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Abstract In the present work, new CaO-based adsorbents were obtained by a fast solution com-

bustion method and high-energy ball-milling process to study their CO2 capture behavior under dif-

ferent moderate pressure and temperature conditions. The as-prepared CaO products were

characterized systematically using different analytical techniques such as X-ray diffraction, scan-

ning electron microscopy and N2 physisorption measurements. The results showed that the CaO

prepared by solution combustion and ball-milled during 2.5 h showed the maximum CO2 adsorp-

tion capacity of 9.31 mmol/g at 25 �C and 1 atm mainly via chemisorption with CaCO3 formation,

which was corroborated by infrared spectroscopy, X-ray diffraction, and X-ray photoelectron spec-

troscopy studies. In general, the obtained results revealed that the synthesized CaO nanopowders

from solution combustion that were treated by high-energy ball-milling enhanced their CO2 adsorp-

tion capacity due to improved structural and textural properties, and this CaO-based adsorbent can

be used as a promising material for CO2 capture in post-combustion CO2 capture technologies on a

large scale, under atmospheric pressure and temperature conditions.
� 2017 The Authors. Production and hosting by Elsevier B.V. on behalf of King Saud University. This is

an open access article under the CCBY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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1. Introduction

It is well known that atmospheric carbon dioxide (CO2) concentrations

have increased over the last several decades and exceeded 400 ppm

(McCarthy et al., 2001). As expected, the higher atmospheric CO2

levels have caused severe climate change, which negatively affects the

environment and ecosystems (Alexeeva and Anger, 2015). In facts,

the reduction of global CO2 emissions should significantly decrease

their atmosphere concentrations. Thus, developing effective methods

for CO2 mitigation is urgent. In this scenario, currently, the most

promising technology for efficient CO2 capture from flue gas stream

of power plants, oil refineries, petrochemical industries, transportation

sectors, and others at a great scale is based mainly on CO2 adsorption

on porous solid adsorbents. One approach of this adsorption technol-

ogy is to produce a concentrated stream of CO2 at higher pressures

that can be transported readily to a storage site. Consequently, the

CO2 adsorption of solid adsorbents technology is of immense impor-

tance due to its high CO2 adsorption capacities, suitability for batch

and continuous processes, high possibility of regeneration, potential

reuse, and low energy requirement (Ben-Mansour et al., 2016; Sayari

et al., 2011).

Therefore, the adsorbents’ physicochemical properties are crucial

to the CO2 capture technologies’ practicality. In this context, several

materials have been studied as promising solid adsorbents for CO2

capture, such as activated carbons (Garcı́a et al., 2011), zeolites

(Hennessy, 2015), metal organic frameworks (MOFs) (Belmabkhout

et al., 2016; Bhatt et al., 2016; Hou et al., 2013), zirconates

(Ibarahim et al., 2015), silicates (Khomane et al., 2006; Datta et al.,

2015), metal oxides (Dou et al., 2010), and polymers (Drage et al.,

2009), among others. In this order, each studied solid adsorbent has

provided significant improvements in both cost and performance for

CO2 capture. Now, the production of high-performance ceramic pow-

ders using different synthetic chemical and physical routes always has

been an essential requirement to obtain materials with desired struc-

tural and surface properties; for example, adsorbent particle studies

in controlled environments that depict the CO2 capture conditions

are another key part of the CO2 capture process development, such

as using a fluidized bed with ultrafine nanopowders for CO2 capture

technologies , that promotes the gas-solid contact (Ammendola

et al., 2015; Raganati et al., 2014; Raganati et al., 2015). Among all

these above solid adsorbents listed, recently metallic oxides are attrac-

tive because of their abundance, easy accessibility, and favorable ther-

modynamic properties. Indeed, these metallic materials have been

good adsorbents for CO2 due to their low regeneration-energy require-

ment and low operating temperature (Duan and Sorescu, 2010). In this

scenario, both the physical and chemical properties of metallic oxide
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adsorbents can be used for efficient CO2 capture, and many studies

have demonstrated their reactivity for CO2 under higher and ambient

pressure and temperature conditions of flue gases (Feron, 2010; Florin

and Fennell, 2011; Kavosh et al., 2015; Li et al., 2014; Ridha et al.,

2015). It is well known that alkaline earth metal oxides (e.g., CaO

and MgO) can react with CO2 to form carbonates at high tempera-

tures, and that when are heated, these metal carbonates liberate the

pure stream of CO2 gas, which can be stored and subsequently used

for various technological applications. In this context, CaO has been

widely recognized as a versatile solid adsorbent and can be widely used

in CO2 capture technologies due to its good selective adsorption char-

acteristics (Lu et al., 2015). Hence, porous solid adsorbents with higher

CO2 adsorption capacity and selectivity are of utmost importance,

because porous and nanosized materials present abundant nanopores

or surface-active sites, which could act as determinants in CO2 adsorp-

tion processes (Liu et al., 2008). Moreover, many CaO-based adsor-

bents have been considered as potential candidates for CO2 capture

because of their relatively low cost, high availability, fast kinetics, high

CO2 capture capacity, abundance, and relatively inexpensive material

consumption (Feng et al., 2006; Florin and Fennell, 2011). Overall,

the CO2 capture abilities of CaO-based adsorbents have been reported

widely, and researchers have stated that this material is a potential

adsorbent to remove CO2 from the atmosphere (Pacciani et al.,

2008; Radfarnia and Iliuta, 2013; Valverde, 2013). Besides this, several

studies have found a close relation between the carbonation rate and

the porosity and crystalline structure of the CaO compounds (Lee

et al., 2015a, 2015b; Lu et al., 2006; Manovic and Anthony, 2008;

Ridha et al., 2015; Rouchon et al., 2013; Yang et al., 2009; Zamboni

et al., 2011; Zhang et al., 2013).

