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?QU uw} x@ xOwr; C}vwDv@ QO

�O=DU=� �|OLw= =[QO}Lw
u=Oty '=v}U |raw@ x=oWv=O 'u=Qta |UOvyt |xOmWv=O

u=QyD x=oWv=O '|vi |=yxOmWv=O T}OQB 'u=Qta |xOmWv=O
�|QDmO |wHWv=O� |iUw} s=vy@

�OWQ= |U=vWQ� |wHWv=O� CUwO=iY xv=L} Q
u=Oty '=v}U |raw@ x=oWv=O 'u=Qta |UOvyt |xOmWv=O

"CU= l =N QO |oOwr; p=kDv= R= |Q}owrH |=yVwQ R= |v=t}U |x}=B |R=UOt=H/C}@FD
|R=UOt=H/C}@FD QO xOvvmpQDvm |=ysR}v=mt |Q=DN=UR} Q |@=} RQ= 'Q[=L VywSB hOy

\}=QW w �C@ w]Q ZQat QO |Q}oQ=Qk� R=@ sDU}U |Qw;pta \}=QW QO xOwr; C}vwDv@
l} 'Qw_vt u}= x@ "CU= xOw@ �C@ w]Q ZQat QO |Q}oQ=Qk sOa� xDU@ sDU}U |Qw;pta
T=U=Q@ "OW s=Hv= Tm}= |xaW= w �TCLP� |oOwr; |} wW?; 'pH V}=tR; xawtHt
ẁv w xDiQo Q=Qk ut}= |x}L=v QO \}Lt pH 'u=t}U �15 Qw[L QO 'xOt; CUOx@ G}=Dv

w R=@ |=ysDU}U |Qw;pta sDU}U wO QO "CU= xDW=Ov C}@FD xOR=@ QO |Q}F-=D '|Qw;pta
|=yV}=tR; G}=Dv "CU= xDW=O |v=Um} ,=D@Uv OQmrta 'xOv}q; ?wUQ sR}v=mt 'xDU@

u=Wv u}ovU Rri Qw[L p}rO x@ =Q |vqwRwB |=yVvm =w OwOLt CiQW}B 'Tm}= |xaW=
R=QL= 'Tm}= |xaW= |Q=DN=UR} Q |=yV}=tR; G}=Dv T=U=Q@ 'u}= OwHw =@ "CU= xO=O

x@ u=wD|t =Q xDU@ sDU}U QO xOW |Qw;pta |=yxvwtv QO EPA OQ=Ov=DU= |=yC}OwOLt
C-A-S-H w C-S-H p}mWD =@ xOv}q; |R=UOt=H w |vqwRwB |=yVvm =w QDy@ CiQW}B

"O=O C@Uv xDU@ sDU}U QO xOW |Qw;pta |=yxvwtv |=Q@
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'xOwr; C}vwDv@ 'Tm}=wDQB V=QB 'TCLP '|R=UOt=H/C}@FD %|O}rm u=oS=w
"u=t}U

xtOkt "1
`}=vY QO u; R= xOQDUo |xO=iDU= V}=Ri= w C}:tU p}rO x@ u}= w xOw@ xHwD OQwt
'u}ovU Rri x@ xOwr; |=yl =N |xOvvmKqY= |=y|SwrwvmD [4w3]"CU= hrDNt
sDU}U 'xOwr; l =N VWwB '|R=UOt=H w C}@FD '|}=}t}W |wWDUW %pt=W,qwY=

[6w5]"CU= |R=Uj}kQ w |WmyR
,=D@Uv |xv} Ry p}rO x@ QF-wt w G}=Q VwQl} '|v=t}U |x}=B |R=UOt=H wC}@FD
x@ w xOw@ |]}LtCU} R Q_vt R= ?U=vt OQmrta w |m} R}i C=YNWt Ow@y@ 'sm
[8w7]"CU= xOW xO=iDU= u}ovU Rri x@ xOwr; |=yl =N KqY= |=Q@ |yHwD p@=k Qw]
|R=UOt=H "OvQ=O Ov=tUB QO |Dw=iDt Q=F; '=yu; R= s=Om Qy |R=UOt=H w C}@FD
'Ctw=kt V}=Ri= %pt=W xm 'OwW|t Ov=tUB |m} R}i X=wN QO |D=Q}}eD O=H}= ?@U

w uOW |DavY w |QyW |xaUwD CaQU Cra x@ w |SwrwvmD OWQ =@ xRwQt=
Rri |=yxOv}q; Qw[L 'xOW O}rwD |=yOv=tUB w |}=}t}W O=wt R= QDW}@ |xO=iDU=
CqmWt R= |m} x@ p}O@D w xDi=} V}=Ri= |yHwD p@=k Qw]x@ =yl =N QO u}ovU
u}ovU C=Rri [1]"CU= xOW u=yH QU=QU QO |]}LtCU} R l}vmDw�S pw=ODt
|=y|v=Qov u} QDsyt R= |m} '=yOv=tUB QO Qw[L w `tHD 's=wO 'uOw@ |:tU Crax@
|}xS} w CQwY x@ �Pb� ?QU uw} 'u}ovU C=Rri u=}t QO [2]"OvDUy|]}LtCU} R

pw�Ut xOvU} wv �
"1401 10 11 VQ}PB '1401 9 30 x}LqY= '1401 8 10 Ci=} QO %M} Q=D

DOI:10.24200/J30.2023.61334.3163

%xr=kt u}= x@ O=vDU=
uw} x@ xOwr; C}vwDv@ QO |v=t}U |x}=B |R=UOt=H/C}@FD Ov}=Qi QO |Qw;pta |xwLv Q}F-=D |Q=DN=UR} Q |@=} RQ= "1402 'xv=L} Q 'CUwO=iY w s=vy@ '|iUw} '=[QO}Lw '|OLw=

"101�93 "XY '�2�39 'h} QW u=Qta |UOvyt "?QU



-

Qw[L 'xOwr; |=yl =N |v=t}U |x}=B |R=UOt=H w C}@FD C=ar=]t QDW}@ QO xm
Rri G=QNDU= Vy=m ?Hwt 'xOvv=@UJ u=wva x@ OvrDQB u=t}U |OYQO 20 =D 10

[18w14]"OwW|t ?QU u}ovU
p=}U pwrLt pH u=tRty Q}F-=D ẁ[wt x@ 'u}W}B C=ar=]t QO xmv; x@ xHwD =@
xDiQo CQwY |QDtm xHwD |Qw;pta |xwLv w ?wUQ |=yR=i p}mWD QO |}xQiL
|}xQiL p=}U pwrLt pH 'C@ w]Q OYQO Q}F-=D u}}aD x@ 'Q[=L Q=DWwv hOy 'CU=
|R=UOt=H w C}@FD Ov}=Qi CLD ?QU u}ovU Rri CW=Oyov QO |Qw;pta |xwLv w
|w=L C}vwDv@ |=yxvwtv 'Q[=L VywSB QO "CU= xOW hw]at |v=t}U |x}=B
|=ysDU}U |Qw;pta |xwLv =@ w hrDNt |xv}y@ C@ w]Q |=yOYQO QO ?QU
|@=} RQ= =@ TBU "Ov=xOW |R=UOt=H w C}@FD OvrDQB u=t}U Qw[L QO xDU@ w R=@
|} wW@; V}=tR; \UwD TQDUO p@=k |xOv}q; G=QNDU= w u=tR |] QO pH C=Q}}eD
C}@FD sDU}U |}=Q=m '�XRD� Tm}= |xaW= R}r=v; x=Qty x@ �TCLP� |oOwr;

