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ARTICLE INFO ABSTRACT

Keywords: In light of the urgent need of reducing the atmospheric CO, emissions, the use of low-cost adsorbents, that
Kaolinite exhibit a high affinity and CO; adsorption capacity, is a promising method from the economic and environmental
Zeolite type A point of view to separate CO, from the flue gas emitted from large sources of emissions like power-fueled plants.
(S:};::r];:lesrizaﬁon Clay minerals are low-cost raw materials with high availability all over planet and great versatility in the fields of

adsorption and catalysis processes. The present study pretends to elucidate the link between the reaction con-
ditions during the synthesis of the zeolite from kaolinite and its CO, adsorption capacity. For that purpose, the
type A zeolite was synthesized via hydrothermal process in alkaline solution using metakaolinite as a starting
material. The metakaolinite was obtained by calcination of kaolinite at 600 °C and some parameters such as
temperature and synthesis time were modified to optimize the synthesis aiming for a high CO5 adsorption ca-
pacity adsorbent. Synthesized materials were characterized by X-ray diffraction (XRD), Fourier Transform
Infrared Spectroscopy (FTIR), N adsorption-desorption at —196 °C and CO, adsorption at 0 °C (up to 10 bars)
isotherms and Nuclear Magnetic Resonance of solids (NMR). In addition, the adsorption capacity of CO2 was
evaluated by means of CO, adsorption—desorption isotherms at 25 °C up to atmospheric pressure. The obtained
results indicated that synthesized zeolite 4A can be successfully prepared from natural kaolinite (via meta-
kaolinization) at 100 °C for 48 h under alkaline conditions, showing chemical and physical properties similar to
that of the commercial 4A zeolite.

CO,, adsorption

1. Introduction CO2 namely oxy-fuel combustion, pre-combustion capture, and post-

combustion capture [5], the latter is the only route that can be easily

CO9 capture from large releasing sources like fossil-fueled power
plants is currently a key target to reduce the anthropogenic emissions of
CO2. Unfortunately CO2 emissions into the atmosphere have been
increasing yearly, due to the high energy demand related to industrial
development and the increase in the world’s population [1], becoming a
major environmental concern worldwide motivating both governments
and the scientific community to take steps to mitigate the CO3 emissions
[2,3]. According to the International Energy Agency (IEA), the world’s
electricity demand is expected to grow by 70% between 2010 and 2035
with coal as main fuel source for its generation [4].

Among the currently available technological pathways to capture
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retrofitted to the existing power plants [6]. Several processes including
absorption, adsorption, membrane and cryogenics have been proposed
to separate COy from the flue gas [7,8]. Although CO2 capture by
adsorption processes using solid sorbents have shown many advantages
[9] like no by-product generation such as wastewater as in conventional
absorption processes [8], its commercial application requires further
studies for its consolidation.

In an attempt to reduce the cost of CO, separation from flue gas,
during the past few years several research groups have been engaged in
the search and development of cost-effective, environmentally friendly
and sustainable starting materials for the production of adsorbents for
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CO4 capture such as zeolites [10]. Zeolites are considered benchmark
adsorbents for CO2 capture from post combustion gas streams due to
their favorable adsorption kinetics and high adsorption capacity at mild
operating conditions (0-100 °C, 0.1-1 bar CO) [11]. Clay minerals are
interesting precursors for the production of zeolites given their abun-
dance and relatively low cost [12]. With a molar ratio of Si/Al almost
equal to 1, kaolin clay is an ideal raw material for preparing type A
zeolites [13]. Kaolinite mineral is a layered aluminosilicate of the
phyllosilicate group having the chemical formula Al4Si4O,¢0(OH)g [14],
may be regarded as a cheap natural source against conventional com-
mercial process employing pure chemical reagents such as sodium sili-
cate and sodium aluminate [15]. The transformation of kaolinite into
zeolites comprises basically two steps: the activation of the kaolinite by
its conversion into metakaolinite via calcination and the hydrothermal
treatment of the metakaolinite in aqueous alkali solution to obtain the
zeolites [10,16].