On the other hand, solution combustion synthesis is a method

widely used for preparing different oxide powders with high yield, high

surface areas, low density and quality mesoporous structures at short

times compared to other conventional synthesis methods such as calci-

nation and precipitation, between others, that required many hours or

even days to complete reactions (Mimani and Patil, 2001). Further-

more, this method is versatile, safe, simple and instantaneous for the

facile fabrication of a variety of nanosized materials; moreover, the

combustion synthesis requires simple equipment with energy saving

(Toniolo et al., 2010). Nevertheless, this method required high temper-

atures for achieving the metallic salt and organic fuel decomposition

through an exothermic redox reaction for the final product formation

(Bhatta et al., 2015; Granados-Correa et al., 2008; Hwang and Wu,

2004). Therefore, materials prepared by the solution combustion

method have attracted increasing interest because of their novel char-

acteristics necessary for adsorption technological applications. On the

other hand, it is also well known that the mechanical milling, is a
orbents prepared by solution combustion and high-energy ball-milling processes
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method widely used to obtain nanostructure materials of reduced par-

ticle size (<100 nm); in particular these nanoparticles present unique

properties arising from their very small primary particle size and very

large surface area per unit mass, and nanoparticles provide higher con-

tact and reactions efficiencies than traditional materials (Hakim et al.,

2005); moreover, mechanical-milling process allows to activate dry

solids that can improve their adsorption properties (Granados-

Correa et al., 2016; Janusz et al., 2010). Therefore, nanopowders show

substantially enhanced adsorption characteristics superior than those

of the conventionally prepared materials (Liang et al., 2001). It is

important to note that the gas adsorption efficiency can increase with

a decrease in the CaO powder size and crystallites. Indeed, the high gas

adsorption efficiency of nanoparticles can be also caused by their struc-

tural defects on their surface.

Despite the overwhelming evidence supporting the efficient CO2

capture abilities of CaO-based adsorbents, there is no concrete study

on their CO2 capture performance after being treated by high-energy

ball milling. Then, in this work, a series of CO2 adsorption experiments

at different moderate temperatures and pressures on a series of

different CaO-based adsorbents with structures and textures suitable

for CO2 adsorption were examined to study and improve adsorbent

particle reactivity that can help to enhance the CO2 capture efficiency.

This study also describes the adsorbents’ textural and structural

influences.

2. Experimental

2.1. Materials

To obtain CaO-based adsorbents, analytic-grade reagents were
employed and calcium nitrate tetrahydrate Ca(NO3)2

. 4H2O
(98%, MERCK) and urea NH2CONH2 (99.9%, Sigma-

Aldrich) were used as chemical precursors without further
purification. In addition, distilled water was used to prepare
all solutions. Calcium nitrate was employed as the precursor

agent for CaO synthesis by solution combustion because metal
nitrates are known for their oxidizing properties, high solubil-
ity in water, low fusion temperature, and low cost. Urea was
used as an organic chemical fuel because it has the advantage

of being commercially available and relatively inexpensive
while offering high heat generation in the production of vari-
ous ceramic powders, for a variety of advanced applications

(Aruna and Mukasian, 2008). For the high-energy ball milling,
Ni powder (�99.5%, MERCK) and Fe powder (�99.5%,
MERCK) were employed. The CO2 adsorption experiments

were carried out using an ultra-dry CO2 gas of 99.8% of pur-
ity, provided by Infra México.

2.2. CaO-based adsorbents preparation

In order to obtain new nanosized CaO-based adsorbents with
large specific surface areas and high-porosity structures, the
solution combustion method and ball-milling process were

used. The solution combustion method, only requires a short
reaction time, and is based on the explosive decomposition
of urea as chemical fuel, which produces heat at higher temper-

atures (Granados-Correa et al., 2008). For this purpose, differ-
ent molar ratios of the chemical precursors, calcium nitrate to
urea (1:1–1:2.5), were tested. Then, the calculated grams of

chemical precursors were mixed homogeneously in a 50 mL
porcelain crucible with 1 mL of distilled water; the mixture
was heated by an electrical grid to evaporate the water, which
produced a solid-gel material. Finally, the obtained solid-gel
Please cite this article in press as: Granados-Pichardo, A. et al., New CaO-based ads
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was calcined at 800 �C over 5 min in a muffle furnace with
1 mL of distilled water added before calcination. The prepared
solid was stored for further characterization and CO2 capture

experiments. On the other hand, the CaO sample prepared via
solution combustion was treated using a ball-milling process,
over different previously set times (2.5, 5.0, 7.5, and 10 h)

under an argon atmosphere, using a high-energy mechanical
mill of 50 mL capacity (Spex 8000 type with tungsten carbide
container designed at the National Institute of Nuclear

Research). In all mechanical milling runs, a ball-to-powder
weight ratio of 6:1 (using 15 balls 1 mm in diameter with a
total weight range of 2.5–15 g of sample) was employed. The
high-energy ball-milling process also was used to obtain

CaO-Fe and CaO-Ni nanocomposites using the CaO obtained
by solution combustion as a bulk-material-to-pure-metal ratio
of 98:2 weight percentage for Fe and Ni, respectively. The evo-

lution of the obtained materials’ important textural character-
istics was monitored using N2 physisorption measurements
and X-ray diffraction. Consequently, the best physicochemical

properties of materials were chosen for CO2 adsorption
experiments.

2.3. CaO-based adsorbents characterization

CaO-based adsorbents were physicochemically characterized
using different analytical techniques: X-ray diffraction
(XRD), N2-physisorption measurements, and scanning elec-

tron microscopy with energy-dispersive X-ray spectroscopy
(SEM-EDS). To obtain the crystalline characteristics of the
prepared CaO-based adsorbents, a Siemens D-5000 X-ray

diffractometer was employed using CuKa radiation operated
at 40 kV with an angular sweep interval of 30–100� in 2h
and a sweep rate of 0.03�/s for its lattice parameter. The

obtained XRD patterns were compared with the reported Joint
Committee on Powder Diffraction Standards (JCPDS) cards.
The crystallite sizes were determined using the Scherrer equa-

tion from the prime peak width reflections with considerable
intensities (Patterson, 1939). Brunauer-Emmett-Teller (BET)
specific surface areas, mean pore diameters, total pore vol-
umes, and N2 adsorption/desorption isotherms of the CaO-

based adsorbents were determined by nitrogen physisorption
measurements using BEL Japan INC model Belsorp Max
equipment at 77 K. Prior to the measurements, the samples

were outgassed under N2 gas flux at 300 �C for 3 h. In addi-
tion, the pore-size distribution was estimated using the
Barrett-Joyner-Halenda (BJH) method (Barrett et al., 1951).

