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A Study on the Method for Quantifying CO, Contents in Decarbonated
Slag Materials by Differential Thermal Gravimetric Analysis
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Limestone (CaC0;, calcium carbonate), which is used as a raw material in the portland cement and steel industry, emits CO, through
decarbonation by high temperatures in the manufacturing process. To reduce CO, emissions by the use of raw materials like limestone,
it has been proposed to replace limestone with various industrial by-products that contain CaO but less or none of the carbonated
minerals, that cause CO, emissions. Loss of Ignition (LOI), Thermogravimetric analysis (TG), and Infrared Spectroscopy (IR) are used to
quantitative the amount of CO, emission by using these industrial by-products, but CO, emissions can be either over or underestimated
depending on the characteristics of by-product materials. In this study, we estimated CO, contents by LOI, TG, IR and DTG(Differential
Thermogravimetric analysis) of calcite(CaCO;) and samples that contain CO, in the form of carbonate and whose weight increases by
oxidation at high temperatures. The test results showed for CaCO; samples, all test methods have a sufficient level of reliability. On the
other hand, for the CO, content of the sample whose weight increases at high temperature, LOI and TG did not properly estimate the
CO, content of the sample, and IR tended to overestimate compared to the predicted value, but the estimated result by DTG was close
to the predicted value. From these results, in the case of samples that contain less than a few percent of CO, and whose weight
increases during the temperature that carbonate minerals decompose, estimating the CO, content using DTG is a more reasonable way
than LOI, TG, and IR.
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1. M B HiE2 7|, A8 5= F0iSIAL, HMS2 AR & H7| 2t
M 7|9I5t= HiES YetHWBCSD 2004),

CO; 7tAT} X|F2HEE TH6h= 5 2921 & otz K=k DEUC AHEPC)Q HZ AR ZEMoz MM
HA, 245 MY SHOM iE== CO, 7AS Mgtz 7|20 (CaCO)S Z=Q3t Un2 AIR3IC ZEM= A[HES| A2 YU
FMMAMeZ A JHdiz|n QICH GHG(Green House Gas) 0] 90 % O|A2 AIX[ot= Z= Y22, MZOJA= flux E2 M3
Protocol0fl A KIA[S Z710|=2tRl0f hEH CO, & 24A7tATL Y M2 AIRSIC 05 Al M3|IMS 1202 71Ss) M3|A

E&= 70l w2k Scope 1,2322 TESHH AFY 4~ UCH =

Scope 1 AITHIEE 2 AE Mg 5 gzl HA 1HoiM =

7|915H= combustion emissions?} Ag|A0| HELA H5l BlS S ANEBHE HX|A T,
oS ™

Ol A 7|215H= process emissionsC 2 TLEE|H, Scope 2,3 71
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nfelsty| fehii= 015 F=0IM HiE = CO, 7tAZ:
oz =X U "ol & eIt QUCHUNFCCC 2022; KEA
2022), M3|Map 2+ carbonate HES SFS6t 2U(MHE 0| EE
A EES0] QJal HiE == CO, 7tAYE WY S&ok= WHe2=
hydrochloric acid(HCI)L} ammonium oxalate & 0|&dt= &
H&#H(Morera—Chavarria et al, 2016; Elfaki et al, 2016), SEtAL
Sapuro] ofst ZaREE
analysis(TGA)(Walenta and Fullmann 2004; Scrivener el al,
2018; Kemp et al, 2022), MMz 0|
infrared spectroscopy(FTIR)(So et al, 2020; Legodi et al, 2001a;

0|83t= Thermogravimetric

St Fourier—transform

Tatzber et al, 2007)1} Nondispersive Infrared spectroscopy
(NDIR)(Karanasiou et al. 2011; Morgan et al, 1984; Eo 2018),
EYLEY 3 EME 0|&3t= X—Ray Diffraction (XRD)
(Kontoyannis and Vagenas 2000; Bruckman and Wriessnig
2013), #H|0|X A2tE 0|23k= Raman Spectroscopy (RS)(Smith
et al. 2013; Legodi et al, 2001b) 52| WHO| AFRE 4= Qlct.
CIot 0|S 2HHE FTIR, XRD, RS2 CaC0s 20« CHE EH9|

Ca0 =2 7o 42 Yozt R2== 52 0|R=2 &
=2 2Rt CaC09 FHEM =Xz AEsH| OF*H
oHH, MM OiAMz MEE & US A2 JiiE=
=2 UREE MYRUE0|H, 245 217 50 EHEWOIEf
0|5 MHRME0= MM Xz Al8str|of Flet Ca0
2 2 ofL2t e Ea=k SRot U= 0I5 425 g2
= CO, HIEE Erto] Fe2 01E 4 QUL oIS S0 12 24
70 ste= \dham\te(CaS) =2 700~750 T 0|0 A O.2F

