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ABSTRACT

The global warming associated with an increase of the greenhouse gas
emissions particularly carbon dioxide (CO,) represents a worldwide problem. The CO, emissions
reduction is necessary. Thus researches on CO, capture technology which is effective and low
cost are required. Interest in using industrial residue materials and by-products as sources of
calcium for mineral carbonation has arisen because they are readily available and cheap. The slag
from steelmaking process is known as a material has the ability to capture and convert CO, to
calcium carbonate (CaCO3). These researches focuses on method of CO, fixation as
environmentally benign carbonate minerals and determine the optimum condition for Ca”’
leaching process.

The Ca’ leaching procedure with two solutions acetic acid and deionized
water. The optimum solution to remove CO, was calcium ion solution leachated with deionized
water. The removal efficiency was up to 75.74 % where as the removal efficiency of 39.69% was
obtained when acetic solution was applied. The lower efficiency was derived from acetic acid
solution due to pH and alkalinity that do not suitable for capture CO,. Therefore, this research
selected calcium ion solution leachated with deionized water at liquid per solid ratio (L/S) 10:1
(g/g), room temperature. This optimum condition was further examined with CO, absorption
proccss.

The CO, removal was investigated by synthesis gas of CO, and studied the
optimum condition for CO, removal in packed column. The parameters studied including liquid
flow rate (0.3 — 0.9 L/min), gas flow rate (0.25 — 0.85 L/min) and concentration of calcium ion

(200 — 1000 mg/L). Design of experimental and mathematic model by response surface metrology

(5)




(RSM) and central composite design (CCD) with Design Expert Software Program was used for

evaluate and show relation between independent variables. The optimum condition for CO,

removal process derived from Equation at liquid flow rate 0.77 L/min, gas flow rate 0.25 L/min

and concentration of calcium ion 725 mg/L. The predicted-efficiency in treatment CO, was up to

100 % and the results of experiment that was 97.81 % with less than 5% errors.

y=72.52+5411x, -164.79x, + 0.079x, + 0.13x,x, —8.28x107° x32

where y

is removal efficiency of CO, (%)
is liquid flow rate (L/min)
is gas flow rate (IL/min)

is concentration of calcium ion solution (mg/1.)

In conclusion, this research has confirmed that the steel slag can effectively

use to capture CO,. In addition, this approach can be applied as a guideline for CO, emission

reduction in industrial sector.
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4 a d? 9 aan a d? 9 9 d'
M co, usanadula Taslfasonugiunaunsunadulduaaslaqsaunisf 2-8)

(Hisyamudin et al., 2009)
CaO(s) + CO, (g) = CaCO, (2-8)
TavilgAsnidatuiulfisovarsduaeou munsaal§iso luudazdunou lddsi

dw [ :: Y o aan U oY
fn‘i‘lf%ﬁ%iﬂﬂ‘llﬂ%ﬂ‘i‘uﬂ'321‘11!11]51ﬂinﬂlli’]?]i’]u!!ﬁ?‘n1ﬂ{]ﬂiﬂ1ﬂﬂﬂ1°ﬂ Co,

o s Ay 1A o A S o d
M co, nedlugivesluananluiimsuanduiloazarotinaailu co,

dasgoglugilarsazaiy
CO,(g) = CO,(aq) (2-9)
(4 osl = a0 w o o o =)
M9 Co, azgarwlwinlswnnlesswnandadmaiilunsanisuein
CO,(aq)+ H,0(l) > H,CO,(aq) (2-10)
4 a oA v g 4
nnmsazatensamsvelamamsuanauiula lasnu levouuas lumsveiua
H,CO,(aq) > H" + HCO; (2-11)
Tua§vemaiansuanduilulsTasinu leseunazasueman

HCO; > H" +COF 2-12)

MIFLATBIAZATU (Ca0) dvrin)s1rninlossufandasiaaiilu Ca(OH),
CaO(s)+ H,0() > Ca(OH ), (aq) (2-13)
@ o dy Y
ca(OH), uanauiluleooulumsazaroinzniu
Ca(OH),(ag) = Ca*" +20H " (2-14)

a w J ~ o aan @ - a  w J ~ a g
Ca” WARAMNIINTUNSN (2-14) MUHRToIRY COF wandmNIINAUNISN (2-12) el

=Y ) o
mﬂammwuﬂjmmm%umsmmm CaCoO,
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Ca™ +CO;” = CaCO,(s) (2-15)
dw ¥y 9/ oae b2 o ayme U (24
rm::a;awﬂmzﬂsuﬂmn’mezmﬂmmmﬂgnsmnumm CO2

1NNUITBUDS Kakizawa uazamz (2001) 19ANYINI¥LazaouaaIFen
dy o < y = J==Y ==Y
“rosontlaznfumaniiiasdszne v sunaiFougamadonin oz Fan (CH,COOH)
9
= _-zo.Anlgasen 14l

- -Ty: 3z aWARLNTU (Ca0) AIUnTABEFAN (CH,COOH)
CaO(s)+2CH,COOH(l) = Ca™ +2CH,COO™ + H,0(]) (2-16)

s 4 ~ o aan v Y @ A T
HARfmMNVINANNTN (2-16) 1UPATR UMY CO, AvauMsh (2-17) ua

> H ¥ H ¥
o Z95umaes CaCo, MifaTuazTioeNanIIgnsvEazatealoiiilsianin lesou

- ~ 5
Tocoatiyvodmsazagunsa

Ca™ +2CH,CO0™ + H,0(l) + CO, — CaCOy(s) + 2CH,COOH(l) ~ (2-17)
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2.6.1 NURINANDVAHDY (Response Surface Design RSM) (aﬁi‘w&‘lj, 2544)
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Muiszneun 2.5 MssauuUdINlITaNna1e (CCD) S WS k=2 uaz k =3

