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Abstract 

Project Code: MRG4780102 

Project Title: Effects of humic acids on the retention of heavy metals in cement-based 

stabilised soil 

Investigator: Assist. Prof. Apichat lmyim (Ph.D.), Department of Chemistry, 

Faculty of Science, Chulalongkorn University, Pathumwan, Bangkok 10330, Thailand 

E-mail Address: iapichat@chula.ac.th 

Project Period: 2 years 

The properties of extracted humic acids from heavy metals (Cd, Cu, Cr, Pb, Ni, and Zn) 

contaminated soil had been studied to understand of their influence on metal sorption 

onto soil. The results demonstrated that humic acids decreased metal sorption onto 

soils. The retention of six metals in cement based -stabilized soil containing humic acids 

had been studied. The compressive strength of concrete mortar decreased when the 

amount of metals and humic acids in soil increased. The TCLP test was performed on 

the stabilized soils, the results elucidated that humic acids in soils decreased 

significantly the leached amounts of cadmium and nickel. The leaching behaviors under 

the factors affecting metal releasing were investigated. These factors were pH, type of 

leaching medium (deionized water, potassium nitrate, acetic and humic acid solutions), 

liquid to solid ratio and contact time of leaching. The metals could be highly released at 

low and high pH, while their releases were moderate at neutral pH. The amounts of 

released metal depend on the type of leaching media. The metal solubilizations from 

stabilized soil with and without humic acids were distinguished different especially in the 

case of nickel and lead species. The increase of contact time of leaching enhanced the 

cumulative amount of leached metals; however, the leaching flux reduced. The results of 

the tests lead to identify the necessary input parameters of a leaching model. The 

leaching model takes into account the transport phenomena coupled with main physico­

chemical reactions in the saturated pore system of the material as well as in the eluate. 

The model provides the concentration and the cumulative quantities released for each 

species. 

Keywords: Heavy metal, Humic acid, Stabilisation, Leaching, Contaminated soil 
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.d 
'lJ'Yl'YI 1 

ffTes51i'.in 1 u&h1.iimJu~~1<il<ilL~Ufl 0iim1mm·:mamtltr.Ju 'l000uff~ 'il1n 0~~tl1:::nmJLLa::: 1m~ ff11~ . ~ 

4lJ el~ ff71ihi'.inii'l'l3.ivfo1iumf-u0ni~n<R~ LU'U,'I'\ 3.i~1iru~iia-1uL~r.J1'JJ el~ 1 UTI71'1'17'1'1 ,X1~ LUU uvl L vl 01 ff11e1:1.ni1 
CIJ CIJ Q,/ ~ 

Lrn mtlt £.j'U, Lel el e]'U, LLff<il~m1mtlum<il LLa:::L n<il ff11tl1:::n el UL i~•1founu h'l'I::: 'l~ 'U,e] ml7 nilii'l'I 3-i LL el ~vl1~ n l,i<il 
~ 

10n<.U~ff73J71tlff17~~'U,1i::;nu'l0 eleltl,'llel~ h'l'l:::l~L 'liunu (1,2] h'l'l:::'V\'Un 1 u&iu~~nn<il~~Hnuff11ihi'.in arnvhJ-
~ 

rrn&iu~ Lf1<il'il1nm1tlmti0ufo'1'1::111uniianni:l~.:ff u1 ui1'il'illJU [31 L rw11 uh iJL vl0m1#f uvl ffmw&iutluLfi0u . ~ 

1a'1'1::i!uiim-11r.J1i L'rlu1im1ffn<il~1£.Jn1<il m1ffn<il~1r.Jff11ri0fiLa<i1 m1<il<ilnu1<iir.Jvl'J5 LLa:::m1H'il~U'Y11tJ [4] 
~ . 

'U,e)n'iJ7nilii1iu1U<il~1inu01.h~n-r1~'ll17~LLa:::LUU1lin71~m::;m1~eJ<ilff7'1'\n11aJL~lJ~flU1'6<ii7aJ1.h:::mfl • 
m::m1~uuu~ 6 (W.ff. 2540) [5] fleJm1rh1iLUU'lleJ~LL'n~LLa:::m1tl1rnfft1m (Solidification/ Stabilization) 

L<il f.J Htlu<.ULaJU'llLUU1ff<ilU1::ff7'U, L vlmhn<iin71LflteJur!'lJ el~ fo'1'1::'l'lumLi1~~nau'lJ el~Lffr.JlJ7lJ<il (fl 0un1<il) '1'110 
~ . 

U7 'ltl1 itl1::; fo'J5u n71U7fleJ'U,fleJ'U,n1<il 'ltln1'D<il'l'\1elU7 'ltl1 itl1::; Ll'J'J5U 1Uli11aJ'l57~ll e]'U,fl 0un1<il<i1 el~ffaJ irffnU 

LL'I'\ 1;1~J101.h~'l'lamir.J~ 'la.i'li el7'il'Yi71'1'1La'l'\:::'l'\un 1uneJUfleJUn1<il'l'I a<ilaeJ<ileJeln 'ltl'l~ n71flffl!l-7U'il'Dr.J~t-l a~ elTI71 • 
a::;a1r.J LLa::m1LL wim::'il7 r.J'llel~ fo'l'l:::'l'\un~~LU'U,~~~7LUULLa::LUU'JJ elf17'1'\'U,<ii 1 u 'I'\ a1r.Jtl1:::L 'Ylfl[6] f117aJ1~l~ 

~ 

ff73J71tlU7 'ltl1 ,n um1'Yi1m r.Jm1tla<iltl GI el r.J'll el~ fo'l'l::'I'\ un 1 m::;r.J::; r.J71 LLa:::LUULfl~eJ~!i 0-rl1 f.J 1 um1il el~ num1 

tluLfi0u'll 0~ fo'l'l::'l'\un 1mL 'l'llil~J11i11aJ'J57~LLadJ0~nut-iam:::'Ylu~ 0~~LL 1<ili0aJ 'il7n'll 0~'1J0~m<il51i'.in 1u&iu~ 

LUUff71fl elfiLa<ilnU 1a111::'l'\un U7'il:::iia-1u'rl1 r.J 1um1~7ll<iln71Lfl t elU~'ll el~ 1a'l'l:::11\un 'li 1 'U,~7U1'D r.Jit'il::flm:n 

ffaJU°1in71LUUff71ri el ft La <il'll eJ~m<iiihi'.i nnu fo'l'l::'I'\ un 1 u&iu ~tlfrnffii r.J1~1 f.JUU".ULaJUi LLa::flmn 0'\'l~'\l'l a'lJ el~ 
~ 

m<il51i'.in~ eln71fl~!J11'1J el~ L a111::;111un 1 Uf1 eJ'U,fl eJUn1<il~ Lf1<il'il7nn71t-lffaJ&iUUUL fi0un1JUU<.ULaJU'll Uel mn nil'il::: 
~ 

., • d :'I d "' 1 • Y .., " ff17~LL1J1J'il1a0~m1'J5::; (Leaching Model) mumm0~aJeJ um1mmr.Jm1a::a1r.J'll 0>1 ba111::111umi1nn0u 

fl Bun"i<il a~ ci'Lm 1;1~J1 li11aJ'l57~ L<ii r.J'il:::t-imnm1Lfl t 0u rl1<ii r.J 01fi' r.Jn71LL wi (Diffusion) num1L n<il~mi::'ll 0~ 
~ 

leJelelU'llel~ fo'l'l::num<iiihi'.in 

m1ihi'.in (Humic Substances, HSs) LUUff111 Uli11aJ'l57~.yj Lf1<il'il7nn11!.i el r.Jffa7 r.J'll 0~'1!1nvl'J5LLa::i<ii{ 

ff::ffaJ0r.ib&iu &\u<ii::n0uLLa::LL1111;1~J1 LLtl~'l~Lilu 2 tl1:::Ln'Yl [1,2] <ii7aJffaJU~m1a:::a1r.JJ1fl0 
~ 

n-rn51i'.in (Humic Acids, HAs) 'il::<iln<il::n0u1uff11a::;a1r.Jm<il pH 1-2 LLa::; m<il~ain (Fulvic Acids, FAs) 

a::a11.JL~U'Yln pH 1u~1u1ir.Jilfful'ilLuw1::m<i151i'.in 
' 

m<i1ihi'.imtluff11au'Y11tJ~:iHmana'llit1<il 1'1'1ruLLa::iui'0u (Complex Macromolecular Substances) ' ., 
iima Lmanatl1:::i11ru 2000 - 400,000 Da iiff<i11eJLJ7~~7r.Ji~LL~ C10H120 5N n~ C72H880 38N4 ii1m~ff17~~L3.i . ~ 

LLUUeJUi~1tl~ 1-1 
~ 
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HD 

tl ,d = = 'i 'Yl 1-1 Supramolecular architecture '11El~ff1'i'i'l1:Wn [1] 
"' 

m~51ilmuum1~a'.h~s:::t1:w1~m:i!s:wifai11.ia1t1LLEl~Vh~n "'Vl"W~niumfrnmon~n fl111JEIUGl 
"' 

ih rrnf Lrn:::i.~~'iEln'nGl ~~ri11ia1151iln"a:wu~11,!,n1'ib n~ e)'l,l,~'iITTtl1f11J i.mrnwn El~ lGl'VI::: i.i~ a1:w11mn~LU'l,l, 

a11tl1:::nsrn~~'l5E)'l,l, LLGl:::Ln~m'iLLGlnLU~tl'l,l,lEJE!El'l,l, LLGl:::ir~iia:wuITT~1'15 Fe(lll) Sn(IV) V(V) LLGl::: Cr(VI) i.i [1] 

i:-1Gl'i1tl~1Ufl113.lff11!1'H1'1lti~n71Ln~ff11L ~~'lfEl'U'llEl~ff11i.hiJn 1 u'VI Gl7tJmniLn~ i.i~ni1 EDTA LLGl:::" 

'i1tl~1'U.n11Ln~a'U~'ifl1tl1'11El~t'n'ifrlilnnuh'Vl:::'Vl'Un'V\Gl1tl"l5U~L'l5'U Am Cm Cu Cd Co Eu Fe Hg Mn Ni Pb 

Sn Th V W U LLGl::: Zn [7-9] n71Lfl~ff1'iL~~']fE)'l,l,'1JEl~ lGl'V\:::'1'1'1!nnua1151iln Ln~,nn'VIJjmfusnon~n mmrn 
"' 

'1l El~ lGl'V\:::~ Ln~ ff11L ~~'lf8'Utl1::::w1 ill i.iL rh fl1J,J1'1,1, 1'U'll El~'V\ Jj mfo El non~ n ~~fl11 :IJ,]1 L v-n:::'JJ El~ n71L n~ ff1'i 
"' 

L ~~']fE)'l,1,,1::;LL~ n~1~nu i.tli1Ufl1J"J5U~1'1l 8~ lGl'V\::: LLGl:::ff~ ff1'U'll El~ ff1'ill1 iln t~ mt1 i.tlvi7fl~~ rni'i tl'i 1l1Vl'll El~ ff1'i 

L~~'lf8'UGl~Gl~~1:wh11u~a Cu> Fe= Al >Mn= Co >Zn [8] 

n7'i'Vl1vi1fl~~Lfftltl'i1l1Vl (Stability Constant, K1) 'll8~a1151i1nnufo'Vl:::Witn"'V\Gl1tl11i [2] LiLLfl 

11in7'imEl~LLGl::: ultrafiltration 11i EDTA competitive exchange reaction 11i Size exclusion/gel permeation 

chromatography 11iLLtimtl~tJ'l,l,l88El'U LLGl:::1n Electrophoresis 

L ti'V\:::'V\ Un l 'l,l,~'1,1,8 ti1 '1,1, J~1Ul8 el el'ULLGl:::ff1'iL ~~'15El'U 1 uam1:::a:w~ ti 1J,J11 tl~ L~ tl1'JJ El~ f11Jn7'i~~'l51J'JJ El~ 
'U 'U q 'U 

i.aaau'lla~ lGl'Vl:::L~t1~utl1:::naui1t1 [3, 1 O] 

- 1J,J,1 tl~ffmfwfrnum1'1Ml~'ti1J'll El~ lGl'VI::: 1 'l,l,~'1,1, i.iLLri exchange adsorption uwi-f 'UH1'1l El~ clay 
"' "' 

trn:::a11ihi1n m1Ln~m1L ~~iaunua1151i1n m1Ln~ occlusion i1 t1i.m~1~ aan L'll'<?l'll s~ a:::11 
"' 

Cl ct., " .:::I .d a.J'U:W L'VIGln LL:W~n7'Uff LLti:::au 6) 

u,ii t1~mufla.Jm1tliiie1 tia anm'll a~ h'VI:: i.iuri m111::Gl1 ti mw1 ~ sutT1 ti LLGl::m1fl~ amvi'll s ~ • 
1i1~ lti'Vl::'V\un 1 i 8 ti1u~u nGl i.n~L ~tl1'llel~LiLLri n7'iLLtimtl~ tJ'l,l,U'i::,imn n7'i~~iu n7'i 

, 'U , 'U 

~n~::nswha.J ~:::mm~i.Jji;l:::Gl7tl'll8~ lti'V\::'V\un1u~u L'J5'U CdS, soil-Cu, Cu2Fe204, 

Pbs(PO4hCI 

"m1iifmfl111t1a1151iln 1u'VI Gl7n'VI Gl1tlff7'111LLt1::m1 h1ui1u~h~ 6J s ti1~~ m i'i.e1~LLGl:::",11mut vi:w 

mnilu [1, 2] Liu m::mum1Ln~ tm~a-½'1~ Ltt1::mu.imtrn::'lls~a11ihiln~i.i,11mmiii~~1~ 6) 1uli'i'i:W"l57~ • 
1Im1an~ m1Ltt1mLGl::m1ri11iu'1a'Yli'll s~a11i.hiln m11'Jhuui1~~iu [11] m1i~tm1::,fa11 . "' 
51iln [1] ,I Gl'Uf'f1ff~1LLGl::i.s l'l5L 'Yl El:W'll El~n7'i~~iua1151ilnn1JLE1elel'U'll 8~ lGl'V\:: [9] fl11:Wff1:IJ11'1'1ltl~n71Ln~ 

