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ABSTRACT

This study was conducted to recycle fly ash containing an abundance of CaO generated from combustion in a circulating layer as
a carbon storage medium. The study utilized XRD, TG-DTA and XRF analyses during the hydration of fly ash and identified calcium

substances within fly ash that could be used in a carbonation process. Ca>"

ions in the calcium substances were easily converted to

hydrates. A carbonation experiment was done, which used the method of CO, gas injection to produce suspensions by mixing fly ash
with distilled water. The results were analyzed using TG-DTA, XRD, and pH meter measurements. The study was able to verify that
the reaction was completed at a CO, flow rate of 300cc/min approximately 30 minutes after an injection into a solution with a solid-
liquid ratio of 1: 10 of fly ash and distilled water. Moreover, the stirring time of the suspensions did not influence the reaction, and
the reaction time was found to diminish as the portion of the fly ash became smaller. Thus, this study produced carbon storage fly
ash having a CO, storage rate of about 71% through the utilization of the CaO content contained within fly ash.
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A3, Hong 5V BIEFS ol 838l shzAlrL &
8kl = Ca(OH), &S B8t aglon, vt &
TS Tt gAs 7k o NS ddsle 4d
o Al Zrol & o AT HIAbAY CaO o]
€ 3= IHE EAs =W ekt wes do7
7] $18F Ca" o] 29 a2t o]} 7] W] whatslel] &
S5t 29 = fivk wEA ¥Rk W] CaO A2
sigtE FE7F @it whS Tl =g Adsle 71eo] H
™, ol 3t AP E FYsto] k= FHE AdH=
o5 Felsle] wito] M5l Ed Ca¥' o] 3}
= FHE &3A17 F &t ofe wetke] BkgSe o
B Belold fld 4 doke A7t B B9k

mebA Z AFelM e gitd wkee] eSdAE 24l
s, Rbgoll Fe 3 sAxdSs ddste] ddstaat st
om, JHH], CO, U, FErNe] wHbAZE, kA
o =5 MR dYPste] & ddM e HH 3AH=x
Ae e, gaA A2 Axsis o AdE
&= Zlo] & =we] ¢f¢o|th

EN

2.1. 898 B4 9 v|Axfo| 55"

2 A AREE WL 9 sletAd-S XRF(ZSX-100e,
Rigaku, Japan)E 53l #2418 235 Table 19 %7135
t}. 3lehE FAHROZE CaO AEF Si0, A& zt7
45.4%9} 21.94%°10t}. 235 oS A ES e 4
AA CaO A9 TFHS UeRA Aotk CaO A&
o] ol B2 AL = U g3 g8 M3 A
71t 7] wiEol, SO; AEe TS 4.25 wi%ol =2
2 CaSO,E e v 4R EE Ca09 F2 oF 2.88wit%
o]7] wjFol vlabAl el F 43 wi%e] Yod CaO 3+
Eo] EAT Aoz vdE)

3t A vk e} SRFE ZARFAN]) 1:29]
H &2 Egtate] Fastalar, vkl 7t et CaO A&
o] F3lE Tl wtsl e RE wdstaal skt
FohEe] 9l o]Fol= 3t AITHS 241170
dS FYstATt

i

2.2, giEtoo| T1olH| Hstof| 2 EHibet AE
ksl Age ol vk SRS E3)sh
Heralo] CO, 7GR 9%)E FU 3]

o

A AZEEE olgstion, 4E25°0)lA FAHA
th. &7143] 300 mie] WA HIAbA S} SRSe] aefH]

stgom, Aoy waAlE $ANA F7] $lste]
g ma|E olgsisit e dgtel i) FelEE Co,
Fhze] BAv ARALE 7] S5l wlAe] 4R
St EoE FAFACH, TANE AAF A =

AL B LAl sl 8itsl A3 pH meter
(pH-230SD, Lutron, Taiwan)E AR&-3te] gHAksl wk-gof uw}
£ pH H3lE 5% 740z st

2.3. CO, T ol 2 d| LR 2| EHLESE
dgd U FYEE= CO, FgS HFE 3ho] 2 AP
Aol AA CO, 7t frgs A&stat FaER e, Co,
71229 §-32 100 cc/min ~ 500 ce/minZFA] 100 cc/min? 2]
o2 WA A FHEAAL, whsol 4
H dA"gAS A AEE deldo] 78] dx A7+
A

of
r_l

24 H|&o| = E EHEL

a2kl e deids 98 2HED7]dA 308 F9
AT F sieveE o83t AVRE 3T Y= 150 pm
o), 150 pm ~ 75 pum, 75 um ©]38} 123 B 5HA] ke
a2 rlom, B Ageae] 24 2] 1]

