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Abstract

Cage-like nano-CaCOj; hollow spheres with different cavity diameters for CO,
sorption were prepared using the template-directed synthesis method. Carbon sphere
templates with different diameters were synthesized via a hydrothermal reaction of
starch under variable conditions. Field emission scanning electron microscopy (SEM)
and transmission electron microscope (TEM) images indicated that the synthesized
cage-like nano-CaCOs hollow spheres had different cavity diameters of 0.52 pm, 1.62
pm and 2.93 pm. The hollow spheres shells were composed of many uniform
nanoparticles with diameters of approximately 80 nm, as supported by the X-ray
diffraction (XRD) results. Furthermore, the CO, sorption properties of the cage-like
nano-CaCOj; hollow spheres were analyzed by thermo-gravimetric analysis (TGA).

The sorption capacity of the optimum sample with a diameter of 1.62 pm reached the
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maximal theoretical value of 0.786 gcoa gCaO'1 at 600 °C and exceeded the sorption
capacity of the reference nano-CaCOj; sorbents by 45 %. The sorption properties of
the sample within the rapid reaction stage at the different temperatures of 550 °C,
600 °C and 650 °C were also evaluated. The results demonstrated that the sample
exhibited a 30 % higher sorption rate than nano-CaCOj;. Therefore, cage-like
nano-CaCO; hollow spheres possess enhanced CO, sorption capacity and higher
sorption rates.

Keywords: nano-CaCOs, cage-like, hollow spheres, carbonaceous templates, CO,
sorption

1. Introduction

CO; capture and sequestration (CCS) technologies from fossil fuel power plants
are gaining interest for greenhouse gas control.'” Calcium looping4’ > is a promising
technique for CO, capture because Ca-based sorbents have a high stoichiometric
sorption capacity, fast sorption rate and low cost of the naturally existing precursor i.e.,
limestone.®’

CO; capture by Ca-based sorbents is a reversible reaction between CaO and
CO;.8 Carbonation of Ca-based sorbents has a theoretical stoichiometric sorption
capacity of 0.786 g CO, per g CaO, however, few sorbents can reach or even
approach this value. What’s more, the carbonation rate, especially the rate of the
chemical reaction-controlled stage is not sufficiently fast for the application of
sorbents in industrial circulating fluidized bed technology.”!' The sorption properties

of Ca-based sorbents, including the sorption capacity and rate, greatly depend much
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on the particle size and structural morphology of the sorbents. To date, researchers in
this field have endeavored to manufacture Ca-based CO, sorbents with a nano particle
size, ranging from 10 nm~500 nm, to improve the sorption properties.® * '*2° These
approaches were inspired by the observation by Barker'” that a 93 % CaO conversion
was achieved when nanosized (~40 nm) CaCO; was used as a CaO precursor. Luo?’
found that CaO-based sorbents derived from nano-sized CaCOs; provided a higher
carbonation capacity and a faster carbonation rate than the CaO-based sorbent derived
from micro-sized CaCOs in cyclic CO, capture reactions. However, studies on the
preparation of CaO-based CO, sorbents with a nano particle size to improve the
sorption capacity and rate were primarily focused on the “solid part” of the sorbents.
Instead, the “void part”, which has a marked effect on the transportation of CO,
during carbonation, was ignored. Hlaing22 synthesized the microstructured
hierarchical calcite CaCO; hollow spherical sorbent composed of spike-shaped
nanorods by the sol-gel hydrothermal with varying NaOH concentrations. The
carbonation conversion of the synthesized sorbents was enhanced by 22% due to the
hollow structure. However, the shell thickness of the synthesized sorbents,
approximately 0.5 pm, still needs to be reduced. In addition, the shell is better to be
cage-like porous, instead of an airtight structure, for the enhanced CO, diffusion.

Hollow spheres®™2

with nanometer to micrometer dimensions represent an
important class of materials and have received significant attention because of their

unique structural characteristics and applications to catalysis and drug delivery.