Rios et al. [17] studied two experimental routes to obtain zeolites
from kaolinite: conventional hydrothermal treatment and alkaline
fusion (at 600 °C) prior to hydrothermal reaction. Their results
concluded that by using the first method, a mixture of different zeo-
types was produced (e.g., sodalite and cancrinite) probably due to the
instability of an intermediate zeolite LTA, whereas by the fusion
method, kaolinite conversion into pure zeolite LTA was promoted,
though its structural and morphological properties relied strongly on the
aging conditions during the synthesis. Ayele et al. [18] also compared
two synthesis routes to obtain zeolite type A using low grade kaolin: the
conventional hydrothermal synthesis vs. alkali fusion followed by hy-
drothermal treatment. Different from the work of Rios et al. [17], their
synthesis process always included the metakaolinization of the kaolin at
600 °C (during 3 h for the conventional method and 1 h with 1.5 g of
NaOH for the alkali fusion method). They concluded that the alkali
fusion method was more advantageous once it produces good quality
zeolite A without the need to purify the raw kaolin. On the other hand,
Wang et al. [19] reported the synthesis of zeolite type A by means of new
method consisting of a hydrothermal reaction with an alkaline pre-
treatment followed by acid dissolution avoiding the conventional
calcination at high temperatures. Their experiments indicated that by
using this synthesis route, the impurities from the raw material are
removed or transformed into the chemical target products (Si and Al)
leading to a high purity zeolite A. Other works have reported conven-
tional hydrothermal synthesis routes using different experimental con-
ditions: Belviso et al. [20] synthesized both type A and X zeolites from
kaolinite at low temperatures (between 25 and 60 °C) through hydro-
thermal activation during 96 h and established that the chemical
composition of the starting material might be determinant in the type
and the amount of zeolites formed, whereas Pereira et al. [21] studied
the adsorption of cationic dyes such as methylene blue or safranine on
synthesized zeolite 4A. The synthesized material was obtained after al-
kali treatment of metakaolinite, by calcination at 600 °C, with NaOH at
80 °C for 24 h. Most recently Wang et al. [22] estimated the CO,
adsorption equilibrium of zeolites 4A prepared from low-grade kaolin
following hydrothermal treatment. However, the CO, adsorption iso-
therms were carried out at high pressures (up to 45 bars), a pressure
range far from post-combustion scenario carbon capture. The present
work describes the synthesis of zeolite type A from a hydrothermal
process in basic medium employing kaolinite as a starting material. In
this study, several parameters such as temperature and reaction time
were varied to assess the relationship between the formation conditions
of the zeolite and its CO, adsorption uptake at mild conditions.
Furthermore, with a view to its application in the flue gas separation, the
nature of the interactions between CO3 and the materials synthesized
under dry and wet conditions was also analyzed.

2. Characterization techniques

X-ray powder diffraction patterns (XRD) were collected on an X’Pert
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Pro MPD automated diffractometer equipped with a Ge (111) primary
monochromator (strictly monochromatic Cu-Ka radiation source, A =
1.5406 10\) and an X’Celerator detector (Real Time Multiple Strip) with
128 Si aligned detectors.

The textural properties were evaluated from Ny adsorp-
tion—desorption isotherms at —196 °C as determined by an automatic
ASAP 2020 system supplied by Micromeritics®. Prior to the measure-
ments, all samples were outgassed overnight at 300 °C and 10~ mbar.
The specific surface area was determined by the Brunauer-Emmett-
Teller equation (BET) [23] using the adsorption data in the range of
relative pressures at which conditions of linearity and considerations
regarding the method were fulfilled. CO5 adsorption isotherms at 0 °C
up to 10 bars were measured with an automatic ASAP 2050 system
supplied by Micromeritics®. The measurement error in both equipments
(ASAP 2020 and ASAP 2050) is around 5-7% [24].The micropore vol-
ume (Vy,p) was calculated from CO, adsorption isotherms at 0 °C by
using the Dubinin-Radushkevich (DR) approach [25]. The error in the
calculations of the micropore volume was obtained from the uncertainty
in the Y-intercept to obtain the amount adsorbed on the monolayer, from
the following equation (Equation (1)):

Viperr = Vi (1077 — 1) (@)

where Vip err [cm3g’1] is the calculated error, Vpp [cmsg’l] is de
micropore volume obtained for DR method and Y, is the error of the Y-
intercept.

The FTIR spectra were collected in a Varian 3100 Fourier Transform
Infrared (FTIR) spectrometer equipped with a Diffuse Reflectance
Infrared Fourier Transform (DRIFT) cell. The interferograms consisted of
200 scans, and the spectra were collected using a KBr spectrum as
background. For each analysis, about 50 mg of sample was mixed with
KBr in a weight ratio of 1:9 and then the spectrum was collected.

