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A B S T R A C T

Keeping a high stability and CO2 capture capacity of CaO-based sorbents during the Ca-looping process is still a
challenge. The main goal and the innovative idea addressed in this study consists of investigating if solid in-
dustrial waste resources such as a coal fly ash (CFA) and a spent Fluid Catalytic Cracking (SFCC) catalyst, can be
used as particle spacers to improve the sintering resistance of two CaO-based sorbents. These two inert industrial
waste materials are used in the present work for increasing the CaO particles separation and consequently,
reducing their coalescence and hindering severe sintering at the high Ca-looping temperatures. There are cur-
rently no studies in the literature on the use of industrial SFCC wastes in blends with CaO based sorbents acting
as CaO particles spacer with the objective of reducing the Ca-looping sorbents deactivation along the cycles of
carbonation-calcination.

Despite the mineralogical and textural differences between the CFA and SFCC catalyst industrial wastes, the
tests carried out in a fixed bed laboratory reactor showed that the addition of a small fraction of waste to the CaO
sorbent (c.a. 10%) seems to be an interesting option to improve the CO2 capture technology efficiency. During
the Ca-looping, the volume and stability of sorbent mesopores is essential to achieve higher and stable carbo-
nation conversion values, and since the CFA and SFCC increase the SBET, they contribute to enhance the sintering
resistance.

The innovative results presented in this study show that the industrial CFA and SFCC wastes have potential to
be an economically attractive option thus contributing to reduce the cost of the Ca-looping cycle CO2 capture
process, as well as to minimize the adverse environmental impacts of the high volume of industrial wastes
generated.

1. Introduction

The cement industry is one of the world’s largest industrial sources
of CO2 emissions, accounting for 5–6% of world’s total anthropogenic
CO2 emissions [1]. Several different carbon-capture technologies have
been proposed for use in the cement industry, however their im-
plementation will depend on two relevant factors: technologies per-
formance and cost of CO2 capture processes. Voldsund et al. [2] in-
vestigate the emission abatement, energy performance, and
retrofitability of the CO2 capture technologies in a cement plant,
namely, oxyfuel process, the chilled ammonia process, membrane-as-
sisted CO2 liquefaction, and the Calcium looping (CaL) process with
tail-end and integrated configurations, and compare with the reference

technology, i.e., absorption with monoethanolamine (MEA). All the
investigated technologies perform better than the reference, both in
terms of emission abatement and in terms of energy consumption. The
equivalent CO2 avoided are 73–90%, while it is 64% for MEA. The CaL
technologies have the highest emission abatement potential (89–90%),
for this technology, most of the CO2 generated by the additional pri-
mary energy consumption are also captured. The high CO2 selectivity,
fast chemical kinetics and high theoretical CO2 capture capacity (0.78 g
CO2/g CaO) should also contribute for its better CO2 capture perfor-
mance. The specific primary energy consumption for CO2 avoided for
all the evaluated technologies is 1.63–4.07 MJ/kg CO2, compared to
7.08 MJ/kg CO2 for MEA. For the CaL technologies the primary energy
consumption was 4.07 and 3.17 MJ/kg CO2 for CaL process with tail-

https://doi.org/10.1016/j.seppur.2019.116190
Received 13 June 2019; Received in revised form 2 October 2019; Accepted 7 October 2019

⁎ Corresponding author.
E-mail address: paula.teixeira@tecnico.ulisboa.pt (P. Teixeira).

Separation and Purification Technology 235 (2020) 116190

Available online 08 October 2019
1383-5866/ © 2019 Elsevier B.V. All rights reserved.

T

http://www.sciencedirect.com/science/journal/13835866
https://www.elsevier.com/locate/seppur
https://doi.org/10.1016/j.seppur.2019.116190
https://doi.org/10.1016/j.seppur.2019.116190
mailto:paula.teixeira@tecnico.ulisboa.pt
https://doi.org/10.1016/j.seppur.2019.116190
http://crossmark.crossref.org/dialog/?doi=10.1016/j.seppur.2019.116190&domain=pdf


end or integrated configurations, respectively. The main advantage of
post combustion technology is the low impact on the cement produc-
tion; therefore, the retrofitability of CaL process with tail-end config-
uration is easier. Hills et al. [3] evaluate the technology readiness level
(TRL) of several CO2 capture technologies and identify the CaL as one of
most developed technologies for CO2 capture, since it reaches the TRL 6
(the same than MEA and oxyfuel based process). The cost of the cement
plant product, clinker [4], is shown to increase from 49 to 92% com-
pared to the cost of clinker without capture. The cost of CO2 avoided is
between 42 €/tCO2 (for the oxyfuel-based capture process) and 84
€/tCO2 (for the membrane-based assisted liquefaction capture process),
while the reference MEA-based absorption capture technology has a
cost of 80 €/tCO2. For the CaL-Tail-End and CaL-Integrate it is 52 and
59 €/tCO2, respectively. Therefore, among the technologies developed
for CO2 capture, CaL based on the reversible chemical reaction between
CaO-based sorbents and CO2 to form CaCO3, is one of the most pro-
mising processes for CO2 capture. The CaL technology integration in the
cement industry presents additional advantages, i.e., it allows the use of
cement raw material (CaCO3) to capture CO2, before its incorporation
in the clinker, which allows fulfilling the circular economy concept,
based on the possibility of recycling the exhausted spent sorbents as
raw material for the clinker. The main drawback of CaL technology is
the sorbents deactivation along the multiple carbonation-calcination
cycles due to sintering (pores collapse) followed by agglomeration and
pores blockage, which demands for sorbents make-up, increases costs
and delays the development of this technology readiness level (TRL).
Until now, the highest TRL (6 of 9) of Ca-looping technology in cement
industry was attained in 2015 with a pilot system in a Taiwan Cement
Company, which captured 1 t CO2/h from 3.1 t/h of flue gas [3]. The
presence of impurities, especially SO2, and the heat supply for the re-
generation of sorbents are also barriers to the implementation of the
CaL technology in industry. If the flue gas contains SO2, the CaO based
sorbents lose some carbonation capacity due to the formation of
CaSO4(s) [5]. The flue gas desulfurization before the CaL carbonation
can be considered as an industrial alternative [6,7]. To overcome the
limitation of the heat required for the regeneration of sorbents, usually
coming from the in situ oxygen-enriched combustion of coal, and to
simultaneously reduce the use of non-renewable sources of energy, the
replacement of conventional fuels during the calcination step by re-
newable fuels, as solar energy is an interesting option [8]. Another
promising methodology to reduce the heat supply by conventional
energy sources during the sorbent regeneration consists on the use of
the in situ heat produced through the reduction of CuO to Cu with
methane during the Ca-Cu looping [9–11]. Several strategies have been
proposed to improve the performance of CaO-based sorbents perfor-
mance along the calcination-carbonation cycles: surface modification
using rigid supports like inert porous alumina, use of different synthetic
precursors with a rich microporous structure, changing the morphology
and microstructure and use of inert additives or dopants to obtain CaO-
based mixed oxides with higher stability [12–18]. Among the above
strategies, the use of inert additives to provide active and stable sor-
bents is one of the most promising. Inert materials should act as
structural supports and create a physical barrier or act as CaO particles
spacer preventing agglomeration of the CaO nanoparticles [19,20].