(BATWIH, 2544)

H9AVBLNUNITNAADY CCD Ao tHgauiigalumsanuiaunis Ina Ty
OAaNT 2 (Second—order Model) AIRNITANENTIUT U (Quantitative Factors) EEYGRREY
- . B A ~ . 3 ¥ A 9 : A
dangulunsldge 118391l Resolution  1#iFen Idnssunguiynar ilesainausn
S 4 A =g o ‘
@onlgldnadmndunisnesswanoSoaidngy 2 52AU (2° Full Factorial) 1azA15nAana
F4
- 1 = o 1
uANBEIaLI9EIN UONIINT NITPBALUDLUY CCD @I nuennaasd latludaug
o w o ! . . . s
MUY Ae KIN1INAABITIUYDY Factorial (Factorial Portion) wazyagUannIN (Center
¥ H
Point) fioy vintuwihmsaiaumsuuuiaduase dmsonsaianuidadon 2 5290 uaz
o o Y 9) T ~ o Q’ g 1
WOINTATINYDIFAFUINa N Mauns lugiiduaseluminganiaihnisnaasany ludan
YBIYALNY (Axial Portion) 32 Taaums Tnd Tudioadns 2 W30 Quadratic Model
Po1FeupIuNUNITNAR0 CCD An  luminzdmiunisdnuilodeda

AMNIN (Qualitative Factors)

2.6.1.1 M3vonUUNMINAadlaslyimaiin RSM

1. Smuadnlsiezdne Falsznoulddae danssaszuazaunlsam
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1 Sld' 5 A a cgl Y o A Y [ 3,' o= o o
Lylafvzszywansznua ey finadu Idanyndudsideadas datu sdinnududulums
A g o Ay 14 @ < :/’ =
dendlsudinaitenansznylalasasesenut nmisdadon lasnisnaasauull
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Y I

ASmuanenidlumsiaungdunuivdermuisaszyszaunnudingus il saie
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=3 o o 1 C =t o a 0 o =3
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4 i 1 FS
iz aiuAedesiudd lnease anudAawatalumsszyszduanuddgersdinads

anuAanmalumsszygaimuzanla

2. SMUAITE (Code) vodmlsdassAmzauieldlunseonuuy
an1znldlunisnaaselasitns ccd  uazviinisudasmswadaulsdasy (Coded

Variables) 1 1aoonuuy 1dudw/sdui 14 Tae ldaunish 2-19)

x +X

x — max min
Y =2 (2-19)
xmax " “min
2
Taeh X = Coded Variables
x  =ewalsoasy
x = mgegaveniulsease

mmgaveaaualivase

I

X

min

3. fmsnaaImuEnIzsNeasdi ldeenuuu 13
as =) 1 d' Y
4. uananavesdatlsdaszanag fldnnmsnaaeslugiuuuues Surface
Plot Tae 14 115un 33 Regression  Analysis  4uu§18099 Idezeglugdaunsiideges
‘Quadratic Equation) Aduaasluaunisi (2-20)

k k k-1 &
vy =h +Zlﬁixi +Zﬂiixi2 + Z Zlﬁijxixj (2-20)
il i=1 4

i=1 j=i+l i
A =) s a 09/’ IS 9
Tauh f,, B. B, waz B, Ao dudszdnsonnsenuuuiFuduiazily
P u/ = a"a k7 o a
#-F1a04 uazdulss@nsFareu Muiay
a d
= a.1.2 Myuaszrin 51594 (Analysis of Variance, ANOVA)

v ¥ 4
’J‘ﬁﬂWﬁ‘ﬂﬂﬁﬂ‘Uﬂ’NllLmﬂ(ﬂNi$’H’JNﬂWLﬂﬂﬂﬂl@ﬂﬂq&lﬁﬂ@ﬁﬂﬁﬁum 3 ﬂquﬁﬁu

¥ = < a ¢ o 1 1 T '
~ Zazdumsinsieneasdiusen19nnunslsuservdengy (Between-group

+ mamce naza s Us e lungy (Within-group Variance) nunlsgimuseninangu

B ————

= a T ¥ d‘ 1 U ’ E 1 { t ] T Y
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2.6.1.3 uUUARINIT0NDY (Regression Model)

