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1. Expanded Executive Summary and Key Findings 
G+3%7 +2-&! , ) 2-/ 7 %2/ -+3! . %-$!$53() ' $) 4%, ! ) (6/ 2%, ! , ) 2-/ 7 %2/ 2-&!&1, $! / &!K>L&!
/ 23! -$+! (+&1A-%26! 3+6(/ 3/ -%) 2! ) 0! $/ 4%-/ -! %&! / ! , ) &-A5! , ) / &-/ A! / 23! +&-1/ (%2+!
7 / 2/6+7 +2-! %&&1+M!! N(+36%26!%&!7 ) &-!)0-+2!1&+3!(+7+3%/A! / , -%) 2! 4+, / 1&+! 0+. !
(+A%/ 4A+! / A-+(2/ -%?+&! -) ! 3(+36%26! +O%&-M! ! N(+36%26! %&! , ) &-A5C!$).+?+(C!/23! )0-+2!
A+/ ?+&! 4+$%23! (+&%31/ A! , ) 2-/ 7 %2/ -%) 2! -$/ -! 7 1&-! 4+! 7 / 2/ 6+3M! ! >) &-! +00+, -%?+!
7 +-$) 3&! -) ! -(+/ -! , ) 2-/ 7 %2/ -+3! &+3%7 +2-&! /23! -)! 7 / 2/6+! -$+! (+&%31/A!
,)2-/7 %2/-%)2!%2!-$+!3(+36+3!/(+/&! /(+! &)(+A5!2++3+3M!! P)&-! 3+&%(/4A+!/(+!
7 +-$) 3&! -$/ -! ' () ?%3+! &+3%7 +2-! -(+/ -7 +2-! / 23! &%7 1A-/ 2+) 1&A5! ' () 7 ) -+! $/ 4%-/ -!
(+&-)(/-%)2M!!!

#$%&!&-135!+?/A1/-+3!-$+!'+(0)(7 / 2,+!) 0!-$%2!A/ 5+(!/ , -%?/-+3!,/(4)2! Q:>R!
/ 7 +23+3! &/ 23! &+3%7 +2-! , / ' &! / &! / ! -) ) A! 0) (! %2! &%-1! (+7 +3%/ -%) 2! ) 0! K>L!
, ) 2-/ 7 %2/ -+3! &+3%7 +2-&M! ! S +! 3+?+A) ' +3!-$+!0123/7+2-/A!123+(&-/23%26!)0!-$+!
'$5&%,),$+7%,/A!'(),+&&+&!/00+,-%26!-$+!-(/2&')(-! )0!K>L&!-$()16$!-$+!:> !A/5+(C!
/ 23! 7 +/ &1(+3! %&) -$+(7 &! ' / (/ 7 +-+(&! 0)(! 2%2+!K>L&!)2-)! :>! 123+(!&+3%7+2-!
,)23%-%)2&!Q%M+M!%2!-$+!'(+&+2,+!)0!N9P ! /23! 4%)0%A7&RM!! #$+&+!/(+! 2++3+3!-)!
3+&%62!/23!'(+3%,-!-$+!'+(0)(7/ 2,+!)0!:> T/ 7 +23+3!&+3%7 +2-!, / ' &!%2!-$+!0%+A3M!

U+61A/ -) (5!/ 23!' 14A%, !/ , , +' -/ 2, +!) 0!%2!&%-1!, / ' ' %26!Q@G>R!. %-$!&/ 23C!-$+!
7)&-! ,)77)2! /''()/,$! ,)2&%3+(+3C!$/&!&) 7 +-%7+&!4++2!3%00%,1A-!4+,/1&+!
,)2-/7 %2/2-&!/(+!2)-!(+7)?+3!)(! 3+&-()5+3C!/23!4+,/1&+!-$+!/4%A%-5!)0!/! &/23!,/' !
-)! %&)A/-+!,)2-/7 %2/2-&!0)(!A)26!-%7+! '+(%)3&!3+'+23&!1')2! &%-+!$53()6+)A)65!
Q+M6M!6() 123. / -+(!&++' / 6+R!/ 23!%&!12, +(-/ %2M!: 33%-%) 2!) 0!/ !-$%2!A/ 5+(!Q" MJF!, 7 R!) 0!
:>! -)! -$+!&/23!,/'! &%62%0%,/2-A5!%7 ' () ?+3!-$+!/ 4%A%-5!) 0!-$+!, / ' !-) !(+-/ (3!-(/ 2&' ) (-!
)0!K>L&!0()7 !-$+!123+(A5%26!&+3%7+2-!-) !-$+!)?+(A5%26!4+2-$%,!,)7712%-5!/23!
./-+(! ,)A172M!#$+!A)26!'+ (%) 3&!) 0!, $+7 %, / A!%&) A/ -%)2!'()?%3+3!45!:> T/7+23+3!
&+3%7 +2-!, / ' &!, ) 1A3!/ AA) . !-%7 +!%2$+(+2-A5!&A).!/--+21/-%)2!'(),+&&+&!-)!3+6(/3+!/ !
&%62%0%, / 2-!0(/, -%) 2!) 0!K>L&!%2!-$+!41(%+3!&+3%7+2-C!+M6M!/2/+()4%,!4%)3+6(/3/-%)2!
.$%,$!%&!.+AA!3),17 +2-+3!QU$++!+-!/AM!JEE"V!L().2! +-!/AM!"IWXV!Y1+2&+2!@@@!+-!/ AM!
" I I EV!: 4(/ 7 ) . %, Z!+-!/ AM!" I I [ RM!>A+/ 2!&/ 23!) (!&+3%7 +2-!3+' ) &%-+3!) 2!-) ' !) 0!-$+!
: >!A/ 5+(! ' () ?%3+&!/ ! , ) 2-/ 7 %2/ 2-T0(++!$/ 4%-!0)(!&14T/\1/-%,!&'+,%+&!-)! ')'1A/-+M!!
#$1&C!:>T/7+23+3!&+3%7+2-!,/'&!,/2!4+!1&+3!%2!' A/ , +!) 0!3(+36%26!/ 23!' () ?%3+&!/ !
'A/-0)(7 !0)(!$/4%-/-!(+&-)(/-%)2M!

#$+! : >!A/ 5+(!%&! / 33+3! -) ! -$+!&+3%7 +2-! , / ' ! 1&%26! / !U+/ , -%?+!>) (+!P / -!
QU>P ] RC!, ) 2&%&-%26!) 0!/ !6+) -+O-%A+!0%AA+3!. %-$!: >M!!U>P &!/ (+!2) . !, ) 7 7 +(, %/ AA5!
/?/%A/4A5!0()7 ! >B#>9! Q:(A%26-) 2! =+%6$-&C! @̂RM! @-! %&! ) 2+! ) 0! &+?+(/ A! -5' +&! ) 0!
U>P&!-$/-!>B#>9! 7 / (_+-&!Q...M&+3%7+2-(+7+3%/-%)2M,)7;(, 7 M$-7 RM!!=1+&_+(C!
@2, MC! / ! 8 ) (-$! : 7 +(%, / 2! &14&%3%/ (5! ) 0! =1+&_+(! G52-$+-%, ! D7 4= ! QD+&, $+(C!
D+(7 / 25R!/ A&) ! ' () 31, +&! / !6+) -+O-%A+! , ) 2-/ %2%26! / , -%?/ -+3! , / (4) 2!0)(! ' A/ , +7 +2-!
%2-)!/! &+3%7+2-! ,/'M! ! =1+&_+(!)00+(&! 3%00+(+2-! -5'+&! )0! : >! 0) (! &' +, %0%, !
/''A%,/-%)2&!Q+M6M!&1A01(!%7'(+62/-+3! :> ! -)! &+\1+&-+(!7 +(,1(5RM!! >B#>9! $/&!
' A/ , +3!/ 2!: >T/ 7 +23+3!U>P !/ -!G-(5_+(!L / 5C!N1A1-$C!P 8 !/ &!' / (-!) 0!/ !(+7 +3%/ A!
/,-%)2!'A/2!0)(!/!-/(!&1'+(0123!&%-+M!!9-$+(!'()*+,-&!/(+!'A/22+3M!

#$+(+!/ (+!2) !A+6/ A!4/ ((%+(&!-) !/ ' ' A%, / -%)2M!!:-! G-(5_+(!L/5C!-$+!1&+!)0!-$+!
U>P! ./&! &-%'1A/-+3!%2!-$+!U9N! 0) (!-$+!&%-+M!!#$+!' (%7 / (5!4/ ((%+(!-) !. %3+&' (+/ 3!
/ ' ' A%, / -%) 2! (+7 / %2&! / ! A/ , _! ) 0! ' %A) -! / 23! 01AA! &, / A+! -+&-! &%-+&! &$) . %26! -$+!
+00+, -%?+2+&&!) 0!-$+!/ ' ' () / , $M!!#$+!3/ -/ !, ) AA+, -+3!%2!-$%&!&-135!3+7 ) 2&-(/ -+&!-$/ -!
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-$+&+!4/ ((%+(&!, / 2!%23++3!+00+, -%?+A5!7 %-%6/ -+!K>L!-(/ 2&' ) (-C!+?+2!%2!-$+!' (+&+2, +!
) 0!2/ -1(/ A!) (6/ 2%, !7 / --+(!Q8 9 P R!/ 23!/ !&14&-/ 2-%/ A!&++' / 6+!?+A) , %-5!Q̀ !F!, 7 ;3/ 5RM!!
#$%&!?/A%3/-%)2C!/23!-$+!(+&1A-&!0()7 !G-(5_+(!L/5! &$)1A3!%2,(+/&+!U>P! 1&+!%2!-$+!
(+7+3%/-%)2!,)77 12%-5M!! :2)-$+(! 4/((%+(!-) ! . %3+&' (+/ 3! / ' ' A%, / -%) 2!%&!-$+!BK: !
' ) &%-%) 2!-$/ -!7 / &&!(+7 ) ?/ A!%&!-$+!) 2A5!?%/ 4A+!(+7 +3%/ -%) 2!&-(/ -+65!4+, / 1&+!K>L&!
/ (+! 2) -! 3+6(/ 3/ 4A+M! ! #) ! -$%&! +23C!)26)%26!&-13%+&!%2?+&-%6/-%26!K>L!
4%)3+6(/3/-%)2!%2!&+3%7+2-&!,)1A3!A+/3!-)! a,/'! /23! -(+/-b!-+,$2)A)6%+&!-$/-!
'A/,/-+! -$%&!,)2,+(2M!

#$+! +23! 1&+(&! ) 0!-$%&! -+, $2) A) 65! / (+! ' (%?/ -+! / 23! 0+3+(/ A! , ) 2-/ 7 %2/ -+3!
&+3%7+2-&!&%-+!).2+(&C!/23!+2?%()27+2-/A!(+7+3%/-%)2!0%(7&M!!>B#>9C!-$+!U>P!
7 / 210/,-1(+(C!/23!(+61A/-)(&!.$)! /(+!,)2&%3+(%26!-$%&!-+,$2)A)65!/-! -$+%(!&%-+&!/(+!
/ A&) !+23!1&+(&M!!U>P !-+, $2) A) 65!. / &!(+, +2-A5!$%6$A%6$-+3!%2!/ !' (+&+2-/ -%) 2!6%?+2!
/-!-$+!c+3+(/A!U+7+3%/-%)2!#+,$2)A)6%+&!U)123-/4A+!7++-%26!d12+!FC!JEEWM!
!
Key Findings 

>)&-M! ! #$+! 7 / -+(%/ A! / 23! , ) 2&-(1, -%) 2! , ) &-&! 0) (! -$+! : >T0%AA+3! U>P ! / (+!
/ ' ' () O%7 / -+A5! e" ETJE;7 JM! ! #5' %, / A! , ) &-&! ) 0!A/ (6+! &, / A+! , / ' ! / ' ' A%, / -%) 2&! / (+!
/ ' ' () O%7 / -+A5!e" XTJ" ;7 JC!7 / _%26!-$+!) ?+(/ AA! ' A/ , +7 +2-! , ) &-!%2!-$+!(/ 26+!) 0!
eJXTH" ;7 JM!! #$%&!%&!A+&&!+O'+2&%?+!-$/-! 3(+36%26!QeHF;7[ R! / &&17 %26! / ! ) 2+!
7 +-+(! 3+' -$! ) 0! , ) 2-/ 7 %2/ -+3!&+3%7 +2-M! !L+, / 1&+! -$+!U>P ! , ) &-!%&!4/ &+3! ) 2!
&1(0/,+!/(+/! (/-$+(!-$/2!3(+36+3!?)A17+C!,)&-!&/ ?%26!4+,)7 +!&14&-/2-%/A!0)(!
3++'+(!&+3%7+2-!3+')&%-&M!
P / %2-+2/ 2, +!(+\ 1%(+7 +2-&M!!92,+! ' A/,+3C!-$+!U>P! .%AA!,) 2-/%2!,)2-/7 %2/2-&!
%2! -$+! 123+(A5%26! &+3%7 +2-&! 0) (! 3+, / 3+&! )(! A)26+(!/23! (+\1%(+&!A%--A+!)(! 2) !
7 / %2-+2/ 2, +M! ! K+(%) 3%, ! 7 ) 2%-) (%26! ) 0!+00%,/,5!.)1A3! A%_+A5!4+!(+\1%(+3!/23!
$+A' !?+(%05!' +(0) (7 / 2, +C!41-!-$+!7 ) 2%-) (%26!(+\ 1%(+7 +2-&!0) (!-$+!U>P !. %AA!4+!
0/ (!A) . +(!-$/ 2!0) (!, / ' ' %26!. %-$!&/ 23!/ A) 2+!) (!0)(!7 ) 2%-) (+3!2/ -1(/ A!/ --+21/ -%) 2C!
/ !, ) 7 7 ) 2A5!1&+3!(+7 +3%/ A!/A-+(2/-%?+!-)!3(+36%26!/23!,/''%26M!
: , , 1(/ , 5M!!N(+36%26!) 0-+2!A+/ ?+&!&) 7 +!, ) 2-/ 7 %2/ -+3!7 / -+(%/ A!%2!' A/ , +!/ &!%-!%&!
-+,$2%,/AA5!%20+/&%4A+!-)! 3(+36+!/ AA!) 0!-$+!, ) 2-/ 7 %2/ -+3!&+3%7 +2-!0()7 !/ !(%?+(!
)(! A/_+M!! @2!,)2-(/&-C!-$+!U>P! %&!'A/,+3! ) ?+(! -$+! &+3%7 +2-! /23! ,/(+01A!
' A/ , +7 +2-! +2&1(+&! / , , 1(/ -+! / 23! , ) 7 ' A+-+! , ) ?+(/ 6+! ) 0! -$+! , ) 2-/ 7 %2/ -+3!
&+3%7 +2-M!
G'++3M!#$+!U>P !' A/ , +7 +2-!(/ -+!/ -!/ !3+7 ) 2&-(/ -%) 2!&%-+!%2!-$+!: 2/ , ) &-%/ !U%?+(!
./&! f"EE!7 J;$(C!2) -!%2, A13%26!-$+!-%7 +!-) !' A/ , +!-$+!" F!, 7 !&/ 23!A/ 5+(!) ?+(!-$+!
U>P M!!B?+2!. %-$!' A/ , %26!-$+!&/ 23!, / ' !) ?+(!-$+!U>P C!-$%&!' A/ , +7 +2-!(/ -+!%&!
&%62%0%, / 2-A5!0/ &-+(!-$/ 2!/ !3(+36%26!) ' +(/ -%) 2!. $+(+!3(+36+3!7 / -+(%/ A&!7 1&-!4+!
(+7)?+3C!&-)(+3!)(! -(+/-+3C!/23!1A-%7/ -+A5!3%&')&+3!)0M!!#$+!G-(5_+(!L/5! U>P!
3+'A)57+2-!./&! 7 1,$! \1%,_+(!-$/2! -$+!:2 / , ) &-%/ ! U%?+(M! ! #$+! , ) 2-(/ , -) (! / -!
G-(5_+(!L/5! 3+'A)5+3!fHFCEEE!7 J! %2!"g! 3/5&!)(! f"JE! 7 J;$(M! ! D(+/ -+(!
+O' +(%+2, +! . %-$! -$+! U>P ! ' A/ , +7 +2-! &$) 1A3! 01(-$+(! %2, (+/ &+! -$+! (/ -+! ) 0!
' A/ , +7 +2-M!
B/ &+! ) 0! 1&+M! ! U>P ! +7 ' A/ , +7 +2-! (+\ 1%(+&! &%7%A/(!-))A&!/&! 3(+36%26!&)!
7 ) 4%A%Z/ -%) 2!/ 23!3+7 ) 4%A%Z/ -%) 2!' () , +&&+&!/ (+!&%7 %A/ (M!U>P h&!/ ?) %3!-$+!2++3!
0)(!&+3%7 +2-!&-) (/ 6+C!-(+/ -7 +2-C!/ 23!3%&')&/A!(+\1%(+3!0)(!3(+36%26C!7 / _%26!-$+!
U>P!-+,$2%\1+!&%62%0%,/2-A5!+/&%+(!-$/2!3(+36%26M!
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B23!1&+!, / ' / , %-5!(+\ 1%(+7 +2-&M!!!#$+!3+7 ) 2&-(/ -%) 2!&%-+&!Q+M6M!: 2/ , ) &-%/ !U%?+(C!
S/&$%26-)2C!NM>MC!/23! G-(5_+(!L/5C!N1A1-$C!P 8 R!1&+3!3%00+(+2-!7 +-$) 3&! ) 0!
' A/ , +7 +2-C! / A-$) 16$! +/ , $! 1&+&!&-/23/(3! ,)2 &-(1,-%)2!+\1%'7 +2-M!! G+?+(/A!
+2?%() 27 +2-/ A!(+7 +3%/ -%) 2!0%(7 &!2) .!$/?+!+O'+(%+2,+!'A/,%26!U>P&M!
8+.! _2).A+36+M! ! #$%&!'()*+,-! '()?%3+&!2+.! _2).A+36+! (+6/(3%26!-$+!
+00+,-%?+2+&&!)0! /,-%?/-+3!,/(4)2T/7 +23+3!&+3%7+2-! ,/'&! 123+(!%2!&%-1!
,)23%-%)2&M!!@2!'/(- %,1A/(!.+!'()?%3+i!