"CU= xOW |UQQ@ w EL@ '|R=UOt=Hw

=yVwQ w O=wt "2
xOW xO=iDU= O=wt "1"2

w nQR@ |xS} w CL=Ut p}rOx@ C}vwDv@ QO u}ovU Rri |xOv}q; CW=Oyov C}iQ_
[20]"CU= xDiQo Q=Qk u=QoWywSB R= |Q=}U@ xHwD OQwt 'O=} R |vw}D=m pO=@D C}iQ_
�u=Q}= Cqi C}vwDv@� s=v =@ |Q=HD C}vwDv@ 'Q[=L VywSB QO xOW xO=iDU= l =N
w |m} R}i C=YNWt '1 pwOH QO "CU= �C} Q=@ u=Q}=� CmQW R= xOW x}yD
GQO Q[=L VywSB QO xOW xO=iDU= |D}vwDv@ l =N |]}LtCU} R l}vmDw�S
w pH |Q}oxR=Ov= VwQ 'Q@Dat |tra |=yQ=DWwv QO xmv; Crax@ "CU= xOW
R}v Q[=L VywSB QO 'CU= xOW x}YwD BS OQ=Ov=DU= T=U=Q@ C=v@ Qm OYQO
|=y|oS} w u} QDsyt R= "CU= xOW |Q}oxR=Ov= jwi OQ=Ov=DU= T=U=Q@ Q}O=kt u}=
|vw}D=m |rO=@D C}iQ_ w �418m2=g� xS} w CL=Ut x@ u=wD|t C}vwDv@ l =N
R= x=oW}=tR; QO l =N uOQm xOwr; |=Q@ "OQm xQ=W= �62=2 cmol=kg � soil�
|xOv}q; u}= "CU= xOW xO=iDU= (Pb(NO3)2) |}=}t}W pwtQi =@ ?QU C=QD}v
'Q[=L VywSB QO "CU= xOW |Q=O} QN �Merck� lQt CmQW R= u}ovU Rri
"xOW xO=iDU= C}vwDv@ |]}LtCU} R l}vmDw�S w |m} R}i C=YNWt "1 pwOH

|Q}oxR=Ov= VwQ Q=Okt C}vwDv@ |m} R}i C=YNWt
BS EN12457� 2 9=8 pH

BS1377� 3 10 C=v@ Qm OYQO
[21] 62=2

��CEC� |vw}D=m pO=@D C}iQ_
(cmol=kg � soil)

[22] 418 (m2=g) ���SSA� XwYNt K]U
ASTM C188 2=79 (Gs) xS} w |xOwD

ASTM D4318 319 ��� '���(LL) |v=wQ OL
ASTM D4319 275 ��� '����(PI) |Q}tN xvt=O
ASTM D7928 72 ��� TQ xR=Ov= sy C=QP
� Cation Exchange Capacity (CEC)
�� Speci�c Surface Area (SSA)
��� Liquid Limit (LL)
���� Plasticity Index (PI)

O=H}= ?@U C}@FD 'u}vJty "CU= l =vQ]N <=RH= uOW xrwUBm w |Q}PBPwiv Vy=m
[9]"OwW|t u; p=kDv= R= |Q}owrH w Ov=tUB O=wt QO |}=}t}W C=Q}}eD

w?U=vtCt}k 'uOw@ TQDUO QO 'xO=U \qDN=Cra x@ |rwtat OvrDQB u=t}U
xOW xO=iDU= |xOvv=@UJ u} QDG}=Q w u} QDhQYtQB '=yxOv}q; R= |Q=}U@ =@ |Q=oR=U
CQwY x@ C=Rri 'u=t}U|}=}rk pH p}rO x@ [10]"CU= |R=UOt=H wC}@FD Ov}=Qi QO
p}O@D QDW}@ s=mLDU= =@ |}=yQ=DN=U x@ '|D=v@ Qm |=yltv =} |O}UmwQO}y ?wUQ
'=yxOv}q; uOQm xrwUBm 'C}@FD %QO C-S-H pS p}mWD |}=}t}W Ov}=Qi "OvwW|t
Ov}=Qi QO |U=U= Vkv 'xOW CNU |=yCqt |Dtw=kt w |m}v=mt X=wN Ow@y@
uwJty '|}=y?}mQD R= xO=iDU= [11]"Ovm|t =i}= |v=t}U |x}=B |R=UOt=H w C}@FD
1 C-S-H pS |Q}opmW u=R}t V}=Ri= ?@U OvrDQB u=t}U Qw[L QO T}r}Uwv=v
[12]"OwW|t C}@FD sR}v=mt Q@ |R=UOt=H sR}v=mt uOW ?r=e ?@U xm OwW|t
pH Vy=m ut[ 'xOvv=@UJ u=wvax@ |O=@ QDUm =N � u=t}U ?}mQD R= xO=iDU=
R= xOW Vw=QD ?QU Q=Okt '�xOv}q; ?wUQ |x}L=v� ut}= |x}L=v QO u; s}_vD w
|xOwOLt QO w Vy=m |yHwD p@=k Q=Okt x@ =Q 2 TCLP V}=tR; |] =yxvwtv

[13]"CU= xO=O Q=Qk �QD}r Q@ sQo|r}t 5 R= QDlJwm � pw@k p@=k
u=t}U QO |rY= |xOvv=@UJ VN@ wO (C2S w C3S) s}Urm |=yC=m}r}U
pwYLt 'Ca(OH)2 CQwY x@ xOW =OHly; Q=Okt w C3S2H3 C=QO}y "OvDUy
u}= =@ 'Ovm|t O}rwD x@=Wt ?}mQD R}v C2S uOW xD=QO}y "OvDUy C3S uw}U=QO}y
'uw}U=QO}y Ov}=Qi |] QO Ca(OH)2 p}mWD "CU= QDtm u; ly; Q=Okt xm Cw=iD
[15w14]:�3 |r= 1 |=yxrO=at� CU= \}Lt QO pH V}=Ri= pt=a u} QD|rY= u=t}U
3C3S + 6H ! C3S6H3 + 3Ca(OH)2 (1)

2C2S + 4H ! C3S2H3 + 3Ca(OH)2 (2)

Ca(OH)2 ! Ca2+ + 2(OH)� (3)

|Q}opmW QOu}ovUC=Rri Qw[L wCU=|tyt Q=}U@ Ov}=Qi u=t}Uuw}U=QO}y
Ea=@ C=iUi sw}vwt;|O xm CU= xO=O u=Wv C=ar=]t "Ovm|t O=H}= pqDN= u;
?@U R}v w l =N QO QiUi w ?QU |Q}PBpqLv= V}=Ri= w l =N \}Lt uOW |O}U=
Cr=L QO [16]"OwW|t l =N QO ?QU |=H QO C}@FD w C}=iQwtwQ}=B |v=m p}mWD
|vqwRwB |=yVvm =w p}mWD Vy=m QO ?QU uw} |ivt Q}F-=D R= OwQ|t Q=_Dv= Q}N=
\}Lt ^iL '|O=a |=tO QO |Qw;pta R= hOy ' ẁtHt QO "OwW xDU=m u=t}U
u=t}U Q}tN QO OwHwt ?; R= QB |=y=[i xm|v=tR =D 'CU= ?w]QtCr=L QO|v=t}U
'|Qw;pta swRr "OvwW p=eW= u=t}U uw}U=QO}y |=yxOQw;Qi =@ ?wr]t u=R}t x@ 'xR=D
R= Q)B |xv}} wt Pi=vt QO \ki u=t}U uw}U=QO}y xm CU= Ck}kL u}= R= xDU=NQ@
[17]"OQm |Q}owrH xv}} wt Pi=vt QO ?; Ci= R= O}=@ p}rO u}= x@ w ODi=|t j=iD= ?;
|Qw;pta VwQ wO R= |v=t}U |x}=B |R=UOt=H w C}@FD |=Q@ hrDNt u=QoWywSB
sDU}U� xOW |Ov@?; Cr=L QO |Qw;pta w �R=@ sDU}U� ?w]Qt \}Lt \}=QW QO
Q@ RmQtD w O}m -=D 'u}W}B C=ar=]t |=yC}OwOLt R= |m} [18w14]"Ov=xDiQo xQy@ �xDU@
QO xvwtv |R=UxO=t; =@ |v=t}U |x}=B |xOW |R=UOt=H |=yl =N Q=DiQ |xar=]t
T=U=Q@ |R=UOt=H w C}@FD |=yxvwtv |x}yD [18]"CU= xOw@ xv}y@ C@ w]Q \}=QW
|Q}oxR=Ov= w |oOwr; uDiQo Q_vQO uwO@ u=t}U w l =N?}mQD |xv}y@C@ w]Q OYQO
QO u=t}U uw}U=QO}y CiQW}B |=Q@ |Q=}at u=wva x@ =yxvwtv |QwLtlD Ctw=kt
xv}y@ C@ w]Q OYQO Q@=Q@ 1=2 R= xO=iDU= Q=}at '=DU=Q u}= QO "CU= xOW xDiQo Q_v
|xOW C}@FD |=yl =N |QwLtlD Ctw=kt |xv}W}@ pwYL |=Q@ 3�OWC�
CU= xO=O u=Wv u=QoWywSB Q}=U G}=Dv |UQQ@ [19w18]"CU= xOW O=yvW}B |v=t}U
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yt R= Cw=iDt |=yC_re |w=L |=ypwrLt %CU= xOW s=Hv= KQW u}= x@ 'EPA