° . o ° a oA
11118 9IN1TDANBY (Regression Model) L‘]J‘LJLL‘U‘U%W@E]W\NMW\?’H?(@S?\
o w 1 Qs a 4 ] a 4 o o 1
15 mdunsmmanuduwussen il ot ldadaumsiingmvenanouais
$zihldausommaneuaussiigala lundazgresiladeld TaeEmsnldlums
+ - 1 o dy 1 T a0 - Y
Yszanamidausansg luuuuiiaesiidiulvane 35 1dea0a1ouga (Least Square Method)
q" LY d' v 1 d‘ o 9 o @ a
Fufunstszumaidndsi linaum (B) iievh 1nasuvesidiaeswesnnuranma
' v v v L2
2€) Hiadesfiga AT uINTEN B wariian midulszanininaaey Tastiduanouluns
T [+73 d”

dszanuaead

1 A2 14HasINVDIRBIa0IUDIANURANAIRA JAEMIHANDADUAUDY

t [ =Y Q‘{ as 1 d‘ o k7

5 szanamdulsz@nsmsanavsveailatelumeuaisn Hiilvkasiu

»9afdapsvoImanuRanatniiniosige
o 1 Qs = Qd d' Y =t o J

31 udsed@nsnisonnoen ta ldi¥euaunisiiuIen1vos
~AADUAUDI

nﬁ' Y == = =1 d' o

1 9991nMI PO NLULAINAGEIA83S CCD Ininaasd liigawanagii
P Y . Y o 3 o R A @ 3 @ dy
%59 Cubic Model 18 §9171 nuusianimsnanosdalidnsayianug 3 uuu fail (s,
2343)

1) Linear Model
P
E(y)= ,Bo + ZIB[XI'
i=1
2) 2F1 (Two-factor Interaction) Model

E(y)=p5, + Z:BiXi + ZZIBUXI'X}

i<j

3) Quadratic Model
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E()=fy+ L BX + 22 BN X, + 2By

i<j

3nﬂs1zﬁsmm°mmmmﬂnaﬂﬁmm:auﬁ’waﬂauaum

o a s

A o o o [
D) nagouaNuifs A gUeInNUFURUTIEHIIHAADUTUDILAZILA
vosulsannefisesunnureiuisay 95 TAgWT M ANAT UM ANVBLAAY
uuU TaegWa1sM191NA1 P-value
R~ T < o o
2) NM5NAEDY Lack of Fit SlumsnageuiifenFuaanserie Luuang
d‘ YA Y Y A 1 d' Qs d' q’/ k7 =Y
msnaneunldinnumagausuteyanie 1l Nssauanu¥eiusoon 95 TasNa15 U190
ﬂ'W P-value
~ I'd Y-N v Py Y A W [ dy
3) NATIEHNANNADAVOIADZHUUIIADA Fana1sanaieaae 11

3.1) Standard Deviation (Std. Dev.) B A1ANUATIAAADUNIATTIUUD

msilszinamiesuivauunaspuuem Y setidunanees Auam lAnnaunsi (2-21)

Std. Dev. =  MSE ; (Mean Squared Error, MSE) 2.21)

A Y

3.2) R-squared (R) fio sinuaasdadiuwiedovazyaannuulsdy
3 a @ =y Qs a o 1 Y I :/‘
Fiualy v os1nelaenundsduly X ¥3005110 Taonnuduwussenang X 0l Y aauu
< P 1 AQ Yo 1 = o ¥ = 1Y 2 2 )
= 1dumflfsahaumsndssnarmnzaududeyaiiosls 61 R’ IAwnu tanenaunis

~ Y] 2, Y ~
’3ﬂﬂﬂﬁlﬂﬂ5$11TiuLﬁNT%ﬁiJﬂU"U’E]Hﬁiﬂﬂ“Uu ﬂTu'Jﬂ!VLQQTﬂﬁNﬂWiﬂ (2-22)

R? =1—£E—,OSR2 <1 (2.22)
SST

SSE 40 fHAa3I1U04i18100a8IANUAAIAIATEU (Sum of Square for
“—or. SSE) (SSE= Y (v, =¥.)")

SST 7® mmmuﬂiﬂmuﬁwm (Sum of Square Total, SST) (SST =
S(yi —Y)z )

3.3) Adjusted R-squared (Adj-R’) A srfinanadadiuniodosayidas
= A a o :/‘ &£ g v A 1 s
:-. x Dewlumsofusanuiuulsimuaves Y safludidaihigluoomanzauny

3-:.30t13s TABA1331 Degree of Freedom wfin1sanday drua ldnnaumsi (2-23)
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_ SSE/(n-k=1)
SST /(n—1)

Adi- R’ =1 0<Adj-R* <1 (2.23)

3.4) Predicted R-squared (Pred-R’) fi® mnansdadiunsedevazhauls

a

[ a a 3 Ay o [ k4
fIr X flﬁﬁluiuﬂﬁ@ﬁUWUﬂﬁlHJNuuﬂ'i‘V]\‘Wi‘lJ@‘iJ’PN Y ‘V]llﬂﬁl1ﬂﬂ1'§‘vnu18 mmmllmm

AUNITN (2-24)

_ PRESS
SS

Pred — R* =1 (2.24)

total
3.5) Predicted Residual Error Sum of Square (PRESS) A9 AIWATIUNBIADI
4 @ <3| @ o @ { o k4
YPIANUARIANADUAADDN Sumsiauuuiiaesianummzaudugaivhiniseonuuy 1l
2 ' o = 3 o A o o 4
w20ty upusiassnsnanesiiminzanzdunuuiiassiiidn PRESS A1 A lden

aunisn (2.25)

PRESS=Y (Iﬁh—)2 (2.25)
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a0 g

TunisAnsinisdide co, Tasnmsgadudisarsazaronldaninnisse
g Y @ o aw A A 4 )
azarw¥nzninluneduiussy (Packed Column) ldviimsenuinuiseninidoaie iy
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2.7.1 IURYNMAEIVYDINVMTVIUAM Y CO,