To investigate the characteristic bonds involved in the adsorption of
CO2, N3 and H»0 on zeolite synthesized from kaolinite and commercial
zeolite, infrared absorbance spectra were collected during the exposure
of the adsorbents to such gases. Spectra were collected in a FT IR In-
strument Nicolet 380 spectrometer, which displays a DTGS detector and
OMNIC software. The interferograms and spectra consisted of 200 scans.
For each experiment, about 20 mg of pure powder pressed disks were
outgassed in vacuum at 400 °C for 3 h in the IR cell and then the sample
was cooled to room temperature. In the next step, the sample was putted
in contact with CO; at two pressures (73 torr and 2 torr) and then the
sample was outgassed at room temperature and several temperatures
(150, 200 and 300 °C). For the coadsorption studies, Ny or HyO(y) were
adsorbed prior to the CO, adsorption in the IR cell until the spectra did
not suffer any changes. All spectra shown in this work were subtracted
with respect to their respective spectrum after their activation and
outgassing with He at 300 °C and their subsequent cooling to room
temperature.

The 2°Si and Al MAS NMR spectra were recorded using a Bruker
AVIII HD 600 NMR spectrometer (with a field strength of 14.1 T) at
156.4 MHz with a 2.5 mm triple-resonance DVT probe that used zirconia
rotors at the spinning rates of 15 kHz (*si) and 20 kHz (*’Al). The %°si
experiments were performed with proton decoupling (cw (continuous
wave) sequence) by applying a single pulse (1/2), an excitation pulse of
5 s, and a 60 s relaxation delay to obtain 10,800 scans. The Al ex-
periments were also performed with proton decoupling (cw sequence)
by applying a single pulse (1/12), an excitation pulse of 1 ps, anda 5 s
relaxation delay to obtain 200 scans. The chemical shifts were refer-
enced to as an external solution of tetramethylsilane and to an external
solution of 1 M of AI(NO3)3 for 295i and 27Al, respectively.

2.1. COy adsorption measurements

CO adsorption-desorption isotherms at 25 °C up to atmospheric
pressure were measured using a Micromeritics ASAP 2020 Analyzer (i.
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e., volumetrically equipment). Prior to the measurements, samples were
outgassed at 300 °C and 10~* mbar until full regeneration.

2.2. Equilibrium models

The Toth equation [26] is an empirical equation also employed to fit
experimental adsorption data. The advantage of this model respect to
the Sips equation is that at low pressures, Toth equation (Equation (2))
reduces to Henrys law. The Toth equation can be written as follows:

4mbP

2
[1+@®P)]" @

where g [mmolg’l] is the adsorbed amount per mass of adsorbent with
dm [mmolg’l] as the maximum concentration, b [mmHg’l] is known as
the affinity parameter, P [mmHg] is the system pressure and ¢ is the
heterogeneity parameter. When t is equal to 1, Toth equation reduces to
Langmuir model and the surface is considered as homogenous.

To estimate the accuracy of each fit, the Average Relative Error
(ARE) (Eq. (3)), which is based on the relative difference between the
experimental and estimated adsorbed amount, was used:

Nr

ARE(%) :IVLZ ‘qi,exp 7qi,€st{*100 (3)

T = Giexp

where Nt is the number of the data points, and gjexp and gjes: are the
experimental and estimated amounts of CO5 adsorbed, respectively.

3. Materials synthesis

The material used for the synthesis of zeolites was a conventional
kaolinite, a silicon and aluminum rich mineral clay. Kaolinite was sub-
jected to thermal treatment at 600 °C for 120 min, in a furnace for
complete transformation of crystalline kaolinite to amorphous meta-
kaolinite, by means of dehydroxylation. Then, zeolite 4A was synthe-
sized from metakaolinite by hydrothermal reaction, mixing
metakaolinite with sodium hydroxide under different conditions of re-
action time and temperature. Thus, a series of materials was obtained
varying the synthesis temperature between 60 and 120 °C and the aging
time between 6 and 168 h. For each experiment, 1 g of metakaolinite
was treated with 40 mL de NaOH 2 M. The obtained samples were
washed with distilled water filtered. The solid materials were dried in an
oven at 60 °C overnight.

+
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4. Results and discussion
4.1. Characterization

The powder X-ray diffraction pattern for kaolinite, metakaolinite,
commercial zeolite 4A and synthesized materials are shown in Fig. 1(A)
and Fig. 1(B). From these data, it can be observed how kaolinite displays
high-grade of crystallinity. Besides kaolinite, the starting raw clay also
displays small proportion of silica. The thermal treatment of the
kaolinite at 600 °C leads to metakaolinite, which exhibits a clear
amorphization in such a way the diffraction peaks ascribed to quartz are
only observed.

The hydrothermal treatment under basic conditions always lead to
diffraction peaks, which resemble to the commercial zeolite 4A. The
synthesized samples show reflections located at 26 = 7.2, 10.1, 12.5,
16.2, 21.7, 24, 26, 27.1, 30, 30.9, 32.7 and 34.4°, typical of a type A
zeolite. These reflections are related to (200), (220), (222), (420),
(600),(622),(640),(642),(694),(660),(842)and (664) [13,27]. As
the aging time increases, the crystallinity of the synthesized materials
also does so, reaching a maximum value for the synthesized sample at
100 °C/96 h, where the crystallinity is very close to that of commercial
zeolite 4A. From this point on, the progressive amorphization of the
sample is noticeable as seen in Fig. 1(A).