QO xO=iDU= |=Q@ `HQt |xOv}q; u=wva x@ =yu; R= QD}r|r}t 20 w x}yD u}ovU Rri
%xOv}q; pwrLt� S:W C@Uv =@ =yxvwtv uw}Uv=BUwU "CU= xOW ?=NDv= =yV}=tR;
|m}v=mt |xOvv=RQr |wQ Q@ |Q}oQ=Qk R=TB "CU= xOW x}yD 1:20 =@ Q@=Q@ �Ot=H O=wt
,qt=m sDU}U =D CU= xOW xORty Ca=U 2 COt x@ RwQ Qy w Ca=U 96 COt x@
`}=t R=i 'Sw}i} QDv=U x=oDUO \UwD TBU "OQ}o CQwY |vw}D=m pO=@D w OwW uoty
|tD= ?PH x=oDUO \UwD `}=t R=i R= |WN@ w |Q}oxR=Ov= pH Q=Okt '=OH Ot=H R=
w l}vmDw�S |WywSB x=oW}=tR; QO OwHwt GBC932 AB Plus pOt �AAS�
"CU= xOW R}r=v; =v}U|raw@ x=oWv=O|UOvyt |xOmWv=O|]}LtCU} Rl}vmDw�S
R= |m} 'hrDNt pH Q}O=kt QO ?QU u}ovU Rri |w=L |=y?}mQD ?wUQ
OvrDQB u=t}U uw}U=QO}y OvwQ QO xm 'CU= l =N QO |oOwr; C}@FD |=ysR}v=mt
|UQQ@ Qw_vt x@ 'V}=tR; |xawtHt l} 'T=U= u}= Q@ [9]"OQ=Po|t Q}F-=D R}v
u}O@ "CU= xDiQo CQwY pH Q}}eD =@ Pb |xOv}q; ?wUQ p}mWD |ovwoJ
xOW xO=t; 100(ppm) C_re =@ Pb OQ=Ov=DU= pwrLt QD}r l} =OD@= 'Qw_vt
l} l} QO} QrmwQO}y O}U= =@ x=Qty 'OQ=Ov=DU= pwrLt R= 20ml 'xt=O= QO "CU=
2 pH |xOwOLt QO �1M� Qqwt l} O}UmwQO}ys}OU pwrLt =} w �1M� Qqwt
=yxvwtv 'pO=aD \}=QW O=H}= Qw_vt x@ 'pH s}_vD R= TB "CU=xOW s}_vD 12 =D
24 COt x@ w xOW xO=O u=mD |m}v=mt |xOvv=RQr \UwD Ca=U 2 COt x@
w |Q}oxR=Ov= pwrLt |}=yv pH 'xt=O= QO "Ov=xOW |Q=Oyov C@=F Qw]x@ Ca=U
Vmt x=oDUO R= xO=iDU= =@ |i=Y Pe=m R= xvwtv `}=t R=i 'Sw}i} QDv=U R= TB
C_re '=yDv= QO "CU= xOW xDN} Q V}=tR; |xrwr QO w xOW xO=O Qw@a EPEC

|Q}oxR=Ov= �AAS� |tD= ?PH x=oDUO R= xO=iDU= =@ pwrLt QO Pb |=yuw}D=m
"CU= xOW

R= Oa@ u}ovU C=Rri lQLD sOa |xHQO u=R}t 'pw=ODt |=yVwQ T=U=Q@
�TCLP� |oOwr; |} wW?; V}=tR; R= xO=iDU= =@ |R=UOt=H w C}@FD Ov}=Qi s=Hv=
xOW s=Hv= EPA�1311 VwQ T=U=Q@ TCLPV}=tR; [23w14]"CU= xOW|@=} RQ=
|R=UOt=H/C}@FD |xOwr; l =N R= xOW G=QNDU= u}ovU Rri C_re u=R}t =D 'CU=
|] R= TB '|R=UOt=H w C}@FD |=yxvwtv 'Qw_vt u}= |=Q@ [24]"OwW u}}aD xOW
xv=NtQo QO w OQ )N xDU@ w R=@ sDU}U wO QO RwQ 28 w 7 |Qw;pta |xQwO
O}=@ V}=tR; ẁQW R= p@k C=QP |xR=Ov= "CU= xOW lWN 600C |=tO =@
'xOW xO=iDU= G=QNDU= pwrLt 'QwmPt OQ=Ov=DU= T=U=Q@ "OW=@ 9=5mm R= QDtm
2=88 � 0=05 =@ Q@=Q@ pH QO 'x}yD R= TB xm CU= Qqwt 0=1 O}U=l}DU=
%G=QNDU= pwrLt� S : W C@Uv =@ =yxvwtv uw}Uv=BUwU "CU= xO}UQ pO=aD x@
18� 2 COt x@ =yuw}Uv=BUwU |t=tD "CU= xOW x}yD 1:20 =@ Q@=Q@ �Ot=H O=wt
=@ "Ov=xOW xO=O u=mD |m}v=mt |xOvv=RQr x=oDUO \UwD sw=Ot Qw] x@ Ca=U
Pb+2 Q=Okt w =OH `}=t R=i '=yu; uOQm Sw}i} QDv=U w =yxvwtv pH |Q}oxR=Ov=
C_=iL u=tR=U Q=}at T=U=Q@ "CU= xOW |Q}oxR=Ov= |tD= ?PH x=oDUO \UwD
R= Oa@ xvwtv R= xOW =yQ |oOwr; Q=Okt VQ}PB |=Q@ =m} Qt; CU} R\}Lt R=
xOW u}}aD 5 �ppm� xOv}q; R=Ht C_re |xv}W}@ 'TCLP V}=tR; s=Hv=
|] QO xm |QY=va w =yVvm =w CiQW}B |UQQ@ w p}rLD Qw_vt x@ [24]"CU=
R= 'CU= xO=O MQ u=t}U w xOwr; l =N u=}t VvmQOv= w uw}U=QO}y Ov}=Qi
w xOvv=@UJ O=wt Qw[L x@ xHwD =@ "CU= xOW xO=iDU= Tm}= wDQB V=QB R}r=v;
x=oDUO w |QOwB |R=Uxvwtv VwQ R= uw}U=QO}y CiQW}B Q=Okt QO C@ w]Q Q}F-=D
|UOvyt |xOmWv=O QO `k=w Siemens�Di�ractometer D8 Advance

"CU= xOW xO=iDU= =v}U|raw@ x=oWv=O

"Kr=Yt |xOvyOp}mWD <=RH= pO=at |rY= |=yO}Um = Q}O=kt "2 pwOH
� Q=Okt xOvyOp}mWD QY=vau=t}U C}vwDv@

21=5 57=3 SiO2
4=9 14 Al2O3
3=8 3=2 Fe2O3
63=3 3=8 CaO

1=6 2=9 MgO

2=4 0=4 SO3
0=5 2=3 Na2O

0=8 0=7 K2O

1=2 14=7 L:O:I

"CU= xOW xO=iDU= u=Q}= u=Dtoy u=t}U CmQW pwYLt 'IIA}D OvrDQB u=t}U R=
|iQYt u=t}U w C}vwDv@ |xOvyOp}mWD <=RH= pO=at |rY= |=yO}Um = Q}O=kt

