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I 
.c::t 0 

UCVICVI 1 UCVlCU1 

U\l~utJn~tJ~~'\JtJ L~eJtJ~l ~t(;lVl~'\.nrn (;h~ ~ eJtJ L~eJ~lJ1\l1 fl n l'fVl1 LVlneJ~ LL(;l ~ fl1~ 
°1"'" .. ~dd 1!:"l 1'"eJ\Il"'1Vln~~lJ V11 VlLnVlfl1~"'ruL"'~~tJVlWil~"'1lJ1~t1 "1lbtJfl1~L~1~'\J(;lfl VleJ~1~LVllJ1~"'lJ LLtJ1 

, 'U 'UQJ 

VI1~fl1~,j1UVltVl~ fl1~vh1m(;lVl~VlLJneJ~'1tJ"'Jl1~~f1~1l11tVl~fl1~L~lJIl11VlVls/T'U (adsorbent) (;l~1'\J 
'II 'II 

~1LijtJfl1~~1n'h'j5~tJ ~ lJ1fl LL(;l~hJvhm~tf1~~"'~1~"lJeJ~~tJmlJ5~~lJ"1l1~1J1flLJfl LVllJ1~"'1JlJleJ 

"'Jl1~~tJ~~nfl1~'\JtJL~eJtJ~1LLlJln~tJ~lJ1fl tVl~1"'~1Jl1~ ~ ~'l11lJ1Pim~1ntJ l~LLfi <aleJ1m/1 ~1tJtllJ 

~tJ~ 1"'Vl~tJVI~VIJl1~ i'\ LL~~1"'VlLVl~eJ1-rr\l1neJ\Il"'1Vlm~lJfl1~Lm~m \l1nfl1~vhLVlneJ~ LL(;l~\l1n
" I , .. 

~\Il"'1Vlm~lJIJl1~ ~ fl1~,j1UVltVl~15d~~LutJ1'\J~ fl1~(;l Vlf111lJ L~~~1'Ufl1~LL~~ m~\l1~1'\JcJ~~'UJrI11'i' 

~tJ fl1~~Vl6/ilJtVl~Yl"1l ~llJ(i~fl1~a~eJ1tJ1'\JcJ~~~n~1\1l1Jl1~ ~ 1tJvh~tsdeJ1Vl1~ 

tVl~~llJLLiKl 1l11LL'\J~~611~'lJ~~'Ul1a~~,J(;l1~LnVlfl1~~Vl fl1~ Lf1~ eJtJIl11"lJeJ~t~Vl~VlLJfl 1~LLn n 

r11YlLeJ"1lLtJtJ~h~ nf111lJ"'1lJ1~t11tJfl1~"'~LV1tJmVl~~ (acid buffering capacity) nf111lJ?I1lJ1~t11tJ 

fl1~LL(;lfl L'\J~~tJ1eJeJeJtJ'Ulfl"'~ n~tJ~~llJ1fl nVl,J~~n-UtJ~neJ1~LnVl"'1~'\J~~ neJ'UL~~ieJtJ"lJeJ~t~Vl~ 
'II 'II 

VlLJn1~~ LL~~ n"'1~~tJVI~V~~~1~J1~1 ;~1l11 LL '\J~Lmhd\l~a~t:-J~~l1JntJ~~VllJVltVl~"'1lJ1~t1~lVl 

f111lJ"'1lJ1~t11tJfl1~VlVls/T'Ut(;lVl~VlLJnl~Vl~fl1~1-rrr11f1~vtltJfl1~m~\l1 ~(f)l"lJeJ~1~Vl~VlLJm~Vll1~(f)1
'II 

~1nVl (Venegas et al., 2015) LL~~tJeJn\l1fld f111lJf1~1l11"lJeJ~1l11~Vl~'UfhtJtJU\l~~Vl~~~611~'lJ 

L~~1~Vl1flIl11VlVl~'U"'m~1l111~~1~ t~Vl~VlLJfl~VlVls/T'U1'\J bLiKl n\l~t1fl'\J~Vl'\J~eJ~eJeJn1J1Bflf1~~ 
'II 'II 'II 

"lJeJ~ L~~~LnVl\l1 n fl1~neJ'" ~1~ LL~~~eJt1eJtJ (Demolition Waste) LtJtJ"lJeJ~ L~~n~lJVl~~~n, 

LnVl~tJ eJ ~ 1~ lJleJ L~ eJ ~ \l1 fl fl1 ~~(;lJ 'U 1"lJ eJ~ Ln eJ~ tVl ~~fl1,J L n Vl fl1 ~'l111'\J1-rr'\J~ ~tCJ"1l'l1~tJ1VltJeJ fl\l1 fl 

'l111 '\J1-rrt tJ~fl'l!tru~"lJeJ~ fl1 ~t1lJ~ ~n'l!tru~"'lJu~"lJeJ~ LPl'l!tl'" Vl,neJ'" ~1~ LL~~~eJ t1eJ'U n LL 'Ult UlJ~ 
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VhnmJ1r111lJbu'W1tJ1~'Wn1~oJ11tJ1-ut'Wn1~oJ1U\il~'W ~~t1'W 1'Wn1~~n~1d\l:::vh n1~Pifl'\~1ntJlm~::: 

.,."l1n Hlbbn bbr1\ilb:wmJ ~~n:::~ bb(;l:::(1):::~1 ~~bu'Wl(;l""':::""'l1n~bn\iln1~tJ'Wb~el'W~'W\l~~1'WtJ~:::b'Vl~I1vlCJ 

l\ilm\l1:::\l~1tJ~1G'f\il.,.,,~n~,j1\l::::Wr111lJG'f1lJ1~rl1'Wn1~\il\ilitJ~G'f~ fiel 'iiblJ'WiibV'lG'fii B~bb\il~ bb~::: B~ 
, '\I" cUI d.J 

G'flJU&i~1~ ~ "lJel~~11G'f~ ~~\l:::bu'W.um;J~~'W5i1'W~a1~t1J1'Wn1~~\l1<HlJ1r111l-1 bu'W1tJ1~ 'Wn1"J1.u~1 

\il\ilitJn~lJin'Wn1~oJ1U\il~'W" , 

bb~:::(1):::~11'WJ1~~br1~1:::~ b~el1~'Vl~1tJfi~~n~ru:::n1"J\il\ilitJtJ'W~1\il\ilitJ bV!~1t1'W 
" " 

3. 1br1~1:::~[:..mn1~'Vl\il(;lel~l\ilCJmP1CJVI~nn1~'Vl1~1"1l1n1~~1~ '1 b~eltJ~:::blJ'Wr111lJbU'W1tJ1~ 

1'Wn1~oJ11tJ1m'Wn1~(;l\iln1~br1~el'W~1"IJel~l~""':::Vll1n1'W~'W 

1.3 "lJeJ'lJb"IJ\iln1~Am~t1 

1. 'Uel~b~CJ\l1nn1~nelG'f~1~bb(;l:::~elrlel'W 3 '1J'W\il1~bbn bf1~'iiblJ'WiibV'lG'fii bf1~B5ibb\il~ bb(;l::: 

bf1~~~lJ1mtJ1 
'" 

2. G'f1~lJ(;l~~~~n~11~bbn bbr1\ilb:WCJlJ ~~n:::~ bb~:::(1):::~1 

3. bU'Wn1~tJ~::: blJ'Wr111lJ btJ'W1tJ1v'i1~lCJ~\l1~ru1\l1n ~n~ru:::G'flJu&i~'W~1'W~ lMcn.uel~ntJ.. 
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ijr11(;\'1bti'Wn1~~1n-hi5~'W 1 mn bb~~hJvh~1CJlm'l61~1'1'1Jel'l~'W~1~5~~~"ll1~bV;CJ'Ib~mJmJ 

b"v1~1~61~viel61fl1'Yr~''W~~ijm~tJ'Wb~el'W~1bbvii1~'W~~1n 161~vi1'1 1 ~111~1Pimnn'W 11ilbbrl ;1el1mi 

~1'Wnmj''Wii lMlB'W'Vl~vvi1'1 1 ~b"v1~el1off~1n~~611"v1m~~n1~bn~~~ bb~~161\1lb"v1~el1off~1nm~'Vh 

b"v1i1el'l "v1~elel~~1"v1m~~vi1'1 '1 m~u1u~1~CJi5~li'lbi!'W1tJ~m~~~f111:Ub~CJ'I1'Wm~bb'l"l~m~~1CJ1tJ, I , 

fi''1.ff'WJ11~~'W n1~~~;~l~CJV;"ll ~1~i1'1n1~~'1e.htJ1tJfi''1~'1i1~i~vi1'1 11'W'lti1'11sdel1"v11~ l~CJmP1CJ 

n~1nn1~~~iu n1~bb~mtJ~CJ'WtJ~~~ bb~~~n~~nel'W ~'1b~CJ1offel'lnUn1~btJ~CJ'W~tJ'1Jel'l1~"v1~VI'l!n 
~, ~ 

l~CJn1~btJ~CJ'WbbtJ~'1V; bel"ll (speciation) n1~bn~611~tJ~~neltl b~'1iel'W (complexation) bb~~ 

"n~ru~ bb~~'1J'W1~~'W~1'1Jel'l161~moff ~'1~ 161~bbvi~~el~1'1ijfl11:U611~1~t11'Wm~b"v1~CJ11111~\n~m~, , 

161~ bb~~"llti~'1Jel'l1~"v1~"v1'l!n (Houben et al., 2012; Venegas et al., 2015) 'Weln~1n~ "n~ru~ 

U1'1tJ~~n1~'1Jel'l1P111~~bel'ln~'1t-J~i1'1f111:U~1:u1~t11 'W m~~~n1~ bFl~ el'W~'1Jel'l1~"v1~"v1'l!n11il mVi 161t1, , 

Hn"Ue:Jeln:U11Iilb"ll'Wn'W (Akkajit et al., 2013) 

1~CJ~1~bb6i'1 v11bbtJ~~ci'1~t\J~'I"Iurh~'1t-J~1~bn~m~~~n1~bFl~el'W1P11'1Jel'l1~"v1~"v1'l!n 11ilbbn ij 

r11'Vibel"llbu'W(;l1'1 i1F111~~1~1~t11'Wn1~61~ bVi'Wnw'~'1 (acid buffering capacity) ijFl11:U611:U1~t11 'W 

m~bb~mtJ~CJ'W1elelel'WU1n61'1 ij~'W~~1mn ij"v1~V1'1n-lT'W~nel1IXbn~611~tJ~~ nelub~'1ie:J'W'1Jel'll~"v1~ 
~ ~ 
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Lvh L~eJ\I\l1n1'WVl1\1tJ5U~\l~Lu'Wnl'~L~~~\I~hJlwtJ~~1ru~~1n(9) (Venegas et al., 2015) vr\ld 

"nnIll1~(9)~'U?i\le.J~1~Ln(9)nl':iL~~~'W'1JeJ\I~ LeJ'1J~1 tJ n\l~ ~\lvh1~ KJ '1JeJ\I~'WL~~,r'WL~~~'Wm~1tJ~1tJ 

(Sauve et al., 2000) 

~1rl11~bu'Wn')(9)~1\1 (pH) 

fl1m1~Lu'Wm(9)~1\11J'U11LU'W1ll1 LL tJdVl~n~mtJLL'U'U'1JeJ\ll~Vl~Vl1Jn1'W~\lLL1(9)~eJ~ f)11~Lu'W 
'II 

neJ'UL6fi\lsVeJ'Wn'UleJeJeJ'W~1\1 11'W?l1d~~mtJ~'W LL~~Vl~V1\1fi~'W~1\1 1 '1JeJ\l1G1~LdeJ~'W d1~~\1 n1d 

m~\l1tJIll1'1JeJ\lf)eJ~~eJtJ~ s5\1ije.J~vh1~Ln(9)n1dLtJ~tJ'WLLtJ~\I n1dLf)~eJ'W~l~Vl~Vl1Jn1'W~\lLL1(9)~eJ~ 

LL~~:lhtJ~~1rueJeJn~V1B'1JeJ\ll~Vl~Vlun (Adriano, 1986; McLean and Bledsoe, 1992; Koptsik, 

