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Abstract:

This research assessed the textural and structural characterizations and CO; capture activity
of novel and highly thermal-resistance CaO/CaZrOs; adsorbents templated with MWCNT,
developed via a facile one-pot preparation. Various MWCNT contents, 2.5, 5, and 10 wt.%,
were incorporated into the CaO adsorbent containing 18.5 wt.% CaZrOs3 species characterized
by XRD. The conducted structural properties revealed that the CaO grain size, BET surface
area, and BJH pore volume of untemplated ZrO-supported CaO improved by 33.25%, 185%,
and 141% through merging with 10 wt.% MWCNT, conformed with FESEM images that
showed the highly porous structure. Moreover, the TGA analyses under the severe calcium
looping conditions, carbonation under 15 vol.% CO; balanced with N> at 650°C for 10 min,
and calcination under 100 vol.% CO, at 930°C for 10 min, demonstrated the incorporation of
10 wt.% MWCNT into the CaZrOs-containing CaO adsorbent increased cyclic durability and
the ultimate CO- capture capacity from 29.5% and 0.03 g CO»/g adsorbent to 61.12% and 0.1
g CO»/g adsorbent, indicating 107% and 233.3% enhancement, respectively. In addition to the
significant reduction in CaO grain size and the formation of more high-volume pores, the

influence of the MWCNT on CaZrOs distribution into the CaO structure, mitigating CaO
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sintering and the agglomeration of CaO grains is another potential reason for the discussed
multicyclic and textural improvements. The acquired findings indicated the effectiveness of
MWCNT on textural, structural, and multicyclic properties of nano-scale CaO adsorbents by

forming more inner porous zones.

Keywords: CO> capture; calcium looping; CaZrOs-containing CaO adsorbent; MWCNTs;
MWCNT-templated CaO adsorbent; Chemical modification.

Nomenclature
MWCNT  Multi-Walled Carbon Nanotube

MOF Metal Organic Framework
LDH Layered Double Hydroxide
XRD X-Ray Diffraction

BET Brunauer—-Emmett—Teller
BJH Barrett-Joyner-Halenda

FESEM Field-Emission Scanning Electron Microscopy
EDX Energy Dispersive X-Ray
ICP-OES  Inductively Coupled Plasma Optical Emission Spectroscopy

TGA Thermogravimetric Analysis

CCS Carbon Capture and Storage

CalL Calcium Looping

Dave Average CaO crystallite size (nm)

MW Mega Watt

ppm Parts Per Million

Cu CO> capture capacity at n' cycle (g of captured CO»/g of adsorbent)
M Mass of adsorbents at the end of n' carbonation step (g)

Moy Mass of adsorbents before starting the 1% carbonation step (g)

D Cyclic durability (%)

T Total amount of captured CO2 (g of captured CO>/g of adsorbent)
A The radiation wavelength (nm)

0 The considered XRD peak angular position (°)

B The total breadth at mid of the considered XRD peak (radians)




1. Introduction:

The detrimental consequences of anthropogenic climate change, such as demolishing
ecosystems, floods, shortage of potable water, and droughts, have challenged human society
[1-3]. The overuse of fossil fuel, the world's principal energy supply, has been conducive to
raising atmospheric CO2 emissions, identified as the central cause of global warming in recent
decades [4]. According to recently conducted studies, the atmospheric CO, concentration has
risen from 400 ppm in 2016 to 416.47 ppm in May 2020 and will pass 500 ppm by 2050 [5].
One of the primary resources of CO; emission is coal combustion in power plants. In this
regard, a 500 MW coal-fired power plant has consistently released out ca. 3 Mtons CO; per
year [6]. Carbon Capture and Storage (CCS) from industrial plants have been proposed as a
promising scenario to alleviate atmospheric CO> emission via three disparate-mechanism
approaches, namely pre-, oxy-, and post-combustion [7]. Notwithstanding the low CO-
concentration of discharged flue gas from main sources for the post-combustion method,
generally less than 15%, this approach has been regarded as the most competitive in cost and
feasibility to integrate with the flue gas purification technology [8]. In comparison with
applicable post-combustion methods, such as amine scrubbing absorption, membrane,
cryogenic, and ionic liquids [9], solid adsorbents have been considered novel strategies owing
to their remarkable capability to capture CO» in a wide temperature range of 20-700°C with
high sorption capacity [10]. There are a host of useful solid adsorbents that can capture CO,
from released flue gas in low temperatures, <200°C, intermediate temperature, between 200-
400 °C, and high temperatures, >400°C. Carbon-based materials, MOF, zeolite, alkali metal
carbonates, and copolymers are identified as low-temperatures adsorbents, LDH and MgO have
great capacities to capture CO; at intermediate temperature, and lithium silicates, lithium
zirconates, and CaO captured considerable amounts of CO; at high temperatures [11-15].
Among the mentioned solid adsorbents, CaO-based adsorbents have demonstrated high CO;
capture capacity via CaL process. Considering the significant benefits of CaO adsorbents, such
as CO; adsorption at high temperatures, fast kinetics of adsorption reaction, and wide
availability of cost-effective CaO resources, numerous studies have been conducted on CO»
adsorption via CaO-based adsorbents [16]. For the first of knowledge, Shimizu et al. [17]
proposed the novel CaL technology for CO adsorption from released flue gas via the reversible
gas-solid reaction of carbonation/calcination cyclic of CaO adsorbents using twin inter-
connected fluidized bed reactors. CaO-based adsorbents have demonstrated the remarkable