Template-directed synthesis with soft templates, such as carbon gel,13 micelles,”® and
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gas bubbles,”” as well as hard templates, such as polymer particles,”® has been
demonstrated as an effective approach to prepare hollow spheres. To enhance the CO,
sorption properties of Ca-based sorbents, a hollow sphere structure has been used
because of its porous structure, which can provide a large space area to ensure rapid
kinetics and high sorption capacity. Broda"> prepared Ca-based, AlO;s-stabilized
sorbents with hollow sphere structure using carbon gel as the template, which was
obtained by poly-condensation of resorcinol with formaldehyde. The sorption
capacity of the sorbents reached 0.51 g CO;per g sorbent at 750 °C after 30 cycles.
However, the preparation method was complicated, and some of the reagents used for
the template synthesis were toxic. Liu*® synthesized mesoscopic hollow spheres
sorbents composed of CaO/Cai,Al14033 (approximately 6.5~13 nm) with a tunable
cavity size (< 53 nm in cavity diameter) using sulfonated polystyrene (PS) as hard
templates. And the CO, capture capacity reaches 0.58 g CO, per g sorbent
carbonation at 650 °C for 30 min under 15 vol % CO,. However, the cavity diameter
of the hollow spheres sorbents was less than 53 nm, which impeded their direct use in
circulating fluidized beds. Moreover, although the sorption capacity increased to some
extent, there remains room for improvement, and the sorption rate should also be
enhanced.

In this study, for possible industrial applications, micron-sized cage-like
nano-CaCOj; hollow spheres with different cavity diameters were fabricated using
carbonaceous spheres (or carbon spheres) as templates. The structural features of the

as-prepared sorbents were characterized via X-ray diffraction (XRD), transmission
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electron microscope (TEM) and scanning electron microscope (SEM). The enhanced
sorption properties were tested using a thermo- gravimetric analysis (TGA). In
addition, the sorption performance of the as-prepared sorbents during the fast reaction
stage (within 1.5 min) over a relatively low carbonation temperature range
(550 °C~650 °C) was evaluated and compared with commercial nano-CaCO;
sorbents.
2. Experimental
2.1 Reagents and materials
Soluble starch from potato ((C¢H;0Os5)n, AR) for template preparation, calcium

nitrate tetrahydrate (Ca(NOs), 4H,0, AR), urea (CO(NH;),, AR), and ethanol (C,HgO,
AR) were obtained from Sinopharm Chemical Reagent Co., Ltd. Nano-CaCO; (> 95 %
purity) with a particle size of 80 nm (Hu Zhou Ling Hua Ltd. China) served as the
nano-CaO adsorbent precursor for reference.
2.2 Experimental section

Preparation of the carbonaceous polysaccharide sphere template.
Carbonaceous polysaccharide spheres (or carbon spheres) with different sizes were
fabricated via the hydrothermal reaction of starch reported in the literature. 2 Briefly,
20 g of starch was dissolved in 100 mL of deionized water under stirring. Then, the
aqueous solution was transferred to a 200-mL Teflon-lined stainless steel autoclave
and was maintained at a temperature range of 170~190 °C for 6 to 10 h. The puce
products were washed with deionized water and ethanol several times and then dried

at 60 °C for 8 h. Carbon spheres with different sizes were prepared by changing the
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hydrothermal temperature and time (Table 1). Typically, a higher hydrothermal
reaction temperature and a longer time resulted in the formation of larger
carbonaceous polysaccharide spheres. In addition, the carbon spheres were
characterized with a core-shell structure, interior solid carbonaceous core and a
hydroxylation shell, which facilitated the sorption of metal cations on the templates
surface.

Preparation of cage-like nano-CaCQj; hollow spheres. In a typical procedure,
2 mmol (4.72 g) of Ca(NOs),"4H,0O was dissolved in 100 mL of deionized water
under stirring, followed by dissolution of 8§ mmol (4.8 g) of urea to form a clear
solution. Then, the as-prepared carbon spheres (2 g) were added and were well
dispersed into the above solution, aided by sonication for 10 min. The mixture was
maintained at 80 °C for 6 h with stirring to ensure the hydrolysis of urea for Ca®’
deposition on the surface of the carbon spheres. Subsequently, the products were
washed with distilled water several times and then dried at 60 °C for 8 h before being
calcined in a muffle furnace at 500 °C for 2 h under air atmosphere. A schematic
representation of the formation mechanism of the cage-like nano-CaCOj; hollow
spheres is shown in Figure 1.

Material characterization. The morphology of the carbon spheres and sorbents
was characterized by field emission scanning electron microscopy (SEM, SUS8010,
Hitachi, Japan). The samples were placed on a double-sided conducting resin
mounted on a sample holder, and were subsequently coated for 3 min using a gold

semi-high-resolution coater. For the TEM test, a dilute suspension of the samples in
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ethanol was ultrasonically dispersed before it was dropped onto a copper substrate,
and the solvent was rapidly evaporated. A transmission electron microscope (TEM,
JEM-2100F, JEOL, Japan) with selected area electron diffraction (SAED) was used to
observe the hollow sphere structure of the samples. The crystalline phases of the
sorbent components were determined with X-ray diffraction (XRD, D/MAX-RA,
Rigaku, Japan) using nickel-filtered Cu Ka as the radiation source. The intensity data
were collected over a 26 range of 10~80° with a step size of 0.01° using a counting
time of 1 s per point.