"CU= xOW x�=Q= 2 pwOH QO w |UQQ@ XRF R}r=v; \UwD

xvwtv |x}yD "2"2
|xv}W}@ '1 pwOH C=YNWt =@ C}vwDv@ |wQ Q@ xDiQo CQwY C=ar=]t T=U=Q@
[14]"CU= 90 cmol=kg�soil pO=at 'C}vwDv@\UwD ?QU|oOwr;?PHC}iQ_
C}@FD Ov}=Qi QO u; R= |W=v pH C=Q}}eD w u=t}U Q}F-=D |UQQ@ Qw_vt x@ u}=Q@=v@
100 cmol=kg � soil pO=at |oOwr; C_re =@ Q_vOQwt l =N '|R=UOt=H w
=OD@= 'x=oW}=tR; QO xOwr; l =N |x}yD |=Q@ "CU= xOW xOwr; |awvYt CQwY x@
%?;� S:W C@Uv =@ w uw}Uv=BUwU CQwY x@ (Pb(NO3)2) ?QU C=QD}v ltv
96 COt x@ uw}Uv=BUwU "CU= xOW xi=[= l =N x@ 1 : 10 =@ Q@=Q@ �Ot=H O=wt
pO=@D s=Hv= |=Q@ |m}v=mt 4|xOvv=RQr \UwD Ca=U 2 COt x@ RwQ Qy 'Ca=U
"CU= xOW lWN 600C |=tO =@ xv=NtQo QO u; R= TB w \wrNt ,qt=m |vw}D=m
"CU= xOW xO=iDU= |R=UOt=H w C}@FD Ov}=Qi QO xOwr; l =N u=wvax@ QwmPt l =N
xi=[= =yxvwtv x@ xOwr; lWN l =N |vRw �15 u=R}t x@ |rwtat OvrDQB u=t}U
|R=UOt=H u=tOv=Q QO x}rw= C@ w]Q OYQO C=Q}}eD Q}F-=D xmv}= x@ xHwD =@ "CU= xOW
QO 'CU= xOW |UQQ@ QDtm u}W}B C=ar=]t QO xOwr; |=yl =N |v=t}U |x}=B
C@ w]Q OYQO hrDNt ?}=Q[ QO =yxvwtv CN=U C@ w]Q Q=}at 'Q[=L VywSB
Cw=iDt C@ w]Q OYQO Q=yJ QO =yxvwtv 'T=U= u}= Q@ "CU= xOw@ �OWC� xv}y@
sDU}U QO "Ov=xOW |Qw;pta xDU@ w R=@ Cw=iDt sDU}U wO QO l} Qy w V}=tR;
|=tO w �95 C@=F C@ w]Q OYQO =@ ?w]Qt lk=D= QO =yxvwtv 'R=@ |Qw;pta
^iL Qw_vt x@ =yxvwtv R}v xDU@ |Qw;pta sDU}U QO "Ov=xOW |Q=Oyov 250C
QO Q=OA} R l}DUqB QO |Q}oQ=Qk R= TB w xOW I}BuwirU 'x}rw= C@ w]Q OYQO

"Ov=xDiQo Q=Qk ?w]Qt lk=D=

=yV}=tR; s=Hv= xw}W "3"2
|=y?}mQD Q}=U w C}vwDv@ =@ ?QU u}ovU Rri |=yxOv}q; VvmQOv= |UQQ@ Qw_vt x@
V}=tR; 'l =N x@ |r=ta= |oOwr; C_re u=R}t |xQ=@ QO |Q}os}tYD w C}vwDv@
OQ=Ov=DU= QO xOW x�=Q= 'l =N uw}Uv=BUwU pO=aD VwQ x@ u}ovU Rri CW=Oyov
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"pwrLt pH C=Q}}eD =@ ?QUO}UmwQO}y ?wUQ w p}mWD C=Q}}eD "1 pmW

"u; pH C=Q}}eD w C}vwDv@ \UwD ?QU u}ovU Rri |Q=Oyov C}r@=k "2 pmW

"C}vwDv@ Tm}=wDQB V=QB |=y|vLvt "3 pmW

|Q}oQ=Qk T=U=Q@ 'Q[=L Q=DWwv QO |iQYt u=t}U Q=Okt "OwW s=Hv= u=tR |] QO
C@ w]Q OYQO Q=yJ QO =yxvwtv w xOw@ xOv}q; ?wUQ |xv}W}@ |xOwOLt QO pH

xDU@ w R=@ |Qw;pta sDU}U wO QO w �xv}y@ C@ w]Q 1=4 w 1=2 '0=8� Cw=iDt
"Ov=xOW xO=t;

|=ysDU}Ul}miD x@Cw=iDt|=yu=tR QO =yxvwtvpHC=Q}}eD OvwQ '4pmW QO
|x}rm pH '|Q=Oyov u=tR V}=Ri= =@ 'u; j@=]t xm OwW|t xOy=Wt xDU@ w R=@
QO "CU= xOQm Q}}eD |W}=Ri= CQwYx@ 11=5 =D 10=5 OwOL |xR=@ QO =yxvwtv
|rY= pt=a '�CH� C}OvrDQB O}rwD w u=tR QO u=t}U uw}U=QO}y CiQW}B '`k=w

"CU= xOw@ pH V}=Ri=

|UQQ@ w EL@ "3
hrDNt |=ypH CLD ?QU u}ovU Rri ?wUQ "1"3

"OwW|t l =N \}Lt uOW |O}U= ?@U l =N QO u}ovU C=Rri Qw[L ,qwY=
|R=UOt=H wC}@FD Ov}=Qi QO u=t}U R= xO=iDU= 'CU= xOW xQ=W= QDV}B xm Qw]u=ty
C=Rri |R=UOt=H w C}@FD Ov}=Qi QO s=o u}rw= "OwW|t xvwtv pH V}=Ri= ?@U
[24]"CU= xOv}q; |Q}PBpqLv= Q=Okt u} QDtm =@ pO=at \}Lt QO pH Q}}eD 'u}ovU
|}xQiL pwrLt pH Q}}eD =@ xm |vat u}O@ &OQ=O l} QDwit; Q=DiQ '?QU u}ovU Rri
Qw_vtx@ [14]"O@=}|tV}=Ri= pwrLt ?QUC_re 'O}OW |R=@ w |O}U= |xOwOLt QO
xOW s=Hv= ?wUQ V}=tR; xawtHt l} 'pH C=Q}}eD =@ ?QU Q=DiQ |@=} RQ= u=mt=
4 w 3 '2 '1 |x}L=v Q=yJ QO ?QU u}ovU Rri Q=DiQ '1 pmW j@=]t "CU=
xOW ẁQW pH = 4 =@ 2 |x}L=v QO ?QU |H} QOD ?wUQ "CU= l}miD p@=k
pH = 9� QO ?QU |Q}PBpqLv= Q=Okt u} QDtm "CU= xDi=} xt=O= pH = 9 =D w
Q}O=kt QO ?QU ?wUQ |wor= T=U=Q@ 'xH}Dv QO "CU= xO=O MQ �pH = 12 =D
R= xO=iDU= |=Q@ ?U=vt |iQYt u=t}U OYQO XwYNQO u=wD|t 'hrDNt pH

|R=UOt=H w C}@FD Ov}=Qi QO xOv}q; |Q=Oyov C}r@=k V}=Ri= w ?wUQ sR}v=mt
"OQm xO=iDU=

