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Abstracts: 13

Herein, for the first time, we employed three minor concentrations of Carbon Nanotubes 14
(CNT), 2.5, 5, and 10 wt.%, as an auxiliary additive to boost the textural and structural 15
features and CO; capture potential of sol-gel-derived Zr-supported CaO adsorbents. The 16
corresponding xerogels were developed with 15/1 and 30/1 Ca/Zr molar ratios to minimize 17
the required amount of prohibitive Zr-based precursor. For both types of Zr-decorated CaO 18
adsorbents, 5 wt.% of CNT was recognized as the most efficient amount. In addition to 15.84 19
and 33.1% reduction in CaO crystallite sizes, 50.57 and 90.55% increments in pore volume 20

values were reported for CaO adsorbents developed with 15/1 and 30/1 Ca/Zr molar ratios, 21
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respectively. Over 15 cycles under harsh CO> capture conditions, the total amount of
captured CO; for both abovementioned types of Zr-promoted adsorbents raised from 2.01 and
1.96 to 2.92 and 3.01 g CO,/ g adsorbent, sequentially. Zr-promoted CaO nanoadsorbents
merged with 5 wt.% MWCNT showed the ultimate CO; capture capacity of 0.164 and 0.149
g COy/ g adsorbent for xerogel prepared with 15/1 and 30/1 molar ratios of Ca/Zr,
respectively. Even though the xerogel containing a Ca/Zr molar ratio of 15/1 showed the best
sorption durability and ultimate capture capacity, MWCNT more significantly affects the
CaO xerogel developed with a Ca/Zr molar ratio of 30/1. It can be deduced that the low
content of multi-walled CNT notably contributes to developing highly efficient and fluffy-

like Zr-promoted xerogels containing minor concentrations of Zr-based species.

Keywords: CO; capture, Calcium looping, Sol-gel derived CaO sorbent, CNT additive, Bio-

additive

Highlights:

* Novel MWCNT-assisted development of highly porous and robust CaZrO3-CaO xerogel

* Possibility of employing low content of Zr additive in the presence of MWCNT template

* Presenting best textural and adsorptive features for samples merged with 5 wt.% CNT

*>50% boost in porosity and more uniform dispersion of CaZrOs; by adding 5 wt.% CNT

* >45% increase in the total capture capacity by adding 5 wt.% CNT over 15 cycles
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1. Introduction:

The considerable pollution in our planet's environment, including water and atmosphere,
endangers our society [1, 2]. The catastrophic climate breakdown rising from CO> emission
exacerbates the atmospheric CO> concentration [3, 4]. According to the Paris Agreement,
Negative Emission Technologies (NETs) have been considered to diminish CO; emissions
[5]. As one of the NETs, the CO» capture technique has brought numerous improvements
through disparate methods [6, 7]. Diminishing the CO> emission, mainly emitted by the flue
gas released from fossil fuel combustion processes, through CO> capture processes has
notably engrossed the attention of researchers and environmentalists in this decade as an
ongoing challenge [8-10]. Comparing avenues of CO> capture from industrial units, including
pre-combustion [11-13], oxy-combustion [14, 15], and post-combustion [16, 17], reveals the
effectiveness of post-combustion methods, namely membrane [18], cryogenic [19],
absorption [20], and adsorption [21]. One of the most emerging and developing techniques to
separate CO> from post-combustion flue gases is a second-generation calcium looping (CaL)
technique, derived from chemical looping combustion technology [22], based on reversible
CaO carbonation/regeneration [23, 24]. In addition to CO» adsorption, CaL has already been
exerted for the biomass and methane reforming process, H> production, and thermochemical
energy storage [25-27]. Moreover, this process has been demonstrated as the most energy-
efficient and affordable technology for industrial decarbonization, among other developing
COz capture processes. Practically at the CaL process, CaO particles are repeatedly circulated
between inter-connected carbonator and calciner fluidized bed reactors based on specified

participles as follows:

(1) CO2 uptake at carbonator through exothermic partial carbonation reaction between CaO

and CO, containing from post-combustion flue gas in a volume concentration of 10-15

41

42

43

44

45

46

47

48

49

51

52

53

54

55

56

57

58

60

61

62

63

64



vol.% CO2, at temperatures between 600-700°C, optimum calculated temperature to have

fastest carbonation rate [28].

(2) CaO regeneration through CaCO; decomposition based on Eq. 1. the CaCOs3 circulated
from carbonator to calciner and fresh CaCO; entered through makeup flow, imported to
compensate deactivated CaO particles after several cycles, are calcined a temperature beyond
800°C and under inevitably high CO» concentration, 70-100 vol.% CO», arising from either
external ingination of fuel or pure-O, combustion to supply the required heat for calcination

[29],

C@.CO},(S)—) CaO(S) + COz(g) (1)

(3) Feeding back the regenerated CaO in the calciner to the carbonator to commence a new

cycle.

The high theoretical CO uptake potential, remarkable adsorption capacity at temperatures
above 500°C, swift carbonation/regeneration kinetics, and the wide accessibility of CaO
sources, as the practical boons of the CaL process, dramatically attract the consideration of

scientific researchers [28].

After passing several multiple cycles during the CaL process, the sintering of CaO
particles impresses their CO> capture activity. CaO sintering leads to forming of a thick layer
of CaCOs3 (~100 nm) on the CaO surface, the regular breakdown of the porous configuration,
and a significant reduction in the volume of active CaO surface area needed for capturing
CO; molecules from flue gas [29]. Emanated from the sintering phenomenon, the CO;
capture capacity of CaO particles has drastically diminished with the rising cycle number
during the CaL process. The high tendency of CaO for sintering could be attributed to its
lower thermal durability during calcination at a temperature above 800 °C, owing to its lower
Tamman temperature (~ 500 °C) compared to the Cal process temperature [28, 29]. To
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potentially increase the overall efficiency of CaO particles in the Cal process, developing

high-thermal-durable CaO sorbents is required.

Motivated by tackling this predominant hurdle, numerous research in this decade focused
on improving the thermal-resistance property and adsorption activity of CaO sorbents under
various CaL conditions through efficient techniques. Previously proved by researchers, the
incorporation of thermal-durable additives into agglomerated nanoparticles contributes to
decreasing the agglomeration rate dramatically [30-32]. One of the most promising materials
to mitigate agglomeration and the sintering rate of CaO particles is metal oxides, which also
improve the sorption performance of CaO-based sorbents [28]. The findings on metal-
promoted composites indicate that enhanced efficiency through metal incorporation for
boosting the processing activity of materials [33, 34]. The addition of metal-based additives
causes the formation of nano-size metal-based species that locate between CaO grains and
hinder their agglomeration during the high-temperature CaO regeneration, resulting in higher
free surface area and pore volume compared to unmodified counterparts. This textural
modification stemming from the presence of metal-based promoters enhances the CO
sorption capacity at each cycle and sorption durability during the Cal process. Among
diverse studied metal-based additives, such as LaxO3, MgO, TiO2, MnO, Cr203, ZrO2, Al,03,
CuO, Y203, CeOy, SiO2, Nd203, NaCl [35], ZrOz-promoted CaO sorbents have exhibited
more promising CO capture activity because of the formation of CaZrOs as promoter in the
CaO texture. Radfarnia et al. [36] demonstrated the greater effectiveness of formed CaZrOs;
on improving the CO> uptake performance of CaO sorbents, two kinds of Canadian
limestone, under severe Cal. conditions compared to developed CasAlsO1s, MgO. The CO»
separation efficiency of CaO sorbents doped with ZrO,, La,03, MgO, and Al,O3 through the
sol-gel combustion method indicated the superior activity of ZrO;-stabilized sample,

retaining 71.5% of its primary CO: uptake potential after 100 consecutive
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carbonation/calcination cycles under severe conditions. Antzara et al. [37] investigated the
sorption performance of Zr-modified CaO sorbent, with a CaO/CaZrO3 weight ratio of 66
wt.%/34 wt.%, in a lab-scale fluidized bed reactor under the realistic calciner condition,
920°C, and 80 vol.% CO: concentration. The modified sorbent held 70% of its primary
uptake capacity and indicated 5 times higher ultimate sorption capacity than natural limestone
after 20 repetitive cycles. In another study, it has been revealed that incorporating CaO
sorbent with ZrO; using a sol-gel synthesis manner resulted in 88.9% higher ultimate CO;
uptake potential and 2 times higher sorption durability during 10 consecutive multiple cycles

compared to unmodified CaO [38].