2.5. §iEfoo| WHt A|Zt H5to] 2 EHAS]

Azd dgdo] wuk A7HS HER Flo] wHbA|7bo]
ERabs) h-gof] ojuf sl PFS W X=X LolR A} 59
o WHHAIZERS 108 ~60A17H7HA] 7S] WS E Lo

HilE AAVIE EZHI AewR HagAae oF
6 umo| 3, HIEHAL 233 mYgl & u|$ F& YEEE
o} mPAR pAEe gtk wal upAs nIAR

Table 1. Chemical Compositions of Fly Ash and Hydrated Fly Ash(wt%)

8102 A1203 F6203 CaO MgO

NaQO K20 TIOZ P205 SO3

Ig. loss  Total

F/A* 21.94 8.53 6.05 454(48.3)  6.06
H F/A** 18.70 8.80 533  39.46(48.81) 5.29

0.06 048 0.5 0.08 4.25 6.65 100.0
0.05 0.49 0.40 0.06 3.73 17.69 100.0

*F/A : Fly Ash, **H F/A : Hydrated Fly Ash, (

) : Except Ig.loss
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Al%%ﬁ(ASTM C 618)71% Fi B2 (SIO, + ALO; + Fe,O4

> 70wt%)2t CF B2 (S0, + AlLO; + Fe,05 = 50 wt%)
71 FFekA Bslal 9lem, KSHE(KS L 5405,
SiO, = 45 wi%)ell= PR oS & & Atk ol '
g Wkgol FoIsiA] ek Jof A 3AgEo] kA o
%k &ZH 3}0:] )?:}EHEIE—E SiOz, A1203, F€20394 _;‘j]'aokol o
olR 7] wFoletal AtEE T

T3} Ay HWZM gk CaO i}f““ RS
E A% AR5 FRlsl] flste FaEAeH, A9
A3} B]AkR) 9 TQWPO] A Ca0 # %9] DIEASE
%] b9k, 8HEQ Ca(OH),el ¥ =7} B A
£ U2k AR FollA Ca0 FE|2 EAst= *é‘ﬂo
LA HEste] F3HEe-S T3l Ca(OH),L,Z 3= Ak
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3.2. ERAES) H| Lk

detdo| CO, 7t=E FYst] HAA
Zohe §AksE whge Z1A, A, 2 LA
she B wkgolu Y

Juvekar 52 ksl BA o] 2] (2)~(5)9F e uk
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T [e)
< 53 ARty waspglom, 4 54 el 99
8t2 Ao L% (AG)= JANAF TableS ©]-&3le] A4kgt
ol

CaO(s) + HyO(l) = Ca(OH)y(s)
AG® (-57.83 KImole™") (1)

Ca(OHY(s) + H,O()) = Ca” (aq)+20H (agq)+H,0())
AG® ( 3042 KJmole™) (2)

COx(g) + H,O(l) = COy(aq) + HO(])
AG® (8.38 KJmole™) (3)

CO,(aq) + OH (aq) = HCO5 (aq)
AG® (—43.55 KJmole™) (4)

HCOs (aq)+ OH (aq) = H,O()) + CO7 (aq)
AG® (=20.92 KJmole™) (5)

Ca*'(ag) + CO3;” = CaCOx(s)
AG® (—47.40 KJmole™) (6)

o] He = %oﬂ/\q A) 4~ (6)1:‘ zqﬂ}ﬁo]u 2 HeEe
7b w27] wjZel Rkg-ol &&= 4 (2)9] Ca(OH),
7t S8l A3 A 3)e CO, 77t Bl S4EHE
HEg-d Zlolth ol dYdtHo® 4 (4)~(6)°] AG T
SE SR ALY Yo o PHgos g
do7]7] 915 B3t oA 7t ol whgo] w=A]

Al k8]

%"1 ° 701—'}\0:%

12 F = pH 7~8 distilled water
»  pH 12 buffer solution

0 5 10 15 20 25 30 35 40 45 50 55 60
Time,[min]
Fig. 1. Changes in pH by CO, injection of distilled water and
pH 12 standard solution.

