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Abstract

The carbonation—calcination looping cycle of calcium-based sorbents is considered as an attractive method for CO, capture from combustion
gases because it can reduce the cost during the capture steps compared to conventional technologies, e.g., solvent scrubbing. In this study, waste
eggshell was used as raw material for calcium oxide-based sorbent production. The commercially available calcium carbonate was employed for
comparison purpose. Calcination behavior, crystal type and crystallinity, surface chemistry, qualitative and quantitative elemental information,
specific surface area and pore size, morphology of the waste eggshell and the calcined waste eggshell were characterized by thermal gravimetric
analysis (TGA), X-ray diffraction (XRD), Fourier transform infrared spectroscopy (FT-IR), X-ray fluorescence (XRF), N, sorption analysis and
scanning electron microscopy (SEM), respectively. The carbonation—calcination cycles were carried out using a TGA unit with high purity CO,
(99.999%). It was found that the carbonation conversion of the calcined eggshell was higher than that of the calcined commercially available
calcium carbonate after several cycles at the same reaction conditions. This could be due to the fact that the calcined eggshell exhibited smaller
particle size and appeared more macropore volume than the calcined commercially available calcium carbonate. As results, the calcined eggshell

provided a higher exposed surface for the surface reaction of CO,.
© 2011 Elsevier Ltd and Techna Group S.r.l. All rights reserved.

Keywords: A. Sintering; C. Chemical properties; Eggshell; Calcium oxide; CO, sorbent; CO, capture

1. Introduction

The problem of global warming caused by CO, emission has
raised serious concerns since the CO, concentration in the
atmosphere has increased rapidly due to the industrial
revolution. The reduction of CO, emission can occur as a
result of increased energy efficiency [1,2], substitution of non-
carbon fuels [3] or by the capture and storage of CO, [4,5]. With
the United Nations predicting world population growth from
6.6 billion in 2007 to 8.2 billion by 2030, demand for energy
must increase substantially over that period [6] which no doubt
erase gains associated with increased energy efficiency. Fossil
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fuels will continue to be major source of energy for the next few
decades because the non-carbon energy sources still are more
limited and more expensive. Thus, the capture and storage of
CO, will be required in order to allow us to utilize fossil fuels
without CO, emission.

The current commercial operation for CO, capture used a
chemical absorption method with Monoethanol Amine (MEA)
as the sorbent has been recognized as the most matured process
[7]. The chemical interaction between the MEA and the CO,
molecules is strong and this offers a fast and effective removal
of the CO, in one stage of absorption. However, the strong
interaction between the MEA and the CO, molecules requires
important amounts of energy to regenerate the MEA solution.
The MEA is highly corrosive leading to the use of costly
absorber packing and column materials. Finally, the impurities
and minor components in the flue gas including SO,, NO,, O,
etc. have to be removed before the gas enters the absorber in
order to prevent the degradation of the MEA solution. This
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requires several pretreatment processes and therefore leads to
high capture costs estimated at around 59.1$/tonnes of CO,
avoided [7]. Many researchers have focused on the develop-
ment of new absorbents to increase in the CO, absorption rate.
Rivera-Tinoco and Bouallou [8] demonstrated that the CO,
absorption by ammonia was faster than that carried out by N-
methyldiethanolamine (MDEA). Various strategies for mini-
mizing the energy requirements from the chemical absorption
method have been investigated and proposed. Harkin et al. [9]
combined pinch analysis and linear programming optimization
for the energy requirements of power plants. They found that
the effective heat integration can reduce the energy require-
ments by up to 50%. Nevertheless, the CO, capture by means of
amines may be not suitable since some of the amines escaping
the recycling process will be emitted into the air and will also
form other compounds such as nitrosamines and nitramines
which can affect health and environment [10]. It is therefore
essential to develop technologies that can reduce the cost of
carbon capture with environment friendly.

