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IRZ VDOLQLW\ ZDWHUIORRGLQJ LV DQ25P N\WHREKQ LHJKDWRQIK B
DWWUDFWHG WKH DWWHQWLRQDRDFD® KDH SRAICF DY IGRXY W U Y D W
XQFRQYHQWLRQDO VKDOH UHVHUYRLUV LV LPSUDFWLFDO EH
SRUHV 6DOLQLW\ FRQWUDVW DFPRWLKF ISWAIN \PPXOWHOL F E DRKF N /<
WLIJKW VKDOH 7KLV WKHVLV H[SORIPRMWLWWEUW\S\KHLR PR YKO C

7\SLFDOO\ DOO WKH XQFRQYHQWLRHADQW VK@ MH WUHV KUG |
IUDFWXUH VWLPXODWLRQ 7KH VWLRRODWILLRFQ WDWDBW PHQGY
FRPSRQHQWYV $ ODUJH SHUFHQWD JH LRIVWE&HVWLKHV §R WHI\G D Q X
SURGXFHG 7KH ILQGLQJV DQG UHWRXDODOWWHRW WIKKOLW HWW KN LR/VIPD
WKH K\GUDXOLF 1TU@ MNAKWOQVKIDAHGRUPDWLRQV

7KLV WKHVLV LQFOXGHV PHDVXUHPHQKLFR RYIPREGV IFFH G WH
H[SHULPHQWY DQG FDOFXODWLRQ RWRRPBWDNH BUIR B DHRXD OR
VDQGVWRQH IRUPDWLRQV 7KH ODEBGRDWROL @ [S\H UELWPIH@DHV VV VL
WKH FRUH VDPSOHV LQ JUHDWHU TXDQMQAIM\HEUE RPIS O K HCGE WIR
LV PHDVXUHG E\ GLVSODFHPHQW DG FRRIGIXFWHRQXRH G HPHI
HIILFLHQF\ Rl 1LREUDUD % &KDON ZLWRGSHUWPHD EIR®LS\HURH F
PHPEUDQH $FFRXQWKXEILORW\FKQ ENRIMRHY AMKRKION WHIHE SFH WK |
HIILFLHQF\ WR DERXW 6LPLODUO\\ RHBRGUHD® PHIREGMVDRIC
SHUPHDELOLW\ RI PG LV DQHRI WKH SHUIHFW PHPE
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YJLIXUH )L Q HY PW ¥ G B WRLLRQ E UHQBIF WIQRRQURFN LQW

JLIXUH /IRZ VDBEQYIWALWK I$H LOWUBO V3 DWHUHYHUYRLU
PD\ EH DUR®%QBU 'HVRUSWLRQ RI EDVLF PDWHULDO [/F
DFLGLF PDXWHND.® W $D O