Evaluation of CO, sorption. The CO, sorption properties were tested using
thermo gravimetric analysis (TGA, Pyrisl, Perkin—Elmer, America) by continuously
monitoring and recording the change of sample weight during CO, capture. In a
typical experiment, a small amount (~ 2 mg) of the sorbents were placed in a platinum
nacelle, heated to 800 °C, and maintained for 10 min under high-purity nitrogen gas
(N) as a purge at 22 mL min™, after which the temperature was decreased to the
carbonation temperature. Carbonation was conducted under the mix gas with a CO,
partial pressure of 0.02 MPa in N, with a total flow rate of 22 mL min™ at set
temperature values (550, 600, or 650 °C) for 1.5 min or 15 min. The sorption capacity
and rate of the sample were calculated from the weight change and were used as

indicators of CO, capture performance according to the following equations:

CO2 sorption weight

Sorption capacity = (802 Zsorbent )

Sorbents weight

d (Sorption capacity)
dt

Sorption rate = (d(gco2 sorbent ) / d1)

3. Results and discussion
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3.1 Characterization of carbon sphere templates and cage-like nano-CaCOj;
hollow spheres

The carbon sphere templates were synthesized via hydrothermal reaction of
starch, and the SEM test results are shown in Figure 2. As shown in Figure 2, the
carbon spheres of different diameters, Temp-1 with 0.44 um, Temp-2 with 1.53 pm
and Temp-3 with 3.11 pm, were prepared by varying the hydrothermal treatment
conditions (i.e., reaction temperature and time).

Due to the hydroxylation shell of the carbon sphere templates, Ca*" was first
adsorbed on the template surface before being deposited by urea hydrolysis. Therefore,
cage-like hollow spheres of different diameter were obtained by completely removing
the templates through calcination. Sample-1, Sample-2 and Sample-3 present the
cage-like CaCOj; hollow spheres, which were prepared from Temp-1, Temp-2 and
Temp-3 respectively. The XRD patterns of Sample-1, Sample-2, Sample-3, and
nano-CaCO; sorbents are presented in Figure 3. All of the samples show the
characteristic peaks of calcite CaCOj;, Phases such as amorphous carbon were not
detected, indicating that the carbon sphere templates were burned off by calcination.
Thus, these samples only included CaCOs as the precursor of CaO for the carbonation
reaction. The CaCO; particle sizes were calculated based on the Debye—Scherrer
equation and are listed in Table 2.

The morphologies of the as-prepared sorbents, Sample-1, Sample-2 and
Sample-3, are shown in Figure 4 (a), (b) and (c), respectively. The three samples

showed an obvious cage-like hollow sphere structure, but with different cavity
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diameters. The diameter of Sample-2 (approximately 1.620 pm, Table 2) was three
times larger than that of Sample-1 (approximately 0.520 pum) and half that of
Sample-3 (approximately 2.926 um). Although the cavity size of CaCOs hollow
spheres can be altered with the templates, the crystal particles, which compose the
entire cage-like structure, remain at approximately 78 nm (Figure 4(c)) and are nearly
the same as the purchased nano-CaCOj sorbents (Figure 4(d), 80 nm).

To obtain additional information about the cage-like hollow structure, the
samples were characterized by transmission electron microscopy (TEM). Figure 4(e)
shows a typical TEM image of the CaCO; hollow spheres. The obvious electron
density difference between the dark edge and the pale center further confirmed the
hollow interiors and demonstrated that the hollow sphere was composed of
nano-crystal particles. The shell thickness was approximately 70-80 nm, which was
within the same range of the crystallite size. These results suggested that the cage-like
shells were constructed with single layers of cage-like CaCO; nano-particles, which
was in agreement with the XRD results with the JCPDS 47-1743 (Table 2);
consequently, they were highly porous. The corresponding selected area electron
diffraction (SAED) pattern on an individual hollow sphere (Figure 4(e)) revealed that
the hollow spheres were polycrystalline.