Hu et al. [21] carried out an exhaustive screening with 12 inert
supports (Al, Ti, Mn, Mg, Y, Si, La, Zr, Ce, Nd, Pr and Yb) aiming to
provide the basis and guidelines for the selection of inert refractory
solid adequate for CO2 capture at high temperatures. These authors
verified that the sorbent performance is closely related to the melting
point of the inert support and the surface area of the sorbent. Com-
parative and systematic studies with different synthetic sorbents and
supports are important to isolate effects, but currently the management,
reuse and recycling of wastes are extremely important to reduce costs
and minimize environmental impacts. With the aim of incorporating
the spent CaO-based sorbents in the clinker production, the use of
wastes with a high silica and alumina content as the coal fly ashes [22]

and the spent fluid catalytic cracking catalysts (SFCC) wastes are an
interesting option. It is important to stress that the primary constituents
of a modern Portland cement finished clinker are 50% of tricalcium
silicate, 25% of dicalcium silicate, 10% of tricalcium aluminate, 10% of
tretracalcium aluminoferrite and 5% of gypsum [23], therefore, like the
CaCO3, the CFA and SFCC can be a source of raw material to be in-
corporated in the industrial production of the clinker. Siriruang et al.
[24] evaluated the CO2 capture using fly ash as solid sorbent and the
use of fly ash after CO2 capture as a mineral additive in cement. These
authors observed that depending on the CaO content, the fly ash can
capture CO2 by surface adsorption (0.1 μg/g fly ash) and carbonation
reaction (13 μg/g fly ash) without any treatment. These CO2 capture
values are very low when compared to the theoretical CO2 capture
capacity of Ca-looping process, however, an interesting achievement of
this study was the fact that the fly ash used in CO2 capture reduced
reactive CaO content, preventing the excessive expansion that leads to
crack problems in concrete structures. Habitually, the fly ash was
considered a contaminant for Ca-looping [25] because its presence can
limit the sorbents CO2 capture, however, its negative impact on CO2

capture depends on sorbent type, ash content and particle size. He et al.
[26] concluded that some small amount of coal ash, until 20%, can
provide stability to natural limestone and reduce its deactivation.

During the last four years, physical and chemical contributions from
ash on the natural and synthetic CaO sorbents CO2 capture performance
were identified and studied by Yan et al. [22,27,28], Sreenivasulu et al.
[29,30] and Chen et al. [31–33]. The increase of CaO sorbents stability
for CO2 capture in the presence of ash is attributed to the improved
agglomeration resistance of the modified sorbents, because ash can act
as a structural support or spacer of the CaO sorbent particles preventing
their agglomeration [31]. In this case, the collapse of the pores of CaO
particles can occur due to the sintering but their agglomeration is re-
duced due to the structural support of inert material. However, in high
amounts, the ash could block CO2 diffusion in active CaO retarding the
carbonation [31], and block the sorbents pores lower than 3 nm due to
ash deposition [25]. Yan et al. [22,27] studied several CaO precursors
physically dry-mixed with coal fly ash and concluded that during the
calcination step at 950 °C Ca2Al2SiO7 (gehlenite) is formed with a high
melting point (1593 °C), that avoided the CaO particles sintering.
Therefore, in addition to the physical mechanisms associated to the ash
presence, the chemical formation of a new phase highly thermostable
can also contribute to the sintering resistance of CaO sorbents although
the amount of CaO available for carbonation decreases. Chen et al. [33]
investigated the fly ash pretreatment effect on the CO2 capture capa-
city. These authors concluded that higher CaO conversions can be
achieved for CaO based sorbents hydrated with fly ash under acidic
conditions, due the improved microstructure and formation of sup-
porting products such as Ca12Al14O33 and CaSiO3, while sorbents
modified under basic condition do not show enhanced CO2 capture
performance, but show a higher stability along the carbonation-calci-
nation cycles. Even under severe calcination conditions (950 °C) the
Ca12Al14O33 and CaSiO3 can enable enhanced sintering resistance, i.e.
CaO conversion values 3.8 times greater than the pure CaO were
achieved under CO2 calcination atmosphere [31]. Zhang et al. [34] also
observed that the acid treatment of fly ash before its blend with Li2CO3

can increase its CO2 sorbent carrying capacity. Li et al. [35] and
Guerrero et al. [36] used rice husk ash to improve the CaO sorbents
sintering resistance, and also verified that the formation of CaSiO3 and/
or Ca2SiO4 contributes for higher reactivity and stability of CaO sor-
bents because the pore plugging is mitigated by the higher porous
structure promoted by the rice husk ash. Recently, Chen et al. [32]
prepared a slag (fly ash after modification) increasing the raw CaO from
2.2 until 36.3% by the activation of fly ash with calcium carbonate and
sodium carbonate. Besides the CaO, the main compounds of calcined
sorbent with the modified fly ash were Ca3Al2O6 and some CaAl2O4,
with high melting temperatures, 1542 and 1600 °C, respectively. After
15 carbonation-calcination cycles under severe calcination conditions
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(950 °C) the CO2 capture carrying capacity of this modified sorbent was
5 times higher than the original sorbent. Blended sorbents prepared
with CaO precursors, fly ash and other support materials (e.g. MgO,
kaolinite and montmorillonite) were also tested and presented im-
proved reactivity and stability when compared with original CaO pre-
cursor [30,37].