The synthesis temperature has also a relevant role on the crystallinity
of the obtained samples, reaching a maximum at 100 °C/48 h. The
sample synthesized at 120 °C for 48 h displays 30% of 4A commercial
zeolite crystallinity, as observed in Fig. 2. These results are in accor-
dance with Cui et al. [28].

Kaolinite, metakaolinite as well as zeolite synthesized at 100 °C
during 48 h and commercial 4A zeolite were also characterized by FT-IR
(Fig. 3). Between 3750 and 3500 cm_l, kaolinite spectrum shows four
bands. The band located at higher wavenumber (3692 cm V)is assigned
to the presence of the in-phase symmetric stretching vibration mode
while the band located at 3669 and 3650 cm ™ are attributed to out-of-
plane stretching vibration modes. Finally, the band located about 3620
em™! is ascribed to the inner hydroxyl groups of kaolinite [29]. The
region (1300-400 cm™!) compiles Si-O stretching and bending as well
as OH bending adsorption modes. In this region, it is noteworthy the
presence of well-resolved bands located between 1120 and 1000 cm ™!
assigned to Si-O stretching vibrations [30]. The band located about 936
and 910 cm ! is assigned to Al,OH bending bands of inner and surface
OH groups [30]. The band located at 540 and 470 cm™! are assigned to
Si-O-Al and Si-O-Si bending vibrations, respectively [30]. The thermal
treatment to form metakaolinite causes a modification of the FT-IR
spectrum. Thus, it can be observed how the bands ascribed to ~-OH
stretching modes disappear due to thermal at 600 °C promotes the
dehydroxilation of kaolinite [31,32]. In the region between 1300 and
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+
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Fig. 1. X-ray diffraction patterns of kaolinite, metakaolinite and zeolites synthesized variyng (A) the aging time and (B) the synthesis temperature.
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400 cm ™!, clear modifications can also be observed when metakaolinite
is synthesized, emerging broad bands whose maxima are located at
1080, 795 and 460 cm ™! due to the amorphization after the thermal
treatment [30]. Finally, the bands of zeolite A-type synthesized at 100 °C
during 48 h are very similar to the commercial 4A zeolite ones. The
bands located at around 1000, 550 and 460 cm ™! are assigned to Si-O
stretching vibration mode, Si-O-Al and Si-O-Si bending vibrations
[22]. In addition, the band located at 1650 cm™ ! is related to interstitial
bonded water and the broad band located between 3000 and 3500 cm ™
is attributed to intra- and inter-molecular hydrogen bonding [28,33].
The results of FTIR are in accordance with XRD, confirming that 4A
zeolite has been appropriately synthesized from kaolinite under the
studied conditions.

The ?7A1 and 2°Si nuclear magnetic resonance (NMR) of kaolinite,
metakaolinite, synthesized zeolite at 100 °C during 48 h and commercial
zeolite 4A are shown in Fig. 4. It can be seen in Fig. 4A that Al-species
evolve from an octahedral environment (5 ppm) in the case of
kaolinite [34] to a tetrahedral environment (60 ppm) when zeolite 4A is
synthesized so Al-species enter into the coordinate Si-O network to form
the framework Si(OAl)3(OSi) after the hydrothermal treatment
[22,35-37].

In the 2°Si NMR spectrum of kaolinite (Fig. 4B), it can be observed a
signal about —91 ppm. Previous authors have pointed out that this signal
can be ascribed of overlapping SiO4 tetrahedrons (three bridged oxygen
atoms and one non-bridged oxygen) [34]. After the thermal treatment to
obtain metakaolinite, the dehydroxilation of the kaolinite causes a
decrease in the signals observed in its spectra due to an impoverish of the
crystallinity [38]. The synthesis of the 4A zeolite causes a shift of the
band to —89 ppm, which is assigned to Si atom in Q* (4Al) environment,
which is typical of four-member ring and p-cage, suggesting that the
obtaining sodium aluminosilicate displays a large amount of four-
member ring and p-cage [35,36].