3.2 CO; sorption capacity of cage-like nano-CaCQOj; hollow spheres
The carbonation of Ca-based sorbents consists of two stages, an initial fast regime,
which is controlled by chemical kinetics, and a later slower regime, which is

controlled by diffusion of CO; in the pores or in the solid product layer. Figure 5
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demonstrates the CO, uptake performance of the as-prepared cage-like nano-CaCO;
hollow spheres and the commercial nano-CaCQOs sorbents in the form of sorption
capacity as a function of time for 15 min at 600 °C. The curves in Figure 5 show a
monotonic increase of sorption capacity versus time during the carbonation period,
and all of the sorbents exhibit the two typical stages. In the initial stage of each
carbonation period, the sorption capacity increased sharply followed by a plateau in
the second stage. Although the as-prepared samples possessed different diameters, the
sorption capacity of cage-like nano-CaCOj; hollow spheres surpassed the commercial
nano-CaCQOj; sorbents and reached more than 0.63 gcos gCao'l, especially in the initial
fast regime. This result should be attributed to the particularly well-defined spatial
structure of the cage-like nano-CaCQO; hollow spheres compared with nano-CaCO;
sorbents whose particles aggregated randomly; the structure of the as-prepared
samples effectively exposed the CaO particles so that the inside and outside of the
hollow sphere wall could easily react with CO, easily, which significantly improved
the CO, sorption capacity. The sorption capacity of Sample-2, which exhibited the
best performance of all the samples, reached the maximal theoretical value of 0.786
gcon gCaO'1 in the initial 11 min at 600 °C and exceeded the sorption capacity of the
reference nano-CaCOj sorbents by 45 %. In addition, the excellent sorption capacity
exhibited by Sample-2 at 600 °C was markedly better than that of CaO-based hollow
sphere sorbents reported by Liu®®, which was 0.58 g CO, per g sorbent with
carbonation at 650 °C for 30 min. The reason that Sample-2, with a cavity diameter of
1.62 pm showed the best among all the samples may be that the larger sphere cavity

10
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diameter facilitates CO, diffusion during the diffusion-controlled sorption stage.
However, the specific surface area decreases as the sphere cavity diameter increases,
which acts as a counterbalance to the enhanced CO, diffusion. Thus, there should be
an optimum sphere cavity diameter, and in this study it is 1.62 pm. These results
revealed that nano-CaCOj; sorbents with different sizes of the cage-like hollow sphere
structure enhanced the sorption capacity, and the optimum cavity diameter was
approximately 1.62 um.
3.3 CO; sorption rate of cage-like nano-CaCQj; hollow spheres

Figure 6 demonstrates the sorption rate versus time of the as-prepared cage-like
nano-CaCOj; hollow spheres and commercial nano-CaCO; sorbents under the same
carbonation conditions. Each curve presents the increasing of sorption rate with time
from the beginning and reaching its peak before it decreases. As shown in the
magnified part of Figure 6, the highest sorption rates of the three hollow sphere
samples are approximately 0.62 d(gcos gsorben{l) / dt, exceeding the reference
commercial nano-CaCO; sorbents, which are considered to possess a better
carbonation activity than other micro-sized or natural limestone sorbents,'” "' by
approximately 30 %. In addition, the as-prepared nano-CaCOs; hollow spheres
required only 11 min to achieve the maximal sorption capacity, while the sorbents
prepared by Liu*® required 30 min; thus, the cage-like nano-CaCOs hollow spheres
possess enhanced CO; sorption rate. Interestingly, although the maximal sorption rate
of the as-prepared samples appears to be the same, Sample-1 and Sample-2 reach their
peaks compared with Sample-3 which has the largest cavity diameter. The reason for

11
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this may be that an excessively large cavity diameter will hinder the heat transfer
during the carbonation process and will postpone the time to reach the maximal
sorption rate. In addition, Samples 1, 2 and 3 displayed a higher sorption rate than the
commercial nano-CaCQOj sorbents during the slow reaction stage from approximately
2.4 min after the beginning of the process, which also contributes to the enhanced
CO; sorption capacity of cage-like nano-CaCO; hollow spheres.
3.4 Evaluation of sorption performance during the fast sorption stage at different
temperatures

The carbonation temperature has a significant effect on the sorption properties.
Enhanced CO; reaction kinetics in the fast sorption stage at a comparatively low
temperature (approximately 600 °C) is favored in practical applications, especially in
circulating fluidized-bed reactors (as in modern FCC units) due to the typically short
contact time. The reaction activity of cage-like nano-CaCO; hollow spheres (i.e.,
Sample-2) in the fast sorption stage at a relatively low carbonation temperature was
investigated and was compared with the commercial nano-CaCOs sorbents. Figure 7
displays the sorption performance of Sample-2 and nano-CaCOj; sorbents for the first
1.5 min of carbonation performed at 550 °C, 600 °C and 650 °C. Both of the sorbents
exhibit the typical sigmoid curves, for which the sorption capacity increases with
carbonation temperature. The sorption capacity at 650 °C is higher than that at the
other two temperatures. It can be observed that the sorption capacity of Sample-2 is
always approximately 30 % higher than that of the nano-CaCOj; sorbents at the same
reaction temperature. When carbonation is performed at 650 °C for 1.5 min, the

12
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sorption capacity of Sample-2 is 0.58 gcoz gcao” Which accounts for 73.8 % of the
complete conversion of the sorbents and demonstrates a good reaction activity during
the fast sorption stage.

