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1. Introduction

Nanoparticles (NPs) are a group of materials made up of small particles that should
have at least one dimension less than 100 nm. These materials became exceedingly important
since their properties are highly influenced by their size that leading to various potential
applications. Many research works have been reported regarding the applications of different
metal oxide nanoparticles. Al,Oz nanoparticles have been suggested to enhance the mechanical
properties of cement[1]. Fe3O4, TiO2, CuO, and ZnO were reported as potential candidates for
antibacterial agents [2]. Metal oxide nanoparticles can be used as antimicrobial agents,

prospective drug delivery agents and in various other biomedical applications.

The metal oxide nanoparticles can be produced by using various methods such as
sol-gel [3-5], thermal decomposition [6-8], hydrothermal technique, combustion method,
co-precipitation technique [9], [10], biogenic method, precipitation method, two-step thermal
decomposition technique, one step multi-component synthesis [11], microwave synthesis [12]

and sonication method [13]. The metal oxide nanoparticles can be used to capture CO2 [14].

Carbon dioxide COz is a crucial player in the greenhouse effect. CO2 emission is mostly
attributed to the burning of fossil fuels, notably from coal power plants and industrial
operations. The growing quantity of CO- in the atmosphere negatively affects the environment,
especially in the form of climate change and global warming. One possible solution is to use
CO:> capture and storage (CCS) technology. The capturing of CO2 by using CaO-based
adsorbents has attracted industrial sectors due to the great theoretical capacity of CO:

capturing, cheap cost, and promising applications on a massive scale.

In synthesizing CaO nanoparticles, several variables synthesis should be addressed to
increase the sintering-resistant capabilities of CaO-based adsorbents, such as decreasing the
particle size, increasing the surface area and distributing CaO over an inert substrate, in

addition to surface modification [15].

Calcium oxide CaO is an important inorganic substance utilized in a range of different
applications attracting interest in the area of materials research. It has been utilized as a catalyst
[16-18], pellet for CO- capture and kinetic analysis [19-20], toxic-waste remediation agent, or
as an additive in refractory and paint industries [21]. CaO nanoparticles can be used as an
antimicrobial agent, a potential drug delivery agent, as well as in various other biomedical

applications. Due to its possibility to modify electrical and optical (dielectric) properties, CaO



was utilized as a constituent of composite or doped material in thin-film manufacturing. CaO
has been interested as a CO> absorber, owing to its excellent kinetics and substantial capturing
efficiency, even at weak CO; concentration environment [22—28]. But CaO is unstable and will
eventually interact with CO, to change back to CaCOsz when cooled back to ambient
temperature [29].

Hence, this study aims to optimize sustainable sorbent efficiency in long-term capturing
applications. Several techniques can be utilized to prepare CaO nanoparticles. The chemical
and physical characteristics of CaO can be modified to the nano level. Morphology, surface
area and capturing efficiency can be carefully managed under precise synthesis environments,

different parameters and favorably influence the sorbents’ reactivity [21, 28-31].



2. Literature Review

2.1 The synthesis of metal oxide nanoparticles

Metal oxide nanoparticles have been produced from different reagents by different
synthesis techniques, including precipitation, combustion, sol-gel, wet chemical, microwave,
mechanochemical, and hydrolysis. As the following; Al.Os nanoparticles were synthesized
using the precipitation technique from various reagents, including aluminum isopropoxide,
AI(NO3)3-9H.0 and AICI3:6H,0, as well as additional reactants, such as HCI, deionized
water, ethyl alcohol, ammonium hydroxide, and ethanol [32]. Furthermore, a solvent-free
hydrothermal-assisted calcination procedure using AI(OH)s was used to produce Al.O3

nanoparticles [33].

BeO nanopowder was produced using sol-gel, co-precipitation, and hydrothermal from
beryllium sulfate tetrahydrate and ammonium hydroxide [34-35]. Moreover, BeO nanofluid
was synthesized by polyacrylamide gel route from beryllium sulfate tetrahydrate [36]. Besides,
BeO was produced by using heat-treating method from the beryllium hydroxide at the
calcination temperature of 350-400 °C [37-38].

CaO has been produced by using different synthesis methods such as co-precipitation,
precipitation, thermal decomposition, sol-gel [39-41] and microwave synthesis. CaO could be
produced using different reagents such as CaCOs, Ca(NOz3)., CaClz, and NaOH. While, CdO
has been produced by co-precipitation [42—44], photochemical synthesis [45] and soft chemical
method [46] using cadmium acetate dihydrate Cd(COOCH)s: and NaOH. Furthermore,
CdO has prepared via green chemistry process [47] and hydrothermal synthesis [48]
using Cd(NO3)3-4H20.

CoO nanoparticles have been produced only at very high temperatures and transformed
to Co304 when it is cooled down in air. CoO nanoparticles are stable only in the unoxidized
environment [49]. Coz04 has been produced through different routes such as green synthesis
[50], liquid phase synthesis, precipitation, co-precipitation, electrospinning, an impregnation-
reduction, surfactant-assisted self-assembly, wet chemical, template-assisted, cotton template
route, sol-gel, hydrothermal or solvothermal, nonchemical and chemical bath deposition
method [51]. In the synthesis of cobalt oxides, different cobalt salts have been used as the
reactants, such as cobalt nitrate, cobalt sulfate, cobalt chloride and cobalt acetate [52-53]. CuO

nanowires, nanorods, and nano pellets have been mostly produced from copper chloride and



NaOH by using poly templating [54], wet chemical [55], hydrothermal [56] and sol-gel
methods [57-58].

Fe>O3 nanoplate and nanosheet have been produced by using spray pyrolysis technique
[59], photo-assisted electrocatalytic methanol [60], two-step hydrothermal synthesis [61] and
microwave hydrothermal synthesis [62]. Moreover, co-precipitation method, sonolysis
synthesis using FeCls and NaOH, gas decomposition, sol-gel, bulk solution, and
microemulsion are also mentioned as the synthesis methods of iron oxide nanoparticles [63].
Fe>O3 nanoparticles have been produced through the precipitation method from ferric sulfate

precursor and ammonium hydroxide [64].

MgO has been produced by using different routes such as green synthesis [65-66],
precipitation method from MgCl2 and NaOH [67], sol-gel, co-precipitation from Mg(NOz).and
ammonia solution [68-71] and solvent mixed spray pyrolysis technique [72]. MnO
nanoparticles with different shapes, such as nanocrystals, nanofibers, nanosheets, nanoclusters,
nanocubes and nanoflake have been produced by using different routes, such as thermal
decomposition from Mn(HCOO)2, Mn(CsHsN202)2, MnCl, [73-74] and sol-gel method [75].
NiO nanosheets have been produced from NiCl> and NaOH using thermal decomposition [76],
biosynthesis [77-78] and microemulsion method [79]. Furthermore, co-precipitation [80],
dehydration- decomposition [81], solid-state decomposition [82], microwave [83], isothermal
decomposition [84], ion diffusion [85], sonochemical method [86] and precipitation method
from NiCl> and urea [87] were also used. SnO nanosheets has been produced by using
isothermal synthesis [88], two step-chemical method from SnCl, and deionized water [89],
microwave-assisted-hydrothermal synthesis [90-92] and hydrothermal synthesis [93] from

SnClz and ammonium hydroxide.

ZnO nanoparticles have been produced by using different routes such as hydrothermal
process from Zn(NOs). [94], sol-gel method, solvothermal method, microwave-assisted
method, precipitation method, ultrasonic method, biological method, green synthesis method
[95]. ZnO has been produced from different precursors such as Zn(CHsCO2).-2H20, ZnCl and
Zn(NOs). with different reactants ethanol, oxalic acid, methanol, acetone, NaOH, and

butyl alcohol.

Table 2.1 shows metal oxides which produced using precipitation techniques from
metal chloride and NaOH reagents. Furthermore, metal oxides have been produced by using

different routes employing metal chloride and NaOH.



Table 2.1: Synthesis methods of metal oxide nanoparticles from different metal chloride

and NaOH
Composition Reagents Synthesis Calcination Crystallite | Size of Ref
of products method temperature size (nm) nano-
°C particle
nm
Al20s3 AICl; HCI/ precipitation 550-1100 30-100 [96-
Ammonia 98]
(NHg/
Ethanol 10-26
(C2HsOH)
[PVP

BeO Be(SO)4 NH4OH Co- 800-1200 20-66 [99]

precipitation
CaO CaCl; NaOH precipitation 600 48 150-200 | [100]
CaO CaCl, NaOH Co- 450 11 [101]

precipitation
Cdo Cd(COOCHs3) NaOH precipitation 500 21-33 [102]
Cdo CdCl; NaOH microemulsion 720 40 200 [103]
CdoO CdCl; NaOH sol-gel 11-24 70 [104]
CoO CoCl, NaOH precipitation 600-800 50 224 [105]
CoO CoCl; Na,COs Co- 500 100-200 [50]

precipitation
CoO CoCl; NaOH Green 600 650 [106]

Synthesis

CuO CuCl; NaOH precipitation 500 =~ 200 [56]
CuO CuCl; NaOH hydrothermal 105-150 25-66 - [58]
CuO CuCl; NaOH sol-gel 20 50 [107]
Fe,03 FeCls NaOH Co- 10 90-140 | [108]

precipitation
Fe,O3 FeCls NaOH Sonochemical 500 19 12-24 [109]
NiO NiCl; NaOH Hydrothermal 300-600 25-120 | [110-
111]
MgO MgCl, NaOH Spinning Disk 450-600 30-70 150 [68]

Reactor
SnO; SnCl; NaOH Hydrothermal | <300 =SnO [112]
solution not stable,
method > 400-700

Zn0O ZnCl; NaOH precipitation 16-22 300-500 | [113]
ZnO Zn(NQs)2 NaOH precipitation 50-70 25-34 [114]

Knowledge gap: There is no study describing the possible candidates of metal oxide

nanoparticles can be synthesized through the precipitation-calcination method from metal
chloride and NaOH.

As a theoretical approach, the possibility of producing metal oxides will be calculated through

precipitation-calcination method in this research.




2.2 Metal oxides nanoparticles for CO- capturing

CO; capture and storage (CCS) technology is the common techniques to reduce CO-
emissions [115]. Moreover, there are a few novel methods in development that are focused on
the periodic capturing of CO- using calcium-based sorbents and might possibly lower the
expense of CO: absorption significantly [116], and new zero-emission power generation
concepts using calcium-based sorbents as CO> capture materials (CCM), such as American
zero emission coal alliance (ZECA) process [117] and the Japanese hydrogen production by
reaction integrated novel gasification process [118]. Preliminary analysis showed that all of
these systems were economically attractive, particularly new zero-emission power generation
systems that can potentially achieve a power plant efficiency up to 70% even after CO; capture
[119]. Therefore, the development of calcium-based sorbents for these processes is technically
and financially interesting.

FeO, Fe203 and Fesz04 iron oxides have been investigated for CO> capturing process
[120]. K20 transformed to K.COsz in water and CO. environment [121]. Regarding the
thermodynamic data at 300 K, the Gibbs free energy value of carbonation for BeO is
1.665 kJ/mol. Therefore, it transforms into complex BeO instead of BeCOs. However, BeO
nanotube has been used for CO> absorption [122-123]. Li»O transformed to Li>.COs under CO>
environment at low temperatures; this decarbonation process works at 600 °C [124-125]. MgO
particles has been produced for carbonation at room temperature to 316 °C and decarbonation
process at 320-460 °C [126]. Na2O has better CO> absorption ability than Li-O and K>O for
carbon capturing [127]. The Gibbs free energy value of some reaction at 300 K have been
described [128-129].

MgO + CO2=MgCOz is -48.206 kJ/mol
CaO + CO; = CaCOs is -130.127 kJ/mol
SrO + CO2 =SrCOs is -188.805 kJ/mol

BaO + CO2 =BaCOs is -220.394 kJ/mol
Na20 + CO2 = Na2COs is -231.9 kd/mol
and K20+ CO2 =K2CO3 is -309.5 kJ/mol

Among those metal oxides (M = Mg, Ca, K, Na), MgO has less CO, absorption
capacity compared to CaO, K20 and Na20. CaO and MgO metal oxides have the capability of
carbonation- decarbonation process in several cycles. The carbonation process of MgO was

done at 25-100 °C [130-131]. NiO particles have the capability for carbonation- decarbonation



process when it is done at low temperatures [132]. ZnO particles have the capability for
carbonation- decarbonation process when the carbonation process is done at a temperature
range of 25-100 °C in air, under flowing CO> gas. Moreover, decarbonation process of ZnO
was done at 250-300 °C [133-134].

Knowledge gap: The missing information is the potential applications of metal oxide
nanoparticles for CO> capturing.

2.3 The synthesis of CaO nanoparticles and the characterizations

Pure CaO is an oxide that has a cubic lattice structure with anisotropic catalytic
properties and is often investigated as a component in catalytic powder materials or cement
[135]. CaO can also be used as a component of composite or doped material, while the
application fields become extended by thin film technology due to the possibility of modifying
electrical and optical (dielectric) properties. CaO nanoparticle is commonly prepared via bio-
directed synthesis of calcium oxide from limestone using honey and by a two-step thermal

decomposition method under ambient temperature.

CaO is also known as a dopant able to stabilize cubic zirconia [136] or hafnia [137] and
modify the refractive index of silicate glasses [138]. Due to its wide band gap (7.1 eV) [170],
high dielectric constant and ability to form solid solutions and ternary crystalline phases. CaO
and its ternary alloys can be considered as interesting dielectric gate materials, exhibiting high

mechanical and radiation resistance.

Few research groups have reported the synthesis routes of CaO nanoparticles by
thermal decomposition, combustion method, sol-gel, hydrothermal technique, co-precipitation
technique, biogenic method, two-step thermal decomposition technique, and microwave
synthesis. Generally, CaO nanoparticles are often produced via the thermal treatment of
Ca(OH)2 [139]. Ca(OH)2 normally decomposes at about 500 °C under atmospheric pressure.
The grain size of CaO grew faster as the calcination temperature and heating time
increased [140].

CaO nanoparticles are produced by the decomposition of CaCOs at a high temperature
greater than 900 °C [141] or by precipitation method using different reagents [142]. Calcium
oxide (CaO) nanoparticles were synthesized by sol-gel method [30]. The findings demonstrate
that spherical calcium oxide nanoparticles were produced with particle sizes 30-40 nm utilizing
the thermal-decomposition technique [143].



Two researchers [99-100] recently produced CaO nanoparticles by using CaCl, and

NaOH reagents through precipitation- calcination process. The calcination process was done

in the N2 environment. Figure 2.3-1 shows the XRD pattern of the produced CaO. Regarding
XRD pattern, CaCOz and Ca(OH)> have been detected in the produced CaO samples.

Moreover, TEM micrograph of CaO sample showed the morphology and the crystallite size

are on a micro-scale. SEM micrograph of CaO showed the morphology of the agglomerated

crystallite or particles on a micro-scale.
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Figure 2.3-1. The XRD diffractograms of CaO produced by the precipitation-calcination
method [99-100]

(a)
Figure 2.3-2. (a) TEM and (b) SEM micrographs of CaO powder produced by the

(b)

precipitation-calcination method [99]

Varying the synthesis techniques, all physical and chemical features of nano-CaO could

be modified. Shape, surface area and capture efficiency can be precisely regulated under

particular synthesis conditions [29]. The calcination temperatures of CaO from Ca(OH)2
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precursor are between 450- 650 °C [144-147]. The grain size of CaO increases rapidly when
the calcination temperature and heating duration are increased. To increase the sintering-
resistant capabilities of CaO-based adsorbents, several variables should be addressed, such as
reducing the particle size, increasing the surface area, distributing CaO over an inert substrate,
as well as surface modification [148].

Generally, CaO nanoparticles have been produced via thermal treatment of Ca(OH):
followed by calcination under N> atmosphere at 650 °C for 1 hr, decomposition of CaCOs at a
high temperature greater than 900 °C and precipitation method using different reagents. The
characterizations of CaO nanoparticles through different synthesis and different precursors are

shown in Table 2.2.