JLIXUH $GVRUSWLRQ PHFKDQLN®GVIZQR LR PQW RHEOHDW \DXQ

JLIXUH 5HS UH\HHERDQROPRR @ & DN MRQ/ B 166G DL L W\
:DWHUIORRGLQJ

JLIXUH $ VFKHPDWLF RI ('/ 6XEVWHFK

JLIXUH +\GURFDUERQ UHOHDVH P HESDQVY VR QN KBIRBXIKZ G R
. X]QHWVRY HW DO

JLIXUH 2VPRWLF SUHVVXUH LQ D 8 WXEH

JLIXUH 2VPRWLEDSUHY V XQIHVE DR CBVEDWXP B WD W H

)LIXUH 2 F W\D KIHBG D @ HHQV VW U X FW X U H

)LIXUH 7HWUWDREGUWRKHMN® VWUXFWXUH

)LIXUH 6 WPUDX_FOWFKQD\ RILQHUD OV

)LIXUH .DROLQLWH VWUXFWXUH GLDJUDP

)LIXUH 0 R QW/IP RWLIDXOFRRMXUH GLDJUDP

JLIXUH OXVFRYLWH VWUXFWXUH GLDJUDP

JLIXUH 'LVWULEXWLRQ Rl FDRQARQSYODWHDBWRQV DGMDFt

JLIXUH 2YHUODS RI GRXEOH OD\HUV

)LIXUH 'RQQDQ PHPEUDQH H[SHULPHQW

JLIXUH &URVVQ&FHIFEMM RQLRI 6RQQHQEHUJ

JLIXUH $ W\ SIKAIFOFRW ¥ P @ ILIYU PLKIHD GD MQWFIDQXBHIWIP X OW L S O

UHVHUYRLUV DQG VRXRHAFYHHURBN DQWRHBWWLD- DMDRG HS W K
IHHW 6RQQHQEHUJ

YLL



JLIXUH

JLIXUH

YLIXUH

YLIXUH
YLIXUH

YLIXUH

JLIXUH
JLIXUH
JLIXUH
JLIXUH
JLIXUH
)LIXUH
)LIXUH
)LIXUH
)LIXUH
)LIXUH
)LIXUH
JLIXUH

JLIXUH

YJLIXUH

YLIXUH

"HQ YDHSU %MW @ @G 3RUWHU

6 FKHPOWILWUHRYV WKHUWHRD NWKVH. YHRFBBOHB &\FORWK

DQG WKH VWUDWLJUDSK\

/JRQIJPDQ HW DO

7KH FERU DFWERQVWVYFR U ARIXWLR@ E.DPWX]]DPDQ

;5" OLQHUDORJ\ GDWD IRQ HDFK LQWHUYDO .DPU

6FKHPDWLF RI D 6R[KOHW DSSDUDWXYV

&RUH&MERURYRWHBDG\ VWHWHSEBHBRHPRWHU OF3

HW DO

6FKHPDWLF RI &4DSLOODU\ 3UHVVXUH &XUYHV

6FKHPDWLF RI §HQWULIXJH

&RUH$O(BRUDWRMWULBI\KLIK VSHHG FHQWULIXJH

SDUDRIKBWAY RQSPHQWIULIXJH VRIWZDUH

‘'UDLQDJH EXFNHW VHWXS

JRUFHG ,PELELWLRQ EXFNHW VHWXS

6FKHPDWLF RI VSRQW D@HERX\D WRBLMNELWLRQ VHWX

&RUHV IURP &RGHOO
7\SLFDO ORJ UHVSRQVHNMYIDRPRSRERUH ,,,
SUHVVQWH &RPBRORPHXOR )LHOG

&DSLOODU\ 3UHVVXUH XM Y H

IRUPDWLRQ

IRUPDYV

1IDYDUUR

IRU WUDSSHG JDV F

, QLWLDO VWDWH RI WKH &RGHOO VDQGVWRQH FR

6SRQWDQHRXV LPELELWLURQ RRZERGEIOPLWD QGVW
SSP EULQH VXUURXQGLQJ D FRUH VDWXUDWHG ZLWK

6SRQWDQHRXV LPELELWRR QK RIX &FOHQ@QW\D QG VW
SSP EULQH VXUURXQGLQJ D FRUH VDWXUDWHG ZLWK

&DSLOODU\ BUHVVXUH 8RUHYKERBUHM®RZ VEHOLQLW)\
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J)LIXUH &DSLOXWDYH BRHUKULIKHROOCRLWRGROB V

YLIXUH &DSLOODU\ 3UHVVXUH &X WBYR-OB/H IR 6/2.Q K \DWREQ/R &
6DPSOHYV

YLIXUH &DSLOODU\ 3UHVVXUH SX WBYR-OH IR 602.Q K \DWREQ/R &
6DPSOHYV

YLIXUH % FKDION HFRG HRY BWDLQDJH F\FOH

YLIXUH 6SRQWDQHRXV LPELELWORQ RW OREKIDIN. QL W\FR
SSP EULQH VXUURXQGLQJ D FRUH VDWXUDWHG ZLWK

YLIXUH 6SRQWDQHRXV LPELELW L RROURKYL %K RAKCDOCLND L W\ FR U H
SSP EULQH VXUURXQGLQJ D FRUH VDWXUDWHG ZLWK

YLIXUH &DSLOODU\ 3UHVVXUH &XOHY Hel RKDIDRAZ VDO LQLW)\ F

YLIXUH &D S L O XMWY H3IRHIV K XIKH RBOHQ LW FKBRON VD

YLIXUH &DSLOODU\ 3UHVVXUH &XYFHRDIRN &R UK B DB S/®H Ve

J)LIXUH &DSLOODU\ BUHVVXUH &XUWYHRDIRN &R UK BQBS/RH VE
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7TDEOH
7TDEOH
7TDEOH
7TDEOH
7TDEOH
7TDEOH
7TDEOH
7TDEOH
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3URS KUWIRONY RQRAVHDOBRKHH HW DO
3URSHUWLHV RI EULQH
3URSHUWLHV Rl GHFDQH
'LPHQVLRQV Rl WKH FRUH VDPSOHYV
3RURVLW\ DQG SHUPHDEL@HW\ PHDVXUHPHQWYV R
,QLWLDO :DWHU 6DWXUDWLRQV Rl FRUH VDPSOHYV
QS XWRYBIO)IFYD ORRVWRWDRVEBBVVXUH FDOFX
,QSXWRUBIONIFD ORRVWRWDFVEBBVVXUH FDOFX