"' 
a11tl1:::nt1rn~~'lft1unu h'Vl:::~1~ 6J [12] m1:wa1:w11n 1um1Lflte1u!Y1t1 [13] m1H'Luua11Lf1"1um:::mum1 

~uvl1u~ULLGl:::J1 Luui1~~'ti1J'JJE1~a11tlmtisut~mum:::sti1~D~ lGl'Vl:::'V\UnLLGl::: liphophilic substances [2, 12] 
"' "' 
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•~~~iJ ~ .Iv ~ 
3. flT'i'Yl1 t Vil 'l-i'IJeh'IU'IJ'1/nTiIJJ'IJlt'HU.l"i 

m,'ii1n~nTHflte:ru.~'ll el-1 Lt'l'V\:: 1u~utliutieiu~1inu:inn~ff~ fieln11'Yl71iLUU'lJ el-lLL'n'1/m,tl1rnffnt1, 
q 

[14] <ft'111Jm,itLtlwn el117'V\U~ ,::L'.Utl1J'JJelU-liU 1umnt1tl,:;LY11"{ 11:IJ{).,'JU,::L '111"fL '11 [)~1 ti 11Jm,J1 LUL~tl1'JJ el-I 

nu n71Nff:IJ1 ff~1h::ff7Ul1U~'l,l,U'l,l,L ti e)'l-1, <ft-11 ff~U,::ff7U~Hiht-i~ LUUff71elUU'111 !J L'l5'1,1, 'JiL:IJU<A 
q q 

,rLtl7L1J7'V\1el blast furnace slag 1~t1niil Ln'lleJ-lm,'ii1n~m,Lflte)'j,j,~fieln71'Y]71 id,~~:;neiu'ln~,eJnL'JJ<A 

mt1luL:1J~1n'lf'll0-1LvY'1 [15] 

m,it1n0ufl0un1~ 'ltli'.fonii1uV110it1 'ltl1 'lrl u-11uri 0ff11-1L 'Jiu HLilu 1ff~~1V11uV1 ~0si1u01m, [16] 
q "' 

Lrl 011 e!Ufl 0un1~ i:iJ « ffn uif 11id1:IJ"61 ~ ,1:;'Y'l11 '\ZL n ~ n71"iil:: ii11 t!Lliil::n7,ll 1,•,dm:;,17 £.I'll el-I Liil'V\ ::mtn el el n ff 
'U 

~-ill 1~tr0:1J ~-iiim1:1J'ii1ltlui 0-iftmrn-1 iilm::riu!jj ei~-ill 1~ ~0:1Jri0u,i::'Y'l1m,n1i~V110t1.1 'ltlH m:iJtl,::ml"f 

m:;m1-1eJ~ff7'V\fldj":IJQU1J~ 6 [5] Mn1'V\U~Lnnt'YllUn71ffl1~ff71,J7nneiufleJ'j,j,n1~~'l~,11nm::mum,u1u~ 
q 

~1t1m::mum,1..l1rnffnt1,Lliil::m,th 1iLUU11e!UlL'll-1~1tJUU'JiL:IJU<A Lliil::~1:IJ'Jlell17'V\'l,I,~ EN 12 920 [6] 'l~ 
'U 

117'1'\U~ 1 '\Zl?i el-lftn1flt:--liilm::'111J !jj el ~'1ll 1~ ~ el:IJ fieJU ~,i:;'1-1,1ni1Jm 1 m V\3-i 

Ad d 1 ,,:: 'V 'V CV Ad dA fi' id d 1 

TITn711"fn1fl f-1 iii m::riu ~ el ff-I Ll 1 ~ iii el :IJ ~ el-I el71"f tl11in71'111'1 l fl:IJ 1 Lfl17::'V\ 'V\10 L ,t1n11 m,rt~ ffelU m, 

iil::ii11t1 (Leaching Test) 1~mtli-ieieimtlu 2 tl1"::l11rtfiel 

d :"I Vl.1 .- d O ~ d .., 'l" d 
• m,rt~ffelUL 'We!LuU tu<n7:IJLnnt'Yl l 'W el'l1~ffelUV\1u1:IJ7ntff7,'11~n"Jl'::ii17'1 ~ (Leachable) ,11nff-i 

tl iin iillLiil::1 ff~~'la.i1 '15lL~1 lLiil::l vi 0'11 ~ ffelU11 ~-ill iinmLiil::1 ff~~'la.i1 '15lLi1 'l~ t-l1um,'Y'l1 iil1 tlr]'11 t 
':AJ'U '1 ~'U '1 

V\1elU11Jlfft1tl1elU7-lff:IJ1Jj"ffi'V\1elLa.i 
'U 

• m,ri~mirn vi0V17'i11llU1"~117'V\U~'Wr] ~m,:IJ'll el-lff71:1Jii1Vh1-1 m:;t1::t111 (Long-term Behavioral 

Leaching Test) 

m,'11~ ffe!Un11iil::iil1 ti (Leaching Test) l vi el'V\1'il1 LLU1~ff7:IJ11rl'Yl1U7 tl'Wr] ~ m,:1Jn71iil::iil7 t!Lliil::n71" 

ll w:im:;,11 tJ'll 0-iITT,:IJ iilW'lf 1 u ,::t1::t111 ei elnci-i'1ln~ i 0:1Jii 3 m,rt~ffelUfi ei [17] 
'U 

"' .-., "' 1 "" 1 " "' 1) m,l"fn'lf7el'1flu,::nelU'l17-llfl:IJ'lle:J-lff7,iil::iil1t1 UJY-11UVl,el 'W1'1'lleJ-lneJUfleJUm<n (Pore Water 
V ., .- d .-., "' 

Simulation and Maximum Leachable Fraction Test) 1<n~u,::ff-lfll'Wel'V\1el-lflu,::n0um-1Lfl:IJ 

1 .., "' -~ d , VI.., 
'lle:J-lff71"iil::iil1tl UJYl1U'lle:J-lneJUflelUm<n Lliil::u,mru~-i~~'11ff71~7-I ") ff7:IJ1Wiil::ii17tl b~ 

2) m,ftn'lf1artTI'Wiil'lld-lfi1vh0"6 (pH) ljjeim,iil::iil1tl'llel-lff71 (Influence of pH Test ) 

:r~ ntl,::ff-lflL vi elV\ 1m1:1J imf 'j,j,']j1:;'V\ 17-1 ff .fl1'Wn11iil::iil7 ti nufi1vh e)"j)' (pH) 
q 

"' d !'I -~ .-~ ~ ~ • I .- d 
3) m,l"fn'lf1m,iil::ii11t1'11LuUY'l-ln"Jl'ununiil1 (Dynamic Leaching Test) 1<n~u,::ff-im "WelV\7 

mm ntff71~ ii1::ii11 tie! elfl,17 nn el'l-1,fl elUn1~~n iil1~7-I ") 

i1LLU,i'1n ~11,1:; 1 iLtlui1utl,auv-1ri (Input) 1 um,'Y'l1mt1m,ii1::ii11 mLiil::m,LL v-11m:;,i1t1'1l el-I ff7, 
q 

:IJiilW 'lf <ft-iiim,lL v-11m:;,17 ti (Diffusion) LLU1JLa.iiitJi)n1t11 Lflii l 'JJ7:IJ7l~ tl1'JJ el-I Lliil::LLU1JLn~tJi)mt11lflii'll ru::Ln~ 



,d.d O Q...,,V Q,., O d 0 

nTHfliileJ'il.'Yl n11'Y17'il.1tl~,'.lniil11~eJ..'.lel1rH'.J lL'LJ'LJ1l1iilel..'.ln11'15:: (Leaching Model) [17, 18] 'li..'.lff1:i.J11rl'Y17'il.1tl 

fl11:IJ L 'lJ :IJ'JJ'il, 'V\1el1n:IJ1 ntff11~1..'.I "I i1 iil::m tJ e) eln1l1 n fl el'il.fl el'il.n1'll bL\'l::LL v-dm:;,11 tlel eln i.unmt1~ i:IJ N ff11'Ull el¼ 

flel'il.n1~ m niil1 ~1" "I i.i 

4 

LLij'11..'.11¼1itJL~ tl1fl'LJ n11'1111 .Zd'.Jwn el..'.ILL'll-JLLl'l::m1u1uLffn tld"JJ el-J"JJ el..'.ILlfo 1ii1'V\::'V\uni1 tl'l5L:IJ¼iLU'il. 

--fa~u1::ff1'il,3J mh..'.1 LL '1'11'V\ iil1 tJ bL\'l:; 1¼ '1'17-JL~ tl111'il.n11ftn1flflntim~m::LLiil::U'Y1'LJ1 'Y1'JJ el..'.I ff11ihii n 1 ll.~..'.I LL 1~ ~ el :IJ 
q q 

LU¼~ ff¼h el LJ1'1:IJ1n 'V\1n LL~n11ftnl!l-1f-l iil"JJ el,'.! ff11ih iln 1 ¼~'il.'Ull.bTI el¼ fo'j/\:;'j/\ umull. vi l!l-111 t]'j/\ i..'.lm1u1u~i1 tJ 

m1u1rnffntJ1LLiil::m1'1111 'IZLU'il."JJ el..'.ILL 'll-J 1 m:;tJ::i¼LLii1::1:;tJ:;m1n tJ,'.J i.aHJf-l l'l11 tl'11ll.1i mL~ el ti1,1 l~ 'l'l'LJL vi tl..'.I 2 

d.:::1 I d 9,1 .d 

'LI'Y1fl11:1J'Y1:1Jff1mn m'll el-JfleJ 

Theodoratos bLl'l::flm:; [19] 11tJm1H'mn'll::nelm1nm1u1u~it1Llfo'J5:IJ'l5'il.f-lff:IJ!l'LJ~'il.~ 
q 

'Ull.LTielll.i1tJ Pb Zn Uiil:: Cd 'l'l'U11ff1:IJ11rliil~n11iil::1'11tl'llel..'.lfo'V\::J,1 3 'l5u~M 

1 v &:e 6'd.:::1 ~ Ii' cv .:::I = ..J' ,d 
Hwang bLiil:: Batchelor [20] 'l5'LI'il.'liL:IJ'il.'ll'Y1:IJ Fe(ll) LU'il.el..'.lfl'U1::n el'LJ'LI1'ULffrl tl1~'il.'LI'il.bU el'I-U 'l'I el 

" 
1~16JJff11eJ elfLLnll.1V,fliileJ1¼11-t~'il. 'l'l'LJ11 ff1151iJn 1¼~¼ La.i ti..'.1 f-ll'l~el'LI~n1tJ11~eln6JJLLiil::m1 

i-Jif ll.1 ¼'11ll.1i tJtt,J:;ftnl!l-1ff:IJU~n11LU'il.ff11rieJ~Liil'll"JJ el..'.lm~51ilnnu 1ii!'V\::'V\un 1 ¼~'il,~U1'LJLfft1 tJ1i1 tJ 

U'il.'15L:IJ¼i LLiil::ftn l!l-1 ii'YlTI'l'l l'l"JJ el..'.lmin51iln~ eln11fl-Ji1'll eJ-J 1iil'j/\:;'j/\un 1 ¼n el'il.fl el'il.n1'll'n "~'il,'LJ'il,Lti e)'il, 'il.eln,11nd' 
" 
,i:;fff1-JLL'LJ'LJ'\J11'lel-Jn11'15:: (Leaching Model) ~LU'il.Lfl~el-J!iel 1¼n11'111'il.1tln11iil::1'11tl"Jlel..'.l fo'V\::mt'm1nnel'il. 

flel'il.n1'lli'l-JtiLL 'V\ ~-Jit11i11:IJ'l51~ 1~ tJ1l::f-lll.1nn11Lflt el¼~1~tJ el1fttln11lL '1'11 (Diffusion) fl'Un11Ln~~'il.1i::"JJ el-J 
" 

i.eJeJel'il."JJel-J1ii1'V\::nun1~51iln 

6. 'l(yln1h:;a-1~fleNlA1-1n11 
q 

1. flnl!l-10'YlTI'l'IL'l"JJ eJ-Jm~51iln~ eJm1m"JJ 0,1 fo'V\::'V\un 1 ¼~ll.~tlrnti 0umtJ'V\ i,1m1u1u~i1tJm1tlfu 

Lfffitl'lLLL'l:'1111 iLU'il."JJel..'.IU 'll,'l 

2. ftnN1'l'lq~m1:1Jlm::tJ:;m1 (long term behavior) 'llel,'Jn11iil:;t'l1mLiil:;m1bL'l'l1m:;,i1tJ'lleJ..'.I fo'V\::'V\un 

,11nm1'15:neJ'il.fleJ1-tn1'lli1 tJi1'l1:~1" "I 

3. ff11,'J bL'LJ'LJ'\11 iii el,'ln11iil:iil1 tJ LLl'l:n11U 'l'li'll eJ,'J fo'V\:'V\ um1nn el'il.flel1-tn1'll 



,;: ... ' 1. nTnnuvnm.11'1 

,J 
U'Yl'Yl 2 

r\1nTnnui1mh:i~utluLtiau~1mi'JimJl1eJ iJe:i3Jm~~1.'l~eJ3JLni1 ne:i-:iivn1e:i i-:i'Vl1<i1a3Jmtl11n11 "' . . 