As an efficient and novel method to increase the CO; uptake potential of CaO adsorbents,
employing flammable materials to boost the sorbent porosity of CaO particles attracted
significant attention due to the influence of porosity on the capture efficiency of CaO
sorbents. By intermixing biomass materials, ignitable at high-temperature calcination in the
furnace, they place in the inner zones of CaO texture. With the biomass-merged CaO
adsorbents being calcined in the furnace, the combustion of biomass particles forms
numerous macro- and meso-pores, which facilitates the diffusion of CO> molecules into CaO
structure and expedites CO» sorption capacity during the carbonation stage. Accomplished
investigations on pellet-size CaO sorbents have demonstrated the positive role of biomass
materials on the porosity of the CaO sorbents. The removal of these templates in CaO texture
during the calcination stage of preparation leads to the forming of notable pores in CaO
texture associated with considerably porous CaO structure and higher accessible CaO sites.
Using the template-assistance hydrothermal preparation technique and glucose and urea as
carbon-based templates, the total amount of captured CO, by CaO over 10 multiple
carbonation-calcination cycles increased by ~164% [39]. Moreover, the conducted CO:

capture analysis under harsh CalL conditions exhibited a 142% increment in ultimate CO;
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capture capacity at the 10" cycle by hydrothermally templating MgO-promoted CaO
adsorbent with xylose template [40]. In another research, hydrothermally employing the
inverse opal (IO0)-like carbon-nanospheres-templated preparation method on Ca3Al,Oe-
stabilized CaO adsorbent resulted in more than 3 times higher CO> capture durability and

capacity [41].

Among numerous carbon-based materials utilized as a carbon-based materials, Carbon
Nanotube (CNT) is distinguished by its tubular structure, and considered as the most suitable
additive that increase the chemical and physical process efficiency [42-46]. It can be predict
that the utilization of tubular CNT as the template creates bigger hollow zones. Even though
this additive has not been recognized as cost-effective material, recently published studies
reveal the capability of fabricating CNT material from biomass-derived sources, such as
Stillage residue [47], Chlorella [48], Chitosan [49], Potato peels [50], and Cotton fiber [51],
through utilitarian procedures, namely pyrolysis [52], microwave plasma irradiation [53],
chemical vapor deposition [54], and mechanochemical treatment [55]. The novel proposed
scenarios to manufacture CNT from the abovementioned biomass facilitates the

implementation of CNT-including process in industrial units.

It can be concluded that doping CaO with ZrO; plays an efficient role in improving the
CO; uptake activity and reducing sintering during the CaL process. It is worth noting that
even though the incorporation of CaO with ZrO> leads to the form of CaZrOs;, which
enhances the sorption durability of CaO particles, the content of free CaO to capture CO>
molecules of flue gas gradually decreased due to the CaZrO3 formation through the reaction
of CaO with ZrO». Zr-based precursors have been recognized as costly materials worldwide.
On the one hand, reduced ZrO; content added to CaO sorbents resulted in less deactivation

resistance and lower sorption capacity.
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Considering the thorough conducted literature review on the adsorption activity of CaO-
based CO, sorbents, most studies corroborated the superior CO; capture potential and
stability revealed the Zr-promoted CaO adsorbents; in addition, most research activities
revealed that the utilization of high content of Zr-derived additives diminishes the accessible
CaO amount and raise the sorbent cost. Moreover, to the best of our knowledge, neither has
the investigation been paid to boost the CO; capture capacity of CaO adsorbents modified
with minor ZrO> nor the incorporation of biomass template into Zr-supported CaO has been
studied. Therefore, in this research, for the first time, MWCNT, as an auxiliary carbon-based
additive, was merged with Zr-modified CaO sorbents containing minor ZrO, concentrations
to develop novel MWCNT-templated CaZrOs-stabilized CaO nanoadsorbents through sol-gel
combustion synthesis technique, and affecting parameters, namely Ca/Zr molar ratio and
MWCNT concentration, were comprehensively scrutinized. In the present paper, CNT-
templated Zr-stabilized CaO sorbents with various CNT amounts, including 2.5, 5, and 10
wt.%, and high Ca/Zr molar ratios of 15/1 and 30/1 were developed by the sol-gel method.
These sorbents' morphological characterizations and CO» uptake potential under severe Cal
process conditions were comprehensively investigated. It is worth stating that incorporating
MWCNT into cost-effective Zr-stabilized CaO sorbents results in a striking improvement in

CO2 capture activity.

2. Experimental

2.1. Materials:

The nitrate salts of calcium, Ca(NO3)2.4H>0O from Merck, and zirconium, ZrO(NO3)2 H20,
from Sigma Alderich, as calcium and promoter precursors, respectively, as well as citric acid,
CeHsO7.H20 from Sigma Alderich, as combustion agent, were employed to synthesize Zr-

modified CaO powders. MWCNT, from VCN material Company, was also used as a nano-

163

164

165

166

167

168

169

170

171

172

173

174

175

176

177

178

179

180

181

182

183

184

185

186



scale bio-based additive. The physical properties of nano-additive MWCNT are noted in

Table 1.

Table 1. Characterizations of MWCNT

Specific surface area

5 3
(m?/g) Density (g/cm”)

Morphology Diameter (nm) Length (nm) Purity (%)

Tube shape 10-20 ~30 >98 200 2.1

2.2.  Preparation:

Firstly, to efface the impurities on the surface of CNT particles and improve their
homogeneous dispersal in a water-based solution during the sorbents’ preparation, they were
prewashed with 4 M HCI. f. The sol-gel combustion synthesis approach was applied to
prepare all samples using citric acid as a combustion agent. Firstly, the appropriate amount of
calcium nitrate and citric acids, with a Ca/citric acid molar ratio of 9/5, were dissolved into
deionized water under persistent heating and stirring. As soon as the solution temperature
exceeds 70 °C, the required amounts of citric acid and zirconium nitrate are specified by the
corresponding Ca/Zr molar ratio (15/1 or 30/1) and a Zr/citric acid molar ratio of 9/5, were
added to the mixture. The final solution was stirred under the isolated condition by inserting
the vessel lid. Then, the mixture was agitated at 100 °C for 3 h. Afterward, the determined
amount of MWCNT was transferred to the solution and mixed for 1 h at ambient temperature.
The sol was kept at room temperature for 24 h to form a uniform soaked gel. The wet gel was
desiccated in an oven at 150 °C for 3 h, creating hollow structures. To eliminate residual
organic components, the arid samples were calcined at 850 °C for 1.5 h under airflow with a

heating rate of 10 °C/min.
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Table 2: Specifications of synthesized CaO-based samples

Elemental

composition Inert material .

(At. %) from (WE.%) Textural and structural properties of fresh samples

Ca/Zr CNT ICP test BET surface
Sample molar  additive area of used
ratio  (Wt.%) Surface area (m%g)  Pore volume (mm%g)  Pore diameter (nm) AVerage  gamples (m¥/g)
CaO
Ca Zr CaO CaZrOs crvstallite
BET Langmuir  BETowl BJH BETmean BJH ry
size (nm)

Pure CaO - - 48.25 0 100 - 11.65 12.7 57.3 57.53 19.68 1.64 27 2.54
Ca/Zr molar ratio of 15/1
CaZr15-C0 15/1 - 34.37 2.29 81.5 185 12.9 12.72 83.24 72.19 25.81 1.21 26.5 3.23
CaZr15-C2.5 15/1 2.5 40.05 2.66 81.5 185 13.6 15.73 80.37 80.37 23.64 1.21 25.6 4.64
CaZr15-C5 15/1 5 42.67 2.85 81.5 185 17.83 19.4 116.6 108.7 26.16 1.64 22.3 6.48
CaZr15-C10 15/1 10 47.01 3.13 81.5 185 13.59 15.58 88.77 91.74 26.12 1.64 25.4 5.47
Ca/Zr molar ratio of 30/1
CaZr30-C0 30/1 - 48.62 1.62 90 10 11.23 10.86 54.17 50.4 193 7.99 29.6 2.64
CaZr30-C2.5 30/1 2.5 44.83 1.49 90 10 13.4 14.84 57.12 56.88 17.05 7.99 27.8 3.09
CaZr30-C5 30/1 5 51.09 1.7 90 10 20.63 22.8 93.25 96.04 18.8 9.22 19.8 5.32
CaZr30-C10 30/1 10 54.22 1.81 90 10 16.75 18.6 85.38 84.94 20.38 1.21 24.7 5.58

10

20

20



2.3. Characterization:

Using BELSORP MINI II appliance, BET (Brunauer, Emmett, Teller) specific surface
area and BJH (Barrett, Joyner, Halenda) pore size distribution of the synthesized samples
were measured by N physisorption at 77 K. The sorbents were degassed at 300 °C for 3 h in

a vacuum before determination.