!
o @&)-$+(7!'/(/7 +-+(&!0)(!2%2+!K>L!,)26+2+(&!)2!?%(6%2C!N9PTA)/3+3C!

/23!4%)0%A7!7)3%0%+3!:>M!!#$+!%&)-$+(7 !' / (/ 7 +-+(&!, ) AA+, -+3!0) (!N9 P T
A)/3+3!/23!4%)0%A7!A)/3+3!:>!.+(+!/''()O%7 / -+A5!)2+!)(3+(!)0!
7 / 62%-13+!A) . +(!-$/ 2!0)(!?%(6%2!/ , -%?/-+3!,/(4)2M!!#$+&+!A).+(!?/A1+&!
&$)1A3!4+!1&+3!%2!7)3+A&!1&+3!-)!3+-+(7 %2+!-$+!(+\ 1%(+3!-$%, _2+&&!) 0!-$+!
: >!/ 7 +237 +2-!%2!&+3%7 +2-!, / ' &!(/ -$+(!-$/2!?/A1+&!(+')(-+3!%2!-$+!
A%-+(/-1(+!0)(!?%(6%2!/,-%?/-+3!,/(4)2M!

!
o #$+!' (+&+2, +!) 0!2/ -1(/ A!) (6/ 2%, !7 / --+(!Q89PR!,/2! 3+,(+/&+!-$+!

+00+,-%?+2+&&!)0!/23!:>T/7+23+3!&+3%7+2-!,/'!123+(!?+(5!$%6$!0A).!
, ) 23%-%) 2&!31+!-) !_%2+-%, !A%7 %-/ -%) 2&!)2!K>L!/3&) ('-%)2!%2!-$+!'(+&+2,+!
)0!89PM!!#$%&!%&!31+!-)!/3&)('-%)2!)0!K>L&!-)!f! "EE!27 !89P!
/66(+6/-+&M!

!
o :-! 0A).!,)23%-%)2&!(+A/-%?+!-)!&+3%7 +2-!, / ' ' %26!Qj !F!, 7 ;3R!-$+!' (+&+2, +!

)0!89P!&$)1A3!2)-!A%7%-!-$+!'+(0)(7/ 2,+!)0!:>T/7 +23+3!&+3%7+2-!
,/'&M!!:-! -$%&!0A).!?+A),%-5!/23!0)(!/! "MJFT,7!-$%,_!,/'C! -$+(+!%&!
&100%, %+2-!-%7 +!0) (!3+&) (' -%) 2!0() 7 !89P!/23!K>L!/3&)('-%)2!-)!:>M!!
#$%&!%&!-$+!0%(&-!&-135!-)!/&&+&&!K>L!-(/2&')(-! -$()16$!/! -$%2!A/5+(!
/ , -%?/ -+3!, / (4) 2T/ 7 +23+3!&+3%7 +2-!, / ' !123+(!A) . !0A) . !, ) 23%-%) 2&!
-5'%,/A!)0!&+3%7+2-&M!

!
o #$%&!'()*+,-! 3+?+A)'+3!-$+!$+1(%&-%,&!0)(!:>T/7 +23+3!&+3%7+2-!,/'!

3+&%62!/23!'+(0)(7/ 2,+!7)2%-)(%26M!
!
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2. Project Development 
Abstr act 
#$+!'()'+(! 7 / 2/6+7 +2-!)0!K>LT!/23!K:=T , ) 2-/ 7 %2/ -+3!&+3%7 +2-!$/ &!' () ?+2!-) !
4+!/! .%3+T&'(+/3C!,)7 ' A+OC!/ 23!,)&-A5!%&&1+M!!#$+(+!/( +!0+.!?%/4A+!,)&-T+00+,-%?+!
-+,$2)A)6%+&!-)! 7 / 2/6+!,)2-/7 %2/-+3!&+3%7+2-&!&)!3(+36%26!%&!7 ) &-!)0-+2!-$+!
,$)&+2!(+7+35M!!#$+(+!/(+! 7 / 25!')-+2-%/A!3%&/3?/2-/6+&!)0!3(+36%26!%2,A13%26!
$%6$!,)&-&C!-$+!6+2+(/-%)2!)0!./&-+./-+(C!(+&%31/A!,)2-/7 %2/-%)2C!A/230%AA%26!)0!-$+!
3(+36+3!&+3%7+2-&C!/23! A)&&!)0!$/4%-/-M!! @2!&%-1!,/''%26! Q@G>R!%&!/! ')-+2-%/AA5!
+00+,-%?+!-+,$2)A)65!-$/-! ,/2 ! )?+(,)7 +!7 / 25!)0!-$+!'( )4A+7&!/&&),%/-+3!.%-$!
3(+36%26M!!U+61A/-)(5!/23!'14A%,!/,,+'-/2 , +!) 0!@G>!. %-$!&/ 23C!-$+!7 ) &-!, ) 7 7 ) 2!
/ ' ' () / , $!, ) 2&%3+(+3C!$/ &!&) 7 +-%7 +&!4++2!3%00%, 1A-!4+, / 1&+!, ) 2-/ 7 %2/ 2-&!/ (+!2) -!
(+7)?+3! )(! 3+&-()5+3C!/23! 4+,/1&+!-$+! /4%A%-5!)0! /! &/23! ,/' ! -)! %&)A/-+!
, ) 2-/ 7 %2/ 2-&! 0) (! A) 26! -%7 +! ' +(%) 3&! 3+' +23&! 1' ) 2! &%-+! $53() 6+) A) 65! Q+M6M!
6()123./-+(!&++'/6+R!/23!%&!12,+(-/%2M!!
! :,-%?/-+3T,/(4)2!0%AA+3!6+)-+O-%A+&!,/2! 4+!1&+3!-)! 'A/,+! -$%2!Q"MJF!,7R!
A/ 5+(&!) 0! / , -%?/ -+3! , / (4) 2!%2-) ! / !&/ 23!&+3%7 +2-! , / ' !QP , N) 2) 16$!+-! / AMC!JEEXRM!!
P ) 3+A!&%7 1A/ -%) 2&!%23%, / -+!-$/ -!%2, ) (' ) (/-%26!/! -$%2!/,-%?/-+3!,/(4)2! A/5+(!,(+/-+&!
&+3%7+2-!,/'&! -$/-! ,/2! %&)A/-+!K>L&!/ 23!K:=&! %2!-$+!123+(A5%26!&+3%7+2-!0)(!
$123(+3&!-)! -$)1&/23&!)0! 5+/(&C!+?+2!%2!-$+! '(+&+2,+!)0! A).! Q"!,7 ;3/5R!
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7 +,$/2%&7 &! /00+,-%26!-$+! '+(0)(7 / 2, +! ) 0! 2) ?+A! / , -%?/ -+3! ,/(4)2T/7 +23+3!
&+3%7+2-!,/'&! 123+(!0%+A3!,)23%-%)2&C!%%R!3+?+A)'!-$+!&5&-+7!123+(&-/23%26!2++3+3!
-)! %2-+(' (+-!-$+!'+(0)(7/2,+! 3/-/! ,)AA+,-+3!0)(!,/'&! ' A/,+3 !%2!-$+!0%+A3C!/23! %%%R!
3+?+A)'!3+&%62!,(%-+(%/!0)(! ,/'&! 4/&+3!)2! &%-+!$53()A)65!/23! 6+),$+7 %&-(5!
%2, A13%26! -$+! , ) 2-/ 7 %2/ 2-! / --+21/ -%) 2! (/ -+! 2++3+3!-)! /,$%+?+!&%62%0%,/2-!7 / &&!
(+31,-%)2!31(%26!-$+!%&)A/-%) 2!-%7 +!' () ?%3+3!45!-$+!, / ' M!
!
#$+!&'+,%0%,!)4*+,-%?+&!.+(+! -)!!

o Determine if competition for sorption sites between dissolved organic matter 
and contaminants of concern (e.g. PCBs, PAHs, dioxins) will lower Kf and 
diminish cap performanceM!!#$+!$5')-$+&%&!%2?+&-%6/-+3!./&! -$/-!3%&&)A?+3!
) (6/ 2%, ! 7 / --+(! / 3&) (4+3! -) ! -$+! / , -%?/ -+3! , / (4) 2! . %AA! $%23+(! &) (' -%) 2! ) 0!
, ) 2-/ 7 %2/ 2-&! / 23! +00+, -%?+A5! 3+, (+/ &+! -$+! c(+123A%, $! ' / (/ 7 +-+(&! Qo 0! / 23!
" ;2R! 0) (! , ) 2-/ 7 %2/ 2-! &) (' -%) 2M! ! N+, (+/ &+3!&)('-%)2!&-(+26-$!)0! /,-%?/-+3!
,/(4)2! -)./(3! -$+!-/(6+-!,)7 ')123! .)1A3! A%7%-! -$+!/4%A%-5!)0!-$+!&)(4+2-!
A/ 5+(!-) !7 %-%6/ -+!, ) 2-/ 7 %2/ 2-!-(/ 2&' ) (-!-$() 16$!-$+!7 / -M!

o Determine the effect of microbial biofilms on the sorbent surface.!!#$+!, / ' !
&) (4+2-!A/ 5+(!. %AA!A%_+A5!4+!/ 2/ +() 4%, !.%-$!/2! /4123/2,+! )0!)(6/2%,!,/(4)2!
/23!21-(%+2-&!&)!/! 4%)0%A7!%&!A%_+A5!-)! 6().! )2! -$+!&)(4+2-!'/ (-%, A+!&1(0/ , +&M!!
S+! $5')-$+&%Z+3!-$/-! -$+! 4%)0%A7!A/ 5+(! 0) (7 +3! . %AA! 3+, (+/ &+! , / ' !
+00+, -%?+2+&&!45!4A) , _%26! / , , +&&! ) 0! , ) 2-/ 7 %2/ 2-&! -) !%2-+(2/ A!&) (' -%) 2!&%-+&!
/23;)(! A%7%-%26!-$+!,)2-/7 %2/2-!3%001&%)2!(/-+!0()7 !-$+!&+3%7+2-!')(+./-+(!
-) !-$+!&) (4+2-M!

o Determine the effect of groundwater seepage on the assumption of 
equilibrium sorption in the cap.!!P ) 3+A%26!%23%, / -+&!-$/ -!?+(5!-$%2!&) (4+2-!
A/ 5+(&! Qf" , 7 R! %2! , / ' &! , / 2! 4+! $%6$A5! +00+, -%?+C! 41-! -$+! / &&17 ' -%) 2! ) 0!
+\ 1%A%4(%17 ! ' / (-%-%) 2%26! %2! -$+&+! -$%2! A/ 5+(&! 7 / 5! 2) -! 4+! ?/ A%3! / -! -$+! $%6$!



! I

6()123./-+(! &++'/6+!(/-+&!Q`"E!,7 ;3R!&)7+-%7+&!)4&+(?+3!%2!+&-1/(%+&!/23!
7 / (%2+!+2?%() 27 +2-&!%0!/ !4%) 0%A7 !$%23+(&!-$+!(/-+!)0!,)2-/ 7 %2/2-!&)('-%)2C!)(!
%0!-$+!/,-%?/-+3!,/(4)2! '/(-%,A+&!/(+! A/(6+!&1,$!-$/-! %2-+('/(-%,A+!3%001&%)2!
4+,)7 +&!?+(5!&A).M!!#$+!$5')-$+&%&!-+&-+3!./&! -$/-!0)(!-$%2!&)(4+2-!A/5+(&!
-$+(+! . %AA! 4+! &) 7 +! 6() 123. / -+(! &++' /6+! ?+A),%-5!.$+(+! -$+! (/-+! )0!
/ 3&) (' -%) 2! . %AA! 4+! &A) . +(! -$/ 2! -$+! (/ -+! ) 0! / 3?+, -%) 2C! . $%, $! . %AA! A+/ 3! -) !
' (+7 / -1(+!4(+/ _-$() 16$! / 23!3+, (+/ &+! -$+!+00+,-%?+2+&&!)0!-$+!A/5+(M!!#$%&!
&-135!. %AA!3+-+(7 %2+!-$+!7 %2%7 17 !(/ -%) !)0!&)(4+2-!A/5+(!-$%,_2+&&!-)!&++'/6+!
?+A) , %-5! . $+(+!&) (' -%) 2!_%2+-%, &! / (+!&-%AA!0/ &-! (+A/ -%?+!-) ! / 3?+, -%) 2! -$() 16$!
-$+! A/ 5+(! / 23! -$/ -! -$+! / &&17 ' -%) 2! ) 0! +\ 1%A%4(%17 ! ' / (-%-%) 2%26! , / 2! &-%AA! 4+!
/ ' ' A%+3M!
!

Methods 
ChemicalsM!BA+?+2!K>L&!.+(+! 1&+3!%2!-$+!4/ -,$! /23! ,)A172!+O'+(%7+2-&i!JJhTC!
/23! [HT3%,$A)()4%'$+25AC!JJhFTC!/23! [[h HT-(%,$A)()4%'$+25AC!JJhFFhTC!JJhFghTC!
JJhgghTC!J[hFFhTC!/23! [[hHHhT-+-(/,$A)()4%'$+25AC!/23! JJh[HHhT!/23! [[hHHhFT
'+2-/,$A)()4%'$+25AM!#$+&+!K>L&!.+(+! )4-/%2+3!0()7 !:, ,1G-/23/(3C!@2,M!Q8+.!
= / ?+2C!>#R!/ &!/ !7 %O+3!&) A1-%) 2!%2!$+O/ 2+!Q" EE!7 6;^ !0) (!+/ , $!K>L!+O, +' -!0) (!
JJhT3%,$A)()4%'$+25A!.$%,$!$/3!/! ,)2,+2 -(/-%)2!)0!"EEE!7 6;^ RM!#$+&+!,)26+2+(&!
. +(+! , $) &+2! -) ! , ) ?+(! -$+! 3%T!-$() 16$! ' +2-/ T$) 7 ) A) 6! 6() 1' &! / 23! %2, A13+!
,)26+2+(&!,)77 )2A5!0)123!%2!/(),A)(&! %2!$%6$!A+?+A&!QK>L&THC!"WC!/23! FJRC!
'/(-%,1A/(A5!-)O%,!,)7 ' )123&!QK>L&TXX!/23! "JgR!QG/0+C!"II[R C!,)7 ')123&! .%-$!
&%7 %A/ (!A) 6!o 9 S h&!41-!3%00+(+2-!3+6(++&!)0!)( -$)T&14&-%-1-%)2!QK>L&TFJC!F[C!FHC!
XJC!/23! XXRC!/23! ,)26+2+(&!' (+?%) 1&A5!&-13%+3!45!)-$+(&!QK>L&T"WC!FJC!XXC!/23!
"JgR!Qd)2_+(!/23! o)+A7/ 2&C!JEEJRM!! =+O/2+! Q) ' -%7 / RC! / , +-) 2+! Q) ' -%7 / RC! / 23!
, / A, %17 !, $A) (%3+!QI Fn !' 1(%-5R!.+(+! )4-/%2+3!0()7 !c%&$+(!G, %+2-%0%, !QK%--&41(6$C!
K: RC! / 23! &) 3%17 ! / Z%3+! QI I n ! ' 1(%-5R! . / &! ) 4-/ %2+3! 0() 7 ! : , () &! 9 (6/ 2%, &!
QL+A6%17RM!! 8/2)'1(+! 6(/3+!./-+(! QL/(2&-+/ 3C! N141\ 1+C! @: R! . / &! 1&+3! 0) (! / AA!
/\1+)1&!'(+'/(/-%)2&M!

Activated CarbonM!!#9D! :>! Q>/A6)2! >/(4)2! >)(')(/-%)2C!K%--&41(6$C!
K: R!. / &!1&+3!0) (!-$+!%&) -$+(7 !/ 23!, ) A17 2!&-13%+&M!#$+!: >!1&+3!%2!-$+!%&) -$+(7 !
&-13%+&! . / &! (+, +%?+3! / &! WEq[ JF! 7 +&$! / 23C! -) ! (+31, +! +\ 1%A%4(/ -%) 2! -%7 +C! . / &!
&%+?+3!-) ! , ) AA+, -! -$+!0(/ , -%) 2!A+&&!-$/2! JEE!7 +&$!QjXF!r7 RC!4)%A+3!%2!2/2)'1(+!
./-+(! 0)(![E!7 %21-+&C!3(%+3!-)! ,)2&-/2-!7 / &&!/ -!" EFs>C!/ 23!&-) (+3!%2!/ !3+&&%, / -) (M!
: ! ' ) (-%) 2! ) 0!-$+! : >! . / &! ' (+A) / 3+3! . %-$! N9 P ! 0()7 ! / ! &%7 1A/ -+3! ' ) (+! . / -+(!
6+2+(/ -+3!0() 7 !D(/ &&+!U%?+(!QP / &&+2/ C!8lR! &+3%7+2-!4/&+3!)2! :G#P !N[IWX!t!
WF!/23! 3+&,(%4+3!%2!P,N)2)16$! +-!/AMC!JEEWRM!! #$+!N9PTA)/3+3!:> ! ./& !
, ) AA+, -+3!45!?/ , 117 !0%A-(/ -%) 2!QEMHF! r 7 R! /23! 3(%+3!/-! "EFs>!-)! ,)2&-/2-!7 / &&M!!
#$+!-)-/A!)(6/2%,!,/(4)2! Q#9>R!A)/3%26!)2! -$+!:>! ./&! f "MJ!.-n! /&&+&&+3!45!
#9 >! 7 +/ &1(+7 +2-&!Q9@!: 2/ A5-%, / A!" E" E!#) -/A!9(6/2%,!>/(4)2! :2/A5Z+(R!)0!-$+!
&+3%7 +2-T6+2+(/ -+3!' ) (+!. / -+(!4+0) (+!/ 23!/ 0-+(!: >!/ 33%-%) 2M!L%) 0%A7 !. / &!6() . 2!
)2! :>! 1&%26!Staphylococcus epidermidis!Q,1A-%?/-+3!0()7 !/! A))'! )0!'1(+! ,1A-1(+C!
:#>>! [FIWHR!/&!3+&,(%4+3!%2!P,N)2)16$! +-!/AMC!JEEWRM!! S. epidermidis! . / &!
&+A+, -+3! / &! ' (+A%7 %2/ (5! +O' +(%7 +2-&! %2! )1(! A/4!&$).+3! -$/-! %-!'()31,+3! A/(6+!
/7 )12-&! )0! +O-(/,+AA1A/(!')A57 +(%,!&14&-/2,+&! .$%,$! /%3!%2!(/'%3! 4%)0%A7!
0)(7 / -%) 2M!#$+!%2-+2-%) 2!) 0!-$%&!&+A+, -%)2! ./&! -)! '()?%3+!/! ,)2&+(?/-%?+!+&-%7/-+!