. = o w - =
Aroonwilas et al. (1999) fn¥IMIAIAANIY CO, Tagmsgaduluregady
Y YR w R o 4 ayvo =
3 919 19un s2AURBINAa0Y 2@ Pilot tazszaugaavnssy Falddanarslunmsgad
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- 9915113 IMaueIn e CO, (X,) (0.25-0.85 AATABLIN)
- anududuvesmsazmounaidon (X,) (200-1000 Jaansuaoans)
o s a o w o .
1.2 dawtlsa fAv dsz@nsnistihniafie CO, (CO, Removal Efficiency,
%RE)
2. AIMUATHE (Code) YDIFTWAUUUMIDONUUUNITNAADIVDIA ML
a A A B g 4 = o
Saszimuzmude 1 lumseenuuunizi 1y lumsnanosaigmaiinuos CCD uaghInig

uilaamsiadanilsdase (Coded Variables) lagldaunisn (3-1) uagwan1soonulunis

Y @ d'
naaataad 1AM san 3-3
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z - Z nax + Z_ﬂil
. . x=|—2 (3-1)
Zmax - Zmin
2
A .
1o X" = Coded Variables
z = qutlsoease
z_ =mgegavesiiulsoasy
z =mdgavesdulioass

3. m15u1)adsHia (Decode) 31N130ONLUVNITNAABIAWNATAYBY CCD
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M131970 32 sAasusuazveulnvo IRl HivinsAnynssiianie Co, Aanaila

RSM Usznaudtedautlsoase 3 dutls uazdwmdsany 1 dawals

NMINAADI X, X, X, Response
1 -1 -1 -1
2 -1 -1 1
3 -1 1 -1
4 -1 1 1
5 1 -1 -1
6 i -1 1
7 I 1 -1
8 1 1 1
9 0 0 0
10 0 0 0 Y=dseaninm
11 0 0 0 Astiiia Co,
12 1.682 0 0
13 1682 0 0
14 0 1.682 0
15 0 -1.682 0
16 0 0 1.682
17 0 0 -1.682
18 0 1 0
19 -1 0 0
20 0 0 1
Min-Max 0.3-0.9 0.25-0.85 200-1000
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4 o @ o @ & = 4
M990 3-3 gangmInaapsd miuAnINSAITARa CO, AvasarmenaaFeui 1dain

3/
= % S @ I
nszIuMIrEazaIaznsulunoduiussyszaut ol Uams

8n31M3 1via 8n31M 3 Ivia AN
MINAaed YouHal VoIMD voaunaLbe Response
@nsnemn) (@n3neIni) (NaanSuneans)

1 0.42 0.37 362

2 0.42 0.37 838

3 0.42 0.73 362

4 0.42 0.73 838

5 0.78 0.37 362

6 0.78 0.37 838

7 0.78 0.73 362

8 0.78 0.73 838

9 0.6 0.55 600

Uszansamw
10 0.6 0.55 600 o
ARETIREE
11 0.6 0.55 600
Co,

12 0.9 0.55 600

13 0.3 0.55 600

14 0.6 0.85 600

15 0.6 0.25 600

16 0.6 0.55 1000

17 0.6 0.55 200

18 0.6 0.73 600

19 0.42 0.55 600
20 0.6 0.55 838
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ad 2 d as v &y =
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A5 IATIEHIIAN T NTUA 1% CO, ArmaToauna lasu1lans i
(Gas Chromatography, GC) ;'u GC-14A ¥0IUITN Shimadzu 147105293019 Thermal

. ¥
Conductivity Detector, TCD) Iasfianzdniiumsvaanis GC Al

Column Temperate : 50 IR TG
Detector Temperature - 40 BIFTALTYH
Injection Temperature . 40 DIFLBALTOH
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Carrier Gas Flow : Helium
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8 0.78 0.73 838 83.18
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Abstract: Carbon dioxide (CO,) sequestration wusing
steelmaking slag via carbonaiion reaction comprises of
o steps. First. the calciu ons (Ca™™y frans the slag
paiticies were extracted into an acid solution. Second,
the chemical absorprion of CO, b Ca™ solution 1o form
a solid particle of calcium carbonate (CaCO;). where the
COn was sequestrated. This stidies aim 1o investigare the
aptimal condition for Ca™ extraction from steelnaking
slag by using aceric acid solution, The response surface
methodology  (RSM) was used to oprmize the
concentration of Ca’*. The imvestigated parameters were
the temperatures In the range of 30-70°C, whereby
liguidisolid mass ratio and the acetic concensration in
the range of 3:1-20:1 and 1-8 M. respectivelv, were
imvestigated. The optimum conditions in the leaching
process are the liquid'solid ratio of 5:1. the acetic acid
AM and 70 °C
CXIIUHL

concentration and temperatre of 7.3
respectively. This optimum  condition
Ca™™ concentration of 35220 ppm

Key Words: CaCOy Carbonation/ €Oy Extraction/
Leaching/ Slag
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1. INTRODUCTION

The global warming associated with an increase of
the greenhonse gas emuissions represents a worldwide
problem that is dne in major part to the indusuial
combustion of fossit fuels {1} The cuvent global
warming 15 a global problem which caused by the
climate change due to an increasing of carbon dioxide
{CO;) in the atmmosphere [2]. Carbon dioxide mineral
sequestration i a technology that can reduce CO;
emissions 1o the ammosphere for long-terin storage of
CO. [3].