The X-ray diffraction (XRD) analysis patterns were acquired utilizing Siemens 5 D500 X-
ray diffractometer (Cu Ka, A= 0.15406 nm) to recognize the formed phases in samples. The
peak intensity data of samples were assembled over the 2Theta range of 10-80°. To calculate

the CaO crystallite size by XRD pattern, Davg, Debye-Scherrer’s equation [56-58] was used:

~09%)

Dan_ B xCos 0 (2)

where A, B, and 6 correspond to the radiation wavelength, the whole breadth at half of the
peak maximum (radians), and the peak angular position, respectively. A fitting correlation,
Bo, of 0.108° was considered for the peak broadening due to the property of the

diffractometer.

The structural morphology and textural porosity of fresh and used adsorbents before and
after the CO> uptake process was examined by scanning electron microscopy (SEM)
characterization on FEI Quanta 200 microscope apparatus, coupled with Oxford INCA sight
X energy-dispersive X-ray analysis (EDX) applying on SAMX detector to determine

elemental distribution.

To measure the quantitative content of metals, Ca and Zr, in ultimate samples, inductively
coupled plasma optical emission spectroscopy (ICP-OES) characterization was performed

through the Varian Vista-PRO CCD Simultaneous ICP-OES instrument.
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24. CO: capture measurement:

The CO; uptake behavior and thermal durability of prepared samples were tested via TGA
(thermogravimetric analysis), TA Instruments Discovery SDT 650 for successive 15 multiple
carbonation/regeneration cycles under the severe Cal condition. The severe Cal. condition

for the post-combustion CO» capture process generally consists of the following:

e The short time resistance of CaO in carbonator owing to high inlet flue gas velocity and

low content of CO; (10-15 wt.%).

e The calciner’s high CO2 concentration (more than 70% vol.) is caused by combusting

inlet fuel to the calciner to provide a high required temperature for CaO regeneration.

To acquire valuable CO> capture data during the severe-condition Cal process, the CO>
capture activity of prepared CaO-based sorbent in this work was assessed under harsh CalL
conditions. 15 calcination and carbonation cycles were performed for the cyclic TGA testing,
starting with a zeroth calcination step. The carbonation step was carried out at 650 °C for 10
minutes under 15% CO» balanced with N> and calcination at 950 °C for 10 minutes under

100% COz. The total flow rate for all the steps was 50 mL/min.

TGA results are assessed by CO: sorption capacity (Cy: gr of adsorbed CO»/ gr of the
whole sorbent) and CaO conversion (X;). CO> sorption capacity is calculated based on a

mass increase of the sample during the carbonation stage as follows [28]:

__Mfn-Mo

C, (3)

mo

where C, and mg,, are CO, sorption capacity and mass of carbonated sample at the n' cycle,

and my is related to the mass of the fresh sample prior to 1% cycle.

CaO conversion is the conversion ratio of available CaO grains to formed CaCOs through

the physical reaction with CO; according to the following equation [59]:
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Cq [0.785 = Mco, (=44.01)

X T e—
n0.785 x Wcao Mcao (=56.077)

] 4

which Wcqo is attributed to the weight fraction of free CaO available in the sorbent; Mco2
and Mcao are the molar mass of CO> and CaO, respectively. Even though the mass of the
whole sorbent (CaO + inert species) is considered for C, calculation, X, reveals the fraction
of reacted CaO with CO; to the entire CaO [60]. Since a considerable amount of extant CaO
remains unreacted during CO; during adsorption in the carbonator due to the sorbent

agglomeration and sintering, the X, value is below 100 %.

3. Result and discussion:

3.1.  Characterization

Table 2 lists the textural specifications, elemental analysis, inert materials weight
percentage (%), and CaO crystallite size of fresh and used adsorbents. It is worth noting that
the fresh and used adsorbents are referred to as adsorbents before and after passing 15
multiple cycles under realistic conditions in this study, respectively. There are the nominal
CaZrOs weight percentages of 81.5 and 90 wt.% for sorbents prepared with Ca/Zr molar
ratios of 15/1 and 30/1, respectively. To concede the preliminary considered Ca/Zr molar
ratios of 15/1 and 30/1 for synthesizing samples, Ca/Zr molar ratios calculated based on the
ICP results are presented in Fig. Sla, indicating the maximum error of < 0.34% with
stoichiometric outcomes. Consequently, the Ca/Zr molar ratios derived from ICP analysis
validate the initial molar ratios for all synthesized sorbents. Based on BETmean and BJH pore
diameter results, it can be deduced that all prepared samples possess macro- and meso- and
micro-pores stemming from the combustion of embedded CNT and CaZrO; dispersal
between CaO nanoparticles. Fig. 1a exhibits that Langmuir surface areas and CaO crystallite
sizes are linearly and inversely proportional to the measured BET surface area of all

synthesized samples with correlation coefficients R> of 0.96 and 0.89, sequentially.
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Additionally, Fig. S1b shows the linear proportion between BET pore volumes and BJH pore
volumes for all synthesized CaO-based xerogels, validated with a correlation coefficient R?
of 0.945. Incorporating CNT into CaO particles of CaZr15-C0O and CaZr30-CO underlines
increases in structural and textural features, including BET surface area and BJH pore
volume, and reduction in CaO crystallite sizes. For samples with a 15/1 molar ratio of Ca/Zr,
the highest, most BJH pore volume of 108.7 mm?®/g, and the smallest CaO crystallite size of
22.3 nm are reported in the case of CaZr15-C5 followed by CaZr15-C10 (91.74 mm?/g and
25.4 nm), CaZr15-C2.5 (80.37 mm?/g and 25.6 nm), and CaZr15-C0 (72.19 mm?/g and 26.5
nm). Considering the morphological values of this cluster of sorbents, their BET and
Langmuir surface area are in the order of CaZr15-C5 with 17.83 and 19.4 m?/g, CaZr15-C2.5
with 13.6 and 15.73 m%/g, CaZr15-C10 with 13.59 and 15.58 m?/g, and CaZr15-C0O with 12.9
and 12.73 m?/g, respectively. Among synthesized xerogels with a 30/1 molar ratio of Ca/Zr,
CaZr30-C5 shows the highest BJH pore volume and the lowest CaO crystallite size value of
19.8 nm. The reported surface area amounts indicate that CaZr30-C5 possessed the most BET
and Langmuir surface areas of 20.63 and 22.8 m?/g, respectively, followed by CaZr30-C10
with 16.75 and 18.6 m%/g, CaZr30-C2.5 with 13.4 and 14.84 m*/g, and CaZr30-CO with 11.23
and 10.86 m?/g, respectively. As it is explicit for both clusters, the addition of MWCNT until
5 wt.% contributed to enhancing the surface area of Zr-promoted CaO, even though more

than 5 wt.% MWCNT adversely affects the accessible surface-resident CaO area.