5 

L<i1!.l'Yl1nw11<i1~u~1:ium13.1~n 0-15 'll'3J. ,11u1u 20 ~<ii ·nml1'Vlun 5 nn. ~-:i1iLLi-:i U<il rrnmv1i11iLi1nu • • • 
LLG1:'.LWmY11t11n 1" LL1.'l:'.~-:ILLU1.'lntl1.'le:i3J~ii'llm<ilmnni1 2 3.13.J. e:ie:in L<il!.l<il:LLm-:i-ie:iu LLU-:i~ui1mh-:ie:iamilu 4 

., 
ff1U i-:iil 

ff1U~ 1 (foni1 Original Soil (OS) u11tl~n1t1a3JU~'llel'1~U 

ff1U~ 2 u1~ui1mh-:imL~3Jfo'VI~ Cd Cu Cr Ni Pb Zn (foni1 Metal Spiked Soil (MS) 

L'l'1U~ 3 'U.1~U3J1L~3Jm<i151ilnlmtla111.'l:1.'!1!.l t:rn3J1iL"JJ71lU Lnu1u~3J<il 41U ~ellli'Vlllilie:i-:i L1!.lni1 
"' . "' 

Humic acid added Soil (HS) 

L'l'1U~ 4 'U.1~U3J1L~3Jm<i151ilmLG1:h'VI~ Lnu1u~3J<il 41U ~ellli'Vlllilie:i-:i L1!.lni1 Metal-Humic acid . "' 
added Soil (MHS) 

Lnu~mZ-:i'Vl3J<il 1u'll1<il'l'-IG!7a~n~ elllir\llili el-:! L<il!J 1ii1'1'1°'1<ilULLa-:I . "' 

~n1t1a3Jlli1~1-:i 6) 'llel-:l~U OS 1~un pH, Cation Exchange Capacity (CEC), Organic Carbon 

Content, r\1n11Lwnm<i151ilm1n~u1<il!.ln71an<ilLL1.'l~'Yi11iu1ffnf<il13J1153Jl<il1.i1U'lleJ-:1 IHSS ~n1t1in"M~ . ~ 

LLG1:mmm'lle:i-:im<i151iln ~1m 'Ylffriv1aur'l11L1<i1mtln 1 malnil !.l11~LilG1mtln t mt r'lL<nL3J<n1 m3J1mmfoe:iu 
"' 

2.1 Soil pH 

t:-la3J~Ull'lJITT11.'l~Gl1!.l 0.01 M CaCl2 1ueJ<il':i1L'l'1U 1:5 mu 5 m'Yi il-:i1i'lleJ'1LLil-:iue:iune:iu 1 i'1L3J-:1 

LLG!~1<il pH 'llel-:IITT11.'l:'.1.'!1!.l 

2.2 Cation Exchange Capacity (CEC) 

U<il~U OS 1iii'llm<ilL~nn-h 425 µm i'-:i1iiitl1'1'1un 5 gt:-1a3Jnua111.'!~1.'!1!.l 1,0 M NH4OAc (pH 7.0) 

25 ml L'llr.h 60 mri L'll'U'Yl1vhi 2,400 rpm mu 30 m'Yi mma111.'l~G11mLG1:'.~U me:i-:ia111.'l:G11!.llw1n<il 

'U13J1<il':i'lJU1<il 100 ml i1-:1~U~L'Vl~el~1melli1Uel1.'l 95 % 20 ml 3 v1f-:1 a111.'l~Gl1!.l~i1'1Lfl'IJJ13J1U'll1<il1<il 

'Li13Jl<il':i'll1-:!iu tl-'rumm<n':i'LLG!:'.'V\1'Li13J1lli Ca, Mg, Na, LLG!: K ~1!.IL'YlflUfl MS LLG!:'. 'V\1'Li13Jllli 

exchangeable H• ion <il1!.l115 BaCl2 method 



2.3 Organic Carbon Content 

Nff!l~U OS 0.5 g n'JJffTHl:::iil1tl 1 N K2Cr2O7 10 ml L~!I cone. H2SO4 20 ml l-:iii'-:ii.i~ 

e:imVlniiie:i-:i 20-30 mii L~mi'1 20 ml L'llth1iL'll1nu L~!I ferroin indicator 5 Viti~ 'lmm~~1tJffTHt:::1.11t1 
q "' 

0.5 N FeSO4.~u'l~vl1e1mi'1~11.1 (T ml) 'Yi1ffTrn:::1.11mLrn~Lrn:::'lmrrrn~1£.J1TinTn~rnnu (B ml) v'hmm 

Organics Carbon Content i-:iff:!JnTs 

% C0 ,
9 

= (B-T) x N x 3x 1.14 x ( 100/mg oven dried soil) 

% Organic matter = % corg x 100/58 

2.3 Heavy Metal Content 

1'1Mi microwave assisted acid digestion EPA 3051 Part A ~11~1~mmmL1.1V1::: Cd, Cr, Cu, Pb, 

Ni, LLi.1::: Zn ~1£.J ICP-AES 

2.4 nTH'fn1nm1nihiln11rn.J1fiaJ11?l'Hi'l'l,l,tleh'.l IHSS ... 
u1~u os it1witn 10 gh~1.1-:i1u'JJ1~Y-11.11ff~nY-1e1~we1~~u L~:wit1 250 ml tlfo pH 'llel-:Jff1'iiil:::1.11£.J1i 

m.h:::V1i1-:i 1-2 i1£.J 1 M HCI mm~'i 5 ml L'JJLJ1'1Jel-:1Nff!!LUUL11.11 1 i'11:w-:i L'lf'U'Yl1Yhi 15 mfi ii'-:i 
"' 

ffTrn:::1.11£.J U1~U~miamL~:IJ 1 M NaOH LLi.1:::U1'JJ pH 'llel-:Jff1'ii.1:::1.11£.J1irrhnu 7 ~1£.J 0.1 M NaOH 'LI1'JJ 

6 

mmm'JJeJ-:JffTrn:::1.11£.J1iLri1n'JJ 100 ml N1ULLnffLULmL~'U,1.1-:J1Uff1'i1.1:::1.11£.JU1U 1 mfi i-:i'JJeJ-:JNff!!ii'-:iH 24 

i'11:w-:i L'lf'U'Yl1Y-hiLL£.Jnff1'ii.1:::iil1£.J tlfrnh pH 'JJel-:JffTrn:::1.11£.J1iLri1nu 1 ~1£.J 6 M HCI i-:ii-:iH 16 i'11:w-:i N1U 

LLnff'lu1~·n~u1.1-:i1uff111.1:::1.11£.Jmu 1 u1fiaml-:i L'lfUY11vhftwnm~ihiJnzj,-:ittlu'1Je1-:iLt-ii-:ii~1e1e1nm 'Yi1m~ 

ihiin~'l~iU1ff'Yliam1.f-:i1~£.Jn1'rn::;1.11t11u 0.1 M KOH LLi.1:::L;!I KCI LvJe:i1VIL~ 0.3 MK+ L'lfU'Yl1Y.hftL£.Jnff1'i 
q 

LL'JJ1u1.1e1£.Jif-:i'ltl u1ffTrn:::1.11£.J~mie1:w1t~11 6 M HCI 1iii pH 1 l-:irf-:iH 16 i'1111-:i L'lfU'Yl1vhitwnm~ihiln 

mLt'lf1u 0.1 M HCl/0.3 M HF 1.1:1.11£.J'lleJ-:JLt-ii-:i~mie1i1£.J 0.1 M NaOH LL1.1:::Nff:1Jnrn1~mL1.1mtl~£.Ju'le1e1e1u 

Dowex-50x i-:irf-:iH 15 mfi me1-:iLwm1~ue1e1n u11.1'111.1:::1.11£.J~'limL'lfU'Yl1vl1iLwnm~i11iin e:iu1iLLi-:i~ 

80°C Lnu1um'l5u:::U~ffthl L1£.Jnm~~iin~'lii1 SHA 

2.5 amrim1n"'i1a.J amrim1n~nfo eln'ifGl amrim1n 1.:11n"'ie1n-ii 

V\1fffl1Y-lm~mfoe:in~i.1 : Nff!I SHA 20 mg nu 0.2 N Ca(OAch mm~'i 10 ml L~11it1nku 

tl11111~1mLnff CO2 ,hmu 40 ml L'llri1mu 24 i'1fo-:i L'YlLm~i1£.J1li1~ pH nu 0.1 M NaOH ~~~ff:IJ:!Ji.1 pH 
q "' 

Ll11n'JJ 9 

V\1ffJ11Y-1m~'le1me1n.n: Nff:!J SHA 20 mg nu 0.2 N Ba(OHh 1n:IJ1~j 10 ml N1ULLnffLUL~'iL~Ui.1-:J 

1Uff1'ii.1!:1.11£.JU1U 1 mii L'1Jri1mu 24 i'1l:w-:i 'lmm~i1£.J1TI1~ pH nu 0.2 M HCI ~~~ff:!J!li.1 pH Lri1nu 8.4 
q "' 
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2.6 u1mmu11 

oi.:Jm(j1ihiin 0.2 g 1ciliteJt1a'.immoBL'Ucl i.:iti'1wit'n '\t11hJhilu.L!j11Li:-l1€llli'Vl1lii 500°C 'it1U 4 i1hi.:i 
~ ~ q ~ 

r\.:im-BdJc11 ~\flu i.:iti'1V1unam1{.:i ~1U~7.:J'JJeJ.:Jti'1V1un~m.fimrnLt11 
" 

3. nT:i~mt1 adsorption isotherm 

fln1!f1fl11:1Jff1:IJTHl'JJ€l.:JnTHfl(j1ITT'Hi.:J'J1'€lU'V\1€lm7:IJff1:IJTH11Um1(j1(j16nU'JJ€l.:Jm(j1iha'.in~fffl(j1Linu 
" 

i.mrnu 'lleJ.:J LGl'\/1:: Cd Cu Cr Pb Ni Lrn::; Zn L!j1£.J11I adsorption isotherm L!j1£.JNff:IJ~U OS 25 g n1Jff11c1::;c11t.1 

Lc1V1::NffmZ.:i 6 'Jl'it(j1~fl17:IJL'JJ:IJ'JJU 0-125 mg/L 1u~11c1::;c11t.1 KN03 0.25 mol/L (I = 0.25) i.:J(j1717.:J~ 2-1 L'llth 

~ 210 rpm mu 1 i1 fo.:i L'l1UY11vhi 2,500 rpm mu 25 mri meJ.:iff11c1:::c11t.1 LLc1::mm:1J1ru'JJeJ.:J hvdu 

ff11cl::'.c11tl 'l''hn71Yl(j1tle).:J1wn1U€l.:JL~t.11nu1(j1£.JH HS rimmru HA L't11fl1J 0.25 LLtl::'. 5.0 %w/w 

v1111-1 2-1 mmruhV1::~L~:1J1u OS Lrn::; HS (n=2) 

Batch Concentration of each metal Amount of each metal Amount of each metal 

number spiked to soils (mg/L) (mg) in 25 g soil sample spiked to soil sample 

(mg/kg) 

1 0.000 0.000 0.00 

2 8.333 0.625 25.00 

3 16.666 1.250 50.00 

4 33.332 2.500 100.00 

5 66.664 5.000 200.00 

6 125.00 9.375 375.00 

4. m1t.lfotai"iu-:, 

fln'lflel11mci1UNff:IJ!lelU'JJ€l.:JLLiJ.:J<JiL:1J'it~-~UU'u.Ltf au L~anaC1111ci'1ufi1ifi1n7111JLL1.:Jel(j1~.:Jfi~(j1 '1'17 
" q 

m1V1Giav1aun1(j1 4 'Jl'(j1 ~a ~uumtiau (S-OS) ~ulluLflauriL~aJfoV1:::V1un (S-MS) ~uumtiaurit~:1JITT1il1 
q 

iin 01.:!0.:J (S-HS) LL&1::;~u1.luttiau~L~:IJff11il1iina1.:i0.:iLLtl::'.fo'Vl:::V1un (S-MHS) L!j1£.J'l'l1n71'Vltiel 1mtuuriii 

'Jlm(j1 5.3 X 6.0 X 4.6 cm
3 r\.:i1i'JJ€l.:JN~:IJLLil.:ii1 28 ·fa LLGl::'.'1'11n711(j1ff:IJ1J~Li.:imt.1ml'l'llel.:Jfle)'il,'Jje).:JLLil.:ii.:i 

vl111.:J 2-2 

5. n11nv1ae1um1a::;a1u 

5.1 n1ilianmva11firn:::wun 1u pore water va11nau'lla11uff11ilfviivfiH"i 

1J(j1fle)U'JJ€l.:JLL'n.:JU11JL~nm-'liii'JJm(j1L~nni1 1 mm N~:IJ'JJel.:Jli'n.:lfl1Jti'11.l11rl'il7nLaeJaU (DI) 1u 

fl(j117~1U Liquid to Solid (US) L'l'i1nu 200, 100, 50, 10, 2, and 1 ml/g i.:J(j1717.:J 2-3 1um'Jl'u::;tJ!j1~i'tYI 
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b'lJLJ1'1JEJ,:J~rn'3J~eHU,'V\113J 25±1 °c mu. 7 1u. mEJ,:iR111.'l::l.'l1t11111t1m::v11l!l-mEJ,:i Whatman no.42 1vl pH bbl.'l:: 
' "' 

'V\1'm3J1ffifo'V\:: Ca, Na, Cd, Cr, Cu, Pb, Ni, and Zn LU.ITT11.'l::l.'l1tll111tlbf!~EJ,:J ICP-AES 

Physical properties Method /Description 
. -3 

Density (kg m ) Ratio of weight of solidified block to bulk volume 
3 

Bulk volume (cm ) Apparent volume 

Moisture content (%) Loss of water during oven drying at 105 °C for 2 h, ratio of mass of water (g) 

to mass of concrete 

Specific surface area Contact surface areas of concrete block 

(mz) 

Water absorption Amount of water (cm3) sorbed into the solidified matrix to its solid mass, 

capacity, WAC (% ) performed by immersing a monolith in deionized water (LIS=20) for 14 days. 