Table 2.2: The characterizations and syntheses of CaO nanoparticles using different precursor

Synthesis Precursor Characterization Ref
Method XRD SEM | TEM BET TG
size Particle | nm | Specific | Calcination
nm size surface | temperature
nm area °C
m/g
Co- Ca(NO3)2:6H20 15 <100 - - [142]
precipitation
Thermal- Ca(NOs3)2 14 - 14 - 700 [9]
decomposition
Microwave- Ca(NO3)2-4H.0 24 32 74.46 - [12]
assisted
Sonication- Ca(NO3)2-4H.0 139 - 95 - 700 [13]
assisted
Ultrasonic- C4HeCaOs 98.6 65-80 8.89 - [149]
assisted
Thermal CaCl,-2H,0 40 - 90 13.86 650 [150]
decomposition
Green- Eggshells, 23-40 86-117 - 8.0142 867 [151]
synthesis Ca(NO3)2
A facile carbon C12H24Ca0s5 14.75 94.4 - - 700 [152]
template
Solution Ca(NO3),-4H,0 39.03 - - - 700 [25]
combustion
Bio-Directed CaCOs 16-28 50 - - - [21]
Synthesis
Sol-Gel Eggshells 24.51 300 - - 700 [41]

Knowledge gap: The missing information is the possibility of producing CaO nanoparticles
by calcination in air. Moreover, to produce 100 % pure CaO and small particle size

(below 100 nm) could be considered.



2.4 Enhancing the properties of CaO by doping using different metal oxides

Doping CaO nanoparticles with various atoms is recognized as an essential way to boost
the capturing effectiveness and the stability of the sorbent materials [153]. Several research
studies have been done that exhibit superior characteristics of metal-doped CaO nanoparticles.
ZrO; doped to CaO was conducted to increase the sorption of CO [154]. The stability of
Zr-doped CaO sorbents is tested for CO» capturing that extended operation cycles with different
molar ratios. Zr-doped CaO nanoparticles act as a barrier against heating in high temperatures
and preventing CaO grain growth [155-157]. Potassium ion-doped calcium oxide
nanoparticles can be used as a solid catalyst for the transesterification of a variety of
triglycerides [158]. A series of metal dopants (M = Cr, Mn, Si, Cu, Ti, Co, Zr, and Ce) for CaO
have been characterized for their efficiency in CO. adsorption capacity and stability
[159-160]. Moreover, Ni ion-doped CaO nanorods were produced through wet chemical
method, which have better catalyst activity [161]. CaO-based sorbents doped with different
amounts of CeO> were synthesized through sol-gel method, producing special morphology and
small crystallite size of CaO; thus, the sorbent exhibited outstanding stability. The doping of
Ce0- also improved the sorbent's carbonation rate, resulting in a high capacity in a short period
of time [162]. Iron is an effective dopant to increase the capacity of calcium chloride [163] and

calcium compounds [164-166].

Iron (111) oxide decomposed from Fe(OH)s. Fe;O3 has been prepared from different
precursors using thermal decomposition method and precipitation method at low temperatures
[167]. Iron (I11) oxide and cobalt doped to CaO are used for the preparation of composite
materials [168 —170]. Fe ion-doped CaO was investigated at low-temperature conditions below
700 °C as a catalyst to absorb COo. Iron is an excellent element to improve both the catalytic
activity and the carbon deposition in catalytic examinations. The reaction of Fe2O3 and CaO
has enhanced the properties of CaO [171]. Iron oxide has been prepared using the precipitation
method from iron salt at 650 °C [172], co-precipitation, electrochemical, and many other
methods [173]. Fe203 can be used as a dopant to metal oxides. Fe2O3 doped CeO nanoparticles
were studied for the purification of manganese ions from the aqueous media through the
chemical precipitation method [174] and Cr(Il) removal from the waste water. Fe2O3 can be
used as an electrode material for electrochemical supercapacitors, sensors, catalysts, and
energy-related applications, absorbents for wastewater treatment. The application of Fe,Os was
used as an oxygen carrier and CHs as a reduction gas in CLC system as a solid lopping material.

Moreover, nickel oxide and cobalt oxide are also useful as looping material in the chemical
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looping combustions CLC techniques [175]. Fe2O3 was produced from FeClz.6H20 and NaOH
solution. NiO and CoO used for the carbon adsorbent NiO:CaO catalyst was prepared using
metal nitrate through a wet impregnation method that has been used for the synthesis of ceramic
materials [176]. NiCl, was applied as a reactant with NaOH to formed Ni(OH). [177].

CaO by doping of Na2COs has been investigated for more efficient sorption. Moreover,
the crystallite size is smaller than pure CaO [178]. CaO-based sorbents doped with varying
quantities of CeO. were produced by a sol-gel process which formed unique morphology and
CaO minute crystallite size. Therefore, the sorbent demonstrated exceptional stability. The
doping of CeO; also increased the carbonation rate of the sorbent, resulting in a high capacity

in a short amount of time.

Iron (I1) oxide, iron (I11) oxide, nickel (I1) oxide and cobalt (1) oxide are the most
suitable metals which can be used for doping to CaO. Those metal oxides have more positive
Gibb’s free energy than calcium oxide, which may increase the stabilization of CaO. The
doping of different elements that rely on Gibb’s free energy to CaO can be controlled by the

capacity of the carbonation.

Knowledge gap: There is no study to describe the characterizations of the metal oxides doped

CaO nanoparticles through precipitation-calcination method.

2.5 Absorption of CO. by CaO nanoparticles

The use of calcium-based sorbents for CO. absorption was primarily done through

capture/regeneration loops of CaO utilizing the following reaction:
Ca0 +CO2 <« CaCOs

The capturing operation is a chemical process. Generally, at 650 °C under ambient pressure of
COa. As a result, CaO and CaCOs are formed in the process. The carbonated sorbent is then
exposed to the regenerator for decarbonation, an operation that normally happens at 900 °C
under ambient pressure. The decarbonation of CaCOs is performed utilizing external heating
or internal heating from power stations. Several researchers have examined the utilization of
CaO from naturally occurring materials, such as limestone and dolomite. Nevertheless, such
sorbents support the issue of loss-in-capacity, i.e., the capacity of CO, absorption drop

significantly after a few rounds of reaction/ regeneration [179].

The phenomenon has been largely related to the heat treatment of the CaO and CaCO3

during the regeneration phase. The regeneration temperature is as high as 900 °C and
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substantial sintering of CaCOs particles takes place, which promotes agglomeration of crystals
and exchanges the surface area and pore volume. The speed of the gas-solid reaction
consequently deteriorates dramatically with increasing rounds of reaction/regeneration. The
transformation generally decreases to a residual after extended rounds of reaction/regeneration
[180]. The loss-in-capacity issue must be overcome before the use of calcium-based sorbents

become common.

Six strategies have been offered to address this challenge in the literature, involving:
(i) developing better calcium precursors to create CaO sorbent, (ii) employing various calcium-
based natural occurring materials like dolomite and hematite [181] or alternative calcium
sources like shell [182], (iii) producing a customized CO> sorbent like CaO from precipitated
CaCOs (PCC) [183], (iv) optimizing the porosity of CaO by hydration process [184];
(v) altering CaO-based sorbents [185] and (vi) generating novel CaO based sorbents at elevated
temperature [186-188].

Undoubtedly, calcium precursors are particularly significant in the manufacture of
calcium-based sorbents. The features of CaO sorbent, which decomposed from nanosized
CaCOz (40 nm) possess CO capturing capabilities with a high residue and carbonations at
650 °C. The variations in the absorption capacity for numerous CaO dissociated from calcium
nitrate tetrahydrate, calcium hydroxide, calcium carbonate, and calcium acetate monohydrate.
They demonstrated that CaO degraded from the organometallic precursors such as calcium

acetate monohydrate. That has better to apply than other calcium precursors in CO> absorption.

CaO was prepared from CaCOs with the decomposition temperature above 900 °C.
The development of CaO-based adsorbents decreases over several cycles of CaO
carbonation/calcination [189-191]. CaO rapidly degrades due to the application of the sorbent.
The CO2 capturing of CaO sorbent was done at high temperatures between 550-800 °C.
The CaO nanoparticles have comparatively high absorption efficiency and capabilities of

multiple carbonations and decarbonation cycles.

The use of CaO nanoparticles as CO2 absorbance has excessively reduced the sorption
capacity and renderability of the pure sorbent. The reduction in CaO reactivity (and hence the
level of transformation) has been ascribed mostly to heat treatment of the CaO particle
throughout the carbonation cycle. The reducing of the surface energy of the grains induced by
reducing their surface area or increasing their particle size that is the driving factor for sintering.

Reduced surface area leads to a decrease in the number of active sites accessible for the
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carbonation process [192], the development of a CaCOs deposit on the sorbent surface, as well
as preventing CO> diffusion and absorption [193]. As a consequence, a substantial amount of
inactive CaO cycles through the calcium looping system are produced, increasing capital and
operational expenses [194].

To increase the performance of CaO-based sorbents, several approaches have been
suggested, including pore structure manipulation and new metal doping. The use of sintering-
resistant inert supports as CaO dopants (Si, Ti, Cr, Co, Zr, and Ce) is widely established. This
includes spreading CaO in a stable, solid matrix composed of the inert substance, so preserving

the accessible active surface layer of CaO, and reducing conversion loss with cycling [195].

The Tammann temperature may be used to predict a material's tendency to sintering.
The following equation describes the relationship between Tammann(T) and melting
temperatures Trm using the unit of kelvin K:

Tr = 0.5 T,

As a result, supporting materials having melting temperatures greater than
CaC03(1339 °C) would potentially provide sintering resistance to the sorbent [196]. Some
researchers believe that this semi-empirical association is oversimplified. Since the
commencement of sintering is affected by other parameters such as particle size and shape and

the degree of porosity.

Additionally, calcium aluminates have repeatedly been found to resist sintering while
having a relatively low Tammann temperature [197]. The investigation of inert support
materials involving a variety of refractories of Zr [198], Al [199-200], La [201], Mg [202] and
Y [203] dopants has resulted in sorbents that function well for CO2 collection. By using the
flame spray pyrolysis (FSP) technique, CaO/CaZrOsz has been produced and investigated the
impact of various zirconia loadings on the capture mechanism [204]. Additionally, CaO
absorbent may be utilized to capture CO: at high temperatures and SO conditions [205].

CeO: is an excellent inert material with a Tammann temperature of 1064 °C, which
may similarly be integrated into CaO. Lately, there is no more scientist studying this subject
through the use of a co-precipitation technique; a number of metal-doped calcium-based
sorbents, such as Cr, Mn, Cu, Ce, and Co, have been developed. Some researchers examined
the effects of Al, W, Hf, Ce, and Y on the Zr/Ca sorbents' ability to trap particles. While the
comparison of Zr/Ca sorbent and Ce-doped Zr/Ca sorbent did not exhibit any clear positive
impacts. At 700 °C, CaO, CeZr-doped sorbent was integrated with CexZrl-xO, and
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LaAlyMg1-yOs. The research has not investigated the effect of CeO2 on the long-term viability
of CaO-based sorbents for CO> collection. Therefore, an examination using the CaO-based

sorbents doped with CeO: for CO2 collection is still required [162].

The objective of this study is to provide some new findings regarding the precipitation-
calcination process of producing CaO nanoparticles. The product is characterized using a
variety of analytical methods, and the outcomes of CO. absorption studies at lower

temperatures are also reported.

Knowledge gap: (i) The missing information is that is it possible to capture CO> at low
temperatures? (ii) Moreover, can metal oxide-doped CaO nanoparticles control the stability of

CO- capturing at low temperatures?

2.6 Scientific Goals

In this research, two main categories are contained: the theoretical calculations of the metal
oxide nanoparticles and the experimental results of the produced nanoparticles.

- Based on a theoretical strategy, to calculate the possibility of the metal oxide
nanoparticles by using precipitation-calcination method from metal chlorides and
NaOH.

- To suggest the possibility of producing different metal oxide nanoparticles based on
theoretical calculation. Moreover, to experimentally produce different metal oxide
nanoparticles using the precipitation-calcination process, including CaO, CoO/Co0304,
NiO, Fe,O3 calcination in air.

- To produce three different metal oxides doped to CaO by using precipitation-
calcination method.

- To analyze the characterizations of pure CaO and the metal oxides (CoO/C030s, NiO
Fe>03) doped CaO nanoparticles. The samples will be characterized using different
characterization methods such as Scanning Electron Microscope (SEM), Transmission
Electron Microscope (TEM), X-ray Diffraction (XRD), Energy Dispersive
Spectroscopy (EDS) and BET analysis of the specific surface area and pore size.

- Toanalyze the capturing of CO2 and compare the absorption capacity of pure CaO and

three different metal oxides doped CaO nanoparticles.
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3. Theoretical calculation of the metal oxide synthesis through the
precipitation-calcination method

As an example, the synthesis of CaO nano-particles by adding NaOH solution dropwise

to CaClz solution and forming Ca(OH)2 precipitates, and after washing-filtering it to calcine it

to form CaO. This was done to capture CO, with the formation of CaCOs. Firstly, NaOH is

indeed a suitable reagent. There are several reasons for that:

1. NaOH is a bulk and cheap reagent. It is produced as a side product of the PVC industry,
where they produce Cl, gas on the anode by electrochemical disintegration of NaCl from a
water solution and forming NaOH on the cathode. The huge amount of NaOH formed nearby
to Miskolc in Kazincbarcika at BorsodChem / Wanhua chemical plant makes NaOH a cheap

reagent.

2. NaOH has good solubility in water: 100 g/100 g of H20 at 25 °C. The molar mass of NaOH
of 40.0 g/mol provides 10.5 M solubility at 0 °C and 86.8 M solubility at 100 °C.

3. The product of the reaction with NaOH is NaCl. From the initial 2 M NaOH solution,
a maximum of 2 M NaCl solution is formed. Its solubility is 36 g/100 g of H2O at 25 °C. The
molar mass of 58.4 g/mol of NaCl is 6.1 M at 0 °C and 6.70 M solubility of NaCl in water.
Therefore, 2M of NaCl is much lower than its soluble molarity in water. In the reaction, NaCl

will not co-precipitate with the hydroxide product and will not contaminate it.

4. During the reaction, NaOH is converted into NaClj; it can be done efficiently if the difference
between their molar standard Gibbs energies is as negative as possible. The molar standard
Gibbs energy of the formation of NaCl is -383.9 kJ/mol (300 K) and -374.6 kJ/mol (400 K).
The molar standard Gibbs energy of the formation of NaOH is -379.5 kJ/mol (300 K) and
-363.8 kJ/mol (400 K).
Thus, the molar standard Gibbs energy change accompanying the transformation of NaOH into
NaCl is -4.4 kJ/mol (300 K) and -10.8 kJ/mol (400 K).

Therefore, it will help the transformation of other chlorides into hydroxides. The
calculation of the following steps is based on the CRC Handbook of Chemistry and Physics
[206] and Barin Thermochemical Data of Pure Substances [207].
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3.1 Condition 1. Existence and solubility of a stable chloride for a given metal

The reaction takes place between an aqueous solution of the metal chloride (MCly) and
NaOH. The first condition is whether the given metal has a stable chloride and whether its
solubility in water is sufficient. To be sufficient, the solubility should be larger than the planned
concentration. The planned concentration should be taken in stoichiometry with 2 M NaOH.

Thus, for MCly, the required solubility,
Sr(MClx) =2/xM Eq 3.1-1

Where S, = required solubility in molarity M, x = the positive integer.
If MClx = CaClz, X = 2; sycaciz) =2/X=1M

Thus, the solubility of MClIx should be higher than 2/2 =1 M. Its actual solubility is
81.3 g/100 g of H.O at 20 °C. But the solubility given in g/100g of H,O, the unit can be
recalculated to the unit of molarity M.

SagmyMclx) = Sagmclx - 10/ Mycix Eq3.1-2

Where s mymcixy = the actual solubility of metal chloride with unit molarity M,
SamMmcix = actual solubility of metal chloride with unit g/100 g of H20,

Mumcix = molar mass of metal chloride with unit g/mol.
As these values are higher than the required value of 1 M, M = Ca obeys the condition.

