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The reduction, storage, and reuse of greenhouse gas carbon dioxide (CO3) is a crucial concern in modern society.
Bio-waste adsorbents have recently aroused the investigator’s attention as auspicious materials for CO, capture.
However, the adsorption capacity decaying and poor fluidizability during carbonation/calcination cycles of all

ngs}:;u natural adsorbents used in the calcium-looping process (CaL) are important challenges. The current study ex-
Hy dziation plores the performance of a novel SiOs-decorated calcium-based adsorbent recovered from eggshell waste in
Fluidization terms of both CO; capture capacity and fluidity. Two preparation methods of hydration and sol-gel were used to

obtain Ca-based adsorbents with different pore configurations and volumes. Modification of the adsorbents was
applied by dry physically mixing with different weight percentages of hydrophobic SiO» nanoparticles (NPs), in
order to maintain stability and fluidity. The adsorbent prepared by the sol-gel method exhibited a fluffier
structure with smaller grain sizes and higher porosity than that of prepared by the hydration method, leading to a
6.9 % increase in conversion at the end of the 20th cycle. Also, with the optimal amount of SiO3 nanoparticles, i.
e. 7.5 wt%, the amount of CaO conversion obtained by sol-gel derived adsorbent was 27.59 % higher than that
by pristine eggshell at the end of the 20th carbonation/calcination cycles. The fluidizability tests showed that the
highest bed expansion ratio (2.29) was achieved for sol-gel derived adsorbent in the presence of 7.5 wt% silica
nanoparticles which was considerably higher than the amount of 1.8 and 1.6 belonged to sol-gel derived
adsorbent and pristine eggshell without silica at the gas velocity of ~ 6.5 cm/s, respectively. The high adsorption
capacity and proper fluidity of this novel and green calcium-based adsorbent promise its wide application.

1. Introduction

Global warming which is the long-term heating of Earth’s climate
system and occurred due to human activities (primarily fossil fuel
burning) leads to the increases in heat-trapping greenhouse gas levels in
Earth’s atmosphere [1]. By reducing emissions of CO; as the main
greenhouse gas, we can reduce the risks of harmful climate catastrophes
such as large-scale flooding and droughts that deprives larger pop-
ulations of their homes, livelihoods, or even lives [2]. Taking into ac-
count these dangerous effects of CO3 releasing, finding powerful means
to reduce its emission is receiving increased attention, recently.

The calcium looping process (CaL) or the regenerative calcium cycle
(RCCQ) is a carbon capture technology, in which calcium is reversibly
reacted between its carbonate form (CaCOs3) and its oxide form (CaO) to
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separate CO; from other gases released from power plants [3]. The CaL
process can be studied at a lab-scale fluidized bed reactor or thermo
gravimetric analyzer (TGA) system, both of which have two main stages,
including calcination and carbonation, which happens reversely [4].
During carbonation, adsorbent particles react with the CO; in the flue
gas at a temperature of about 650 °C to form CaCOs, thereby reducing
the CO5 concentration in the flue gas to an allowed level for emission to
the atmosphere. The carbonated particles are then circulated into the
calciner and heated up to 800-950 °C under a highly concentrated CO,
stream to produce gaseous carbon dioxide and solid calcium oxide via
thermal decomposition, so they are regenerated for a new cycle and fed
back to the carbonator [5]. In the carbonation stage, a fast initial reac-
tion rate is suddenly followed by a slow reaction rate. The ratio of moles
of CO, reacted in the rapid reaction step to its stoichiometric value in the

E-mail addresses: tahmasebpoor@tabrizu.ac.ir (M. Tahmasebpoor), pedro.enrique@icmse.csic.es (P. Enrique Sdnchez-Jiménez).

https://doi.org/10.1016/j.seppur.2022.122523

Received 31 August 2022; Received in revised form 23 October 2022; Accepted 27 October 2022

Available online 1 November 2022
1383-5866/© 2022 Elsevier B.V. All rights reserved.


mailto:tahmasebpoor@tabrizu.ac.ir
mailto:pedro.enrique@icmse.csic.es
www.sciencedirect.com/science/journal/13835866
https://www.elsevier.com/locate/seppur
https://doi.org/10.1016/j.seppur.2022.122523
https://doi.org/10.1016/j.seppur.2022.122523
https://doi.org/10.1016/j.seppur.2022.122523
http://crossmark.crossref.org/dialog/?doi=10.1016/j.seppur.2022.122523&domain=pdf

M. Imani et al.

complete conversion of CaO to CaCOs is defined as the adsorption car-
rying capacity [6].

It is worth mentioning that minerals were first explored in the CaL
process but since then the use of wastes is also gaining acceptance. Using
cheap and easily-accessible biological waste as CO5 absorbent has the
advantage of continuous injection due to the deactivation phenomenon.
Moreover, management and disposal of the large amount of biological
waste produced in restaurants, industries and homes has become one of
the important environmental concerns [7]. In this regard, Sun et al [8]
applied prewashing treatment to lime mud and considered its perfor-
mance for removing of CO,. They reported the beneficial effect of pre-
washing in leading to the higher CO; capture capacity and improving its
microstructure in comparison with the lime mud through the carbon-
ation process. In another research, Pizarro et al [9] investigated the
acetic acid modified steel slag CO. capturing performance. They
concluded that the residence time and the calciner temperature reduced
in high CO, partial pressure at 900 °C. Similarly Ma et al [10] used
carbide slag as a base material for preparing the CO5 adsorbent with
high alumina cement and by-product of biodiesel. After applying the
real operational conditions including high temperature and high CO»
concentration, they discussed that highest CO5 capture capacity of about
0.27 g/g was obtained for the adsorbent contained 90 wt% CaO after 30
carbonation/calcination cycles which was 1.7 times higher than that for
carbide slag. The major CaCOs containing bio-waste which can be a
proper option for the industrial CaL process is eggshell [11-13]. There
are a few challenges that need to be overcome to facilitate the com-
mercial implementation of CaL technology. One of them is related to the
progressive deactivation of the CaO. Since CaCO3 has a larger molar
volume in comparison to CaO, the carbonated layer growing effectively
blocks the pores, and finally the carbonation is restricted by gas diffu-
sion [14]. Also, the high temperatures attained during calcination, about
900-950 °C, result in substantial particle agglomeration and sintering
[15,16]. Further increase in temperature along with longer calcination
times can affect the intensity of sintering, whereas carbonation time has
minimal effect on particle sintering [17]. The reduction in reactive
surface area and a corresponding decrease in capture capacity are the
main disadvantages of sintering whose negative effects need to be
reduced by applying proper methods.