/,67 2) 6<0%2/6 (1*/,6+

FRQVWDQW IRU HDINFKHORDAWHE W RMKBWYVCWHW HP WUR @
WKH LGHDO VROXWLRQ ODZzZV

¢ ORODU FRQFHQWUDWLRQ

| LRQLF VWUHQJWK

| OHQJWK RI WKH VDPSOH

M PRODOLW\ Rl WKH HOHFWURO\WH
MW OROHFXODU ZHLJKW RI VROYHQW

n URWDWLRQ VSHHG

n 1XPEHU RI PROHYV

P 3UHVVXUH
p. &DSLOODU\ SUHVVXUH
Pw 1RQ ZHWWLQJ SKDVH SUHVVXUH
Py :HWWLQJ SKDVH SUHVVXUH

R *DV FRQVWDQW

r GLVWDQFH IURP WKH FHQWHU RI URWDWLRQ
 GLVWDQFH IURP DW{HREHOWHRXWHURWFH RI WKH FR
s BROYHQW
S, 6DWXUDWLRQ RI RLO
S, 6DWXUDWLRQ Rl ZDWHU
wir ,UUHGXFLEOH ZDWHU VDWXUDWLRQ
T 7HPSHUDWXUH

X OROH IUDFWLRQ
ZZ YDOHQFHV RI LRQV
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&RQVWDQW
&RQVWDQW

$FWLYLW\ FRHIILFLHQW
7KH FKDQJH LQ LRQV
&RQVWDQW

&KHPLFDO SRWHQWLDO

6WDQGDUG VWDWH ZKHUH WKH FKHPLFDO SRWHQW
WHPSHUDWXUH DQG DW JHUR SUHVVXUH

1XPEHU RI SRVLWLYH DQG QHIJDWLYH LRQV
2VPRWLF SUHVVXUH

GHQVLW\ GLITHUHQFH EHWZHHQ WKH SKDVHV
6LIJPD IXQFWLRQ

ORODU YROXPH

DQJXODU YHORFLW\

hmmgmh

< U

N < o~ (n

N
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BROYHQW
6RO XWH
AB 3KDVH
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, ZDQW WR H[BBHVUWY BUBWIONX 8 R UV@® PBRMWVHIRU KLV JXLG
DQG LQVLJIKW WK URWXKGR XDAQ @ IGHK WLRHR/R ® R WIXGR. FWF KRR O R 0
LQVSLUHG PH WR EHFRPH DQ LQGHS Q& WQ YW UKDAH B H AQHL DU}
DQG SOHDVXUH WR ZRUN ZLWK KLP SISWKRXWWKE R XH[S HQRWV D
SRVVLEOH WR ILQLVK WKLV ZRUN FR PZROYOGHMHONRPE HUW WB WK
DQG 'U $]UD 7XWXQFX ZKR KHOSHG RB8JWaQHHUG QU VARIDE G SVK E
P\ LGHDV , ZRXOG OLNH WR H[WHQG P\ JUDWLWXGH WR P\ PL
WHFKQLFDO H[SHUWLVH JUHDWO\ FRPWVEEKX®\MGI LW RN QR ORI
SHWUROHXP JHRORJ\

, DP DOVR WKDQNIXO IRU P\ FRPSDQ\H 6FGCPOPEIHRIQBO AR
DEVHQFH WR SXUVXH P\ 06 GHJUHHXHD R @ KR (B! X DWKRVIS € 6 LD
WR 'HQLVH :LQQ %RZSRUWR D EE WV LRWDQWFW GRURXJIKRXW

, ZRXOG DOVR OLNH WR WKDQN P\ IURGIG GW W KRKKHRXS K GV
WLPHV -DVRQ &DUH\ 6HUJLR 6XDUH] )HUQDQGH] DQG PDQ\ R

1HHGOHVYVY WR VD\ , DP YHU\ JUDWBI\ 0@ @& EIPRBRHBQWNF F
LW ZRXOG QRW EH\BRUVAEOM ZQWKRROWFH RI HQHUJ\

[LLL



CHAPTER1 ,1752'8&7,21

7KLY WKHVLVY SUHVHQWY D SUDFWLFBDOVWUHHFKQLIXREWR WF
DQG &RGHOO VDQGD Y XKQN BB KA\ WNQUIWIKKIIWH FKDSWHU , ZLO(
UHVHDUFK REMHNWUYSHWDREURHIPEWBRBEIR G RO\W DDEXWHRQV

SUREOHP 6WDWHPHQW

+\GURFDUERQ UHFRYHU\ I[URP XQFRQY WEW MR QD OP D H\VAXFP
WHQ SHUFHQW 7IGHPHWKRGW WU RGBXHDAVLR QW KHRRLWOKSOH UH
QHHGHG &ODVYVLFDD XAPDARQY IFDRW GRQBW B8BUNYIYROHVEHWDXVE
VLIHV KRZHYHU FUHDWLQJ RVPRWDR FODXVWXL H FEX QM 1B U GFLX\W
RLO DQG ZDWHU E\ LPELELQJ ZDWHH Q¥R DH) SHIOR R/IHD WH 2 ©L BVHHC
SUHVVXUH WR PDNH ZIDBAOHU LAR N &EDOQWHHHYRIRGRQUWKDDH UH
HVVHQWLDOO\ LPSRVVLEOH EHFDXVHWRKIHWKRHWW Y DKW RP@ \MRUL [W
WKLV WKHVLYV