cyclic COz capture potential according to Eqs (1) and (2) [16]:
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CaO(s) + CO2 (g) — CaCO:s (s) AH,° = -178 kJ/mol (Carbonation) (D)
CaCOs (s) — CaO (s) + CO2 (g) AH,’ = +178 kJ/mol (Calcination) 2)

According to Eq. (1), the extent of CO, emitted by inlet flue gases, containing 10-15 vol.%
COa, is partially captured by CaO adsorbent at temperatures ranging over 600-700°C, leading
to the partial formation of CaCOs. Afterward, CaO is regenerated by the calcination of
circulated CaCOs from the carbonator at temperatures above 850°C, either via exterior fuel
combustion or combusting fuel of pure O> stream [18]. The next cycle of the process

commences by feeding the regenerated CaO back into the carbonator.

Despite the many advantages of Cal. technology, the CO, capture capacity of CaO-based
adsorbents gradually decreases over carbonation/calcination cycles [19]. The mentioned
drawback is originated from the severe CaCOs; sintering at high-temperature calcination
because of the low Tamman temperature of CaCO3 (~529°C), which forms a ~100 nm layer of
CaCOs3 on the CaO surface and consequently, decreases the accessible CaO grains to adsorb
CO> molecules [20]. As recentely published papers on nanocomposites have indicated the
thermal durability of metal oxides [21-24], to overcome the particles’ agglomeration, CaO
particles have been structurally doped with thermal-resistance materials such as metal oxides
[21-23], leading to significant improvement in thermal stability and sorption capacity [25-28].
The textural modification of nano-size adsorbents has been broadly investigated to hamper the
agglomeration of nanoparticles [29-35]. Extensive studies have indicated the higher
enhancement in the CO- adsorption capacity of modified CaO by using ZrO, as the promoter
compared to other metal oxides [36]. Radfarnia et al. [37] demonstrated the superior
performance of CaZrOs in enhancing the sorption activity of pure CaO under severe Cal
conditions compared to CagAlgO13 and MgO. In a research conducted by Antzara et al. [38],
they reported 71.5% durability after 100 multiple carbonation/calcination cycles under harsh
calcination conditions, including under 100 vol.% CO> for 5 min at 950 °C, for ZrO»-supported
CaO adsorbent prepared via sol-gel combustion synthesis method. In contrast, the sorption
stability of 45.7% was reported for the Al,Os-supported CaO adsorbent. The substantial
outcomes of lately conducted investigations on the CO> adsorption potential of ZrO>-doped

CaO-based adsorbents are summarized in Table 1.

In another aspect of boosting the cyclic activity of CaO-based materials, increasing the
porosity of CaO texture has been identified as an integral approach to boost the CO uptake

capacity of CaO-based adsorbents [39]. One of the promising procedures to enhance the



porosity of CaO is the utilization of flammable bio-templates, such as lycopodium powder,
microalgae, bamboo, maple leaves, polymeric microspheres, and cellulose [40-43]. The
combustion of the embedded bio-templates into CaO texture creates many inner pores and
raises its porosity. Naecem et al. [44] reported the effectiveness of the carbon-based templates,
namely xylose and glucose, on hydrothermally developed MgO-supported CaO adsorbents, in
which the hydrothermal-based developed MgO-CaO adsorbents presented ~ 2.4 and 2.3 times
higher CO; capture capacity at 10" cycle by using xylose and glucose, respectively, compared
to the carbon-free hydrothermally prepared counterpart. Additionally, based on the cyclic
results, the co-incorporation of MgO as promoter and xylose as template resulted in the sorption
capacity of ~ 0.63 g CO./g adsorbent at the 10% cycle, while the sorption capacity of ~ 0.18
and ~ 0.15 were recorded for mechanically mixed MgO-CaO adsorbent and limestone,
respectively. Armutlulu et al. [45] utilized a substantial template-assisted hydrothermal
synthesis method to prepare multishelled CaO microspheres. Templated with glucose and urea,
the average CO» capture capacity of CaO sorbents over 10 multiple CaL. cycles was enhanced
by 164.3%. In the case of Al-promoted CaO microspheres, the preparation through the
abovementioned templates resulted in a 156.7% increase in the average CO; capture capacity.
In another study that employed a template-assistance preparation method, Kim et al. [46]
assessed the influence of the inverse opal (IO)-like hydrothermally carbon-nanospheres-
templated synthesis route on multicyclic uptake potential of pure and Ca3zAl,O¢-containing
CaO-based adsorbents under realistic CaL. conditions. With the CaO having incorporated with
Ca3Al>0¢ through the templated-assisted method using carbon nanospheres at the size of 300
nm, 337.6% and 325% enhancements in CO» capture durability and capacity at the ultimate