On the other hand, since the industrial-scale Cal. process is per-
formed in the fluidized bed reactors, the adsorbent’s fluidization
behavior and the effective gas—solid contact are also very important in
evaluating the overall efficiency of the process [18]. Therefore, applying
modification methods that not only increase the adsorption capacity but
also improve the adsorbent fluidity, are essential. Recently, many
studies have been carried out to improve the performance of calcium-
based adsorbents in the cyclic process by incorporating inert mate-
rials. For example, Jing et al [19] incorporated Al to CaO by sol-gel
method in order to obtain CaO/Ca3Al;O¢ sorbents. Initial pretreating
was performed at 800 °C for 10 min to remove CO5 and HyO adsorbed
from the air and then carbonation was carried out at 500 °C for 30 min
under 10 %C0O2/90 %N; atmosphere. It was reported that with the mass
ratio of 8:2 for CaO: Al,03, a superior CO5 sorption ratio of 51.92 % was
obtained which was 5 times higher than that of the pure CaO sorbent. In
line with previous research, Azimi et al [20] developed CaO-based
sorbent mixed with AlyO3 using the sol-gel method and found that
stability and cyclic CO; capture performance were improved due to the
formation of CagAlgO1g. Similarly, Koirala et al [21] studied the role of
adding various metals such as Al, W, Ce to Zr/Ca adsorbents. The best
performance was obtained by Al due to the CaljAj14033 formation,
which was a more stable component. In another work, Li et al [22]
doped CaO-based adsorbent with KMnO4 at different concentrations
ranging from 0.5 to 0.8 wt%. They reported that the long-term perfor-
mance of CaCO3 was enhanced so that after 100 cycles the conversion of
KMnO4-doped adsorbent was increased to 0.35 while it was just 0.16 for
pure CaCOs in the same conditions. Furthermore, Heidari et al [23]
proposed synthetic CaO-based sorbents modified by mono-metallic (Zr,
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Al, Ce), bi-metallic (Zr/Ce, Zr/Al, Al/Ce), and tri-metallic (Zr/Al/Ce)
inert oxides. Among the synthesized sorbents, Ca/Zr/Al/Ce with 17.8 %
deactivation after 50 cycles, was introduced as the most promising
adsorbent in terms of capture capacity. Valverde et al [24] considered
the role of adding nanosilica physically to Ca(OH), powder as a base
sorbent for CO5 capturing during the CaL process in a TGA at conditions
close to the real CalL looping process. They concluded that adding
nanosilica in a specific molar ratio enhanced the rate of fast carbonation
and residual capture capacity. There were also other studies emphasized
on the positive role of silica nanoparticles in improving fluidity. Amjadi
etal [25], used hydrophobic silica nanoparticles to enhance the Ca(OH),
fluidization quality and successfully reported that 20 wt% of SiO,
nanoparticles had 2.24 times higher bed expansion ratio compared to as
received Ca(OH); at gas velocity of 0.05 m/s. As well, Azimi et al [20]
founded that synthesized Ca-based adsorbent by sol gel method, had
very homogeneous fluidization behavior after adding > 15 wt% hy-
drophobic SiO; nanoparticles. Also, in our most recent published article
[26] in which acid modified eggshell particles were mixed physically
with hydrophobic silica nanoparticles, it was revealed that using SiO
nanoparticles not only improve the fluidity but also increase the
adsorption capacity. Therefore, it seems that adding various weight
percentages of silica nanoparticles may affect the eggshell particles
adsorption performance.

As far as we know; no studies on simultaneous increases of CO»
capture capacity and fluidity of low-cost eggshell-derived calcium-based
adsorbents have been conducted yet. So, in this work we concentrate on
dry mixing of SiO, nanoparticles, as an additive, at various weight
percentages, with eggshell-derived calcium-based adsorbent, searching
for a balanced improvement of cyclability and fluidizability. In order to
investigate the effect of the preparation method on the performance of
adsorbents recovered from eggshells, two methods were used: hydration
and sol-gel. Leading to the formation of the same form of final product i.
e. Ca(OH)y, simplicity, low-cost and having the possibility of compari-
son the results could be mentioned as the main reasons for selecting
these two preparation methods. The best-performing adsorbents in
several carbonation/calcination cycles were selected and tested in a
fluidized bed in terms of their fluidity performance. To characterize the
phase composition, morphology, and capturing capacity, X-ray diffrac-
tion (XRD), Scanning electron microscopy (SEM), Brunauer-Emmett-
Teller (BET), and TGA analysis were conducted. Particle size distribu-
tion (PSD) analysis was also used to determine the synthesized particle
sizes. Finally, to consider the fluidization behavior of adsorbents, two
parameters including bed expansion ratio and pressure drop were
measured for pristine eggshell and modified adsorbents.

2. Experimental section
2.1. Materials

2.1.1. Chemicals

The initial eggshell waste was collected from local restaurants in
Tabriz. After washing the eggshell particles with deionized water, taking
their inner tissues away, and drying them at 60 °C in the oven, the
pristine eggshell was obtained. Hydrophobic SiO, nanoparticles (Aero-
sil® 974) with high SiO, content (>99.8 %), BET surface area of
150-190 m?/g, and also a mean particle size distribution of 94 nm were
purchased from Evonik. Hydrochloric acid (37 %), NaOH, and CaCly
purchased from Sigma Aldrich were used to synthesize the adsorbents
with the sol-gel method.

2.1.2. Preparation of adsorbent by hydration method

As a first step, the eggshells were washed with deionized water to
remove all possible pollution. Then, their inner tissues were removed
and after drying at 60 °C in the oven, the clean eggshells were crushed in
a porcelain mortar and pest. To have more uniform powder the electric
mill was used and particles were passed through a 325-mesh screen (dp
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Fig. 1. The schematic of fluidization system.