The size and shape of the obtained particles were investigated
by SEM using a high vacuum electron microscope: JEOL
JMS-5900 LV at 25 kV equipped with a microprobe (EDS
Oxford). For better characterization, all solid samples were

placed on a carbon-type aluminum holder and covered with
a gold layer for 2 min, using a Denton Vacuum Desk II platter.
The materials’ chemical composition was determined by EDS

analysis. In addition, to corroborate the formation of CaCO3

in the CO2 adsorption process, a systematic characterization
of the best CaO-based adsorbent material after CO2 capture

was carried out. Additionally, Fourier transform infrared
(FTIR) spectra were obtained using a Nicolette 550 spectrom-
eter with a conventional method KBr disk in the range of

400–4000 cm�1. The sample consisted of a CaO sample
obtained by solution combustion at 800 �C and treated by
orbents prepared by solution combustion and high-energy ball-milling processes
rnal of Chemistry (2017), http://dx.doi.org/10.1016/j.arabjc.2017.03.005
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Figure 1 Schematic diagram of the CO2 adsorption experimental setup. (1) CO2 cylinder; (2) flow controller; (3) steel high vacuum

reactor; (4) temperature controller; (5) thermocouple; (6) adsorbent; (7) pressure controller; (8) vacuum.
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high-energy ball-milling over 2.5 h without any pretreatment, a

CaO-BM degassed sample, and CaO-BM after the CO2

adsorption process at 25 �C and 1 atm. On the other hand,
X-ray photoelectron spectroscopy (XPS) measurements of

the CaO-BM-CO2 adsorbent were performed using a XPS
Thermo Scientific K-Alpha equipment with monochromatic
Al Ka (1486 eV) radiation in a high vacuum in the range

1 � 10�10 to 1 � 10�9 mbar. The samples were analyzed at
the catalyst chamber pressure at 1 � 10�9 mbar, with C1s at
285 eV as reference.

2.4. CO2 adsorption experiments

CO2 adsorption experiments were carried out using a steel high
vacuum reactor with a 50 mL capacity designed in the ININ

(Fig. 1). 8 mg of obtained CaO-based adsorbents was used in
each experiment with a flue of ultra-dry CO2 gas. The samples
were put into the reactor chamber and heated to 300 �C for

30 min to eliminate the small quantity of impurities that could
adhere to the samples when they were exposed to the atmo-
sphere, since CaO is carbonized easily to form CaCO3 when

exposed to ambient air. To obtain the best CO2 adsorption
parameters, CO2 adsorption experiments were carried out at
different temperatures (25, 50, 75, and 100 �C), and pressures
(1, 5, 10, and 15 atm), using 15-min of equilibrium contact

time. The CO2 adsorption capacity in millimoles of CO2

adsorbed per gram of adsorbent (mmol/g) was measured using
thermogravimetric and differential scanning calorimetry

(TGA-DSC) analysis with an SDT Q600 calorimeter coupled
to a discovery mass spectrophotometer instrument (TA
Instruments-Waters) by measuring the weight loss of CO2 that
Please cite this article in press as: Granados-Pichardo, A. et al., New CaO-based ads
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was adsorbed in the nanocompounds. The samples were heat-

ing at a rate of 20 �C/min up to 850 �C in helium atmosphere
at a flow rate of 100 mL/min.
3. Results and discussion

Solution combustion and high-energy ball-milling processes
were employed to produce different potential CaO-based

adsorbents for efficient CO2 capture successfully, taking into
consideration their improved textural properties (e.g., specific
surface area, total pore volume, and narrow pore size distribu-

tion). It is important to mention that all the derived CaO-
based adsorbents from combustion solution and high-energy
ball-milling processes were texturally characterized systemati-
cally considering their different preparation parameters, such

as molar relation of chemical precursors-urea and calcium
nitrate-for synthesis method and ball-milling time by mechan-
ical process. Therefore, one set of four best-obtained textural

CaO-based adsorbents were chosen and are referred in this
work as follows: (CaO-CS) for CaO prepared by solution com-
bustion using a ratio molar of chemical precursors-urea to cal-

cium nitrate (2:1)-with 1 mL of distilled water before to
calcination at 800 �C by 5 min, (CaO-BM) for CaO-CS treated
by high-energy ball-milling over 2.5 h, (CaO-Fe) for CaO-CS

doped with Fe by high-energy ball-milling over 10 h, and
(CaO-Ni) for CaO-CS doped with Ni by high-energy ball-
milling over 5 h. These four-solution combustion and ball-
milled CaO-based samples were discussed in terms of the most

significant textural and structural characteristic influences on
their CO2 adsorption behavior.
orbents prepared by solution combustion and high-energy ball-milling processes
rnal of Chemistry (2017), http://dx.doi.org/10.1016/j.arabjc.2017.03.005
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Figure 2 X-ray diffraction patterns of the CaO-based adsorbents

prepared: (a) CaO-CS sample, (b) CaO-BM sample, (c) CaO-Fe

sample, and (d) CaO-Ni sample.
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3.1. XRD patterns

Fig. 2 shows XRD patterns of CaO-based adsorbents prepared
by solution combustion and treated using a high-energy ball-

milling process. In this figure, all the prepared samples show
sharp and well-defined peaks that correspond to pure crys-
talline calcium oxide indexing to the crystalline cubic lime
(JCPDS No. 01-082-1690) file, showing all the corresponding

reflections: (111), (200), (220), (311), (222), (400), (331),
and (420). Additionally, other small crystalline structures
appeared as traces on the Ca(OH)2 (JCPDS No. 01-072-

0156) file, with reflections in (011), (012), (110); the Fe2O3

(JCPDS No. 00-033-0664) file, with reflections in (110); the
FeO(OH) (JCPDS No. 00-046-1315) file, with reflections in