/DUJH VDOLQLW\ FRQWUDVWYV EHW ZRiQ! @ W/ING PAKRO MW UR @ F
SUHVVXUHV 7KLV FRXOG LPSURYH WKH H[WUDFWLRQ RI RLO
UHVHUYRLUV 7KXV WKH SRWHQWLDOQRWR RPRRML\EDDU K. WA URH
IRUPDWLRQV VKRXOG EH LQYHVWLJDWHG $ UHODWHG LVVX
UHVHUYRLUV 7KLV WKHVLV DOVR s RFRX P HQ WXU\W KHUD\GHS IRG W E

7KH DIRUHPHQWLRQHG QRWLRQV FRKIOGL DXID\G IRWB K MID\OX
RVPRWLF SUHVVXUH IRU XVH LQ VWROBWLRQHLYY RDLW M LD G GL WHU I

7KLY WKHVLVY HPEDUNV RQ WZR GLIRHRWHQ®HEFNBEYH L QHAW
VDPSOHV DQG URKPYHFULQE\RARZ VPRWQEWR ERH QHRRGLVSOD

2EMHFWLYHYV
7TKH REMHFWLYHV RI WKLV UHVHDUFK DUH

L ,QYHVWLJDWH WKH SRWHQWLDO RIKRLRV®RBRRGXFSWLHRWQ K
FRQFHSW IRU XQFRQYHQWLRQDO VKDOH UHVHUYRLUV



LL ,QYHVWLJIJDWH WKH DWILIRSS K & LIDIV VD) GV KX GDWULRS HG
PHDVXUHPHQWYV

OHWKRGRORJ\

([SHULPHQWDO ZRU X \ZIDQJ SCOUNR DPKILG K X IS\W K G RAHPOWWLIRI &
DQG ORZ VDOLQLW)\ EULQH IRU FRUHV IURP 1LREUDUD FKDON
WKH HIITHFW RI VDOQLWLWO &R QW 8 DX WHIEY WFRH HADWLPDWH WKH
SRURVLW\ DQG SHUPHDELOLW)\ YD OXHV ZFVWKWH ERW R W DMK X QD
ZLWK IRUPDWLRQ EUHQWD WRODWZ REIUBK 8 HR UNVE@HGHFDQH L
VHWXS DQG WKHQ IRUFHG LPELELWLRDOIQRAHVEWEZ QW SN UQRUD
VHWXS ,Q EHWZHHQ GUDLQDJH DQG QRWDFHHGR XV EILFEE MELRAL |
SHUIRUPHG ZLWK ORZ VDOLQLW\ EULQH

7UDSSHG JDV PHDVXUHPHRHGY XAHWOH SIEW Q IV KILIXKI N S EHLHW
IRUPDWLRQ EULQH DQG DLU E\ XVLQERWRHUHY IRBPDWALRR %KR
H[DPLQH WKH WUDSSHG JDV VDWXUDPWZRYD X\HG MROBV WLR B W
YROXPH SRURVLW\ DQG SHUPHDEL & LFHQWDWLN M YHRZ DAWVK K VIHRGU |
WKH FRUHV ZLWK IRUPDWLRQ EULQEWMW FRW WKBVGW NVIRQRYR R
IRUPDWLRQ EULQH VDWXUDWHG FRUH ZDV GUDLQHG ZLWK D
ZKLFK WKH IRUPDWLRQ EULQH ZDV LIRMIFH\GH® E LE EW WZ I5Q R
VSRQWDQHRXV LPELELWLRQ ZDV SHUIWRKHRAHG &HWKZ HRURBDW QR
VHWXS

SHVHDUFK &RQWULEXWLRQV

,Q WKLV UHVHDUFK WKH RVPRWL®SDWWVIXQ K §ERIQYWHHBN
UHVHUYRLUV ZDV PHDVXUHG XVLQJ LFOMPWD/ K i 1 KKV'S 8 HIGGF A)@
D QRYHO WHFKQLTXMUWRRUVPBWGESG\ SRIHRE X3IHU D FIHULWO F |
)XUWKHUPRUH LW ZDV REVHUYHG WHKRWHWKKHRR/IPGR \& U R GXIFHW A
WLJKW PDWUL[ IRUPDWLRQV &RQVE HWHYW DY HWE KW KIHP EA5E IL WD
TXDQWLILHG ORUHRYHU WKH PHPEUDQH HIILFLHQF\ ZDV FDC



