense
phase peaks, indicating a high crystalline content (26%). The results of
quantitative analysis of the phases using the Rietveld method are shown
in Table 2, demonstrating a higher amorphous content in the Pecém fly
ash (85%). In order to select the best zeolite synthesis method, it is
important to know the crystalline phases present in the initial material.

The fusion method is generally applied to facilitate decomposition
of Si and Al-rich crystalline phases and form soluble aluminates and
silicates, which are highly reactive and favor zeolite formation [28].
The XRD patterns of the mixtures (ash and NaOH) after the fusion step
are presented in Fig. 3.

Before fusion, both ashes had the same phases (quartz, mullite and
hematite) that are stable phases of silicon, aluminum and iron. After
fusion it can be seen that these phases were transformed into more
reactive silicates and aluminates that can be more easily rearranged
during zeolite synthesis [28,38].

Table 1
Chemical composition of the major elements in the ash used for synthesis on a per mass basis and in the form of oxides.

Composition (wt %) SiO2 Al2O3 Na2O Fe2O3 MgO CaO TiO2 K2O SO3 P2O5 LOI

Jorge Lacerda Ash 60.76 25.48 0.56 5.00 0.79 1.54 1.11 2.91 0.47 0.07 1.33
Pecém Ash 49.96 21.14 1.85 8.66 3.33 6.73 0.86 1.80 1.61 0.14 3.95

* LOI – Loss on ignition.
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3.2. Chemical and mineralogical composition of the zeolites

The chemical composition of commercial type X (CZX) and A zeo-
lites (CZA) and those synthesized from coal fly ash obtained at the Jorge
Lacerda (type X – SZX) and Pecém (type A – SZA) power plants are
shown in Table 3. The SiO2/Al2O3 molar ratios for the synthesized
zeolites (3.01–3.44) are close to the ranges indicated for the respective
zeolite types [22]. Based on the diffractograms of the commercial and
synthetic type X zeolites, shown in Fig. 4 (a) and (b), respectively, the
formation of type X zeolites was good in the sample synthesized from
coal fly ash when compared to the commercial material. The low
background and high intensity of the peaks demonstrates good crys-
tallinity in phase formation, especially for zeolite X. The presence of
zeolite A impurities is evident in both samples, as well as minor zeolite
sodalite contamination in the synthetic zeolite, making it possible to
infer equal quality for both the commercial and synthetic zeolite.

The diffractograms for the type A zeolites (Fig. 5 (a) and (b)) in-
dicate similar behavior, with quartz impurities in both samples and

sodalite in the synthetic sample. The presence of quartz in the synthetic
zeolite can be attributed to the remaining content of this phase in the fly
ash even after fusion. The more intense zeolite A peaks in the com-
mercial sample demonstrate better formation in relation to the syn-
thetic material; however, the sample obtained from fly ash collected at
the Pecém power plant exhibits good quality, confirmed by the low
background and high intensity peaks.

3.3. Morphological analysis of the ash and synthesized zeolites

The morphology of coal fly ash from the Jorge Lacerda and Pecém
power plants is shown in Fig. 6 (a) and (b), respectively. The well-

Fig. 2. Diffractogram of the (a) Jorge Lacerda and (b) Pecém fly ash samples.

Table 2
Quantification of the phases present in the Jorge Lacerda and Pecém fly ash
with lime.

State Phases %wt, Jorge Lacerda ash %wt, Pecém ash

Amorphous – 74 85
Crystalline Quartz 9 8

Mullite 16 2
Magnesioferrite – 2
Hematite – 3
Magnetite 1 –

Fig. 3. Diffractogram of the (a) Jorge Lacerda and (b) Pecém fly ash samples after fusion.

Table 3
Chemical composition of the major elements in the commercial and synthetic
zeolites.

Composition (wt%) CZX SZX CZA SZA

SiO2 43.35 39.90 48.95 37.79
Al2O3 21.45 22.57 27.39 23.60
Na2O 7.39 11.29 9.19 6.83
Fe2O3 1.71 6.68 1.67 9.05
MgO 1.16 < 0.01 1.91 0.75
CaO 0.70 2.14 2.26 5.59
TiO2 0.23 1.52 0.20 1.04
K2O 0.81 1.44 1.04 0.69
SO3 0.21 0.15 0.14 0.38
Minor elements 0.05 0.21 0.04 0.17
LOI 22.94 14.10 7.20 14.10
SiO2/Al2O3 (molar) 3.44 3.01 3.04 2.72

* LOI – Loss on ignition.
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defined spherical shape of both samples is typical of fly ash particles
[7,28] and their greater sphericity can be attributed to their amorphous
coating formed as a result of relatively abrupt cooling after combustion
[39].