(005); and the NiO (JCPDS No. 00-047-1049) file, with reflec-
tions in (200), per CaO material preparation. To be sure that
no organic radicals remained due to urea combustion, infrared

experiments were performed using a Nicolet 550 spectrometer,
which mixed the samples with KBr conventionally. The infra-
red spectra (figure not shown) did not show any band attribu-
table to organic urea residues. Therefore, it was inferred that a

complete fuel-to-oxidizer reaction occurred.
All produced CaO-based adsorbents were nanocrystalline

in nature, and their differences in structure mainly were due

to the preparation method. This shows that solution combus-
tion and ball-milling processes produce nanocrystalline materi-
als with different crystallinity. When CaO is prepared by
Please cite this article in press as: Granados-Pichardo, A. et al., New CaO-based ads
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combustion solution method at 800 �C for 5 min, the CaO-
CS sample (Fig. 2a) showed high crystalline lime structure with
high uniformity and intensity peaks, with the presence of Ca

(OH)2 as a trace residue attributed to the absorbed moisture
present in the atmosphere due to the hygroscopic nature of
CaO. This Ca(OH)2 structure fraction was observed for all

obtained CaO-based powders due to the same conditions
under which the fractions occurred. When the CaO-CS sample
was treated by high-energy ball-milling over 2.5 h, the CaO

crystalline structure changed (Fig. 2b), showing a remarkable
decrease in CaO peak intensity and widening, indicating that
a significant reduction in crystallinity had occurred by high-
energy ball-milling; this behavior can be due to the fragmenta-

tion and fracture of starting CaO particles, together with the
amorphization degree caused by the ball-milling process. As
expected, the CaO crystallinity was affected notably by the

high-energy ball-milling treatment, although a calcium oxide
nanocrystalline single phase was attained over 2.5 h of ball
milling. As the ball-milling time was increased to 10 h for this

sample, further reduction in crystallinity was observed through
XRD analysis (figure not shown). However, regarding the tex-
tural properties of these obtained CaO powders, the BET

specific surface area of the CaO sample that underwent ball-
milling over 2.5 h decreased from 50.73 m2/g to 3.87 m2/g after
being treated by ball-milling over 10 h. Furthermore, no signif-
icant refinement in particle sizes was observed, because fine,

discrete particles are not clearly visible in these samples, and
particle agglomerates were observed. Therefore, a reduction
in specific surface area for the CaO sample milled over 10 h

was generated, implying a smaller amount of active surface
sites available for CO2 adsorption. It is well known that the
specific surface area of an adsorbent affects its adsorption

behavior. Greater specific surface area leads to greater adsorp-
tion of the adsorbing gas on the solid. Consequently, a dra-
matic reduction in the specific surface area makes the solid

unsuitable for enhancing the capture of CO2 in this CaO
ball-milled over 10 h material. According to Suwanboon
et al. (2011), the XRD diffraction peaks can reduce and disap-
pear when the materials are milled over long periods, due to

the stress induced by the structural defects created during the
ball-milling process. The reduction in this sample’s crystallinity
can have a great influence on the CO2 capture efficiency, along

with other factors such as particle size and morphology, which
also will be determinants. Then, the CaO base adsorbent
formed during ball milling at 2.5 h was used for further char-

acterization and CO2 capture. Many studies have shown the
effects milling has on the crystal structure of solids (Reid
et al., 2008). The structure can be damaged by milling due to
the increase in coherent crystal length, which can be explained

as a function of the promoted mobility of atoms in the solid.
According to Valverde et al. (2014), when CaO is subjected
to multiple carbonation/calcination cycles, ball milling has a

great influence on the deduction of crystallization, which
favors diffusion and serves to promote recarbonation. This
observation can be in accordance with the mechanism of car-

bonation of CaO for CO2 diffusion through the CaCO3 pro-
duct layer formed by carbonation of imperfect CaO crystals.
On the other hand, XRD patterns of the CaO-Fe adsorbent

prepared by high-energy ball milling over 10 h (Fig. 2c) and
the CaO-Ni adsorbent prepared by high-energy ball milling
over 5 h (Fig. 2d) showed traces of Fe2O3, FeO(OH), and
NiO structures, with main peaks at 33.2� and 35.6� in 2h for
orbents prepared by solution combustion and high-energy ball-milling processes
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Figure 3 N2 adsorption-desorption isotherms of CaO-based

adsorbents: CaO-CS, CaO-BM, CaO-Fe, and CaO-Ni samples at

77 K, previously outgassed at 250 �C over 3 h.
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CaO-Fe and at 43.3� in 2h for CaO-Ni, respectively. These
samples produced Fe and Ni inter-diffusion in the CaO matrix,
facilitated by the ball-milling process. These results indicate

that the metallic elements diffuse into CaO, causing the forma-
tion of Fe2O3, FeO(OH), and NiO structures, respectively,
induced by thermal activation generated by the high-energy

ball-milling process (Shiri et al., 2014).
For crystallite sizes, the peak-width analysis from the prime

reflections with considerable intensities such as (111), (200),

and (220) of CaO-based adsorbents using Scherrer’s equation
revealed a crystallite size of 45.30 nm for the CaO-CS sample,
18.61 nm for the CaO-BM sample, 39.03 nm for the CaO-Fe
sample, and 27.34 nm for the CaO-Ni sample, respectively.

The CaO-CS sample exhibited the largest crystalline crystallite
size (45.30 nm) of all the CaO phases. This was attributed to
the high flame temperatures during the fast combustion pro-

cess caused by the reaction between Ca(NO3)2�4H2O and urea.
However, the fast combustion did not affect the position of the
crystals’ reflexions, as reported in the specialized literature.

The crystallite size of the CaO sample obtained through the
combustion solution and treated by ball milling for 2.5 h,
revealed a markedly decreased crystallite size of 18.61 nm,

due to repeated powder welding and fracturing caused by the
steel balls used in the ball-milling process. This is in line with
Granados-Correa et al.’s (2008) previous observations. This
implies that the particle size becomes smaller during milling

without the formation of a new phase. According to Biasin
et al. (2015), when a CaO sample has smaller crystallite sizes,
it shows a larger length of crystallite limits per unit of specific

surface area and consequently, a larger active specific surface
area for the occurring CaO-CO2 reaction during the CO2 cap-
ture process. On the other hand, the observed reduction in

crystallite size of the CaO-Fe and CaO-Ni nanocomposite
samples could be attributed to the protective covering that
the respective metals provided to CaO.