cycles were recorded during 30 cycles CaL. process.

Despite the abovementioned advantages of Zr-based additive, the ZrO»-containing materials
suffer from several drawbacks, including the high cost of Zr-based precursors [47, 48], the pore
obstruction and non-uniform distribution of CaZrOs3 in the presence of high CaZrOs content,
and significant reduction in accessible CaO particles by increasing the Zr-based additive due
to reaction with ZrO, in CaZrO3 formation reaction [19, 49]. The abovementioned deficiencies
compel the researchers to utilize the ZrO»-based additive in minor contents. On the other hand,
it has been reported in these investigations that the thermal-stability feature of CaO-adsorbents
and the amount of active CaO sites gradually decrease by reducing ZrO; value. Activating
CaO-based adsorbents stabilized with minor ZrO»-based additive through feasible strategies

has been maintained as an unsolved challenge.



Considering the conducted literature review, most investigations revealed that the
modification of CaO with ZrO;-based metal oxide and incorporating biomass materials into
CaO precursors positively improve CO» uptake activity and textural characterization. To the
best of our knowledge, no research have focused on boosting the structural properties of CaO
adsorbents modified with low ZrO> content using minor concentrations of auxiliary additives.
Moreover, the influence of template-assistance additives on ZrO;-supported CaO adsorbents
has not been analyzed. In addition, no consideration has been paid to evaluate the influence of

MWCNT additive on metal-promoted CaO nano-adsorbent.

Herein, for the first time, the highly robust MWCNT-templated CaZrOs-incorporated CaO
adsorbents were developed via the one-pot MWCNT-assistance synthesis method to improve
the sorption activity of CaZrOs-stabilized CaO adsorbent. Considering the usage of minor
concentrations of ZrO, and MWCNT in developing adsorbents, it can be acclaimed that the
novel adsorbent is highly cost-effective due to its outstanding textural and CO> adsorptive
characteristics. The novel MWCNT-templated CaZrOs-containing CaO adsorbents were
prepared via a facile one-pot MWCNT-assistance synthesis method to enhance thermal
durability and improve textural and structural features of CaO-based adsorbents during CO>
capture under severe CalL conditions by using the optimum amount of additives. Therefore, the
CaZrOs-stabilized CaO adsorbent was doped with different MWCNT concentrations of 2.5, 5,

and 10 wt.%, considering the Ca/Zr molar ratio of 15/1 and the minor content of ZrO,.



Table 1: Summary of recent literature's activity and CaL conditions of the ZrO»-promoted CaO adsorbents analyzed under multiple carbonation/calcination cycles.
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2. Experimental

2.1. Raw materials:

In this research, Ca(NOs3)2.4H2O, calcium nitrate tetrahydrate from Merck, and
ZrO(NO3)2 H20O, zirconyl nitrate from Sigma Alderich, were used to develop CaZrOs-
containing CaO adsorbent. MWCNT additive from VCN Materials Company, with a diameter
of 10-20 nm, a length of ~30 um, a specific surface area of 200 m%/g, a density of 2.1 g/cm?,

and purity of > 98%, was employed as a flammable template.
2.2. Synthesis technique:

The specification of synthesized samples are reported in Table 2. All ZrO»-stabilized CaO
samples were prepared with the molar ratio of Ca/Zr: 15/1 and via the facile one-pot MWCNT-
assistance thermochemical synthesis method. Firstly, the determined amounts of calcium
nitrate, zirconium nitrate, and MWCNT powder were dissolved in deionized water based on
the pertinent weight percentage. Then, the solution was uniformly heated and mixed for 60 min
at 40°C. In the next step, the mixing temperature was raised to 100-110°C to evaporate the
water until gel formation. The formed gel was located in an oven under 150°C to dry the gel
and form a porous powder. The attained powder was calcined under airflow for 1.5 h at 850°C

in a furnace.
2.3. Characterization:

The specific surface area and pore size distribution of fresh adsorbents were determined
employing BET/BJH analysis after degassing at 300°C for 3 h in a vacuum and using N>
adsorption/desorption at 77 K on BELSORP MINI II equipment. A Siemens 5 D500 X-ray
diffractometer (Cu, Kq, A= 0.15406 nm) was utilized to identify the formed crystalline phases
in samples. XRD intensity results were collected over a 26 range of 10-80°. To calculate the
average CaO grain size of samples (Davg), firstly, the grain size (D) of each crystalline CaO-
based phases, including CaO (26= 32.32°, 37.47°, 53.93°), Ca(OH), (20= 18.27°, 34.12°,
50.87°), and CaCOs3 (26=25.22°, 27.28°, 29.53°, 32.87°), was estimated by Debye—Scherrer's
equation [62-64]:

0.9 xA

D= 3)

BxCos 0




0 and B are addressed to the half of the angular position and the total width at half of the peak
intensity, respectively. Based on the average of the calculated Ds for each sample, Dave was

determined.

The morphology of fresh and used adsorbents was analyzed using FESEM analysis on FEI
Quanta 200 microscope device, coupled with Oxford INCA sight X EDX test applying on

SAMX detector to determine elemental dispersion.

The total Ca and Zr in the prepared samples were determined via ICP-OES analysis
performed with a Varian Vista-PRO CCD Simultaneous ICP-OES equipment.

Multicyclic CO; uptake performance of developed adsorbents was analyzed with
thermogravimetric analysis (TGA) via TA Instruments Discovery SDT 650 instrument.
Practically at the realistic and severe post-combustion CO> capture processes, the fluidized-
bed carbonator reactor operates at a short residence time due to the inlet high-velocity flue gas
containing low CO» concentration. With entering combusting fuel to supply the required high
temperature for CaO regeneration (> 900°C), calciner ambient constitutes the high CO;
concentration (> 70% vol.). In this study, to acquire suitable outcomes and assess adsorbents'
performance at the adjacent conditions to the practical applications, the prepared adsorbents

have been analyzed under severe TGA conditions, which comprise:

(1) The CaO carbonation under the ambient containing 15 vol.% CO: balanced with 85
v0l.% Ny, for 10 minutes at 650°C.

(2) The CaO regeneration (or CaCOs calcination) under the environment containing 100%

CO; for 10 minutes at 650 °C.

The heating/cooling rate for all the steps was 50 °C/min. CO> sorption activity results were
presented regarding CO> sorption capacity, cyclic durability, and total amount of captured CO»,

calculated as follows:

_ M,-M

Co="rr )

Durability="-x100% 5)
1

T= }121 Cn (6)

where C, and M, are addressed to the CO; capture capacity (g CO»/ g adsorbent) and mass of

adsorbent after the carbonation of the n™ cycle, respectively. Accordingly, C; and Cs are
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related to the CO; capture capacity of the adsorbent at the 1*t and 15" cycles. M is the primary
mass of adsorbent before starting the first cycle. Moreover, T is the cyclic durability (the total

amount of captured COz (g CO>/ g adsorbent).
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Table 2: Specification of developed MWCNT-templated ZrO»-stabilized CaO samples.

Elemental . Phase compositions

composition (At. %)" Ca/Zr molar ratio (Wt.%) Average Textural parameters
Sorbent CaO grain

Ca Zr Nominal  Actual? CaO CaZrO; size (nm)  Quib (m%g)  Span® (m¥g) V¢ (mm/g)
CaZr 47.82 3.2 15/1 14.94/1 81.5 18.5 42.6 1.75 1.49 254
CaZr-CNT2.5 45.08 2.98 15/1 15.13/1 81.5 18.5 38.1 2.53 2.75 26.01
CaZr-CNT5 37.86 2.53 15/1 14.96/1 81.5 18.5 27.7 6.03 7.25 56.4
CaZr-CNT10 35.42 2.35 15/1 15.07/1 81.5 18.5 28.1 4.99 5.64 61.25

a. Obtained by ICP analysis.

b. Sper and Srang: specific surface area.

¢. Vp: BJH pore volume.
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3. Results and discussion:

To evaluate the influence of MWCNT on textural and structural features and sorption
activity of CaO/CaZrO3 adsorbent, various contents of MWCNT, 2.5, 5, and 10 wt.%, are
incorporated into CaZrOs-supported CaO adsorbent.

