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ABSTRACT 

The global warmmg associated with an increase of the greenhouse gas 

emissions particularly carbon dioxide ( C02) represents a worldwide problem. The C02 emissions 

reduction is necessary. Thus researches on C02 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 C02 to 

calcium carbonate ( CaCO). These researches focuses on method of C02 fixation as 

environmentally benign carbonate minerals and determine the optimum condition for Ca
2
+ 

leaching process. 

The Ca
2
+ leaching procedure with two solutions acetic acid and deionized 

water. The optimum solution to remove C02 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 C02• Therefore. this research 

selected calcium ion solution leachated with deionized water at liquid per solid ratio (LIS) 10:1 

(g/g). room temperature. This optimum condition was further examined with C02 absorption 

process. 

The C02 removal was investigated by synthesis gas of C02 and studied the 

optimum condition for C02 removal in packed column. The parameters studied including liquid 

flow rate (0.3 - 0.9 Llmin). gas flow rate (0.25 - 0.85 Llmin) and concentration of calcium ion 

(200 - 1000 mg/L). Design of experimental and mathematic model by response surface metrology 
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(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 C02 

removal process derived from Equation at liquid flow rate 0. 77 L/min, gas flow rate 0.25 Llmin 

and concentration of calcium ion 725 mg/L. The predicted-efficiency in treatment C02 was up to 

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

where 

y = 72.52 + 54.1lx1 -164.79x2 + 0.079x3 + O.l3x2 x3 - 8.28 x 10-5 x/ 

y is removal efficiency of C02 (%) 

x 1 is liquid flow rate (Limin) 

x2 is gas flow rate (Limin) 

x1 is concentration of calcium ion solution (mg/L) 

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

use to capture C02• In addition. this approach can be applied as a guideline for C02 emission 

reduction in industrial sector. 
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' <:1 

UYI'tll 

~e:rw (Global Warming) ti~tlflll~iJilmmfl'!U~ti'WUU~,;j (Climate Change) ;itl f11'J~fJWtiiJil 

!'Q ~ti'IW~ 1~fH~lJ~'W!~'W v.l~:IJ1'il1f1f11'J~ljfl'1"1H~tl'W f1l~'ilf1 1 'W1J'J'J ti1f11fl':IJ1f1!fl'W t U11Pltifl1CJH~tl'W 
m ~ 'i)f) (Greenhouse Gas) !~'W fll'llf~lil'lw 'ff:JJD~1 'W f)l'J IP11Plcif1JI'l~'W i' ~ ~l'll1:1J ~ tl'W ti~tli' ~~B'W 

q ~ 

~ 1! 'J IPl, ~~ fll Glf m ri l'd' lj 1'1 d l:IJ ~ 1! ~ m) tl f11 'J i' f11d 1 tl w ti f) m 'W 1J 'J'J til f11 fl''U tl ~ 1 ~f) 1111'1 ~ ~ 11Pl ti fll Glf 
q ~ 

" . 
t ti ri 1iJ 'il~ ~ IPll'l ~'W i' ~ ~~'~ ll:IJ ~ B'W 111 'W t 1~ 1n~1 ~ 1'W tt ll 1~ Bti"l ttvli' ~ ~~'~ ll:IJ ~ B'W t1t1 n:JJ 11 'W t 1~ 1 

n m~;I'W ~ 1111 BW ti fl il1 'W 11 'J 'J m mrr h n 1JJ t 11~ ti'W!! U~,;j t1 ci1~ <Q 1J'W ~ 'W iJ n1 "lf~ l'W l'W mn~li 
q ~ 

. " 
I'IW 'ff:JJ 1J~1 'W m1 IPliPl ciru 1'1 ~'W i' ~ ~m1:JJ ~ tJ'W!! ~ ~ t1 n ~ IPl t1 ci1 'W n ri:JJnl"lf!~ t1 'W m ~ 'il n u~1 'W u 'il 'ilD'W i''W 

q OJ q,J <U 'l Q 

1J'J 'J tilf11fl''U B~ 1 ~ nli111 :JJ 1w fll"lfl'l ~ n ri ll:JJ 1mn 'W 'ff:JJIPl ~'U tJ,;j 1i 'J 'J mn~ eJ'W t ~'W v.J~:JJ 1 'il1n1.W tJ:JJ'W £J iS 
q q 

~C')) .d.Q& .<:::::!. .Q .<::::). c'Q..I 'C)}~ doQ..I 
'I'Nf11Glf'Vl!f11Pl 'lJ 'W! tl~ \911:1J 1i 'J 'J :IJ'li1\9l u ~ ~!f)IPl 'ill f) f) 'i)f) 'J 'J :IJ'Utl~ :IJ'W 1J ti \9lltltil~ f) l"lf! 'J tl'W f) 'J ~ 'il f) 'VI 1:'1'1\'ltu 

q " 

t~u r1 1 mf1 fll"lfm{ 11 tJ'W tiPl Btlf1 1 "lf~ ( C02) fll"lfli !'Vl'W ( CH
4

) fl1"lfl'l ~ t1 h ~~Btl h m{ 11 tJ'W 

"" IIJ "' IIJ <I ~I 'JJ '"" at d (Chlorofluorocarbon, CFC8) U~~f11"lf l'W\9l'J'fftltlf1 l"lfiPl (Np) !1J'W\9l'W U\9lf11"lf!'Jtl'Wf1l~'ilf1'Vl\Jf1 

l'll1JI'l:JJ 11Plti~~'ffl'J!fltil 11'llirwti~ 6 'l!UIPl 11Plti'il~¢lB~!~'Wfl1"lf~tniPl'illf1n'ilm'J:JJ'UtJ~:JJ'W'hlV 
q q 

" I CV lr]3J 1CJI C')) d C)) lfJ Q..l 

(Anthropogenic Greenhouse Gas Emission) !'Vll'W'W liP1Uf1 f11"lf C02 f11Glf:IJ!'Vl'W f11Glf l'W\9l'J'ff 

tltlf1 t"lf~ fll"lfteJ 11Pl'J~~tltl hm{1JtJ'W (Hydrofluorocarbon, HFCs) fll"lf!UtJ{~~tltl hm{1JtJ'W 

C')l "' "'' <I "'' II] <I (Perfluorocarbon, PCFs) U~~f11"lf"lfmv~tl'J!eJf1"lfll'~~tltll'JIPl (Sulfurhexafluoride, SF6) (Prigiobbe et 

a!., 2009) 11Plti 'il~trl 'W llfll"lf co, ! ~'W fll"lf!~ tJ 'W m ~ 'il n~ rl1fl' ill ! ~ tJ ~ 'illf1fll"lfl'l~ nri 1111111 m wu ~ ~ - " 

9) 

m'Jvr \9}j 'W 1 fJ\91 'fflti m 'J lJ 1 'W ~ 1 'W ~ 1~'1 ~ 111111 l'lll:JJ¢l tl~ f11'J 1 ~'W ~~ ~l'W lJlf)~ 'W 11Pl ti'W~ ~ ~ l'W rrl'W 
~ ~ J ~ 

1 ti t1j t~m 'il1f1f11 1 tv.Jl 1 ti ii't ~tJ! 'W ~~ !JJ11 'il~ t~'W t.'hJJ' 'W fll"lfli 11:JJ '1!1~ u n~ri l'W M'W o11~ t ~m'W ~~ 
" . 

! ti ri 1 iJ iJ 1i li'J I'll { 1J tl 'W! ~ 'W tl ~flU 'J ~f) tl1J ti ~ m :iJ tl ~ lU B flj til n 1J tl tl f) oJ1! 'il 'W f) 1 ti1 'W tll f11 fl'! n IPl! ~ 'W 

" 
11 Bn1 tllf11'J !Nl, tiii'tJJ 'ff:IJ\!1 wull l'il~!fliPl!~'W fll"lf C02 ~m1~ h ~~l'W fJ\91 'fflti m 'J:IJ~N"l niJm'J 

uritJtifll"lf C02 tltlf1:1Jl 1 'W u1mW:IJlf1:1Jlti:JJtilfl'l~~~~~htn'W f1ll~m ~1Jl'W f11'J\911:1Jli'J'J:JJ'lil~'il~ 



2 

I 9J '3J 'j/ 

n11JI'HJDf1 t iJ tJlhWfll'lf C02 filnl'l~hJ 'il~b'l'~b'l'~ 1 uiu 'U1 1 (Jlf11fl'ltll'lJl11~ hJ f1~D'W ~'W \9l~1J'i!~U'W 

(lfl'1EJ~fl'1b'l'l'l{nu~~u&l'l~v~, 2551) l'l~Ju~~f111'~-n1Tin11YI'ln1'1f co2 ~vvn'il1niJcimf11u 
l 1 ~~ 1'W Dl'lb'l'l'Yim 1 ~ 111'iJJJ1~ ff'VlTl f1l'V'lb'l' ~H~~iJfi 11 ~~1el~1 

q '" 

" .<::::t. ,d.:! G) 9} 0 Q.l c;'} .dl I Q.l .., 1..:::::. 3) 9) 

f111~'i!Wtl!1l~Df1 ~'lfm~'U1'Wf111f11'ill'lf11'1f C02 'lJ'WD~f1'Uu1mWf111~l'lJ~'lJ'W 

f:'Y 1 'j)r o .:=:::. o Q.l G'Y d 9) eJ 
'lJtNf11'1f C02 H~~ml'lf'il1eJ1'Wm11'l1l'W'Wf111f11'ill'lf11'1f C02 lli'WI'l'W ll'le!m~'U1'Wf111~'W~1'W 

rl1'Y!-rum1n11Y1'ln1'1f C02 ~ileJ~1~ 1Jlw1 m~'U1'Wf111~1'lci'Un1'1f (Gas Adsorption) ~~l~'W 

m~'U1'Wf111n11YI'lb'I'11~EJ ll'lv1 ~b'l'111'll'lciu (Adsorbent) ~l~'W'lJD~H~~ iJ1 ~ff'VlTl m~1 u f1111'll'lciu 
'" '" 'j) 91 'j) I I 1 

11 v~ 11j u ~u mJnu'llu 11'l'll v~Tiu l1 N&'ll v~1b'l'l'll'll'lciu c1f~ 'il ~l'll'lciu ll'l vmft'vu 1 ~~I'll 'Y!u eJ11 ~'1111~ 
~ q~ ~ 

1 oG):V Q../Q d cl ~~d 0.1q3/ ~9) 
_ ~wn~u~~m1 m ~ 'YI b'l'111'll'l'lf'U~f111~~1'W mnn'il~luu n 11 l~~~u 11m1 l'll'l'lf'U ~ 'Y! mn'Uu l'l&V 

q qj q 'U 

ffU~I'lci'U~ilv~1~ 1Jlw11~-l~fhm{Cifyj Clf1v1~\91' (Molecular Sieve Zeolite) u~~ci1un~irul'1 
cj 9) Q.l d ~ Gj 3)1!1 cl d 0 

1.\ctivated Carbon) lli'WI'l'W (Lee et al., 2002) m~'U1'Wf1111'll'l'lf'iJ'Wl~D ~'If iJ1~V~'YI'W~b'I'11'Vl'Vll 
'" 

' " ' 
rl111'll'lci'U'il~~ml1'il'W lllb'l'1m1 tll'll'lci'U tJlan~~~D~lJf111:Wu'VJb'l'll1~ bY1'W lTifib'I'D~flD f111 1 ~l~~ 

'" '" '" 'j/ I I I 

tU'J'WlWf1fl1'1f (Membrane) 11jiJiJ'll'v~.flv1~~rl'~~1'WtJt:wfi~l'llil'eHfivunu1n~'W'l (Ahmad et al., 

:o 1 0) u~mh~ t 1 ~\911~ 1TI m1 l ~l~~l 'U1 WWf1fl1'1f1YI'll~'W lb'l'l'l~lJ111'llU~~ ~~ tlll~'W ~ij e!~ l ~ 
q 

d Q.l d .dl G')l dl cl .::! Q q 9JG) 0 Q.l (;')) 

1 Rubin and Rao, 2002) 'WDf1'il1f1'W V~~m~'U1'Wf1111'll'l'lf~f11'1f'lf~l11'W'Vl'WV~ ~'If ~'Wf111f11'ill'lf11'1f 
'" " ' rl1~'U1'W f1UUl~'W m ~'U1'W m1fi! ~'llv~m~&l u f1111'll'lc1f~m1~El 1 ummfl' vh 1 t1JJ~mw b'I'11~El 

'" 

'C V~ 'il1f1b'l'1 ~11 til ~b'l'11~1'lc1f~ ~ 1~'1>11iJ an~ V1lfllJlvfDl~~ JJ 1 ~ff'Vl !/ fl1~ l u 1111 n11YI'l tJl ~~'lfUI'l 
' " ' 

~~ 0 ~ b'I'U l'll'lc1f~fil ~1 'W m~'U1'W f111 ~'W DCJfl'U1 11'llU~~'lfUI'l'lJ D~ b'I'11~Elfi~v~ m 1 n11JI'l b'l'111'll'lc1f~ 
'" '" '" 

Sodium Hydroxide Selexol, Rectisol U~~ 

\lonoethanolamine (MEA) l~'W~'W (Tinoco and Bouallou, 2010) 

~l'lb'l'l'Yim1~m1tl~~m~m~u ~l'lb'I'1'Yim 1~'Yict~~iJm1iJcivvn1"1r C02 ~~ 

' 1 r 91 

· ~rTnHill'l 1~ (Bonenfant et al., 2008) u~dJD~'il11Wl~~v~rfiJ1:;-;nvufiiJvc31u~\9l:;-;n~u~u1l iJ 
'" 

:: Hhl1:;-;nvu'Uv~umuCifv~vvnt'lf~ (CaO) ~~iJf1&l~b'l'lm1tll'Wm11'ln1Yunl'lf C02 u~&mnv 
d d d ~ 'J)'j) d Q.J 

~ ,-~ nntluuf!m'lfV~I'll1'UDl'W\9l (CaCO) ll'lm~D'lf~~:;-;mvm1'lll~\9l'W vvnm'illf1'lJ\9l:;-;mu ur~:;-; 

·.> hJHil'Wf111~1'lc1f~nl'lf C02 ~'UrJl'Yirl'~'\>llJJan~VlU~1'il~ tJlv~f1'iJ1~f1D'U'lJD~fll'lf C02 D~l'W 
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cl .<!:fl cl Q.l cl r:i 9) I dQ.J 
1iJ'lHl~'IJeJ~U'IJ~ 'imth-!f111f1fllf1'Uf11Cli CO, lV~m.ll~fl111 (Bonenfant et a!., 2009) 'We:lf1'il1f1'W en 
~ -

Gas Absorption Ul:l~ftmnu'\J~CJ~ri~Hl:l~eJf111fhTIV~fl1Cli C02 l'l1'W eJ\9111f111l'Vil:l'UeJ~fl1Cli C02 

0\9111f111l'Vil:l'UeJHl11VIVI~lJ 1'111lJ!.ij'lJ.ij''W'IJeJ~l:l'UVIVI~lJ 1V~CJVl1f111'Y1VIl:leJ~1'W1~\?l'U 
~ ~ 

" il1f1m~'U1'Wf111'lf~l:l~l:llCJ~\9l~f1i''Wm~n 1 'WfleJ~lltJ'U1 1~ (Packed Column) 1~1?l'U~eJ~iJ51J~m1 

"'OJ 1.3 'U'fl'U!'Ufi'IJ'fl'i'il'W1'il[J 

" c:J "'" "" 1 9 'J)d w d U] 'J) f1Ul~CJ'i1llJ'Wf11Hl'f1El1f11101~VIf11Cli C02 VICJ l'lf'IJ\il~m'W'Yl !Vl'\J1f1 

m ~'U 1'Wf111 Hi'J\91!'11 ~f) Vl1f111 'YlVIl:leJ~~fl11lJ\?l'W 'U1 1 CJ1f11f1' ~ ~iJ'UeJ'Ul'IJ\91~1'W l~ CJI?l~~eJ t '!Jd' 
1.3.1 ftf1El11:1f111~~ij rll:l~tJiJ1~ff'Yl~f11'Vl1 'Wm~'U1'W f111'lf~1:1~1:11CJ Ca

2
+ tltlf1 

" ' 
il1f1~\9l~ nf 'WUl:l~'Vi 11:l'f111~ Vim m~ crmh'Vi f 'U f111 \Plww'W f11 1 1V~ CJ 1 ~l 'YlflU 1'1 Response Surface 

.\1ethodology (RSM) 1'Wf111tltlf1U'U'Uf111'Y1VIl:ltl~ 

1.3 .2 ftf1El 11:1'f11 1~~ij r11:11'1t1 'I.J1 ~ ff'Yl~ fll'Vl f111 01 ~VI fl1Cli C02 1 'W fl1Clil-ffCJ ~ 11:1 tl~ 

1 'W m1 IP11lU 'W m1 'YlV~l:ltJ~ Ul:l~'Vi 11:1'f111~~mm~crmf1'Vi i'Dm1 IP11lU'W m1 1V~ CJ 1 ~l 'YlflUI'l RSM 1 'W 
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0 Q.l r:'Y 'J)d Q.l d 
1.4.1 bl'l:lJTHlfll~~fllCJf C02 i~CJ1'lf'U\91:;;m'WrY'ibH1 

1.4.2 mm1t1'W1il'l:;;fli''W ~,ulJu 1b1'~miltJ 1 ~~lflfl11 Vl~l'lm ~nm 1 ~1 'W m1 
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. 
<:1 

'U'YI'YI 2 

.. 
<:1 "" <V <:1 <:1 v 

'Yitj 'l:l.t')U t1 ~ f-.1 t1~1 'l-.1 1lltl 'YI! flti1'1Hl ~ 

w <! 1J1 Ill <! 
2.1 fl19ffll':i'lHl'J.! !VHHlfl !9f~ (C02) 

2.1.1 fJ tlHUJOO 

nv11 C02 ~~'Wnv11lllilil !llilng'W Ill~~~~ :JJ1r~1:JJ!rlf:Jri!Yhnu 44.01 n-f:JJ~tJ 

1:JJr~ '\l~!$1-eJ~ -78.5 -eJ.:Jfi'Wl1n!CtlV'ff ml:JJ'VI'Wlut.l'W~ 25 tJ.:Jfl'l!"l1mCJ1vmvhnu 1.799 n-f:JJ~tJi11911 
q 

" ' ' 
m:JJTmn~ mvt11 1¢1 1~v1Jn~mi'11~'W n1"11V1 Ill! 1~-eJlJBn~ Vl!flil !lln~n~ tJ'W u~ mm1 11V1 '\l~'Yl1 
, I """""" "' U] "' 1 U] U] <>'U] 3-1 "" ~I "' U] "' G1i 
u~mmfl'IJtltlfl ~"11~'1Jti-:.J i,'l'VI~Ui,'l~ Hl~1tlfl ~"11~ ~~NnNi,'!\9l!u'Wfll1'1Jtl!'W\91Hn~ ~'1Jfl11'1Jtl!'W\91 f11"11 

co" t~'W fll"l1~lltl~t 'W 1i1 1 :JJ'l11~ D1 ~mru ~ t1 vr~~ 0.03 1~ vlJ~mm 1 'W!'lll9lttit~-:.~illJ~mrut~:JJ!~ 'W 
- 'U 

f1UftmnlJ~mrunl"l1 C02 1~vmJ1Li.:Jl'W Intergovernmental Panel on 

" "' 
1o:'l ~I 3-1 1 

, I"" G1i U] 3-1 Climate Change (IPCC) \91-:.IU\9lu fl.fl'. 1980 !u'W\9l'WlJl 11LI.:Jl'W1lu1lJ1Ulf11"11 C02 '\llf1f111!Nl m:JJ 
'j) I I I 

!~tl! ~ i1-:.~ r11-:.~!fl~ '\) lfl11-:.~-:.~ l'W 'Q\91 'ffl'VI m 'j :JJ~l-:.1 'l Uri ~u 'VI ri.:J~'W Vl! ~ 'W Nrl m '\) lfl Nli f):JJ 't-l EJ vih ~-:.Ill 
I 'j} I 'j) 

D~lJlUl!~lJ~'W tl~l.:J~tl! Uti-:.! 'W tlfl'\llfli'i Nrl fll'j ftf1EJ1'1Jf).:j IPCC ~.:j'j ~'IJi'WJll 'W 'IJ'j'j ~ lfll"l1!~tl'W 
q 

I 3) I 'j) I I 

hnmnV1~~ 'l1-:.~~-:.~il~t'W11 U:JJ!~:JJmn~'Wn-:ilnl"l1'11tJ~~'W'l $11v tJ'W'VImv~-:.~Nnm~'Vlu 1~vi91H~D 
3) I 3) 'j) 

t~ru 11 fl :iJ'lJD-:.~ ~h 1 n flH r~ ~ i''W u 11 mmrr'\l ~ ~-:.~ 'Vl1f11lm 'WU H mn~'W ~ t1 I lJ~n ri l'ff~ i1 11 tJ 1 v.:J l'W 
q <U q q 

' ' " 
IPCC l¢111LI-:.!l'WU~mrunl"l1 co, Vl!~:JJ~'W 1~vN1iD:JJ'WEJU vh1ti'~~-:.~-:.~l'Wi'-:.~ilw:n:JJ~ti'W'ff~11'mJ'W 

- q 

J} I 'j) ';l) 

r:h hnur~~i''WU11 mmrrt~:JJ~'WD1~mru 1.56 1191191'~ ti\91UN!:JJ\911 1~vlJ~mrui'i~-:.~ llll¥1~11:JJ 
' " 

"""" ..,g 3-1 1 U] 3-1~1 3-1 _I """' 
Nnm~'Vl'IJ'Vl!fl~'ll'W'Vll-:.Jtlti:JJ !'!1'W '\llflf111!Nl m:JJ !u'W\9l'W (ul'W'Vl~LI, 2554) 
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' " 
"' "'' "" 2.1.3 f..l(;lfl"3~'YI'lH'llfltn'H'YUJ'll'U'llti-:Jt1191 C02 

I 3) I 'J) 

fll'Jl~:JJ~'W'UtJ-:JfhCJ! C0
2 
ri-:J~[lth111'lfi~m1~ hn~tJ'W cJf-:Jth111'q51vtiJ'4ElV~'W 

' " " 
[1-:J 1~tJ~f11'Jrll'WltJ11111'W~fl 20 11'11'1-:J'V!'ll'l atu'V!f1il'UB-:J 1[1fl'il~l~:JJm~'W'Vlfl1l 'Uamnni'l m1~ q 'U qj q 

1 [lfl~ a'W~-:Jri -:J ~[I 111'.W'lfu[l~ ~\911JltJ-:J~m'J111'tw11l11~tJ'WU11[1-:J ill'lf'W J wdhm'il 'il~Jla-:J~-:J~'W [l'W "' u 

I 'j} 'j} I 'j/ 

wiflf]9J~1 9) ~ IG]9J~ 9) 9) ~.::::! I 3-:'tW .<:.':1 

Vl'W 'li ~ ~ l:JJ t1 [1m eJ'W 'U 'W 'il~ n eJ ~'11m~ bW l'Vl u 1~ [1 tJ:JJ llll ll'J eJ 'W 'lf'W 'Vl m m~ [l':JJ u nm'J ~n m'll a -:J l 'lfe:J 
q 

' " 
1 'Jflll[l~ ft\91 'j.W'lf bf1'W ll'U fl'Vil~ (J 1 'W tllfllf'f'il~ l~:JJ :JJ lfl~ 'W fll111 fl~ ll ('!~ 1 eJ fll [1'1 'W fll'J ll Vl ~ 'j ~ 1J 1~ :JJ lbf 

"' "' 
d'd .::::! 9J .:::::. o w 3J .... I a.d 1 

:JJ'4 El tJfl'il~:JJ ~ -:J~ 1 tJ (t~ 1'Vl, 2551) '111 fl'Vll fll'J 'J flEll~ 1tl tJllJ {] 'lf1'W ~ fl 11:JJ 1 'W H H 'U e:l-:J 'J fl 'il ~ 'VJ W 1[1-:J 

u~l1111cit1tJ 11lil'Wnm'Wl'W ~~ 1 am[l''lll 111'liYt~q}1\91[1' -:J~-:J~tJtJ[l~ 60 ~n~-:Jm1~ 1 [lfl~ a'W~-:J ri -:J ~('I 
"' I 'j} I 'j} I 

m~'Vlll~Bm'J l11~tJ'WU 11mf1il11'J~l'Vl f'fH[l~f1ilmmrr 1 ~m'UVll~Ut11J.U1 1 mlcJf-:J~m'U TW 1u~-:J-Vi~ 
"' "' "' 'j) 31 'j) 'j) 1 'j) 

'U'W 1~ 1 my 'J 1m1-:Jtl'am1lll ~-:J 'il~ ('!~ mtJa~l-:J'J 1~l~ 1 !11 111' 'J ~~m'll'Vl~Wm-:J.U1 hm~:w~'Wl!('i~ 
" ' ' 

'1 '11 mnri:w'Yil[l':JJ'Vl'J !11 111'~fi~thvh:w 11'l'Vln'Vl111 H[1~1J~ nm -ViiJf1il11'J ~ l 'Vlfl'B~1 'W 'J~~m'l1m'il 'il~D-:J 
qJ q q 'U OJ 

~ 'W [l'W'V!l tJ 111 'illflll~'W ~ h fl~l iJ'W 1191 'W tlfl 'ill nil f111~ 1 [1 fl~ e:l'W ~-:J rll 111' ~\91-)J ll ntJqfl\91\l'l 'J 1~ 
"' u I I :J} I 

'j ~ 1J1J iJl 1rrtfl11 ~ t~'W 111 1 'W ri1'W 'U a-:J'Vl111 tJ 1 'j 11ll('i ~ t1 1 'j 11 1Jl-ViiJ f1 il11 'j ~ l 'Vl f'fll ('! ~ .W'W -Vi llll u [11~ l ~ t1-:J 
q q "' 

'il~lfi~ml:JJU 11'-:Jui:l'-:J 1 'W '11 (lltJvf'W ~ !11 111'1JrumeJ'VlflDm~:w~w~a-:J'illfl'!il'JJlu ~-:Jll~ ntutJB~l'Ul 
u q 

' " " ~ -:J.vi11nfl~:wl'l1tJli:w~'il~[l~mtJ'il'U 'V!:IJ~ ri1'U 1 'U'Vl111mlq}m1'W e;Jtu '11 iJil'il~~ -:J~'U 1 'U q~mmli:l'-:Jm'iliJ 
" " " 0 I Q Q.l 0 & 

'Wl'Vl1:1J ~[1\9l~[l'Vll-:Jf11'j lf!EJ\9l'J'iJ~[l~('l-:j 'j~~'U'U l'Vl~l[l[l' -:J'U'U 
"' 

'J) I 'J) I I 

~TI[l'l'Jlfltl1 11'1 (Kyoto Protocol) 191'-:J~tl~'U\9ll:JJ[l'fll'U'Vi1'Wf11'Jl'il'J'ill'ViliieJ-:Jlfltl1 

li1liieJ-:J'V![11-:Jlrll'UeJ-:J11'J~l'Vlf'fiti1J'U lrltll'U~ 11 n'U1lfl:JJ Vl.f'f. 2540 U(l~lJ~[1JJ-:Jfl1J1~\rlBl'U~ 16 
u q 

Q.l d' .::::::-..::::! Q.l 1 ~I 9) Q.l 1 I 3) I 9) dt c)l 

fllllll'Vl'U'Ii Vl.f'f. 2548 Vl'fi[l'l'J~-:Jfl[l11llJ'U'UB\9lfl[l-:JQ1J1JH'Jfl'UB~ [lfl 11~1tJf11'J\9leJ[1'lVlB[l~f11CJ! 
q "' 

t1' D'W m~ 'ilfl ~-:JfllCJ! COo ~'11~ -:J 1 'U fllCJ!\j'B'U m~ 'ilfl~ 119lnl'V!'U ~ 111 'U ~TI [l'l'J 191-:J nci111'11t1 m)~ 'illfl 

·ll 11 ti' ~\9ltl1JJ'U 'U a-:J 11 'J ~ \11 rr1 mGJitJ~ ~11 ci CJtJfllCJ!~ EJtJ[l ~ 17 'UD ~fll'J 11 cit:J CJn v1nf ;:J 1 r1 n vhhi m 11 

,i D'U 1 'U ~ ll~TI [l'l'J iJ ~[I JJ'~i'lll 1 ~~·mrltJiJ11 'J ~t 'Vlf'f~ 1:w 111' ~\91 tJlU'U 1:Wtl' Btlflll 55 11'J ~l 'Vl rr 1 ~ t1 

9) d ~I d ~I I c)l ~ 9) 1 9) 9) "'Ia. c)l d d 

'J ::; \91 B -:J :JJ 1J 'J ~ l 'Vl fl''VllJ r1 e:l tJ fll CJi l 'J eJ 'U fl 'J ~ 'il fl 8 eJ fl :JJ 1 'J 1 :IJ ll [1 1 B tJ 1 ~ 'U eJ tJ 'J tl tJ r1 ~ 55 'U B ~ 1J 'J :JJ 1 ill fll CJi 'Vl :JJ 

Ju1'UiJ'il'ilJJ'U 
;J q 
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1 u n~:utJ1~t'Vlfl'~ 1:J rr~ 1~ r~1:1n1 ~'Vl'!J ~e:Jfl11~ 1 1:1n ~ e:J'Wtt~ rr1:u11 t~':l 1:u 1 fl1 ~n11 1:11'1 n1Gli!~ e:Ju n1 ~ 'lln 

tl'l'\9111Jfl111JfflJfl1 1 '11 ( ~YTU flHU'W 1CJ'!Jlt1Ui:I~UH'W 'Vl'f'VlCJlfl1'fi111J'Jf1~Ui:l~~ ~U 11'1fl'e:J:IJ, 2553) 11'1CJ 

n rl' 1 tr n ~ 1 u u 1 tJ 'lJ 1 tJ u 1:1 ~ u r~ u 'Vl -r 'Vl tJ 1 n1 'fi 11:u 'If 1 ~ u 1:1 ~ ~ ~ u 11'1 f1' eJ :u b1 ~ n ~'~ n1 ~ 'Vl11 ~ 
'Vl'f'Vlcnm'fi111J'lf1~Ui:l~~~~nl'lfl'e:J:u !~'W'InhtJ~1'W11tlflm1~'lf1~ (National Focal Point) 'Ue:J~ 

~ ~ 

e:J'4 b1qJqJ1U 1:1 :;;~1) m1 !fltJ11\9l u e:Jfl '111fli1 u1:;; 1 'Vlfl'l 'Vl t1 11'1' e:Je:Jfl'Vl1 ~ 11'lfflt)EI~ m111'11'1~ e:J~ fl' m1 

'!J~m11l'l'lm1n1Gli!~e:Jum~'lln (e:J~fl'm1:um'lfu) 'Vl.fl'. 2550 iJr~flu~l'l'!J1~~rle:Jl'u~ 20 iJt~u1t~'W . 
oq:V o' .<:::::::~ Q.l ~ ~ 

'Vl.fl'. 2551 'Vl1 ~11e:J~flfl11'!J11111'1ll'lfl11fl1Gli!1e:J'Wfl1~'1lfl (Thailand Greenhouse Gas Management 

Organization. TGO) ! ~'Wen fl' fl11 ~ iJ '!J'Vl 'lJ1 'Vl rl-1 A T:\1 1 'W l~ tJ ~ 'U eJ ~ fl11 [1\91 flU tJ [1\91 tJ ~ eJ tlfl1 Glil ~ eJ 'W 
'}/ $1 • ' 

m ~ '11 fl'U e:J ~ tJ 1:;; t 'Vl fl' V1 ~ i1 c'J~ iJ mn t1 t1 ~ fl' m1 Yi n111 u I'I:IJl \91 H 1'W tJ~ m ru fl1Gli co, Yi mm1 t1 tJ ~ t1 t1 ri 
~ - ~ 

'!J11tl1fllfl'll'l' t'!f'W:IJ1\911,ij1'W ASHRAE (American Society of Heating, Refrigerating, and Air-

l!J 'JJ o _I"" "" ""l!J 'Jll!] ' "" -"1 'JJ l!J Conditioning Engineers) ~l'lfl111'WI'Iu11J1U!fl1Gli C02 '\l:;;:IJ ~1'1 ~:IJlfl'W 1,000 ppm !u'W\9l'W ( l'l"lfl'1fl. 

2551) 

" .:::::! OJ ~ ~ v QQQ.I 

2.2 'UYI~fl':ilHllflfl':i~'l.JTl-.lfl1':i~I;'IYI!'tHiflfHll (Steel Making Slag) ( (1'1 flm, 2552) 

d Q.l cl 3) Q ~ Q ;f 
'U \91:;; m 'W (Slag) 1 1J 'W Hi:I'Vl 1:1 e:J t1 1 1'1 '111flf,J\9l m 11m 11J fl11 Hi:l \9ll'M 1:1 fl tfll'l 'U 'W '111 fl 

m ~'!J1'W fl11 Hil\9lm ~flfl f1' 1'lfUI'Il\911, vHh (Electrical Furnace Process) m:;; '!J1'W fl11 11 [I e:J:IJlfl'EJ . ~ 

m~nl'l'1m\91111 1:1 e:J:um{fl 1 vlvhir '!Jt~'W ri1u 11if~'lle:J~e:J\9lm11 m1:um1 r~il\9lm ~n'lJu nm~ n~11~e:J . 
0 ~ 

fl11'W1lfl'EJl'Mi:lfl (Scrap) 

. ~ 

tVie:J u 11 tJ1 ~1 u e:J\91(1'111 n11:u ne:Jrr~ 1~ ~ e:J 1 tJ 1 u 'lJ u \9le:J u i1 ~ n ~11~1~ ~u '\) :;;iJn11t~ :u 11:111 ~11 u tJ u . ~ 

~ "" ,... ~ "" -1 1 9 ~ d. (Limestone) l'Mi:lfll'l'lJ111e:Jlfl'EJl'Mi:lfl 11'Wu'W U[l:;; l'lm:IJ (Dolime) ~um:;;'!Jl'Wfl1111i:ltl1Jl'Mi:lfll'Vle:J 
~ . ~ 

111JI'11n'!Ji1 ~l ~e:JU'W ~ 1~"1 11'1CJli 'W ~'W '11:;;11 [I e:J:IJU flfl~:IJU 1l 11 ~ flflltl 1~ fl11 m'!J 'fJ:IJ Ui:l:;; fl11 n 11l'l'lb1'11 
~ 

lJi:l Vlu ~1~"1 t 'lfu m{ 'lJ e:J'W qfilfle:J'W u1:1:;;u:u~mi1 rr rr11 il~ fl ~ 11 '11 ~ t1 nn 11l'1'1 e:J e:J fl 1 tJ !OI'It ~ u ~\91~ n'f u 
~ 

cl t:J) : cl ~ & Q.l 9) I d lfJ3J di 
m i:lfli:le:J CJe:JCJI'l1'W '!J'W u 1m 1:1 fl '111 fl'W u '11~ tlflfll'l tttlfle:J e:J fl '111fll\9111'11 CJ'lfe:J~ 1:;; m CJ'Vltlfl tJe:J flu 'lJ 'lJ n t:u e:J 

~ ~ ~ 
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Q cl cl lrJ 'J}d Q.l cl .d cl 9) cl ~ d d! -: cl d I 0 

tl'ill '11 fl :JJ W'W rl ~ fl 'il ~ ! ~ 'U \91 ~ fl'J 'W!'M rlfl 'VH 1J 'W fl fJ'W H 'U ~ 'Vl ~ 'W l 'W fJ~ 'illfl'W ll '11 rl fl:JJ 1'111 :JJ tl1~ 'ill! 'Wl~ 
q '" . " " ' 1 9} q .:::::!.:::! Q.l Q.l q 9} ' 9} d 0.1 

mnml'il~'il:JJrl~ 'fffl'Wl\911 1 'W 'U'ill~'Vl'U\91~m 'Wl\911'11 rleJ:JJ 'il~ tlfl~'W 1 'MrleJtl'ff~l'W 'lJ'W 'U\91~m'W 'il~fl fll!tlfl 
<u 'U q,J qJ 

" " 
eJfJfl 'illflUll'M ~ n1 ~ tlfl11 l 'VleJeJnmh~~l"l r~~ 1 m1 ~ m ~ fl (Slag Pot) 1 ~ tlfJl'il ~'111m~ mJw mnu 

,d 
'Vl 2-1 

t~·uhh ~ n tl'lJ -i'etJ~d~tJJnn!n 

CaO 40-52 

Si02 10- 19 

FeO 10-40 

MnO 5-8 

MgO 5-10 

Alp3 1-3 

PPs 0.5-1 

s < 0.1 

Metallic Fe 0.5- 10 

d ~9Jd! ~ 
'Vl:JJl: (www.tfhrc.gov, 'ff'lJI'l'Wl:JJfJ 23 'Wtjfl''ilfllti'W 2553) 

w o' 
2.3 j)'j~'lJ1'Wfll'j'}j'~~~~lf.l (¥;J'flfl''W'ff, 2548) 

~I -d9 31 w o 
fl'J~'lJ1'Wfl11'lf~rl~rlltl (Leaching Process) lu'Wm~'lJ1'Wfl11'Vl !'lf\911'Vllrl~rlltl 

'lftJ \91'\JfJ~l'M n 1~~~~ tlflll ~1'lf~ (Lcachant) lhJn~nlt'H'll"i ~D~l 'W 'UD 1!l ~ ~ 'ffU ~ n~mv!#l1 'W ~ -:dh 
'" 

~ d I c:!. I Q..l 9} cl c!Q..I 
n~rllti'W'W"') l1tlfl11 Nrl'lf~rl~rlltl (Leachate) fl11'lf~n~rllti:JJI'l11:JJU\91fl\91l~fl'lJfll1rll~'UfJ~ll'U~'Vl\911 

m eJ~\911 ~~ 11 m1 ll1~ 'Utl~!l ~~~~1m eJ~ ~l\91tl 1h ~ 'ff ~fll~Bfhu\91~ 1'1'11n~mt1eJt1fl 'illfl'Utl~ u ~ ~ ~ ~ u 
q 

" " . 
tl'W 1191tll ~Ul'M~fJ'lJNI'lf ~m 'ill ~~1'1'11n~ mvi 'WflU ll1~~1'1'11n~mtlql~l~'W m1 l~mJu (Impurity) 

dlrJ I 9) Q d 9) ~ cl d Q.l Q..l q d Q Q.l .:t.d 9) ~I 
'Vl !:JJ\91tl~ fl11 Nn Nrl \91'Vl\91 eJ~fl11 l'lti'Utl~l! 'U~'Vl 'il 'l.Jfl'W 1 'W 'U'ill~ 'Vl m1 'If~ r1 ~ m t1 Nrl\91 fl w CVl 'Vl \91 eJ~ m 11 u'W 

ri1u ~ t1 fl 'fftl\91 t1 eJ nm 'ill fl'U tl~ll ~ ~ 1 'W fl11 'If~ r~ ~ r11 mJ~ :JJ 1w 'U t1 ~ m1 ~ r~ ~ rlltleJtlfl:JJ 1ri1u :JJ 1 n ~ 
'" 



9 

ui)u~m~'lf~n~mv 11P1v'l u~if ~~ncillG~flU'lf~n~mv inli~~~m~Ul'Wtll~~lnl'l~'W ifmJ~llJ'W 2 
... I ~ .:'j d 

u~~lfl'Vl fltl m~Ul'Wtll~'Vll~'lflfll'l"' un~m~Ul'Wtll~'Vll~lfl:JJ 

1. m ~Ul'W nu m~ :J11m'l"' llJ'W m ~ u l'W m~ 'lf~n ~ mv 1 nli ~ 11'lut~lffV 
.I 1 "' ""'"'~ ""' """' di u~~ !V'lf'W~lflf11~Ul'Wfll~l:JJ\911UtlnGJI:JJ (Metabolism) 'Utl~~n'U'Vl~V (Micro-organism) 91~~~ 

3) I ;J} l 

nt~ 'l ri'lnl'ln~l'l~'W lllllu lfl~l'lVi 1~1 u'lf~n~nlv 1 nli~~nflf~liu~ 

• 91 

n:;::mvVi!'*! um:;::ul'W m~.Wf1t~ ml'linvh~n ml'l1 'W\91~f1 ml'l1eJ11'l~flnt~~n ml'la~c1f~n un~ 

ff:JJU~'Vll~!flJJ'Ua~ inti:;:: m~n:;::mvml'lllJ'WI'lTvhn~mv~uv:u!'* un~mmH1n~mv 1nli:i:: 1~llJ'W 

trl'U:JJlf) 

11~~v~ri ~r·m~au~ ~ ir'VlTifll'l"'fll~'lf~n:;::mv 1~mi 

1. 'lfUI'l'UB~ml'l ml'l~'l~'lum~n~mv 1~mi ml'lin:Yh~n ml'll'W\91~f1 un~ 
I ';l) T I 

ml'l1eJ11'l~flna~n ~~ml'lmcililllJ'Wmi'!Viffl:JJUfl'lf:i::n~mv hli~ 1~~f111mi'!D'W'Vl~6'lfui'!B'W"l 

I C::: ~ ;r .Ji I 

2. fllflll:!JlU'Wm\?1-lUff flll:Uffl:JJl~fl! 'W fll~'lf:i::n~mV~:i::l'I"':JJ'IJW:Utlfllflll:JJ 

~lJum\?1-lU'ffnl'ln~ l'ilflll:UllJ'Wml'l-lU'ff~mm~ff:ua~'l 'W'lh~ pH 1-2 

3. 'lfUI'l'Ua~ inti~ 1nli~U~n~'lfUI'IJJflll:JJmm~fl 'lum~flfln~mv1~u\91fl~N 
"' 91 91 

tl'U ~'U nu111 nli~U'U a~! 'U ~ U'Ua~ ffUU ~ ~flaU'lfUI'l 11'1 11'1 v 1 nli~ i:'Yl'U 'lli uJ~~ a~! 'U ~ U'Ua~ 
qj cu u 'tl (lJ 

• 91 

5. u~mtuml'l u~mtuml'lVil'l'a~m~~'Wa~nu'lfUI'I'lW~ hli~ 
"' 

6. 'U'Wll'la'Wmfl'Ua~\91~fla'W 1nli~ 1nli~~~a~'lu~u'Ua~\91:;::nau Gl\91~nau~ii 
q "' "' 

3) I I I 

'IJ 'W 11'1 'lli qJ ~~ii~u Vi f:hbY:u N'ffnu m 1'1 U' am-11 'l ri' m~ n:;::mvl'l1n ll\91:;:: nau Vi JJ'U'W ll'll~ n 
91 

7. atulifllJf111'lf~n~mu ml:umm1t~'l'Wf111'lf:i::n:i::n1V~'Wnuawliflil mn 
q cu q cu 

I I 3) I I 

'Ua~mnll'll'tll 'l ri'lnl'lfffll'I"'U'I"''iVi~~u ~~u 1! urim1tVl:u-5\91~lnn'lf~n:;::mv 
"' 



10 

' " ' 
rflJ ~bl'fl'lJ'UD-:1! '11 aJ fllj .vi1:1J!~fl~b1'1'lJ lj t1ci1m 'Vl 'illflbl'fll'W fllCJ1 '1 J.Jc'J-:~bl' fll'W'U D-:1! '11 ~ 1 '1 ~U ! U D-:1 'illfl 

q 

~ Ql ~.c! 9)9}!Q.I d~ ~ (;1) 

'In 2 1t)fll'fl'W'W:IJ'fl11:1J!'U:IJ'U'W\911-:Jfl'W (Concentration Difference) 'Vl'lJj!JWN1'UD-:!!'11~1!!~g;fllCJ1 

" 
1 Driving Force) lll hi\n'fl fll1 ci li:'H 'Vl:IJ 1~ JJ 1 g; il'Vl TI fll'W 'IJ D-:1 fll 1 'fl 'f!cl1:1J~ 'W D ~ilmru 'fi'U D-:1 'IJ D-:1!'11 m 

'" '" " ' ' 
1;; vg; nm 1 'W m 1 bY:IJ ~bY ~'W .vi ~hbY':IJ ~bY 'fl11 :IJ ti'W th'W m v 1 'W '11 D bY:IJ ~bY u ~g; JJ 1 g; il'Vl 1J fll'W m 1 

'tl'd m g; 'illCJ fll 1 'fl 'fl cJ1:1J! ~ 'W 1n ~ lJ iJ 1 g; 1 CJ'l5tJ1 'W fllj ~ 'fl JJ~ :I.JlW b1'11 :IJ ~Vl 'hl fi D 'W iJ ~ D CJ ri'lJ 11 CJ1 fll fl' 
'" '" 

I 'j) I I 

. <1 n ~ ~ m1 ~'flcl5:1J'V11-:~mvm'W !n'fi~'Wt:U m1'1CJ1.vi\Jn~ 'f!cl1:1J ~ g;mvD~1 'W \'l1l11~g; m v 1 'fl v "lll llJJB n~ m 
'J) I 'j) I 

. , ~ l n 'fl ~ 'W ~ ~ ~ g; n1 'j 'fl 'fl cJ1 :IJ 'V11-:J! 'fl ll ~ ~ 'W n1 'j 'fl 'fl cJ1 :IJ .vi ll n1 'j ! n 'fl 11 r1 n~ v 1 1 'fl ll ~ 'W 'j g; '1111-:~ f1' 1 CJ1.vi tl n 'fl 'fl cJ5 :IJ 
cu cu d:J cu cu 

" 1Tifll1!~e:Jf1b1'11'fl'flcJ5:1J (Absorbent) b1'1:1J11tl!!U-:J"l~ 191-:~u 
'" 

f:') 11] 9)c< 'l <V 0 

l.f11CJ1'fl1'j~g;~1CJ~'fl'fi~'W\911'Vl1~g;~1CJ 

3. \911ll1~g;mCJm1 !~'W b1'11~ '11Jf1'flf1~ e:l'W tvimhCJ~'fl~1tlDb1'f 1-:!!'fl~ D-:J:UD 

4. \911l11~g;mCJ'fl11lJ11'fll "lllu'W-:~ u~g;'111~1v 

~:'-•oding) 

" . 
fl11 ci 1CJ!'Vl:IJ 1~ 1'fl CJfl11!! 'W ~ '11 ~ e:Jf111 'W 1!fl 'fl~ w:UaiJ 'fl11:1J!!\91 fl~ N (Gradient) 

9) 9) ,d 9 1 w cll1]111]9} 19 w o99Jc, ,I"' 9) 1 
• -~ :": lllH'U:IJ'U'W!Q~CJ ~'W!!\91~g;1t)fll'fl 0)1-:j ~:IJ ~'fle:J~ ~'Wb1'fl11g;bf:IJ~~fl'W 'Vl1 ~'11!f1'flfll'j1J'j'lJ!'IJ1~ 

" 9}9)1 .c! Q.IQ.I~ I c;')} .<:::::!. 

, --- ~: CflJ'fi~'Ue:J-:J'fll1:1J!'U:IJ'IJ'W 'fiCJ'il'fi'Wb1'l:IJ11tl'l11'fl11:1Jb1':1J'W'W'Ii1g;'I111-:Jf11CJ1U~g;'lJe:J~!'11aJe:J'fi:IJ'fl\91 
' q q 

'I Jl o' Q.l d o Q.l 

~ ~- -<rl t:]'Uf.J-n 1~~\91 (Raoult's Law) 'fl-:!b1':1Jfl11'Vl (2-1) u~g; (2-2) \911:1JOl'fl'lJ (Welty, 1984) 

, - '-· ~:J'Utl~l'I1~1D'fi:IJ'fl~ 
q 

(2-1) 

-



d! (l.l I < .. I 
l:!Jtl PA = fi111JI'l'Wtltlti'Utl'ltl'lfi1J'J~fltl'U A 

x A= b1~nhhl1ml A thi1'!Jfllfi'UB'l!lHl1 

P~ = fi111J~h!lt!'Utl'l A 

!rlt~ PA = fi111J~hl~tlti'Utl'ltl'lfl1l'J~fltl'U A 

YA = b1~bhhl1ml A thi1'!Jfllfi'UB'lfl1GJ1 

P~ = f1111JI'lh!ltl'Utl'l A 

' ~ 

."'-:Jlll'W (Two Resistance Theory) (Welty, 1984) qS.:J1l'J~flt!'U#l'1t13 'llhl\9ltlhlf!t~ 

1. m'J ~1m 'Vl1JT!:1 'D 1n1'!J mfln1GJ1 111 ti.:J ~bbY'w:rff'U t~'l n1GJ1 

2. fll'J ci1 m 'VloUlll ~bb1'11 ~bl 1 llti.:J~hfll'Ut~'lm m 

3. fll'J~lti!'Vl'Dlfl~~ll'Ut~'lnHn!oUl 1 1lti.:J1'!]fllfi'UB'l!'Yibl1 
~ ~ 

'Vlt)Id aiJ 1#16'1.:Jb1'1J1J~5} lhl ~'li1 flt~ 

11 

(2-2) 

~ ' 

1. fi~ ~ 1J blt!'li'hl B~lfi !!~ bl~ oU H 'lJ tl'l ~h bY1Jrrb1' (~~ 1J #111-J fl1GJ1!!bl~ ~~ 1J 
'" 

~ ' 

'llhl \91 Bhl fll'J ~1m 'Vl1J1bl 'Dlflfl1GJ1ri'llt~'lm m !! bl~'l~'lfll'\Aill'J ~ nt~uVi 2.1 
'" 
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Liquid sid<> 

Inte-rface 

PA 

Gas film~ 
Liouid film f:F 

II!U i' > 
::.Pi.i· ..... 

( ' >!:-:"· ... ·!.·.·.·.· . 
• ; . •.·. ·I .... 

,, ~. o: : 
,__j __ ___j:;, '' '.......L.~'-'-~--

fll'V'I'lh~ilel'l.J 2.1 'Vl1flol~£1'B~fi11:JJI'1'1'w'Vl1'W (Two Resistance Theory) bll'r'l'f1Jf11)~1CJ 1B'W:JJ1i:'l 

' (;)/ 

1~ti11~f11CJ5Ui:'l~'UB~mm (Welty, 1984) 

9 & <j) q 9JC'}) d Q../ Q../ Q.l Q.l 

! 'W f11)~191CJ5:JJ\91mf111 ! Vi f11CJ5Ui:'l~'UB~ri1Cl1:JJ f11) £1':JJ N£1'fl'W :J..Jlfl Ui:'l~fi11:JJ 191 'W Cll91 

(Pressure Drop) iJ~1U BCJ 1191uiJn~ 'U~iJ11im1vi11 tr 'UB~!tii:'l1U\91fl~Bmtl'Wti CJI91ti~B:Wrl'um~"l 
• 'j) ' ' 

t11 B 1 triJ~'W Vi ~h'U B~m ClJ:JJlfl bl1ti'f 'lJ f11 1 ~1m 'Vl:JJ 1i:'llli:'l~! Vl:JJU H 191' 'W (Driving Force) 1 tr:W rl' :JJ:IJ f1 

~j) )§ ~ & ~ Q.l if Q.J c/ a' cl '3) q d.J' I d? 

t 'lHm B~:JJ BI91191CJ5:JJfiB fiBi:'l:JJ'W 'l.J) H Ui:'l~ fl Bi:'l:JJ 'W!! 'l.J'l.J miJ1 CJ !U'W \91'W ! 'W 'Vl'W 'il ~f1Cl11t1WQ 'W1~ 
qJ • 

fl D ~ :JJ tf 'jJ)) 'il ~~~ tJ 'W !fl ~B ~~B ~ 1 tr fl1CJ5ff:JJ N£1'fl'l.J 'U B~! Vi Cl1!!Cl ~iJ f11) ~ 1 CJ! 'Vl :JJ 1C1B ~1 ~ iJ . 
" " ' th~if'Vln m'W 19l~tT'W 1 'W~1'W1~ui1~~ ~~~~on! effflo~utf 'jj))'i) ti'to~'il1flf11) oom!'l.J'l.Jflo~utf vil ~~ . 

l lU ftl:JJ11tll efft~fl'l.J'UB~mm~iJq'Vlfl 'W f11)fl191fl'iB'W ~ ~ 1£1'VJti1~1CJ UC1~11fll l1i~ ~ 

fiB~:JJU!!'l.J'l.J'l.J))~~iJCJ:JJleffiJ 2 U'l.J'l.J ~B U'l.J'l.Jlm'l£1'1'W'Vl1~ (Counter Current) 
lrJ I _d ~ :V d\J] 'j}& & C"J} 9) Q.l c/ C:. 

: n~ U'l.J'l.J !Vi C1 N1'W (Cross-flow) CJ5~~1'W1'UCJ'W !191fl'fl'EJ 1f111 191191CJ5:JJ f11CJ51191 CJ l'lffiBCl:IJ'W!! 'l.J'l.J'l.J)H'Ji'W 191 
qJ • 

mm~ ri1'W'l.J'W'UB~fiB~:JJU 'l.J) 1 'ill 'W'U'ill~~'UB~mo 1£1'fliJ1 fl'il~ l tii:'lBBfl'V11~~1'W rh~ ~ fl'EJ 'ill~'U B~ • 
fl D~:JJ tf 'lJ 1 H u £1'191 ~\9l~m'WiJ1 ~ flB'l.J ~ 2.2 fl1 CJ 1 'W fiB~ :JJU 'il ~ 'lJ 11 'il~ 1C.JI'l1fl m~ (Packed Bed . . 
.. \bsorber) ~~ !1i'I'1111Bf1j CJl!fliJfl'l.Jfl1CJ5!ilm!i:'l~'UB~m o1~1JB'Wl~1~fiB~:JJU 1191C.JI'l1f1Cll~~'l.J) 1 ~ 

'j) • 'j) ' 

'JU 1 'W fiB~:JJuu iJ v.~-o'1'111 tr 'UB~ml:'l1Vittl 'W ft11191191c1Smnl91m1m ~'il1C.JI'l1 ~~~ '1'11! triJ~'W Vi~hiruv'r£1' 
" qJ 
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" ' r C'}! ,d? Q.J -<=:! 'l Q.l a'.<:::! ,..(' I I 

";;:Hll~f11GJfU~~'UtJ~!'Vimmfl'IJ'W mnm~'VlU'J'J~ 'Wflti~:IJ'W:IJ~1J'Jl~\91N"') !'lf'W Raschig Ring, Pall 

' " 
Rin2:. Berl Saddle, Intalox Saddle U~~ Tellerette !lJ'W\9l''W 1\91EJ'Yll'illfl1~\91llU\91fl~l~tl'W~'WmJt1u - . "' 
--n[i~l'W!GJf'W !GJf'JliJfl 'Wm~~fl (1'Wi11'W"JVJ~'W 'Y!~tJ 1'W~!tlYJ~'W) m~nm~'1Hm'J:1J !ll'WI9l'W 'illfl 

' ' " 
~u iln'WumnYi~\91 uuu Saddles 'il~'Yl1 'llim<J-ffm'r~'J~w:h~nlGJfu~~'IJtJ~mm~mn "J1:1J'l-1~iim"J • 

' " .d Q.J 'J) I Q.J ~ ~ 'J) d Q.J .0:::::. .d. ~ .c:! 0 

:~li'Wfi11:1J\91'W'WtJE.Jfllll~IPJ'lf'W\91ti'W"') 'Utl!ffEJ'IJtln~IPJ'lf'W\91'W fltl :IJ'Jlfllll'W~ uuu Pall Ring 'il~'Vll 

~ .J~nnrilEJ 1t~'W:IJ1~m'J~flil!!UU Raschig Ring 'Y!~tl Lessing Ring u~\9l'tJ~!fl~tJU~lEJ 1~'YI~!~tl 

~:: ~n't.! m"Jn\91ni e:~'W'Yll 'l riii'J1mu'W~ 1~\91~!ll'W!GJf'J 1iln'Y! ~e:~ri1'W 'il~'Vl'W m"Jn\91nitJ'W 1~~ 1~\91~ • • 

" ~ • '-~·nmfit~'W'll'l~U'W~fliluUU Raschig Ring 1'11flm~'JfU\91U'Yll'illfl Ceramic Pall Rings 'lti5\91'Jl 

--- ~ ~ :utmr:mi:J~flil Raschig Ring!!~~ Lessig Ring U~!!'W·:Jflil!!~~l91m'Yll~lEJ 1i,l'YI~~'Vl'l..l~e:Jf11'J 
' " 

_:;;--~ow Tellerette Packing !!i,l~ Pall Ring Yi'Yll'illfl'Wm~~m!'W~l:JJl'Jfllcift~!!~'QW'Y!JJill9l'e:~~!Ji 
" -~._ :355-360 !fl~1'W 1'11nm~mcilutll'ilUn'il'l'WfleJ~mf\91\91cJf:IJ1\91EJ1libi:iJ (Randomly) 'Y!~ti!~EJ~ . "' . 

