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Effect of Blast Furnace Slag and Desulfurized Gypsum on Hardening
of CFBC Boiler Coal Ash
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The effects of blast furnace slag(BFS) and desulfurized gypsum(FDG) on the compressive strength of CFBA, and
self-hydration of CFBA were studied. CFBA has self-hydrating and hardening properties, and it can be seen that the
compressive strength of CFBA can be improved by using appropriate amounts of BFS and FDG. In addition, the
self-hardening properties of CFBA are similar to the hydration reaction of 4CaO - AlLO; - Fe,0; (C,AF), a cement clinker
mineral, and when free-CaO, CaSO, and CaCO; coexist, Compressive strength of CFBA is expressed by the formation of
calcium carbo compounds and hydrates of ettringite, calcium silicate, and calcium aluminate.
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1. M 2 Lt bottom ash= PFARN= 2| C}ZO| free—Ca07/} EXi5t= A
0] EZ0|Ct PFA= SIO:2t AbOs 20| =0t OPCOIM BEEl=

X A7AC] 3l WMo REE| MI|MALS ofF 40%= XHX|6tT Ca ioni} BFE3t= BT PE(Pozzolan reaction)ol| 2lo Zst
Qlom M9 AH CISOR C12fo| MRS AH[GH= Aol A EIC} 2Lt CFBAE PFAOI HIGH MTHEOR Si0,9F Al,Os B
2 5124 YERAO| KA HRAIS O|BEL B4 HFAlPulverized Codl 20| Wom, free-Cad 0| F0} ZZEY HISECfE
Combustion; PC)OIA 28 SE=A HAUB{ YHA|(Circulating free—CaOQ0]| 2t 45} 80| 25| ZIbE|7| R0 PFARN=
Fluidized Bed Combustion; CFBC)22 HMste|= =A0|04, 0]of| Sa| OPC |3t M2 £= thy| M2 20| &L80| Mot 7|1&
Tfet SA22 dMet= 235 SEXA B 0 A|(Circulating 201 CHEH CFBCOIM Hligh= CFBAE PFARL CHEX| X}
Fluidized Bed Boiler Ash; CFBA)S| X{2| HI9t0] Lest AX0| +4d(Seli-hydration)2] E4& =tte A7 Zoot ok
C} CFBAE 2 oA 22 QI5l0{ D|E2E Haz| oAl CFBAE =& ZH(Desulfurization process)Of Al MM
(Pulverizes boiler fly ash; PFA)QH= CH2A| 2&& 0| SHEfE 7t free—CaO7t Che He|0f UM, 3t HHES Salf Ca(OH).7t
X|21 QICt, SHH CFBCO|IA M= MEMS|= EIE 2T & MM Ca ion silicate(SiO,) 2t aluminate(Al:0) 2] HHSoH0
AULl= MM 25l free—Ca02t Bt M7t EXHSCZM 1 calcium silicate hydrates(C—S—H)2} calcium aluminate hydrates
X7t dstel= EX40| QICtD Ui QIch CFBA £9] fly ash (C-A-H) 45t MMES FMSICH CFBCO FR st MER2
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Ca0, Anhydrite(CaSQy), Portlandite(Ca(OH),), Calcite(CaCQOys),
Quartz(Si0,) S22 TAE|0f ULt K=2(800~900°C)0i|l A 204
Xl Ca0= 2 220 2JsH Ca(OH), 2 4521, 0|F ettringite
7t MME|HA CFBAO| &R%0] Y= Ca(OH),, CaSO, 12|11
A0z BIS2 EXt BIIRICH CFBAS| 35t BIZE gt 22

CE RREC

Step 1. Ca(OH), micelles structure formation by rapid

hydration reaction

CaO+ H,O
H[C’(I(OH)2 . nC’aH]2+ e (n—xz)OH « OH

M
Step 2. Ettringite formation

3Ca(OH),+3(CaSO, « 2H,0) + Al+23H,0 )
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Step 3. C-S—-H formation
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HCSH(C’ S— H) S
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Table 1. Chemical composition and physical property of raw materials

Component Materials
(%) PFA BFS CFBA FDG
Ca0 163 38.0 22.30 89.50
Si0, 51.7 352 27.40 261
ALO; 193 15.7 12.90 0.74
Fe,0; 6.09 03 25.30 0.61
Chemical | MO 211 42 8.80 115
K20 1.53 03 0.90 0.16
SO; 0.19 5.1 0.77 4.10
Free-CaO 0.39 . 4.14 21.5
Loss on 1.56 0.8 0.88 1.09
ignition
Blaine 6,108 4113 7220 | 3,569
(cm/g)
Physical -
SPECTC 5 37 291 2.67 2.69
gravity
Q: Quartz A: Anhydrite
Q M: Magnetite C: Calcite

L: Lime P: Portlandite

Pe: Periclase  Mu: Mullite

CFBC

15 20 25 30 35 40 45 50
20 (deg.)