Interest in using indusuial residue materials and by-
products as sowrces of calcium tor mineral carbonation
lhas arisen because they are readily available and cheap.
Besides that. the carbonation of these waste materials
could reduce the amount of harmful substances. such as
trace elements. released to the environment, as they

would be mapped in inert carbonates [4]. The slag from
steelmaking process 1s known as a material which has the
ability to captwre CO: and wansform to  calcium
cartbonare (CaCO;) owing to their high contents of
calcium (Ca®") as in a form of calcium oxide (Ca0) [5].
Thus. the extraction of Ca™" from slag is an important
step for carbon dioxide sequestration via carbonation
process. .

In this study. the steel making slag was used as a
precursor for leaching Ca®™ which the main objective was
to determine the optimmn condition for Ca®” leaching
process.

2. MATERIALS

The steelmaking slag is a by product from the
electric arc furnace (EAF) steel production obtained from
Siam Steel Syndicare co.. Ltd. (Samut Prakan. Thailand).
Acetic acid (99.7 wt %), analytical grade. was obtained
from Baker. Inc. USA and used as received without
further purification.

3. EXPERIMENTAL

3.1 Preparation of the steelmaking slag

The sreelmaking slag was dried at 105 “C in an oven
and roughly grinded with jaw crushers. The steelmaking
slag was then finelv grinded by gvratory crusher and
steved fo get particle size of smaller than 45 . The
tine grinded material was then dried overnight ar 105 *C.
The composition of the slag 1s analyzed uwsing N-ray
diffraction {XRD) and X-ray fluorescence spectroscopy
(XRF)

3.2Ca" feaching procedure

The leaclung experiments were cairied out in 2 L
beaker glass. The prepared slag which particle size
smaller than 45 um is added into | L of acetic acid

sotutton with different concentrations (1. 2. 3, 6 and 8
M) which corresponded to the ratio of the liquid/solid
mass ratio {L/S) of 5:1, 8:1. 10:1. 15:1 and 20:1 /g,




3 4

respectively. The solutions were well mixed by using a
mechanical stirrer at 300 rpm. The leaching temperanires
were varied from 30 ta 70 °C. For each experiment. the
liquid samples of 10 ml were raken during the leaching
period at 0. 1. 2, 5. 10, 20, 40, 60. 90 and 120 minytes,
The sample was filtered by syringe membrane filrer (0.45
) before it was analyzed by XRD. XRF and Atomic
Absorption Spectrophotometer (AAS).

3.3 Analysis

The stucrure of the steelmaking slag is analyzed by
XRD, using a Philips X'Pert MPD. and the elemental
composition of the steelmaking slag is analyzed bv XRF
using a Philips PW2400. The concentration of Ca%in the
leaching solution is measured by AAS (Aanalyst 100
spectrometry manufactured by Perkin-Ehner. USA).

3.4 Experimental design

Central composite design (CCD) was used to design
of Ca™* leaching experiments. Three independent
variables. namely acetic acid concentration (Y. M.
liquidisalid mass ratio (X}. g'g) and temperarure (X, °C)
have been investigated by the single factor method, The
coded units for each factor tuvestigated in this work are
presentedin Table 1.

Table 1: The CCD consising of 17 experiments tor the
studv of S experimental faciors n coded units

Run no. X: R X;
-1 0 ¢]
2 -0.59 0539 059
3 -0.59 039 0.39
4 0.59 0.5  -0.59
S -0.59 0.59 0.59
6 0 -1 0
7 0] 0 -1
8 0 0 ¢]
9 0 0 0
10 8] 0 0
11 0 0 1
12 4] 1
3 0.59 -0.59
14 0.39 .07
13 0.59 .59
i6 0.39 0.59 3.39
17 1 0 4
Min-Max Value 1-8 320 30-70

The statistical significance of the full predicred

guadratic models was evaluated by the analysis of

variance  (ANOVA). The ANOVA  regression
coefficients of individual linear, quadratic and interaction
ferms were deterinined.
The variables were coded according to the following
quation:
AX’i — x’h“\(’ . (D
Ax

i
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Where Y, was a coded value of the variable: x; was the
actual value of variable: v, was the actual value of the X
on the center point: and Ax was the step change value.

Empirical model describing the experimental results
were developed using data collected from the 17 runs,
Model parameters were estimated using a second order
polynomial as given by Eq. (2).

3

3 3 13
- - )

V=D dg 4+ 2 A4 4,87+ S 4

=1 i=t =l j=isl
Where T is the measured response that ineans
concentration of caleiu (Ca™). 4, is intercept term. A,
A, and A are, respectively the measures of the effects of
variables Y. XY and X_,". The variable XX represents
the first-order interactions betiveen X, and X (7<), The
regression coefficients were used fo make statistical
calculations to generate swtace and contour plots from
the regression models. The P-values of less than 0.0%
were cousidered to be statistically significant parameters
where as the parameters with p-values greater than 0.100
was considered as an in-significant parameter. which
could be dropped out wanuaily from the model o

enhance the regression quality and optimization resulrs

ro@

i

4. RESULTS AND DISCUSSION

4.1 Slag composition

Chemical and physical properties of slag  were
measured using XRF. XRD. and AAS. The results from
XRF indicated that the slag posses CaO up o 35%
which is a key component and XRD analysis showed that
the main compositions of slag are tricalcium magnesium
orthositicate  (Ca;Mg(Si0,),). gehlenite (CaxALSiO;).
and calciun  strontiwm manganese oxide {(Cagg
S15.4)Mn0O;). This composition characteristic make them
suitable candidates for the indusmial sequestration of
CO, [6].