Pore volume Volume of voids = bulk volume to volume of sorbed water ratio 
3 

(cm /block) 

Porosity Pore volume to bulk volume ratio 

OlT:i1J 2-3 Liquid to solid (LIS) ratio, volume of deionized water and weight of crushed material used 

Batch Number Liquid to solid (LIS) ratio Volume of deionized water Weight of solidified 

(n=2) (v/w) (ml) materials (g) 

1 200 50 0.25 

2 100 50 0.50 

3 50 50 1.00 

4 10 50 5.00 

5 2 50 25.00 

6 1 50 50.00 

Uv1111lU.'lJEJ,:Jbb'll,:JU1UbRnt11 (S-OS bbl.'l:: S-HS (5%w/w HA added)) LilJ'll'U.1vlL~nni1 1 mm i',:i 

'lJEJ,:JLL'll,:J 5.0 g 1~1u.'ll1v1V-11J~L1Jii~u.'llmv1 75 ml L~3Jmvi'lu.'Yl°1n 2 mol/L mmm 25 ml L~:wmvi'lu.'Yl°1n o.5 

mol/L 'V\11lITT11.'l::l.'l1tlL'l5b~tl:!JL~v111lnL'l5t 0.5 mol/L iJfommvi1Rvl'111tl'lJEJ,:JR111.'l::l.'l1mrhnu 50 ml (LIS= 
' 

10) 1vit1iJ1u pH '1JEJ,:JR111.'l::l.'l1t11iii1wih,:i 3 - 12 b'llLJ1'1JEJ,:JNR:JJ 30 mfi r\,:iR11l.'l::l.'l1t11ib'll1~R3JvJl.'l 71u. 
"' ' 

mEJ,:im11.'l::1.'l1t11111t1m::v11l!l-mEJ,:i Whatman no.42 1v1 pH Lbl.'l::'V\1m3J1mfo'V\:: Ca, Na, Cd, Cr, Cu, Pb, Ni, 

and Zn LU.R111.'l::l.'l1t11111mfl~EJ,:i ICP-AES 



5.3 ffn11-1nT'i'1f:t:(fJW6'(Trn:::aw KN0
3 

i;(T"i«:::awmwe1:::i11Rn ua:::i;fTrn:::awmwn-iiJn rf 

"i:::EJ:::na1rn1,1 6J ua:::'jl/1fh~11a.16'(1a.J1w 1unnc;ic;i'lf:uih ., 

9 

U111flit"llfl-:!bb'll-:!U11JLRtltri S-MS (1,500 mg kg-
1 

metals added soil) flflml1nbblJU~i-:i'il1ffLI:IJL'l 28 11-t bb'J5 

llflit"ll fl-:Jbb'll-:J 1u.R11si::Gl1t1~1-:i 6) (leachant) "l5UCilbb6l::m1m'JJ:1J'JJit"llfl-:JRTrn::Gl1t1"15::~1-:i 6) bbRCil-:Ji-:11?1111-:i~ 2-4 

LCiltl hn:i 1Jl?Jj1ff11-t"llfl-:J'Ll1:IJ1mITT16l::Gl1tl'iiflvi'u~ti1"1J fl-:111fl'U,"1J fl-:Jbb'll-:Jb'Yhnu 3.0 m 
3
/m 

2
1um"l51-t::~rhv11t1 PET 

"ll'U.1Cil 1.5 am 1Cil pH (i:1Jv11-t"1Jfl-:IR1j6l::Gl1tl bU~tl'UR116l::Gl1tl~i-:i'il1nb16l1 8, 16, 24, 72 i1L:1J-:i, 1, 1, 3 

iUCi11~ bb6l::'11n6) b~flmitm::J-:in6l111m.f-:i~:1J!ilb'Yhnu 10011-t (i-:Jl?J1j1-:J 2-5) b1llJR116l::Gl1tl'il1nm1bU~tlU . . 
rhmL'iiGl::flf-:i mfl-:iR11si::Gl1t1vi'1t1m::Ci!Tl:rmfl-:i Whatman no.42 1!il pH bbG1::~1mmmLGl~:: Ca, Na, Cd, Cr, 

Cu, Pb, Ni, and Zn 1itR116l::Gl1tlvl1tlbfl1fl-:i ICP-AES 

G1111'1 2-4 Types and concentrations of leachant taken into account for influence of contact time on S­

MS samples 

Type 
-1 

KNO3 (moll ) AcOH solution HA solution 

of leachant 
-1 

(moll ) 
-1 

(mgl ) 

Concentration 0.25 o.o5 I 0.10 I 0.20 12.0 1 o I 20 140 I 200 I 400 

G1111'1 2-5 Leaching time of each period and cumulative of contact time for batch leaching test of S-MS 

(monoliths) in an unsealed PET bottle (h: hour, ct: day, w: week, m: month) 

Period 1 2 3 4 5 6 7 8 9 

Leaching time 8h 16h 24h 3d 1w 1w 3w 1m 1m 

Cumulative time (days) 0.25 1 2 5 12 19 40 70 100 

5.4 ~mt1m1'lt~IPl·u.1 TCL.P 

TCLP ~~fl Toxicity Characteristic Leaching Procedure tjl-:ibR'Ufl L!iltl US EPA ~1fin11Rfl!il~fl ib 

"llfl-:!bb'll-:JU11JLRtlt11i1flLJ1-:J (S-OS, S-MS, S-HS, and S-MHS) ~1J!i11lrn"llit1Cill~nni1 9.5 mm :IJ1'll'U!il6l:: 25 

g 1ff1it"ll11?1Yl6l1R~n"ll'U,1Cil 500 ml b~:IJR116l::Gl1tlmCilfl::'15~n 0.1 M (pH 2.88 ± 0.05) 'U1:IJ11?11 500 ml U!il 

~h1.Z~ii'l1 t-lR:1J1'!Zb'JJ1nU'Yl-:ilr 1 fl1'Y11?1£J bb6l::il1'lub"1Jti1vi1mfl1fl-:ib"1JLJ1vl1tlfl11:1Jb11301fllJ'iiflmfi bUtl.b16l1 

18 i11:1J.:i ~i.:i'il1mfumfl-:JR116l::Gl1t1N1u.L:1Jmmu1mLu11"1Jm!il 0.2 µm il1R11si::si1t1'lt.lYh1'!ZbiJitmCil~ pH 

~1ni1 2 vi1t1m!i1LU'Yl~n 65 % b~flil1'lu1bm1::~mmmrnfo~::J.:i 6 'll'UCi111-tti'1'Jl'::v11m'YlflUfl MS ~~fl 

ICP-AES t-!Gln11'11Ci!Glfl-:JbbR!il.:Ji.:JjU~ 3-22 
'IJ 
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6. umHhae.h'ITI'l1"~:::a:::1:nu (leaching model) 

LianH'LLUU'il7tH.h'ln11"15:::Gl::Gl7tl (leaching model) 'JJ€l'1L000u1ui1nG11>1~i:im1JJv-qu1~t101it1n!)"JJel 

d " ~ ti A~ ""d A .J' CV ti d 
'Y1 2 'll€l'1 Fick l!-IU1m'll1nu !)mt11Lfl:1J'YlLn~'JJU ~'1J 'Y1 2-1 

Scenario 
Q 

C'i (t) 

cr 
z=h 

z=O 

V C'(t) 

C'(t) 

Eluate of volume V 
with solute concentrations : 
" in liquid phase C'(t) 
" in precipitate form S'(t) 

Porous monolithic sample with 
solute concentrations : 
" in pore water C(z,t) 
" in solid phase S(z,t) 

1U~ 2-1 bLUU'il1Gl0'1n11"15::Gl::Gl1tl [21] .. 

-m1"15::Gl::Gl7tl'll€l'1 Na•, K•, c( 1.n~'il1nm1Lwd (diffusion) 
2+ A d d" ·1 

-n11"15::Gl::Gl1tl'llel'1 Ca Ln~'i11mrn~Gln11Gl::Gl1tl'llel'1 Portlandite LLGl::m1Lf1Gl€lWYlmt1m1"Lb'l'-!d '\-1, pore • 
solution 

1 ~ A .e1 d., '1 . 
-nTi"15::GJ::Gl1tl'll€l~ m11::vmn Ln~'il1nl;l':!J~GlnTrn::G11mrn::m1LflGl€lU'Y1~1t1m1LL'l'l1" u pore solution 

A a , d d ,l, d c. d .d\'J d .d 1 

-l;l':!J~GlnTrn::G11 mn~L 11 n11nTHflGl eJU'Yl u Ufl €ll;l':!J~GJLn~ml n 6J nG11LLG1::1::t1::m>1'Y1 b€lel amfl Gl au'Yl 1!-11U 

-pH 'll€l'1l;l'71Gl::Gl1t11i'il1nnT:i~1u1rn m nG111~6) J>11u pore solution LLG1::l;l'Trn::G11t1mt1uannau 

'JJ€l'1Lb'n'1 (eluate) 1~t1~1u1m'il1Til;l':!Jn11i,'1':!J~Gl1h::'il (electroneutrality equation) ' . 
-Debye-Huckel activity model 1irhmrn thermodynamic equilibrium 1u pore solution LLGl:: eluate. 

n e)'\-1,'JJ 0'1 LL 'n'1 (3Jfl11:!J'V-ld'1-1,) i:im1:!JL'JJ:!J'JJ'l-l,'JJ 0'1 le) e) e)'\-1,1 '\-l,i,'1'11Gl::Gl1 t.11 '\-l,j'l'l'j'\-1,L 'l'hnu C(x,t) LLGl:: 1 '1-1,'Jj el'1L 'Wi,'l''JJ €l'1LL'n'1 . ~ . 
L'Yhnu S(x,t) i,'l'UihfL~tl1!1'1-1,tl11n!)1'\-I, eluate i1t1m7JJL'JJ:!J'JJ'\-I, C

1(t) LLGl:: S
1
(t) i,'1'11Gl::Gl1tl eluate i:im1fl'\-l,LbGl:: 

l'\/\GlL1tlU~Gl€l~L1Gl1 (steady or renewed (flow rate Q or sequential renewal)) LL1il::m1:1Jb'll:!J'JJU'll€l'1l;l'U,M~ 

l'\/\GlthUL'll1:!Jlb'Yhnu C
1;(t). 



ac . c:Fc as 
-- -- V-··- - ·-or Jx'2 a1 
d ,. 

l:l.l0 D 1'10 diffusion coefficient of the considered element 

boundary conditions lUiti'1d' 

-~himrn'll0'1l10W1J0'1ll'li'1 (x=O): 

ac 
1- I .r-o = o 
ox 

-~·rntJ<ii0 eluate/material interface (x=h): 

lr'\ oC ' I. ·c•f C'I ) ~'a.r l x-h = Kil . - .. ,~;. 

d ,d I CV d I 

L:lJ0 k1 (m/s) 1'10 mass transfer coefficient 1::'V\11'1 eluate nu pore water 'Yl10tl<il0 

kinetic equations (2-3) nmm1nvn1nrnrnnwn1,1~u 
'IJ 

\ ; ""k(C - Ce.q) if S > 0 or (S = 0 and C > Ceq) 

l ~} Oif -:;;-"- = not or 

11 

(2-1) 

(2-2a) 

(2-2b) 

(2-3) 

1iiJ1'li:: (eluate) trhJ1mffuiMGi1,16) nnriTl"it<ni1tJvlin'lf (flux) ~1nn0it'lJ0'1ll'li'1 ~1nmJLflt0u~00mJ1 
'IJ 

(flow rate Q) Ll&l::Lfl<ilff:lJ<il&ln11&l::cntJ ~::1i 
q 

(2-4) 

\ ~. = k(C' ~ C'~) 
) ~- ' t er = 0 tf 1101 

if S' > Oor (S' = 0 and C' > c<eq) 
(2-6) 

C0q and c'eq are the saturation concentrations of pore-solution and leachate. 

ff:l.ln1Jff3.J<n&l'lh::~ (electroneutrality equation) 2 ff3.Jn1J (2-7) nmvi:1J1itLvlff'll0'1L'Vl&l1 
q q 'IJ 

(2-7) 

ri1'Vlit<nli kinetic constant k (mol/m
3 
s) ~Yi1~,1:1nn vltn'lfLn<n~1nm1LLVf'hri1J:u n1 c2:ceq ff1J&l::&l1tJ~:1Ji1 

tJ'1tl1<nLl&l::ln<n~1n<nn<il::n0it'YIWY1 t11 C<C0 q, 'lJ0'1LliJ'1 (tl1~) &l::&l1tl'YIU't1 



~:u nTnZ-.1V1 :u <il (partial-differential-equation system) b ii t.1UbbG'l:::fai1 tJ 1 tl·m m:u MATLAB 

v-lin"n"lleJ-.'.l~tliJil.<il 6) (mmol/m
2 

s) 'V'lG'leJW!m1v-lnunt'l1 Ti (leaching sequence) i-.1d 

12 

(2-8) 



d 
lfi'l'Yl 3 

A t{ 

f..llil fi11"'Yll,9llil eh'I ttlil:::U'Yl'Hl11"UI, 

13 

Lnui1mh;i~uum~auLGl'l'l::'l'lirmnm:i<rlam1a ifo:1JV'11::1rn1Jamn~1 na'1'i1V'IL1a 'il'1'1'11tnff:1J'YlTl.h1m1 
'II ' ' 

rb::ium1:1J~n 0-15 cm ii'1'l'lirm1:1J 10 nhn1:1J U1:IJ7~'1Gl:IJbiLLi'1 ~ff:IJLLGl::'Utnliihimtn Lanni1 2 mm 

tiatJi1tJmtnLLGl::: 1Lm1::lK'l'l1m:1J1mh'l'1::: Cd Cu Cr Pb Ni LLGl:: Zn LtntlL'YlYIUYI MS Lrn::: ICP-AES 'li~Gl<il'1d 

d 1n L d 1= G\111-'.l'YI 3-1 1:IJ7ffi Gl'l'\:::'YIV'l'IJ 'U.tnlt 

h'l'I::: ' d Y17LUGltJ g/kg {n=6) s.d. 