I 'j) 'j) I 

~·,..,.tfl1 (Stacked Packing) cJf~f11'Jlffl'llfl~NUUU Randomly U'il~'lriVI'WYir:bm"Jirm'r~'i:J~flil 
" ' " 

;";: ~ lflll:JJI'l'W~\91~ ~flil ffl'W!!UU!~ (J~!!fllU'W 'il~ 'l Mflll:iJI'l'W~\91vll!!~fil~\91\91~~~ 
"' "' 

liquid di!.lributor 



14 

-' d "' "' 'l "' "' ill'Y'fu'j~fUl11't12.2 fHi L'rHH!1J1Jff1'W'Vl1~fl'WflltJ !'W'fltlo:JJ'W1J11'il (McCabe et al., 1993) 
q 

(tl) ( "lJ) (fl) 

( ~) ( 'U) (u) (95) 

' ' 
-' cl "" "' ""'I 'liG) "' "' illfhJ'j~fitl1J'YI 2.3 'lf'WIPI'IHN\911fl01~'Vl !'lf !'W'fltlo:JJ'W1J11~ Raschig Ring (fl), Metal Pall Ring ('U), 

Plastic Pall Ring ('fl), Berl Saddle (~),Ceramic Intalox Saddle ('il), Plastic Supper Intalox Saddle 

(l!) !!o~ Metal Intalox Saddle ('lf) ('lf1'fl~\91, 2544) 

'W tl n 'il1fl'lfU \PI 'U tl~ 'fltl ~ mfu o~ ~ 1fl oN 1.111 'il 'l u 'fl tl ~ m1 ~~~ tl fl 'l oliu ~ 1 c)~ iJ 
q 

~ ' ~ 

1'- 'S liJ!I'ltJ{~1tuunwwu ~1'W~1fl'ruYiiJ~o~tlt11~E'Vlilm'V'jfl11thil1911191vm~u1'Wfl111911919i:JJ 191~'11 
"" u "' 

<J <:>) <J <:>) 0 G) 'll "" i1 -'1 
1. 'fl11:JJ!11fl1CJf (Gas Velocity) 'fl11:JJ!11fl1CJf'Vl1 rM!fll91fl11~ff:JJ!lo~lJ'WlJ1'W 

' "' lfl 'llci ' lfl <J "' lfl <:>! 'll lfl , <J "" lfl- I "" , 
:: ;; ll-'l1{)ill'fl !191191 tltJH !1fl\911:JJ tl\9111fl11 mo'Utl~fllCJfl'ltl~ !:JJ!11lfl'W !1J'il'Wtfll91il11~'Vl1:JJ 

~:ooding) 

~ ' 

.- ·: \11 n'Utl:J'Utl-'lmm'il~'Jil1'l11't11~E'Vlilm'V'j'lum1thil191\ii~u !!~tnm'JI'l1lm1t'l1o'Utl-'l'Utl-:Jmm 
~ 3) 'j) 

1oi ~- tw nu::;'Jil1 'l11't~tJrl1 'l oli~1v'l u m1~11 iJ unn ff ~~ul'1'1v IPlnTu 'l 'Wfl11 ~11 iJ 'W m11'l'tl~~'il11 ru 1'111 
"' 

~ ' ' 

3. 'U'W11Pl1ff~1J11~ (Packing Size) 1ff~1J11~'U'W1191l~fl'l11'.WuYi~hirm~'ffYi~~ 
~ ' 

~: 111! li\h::;E'VlTifll'V'jt'Wfl11thili91~~'W ul'itlitJ'JftJ~11~1::;w;i1~1ffi911J1Hol91o~'Jil1 'l M'fl11:JJ~Pl'Wo~P~ 
q q 
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Q.J c' Q.J c' .d ;: ' 
4. fl'dl:IJ~.;J'UtJ.;Jfltlfl:IJ'W'U'J'J~ (Packing Height) fltlfl:IJ'W'U'J'J~'Vl~.;J'U'W'il~'l51CJ 

' 'j) ' '31 'j) 

!~:!Jl~'W~ N'dcrm~'bl"ll.;J'Vi:IJ~ l!rl~'J~CJ~nm '1 'W m'Jcr:IJ Nb1":1Jlf1~'Wl~'WNmll '1 M'i:hh~ir'Vln fll'VIf)l'J 
'j) 'j) l 'j) I 

11111 \PI b1" .;j u~fl 11:1JI'1 'W r~ \PI u r~~ ~11oM'~ 1 C.Jbl" .;j ~'W 11 'dtJ \Pl.;Jir'W 'Vi 1n ~ tJ.;j m'J l ~:IJ~'W ~ N'dcr:IJ N'bl"u r~ ~ 
~ ~ 

v ' ' ~ 1.4.2.1 tiYI':iltl1l!'Uti-:J'Uti-:J!'t'ig1VJtlfllCJI (LIG Ratio) 

I I 9) I I 

rl Wflh ~f1tl'U~ 2-4 f11'J! LJ~ CJ'W U iJm 'U m LJ~ :IJlU! bl"l 'J 'il ~ !fl\PI ~'W tl ~l.;J~ I:Jl U I:J.;J 'ill f1 iJ rl1 CJIJl'W 'Vi U .;J 'U ti.;J 
' ~ 

11 Dll LJ cJ.;JiJm CJ~nlil'Wl1 u .;J f1l'J '1'11 bl":IJIPI r~bl"n '1 'W 'Vi t~\9l.;Jm I:J'U !~'W iJ'J ~ bl"l:!Jl'J t1 u bl"IPI.;J !11\Pl.;J~ I:J! LJu 
q 

L +G=L+G 
a a 

(2-3) 

bl"l'J A : (2-4) 

1IPICJ G !~'WI~l\9l'Jlf11'Jll1fll~.;J:IJ'dfl'Uti.;Jl'VJbl"nlGJ1 Uri~ L l~'WeJ\9l'Jlf1l'JlmH~.;J 

;J lfl 'U tJ.;j l vJ bl"'U tJ.;j m [ld~ ~~ ~~ C.Jltl'W '1 'W 'Vi tl ~ .;j 'il ~ crm:r 'W li tl'U fl 'dl :IJ l <U' :IJ <U''W 'U tJ.;j l'Vl bl"fl lGJ1 (y) u rt~ !'Vl b1" 

'UD~mm (x) ~'il\Pil~C.Jltl'W 
q 

' ~ 

bl":IJ m'J bl":IJ \PI rt :IJ 1 rt 'J 'd:IJ ~~\PI 'ill m ~ LJ r11 CJ'U tJ.;J u~ rt ~ m C.Jbl"l m 'J t1 u bl"~ .;J !111'1-;J u 
q q 

(2-5) 

G ,, 

L G 

X y 
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~------------1 
I I 

: I 
I 

I I 
I I 
I I 
I I 
I I 
I I 
I I 
I I 
I I 
I I 
I I 
j I 
I I 
I v-~ 

I 
I '- ........ I 
I ___ ,_ __ F ____ I 

---f--.-<v 

(2-6) 

\J1f) fflJf)l'J (2.3) 

' ~ 

u~£r1Jm1hnJ u£r~~fl11lJnlJ'Wt.nh~r-rh~ x ur~~ y Vi~~ 1~"1 1uMa 1#1£rlJm1 l-ff'mJfiu~m'JI?l~u 

L G y -L X 
a a a a 

y= -x+--- -----
G G 

(2-7) 

\11f1£1'lJf111 (2-7) \J~!lt'WrJ1 ~-:J LIG !~lJ~'W H':I-:JolJJJ\l~!~lJ~'W~-:Jt~~1!lJ'W#i'D-:J 
' ~tiD£1'~fl£1'llJl'Jti~\J~HIJf1£1'Ut#i'~ Dlll-:J

1
bfl\911lJ 11'1 LIG lJ1f1!fl'WhJ ti'uilD L lJlf1 !rlml1f11'J~~ 

~ ~ 

' ~ ~ 

~JJ 'UD~mmVi 1#11l~ilm1lJl~D\11~mnY111 ~iYunJtia-:J 1 u'llu \91D'W £r\9l~'!Ju~ (Stripping) M1Dm'Ju 1 
~ 

f-n11n~miJf1~1JlJ11~ \ol~u'W iJn1~B\9111f11'Jl'11n'UD-:J'UD~l'l1m1u'lfJ~ 1.1 -1.5 !'ll1'UD~tl\9111f111 

·. '1 n'UD~'UD~l'l1rl1~1£1'~ . 

:: .. U.2 fll'immmw'lltl~!'Yi~1~vlll~fll'i (Liquid Requirement) 
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'l 
& 9} Q.l lfJ r:)J c! d51 

'W m 1 eHlfHt 1J 1J11 eJ\91\Pl"lf:JJ 'il~ \91 eJ~'Yl 1 11J eJ\911 1m1 ~ 11 n 'U eJ~ fll"lft bHl'Yl \91 eJ~ fll 1 
'U 

oQ./ 9)'j)C')I c!d.3) 9}9) .& 1 9) .et 

lJ11J\Pl (Gm) fi11:JJ!'U:JJ'U'Ufll"lft{YCI'Ylt'Ul (Y,) un~ml:JJt'U:JJ'U'U'UeJ~{l11~\Pl"lf:JJfleJ'Ut'U11~1J1J (X2) 111eJ 

" 
ffllll1 11U1~:JJ1tw fi 1 'l M't 'l'i ltl1J fl''U 6tr1 1~ iJ n11 1J l'UeJ~t 11 n11! 'U n~ 1J:JJ1 'l ~'111 ~ tt n~Jl eJ~ 1 ~1J fi lfi11:JJ 

'U • 

. ~ iJ ~'U 'UeJ~ f1 19ft ne~11 ~~ ~l'U n11 u lU\91 (Y,) 'ill n11 ~ n n11 {l:JJ \Plrl 'U eJ~:JJ1r!Yll 'l M'{ll:JJ 1111 u1 ~:u1w 
- . 

'- lJj d 31 '131 31 d 'l ~ C1i d lJj 311 'l 31d 31 31 I 

': 1111fl11 ~11rl'UeJ~'UeJ~l'Hrl1'Yl\9leJ~fl11 'lf'UeJCI'Yl{l\91 'Ufl11\Pl\Pl"lf:JJfll"lft{YCI !\91 \PlCI 11:JJfl1l:JJ!'U:JJ'U'UeJCJ 
• 'U '" 

" ' 
''W lJ 1\911 'iil'W (Y,) bY111 f 1J m1 'l ~ ~ l'W 'il ~ ~ tT 'W 'il~ 1~ 'l ~ifiPl b{d'U a\91 11m 1111 n 'U eJ~ m1 1P1 19lcl1:ul'i eJOl"lfYi 

"" - 'U 

h~bYIPl (L /G ) _ ul'i'il~tvi:ut~eJa\911lm1111n'UeJ~m11PliPlcl1:u'lM'mnn-;hfil~l{l\Pl\Pl~nri1111Plt~~11iJ 
q m m mm qJ q 

"' I 'j/ I 

..:- w)m 1m1 111 n'UeJ~m1 IP11Plcl1m~rVl:u~'U ~ eJt~n~ 25 fi ~ ~ eJ e~n~ 1 oo 'il 1nfi lfi11:JJJleJ~ m1 \911{1\Pl t 'lf'W 
'U • 

v ' d q 
~.4.2.3 lfl''l-!Nl'l-!1!)'1-U.IfHIN'Ul:l.:l'tHl~fl"lflJ (Pack tower Diameter) 

t I I I 3/ I 

~-l nb1'1Plul'icJ'~mm111Yll~l'U 1~rV1mliPlfil 'l ~~1e1 'l M'l'llYi{YIPl ul'im1n\Pl'U'UliPlfi'WYim!w11Pln'J'il~ii Nn 
' . 

: Jj) d c:'Y d~ 9) I & 19} & d:t & d Q.l 

, .. , ii fl11:JJ! 1 1'UeJ'Jfll"lf:JJ'Ylfl''Yll'J 'illfl\Pll'U rll'J 'U'U b1'\Pll'U 1J'U 'UeJ'J11 eJ 'iJ~{l ~'U'U Uri~ l:JJ eJ 11 'Jfl1l:JJ! 111 ~\Pl1J 
'U 'U 

- ' " ,. t J u ~ {1 ~ 'il 'W m ~r1'Jm1 n ~ m CIIP11Plcl1:u 11nm ~u {lfll"lf~Pl'W 111 n ~eJ'U ~'U 'Yll'J~ l'U 1J 'U 'UeJ~ 11 eJ\91\Pl cl1:u 
qj qJ qj qj 

:::i d'd I dJ lrjl 9) & 9} ~ 1 Q.l ~ 
.- ~ ~ iJ t'Jl'Ul 1 Clfl11 Flooding Velocity "lf'J'il~ !:JJm:JJ1111 h'Jl'U 11 eJ~\Pl"lf:JJ 11Plt~l 'lffi'Jl:JJ! 11l'Yllfl1J111eJ 

~ '..:: ll Flooding Velocity 1~ \Pl~J'U 11Pl Cl11 ~nmmtl'ltbY''U ~l'U fl''UVflrll'J'UeJ~11 eJ'il~11fH~eJfHli!eJ 'l M' 
'U 'U 

' f.., lllH ~ 1'U eJ 'J m mrr'l 'W 11 eJiJfi 1 ~ lt'iil eJiJ eJ'J tl'U 1 ~ 'l M't n\91 m1 111 n ~eJ'U 'U eJ'J 'U eJ'J m n 1 'l 'U 11 eJ\91 \91 cl1:u 
'U 

" ;__ '1·' '131 I c:j d 31 _::j1 "''l 
:-~ill _u'il~ 'lffllfi'Jl:JJ!1l'Y11eJCin~ 50-75 'UeJ'J Flooding Velocity tu'U!flWCVI 'Ufl11eJeJflU1J1JUn~ 

" & Q.l Q.l I Q.l lJ1 I C1i "' 
--- ~:ooding Velocity 'U'Ufl1JeJ\9111{ll'U'UeJ'JeJ\911lfl11 11n'UeJ~'UeJ~l'Hrl1\9leJfll"lf flll:JJ11'U\Pl'UeJ~ 

' : ~ 'li'n fltw{l:JJU~'UeJ~I'llflrll'J (Richard, 1981) • 

' " 
'l ~ "" 'J) "'llJ 'J) "' "" 'U m ~1J1'U fl11 ~\Pl"lf:JJ fll"lf CO: \PllCI{l11 'Y1 !\91 'illflfl11'lf~n~rl1CI'U eJ'Jl'H n eJ'Yl~ 

"' l c5 _::j1 .I"""""" "" <I di l 
~:: By-product 'Wt;ll'lm11m1:JJt1~~!11nfl tu'Uu{)fl1Cilfl11!fl\Plfi111Jel!'U\9l "lf'J 'Ub1'11'lf~n~mt~'il~ 

~ ,.-;iJ'i~fleJ1JeJeJfl1"1f~'UeJ~1n11~ 1~Wl Ufln!CJfCJ:JJeJeJfl1"1f~ (CaO) U:JJfltJ!CJfCI:JJeJeJfl1"1f~ (MgO) 

~ ~ -- ''W 'l~eJeJfl 1"1f~ (Si02) Url~el~IJ:iJ'Ul (Alp3) !~'U Jl'U ~1 1:JJtl'U eJ~l 'U~U'UeJ'J{l11U1 ~fleJ1J'UeJ~ 
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~ . ~ 

ufi~!ClftllJclfi'htwt \91~'11'W ~~lifi111J!tl'U 1 111~~ ~YiLlun~tlll~lr:h~m'j 'lf~~~mtl'illf1~\9l~fl'i'Wu~~ 
3J 3J I 'j} I 

nvlf C02 fl'llJUtun~~'W 1~ i~t~Llun~ tilYI'W~l'WYimmnun~~'W 1~u fl'~~ 1~19l~fi'1Jf11'jYi (2-8) 

(Hisyamudin eta!., 2009) 

(2-8) 

I 'j) iJ 3J 3J 

i ~t~Llun~ mYi!n~~wtl'W Ll un~ t~1Mmt~'l1'W\91B'W mm'j mn\9111 un~ mi 'Wuvi~~.u'W \91B'W 1~191~il 

I I I 3J 

fllCJf C02 YiB~l'W~D'UeN i1J!~fJ~Yi1~iJf11)U\9lf11'l1!lJB~~mtltJl!fl\9l!tl'W C02 

Bfl'l~ Bvi 'W lD 'ffl'j ~~mt1 
"' "' 

(2-9) 

(2-1 0) 

(2-11) 

Hco; ~ H+ +co;- c2-12) 
~ ~ 

f11)'lf~~~mtl~\9l~f1-f'W ( CaO) ~1tltJ 1D)lfl''illf11BBB'W!fl~Vl~\91JlW~!tl'W Ca(OH)2 

CaO(s) + H 2 0(1) ~ Ca(OH) 2 (aq) (2-13) 

~ 

Ca(OH)2 U\9lf11'l1!tl'W 1BBB'W l 'W'ffll~~mtl~\9l~f1-f'W 

Ca(OH) 2 (aq) ~ Ca 2
+ + 20H- (2-14) 

-



-

-
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(2-15) 

>' ' 'jl ' 'jl 

'_- :O::J u~mru'lle:J-:J caC01 Vilnl'l~'W'il~tJ'mrhVi£1'm1~f1l'J'lf~fl~mt~#l1t~thth1fl''il1flle:Je:Je:J'W 

- · :' --lDID'lf'Ue:J-:J£1'1'Jfl~mm~'Wfl'JI'l 

:.~ fll'HltlfHI'U'Ufll'J'YivHHl'i (Design of Experiment: DOE) 

=: d. .& QJ 0 at <:::::. tf ~ 
"-,- Y i.Jl:::;{l':JJ'Yl{);l'l (Optimization) CJ5-:J'tllfl'tlli1J1J'il1rl'tl-:J'I1'Je:J£l':JJf1l'J'Yl1-:J'fllli\91fl'1bl'\91'J:JJl'tl1i'lJltl 

• ·. · ~ ;r iJl~'W'If'lle:J-:JlJ'il.ijtl~iiNfl~'tl'fJllifll'V'l'Ue:J-:JN~\91ilru~ £1'l:JJ1'Jtl~mm·W'Ue:J-:J'I1 mti"lll 'il.ijti! 'Wnm 

~ ·_ -_ -~ w ;;)' 1t~11i1 ~~ 1'W 1'W m 'J 'Yll'l rl e:J-:JtJ e:Jtifl11m'J ~m:nVi rl ~tl 'il.ij t1 fll'J e:Je:Jflli1J1J m'J 'Yll'l rl e:J-:J ~-:J 1 ~'W 

= ~ .- . ';. ~~ mJ' m;Jrl~ii'lh ~ ff'Yl TI fll'V'l11'1 tlf1l'J ID~ ti'W II Drl-:J'M~mJ-f 1J~l'lJ f)-:j Input (Factor) 'tl~1-:JiJ 
' 1 ' 'j) 

""'"' ,I""' ,I ""'"""'l'J 
~;, ~, ~ '·' lJ1ti'Yl'il:::;£1'-:Jifl\91f1l'JI1Jrlti'WII1Jrl-:J'U'tl-:J Output (Response) 'Yllfll'l'U'W !'Wf1l'J'tl'tlflli1J1Jf1l'J 

'j) 0 I ~I ~ .d. Q.) Q.l ,f..:::::. ~.c::. I 

··' ~" ~t'ill'l'tl-:J'Yl1fll'J'Yll'lrl'tl-:Je:Jtll-:JI1J'W'J~1J1JI'V'l'tl'Yl'il~'111f111:JJ£1':JJ'V'l'W1il'lf-:J£l'ti\91'Ue:J-:J Y llfl~ X \911-:J"l 

- -~ ~ .; 'j i CJ ltll:JJ l ~'Yl-f'V'l tl1fl'J 1 'W f1l'J 'Yl\91 [l f)-:j 111'iJ D'J~ ff'Yl TI f1l'V'l:JJ1fl~ {);1'1 ~ -:Jfl'J ~1J 1'W f1l 'J#l f)-:j iJtJ 'il.ijtl 

·:' Input (XP X2 , X 3, X 4) ~1-:J"l ~ri-:JNfl~'tl~1 Y ~-:JI~'W'fJlli~flEJru~#l1'WfJllifll'V'l (Quality 

1 QJ QJ t:l Q ~.c::. d.lil 9) 0 G) 9) .Q ~ .Q 

~ ·.;.:-::cteristic) 'U'tl-:Jfl'J~1J1'Wf1l'J l'ltlf111:JJbl':JJ'V'l'W1il'lf-:J£1'ti\91'Yl !l'l'il~'Yll 1'11lfll'l'V'l'WN1Nrl\91'tl1Jbl''We:J-:J 
'!) 

; :-s;Jonse Surface Methodology, RSM) -:J1'Wl.ijtlilt#l'l111'Yl'flir'fl RSM :JJ1l~l'Wf1l'J'tl'tlflli1J1Jl![l~ 

:- • '; 1~ 1-i"Nrlf1l'J'Yll'lfle:J-:JI~e:Jm'J~flEJ11'111!D'J~1!'11'Wm'J~1-:J"l m:JJ'I1~n£1'il~ 11'lti'J1tifi~!Bt11'11W~ 
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" ~ A A cf 

2.6.1 'VfWI'I1~HlY!e'Utr'lUJ.:J (Response Surface Design RSM) (ert~'Y'I.:J'll, 2544) 

" 1~ fll';i"Vi'W ~1vHl\9Hl1Jb1''W 'tl~ RSM 1lJ'W fll';i ';i 11J';i1:1J~tllHl'Vll~b1'G~Uo~I'VlflU fl 
'" 

'Vll~flW\9lftlM1{ ~~~ll'W'lh~ 1u'lfl-f ~'tlf1l';ib1'~ l~U uu ~lo'tl~IW~llml~rHJtym ~~'tl~WJ'Wlfll';i ~~:IJ 
1h ~ ir'VlTI flTY'H! o ~ f1l ';i 'Vi1 'il fl~l'YI :IJl~ bl:IJ 'IJ'tl~ m ~ 1J1'W fll';i RSM 'lh ~ntJuJl 1CJ n~ :IJ'IJ 'tl~ ~ 1mh \9ll:IJ 

q q 

" 
Vi rr f1 fll';i 'Vll~ fl W \9lftl b1'\9l{Uo~ bltl~ 1 fl CJ'il~ 1 ~Vi rrn fll';i l'YI ~ 1i'J1 'W fll';i U blfl~ fl1l:IJ bY:IJ~'W ,j ';i ~Vi -:h~ 

" ' 
No\91D1Jb1''W t1~uo~~1mh Bbl';i~ 1 flU RSM 1h ~n'tlu~'W :IJ1 'illn No 'IJ D~ ~ 1u 1.h Bbl';i ~elf~ m 'il1i r~ u~~ 1 

' " 
~~ CJ11li '1 DVI o 1u~ 1 rl1V1~ 1Jf1l'j" 11m 1~ l1 'IJ'tl~ ~1u 1h Bbl';i~ Yi 1Ji' 'illf1No fll'j" 'VlflotJ~ir 'W 'il~ 1:1 m:J l:IJ 1 '" 
bl~ NllJ'W b1':1Jf11';i 'VlNflW\9lftlb1'\91 { ~~ 'il~ t1 ~1 'W ';i UU 1J1J'IJ 'tl~ No\91 t1 1Jb1''W 'tl~ 1 'W ';i U u 1J1J 'IJ'tl~~'W ~1 

'" '" '" 
I'IDU bl'W D~ 1 fl um1:ubY':u~'W 1h ~Vi 11~ Noi'IDU bl'W D~~ 1 Ji' fi'u~D:IJo~u u blfl ~l'l~b1':um1 ~ (2-18) 

'" 

y 

f 

n 

Y = f(xl 'X2 , ..... , xn) + & (2-18) 

' " ~ c:!.::::::. .:2 

fl tJ No \91 tl1J bl'W tl~ 'Vllf'l fl'IJ 'W 

;,tl Vl~ni'W m'j"vh~l'W~~1~~u'j"~er~ 1:J'Vl';i11J~tlrlo\9ltl1Jb1''W tl~ 

;l'tl ~1HU';i~b1'';i~ ~~'il~t1m~un-:i1 ~1HU';i'fi'j"'j":IJ'lfl~Jl1u 
'" 

1 I 'j} I I 

lll'W ~lfl11:1Jfl Olfll fl i1D'W Yi !Ofl ~'W elf~~ Ofl:IJl 'ill f1!ll'i ~~ ~ 1~ "1 elf~ 1 :J bll:IJl';i t1 t1 f1 
'" 

~1m 1:u1m 111 'W f 1Ji' ~~ HVI ~~~11if nD 111tnfl r~om ~'Vlu t'lf'W ~ lfll';i 11'1 ~fl'VWlfl 1 ~'~ u~ 'il ~ 1:1 n '" 

I I I 'j} I 

:J u t'ho m eYu l'luYi bl'tl~ elf ~m1 D'tlmtuu bYll'i ~ u~l'll!UU ~ 1 o D~ eYul'lu Yi bl'tl ~ i'ltll 'W m 'j" tti' 'W 1 u Yi fll'j" 

~"' llliU1J~loD~mDfl';il~f1'1JtJ~No\91D1Jb1''W'tl~ 1~m1~b1''Wl'iJ;{tJ fll'j"tJtJf1ll'lJUci1'WU1~b1':unm~ 
cl & 9 e::::::.c:! ~ .<::::>. ~ cl e::::::.d ~ Q 9 3} 

~~-~ntral Composite Design, CCD) 11l'WVI'W~ !'W11if1l11lil'V'I'WN1No\91tl1Jb1''W'tl~ GJm1l'W11i'Vl'WCJ:IJ !'If 

,. d 1 ~ II] n I n I 9} k no! "" d d QJ dJ k 
-,, S'lilf11~1J1'Wf1l1'Vll'YI:IJ1~b1':1J !I'ICJ'Vl1 !lJ CCD 'il~1J';i~f1'tl1Jfl1CJ 2 ll1'~f1'Vl'tll';i"Clo'Vl:IJ n[';i'W CJi~ 2 

=_ \m'W1llf1'W1li'1Dll'W1';i"Ufl11llo~ nc ~'W~'ilflft'WcJf1m~ fll'V'IU1~f1'tl1J~ 2.5 llblfl~ CCD bYll'i~lJ 
'" q '" 
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ti"itin~fl~ 2 (Second-order Model) f1'JWfll'JftflEJW1i·n1~mru (Quantitative Factors) Hn~i"iml:JJ 

V~ '11 ~'W lt.J fl1 'J 1 ~b'l' ~ l d tH 'illfliJfll Resolution t tit ~Bfltl'i' m B'lJ fl n :JJ 'Vl fl ~ 1 l dB~ 'illfl b'l'l:JJl'Jtl 
q 'U q q 

l~Bflt~tl'i'~~ri1'W~rtl'Wfll'J'I'l~nB~H~fi'VlBl~tlm~m112 'J~I'l'lJ (i Full Factorial) un:;;fll'J'Vl~nB~ 
'" 

" H~fi'VlBl~tln'lJl~ri1'W 'WBfl'illfliJ fll'JBBflU'lJ'lJU'lJ'lJ CCD b'l'llll'JtHWfl'Vl~nB~tl9i't~'Wri1'W"'j 
0 Q.l ~ 0 ' ~ 

\9ll:JJn1~'lJ fiB 'Vllfll'J'Vl~nB~b'I'1'W'UB~ Factorial (Factorial Portion) Un~~~~'Wtlfln1~ (Center 
" . 

Point) flB'W 'illflir'Wi11fll'Jb'l'~l~b'I':JJfll'JU'lJ'lJl;~t.a''W\91'J~ bll'Mi''lJmWftflfllU'il~ti'Vi 2 'J:;;\9l'U un~ 

vw1m ci' ri1'W 'U v~ 'il~ft'W6nm~ Dlb'I':JJfll'J 1 'W 'J11t~'W\91'J ~ 1:Umm~b'I':JJ~~Vilfll'J'Vl~nB~tfi:JJ 1'W ri1'W 
• 'U 'U 

11] 'J) 1 ""1 "' "' "' "' 'UB~~~Ufl'W (Axial Portion) 'il~ !~b'I':JJfll'J 'Vln 'Wl:JJtln~m 2 'M'JB Quadratic Model 

oU m f1t1'U B~ HVI'W fll'J 'Vl ~ n B ~ CCD ~ B !:J m m~ bll'M'f 'lJ fll'J ftflfl lU 'il ~til;~ 

~Wfll'V'l (Qualitative Factors) 

1. fll'11'W~~1U11'J~'il~ftflfll ~~11'J~flB'lJ!111'i'1tJ ~1mh()m:;;un~~1u11'J\91l:JJ 

m :;;'lJTU fll'J 'Vll~tr~iiun:;;qhtr~iimm'JD-f 'lJ vwm:;;'Vl'lJ'illflm :;;'lJ1'Wfll'JI'il~'l lllfl:JJ ltJ t'V'l'J 1:;;t ~'W "! 11 
I I 'iJ T I 3) 

hl"ll'i''Vi'il~'J :;;'4Vlnm ~'Vl'lJI'i 1~'1 'Vitn~~'W 11'i''illfl'I'Jfl~1u11'J'VitntJ1oU'v~ 191~11 'W ~~iir~11:JJ ~lt~'W 1 'W m'J 

. " 
t ~ B fl ~ 1 U 11 'J 'lJ H ~ 1 .yj b'l' ~ 1 ~VI n m ~ 'Vl 'lJ tl'i'1 ~ tJ \91 'J ~ B B fl :JJl fl1 'J fl ~ l ~ B fl1 ~ tJ fl1 'J 'Vl ~ n B ~ iJ 'W iJ 

fl 11 :JJ bllfl t1J 1 'W fll'J 'J:;; '4 ~ 1U 1h B b'I''J ~ 1 ~ tl'\1 ~~'ill fli11fll 'J 'J ~ '4 vl 1U 11 'J bll fl t1J ~ 1 ~ '1 U fl 1 'il ~ b'l'l:JJl 'J D 
" . 

ill '11 'W ~ Vl ft'Vll ~ 1 'W fl1 'J vr WJ 'W llD u 'lJ 'lJ qj w1! ~ 'il:;; b'l'1 :JJ 1 'J m:;; '4 'J ~ 1'1 'lJ fl d 1 mh f1 t1J 'U B ~ 191 d u 11 'J ~ 1 ~ '1 
j) 'jJ • 

~ 'W :JJl tl'i' fll'J 'J ~ 'l,!fl 11:JJ bllfltlJ'UB~ 191 1U D 'J \911 ~ '1 iJ 'W iJf!11:JJ rllfltljl'V'l'J l~fl 11:JJ blll ~ 'il 'UB~ fll'J '111 ~~ .yj 
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iJ T I ;!} 

mm:;;~:JJU'Wlfl!'J1'li'tJ-:j n\J'~ -:jU1~1'H9l'J -:j fl11:JJ N~'YH'll~ 1 'W fll'J 'J :;;'U'J :;;\9l'Ufl 11mhflUJtll'il ri -:j ~·H'lG-:j 
q u 

2. tlT\1 'W ~ 'J'l1 ~ (Code) '1.1 tJ-:jl'l 111 1h D ~'J:;; ~l'Yl m:;; ~:J.Jl'~ tlt '*1 'W fll'J tltlflll 'U'U 

~fll 1::; ~ 1 '*h..! fl1 'J 'Vl~ r1 tJ-:j 1 ~til~ tl U CCD ll rl:;; Vi 1 fl1 'J ll JJ [1-:j fi 1 'J '11 ~191' 1!! 1h D ~'J:;; (Coded 

Variables) ~ 1~tltlflll'U'U Ht~'WI'11ll'l1'Jl~:JJVl11~1~v1 '*~:J.Jfll'J~ (2-19) 

(2-19) 

X = Coded Variables 

X = 1'11tt'l1"Jom:;; 

= ~1~-:j~~'IJtJ-:jl'11tl'l1"Jom:;; 
'U q 

X max 

0 dli]9J 11]9-1 
3. 'Vl1fll'J'Vl~r~tJ-:j\911:JJ~m1:;;m"J'Vl~r!tJ-:j'Vl ~~tltJflll'U'U n 

4. ll~~-:j~r!'Uml'l1ll'l1'JD~'J:;;~1-:j"l ~ 1~ 'il1tlfll'J'Vl~rltJ-:j 1 'W 'J'iJll'U'U'IJtJ-:j Surface 
'U 

Plot 1 ~tit '*1 JJ 'J ll tl 'J :JJ Regression Analysis ll 'U 'U ~ 1rl tJ-:j ~ 1 ~ 'il:;; tl ~ 1 'W ~ JJ ~:JJ fl1 'J tl1 i:l'-:j ~tJ-:j 

Quadratic Equation) 1'1-:jll~~-:jl'W~:J.Jfll'J~ (2-20) 

y (2-20) 

1~v~ /30 , p, fJii llr!:;; fJii ~tl bl:JJ'iJ"J:;;ir'Vlftl~T:ltlti~-:jll'U'Ul~-:jl~'Wllr!:;;ll'U'U 
--'- ~ mB~ ttr~:;;bl':JJ'iJ"J:;;ir'Vl:it~-:j~tJ'W \911:J.Ji:l11'l'U 

:..~:..1.2 m-a1tm1:;;'l'ifl111..1ll'l1·n.Jrru (Analysis of Variance, ANOV A) 

~ J 1l:;; ~ ~ 'W fl1 'J ll'fl 'J 1 :;;rf ~\91 'J 1ri1'W 'J:;; 'M -:h~'fl 11:JJ ll JJ 'J JJ 'J 1'W 'J:;; 'M i1~ tl ~:JJ (Between-group 

'r-~-.::~1 !!n:;;'fl11:JJ!l'iJ'J'l.J'J1'Wflltit'Wtl~:JJ (Within-group Variance) 'fl11:JJ!l'iJ'J'l.J'J1'W'J:;;'Mi1-:jtl~:JJ 
' ' a .:::= I I .-=! I I I 9} I .,::::! 1 I I Q) 

·~:..., -,f .nit1l1tl'fl11:J.Jll\9ltl\911-:j'IJtJ-:j'fllmr~v"J:;;'M11-:jtl~:JJ\911-:j"l mmmr~ti"J:;;'M11~tl~:J.Jll\9ltl\911-:jtl'W 

.. · "- "11 w ~ JJ 'J JJ 'J 1'W 'J :;;'M -:h~nci :JJ ~ '\l:;;:JJltl\911:JJ 1 JJ~ 1!'! rl1'M ~ 'U 'fl 11:J.Jll JJ 'J 'l.J"J 1'W mv 1 'W nci :J.Jl ~'W 
q q 
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' ' " ~1i1u a~~ 'lli'til 'W 11 r1~u 'W 'Wll~~~~ 1i1l Tm 1:JJ:JJlm v 'l 'Wll~ ~~n~:JJir 'W iJ fll'j m ~'ill vmn111 mlew q 

2.6.1.3 !l'U'lhlltHl'lfll'HlVItlt'ltl (Regression Model) 

ll 'lJ'lJ ~lmN flllt"l~mw (Regression Model) l ~'W u 'lJ'lJ ~l~tJ~'l'll~fltU\9lffl'ff\9l { ~ 
[ ~~111 of'lJfll'j11l~ 11'111:JJ~:JJI~'W1h ~ 1111~ 1:l'il ~ v tvlmJ 11 'l.J 'ff~ 1~ 'ff:JJfll'j Yi l'W l!J~ l'Ut!~ v-w \91 tJ'lJ 'ff'W tJ~ 

~;J 'il~Yi1 'lli'mml tl111H~\9ltJ'lJ'ff'W tJ~~~~ 'l~"l 'l 'WU~~~'lfJ~'UtJ~1:l'iJ ~v 1~ 1~v1~ fll'j~'l ~'l 'W fll'j 

" lh~:JJlW~l~'Jll'l.Jl~l~"l l'Wll'lJ'lJ~l~tJ~tJri1'Wlmy~tJ 1~rh~~'fft!~Ut!IJ~~ (Least Square Method) 

~ ;Jl~'Wflll'l.Jl~:JJlW ~1~1!! 'l.J<j~ hl'Vlll'U~l (~) tvlt~Yil 'lli' Hm 1:JJ'Utl~fh~~'fftJ;J'UtJ~fl1l:JJN~I'Wl~ 
' j) 'j) o' j) 

12£) iJ~1u-ewi1~~ m~rlf~tllt~vn ~ m~Tw11 ril~:JJ'l.JldY'Vl~fll'jtJ~t~t~v 1~viJ.U'W\9lt~'Wl'Wflll 

1. 'ff~ 1~ Hm 1:JJ'Ut!~ tll~~'fft!'l'U tJ'lfl11:JJ N~'VWl~ 1 ~ Clfll'jYI\91 H~\91 tJ'lJ'ff'W tJ~ 

2. 'l.J'j~:JJlw ~l~:JJ'l.J'j~iY'Vlfmltl~tltJIJ'UtJ~U'il~v'l 'Wt'VltJ:JJ~l~"l ~Yi1 'll-1' Hm 1:JJ 

0 Ql I .<::::). d I 9) .<::::! 

•: iJ ;Jfll~~'fftl'l'Utl~flll'nl:JJ H~VIm~:JJfll'W t!CI'Vl'ff~ q 

3. th ~ 1 ~ :JJ 'l.J l ~ iY 'Vl f n n t1 ~ t1 t1 v ~Hi' 1 'l.J 1 ~ v 'W 'ff :JJ flll Yi 1 'W 1 v ~ 1 'U t1 'l 

" " " '·}til~ Cubic Model 1~ ~~ir'W ll'lJ'lJ~l~tJ~fll'jtJ~tltJIJ~~iJ~mJw~'l1~11:JJ~ 3 ll'lJ'lJ ~~ij ('l.Jlll:JJff, 

.:5-l5) 

1) Linear Model 

p 

E(y) =flo+ Lfl;X; 
;~I 

2) 2FI (Two-factor Interaction) Model 

p p 

E(y) =flo+ Lfl;X; + LLfluX;XJ 
i~I i<j 

3) Quadratic Model 
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p p p 

m~=~+~~~+~~~~~+~~~ 
i=l i<j i=l 

' Q c! 0 .1!::1 v 
1! f1 ';i 1 ~ 't'i H'U 'lJ 'ill ~Hl ~ fll ';i t'IYI tl ~t.l'tl! 't'i'll 1 ~ [l''lJ fl'U ~ t'IVI ~'U [I''W ~~ 

.<:::! Q.l 0 Q.J Q.l Q,l rf I 

1) 'Vl ~ ~Hl'lJ'fl11lJ lJ 1-!tJb1'1'fl 'qj'U tJ \l'fl11lJ b1'lJ'V'l1-! 1i l ~'Vi 11\1 f:-Hl \9ltl 'lJ b1'1-! tl \IH ~ ~ lGJf\91 

'UtJ\Ivl1H 'lh 11 ~ 11 t1 tJ~ l ~ 191 'lJ 'fl11JJ l ~mi u ~ t1 tJ~~ 95 1 ~ tJVl 'U 1l w 1b1'JJ JJ&'l~ 11-! ~m m~ b1'JJ'U tJ\1 u~ ~ ~ 

U'U'U 1~tJVl'U1lW1'U1f1~1 P-value 

2) f11l'Vl~b1'tl'U Lack of Fit llJUf11l'Vl~b1'tJ'lJ'hW\Irl'.lf1-!11~11tltJ'Vi1tJ H'U'U~1~tl\l 

f11'j11~11tJtJ~1 oHlJ'fl11lJl'VilJl~b1'm1'lJ'IJ'm,J~'Vi1tJ !li ~l~l9l'lJ'fl11lJl~miu ~ tJtJ~~ 95 1~tJVl'U1l w 1'U1f1 

fl1 P-value 
' 9) 

3) ~:hm 1~,1 Vl~'Vll\lb1'i'J&'J'UtJ\IU~~~H'lJ'lJ~1~tl\l ~\IVl'U1lW 1'U1f1~1\91\l~tl l '!.Jfl 
"" ' "" 3.1) Standard Deviation (Std. Dev.) 'fltl 'fll'fl11lJflm~lfi~B1-!lJ1\9ll~TW'UB\I 

flU 'l.Jl ~lJlW ~1'Vi 1 tl~1l ~ tJ\Il'lJU lJ1\9ll ~11-!'Utl\1~1 Y l B'Ul~U 11~11tJ(J fl11-! 1W tJl'U1f1b1'lJf11) ~ (2-21) 

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

2 ~ I d Q.l I ~ '3) -' Q.J 

3.2) R -squared (R ) 'fl tJ fll'VlU b1'~ \1 b1'~ b1'11-! 'Vi l tl l B (J~ ~ 'U tJ \1 fl11lJ H 1J l NU 
7 9) 

llmJJ~1u Y tJTI'UltJ1~tJfi11JJH'l.JlH1-At1-! x 'VI1tJtJTI'lJ1tJ1~tJ'fl11JJffm~'u£l~'Vil1\l x n'U Y \91\l'llu 

(2.22) 

~ I 0 Q.l ~ 
SSE 'fltl 'fi1Nm1lJ'UB\If11~\lb1'tl\I'Utl\l'fl11lJ'flm~l'fl~B1-! (Sum of Square for 

9) 

SST fltl ~1'fl11lJH'l.Jl'l.Jl11-All\I'VilJ~ (Sum of Square Total, SST) (SST 

3.3) Adjusted R-squared (Adj-R
2

) fltl ~1~llb1'~\lir~ri1U'Vi1tJ~tJ(J~~~v1'1u'l.Jl 
9) ' ' 

- '"~~ x liri1utuf11'jtJTI'UltJ'fl11lJHUm.hl1\I'VilJ~'UtJ\I Y ~\llllu~1Yi1~11l'l.JH'lJ'Ul'VilJl~b1'JJn'lJ 
"' 

• ' II] 1 0 "" 9) 0 11]91 "" "'~:...~HW1\I ~l ~(Jf11'j1-Jl Degree ofFreedom lJl'Y'l'UllW1~1(J 'fi11-!1W ~~'U1f1b1'lJf11l'Vl (2-23) . 
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Ad·-R 2 =1- SSE/(n-k- 1) OsAd·-R 2 s1 (2.23) 
U SST /(n -1) ' U 

3.4) Predicted R-squared (Pred-R
2

) ~tl Al~mY~'l-a~rrY'J'\ . ..!'11'1t~~mrn~~\91--;m'lh 
eb1'1~ X ~ri--n..!1'Wf111t:JTI'Ulllfl11'JJ~'Wmh~'l'Y'i'JJ~'lltl'l y ~t$l'illtlf111lll'Wlll fll'W1tut$l'illf) 

d 
b1''JJf111'Vl (2-24) 

Pred- R2 = 1- PRESS 
sstotal 

(2.24) 

..::!! ' 0 Q.l 

3.5) Predicted Residual Error Sum of Square (PRESS) fltl fllf·W11'JJf11Mb1'tl'l 

'1Jt:J'lfl111lfl m~lfl~t:J'W 19l~t~t~n rti'W m11~11u'IJ'Ll~lrtt:J'l~A111ll'Y'l m~b1'1ltl'Ll 'il~~l11m1 t1 t~nu 'Ll'IJ "1 ~ q 

d 
b1''JJtlWV1 (2.25) 

(2.25) 

l 'Vlfl iJ f1 RSM ~'l.h:;:; 1ll'lfU 'JJlf) f)ll'Y'iltll 11~ (J'IJ l i!ill'IJ tl'W 'j :;:;'Y'lll'l fll'j 'Y'ilA 1~ 
~ '11 'JJ 1:;:; b1' 'JJ 1 'W f) 1 'j 'V1 ~ rt tJ -:j $11 () 11i ~ -:j l ~ 'JJ 1 ~ ()oil tJ! $ll11~ () 'IJ ~ rll 1'1 UJ ~ tJ ~ 1 'W 1 'W 'lf ~f) 1 'j 'V1 ~ rt tJ -:j ~ u q 

" ' i 9 9J <ll d 0 d 9J I 0 3) o 
tHlf1U'IJ'IJ ~~ll ~'lf RSM 'W'W'JJ'ill'W1'W'Vl'Wtllltl11l'l"'11:;:; RSM 'i!:;:;'Wm1'Wt1'1Jti'JJrt'ill'W1'W'JJlf1'illf1tl11 

"' 
I 3} I 3) I r I 

11 fl nti-:JlVl ll'l !J-ifiA'f 'l olf'l~ 1-:l 'illtltl11 'V1 ~rtt:J'l 1 'WU 'IJ 'IJ~'ll~llifi 'il:;:; 1 ~~ l'W 1'W m1 'Vl~rt t:J'l iii m f1f1tllllVf t1 

01l u lllO'l'\"1 q ~nnll 'Uti 'l1 :;:;'IJ'IJ u r~:;:; RSM ~ f111'JJ! ~'W 111 !$1~ 'il:;:; l 'il t1 Nnm:;:; 'Vl'IJ~~il fl'hl tu:;:; l ~'W 
:J fl m:;:; 'V1 'IJ fl1 ll 1 'W (Interactive Effect) 'ill n\91 ·:a! 11 :dhn:;:; 1\91 m Q '1"11:;:; m:;:; 'IJ 1'W m 1 'Vll'l :Jf1l f1 ~ 

" ' ' ~on 'ill n i'l 11l l\91 n b1''JJm1 t~Vl-:J ~ lll'lJ t~-:J RSM 'il :;:;rw 1l m11J! <11 h ~ t~ Nr~ili lfl\91 'illnm1 mm n'W 'lJt~-:J 191'1 

' " ' 
, 1h ou1~~l~'l ~limr ~~t1V1U:Ufll'J'l!'Wrhw fll'J'Vl~mJ-:J~ 1-:J'l 'i):;:;'Vl'IJ 11 oilmqjrt'llt~-:JI91'1u111eb1'1:;:;ili 1$1 

_.:: 'JrW\'l{)UU'W {)'l~f111:1Jb1'{)~f1~ D'ltl'W ~'l nri 11 !$111 RSM l ~'Wlfl ~ t:J'llJtl~! ~'W 111:;:; 1ll'lfU rl1'11-f 'IJ 
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'I & ) & 'J) dll] 'J) 

l 'W f1l 'J f1'fl'hllf1l'J ih 1)~ C02 l ~ 1Jf1l 'J ~ ~CJ1:1JWWill 'J !:'1 ~m IJ'I'l ! ~ 'illflf1l'J 'll'~ 

fl~r1l!J~~~fli''W l 'W fltltl:!Jlf.IJn 'il (Packed Column) 1tl'l'llf1l'Jftfl'hll~l'W11ltJ~!~IJ'J'IJ'tJ~!v7t~ l ~!il'W 
q 

1 I 1 I 3) 

ll 'W 1'\'ll~ 1 'W m1 'l'l~r~B~ m1 !~tlfl'Wl'J 1ih~t~1 Yi~t~~m'J ftnm ~~iJ~l'W 11ltJ·vhntJ1'1J' tl~~~.w 

' ' t:::lQ.J -=lt:l 'j) Q.J 0 QJ rN 

2.7.1 'll'W1'llU't1!fW1'Utl'lfl'l.Jfll'j'lJl'l.JV!fllctf C02 

1h~!fl'l'l Sulzer EX, Gempak 4A !!fl~ Sulzer BX 1~tJ1~m'J~~~:IJ~tl 1CJ1!~1J:IJl€J~'JBfl1CJ1\Pl' 1:u 1'W 

, 0 'I'll 'W tJ fl! tJ iJ 'W !! !:'1 ~ ~ tJ ~ iJ 1 'W ~! :IJ Yl r~1 'W 'J 'W 1 'W tl fl (2-amino-2-methylpropanol, AMP) 

~'j ~ iY'I'lTI m'W 1 'W m1 ih1l'~t:~nt~TI mtJ 1 w 'l'l t~:u '\J t~~~:u 1h::; il'l'li m 1 ci ltJ 1 t~'W :u 1r~! ~~'llj m~ 1 1 ~ tJ 
" 

~ 1nm~ ~1:uih~'l.J 'illflfll'J'I'l l'lr~t~~'W 'lJ 11 -B~1 1m1 111 r~'Ut~~nvlituiJ~'I'lTI'Wr~~t~'ll1 ~il'l'lTI m'W 1 'W 

.-.l'J'lJTU\91 'Wl'JliJ!~tJ{~iJNfl~t!V'J~il'l'lTifll'Wl'Wf1l'J'lhUI'l ~tl fl'Jl:JJI'l'Wb'lJ'W'\Jtl~tllCJ1 C02 -B~'Jl 
'1 Q 9} ')) t::!l ~ & 

--n 'Mfl'\JB~'Ut~~mm B'ill'Mfl:JJ'UB~'UB~!'Mn1 fl1l:JJ!'\J:JJ'U'W'\JB~m11'll'lCJ1:JJ 'll''WI'l'\JB~ill'JI'll'lCJ1:JJ un~ 
q r:u r:u <U 

~>J~'Ut1~~1nm~ 'illflfll'J'I'l~-nt~~'W'l.Jll 1 ~'l.J'l.J C02-NaOH 'il~iJ~:u'l11 ~iY'I'lim1ci1tJ 1 B'W:IJ'Jn!~~ 
~ 

:... ~ill~'J~~flll'J~'l.J'l.J C02-AMP !!~'J~'l.J'l.J C02-NaOH 'il~iJf1l~:IJV1~il'l'lTifll'JciltJ 1t~'W:IJ1n!~~ 
. '' 

._ ~iJl~'J~lflll'J~'l.J'l.J C02-MEA !Ue:l~'illfl NaOH iJfll!!'J~~~thYi~lflll MEA '1'11'lt1''l'W'J~'l.J'l.J 
~ 

~:o_ -NaOH 'il~iJiill~:IJV'J~iY'I'lTifll'JciltJ 1e:J'W:IJ1m~~'llj'm~nr ~ 
" 

" Bonenfant et al. (2008) ftfl'hllV'J::;iY'I'lTifll'W'l'Wfll'J!WfltllCJ1 C0
2 

11'ltJ1~~ 

.~: -:f'U~ttl'illfl h~flfl~!'M~fl!~le:ll{flt'VJvh (EAF) !ln~'illfl!~lV'J-nf1m~n (LF) 'l'llfll'J'I'll'lfle:J~1'U 
q q 

• --"'iU'll':JJvi'U'\..!11'1 250 iJaili1~1 un~t~!fl~e:J~!'\J~l~ml:JJ!~'J'Je:J'l.J 300 'Je:J'l.J~e:J'I-llVi B'ill'Mflil 20 ± 1 
:J cu q Qj 

• w " 
; _., ~l lfn!<1lmr Yim1:1J~'U'l.J'J 1 tJlfllf1' 1 l'ltJt.h~~~ni't.HH1'1Jnm.h 1 'W -B~1 Tci1'W '\Je:J;Jmm~t~'Ut~·m~ ;J 

" " :llnni':u~t~n!nnf:u ~~~nf'W'U'Wll'lV'J~mru 38-106t:u 1m!:JJ~1 tl1mru~~~nf'W 20 ± 1 nf:u 

:._ ·i1nE'W 200 ilr~i!li!l~'J ~fl'Jl:JJ!<U':u'IJ''U'UB;J C0
2 
~BtJn::; 15 11'ltJ'llj'm~1 ur~~ N

2 
~e:JtJr~~ 85 11'ltJ 

_: ~ lil'J -B~'Jlfll'Jl'Mr:'1 5 iJr~i!lil~'J~ti'WlVi 'illflfll'J'I'l~fle:l~'W'l.Jll fll'J!Wfl C0
2 
1~1Jt~i1'11fl~fll!J 

" " _ :- ~fll 24.7 flf:IJC02 /100 flf:JJslag !!n::;b1'1:1Jl'jfl'l'llCJ1lttl~~ 14 fl'f~ iJU':i~n'\'lTifll'W~~flllfll'Jt~ 
' " ~ · ~ :l: fll!J EAF ~~ 1 Uflll't!'U U':i ~iY'I'lTI fll'W 'l 'Wfll'J !!1JfltllCJ1 C02 'illflill'JU'J~fltl'l.J'Utl~ CaO !!fl~ 
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I 3) 3) 'jJ 3J 

MgO VitJ~1tJ~\91~fl'~\m'U'U LF lJ\i~fl':ll~\91~f1f'Wtt'U'U EAF U~'ffllJl'HH'l~tltJl-ht-1~~\91:;;f1f'Wtt'U'U 
GJ91 11)91 11)91 "'o'.d dt ''l ,I 

LF ttl:'l:;; EAF b1'1lJl'H'l !'l5WJf1 C02 !\91tt1:'1:;;'il:;; !\91Vl1:'11:'1Vl1i'Vl\i~tlJtltl~ !'WtlJb1'1-:i1:'1:;;1:'11tJ 

Chen et al. (2003) ftf1111f1l':itl1~\91n1CJ1 C02 l\91tJli'tfl~tl~ Spay Dryer l'W-:i:;;I'1'U 

rrtJ~tla1I~m':i iitn'w,h'W\J''Wvnm~mt~'l'W 10 tCJ1'W~tlJ\91';i \1~ 7o tCJ1'W~tlJ\91';i 1\91t~~'il1-:iun11'il~t'J 

~1~"1 t#lw"i 'l5U\91'lJtl~'ffl-:i~\91clflJ~Vlb1'lJtl'U Ca(OH)2 ~tu'rUJlJ~li'l'Wf1l-:i'Vl\911:'1tl~ WJllJtoUlJoU'W'lJtl~ 

.d 9) 1 Q.l 9) 1 "' IQ & d I 'J) 'J) 
C02 'Vl'Vl1~t'lJ1t'Vl1f1'UltltJ1:'1:;; 10 \91t'JlJ':ilJ1\91-:i 'ffl-:i~\91CJ1lJ'Vlv.Jb1'm:;;'Y!11~-:itlt'J1:'1:;; 10 'lJtl~ NaOH + ':itlt'J 

" 1:'1:;; 5 'lJtl~ (Ca(OH)J 1\91tJU1m!n tm:;;tJ\9111ff1'W'lJtJ~tJ\91-:i1m1t'Yi1:'1'lJt1~'ffl1\91\919$lJ~m)\9111m11'YI1:'1 
- '" 

d cl lJ] lr] 9)d 0 d Q.l cl 
Eloneva eta!. (2008) fl'f1111fl11lJtU'W !U !\91'Vl'il:;;'Wl'lJ\91~m'W'il1f1 1HT:J1:'1~t'Yi1:'1f1 

q 

' ' " 
mvh m 1\91 f)\91:;; f)tl 'W t 11 'W H f\1:'1 tCJft'JlJ m { 'U tlt'W \91 Viii fl11lJ 'U 1 b1''Vllll \91 t'JU 1 ~ \91:;; f) f 'W ml:'l:;; 1:'11 tJJl1 t'J 

q 

m\91tJ:;;e1i~n~fl11lJtoUlJoU'W o 0.1 0.5 2 4 6 ttl:'l:;; 8 1lJm{ ~t:Jtu'YifllJ 30 50 ttl:'l:;; 70 tJ~ft1tCJ1mCJftJb1' 
q '" 

" ' 
\911lJiiW1'U t~'UI'11t~~1~ b1'111:'1:;;1:'11tJ'Yi~~ 'il1f1 '1 ff~\91~f1i''WVinm~1~"l tt~1'W1mmtJ~Jl1tJ Syringe 

Membrane Filter (0.45 llJ 1mtlJ\911) H1:'1:;;U1 ttl1tm1:;;11''YI1 CaFe Si Mg Mn Al tti:'l~ V 1\91tJli' 

' " 
Lfl~tl~ Inductively Coupled Plasma Atomic Emission Spectroscopy (ICP-AES) 'Yi~~'il1f1il''WU1 

.dll)91ll),l ~I "" "' 1 }j r:JJ .d 91 9191 
b1'111:'1:;;1:'11t'J'Vl !\91llJ\91f1\91:;;f1tJ'Wt11'WHflJ;'ltCJ1t'JlJfl11'Utlt'W\91 \91t'Jf1111Jtl'Wf11CJ1 C02 'Vlfl11lJt'lJlJ'lJ'W1tlt'JJ;'l:;; 

10 25 50 'Yijtl 100 1~wtl1mm tJ'm1m1 t'YIJ;'J 0.5 1 'Yijtl 2 ~\911~tJ'W1Vi uJ;'l:;;t~tl1mtum1J;'l:;;mtJ 
" " lCJ1t~tJlJ1v\911tJf1tCJ1~ (fewJ;'l:;; 50 l\91tJoW1'Y!t!n) 5 10 15 tw:;; 20 lJJ;'l~~\911 Vl'U'll v1'WVi'YI~~'il1nt~lJ~ 

' " 
ii:;;ni''Wm l'W 'ff11J;'l:;;mtJm\91t~:;;e1i~ntJtu 'Yi fllJ'lJt1~m1 J;'l:;;mtJ'il:;;!~lJqj'W tb :;;mtu 1-3 tJ~ft1tCJ1mCJftJb1' 

q '" 
I I I I 'j) I I 

9) I Q.l d I 0 I 9} I Q ,d$ Q.l d 0 0.1 

tLJ;11fltltJ"l J;'l\91J;'l~'il'Wm~'Vl~m'Vl mpH J;'l\91\911J;'l~ 1-2 fl1ttJ;11fltltJ"l tVllJ'lJ'W'il'Wm:;;Vl~fl~Vl 'ffl'Y!1mm 

illf1f1111tm1~ 11'Jl1u lCP-AES Vl'U11 UfiJ;'llCJftJlJ mm111 J;'l~mtJ "1JltJ~l~11\91l ~ 1fllt'J l 'W 2-10 'W1 '\1 
~ "" "' _ 1 "" "" q "" ll) 91"" d 91 91 
L'W'lJtu:;;t\91tJ'Jf)'WlJ1:;;b1'Vl1ifl1Vll'Wf11';iJ;'l~J;'l1t'J'lJtJ~ttflJ;ltCJ1t'JlJ'iJ:;;J;'l:;;J;'l1t'J !\91\91Vlfl11lJ\'lJlJ'lJ'W'lJtJ~ 

"""" 1 ., & II) 91"'1 91 0 <V d 

fl1\91tJ:;;CJ1\91f1 2-8 lJm1 CJ1~n:;;mu !\9111~1tltJn:;; 86-90 b1'1'Yi1'Uf111\91f1\91~f1tJ'W'lJtJ~ttfiJ;'ltCJ1t'JlJ 

m{'Ut~t'W\91 trim11m1Ut1'Wfl1Cl1 C02 ~1 pH 'lJtl~b1'1-:iJ;1~1:'11t'JlJ~1J;'l\91n~v1'WVi'il1f1~1 pH 11 t11'W pH 6 

qJ;']~'YI~~'il1n~1Jt~'Wn1CJ1 co2 t11'Wnm 1 i11lJ~ un~'lrrfl11lJftJ'Wttnb1'11n:;;mtJ 58 tJ~fl'ltCJ1ntCJftJb1' 
' ' " 

~"U tJ ~ b1'11 n:;; n 1 t'Jt1lJ iJ fl11 ttl~ t'J'W tt tin~ f) Q 1 t'J t 11 'W i1'll 11~ 'W t! 1:'1'\91 ~ 1 tr t ~ 'W 11 iJ tl a f11 t'J 1 tfl\91 qj'W tt n ~ 
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1 d QJ-&.::::..~1'3) .Q. .<:::! (!/ o.~;;&o .<::::l 

w:_ ll'lJ\9l~fHJ'W 1 fl'JlJ CJf~fl\Plbu'W'HJtlrl~ 3 'IJtl~f11'HfW1UflrlbCJ1tllJfll'J'UtH'W\9l \Pl~'W'W'\l~'Vllf11'Jt\9llJ 

