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Abstract: In this study, we investigated a mechanism of carbonation reaction by CO, capture through
synthesis of ternary (CaO-Al,O3-Fe;O3) compounds. As for the composition of the sintered calcium
aluminum ferrite (SCAF), the proportions of CF-based product and CA-based product were high,
at 87.3% and 64.6%, at sintering temperatures of 1000 °C and 1100 °C, respectively. In addition,
in the process of both dry and wet carbonation, the carbonation reaction occurred in the synthetic
SCAF regardless of the sintering temperature conditions. In particular, in the carbonation with the
wet method, CAH and CAFH, which are hydrates, were produced in up to 1 h of the reaction time
with CO,, but from 3 h of reaction time, carbo compounds such as calcium carbo aluminate and
calcium carbo alumino-ferrite compounds were produced. That is, with increasing reaction time, the
carbo reaction becomes more active in the process. Therefore, SCAF synthesized in this study easily
produced carbo compounds through carbonation reactions and formed carbonates by reaction with
CO;. Thus, it is expected that the compounds can be effectively utilized as an excellent material for
CO; capture capable of CO; absorption and fixation.

Keywords: calcium aluminum ferrite; carbonation reaction; CO, capture

1. Introduction

The processes of manufacturing, production, installation, and utilization of construc-
tion materials are energy intensive and use fossil fuels in most cases, and thus the con-
struction materials sector has been classified as a typical carbon-generating sector [1,2].
Therefore, in order to curtail the energy consumption and reduce CO, emissions in the
construction materials sector, technology development that can fundamentally address the
problem of embodied carbon in the industry is required, such as improving the manufactur-
ing process of the materials or increasing the use of alternative materials. In particular, there
is a pressing need for technology development in terms of effective measures for reducing
energy consumption as well as for CO, absorption and reduction [3]. As an alternative
material to ordinary Portland cement (OPC), aimed at reduced energy consumption in the
construction materials industry, granulated blast furnace slag or fly ash has been actively
used, but their usage and scope of application are highly limited in practice [4]. Therefore,
in addition to the efforts of CO, reduction by employing alternative materials or partial
replacement of OPC, utilization of CO, capture-type materials is necessary in order to im-
plement the principle of “Net-Zero” in the industry. Calcium aluminum ferrite (C4AF), one
of the cement clinkers, undergoes a phase change at a sintering temperature range of 700
to 1200 °C [5,6]. The phases range in composition from 2CaO-Fe; O3, 4CaO-Al,O3-Fe, O3,
and 6Ca0-2Al,03-Fe;O3. These compounds exist as unstable solid solution series and
upon cooling, they are converted to ferrite phase, which forms a more stable state [7].
There are two series of the hydrated CaO-Al,O3-Fe;O3, a ternary material: one is the
garnet-hydrogarnet series, which may also be referred to as the C3 AH¢-C3FHg series, and
this series crystallizes in the cubic system. The other is the C4 AHn-C4FHn series, and this
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forms a hexagonal system. According to Equation (1), possible reactions include hydration
by H,O and the carbonation reaction by CO or CO;. Diffusion of impurities is one of the
most important phenomena in material science and understanding the diffusion profile
of CO; into the hardened body of the ternary compound CaO-Al;O3-Fe;O3 draws much
research interest, with significant implications for applications. In the ternary system of
Ca0O-AlyO3-Fe; 03, a strong carbonation reaction is observed in a certain range of chemical
concentrations, which allows adsorption and fixation of CO,. Therefore, by analyzing
the carbo reaction mechanism of the synthetic ternary compound CaO-Al,O3-Fe;O3, the
applicability of the material as an OPC alternative or replacement is investigated, as well
as its performance in CO, adsorption and reducing energy consumption and CO; emis-
sions, which is expected to contribute to establishing the theory for CO, capture in the
construction materials industry.