3.2. N2 physisorption measurements

The main surface characteristics of the four selected CaO-
based adsorbents prepared by solution combustion and high-

energy ball milling are shown in Table 1. As can be seen, the
specific surface area of the CaO-CS sample is large
(24.32 m2/g). This could be caused by cavities created on the

surface associated with the solution-combustion reaction
related to gas emissions during combustion and bubble explo-
sion forming craters and cavities, which can be observed in the

SEM micrographs (Fig. 5a). Such morphologies reveal the
presence of vapors that are liberated when the sample is
viscous (Granados-Correa et al., 2008). However, the BET
Table 1 Textural properties of CaO-based adsorbents obtained by

3 h.

Sample N2 physisorption measurements Pore s

ABET (m2/g) VTOT (cm3/g) Dp (nm) ABET m

CaO-CS 24.3 0.229 33.06 25.271

CaO-BM 50.7 0.548 38.48 52.124

CaO-Fe 28.4 0.211 44.92 28.957

CaO-Ni 10.2 0.199 44.92 8.789
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specific surface area of CaO increased twofold, from
24.32 m2/g to 50.73 m2/g after high-energy ball milling of
CaO for 2.5 h. The increased specific surface area is the result

of fracture creation and average particle-size reduction caused
by the ball-milling process (Bonifacio-Martı́nez et al., 2009). It
is well known that the high-energy ball-milling process gener-

ates high temperatures, which cause atomic inter-diffusion in
the raw structure that facilitates a homogeneous distribution
in a short time (Kostic et al., 1997). The milling treatment

led to an increase in the specific surface area due to those small
particles. Generally, an inverse proportionality between BET
specific surface area and particle size is assumed; therefore,
the ball-milling process in this case is essential to obtain large

specific surface areas. The CaO-Fe and CaO-Ni samples
resulted in a specific surface reduction of 28.489 m2/g and
10.209 m2/g, respectively. This phenomenon can be associated

with the mechano-chemical process, leading to sample com-
paction/shrinkage, and is accompanied by decreases in specific
surface areas. In addition, these CaO-Fe and CaO-Ni

nanocomposite results corroborate the negative effect of add-
ing some transition metals to the CaO structure. For example,
Ravikovitch and Neimark (2002) studied a new classification

of physical mechanisms of adsorption hysteresis in ink-
bottle-type pores and proved that a specific surface area reduc-
tion can be attributed to the blocked pores due to the deposi-
tion of the dopant particle into the material support structure.

However, the CaO-CS and CaO-BM samples exhibited larger
N2 physisorption measurements, samples degassed at 300 �C for

ize distribution (BJH)

esopore (m
2/g) VTOT mesopore (cm

3/g) Vmesopore fraction (%)

0.227 99.08

0.543 99.01

0.210 99.57

0.196 98.59
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Figure 4 Pore-size distribution of CaO-based adsorbents

obtained by BJH method for CaO-CS, CaO-BM, CaO-Fe, and

CaO-Ni samples.
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specific surface areas, which will be responsible for their rela-

tively better CO2 adsorption performance. The high concor-
dance between the specific surface area and adsorption
values indicates that a greater specific surface area could pro-
vide more contact areas to which the adsorbent particles can

be exposed to CO2, promoting the reaction of CaO with
CO2 (Hu et al., 2016). On the other hand, materials with nano-
metric pore diameters greatly increase the adsorption diffusion

path and the entrapment of CO2 in the adsorbent structure
while improving mass transfer during the adsorption/desorp-
tion process (Fennell et al., 2007). Thus, the specific surface

area, the pore-size distributions, and the morphology of
adsorbents are some of the parameters that cause reactivity
and adsorption effects, which determine their CO2 capture
Figure 5 SEM micrographs of (a) CaO-CS sample, (b) CaO
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application. Therefore, the main differences between the not-
ball-milled CaO and the ball-milled CaO samples must be
textural: Specific surface area and surface CO2 adsorption

properties must be different.
Adsorption isotherm curves for studied CaO-based adsor-

bents are presented in Fig. 3. When the amount of N2

adsorbed was plotted against the relative pressure, all CaO-
based samples resulted in BET type-IV isotherms, which indi-
cates that mesoporous solids were generated. In addition, type

H1 hysteresis loops were shown in the N2 adsorption-
desorption isotherm measurements, which indicates that they
were produced by either slit-shaped pores or particle agglom-
eration during sample preparation (Mangal et al., 2013).

CaO-based adsorbents’ pore-size distributions determined
by the BJH method are shown in Fig. 4. As can be seen, the
average pore diameter of CaO prepared by the combustion

solution sample without ball milling was 33.06 nm. However,
the average pore diameter of the CaO sample prepared by
solution combustion increased from 33.06 to 38.48 nm after

the ball-milling process over 2.5 h. This phenomenon usually
is described as a mechano/chemical process, leading to sample
compaction/shrinkage, which is accompanied by a decrease in

pore size. According to Bai et al. (2011), the fuel-to-oxidant
ratio had a significant influence on the pore-size distribution
of the combustion-synthesized powders, because the control
of the strong exothermal urea combustion is essential to form

porous materials. In this context, a molar ratio of chemical
precursor fuel to oxidizer (2:1) was used in agreement with
fuel-oxidizer mixtures and their elemental stoichiometric coef-

ficient (ue), which predicts the fuel richness or leanness of the
composition applicable to the multicomponent system in the
field of propellants and explosives. The combustion reaction

is classified as rich in fuel based on the total oxidizing and
reducing valences of the oxidizer and the fuel maintaining
the oxidized/fuel ratio’s unity (Mimani and Patil, 2001; Jain
-BM sample, (c) CaO-Fe sample, and (d) CaO-Ni sample.

orbents prepared by solution combustion and high-energy ball-milling processes
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Figure 6 TGA-DSC of CaO-BM sample after CO2 adsorption at

25 �C and 1 atm.
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et al., 1981; Patil et al., 1997). Combustion reaction is related
to the energetics of such mixtures to form a pore-extended
structure of solids, because this combustion technique requires

significant amounts of energy. In general, CaO-based
adsorbents have irregular pore-size distributions, showing a
bimodal pore-size distribution in the small mesopore range

(<15 nm) and in the large mesopore range (<30 nm). In this
context, the calculated mesopore fraction shown in Table 1
indicated that in all cases, more than 98% were mesoporous

materials (Dp < 50 nm) in concordance with the International
Union of Pure and Applied Chemistry (IUPAQ) pore
classification.