" ' " ~ ~,~o'lJteJ\Pl'JtJtltCJ1~1w:n'Jr~~mtJ'IltJ~m\Plt~~cli~nn'U~\9l~tl~'W 'V'I'UlliJrll pH tVllJ~'W 1-3 '\llm~ll 

>1 pH 10 U~!rlmjtl'WtllCJf C02 'V'I'Ull pH ri\Plrl~mh~'*l"l Url~'\l~fl~~~nm 24 Uri~ 62 'WlYi 

~"-'~utJ1mru'lltJ~ tCJf!~tJllteJ\Pl'JtltltCJf~~!~lJ~tl 15 ur~~ 61 tl~ll~t~i'l\9l'J \9llllih~'U ur~~nm~.Yh 
I I ~ I I 'j) 'j) 

''-~ ~ 1 pH fi~Yi!Vlll~'Wn'Uu1mru'llt~~ tCJf!~tJlJteJ\Pl'Jtlfl tCJf~Yi!VllJ~'W ~m1~'V'I'Ullf11llJ!'lJ'lJ'lJ''W'UtJ~ 

-= ·--:. COc 
11hhY ~ Nr~l'im-tr~ t~'lltl~f11'J\9ltl\9l~tltl'W U~tJ\9l'Jlf11'J t 11rl'lltl~tllCJ1 C02 iJ Nrl~t~nm~.Yh 111' 

::-: ~fllfl-:J~ ~~Nri'\Jmf11'J\9lfl\9l~fleJ'W'V'I'lJll !rlt~l~tCJf!~tJlJteJ\Pl'JtlfltCJf~lJlflflll 46 fl~lJNaOH /i'J\9l'J 

- "1 ~:! 'lJ tl eJ\Pl'Jtltl t CJf~ ~rvi lJ '\l ~ tlJiJ Nrl ~ tlf11'J \91 tl\9l~tl tl'W Uri~ Nri'IJ tl~ tlU! 11 fl :iJ tlJiJ Nrl~t~u1 mru f11 'J . '" 

" & & c:'Y 0 d 

Georgiou eta!. (2007) fl'tllllf11'J~\PJCJ1llf11CJ1 CO:, '\lltl'Wl!rl'ti'Utl~fl'J:;:;'U1'Wf11'J 

:- ;_;'.il~w1'*m'Jr~:;:;mtJtCJ1!~tlllteJ\Pl'JtltltCJ1~Ur1:;:;1:1'l'JU'J~tltl'U Aromatic Amines 1'W11tl\Pl\PlcJflJ 
'" 

i~--;- 1 ~U'J'J~'lf'W\Pl Glass Raschig Ring (!~'W~l'WtJ''WVtlm~ 1 !CJ1'W~!lJ\9l'J tll11 !CJ1'W~!lJ\9l'J) l'Wf11'J 

Jc-; dG} '3) ~I (;)) 0 C')) d ~ ,.% : d d I '3) '3) d? 0 

.... ;; "-" HJtllCJf'Vl ~'lHU'WtllCJ1'\llrltl~'\lltltllCJ1 C02 'Vl!tl\Pl'IJ'W'\lltl'Wl!rl'ti'VlNl'Wfl'J~'U1'Wf11'JtltllJNl CJf~'Vll 

' 9J 1 - I"" 9J 1 _ I"" d "' II] r:-J 
---~~;n.J1:;:;'!11l~ C02 'JtltJrl:;:; 10 ~\Pltlu'Jlll\9l'J !!rl~ N2 'Jtltlrl~ 90 ~\Pltlu'Jmm 'Vltl\9l'Jlf11'J mr~mCJf 

" . .dl .dl r:-J 1 ~ '))c! "' ""\J] ')) 
Hisyamudin et a!. (2009) f!'tlfJlf11'J~\PlCJ1lJf11CJ1 C0 2 ~\PltJ ~'lf'U\9l:;:;fl'J'W'Vl ~\Pl'\llfl 

--.:- -~ ;L'\i~tlt\9lltll{flt'Vh1h Yllf11'J'Vl\Plrltl-:J1'W Vibrating Ball Mill ~f,JU!'I1iJil1i't~-:J fl1llJ!~1l'Wtll'J 
• I 'J) I 
~ I d ') ;:1 Q.J c:i& .ci Q.l ..::::!~ Q.J .Q. 9) 

· ... -"':0~ Vibrating ball milll200 'Jtl'U\9ltl'Wl'Vl ~\Pltlu'\l'\lti'Vlfl'tlfJllJ\Pl~'Wfltl fl1llJ\Pl'W!'JlJ\9l'W 1 
" • 'J) 

. : ~ .:::n JJ1mrut'hVi1lt~w<U'l 0 100 200 300 400 ilr~i'li'll'l'J u1mru~\9l:;:;tl~'W 0 100 200 300 ur~:;:; 
' 'J) 

_. • .- ~~J LLn:;:;'IJ'Wl\Plrltl'UeJriYiH'1'Wm'J'U\Pl o (tlJi:ir~n'UtJrl) 2 10 ur~:;:; 20 ilr~iltll\9l'J 1'Wf11'J'Vl\Plrlt~~.U 
'" '" ~ I 'j) I 

· ~ ~ jj w wVlt~llt~~n'Wm'J ~'Un'Wttl'W fi't~'W 'llt~~~\9l:;:;n~'W \9lt~'W Yi1m'J'U\Pl ur~:;:;u fin1 mYi!n\Pl1 'W m'J 

d' d C)) d 0 .Q.Q..Q. Q.l d d I I d I d 
··; 

0
- ;u 'lJfl1llJri''W1'\lf11CJ1 C02 'Vl'VllUfJfl':itlltl'U CaO (!U'Wtl~f!U'J:;:;tltJ'Uri'1'Wl'l1t1J'Vltl~~'W'U 

'J) 

- ~ ~I & C') 9) d Q.l ~I I I & C')) 

•:- ~ '- 1 LflfHu'W CaC03 Nrl'\lltltll'J~\PlCJ1lJf11CJ1 C02 \Pl1ti'U\9l~fl'J'WU'U'U!utltl 'V'I'U1lflltll'J~\PlCJ1lJtllCJ1 
'j) I I 'j) 'j} I 

c ~ (1 ~~'WYif11llJ~'W!1ll~'W u1mru'l1l u1mru~\9l~tl~'W !lri:;:;'IJ'Wl\Plrlfl'Utlr1Yi1'*1'Wtll'J'U\Pl 
~ '" 
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"' l-1 ~'W u~'ll'WWl~fl'Utl~~1'*1 'Wfll'J'U~il~JJvH'l~ tlfll'J ~~c11lJnlCJl' coo 1 'W\91 awt lJ~urvhJu u~~ 
'" '" -. " " 

~D t~rrJllJ'flut1lJ~'W 2 atm Ll1mtu'l11 5 tm~ 400 nflJ Ll1mru~l'l~nf'W 200 ni'lJ !W~'U'WWl~fl 
'" 

dq 3/q ~ Cl 0 q 91,...1~ & c1l ' QJ Q.l 

~ ':'rlll t'lf !'Wfl1'J'U~ 20 lJ~~!lJ\915 il~'Vll !'Hu'JlJltufl15~~CJl'lJfl1CJl' C02 \l·H!~!'Vllfl'U 74.8 f)JlJ C02 

& .Q d Q.l 

Huijgen et a!. (2006) 'fl'f111lm~'U'J'Wfl15lf1~'fll1'Utl!'W'lf'W'Utl·nn'J~~mCJ 

.. m1!t~lJc1f~~fl\91 (CaSi03) n1J C02 1~CJYJlfl11'Vl~~tJ~ hJ'I1lJ't~5~'fl1llJ'fl'W 1'*11Jw~mu~ll~~'W 
" ~- '..;iJu6mn:J'Il'W 1~ 32x 10-

3 
!lJI'l1 1~CJYJlfl11ftmniJ'il1lu~l~"l 'fl~iH'itJ fJlli'11!J:Ui'Wm5 tn~LlBn1 m 

;:. :5-225 tJ~'fl'Wl1~!GliCJb1' 'fl'JllJ'flurhu'Ua~ C02 1-40m{ 'U'Wl~tl'Yf1l'fl 38-700 tlJl'fl5!lJI'l'J nm 

'·~·ll1tn~tJBn1en 5-60 u1Yi B\911lfh'W'UD~m~1~u'Ua~u~.:J 2-10 ni~ni'lJ~t1n1~nflJ ~~~~ 
" ·' -_ 'jjt~11um'Jf11'WN'fflJ 100-2,ooo 1tl1J~amYi 1~t~LlBf11t~lm1tn~m{1Jmui'wD~lnwuu 2 

'jJ ~ ~ I 

•I--; ut-J'fl.:Ji'l oU'W\9ltl'W!!'Jfl !~'Wfll'J'lf~~~rnCJ Ca
2
" tltlflillfl!!fl~tClimJc1fil'm191 oU'W\9ltJ'WYi 2 fll'Hfl~ 

~ :v 'jJ 1 ' ' 3) 

:;: -·-w caco, u~~~~ 2 '1Jul9ltl'Wi'ltn~YirJru'11JJi'l~l~nu 1~CJQtu'11t;JiJYil'll'il:;;m:m:;;nu'1Jul9le:J'Wu5n 
I 3) I 1 

.Qci 1 Q.J a.J d I c:!. .Ci .Q 

:-: Jill'lifllJ'Vl'ff~mlil~nml~fl1J'U'W\9ltJ'W'Vl2 'illflfl11'Vl~Clti.:J'V'l1J11 b1'm1:;;'Vlmm~'ffmHJ utu'\1fllJ 
~ 'U qJ q cu 

--- ~ ':'1 f) uBf11m 200 tl~'fl'WlfCl!CliCJbl' 'fl1llJ'fl'W ri'J'W'Ul'J~ C02 20 m{ 'U'W 1~ tl~fllfl < 38 l:IJ 1 fiJ !:IJ\915 

:~;-~1'W'Utl.:J'UmmCJ'J~B'UtJ.:JU~~ 10 fllflfli'lJ~tlfllflflf:IJ 'fl'JlW5'Jl'Wfl1'Jfl'J'WNb1'lJ 500 'Ju1J~tJ 

_-;;: • 1 ~:;; '! ~nm 1 um'JY11LlQf11CJl 15 mYi Y\1 'h1' B\9l'Jlfl1'J tn~tJBn1mm{1Jatu i'u tJ: ~fl~i1.:J! ew 

-~: -) 

dl 0 "' r:Y ) 'I ')}d "' d liJ ')} ) 
Lekakh eta!. (2008) 'fl'fl£nfl1'Jfl11l~fllCJl' CO, ~~CJ t'lf'U\9l~f1J'W'Vl !~'illfl t'J~tlfl.:J 

~ q 

· ~-- 'lllfll'J'Vl~[ll').:Jiui1.:JLlBmru 2 i1.:J ~qrum:Ji'lrru.:J!w~mllJ'fluu'J5mm'fl' 1~u~i1.:JtJBmru' 1 

3) d Q.l A .Q A C1.1 : .Q Ql A cf'.d 
·_ ;: -·ouWW'U\9l~m'W'U'Wl~ < 3.2 :JJClClllJ\911 Ll:imru 200 mlJ u~:;;'Wl 20 Cl\911 !!CJ:;;tl.:JiJ~mtu'Vl 2 

: •· , __ • i1 2 f11911 ~.:J'JJ'J~flt~1JJl'JCJb1'l'J~~mv~l~'illfli1.:J~ 1 n1JvJe:J.:J'Ue:J.:JfllCJi coo ~B\9l'Jl 1.5 ni':JJ~e:J 

- -,~ ~ ~~~'Wfl1'J'Vl~~l'J.:J!!1J'Ufl:;;n1JU1J1J~tl!~l'J.:J l~CJfll'JftflEJl'il~ i'*t'JJ5Uf1J:IJ METSIM Process 

' Q.l A A 0 A d" 9) dl!] 9) ' : c:i 9) ~ 
'' -._:;:·: 'iTlJfl1Jfll'J'Vl~CltJ.:J1l'J.:J !'V'lB'Vllfll'J'J!'flJl:;;'\1'UtllJrlfll'J'Vl~Cll'J.:J NCl'Vl !\9l'V'l1J'Jl 'Wl'Vll'lf'flJ.:J!!'Jfl 

'" 
·: .- _::: ir11~fll'V'lfll'Jb1'rl\Pl~~~\Pll'Wi1.:J~ 1 ri.:Jvm111'm1!fl191Ll5f11mm1mHui'u1ut1.:J~ 2 ~~~~ 

- I 1 ,.A Gj Q.l d 9) G)'3J: c5 0 <=9 ci 0 : Q.l G'j'3J 
'l - --:., ttYJflJ~1J1'Wfl1'J!!U'U\91B! 'Wl'J.:J 1 'W tl.:J'Vl 2 \91B.:J 1 'lf'W l!U'W 'ill'W 'J'W :1Jlf11l.:J:I.Jfll'J'W l'Wlfl1:'11Jm 1 'lf 

. " 
" ... _ ~:nm'J~mni1111lv~l.:J"l YillNr1~aLl'J~~'Vl~m'V'l1um'Jnl1l~fl'lCJI coo 'fl.:Jutie:J 'U'Wl~e:J'Wm'fl 

- q 

~- J": nfu uCJ:;;nm~1~1 ui1.:J'JJBmru~ 1 (mU1~1'*519l'Jlm11JBu!'ll'lfl~~) 'illflfllj'\ll~rJB.:J 
~ d Q.l cl dq 9-'GJ Q.l ~ rfd & 1 q '))')) 

"''_ -.- ,i.JO'll'Wl~B~fll'fl'UB.:J'Ufl~flJ'W!flfl[I.:J ~!CJ:;;nm'Vl !'lf t'Wm'JJ~mtu'Vl 1 'Wl'W'U'W bl'.:JN~ !Vi'Jl'JCJ 
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~ ' ~ 

, ;'1~'WU11'1J'Wl~tll;jfilfl'IW~~\91~fl'f'W 20 llJ 1m llJ\91'j rr!lJl~b1'lJ.vi-q~bY111'fUfl11'Yl~(ltJ~ij 

dl dl OJ) 'i G)!ll "" "" 
Lin and Shyu (1999) fl'flf.Jlfl11~~90Jfl1GJI C02 l~t'.l l'lfb1'11(l~mmtJlJ'W 2 'lf'W~ 

,;.~ , ~I dl 9 
,i'H!fl Monoethanolamine (MEA) U(l~ N-methydiethanolamine (MDEA) lu'Wb1'11~~GJ!lJ l'W'Yitl~~ 

)>f-.,. .Q 9) I t:/ .Q Q 

.'\Hl1flm~'lf'W~ Ceramic Raschig Ring (lbl'Wv-ll'W~W:Jflm~ 0.9 lGJI'W\91llJ\911 t'Jll 1 lGJI'W\91llJ\911 U(l~ 

: J 70 lGJI'W~llJ\911) 'illflfl11'Yl'fl(ltJ~'VlU11 b1'11(l~mt'.IWfi'W~~b1'tl~'lfiJ'fl~1'*t1J'Wb1'11~'flclflJfl1GJI C02 

' ~ 

', }t th~-ff'Yl~ m'Vl1 'WflU'lhU'fl t~U\91fl~l~tl'W tt~t~tlltfl11~M b1'11 (l~mt'.l'l-1~ bltJ~'illfl'l.Jfin~ t'.ll'VlU11 

:"'l'H'I~mt'.l MDEA b1'1lJ111fW1lll'l.Ji'ub1'm'Vlb1'11(l~mt'.l~lt'Jfl11b1'11(l~mt'.l MEA 

..::.£ Q) Q.J C)) 'j) 

Yang eta!. (2008) fl'flf.Jl'YlU'Yll'Wfl1~Ul'Wf111lWflUi,~f111'flfl'il'!Jfl1GJI C02 'fllt'J 

Q -Cl.d ' 1 I .::9 ~I I ~ I ~I 
1'fl'WflU(l~d'!ifll1\91H"l ~'flt'JUU~fl11fl'flf.JltltlfllU'W 3 bll'W fltl b1'l'WU1fllU'Wfll1'YlU'Yll'W 

~ 

-- gu l'W fl11 \9ln <ij' 1J fllGJI C02 'IJ tl~ m ~ 1J l'W fl1 1 Nil \91fl1 ~lW tvh~ 1 'illfll 9'fm'Vlil ~l'JtJb1'ClfCl i'flt'JU tJ ~ 

(V Q.J C)/ 1 .Q I ~I '3) li}:V~ Q.l Cl.l r.:V 
'l'i;;Ul'Wfl11'flfl'il'!Jfl1GJI C02 ~'flt'J1i11lJ'lf1\91l'lf'W fl11u~fl\91'W lW'Vltl'flfl'il'!JfllGJI C02 m~Ul'Wfl11 

;... t:/'3) C')) : ~ 9} .e! q :G) 9} .Q 

:,- m111~'Y!'fllt'.IUb1'~ fl11Cl~mt'.lfl1GJI C02 t'W'Wl'Yl~tClt'VltJtmt'VlCl~\91tJ'W'Vl'lf l'W'Wl 1'lf~l'W tW~fl11lfl'fl 
~ I .d d I'J' I 9} cl .<:::::1. q Q.l Q.l r:') 9) .Qd I 

'; w 'j'YJlJbll'j '111 ~fltJUfl111Jtll 'W \91 bll'W -q'fl'Yllt'Jl U'Wl'Ylfl'Wfl l 'Wfl11'flfl'ilUfl1GJI C02 'fllt'Jl1ifll'j\911~"l 

• 9!ll 9 dl I 9!ll _I "' 'i "" w II] "~I !ll 
'tf'W fll'j !'lfbll'jCl~Cllt'J l'Wfll'j'fl'flGJ!lJ l'lf'W flU l'lfbll'jU1~fltJUltllJ'W UtllJ llJl'Wt'J tJ('lfll l(l'W lu'W\91'W 

'U 

~ ~ 

1 'fl t'.lm ~ u l'W m 1 'l1 ~ 'Y!lJ 'fl i1 I~ V11 m 1 blnJ uCl ~ 
q 

0 d Q.J C;)l 'j) Q.J 

Yong eta/. (2002) 'VIlfl11fl'flf.Jl'l'l'lJ'Yll'Wfl1~1Jl'WflU~'flGJ!Ufl1GJI C02 1'111'.11b1'19j 

.i.Jfli1tG!it'.lmltlfltGJIIPf (MgO) Cif1tJtC1191' (Zeolites) UCl~b1'1'j'l11~fltJU Hydrotalcite-like (HTLcs) t'W 

.-, l'i~'flGJfUfllGJ!m{utJ'W t'fltJtJtJfl tGJIIPl'~~ru 11 fJlJ~ ~ 1'fli'.I'VlU1Tth ~-ff'Yl~ m'Vlfll'j ~'fliunlGJI C02 ~ 

~ lllJ\9l'W~1U~~tJU! 'Y!.fllJ~l ri ~NClt ,r'l.J'j ~ -ff'Yl~ J1l'Vlfl11'fli'IGJf1J(l'flCl~ u~'l.J1~-ff'Yl~J11'Vlfl11'fl'flGJfUiJfll 
q <U qj <U 

• 3/ I I 3} I 

1~lJ~'Wl~tll'WlJtJU!'Y!.fliJ1 'Wfll'j'fl'flGJfU UCl~ NCl'IJtl~Vl'W'Yi~h~tJ'l.J'j~-ff'Yl~fil'Vlfl11 'fl'flGJf'!JfllGJI CO, iJNCl 
q qJ qJ qJ ..... 
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. " 
tJ tli:H:iJ\H'fl tl'lJfhJB'ill 'Y1 fllJl tH11'J l'll'li'lJ 'W Bf111 lflU cJ'l'V'l'lJ'h~l'J 'ih ~flB'lJ'lfU I'IBBfl lGJ!Iil''UB'll rm ~ 

q "' "' 

~'Jil'Vl{ (2553) ftmn'Yllbl'fl11~~mm~bl':JJt'Wmnhul'lnlGJi C02 1ur~:w!Bu 

iJ lf1DriB'l'fr1'W'U B'll\911B'lJtll'ltllGJ!liYti~DriBt11llflD riB'l'fll'W 'UB'll\911B'lJ tll'l ll'ltl~l'lclfml'1tlb1'1 'J ~l'lclf:JJ 

:: 15UI'I ~B bl'l'Jn~mtllGJil~ti:JJ leJI'I'J Bfl tGJ~Iil'un~bl'l'Jrl~rl1tll:JJ l 'W-lB'Vll'W tlcHtllJ'W (MEA) l 'W'Yl tl~\91 

~l.IU'lJ'lJ'fltJ~mJ'lJ'JH l~lllfll'Jftml1191'1UD'J~l~t11oUtl'l 4 191'1UD'J l~Wl 'f\Jl:JJloU:JJ.u''W'UD'lrl'l'JI'II'I 
q "' 

~l.l (C) B\9I'Jlfll'Jl'Ylrl'Utl'lrl'l'JI'II'Iclf:JJ (L) el\9I'J1fll'Jl'Y!ri'Utl'ltllGJI!tJ'W (G) Url~el\9I'J1£hW'Utl'lel\9I'J1 
"' 

', ilfll'J'lJTUI'IfllGJi C02 l'Wlitl~l'lclf:JJU'lJ'lJ'lJ'J'J~ ~tl B\9I'J1£'i1'W'UB'lel\9I'J1fll'Jl'Ylri'Utl'lrl'l'J~I'Iclf:JJ (L) 

.:.5 ~\9I'J~Dm'fl B\9I'J1fll'Jlm'l'UD'lfl1GJI~D'W (G) 0.15 flfl'lJ1fl'nl:JJ\9I'J~D'Wl'fl B\9I'J1-ri1'W'UD'lB\9I'J1fll'J 
"' 

·. >; n 'U D'l m 'J ~'~~'~ c]f:w ~ t1 -5\91 'J 1m 'J 1 'Y1 fl 'U D 'l n1GJI (LIG) ~ D 30 ~ \91 'J ~ D fl nmfl'nl:JJ \91 'J u fl:;; 'fl 11:w loU :w .U u 
"' "' 

•. D·Wl'JI'II'Iclf:JJ (NaOH Uri~ MEA) 0.7 l:wm{ ll'ltilM'iJ'J~iY'Vlilfll'V'll'Wfll'Jl'hJJ'I'InlGJi COo 1llfl 
"' -

:JJflq~ (2542) Yilfll'Jll'fl'Jl~M'Y!lbl'l'J~I'Iclf:JJ~mm:;;r!':JJt'Wfll'Jfll;ijl'lnlGJi C02 

', illiDI'II'Iclf:JJU'lJ'lJml'l ll'ltiftnrni91'1UD'J~l~t11oUD'l 3 1'11u'l.J'J !~uri 'lfUI'Ibl'l'JI'II'Iclf:JJ ll'lti'Yiul'J'illl 
"' "' 

-"'l1fl~rl1tl 5 'Jj'U\91 !~uri bl'l'Jfl~mtll:JJ l'WltJ'Vl1l'Wrl1lJ'W (Monoethnolamine, MEA) li'IW'Vlll'Wm 

Eil (Diethanolamine, DEA) ll'llflfll'flClllJ'W (Diglycolamine, DGA) ll'lltl lGJI l'V'l'J'V'lll 'W rl1lJ'W 

:Jiisopropanolamine, DIPA) Ufl~l:JJYlflll'llB'Vlll 'WClllJ'W (Methyldiethanolamine, MDEA) 'fl11:JJ 

~l.J~'W'Utl'lrl'l'Jfl~Clltl UC1:;;eJ\9I'J1£'i1'Wl:JJC1'Utl'lfl1GJI C02 ~tl l:JJfl'Utl'lbl'l'Jfl~ClltlltllJ'W Nfl'illfl 

.. 
~Q..I -=:I .::::1, v Q.l 'il ~ 

:. -.2 .:Jll!11lf.I'YI!flf.l1'll0'lfl'lJT11'Hl0fiH'lJ'lJT111'YIVIil0'lVI1tH'YI'fll!'fl CCD '\10'1 RSM 

Garcia et al. (2011) ftflfJlfll'J~fl;ij'lJtllGJi C02 ~1tltll'Wn:wirm11u'YltJ~I'Ii'lJ 
' " 

:_ W'lJI'IU.:J ll'ltll~l~fll'J-¥i'WN1\9Itl'lJrl''WB'l (Response Surface Methodology, RSM) lllfll'J 

u:p 211---------------------
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fl11'lJ'O'l'lJl'H1h!fll1~tl~'!Jfl1Cli C0
2 

(Y) hw1J~~CJ~Vhfll1ftmnij 2 lJ~~CJ l~mi fl11'lJ~'W1YTW 
" 

fl1Cli C0
2 

(1-3 'IJ1{) U~~f;!Wl1iJll (25-65 €l'lfl'1~Cli~~~CJ{Y) N~~1tlfll11~fl11~11''V'I'IJ--i11J~~m1'1{1€J'I 

[:Jijfl 11'lJ rl''lJ~'W'Ij~ 'ltl'WI~~~ tl'W H ~~ rJ'I'V'I 'lJ--i1fl11'lJ~'W 1Y1'W fl1Cli C02 l rl'W 1J ~ ~ CJij N~'lJltl~ ~~ trl€1 

" ' fi1m1'lJ~'W1Y1'Wfl1Cli C0
2 
ijfiTQ'I~'W1Y 'IN~ 1~nm~1 ~1 'Wfll1~tl.ij'!Jt~~~m1'lJ'O'l'lJ11tl1 'Wfll1~tl~'IJ 

n1Cli C0
2 

~ 'I~'Wt 'lf'W n'W t~~ ~rl€1 f;!W l1 iJ iJ~ ~'lJ ~'W nr1 'lJ 1Y 'I r-~~ 1 ~n~ 1 ~1 ~1 'W nn ~ n ~ 'lJ n ~ ~ 
fl11'lJ'O'l'lJ11t11 'Wfll1~tl~'!Jfl1Cli C0

2 
~~M ~1tlN~fll1'V1~~€l'l~'ltlri1TVh 1~l~{Y'lJfll1fl11'lJ~'lJYr'W TI 

Y
1 

= 3.1210 -0.0779 T + 0.8067 Pco
2 

+ 0.0006 T 2 

H~~ Y
2 

= 8.0421 -0.2394 T + 2.4067 Pea,+ 0.0020 T
2 

1Y1'Wfl1Cli C0
2 

3 m{ nm~1~1'Wfll1~tl~'!Jfl1Cli C02 trl'W 10.50 'W1~ u~~fl11'lJ'O'l'lJ11ti1'Wm1 

~tl~'!Jfl1Cli C02 tll'W 3.96l'lJ~/nhnof'lJAdsorbent 

Seyeded et al. (2007) fimn1J~~CJ~ijN~~flfll1N~\9Hfl'W lCli~~1~tll'W 
{111flll111 1 ~ tl'IJ Bacillus Clausii ~W~{Yfll'J~~l'l-1 'lJ1~{Y'lJtt1mfi'lJfll1 N~\9\!fl'W lCli~ l~CJlJ~ ~ CJ~ 

" 11i CCD Vi'W~hl'lfl'lJ{Y'Wfl'IVhh1't~{Y'lJfll1fl11'lJ~'lJYr'Wn ~fl 

Y=928.37+132.33x -348.16x -104.28x -110.12x· -189.29x 
l :' 3 1 

& .:::::.d ')) ~ 0 cl 

Tan et al. (2007) fl'tl11111ifll1flfltlU'lJ'!Jfll1'V1~~fl'I~1CJ CCD l'V'Ifl'V11fll1fttl111 

'J) Q.1 I I Q) I 9) 0 QQ.J 9) I d 

·l'l~~'W H~~fl\9\11{Y'J'W KOH: char \9lflfll1~~Cli'IJ Methyl Blue U\9lfj'V11fll11~CJ\9lfl'lfll1l11fll'V1 

. H 1J1~ {Y'lJ~{Y~rl1l1'f '!Jfll1 t\911 CJ'lJ Activated Carbon ~'1'111tiJ1Ym1 1tfl1 1~11' fll1'V1~~ fl'll ~CJ 1 ~ . ~ 

" ~d ~ .:::::. I 

l1ifll1'V'I'WN1\9lfl'IJ{Y'Wfl'l (Response Surface Method of Process Optimization) 'V'I'IJ'J1{Yfl11~ 
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~ 91 _I .;, ') 91 'I 91w • • "' 
!'Uf1TH1':i~\91'WlJ':i~:JJlill 1 'lf1 !:IJ-!l U~~\91tl-!l !'lftl\91':ilff1'W KOH: char l'Vllf11J 3.9 . 

91 d liJ 91 dl 91 91 • cv "' _ 1 • "' d liJ 91') 
'Utl:IJ~'Vl !\91'illflf1l':ifl'f11llfl'Wfl1l~1J1l f111'1HffCJ'illf11J~Hl-!lfl1'W'Vl !\91 !H-!ll'W 

"' 

jl ')) 'j/ I 

1'1Ullffl':i11':i~flt.J1J CaO ffl:JJl':it1tJlL11fhU191fllGlf C02 !~ ~-!!tJ'W-!!l'W11luu~-!!lilt.Jn~\91~f1fw~-!!iJ 

c aO !ll'W tl-!!Tl11':i ~flt.JU'Y!i:ln r~t.J~ t.J-!lf1l':i l~:IJ:IJ r~fi l'U t.J-!l lff\91l'YI i1 tJ 1 ~:JJl'Vl\91U 'Vl'W ffl':i !fin! 'W f1l':i tll1l'\91 "' . 
. .::1'11 C02 ~-!!lilt.Jn1 ~'YitlrJ191~:JJU1J1JfltJi:!m1u':i ':i ~mVilm':inl11'191nlGlf C02 1191m~:JJ 'illf1Vllfll':iftf11ll 

d d Q.l di 0 .dlJI 9) G] 'J) d d C)/ 

-:1 ~ u 1 u n1 'j 'If~ r~ ~ r~1 u !! r1 r~! G}f u :JJ tJ tJ n 'ill n 'U \91 ~ n 'j u l ~ tJ u 1 ff 1 'j r~ ~ r~1 u 'Vl 1\91 :JJ 1 ~'If lu u ff 1 'j \91\91 G}f :JJ n1 G}f 
"' 

co. 1191uiltl'il1lu~Vilm':iftmn 3 tl'il1lu !~mi fl1l:JJ!.u':JJoliu'UtJ-!lffl':irl~mutJ~cli~n fl\91':ilri1'W!;-!l 

I I I I <J} 

"' 0 ddd d\J] 91 "'liJ-1'1 91 "" 
Surface Methodology (RSM) l~tl'Wlfffll1~'Vl\91'VlbJ'191'Vl !\91'illf1m~1J1'Wf1l':i'lf~rl~rllCJ'W !lJ !'lfNrl\91 

:-n~\91~mh'Yifum~u1um':inl1l\91nlGlf co2 ~t.J!11 rll'Yifum':iftf11llm':inl1l\91n1Glf co2 ~t.Jur~~ 
1 _ I"' 91 "' d liJ 91 'I "' <1 "'~ "' d 

::; l ~CJ1J':i:JJ1\91':i \911CJffl':irl~muuflr~!GlfCJ:JJ'Vl !\91 'illnm ~1J1'Wf1l':i 'If~ r~~ m u 1 u flt.Jri:JJ'W u ':i ':i ~ :JJ lJ 'il 'il CJ'Vl 

1'-m'Jftnlll 3 tl'iJ1lu !~uri fl'191':ilm':it'Yir~'UtJ-!lm':i\91\91~:1J fl\91':ilm':it'Yir~'UtJ-!lnlGlf !!r~~ml:JJ!oli':JJ.Uu 
"' 

d 0 1 9 'J) ...::::. l .c:! (l.l 9) 0 e::!d 

•. "H1'l':i\91\91Glf:IJ Uri~'Vllf1l':itltlf1U1J1Jfll':i'Vl\91rltl-!l !\91CJ !'lfl'Vlfl'Wfl RSM l'lf'Wl\91CJ1fl'W Uri1'Wlfffll1~'Vl\91 
"' 

~ :r f1~ 1~'illflf1l':i'Vl\91rltJ-!lm':inl1l'191nlGlf C02 :JJlVilm':i !111 umViuufi'um':i 1 ~mn1~mu 1Glfl~CJ:JJ teJ 

lrj o' : ~ d .J cl ~ q 0 ~d 0 Q.l ~ ) G] 'J) 

;; ~on !Glf\91Uri~'Wl 'Vl-!!'Wl~tl!U'W'Vll-!!lrltlfl !'Wf1l':i'WlT!if1l':i1Jl1J\91f1lGlf COO !\91CJ !'lfffl':irl~mCJ 
' ~ 

'rwllC.J:JJY11~'illnm~u1'Wfll':i'lf~n~mC.J~\91~flfu 1111 ~11':i~ 1C.J'lftl~tl 111 

-
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~ ~ 

'1 rnG!illlJ tJ t1 m 1 fl~ VI~ rrf 'W lw 5 -nJ B f1'i u!mJlJ fl~ u i:l ~oil' 'W \91 t1 'W m1 i:rmn fll1 ih ~ \91 rh '11 C0 2 1 'W 
' j) j) 

,- o ~mf m 1 ~ cli~b ~'WoU'WV1Bmn1n1 m1'W l~lllJ1llli:l~b~ll\91vl~i'l 

.:::t .... I r! ~t:::t o v c::S: a~ 
3.1 tll'Hflll elufl'Hl! !!t1~1fi fll'j'YivHlel-:ltll't'i'j'U fll'jfl fl'l:llfl'j~'U1'W fll'j'lf~tl~t1UJ!!flt1!9f£Jllelelfl'lllfl • 

~VI~ fl-r'W 1'W il-:~ui] m W!!'U'U fl~ 

• j) 

i mi:l~~l'Wfll'Vllh~fltJUVi 3.1 '1JB~U~EJ'V11:1'lll1J1:1'~~~'W~!fl\91 ~ltl~ vl~B~utH1'W'WrllCJU'l'W \911Ui:l 
"' 

. ')) ' 

mvn.h~flel'Un 3-1 ~flEJtu~'Vll~fllllfll'Vl'liB~~\91~f1~'WVi 1~ ulfl!V~lmffl 'lt"lvh (EAF) 

.......... ._.:a ................... __ .a ...... ~~: .............. . 
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~ , 
- - ?' 'j l::li 

v 

- tJl'iJ'Jltfillflterf.leJ'W (Deionized Water) 

.- =:. c! 

'' :lWvHl'l (Atomic Adsorption Spectrometer, AAS) 

G..J ~ Q..l Q r! 

- llrl'W11l'WJJ (La,O,) ulflU'JEJ'\1 Lab scan ~m~fll'il\fl'Jl:;;li 
- ·' 

J) 

- Ul'iJ'nfl'ulfl'hrtHJ'W (Deionized Water) 

~ 1 ,$ v 
- !fl'JtJ;jU~CJeH'HlUU1ltll (Jaw Crusher) 1~rlllii'Ufll'JU~lilllU~~:;;flf'W 

-~: fl~Ufl'~;jl'Wf1l'W'iJ'i:;;fltJU~ 3-2 

' ' " 
nwn.h:;;mrun 3-2 tf1~tJ;jU~~tJmlUU1ltJl (Jaw Crusher) 1~rlllii'Ufll'JU'flliCJllJ~~:;;flf'W 
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' ' " 
- !fl1e:J~1JI'ltle:JCHl1J1Jlu1TVHlj (Gyratory Crusher) bl1'YI1'1J1JI'l~~~~CJI'l~\9l~f11'W 

-F-· ., :.. :5 ~.,i'1'i1~1wnvnh~f1e:J1J~ 3-3 
' ' "! w 

- !me:J~'If~ 

' " 
- ! fl j e:J ~ 1 e:J 'W \91 ~ U f1 H bY 1 'YI f 1J fll'l '1J 'W 11'1 ~ \91 ~ f1f 'W ~ f1 El W ~ \Pl ~ !!bll'l.:J l 'W 

' ' ' 
-• a! "! ' 1!] .... ill'W1J1~tWl1.J'YI3-3 !fl1e:J~1JI'lCJe:JCJ!!1J1J !'ilHVle:J1 (Gyratory Crusher) 

' ' " 
fll'W't.h~flel'Ull 3-4 !fl~'tl.:J1 'tl'W\9\~!!m ~~1'YI~llf11?l'U'W11'l~~'l'~fr~'u 
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')) 

- \9l'01J 
"' 

.!\ ., 
- !fl'HJ,;jf111JflllfJU!'YIJJil (Thermocouple) 

- 'W1Wm<U'1Jnm 

" 
- l1l~~f11l:IJ~'W (Desiccator) 

"' 

-Syringe 'U'Wl~ 10 l'Jni'!i'l\911 

- Syringe Filter (1~!:1J:IJ!1J1'W'l5'W~ Polytetrafluoroethylene (PTFE) 'U'Wl~t 

"- _ • :..s lJJ 1m!:U\911) 

- m~~l'hlfntJ,;j 

- 'Wlwm<U'1Jn~l 

-pH meter 

- 1h1\9l'U'Wl~ 25 l'Jni'li'll'l1!!n~uvi'W<U'1J 1 ~~ 

- 'U1~1D'lf:IJ~'U'Wl~ 250 l'Jni'li'l\911 
"' "' 

..d! 9) 0 Q..J = r5 rf ;: 

- !fl)tJ,;j X-ray Diffractometer (XRD) 1'lfr,yl'I111J1tml~'Yitl,;jfl'lh~f1tJ'U'Utl,;j'lJ 

_;; _, 1-d'ill~~,;j!!i,Y~,;j 1 wnvn.h~no1J~ 3-5 

- !fl~tJ,;j X-ray Fluorescence Spectrometer (XRFS) 1~ffl'I1~1Jl!ml~rfm 
" ' 

:": 111 D ,;jflD1 ~f1f)1J 1 'W ~\9l~f1~ 'W tlfl'hltl!~~ ,;j!! [,Y~,;j 1 'W f11'WD1 ~f101Jll 3-6 

-Micropipette 'U'Wl~ 10-100 1:u1m!:IJ\911 

- !fl~fJ,;j Atomic Adsorption Spectrometer (AAS) i'W Perkin Elmer model AA 

· '~ hli~1Jl!ml~rifl1l:IJ'UfJ,;j!.u':u{I'WumHCliCJ:u ur,r~,;j~,;jf11'WD1~f101J~ 3-7 
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.J c! ~ r:l~ ~ rl 
Jllffth~fH1Ufl3-5 \fl'HN!tlf1"1H1tJ~l"Ju'!Ai1f1 1\9\lH\9\e:J'J (X-ray Diffractometer, XRD) 

.I ,.j ,; ~ o' .I o' 
:lHlu'l~fHl'U'fl3-6 bfl'HJ;:JbfJf1"1H1tJ'h~fJt:H1£'H"lfWb1' (X-ray Fluorescence Spectrometer, XRFS) 
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.:::t di 0 Q.J G! 9)Q rl 

:' -;n.h~fle11Jl1 3-7 U~~~!fl'Hl~ Atomic Adsorption Spectrometer (AAS) ~TM'J'U ~'111!f1Ht'M 
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"""'i 
3.1.8 11HlnfiVItHJ-.1Ull~tn'j~~m!'U'Utn'jfiVIll~-.1 

3.1.8.1 fll'j'lf~(l~(llm!flll!cH£.1'i--n~~~l! 

" ' ' 
fnVIB~~~flU~~ththlfl''illfllrHJB'W 1V~tlb1'fll1~-Yit~t 'Wfll1'VlVI~B~\Ol~ub1'V~~ 'l'WI'll'Jl~-Yi 3-1 

' " 
Yll'jl-.1ll 3-1 b1'fll1~ fll1'VlV~~B~rlTY'ii' 'Uftmnm~'U1'W m1 'If~~ ~mmt ft mC!1mJ B Bfl'illfl~\91~ ni''W 1 V~v 

" 'l~iil'U11fl''il1fliBBB'WU~~b1'11~~mtJmV~B~~~mmll'W\9l11'11~~mtl 

Response 

2 8 40 

2 2 8 60 

3 2 15 40 

4 2 15 60 

5 6 8 40 

6 6 8 60 

7 6 15 40 

8 6 15 60 fi11:JJ 

9 5 10 50 

10 5 10 50 

11 5 10 50 

12 8 10 50 

13 0 10 50 

14 5 20 50 

15 5 5 50 

16 5 10 70 

17 5 10 30 
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~~ .:::t QJ ~ 

3.1.8.2 11ifll'j!~'n.Jli1~Q~'U (Bonenfant et al., 2008) 

" . 
t'h~191~f1i''Whlm/h.JJleJu (Oven) YieJW'I1fllJ 105 eJ.;Jfl'1!9HHq}~mrl'Wl'".H'll 24 

~ . ~ 

I )I I I 

i'11lJ.;J '11~-;J'i11f1U'Wl11111mnl\91'U'W1\911191~'l~!fl~eJ.;J'lJ\91VeJ~U'U'U'ileJ1 (Jaw Crusher) clf.;J!rl'Wf111'U\91 
" . . 

it U'U '11 mu '11 ~.;) 'il1f1U'W '1'11f111 'lJ \91 rt~!~ ~\91~ 1V!fl~eJ.;j'lJ\9) VeJ~U 'U'U 1 'iJ 1 1'Vl eJ ~ (Gyratory Crusher) 

oJ 11 11rl'191'U'W 1\91~1vtfl~eJ.;J~ eJ'W \91~Uf1H 111' N1'W \91~Uf1H'U'W 1\911 til\91 44 1l.lfl HJ'W ur~~A1-;J\91~um .;J 
~ 

•J'U11911til191 37 1l.lflnnmrt~eJU~eJW'!1fl:iJ 105 eJ.;Jfl'1!91rt!qf~~nrl'Wl1m 24 ~11lJ.;J 'il1mT'Wl~u 
~ . ~ . " 

~ fl~f1i''W 1 i'l 'U 1t1191\9lfl11lJtJf'W (Desiccator) 
~ 

" t:::lt:::l A. 6 Q.l' .c:l Q.l 

3.1.8.2 11ifll'j1!fl'jl~'l1fJ1lHifl1:HlA~'UeJ.:i'll~~fWW 

., d Ql 3) ~ c::: rfe:. C::. ., 

1 :- fl Hl!! rt ~ eJ .;J fl 11 1 ~ f1 eJ 'lJ '1.1 eJ .;J '1.1 \91 ~ f1 1 'W \911 ~! fl 1 eJ .;J! eJ f1 91! 1 ~ \91 ~ U ~ 1 f1 1 \91lJ! \91 eJ 1 (X -ray 

..::::::. a' .::::::. ' ., ~ 'l ;: Q.l <j) dt 
=:"_:Tractometer, XRD) Uri~ 11m 1~'11 '111111 mwur~~u 1eJ.;Jf111 1 ~f1eJ1JeJ'W 'l 'W 'U\91~ m 'W \911vtm eJ~ 

" <.1 a' ,,;_:-:'!f!1~-n~eJeJ!1bH91'W'ff (X-ray Fluorescence Spectrometer, XRFS) 

~ .<:::1 cf Q.I.Joe:. '[ 
m 1 fl'f1IJ 1m~ u 1'W n 11 'lf~rt~ r~ 1 ~u fl o!91tllJeJ Bn 'il 1 n'U \91 ~ n 1 'W 91-;J \911! 'W 'W m1 'W 

. " 
.,;~ ::Jfiu~m1 1191~'l~hJt1-;J11fimwuuun~ 111~ne1u~1~ 1imnB1'll'W1191 2 ~1911 Yi~191\91-;J'lu¥r191n1'W 

..,. ... : ~~:JJm1lJt~1 'l un1'Uurt~'ll\9lmufJlJ'QW'11 JJ:iJ t\91-eJ~umlJu 'ff191.;)11fimwur~~'Q11mw 111~ne1u 
, .I .d ""' .1= <1 .d'lv'l dl ="-' '[ .t:•;. 'Uill'Viu1~f1eJ'U'Vl 3-8 Urt~rtf11JW~'UeJ.;Ju{]mWU'U'Uf1~'Vl 'lf 'Wf111fl'f11J1'iiH\91-;J!!'ff\91-;J 'W 



...... ~-------------------------------------
43 

@ Motor 

0 

' 
Thcnno couple 0 Q 0 
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" 
m1ftf1EJ1m:;; 'U1'W m1 '11:;; ~:;; ~ 1 f.JH 'fl mC!fmJ'D'D n '\J lf1~\91:;; n1 u ~1~ ~ lL i'Ju m 11 u 

" u~~:;;mTYl\91~'0~~~~'0 1LliJ 

1. L\91~f.Jl.J'ffl')~:;;mf.J'U'O~fn\91'0:;;~~f) t\91f.JYllf111 L~'O'\Jl~fn\91'0:;;~~f)~ 'Of.J~:;; 
" " " 99.7 t191f.Jlhrn!n fl1m.'htl11ft'\Jlf1 t'O'O'O'W (Deionized Water) hm'fl11'lJL.fi''lJ.fi''W 0 (ihtl11ft'\Jlf1 

" l'O'O'D'WL~f.J~'O~l~L~f.l1) 2 56 Lm:;; 8t'lJm{ l'll'lJ~l~'U '\Jlniruill'ff11~:;;mf.lm\91'0:;;~~ntl1ml'11 1 

" ' ~\911 L~'lJ~~1ui1~LlBmuf.t'l~'O'lJ'l1~L~'U~1'0~l~'ff11~:;;mmJ1ml'11 10 ri~~\911 Y\nm t = o 'Y1~~'\Jlf1 
" ' ' lluL11191L'fl~'O~f11'W t\91f.J'fl1'UfJ'lJ'fl1l'lJL~11'0'UYl 300 1'0'U~'O'W1Yl (Huijgen et al., 2006) u~:;;Lll\91 
.fl~'O~'fl1'UfJ'lJf,JW'Y!JJiJ (Thermocouple) t\91f.J'fl1'UfJ'lJf,JW'Y!JJiJ'ff11~:;;mf.J~ 30 40 50 60 u~:;; 70 

" ' 2. '!-'Jl~l91:;;f11'WYJL\91~f.J'lJ\91l'lJ.fi''O 3.1.9.1 'U'Wl\9145 l'lJl'fl')L'lJ\911L~m'1~l'W 

:""l'i~:;;mf.Jfn\91'0:;;~~f1~B\911lci1'WL~~'lJ1m:;;'Y!';ll~'U'O~U~~~'O'U'O~L'Y1~1LlJ'W 1:5 1:8 1:10 1:15 Ltm·; 

" ' 
::20 n1'lJ'U'D~~\91:;;n1u~en1'lJ'U'D~'ff11~:;;mf.l l'll'lJ~l~'U muvW'lJI'll'lJnmY\nl'Yl'W\91 

0 ~ Q.J I ~ ~~ .:::! 
3. 'Yllf111Lf1'U\911'0f.ll~'ff11~:;;mf.l 10 'lJ~~~\911 'Ylnm o 1 2 5 10 20 40 60 90 

" ' c! Q.J Q.) 0 ~ l 
.;"1~ 120 'Wl'Yl (Eloneva et al. 2008) 'Y1~~'\Jlf1'W'W'Wl'ff11~:;;mf.J'lJlfn'O~L'Vl'OLWf1\91:;;f1'0'W ~\91f.J\91:;;f1'0'W 

r ~l'Wf111 Hf.Jf1'\J:;;tlf1ill t tl'O'U~'OW 'Y1 fliJ 105 'O~ftW11~LCJff.J'ff H~1'1'1lf1111L'fl':il:;;lf'O~fltJ1:;;f)'O'lJH~:;; 
~ q ~ 

" ' ' ~.•l'il:;;rimtl1mw'U'D~~\91:;;n1ufl1m'fl~'D~ XRD u~:;; XRFS l'll'lJ~l~'U ci1'W'ff11~:;;mf.JYJ~l'Wf111 
--;D~'\J:;;illtLl1191~l'fl11'lJLlJ'Wm\91~1~fl1m'flt'O~l\91 pH 1Lml:;;ri'Yll'ffill'Vl~l~ (Alkalinity) fl1f.J 

~ ~"111 t'YlL'Yl1\91H~:;;1L'fl11:;;rimtJ1mw Ca
2

+ fl1m'flt'O~ AAS l'll'lJ~l~'U 

" Q..l ..::::1 QJ d 

t lilfl n fffiYI'UYJ:;; fl';iU'Ut:l~!'tH\fl 

L~'U~1'0~l~'ff11~:;;mf.J 50 iJ~~~\911 rvieiJlttl1Lml:;;rim~lflJl'lJL.fi''lJ.fi''W'U'O~ 
- ~. ~cnm~:;;~lml'lJtlJ'W~l~~nm~l~"l 1191mn'U~ 1'0~1~m1~:;;~ lf.Jrl'D'W iJeuL.fi' 1-rimJ~mf 191191qf'lJ ~ ~ 
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~ tf <jl 'j} d. 'l Q.l I .t:!/ .d 
f11':i 1! fi'J 1~ 11 fldl:W! 'U:W 'U'W 'UB'I U fH'l! CJfti:W 'W \91 l B til 'I 'lJ B 'I bY1 ':i ?I~ m tl\91 \91 CJf:W 'Vl! 1 ?I 1 

<u 

.- !'l i\9lvl1m':i~'II'11B~l'I'UB'IbYl':irt~mv~\91GI1:w~nmlril'l~til'Wu~m\9l':i 100 1:w imi'l\9l':i i\9lv'l~ 

·.::.. ~mutu\91 'U':i':i'\JI'11B~l'~rt'~'U1\911\9lu~m\9l':i'U'W1\91 50 :iJi'li'l\91':i t~m1'1':irt~mmtl:l'W'Vllir:w 5 :iJ~i'\\91) 
q 

~ ~ 

J..!: ~ ~mn'l¢11vlhu) lft'\J 1n 1 BBB'W '\) 'W 1¢lu~m\91) 1 Yhnu 5o :Ui'l i'l \91) '\) 1nir ml1 1 u 1\91 filfl11:w 

• ,., ""' 2+ 1 l 'JJ .,.; "" " "' , I 1 1 "'11 "" " :"'I':. ~U'UB'IUfll:l!CJfti:W (Ca ) !\9ltl 'lf!fl'JB'IB~\91tJ:W:Wf1!!tl'UCJftl':i'V'I'lf'W'ff!lJf1 !'Vl':i !l'~ !\9l:Wl\9ltl':i(Atomic 

dl ""' "'I o "' l 'Jll "" <1 'JJ 'JJ ~rption Spectrometer, AAS) CJf'I:Wf1':ill"':wl\9l':i~l'W'ff111':i'U 'If 'Wf11':idlfl':i1~11flll:w!'U:W'U'W 

..::t 2+ Q,l ,.. I .d 
£P;",'JW:W (Ca ) \9l'lfil'V'IlJ':i~f1tJ'U'Vl 3-10 

1 

0.8 
~ 
Col = 0.6 
~ 

.t::l :.. 
0 

0.4 "' .t::l 
< 

0.2 

0 

0 5 10 

y = 0.0508x + 0.012 

R2 = 0.9991 

15 

Ca2+ Concentration (ppm) 

20 

.t mt.h~neu~ 3-1 o mlvlm\9l':i~l'Wb'hwfu'l~'l'Wm':i1tml~rfml:wt.Umi''Wuflm~v:w (Ca:-l 

i\9ltJl~!fl~B'I AAS 

-~ --- -~~'li'11B~l'l'UB'IbYl':il:l~mtJ~\91GI1:w~nm~l'l~ u~m\9l':i 10 :iJ~i'l\9l':i u~1Uf' 
~ 

or~- : ~ ~ tJf11':i !~t!'\JN$1Jm11U':ilft'\Jlf1 l Bt!B'W '\J'W 1¢lu~m\9l':i !'Vlltl'U 50 :iJ~~\91"' 

'" • "' "'I"" 1 " di .,: l 'JJ ~I .m-:;;" :tJffl':il:l~mvm\91CJfrtl"'':if1 0.01 1:WrtT:i CJf'lt':i:W'\Jlf1f11':i 'lf'ffl':irt~mtJl"' 
<u 
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" 
: ~ 'llflW'W '11 CJ\PHYl'Hl~nlV!lJYlrt l eH ':i'W ~U~1 l 'Vll'Vl':i1911'l'-;wcrurt~nlCJtn\P1CJfrt~~flcrUrt~nlCJ'il~ 

'" 
.._~~ • .. nnntfm~t~'l!tlutf~:u l?l-:Jucr\91-:Jl'Wmvn.h~nt~u~ 3-11 

.; 

-~ ~--

" 
< ,. 

¥:: :. 
~ 
\ 

-IJii,i - ''1 'b''W) 

l "' liJ liJ "' "'"" "" "' - ~GJ>'l\PlCJlJ ~ff\Pl':iflfl ~GJf\91 (NaOH) 'illfl'UHl'Vl Labscan lfl':i\P1fll':i1!fl':il~l'l 
" 

- ththlfl''illfllt!flfl'W (Deionized Water) 
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~ ~ Q.l ~I ..::::. d 9) 

- tmHHlm ~lf11J'J'hl'V11J'J"l'Vl'YW lf1'J~f11'Jfll 
q 

" 
- tJl'iJ'Jlft~lflltltl'tl'U (Deionized Water) 

<=! ~ ~ "" ._.... <=! jl «\ "" d <V -• 'i 
3.2.4 tfl'Hi'l'l-J'YI !'H !'W fll111i'l'Jl~'H1J1'l-Jl Wlli'l~l9f£J'l-JV11tl!i'l'H)~fl~YI fi'l-J'l-Jfl!!tl'U9ffi1'W'l$'W tJ! 1Jfl !'YI'a 

1'V'i1Ytil!Yifl4 (Atomic Adsorption Spectrometer, AAS) 

Q.J ..::::. Q.l ..::::. d 
- !l[l'U't11'UlJ (Lap) ~lf11J'J£J'Vl Lab scanlf1'J~f111'1li'l'Jl~'Vi 

" 
- tJl'iJ'Jlft~lflltHHJ'U (Deionized Water) 

l u 11'1 11 ~'Ul ~'U m mrrt irt1~1 ['! tJ"l #I 1t1m1 ['!~ m mt fl ['! tCJftllJ~ 1#1 ~ 1 nm ~ 1J 1'U m1 '11~ ['!~ m tl~\91 ~ n1 'U 

1tJ'VitJ~~cJ1lJ '11i1~fltJ~mf1J11~tu1~1il'm¥tJ"l11fi11~m1 ~"l'l11~ntJ1J#i'1t1 3 ~hum1nlil"llll:'l~"l1tJ 

:ll~'l1'J~f)t)1J~ 3-12 



lbJhtmclcr 

CO, 

Gas Sampling Port 

-{><1 

Rotameter 

/ 

Rotameter 

\\ aste 

Tank 

Storagr Ca·· 

Jeaching Tanlt. 

(\ 
~1ag~~tlc st1rr7.~, 
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td1 ..-:::::. Q,l rl d 9) Q,l Q,l 

lHJ~I'lCJf:JJ 'lf'WI'lfltlfl:JJ'WtJ~~~ (Packed Column Absorber) 'Vltl~~~WW11:1'19,j\911flfll-:J (Packing 

_9.-t d I I .<:::'! d. Q,l J' 
\1aterial) u f1 ~ ~ ~ tJ tJ 1J tJ'W u f1 ~ !fl tJ 1:1'1 ~ f1 ~ m I'J 11'11'! U\91 f1 ~ 1:1'1'\.J m 11'Jfl~ !tl I'J\911'1-:J 'W 

" 'JJ "" , I :o'l 'JJ "" , I 'JJ w "" 
~ ~ tJ tJ 1:1' ~ 1 -:J fl1 CJf u 'W l u tJ 'W 1'1 11'! fl1 CJf C02 u ~ ~ fl tJ tJ 1'111'! fl -:J fl 1 CJf 

m{ue:J'Wll'ltJtJfllCJf~ u~fl''Vli 1 tl'-:J uf!~t1-:Jn1CJfl'W 1191~t'il'WtJ~fl''Vli 1 tl'~ r11m~-ff-:Jtm1~rimmf1'tirv • • 

w a' 
2. fltJfl:JJ'WtJ~~~ (Packed Column) 
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- t1'~!~U~n~~911J (Storage Tank) !ll'Wt1~'YH'Iltr~fl'1J'Wl~ 20 il~':i ~l'W1'W 2 5~ 
" ' 

-l1'1vi'W~eHJ (Spray Nozzle) ~~l'l~D~vhJmv'YiDilD'W'UD~!lHn~~91wllCJl'W 
wr:lo 3-l.d~ r;v & 

f1 DfllJ'W YJT\1'\.J TVJ!'Y'llJfll':i m ~ 'illti~1'U D~trn~~9flJ 
'" 

<::::::.Q.J.<=).(OI 9)1 & wd 9)1 OJr:l 

- !'WD':itr~fl~fiUlJ (Peristaltic Pump) l'lftr~m':i~~9flJ'illf1tl~!f1'U!'Ul~fi'OfllJ'W 

- J G ..:a: r:u ' 
3.2.6.2 flUfl'Hl.!!il1.JP11fltiN 

q 

- t1'1tltll~cl1il1fi'W (Silicone) 

" ' 0 ~ ~ Q.l 

- 'U1~'U':i':i'il'Wl!f1f!DD1J~1'U'Wl~ 15 
q 

" ' .::::! r:l 0 Q.l Q.l 0 ~ d 

- 'Uf1!f1D':itrlVI':i'U':i'O~':i'U'Wl!f1flDYJtlt 
'" 



~ . ·~ ............ ______________________________ ...................... ._~ 
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- 'ffltltll\19fi11 fi'W (Silicone) 

d Q..l ' & O..<:::::!l<:::::t. 