,Q DGGLWLRQ WR TXDQWLI\LQJ RVPRW.LM SDIOW\RXHPEDQG |
TXDQWLINLQJ WKHSEH® I & WK WIMYMWRHU ¥ KIH @ RZWDHV H U

7TKHVLV 2UJDQL]DWLRQ

7KLV WKHVLV KDV HLJKW FKDSWHUYV

&KDSWHU VWDWHY WKH SXUSRVH JPROVQG DVMKIHR @R QBN HE
RI WKH UHVHDUFK

&KDSWHU SUHVHQWY WKH UHOH YHDIQHAWF \8 X ERO LG R IV V@Y. QA
RQ FRQYHQWLRQDERIHHVUR @ LWKHDBIGHWW RI ORZ VDOLQLW\ E

&KDSWHU SUHVHQWAKD RRFYRIWYEHURPWIKH VIRFEX \BHQ P
EHKDYLRU RI FOD\V

&KDSWHU SUHVHQWY D JHRORJLFDO QRY KRGLHIO RV DIQIGH
IRUPDWLRQV

&KDSWHU  GLVFXVQMAD QV KHH VHK RISV L P&RHNY FGRDRVQW\SI
SHUPHDELOLW\ PHDVXUHPHQWY XVLQR@ G RFHVVYDXYIDIH XD g
VSHHG FHQWULIXJH DUH H[SODLQHG

&KDSWHU SUHVHQ@WYLMEHR Q LWHNDIWA BDV VDWXUDWLR
RI 5RERUH ,,, IRUPDWLRQ DQG GLVFIRW WV MNKIH & [$BIW PRHDYW

&KDSWHU SUHVHQWY UHVXOWYV Rl BYFRYALVFLEQHNI WUKH
LV DOVR LQFOXGHG LQ WKLV FKDSWHU

&KDSWHU SUHVHR®OWVWW&HIFRQPONQBDMILIREK RI WKLV



CHAPTER2 ())(&7 2) /2: 6$/,1,7< %5,1(

7KH LQYHVWLJDWLRQ RQ WKH HIIHAEWHRRQRAURGHERYLRQFE
WR WKH V  +RZMWYBW WD B GV ERU B VHAUH/QRVQ RAK R I (REH V25 DV
W K H V. 'XULQJ W KHU HMH DR E ¥ RZGHWRAHD B LIGHEWA RIQZRLO UHF
DQG KLV FROOHDJXHMI VAR WRFRXV VRIE RGKHW\ R7K HRILWD WHV HD U F k
VDQGVWRQH FRUHV DQG FRUHV IURP 3WKX KRIH PAWD R | SEOWDMND \
WKH ZHWWDELOLW\ RI WKH URFN DQG RLOQUNWDPOLHHNEG WKOJQD
FRQGLWLRQV IRU WKH HIITHFW R ®®REVHIFIHQ R W K RVQRQ W W N HE 8 O (
UHVLGHG FOD\ FRQWHQW LQ URFN DHORRQ ZEHWEFFH[$MHZGH /W
VFUHHQLQJ HIIRUWY IRU ORZ VDOLQLWN XRGHAKD Q HWR\D O-HREZ M
FRQGLWLRQV DUH QRW VXIILFLHQWWN\ R/ BIY\SHOWD RQ WKDHU HRIX\F \R W
VWXGLHY SURYHG WKH SRVVLELOLW\ RI RLO UHFRYHU\ ZLWgk
SURPLVLQJ UHVXOWYV ZKLFK IROOR ZHBD B\ GUKH LGLN P XWX DRQ V
WHFKQLTXH

7KLYV FKDSWHU SUHVHQWYVY WKH RYHUMEMWZRRIORKHVPDILQ W

2YHUYLHZ RI WKH (IITHFW RI /RZ 6DOLQLW\ &RQWUDVW

7KH PDLQ WKHRULHV EHKLQG WKH HIJBMWMKHRIHGDYQ QHW\
PHFKDQLVPV ILQHV PLIJUDWLRQ S+ EIQFQHHD VER PXON DPRRB RAL
DQG RVPRVLV

JLQHV OLJUDWLRQ

)LQHV PLJUDWLRQ ZDV WKH ILUVW PHFKDQLVP WKDW ZDV
ZLWK VDOLQLW\ FRQWUDVW %HUQDWGQMHF&HQUIRUPEG HYS A
VDQGVWRQH FRUHV DQG DQ RXWFURSAF®RH $BRRU:GRBLIQW FZ K\LK
WKH LQFUHDVH LQ UHFRYHU\ ZDV GX+H % R WKH H®S\URQY G BFRIG
VZHOOLQJ DQG SOXJJLQJ Rl SRUH WKURDW E\ ILQHV PLJUDWL