Fennell et al. (2007) established that a narrow pore-size dis-

tribution is expected to play an important role based on studies
on carbonation at high temperatures for calcium looping. On
the other hand, the small pores, especially those located near

the sorbents’ particle surface, are clogged, and this closure of
pores close to the particle surface prevents CO2 diffusion
toward the partially reacted core. Thus, obtaining mesopores

could play an important role in CO2 capture.

3.3. SEM analysis

The surface morphology and structural features of CaO-based
powder from combustion solution and ball-milling processes
are compared in Fig. 5. CaO combustion-solution sample mor-
phology (Fig. 5a) represents a characteristic voluminous and

fluffy combustion product with a coral-shaped morphology
and a rough and porous structure with some cavities, showing
an uniform and compact distribution of the particles. This

structure is obtained because of associated formations of mate-
rials with vigorous evolutions of the large volume of gases gen-
erated during the combustion reaction. The images obtained

from the CaO ball-milled sample over 2.5 h and their respec-
tive CaO-Fe and CaO-Ni composites (Fig. 5b–d) show a dom-
inant fragmentation pattern and surface irregularities with

certain well-squared, crystallized nanoparticles of agglomer-
ated CaO, which can be ascribed to the high pressure exerted
by the milling balls on the materials.

The CaO-Fe sample (Fig. 5c) showed an agglomeration of

small, square particles that can be attributed to the Fe2O3 for-
mation. The quantity of these square particles is low due the
low concentration of Fe used in the mixture. The CaO-Ni sam-

ple (Fig. 5d) showed agglomerated particles. However, this
material exhibited smaller-sized particles compared to the
other samples. Baird et al. (1992) demonstrated that when they

doped ZnO with transition-metal oxides, smaller particles of
ZnO were formed. This could be attributed to inter-diffusion
metal atoms in the ZnO matrix. The results above were consis-
tent with the XRD patterns and the crystallite size calculated

from XRD peak broadening using the Scherrer equation. In
general, irregular pore structures created by the fusion of
agglomerates are seen in the SEM micrographs. However,

BET specific surface area and total pore volume for CaO-
CS, CaO-Fe, and CaO-Ni provided in Table 1 confirm the dif-
ference among the three materials. EDS analysis was carried

out to study the elemental composition of these nanocrystals.
The analysis showed the presence of calcium and oxygen in
all CaO-based adsorbents. In the CaO-Fe and CaO-Ni sam-

ples, small quantities of the dopant metals, Fe and Ni, respec-
tively, appeared as less than 3% of the total weight. Finally,
Please cite this article in press as: Granados-Pichardo, A. et al., New CaO-based ads
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the doped CaO-based samples confirm the good distribution
between Ca and the metals, indicating the suitability of the
synthesis method for uniform dispersion of the metals in the

solid CaO particles.

3.4. CO2 capture performance-capacity of adsorbents

The four best CaO-based adsorbents chosen by their most sig-
nificant structural and textural properties were tested in terms
of CO2 adsorption capacity. First, the saturation time was

established using an arbitrary CaO-BM sample. Then, the
CO2 uptake increased rapidly in the first minute and reached
saturation 15 min after contacting the phases in the solid/gas

system. This clearly indicates a fast reaction stage due to the
fast reaction of CO2 on the outer surface of the CaO nanopar-
ticle to form the CaCO3 layer covering the CaO core. This
reaction continues through the structure fractures, until the

CaCO3 layer increases the diffusion resistance of CO2 to react
with the CaO core and thus decreases the reaction rate. How-
ever, after the relatively fast initial reaction, a slower reaction

stage controlled by diffusion into the pores or in the product
layer takes place, resulting in a slower reaction rate. This is
assumed to occur because the carbonation reaction in the

micropores is hindered by the limited space that restricts the
growth of CaCO3 (Alvarez and Abanades, 2005). Therefore,
all studies were conducted at 25 �C, 1 atm, and 15 min of sat-
uration time. The CO2 test results showed that the CaO-BM

sample exhibited the best CO2 adsorption capacity of
9.31 mmol/g, compared to the CaO-CS sample (6.35 mmol/
g), CaO-Fe sample (3.47 mmol/g), and CaO-Ni sample

(4.20 mmol/g). The CO2 adsorption performance differences
between the CaO-BM and CaO-CS samples can be ascribed
to the smaller crystal-grain size and fractures created by the

milling of the CaO-BM, which created a larger exposed specific
surface area, which was beneficial to the interaction between
CaO and CO2, producing a larger and thinner layer of CaCO3,

resulting in an easier diffusion of CO2. The high CO2

adsorption capacity (9.311 mmol/g) of the CaO-BM sample
could be attributed to the elimination of the external mass
transfer limitations that affect CaO carbonation. This occurs
orbents prepared by solution combustion and high-energy ball-milling processes
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because of the high gas velocity and CO2 atmosphere around
the CaO-based adsorbents’ particles, which support the high
CO2 intake rate attributed to the chemical reaction on the sur-

face. A two-step CO2 adsorption process takes place, accord-
ing to the literature (Li et al., 2012). For the first step, it is
proposed that the CO2 adsorption occurred at the solid surface

only (Step 1: CaO + CO2 ? CaCO3). Thus, the second step is
related to CO2 diffusion into the CaO particles, implying a
slow diffusion of CO2 below the surface but relatively fast

adsorption of CO2 onto the CaO surface, since CaCO3 gener-
ated at the surface layers was not sintered by thermal activity
because the adsorption temperature (25 �C) was lower than the
Tammann temperature (533 �C); therefore, CO2 adsorption on

the surface continued (Phromprasit et al., 2016). Previous
results (Rashidi et al., 2013), have showed that for CO2 capture
with CaO-based adsorbents, pores with a diameter narrower

than 150 nm are the dominant contribution to the carbonata-
tion reaction; these pores have a high surface area and reason-
able pore volume that can accommodate the bulky product,