PAths 22 L+ Aok 2L 4 @~E)] A5
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o Wgo] A £EE Aujste LAY Gty
542 % 39 @ 5 Al

FslE HARW el £A8Hs Ca(OH)= FE WiellA]
slgle] o8] Ca’t o)L OHZ o]LslElo] gof Foz
Ca™'E Z333} t&o] OH o9 <) &9 ] pHE
7INZ)A =W, olw] Ca(OH)E= Eo 49 g3xs
7] Wiiol] 2o wet pH 12~139] M9E
'Y €O, 7125 FUehd OH ool Hhgo s 4n
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Fig. 15 S/ (pH 7~8)% pH 129 ®F&

il

75 F9(300 ce/min, 1h)ste] CO, 7127t B &4
= A7 pH WstE Uehd AR SR A9 v
& °F 40% ©|F pH 5~6 Alol& UrEMJOi Tha B A
7vo] 229 & 4= St pH 129 ¥FEY-E Ca(OH),
7} £ d‘loﬁﬂMe o pHe} Hls=%H 174 o2 Wt F
Aloll pHO| sP7Fo] vlwA whEA KeEo] oF 108 o]F
o] pH 6.5~6.8 Ato]E YERATE ©]= pHol u}e}

Carbonate ©]-&-E5°] &Alake FEl7} th=2,'" pH> 125
Q1 gAA COE COy™ o2 Fuj= tXHﬁ}U%,”) o
T AR-97] wrgolBE pHYE ¥ 944 €00 &
2 9 B8akg) Wkgo] 88| Ao F rﬂrw;_}glﬂr RSN
M F3E el 2RSS ERsle] Axd Ao
(pH 12~13)° CO, 7}=5 FY3te WHo=E 4 (2)¢)
()4l ZAzte] wHAE
wge] frejshe s S

Agole] Aze v ZR5e TS Ws
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Table 2. Mix Proportions and Condition of Carbonation Reaction Experiment

Hydration Time Stirring Time

Flow rate of CO,

Unit weight (total 200g) Solid/Liquid ratio

(cc/min, 1h) H F/A*(g) Water(g) (Total 200 g)
66.6 1334 1:2
50.0 150.0 1:3
333 166.7 1:5
24h lh 300 cc/min,lh 222 177.8 1:8
18.2 181.8 1:10
14.3 185.7 1:13
12.5 187.5 1:15
*H F/A : Hydrated Fly Ash
14 14
1L ©  Flow rate of CO,= 100cc/min ©
13 — o Flow rate of CO,=200cc/min @
121 € . . Yl Flow rate of CO,= 300cc/min @
: gt z :g g 12 v Flow rate of CO,= 400cc/min @
"r SIL=15 ® Flow rate of CO,= 500cc/min ®
- v SL=18 @ "
= of 5L
ol * SL=115 @ m‘l‘
@ \6\\® ) 9l
8 B -
8|
7k
6 L s 1 s 1 s 1 s 1 s 1 s L i R T e
0 10 20 30 40 50 60
Time [mlIl] 60 I 5 I 10 . 15 . 20 I 25 I 30 . 35 I 40 I 45 . 50 I 55 . 60

Fig. 2. pH variation of reacted solution during each Solid:Liquid
ratio with carbonation of hydrated fly ash. (*S/L :
Solid(hydrated fly ash)/Liquid)
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Bl
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7

arefH] 1:89) 73 R4 AR CO, Y F of 38
of YeRom, 1:10, 1:13, 1:159 A5 747t 218, 19
178 o]l Uehgth. ol Ca’' o]0 £&Ho] u}
=9l FFE CO, 719 A&H o7 wkgsto] pHL
dolxl 2o ARREH, 1:10 o]/de] efu]ox= 1t
SAIro]l A FOEA Be AOE Kol 1:10 ALH]
oM gatst st Zlo] HAsirial Azter.

S I A4
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3.3.CO, F ol HE ErAtEE A E

IHHE BRAESE el A A 27491 1:109] 29H]
£ A8 A= CO, 7FE 100 ce/min ~ 500 cc/min
7FA] 100 co/min 7HA o2 MBI A7 A7 et

Time [min]

Fig. 3. pH variation of carbonation reaction as a function of
CO, gas flow rate.

g A= Fig. 30 YRSl A3ellA E 5 Aol CO,
ZY % 100 co/min®t 200 co/minE §HAF3} wkSo] A=
pH 6~7 F7ko] YERLZ171A] A- AJZke] ¢F 5570 =2 1k
SAIZre]l AA A8 HS ¥ T 4o, 300 co/minell A 9] ®E
S A7 9F 308 ©]FE 200 cc/min ~ 300 cc/min A}]

| FEE2 dojds & 4 Tk 300 ce/min®] ©]
o] CO, 7H: FHo = ehabsl 4 A7k Jd &

olX|U & 3= Qe FOoE Hol B AFor e gitst
A 272 JE] 1:109] Ao CO, % 300 cc/min
2 FetE