Often, most of the works found in literature concerning CO2 capture
are focused on the sorbent CO2 carrying capacity and stability along the
carbonation-calcination cycles, but now it is clear that for real appli-
cations the kinetic properties of sorbents are of great relevance because
industry requires fast material conversion [20]. Yan et al. [28] syn-
thetized nano-SiO2 from coal fly ash to obtain blended CaO-based
sorbents with small reactive pores and after 30 cycles they observed
that the CO2 uptake percentage of nano-SiO2/CaO blend and 100% of
CaO at the fast stage of CaO carbonation (20 s) was 90% and 46% re-
spectively, of the whole carbonation time (300 s). Sreenivasulu et al.
[29,38] studied the calcination and carbonation kinetics of a CaO based
sorbent with 50% of CaO, 10% of MgO and 40% of fly ash. For both Ca-
looping steps, i.e., carbonation and calcination, the authors verified
that the blended sorbents present lower activation energies when
compared with undoped sorbents, which reinforces the benefits of inert
materials addition on CaO based sorbents for industry.

The main goal of this work is to evaluate the effect of the addition of
two solid inert wastes as structural supports, a coal fly ash (CFA) and a
spent Fluid Catalytic Cracking (SFCC) on the enhancement of the sin-
tering resistance of two different CaO precursors, a commercial CaCO3

and a natural limestone (CaCO3) to be used as CaL sorbents in the ce-
ment industry. The primary active component of FCC catalysts is since
the 60́s the zeolite Y due its higher surface area and large pores, strong
Brønsted acidity, excellent thermal and hydrothermal stability and low
cost [39]. The use of SFCC as inert support on solid blends with CaO
based sorbents for CaL CO2 capture has not yet been described in lit-
erature, however, its reuse as cement additive was evaluated recently
by Ferella et al. [40] and the authors concluded that it is possible to
incorporate a certain amount of SFCC in commercial cements without
changing their chemical–mechanical properties. For all the studied
sorbents, used with and without waste resources, the fast and slow CaO
carbonation stages have also been evaluated due to their relevance for
industrial applications.

2. Experimental section

2.1. Fresh sorbents and industrial waste materials preparation

Two CaO precursors were used as CO2 sorbents, namely, a com-
mercial CaCO3 (Sigma) with an assay of 99.5 ± 1% and a natural
CaCO3 (limestone) from a Portuguese limestone quarry. A coal fly ash
(CFA) from the furnaces of a Portuguese cement industry and a spent
fluid catalytic cracking catalyst (SFCC) from a Portuguese refinery were
selected as waste materials.

The sorbents and waste materials were dried and kept at 120 °C in
an oven to eliminate the moisture. The commercial CaCO3 and both
wastes were dry mixed with the as received granulometry. The natural
CaCO3 was crushed, sieved and the fraction 250–355 µm was used to
prepare the dry mixed sorbent samples. For a total mass of 10 g, both
CaO precursors were mechanically mixed with different mass ratios of
each inert waste material (90/10, 75/25 and 60/40) in a ball mill
equipment (Retsch), under a frequency of 70 Hz, during 30 min. For the
blending ratios, the CaO content (%) of each sorbent and the mass of
CFA or SFCC after LOI (loss on ignition) determined at 900 °C was
considered (Table1), since it was the temperature used during the
sorbent thermal activation (Table S1, supporting information).

2.2. Characterization methods

The elemental composition of the natural CaCO3 samples and of the

industrial wastes was determined at LAIST (Técnico Lisboa). All the
elements were determined by Inductively coupled plasma – Optical
emission spectrometry (Perkin Elmer, Optima 2000 DV), except for the
carbon that was determined by an internal method (accredited by
Portuguese Institute of Accreditation). LOI at 900 °C was determined by
thermogravimetric analysis.

The particles size distribution of the different materials was eval-
uated using a laser diffraction apparatus (Malvern, Model Mastersizer
3000) with an Aero S dry powder disperser accessory.

The textural properties of fresh CaO precursors, of inerts and of the
used sorbents (i.e. after the carbonation - calcination tests) were as-
sessed by N2 sorption at −196 °C (Micromeritics, Model ASAP 2010).
Before the analysis, the samples were outgassed under vacuum at 90 °C
for 1 h and then at 120 °C (fresh samples) or 350 °C (spent sorbent) for
3 h.

The total pore volume (Vp) was calculated from the adsorbed vo-
lume of nitrogen for a relative pressure (p/p0) of 0.97. The BET equa-
tion was applied to estimate the specific surface area (SBET) and the
pore size distribution (PSD) was obtained by using BJH model (deso-
rption branch).

In order to identify the different crystalline phases, powder X-ray
diffraction (PXRD) patterns of fresh and used sorbents were obtained
using a X-Ray diffractometer (Bruker, Model D8 Advance) using Cu Kα
(λ = 0.15406 nm) radiation operating at 40 kV and 40 mA. The mea-
surements were made between 15 and 70° in 2θ, with a step size of
0.03° and a step time of 3 s. The PDF database was used to identify the
crystalline phases. The crystallite size of sorbents was estimated using
Scherrer’s equation ( =D K b/ cos ), based on the XRD data. D is the
crystallite size (nm), b is full width at half maximum (FWHM) of the
XRD peak considered, λ is the wavelength (0.15406 nm), θ is the Bragg
angle (degree) and K is Scherrer constant (K = 0.9, assuming that
spherical particles).

The morphology of fresh and used samples was examined by scan-
ning electron microscopy (JEOL, Model 7001 field-emission gun mi-
croscope). Prior to analysis, the samples were dispersed on a conductive
adhesive and sputter-coated with a thin film of Au-Pt.