Z7tA|Z|H(Bernal and Hussein 2016; Bernal
L2 S21= 600 C O|NOIM S20| S7I6t=
4MO| E1E7 QICHKomnitas et al, 2019; Prasetyo et al,
2019), =& =219 AR fayalite(2Fe0.Si0,), wustite(Fe0),

magnetite(Fes0,) M2 2F 500 C 0A0IA Atel2Fe0+0.50,
—Fe,0.)EHN S B7tAZICHGaballeh et al. 1978;
Brinkmann and Laqua 1985; Mackwell 1992; Francis and Lees
1976). 0|2 }EZ 7|Z Loss of Ignition(LONLt TGA 2 248t
42, &&= Co, 7tAZO]

2 A0 ME 271 2R carbonate FEfZ SHRE CO,2
g =Mohs HHOZ L0 IRINDIR), TG 2! DTG(Differential
Thermo—Gravimetric Analysis) 2419 AM2|Ee} 120N S2F
0| B7f5t= AIHRAE0| R E CO, LS T SH617| #Iet

oz M 2t B ol Efdds EMotuAt SRt

atth 22 oA ke 4 Rl

ERAMA 22N CaCOs= 2 98 wt % 0 HEAUS AIE
SIACE 1= 71EA EH0| B7f6l= MERME HIEE Ha
2 2| HHASH|M LHet 2L=21 Copper slag(Cu Slag)S
SR 2 A70lME 24 g0 w2t 4~ mg~4 g2 0

22,69 pm 2 27,92 ym=z %—E—SI 24 H 4 )\t 5
2510 2A5H 2t 29| FHetMES Table 10]

Fig, 11} 2= CaC0s2} Cu Slag®| XRD £A1Z 1)

Table 1. Chemical composition of materials by XRF

Materials | LOI | SiO, |ALOs| Fe,O; | CaO [MgO | SO; | K;0 | CuO | ZnO
CaCO; [43.92| 0.18 | 0.03 | 0.23 [55.57|0.01 | - - - -
Cu slag |-2.30{19.85| 3.11 | 69.78 | 1.85 | 0.78 | 0.54 | 0.70 | 1.66 | 1.24
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Fig. 1. XRD curve of CaCOs;
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ASTM C 114 Standard Test Methods for Chemical Analysis
of Hydraulic Cement(2018)0 M= A|HE &=0f SRw/0] U
CO,o| HiEZ0| ofst Mz 2AM diHo=Z Split Loss on
Ignition(LOI), TGA, Combustion by Induction Furnace & Infrared
Spectroscopy(IR) S HMAIGH ULt 0] & LOI2} TCAR =S
EHAHO[ 600~800 COll M Zal=THM SZHO| sk 0]
AOI5I0] HA St SHE SN tiEkl= COo, eSS Y B4t
O, IR2 1202 71HE AR0ilM Zdct= 7TAS HMejHez
241 2| SHOM
IR2 LOILt TCARCH HHE= (2 Atz 171o| HH|7t
o, FHlel RARZEIE 20] 04 &HZ= LOILE TGA
£ o|8¢et 24 HIt 71 2ot AkEEln U
MO 2 ASTM C 114 Split Loss on Ignition A|E]
Lol wef A= ©f 10 g5 AF 3XIE|ITHA| SEs 8ot
(Winitia), a@lumina crucible0f] S0} 550 COlA 2A|7t=0t 7S
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100 mgs U= MENZ furnaced]| £5H O, combustion £¢|7|
0fA 950 COllM 6 22F HAAIFA CO, 7tAS SHD, LUAlsh 7tAS
NDIR E4#o2 EA5H0| C 8l2HCr1S .
= C 2= o2l A1 0[&3t0 CO; € %_% %ﬁéf‘?‘xir(coz R).
8 7|7|2 LECO CHNG28 77|12 Al

k=1
~
o

44.01 g/mol — CO,
12.01 g/mol—C

)