- 'U1\Pilf1'U\WJfltll\l'ffl':i\91\PICJflJ'U'Wl\91 50 llrHWl':i 
" 'J) 'J) ' 'J) 'J) ' 

- it\lt~mhn'IVir-humnhu\91 'l ~~ um':i':ifl\lf'Uthn'IVi vi1u ':i~'U'Uthu\91 

- tfltfl\1 Peristaltic Pump (Masterflex, Model 7520-47, Barrington Co., 

Illinois) 

~ ' d' 
- lfl':ifJ\I'U\PitlfltiH'U'U'ilfJ1 (Jaw Crusher) 

dt ' .Q ~ 
- !fl':ifJ\I'U\PitlfltiH'U'U'Uflfl:lJflfl (Ball Mill) 

' ' "' "' -lfl':ifJ\I'lf\1 

"' - 'lf\PI!fl':ifl-:Jm'W 
q 

"' "" - !fl':ifJ-::lfi1'U'fJ:lJt;)W'ViiJ:lJ (Thermocouple) 

- u Tiim ~ 'lJ n m 

-pH meter 

-1J1!':i\9l'U'Wl\91 25 iJi1i119l':i Hfi~Hvl'W~'U 1 'lf\91 
q 

"' . - !fl':ifJ\1 X-ray Diffractometer (XRD) 

"' - !fl':ifl-:J X-ray Fluorescence Spectrometer (XRFS) 

-Micro Pipette 'U'Wl\91 10-100 l:lJ1mi119l':i 

- !fltfl-:J Atomic Absorption Spectroscopy (AAS) 
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3.2. 7.1 fll 'HHl fl!!'Ull fll 'j 't1 Yl i;Hl -l 

fiB~:IJu u11 'il1~ ~u~B-:J'll f1u~m1 ii 1'1911:1'll1~-n -:Jfl'r~ Bftmm·.m'IJ B-:J ~ ltt 'll1 \011t 11hl m1 'IJ B-:J'YI BY~Y~9i:IJ 
q ~ q qj 

~ e1'll1 ~ ir'Vl 1l mvHlUJJlUY~fllC!f C02 u r~~ t vi B'Y! 1u uu ~ lrtB-:J'Vll-:J fl w 191 11'1 -n'\91 { rl1'Y! -fum 1 Yilhl ltl 

-n flll ~ ~ t 'Y! :IJ 1 ~ -n :IJ 1 hi n11 J.J 1 u Yl f1 19f co2 1 Yl tl n11 ~ Y~9i :IJ <% 1 tl -n 11 r~ ~ r11 tl u fl r~ t Cl! tl :IJ ~ 1 <%'ill n 

" d <V 

fl1~'Ulhlfl11~~rl~rllti'IJ\9l~fl1hl 

" 
f1l1 tJ tlflU 'U 'U-n' fill~ f1l1 'Vl Yl rltl-:J 'Vi 1 i Yl til ~t 'VlfltJ fl ~hi tll\91 tl'U -n'hl tl-:J (Response 

i o o Q../ _I .d .& ~ 9) 9J 
Surface Methodology, RSM) Ylti'Vllf1l1f1l'Y!hlfl\9llUu1'Vl'il~ftflEI1 fiB flll:IJt'IJ:IJ'IJhi'IJB-:Jb1'11rl~rlltl 

UflntClfti:IJ D\9111f1l1t'Y!ri'IJB-:Jb1'11rl~rllt1UflntClfti:IJ Uri~D\9111fl11tm'1'1Jtl-:Jfl19f C02 t'VlfltJfl RSM 

t rJ hit fl ~ tJ -:J iJ' tJ rl1 'Y! 'f 'U fl1 1 Btl flU 'U 'U fl1 1 'Vl Y1 rl tJ -:J t vi B'Y! 1 b1' fl1l~ ~ t 'Y! :IJ 1~ ri':IJ 'IJ tJ -:J m ~ 'U TW fl1) i Yl til~ 

'Y! ~ fl fll) 'Vl1-:J rl' il ~1 hi fll) tJ tJ fl t t 'U 'U fll) 'Vl Yl rl tJ -:j tJ rJ 1-:J t 'Y! :IJ 1 ~ rl' :IJ rll 'Y! -r 'U fll) 'Vl Yl rl tJ -:j ~ ii 'Y! rll tl ill t t 'll) 

RSM 'il ~GJfltll hi fl11 'Y! lrl'flll~ ~ t 'Y! :1J 1~ ri':IJ i Y1 t1 tl.i ~ lt rJhl ~B-:Jfi lfl11 'Vlfl r1 B-:J lhl 'Vl flflll:IJ bl:IJ~ hi n 'IJB-:J 
q 

'j/ ' jl 'J) 3J 

i11u iJnl-:J'Y!:IJYilltrlhl t iJ!r% 'llhl 191Bhl f1l1 Btl flU 'U'Ufl11'Vlflrttl-:J 1 Y1 til~ RSM ii'llhl 19ltlhl ~-:JU 

1.1 illu'll1~-n1~ 'll1~flBur%ltl 

- D\9l)lf1l)t'Y!ri'IJB-:Jrl'11rl~rllt1UflrltClfti:IJ (X) (0.3-0.9 i'l1911~tlh!lll) 

- D\9111f1l1t'Y!rt'IJB-:Jfl19f C02 (X) (0.25-0.85 i'JI911~Bh!lll) 
'j) 9) .d. a:. .<::::!. Q.J I a:. 

- fll1:1Jt'IJ:IJ'Uhi'IJB-:Jrl'l1rl~rllt1Uflrtt9fti:IJ (X3) (200-1 000 :1Jrlrlfl1:1J\9ltlrl\911) 

1.2 illu'll119ll:IJ fltl 'll1~ir'VlTifl11JJ1Uflfl19f C02 (C02 Removal Efficiency, 

%RE) 

2. tll'Y! hi Yl 1 ti rl' (Code) 'IJ B-:J 'lfl-:J \011t 11 hi fl1 1 tJ B mt 'U 'U fll) 'Vl Yl rttl-:J 'IJ B-:J i11u 'll 1 

~ rl'1 ~ ~ t 'Y! :IJ 1~ ri':IJ tvi tJ l ~l hi fl11 tJ tl fltt 'U 'U fl1l~ ~ l ~l hi fl1 1 'Vl Yl il B -:J <% l tl! 'Vl fllJ fl 'U tl-:J CCD t! il ~ fi 1 fll 1 

uiJ!l-:Jfl11rirt'iJluiJ1~rl'1~ (Coded Variables) iY~tll~ri':IJfll)~ (3-1) Uri~Nrtfll)tltlflU'U'Ufll) 

• 
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x ~ [ z _ z'"'~ ~ z'"'" l (3-1) 
2 max mm 

2 

,;. 
= Coded Variables !lJ'fl X 

z "' tJ "' = \911!! 'j'f)bf):;:: 

zmax = ~lb1',H'1'1'l'U'fl~I'1--:H!1J'jom:;:: 
"' q 

2 m in 
= ~l~lb1'1'l'U'fl~I'11!!1J'jtlb1''j:;:: 

q 

3 0 f1l'j!! tJrt~'j '11 b1' (Decode) 'illf1f11'j 'fl'flfH! uumnll'lrt 'fl~~ 1t'H'Vlf1U fl'U 'fl~ CCD 

1 'W ~ ~\9\u 1 ~~ 3-2 Yi lf1l'j u tJrt~ ~ 11'1-:n! tJ 'j 1 11'1 ~'W ~ 11'11! U'W m 'j 'U 'fl~ 191 1!! tJ 'j Ob1''j :;::urt :;::\91 1!! tJ 'j \9\llJ 1 'W 

u~rt :;::1'11 1 'W f1l'j 1'11! U'W mHll'l rt'fl ~ ~~ er111~ 11'1 1u tJ 'j \9\'flU b1''W 'fl~'U 'fl~m:;:: U1'W m 'j ll'l CJf11'j u tJ rt ~ 
0 ,; • 

~ 11'1 1!! tJ 'j !! b1'1'l ~~~ \911 'j 1~ 'Vi 3-3 Yi 1m 'j 'Vll'l rt 'fl -:J 9h~ 1n m~ 'U 'fl~ !!~rt :;::\91 1!! tJ 'j 'Vi !fll'l 'illf1f11 'j 'fl'fl m! u u 
'iJ I I I 

~~'W 3 ci11 Yilf11'j'fl'flfH!U1Jf11'j'Vll'lrt'fl-:J!~:JJ!~lJl'Wf11'j'Vll'lrt'fl~lll8-20 ~~'flftmnmn lUlJ'U'fl~l'11utJ'j 

tlb1''j:;::! ci'fl-:J 'illf1 f1 l'j 'fl 'fl f1!! u u~ 1CJ! 'Vl flUfl RSM 'il:;:: l 11' Nrtf11'j! tJ~ CJ'W !! tJrt~ ~ l'U 'fl~\91 1!! tJ 'j o b1''j :;::\91 'drt:;:: 

3 ~1 ~~.u''flllrt~~11lrwCJ~'V'l'fll'Wm'jub1'1'l~~lml'VJ 2 il~ ~~iim'j'fl'flm!uum'j'Vll'lrt'fl~~vill!~ll111' 
"' 

1~r--~rt'U'fl-:J~11'11utJ'jom:;:: I'11!!1J'jrt:;:: 4 ~1 ~~'fl1~u'U1lUlJ'U'fl~l'11u1JnT'Wb1'lJu'jwt~~'W 
"' 
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fll'H~~ 3-2 ·n1 bl'~1llU'':Hl[l~'U li1H'UI'l'Ull'l~1mh ~!11m 'J ~1fnnf11'J flTO 'fl rl19f C02 #1 1c.H 'VlfltJ fl 

RSM U'J~flli1J1'1'1t1~1HU'JBbi''J~ 3 ~1HU) H[l~~1UU'JI'\llJ 1 ~1HU'J 

Jll';jflfl'jlij-:j XI xz x3 Response 

1 -1 -1 -1 

2 -1 -1 1 

3 -1 1 -1 

4 -1 1 1 

5 1 -1 -1 

6 1 -1 1 

7 1 1 -1 

8 1 1 1 

9 0 0 0 

10 0 0 0 Y= U'J~iY'Vl£'m'Yl 

11 0 0 0 f11)1JTU'f1 C02 

12 1.682 0 0 

13 -1.682 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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" m:;:;'lJTWf11':i'lf:;:;l:l:;:;mv~\9l:;:;nfu1ufle:J~mrm':i~':i:;:;\Plm1e:J,nJ~1'T~m':i 

e) vrn rna 1'Mil elYI11fll11'Mil 
y y 

fi1UU'lltl'll'l-! 

"" <'i 

fll 1 'Yl \?Ill tl ~ 'llti~!'Mil1 'lltl~fllC}f 'lltl~!!flll!Clft.ltl Response 

"" ' <'i ( llYI1 VI tl'l-! l'Yl) "" ' <'i ( llYI1Yitl'l-! l'Yl) 
..:::, ~ QJ t A 

(tlllllfi<JtlYitlllYI 1) 

1 OA2 0.37 362 

2 OA2 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 
1h:;:;~'Vl~fl1Vl 

10 0.6 0.55 600 
0 "" f11'jf111J\9l 

11 0.6 0.55 600 
C02 

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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" 4. 1Pl1l iJ 'W n T:i 111 fl 1 1 :JJ 1:hrw't.rfi l::; rrh~ 191 ';H nh ~ f!' l::; VI~ 3 1911 u 1h hHJ '111 ~ B :JJ (;! 
"' 

dlr] 'j) Gt 'j) ~ ~ 'j) ~d.~ a' .<Q..Q. 

'Vl !l'l1l1flflll'Yll'lb'lB~ !'15flll1lf!11::;'11 Multiple Regression Analysis 1'11tl11i1lfll1::;'11'Vl1~f!'ll\91 

ANOVA !!1J1J~1(;1B~~!~B~l'W~D!!1J1Jfi':JJfllllb¥'W 111~ (Quadratic Equation) ~~f!':JJflll~ (3-2) 

k k k-l k 

Y = f3o + LfJ;x; + LfJ;;x/ +(L LfJiJxixJ)i<J (3-2) 
i:::o:l i==l i::::l j::;:;I+I 

" . . 
5. '111m1'YlVi'W~1 (Surface Plot) 'UB~flll'Yll'l(;IB~lVimlfi'l'l~H(;l'UB~I911!!DlViiJ 

" " Hb'll'iBDl::; il'VlTI fll'V'lflll '15::;(;1::; b'lltl!!fl(;ll~ti:JJBBfl1l1fl~\91::; nf 'W m 1'VlfJ'W ~1 t ~ 111 flfi':JJ flll!! 1J1J ~1b'l B~ 

'Vl1~flru \91ft'1f!'\91 1~ !~ 1l1flflll 'VII'\ b'lB~ 11'1 tlfllllm Hb'l fl 11:JJ -ff:JJ~'W ,r 'UB~ Hb'l\91 e:Jl.Jfi''W e:J~ nl.J 1911u J.Jl ~ 

V11 flll ftmnw 1:1Jl'V'l ~ e:J\91l ~'W m 1'Yl ~'W ~1l ~ t1'111! JJ '111 ~ 1 f111::;~ l '11:1Jl::; f!':JJ 'U eJ ~ u 1J 1J ~ 1(;1 e:J~'Vl1 ~ 
"" <191 'L I 

fiW\91ft'1fl'\91ll'l1tl !1JlUfl):JJ Design Expert Software 
. " 

6. u 1 fl' m 1::; Vim m::; f!':JJ! JJ V11 flll 'Vll'l 1:'l B ~ cti1 l Vi eJ 111 ~ 1 fl 11 :JJ !!\91 nl'i 1 ~ 'U eJ ~ 

Dl::; il'Vlii fll'V'l~ !~ 1l1flfl''11-ff:JJ~'W TI 'VlNfltU\91ft'1f!'\91{ 1l1fl!l1J1J~1b'lB~ !!(;l::;Dl ::;il'Vlii f11'V'l~ll'l1l~ ~ 

"'"" 3.2. 7.2 11ifn'a'YI~IUl~ 

d Q.J G} & Q.J a' d \1} 9) li] 9) ~ c!C~d 
b'l::;b'llti'U\91::;fl)'W ! 'W '11BI'll'lCJf:JJ!! 1J1Jf1B(;l:JJ'W 1Jll1l\911:1Jf!'f111::;flll 'Vl\91(;1 e:J~ 'Vl ! 1'1 BBfl!! 1J1J !J'W 'W :JJ 11i flll 

"' q . " " 
l 'WU\9l (;l::;flll'Yll'lb'le:J~VimlJB'W fl'W 11'ltilJ'lJ'W \91B'W fllll>l1l lJ'W ~1'W l 'W!!\9l(;l::;flll 'Vll'lb'le:J~~~ij 

" " "' l~e:J1l1~~1t1U1Dl1ft'1llfl tBBe:J'W 1l1flir 'W 1J:JJfl'll(;l::;mmlflm~ti:JJ 'lli'! '11 m~TV11~~1'W l.J'W'Ue:J~fiB~mf 

U (;!::; Dfl.J iJI91l1 flll t '11 b'l 'U e:J~ fl'll b'l::; (;11 CJU fl m ~CJ:JJ 'lli'iJ iJI91l1 flll t 11 b'l ~ \911 :JJ ~ l ~ eJ e:JflU 1J1J flll 'VII'\ b'l e:J~ 

H 
"' "" 91 1 , I"" 1 o "' "" 9 "" 2. l\91lti:JJfllCJf C02 leJtl(;l::; 15 !l'lti1Jl:JJ1\91l !l'lti'Vl1fllll1lB1l1~fllCJf C02 !'WfllCJf 

l'W 119lll1l'W l~:JJ1l1flVJ1fllll1ll'l11rl'1'Ue:J~tl~fl1CJf C02 Ub'l::;iJcie:Jtlfl1CJfl'W 119lll1l'Wl~1Hf!':JJn1Jm::;uf!' 
"" 11]91"-' 11] "" d91 1,1 91,1' 
fllCJf C02 1l'W !l'lB\91l1flU !'M(;l'UB~fllCJfHf!':JJ\911:JJ'Vl\91B~flll\911:JJ !1Jl!lm:JJflll'Yll'l(;le:J~!!{;l11Jb'lBCJ 

"" 99111] 91 91' """' m::;ufffllCJfHf!':JJ m mm'U1'Vl1~1'11'Wb'll~'UB~fle:Jb'l:JJ'W1Jll1l 
q 
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r:'! al 11] "' 
3. fn~Ub1''l.JtJ-:jfllGJf CO, U~~b1'1'Hlf!GJflJ rtl~b1'1'W'VlNfl'W (Counter Current) 

- "' 
vhu 1'11n ~ N (Packing) ~IJ 1 ':i ~fll tl 'l 'W 'fl tl~ lJ u vll 'l M!flfl fl1 1 fflJ ~b1'tl 'W 1 ~'1111-:j1Gfll'fl 'l.l t:J-:j fllGJf 

" u~d'um'fl'l.Jt:J-:j!'l1~1 '1-11 'l M!flflfl11~flq$1Ju~~:anf!u~n~ m!'fli'HiumtJ'l 'W'fltJ~lJuJJn ~ 
o dv tr:} d 'j) d 

4. 'Vllfl11!fl1JV11tltll-:jfllGJf C02 'Vl'Vll-:j!'l.Jl (Inlet) Url~'Vl'Vll-:jtJtJfl (Outlet) 'l.JtJ-:j 

' " ' 
'flt~~lJu JJn u l11m1 ~~JJ 1 flti 'l ~'11 ~nm1n1GJfu 'Vl'W 'Vh1 l!fl~t~a1JI'l1url~v11m1 ~~JJI'l1t~~l-:j m1 ~~ ~ ltl • 
!!'flrl!GlftllJ~'Vll-:j!~l!W~t!t!fl'l.lt:J-:j'flt:J~lJuu~mVJ1 50 iJr1~~VJ1 l'Jfl"l 5 u1Vi ~~unm 15 u1Vi 

t::!~..c:l ~r:u lrN d. 
1 :fi fll'l !fl'UVI1fltl N Jl lGJf ltl'tl 

I 3J I I 

m ':i !~JJI'l1t~~l-:jfllGJf COo '1-111 f1 tl 'l ~1n m1 !~JJ nlGJfU 'Vl'W Viu l!fl~ t!B1JI'l1 qf-:j 

" .:::::! .:::::,.:;:! cl Q.l I (t'} <':::! Q.J .:::::! ~ 0 cl Q.l f ~ ~~ 

11tl~~~tltlfl'UtJ-:j11ifl11!fl1JV11tJCJl-:jfllG)flJfl-:j'U 'fltl 'Wl'U1fl!fl1JV11tltll-:j'l.J'Ulfl 15 lJ[l~[JV]j 1Jjj~ 
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"" cl 9J 9J r:v 9J ,;\ r:Y 1 1 :'C!I 
f11 n Vrl 11 ~'Vi 'Vi 1 1'1 1 1lH 'IJ lJ 'IJ h! fl1 '15 CO, ~ 1 I'H 1'1 Hl ,W fl b1 ~ f1 HJ 1 ~ \'1 fl 1 11'1 

(Gas Chromatography, GC) iu GC-l4A 'Ut!-:J'U~il'Vl Shimadzu 1~1'11f111ll1~'lfiJ~ Thermal . ,; 

Conductivity Detector, TCD) l~I'JlJblll11~1'11t'i1hlfl11'1Jt!-:Jlfljt!-:J GC 191'-:Jil 

"" Column Temperate : 50 t!-:Jf1'1l'15l:HCJ51'Jb1 

Detector Temperature : 40 t!-:Jf1'1l'15~tC111'Jb1 

Injection Temperature 

Column : Porapak Q Column 

Carrier Gas Flow :Helium 

~ .:::).~ I d. 

Flow rate : 30 lJ~~~fl'jfltJhl1'Vl 

Injection Sample : 0.6 iJ~ililfl'j 

. . 
- I ct "' r:v 1 1 :'C!I o w "" cl 

flWiu'j~fltlti'YI3-15 tmt!-:JHflbl ~fl'JlJl ~flfl'j11'1 (Gas Chromatography, GC) bn'Vi'J'U1lfl11~'Vi'Vil 

~ ~ ':J) C'}l d 'j} QJ ~ d 
tlJ t!'Vl 11 'Ufl 11lJ l 'IJ lJ 'IJ h! 'IJ t!-:J fl1 GJ$ CO, 'V1 'Vll-:J l 'IJ 1ll ~~ 'V11-:J t! t! fl'IJ t!-:J 1'1 t!~ lJ h! 'U 11 u flu~ - . 

b11m1 tt'Vi Tth~ -iY'Vln fll'~'" 1 u m 1 '1111!~ f11GJ$ co" '1Jt~-:Jflt~~mf1~ 1~ CJu 1 ~-iY'Vln m'Wm'J u11l~ b1'1m1 o 
0 lr] 9) d 

fllh!'JW \~ll1flbllJfl11'Vl (3-3) 



Cabon dioxide removal efficiency(%)= cl - c~ X 100 
cl 
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(3-3) 

.:::::, c/ 'j} 'j) .d. 9 Q.l I .t:9 1 
fll'J1tfl'J 1~lif1111H 'Ull'\Jhl 'IJtJ-:jllfl~'WlWlJ ~ hl \911tJCJ1-:j'IJtJ-:jfi'1H'I~'Cl1ti\PI\PIGJilJ \PI tl 

"" 
~-:jfl'l'J~1tJ~1-:j'IJ1f1-ri'1Hl~mtJIPIIPI~ll~nm~1-:j"l JJ1ml'n 100 lll 1f1'Ji1\9l'J 1~P~ut~lll 1m1hi.J\9l 

"" 

1J':i'J'il~1tl~1-:j~-:j'IJ1\Pil\Pii.J1m~n'IJhl1\PI 50 il~ilil\9\':i t~llfl'l'J~~mmwu'VllUll 5 il~ilil\9\':i tt~1t~tl 
q 

~ ~ 

'IJ1-:jl~hm11i.J'Jlfl''illf1ltltltlhl'ilhll¢li.J1m\9l':i t'Vhn1J 50 il~ilil\9\':i 'illn'!!m11l i.J11Pl~lf111W'Il'mJ'u'IJtJ-:j 

"' 2+ 1 'l ~ ,j "" o' QJ " 1 1 1--11 "" o' Hfl~lGJitllJ (Ca ) \Pitl ~'lHfl'JtJ-:jtJ~\9ltlllllf1Hti1JGJif)'j~'lfhlfl'tuf1 'Vl'J l"' \9\llt\9\ti'J(Atomic Adsorption 

S S) .. 1 • ""' 'l ~'l "" " ~ ~ "' (Ca2+) pectrometer, AA H~~mll'~lll\9\'Jj}lhl-rl'lli'JlJ ~'lf ~hlfll'J1tml~lif111llt'IJlJ'IJh!Hfl~tGJitlll 

~-:jf11~i.J'j~f1tl1J~ 3-16 



0.8 
<l) 
<.) 

::: 0.6 
~ 

.Q .... 
0 

0.4 "' .Q 
~ 

0.2 

0 

' 

0 5 10 

y = 0.0508x + 0.012 

R2 = 0.9991 

15 

Ca2+ Concentration (ppm) 

20 

_I <'i "'I o "' 9 'll9 "" "' 'll 'll "' '+ 
flll1U'j~J)fl'U'YI3-16 fl11Y~'JJW'l'J~l'W~l'M'HJ 1'11 I'Wf11';i1lm1~'11'fl111Jl'IJ'JJ'IJ'UU'f'ICH9f!'J'JJ (Ca-) 

1~w~~lfl~D;J AAS 
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\91 1DU1;J 'll D;J ~1 'j Cl~ m v~ ~cl1mn n\91 1DU1;J 'IJ D;J m'j rl~ mv~~c]j'JJ~nrlwi W'l tl1ml'n 1 o :iJ C1 ~~\91 'j 
~ ~ 

U~ 1 tJ·ru tl1 'lJ1 \91 ';i 1.11\91 1DU 1 ;J 1 ~ !'J f11'j l ~ D 1Jl;J ~hvt11 tJ ';i 1 ¥1'111 n1 DD D 'W 1l'W 1~tl1m\91 ';i l Yll n U 50 

:iJ C1 ~~ \91 'j 111nJ 'W 1.111 tl1 'VI t 'VI 'j \91 ~1!'J ~1 'j rl~ mvm~ oirC1vl1 n o.o 1 1 1lm { ~;J l~'JJ 111 n nn I'* 
"' 

~1 'j Cl ~ Cl1 !'J1J'W D ~vJ Yll ~ 'U l ~'W \91 1U D f111~ !'J ~1 ~ !'JI'll f1 U 1 Yll 'VI ';i \91 ~ 1!'J ~1 'j Cl ~ell !'J m ~o]$[1 vJ1 f1 . . "' 
' ~ 

~1'jrl~mv1l~lU~!'J'W 111ni'hm'll~'W I ~11l~i1111m1''W'11 v~~l'j rl~mvmf1rl1 Dt 'j 'W ~u~1 1 Ylt'VI'j \91~1!'J 
"' 



' -=! 

U'YI'YI 4 
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v ' 

mn1t91CJ1HJtJfHl1fl~~'~~flf'W lw i1~l.J5mrumnJfl~ u~~l'ltJ'W Vi 2 ~~'W v-~~m1~mnl.J1~ ff'VITI rmm11 
J) 

n1~1'1fl1'lf co, 1 'Wfl t1~1Jtfn 'IJ'IJ'IJ1 1u 'll 'W 11'11'1'wt 'IJ'IJ 11'1 mt~ ~~~'~ tl'W iJ 11CJ~~!BCJI'I'f1 ~iJ 
- q 

" Qfl:\ c:l V"l I <::::$ 

4.1.1 ~ti'UYI'Ufl-:i'UYI~fl'l'lH'YilHfVI (Fresh Steelmaking Slag) 'illflfll'ltlll}-:J!'Yi(;lfl 

~Q./ ~ ~ .Qt. 0 QJ 

(Electric Arc Furnace, EAF) 'Ufl-:i'U'l't:l'fl~tllti~YI(;l9fUvHflYI 'illflVI 

d Q.l d d& t.::!Q.I cl d t.::! • d 
'll\91~ fl) 'W 'lJ tl~! '11 ~ fl'VIf1'fl'l:l11J ~ fl'l:l W~! U'W 'lJ tl~!!'ll~ ff!YI1 '11iiJ fli'l'W! '111J 'W 

~ ~ I I 

m1 ftfl'l:l1i1'1J1J~ Yll~ fllCJfll'V'l 'lJ e:J~ ~ 1'1~ fl f 'W '1'1111'1 CJU1~1'1~ fl f 'W Vi ~1 'W fl11 e:J'IJVi e:JW '11 fllJ l 05 t1 ~ f1'1 
q " 

!'lfmGJ1CJm~'Wnm 24 i111J~ 'IJI'I~I'I'll'W11'1!!~1ie:J'Wfli'I'U'W11'1~1'WI'I~!!flH'UW11'11!DI'I 44 '1mne1w 
" 

' " ' 
n~~'fl'1~1'1~!!flH'll'W11'11!DI'I 37 !mne:Jw !!'ffl'l~'fl~m'V'lD1~fle:J'IJVi 4-1 ~fl'l:lW~'lltl~~l'l~fle:J'WVi~1w 

'" 

' " ' fll't'l'th~flfl'Ufl 4-1 ~ fl'I:JW~Y11~ fllCJfll'V'l'Utl~~l'l~flf 'W Vi~1'W fllHJ'IJ!! M ~!!~~fli'I'U'W 11'11'1' 1Clfl11 ie:JW 

l'l~nm~111''11'1''ll'W11'1e:JWmfl 37-44 l1Jf11tJW • 



~~ ........................................................ ____________ ___ 
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~ o~ r1 lfJ r:~ d Q.l 3l A d r:t 
fll'J 1!f11 1~ 11 'D·Hl U 'J ~ fl 'DLJ 'D'D fl ~ CJf\?I'UfJ-:J 'U \91 ~ fl'J'W \?11CJ!f1 'J 'D-:J!'D flCJfl 'J CJ~ (;)fJfJ! 'J b1' 

'" 
rl I d Q.l .:::! a. d III a' 

!CJf'Wbl (X-ray Fluorescence Spectrometer, XRFS) 'V'l1J11 'U\91~fl'J'W'JJUUJ1W'D-:Jf1U'J~fl'D1J'D'Dfl ~CJf\?1 

'UB-:J h11~uc!11 mt~'Jru~?~ l~?~viJufl(;)l~v'JJuun 19f~1 u u~mw mn~br\?1 ~m ~m1~~~u m'Ju'J~nuu 
'" q 

e~~tJ-a~fleu 
mm Wei~ ~tJ-a::: flel1J elelfl 1 CJfYl 

(-ieEm::: lv-mJwn!fl) 

CaO 53.21 

Fe20 3 13.52 

Si02 13.38 

Alp3 8.38 

MnO 4.94 

MgO 4.07 

Ti02 1.91 

Cr20 3 0.59 

'J) ' 'J) 

1 uti 1~ uiJ 'J 1 CJ-:J 1u ~ (;)'U B-:J lJ 1l oij t1 rl1fl'ty Vi iJ ~(;)~ um 'J 'll'::: (;)::: m CJ~\91 :::n f u ~ 1tl 

a. a..c:t. et : 'j) 0 a. a'.:::i 9) 'j) 

m 'J (;) ~ (;) 1 CJ'll''W 1?1 m 1?1 u ~ CJf\91 n11 'J uu 1u 'J 1 ft1l 1 n 1 u u u u 1 m11 m 'J 11m 1 ~ 11 'VI l'D 'll' f111:JJ 1 'U :w 'U u 'U u-:J 
'J) ' 

u f1 (;) ~~CJ :w 1 u u uu 1 u b11 'j (;)~ m m!(;) ~ 1~?~ u~ mw u -:J f1 u 'j::: n u u 'U u -:J ~ \91~ n f u 1 u \91 ~ n uu Vi N1u m 'j 'll'~ 
1 -1"" '}) '}) "' ll] "" "'}) .d "" " (;) ~ mv ~ 1?1 CJu nnw f111'JJ 1 'U'JJ 'U u 'U B-:J!! f1 (;) !CJfti'JJ ~ uuuu 1lfl1! m 1~ 11 1?11tl!fl 'J B-:J u ~ \91 u :w'JJ fl!l uuCJfm'V'l 

"' 
i'umun hn 1~1191iJli91B{ f11TlJCJ11fl~u 422.7 u1l 'Wl'JJ\91'J iJ'J1CJ(;)~l~CJ~?~lJ1loij'CJ~1-:J"l ~iJ~(;)~'Dfll'J 

'J) 'J) " 

'll'~ (;)~mv~\91~nfu ~1t1m'J (;)~ mvm~?~u~ci~ n11 ~ m'J 1u 'J1ft1l 1n 1 uue:Ju ~-:Ju 
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" .::::::! 11} .::::::! Q.l 3) ~.::::, 

m'Jl'll'lne:J'1'15:tn:tmvu f1 n!Cb'I'J:JJ ~ e:Je:Je:J'W 'illfl'tl\91:t m 'W 1'111'Jb'l'l'J n:;; n li'Jm 1'1 eJ:;; Cb'\91 n 

~~mJ''W 5 l:JJm{ ~e:JWMflil 50 e:J'lfl'l!Cb'n!aJri'Jb'l'\91nt:JI'lm'J'I5:tn:tmi'J un:tlllf11'Jftmn-5191'Jlff1'W 
• 'U 

" ' 
'tle:J'J!tln1~e:J'tle:J'JU~'J\9l'JU~ 5 ~'1 20 (flf:JJ~e:Jflf:JJ) Ub'l'l'l'1Vlnf1l'Jl'll'lne:J'11'Wfl1Vflh:tfle:l'Ull 4-2 ll'l!'J 

' " 
m1:JJ ~'lJ~'W 1h:;; WJ1'1u1mw 'tle:J'JU f1 maJri'J'lJ 1 e:Je:Je:J'W 1 'W b'l'l'J n:t mvVi 1~ 'illflf1l'j '15:tn:tmi'J~\91:t nf 'W ~ e:1 

I I 'j) 

eJ\91'Jlff1'W 'tle:J'J!tln1~e:J'Ue:J'1U ~'1 'W'U -:h !Ue:JeJ\91'Jlff1'W 'tle:J'J!t!n1~e:J'tle:J'1U ~'J!~'lJ~'W ff '1 Vln 1 'f1' u1mw 
I 'J) I I j} 

!!fln!aJri'J'lJ 1 e:Je:Je:JW~:JJ~'W~11'J n1e:J'1 'illfl~l'W 1'W l'lJn'tle:J'lml'le:J:tclf~fl!~'lJ~'W ~'1 -ff '1 Hn 1 li ml'le:J:tclf~ fl 
I ')) I j) I 

l1luBn1mn'lJuflm<1fv:JJe:Je:Jn1Cb'~95'J!~'W e:J'Jfllh:tne:J'Umv1 'W ~\91:tn1''W!~'lJ~'W~11'J 191'Jb'l':JJm'J'Vi ( 4-t) 

0.3 

0.25 

§ 
0.2 + 

N:'<l 

u ... 
0.15 0 .... 

::: 
= 0 

0.1 s 
< 

0.05 

0 

0 5 10 15 20 25 

L:S Ratio (g/g) 

" ' 
f11'J'I5:t n:t mi'J~\91:t nf'W tl'lJeJ\91 'J lff1'W 'tl e:J'lmm~ e:J'tl e:J'JU ~'1 'Vi b'l'l'J n:tmvm 1'1 e:J:tclf~ m ~'lJ~'W 5 l'JJ m{ 

I d I Q.l Q.l I QJ ~ I Q.l .::::! 

'tle:J'l!tln1\91e:J'tle:J'1U'tl'1!l'llfl'lJ 10:1 (m'lJ\91e:Jm:JJ) un:teJWmJ:JJf11'J'I5:tn:tmml'llfl'lJ 50 e:J'lfl'l!Cb'n!Cb'I'Jb'l' 

o & rJ) 9) ~~ ~ I & t:/ 
\91ne:JI'lf1l'Jl'll'lne:J'1l'llflnfl'flEnml'lJ!'tlll'ti'W'tle:J'1b'l'l'Jn:tmi'Jml'le:J:tCJf\91fl\91'1U\91 o t1'1 8l:JJm'J Hnm'J 

l'll'lne:J'JUb'l'l'l'l'fl'lm'WU'J:tfle:J'lJ~ 4-3 ~'1Ub'l'l'l'1mlll~'lJ~'W1h:twJl'1U1mw 'tle:J'JUfln!Glfi'Jll 1e:Je:Je:J'W ~e:J 
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0.30 

0.25 

§ 0.20 
+ 
"'..: 
u 

0.15 ... 
~ .... 
= = ~ 0.10 E 
~ 

0.05 

0.00 

0 2 3 4 5 6 7 8 9 

CH3COOH Concentration (M) 

' ' " 
f:<H'Ifll'JfttlEJl'W 'lrh li1Bfl1llJl~lJ ~'W 'liB-:! m 'fl a~91~m VllJ~'W ri-:~ vH11 t1' 'l.J~mw 

' " ' 
m'fla~91~nri-:~J~·m1 ti'iJ'l.J~mw leT 1'fl'Jl'il'W 1aaau!VJlJ~'W 91-:~ leT 1'fl'Jl uu 1aaau (H+) ~-:~nri11u~u'Wi 

'j} 'J) I 'j} 

1 'l.Jc'J-:~~\91~tlf 'W vh 1 ri'lfl'flfll'j Ct~ i:ntlllflm9fCJlJ 1 (J(J(J'W (J(Jjl'i) ltl~\91~ nf 'Wl VllJ ~'W 'f1'1CJ ( b1'1i lYl'W 6, 2545) 
q 

' c! 3) : d Q.J 3) '31 Cl!~ rl 
b1'1'W 1 u m w hu 1'l.J'J lft'illtl 1 a a au md:Ju \911'11~ et~ mCJ (fl1llJl 'lllJ'll u 'liB-:! m'flB~GJf\91tl o 1lJ m'J) 

" ' 
'W'l.Jll fl1llJb1'llJl'J t~1 'Wfll'J '11~et~mmtflett9fCJlJ '1-uaau aanultl~\91~ nf ut·vhA''lJ 0.00875 nf lJ ~-:~ 

" '11~ et~ mCJ'f1'1CJm 'flB~9J~tlb1'llJl'J t1'11~ et~CtlCJUfletl9fCJlJ l BBB'W 1'fl'~ tlll'W 1'l.J'Jlft'illtl l DDD'W (Sao, 

2010) 
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" .<:::! lfJ <d. Q.l '1) QC!, 

f111l'l ~ f1 tl~ ')f::; fj::; f11 CJ!! fl f1! C]fCJ:IJ ! tJ tltl'U ~ 1 f1'1J \91::; f11 'U ~ 1 CJ 1:1'11 f1::; f11 CJ f11 ~ tJ::; 9$\91 f1 

1'1l'mJ''U 5 1um{ ~eJ\9111ci1'U'IltJ~!Ylf11~tJ'lltJ~u~~ 10:1 (ni'u~Dni'u) \91fltJ~f111l'l~fltJ~ 1~CJ 
' " 

!ll~CJ'U!! 11 fl~tltu 11 fl ilm1 'If::; fl::;mCJ 1M' tJ ~~ ~u\91 30 i)~ 70 tJ~ fl'1!9ff1!9fCJ1:1' Nfl f111l'l~fl tJ~\91~!11:1'~~ 1 'U . "' "' 

0.30 

0.25 

:§ 
0.20 + 

M"' u .... 
0.15 0 -= = 0 

E 0.10 
< 

0.05 

0.00 

0 10 20 30 40 so 60 70 80 

Temperature (° C) 

" f111 ')f::; fj::; f11 CJ~\91::; f1 i' 'U tl1J tltu t1 fl il1 'U f111 ')f::; f1::; f11CJ . "' 

I I I 'j/ 'j} 

~1f1fll'W111::;f1tJ1J'Vi 4-4 'W1J':h !iJ'tJtJtu11flill'Vl:IJ~'UI91'~!!~ 30 i)~ 60 tl~fl'1 . "' 
'j) ' ' 31 

.<:::! ..:::! lfJ lfJ3J ~ .::!i d .q & I Gt31 
!CJffl !CJfCJbl 1:1'1 :IJ 1 Hl 'If::; f1::; f11 CJ!! f1 f1 !CJfCJ:IJ ! tJ tJ tJ 'U ! ~ :IJ1 f1'1J 'U ! 'U tJ ~ ~ 1 f1 f111l'l tltu 11 fl :1J 1:1' ~ 'IJ 'U 1:1' ~ Nfl 111 . "' "' 
m~tJ::;clf~f1!!191f11'11!~'U 1B1~1!~'U ltltltl'U (H-) ~~m'1l'Tvh1lun~ CJ1tl1J!!flfl!Cl1CJutJtJf1l9f~1~~ ~ufl::; 

" " !fl~f111G1CJ 1 tl'U :IJ1flll'i~~'U ri ~ Nfl~tlf111'!f::; fj::;f11CJ!!flfllCJ1CJ:IJ ltltltl'U 1M' 1:1' ~~'U ( 1:1'1i1Vl'WV, 2545) "' . 
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'UeJ·:JH~-:Jhi'rvhil'U 10:1 (fl~lJ~mri'lJ) ur~~eJtu'VLfllJfll'l'lf~r~~mmvhil'U so eJ-:Jfl'WlfmaJ1mr \9lrle:JI'I . '" 
0 d 'j) 3) ~.::::::, ~ I ~ r/ 

fllHll'lrleJ-:J ii'ICJ'Vllfll'llUriCJUUUri-:Jm1lJl'UlJ'UU'UeJ-:Jff1'lrl~mCJml'leJ~Clf\9lfl\9l-:JU\9l 0 fl-:J 8 ilJm'l 

!1'1' vWfll'l 'Vll'lrleJ-:JU 1:1'1'1-:JI'l-:J mwl1 UflTl''IU 'l~fleJ'U~ 4-5 ~-:Ju ffi'I-:Jm1ml'm~'u TI'l~'Vll1-:JrhcWleJ'lf'UeJ-:J 

ffnr~~mCJ~m 1m~!~~ Ufll'l'lf~r~~mCJ 

14 

12 

10 

8 

:I: ... 
6 

4 .. 
2 

0 

0 

I 

20 40 60 80 

Time(min) 

~CH3COOH 0 \I (DI Water) 

~CH3COOH 2 \1 

4-CH3COOH 5 \I 

~ CH3COOH 8 \I 

100 120 140 

I iJ I 'j/ 
I d <:::.\ 3) I Q.l Q.J Q.l 3) .::::::...::::-,. 3) 1 ,:::! .::::::, ~ 

fll'VHel'lfl 'l lJ \91 U l 'Vl1 fl'U 2.26 'VI rl ;J 'iJ 1 flU U rl~ m CJI'IlCJfl'i 1'1 eJ ~Clf\91 fl!lrllflll'IW'lf'U el-:J ffl'l r1 ~ m m l'llJ 'UU 
' ' j) 

l~U 3.62 !'Wel-:J'il1fl h·il'l'll'iJU leJeleJU (H-) ~lfll'l'il1flfll'lll\9lfll'll'UeJ;jfl'j 1'1 e:J~qf~flU l'lil UcJ-:J~\9l~fl~U 
" ' " 

'1'11! Mlfll'lfll'lrl~mCJ'UeJ-:JUfl maJ1CJlJ leJeJeJU eJeJfl'il1fl~\9l~fl~ u ~1cWW'lf'UeJ-:J m'lr~~mCJ~-:J~~ 1lilllJ~u 
" ( ff'li 1 i1 l'ICJ, 2545) Uri ~l'l 1J l1U 'l ~ ir'Vl tl flll'll U fll'l 'lf~ r1 ~ r11CJ'U el-:JU fl r1 !aJ1CJlJ l eJ eleJU elel fl 'il 1 fl~\91~ fl~ u • 

" 'lf~ r~ ~ m CJ 1'1' lCJU 1u 11 ft'il 1 fll e1 e1 e1 u ~~ wvil il 1l 5.88 u r~~ 'VI c1 -:J fl1 1 'lf~ r~ ~ m CJl'l 'lJ 11 Vi w 'lf'U e1 -:J 
I 'J) I <f 

m1 r~~mmilllJ~Ul~u 11.74 mm~rw eJ-:J 'il1fl!!fl maJ1CJlJ leJI'I'l eJfl lCJf~~ 1J'Vl n1~u ~1-:J 'il1flU fin1 CJ1 
" ' j) 

'j~'J!ll1-:JUflrJ!aJ1CJlJelelfllCJf~rl'UU1U'l1ft'i:llfl leJeleJUI'l-:JfflJfll'jVi (4-2) (U'l~fltj\91, 2542) Bflll;JcJ;j 
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'}) '}) 

'~"~ u 11 u 1 ~it 'Yl TI' n1 '1"11 u n1 1 bY t1 1Pt 11 A [I 1 ~ t1 'jJ 1 D D DuD D n 'ill n ~ \91 ~ n ~ u <Ji1 t1 t'J 1 u 1 1 fl''ill n1 D D D u ii f11 
'}) ' 

1 Yh nu ~ D tlrJ~ 1.24 1 IPl t1 'il~! ~ u 11 u 1 ~ ir'Yln m'V'I1 u n n 'If~ rJ ~ m t1<Ji1t1m IPl bl' 'l n1lt'l 1 n1 D'l 'ill nl m'l ~ 
'" 

'il~rJ~mt~1<Jl~~bl'ill'V'I!~'W m~Pt~'lbl'DIPlfltlD'ltl'IJ'll'W1<il't~'lJD'l Bao !!rJ~flw~ (20 10) u~J1u 'Jlfl''illfl 

1 D D D'W ~ 1 ~~ ~ 'W bl'U 'If~ rJ ~ rJl tl ~ ij bl' J'll'V'I! ~'lJ ~ 'W! ~ 'W flrJ N ~ 'l 'fl11 M bl'l:IJ U tl 'If~ rJ ~ rJl tl!! fl rJ !~ti:IJ 

1 DDD'W DDnm1<Jlu1mw u t1t1 u~iifi TVi W'lf'lJtJ'lbl'l'J rJ~ m tl!!fl m ~tl'lJ 1 t1 t1 D u 11 ~ '~ n n 'If~ rJ~ mt1~ ~ '~ 

!! bl'\Pl'l~'lu1mw nlbl'fll'V'Ifl1l'lJ! ~ 'W ~ l'l~ bl' 'l 
" 

" "" v fl fl fHll fl 'lJ VI~ fl':i U 

cl I Q..o' Q.J I O.J -C.:~ I Q.J d 

'lJD'l!!'lJ'l!'Yllfl'IJ 10:1 (fl'J:IJ\91Dfl'J:IJ) !W~QW'HiJ:IJfll'J'If~rJ~[llti!'Yllfl'IJ 50 D'lfl'l!CJl'rJ!9l'tlbl'\91rJD\Plfll'J 

'Yl\PlrJD'l fl1l'lJ!<il'mi'u'lJD'lbl'11rJ~mtlm~PteJ~9f~n~1~m)~'~!!~ o ~'~ 8l:JJm{ 1<JiNrJfll'J'Yl\PlrJtJ'l!lbl'IPl'l 
'IJ 

QJ o.l'l " I d .J QJ QJ a' I I 'J) 'J) "" liJ 
\Pl'lflHn ! 'Wfll'V'Iu 'J~fltl'IJ'Yl 4-6 CJl''l!! bl'\Pl'lfl1l'lJbl''lJ'V'I'W 'fi'J~'H1Nfllfl1l'JJ! 'lJ'lJ'lJ'W 'lJtl'l!! fl rJ! CJW'lJ ! tltl D'W 
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' ~ 

'iJ 1 f1 ill'V'l1h ~ fHJlJ .yj 4-6 'V'llJ '",ll f11) 'If~&'!~ m CJU fl J:HqfCJ:JJ 1 OOOtHfl \91 qj'U 0 ~1~ 
~q r ~'jl ~&r d~ d~~~ 

nl'lt1l l'U'lfl~l1:JJ\9l'Uf1U'lf~&'l~mCJ 'il1f1'U'U'il~fiOCJ"l fi~'Vl 9f~f111'!1~&'1~mCJ'Vll'V'l:JJ'l.J'Ul'UOH1f1 
~ I I I I I 

u a fl~ CJ1lfl \91 qj 'Ul ~ l1 'U) ~ CJ~ u )flU&'!~ l~ :JJ fl~ .y; t}j 0 ll m vh'U, u ~ O:JJlU a fl~ CJ1 'iJ ~fl ~ Yirwo ~ 'iJ 1 f1 fll1:JJ 

'J)'l) dlf1 q cjQJ IQ.J'j) ~ ~ 
l'l.J:JJ'l.J'U 'l.JO~Ufl&'!lCJfCJ:JJ 1 ooou 1 u ~m'U~'l.J o~u 'l.l~f1'U'l.JO~l'Yi mu\91 f1\91 1~ nu u o CJCJ ~ 111 o ~11 C1 ~ mm 1:JJ 

g:JJI'1l¢llmlfl m91CJ:JJ 1ooouJ u to~ 

~ ' ~ 
QJA. .ct OJ ct ' 'lJ 0 .<:::!t,.::!t, 

4.1.3 tl'~'I.JVI'Uel,;J'l.JVI~ Tl'l'Ufl~ll! fll'l'lf~il~tm.IYI1fi'U 1Hil~ t1'1'lil~illfl m Ylel~CJfVI Tl 

~ ' 

m ~ o 'il 1 nm ~u l'U m1 'If~ CJ~ m CJ¢llCJ ~u CJ~ m CJm ~'~ o~ 9f~ n111 m.'J1u 11 fl''il 1 n 1 e:J oe:J u 1 I'ICJ 1 ~tfl1 e:J ~ 

lBf19fl) v'VJCJOOl) mCJf'U rl' li1 ~u ~\9\ ~ 1 'U \9\1) 1~~ 4-1 'V'l'U i1 U~:JJlU!Ufl CJlqfCJ:JJOeJf1, 9fl9l'mCJ 1 'U i\9\~ n'fu 
'" ' ~ 

d "" "' ')) ~~ ')) I ~ ')) 0 -I lr] <::l1 "' 
'Vll'YiC1e:J11 CJ~ 'il 1f1f111'lf~ C1~mCJI'IlCJff11C1~ mCJm\9\e:J~CJf\91 nu e:JCJf1l1f11 1 1 'lf'U 11J 1 1fl''il 1f1 1 e:J e:Je:J'U l1J u m 

... I lf] d I d 'J) I Q,l 0 Q.l d 'j) 'J) 

1J11fl''il1f1 !eJOeJ'U:JJfl1'\fllO'lf~\9l'V11CJl'Vllf1lJ 3.83 llCl~ 11.74 \911:JJC11\9\'U ll&'I~:JJfll1:JJl'l.J:JJ'l.J'U'l.JeJ~ • 

~ 

m 191 e:J ~9fn ~ ni1fll1 :JJ m m 1111 u m1 'If~ C1 ~ m CJ tt fl mtlfCJ:JJ 1 o e:J e:J'U 1 ¢1~ n i 1 thu 11 fl''il 1 n 1 o e:J eJ u 

l~ e:J~ 'illf11 C111 ~lil~ ncini1flw ~mJ'~1 u f111C1~mCJ 1¢1~1 u ~ml~~tflu m\9\ • 
~1'U 1~CJif~~~'U 1 'il~mnm1'lf~C1~mCJuflmtlfCJ:JJe:Je:Jf1 1CJfl9l'~o~1 u i\9\~ n'fu¢llCJ 

'" ~ ' 

191'lVi1CJ~mCJml'lo~9f~n 111m11U11fl''illf1 1e:Je:JO'U llC1~~mnm1 1 ~m1 CJ~mCJttfiCJttlfCJ:JJ 1 e:Je:JouYi 

1¢l'il1f1f11)'lf~CJ~mCJ1un1~\91fl19f co~ lil~uan~CJl~ (4-1)- (4-3) 
~ 

uan~CJ1f111'lf~C1~mCJ~\9l~f1'f'U (CaO) ¢llCJf11\91e:J~9f\iln (CH3COOH) (Kakizawa et al., 2001) 

~ ~ 

uan~ CJ1f111'lf~C1~ mCJ~\9\~f1'f'U ( CaO) ¢llCJtJlU11fl''il1f1 1 Oe:Je:J'Ulfl\91 f-1~\9\Jl tu ~lfJ'U Ca( OH)2 

CaO(s)+H, O(l) ~ Ca(OH), (aq) (4-2) 

~ 

uan~ CJ1f111lll9lf11'1l'l.Je:J~ Ca( OH)2 lll9lf11'1ltlJ'U 1Be:Je:J'U 1 'Uff11C1~mCJ~\9\~f1'f'U 

'+ -
Ca(OH)/aq) ~ Ca- + 20H (4-3) 



d 
~l'lH'tl 4-2 

" b't'TH'l~ mv'lfil ~m~tJ~qf~ nr&m1Tu 1 1fl'll1n1 BBB'W 

QJ v 
M~~fllj~~~~~l~~1~ 

J nhunn n 1fleHl'W 

CaO 53.21 53.16 
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20.33 

" ~ 
fl11ltm1~rib't'11 U1 ~fltl'lJBt~n1GJ~vl''llB'l~\91~flf'W lrnlb't'~ ~\91~nf'W 'Vi i:l'lu1flfl11 

'j} 3J I I 

~ 191~ n 1 'W 'Vi i:l 'l ill 1 'lf~ [1 ~ m CJ~ '"Wt.'lnh 1 fl''il1 n1 t~B ti'W hi ii n n ru~ CJ'W u u [1 'l iT 'W ~ t1 ii Gehlenite 

" ~ t::::t. 0.1 I 

(Ca2Al2Si07) !l[l~ Tricalcium Magnesium Orthosilicate (Ca3Mg(Si04)) l'VilJti'Wl~lJ'Vl'lflti'WlW~ 

0.1 _.J G19Jcl I q3J;' lJ] 0 ~ cl 
'Vi [1 'lfl11 'lf~ [1~ m CJ GJI'lt~ b't'~ 'l ~'Vim 'W 11m 1 ~ 'lf'W 1u 1 1fl'll1 n ~ t1 tlti'W mmm1 'lf~ [1~ m CJ'W 'Wt U'W m1 'lf~ 

[l~[llCJ'Vll'lfllCJfll'V'l (Lekakh eta!., 2008) ri1'Wfl11'lf~[l~mCJ~1CJb'\'11[l~mCJm~B~qr~niiufin~CJ1 
" ' " tfliitn~~'W lUtl'l'il1fl'V'l'lJ':hii Calcium Acetate Hydrate (C4H6Ca0/(Hp)0) lfl~~'W ~'l~~tll'Wfl11 

" ' " .<:::5 d Q,l ' d ~ & 
'lf~ [1 ~ mCJ'V11'ltfllJ 'W tJ m1 fl'W ll1 nm 1 'V1 ~ [1 tl'l CJ'l'V'l'lJ 11 'V'l !tl'lf'll tJ 'l m 1 [l~mm'V'llJ'll'W mw1mm 1 'lf~ 

[l~[llCJ'iJ1fl pH 1.82 tfl'W pH 3.83 tflm·WlJ1'il1fl1ffl~1l'il'W1eJBti'W (H-) ~lfl~'il1flfl11H\91fl~1'1W'l 
" ' 

fl'j ~eJ~qf~flU 'V'l ~1 UcJ'l~\91~flf 'W U~1[1~[11CJb't'1 1U 'j ~ fltl'lJUfl [ltCJf(JlJ 1 ff~ 'j Bfl19ivl'cl1'ltfl'W f-l[l f-l~ \91 ri1'W 

'Vi~'l~ 1~u1nufin~v11ert~1i''W 'lJB'l~l91~nf'W 1~mtfl[ltCJfCJlJ 1er~1 t~n19ivl~'liifJtu b't'lJ1T~ttl'Wt'lJb't'u~ 
3)' '.:v 3) d<l.ll1]3/~.J. ~~'~ 

ll1'Vi'W1~b't'~t¥l'Wm~tJ;;::qr~n~hb't'n~ vh1t~~1 pH 'llti'Jb'fl'j[j~[ll(J'Vlb'\'n~ ~~l'V'llJ'lJ'W (bf!i1'Vl'V'ICJ, 

2545) 
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Tricalcium magnesium orthosilicate D -fresh slag 

0 Calcium Acetate Hydrate e 
slag-water 

-slag-acetic acid 

5 15 25 35 55 65 75 85 

nTH tJ~ tJ u rVi tJ u tJ 1 ~ ff'Vl n fnvm THhu ~ n1 CJf C02 t1 mn 1 ~ ~ clfl.l 3 'ln1 ~ ¥i B m 1 

" ~ o ,..I li1 ~ 'JJ ~.::"::'). .di 
~ ~CJfl.lh! 11J 11 ft'il1n ! tJ tJ Bhl ~1 1 ~~ CJfl.l 'il1tltll'J')j'~ ~ ~ m tJ~ '1tJ~1 1 ~~ mtJm ~ B~ CJf\91 nu ~~ ~11~ ~CJfl.l 
<u <u <u 

" " ' 'il1Tltll'J']j'~~~mtJ~':WU 1iJ11ft'il1n 1mwhl mtJhl~m'1~~huhlm'J~~tJ'1tlhl l'1\l'f1¥iB VlB\91'J1Tll'J 1 rm 

'UB\Im~'1 0.6 ~\91'JvJBh!1Vl B\91'J1tll'Jl'Vi~'UB\Ifl19f 0.55 ~\91'JvltJh!1Vl fl'11l.l~~mi'hl'UtJ\1~1'J~~mtJ 

Ufl~~q}tJl.JltJtJtJh! 600 iJ~~nfl.l~tJ~\911 ~W~\I~~tll'J'Vl~~tJ\11'1\Ifll'V'IiJ'J~tltJ'U~ 4-8 ~\l~lJh!U~h!i1lJ 
<u 
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Dl Water Leaching with Acetic Leaching \\ith Dl Water 

Acid Solution 

1~w1'li'er191~1fln1vrr~'UB~mr~1 0.6 i11'1~~mnVi B\91~lnn1m1'1lB~nlGJf 0.55 i11'1~~mn~ 

mTw'li':JJ.Uu 'U B~cr1~ r~~mm1 fl ntGtl!'.J:JJ 1 BBB'W 600 iJr~ i1nf:JJ~ Bi11'1 ~ 
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_, .d I 'P' d II] .dll]~ 
'illflm~u~~fltl'U'I'l 4-8 WIJ11 fll~ !'ll'ffl~rl~rll!'.J!!flntGJf!'.J:JJ !tltltl'W'I'l !l'l'illflfll~ 

. ~ 

1BBB'W~ 1~'illflfll~'ll'~r~~m!'.J~1!'.Jcrnr~~m!'.Jmi'IB~cl1~n ~'U-:h~lViW'll'! vhn'U 4.00 1vhuu !!(1'1'1~ 

1 trn1 'W 11cr1~ r~~m !'.Jd' ~ ~ lfl11:JJ! ~'W m 1'1 !fl'W 1 tJ~~ ri ~P-Jr~1 tr tJ ~ ~~'\'l TIm~ fll~ tl111'1'1nlGJf COo ~ 1 
~ . 

ri1'W mw1 'li't.hD~lft'illfl1Beltl'Wl~'Wffl~l'll'lc11:JJ~'lJ111 trtJ~~~'\'lTI m~ 1 'W fll~ tl111'1'1nlGJf CO, ~>'hn11 
"' -

~ . ~ 

w d II] d II] ~ ~ "'"' 0 -' 
'l'l ~ern r~~ r11 !'.J!! r1 r!GJf!'.J:JJ 1 B DB u '\'l 1 1'1 'ill nm ~ 'll'~ r~ ~ m !'.JI'I1 !'.Jcrn r~ ~ m !'.J m 1'1 BGJf\91 fll! r~ ~ u 1 u ~ 1 ft'ill fl 

'j/ jl I f 

1BBtl'W l1~un1B~'illn1 um~~'~~'~cl1:JJnlGJf co, ~1!'.Jm~r~~m!'.Juflr~GJ1!'.J:JJ 1BBtl'W~ 1~ 'illflfll~'ll'~r~~m!'.J 
"' -" . . rp ~~ ~ 0 .... 1 lJ1 d ... f~.:::::,~ .::i 3) d 'j) .& .:::! 