2014) 1(9)tJ~11tJ fl1m1~Lu'Wm(9)~1\1~L~~~'Wvh1m~Vl~Vl1Jn~1\1 1 Ln(9)n1d\9ln\9l~neJ'WLL~~Ln(9)n1d 

~(9)~'Utl'U1?l1il~1\1 1 ~1n~'W ';h1~n1dLrl~eJ'W~f1Vl~Vl1JtI1'W~\lLn(9)~eJ~LLf1~~htJ~~1rueJeJn~'VlB'1JeJ\I 

l~VI~Vl1Jnf1(9)\I (Berbecea et al., 2010) 

rl11~~1'Wn1,)bbf1mtJ~f.I'WtJ,)::~'U1n (Cation Exchange Capacity, CEC) 

CEC ~eJ m1~~'1JeJ\l1?l~1'Wn1d~(9)~'UtJd::~'U1n d1~~\1 leJeJeJ'Wlf1Vl~Vlun~1\1 1 H'U'W 

~'W~11(9)tJtlf1lnn1dLLf1 tILtJ~tJ'WleJeJeJ'W 'li\lLn(9)~'W\l1n~'W~1~ijtJd~\lf1'U ~'W~ijfl1 CEC G1\1
'II 

vh1~ 
, 

~htJ~~1rueJeJn~V1B'1JeJ\llf1Vl::Vl1Jnf1(9)f1\1 vl11~G11md~~tJ~~1rulf1Vl::Vl1Jn1~~1nl(9)tJvfbJ Ln(9)eJ'W1'ld1tJ 

f1\1~eJ~\lLn(9)~eJ~ (Adriano, 1986) 

fl1 CEC ~'WeJVtl'UeJ\lfitJd~neJ'U'1JeJ\I~'W~1'1JeJ\lLiJ(9)~'W fl1 CEC '1JeJ\I~'W~\lLU'Wl:,m'1JeJ\ltJ~~1ru
'II 

LL~::'1Jil(9)'1JeJ\I~'WLVltJtJ1, ~'WVI~~?l1d LLf1::eJeJtI1811~'1JeJ\I LVl~ tI, eJ::~:IJ LtJtJ~ LLf1:: LL~\ln1tJ?l tJ nlll1eJv1\1 
'II 

I IV.J'.c:tt. I -1 .Q, ..::I -1 -==- cv 

L'1J'W CEC '1JeJ\l1?lIilL'WeJ(9)'W L'1J'W V1d1tJ 1-5 emole kg (9)'WLVI'WtJ1 >30 emole kg ~n~?l 100-300 

-1 
emole kg (Donahue et al, 1977) 

'WeJn\l1t1d CEC '1JeJ\I~'W~'W~\leJVtl'U pH '1JeJ\I~'WBtI~1tJ l(9)tJ~ pH ?l\l\l~ijfl1 CEC ?l\ltl11~ 
'11'11'11 

pH ~11(9)~?l1md~eJ6'U1~1~~1~f)11~?l1~1d~1'Wn1dLLV\I~'U~'W~1'1JeJ\lleJeJeJ'W'U1n tl'U H+ 1'W?l1d:: 

mtJ 1(9)~1'W?l1df1::mv~ pH ~\I \l~ij H+ 1'W?l1d~::~1m-rr~-rr'W-UeJvn11~ pH ~1 vl11meJeJeJ'W'U1t1 

~1\1 1 ?l1~1d~fi(9)~'Utl'U~'W~11~~1vtl11 (Havlin et al, 2011) 
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1"l111J~11J1'lClt'lJn1'l1P11'lJ'V11'lJnl'Htl~~'lJbbtl~..:j1"l11~.JbtJ'lJm~~h..:j (pH Buffering 

Capacity) bb~::1"l111J~11J1'lClt'lJn1'l~::L-¥1'lJm~ (Acid Neutralizing Capacity, ANC) "/.JeJ..:j~'lJ 

b~eJn~11 ~.:)m1:IJ6'11:1J1~(11 'LJ n1~6'1:: bVi'lJm~ 1~tJ~11lJ';ij::vr:IJ1tJ~.:) fll1:IJ6'11:1J1~(11'LJn1~ 

6'1:: bVi'lJm~"lJtl.:nl1 vrlel Alkalinity m~tJ~11lJ bU'W~~"lJtl':)6'11~lJ~:: ntl'\Jfl11um'LJ~~~::mtJtltJ1'WJ1 
'IJ 

bb{;l::1'Wmru~J1J'W:iJ6'11~bb"lJl'W{;ltltJ~l:IJtl~~ltJ ';ij::b~cJnl1 Acid Neutralizing Capacity ~.:)1i 

vr~nm~b~~ln'W bb{;l::1'Wmru"lJtl':)~'LJ';ij::b~tJnl1 Acid Neutralizing Capacity b"li'Wfl'W bb~bU'LJ~~ 

';ij1nlJ5mtJ1~sB'uitl'LJnl1J1 

1~tJ~11lJ ~'W:iJfll1:IJ~~"v1 ~'lJbb~ ::6'11:IJ1'H)lJ~U6'1 [)1'\"j[)1~:: m~~1:IJ5~~:IJ"tl1~1~~ltJlJ5n~tJ1 

uvh'Wtl1vl11~m~~b-if1:IJ11'W~::uU(1n6'1:: bVi'W1~bu'Wnm.:) m::Ul'Wn1~~~.:)6'l{;l1tJllll (Weatherino 
'IJ , :, 

process) dJ'lJlJ5n~tJ16'1::bVi'lJm~~:iJu'V1u1'V1nl1lJ5n~tJ1~'W 1 (Chesworth, 2008) Weathering 

process bU'lJ n ~::Ul'lJ n1 ~1~1~~1{;l ~ 6'1~1i H+ l~tJ bdfl11um'W~ bb~:: bd'B~ bn~ lJ5 n~ tJ 1 

Weathering process ~ bn~';ij 1mdfl11um'W~ b~1 nl1tl5 n~tJ1';ij 1md'B~ bn()1:IJ1n bb~::6'11:IJ1~(1 

6'l::bVi'LJm~~b-if1~~::UU~':)"v1:IJ~1~tl~1':)~1~ b~1 ~.:)';ij::'V111~~::uu:iJvhtl"tlfl':)tl~~tl~:::IJ1ru 8 lJnn~tJ1 
'IJ 'IJ ~ 

Weathering process ';ij1md'B~bn()1';ij::bn~~'LJb~eJhJ:iJ Weathering process ';ij1mdfl11um'LJ~ 

bb6i'l tl~1..:jhn()11:IJ eJ()1~1m~bn~lJ5n~tJ1 Weathering process ';ij1md'B~'hn()1J'Wi1:1J1n bb~::~nl~ 

6'11:1J1~mtl.:)~um~~b-if1~~::UU~'W1~ bblj'11~'W';ij:: bU'LJbb ~"v1~nU'WblJ~tln1{;l n lJ5n~tJ1m~bb{;lm lJ~ tJ'lJ 

lmleJ'LJ (Cation exchange) bu'W~nlJ5n~tJ1"v1~.:)~{;l~ H+ ~b-if1:1J11'W~'lJl~tJn1~bb~mlJ~tJ'WflU 

ltltltl'Wuln (Ca2+, Mg2+, K+, and Na+) n1~6'1mtJllll"lJtl.:)tl~:Wir:IJ (Alum inum dissolution) bU'LJ 

~nlJ5n~tJ1"v1~.:)~{;l~ H+ 1~tJ';ij::bn~~'lJb~tl-Wbtl"lJiltltJnl1 5 ~.:)tl5n~tJ1~'W 1 ~dl~~'Wntl'W"v1i11'd 1~ 

6'l1:IJ1~(16'1::bVi'Wm~1~ lJ5n~CJ1~1':) 1 ~':)"v1:IJ~.Qvh1~~'W6'l1mmtl.:)~um~~1':) 1 ~b-if1:1J11'lJ~::uu1~ 

~':)6'11:IJ1~mL6'1~':) bUWi\'1'lJl'LJ1~~CJ1~h~CJl nUn1~"v11r11 ANC ~.:)1~CJ~11lJ1inu6'l1~{;l::{;l1CJ 

(Chesworth, 2008) ~.:).Q 16'l~tl~1':)"lJtJ::1'W~1'LJ "lJtJ::~'W'V1~~';ij1n"tl:IJ"lJ'W tJCJ"v1~n~1':) 61 ~n:iJ ANC 6'1.:)
" ,,, I \.I 
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~~s8''U LU'U m~'UJ'Um'j"~ L~ ~noU€J'l n'U m'j"~~~lJ~l"lJ€J'l~l'j"~'U~ L 1 ru~'U~l~lJ er~'j"~'Vn'l'l~l mn'l 2 

"ll-W~ (Interface) L'li'U "lJ€J'lL'VImn'U"lJ€J'lL'VIm ;h'1ln'U"lJ€J'lLmn nl'1ln'U"lJ€J'lLL~'l 'VI~€J"lJ€J'lL'VI,nn'U 

L~tJrrh ~J~~s8''U (Adsorbent)
'IJ 

"lJ€J'l~l~~s8''U ~'lfl1tJ1'UL'V'j'j"'l 'j"'V'j'j"'U LLfl~~'U~lm(J'U€Jn m'j"~lm'VlLlJLflnm~'VI11'lJln'U~1~~s8''U:u~ 
\J 'U " "'U 

Ln~~'U1~:U'U()'l~lJ~fl ~flJllJLoUlJoU'U"lJ€J'l~l'j"1'UJl LLfl~'U'U~'U~lhhoJ~tJ'ULLUfl'l L~tJ1'Um'j"(il(ils8''Ud:u~
• 'IJ 

iinfl1n'VI~nLLtl'l1~LU'U 2 LL'U'U ~€J m'j"~~s8''U'Vll'lmtJm'V'j (Physisorption) LLfl~m'j"~~s8''U'Vll'lLflii 

(Chemisorption) 

U:u ~(J611~ru1'Um'j"'U €Jn"ll-W~"V€J'l m ~'Ul'Um 'j"~~sV'U:u ~~:Ul'j"rul:U1 n LL'j" '1 ~~L'VIti (J 1 'j"~'VI11'l
v 'IJ 

Forces) :u~LU'Un1'j"~~s8''U'Vll'lm(Jm'V'j (Physisorption) LL~~l LL 'j"'l~(il L'VI~tJlvh1~Ln~~'UU~ Lflii 

'j"~'VI11'lLlJ Lfl nfl~tl n ~~s8''U n'U ~l"lJ€J'l~l'j"~ ~s8''U:U ~ L~tJnl1 n1'j"(il~s8''U'Vll'l Lflii (chem isorption) 
, '\J 'U 'U 'U 

Physisorption Lu'Um'j"~~sV'U~ Ln~:UlnLL'j"'l~'l~m~'VI11'lhILflnfl€J~l'l~€J'U ~€J LL 'j"'l LLJ'U 
'IJ 'IJ • 

L~€J~11~61 (Vander Waals Forces) ;g'lLn~:Ulnn1'j"'j"JlJLL 'j"'l 2 "V-W(il ~€J LL 'j"'lm~:UltJ (London 

dispersion force) LLfl~LL'j"'l1vh~1~~~J (Electrostatic force) 1~Ln~n1'j"Lu~(J'ULLUfl'l€J~1'llJlnn'U 

€J€J~tiVlfl"V€J'l~iL~ n~'j"€J'U m'j"~~s8''Uu'j"~ L.n'Vldii'V'j~'l'll'U n1 'j" flltJ fll1lJ ~€J'Uri €J'UoU 1'l1J€I (J ~ €I 1J€I (J nl1 
'IJ 

-1 
20 kJ mol 


~llJl'j"tltln~~s8''U€J~'j"€J'U 61 ~'U~J"V€J'l~1~(ils8''U1~'VIm(Ji'U (Multilayer) L~(J~ltln~~s8''U:u~&1~€J~

'\J '\J 'U I 'U 'U 'U 'U 

n'Ui'U"V€J'lllJ Lfl nfl"V€J'l~l tl n~~sVtI1 'Ui'U n€J'U'VI1Jl 1~ml1'Ul'Ui'U:u ~ LU'U~~;;11'U n'Ufll1lJLoUlJ oU'U"ll€J '1 
• 'IJ 'IJ 