Cd 4.45 6.58 

Cu 27.72 3.21 

Cr 42.32 5.29 

Ni 33.70 7.38 

Pb 48.61 8.24 

Zn 82.75 6.45 

..,= 
f11 ff:IJ'Utn 

Soil Water content (%) 6.8 

Soil texture clay loam 

pH 7.34 

Lime potential 6.2 

Organic Carbon (%) 1.5 

Organic matter (%) 3.7 

Humic acid (%) 0.38 

~itJ, g/kg 

1.3-17.9 

24.8-32.0 

36.7-48.8 

28.6-44.4 

40.4-59.6 

76.4-91.3 

..,= 
ff:IJU'n 

CEC (me/100g) 

-3 
Bulk density (g cm ) 

Particle density (g cm-
3

) 

-1 
Total organics C (g kg ) 

Loss on ignition (%) 

LOl-1 at 480 ° C 

LOl-2 at 1,100° C 

10.1 

0.95 

1.1 

2.1 

63.4 

18.8 

rhm1LLtJnmtnihiim1n~u L<n tJm1ffntnLLGl:::'Yh 1 iu1ff'Ylf in1:1J1i:1J1msi1w11 a;i IHSS V'l'Ui1~wi1 a ti1;i 
' "' 

iim<nihiin 0.38 % w/w LLGl:::flmi1v1mim!l-m:: 'li~Gl<il'1in111;i~ 3-3 
' 



mmmc 
mmmH 

mmmN 

41.8 % 

4.03 % 

0.48 % 

% ash content 21.1 % 

.. = 
ff1l7'1"1 m~m-suein6Jl'iil 

ffm'V'lm~ i.;rn-sein6J1 

7.7 me/g 

1.1 me/g 

6.6 me/g 

-1 -1 -1 -1 
FTIR spectra 3397 cm (OH) 2913 cm (aliphatic CH)1680 cm (C=C, C=O) 1060 cm (C-O) 

Absorption ratio (465 LLiil: 665 nm by UV-Vis) 0.85 (pH 4) Lliil: 0.96 (pH 11) 

3. n,-a~m.t1 adsorption isotherm 

14 

m-sia1mni.ei16Jl'L'l1el13Jn7-S~~'lJ1J (adsorption isotherm) rhm-s'Yl~iilel>l~ us LYi1nu 3 mu 24 '11'1taJ>1 ... 
d 

Langmuir adsorption isotherm <n73Jff3Jn1-S'Yl 3-1 

d "' .,., t d 
L3Jel Ce flelfl173JL'll3J'JJU'llel>l iil'l'\:'Ylff3J~iil (mg/L) 

"' .I':'! T d ~ ., cs flelu-S3J1illbiil'l'l:'Yl~<n6Jl'1J1JU'llel>ILL'JJ>l (mg/mg) 

co fi0mmmh'l'l:ff>1ff~~~<n'lJ1Jli1JU'llel>ILL'll>l (mg/g) ... . ... 
, d e::1 , 

b fl1fl>l'Yl'llel>ILLiil>IL3JtlJ (L/mg) 

-e- no HA added to OS (I=0.25) -ts- blank OS (I=0, DI water) 

- 0.25% w/w HA added to OS (I=0.25) ~ 5.0¾w/w HA added to OS (I=0.25) 

I.E+0S 

Cd 

8.E+04 

'el, 6.E+04 

5 
u· --. 4.E+04 u 

2.E+04 

O.E+00 

0.00 1.00 2.00 3.00 4.00 5.00 6.00 7.00 8.00 

c,(mgL
1
) 

JU°Yi 3-1 (a) Langmuir isotherm of adsorption of Cd onto soil samples at 25 °C 

(3-1) 
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_g_ no HA added to OS (I=0.25) --6---- blank OS (l=O, DI water) 

--- 0.25%w/w HA added to OS (l=0.25) -- 5.0% w/w HA added to OS (l=0.25) 

8.E+04 .,---,c---.---.---,---.---.---,,----, 

Cu 

6.E+04 

7_, 
"" .§. 
cJ 

4.E+04 

• u 

2.E+04 

0.00 1.00 2.00 3.00 4.00 5.00 6.00 7.00 8.00 

c,(mgL.
1

) 

Jilli 3-1 (b) Langmuir isotherm of adsorption of Cu onto soil samples at 25 QC 

4.E+04 

3.E+04 

7..., 
"' .§. 2.E+04 
cJ • u 

I.E+04 

OE+OO 

0.00 t.00 2.00 3.00 4.00 5.00 6.00 

c,(mgL·
1

) 

'1illi 3-1 (c) Langmuir isotherm of adsorption of Cr onto soil samples at 25 QC 
'U 

7.E+05 
Ni 

6.E+05 

5.E+o5 
... eh 

4.E+o5 
E 
~ 3.E+05 

u 
2.E+05 

I.E+o5 

... 

/ 
/ 

/ 
/ 

,/ 
_/ ~ - -

0.E+00 -

0.00 2.00 4.00 6.00 8.00 10.00 

c.(mgL-
1
) 

Jilli 3-1 (d) Langmuir isotherm of adsorption of Ni onto soil samples at 25 QC 



4.E+05 

3.E+05 

3.E+o5 
7...J 

t.l) 2.E+05 
5 
y_" 2.E+05 
cJ' 

1.E+o5 

5.E+o4 

0.E+OO 

0.00 2.00 4.00 6.00 

-l 
Cc(mgL ) 

Pb 

8.00 I0.00 

-:itl'ti 3-1 (e) Langmuir isotherm of adsorption of Pb onto soil samples at 25 °C ., 

7...J 
t.l) 

Zn 

5 8.E+o4 +------1-»""'---+---+-----+----1 

~ u 

0.00 2.00 4.00 6.00 8.00 10.00 

Cc(mgL-
1
) 

-:itl~ 3-1 (f) Langmuir isotherm of adsorption of Zn onto soil samples at 25 °C ., 

-f-Cd --cu --er -Ni _.._Pb __._ Zn 

7 

"c:I .., 
6 i:: 

"B en .., ... 5 5 
$ .., .!!l 
8 -~ 4 

<,.. 
0 B ;;; i:: 3 
;::l 0 
0 

~ 2 

0 

0.0 2.0 4.0 6.0 8.0 10.0 

Amount of each metal in test solutions for 25 g blank soil, l=O (deionized water) 

-:itl~ 3-2 (a) mmmh'Vl::~~~i'u (mg) ')J'U,~'U, OS 25 g ~1":icl::G'l1t1i1mn,:J~)eni1 DI ., ~ 

16 
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--l- Cd --cu --er -Ni -Pb -zn 

6 
-cl 

"' .E 5 g 
bl) "' .... 5 ] 4 

"' $ 

8 ·o 
4-< "' 
0 8 3 
,:: .:: 
::l 0 
0 2 8 
-< 

0 

0.0 2.0 4.0 6.0 8.0 10.0 

Amount of each metal in test solutions for 25 g no HA added to soil, I=0.25 

--l- Cd --cu --er -111-Ni -Pb -zn 

-cl 4 
"' .:: 

IS ell "' .... 5 -; 3 ., $ 
8 ·o 

4-< "' 
0 8 2 cl .:: 
::l 0 
0 
8 
-< 

0 

0.0 2.0 4.0 6.0 8.0 10.0 

Amount ofeach metal in test solutions fur 25 g 0.25% w/w HA added to soil, l=0.25 



-I-Cd --cu --er -Ni --pb -zn 

"Cl 4 ., 
d ·s bl) ., .. 5 g 3 ., ..:!l e ·c: 
'- "' 
0 8 2 E d 
::, 0 
0 

~ 

0 

0.0 2.0 4.0 6.0 8.0 10.0 

Amount of each metal in test solutions for 25 g 5.0% w/w HA added to soil, 1=0.25 

Jtl~ 3-2 (d) tfhnrnh'Vl::~~~i'u (mg) uu~u HS (5 %w/w) 25 g inrn::irn.1i1mn.:ifia KNO3 

nTa~~i''U'lrn.:i Cd Cu Cr Lu-1:: Zn LUULL'LI'ULLiil.:Jd:iaf~m13JL'll3J'll'l-t'1JeJ.:i h'Vl::~1 'ii.:iLuunT~~~i'rn:S.:i 
~ ~ 

18 

ma11TrmuuiuL~tJ1 (monolayer) (22] ~1unT~~~i'u'11a.:i Ni LLiil:: Pb LL~n~h.:iaanhl '!'l'U11m·rn~i'rnn~1~ 
~ ~ 

~.:i~~Lrlam1rn'JJ3J'JJU'llel.:Jh'Vl::LYhnu 66.67 mg/L (5 mg Ni LLiil:: Pb per 25g soil) ~1'V\1'U 0.25 LLiil:: 5.0 % 

w/w HS-KNO3 

'Vl'il11rn1m1~~i''U'lla.:i~::k1 'il1mtl 3-1 (e) LLii1::1tl 3-2 'l'l'LI11 m1~~i'u'11a.:i~::k1uu OS-KNO3 qJ cu 'U 'U 

~&" d 'VV l,1 ci,K ,d l, a..;'1i;.1 1 cv 

L'l'l3J'llit. L3Jelfl113.JL'113J'1J'l-t'1Jel.:J~::m 'l-tff11iil::ii11tlL'l'l3J'1JU 1n3J1ntff'1ff~'Yl~::m~~615'U b~L'Y11n'LI 2.1 2.5 LLiil:: 1.1 
~ q ~ 

mg ~1V1fo~u OS, 0.25 LLiil:: 5.0 % w/w HS-KNO3 (25 g) m3J~1iu Lrlam1rn'll3J'JJU'1Ja.:i~::k11uL'!'11ii1::iil1tJ 

ff.:i'1lurh 1 i m1~~i'u~::k1iil~iil.:J el1'il LUU~ii13J1'il1n~m13J L'JJ3J']J'j.l,ff.:J ~::k1 Ln~ LU'l-tff11L :S.:ii'aunum~ihilmLiil:: 
~ ~ ~ 

d d .J' d CV vi 'VV 

3Jn11iil::iil1tl'Ylff'1'1JU 'il.:J~~615'U b~'U.eltliil.:J 

d 
L3Jel 

~ ~ 

Ldavl'il11rn1ff3Jn11'1JeJ.:Jvl1u~~"Jl' (Freundlich equation) i.:iff3Jn11~ 3-2 
q 

c. = xfm = KFCe 
1/n 

Ce fie)fl113.JL'JJ3J'JJ'j.l,'1Je).;J Liil'V\::~L'\'3.J~iil (mg/L) 

"' .F- I d ~ "' c. flelu13J1nt iil'V\::'Y1~~615'U'U'l-t'1Jel'1LL'1J'1 (mg/mg) 
• d .,I = 

KF fl1fl'1'Yl'llel.:ln1'1-t~iil"Jl' 

n1 n = 1, KF ff13J11flLL'Yl'l-t1~~1tl Kd 'il::1~11 

Kd= C/Ce (3-3) 

(3-2) 

m1tl1::mrnvh distribution coefficient Kd (L mg.
1

) a~'UUL'l'3J3J~j1U~i1m1rn'll3J'JJU'1Jel.:J Liil'Vl::~1 LLiil::ff3J~iiln11 

~~i'rnn~1~m1ii11 24 i'113J.:i 
~ 

'il1nff3Jn11'11eJ.:ivl1u~~"Jl' L'!'1m1nV11fh Kd 1~i.:i~111.:i 3-4 vi1 Kd '110.:J Cd Lrn:: Cu 1u~u OS-KNO3 iil~iil.:i 

mh.:ii:iutJ~1fityLrlmufoudfounu~u 0.25 LLiil:: 5.0 % w/w HS-KNO3 1u'llnt::~vi1 Kd '110.:J Cr Ni Pb LLiil:: Zn 

1i-iLL~mh.:inu1u~mL~iil::"Jl'il~ 
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lil1J1'1 3-4 soil distribution coefficient, Kct under various soil sorbents 

Sorbents 
-3 -1 

Kd (x10 L mg ) 

Cd Cu Cr Ni Pb Zn 

OS-deionized water 9 9 6 6 13 13 

OS-KNO3 20 20 6 7 9 9 

0.25% w/w HS-KNO3 7 7 7 6 11 11 

5.0 % w/w HS-KNO3 8 8 6 7 8 8 

mmrnh'Vl::~~~-E'uul--b~ll,vim.J 6) L vbJ~ll,0£h-J"1516) LttdJLL mt U3Jfl.:J~Lrl0m1m'll3J'JJWJJ 1)-:J hm:: 1 u 
'II 

ff1J~::t-11m~3J~U L'd.0--1,nn~uL~3Jt3Ji1i--wh'VI:: <R.:iiivi11niL~a.:inuvi1 CEC ~ pH ~fimn <R.:iLLff~.:i1~\{fai1 
= ~ .r 1 Ln~ff3J~~nTrn~'l1U'JJU u1::uu 

q 'II 

m13Jim~'it,'IT'JJ0.:Jm~51iJmL~::ff711JU'Yl1mu~u1UffTrn::t-11£Ji1n~1.:i KNO3 0.25 mol/L nu 

fl113Jff13J11rl 1um1~~-iu ti1'V\1U~ll, OS LL~:; OS-KNO3 iim13Jff13JTrn 1um1~~-iu Lsl'V\.::ff.:ini1 HS 
'II 'II 'II 

Liiemnnm~51iJmn~ITT1Li.:ii'0unu1000U'JJeJ.:Jt~'V\:;~~:;~7mi'11~~i.:i1tJ 3-3 
'II 

11lii 3-3 Postulated reactions between M
2

+ LL~:; humic acid function groups influencing a water-soluble 
qJ 

complexation [44] 

Soil (sl + aMn+ (aq) Soil (a-b)M(sl + bM0 \aql 

HA-Soil(s) + aMn\aq) Soil(b)M (sl + HA(a-b)Mn+(aql 

water soluble complex 

Lds mole of metal ions (a> b), Mn• : metal ion with n charge 

·•"' ~ ="t == Jufl 3-4 ff3J~~m1~~'11rnrn::m1~::~1£J'lleJ.:JITTWJ5.:J'l1eJU t-i'Vl::-m~e113Jn 
qJ q 'II 
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~mn5~mt41'1,1,t:-1~a.Jn0wn0>1LL'll>l615La.Jwl~mfaLDeJ'l,I, L~0n0m1t41'1,1,~LivhnTrfrnL1>10<i1~>1~a'il rhm1 
'IJ • 

'l'\G'!el"JJel>ILL'll>l'l.H'rn~nt.11 4 "ll''il fieJ ~m.JmDeJ'l,I, ~'1,1,U'l,l,LDeJ'l,l,~L~a.J fo'l'\::'l'\irn ~'l,l,U'l,l,LDel'l,l,~L~a.Ja1151iine11>1a>1 • 
mi::~'l,l,U'l,l,LD0'1,1,~L~a.Ja1151iinei'1>1aJLrn::Lci'l'\::'l'\irn 