To numerically evaluate the effectiveness of CNT on textural and structural properties of
CaZr15-C0 and CaZr30-CO0, variation rates (%) in BET and Langmuir surface area, BJH pore
volume, and CaO crystallite sizes by incorporating 2.5, 5, and 10 wt.% of CNT into CaZr15-
CO and CaZr30-CO sorbents are illustrated in Fig. 1b and ¢, respectively. There are
remarkable improvements in principal textural characteristics. The integration of 5 wt.%

CNT into CaZr15-CO results in 38.21, 52.51, and 50.57% increment in BET, Langmuir
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surface area, and BJH pore volume quantities, respectively, and also a 15.84 % reduction in
CaO crystallite size. In addition to a 33.1% reduction in CaO crystallite size, by merging
CaZr30-CO with 5 wt.% of CNT, BJH pore volume quantities, BET, and Langmuir surface
areas increase 90.55, 83.7, and 109.94%, respectively. Based on reported improvement rates,
it can be concluded that the combustion of embedded CNT into CaZr15-C0 and CaZr30-CO
forms higher volumes of pores and affects the distribution of durable Zr-based species, which
leads to dwindling the micro-size CaO agglomerates. However, the textural characteristics
drop by increasing the number of merged CNT contents from 5 wt.% to 10 wt.%. It can be
noted that this phenomenon probably arises from the heterogeneous dispersal of excess CNTs
into CaO texture between CaO NPs during the synthesis due to a larger volume of CNT
particles, resulting in the asymmetrical pore formation and heterogeneous scattering of
CaZrOs grains between CaO grains. With the MWCNT being increased from 5 wt.% to 10
wt.%, their particles formed bigger aggregates during the preparation, not completely
overcome by the stirring force, which adversely affects their embedding into CaO texture.
Accordingly, the macropore volume decreased in sorbent prepared with 10 wt.% MWCNT
compared to counterparts with 5 wt.% due to the non-uniform distribution of template
particles in the inner zone of CaO configuration. Additionally, the heterogeneous scattering
of CaZrO; aggravated the agglomeration of CaO particles, conducive to decreased surface

area and CaO crystallite sizes.

As a result, 5 wt.% can be considered the more suitable and optimum amount of CNT
compared to 10 wt.% to have the most porous CNT-templated Zr-modified adsorbent with

the best textural features, and increasing the MWCNT contents aggravate sorbents’ porosity.
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Fig. 1: (a) Langmuir surface area and CaO crystallite size of all developed Zr-decorated CaO-based
xerogels versus BET surface area, and variation rate (%) of BET and Langmuir surface area, BJH

pore volume, and CaO crystallite size by adding 2.5, 5, and 10 wt.% of CNT to (d) CaZr15-C0, and
(e) CaZr30-CO.

The X-ray diffraction patterns of pure CaO, CNT-templated Zr-supported CaO adsorbent
with Ca/Zr molar ratios of 15/1 and 30/1 over 10° <26 < 80° are depicted in Figs. 2a and b.
CaCO3, Ca(OH),, and CaZrOs are the identified crystalline phases with high peak intensity.
Since the sol-gel-derived synthesized CaO-based samples possess hygroscopic nature, the
ambient moisture and CO> during the cooling step of calcination are adsorbed by CaO
particles, resulting in the development of Ca(OH)> and CaCOs3; components identified in XRD
characterization, due to Eqs. 6 and 7 [29]. According to Eq. 7, CO2 gas molecules are also
adsorbed by interfaces of formed Ca(OH),. CaCOs; developed during post-calcination
emerges in three diverse structures, B-CaCOs, calcite, u-CaCQOs, vaterite, and A-CaCOs,
aragonite. The diversity in the type of developed CaCOs is related to the different CO»
adsorption temperatures and the various adsorbers, including CaO and Ca(OH),. It is worth
mentioning that the high-temperature pre-carbonation stage purges CaO particles from

physisorbed CO> and/or H>O molecules that facilitate CO» capture at the carbonation step.
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The sol-gel combustion synthesis procedure readily develops a temperature of > 1000 °C. As
Eq. 8 shows, by diffusing Ca?" into the ZrO; lattice, CaZrOs species are produced via a solid-
state reaction between CaO and ZrO,, eased with the annealing phenomenon at the
temperature above 1200 °C [28]. Comparing the XRD patterns reveals that CaZrl15-C5
possesses CaZrOs peaks with lower intensity and wider broadening than CaZr15-C10 arising

from the homogeneous distribution of CaZrOs crystallites between CaO particles.

CaO;)tH, 0, — Ca(OH)z(S) (5)
CaO(;)+CO, (= CaCOs (6)
Ca(OH)Z(S)vLCOz @0 CaCO; © (7)
CaO)+Zr0, © CaZrO3(S) (8)

There is considerable diversity between the XRD patterns of CaZr15-C5 and CaZr15-C10.
As it is apparent, in the case of CaZrl5-C5, the peaks related to CaO-based phases, namely
Ca0, Ca(OH),, and CaCOs, possessed lower intensity and more broadening compared to
CaZr15-C10, indicating its smaller CaO grain size presented in Table 2. These patterns
corroborate that the additional MWCNT, more than 5 wt.%, adversely influences the porosity
of CaO texture, resulting in a bigger CaO crystallite size due to the heterogeneous dispersal
of 10 wt.% CNT particles into CaO texture during the preparation. It can be stated that this
trend for sorbents containing 5 and 10 wt.% CNT is partially observed for samples prepared
with a Ca/Zr molar ratio of 30/1. On the other hand, Comparing the XRD patterns of CaZr30-
C2.5 and CaZr30-C5 indicates that CaZr30-C5 presented the CaO-presenting peaks with
lower intensity and more transverse width than those of CaZr15-C2.5. This phenomenon
demonstrates the higher porosity, smaller CaO crystallite size, and decreased CaO
agglomerates growth in CaZr30-C5 compared to CaZr30-C2.5, corroborating the highly

efficient content of 5 wt.% CNT for both kinds of Zr-promoted CaO adsorbents.
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Fig. 3 exhibits N adsorption/desorption isotherms for all synthesized samples. All
adsorbents illustrate similar trends classified as reversible type II isotherms, which generally
demonstrate a macro-porous texture and unlimited monolayer-multilayer adsorption up to
high P/Py [61]. With an increase in the P/Po, monolayer adsorption is completed, and the
multilayer adsorption commences on the inner surface, an indicator of mesoporous structure
[62, 63]. Derived by the capillary condensation of N> molecules into multilayers of
mesoporous structure in the P/Po varied between the high pressure of 0.8-1, isotherms of
CNT-templated sorbents possess the hysteresis loop type of H3, non-rigid aggregates of
plate-like particles associated with slit-shaped pores. The abovementioned hysteresis type II
isotherm consists of a network of meso and macropores, completely unfilled through pores’
condensate. The higher amount of N> was adsorbed by CaZr15-C5 and CaZr30-C5 among
prepared xerogels with 15/1 and 30/1 molar ratios of Ca/Zr, respectively. It can be concluded
that both sorbents, CaZr15-C5 and CaZr30-C5, possess high multilayer adsorption, indicative

of structures containing a higher volume of meso and macropores [64-67].
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a: Ca(OH), p: CaO

0: CaZrO,

0: CaCO,

(b)

CaZr30-C10

CaZr30-C5S

Peak intensity (a.u.)