In order to study the textural properties of kaolinite, metakaolinite,
zeolite A 100 °C/48 h and commercial 4A zeolite a first approximation
was carried out analyzing their Ny adsorption/desorption isotherms at
—196 °C (Fig. S1). In all cases, it can be observed how the materials
hardly adsorb at low relative pressure while the main Ny-adsorption
takes place at high relative pressure. This fact should indicate that these
materials lack of microporosity and the small porosity is attributed to
the voids between adjacent particles. Considering that zeolites display
excellent properties in the adsorption and separation processes it does
not seem logical to obtain such low adsorption values. In this sense, the
diffusional resistances of Ny at —196 °C in the small pores of the type A
zeolites at low pressures are very high. The pore width of type A zeolites
is close to the molecular diameter of N molecule, making it difficult for
Ny molecules to access to the pore grid. This fact derives in a negligible
BET surface area measurement, i.e. <15 rnz.g’1 [39,40]. This experi-
mental limitation makes unfeasible to characterize this kind of samples

2Si-NMR

zeolite A commercial

zeolite A 100 °C-48h
metakaolinite

Intensity (u.a.)

kaolinite

-120  -110 -100 -90 -80 -70 -60
Chemical shift (ppm)

Fig. 4. %Al nuclear magnetic resonance (NMR) (left) and 2°Si NMR (right) spectra of kaolinite, me takaolinite, synthesized zeolite at 100 °C during 48 h and

commercial zeolite 4A.
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by N adsorption at —196 °C.

In order to analyze the textural properties of these materials, it is
necessary to draw on to CO5 adsorption isotherms at 0 °C. Thus, COy
adsorption isotherms were collected up to 10 bar and 0 °C and the results
are plotted in Figure S2. Note that as the temperature increases, textural
properties improve and approach to commercial A zeolite ones, reaching
a maximum micropore volume of 0.20 + 0.03 cm3g~! for the zeolite
synthesized at 100 °C for 96 h, which is very close to that obtained for
the commercial 4A zeolite, as observed in Table 1. At 120 °C, the
collapse of the zeolitic structure takes place and the amount of CO5
adsorbed drops drastically. The drop in the textural properties and
crystallinity observed at 120 °C may be related with the formation of
separated SiO2 or Al;O3 phases due to the rapid nucleation. From the
obtained data, it can be observed how the porosity of the zeolites is
directly related to the crystallinity of the zeolite (Figs. 1 and 2). In any
case, micropore volume values of all zeolites are much higher than those
achieved by raw kaolinite and metakaolinite.

Given these results, the sample synthesized at 100 °C for 48 h was
selected to continue the characterization due to it reached the highest
crystallinity index (respect to commercial 4A zeolite) in the shortest
synthesis time.

4.2. Equilibrium adsorption measurements

CO; adsorption measurements at 25 °C up to 1 bar were carried out
on ASAP 2020 (Micromeritics). In the first time, the CO, adsorption
capacity of kaolinite and metakaolinite was evaluated. It can be
observed how CO, uptake is very low for both materials, reaching an
adsorption value of 0.06 and 0.04 mmol/g for kaolinite and meta-
kaolinite at 25 °C and 1 bar of pressure. The synthesis of zeolites leads to
adsorbents with a notable CO5 adsorption capacity in comparison to the
starting materials (kaolinite and metakolinite). In order to optimize the
synthetic parameters to obtain adsorbents with high CO, adsorption
capacity, it was fixed the synthesis temperature (100 °C), taking into
account that type A zeolites are commonly synthesized from clay min-
erals at temperatures in the range of 90-200 °C, while the aging tem-
perature was modified from 6 h to 168 h [10] (Fig. 5A). The study of the
CO4 adsorption data at 1 bar reveals that the increase of the aging time
improves the adsorption capacity, reaching a higher adsorption capacity
for those samples aged at 48 and 96 h with a CO, uptake of 2.48 and
2.53 mmol/g at 25 °C, respectively. These values are very close and fall
within the measurement error. It is noticeable that his value is very close
to that observed for the commercial 4A zeolite, where a CO2 adsorption
of 2.72 mmol/g was reached at 1 bar of pressure and 25 °C.

Then, in a second study, several zeolites were synthesized from
metakaolinite at different temperatures 60-120 °C, maintaining the
aging temperature for 48 h (Fig. 5B). The modification of the tempera-
ture seems to be a key parameter in the adsorption capacity since COy
adsorption improves notably in comparison to kaolinite and meta-
kaolinite. These data show how CO5 uptake rises, according to the aging
temperature increases from 0.80 mmol/g when A zeolite was aged at
60 °C to 2.48 mmol/g for the zeolite aged at 100 °C. The use of higher
aging temperature (i.e. 120 °C) drastically worsens the CO, adsorption
capacity, reaching a value of only 0.75 mmol/g at 25 °C and a pressure
of 1 bar.

Table 1
Micropore volume determined by Dubinin Radushkevich method.