'1'17n71~fflflel'il11t41'1,1,"JJ€J>ILL'll>ltfiLa.J'l,l,~-~'l,l,U'l,l,Lti€Jmr>l'l'\a.J'il 5 el'il17t41W.i1>l'il717>1~ 4 l'ilt.lel'il17ri1'1,1,615La.J'l,l,G] 

~€)~'\,\, (C/S) LU'\,\, 1:11:1.5 1:2 1:3 1:4 LLcl:: 1:5 'Yl1n71'1'\G'1€J"JJ€J>ILL'll>IU-'rurnnt.11L'l,l,LL'lJ'lJ"JJ'l,l,7'i) 53-mm x 60-mm 

x 46-mm 'Yl>1LiLL'll>1i1LU'l,l,L1cl7 28 ,fa LLi¾1rieJ'il€JeJmJ7nLL'lJ'lJ tt1neJ'l,l,"JJeJ>ILL'll>1"11'ilvhn11-'rrnL1>10'il 1it:-1cii>1 
d 

'il717>1'Yl 3-5 

(il111'1il 3-5 vhn11-'r'IJLL1>1el'il (compressive strength) "Jlel>l"llel>ILL'll>IU1ULant.11 

Batch Water Cement to soil Weight of Compressive strength, 

number (% w/w) (C/S) ratio concrete (g) (MPa) 

1 40 1/1 228.9 1.16 

2 44 1/1.5 219.4 1.03 

3 47 1/2 195.5 0.59 

4 55 1/3 193.8 0.19 

5 55 1/4 189.5 0.19 

d I t.l ~ d 'I t.11 4;' IV t d ~I Id d 
,nn'il717>1'Yl 3-5 'l"l'lJ17n€J'l,l,"JJel>ILL"JJ>l'Yl 1 LLcl:: 2 b'l'\fl7n711l.JbL1>1€J'il"7nn11 1 MPa '15>1Lu'l,l,fl7'Y\~>l'l"lel'Yl 

'IJ 

fle)'l,l,"JJel>ILL'll>l~7"71ffl-t71tl~fonciu 'l'\1€1'1'17 l"Jl'l'1,1,'Y\7>11mm1a.J lt.11i7 l~ LL~"JJ€J>ILL'll>IU-'rrnant.11"Jl''il~ 2 ii el'il11ri1'1,1, • 
C/S a>1n-i1 ~>ILi0neJ'i111t41'1,1,d'L'\,l,n71L'il~t.Ja,J"JJ el>ILL'll>IU1ULant.11"Jl''ilt'l,I,") ~7'1'1-'r'lJn71'Yl'ilclel>I~ €J 1tl 

'IJ ' 

~mfl t:-1cl"JJ 0>1mmmm'il5·1iin~ 0m1fu LL 1>1 eJ'il"JJ 0>1neJ'j,\,"JJeJ>1LL if >1 rhm1'1'\ ci 0n eJ'l,l,"JJ 0>1LL'll>1 l'il t.1n11L~a.J 

m'il51iin~eJ'il17ri1'\,I, (%w/w) ~1>1") #>ILL~ 0.1 - 5.0 % '1'11n71'1'\~el"llel>ILL'll>IU-'rrn~nt.11L'l,l,LL'lJ'lJ"JJ'l,l,7'i) 53-mm x 

60-mm x 46-mm 'Y1>1LiLL'll>1i1LU'l,l,L1ci1 28 ·fa LL1¾1rieJ'ileJeJmnmLuu it1neJ'l,l,"ll€J>ILL'll>1"11'ilvhm11rnL1>15'il 
\I., ~ .Id 
b'ilt:-lcl'il>l1u'Yl 3-5 

'IJ 
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0.40 

0.35 

..c: 0.30 to 
s::: 
d) 

0.25 b 
t/l 

'2 d) 

.?: p.. 0.20 
t/l 6 t/l 
d) .... 0.15 0. a 
0 

0.10 u 

{\, 
~ ~ 

~'r--.. 

--------0.05 
r-------., ..._ 

0.00 

0.0 0.5 1.0 1.5 2.0 2.5 3.0 3.5 4.0 4.5 5.0 5.5 

Amount of AHA added to soil (%w/w) 

,nmll~ 3-5 'l'lU11n7':iL~aJm<i1ihilniit-isi'l111 irr11m111HL':i.:J eJ<i1'JJ €1.:J'JJ €1.:JLL oiJ.:illfrna-n r.J'Hl<i1t'h'l mmru 
" 

· m<i1ihiin~L~a.i~.:imn 111 lim11rnL1.:1a<i1it'mrn.:i 

~mflt-it'l'JJ s.:immrult'l'V\::Gi €ln7':i11HL ';i.:J eJ<i1'JJ €1.:Jn €l'W1J €1.:J LL'll.:J '111n7':i'V\ ~ €111 e)'U,'JJ€).:J LL'll.:J L<i1tln1':iL~aJ 

a-11si::si1t1Lsi'V\:: Cd Cu Cr Pb Ni LLf1:: Zn (si::s11mnmn~€1Lll,L~':i~) L<i1t1mmrutm"::LLGisi::"1!U.<i1Lri1nmLsi:: 

mmru11aJ~L~m~.:i'lll :.:iLL~ 0 - 7 g/kg '111n7':i'V\~€l'JJel.:JLLii.:illfrna-ntJ':i1ULLUU if.:i1iLL'll.:Ji1LUUL1t'l1 281'1,l, 

LL~1fl€l<i1el€ln'il1nLLUU U1f1elU'JJ€l.:JLL'lJ.:1"11<i1f11n1':i1UlL':i.:JeJ<i1 Lit-isii.:11'!.l~ 3-6 

0.5 

..c: 
to 0.4 
C 

_,,. 
, ....-

~ 
0.3 t/l 

'2 
~ 

p.. 

·;;; 6 0.2 
t/l 

~ 
0. 

0.1 a 
0 u 

0 

0 

-----
---------

,.._.__ 
"---.._ 

--- --rtl 

2 3 4 5 6 7 8 
-I 

Concentration of metals added to soil gkg 

" 

9 

Jtlri 3-6 f11n7':i11HL':i.:Jel<i1 (Compressive strength) 'JJ€l.:J'JJel.:JLL'll.:JU11Ha'ntJ':i ~mmrult'l'V1::Gi1.:J6) ~L~aJ 
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1!1mU~ 3-6 wu11nTn~3-lfoV1:::i..:1 6 'J]ii,qi ri11'1Km11rnL1..:15qib'~U!tt1J:::m:::vf..:i~mmmfoV1:::Lri1nu 
" 

1.0-2.0 g/kg 1 ifi1m1Zrnm aqiff..:iffqiLLGl!:Glqiti..:1<n13-J ~1irnrl ammm1ti'Vl!:L ~3,J~'l-1, LL~ifomr.Jrn r\ r.J1Jf11J'll el..:ILL'll..:l 
" ' 

U11JLflf;1r.J1~La.iiim1L~3-J foV1::: W1J11 n11L~3-J fo'Vl:::ii ~c'l'Yl11'1Km111JLL 1..:lel<nGl<nGl..:lel!.h..:lmn 

rhm1V1~el'llel..:ILL-ii..:11l1rnflnr.J1 4 'qi ~el ~uumtlm,i, (S-OS) ~UUttLTiau~L~3-Jh'Vl:::w1tn (S-MS) ~'\,l, 

UttLfiatt~L~3-lfl11~hi'.Jn01..:ia..:1 (S-HS) LLti:::~uuuLfiatt~L~3-J foV1:::wit'rntti:::mqi51i'.Jn (S-HMS) ~1r.Jel<n11 

~1tt~fl3-J'llel..:ILL-ii..:iuZrnflnr.J1i..:iit •'ih11ui 31 % ~'l-1, 41 % LLti:::J1 28% LLGl:::<n111~~ 3-6 U1'llel..:ILL-ii..:1u1rnflnm 

LL~Gl:::'Jlii.qi'luV11mmmhV1:::i~V13,Jqi'?]1f.Jn11Gl:::Gl1mLGl!:<n111J1qi~1r.J~1m'YlY1UYl MS LLGl::: ICP-AES 'li~tii..:i 
d 

<n111~'Yl 3-7 

'J]ii,qi 

S-OS 

S-MS 

S-HS 

S-HMS 

Element 

Na 

Ca 

Cd 

Cr 

Cu 

Ni 

Pb 

Zn 

fo'Vl::: (g/kg) 

-
1.5 

-
1.5 

S-OS 

2,053 

545,094 

69 

248 

104 

108 

132 

105 

5. n11'1'lvll,Hl'l.Jn1161:::tnu 

mqi51i'.ln (o/ow/w) 

-
-
5 

5 

Total content (mg/kg), n=3 

S-MS S-MHS 

9,540 5,483 

513,912 389,428 

2363 2127 

2226 2115 

1694 1489 

4716 925 

1914 2208 

1761 1044 

.I"' 'i' ~ 'l ., ~ 
5.1 'Vi'lu13J'ltlli'lJel,H61'Vi:::'ViUntU pore water 'lJel,'lnelU'lJel'1U'lJ'1 

S-HS 

-
531,214 

73 

255 

99 

100 

125 

100 

U1'llel~LL-ii..:1ufotflnr.J1i1mh..:1 (S-HS LLGl::: S-OS) ~1Jqi 1iii'lltt1qiL~nn11 1 mm "1LL'l51uJ1~ 

U111'11!1n'laaau 1qir.Jn1V\Uqifi1eJ<n11~1tt'llel~'llel~LV\Gl1<?iel'llel..:ILLii~Lri1n1J 0.5 1 5 10 50 LLGl::: 100 ml/g tb'lu 

L'llthi1mY1~B~L'llci1u1hk~t~'li1Jutnqiff3-Jqitim1ti:::ti1mtlunti1 7 1u ma..:ifl11ti:::ti1r.J~'lii1r.Jm:::qi11fma~ 
' 
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Lrn:rf 2 LLi1LLti~t'l'11Gl:Gl1t1rl1im1muu. 2 ~1u. ~1wv1rt~it1hlvrnh pH LLGl:it11tliLm1:imu-h.11mY1Gl1J11~ 

1Lrn:<niilL'Yl~11l1l1lU. sn~1U.'V\rt~it11tJri1\~\iJu.m~rl pH ~1ni1 2 ~1tJm(jl1it.'Yl1n 65 % Lf4mt11tJ1mn:i'Vl1 

mmrnh'Vl:J~ 6 'J5u(jl1mi'i'J5:~1mY1Y1ilY1 ICP-AES (ri1m1'Yl<j}Gl1J~ 3 flf~) r-rnm1'YJ<j}Gl1J~LLff(j}~i~1t1ri 3-7 
'II 

.1d ' 'i , 1 ,f d " ,nnJu'Yl 3-7 vm11m1iil:iil1t1'111J~ biil'V\:~1~ 6) u. pore water mn'llit.L3.J1l LIS iil(j}Gl~ tinnu Cd LLiil: Cr 

i:Jm1Gl:Gl1tlf1.:Jri U1'il:Ln(j}'il7nm1:~3.Ji1'111l~ li;l'V\: 1it.ITT1iil:iil7 ti pore water n71iil:Gl7t1'111l~ ll;l'V\:'i11n S-0S 

LLGl: S-HS LL~n<ih~nit.1Jci1~1a.ii:Jumt1v1qi 

U1'111l~LL'll~tlrrnffnt11i1mh.:i (S-HS LLiil: S-0S) riu(j} 1ii:J'1JU1(j}L~nni1 1 mm 3.J1LL'li1uJ1ri 

tl·nv'!'il1n11J1J1JU. LLiil:L~3.Jm(jl LUY11n Gl~1t1Lf41Jtl1rnh pH 1ii:lri1!jh~ 6) 1Jcilu.'Ji1~ pH 4-12 l<jJtJfl1'V\U<j}fi1 
'II 

8~11~1U'111J~L'V\Gl1~1l'111l~LL'll~ L'Yhnu 10 it11tlL'1Jci1~1t.JLflieJ.:iL'1Jci1LLihf~ii.:iH'ilu.Ln(jlff3.J(j}l;lLUUL1Gl1 7 iu 
' d~ ., ., <' ., , d~ ., !"I , , d o ~. I , 

n1€l.:Jff11Gl:Gl1tl'Yl b(j}(jl'JtJm:mlfmeJ.:JL1J1l1 2 LLiil1LLrnff11iil:Gl1tl'Yl b(jleJeJmuu 2 ff1U ff1U'V\U~U1 bu'V\1fl1 pH 

am~1u'V\rt.:iit11tJri11iLi'.Jit.m(j}ri pH ~1ni1 2 ~1£.ln1(jl 1it.'Yl1n 65 % L~1J'it11t11Lm1:i'V11mmmfo'V\:J~ 6 

'J5U(jl 1uJ1'J5:~1t.lL'YlflUfl ICP-AES (ri1n71'Yl(j}l;l1)~ 3 flf~) r-rnn71'Y](j}l;le)~LLff(j}~i~1tlri 3-8 
'II 

LU'St11J L fi tl1J n71Gl:iil1 tl'llel~ ll;l'V\:'J5U(jl L~ t11 nu Vl1Ji1 ii'V'H) ~ n113.J m1Gl:1il1 t1ri LL~ n ~1-:J nit.'il1n'll 1l.:J LL ,jfotJfrnffii tl1 

J~ 2 "Jl'U(jl i~d Cd cu Ni LLGl: Zn 1il:iil1t1'il1n~urit11rnffiit11rl1a.im1L~3.Jm(jlihi'.in1~~ni1 ~u.ritlfotffiit11ri 

i:lm1L~3.Jm(jlihi'.in 1mLi:J t13.J LLiil:~:k1il'V'lq~m13.1m1iil:iil1 t1 L 'Viti 1Jit.fo'V\:~wn1~1j]it. 1uITT1Gl:Gl1t1ri LUit.m(j} LL~ 

1um1:riLi'.lmut'l'LY11Li'.Jt13.JLLiil:~:k1Gl::Gl1t1'il1n~urli:lm1L~3.Jm(jl51i'.in1~~ni1 m(j}51i'.inITTm1ri'li1t1iil~m1 