< 45 pm). Calcium hydroxide was achieved by hydration method during
which the eggshell-derived calcium carbonate powder was refluxed in
distilled water at 60 °C for 6 hr, according to the below equation:

CaCO; + H,0 — Ca(OH), + CO, )

After drying at 60 °C in the oven, the Ca(OH), white powders were
turned into the sample named hydrated eggshell in the following
[27-29].

2.1.3. Preparation of adsorbent by sol-gel method

To prepare the eggshell-derived adsorbent by sol-gel method, the
eggshell particles were first washed, the tissue removed, crushed, and
sieved with a 325-mesh, in a similar way to the hydration method. Then,
12.5 mg of eggshell powder was solved in 250 mL of 1 M HClI solution to
produce a sol as a result of the following reaction:

CaCO; +2HCl-CaCl, + H,0 + CO, 2)

Then, 250 mL of 1 M NaOH solution was dropwise added to the sol
containing CaCly, after which the following reaction occurred:

CaCl, + 2 NaOH —Ca(OH), + 2 NaCl 3

The prepared solution was aged for one night at room temperature to
obtain a gel. Then, it was filtrated and washed with distilled water.
Finally, the gel was dried at 60 °C for 24 hr. The final product will be
named sol-gel derived adsorbent hereafter [30].

2.1.4. Dry mixing of SiO2 nanoparticles

Hydrated eggshell and sol-gel derived adsorbent were physically
mixed with SiO5 nanoparticles to improve their performance in terms of
adsorption capacity and fluidization behavior. For this purpose, aero-
sol® 974 nanoparticles were first sieved using a 150 um sieve to remove
the possible agglomerates and then added to the above-mentioned
samples by hand dry mixing method for 30 min. Adding various
weight percentages of SiO5 nanoparticles including 2.5, 5, 7.5, and 10 wt
% were tested in this study.

2.2. Fluidization tests

Fluidization tests were performed in a fluidized bed consisting of an
80 cm glass column with an inner diameter of 2.6 cm at 25 °C and at-
mospheric pressure. The schematic of the fluidized bed is presented in
Fig. 1. Pure nitrogen gas (>99.98 %) was introduced to the bed through
the high porous plate distributor. A cyclone and an air filter were
installed to have a clean gas in the output of the bed. The fluidization
behavior of the particles was interpreted by two parameters named bed
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expansion ratio (H/Hg) and pressure drop (Ap). Hy was attributed to the
initial bed height when no nitrogen gas entered the bed and H was the
bed attitude at the specific gas velocity. A monometer (pressure gage
Wika) was installed between the top of the column and distributer to
measure the pressure drop (Ap) of the bed during the fluidization of
particles. Both parameters were measured against different gas veloc-
ities controlled by a gas flow meter. All the experiments were repeated 3
times with 5 min time intervals between two tests in order to achieve the
highest accuracy as well as stable condition.

2.3. Characterization techniques

2.3.1. Structural characterizations

SEM was used to evaluate the surface structure and morphology of
as-prepared adsorbents before and after the adsorption process. All
morphological analyses were performed by applying a HITACHI S4800
SEM-FEG microscope: cold cathode field emission gun with voltage from
0.5 to 30 kV, resolution of 1 nm at 15 kV. Equipped with a Bruker-X
Flash-4010 EDX detector with a resolution of 133 eV (at the MnKa
line), and a detector with sample holder to work in transmission mode
(STEM-in- SEM). All the samples were coated with a thin layer of gold by
Emitech K550 Telstar sputter-coating machine at 30 mA for 30 s. PSD
analysis was measured using a Mastersizer 2000 (Malvern). All samples
were sonicated in isopropanol solution using Elma ultrasonic LC 130H;
for 30 min to improve homogeneity and reduce the probable agglom-
erate sizes. Additionally, BET analysis was performed with Tristar II
3020 apparatus where Ny isotherms were measured at 77 K. The crys-
talline phase of as-prepared samples before carbonation/calcination
cycles was determined by (XRD) using a Rigaku Miniflex diffractometer
over an angular range of 10° < 26 < 70°, at 40 kV and 15 mA. By
analyzing of XRD results, the crystallite size of adsorbents was calcu-
lated using Scherrer’s equation [31]:

_ K*A
" Pcoso

C)

Where D is the average crystallite size in nm, K is the constant shape
factor, A is the wavelength of X-ray, p is the width at half the max-
imum values in radians and 6 is the Bragg angle.

2.3.2. Capture capacity measurements

Twenty carbonation/calcination cycles were conducted in a thermo
gravimetric analyzer TG5500 in order to measure the CO; capture ca-
pacity of pristine eggshell, hydrated eggshell and sol-gel derived
adsorbent. The weight of the sample loaded into the TGA was 11 mg
which was initially heated up to 800 °C under pure nitrogen with a
heating rate of 300 °C/min and then kept for 5 min, to ensure full
conversion to CaO. The carbonation stage was then performed at 650 °C
for 5 min under 15 vol% of CO, and 85 vol% of N3 atmosphere. After
complete carbonation, the gas was switched to Ny and the temperature
increased to 800 °C at 300 °C/min and maintained isothermally for 5
min to start the calcination step. These cycles were repeated 20 times for
all the samples. The performance of the prepared adsorbents in terms of
the mass of CO5 adsorbed and CaO molar conversion were evaluated by
calculating of samples’ weight change. The CaO molar conversion could
be reported by the following equation [32]:

w—wi, |1

Wi 0.786 )

CaO molar conversion (%) =

Where wy is the weight of sample at time t, wj is the initial weight of
the sample, and 0.786 is the theoretical mass uptake capacity of CO5 by
CaO (44 g COy/56 g Ca0).
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Fig. 3. SEM images of (a) pristine eggshell, (b) hydrated eggshell and (c) sol-gel derived adsorbent.