4Ca0 + A1203 — 4CaO~A1203 +COp — Ca4A1206-C03

4Ca0 + Fe203 — 4CaO~Fe203 + C02 — Ca4Fe206-C03 (1)
4Ca0 + A1203 + Fe203 — 4CaO'A1203'F6203 +CO; — Ca4A12Fe209-CO3

2. Experiment
2.1. Materials

As for the materials used for synthesis of the calcium aluminum ferrite (CAF) com-
pound, calcium oxide (CaO, CAS, Goryeong-gun, Korea; 1305-78-8), aluminum oxide
(Al,O3, CAS; 1344-28-1), and iron(III) oxide (Fe, O3, CAS; 1309-37-1), all of which are of
reagent grade, were used, and all samples were dried in a vacuum oven at 105 °C for 24 h
to remove moisture contained in the samples.

2.2. Method
2.2.1. Sintering

For investigation of the carbo reaction, the CAF compound was synthesized as follows.
For firing of CAF, a fixed ratio of CaO:Al;O3:Fe;O3 = 3:1:1 mole was used, and firing
of the materials was carried out at the temperature of 1000 °C and 1100 °C, respectively.
Figure 1 presents the conditions and methods for firing of CAF compounds. As for the
firing temperature (1000 °C, 1100 °C), the materials were fired for 2 h at each temperature
with the heating rate at 5 °C/min, followed by furnace cooling. Dry mixing was carried
out for 3 min according to the mole ratio of each sample, and then the mixed powder
was diluted 10-fold in ethyl alcohol and mixed with a wet method in two steps. In step 1,
mixing was performed twice at 1000 rpm for 5 min each, using a vortex mixer (Genius 3,
IKA, Staufen, Germany), and in step 2, using an ultrasonic homogenizer (VCX750, Sonics,
Newtown, CT, USA), mixing and dispersion of the samples were performed for 10 min.
The samples in the slurry state were dried at 60 °C for 24 h in a dry oven, crushed using
a ball mill, and sieved with a 100-mesh screen. Then, the samples were pressurized at
50 MPa in a 20 ¢ disc mold to form pellets. After firing the formed pellet samples at
1000 °C and 1100 °C for 2 h, respectively, followed by furnace cooling, the samples were
taken out at ~60 °C, placed into a desiccator, and cooled to room temperature. Then, the
samples were crushed using a ball mill for use in testing of material properties. To analyze
the crystalline phases of the final synthesized samples, an X-ray Diffractometer (XRD;
Rigaku, D/Max-2500V, Tokyo, Japan; scan range: 5~80°; acc. vol.: 40 kV, 200 mA; scan
speed: 2°/min; target: Cu) was used for quantitative elemental analysis (5° /min).

2.2.2. Carbonation

The carbonation experiments were conducted in two methods: a gas—solid reaction
(dry method) with direct reaction between sintered calcium aluminum ferrite (SCAF)
powder with CO,, and a gas-liquid reaction (wet method) in which SCAF powder is
dispersed in water (binder: water = 1:1) to form a slurry state, and the slurry-state SCAF is
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reacted with CO,. The concentration of CO, gas was maintained at 5% in the chamber, and
the reaction time was varied from 30 min, 1 h, 3 h, up to 6 h.

Raw Materials Drying 105 °C, 24 h
v
. . 1*¢:Shaker 10 min
M]Xll‘]g 2n : Ultrasonic homogenizer 10 min
: Temp.
o
Forming © 20 mm, 50 MPa ‘e
v
1000 °C, 1100 °C ;
Firing 5 °C /min, 1
30 min, 1h,2 h 1000 °C
Furnace Cooling ~_—" |
Clinker i |
- . Time(min)
" Crushing t t,=30 min, 1h,2 h
Characterization | Analysis-XRD, TGA, ...

Figure 1. Schematic diagram of experimental procedures.

To examine the calcium carbonation reaction, XRD (X-ray Diffractometer; Rigaku,
D/Max-2500V, Japan; scan range: 5~80°; acc. vol.: 40 kV, 200 mA; scan speed: 2°/min;
target: Cu) analysis was used for quantitative determination of crystalline phases. In
addition, for image analysis of the CO, reaction products, samples were applied with Pt
(platinum) coating using a plasma spray, and a Field Emission Scanning Electron Micro-
scope (FE-SEM; JEOL, JSM-6701F, Tokyo, Japan) was used. Thermogravimetry/differential
thermal analysis (TG-DTA) was performed using a thermal analyzer (STA409PC Luxx,
Selb, Netzsch, Germany) under the conditions of heating rate at 10 °C/min from room
temperature to a maximum temperature of 1000 °C, and a nitrogen (N;) atmosphere.