The use of calcium oxide (CaO) for CO, looping cycle has
attracted increasing attention due to a number of its potential
advantages, including a wide range of potential operating
temperatures, reduction of energy requirement, elimination of
the generation of liquid wastes, and the relatively inert nature of
solids wastes [11]. The application of CaO is basically through
carbonation—calcination cycles with CO, based on the
reversible reaction (Eq. (1)).

AH’gp0oc = — 171.2 kI mol ™!
)

The major challenge of this cycle in practical applications is
a sharp decay after few cycles of carbonation—calcination. The
deactivation of CaO-based CO, sorbents is caused by the
sintering process due to three majors factors: (1) the
carbonation is highly exothermic; (2) there is a volumetric
expansion from CaO to CaCOj; (from 16.9 to 34.1 cm’/mol),
which significantly decreases the distance between particles in
the carbonated state; (3) CaCO;5 has a Tammann temperature of
533 °C, lower than normal carbonation temperature [12].
Recently, several strategies have been studied to overcome
those problems, including: (1) decreasing CaO particle size
[13]; (2) synthesizing new CaO-based mesoporous silica [14];
(3) improving the porosity of CaO by hydration treatment [15];
(4) enhancement of reactivity using surfactant-modified CaO
[16]; (5) addition of inert phase such as potassium, sodium,
compounds of titanium, KMnO4-doped CaO, MgO-doped
CaO, Lay03-doped CaO [17-20]; (6) using other calcium-
based natural minerals, such as dolomite and huntite [21].
Besides, there are several natural calcium sources from wastes,
such as mussel shell, scallop shell, mollusk shell, and eggshell.

Eggs represent a major ingredient in a large variety of
products such as cakes, salad dressings and fast foods, whose
production results in several daily tons of waste eggshell and
incur considerable disposal costs in Thailand. The disposal of the
waste is a very important problem, which can cause risk to public
health, contamination of water resources and polluting the

CaO(S) + C02<g> — CaCO3(S),

environment. Based on the cleaner production concepts [22], the
use of wastes to be the CO, sorbent not only provides the
technology with competitive sorbent processing costs but also
eliminate the wastes simultaneously. To the best of my
knowledge, very few researches on the use of waste eggshell
as the CO, sorbent have been reported [23]. In this work, CaO
derived from waste eggshell were thoroughly investigated by
using thermogravimetric analysis (TGA), X-ray diffraction, X-
ray fluorescence, Fourier transform infrared (FTIR) spectro-
scopy, nitrogen sorption measurement, scanning electron
microscopy (SEM). CO, adsorption capacity of the CaO derived
from waste eggshell was measured by gravimetric method at
different temperatures. Durability test of the CaO derived from
waste eggshell was conducted. The similar experiments were
repeated with the commercially available CaCO; for comparison

purpose.
2. Materials and methods
2.1. Materials

Waste eggshell sample was collected from canteen, Kasetsart
University, Bangkok, Thailand. The sample was washed several
times with deionized water to remove additional residues from its
surface, filtered with 0.45 wm membrane filter and then dried at
105 °C for 24 h. The commercially available calcium carbonate
(CaCOs;) was purchased from Ajax Finechem for comparison.
The samples were pulverized and sieved in the range of 250—
425 pm. The obtained samples were calcined at 900 °C for 1 h
under N, atmosphere.

2.2. Characterization

The weight change and the calcination temperature of dried
eggshell were investigated by using DSC-TGA 2960 thermal
analyzer in a flow of nitrogen atmosphere at a heating rate of
10 °C/min. The sample loading was typically 20-25 mg.

X-ray fluorescence (PANalytical Epsilon 5) was used for the
qualitative and quantitative analysis of the inorganic com-
pounds in the natural and the calcined eggshell.