C}vwDv@ l =N \UwD ?QU |xOv}q; |Q=Oyov w ?PH "2"3
C=Rri xm OyO|t u=Wv u=QoWywSB\UwD xOW s=Hv= |=yV}=tR; w C=ar=]t|@=} RQ=
O}UmwQO}y 'C=v@ Qm '|vw}D=m pO=@D |=ysU}v=mt \UwD |UQ |=yl =N QO u}ovU
|xar=]t Qw_vt x@ [25]"OvwW|t |Q=Oyov |r; R=i w XwYNt K]U '�pH pt=a�
QO 'u}ovU Rri |Q=Oyov w ?PH u=R}t QO C}vwDv@ |]}LtCU} R l}vmDw�S Q=DiQ
2 pmW QO u; G}=Dv xm CU= xDiQo CQwY ?PH V}=tR; |QUl} Q[=L VywSB
Vy=m x@ ẁQW l =N \}Lt pH 'xOv}q; Qw[L QO 'u; j@=]t xm &OwW|t xOy=Wt
|=yC_re QO pH = 5 =D |oOwr; Qw[L sOa \}=QW QO pH = 9=8 R= w xOQm
?; QO u}ovU Rri |oOWpL p}rO x@ Qt= u}= "CU= xDi=} Vy=m |oOwr; O=} R
'OwW|t xOy=Wt 2 pmW QO xm Qw]u=ty "CU= xO=O MQ H+ uw} |R=UO=R; w
QO C}vwDv@ \UwD ?QU u}ovU Rri |xOv}q; |Q=Oyov w ?PH u=R}t |xv}W}@

"CU= �93 cmol=kg � soil� OwOL
'3 pmW QO C}vwDv@ l =N Tm}= wDQB V=QB R}r=v; w 1 pwOH G}=Dv x@ xHwD =@
|vw}D=m pO=@D C}iQ_ %pt=W 'C}vwDv@ l =N QO ?QU O=} R ?PH pt=wa u} QD|rY=
"CU= C}vwr} QwtCvwt |v=m w C=v@ Qm Qw[L w nQR@ XwYNt K]U '�CEC�
R}r=v; G}=Dv x@ xHwD =@ C=v@ Qm Qw[L u}vJty wC}vwr} QwtCvwt|v=m xHwD p@=k syU
2 pmW G}=Dv T=U=Q@ "OwW|t xOy=Wt 3 pmW QO C}vwDv@ l =N Tm}= wDQB V=QB
|=Q@ Q[=L VywSB QO 'C}vwDv@ \UwD ?QU |xOv}q; |Q=Oyov C}r@=k |xv}W}@ w
|xvwtv '|R=UOt=H/C}@FD Ov}=Qi QO |Qw;pta |xwLv w u=t}U Q}F-=D s}kDUt |UQQ@
"CU= xOW xOwr; |awvYt CQwY x@ ?QU 100 (cmol=kg � soil) =@ l =N

xOW |R=UOt=H/C}@FD |=yxvwtv pH C=Q}}eD V}=B "3"3
p}mWD w u=t}U uw}U=QO}y Ov}=Qi x@ xHwD =@ '|R=UOt=H w C}@FD QO u=t}U Qw[L
V}=Ri=?Hwt 'ly; w OH� uw} |=y?}mQD uOW O=R; u; `@D x@ w �CH�C}OvrDQB
uw} C}rqL Ov}=Qi QO pH C=Q}}eD '1 pmW G}=Dv T=U=Q@ "OwW|t \}Lt pH

pH C=Q}}eD V}=B =D CU= sRq u}=Q@=v@ "OQ=O |yHwD p@=k w s}kDUt Q}F-=D '?QU
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UOv
yt x@ ,=twta 'QDW}@ C@ w]Q =@ \}=QW QO xOW |Qw;pta |=yxvwtv 'Qo}O |wU R=

OYQO |=Q=O |=yxvwtv =@ xU}=kt QO |QDnQR@ ,=D@Uv pH Q}O=kt |=Q=O |�RH Q=Okt
Q=Okt 'xOw@ 0=1 Q@=Q@ QDt pH =@ |Q}oxR=Ov= |=]N xm =Hv; R= "Ov=xOw@ QDtm C@ w]Q
QO C=Q}}eD u}= '|Qw;pta sDU}U Qy QO "CU= xOw@ Q=O|vat xOW xOy=Wt Cw=iD
C@ w]Q OYQO |=Q=O |=yxvwtv =@ xU}=kt QO QDW}@ C@ w]Q OYQO |=Q=O |=yxvwtv
|=yxvwtv pH 'u=Um} |x}rw= C@ w]Q OYQO QO u}vJty "CU= xOy=Wt p@=k 'QDtm
xOW |Q=Oyov |=yxvwtv pH Q}O=kt R= |�RH Q=Okt x@ R=@ sDU}U QO xOW |Q=Oyov
x@ u=wD|t =Q =yxvwtv pH QO |�RH V}=Ri= u}= "CU= xOw@ QDW}@ xDU@ sDU}U QO
u=t}U uw}U=QO}y |=yVvm =w QO `} QUD w R=@ sDU}U |=yxvwtv QO ?; QDy@ Qw[L
|Qw;pta u=tR |=yDv= =D =OD@= R= pH C=Q}}eD 'u=QoWywSB Q}=U G}=Dv QO "O=O C@Uv
u=QoWywSB Q}=U |Qw;pta u=tR |=yDv= QO pH G}=Dv p=L u}= =@ &CU= xOWv |UQQ@

[18w14]"OQ=O Ck@=]t Q[=L Q=DWwv QO xOW x�=Q= G}=Dv =@
|xR=@ QO =yxvwtv pH 'u=tR |] QO |Qw;pta |xwLv wO Qy QO ' ẁtHt QO
'pH C=Q}}eD Q}N= |xR=@ QO '1 pmW T=U=Q@ "CU= xOw@ 11=5 =D 10=5 OwOL
Q}_v |xOwOLt Qov=}@ xm CU= xDiQo Q=Qk 1 pmW QO 3 |x}L=v QO ?QU uw} Q=DiQ
|=yxvwtv QO xm OwW|t ?@U ẁ[wt u}ty "CU= ?QU |xOv}q; |xv}W}@ ?wUQ
C}@FD j} Q] R= xOv}q; |Q=Oyov sR}v=mt '|R=UOt=H/C}@FD Ov}=Qi QO xar=]tOQwt
CiQo xH}Dv u=wD|t T=U= u}= Q@ "OW=@ xDW=O |v=Um} ,=D@Uv Vkv �xOv}q; ?wUQ�
OYQO OwOL |xvt=O QO� =yxvwtv C@ w]Q OYQO OwOL w |Qw;pta sDU}U ẁv xm
R= "CU= xDW=Ov jwi Ov}=Qi QO xOv}q; C}@FD Q@ |yHwDp@=k Vkv �xv}y@ C@ w]Q
R= 3 |x}L=v Q}_v |xR=@ QO =yxvwtv pH |Q=Oyov QO u=t}U �15 Q}F-=D 'Qo}O |wU
"CU= Q[=L VywSB QO |@=NDv= u=t}U OYQO OwOL uOw@ ?U=vt Qov=}@ '1 pmW

�TCLP� |oOwr; |}wW?; V}=tR; "4"3
CLD u=tR |] QO CU= umtt 'u=t}U \UwD xOW |R=UOt=H w C}@FD |=yxvwtv
w =yC=irwU |xrtL '|O}U= |=yu=Q=@ |xrtH R= 'hrDNt |]}Lt w |wH pt=wa
"OvQ}o Q=Qk |O}U= pH =@ \}Lt QO Ca}@] QO xOW |R=U=yQ |DavY |=yx@=Q}W =}
|oOwr; |} wW?; V}=tR; '=m} Qt; CU} R\}Lt R= C_=iL u=tR=U Qw_vt u}ty x@
|R=UOt=H w C}@FD |=yxvwtv |Ot;Q=m |@=} RQ= |=Q@ |@U=vt Q=}at =Q �TCLP�
|R=UOt=H w C}@FD l =N 'T=U= u}= Q@ "CU= xOQm u=}@ u=tR |] QO xOW
QO xm Qqwt 0=1 O}U= l}DU= pwrLt =@ u=t}U =@ x=Qty |Qw;pta R= TB 'xOW
O=wt %G=QNDU= pwrLt� S:W C@Uv =@ 'CU= xO}UQ pO=aD x@ 2=88� 0=05pH