CaCO3. Pores larger than 150 nm are expected to play a lesser
role. On the other hand, the CaO-Fe and CaO-Ni samples pre-
sented a smaller CO2 sorption capacity due to Fe and Ni

obstructions in the pathway of the active CaO sites. We
Figure 7 TGA-MS for relative molecular mass 44 (carbon dioxide) a

by (a) CaO-CS, (b) CaO-BM, (c) CaO-Fe, and (d) CaO-Ni.
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observed that the CO2 adsorption behavior of the CaO-
based adsorbents was affected by their crystallite sizes, specific
surface areas, pore volumes, and pore-size distribution. For

CO2 adsorption, the specific surface area works as a chemical
adsorption site for CO2 and carbonate formation through the
carbonation reaction described previously. The pore worked as

the diffusion path, and in terms of pore volume, the diffusion
resistance was the key factor in kinetic adsorption, because
CO2 adsorption increases when total pore volumes increase

and larger pore volumes experienced less diffusion resistance,
as stated by Lee et al. (2015a, 2015b).

As shown in Fig. 6, the TGA-DSC of the CaO-BM sam-
ple involved measuring the thermal variation associated

with the physical and chemical transformations (e.g.,
dehydration and decomposition) that occurred during the
heating of the CaO-BM sample. Typical thermal curves

obtained by DSC analysis showed two distinct stages of
weight losses: The first stage, at a temperature lower than
680 �C, attributed to the adsorbed water molecules, and

the second stage, between 680 and 750 �C, corresponded
to the molecular weight of CO2, implying that CaCO3 was
being decarbonized to CaO, until a complete CaO regener-

ation at 850 �C.
s a function of temperature of the CaO-based adsorbents obtained
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Figure 8 Representative FTIR transmittance spectra from (a)

CaO-BM sample, (b) CaO-BM degassed sample, and (c) CaO-BM

after CO2 adsorption process at 25 �C and 1 atm.

Figure 9 X-ray diffraction pattern of the CaO-BM sample after

CO2 adsorption process at 25 �C and 1 atm.
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Fig. 7 shows the thermogravimetric analysis linked to mass
spectrometry (TGA-MS) of the four selected CaO-based

adsorbents after CO2 adsorption at 25 �C and 1 atm over
15 min of equilibrium time, with the purpose of proving the
quantity of CO2 adsorbed during the carbonation process.

Experimental setup by using pure CO2 gas in a stainless reac-
tor Parr 4592 of 50 mL capacity coupled with a temperature-
controlled system was carried out at different atmospheres

and temperatures. Then, samples were taken from the system
and analyzed in a TGA thermogravimetric analyzer. Carbon-
atations were calculated from the calcination profiles of

TGA-MS analysis from 20 �C to 850 �C. The TGA-MS spec-
trum, showed the following decreases in weight percentage:
27.06 weight percentage for the CaO-CS sample, 40.28 weight
percentage for the CaO-BM sample, 14.46 weight percentage

for the CaO-Fe sample, and 17.48 weight percentage for the
CaO-Ni sample, respectively. In all cases, an endothermic peak
related to the theoretical losses in weight percentage of CO2

that is released during the calcination of CaCO3 was observed
and confirmed by the mass spectrometry analysis (Faatz et al.,
2004). In addition, the Fe and Ni added to the CaO apparently

did not affect the CaO de-carbonation process.
Different analytical methods, such as FTIR, XRD and

XPS, were carried out to investigate the carbonatation reaction
through a CO2 chemisorption mechanism, on the surface con-

dition of the CaO adsorbent prepared by solution combustion
at 800 �C over 5 min and treated by high-energy ball-milling
over 2.5 h (CaO-BM). In Fig. 8, three characteristics of FTIR

transmittance spectra were obtained using an IR Nicolette 550
spectrometer with a conventional method KBr disk from a
CaO sample prepared by solution combustion at 800 �C over

5 min and treated by high-energy ball milling over 2.5 h
(CaO-BM) without any pretreatment (Fig. 8a), from a CaO-
BM sample degassed at 300 �C over 30 min (Fig. 8b), and from

a CaO-BM sample after CO2 adsorption process at 25 �C and
1 atmosphere (Fig. 8c). In all, the FTIR spectra bands at 1430,
876, and 712 cm�1 are attributed to the CO3 group of calcite,
which are consistent with other results (Smith, 1999). In
Please cite this article in press as: Granados-Pichardo, A. et al., New CaO-based ads
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addition, the strong sharp band, which is characteristic of
the O-H stretching vibration in Ca(OH)2, occurs at 3643,
3430, and 1608 cm�1 in the spectra samples that contained

hydroxide. In the degassed sample (Fig. 6b), the broad band
around 1400–1500 cm�1, as well as a weak band at
876 cm�1, indicates the rapid formation of the carbonate from

the hydroxide (Legodi et al., 2001). The small band centered at
1784 cm�1 only appeared in the sample with CO2, which may
be assigned to monodentate carbonate (Philipp and Fujimoto,

1992). The band at 2314 cm�1 in all spectra indicates the exis-
tence of physisorbed carbon dioxide (Ding et al., 2015). Then,
based on these results, it is further demonstrated that the
adsorption mechanism of the CaO-BM2.5 h sample was

mainly relying on chemisorption accompanying with a very
small fraction of physisorption.

On the other hand, for the CaO-BM sample with CO2, a

typical XRD characterization was carried out to confirm the
CaCO3 formation. The XRD result showed principal peaks
that corresponded to the calcite structure (JCPDS No. 05-

0586) file and cubic calcium oxide (JCPDS No. 37-1497) file,
indicating less intensity. The X-ray diffraction pattern of
CaO-BM after CO2 adsorption (Fig. 9) showed a major peak

at 2h = 39.4�, indicating that calcite (CaCO3) is a major phase
of the sample. The CaO phase with 2h values of 32.3�, 37.4�,
53.9�, 64.2�, 67.375�, 79.665�, 88.525�, and 91.459� was found
in a smaller amount due to partial carbonation, which CaO

experienced during CO2 contact, which demonstrated the car-
bonate’s presence.