3. Results and discussion
3.1. Characterization of the adsorbents

The results of particle size distribution analysis for hydrated eggshell
and sol-gel derived adsorbent, are shown in Fig. 2. According to this
figure, hydrated eggshell exhibits a bimodal PSD with maxima in the
mesopore region (17 and 41 pm). Similar bimodal results appear for
sol-gel derived adsorbents with the difference of the peaks emerging at
very low sizes including 0.5 and 20 um. Also, the hydrated eggshell had a

much narrower size distribution than particles synthesized via the sol-
—gel method. The hydrated eggshell has essentially no particles in the dp
< 10 um size range, while sol-gel derived adsorbent volume percentage
is noticeably great for small sizes (0.13 pm < dp < 10 pm). As reported in
the literature [33,34], particle size distribution plays an important role
in CO9 capture capacity, since by increasing of particle size, pore plug-
ging could limit the surface area and decrease the CaO conversion,
which will be investigated in the following sections.

The effect of preparation methods including hydration and sol-gel on
the structure of eggshell-derived adsorbents was investigated by SEM. As
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Fig. 4. SEM images and elemental analysis of (a) pristine eggshell, (b) hydrated eggshell and (c) sol-gel derived adsorbent, mixed with 7.5 wt% silica NPs.

seen in Fig. 3, pristine eggshell is mostly in the form of sharp-edged
crystals with little porosity and a smooth surface. Also, the
morphology differences seen in Fig. 3b and ¢ confirm that both prepa-
ration methods lead to a more porous structure as compared with pris-
tine eggshell particles, which look more compact and solid-like (Fig. 3a).
Furthermore, by comparing Fig. 3b and c, it was evident that the sol-gel
method made a fluffier structure with smaller grain sizes and more open
porosity as compared to the hydration method. This morphology
changes refer to the chemical reaction that occurred during the syn-
thesizing of CaCOgs particles by sol-gel method in which the hydro-
chloric acid encouraged the straining of the crystalline matrix and the
formation of additional vacancies [35].

To address the covering quality of host and guest particles on each
other, SEM analysis was again used on the pristine and hydrated eggshell
and also on sol-gel derived adsorbent while all were mixed with silica
nanoparticles. In this regard, samples mixed with 7.5 wt% hydrophobic
silica nanoparticles were examined and SEM micrographs as well as

elemental analysis are presented in Fig. 4. According to the previous
study carried out by Amjadi et al [37], in which the Ca(OH), adsorbents
were mixed with 150 and 600 nm silica NPs, the elemental mapping
analysis confirmed that surface of the aggregates of Ca(OH), particles
have become uniformly covered with SiO, nanoparticles. Similiarly, as
can be seen the aggregates of particles in all three mentioned samples
have become uniformly covered with SiO nanoparticles, hence homo-
geneous mixing was obtained. It may be discussed that strong attraction
electrostatic forces were established at the contact points between the
hydrophobic SiO3 nanoparticles and the samples particles due to contact
charging [36,37]. The presence of silica nanoparticles also affected the
morphologies by reducing the crystallite sizes as a result of their
dispersion in the adsorbent’s lattice. For instance, based on equation (4),
the crystallite size was calculated as 28 nm for sol-gel derived adsorbent
containing 7.5 wt% SiO,, while the corresponding amount for its silica-
free sample was 42 nm. Also, by comparing Figs. 3 and 4, it could be
noted that the smaller particle size and the more porous structure also
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Table 1
Specification of pristine eggshell, hydrated eggshell and sol-gel derived adsor-
bent before and after mixing with 7.5 wt% silica NPs.

Samples Surface area, BJH Desorption Total pore
BET (mz/g) cumulative volume
volume of pores (em®/g)
(em®/g)
Pristine eggshell 6.13 0.017480 0.011784
Hydrated eggshell 6.15 0.018641 0.013725
Sol-gel derived 7.14 0.029884 0.019218
adsorbent
Pristine eggshell + 7.5 13.00 0.037138 0.027564
% SiO2
Hydrated eggshell + 13.75 0.038526 0.029314
7.5 % SiO,
Sol-gel derived 14.87 0.049783 0.032688
adsorbent + 7.5 %
SiO,

appeared in the silica-containing samples, i.e., the small particles led to
high porosity. All these differences in the adsorbents’ structure probably
could affect their cyclic adsorption performances, because normally CO5
diffuses more easily through the porous and fluffy structure than a dense
layer to reach the unreacted adsorption sites.

XRD analysis was used to study the hydrated eggshell, sol-gel
derived adsorbent, and also those modified with different weight per-
centages of silica nanoparticles. The corresponding patterns are pre-
sented in Fig. 5. The main reflection peaks in pristine eggshells which
correspond to calcium carbonate, with calcite structure. It is clear that
both hydration and sol-gel methods result in the formation of calcium
hydroxide, although calcium carbonate is still dominant. The XRD pat-
terns of silica-containing sol-gel derived adsorbents indicated the
presence of SiO3, CaCO3 and Ca(OH),.

Physical properties such as surface area and porosity mainly affect
the gas adsorption performance of calcium based adsorbents in calcium
looping process [38]. Therefore, the textural specifications of pristine
eggshells, hydrated eggshells and sol-gel derived adsorbents along with
those mixed with 7.5 wt% silica nanoparticles are presented in Table.1.