The sorption rate of Sample-2 and nano-CaCO; sorbents at different carbonation
temperatures are shown in Figure 8, and the unimodal curves reach their peaks at
approximately 0.6~1 min. For Sample-2 and the nano-CaCOs sorbents, the maximal
sorption rate increases with carbonation temperature. However, at the same
temperature, Sample-2 exhibits a 30 % higher maximal sorption rate than the
commercial nano-CaCQOj sorbents. Figure 8 also shows that at the same reaction
temperature, the Sample-2 sorbents exhibit a longer duration in the fast sorption stage
and a higher rate during the slow sorption stage than commercial nano-CaCOs
sorbents. These properties indicate an enhanced sorption performance of the cage-like
nano-CaCO; hollow sphere because a later onset of the slow reaction stage means a
longer carbonation time and a higher sorption capacity.

As previously mentioned, the cage-like nano-CaCOs hollow spheres show a
distinct enhanced CO; sorption rate. There are several reasons for this phenomenon.
First, the void space in the hollow structures and the cage-like morphology, as shown
in Figure 3, provide much a substantial amount of room for CO; to diffuse during
carbonation, which reduces the mass transfer resistance, hence boosting the sorption
rate. Second, contrary to microporous sorbents (< 2 nm), the cage-like nano-CaCOs3
hollow spheres are less susceptible to pore blockage and plugging due to the volume
increase from CaO to CaCOj; while retaining a large surface area to ensure rapid

13
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kinetics. Third, due to the high surface energy of nanomaterials®, the nano-sized
crystal particles that compose the entire cage-like structure also contribute to the high
carbonation activity even at a relative low temperature.
4. Conclusions

In this study, cage-like nano-CaCOs hollow spheres with different cavity sizes
were prepared and demonstrated enhanced sorption properties for both sorption
capacity and rate. All of the as-prepared cage-like nano-CaCO; hollow spheres
exhibited better carbonation activity than commercial nano-CaCOs; sorbents,
especially Sample-2, whose sorption capacity reached the maximal value of 0.786
gco2 gcao'1 in 11 min at 600 °C and exceeded the commercial nano-CaCOj sorbents by
45%. In addition, cage-like nano-CaCOj; hollow spheres show a remarkable sorption
rate, even over a relatively low temperature range (550 °C~650 °C). The enhanced
sorption properties should be attributed to the special cage-like hollow sphere
morphology and the small size of the crystal particles, which allowed carbonation to
occur during a prolonged kinetics-controlled stage and facilitate the CO, diffusion
during the diffusion-controlled stage. With these enhanced sorption properties,
cage-like nano-CaCOj; hollow spheres are promising candidates for industrial scale
CO; capture applications in which a fast sorption rate and high sorption capacity are

required.
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Table 1. Carbonaceous templates
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resulting from

different hydrothermal treatment

conditions.

No. T [°C] t [h] diameter [pum] ™
Temp-1 180 6 0.44
Temp-2 180 8 1.53
Temp-3 190 10 3.11

(] Mean sphere diameter size.
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Table 2. Physical properties of sorbent samples prepared with different templates.

No. Particle size [nm] hollow spheres diameter [pm]
Sample-1 78 0.52
Sample-2 76 1.62
Sample-3 72 2.93
nano-CaCOs; 80 —

(@] Mean sphere diameter size.
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Figures and Captions:

Figure 1. Diagram of the formation mechanism of cage-like nano-CaCO; hollow
spheres.

Figure 2. Scanning electron microscopy (SEM) images of the carbon sphere
templates prepared under various conditions: (a) for Temp-1; (b) for Temp-2 and (c)
for Temp-3.

Figure 3. XRD patterns of the Sample-1, Sample-2, Sample-3 and nano-CaCO;
sorbents.

Figure 4. SEM images of the (a) Sample-1, (b) Sample-2, (c) Sample-3, (d)
commercial nano-CaCOj; sorbents and a (e) TEM image of Sample-2 with the SAED
pattern.

Figure 5. Sorption capacity during carbonation of sorbent samples.

Figure 6. Sorption rate during the carbonation of sorbent samples.

Figure 7. Sorption capacity during the carbonation of sorbent samples.

Figure 8. Sorption rate during carbonation of sorbent samples.
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Fig. 2 (c)
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Fig. 4 (b)
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Fig. 4 (d)
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