3.1. Characterization

The structural and textural characteristics of CaZr, CaZr-CNT2.5, CaZr-CNT5, and CaZr-
CNT10 are presented in Table 2. The stoichiometric CaO/CaZrO3 (wt.%) of 81.5/18.5 acquires
for all prepared samples. The Ca/Zr molar ratios derived from ICP analysis are reported in
Table 2. The Ca/Zr molar ratios of 14.94, 15.13, 14.96, and 15.07 indicate differences ratios
(%) of 0.4, 0.86, 0.26, and 0.46%, with a Ca/Zr molar ratio of 15/1, for CaZr, CaZr-CNT2.5,
CaZr-CNTS5, and CaZr-CNTI10, respectively, which corroborates the initial employed Ca/Zr
molar ratio of 15/1 during samples' preparation. There is symmetric conformity between the
calculated CaO grain size and the measured surface area and pore volume. Fig. 1 shows that
the measured pore volumes and surface areas are inversely proportional to the calculated CaO
grain sizes. The reduction in the CaO grain size and increase in the surface area by doping
Ca0O-CaZrO; adsorbent with MWCNT additive reveal the effectiveness of MWOCNT
combustion on its structural and textural features. Merging 5 and 10 wt.% of MWCNT with
CaZr adsorbent dramatically increases CaZr surface area 2.44 and 1.85 times, respectively.
This promotion in the textural characterizations of CaZr after doping with > 5 wt.% MWCNT
facilitates the diffusion of CaZrOs species into the interior zones to mitigate the grain
agglomeration phenomenon. A reduction in the accessible surface area of CaZr-CNT10 than
that of CaZr-CNTS5 arises from the significant increase in the volume of macropores in CaZr-
CNT10 compared to CaZr-CNT5. With the increase of the merged MWCNT content from 5
wt.% to 10 wt.% and embedding more MWCNTs into CaO structures, not only more high-
volume pores were formed through the combustion of embedded MWCNT particles and
corresponding their vacancy, but also more gas volume was released that resulted in the

formation of macropores with higher volumes in CaO texture.

XRD patterns of CaZr, CaZr-CNT2.5, CaZr-CNT5, and CaZr-CNT10 adsorbents are
presented in Fig. 2. Ca-based phases, including CaO, Ca(OH),, and CaCQO3, are the principal
components with high-intensity peaks for CaZr, CaZr-CNT2.5, CaZr-CNT5, and CaZr-
CNT10. The XRD patterns exhibit the development of CaZrOs in ZrO»-containing adsorbents.
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CaZrOs species are developed via a direct solid-solid reaction between CaO and ZrO;, in which
Ca* diffuses into the ZrO> interface and lattice over synthesis steps. The applied synthesis
technique evolves the temperature of > 1000°C to form CaZrOs, constructively [38, 65-67].
The main reason for the formation of the CaCOs3 phase in the cases of CaZr-CNT5 and CaZr-
CNT10is related to the adsorption of CO> on the reaction interface of CaO nanoparticles during
the cooling stage of post calcination of samples in the furnace. The higher intensity of CaCOs
peaks in the cases of CaZr-CNTS5 and CaZr-CNT10 stems from their higher surface area and
pores [68]. The physically adsorbed CO> and H>O in the forms of Ca(OH)> and CaCOs3 are

desorbed in the heating stage of pre-carbonation in the TGA test.

Fig. 3a shows the N> adsorption/desorption isotherms of CaZr, CaZr-CNT2.5, CaZr-CNTS35,
and CaZr-CNT10 in P/Py ranged between 0 and 1. Due to substantial symmetry in shape, N»
adsorption/desorption isotherms of all samples are classified as type Il mode, which standardly
demonstrates mesoporous texture [69, 70]. These adsorbents possess the hysteresis loop type
of H3, determined over hair-like high-pressure condensation of N2 molecules in mesopores
(0.8 < P/Po < 1 stage). This hysteresis loop type reveals the aggregation of plate-like CaO
particles, leading to the appearance of slit-shaped pores [71, 72]. The slow diffusion of inlet
gas to acquire equilibrium adsorption leads to the explicit hysteresis for these isotherms at 0 <
P/Po < 0.1 within the range of each adsorption stage [72]. These isotherms indicate the macro-

porous structure.

BJH pore size distributions of CaZr, CaZr-CNT2.5, CaZr-CNTS5, and CaZr-CNT10 at pore
diameters ranging from 1-10 and 10-100 nm are depicted in Fig. 3b. All samples illustrate the
wide pore volume distribution. By integrating CaZr with > 5 wt.% MWCNT, the formation of
high-diameter pores (pore diameter > 10 nm) is dramatically increased (see Fig. 6d), which can
be well attributed to more inclusive dispersion of embedded MWCNT between CaO
nanoparticles and more importantly, emission of large volumes of combustion gases. As
reported in Table 2, the pore volume of CaZr increases from 25.4 mm?/g to 26.01, 56.4, and
61.25 mm3/g, with improvement rates (%) of ~2.4, ~122, and ~141%, after merging with 2.5,
5, and 10 wt.% MWCNT, respectively. Having being modified with 2.5 and 5 wt.% MWCNT,
higher mesopores are formed, and so the higher value of BET surface area for CaZr-CNT5
(6.03 m?%g) compared to CaZr-CNT2.5 (2.53 m%/g), and CaZr-CNT10 (4.99 m%/g) can be
ascribed to its higher volume of mesopores (see Fig. 6¢). On the other hand, the most multitude
of macropores is developed in the case of CaZr-CNT10. Although free surface area decreased