In Table 3.1.1, the metal chlorides are listed that have sufficient solubility for this
technology: M = Al, Au (111), Ba, Be, Ca, Cd, Co (Il), Cs, Cu (I1), Fe (I11), Fe (1I), In (1), K,
La, Li, Mg, Mn (I1), Na, Nd, Ni (I1), Pr, Pt (IV), Rb, Sb (l11), Sm (lI1), Sn (1), Sr, Y, Zn. These
are altogether 29 chlorides for 29 metals. The metals which do not obey condition 1 are:
M = Ag (1), Au (1), Cu (1), Hg (1), Hg (I1), Pb (1), Ra, Tl (I), as seen in Table 3.1.2. These

metals are excluded from further consideration.
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Table 3.1.1:

Metals chlorides with high enough solubilities obey condition |
SrMClx Sa(g)(MCIx) Mumcix Sa(M)(MClx)
M X (M) g/100g H20 (g/mol) (M)
Eq3.1.1 Eq3.1.2
Al 3 0.67 45.1 133.33 3.38
Au 3 0.67 68 303.35 2.24
Ba 2 1 37 208.2 1.78
Be 2 1 715 79.91 8.95
Ca 2 1 81.3 110.98 7.33
Cd 2 1 120 183.3 6.55
Co 2 1 56.2 129.83 4.33
Cs 1 2 191 168.35 11.35
Cu 2 1 75.7 134.45 5.63
Fe 2 1 65 126.75 5.13
Fe 3 0.67 91.2 162.2 5.62
In 3 0.67 195.1 221.15 8.82
K 1 2 355 74.55 4.76
La 3 0.67 95.7 245.25 3.90
Li 1 2 84.5 42.39 19.93
Mg 2 1 56 95.21 5.88
Mn 2 1 77.3 125.84 6.14
Na 1 2 36 58.44 6.16
Nd 3 0.67 100 205.55 4.86
Ni 2 1 67.5 129.59 521
Pr 3 0.67 96.1 247.25 3.89
Pt 4 0.5 142 336.9 4.21
Rb 1 2 93.9 120.92 7.77
Sh 3 0.67 987 228.15 43.26
Sm 3 0.67 93.8 256.75 3.65
Sn 2 1 178 189.6 9.39
Sr 2 1 54.7 158.52 3.45
Y 3 0.67 75.1 195.26 3.85
Zn 2 1 408 136.28 29.94
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Table 3.1.2: Metals chlorides with not sufficient solubilities which do not obey condition |

SrMClx Sa(g)(MClx) Mmcix Sa(M)(MClx)
M X (M) 0/100g H.0 | (g/mol) (M)

Eq3.1.1 Eq3.1.2
Ag 1 2 0.00019 143.32 1.33E-05
Au 1 2 0.000031 232.42 1.33E-06
Cu 1 2 0.0047 98.99 4.75E-04
Hg 2 1 7.31 271.52 0.23
Hg 1 1 0.0004 472.09 8.47E-06
Pb 2 1 1.08 278.1 0.04
Ra 2 1 24.5 296.09 0.83
TI 1 2 0.33 189.68 0.02

3.2 Condition 2. Spontaneous reaction between metal chloride and NaOH

The reaction is written as:

MClx + x NaOH = x NaCl + M(OH)x Eq3.2-1

Where MClx = metal chloride, x = positive integer, M(OH)x = metal hydroxide. This reaction
will be spontaneous if the standard molar Gibbs energy change accompanying this reaction is
as negative as possible. As there are (1+x) moles on both sides of the above reaction, the
concentration ratio of M(OH)x / MCl is the (1+ x) root of the equilibrium constant of reaction
3.2.1. To have a sufficient driving force for this reaction, which is needed for fast reaction and
that is needed for fast nucleation and that is needed for nano-structure, at least 100 should be
the ratio of concentrations M(OH)x / MClx. So, the equilibrium constant of reaction (3.2-1)
should be K = 100*** From here, the standard Gibbs energy change of reaction (3.2-1) should

be more negative than the following value.

ArGl(")equired =- 4-61RT(1+X) Eq 3.2-2
where ArG‘r)equired = the required Gibbs free energy value for the reaction with unit kJ/mol,

R = gas constant value with unit Jmol*K, T= Temperature with unit K.
If M = Ca and x = 2, the standard Gibbs energy change of reaction (3.2-2) should be
more negative than -115T, i.e. for T = 300 K, it should be more negative than -34.5 kJ/mol.

Ar1G® = (AGyomx - ArGrcix ) Eq3.2-3

Ar2G = (AfGRaon - ArGRact) Eq 3.2-4
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The calculation of Gibbs free energy value for the reaction 3.2-1 is;

Ar3GO = A, GO - XA, GO Eq3.2-5
where A G? , A,G° AG° = Gibbs free energy value for the reaction with unit kJ/mol,

AfGl‘\’,[(OH)X: the standard molar Gibbs energy of formation of metal hydroxide with unit kJ/mol,

AfGoyclx = the standard molar Gibbs energy of formation of metal chloride with unit kd/mol,
AfGR,on = the standard molar Gibbs energy of formation of NaOH with unit kd/mol,
AfGRac) = the standard molar Gibbs energy of formation of NaCl with unit kd/mol.

The standard molar Gibbs energies of the formation of CaClz, A;G2,; is -747,8 kd/mol
(300 K). For Ca(OH)z, Anga(OH)Z is: -897.9 kJ/mol (300 K). Thus, converting CaCl> into
Ca(OH). is accompanied by the molar standard Gibbs energy change = -150.1 kJ/mol (300 K).
Comparing it to the above values, the molar standard Gibbs energy change accompanying the
transformation of NaOH into NaCl; A.,G° is -4.4 kJ/mol (300 K). The standard molar Gibbs
energy change of (3.2-3) for CaCl; (300 K) is -150.1 — 2 * (-4.4) = -141.31 kJ/mol.

The value of standard molar Gibbs energy change is more negative than the above-
mentioned criteria (-34.5 kJ/mol at 300 K). Therefore, as a conclusion, M = Ca condition 2
is also obeyed.

In Table 3.2.1, the metals are listed for which condition 2 is also obeyed from the above
list of 29 chlorides (for which condition 1 is obeyed): M = Al, Au (l1), Ba, Be, Ca, Cd, Co (II),
Cu (1), Fe (I11), Fe (1), Li, Mg, Mn (11), Ni (11), Sb (111), Sn (1), Sr, Zn = 18 chlorides for 18
metals. The metals which do obey condition 1 but do not obey condition 2 are: M = Cs, In (111),
K, La, Na, Nd, Pr, Pt (IV), Rb, Sm (I1l), Y as seen in Table 3.2.2. These metals are excluded

from further consideration.
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Table 3.2.1: A.G (kJ/mol) for the required and the actual value of the reactions at T = 300K

from reactions 3.2-5, which obey condition 2 (passed condition 1 from Table 3.1.1)

A, GO AGY i 0
M x| At AGcons Egla.z.a :Eqresq;rzed EA<;33C.;2-5
Al | 3| -6295 1113738 -508.32 4599 | -495.12
Au | 3| -473 -316.2 -268.80 4599 | -255.60
Ba | 2| -809.9 -858.9 48.96 3449 | -40.16
Be | 2| -4492 815.4 -366.19 3449 | -357.39
Ca | 2| -7478 -897.9 115011 3449 | -14131
Cd | 2| -3436 47322 -129.61 3449 | -120.81
Co | 2| -2694 4536 1184.25 3449 | -175.45
Cu | 2| -1735 3585 1184.97 3449 | -176.17
Fe | 2| -302 4865 1178.37 3449 | -169.57
Fe | 3| -3335 -695.7 -362.18 4599 | -348.98
Li | 1| -3839 4232 54.81 2300 | -50.41
Mg | 2 | 5918 833.1 31331 3449 | -30451
Mn | 2 | -440.2 | -608.14[208] | -170.23 3449 | -161.43
Ni | 2| -2588 452 [208] -188.42 3449 | -179.62
Sb | 3| -322 “644.4 [209] -322.30 4599 | -309.10
Sn | 2| -2859 | -49386[210] | -594.59 3449 | -585.79
Sr | 2| -779.65 -880.5 285.79 3449 | 29459
Zn | 2| -369.1 1553.2 [211] -184.13 3449 | -175.33

Table 3.2.2: A.G kJ/mol for the required and the actual value of the reactions at T = 300K from

reactions 3.2.3, which do not obey condition 2 (passed condition 1 from Table 3.1.1)

0 0 ArlGO ArGge uired Ar3G0
Mo x| ArGman | Arimconx Eq323 | Eq 322 Eq3.2-5
Cs | 1 | -4142 3704 43.778 223.00 48.178
In | 3 | -4617 - i - i
K | 1 | -4086 3786 29.981 223.00 34.381
La | 3 | -9949 - i - i
Na | L | -3839 3795 4.356 223.00 8.756
Nd | 3 | -966.1 - i 45.99 i
Pt | 4 | -1633 - i - i
Pr | 3 | -9803 - i - i
Rb | 1 | -4076 - i - i
Sm | 3 | -7659 - i - i
Y | 3 | 9273 - 43.778 - i
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3.3 Condition 3. Fast precipitation of metal hydroxide

The metal hydroxide formed in the previous step should precipitate fast in order to form
nano crystallite. For that, the solubility of metal hydroxide should be much lower than actual
concentration. The concentration of metal hydroxide is a maximum about 1/x M (supposing
the same volume of NaOH solution is added to the same volume of metal chloride solution).
To make sure the precipitation is fast, it is required at least 10 times less solubility, i.e.,
below 0.1/x M.

S(required)M(oH)x = 0.1/ X M Eqg 3.3-1
Where s(requiredym(omx = the required solubility of metal hydroxides with unit molarity M.

For Ca(OH)., x = 2, so actual solubility should be below 0.05 M in water. The actual
value s,(g)(cacon)z) With unit g/ 100 g of H20 is 0.16 g/ 100 g (20 °C). The unit should be
recalculated to molarity. Therefore, the actual solubility Ca(OH). with unit molarity is,
SaM)(cacon)z) = 0.0250 M (0 °C) and 0.010 M (100 °C). As that value is below the required
of 0.05 M, M = Ca, obeys condition 3.

Those metals which obey this condition are listed in Table 3.3.1. Their hydroxides are
expected to precipitate speedily: M = Al, Au (I11), Be, Ca, Cd, Co (I1), Cu (1), Fe (I11), Fe (11),
Mg, Mn (I1), Ni (1), Sb (I11), Sn (11), Zn = 15 hydroxides of 15 metals. This is less than after
condition 2; the missing metals are: Ba, Li, Sr. Those metals which do obey condition 2 but do
not obey condition 3 as seen in Table 3.3.2. These metals are excluded from further

consideration.

21



Table 3.3.1: The metal hydroxides that have low enough solubility in water at T = 300K which

obey condition 3 (passed condition 2 from Table 3.2.1)

M X Sa(g)(M(OH)x) | Mm(omH)x S(required)M(OH)x | Sa(M)(M(OH)x)
g/ 100g H20 g/mol M M

Al 3 0 78 0.033 0

Au 3 0 247.9 0.033 0

Be 2 0 43.01 0.050 0

Ca 2 0.16 74.1 0.050 0.022

Cd 2 0.00015 146.4 0.050 1.02E-05

Co 2 0 92.9 0.050 0

Cu 2 0 97.6 0.050 0

Fe 2 0.000052 89.9 0.050 5.78E-06

Fe 3 0 106.9 0.033 0

Mg 2 0.00069 58.3 0.050 1.18E-04

Mn 2 0.00034 88.9 0.050 3.82E-05

Ni 2 0.00015 92.7 0.050 1.62E-05

Sb 3 0 172.78 0.033 0

Sn 2 0 152.7 0.050 0

Zn 2 0.000042 99.42 0.050 4.22 E-06

Table 3.3.2: The metal hydroxides that have low enough solubility in water at T = 300K which

do not obey condition 3 (passed condition 2 from Table 3.2.1)

M Sa(@)(MOH)x) |  Mm(oH)x S(required)M(OH)x | Sa(M)(M(OH)x)
g/ 100g H.O g/mol M M

Ba 491 171.3 0.050 0.29

Li 125 23.9 0.100 5.23

Sr 2.25 121.6 0.050 0.19

3.4 Condition 4. Ability of metal hydroxide to convert into metal oxide upon

heating

The following chemical reaction is expected that metal hydroxide converts to metal

oxides:

Casel:ifx=even (2,4,6...)

Case ll: ifx=o0dd (1, 3, 5....)

M(OH)x = > Hz20 + MOx
2

2 M(OH)x = x H20 + M, 04
If x = 2, the reaction 3.4-1 can be written: M(OH). = H.O + MO
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As the only gaseous component of the reaction equation, 3.4-1 and 3.4-2 are on the
right-hand side; this reaction will be shifted to the right with increasing temperature. Therefore,
it is expected that at least some of the hydroxides will thermally decompose at a higher
temperature. This reaction should take place spontaneously, preferably without using vacuum,
at a reasonably low temperature, meaning at least below half of the melting point of metal
oxide, denoted as T* or Tt (Tammann temperature). Meanwhile, Tt is the same as the
decomposition temperature of metal hydroxide. As above this temperature, the nano-particles
will easily sinter and lose their nanostructure. The decomposition temperature of equations
3.4-1 and 3.4-2 are known. Moreover, the decomposition temperature of metal hydroxides
should be in a reasonable engineering range, not above 1500 K.

For M(OH)x, M = Ca, x = 2. The decomposition temperature of Ca(OH)2 , Tp(cacon)2)
is about 823 K < 1500 K. Therefore, the decomposition temperature is within the range of

common temperature as an engineering point of view. Moreover, the melting point of CaO,
Tm(caoy = 3171 K, half of it, % m(ca0)= 1585 K > 823 K. Thus, condition 4 is obeyed for
M = Ca, where Tpw(om)x) = the decomposition temperature of metal hydroxides with the unit

kelvin K, Ty, mox) = the melting point of metal oxides with the unit kelvin K.

Table 3.4.1 shows the metals which obey this condition and using the technology;
chloride + NaOH = hydroxide + NaCl + washing + precipitation of hydroxide + calcination
leading to an oxide; the following 13 oxides can be produced. M = Al, Be, Ca, Cd, Co (II),
Cu (1), Fe (111), Fe (11), Mg, Mn (I1), Ni (1), Sn (I1), Zn = 13 oxides of 13 metals. The metals
which do not obey this condition: Au (I11), Sb (I11) as seen in Table 3.4.2.
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Table 3.4.1: Ability of metal hydroxide to convert into metal oxide upon heating which obeys

condition 4 (passed condition 3 from Table 3.3.1)

| | TmMOxor Tn MOy 5[ Tm MOx or T M20x] | To M(OH)x
K K K
Al | 3 2326 1163 [212-214] 473-873
Be | 2 2850 1425 473-500
Ca | 2 3171 1585.5 823
cd | 2 1700 850 403
Co | 2 2103 1051.5 433
Cu | 2 1719 859.5 353
Fe | 2 1650 825 [215] 523-623
Fe | 3 1838 919 523-923
Mg | 2 3098 1549 [67] 605
Mn | 2 2112 1056 [216-218] 300
Ni | 2 2228 1114 503
Sn | 2 1080 540 [219] 250-500
Zn | 2 2248 1124 413

Table 3.4.2: Ability of metal hydroxide to convert into metal oxide upon heating which do not

obey condition 4 (passed condition 3 from Table 3.3.1)

Tm MZOX % Tm MZOX TD M(OH)X
M X
K K K
Au 3 423 211.5 373
Sb 3 929 464 -

3.5 Additional Condition: CO: capturing efficiency of the metal oxide

produced by the precipitation-calcination method

All the above is done in order to produce an oxide that is able to capture CO3, according

to the reaction:

Case l:if x=even (2,4,6...)

MOx + > COz= M(CO3)x
2 2

Casell:ifx=o0dd (1, 3,5....)
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M, 0, + X CO2= M(CO3)x Eq 3.5-2

where, MOx , M,0, = metal oxides, M(CO3)x , M2(COz3)x metal carbonates.
2 2

If x = 2, reaction (3.5-1) simplifies as: MO + CO, = CaCOs

As in the reaction, the gaseous component is on the left-hand side; this reaction will be
shifted to the left with increasing T. Thus, let us check the possibility of this reaction at
T =300 K. If it does not work at T = 300 K, it will not work at higher temperatures either.

The current concentration of CO2 in the atmosphere is 420 ppm. To call a capturing
technology efficient, it should decrease this value by 10 times. Thus, reaction equation 3.5-1
should have an equilibrium at a partial pressure of CO of 42 ppm i.e., p = 4.2 E-5 bar. Thus,
the equilibrium constant of reaction 3.5.1 should be at least the inverse of this value to the
power of K = 2/x: (2.38 E4)¥* at least at T = 300 K.

If M =Ca: x=2,i.e., Kshould be at least 2.38 E4 at T = 300 K. This is possible if the
molar standard Gibbs energy accompanying reaction 3.5-1, A.,G° is more negative than
— RTInK = - 25.1 kJ/mol. The standard molar Gibbs energies of formation at T = 300 K are
AfG2, o = -603.3 kd/mol, A¢G2,, = -394.4 ki/mol, A¢G2,c0s=-1127.3 ki/mol.