2.3. In-situ XRD carbonation-calcination cycles

In situ XRD carbonation – calcination cycles were carried out in an
Anton Paar HTK 16 N high temperature chamber. The carbonation –
calcination cycles were carried out at 700 and 800 °C, respectively. To
observe the evolution of CaCO3 and CaO crystalline phases along the
carbonation-calcination cycles, the measurements were made between
26 and 39° in 2θ and the CaCO3 peaks (29.3° and 35.9°) and CaO peaks
(32.3° and 37.5°) profiles evaluated. A step size of 0.05° and a step time
of 6 s were used for both samples. A first pattern was carried out after
the pre-calcination at 900 °C and after each carbonation and calcination
high temperature gas–solid reaction. The carbonation and calcination
reactions were carried out for 10 min and after this time the XRD pat-
terns were collected. A flow of 25 ml min−1of CO2 and 75 ml min−1 of
air was used for the carbonation while 75 ml min−1 of air was used for
the calcination. The heating rate between 700 and 800 °C was
25 °C min−1 while the cooling rate between 800 and 700 °C was
50 °C min−1. The recorded XRD patterns were analyzed using TOPAS
4.2 software (Bruker), and the relative quantity of CaCO3 and CaO,
based on the patterns obtained between 26 and 39 ° in 2θ, were
quantified by means of Rietveld refinement.

2.4. Carbonation-calcination cycles

The calcination-carbonation cycles were carried out using a gas
mixture with a CO2 concentration of 25% (v/v) to mimic the real flue
gases CO2 concentration in the cement industry. The tests were per-
formed using two different set-ups: a thermogravimetric analyzer (TGA)
and a fixed bed reactor.
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First, all sorbents were evaluated using a TGA apparatus TG-DSC
Setsys Evo 16 to perform the carbonation-calcination cycles. For each
experiment c.a. 5 mg of CaO were used (with and without wastes
mixture) and a CO2 or air flow of 40 ml min−1 during the carbonation
and calcination. The sorbents were pre-activated at 900 °C under air
flow, the carbonation was carried out at 700 °C (60 min, with 25% of
CO2 balanced in air) and calcination was carried out at 800 °C (10 min,
under air flow). The mass change observed during the carbonation and
calcination steps is due to the CO2 capture and release along the cycles.

The reactivity and stability of the commercial and natural CaCO3

and some selected mixed sorbent samples were also tested in a fixed bed
reactor using a quartz tube heated in a thermal oven. The sorbent (c.a.
2 g) was loaded into the quartz reactor and pre-activated at 900 °C
under air flow until the CO2 release stopped. Then, the temperature was
cooled down to 700 °C and the carbonation step was conducted with a
flow of 25% of CO2 balanced in air, until the CO2 output stabilizes.
After the carbonation, the CO2 flow was closed and the sorbent heated
up to 800 °C in order to completely perform the reverse reaction, i.e.
conversion of CaCO3 to CaO. The CO2 concentration was continuously
monitored to guaranty the complete CO2 removal. This procedure was
cyclically repeated for 20 carbonation-calcination cycles.

The inlet gas flow (c.a. 1000 ml min−1) was controlled with Alicat
and Brooks mass flowmeters for air and CO2 flows, respectively. The
CO2 gas concentration at the outlet stream during the carbonation-
calcination cycles was measured with a Guardian NG equipment whose
range of measurement is 0–30% (accuracy: ± 2% of full scale). A
Eurotherm® 2000 series equipment controlled the oven temperature
and a thermocouple type K monitored the temperature inside the re-
actor. A Labview software interface was used for data acquisition.

To estimate the sorbent CaO conversion, the molar amount of CO2

sorbed in each carbonation step, nCO carb,2 , was estimated by Eq. (1):

=n n n t( )dCO carb t

t
CO i CO notcapt, , ,2

1

2
2 2 (1)

where t1 and t2 correspond to the carbonation interval of time and nCO i,2
and nCO notcapt,2 are respectively, the molar amount of CO2 fed to the
reactor and the molar amount of CO2 gas that did not react, measured
in the off-gas during carbonation, between time t1 and t2. The molar
amount of CO2 captured by the sorbent, nCO calc,2 , i.e. released in calci-
nation step is estimated in a similar way by equation (2):

= ( )n n tdCO calc t

t
CO capt, ,2

1

2
2 (2)

nCO capt,2 is the number of CO2 moles released from the sorbent during
the calcination at 800 °C between t1 and t2.

The carbonation conversion (Xn) along the carbonation-calcination
cycles was determined by Eq. (3):

=
×
×

×X
n M
m w

100(%)n
CO ,carb CaO

sorbent CaO

2

(3)

where MCaO is the molar mass of CaO, msorbent is the initial mass of the
sorbent andwCaO is the percentage of CaO in the initial mass of the
sorbent. The CaO content was estimated through elemental chemical
analysis of the fresh materials.

The carbonation rate ( )dX
dt

n , where Xn is the carbonation conversion

and t is the time, was estimated for the 1st, and 20th cycle carried out in
the fixed bed (data acquisition interval was 5 s).

3. Results and discussion

3.1. Physico chemical properties of calcium oxide precursors and waste
materials

The chemical composition in terms of oxides percentage and LOI of
the two CaO precursors, commercial and natural CaCO3, and both in-
dustrial wastes, coal fly ash and spent FCC catalyst, dried at 120 °C are
presented in Table 1.

The chemical composition of both CaCO3 samples is very similar but
the natural precursor contains some impurities, especially silica. The
calcium oxide content in the CFA is higher than in SFCC, but for both
waste materials, silica and alumina are the main oxides. The sum of the
total oxides and LOI content of the different materials is between 94.2
and 101.7%, which are acceptable values considering the experimental
uncertainties of measurements, besides, other vestigial oxides were not
analysed (e.g. V2O3 in case of SFCC). The evaluation of the composition
of several waste batches along the time allowed to verify that their
composition does not change significantly allowing the use of the CFA
and SFCC as inert materials in the mixed sorbents. For example, for CFA
the relative standard deviation (RSD) along four months was respec-
tively, 3 and 6% for SiO2 and Al2O3, and in the case of SFCC the RSD of
samples collected in different years was 6 and 8% for SiO2 and Al2O3,
respectively. The stability of the sorbents raw matter composition
(limestone and wastes) is a sensible point to guarantee the CaL process
stability, but the raw matter composition can be continuously mon-
itored in the cement industry, and an adjustment in its composition can
be carried out as it is currently done.