! "E

Q7 / O%7 17 !+00+, -R!0) (!-$+!' ) -+2-%/A!+00+,-!)0!4%)0%A7!6().-$! )2! K>L! &) ('-%)2!-)!
: >M!

AC CharacterizationM!!#$+!&1(0/ , +! / (+/ ! / 23! ' ) (+!?) A17 +!) 0! -$+!?%(6%2!
/23! N9PTA)/3+3!:>! .+(+! 3+-+(7%2+3!Q%2!31'A%,/-+R!0()7! /2/A5&+&!)0!2%-()6+2!
6/ &!/ 3&) (' -%) 2!%&) -$+(7 &!/ -!XX!o ! ' +(0) (7 +3!. %-$!/ !8 9 u : !JJEE+!G1(0/, +!: (+/ !
/23! K)(+! G%Z+!:2/A5Z+(!QY1/2-/,$()7 +! @2&-(17 +2-&C! L) 52-) 2! L+/ , $C! c^ RM!
G/7 ' A+&!.+(+! 3+6/&&+3!/-! HJ[! o! 0)(!"gTJE!$)1(&!'(%)(!-)! -$+!/ 2/ A5&%&M! ! #) -/ A!
&1(0/ , +!/ (+/ !. / &!3+-+(7 %2+3!1&%26!-$+!LB#!+\ 1/ -%) 2!%2!-$+!(+A/ -%?+!' (+&&1(+!(/ 26+!
)0!EME"TEM"EM!#)-/A! ')(+! ?)A17+!./&! ,/A,1A/-+3!0()7 ! -$+!/3&)(4+3!?)A17+! )0!
2%-()6+2!6/&!/-! /! (+A/-%?+!'(+&&1(+!)0!EMIWM!P%,()')( +!/2/A5&+&!.+(+! 3)2+!45!
/ ' ' A5%26!-$+!-T7+-$) 3!) 0!3+!L) +(!QD(+66!/23!G%26C!"IWJR!%2!-$+!(+A/-%?+!'(+&&1(+!
(/26+!)0!EMJETEMHE!1&%26!89u:S%2J!&)0-./(+M!

Isotherm Experiments (Objectives 1 and 2)M!!G)('-%)2!)0!K>L&!-)!K9P!
. / &!\ 1/ 2-%0%+3!45!7 +/ &1(%26!/ 3&) (' -%) 2!%&) -$+(7&!1&%26!-$+!7)3%0%+3!4)--A+T')%2-!
7 +-$) 3!3+?+A) ' +3!45!d) 2_+(! / 23!o ) +A7 / 2&!QJEE" RM! ! : AA!%&) -$+(7 !+O' +(%7 +2-&!
.+(+! ,/((%+3!)1-! %2!JFE!7 ^ ! / 7 4+(!6A/&&! 4) --A+&!.%-$!#+0A)2!A%2+3!,/'& ! /&!
3+&,(%4+3!%2!P,N)2)16$! +-!/AMC!JEEWRM!!L(%+0A5C!-$+!/\1+)1&! '$/&+!,)2&%&-+3!)0!
J[E! 7 ^ ! )0!2/2)'1(+! ./-+(! .%-$!JF!7 6;^ ! &)3%17! /Z%3+!/23! EME"!P! ,/A,%17!
,$A)(%3+M!!#$+!7 / &&!)0!K9P! 1&+3!./&! EM"!6M!!#$+!&5&-+7&!.+(+! &'%_+3!. %-$!JC!" C!
)(! EMF!7 ^ ! )0!K>L! &'%_+!&)A1-%)2!,)2&%&-%26!) 0! I! K>L! ,)26+2+(&!%2!/,+-)2+! /-!
,)2,+2-(/-%)2&!4+-.++2!EMJ!/23! JEE!7 6;^M!! #$+!4)--A+&!.+(+! &.%(A+3!1&%26!/!
()-/(5! &$/_+(!/-! "JE!('7 !QP/O!Y! [EEEC!dToBP! G,%+2-%0%,R!0)(!JW!3/5&!/-! ())7 !
-+7' +(/-1(+!QJ"!-)! JHs>RM!! #$+!K9 P! ./ &!-$+2!(+7)?+3!0()7 ! -$+!4)--A+&!/23!
K>L&!.+(+! +O-(/,-+3!0()7 !-$+!./-+(! / 23!K9 P !/ &!3+&, (%4+3!%2!P , N) 2) 16$!+-!/ AMC!
QJEEWRM!!:>! %&)-$+(7&!.+(+! '+(0)(7 +3!1&%26!/ !-+, $2%\ 1+!&%7 %A/ (!-) !-$/ -!1&+3!%2!
-$+!K9PTK>L! +O'+(%7+2-&!+O,+'-!&)3%17! /Z%3+!./&! 2)-! 1&+3!%2!-$+!4%)0%A7!
&-13%+&M!! : 33%-%) 2/ AA5C!" !6!) 0!K9 P !/ 23!F!7 6!) 0! : >! . +(+!1&+3!/ 23!-$+!4) --A+&!
.+(+! &'%_+3!.%-$!"! )(! EMF!7 ^ ! )0! K>L! &'%_+! &)A1-%)2M!! :0-+(! JW!3/5&!)0!
+\1%A%4(/-%)2C!-$+!K9P! ./&! +O-(/,-+3!/&!3+&,(%4+3!%2!P,N)2)16$! +-!/AMC!JEEWM!!
#$+!K>L! ,)26+2+(&!%2!-$+!+O-(/,-&!.+(+ !\1/2-%0%+3!1&%26!D>;B>N! BK:! P+-$)3!
WEWJ!!/&!3+&,(%4+3!%2!P,N)2)16$! +-!/AMC!QJEEWRM!

Isotherm ModelingM!!#$+!7 / &&!4/ A/ 2, +!) 0!-$+!-$(++!' $/ &+!&5&-+7 !1&+3!-) !
)4-/%2!-$+!%&)-$+(7&!0)(!K>L!/3&)(' -%) 2!-) !: >!%2!. / -+(!. / &i!
!

T e AC W W POM POMM q M C V C M! " " ! ! Q" R!
!

@2!+\ !" C!P #!%&!-$+!-)-/A!7 / &&!)0!/! 6%?+2!K>LC!\ +C!>S C!/23! >K9P ! / (+!-$+!
+\1%A%4(%17!K>L! ,)2,+2-(/-%)2&!)2! -$+!: >C!. / -+(C!/ 23!K9 P !(+&' +, -%?+A5C!P :> !
/23!P K9P !/ (+!-$+!7 / &&!)0!:>! /23!K9P! (+&'+,-%?+A5C!/23!u S !%&!-$+!?) A17 +!) 0!
. / -+(M!

@&)-$+(7&!.+(+! 3+?+A)'+3!-)! \1/2-%05! -$+! A%2+/ (! 3%&-(%41-%) 2! , ) +00%, %+2-!
Qo K9P R!0)(!+/,$! K>L! 4+-.++2!K9P! /23! ./-+ (M!K9P! %&!,)2&%3+(+3!-)! $/?+!/!
a&) 0-b!) (!a6+ATA%_+b!7 / -(%O!/23! 1'-/_+&!)(6/2%,!,$+7 %,/A&!%2!'()')(-%)2! -)! -$+%(!
0(++A5! 3%&&) A?+3! , ) 2, +2-(/ -%) 2! Q: $2! +-! /AMC!JEEFR!-$1&!7/_%26!/! A%2+/(!7 )3+A!
/ ' ' () ' (%/ -+M! : 33%-%) 2/ AA5C! 0)(! +/ , $! , ) 26+2+(C! ) 2A5!3/-/! 0)(! .$%,$!-$+!/\1+)1&!
'$/&+!,)2,+2-(/-%)2!./&! )2+!)(3+(!)0!7 / 62%-13+!4+A) . !-$+!(+' ) (-+3!&) A14%A%-5!. / &!



! ""

1&+3M!@2!-$+&+!&5&-+7&C!P #C!u S C!/ 23!P K9P !.+(+! _2).2C!/23!>S !/23!>K9P !. +(+!
7 +/&1(+3!3%(+,-A5!Q2)!: >C!-$+(+0)(+!P :> !%2!+\ !" !%&!Z+() RM!o K9P !. / &!, / A, 1A/ -+3!45!
6+) 7 +-(%, ! 7 +/ 2! 012, -%) 2/ A! (+6(+&&%) 2! Q= /A0)2C!"IWFR!1&%26!3/-/! %2!-$+!A%2+/(!
' / (-%-%) 2%26!(/ 26+!/ , , ) (3%26!-) !+\ !JM!
!

WPOMPOM CCK ! ! ! ! QJR!
!

:>! %&)-$+(7&!.+(+! '+(0)(7 +3! -)! \1/2-%05!K>L! /3&)('-%)2M!@2!-$+&+!
+O'+(%7+2-&!P #C!u S C!P K9P C!/23! P :> ! .+(+! _2).2! /23! >K9P ! . / &! 7 +/ &1(+3!
3%(+,-A5!0)(!+/,$! ,)26+2+(M!<&%26!o K9P !3+-+(7 %2+3!%2!+\ !JC!>S ! . / &! , / A, 1A/ -+3!
/23! \ +!. / &!3+-+(7 %2+3!1&%26!+\ !" M!: 3&) (' -%) 2!%&) -$+(7 &!0) (!: >!. +(+!2) 2A%2+/ (!
/ 23!0%--+3!. %-$!-$+!c(+123A%, $!7 ) 3+A!Q+\ ![ RM!
!

n
WFe CKq

"
! !! ! ! Q[ R!

!
B\ ![ !. / &!A%2+/ (%Z+3!/ 23!6+) 7 +-(%, !7 +/ 2!012,-%)2/A!(+6(+&&%)2!./&! 1&+3!-)!

3+-+(7 %2+! -$+! c(+123A%, $! ' / (/ 7 +-+(&! o c! /23! ";2! /23! -$+%(!,)((+&')23%26!IFn!
, ) 20%3+2, +! %2-+(?/ A&! Q>@&RM! #$+&+! I Fn ! >@&C!.$%,$! .+(+! ,/A,1A/-+3!1&%26!-$+!
7 +-$) 3!) 0!U%, _+(!Q" I XFRC!' +(7 %--+3!() 41&-!, ) 7 ' / (%&) 2&!) 0!-$+!3/ -/ C!/ 23!/ (+!7 ) (+!
/ ' ' () ' (%/ -+! -$/ 2! , ) 7 ' / (%26! I Fn ! >@&! , / A,1A/-+3!1&%26!A+/&-!&\1/(+&!(+6(+&&%)2!
Q. $%, $!/ &&17 +&!2) !+(() (!%2!-$+!v T, ) ) (3%2/-+C!/\1+)1&!K>L! ,)2,+2-(/-%)2!%2!-$%&!
, / &+R!) (!GN&!Q.$%, $!(+' (+&+2-!f WEn !, ) 20%3+2, +!%2-+(?/ A&RM!

!
Column Experiments!QObjective 3RM!
U/ ' %3! &7 / AAT&, / A+! , ) A17 2! -+&-! QUGG>#R! &,/A%26!+\1/-%)2&!3+?+A)'+3!45!
>(%--+23+2!+-!/AM!Q"IWgR!.+(+!1&+3!-)!3+&%62!-$+!,)2-%21)1&!0A).!,)A172!&-13%+&!%2!
-$%&!. ) (_!4+, / 1&+!-$+5!, / 2!4+!, ) 7 ' A+-+3!%2!/ !0(/ , -%) 2!) 0!-$+!-%7 +!/ 23!, ) 2&17 +!
A+&&!. / -+(!-$/ 2!01AAT&, / A+!+O' +(%7 +2-&M!UGG>#&!7 / %2-/ %2!(+/ , -) (!&%7 %A%-13+!. %-$!
01AAT&, / A+! / 3&) (4+(&! / 23! / &! &1, $! -$+! %20A1+2, +! ) 0!-$+! ?/ (%) 1&! 7 / &&! -(/ 2&' ) (-!
A%7 %-%26! ' () , +&&+&! Q%M+M! &1(0/ , +! 3%001&%)2C!')(+! 3%001&%)2C!/23! A%\1%3!0%A7! 7/&&!
-(/2&0+(!(+&%&-/2,+R!/(+! +\1%?/A+2-!%2!4)-$! &5&-+7&M!UGG>#&! . +(+! (12! %2! -$+!
'(+&+2,+!/23! /4&+2,+!)0!89P! / 23! . %-$! 4) -$! 7 ) 2) ?/ A+2-! Q8 / pR!/23! 3%?/A+2-!
Q>/JpR!4/,_6()123! +A+,-()A5-+&M!:''()/,$! ?+A),%-%+&!.+(+! ?/(%+3!0)(!6%?+2!+7'-5!
4+3!, ) 2-/ , -!-%7 +&!-) !' () 4+!-$+!%7 ' ) (-/ 2, +!) 0!0%A7 !3%001&%) 2!/ &!/ !(/ -+!A%7 %-%26!7 / &&!
-(/ 2&0+(!7 +, $/ 2%&7 M!#$+2C!1&%26!-$+!4) 123/ (5!A/ 5+(!-$+) (5!3+?+A) ' +3!45!S %A&) 2!
/23! D+/2_)'A%&!Q"IggRC!K>L! -(/2&')(-! -$()16$! :>T/ 7 +23+3!&+3%7+2-!,/'&! %&!
/&&+&&+3!/-!/! (+/A%&-%,!0A). !?+A) , %-5!0) (!&+3%7 +2-&M!

PCB Generator ColumnsM!#$+!6+2+(/-)(!,)A172!7 +-$)3! 3+&,(%4+3!45!
D$)&$!+-!/AM!Q"IIWR!./&! 1&+3!-)! 7 / _+!-$+!/\1+)1&! '$/&+!K>L&!0)(!-$+!,)A172!
&-13%+&M!N+-/%A&!)0!-$+!' (),+31(+!,/2! 4+!0) 123!%2!c/ %(+5!+-!/ AM!Q-) !4+!&147 %--+3RM!!
L(%+0A5C! -$+! 6+2+(/ -) (! , ) A17 2&! . +(+! A) /3+3! .%-$!K>LTA/3+2!6A/&&!4+/3&!/23!
&)1(,+! ./-+(! ./&! '17'+3! -$()16$! -$+!,) A172!%2!/2! 1'T0A).! 7 ) 3+M!#$+&+!
,)A172&!$/3! /2! +00+,-%?+!4+3!A+26-$!4+-. ++2!JFT!/23! XFT,7C!/2! %M3M!)0!JMF!,7C!
/23! .+(+! )'+(/-+3! /-! -$+!&/7+! 0A).! (/ -+! / &! -$+! / , , ) 7 ' / 25%26! UGG># ! QEMJFTC!
EMFETC!)(! "MEET7̂;7 %2RM!D+2+(/-)(!,)A172!+00A1+2-&!.+(+! &-)(+3!%2!/! H!̂ ! 6A/&&!
?+&&+AM!:! &,$+7/ -%,!)0!-$+!&+-1'!0)(!-$+!6+2+(/-)(!,)A172!%&!&$).2! %2!c%61(+!"M!
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P 1A-%' A+!6+2+(/ -) (! , ) A17 2&! . +(+! ' (+' / (+3! / &!2++3+3! -) !7 / %2-/ %2! / !&100%, %+2-A5!
$%6$!%20A1+2-!K>L!,)2,+2-(/-%)2&!-$()16$)1-!-$+!,)A172!&-13%+&M!!

Activated Carbon ColumnsM!#$+!0)AA).%26!3+&%62!+\1/-%)2&!QS%A&)2!
/23!D+/2_)'A%&C!"IggR!.+(+!1&+3!-)!&%Z+!-$+!UGG>#&i!!
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! ! ! ! ! ! !QJR!

@2!+\1/-%)2&!"! /23! JC!SC %&!-$+!UGG>#C!LC %&!-$+!01AAT&, / A+!/ 3&) (4+(C!EBCT %&!
+7 ' -5T4+3!, ) 2-/ , -!-%7 +C!R %&!: >!' / (-%, A+!(/ 3%1&C!t %&!-$+!) ' +(/ -%) 2!-%7 +C!/ 23!V %&!
-$+! / ' ' () / , $! ?+A) , %-5M! c) (! -$+! UGG>#C! -$+! , $) %, +! ) 0! -$+! : >! ' / (-%, A+! &%Z+!
3+-+(7 %2+&! -$+! $53(/ 1A%, ! A) / 3%26! (/ -+C! BL>#C! / 23! -$+! 7 / 62%-13+! ) 0! -$+! -%7 +!
&/?%26&!)?+(!-$+!01AAT&,/A+!&5&-+7M!!