Thus, the standard molar Gibbs energy change accompanying reaction 3.5.1 is
Casel:ifx=even (24,6,....)

AreG®= AGliccosy; ~ (ArGhro, +34,Geo2 ) Eq35-3

Case Il :ifx=o0dd ( 1,3,5,....)
ArsGO= AGyy, cosy, — (AeGRr 0, * XAeGeos ) Eq 3.5-4

where A, G%, A,3G° = the standard molar Gibbs energy change accompanying reaction with

unit kd/mol, AfGl?,[(Cm)x , AfGI?,[Z(C%)X = the standard molar Gibbs energies of formation of
2
metal carbonates with unit kd/mol, A¢Gyyo, , A¢GRy, 0, = the standard molar Gibbs energies of
2

formation of metal oxides with unit kJ/mol, A¢G2,, = the standard molar Gibbs energies of

formation of CO> with unit kJ/mol.

If M = Ca, the standard molar Gibbs energy change accompanying reaction 3.5-3 is
-129.6 kJ/mol at T =300 K, which is more negative than -25.1 kJ/mol. So, as a conclusion CaO
is efficient in capturing CO..
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Table 3.5.1 shows the metal oxides which also satisfy this condition: M = Ca, Cd,
Co (I1), Mn (I1), i.e., the following oxides (i) can be produced using our technology and at the
same time (ii) they are able to capture CO.. In sequence from the strongest to the weakest:
Ca0, MnO, CdO, Co0. So, the best is CaO. FeO, MgO, ZnO and NiO are weaker in reaction
for carbonation. Al,O3, BeO, CuO, Fe203 and SnO are not obeyed for carbonation as seen in
Table 3.5.2.

Table 3.5.1: CO- capturing efficiency of the metal oxide at T= 300K, which obeys additional
condition (passed condition 4 from Table 3.4.1)

Ay GO
-RTInK
M X 2/x K (Eq 3.5-3)
kJ/mol kJ/mol
Ca 1 2 23800 -25.14 -130.94
Cd 1 2 23800 -25.14 -46.86
Co 1 2 23800 -25.14 -28.22
Mn 1 2 23800 -25.14 -59.42

Table 3.5.2. CO- capturing efficiency of the metal oxide at T= 300K, which do not obey
additional condition (passed condition 4 from Table 3.4.1)

A GO or A5G
M | x| 2 | RTInK Eq3.5.30r Eq53.5.4
kJ/mol kJ/mol
Fe | 1 2 23800 | -25.14 -20.87
Mg | 1 2 23800 | -25.14 -16.58
Ni | 1 2 23800 | -25.14 -11.97
Zn | 1 2 23800 | -25.14 -16.64
Al | 3 | 067 | 23800 | -25.14 -
Be | 1 2 23800 | -25.14 -
Cu | 1 2 23800 | -25.14 -
Fe | 3 | 067 | 23800 | -25.14 -
Sn | 1 2 23800 | -25.14 -
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4. Materials and methods
4.1 Materials

CaCloxH20 (>95%, Sigma Aldrich), CoCloxH20 (>99%, VWR Ltd.), FeClsxH20
(295%, Sigma Aldrich), NiCloxH20 (>99%, VWR Ltd.), and NaOH (>98%, VWR Ltd.) were
used as reactants for the preparation of the samples. Different concentrations of these reactants
were used for the synthesis. 1M concentration of CaCl,, CoCl,, FeCls, NiCl, and

2M concentration of NaOH were prepared by using distilled water.

4.2 Synthesis of metal oxides nanoparticles by using precipitation-

calcination method

In this section, the preparations of pure metal oxides CaO, CoO/C0304, Fe.O3 and NiO
are described. Each metal chloride and NaOH were used as the initial reagents for the synthesis
of M(OH). powder. First, both aqueous solutions (MClx and NaOH) were heated up to 80 °C
separately. At this fixed temperature, a given NaOH solution was added dropwise to a given
MClx solution under stirring at 1300 rpm by a magnetic stirrer for 30 minutes. The process

takes place according to the following reaction:
MClx@g) + XNaOH@g) ~ —> M(OH)x) + XNaClg) Eq4.2-1

As a result, the precipitates were formed. After that, the mixtures were filtered and
washed five times with 120 ml of distilled water per occasion to remove NaCl from the
suspension. A white precipitate of Ca(OH)2, pinky precipitate of Co(OH)., a reddish precipitate
of Fe(OH)s and a greenish precipitate of Ni(OH)2 in the reactions:

M(OH)xs) + XNaClg) + nH20 —> nH20 + XNaCl(ag) / M(OH)x(swet) Eq 4.2-2

The wet precipitates of M(OH)x were dried in air at room temperature over one night
to collect a semi-dry precipitate M(OH)x. The color of the dry precipitate can be seen in
Figure 4.2. The collected semi-dry precipitates of M(OH)x were calcined in the furnace with a
heating rate of 15 °C/min in air. As a result, metal oxides CaO, CoO/C0304, Fe>03 and NiO
powder were produced by calcination while the dissociation product H.O was evaporated,
as shown in the following equation:

Casel:ifx=even (2,4,6,....)

M(OH)xe —> MOx +~H.0 1 Eq 4.2-3

27



Case ll: ifx=0dd (1,3, 5....)
2M(OH)xs — M,0, + xH20 T Eq4.2-4
The calcined powder of the metal oxides can be seen in Figure 4.2-1. In fact, CoO
nanoparticles were produced initially; i.e CoO oxidized in air and transformed to Coz04 [49].

Therefore, only Cos04 has been detected. The molarity, volume, precipitate color, and

calcination temperature for each metal oxide are mentioned in the following Table 4.2.1.

Table 4.2.1: The molarity and volume of the reactants used in the synthesis

VMcix@aq) | ViNaoH)(aq) Calcination MO x or
MClx 1M 2M Precipitate | temperature M, 0, or
mL mL color °C Myy /2055
CaCly 20 20 White 650 CaO
CoCl; 20 20 Light pink 170 Co0/C0304
NiCl, 20 20 Light green 600 NiO
FeCls 20 30 Dark red 450 Fe203

—
-~

Ca(OH), Co(OH), Ni(OH),

Figure 4.2-1: The precursors of metal oxides Ca(OH)2, Co(OH)z and Ni(OH):
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4.2.1 The calcination of CaO nanoparticles calcined from wet precipitate in

different environments

There are two types of calcination conditions. Table 4.2.2 mentions the CaO samples
as a function of temperatures and calcination environment. The two samples were used to

analyze the crystallite size and the formation of hydroxide to oxide.

Table 4.2.2: The list of the samples upon the calcination temperatures and environments during

the calcination process

Sample name | Composition Calcination Environment
Sample 1 Ca0o wet precipitate at 25 °C to 650 °C vacuum
Sample 2 CaOo wet precipitate 25 °C to 650 °C in air

4.3 Synthesis of metal oxides doped CaO nanoparticles

In this section, the synthesis of three metal oxides CoO, Fe>O3 and NiO doped calcium
oxides nanoparticles are described. In the synthesis, 0.1:1 ratio of MClIx to CaCl, was used to
obtain M(OH)2:Ca(OH). powder. To prepare high doping amount, 0.5:1 ratio of MClx to CaCl»
was used in the reactions with NaOH. The composition, concentrations, and volume of the
solution for the reactions are described in Table 4.3. Based on this information, the sample was

named in this dissertation, as seen in Table 4.3.

Table 4.3: Compositions, concentrations, and volume of the solution prepared at 1300rpm
stirring speeds to produce CoO doped CaO, NiO doped CaO and Fe203 doped CaO

Names of the CoCl; CaCl: NaOH
samples Concentration | Volume | Concentration | Volume | Concentration | Volume
(mol/L) (mL) (mol/L) (mL) (mol/L) (mL)
0.1C00:Ca0 1 2 1 20 2 22
0.5C00:Ca0o 1 10 1 20 2 30
NiCl,
0.1NiO:Ca0O 1 2 1 20 2 22
0.5NiO:Ca0O 1 10 1 20 2 30
FeCls
0.05Fe,05:Ca0 1 1 1 10 2 115
0.25Fe,05:Ca0 1 5 1 10 2 17.5
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The initial reagents CoCl,/ NiCla/FeCls, CaCl, and NaOH solutions were synthesized
to produce metal oxides CoO, Fe2Os and NiO doped CaO nanoparticles. First, all of the
aqueous solutions (CoCl, /NiCl2 /FeClz, CaCl, and NaOH) were heated up to 80 °C. At that
fixed temperature, a given NaOH solution was added dropwise to the mixture of CoCl, + CaCly,
NiClz + CaClz and FeCls + CaCl. solution under stirring at 1300 rpm by a magnetic stirrer for
30 minutes. During the wet synthesis process, a light color precipitate for low doping
precipitate and dark color precipitate for high doping precipitate was formed. The chemical

reaction is as follows:
ZMClx(aq) + CaClz + (2+2x) NaOH@g) — ZM(OH)x) + Ca(OH),s) + (2+2X) NaCl(ag) Eq 4.3-1

where z = 0.1, 0.5 doping amount (mole/ 1 mole of CaCl,) for NiCl; and CoCl, z = 0.05, 0.25

doping amount (mole/ 1 mole of CaCl,) for FeCls, x = positive integer

After that, the mixture was filtered and washed five times with 100- 150 ml of distilled
water per occasion to remove NaCl from the suspension. The duration of each filtering process
was 2-3 hr. As a result, light pink-purple color precipitate for 0.1:1 and dark pink-purple color
precipitate for 0.5:1 of Co(OH),:Ca(OH), were formed as seen in Figure 4.3 a. Light greenish
colour precipitate for 0.1:1 and dark greenish colour precipitate for 0.5:1 of Ni(OH).:Ca(OH)»
were formed as seen in Figure 4.3 b. Light reddish precipitate for 0.1:1 and a dark reddish color
precipitate for 0.5:1 of Fe(OH)3;:Ca(OH), were formed, as seen in Figure 4.3 c. The

precipitates occurred according to the reactions:

/ H,O +NaCl,,, (passed the filter) Eq4.3-2
M(OH)x: Ca(OH),

+ NaCl(aq) +HO ——f M(OH)x: Ca(OH)Z(Wet solid) (filtered wet precipitate)

The wet precipitate of z(Co(OH):Ca(OH)z, Ni(OH),:Ca(OH). and Fe(OH);:Ca(OH)2)
were dried at room temperature over one night in air to collect a semi-dry precipitate
Z(Co(OH),:Ca(OH)2, Ni(OH)2:Ca(OH). and Fe(OH)3:Ca(OH)>).
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(0.1:1) (0.5:1) (0.1:1) (0.5:1)
: : Calcination
E—)
Co(OH), :Ca(OH), Co0:Ca0
(a)
(0.1:1) (0.5:1) (0.1:1) (0.5:1)

Calcination

Ni (OH), :Ca(OH),

(b)
(0.05:1) (0.25:1) (0.05:1) (0.25:1)
Calcination
| y
ol » —
Fe (OH); :Ca(OH), Fe,0;:CaO
(©)

Figure 4.3: The precursor of metal oxides doped to CaO prepared from 0.1:1 and
0.5:1 metal chlorides to CaCl> (a) zCo(OH),:Ca(OH)2 to zCo0O:CaO (b) zNi(OH),:Ca(OH):
to zNiO:CaO (c) zFe(OH)3:Ca(OH)2 to zFe.03:Ca0

There are two different calcination conditions: wet precipitates calcined in air and dried
precipitates calcined in air. Part of the wet precipitates was used to measure the crystallite size
and guantitative value of the phases of the samples. During the heating process in the range of
25-650 °C, the samples were analyzed by XRD at each 50 °C.

All the precursors collected from dry precipitate were calcined at 650 °C for one hour
in the furnace with a heating rate of 15 °C/min in air.
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As a 0.1Co0:Ca0, 0.5C00:Ca0, 0.1NiO:CaO, 0.5NiO:CaO and
0.05Fe203:Ca0, 0.25Fe>03:Ca0 powder were produced. H.O was evaporated by dissociation,

result,

as shown in the following equations:
Casel:ifx=even (2,4,6...)

ZM(OH)x:Ca(OH)xs —> zMOx:CaOgy) + (= + 1)Hz0 1 Eq4.3-3
Casell:ifx=o0dd (1,3,5....)
ZM(OH)x:Ca(OH)xs) —> £M,0,:Ca0g + (5 + 1)H0 1 Eq4.3-4

4.4 The absorption capacity of pure CaO and metal oxides doped CaO

nanoparticles

In this section, the absorption capacity for CO capturing of pure CaO and metal oxides
doped CaO (Co0:Ca0O, NiO:Ca0, Fe»03:Ca0) was described. The list of samples is shown in

the following Table 4.4.

Table 4.4. The samples were kept at different temperatures for the absorption process

Temperatures Samples

°C CaO Co0:Ca0 NiO:CaO Fe;03:Ca0
0 CaO 0.1Co0:Ca0 0.1INiO:Ca0O 0.05Fe»03:Ca0O
0.5C00:Ca0 0.5NiO:Ca0 0.25Fe»03:Ca0
25 CaO 0.1Co0:Ca0 0.1NiO:Ca0 0.05Fe»03:Ca0O
0.5Co0:Ca0 0.5NiO:Ca0 0.25Fe;03:Ca0
50 CaO 0.1Co0:Ca0 0.1INiO:Ca0O 0.05Fe203:Ca0
0.5Co0:Ca0 0.5NiO:Ca0 0.25Fe;03:Ca0
75 CaO 0.1Co0:Ca0 0.1NiO:Ca0 0.05Fe»03:Ca0
0.5Co00:Ca0 0.5NiO:Ca0 0.25Fe»03:Ca0
100 CaO 0.1Co0:Ca0 0.1NiO:Ca0 0.05Fe203:Ca0O
0.5Co0:Ca0 0.5NiO:Ca0 0.25Fe;03:Ca0
200 CaO 0.1Co0:Ca0 0.1NiO:CaO 0.05Fe203:Ca0
0.5C00:Ca0 0.5NiO:Ca0 0.25Fe»03:Ca0O

In the process, the produced samples (after the calcination of the samples) were kept at
each temperature 0, 25, 50, 75, 100, 200 °C for 3-6 weeks. The mass increasing for each sample
has been measured every day until the mass becomes maximum while the samples are saturated

after capturing.
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4.5 Characterization techniques

XRD investigations were performed using two instruments, both with Cu K-alpha
source, 40 kV and 40 mA generator settings, parallel beam with a Gébel mirror. The obtained
powder calcined in air was measured (instrument 1) on Bruker D8 Advance (Vantec-1 PSD
with 1° opening, scanning rate 0.007 °(2Th)/24 sec. The wet precipitate was in-situ calcined
between 25-650 °C, recording at each 50 °C, in an Anton Paar HTK 1200N heating under
vacuum and in air inside the chamber with 60 °C/min heating rate, 0.01 mbar when vacuum
applied mounted (instrument 2) on Bruker D8 Discover Lynx Eye XE-T solid-state ED detector
in 0 D mode, scanning rate 0.014 °(2Th)/24 sec as seen in Figure 4.5-1. XRD analysis was

done to investigate the crystallite size based on the Scherrer’s equation of the detected samples.

ol
~ PBCosO

Where D = crystallite sizes (nm), k = 0.9 (Scherrer constant), A= 0.154 nm (wavelength of the

X-ray source), p = FWHM (full width at half maximum, radians), 6= peak position (radians).

Figure 4.5-1: XRD instrument 2 with chamber to analysis sample during the calcination

process under vacuum and in air

For the capturing process, the samples from dry precipitate were calcined in air for one
hour using the furnace with a heating rate of 15 °C/ as seen in Figure 4.5-2 a. The measurements
of the CO; capturing process in air were done in the low-temperature furnace used as an oven,

as seen in Figure 4.5.2-b.
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(b)

Figure 4.5-2: Furnaces (a) calcined samples in air (b) low-temperature furnace used as an

oven for long period to measure the CO2 capturing efficiency

The SEM and EDS investigations are performed at a magnification of 5000x at 20 kV
accelerating voltage (ThermoFisher Helios G4 PFIB SEM equipped with an EDAX Octane
ElectPlus EDS), as seen in Figure 4.5-3. In addition to energy dispersive X-ray spectroscopy,

a transmission electron microscope (TEM) was applied during SEM investigations.