3. Result and Discussion
3.1. Characterization of the Synthetic SCAF

The study compound, SCAF, was synthesized according to the chemical equivalent
ratio of each oxide, and characterization of the material was performed. Figure 2 shows
the analysis results of crystalline phases of the SCAF compound according to the sintering
temperature (1000 °C, 1100 °C).
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Figure 2. XRD patterns of CAF sintered at 1000 °C and 1100 °C.
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After firing at 1000 °C, the composition of the products was as follows: the content
of CF-based compounds was 57.1 wt.%, that of corundum was 20.9 wt.%, and the con-
tent of lime was 14.5 wt.%. As for the products after firing at 1100 °C, the content of
CF-based compounds was 56.2 wt.%, and with lime and corundum were 7.5 wt.% and
5.2 wt.%, respectively.

The major difference between the two sintering temperatures is that in the case of sinter-
ing temperature at 1100 °C, 17.0 wt.% of grossite (CaAl;Oy; PDF#01-076-0706) and mayenite
(Aly14Cay2033; PDF#01-076-9897), which are calcium-aluminum-based compounds, were
produced. In the case of calcium aluminum oxide, the content was 7.5 wt.% at 1000 °C and
14.1 wt.% at 1100 °C. As a result of Rietveld-XRD analysis, at a sintering temperature of
1100 °C, CF- and CA-based compounds accounted for the highest proportion (about 87.3%)
of the composition of the sintered products. At 1000 °C, the total products consisting of
CF- and CA-based compounds was only 64.6%. That is, it can be seen that in the case of
firing of CF/CA-based compounds, less of the residual amounts of lime and corundum, the
unreacted components, were observed at the sintering temperature of 1100 °C compared to
the temperature at 1000 °C.

3.2. Characteristics of Carbo Reaction of SCAF
3.2.1. Analysis of Thermal Properties by Carbo Reaction of SCAF

In order to investigate the reactivity of SCAF with CO,, carbonation was conducted
in two methods: a gas—solid reaction (dry method) with direct reaction between SCAF
powder and CO,, and a gas-liquid reaction (wet method) in which SCAF powder is
dispersed in water (binder:water = 1:1) to form a slurry state and is reacted with CO,.
The absorption reaction time was set to 30 min, 1 h, 3 h, and 6 h, with the sampling
carried out in line with the set time. In addition, thermogravimetry analysis (TGA) was
performed to determine the amount of CO, adsorption with the reaction time. Figure 3
shows the results of thermogravimetric analysis of SCAF with different reaction times and
sintering temperatures.

The results of thermogravimetric analysis can be divided into three temperature
sections, and Table 1 outlines the weight loss for each section by sintering temperature.
The first section shows a weight reduction due to decomposition of water, and the second
section is judged to be a weight loss due to Ca(OH),. The final section shows the weight
loss due to the decomposition of calcite at 700-900 °C, which is considered to be a typical
characteristic of thermal decomposition of calcite produced by the reaction between SCAF
and CO;, [8,9].

Table 1. The weight lost (wt.%) with reaction time.

1000 °C 1100 °C

Reaction ls.t Zn.d 3“.1 ls.t 2n.d 3r$1

Time Method Section Section Section Section Section Section
100~200 °C 350~500 °C 600~900 °C 100~200 °C 350~500 °C 600~900 °C

. D 0.56 0.24 0.05 0.54 0.38 0.11

30 min w 12.22 1.81 522 6.32 7.27 2.8

D 0.41 0.37 0.04 0.36 0.52 0.19

1h w 8.69 6.56 6.51 7.89 7.14 428

D 0.47 0.22 0.18 0.40 0.54 0.22

3h Y 6.86 5.03 12.03 497 7.34 11.01

D 0.43 0.47 0.02 0.37 0.93 0.02

6h Y 6.89 1.33 13.67 2.27 6.12 12.93

Figure 4 shows the content of calcite (CaCO3) as a percentage based on the CO,
reaction time. It can be seen that the generation of calcite increases with elapse of the
reaction time, and as for the CO; reactivity, as shown in the XRD analysis result, more
calcite generation is observed at a sintering temperature of 1000 °C than of 1100 °C. This is



Appl. Sci. 2022,12, 6677

50f9

thought to be due to unreacted lime, in which the reaction of the unreacted CaO with CO,

led to more calcite formation [9,10].
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Figure 3. TGA carves of carbonation with (a) dry method and (b) wet method.
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Figure 4. Calcite generation based on reaction time.