UGG>#&!%2!-$%&!.)(_! $/3! /2! %3!) 0!EMFT,7 !/ 23!, ) 2-/ %2+3!JEEq[ JF!7 +&$!
-5'+! #9D! :>M!#$+!(/-%)!)0! ,)A172! %M3M!-) ! 6+) 7 +-(%, ! 7 +/ 2! ' / (-%, A+! &%Z+! . / &!
/''()O%7 / -+A5!WEC!.$%,$! $/&!4++2!&$).2! -)! 4+!&100%,%+2-A5!$%6$!-)! '(+?+2-!
,$/22+A%26!/23! ./AA!+00+,-&!QU)&+C!"IF"RM!#$+!:> !4+3&!.+(+! &1'')(-+3! .%-$!HE!
7 %, () 2!6A/ &&!4+/ 3&!Q[P C!G-M!K/ 1AC!P 8 RM!8 +O-C!-$+! : >! . / &! ' A/ , +3!0)AA) . +3!45!
gEqWE!7 +&$!6A/&&!4+/3&M!UGG>#&! .%-$)1-! :>! &$).+3! -$+!6A/&&!4+/3!&1'')(-!
7 / -+(%/A!$/3!2)!7 +/&1(+/4A+!K>L!3+7 / 23!Q(+&1A-&!2)-!&$).2RM!!
! 8/2)'1(+! ./-+(! ./&! 1&+3!0)(! /AA!/\1+)1&! '(+'/(/-%)2&! QL/(2&-+/3C!
N141\1+C!@:RM!c)(! -$+!)(6/2%,T0(++!./-+ (!Q9cS R!UGG>#C!-. ) !, ) A17 2&!) ' +(/ -+3!
%2!&+(%+&!.+(+!A)/3+3!.%-$!HX!7 6!Qw[!7 6R!)0!-5'+!#9D! :>V!%2!-$+!G1./22++!(%?+(!
. / -+(!QGUS R!UGG>#C!-. ) !, ) A17 2&!%2!&+(%+&!. +(+!A) / 3+3!. %-$!" J!7 6!Qw[ !7 6R!) 0!
#9D! :>C! .$%,$! ,)((+&')23+3! -)! /! "T,7 ! -$%, _! A/ 5+(! %2! / ! &+3%7 +2-! , / ' M! : !
&, $+7 / -%, ! ) 0! -$+! &+-1' ! 0) (! -$+! : >! UGG>#&!%&!&$).2! %2!c%61(+!"! /23! ,)A172!
, $/ (/ , -+(%&-%, &!/ (+!A%&-+3!%2!#/ 4A+!" M!!

#+7 ' ) (/ A!%20A1+2-!/ 23!+00A1+2-!&/ 7 ' A+&!. +(+!, ) AA+, -+3!/ -!A) , / -%) 2&!: ET: J!
/23! LETLJ!%2!c%61(+!J!%2!/! ?)A17+-(%,!0A/ &_!, ) 2-/ %2%26!+%-$+(!" ET!) (!" FT7 ^ !) 0!
$+O/2+M!#$+!&/7 ' A+!&%Z+!,)AA+,-+3!3+'+23+3!)2! -$+!0A).! (/-+! )0!-$+!UGG>#!t!
?)A17+-(%,!0A/&_&!)0!JFETC!FEETC!/23! "EEET7̂ ! .+(+! 0%AA+3!-)! ,)AA+,-!&/7'A+&!/-!
0A).!(/-+&!)0!EMJFTC!EMFETC!/23!"MEE!7^; 7 %2C!(+&'+,-%?+A5M!!G/7 ' A%26!./ &!3)2+!%2!
/! -)'T3).2! 7)3+C!4+6%22%26!/-!LJC!0)(!+O/7 'A+C!0)AA).+3!45!L"C!/23!0%2/AA5!LEM!
G/7 ' A+&!.+(+! A%\1%3;A%\1%3!+O-(/,-+3!.%-$!$+O/2+!/23!&-)(+3!/-!Hs>!12-%A!/2/A5&%&M!
N+-/%A&!)0!-$+!'(),+31(+!,/2!4+!0)123!%2!c/%(+5!+-!/AMC!JEEIM!

#$+!9 cS !, ) 7 ' ) &%-%) 2!. / &!-$+!&/ 7 +!/ &!1&+3!0) (!-$+!%&) -$+(7 &!/ 23!. / &!
7 / 3+!45!/ 7 +23%26!2/2)'1(+! ./-+(! .%-$!"E!7P! >/>AJM!c)(! -$+!GUS!UGG>#&C!
-$+!%20A1+2-!. / -+(!. / &!/ 7 +23+3!. %-$!"E!7 6;^T>!G1./22++!U%?+(!89P! )4-/%2+3!
45! (+?+(&+!)&7) &%&!.$%,$! ./&! '1(,$/& +3! 0() 7 ! -$+! @2-+(2/ -%) 2/ A! = 17 %, !
G14&-/2,+&!G),%+-5!Q:-A/2-/!D:RM!#$+!/''/ (+2-!&%Z+!3%&-(%41-%)2&!)0!/\1/-%,!89P!
1&+3!./&! 7+/&1(+3!45!N52/7 %,! A%6$-!&,/--+(%26!QN^ GR!/ &!3+&, (%4+3!%2!c/ %(+5!+-!
/AMC!JEEIM!! #$+!%20A1+2-!./-+(! ./&! 4100+(+3!/-! '=! X!1&%26!8/ J>9 [ M!#$+!GUS!
+O' +(%7 +2-!. / &!(12!0) (![ JE!3/ 5&!123+(!0%?+!, ) 7 4%2/ -%) 2&!Q(+0+((+3!-) !$+(+%2!/ &!
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K$/ &+&R! ) 0! 0A) . ! (/ -+! / 23! &) 1(, +! . / -+(! -5'+! Q#/4A+!JRC!-)! /AA).! %23+'+23+2-!
+?/ A1/ -%) 2!) 0!-$+!+00+, -&!)0!/''()/,$! ?+A),%-5!QRe!2174+(RC!89PC!/23!+A+,-()A5-+!
-5'+!)2!K>L!&)('-%)2!-)!:>M!
!
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PCBs
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To polishing 
column
and drain
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PCB
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Column

PCBs
SRW

B0

B1

B2

200! 325 
TOG AC

47 mg

47 mg

12 mg

12 mg

!
!
c%61(+!"M!UGG>#!+O'+(%7+2-&!.%-$!EMF!,7 !%22+(!3%/7+-+(!6A/&&!,)A172&!)'+(/-+3!
/-! 0A).!(/-+&!)0!EMJFTC!EMFETC!)(! "MEET7;̂7 %2M!9cS! t! )(6/2%,!0(++!. / -+(V!GUS !t !
G1. / 22++!U%?+(!. / -+(!Q"E!7 6;^ !/ &!>RV!: E!/ 23!LE!t !%20A1+2-!&/ 7 ' A%26!' ) (-V!: " !
/23!L"! t! 0%(&-!+00A1+2-!&/7 ' A%26!')(-V!:J !/23!LJt! &+,)23!+00A1+2-!&/7 ' A%26!')(-V!
:>!t!/,-%?/-+3!,/(4)2M!
!
#/4A+!"M!>$/(/,-+(%&-%,&!)0!-$+!9cS !/23!GUS!UGG>#&M!

Parameter Units OFW RSSCT SRW RSSCT 
: >!7 +&$!&%Z+! T! JEEq[ JF! JEEq[ JF!
:>! 7 +/2!(/3%1&! ,7 ! EMEEJI! EMEEJI!
>) A17 2!3%/ 7 +-+(! , 7 ! EMF! EMF!
BL>#! &+,)23&! g!/23!"J! "MFC![C!gC!/23!"J!
cA).!(/-+! 7^; 7 %21-+ "ME! "MEC!EMFC!/23!EMJF!
:''()/,$!?+A),%-5! ,7 ;3/5! X[EE! "WJFC![gFEC!X[EE!
:>!4+3!A+26-$! ,7 ! EMF!/23!"ME! EM"J!/23!EMJF!
U+52)A3&!2174+(! ,7 ! EM"J! EME[C!EMEgC!/23!EM"J!
:>!t!/,-%?/-+3!,/(4)2V!BL>#!t!+ 7 '- 5T4+3!,)2-/,-!-%7+C!9cS!t!)(6/2%,T0(++!
./-+(V!GUS!t!G1./22++!(%?+(!./-+(V!UGG>#&!t !(/ ' %3!&7 / AAT&, / A+!, ) A17 2!-+&-&!
!
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!
#/4A+!JM!>)23%-%)2&!%2!-$+!G1./22++!U%?+(!./-+(! UGG>#M!

K$/ &+! N1(/ -%) 2!
Q3/ 5&R! S / -+(!#5'+! BA+,-()A5-+! BL>#&! U+52)A3&!

817 4+(!
@! ET[ E! GUS ! " E!7 P !>/ >AJ! "MFC![! EM"J!
@@! [ " TgH! GUS ! " E!7 P !>/ >AJ! [C!g! EMEg!
@@@! gFT" " " ! GUS ! " E!7 P !>/ >AJ! gC!"J! EME[!
@u! ""JTJJH! 9cS ! "E!7 P !>/>AJ! gC!"J! EME[!
u! JJFT[JE! GUS! JE!7 P !8/>A! gC!"J! EME[!

GUS!t!G1./22++!(%?+(!./-+(V!9cS!t!)(6/2%,T0(++!./-+(V!BL>#!t!+ 7 '- 5!4+3!
, ) 2-/ , -!-%7 +&!%2!&+, ) 23&!

!
Boundary layer theoryM!!#$+!UGG>#&!.+(+! )'+(/-+3! %2!/! (+6%7+!.$+(+!

-$+!4)123/(5!A/5+(!-$+)(5!3+?+A)'+3!45!S %A&)2!/23!D+/2_)'A%&!Q14R!/ ' ' A%+3M!#$+!
-$%, _2+&&!) 0!-$+!4) 123/ (5!A/ 5+(!Qc%61(+!"R!%&!6%?+2!45!+\1/-%)2![i!
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u : !%&!-$+!/ ' ' () / , $!Q) (!&++' / 6+R!?+A) , %-5M!#$+!3%001&%)2!,)+00%,%+2-!%&!3+-+(7%2+3!
45!+\1/-%)2!H!
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g
! !! ! ! ! ! QHR!

.$+(+! k!%&!-$+!L)A-Z7/ 22!,)2&-/2-C!T!%&!-$+!-+7 ' +(/ -1(+C!r!%&!-$+!&) (4/ -+!(/ 3%1&C!
/23!* !%&!-$+!0A1%3!?%&,)&%-5M!!@2!+\1/-%)2![C!U+!%&!-$+!U+52)A3&!2174+(!Q+\1/-%)2!
FR!/23!Sc!%&!-$+!G,$7%3-!2174+(!Q+\1/-%)2!gR!0)(!/! '/,_+3! 4+3M!
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!U+ !! ! ! ! QFR!
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! !! ! ! ! ! QgR!

.$+(+! Dp! %&!-$+!/,-%?/-+3!,/(4)2! '/(-%,A+!3%/7+-+(!Q-/_+2!-)! 4+!-$+!6+)7 +-(%,!
7 +/2!)0!-$+!7+&$!&%Z+R!/23!, !%&!-$+!. / -+(!3+2&%-5M!

B\1/-%)2![! %&!?/A%3!0)(!EMEE"g!!!U+!!!FFC!EM[F!!!"!!!EMXFC!/23!IFE!!!Sc!!!
XECgEEM!L/&+3!)2! -$+&+!-)A+(/2,+&C!+\1/-%)2![! ,/2! 4+!1&+3!0)(!/''()/,$! ?+A),%-%+&!
/ &!A) . !/ &!JX!, 7 ;3/ 5!Q/ &&17 %26!JEqFE!7 +&$!/ , -%?/ -+3!, / (4) 2!%2!+\ 1/ -%) 2!X!&) !/ &!
2) -!-) !?%) A/ -+!-$+!U+!-) A+(/ 2, +&R!. %-$!&) (4/-+&!$/?%26!(/3%%C!(C!4+-.++2!EM[!/23!"F!
27 !Q-) !(+7 / %2!. %-$%2!-$+!/ , , +' -/ 4A+!(/ 26+!0) (!ScRM!#$+&+!+\1/-%)2&C!.$%A+!1&+01A!
0)(!%2-+('(+-%26!-$+!(+&1A-&!)0!-$+!UGG>#&C!,/22)-! 4+!1&+3!-)! '()*+,-! -$+&+!(+&1A-&!
-) ! / ' ' () / , $!?+A) , %-%+&!7 ) (+!-5' %, / A!%2!&+3%7+2-!,/''%26! QjF!,7 ;3/5RM!c)(! 0A).!
A+&&!-$/2! JX! ,7 ;3/5C!-$+!7 / O%717 ! 4)123/(5! A/5+(!-$%,_2+&&C!^ L^ xP : v C! %&!
,/A,1A/-+3!4/&+3! )2! -$+! 6+)7 +-(5! )0! '/,_+3! &'$+(+&!Q+\1/-%)2!XRM!c)(!
7)2)3%&'+(&+!&'$+(+&!)0! :>! -)1,$%26!)2+! /2)-$+(C!-$+!7/O%717! 12),,1'%+3!
3%&-/2,+!4+-.++2!&'$+(+&!Q)(!^L^xP:v R!%&!6%?+2!45i!
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#$+!,)2-/,-! -%7+!%2!/! 6%?+2!'/,_+3 !4+3!)0!/,-%?/-+3!,/(4) 2!%2,(+/&+&!/,,)(3 %26!
-) i!
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B
ADV V

Lt )
! !! ! ! ! ! QI R!

.$+(+! tADV!%&!-$+!-%7 +!(+\ 1%(+3!0) (!/ 3?+, -%)2! -$()16$!-$+!:>! 4+3!)0!A+26-$!LBM!!: !
3+,(+/&+!%2!VA!-$+(+0)(+!%2,(+/&+&!-$+!/7 )12-!)0!-%7+!0)(!3%001&%)2!)0!-$+!&)(4/-+!
-)! -$+!:>! &1(0/,+C!41-!/A&)!%2,(+/&+&!-$+!%7')(-/2,+! )0!0%A7!3%001&%)2!Q L̂^!0!u :

T

" ;[ RM!!c) (!/ !6%?+2!, / ' ' %26!&, +2/ (%) C!-:Nu ;-N@c!6%?+&!%20)(7/-%)2!/&!-)! .$+-$+(!-$+(+!
%&!&100%,%+2-!-%7+!%2!-$+! ,/'! 0)(!-$+!&)(4/-+&!-)! 3%001&+!-)! -$+!/,-%?/-+3!,/(4)2!
&1(0/,+M!
!
Results 
PCB-AC Isotherms and the effect of DOM and biofilm growth on PCB 
adsorption to AC.!!K>LTK9 P !%&) -$+(7 &!. +(+!, ) AA+, -+3!-) !3+-+(7 %2+!o K9P !0)(!
3+-+(7%2%26!-$+!K>LT:>! %&)-$+(7&M!!K>LTK9P! %&)-$+(7&!)4-/%2+3!/-! /\1+)1&!
, ) 2, +2-(/ -%) 2&! 4+-. ++2! f " EE! / 23! " EECEEE!26;^! /23! (+')(-+3! %2!#/4A+![M!
D+) 7 +-(%, !7 +/ 2!I Fn !, ) 20%3+2, +!%2-+(?/ A&!Q>@R!0) (!A) 6!o K9P !/ (+!/ A&) !(+' ) (-+3!%2!
#/4A+![M!! S+! &-13%+3!-$(++!)-$+(! K>L&! -$/-! .+(+! ,)7 7 )2! -)! d)2_+(!/23!
o)+A7/ 2&!QJEE"R!t! K>L&T"WC!FJC!/ 23! XJ! Q#/ 4A+! [ RM! S $%A+! A) 6! o K9P ! ?/ A1+&!
3+-+(7 %2+3!%2!-$%&!&-135! . +(+!&A%6$-A5!A) .+(C!-$+!(+&'+,-%?+!&-/23/(3!3+?%/-%)2&!
)?+(A/''+3! -$+%(!7 +/2!?/A1+&C!%23%,/-%26!6))3! /6(++7+2-!4+-.++2!A)6!o K9P !%2!
-$+&+!-.)! &-13%+&M!
! c)1(! ')%2-!%&)-$+(7&!Q-(%'A%,/-+&!0)(!+/,$! ')%2-R!0)(!/3&)('-%)2!)0!-$+!I !
K>L!,)26+2+(&!)2!+/,$ !)0!-$(++!:>! -(+/-7+2-&!Q?%(6%2C!N9PTA)/3+3C!/23!4%)0%A7!
,)?+(+3R!.+(+! )4-/%2+3!Q:''+23%O!:RM!:3&) ('-%)2!)0!K>L&!-)! :>! ./&! A)6TA%2+/(!
)?+(! -$+!(/26+!)0!/\1+)1&! ,)2,+2-(/-%)2&!&-13%+3!QfEM"T"EEE!26;^R!/23! 0%-!-$+!
c(+123A%,$!7)3+A!.+AA!Q/?+(/6+!,) +00%,%+2-!)0!3+-+(7%2/-%)2C!UJ!k!EMIHC!,)12-! k!
JXRM!#$+!c(+123A%,$!'/(/7 +-+(&!/23!-$+%(!/ &&) , %/ -+3!6+) 7 +-(%, !7 +/ 2!I Fn !>@&!/ (+!
&177/(%Z+3!%2!#/4A+!HM!
!
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#/ 4A+![ M!!D+) 7 +-(%, !7 +/ 2!A) 6!o K9P C!&-/23/(3!3+?%/-%)2&C!/23!IFn!,)20%3+2,+!
%2-+(?/A!?/A1+&!0)(!-$+!K>L!,)26+2+(&!/23!,)7 ' /(%&)2!-)!d)2_+(!/23!
o)+A7/ 2&!QJEE"R!

 Our  Data (L/kg)  Jonker and Koelmans 
(2001) (L/kg) PCBa log KOW

b 
(L /L) 

 log KPOM SDc 95% CId  log KPOM SDc 

H! HMgF! ! [M[g! EMEX! [MJJT[MF"! ! 8U+! 8 : 0!

"J! FMJJ! ! [MWI! EM"E! [MggTHM"[! ! 8U+! 8 : 0!

"W! FMJH! ! [MWH! EM"[! [MFWTHM"J!! [MIE! EMEF!
FH! FMJ"! ! [MWg! EMJE! [MHXTHM["! ! 8U+! 8 : 0!

F[! FMgJ! ! HMEH! EMJF! [MgJTHMFH!! 8U+! 8 : 0!

FJ! FMWH! ! HMJI! EMJ"! [MWXTHMXX!! HMHH! EMEW!
XJ! gMJg! ! HMHI! EMJE! [MIgTFM""! ! HMgI! EMEI!
XX! gM[ g! ! 8 ^ 6! 8 : 0! 8 : 0! ! FME"! EM"F!
" Jg! gMWI ! ! 8 ^ 6! 8 : 0! 8 : 0! ! FMJE! EM"g!