According to the results, preparation methods of hydration and sol-gel
increased the BET surface area of adsorbents to 6.15 and 7.14 m?/g,
respectively, while the corresponding amount for pristine eggshell was
6.13 m?/g. Also, applying the sol-gel method resulted in a quite larger
BET surface area compared to the hydration method. It should be
mentioned that the small difference of BET surface area values relies on
the all samples’ similarities in terms of micro- and meso-porosity [39],
and the main difference is attributed to the more open porosity (mac-
ropores) of sol-gel derived adsorbent compared to the hydrated and
pristine eggshells (clearly confirmed by SEM pictures of Fig. 3). A sur-
prising result was also obtained from BET analysis demonstrating that
adding silica nanoparticles could improve the surface area of all sam-
ples, in a way that the rate of incensement was about 2 times or even
more. The corresponding amount of Barret- Joyner- Halenda (BJH)
desorption cumulative volume of pores was also reported in Table 1,
confirming the positive effect of the sol-gel method as well as adding
silica nanoparticles. So that, the sol-gel method caused a 70.96 % in-
crease in the volume of pores, while the amount reported for hydration
method showed only 6.64 % improvement compared to pristine
eggshell. Sol-gel derived adsorbent + 7.5 % SiO; presented the highest
BJH desorption cumulative volume of pores (0.049783 cm®/g). To
clarify the effect of silica nanoparticles, the BJH desorption (dV/dD)
pore volume distribution and Ny physisorption isotherms for pristine
eggshell and sol-gel derived adsorbent after dry mixing with 7.5 wt% of
silica nanoparticles was displayed in Fig. 6 (the corresponding result was
also provided for pure pristine eggshell for better comparison). As
shown in Fig. 6a, the pore size distribution of the three mentioned ad-
sorbents had a dominant peak at a pore size between 3 and 4 nm, which
is in good agreement with the results reported in [40]. This was an
envisaged outcome because the preparation method i.e. hand-dry mix-
ing method for silica nanoparticle addition didn’t change the pore dis-
tribution [41]. Likewise, the sol-gel derived adsorbent maintained the
largest number of pores smaller than 10 nm, after mixing with silica
nanoparticles. The above-mentioned results could promise the positive
effect of silica nanoparticles as well as the sol-gel preparation method on
the capture capacity of introduced adsorbent during Cal. Additionally,
the similar Ny physisorption isotherms of pristine eggshell and sol-gel
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Fig. 6. a) BJH desorption (dV/dD) pore volume distribution and b) N, physisorption isotherm for pristine eggshell, pristine eggshell + 7.5 wt% silica NPs and sol-gel

derived adsorbent + 7.5 wt% silica NPs.

derived adsorbent mixed with 7.5 wt% of SiO, (presented in Fig. 6b)
could be related to type II mode based on Brunauer-Deming-Deming-
Teller (BDDT) adsorption isotherm classification [42], normally indi-
cating a nonporous or macroporous structure. Obviously, sol-gel
derived adsorbent contained 7.5 wt% silica nanoparticles had higher
adsorption than the other samples. In two P/P ranges including 0.00 to
0.03 and 0.75 to 0.80 a sharp steep increase in Ny adsorption was seen.
Also, according to International Union of Pure and Applied Chemistry
(IUPAC) hysteresis loop classification [43] the hysteresis loop type of H3
caused by capillary condensation of N3 in mesopores along with the
aggregates of plate-like particles lead to slit-shaped pores [44].

3.2. Sorption capacity

3.2.1. Effect of preparation method
Weight loss profiles of pristine eggshell, hydrated eggshell, and

sol-gel derived adsorbent along with those mixed with 7.5 wt% silica
nanoparticles are illustrated in Fig. 7, where Am/my is defined as weight
loss per initial weight of the sample and calculated from TGA data. Once
the adsorbent was settled down in TGA, the temperature was first
increased to 800 °C at the rate of 300 °C/min in the Ny atmosphere.
According to Fig. 7 which is ascribed to the weight loss at the beginning
of the process, by increasing the temperature two weight loss steps could
be recognized. First, for all samples, the dehydration process occurred
during preheating at about 100 °C and led to the adsorbent with a
mixture of CaO and silica nanoparticles (in the case of silica NPs con-
tained samples). During the first weight loss, the pristine eggshell, hy-
drated eggshell, and the silica-containing pristine eggshell experienced
fewer weight decaying than sol-gel derived adsorbents (with or without
silica nanoparticles). This phenomenon can be explained by the sample’s
structural differences recognized by XRD; the pristine eggshell which
totally consisted of CaCO3 and hydrated eggshell with a few Ca(OH),



M. Imani et al.

Separation and Purification Technology 305 (2023) 122523

0.0
\'h‘: T T T TS TS ST T T T T T T T T 800
’
Y — -Pristine eggshell 700
01 — - Hydrated eggshell
— — Sol-gel derived adsorbent 600
/ - s ot . ~
— - Pristine eggshell+7.5% SiO2
02 / \ £ ’ RERS
Ec ’ . ——Sol-gel derived adsorbent+7.5% Si02 °
' 1
i )/ - — -Temperature 400 E
< / g
-0.3 / =1
J . 300 E
’ A [
’ o
' X T Y 200
0.4 /) { :
, e e — s —— e — -
' \ 100
/7 el s, T el et — G el s "
-0.5 0
0 1 2 3 4 5 6 7 8

Time (min)

Fig. 7. Weight losing patterns of different adsorbents as a function of temperature and time during the pre-heating under N, atmosphere.
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content, was subjected to less dehydration compared to the sol-gel
derived adsorbent with high calcium hydroxide portion. After preheat-
ing the second weight loss ascribed to CaO calcination was observed.
The lower value of Am/mg detected for sol-gel-derived adsorbent was
due to the lower CO; enclosed in its interior compared to pristine and
hydrated eggshells which could be imputed to the higher calcium hy-
droxide appearing during its synthesizing process. Additionally, by
comparing the samples with and without silica nanoparticles, it was
evident that the weight loss per initial weight of samples was decreased
for silica-containing samples because silica nanoparticles with zero CO2
content occupied some of the adsorbent pores. Also, it is worth
mentioning that the second weight loss for pristine eggshell and hy-
drated eggshell occurred at 650 °C, while the sol-gel method decreased
the weight loss temperature to 460 °C as well as the time, which was

reduced to 2.6 min for sol-gel derived adsorbent compared to 3.23 min
for both pristine and hydrated eggshell.