SEM investigations of the samples, the average particle sizes were measured via
“image J” software using the mode of threshold adjustment to analyze particles. The result of
the particle sizes shows the particles (agglomerated crystallite). The result is automatically
detected by threshold frequency mode on the captured SEM micrographs. It shows the average
value of the detected particles. EDS investigations were done during the investigations of SEM.
It reveals the existence of gold Au and carbon C; those are from the sample preparations.
The powder sample was set on the carbon layer and the gold coating was applied to the powder

sample before investigations of SEM and EDS.
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Figure 4.5-3: SEM and EDS instruments to investigate the morphology and the particles
sizes
TEM measurements were done by Fei Tecnai G2 20 XTwin equipment with a tungsten
cathode and an acceleration voltage of 200 kV. The bright field images were recorded by FEI
Eagle 2k CCD camera, as seen in Figure 4.5-4. TEM has a higher magnification than SEM,;
it shows the morphology, crystallite size and crystal structure of the sample on nanoscale.

Figure 4.5-4: TEM instrument to investigate the crystallite size
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Figure 5.4-5 shows the instrument for BET analysis that was performed under
N2 environment under atmospheric pressure. The following mode was used: TriStar 3000, Unit
1, Serial 1109, sample density 1 g/cm?, 10-second interval, warm free space 7.37 cm?, cold free
space 22.55 cm?, analysis bath 77.3 K. BET analysis is an analytical technique utilized for
determining specific surface areas and pore size distributions of solid materials. BET is a
method for estimating the specific surface area of a non-porous solid. BJH (BJH the method of
Barrett, Joyner, and Halenda) is a method to determine the pore size distribution of a
mesoporous solid.

Figure 4.5-5: BET instrument to investigate the specific surface areas and pores diameter
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5. Results and Discussion

5.1 Synthesis of metal oxides nanoparticles by precipitation-calcination
method

XRD analysis confirmed that pure CaO powder with 80 nm of crystallite size is
detected, as seen in Figure 5.1-1, which has a cubic crystalline lattice system. XRD
diffractograms show only the existence of Co0304 i.e; CoO transformed into CozOs in the
oxidizing environment. CoO phase is only at high temperatures, which transformed into Coz04
when it was cooled down, which is a stable phase. The crystallite size of C0304 is 17 nm, as
seen in Figure 5.1-2 and it has a hexagonal crystallite lattice system. Figure 5.1-3 shows Fe203
(hematite) with 16 nm of crystallite size. Figure 5.1-4 shows XRD diffractogram of NiO with
30 nm of the crystallite size. Moreover, the other researchers produced CuO and ZnO through
the same routes using metal chloride and NaOH with the crystallite size in sub-micro and
nanoscale. Furthermore, BeO, NiO, MgO, and SnO have been produced using metal chlorides

and NaOH through different routes seen in Table 2.1.
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Figure 5.1-1: XRD diffractogram of CaO from dry precipitate Ca(OH)2 calcined at 650 °C

for one hour in air
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Figure 5.1-2: XRD diffractogram of CosO4 from dry precipitate Co(OH). calcined at 170 °C
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Figure 5.1-3: XRD diffractogram of Fe>Os from dry precipitate Fe(OH)3 calcined at 450 °C

for one hour in air
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Figure 5.1-4: XRD diffractogram of NiO from dry precipitate Ni(OH)2 calcined at 600 °C

for one hour in air
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TEM micrographs of the metal oxides are described in Figure 5.1-5. The result of the
TEM micrographs agrees with the crystallite size taken from the XRD result. SEM micrographs
and the EDS spectra of the metal oxide nanoparticles CaO, CoO/Co304and NiO are shown in
Figure 5.1-6. The particles (agglomerated crystallite) of TEM result have the similar result of
SEM micrographs.

Figure 5.1-5: TEM micrographs of (a) CaO (b) CoO/Co0304 (c) Fe.0z and (d) NiO
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(d) Fe203
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5.2 Characterization methods of CaO nanoparticles produced by

precipitation-calcination method

TEM micrographs of samples are shown as both single crystallite with high
magnifications (low nanoscale) and agglomerated crystallite with low magnifications (high
nanoscale). Single crystallite from TEM micrographs confirms the result of the crystallite size
by XRD. The agglomerated crystallite from TEM micrographs confirms the result of the
particle size (agglomerated crystallite) from SEM micrographs.

5.2.1 Crystallite sizes of CaO nanoparticles.

The wet precipitates Ca(OH). were calcined under vacuum and in air at the temperature
range of 25 - 650 °C in the chamber of the XRD instrument 2. Figure 5.2-1 shows a series of
XRD diffractograms of sample 1(calcination under vacuum). Figure 5.2-2 shows a series of
XRD diffractograms of sample 2(calcination in air). Note that the preparations of CaO
samples 1 and 2 are shown in section 4.2.1. The calcination process of sample 1 under vacuum
showed that the initial wet precipitate at 25 °C contains mostly Ca(OH)2 with very few amounts
of CaCOs. The peaks Ca(OH)2 disappeared in the temperature range between 250 and 300 °C
while a new peak of CaO appeared. The small peak of CaCOz disappeared in the temperature
range between 500 and 550 °C. Similar results of sample 2 (calcination in air) are shown in
Figure 5.2-2. In this case, the in-situ calcination in the XRD equipment was performed in air.
To compare Figure 5.2-2, sample 2 calcination in air (instead of vacuum) leads to prolonged
stability by about 150 °C. For both initial compounds, Ca(OH)2 transformed to CaO from
300 °C calcination under vacuum and 450 °C calcination in air. The peak of CaCOs
disappeared from the samples calcined at 500 °C under vacuum and from samples calcined at
650 °C in air; that is shown in Figure 5.2-1 and 5.2-2, Table 5.2-1. This is due to the high
entropy of the gaseous reaction products (H-O and CO») that drive the dissociation reaction in

a vacuum further and faster compared to the case when calcination is performed in air.
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Figure 5.2-1: The XRD diffractograms of sample 1 CaO during its calcination steps under
vacuum in the temperature interval of 25 - 650 °C
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Figure 5.2-2: The XRD diffractograms of sample 2 CaO during its calcination steps under

air in the temperature interval of 25 - 650 °C

Based on the series of XRD graphs, the phases of CaO nanocrystalline powder were

mentioned upon the temperature and the calcination environment, as seen in Table 5.2.1.
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Table 5.2.1: Phases formed from wet precipitate Ca(OH)2 during its calcination at different

temperatures to CaO

Phases In vacuum (Fig. 5.2-1) In air (Fig. 5.2-2)
Sample 1 Sample 2
Ca(OH). + CaCOs 25-150°C 25-400°C
Ca(OH), + CaCO3 + CaO 200 - 250 °C -
CaCOs+ CaO 300 - 550 °C 450 - 600 °C
CaO 600 - 650 °C 650 °C

Figure 5.2-3 shows the temperature dependence of the crystallite sizes with a deviation

of CaO obtained by calcination under vacuum sample 1 and calcination in air sample 2 using

the XRD technique. The crystallite sizes of CaO calcined under vacuum go through a maximum

at 550 °C. Around this temperature, the CaO particles undergo recrystallization by eliminating

lattice defects and dislocations. However, this maximum is not present for the case when CaO

was obtained by calcination in air. The final crystallite size of CaO calcined under vacuum is

about 140 nm and the final crystallite size of CaO calcined in air is about 80 nm.
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Figure 5.2-3: The crystallite sizes of CaO (a) Sample 1 calcination under vacuum
(b) Sample 2 calcination in air as a function of temperature

5.2.2 SEM, EDS and TEM characterization of CaO nanoparticles

7t

TEM micrographs in Figure 5.2-4 confirms that the particle sizes of the produced CaO

samples are in the nano size. Figure 5.2-5 shows the SEM micrograph and EDS spectrum of

CaO. Agglomerated crystallite of CaO regarding the TEM micrographs in Figure 5.2-4 b

revealed similar results to the SEM micrographs in this research work.
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Figure 5.2-4: TEM micrographs of CaO produced from dry precipitate Ca(OH). calcined in
air (a) single crystallite (b) agglomerated crystallite (particle)

Regarding SEM micrographs of pure CaO samples revealed that the average particle
size was found in the range of 105 — 255 nm. The morphology of the CaO is flake shape and
fluffy structure. The EDS investigation confirmed the presence of Ca and O (a small amount

of C is from the sample holder), as seen in Figure 5.2-5.
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Figure 5.2-5: (a) SEM micrographs and (b) EDS spectra of CaO nanoparticles. The peak for
gold in the Figure corresponds to the coating added during sample preparation.

Table 5.2.2 shows the BET analysis of a pure CaO sample (obtained by calcination in
air at 650 °C for 1 h) which has 4.34 m?g? of specific surface area. The absorption and
desorption surface area of the pore for pure CaO sample is 3.05 m?g™. The absorption average

pore diameter is 11 nm.
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Table 5.2.2: The specific surface area of CaO sample calcined in air at 650 °C for 1 hour

Sample | Specific | Surface area of pore Cumulative pore Absorption
surface (BJH) volume of pore (BJH) | average pore
area diameter
(BET) "Absorption | Desorption | Absorption | Desorpti BET
2yt sozrp_tllon esozrp_tllon sogp i 1on esozrp_llon (BET)
m<g m<g cm® g m<g nm
CaO 4.34 3.05 3.2 0.016 0.016 11

5.3: Characterization of metal oxides doped CaO nanoparticles

In this section, XRD, SEM, EDS and TEM analysis of three different metal oxides
(Co0, NiO and Fe,03) doped CaO are described. Each doping sample was prepared based on
the ratio 0.1: 1 and 0.5:1 of MClx to CaCl> during the reactions.

5.3.1 XRD result of low doped CaO.

In this section, the analysis of the crystallite size and the function upon the temperature
of pure CaO sample and metal oxides low doped CaO (0.1Co0O:CaO, 0.1NiO:CaO and
0.05Fe203:Ca0) were done by XRD method. The crystallite size analysis for all doped samples
was done from the wet precursors. The wet precipitate of Co(OH)2:Ca(OH), Ni(OH)2:Ca(OH):
and Fe(OH)s:Ca(OH). were calcined in air at the temperature range of 25 - 650 °C in the
chamber of XRD instrument 2. At the same time, the samples were measured by XRD at each

50 °C in the series.
5.3.1.1 XRD result of 0.1C00:CaO sample

The XRD result of the 0.1Co0:CaO sample produced by wet precipitate
Co(OH)2:Ca(OH)2 calcined in air is shown in Figure 5.3-1. XRD diffractogram reveals the
existence of Ca(OH)2, Co(OH), and very few amounts of CaCOs3 at 25 °C. Co(OH). exists
between 25 - 200 °C. Ca(OH): started to transform to CaO at 450 °C while the peaks of CaCOs3
are still remaining. At the temperature between 500-550 °C, the formation of Ca>Co020s
was found. At 650 °C, the peak of CaCO3 disappeared and the sample was completely calcined

with the existence of CaO and Ca2C0,0s.
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Figure 5.3-1: The XRD diffractogram of 0.1Co0O:CaO prepared from 0.1:1 mole ratio of
CoCl; to CaCl, by wet precipitate Co(OH).:Ca(OH): calcined in air between 25-650 °C
measured at each 50 °C

5.3.1.2 XRD result of 0.1NiO:CaO sample

Figure 5.3-2 shows the XRD result of 0.1NiO:CaO produced by wet precipitate
Ni(OH)2:Ca(OH): calcined in air. At 25 °C, the existence of Ca(OH)2 and very few amounts
of CaCOz3 have been detected. At 450 °C, Ca(OH). completely transformed to CaO while the
CaCoOs is still remaining until 600 °C. At 650 °C, the sample contains only CaO and NiO
without the peak of CaCOz. Therefore, the complete calcination temperature of 0.1NiO:CaO
was found to be 650 °C.
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Figure 5.3-2: The XRD diffractogram of 0.1NiO:CaO prepared from 0.1:1 mole ratio of
NiCl; to CaCl; by wet precipitate Ni(OH)2:Ca(OH): calcination in air between 25-650 °C

measured at each 50 °C
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5.3.1.3 XRD result of 0.05Fe203:CaO sample

The XRD result of 0.05Fe;03:CaO sample produced by wet precipitate
Fe(OH)s:Ca(OH). calcination in air is shown in Figure 5.3-3. Between 25 - 300 °C,
the existence of Ca(OH)2 with very few amounts of CaCO3 have been detected. At 350 °C, a
new peak of CaxFe Os appeared. The peak of Fe.Oz also occurred at 400 °C. Ca(OH):
completely transformed into CaO at 450 °C while CaCOs still remain in the sample. The peak
of CaCOs3 disappeared between 600-650 °C and only the existence of CaO, Fe;O3 and CazFe20s

have been detected. Therefore, 650 °C is required to complete the calcination process.
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Figure 5.3-3: The XRD diffractogram of 0.05Fe>03:CaO prepared from 0.1:1 mole ratio of
FeCls to CaCl, by wet precipitate Fe(OH)3z:Ca(OH): calcination in air between 25-650 °C

measured at each 50 °C

5.3.1.4 Crystallite size of low-doped CaO.

In 0.1C00:Ca0 sample, CaO and Ca2Co020s phases were found to be with crystallite
sizes of 105 and 50 nm, as shown in Figure 5.3-4 a. For 0.1NiO:CaO sample, the CaO and NiO
phases were detected with crystallite sizes less than 50 nm, as shown in Figure 5.3-4 b.
Ca0, Fe»03 and CazFe Os phases were detected in 0.05Fe;03:Ca0 samples with the crystallite
size of 165, 808, 14 nm, respectively, as seen in Figure 5.3-4 c. The crystallite sizes are
described at 650 °C and that temperature is required to complete the calcination process for all

low-doped CaO samples.
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Figure 5.3-4: The crystallite sizes of (a) 0.1C00:CaO (b) 0.1NiO:Ca0O and

(c) 0.05Fe203:Ca0 prepared from 0.1:1 mole ratio of MClx to CaCl; by wet precipitate

Temperature °C

calcination in air between 25-650 °C measured at each 50 °C

Based on the series of XRD diffractograms in Figure 5.3-1 — 5.3-3, the formations of
phases for the sample 0.1C00:Ca0O, 0.1NiO:CaO and 0.05Fe>03:CaO were mentioned upon
the temperature as seen in Tables 5.3.1 — 5.3.3. Moreover, the quantitative value (the amount
percentage of the detected phases) of the samples at each temperature are also mentioned in
Tables 5.3.4 —5.3.6.

Table 5.3.1: Phases formed from wet precipitate Co(OH).:Ca(OH)2 during its calcination at
different temperatures to 0.1Co0:Ca0O

Temperature °C Phases from Figure 5.3-1
25-150 Ca(OH); + Co(OH); + CaCOs
200 -350 Ca(OH); + CaCOs3
400 Ca(OH), + CaCOs + CaO
450-500 CaCOsz+ CaO
550 -600 CaCOs+ CaO + CaCos0s5
650 CaO + Ca2Co50s
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Table 5.3.2: Phases formed from wet precipitate Ni(OH)2:Ca(OH)2 during its calcination at
different temperatures to 0.1NiO:CaO

Temperature °C | Phases from Figure 5.3-2
25- 400 Ca(OH), + CaCOs
450-600 CaCOsz + CaO

650 CaO + NiO

Table 5.3.3: Phases formed from wet precipitate Fe(OH)3:Ca(OH)2 during its calcination at
different temperatures to 0.05Fe>03:Ca0

Temperature °C Phases from Figure 5.3-3
25 Ca(OH)2
50-300 Ca(OH), + CaCO3
350 Ca(OH); + CaCO3 + CazFe;Os
400 Ca(OH), + CaCOz3 + CasFe20s + Fez03
450-600 CaCOs + CaO +CazFe20s + Fe203
650 CaOo + Ca2Co50s

Table 5.3.4: The volume percentages of the different phases (%) found by XRD in the

0.1Co0:Ca0 sample prepared by heating in air as a function of temperature from Figure 5.3-1

Temperature °C

Phases of
0.1Co0:Ca0
sample

650

25
50
100
<1150
200
250
300
350
400
450
500
550
600

»

Ca(OH), |81|83|76 |76 |76 |78 |78 |65 |50

CaCQO3 14 |12 | 19 19 24 22 22 35 |38 |52 |53 42 | 22

CaO 12 |48 |45 56 |74 |96

Ca,Co,0
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Table 5.3.5: The volume percentages of the different phases (%) found by XRD in the

0.1NiO:CaO sample prepared by heating in air as a function of temperature from Figure 5.3-2

Temperature °C

Phases of
0.1NiO:Ca0
sample

25
50

100

150

250

300

350

400

450

500

550

600

650

Ca(OH)z

95 |95

©
~

(00]
]

CaCOs

(op]

17

20

24

13

CaO

83

80

76

87

96

NiO

Table 5.3.6: The volume percentages of the different phases (%) found by XRD in the

0.05Fe203:Ca0 sample prepared by heating in air as a function of temperature from

Figure 5.3-3
O
<
4 Li ° Temperature °C
Q2
805
gL~ Lo ol © o o o o o |o | o o o o o
g |8 |Bls |2 | |8 |8 8|22 |3 8|88
o
Ca(OH), | 100 |70 |65 78 78 74 82 62 |37
CaCOs 30 | 35 22 22 26 18 22 |37 |49 |49 29 |5
CaO 41 |39 |44 |68 |55
CazFe0 16 |22 |5 10 26 |26 |42
Fe O3 4 5 2 1 1 3

5.3.2 SEM, EDX and TEM characterization of low doped CaO

SEM and EDS examinations of 0.1Co00:Ca0, 0.1NiO:Ca0O and 0.05Fe»03:Ca0O are

described in this section which, prepared from 0.1:1 mole ratio of metal chloride MCly to

CaClz. All the low-doped samples are prepared from the dried precipitates of Co(OH).:Ca(OH),

Ni(OH).:Ca(OH). and Fe(OH)s:Ca(OH)., which calcined at 650 °C for one hour in air using

the furnace with a heating rate of 15 °C/min.