1'11!'.Jffl~rl~rll!'.Jm 1'1 tJ~GJf\91fl11 ~tl'W lu ~ lft'illfl 1 tltltl'W 'il~:JJu!jm !'.Jl! fl:JJ! 'U l:JJl!fl!'.J1'U tl~ GJf -:!! ~ !'.Jflfl n ~ 1'1 
jl jl jl ' 

& ~ d ' & d Q.l d d lrJ .::::ill] 3J 
GJf:JJ'll''WI'I'W11 fll~~I'IGJf:JJ'\'ll~!fl:JJ (Chemical Absorption) '\'l~'W(I'l~rl~rll!'.J!!flnlGJf!'.J:JJ !tltltl'W'\'l !l'l'illfl 

" ~ 
fll~'ll'~rl~rll!'.J~\91~flf'W ~1!'.JtJ1D ~ lft'illfl1BBB'W 'il~'thtJfin~ !'.Jlm{'UB!'W iu (Carbonation) rl'UfllGJf 

coo 1~ P-Ji11'1nru ~~m!flntGtl!'.J:JJm!'Um'W \91 (CaCO,) 1'111 tr1~tJ~~~'I'lilm~m~t1111'1'1cr~n11m~ 1 '11' 
- 0 "' 
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2552) 

v ' 

\91 ~ n i\J $] 1VU 1 D 'il ft'ill nl eHHJt.H ~ U bll Hl ~ cJf:IJ t Vill U ll D lll f11 1 ftf1EJ1 f11 1 tll ;ij ~ fll GJf COo l U 
~ -

v ' ' 
"' o "' ~ ' IJ], I "'~ "' IJ] "'\J] 9J 9J 
'llU\91EJUfl11fllu~fllGJf C0

2 
\918 !1J tUEJ-:lulnmn'l~mVHfl];HGJfV:JJ !EltHJU'Vl ~~ulnfl11'lf~!;'l:tmv~1V 

v ' 
UlD11f1'lllnlmHJU 111'iJ1dY'VlTIJll'YllUfl11tll;ij~fl'lGJf C02 VieJ\911lfl11ltl!;'l'lltNtlH'l1 0.6 il\911~tl 

u lVi D\911lf111l Vi !;'I'll f);] fllGJf 0.55 il\911~tJU lVi fl11lH~:JJ~U 'lJtJ-:j bl11 ];'l~i:ll(J 600 iJ ];'lil n i':JJ~tJil\911 
' "' 9J 1 ~I "' IJ] ,; IJ] 9J 9J 9J "' 

t'Vlln'lJ:itJ(J];'l~ 75.74 !~V!1JUVl!;'l:JJl'illnft11];'1~i:ll(JHfl];'llGJf1J:JJ !tltltJU'Vl !~'illnfl11'lf~];'l~i:I1V'lll-:l\91U :JJ 

bYJll'Ylfl11:1Jt~U~l-:lllll11' bll:JJ11tltll;ij~fl'lGJf COo !$]~nil l~V'il~U lftm1~~~ ~~ U fll:i'lf~];'l~i:llV 

HflmGJfV:JJlEJaau ;ia D\9111ri1U'lltJ-:l!Yi!;'l1~tJ'lltJ-:lH~-:l 10:1 (ni':JJ~ani':JJ) ~arut~JliJ1i'EJ-:l 1~v . ~ 

\Pl~m]!;'!-:l'llln11i Toxicity Characteristic Leaching Procedure (TCLP) ('lfl:l11mW, 2550) !tJ1~ 

rl1Yii'1Jf111t\91~ V:JJbl11~~cJf:JJ l Uf111'Vl~!;'ltl-:l\91tJU~ 2 ~tl l D 
~ 

"'! oQJ.-J Y -=1 \JI ,di!JY Y 
4.2 ytfl'l:llfll1fll'i1Ylfll9f C0

2 
Y11mT11!l~!lU.IHiHHCVF.l~ !fleH.l'W'tl !Yl'i1lflfl1~1.J1'Wfll1'11~!l~!llF.IY11F.l 

~nhut'illfl1flflfl'W1ufleJ~m!un<iJ1~vl1.JMeJ,:nJ~llilnn 

11'a-:liJB'll~n11 mv1 UfltJ~mr 1J11 ~nfll) l Vi ];'l'lJf)-:jfll~!!blfllGJf!!];'l~fll~!! bl'llll-:l'lltl-:l!Yi!;'l1~bl1U'VlN 
nu l~VfllGJf C0

2 
u~tJn~~c]f:JJt~l~m~uft'lltJ-:l!Yi!;'l1tW~l11DBn~vlm{'lJmu iu rl1Jft11 !;'l~mv 

u fl mGJfV:JJ 1 e1~ 1 an! GJfl91'~ 1 $l u1nm1 'If~!;'!~ mv~\91~ ni' u $l1mi1tJ 1 1f1u1nl a a au~ -:l u~ 1 ~bl11 !;'!~ mv 

1 mitbl:JJa tw~l11m1ftmni1-:la'VlTI'Yln'lltJ-:lD\9111f111 1 Yin'lltJ-:l'lltJ-:lmm D\9111fl11 1 Yin'lltJ-:lfllGJf u!;'l~ 

' ' v 
u n ~ t1 1ft J111~ Vi t t1 :JJ 1~ bl:JJ 1 u m11'11 t iJ u n11 c]f -:jn 11 vn ~ t~ v~ 'll a-:] Nn n11 'Vl ~ n a-:l ~Pl'-:l iJ 
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4.2.1 f·Hl'\Hl-:J~ 1!!th~wil'W nu~iivi enh~ il't'lfiill'Yl fll'jfh~vH11cv C02 1v-mH' fleJ~lltA'lJ'j'j~ 

~f) ,:j tl {) llil fll 'j 
0 ~ 

4.2.1.1 Ntl'\JeJ,:j fl11ll!sUllsU'W 'UeJ-:Jtf1'jtl~tl1tl!!fltl!cHtlll,eleleJ'Wln~~ 1 flfll'j'H~tl~tll tl~ 1m! 1t1'j 1 r1 ~ 1 n 

1flflfl'W vteJtl'j~ tT't'lfiill'Ylfll'j ill~Ylfl19f C02 

" 0 & d lJ} 'j} o G} 'j) 'j) 'j) C')l I 0 0 QJ G} '3) d 

f11jftf1Eil'W ~~f1l'Yi'W~ !'Yifl'1lll!'Ull'll'W'Ue:J~f11CJ1 COo f1e:J'WY11f11Hll'il~ !'Yifi~'Vl 

~mn1~ 15 1~1'Ju~mm 1~1'Jfi'1'UfllJB\9lllf1llim'l'lle:J~nlCJ1!Vhnu o.55 i'J\9lj~e:J'W1Vi B\9ll1f1llim'l . 
' " " b't'lj['l~mmtfl['l!c11CJllie:Je:Je:J'WVii~ulf1f1ll'I5~CJ~mi'J~\91~f1f'W~~~~~ 200-1 ooo lJ[ji'lnfll~e:Ji'l\91l i~v·m 

f1ll'Vl~['le:J~I9l~m1'Y'l1 'Wfll'YlUl~ ne:~u~ 4-9 ~~~~ b't'~~mlll~ll~'W 1h~Vi1NLll~iY'Vl1lm'Vlml fhu~ 
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_I d , dt 'JJ 'JJ "' II] 
'illf1fll'Yl1Jl~ f)e:J'U'Vl 4-9 'Vl'U'1l!lJe:Jfl'1llJ! 'UlJ'U'W 'Ue:J~b't'll ['l~['lli'J!! fl ['l!CJ$1'JlJ !'0 e:J'D'W 

' 'j) ' 31 Vii~ 'illf1f11j'J5~['1~ ['111'J~\91~ nfwVJll~'W 'il1f1 200 lJ['li'lnflJ~ e:~i'll'll i)~ 1000 1J[ji'Jf1flJ~e:Ji'J\9ll 111 
" 

_I "" "" 0 "' (:') II] 'J)'J} dl 1 -1 "" "" 0 "' (:') dl 1Jl~b't''V11ifll'Ylf1llf1l'il~f11CJ1 COo ~~je:JI'J['l~ 30 11~ 80 ~~I'J1Jl~b't''Vl1ifll'Ylf1llf1l'il~f11CJ1 CO" 'il~b't'~'U'W - - "" 
0 " 0 

ti1e:Jmlll!'li'lJ'lJ''W 'Ue:J~b1'1l ['!~ ['lli'J!! fl mc111'Jll 1 e:Je:Je:J'W ~ ~~'W ! i1 e:J~lJ 1 'ill f)tJ\9ll1 f)ljlfl~U Bn~ I'Jlfll { 'lJ e:J!'W 
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" Q.l f ~ Q.l .c:! lf] ~ I Q./ 3) '1) 

'lfU 1 ~ li 1H f11"lf CO: fl 'lJ ~lHl~ mCJ !!rHH"lfCJ1J ~ flfl flU 'UU fl ~ fl 'lJ f1 111Jl 'U1J 'U 1-J'lJ fl"J m HI~ m CJ 

' ' " "" II] '"" 9) 9) "" II] "'liJ 9) "' U mH"lfCJ1J ~ fl flflU U\9H1J flfl 111J! 'U1J 'UU 'U fl"J fflHl~ mCJUmH"lfCJ1J ~ fl flflU 'VI ~~Hll fl flU 'If~ Cl ~ Cll CJ'U 

l'l~flfU~"Jfl':ll 600 iJC~i1flf1J~fli11'11 Vl'lJ':ll f1111J~l1JlHllUfll11'11'!cli1Jfll"lf CO, Ul'lfl~l"JflWiAlCJ-:J 
'" '" -

!~mY aCJ !~fl-:J'illmrlafl111J!qj'mi'u 'Ufl-:J ~11C~~mCJuflm91CJ1J 1 aaau!~1J~u 'il~! ~ml'1~1nmJ1mru 
3J j) I 3J 

~111'1 -:J~ u 'U a -:Jfll1 !fll'ltl un~ CJlfll { 'lJ fl! u ~u ~ -:J u u 'Vi~ ill 1~ fll1 ~ 1! uu fll1 !u fll1 ftflf.l 1u 'il ~ 1 ~ 
J I I 'JJ 

.c:! ~ .d ':J) ':J) c! ll] .c:!lfJ 'J) d 

~m1~ 'VIm m~ ~1J f1 a 'VIf11lm 'U 1J'UU 'U a-:J ~1 1 Cl ~m CJu f1 m"lfCJ 1J ~a a au 'VI ~~'~ 'il 1 flflU'If~ Cl~ mCJ'U 

l'l~nfu rvhnu 600 iJC~i1flf1J~ai11'11 

' " 
4.2.1.2 ~HI 'IJ tl.;J 61'! 11 nn1 't'i il'IJ tl.;J ill1 il~ ill t1 1!1'1 il! cli t~ll1t1 e1 e1u 111 v\' ~ 1 n m 1 'lf~ il~ ill tl~l'l ~ n ~u Pi e1 

'lh ~ ifr1 fi ill'W fll 1 ihU YHl 1 "'f C 0 2 

' " 
lJCI i1flf1J~ fli11'1 1 \91Cifll'l fll)'VII'I Clfl"J 11'1CJ'Yll fll)! tJ~ CJUU tJ Cl "J eJ\91 1 lfll) 1m:t'U fl"J!li Cl 11'1 "JU~ 0.3 ~"J 0. 9 

i11'11~au 1'Vi f:-JCI fl11'VII'Infl-:JU ~1'1-:J~-:Jm lyj1um'V'ILl1~ flfl'U~ 4-11 ~-:Ju ~I'I-:Jf1111J ff'm~u TI1~li iN 

'lh~ir'VITiill'V'Ifl11fhill'lnl"lf C02 ~aa\911lfl11 1 Mn'Ufl-:J'Ufl-:Jmm 
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I I I 'j) 

ulflillY'l'lh~fle:J'lJVl 4-1 o Y'l'lJ':hdjm)\9\'JlflU 1 V!11'\Je:J~"lle:J~m111!'Yi'll~u ri ~v.n'1111' 
I 'j) I I 'j) I 

'lh~iY'VlnmY'lm'Jnl~\9\nlCJf co
2 
iJ~1!'Vi1J~u c)f~!'Yi'lJ~u'J~w:il~1'e:~t~11~ 53.92 ii~ 98.01 rwe:~~uln 

"' li] d.,:. J' 1 .,;, li] r:V o' li] li] o' d 0 

e:J\9\'Jlfll'J !Vl1:'1'\Je:J~'Ue:J~mm'Vl!Y'l'll'U'W u'\Jtw~'Vle:J\9\'Jlfll'J !Vl11'\Je:J~fl1CJffll'J'lJe:J'W !\9\e:Je:Je:Jfl !CJf\9\m'Vl 'I'll 
'J) I I 'j) 

111''\.J~mw fll'J \9l\9lcJf'lJU1:'1~Vlu V1 ~1i:Y'1J Nbl''J~V!ll~!'l'!bl'"lle:J~fllCJf!!1:'1~ '\Je:J~mm 1 u 1 ~'lJ'lJ! Vi'll~u e:J ~1 ~ 11 
"" 

nm'll il\91 'j" lfll 'j" 1 V!1:'1 '\J e:J ~ bl'l'J \91\91 cJf'lJ iJ qj' e:J fll ~ \911 'W rwr:lmf 'lJ 'j" 'j" 1) ! Y'l 'j" 1~ ti' lir \91 'j" 1 fl1 'j" 1 m'l '\J e:J~ bl'l'J \91\91 
'U q '" 

' ~ 

cJf'lJ~l!fl'W 1 JJ u~'l'1111i'!n\9l Channeling ri ~N11111''lh~iY'Vln mY'l1 u flU fll~\9111\9111~ ~~t!u fll'JfllV!'W\91 

'111~'\Je:J~ il\91 'j" lfll'J 1 V!ll '\J e:J~ fl'l'i\91\9\cJf'lJ~ m 'lJl~bl''lJ ~~~ ~'W tlu ~ tl~thfl'ru~iJ Nll ~ e:JD'i~ iY'Vl n fllY'l fll'j" 
'" u 

j) 'J) I I 

fll ~\91 fllCJffll {'lJ e:J'U ~l\9le:Je:Je:Jfl19f~ 11~il fll'J! Vi'llil\9\'J 1 fll'J 1 V!1:'1 '\Je:J~ bl'l'i\91\9\cJf'lJ!! bl'\91 ~ ii~fll'i! Vi'll fl'Jl'lJ 
'\J 

' " ~ 'li' 'lJ 'li' u '\J e:~ ~ bl'n 11~ 1:'1ltl!! r111 ~~(J'lJ 1 e:~ e:~ e:~u V11 ~ 'i) 1 n fll'i'lf~ 11~ 111 (J~ \91 ~ n ~ u '1'11111 JJ 1 ~ iY'Vl n fllY'l n1 1 

flTJ'Vl\9l11e:J~ 1~m'lJA'lliJ\9l'Jlfl1'J 1 Vl11"1le:J~mm 111'rvhn'lJ 0.6 ~\9\'J~e:~mV\tw~ 
' 

' " 
fl'Jl'lJ!qj''lJqj''W '\Je:J~bl'l'J1:'1~11ltl!!flll!~tl'lJ 1 e:Je:Je:J'WVJ1~ 1llflfll'J'!f~11~11ltl~\9l~fl~'Ul'Yllfl'lJ 600 iJ1:'1~fl~'lJ 

' " ~e:~~\9l'J\9l11e:J\9lm'J'Vl\9l11e:J~ 1\9lt~'l'llm'it'l.J~t~uuJJ11~il\9l11m111ll1:'1'\Je:J~nlCJfl'l~u~ o.25 ii~ o.85 ~\9\'J~e:~ 

'W 1 Vl 1 ~ N 1:'1 fl1 1 'Vl \9111 e:J ~ ~ ~ fl'J 1 vJ1 'W f11 Y'l D 1 ~ fl e:J 'lJ ~ 4- 1 1 

JJ1 ~ it'Vl n mY'l m1n1 ~\9\fllCJf co2 ~e:~il\911 1m1 1 V!ll'\Je:J~nlCJf 
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'\11 fl f) 1 'VI tJ) ~ fl eJ 'lJ ~ 4-ll 'VI 'lJ l1l ri eJ ~ \91) 1 fl1) 1 '11 ~ 'IJ eJ ,;j fl1 GJf l vi 1J ff ,;j ~ h! 
'" 

' ' " 
iJ1~ ff'VlTI m'VI 1 u fl11fhu~n1GJf co, ilu u 11 t!:u~~ ~-;J rwe:~-;J u1fl~\9111fl11 1 '11~'1JeJ-;Jfl1GJfllff -;J~h! iJ N~ 

- '" 
~ ell1~ 1, h! fl1) ff:JJ Nff) ~ 'Ml Nl'W ff'IJ eJ,;j fl1 GJfU ~~ l 'Vl ff'IJeJ-;Jm ~ 1~ ~ ~ ,;j ~ -;J!fl~ sU eJ ~ 1 n ~, h! fl1) ~~c11:u 

'" I I 3J 3J 
~ Q.l ll] C'lld~ 'J) I!] ~ dQ.I 

lh!eJ-;J'\l1fleJ\9111fl11 !'M~'UeJ-;JfllGJf'Vlfl-;J'Uh!'\l~\911h!'Vllh!fl11 !'M~'IJeJ-;Jffl'J~~GJflJ (lin et al .. 2008) e:Jflm 

"' "1 (;)/ d J d 0 G) 9)d ~ C)) .9) G) .J 0 G) '3) ~ 
eJ\91)1fll) 'M~'UeJ-;JfllGJf'Vlff-;J'IJh!fl'Vl1 !'M:UiJ'JlJlU!fllGJf co, l'U11Jl !h!)~'lJ'!JlJlfl'Uh!@'J'Vll !'MiJ'JlJlU! 

'" -

ufl~lqf!'J:JJ~e:~~'l u ffn~~mCJ1llrw!'J-;J'VIeJ-ff1'11futhu~n1GJf co, l111 ri'iJ'J~il'Vlnm'VI'IJeJ,;j)~uu~~~,;j 
'" -

G} v d v 'iJ .... 1 t:!l. vt:::t. '\ G} 'V v r1 v V ,... 1 ~ v~ '11 .:::::. 
! 'U IHHI'J..J'U '1.J 'j 'HJ )~Vl'I.J'Yi e:J-..hJ {)'I.J VI flU !VI~! '1$ 1'1 el ~'J..J'U'I.J 'j 'j 'iJ )~ VI'I.J'Yi el~lJ fl'U VI fl UV11m 't1 1'1 'U 1'1 

Response Surface Methodology (RSM) A'Ufll)e:Je:JflH'I.J'I.Jfll)'tlVI~el~ 

~ ~I ~ 
l'Vlflh!fl Response Surface Methodology (RSM) luh!fl1))1'lJ111J'UeJ~~'Vll-;J 

ffil~ u~ ~l'VlfiU fi'Vl1 -;Jfl W\91 r11 ff\91{ l ~ell ~u fl1 1 l vi:utJ 1~i'f'Vl n fl1'VIU ~~ '111 u ~ ~ l 'H:JJ 1~ ff:JJ 1 u 
q 

l ~ el!l ff~ -;Jf1111J ff'm~ h! TI) ~ '11l1 ,;j N~ fll) \91 eJ'lJ ffh! eJ,;j u~ ~1'11u tJ) B ff) ~ UNh! fll) 'Vl~ ~eJ,;j u 'lJ 'lJ Central 

Composite Design (CCD) l~h!fllHleJflU'lJ'!Jfll'J'Vl~~tl-;JVJfl1~IP1'u'UeJ-;JU~m:1lu~!'Jl-i1-;J'\l1fl Center 

" ' ' 
'UeJ-;Jfll)eJeJfluuull'l1nu u~~'l11911Viu~n-;Jflm-;Ju~~~11 u~CJu~iJ1~1P1'um1'Vl~~eJ-;J 5 1~1P1'u (-a, -1, 

q 

" .:::::, Q.l d~ 0 ~ G) 'j)~ ~ o" 
0, l, a) -;J1h!1'\l!'Jh!'\l-;Jh!1l'Vlflh!fl RSM U'!J'!J CCD 1J1 !'l5ftfl1:11fll'JeJeJflU'lJUU~~1lfi)1~'11N~fll1 

'1 0 "' 0"/ ~ "' liJ dli] ~ ;: 
'Vl~~eJ-;J !h!flUfll'\l~fllGJf C02 ~1!'Jff11~~m!'JUfl~lGJf!'JlJ !elelelh!'Vl !~'\l1flfl'J~'!J1h!fl11'15~~~m!'J'IJ 

\9l~nf u 'l u fle:~i:lmf u11 ~ 1~1P1'uri' eJ,;j'I.J Bu~ m1 

dl o<VO"i ~ d liJ dlij~ 
flUftfl1:11flUfll'\l~fl1GJf C02 ~1!'JffU~~m!'JUfi~!GJf!'JlJ !eltltlh!'Vl !~'\l1fl 

" m~u1u fl11'15~~~ m!'.l~\91~ nfu 'l u fle:Ji:l:u u u11 ~li' eJ-;JiJ Bu~m11 ~CJ 1 '11Mi:l nm1 'Vl1 -;J ffil~~ 1m 'Vl flu fl 

RSM uuu ceo m'IhCJ'l u m1e:~e:~nu uum"J'Vl~~eJ,;j ~-;J'l11 1 ri'1~ ~1u 1u fl11'Vl~~eJ,;j~'lJ1~ne:~u 1 tJ 

~1!'J 17 fl11'Vl~~eJ-;J ll1fll'JeltlflU'lJ'!Jfl11'Vl~~eJ-;JlvilJl~1Jlh!fllHl~~eJ-;J~ 18-20 l~e:Jftfl1:11Uhl11U:JJ 
' " ' 

'IJeJ-;J\9l1u'I.J1Bff1~ 'l ri' ff:JJU1ru~-;J~h! ~1nnn1~~n1GJf co, Vi 1~ u1flfl11'Vl~~eJ-;J 1 uu~~~fln'Vl~~eJ-;J 
'" -
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v ' 

m ~tJ1'W m1 'lf~r~~mtl~\9l~n.r u h11'1 eJ ~ uu tJ 11 ~1~\>ltJli' e:J·nJ fiu~ m1 Vi i1' m 1~ m1 'Y1 ~ r~ eJ~~ N'l 1 ~ 
9) ~ 

'\Jlf1fll'Je:Je:Jf1H'U'U~1tll'Yll'l'Wfl RSM H'U'U CCD 

~YI'llfll'J1'tHI eYJ-alm-a1'Ht~ 
'V 'V 

'I.J "" "" fl1lll!'lJll'lJ'l-! ')~ (;I''YJ 'l'i ill 't1 

"" "' m-arhuVI C02 fll'l'YIV'Itlel'l 'lJel'I!'Htl1 'lJel'lfll91 'lJel'l!!fltl!91tlll 

"'> I <=! 

( tiYI'lYielUl'YI) 
"'> I <=! 

( tiYI'lYI el'l-!l'YI) 
A.A.QJ l.<::!t. 

(lltltl fi'JllYieltiYI'l) 
'V 

( 'leltltl~) 

1 0.42 0.37 362 77.72 

2 0.42 0.37 838 91.22 

3 0.42 0.73 362 29.29 

4 0.42 0.73 838 61.54 

5 0.78 0.37 362 88.33 

6 0.78 0.37 838 95.69 

7 0.78 0.73 362 51.10 

8 0.78 0.73 838 83.18 

9 0.6 0.55 600 75.74 

10 0.6 0.55 600 75.74 

II 0.6 0.55 600 75.45 

12 0.9 0.55 600 98.01 

13 0.3 0.55 600 53.92 

14 0.6 0.85 600 41.16 

15 0.6 0.25 600 89.64 

16 0.6 0.55 1000 81.05 

17 0.6 0.55 200 33.50 

18 0.6 0.73 600 53.26 

19 0.42 0.55 600 65.12 

20 0.6 0.55 838 77.81 
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'illfl'1i'-o~mh:d1'Vlil m~fl11 fhU<flflV11 C02 loi'1t1'ffl1 ~::::mmtA~!aJ1CJ:w 1 -o-om.J ~ 
" ' ' 

11oi'1llflm::::1J1hi fl11'lf::::~::::mCJ~~::::nfhi1 hiA-oc1mr1J1 1~1::::~mi'-o,nJfi1T~m1 Viu'ff<fl~ 1 hi~l1l~Vi 4-3 

m :w 11tru 1:w ll!A 1 1::::rf 'Yil'ff:JJ nu u 1J1J ~ 1 ~-o~~u 'ff<fl~A11:wbl':w'Vl' hi£ 1 ::::'11 1ntJ 1:::: i1'Vlil m~ 1 him 1 

tllcU<flfll9J' C02 tl1JI'l1!!th~Yilfl11ftmnloi'1CJ!'VlfltJA RSM 1<flt~1i'hhum:w Design Expert 

Software 1!:::: 11oi'u1J1J ~1~ eJ~'UeJ~'ff:JJfl11'Vll~Aru~f1'l'ff~ {u 'ff<fl~fl1l:JJ bl':w'Yrhi £ 'UBnh:::: i1'Vl il fll~fl11 

tll cU' <fl fll9J' CO, ~ ~lj nJmJ1J 'ff:JJ fl1 1!! 1J1J Quadratic model YJ11 t1'1\ol'u 1J 1J u 1 ~ eJ,;J'U tl~ 'ff:JJ fllHll ~ 
- "' 

Aru~f1'l'ff~{~mm::::'ff:w ~,;J!W<fl~ 1 hi 'ff:JJfl11~ ( 4-4) 

~ ... 1 .<::::!). .<::::!). 0 Q.l r:'i 9) 

!:JJtl y = u1::::'ff'Vltifll~fl11fll'il<flfl19J' C02 (1tltl~::::) 

x1 = eJ~1lfl111m'l'UtJ~'UtJ~mm (~~1~tJmVi) 

x2 = eJ~1lfl111'YI~'Utl~fll9J''YI~tleJ~1lfl111'11~tllfllf1'!iYCJ (~~1~'0hi1Vi) 
' " 

x, = ml:wt'1i':w.Uhi 'UtJ~!!A maJ1t~:wVi 11oi'1llflfl11'lf:::: ~::::mCJ~~::::nfhi (:iJ~~nf :w~t1~~ 1) 
J 

fll 1 Vi 'ill 1 w 1 fl11 :lJ! '11 :lJ 1:;; 'ff :lJ 'U eJ ~ !! 1J 1J ~ 1 ~ tJ ~ ~ 1\ol' 'ill fl 'ff :lJ fll1 ~ ( 4-4) 

" 'J) 

bl:JJ U 1:;; i1'Vl TI '11 U 11'11!! U 1 U ~1J 'Ofl ~ ~ fl11 :lJ J:l1f1 ty 'U tl~ 1'11!! U 1 tJ hi~ tJ H ~ U 1:;; i1'Vl TI Jll~ fll 1 tll cU <fl fll 9J' 

co, 1 <fl CJ'Y!lflbl:JJ u1 ::::E'Vlt'U t1~1'11u U1 1<fl nr1 1 'ff ~fllll'l1!! u1 thi c 1ufl<fll A r f)~ '11m CJ1J1fl'Y! ~f)~ 1J ~ ~ 
- "' 

'J) ' ' 

u 'ff<fl ~ii ~ l'l1u u 1 tY hi n H~~ tlfl 1 y ~ ~ n-J1fi lDhi '1 'illfl!! 1J1J ~ 1~ f)~ 'ff:Jjfll 1 Vi 1\ol' tJ ~ 1 hi~ u'ff:w nu n1cr ~ 
n I 'J) W n I "'> 'J) W 

'ffeJ~ (Quadratic Equation) u1::::fltJ1J<fl1CJ!'Vltl:lJH~'lJ'0~~1!!u1!'lf~!'ffhi (x 1) (x) !!~:::: (x) !'Vltl:lJ'lJtl~~1 

!!U1 t9f ~ctl'-ohi (x,x,) ! 'Vl tJ:JJ'lJ t1~1'11u u 1 n1c1' ~ 'fftl~ x, 2 u~:;; fi 1 bl:JJ u 1:;; i1'Vlf1l<fll'l <fl!! ~:;; 'illfl fl1 1Vl 1!11 W 1 
- .} -' 'l 



78 

Source of Sum of P-value 
DF Mean Square F-value Remarks 

Variation Squares Prob > F 

Model 7375.22 5 1475.04 36.48 < 0.0001 significant 

XI 1359.01 I 1359.01 33.61 < 0.0001 significant 

XJ 3594.68 1 3594.63 88.91 < 0.0001 significant 

X; 2048.79 1 2048.79 50.68 < 0.0001 significant 

x~J 236.19 1 236.19 5.84 0.0029 significant 

2 
311.61 1 311.61 7.71 0.0149 significant X; 

Residual 566.01 14 40.43 

Lack of Fit 565.95 12 47.16 1680.06 0.006 significant 

Pure Error 0.056 2 0.028 

Correlation 
7942.23 19 

Total 

) 1 

R- 0.9287 Adjusted R- 0.9033 

1 
Adequate 

Predicted R- 0.8180 21.363 
Precision 

'illml~m1ilml:tli'ml'lJH1ln.h .. rw'l.lu~Huu~l~D~~~\91111~~ 4-4 !1-n'V~~hi' 

1 ~ u 1111 uu ~ 1 ~ u ~ m m1 t1 uTi m CJfl11 n1 <0 V~ f1' 19f C02 mCJ1 ~'lf1~ 'l.l u~ ~~uu 1 'l.l m1 ~1 1 il u ~ l'W 1'1 ~ 

fi D ~~~I ri'! 11 'W \911 'j 1 ~ 1'1 ~f) ci 1 1 '() :t! ~ 'W ll ~ 1!! tJ 1 ~ ft f) Ell 'VJ f)~ 1 ~ tJ 'j 1 f){] 1 'W -n 'lJ f) 1 'j iJ ~ ~ 191 D 

iJ1:tiYv1TI fn'V'lfl11 tll <U'V~D~l~iJt!mhfl'ty I 'W Vi1'W D~!~CJ1tl'W!rluVi'il11U!lril P-value 'l.JD~~'JH iJ1 111'1 

" ' " ~:t~'JtJ'W ti'1~'J!!iJ1IV~iJril P-value vllf1l1 0.05 !!-n'\91~l1~1HiJ1tJ'WlJ~~I'iutJ1~i'f'VlTifll'V'lfl11tll<U'V~ 

' " 
D~l~lJtJCJbYlfl Ul bf'J'W ~ 1!! tJ 1 Vi lJ~ 1 P-value '0 ~ f1l1 0.10 ~ Dll tlJiJtJ' CJbYlflUI ~~ ~ D~~V!Vl ~ t tJ u ~ u 

(Korbahti et al., 2008) ~1~'lJiJ1:ti'f'Vlf-n'li~'lJ'\'~'W1l (Correlation) (R
2 

= 0.9287) ~1 R2 !lJ'W~l-n'~~~ 

~~ -n\91~ ~ ~ ~\91 ri1u 11~u r uCJ~ :t 'lJ u~fl 'Jl'lJ N\91 'V'l ~ 1\91 ~~~ uu ~ 1 ~ u~-nl'lJ n t~unu 1 CJ 1¢1 'illf1-n''lJ n 11m 1 



79 

~l~i:Jfl111Jrllflt1J~tl~T11~~ nci11~e:J~l R
2 

f\111Jltltlll 0.75 ~~l~hl~l~fle:J1Ji'Ul~ (Seyedeh et 

al., 2007) 1~W~l R2 ~~m1iJ~wu11m1' l ii1hl~l R
2 

actj mniJ~11m~'lftfl~flU~l R
2 Ubl\OI,:lllU~~~ 

' ~ 

l 'Vle:l1J 1 h!U UU ~1 ~tl~~ l ~ ~ 1hl ii ~ N~tl~l~iJ'!!t:rllfltlJ~ mh ~ i1'VlTI fll'V'I fll) fll <U' \01~~'111J \01 1\01 fl'illtlfll) 

I ') ') I Ci.l 0 Q.l I 2 d I 0 I 

'Vl\OI~tl~'V'IU11 R- U~~ R- acti l'VllflU 0.9287 U~~ 0.9033 \9111Jm\OIU 'illflfll)'Vl\OI~e:J~I'll R acti 1JI'll\911f111 

' ~ ., ~ 11] 9) .... I Q.l I I 0 G) 3/..:::1 Q.l Q,l rl Q.l & 
R- lhl e:J~ 'illfl !\OI'illflfll)U)UI'llrl~tlU'Vl\OI~e:J~U~~m'illflU UU'ill~e:J~ m1Jfl111Jbl1J'V'Ih! 1if1hl1Jlf1'1Jhl 

~~bltl\Oifl~e:J~flU!f1Wcn~~f1ci11 1rlmu~ vmVivu~lfl11lllh!lVU1~i1'Vln fll'V'Ifl11Fll<U'IOin19f C02 'Ue:J~ 

U UU~l~tl~bl1Jf1Ulffhl 1 fi'~nU~l~ l~'illf1N~f111'Vl\OI~e:J~~~U\91f1~1~flhll'WV~j'e:JV~~7.13 rvhtTu 1\0IV 

100 

• 
• • 

./ 
/~ 

~/ 

?/ 

20 - /. 
20 40 60 80 100 

Measured Carbon Dioxide Removal Efficiency(%) 

iiTW'lh~fiB'U~ 4-12 ml'Yiubl\OI~mlmlm~un~m~U1~i1'VlTifll'V'Ifl11tll<U'IOin19f C02 ~l~'illtlfl11~1 
'Vl\OI~e:J~U~~'illflfll) fllh!1W 1101VU'U'U~l~e:J~'Vll~flW\91rl'lbl\91{1 hl bl1Jfl11~ (4-4) 

m'V'Iu) ~ne:~u~ 4-12 u bl\OI~G~fl111Jb1'm~u n'U e:~~u1~ i1'Vl n m'V'Ifll) t11 <U'101n1GJf 

C02 ~l~ 'illf1fl11'Vl\OI~tl~U~~ 'illflfll) fllhl 1W 1 \OIV 1 '*bl1J flU~ l ~'ill flU U'U ~ 1~ e:J~ 'Vll~flW \91rl'lbl\91 {1 hl 

bl1Jf1n ~ ( 4-4) ~~'li' e:J1J~~ 1~iJ ~ 1 fl11 m~ 'ill vl'l 11 D'Ul ffh! ~u bl\01~ m11J ble:J\Oifl ~o~ 1 u 1 ~~u~ Ve:Jlli' u 
"' 
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119l' (R
2 
= 0.928) H J;Y~.;rl1H1J1J ~lml~'Vll~i'IW\9111'11;1'\91{~119l'mm':i t11 'J1'vh'W ltllh:;;ff'Vl~ fll'VHll':i fhD~ 

fl1'1f co, 1u'lf1~191-:un_h~ftfl£n11'1'~ 

" . 
'Ue:J~rilth:;;ff'Vlifl1'V'I1'Wtll':ifhD~fl1'1f C02 1u~tJmll!J~'W~1\9leJ1JJ;Y'We:J~ (Response surface) olf.:JiJ 

~n1Jw:;;trlumll!J 3 :iJ~ HJ;1'~~1~~.:~m'V'ItJ':i:;;ne:J1J~ 4-13 G~ 4-14 .-tle:J11~mci1d'uJ;Y~~hrt~'WG~ 
"' . " 

N~ \91 e:J1J J;Y'W e:J~ 'Ue:J~ 1911!! tJ 1 Vi iJ f1 1111 ll\ilfl~ 1 ~ nu fl':i 1l!J vtu ~1\91 e:J1J J;Y'W e:J~ 1;1'111 11 t1 '11111 11 ~1 'W fll 1 

e:J~1J ltll!~:;; 1 :;;'l.J N~m :;;'Vl1J'Ue:J~I911!! tJ 1 !!~~:;; 19111 'W 1'1' 1utJfi~m~'u .fi~~hl'l·qp :;;11 il~l911!l tJ1 ~~11:;; 
" l!J;1'~~N~'UeJ~I911!!iJ':i~J;Y";i:;;fli'~~:;; 2 l911!!iJ':i fle:J fl\9l':iltl11111~'UeJ~'UeJ~l'l1~1 (x

1
) fl\9l':iltl11111~'UeJ~ 

. " r:v 9) 9) .-=::! .::::il.r]9J d. w I ,.,I .Q. ~ G) 
tl1'1f (x2) H~:;;f1111ll'lJ11'lJ'W'UeJ~llfl~l'1fti11'Vl ~~'Ulfltll':i"!f:;;~:;;mtJ'lJ\il:;;mu (x) \ileJlJ':i:;;J;Y'Vl'fiill'V'I !'W 

" m1n11l~n1'1f co2 11'1' 1~tJiJ':il(J~:;;l~tl~~~-w 

' " v l1J r::Y il v .ct ~lJI il .t::l 
4.3.3.1 Hil'Utl'ltl ~'al fll'a !'t'iil'U tl'lfl191 (x2) l!ll:;; rl1 U.ll'Uli'IJ'U 'lJ 8'1!!1'1 ill 91£.1li'YI ! VI 'ill flfll'a'lf:::ll:;; illU'IJ 

~:::fl~'U (x3) 

""' li] "" 9) 9) "" .dli] 9) 
N~'Ue:J'If11111e:J\9l':iltll':i !11~'Ue:J~tl1'1f (x2) u~:;;f11111l'lJ11'lJ'W'UeJ~l!flm'1ftJ11'Vl ~~ 

" . 
111 flfll':i "!f:;;~:;; m t1~ \91:;; ni' 'W (x

3
) ~ e:JtJ 1:;; ff'Vl ~ m'V'I1 'W flU n 11l ~ n 1'1f C02 lU e:J'I111 tJ ll m 1:;; rf 111 

" . 
f1 1 111 ~ 11 oW 'W £1 'W 1 tJ 'lJ eJ.:! fl 1 1 vJ ~ 'W ~ 1\91 eJ 1J 1;1' 'W eJ ~ ll 1;1' ~ ~ N ~ fll 1 'Vl ~ ~ eJ ~ 1\Pl' ~ ~ f11 'VI tJ 1:;; fl eJ 1J yj 4- 13 

"' . " 
'V'11JilN~'UeJ~fl\9l':iltll':i 1 'l1~'UeJ~fl1'1flVl11~'Wbl~N~ 1 'f1'tJ1:;;ff'Vl~ ill'V'I1 'Wtll':ifl11J~m{1Je:J'W 1~e:Je:Jfl1'1f~ 

. " 
fl\91 1 1m1 111 ~ 'lJ e:J~fl1'1fYi J;Y ~~'W iJ N~~ m 1m 1 'W m1 ~:~..di 1;1'1:;; 11 i1~1 l!JJ;Y'lJ e:J~ n1'1fll ~:;; 1l!J J;Y'lJe:J.:J m ~ 1 