Sample Vinp (cm® g’l) Sample Vinp (cm® g’l)
Zeolite 100 °C 6 h 0.10 + 0.02 Zeolite 60 °C 48 h 0.06 + 0.01
Zeolite 100 °C 20 h 0.13 +0.02 Zeolite 80 °C 48 h 0.14 + 0.03
Zeolite 100 °C 48 h 0.19 £+ 0.03 Zeolite 100 °C 48 h 0.19 £ 0.03
Zeolite 100 °C 96 h 0.20 + 0.03 Zeolite 120 °C 48 h 0.04 + 0.01
Zeolite 100 °C 168 h 0.11 + 0.03 Commercial 0.22 + 0.03
Kaolinite 0.01 + 0.00 Metakaolinite 0.00 + 0.00
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The development of the micropore network and the increase of
crystallinity as the aging temperature increases improve the CO»
adsorption capacity, reaching a maximum at 100 °C close to that of
commercial zeolite. From this aging temperature, the kinetics of crystal
nucleation leads to phase segregation, causing a decrease in the CO,
adsorption capacity. Duan and coworkers [41], synthesized zeolite from
acid-pretreated kaolinite and they found 170 °C as the optimal aging
temperature to improve crystallinity. In our work, from the basic
treatment of kaolinite we have significantly reduced this aging
temperature.

On the other hand, it is also noticeable that all zeolites display
isotherm profiles, which are typical of microporous materials, namely,
the quantity of CO, adsorbed increases abruptly with the increase on the
equilibrium pressure in the low-pressure range, and smoothly at higher
pressures. This type of isotherm is related to type-I isotherm according to
International Unit Pure and Applied Chemistry (IUPAC) classification
[42] and is characteristic of adsorption in monolayer. In fact, it can be
observed a clear relation between of the CO4 adsorption capacity and the
micropore volume since those adsorbents with higher CO, uptake are
also those materials with higher microporosity (Fig. 6A).

The CO, adsorption isotherms for the synthesized zeolites and
commercial 4A zeolite were well fitted to Toth equilibrium equation.
This adsorption model assumes that the adsorption exclusively takes
place with sub-monolayer coverage.

The CO, adsorption isotherms for kaolinite and metakaolinite were
not fitted to any model due to the amount of CO2 adsorbed for both
materials were negligible in comparison to the synthesized and com-
mercial zeolites. The fitting parameters are collected in Table 2.

In general terms, Toth equation well fits the experimental data,
showing low values of average relative errors. Another parameter that
must be considered is parameter b, which defines the affinity between
adsorbate and adsorbent. From these data, those adsorbents that interact
strongest with CO2 molecules can be predicted. It can be observed that
the adsorption is directly related to b-parameter and, in turn, these
values are also related to microporosity. These data infer that those
adsorbents with a higher microporosity favor a greater COy capture
capacity due to a strong interaction between these micropores and the
CO2 molecules due to their significant quadrupole moment (Fig. 6B).
Then, controlling the crystallinity through temperature and aging time,
materials with microporosity similar to zeolite 4A are obtained, reach-
ing CO4 adsorption capacities similar to the commercial material.

4.3. FTIR adsorption measurements

DRIFT subtraction spectra for CO; adsorption at 73 and 2 torr (25 °C)
on commercial 4A zeolite and sample synthesized from kaolinite at
100 °C and 48 h are plotted in Fig. 7A-C. The spectra were collected after
outgassing in situ at 300 °C under He flow for 3 h. In the case of the raw
kaolinite, the subtracted spectra show how CO; adsorption is negligible,
which agree with those data obtained from the CO, isotherms at 1 bar
and 25 °C (Fig. 5). With regard to the subtracted spectra or synthesized
and commercial zeolite, both spectra are very similar between them.
After CO; dosing (73 torr) appears two bands. The strong band located at
2350 cm ™ is assigned to CO,, physisorbed (OCO asymmetric stretching).
This wavenumber value is higher than that observed for CO-gaseous,
suggesting that the coordination of the CO; molecules with the Lewis
sites of the zeolite takes place from the O-atoms of the zeolite so the
coordination must generate a linear structure [43].

At lower wavenumber values, it can be observed several bands
located at 1678, 1649 and 1620 cm™! after the outgassing so this set of
bands must be ascribed to COz-chemisorbed in the form of bridging or
bidentate carbonate species [44,45]. In this sense, previous authors have
reported that the bands at higher wavenumber values are assigned to the
split asymmetric stretching mode of the carbonate ion while the band
located at lower wavenumber values is attributed to the split asym-
metric stretching mode although this band could be masked by the



J.A. Cecilia et al.