4.2 Optimize leaching condition

The concentrations of Ca™ ar various leaching
conditions are listed in Table 2. From this fable. the
optimum conditions for Ca™* leaching were liquid/solid
ratio of 5:1. acetic acid concentration of 7.3 M. and
temperamre 70 °C which gave a maximum Ca®
concentration of 35226 ppm. The application of
response swrface methodology  vielded an ewmpirical
model that expressed the relationship between the Ca™
concentration and investigated leaching parameters as
given by Eq. (3).

[

Y =111653X, +187.16Y, - 679.85.1
S 244390, Y, - 142307

[5%)

The value of the determination coefficient (R™ ; and
adjusted value of the deterniination coefficient ¢ Adjusted
R) were 0.963 and 0931, respecuvely. indicating the
model is present the experimental data well. This is also
evident from the fact that the plot of predicted versus
experimental concentrations of Ca’” in Fig. 1 is close to
¥ =X showing that the prediction of experimental data is
quite satisfactory,

The ANOVA of the quadratic regression model
Indicates that the model is significant. The P values were




used as a tool 1o check the significance of each of the
coeflicients. which, in mrn. are necessary to understand
the patrern of the mutual interactions between the test
variables. The t ratio and the corresponding P values.
along with the coefficient estimate. are given in Table 3.
The smaller the magnitude of the P, the more significant
is the corresponding coefficient. Values of P less than
0.05 indicate model terms are significant. The coefficient
estimates and the corresponding P values suggests that.
among the test variables used in the smdy. X
(Concentration of acetic acid). .Y; (Temperatures, °C) and
XX (murual interaction between concentration of acetic
acid and liquidssolid mass ratio (L/S)} are the significant
model terms. Concentration of acetic acid (P < 0.0001)
las the largest effect on comcentrations of Ca™. The
murual interaction between concenmation of acetic acid
and liquid/solid wnass ratio (L/S) (P < 0.0001) were also
found to be iimportant.

Table 20 Uicoded values of the variables used in the
different experimental of the central composite design
and the corvesponding experimenial results

Run YN X . )Y .
1o. Experimental  Predicted
1 t 10 350 3601 3169
2 28 40 9610 8957
3 2 8 60 12140 12700
4 2 15 40 6713 5335
5 2 15 60 7429 9278
a 5 5 50 26800 27847
7 5 10 30 15950 17994
8 5 10 50 23025 21737
9 5 10 50 22560 21737
10 5 10 50 22340 21737
11 s 10 70 23795 25481
z 5 20 50 11165 9518
13 6 8§ 40 23286 24041
14 6 8 60 31560 27784
15 6 15 40 13194 13777
16 6 15 60 15930 17520

7 310 S0 21102 21386

Mearmres €37 ton oeesnon ot

. ~ P S 4
Fig. 1. Plot of predicied and measured Ca
concentrarion

Response swrface are drawn as a function of two
factors at a time. holding all other factors at fixed levels
{zero. for instance). Those plots are helpful in
understanding botl the main and the inferaction etfects

of these two factors. These plots can be eastly obtained
by calculating from the model the values taken by one
factor where the second varies with constraiut of a given
Y value. The rypical surface plots obtained from Eq. (2)

-

are given in Fig. 2 and Fig. 3. Each figwe graphically

explained the effect of two interested parameters on the
- L2

production of Ca™".

Table 3: Model coefficients estimated by nnlriples linear
regression

Factor Coeflicient  Computed t value P value
[ntercept -14230.7 -4.906 0.00:0362
R 111633 10.78 <0001
AV 18716 1261 000110
A7 -679.8% -5.831 ~0.0001

Vv X -244.29 ~9.522 ~0.0001

Fig. 2 show the response surface plot obtained as a
function of acetic acid concenmation versus liquid‘solid
mass ratio, Ca’" concentration was increased with the
increasing acetic acid concentration. It is obvious rhat the
concentration of Ca’™ was decrease while liquidsolid
mass ratio was increase.

Ca? comee niradion gy}

SOOI LiSrado %)

& s

R
CH,
gy “Onconiggng, ian

Fig. 2. Respouse surface plor showing ihe effecr on acenic
actd concentration, liquidisolid mass ratio and their
murnal effect on the production of Ca™~

Fig. 5 show the response surface plot obtained as a
function of temperanwe versus liqudisolid mass ratio.
An increase in Ca’  concentration with increase in
temperature. Acceleration of diffusion phenomenon with
increasing re;mperature gives the reason for this tact {7].
A decrease of liquidisolid mass ratio results in an
increase of Ca” concentration. which might be explained
by the higher ionic stength and. consequently. ligher
solubility of calcium [8] It can be observed trom Fig3
that the lowest liquid/solid mass ratic of 3 gg gave the
highest Ca”"concenration.