Physisorption Lu'Unfl1n~'U~1'U~Ln~~'Un'UVJn ~ m'j"~(ils8''U1'W'j"~'U'U'j"~'VI11'l"ll€J'l LL ~'l LLfl~"V€J'lL 'VIm 

l~tJhH'U~fl m~'Vl'U:Ul nLL 'j"'l m~vll'Vll'l1yJY11'j"~'VI11'l~1'j"~1'l 1J€JtJlJl n ~1'j"~ tl n~~s8''U1~tln61I 'U 'U \J 
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Chemisorption biJ'Wnl'~~~e/l\J~1mb~\I Valence forces bb'U'Ub~~1n'U'lJBn~cJ1n1~bn~ 

(,'f1~bflii ~\I"'\I~~1~bn~n1~b'IJ~~'Wbb'IJ~\lVl1\1bflii'lJeJ\l1'i'1~ n~~~'Ub~:W biJ'Wn1~~~~'U~iin1~'Vhm~ 
~ ~ ~ 

bb~\lV~b"'~~1 ~:::Wi1\1eJ:::l'leJ:W"'~eln~:wm~l'lel:W b~:W mi'1iin1~..ij~b~~\lel:::l'lel:W1'IJ LiJ'W(,'f1~'IJ~::: nel'U1",lJ, 

Chemisorption l~LLn iifl11:WLtll'n:::Vl1\1Lflii iin1~b'IJ~~'Wbb'IJ~\I Electronic state bb~:::~n~el\lii 

~Gl\l\l1'Wm:::~'W (Activation energy) bL~::: 1'i'1~n~~sB''U~~n~~1'lJbb6111lJ(,'f1~J1~~~n'IJ~el~elelmJ11 'W 
" '" \J '\J 'U \J 

~'IJ b~:W (bn~n1~b'IJ~~'WbL'IJ~\lVl1\1 bfli11'IJ bL611) 
~ 

-umbl'ln\il1\1~:::wj1\1 Physisorption LL~~ Chemisorption 

Physisorption 

~1 heat of adsorption ~1 'IJ~~:W1ru 20 -
-1 

kJ mol 

40 

Chemisorption 

~1 heat of adsorption ~\I 'IJ~~:W1ru 40 -
-1 

400 kJ mol 

'lJnrl~~1m~~~sB''U llJifel'WnGl'U bbiJ~nm:::~'W1~ 
d...I" 'U" 

'IJ~~'IJ~el~elelnm n~:::el~1'W~'IJ~'W 
~ ~ 
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9 d", 0 III JI •.
2.3 "IJv.:jLi;1a'VILn~"l1nn1'jnva'j1.:jLL6'l::'jvt;)v'U (Demolition Waste) 

'lJe:J\lL~ ~~ Li1~~1 nn1~ nm1~1\l LL6'l~~mle:J'U LtJ'U'lJe:J\l L~~ m9:WVl~\l~ Ln~~'Umh\l~e:J L~e:J\l~1n, 

m~~~'U1'lJe:J\l Lije:J\l 1~~~n1~ Ln~ m~t'h1'l~-tl'\J~~1~'lJ,j~'U1~'Ue:J n~1mJ11'\J1-ut'U~mH11~'lJe:J\lm~fI:W 

~ 'U1\l~1'U~n~\lmh\l~~n{]VI:lJ1~1~~~n~mJ~\l1'U~'Um~\l th VI~e:JVI'Ue:J\lJ1~1\l~ LL6'l~'U1\l~1'U~n 

'l111'\J~\lf1\lVl6'l:wc:J\lnmJ ~\lLtJ'U(:.J6'lvh1~Vl6'llJc:J\ln~'\Jije:J1m~~'U~\ll~~l~fi':Wfh L~e:J\l~1nl~~LVI~1d~1'U" ,,'\ , 

1VI'1im111:w1~L'l11L~mL6'l~'l11~~m5~'U1'Um~'l11n~'U1'\J1-tl'lb~1~'lJ,j e:J\l~'\J~~ne:J'U'lJe:J\l'lJe:J\lL~~ LVI~1d 

'\J~~ne:J'\JhJ~1~fle:J'Un~~ (~1'U(:.J6'llJ'lJe:J\l~L:w'UiiL'W~ii 'V1~1~ LL~~~'U) LtJ'UVI~n (~e:J~6'l~ 73-88) 

~e:J\l~\l:lJ11~LLn ~~ LL~~ ~~:W1m'U1 ~1'U~LVI~mtJ'ULVI~n ~'U m~Lde:J\l~1\l 61 ~'\Ji:W'\Je:J1~ LL~~1~ ... .. I 

"" I"Iv'Um~ 

1'V1V1ij'W'U5'lJe:J\lij~~~~~'\Juru~~P1m~1 m~1~~LL~'lJe:J\l ~f'1. ~~ . LiL ~f'1 f'1~~~~ ~1~ijn1~'l11
\J 

'lJe:J\l L~mVI~1d1'\J'V1~~e:J\l1-ut'Un1~U1U~J1 L~~~m~ru~~1\l ~ 1~~1-tl~1 nm\lLf'1~fle:J'Un~~LtJ'U~1 

me:J\lJl1 tJ1~VI~n n1~'lJe:J\l n1~~~<8''U 1~LLn n1~'\J-r'U'\J~\lflruJl1'WJ1~\l ('lJe:J\lLL ~\lLL'lJ1'U~e:J~ sgle:J~
\J , , 

v\l~'\J~~ne:J'UVI~n'lJe:J\lLf'1~fle:J'Un~~ l~LLri 6B~ne:J'Ul~e:Je:Jn1sn~ (Si02) (40-50%) LLflmsg~:w 

e:Je:Jnl6!!~ (CaO) LL~~LLfl~Lsg~:wl~~~e:Jnl6!!~ (CaOH) (30-40%) ('V1f'1'W~, 2545) ~1nm~'V1'U'V11'U\l1'U 

P1n~1~1\l ~ 'W'U"hij~'U~~1~1L'W1~~\lLL~ 2 ~\l 10 m
2
/g ('lJ'U1~ 0.5-2 :U~~LlJm) ~\l'l11~~LtJ'U(:.J~ 

~1nm1lJ LL~ n~1\l.;(\l'V11\l n 1 ~Jl1'W LL~ ~ Lflij'lJ e:J\l Lf'1~fle:l'Un~~~ LL~ n~1\ln'U f'i1m1lJ6'l1lJ1~ fl1 'Un 1~ 

LL~m'\J~~'Ule:Je:Je:J'U'U1n (CEC) '\J~~:W1ru 30 emole/kg ~1nm~'V1~~e:J\l1~~1-tle)~~1~1'ULf'1~fle:l'Un~~ 