/ !@<K:>!2174+(!/23!,)((+&')23%26!K>L!7)A+,1A+!2/7+i!@<K:>!yHC!JCJhT3%,$A)()4%'$+25AV!
@<K:>!y"JC![CHT3%,$A)()4%'$+25AV!@<K: >!y" WC!JCJhCFT-(%, $A) () 4%'$+25AV!@<K:>yFHC!JCJhCgCghT
-+-(/,$A)()4%'$+25AV!@<K:>!yF[C!JCJhCFCghT-+-(/,$A)()4%'$+25AV!@<K: >yFJC!JCJhCFCFhT
-+-(/,$A)()4%'$+25AV!@<K:>!yXJC!JC[hCFCFhT-+-(/,$A)()4%'$+25AV!@<K: >!yXXC![C[hCHCHhT
-+-(/,$A)()4%'$+25AV!@<K:>!y"JgC![C[hCHCHhCFT'+2-/,$A)()4%'$+25A!
4!A)6!o9S !?/A1+&!0()7 !=/._+(! /23!>)22+AA!Q"IWWR!
, !G-/23/(3!3+?%/-%)2!
3!^).+(! /23!1''+(! IFn! ,)20%3+2,+!%2-+(?/A!/4)1-! -$+!6+)7 +-(%,!7 +/2!
+!8)-!(+')(-+3!
0!8)-!/''A%,/ 4A+!
6!N/ -/ !%2!2) 2TA%2+/ (!' / (-%-%) 2%26!(/ 26+!/ 23!. / &!2) -!1&+3!%2!-$%&!/2/ A5&%&!

!



! "X

!
#/4A+!HM!!@&)-$+(7!,)+00%,%+2-&!0)(!I!K>L!,)26+2+(&!)2!?%(6%2!/,-%?/-+3!,/(4)2!
Q:>RC!N9 P !'(+A)/3+3!: >C!/ 23!4%)0%A7!'(+A)/3+3!:>!
!

Virgin ACa  DOM-loaded ACa  Biofilm-loaded ACa 

PCB Ortho-
chlorines Log KF_AC 

(ng/kg)(L /ng)1/n 1/n  Log KF_DOM 

(ng/kg)(L /ng)1/n 1/n  Log KF_Bio 

(ng/kg)(L /ng)1/n 1/n 

di4  ! ! ! ! ! ! ! !
H! J! WMXF!

QWMHETI MEFR!
EMFX!

QEMHWTEMgWR!
! XMEg!

QgM[ gTXMg[ R!
EMI X!

QEMXI T" MJER!
! XMH" !

QXMJgTXMFFR!
EMWE!

QEMXgTEMWFR!
" J! E! WM[ X!

QWM" JTWMFXR!
EMX[ !

QEMFI TEMI ER!
! XM[ I !

QgMI FTXMXHR!
EMI J!

QEMXHT" M" HR!
! XMWW!

QXMXgTXMI WR!
EMXJ!

QEMggTEMXWR!
tri4  ! ! ! ! ! ! ! !
" W! J! WMJ[ !

QWMEWTWM[ XR!
EMXE!

QEMgJTEMWER!
! XMFJ!

QXMJFTXMXFR!
EMXI !

QEMgXTEMI FR!
! XMJW!

QXM" FTXMHER!
EMW" !

QEMXFTEMWXR!
tetra4  ! ! ! ! ! ! ! !

FH! H! XMWW!
QXMFFTWM" gR!

EMWg!
QEMX" T" MEFR!

! XM" J!
QgMX[ TXMHHR!

EMI [ !
QEMXgT" M" [ R!

! gMgg!
QgMHgTgMWHR!

EMI F!
QEMWXT" MEHR!

F[ ! [ ! XMF[ !
QgMI [ TXMI I R!

" MEW!
QEMWJT" MH[ R!

! gMI J!
QgMFHTXMJHR!

" ME[ !
QEMWgT" MJJR!

! gMWJ!
QgMgJTXMEER!

EMI g!
QEMWXT" MEFR!

FJ! J! XMWJ!
QXM[ gTWM" WR!

" ME[ !
QEMXI T" M[ HR!

! XME[ !
QgMgXTXM[ [ R!

" MEJ!
QEMWgT" MJJR!

! XME" !
QgMWHTXM" gR!

EMI g!
QEMWWT" MEFR!

XJ! " ! WM[ I !
QWM" XTWMFgR!

EMW[ !
QEMgWT" MEER!

! XMgg!
QXM[ XTXMWI R!

EMXW!
QEMg[ TEMI gR!

! XMFW!
QXMFJTXMgFR!

EMWE!
QEMXgTEMWHR!

XX! E! WMI E!
QWMW" TWMI XR!

EMWJ!
QEMgI TEMI gR!

! XMWJ!
QXMF[ TWME[ R!

EMWF!
QEMg[ T" M" HR!

! WM" E!
QWME[ TWM" gR!

EMgW!
QEMg" TEMXgR!

penta4  ! ! ! ! ! ! ! !
" Jg! E! WMI F!

QWMWWTI ME" R!
EMI H!

QEMXI T" M" " R!
! WMEg!

QXMWgTWMJ[ R!
EMWX!

QEMgWT" M" " R!
! WM[ g!

QWM[ JTWMHER!
EMXH!

QEMgWTEMWER!
/ !u / A1+&!%2!-$+!' / (+2-$+&+&!/ (+!6+) 7 +-(%,!7 +/2!I Fn! , ) 20%3+2,+!%2-+(?/A&!
4!= ) 7 ) A) 6!6() 1' !

!
D%?+2!-$+!?/(%/4%A%-5!%2!";2!4+-.++2!,)26+2+(&!/23!:>! -(+/-7+2-&!%2!-$+&+!

3/ -/ ! Q#/ 4A+! HRC! ?/ A%3! %2-+(' (+-/ -%) 2&! ,)1A3!)2A5!4+!7 / 3+!45!,)7 ' /(%26!\ +! 0)(!
3%&,(+-+!/\1+)1&!,)2,+2-( /-%)2&M!!u/A1+&!)0!\ +!0)(!+/,$! ,)26 +2+(!.+(+! ,/A,1A/-+3!
0)(! /\1+)1&! +\1%A%4(%17! ,)2,+2-(/-%)2&!)0!EM"TC!"ETC!"EETC!/23! "EEE!26;^! /23!
&$).2! %2!c%61(+!J!/A)26!.%-$!\ +!,/A,1A/-+3!0()7 !-$+!A%2+/(!'/(-%-%)2!,) +00%,%+2-&!
Q%M+M!";2k"R!(+')(-+3!45!d)2_+(!/23!o)+A7/ 2&!QJEEJRM!!B(() (!4/(&!)2! -$+!?/A1+&!)0!
\ +!.+(+! ,/A,1A/-+3!1&%26!-$+%(!(+&'+,-%?+!6+)7 +-(%,!7 +/2!IFn! >@!)2! A)6!o c!/23!
" ;2! (+' ) (-+3! %2! #/ 4A+! HM! ! #$+! 01AA! (/ 26+! ) 0! -$+! 12, +(-/ %2-%+&! %2! -$+! c(+123A%, $!
'/(/7 +-+(&!Qoc!/23!";2R!%&!(+0A+,-+3!%2!-$+!?/A1+&!)0!\ +!%2!c%61(+!JM!: &!+O' +, -+3C!
-$+!>@&!/(+! A/(6+(!/-! -$+!1''+(! /23! A).+(! +23&!)0!-$+!/''A%,/4A+!,)2,+2-(/-%)2!
(/26+!QEM"T!/23!"EEET26;^R!,)7' /(+3!-)!-$+!7 %3T(/26+!Q"ET!/23!"EE!26;^RM!
!
!
!
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!

c%61(+!JM!
!
#$+!&1(0/,+!/(+/C!')(+! &%Z+!3%&-(%41-%)2C!/ 23!' ) (+!?) A17 +&!) 0!-$+!?%(6%2!/ 23!N9 P T
A) / 3+3! : >&! . +(+! \ 1/ 2-%0%+3! Q#/ 4A+! FRM! K$5&%, / A! ' / (/ 7 +-+(&! 0) (! -$+! 4%) 0%A7 T
,)?+(+3!:>! .+(+! 2)-! 3+-+(7%2+3!6%?+2!-$+!')-+2-%/A!-)! /A-+(!-$+!4%)0%A7!31(%26!
3+6/&&%26C! /! 2+,+&&/ (5!&-+'!-)! '+(0)(7 ! -$+&+!,$/(/,-+(%Z/-%)2&M!! N9PTA)/3%26!
3+,(+/&+3!-$+!&1(0/,+!/ (+/ !/ 23!' ) (+!?) A17 +!) 0!-$+!: >C!' (%7 / (%A5!31+!-) !/ !3+, (+/ &+!
%2!7 %, () ' ) () 1&!&1(0/ , +!/ (+/ !Q' ) (+&!6+2+(/AA5!A+&&!-$/2!JE!z!%2!.%3-$RM!
!
#/4A+!FM!K$5&%,/A!>$/(/,-+(%&-%,&!)0!u%(6%2!/23!N9PTA)/3+3!#9D! :,-%?/-+3!
>/(4)2&!
!

! <2%-&! u %(6%2!#9 D! N9 P TA) / 3+3!#9 D!
LB#!G1(0/,+!:(+/ / ! 7 J;6! I WI !Q" R! WI X!Q" WR!
#) -/ A!K) (+!u ) A17 +/ ! , 7 [ ;6! EMFJ[!QEME"gR! EMHI[!QEME"WR!
P%,()')(+! u)A17+/ C4! , 7 [ ;6! EM[JX!QEMEEFR! EMJIE!QEMEEXR!

P %, () ' ) (+!: (+/ / C4! 7 J;6! XIW!Q""R! XEW!Q"WR!
/ !u / A1+&!%2!' / (+2-$+&+&!/ (+!&-/ 23/ (3!3+?%/-%)2&!4/&+3!)2!-.)! /2/A5&+&!
4!>/A,1A/-+3!1&%26!-$+!-T7+-$)3!)0!3+!L) +(!. %-$!8 9 u : S %2J!&) 0-. / (+!
QY1/2-/,$() 7 +!@2&-(17+2-&C!L)52-)2!L+/,$C!c^R!

!



! "I

Cap performance under flow conditions 
9(6/2%,!c(++!./-+( M!!#$+!9 cS !UGG>#!. /&!)'+(/-+3! 0)(![IE! 3/5&M!#$%&!

&-135!./&! (12!/-! /! 0A).!(/-+!)0!"! 7 ^ ;7 %2!Q/!&1'+(0%,%/A!/''()/ ,$!?+A),%-5!)0!X[EE!
,7 ;3/5RC!.$%,$!,)((+&')23&!-)! /! U+52)A3&!2174+(!)0!EM"J!/23!+7'-5T4+3!,)2-/,-!
-%7+&!g!&+,)23&!Q0)(!:"R! /23!"J!&+,)23&!Q0)(! :JRM!8)2+! )0!-$+!""! K>L!,)26+2+(&!
.+(+! 3+-+,-+3!/-! &/7 ' A%26!')(-! :"! -$()16$)1-! -$+!&-135!Q3/-/!2)-!&$).2RM!#$1&C!
/3&)('-%)2!_%2+-%,!A%7%-/-%)2&!3%3!2)-!7 / 2%0+&-!-$+7&+A?+&M!
! #$+! GUS ! UGG>#! . / &! ) ' +(/ -+3! 0) (! [ JE! 3/ 5&M! : AA! 2%2+! K>L&! ' (+&+2-!
%2%-%/AA5!%2!-$+!%20A1+2-!Q')(-! LER!.+(+! 3+-+,-+3!%2!,)A172!+00A1+2-&!Q')(-&!L"! /23!
LJ! %2!c%61(+!JR!4+-.++2!N/5! X!/23!JE!Qc%61(+!"RC!.$%,$!. +(+!-$+!0%(&-!/23!-$%(3!
&/7 ' A%26!-%7+&C!(+&'+,-%?+A5M!!>)2&%3+(%26!/! 01AAT&,/A+!&,+2/(%)!.%-$!JEqFE!7 +&$!
:>C!+\1/-%)2&!"! /23!J!3%,-/-+!-$/-!-$%&!UGG>#!$/3!/2!+\1%?/A+2-!4+3!$+%6$-!)0!"!
,7 !Q,)((+&')23%26!-)! ')(-! L"R!/23!0)(!K$/&+!"! /! &1'+(0%,%/A!/''( )/,$! ?+A),%-5!)0!
WHE!, 7 ;3/ 5M!N+&' %-+!-$+!(+31, +3!+\ 1%A%4(%17 !/ 3&) (' -%) 2!, / ' / , %-%+&!0) (!K>L&!) 2!
:>! '(+A)/3+3!.%-$!89PC!%2,%'%+2-!4(+/_-$()16$!&$)1A3!2)-!$/?+!),,1((+3! 12A+&&!
_%2+-%,!A%7%-/-%)2&!+O%&-+3M!#$+!/''()/,$ !?+A),%-5C!&)1(,+!./-+(C!/23! +A+,-()A5-+!
-5' +!. +(+!&5&-+7 / -%, / AA5!?/ (%+3!Q#/ 4A+!JR!-) !6/ %2!%2&%6$-!/ &!-) !-$+!2/ -1(+!) 0!-$+&+!
_%2+-%,!A%7%-/-%)2&M!UGG>#!+00A1+2-!3/ -/! 0)(! W!)0! -$+!""! K>L! ,)26+2+(&!%&!
'()?%3+3!%2!:''+23%O!LM!N/-/ !./& !2)-! '(+&+2-+3!0)(!-$(++!)0!-$+!K>L&!4+,/1&+!
-$+!%20A1+2-!,)2,+2-(/-%)2&!.+(+! $%6$A5!?/(%/4A+!QJJhT3%,$A)()4%'$+25AR!)(! 4+A).!
-$+! JE! 26;^ ! 3+-+, -%) 2! A%7 %-! %2! -$+! %20A1+2-! Q[[hHHhT-+-(/,$A) () 4%' $+25A! / 23!
[[hHHhFT'+2-/,$A)()4%'$+25ARM!:''+23%O!L! &$).&! 3%7 +2&%)2A+&&!K>L! +00A1+2-!
,)2,+2-(/-%)2&!/-!BL>#&!)0!"MFTC![TC!gTC!/23!"JT!
!
Discussion 
Sorption capacity of PCBs on AC.! ! L/&+3!)2! '(+?%)1&!(+&+/(,$!Qd)2_+(!/23!
o)+A7/ 2&C!JEEJRC!%-!./&! /2-%,%'/-+3!-$/-! -$+!:>! /3&)('-%)2!,/'/,%-5! 0)(!-$+!I!
K>L! ,)26+2+(&!.)1A3!4+!(+A/-+3!-)! -$+!,)26+2+(&!$53()'$)4%,%-5!Q%2,(+/&%26!A)6!
o 9 S !t! &++!#/4A+![! t! 6+2+(/AA5!0()7! A+0-!-)! (%6$-!%2!:''+23%O!:R!/23!'A/2/(%-5M!:-!
$%6$!/\1+)1&!,)2,+2-(/-%)2&!Q"EET!-)! "EEET26;R̂C!\ +!. / &!&-/ -%&-%, / AA5!+\ 1/ A!/ -!-$+!
IFn! A+?+A!)0!,)20%3+2,+!0)(!K>L&!HC!"JC!"WC!FHC!F[C!FJC!/23!XJV!\ +!0) (!K>L&TXX!
/23! "Jg! .+(+! %23%&-%261%&$/4A+!0()7! )2+! /2)-$+(C!41-!A/(6+(!-$/2! -$+!)-$+(!X!
,)26+2+(&M!:A-+(2/-%?+A5C!/-! A).! /\1+)1&!,)2,+2-(/-%)2&!QEM"T!-)! "ET26;^RC!\ +!0)(!
K>LTH!./&! &-/-%&-%,/AA5!+\1/A!-)! -$/-!0)(!K>L&TXX!/23! "JgC!/23! -$)&+!0) (!K>L&T
FHC!F[C!/23! FJ!.+(+! &7/AA+(!-$/2! -$+!)-$+(! ,)26+2+(&M!#$+(+0)(+C!+\1%A%4(%17!
/3&)('-%)2!,/'/,%-%+&!)0!K>L&!)2! : >! 3%3!2)-!%2,(+/&+!.%-$!%2,(+/&%26!,)26+2+(!
$53()'$)4%,%-5!/-!-$+&+!A).!+\1%A%4(%17!,)2,+2-(/-%)2&M!
! c%?+!)0!-$+!K>L&!&-13%+3!%2!)1(! .)(_! .+(+! ,)77)2! -)! -$)&+!&-13%+3!45!
d)2_+(!/23!o)+A7/ 2&!QJEEJR!QK>L&T"WC!FJC!XJC!XXC!/23!"JgRM!=).+?+(C!0)(!-$+&+!
0%?+!K>L! ,)26+2+(&C!)2A5!/3&)('-%)2!)0!K>L&TFJ!/23!"Jg! .+(+! 0)123!-)! 4+!2+/(!
A%2+/ (!) 2!?%(6%2!: >!Q#/ 4A+!HRM!#$+!?/ A1+&!) 0!\ +!4/&+3!)2! d)2_+(!/23!o)+A7/ 2h&!
.)(_! .+(+! ,/A,1A/-+3!0) (! /\1+)1&! ,)2 ,+2-(/-%)2&!)0!EM"TC!"ETC!"EETC!/23! "EEET
26;^!/23!-$+!(/-%)&!)0!-$+&+!?/A1+&!-)! -$)&+!0()7 !-$%&!&-135!.+(+! 3+-+(7%2+3M!c)(!
-$+!2+/ (TA%2+/ (A5!&) (4%26!K>L&!QK>L&TFJ!/23! "JgRC!\ +!%2!d)2_+(!/23!o ) +A7/ 2h&!
.)(_! ./&! FMHC!gMHC!XMEC!/23!XMX!-%7+&!$%6$+(!)2! /?+(/6+!-$/2!\ +!%2!-$%&!&-135!0)(!
/\1+)1&! ,)2,+2-(/-%)2&!)0!EM"TC!"ETC!"EETC!/23! "EEET26;^C!(+&'+,-%?+A5M!c)(! -$+!