XRD analysis (Fig. 1a) identifies the crystalline phases of fresh and
calcined CaO based sorbents. The XRD patterns of fresh and calcined
sorbent show that besides the CaCO3 or CaO, quartz SiO2 is also present
in the natural CaCO3, unlike the pure commercial CaCO3. The XRD
patterns of waste materials is showed in Fig. 1b. The main crystalline
phase of CFA is quartz SiO2 (PDF 46-1045) but CFA also contains some
Al6Si2O13 (PDF 15-0776) and Fe2O3 (PDF 33-0664) which are typical
mineralogical phases of coal ashes [41]. The XRD pattern of SFCC, as
expected, shows the presence of FAU (PDF 45-0112) and γ-Al2O3 (PDF
29-1486) phases.

Fresh commercial and natural CaCO3 present isotherms of type II,
typical of nonporous or macroporous sorbents. Calcined sorbents ex-
hibited the same type II isotherm, however, in the case of calcined
commercial CaCO3 some mesopores were identified due to the hyster-
esis presence. The CFA isotherm shows an almost horizontal line ad-
jacent to the abscissa, meaning that the N2 adsorption is negligible,
which is in agreement with previous works [42]. The SFCC isotherm is a
type II with a type H3 hysteresis which evidences the presence of some
mesopores. The results presented in Table 2 show that the commercial
CaCO3 sorbent has a higher SBET and Vp than the natural one. CFA has a
very low SBET and Vp but SFCC that contains microporous zeolite-based
catalyst evidences a high SBET comparatively with other materials.
However, after calcination at 900 °C, SFCC lost surface area due to the

Table 1
Chemical composition in terms of oxides percentage of fresh CaO precursors (commercial CaCO3 and natural CaCO3) and industrial wastes (CFA and SFCC).

CaO precursors and industrial waste Oxide composition and LOI (wt %)

CaO MgO SiO2 Al2O3 Fe2O3 Na2O K2O TiO2 SO3 LOI

Commercial CaCO3 56 n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. 45.0
Natural CaCO3 55 0.22 5.3 0.32 0.57 n.d. n.d. n.d. n.d. 40.7
CFA 2.1 0.86 60 22 3.3 0.35 0.31 0.12 0.52 4.6
SFCC 0.04 0.02 41 55 0.31 0.43 0.06 0.03 < 0.1 2.3

n.d. – not determined.
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zeolite structure collapse, which was confirmed by XRD pattern in
Fig. 1b.

Fig. 2 presents SEM micrographs of both CaO precursors and waste
materials. Natural CaCO3 (Fig. 2a and b) exhibit semi-cubic non-uni-
form particles, meanwhile the commercial CaCO3 (Fig. 2c) shows
smaller and uniform needle-like particles which appear to be ag-
gregated (Fig. 2d), justifying the high SBET presented in Table 2. The
precipitation method used for the commercial CaCO3 synthesis is
usually responsible for the formation of smaller particles and higher
porosity comparatively with the natural CaCO3 [20].

CFA (Fig. 2e) and SFCC (Fig. 2f) wastes present spherical particles

that are bigger and more homogeneous for SFCC catalyst. Fig. 3 shows
the particle size distribution, obtained by laser diffraction, for CaCO3

and waste materials, before and after the ball milling. Before the ball
milling, the average particle diameter was between 1 and 2 µm and c.a.
200 µm for commercial and natural CaCO3, respectively. As can be
seen, the CFA consists of smaller particles (average diameter is c.a.
20 µm) than the SFCC (average diameter is c.a. 100 µm).

After the mechanical mixture of natural CaCO3 with CFA or SFCC
(90% of CaO and 10% of wastes), performed with a ball milling to reduce
the initial size (average diameter was c.a. 300 µm) and encourage the
contact between different kind of particles, a bimodal distribution of
smaller particles was achieved (average diameter was 3–4 µm and 60 µm).
In case of commercial CaCO3, it was observed an aggregation of particles
during the dry ball milling, i.e., the average particle size of commercial
CaCO3 increased (Fig. 3a vs. d), and values higher than 1 µm were at-
tained. Several authors observe similar aggregation for the ultrafine par-
ticles during the dry milling process [43–46], and explain that the increase
in particle's cohesive attraction should occur due to the increase in the
number of preexisting defect-centers related to bounding ruptures and
surface distortions generated by the mechanical action of the grinding
media. Even for blendings performed with higher amounts of wastes, i.e.
25% or 40% of wastes, the aggregation of ultrafine particles is significant
(Fig. S1, supporting information).
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Fig. 1. XRD patterns of (a) fresh and calcined CaO sorbents precursors (commercial CaCO3 and natural CaCO3) and (b) wastes (CFA and SFCC before and after
calcination at 900 °C).

Table 2
Textural properties of fresh and calcined CaO precursors (commercial CaCO3

and natural CaCO3) and industrial wastes (CFA and SFCC before and after
calcination at 900 °C).

Sample SBET (g m−2) Vp (cm3 g−1)

Commercial CaCO3 Fresh 8.4 0.02
Natural CaCO3 Fresh 1.8 < 0.01
CFA Calcined at 900 °C, 3 h 2.0 < 0.01
SFCC Calcined at 600 °C, 6 h 92.3 0.10

Calcined at 900 °C, 3 h 19.8 0.05

  

 (a) 

1µm 

(e) (c) 

1µm

(b) (f)

1µm 

1µm 10µm 

(d)

10µm 

Fig. 2. SEM micrographs of (a, b) natural CaCO3, (c, d) comercial CaCO3 (e) CFA and (f) SFCC.
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3.2. Cyclic CO2 capture of CaO sorbents: In-situ XRD reactivity tests

The evaluation of the effect of the addition of wastes on the cyclic
CO2 capture performance, namely on the deactivation of CaCO3 along
the carbonation-calcination cycles, was firstly followed by XRD in-situ
technique. The relevant advantage of this technique is the possibility of
carrying out the XRD patterns at the temperatures used for carbonation
and calcination (700 °C and 800 °C) avoiding mineralogical changes in
the sorbent sample due the high hygroscopic properties of CaO when
exposed to atmospheric moisture [17]. Besides, it is possible to estimate
the crystallites size along the cycles, helping in the understanding of
deactivation process. Fig. 4a and b shows the XRD patterns of the pure

CaCO3 sorbent and the sorbent blended with 25% of CFA during each
carbonation and calcination cycle.