~e:JJ1L~tJi.r\lLflJ1~"v11 g ~eJ 50 mL 1~~ijfl11lJL-rrlJ-rr'U'lJeJ\l1~VI~Vltim~lJ~'U 10 mg/L 'W'U"h 

~~~~L1~1~1-ut'Un1~~~&1~1~VI~Vltin (1fl~Lij~lJ 'V1e:J\lLL~\l ijmn~ ~~tt1 ~\ln~~) ~'U~\l6'l:w~m:re:J~
\J , 

nl1 1 hr ~1:W1~fln1~~1~VI~Vltin1il~-ueJ~nl1~e:J~~~ 90 (LL'\J~~'UmlJ'lJij~) LL~~'W'Ul1~~LeJ'lJ 

L~lJ~'U~1\ln'U (4-9) ~~ijm1lJ~1lJ1~fl1'Un1~~~<8''\Jl~~1\ln'U LL~~ij~Le:J'lJ6'I~vhmvh 61 n'U ~eJ ij
\J , I 
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r11th:anru 8 ('VHal'W~, 2545) 'U€Jn~lnd El'-:J'W'Ij'"hf11~btl~CJ'Ubbtl~-:Jr11Vlb€J'IJ~bn\il~'Ui1e.J~vl€Jf11~ 

~ n~~ n€J'U'IJ€J-:Jl~VI ~VI'l1n vll-:J 1 6l1-:J61-:J e.J~ vl€J f11 ~~ \il ~-:J'IJ€J -:J 1~VI~VI'l1n1 'UJ1~1 CJb ~'Ufi''U 611V1-r'Uf11~ 

'Vl\il~€J-:J'thU\ilJ,~m~VI~VI'l1m~€Jtl'Ut1'U 'W'Ull f11~~\il~-:J"U€J-:Jl~VI~VI'l1n 611m~mn\ilfi'€J'Un~'U1~ f)€J 

l~VI~VI'l1nVl~\iln~'U€J€Jnl.n 6l1-:Jt.h~~b~CJ1.u€J-:Jn'UVlb€J"U"U€J-:JJ,~ btl~ m,m tl~-:J1 tl 6l1-:Ji1e-J~v'h1m~VI~, 

VI'l1n"nnl~\il€J€Jn~ InJ'~lCJn~1nvll-:J n'U (f11~\il\il~\il"U€J-:J1€J€J€J'U bb~ ~ f11~m€J-:J~~ n€J'U~ bn\il~'U)61 ~ I ~ 

('Vlf31'W~, 2545) ~-:Jd ~lnf11~'Vl'U'Vll'Ue.J~ f11~f1mnvll-:J1 'W'Ul1r11Vlb€J'lJ611m~mtl~CJ'Ubbtl~-:J1~~-:J bbvl 

10 ~'U~\il~-:J~1€J~1'U~~~'Utln~'IJ€J-:JJ'baCJt1'U 1 (~'U~~, 2543; 'Vlf31'W~, 2545; 'l1'U'Vl'Ul, 2543) b~€J 

1-V1tl1'U~~CJ~n~l'Ul'U 6l1-:J b~CJ1.u€J-:J~-:Jn'U~\il611'UtJ~~lrubf31~fl€J'Un~~n'UJ, ~~CJ~blm~~~61 bb~~ 

€J-:JFltl~~n€J'U1'Ufl€J'Wn~~~vh1~\n\ilfll1~ bU'U~l-:J~VI~-:JbVI~€JmJ 
~ 

~-:Jd fl€J'Un~~t1'Utl~~n€J'U~lCJ~h~'U\9lb'W61\9l (tl'U"ilb~'U\9l+J,) 'Vl~lCJ LL~~i1'U 6l1-:J~n~ru~ 
~ 

61~U~~-:J1'U~''Uf11~\il\ilsVtl bb~~e.J~vl€JVl b€J'IJ"U€J-:Jfl€J'Un~~t1'U t.il~~ bu'Ue.J~'IJ€J-:J"ilb~'U\9lb'W61~lnn11~~~ 
~ 

Lu'Ue.J~"U €J-:J'Vl ~1 CJ bb~ ~i1'U l\il CJ"il b~'U\9l b'W61t1'Ui1€J-:J Fltl~ ~ n €J'UVI~n b u'U bLfl~ b"ilCJ ~"B~ Ln~1~ b\il~~ 

(3CaO·2Si02·2H20) (50-70%) bb~~ i1bbfl~b"ilCJ~1~\il~€Jn161l~ (Ca(OH)2) €J~tl~~~lru 15-25% 6l1-:J 
~ 

B~1I1~bUl (autoclaved aerated concrete) ... 
~~1I1~ b 'Ul bU'U'-r61\ilvt1.~-r'Ufll1~UCJ~1'Uf11~111m1oU'Lb'Vl'U~~b~€J-:J~1 n611m~"vll€J€Jnm bu'U 
~, ~ 

€J€Jn~lbu'U 1 'Vl b'U€Jft~1~\9l (tobermorite, Ca SSi60 16(OHh· 4H20) 6l1-:Ji1€J-:JFltl~~n€J'UVI~nfl~'CJn'U 

"ilb~'U\9lbbvli1~\il611'U"U€J-:J611~tl~~n€J'U bbf161 b"ilCJ~,nl' f)€J "B~ n€J'Ul\il€J€Jn1'(j~ (44%) Lbflm"ilCJ~€J€Jnl'1l~ 

(28%) bb~~ €J~~ijbijCJ~€J€Jn161l~ (7%) (Damla et al, 2009) bb~~El'-:Jnmll1'W1'U61-:Jl~mfln11 80% 
~ ~, 

(Narayanan bb61~ Ramamurthy, 2000; Laukaitis bb~~ Fiks, 2006) l\ilCJn"u'Ul\il~'W1'Uvll-:J 1 n'U 

ltl (0.05-500 1~lfl~b~m) m~bbvlm~'Ul'Ufll1e.J~(?l ~-:Jd ~lnfll1'Vl'U'Vll'Ue-J~-:Jl'Ul~CJhj'W'U 

fl11f1n~1~-:JtJ~~~'Vl5Jl1'W1'Uf11~111m1oUt 'U-:J''U~''U~-:Jbbl\il~€J~ €J~'-:Jl1n(?l1~ ~1CJml~~bU'Ul61\il~, 
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• • 

~;m~{j (Brick)... 

2555; T onnayopas, 20 13) ~~~tm,,-ntJ'J~tldJtl16'1~~ij~tl~~'J~6'I~ bb61 ~ijtl"j~:u~tl~'"JLUtl61'U~,nJn 
, 'II , 

ijf\1"j~m~1b~rJ1oUttlf\1"j~~i'U1rJm)tl~ijtl~~:u'U'J n"lJrJ\ll61'H~'H'l1n
'II , 

f\1~,j1mtl~~~n~1oUttl\l1tl~m~ru~dmn'l1n :U1nf\1~'Vl'U'Vl'Jtlf\1~~n~1e-J61~1tl1~tJ~h\l ~ 'W'U'hij 

f\1~,j11tltl~~tJn~1-ubUtl~'J~~i'U1tlf\1~U1,j'~lJ61~~~1~ " mhJ1\1 mVi Dieribi bb61~Aru~ (2008), ~ I ~ ) 

brJ"Ilb~lJ~tlbb61~61~61~bdrJm1lJboUlJoUtl"lJrJ~tl~~~1tlJ1 (ionic strength) b~lJ~tl bb61~6'l1m~rlrJ5'U1tJ 

11i11i1'JtJ film diffusion mechanism bb61~ pseudo second order kinetic model hw 

isotherm "lJrJ~f\1~~~i'UbUtl~~bb'U'U Lanomuir bb61~ Freundlich bb61~'W'U"hf\1~~~i'U:u~dl~~tl 
'II ~ 'II 

(basic blue (1) bb61~'W'U'i1~~brJ"Il~1 «3) tl~~a'Vl5.n1'W:U~~161~~~ti1:u~dJ'We-J61"lJrJ~f\1~e-J~nntl 

"lJ rJ\ltl ~~ :u'Utl~tl~1 n'U6'l1"ji1~ijtl"j~:U b Utl'U'J n rl1A~~"lJrJ~ f\1 ~~~i'U 61 ~ 61 ~ bd rJ A'J 1lJ b oUlJ oUtl"lJ rJ \16'1 1~i1 , , 'II 

'U'W~'J~~iUb~lJ~tl tl~~a'Vl5.n1'W1tlf\1"j~~i'U b~lJ~tlbdrJrJ ru'H.nnb~lJ~'W ~~fl1WhbU'Wtln n~tJ1~~ 
'V \J' '\J d..J 'U 

m1lJ~rJtl tlrJ n:U1 ndv~'Wu'-h~tl~~'J~ b~lJ~tln~'U1~'Vh1~tl~~a'Vl5.n 1'W f\1"j~~i'll b~lJ~tl bbt'if\1~ 
'II 

tl-r'U~'J1~ijtl"j~~61UIi1'J tJ f\1~1i~1~:U~£1~e-J611~ijtl~~a'Vl5.n1~ b~lJ~tl tle:lfl:U1 ndv~ijf\1"j~n~1~'W ~ 

11i1bbrl nT~~~i'U'w611rJhtiili1'JtJ€l~Utl (Yadav et al, 2006) f\1"j~~i'U'WrJ6'lb 'I"l6'l1tlb\11"j'Vl fl61rJhtii 
\I 'U o.s '\J 

bb61~6'l1"jin1K1~ li1'Jm~~€l~ (Selvaraju bb61~ Pushpavanam, 2009) 

1~ CJ 6'I"jtl "lJrJ~ bi1tJ~ bn~:U1n f\1"jrirJ6'I~1\1 bb61 ~~rJrlrJ'W ~ti16'1'Wh,j1lJ1~n~1fl ru6'llJ,j'~1tlf\1~, , 

• 
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5 ~'€l 1 l~mhvl'wfl ~.:JL'lJ'U~~6hwl~mQ~tJ~Lii~~'U~1f1f11'fU~VmJl'UfI1'JVI~~'€l.:Jd 

~.:Jd L~'€l.:J~1f1~\J'i1 6liLlJ'U~L~6'I LL~~a~lJ1mU1i1~L'€l'll L tJ'U\'ll.:J \l'Uvl1 fI1'JVI~~'€l.:J1vi'tJ1 fI 
'" 

6'l1lJ1'JrlPifl'l~1 adsorption isotherm 1vi' ~.:J~lLtJ'U~'€l.:Jvl1f11'J"1.:Jvi'1tJm~L~'€l~1.:J L~'€l1~16'1~~.:J 2 

LtJ'UfI~ 1.:J ~.:Jd fI1'J"l.:J\l'WLtJ'Uflm.:Juu L tJ'Ufl1'J~1~ '€l.:J6'I Jl1~~ Ln~~'W1'W'€l'U1f1(9l~(1)116'1~rl f1'll~"1.:J 
''IJ 

~1f1cJ'U~'W:ij6'lJl1~LtJ'Wflm.:J ~.:J1'U~'W(9l'€l'WfI1'J"l.:Jmi'J~tJ~ b1m1'WfI1'J Lb-d Lb~~"1.:J(1)1'€lV1~ LP1~6liblJ'W~ 

U~'U1'Ufl11'H~.:Jb~'€l'U l'UVld\l~b~tJn16'1\il~"1.:Jbb"1~.:J 2 11 6liblJ'U~b~6'I("1~) bb~~ a~lJ1mtJ1("1.:J) , '" 

capacity, ACN) 

fI1'JVI\il~'€l.:Jl'W6'i1'WdtJ'J~~f1~~1f115f11'J'U'€l.:J Venegas et al. (2015) l\iltJfI1'JVI\il~'€l.:JLLU.:J 

'€l'€lmtJ'W6'I'€l.:J~1'W ~'€l ~1'W~'H~.:J \J1(1)1'€lV1.:J 1 g f-J6'llJnuJ1tJ'J1P1\lln1'€l'€ltl'W 100 mL fI1'Wv1.:J11 20 

'W1Vibb"11\il pH \l1f1'11'U 1V1bVl'J(9l1~m&ilJ6'l1'J~~mtJm\il1'U(9l~n~if111lJL-1JlJL-1J'WLL~~tJ~lJ1(9l'J fI1'Wv1.:J 

11 20 'W1VlLL"11\il pH ~lnJ'W~.:Jvl1~11tJL~'€ltJ ~ ~'U:ijfi1~L'€l'lltJ'J~lJ1ru 2 fI1'JVI\il~'€l~~n~1'W'H~.:J 

vl11'W~n~ru~ b~tJ1 flU n1'JVI\il~ '€l.:J~1'WLL 'J n bL~ LtJ~ tJ'W ~1 n6'll'J~ ~~ltJ n'J\il1'W(9l~ n b tJ'W6'll'J~~~1tJ 

lBl!L~tJlJ1~wl'Jtln1Bl!~ Lb~~vl1411tJb~'€ltJ ~ \l'W1vi'~L'€l'll 12 ~lnJ'W~.:J\J1f-J~~1vi'b~tJ'WbtJ'WmTYh~w-J1.:J 
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WL8'11n'UtJ~lJlrumVl~L~lJ~'11tJ1'W'VIthCJ meqlg ~1'W1'W~1'W~ Lu'Wmd~~ LVi'W~1CJ~1'11'VI'otlLU'Wrll~Vl 

~'U'I18'1mdL~lJmVl1'W'VI,j1m~CJ1 n'W 

• 	 ACN L'Yhn'U tJ~lJlrumVl (meq g-l) vnm'Wn1'~LtJ~CJ'Wwb8'11~lnrllL~lJvl'W1tJ5'1rllYlb8'11rll 

'VI~'1 ~'11'W~ffiotlrllWL8'11 4 ~'1fld8'Ufl~lJtJ5n~CJlmd~~bVi'WmVl\9l1lJ5ddlJ'I11~ 

3.2.2 ~W~1'W"lJ8.:J1a~ (Topography of material) 

mJPim~nffiotln~8'1~~'VIdJP1u~iL~nm8'W (Scanning Electron Microscope, SEM; JEOL: 