1il:1il1t1'11a~ Liil'V\:1~ 

. 
~ ~ ~A A A. A 

5.3 ~m1:nn11~:::@11ua11a:::a1u KNO
3 

a11a:::a1t.1n"i@1e1:::"tl11tn ua:::a11a:::a1t.1n"i(;leJ1iln n 

1:::u:::na1@h'1 ') trn~:vrnhA11ilt'f1il1"ifll"m"i(;l(Pl'111Jit1 
'U 

U1fl1JU'llel~LL'll~i1aci1-:i (S-MS) mi~J1'V\Umrn:'V\1~uriN1'111J-:J'llel.:JLL'll~tlrrnt'l'nt11LLi1ri1nTrn'li 

'lleJ~W~~tl1rnffiit11i11Jci1~LLGl:'111J-:JLL'll-:itl1rnffiit11Ltlci1i1'J5:'J5it(jl~1-:J 6) i-:id ff71iil:iil1t1 KN03 L'JJ3.J'JJU 0.25 

mol/L ff11Gl:iil1tln1(j}eJ:sfr~m'JJ3.J'JJU 0.05, 0.1, 0.2 LL iii: 2.0 mol/L Lbl;l:ff1"Jm(j}513JnL'JJ3.J'JJU 10, 20, 40, 200, 

LU'l: 400 mg/L l<jJtifl1'V\U<j}1im3.J1rnJ1riHi:lmm~1LUU 10 L'l-11'1lel-:J~it.riN1'111l-:J'llel~LL'll-:Jt11rnffiit11rlit11tlLL'li 

ifu6J LLGl:1::t1:ncl1lum1LL'liifo 6 i113.J.:i 18 i113.J~ 1 iu 2 iu 5 iu 7 iu 20 iu. 30 iu. LLiil: 30 iu 

~13.1~1i:u t(j}mht1ffTrn:iil1t1ri1(j}1~1u.m'J5u:riu(j}t'fUmLi1it11tlri11iLi'.lit.m(j}ri pH ~1ni1 2 !j]1tJm<jJh'Yl1n 

65% L~ait11tlri1m11Lm1:immmm11Jaau'lla~ Cd Na K Ca fliileJh~LLGl:<nm'Yl~ ri1'111J-:JLL'll~Gl::Gl1t1 

J-:i'V\3.J~ Lrn:fi1fl113.Jff1"11rl 1u.m"J~(j}tn3.J,i'1'1lel-:J'111l~LL'll~tlfrnffntl1 (ri1n7"J'Yl(j}Glel.:J 3 flf-:J) 1ir.rni-:i1tJri 3-9 -
'II 'II 

3-18 
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5.4 ~TI'l.t1TIT1'1i~~-w TCL.P 

TCLP 'V\1€1 Toxicity Characteristic Leaching Procedure ~.:JLli!'U.eJ 1tnti US EPA "1nm1li!ntn~€l tl.1 

'llel.:JLviJ.:itl11.Hlilnt11i1m.h.:i (S-OS, S-MS, S-HS, LLL'l::: S-MHS) ~U\911'iK"'ll'U.1\9lL~nni1 9.5 mm :IJ7'll'Utnt'l::: 25 

g 1~1-U.'ll1tn'Wt'l71i!&in'llmtn 500 ml L&i:1Jlil71t'l:::t'l1t1mtnedl&in 0.1 M (pH 2.88 ± 0.05) mm~n 500 ml iltn 

th1'!Klilit'Y1 i:-tlil:iJ1'iKL'll7fl"U.i1.:i'H 1 eJTthuf Lrn:::it1'h.lt'llthw11mfl10.:it'llthwi'1t1m1:1JL113010u~0mfi ttlm1t'l1 

18 i1fo.:i V1i.:i~1mf-u.m0.:i1i111t'l:::t'l1m.J1-u.L:1Jmum1mLLn1'llmtn 0.2 µm tl.11i111t'l:::t'l1t11thh1'1Kttl-u.m\9l~ pH 

~1ni1 2 wi1t1mtnfo'Y11n 65 % L~0it11tl1tm1:::'lf'Vl7mmmfo'Vl:::J.;i 6 'll'u\9l1mh11:::wi1m'YlflUfl MS V110 

ICP-AES i:-tt'ln71'Y1\9lt'lel.;JLLli!\9l.:Ji.:i1tJ~ 3-19 
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~1mtl 3-19 'W1J17 'm:IJ7ill'JJ€l.;) hV1:::~t1n'J5:::€leJn~7n'JJ€l.:JLL'll.:JU11JLli!nmJ.;i 4 '15¼\91 m.i1m:::imhni1Lnm<n~ 
" " " 

US EPA n7'Vl'U.\9l tlnL1'U. h'VI::: Cd 1-u. S-MS LLL'l::: Cr 1-u. S-MS Ltt'l::: S-MHS 

V11n~~11m1Lt.ffornfit1uhV1:::'ll'ittnL~t11nm:::V1i1.;i s-os UL'!::: S-MS Y-1ui11-u. S-MS "n11t&i:1JhV1:::t'l.;i1tl1-u. 

~'U.fl€l'U.n71th'U.n71'\17 SIS ii111Kmmmh'Vl:::1-u.ti'1'J1:::~1n S-MS li!.;Jni1~1n S-OS 
" 

'V\1TI'W~71ll7Lt.ffornfit1u foV1:::'J5U\9lL~t11nm:::V1i1.;i S-MS LLL'l.':: S-MHS 'W1J17n71L&i:iJm\9l5133nt'l.;i1-u.~'U.~"n71 

L~:1Jh'Vl:::'Yh1'VILL'l'V\:::'Yln'J5it\9lt'l:::t'l1t11itl:0t1t'l.;J t1m1-u. Cu LLL'!::: Cr 
' 
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1::,. 0.l0MAcOH 

Zn 

;( 
X ;( 
I::,. 

~ ~ 
~ 
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1::,. 40ppmHA 

Zn 

□ . ,. 
100.00 1000.00 

~ CV 6' 2+ .d 'l '11 a !' 
JtlYI 3-25 W~n'll''ll0.J Zn (a) L3J0 b"l5 0.25 M KN03 LL~:: 0.05, 0.10, 0.20, LL~ 0.40 M AcOH LUU'l-l,1"15::: LL~:: 

(b) Lrl0H~Trn:::~1£Jm?151iim'llaJ'llU 10, 20, 40, 200 LL~:: 400 ppm Ltlmt1"15::: 



,....__ 
u, 

"'a 
Cl) 

5 
~ 

ti: 

0.01 

0.0001 

0.000001 

0.00000001 

0.1 

0.01 

0.001 

0.0001 

0.00001 

0.000001 

□ 0.25MKN03 
X 0.20MAcOH 

* l!J 

--

~ 

0.10 1.00 

□ IOppmHA 
X 200ppmHA 

Ii -
~ 

0.10 1.00 

◊ 0.05MAcOH 
::I< 0.40 M AcOH 

(a) 

l j 

~ 
~ 

10.00 
Ti (day) 

;i; 
X 
6 
◊ 

◊ 20ppmHA 
::I< 400ppmHA 

I t, 

(b) 

i 

10.00 
Ti (day) 

~ 
~ 

37 

6 0.I0MAcOH 

Cr 

;K 
X 111 
6 

6 
V 

◊ 

100.00 1000.00 

6 40ppmHA 

Cr 

t::l g 
~ ~ 

100.00 1000.00 

~ ~ ti' 3+ .d 1-v ~ !' 
"';i'LJ't'l 3-26 Wt'ln"l5'llel.:J Cr (a) La.le} 'l5 0.25 M KN03 LLt'l!:: 0.05, 0.10, 0.20, LLt'l 0.40 M AcOH LU'U,'U,1']5::; LLt'l!:: .. 
(b) LdaH~11t'l:::t'l1t.1m~ij1iJm'llaJ'll'Ui 10, 20, 40, 200 LLt'l::: 400 ppm Lilmt1'l5::: 
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6 0.lOMAcOH 

Pb 

)If 

... I 

100.00 1000.00 

6 40ppmHA 

Pb 

• ii 

100.00 1000.00 

d - 6' 2+ .d: 1.., ~ !' 
~1111 3-27 v-hm615'1Jel~ Pb (a) b:IJB "JS 0.25 M KN03 bb~:: 0.05, 0.10, 0.20, bb~ 0.40 M AcOH bU'U.m"JS:: bb~:: .. 
(b) brlaH'aTrn::~1t1m~iliiim'll:1J'll'U. 10, 20, 40, 200 bb~:: 400 ppm bilu.ti'1"JS:: 

,nmu~ 3-20 - 3-27 'V'l1J11'Vli~'il1nnT'a"IS::~::mt11001'U. win'lf'lfa~auitf~1~6) 3Jf11Ueltl:IJ1n a1:1JTH1bbti~ .. 
'V'lt]~md:!Jfi1J"JS:;~:;~1t11i 3 mm i~d 

"" ~I"' .-d \1 ,.!' ~ ' ~ ., ., :' \1 ., ' \1 .-n~rn, I: au"/SffYln1J~:;~1t1 b:IJ'lf'U,ff!Jfl1 pH '11B~a1d~:;~1t1 "/S'U,~bb~::m1m'1f:1J'lf'U,'1fe)~'U,1"/S:: b~bbn fl~B bd~ u~:; 

L615b~t1:1J1B1lel'U. fl11:IJ'15'U.'1l1l~m1wb'Yi1nu - 0.5 bba~~n~md"JS::~:;~1mb1J1J diffusion b'Yi1itu. 
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~ ~ 1a ff X cv !' \1 v , o v 
n1m II: ffu"lH~m1si:;si1t1'l.l'U.n1Ja-.rn1:;'J.le)-:J'U,1'J5:; b'iHLn Ca, Cd, Lrn:; Cu nTi'J5:si:;si1t1~nnTVm<il<il1tlff:lJ<i.)t'ln11 

si:;si1t11u pore solution LWJ:h-:JLL1ma-:inT:i'J5:si:si1t1 win'l!'l.leJ-:J Ca iivi1tl'at11uii'1'J5:~LU'U.m<ilLLeJtn~m111i 

m1'J5:si:t'l1 mrn-:i ca L ri:JJ,Jum.i1-:ii<ilL1J'U.LLsi:a--:ini11 ua-Trn:si1t1m<ilihiin LL~ Lrl am<il ihii niim1:JJ L "ll:lJ"ll'U. 
"' 

Lri:!J,f'U, win'l!'l.lel-:1 Ca nirn~<ilt'l-:1 ~1V\11J Cd LLsl: Cu iiwq~m1:!J~fli1tl!l'U, m1'J5:;si:;si1t1'J.lel-:J Cd Ln<i!Li:JJ1n 

~ff<i!Lrlam<ilihiiniim1m"ll:JJ"ll'U.i1 m1'J5:si:si1t1'l.la-:1 cu v1-:i~1um<ilLLeJ<n~n .n-:im·rn:si1~'l.la-:ia-tliliL111,h-d' 
q 

,lt1,n1Jvi1 pH 'l.lel-:J,i1'J5:LLsl: ionic strength 'l.lel-:Jff11sl:t'l1tl 

a-1m1ma-umm1fi<i1Li 2 rrn ~1111foan1.h1t1wq~m1:1Jm1'J5:si:si1t1'l.leJ-:J ca, Cd, Lrn: Cu 'livi'-:id' 

(1) mmmm<il~1iin~a--:11uii'1'J5:rh1i ionic strength (humate ions) Lri:JJ,i'u '1'11Li concentration 
"' 

gradient 'l.lel-:1 Cu LLsi:; Cd t'l<ilt'l-:1 

(2) m1'J5:si:;si1m:inn1V\'U.<ili1t1m1Ln<ilff11Li-:J615el'U. fo111:-~1iin {Ln<ilLU'U. humic-metal salts) ~ 
"' 

1at1~a1:111i1-:i solid/liquid interface 'l.lel-:Jf1el'U.'l.lel-:JLLii-:i '1'11LinTHLW1Ln<ilLi"l!1t'l-:J 

mm Ill: a-tJi/~m1si:;si1t1tun1Jm<ilLLeJtn~mrn:; KN03 LL~Ltitunummmm<il~1iln1uii'1'J5:; LiLLri Ni, 

Zn, Cr, usi:; Pb m1'J5:si:;si1t1L'U.m<ilLLeJtn~nfli1t1n1J Ca, Cd LLt'l:; Cu fiel win'l!ff-:!Lrlam1:lJL"ll:lJ"ll'U.'l.lel-:Jm<i1LLel 
"' 

tn~ nLLsl: KN03 L ri:JJ,f 'U, 1U'J.lffi:~v-!Gln'l!iivi11niLfit1-:inmrl el Hii'1'J5:~iim1m "JJ:!J"JJ'U.'J.I el-:Jm<il~1iin~1-:inu 

d CV ,.,I ,:::,. o CV O .d 'I'll ~I !"' 
@1111,'.lfl 3-8 ~1LLu1el'U.W'Ylff1V\11JLL1J1J1!1t'lel-:!n11'J5:t'l:;t'l1tlL:!Jel t'J5 0.25 M KN03 Lu'U.m'J5:; 

q 

~ • I , d, v 
~1LLu1 fl1'Yl b'll 

..l' dA. - -
wumna-m-ia-

m1:1Jff-:J"ll a-:iv1aun1~ 
"' 

mmm'J.lel-:l,i1'l5: 

f111:!JW1'U. 
q 

'll V e:! 'I.I 2+ 
m1m 'l.l:!J'l.lit.L 1:lJ~'U.'l.l a-:i Ca 

'll'V~V 2+ 
fl11:lJL'l.l:lJ'l.l'U.L1:lJ~'U.'l.lel-:J Cd 

vv.C: v + 
f111:lJL'l.l:lJ'l.l'U.L1:lJ~'U.'l.lel-:! Na 

f111:lJL"n:lJ"JJ'U.L1:!Ji'U.'l.lel-:J Cf 

lfl:!J1ffi'J.lel-:J Ca 1mtl'l.leJ-:JLLifo 
"' 

i:1Jtl1:~'Ylifm1LLW1'l.lel-:J ca2· 
(V ,,I Cit. ~ I + 
ff:!Ju1:a-mm11LLW1'l.lel-:J Na 

i:JJ1.l1:~'Ylifm1LLW1'l.lel-:J cf 

9.54 X 10
4 
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.d Q.,, CV tj'CV 

111nnTi'Yl<i1sia-:11111m1si:1.'l1t1'Ylff:lJWmmrn1si1 

2 
m 

m 
3 

m 
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mol/L 
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mol/L 

mol/L 

m
2
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m
2
/s 

m
2
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iuif 3-28 mmmailihl~fl:::f11tlff:::ff:iJ111nnTj'Yl~HHh'l (Exp) blITt11Jlrit1unuvi1111nm1f'i1mm (Cal) m b1fl1 