! JE

2)2TA%2+/(A5!&)(4%26!K>L&!QK>LT"WC!XJC!/23! XXRC!\ +! %2!d)2_+(!/23! o)+A7/ 2h&!
.)(_! ./&! HM[C!"EMEC!"FM[C!/23!J[MH!-%7+&!$%6$+(!)2! /?+(/6+!-$/2!\ +!%2!-$%&!&-135!
0)(!-$+!&/7+!/\1+)1&! ,)2,+2-(/-%)2&M!!S $%A+!-$+&+!(/-%)&!%2!-$+!A%2+/(!/23! 2)2T
A%2+/ (!, / &+&!/ (+!/ ' ' () O%7 / -+A5!-$+!&/ 7 +!/ -!A) . !/ \ 1+) 1&!, ) 2, +2-(/ -%) 2&!QFMH!/ 23!
HM[!/-! >S kEM"!26;^RC!-$+5!.+(+! 71,$! 3%00+(+2-! / -!$%6$! , ) 2, +2-(/ -%) 2&!QXMX! / 23!
J[MH!/-!>S k"EEE!26;^RM!#$%&!/2/A5&%&!%AA1&-(/-+&!-. ) !%7 ' ) (-/ 2-!' ) %2-&i!Q" R!-$+!: >!
1&+3!45!d) 2_+(!/ 23!o ) +A7 / 2&!QJEEJR!/ 3&) (4+3!7)(+! K>L&!-$/2!-$+!:>! 1&+3!%2!
-$%&!&-135C!/23!QJR!-$+!3%&-(%41-%)2!,)+ 00%,%+2-&!(+')(-+3!45!d)2_+(!/23!o)+A7/ 2h&!
, ) 1A3! &%62%0%, / 2-A5! ) ?+(+&-%7 / -+! / 3&) (' -%)2! )2! :>! 0)(!K>L&!-$/-! /3&)(4!2)2T
A%2+/(A5!/-! /\1+)1&!,)2,+2-( / -%) 2&!/ 4) ?+!f " E!26;^ M!!N%00+(+2, +&!%2!-$+!/ 3&) (' -%) 2!
)0!K>L&!)2-)! :>! .%-$!3%00+(+2-!&1(0/,+!,$+7 %&-(5!. +(+!+O' +, -+3M!!c) (!+O/ 7 ' A+C!
l))2! +-! /AM!QJEEgR!(+,+2-A5!3+7)2&-(/-+3! -$/-! K>LT"gg! '(+0+(+2-%/AA5!
/,,17 1A/-+3!)2! -5'+! #9D! :>! %2!(+6%)2&! (%,$! %2!/()7 /-%,!,/(4)2! 012,-%)2/A!
6()1'&M!! : ! &5&-+7/-%,!&-135!%&!2++3+3! -)! 4+--+(!123+(&-/23! -$+!(+A/-%)2&$%'!
4+-.++2!:>!&1(0/,+!,$+7%&-(5!0)(!K>L!/3&)('-%)2M!
! K(+?%)1&!(+&+/(,$!$/&!&$).2! -$/-!-$+!/3&)('-%)2!,/'/,%-5! )0!2)2T,)'A/2/(!
=9>&! ./&! A).+(! -$/2!-$/-!)0!,)T'A/2+(!,)7 ')123&!)0!&%7%A/(!$53()'$)4%,%-5!)2!
?/(%)1&!0)(7 &!)0!4A/,_!,/(4)2! Q>)(2+A%&&+2!+-!/AMC!JEEHV!d)2_+(!/23! o)+A7/ 2&C!
JEEJRM!#$+!/3&)('-%)2!/--+21/-%)2!. / &!/--(%41-+3!-)!&-+(%,!$%23(/2,+&C!'(+&17/4A5!
4()16$-!/4)1-! 45!-$+!-.%&-%26!)0!-$+!4%'$+25A!(%26&!.%-$!(+&'+,-!-)! )2+!/2)-$+(!/&!
7)(+! ,$A)(%2+&!/(+! /33+3! -)! -$+!&-(1,-1(+M!! S +! +?/A1/-+3! 'A/2/(%-5!+00+,-&!45!
, ) 7 ' / (%26! \ +!0) (!K>L&! . %-$!&%7 %A/ (!A) 6!o 9S h&!41-!3%00+(+2-!2174+(&!)0!)(-$)T
,$A)(%2+&!QK>L&T"JC!"WC!/23! FH! -$/-! $/?+! EC!JC!/23! H! )(-$)T,$A)(%2+&C!
(+&'+,-%?+A5RM!!#$%&!/2/A5&%&!./&! 3)2+!)2! -$+!?%(6%2!:>! )2A5M!:-! A).! /\1+)1&!
,)2,+2-(/-%)2&!QEM"T!-)! "E!26;^RC!\ +!0)(!K>LTFH!./&! &7 /AA+(!/-! -$+!IFn! A+?+A!)0!
,)20%3+2,+!-$/2!-$/-!0)(!K>L&T"J!/23!"W!Qc%61(+!JRC!%23%,/-%26!&-+(%,!$%23(/2,+&!
,/1&+3! 45! -$+! '(+&+2,+! )0! H! )(-$)T,$A)(%2+&!/--+21/-+3! K>L! /3&)('-%)2M!!
=).+?+(C!/-! $%6$!/\1+)1&! ,)2,+2-(/-%)2&! Q"EET!-)! "EEET26;^!%2!c%61(+!JRC!-$+!
/3&)('-%)2!,/'/,%-%+&!)0! -$+&+![! ,)26+2+(&!. +(+!&-/-%&-%,/AA5!+\1/AC!%23%,/-%26!
' A/ 2/ (%-5! +00+, -&! . +(+! 2) -! %7 ' ) (-/ 2-M! K>L! ')(+./-+(! ,)2,+2-(/-%)2&!%2!
,)2-/7 %2/-+3!&+3%7+2-!&5&-+7&!/(+! -5'%,/AA5!%2!-$+!A).! "! -)! "E! 26;^! (/26+C!
&166+&-%26!-$/-! 'A/2/(%-5!+00+,-&!7/5! 7 / 2%0+&-!-$+7&+A?+&!%2!(+/ A%&-%, ! %2! &%-1!
,)23%-%)2&M!!@2!-+(7&!)0!(%&_C!-$+&+!(+&1A-&!/(+! +2,)1(/6%26!,)2&%3+(%26!-$/-! -$+!
,)'A/2/(! ,)26+2+(&!Q%M+M!)2+&!.%-$!2)! )(-$)T,$A)(%2+&R!A%_+!K>L&TXX!/23! "JgC!
.$%,$!-+23!-)! -$+!7 ) &-!-)O%,!QG/0+C!"II[R !$/ ?+!A/ (6+(!/ 3&) (' -%)2!,/'/,%-%+&!)2!: >!
(+A/ -%?+!-) !2) 2T, ) ' A/ 2/ (!K>L&M!

Impact of DOM and Biofilm loadingsM!!u / A1+&!) 0!\ +!0) (!-$+!N9 P !/ 23!
4%)0%A7! A)/3+3!/,-%?/-+3!,/(4)2 &!.+(+! /''()O%7 /-+A5!)2+! )(3+(! )0! 7 / 62%-13+!
&7 / AA+(! -$/ 2! -$) &+!0) (! -$+!?%(6%2! : >!Qc%61(+!JRM! !#$%&!3+, (+/ &+! . / &! , ) 2&%&-+2-!
.%-$!-$+!4()/3A5!/,,+' -+3!2)-%)2!-$/-! ) (6/ 2%, ! 7 / --+(! A) . +(&! -/ (6+-! , ) 7 ' ) 123!
/00%2%-5!45!/3&)(4%26!3%(+,-A5!-)! /23;)(! 4A),_%26!/,,+&&!-)! ') (-%)2&!)0!:>! Q>/(-+(!
+-!/AMC!"IIJRM!=).+?+(C!-$+!&%7%A/(%-5!)0!-$+!+00+,-!0)(!N9P! /23!4%)0%A7!A)/3%26!
./&! 2)-!+O'+,-+3!&%2,+!2)! /--+7 ' -!./&! 7 / 3+!-)! ,)/-! -$+!:>! .%-$!/2!+\1/A!/7 )12-!
) 0! +/ , $M! D%?+2! -$+! %7 ' / , -! ) 0! N9 P ! %2! -$%&! ,/&+!./&! \1%-+!A/(6+!Q)2+! )(3+(! )0!
7 / 62%-13+R!/ !7 ) (+! , ) 7 ' (+$+2&%?+!&-135!%&!./((/2-+3! -)! \1/2-%05!-$+!%7'/,-! )0!
'()'+(-%+&!_2).2! -)! %20A1+2,+!N9P! 1'-/_+! &1,$! /&! :>! -5'+! /23! &)A?+2-!



! J"

'()'+(-%+&!&1,$!/&!-+7' +(/-1(+!QG,$(+%4+(!+-!/AMC!JEEFRC!/23!'= !/23!%)2%,!&-(+26-$!
Q^%!+-!/AMC!JEEJRM 

#) !3+-+(7 %2+!%0!-$+!3+, (+/ &+!%2!-$+!/ 3&) (' -%) 2!, / ' / , %-5!) 0!: >!. / &!/ !(+&1A-!
) 0! -$+! / ! 3+, (+/ &+! %2! / ?/ %A/ 4A+! &1(0/,+!/(+/C!-$+!?/A1+&!)0! \ +! %2!c%61(+!J! .+(+!
2)(7 / A%Z+3!-)! -$+!LB#! &1(0/,+!/(+/! 0)(! -$+!?%(6%2!/23! N9PTA)/3+3!:>M!#$+!
(+31,-%)2!%2!LB#! &1(0/,+!/(+/! ,/1&+3!45!N9P! A)/3%26!3%3!2)-! /,,)12-! 0)(!-$+!
, / A, 1A/ -+3!3%00+(+2, +&!%2!\ +M!!=).+?+(C!-$+!')&&%4%A%-5!-$/-!/! 3+,(+/&+!%2!/?/%A/4A+!
&1(0/,+!/(+/! ,/1&+3!45!N9P! ./&! /! '(%7/( 5!7 +,$/2%&7! 0)(! :>! 0)1A%26!.%-$!
(+&'+,-! -)! K>L! /3&)('-%)2!,/22)-! 4+!(1A+3!)1-M!! S $%A+!)2A5!""MJn! )0! -$+!
7 %,()')()1&! &1(0/,+!/(+/! ./&! %2/,,+&&%4A+!-)! 2%-()6+2!6/&!/-! XX!o! 0)AA).%26!
N9P! A)/3%26!Q#/4A+!FRC!/! 7 1,$!A/(6+(!0(/,-%)2!,)1A3!4+!%2/,,+&&%4A+!-)! -$+!K>L!
,)26+2+(&!&%2,+!-$+5!/(+!A/(6+(!7 ) A+,1A+&M!#$+!1&+!)0!'()4+! 7)A+,1A+&!)0!&%7%A/(!
&%Z+!-)!-$+!K>L&!.)1A3!4+!7) (+!/''()'(%/ -+!-$/ 2!2%-() 6+2!%2!-$%&!%2&-/ 2, +M!
 Implications for  use as an in situ remediation technologyM!#$%&!&-135!
3+-+(7%2+3!+\1%A%4(%17!/3&)('-%)2!,/'/,% -%+&!0) (!I !K>L&!) 2!-5' +!#9 D!: >M!#$+!
2)2TA%2+/(!c(+123A%,$!7)3+A!./&! 0)123!-)! 0%-!-$+!+O'+(%7+2-/A!:>! %&)-$+(7!3/-/!
Q/?+(/6+!UJ! k! EMI HC! , ) 12-! k! JXRM! : -! $%6$! +\ 1%A%4(%17 ! / \ 1+) 1&! , ) 2, +2-(/ -%) 2&!
Qf"EET!-)!"EEET26;^RC!\+!./&!&-/-%&-%,/AA5!+\1/A!0)(!K>L&!HC!"JC!"WC!FHC!F[C!FJC!/23!
XJV!\ +!0)(!K>L&TXX!/23! "Jg! .+(+! %23%&-%261%&$/4A+!0()7 !)2+!/2)-$+(C!41-!A/(6+(!
-$/2!-$+!)-$+(!X!,)26+2+(&M!#$+(+0)(+C!2+%-$+(!K>L!$53()'$)4%,%-5!2)(! 'A/2/(%-5!
,)2-()AA+3!\ +! /-! (+A/-%?+A5!$%6$!/\1+)1&! ,)2,+2 -(/ -%) 2&M! : A-+(2/ -%?+A5C! / -! A) . !
/\1+)1&!,)2,+2-(/-%)2&!QEM"T!-)! "ET26;^RC!,)26+2+(&!. %-$!)(-$)T,$A)(%2+&!$/3!-$+!
A).+&-!/3&)('-%)2!,/'/,%-%+&C!%23%,/-%26!&-+(%,!$%23(/2,+&!/--+21/-+3!/3&)('-%)2M!!
#$%&!%&!-$+!0%(&-!3/-/! &+-!-$/-!(+')(-&!c(+123A%,$!'/(/7 +-+(&!0)(!K>L!,)26+2+(&!)2!
:>! /-! (+/A%&-%,!/\1+)1&! '$/&+!,)2,+2-(/-%)2&M!#$+&+!(+&1A-&!%23%, / -+!-$/ -!7 ) 3+A&!
'(+3%,-%26!-$+!'+(0)(7 / 2,+! )0! :>! /7 +237+2-&! -)! &+3%7+2-&!)(! &+3%7+2-!,/'&!
&$)1A3!,)2&%3+(!/3&)('-%)2!2)2TA%2+/(%-5C!/&!)'')&+3! -)! )2A5!A%2+/(!'/(-%-%)2%26!/&!
(+')(-+3! 45!)-$+(&!Qd)2_+(!/23!o)+A7/ 2&C!JEEJRM!!c1(-$+(C!.$%A+!_%2+-%,!&-13%+&!
2++3!-)! 4+!3)2+!-)! +?/A1/-+!K>L! 0A1O+&!-$()16$!: >! ,/'&C!-$+&+!4/-,$! (+&1A-&!
%23%, / -+! -$/ -! &1, $! _%2+-%, ! &-13%+&! &$) 1A3! %2, A13+! K>L&! . %-$! / ! (/ 26+! ) 0!
$53()'$)4%,%-5!/23!?/(%)1&!2174+(&!)0!)(-$)T,$A)(%2+&M!

@&)-$+(7&!.+(+! 7 +/&1(+3!)2!N9PTA)/3+3!/23!4%)0%A7T,)?+(+3!/3&)(4/-+&!
-)!3+-+(7%2+!%0!N9P! /23!4%)0%A7!.)1A3!2+6/-%?+A5!/00+,-!K>L!/3&)('-%)2M!N9P !
/23!4%)0%A7!A)/3%26!3+,(+/&+3!K>LT: >!+\ 1%A%4(%17 !/ 3&) (' -%) 2!, / ' / , %-%+&!by one 
order of magnitude!/23!-$1&!.+(+! +00+,-%?+!&,/?+26+(&!0)(!K>L! /3&)('-%)2!&%-+&M!
=).+?+(C!-$+!K>L!&)('-%)2!,/'/,%-%+&!+?+2!%2!-$+!'(+&+2,+!)0!N9P! /23!4%)0%A7&!
3)+&!2)-! '(+,A13+!%-&!1&+!/&! /! ,/' ' %26!7 +3%/ ! 4+, / 1&+! -$+! (+&1A-%26! &) (' -%) 2!
,/'/,%-%+&!/(+!&-%AA!\1%-+!$%6$M!!N+-/%A+3!&-13%+&!,)1A3!4+!3)2+!-)!+?/A1/-+!/!&1%-+!)0!
(+/ A%&-%, !A) / 3%26!&, +2/ (%) &!QN9 P !-5' +C!7 / &&!A) / 3%26&C!&) A?+2-!' () ' +(-%+&R!%2!4/ -, $!
/23!,)2-%21)1&T0A).!&5&-+7&M!

^/&-A5C!.$%A+!3/-/&+-&!%2?)A?%26!K>L! ,)26+2+(! /3&)('-%)2!-)! :>! /(+!
&' / (&+!%2!-$+!A%-+(/ -1(+C!-$+(+!%&!6() . %26!+?%3+2, +!-$/ -!: >!-5' +!%&!%7 ' ) (-/ 2-M!c) (!
%2&-/ 2, +C!-5' +!#9 D!: >C!. $%, $!. / &!1&+3!%2!-$%&!(+&+/ (, $C!$/ 3!A) . +(!+\ 1%A%4(%17 !
/ 3&) (' -%) 2!, / ' / , %-%+&!0) (!-$+!F!, ) 26+2+(&!, ) 7 7 ) 2!-) !-$+!. ) (_!3) 2+!45!d) 2_+(!/ 23!
o)+A7/ 2&!QJEEJRM!L/-,$! %&)-$+(7&C!,)A172!-+&-&C!/23! :>! &1(0/,+!&-13%+&!&$)1A3!



! JJ

4+!3)2+!-)!3+-+(7%2+!:>! '()'+(-%+&!0)(!+2$/ 2, +3!K>L!/ 3&) (' -%) 2!%2!-$+!' (+&+2, +!
) 0!, ) 7 ' +-%26!&) A1-+&!A%_+!N9 P M!

Cap performance under flow conditions. 
@2!)(6/2 %,! 0(++!./-+(C!: >!,/'&! 3)! / 2!+O,+AA+2-!*)4!)0!7 %-%6/-%26!K>L!0A1O!