CaZr30-C2.5

CaZr30-Co

10

Fig. 2: XRD patterns of (a) pure CaO, CaZr15-C0, CaZr15-C2.5, CaZr15-CS5, and CaZr15-C10, and (b)
CaZr30-C0, CaZr30-C2.5, CaZr30-CS5, and CaZr30-C10.
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Fig. 3: N, adsorption/desorption isotherm of (a) pure CaO, (b) CaZr15-CO0, (c) CaZr15-C2.5, (d) CaZr15-CS, (e) CaZr15-C10, (f) CaZr30-C0, (g) CaZr30-C2.5, (h) CaZr30- 389
C5, and (i) CaZr30-C10. 390
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BJH pore size distributions of pure CaO and both clusters of xerogels, prepared with 15/1
and 30/1 molar ratios of Ca/Zr, are presented in Fig. 4a and b. Even though pure CaO and
prepared sorbents with Ca/Zr molar ratios of 15/1 mainly possess broad distribution of
micropores, which have pores’ diameters of 1-2 nm, the heterogeneous dispersal of pores is
apparent for sorbents with a 30/1 molar ratio of Ca/Zr. As shown in Fig. 4a, Fig. 1a, and
Table 2, the larger volume of micropores in the texture of CNT-templated samples indicates
the effect of CNTs on increasing the pore volume into CaO configuration. Among exhibited
BJH curves in Fig. 4a, CaZr15-C5 possesses a more significant amount of micropores,
mesopores, and macropores. In addition to the effect of CNT removal on the formation of
pores, the presence of an adequate amount of CNT during the sorbents’ synthesis modify the
dispersal of CaZrOsz; however, extra content of CNTs can underline the non-uniform
scattering of CNTs and CaZrOs species into CaO structure, leading to a drastic reduction in
pore volume and the formation of meso- and macro-pores. On the other hand, Fig. 5b
demonstrates that incorporating 5 and 10 wt.% of CNT into CaZr30-CO0 increases the volume
of mesopores and micropores, respectively. A larger volume of macropores with a pore
diameter of >80 nm is developed than CaZr30-CO0. The significant differences in the type of
formed pores in the cases of CaZr30-C5 and CaZr30-C10 can be attributed to the dispersal of
CNTs into CaO structure during synthesis, which influences the distribution of formed
CaZrOs. It can be deduced that with the addition of the optimum amount of CNT, 5 wt.%, the
formation of micro-, meso- and macro-pores enhanced, which shows its more porosity
compared to CaZr15-C0O and CaZr30-CO. Among prepared xerogels with Ca/Zr molar ratios

of 15/1 and 30/1, CaZr15-C5 and CaZr30-C5 possess the highest pore volume quantities.
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Fig. 4: Pore size distribution curves for (a) pure CaO, CaZr15-C0, CaZr15-C2.5, CaZr15-CS5, and CaZr15-C10,
and (b) CaZr30-C0, CaZr30-C2.5, CaZr30-C5, and CaZr30-C10.

FESEM images and EDX spectra of MWCNT and all developed samples with Ca-Zr
molar ratios of 15/1 and 30/1 are illustrated in Fig. 5 and Fig. S2. The EDX diagrams of Zr-
promoted adsorbents in Fig. S2 reveal the appearance of Zr, Ca, O, and C. The representative
SEM pictures of MWCNT corroborate the tubular structure and its size and length nanometer

scale. Pure CaO shows the clumpy structure and compact surface associated with the
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residence of Ca, O, and C elements on the sorbent’s surface. According to optical observation
on SEM images of CaZrl5-CO and CaZr30-CO, the formation of CaZrOs moderately
decreases CaO surface-present particle size and CaO micro-agglomerates. Comparing four
prepared sorbents with a Ca/Zr molar ratio of 15/1, the porosity and the formation of fluffy
zones are significantly improved by merging with CNT. The development of Zr-stabilized
CaO adsorbents modified with 5 wt.% CNTs form the hollowest structure, associated with
the smallest CaO surface-particles size. The most uniform scattering of CaZrO3 among CaO
particles in CaZr15-C5 is the main reason for its superior textural and morphological
properties confirmed with BET-BJH and SEM illustrations. In the cases of prepared xerogels
with a Ca/Zr molar ratio of 30/1, the efficient role of embedded CNT is manifest in presented
SEM images. Identical to CaZr15-C0, with the addition of CNT, the CaO surface-resident
grain size and agglomerates decrease, which underlies the emergence of fluffy areas. Among
this cluster of sorbents, CaZr30-C5 presents more porosity. High conformity between
reported textural and morphological characterizations in Table 2 and depicted FESEM
pictures can be observed. In addition to textural properties, namely BET surface area and
BJH pore volume distribution, the morphology of CaZr15-C5 and CaZr30-C5 consist of more
porous zones and smaller CaO surface-occupant sizes. Similarly, the representative FESEM
pictures infer the efficient role of CNT in morphological properties of CaO particles and

reducing the surface-resident CaO agglomerates.

Based on reported Ca/Zr mol.% of ~ 15 in Fig. 1a, the appearance of CaZrOs; in the XRD
patterns depicted in Fig. 2, and the elemental identification of Zr element via EDS spectra for
developed Zr-modified adsorbents, it can be acclaimed that the employed synthesize method

was suitable to develop the required adsorbents.
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View field: 2.54 pm Det: InBeam 500 nm View field: 2.22 pm Det: SE

SEM MAG: 50.0 kx | Date{midly): 051722 SEM MAG: 125 kx | Date(m/d/y): 09/08/21 Kurdistan University

CaZr15-C0 : CaZr15-C2.5

SEM HV: 30.0 kV WD: 6.53 mm MIRA3 TESCAN SEM HV: 30.0 kV WD: 5.10 mm MIRA3 TESCAN
View field: 2.66 pm Det: SE View field: 2.95 um Det: SE
SEM MAG: 104 kx | Date(m/dly): 09/08/21 Kurdistan University SEM MAG: 93.9 kx  Date(m/d/y): 09/07/21 Kurdistan University

CaZr15-C5 CaZr15-C10

SEM HV: 30.0 kV WD: 5.49 mm MIRA3 TESCAN]]  SEM HV: 30.0 kv WD: 6.29 mm MIRA3 TESCAN

View field: 2.47 pm Det: SE View field: 2.57 ym Det: SE
SEM MAG: 112 kx | Date(m/d/y): 09/07/21 Kurdistan University SEM MAG: 108 kx  Date(m/d/y): 09/08/21 Kurdistan University




CaZr30-C0 _ CaZr30-C2.5

SEM HV: 30.0 kV WD: 5.48 mm MIRA3 TESCAN SEM HV: 30.0 kV WD: 6.04 mm : MIRA3 TESCAN
View field: 2.55 pm Det: SE + BSE 500 nm View field: 2.09 ym Det: SE 500 nm
SEM MAG: 109 kx | Date(m/d/y): 08/16/21 Kurdistan University SEM MAG: 132 kx  Date(m/dfy): 09/08/21 Kurdistan University

CaZr30-C5 CaZr30-C10

SEM HV: 30.0 kV WD: 5.33 mm MIRA3 TESCAN SEM HV: 30.0 kV WD: 6.31 mm MIRA3 TESCAN
View field: 2.46 pm Det: SE 500 nm View field: 2.17 um Det: SE 500 nm
SEM MAG: 113 kx | Date(m/d/y): 09/07/21 Kurdistan University SEM MAG: 128 kx  Date(m/dfy): 09/08/21 Kurdistan University

Fig. 5: SEM images of pure CaO, CaZr15-C0, CaZr15-C2.5, CaZr15-CS5, CaZr15-C10, CaZr30-CO,
CaZr30-C2.5, CaZr30-C5, and CaZr30-CO0.

3.2.  CO: capture activity
CO» capture activity of all synthesized sorbents to assess the influence of CNTs was
analyzed under severe Cal conditions. CO> capture activity is evaluated by CO» capture

capacity and CaO conversion curves versus the number of cycles.

The CO; uptake capacity and rate over carbonation time at 1% and 15 cycles for samples
developed with Ca/Zr molar ratios of 15/1 and 30/1 are depicted in Fig. S3 and Fig. S4,
respectively, and discussions are included in the supporting information file. CO>
adsorption capacity and CaO conversion values of untreated CaO and nano-scale xerogels
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synthesized with Ca/Zr molar ratio of 15/1 over 15 multiple carbonation/calcination cycles
under severe CaL conditions are depicted in Fig. 6a and b, respectively. Although the higher
initial CO; capture capacity belongs to pure CaO, Zr-supported samples demonstrate superior
CO» uptake capacity and CaO conversion. Improved with the homogeneous dispersion of
CaZrO3 and more formation of fluffy zones stemming from the combustion of embedded
CNT, the CO: capture activity of CaZrl5-CO is enhanced in the presence of CNT.
Furthermore, incorporating diverse contents of CNT into CaZr15-CO0 significantly diminished
the deactivation. Conformed with superior morphological and textural characteristics,
CaZr15-C5 exhibits the highest CO» capture capacity and CaO conversion among CNT-
templated samples. The CO; capture activity of all synthesized samples is listed in Table 3.
The highest ultimate CO» capture capacity of 0.16 g CO»/ g sorbent, most CaO conversion of
25.64 %, and the lowest uptake deactivation of 39.48 % belong to CaZr15-C5. Increasing the
content of CNT from 5 to 10 wt.% aggregates cyclic activity due to the heterogeneous
scattering of CNTs in the case of CaZr15-C10. Total amount of captured CO; during 15
multiple carbonation/calcination cycles is in order of CaZr15-C5 (2.92 g CO,/ g sorbent) >
CaZr15-C2.5 (2.62 g CO»/ g sorbent) > CaZr15-C10 (2.56 g CO,/ g sorbent) > CaZr15-C0
(2.01 g CO2/ g sorbent). CaO conversion diagrams indicate the effectiveness of CNT on
raising accessible CaO sites subjected to CO> molecules, in accordance with better
morphological and textural properties of CNT-incorporated adsorbents. It is worth
concluding that the 5 wt.% of CNT additive is the optimal amount for Zr-modified CaO

sorbents.