model JSM-6610LV) bb~~ Field Emission Scanning Electron Microscope, FESEM; JEOL 

model: JSM-7610F) 

3.2.3 ~'W~~hlillLV'll:: (Specific surface area) "lJ'W1VldV'ld'W (pore size) LL61::tl~lJl\9l';j';jV'l';j'W
'U 	 q 'U q 

(pore volume) 

Jt 	 "J ~ 0 • I~ ~ ~ .. 
'I"l'W'VIt:.J1~lb'l"l1~ 'I1'W1Vld'l"lJ'W bb~~UJlJ1md'l"ld'W lbfldl~'VIbVlmfld8'1 Surface area 

'\J 	 1 'U 'I 

analyzer (Quantachrome, Autosorb-l) lVlCJ~,:wi'18~1\l1bfldl~~~ ~'W~'U~mdlbfldl~~/'VI\il~8'U 

1'V1CJ1~CJtJ1mb~CJlJbb~~ tJbmbflii ~Wl61 ':JnJrulJ'VI11'V1CJ1~CJ l\ilCJ~18~1'1~lbfldl~~ 1~bbri ~blJ'W~, 

3.2.4 lfl';j.:ja~l.:j~~n 

Pim~nlfld'l~~1'1t:.J~n'l18 ,rr~~ ~1m'VIfl-Wfl X-Ray Diffraction (XRD) lVlCJ~'1\9ldl~~~'W~ 

Lfl~8'1ij81~CJ1'V1CJ1P11~\9li LL6l~ L 'VIfll 'W1~~ ~Wl~'1mrulJ'VI11'V1CJ1~CJ l\ilCJ~18~1'1~1 bfldl~~ 1~bLn, 
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3.2.5 f'l113J&t1lJ1';H;11'Wn1'm&lmtJ~~'W1e:JelB'l..!'trJn (Cation exchange capacity, CEC) 

fl113J6'f1~1';j"1'Wm';jbb&lnbtJ~tJ'w1el'eJeJ'U'Inn 1bfl';j1~Vl1{ilV15 ammonium saturation and 

distillation LV1 tJ~\I~1eJ~1\11 bfl';j1~~vnfl';j \lm';j~~'U11'll1 m';j~'UtJ,tJ bb&l~~\1 bb 1 V161eJ~ fl ru~ bn'lj(9)';j 

IV 

3.2.6 mlJ1ruf'lT1'UeJ'Wt1~VllJV1 (TC) tJ~3Jlruf'l1~'UB'WB'U'V1~6 (OC) bb&l~m~1ruf'll~UB'UBil'W'V1 

tJ~lJ1 rufl1{UeJ'U~\I VI~V1 tJ~~l rufl1{U e:J'U8'UVl~6 bb~ ~tJ~m rufll{U eJ'U eJ'W'UVl~~ 1 bfl ';j1 ~~ 

LV1tJ1ibfl~eJ\I Total Organic Carbon Analyzer (Shimatsu: Tcvh) LV1tJ~\l1Il1eJ~l\11bfl';j1~~~~'U~ 

fl11~ bU'UL~ P1~1'Unl ';j-:ijV1 n1';j6'f1';j LL~ ~'lleJ\I L~tJ5'U(J)';j1 tJ ~W1&l\l n';jru~Vl11Vl tJ1iltJ LV1tJlIl1eJ ~ , 1\1~ 

3.3 n1,)1bf1t,)1~~~BlJ&l fi1f1t{j~'lJB':m1,)V1V1i'U bb&l~ Adsorption isotherm 
~ ~ 

15m';j'V1V1&leJ\lL~eJP1n'lj1fi1fl\l~'lleJ\lm';j~V1«/Tu LL~~ Adsorption isotherm VhLV1m~3J,;)ln 

m';j'l11~1V1V1«/Tu1tJ b(J)~tJ~-«'U~1~1tJm';jLL'll1'U'i;!1';j~~mtJ 0.01 M CaCl2 LL~ 4 i1L~\I bb611b€J11tJ 
" 

J1V1'l1nl'ieJtJ~m(J)';jfl\l~fi1V1~\lLV1tJ1iVl~eJV1 Centrifuge ~vh~ln Polypropylene LL~~vhn1';j 

'V1V1~eJ\lfl1tJ1~~\lLL1V161eJ~LVlrJeJ'Un'U 1~LLri eJruVlfliJ 1eJeJeJ'U1'i1\1 '1 1 'UJ1 LL~~fl11~Lu'UmV1~l\1'lleJ\I,,, I 

II lJ QJ illI dCllJ 

mtJm~V11'1jmeJ\I'll'U1V1~y.j1'U 0.45 iJm Lb&l1(9)';j1~1V1fl11~b'll~'U'U'lleJ\I Cd Pb bb~~ Zn VlbVl~eJ V11tJ 

bfl~eJ\I Atomic adsorption spectrometer (AAS) bL&l~~\I'I11~~~~~lL:ntJ'Um1vtl'Uiln'ljru~1'i1\1 ~ 

L~eJP1n'lj1~1tJ Adsorption isotherm 

13 



= fl11lJL-UlJ-U'U"lJe:J\I"'1~lJ~-W'l!f1'Ut?i'1~(;)s8''U (mg kg-I) 

= fl11lJL-U'U-U'U"lJe:J\llJ~-w'l!f1'UJ1rie:J'UL~lJt?i'1~(;)i'U (mg L-1) 

= fl11lJL-U'U-U'U"lJe:J\llJ~-W'l!f~L~~e:J1'UJ1~~(;)"'lJ(;)~fi (ma L-
l
), , :> 

v 
.. 

m = thWUn"IJe:J\lt?i'1~(;)i'U (kg) 

OJ & Q"I ~ 
mJ'lh::~'VI6n1 ";in'a::~11 VIil'.1'U'U"IJ B\I bb"IJ\I-"IJ B\I b'Vf~ '.1 (solid-li qui d di stribution 

coefficient, ~, L kg-I) ~fl11lJb-UlJ-U'U(;)1\1 ~ ~e:J~(;)~1'U"lJeJ\ll~VI~VI'W'n~~(;)s8''U'U'Ut?i'1~(;)i'U (qe) (;)eJ 

.., 1 ..,J ,..,1~VI~~'Un 'U"'1~~~mtJ'VI~(;)"'lJ~~tJ (Ce) (;)\I"'lJn1~ 
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1) bb'U'U')1~eFl Langmuir 

bb 'U'U')1~a'l Langmuir bUtlbb'U'U,)1~a'l~b1m.h:lJ11-ua5'U1tJ1a1~ b'V1alJ"Ua'lfl1~(il(ilsB''U:lJ1fl
" " 

1 1 1 1 
-=---+
qe KLqm Ce qo 

~a ')1'W1'W\ll1b1fl(il(il&i(il~61'l~61(il~(il(il&i(il1~bb'U'Ui'Wb~tJd'U'W\ll1(il(ilsB''U (mg ko-
1
)"'\J '\J' 'U ,,:;, 

~a ri1f1'l~"Ua'lfl1~~(ilsB''U"Ua'l Langmuir (L mg-
1
) 

RL > 1 fI11lJ~'l(il(iln'W~1 (Unfavorable conditions for sorption) 
" 

o< RL < 1 f111lJ~'l(il(iln'W61'l (Favorable conditions for sorption) 
" " 
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2) LL'U'U~1"e:J~"Ue:J~ Freundlich 

LL'U'U~1"e:J~"Ue:J~ Freundlich LtJ'ULL'U'U~1"e:J-:J~6'i~1-:J~'UbVlCJ15'V11-:JfIru1Pl1"l16'i1Pl1 ~-:J'\.h:mn~, 

~'UlJ1\)1n bb 'U'U~1"e:J-:J"Ue:J-:J Langmuir bVlCJ~oo.J'U11itoffn'U'i~''U~l~iibbJ-:J~-:JVlVl6'i1'~hi6'iJ1b6'ilJe:J bb"~ 
'\J 

n1J~Vli'UbnVl~'U1~lJ1nnl1'V1~-:J.ff'U (Multilayer sorption) Y1'Un'UhJ hiii~Vl~lJ\lll ~-:Jt1'U 

bb'U'U~1"e:J-:J.Q~-:Jb'VIlJ1~n'Un1JVlVli'U~tJ-:J1lJboff11n~\)Vl~lJ\ll1"Ue:J-:J~'U~1 bVlCJii6'ilJnlJbU'U
'\J 	 , 

1 
logqe 	= -logee + logKrn 

KF 	 fle:J ri1f1~~"Ue:J~ Freundlich (L kg-l) ~LtJ'UG1lJ'\.JJ~~'V1tnlJnJ~\)1CJ\ll1'U'U"Ue:J-:Jbb~-:J

"Ue:J-:J b'VIm 'VI~e:Jfll1lJ6'i1lJ1Jfl1 'UnlJVlVli'U 
'\J 

lin < 1 Al1lJ~-:JVlVln'U6'i-:J (Favorable conditions for sorption) bVlCJ~~'U~lii 
'\J 	 '\J 

.; 
f111lJ6'ilJ1b6'ilJe:J 

lin = 	1 f111lJ~-:JVlVlfl~~ (Linear) LtJ'U61n~ru~mlJ6'ilJlJ&i~1'U"Ue:J~ Langmuir
'\J 	 ~ 

lin> 	1 f111lJ~~VlVln'U~1 (Unfavorable conditions for sorption) 'VI~mtJ'U 
'\J 

6ln~ru~"Ue:J~ Cooperative adsorption ~bbJ-:J~~~Vl1lJ6'iJ1b6'ilJe:J 'VI~e:J\lll~n 

VlVl&iVlii bb J~nJ~vhJ~'VI11~ n'U JllJfi~61n~ru~"Ue:J-:JnlJVlVli'Ubb'U'U 
'\J 	 '\J 

Multilayer ~lCJ 
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3) bbuu"ill~€l-:J"lJ€l-:J Dubinin-Radushkevich 

bbUU"ill~€l-:J"lJ€l-:J Dubinin-Radushkevich (Dubinin and Radushkevich, 1947) .QuCJlJ1i 

1'W n 1~ bb~ (9l-:J n ~1n n 1 ~ (9l (9l iu~ bn(9l~'Wu 'W l'~ (9lb(9l CJ €l1 f1 CJ VI~n n 1 ~ n ~ ~ \)1 CJ (1)1"lJ€l-:J'W~-:J-:Jl'W Lb UU" , 

bb~~~llJl~t;)r11'W1'W mean free energy 1~~hCJ~lJf11~ 

1 
E=-

.j2BD 

~'W~1"lJ€l-:J(9l(9liu (E, kJ mol'!) b(9lCJfl1 E ~~mJf)'"h 8 kJ mol'1 tJ-:J~11bU'Wf11~(9l(9l
" " 

iU~'JCJn~1nvl1-:JYl~n61 bL~~rl1 E ~lJ1nnl1 8 kJ mol'1 tJ-:J~11LU'Wf11~(9l(9liU~1CJ
" 

R 
.. , ..J ,1 
rm 1"l11"l-:JV1 ideal gas constant 8.314 J mol 

,1 
K 

T ~€l €lruVli1~ 1'WVI'LhCJ" K , 

17 




4.1 rl1fll113JbUUmVlbUU~h-1 (pH) bb(;l:: 


fll113Ja13JTHllunTHl::bl')Un'3Vl (Acid neutralization capacity, ACN) 


n1~m~mtJ"1JeJ-1 Ca(OH)2 ;\I~u'UeJ\lfh.b::nmJ'VI~n'VI~\I (15-25%) "1JeJ\lSS~3J'U1Jl (Scrivener et al., 

2004) ~l~'U"1JeJ\I-rl~eJ'1laeJVlfll6'i'eJ\lfl'Un\JtI~3Jlru Ca 1'USSb3J'UlJlbYla ~~lJ1m'Ul LL~::~~LL(?l\l ;\lij'" .. 
fhtl~::lJlru~eJtJfj:: 65 28 Lb~:: 0.8 1'U~t1 CaO ~llJ~l~'U (Chindaprasirt et al., 2007; Damla 

~'U;\lijeJ\lfitl~:: neJ'U'VI~m U'U Si 

rll ANC "1JeJ\lSSL3J'UIJlLYla ijrlla\l~aVl ~eJ\I~\llJl1IilLbri ~~lJ1m'Ul b~~::~~~bVl\l mlJ~l~'U 1(?ltJ
'U 'I dJl d2 

q ~ ~ q t -1 -1 0 Q.I oJ 
SVL3J'U~LYla Lbft:: eJ~3J1ftL'Ul lJf11 ANC (14,000 meq kg bb~:: 7,600 meq kg mlJft1(?l'U) SV\l~\I 

fYh~~bL(?l\llJl n b~mt1~ tJ'U b'Vl tJ 'U fl'U ANC 'lJeJ\lla (?l~'UVl~ ~bbft::U tJ'VI~n'VI~ ltJ'1l{jVl;\liirll~::'VI'jl\1
'" " 

-1 I q q I I 

189-7,100 meq kg (Venegas et al., 2015) Lbft:: ANC 'lJeJ\lfI1'U'1l1illYllJfll~::'VI11\1 421-725 