%3k Fig. 4¢] XRD 244 w4 ME & & %ol CO,
& 100 cc/min ~ 300 cc/minZ7FA] CaCO; (calcite) AJ52]
Z7¥staL AL, 1 o] fEel A= CaCO; A+
FIE Fhe] Afol7F A QlE AR Kol & A
o] 3eiH] 1:109] A CO, 1% 300 cc/min
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+ Height(cps) : 1494
Flow rate of CO, (100cc/min)
+ + + +t :
Height(cps) : 1820
Flow rate of CO, (200cc/min)

Height(cps) : 2212
Flow rate of Co, (300cc/min)

L Height(cps) : 2394
Flow rate of CO: (400cc/min)

Height(cps) : 2117
—7

Flow rate of CO, (500cc/min)

Intensity(a.u)

1 1 1 1 1 1

10 20 30 40 50 60 70
26

Fig. 4. XRD analysis of CO, reacted hydrated fly ash with the
flow rate of CO,.
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r o As-received F/A ©
13 o HF/A-1©
HF/A2 ®
12 HF/A-3 @

pH

o 5 10 15 20 25 0 3% 40
Time [min]
Fig. 5. Changes in pH by carbonation reaction with particle
size(Sample names are the same as in Table 3).

o Carbonation Reaction before Stirring Time: 10min
> Carbonation Reaction before Stirring Time: 1h
Carbonation Reaction before Stirring Time: 3h
Carbonation Reaction before Stirring Time: 6h
Carbonation Reaction before Stirring Time: 12h
Carbonation Reaction before Stirring Time: 24h
n before Stirring Time: 48h
Carbonation Reaction before Stirring Time: 60h

<

B

©0600060806

Carbonation Rea

pH
®

0 5 10 15 20 25 30 35 40 45 50
Time [min]

Fig. 6. Changes in pH by carbonation reaction with stirring
time.

oA ghitst wkgo] FAE = pH 6~7 17+ CO, 7H~
~35% AbelE Yehl= AL BlabA 7t 2
T Y BEFUst 20 Z sty A= oA e

ot
el matel R Ul WA 3RS 6 gzay
t 2o AlgH"t} o] Ca(OH),7F Z9 gk A= Fig. 7% ©H4Fs}t ghgo] FZ4E M4k ¢ TG-DTA &
L3 =(C a(OH)z/Water—O 159 /100 g, at 25°C)E ZtaL 9l E4S A48 Ao = 800°C F-2olA ek S
7] e kAol #Agle] 8EA] £ CaOH),  FARHS Ue L ATk 800°C F2e] FIwkeH ¥
7} 3] Ay Wol] zHAlsta 917] wiiEoltt. Table 4 AZEFE CaCO0lM CO,0 E3fol| 93 ghefog oF
Table 3. Particle size of F/A and Condition of Carbonation Reaction Experiment
Sample name Particle size(um) Hydration Time Stirring Time ~ Flow rate of CO, (cc/min, 1h) Solid/Liquid
As-received (F/A) -

H F/A-1 Over 150 oah Ih 300cc/min, .

H F/A-2 75~150 1h

H F/A-3 Under 75

Al k8]
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Table 4. Carbonation Reaction Time with Stirring

pH Carbonation Reaction time (min)

Stirring time pH 12~14 pH 7~12 pH 6~7
10min 14 17 After 31

1h 17 17 After 34

3h 17 18 After 35

6h 11 15 After 26

12h 15 19 After 34

24h 14 17 After 31

48h 13 18 After 31

60h 15 20 After 35

0.0 -

©
a

-05
90

85

Weight Reduction (%)

Temperature Difference (uV/mg)

20 F |——DTA g 475
o TG o

25 1 1 N 1 N 1 . 1 s 1 70
0 200 400 600 800 1000

Temperature (°C)

Fig. 7. TG-DTA Analysis of fly ash after carbonation reaction.

20.45%°] 7S YeRNAL 2tk ol HAHAZE AE A
o2 {3 CaO Ao TFFHA5.4wWit%, Y CaOZE
oF Dwi%)e ZHIYS Wl oF 71%Y =2 s E=E
Huijgen 5'%2] AN e Aekz)e] A¢ B3 A3
ZAstoll Hu] 84%°] ElslE o] Rt Hgh Ao
Hol B Ag oA ALgE H|AHA= gHitstel] A3t
EYS & U T3 e8be Hone e 99
o2 Mgstr] WEdd 7] TLE COb T
A7t flof 34 -8k A7 wAelA] ket ©
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1) 3t A3 ca’'e o)L dErt KT FIE
(Ca(OH))= Agkstarzt Fasilom, 2 At vk |
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