by increasing the content of added MWCNT from 5 wt.% to 10 wt.%, BJH pore volume
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improved ~8%. The higher volume of macropores in the case of CaZr-CNT10 is the main
reason for its higher BJH pore volume and lower surface area among MWCNT-templated
ZrOs-containing CaO adsorbents. As a significant finding, incorporating > 5 wt.% MWCNT
into CaZr adsorbents leads to highly porous structures associated with significantly improved

surface area and pore volume.
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Fig. 1: Pore volume and surface area of CaZr, CaZr-CNT2.5, CaZr-CNTS5, and CaZr-CNT10
adsorbents versus CaO grain size.
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Fig. 2: XRD patterns of the developed CaO-derived adsorbents.
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Fig. 4 shows FESEM micrographs and EDX dot-mappings of CaZr, CaZr-CNT2.5, CaZr-
CNTS5, and CaZr-CNT10. With MWCNTs being added, more porosity emerges in the compact
morphology of CaZr. Even though the elemental EDX exhibits the attendance of Zr on the
surface of CaZr, the grade-shape morphology of CaZr can be attributed to non-uniform
distribution and insufficient attendance of CaZrO3 among the surface-resident CaO particles,
as presented in EDX dot-mapping of CaZr. Comparing morphological characteristics of

MWCNT-templated CaZr adsorbents with CaZr reveals the formation of more porous
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structures associated with smaller surface-located CaO grain sizes and more presence of
CaZrO3 among surface-resident CaO particles. In addition to developing a more fluffy-like
texture, micro-, and macropores, MWCNTs affect the distribution of CaZrO3z among CaO
grains. The elemental EDX spectrum of four samples demonstrates the presence of Ca, Zr, C,
and O elements related to developed CaO, Ca(OH),, CaCOs3, and CaZrO3 phases. Comparing
FESEM pictures of CaZr-CNT2.5, CaZr-CNTS5, and CaZr-CNT10 represent the higher porous
zones, and less-diameter CaO grains appear in the CaO textures of CaZr-CNT10. EDX dot-
mapping images are presented to evaluate the influence of embedded MWCNT on the CaZrOs
distribution between CaO nanoparticles. Even though the CaZrOs; grains were heterogeneously
dispersed on the surface of CaZr-CNT2.5 and CaZr-CNTS5, the EDX image of CaZr-CNT10
indicates the homogeneous dispersal of CaZrO3 on the sorbent’s morphology. The effect of
embedded MWCNT on the distribution of CaZrOs3 can be the secondary reason for the more
porous structure of CaZr-CNT10 among developed samples. Conformed with previously
reported textural characteristics, among developed samples, as it is apparent in the FESEM

images, CaZr-CNT10 possesses a higher volume of pores.
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Fig. 4: FESEM micrographs and EDX dot-mappings of developed adsorbents.
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3.2. Sorption performance

To assess the influence of adding disparate mass percentages of MWCNT on the sorption
activity of CaZr adsorbent, CO» capture capacity of CaZr, CaZr-CNT2.5, CaZr-CNTS5, and
CaZr-CNT10 adsorbents during fifteen multiple carbonation/calcination cycles under severe
Cal. conditions is measured and presented in Fig. 5. MWCNT-templated CaO/CaZrOs
adsorbents exhibit better sorption activity than CaZr samples. Incorporating MWCNT into
CaZr adsorbent enhances CO; capture capacity, and therefore, CaZr-CNT2.5, CaZr-CNTS5, and
CaZr-CNT10 demonstrate the highly enhanced cyclic durability compared to CaZr. Although
the highest initial sorption capacity among the MWCNT-templated CaO/CaZrOs3 adsorbents is
related to CaZr-CNTS, CaZr-CNT10 shows superior sorption capacity. The higher initial
sorption capacity of CaZr-CNTS5 can be attributed to its highest surface area among prepared
samples (see Table 2). The detailed sorption activity of MWCNT-incorporated CaO/CaZrO3
adsorbents and CaZr is reported in Table 3. The total amount of captured CO: for CaZr over
fifteen multiple cycles, 0.6 g CO2/g adsorbent, reaches up to 0.93, 1.47, and 1.7 for CaZr-
CNT2.5, CaZr-CNTS5, and CaZr-CNT10, respectively, which indicates 55, 145, and 183.3%
improvement rate, respectively. Moreover, CaZr-CNT2.5, CaZr-CNT5, and CaZr-CNT10
maintain 32.36, 42.84, and 61.12% of their initial sorption capacity, whereas CaZr shows the
sorption activation of 29.5% over fifteen multiple cycles. The principal reason for the superior
cyclic durability of CaZr-CNT 10 is the more efficient and broader dispersion of CaZrOs
between CaO nanoparticles. In addition to outstanding improved morphological and
constructional characteristics (see Figs. 3 and 4 and Table 2), the higher sorption capacity of
CaZr-CNT5 and CaZr-CNT10 than CaZr demonstrate the effectiveness of MWCNT as a
promoter template in improving the sorption activity of CaZr adsorbents. Among these
samples, CaZr-CNT10 indicates superior cyclic activity and possesses more porosity (larger