According to the SEM micrographs, 0.1Co0:CaO samples revealed that the average

particle sizes are in the range of 108 — 255 nm. 0.1NiO:CaO sample has average particle sizes
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in the range of 128 — 255 nm. 0.1C00:CaO and 0.1NiO:CaO samples have flake shapes and
fluffy structures. 0.05Fe;03:CaO sample has an average particle size in the range of

120 — 255 nm and it has mostly flake shape and some sphere shape as well.

The EDS spectra and the elemental composition of the 0.1C00:CaO sample confirmed
the presence of Ca, Co and O. For 0.1NiO:CaO, the presence of Ca, Ni and O were confirmed.
For 0.05Fe»03:Ca0 sample, the presence of Ca, Fe and O were detected. Note that the existence

of a small amount of C comes from the sample holder, as seen in Figure 5.3-5.
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Figure 5.3-5: SEM micrographs (left) showed the morphology of the agglomerated particles
and (right) showed the chemical composition of the samples (a) 0.1Co0:CaO (b)
0.1NiO:CaO (c) 0.05Fe203:Ca0
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TEM micrographs of the samples 0.1Co0O:CaO, 0.1NiO:CaO, 0.05Fe;03:CaO are
shown in Figure 5.3-6. The left side of the TEM micrographs is the single crystallite (single
primary crystal) of each sample which has similar results to XRD. On the right side of the TEM
micrographs are the agglomerated crystallite(particle) of each sample which has similar results
to the SEM micrographs.

Single Crystallite Agglomerated Crystallite

e -

0.1C00:Ca0O | 7 :" ;

| 0.1C00:Ca0 |

0.1NiO:CaO : Fo.inio:cao R S0
~ P > e 7

I (b)
CaO B

-

Figure 5.3-6: TEM micrographs(left) showing the single crystallite and (right) showing the
agglomerated crystallite (particle) of the samples (a) 0.1Co0:CaO (b) 0.1NiO:CaO
(c) 0.05Fe,03:Ca0
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5.3.3 XRD characterization of highly doped CaO

In this section, the analysis of the crystallite size and the function upon the temperature
of metal oxides highly doped CaO (0.5C00:CaO, 0.5NiO:Ca0O and 0.25Fe»03:Ca0) are
described.

5.3.3.1 XRD result of 0.5C00:CaO sample

Figure 5.3-7 shows the XRD result of the 0.5C00:CaO sample produced by wet
precipitate Co(OH).:Ca(OH)2 calcined in air. At 25 °C, the existence of Ca(OH)2, Co(OH)zand
very few amounts of CaCO3zwere found. Co(OH)2 exists between 25 and 200 °C while the peak
of Co304 appeared at 200 °C. At 300 °C, Ca(OH), and Co(OH). start transforming to
CaO0 and CoO. The phase CoO is not stable; it only exists between 300 — 400 °C. At 500 °C, a
new peak of CaCo204 appeared. The peak of CaCOs disappeared at 600 °C. It is proved that
the complete calcination temperature is 600 °C with the formations of CaO, CosO4 and
CaCo0204 phases. Co304 exits only at low temperatures and then it reacts with CaO and partially
transforms to CaCo0204 upon a higher temperature. There is no existence of Coz04 at 650 °C

due to the oxidation and deoxidation reacting with CaO and forming new phases.
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Figure 5.3-7: The XRD diffractogram of 0.5C00:CaO prepared from 0.5:1 mole ratio of
CoCl; to CaCl; by wet precipitate Co(OH)2:Ca(OH): calcination in air between 25-650 °C
measured at each 50 °C
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5.3.3.2 XRD result of 0.5NiO:CaO sample

Figure 5.3-8 shows the XRD result of the 0.5C00:CaO sample produced by wet
precipitate Co(OH),:Ca(OH)2 calcined in air. At the temperature range of 25 — 350 °C, Ca(OH)>
and very few amounts of CaCOs exist. Ca(OH): started to transform to CaO at 400 °C while a
new peak of NiO appeared. At 450 — 600 °C, there are three phases of CaO, CaCOs3 and NiO.
The sample was completely calcined at 650 °C with the existence of CaO and NiO without
CaCOs. Therefore, the complete calcination temperature of 0.5NiO:Ca0 is 650 °C.
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Figure 5.3-8: The XRD diffractogram of 0.5NiO:CaO prepared from 0.5:1 mole ratio NiCl
to CaClz by wet precipitate Ni(OH)2:Ca(OH)2 calcination in air between 25-650 °C measured
at each 50 °C

5.3.3.3 XRD result of 0.25Fe203:CaO sample

XRD result of the 0.25Fe203:CaO sample produced by wet precipitate
Fe(OH)3:Ca(OH)2 calcined in air is exhibited in Figure 5.3-9. The existence of Ca(OH)2 and
very few amounts of CaCO3 and CasFe206C0O3.12H,0 have been detected at the temperature
range of 25 — 100 °C. Between 150 — 300 °C, the phases of Ca(OH). and CaCOsexist. The new
peak of CazFe>Os appeared at 500 °C. The new peak of CaO appeared at 600 °C. At 650 °C,
there are only two phases of CaO and Ca2Fe,Os while the peak of CaCOs disappeared. As a
conclusion, the complete calcination temperature of 0.25Fe>03:CaO sample is 650 °C.

54



* Ca(OH),

e CaCO,
+ CaO
® Ca,Fe,04
o ¢ & Ca,Fe,0,C0,.12H,0
] el ® ¢ ¢ *® s0°C
1 N I U N N A
" 1 . 600 °C
] 550 °C
S 50 ] I ) ) 500 °C
E. ) | 450 °C
2] i \ 400 °C
A
o A0
£ D Ny A . 350°C
2 7WWMMM»__WA__¢¢ °
= 300 °C
30 + N A
e it n " N . 250°C
20 LY U 200 °C
;WMW 150 °C
10 ] A P N N W U 100 °C
] 50°C
0 e WMMMMMAW«MM ptisese el DO

10 20 30 40 50 60 70
20°

Figure 5.3-9: The XRD diffractogram of 0.25Fe>03:CaO prepared from 0.5:1 mole ratio of
FeCls to CaCl, by wet precipitate Fe(OH)s:Ca(OH)2 calcination in air between 25-650 °C

measured at each 50 °C

In conclusion, the phases of 0.5C00:Ca0O are CaO, CoO and CaCo204 with 180, 20 and
40 nm of crystallite size at 600 °C as seen in Figure 5.3-10 a. For 0.5NiO:CaO sample, there
are CaO and NiO phases with 198 and 45 nm of crystallite size, as seen in Figure 5.3-10 b.
For 0.25Fe»03:Ca0 sample, CaO and CazxFe20s phases were detected with the crystallite sizes
of 818 and 30 nm, as seen in Figure 5.3-10c.
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(c) 0.25Fe203:Ca0 prepared from 0.5:1 mole ratio of MClx to CaClz by wet precipitate

550 600 650 700
Temperature °C

calcined calcination in air between 25-650 °C measured at each 50 °C

The phases as a function of the temperature for 0.5C00:CaO, 0.5NiO:CaO and
0.25Fe203:Ca0O samples were mentioned as seen in Tables 5.3.7 — 5.3.9. Moreover, the
quantitative value of the samples at each temperature is also mentioned in Tables 5.3.10 —
5.3.11. Note that the result of the quantitive value for 0.25Fe,03:CaO sample could not be
identified exactly.

The crystallization and phase formation of metal oxide doped CaO nanoparticles could
not be detected (i) if the crystallite is not large enough (ii) if the concentration is not high
enough (iii) if the crystallite is in the amorphous phase. Regarding the series of XRD of
zC00:Ca0, zNiO:Ca0 and zFe;03:Ca0 (z = 0.1,0.5/ 0.05,0.025) during the calcination, only
Co(OH). phase at low temperatures has been detected for zCoO:CaO samples. There is no peak
of Ni(OH), for NiO:CaO sample, and there is no peak of Fe(OH)s for Fe;O3:CaO samples
during the calcination at low temperatures. Those happen in both low and high doping amounts

of metal oxides doped CaO.
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Table 5.3.7: Phases formed from wet precipitate Co(OH)2:Ca(OH). during its calcination at
different temperatures to 0.5C00:Ca0

Temperature °C Phases from Figure 5.3-7
25-150 Ca(OH)2 + Co(OH); + CaCOs
200 Ca(OH)2 + Co(OH)2 + CaCOs + C0304
250 Ca(OH); + CaCOs + C030s4
300-400 Ca(OH)2 + CaCO3 + CaO + CoO + C0304
450 CaCOs + CaO + Co304
500 CaCO3 + CaO +Co0304 + CaCo0204
500-550 CaCO3 + CaO +Co0304 + CaCo0204 + CoO
600 Ca0 +Co0304 + CaC0204 +C00O
650 Ca0 + CaCo204 + CoO

Table 5.3.8: Phases formed from wet precipitate Ni(OH)2:Ca(OH)2 during its calcination at
different temperatures to 0.5NiO:Ca0O

Temperature °C Phases from Figure 5.3-8
25- 350 Ca(OH), + CaCOs
400 Ca(OH). + CaCOs + CaO + NiO
450-600 CaCOs + CaO + NiO
650 CaO + NiO

Table 5.3.9: Phases formed from wet precipitate Fe(OH)3:Ca(OH)2 during its calcination at
different temperatures to 0.25Fe>03:Ca0

Temperature °C | Phases from Figure 5.3-9
25 Ca(OH).
50-300 Ca(OH); + CaCOs
350-450 CaCOs
500-550 CaCOs + CazFe20s
600 CaCOs+ CaO + CazFe20s
650 CaO + CazFe20s
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Table 5.3.10: The volume percentages of the different phases (%) found by XRD in the
0.5C00:Ca0 sample prepared by heating in air as a function of temperature from Figure 5.3-7

Temperature °C

Phases of
0.5C00:Ca0
sample

L o |2 |2 | o o o | o | o o o o o
18| | o | S o] S n | S | o S Ty) S Ty}
= | = | & N ™ o | I | < g} Tg) © ©

Co(OH), |39 |36 |38 |32 |8

Ca(OH), |55 |53 |52 |56 |67 64 |65 |58 |37

CaCQO3 6 11 (11 |12 |11 15 14 18 |28 |26 |20 17

CaO 3 2 13 |49 |46 51 |68 |78
C0304 14 12 18 20 |22 |25 |20 14 19

CoO 1 1 0.1

CaCo,0,4 12 10 110 |6

Table 5.3.11: The volume percentages of the different phases (%) found by XRD in the
0.5Ni0O:CaO sample prepared by heating in air as a function of temperature from Figure 5.3-8

Q
58 w Temperature °C

508

EZg

o w Lo ol @ o o o o o o o o o o o
s |® |82 |8 |8 |& |8 8|8 23|58 8 |8
Ca(OH), |69 [62 |43 [41 [32 [65 |55 |28 [10
CaCOs 31 |38 |57 |59 |68 35 |45 |72 |43 |58 |54 |49 |20
Cao 4 14 117 |32 |44 |79
NiO 43 128 129 |19 |36 |21

5.3.4 SEM, EDX and TEM characterization of highly doped CaO

SEM and EDS examinations of 0.5C00:Ca0O, 0.5NiO:Ca0 and 0.25 Fe;03:Ca0 are
described in this section. The detailed information of the synthesis is the exact process of low

doping amount of metal oxides doped CaO as mentioned in section 4.3.

Figure 5.3-11 showed SEM micrographs of 0.5C00:CaO, 0.5NiO:CaO and
0.25Fe203:Ca0 samples. The average particle size of 0.5C00:CaO, 0.5NiO:CaO and
0.25Fe»03:Ca0 were found to be in the range of 146 — 255 nm, 120 — 255 nm and
130 — 255 nm, respectively. The morphology of the 0.5C00:CaO has a flake shape and
homogeneous structure. The morphology of the 0.5NiO:CaO has a sphere shape and the
particles are homogeneous structure. The morphology of 0.25Fe>03:Ca0O has mainly a flake

shape and with a few amount are in sphere shape, the sample is not homogeneous.
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The EDS spectra and the element composition of the samples 0.5C00:CaO confirmed
the presence of Ca, Co and O. For 0.5NiO:CaO samples, the presence of Ca, Ni and O were

confirmed. For 0.25Fe>03:Ca0 sample, the presence of Ca, Fe and O were found.

0.5NiO:CaO

0 1 2 3 4 5 6 7 8 9 10
20(°)

Figure 5.3-11: SEM micrographs (left) showed the morphology of the agglomerated particles
and (right) showed chemical composition of the samples (a) 0.5C00:Ca0 (b) 0.5NiO:Ca0
(c) 0.25Fe203:Ca0

TEM micrographs of the samples 0.5C00:CaO, 0.5NiO:Ca0, 0.25Fe>03:Ca0 are
shown in Figure 5.3-12. The left side of the TEM micrographs are the single crystallite (primary
single crystal) of each sample which has similar results to XRD. The right side of the TEM
micrographs are the agglomerated crystallite (particle) of each sample which has similar results
to the SEM micrographs.
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Single Crystallite Agglomerated Crystallite
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P

100 nm

Figure 5.3-12: TEM micrographs(left) showing the single crystallite and (right) showing the
agglomerated crystallite (particle) of the samples (a) 0.5C00:CaO (b) 0.5NiO:CaO
(c) 0.25Fe203:Ca0
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5.4 Absorption capacity and specific surface areas of pure CaO and metal

oxides doped CaO.

In this section, the measurements of CO absorption of pure CaO samples and low-
doped and highly-doped CoO, NiO and Fe20s3 to CaO samples are mentioned. Each doping
sample was prepared based on the ratio 0.1:1 and 0.5:1 of MCly to CaCl, during the reactions.
All the samples were calcined from the dry precipitates at 650 °C for one hour in air using the
furnace with a heating rate of 15 °C/min. The measurements were performed time dependences
of the mass increasing in air. The samples were exposed to air at different temperatures 0, 25,
50, 75, 100, 200 °C until the samples became saturated about 3-6 weeks. The list of the samples

at different temperatures for the capturing process has been described in section 4.4.
5.4.1 Absorption capacity and specific surface areas of pure CaO and low-doped CaO.
5.4.1.1 Absorption capacity of pure CaO

The time dependences of the mass increasing for CaO samples at different temperatures
are shown in Figure 5.4-1. The initial and final masses of the samples were measured upon the
time. As follows from the figure, the mass increasing is faster withing a few initial hours that
compare to the mass increasing for the whole process. Moreover, after 3 weeks, all samples
reached the saturation stage, i.e., their masses did not increase any more with further holding
time. Figure 5.4-2 showed that the fresh CaO sample and the CaO samples which kept at
different temperatures for 3-6 weeks. More importantly, the mass increasing of the samples
decelerated with the increasing temperature. The average values of the maximum mass ratio of

saturated mass and initial mass of the samples are shown in Table 5.4.1.
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Figure 5.4-1: The time dependence of the relative mass change of pure CaO samples

exposed to air at different temperatures
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Figure 5.4-2: The XRD diffractograms of pure CaO, fresh sample and after the

measurements of the sample exposed to air at different temperatures

Table 5.4.1: The average value of maximum mass ratio of saturated mass and initial mass for

pure CaO samples

Temperatures | Initial | Saturated | average value of maximum

°C mass mass mass ratio- m(final)/m(initial)
0 0.89 1.45 1.62

25 0.87 1.55 1.78

50 0.87 1.15 1.32

75 0.9 1.18 1.31

100 0.83 1.08 1.30

200 0.88 1.09 1.23

5.4.1.2 Absorption capacity of 0.1Co0:CaO

The mass increasing depends on the time for 0.1Co0:CaO samples at each different

temperature are shown in Figure 5.4-3. The sample measured at 200 °C which has the capturing

process longer than the samples measured at the other different temperatures as seen in figure

5.4.3. The phases changed from the freshly produced sample and after the measurements at

different temperatures as see in Figure 5.4-4. The peak formations of CaCO3 and Ca(OH). were

found to compare with the fresh sample. There is no peak of carbonation or hydration of CoO.