Fig. 1. XRD patterns of raw materials
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BFS= MIE AN EMst= 2MZ2, KS F 25639] ‘23
2|ES 12 &2 0|22Pof| wet i, 2, 3522 ERE0]
BFS= H|Z 2,80, HIEHA 4260cm?/g, A7} 3wt % X7tz

UE BT 22E(F)0M Altsle 35 MEs MESIRI,

r

FDGE ZY2 HECZ E2E|H petro cokes HZE 100%
AESHBIN 2 W3 FO] £3 K5 HUZEH S =
M EAZZ 0F 20% 0|A9] free—CaOE CHH afRotd ALY,
£ 3H 2202 YMstE CaS0,7t FHE0|CH,

2.2 MEury
2,21 A8™ wiE

Hier A Z7i0f e YEUE LY E4 &AQIsH | #I6H0

Table 29} Table 30f Ztzt MIAIGISIC} Table 12 CFBAS} BFSQ|

2= W/C=0.8, 1.00i| Ci5t0] LFUE LS HRIGIAUCE

Table 2. Mix design according to water ratio(experiment 1)

W/B CFBA BF
Type o DS Total
EXP.1 | EXP2 (Wt.%) (Wt.%)
P 100 0
CB2 98 2
——1 08 1.0 100
CB5 95 5
CBI10 90 10

Table 32 W/C=0.652 T1M5}0{ CFBAS| QI=ZIE 84510 Cf
St BFSQt FDG2| Fatol| Chalf AESIRILCY,

Table 3. Mix design according to BFS and FDG replacement rate at

W/C=0.65

Type W/B (C‘I;B%A) (v%tF"SA, ) (“F’?;) Total
CFBAI0 90 10 0
CFBA20 80 20 0
CFBA30 70 30 0
CFBA40 60 40 0
CFBA50 50 50 0
S10CF0 90 10 0

S10CF3 065 87 10 3 100
S10CF5 85 10 5
S10CF10 80 10 10
S20CF3 77 20 3
S20CF5 75 20 5
SOCF10 90 0 10
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conduction calorimeter& AI235ICH £8F B2 2t240] =X
7|0l 20g¥ &=H|5t0{ W/B= 0,52 3tAH Y=E(23°C)of 7
XIBIRACE OlA 231E0 252 22 ol 12 52 =Y 13

HS of¥1, 0|F 5

3 g
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2.24 $3l2 M
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RH)Z ofiCt, 2+2to| THFof et MEZSH AIHZ OtMIE0] &
Xlotod TSHEHOIIA 1AIZH S0 X8t = X|AHsh= HHo= 239
BHE AlSHICt, 3t YXIE ME2 40°C, 24A7H S0t AR |
OIA HZ=BIR O, X AHE ball mil2 245t 200umAIE
St AlRE 2MoIRICt MFol Mt £3 MEE9 EN2 =
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F
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Fig. 2. Compressive strength in water ratio change
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Fig. 3. XRD analysis of hydrates of CFBA
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X=2H7F HREHH, pHIF =52 R0 A® S ion0| ZH2H5HA|
SEFCH Al 4 52 20| BFSOIM &% A™, S7* ion} CFBAQ)
Ca(OH),, Ca”" 12|10 SO, 2F BH25HH At C-S—HE AASITH

6Ca*t +241(OH), +350} +40H +26H,0

4
23Cu0 + Al,O, » 3CaSO, » 32H,0 (AFY) @

xCa(OH),+ SiOy+ (y—x) H,O— C,SH,(C— S—H) (5)
i<, OPCOf| CHSt BFS
ol

= I5ff THZO| Zaieto
7teteE 0] YErHel Sl Fig, 2014
uHsH

=] =
HXH BFSE AEsHX| 242 P-0.8, P-1.0 HHRIOIA Yot =
Eot QIS S &0l 2 4 UTE Fig. 32 XRD 241 AE
HH i 3YURE 251 MMSEL2 ettringite, CSH, CAH, calcium
carbo StelE S0 MMEIRSS &l o QULCE 0|42 HOot
CFBA= CHE E7INLE =3ZH7t Gl CFBA 201 2faH A
= 2320 ool YL HolEE Sele 4 QUot, ofF,
CFBAOl BFSE X|2t =8t A2, CFBARI HH=0 2 43515t i
t BFSE X|2t At2et Aol USUI 240t As =fole
2 QUOH, BFS X|&iF0| E7tede=E LT SAEQITE O
2Lt K= 3w} 70N BFSS| 0| S7t6ie &= A=9| Xt0]
= 3X| 2em, ol2fst ek w/BQ| HelO M= set Zutrt
LIEHGTE XHE 280N S L= BFS &1t Hl2fsto] 57t
St= Aef2 LIEfUIH, W/B7t Hstelte sUot A= &elst
2 QICH ME 7YUMIX| BFST7E R CFBA ASEA|0A BFS2
StEhf| 2 U= ZE=9| X0|7F 3X| 42 0l7E, CFBAUIM &
Z&l= Ca ion) 20| H7| M0 85F Yzz| 0/201 ca™
250
E 200
g
S
# 150
g
g
8 100
50
CFBA-1D CFBA-3D CFBA-7D