X-ray diffraction (XRD) patterns of the dried eggshell, the
calcined eggshell and the calcined CaCO; were done on a
diffractometer (Bruker D8 Advance) using Cu-K, radiation.
The measurements were made at room temperature at a range of
15-70 °C on 20 with a step size of 0.05°. The diffraction
patterns were analyzed using the Joint Committee on Powder
Diffraction Standards (JCPDS). CaO crystallite size was
calculated using Scherrer equation from the most intense
CaO peak at 20 of 37.4° as shown below:
d— 0.894 180

= X
Bcosf T

2

where d is the mean crystallite diameter, X is the X-ray wave
length (1.54 A), and B is the full width half maximum (FWHM)
of the CaO diffraction peak.

Fourier transform infrared (FTIR) spectra were obtained by
using spectrophotometer (Bruker Tensor 27) in the range of
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400-4000 cm ™" with a resolution of 4 cm™'. The sample
preparation consisted of mixing fine powder of each sample
dried eggshell, calcined eggshell and calcined CaCO5; with KBr
powder.

N, adsorption—desorption isotherms of the samples were
measured at —196 °C using a Quantachrome Autosorb-1C
instrument. Prior to measurements, the samples were degassed
at 105 °C for 24 h. Pore size distributions of the samples were
determined from the adsorption branch of the isotherms by the
Barrett—Joyner—Hallenda (BJH) method. The specific BET
(SgeT) Was estimated for P/P, values between 0.05 and 0.30.
The pore volume was reported as mesopore (2-50 nm) and
macropore (>50 nm) volumes.

The morphologies and dimensions of the samples were
observed by scanning electron microscope (SEM; Philips
XL30). SEM was operated at 14.0kV of an accelerating
voltage. The samples were sputter-coated with gold prior to
analysis.

2.3. CO; carbonation—calcination performance tests

CO, carbonation—calcination measurements were per-
formed for all CaO products by using a SDT2960 simultaneous
DTA-TGA Universal 2000. A 20-25 mg sample was loaded
into an alumina sample pan. Prior to any CO, carbonation—
calcination experiment and to remove pre-adsorbed CO, and
H,0, the sample was first activated by heating it from room
temperature in a flow of pure N, (100 mL/min) at a rate of
20 °C/min until 900 °C was achieved and the sample was kept
at 900 °C for 5 min; then the sample was cooled to a given
temperature (650, 700 and 750 °C). Once the carbonation
temperature was reached and stabilized, pure CO, (99.999%)
with a flow rate of 80 mL/min was introduced into the system
while the change in the sample weight was recorded. After the
carbonation for 50 min, the CO, flow was disconnected and the
N, flow was subsequently introduced. The sample was heated
to 900 °C at a rate of 20 °C/min and kept at 900 °C for 5 min to
complete conversion to CaO. After calcination process, the
sample was cooled down to a given temperature again (650, 700
and 750 °C) for carbonation process. The same experiment was
repeated 11 times in order to investigate the performance of the
reversibility and stability of CO, carbonation—calcination. The
carbonation conversion is calculated as follows:

n n
Meary — Meal % WCaO
moya VVCO2

X, = 3)
where X, is the carbonation conversion of the sorbent after n
cycles, my is the initial mass of the sorbent, a is the content of
CaO in the initial sorbent, m,, is the mass of the carbonated
sorbent after n cycles, m7, is the mass of the calcined sample
after n cycles. We,0 and W o, are the molar masses of CaO and

CO,, respectively. The carbonation rate is defined as follows:
dx,
dt

where r, is the carbonation rate after n cycles and t is the
carbonation time at each cycle.

“4)

ry, =

3. Results and discussion
3.1. Characterization

The suitable calcination temperature of eggshell was
analyzed by TGA/DTA. As shown in Fig. 1, the TGA pattern
of dried eggshell showed two distinct stages of weight losses:
one at temperature below 680 °C and one between 680 and
850 °C. The first stage can be attributed to adsorbed water
molecules and loss of organic compounds. The second stage
exhibited the major weight loss at 830 °C, corresponding to
42 wt.% was due to the change of CaCOj3 phase to CaO phase
which could be confirmed by the XRD and the FTIR results
(Figs. 2 and 3). As the sample weight remained constant after
850 °C, the temperature of 900 °C was then suitable for the use
as the calcination temperature to ensure complete conversion to
CaO.