CO, 1o (wWt%) = Cp (wt.%)x

TGO| 93t 2MOZ purge gas= AFRSHX| 211 normal air £
710N S S=0f Ta(10~40 CT/min) AIRE 718510 40~
1’100 C |O1|H 7<E_F 7DFA g =5 fL’ =X 74]_P+2 12X 7t
Aoz 10 Hl0[E = MEEIRAC
850 C FZHLANIAN TG curveE O
TS SIERAF H5f| HIS 0| A[RFM(T, )T}
Hoil Mo 5 E&(Wn)2t 2EH0IMS S
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Fig. 3. Determination of Wy, and W, by TG curve
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Fig. 4. Determination of T and Te, by DTG curve



O, 1 (wt.%)= W}m.(wt.%)— Wein (wt.%) (4)
oHH, & &10 S 37101 2fet COo, & HATIIE B
57| ot $HO 2 DTG curvel| CO, & LA 2ot peakE
ChAl ME5HH COZ2 AESBIATHCO; ore). & S22 5
S7HEE 12{610 peak 2ES M|2/et DTG curveo| 8712] X|H
S MA ZM3I6H, 0| baseline2 AN 2l X|7{5H0] subtract
baselineS MMGIFC real dataO| A subtract baselinesS 22X
FOF subtract dataZ MM 0|2 HIEORZ subtract curveS AA

8'"4_'—, T\ni9|' TF\'n

(CO» pre). Baseline A

A019] curveE MEStH 2f2 CO, Ho=2 Fotirt
HME 256 H|0|E] X{2|= OriginLab 2023
IZ2772H9| Peak Analyzer 7|53 01250 HAISIRACHAAL Of
= Flg. 9-12 &X).
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Table 2. Experimental materials and methods

. Analysis
Purpose Materials method
(1) Reliability test CaCOs
CaCO; LOI
. Cu Slag IR
(2) Comparing test | 5/ re(Cu Slag 90 wt% | TG(DTG)
+ CaCO; 10 wt.%)

571 &, 210) AIRE BE SH717I= MEAOIA ABS Oir
0| W2t HDHS HAGI0] ZTHE BEARY ZHOX 010 %
OIS DIEBS Eolstt

3. 2l H EE

Table 301 2+ AlEfefeio] 2t CaCOs AlZ9| CO, HE X5t
)