Fig. 8 compares the CaO molar conversion for pristine eggshell, hy-
drated eggshell and sol-gel derived adsorbent during 20 cycles under
calcium looping conditions. First, it is clear that in all samples the
amount of captured CO, decreased with increasing cycle number,
therefore particle agglomeration sintering seems to occur. Sintering
reduces the surface area and consequently affects the adsorption
[45,46]. The greater slope of the decrease in the conversion diagram
suggests the sintering in pristine and hydrated eggshells is higher. This
can be confirmed by SEM images taken from used pristine eggshell,
hydrated eggshell and sol-gel derived adsorbents and included in Fig. 9.
Secondly, the results show that hydration does not have much effect on
the CaO conversion, while samples prepared with sol-gel exhibit an
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Fig. 9. SEM images of used (a) pristine eggshell (b) hydrated eggshell and (c) sol-gel derived adsorbent after 20th cycle.

improvement in the conversion of about 11.2 and 9.41 % at the end of
the 10th and 20th cycles, respectively, most likely because of using HCl
in its preparation steps. According to the literature [35], the presence of
HCI could significantly change the pore size of calcium-based adsorbents
in the CaL process and enhanced their behavior. Arguably, it could be
inferred that the chlorine anions on the surface of Ca%* ions avoided the
hydroxide ions from the calcium cations owing to the electrostatic
repulsive forces created between negatively charged particles [47].
Accordingly, the CaO particles were dispersed more monotonously
which led to a diminution of agglomeration. A similar trend also could
be concluded from the BET results provided in Table 1 based on which
the surface area of sol-gel derived adsorbent was 16.11 and 16.37 %
higher than those reported for hydrated and pristine eggshell, respec-
tively. Clearly, hydrated eggshell is not as effective an adsorbent as
sol-gel derived adsorbent, thus the latter was elected to further inves-
tigation through the addition of silica nanoparticles. In this regard, the
effect of adding various weight percentages of silica nanoparticles was
investigated only for sol-gel derived adsorbents.

3.2.2. Effect of silica weight percentages

In order to ameliorate the agglomeration due to the sintering of
sol-gel derived adsorbent, we attempted to modify it by mixing with
various weight percentages of silica nanoparticles; including 2.5, 5, 7.5,
and 10 wt%. The same procedure was also applied to pristine eggshell
particles and the adsorption cycles of CO5 were compared. Fig. 10 shows
the CaO molar conversion obtained, which expresses the amount of COy
captured per gram of adsorbent at the beginning of each cycle. Referring
to Fig. 10a and b, the sol-gel- derived particles with/without SiOy
nanoparticles led to higher CO, adsorption capacities when compared
with their corresponding samples of pristine eggshell particles. For
instance, the sol-gel derived adsorbent containing 7.5 % silica nano-
particles still shows 27.59 % higher conversion than pristine eggshell +
7.5 % silica at the end of the 20th cycle. These data were in good
agreement with the data reported in Table 1, where the BET surface area
of pristine eggshell and sol-gel derived adsorbents containing 7.5 wt%

silica nanoparticles were reported as 13.00 and 14.87 m?/g, respec-
tively. Furthermore, as a surprising result, adding silica nanoparticles up
to 7.5 wt% continuously improved the adsorption performance of both
pristine eggshell and sol-gel derived adsorbents. However, further
increment of the SiO5 load to 10 wt%, results in reduced CaO conversion
in both cases. This phenomenon could be ascribed to the limited sin-
tering that may occur by using of silica nanoparticles at low concen-
trations. The presence of an appropriate amount of hydrophobic silica
nanoparticles may hinder particle agglomeration. This would result in
larger effective porosity which facilitates the reaction with CO,, whereas
in the absence of silica nanoparticles.

To sum up, the addition of silica nanoparticles to calcium-based
adsorbents helps preserve the surface area and limits the decay in the
sorbent’s performance. However, using silica nanoparticles with>10 wt
% could occupy the adsorbent’s active sites and decrease the total
capturing capacities.

Considering all the information obtained from the above results, it
can be concluded that the most promising percentage of silica in terms of
highest CO, capturing capacity, was 7.5 wt%. In order to further
investigate the role of silica nanoparticles, the relative mass of CO2
adsorbed and desorbed during the first cycle was extracted from TGA as
a function of time. The data for pristine eggshell and sol-gel derived
adsorbents with/without 7.5 wt% silica nanoparticles are compared in
Fig. 11a and b, respectively. It is well known [48-50] that carbonation
reaction occurs in two main stages in the CaL process, the first stage
called fast carbonation followed by the second slower carbonation. As
shown in Fig. 11, the steep part of the diagram demonstrates the fast
carbonation which is limited by surface reaction, while the slower stage
characterized by a low slope, is controlled by diffusion. According to
Fig. 11a and b, the presence of hydrophobic silica nanoparticles played a
role mainly during the fast carbonation and calcination stages, so the
relative mass of CO, adsorbed in the first cycle of silica-added samples
were increased 1.89 and 2.38 times during carbonation process, as
compared to the samples without silica. Similarly, the relative mass of
CO4 desorbed in the calcination step had more increment for silica-
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Fig. 10. CaO molar conversion for (a) pristine eggshell and (b) sol-gel derived adsorbent when mixed with different weight percentages of silica nanoparticles.

containing sol-gel derived adsorbent compared to silica-containing
pristine eggshell; i. e. 1.41 and 1.17 times, respectively. Interestingly,
the relative mass pattern illustrated in Fig. 11, again emphasized the
positive effect of synthesizing method even before adding any silica
nanoparticles, since, in the absence of silica nanoparticles, the 5.8 %
increase in relative mass of COy adsorbed was observed in the fast
carbonation stage for the sol-gel derived adsorbent.

Although Fig. 11 demonstrated the positive effect of adding silica
nanoparticles in the fast carbonation stage, for accurate investigation of
its performance during all 20 cycles, fast carbonation conversion versus
cycle number was also shown in Fig. 12, for pristine eggshell and sol-gel
derived adsorbent before and after adding 7.5 wt% silica nanoparticles.
The same trend as described for the first cycle appeared for all 20 cycles,
for instance at the end of the 20th cycle, the fast carbonation conversion
of silica-containing pristine eggshell and sol-gel derived adsorbent was
increased 2.3 and 2.8 times, compared to the cases without silica.
Therefore, not only sol-gel method by itself could slightly increase the
fast carbonation conversion for all cycles, but also adding 7.5 wt% silica
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nanoparticles heightened it more. To sum up, it seemed that the sol-gel
method could be an effective procedure to improve the eggshell parti-
cles’ adsorption performance in the CaL process.