~m— Kuulinile
@— Mctakuolinite
—A—Zcalite A 190 °C-6h
3'0 | —w=Zealite A 100 °C-20h
4 Zeolite A 100 °C48D
—q—Zcalite A 190 °C-96h
2.5 F —»—Zealite A 100 °C
w— Zeolite A col

35}

AR LAITH
===

€O, adsorbed amount (mmol g') 2
[V
(=]

0.4 0.6 0.8 1.0
Pressure (bar)

Fuel 320 (2022) 123953

35 —m— Kaolinite
D[ —e—Metakuolinite
—A—Zeolite A 60 °C-48h
3.0 Y- Zeolite ABICaBR
——Zeolite A 100 °C48
—4—7Zeolite A 120 °C~48h = ﬂ“u“g,cuéau
2.5 F % Zeolitc A commercial g “;;‘,,,;»W-’“’”" rts R
AR -~ = Sand

T /_»"\_7;’_.'_:;:'2:‘7———75’\7‘_7

CO, adsorbed amount (mmol g'l) @
N
—J

COX T A XIT0G C,’JIZ,UT,'CTCU '.R?"J-(";. W= ‘l—l ‘—.'T-C'T
0.0 0.2 0.4 0.6 0.8 1.0
Pressure (bar)

Fig. 5. CO, adsorption/desorption isotherms at 25 °C for kaolinite, metakaolinite, commercial 4A zeolite and (A) zeolites synthesized at different aging time
(96-168 h) keeping constant the aging temperature (100 °C) and (B) zeolites synthesized at different aging temperature (60-120 °C) keeping constant the aging time

(48 h).

(A)

q COy (mmol g'l)

0.0 mm

0.00 0.05 0.10 0.15 020 0.25

Micropore volume (cm3 g'l)

®B)

1.0}
0.5}

q COy (mmol g'l)

0.0
0.015

0.020 0.025 0.030 0.035
b parameter (mm Hg'l)
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Toth equation.

Table 2
Toth model parameters for CO, adsorption on zeolite synthesized at different
aging time.

Sample Qm b t ARE (%)
Zeolite 100 °C6 h 1.682 0.0241 0.709 1.893
Zeolite 100 °C 20 h 2.652 0.0321 0.477 2.361
Zeolite 100 °C 48 h 3.075 0.0329 0.632 2.521
Zeolite 100 °C 96 h 3.259 0.0338 0.573 2.711
Zeolite 100 °C 168 h 2.011 0.0298 0.619 0.473
Sample Qm b T ARE (%)
Zeolite 60 °C 48 h 1.097 0.0191 0.641 2.011
Zeolite 80 °C 48 h 2.156 0.0308 0.641 0.727
Zeolite 100 °C 48 h 3.075 0.0329 0.632 2.521
Zeolite 120 °C 48 h 0.813 0.0178 0.675 1.483
Commercial 3.398 0.0349 0.605 0.223

*Qm: [mmolg’l], b:[mmHg’l], t: [dimensionless].
ARE: average relative error.

skeletal modes. The small band located about 1430 cm™! is assigned to
the presence of carbonate species in the form of monodentate, and
bidentate or bridging.

The band located about 1380 cm™! is ascribed to the symmetric
stretching mode of CO, molecules adsorbed linearly [43,45].

After the thermal treatment, it can be observed how the band located
about 2350 cm ™! disappears so, as was expected, physisorbed CO is
released at 150 °C. However, the bands ascribed to chemical interactions

(1700-1600 cm™) by the formation of monodentate, bidentate or
bridging carbonate-like species are still observed at this temperature,
which confirms the stability of these carbonate species [43]. The
decrease in the intensity of these bands as the temperature increases may
be related with the higher proportion of bidentate carbonates over
monodentate species. The FTIR bands related to COy monodentate
species remain constant up to 250 °C while the bands associated to CO-
bidentate species decrease in intensity from 150 °C [46]. These results
show that the CO, adsorption mechanism in both commercial zeolite
and that synthesized from natural sources is the same.

As the CO-adsorption results of the zeolite synthesized at 100 °C and
48 h are very close to those obtained for the commercial zeolite, the next
studies will be carried out for this synthesized zeolite. In order to eval-
uate the stability of this zeolite, several COz-adsorption cycles were
evaluated by FTIR (Fig. 8). In all cycles, it can be observed the same
bands with similar intensities, so it is expected that this zeolite maintain
its structure and CO5 uptake. It is noteworthy that the subtracted spec-
trum after the outgassing for 30 min shows that the band located at
2350 cm ™! is less intense than that observed in Fig. 8B. This indicates
that the proportion of physisorbed-CO- is lower in this test probably due
to slight modifications in the time of outgassing. However, similar trend
is observed since CO5 chemisorbed as monodentate, bidentate or
bridging carbonate-species is strongly adsorbed requiring an increase of
the temperature to promote its desorption and its reuse in the next cycle.