meq kg'! (Venegas et al., 2015) ~::bi1'U1Iiloij(?l';h~~lJ1m'Ulbbft::SSblJ'UlJlbYlaij AI\JC ~\lnl1lJln 

U'UbU'U~(?lbvi'U~(?l'VI~\I'lJeJ\lla\1ld" , 
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14 
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10 
ANC =7,600 meq kgl 

8 
% 
Q. 
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 • 
•2 • 
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% 
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6 
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Added W (rneq g-l) 

ANC =60 meq kg!
• ., 
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•
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Brick 
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Added W (rneq g-l) 

14 ~----------------------------------------~ 

12 

10 ANC = 14,000 meq kgl 

8 •....•....% . .....
Q. 6 ..- .. ..... .... .4 ., fill _ • 

2 
.. . ....,.....---Cement paste o +---~-,~~--~--~~~~--~--~--~-,--~ 
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Added W (rneq g-i ) 
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4.2 6lru!1~'lJeJ..:!1~~ (topography of material) 

1,000 Ll'11 1,000 Ll'11 

10,000 Ll'11 10,000 Ll'11 

100,000 b'V11 100,000 Ll'11 
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1,000 ~'Vh 1,000 ~'Vh 

10,000 ~'Vh 10,000 wh 

100,000 L'Vh 100,000 L'Vh 
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1,000 wh 

10,000 L'Vh 

100,000 L'Vh 

ilin1~\I"l.Itl1t1 1,000 L'Vh 10,000 L'Vh U~:: 100,000 L'vh 
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.J "" '" '?I" "" 1 1".J "" '" ':::'?I ' Ln(Jl1m~'S(Jl'VIl.mn~ru::au'Wm),W'VI~l'U LL(;1~LLflm6lj~l.J [j~'S€ln 61j~'VIl.J(;1n~ru~'VImn'VIm~'VI\lL u'WLL'VI \I 

~11LL(;1~LtJ'WLL~'W ~\lL~mu~~'ULVl~'Un'U~bl.J'WI'1-PH7 ~~b..;1'W1vi'11 ~bl.J'WI'1-pH7 iJ~n~ru~1fl'S\lr;1~l\1~ 

hj9l1\1n'U~Ll.J'WI'1~~\l1l.J1v1'6i'l\1l.Jl mrn 1~~iJfll1l.J'VI'W1 bL tI'W bL(;1~"lJ'Wl~'S~'S'W ml.ibu~~'WLbu(;1\l1umn" , 

bb6i'l ~~1'W~U'S1n!] btJ'W-d€l\l11\l~bn~~'W~1 n m'S rl€l1l11"lJ€l\lr;11 'SU'S~n€l'U9l1\l ~ ~\l~iJ~n~ru~LtJ'W 

n€l'Wbb(;1~~ btJ'W~~naif€l'WVf'Un'W m'S"lJ~6i'1\l1~mhvh1~~hiJ~n~ru~btJ'W"lJ~ ~\ltll~~Ln~~lnm'S'll~, 

..I ... ~II ..I 
(Jl1'a1'1'V1 4.1 ~~n1'a1LfI'a1::'VIW.JtJ bfl'a€l.:! Surface area analyzer 

.. 

'" 1~~• 

AI. ..I... 0 

't'/'W'VI~1lil1 b't'/1:: 

2 · 1 
m g 

ml.J1(Jl 'a'a't'/ 'a'W VI.:! 'VI l.J ~ " . 
·1

mLg 

cO 
"IJ'W1 (Jl'a't'/'a'WLQ~ tJ 

" • 
0 

A 

'" ~ 6lmJ'W(Jlb't'/~ 22.09 0.0762 138.0 

~b1J'Wilb't'/~(611.:!) 371.25 0.4514 48.63 

... 
B\i1J1~L'U1.. 12.85 0.0628 195.4 

B\il.J1m'U1 (611'1).. 47.05 0.1023 86.95 

... 
B\iLb(Jl'l... 20.70 0.0573 110.7 
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Mesopore ra\l~thJ'lJ'U1{;1'lhwmn\l (20-500 nm, Gregg and Sing, 1982) 

'lJ'U1{;1d~d'U~Q~tJ'lJt)\l6/1LlJ'U~~~G'l~L~~a~mm 'U11'Un1dP1n~1.Qt)tJ1'U'll1\l L~tJlnUn1dP1n~1~'U 
~ , dJI '\J 

1 (Narayanan LL~~ Ramamurthy, 2000; Yu et al., 2013; Chen and Wu, 2013) ~n~ru~ 

G'llJU~'lJt)\lB~LL{;1\l-:U1nmdVluVll'ULt)nG'l1dilm1lJbb~n~1\ln'U b'll'U B~bb{;1\l1'UmdP1n~1'lJt)\l Kooli et 
~ ~ 

al. (2014) il~'U~~T'ihL~1~ 1 m 
2 

g-1 Lb~~ iltJ~lJ1m~'\"q'U~\l~lJ{;1 0.001 mL g-1 bb~~ 1'U 

2n1dP1n~1'lJt)\l Selvaraju bL~~ Pushpavanam (2009) il~'U~~T~1L~1~ 2.3 m g-1tJ~lJ1m~~~'U 

~\l~lJ{;1 0.029 mL 0-
1 bb~~ 'lJ'U1{;1d~d'UbQ~tJ 30 Ara\lLb~n~1\ln'U1tJmlJLL~15n1d(:,J~~'lJt)\l~L~~

:> " , 

3J'U~ 11i1'Lul ~'U~~1')1b~1~~\lilFi1~\lbb~~~n~t)tJ-:u'U(i\lbnt)U 2,000 m
2 

g-l (dlUdllJl{;1tJ Jain et 

al., 2016; Yahya et al., 2015) Lb~~'lJ'U1{;1~~~'UbQ~tJ 8-340 A~1'U1~~il'lJ'U1{;1tJd~lJ1ru 20-30 A 

(dlU'SllJl{;1tJ Yahya et al., 2015) ~Ul11{;1tJdllJbL~TrG'l~~\l 3 -:U1n'lJt)\lLatJ-:U1n~\lnt)G'l~1\lb~~~n1'S 

tm)t)'Uil~'U~~ltJt)tJnl1 L~~~il'lJ'U1{;1d~d'U1~runl1 
", v 

4.4 ~6'ln1'~~d1~~t)'U~htJ XRD 

(:,J~n1d1bfld1~i-1~ltJ XRD ~LG'l{;1\lt)\lrltJd~nt)U'lJt)\ll61{;11~vl\ld, 

Calcium hydroxide (CaOH) Aluminium silicate hydrate bL~~ Calcium silicate hydrate 

b~ ntJt)tJ ~\ld ~1Wr'U6/1blJ'U~~~61~~1\l-:u'Uil.wbt)'ll 7 ~Ul1t)\lrltJ'S~nt)u~~n~ b~~t)t)~ bU'U Quartz
" 

24 



~~:lJ1~H'lJl 'V'l'U'iliieJ..:Jrh_h:me:J'U'V!~mU'W Calcium silicate hydrate (Tobermorite) bb1i'l~ 

Quartz 1VlCJ'V'l'U Calcite b~mj'mJ 1VltJbdeJ~1'Wnl'~~1..:J~'WiJ~beJ'1lbU'Wnm..:Jbb~';1'~~b'V!~eJb~CJ..:J Quartz 

~~bbVl..:J iieJ..:JrlLh~neJ'U'V!~mu'W Quartz bb1i'l~nr;1~bd~'Wb'V!iJcn (Aluminium silicate: 
~ , 

Halloysite bb1i'l~ Phengite) ~..:Jbu'WeJ..:Jrl'\.h~n€JU~lhJ'lJeJ..:J~'W 

4.5 fll1lJ&t1lJ1'Hl1'Wn1'm~m'\.J~fJ'W1eJeJeJ'W'Uln (CEC) 

9l1':i1-1Vj 4.2 f11 CEC "1JeJ-11&t~• 
cv 

1&t~• 
-1 

emole kg IJmole m 
-2 

... { 

6I1b~'W91 b'rl&t 47.6 21.6 

~b~'W~b'rl&t(6\'1-1) 59.3 1.6 

.. 
eJfj~lm'U1... 28.6 22.3 

BfjlJlm'U1(6\'1")... 9.2 2.0 

.. 
eJfjbb~"... 9.6 4.6 

Al~l bd€JVl~l'HUl CEC b'V!~ld nu CEC 'lJeJ..:JfleJ'Wn~1'l ~i1fh'\.Jd~~lru 30 emole kg-
l 

('VH'l'V'ld, 

2545) ~..:Jb U'W~l'Wt.J{;1~'lJeJ..:J~Ib~'WiI b'V'l{;1 ~'W bb1i'l~'VldlCJ vh1~b~€J1~11 CEC 'lJ€J..:JfleJ'Wn~l'lii~m~ln 
q < 
Bllb~'Wl'lb'V'l{;1 

bd€JVl~ldrulAl CEC 1'W'V!tJ1CJ IJmole m-
2 

'V'lUll CEC 'lJeJ..:J~h~'Wilb'V'l{;1bb1i'l~~~~11i'lbUliiA1 

1n~b~CJ..:Jn'W ~..:JrimJbb1i'l~'V!~..:J~1..:J~lCJmVl1VltJbd€J~1..:J~lCJmVlbb~1~~'Vh1~ CEC 1i'lVl1i'l..:Jmh..:J~1n 

eJ~1..:J1dnl'l1~ CEC 1'W'V!tJ1CJtY1'V!irn'lJeJ..:JB8b~'Wilb'V'l{;1~~1..:J~1 CJ mVl bb~l n~'UiJfhb~lJ~'W fllVl11b u'Wc.m 

d J' d~ .<:::!I ~ d tJ '" ~ I ~ ~ 
~1nmd'Vl'V'l'W'Vlt.Jl"1JmBllblJ'Wl'lb'V'l{;1'Vl1i'l1..:JmCJmVl~fl1b'V'l~'lJ'W~ln 

bdmLJ~CJ'UbViCJ'Un'U CEC 'lJeJ..:J1{;1~~h..:J ~ 'V'lUll CEC 'lJeJ..:J16'1~~1nmdri€J{;1~1..:Jbb1i'l~~€J(1€J'W 

b'V!~1d 1VlCJ':il~bb~1 fhu€JCJn11 CEC 'lJ€J..:J16'1~~'W'Vl~~~1..:J ~ (70-200 cmole kg-!, Venegas et al., 

2015) bb1i'l~iJfh CEC eJCJ1'W"1il..:Jb~CJlnuci1'W;lm'V'l~1n1{;1Vlm':ibm~l'ld'V!1i'l1CJ'1lijVl (3-50 cmole kg-\-u , 

Lee et al., 2010; Jien and Wang, 2103; Venegas et al., 2015; Jiang et al., 2016) 
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4.6 mlJlrufll{'UeJ'lJ-vr.:JVilJ~ mlJlrufll{'UeJ'lJB'lJ'VI~~ U61::mlJlrufll{'UeJ'lJeJil'lJ'VI~~ 

j;J(;ln1'Sm1~?!e:J'UI.I.?!~-!l111'lJm'Sl-!l~ 4.3 1~CJm{'Ue:J'lJ~1'lJ1mu'1'lJ6IiI.:W'lJ1Il1.'W?!I.I.(;l~~;j:W1(;lI.'Ul
'" '" 

m~l-!l~ 4.3 m:IJlrufll{'UeJ'lJ-vr.:JVi:IJ~ (TC) m:lJ1rufll{'UeJ'lJB'lJ'VI~~ (OC) tt61::m:IJlru 

fll{'UeJ'lJeJil'lJ'VI~~ (lC) "1JeJ.:J1~~• 
... 
1~~• OC,% IC,% TC,% 

.. ~ 