pore volume and pore size).
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Table 3: CO, sorption activity of developed adsorbents.

Maximum CO:

0o SorP tion sorption rate The total amount of Cvoli

capacity COy/ captured CO: over yeue
Adsorbent (2 CO4/g adsorbent) g (8 durability
adsorbent.min) 15 cycles (%)
Itcycle 15%Mcycle 1tcycle 15 cycle (g CO/g adsorbent)

CaZr 0.09 0.03 4.11 1.5 0.6 29.5
CaZr-CNT2.5 0.13 0.04 6.78 2.37 0.93 32.36
CaZr-CNT5S 0.18 0.08 10.31 3.68 1.47 42.84
CaZr-CNT10 0.16 0.1 11.47 12.88 1.7 61.12

CO; capture capacity and rate of CaZr, CaZr-CNT2.5, CaZr-CNT5, and CaZr-CNT10
adsorbents over carbonation time at 1% and 15" cycle under severe CaL conditions are shown
in Fig. 6a and b, respectively. The CO; sorption rate swiftly rises during the kinetically-
controlled carbonation stage, which lasts 0.5 min, and culminates in the maximum CO;
sorption rate at the terminal of the fast carbonation stage. With the onset of the diffusion-
controlled stage, the sorption rate of all samples quickly drops due to the saturation of
accessible CaO sites by growing the CaCOs product layer. The CO; sorption capacity of all
samples versus time ranging from 0.5-10 min increases slowly in the CO» sorption capacity

plot due to the transmission of the fast stage to the slow carbonation stage. Considering Table
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3, CaZr-CNT5 exhibits the highest sorption capacity in 1% cycle and the highest maximum
sorption rate (11.47 cg/g.min). However, at the 15" cycle, the highly superior CO, sorption
rate and capacity are presented by CaZr-CNT10. This increase in sorption capacity of CaZr-
CNT10 confirms its excellent porosity than CaZr, CaZr-CNT2.5, and CaZr-CNTS5 even after
15 multicycles. Comparing both plots indicates the sintering effect on sorption activity of all

samples, which decreases sorption capacity at both carbonation stages.
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adsorbents versus carbonation time at 1* and 15" cycle.
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To recognize sintering-caused morphological transformations over 15 multiple
carbonation/calcination cycles, the FESEM micrographs of used MWCNT-templated CaZrOs-
containing CaO adsorbents are illustrated in Fig. 7. Representative pictures demonstrate the
sintering phenomena in all samples' surfaces. Less porosity, more surface agglomeration, and
more surface-resident particle sizes are observed for all cycled adsorbents, indicating the
sintering phenomenon. Among all samples, CaZr-CNT10 maintained more active CaO cites
after the CaL process. The superior CO2 capture activity of CaZr-CNT10 (see Table 3) is
conformed with its more porous texture, more non-sintered zones, and more diffusible pores

after 15 multiple cycles compared with used CaZr, CaZr-CNT2.5, and CaZr-CNTS5.

CaZr-CNT2.5

CaZr-CNT10

Fig. 7: FESEM images of developed samples after passing 15 cycles.

Fig. 8a manifests the effectiveness of the BET surface area of uncycled samples on their
CO> uptake potential. The initial CO; sorption capacity of developed samples is linearly
symmetrical to their BET surface area, in which CaZr and CaZr-CNT5 with the lowest and
highest surface area (1.75 and 6.03 mm?%/g), respectively, possess the least and most CO
sorption capacity at 1* cycle (0.09, and 0.18 g CO»/g adsorbent, respectively). It is worth stating
that the adsorbent with a higher BET surface area possesses significantly more accessible CaO

sites to adsorb CO: molecules during the Kkinetically-controlled carbonation stage.
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Consequently, most initial CO; sorption capacity of CaZr-CNT5 among all samples stems from

its highest surface area.