CO» capture capacity values and calculated the CaO conversion amounts of untreated
CaO, CaZr30-C0, CaZr30-C2.5, CaZr30-C5, and CaZr30-C10 over 15 CaL cycles under
harsh conditions are plotted in Fig. 6¢ and d, sequentially. The CNT-merged samples

demonstrate higher CO» uptake capacity and CaO conversion compared to CaZr30-C0, and
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the superior performance belongs to CaZr30-C5, so a higher amount of CO> is captured by
CaZr30-C5 in most cycles. Even though the analogous activity is presented by CaZr30-C5
and CaZr30-C10, due to less amount of employed CNT in CaZr30-C5, 5 wt.% CNT can be
considered the optimum content to improve the cyclic activity of CaZr30-C0O. The precise
total amounts of captured CO; are in the order of CaZr30-C5 (3.01 g CO»/g sorbent) >
CaZr30-C10 (2.99 g CO2/g sorbent) > CaZr30-C2.5 (2.13 g COy/g sorbent) > CaZr30-CO

(1.96 g CO»/g sorbent).
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Fig. 6: CO; capture capacity and CaO conversion of samples developed with Ca/Zr molar ratios of (a and b, respectively) 15/1, and (¢ and d, respectively) 30/1, under severe CalL

T % --¥--- Pure CaO
] . ---a--- CaZr15-C0O
:_ \\\\\.\ CaZrl15-C2.5
] A\‘ - - --4--- CaZrl15-C5
i \ AR . ---@---CaZrl15-C10
] \ \\\'\ '.-~,_.__ -
] WX e ) g
: A\ \x\\t\_._“ S -8 . 5 g5 . n
1 ‘\‘ *ﬂ( 6--0--9--9---9---9
: 7“"*---%-‘-‘-*«-.*-_- ::-A---t---k---A—---A
: V==X
: (a)| | ! ! ! I I ' } 4 } } ' } }
0 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15
Number of cycles (-)
n --X--- Pure CaO

i .\\\ ---A--- CaZr30-C0

\\\\\\ -——--- CaZI‘30—C25
Ty RN ----- CaZr30-C5

\\\\ \\\ --Q--- CaZr30-C10
T o™

\\ \ ":\~
4 ‘:::t:::\:iii‘ Yoty ~:‘...‘..--.'.-.""."'-’- ek 20
{ ***%** o - e
j©
0 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15

Number of cycles (-)

50 ;

45

CaO conversion (%)

15 1

10 1

60
55
50
45
40
35
30
25

CaO conversion (%)

conditions

30

40 ]
35 ]
30 ]
25 ]

20 A

--%--- Pure CaO
---k--- CaZr15-CO
CaZrl5-C2.5

----- CaZrl5-C5
---@--- CaZrl15-C10

F A A A A A A A -A A
N*““X--

20
15
10

1 (d)

X
1 )
1 2 3 4 5 6 7 8 9 10 11 12 13 14 15
Number of cycles (-)

i --XK--- Pure CaO

" ---A--- CaZr30-C0
RN --4---CaZr30-C2.5
R --4@--- CaZr30-C5
- LN --®---CaZr30-C10

4 5 6 7 8 9 10 11 12 13 14 15
Number of cycles (-)

492

493

494
495

496



Table 3: Comparison of the CO, uptake activity of all developed sorbents

Eg(g (;izl/pgtllsl('; ;le:?)c“y CaO conversion (%) OTfh :atl;)::ll.eadmco(u)l:t Deactivation

Sorbent (g CO2/g sorl.)ent) %)
over 15 multiple

I*cycle 15" cycle 1%cycle 15" cycle  cycles
Pure CaO 0.2835 0.088 36.13 11.21 2.1 31.04
Ca/Zr molar ratio of 15/1
CaZr15-C0 0.2332 0.1157 36.46 18.1 2.01 50.37
CaZr15-C2.,5 0.27 0.138 42.22 21.58 2.62 48.88
CaZr15-C5 0.271 0.164 42.37 25.64 2.92 39.48
CaZrl5-C10  0.2667 0.143 41.7 22.36 2.56 46.38
Ca/Zr molar ratio of 30/1
CaZr30-C0 0.2035 0.101 28.81 14.3 1.96 50.38
CaZr30-C2.5 0.241 0.115 34.12 16.28 2.13 52.28
CaZr30-C5 0.372 0.149 52.71 21.07 3.01 60.02
CaZr30-C10  0.347 0.151 49.14 21.38 2.99 56.48

EDX dot-mappings of Ca and Zr elements occupied on the surface of CaZr15-C5 and
CaZr15-C10 are illustrated in Fig. 7, which corroborates the more homogeneous dispersal of
CaZrOs between CaO particles for CaZr15-C5. However, CaZr5-C10 possesses the clumpy
scattering of Zr in some zones during the sorbent preparation. Despite the efficient role of
CNT in increasing the fluffy areas and porosity, excessive addition of CNT, more than 5
wt.%, underlies the substantial decrease in CO> capture capacity and deterioration of the
textural and structural characteristics, namely pore volume distribution and value, surface
area, and CaO crystallite size. There is a highly remarkable correlation between EDX dot-

mapping analyses and XRD patterns of CaZr15-C5 and CaZr15-C10. The CaZr15-C5 that
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shows the CaZrOs; peaks with slightly lower intensity and wider broadening has a more

homogeneous CaZrOj3 dispersal than CaZr15-C10.

In order to investigate the morphological changes in CaZr15-C5 and CaZrl15-C10
occurring during 15 multiple carbonation/calcination cycles under severe conditions, SEM
pictures of used abovementioned samples are presented in Fig. 8, apparently revealing the
sintering phenomenon in several areas. By comparing the SEM micrographs of fresh and
used CaZr15-C5 and CaZr15-C10, larger CaO grains and CaO micro-agglomerates emanate
after 15 multiple cycles leading to the significant reduction in free and accessible CaO
particles for CO; adsorption and the limitation for the CO; diffusion into inner areas. The
aforementioned mishaps are the central grounds for the sorption deactivation over the CalL
process. There is a striking conformity between SEM micrographs and the ultimate CO>
capture capacity of CaZr15-C5 and CaZr15-C10, in which used CaZr15-CS5 captured a higher
amount of COz at the 15" cycle possesses the lower sintered areas and more porous structure

compared to used CaZr15-C10.

BET surface area of the used CaZr15-C0, CaZr15-C2.5, CaZr15-C5, and CaZr15-C10 are
reported in Table 2. This enhancement in ultimate surface area value is acquired with the
addition of MWCNT. The surface area values of 12.9, 13.6, 17.83, and 13.59 m?*/g, recorded
for fresh CaZr15-C0O, CaZrl5-C2.5, CaZr15-C5, and CaZrl15-C10, reduced to 3.23, 4.64,
6.48, and 5.47 m*g, stemming from the CaO agglomeration during the Cal process.
Following the SEM images and ultimate sorption capacity (at the 15" cycle), used CaZrl5-
CS5 that presented better porosity and higher ultimate sorption capacity has more BET surface
area of 6.48 m*/g among developed samples with a Ca/Zr molar ratio of 15/1. As a result, the
SEM images and BET surface area values corroborate the superior sorption performance of

CaZr15-C5 compared to CaZr15-C0, CaZr15-C2.5, and CaZr15-C10.