3.3. Fluidization performance assessment

As described before, another key parameter in selecting the efficient
adsorbent for the CaL process is the adsorbent’s fluidizability in a
gas-solid fluidized bed system, which cannot be interpreted from the
TGA data. The reason may be attributed to the fact that the better
gas—solid contact (better fluidizability) leads to a high mass/ heat
transfer between gas and particles and then enhances the reaction rate in
a fluidized bed. In this regard, investigating the fluidization behavior of
the most promising adsorbent selected based on its adsorption behavior;
i. e. sol-gel derived adsorbent, in the absence and presence of silica
nanoparticles seemed essential. To the best of our knowledge, this type
of research has not been reported in the literature. It is also worth
mentioning that the real operational CaL process is usually performed in
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Fig. 11. Relative mass of CO, adsorbed and desorbed during the first cycle as a function of time for (a) pristine eggshell and (b) sol-gel derived adsorbent.

the fast fluidization regime, however, it seemed that studying the
fluidization behavior of the samples in a lab-scale bed working at low
gas velocities of the order of cm/s could be also inspiring. A lab-scale
fluidized bed (Fig. 1) at low gas velocities was used in this work to
consider the fluidization performance of the adsorbents. For this pur-
pose, both pristine eggshells and also particles synthesized by the sol-gel
method were tested in terms of fluidization performance at the gas ve-
locities ranging from O to 7 cm/s. Afterward, adding various amounts of
hydrophobic silica nanoparticles including 2.5, 5, 7.5, and 10 wt% were
performed to study its enhancement effect on the fluidity of samples.
Two main parameters of fluidization assessment including minimum
fluidization velocity calculated using the pressure drop variations versus
the gas velocity and also bed expansion ratio (H/H() were measured for
pristine eggshell as well as sol-gel derived adsorbents. The corre-
sponding results were illustrated in Fig. 13. As well documented in the
literature [51], the higher bed expansion, and lower minimum fluid-
ization velocity indicate the homogeneity in the particles’ fluidity.

11

Fig. 13a showed the digital images of fluidization behavior in terms of
bed expansion for pristine eggshell and sol-gel derived adsorbent at a
gas velocity of ~U = 7.31 cm/s. As shown, bed height reached 6.46 cm
for sol-gel derived adsorbent which was obviously higher than 5.7 cm,
relevant to the pristine eggshell. According to Fig. 13b, although the
general trend of the bed expansion graphs was somewhat similar for
both pristine eggshell and sol-gel derived particles, varying in the nar-
row range of 1-1.8, the latter showed a relatively better performance
and its bed expansion ratio was 12.5 % higher than that of pristine
eggshell, at the gas velocity of ~6.5 cm/s. This low expansion ratio could
be ascribed to the strength of adhesion between fine particles of CaCOs,
as a result, the inlet gas couldn’t prevail over the adhesion forces. Ac-
cording to later researches [25,52], calcium-based particles were clas-
sified as Geldart C with strong cohesive forces that led to the dense
agglomerates formation and heterogeneous fluidization behavior. Due
to the fast bubbles rising up, no improvement in bed expansion ratio was
observed for pristine eggshell particles, when the velocity of inlet gas
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Fig. 12. Fast carbonation conversion for pristine eggshell and sol-gel derived adsorbent during 20 cycles.

was increased>6 cm/s, while the upward trend was rather continued for
the sol-gel derived adsorbent. Furthermore, the minimum fluidization
velocity in which the pressure drop between both ends of the fluidized
bed reached a constant value was obtained as 4.78 cm/s and 4.105 cm/s
for the pristine eggshell and sol-gel derived adsorbent, respectively
(Fig. 13c), confirming the better performance of the sol-gel derived
adsorbent in terms of fluidity.

Since adding specific weight percentages of hydrophobic silica
nanoparticles to the sol-gel derived adsorbents enhanced their CO2
capture capacity, it seemed necessary to investigate the mentioned ad-
sorbents’ fluidization performance, as well. As shown in digital images
taken from a fluidized bed of sol-gel derived adsorbents containing 10
wt% of silica nanoparticles (Fig. 14a), the altitude increment from 6.46
cm to 9.2 cm affirmed the positive role of silica nanoparticles on the
fluidity of sol-gel derived adsorbents, hereupon the sever channels were
replaced by agglomerate particulate fluidization (APF) behavior and as a
result liquid- like fluidization was appeared. In fact, covering the CaCO3
particles synthesized with the sol-gel method with easily fluidizable
hydrophobic silica nanoparticles, reduced the inter-particle forces and
prevented them from the formation of the large agglomerates [53].
Fig. 14b showed the bed expansion ratio for sol-gel derived adsorbents
in presence of silica nanoparticles at different gas velocities in the range
of 0-7.5 cm/s. As seen, adding even a very low amount of silica nano-
particles (2.5 wt%) affected the bed expansion ratio. It was evident that
by increasing the silica nanoparticles’ weight percentage from 2.5 to 10
%, the bed expansion ratio was also extended, especially at high gas
velocities. In more detail, the bed expansion ratio for adsorbent + 2.5, 5,
7.5, and 10 wt% of silica nanoparticles at the gas velocity of ~6.5 cm/s
reached 1.86, 2.11, 2.29, and 2.52, respectively. In order to determine
the minimum fluidization velocity for all silica-added samples, the
pressure drop changes with superficial gas velocity were plotted in
Fig. 14c. It could be observed that by increasing the silica nanoparticles
proportion in the base adsorbent, the minimum fluidization velocity was
decreased so that its value was equal to 4.329, 4.098, 3.89, and 3.14 for
2.5, 5, 7.5, and 10 wt% silica-added samples, respectively. The better
fluidization performance achieved with a higher amount of silica
nanoparticles could be ascribed to the contact charging and electrostatic
attraction forces developed at the surface contact points between the
eggshell-derived particles and silica nanoparticles [15].