The saturated mass and the saturation hour of 0.1CoO:CaO samples at each different

temperatures are described in Table 5.4.2.
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Figure 5.4-3: The time dependence of the relative mass change of 0.1Co0O:CaO samples

exposed to air at different temperatures
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Figure 5.4-4: The XRD diffractogram of 0.1C00:CaO, fresh sample and after the

measurements of the sample exposed to air at different temperatures

Table 5.4.2: The average value of maximum mass ratio of saturated mass and initial mass for
0.1C00:Ca0 samples

Temperatures | Initial | Saturated | average value of maximum

°C mass mass mass ratio- m(final)/m(initial)
0 1.05 144 1.37

25 0.95 1.21 1.27

50 1.01 1.25 1.24

75 1.04 1.3 1.25

100 1.04 1.28 1.23

200 1.06 1.25 1.18
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5.4.1.3 Absorption capacity of 0.1NiO:CaO

Figure 5.4-5 shows the mass increasing upon the time for 0.1NiO:CaO sample. The
mass increasing of the sample kept at 0 °C becomes constant about 6 weeks. In the samples
measured at 50 -75 °C, the mass increases faster in the initial hours and becomes constant
within a few hours. Figure 5.4-6 shows the phases changed from the freshly produced sample
and the sample after the measurement at different temperatures. The XRD diffractograms of
the measured samples at different temperatures revealed the new peak formations of CaCOs
and Ca(OH).. There is no peak of carbonation or hydration of NiO. The average value of the
maximum mass ratio of saturated mass and initial mass for 0.1NiO:CaO samples at different
temperatures are shown in Table 5.4.3.
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Figure 5.4-5: The time dependence of the relative mass change of 0.1NiO:CaO samples

exposed to air at different temperatures
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Figure 5.4-6: The XRD diffractogram of 0.1NiO:CaO fresh sample and after the
measurements of the sample exposed to air at different temperatures
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Table 5.4.3: The average value of maximum mass ratio of saturated mass and initial mass for
0.1NiO:CaO samples

Temperatures | Initial | Saturated | average value of maximum

°C mass mass mass ratio- m(final)/m(initial)
0 1.07 1.55 1.45

25 1.09 1.4 1.28

50 1.04 1.31 1.26

75 1.04 1.29 1.24

100 1.07 1.33 1.25

200 1.03 1.09 1.06

5.4.1.4 Absorption capacity of 0.05Fe203:CaO

In Figure 5.4-7, the sample measured at 0 °C showed a mass increases gradually over
time and the saturated hour is about 6 weeks. The samples measured at other different
temperatures became saturated within 3 weeks. Figure 5.4-8 shows the XRD diffractograms in
which only two new peaks formations were occurred for the measured samples to compare the
freshly prepared sample; there is no peak of carbonated or hydrated of iron oxide. Thus, the
exact situation occur as 0.1Co0:Co0O and 0.1NiO:CaO samples. Table 5.4.4 shows the average
value of the maximum mass ratio of saturated mass and initial mass for 0.05Fe.03:CaO

samples.
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Figure 5.4-7: The time dependence of the relative mass change of 0.05Fe>03:Ca0 samples

exposed to air at different temperatures

65



*  Ca(OH),
e CaCoO,
+ CaO
* . & + Ca,Fe,05
5000 - o
E £ bt
2500 ok ° e & 75 °C
= 4000 * s *
-~ E o oL 5
oy ot A 2 2 AER e s
= ]
Z 3000 4
2 2500 7 -
] o
EE 3 * - e . -
= 2000 A | Ad L L AL . 0°C
1500 . .
1000 3 : }‘
500 . - * o
I v I— bl WL W VT YIS SV U W
10 20 30 40 50 60 70
20°

Figure 5.4-8: The XRD diffractogram of 0.05Fe>03:Ca0, fresh sample and after the

measurements of the sample exposed to air at different temperatures

Table 5.4.4: The average value of maximum mass ratio of saturated mass and initial mass for
0.05Fe>03:Ca0 samples

Temperatures | Initial | Saturated | average value of maximum

°C mass mass mass ratio- m(final)/m(initial)
0 1.06 1.58 1.49

25 1 1.57 1.57

50 1.03 1.28 1.24

75 1.08 1.29 1.19

100 1.04 1.24 1.2

200 0.97 1.07 1.10

Table 5.4.5 shows the BET analysis of pure CaO sample, low doped CaO
(0.1C00:Ca0, 0.1NiO:Ca0 and 0.05Fe>03:Ca0). In the table, the specific surface areas of the
fresh samples and the samples after the measurement of capturing process at room temperatures
are mentioned. Pure CaO fresh sample has a specific surface area of 4.34 m?g™. After the
measurement of capturing process at room temperature in air for 3 weeks, the specific surface
area increased to 6.05 m2g*. This is due to the absorption of CO, by CaO nanoparticles and by
the transformation of the latter into CaCOs. The average pore diameters exchanged from

11 nm for fresh CaO to 17 nm after the measurement of capturing process at room temperature.
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0.1C00:Ca0, 0.1NiO:Ca0 and 0.05Fe»03:Ca0 fresh samples have the specific surface
area of 6.02 m?g?, 7.8 m?gtand 6.74 m?g? respectively. After measurements of the same
samples at 25 °C in air for 3-6 weeks, the specific surface area of the samples exchanged to
12.2 m?g?, 7.16 mg™and 9.4 m?grespectively. Moreover, the average pore diameters of the
fresh samples to measured samples exchange from 14 nm to 23 nm for 0.1Co0:Ca0O, 24 nm to
28 nm for 0.1NiO:CaO and 24 nm to 26 nm for 0.05Fe>03:Ca0.

Table 5.4.5: The specific surface area of pure CaO and low-doped CaO, fresh samples and

after capturing for 3-6 weeks at room temperature

Samples Specific Surface area of the pore Cumulative pore volume Absorption
surface (BJH) of the pore (BJH) average pore
area diameter
(BET) | Absorption | Desorption | Absorption | Desorption (BET) BJH
m2g! m?gt m?g? cmé gt cmi gt nm nm
CaO 4.34 3.05 3.2 0.016 0.016 11 21
(fresh) (Air)
CaO 6.05 5.06 5.28 0.031 0.031 16 24
(captured)
0.1Co:Ca0O 6.02 4.65 4.74 0.016 0.016 9 14
(Fresh)
0.1Co:Ca0 12.2 10.6 2.98 0.062 0.041 17 23
(captured)
0.1Ni:CaO 7.8 6.43 6.78 0.038 0.038 17 24
(Fresh)
0.1Ni:Ca0 7.16 5.92 7.6 0.041 0.041 20 28
(captured)
0.05Fe:Ca0 6.74 5.41 5.58 0.032 0.032 15 24
(Fresh)
0.05Fe:Ca0O 9.4 6.97 7.55 0.047 0.047 17 26
(captured)

5.4.2 Absorption capacity and specific surface areas of highly doped CaO

In this section, the measurements of the absorption process for three different metal
oxides (CoO, NiO and Fe»0z) doped CaO are described. Each doping sample was prepared
based on the ratio 0.5: 1 of MClx to CaCl, during the reactions. All the samples were calcined
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from the dry precipitates at 650 °C for one hour in air using the furnace with a heating rate of
15 °C/min. The sample preparations and the measurements of the absorption capacity are
typically the same processes of the low doping amount of metal oxides of CaO. The samples
were exposed to air at different temperatures 0, 25, 50, 75, 100 and 200 °C until the samples

became saturated about 3-6 weeks.
5.4.2.1 Absorption capacity of 0.5C00:CaO

Figure 5.4-9 shows the time dependences of the mass increase for each 0.5C00:CaO
sample at different temperatures. At 0 °C, the mass increasing of the samples rises gradually
until 3 weeks, as seen in the figure. The mass ratio of the samples measured at 50 - 200 °C has
a much lower value than the samples measured at 0 °C. Figure 5.4-10 shows the XRD
diffractogram of the samples in which phases changed from the freshly produced sample and
the samples after the measurement at different temperatures. In the measured sample, only new
peaks of CaCOs and Ca(OH)2 appeared. There is no formation of carbonated or hydrated CoO.
Table 5.4.6 shows the average value of the maximum mass ratio of saturated mass and initial
mass of 0.5C00:Ca0 samples at different temperatures.
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Figure 5.4-9: The time dependence of the relative mass change of 0.5C00:CaO samples

exposed to air at different temperatures
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Figure 5.4-10: The XRD diffractogram of 0.5C00:Ca0, fresh sample and after the

measurements of the sample exposed to air at different temperatures

Table 5.4.6: The average value of the maximum mass ratio of saturated mass and initial mass
of 0.5C00:Ca0 samples

Temperatures | Initial | Saturated | average value of maximum

°C mass mass mass ratio- m(final)/m(initial)
0 0.78 1.08 1.38

25 0.70 0.8 1.24

50 0.78 0.8 1.03

75 0.8 0.82 1.03

100 0.74 0.78 1.05

200 0.73 0.76 1.04

5.4.2.2 Absorption capacity of 0.5NiO:CaO

The time dependences of the mass increase of 0.5NiO:CaO samples are shown in Figure
5.4-11. At 0 °C, the duration of capturing process of the sample is up to 6 weeks while the mass
increases gradually. Only at that temperature the value of the mass ratio is much higher than
the other samples measured at other different temperatures. Figure 5.4-12 shows XRD pattern
of the freshly produced sample and after the measurement was done at the measured
temperatures. There are new peaks formation of CaCOz and Ca(OH). in the measured samples
as 0.5NiO:Ca0. There is no formation of carbonated or hydrated NiO. That has a similar
situation as 0.5C00:Ca0. The average value of the maximum mass ratio of saturated mass and

initial mass of 0.5NiO:CaO samples is shown in Table 5.4.7.
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Figure 5.4-12: The XRD diffractogram of 0.5NiO:Ca0, fresh sample and after the

measurements of the sample exposed to air at different temperatures

Table 5.4.7: The average value of maximum mass ratio of saturated mass and initial mass of
0.5NiO:CaO samples

Temperatures | Initial | Saturated | average value of maximum

°C mass mass mass ratio- m(final)/m(initial)
0 0.76 1.08 1.42

25 1.52 1.79 1.18

50 0.74 0.86 1.16

75 0.76 0.86 1.13

100 0.77 0.88 1.14

200 0.74 0.77 1.04
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5.4.2.3 Absorption capacity of 0.25Fe203:CaO

Figure 5.4-13 shows the 0.25Fe>03:CaO nanoparticles that were measured for the

absorption process in air at different temperatures 0 - 200 °C for 3-6 weeks. At 0 and 25 °C,

the saturated mass of the samples is higher than the samples measured at higher temperatures.

XRD diffractograms of the freshly produced sample and the samples after the measurements

at different temperatures. In the measured samples, those have only a new peak of CaCOsa.

There is no peak of carbonated or hydrated iron oxide as same as 0.5C00:CaO and 0.5NiO:CaO

samples, as seen in Figure 5.4-14. The average value of the maximum mass ratio of saturated

mass and initial mass of 0.25Fe»03:Ca0 samples is shown in Table 5.4.8.
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Figure 5.4-14: The XRD diffractogram of 0.25Fe>03:Ca0, fresh sample and after the

measurements of the sample exposed to air at different temperatures
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Table 5.4.8: The average value of maximum mass ratio of saturated mass and initial mass of

0.25Fe203:Ca0 samples

Temperatures | Initial | Saturated | average value of maximum

°C mass mass mass ratio- m(final)/m(initial)
0 0.8 1.09 1.36

25 0.78 0.97 1.24

75 0.75 0.8 1.07

75 0.82 0.86 1.05

100 0.74 0.77 1.04

200 0.79 0.82 1.04

Table 5.4.9 shows the BET analysis of the samples 0.5C00:Ca0O, 0.5NiO:CaO and
0.25Fe»03:Ca0. This table shows the results of fresh samples and the samples measured at
25 °C after 3-6 weeks.

0.5C00:Ca0, 0.5Ni0:Ca0 and 0.25Fe>03:CaO fresh samples have found the specific
surface area of 3.56 m?g?, 7.79 m?g? and 13.39 m?g™l. After keeping the same samples at
25 °C in air for 3-6 weeks, the specific surface area of the samples exchanged to 13.12 m?g?,
19.34 m?g! and 15.94 m?g?, respectively. Moreover, the average pore diameters of the fresh
samples to measured samples exchange from 22 nm to 21 nm for 0.5C00:Ca0O, 31 nm to
24 nm for 0.5Ni0O:Ca0 and 24 nm to 22 nm for 0.25Fe>03:Ca0.

Table 5.4.9: The specific surface area of highly low doped CaO, fresh samples and after

capturing for 3-6 weeks at room temperature

Samples Specific Surface area of pore Cumulative pore volume of Absorption
surface (BJH) pore (BJH) average pore
area diameter

(BET) Absorption | Desorption | Absorption | Desorption | (BET) | BJH

m2g?t m3g? m3g? cmé gt cmé gt nm nm

0.5Co:Ca0 (Fresh) 3.56 2.91 2.97 0.0152 0.0152 15 21

0.5Co:Ca0 13.12 11.35 12.15 0.063 0.064 17 22
(captured)

0.5Ni:CaO (Fresh) 7.79 7.16 7.7 0.054 0.055 26 31

0.5Ni:Ca0 19.34 18.16 20.7 0.11 0.11 21 24
(captured)

0.25Fe;03:Ca0 13.39 12.37 13.1 0.075 0.076 20 24

(Fresh)

0.25Fe,05:Ca0 15.94 12.03 13.52 0.065 0.066 14 22

(captured)
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5.4.3 The summary of capturing efficiency of pure CaO and metal oxides doped CaO

nanoparticles

The expected primary reaction of the air components with CaO nanoparticles is the

capture of carbon dioxide from air: CaO¢s) + CO2() = CaCOs(s)

This reaction is accompanied by the following standard Gibbs energy changes in
kilojoules per mole (at different temperatures given in °C): -133.98(0), —129.9 (25),
-125.96(50), -121.93(75), —117.8 (100), and — 101.6 (200) kJ/mol. Indeed, when CaO was kept
at 25 °C, it was fully transformed into the calcite form of CaCOs (also seen in Fig. 5.4-2).
The theoretical ratio of the molar masses of CaCO3 to CaO is as below:

m(final) _ M(CaCO3) _ 100.15
m(initial) M(CaO) 56.07

=1.786 Eq5.4.3-1

This ratio is practically the same as found at the end of the experiment performed at
25 °C, as seen in Figure 5.4-2. Further confirming that at room temperature, CaO nanoparticles
are able to capture carbon dioxide from air and the full capacity measured for this process
within 3 weeks. Note that although the 3 weeks seems a long time, this process does not need
industrial conditions. The CaO nano-particles deposited on the field will slowly but surely

absorb CO; from surrounding air at low temperatures 0 and 25 °C.

Pure CaO transformed to CaCO3z at room temperature, which means CaO fully absorbed
CO2 100%. For 0.1C00:Ca0, the existence of CaO and Ca>C0.0s were found, while in the
0.5C00:Ca0 sample, CaO, Cao7sC02s0 and CoO phases exist. In 0.1NiO:CaO and
0.5NiO:CaO samples, there are only the existence of CaO and NiO. For 0.05Fe.03:Ca0, the
existence of CaO, CaxFe-Os and Fe2Os was found. But in the 0.25Fe;03:Ca0, only CaO and
Fe203 exist. Among those different compositions, only CaO transformed to CaCOs or Ca(OH)2
and CaCOs. There is no carbonation or hydration of doping metal oxides and compounds due

to the diluting effect.