32

508

509

510

511

512

513

514

515

516

517

518

519

520

521

522

523

524

525

526

527

528

529

530

531



Fig. 7 also shows the EDX dot. mapping of Ca and Zr for fresh CaZr30-C5 and CaZr30-
C10. The widely distributed Zr element, related to the scattering of CaZrOs species between
Ca, is visible. It should ne boted that the dispersion of inert phases considerably affects the
materials’ porosity, thermal durability and agglomeration [68-70]. These diagrams confirm
the more uniform dispersal of CaO and CaZrO; for CaZr30-C5 and CaZr30-C10, apparently
indicative of morphological improvement using CNTs. There are no significant differences in
Zr scattering between CaZr30-C5 and CaZr30-C10. Based on visual morphological
observations, 5 wt.% of CNT is sufficient to homogenize the CaZrO; dispersion among CaO

grains.

FESEM pictures of used CaZr30-C5 and CaZr30-C10 over 15 multiple CaL cycles under
severe conditions are presented in Fig. 8. The formation of sintered CaO cites, enlarging CaO
grain size. The aggregation of surface-located CaO particles is evident in the sorption
deactivation of CaZr30-C5 and CaZr30-C10 over multiple CaL cycles because of developing
sintering-favored CaCOs3 layers during the process. Comparing the depicted SEM images of
fresh CaZr30-C5 and CaZr30-C10 with used counterparts demonstrates that fluffy-like zones,
the volume of pores, and accessible CaO particles gradually decline over the multicycle

process.

Reported BET surface area values for used MWCNT-incorporated sorbents with the Ca/Zr
molar ratio of 30/1 in Table 2 indicates the significant decrement in surface area values after
passing 15 multiple CaL cycles under harsh condition. These surface area values verified the
calculated ultimate sorption capacity for CaZr30-C0, CaZr30-C2.5, CaZr30-CS5, and CaZr30-
C10; CaZr30-C10 with the highest capture capacity at 15™ cycles, 0.151 g CO»/ g sorbent,

possess the most surface area of 5.58 m?/g.
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Fig. 7: EDX dot-mapping analysis of the distributed Ca and Zr elements into the textures of fresh CaZr15-C5, CaZr15-C10, CaZr30-C5, and CaZr30-C10
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Fig. 8: SEM images of used CaZr15-C5, CaZr15-C10, CaZr30-C5, and CaZr30-C10, after processing
during 15 cycles.

To quantitatively manifest the effect of CNT on the multicyclic performance of CaZrl5-
C0 and CaZr30-C0, the increment rates (%) in COx capture capacity at the 15" cycle, CaO
conversion at the 1% cycle, and the total amount of captured CO, by merging 2.5, 5, and 10
wt.% CNT with CaZr15-C0 and CaZr30-CO0 are reported in Fig. 9a and b, respectively. There
are outstanding improvements in the abovementioned characteristics when integrating with
diverse CNT content. The most significant enhancements, including 41.74, 16.2, and 45.27 %
in CO, capture capacity at the 15™ cycle, CaO conversion at the 1% cycle, and the total
amount of captured CO», are acquired by adding 5 wt.% CNT, respectively. Even though the
most increase in CO; capture capacity of CaZr30-CO0 at the 15" cycle, 49.5 %, is achieved in
the case of CaZr30-C10, merging CaZr30-CO with 5 wt.% CNT results in the highest
enhancements in CaO conversion at the 1% cycle, 82.95 %, and the total amount of captured

CO2, 53.57 %.

The influence of BJH pore volume on CO> capture capacity at 15" cycles and the total
amount of adsorbed CO; over 15 cycles exposed to severe CaL conditions is depicted in Fig.
9¢ and d. Merging CNT into Zr-stabilized CaO adsorbent raises BJH pore volume, affecting
important multicyclic features. Enhancing BJH pore volume increases CO: capture capacity
at the 15™ cycle and the total amount of captured CO, over cycles. The highest CO, capture
capacity at the 15" cycle of 0.164 g CO»/g sorbent and the total amount of captured CO> of
2.92 g COo/g sorbent over 15 multiple cycles, are presented by CaZrl5-C5, characterized

with the highest BJH pore volume of 108.7 mm?/g.

The relation between CaO crystallite size and the initial CaO conversion of all samples
developed with Ca/Zr molar ratios of 15/1 and 30/1 are plotted in Fig. 9e and f, where CaO

crystallite size inversely affects the initial CaO conversion. Sequentially, the highest initial
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CaO conversion of 42.37% and 52.71% belongs to CaZr15-C5 and CaZr30-C5 with smaller
CaO crystallite sizes of 22.3 and 19.8 nm. On the other hand, the lowest values of CaO
conversion, 36.46 and 28.81 %, are reported for the CNT-free Zr-incorporated samples,
CaZr15-C0 and CaZr30-CO0, which possess giant CaO crystallite sizes of 26.5 and 29.6 nm,
respectively. Developing CaO-adsorbents with smaller CaO grain sizes contributes to
increasing the accessible CaO sites and, consequently, CaO conversion and CO; capture

activity.

The role of BET surface area on the average sorption capacity of the 1%, 2°¢ and 3™ cycles
for both clusters of synthesized adsorbents are depicted in Fig. 9g and h. A direct correlation
between average sorption capacity and free surface area can be seen. Sequentially, sorbents
with the highest and lowest average sorption capacity have the highest and lowest BET
surface area. CaZr15-C5 and CaZr30-C5, with the maximum BET surface areas of 17.43 and
20.63 m?/g, captured the higher amounts of COz in their initial tricycles, 0.246 and 0.315 g
COo/ g sorbent, respectively. Additionally, the minimum average sorption capacities of the
1%, 2" and 3™ cycles are obtained for CaZr15-C0O and CaZr30-C0, potentially attributed to

their minimum BET surface area.

Fig. 9i indicates the direct proportion between the BET surface area of used samples and
ultimate sorption capacity, at the 15™ cycle, with a correlation coefficient R? of 0.953. The
used adsorbent with the highest BET surface area of 6.48 m*/g is the CaZr15-C5, exhibiting
the most sorption capacity of 0.164 g CO/ g sorbent at the final cycle. Due to the
considerable sintering in inner layers of adsorbents after passing several cycles, the free
surface area plays a crucial role in the sorption capacity of adsorbents. As a result, by
simultaneous incorporation of 18.5 and 5 wt.% of CaZrO; and MWCNT into nanostructured
CaO, the surface area value of used CaO increased by 155%, leading to an 86.4% increment
in ultimate sorption capacity under harsh CaL condition.
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Based on previous comprehensive structural and cyclic assessments, CaZr15-C5 and
CaZr30-C5 are the best-developed samples. To directly compare CaZr15-C5 and CaZr30-CS5,
their CO; capture capacity and CaO conversion plots over 15 carbonation/calcination cycles
under severe Cal conditions are presented in Fig. 10a and b, respectively. Due to the more
CaO content, higher surface area, and pore volume, a higher amount of CO» is adsorbed in
the case of CaZr30-C5 compared to CaZr15-C5. Nevertheless, the higher amount of thermal-
resistance CaZrOs for CaZr15-C5 hinders the high-rate CaO sintering when CaO particles
undergo several cycles under Cal conditions. More activation of CaZrl15-C5, 60.52 %,
arising from its higher CaZrO; content, is the main reason for its superior CO; capture
capacity and CaO conversion from the 5™ cycle onwards compared to CaZr15-C5. However,
the higher value of the total amount of captured CO»> in the case of CaZr30-C5, 3.01 g CO»/ g
sorbent, than that of CaZr15-C5, 2.92 g CO»/ g sorbent, can be attributed to its higher free
CaO content of CaZr30-C5, 90 wt.%, compared to CaZr15-C5, 81.5 wt.%. The Ca/Zr molar

ratio of 15/1 and CNT content of 5 wt.% are the most suitable preparation parameters.
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Fig. 10: Comparison of (a) CO, capture capacity and (b) CaO conversion of CaZr15-C5 and CaZr30-C5
during fifteen carbonation/calcination cycles under severe CaL conditions.