[

Y

L concamirition grimy

Fig. 3. Response suiface plor showing the effect on
remperature, liquidisolid mass ratio and theivr nuual
- . R o
effect on the production of Ca

5. CONCLUSIONS

The leaching of Ca®™ from steelmaking slag using
acetic acid solution was investigated. The optimuim
conditions for leaching of Ca™ were determined using a
statistical response surface iethodology (RSM). From
the equanton of response variables. the acetic
concentration has the most significant effect on the
concenwations of Ca™ . Tle optimum  conditions  for
leaching of Ca™ were liquidisolid ratio of 5:1, acetic acid
concentrarion of 7.3 M and temperanwe of 70 °C which
gave a maximum Ca”™” concentration of 35226 ppim.
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Abstract

CO, mineral sequestration is an important techuology
for reducing greenliouse gas emissions. The
steelimaking slag was interested for CO, sequesiration
because of its containing high CaO. This research
aimed to investigate the CaQ leaching efficiency
using two conmmuon solutions which are acetic acid
solution and pure deionized water. Several operating
variables mcluding mitial aceric acid concentration (0
and 2 Mj. liquid-to-slag ratio (10:1 gfgi. reaction
temperature (70 °C) and reaction tune (0-60 min}
were investigated. The alkalinity of leaching solurion
obrtained from both solutions were also studied. The
results shown that leaching solution of steelmaking
slag using deionized water gave higher pH and
alkalmity than acetic acid. The efficienicy of both
leaching solufions on CO, sequestration was also
investigated and reported in this work.

Keywords: Leaching. Precipitation. Steelunking Slag

1. Introduction

The increasing CO» concentration mainly caused
by fossil fuel combustion assoctated with the
greenhouse effects represented a worldwide problem
[1.2]. A possible technology that can contribute 1o the
reduction of carbon dioxide emissions is CO»
sequestration by nuneral carbonation. Sequestering
carbon dioxide in synthesized carbouates is a long-
rerm solution fo global warnning that will keep CO,
out of the atmosphere ou geologic tmescales {3].
Mineral sequestration research pomted to accelerate
the reaction for a potental indusmial process.
Research on the aqueous carbonation route has
focused on alkaline and concentration of Ca’™ {41
These residues are likelv to be more reactive for
carbonation than primarny nunerals due to their
chenucal mstability and thus themr use nught enable 1o
reduce energy consumption and costs of CO; mineral
sequestration. The mteresting iu using the industrial
residue materials as a source of calcium for nineral
carbonation has increased since they are readily
available and cheap. Furthermore. the carbonation of
these wastes could reduce the amount of hannful
substances. such as frace elements. released ro the
envircime:t. as they are wapped in inert carbornates,
The slag from steelmaking process is known as a
material has the ability to caprure and convert CO; 1o

calcium carbonate (CaCOs). due to their high contents
of calcium (Ca™™) in the form of calcium oxide (Ca0)
So. the leaching of Ca™ from slag is an iiportant step
for CO, sequestration via carbonation process [5].
This  research focuses on  method of CO;
sequestration:  permanent  CO.  fixation  as
enviromzentally benign carbonate minerals. In this
case. the steelmaking slag was used as a precursor for
Ca® and the main objective was 1o determine the
optinum condition for Ca™ leaching process.

2. Materials

The steelmaking slag is a byproduct of the
electric arc furnace (EAF) obtained from Siam Steel
Syndicate co.. Ltd. (Sanmt Prakan. Thailand). Glacial
acetic acid {99.7 wt %) analytical grade. was obtamed
from Baker, Inc. USA and used as received without
further purification. The deionized water was produce
onsite at our laborarory.

3. Experimental
3.1 Preparation of the steelmaking slag

The steelmaking slag was dried at 105 °C in an
oven and roughly g@inded with jaw crushers. The
steelmaking slag was then finely grinded by gyratory
crusher aud sieved to get particle size of smaller than
45 pnm. The fine grinded material was then dried
overnight at 105 °C. The compositions of prepared
slag were analyzed using X-ray diffraction {(XRD), X-
ray fluorescence spectroscopy (XRF) and Atomic
absorption spectromerry {AAS).
32Ca” leaching procedure

The leaching experiments were carried out in 2
L beaker glass. The prepared slag which particle size
smaller than 45 ym 15 added mto 1 L of acetic acid
solutiont with different concentrations (0 and 2 N
which correspended o the rato of the liguid solid
mass ratio (L/S) of 1011 g/g. The solutions were well
mixed by using a mechanical stirrer at 300 ypm The
leaching tepiperature was 70 °C. For each experiment.
the liquid samples of 10 ml were taken duning the
leaching period at 0. 1. 5. 10. 15, 30 and 60 minutes.
The saniples were filtered by syringe membrane filter
{0.45 um) before analyzed by XRD. XRF and AAS.
3.3 CO; removal efficiency

The €O, removal efficiency using steelmaking

-

slag leaching selution obtained fom section 3.2 was
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performed using a lab scale absorption reactor as
described in figure 1,

00N,

Figure 1. A schematic of laboratory CO. absorption
reactor

From figure 1. the £as mixture containing
15.0 vol % CO» and 85.0 vol %oN> was fed to 1 L of
Sreehmkmo slag leachate in absorption reactor at a
flow rate of 0.73 'min, The C O- concentrations at the
inlet and omler of reactor were measured. The C 0,
removal efficiency (CO, RE} was determined from
the inlet (Cy) and outlet (Cou) COs concemtration
according to equariou (1),

¢, —C
CO,RE = ~t= o1 100 n
Where = inlet CO» concentration {pp1n)
Couw = outlet CO; concentration (ppm)

CO: RE = CO-removal efticiency (%)