In the next FTIR studies, the zeolite synthesized at 100 °C and 48 h
was undergone to a prior adsorption with some gases such as Ny or H,O
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Fig. 8. DRIFT substraction spectra recorded for zeolite synthesized at 100 °C and 48 h (B) CO, adsorption at 20 °C, after outgassing (1 min and 30 min) and after

heating at 150, 200 and 300 °C for three cycles.

and outgassed at room temperature and then this sample was treated
with CO, (Fig. 9).

In the case of the sample treated with CO, + Ng (Fig. 9A), the sub-
tracted spectra do not reveal the presence of any band assigned to Nj-
adsorption, which should appear about 2335 cm ™" as a consequence of
N-N stretching mode of Nj polarized by silanol groups [47] discarding
physical or chemical interactions between the synthesized zeolite and
Na-molecules. On the other hand, the subtracted spectra also reveals that
the pre-adsorption of Ny hardly affect in the CO, adsorption. Similarly to
that observed in Fig. 7 and Fig. 8, the subtracted spectra confirm the
physical and chemical adsorption of CO, molecules. Between them, the
physical sites (2350 cm ™) disappear after the outgassing at 25 °C for 30
min. However, the CO3 molecules that have been chemically adsorbed
require higher temperatures for desorption. From these data, it can be
concluded that this zeolite displays a selective adsorption for CO5 mol-
ecules in such a way this adsorbent could be used for the capture of CO,
molecules in flue gas. Fig. 9B displays the subtracted spectra of zeolite
synthesized 100 °C and 48 h CO, saturated with HoO(v) and then CO,

was adsorbed at 25 °C. Note that under humid conditions, the bands
located at lower wavenumber values, ascribed to formation of carbonate
in the form of monodentate, bidentate or bridging species, are less
intense than those in dry conditions (Fig. 7B) probably due to presence
of traces Hz0 in the zeolite. The high attraction of zeolites to adsorb
water is given by the strong interactions with the Na'-species of the
zeolite forming a coordination sphere surrounding the alkali cation
[48]. Specifically, the permanent dipole of the water molecule (1.87 D)
causes strong interactions with the charges of the materials whose af-
finity for CO; is the result of its quadrupole moment [49]. Therefore, the
presence of water molecules strongly affects the availability of chemi-
sorption sites for CO,. The intense band located at 2350 cm™?, previ-
ously attributed to COy physisorbed, remains after heating at 150 °C,
being only removed when the temperature rises to 200 °C. This fact was
not observed in dry conditions, where outgassing at room temperature
was enough to remove CO; physisorbed. Under humid conditions, CO,
may be adsorbed in adsorbed water in the cavities or as hydro-
gencarbonate ion on the surface. The difficulty in releasing the gas
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would be related to diffusional resistances of CO; for desorbing from the
interior of the cavities occupied by water clusters, requiring an extra
heat energy supply to desorb CO.

5. Conclusions

High crystallinity type A zeolite was successfully synthesized from
natural kaolinite via two-step route. The two-step synthesis consisted in
a thermal metakaolinization of kaolinite at 600 °C for 2 h and hydro-
thermal treatment. During the hydrothermal treatment, the influence of
the aging time and the aging temperature were assessed by means of
varying both parameters. The optimum synthesis was carried out at
100 °C during 48 h, obtaining a zeolite type A with almost 90% of
crystallinity respect to the 4A commercial zeolite. In addition, 2’Al nu-
clear magnetic resonance confirmed the incorporation of Al atoms co-
ordinated with Si-O network. CO5 adsorption tests at 25 °C revealed that
the synthesized zeolite under these conditions showed a very similar
performance respect the commercial 4A zeolite, reaching 2.5 mmol g~*
at 25 °C and 1 bar. Under dry conditions, COs is strongly adsorbed at
room temperature probably with linear interaction COy-zeolite cations
and non linear species formed as mono or bidentate carbonate. Under
humid conditions, hydrogencarbonate is formed in zeolitic cavities and
remains up to 150 °C, even at low CO», partial pressures. The presence of
water, due to the high permanent dipole, decreases the relative intensity
of the IR bands related to CO, chemisorbed but hinders the desorption of
the physisorbed species. Therefore, we have shown that a material
similar to zeolite 4A can be synthesized from natural kaolinite, reducing
wastes and environmental impacts. This material presents stability in
adsorption/desorption cycles and could be used in cyclic adsorption
processes for separation of flue gases. We have also shown that in dry
conditions, the physisorbed CO is desorbed at mild temperatures while
the presence of water hinders the desorption, requiring an extra input of
energy to remove COas.
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