3.2.2. Analysis of Crystalline Phase for Carbo Reaction of SCAF

Figures 5 and 6 show the crystalline phases of SCAF formed with different carbonation
reaction times and methods. In the case of carbonation with the dry method, the XRD peak
pattens of the crystalline compounds produced by the carbo reaction show no significant
differences with respect to the reaction time, irrespective of the sintering temperature.

On the other hand, in the case of carbonation of SCAF with the wet method, in
addition to the formation of new products, there are differences in terms of peak in-
tensity compared to the products of carbonation with the dry method, and regardless
of the sintering temperature of SCAF, after 3 h of carbonation reaction time, forma-
tion of a large amount of hydrates can be seen due to the reaction of CAF compound
with CO,. The products of the carbonation reaction include CAC(CasAl;OCO3-11H;0)
and CACH(CasAl,OsCO3-11H,0), which are calcium carbo aluminate compounds, and
CAFC(CagApFeyO1,CO3(0OH),-22H,0), which is a calcium carbo alumino-ferrite com-
pound. In particular, a strong peak intensity is observed at 3 h of the carbonation reaction,
and at 6 h, the peak of the calcite gradually increases, and it can also be observed that
the peaks of CAC and CFC crystalline compounds, which are calcium carbo compounds,
increase with the reaction time [11,12].
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Figure 5. XRD patterns for carbonation with dry method. (a) 1000 °C; (b) 1100 °C.



Appl. Sci. 2022,12, 6677

7 of 9

CF(C: CagFey06C03 A: A0y
CF: Ca(Fe204) C: CaC03
CAC:CagAl05C0O311H0 T: CaO

¢ CACILCagATyFes03CO3(0IT) 221150

CE
ac o LS a :
a0 Ot L vt W/ Carh,1000-61T

CAC

L—_Auﬁuumw\.w%ww(arb 1000-3H

M—J“———A-w—'u-»—-&-\\ {Carb.1000-1H

_L.m__m_.A_a-J\-("w——m___)\_M__A___k_.\Wy( arh.1000-30M

| | A L
_____J,:L_M_.Ul e 0 Ak oo NCarh. 1000
T T T T T 1

CFC: CagFey06C03-11THO A: Aly03
CF: Ca(Fey04) C: CaC03
CAC:CagAl04C0O3 11H20 L: Ca0

CAC CFC LI. c C C C
D v SN WY W/Carb.1100-61T

(FJ CAC

| o sttt e WiCarb 11003
»JL_.___MA__N»JMMW{CMEI]INI-IH
J_«_JM}WVWCME] 100-30M

CF

I
\ 1

e M N-Carh.1100

10 20 30 40 50 60 10 20 30 40 50 60
2 Theta (deg.) 2 Theta (deg.)
(a) (b)

Figure 6. XRD patterns carbonation with wet method. (a) 1000 °C; (b) 1100 °C.

Therefore, it can be seen that SCAF reacts with CO, to produce calcite and calcium
carbo aluminate and/or calcium carbo ferrite compounds, and the carbo reaction becomes
more active over reaction time.

3.2.3. Image Analysis of SCAF

Figure 7 shows the results of the SEM analysis according to the carbonation reaction
time and sintering temperature. As a result of the analysis of SCAF compounds fired at
sintering temperatures of 1000 °C and 1100 °C, (a) is the CAF compound in the powder
state before hydration, and (b), (c), and (d) show the state of hydrates after reaction
times of 1 h, 3 h, and 6 h of carbonation with the wet method. In the case of (a), the
synthetic CAF compound in the powder state before hydration, a typical crystal state
of CAF compound is observed in glassy form. However, in (b), the crystal after 1 h of
hydration, a needle shape is observed, but also the crystals of calcium aluminate hydrate
(C-A-H) and calcium aluminate-ferrite hydrate in a plate shape can be seen. In the case of
(c), which is hydrate after 3 h of hydration with the transition to calcium carbo aluminate
(CAC) compounds, calcium carbo ferrite (CFC) compounds, and CaCOj; crystals, the
hexahydrate is observed [13]. The same pattern can be seen in (d), the result after 6 h of
hydration, and a large amount of CaCOj crystals can be observed.