3.4 Analysis

The structure of the steelmaking slag is analyzed
by Xeray diffraction (XRD). using a Philips X’Pert
MPD. and the elemental conposition  of the
steelmaking slag is analvzed by X-ray fluorescence
spectroscopy (XRF). using a Phlhpb PW2400. The
concentration of calcium (Ca’ ) in the leaching
solution is measured by using Atonic Absorption
Spectrometry {AAS) ~\Aanal\ st 100 spectrometry
manufacnired b\ Perkin-Elmer, TISA),

4. Results and Discussion
4.1 Slag composition

The XRF was applied to evaluate the slag
compositions. The compositions of the fresh slag.
precipitated solid leached with acetic acid and
deionized water were presented in Table |. From
Table [. the fresh slag contains §1.61 % of Ca0. After
extraction with acetic acid. CaO content in a
remAINing precipitate was 6.56% where as the amount
of CaQ in the precipitare when using deionized water
as leaching solution was almost the same as original
found in fresh slag. The XRD patterns of fresh slag,
aud the solid slag leached with acetic and delomzed
water were compared in figure 2. It can be seen from
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figure 2 that the main compositions of slag in all cases
are tricalcinm magnesium orthosilicate

CasMg(Si0,)). and  gehlenite (Ca,ALSIO;). This
u)mposmou characteristic make them suitable
candidates for the indusm'al sequestration of CO; {6].
The extraction of Ca from fiesh steelinaking slag by
acetic acid and deionized water gave a leaclmre and
leached hydrated-matrix. The XRD patterns  (see
figure 2) revealed that the leached hydrated-marrixes
obtained from steelmaking slag leaching with acetic
acid (slag - acetic acid) containg Tricalcium
magnesium  orthosilicate (C asMg {Si0,); structure
(calcimn  acetate hydrare) indicating rhat some
elements in steelmaking slag have reacted with acetic
acid resulting in structure change. While the leached
hydrated-matrixes obtained from steelmaking slag
leaching process using only deionized water (sl'w-
water) has no structural changes.

EJ - fresh slag
{ . i slag-water
F £ 0o ~slag-aceiic acid
[
s r w«.,»\-.-w* '} ;r"u'/' vﬁztw}b’w. ekl “M’ww&w‘m
: &

i
HES

i Ry S

L T T
3 15 2 35 45 35

Figure 2. XRD pattems of the steelmaking slag used
in the experiment: = Tricalciuin ma gnesiun
orthosilicate (C ;Mg (Si04) 5. » gehlenite, and o
calcium acerare hydrate

Table 1 Composition of remained — solid from XRE
analyses (units: wt,%)

Composition . wt.%

Solid slag
leached
with
deionized
water

Solid slag
leached
with
acetic acid

4.2 Concentrations of calcium

The concentrations of calcitn (C a ) in the
leaching solution in time period of 60 min are shown
in figre 3. Ir clearly shown that the acetic acid can
extract CaO firom fiesh slag mwch berrer than
deionized water. Since Ca’* is a meral thus ir was
better dissolved m acid solution than warer. The
concentration of Ca®™ i leachate using acetic acid and
deionized water leaching were up to 4755 mg/l and
502 mgl. respectively.




=8=-DI Wares
==Acetic Acid

[ 10 20 30 40 30 L2

Thme {min}
Figure 3. The concentration of Ca’ fiom leaching
process

4.3 CO, removal efficiency

The concentrations of (a2 i precipitate (solid)
from CO;, removaj using leachate of steelmaking slag
obtained by using acetic acid and deionized water as
extracted solvent were compared in figure 4.

DI Watey
== Acedc Acid

10 M) RI3
Time (ming
Figure 4. The concentration of Ca™ in precipitate
{solid) from CO, removal process

40 k) 0

It can be seen from figare 4 that Ca> iy acetic
acid solution and deionized water hold with carbon
dioxide. to from caleium carbonate as indicated by the
reduction of (¥ concentration. The CO- removal
efficiencies using these solution were shown in figure
5. Although Ca®” elured with acetic acid was even
high, the maximum CO;, removal efficiency was only
39 %. Where as that of 32" in deionized water was
Up o 72 % It s surprised that the leachare of
steelnaking slag obraiped by deionized water aave
much higher CO. removal efficiency than thar of
acetic solution. The leachate properties using acetic
acid and deionized warer are compared in table 2. It
was found that the ¢a™* concentration in leachare of
aceric acid solurion was abour 9.3 times of deionized
water. The leachate ot steelnaking slag obrained by
detenized warer, hewever. posses much Ingher pH
and alkalinity than thar obtains by using acetic acid
solution. This results implied that the alkalinity and
PH are the most Luportant  parameters for CO;
removal instead of Ca™ concentration in solution
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0 ia 29 ) Bl 59 60
Time ¢min)

Figure 5. Efficiency of CO» removal

Table 2 Leachate Properties
Leachate
Properties using acetic
acid

Leachate using
deionized water

1270 mge as
CaC Oy

5. Couclusions

The conclusion of this work can be drawn ag
follow. The leaching of Ca™ from steelmaking slag
Using acetic acid and deionized warter as extr Cted
solution wag Investigared, The concenmation of Ca®*
in acetic acid solution were much greater than that of
deionized water. Although Ca™ elured with acetic
acid was even high. the maximum efficiency of CO,
removal was much lower than of deionized water
exwraction. I addition, the alkalinity in warer leaching
was very high. It can be concluded that the alkalinity
and pH are the most Important parameters for CO,
removal instead of Ca™ concentration. Thus deionized
water leaching process is adequate for steelmaking
slag extraction for CO; sequestration,
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