(5) 219t Ht(avg,), BEHRKSD)S LIEILHRICE Fig, 52 62 TG
2 DTG curvesE LIEHH Zo2 HIZ=T NS Z 1t Ho 5
TG 2 DTG SH2 &2 &0 U2t B E2r 2l &0 5 =X off XHA0| i FHO A= &0IS 4 Tt XRFEZ 2416t Az
o] Xfo|7} 2HASE & QITHSeebauer et al, 1997). 12{B2 9| CaCO; 2&(99.01 wt.%)2 &t i Al=0f &R CO, &
A2 A2 10 20, 40 T/minQ| 37| £F02 5t 42 £E 0 (COs predciea) 43.75 Wt.%E OGN EIRACE CO;z Lo, COz pre= Oled
52 S0l TG 2 DTG H0|H FHES st M 71712 Tl= CO, ot CHAL| Xt0|7} QU7 |= ofX[2h BEHAIE Dot
horizontal loading type2| Rigaku Thermoplus evo Il 7|7|E Al H 7|ttt qofst X017t Gl Ae2 BMEIRICE COs rit COs 162
6|’%E—|‘ COZ predicted ﬂ)l:EEI' =1 '” 7<JHE| EI' OE“:J_IJS\—E %ﬂ%xel, ég
Table 2= A& £ME LIEPHCH HX 2+ A|&iEhH ol XHEIA coallt Z2 elemental CE &Rl U= 2E B4 o BXM
U AZ|ES S0I1517] Qs CaCOs AIRZ 2i2t0| Ajgutol  Off= IR 2A0| 71 HSiey} =2 BAioz oyt (ot
2} A B2 ST5I0] 00, B2 THOCE £ 2ai0E 2t AlE B 2 ASKR CaC0:2t 22 BE Sefol EAE B95 27|
HitHO| 2t 28610 B2 7t 2 = 22400 SRS Co, a2t 2E2 Y % £F0| HAE SR U= RIS bloh E
2 XN} 0|0{A = &2)20] CaCO2 10 wt% X|&5H A= 40| SIH0| MMO 2 &1, RVISHO| Hloh HLHCE =2 =
Ol CHaH 2+ Algd 2iHol| w2t Co, Safs =H-aI%ct 248 AR SOl CO, 7HATL Edgtof wat Y 2ol Xt UMsk= A
Table 3. Reliability test results
(wt.%)
Sample No. Predicted LOI IR TG/DT
Sample TG heating rate COZ W550 W950 COz LOI C]R COZ R COZ TG COz DTG
-0.04 -43.47 43.51 12.20 44.70 44.29 43.86
-0.14 -43.72 43.58 12.20 44.70 44.30 43.92
20 ‘C/min 1375 -0.12 -44.34 4422 12.10 4433 44.94 4391
CaCOs ’ -0.02 -43.74 43.72 12.00 43.96 4424 4418
-0.06 -43.91 43.85 12.00 43.96 44.03 43.67
Avg. - - 43.78 - 44.36 44.36 43.91
SD - - 0.28 - 0.37 0.34 0.18
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Ch o S 22 BalittE 5 3.2 HuAsd
= 1200 S0l ofsh 0lMaHAl E>0| Zaste AH 5 ot 40] 21 A0 Do £t 20l (0, ZEZIS L
si0 HASACE TG &2 4= CaC0;s ARSI CO; EAZTHCO; 16
CO: a2 TSI TG 52 Szt 25 Znjo| 528t g3g
m 0I%/X] 9= o= BEHEICH Cu Slag AIZS LOI AJ3 & TG,
g e—— DTG AlE rée C0o0| 22| HIES 201E 4 Yol R
% 80 TELACCR \ EMZT0IIME 0,10 %2| C(CO, 0,37 %)E SRt Us 202
T 70 {{ ------TG-Cac033 BMEQiCt CO, predictedoﬂ Hla CO, rO| 7| 2MECt= S
oo [{ 777 ro-cacos OflAf 40| 3.1 R0 M2t 2+ Zul(Table 3241 & 4 QUCH XRD
o [ SA01A Cu Siag0ll CO,2 BR5H B2o| EE HOIF 4 99!
0 M R mpenture () 0 10 T(Fig, 2), TG & DTG curveOll M= HEHS 2S5 QI
H(Fig. 7, 8)E 1125tH IR EMES 2|5l furnace2 A|ZE EI5}
Fig. 5. TG curves of CaCO; repeatability test o PHOHJ\‘I AZ9} 317 S0l | = COu7t —E—&ﬂ}@()ﬂkl 9t
6 Ao 87 By o= WHEC, 2 o70) A3 R 247|9)
0 A=stek2 0.02 mgz, A= 100 mgE A&sh= AS 12{6tH
.01 0.02 %2 StS JIRICt XMoo 2 R 2M2 A[R0| 71
g 02 — DFEOIA B FIAS ERIst0] 2AisioR Jnjzel co,0l &
£ - DTGCaC03-2 0| 7K 20| Yo EIIEIRR, = Alziet 20| B 3
Bl OTG.Cac03-3 0l 247 912 NRE RAfBHE 0l At Bl SUE Dl
os || T Tecens o] Z7lofl BHME CO, BIS THHTIIE 4 kT TtECy,
— — - DTG-CaC03-5
0.7 E5| 2 &7 Al P 0| 2M9| HEMIN0.80) 2Lt M2 Y9
° mpenture (€)Y Cout HESi Zo0le —Er’% 5 Co, 31 21 Znis
M2let7] oot T
Fig. 6. DTG curves of CaCO; repeatability test
Table 4. Experimental results by material & heating rate
(weight %)
Sample No. Predicted LOI TG/DTG
Sample TG heating rate CO, Wsso Woso CO; Lot Crr CO, r CO, 16 CO:, prg
10 C/min 44.22 44.11
CaCOs 20 “C/min 43.75 0.06 4391 43.85 12.00 43.96 44.03 43.67
40 ‘C/min 44.50 44.42
10 C/min 22.75% -
Cu slag 20 C/min - -1.46 -5.28 -3.83 0.10 0.37 2313 -
40 ‘C/min -2.203% -
10 C/min 2.56 439
Mixture 20 C/min 438 -1.28 0.73 2.01 1.45 5.31 2.56 4.44
40 ‘C/min 2.52 4.55

% negative CO, 16 values mean the weight increase between Wgsp and Wgsy

12 vol. 12, No. 1 (2024)



CaCO3 10 %2t Cu Slag 90 %= =&t Mixture AZ22| CO; 1o
% CO ¢ U2 2401l HIs 2| LEfg=, 0=
400 C 010N Cu Slag®| & S7HFig. 7)2 2lah CaC0s9
2ol B0l Qlot F 44 st sIME U] mhZ0[CHFg. 9),
282 LOI2 TGE & A2 20| D20 £2F0| S7f6t=
seia=0] eRE CO, s Hoh= &
4Lt EEBE CO, R(5.31 %)2 CaCOsLt Cu Slag Al&Zntet U5
Al 22 a3=0] &FFE CO, RHCOs pedves 4.38 %)= LICHE