Ca=U 18� 2 COt x@ =yuw}Uv=BUwU |t=tD w xOW x}yD 1 : 20 =@ Q@=Q@ �Ot=H
R= Oa@ TBU "CU= xOW xO=O u=mD |m}v=mt |xOvv=RQr x=oDUO \UwD sw=Ot Qw]x@
=@ "CU= xOW |Q}oxR=Ov= pwrLt QO ?QU uw} C_re 'V}=tR; \}=QW Qo}O R=QL=
QO [14]'|v=t}U x}=B |xOW |R=UOt=H |=yxvwtv xHwD p@=k nv} Qi=@ C}iQ_ OwHw
Q=_Dv= u=wD|t 'OvQ}o Q=Qk |O}U= \}Lt \}=QW ZQat QO =yxvwtv u}= xm |DQwY

"CW=O =Q =yxvwtv pH Vy=m
x@ pH Vy=m Q}Ut |]}=QW u}vJ QO '1 pmW QO xOW x�=Q= G}=Dv T=U=Q@
w ?QU uw} C}rqL '|}=}rk \}=QW ^iL ut[ xm CU= pH R= |}xvt=O CtU
"CU= xDiQo CQwY |}=}rk COW x@ xOwOLt x@ C@Uv |QDtm ?}W =@ u; |R=U=yQ
|=Q@ ?}DQD x@ '6 w 5 |=ypmW QO �TCLP� |oOwr; |} wW?; V}=tR; G}=Dv
CN=U C@ w]Q OYQO w hrDNt |Qw;pta \}=QW CLD xDU@ w R=@ |=ysDU}U
Cr=L QO xOW xar=]t |=yxvwtv R= s=OmI}y '5 pmW j@=]t "CU=xOW x�=Q= Cw=iDt

x@ xOwr; C}vwDv@ |xOW |R=UOt=H w C}@FD |=yxvwtv pH C=Q}}eD "4 pmW
|=yOYQO QO u=t}U �15 =@ x=Qty ?QU u}ovU Rri 100(cmol=kg � soil)

"C@w]Q hrDNt
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R=QL= =Q V}=tR; QO EPA OQ=Ov=DU= C}OwOLt '|Qw;pta RwQ 7 QO R=@ sDU}U
C@ w]Q 1=4 =@ xvwtv \ki R}v RwQ 28 QO xOW |Qw;pta |=yxvwtv |=Q@ "Ov=xOQmv

"CU= xOQm R=QL= =Q TCLP V}=tR; QO EPA OQ=Ov=DU= C}OwOLt 'xv}y@
|=yxvwtv |xty ,=@} QkD xmv; OwHw =@ '6 pmW G}=Dv T=U=Q@ 'Qo}O |wU R=
Q}O=kt |rw 'Ov=xOQmv R=QL= =Q OQ=Ov=DU= |=yC}OwOLt R}v RwQ 7 QO xOW |Qw;pta
5ppm R=Ht Q=Okt x@ QwmPt |=yxvwtv |=Q@ TCLP V}=tR; QO |@PH=w ?QU uw}
'|Qw;pta RwQ 28 R= Oa@ 'Q}N= |=yxvwtv |x}rm |=Q@ xmv; ut[ "CU=l}ORv Q=}U@
V}=tR; QO |@PH=w ?QU uw} C_re w xOW R=QL= OQ=Ov=DU= R=Ht C}OwOLt
|xR=@ QO =yxvwtv pH |Q}oQ=Qk "CU= xOw@ 5ppm R=Ht Q=Okt R= QDtm 'TCLP

Vy=m xm OyO|t u=Wv RwQ 28 w 7 |Qw;pta |xQwO QO xOv}q; ?wUQ |=Q@?U=vt
|=yVvm =w CiQW}B Cra x@ ,q=tDL= '|Qw;pta RwQ 28 R= Oa@ =yxvwtv |@PH=w
xDmv u}= |Qw;O=} 'Q}N= Q=DiQ Q}UiD |=Q@ "CU= xOw@ �RwQ 28� COtR=QO QO |vqwRwB
C=Q}}eD |xvt=O '4 pmW |=yQ=Owtv QO xOW x�=Q= G}=Dv T=U=Q@ xm CU= |QwQ[
'|Qw;pta u=tR x@=Wt Q}O=kt QO xDU@ w R=@ |=ysDU}U |=yxvwtv |x}rm |=Q@ pH

G}=Dv T=U=Q@ pH C=Q}}eD R= Q}N= |xvt=O QO xmv; ut[ "CU= xOw@ x@=Wt ,=D@Uv
|x}L=v QO �?wUQ� C}@FD Q_vt R= ?QU u}ovU Rri |xOv}q; '1 pmW QO xOW x�=Q=
|=yxvwtv |=Q@ '6 pmW |=yQ=Owtv T=U=Q@ 'Qo}O |wU R= "CU= xDiQo Q=Qk ut}=
,=@} QkD xOW |@PH=w ?QU uw} C_re C=Q}}eD 'xDU@ sDU}U QO xOW |Qw;pta

"CU= xOw@ =yxvwtv CN=U u}L C@ w]Q OYQO C=Q}}eD R= pkDUt
pH Q=Okt xm OwW|t xOy=Wt 6 w 5 |=ypmW QO =yQ=Owtv s-=wD |UQQ@ =@
u}= "CU= xDi=} Vy=m RwQ 28 =D 7 u=tR |] QO 'TCLP V}=tR; R= TB =yxvwtv
=@ "CU= u=tR |] QO sDU}U nv} Qi=@ C}iQ_ Vy=m Qov=}@ pH Q=Okt Vy=m
Vy=m |@PH=w ?QU uw} Q=Okt '=yCr=L |t=tD QO nv} Qi=@ C}iQ_ Vy=m OwHw
|Qw;pta 'xRwQ 28 |=yxvwtv QO ?QU uw} sm Q=}U@ C_re 'xH}Dv QO "CU= xDi=}
QDy@ CiQW}B ,q=tDL= xm CU= ẁ[wt u}= |xOvvmO}}-=D '�6 pmW� xDU@ sDU}U |=Q@
V}=tR; QO ?QU uw} QDtm |@PH=w ?@U 'xDU@ sDU}U QO |vqwRwB |=yVvm =w

"CU= xOW TCLP

|=Q@ sRq \}=QW uOw@ x@=Wt w 4 pmW |=yQ=Owtv x@ C}=va =@ xH}Dv QO
p}qO 'xOW |Qw;pta |xvwtv |QU wO Qy QO C}@FD sR}v=mt CiQW}B w |Q}opmW
xDU@ sDU}U QO xOW |Qw;pta |=yxvwtv QO EPA OQ=Ov=DU= |=yC}OwOLt R=QL=
xm =Hv; R= "O=O C@Uv Q}N= |=yxvwtv QO |R=UOt=H Ov}=Qi QDy@ CiQW}B x@ u=wD|t =Q
C@ w]Q \}=QW QO xOW |R=UOt=H |=yxvwtv QDy@ sm =QD Q@ \ki u}W}B C=ar=]t QO
G}=Dv QO x}rw= C@ w]Q OYQO C=Q}}eD Q}F-=D x@ '=yu; swta QO w xOW RmQtD xv}y@
xvwov}= \ki u}W}B C=ar=]t QO =Pr [18]'CU= xOWv |yHwD TCLP |=yV}=tR;
\wrNt |};Q=m |=Q@ ?U=vt C@ w]Q OYQO |xOwOLt QO xm CU= xOW |Q}oxH}Dv
xOW |R=UOt=H |=yxvwtv QO xOv}q; Vw=QD QO |yHwD p@=k Q}F-=D 'l =N � u=t}U
|=yxvwtv Q=DiQ |xar=]t 'QwmPt C=ar=]t |rY= C}OwOLt "CU= xOWv xOy=Wt
[18w14]"CU= xOw@C@ w]Q OYQO C=Q}}eD R= OwOLt |xvt=O l} QO xOW |R=UOt=H
|=yV}=tR; QO xOW xOy=Wt G}=Dv QO C@ w]Q OYQO xHwD p@=k Q}F-=D x@ xHwD =@
u}= |Q=DN=UR} Q |xar=]t |=Q@ 'CU= xOW x�=Q= Q}N= |=yQ=Owtv QO xm TCLP