For surface analysis, Fig. 10 shows the high-resolution XPS

spectra of the three major elements on the CaO-BM sample
after CO2 adsorption, including carbon, oxygen, and calcium
elements showing high levels of carbon due to calcium carbon-

ate surfaces with high surface energy BE values (in eV) and the
atomic concentration (in percentages) of the elements of this
sample. The C1s signal shows the contributions assigned to

carbonate in 289.8 eV and 290.8 eV (Fig. 10a). The O1s signal
appears at 531.7 and 531.0 eV, corresponding mainly to cal-
cium carbonate (Fig. 10b). On the other hand, only one peak
at 347.3 eV in the Ca2p spectra was identified as a CaO rem-

nant on the surface (Fig. 10c). Apparently, it was shown that
31.71% of the carbonate was deposited on the CaO surface
orbents prepared by solution combustion and high-energy ball-milling processes
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Figure 10 XPS peaks of CaO after CO2 adsorption process, (a) C1s, (b) O1s, and (c) Ca 2p.
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after 15 min of CO2 exposure. About 18.31% of the Ca surface
was free from carbonate deposition, and the other 49.97% was

divided between CaCO3 and CaO. This carbonate occurred by
chemical reaction between the CaO surface and high concen-
trations of CO2 to form a weak and strong chemical bonding

on the metal surface. In general, the yield of formed CaCO3

shows that this material could adsorb CO2 very well at room
temperature and pressure.

3.5. Multi-cycle performance of CaO-BM adsorbent

Good adsorbent stability is necessary for CO2 adsorbent tech-
nological applications (e.g., in the CO2 capture of CaO-based

adsorbents in looping cycles). The CaO-BM sample was cho-
sen to test this parameter. As can be seen in Fig. 11 the increase
in the number of cycles does not have a significant impact on

the CO2 adsorption capacity. The results imply that after five
cycles, the modified adsorbent is stable, with CO2 capture
capacities of 9.23 mmol/g for the first cycle and 9.07 mmol/g
Please cite this article in press as: Granados-Pichardo, A. et al., New CaO-based ads
for CO2 adsorption: Textural and structural influences2 adsorption –>. Arabian Jou
for the fifth cycle, representing a 1.7% decrease. The adsorp-
tion runs were carried out using high purity CO2 (99.9%)

gas at 25 �C under atmospheric pressure while the regeneration
was carried out under helium flow from 20 �C to 850 �C. The
decrease in the conversion through reaction cycles was caused

by pore blockage and collapse, which induced greater CO2 dif-
fusion resistance because of the lower specific surface area and
small pores. According to the literature, when CaO is calcined
at 850 �C, sintering reduces the specific surface area and causes

the pores to shrink. Thus, the limiting factor for further reac-
tions is not pore blockage but rather the inhibition of CO2 ion
diffusion through the CaCO3 product layer (Li et al., 2012).

Our results indicated that the studied material is stable after
five cycles of CO2 capture. The original CO2 adsorption capac-
ity of CaO-BM sample was 9.31 mmol/g, and during the 1st

cycle of 9.23 mmol/g, these cyclic performance data indicate
that CaO-BM sample presented a low deterioration of their
CO2 capturing performance. Comparatively, CO2 adsorption

performance carried out at 25 �C and 1 atm of only their 1st
orbents prepared by solution combustion and high-energy ball-milling processes
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Figure 11 CO2 adsorption/desorption cycles of modified CaO-

BM sample at 25 �C and 1 atm with 15 min of saturation time. The

inset image is the 1st cycle adsorption of CaO-CS sample, CaO-Fe

sample, and CaO-Ni sample at 25 �C and 1 atm.
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cycle adsorption on the other three adsorbents studied in the
present work were inserted into Fig. 11. As was observed, their
1st recycle runs indicated that the CaO-sample decreased from

6.35 mmol/g to 6.255 mmol/g of CO2 adsorption capacity, the
CaO-Fe sample decreased from 3.47 mmol/g to 3.34 mmol/g,
and the CaO-Ni sample decreased from 4.20 mmol/g to
4.04 mmol/g respectively. Therefore, it can be concluded that

these studied materials are also stable for CO2 capture. Previ-
ous reports over CaO multicyclic loss of adsorbent activity
during carbonatation/calcination cycles are consistent with

our results and showed similar stability with an increasing
number of cycles (Kavosh et al., 2015; Kazi et al., 2014; Sun
et al., 2016; Valverde et al., 2014; Wang et al., 2014).

4. Conclusions

The results of this work highlight the advantages of using ball-milling

process during the preparation of CaO-based adsorbents in a short

reaction time. Using this process, it was possible to prepare a promis-

ing and stable CaO-based adsorbent for efficient CO2 capture due to its

improved structural and textural properties. The results show that the

ball-milling CaO-based adsorbent, of nanocrystalline and mesopore

structure, allowed high CaCO3 conversion from CaO when the sample

was subjected to a CO2 flow at 25 �C and 1 atm by CO2 intra-diffusion

over the CaO adsorbent surface. The observed beneficial effect of high

conversion from CaO to CaCO3 was attributed to nano-adsorbent’s

fluffy structure, significantly BET specific surface area, and large pore

volume. The CO2 adsorption process in the nanosized CaO-based

adsorbent obtained by solution combustion and treated by ball-

milling during 2.5 h (CaO-BM) was mainly by chemisorption with

an exothermic reaction forming CaCO3, accompanying with a very

small fraction of physisorption which was corroborated by FTIR,

XRD and XPS studies. The experimental results revealed that the

CO2 adsorption behavior on CaO-BM adsorbent is significant and a

feasible procedure can be deployed for the post-combustion CO2 cap-

ture, and that the ball-milling process plays a vital role to promote

their CO2 capture at ambient temperature and pressure, which was

showed by TGA-MS results. This is a desirable feature for the opera-

tion of a CO2 capture system as an important design consideration to
Please cite this article in press as: Granados-Pichardo, A. et al., New CaO-based ads
for CO2 adsorption: Textural and structural influences2 adsorption –>. Arabian Jou
minimize the energy expenditure. For future tests, the effect of higher

temperature on the performance of this system over CO2 adsorption

should be investigated.
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