Progressing along the carbonation cycles it is clear that the intensity
of CaCO3 peak (29° in 2θ) decreases, which indicates a reduction in the
extent of CaO carbonation, and means that some amount of CaO does
not take part in the CO2 capture, as confirmed by the increase of the
CaO peak (37° in 2θ) during the carbonation step. For the blend (75%
CaO/25% CFA) the presence of unreacted CaO during the carbonation
is less pronounced than for the 100% CaO. The increase of unreacted
CaO along the 5 carbonations is showed in Fig. 5. Considering the re-
lative amount of CaCO3 and CaO in the XRD pattern, the unreacted CaO
during the carbonation after 5 cycles is 30% and 18% for the sorbent

Fig. 3. Particle size distribution of: (a) sorbents and (b) wastes before the ball milling and particle size distribution of (c) and (d) natural and commercial CaCO3 with
CFA and SFCC after the mechanical mixture in ball milling.

Fig. 4. XRD patterns of two sorbent samples during 5 calcination-carbonation cycles for the case of (a) 100% natural CaCO3 and (b) for 75% natural CaCO3 with 25%
CFA.
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with 100% of CaO and for the sorbent blended with 25% of CFA, re-
spectively. These results show that the addition of wastes to the CaCO3

can reduce the sorbent deactivation.
On the calcination steps, no significant changes can be seen in CaO

peak (37° in 2θ). The absence of CaCO3 during the calcination cycles
confirms a complete sorbent calcination. The peak observed in all cases
near 26° in 2θ, corresponds to SiO2 present in natural CaCO3 that
maintains the same appearance along the cycles.

Scherrer’s equation was used to estimate the CaO average crystallite
size during the calcination step of samples. For both sorbents the
average crystallites size maintains almost constant along the 5 cycles,
c.a. 28–30 nm for natural CaCO3 and c.a. 32–34 nm for CaCO3 blended
with CFA, which means that at least during the firsts cycles, the growth
of CaO crystallites should not be the reason for the sorbents deactiva-
tion. In similar studies Valverde et al. [47] also verified that there is a
proportional relation between the sorbents calcination CO2 atmo-
sphere/ temperature and the CaO crystallites growth, i.e., the use of
lower CO2 concentrations (5% of CO2) during calcination limits CaO
crystallite growth.

3.3. Cyclic CO2 capture of CaO sorbents: TGA reactivity tests

After confirming the positive effect of CFA in the reduction of un-
reacted CaO during the carbonation by in-situ XRD, the carbonation
conversion of CaO based sorbents, alone and mixed with different
amounts of wastes materials (90/10, 75/25 and 60/40 of CaO and
waste, respectively) was evaluated by TGA performing carbonation-
calcination cyclic experiments (Fig. 6). The carbonation conversion of
sorbents estimated based on TGA often suffers from mass transfer
limitations, but the use of small mass samples and high superficial gas
velocities allows minimizing the mass transfer limitations [48], and can
be useful as a complementing tool on the selection of promising CaO/
waste resource blendings.

First, the CO2 carrying capacity of CFA and SFCC was tested and it
was confirmed that CaO carbonation of these wastes is negligible (Fig.
S2, supporting information), as already presented in previous studies
[22].

The initial carbonation conversion of the natural and commercial
sorbents is similar (82–89%) however; the sorbents reactivity and sta-
bility along the 10 cycles are very different (Fig. 6). The commercial
sorbent is highly stable, the carbonation conversion varies between 89
and 81%, however, the natural CaCO3 deactivation is much more ac-
centuated, i.e., the carbonation conversion decreases from 82 to 56%.

The wastes addition seems more relevant for the carbonation per-
formance of commercial CaCO3, for which a slight increase of the
carbonation conversion was observed with both wastes, except in case

of the blend with 40% of waste. For the natural CaCO3 set of tests, only
the blend with 90% of CaO and 10% of CFA sorbent exhibited a higher
carbonation conversion than the pure CaO. Fig. 6 shows that for natural
CaCO3 the addition of higher amounts of waste seems to contribute for
a higher stability of the sorbent along the carbonation-calcination cy-
cles, i.e., the carbonation conversion decay between the 1st and 10th
cycle for natural CaCO3 was 26% and for the blends with 25 and 40% of
wastes, the decay was reduced to 7–9%.

3.4. Cyclic CO2 capture of CaO sorbents: Fixed bed reactivity tests

The experiments carried out in a fixed bed unit were planned based
on the preliminary results observed in the TGA reactivity tests. Both
CaO precursors alone and a blend of 90% of CaO and 10% of industrial
wastes (Fig. 7) were selected to be tested in the fixed bed unit due to the
improved carbonation conversion observed with the addition of 10% of
SFCC and 10% of CFA to commercial and natural CaCO3, respectively.

The main highlight from Fig. 7 is the higher CaO conversion of
commercial CaCO3 relatively to the natural sample, and this difference
is more relevant after the 2nd cycle. The commercial CaCO3 presents a
lower deactivation rate (relative difference between the 1st and 20th
cycle carbonation conversion) than the natural CaCO3, i.e. 37% and
69%, respectively, after 20 cycles. For both sorbents the addition of
10% of industrial wastes improved the CaO conversion of sorbents and
the deactivation rate decreased. For commercial and natural CaCO3 the
deactivation rate was respectively, 27 and 58% when CFA was added
and similar deactivation rate values were found with the addition of
SFCC, namely, 29 and 59%, after 20 cycles. Therefore, for this mixed
sorbent composition (90/10), the differences in the main constituents of
CFA and SFCC, namely Al2O3 and SiO2, did not affect the deactivation
ratio of the mixed sorbents, in spite of differences in Al2O3 and SiO2

Tamman temperature (temperature above which sintering would
occur), that are 900 °C and 729 °C, respectively. When part of CaCO3

content was replaced by wastes, the lower deactivation rate of mixed
sorbents led to an almost constant CO2 sorption capacity (g CO2/g
sorbent), especially in the case of natural CaCO3 (Fig. S2, supporting
information). This means that a similar CO2 capture efficiency can be
achieved when the consumption of CaCO3 is reduced in 6%, i.e. less
60 kg of CaCO3 is used by ton of sorbent (Table 1, Supporting in-
formation), and simultaneously the process contributes to the wastes
valorisation, however the sorbent make-up of the CaL system will be
similar. The deactivation rates show that the properties of the CaO
precursor are more relevant than the type of industrial waste used as
CaO spacer, i.e., CFA or SFCC. The commercial CaCO3, probably due
their initial textural properties (Table 2), i.e., higher SBET and Vp,
benefit more from the addition of 10% of industrial wastes than the
natural CaCO3, and Fig. 7 shows that after 20 cycles the carbonation
conversion of commercial CaCO3 increase from 56 to 71 and 74% with
SFCC and CFA respectively.