"CU= xOW xO=iDU= Tm}= wDQB V=QB R}r=v; R= ẁ[wt

�XRD� Tm}= wDQB V=QB R}r=v; "5"3
uDi=} w hrDNt |=y|v=m p}mWD |Q=DN=UR} Q |UQQ@ Qw_vt x@ �XRD� R}r=v; R=

"R=@ sDU}U Cr=L QO TCLP V}=tR; G}=Dv "5 pmW

"xDU@ sDU}U Cr=LQO TCLP V}=tR; G}=Dv "6 pmW
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CSH f3CaO�2SiO2�3H2Og (6)

Ca2+ + 2OH� +Alumin a!
CAH

�3CaO:Al2O3:Ca(OH)2�12H2O
	

(7)

Ca2+ + 2OH� +Alumin a+ Silicai!
CASH fCaO:Al2O3�2SiO2:XH2Og (8)

|=ysR}v=mtl}miD u=mt= '7pmW|=yQ=Owtv QO OwHwt|=yxrkp}rLD w x} RHD
sy=Qi xDU@ w R=@ |Qw;pta sDU}U wO QO =Q =yu; |xU}=kt w |R=UOt=H w C}@FD
?QU |=yp=DU} Qm |=y?}mQD Q}_v |=yxrk COW w C}akwt '7 pmW QO "Ovm|t

%pt=W
'�PbCO3; ICDD 017� 0732� ?QUC=v@ Qm �

'�PbCO3 2PbO; ICDD 019� 0681� ?QUO}Um = C=v@ Qm �
(2PbCO3:Pb(OH)2; ICDD 019� 0680) ?QUO}UmwQO}y C=v@ Qm �

"CU= xOW xO=O u=Wv
|@ wUQ pmW |=y?}mQD u} QD|rY= u=wvax@ =yp=DU} Qm u}= Q}_v |xrk COW
|x}=B |R=UOt=H/C}@FD Ov}=Qi QO C}@FD sR}v=mt CiQW}B Qov=}@ ?QU |=y?}mQD
|Qw;pta sDU}U wO Qy QO ?QU|@ wUQ?}mQD xU '7 pmW T=U=Q@ "CU=|v=t}U
xO=O u=Wv R}v 4 pmW QO xOW x�=Q= |=yQ=Owtv QO "CU= xOW p}mWD xDU@ w R=@
|=yxvwtv |t=tD QO w xOw@ |Qw;pta \}=QW R= pkDUt =yxvwtv pH C=Q}}eD xm OW
xvwov=ty "CU=xDiQo Q=Qk 11=5 =D 10=5 OwOL |xR=@ QO |�RH Q}}eD =@ xar=]tOQwt
p}mWD Q@ j@]vt 1 pmW G}=Dv T=U=Q@ pH C=Q}}eD |xR=@ 'OW xQ=W= R}v ,q@k xm
|=yxrk C}akwt w COW j=@]v= 'u}=Q@=v@ "CU= ?QU |=y?}mQD Q=O}=B |=y?wUQ
'|r@k G}=Dv O}}-=D ut[ '7 pmW QO |Qw;pta sDU}U wO |=Q@ ?QU |=y?}mQD Q}_v
|Qw;pta |xwLv wO Qy QO C}@FD Ov}=Qi xm CU= |U=U= |xDmv u}= |xOvvmu=}@

"CU= xOw@ |Qw;pta ẁv w sR}v=mt R= pkDUt w u=Um} ,=@} QkD
?wUQ R= |WN@ '|R=UOt=H sR}v=mt QO OwQ|t Q=_Dv= Qo}O |wU R=
Q@ uOW?PH j} Q] R= u=t}U uw}U=QO}y p}mWD s=ovy '?QU u}ovU Rri
'(C� S�H:ICDD 042� 0538) Q=DN=Uwv=v xrtH R= |DqwYLt K]U
\UwD uOW xrwUBm =} w (C�A� S�H; ICDD 022� 0518C)

C=@ wUQ R}v u=QoWywSB Q}=U "OvwW Q=O}=B w C@=F u=t}U uw}U=QO}y CqwYLt
[29w28]"Ov=xOQm xOy=WtXRD R}r=v; QO =Q?QUu}ovU Rri|w=L|D=v@ Qm w|UmwQO}y
Q=Owtv R= 'G}=Dv QDpt=m p}rLD w |R=UOt=H w C}@FD |=ysR}v=mt QDy@ R}=tD |=Q@
G}=Dv QO xm Qw]u=ty "CU=xOW xO=iDU= 8 pmW QO =yxrk COW |atHD |}xr}t
'OwW|t xOy=Wt xDU@ w R=@ sDU}U |=Q@ RwQ 7 |Qw;pta COt QO w 8 pmW
x@ C@Uv R=@ |Qw;pta sDU}U QO xOW p}mWD |D=v@ Qm C=@ wUQ |atHD Q=Okt
|xrk QO OwHwt |=]N u=R}t x@ xHwD =@ "CU= xOw@ QDW}@ |mOv= xDU@ sDU}U
=@ [27]"CU= xOw@ Q=O|vat hqDN= u}= 'Tm}= |xaW= |=yV}=tR; QO xOWu}}aD
COW xm CU= u; R= |m =L '8 pmW QO |}xr}t |=yQ=Owtv |xU}=kt 'u}= OwHw
Qy QO p@=kt QO w xOw@ RwQ 7 R= QDtm RwQ 28 QO ?QU |=y?wUQ Q}_v |atHD
QO �xOvvm|R=UOt=H� |vqwRwB |=y?}mQD Q}_v |xrk COW 'xDU@ w R=@ sDU}U wO
u=wD|t =Q C=Q}}eD |wor= u}= "CU= xOw@ RwQ 7 QO Q}_v Q}O=kt R= QDW}@ RwQ 28
|=y?}mQD R= |WN@ uOQm xrwUBm w ?PH w u=tR QO |vqwRwB |=yVvm =w OWQ x@
28 QO ?QU |=y?}mQD Q}_v |xrk COW Vy=m � |vqwRwB |=y?}mQD QO ?QU
sDU}U wOQy QO xOW |R=UOt=H CqwYLt |xU}=kt =@ 'u}vJty "O=O C@Uv �RwQ

|Qw;pta |xv}y@C@w]Q OYQO =@ |=yxvwtvTm}= wDQB V=QB |=y|vLvt "7 pmW
"RwQ 28 w 7 COt QO xOW

xO=iDU= xDU@ w R=@ |=ysDU}U QO xOW |Qw;pta |=yxvwtv G}=Dv QO C=Q}}eD Cra
28 w 7 |Qw;pta COt w xv}y@C@ w]Q OYQO =@ |=yxvwtv 'T=U= u}= Q@ "CU= xOW
xO=iDU= =@ '7 pmW G}=Dv "Ov=xOW |UQQ@ xDU@ w R=@ |Qw;pta |=ysDU}U QO 'RwQ
X}NWD |=Q@ "CU= xOW x}yD xHQO 70 =D 4 '2� |xOwOLt QO Cu�K� wDQB R=
X-Pert High Score Q=Ri=sQv R= Tm}=wDQB V=QB G}=Dv QO |r=DU} Qm |=yR=i
PDF� 2=ICDD(2017 release) |xNUv =yxO=O x=o}=B |=v@t Q@ Plus