+?+2!/-! ?+(5!$%6$!&++'/6+!?+A),%-5M!! 8)! 4(+/_-$()16$!./&! )4&+(?+3!/0-+(![IE!
3/5&M!!<&%26!+\1/-%)2!"C!.%-$!RSC!k!EMEEJI!,7 C!RLC!k!EMEJF[!,7 !Q0)(! JEqFE!7 +&$!
:>RC!/23! tSC!k! [IE! 3/5&C!-$+!+\1%?/A+2-!01AAT&,/A+!%&)A/-%)2!-%7+!'()?%3+3!45!-$%&!
,/'C! tLCC!./&! /-!A+/&-!WE!5+/(&M!L5!+\1/-%)2!QJRC!-$%&!%&)A/-%)2!-%7+!,)((+&')23&!-)!/!
&,+2/(%)!.%-$!/2! /''()/,$! ?+A),%-5C!VLCC!) 0!WHE!, 7 ;3/ 5!/ 23!/ !, / ' !$+%6$-!) 0!HM[ !
, 7 M! P ) (+! (+/ A%&-%, ! / ' ' () / , $! ?+A) , %-%+&! %2! , / ' ' %26! / (+! A+&&! -$/ 2! F! , 7 ;3/ 5! / 23C!
-$+(+0)(+C!3+&'%-+!-$+!(+A/-%?+A5!A/(6+!,/' !$+%6$-!%2!-$%&!UGG>#!Qf " !, 7 !%&!7 ) (+!
-5'%,/ARC!%&)A/-%)2!-%7+&!71,$! A)26+(!-$/2!WE!5+/(&!.)1A3!4+!+O'+,-+3!.%-$!9cS M!

@2!-$+!' (+&+2, +!) 0!8 9 P C!K>L!4(+/ _-$()16$!),,1((+3! (/'%3A5C!&166+&-%26!
-$/-! (+/A!: >!,/'&! 123+(!(+/A%&-%,!,/''% 26!&,+2/(%)&!.%-$!89P! '(+&+2-!7 / 5!2)-!
' +(0) (7 !. +AAM!!N+&' %-+!-$+!(+31, +3!+\ 1%A%4(%17 !/ 3&) (' -%) 2!, / ' / , %-%+&!0) (!K>L&!) 2!
:>! '(+A)/3+3! .%-$!89P! 3+-+(7%2+3!0()7! -$+!%&)-$+(7! &-13%+&C!%2,%'%+2-!
4(+/_-$()16$!&$)1A3!2)-! $/?+! ),,1((+3! 12A+&&!_%2+-%,!A%7 %-/-%)2&!+O%&-+3M!! #$+!
/''()/,$! ?+A),%-5C!&)1(,+!./-+(C!/23!+A+,-()A5-+!-5'+! .+(+! &5&-+7/-%,/AA5!?/(%+3!
Q#/ 4A+!JR!-) !6/ %2!%2&%6$-!/ &!-) !-$+!2/ -1(+!) 0!-$+&+!_%2+-%, !A%7 %-/ -%) 2&M!

:! 2174+(!)0!%2&%6$-&!,/2! 4+!6/%2+3!0()7 !-$+!K>L! 4(+/_-$()16$!3/-/! %2!
:''+23%O!LM!c%(&-C!K>L! ,)2,+2-(/-%)2&!%2!-$+!+00A1+2-!3+,(+/&+3!.%-$!%2,(+/&%26!
BL>#! %2! / AA! K$/ &+&M! #$%&! %&! / 2! %7 ' ) (-/ 2-! (+&1A-!/&! %-!&166+&-&!-$/-! .$%A+!
+\1%A%4(%17! &)('-%)2! ,/'/,%-%+&!.+(+! 2)-! (+/,$+3! '(%)(! -)! '/(-%/A! K>L!
4(+/_-$()16$C!,)7 ' A+-+!(+7)?/A! )0! K>L&!.)1A3! 4+!')&&%4A+!6%?+2!&100%,%+2-!
, ) 2-/ , -!-%7 +!Q%M+M!-$%, _+(!A/ 5+(!) 0!/ , -%?/ -+3!, / (4) 2!/ 23;) (!A) . +(!0A) . !(/ -+&RM!#$+!
-(/ 2&%-%) 2! 0() 7 ! K$/ &+! @@! QRekEMEgR! -)! K$/&+!@@@!QRekEME[ R! 0) (! / 2! BL>#! ) 0! g!
&+,)23&!&$).+3! -$/-! 3%7+2&%)2A+&&!K>L! ,)2,+2-(/-%)2&!%2,(+/&+3!/&! -$+!Re!

2174+(!./&! $/A?+3M!c()7! +\1/-%)2&![C!FC!/23!WC!%-!0)AA).&!-$/-! [
"-

1 ABL VL !/23!

[
J-

1 ADIF Vt C!&)!/&!VA! ./&! $/A?+3C!LBL! /23! tDIF!%2, (+/ &+3M!L+, / 1&+!-$+! -%7 +!0) (!
%2-(/'/(-%,A+!3%001&%)2!./&! -$+!&/7+!%2!K$/&+&!@@!/23!@@@!/-!-$+!g!&+,)23!BL>#C!-$+!
%2, (+/ &+!%2!>;>Eh&!%23%, / -+&!-$/ -!A%\ 1%3!0%A7 !3%001&%) 2!. / &!-$+!(/ -+TA%7 %-%26!7 / &&!
-(/ 2&0+(!7 +, $/ 2%&7 M!@-!%&!2) -/ 4A+!-$/ -!-$%&!)4&+(?/-%)2!./&! A+&&!/''/(+2-! )(! /4&+2-!
0)(! [HT3%,$A)()4%'$+25AC!J[hFFhT! -+-(/,$A)()4%'$+25AC!/23! JJh[HHhT
'+2-/,$A)()4%'$+25A!t! $).+?+( C! -$+! ?+(5! A) . ! %20A1+2-! , ) 2, +2-(/ -%) 2&! ) 0! -$+&+!
-$(++!,)26+2+(&!31(%26!-$%&!'+(%)3!%&!-$+!A%_+A5!,/1&+!)0!-$%&!%2,)2&%&-+2,5M!

c() 7 !K$/ &+!@@@!-) !@u !-$+!&) 1(, +!. / -+(!. / &!, $/ 26+3!0() 7 !" E!7 6;^ !/ &!>!
GUS ! -) ! 9 cS ! . $%A+! Re! ./&! $+A3!,)2&-/2-! /-! EME[!t! -$+(+!./&! /2! %7 7 +3%/-+!
3+,(+/&+!%2!>;> E!/-! 4)-$!BL>#&!0)(!/AA!&+?+2!K>L! ,)26+2+(&!-$/-!$/3!3+-+,-/4A+!
+00A1+2-!,)2,+2-(/-%)2&!%2!K$/&+!@@@M!!#$%&!)4&+(?/-%)2!./&! +?%3+2,+!-$/-!K>LT
89P! ,)7'A+O+&!A+3!-)! %2,(+/&+3!3%001&%)2/A!(+&%&-/2,+!/23! %7'/ %(+3!K>L!
&) (' -%) 2!-) !: >!%2!K$/ &+!@C!@@C!/23!@@@M!>)2,+2 -(/-%)2&!6+2+(/AA5!3+,(+/&+3!01(-$+(!
1'! -)! -$+!+23!)0!K$/&+!@u!QN/5!"FERC!&166+&-%26!-$/ -!8 9 P !3%001&+3!) 1-!) 0!-$+!
/,-%?/-+3!,/(4)2C!0(++%26! /33%-%)2/ A!K>L! &)('-%)2!&%-+&C!/23!-$/-! ')(+! 4A),_/6+!
/23;)( !3%(+,-!&%-+!,)7 ' +-%-%)2!/A&)!%7'/%(+3!K>L!&)('-%)2!31(%26!K$/&+&!@C!@@C!/23!



! J[

@@@M!#$%&!%&! ,)2&%&-+2-!.%-$!)4&+(?/-%)2&!7 / 3+!0)(! 3(%2_%26!./-+(! -(+/-7 +2-!
,)23%-%)2&!Q2RM!

@2!K$/&+!uC!GUS!./&! /6/%2!%2-()31,+3!%2-) !-$+!, ) A17 2!41-!. %-$!JE!7 P !
8/>A! /&!/! 4/,_6()123! +A+,-()A5-+!%2&-+/3!)0!"E!7 P !>/>AJM!!>;> Eh&!%2!K$/ &+!u !
. +(+!A) . +(!, ) 7 ' / (+3!-) !-$) &+!%2!K$/ &+!@@@!0)(!JJhFT-(%,$A)()4%'$+25AC!/23!JJhFFhT
C!JJhFghTC!/23! JJhgghT-+-(/,$A)()4%'$+25A!Q/23!&%7%A/(!0)(!-$+!)-$+(!,)26+2+(&RC!
%23%,/-%26!-$/-!K>LT89P! ,)7 ' A+O+&!%2!/ !>/ Jp!+A+, -() A5-+!%7 ' / %(+3!K>L!&) (' -%) 2!
-)! /,-%?/-+3!,/(4)2! 7 ) (+!&)!-$/2!/! 8/ p!+A+, -() A5-+M!D) ($/ 7 !+-!/ AM!Q12R!&$) . +3!-$/ -!
%2,(+/&%26!>/ Jp!,)2,+2-(/-%)2!A+3!-)! $%6$+(!,)2 , +2-(/ -%) 2&!) 0!/ 3&) (4+3!8 9 P !) 2!
6(/ ' $%-+! , ) 7 ' / (+3! -) ! +\1%?/A+2-!%)2%,!&-(+26-$!8/ p! 4+,/1&+! +A+,-()&-/-%,!
(+'1A&%)2&!4+-.++2! 89P! 7 ) A+,1A+&!.+(+ ! 7)(+! +00+,-%?+A5!&,(++2+3!45! -$+!
3%?/ A+2-!, / -%) 2&M!#$+!%2, (+/ &+3!/ 3&) (4+3!7 / &&!)0!89P! %2!-$+!'(+&+2,+!)0!>/ Jp!
,)7 ' /(+3! -)! 8/ p! 7 / 5! $/ ?+! (+&1A-+3! %2! A+&&! +00%, %+2-! K>L! / 3&) (' -%) 2! %2! -$+!
UGG>#M!

9-$+(! (+&+/(,$+(&!$/?+! &$).2! -$/-! 89P! /66(+6/-+&!+261A0!K>L&!/&!
) (6/ 2%, !, ) 7 ' A+O+&!Q19RM!#$+!&%Z+!3%&-(%41-%)2&!)0!-$+!/\1/-%,!,)AA)%3&!7 +/&1(+3!45!
N^G!%2!-$%&!&-135!.+(+! f! "EE27!0)(!4)-$!+A+,-()A5-+&M!!>)%2,%3+2-/AA5C!D)12/(%&!
+-!/ AM!Q11R!&$).+3!-$/-!-$+!"EE!27 !,)AA)%3/A!89P! 0(/,-%)2!,)7 ' A+O+3!-$+!41A_!)0!
K>L&!%2!-$+%(!A/ 230%AA!A+/ , $/ -+!+O' +(%7 +2-&M!#$+!-5'+!#9D! :>! 1&+3!%2!-$%&!&-135!
$/&!/! -)-/A!&'+,%0%,!&1(0/,+!/(+/! )0!IWI!7 J;6!.%-$!6(+/-+(!-$/2!WEn!,)2-/%2+3!%2!
7 %,()')(+&! Q6+2+(/AA5!A+&&!-$/2!J!27 !%2!.%3-$RM!:&! &1,$C!7)(+! -$/2!WEn!)0!-$+!
:>! &1(0/,+!/(+/! ./&! A%_+A5!%2/,,+&&%4A+!-)! &1,$! A/(6+!K>LT89P! ,)7'A+O+&M!
L+,/1&+!-$+!,)AA)%3!&%Z+!3%3!2)-!?/(5!.%-$!+A+,-()A5-+!-5'+C!-$+!6(+/-+(!&) ('-%)2!)0!
K>L&!%2!-$+!'(+&+2,+!)0!8/ p!QK$/ &+!u R!, ) 7 ' / (+3!-) !>/ Jp!QK$/ &+!@@@R!&166+&-!-$/ -!
-$+!_%2+-%,&!0)(!3+&)('-%)2!)0!K>L&!0()7 !89P! .+(+! 0/&-+(!%2!-$+!'(+&+2,+!)0!
&)3%17!,)7'/(+3! -)!,/A,%17M!

#$+!(+&1A-&!0()7 !-$+!GUS!UGG>#!%23%,/-+3!-$/ -!/ !-$%2!A/ 5+(!: >!&+3%7 +2-!
, / ' !7 / 5!4+!, ) 7 ' () 7 %&+3!' (%) (!-) !/ , $%+?%26!+\1%A%4(%17!A)/3%26!)0!K>L&M!#$+&+!
A%7 %-/ -%) 2&! / (+! 31+! -) ! K>L! &) (' -%) 2! )2-)! 89P! ,)7'A+O+&!.%-$!/''/(+2-!
3%/7+-+(&!)0!"E!-)! "EE27!-$/-!&A).!-$+!K>L! /3&)('-%)2!_%2+-%,&M!!=).+?+(C!-$+!
GUS! UGG>#!./&! )'+(/-+3! /-! (+A/-%?+A5! $%6$!/''()/,$! ?+A),%-%+&!-)! 7 / _+!
7 +/ &1(+7 +2-&!0+/ &%4A+M!#) !+&-%7 / -+!, / ' !' +(0)(7/2,+! /-!A).+(!/ ''()/,$! ?+A),%-%+&C!
+\ 1/ -%) 2&![ !-) !I !. +(+!/ ' ' A%+3!-) !-$+!GUS !UGG>#!/ 23!0) (!/ !01AAT&, / A+!/ 3&) (4+(!
.%-$!4+3!A+26-$C!^ 4k"! ,7 !/23!JEqFE!7 +&$!:>! QN' kEMEFEF!,7 RM!#$+!(+&1A-&!/(+!
&$).2!%2!c%61(+![M!

c) (! -$+! GUS ! UGG>#C! -
:Nu!

` ! -
N@c!

0) (! &) (4/ -+! (/ 3%%C! (C! A+&&! -$/ 2! " F! 27 !

Qc%61(+!F>RM!u/A1+&!)0!-
N@c!

0) (!(!` !" F!27 !, ) 1A3!2) -!4+!,/A,1A/-+3!1&%26!+\1/-%)2![!

/&!3)%26!&)!?%)A/-+&!-$+!/,,+'-/4A+! (/26+!)0!-$+!G, !217 4+(M!#$+!&) (4/ -+!(/ 3%1&C!(C!
0) (!K>L&!/4&)(4+3!-)! 89P! %2-()31,+3!%2-)! -$+!UGG>#&!. +(+!A%_+A5!, A) &+(!-) !FE!
27 ! Q3+-+(7%2+3!45!N^GRC!$).+?+(C!5%+A3%26!/! -

:Nu
;-

N@c!
&7 / AA+(! -$/ 2! -$+! (/ -%) &!

%23%,/-+3!%2!c%61(+![>M!:& !&1,$C!%2,%'%+2-!K>L!4(+/_-$() 16$!%2!-$+!GUS !UGG>#!
. / &! A%_+A5! , / 1&+3! 45! -$+! (+A/ -%?+A5! A/ (6+! +00+, -%?+! &%Z+! ) 0! -$+! K>LT8 9 P !
,)7 ' A+O+&!.$%,$!'()31 ,+3!/! (+A/-%?+A5!A).! -

:Nu
;-

N@c
M!: &!+O' +, -+3C!&%7 %A/ (!-(+23&!

/(+!+?%3+2-!0) (!-$+!01AAT&,/A+!/3&)(4+(!Qc%61(+![! '/2+A&!NC!BC!/23!cRM!:2! /''()/,$ !
?+A),%-5!)0!JX!,7;3/5!./&!,$)&+2!/&!-$%&!,)((+&')23&!-)!-$+!7%2%717 !u

:!
0) (!
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c%61(+![M!L)123/(5! A/5+(!A+26-$!Q L̂^RC!-%7+!2++3+3!0)(!3%001&%)2!-$()16$!-$+!
4)123/(5!A/5+(!Q-N@cRC!/23!(/-%)!)0!/3?+,-%)2!-%7+!Q-:Nu R!-) !-N@c!/&!/!012,-%)2!)0!
&)(4/-+!(/3%1&C!(C!%2!-$+!UGG>#&!Q'/2+A&!:C!LC!/23!>R!0)(!̂ 4kEM" J!, 7 !/ 23!
N' kEMEEFW!,7!/23!0)(!/!01AA!&%Z+!/3&)(4+(!Q'/2+A&!NC!BC!/23!cR!0)(!^4k"!,7 !/23!
N' kEMEFEF!,7M!
!
.$%,$!+\1/-%)2![! /''A%+&V!FHT!/23!"EWT,7;3/5!. +(+!, $) &+2!-) !%AA1&-(/ -+!-$+!-(+23!
.%-$!/''()/,$! ?+A),%-5M!:2! /''()/,$! ?+A), %-5!) 0!F!, 7 ;3/ 5!. / &!/ A&) !%2, A13+3!%2!
c%61(+!Fc!.%-$!̂

L^xP:v!
,/A,1A/-+3!4/ &+3!)2! :>! '/(-%,A+!&%Z+!Q+\1/-%)2!IR!4+,/1&+!

-$+!U+!-)A+(/2,+&!0)(!+\1/-%)2![! .+(+! ?%)A/-+3M!#$+!/,-1/A!(/-%)!-
:Nu

;-
N@c!

.)1A3!4+!

-$+! &/ 7 +! ) (! $%6$+(! 4+, / 1&+! -$%&! (+' (+&+2-&! / ! . ) (&-! , / &+! &, +2/ (%) C! %M+M! -$+!
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7 / O%7 17! 3%001&%)2!3%&-/2,+M!#)! &1'')(-! -$+&+!&,/A%26!/(617 +2-&C! / ! 01AAT&, / A+!
A/ 4) (/ -) (5!+O' +(%7 +2-!QJMF!, 7 !%22+(!3%/ 7 +-+(!6A/ &&!, ) A17 2!. / &!' / , _+3!. %-$!/ !" !
,7 ! A/5+(!)0! JEqFE!7 +&$!-5'+! #9D! :>R! ./&! )'+(/-+3! 0) (! "JE! 3/5&M!GUS!
/7 +23+3!.%-$!-$+!""! K>L&!/23! "E!7 P !>/>A

J!
./&! '17 '+ 3!1'./(3! -$()16$!-$+!