The total amount of captured CO> over 15 multicycles under realistic Cal. conditions for
CaZr, CaZr-CNT2.5, CaZr-CNTS5, and CaZr-CNT10 versus BJH pore volume is exhibited in
Fig. 8b. BJH pore volume has an efficient role in the total amount of captured CO2, which
linearly enhances with increasing pore volume. Pointing to the lower pore volume of CaZr, all
MWCNT-templated CaO/CaZrO3 adsorbents that possess higher pore volume adsorb more
amount of CO» during the CaL process, in order of CaZr-CNT10 (1.7) > CaZr-CNTS5 (1.47) >
CaZr-CNT2.5 (0.93) > CaZr (0.6). It can be noted as the fundamental outcome that increasing
the amount of incorporated MWCNT in CaZr adsorbents leads to enhancing the amount of

captured CO» over fifteen CaL cycles, which stems from raising pore volume.

Fig. 8c presents the improvement rate (%) in the essential textural and multicyclic
parameters, including BJH pore volume, BET surface area, cyclic durability, and the total
amount of captured CO» versus the amount of incorporated MWCNT into CaZr to assess the
influence of MWCNT. The improvement rates (%) of all parameters increase with increasing
the amount of MWCNT. For instance, doping with 10 wt.% MWCNT, BJH pore volume, BET
surface area, cyclic durability, and the total amount of captured CO; of CaZr enhance by 141.1,
185.1, 107, 183.3%, respectively. These conspicuous enhancements (Fig. 8c) of CaZr
characterizations disclose the effectiveness of incorporating MWCNT into CaO-based

adsorbents to acquire highly improved structural properties and CO> sorption activity.
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Fig. 8: (a) CO; sorption capacity of CaZr, CaZr-CNT2.5, CaZr-CNT3, and CaZr-CNT10 adsorbents at 1%
multiple carbonation/calcination cycles under realistic CaL conditions versus BET surface area, (b) Total
amount of captured CO, by CaZr, CaZr-CNT2.5, CaZr-CNTS5, and CaZr-CNT10 adsorbents over fifteen
multiple carbonation/calcination cycles under the realistic CaL conditions versus BJH pore volume, and (c)
Improvement rate (%) of BJH pore volume, BET surface area, cyclic durability, and the total amount of
captured CO, in CaZr by doping with 2.5, 5, and 10 wt.% of MWCNT.

4. Conclusion

Herein, we aim to develop a highly efficient CaO-based adsorbent via a facile one-pot
MWCNT-assistance preparation method for the CO» capture process. Firstly, Zr-containing
CaO-based adsorbents containing 18.5 wt.% CaZrOs were doped with 2.5, 5, and 10 wt.%
MWCNT. The influence of MWCNT on textural properties, morphology, and CO> capture
activity of Zr-containing CaO adsorbents was characterized by XRD, BET, N
adsorption/desorption, BJH, SEM micrographs, EDX elemental and dot-mapping, and TGA.
Based on the characterizations’ results, incorporating MWCNT into CaO configuration
improves the structural, morphological, and textural properties of CaZr adsorbents. By
employing 5 and 10 wt.% of MWCNT, the pore volume of CaZr increases by 122 and 141.1%,
associated with 244.4 and 185.1% increment in surface area, respectively. Additionally, the
addition of 5 and 10 wt.% of MWCNT during the preparation of Zr-promoted CaO adsorbents
led to 34.97 and 34.04 % reduction in CaO grain size, indicating the improvement in CaO
texture. Conformed with representative SEM images, the appearance of meso- and macropores
in the inner zones of prepared adsorbents boosts the porosity of CaZr-based adsorbents. In
addition to a structural improvement, there are significant enhancements in cyclic durability

and CO; capture capacity of Zr-containing CaO adsorbents by using an MWCNT additive.
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According to TGA test outcomes, in addition to 45.2 and 107 % enhancement in CO» capture
durability, 145 and 183.3% increment in the total amount of captured CO> over 15 multiple
carbonation/calcination cycles are acquired with the usage of 5 and 10 wt.% of MWCNT during
developing Zr-containing CaO adsorbents. The reported improvement rate in CO2 capture
features of modified adsorbents is potentially related to the improved textural and
morphological properties, specially CaO grain size. Furthermore, it can be attributed to the
more homogeneous distribution of CaZrOs; species in MWCNT-templated adsorbents
facilitated by decreasing CaO grain sizes. The aforementioned remarkable increment ratio in
textural and multicyclic features of CaZr demonstrates the highly determinative role of

MWCNT in improving CaO adsorbents.
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