"CU= xOW xO=iDU=
|}=U=vW QO xOQDUo pmW x@ xm CU= |}=yVwQ R= |m} Tm}=wDQB V=QB
[26]"OwW|t xO=iDU= =yu; Q=DN=U Q}}eD |xar=]t w |UQ |=y|v=m |Q=DN=UR} Q
'CU= C}vwr} QwtCvwt |v=m 'xOW xO=iDU= C}vwDv@ l =N |UQ |v=m u} QD|rY=
'5x}=B |xrY=i '�Montmorillonite, ICDD 96�901�0958� T=U=Q@ xm
"CU= xOW xO=O u=Wv 3 pmW QO xm OQ=O 7=26 =@ Q@=Q@ 2� |x} w=R w 12=17A0

?Hwt 10=5 R= V}@ Q=Okt x@ \}Lt pH V}=Ri= '2 |=yxrO=at T=U=Q@
[27w14]:OwW|t TQ |=y|v=m pqLv=

Al2Si4O10(OH)2:nH2O + 2(OH)� + 10H2O

! 2�2Al(OH)�4 + 4H4SiO4
	

+ nH2O (4)

2H4SiO�4 ! 2H3SiO�4 + 2H+ !
2H2SiO2�

4 + 2H+ (5)

4 pmW QO xm |Qw;pta |] QO \}Lt pH C=Q}}eD w 5 w 4 |=yxrO=at x@ xHwD =@
x@ QHD =Q 10=5 R= V}@ pH '|Qw;pta |] =yxvwtv |t=tD &CU= xOW xO=O u=Wv
hPL '7 w 3 |=ypmW QO xOWx�=Q= Tm}= |xaW= |=yh}] |xU}=kt =@ "Ov=xOQm
?r]t u}= |xOvvmO}}-=D '7 pmW G}=Dv QO C}vwr} QwtCvwt |v=m Q}_v |rY= |xrk
|r= 6 |=yxrO=at T=U=Q@ "CU= xDi=} pqLv= C}vwr} QwtCvwt |UQ |v=m xm CU=
QOC}vwr} QwtCvwt|UQ|v=m pqLv= R=|W=v C=m}r}U w =v}twr; |=yuw} Qw[L '8
[14]:OQ=O OwHw CqwYLt u}= p}mWD p=tDL= 's}Urm uw} Qw[L u}vJty w \}Lt
Ca2+ + 2OH� + Silicai!
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|Q}oxH}Dv "4
:OQm xYqN KQW u}= x@ u=wD|t =Q Q[=L VywSB G}=Dv u} QDsyt

\qDN= s=ovy QO x}rw= pH Q=Okt '|oOwr; ?wUQ QO pH C}ty= x@ xHwD =@ "1
C_re x@ xHwD =@ CU= sRq "CU= C}ty= R�=L Q=}U@ 'xOwr; l =N =@ u=t}U
?=NDv= |v=R}t x@ |R=UOt=H |=Q@ u=t}U OYQO |xv}tm 'u}ovU Rri |xOv}q;
xOv}q; ?wUQ ut}= |xOwOLt QO xOW |R=UOt=H/C}@FD |xvwtv pH xm OwW

"OQ}o Q=Qk
|=yu=tR QO xDU@ w R=@ sDU}U wO QO Q}_v |=yxvwtv QO pH C=Q}}eD |wor= "2
QO "CU= xOw@ ?QU uw} ?wUQ |xOwOLt QO w x@=Wt ,=@} QkD 'u=Um} |Qw;pta
R= xOv}q; |Q=Oyov sR}v=mt '|R=UOt=H/C}@FD Ov}=Qi QO xOW xar=]t |=yxvwtv
'T=U= u}= Q@ "CU= xDW=O |v=Um} ,=D@Uv Vkv �xOv}q; ?wUQ� C}@FD j} Q]
�xv}y@ C@ w]Q OwOL QO� =yxvwtv C@ w]Q OYQO OwOL w |Qw;pta sDU}U ẁv

"CU= xDW=Ov xOv}q; C}@FD sR}v=mt QO |yHwDp@=k Vkv
QOC}@FD sR}v=mtCiQW}B w |Q}opmW |=Q@ sRq\}=QW uOw@ x@=Wt x@C}=va =@ "3
QO EPA OQ=Ov=DU= |=yC}OwOLt R=QL= 'xOW |Qw;pta |xvwtv |QU wO Qy
|=yVvm =w QDy@CiQW}B x@ u=wD|t =Q xDU@ sDU}U QO xOW |Qw;pta |=yxvwtv
u}ovU Rri |xOv}q; uOWTw@Lt w C-A-S-H |=yp=DU} Qmp}mWD w|vqwRwB

"O=O C@Uv xDU@ sDU}U QO xOW |Qw;pta |=yxvwtv |=Q@
R= pkDUt EPA OQ=Ov=DU= C}OwOLt 'xDU@ sDU}U QO |Qw;pta VwQ QO "4
|=yxvwtv|t=tD wCU= xOW R=QL= xvwtvCN=U u}L x}rw=C@ w]Q OYQO Q=Okt
Q=Okt '|oOwr; |} wW?; V}=tR; QO 'x}rw= C@ w]Q OYQO R= Q_vhQY QwmPt

"Ov=xOQm ?Um =Q OQ=Ov=DU= R=Ht OL R= QDtm |@PH=w
QO |v=t}U |x}=B C}@FD R= xO=iDU= |}=QH= Q_vt R= Q[=L VywSB G}=Dv T=U=Q@ "5
'CU= `k=w |v}tRQ} R ?; |xQiU R= QDq=@ |=yR=QD QO xOwr; l =N xm |}=yC}=U
|@PH=w 'OQ=wt u}= QO OwQ|t Q=_Dv= w CU= xDW=O |QDy@ OQmrta w u=tOv=Q

"OQ}o CQwY |QDtm u=R}t x@ xOW |R=UOt=H Kr=Yt R= xOv}q;

"|R=UOt=H w C}@FD |=yxrk COW |atHD Q=Okt |}xr}t Q=Owtv "8 pmW
"OwW|t xOy=Wt |v=t}U CqwYLt V}=Ri= 'RwQ 28 w 7 u=tR COt QO |Qw;pta
'R=@ sDU}U =@ xU}=kt QO xDU@ sDU}U QO |vqwRwB |=y?}mQD Q}_v xrk QDW}@ COW
xDW=O |QDy@ CiQW}B 'xDU@ sDU}U QO |R=UOt=H sR}v=mt xm CU= u; R= |m =L

"CU=
R=@ |=ysDU}U |=yxvwtv |QU wO QO C-S-H |xrk Q}_v COW xm =Hv; R=
V}=Ri= u=wD|t 'CU= xOw@ u=Um} ,=@} QkD RwQ 28 w 7 |=yu=tR QO xDU@ w
|=yxvwtv |=Q@ RwQ 28 QO |vqwRwB |=yVvm =w Q}_v |=yxrk COW ẁtHt
|xOvvm|R=UOt=H w |vqwRwB |=yp=DU} Qm OWQ w p}mWD x@ =Q xDU@ sDU}U
xDU@ sDU}U |=yxvwtv =D CU=xOW ?@U ẁ[wt u}ty "O=O C@Uv C-A-S-H

sDU}U QO |R=UOt=H Ov}=Qi QDy@ CiQW}B Cra x@ w 6 pmW G}=Dv T=U=Q@
xOW |Qw;pta |=yxvwtv x@ C@Uv TCLP V}=tR; QO |QDtm |@PH=w 'xDU@
u; R= |m =L 8 pmW QO xOW x�=Q= G}=Dv u}vJty "OvyO u=Wv R=@ sDU}U QO
R= |WN@ 'xDU@ sDU}U QO ,=YwYN |vqwRwB |=yVvm =w CiQW}B =@ xm CU=
|R=UOt=H Ov}=Qi ?r=k x@ |Q=Oyov |=Q@ w xOQm ?wUQ u}ovU |Rri |=yxOv}q;
|@U=vt j=@]v= R}vTCLP |=yV}=tR; G}=Dv =@ |Q}oxH}Dv u}= "Ov=xOW pkDvt

"OQ=O

=yCWwv=B
1. Calcium Silica Hydrate
2. Toxicity Characteristic Leaching Procedure (TCLP)
3. Optimum Water Content (OWC)
4. Shaker
5. Basal Spacing
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