~1.:J ") 



,cl 
U'Yl'YI 4 

Mf'imflm1a.1 ia.1-wuf1::V1 i1'1m~51i1n 1 u~utrn::m1a.1ff1m1n 1 um1~~i'u1a eJ au LGl'Vlt ttflt~ fl'll eJ'1 
'll 

n11fl'1i1'llel'1 Lfl'V\t'V\Un 1 un e)'U,'JJ el'1 LL 'JJ'1U11Jtffn£J1i1 vtl'U.'15La.J'U.~ ~rnmw1~fl el'1 LLff~'1i1 
'll 
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1) m~51iJna:i ~,rn~ eJU1::a-'YlliJl1'Vm11tJ1urnn tl1LL&l!:n11'V\ ri eltL 'JJ'1 L~ tl'l111 ifi1m11rnt 1'1 eJ~ fl~&l'1LL&l!: 

t via.15~11m1"l5::fl::fl1 t.J'll eJ'1 hV1::1J1'1"l5it~~tlmti au1 u~u 

2) 'l'lt"]~m1a.1nT~-"l5::fl::fl1 t.J'll eJ'1 h'Vl::tt~"l5it~u~n~1'1 nua an 1tl m1'Yl~ffeJ1Jm1"l5::fl::fl1£.JUff~'11 it~ u 
i1LLflflL'J5tla.J t•JH~tla.J LL&l!:fl&lel h~eJe)e)'U, LU'U.eJ'1~tl1::neJ1J'V\Gln 1 uii'1ffn~ (leachate) LLfl::hiiunu 

= ., ., :' 1 d y = d "'1., 
"l5'U.~Ufl::fl11a.JL'lla.J'JJ'U.'llel'1'U.1"l5!: (leachant) 'U,'llffi::'Yln11"l5::fl::fl1tl'llel'1 tfl'V\::'V\'U.n'Yl~n~1'1 'U.neJ'U. 

~ CV .d. x CV d !' , 1 :-
'JJ eJ'1tt 'JJ"ltl1rnffn m 'll'U.n1J'l'lteJ"l5'1l a'1m"l5::ttfl!:eJ'1fltl1::m1u u m"l5:: 

3) ff1a.J11tlLLU'1'1'lt"]~m1a.1m1"l5:;a:;fl1£.J1i 3 mm 'il'1it 

mm I: fftlihfrim1a::a1v1:1.iiunuli1 pH 'llel'1ITT1&l!:fl1tl "l5U~Ufl::m1a.JL'lla.J'JJ'U.'1Jel'1,r1"l5!: 1ittri 

flt'leJh~ LLfl::L':UL~t.Ja.J1eJeJeJ'U, 

i1£.Jffa.J~am1a::a1v1u pore solution 1wih'1LL1n'llel'1n11"l5!:fl::fl1tl 
q 

mm Ill: ffU~a~ n11t'l!:&l1 viunum~ LLel'l5~ mtfl!: KN03 Lt<?i1:1.iiunuma.11rnm~51i1n 1 'U, ii'1"l5:: 

1imi Ni, Zn, Cr, LLa:: Pb 

4) L'Ylfl 1 uham1tl1mffnt.J1tta::m1V1 rimti1'1~utlmTiauh'Vl::'Vlirn"lh va~m1ttv-dm::~1v h'Vl::'Vlirn 

eJ an £l~'1 LL 1~ifoa.11i 1~ v~u~a:im~51i1 nff'1a:im1"l5::a:;a1 tl'll eJ'1 L aV1::V1irna.11nni1~u~a:im~51 
'll 'll 

i'.lnmmrn~1 t~muv-n::m1fl::fl1£.J'lleJ'1 cr tta:: cd a:iri1ff'1 ia'11i1um1-w~m1im1tl1rnffnv1 
'll 

'11'U.1'ilt.Jitf'imnLUV-n::m~51iJn Lt~\'U.~'U.!J'1a:im~Wa1nttfl!:ITT151aJ'U.t'U.6) 6R'1£l'1~t'l~eln11fl'1'il1LL&l!: 

m1"l5::fl::a1 v'lJ a'1 LGl'V\::'V\ irn ~'1m1a:i m1f'imn~a'JJ a"lm~w fl1mtfl::ff1151i1ui1 v 
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INFLUENCE OF HF\'IIC ACIDS ON SOLUBILISATION OF HEAVY METALS 
FRO),'.[ CEi\IENT-BASED STABILISED CONTA;.v.llNATED SOIL 

. ;' 

m11\,n u'1'rnlrl' mn: e1ii'll1¥i ijlfth12

Anhvat Passako 1 and Apichat Imvim2 

1Narnl Science Depa1tment. Royal Thai Navy. Budhamonthol 3 Rel.. Ta\veewathana. 
Bangkok 10170. Thailand 
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• I , 
mHll"IUil: ttl�'Utlrnu1rnl£ltttmfo 6 'lfU111'1Hfl Hfl'fl!UiJIJ lHl·H!M 1,mi'im, umn?I \>);:,i)')[!1\;df4flt;?( lrn�ilflH1ih 

• 
ilntl1mrn 5 !Uilf!,i\J•ti\?lmhmrn Hllilllill'lU7Ulft'fom\'1u�,iil1iJt.1t1·rnfmrnm\ (�;-HS) fftlilllllHlc;ftliJ'IJ!H im-1,: 
:. ..,., V .-::I � 4- t V... &) d-=1 t =t I .t.::t .Cl ,., JI m 6 ,am 111nnuur101mrnmwrn11 lt1 hrnNffJJmnnrn�mmwuu'lfm�'l 1wlf1� 1 - 12 iurnunrnur111m'll1J'U\J'UM 
imw,i W) �·1� tllJf-lftfl1Hl'fli;lM�,,)\)1flfl1, nm, lflU 1\tii\l!Jiilfl�'UUU!ililt!�tli°rnff iitn hw'h.rnnrn�mn v1i1iio 

, "'" ..::i .:t. I """ J � 4 � "'� 
(S·O�;) ,·rn11r11·rn�;fl1EJ'IJU� !ft'l-hl}fl'll\Jl,l\)1flfHJl-lflHHH 2 'lrnvl'l!UfllJ pH 'IJO·H'ITHlt:fll!J !lJO!lli!J1Jl'iWUTl1Hl!dl11J 

• ;, ¥ 

'1104 l?lll, 'lfUfl!;itni'\'u ,m11i'im1�nnilfll'Ji'1N'll!J�\!\'ifl�Hflmnnriuummf, 2 'liUfl r,\iU b!fl'IIIUUlJ l'Hlthtlof Ufl!O!'I 
Ufll « 1 flt a flt:fll1Jllltl�'U�Uf1Jl'ffil!n �'hinn !1JlJmv1i·1i.Jn 'l��rd1 �u�tlfortrG!Jl�llfll'i!�iltl'J'fl ;,rin 1wniimm11a 

l O I O ' 

,1;.111ii;•1!]finn11mrn, 0111miimi im1;:,uw1i'1�;1u 1mm n, fl wii!,'lu nm mi1irn n, ti1,'lurnff Tti Hiimm<lt:v1�n·1 
11.,1;11a1111111,1iiiir1m�iltnl"l1J1UTl '\�in11 m\Sl�1ur1u11J1rn;/11,1;1,1mrnH1 liJ'lHH linh '11 
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Abstmct: Hnmic acids (5% w/\v) was added to heavy metal:; contaminated soil containing 
Cd. Cu, Cr. Ni. Pb, and Zn. The stabilization/solidification by Portland cement was done for 
lmmic acid added soil (S-HS) and original contaminated soil (S-OS). The solubilisation of 
the metals from both concretes was investigated at different pH of leachant ranging from 1-
12. Regarding the dissolution of the metals in leachates from both materials. the results
showed that the dissolution was mainly controlled by the pH at equilibrimn. Leaching
behaviors of the same metal from both materials vvere different. Cadmium, copper, nickel,
and zinc were better dissolv�d form S-OS than S-HS. In ncidic medium. chromium and lead
had the similar leaching behflvior as other metals, but in basic region their release fi:0111 S-HS
was greater than that from S-OS. Humic acicls can reduce the dissolution of the metals.

Introcluctiou: The land disposal of industrial wastes is one of the becoming serious 
problems. Heavy metals are concerned because of their increasing abundance in the 
enviromnent which are released into soils from a wide range of natural and antlu·opogenic 
sources, moreover their relatively high toxicity even at low concentration. Once released into 
the f>oil matrix, heavy metals can impact environmental quality and human health via ground 
,.vater and smface water. Humic acids are composing the greatest part of the organic 
substances (biomass) on the Earth. They are yellow to dark brown polymers, contained in all 
soils, vvaters, and organic-containing sediments [ 1]. Know ledge of the complexation of heavy 
metals with humic acid,; is of great imp01tance in the understanding of metal (bio )availability 
and mobility in namral aquatic systems. Accordingly. man has set up complex treatment 
processes or immobilization technologies to prevent and control the pollution. :Most conunon 
treatment options for metals-contaminated sites are stabilization and solidification (SIS) 
technology. The pmtial use ,)f solidified materials in civil engineering applications. such as 
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landfill and construction materials is of great interest nowadays. However, it is necessary to 
develop appropriate tools for the e1ffironrnental behaviour assessment in order to avoid 
abusive m,e of the materials obtained by waste solidification. The study of the pollutant 
release from a material under specified leaching conditions represents one of the 
enviromnental assessment tools [2]. This research focus on the Acid Neutralisation Capacity 
test (A.NC). aimed to study the pH influence on the \Vaste constiments release (solubilisation) 
in steady state conditions and to study the influence of lmmic acids on solnbilisation of heavy 
metals from cement-based stabilised contaminated soil. 

l\'Iethoclology: Original contaminated soil (OS) \Vas sampled and the contents of Cd, Cu. Cr. 
Ni, Pb. and Zn were detennined. Humic acids (5% vdw) was added into this soil (HS). TI1e 
stabilization/solidification by Portland cement \Vas done for humic acid added soil (S-HS) 
and original contaminated sob (S-OS). The experimental study of metal solubility according 
to the leachant pH was canied out on finely-homogenized, crushed materials in order to 
rapidly reach solid/liquid steady state conditions in sealed PE bottles. Contact solutions using 
maintained at various pH values between 0.5 and 12 by addition of nitric acid or sodium 
hydroxide solutions. regulated the liquid to solid ration (L'S) of 10. About 5.0 g of 2 mm 
ground S-OS and S-HS (5%w/w HA added) \Vas weighed in 75 ml PE bottle. Then 25 mL of 
deionised \Vater \Vas added into bottle. After that. the mixture pH \Vas potentiometrically 
adjusted to maintain equilibrating at values ranging from 0. 5 to 12 by addition of 0. 5 M nitric 
acid/sodimn hydroxide. This nrixnu-e was mechmrical shaken for 30 min. The suspension was 
settled for 7 days. After that, the mixture was filtrated t\vo times through Whatman no.42 
filter paper. The filtrate finally was measmecl the pH and re-acidified to pH around 2 by 
nitric acid addition. The amounts of metal were determined by an ICP-OES. Each batch was 
run in duplicate. The TCLP test was performed for both materials. 

Results, Discussion and Conclusion: The leaching of heavy metals from crushed mortar at 
various pH values \Vas shown in Fig. 1. The extent of metal solubilization depended on the 
pH, degree of complex abilit>' of humic acids, and the nature of chemical pollutants. For S­
OS, the amount of released metals increased as the pH of the system \Vas decreased. In 
principle, this will be related ,vith the solubility constant, K,p· For all studied heavy metals, 
they were encouraged as they had some similarities in their chemistry in solution that 
depends on pH. However, the shapes of the solubilization curves \Vere different as seen in 
Figs. 1. The amounts of Cd, pl, Ni. Zn, and Pb (except for Cr) being leached from the S-HS 
were relatively lower than fonn S-OS under the leachant pH of 6-S. 
These results also indicated that metals in the concrete matrix \Vere strongly retained in such 
a solidified matri.x. For S-HS, the leached amount of cadmium proportional decreased with 
increasing of leachant pH. The solubilization of nickel species was comparable to the 
cadmium one: however, under alkaline condition its solubilization \Vas invariable. 
In the case of lead solubilization under different pH conditions presented in Fig. 1, there was 
a valley fenttu·e. The least aggressive leaching (pH ·"" 12) resulted in more increasing of lead 
release caused by a high pH maintained at the surface. Owing to the amphoteri.c 
characteristic of lead at high and low pH of leachant, its solubilization ,;,,•as low for the 
natural pH-leachant. It indicated that releasing of lead was prone to the chemical conditions. 
TI1e clu-omium solubilization under different pH conditions was presented; the solubilization 
vs. pH relation was a hill feanues (pH of 5-12): contrasting to lead one. The amount of 
leached chromium increased as the pH of the system was downward to about 5. and then 
leached amount increased ,vith pH increasing up to l O follo,ved by descending of leached 
amount again. These features were also obser;ed in the copper. lead, and zinc releasing 



illustrated in Fig. 1, respectively. In the lm,t it can be concluded that the metal solubilization 
in stabilized soil was a function of pH of leaching medium and the presence oflnunic acids. 
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Fig 1. Concentration of Cd. Cr, Cu. Ni. Pb. and Zn versus pH of (a) stabilized hum.ic acid 
added soil (S-HS: +) and (b) stabilized orginal soil (S-OS; •) 

The TCLP results of S-OS showed that the concentration of all metals leached \.Vere below 
the TCLP regulatory levels. \Vhile. the concentration of Cd leached from S-HS was higher 
than the TCLP regulatory leve4 
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