'1lI.:IJ'W1'I1.'W?! 1.2630 4.7730 6.0360 

~1.:w'W1Il I. 'W?!('6i'1-!l) 0.2769 0.0000 0.2769 

~;j:W1m'Ul.. 0.1571 0.7591 0.9162 

~;j:W1(;l1.'Ul('6i'l-!l)
'" 

0.2036 0.0000 0.2036 

~;jbl.~-!l
'" 

0.0796 0.0000 0.0796 
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4.7 fi1fl,:j~"lJe:J,:jnl'~~~iu LL~::: Adsorption isotherm 

~ .,
4.7.1 n1Wl~~e:J,:j"lJ\I~\I 

nl'~L~~~11~1-a~:::~1~~:::tt1 ~,:jn::~ bb~::bbfl~bii~l1 

fl1l11?l1:Wl'Hl1 \I n1 'J~::~ 1 tJJ1"lJeJ\I~:: ~1 61\1n::~ bbG'l:: bbfl~ bii tJ:w bd mh:::Wl ru~ 1 f1 

ml:W?ll:Wl'HllWf1l'JG'l::G'l1tJ~~beJ'lJm\l ~ (~'\J~ 4.3) 'WUll ~~beJ'IJ 7 ~~~1 bbfl~biiCJ:W bbG'l::~,:jf1~~ 

'tll~::?l1:Wl'H1G'l::G'l1tJ11il:w1nf1ll 100 m~ L-
1 €J~l\1hnm:w ~lf1f11'JVl~G'leJ,:jbd€J,:j~'W f1~U'WUll bdeJ 

b~~CJ:W?ll'JG'l::G'lltJ~::~i 61\1f1::~ bbG'l::bbfl~biitJ:w ~ 5 mg L-
1 bb~1'\J:rU~beJ'lJbtJ'W 7 bb~1m€J,:j1il1CJ 

d 1 .J , ~ 
m::m~m€J,:j 0.45 IJm b'WmbCJf1 ml!::Vl~f1~::f1€J'WeJeJn 'WU1l ?ll'JG'l::G'l1mf1~f11'J~f1~::f1€J'W'1J€J,:j 

~:: ~1 bbG'l~61\1f1::~ ~'Wiir1l~l:w1n '1'111m~?ll:Wl'J~'l1l:w1'Yl1 f11'JVl~(;1 €J,:j(J)eJ 11il ~,:jt!'W1'W f11-aVl~(;1eJ,:j(J)€J 

100 


10 


0.1 

0.001 

0.0001 

6 7 8 9 10 11 12 


pH After EPA, 1983 
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L'Yh n'tJ vha"lJ Lvh A\J LL~ :::L'lh.ll:.J~ f11~~ ~i'U~L-rrl~?llJ~~ ~LL~l LL~ :::cJ'llih dJ'WlIla,dJfl11lJ L -rrlJ-rr'U'lJa'l 
\J \J' 

?ll~lJ~~~~L'V!~aatl1'Wihvl~'lf11~~~i'U (Ce) ~L'V!lJl:::?llJ ~a 1l1tlnVl~s5''U"'il'WLna'U'V!lJVl"'il'W1l1?llm~tl 
'\J '\J '\J '\J 

~~l"'ill~1~ vl'l'!'W 1'Wn1~V1Vl~a'l L~a?l~l'l Adsorption isotherm ~'l~f11-rri5f11~LL'lb~lAl1lJ 

L-rrlJ-rr'W'lJa'l?l1~lJ~~~1'Wf11~V1Vl~a'lL~lJlIl'W~'lLL~~lAl1lJ L-rrlJ-rr'W~11t!~lAl1lJL-rrlJ-rr'W6'1'l LL~ L~a'l"'ill f1 
\J 

~~i'Uvia?ll~~:::mtl~L'V!lJ1:::?llJ ~.:J"'illf1f11~V1~~a'l~'WIIl'W 1~tl1i?l1~~:::mmLA~L:WtllJ 4.28 mg L-
1 

~-WLa"lJ 7.01 LL~:::f11~1iJl 01 1~tl1-rr~~~1'W~1~~i'U~a?l1~~:::mmvhtl'U 1 ~a 20 1~e.J~f11~ 
\J 

.., .,j .."""1 """.,j"
V1~~a'l~'l~l~l'lVi 4.2 ~tl pHe Aa ~tHa"lJ'lJa'l?ll~~:::~lmLAVlLlJtllJVI~Vl?llJ~~tl Ce-D1 LL~::: pHe-DI 

LU'WA11lJL-rrlJ-U'W'lJa'lLLAVlL:WtllJ LL~:::-W La"lJ'lJe:J.:J?ll~~:::mtl1'Wf11~V1~~e:J'l tl'UJl 01 ~"'il~?llJ~~ ~ , , 

-1 
Ce-Ol (mg L ) pHe-OI 

-1
Ce (mg L ) 

<0.1 8.91 <0.1 8.30 

<0.1 7.18 0.193±0.019 7.13 

<0.1 8.69 <0.1 7.35 

<0.1 6.83 1.817±0.053 6.96 

<0.1 7.31 0.896±0.002 7.31 

v v 

"'ill f1 e.J ~ f11 ~V1 Vl ~ a.:J LUe:J'lIll'W ~ :::'V!11.:J ~11?l ~ , tl'Ui.11 01 'W'U 11 111 'W'U f11~"lJ::: ~:::m tl 'lJ a.:J 

LLA~L:WtllJ1'W~:::vl'U~ml"'ill~1~ (Ce-D1 'lJe:J'l1?l~~'l'V!lJ~ile:Jtlf111 detection limit 'lJe:J'lf11~ml"'ill~) 

1~tl~LlJ'W~L'W?l LL~::: ~~lJlm'Ul :We.J~vh1~-WLe:J"lJ'lJa.:J~:::'U'UL~lJ~'W"'il'WLna'U~'l 9 f11~V1~~a.:Jtl'U... 
q I I l.J d" ..::::. Qj I lJ 

?l1~~:::mmLAVlLlJtllJ'W'Ul1 Al Ce 'lJa'lf11~V1Vl~e:J.:J~ltl "IlLlJ'W~L'W?l bb~::: e:J~lJlm'Ul lJAl'WatllJlf1"'iJ'W 

ml"'iJ1Vl1lJ1~ ~'lill"'iJ::: Ln~"'illf1f11~~f1~:::f1a'W'lJe:J.:J LLA~L:WtllJeJ'WLU'We.J~"'iJlf1~l-W La"lJ~ L~lJ~'W ~'l"'il::: LU'W 

uru'V!11'Wf11~e:J.nt!~ltle.J~ vl'l~'W'U1'Wf11~Pif1~l'lJa'l V1fi1\'W~ .n~:::'V!'l'; (2545) ~'l"'iJ:::y'h1~LnVluru'V!11 'W 
'" \J '" 
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f1l'HLDG'le.JG'I L~eJ~'l1f11m'!~"v1uf1~1~ ~ 11.J1~G'I~G'I~'l1f1m';j()f1~~sB''U1~tJI'i'1(iWlsB''U bb~~f1~~f1eJ'U1'U';jD
'U 	 '\J 'U 'U 

"1m~1~~';jeJf11sur; 

'li'eJmb~V'leJ1~m1'l1~1~ ~1'Um';j'VI~G'leJ~n'U6/ibl.J'UIPlLV'lG'l(~1~) ijfl1m.nf1~ detection limit 1.J1f1 ~d'U 
'IJ 

fl1WLeJ'II1llb D~tJ'ULbDG'I~1D1.J1f1Uf1 

~~d 'llf1e.JG'lm';j'VI~G'leJ~~'U~'U ~~1~bL'Ud'Vl1~1'Uf11';j'VI~G'leJ~ Adsorption isotherm ~eJ 

1. 	 1-lii1~~1'Uv1d~~sB''U~eJG'l1';jG'l~mCJl.JG'I~~ bvi1n'U 1 ~ ~eJ 40 mL 

2. 	 G'l1';jl.JG'I-W~~Pif1~1~eJ ~eJ bbf1~bijCJl.J (b~eJ~'l1f1~~A'dbbG'l~i1~f1~~~f1~~f1eJ'U) l~CJ 

'l~~eJ~b~~tJl.JG'l1';jG'l~G'l1tJ11 bb~dD-r'UWbeJ'lJdJ'U 7 bb~1f1';jeJ'IneJ'Uth1 m-li 

3. 	 v11~~sB''Um-liPif1~1~eJ fieJ 6/ibl.J'UlPlbV'lG'l(~l'1) B~mm'U1(~1'1) LLG'I~B~bb~~ 
'IJ 	 "' ... 

d .., !.I 	 -1 
4. 	 'VI~G'leJ'I'VIm11.Jb'U1.J'U'U 0.4 0 .6 0 .8 1 2 3 LbG'l~ 4 mg L 

5. 	 bdeJ'Yllm';jL'U~1'l'U~'1G'l1.J~G'I~ml.Jbbe.J'U'I1'U bb~d ~eJ'I~';j1'l b~f1W beJ'lJ bb~dD-r'Ufh1~eJ~ 
, 	 'IJ 

d I ~ Q.I I 

'VI 7±0.1 f1eJ'Ubf1'U~deJCJ1'1 

4.7.2 ~,.mnl'~'VI~~eJ'U~';W Adsorption Isotherm 

e.JG'I m';j'VI~G'leJ'U m';j~~sB''U bbf1f1 bij CJl.J 1~e.JG'I f11';j'VI~G'leJ~~~ ';jD~ 4.4 ~'1G'l11.J1';j()i1'1bf1~1~eJ~1'1 
'IJ 	 'IJ 

~n~ru~'UeJ'Im';j~~sB''U~ijbb';j~~'1~~n'UG'l\l (hioh affinity pattern) ';jDbb'U'Um';j~~sB''UdEr~ije.JG'I~eJf11';j
'U 'U 'tI .:> 	 'U 'U 

bD~tJ'UbbDG'I'I'lJeJ'I I\J ~11.Jm11.Jb-li1.J-U'UBf1~dCJ l~tJfl1 I\J max bbG'l~ Kc min bbG'l~~1i1'U~1';j1~~ 4.5 ~~ 

1"11 I\J d L~CJd-UeJ~n'UD';j~~'VI5mV'l1'Uf11';j~~sB''U 1"11 I\J G'l'l'l~~'1e.JG'l1~ijD';j~~'VI5mV'l1'Uf11';j~~sB''UG'l'l
'U '\J 	 'U 'U 

v 0 	 . 

f.Jf,m7J'Y/(i}fleJUmmLtfU'iJ7f1eJv"lJeJv LangmUir 

1"11~'lJi'.i~11.Jbb'U'U-:6'lG'1eJ'I'lJeJ'l Lan~muir LbG'l~~H~~~1';j1~~ 4.51~CJijI"11 / 

bLG'l~~~~f1111.Jb-U1n'U1~n'UG'l1.Jf11';j 1~tJ1"11 Kt. bbG'l~ qm 'UeJ~Sl1Ll.J'UIPlLV'lG'l(~l'1) ijI"11~'1~~~ ';jeJ~G'I'Im 

1~Lbn B~bL~\I LLG'I~B~mm'U1 ~11.J~1~'U 1"11 RL 'l1f1f11';j'VI~G'leJ'In'U1G'l~~~ 3 ijI"111f1~bfiCJ'In'Ul~tJij
'" '" 	 , 
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•• 

c.mmJ'Vw}(.9fJvif"JEJU VV117(.9fJoJ"lIfJoJ Freundlich 

~l~'1lU(9)1:Wbb'U'lr~lf1tl.:J'Utl.:J Freundlich bb~(;l.:Jl1~.:J~l~l.:J~ 4.51(;lCJij~1 R2 ~.:Jn11 0.9 
'U 

c.mn7J'VwmfJvif?clUvv117(.9fJoJ"lIfJoJ Dubinin-Rodushkevich 

~l~'1lU(9)1:Wbb'U'U':ii'lf1tl.:J'Utl.:J Dubinin-Radushkevich bb~(;l.:Jl1~.:J~l~l.:J~ 4.5 1(;lCJij~1 R2 

~mJ·ih.:J~.:J ~.:J~1:Wl~f:11m'Wn1~tl5'U1CJn1~(;l(;ls8"'Ultii' ~ 1 qD 'Utl.:J6/ib:w'WI'i~l.:Jij~l~.:J~?I(;l ~tl.:JG1.:J:w1 
" 'U '\J , 

ltii'bbn B~bb(;l.:J bbf1~ B~:Wlm'Ul (9)1:WG'11~'U ~1 E ij~TWtlCJn11 8 kJ mol-! ~.:J~(;l11tlCJ1'W-dl.:J'Utl.:Jn1~
~ ~ 'U 

180 

160 

140 

120 ,....... 

011 
~ 
'-.. 100 
011 

E-.... 80 
Q) 

0 60 

40 

20 

0 . 

• • 
• • 

... ... .... 
• AW • B .t. cw 

-.-.---r----..--j ---,,-------,---··..---,-..---···..-r-------......,-- j .-------,.-- 

0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0 

Ce (mg/L) 
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1"~• 

qe vs Ce Langmuir model 

~mln 

(L kg-l) 

Kd max 

(L kg-l) 

Kd 

(L kg-l) 

2 
r 

KL 
-l 

(L mg ) 

qm 

·l(mg kg ) 

2 
r 

;UJt.I~L'W"(~1.:j) 925 2,058 1,031 0.906 6.67 294 0.977 