The PSD of both CaO precursors and their blends with 10% of in-
dustrial wastes (Fig. 8), after the sorbents activation (0 cy) and after 20
cycles (20 cy), was determined by the BJH desorption branch. The
commercial CaCO3 maintained the Vp values almost constant, with a
small reduction of their amount after 20 cycles, as also shown by the Vp

in Table 3. On the other hand, a significant reduction in the mesopores
Vp is observed in the PSD of natural CaCO3 after 20 cycles, which means
that after 20 cycles the sintering should have a relevant role on this
sorbent deactivation. This is in agreement with Table 3, i.e., between
the sorbents activation (0 cy) and the 20th cycles, the natural CaCO3

sorbent lost c.a. 71% of its Vp, and when it is blended with 10% of CFA
and 10% of SFCC lost 50% and 66% of their initial Vp, respectively.

The hysteresis profile of N2 sorption isotherms (Fig. S4, supporting
information) shows that the commercial CaCO3 sorbent has some me-
soporosity, which is maintained after 20 cycles, but the natural CaCO3

loses the mesoporosity after 20 cycles. This is in agreement with the
higher deactivation of natural CaCO3 based sorbents after 20 cycles,
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Fig. 5. Amount of unreacted CaO (%) during the carbonation step of natural
CaCO3 alone and blended with CFA (75% of CaO and 25% of CFA).
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comparatively with the commercial CaCO3 ones. The SBET and Vp values
are showed in Table 3. The addition of 10% of wastes has a positive
effect on the SBET values, i.e. comparatively with the pure CaCO3 an
increase in SBET values were attained after 20 cycles for the blended
sorbents. In the case of SFCC this can be partially justified by this waste
properties since it is a microporous zeolite-based catalyst; however, it is
not the case of CFA, for which initial SBET is only 2 m2/g after calci-
nation at 900 °C. This means that the initial textural properties of the
CFA and SFCC wastes are relevant and can influence the SBET values,
however they are not the unique factor. Natural CaCO3 and its blend

with 10% of CFA evidences this fact, after 20 cycles the SBET of these
sorbents are 10 and 15 m2/g, respectively. The increase of SBET for the
blended sorbents is in agreement with the improved carbonation con-
version values presented in Fig. 7 and confirms that the wastes addition
can change the textural properties of sorbents, and may act as CaO
particles spacer, preventing the aggregation of the CaO particles and
helping on the CO2 diffusion through the sorbents. For the studied
mixed sorbents with 10% of wastes and the used experimental condi-
tions (Section 2.4) the spacer effect of the CFA and SFCC particles on
CaO sintering reduction should be mainly a physical mechanism. If a
chemical mechanism would be involved when wastes rich in silicon and
aluminum oxides are mixed with CaO-based sorbents, it could be pos-
sible to occur the formation of Ca2Al2SiO7 [22,27], Ca12Al14O33 [31] or
CaSiO3 [31,35–36] but new mineralogical phases were not identified in
the XRD analysis of sorbent samples after the 20 carbonation-calcina-
tion cycles (Fig. S4, supporting information).

The kinetic (fast) and diffusional (slow) steps of CaO carbonation
(Fig. 9) were assessed by the carbonation rate ( )dX

dt
n at the 1st and 20th

cycles for the experiments carried out in the fixed bed unit. The fast step
of CaO carbonation ends very quickly and the highest value of carbo-
nation rate is reached on the first seconds (10–15 s) for all the sorbents,
followed by the slow stage of CaO carbonation. Arias et al. [49] also
confirmed that the fast step of CaO carbonation ended abruptly. Ac-
cording to these authors during the fast step the carbonation reaction
takes place at the surface of CaO particles via nucleation and growth of
CaCO3, and the slow step of CaO carbonation starts when the CaCO3

forms a continuous layer over the unreacted sorbent. The carbonation
rate profiles are related to the PSD of sorbents. As shown in Fig. 8, the
Vp after sorbent activation (0 cycles) in the range of mesopores
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(2–50 nm) is higher for the natural CaCO3 than for the commercial one,
which means that during the fast CaO carbonation step the CO2 has
lower diffusional limitations; consequently, higher values of carbona-
tion rate were obtained. Besides, the PSD curves show (Fig. 8) that the
Vp of commercial CaCO3 does not suffer significant changes between 0
and 20 cycles, which is in agreement with the results in Fig. 9 showing
that the carbonation rate is very similar between the 1st and 20th cy-
cles, which does not happen in case of natural sorbent (Fig. 9).

The sorbents deactivation observed in Fig. 7 is also related to the
carbonation rate profiles along the time (Fig. 9). The carbonation
conversion of natural sorbent (20 cycles) almost finished after 200 s,
but for the commercial one the carbonation only finished after 300 s,
which can be related with the lower deactivation rate of commercial
and natural sorbents, 69 and 37%, respectively.

Therefore, for an adequate scheduling of sorbent make-up in in-
dustry, besides the sorbents CO2 carrying capacity, the duration of
carbonation conversion (fast and slow steps) along the cycles is a re-
levant parameter that should be considered.