"' " . <!lo']9J <!leY c<at 9)9) 

~~~~'U~'Vll !'l1tll':i~~'1f11fl1'1f C02 ~~~~ (lin et a!., 2008) 'WeJfl'U1fl'Wl11e:Jf11111l'lJ11'lJ'W'UeJ~ 
1 ~ I 3J f 

1;1'11 ~:;; m till f1 ~1GJ1t111 1 eJ e:Je:J'W 1 Vl11 ~'W 'U:;; ri ~ N~ 1 'f1' tJ 1 dr'Vl ~ ill'V'I1 'W tl1 1 n 11J~ n 1'1f CO, l Vl11 ~ 'W oJf ~ 

llJ'W 1tJ\91111~11iJ':i:;;ff'Vlf'l1'Wl x3 1'WJ;1'11fll':i (4-4) ~~lJ~1llJ'W1J1fll~ltl1J 0.079 trle:Jf11111l<ll11<li'W'UeJ~ 

m1 ~~ mtJllfl ~ 1GJ1t111 1 e:Je:J e:J'Wlfi11~'Wl J;YiJe:J'W!lJ 'W tll':i tfiml 1 ~ oU 1Jlfl ~ e:J'W (Driving Force) h..! tll':i 

1 f1 ~tJ fin1 till!~~ fl\91 11 nu ~~ olf11 'lJ e1 ~ n1'1f co2 ~ ~ ri ~ N ~ 1 '11' tJ 1 ~ ff'Vl ~ m'V'I1 u m 1 n11J ~ f1 1'1$ co2 

' " " !Vl11~ 'U 'l1~ N~ 'U e:J~fl\91 1 ltll':i 111 ~'U e:J~ fl1'1f C02 ll ~~ i'IJ111! <[I 11.-tl 'W 'U e:J~ ll f1 m GJ1t111 1 eJ e:Je:J'U (xh) bY.:! N~ 

~e:JtJ':i~ff'Vlfim'V'Im':inl1l~n19f co2 eJ~1~ilt!mrll'ltlJ 
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Calcium ion Concentration (mg/1) 

81 

0.85 

360.00 

200.00 0.25 
Gas Flow Rate (Vmin) 

vH'l'Utl·HJ\9111f111h'l'fl'Utl~'UtJ·;n1·Hl1 (x) U!;l::;B\9111f111111!;l'Utl~n195 (xz) ~tl 
' ~ 

thdhli1m'VI h.! m1 rl1~~n195 co, tilm111 u1tm1::;tl111fl11:U1:Yln~u £1 u 1U'Ut~~m1~'ih.!~1 
- "' 

I '3J f 'J;} I I 

l Vl:U~'W 11::; ri ~ f--l);ll ,r U1 ~ ill'lTI fll'VIl 'W f1l'j rl1 <O~n195 C02 l Vl:u ~'W l tltl~ 111 miJtJB\91 'j 1 fll'j 111 );1'\J tl~ 
' " 'UtJ~mmtVJ:U~'Wll1l M'ui)n~tJ11~1111~);1'11!;l~mtJUflmCJftJ:U 1t~tJtl'W fl'l.Jn195 C02 );1'1:1Jl1 tun~ 1~t~1 

~'WU!;l~ l ~'W f11 1 rvi :UU~ mill 'U tl~'U tl~ l11!;! 111 ~l~ 'W f111 l fi:u ~'W ~ ~:U ~);!') ~1111~ l'W );1''\J tl~ t11 !;!"lfl'l.J tv!);!' 

'Ut!~n195ri ~N!;!l 1i'u1 ~ill'lTifllVI );!' ~ 11 1fl);l':Ufl11 ( 4-3) trit~VJ1111 ru 1~YlTIVI!;!l 'W!Yltl:U'\Jtl~B\91 1 1f111 111!;! 
'" 

'UtJ~'Ut~~m!;l1 11~t tfu 1~111n~:uu1~ilYJim! w11ttu 1 (x,) ~iJriltrl'W'lJ1fl t'Vl1n'l.J 54.11 ri ~N!;ltM' 
' ~ 

U1~ill'lTifll'VIl 'W fl11rl1~~n195 C02 'UtJ~'j~'lJ'l.JlVl:U~'W mh~iJt!mhl'lty U!;l~B\91 11fl11 111);1'\JtJ~n195 
' ~ ' 

);!~);! ~ 11~ ri ~ N!;!t 11' u 1 ~ ill'lil m'VIt u m 1 n1 ~ ~ n195 co, t Vl:u ~ u mh~ iJ '!! tlbh 1'1 w 'Vi fl11:u t.U ml'u 'U t~ ~ 
- u 

);1'11!;! ~m tJ u fl !;ltCJf tJ:U 1 tJ tJtJ'W 600 iJ!;! ~ n1 :u~ tJ ~ \911 ~ ~ );l'tJ ~ fl ~ tJ ~ n'l.J );l':U m 1 ( 4-3) tri tJVJ11 11 ru 1 



82 

D Vlll 'VH'l hn YJ'()lj 'IJ tJ ~ e) \91 'j 1 fll'j hH1 'U tJ ~ fl19f 'Vl 'lr:h bYlJ !h ~ iY Vln\-n! 1 191 '":H n.h ( x2) ~ ii fi 1 ~ 1] '1.-W 1J 

!'Vllrl1J 164.79 

~ 100 

~ 
>. 83 
u 
c: 

.S:! 
u ·-¢:: 

U-1 
~ 
> 
0 ,... ,... 
ij 

c.:: 
() 

:2 
x 
0 

6 
c: 
0 
.f: 
~ 

u 
0.70 0.75 

0.55 0.60 

Gas Flow Rate (Vmin) 
0.40 0.45 

Liquid Flow Rate (Vmin) 
0.25 0.30 

' " m'Wth~flt~1Jli 4-14 m1vlVI'W f:"l1u i1'191~fl11ll bY'm~'W Til" ~rr:h~ vH1'1J a~ eJ\9ll"1f11l" \Jh1 ~'U a~ 'Ut:J~m m 

(x
1
) u~~el\9ll"1f11l"1l'I~'Ut:J~fl19f (x) ~mh~iYVJnm'Vl1'Wml"f11;ij\91fl19f C02 ~l"~I011Jm1tJ~oU'mJ''W 

600 :n~~fl~lJ~tJ~\9\'j 

' .. 
OJ Ill 'jl 'jl -=t -=ilJI 'jl -=t 

4.3.3.2 Ntl'IJ8~8VI'ilfll'i !'Yitl'IJ8~!'t'it11 (x
1
) !rtl~i'I1UH'IJ1J'IJU'IJ8~Hi'lt1!9fti1J't1 &~Hllflfll'i'lf~tl~tllti'IJ 

Vl~fl~U (x3) 

' " ' lil 'J} 9) .:::! c:! 111 'J} d, Q.l .:::::! Q.l 

&l'I~'Ut:J~!'Y!m (x) u~~m1W'Ull'IJ'W'UtJ~Uf1~~9fCJlJVl &191ll1flf11l"'lf~~~mCJ'IJ\9l~m'W (x) VltJ\9ll"lf11l" 
' ' " 

1 l'l ~'Ut:J~fl19f 0.55 ~\9ll"~t:J'W1Vlll1flm1vlui1\91~ 1 ~n1'W 11~lJt:JeJ\9ll"1f11l" 1 l'I~'Ua~m m~~ll~'W ri ~ v.m 

I 'j} j) I I 

Ufl ~~qfCJtJ 1aaa'W~~ll~'W \Ol~u'W ~~~lJ'W f11'j ~~tJUHoU1J~fl ~t:J'W (Driving force) 1 'Wf11l" ~nmJBf1j CJ1 
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' 'J) 'J) 

lh:d1VJnm'YI1um'H11<ij'~rhCJf co? rVi:JJ~um~u 
- '" 

~ 100 
~ 
~ 

>-.. 
(.) 

= .3:! 
(.) 
.~ c: 
UJ 

:-::1 
> 
0 s 
C) 

~ 
C) 

"0 
"::1 
0 

0 
= 0 -e 
:-::1 
u 

840.00 
0.75 

680.00 

520.00 
0.60 

Calcium ion Concentration (mg/1) 36o.oo 0.45 

200.00 0.30 
Liquid Flow Rate (Vmin) 

' 'J) 

ilTYfU"J~flfl'Ull4-l5 m1~~'W~1m'IWH'I11:JJam~un'J~lrh~eJ'~'J1fll'J1ln'l'lJeJ,;jfl1CJf (x2) u~~m1:JJ 

1l1flb'I':JJfll'JUllll~1~eJ,;j~ (4-1) flUtl1<ij~fl'1CJf C02 1u'J5'J,;j'lJeJ,;j\9J'JU'!.h~ 
vh flUftfl'hl1 b'I'1:JJ1 H1 1 '*u lJ lJ ~ 1 ~ eJ,;j\9J,;j flri 1TYll'W 1 CJlh ~ ff'Vl TI f'll'YI b'l'f11 1~ ~ m :JJl~ b'I':JJ 1 'W flu 

~1l U'W fll'J 1~ ~,;j b'I'1:JJ1'J flllfi'J1~l·1'111 f:im u ~CJ'lJeJ,;j b'l'fll'J~~m m~ b'I':JJ 1~1 ~CJ 1 '*1 iJ mm :JJ Design 
I I I 'j) 

G) 9) I .::::id d d o G} 9) ~ ~ ..:::!! -~ Q ~ 0 Q.J r::') 

Expert Software 1:1~ 1 11fll'Vl~'Vl~~'Vl'Vll 111 f:i~fll'J~eJllb'I''W eJ,;j'YI'Wf:i111 'JeJu'J~ b'I''Vltifll'Yifll'J fl11l~fllCJf 

co? b'l' ,;jb'J'~ u~~m:JJnfl1'*l~'WU'W1'VlN 1 u fll'Jtl111'W ~b'l'm1~fll'J~1lU'W fll'J'lJeJ,;j\9J'JuiJ'J~l~CJ1'li'eJ,;j 
- '" . 

' 'J) d \1] d\1] '1) d Q.l oCl ~'j) 3} 'J) I 

w'lmCJfCJ:JJ !eJeJeJ'W'Vl ~~1l1flfll'J'lf~~~mCJ'll~~m'W (x1) 1l1flfll'J1lfi'J1~11~1CJU'W1'Vll,;j'lJ1,;j~'W 'Yill11 

b'l'fl11~fll'J'Vl~~eJ,;j~l'J1:JJ1~b'I':JJ (Optimum Condition) 1'Wfll'Jtl1<ij'~n1CJf C02 1~ fleJ eJ~'J1fll'J111~ 

'lJeJ,;j'lJeJ,;jl'J1~1 0.77 ~~'J~eJ'W1Vi eJ'~'J1flU111~'\JeJ,;jfl1CJf 0.25 ~~'J~eJ'W1Vi u~~fl11W'li':JJ'li''W'lJeJ,;j 
' 'J) 

Uflm91CJ:JJ 1BeJeJ'W Vi 1~ 1l 1flfll'J'lf~~~mCJ~~~ fl-r'W 725 iJ~ ~fl-r:JJ~eJ~~'J 1~CJ'I'11fll'Jfl1llfJ:JJfl11:JJ 
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v 'JJ r:JJ 'l v d d 'JJ 1 -I"" dl 'l v- I 'l 
l'UlJ'U'U'U'tl-:Jfll"li C02 !'11fl-:J'Vl\9H'I'tll'lf111'Vli'H'I'tl-:J'Vl1'tlC.Jrt:;; 15 I'ICJ1J1:J.Jl\911 "1!-:J'\l:;:; ~'Vi1J1:;;fl'Vlifm~ ~'U 

m1ihlll'lnl"li C02 ~-:J~I'l!tJC.Jo:;; 97.83 11'lmWI'l-:JHI91-:JI'll11-:J~ 4-5 

' ' ' cl .ci 9 0 Q./ C')) n f..:::i .c! .::::!lf] 'J} 0 'J} 

fll':iN'YI 4-5 'ffml:;;'Vlmm:;;bYlJ ~'Wf111fll'ill'lfll"li C02 uo:;;l1J1CJ'lH'VltJ'lJvW'Vl !l'l'illf1f111'Vll'WltJI'lltJ 

b1'lJf111 nm.mm1 'Vll'lrt 'tl-:J 

Bfl'llm'l,'tiij Bfl'llm'l,'tiij 
jl jl 

fl1UH'lJll'lJl! 
-' A A 'U 'l:;:; ij"fl'li ill 'W 

"" 'llfl-:Jl'Viij1 'lJfl\lnlC)f 

A I d A I d 

( ij VI Wlfl 'J.!1 'YI) (ijfl 'lflfll! l'YI) 
Ol'lfhUI'l C02 

~ ~ Q.J ' ~ 
(lJijij fl'lllflf)ijfi'J) 

-----------------------
(xi) (x) (x) 

0.77 0.25 725 100 97.83 

'illf1\9111 1-:J~ 4-5 u £1'1'1-:J 111'n1'W 1lu'lJ'lJ~lo'tl-:J~ !#lmm1 111 ~lll'WltJNofll1 ihlll'l 

fll"li C02 !#J1'W1:;;\9l'lJ~ uo:;;'Vl'lJ11Noi:)vrfi'U'tl-:Jll1:;;fl'VlTifll'VH111flllll'lnl"li C02 ~t#l'illf1f111'Vll'lrt'tl-:J 

I o o ~ o' 
!!lJ 'U C.Jl'U 'tl-:J ll 'lJ 'lJ 'ill[! 'tl-:J bYlJ f111 'Vll,;) fl w \91 ftl bY\91 1 

' <J) <J) 

0 "' r:J) 1 'l 'J) "' \J] "'\J] 'J) "' "' 'J) 0 

f111fll'ill'lfll"l! C0
2 

I'ICJ ~'lfb1'11o:;;mC.Juflrtl"l!C.JlJ ~'tl'tl'tl'U'Vl ~l'l'illf1f111'Jf:;;o:;;mtJ'U\9l:;;m'UI'lltJ'Wl 

1l 1 1 f1' 'ill f1 I 'tl 'tl 'tl 'U lJ ll ~ 'U bY 1 1 ~ 1'1 q; lJ 1 'U fl 'tl [)' lJ 11' 'lJ 1 1 ~ 1 'U 1:;:; 1'1 'lJ 11' 'tl,;) 1l B D~ f11 1 11'1 (J lll f11 1 'Vll'l [I 'tl,;) ~ 

eJ\9111f1111'VIrt'U'tl-:Jl'Virtl 0.77 i'll'l11'i'tl'Wlfi eJ\9111f1111'VIrt'U'tl-:Jfll"li 0.25 i'll'l11'i'tl'Wlfi fllllJl~lJ'lJ'U 
<J) ' 

'U'tl-:Jb1'11o:;;mtJ 725 :iJoi'lnflll'i'tli'l\911 uo:;;m1 'Vll'lrt'tl-:JUl~'Wf111 1 ~£1'11o:;;mmlflrtlqfC.JlJ I EJ'tl'tl'W fi I#! 
<J) <J) ' 

'illf1fll':i'lf:;;o:;;mtJ#lltJ~\9l:;;nf'Wu'lJ'lJl'W'lilm':io:;;mtJ1'W':i:;;'lJ'lJl~'U':i:;;CJ:;;nm 2 9h 1m u£1'1'1-:JNom':i 

"' _ 1 d dl dl ~I _,I .., .., .s , 'JJ v 
'Vll'lrtmi'IUll'Vl1J1:;;f1'tl'lJ'Vl 4-16 11-:J 4-17 "li-:Jl1J'Uf1':il-v~U£1'1'1-:JfllllJ£1'lJ'Vl'U'!i':i:;;'VIll-:J fldllJl'UlJ'U'U'U'tl-:J 

£1'1 ':i [I:;:; [11 CJUfl [llqf(JlJ, 'tl'tl'tl 'U fllfll'tl'lf Urt :;:;1] ':i:;:; fl'Vl Ii fll'Vl fll'j fll'UI'lfll"l!fll{ 'lJ'U ll'l'tl 'tlf1 l"lll'f ~ 

GJfl-:Jnml'il-:J"l \9llllihl'l'U 

. ---~ .................................................. ____________________________________ _ 
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,I .d I 91 91 "" II] 
'lllfl fll'VhJ 'J:;; fl tl1J 'Vl 4-16 'W 1J 11 f1 'dl:J..H 'U :JJ 'U 'W 'U tl'l U 'fHH CJfti:JJ ~ tl tl tl'W rl\91 rl 'l 'ill fl 

., 
747.5 :iJr~ilni':JJ~t:Jill'l'J mi1B 475.89 :iJr~ilni':JJ~Bill'l'J 'l'W'lf1'l 2 'W1Viu1n '11ft'l'lllflU'Wf111:J.Jl.u'mr'W 

'U tl'l u f1 rJlCJ1tJ:JJ 1 tltltl'W nfl 'l~ ~ 430 fir~ilni' :JJ ~ tlil (9l'j l {} tl'l 'lllflfll'j lfl\91 tJ Bn~ tJlfll'j ~ \9tqf:JJ fllCJf C02 

l~'WtJBn~mm11Jm'Woi'W n1'11 co2 'lJ:;;!iJ~tJ'W~iJ!~'Wm11Jm'WI'l 1Btlt:J'W <co;-) l.u'TvhtJBn~tJl 
., 

tl1J u f1 mCJ1tJ:JJ 1 tl tltl'W tJ B n~ ml'l 'l fl ci ld~'W tl ~n 1JiJ~ :J.JlW 1 eJ\91 'j tl fl 1 '11~ ( OH) 'l 'W 'j:;; lJ1J u~ '11ft 'l 'ill fl 

nmNl'W1tJ 2 mVi Viw'lf'lltl'lrl'l'Jr~:;;mtJuflr~lCJ1tJ:JJ1t:Jt:Jtl'Wrll'lr~'l'lllfl 11.3 mi9t:J 6.48 111'lti'tJBn~tJ1 
., ., ' 
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:CO, 

: 44.0095 nfW111l:l 

~ Q ~ 
'lHH 'j fJ fl el 'W : Carbonic Acid Gas, Carbonic Anhydride; Dry Ice (Solid) 

-cr VI 'j 1 fl 'j ~ -cr ·h~ 
'lJ 

o==c==o 

1~HJ 1:J ~1'W fll-:i tll'W 'lHJ-:Jm l:l1 'Vi 1nJltJ-:Jfll-:i 11Xwl'nm11JtJ'W tl'l tltlfl t9f~tll'W 'UtJ-:Jml:l1JltJ-:J 1 ~f1111J 

IOl'W 1:Jum.Jw;h 5.1 atm 

' Q.J ~ d -=:i ~ 
: 1,562 mll/l:lm ('Utl-:Jtt'U-:J'Vl 1 atm. -78.5 tl-:lf1'1!9fl:l!9ftJi1') fl1 UJ '11 'Wl!! 'W 'W 

Q.J Q d -=:! 

770 m:JJ/l:l\91-:i ('Utl-:Jmm'Vl 56 atm, 20 tl-:J\11!9f[lt9ftJi1') 

Q..J Q d d .d. 

1.977 mWl:lm (!!flir'Vl 1 atm. 0 tl-:ll1'1!9f[lt9fCJi1') 

-56.6 tl-:J\11!9f[!!GliCJb1' 

-78.5 tl-:l\11t9f[l!GliCJb1' 

' 
QJ ' ~ 'V 
el'WVI'j lf.JVItlty'Uill'YH!~~-cr ~!11VI~el'JJ 

tT'JJ~-crm~mf.J111 : fll-:i'ViltJht.u'1t1h1111Xfi~'Wl~ 11'1t'iltl'i''W~I'li1fl~ i111'lfh£J~ i1'W-:J-:J -:i1Jfl1'W 

fll-:illtl-:Jtll'W 'VilCJt'il t:kitJtJfl iJmnwi'n tllfll-:i 1fl:ki1 

" tT'JJ~-crm~~1'11U~ nwff'w1mlfl~1'Vi'!! -:J 'il ~tll wtNl:lVW-:J m :iJ'tJ'W '111u ~-:Jn\91 
'U 

" nu'Hjefi~'Wt.fi'l,tl m -:in ~'W 'Vi j tlfl'W 1 .u' 11 tJ iJ mm -:i mil tl'W t11u ~ -:J fll'l1J ~ nw ~ 11 1-liJ1n tJ 1 fl u l:l ~ 

" ' 
fl1l'J.Jfi~~1'YI1~tflii : 111 "i iJ w~ m YitJw 'Vi fl :iJ u rl ~ m1:1J 191 mJ fl~ 

q 'U 

,j jJ QJ \J) !IIJ jJ ,J li] 9-lli] 9) "'li] "' "'! 1 """' "' 1 <Ill] "' -crl'j'fi!'Ulfi'W !'JJ !\11 : b1'1-:i'Vl!N1 \'Vi:IJ !1'1 111-:itltlflt.}f !l'l9f !fll:ltl'Utl-:l rl'Vi~ b1'1-:i-:il'l19f rl'Vi~'fll-:i !1JI'l 

h'Vi~ !1Jb1' 

" " Q.J Q.J Q.J 0 ~ .::.':!. 

b1'1JNb1'fl1J'W1'Vi-:itlfl111J~'W 

~'W VI 'j 1 f.Jill fl fl1 'j! fl\11 U ijf11 fJl 'Yl el ~! 'JJ el .j " \J] I"> ,..;j 

: !ll!fll'l'U'W 



n-2 1u1mmu (Nitrogen) 

' ft 1 UJl'i'Ul H'U 'U 

: 28.01 nf:lJ/t:JJet 

1.251 nf:IJ!il\911 Yi o e:J'lfl'Wlim~CJCI' 

-195.8 e:J'Jfl'WliCI!~tlb1' 

-210 e:J'lfl'Wlim~CJCI' 

' " 
d1u 1h~ne:~1JYi-ff1ft'ty'Ue:~'li'u 1J 11 mmrr 1 e~n 

' 
QJ ' ~ v 
fl'U~'j 1£1~ fltl'Uill'WHI:I~ tT 'JH 1VII:Ifll..l 

q 

' " 
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mvh~~<U~ mv1'il~11 eJ11:JJwmJ11h1u fl~lmwm11'll'WllJ'lh~munu ~1Jb1''W m1:JJ~~ni'1 

QJ Q.l ~ QJ 

tll..!Htl'tlNH1Yi'U.;J 

nul'i~fln~u!.Ul1'll 

-crl..lirtTtJO~l 
"' 

m1ni11u t-~1' e:~nut qj'1"l iJ "lJJih-Je~m ~Y11J 

m1 ~w~J' m1 n \911 "l JJ ih·-1 r~ m ~ Y11J 
'" 

' 

'" 

' ~ ~ _I ~ ~ 
J)l'jJ)fll.J~!'j.;J ft1ll..IHVI'UO~, flU 9 '" fl11 'U l~eJeJfl~! 'il'W 1 'W 1 ~ r'l':il'J Yi \9)-:j m 1 fi 'il~ vh 1 r1' Yl11 n1 'W 

m1t1ihn1:JJr.l~iJn~ 



"""" fl-3 mflti~CUVIfl (Acetic acid) 

. . 
"" "" "" 'IJ'tl!'Wfltl'W 

i;l'VI'J lfi'J.:.Ii;l.:rl.:.l 
'lJ 

CH3COOH 

60.05 n-fw1:JJ~ 

: Ethanoic Acid 

118 eJ-:JftWlHHGlfCJbl' 

17 eJ-:JftWlfn!GlfCJbl' 

100 

ml u 'VI'!! leJn ur~~'VIlv1 'il~~.u~ m':i ff':JJ rlff!~unmu 1u Yl1 hi'ijmm':i cyanosis (N"ml!-:~ur~~~:JJ 
" "thJ1m~uih~er:mih) hAtleJ~tl'mbl'u YllmCJtleJ~'VI1eJ !irv~r;;~ ~~ 

tl''J.Jwmn.:.~~htn!.:.~ : m':iff'm'lbl't~nN-mu-:~'il~neJ 1 M'!n~m':i':i~mm;ieJ-:~ !~1J'tJ1~ ~~u~uu~-:~ Hr~~ 
"' 

I « "" _I "" .,; 9 3) lrl_l 0 _I 3) Q "' 

fll'Jfltl'J.J~l'J-:.1 fl1l'J.Jf-.IVI1JflVI, ei'W 9 : Tll':i'VilCJ !'ilWlbl'l':il'Ull1Jhll'W'l 'il~'VIlrllCJ1JeJ~ fllt;Jf1NTY!'W-:J 

!~unm~~~eJnuYl11M!~'W hA~h'Vil!-:~ l~'W hA'VIrleJ~r~:J.Jtl'nwu hmJeJ~ lllmvl\lu ~~ 

. " 
(;fl'Jth.fi'ln'W1'J.J1vl : th fl11:J.JfeJ'W bl'l':ieJeJf1~l~CJf1'WllH bl'l':iYJ1UUfl~CJ11'WllHrl1J!1Jbl' 
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QJ \IJ d 
fl-5 U{;l'U'fll'UlnH)fl !CUVI (Lanthanum(III)oxide) 

: La20 3 

: 325.809 nfw1:wi~ . . 
"" -=t "" 'lHl!';itlfl0'U : Lanthanum Sesquioxide, Lanthana 

tf~';j1fl';i~!:l"h~ 
"' 

) & ~ 
!flH~I!fl'IJ'U~U'IJ~U'lJ'lJ Hexagonal 

I 

1'111 'lJ 't'i 'U lH 'U 'U 

"" : 2250-2307 mfl'W1HH9H'JII' 

: 4200 'U~fl'lL9HHClfcln 
l1J <I .d ~I ~ "" :/ l1J 31~ ~ 31 

{){)fl !9f~'IJm'liWl'Vl'MlCJlfl LU'W'IJ'U~U'IJ~II''IJll IJ:;:;I!ltJ'Wl !~ !'Wfl':i~LI!fl'W'UCJ 
q 

'j) 

uiJ:;:;IJ:;:;mtJ1'W111 

fl1l'lltfl'lll';it:I1'Ufll';il:l:;:;l:llt1Jl 

: fll':i'MltJ11H.u'l! 'l.}il:;:;n'U 1 MLfl~fll'J':i:;:;mm;i'U~'Vll~L~'WmtJ1 'il 

m1 -ff:wN'II'tlfl ~hm! ~ 'il:;:;n'U 1 MLn~m':i 'J:;:;fllm;i'U~t:bm! ~L~nu 'Uti 
'" 

'j) 

m':i-ff':wN'II'tlfl\911 'il:;:;n'U 1 MLn~fll'J':i:;:;mm;i'U~~'U\9lltJl\9ll! m'l \911U~~ 
'" 

• 'j) 

It n~~! vJ !l'l'm~LiJ'Ui:Y:w N' IJ'n'lJmfllfl''M1 'UtJl 
q 

'j) 

11]."" & 

: !:IJLfl~'IJ'W 



fl-6 fl<JY!cU~'Vl~n (Sulfuric Acid) • 

rffi<J h.u~n~ "' . 
' ' <!! <=! <!! 

'lHU <J ~ fl tl h! 

rffl~1tn-:JrflN 
"' 

: H2S04 

99.08 ni':whrn 

0 
II 

-:7s''''OH 
a ~H 
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' " o' 

'lJeJ~mm!br~'U 1JJiii11JJiin~u ~~1111~~ iiq'Vlnlrlum~uri (Strong Acid) 

: 1.84 ni'lJ/~\911 ('lJeJ~mm) 

: 2 9 o m fl'll 'li ~'H 9i c.m 

: 1 o eJ~ftll'limG!ic.m 
' 

QJ ' ~ 'V 
tlh! fl <Jl~VJ tll!'llil n'm~~rr -:JH 1YI ml'J-J 

" o' 

~'I-IN'rrm-:Jm~1<U m1111tJ 1 '\ll'th hJ m1 il iiq'Vlnn~n~ eJuun~rieJ 1 M'lnl'lm1 1~mmf!e1~~ e1 
" ' 

1~'lJ'lJ'Vll~l~'U'l1ltJl'\l 'Yh111'iimm111TvhmJeJI'll~mleJ teJ 'Ylltll'\l~l'l'ir~ un~'l1ltJl'ilOi'1 tll'mltJl'\l 
d 9) 9) 0 9 9) "' "'"' li] 9) 

Wlb1'11'Vlfl1llJl'lJlJ'lJ'Ub1'~ell'\l'Vll ~'11lb1'tl'l11\91 ~1'1 
'" 

" o' 

~'1-lN'rrnN~hww-:J m1bY'lJN'mJn~111'11~ b1'11iliiq'Vlnn~n~mJ ,~h 1M'lrluuv-m 1m! ll~~1h~u1:ru 

tJ11'1reJu 
' " ' 

Oh!'H~elfl~h!t..u'11'!J tl11tli1'W'l11eJtl11fl'Ul'lll 1 tJ vh, Mfli1'U 1 ~ elll~ti'U u~1JJii~o~mi:imveJ 
" o' 

~'1-lN'rr~nfll tl11bYlJN1:1'1Jtl\911 bruiliiq'Vlnn~n~eJu v11111'mul'l~ '!J11'1\911 un:;;mu\91l'V'l~l 

' " " 
nnntl'l-l~t~~ 1'111'1-l~Y~'!Jn~, ~h! 9 m1ilii~ol11mtJ'il!u 1~'lJ'lJ'l1neJI'lti1eJ~t~tJ~'I11t'il 

' " rrnnt..u'ln'l-!1'1-1"1~: t'Ub1'Un 111 b1'11tJ'U'Vlj~ ln'\1:;;eJni'lltn11 
' ' .<:::::i QJ .::::::::! A QJ ~ 0 ~ I = == Q.l l .::::::. If] d' 0 Q.l 

rrnti'l'l-ltl'UVJ<J l~'t'ltnYI'lll nm1 rr~l~fl1 : !lJ eJ'\111 u ~ m til n u 1 o'\1::; 'il::; m~ eJ eJ n 1 'li~ 'lJ eJ ~ mlJ ::-:11 tw n: 

teJl~1t'\l'U 
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"' <i j/ "'"" 9J 'U-1 fll'l1&fl'll~t'iVI1£.11ti Atomic Absorption Spectroscopy, AAS) (H:IJ'W, 2552) 

l'Vlrl'Wfl'\111~ AAS l~W'Vlflirflm11lm1~~1i1\91Deh~l1~~ ~~b'I1:1Jl1t11 ~t~rr~ 1 'W 
q 

l~~fltwfllVIH~~l ~~tJ~mtw llfi'J1~ ~~ t~f Ufi11:1JiJ:tJ:IJ:IJlfll~ '11 ~~ lVI 1 1~ l ~'Wl'VlfliJ:fl ~1 'f1' fi11:1Jl ~ (J~ 
q 

' ~ 

fi11:1Jll~'W ~b'l' fllVI t 1b'l' ~ H~ ~l ~'Wl 'VlfiUfiVim vn~~:IJlfl VI~ tl:IJ 11 ~ ~11 ~~ 1tJ1 'W fl11 llfl1 1~ ~t~b'l ~ 
~ ~ 

'j/ l I I 

~ ~'!! 'W t1' D~ 11 511~ m 1 Vi 11 'W b'liJ (J 1 ~ tJI11 1 11~ ~ ~ lfl ~ D~ D~ \91 eJ :IJ il ml eJu CJfeJ {VI i''W m 11 n1 'Vl 11 vJ 11'l 

tl~ l'ltJ:IJiJfiH tJUCJftJ{VIi'W ~'W m ~U 1'W fll) ~lfl~ 'il1fltl~ l'ltl :IJ l b'(~ 'lJ tl~'fi 1\91 ~ ~fi~'W 
q ~ 

I T I 3) 3) 

tl b'l ~Vi fl11 :1J m1fl ~'W eJ'W '11 iJ ~ 1~ mu V11 ~<lj'W flU '!fir~ 'lJ tJ ~ 1i WJ'!! 'W"l 1 ~ tl'B WJ !l~ ('!~ 'lfU ~ 'il~ ~ 1 ~ ~ U 
' ~ 

VI~~~ 1'W !l\91 fl ~ 1 ~ fl'W ~ ~~ fl1) ~~fl ~'W VI~~~ 1'W !l\91 n\911 ~ fl'W fi11:1J CJ11fl ~'Wl '11 ci 1 iJ <D~ ~ ~'W 
~ 

Spectroscopic Line 'Utl~tl~\9ltl:IJ'fi119J 
0 'j) ~ ~ c:\ 9)~ ')) d 

1 'W fll) '\1111 '11 tl~l'ltl:IJ'Utl~ 'fi1\911 'W b'l11tJ 1 ~ fltJUlfl~llJ'W tl~l'ltl:IJ~ b'f) ~~'W'W l'ltl~:IJ 
q 

fl11~~fi~'WVI~~~1W~1tll ~~tll'il'il~D~1'W~ll~1~"1 n'W l'lf'W V1~~~1'Wfi11:1J~D'W'illfi!U~1tvl '11~D 
9J "L.I-~ ~I 9J 9J o 9 9J "" "' <!! 

fi11:1J)tJ'W'il1fl rrrvn l1J'W\9l'W fi11:1J)tJ'W'il~'\111 ~'11tl~\9ltl1Hfl~m~U1'Wfll)!l\9lfl\911 (Dissociation) '111tl 

• 1d '1 9J ~I II] <!! "' ~I <!! o 9 9J ''1 9J <!! 
llJ~CJ'W ~'11l1J'W !tl (Vaporization) '111tltll'il~!l\9lfl\911l1J'Wtl:;;'\9ltl:IJ '111tl'Vl1 ~'liD~ ~'Wb'lfll'W~m~19J'W '111tl 

m'ilnmm~'W teJDD'W~t~ 

' ~ 

l'Vlf1Ufl~1~"1 Vi1 ~1 'Wfl11l!fi'J1~~1iW:J'l!'W b'il:IJ11t1Yl1 t~l1mtJ1~ ¥ieJ 
~ 

- Flame Atomization Technique !'VlfiUfli11~m~U1'Wf111YJ11t1'b'l11ii'1mJ1~ 

!ll'lflii'1!~'Wtl~\9ltl:IJ~1m 11m t vJ (Flame) ~!'11:1Jl~b'I:IJ 
' ~ 

~ d1 ~ d 

- Flameless Technique '111tl Non-flame Atomization Technique CJf-J~'Vlfi'Wfi'W 

1 im ~U 1'W mn111 t1' b'l1 1 ii'1D~1~ b'lmtJii'1l ~'W tl~\91 tl:IJ t~ ~1tlfi11:1J ~ tl'W '¥11~ t vJv~ 1 (Electrothermal 

Atomizer '11~tl Graphite Furnace) 1~C.Jb'I1:1Jl':it11U1!lfi):IJ1ti''Qtw'11J;]ilfl11lvn~~1~1~"1 fl'W !l~~1o]{ 

nm~1~"1 n'W 1~ 
d. "' "" • 1d '1 9J ~I - Hydride Generation Technique l'WtJ~'il1fi:IJ'B119JUl~'lf'W~'il~lu~CJ'W ~'11!1J'W 

tJ~I'leJ:IJ 1 ~ C.J\91 ':i ~~1m 'Vl fl i! fl~ ~~nci11m 1~ 1~ u\91 ~ 1~ ~'W ~ tJ ~ 1 i1~ Y\11 ri'!!l'l n\9111 'W u 11 tJ1fllft'~ 
' ~ ~ 

tJ1 1ft''il 1fltltJflcJ1~ 'il'W!v:i tlljtl~fl'W fll)) 1Uii'1flU tltJflcJ1l 'il'W 'lJ tl~ 'fi 1\91!'11 ci1iJ ~~ '!! 'W ~ ~~tl~ Yl11 t1' 'fi 1\91 
q q 

I 



105 

"" "' f11'J'd!'fl'Jl~'Vi'lHJ,;j1i1~ As, Se, Te, Ge, Bi !!rt~ Sb 

" ' 
- Cold Vapor Generation Technique rll'VIi'1J!'Vl'flU'flU!'Vi:IJldl'i1~1'*l~'WlTI 

"" <1' "" d , 1d ~I liJ liJ 'JJ • liJ 'JJ ' "" "'-I da, I"' 'JJ 
'd!'fl'Jl~'Vi 1i 1~1JH~1'W l'l'Vl ftl:IJl'Jtl!lJ riCJ'W !lJ'W ~fl ~1'\,;jlC.J"') ~l'l!!fl fll'J'd!'fl'J 1~ 'Vi 1J 'J fl'Vl'Vl :lJ lJ'J:IJltw 'W fl CJ 

11'lm'R~1~ 

Calibration Method 

1 'W mill ~b1'1'J 1'11mh,;j ~~~aC.JiJ~ ,;j'J 1Jfld'W!!rt~ ftl'J 1'11a~1,;j 1 ~a 'il l,;j m 'il 'il~ Vi 1m1 

1lml~'VI1~~1C.J11~'~mf1C.J1lb1'nm\9l'J ~1'W~'Vl'J11Jml:J.J!~:J.J~'Wm.i'W a'Wml'1 11i~uC.J:J.J 1 '*n'W 11'lC.J,t11 

liJ,I1 ,lw w dli]'JJ 9'JJ~I o' 'J)d>w' o' o' 
~lJ l'lCJ1J'J1Jb1'UJUJ1tw'Vl ~l'l'illfl Blank ~'Vi!lJ'Wfl''WC.J !W'J'iJ,;j'JI'\'fll!!fl1JCJ1fl'J~!!1J'WCJ1'Ufl,;j£1'1Hl~l:'llCJ u u ~ 

.d '3) 'j} I CV 'j} 'J} _di Gj3J 
:IJ1\9l'J~l'W'Vl'f111:l.J!'U:l.J'U'W\911,;j"') fl'W (4-5 'fl'dl:l.J!'U:l.J'U'W) l:l.Jfl ~'b' Flameless Atomization Technique 

fll'il 1'*11'1 Peak Area 'Vi~fl'fldl:J.J'Q,;j'lJfl,;jVl'fl (Peak Height) !!~1U1:1Jl!~C.J'Wfl'J1l!J!'y;ifl'Vi1'fld1:J.Ji:Ym/r'W£ 
w 'JJ 'JJ liJ 'JJ & ~I 'JJ "" 'JJ 1 'JJ c! liJ 'JJ 9 
fl1J'f111:l.J!'U:l.J'U'W'Ufl,;jftl'Jrt:;;mC.J 'il~ ~l'l Calibration Curve CJ1,;jfll'iJllJ'W!b1''W\9lH'Vi'Jfl!b1''W 'fl,;jfl ~l'l ~'W 

"" -.I 9 'JJ ,j "" "' "" ,j o o 9 'JJ 'JJ ~I 'JJ 9 'JJ 
fll'J!'UCJ'Wfl'Jll'l fll'il ~'Vi!'fl'Jfl,;j'flfl:l.J~'d!\91fl'J'Vi'Jfl!'fl'Jfl,;j'fll'W'dtw'VJ1,;j1'W ~'Vi ti1!1J'W!b1''W\9l'J,;j ~'b' Least 

• ''JJ ~I 'JJ 1 'JJ 9 'JJ ,j 'JJ 1 'JJ 9 'JJli] 'JJ 'JJ o 'JJ 'JJ 9 'JJ'JJ 
Square F1t !!\9lti1!1J'W!b1''W 'fl,;j fll'il ~'b'!'fl'Jfl,;j(llfl!ff'W 'fl,;j !'Vi !l'l ~'Jfl:l.J'fll'W'dtw'f111:l.J!'U:l.J'U'W !'Vil'l'JCJ'il1fl 

~ d I ~ T ~ di ~ a' I 'j} 0 I ~ d' 
m ~1~fll'J'd!'fl'J 1~'Vi!!\9lrt~m ,;j! 'Vll'W'W !:l.Jfl'il~'d!'fl'J 1~'11 1 'Vi:l.J'il~\91 fl,;j'VJ11 'VilJ 'VJ,;j'W!~'J1~ Parameter 

~l,;j"l ~1'*m'il!tl~C.J'W!!tlrt,;jl~ 

m 'J 'Vi l'tH m ru 'U fl,;j u 'f1 m 9i C.J:l.J ( Ca :>) ~ 1 C.JlTI a ~\91 a :J.J £1 fl!!fl1J CJ1fl { ~ 'liu 11'1 C.J ~ l'l 

b1' 1 'J rt ~ rt 1 CJ 191' 1 fl ~ 1 ,;j 11'1 C.J \91 'J ,;j ! ~ 1l tJ 1 'W fl ~ \91 fl :lJ l :lJ! CJ1 fl { ~ 1 '*! tJ o 1 l yJ fl 1 fl1 fl' fl ~! CJ1 Vl ~ 'W (Direct 

Aspiration into an Air-acetylene Flame) 

1. a~\9la:J.Ji!mw1JCJ1fl{~'lfu m tln1 m 1 vJ 11'lil!\91 a{~~ a:J.J~ 'JC.Jatl mu! 
q 

' " 
2. M'd!\911YllJ£n:l.J'lffl,;j (Three-slot Burner Head) 01l~lJM'd!\911'b'UI'li.Jm'il'il~1'* 

.- ·-.:::.·----------------------------------
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a\ 'l p d OJ ''l I d II] p 
lllfllf\' 'M'HHl~ 'lHJlfllf\''VHl~tl~ 'W'Vltl (Cylinder) f1 ~~ 

'l i'fl 11'JJIPl'W'Utl ~Utl ff'l 'W O·H'l~ ~~ (i ~ 7 n1 ~ ni''JJI\911'J1Wlf'W ~!'JJ\91 1 (11 rtl 100 psi g) ! ~t~11 tl~ fl 'W 

1ll'l t1' t~~~1\9l'W~~t~c1'l 'W ilnJ'W t~t~nm~1EJ 
"' 

" ' 
4. t'hm1''W1hlfl''\llf1ltltltl'W (Deionized Distilled Water) 

5. m~ 1el·1~1fl~t~~m'll'm!)'W 

6. ffl':i~~mm!ri'W'VllU:IJ (Lanthanum Solution) !\9l~EJ'JJ 1~v~~nlEJU~'W'VllU'JJ 

tltlf1 lClf~ (Lap) 58.65 ni''JJ 'l 'Wm~ h 1~1flrlt~~m'!!':IJ'Il''W 250 jJ-~f!fl\911 hw~eW"'J !~'JJm~ 
' " ' 

'il'W m~vr~u~'W 'VllU'JJt~t~n tClf~r~~mEJ'M:IJ~ ull11~m1 1ni:1'W 'il'W u~m\911 ~~'W 1 .ooo i.l~flfl\911 

' " ' 
\911'JJ fllU 'W~ Ul"lJ tl~'U~ EJ 'Vl ~~fl\91 !fl r tl~ iJ' tlU 'W u li' 1:0'~ 1 'JJ 1 'W 1m 'JJl!\91 t~1'l ti'il~lfl 11'JJ f!l 1fl il'W 422.7 

'W11'W!:IJ\911 

p p 

!"lJ'JJ'\J'W 
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I jl I 5) 

tfl~ o~ijo 1 ti'thwrrw v'Ylnfl-f~nou Yi 'i1~vhm'j 1tfl'j 1~ t1 rrn ~ ~ ~ 1 t~ttl'i ~~191 1o ~l~ 'j 1:JJl1'~nnvhm 1vl 
<u • 

9) 9) II] <f I 

:J.Jl\9l'j~l'W'i1~\9lD\lm~D~\9lmJ !:l-Wlfmnou 

3.2. ~:JJ'M~DI'I'V'Im'ff~m t~fl~~ 1 'W 'ffl'j ~~mtJ\911D~l~U~111'1filUD1JClfD{'V'I 
• <u 

fll'W 1ru 'Mlfi lfnllll 'tJ':JJ'tJ''W "lJD~'ffl'j \911-eJ~l\lil'ltJ~I'IltJ'W iJ~i1n'f Wi1\9l'j il'lm:il'W 

'i1lflm 1vl :J.Jl\91H l'W ~tl nl'l' '0~ 
"' <u 
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"' d ~I I jJ liJ 
'll-2 fll'J1!fi'Jl~'t'ifl1ll.I!1J'UY'Il~ (Alkalinity) ~1£Hll'J rtl!'n'Jfl ('il55!'Jl, 2546) 

3J ~ I I 

fl1llJLrJ'U~l~'Ue:J,n.'h fte:J 'fl1llJ-nllJ15ti'Ue:J~lhV\'il~i'1J hh191e:J'U -nl5Yhll 'lli'Lfll91 

" mllJLrJ'U~l~'UeNl.Jl Hlw1 'W1ntmn11Jm'WI91 (HC03) m11Jm'WI91 (co;-) ul:l~L~5eltlLCJl'~ (OH) 

" ' 
flU lL m 1 ~r1 fl1llJL rJ 'U ~1~ 'Ue:J ~ lJ 1 t ~ CJlJ llJl 1 'I'lL 'Vl5191\9l' 1C.ltl5 ~~UI91tl~ 1 'l 1-i'i th 191 e:J'U [!' ~ L 'lf'W m ~ 

"' 
' " 

miJtJ (HCl) m~cif~~~tl (H2S04) i~CJ'l'*D'U~LflLI91tJ{ c11~li'l1mCJ~19j'Ue:J~fl1J'lf1~fl1llJLrJ'U~l~'Utl~ 
" ' 

l.J1 L'li'W li'1~1mh~li~1 pH ~~tlll 8.3 'l~'Wmlvl'Vll~WrJ'WD'W~Lml91e:~{ d'ie:~'I1CJ~D'W~tfltl91tJ{l:l~1tJ 

'il~ 1\9l'm5 l:l~mCJfr'lflJ'W L 'VlL'Vl5191'il'U m~~~fr'lfll'W'I11CJ 1 tJ fl1llJLrJ'U~l~'lftJ\9lifLn~ 'illfl1eJ~ 5 e:Jfl19l'~ 
"' "' 

I .$ d I d r/ d Q.l r1~d 
u l:l ~ 1J1 ~ [l''J'U 'lJ eJ ~ 'fll51J eJ L 'U 191 !5 CJ tl11 YJ 'U tl l:l vJ 'I'll~ 'U eJ ~ 'flll l:l 'U 'U 191 (Phenolphthalein Alkalinity) 

" " 
tJ Bn~ CJ1Lf1~9j'U IP1~u 

OH + 

co 2- + 
3 

H+ ~ Hp 

H+ ~ HC03 

~ 1 .:::::. rl~ .:::::. r1 lfJ 9J t:::1 

pH 'Ue:J~[l'Ul:l~[llCJ'iJ~lJ5~lJlW 4.5 '11CJ~llJ'Vl~e:Je:JLH'Utl'U~Lflll91e:J5 1-2 '11CJ~ 'il~ !19l-nl5~~[!1CJ[l' 

mi'IB~ 1 'VlL'Vl5191~B1 lJ'i1'Wm~~~m5~~mmtJ~CJwll'W ir-ff'll fl11lJLrJ'W~l~ifLn~'illnm51 'VlL'Vl51911'i'1CJ 

m ~rh 'l li'11Jm{ 1Jm'W 191LlJ~CJwrJ'W m~fll{ 1Je:JtJfl 191~ -nllm5 

HC03 + H+ ~ H 2C03 

" " ~I I d c:\ I Q rl Q.l lfJ d' .:::::.d ~~ I 

fl11lJL1J'U~l~'UL5CJtl11 llJ'Vll:le:Je:Jl5'U'iltll:l'fll !l:l'U'UI91 (Methyl Orange Alkalinity) fl1llJL1J'U~l~ 

" ' 11~'11lJ~fttl fl11lJLrJ'W ~ 1~ ViLn~ 'illfl1 e1~5 e:~n19l'~ ( OH) 11J m{ 1J€H'U 191 (H C03") Ul:l ~m{1Jm'U 191 

" ( coi-) m 11'i''illnm5l.Jl1J~ml915m51 'Vll'V15191't1~-nB~~~m51lln'W 

d rl Q QQ 

3. 1Jtlltltl5'U'Ul~ 1,000 lJ[l[l[l\915 

4.ll1L5\91 Ul:l~U'\'i'U.ij1J 1 'If~ 
q 
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: (;)) o' II] o' 
1. 'W l'tln rHn f1 u f1 b1' m 'J 'lJ e:~ 'W 1 \PI e:~ e:~ nl GJr \PI 

2. b1'l'J~~mCJmiPlci'~~~f1 o.os h.1mf ll'l~CJ:IJ 1~P~CJ11lill'lm1Plci'~~~m111:1J q q 

" . 
l.u':IJ.u''W 28 :n~~~l'l'J rle:JCJ'll~mn~1m:l1f1~'W "Je:~111'm"J~~mmv'Wl~mn~l1J'W 1,000 :n~~~l'l'J 

3. b1'1'J~~mCJ:IJ1\9l'J'il"l'WmiPlci'~~~f1 0.01 1mn{ ll'l~CJ:IJ 1~P~m~mn~m'J~~mCJ 
., q 

'1.1 "" ~I <>'".1 "' "' II] '1.1 "' o II]" Ill] '1.1 4. tlll\9l:IJb1'1'J~~mCJl"l'Wel~l'1'V11~'WU~1 !\Plb1'1'J~~mCJb1''lf:IJ'V'l 'Wl !lJ !'YH'Vl'J\91\Pl1CJ 
"' 

b1'1'J~~mCJmiPlci'~~~f1 0.01 1:1Jm{ 'il'Wm~rt~~'lf:IJ'V'l1,nCJttl 'il1Plil~ml'l"J~1~1'Vll'Vl'J\91 (P) 
q "' 

. . " 
I 'Vll 'Vl'J l'l~e:J'il'W m~YI~'iliPICJ&lllJ'W ~n':IJ 'iliPlil~ :IJ11'l"JVi1 ~~ 'Vll'Vl'J l'lYl~'M:IJIPI (T) 

q q 

"' 'l "' m !'11 

" l'J1ell'il~1U'Wf1rl1fn1:1JllJ'W~1-:J l 'W'JiJU'U'U~l~'l tJl\9l-:Ji'J 
"' 

p 11~ :IJ1\9l'J l 'Vll 'Vl 'J \91?{ 1CJVl'W el~~'Vll~'W 

M 

T 

'J) 

tl~:IJ1\9l'Jl'Vll'Vl'J\9l'J1:1JYl-:J'M:IJ\Pl'il1f1 p G~ M 
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p X100 

~ 1 I 

2. m P >:; T, fl11lH'iJ'W~1~ OH-
.1. ' 

(2P-T) XlOO 

2(T-P) XlOO 

~ 1 G I 

3. m P = -'1, mllltU'W~l~ co 2-
2 ' 3 

2P XlOO 

4 
~ 1 G · m P <- '1, fl11lltU'WI9!1~ co 2-

2 ' 3 

2P X:lOO 

~I I 

mllltlJ'W~l~, Hco; 
" 

(T-2P) X100 

~ G I 

5· m P = o, mllHU'W~l~, Hco; 
T X 100 
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,. d "" d llJ llJ d 'lJ "'"' "" ~ ~ ~I 'U-3 tn'J1!fi'Jl~'m!fHlfll1'Utl'l-! !~tltlfl !91~WJtl11iHflil! fi'Jlll! 'Yifl'Jll"' (Gas Chromatography, 

GC) 

U fl b1' 1m m 1 'Vl f1 ':i 1Vl! ~ 'W !'VI 1'1 iJ rlr'l {1 "l ~ 1 ~and' U !HJ f1 bll H·lb1'11 l{ 1 bll ':i 1\01 

!iJ~CJ'Wl~'WunmvJmnn nen1J 1 ~!'Vlf!Ufi~'W"l Ul"ltl~l"l!oDl'lhCJ L'l1'W ellftCJiJBn~ CJl!flij!iJ~CJ'W 1 trL~'W 
I I ~ I 

Q.l o'~ ..:::!! q 3) Q.J 9) '3) .d:i Q.J ~~.:::\ q 9) I 

tJ'4'W'Vl1itl'W"l 'Y!':itlel111 !'l5'Y!Clf1f11':i!Wf1blmCJWWWJ11l':itl'W (Pyrolysis) !11tlbll':i'W'W\]f1!1JC1CJ'W !'Y!tl~ 

1 'WunmvJmL~1 1trm':im~ltTw·h'WLoD1 I iJcJ"lfltJi:lmf~u':i':i ~l'i'1m'VJblfl"l~ (Stationary Phase) 119CJ 

' ' " 
mftCJf11':i'WlliJ'lJtJ"JL'VJmfli1tJ'Wll (Mobile Phase) 'YI'1t1 Carrier Gas b1'1':iv.Jb1'11l'Y!~1U'W1l~!n\Olf11':i!Wf1 
,J 
'll'W 

I ~ di '3) 

1. m Partition Coefficient 'Y!':itl Distribution Constant (K) 91-'JU'Vl'W\Ol'JCJ 

cllrf31~ 9) ~I!Jid 9) 

Distribution Isotherms el11l!U'W !\Ol'Vl"JUUU!bl'W\91-:i"l (Linear) 'Y!':itl !1l!U'Wlbl'W\91':i"l (Non-linear) 

2. ':i~UU'lltJ"l1mm1 'Vlm1Vl1l~!~'W':i~UUtl\911fl~ (Ideal) 'YI1tJ l~!~'W':i~UU 
q 

tl\01111'1~ (Non-ideal) ntl'i' ll'l!~'W':i~UUtl\01111'1~ Ub1'19"lilf11':iUClf1!iJ~CJ'W':i~WJNL'VJb1' 2 L'VJbllJ'WL~'W 
q q 

I d ~I d ~ d dd 
Therrnodynamiccally Reversible UCl~ b1'111PJ Cl':i ~'Y! 11"lt1'4fllfl 'Vl! lJ'W 'lJ tl"JU 'll"l 'Y! ':i tl'll tl"JU 'lJ "l 'Vl11 Liquid 

"" 0 Hf1il'l11 (Carner Gas) 

! ~ 'WUfl bl~ 1 ~ffl'Y! 1u'W lbll ':i\91 1tl~l"l ~11 f) Vl11 trL ~'WI tJ'YI1Dtl n mvJ b1' ll~ J~ 
"' 

Injection Port LoDl~f!tJi:lmf~tJliJ Uflbl'Wlif'1l~~tJ"lijf11':ifi1UfJ11B\91':ilf11':il'Y!C1 (Flow Rate) 1trfl"l~ 
" 

! b1'11 tJ 1\01 CJB\91':i lf11 ':i l 'Y! fl 'lJ D"lll flbl'W lij ri1'W fflfl UJ~ tlf11':i 1! m l::; rf Yl "l! ~ -11'1 ULfl l'WU [1::; l 1!-1 iJj 111 ru 
u q 

I I '3) I 

f11':iU lbll':i!oDl~ \Ol!oDlrifltJJ:lmf1 'WLfl1tJ-1 GC LVitJ1Lml::;tfu 'Wij;;J~ f11':illU\91f1~1"l 
"' 
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Q.J I d~l c'lJ Q.l d :VliJ ... I31 l~dddd GJ:V 
Vl1r:J(Jl~Yl!u'W!lfH1lJfl'il~'Q\PH'U1 !UI'I1CJ Gas-tight Syringe !!VI11iYli'IYlb[l'l !'If Gas 

Sampling Valve 

v d 

AtHlli'W (Column) 

fl r:J~lJlJtitl!~'W ri 1 l 'il'Utl~fl11 !Wflb1'1 1 ¢{1m Yl flU fl GC trlaun TI'NTI'lJ'M ~ rJ l r:J'U r:J~ 

m1~1lui1ua~!u m11'11a~1~ ~1u fla~mr m1~'U1 1 'ill u fla~mr!Llri1'il~Y!-mu1~~~ul'11!wm!nn 
~ q 

~ ~ I ~ 

'M~a laNTI'1Jmri1iru aam~u ri1u~ ~~uu 1 mm 1 YlllmlJVi 1¢l'il~~'M~a hJ~~~9Ju a~n'U'lfUI'I'Ur:J~ 

~ -=:1 c! 
!A'Hl~YI!'t'IA!Yiel'l (Detector) 

~~'W!fl ~ a~~mm 1 ~:ni ~ 'Ur:Jfl11il m1 ~191' a~m 1 1!1'1 1 1~ t-1 '11 ~ail n11 ~'W ~!!VI nl'i 1~ 
~ ' 

11l'il1fl!lnTI''W1aanm 'il1flfla~mr '11 ~a Ill ~~ir u ~~ Ylfl!V~a{Vi~ 'il:;; l'l'a~il~mHu:;;m 'W1~ n1m1 t~!li 

i!r'tyty1W n'Ub1'111'11~~ 1¢1 !li Mll'W l J~ ~ ~ lJfll'j Vltl'U TI''Wtl~~~~ 'W 'Jh~m1lJ! oU'mYu 'Utl~ TI'11~fl11~ 

'W a ur~:;;ilmnn'M mCJ'lfUI'I 11'1 (J~!Ylfl!V~a{ ~'W'U!~uur~~ 1 offi1u mn! u t1 'il 'iluu 1¢lun 
q 

~I d c'dd 0 li'J '31 I 

Thermal Conductivity Detector (TCD) !u'WI'I!Ylfl!VItl1YllJ11fl1\)fl Yl1 !1'1~1() 
i) 'j) I I 

9 ~IIJ ~ ~ <V ""' I "" "' I <V "' ~ "' "' ~ liJ A I ~ 
!lrl ~ 1 'If !1'1 fl11~'U11~ '11 rlflfl11 'U 'W rJ CJ'U'W 'W'W 'U 1'W Yl111VIt1Yl 1 r:J'W 'il ~lJfl11 WCJfl11lJ 1 r:J'W 1 u\91 1CJ 

~ "" q 

Q.J cl ~ 9) .J IQ.I c' C')) d I 

r:JVI 1111 1m fl'M 1 au a CJ'U'W a CJ fl'U mAll 1 ~ fl a 'U 'U a~ u fl TI'Yl am r:J'U ~ 
~ ~ 

;::!1 d <1'd9 ~ <V I ~ 9 
Flame Ionization Detector (FID) !u'WI'I!Ylfl!VImlll !'lffl'Wr:JCJ1~fl11~'U11~ !'Wfl11 

Vl11'ilTI'tl'U'I11TI'111l1~fltl'U~'WY1~6 

Electron Capture Detector (ECD) ! ~ 'W ~! Yl fl! VI rJ { ~ ~ bY1 '11-f 'U VI 1 1 'il11'1 

A I d"' 1 ;::!1 "'A I I I 'I <V "" ;::!1 ~ .J <V 

b1'11u1~flr:J'UYllJ!lr:J !'i!'il'Wr:J~VIr:JlJ!u'Wr:J~flu1~flr:J'U !'lf'W (JlCJJ1!llJrl~ CJ1u11'U1'lf'W'lf !u'WVI'W "lf~'il'U 

nl'l 1!A 1 l~<th1f -!IAWJll'l"Hnl~mm Wvl ·;mw)tr1 A'llll 1 'Yim lW • 
" ~ c!o.. 'J) dQ..Id 

1. fll';J'J!A';ll:;;'M!'lf-!lfJWJll'Y'lYI1tl GC (Qualitative Analysis) lJI'l~'W 

c_: d Q.l I .el 

- Retention Data !1l'WY1Yl11'Ufl'W11 Retention Volume '111tl Retention Time 
~ ~ 

u u1 ~ u ~ nEJ w:;; m 'W 1:;; 191 1'U a~ m 1 ul'i r~:;; 'lfu ~'~ 11'1 CJ9iu a ~n'U -B'V~ 11m 11 '11 r~ 'U a~ u fl' n'W 1 ur~:;; a w '11 fl iJ 
~ q ~ 

'Ur:J~flr:J~mrJu ~~Ju !rla!linm1~tf~'MmCJilfi1fl~~ fi1 Retention Time 'Ur:J~m11'11~~ ~!off 
1!1'1 1 1:;;ti m1 'il~l'l' a~m~'M ~ ailfi1! fl~!~CJ~~TI'I'I 

q 
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1 ~1Il f1Tj"~11-J 'il1f1m 1'Yl~w;r~·H'll1:JJ ff:JJ'l~'tn] ':i:;:;vr;h~ Retention Time nu 

~ 11-J lutJ:;:;vnl:JJ'UD~m{u 01-J 'UD~b1'1':i~D~114 vnm~tnfl1-J (Homologous Series) 

~ ~ "' ~I ~ o "' 
- ~'l5~':i':i'l51-J Kovats (Kovats Index) Wehrli Ull:;:; Kovats !u1-J~1-J1111lf1f11':i'UD~ 

~ ~ ,j I ,j "" "'1 ~ 1 "" "' c' 1 ~ ~ ~I 
Retention Index :JJ1 ~'l5!l'ID'l5lt'H'V-ID'VHY'il1-J ~flHll'':i1~'UD~ ~:JJ!llf11lb1'1':iD1-J'Vl':it:J ~~() ~'15 n-alkane !u1-J 

~ q 

q3J w ~ Q GJ31 w a Q ~ 

- f)l'j ~'l5flD1l:JJ1-J111llt:J'l51-J~ (Multiple Column) f11':i ~'l5flD1l:JJ1-J 2 '151-J~'VI':i 

. . " 
:Jj 1f)f)l1 '[) :;:;'Jht:J 111' f)l'j Vl':i l'il~ll''ilU bn':i l'llD ~1-:Jiifll1:JJ 1lf11'1' D~t!{l:;:;JJ1-J 1 '[) U-:JtJ 1-J 

~ ~ 

A dA -~ V 
2. fll'j'J!i'l'jl:;:;'t'i!'ll'IU'UJlW~1fJ GC (Quantitative Analysis) 

- Normalization Method f11':i111 Area Normalization b1'1:J.Jl':i1lth"l\9l'1~vm':i 
0 .%. d I -=:! 'j} 0 Q..l d 

fl11-J lill l'I1-J 'Vl 'U D~ UVlll:;:;l'lflU1ll1-J 1:J.Jl':i l:J.Jf11-Jl U1-J %Area Normalization 

. " . 
1 1 "'lr} ~ o tl, I "' "'"' "' -External Standardization Method ~mm ~'VlUfn:JJ'Vl ~~141 u'VI1l'I1-J'Vll'lfl'VI':iD 

" . 
m1:J.Jll' ~'Uo~Vlfl u~l1-J "l iJl'I~DVlm 1'Yltw~ ~fll1:J.Jff:JJ~1-J £ ':i :;:;wJW~14 l1Vifl'VI ~Dm1:J.Jll' ~'Uo~Vlflnu 

~ ~ 

~I "" d~ ~ , I"" lr} ~ 
- Internal Standardization Method ! u U! 'V1 fl1-J fl 'Vl ~ '15111 u ':i mill 'U D -:J b1'1 ':i ~ ~ 

• 3) 3) 3) 
':J} .<::::::! W.d~ TQ.I ~ q:v 

1lf1VlD-:J'Vlll'l'l 'Vl~1-J'U1-JDt:Jf11Jf11':i!ilDf1 ~'15 Internal Standard 
~ q ~ 

"" o' ~ ~ r:Ji c' lr} lr} o'~ ,j r:Ji 1 
f11':il!fl':i 1:;:;11 'VI1fll1:1J! 'U:JJ'U1-JUf11l''fll':i lJD1-J ~l'lDDf1 ~ 'ii~l'llt'Hfl':i D~U f)Jl' ~ mm-

lVlfn1~ (Gas Chromatography, GC) i1-J GC-14A 'UD~lJ~lJ'Vl Shimadzu 1~1'llVl':il'ill~'l5iJ~ 
. " 

Thermal Conductivity Detector, TCD) 1~viill'ml:;:;l'lww1-Am':i'UD~!fl~m GC l'l~iJ 

Column Temperate : 50 D~fl'll'iill!Glit:Jll' 

Detector Temperature : 40 D~fl'1!'iimGlit:Jll' 

"' Injection Temperature : 40 D~fl'1!'iill!'iit:Jll' 

Column 

Carrier Gas Flow 

Flow rate 

Injection Sample 

: Porapak Q Column 

:Helium 

: 30 lJ1l~~Vl':i~D141l1 

: 0.6 lJll~~Vl':i 
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0 -· "" "" 0 v <1 1IJ 1IJ <1 fll'Jfll'U1WlJ'J~tf'fl1iill'VHln'U11J~fln'Utl'U !~tltlfl !91~ (% C02 Removal Efficiency) 

<'! 9) 9) C)} o' li] li] ""' 9) 
!:U tli'l111Jfi1UH 'U :U 'U'U 'U tl~U fHH1111J tl'U ! \91 tl t:Jf) ! CJ$\91 i'l'\'11 'I! 'U 1 U rt ~ '\'11'1 tltlf1'U tl ~ 

fltl~:utf 1J111l~1l~TI'1:Ul'Hl'l111h~ffi'lll Jll'W l 'Wf111th'J!I'lUfl'crfll{ U tl'U l\91 tltlf1 lCJ$\9l''Ut:J'lfltl~:utft¢J 11'1 t'J 
q 

Cabon dioxide removal efficiency(%)= cl - c 2 X 100 
cl 

(1) 
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"' <i <i <i - I '\ '\ ':II :V 
'U-4 tn'a1!fl'al~'H!tlfl91'-!'at:J ~!lJfl!'tl'a~Hflu (X-ray Spectroscopy) (t!lJ'W, 2552) 

!tlflcll-!'a~ W~tltl!'a~!91'Uill' mtlnlt'l'mlfliJ (X-ray Fluorescence Spectroscopy, XRFS) 

" 
f)l) !fll'ltl'W\9)'j fl~ CJl'\J f)~~~ i'rtBflci'ntHH1'11 '!! 'W tl f), M! nm_h 1 fl {] f)l) illl'i 1~ "1 ! GJf'W 

!fll'lf111!'llri~u{1'~1Jl~'lfUI'l (Emission) fll)~l'lflil''W (Absorption) fll)fl)~!~~ (Scattering) '1--!~flfll) 
d ~ 9) rf I .J'~ Q.l 1 

!CICN!'lJ'W (Diffraction) !U'W\9l'W 'll11fl!]f1l'Hl-l!'l--!nl'W!U'Wl:lfl'EdW~m~1~ (Characteristic) '\Jfl~U\9ln~ 
"' 0 ']:V""' o' dliJ;J)"! 

{1'1)'VJ!)1{1'11Jl)(l'W1111 l'lf1!fi)1~'1--!'Vl1~!fl:JJ 11'1 flf) 

'3)=. d o' ' ~ 
I. l'lf1!fl)1~'11'1--!lfl~fl'!J):;;flf)'lJ'\Jfl~1il\9J1911~"1 l'W{1'1) (Elemental Analysis) 'Vl~ 

1w~~flwm~un:;;tl~mw 
q 

'l 9)-"1 1 9) ""' c:l ""' o' .J 'l 9) 

2. l'lfft'fl'Edl'l--11 !fl)~{1')1~fl!nfl'Vl)fl'Wfl{1' (Electronic Structure) CJl'~{1'11J1Hl !'1--1 

9) .::::\ Q.l =. Q.J .::::\ 

'\JflJ,jn!fltl1fl'lJf1l)!fll'l~'W1i:i;!fl:JJ (Chemical Bonding) 

9 9)-"1 "" w 1 9) -"1 "! 1 
3. l'lfft'fl'Edl!fltl1fl'lJ ~m~b1'11~'\Jfl~Nnfl (Crystal Structure) '1--!)fl i:IJ!ofJn'Ufl~ 

9) ~ J' Q.ld d 

{1'UI'J1ti!'Vlfl'Wflf11) !nti1!'U'W '\Jfl~) ~{1'!flflCJl' (X -ray Diffraction) 

I 0 Q Q.l .::::\ rf 

- !!'l--!n~f1l!'WI'l1~{1'!flflCJl' (X-ray Generator) 

Q.l Q.l .:h ~' ~ 
- '1--111\PlCJl'~!lJ'W Si (Li) '1--!)fl Ge (Li) 

0 :v.ci~ Q.l d~19) d o' 
- Multichannel Analyzer 'Vl1'1--!'W1'Vl!fl'lJ)1'lJ)1:JJ{1''qJ'qJ1W'Vl l'l'il1fli'H'Vlfl!\9lfl) 

' ' " 
11'1 tJiJf11) Utlfl'\J'W 11'1'\J fl~~ tl ~ ~1'W 11'1 tloVl~ tl~~ 1'W\9J 1 '\l:i; fl~l 'W GJffl~ \9l''W "1 u\'ill1~tl ~ ~1 'W 1:J: ~~'W n'D:;;t;] fl 

' "' 
tnu "l11'W'lffl~-vib1' ~~'W 

'U 

cl QJ I 

m 'a A VI 'a t:.1 'JJ ~n Vl1 om~ 

tCB~ 'il1fl!'VlflUfl'Vl1~ XRFS !~'W f111 ttl~ tl'lJ!oVlti'Ub1'111'11mh~nub1'11111\911~1'W 
9) I I I 

l'l~t!'W b1'm1:;;1'i1~"1 -vi'! oM ttl~ tJ'lJtoVltJU'D:;;I'l'B~m :iJB'W rl'W tVlfl 1 11'1~ Nom11tm1:;;ti-tiu~w)1 mh~ 11 
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' ~ 

~\91111 111 Yi'l '*l\91~ tl:!Jbn':i l'l1mhn! 'U fl1H~~tl~Yh t~':i 1~l~1 ':i 11'lltlfl !:Jtih 'l 'fi'ff1':il'l1tJ~1~iJfll':i 
"' ~ ' 

iJ'ULtltJ'U '11 ~flfll':i l1'1! tJ ff1':i l'l1tJ~1~ mm':i t1mJ~tJtJfl !~L ~'W 3 vnn 'l m1J"l fltJ 

1. ff1':i l'l1tl~1~~ff1:1J 1':i tl Yi1fl1':i 1Lfl':i 1~ 11'! ~1 ~ tl\9l':i ~ '11 j tltl1 'iJ 'l '*111 l\91 ~ (J:IJ ~1tl"l 
' " 

LGJf'W l-11 !tJD'~u~'U'I1jm'J~~1 !~Lrw !~uri bn':il'l1tJ~1~YiL~1tl'WL11'WLilm~tJ1 tll'ilLii'W~~ fltJ'W h11 ~ 

' ' ~ 

2. ffl'J\9J1tJ ~1~ yj~ tl~ iJ fl1 ':i l\91 ~ tl:IJ'VW ff:IJ fl1':i lGJf'U bn':i \9J1tJ~1~ yj iJL {j tl t:J LoU' 1 tl'U 

~tJ~Yi1 'l 'li'L~tJ'il1-:JLtitm'l~~Il'lltJ~L:IJ'Vl~ nCJf' 

3. ff1 ':i \9J1tJ~N ~ ~ tl~ l\91~ tl:IJl ii'W Vllft'hl L GJf'U bn':i ~iJ iJ~:IJltl! ~ 1 tl~ ~ tl~fll':i l~:IJ 

fl11:1Jl~:IJ~'U tih l 'f1'1J~ ff'Vlfntl'W~1tlfll':i lWfl '11jtlff1':il'l1tJ~1~~Lii'Wff1':itl:IJU'W\9lf ~iY Lii'W~'U • 

o A d 
1. fll'j'YJlfJllAfll'W1!m1~'Yi (Quantitative Analysis) 

'J) 'J) ' 31 3) 

1i1\91 'il1fltJ'WYilfll':i'I1ThWflUI'lr1~flm!'UiJ'VH~·~~1'Ul'Vll l~ '11jtJiJfl1l:IJtl11flil'W!'Yll l~ u\9lll'~iJ 'il~~tl~ • 
'3) I Q ~~ '3) d l.f] Q o'a:. 

~~1tl1lfll':i 1lfl':i 1~'11'U 'U 'l 'lf Analyzing Crystal lU'U tl~ ! ':i 'l 'U fll':i 1!fl':i1~'11!'lf~fJU!fll'Vl'Utl~ff1':i 
~ ' 

l'l1tJ~1~tJ'W!1l'U111YiiJtJ:IJ l'Vl':i1~Yi1t~~1tl 'J1~!~1 ~tJ'l'* XRFS 'lfir~ Energy Dispersive System 

<> o' olij;J.Ij _I"' d ;J) ;J) a.od o'dlij;J.I 
fll':i 1Lm 1~11 ffl:IJl':i tl'Vll ~~ ! ~ m u ':i tJ1JL 'Vl tJ1J m1 :IJ! 'll:IJ 'll'W 'lJ tJ ~ ':i ~ ffWflCJf'Vl 1 ~ 'il 1fl 

bn':i l'l1tJ~1~ tl1J fl11:1J! ~:u.u' 'W 'll tJ~ f ~ iYwnCJf'~ 1~ 'il1flffn :IJl\91 ':i ~ 1'W fll':i 1~ fl11:1JL 'IJ' :u ~'W 'lltJ ~f ~ iY 
& I Q.l 9) 'J} ~ Q dar. rJ' & I Q.l cf I do I 

'U'U tJ ~fl1J f\11 :IJ L 'lJ :IJ'U 'U '11 ':i t:JiJ ':i :IJl ill 'lJ tJ ~1i li'J 'Vl1lfl':i 1~ '11 U rl~ 'U'U tJ ~fl1J tJ ~fl 1J ':i ~ fltJ1J\9ll~"l 'Vl :IJ tJ ~ l 'U 

ffl':il'l1tl~1~ 
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'IJ-5 !6flcH-!'J~ ~'Y'h!'rhfl~l! ~!Ufll'YI-:i~lfiU (X-ray Diffraction Spectroscopy, XRDS) 

! iJ u! r1 ~ eJ <J i'1 eJ ~ 'l ~'l u n1J 191J 1 'il TI bY 'ilu! eJ n ~ n EJ w ~ 11-i 'V11 [11 ~bY 1ll'l 1 eJ ~ 1 <J 
"' 

'i 'l 'j) QJ d Q.l d cJ'd 'j) & 
(Non-destructive method) 1 I?W '11'H [] tltlll ![] ~1! 'U'U 'Utl 'll 'l br!tltlCJi'Yl \91 tl m ~ 'Y1 'U 'H 'U 1 rt[l tl'U tl'l b1'1J 

1'11eJ~1'l~l;j :JJ~ 1'l"l tl'U rl[ltl1J1!fll1~t1~ 1rJI 'il~ ~tlt'l11 tl !tl1 ~'U! 'Vi ~'Utl'U~ 1'U slieJ ~ [] :JJ1 \911 ~ 1'U! vt {) 
1 ~ 1,r1' u fl1fl eJ'l f1' tl1 ~ n eJ 'U '1J eJ <J mll'l 1{) ~1'l 

d d ll..l d Q.J 'l & dcv ~~ 9) Q.l ..J ' 
l ~! 'U~'U CJi 'ltll H ~H l ~'l\91 1'\J tl'l eJ ~\91tl:JJ fll~ 'U rl[lfl'il ~:JJ[l tlEJ W~! lJ'U l ~ 'Ul'U! br'U \91J 'l 'IJ 'Ul'U tl'U CJi 'l U\91 

[l~J~'U1'U'il~eJ~ti1<Jnutllu1~~~ d l'l<Jubrlil'll'Wmvnh~neJ'U~ 'IJ.1 ~'l~1J~~~ti1<J d 'il~iJ~1U\91tl~1'l 
"' 

" 
tl'U 1 tl~'U tl'Uiil) :JJ'I11~'1Jtl'l rtii tl 

~~\. 
} 

-:;:? '· 
2dsine 

• • 
dsine 

• • • • • • 
• • • • • • 

d ~ 'j) d! 
'Yl:JJl: www.kmitl.ac.th (bY'Ufl'U!:JJtl 20 !:JJEJl~'U 2555) 

9 "0'1 l19) = ' "" v "' , !'UlJ fl.fl'.l912 W.H. Bragg un~ W.L. Bragg l'l!fi''Wlll!'W1fl\9111!:JJU1~meJflGJf 

\91fltll~'Yl'U1~'Ul'U'UeJ'leJ~\91eJ:JJf11~ 'l 'W rtiifl~:JJ:JJ\91fltll~'Yl'U Theta (8) i' 'li'r!eJflGJi'Ul<J'Ul'l ri1'W 'il~!fllil 
q 

" ' ' 
m1bY~YJeJ'Wfl~'U c~~~1!'U'W) 'Yi:w:wbY~YieJmviln'U:w:w\91nm~'Yl'U l'l~m'V'ltlJ~fleJ'U'Yi 'IJ.l 

q q 

m1:wir:w~'W TI'UeJ'l~ 11'11u DJ ~ N"'J ~m br'W eJ 'l 'W ~ tl b1':JJtl11 

2d sin 8 nA 



illflf.I'W1fl fl 

~m m 1 'Y1 vH1 fl .;J 
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" J::::!. 'UJ ~ Q..l V A AA 

I'l-l ~Hlfll'a'fl~~fl~fll'a'lf~~~~ltl!!i'I~!CUU~ Wflfl'WflflfHllfl'U\>l~fl'a'W~1Utll'a~~~lU'lf'W~fl'a~fl~CU\>lfl 

~~~~JnhlfHllfl~flflfl'W 
f 'J} 9) I 

"" "'II] d QJ '"'"' 1 ']'V 'J) 'J) \>ll'aH'fl 1'1-1.1 ~Hlfll~'lf~rt~rtltiUm'HCUti:JJ !tltltl'Wtltlf1'illfl'U\9l~flTWflH'Vl 1 \9ltl !'lffl11:JJt'U:JJ'U'W'Utl-:J 

3) QJ I I d QJ I OJ d 
m\9ltJ~~~fl o t:JJm{ (thu~lfl''illflttJtJtJ'W) tJ\9l~lrt'1'W'UtJ-:Jt'Hrt1\9ltJ'UtJ-:Jtt'U-:J 10 m:JJ\9ltJm:JJ 'Vl 

tJW'YlfllJ 50 tJ-:Jfl'ltCUrt!Clftlrt' . '" 

!1~l,'Wfll'a 
II II 

' "" 
1'11l~!'U~'U'W'Ufl~ 

mmW!!i'l~!c1fu~ '11 "" "" 
' 

i'll'ft!fl'lf'Ufl~ 'a~ tl'fl 'li.fll 'l1 fll 'a .. Q.l 

!!1'1 ~! c1f u~ ~fl fl fl 'W !fl'U\>11f!UH 

"" ('Wl'fl) 
tll'a~~~lU 

A A <V I A 

(~~~fl'a~\>lfl~\>l'a) 
~flflfi'W (n1~) 'lf~~~~lU (%) 

0 5.88 140 0.0014 0.20 

1 11.54 359 0.0036 0.50 

2 11.60 430 0.0043 0.61 

5 11.61 455 0.0045 0.64 

10 11.62 554 0.0055 0.78 

20 11.61 662 0.0066 0.93 

40 11.70 690 0.0069 0.97 

60 11.72 775 0.0078 1.09 

90 11.71 830 0.0083 1.17 

120 11.74 879 0.0088 1.24 



d 
Vll'JH't1 1'1-1.2 

! 1'~111 'kl fll'J! fi 'U 

v ' Vl1tlf.IH 

"' ('kll'tl) 

0 

1 

2 

5 

10 

20 

40 

60 

90 

120 

' "' I'll 'VI! tJ 'l1 'U tJ,;) 

(Jl'J~~~lf.l 

2.12 

3.75 

3.79 

3.82 

3.83 

3.87 

3.90 

3.92 

3.94 

3.97 

120 

jJ jJ 

mmw i'l1l'J.J!'lJ'J.J'U'ki'UtJ,;) 

!!l'lm9ft~'J.J,ot~o'kl !!i'lm 9ft~'J.J,oo t~'kl 
tl "" "" 'j ~ (J 't1 fi fll 'VI fll'J 

...::=::. ~ QJ ' .c::::t. 