X-ray diffraction pattern of dried eggshell (Fig. 2a) shows a
major peak at 20 =29.5°, indicating that calcite (CaCO;) is a
major phase of the waste eggshell. CaO phase with 20 values of
32.3°, 37.4°, 53.9°, 64.2° and 67.4° was found when the
eggshell was calcined at 900 °C for 1 h (Fig. 2b). The major
peak of calcite phase (260 =29.5°) was not shown in XRD
pattern of the calcined eggshell, implying that the CaCOj3 phase
was completely transformed to CaO phase. XRD pattern of the
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Fig. 1. TGA-DTA pattern of dried eggshell (DES).
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Fig. 2. XRD patterns of dried eggshell (a), calcined eggshell (b) and calcined
commercially available CaCO; (c).
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Fig. 3. FTIR spectra of dried eggshell (a), calcined eggshell (b) and calcined
commercially available CaCOj3 (c).

calcined commercially available CaCOj3 (Fig. 2c¢) appeared at
the same 26 angles as that of the calcined eggshell. However,
the peaks intensities of the calcined commercially available
CaCO; were higher than those of the calcined eggshell,
suggesting that the CaO crystalline size of the calcined
commercially available CaCOj; was larger than that of the
calcined eggshell. The CaO crystallite size calculated by using
Scherrer equation is listed in Table 1. It was found that the
calcined eggshell generated the nanocrystalline CaO with a
crystallite size of 44.3 nm, while the calcined commercially
available CaCO; showed a very high degree of crystallinity
with a crystallite size of more than 100 nm.

The usefulness of qualitative analysis from the characteristic
frequencies provides information to identify chemical con-
stituents in a compound. Fig. 3a shows the IR spectra of the
dried eggshell. The broad transmission band at approximately
3428 cm™ ! can be attributed to OH stretching vibration from
residual waster. The weak band at 1795 cm™' corresponds to
C=0 bonds from carbonate. Two well-defined infrared bands at
1413 and 873 cm ™! are characteristic of the C—O stretching and
bending modes of calcium carbonate, respectively [24]. The
sharp band at 712 cm ! is related to Ca—O bonds [25]. Fig. 3b
shows the spectrum of the calcined eggshell. The existence of
peak at 3640 cm ! is due to OH in Ca(OH), formed during

Table 1
Physical properties and CaO crystallite size of different samples.

Sample® BET surface Mesopore Macropore CaO crystallite
area (m%/ 2) volume volume size (nm)
(em’/g) (cm’/g)
DES 0.05 0.001 0.007 -
CES 13.45 0.007 0.021 443
CCA 19.04 0.030 0.001 102.1

* Dried eggshell, calcined eggshell and calcined commercially available
CaCOj; are designated as DES, CES and CCA, respectively.

Table 2
Chemical composition of calcined eggshell (wt.%).

Sample CaO MgO P,0s SO; K,O SrO ClI  Fe,O3 CuO

Calcined eggshell 97.42 1.63 0.52 0.26 0.08 0.05 0.02 0.01 0.01

adsorption of water by CaO. The wide and strong band at around
500 cm ™' corresponds to the Ca—O band. The IR spectrum of the
calcined commercially available CaCOj (Fig. 3c) appeared at the
same wavenumber of the calcined eggshell, indicating that the
calcined eggshell and the calcined commercially available
CaCOs have a very similar chemical nature.

The chemical composition of the calcined eggshell (Table 2)
shows that the CaO is the most abundant component (97.4%).
The high amount of calcium oxide is associate the presence of
the calcium carbonate, which is the main component of the
waste eggshell confirmed by the XRD and FTIR results. The
calcined eggshell only contained small amounts of MgO, P,0Os,
S0;, K50, SrO, Fe,03, CuO. Thus, the waste eggshell can be

25
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Fig. 4. N, sorption isotherms (a) and pore size distributions (b) of dried
eggshell (DES), calcined eggshell (CES) and calcined commercially available
CaCOj; (CCA).
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considered from a chemical viewpoint as a pure relatively
natural carbonate-based material.