The morphology of the synthetic X and A zeolites are presented in
Fig. 7. The typical octahedral prism shape observed in sample SZX
(Fig. 7 (a)) confirms good formation of the zeolitic material, exhibiting
2 to 5 µm crystals. In sample SZA (Fig. 7 (b)), in addition to the cube-
shaped crystals typical of zeolite A, residual spherical particles from the
ash used are also evident, confirming the presence of quartz in the
sample obtained from fly ash. Despite the presence of these fly ash
particles, zeolite A crystals are also visible in the micrograph, demon-
strating good formation of the desired zeolitic material.

3.4. Textural properties

Textural analysis contributes to confirming the quality of zeolites
formed and assesses properties such as specific surface area, pore vo-
lume and diameter. Table 4 presents the values of these properties for
commercial zeolites (type X-CZX and type A-CZA), synthesized zeolites
before and after the addition of binder to the conformation of the
samples into spherical shapes, and the binder itself.

In the case of the zeolite NaA the change in the surface area from
36.87 to 39.40 is not a big change and could easily be attributed to
variations in the analysis itself. However, to the NaX zeolite the role of
the binder can be seen more clearly in the change of the surface area,
since before the pelletization, the synthetic zeolite type NaX had a
specific surface area similar to the commercial zeolite, 448.59 m2/g and
497.88 m2/g, respectively. But after the pelletization with bentonite
(52,63 m2/g), the specific surface area dropped to 247.30 m2/g, which
corresponds around to 45% of the initial property.

Regarding to the pore volume properties the pelletization was not so
compromising. Zeolite type NaX drops from 0.258 cm3/g to 0.205 cm3/
g (about 20%) and type NaA remained constant.

Higher pore volumes can be observed for the commercial zeolites
when compared to their synthetic counterparts, indicating better CO2

adsorption capacity for the former. However, the values obtained for
the synthetic zeolites also support their application in CO2 adsorption
and are consistent with those reported in the literature, where authors
obtained surface areas of 249.7 m2/g and 397 m2/g for zeolite X and
15.7 and 10.9 m2/g for zeolite A [26], both synthesized from coal fly
ashes. Nunes et al. [18] presented type NaX zeolite with 670 m2/g
(commercial) and 423 m2/g (synthesized from coal fly ash). Ren et al.
[19] synthesized type NaA zeolite from coal fly ash with 43.7 m2/g and
Babajide [40] synthesized type NaX with 320 m2/g.

It is important to underscore that textural properties are not the
only factors that affect the CO2 capturing capacity of adsorbent mate-
rials. At low pressures, the nature and density of cations also play an
important role in CO2 adsorption, since they provide active sites for
capture, with sodium as a favorable cation for adsorption [18,41,42].

3.5. CO2 adsorption

3.5.1. Zeolite adsorption capacity
Fig. 8 presents the adsorption curves obtained from the TGA ana-

lysis for the four pelletized samples at 303 K. High CO2 adsorption
capacities were obtained for the synthesized zeolites, especially zeolite
SZX (1.97 mmol/g), which displayed greater capture capacity in rela-
tion to SZA (1.37 mmol/g) and a capacity similar to that of the com-
mercial zeolites. This indicates that the structure of zeolite SZX is well-
defined as can be seeing through its XRD. Also, despite the reduction of
some textural properties, the adsorption capacity before and after

Fig. 4. X-ray diffractograms of the 13X (a) CZX and (b) SZX zeolites.

Fig. 5. X-ray diffractograms of the 4A (a) CZA and (b) SZA zeolites.
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pelletization, 2.15 mmol/g and 1.97 mmol/g to zeolite type NaX and
1.57 mmol/g and 1.37 mmol/g to type NaA, showed that this property
was not greatly compromised in both cases.

Other studies with zeolites synthesized from coal fly ashes to access
their adsorption capacity were already made. Kuceba and Nowak [5]
used a TGA to measure de adsorption capacity in atmosphere of 10%
CO2 and reported similar results, presenting 1.18 mmol/g to zeolite
type NaX synthesized from coal fly ash and 1.98 mmol/g for the com-
mercial zeolite. Dantas [43] compared the same zeolite in atmosphere
of 100% CO2 and 20% CO2/N2 v/v and found capacities of 3.59 mmol/
g and 2.49 mmol/g, respectively.

In addition to its smaller surface area and pore volume, the low CO2

capture capacity of synthetic zeolite SZA may be related to the high
concentration of cations with a charge greater than +1, such as Fe, Mg,
Ca and Ti, whose combined content of 16.43% wt of the total sample

(see Table 3) reduces CO2 affinity [44]. A low Na concentration was
also observed in the structure of the material, but its capacity is still
deemed satisfactory when compared to other values reported in the
literature [5,45].

Activation temperature is an important parameter to guarantee
zeolite performance, since it allows greater dehydration and therefore
higher CO2 adsorption capacity. In their studies Kuceba and Nowak [5]
applied different activation temperatures to the CO2 adsorption using

Fig. 6. Micrographs of the Jorge Lacerda (a) and Pecém (b) fly ash.