JLQHV PLJUDWLRQ DOVR REVHUYHG LD WDKH FIRU\HI®RRS
H[SHULPHQWY FRQGXFWHG E\ 7DQJ DQBHIRWWYREZW ZDV REWKLE
ZDWHU WRRN GLIIHUHQW IORZ SDWKR QG XHQWR MMXMHUSHNY HE



SUHVVXUH $V D UHVXOW WKH VZHHWHRQFWRQFKZWV $SRBURY
SDUWLFOHVY GHWDFKHG GXULQJ WK H CZIDOLMU FZORWZH UH VSRE L 2 ¢
DVVLVWHG LQ WKH RLO UHFRYHUGEW KHIGEKIRUOH DVOKW HRILLAD Y/ DWK
PRUH ZDWHU ZHW FRQGLWLRQ )LJXVAHUH G XFKH. RIQI DRVG PIQSHQY
UHFRYHU\ ZLWK ORZ VDOLQLW)\ ZDWH VD Q& RMLABEIO YN HOD AWAKUHR
VDQGVWRQH VDPSOHYV

+RZHYHU PDQ\ RWKHU FRUH IORRG WMWGGRXW [RWVSH B LBD\O/
HW DO W K B VHXMRIGHVDIQ R P VIRR DHIGHW K D WRWHKY. VW HFKD QL
EH JHQHUDOL]HG DV WKH SULPDU\ BRQWI\VQG PG BIRMQ Y X R 2D M. Q/H
RU VLJQLILFDQW BBV R HIE WKIHWVS WGEHFHELFH IRH ALRQYFHUH\D V

Fines with
interstitial
water Adsorbed polar
components of
ﬁ rudeon
Low Salinity
Brine

Low Salinity
Brine

YLIXUH )L Q HY FPULXY G BIVRLLROQ E UHLQBIF WIQRBQURFN LQW

S+ ,QFUHDVH

7KH S+ LQFUHDVH ZDV ILUVW SURSRK HRUD®RE KD PD QQ WA\U
E\ OF*XLUH HW DO $Q LQFUHDVH LQ RLO UHFRYHU\ ZDV
IORRGHG ZLWK ORZ VD®IR DWGZDWSS® WWR PSKOLUK VDOLQLW)\ 10
SSP 7KH LQFUHDVH LQ S+ Rl WKH HIIOXHQW IURP WR  ZLW
VDOLQLW\ IORR®INDIOMLIPLORRB GALR IVE WXH QXWIDWW@R WY FD X\
LQ LQWHUIDFLDO WHQVLRQ ,)7 TRHWMKHGRREILEQ DWLRD RlUO
WUDSSHG UHVLGXDO RLO

$XVWDG HW DO SURSRVHG ZHIWZADMEH @ lZ\M WD\DLVGHHU G X
S+ LQFUHDVH 7KH HIQQ MKHMF U RQHBIBOLAY R D OO LIFGHERE FRYD &L



RUJDQLF FRPSRXQG W& RE M KH. VAVDOU EHREX @ KHIQWOHRZ  \ZDLOW KH  C
FRQFHQWUDWLRQ ZM®R/Z L\DIMHFWHH & D W KMRARSYOLR @ DXYE GH S O D
FDWLRQ@VV&ID SURWRQUH O HD VX UH: 7KHUHIRUH D ORFDO LQ
EH FUHDWHG 7KHQ WKH ORFDO UQBBH FUM DWW G B QRNH WIRRY
DQG DFLGLF PDWHULDOV

Initial situation Low salinity flooding Final situation
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JLIXUH /IRZ VDEBEQYMWALMK I$H LRWUBOV3H DWHUHYHUYRLU

PD\ EH DURB%QBU 'HVRUSWLRQIRO HRYHR PIHWIFFUESDW.RQLRIOD F
$XVWDG HW DO

OXOWLFRPSRQHQW ,RQ ([FKDQJH

3RODU FRPSRXQGV RI WKH RLO SKDVHV DUH ERQGHG W
IRUPLQJ RUJDQRPHWDOOLF FRPSOHIRYHRIUQBEGMRYE® & WKRH WRK_I
WKH URFN VXUIDFH :KHQ ORZ VDOLQLW\ EULQH ZDV LQMHFW
WDNH SODFH E\ UHSODFLQJ WKH RIFNDRLWISROPSOFRPBRXQQV
RQ WKH RUJDQLF IXQFWLRQ RI WKH RUJMKHFFPDW WXW DRH/
H[FKDQJH OLJDQG ERQGLQJ FDWLE EDRBWAREYHH[ EKDGIH GIXI
VDOLQLW\\EURQH)L QXHF
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Cation Exchange Ligand Bonding Cation Bridging
J)LIXUH $GVRUSWLRQ PHFKDQLNGVIZQRLWOR PQW RHEOHDW \DX