Due to the fact that the characteristics of the pore structure of
CaO strongly influences on the diffusion and reaction of CO,,
therefore they must be thoroughly investigated and reported.
The pore characteristics of all samples measured by N,-
physisorption are shown in Fig. 4. The physical properties
including BET surface area, mesopore volume and macropore
volume are given in Table 1. As shown in Fig. 4a, the isotherms
of all samples exhibited type IV-II composite isotherms which
is the characteristic of mesoporous—macroporous material.
However, the amount of gas adsorbed of each sample was quite

different. The isotherm of the dried eggshell was almost parallel
to the x-axis, showing no multilayer gas adsorption. This
observation indicated that the dried eggshell sample should
contain only macropore without the significant contribution of
mesopore volume. After calcination, the amount of gas
adsorbed was increased, suggesting that numerous pores were
created. Comparing between the calcined eggshell and the
calcined commercially available CaCO; at relative pressure
range of 0.2-0.8, the amount of gas adsorbed of the calcined
eggshell was lower than that of the calcined commercially
available CaCQOg;, indicating that the calcined commercially
available CaCO5; had higher amount of mesopores and BET

-
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SE 1170

Det WD
« SE 112

Det WD Exp 2 pm
SE 1160

Fig. 5. SEM images of dried eggshell (DES), calcined eggshell (CES) and calcined commercially available CaCO; (CCA) at low (left) and high (right)

magnifications.
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surface area. However, the opposite trend was observed at
relative pressure higher than 0.85, implying that the calcined
eggshell had higher macropores.

The pore size distributions of all samples calculated by BJH
adsorption method are shown in Fig. 4b. It was found that the
pore size distribution of the dried eggshell sample is multi-
modal size, with mean pore diameters of 1.0 nm, 1.3 nm and
50 nm. After calcination, some pore sizes are shifted to larger
pore size and the volume of those pores are significantly
increased. This is due to the fact that the removal of CO, during
calcination process creates small pores, whereas the larger
pores are obtained by the aggregates of the large grain size
formed by the sintering of the smaller ones. Moreover, the small
pores can possibly merge each other to form larger ones. The
calcined commercially available CaCO5; possess more porosity
in the range of mesopore region (2-50 nm). The foregoing
observations are consistent with the results in Table 1.

The apparent morphologies of the dried eggshell, the
calcined eggshell and the calcined commercially available
CaCO; examined by SEM are shown in Fig. 5. The dried
eggshell was irregularly and very finely undulated. There were
many pores and pits distributed over the entire eggshell surface.
The size of the pores and the pits varied randomly from place to
place. After calcination, the structure of the dried eggshell has
been changed from the irregular crystal structure to inter-
connected skeleton structure. The size of the skeletons was
found to be approximately 1-3 wm. The voids between these
skeletons were in excess of 500 nm, which eluded measurement
with N,-physisorption. It was clearly seen that the skeleton size
and the voids of the calcined eggshell was smaller than those of
the calcined commercially available CaCOj3. This was in good
agreement with the CaO crystallite size obtained by the XRD
results. However, it should be noted that the skeleton size
observed by the SEM images was larger than the crystallite size
obtained by the XRD results because the skeleton was formed
by the aggregates of several nanocrystallites.