[
= Z4310| Q= Zio2 motEn)

COZ predicted
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Fig. 9. TG curves of mixture by heating rate
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Fig. 11. Setting the baseline of the DTG curve
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1 &2l COz predicreaOll AFRH AIHE LIEHLHT QUCH Cu Slag9)
T20IMe] B E7h= YESEt 0 =2l Ast Brgof ofet
Ao =2 TGRF DTG curveli| ket HAIHS Adotk| 4=CHFig
7.8). BIH CaC0,2f ZHE carbonate BEI2 BaliHt20| AIRRE
(Ti) 2t B2E(Ten) 7t E2fol HIHS O[3l BHS2| AIRED
288 ™t £ QlC} Fig. 1= OriginLab 2023 T2 12H0| Peak

Analyzer 7|52 0[&all DTG curvel] baselineS A9 040]H,

Fig. 122 baselineE M|7{otl CaC0s:9| 2alEtSof| 2|t DTG
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Fig. 10. DTG curves of mixture by heating rate
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Fig. 12. Fitting the baseline of the DTG curve as “0”
(mixture, 10 °C/min)
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Table 5. Comparison of decomposition peak of CaCO; by DTG curves along various TG heating rates

CaCOs Mixture
Items o B 9 o o o
10 C/min 20 C/min 40 C/min 10 C/min 20 C/min 40 C/min
Area 44.41 43.67 4411 4.55 4.44 4.39
T 642.4 648.1 642.4 649.1 644.2 652.0
Tpeak 772.2 794.2 819.5 705.5 727.7 745.9
Trin 794.0 819.2 845.4 726.8 743.9 786.5
Peak DTG -0.6556 -0.5703 -0.5490 -0.1066 -0.0922 -0.0699

curve®| peakE HCt HESI LIEFH 20
Table 5= &2 £50] M2 CaCOs2t MixtureQ| DTG curvel]|
MG L2 peak Q| HE(Area), pearl| A|EH2
(T2t peak 2=(Tpea), SL2E(Trn), peak0 M| DTG 2=
d2lot A0ICh &= He Tholle S DRI X8 &2
LTt S E Toea, Trn0| B715110, peak DTGE LAsHE 4
= LIEFHCHFg, 10). Ol &2 £&7t B7t61H CaC0:2| Eol
S0l S=E7|7IX| S2et AlZt0| HEEX| o0t =2 2%
oA BE20] E&oH/| MZ0|ct 30| AMLZRE /X
=2 7712 T ZORX(E SAl0 peak DTGZt A5t | HZ0|
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DTG SAHES 8% &7 HIEHIE M=ol Co, 2 ZFUYE A7

TEUE AME, 2 A SojM FEE AMRE= A5A(CaC0;, calcium carbonate)% O20|M HER Zal 250
Olal| CO,E HiEBtTt. Aa|Ad Argol 2|5t CO, HiES X5t/ | floh CO. HiE2| RI210| Ei= carbonate =S BFFoHXl

CaOE gfRef MHRMER MelME iXlsi2l= 71=0] MR 05 MHRME0 &R
= COE HzF ™ok B9 Z Loss of Ignition(LOl), Thermo—Cravimetric Analysis(TG), Infrared Spectroscopy(IR)
S0l ABE[LE, AFEAZO| 40| et CO, HiEEE I = A Hoteh 227t QlTt 2 A0 M= CaCos A=t
D20llM ASHEES0l Clolf ZE0| S7I5k= A& 242401 carbonate HEHZ SFRE CO2| s o= WHOR LO|,
TG, IR 2! DTG(Differential Thermo—Gravimetric Analysis) 2HHO| AMZ|=of A|SHHE =HANE H| W HESIAICt CaCOs
Al=0f CHsliM= HES 2E AlEite 520 &2 A28 LEHAICE BHH T=20iM S20| B75k= A=l CO,
giol CHel M= LOI” TG= Al=2Q| CO, SRS MU= HIISHK| Z3HeH, IRS I3kl Hish CO, eigfs miiE7Isk=

AskS LIEHHACLY, DTG 2lsh It Aute olSZ0] 2ABIYLCE 0|28E 4~ % 0|2t £%0| 0|29 CO,S &R51,
carbonate H=9| 23l HiE 2L0A CO, HIZ0| 2fet & 44 2= FF0| Halst= A=22| 4 DTGE 0[&5H0
pS

CO, = ~rok= AO| LOILE TG, IRS OlZer EI7I=ECH g2|H0atar TEEICY,
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