On the other hand, the results of SCAF fired at 1100 °C were similar to those of SCAF
fired at 1000 °C. In the synthesis of SCAF, conditions of sintering temperature of 1000 °C or
1100 °C are considered to not be significant in the production of compounds.

In the case of carbonation with the wet method, CAH and CAFH, the hydrates, were
formed up to the reaction time of 1 h, but after 3 h of reaction time, carbo compounds,
which are calcium carbo aluminate and calcium carbo alumino-ferrite compounds, were
produced by carbonation.

The calcium aluminate ferrite compound (4CaO Al,O3-Fe;O3-C4AF), one of the repre-
sentative clinker minerals in the cement industry, is the interstitial phase and accounts for
about 10% of cement composition. When Fe;Oj3 is added to the CaO-Al,O3 system to form
the ternary system of CaO-Al,O3-Fe;O3, C2F is first generated around the temperature
of 800 °C, and Al,O3 is combined at 1100 to 1200 °C to form C4AF. As such, the calcium
aluminate ferrite compound is formed at a temperature lower than the cement sintering
temperature of 1450 °C. If the SCAF compound, the synthetic product of this study, is
synthesized at 1000 °C or 1100 °C and then used as partial replacement of the OPC clinker,
an energy-saving effect can be expected because the material is fired at a temperature lower
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than the cement sintering temperature by the amount of SCAF replacement. Furthermore,
the SCAF compound with CO; capture performance can be utilized to implement the effect
of CO; capture when used as an OPC clinker replacement.

1000 °C

(c)

1100 °C 1000 °C 1100 °C

T~y {
s
Vi

(d)

Figure 7. Scanning electron micrographs (x5000) of carbonation sintered at 1000 °C and 1100 °C.
(a) OH; (b) 1H; (c) 3H; (d) 6H.

4. Conclusions

In order to investigate the carbonation reaction, SCAF was synthesized in this study

with a ternary system of CaO-Al,O3-Fe;O3, and the mechanism of the carbonation reaction
of SCAF was analyzed.

@

@)

®)

4)

As a result of Rietveld-XRD analysis by firing CAF compounds at sintering tempera-
tures of 1000 °C and 1100 °C, CF- and CA-based products (about 87.3%) accounted
for the major proportion at 1100 °C, and at 1000 °C, CF- and CA-based products
accounted for 64.6% in total.

In the carbonation of SCAF with the wet method, the peak intensity of the prod-
ucts by carbonation was larger than that in the dry carbonation, and regardless of
the synthesis temperature of the CAF compound, from 3 h of the reaction time, as
hydration products from reactions of the CAF compound with CO,, formation of
CAC(CagAl,04CO3-11H,0) and CACH(CagAl,OgCO3-11H,0), which are the cal-
cium carbo aluminate compounds, and CFC(CagAl;Fe;O1,CO3(OH),-22H,0), the
calcium carbo alumino-ferrite compound, was confirmed.

In the case of carbonation with the wet method, CAH and CAFH, which are hydrates,
are produced in up to 1 h of reaction time, but from 3 h of reaction time, calcium
carbo aluminate and calcium carbo alumino-ferrite compounds, which are carbo
compounds, are formed by carbonation.

Irrespective of the SCAF synthesis temperature, SCAF reacts with CO; to produce
calcite and calcium carbo compounds, and the carbonation reaction becomes more
active over time.

Therefore, it is expected that the SCAF compound synthesized in this study can be

utilized as an excellent material for CO, capture capable of absorption and fixation of CO,,
because with the material, carbo compounds are easily formed by the carbonation reaction
and carbonate is produced by reaction with CO,.



Appl. Sci. 2022,12, 6677 90f9

Author Contributions: Investigation, W.-G.L.; Writing—review & editing, M.-S.S. All authors have
read and agreed to the published version of the manuscript.