3.2. CO; capture performance

The carbonation conversions and carbonation rates of the
calcined eggshell and the calcined commercially available
CaCOj; at different carbonation temperature are shown in
Fig. 6. It is found that the carbonation of the two sorbents
obviously occurs in two stages. The first stage rapidly occurs
within 3 min due to the fast reaction of CO, on the outer surface
of CaO particle to form the CaCOj; layer covering the CaO core.
The formation of CaCO; layer increases the diffusion
resistance of CO, to react with the CaO core and thus reduces
the reaction rate which is the second stage of the reaction. It can
be clearly seen that the carbonation conversion of the sorbents
is increased with increasing the carbonation temperature except
that of CCA-750. Based on the reaction kinetics, both the
reaction and solid-state diffusion rates are enhanced with the
increase in the temperature. It should be noted, however, that
the carbonation conversion of the CES sorbent at 750 °C is
slightly higher than that at 700 °C and the difference of the
carbonation conversions tends to be small with the increase of

the carbonation time. Similar result is also observed for the
CCA sorbent. The conversion of CCA sorbent at 750 °C is
lower than that at 700 °C after 20 min of the carbonation time.
This could be explained by the competition between the
forward and reverse reactions (Eq. (1)), the particle size of the
sorbents as well as the carbonation times.

It can be clearly seen that the carbonation conversion of the
calcined eggshell is twice higher than that of the calcined
commercially available CaCO; compared at the same
carbonation temperature. The better carbonation performance
of the calcined eggshell relative to that of the calcined
commercially available CaCO; can be attributed to the smaller
crystal grain size of the calcined eggshell, which provided a
larger exposed surface area for the interaction between CaO and
CO, and also produced a thinner layer of CaCO3, resulting in
the easier diffusion of CO,.

In order to compare the durability performance of the
calcined eggshell (CES) and the calcined commercially
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Fig. 6. Carbonation conversions (a) and carbonation rate (b) of calcined
eggshell (CES) and calcined commercially available CaCO; (CCA) with
different reaction temperatures after 1 cycle.
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Fig. 7. Typical weight changes versus time from the TGA corresponding to
carbonation—calcination through 11 cycles (a) and carbonation conversions with
number of cycles (b) of calcined eggshell (CES) and calcined commercially
available CaCO5; (CCA).

available CaCO5; (CCA), multiple carbonation cycles were
performed and the results are presented in Fig. 7. Fig. 7a shows
the typical data recorded in the computer in the form of weight
changes over time in percentage of the CES and the CCA
sorbents. It can be seen that the initial weight in percentage
before the carbonation process of each sorbent is found to be
different. This may be due to the presence of different amount
of physically—chemically bound water. Therefore, the weight
changes during carbonation—calcination steps were converted
to the conversion with number of cycles based on Eq. (3) and
the results are shown in Fig. 7b. It is obviously that the CO,
capture capacity of the CES sorbent is higher than that of the
CCA sorbent when compared at the same cycle. However, the
CES sorbent displays a sharp decay in carbonation conversion
from the first cycle to the third cycle. In contrast, the CCA
sorbent showed a steady and much slower rate of decay. This
observation can be explained by the fact that the smaller
particle size of the CES sorbent is unstable and easier sintering
during the carbonation—calcination steps which promote the
formation of aggregated particles, resulting in the increase of
particle size. The large particle size not only reduced an
exposed surface area for the surface reaction of CO, but also
increased the thickness of CaCOj; layer for the CO, diffusion.
Nevertheless, after 11 cycles, the carbonation conversion of the
CES sorbent was 1.6 times as high as that of the CCA sorbent.

4. Conclusion

This work presents the characterization of the waste
eggshell, the calcined eggshell (CES) and the calcined
commercially available CaCO5; (CCA) for the use as CO,
sorbent. It is found that the CaO is the major component of the
CES sorbent. The CaO crystallite size and the CaO particle size
of the CES sorbent are smaller than those of the CCA sorbent.
The effect of temperature on the reaction between sorbents and
CO, was investigated. The results showed that the suitable
temperature for carbonation reaction is 700 °C. The CO,
capture capacity of the CES sorbent is higher than that of the
CCA sorbent due to its smaller CaO particle size which
provides a higher exposed surface for the surface reaction of
CO,. This finding indicates that the CaO derived from the waste
eggshell is attractive for the use as CO, sorbent due to its
potentially low cost, environmentally benign nature and high
CO, capture capacity.
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