Although it seemed that increasing the weight percentage of silica
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nanoparticles had a beneficial effect on the fluidization behavior of
adsorbents, there should be some limits on SiO, content. Since silica
nanoparticles are not a CO, adsorbent, using an excessive amount could
adversely affect the capturing capacity of eggshell-derived particles by
decreasing the CaO fraction available for carbonation. Meanwhile, in
lower weight percentages of silica nanoparticles, the contribution of CO,
diffused into the adsorbent particles was improved, because of adhesion
diminution between the eggshell particles. Therefore, according to the
adsorption results obtained by using various silica nanoparticles weight
percentages; 7.5 wt% of this additive played a better role while adding
10 wt% of silica nanoparticles decreased the CaO conversion. By the
end, it seemed that the sol-gel derived adsorbent containing 7.5 wt%
silica nanoparticles could be introduced as the most promising adsor-
bent due to the simultaneous improvement in adsorption and fluidiza-
tion performance. It is worth mentioning that, many researchers have
analyzed numerous calcium-based adsorbents by using TGA, however,
the industrial CO, removal process carries out in a fluidized bed in
which a uniform fluidization behavior of CO, adsorbents is a funda-
mental requirement. Results reported here confirmed the superior po-
tential in fluidized bed systems of eggshell particles as a base material
for synthesizing of sol-gel derived adsorbent modified with 7.5 wt% of
silica nanoparticles. In summarizing, the development of a novel, green,
readily scalable, cost-effective calcium-based adsorbent derived from
the eggshell and SiO, NPs leads to a new composite with enhanced
homogeneous fluidity and capturing capacity compared to other
chemicals, in the cyclic CO, removing process. Heidari et al [23] applied
different weight percentages of hydrophobic silica nanoparticles to
sol-gel derived composites including Ca/Zr/Al/Ce, Ca/Al/Ce and Ca/Al
as CO, adsorbents where in the presence of 10 wt% SiO,, the bed ex-
pansions were about 2.4, 2.2 and 2.15, respectively in the gas velocity of
5 cm/s. Similarly, Azimi et al [20] investigated the fluidity of Al-based
synthesized CaO sorbents prepared by sol-gel method using calcium
nitrate and aluminum nitrate as precursors for which the bed expansion
ratio of 2.4 was reached while mixing with 10 wt% silica nanoparticles.
The sol-gel derived adsorbent introduced in this work at the same
amount of silica nanoparticles (10 wt%) showed the bed expansion of
about 2.5. Furthermore, the molar conversion of the most promising
adsorbent (sol-gel derived adsorbent + 7.5 wt% silica) could be
compared with other materials such as limestone or dolomite. Juan
Miranda-Pizarro et al [6] reported values of 0.04 and 0.1 for CaO



M. Imani et al. Separation and Purification Technology 305 (2023) 122523

a)
U=7.31 cm/s
Pristine eggshell Sol-gel derived adsorbent
b)
3.0
—e—Sol-gel derived adsorbent
—a—Pristine eggshell
2.5
2.0
3
=
1.5
1.0
0.5
0 1 2 3 4 5 6 7 8
Gas velocity (cm/s)
35
—e—Sol-gel derived adsorbent
30 —=—Pristine eggshell
=
&
A
<

0 1 2 3 4 5 6 7 8
Gas velocity (cm/s)
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conversion in fast reaction controlled phase for limestone and dolomite
at the end of 20th cycle, while the corresponding amount for selected
adsorbent here was 0.26 (Fig. 12). This adsorbent also showed doubled
total molar conversion compared to pure CaO particles presented at
[23], at the end of 20th cycle.

Finally, it can be stated that in spite of the favorable results reported
in the current manuscript for operational applications, further necessary
steps should be considered to solve the remaining challenges in forth-
coming studies. For instance, using a real high-temperature fluidized
bed for fluidization assessment and also performing carbonation/calci-
nation cycles in an industrially scaled fluidized bed reactor instead of
TGA is recommended. The elutriation and attrition of particles in flu-
idized beds performing under realistic streams should be also addressed
as a challenging issue. Another important issue in the discussion of
fluidity of fine particles on an industrial scale is elutriation. Improving
the mechanical strength of adsorbents is required to alleviate their
elutriation in realistic fluidized-bed reactors. The granulation of solid
adsorbents through various techniques, including extrusion-
spheronization [54], extrusion [55] and rotation [56] have been pro-
posed to boost the mechanical strength and anti-attrition of solid
adsorbents.

4. Conclusions

In this study, we developed novel, green and cost-effective SiO»-
decorated calcium-based adsorbents derived from eggshell waste by two
different preparation methods of hydration and sol-gel to capture the
CO4, greenhouse gas. The capability of prepared adsorbents to be used in
the CaL process was investigated through two main objectives i.e., CO5
capture capacity and fluidization performance. In this regard, the sol-
—gel derived adsorbents were selected as the most promising sample
based on the TGA results. Modification of the adsorbents was exerted by
adding several weight percentages of hydrophobic silica nanoparticles
to the sol-gel derived adsorbents as well as the pristine eggshell for
comparison. The highest CaO conversion was reported for sol-gel
derived adsorbent with 7.5 wt% of silica nanoparticles which was 27.59
% higher than the corresponding amount for pristine eggshell contained
7.5 % silica nanoparticles after 20th cycles. Pursuing the second aim of
this research, the fluidizability of the sol-gel derived adsorbents in the
presence of various amounts of silica nanoparticles was studied using a
lab-scale fluidized bed at the gas velocity ranges from 0 to 7.5 cm/s. The
results confirmed the positive effect of adding silica nanoparticles even
in very small amounts; the higher silica nanoparticles led to higher bed
expansion and lower minimum fluidization velocity. The corresponding
values for bed expansion ratio at U~7.31 cm/s, and minimum fluid-
ization velocity of sol-gel derived adsorbent containing 10 wt% silica
nanoparticles, was reported as 42 % increment and 14 % decrement
compared to the silica-free sol-gel derived adsorbent, respectively.
Therefore, it could be seen that using silica nanoparticles could trans-
form the heterogeneous fluidization behavior to agglomerate particulate
fluidization. Since 10 wt% of silica NPs decreased the CaO conversion of
both pristine eggshells and the sol-gel derived adsorbents over 20 cy-
cles, it seemed logical to introduce 7.5 wt% silica nanoparticles as the
effective amount of this additive in terms of both capture capacity and
fluidization performance.
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