Type

Fig. 4. Amount of Ca®* ion elution



ion0| BFS2| 4=310f 7|0dsh= Z40] A7| MiZEQ! A= TEECE
Fig. 401 Z+ 0|=22] MFE +& =S LIEIICE CFBAOIIA
Mol HufsaZ ca™ iono 20| B7IS & 4t

wl2t, BFS7} 89S CFBA ZEIR|Q| 91 Ziz= X 727t
X| CFBAS| Zstol| 2fet U= A 2ot E40| X[HiA0(H, xHF
7% 0|Z0l= CFBAOIM E&|E Ca” 0|01 25 BFS7H Zat

| I'

StHM Y=L Lolof 7|ofohs Aoz THEL,
Fig. 50fl BFSE C2f X|2t5t CFBA ZstH9] 2% 4= ENS

LIENC, Fig, 39 Zil0lM BFSS AR X|2Ht OFBA Aatile]
U= dee= NP 7Y 0|2 2H BFS S 10%71K| S7toh= 4
S LEHHX|ZE Fig, 40{M BFS &f2F0] 20% O AE2E CFBA &3t
Aol Y= d== Xolote dgE UERDE E8f = 4= &
Olz M 3, 7220t THE 280l =A| LIEFRLTE Ol= MO
Z1} S4-2 CFBAOIM 5= Ca™ 0|21 22 ¥Zi2| 0129
20| HOX|7| mi20f BFSS| syt 2 Tl=7| izl A
oz mHECE SHH BFSE 50% &Rt CFBA dstdl= M
3, THUIM Y= Z= Heprt =AQUL(X| peH, 0= 2t =7(of
BFSQ| 0|2d3Hnon—activation)of 7|Ql6t= Ao2 TTLEEICH
CFBA ZiEHH0IA BFS 2200] Z71el0l 12 YSYE Haks o
2 Ol BFSS 24atAl717| 2I5t CRBACIAN S&&k= Ca™ 02
1} 2 Yzta| 0|20 £X02 BAAIEK| g 0[3S BFSO)
Che EXoll oJet Aoz HHELCE = BFSQ| 435t 5 Hal=
alkali—activation0fl 2lsf Zdst5tA Tl=|, Table 32 CFBAR}
BFS =& type % CFBAX| CHef BFS X[&H0f| CHE =4 &

29I Fig, 49| ZnjojA, BFSO] X|BIR0| Z7t842 Arixioz

CFBAQ| 20| Ho{x|n, waky CFBA] BiRElof s Uzl
0291 Ca” 0l20| 822 Ho{x|7| Ect. CFBAVIMCI Ca”
029 8520| HOJZ0| w2 zta| B0 ofst BFSS) 4
B OfafXIDY, YEYET} HEHEICH Wbk CFBAS| 23t S
OflAf BFSO] X220 LR Olio= BIsH= F20l= 251

o

"3 day *7day *28day

o N &
e

Compressive Strength (MPa)

10 20 30 40 50
Content of BFS (%)

Fig. 5. Compressive strength at change in slag content
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3.1.2 O0|A %3514

Fig. 6(a)2} (b)= BFSZ 0, 30, 50% x|&tet ZSHol 1A|Z a}
72A2H0] 251 Teim S LIERHOM, Table 404 1AIZFaE 72412t
O =X 43f UHES LIEC

23

Table 4. Cumulative hydration heat of CFBA with BFS

CFBA(J/g) CFBA30(J/g) | CFBA50(J/g)
1hr 10.83 9.27 6.38
72hr 30.98 27.24 2372
BFSE gffet CFBA= =3t 1A|¢H O[LHOl| et ZE0| LiEf
LIH 0| 72AZI7HK| 2 HiRoIA 2EE SRIE[X] QA=) 1A
2F O|LHO| 43} & A= CFBAZE JHE &= 7| LIEHLIH, BFS
SRYC| BUIE0 et £5F UH K= JOoHK= ZYS LIE
O}, Eof TAZIOIM =5 3t B2 BFSY| aigfol Sotet
Ol Thet Zachs deE LIEIUH, 72AZ0ME St ZES
S0l &~ UL, whetM, =71 xHFoll CFBARt BFS ZatA|el 3t