Fig. 10 shows the SEM images of CaO sorbents without wastes
blending (Fig. 10a and d) and for blended CaO sorbents with 10% of CFA

(Fig. 10b and e) or 10% of SFCC (Fig. 10c and f) after 20 cycles. As
expected, the higher SBET of commercial CaCO3 (Fig. 10a) comparatively
with the natural sorbent (Fig. 10d) is still evident in calcined sorbents
and justifies the higher carrying capacity of this commercial sorbent.
SEM images show that there is a significant size reduction of SFCC par-
ticles blended with the CaO sorbents, and they cannot be distinguished in
SEM images (Fig. 10c and f). In SEM image of Fig. 2f, before the grinding
process, it is possible to identify particles of SFCC in the range of 100 µm,
but after the grinding, the SFCC particles lost the spherical shape and the
particles size was significantly reduced as can also be confirmed in Fig. 3.
The significant reduction of SFCC particles size is related to the blending
procedure, as already observed by Pacewska et al. [50]. The authors
prepared a series of cement mixtures with SFCC, without and with
grinding the SFCC in a ball milling during 60 min, and through SEM
analysis the authors verify that the original SFCC was composed mainly
of spherical and coarser-grained material, and the grinded one was
composed of much smaller and irregular fine-grained material. Never-
theless, comparatively with the original SFCC the grinded sample has a
higher compressive strength. On the other hand, the CFA particles, as
mentioned by Manimaran et al. [51], present enhanced mechanical

Table 3
Specific surface area (SBET, m2/g) and total pore volume (Vp, cm3/g) of pure and blended CaO sorbents with 10% of CFA or 10% of SFCC tested in the fixed bed unit
after the activation (0 cy) and 20 carbonation-calcination cycles (20 cy): commercial CaCO3 and natural CaCO3.

Commercial CaCO3 Natural CaCO3

100% CaO 90% CaO + 10% CFA 90% CaO + 10% SFCC 100% CaO 90% CaO + 10% CFA 90% CaO + 10% SFCC

0 cy 20 cy 0 cy 20 cy 0 cy 20 cy 0 cy 20 cy 0 cy 20 cy 0 cy 20 cy

SBET 25 14 26 17 33 24 31 10 21 15 27 16
Vp 0.09 0.06 0.10 0.09 0.13 0.11 0.21 0.06 0.10 0.05 0.15 0.05
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properties, such as strength, impact strength and hardness, so the CFA is
attractive for composite materials industry, and due to their mechanical
resistance the shape was maintained and the size reduction was less
pronounced (Fig. 10b and e). The role of CFA particles as CaO spacer is
shown in Fig. 10b and e, i.e., its presence contributes to increase the CaO
particles distance, which allows reducing their coalescence degree due to
sintering during the CaL process.

Since the mechanical mixing can strongly affect the size, shape and
mechanical strength of industrial wastes, a detailed evaluation of the
wastes behavior during this step will be carried out in future work. As it
is known, ideally the materials used as supports should have a good
dispersion, high SBET, high melting point and mechanical strength to
form a partition on the CaO particles, reducing the growth of CaO
crystallites and preventing their sintering [19].

4. Conclusion

The deactivation of CaO-based sorbents due to pores collapse and
pores blockage is usually a huge barrier in calcium looping utilization.
One strategy to reduce the sorbents deactivation consists in the use of
an inert material that should act as a spacer of CaO particles, increasing
the CaO particles separation, consequently, reducing their coalescence
and sintering at high temperatures. The present work, evaluates the
effect of the addition of two solid inert wastes, a coal fly ash (CFA) and
a spent Fluid Catalytic Cracking (SFCC), on the enhancement of the
sintering resistance of two different CaO precursors, a commercial
CaCO3 and a natural limestone (CaCO3) to be used as CaL sorbents in
the cement industry. The results obtained with the in-situ XRD tech-
nique show that after 5 cycles the unreacted CaO after the carbonation
step is 30 and 18%, for the sorbent with 100% of CaO and blended with
25% of CFA, respectively, which indicates that the wastes addition
allow increasing the sorbents activity.

Different blends of two CaO-based sorbents with CFA and SFCC (90/
10, 75/25 and 60/40 w/w of CaO and waste, respectively) were tested
on a TGA and the blends with the best performances, i.e., with 90% of
CaO were selected to be tested in a fixed bed laboratory scale reactor.

The results show that the textural properties of the CaO precursor
play a decisive role in the carbonation conversion but both CaO pre-
cursors benefit from the addition of CFA and SFCC. A reduction in the
deactivation (c.a. 10%) between the 1st and 20th cycles was attained.

The tests carried out in the fixed bed unit revealed that the addition of
wastes (10%) to the CaO sorbents precursors increased the carbonation
conversion, mainly due to a physical mechanism, i.e. due to the spacer
role of waste particles between CaO particles, since any new miner-
alogical phase was identified in the mixed sorbents after 20 carbona-
tion-calcination cycles. After 20 cycles, the carbonation conversion of
natural limestone increases 16% and 30%, and for the commercial
CaCO3 there is an increase of 31% and 26% with the addition of 10% of
CFA or SFCC, respectively.

During the Ca-looping, the volume and stability of sorbent meso-
pores are crucial to achieve higher and stable carbonation conversions,
and since CFA and SFCC wastes lead to an increase of the SBET, they can
contribute to enhance the sintering resistance. The improved perfor-
mance of sorbents in the presence of 10% of wastes can be related to the
increase of the SBET of these blended sorbents, which in the case of the
commercial sorbent was followed by a decrease of average pore width
from 50 to 30 nm.

Despite the mineralogical and textural differences between the CFA
and SFCC catalyst industrial wastes, the addition of a small fraction of
wastes to the CaO sorbent (c.a. 10%) seems to be an interesting option
to improve the CO2 capture technology efficiency.

Furthermore, the innovative results show that the industrial CFA
and SFCC wastes have potential to be an economically attractive option
thus contributing to reduce the cost of the Ca-looping cycle CO2 capture
process, as well as to minimize the adverse environmental impacts of
the high volume of industrial wastes generated, and to fulfil the circular
economy by their introduction in the clinker production.
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Fig. 10. SEM images of CaO sorbents after 20 cycles: (a) 100% of commercial CaO, (b) 90% of commercial CaO and 10% of CFA, (c) 90% of commercial CaO and 10%
of SFCC, (d) Natural CaCO3, (e) 90% of natural CaO and 10% of CFA, (f) 90% of natural CaO and 10% of SFCC (magnification: 5000 and scale: 1 µm).
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