As proof, XRD diffractograms of fresh samples and measured samples were described
in section 5.4. Therefore, low and highly-doped CaO samples in which CaO can be considered
for the carbonation. The molar mass of doped CaO (Xcao) is calculated by the following
equation as an example in equation 5.4.3.2. The molar mass of other sample Xcao is described

in Table 5.4.10. As an example, the molar mass of 0.1C00:Ca0, Xcao;

0.1Co00:Ca0 =

M(C0) ____5608 ___gg Eq5.4.3-2
M(0.1C00+Ca0)  0.1(74.93)+56.08
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The theoretical mass ratio of CaCOj3 to Xcao is as below:

m(final)

m(initial) =1+(0.78 ¢ Xcz0) Eq5.4.3-3
The capturing efficiency of pure CaO (%) for each sample is calculated by the following

equation.

m(final)

(

Capturing efficiency (%) of CaO =100 e [ m(inlit;aslé —

(measured) —1)

] Eq5.4.3-4

The capturing efficiency of doped CaO (Xcao) (%) for each sample is calculated by the

following equation.

m(final)
m(initial)
0.78+Xca0

(

(measured) —1)

Capturing efficiency (%) of Xcao= 100 e [ ] Eq5.4.3-5

Table 5.4.10 describes the maximum mass ratio of pure CaO and metal oxides doped
CaO while the mass increasing becomes saturated. The maximum mass ratios were shown in
percentage at different measured temperatures. The measurements at low temperatures, 0 °C
and 25 °C, CaO samples have the highest absorption capacity of CO> capturing. As a proof,
the comparison of XRD diffractograms for fresh samples and the samples measured at different
temperatures have been described in section 5.3. At higher temperatures, the sample captured
not only CO> but also moisture. But the capturing of moisture H20 is much higher while a few
amounts of CO. capturing occurred. Therefore, capturing CO. using doped CaO is
recommended at 0 °C and 25 °C.

Table 5.4.10: The maximum mass ratio in percentage of each sample as a function of different

temperatures
Samples Molar | Theoretical Capturing efficiency (%) at each
mass of | maximum different temperature °C
Xcao | massratio | 0 25 50 75 | 100 | 200
CaOo - 1.78 79 100 41 40 38 29
0.1Co0:Ca0O 0.88 1.69 54 39 35 36 33 26
0.5C00:Ca0 0.6 1.47 81 51 6 5 11 9
0.1NiO:Ca0O 0.88 1.69 65 41 38 35 36 8
0.5NiO:Ca0 0.6 1.47 90 38 34 28 30 9
0.05Fe»03:CaO | 0.88 1.68 72 83 35 28 29 | 15
0.25Fe203:Ca0 0.58 1.46 100 53 15 11 9 9
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Figure 5.4-15 shows the maximum capturing capacity of pure CaO and low-doped CaO
nanoparticles as a function of different temperatures. Regarding the graphs, CaO has 100 %
capturing capacity at 25 °C. By doping of different metal oxides to CaO enhance the stability
of the absorption capacity at different higher temperatures. The temperatures at 0 °C and
25 °C, in the order of high to low capturing efficiency, are pure CaO, 0.05Fe>03:Ca0,
0.1NiO:Ca0O and 0.1Co0O:CaO. At the measured temperatures 50, 75 and 100 °C, the

absorption capacity of metal oxide doped to CaO has a similar result in the range of 30- 40 %.
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Figure 5.4-15: The maximum capturing capacity % of pure CaO and 0.1Co00:Ca0,
0.1NiO:Ca0 and 0.05Fe»03:Ca0 at different measured temperatures

Figure 5.4-16 shows the maximum capturing capacity of pure CaO and highly doped
CaO nanoparticles as a function of different temperatures. At the temperature 0 °C, the
capturing efficiency exchange in the order of high to low i.e; CaO, 0.5C00:Ca0O,
0.25Fe203:Ca0 and 0.5NiO:CaO. At temperatures 25, 50, 75 and 100 °C, the capturing
efficiency of metal oxide doped to CaO has a similar result, while the capturing capacity is

much lower than pure CaO sample.
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Figure 5.4-16: The maximum capturing capacity (%) of pure CaO and 0.5C00:Ca0,
0.5Ni0O:Ca0 and 0.25Fe»03:Ca0 at different measured temperatures
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5.5 Conclusions

-The selection of metal oxide nanoparticles through precipitation -calcination method from
metal chloride and NaOH aqueous solutions by the theoretical approach has been studied.
According to Chapter 2, 13 metal oxides (Al.Os, BeO, CdO, CaO, CoO/C0304, CuO, FeO,
Fe>03, MgO, MnO, NiO, SnO and ZnO) could be produced by using precipitation-calcination
method from metal chloride and NaOH aqueous solutions.

- Additionally, CaO, MnO, CdO and Co0304 could be used for carbonation in air. FeO, MgO,
ZnO and NiO are found as possible candidates for partial carbon dioxide capture, but they

cannot lower the current carbon dioxide content in air (420 ppm) to the target value of 42 ppm.

- In this research, CaO has been produced in different environments (under vacuum and in air)
during calcination. CaO samples, which calcined in air, lead to the formation of 100 % pure

CaO powder and smaller crystallite sizes.

-The analysis of the crystallite sizes and compositions of (CoO, NiO and Fe>03) doped CaO
nanoparticles; low-doped and highly doped CaO has been investigated. Low-doped CaO;
0.1NiO:CaO has two phases with the crystallite sizes of CaO (42 nm) and NiO (12 nm).
0.1Co0:Ca0 has two phases with the crystallite sizes of CaO (105 nm) and Ca2C0,0s (50 nm).
For 0.05Fe>03:Ca0 sample has three phases with the crystallite sizes of CaO (165 nm), Fe2O3
(810 nm) and CazFe20s (14 nm). Highly doped CaO; 0.5NiO:CaO has two phases with the
crystallite sizes of CaO (200 nm) and NiO (20 nm). For 0.5C00:Ca0O sample has two phases
with the crystallite sizes of CaO (120 nm) and Ca2C020s (40 nm). In the 0.25Fe.03:Ca0
sample, there are two phases with the crystallite sizes of CaO (820 nm) and CazFe20s (30 nm),

respectively.

-The analysis of the absorption capacity of CO2 for pure CaO and metal oxides doped CaO in
air at low temperatures (0,25,50,75,100 and 200) °C have been studied. The absorption capacity
of CaO at 25 °C has 100% efficiency.
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6. Claims

In this work, aqueous solutions of different metal chlorides (for example, calcium chloride)
were mixed with an aqueous solution of NaOH at 80 °C. As a result, usually solid crystalline
metal hydroxide (for example, calcium hydroxide) precipitates from the solution and the side
product NaCl remains dissolved in it. The precipitates were collected by filtering and washed
by water to decrease their NaCl contamination. Then, the samples were dried overnight and
calcined to obtain metal oxide particles (for example, calcium oxide). These metal oxide
particles appeared to be nano-sized, or at least sub-micron sized. These metal oxide samples
were kept in normal air at different temperatures for several weeks to measure their mass
increase, indicating capture of some carbon dioxide from air by the formation of metal
carbonate (for example, calcium carbonate). In this work, the structure and phase composition
of the synthesized nano-metal-oxide samples are measured before and after carbonization as a
function of synthesis conditions and conditions of carbon dioxide capture. Additionally, a

model is made to understand and predict the processes better.
Claim 1: Theoretical results

1.1. Selection of useful metal chloride to prepare nano-metal-oxides. All existing stable
solid metal chlorides were analyzed using mostly thermodynamic data from literature to select
those metals, whose nano-metal-oxides can be produced from their metal chlorides with
reasonable efficiency by the method described above. The criteria considered are as follows:
(i) sufficient solubility of the given metal chloride in water, (ii) sufficient ability of the given
metal chloride to convert into metal hydroxide by 1 M NaOH, (iii) low enough solubility of
the given metal hydroxide in water to ensure its fast precipitation, (iv) reasonably low
calcination temperature at which the given metal hydroxide can be converted into the desired
metal oxide ensuring its nano-structure. It is claimed here that the following 13 nano-metal-
oxides can be produced by the above-described method: Al.O3, BeO, CdO, CaO, CoO/C0304,
CuO, FeO, Fe203, MgO, MnO, NiO, SnO and ZnO (note: CoO is primarily produced but if
calcination is performed in air, then CoO is oxidized to Co304). These theoretical results are

confirmed by literature data on experimental findings.
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1.2. Selection of nano-metal-oxides from the above list that can capture carbon dioxide
from air reducing its content 10-fold. The 13 metal oxides listed in Claim 1.1 are theoretically
tested for their ability to capture carbon dioxide from air under standard temperature lowering
the partial pressure of carbon dioxide from its present average value in our environment of
420 ppm to the target value of 42 ppm. The result is (in order of their decreasing ability to
capture carbon dioxide): CaO, MnO, CdO, Coz04. Additionally, FeO, MgO, ZnO and NiO are
found as possible candidates for partial carbon dioxide capture, but they cannot lower the

current carbon dioxide content in air 420 ppm to the target value of 42 ppm.

Claim 2. Effect of calcination environment (vacuum or air) on CaO

nano-particles

CaO nanoparticles were prepared from wet Ca(OH)2 precipitates by calcination during 1 hour
between 25 and 650 °C in two different environments: vacuum and air (vacuum is a usual

method in the literature, air is the novel and simple method).

2.1. Transformation temperature. It is shown that the temperature of full transformation of
Ca(OH)2 into CaO is lower when calcination is performed in vacuum 600 °C, as seen in
Figure C1 compared when it is transformed in air 650 °C, as seen in Figure C1 b. This is due
to the high entropy of the gaseous reaction product H>O that drives the dissociation reaction in

vacuum further and faster compared to the case when calcination is performed in air.
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Figure C1: XRD diffractograms of CaO during its calcination steps in the temperature range

of 25 - 650 °C(a) calcination under vacuum (b) calcination in air

2.2. Recrystallization upon calcination. The crystallite sizes of CaO nano-particles calcined
under vacuum go through a maximum at 550 °C due to their recrystallization to eliminate lattice
defects and dislocations, as seen in Figure C2a. However, this maximum is not present for the
case when CaO was obtained by calcination in air, as in this case, CaO is not re-crystallized,
as seen in Figure C2.h.
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Figure C2: The crystallite sizes of CaO as a function of temperatures in the range of

50 - 650 °C (a) calcination under vacuum (b) calcination in air

2.3. Final sizes after calcination at 650 °C. The final crystallite sizes of CaO nano-particles
obtained after calcination at 650 °C were found to be in the range of 60-100 nm. The final
crystallite sizes of CaO nano-particles obtained after calcination at 650 °C were found to be in
the range of 110-170 nm as seen in Figure C2. The crystallite size of CaO calcination in air

leads to the smaller crystallite sizes to compare calcination under vacuum.
Claim 3. Synthesis of metal oxides nanoparticles by calcination in air

3.1. Synthesis of further pure metal oxide nano-particles. To confirm claim 1.1 further, in
addition to CaO nano-particles reported in Claim 2, three further types of nano-metal-oxide-
particles were successfully synthesized from the list of the 13 possible nano- metal-oxide-
particles of Claim 1.1 using the above-described technology and calcination in air (with their
average crystallite sizes measured by XRD): C0304 (18 nm), Fe2O3 (16 nm) and NiO (20 nm).
TEM micrographs are in good agreement with the crystallite sizes obtained by XRD.

The formation of pure and single phases was also confirmed by XRD, as seen in Figure C3.
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3.2. Synthesis of low-doped CaO. Applying 0.1:1 molar ratio of NiClz, CoCl, and FeCls to
calcium chloride in the initial aqueous solution, low-doped CaO nano-particles were obtained
by calcination in air at 650 °C as follows, with their average crystallite sizes: (i) in the
0.1NiO:CaO sample only CaO (42 nm) and NiO (12 nm) phases were detected; (ii) in the
0.1C00:Ca0 sample CaO (105 nm) and Ca2C020s (50 nm) phases were detected, the latter due
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to further oxidation of CoO in air and its complex formation with CaO; (iii) in the
0.05Fe203:Ca0 sample CaO (165 nm), Fe203 (810 nm) and CazFe20s (14 nm) phases were
detected, the latter due to the complex formation of Fe2O3 with CaO as seen in Figure C4.
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Figure C4: The crystallite sizes of low-doped CaO as a function of temperatures in the range
of 50 - 650 °C (a) 0.1NiO:CaO (b) 0.1C00:Ca0 (c) 0.05Fe>03:Ca0O

3.3. Synthesis of highly-doped CaO. Applying 0.5:1 molar ratio of NiCl,, CoCl. and FeClz
to calcium chloride in the initial aqueous solution, highly doped CaO nanoparticles were
obtained by calcination in air at 650 °C as follows, with the average crystallite sizes: (i) in the
0.5Ni0:Ca0 sample only CaO (200 nm) and NiO (20 nm) phases were detected; (ii) in the
0.5C00:Ca0 sample CaO (120 nm) and Ca2C0.0s (40 nm) are the major phases; (iii) in the
0.25Fe203:Ca0 sample CaO (820 nm) and CazFe20s (30 nm) phases were detected as seen in
Figure C5.
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Figure C5: The crystallite sizes of low-doped CaO as a function of temperatures in the range

of 50 - 650 °C (a) 0.5NiO:CaO (b) 0.5C00:Ca0 (c) 0.25Fe203:Ca0

Claim 4. Carbonation capacity of metal oxide nanoparticles kept in air

4.1. Carbonation capacity of pure CaO nano-particles at room temperature. Pure CaO
nano-particles are able to absorb carbon dioxide from normal air at room temperature 25 °C to
their full capacity within 450 hours; in this process, the initial pure CaO is fully transformed
into CaCOs and its initial mass is increased to its theoretical maximum by 78 %. Similar (but

somewhat lower) results were obtained at 0 °C, as seen in Figure C6.
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4.2. Carbonation capacity of pure CaO nano-particles at higher temperatures. Pure CaO
nano-particles at 50 — 75 — 100 — 200 °C were found to absorb much less of carbon dioxide
from air compared to room temperature absorption experiments. This was due to the

co-absorption of water vapor with the co-formation of Ca(OH)., blocking the pores in the

CaO nano-structure.
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4.3. The role of doping oxides in carbonation. All doping oxides (NiO, Fe2Oz and C0304) in
both low-doped and highly-doped states with CaO were found inactive towards capturing CO>
or H2O from normal air in the temperature range of 0 ... 200 °C. This was proven by the
absence of any peaks for carbonates or hydrates of Ni, Co and Fe in doped CaO samples after
they were kept in normal air for hundreds of hours as seen in Figures C8 and C9. In these
samples, the same CaCOz was detected at 0 ... 25 °C and additionally, some Ca(OH), was
found at 50 ... 200 °C, as shown above for pure CaO samples. As a result, the carbonation
capacity of doped CaO samples was lower compared to pure CaO samples, as the doping oxides

had only some diluting effect.
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4.4. Final absorbent selection for carbon dioxide capture. Among all nano-metal oxide
synthesized and all capturing temperatures studied, pure CaO at 25 °C in air showed the
maximum carbon dioxide capturing capacity. Although it takes a longer time (around 450
hours) to fully carbonate pure CaO at 25 °C, it does not require special industrial conditions;
capturing of carbon dioxide from normal air will take place slowly but surely by CaO disposed

to open fields at a temperature around room temperature.
Future Perspectives

- It would be interesting from a theoretical point of view to predict the numbers of the possible
candidates that can be used to produce metal oxide nanoparticles through precipitation-
calcination methods using other precursors such as metal nitrate, metal sulfate and NaOH or
KOH.

- The reaction conditions for the synthesis of metal oxides nanoparticle via the precipitation
calcination method, such as speed of magnetic stirring, duration of the chemical reaction and
calcination temperature, could be optimized to produce metal oxide nanoparticles with better

characteristics.

- The capturing process should be investigated in CO2 environment at low temperatures to

analyze the capturing efficiency of the metal oxides and metal oxides doped CaO nanoparticles.

- Based on the results from this research, the produced CaO and metal oxides doped CaO could

be used in various industrial production as CO; absorbers.
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