Funding: This work is supported by the Korea Agency for Infrastructure Technology Advancement
(KAIA) grant funded by the Ministry of Land, Infrastructure and Transport (Grant 21CTAP-C163942-01).

Conflicts of Interest: The authors declare no conflict of interest regarding the publication of this paper.

References

1.  Song, D.S.; Leigh, S.B. A Study for Estimating Environmental Load Throughout Building Life Cycle. J. Archit. Inst. Korea 1997, 13,
175-183.

2. Korea Institute of Construction Technology. Development and Application of Cement-Zero Concrete; Korea Institute of Construction
Technology: Goyang, Korea, 2008.

3.  Javier, F; Mahdi, F; Breyer, C. Trends in the global cement industry and opportunities for long term sustainable CCU potential
for power to X. J. Clean. Prod. 2019, 217, 821-835.

4. Hwang, K.R. Current Technical Tendency of Concrete Using Fly Ash. Mag. Korea Concr. Inst. 2002, 14, 96-103.

5. Theodore, H.; Fredrik, P.G.; Marcus, B. Thermodynamics of Portland Cement Clinkering. In Proceedings of the 14th International
Congress on the Chemistry of Cement, Beijing, China, 13 October 2015.

6. Rose, ].; Benard, A.; el Mrabet, W.; Masion, A.; Moulin, I; Briois, V.; Olivi, L.; Bottero, ].Y. Evolution of rion speciation during
hydration of C4AF. Waste Manag. 2006, 26, 720-724. [CrossRef] [PubMed]

7. Carlson, E.T. Action of water on calcium aluminoferrites. |. Res. Natl. Bur. Stand. A. Phys. Chem. 1964, 68, 453. [CrossRef]
[PubMed]

8. Chen, C.H.; Chiou, 1.].; Wang, K.S. Sintering effect on cement bonded sewage sludge ash. Cem. Concr. Compos. 2006, 28, 26-32.
[CrossRef]

9. Lucia, A.R.; Geratd, P; Etienne, M.; Alain, E. The use of thermal analysis in assessing the effect of temperature on a cement paste.
Cem. Concr. Res. 2005, 35, 609-613.

10. Song, Y.; Liu, J.; Evrendilek, F,; Kuo, J.; Buyukada, M. Combustion behaviors of Pteris vittata using thermogravimetric, kinetic,
emission and optimization analyses. J. Clean. Prod. 2019, 237, 117772. [CrossRef]

11. Radwan, M.M.; El Hemaly, S.A.S. Hydration characteristics of tetracalcium alumino ferrite phase in the presence calcium
carbonate. Ceram. Silik. 2011, 55, 337-342.

12. Dilnesa, B.Z.; Lothenbach, B.; Le Saout, G.; Renaudin, G.; Mesbah, A.; Filinchuk, Y.; Wichser, A.; Wieland, E. Iron in carbonate
containing AFm phases. Cem. Concr. Res. 2011, 41, 311-323. [CrossRef]

13. Noworyta, C.V. Mechanisms of Limestone Reactions in the System (C3A-CSH2-CH-CC-H): Competition Between Calcium

Monocarbo- and Monosulfo-Aluminate Hydrates Formation. In Proceedings of the 9th International Congress of the Chemistry
of Cement, New Delhi, India, 23-28 November 1992; Volume 5, pp. 430-436.


http://doi.org/10.1016/j.wasman.2006.01.021
http://www.ncbi.nlm.nih.gov/pubmed/16697177
http://doi.org/10.6028/jres.068A.044
http://www.ncbi.nlm.nih.gov/pubmed/31834757
http://doi.org/10.1016/j.cemconcomp.2005.09.003
http://doi.org/10.1016/j.jclepro.2019.117772
http://doi.org/10.1016/j.cemconres.2010.11.017

	Introduction 
	Experiment 
	Materials 
	Method 
	Sintering 
	Carbonation 


	Result and Discussion 
	Characterization of the Synthetic SCAF 
	Characteristics of Carbo Reaction of SCAF 
	Analysis of Thermal Properties by Carbo Reaction of SCAF 
	Analysis of Crystalline Phase for Carbo Reaction of SCAF 
	Image Analysis of SCAF 


	Conclusions 
	References