ij~:IJ1~LU1(~1.:j) 145 447 156 0.947 6.15 81 0.926 

ij;m~.:j.. 210 555 220 0.977 6.29 93 0.942 

... 
1"~ 

Freundlich model Dubinin-Radushkevich model 

KF 

(L kg· 
l
) 

lin 
2 

r 
qo 

·1
(mg kg ) 

E 
·l

(kJ mol) 

2 
r 

'" •
'!1UJt.I~L'W" 

(~1.:j) 

689 0.780 0.981 228 5.08 0.985 

ij~:IJ1mU1 

(~1.:j) 

130 0.6 77 0.978 94 4.18 0.869 

ij~LL~.:j 167 0.703 0.980 106 4.32 0.888 

4.4.3 eJihJ~1~~~n1~'Vl~~e:J.:I 

1~tJ.ffi'lJbL~1 fl1~~~~'lJ'1Je:J'I1E;lvr~vr'l1n'lJ'W~h.JLLm66'f~~h'l G1 t1'WLn~~1nn"lnvrr;ln 2 "ll\j~~ , I 

fl1~LLE;lnLtJ~tJ'Wlm),e:J'W~1mL~'1Vl1'11yjyh (Ion exchange) ~'11"jLQ'l"j1~ L~1~~'1LL,,~ij'l"j~'1'11'W~1nl1 

~'11'Wfl1~'Vl~"e:J,:j~~Le:J"ll 7 ~tJLL 'lJ'lJ'1Je:J'I Cd t1'We:JtJ1'W~tJ Cd 
2 

+ 611'W~'W~1'1Je:J'I16'f~~,:j 3 ii Quartz
'\J \J '\J ., 

LtI'We:J,:jro)tJ~~ne:J'lJvr~n~~ij~'W~1LtI'WE;l'lJ ~'1t1'W fl1~~~~'lJ~,:j'l11~~Ln~~'W1ii'1tJnE;lln Ion exchange 

~'1LtI'WnE;llmL'lJ'lJ chemisorption ~tl1~~ij E ~,:jnl1 8 kJ mol·! Lb~~,mfl1~Vl~6'fe:J'lJ1ii'1mL'lJ'lJ~1"e:J,:j 

'1Je:J'I Dubinin-Radushkevich 'I"j'lJll'r6'f~~'1 3 ij mean free energy 'l-11e:Jr11 E1n~L~CJ,:jn'W ~e:J 4

5 kJ mol-! U'l~11n"lnfl1~~~~'lJLtI'W Physisorption (E < 8 kJ mol-I) 'l-11e:J LL~'1 Van der Waals 

~'1i1 L~e:JlIii'Vl'lJVl1'W'I1'Wl~m~~L~hJ 'I"j'lJl1 LL~~1~~~'lJ~~ijn"ln~m1~'I"j'lJLtI'W Chemisorption 

(Balaz et al., 2015) vr~e:J Ion exchange (Noor and Al-Solmi, 2011) fl1 E ~f11'W1rullii'~1n 

LL'lJ'lJ\l1E;le:J'I nijr11umJnl1 8 kJ mol-!llii' (2-6 kJ mol-I) ~,:je:J5'lJ1CJ1Iii'vrmmL'W1Vl1'11Iii'LLn 1) 

nE;lln Ion exchanoe e:J1~ijfh~'1fl1~~~~'lJe:JtJ1'W'1i1'1~ue:JtJnl1 8 kJ mol·! vr~e:J 2) fl1~~~~'lJl~11ii' 
::;, \I 'U '\J 
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Chem isorption 

Physisorption dJ'UVI~n 

~'1~ n1'HnV1n1'~V1V1~'UmJ'U Chemisorption ~'UlJoVe:Jfh~'(il~ bn(il~'U~~VI';l1'1V1~~'1r1-B''Ufl'U
~ ~ 

1'11(1 n(il(ilsB''Um~61~(il(;'l VVl1'1 brllJ~'1lJ~l n(il bb(;l~ bn(il~'U1~rl~'1 b~ en 1'U"tm!~~ bb ~'1Vl1'1 Physisorption
~ ~ , 

bn(il~lnm~bVl~CJTW1Vl1'1~11w.yh1'Ul~b(;l n(;l ~'1bblJijfh~'11~~lmb~bnV1~'U1~b61~e:J bb(;l~1~1~~ln(il~, 

"tffi'l Langmuir (~(il~'U'U'W~(il~(ilsB''U bb(;'l~bn(il~'U1~~'Ub~CJ1) 'W'Ul1 f11 qe "lJe:J'I~~bbV1'1bb(;l~~~~1m'U1 

(~1'1) ~'UlJf11bn'U qm ~lH\~'Ul1m~(il(ilsB''U~'Ubn(il~'U~1CJn(;'l1n~~'Uie:J'Un1161~~&i~1'W~'W VI~eJ 
~ ~ 

bn(il~'W~lnnl1 1 ~'W ~'1mh11~11 n1~~(il~'Ubn(il~'W~1CJn(;l1n~'1Vl1'1 Chemisorption bb(;l~ 

Physisorption ~1~n'U 

(il(il~'U~1CJ~(il(il(ilsB''U~ijfh~'161'1rieJ'W Vl1~~1CJ~V1~lJfh~'1,j'eJCJ(;'I'IbU'W~1~'U vh1oXf11 ~ . ~fl11:klb-rr~oV'W 
'\J , '\J 'U, f'd 

~llJf1161'1 bb(;l~(;'I(il(;'l'lbdeJrl11~boV~oV'W61'1~'W mh'lbnVl1~ f11 lin f1eJ'WoV1'161'1 bb(;l~~(;lm~Vl(il~eJ'IboV1
~ ~ ~ 

n'W1~n'Ubb'U'U~l(;leJ'I'lJeJ'I Langmuir vl1CJ ~'1611~1~(1~~1~(1J11~'h ~'WC411~1vllJfl11~1~61J1b61~eJ 

'lJeJ'Ibb~'1~(ilsB''Ummrn ~1~'U'lJeJ'If11 ~ KL Kf qm bb(;'l~ qD 61eJ(ilrl~eJ'In'W~'1V1~V11V1CJ'iib~'U(1)b'W61(~1'1) 

lJf11 ~'1li1~'1 n~ 1161'1~61 (il ~eJ'I(;'I '1~1b'U'W~ ~ bb(il'l bb(;'l ~ ~ ~~1 m'U 1( ~1'1) Vl1~~1~'U ~'1u'l~5'1 
'\J , ~ ~ 

'lh~~Vl5[11'W m~(il (ilsB''U"lJeJ'I'ii b~'W (1) b'W61(~1'1)~61'1~61 (il 
~ ~ , 

bdeJ~~1~ru1~1 n~(;l n1~Vl(il(;'leJ'IoV1'11'i''W 'W'Ul1 n(;'l1n n1~(il(ili'U1.11~ ~ b u'WhJ1 'W~n~ru~ 
~ 

b~CJ1n'W eJ'Ir1'lh~neJ'U~'W~1fl~lCJn'W lJn1~'11~~1'1n'W~ln (E bb(;l~ CEC 1'WVlLJ1CJ ~molc m-
2 

1n~bfiCJ'In'W) ~'1~'U 'lh~~Vl5[11'Wm~(il(il~'U'lJeJ'I6iib~'WVl{b'W61(~1'1)~61'1nl1~~mm'U1(~1'1) bb(;l~ ~~ 
'\J \J dJI d.1I 

.d q 4CiI I cv Q.I I Q d" -1 c:II 

b~mtl~CJ'UbVlCJ'Url1 qm 'lJ'El'l Cd n'U 161~Vl1'1 ~ VI(;llCJ'1l'W(il ~fl1~~Vl11'1 600 mg kg (]'I 

mnnl1 100,000 mg kg-
1 (~1'U~1~1(ilCJ Rao et al., 2010) 'W'Ul1f11 qm 'lJeJ'Il61~~'1 3 ffi-nl'W 

... , 
n1~~n~1i1lJf11~lnl1~ln 

~'1~ bdeJlJbb'W1f)(il~~thhJ1-nl'Wm~(;'I(il m~bfl~eJ'W1'11'lJeJ'I bbfl(ilblJCJ~1'W~'W ~'1I'i''El'l bt1~CJ'UbVlCJ'U 

f11fl'l~m~(il(ilsB''U VI~eJf11 k'. 'lJeJ'I1'11161(il n'U~'W l(ilCJI'11(il(ilsB''U~~~111hJ1.u~~l'i'eJ'IlJf11 ~ i,Nnl1~'W
\J I'd , '\J '\J 
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1 

~'U;jl'ULL~1~'ULU'U1ii'1~~~'U~~m~u~~~'lJl~eJ~Lb~1 l~CJ fll 'lJeJ\l~'Ui1fll'lb~mru 500-750 L k' 
dJI '\J 'U I'd 

kg- (Bradl, 2004; Venegas et al, 2015) 6l1\lbdmVlCJ'Un'Ufll KJ 'lJeJ\ll61IilVl\l 3 LL~1 'W'Ur;h 6/h~'Uii 

b'W61(~l\l) i1fll KJ 61\lnll1~~lmrn 1~LYlCJ\l'WeJ~eJn1~'LhhJl.uLu'U161~~~~'UbLf1~Li1CJml1n~'U 
~ ,~ 

~L~'UiiL'W61 LL6'I~ ~~~16'1L'Ul i1f111~Lu'U~1\lmnnl11611il~'U 1 \l~r;1\l(:,J6'I~~eJm~6'I~m~ 

Lf1~eJ'U1ii'1-ueJ\llml(~Vlt1nmn lt1lmdeJYlLeJ'lJL~~~'U 1 VlthCJ f111~611~1~(11'Un1~t1lt1l~'U Cd 'lJeJ\l~'U 
~ 

L~~~'U~11 3 Lvh Lb6'l~~\l'lhCJ1'Um~~n~~neJ'U'lJeJ\l Cd ~n1K1CJ (Street et al., 1978) LL~\l~l'i'eJ\l 

fllU\l(i\l n1~Lu~CJ'U'lJeJ\lYl beJ'lJ'lJeJ\l~'U1K1 CJ L'W~1~ell \l r;1\l (:,J6'I m~Vl'U~m~'U'Utj b 1 f"l11K 

I Q ~ Qr, ..0:::.11 I cv d I I cv ~ ql 

f11 ANC 'lJeJ\l"ljb~'U~L'W61 LL6'I~ eJ~~161L'Ul~f11\!\lm1161lileJ'U 1 eJ~mn (L'lJ'U 1~~eJ'UV1~m\l 

1 LL6'I~~1'U~1m'W, Venegas et al, 2015) \llnn1~Pim~l'lJeJ\l Giampaolo et al. (2002) n'Ul61lil~ 

1~'U;\lLU'Ur;11'U(:,J61~'lJeJ\l~L~'U~'h'W61 Li\l~ll ANC LtJ~CJ'ULbtJ61\l~l~tJ~mru Ca 1'Ur;11'U(:,J61~ ;\l 

tll\l~eJ~1'U~U'lJeJ\l CaC03 l'UeJ\lfltJ~~neJ'U6l1\li1fll pKa2 bb61~ pKa3 ~ 6.3 Lb61~ 10.3 6/i\lL~~ 

f111~611~1~(11'Uf111~bU'UD'Wb~eJftt1lmQ'Wl~~YlLeJ'lJ,1'U ;\lbdeJ~\ll~rul(:,J61m~Pimn ANC ~1~n'U 

(:,J61n1~ibf1~1~~1K1CJ XRD bL61~ u~mruf11{'UeJ'ULL~1 vh1V161~tJ11K11 ANC 1'U161t1ltleJ6111\l.n LU'U(:,J6'I, , 

\llnf11{'UeJ L 'U~1'Ulf1~\lG111\l 

~\l.n ANC 'lJeJ\l~L~'UiiL'W61 LL61~~;jmm'Ul1'Um~Pim~n.n61\lnll ANC 'lJeJ\l~'U~~1~1\l'W'Ul'U 
~ ~ 

n1~Pin~l~'UeJ~~ln (l~Ln'U 2,000 meq kg-\ Cappuyns et al., 2004) ~\l,1'U Ldm~~l61IilLVI~l.n 

61\l1'U~'U ~eJvh1V1 ANC 'lJeJ\l~'U61\l~'U 6l1\l ANC ~61\l\l~LU'U(:,J61~'Um~-d1CJ1V1~'U611~1";imeJ\l-r'U[I1~~
~ ~ 
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~11tJ l(;lCJ1mKb~CJ\ln'U~TWn~~'W~ 

nG11nn1~~(;l~'Ut.h\l:an(;l~'W~\I\llfl Chemisorption bbG1~ Physisorption 1(;lCJ~n(;l1nV!G'i'n 

b'U'W Physisorption r11fl\l~"U€J\ln1~(;l(;lstl'U'1reJ\I~ b~(11{b'W61("1\1) ~r1161\1 n"hB:O~l(;l b 'U1("l\1) bbG1~B:O 
\J '\l ~ ~ 

bb(;l\l €J~l\1hn(111~ r11 qm r1€J'W.u1\1tJ€JCJn';hl61~~'W ~ bb(;l~r11 I<c! ~r11hj~\lnl1~'W~lflilfl 

\llfle.J(;lfll~Pifl'l~nd ~b~'W(11{b 'W61 bu'Wl61(;l~~~flCJJl1'W1'Wn1~1ib'U'Wl61(;ltJ-r'UtJ~\I~'Wb~€J(;l(;l, , , 
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