2LO PROHFXOHV DIDHUWRRQBVWER EOMEEHWLRIQE® LWQRHDRYV 0
&D ,Q KLJK VDOLQLW\ ZDWHU ZKLFK KDV KLJK LRQLF FRQFHC
WKH FOD\ VXUIDFH E\ HOHFWULFDOWRHFHVIRYF WH ®XFL Q H G
EULGJHV FDQ H[SDQG 7KLV H[SDQVLR®W DEQR20RYROEBY VGDQ
UHSODFH WKH GLYDOHQW FDWLRQW K RIQHUWHHR UMR &K HV RIH OWP |
SURGXFWLRQ )LJXUH

YJLIXUH 5HS UH\HQWRNQROPRR @ & DAN MRKQ/ R 15G DL L W\
‘DWHUIORRGLQJ



'RXEOH /D\HU ([SDQVLRQ

'KHQ DQ HOHFWULFDOO\ FKDUJHG VX WIQ FHHO AR QW DFIVO/O X
OD\HU ZKLFK LV FUHDWHG E\ WKH WU DH HZ IFW R UQ HWIX®I GE W K®
FDOOHG HOHFWULFDO GRXEOH OD\HU ('/ VKRZQ LQ )LJXUH
YDULHV ZLWK WKH VDOLQLW\ ZKLPK \WWKDW \DD\} K LZLKO @ DBH.
ZKHUHDV LQ ORZ VDOLQLW\ VROXWLDR@MW L X LOHG WKW ERE QL
DWWUDFWLRQ DQG FKDQJH WKH ZHWVDIFEIHDLMWH MR RRFOU G HADM\A

1DVUDOOW H® G QD V

7KH HIIHFW RI WKH GRXEOH OD\HU ADW DIOUVW L QDMWRHGIX B

RI FRUH IORRG H[SBUYBPBGWW RQH %HLOEEONHR QY WDHQURQ OB G O H
OLPHVWRQH $Q LQFUHDVH LQ WKH RL®MVHFWYRQ\EADN\ R ERRQ

1D DQG &MJ ZDV FKDQJHG WR D EURQ@®\ FRQ EDBWUERIIFIDY X QG H L
VDOLQLW\ ZDWHU FRQGLWDRQIZWKH QRWEHQRRIJEDWR DFW DV
QHJDWLYHO\ FKDUJPG GF @D\ PWQWKHOMFKDQWMH IRE® EUKHUHI
UHSXOVLYH IRUFHV H[FHHGHG W K H DELH@GW QFID MR IURE®I \E WLKALIRIN/J |
RLO FRPSRQHQWY PD\ EH GHVRUEHG IURP WKH FOD\ VXUIDFH
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JLIXUH $ VFKHPDWLF RI ('/ 6XEWHEFK



/IDWHU 1DVUDOOD DQGVKRZWHGOWK® ZHVIHIGMQOL W)L ERPHDV X
WKH JHWD SRWHQWLDO ZKLFK LVIWHKH 7%RWHHQWD MOLY HDAW  RAKKIHU
ZDWHU LQWHUIDFH DQG FOD\ VXUIDFHM XD H DVVRHADXME |
LQWHUDFWLRQ EHWZHHQ WKH RLOPB®®@ HOKRWV FOKH U WK W & R
WKLFNQHVV LV VPDOO GXH WR WK HHWWD ERQILW \ VR UMIQH WIR R
LQWR RLO ZHW 'XULQJ ORZ VDOLQG&VD\Q® RN HIUROCED H) LO B LH V
FDXVHV GHVRUSWLRQ LQ WKH ELQGAIMWHIHWZIWHQ IBPERLDQG R
DQG UHVXOWLQJ LQ UHSXOVLRQ DWQH ZIMWWHAUD E i &L WX UD D AMH U)
ORUHRYHU LQFUHDH IORZ W ISGLRI\ WKHQHSROVHRYHRUFHV |
RLO FRPSRQHQWY DQG WKH PLQHUDO VXUIDFH

—

Decreasing lonic Strength

[l Van der Waal’s Bond

[

2 ___ Bond Strength @ Double Layer
=2 Bl Clay Surface
& a ~— Induced Dipole

Solution lonic Strength

JLIXUH +\GURFDUERQ UHOHDVH WP HMEEDQVY VR QN KBIREXIIKZ G |
. X]QHWVRY HW DO

2VPRVLYV
SHFHQWO\ RVPRVLV SURSRVHG DV DYSIRVVREOBRZHVFRDQ
DSSOLFDWLRQV E\ )DNFKDURHQSKRGHMDO DQG 6ADXMEHHINIHH
(YHQ WKRXJK WKHVH VWXGLHW N XM MKHHGUW KDW RR B RA