—OPC ~-CFBA -

CFBA30 ~——"CFBA50 —-CFBA70

Rate of Heat Evollution (cal/g)

Time (hr)

(a)~1hr

e
=)
]

——OPC —CFBA ---"CFBA30 —~"CFBA50 ~—-CFBA70

o
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=

o
o
@

e
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(=]
o

O

24 32 40 48 56 64 72
Time (hr)

(b)~72hr

Fig. 6. Isothermal conduction calorimeter of CFBA with BFS
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HIS2 CFBAS| 35} HZ0| X[HiAMQl Ao =2 sHAlgt 4 QIO
Ol= CFBAO| 2= free—Ca02] 4=5t0f| O|6t o2 TEHEICt

0l2} Z°© ZTH= BFSES EIRT CFBAS] UEZIE WH ST

LB 7 U AU WEtEL,
3.2 CFBA #3}0j Cigt BFS U FGD2| H&t

321 228 EN

FDGR BFS7t 8f2-El CFBAS| éz;i ZE Fig. 701 Ligr
RICH SYoh BFSEIE L FDGL| H5tof
M, T 3, 7, 280N 2F L=LEIt Kot
ULt Ol= FDGE effFotk| &2 BRSO Higlz =7| +at7t
CFBAOI| SJolf ZX1E o~ ULt CFBATL XHIK I'
o= Qs HuX H2 UFLEE LEs A2 HEHE
Ch XK 7, 2820f A BFSE 10% &8t SI0CF3, STOCFE)E FDG
9| g0l VIl wet YEL=It S7tste
Ot

24
OF FDG7} 10% H7FEl SIOCFI00|M =2 E= X
57

SIOIE|QiCt, ESH X2 30| A FDGO) &lZf0| Z7tatol Ittt r
FUC = 2AGH= 30| LIENTH BFSTH 20% 2% S20CF3,

S20CF59| Y=L FDGE| 0| S7atof et 2E ol
M dAsh= s UERICH BFS7E SlREX| 942 SOCFI02
A 3, 7Y SI0CF3Q} SAfSt =L EE LIEHAX|RE THE 28
OlM= Kotz Zd0] HRIEL) =8 FDG 5% SR S20CFs=
S10CF52} H| ot Z&=7t Aotz 20| 21Ut BFSIt &
SE CFBA Z §|’ | | FDGE AI=XZ2 A5t 4 5% 0|40
Me Z7| Y= =7t Molsl= 20| #I=11, 10% 014 ALE
ot 4% ME 28%' dEE XNotole 48 LE fLHEf 0|
free—Ca0 elZf0| &2 FDGl 4R A=Z0|
free—Ca02| slake Ht20| 2/t Y
23|z YA LAHS Kot A7 He Aoz THELC,

O

0

Zx7| 5 2

N
o

N A O ®

Compressive Strength(MPa)
o

o N & O ®

S10CFO  S10CF3  S10CF5  S10CF10  S20CF3  S20CF5  SOCF10
Type

Fig. 7. Compressive strengths of CFBA, BFS and FDG binder
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Quartz, Portlandite, Calcite, AnhydriteQ| T2 7} =2 & E|H,
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Ettringite & Calcite |37t AstA| LIEFHTY Ettringite T|3=
FDG 3! BRSOl R 4101 2sh 4o Hez Md 3
Anhydrite I|3= X 2820|AM A Ladte ek EHICH
J12L} EttringiteQ] I|3= Fig, 39 CFBAS| £t} H| WG
intensity 7t O ZstA LEIL=E AS =Rl 4~ U=d, 0
CFBARt =&t=l FDGO] 28t % OIEf QIHECE & FDG7f =78
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S
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E: Ettringite
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Fig. 8. XRD patten of CFBA, BFS and FDG binder

Al MDE MIte 42 YN fEUeTt eisiEo] B E i
QlC} ol AHIE Z217 LS £9| 4Ca0 * Al,O; * Fe0s (C/AF)

2 H0|H, 4Ca0 - AlbOs * Fey,0s
(C,AF)= calcium aluminate hydrate2} free—Ca0, CaC0;2] ZXH
StOllA carbo—ferrite 3+=(3Ca0 * Fe,05 * 3CaCO;z * 12H,0)2
MME KRESHH, CaSO,Rt & AL 4Ca0 - AlLO; -
Fe,03(CsAF) =9 Ca0 -+ Al,Os2}F CaS0,7} g %8}011 Ettringite 7}
MAEICE M, M, Radwan@| 371 Znjol| 2 “free—Ca02t
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Fig. 9. SEM-EDAX result of CFBA, BFS and FDG binder
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