3.3.  Outlook

Undeniable dependence of the Cal process on the applicability of CaO-based sorbents
within fluidized bed reactors, including carbonator and calciner, under industrial process
conditions, including short carbonation time and CO,-rich calcination ambient, requires

comprehensive assessments on scaling up cost-effective modified CaO-based sorbents in the
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pilot-scale plants. Considering the economic aspects of the industrial CO> capture process,
waste-material-derived CaO precursors, cost-effective thermal-resistance metal oxides, such
as Al,O3 and MgO, and ubiquitous and affordable bio-based additives should be considered
to develop CaO-based sorbents. Consequently, as our research's next target, we plan to
conduct a thorough and detailed techno-economic investigation on the applicability of the
biomaterials-incorporated durable-metal-promoted CaO sorbents derived from affordable
ingredients into pilot-scale fluidized-bed reactors under industrial and realistic conditions in

our forthcoming research.

4. Conclusion

The present research concentrates on improving the textural and structural properties and
CO» adsorption performance of sol-gel-derived Zr-promoted CaO adsorbents containing
minor CaZrO3 contents by utilizing Multi-walled carbon nanotubes additive, for the first time
in our knowledge. The Ca/Zr molar ratios of 15/1 and 30/1, and MWCNT concentrations of
2.5, 5, and 10 wt.% were employed to evaluate the effectiveness of MWCNT and determine

the optimum parameters’ values. The following worth noting outcomes can be presented:

1) The integration of 5 wt.% MWCNT, the best concentration based on textural and
multicyclic results, into Zr-promoted CaO adsorbents, containing 10 and 18.5 wt.%
CaZrO; resulted in the greatest improvements in textural and adsorptive features. For
instance, 50.57 and 90.55% increments in pore volume, 38.1 and 83.7 increases in
BET surface area, and 45.27 and 53.57% raises in the total amount of captured CO»
over the 15 cycles CaL process reported for CaO developed with 15/1 and 30/1 molar
ratios of Ca/Zr.

2) 5 wt.% CNT is the most efficient amount to significantly enhance the CO» capture

activity of Zr-promoted CaO adsorbents containing a minor amount of CaZrOs.
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3) Combining CNT with Zr-modified CaO adsorbents homogenized the CaZrOs;
distribution into CaO texture.

4) Based on the multicyclic and textural data, MWCNT can be considered a remarkable
candidate to compensate for the decreased amount of CaZrOs, due to their drawbacks,

for preparing highly durable CaO adsorbent.
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Fig. S1: (a) Ca/Zr molar ratio derived from ICP analysis of all developed Zr-decorated CaO-based xerogels, and 18
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Fig. S2: SEM images and elemental EDS of pure CaO, CaZr15-C0, CaZr15-C2.5, CaZr15-CS5, CaZr15-
C10, CaZr30-C0, CaZr30-C2.5, CaZr30-C5, and CaZr30-C0.

CO; capture activity

To assess the role of CNT on the CO2 uptake activity of CaZr15-C0O and CaZr, the CO2
capture capacity of pure CaO, CaZrl15-C0O, CaZrl5-C2.5, CaZrl15-C5, and CaZr15-C10
during 1% and 15™ cycles versus carbonation time is plotted in Fig. S3a and b, respectively.
The highest initial capture capacity belongs to pure CaO due to its higher content of free CaO
compared to Zr-promoted CaO sorbents containing 18.5 wt.% CaZrOs. Since pure CaO
suffers more from sintering and deactivation due to its lower thermal-durability feature and
less porosity, the synthesized Zr-promoted sorbents present better CO2 capture profiles than
pure CaO at 15" cycles. The higher amount of CO: is adsorbed by CNT-templated samples
compared to CaZr15-C0 at the 15™ cycle. Even though CaZr15-C5 shows lower CO> capture
capacity than CaZr15-C10 for an initial 5 min at the 15% cycle, ultimately, CaZr15-C5
adsorbs the more amount of CO> at the 15" carbonation step. However, over time, CaZr15-
CS5 presents a larger capture capacity than CaZr15-C10 at the ultimate cycle, indicating the
more COz capture capacity of CaZr15-C5 related to the capture process by CaO sites located

in the interior zones. The larger volume of pore and porous zones in CaZrl5-C5 than in
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CaZr15-C10 results in a significantly more content of adsorbed CO: at the end of the

carbonation stage.

It has been previously mentioned that merging CaO with costly ZrO2 promoters decreases
the available CaO for COz capture during the formation of thermal-durable CaZrOs. In this
regard, the influence of CNT, in diverse contents of 2.5, 5, and 10 wt.%, on CaZr30-CO,
containing the less CaZrOs content of 10 wt.% compared to CaZr15-CO (18.5 wt.%), is
assessed. Fig. S3c¢ and d plot the COz capture profiles of CaZr30-C0, CaZr30-C2.5, CaZr30-
C5, and CaZr30-C10 during the carbonation time at the 1% and 15" cycles, respectively. The
CNT-templated samples captured more CO2 during the initial and final carbonation cycles
compared to CNT-free counterparts, which similarly corroborates the effectiveness of CNT.
Despite the identical CO2 adsorption capacity at the swift carbonation step, the more porosity
of CaZr30-C5 compared to CaZr30-C10 contributes to its better sorption activity in the slow
carbonation stages, accompanied by the higher capture capacity of (0.372 g CO2/g sorbent)
than that of CaZr30-C10 (0.347 g CO2/g sorbent) at 1% cycles. Nonetheless, to a large extent,
CaZr30-C5 and CaZr30-C10 exhibit equal capacity at the 15 cycle (0.149 and 0.151 g

CO2/g sorbent).

Fig. S4a and b illustrate the CO2 capture rate of pure CaO and prepared samples with a
Ca/Zr molar ratio of 15/1 versus carbonation time at the 1% and 15" cycles. There are two
distinct carbonation stages based on the CO:z capture rate profile: a kinetically swift
carbonation stage and a diffusion-controlled slow carbonation stage. The fast carbonation,
which relates to the reaction of easy-accessible CaO surface with COz2, consists of the uptrend
CO2 capture rate. Additionally, the slow carbonation stage corresponds to the reaction
between CO2 molecules and interior CaO sites in pores of sorbent texture. After reaching the
maximum CO: capture rate, the fast carbonation stage terminates, and the slow carbonation
stage starts with the diffusion of CO2 into inner zones. Although prepared samples with a
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Ca/Zr molar ratio of 15/1 demonstrate identical capture capacity at the fast carbonation stage,
the more porous regions and pores’ volume of CaZrl15-C2.5, CaZr15-CS5, and CaZr15-C10
cause the higher capture capacity at the diffusion carbonation stage. Due to the lower easy-
accessible CaO surface, CaZr15-CO0 reaches a higher maximum COz capture rate at less time
in 1% cycle, indicative of its less fast carbonation than CNT-templated counterparts. The main
reason for the higher maximum COz capture rate of CaZr15-CO compared to CNT-templated
samples is its higher free CaO content that utterly saturates at ~ 0.2 min. According to Fig.
S3b, the higher uptake capacity of CaZr15-C10 rather than CaZr15-CS for an initial 5 min of
carbonation is associated with a significantly higher uptake rate at the termination of the
quick carbonation stage, which can be attributed to its higher easy-accessible CaO cites.
Comparing the COz capture rate curves for 1% and 15 cycles demonstrates the effect of
sintering on decreasing the fast carbonation time by ~ 50% owing to the sintering

phenomenon and diminishing the easy-accessible CaO surface.

The COz2 capture rate diagrams of samples developed with a Ca/Zr molar ratio of 30/1 at
the 1 and 15" cycles, derived from Fig. S3¢ and d, are plotted in Fig. S4c and d. These
figures indicate that the sintering rate of easy-accessible CaO sites over cycles reduces the
fast carbonation span at the 15" cycle compared to the initial cycles. A higher CO2 capture
rate for CaZr30-C5 after ~1 and ~0.5 min at the 1% and 15" carbonation steps, respectively,
can be ascribed to its more suitable textural and structural characteristics. Among developed
samples with a Ca/Zr molar ratio of 30/1, the highest maximum COz2 capture rates at the end

of the 1% and 15™ fast carbonation stages are reported in the case of CaZr30-C10.
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respectively) 30/1, under severe CaL conditions.
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