('J.J~~fl'j'J.JVJO~VJ<j) (fl-r'J.J) 
')j~~~~lf.l (%) 

175 0.001 0.20 

6850 0.055 7.72 

7595 0.061 8.56 

7750 0.062 8.73 

7690 0.062 8.66 

8185 0.065 9.22 

8460 0.068 9.53 

8695 0.070 9.80 

9520 0.076 10.73 

9610 0.077 10.83 
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I 3) 'j) I 

.:1 "' li] d "' "'"' ) 9~ ~ ~ 
Vll'HH'l fl-1.3 vH'Jfll'j'lf~~~mCJUiiHHGJftllJ ~tltltl'Wtltlfl'lllfl'U\91~fln-!m'l'Vl 3 ~\PW ~'lffl'Jl:lJt'\JlJ'U'W'Utl'l 

ml'ltl~~~fl 2llJm{ tl\91'Hci1'W'Utl'lt'Vi~1~tl'Utl'JU~'l 8 fl'flJ~tlfl'flJ ~tJW'Y!iliJ 60 tl'lfl'WlimCJiCJb'l' 
q "' 

rnn 1 u m 'j 31 31 
fi1Ul!'IJli'IJ'U'UtJ-:j 

' .:1 mmwl!flll!~f.lll tl "" "" fll'YH~'lf'IJ~-:j 'j ~ IT'Yl 'li ill 'W fll 'j 
OS QJ ' !!flll!~f.lli,~~~'U lfl'UVI1~UN 

.:1 
[l'l'jij~tllt.l 

('Ul'Yl) 
,~~~u <nrll) 'lf:::t~~mf.l (%) 

~ ~ Q..l 't::), 
(lJtlijfl'jlJVI~tlVI <j) 

0 1.99 160 0.00 0.18 

1 3.70 6080 0.05 6.85 

2 3.77 6535 0.05 7.36 

5 3.81 7500 0.06 8.45 

10 3.87 8325 0.07 9.38 

20 3.94 9605 0.08 10.82 

40 4.02 10300 0.08 11.61 

60 4.05 10570 0.08 11.91 

90 4.07 11400 0.09 12.85 

120 4.09 12140 0.10 13.68 
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l 'j) 'j/ I 

"" "" li] "" "' "'"" 1 99-' 9) 9) Vll-:il·rn fl-1.4 r--H'lf1l'J']J':;-;i'1:;;mtJHI'l~W'lH.JtJ !BBB'\.HJBmllfl'U\9l:;;f))'UflH'Vl 4 ~\9ltl ~'IJ'I'l11tJ!'UtJ'U'W'UB~ 

f))\PleJ:;-;cJ1~n 21tJm{ tJ\9l'Jlri1'W'UB~l'Y!m\91B'UB~H~~ 15 fl~tJ\91Bfl~tJ ~BW'MfliJ 40 B~fl'Wlfi'1!9itlb1' . "' 

n tn 1 u nn 
j.l j.l 

'"" 
fl11li!'Uli'UWUM 

mmtuHflt~!9iUlJ tl "" "" 
' 

fll'VHel'H'UtH ';i:;-;tr'tl'l:iill'V'Ifll-:i 
« QJ 

!!fl tl! 9i Ull, el el ellA !fl'UVI1elUH 

"" 
tll';itl:;-;tll£1 ,eeeu <nrll) ')$:;-;tj:;-;tJl£1 (%) 

.Q.QQJ t.Q 

(Ul'tl) (lltltlfl-:iliVI elt!VI-:i) 

0 2.26 165 0.00 0.35 

1 3.41 3780 0.06 7.99 

2 3.44 4211 0.06 8.90 

5 3.46 4365 0.07 9.22 

10 3.49 4583 0.07 9.68 

20 3.53 4598 0.07 9.71 

40 3.57 4740 0.07 10.01 

60 3.59 5051 0.08 10.67 

90 3.60 5456 0.08 11.53 

120 3.61 6713 0.10 14.18 
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I 3) 'j} I 

<'! ""II] "" "-' """" 1 ']31 3131 
fll'H:J't'l fl-1.5 Nl:'lfll'J'l5::::1:'1::::1:lltJUfi~WlW:IJ !tltltll-!eltlf1'illf1'lJ\9l::::f1'Jl..!fi'J,;J'Vl 5 !~(] !'l5fi11:1Jl'lJ:IJ'lJ'U'lJtJ,;J 

m~tJ::::9f~n21:um{ B\9l'JlbY1'U'lJtJ,;JrH1:'11~tJ'lJtJ,;JU~,;J 15 ni':u~tJni':u ~tJW'11f1ll 60 tJ,;Jfi'WlHl!GiimY 
• qj 

• n~n1um':i 
'll 'll 

I<'! 
fi'Jlll!'Ull'IJ'U'Uel~ 

thlllll!Hfltl!9i[JlJ tJ "" "" fll'YHel'l$'lJ~~ ':i:::: tl'Uii fll'YH11 ':i .,. QJ ' Hfltl!9i[JlJ, eJ elei'U m'I.Jfl1~m~ 

1e~e~~'U (ll~ll) 
<'! 

ty l':i tl ~ tll [! 
~ ~ QJ f A 

'l$~tl::::tll[J (%) 
('1-!l't'l) ( lltl t1 m ll fl e~ tlfl ':i) 

0 2.29 168 0.00 0.35 

1 3.46 4159 0.06 8.79 

2 3.50 4324 0.06 9.13 

5 3.52 4474 0.07 9.45 

10 3.55 4560 0.07 9.63 

20 3.60 4755 0.07 10.05 

40 3.63 5434 0.08 11.48 

60 3.68 6998 0.10 14.78 

90 3.72 7193 0.11 15.20 

120 3.72 7429 0.11 15.69 
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1 'j) 'J} 1 

~Tn~ri fl-1.6 r--mm~'lf~rl~ mt~ufl mClitJ:JJ 1 ere:Jfl'W flflf1'\llf1:ti\9l~f1~\J fli' -:JYi 6 hw 'l ~wn:JJ t <l!:JJ.u' 'W 'Ufl-:J 

f))\PlfJ~cJ1~f1 5 1:JJm{ tJ\9l~lril'W'Ufl-:Jl'Mm\91fJ'Ufl"JU~"J 5 f1f:JJ\91flnf:JJ ~fJU!'VifliJ50 fl"JfiWlHHCJim.1' 
q '" 

r:nn 1 u m -a 
'll 'll 

l<'i 
1'11lll!'Ull'U'W'Utl~ 

' 
fll'YH tl 'lf 'U tl ~ 

Hfl ~!elf ~ll, tl tl tl 'W 
mmWHflmclf~ll 1..h drn1i .fl1'rm1 -a 

"' v 
!fl'U~1tl~H 

<'i 
~l'J~~~l~ 1eeeu ( n-rll) 'l$~~~~1~ (%) 

A A V l A 

('Wl'YI) (ll~~mll~e~~-a) 

0 1.79 163 0.00 0.11 

1 3.87 13345 0.07 9.40 

2 3.96 21315 0.11 15.01 

5 4.03 23855 0.12 16.80 

10 4.18 23915 0.12 16.84 

20 4.23 23935 0.12 16.86 

40 4.33 23975 0.12 16.88 

60 4.40 26245 0.13 18.48 

90 4.26 26270 0.13 18.50 

120 4.50 26800 0.13 18.87 
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r 3) 3) I 

.:::i d lr} ..::::! Q.l Q.l d 1 , 'J) 'J) 'J) m·nn1 fl-1.7 vH'ffll'j'lf~n~mmtflntGJW:JJ ~tJtJtJ'LHHJfl'illfl'U\9l~m'Wm-;J'Vl 7 !\91CJ 'lffl1llH'U:JJ'U'W'UtJ-;J 

.. 'l'HHJ~cli~n 51:J.Jm{ B\9l'jlci1'W'UtJ-;J!'Hn1~tJ'UtJ-;JU~-;J 10 ni':JJ~Dfli':JJ ~tJW'Y!fl:iJ 30 tJ-;Jf!'lt9int91m:r 
q '" 

ntnhmn 
j,l j,l 

J-=1 
fi11'J.J!'U'J.J'U'l!'U8~ 

mmtl.!Hfli;H9i~'J.J 11 "' "' 
' 

fll'l"Hfl'H'UM 1~!l'YI:Iifll'l"Hl11 
" 

.., 
!!fltH9f~'J.J,888'l! !n'UVI18~H 

-=! 
!Jl'j(;l~(;ll~ ,888'l! (fl~'J.J) '1$~(;1~(;11~ (%) 

~ ~ v ' C\ 

('l!l'YI) ('J.J!;I(;Ifl1'J.JV18!;1VI1) 

0 1.83 147 0.00 0.21 

1 3.52 13285 0.13 18.71 

2 3.55 13895 0.14 19.57 

5 3.58 14260 0.14 20.08 

10 3.63 15120 0.15 21.30 

20 3.67 15950 0.16 22.46 

40 3.71 15295 0.15 21.54 

60 3.72 15460 0.15 21.77 

90 3.73 15950 0.16 22.46 

120 3.75 15950 0.16 22.46 

---·~ .................................................. --------------~~========~ 
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I 3) 'j} I 

vtl'nrn r~-t.s r~C~ ml"'lf~C~~mvufiC~!9fvJJ 1 t~t~t~'W t~t~m1n:U191~ n'f u fl'f -:jll 8 hw 1 ~fl"&lJJ! .fi'JJ.Uu 'lJ eJ-:j 

f1'Hltl~9"f~f1 5 1JJm{ eJ\91Hff1'W'lJ'CJ-:j!'\1Cl'J~tl'lJ'CJ-:jU~-:j 10 f1'fJJ~t~f1'fJJ ~tltu'tlfllJ 50 'CJ-:jft'WliC~!9fm'Y . .. 

n~n1'l!m'l 
v v 

I .:I 
fl1 UJ! 'U 'JJ'U 'l! 'U ~ 'i mm ll!H fl m 9j ti'JJ tl "' "' 

I 
fll'fH~'lf'U~'i 'l~ ~'t11i fl WHll 'l .. QJ 

Hfl~!9iti'JJ,~~~'l! 
' 

!fl'U fl1 ~tiN 

.:1 
~l'j~~~ltl ,~~~'}.! (nr'JJ) 'lf~~~~ltl (%) 

A~QJ fA. 

('l!l'tl) (mmm'JJVI~~VI'l) 

0 1.82 134 0.00 0.19 

1 3.42 16580 0.17 23.35 

2 3.49 18465 0.18 26.01 

5 3.55 18285 0.18 25.75 

10 3.60 19135 0.19 26.95 

20 3.66 20700 0.21 29.15 

40 3.71 20150 0.20 28.38 

60 3.78 21940 0.22 30.90 

90 3.80 22410 0.22 31.56 

120 3.83 23025 0.23 32.43 



127 

' !i) 'J) I 

<'! "" II] "" "-' "-'"" 1 991 9) 9) 
Yll'HHl fl-1.9 f-H'lf11)'11~i'l~Clltl!!fHHCJftJ:JJ ~'tle:Jtl'We:Je:Jf1'illf1'U\9l~fl)'WflH'Vl 9 ~~W ~'11fl11:JJ~'U:JJ'U'W'Ue:J'I 

m~e:J~cli~n 5t:JJcn{ tJ\9l)lff1'W'Ue:J'IL'Vii'11~e:J'Ue:J'I!!~'I 10 nf:JJ~e:Jnf:JJ ~e:JW'I1fllJ so e:J'Iftl~CJfi'!~GlftJ'ff 
q '" 

rHn 1 u n n ~ ih.J jJ jJ tf-hnru fi1UH'U'JJ'U'W'UM 
' <'! 11 ... ... 

fll'VHtl'lf'Ue:l~ <'! 'J ~ tr'tl 1Hll 'W fl1 'J 
v ' !!flll~~tm1eeeu !! fill! 91 £1 'JJ Yl1e:I£JH 

<'! 

('Wl'tl) 
tl'l'Jil~lll£1 

.t:::l. A V t ~ 

( 'JJ!lfl m 'JJ YJ e fl YJ 'J) 1eeeu (fl~'JJ) 'lf~fl~lll£1 (%) 

0 1.83 255 0.00 0.36 

1 3.52 16515 0.17 23.26 

2 3.58 18275 0.18 25.74 

5 3.61 18285 0.18 25.75 

10 3.64 18735 0.19 26.39 

20 3.70 20010 0.20 28.18 

40 3.74 21585 0.22 30.40 

60 3.78 22270 0.22 31.37 

90 3.80 22640 0.23 31.89 

120 3.83 22560 0.23 31.77 
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I SJ SJ I 

<=! "" II) "" "' "' "" 1 'I~ ~ ~ 
Yll'H~'Yl fl-1.10 vH'Ifll:i'lf~rl~mCJW'l[WlHJ:J.J rel'tltllHJtlfl'illfl'U\9l~fn'WflH'Vl 10 ~~W ~'lffl'Jl:J.Jl'U:J.J'U'W 

'UD~m\9ltJ~~~n s1:um{ el\9l:ilbh'W'UD~mr~1~tJ'UtJ~H~~ 10 n~:u~Dn~:u YiDruvrfl:iJ so tJ~fl'l 
q "' 

jJ jJ 

fl11'lli'U'll'U'W'Utl~ 

11~11 1 'W fll'Wl'U 
l<=l 

mmw 
II fl tl I c}ftl 'lJ, tl tl ti'W '11 "" "" 

' 
fll'fHtl'lf'Utl~ 1~tl''t11i.fll'Yifl11 

QJ <=! 
Yl1tltlH !!flti!9W'll 

' "" "" QJ 

<=! 
tl'l1tl~tlltl ( 'lJ tl tl fl1 'lJ VI tl 'lf~tl~tlltl (%) 

('Wl'Yl) 
ilYI1) 

,tltlti'W ( nr'll) 

0 1.89 198 0.00 0.28 

1 3.46 16765 0.17 23.61 

2 3.56 16685 0.17 23.50 

5 3.60 20870 0.21 29.39 

10 3.65 20265 0.20 28.54 

20 3.68 20420 0.20 28.76 

40 3.75 21700 0.22 30.56 

60 3.81 21475 0.21 30.25 

90 3.82 23205 0.23 32.68 

120 3.84 22340 0.22 31.46 
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d 3J jl I 

VITaN'YI 1'1-1.11 vH'lf111'lf~CI~mmt'fi~H'~CJ:w1-enn:rwere:JfHllfl~\9l~fl~'W'fi~~Yi 11 1~w1~w:n:wt.u':w'li''W 

'Ut:J~m\Olt:J~cl5~n 5 1:wm{ B\9111~1'W'Ut:J~l'HCI1~t:J'Ut:J~u~~ 10 n~:w~t:Jfl~:JJ Yimu'Mfl:iJ 70 t:J~fl'l 
q 'U 

jJ jJ 

fl1UJ!'U'JJ'IJU'Ufl~ 

n~n!um·nnu 
'"' 

mmw 
!!fl ~! 9it~ll1 f)f)f)'J.! 11 "' "' 

' 
fll'WW'lf'Ufl~ 

"' 
'J~~'Yifiill'Wf11'J 

Q.J 

Vl1fl£11~ !!fl~!C)I£J'J,J 
~ ~ v ' 

"' 
~n~~~l£1 (ll~~fl'J'JJVIfl 'l$~~~~1£1 (%) 

(Ul'YI) 
"' 

1ooou (nrll) 
~VI'J) 

0 1.88 129 0.00 0.18 

1 3.56 13535 0.14 19.06 

2 3.61 15115 0.15 21.29 

5 3.66 15970 0.16 22.49 

10 3.74 16815 0.17 23.68 

20 3.81 17600 0.18 24.79 

40 3.86 18635 0.19 26.25 

60 3.89 20135 0.20 28.36 

90 3.92 21830 0.22 30.75 

120 3.95 23795 0.24 33.51 

r~_. .................................................................... ... 
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' 3J 3) I 

"' "'liJ "' ~ ~"' 1 ,9.1 9.19.1 Vll'JH'tl fl-1.12 vH'ltll)'lf~rl~fllCH!flri!9WlJ !tltltl'Wtltlfl'illfl'U\9l~fl)'Wfi)-;J'VJ 12 \PltJ '!ffldllJ!'UlJ'U'W 

'UtJ-;Jm\PltJ~;~fl 5 1llm{ B\9l'Hci1'W'UtJ-;J!11rt1~tJ'UtJ-;J!!~-;J 20 n'fll~Bfli'll titJWliflil 50 tJ-;Jfl'l 
' "' 

II II 
fl1 UJ! 'U 'JJ 'U 'W 'U tJ ~ 

!1t'll1'Wfll~!fh.J 
'"' 

mmw 
!!flij!clft.I'JJ,tltl tl'W '11 "" "" 

' 
fll'Y'H tJ '11 'U tJ ~ ~~ij''t'Jfiill'Wfll~ 

Q.l "' Vl1tll'Jl~ !! fl ij ! C}l tJ 'JJ 
~ A QJ t 

"' 
ij'l~ij~ijltJ ('JJijij fl~'JJVI tJ ')1:;;ij~ijltJ (%) 

('Wlfl) 
~VI~) 

,tltltl'W (fl~'JJ) 

0 1.93 220 0.00 0.62 

1 3.22 6350 0.13 17.89 

2 3.26 7105 0.14 20.01 

5 3.28 7850 0.16 22.11 

10 3.33 8670 0.17 24.42 

20 3.34 8895 0.18 25.06 

40 3.40 9545 0.19 26.89 

60 3.41 9835 0.20 27.70 

90 3.43 10740 0.21 30.25 

120 3.44 11165 0.22 31.45 



131 

' 3) 'V ' 
-=! "'liJ "' "'"'"' 1 '1~ ~~ \lll'HH'l fl-1.13 l'l~fll)'lf~~~mCJ!lfl~lCJHJ:JJ !t:lt:ltl'Wtlt:lfl'illfl'\J\91~fn'Wfl':i-:J'Vl 13 \OlCJ !'lffi'11:1Jl'\J:JJ'\J'W 

'\Jtl'lfn\OltJ~cJ1~fl 6 1:JJm{ eJ\91)lri'1'W'Utl'll'VI~'1~tl'UtJ'lU~'l 8 fl~:JJ~tlfl~:JJ ~tJW'Y!fliJ 40 tl'lft'l 
q "" 

jJ jJ 

fi1UI!'Ull'IJ'I-!'1Jtl'l 
mn 1u rn~Hrl'l.J 

l-=1 
mmw 

!lfl'tH9irJlJ,tltl ell! '11 "" "" fl1 'Yf !e) ')j' 'U tl 'l ':i ~ {;l'fl1i m 'Yf m ':i .., ' -=! 

\ll1tlr.IH !lfl(,l!C}l'r.lll 
~ ..=:., v ' 

{;ll';i(,l~(,llrJ (lJ£,1(,1 fl':ill\ll tl ')j'~(,l~(,llrJ (%) 
-=! 

,e~e~e~u < flrll) ('1-!l'fl) 
~\ll':i) 

0 1.46 98 0.00 0.11 

1 3.54 18024 0.14 20.31 

2 3.58 19434 0.16 21.90 

5 3.64 21138 0.17 23.82 

10 3.67 21216 0.17 23.91 

20 3.75 21516 0.17 24.24 

40 3.83 21594 0.17 24.33 

60 3.87 22338 0.18 25.17 

90 3.90 22896 0.18 25.80 

120 3.91 23286 0.19 26.24 
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I 'J} 3J I 

Vll'n:~l'i fl-1.14 r--!Cifll'J 'll'~ C~~m m!rHHCJfm/l eH:rt:J'W e:1 e:Jmll n ~ \91 ~ n'f 'W 'fl'f 'l Yi 14 i 1'1 CJ 1 oJtw::mJ! ~JJ.u''W 

'Ue:J'lfl';i\Pie:J~9f~fl 6 lJJm{ eJ\9l'JlbY1'W'Ue:J'l!'YICIJ~tl'lHJ'lU~'l 8 fl'fJJ~e:Jfl'fJJ lfie:Jtu'VifllJ 60 e:J'lfl'l 
q " 

'll 'll 
fl1UJ!'U~'U'W'UM 

n~n1mn'!!fl'U 
l<d 

mmw 
HrHU 9ifm1 tHHI'W tJ "" "" 

I 
fll'l'Hel'lf'Uel-!1 

<d 
'! ~ {;f'Yifi m 'W m '! 

QJ 

V11eltiH Hi'HU9ftl~ 
~ .at, QJ ' 

<01 
(;fl'jij~t'Jltl (~ijijf)'j~flel 

1elelel'W <nr~) 
'lf~ij~t'Jltl (%) 

('Wl'YI) 
"" t'IVI'!) 

0 1.52 194 0.00 0.22 

1 3.61 18234 0.15 20.55 

2 3.69 20484 0.16 23.08 

5 3.74 21684 0.17 24.43 

10 3.81 22290 0.18 25.12 

20 3.86 24954 0.20 28.12 

40 3.96 25158 0.20 28.35 

60 4.00 25098 0.20 28.28 

90 4.03 25314 0.20 28.52 

120 4.07 31560 0.25 35.56 
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J 9) 9) I 

Q d 11} .:::1 QJ Q.Jd 1 GJ31 '3}3) 

Vll'HHI fl-1.15 Nnfl11'lf:;;n:;;mm!liH'l!GJ1tJ1J ~tltltl'\.HJtlfHllfl'U\91:;;ml.JflH'Yl 15 ~\PitJ ~'lf'fl'1l1J!'U1J'U'W 

1JOHIH"lu;-;cli~n 6 tllm{ B\911l~YJ'W'Ut!~!'l1n'1~t!'llt!~u~~ 15 n11l~t!n1'1l Yimu'Y'ifl:iJ 40 t!~ft'l . '" 

v v 
fi1UJ!'IJ~'IJ'W'Ufl~ 

!1[1ll'Wfll'Htl'U 
1-"i 

mmw 
Hfl [I! 9j [.!~, fl fl fi'W 'l1 "' "' 

I 
'fll'l"Ufl'li'Ufl~ 'a:;; ~J'tl fi ill 'W fll 'a 

Q.J <'i 

VJ1flm~ Hfi[I!GJ1[J~ 

i ~ ~ QJ ' 

ll'l'a[l:;;[ll[J (~[![lf)'a~Vlfl 'll:;;[l:;;[ll[J (%) 
<'i 

1flflfi'W (n1~) ('Wl'tl) 
ijYI'a) 

0 1.56 168 0.00 0.35 

1 3.17 8760 0.13 18.51 

2 3.26 9132 0.14 19.29 

5 3.29 9432 0.14 19.93 

10 3.33 9660 0.14 20.41 

20 3.37 10626 0.16 22.45 

40 3.41 11808 0.18 24.95 

60 3.44 12936 0.19 27.33 

90 3.47 13176 0.20 27.84 

120 3.49 13194 0.20 27.87 

.-L~ .......................................................... .. 
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I 'j/ 'j) I 

~rn~n fl-1.16 f-H'Jfll'j'lf~~~mm!fl~!GJfVll 1eJaeJl-HHJtl'illtl~l'l~tli't.mf~Yi 16 hw1 'lfrrJl:w'll11'1lu 

'Utl.:Jfll~HJ~9i~f1 6 lllm{ eJVIJTff'J'L-!'Utl.:J!'Y!~1~tl'Uti.:JU~.:J 15 ni'll~t:Jf1i'll llt:JW'MfllJ 60 tl.:Jfl'l 
q 'U 

• 
v v mmw fl1UU'lltl'li'U'lltl~ 

nm 1 u fll'm)u 
'~ ~ 

UflmcJirm1e~e~t~u tJ "' "' fll't'Utl'lf'lltl~ UfltUCVfJtl 'j ~ tl 'tTfi ill 11 fll 'j 
"" ' ~1tlfJH 

~ ..t::t. v ' 1t~tlti'U ( fl~tl) 'lf~L'I~L'IlfJ (%) tfl'jL'J~L'IlfJ (tJL'IL'Jfl'jtJ~tl 
q 

('Ul'YI) 
~~'j) 

0 1.48 126 0.00 0.27 

1 3.35 9942 0.15 21.00 

2 3.37 9246 0.14 19.53 

5 3.40 11046 0.17 23.34 

10 3.45 12606 0.19 26.63 

20 3.49 12306 0.18 26.00 

40 3.55 13032 0.20 27.53 

60 3.58 14250 0.21 30.11 

90 3.60 14274 0.21 30.16 

120 3.62 15930 0.24 33.65 

I 
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I 3/ 3) 1 

vtl'nrti fl-1.17 vfflflT~ 'lf~rJ~mtn!fl~w~v:u te:JtJtJ'W tJtJfl'illfl~l'l~n~\J fli' ~'Yi 17 hw! ~w:mJ!'umi'u 

'UtJ~fl1\9ltJ~cli&ln 8 1:um{ tJ\9l'jlri1'W'UtJ~mr11~tJ'UtJ~!!~~ 10 nf:u~e:Jnf:u 'Yimu'Y!fllJ so tJ~fl'l . '" 

j,l j,l 

fl1 Ul! 'll ~ 'll 'l! 'll tl 'I 
!1 ~11 1 'l! f)l'H D'U 

lei 
mmw 

!! fltH eli rJ ~ 1 tl tl tl 'l! tl ... ... 
I 

fll'YH tl '1$ 'll tl 'I 
cl 

~~~'Yiiifll'YHlU 
QJ 

Vl1tlrJl'l !!fi[I!C)I[J~ 
~ t::!l. v ' 

'1$~[1~[11[1 (%) 
cl 

~l~ij~ijl[J (~ijijm~vttl 

('l!l'YI} ... 1t~t~t~u (nr~) 
ijfl~) 

0 1.37 80 0.00 0.11 

1 3.17 10725 0.11 15.11 

2 3.23 11547 0.12 16.26 

5 3.66 15675 0.16 22.08 

10 3.74 18108 0.18 25.50 

20 3.92 19662 0.20 27.69 

40 4.13 23760 0.24 33.46 

60 4.18 24657 0.25 34.73 

90 4.20 23613 0.24 33.26 

120 4.22 23661 0.24 33.33 
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' :}1 j/ I 

Yll'n'ln fl-1.18 r-mm1 'lf~[l~mm!mH91f.JJJ le:renru el'e:Jf1'illf1~1'l~nfu 'flf .:JYi 18 hw'l i'wJlJJ!~JJ.fi'u 

'\JO'Jf111'\0~~~f1 5 !JJm{ '51911Td1'W'\JO'J!11[11~0'\JO'J!!~'J 15 nfJJ~DnfJJ ~O'U!'I1J1lJ 50 0-:Jfl'l . "' 

'lJ 'lJ 
fl1l'J.J!'lJ'J.J'lJ'W'llfl'l 

n~n1'Wnl'nn'U 
'"" 

mmw 
!!flij! 9if.J'J.J,flflfl'W tJ "' "' fll'Yf! fl 'lf 'lJ fl 'I 'J" ~ IT't11i ill 'Vf fl1 'J" 

OJ ' "" Yl1flf.ll'l !! f) ij! C)ff.J 'J.J 
~ ~ V I 

"" 
ITl'J"ij~ijlf.J ('J.Jijijf)'j'J.JYJfl 'lf~ij~ijlf.J (%) 

('Wl't'l) 
"' 

,flflfl'W ( n-l'J.J) 
ijYJ'j) 

0 1.86 137 0.00 0.29 

1 3.58 14692 0.22 31.04 

2 3.60 14895 0.22 31.47 

5 3.62 15290 0.23 32.30 

10 3.65 15120 0.23 31.94 

20 3.69 16428 0.25 34.71 

40 3.75 16595 0.25 35.06 

60 3,78 17296 0.26 36.54 

90 3.78 17982 0,27 37.99 

120 3.80 18574 0.28 39.24 
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t 'j) 'J} I 

flnl-:Jfl fl-1.19 m'lf1Tj '!1:;; r~:;; mvu fl rw1fv:w '1 ere:J tJ'W Dtlfl'illfl~\91:;; n ~\..1 fl ~ ·rYi 19 1 ~ v 1 ~w:n:wt .u' :w.u' 'W 

'UD~m~e:J:;;91~n 2 1:wm{ B\9111rr1'W'UD~mr~1~tJ'lltJ~tt~~ 10 n~:w~Dn~:w ViDW'Yiflil so D~fl'l 
q '" 

v v mmw fl11'lJ!'U'lJ'U'U'UM 
!1tll 1 'U fll'Hil'U 

I <:1 

H fl m ~ [1 'lJ, ~ enm <:1 11 "" "" fll'VH~'l$'\JM HfltU9W'lJ ~ ~ lJ'flli ill'Y'If)l ~ 
QJ I 

fi1~[JH 
A. ~ Q.J ' ,~~~'U (fl-r'lJ) 

<:1 
~Il~t~:;;m[J ('lJtltl fl~'lJfl~ '11:;;t~:;;tll[J (%) 

('Ul'fl) 
ilfl~) 

0 2.22 171 0.00 0.24 

1 3.52 2892 0.03 4.07 

2 3.55 3084 0.03 4.34 

5 3.67 4446 0.04 6.26 

10 3.75 4872 0.05 6.86 

20 3.81 5787 0.06 8.15 

40 3.91 8160 0.08 11.49 

60 3.99 8760 0.09 12.34 

90 4.02 16737 0.17 23.57 

120 4.03 17304 0.17 24.37 



138 

I 'j} 3J I 

VlnNli fl-1.20 v·Wf111'!f::;~::;mm!rHW~tJ'JJ 1 BBB'W BBf1'illf1~\9l::;nf'Wrrf-rVi 20 11'1v1 ~'fl1l'JJ!.u''JJ.u''W 

'llt:J~nHw::;~~n 5 1'J.Jm{ eJ\9111{YJ'W'\JtJ~!'tHnl'imre:J~!!~~ 10 nflJI'iBnflJ Yit~ru'Y!fllJ 60 tJ~ft'l . '" 

'V 'V 
fl1 uwu 'lJ 'U 'kl 'U t).;j 

mn! 'kl n l'at ihJ 
l-=i 

mmw 
u fl ij! ~ t~'l.J1 e e el'kl tJ "" "" fll'l"H tl 'lt 'U tl ~ 

-=t 
'j::; tf'YI 'l:i ill 'W f)l 'j 

v ' 
i 

Vl1tltn.;J u muc11 tl'l.J 
-'=:!to .<=:to v ' 

trnij::;~nt~ ('l.Jijijf)'j'lJVJtl ')t::;ij::;ijl£.1 (%) 
-=t 

1eee'k! (n~'l.l) ('kll'YI) 
~VJ<j) 

0 1.81 153 0.00 0.21 

1 3.17 4725 0.05 6.65 

2 3.23 5547 0.06 7.81 

5 3.66 15675 0.16 22.08 

10 3.74 18108 0.18 25.50 

20 3.92 19662 0.20 27.69 

40 4.13 23760 0.24 33.46 

60 4.18 24657 0.25 34.73 

• 90 4.22 24613 0.25 34.67 

120 4.26 24661 0.25 34.73 

---
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. ~ 

il \911 ~ 'tlhllYi !! rl ~ fl11lH olJ lloll hl'U 'tJ,;J!! fl rl!GlftJ:IJ l Btl 'tlhl yj l Jl 'illflfll 1 'lf~ rl~ IlltJ~\91~ fl f hl 600 iJ rl il fl f lJ 

!1tll1'Wfll'J!fl'U~10[h~ 
vv rt>l d, , d 

fl11lH'Ull'U'W!!fl~fll'J'UO'W ~000 Clf~ 1h ~ ~'t'l ~ fll'fH11 1 thu ~ H t1 ~ 

"" ('Wl't'l) i'ot~il~ l~t~mmv.1 fll'~'UO'W,~OOO,Clfvl (%) 

0 15.48 0 

5 3.73 75.90 

10 3.63 76.56 

15 3.91 74.74 

. d 
fll!'Q [l(J 75.74 

• ci 91 91 ">! <1 II] II] <1 _I "' "' o "' ">! 
Vll'JN't'l fl-2.2 !!£1'\91,:;) Y-lrl 'U 'tJ,;J fiJl:IJ! 'U:IJ'Uhl!!flbl'fll11J 'tlhl ! ~ 'tl 'tlfl ! Gb'~ !W ~ u1 ~ bi''Vl1i fll'\AI fl11 fl1 'il ~!! fl bl' 

m11Jt~hll~ t~t~fll9l'~ ~5\911 1m1 1 'Yirl'IJ'ti,;J'IJ'tJ,;J!'Hrl10.42 il\911 ~t~hllYi 5\9111fl11l '11 rl'IJ'tl,;)!!flbl' 0.73 . ~ 

il \911 ~ t~mYi u rl ~ fl11ll loll ll ollhl 'IJ'ti,;J ll fl rl!Glf tJ:IJ 1 D t~ Dhl Yi 1 Jl 'illflfll 1 'lf~ rl ~ m tJ~ \91 ~ fl f hl 838 il rl il nf ll 

!1il11'Wfll'J!fl'U~10cil~ 
vv rt>l d , , ,f 

fi1UH'Ull'U'WHO~fll'J'UO'W ~000 Clf~ u'J~~'t'l~fll'f'llll'Jnl.U~Hn~ 

"" i'ot~il~ l~t~mmv.1 fll~'UO'W,~OOO,Clfvl (%) ('Wl't'l) 

0 15.47 0 

5 5.95 61.53 

I 10 5.92 61.70 

15 5.97 61.42 

. d 
fll!'Q[l(J 61.54 

r.!~ .................................................................. ... 
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~ 31 31 ~ "' 11] 11] "' ,I "" "" o "' ~ 
Vll'H~'fl 1'1-2.3 !! ff\Ol.;j vH'l'\JtJ.;ji'ldll.H 'U:JJ'U'W!!flbl'fll) 1Jtl'W ! \91 tltlfl ! "lf\Ol!!i:l ~ U) ~ bl''Vl 'li fll'V'Ifll) fl1 'il\91 !!fl b1' 

m11JtJ'Wl\9ltJtJfll"lf~ ~fl~)lfll)l'Mi:l'\JtJ.;j'\JtJ.;jmm 0.78 ~~)~tJ'WlVi B~)lfll)l'Mi:l'\JtJ.;jWlbl' 0.73 

' " ~~) ~tJ'W 1Vi Ui:l ~'fl 'Jl:JJ! <U':JJ<U' 'W '\JtJ.;j!! 'fli:l!CJfCJ:JJ! tJtJtJ'W Vi!~ 'illfl fll)'lf~ i:l~mCJ~~~n-r 'W 838 :iJ i:l ~ n-r :JJ 

nm1mn·nnu""'Jmh~ lJlJ"" <f, ,. 
i'l11ll!'Ull'U'W!!f)tfi'll'j1Jel'W Vlelelf) "lffl 11 'j ~ IT'fl fi ill'l"l f) 1'j rhu VI!! fl tT 

<=! 
('Wl'fl) -rotl!;l~ 1V~t~mmfl'j i'll~uou1V~oon1cu~ (%) 

0 15.34 0 

5 2.71 82.36 

10 2.54 83.42 

15 2.49 83.75 

' .,; 
fll!'R(;JCJ 83.18 

~ 31 31 ~ "' 11] tl "' ,I "" "" o "' ~ fll'jl.;J'fl 1'1-2.4 !! ff\Ol.;j rli:l 'U tJ.;ji'ldl:JJ! 'U :JJ'U 'W!lfl Mll) 1J tl'W ! \91 tJ D fl "lf\91!! i:l ~ u) ~ bl''Vl 'li fll'V'I fl1) fl1 'il \91!! fl b1' 

m{1JtJ'Wl\9ltltlfll"lf~ ~fl~)lfll)l'Mi:l'\JD.;j'\Jt:J.;jl't!i:l'J 0.9 ~~)~tJ'WlVi fl~)lfll)l'}l['l'\JD.;j!!flbl' 0.55 

' " 
~ ~) ~ tJ'W 1Vi Ui:l~ f1 11 :JJ! .U :JJ .u''W '\JtJ.;j u f1 i:l !CJfCJ:JJ! D DtJ'W Vi 1 ~ 'illflfll) 'If~ i:l~ m CJ~ ~ ~ n-r 'W 600 :iJi:l~ n-r :JJ 

!1!;111'Wnn!fl1J""1el~N 
yy..., <f, ,. 

i'l11ll!'Ull'U'W!!fltli'll'j1Jel'W Vlelelfl 91VI tJ 'j ~ IT'fl fi ill w n 1 'j n 1il VI!! fl' tT 

<=! 

('Wl'fl) {ot~!;l~ 1V~t~mmfl'j i'I1~1Jo'W1V~oon1cu~ (%) 

0 15.94 0 

5 0.32 97.96 

10 0.32 98.02 

15 0.31 98.07 

' .,; 
flll'Q (;j{j 98.01 

~T ............................. ~ .................................... .. 
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.d 'JJ 'JJ r:v o' 11J 11] "' _I "" "" o "' r:v 
m"JN'tl fl-2.5 U fr~~ J:-H'l'Utl~fl'dl:I.H 'IJ:JJ'IJ'UUtlfrfll':i1Hl'U ! ~ tltl tl ! GJf~ U ~ ~ 1J 1 ~ fr'Vl'Ii flll"'tll':i tl11l~ Utl f1' 

m{utJu1~tJtJtl1GJ1~ ~B\91-:iltll-:ih'l~'\JtJ~'\JtJ~m~'d 0.6 i11911~tJ'W1Yi B\9l':iltl111'11~'1JtJ~unf1' 0.25 

. " 
i1191 1 ~tl'W 1Yi u ~ ~fl 11 :JJ! ~mi'u 'IJ tJ~u fl ~!CJfEJ:JJ 1 tJtltJ'W Yi 1 ~'ill nm 1 'If~~~ m CJ~\9l~nf u 600 il~ i1 nf :JJ .. 

ntn 1 'W m -a 1 ilml'1 tnh~ j.l j.l "" d , , d 
fl1UJ!'lllJ'li'U!!fltffll'J1.Hl'W fltHlfl 91fl th ~ il'tl fi ill 'Yl fl1 'a rhu fl !! n tr 

-=! 

('Ul'tl) 1't~rm~ lfll'.lmmVJ-a fi11'1.Jfi'U,fltltlfl,91vl (%) 

0 14.82 0 

5 0.50 96.60 

10 0.50 96.66 

15 0.50 96.66 

' "" fll!'Q~CJ 96.64 

.d 'JJ 'JJ r:v o' 11J 11J "' _I "" "" o "' r:v 
Vll'JN'tl fl-2.6 U fr~~ J:-W'Utl~fldl:JJ! 'IJ:JJ'IJ'UUtlfrfll':i 'I.Jtl'U ! ~ tl tltl ! GJf~U ~~lJ':i ~ fr'Vl'Ii flll"'tll':i tl1 'il ~ Utlfr 

m{utJu1~e:Je:Jn1GJ1~ ~B\9l':iltl111'11~'1JtJ~'IJtJ~m~1 0.78 i11911~tJ'WlYi B\9l':iltl111'11~'1Je:J~unf1' 0.37 

• 

n~n1um-atilmt1ti~N j.l j.l "" d , , d 
fl1llJ!'lllJ'lJ'U!!fltffll'J'I.Jti'W fltltlfl 91fl U'J ~ il'tl fi ill 'Yl fl1 'a ih .u fl Hfl tr 

-=! 

('Wl'tl) 1't~l'.lil~ lfll'.lmmVJ-a fll{'I.Jti'U,fltltlfl,91vl (%) 

0 15.83 0 

5 1.76 88.89 

10 1.87 88.19 

15 1.91 8..., Q2 

' "" fll!'Q~CJ 88.33 
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d ;J} ;J} C'l} o' II] II] o' nl "> "> 0 <V C'l} 

Vll'H;J't'J fl-2. 7 l!bl'fl-:J N(;l'UeJ-:Jfl11:lJ!'U:lJ'U'Wl!flb1'fll'J1J eJ'W ~fl elelfl ~ Glffl!W ~lJ'J ~ b1''Vl1i fll'\11 fll'J fl1 '\lf1Uflb1' 

m{1Je:~'Wtf1e:Je:Jflt<llf~Pl' ~eJ\9l'Jlfll'Jt'Vi(;l'Ue:J-:J'Ue:J-:Jm(;l1 0.78 ~\9l'J~e:J'W1Yi eJ\9l'Jlfll'Jt'Vi{;l'\Je:J-:Junb1' 0.37 

n~n1'J.!nTnrh.J~-;mcil~ ~~'""'. , , . f11llii'Uli'U'J.!I!fltffll'j1Jf.J'J.! ~Hlf.lfl GlfVI 1h ~ ~'t'l jj m 'V'f fll 'j rhu ~H!fl tT 

c! 

('J.!l't1) te.JtJtl~ 1VIt~mmVJ'j f11{1Je.J'J.!,VIf.lf.lfl,Glfvl (%) 

0 15.39 0 

5 0.65 95.78 

10 0.67 95.62 

15 0.67 95.67 

' .d 
fll!~HW 95.69 

d ;J} ;J} C'l} o' IIi II] ,' n I "> "> O OJ C'l} 

VJnnn r1-2.8 Ubl'fl -:J N(;l'U eJ -:JmlW'U:JJ'U 'WUfl bl'flU 1J eJ'W ~ 1'1 eJeJ n ~ Glfl'l m1 ~ u -;r ~ b1''Vl1i m'\11 m -;r m 'il 1'1 Uflbl' 

m{1Je:J'Wtl'le:Je:Jflt<llf~Pl' ~eJ\9l'Jlfll'Jt'Vi(;l'UeJ-:J'UeJ-:Jm(;l1 0.6 ~\91-;r)re:J'WlYi eJ\9l'Jlfll'Jt'Vi(;l'Ue:J-:Junb1' 0.55 
' ~ 

~\9l'J~eJ'W1Yi tW~fl 'Jl:J.Jt<U':JJ<U''W 'UeJ-:Jl!fl(;ltClicm 1 e:Je:JeJ'W Vi 1~ 'illflfll'J'lf~(;l~mi'J~\9l~flf 'W 600 iJ(;l~flf:JJ • 

nm1'1-!nnln1J~1e.JciN ~~""., , . f11llii'Uli'U'J.!I!fltffll'j1Jf.l'J.! Vlf.lf.lfl GlfVI tJ 'j ~ ~'t'l Hill 'V'f fl 1 'j flliJ VIII fl tT 

c! 

('J.!l't1) te.JtJtl~ 1Y~tJmmVJ'j rn{ue.J'J.!,Yif.le.Jfl,91vl (%) 

0 15.60 0 

5 3.48 77.67 

10 3.50 77.56 

15 3.44 77.94 

' .d 

I 
fll!'Q (;li'J 77.72 

-~----------------------------------------------------------------------------------------
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0 

<oi 'iJ 'iJ ~ ,- '1 '1 " , I "" "" o ~ ~ 
fll'jHfl fl-2.9 U~l'l'JvH'l'Uti'JflJl:lJ!'U:lJ'U'Wllfl~fll'HJ'OW _ iHJ Df1 _ 'll'I'!Hfl~u"i~~Yl'!ifll~fll"i f1l illH!tl~ 

mfut~u11'lmm1GJ519l' ~eJ\91"ilf11"i1t-n'l'llti-:J'Uti-:J!'Yif'll 0.6 ~m~m.nli D\91"ilf11"i1'VIrJ'UeJ-:wn~ 0.55 

r:nn 1u nn !OUVJ1t>dl'l fl1ltl!sUllsUl-!! !tl iHll.j U 01-! 1 fl t>t> fl, 91 vl I 1.h2::IT'YIEflll'Wl'HlHlfl!!fliT 

<oi 

('Wl't'l) 1mm~ !Y~ummfl'j rn4ut>'W,flt>t>fl,91vl (%) 

0 16.10 0 

5 3.12 80.59 

10 3.20 80.12 

15 2.83 82.45 

0 "' mmntJ 81.05 

<oi 'iJ 'iJ ~ ,- liJ liJ ,- , I "" "" o "' 
fll'jl'I'YI fl-2.10 U ~\PI 'J Nrl'U ti'Jfl 1l:lJ! 'U :lJ 'lJ 'Wll fl~fll "i U eJ 'W ~\PI eJ eJ f1 ~ GJfl'lll rl ~ u "i ~ ~Yl '!i fll~ f11 "i f11 'il\91 

wl' ~fll { u t1 u 11'1-u -un1 GJ519l' ~e) \91 "i 1m "i 1 'Vi r1 'll -u -:J'U ti-:J m m 0.6 i1191 "i ~ -u 'Wl Vi eJ\91 "i 1m "i 1 'Vi r1 'lJ eJ-:J wl' ~ 
0 " 

0.55 i1 \91 "i ~ -u u 1 Vi u r1 ~ fl 1 l:JJ! .U mJ' u 'lJ eJ-:J u fl mCifv:JJ 1 -u t1 -uu Vi 1¢1 'ill n n u 'lf~ r1 ~ m tJ ~ \91 ~ n fW 600 

iJrJi1f1f:JJ~eJi1191"i 

n~n1um'j!O'UVJ1t>dH 
j./j./<1)/ c, ,. 

fl11 tl! 'U tl 'lJ 'W!! fl [!' fll'j 'Utl'W fl t) tln 91 fl 'l.h ~ IT'YIE fl TW fll 'j rhu fl m) [!' 
<oi 

('Wl'YI) jt>tm~ lflummfl'j fll4'Ut>'W,flt)t}fl,91vl (%) 

0 15.83 0 

5 3.66 76.86 

10 3.84 75.73 

15 3.68 76.75 

0 .oi 
flll'Q [l tJ 76.45 
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Vll':il\1~ fl-2.11 ubl'~\1 r-.nl'lle:J-:Jfi11W<fi':JJ.U\mnb1'm{mru 1~ aun h;'fl'u ~~tJ';i ~il'Vl~m'Wm';lr\1~~ 

llnbl'm{'Uau 1~aan 1Clf'fl' ~eJ\91';) 1nn 1 'H~'Ue:J\l'Ue:J-:Jmm 0.42 i'lm ~uu 1Vi eJ\91';)1f111 1 '11 ~'Ue:J\l!lflbl' 

nm 1u m~ !th.J~-nlcil\1 IJ IJ <:)1 d , , d 
fi1UJ!'IJlJ'U'WUfl~fll':i'l.Hl't.l vHIOfl ctfVI tJ~~~'YIHill~fll~th.u'V~un~ 

-=! 

('Wl'YI) 1'et~~~ lV~t~mmm fll~'l.JO'W1Y!Oflfl1ctfvl (%) 

0 15.13 0 

5 1.93 87.44 

10 1.03 9330 

15 L09 92.91 

' d -
flllil~tl 91.22 

vn~Nf1 fl-2.12 u bl'~-:J N~ 'll a-:Jfi11W .fi':JJ.fi'uunbl'm{'U au 1~ a an 1 Clf'fl'u~~tJ';i ~il'Vl~ m'Wm';lnl ~ ~ 

Hflbl'fll{'Ue:J'U 1~e:Je:lf1 1Clf'fl' ~el\91';) 1f11';i 1 '11~'Ue:l\l'Ue:l\ll'l1~1 0, 78 i'JI9l';i~e:J'U1Vi el\911 lf11';i 1 '11~'Ue:l\1Uflb1' 
' " .<:::lo I .<:::! 9) 9) .<:::! lr] .c!lfJ9} d <V 

0,73 ~\9l';l\9le:J'Ul'Vl u~~fi11W'U:JJ'U'U'Ue:J\lUflmClfCJ:JJ !e:le:le:J'U'Vl ~~'illnnn'.li~~~mCJ'U\9l~mu 362 

il~i'lni':JJ~ai'll9l';l 

nm1um~!nm11ociN 
j)j)<:)l d, ,. 

fl1llJ!'UlJ'IJ'WUfl~fll~'l.Jfl'W Vlflflfl ctfVI 1.J~~~'YIHill~fll~th.u'V~m1~ 
-=! 

('Wl'YI) 1'et~~~ lV~t~tnlJlVI~ fll~'l.Jfl'W1VIflflfl1ctfvl (%) 

0 1530 0 

5 7.47 51.17 

10 7,55 50.67 

15 7.43 51.45 

' d 
mm~CJ 5LIO 

1.~~ ......................... ----------------------

-



I 

145 

~ 9} 9} c'V rl lfJ lfJ rl ... 1 a. .<:::::. 0 Q.l 

~l'HHl fl-2.13 Ut1'~~vH'l'lJD~'fl11:JJ!'U:JJ'lJ'WUfl'fffll)'lJe:J'W !~DDfl !GJJ~Un::::IJ1::::'ff'Vl'lifll~fll)fll'il~ 

w1-nm{'lJD'Wi~DDniGJJ~ ~51'111fl11i'l1n'lJD~'UD~mn1 0.6 ili'11~DmYi tJ\9111fl11i'l1n'lJD·mn-n 
' ~ 

.0::::. I .:::! 9) 9) ..:::! lfJ ..:::ilrf 3) d Q.l 

0.55 n\911\91D'Wl'Vl un::::'fl11:JJ!'lJ:JJ'lJ'W'lJD~U'fln!GJJeJ:JJ 1DDB'W'Vl ~~'illflfl11'lf::::n::::meJ'lJI'l::::mu 200 

ilnilnf:JJ~Dil\911 

rnnh!fll'H01J~1flcll.;J jJjJ<t)l <! 1 1" fl1l'll!'U'll'Ul!Ufltlfll'J"1Jfl'W ~flflfl 91~ 'lh:::: ~'tl fi fll'YHl rnhu ~ !!fltl 

<:! 

('Wl'tl) {fltJ!:'I:::: •~t~mm~1" fll{1Jfl'W1~llflfl191vl (%) 

0 15.25 0 

5 10.23 32.92 

10 10.09 33.82 

15 10.09 33.82 

' .d 
flltlHW 33.50 

m1"Hfi fl-2.14 U'ff~ ~ vW'lJD~f111:JJ! oU'mJ'uw)-nm{'lJD'W i~DDfl iGJJ~un:::: iJ1::::-ff'VlTI fll~fll') fhD~ 

UfltYfll{'lJD'W i~DDfl iGJJ~ ~tl\91)1f11) i 11n'lJD~'Ue:J~!'Mn1 0.6 ili'11~D'W1Yi tJ\91)1flU i 'Y!n'UD~Ufl'ff 

!1!:'111'Wfll1"!01J~1flcll.;J jJjJ<t)l <! 1 1" fl1l'll!'U'll'U'W!!fltlfll'j"1Jfl'W ~flflfl 91~ 'lh::::~'tlfifllwflnih~~untr 
<:! 

('Wl'tl) {fltJ!:'I:::: •~t~mm~'j" fll{1Jfl'W1~flflfl191vl (%) 

0 14.75 0 

5 7.03 54.02 

10 7.23 52.73 

15 7.19 53.01 

' .d 
mmneJ 53.26 
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d 'J) 'J) "" c' '1 l1J "' ,I "" "" o "' YlnH't1 fl-2.15 !!1;1'191-:J Nt'l'U e:J-:JW.m.J! 'U:JJ'U'W!!flbrfll';i'Ue:J'W 191 tle:Jfl !'li\PIUt'l~lJ'j ~J;1''Vl'fi fll'V'Ifll';i fl1 '\ll91 

wi1;1m{ 'U e:J'W "l \PI e:Je:Jfl "l 'li~ ~ tJI91 'j 1 fll'j "l '11 t'l 'Ue:J-:J'U e:JWI1 n 1 0.42 ilm ~ e:J'W 1-Yi tJ\91 'j 1fll'j "l '11 t'l'U e:J-:Jun 1;1 

' " .<:::::1. I ..:::::i 'j) 31 .<::::! 1IJ ..::::! Dl 'J) "' "' 
0.73 n\91';il91e:J'W1'Vl Ut'l~fi11:JJ!'U:JJ'U'W'Ue:J-:JUfl('ll'liCJ:JJ !e:Jtltl'W'Vl 191'il1flfll'j'lf~t'l~('ll(J'IJ191~m'W 362 

iJt'lilni':w~e:Jilm 

rnn 1u m·Hih.JPl1tuh~ v v r:v d tt , d 
fi1UH'U1J'UU!lflfl'fll'HHl'U -~HHlfl.:Ufl lh·:;; ITfl ii fll'YH11"Hh ~~HI ti fl' 

"" 1' t:Jt~~d flmfhn m 
i 

m{lHJu1mJon1cuv1 (%) ('1-!lfl) I 

0 15.73 0 

5 11.15 29.14 

10 11.09 29.52 
I 

15 11.14 29.19 

' "" fllllHW 29.29 

Yll'aHll fl-2.16 u 1;1'\PI-:J Nt'l 'Ue:J-:Jfl 11m ~:JJ~'W U flJ;1'fll{'Ue:J'W l\PI e:Je:Jfl l'li~Ut'l~ iJ1~ Ir'VlTI fll'V'Ifll';itl1~191 

uti 1;1'm{ 'U e:J 'W l191e:J e:J fl "l 'li~ ~ t1 \9111 m 'j "l '11 t'l 'tJ e:J-:J 'tJ e:J-:J m n 1 0.6 il \91 'j ~ e:J mYi tJI91 'j 1m 'j "l '11 n 'tJ e:J -:JU ti 1;1 

' " ..:::, I ..::::! '3) 'J} .<::::! 1IJ .::::!lr) 'j} .<:::! Q.l 

0.55 t'l\91';i\91e:J'W1'Vl Ut'l~fl11:JJl'U:JJ'U'W'Ue:J-:JUfl('ll'li(J:JJ !e:Je:Je:J'W'Vl !191'il1flfll'j'lf~t'l~('ll(J'IJ\91~m'W 600 

iJt'lilfli':JJ ~e:Ji'l191'j 

ntn1unn!nuP1'1ociH 
'liV r:v d , , d 

fi1UH'U1J'UU!lflfl'fll'a1Jtl'l-! fltltlfl 91fl tl 'a~ IT't1 ii fl11"1 m 'a rh ~flu ti fl' 

"" ('1-!lfl) i't~t~~~ 1flt~mmYJ'a rn{ut~u1flt~t~n1cuv1 (%) 

0 15.94 0 

5 4.04 74.67 

10 4.05 74.61 

15 3.65 77.08 

' "" flll'iWCJ 75.45 

-



• 
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flnl'l~ r~-2.11 !WI'l-:Jt .. m'Uti-:J'fi11:JJ! ~:JJ.U\,~ufl'{l'm{'lJ ti'W tl'ltltlfl tCJ!~u11:;;u1:;; i'r'Yln m'V'lm'Jnl<ijl'l 

Ufl{l''fll{ 'lJ ti'W t l'ltltlfl l CJJ~ ~el\91 'J lfll'J t '1111'\J ti-:J'U ti-:J!'I111 1 0.42 i1 \91 'J ~ ti'W 1Vi el \91 'J lfll 'J l '1111'\J ti-:JU fl {1' 

. " .::::::. ' ..::::::5 :v 3) .<:::! lrJ d\1]91 .c1 Q..l 

0.55 J;~\9J'J\9lti'Wl'Yl uJ;~:;;'fi11:JJ!'U:JJ'U'W'Utl~!!'fiJ;~!CJJtJ:JJ ~tltlti'W'Yl ~l'l'illflfll'J'lf:;;J;~:;;mtJ'U\9l:;;m'W 600 

il11i1n~ :JJ~Di11911 

rnn1'Wm·nih.Jfl1fl~H 
jJ jJ r:>1 .! , , .! 

'fi1Ul!'IJ'l.I'IJ'W!!fl~fll'i'Ufl'W flflflfl CJ!fl 'l.h dr'YI fi ill 'Yf f) l'a flloU fl m) ~ 

"' ('Wl'YI) -rf)[HJ:;; 1fi[Jmmfl-a fll{'Ufl'W,flflflf),CJ!vl (%) 

0 15.07 0 

5 5.35 64.48 

10 5.19 65.55 

15 5.22 65.33 

' ,; 
fll[Qf:HJ 65.12 

m-al'!~ r~-2.1s u {1'\9)-:J r~1l 'U D -:Jfl11m ~ :JJ ~ 'W u fl'm'n 1 'lJ tl 'W '1 )i1 tl t:Jnll 'li~ll n:;; 1h:;; -111111 m'V'l fl1'1 n 1 <ij \9) 

!!fl{l''fll{'lJ'tl'W ll'ltl DfllCJJ~ ~el\9l'Jlfll 'J l '1111 'UfN'U tl-:J Vl1 111 0.3 i1m ~tl'W 1Vi el\9l'J lfll 'J l '1111'U D-:J!! fl{l' 

ntnt'Wlll"a!n'Ufl1fl~l~ j.lj.lr:'l.!, ,. 
fl11'l.I!'IJ'l.I'IJ'W!!fl~fll'a'Ufl'W flflflf) CJ)fl 'l.hdr'Yifiill'Yfm'Jnl.Uflnn~ 

"' ('Wl'YI) -rfl[Jtt:;; 1fi[Jmmfl-a m{'Ufl'W1mmn1cuv1 (%) 

0 15.89 0 

5 7.31 54.00 

10 7.32 53.95 

15 7.33 53.84 

. ,; 
mm 11tJ 53.93 
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d :JJ :JJ "" "' tl 11] <f' ,I "" "" o OJ fll'HH'I fl-2.19 U ff\Pl ,:j t'H'l 'U el ,:j 'f111:1-H 'U :lJ'U 'W U f1 fffll 'HJ el 'W 1'1 el elf) ~ CJf\PlU (;']:;; 1J 1:;; ff'Vl 'fi fll~ f11) f11 '\ll'l 

Ufl ffftl{ U el'W 11'1 el elf) 1 CJ1\P)' ~elVI 1 1 f11 1 1 'l1 (;'] 'U el,:j 'U el ,:j m m 0.6 i'JVJ 1 \9] el 'W 1Yi elVI 11 f11 1 1 'l1 (;'] 'U el ,:j!l flff 
' 'J) 

...:::::t. ' d. 3) 3) d. {!1 C!\19) "" OJ 

0.85 (;'JVJ1Vlel'W1'Vl !l(;'l::::'f111:Ut'U:U'U'W'lJel,:jU'f1mCJ1tJ:U elt:Jel'W'Vl l'l'\l1f1f1U'lf::::(;'l:;;mv'll\9l::::m'U 600 

lJ(;'li'Jnf:ul'it~i'l\911 

n"tn 'h-Am 'J !ih.J li11 mh ~ j.l j.l "" <i , , <i 
fl1 uu 'll t~ 'lJ 'J.m n tr rn 'J 'lJ fi u fl fi fin CJ1 A 

I 

U 'J:;; if11 fi ill 'W fll 'J thu vl!Ultr 
<:! 

('Wlfl) -rfir.m:::: lA£Jmmfi'J rn{'Ufl'W1Aflfln1CJ1v1 (%) 

0 15.34 0 

5 9.06 40.96 

10 9.10 40.68 

15 8.92 41.85 

' "" flll'Q (;'] tJ 41.16 

d 9J 9J "" "' 11] 11] "' ,I "" "" o OJ fll'JHfl fl-2.20 ll ffl'l ,:j N(;'l 'U tJ ,:j 'f111 :lJl 'U :lJ 'U 'W ll f1 fffll) U el'W ~ \Pl el el f1 ~ CJfl'lll (;']:;; 1J):;; ff'Vl 'fi fll~ f11) f11 '\ll'l 

llflffftl{ Ut:J'W 11'1 elt:Jf) 1CJ1\P)' ~ el\911 1f111 1 'l1 (;'l'lJtJ,:j'lJtJ,:j!'l1(;'11 0.6 i'J\911 l'it:J'W 1Yi el\9l"Jlf111 1 'l1 (;'l'lJtJ,:jllflff 

.. 

rJ"tll1'Wfll'J!rl'U!il1flciN j.l j.l "" <i , , <i 
fl1lti!'Uti'U'W!!fltrfll'J'Ufi'W flf)f)J) C)ffl 'lh:;; iffl fi ill 'W fll 'J ih ,u fl!! r) ty 

<:! 

('Wlfl) -rfi[Jtl:;; 1A£Jmmfi'J fll{'Ufi'W,flfif)fl,C}Ivl (%) 

0 15.26 0 

5 3.32 78.07 

10 3.42 77.40 

15 3.34 77.96 

' "" fll!'Q(;jtJ 77.81 

I 
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finN~ 1'1-2.21 vH'Ifl11'Vl~ fftJ1J'I111h·~il'Vlnm'Wlwrh<U'~ufl'ffm{mrw 1~t~t:lfltGJ119l' l'll:JJfl11~~ 

!'11:JJ1~ff:JJ ~tl\9l11fl11tm'l'Utl'l'Utl'J!'I1J;'l1 0.77 ill'l1~tl't-Jl'Vltl\9l11fl11l'11ri'Utl'lUflff 0.25 ill'l1~tl'l.HVl 
' >I 

ur~~i'l11:JJ!oU:JJ'lJ''W'U t~-:Ju l'lm9h.J:JJ ttlt~mrV11~'illf1f111 'lf~rl~ mtl~l'l~ni''W 725 lJJ;'l ilni' :JJ~t~il\911 

rnn1um-a!nml'1e>th.;J 
~ l' "' d , , d 

i'l1UJI'lJ~'lJ'W!If1Qi'll'j1Jtl'W Ylt>t>fl GJ1Yl 1.h drrt fi ill 'W fll 'a rh .u ytl!f)Q 

<:! 
('Wl'YI) (.rmm~ 1Yll'.lmmV~-a) l'll4'l.Jt>'W,Ylt>t>fl,91~ (%) 

0 15.71 

2 0.98 93.75 

5 1.14 92.78 

10 3.91 75.12 

15 7.32 53.39 

20 8.39 46.61 

30 9.46 39.82 

40 10.48 33.30 

60 11.33 27.92 

90 11.70 25.53 

120 11.69 25.64 
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.ci 1 ~ 3) '3) d lfJ 9 .d I 

VITHHl fl-2.22 !! ITil ~ 1·H1 'U 0 H1ll'llD1J'Un::::fnl:JJl'U:JJ'U'W'Utl.:JUflmGJ1V:JJ Welel'W ~'W"fl'l'Jn::::CllCI'Vlvn'W 

fll'Jf1f1cl1wu1ITmiutn.J liloun'l'l$1'1 ~D~'Jlfll<J1'Mn'UB.:J'Uml'l11:'11 0.6 ~~'J~B'WlllB~'Jlfll<J1'Ml:'l 
"' ' ~ 

C')l Q. I c!, 9) '3) d ll) d\r] '3) t=,\ Q..l 

'Uel.:JUfl'ff 0.55 nil'i71D1.Hil !!n~fnl:JJl'U:JJ'U'W'Utl.:Jllfli:'llGJiCI:JJ Wtlel'W'Vllfl'illflfll'J'lf~i:'I~CllCI'U~~m'W 

600 iln~fl~l!~tJ~m 

n~n1'1-! fll'j !nu~ 1ou 1-.1 
I-=! 

j,l j,l -=! , 

fl11ll!'lJll'lJ'J-HlTHl::::~mmflij!C)If.JlJ OOO'W 
! fll'VHO'lf 

d i A A V ' A. 

('1-!111) I ( lJij ij fl'J llVI 0 ij \'l'n 

0 10.58 612.89 

5 6.45 474.49 

10 6.46 474.51 

15 6.44 474.47 

' ,; 
fll!'l'li:'ICI 6.45 474.49 

Vll';i Nll fl-2.23 U 'fffl.:J Ni:'l 'U tl -;J~ Ty; le:J'lfll 1:'1:;:: fnl :JJ! oU' :JJ oU' 'W 'U tl -;JU fl i:'llGJfCI:JJ 1 tl tltl 'W l 'W 'ffl'J 1:'1:;:: Cl1 Cl~ ~1 'W 

m<Jf1f]cl1:JJ!ln'ffm11mu 1f1BBn1GJ1~ ~5~<Jlm<J 111 i:'I'UeJ-;)'UtJ-;)!'11 1:'11 0.42 ~m~Bml1 eJ'~<J 1m<J 111 1:'1 
"' ' ~ 

C')l ..::::. I .<:::! 3) ')} .::::! l1J .dlrJ 9) .<:::! Q.l 

'UeJ-;JUfl'ff 0.73 l:'I~'J~'tl'Wl'Vl lli:'l::::ml:JJl'U:JJ'U'W'UeJ-;Jl!fli:'I!GJiV:JJ l'tl'tl'tl'W'Vllfl'illflfll<J'lf::::i:'l::::mv'U~::::mu 

838 iJl:'l~fli':JJ~tl~~'J 

nm1um·nnm11oU1'l 
1-=l 

j,l j,l -=! , 

fl11lll'llll'll'W ij'l'aij~ijlf.J Hfl ij! CUf.Jll OOO'W 

-=! 

('Wl'YI) 
fll'VHO'lf 

ciJijilnrllliioilvt -a) 

0 10.70 850.35 

5 6.54 674.58 

10 6.56 674.59 

15 6.55 674.62 

' ,; 
flll'\HW 6.55 674.60 



• 

• 
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d I d 'j} ')} ~ lf} q dl 

lill'HH1 fl-2.24 U fifl ~ W1 '1.1 D Hll'l'H D'liW'I~I'l1l:J.Jl 'U:JJ'Uhl '\JeJ-;JUI'l11lCJ1CJ:JJ Welel'W l 'W l:t'lj 11~ 111CJ'Vl Vll'W 

f1lj~~clf:J.Jllfll:t'f1l{ U Dl . .J lfJ D Dflll GJl'~ ~tJ\91 :i lf1l:i l1111'\JeJ-;J'\JeJ-;J!'J1111 0. 78 fl\91:i~el'W lll tJ\91:i lf1lj l1111 
"' 

' " c-; ¢.. I d. 9) '3) C! lf} .c!lf) 'j) .<:::::! Q.l 

'\JeJ-;JUfHY 0.73 fi>'111'1DW111 ~~fl~l'l1l:J.Jl'U:JJ'U'W'\Jel-;JUI'l11lGJl'CJ:JJ Welel'W'Vl !~'illflfllj'lf~11~111CJ'U\91~flJ'W 

838 ~r~i'lnflJ~ui'lm 

n~n l'l-4 m1! t1u~1 tlth~ 
' cl 

v v cl , 

fl1lli!'Uli'U'J.HITHl~~lm!flt'UCJff.lll 000'1-! 
fll'l"HO'll 

cl 

('UHl) 
~ ~ Q..l ' ~ 
(ll~~mlllilo~m") 

0 10.97 821.80 

5 7.54 681.13 

10 7.55 681.08 

15 7.56 681.11 

' ,; 
mm 11CJ 7.55 681.11 

\ill']l-;J~ fl-2.25 U 11'~-;J N11'\JD-;Jfll~W'IiU11~1'11l:J.JloU:J.JoU'W 'lJD-;JUI'll:t!GJfCJ:JJ l DDD'W l 'W 11'l:i 11~ 111CJ~Nl'W 

fll:i~~clf:J.JUfll:t'\'11{ UD'W l~e!Dfl lCJf~ ~tJ\91:ilflU l1111'\JD-;J'IJD-;J!'J1111 0.9 fl\91:i~el'W lll tJ\91 :i lfll:i l1111 
"' 

C)) .:::::-, I d ')) 9) d lf} dlfj 'j) J' CV 

'lJD-;JUfll:t' 0.55 11\91j\91e:J'Wl'Vl U11~1'11l:J.Jl'U:JJ'U'W'UeJ-;JUI'l11lGJl'CJ:JJ WDel'W'Vl !~'\llflfll:i'lf~11~111CJ'U\91~flJ'W 

600 ~11flflf:JJ~Dfl\911 

11~1 'lu Tlll !fl1JVl10~H 
' cl 

v v cl , 
fl1lli!'Uli'U'U tlll~~~lfJHfl~! C)J'f.l'JJ 000'1-! 

cl 

('Ul'YI) 
fll'l"HO'll 

.<::::). ~ v I C!t. 

(ll~~ TllllliiO~Iill) 

0 10.74 632.29 

5 8.77 440.76 

10 8.78 440.79 

15 8.78 440.77 

' ,; 
mmmJ 8.78 440.77 



• 
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Iill-a N~ fl-2.26 u i'fl'l ~ vH'I 'll e:J~A lillW'll'!!fl ~i'l 11:JJ! 'ti:JJ 'liu 'lle:J~!! f1 fl! ;till 1 e:J e:J e:J u 1 u m) fl ~ m tl~ ~-hu 

f11) I'JI'Jqf:JJ wl'crm{'lwu 11'1e:Je:Jfl tCJfl'l ~eJ\91) lf11) 1 '11fi'Ue:J~'Ue:J~mm 0.6 illil)l'ie:Ju 1Yi eJ\91)1f11) 1 '11 fl 
"' . ~ 

c:') .<:::::!). I .:::! 9) 9) <':::! lr] .c:!li] 9) d Q.J 

'Ue:J~ un cr 0.25 f! \91) \91 e:J'W l'Vl Uf!~fl 1 l:JJ! 'U:JJ'U'W 'lle:J~!!fl mCJfti:JJ ! e:J e:Je:J'W 'Vl ! 101 'illfl n u 'b'~ fl ~ mtl'll\91~ m u 

600 lJflilfl-f:JJ~e:J~\91) 

rnn1'Wm-a!nm11e~N 
lei 

v v cl , 

fl"JUJI'lllJ'lJ'Wfl'l'atl~tlll'.l!!rHHCJftllJ elelei'W 
fll'WW'li 

cl 

('Wl'fl) 
..:::::::.. ~ Q..l' ' .<:::::1, 

(lltltlfl'alllileltllil 'a) 

0 10.70 627.13 

5 7.17 467.19 

10 7.19 467.24 

15 7.18 467.19 

' .,; 
fll!llfltl 7.18 467.21 

m-a l.:Jll r~-2 .2 7 u i'fl'l ~ vHl 'lle:J~ f1 1illW'll'!! f! :;;fl 11:JJ! '11 :JJ '11 u 'U e:J ~u f1 mt1}ti:JJ 1 e:J e:J e:J w 1 w cru fl:;; m t1~ ~1 w 

f11)1'11'Jqf:JJ!!ncrm{ue:Ju 11'1e:Je:Jfl tCJfl'l ~eJ\91)1f11) 1 '11 fl 'Ue:J~'lle:J~mm o. 78 illil)l'ie:JwlYi eJ\91)lf11)! '11fl 
"' . ~ 

c:') ~ I .:::! 9) 9J d \.f) d.lr'J 9J ..::::! <l.l 

'Ue:J~ un cr 0.37 f!\91) \91 e:J w 1 'Vl u f!:;; f1 11w 'U:JJ 'll'W 'lle:J~ u f1 f!! CJfti:JJ w e:Je:J'W 'Vl ! 101 'ill flf11) 'b':;; fl~ mt~'ll 191:;; m w 

362 lJflilfl-f:JJ~e:Jil\91) 

n~n1'W fll'a!fl1J~1el~l.:J 
' cl 

v v cl , 

fl1lt~!'llt~'ll'Wm-att~ttll'.l!!mucut~t~ eee'W 
fll'W!el'li 

cl 

('Wl'fl) 
~ .<::::!to v '~ 

(tltltlfl'alllileltllil'a) 

0 10.33 382.89 

5 7.55 209.04 

10 7.57 209.00 

15 7.53 208.03 

. .,; 
mnnw 

I 
7.55 209.02 