Fig. 7. Micrographs (SEM) of the synthetic SZX (a) and SZA (b) zeolites.

Table 4
Textural property results.

Zeolite Surface Area
(m2/g)

Pore Volume
(cm3/g)

Average Pore
Diameter (Å)

CZX (pellet) 497.80 0.349 28.060
SZX (powder) 448.59 0.258 23.050
SZX (pellet) 247.23 0.205 16.596
CZA (pellet) 27.56 0.138 100.498
SZA (powder) 36.87 0.099 43.783
SZA (pellet) 39.40 0.099 50.463
Bentonite (binder) 52.63 0.063 48.030

Fig. 8. Adsorption curves obtained for the four pelletized samples at 303 K.
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zeolites synthesized from coal fly ash and concluded that this parameter
directly influences adsorption capacity. In this paper, the regeneration
capacity of both the commercial and synthesized zeolites is also note-
worthy, remaining almost constant after five adsorption/desorption
cycles (Fig. 9), confirming their applicability in cyclic processes.

Even though this work hasn’t a focus in the influence of moisture in
the CO2 adsorption, its well-known that flue gases also contain water
vapor, which can greatly affect the adsorption capacity of CO2 [5]. It
happens because besides the competitive behavior between CO2 and
H2O, the moisture can also block pores that were available to adsorp-
tion by surface adhesion (wetting action) and so occupying a certain
amount of the adsorptive space [46].

3.5.2. Effect of temperature on adsorption capacity
Temperature is a determining factor in zeolite adsorption capacity,

since gas adsorption is generally an exothermal phenomenon [3,5].
Fig. 10 demonstrates that adsorption capacity declined with a tem-
perature increase from 303 K to 373 K in all the samples studied. The
same behavior has also been reported in other studies [5,44].

In NaX and NaA zeolites, a rise in temperature from 298 K to 333 K
resulted in a 20–30% decrease in adsorption capacity [41]. In the
present study, a temperature increases from 303 K to 323 K prompted a
32.3% decline in CO2 adsorption capacity for CZX, and 28.3, 26.6% and
14.1% for CZA, SZX and SZA, respectively. The results indicate a con-
siderable reduction in adsorption capacity when the temperature

increases, confirming the need for milder temperatures. In general, the
commercial and synthetic zeolites showed similar behavior in terms of
reduced adsorption capacity, with differences declining as the adsorp-
tion temperature increased.

Taking into account the application of these adsorbents in the al-
ready referred TSA cyclic process, changes in the adsorption tempera-
ture inside the adsorption section can easily occur.

3.5.3. Pure CO2 adsorption isotherms
The equilibrium isotherms for the four samples are shown in Fig. 11.

From these results It may be observed that the type X zeolites
(Fig. 11a,b) show higher adsorption capacity than the type A zeolites
(Fig. 11c,d) if compared at the same pressure (e.g. about 40% higher at
1 atm). Also, it should be noted that the synthesized samples, for both
type X and type A zeolites, show in general very similar adsorption
capacity values when compared to the values obtained for the com-
mercial samples (within ca. 10% difference). These results follow the
same behavior as those observed using the TGA analysis for CO2 diluted
in N2, as reported in Section 3.5.1.

4. Conclusions

1. Although the binder used in the pelletization decreased the textural
properties of the synthetic zeolite, good quality NaX and NaA
samples were obtained from both coal fly ashes, exhibiting similar
properties to the commercial zeolites, even the ash submitted to
flue-gas desulfurization (Pecém). Their surface areas (247.23 m2/g
for SZX and 39.4 m2/g for SZA), pore volumes (0.205 cm3/g for SZX
and 0.099 cm3/g for SZA) are in accordance with those obtained
from other synthetic zeolites.

2. The zeolites synthesized from coal fly ash displayed high CO2 ad-
sorption capacities (1.97 mmol/g for SZX and 1.37 mmol/g for
SZA), with synthetic zeolite X exhibiting an adsorption capacity very
similar to that of the commercial zeolites (2.39 CZX and 2.07 mmol/
g CZA).

3. All the samples studied showed a high regeneration capacity after
thermal activation, with their CO2 capture capacity remaining al-
most unchanged after five adsorption/desorption cycles (loss < 3%
for all samples), confirming their potential for application in TSA
processes.

4. As observed in previous studies, adsorption analyses at different
temperatures confirmed that CO2 adsorption capacity is strongly
influenced by and inversely proportional to temperature, justified
by the exothermal nature of the process.

5. Pure CO2 adsorption isotherms indicated that higher adsorption
capacities for CO2 were observed for the type X zeolites when
compared to the type A zeolites. Also the synthesized zeolites from
fly ash reported in this study presented CO2 adsorption behavior
similar to benchmark commercial 13X and 4A zeolite adsorbents.
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