4+3!/-! /2! /''()/,$! ?+A),%-5!)0!F!,7 ;3/5M!#$()16$!-$+!"JE!3/5! &-135C!2)! K>L&!
. +(+!3+-+, -+3!%2!-$+!+00A1+2-M!#$%&!(+&1A-!, ) 2-(/ &-&!-$/ -!) 0!-$+!GUS !UGG>#!. $+(+!
%2,%'%+2-!K>L! 4(+/_-$()16$!),,1((+3M!c%61(+!Fc! 6%?+&!%2&%6$-!/&! -)! . $5!2)!
4(+/_-$()16$!),,1((+3! /0-+(! "JE! 3/5&!%2!-$+!01AA!&,/A+!,)A172M!:-! F!,7 ;3/5C!
-
:Nu

;-
N@c!

%&!A/ (6+! (+A/ -%?+! -) ! -$+! (/ -%) &!%2!-$+!UGG>#M!S %-$!-
:Nu

;-
N@c!

` ` " EEC! -$+!

K>L&!$/3! &100%,%+2-!-%7+! -)! 3%001&+!-)! -$+! : >!&1(0/ , +! ' (%) (! -) ! 4+%26! / 3?+, -+3!
-$()16$!-$+!:>! A/5+(M!
! #$%&!(/ -%) !. %AA!4+!+?+2!$%6$+(!/ -!A) . +(!u :! /23!-$+!+00+,-%?+2+&&!)0!-$+!:>!
A/5+(!.)1A3! %7'()?+C!')&&%4A5!1'! -$+!')%2-! ' (+3%, -+3! 45! +\ 1%A%4(%17 ! K>L&!
A) / 3%26&!%2! -$+! ' (+&+2, +! ) 0!8 9 P M!S $%A+! -$+!7 / O%7 17! / ''()/,$! ?+A),%-5!-$/-!
'+(7 %-&!+\1%A%4(%17!&)('-%)2!-)! :>! ./&! 2)-!3+-+(7 %2+3C!%-!7 1&-!4+!/ -!A+/ &-!A+&&!
-$/2! "JE! ,7 ;3/5C!-$+!7 %2%7 17! +\1%?/A+2-!01AA!&,/A+!u : ! -+&-+3! %2! -$+! GUS !
UGG>#&M!
 Implications for  field application.!!#$%&!.)(_! &$).&!-$/-!0%A7!3%001&%)2!
. / &! -$+! (/ -+! A%7 %-%26! 7 / &&! -(/ 2&0+(! 7 +,$/2%&7!0)(!K>L! &)('-%)2!-)! :>! 123+(!
&+3%7+2-!,/''%26! ,)23%-%)2&M!@-!/A&)!&$).&!-$/-!,/'! '+(0)(7 / 2,+!Q%M+M!(+&%&-/2,+!-)!
K>L!4(+/_-$()16$R!&$)1A3!4+!$%6$!123+(!(+/A%&-%,!,/''%26! &,+2/(%)&!.$+(+!89P!
%&!'(+&+2-!/23!0A).!?+A),%-%+&!/(+!&%62%0%,/2-A5!A+&&!-$/2!F!,7 ;3/5M!!D%?+2!-$%&C!.+!
,/2! 2).! 0)(71A/-+!7 ) 3+A&!.%-$!&1%-/4A+!$+1(%&-%, &!-) !3+-+(7 %2+! ' +(0) (7 / 2, +! / -!
?+(5!A) . ! 0A) . C! ) (! 3%001&%) 2! ) 2A5C! , ) 23%-%) 2&M! : 33%-%) 2/ A!+O' +(%7 +2-/ A!+?%3+2, +!
.)1A3! 4+!$+A'01A!%2!7)3+A!3+?+A)'7+2-C!%2,A13%26!7 +/&1(+7+2-!)0!K>LT89P !
3+&) (' -%) 2!_%2+-%, &!/ &!/ !012, -%) 2!) 0!&) A1-%) 2!, ) 23%-%) 2&M!G1, $!. ) (_!. %AA!%7 ' () ?+!
-$+!/,,1 (/,5 !)0!'+(0)(7 / 2,+T4/&+3!,/'! 3+&%62!/23!&$)1A3!4+!-$+!0),1&!)0!)26)%26!
%2?+&-%6/-%)2&M!!
!

3. Utilization 
End User Application  

d%7 !9 A&-/ !%&!-$+!-+, $2%, / A!7 / 2/ 6+(!0) (!-$+!>B#>9! A%2+!)0!U>P]! '()31,-&M!!=+!
$/&!)?+(&++2!&+?+(/A!'()*+,- &!.$+(+! /2! :>T/7+23+3! U>P! ./&! %2&-/AA+3!0)(!-$+!
'1(')&+! )0!&%-+!(+7+3%/-%)2M!! d%7! / 23!@!'+(%)3%,/AA5!3%&,1&&!-$+!U>P! /23! %-&!
/''A%,/-%)2!?%/!'$)2+! )(! /-! 7 ++-%26&M!!P)(+! (+,+2-A5C!@!,)2&1A-!0)(!K/(&)2h&!)2! /!
u9>! /23!=6!%7 '/,-+3! &+3%7+2-!&%-+M!!S +!/ (+!+?/ A1/ -%26!: >!/ &!/ !U>P !7 / -+(%/ A!
0)(!)2+!&%-+M!!d%7!9A&-/!/23!>$1,_!=)(2 / 3/ 5!QU>P !&/ A+&!7 / 2/ 6+(R!0() 7 !>B#>9 !
/ &! . +AA! / &! (+' (+&+2-/ -%?+&!0() 7 !=1+&_+(C!@2, M! ' (+&+2-+3! -$+%(! ' +(&' +, -%?+!U>P !
-+,$2)A)65!0) (!/''A%,/-%)2!/-! -$+!&%-+M!!@-!%&!A%_+A5!-$/-!/2! :>T/7 +23+3!&+3%7+2-!
, / ' !. %AA!4+!/ !' / (-!) 0!-$+!(+7 +3%/ A!/ , -%) 2!' A/ 2!/ -!-$+!&%-+M!
!
#$+!:>T/ 7+23+3!&+3%7+2-!,/'! $/&!4++2!+7'A)5+3!/-!G-5(_+(!L/5! %2!N1A1-$C!P8!
/ &! ' / (-!) 0!/ !(+7 +3%/ A!/ , -%) 2! ' A/ 2!0) (! / !K: =T%7 ' / , -+3!&+3%7 +2-M!!@-!. / &!, / ' ' +3!
1&%26!/2!:>T0%AA+3!U>P!&1''A%+3!45!>B#>9M!
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Intellectual Property and Partnerships!!
>B#>9! ).2&! /AA!)0!-$+!'/-+2-&!)2! -$+!-+,$2)A)65!/23! ,)2-%21+&!-)! 7 / (_+-!-$+!
-+,$2)A)65M!!!
!
Knowledge Exchange! 
G+?+(/A!,)20+(+2,+!' (+&+2-/-%)2&!.+ (+!6%?+2!(+6/(3%26!-$%&!.)(_M!
2 d1A%/2!^M!c/%(+5C!o/-$A++2!PM!P,N)2)16$C!D(+6)(5!uM!^).(5!Q2008RM!!

L%)6+),$+7%,/A!B00+,-&!)2!-$+!K+(0)(7/ 2,+!)0!:,-%?/-+3!>/(4)2!G+3%7+2-!
>/'&! 0)(!%2!&%-1!7 / 2/6+7+2-!)0!K>LT, ) 2-/ 7 %2/ -+3!G+3%7 +2-&M!!G%O-$!
@2-+(2/-%)2/A!>)20+(+2,+!)2!U+7+3%/-%)2!)0!>$A)(%2/-+3!/23!U+,/A,%-(/2-!
>)7 ')123&C!P)2-+(+5C!>:C!P/5! "ITJJM!

2 d1A%/2!c/%(+5C!o/-$A++2!P,N)2)16$C!D(+6)(5!u! ^).(5! Q2007RM!!B00+,-&!)0!
L%)6+),$+7%,/A!c/,-)(&! )2!-$+!K+(0)(7/ 2,+!)0!%2!&%-1!:,-%?/-+3!>/(4)2!
G+3%7+2-!>/'&!0)(!K>L!G+\1+&-(/-%)2M!GBUNK!K/(-2+(&!%2!#+,$2)A)65!
P++-%26C!S/&$%26-)2C!N>C!N+,+7 4+(!HTgM!

2 c/%(+5!d^C!P,N)2)16$! oPC!̂ ).(5C! DuM!Q2007RM!!B?/A1/-%)2!)0!/,-%?/-+3!
,/(4)2! 0)(!K>L!&+\1+&-(/-%)2!%2!&+3%7+2-!,/'&i!L/-,$!%&)-$+(7!-+&-&C!,)A172!
&-13%+&C!/ 23!-$+!%7 ' / , -!) 0!3%&&) A?+3!)(6/2%,!,/(4)2M!!:&&),%/-%)2!)0!
B2?%()27+2-/A!B26%2++(%26!/23!G,%+2,+!K()0+&&)(&!Q:BBGKR!B31,/-%)2!/23!
U+&+/(,$!>)20+(+2,+C!d1A5!JXT:161&-!"C!JEEXC!LA/,_&41(6C!u: M!

2 d1A%/2!^M!c/%(+5C!o/-$A++2!PM!P,N)2)16$C!/23!D(+6!uM!^).(5!Q2007RM!!
K+(0)(7/ 2,+!)0!/,-%?/-+3!,/(4)2!/7+23+3!&+3%7+2-!,/'&!0)(!K>L!
&+\1+&-(/-%)2M!!N%?%&%)2!)0!>)AA)%3!/23!G1(0/,+!>$+7 %&-(5!0)(!-$+!J[[23!:>G!
8/-%)2/A!P++-%26C!>$%,/6)C!@^!P/(,$! JFTJIC!JEEXM!

2 ^).(5C! DM!uMC!P1('$5C!KMC!P/(\1+--+C!:MC!U+%4A+C!NM!!(2006)M!!aG)(4+2-T
: 7 +23+3!a: , -%?+b!>/ ' &!0) (!K>LT, ) 2-/ 7 %2/ -+3!G+3%7 +2-&i!KA/ , +7 +2-!/ 23!
K+(0)(7/ 2,+Mb!!#$+!c%0-$!@2-+(2/-%)2/A!>)20+(+2,+!)2!U+7+3%/-%)2!)0!
>$A)(%2/-+3!/23!U+,/A,%-(/2-!>)7 ' )123&C!P)2-+(+5C!>:M!!P/5!JJTJFC!JEEgM!

2 U+%4A+C!NMC!^).(5C! DM!!Q2005RM!:,-%?+!>/''%26!)0!>)2-/7 %2/-+3!G+3%7+2-&M!!
AICHE!:221/A!P++-%26C!B2?%()27+2-/A!N%?%&%)2C!>%2,%22/-%C!9=M!!9,-)4+(!
[ ET8 ) ?+(7 4+(!HC!JEEFM!

!
c)1(!'++(T(+?%+.+3!*)1(2/A!'14A%,/-%)2&!/23!)2+!4))_! ,$/'-+(! (+&1A-+3!0()7 !)(!
. %AA!(+&1A-!0() 7 !-$%&!. ) (_M!

2 c/%(+5C!dMC!^) .(5C!DM!uM!!G)('-%)2!)0!K>L&!-)!/,-%?/-+3!,/(4)2i!#$+!
%7')(-/2,+! )0!K>L!,)7'A+O+&!.%-$!2/ -1(/ A!) (6/ 2%, !7 / --+(!/ -!A) . !0A) . !
?+A) , %-%+&!/ ' ' A%, / 4A+!%2!&+3%7 +2-!, / ' ' %26M!Q-) !4+!&147 %--+3RM!

2 P,N)2)16$C!oMC!c/%(+5C!dMC!^).(5C! DM!!Q2008RM!!:3&)('-%)2!)0!
')A5,$A)(%2/-+3!4%'$+25A&!-)!/,-%?/-+3!, / (4) 2i!+\ 1%A%4(%17 !%&) -$+(7 &!/ 23!/ !
'(+A%7%2/(5!/&&+&&7+2-!)0!-$+!+00+,-!)0!3%&&)A?+3!)(6/2%,!7 / --+(!/23!
4%) 0%A7 !A) / 3%26&M!!Water Research!HJ!Q[R!FXFTFWHM!

2 P,N)2)16$C!oMC!P1('$5C!KM!dMC!9A&-/C!dMC!m$1C!l MC!U+%4A+C!NMC!^ ) . (5C!DM!u M!
Q2007RM!!N+?+A)'7 +2-!/23!KA/,+7+2-!)0!/2!a:,-%?+b!G)(4+2-T/7+23+3!
#$%2!̂/5+(!G+3%7+2-!>/'! %2!-$+!:2/,)&-%/!U%?+(M!Journal of Soil and 
Sediment Contamination, an International Journal!"g!Q[R!["[T[JJM!
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2 P1('$5C!KMC!P/(\1+--+C!:MC!U+%4A+C!NMC!^).(5C!DM!uM!Q2006RM!aK(+3%, -%26!-$+!
K+(0)(7/ 2,+!)0!G+3%7 +2-!>/'&!:7 +23+3!.%-$!G)(4%26!P+3%/bC!Journal of 
Environmental EngineeringC!"[J!XWXTXIHM!

2 ^).(5C!DM!uMC!P1('$5C!KM!dMC!P/(\1+--+C!:MC!U+%4A+C!NM!(2006)M!!G) (4+2-T

/7 +23+3!!: , -%?+"!G+3%7+2-!>/'&!0)(!@2TKA/,+!P/2/6+7+2-!)0!K>LT
,)2-/7 %2/-+3!G+3%7+2-&M!!@2!>)2-/7%2/-+3!G)%A&C!G+3%7+2-&!/23!S / -+(C!
B3&M!BM!>/A/4(+&+C!KM!o)&-+,_%C!/23!dM!N(/612M!!G'(%26+(!8+.!l)(_C!8lM!

!
#.)! ')&-T3),-)(/A! (+&+/(,$+(&!.+(+! 0123+3!45! -$%&!'()*+,-M!! N(M!o/-$A++2!
P,N)2)16$! 3+?+A)'+3!-$+!%&)-$+(7&!/23! 3+-+(7 %2+3! -$+!+00+, -! ) 0!8 9 P ! / 23!
4%)0%A7!6().-$! )2! -$+!/3&)('-%)2!)0!K>L&!)2-)! :>M!!N(M!d1A%/2!c/%(+5!/&&+&&+3!
-$+!%7'/,-! )0!/3&)('-%)2!_%2+-%,&!)2! -$+!'+(0)(7 / 2,+!)0!:>T/7 +23+3!&+3%7+2-!
,/'&M!

 
4. Next Steps to Application 

KA+/&+!3+&,(%4+!2+O-!&-+'&!0)(!-$+!/''A%,/-%)2!)0!-$%&!-+,$2)A)65M!!
2 #$+!-))A!%&!,)77+(,%/AA5!/?/%A/4A+!-$()16$!>B#>9! /23!(+/3%A5!

/ , , +&&%4A+!-) !, ) / &-/ A!(+&) 1(, +!7 / 2/ 6+(&M!!c)(! %20)(7/-%)2!?%&%-!-$+!
>B#>9 !U>P !. +4&%-+M!!
Q$--' i;;. . . M&+3%7 +2-(+7 +3%/ -%) 2M, ) 7 ;(, 7 M$-7 RM!!

!
5. End User/ Producer/ Adopter  Advisor(s) Feedback:  

8/ 7 +i!B3!8+1$/1&+(!/23!N/?+!8/_A+&!QU+-+,;B8GUR!
9(6/2%Z/-%)2i!8/-%)2/A!D(%3C!8%/6/(/!P)$/._!!
^),/-%)2i!G5(/,1&+C!8l!
K$)2+!2174+(i!["FTHJWT[[FF!
BT7/ %Ai!B3./(3M8+1$/1&+({1&M26(%3M,)7!
!
"R :-! -$%&! &-/6+C!.$/-! /(+! -$+!') -+2-%/A!/'' A%,/-%)2&!0)(! -$%&! (+&+/(,$|! KA+/&+!

3%&,1&&!$).! 5)1!/23!)-$+(&!,)1A3!')-+2-%/AA5!1&+!-$+!-+,$2)A)65M!
!

:&! 2)-+3!%2!-$+!BO'/23+3!BO+,1-%?+!G177 /(5! /23!o+5!c%23%26&C!-$+(+!%&!/! 6(+/-!
2++3! -) ! 0%23! / A-+(2/ -%?+&! -) ! &+3%7 +2-! 3(+36%26C! . $%, $! %&! -$+! 7 ) &-! ) 0-+2! 1&+3!
(+7+3%/-%)2!&-(/-+65!0)(! /33(+&&%26!(%&_&!/&&) ,%/-+3!.%-$!%7'/,-+3! &+3%7+2-M!!
G+3%7+2-!,/''%26! %&!-$+!2+O-!7 ) &-!)0-+2!,%-+3!-+,$2)A)65V!$).+?+(C!-$+!,1((+2-!
&-/-+T)0T-$+T/(-!1&+&!&/ 23!/&!-$+!'(%7/(5!7 +3%/!0)(!,)2&-(1,-%)2!)0!-$+!,/'M!!G%2,+!
-$+!/3&)('-%?+!,/'/,%-%+&!)0!&/23!/(+!\1%-+!&7 / AAC!-$+!, / ' &!-+23!-) !4+!\ 1%-+!-$%, _C!
) 0-+2!/ !0+. !0++-!) (!7 ) (+M!!#$+!%2&-/ AA/ -%) 2!) 0!, / ' &!) 0!-$%&!-5' +!, / 1&+&!' () 4A+7 &!%2!
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Figure A1.!^)6!\ +!Q+\1%A%4(%17!,)2,+2-(/-%)2!)2!:>R!?+(&1&!A)6!>S !

Q, ) 2, +2-(/ -%) 2!%2!. / -+(R!0) (!?%(6%2!Q#RC!N9PTA)/3+3!Q$RC!/23!4%)0%A7T,)?+(+3!
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Figure B1M!N%7 +2&%)2A+&&!+00A1+2-!3/-/!0)(![HT3%,$A)()4%'$+25AC!JJhFTC!/23![[hHT
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