~~~~,. ........................ -----------------



, 
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m-aN~ fl-2.28 u £YI'I~t--m'UB~~ 1~!B'll'!!r!~wnw.fl:u.flu 'UB~!!fl m9fcm lBBB'W 1 u m'i r~~r~ 1v~ ~1'W 

fll'i 1911919flJ!!tl£Yfll{ 1J B'W li'IBBfl l CJf~ ~ eJ\91 'i 1 fl1 'i ll1 rl 'U B~'U B~ !11 riJ 0. 78 ~ \91 'i ~ ll'W 1Vi eJ\91 'i 1fll'i ll1 rl 
<u . ~ 

C)l ~ ' ...::::! 3) 3) .c:i lfJ .::::!lfJ 3) ..::::! a/ 

'U B~ !!fl £1' 0.3 7 rl \91 'i\91B'W 1'Vl !!rl~ fl11lJ! 'UlJ 'U'W 'U B~ !! 1'1 rl !CJftllJ ~ B B B'W 'Vl ! 1'1 'il1fl fll'i '!!'~ rl ~ rllti'U\91~ m 'W 

838 iJr~~fl~lJ~ll~\91) 

rnn1 1-m1 -a! th.J V!-;mrh 'I 
1-=! 

v v -=! , 

f11UJ!'lltl'll'l-Hfl'Jft~ftlf.l!!flft!CJff.ltl eHHl'l! 
fllW!fl'b" 

-=! 

('l!l'YI) 
1=:!1, ~ v ' t::::::l. 

(tlftftfl'JtlVI flftVI'J) 

0 10.93 885.04 

5 7.81 693.72 

10 7.82 693.75 

15 7.82 693.70 

' "' flWQ rltl 7.82 693.72 

. 
Vll'J Nll fl-2.29 !! £1'1'1 ~ Nr! 'UB~ ~ l~!B'b'!! rl ~ 1'1 'JllJ! o-U' lJ .flu 'U B ~!! 1'1 rl! 9ft~lJ lBBB 'W 1 'W cr1 'i rl ~ m tl~ ~1 'W 

fll'i 1911919flJ!!fl£Yfll{1JB'W l l'lllllfl l CJf\9)' ~ eJ\91 'i 1fll 'it l1 rl 'U B ~'U B~ !11 rJJ 0.42 ~ \91 'i ~ B'W 1 Vj eJ\91 'i 1fll 'i l l1 r1 
<u . ~ 

C')l ~ I ...::::! 'j} ')} .:::::! 'll ..::::!Vf 'j} .:::::1 Q..l 

'U B~ !!fl £1' 0.3 7 rl \91 'i \91 B'Wl 'Vl !! rl~fl 1 1lJ! 'U lJ 'U 'W 'U B~ !! 1'1 rl! CJftllJ ! BBB 'W 'Vl ! 1'1 'ill flfll 'i '!!'~ r!~ m ti'U \91 ~ m 'W 

362 iJr~~fl~lJ~ll~\91) 

!1ftl1'l!fll'J!fh.JVJ1fl£iN 
1-=! 

v v -=! , 

fl1ltl!'lltl'll'l! £;Tl'Jft~ftlf.l!!fl ft! CJff.ltl flfltl'l! 

-=! 

('l! l'YI) 
fllW!fl'b" 

~ ~ v '..<::::), 
(tltWfl'JtlVItlftVI'J) 

0 10.32 350.02 

5 7.49 148.26 

10 7.48 148.27 

15 7.48 148.25 

. "' mmr~t1 7.48 148.26 

......... ----------------



• 

• 
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m~N~ fl-2.30 U'ff\Pl-;J vH'l'IJtJ-;J~lfl!'tl'lH!~~mllJ!.iJ:J.J.iJ'U 'Utl~!!fl ~!ClftllJ 1 t!tlti'W l 'W 'ffl'i~~~ ltl~Nl'W 

f11'iiP11Pl91:J.Jtln'ffm1'lJD'W 11Plt~t~n191~ ~tl\9l'i 1m1 hm'IJD-;J'IJD~m ~ 1 0.6 ~\Pl'i ~t~m'Vi tl\Pl'i 1m1 1 rm 
'" ' ~ 
~ oC::!. I d 'j) 'J} d. lrJ .:::ill] 'j) .:::! Q.J 

'Utl~Uf1'ff 0.55 ~\Pl'i\Pltl'Wl'Vl !W~fl11lJ!'UlJ'U'W'Utl~Ufl~!91tllJ !tltltl'W'Vl !\Pl'illf1f11'i'lf~~~mtl'IJ\Pl~m'W 

1000 iJ~~f1-flJ~tJ~(9l'j 

rnn 1 'U m ~! nml-;nnh ~ 
1-=l 

j.l j.l -=! , 

fi1UJ!'IJ'JJ'lJU ~nfl~fllm!flfl! 91~'JJ -eme:~u 

-=! 

('Ul'YI) 
fll'fHtl'll 

~ ~ v ' ~ 
(mmm'JJVJt:Jf!VI~) 

0 11.32 1129.6 

5 7.73 879.06 

10 7.72 879.05 

15 7.72 879.03 

' d 
mm~u 7.72 879.05 

c:f I d 3) 3) c:!. ll 1 -=1 I 

m~l~'YI fl-2.31 U 'ff\Pl~ vH1 'IJ D~flll'Htl1H! n~ fl1 llJ! 'IJ lJ'IJ 'W 'IJ D-:JUflll!91tllJ "tltl tl'W ! 'W 'ffl'i 1l ~ [lltJ'Vl~l'W 

f11'i\Pl\Pl9ilJU tl'ffm{'lJtl'W 11Plt!t!f1191~ ~tl\9l 'i lf11'i 1 '111l'IJD~'IJ D-:J!'I11l1 0.6 ~m ~D'WlYi tl\9l 'i 1f11'i 1 '111l 
'" 

C}l ~ I d. 3) 9) .<:::! If] dl.r] 9) d Q.l 

'IJD~un'ff 0.55 ~\9l1\9lti'Wl'Vl !!n~mllJ!'UlJ'U'W'IJD~!!fln!91tJlJ !tltlti'W'Vl !1Pl'illf1f11'i'lf~~~mu'U\9l~m'W 

600 iJ~~f1-flJ~tJ~(9l'j 

!1fll1u m~ tnml'1e:~rh~ 
' -=! 

j.l j.l -=! , 

fl1l'JJ!'lJ'JJ'lJ'U ~l~fl~fll~ Hfl fll 9W'JJ t:1 tlt:J'U 
fll'fHtl'll 

-=! 

('Ul'YI) 
~ ~ v ' ~ 

('JJflflm'JJVI elf! VI~) 

0 10.62 603.80 

5 6.74 423.68 

10 6.72 423.71 

15 6.71 423.75 

' d 
'fll!'IHHJ 6.72 423.71 
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VI UN~ 1'1-2.32 l!ff\PJ,;J ~H'l'lJtl,;JrJliAJW'.Ifl!~~i'I111HoU :JJoU'W'lJt:J,;JUI'Inl~CJ:JJ 1 tltl tl'W 1 'W ff1 ':i~~mCJ~~,h'W 

fll':i ~P~~P~9i:uwl'mn{ u t:J'W 1 \PI t:Jt:Jf1 1 C}i~ ~ eJYJ ':i 1m ':i 1 '11 ~'U t:J,;J'U t:J,;) m ~ 1 0.42 ilYJ ':ivi t:J'Wl Yi eJYJ ':i 1m ':i 1 '11 ~ 
"' ' ~ 

f:'} a, I .::::! 9J '1) .<::::1 li] e:ilfJ 3J .<::::1 CV 

'lJ t:J,;J un ff 0.3 7 ~Yl':i Y1 t:J'W l'Yl u~~ 1'1 11m 'lJ :u 'U'W 'lJ t:J,;JUfl nlC}Iti:JJ 1 t:J t:J t:J'W 'Yl 1 \PI 'ill nm ':i '.If~~ ~mv'U Y1 ~ m u 
"" "" Q/ ' "" 838 :JJ~~fn:JJYltl~\91) 

n~n 1'U fll'J!fh.J~-nJciN ,,. 
jJ jJ ... , 

1'111lll'llll'li'U il'l'Jtl~ tnf.ll!i'lij! C}ltlll eHHl'U 

... 
('Ul'YI) 

i'll'YHtl'lf 
~ ~ V' ' ~ 

( ll tl tl fl'J ll VI tl tl VI 'J) 

0 10.70 845.68 

5 7.72 630.51 

10 7.71 630.51 

15 7.73 630.54 

' d 
mmnv 7.72 630.52 

VI UN~ 1'1-2.33 llff\PJ,;J Nn'Ut:J,;JrJliAltt:J'.Ifl! n~ ml:JJloU:JJ~'W 'Ut:J,;JUfl nl~ti:JJ 1 t:Jt:Jt:J'W 1 'W ffl':i~~mu~r-hu 

fll':i ~P~~P~9i:uwiffm{ u t:J'W 1 \Plt:Jt:Jn 1 C}i~ ~ eJYJ ':i 1m ':i 1 '11 ~'U t:J,;J 'Ut:J,;)l'VI m o. 78 ilYJ ':i vi t:J u 1 Yi eJYJ ':i 1m ':i 1 '11 ~ 
"' ' ~ 

C)) a. I .c:! 9) 9) .:::! lfJ ..<:::!lf] 3) c! Q.l 

'Ut:J,;J u n ff o. 73 ~Yl ':i\91 t:J u 1 'Yl u~~ f1 11m 'U :u 'U'W 'U t:J,;) 11 i'l OlC}Iti:JJ w t:Jt:J'W 'Yl 1 \PI 'illf1fll':i '.If~~~ mv'U Y1 ~ m u 

3 62 iJ ~ il f) i' :JJ vi tJ il Yl) 

ntn1'Ufll'J!fl'U~1tlciN ,,. 
jJ jJ ... , 

1'111lll'llli'IJ'Uil'l'Jtl~ tllf.JIIfH1191tlll tltltl'U 
i'll'rlltl'lf ... ~ ~ Q..l ' ~ 

('Ul'YI) ( ll tltl fl'J ll VI tl tl VI 'J) 

0 10.08 369.67 

5 7.27 216.09 

10 7.27 216.11 

15 7.29 216.10 

' d 

I flll'iHHJ 7.28 216.10 

,. 
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Vll1N~ fl-2.34 !! ~~ ~ vn'l 'U tJ ~ ri 1Ylw 'lf!!e~:;; rr:n:IJ 1 'li' :IJ'li't.J 'lJ tJ~!! 'i'l e~t9fCJ:IJ! tJ tJ tJlJ 11..! ~T:J e~:;; m CJ~ ~ 11..! 

f111~~qf:IJ!!n~m{'Ue:JlJ !~aan t"li~ ~B\911 1m1! '11CI'UtJ~'UtJ~m m 0.6 fil'l11'ie:JlJ l'Vl B\91 11m1! m1 '" . ~ f:N ~ I .:::! 'j) 9) ..:::! lf) .::::!.lfJ 3) d Q.l 

'Utl~!!fl~ 0.55 Cl\911\9ltllJl'Vl !!CI:;;WJl:IJ!'IJ:IJ'UlJ'Utl~!!'i'lCII"l!CJ:IJ !tltltllJ'Vl !~'lllflf111'lJ':;;e~:;;mCJ'IJ\9l:;;mlJ 

200 :iJe~fini':IJI'iafi\911 

ntn1'1-!m1!n'l.JP11flfh~ II II <:! , 
fi1Ul!'llll'll't!tTnt~:;;mm!fltU9H'.Ill flflfl't! ' "" 

"" 
fll'YHfl'M 

~ ~ QJ ' ~ ('1-!1 't'l) 
(lltltlfl1lJVI flt!Vl1) 

0 10.03 198.31 

5 6.69 108.93 

10 6.70 108.95 

15 6.67 108.91 
' ,d 

'i'll!'iHW 6.69 108.93 

Vll1N~ fl-2.35 !! ~~ ~ YlCI 'U tJ ~A lfiW'lJ'U e~:;; WJl:IJ! .u' :lJ .u' lJ 'U tl~!! 'i'l Cl! qftJ:IJ l tJ tJ tJ lJ llJ m 1 Cl:;; Cllf.J~ ~ llJ 

nu~~qf:IJ!!n~m{'UalJ l~tJtJfll"ll~ ~B\9111f111! '11CI'UtJ~'UtJ~mm 0.6 fil'l119ie:JlJ 1i1 B\91 1 1m1 I '11 e~ '" . ,; C')l Q. ' .:::! 9) 9) -=:! lfJ .cilfJ 'j) .c! OJ 

'Utl~!!fl~ 0.73 Cl\911\9ltllJl'Vl !!CI:;;'fldl:IJ!'U:IJ'UlJ'Utl~!!'i'lCII"l!tJ:IJ !tltltllJ'Vl !~'lllflf111'lJ':;;CI:;;CiltJ'IJ\9l:;;fln.l 

600 :iJe~fini':IJI'iaf!\911 

nt~l1'1-!m1!n'l.JP11flfh~ II II <:! , 

' "" fl1lll!'llll'll't!il"l1t~:;;muHfl t~A"11tlll flflfl't! 
fll'YHfl'M 

"" (iJt~ijfl1llvi flijVI 'j) ('1-!l't'l) 

0 10.57 625.79 

5 6.02 473.75 

10 5.99 473.71 

15 6.01 473.77 
' ,d 

'i'll!'RC!f.J 6.00 473.74 



, 
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vn-aH~ fl-2.36 !! bl'\91 \l vH'l 'lHl\l ri l'W w 'lf!! r~~ fl 11111 .U 11 .U u 'U tl\l !!rHH CJ}u11 1 tJ tJ t:J'W 1 u bl'l'j r~ ~mu~ Nl u 

m j\9)\Plclf11!!nb1'm{ u tl'W 1 \Pltl t:Jn1 "lf~Pl ~ er~ j 1nu 111 r~ 'U tl\l 'U tl\l m r~1 o.42 f1 ~ j ~ tl'W 1Yi er~ j 1m j 111 r~ 
'" . " C;'}1 ~ I e::i 3) 9) .c:i \1) e!lfJ ')) d CV 

'Utl\l!!flbl' 0. 73 [l~j ~ tl 'W 1'Vl Uri~ fl 1111! 'U11 'U'W 'Utl\l!! fl rl!"lfCJ11 btltltl'W 'Vl 1\91 'il1flfllj 'lf~ [I~ [ll(J'IJ ~~ flj 'W 

362 lJ[Iflfli'11~tlfl~j 

rnn 1 h! m -a !fh.J ~ ·uJ£h~ 
lei 

v v el , 

fi1UJ!'U~'Uh! ~l'atl~ttlf.ll!fl tt! "lff.l~ tltHlh! 
fll'W!tl'lf 

el 

(h!l't1) 
t:::t. t:::t. v '~ 

(~tttt m~fl tlttfl -a) 

0 10.03 309.26 

5 6.64 237.42 

10 6.64 237.44 

15 6.65 237.40 

' ci 
fl1mr~u 6.64 237.42 

m-aH~ fl-2.37 u bl'\91 \l r-w 'U tJ\lA 1ill w 'lf!! r~~ fl1111! .U 11 .U u 'U t:J\1!! fl r~t CJ}u11 "l tJtJ tJ u 1 u m j r~ ~ r~1u~ N 1 u 

fllj ~\PI cJ111u f1 bl'm{ u t:Ju 1\91 t:Jt:Jn1 "lf~Pl ~er~ j 1m j 111 r~ 'Utl\l'U tJ\lm m o.6 f1 ~ j ~ tJ u 1Yi er~ j 1mj 111 r~ 
. " C;'}1 .0::::::. I .c:i 9J 9J d lf1 .<::!I!)')) d W 

'U tJ\l!!fl b1' 0.55 r~~ j ~tl'W 1 'Vl u r~ ~ fl 11111 'U11'U u 'U t:J\1!! fl r~ 1 "lfCJ11 ~ tJ t:Jt:J'W 'Vl t \91 'il 1 n m j 'lf~r~ ~m CJ'U ~~ m u 

600 lJ[jflfli'11~tlfl~j 

nttl1h!m-a!n11~1mh.:J 
lei 

v v el , 

fl1l~!'U~'Uh! ~l'att~ ttlf.ll!fltt! "lff.l~ tltltlh! 

el 

(h!l'tl) 
fll'W!tl'lf 

t:::t. ~ v ' .<::::), 

(~tttlfl'a~ fltltlfl'a) 

0 10.52 600.53 

5 6.43 418.54 

10 6.43 418.55 

15 6.44 418.56 

. ci 
fl1!'l"WCJ 6.43 418.55 

~~~~ ................ ----------------
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fl l'il·:l'n fl-2.38 U {1'1'1 ~ Nrt 'Utl ~ flltl !tl'b'U rt ~ 'fl 1 l:JJ! olJ lJ olJ 'W 'lJ tl~ U 'fl rt i ClfCJlJ 1 Btl tl'W 1 'W {1'1 ':i rt~ rtl CJ~ ~1 'W 

fll':ii'JI'Jqf:JJ!lfl{1''fl1{1Je:J'W 11'1Dtlf1 1GJJ'I91' ~eJ\91 ':i 1f1U 1 'Vi rt'Utl~'Utl~! 'I--nn OA2 ~\9l':i ~ tl'W 1Vi eJ'm lfl1':i 1 'Vi rt 
OJ 

' ~ 
<:'} .:::::::. ' .::::i 9) '3) d lt] .cil!J 'j) .ci Q.l 
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Ab~tract: Carbon dioside tCO:! seqttcsrmrion using 
srcclnraking s)og 1'ia carbonorion n:action COliljn'isc.s (?( 

f1•·o srcps. Firsr rite calciunJ from 1 C;r'- J ,ti·onJ rile slog 
porricles H-ere exrrocral imo m1 acid soiurion. Second. 
rile chemicnl ab.sorprion of C02 b1· ca>solllfion ro form 
a solid parricle <?(calcium carbonate fCaC05J, 1rhere rhe 
C02 11·as seque.srrated T!n~s st11dies ai111 to inn•stigate the 
optimal condition for Ca2

+ extractiou Ji·olll sreclnwking 
slag b1· using acetic acid solwion. The relponse sw:face 
methodology rRSi1J) 1ms med to oprhni:e r/Jte 
COIICCIIfmtiOII of Ca>. The im·e;rigatcd poral!leiers ll ere 
the temperatures in the ronge of JO-.~O''C 11-hereb1· 

liquid/solid 111ass ratio and the acetic concemmtion ill 
the range of 5:1-20:1 and 1-8 AI. re.speCiil'c/1'. 1rere 

illl'cstigated. The optimum conditions in the leaching 
process are the liqui<l'solid mtlo of 5:1. till' ocetic acid 
concentration nnd temperature a_( -.3 AI t1nd -o ~lc. 

respecth·elr. Tliis opti11111111 condition gan' nwxillllllll 
Co> COIICelllratiOJI of35JJ6pp111 

Key vVonls: CaCO/ Carbonation/ CO_/ Extraction! 
Leacl1ingl Slag 

L I~TRODlTTIO~ 

The global wHrnling associated \\·irh an increase of 
the greenhouse ga<> emissions represellt> a worldwide 
problem Tiliit is clue in lllCIJl1r pan W tile indnstJ ial 
(lllllbU'>tion \) r fL>YiiJ fireh [ 1]. Tlte cunellt glol>.11 
\\arming is a g1vbal probkm 111uch cznbed by the 
climate change due tc' an increasmg of carbon divxide 
(C02) in the atmosphere [2]. Carbon dioxide mineral 
seqnesu·ation i:; a technology thar can reduce C02 

enussions to the atmosphere for long-term storage of 
co, [3]. 

Imere't in miug iudustnal residue materials and by
products a;, somces of calcium for mmeral carbonation 
has <1risen because they are readily <1nilable and cheap. 
Besides that. the carbonation of these waste materials 
could reduce the amount of harmful substances. such as 
trace elements. released to the enviromnent. as they 

would be trapped in inert carbonates [ 4]. The slag fl'<)lll 

stednwkmg prcxess is kll0\\'11 as a mat<Crial which hrh the 
ability to captme co, and transtimn IO calcium 
carbonate (CaC03 l owing to then· high contents of 
calcium (Ca2~J as in a form of calcium oxide (CaO) [5]. 
Thus. the extraction of Ca2

+ tl:mn slag is an impmtant 
step !or carbon dioxide sequestration \'ia carbonation 
process. 

In thi:s study. the steel making :;Jag was used as a 
precursor for le~ching Ca2

- 11·hich tl1e m;in objective was 
to detennine the optimum condition for Ca 2

- leaching 
process. 

2. l\IA TERIALS 

The >.teelmaking :;lag is a by product fi·om the 
electric arc fl!mace (EAF) steel production obtained fi·om 
Siam Steel Syndicate co .. Ltd. (Samut Prabn. Thailand). 
Acetic acid (99. 7 wt ~u). analytical grade. was obtained 
fi·om Baker. Inc. USA and used as received \\ithont 
ftmher pmification. 

3. EXPERI\IE~TAL 

3.1 Prt>p:uatiou oftht> steelmaking slag 

The steelmaking s.lag \\·a, dried at 105 'C in an own 
and roughly grincled 1\ith jaw cmshers. The steehnaking 
:;In~ \\'ih then fin~ly _grinded b\' _f:\T<ltOrY cmsher zmd 
oicl·ecl to !.:<'! JY11Hde ,izc- 0f smalkr tlwll -l' lllll. The 
tine gJillded material 1\<b the11 ,lJit::d c>Yenngln ;1t 10' 'C 
The composition of the slag is analyzed ming :.\:-rav 
difJiacnon (XRDI and X-ray fluorescence spectroscopy 
(XRF) 

3.2 Ca1
+ lt>ac!Jing procedure 

The leaching experiments were caniecl out in :2 L 
beaker glass. The prepared slag which particle size 
smaller than 45 fllll is added into I L of acetic acid 
solntion with different concentrations (I. :2. 5. 6 and 8 
I\I) which cmTesponded to the ratio of the liquichoiid 
mass ratio (LSI of 5:1. S:l. 10:1 15:1 and 20:1 gig. 
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r~spectively. The solutions were well mi.,ed by using a 
mechanical stiner ar 300 J]Jlll. The leaching remperamres 
w~re vmied fl-om 30 to 70 oc. For each expe1iment. the 
liquid samples of 10 ml were taken clming the leaching 
period at 0. L .:::. 5. 10, 20, 40, 60. 90 and 120 minutes. 
The sample was filter~cl by syring~ membrane filter (0.45 
!till) before it was analyzed by XRD. XRF and Atomic 
Absorption Spectrophoromet~r (AAS). 

3.3 Analysis 

The structure of the steelmaking slag is analyzed by 
XRD. using a Philips X'Pen l\IPD. and the elemeutal 
composition of th~ sr~elmaking slag is analyzed by XRF 
using a Philips P\\'2400. The conc~ntration of ca>in the 
]~aching solution is m~asured by A.A .. S (Aanalyst 100 
spectrom~try manufactured by Perkin-Elmer. USA). 

3.4 E:qwrimrutal design 

C~ntral composite design (CCD) was m~d to design 
of Ca2~ leaching expeiiments. Three independent 
variabl~s. namely acetic acid concemration (.'1:1• M). 
liquicholid mass ratio (~\}. g:'g) and temperanne (X,. 0 C) 
haw l'een lllYbtigared by the single t'<lcwr merllod. The 
coded mut> for each iact,)r investigated in this 11·ork are 
presented in Table I 

Table 1: Tile CCD consisn·ng <~( 1- eYperimenr.' tor the 
st11d1· of5 e'perillleii!al.filcron in coded units 

Run no. X! r -' x3 
-1 0 0 .., 

-0.59 -0.59 -0.59 .:. 

-0.59 -0.59 0.59 
-1 -0.59 0.59 -0.59 
5 -0.59 0.59 0.59 
6 0 -l 0 
7 0 0 -1 
8 0 0 0 
9 0 0 0 
10 0 0 0 
11 0 0 l 
12 0 1 0 
13 0.59 -0.59 -0.59 
1-1 0.59 -0.59 0.59 
l' 0.'9 0.59 -0.59 
16 0.59 0.59 0.59 
17 0 0 

1\fin-l\lax \'alne l-8 5-20 30-70 

The qan,tJcal '>i;miticnnce of rhe fi.tll pre•.lictecl 
cJltnclrath: mucleb wa-, el·a]u:ned l•y tile analy.,F of 
variance (A'\0\'AJ. The A'\0\','\ regresswn 
coefficiems of indn·iduallinear. quadtanc am! interaction 
terms were determined. 

The variables were coded according to the following 
quat ion 

y 
-" ' 

x, -x0 

D.x, 
(!) 
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\Vhere .\~ was a coded value of the variable: x
1 

was the 
acnJal value of variable: x0 was the actual value of the .Y, 

on the center point: and .Jx was the step change value. 
Empirical model describing the experimental results 

were developed using data collected from the 17 mns. 
l\Iodel paramerers wer~ esrimated using a second order 
poly11omial as given by Eq. (2). 

3 3 ~ 3 

r = 2:>4o + _LA,X1 + _LA1,X/ + .L LAt_\-ix] m 
'""1 1=1 1=1 j=i-1 

\Vhere r i<> the measured response that means 
concentration of c8lcium ( ca>t A 0 is intercept term. A,. 
A ... and A,1 are. respectively rhe measures of the etlects of 
variables·.\; . .\;J.~. and _\;:. The variable X)\; represent' 
the first-order interactions between_\; and X (i·'f}. The 
re§:re%ion coefficients were used to mak~ st~tbtical 
calculations to generare smtace and contour· plots from 
the regr~ssion models. TI1e P-values of less thm1 O.OS 
were considered to be statistically significant parameters 
where as the parameters with p-values greater than 0.100 
was considered as an in-signitlcant parameter. which 
could be dt·opped our manually tiom the model to 
enhance the regres-;ion quality and optimization n:>nlt'> 

4. RESl'L TS A:'\D DISCTSSIO:'\ 

4.1 Slag rompoo;itiou 

Chemical and physiCal pwpemes of slag \Yere 
measm-ecl using XRF. XRD. and .'\ .. A.S. The results from 
XRF indicated that the slag posses CaD up to 55° o 

which is a key component and XRD analysis showed that 
the main compositions of slag are rricalcium magnesium 
onhosilicate (Ca3llfg(Si04 )c). gehh:nite {Ca2AI2Si0

7
J. 

and calcium sn·onrium manganeoe oxide (( Ca
0 6 

Sro 4):\In03). This composition charact~ristic make them 
suitable candidates for the indusn-ial .sequestration of 
C02 [6]. 

4.2 Optimize leaching condition 

The concentrations of Ca2
+ at various leaching 

conditions are listed in Table 2. From thi;, rable. the 
optimum conditwm for Ca 2~ leaching were liquicl,solid 
ratio of 5:1. acetic acid concentration of 7.3 M. and 
remperann·e 70 oc which §:ave a maximum ca> 
concentration of 35226 ppm. The application of 
re;pom,e smt~1Ce methodology yield~d an empirical 
model that expressed the relationship between the Ca'
concentranon and investigated leaching parameters as 
gi\·en by Eq. ( 3 ). 

r=ll1653X1 +1S716X3 -679.88.1
1
2 

i 3) 

Tl1c value of the derernmwtion coeiticient 1 R- ; ;mel 
adjusted value of the detenninanon coetlicienl ( AdJlhted 
R

2
) were 0.963 and 0 951. respectively. indicating rhe 

model is pr~sent the expetimental data well. This is also 
evident 11-om the facr that the plot of predicted ver.su.s 
experimental concentratwn> of Ca2

- m Fig. 1 is close to 
y = x showing that the prediction of experimental clara is 
quire sari sfacrory. 

The A'\0\ -A of the quadratic regression model 
indicates that rhe model is siguificam. The P values were 

·~,. ...................... ________________________ _ 
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used as a tool to check the significance of each of the 
coefficients. which. in mrn. are nece~sary to understand 
the patTern of the mutual imeractinm between the test 
variables. The t ratio and the conesponcling P values. 
along with the coefficient estimate. are given in Table 3. 
The ~mailer the n1<1g:nimde of the P. the more significant 
is the conesponding coefficient. Values of P less than 
0.05 indicate model tenm are significant. The coef!icient 
estimates and the conesponcling P values suggests that. 
among the test variables used in the 'ilndy. X 1 

(Concentration of acetic acid). X, (Temperanu·es. 0 C) and 
X1X 2 (mumal interaction between concentration of acetic 
add and liquid· solid mas» ratio t LS)) are the significant 
model tenns. Concentration of acetic acid (P < 0.0001) 
has the largest etiect on concentrations of Ca'-. The 
mumal imeraction between concenrrarion of acetic acid 
and liquid/solid mass ratio (LSl (P --- 0.0001) were also 
fotmd to be important. 

Table 2: Cncoded ralue.s of the mriables used in rile 
different experimental of rhe central composite aes1gn 
and the CO!Te.sponding e.,perilllenral re.l/llt.s 

Run y 

110 Experiment:~! Predicted 

10 50 3601 3169 

2 .., 8 40 9610 8957 

.3 2 8 60 121-W 1:700 

4 2 15 40 6713 ~:'35 

5 2 15 60 7429 9278 
6 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 5 10 70 23795 25481 
12 5 20 50 11165 9518 

13 6 8 40 :3286 24041 

14 6 8 60 31560 2778..J. 

15 6 15 40 1319..J. 1~~~-, 
_11 !r 

16 6 15 60 15930 17520 

17 8 10 50 21102 21386 

, .. 

Fig. 1. Plor ofprcdicied awi measured Ca:+ 
coJJceurrntion 

Response smface nre dravm a~ a fimction of two 
factors at a time. holding all other factors at fixed levels 
(zero. for instance). Those plots are he1pfill in 
tlllderstanding both the main and the interaction etiect:s 
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of these two fhctors. The~e plots can be easily obtained 
by calculating from the model the Yalues taken by one 
t;Ktor where the second varie:; \\ith constraint of a giwn 
Y value. The t)l)ical surface plots obtained from Eq. (2) 
are given in Fig. 2 and Fig. 3. Each figure graphically 
explained the eiiect of nv-o interested parameters ou the 
production ofCa2+. 

Table 3: ,\Iode! coe.fficiems esti11wred b1 nw!riples linear 
regression 

Fa..:tor Cocfil~i.~ut _C ~1hput;;~ t \·uluc P valu~ 

lrt.:rc12pt -l-!23(1." --!.906 0.000362 
_,.: lllti'··' 10 "8 <_(} 0001 

\".; 18°.16 t 261 0.0011() 

.\. _. -679.~~ -5.831 ---tJ.OOOl 
_\" .-x_ <!-U.3~ M9,922 ·.-fJ.OOOl 

Fig. 2 shm-Y the response sm£1ce plot obtained as a 
ftmction of acetic acid conce1mation versus liquid solid 
mass ratio. Ca"+ concentration was increased with the 
i111:reasing acetic acid concentration. Ir is c>b\'icms rllat the 
concentration of ca> \Vas decrease \\'lnle liquid solid 
n1ass ratio \Yas increase_ 

•·:' 

Fig. ::. Re>po11se sw:fiJce plor siro,·ing rile <:fl;,cr on ocetlc 
acid concenn·arion. liquid. solid muss mtio and rheir 

lllllfllal cffecr Oil rhc production orCa:-

Fig. 3 show the respon;;e surface plot ebtained as a 
ftmuion of remperatme wrsus liqmd solid mrtss ratlo. 
/ul increase in ca> concentration mth mcrea>e in 
temperatme. Acceleratiou of difft1sion phen,•menon with 
increasing temperature gives the reason for this t:Kr [7]. 
A decrease of liquid solid mass ratio resulh 111 an 
increase ,•f Ca'-conce-ntration. \Yhich nm:ht he e-..;plJmcd 
by the higl1er ic>nic qrens:rh Zlll<l. Cc'IheqHentlY ~u:.:Lel 

solubility of c~1kium [8]. It can be c•bc,eiYed lwm F1g.:: 
that the lowest liquid sohd mass ratio of 5 g. _g g;lw rhe 
highest en> concentration. 
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;) ;_ ;9 .... ~:;. ~' ,' : 

rl'!liP'!'ruturq•(~j t>: c.:<- -: 

Fig. 3. Response s111:(hce plor sh01ring tl1e •:ffi'cT on 
temperature. liquidi~olid mas~ ratio and rheir 11/IITI!a/ 

ej{ect on the producrion of Cn2+ 

s. co:\'cu.:sio:-.;s 
Tile leaching of Ca 2- fi·om steelmaking ;,Jag using 

acetic acid solUTion was investigated. The optimum 
conditions tor kachmg of ca> were detennined nsing a 
;;mtisrical respome surface metlwdology (RS:\fJ. From 
the eqnanou of response variable<.. the acetic 
concemrarion has the most <>ignificant eftecr on the 
concennatrorb of C a The optimum condition;, for 
leaching of ca> we1e liquid solid ratio of 5: L acetic acid 
concentrarion (>f 7.3 :\f and temperature of 70 °C which 
gave a maximum Ca2~ concenrrarion of 35226 ppm. 
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Abstract 
COc mineral sequestration is an importam teclmology 
for reducing greenhouse gas emissions. Tile 
steelmaking slag: was interested for CO, sequesu·ation 
because of its containing high CaO. TI1is resean:h 
aimed to investigate the CaO leaching efticiency 
using two common solutions which are acetic acid 
solution and pure deionized 1vater Se1·eml operating 
1·anables including initial acetic acid concentration 1. 0 
and 2 lvl). liquid-to-<,lag ratio ( 10:1 g gl. reaction 
tempenHurt! ( 70 T) and reaction time i0-60 min) 
11·ere investigated. Tile alblinity of !<:!aching solution 
obtained fi·om both solutions 11·ere also <otuclied. TI1e 
results shown that leaching Sl1l\ltion of steelmaking 
slag using deionized ;varer gave higher pH and 
alkalinity than acetic acid. TI1e efficiency of both 
leaching solutions on COc sequestration was also 
investigated ar1d reponed in this work. 
Keywords: Leaching. Precipitation. Steeln11king Slag 

1. Introduction 
TI1e increasing C0 2 concentration mainly caused 

by fossil fuel combustion associated \\ith the 
greenhouse effects represented :1 wor!dl\ide problem 
[L 2] A possible teclmology that can contribute TO the 
reduction of carbon dioxide emissions is C02 

sequestration by mineral carbonation. Sequestering 
carbon dioxide in symhesized carbonates is a long
tenn solurion to glob8l wmming thm will keep C02 

out of the atmosphere ou geologic rimesc::1les [3]. 
:-rmeral seque:marion re,earclJ poinred to accelerate 
the reaction for a potential industrial process. 
Research on the aqueous carbonmion route lws 
focused on alkaline ilnd concemration of Ca2~ [4]. 
TI1ese residues are likelv ro be llll're re<Ktiw fL)r 
cmborwnon rllan prmtuY nnne1 ilh due ro r!Je11 
chenncal imt<1bllny and rims then use nll,:dll enable to 

reduce energy comumption and costs of CO: mineral 
sequestration. TI1e imeresting: in nsing the industrial 
residue materials as a source of calcium for mineral 
carbonation has increa:;ed since r hey are readily 
av<~ilable and cheap. Funhennore. the carbonation of 
these wastes could reduce the amount of h<mnful 
substances. such as trace elements. released to the 
environment. as they are n·appecl in inert carbonates. 
TI1e slag fi·om steelmaking process is klw\m as a 
material has the ability to capmre and conven C02 TO 

calcium carbonate (CaC03). due to their high contents 
of calcium (Ca>) in the tonn of calcimn oxide (CaO) 
So. the leaching of Ca2

- fi·om slag is m1 important step 
tor CO" sequestration via cm·bonation process [5]. 
TI1is resemd1 tocuses on method of C02 

sequestration: permanent C02 fixarion as 
environmentally benign carbonate minerals. In this 
cnse. rile steehmking slag was u-,ecl as a precmsor t(x 
Cn2- and the main objecri-re 'Yas ro determine the 
optimum condition ft)f (·a> leaching: prc1cess. 

2. :\latetials 
Tile steelmaking slag is a b;,vrodnct of the 

electric me fhmace (EA.F) obtained ti"om Siam Steel 
Sy11dicare co .. Ltd. (Samut Prakml. Timiland). Glacial 
acetic acid (99.7 w1 ~o) analytical grade. was obtained 
ll-om Baker, Inc. CSA and used as received \vithout 
finther pmification. TI1e deionized water was produce 
onsite ar our laboratory. 

3. Experimental 
3.1 Preparation of the steehmlldng slag 

TI1e steelmaking ~lag was dried at 105 ·=·c in an 
oven and roughly giinded \\ith jaw cmshers. TI1e 
steelmaking: slag was then finely g:Iinded lry gyratory 
cmsher and sieved to ger panicle size of smaller than 
45 pm The tine grindecl mate1ial was then dried 
ovemight at 105 ~c. TI1e compositions of prepared 
slag \Vere analyzed using X-rny diffraction (XRDJ. X
ray fiUllrescence spectro~copy tXRFl and .-\romic 
abso!ptwn spectromerrv (:-\.-\S l. 
3.2 Ca2

+ learhiug Jn·o~edure 
TI1e leaching expenments were canied out in ~ 

L beaker glass. Tile prepared slag which panicle size 
smaller than 4' run is added into I L of acetic iiCicl 
solution 1nth eli Herem conceunat10m (0 ;md : \11 
wluch cone;,ponclecl w the ratw of rile !Jqmd ,,,lid 
mass ratio (L 'S) of 10:1 g g. TI1e solmions \Yere well 
mixed by using a mechanical stiiTer at 300 !}Jill TI1e 
leaching temperature \Vas 70 oc_ For each experiment 
the liquid samples of 10 ml \Vere taken clunug the 
leaching period at 0. 1. 5. 10. 15. 30 and 60 minmes. 
TI1e samples were filtered by S)Tinge membrane filter 
(OA5 pm) before analy'Zed by XRD. XRF and .--\.A.S 
3.3 C02 removal efficiency 

TI1e C02 removal etllciency using steelnwking 
slag leaching solution obtained fi·om sectil11l 3.2 was 



pertlmned usmg a lab scale absorption reactor as 
desCiibecl in figure 1. 

Figure 1. A schematic oflaborarmy CO, absoqnion 
reactor 

From fignre 1. the gas nlixtme contaimng 
15.0 \·o] 0

o C02 and 85.0 \·o] 0 o~2 wa~ fed to 1 L of 
steehmkmg slag leachate in ab,;orprion reactor ill a 
flow rare of 0 73 Julin. TI1e C02 conceutratiom. at the 
inlet and outlet of reactor were measured. TI1e C0

2 
remo\·a] e1Ticiency (C02 RE) \\as deternlined tiom 
the inlet (Cm) and ourlet (Com) C02 concentration 
according to equation ( 1 ). 

CO,RE = c;" ~C""' x100 (1) 
- c·lll 

\\'1lere C.1 = inlet C02 concentration (ppm) 
C out = outlet C02 concentration (ppm) 
C02 RE = CO.c reino\·al eniciency (0 ·o) 

3.4 Analysis 
The stmctme of the steelmaking slag is analyzed 

by X-my diflhction (XRD). using a Philips X'Pe11 
:\IPD. and the elemental composition of the 
steelmaking 5lag is analyzed by X-ray fluorescence 
spectroscopy (XRF). thing a Philips P\\'2400. TI1e 
concentration of calcium (Cn>) in the leaching 
solution is meawred by using Atonlic Absmption 
Spect:rometrv (A-\.S) (.-\_-\analyst 100 :;pectrometry 
manutacmrcd by Perkin-Elmer. \.'SA) 

-1. Results :md Dhcnssion 
-1.1 Slag composition 

11Je XRF m1s applied ro e\nhwte the slag 
complbitiom. TI1e CO!ll]Wsitious of the llcsh slag. 
piecipitated ,oJid leached \\ith acetic acid ;-mel 
deionized warer \Yere preseuted in Table l. From 
Table l. the fi·esh slag comnins 51.61 ° o of CaO. After 
extraction with acetic acid. CaO coment in a 
remaming precipitate was 6.56% where <t> the amount 
of CaO in the precipitate \\·hen using deiomzed water 
as leaching solution was almost the same as original 
found in fie'>h slag. TI1e XRD pattems of fi·esh slag. 
and the solid slag leached \\ith acetic and deionized 
water were compared in tigure 2. It can be seen fl:om 
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t!gure 2 that the main compositions of slag in all cases 
are nicalcinm rnagnesium orthosilicate 
(Ca3:\Ig(Si04)2). and gehlenite (Cay\l2Si0 7). TI1is 
composition characteristic make them suirable 
candidates for the indusnial sequestration of C0

2 
[6]. 

TI1e exrmction of Ca2
+ from fresh steelmaking slag by 

ncetic acid and deionized water gave a leachate and 
leached hydrated-manix. TI1e XRD pattems (see 
t1gnre 2) revealed that the leached hydrated-manixes 
obtained tl"om steelmaking slag leaching \\ith acetic 
acid (slag acetic acid) contains T1icnlcinrn 
magnesium onhosilicate (Ca3Mg {Si04) 2 stmctnre 
(calcium acetate hydrate) indicating that some 
elements in steelmaking slag have reacted with acetic 
acid resulting in sU11cture change. Wllile the leached 
hydrated-matrixes obtained fi·om steelmaking slag 
leaching process using only deionized water (slag
water) has no stl1Jctural changes. 

··fn·rnslag 

Figure 2. :\.'RD pattems of the steelmaking slag used 
in the expe1imeut: J Tricalcium magnesium 

onhosilicate (Ca3:\fg (SiO~) 2• • gehlenite. and o 
calcium acetate hydrate 

Table 1 Composition of remained~ solid tl·om XRF 
analyses (units· \Vt 0 'o) 

Composition . wt0 o 

Components 

CaO 

Fresh 
slag 

5161 

Solid slag 
leached 

with 
acetic acid 

6.56 

S10: 1-U9 :2-Ul 

Solid slag 
leached 

with 
deionized 

water 
51 1 
3.75 
7.67 

13.3 l .~~ ~:;~ /o~'J 
Fe,O, 1-1..16 6.8-1 1-1.-1-1 

~lg0 ___ ._,__-+~·~7_8 ~--(~)~5~2-~ '---)~-._0~9 __ _J 

-1.2 Conceutratiom of ralcium 
TI1e concentratiom of calcium (Ca>1 in the 

leaching solution in time period of 60 min are shom1 
in figure 3. It clearly sho\\11 that the ncetic acid cau 
t'Xtracr CaO fi·om fie,;h slag much berrer than 
deionized water. Since Ca 2

+ i~- a metal tlms it was 
better dissolved 111 acid solution than water. TI1e 
concentration of Ca2

- in leachate using acetic acid and 
deionized water leaching were up to 475:' mg-'J and 
502 mg:L respectively. 
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Table 1 Leachate propenies 

Properties 

ca-+ 

concermation 

pH 

Alkalinity 

5. Couclusiom 

Leachme 
using acetic 

acid 

4 755 mg-'l 

3. 7 

0 

Leachate using 
deionized warer 

502 mg/1 

ll 7 

12 70 mg.] as 
caco, 

The couclnsion of this work can be drmvn as 
tiJllow TI1e leaching of Ca:~ fiom steelmaking ;,Jag 
using acenc acid and deil'nized water a:s extracted 
solu;ion wa;, inYestigatecl. The coHcemratic>n of Ca2+ 

in act>ric acid >olution were much int>ater than that of 
deionized water. Although Ca2

+ ~luted with acetic 
acid was even high. the maxi.rnum efficiency of C0

2 removal \Yas much lower than of deionized water 
extraction. In addition. the alkalinity in water leaching 
was very high. It can be concluded that the alkalinity 
and pH are the most important parameters tc1r C0

2 
remonll instead of Ca'" concerl!Tation. Tims deionized 
water le<Jching process is adequate tor steelmaking 
slag extraction tc)r col sequestration. 
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