ORZ VDOLQLW\ HIIHFW WKH\ GLIIHU RQ WKH SURSRVHG VHP
SODFH )DNFKDURHQSKRO HW DO UL[VXDJIHS\DWMWEFXRDW W
EHKDYHV DV D VHPL SHUPHDEOH PHPEWDIWH ORKHDY[G HULIKHQ
LPELELWLRQ XVLQJ VDQGVWRQH FRUH DAMDIPBE@ H W | DB B LOL GRSQ
H[SHULPHQWY D PDWKHPDWLFDO PRGH G KIDPLEDE \RVPE M GVI RQ
IRU K\GURFDUERQ EHDULQJ VKDOH IRUPDWLRQV E\ GHILQLQ
FRQFHQWUDWLRQ DQG WKH PDWKHPDQLFWDKHPRGMHOWE B VS WH
PHDVXUHG LQ D VKDOH VDPSOH H[SHULPHQW FRQGXFWHG E\

6DQGHQJHQ HW DO SURSRVHG RWKIEW HR PG FEEHKIDQY HH \X
WUDQVSRUWYV ZD WHEHLV BEWR Q RVK M/ IGHHWR QIS WL R QRR) W KH EHKD
7KH GULYLQJ IRUFH LV WKH DFWLRKWKVR IWRKEHZ®DWML QD Q/BK I
DQG HQFRXQWHU ZZ KWK K R DKN.H KZ-DWNWAHDOH IR UM\ FRQGDWH ZD W
DQG PRYH WKH VXUURXQGLQJ RLO L¥KIHHM QROWKVR UG RV DBIWXIL
VDWXUDWLRQ ZRXOGLEH BRIKH ¥0MRGLY \EH LEHXQHIRBLDO $V D
ZLOO EH PRYHG IURP WKH ZDWHU WW R \CGHRMVE R Q GOXCRW HY B R
VPDOO SRUHYV

7KH IRFXV RI WKLY UHVHDUFK LV WKH FHKBHVXURPEHQRNVRRF
RVPRWLF SUHVV XUH) ZRRWHEGHMRDIIHIUHQ &KDSWHU



CHAPTER3 26026,6

2VPRVLV LV WKH PRYHPHQW RI VRO YD-HE®WM SBIPWWUBQH VI DEE
D GLOXWH VROXWLRQ LQWR D FRQHRQWR DLKDX WIR OAKKHL R Q Q R
VROXWLRQ DQG HWXRQLRI® ERQAHQMAHY Rl WKH PHPEUD

7KLY FKDSWHU LQFOXGHYV RYHUYUHEDRI RNPNRMLRXEREQ F
FOD\ PLQHUDORJ\ DQG VHPL SHUPHDEOH EHKDYLRU RI FOI

2YHUYLHZ RI 2VPRVLV &RQFHSW

7KH VSRQWDQHRXV IORZ RI D VROYHQ@W QK WKXDJIK DHEIDRILD
VROXWLRQV KDYLQJ GLIITHUHQW VRCPRMQALW PBPY IEH - \WHY W HD)OC
WKH FODVVLFDO H[SHULPHQW VHWX$S WK RFRPYXHRWY RR OXQW
GLIIHUHQW FRQFHQWUDWLRQV SKDBWVH $HDUWPRHBEDWHPWP KBS QL
LQLWLDO K\GUDXOLF SUHVVXUH GHUHUWIOQ@FBEH WY WMKXKLYRM[NVBHCG
FRQFHQWUDWLR® XQGH XWHWIMX DHKB@ UIHKIHH® FH. JVYUHRV W 7KLV
GLITHUHQFH LV HTXDO WR W KN XWWHAEGR WH.\WR LMAHRDAOX R VPRV L6FR
QDPH VXJIJHVWYV RVPRWLF SUHVVXMHHHUWHGR WL KHD & KSH H\R\
LOQVWHDG DQ DEVWUDFWLRQ WKDW WHKSISUWYVHQWWYW WKR FUH \
HTXLOLEULXP

Low Concentration High Concentration

Membrane

J)LIXUH 2VPRWLF SUHVVXUH LQ D 8 WXEH



+LVWRULFRO QD RN2WPRVLV

7KH RVPRWLF SUHVVXUH ZDV ILUVW GHREHYEWGI LB VIE EBH
PHDVXUHPHQWY ZHUH FRQGXFWHG PRUMWNV KD I FHQW X U\ED
VXJDU VROXWLRQV +H QRWHG WKDW PHPRUZQWWH D IKH D BIHE
WKH SDVVDJH RI VROXWHV ,Q 7 KARLPPIDQYV4 H D KFDIPF & R RYOPLHOQ W
VORZHU LQ GLIIXVLRQ ZKLOH KH ZD@ IRHVLHD ¥ REY \8 DG H W LA
IRUPXODWHG WKH WKHRU\ WKDW WKHVH GLVVROYHG VXEVWD
XQGHU FHUWDLQ FRQGLWLRQV $ISHHUU MHOWYV] RQ B MAKIH U HYIXQ"
QRWHG WKH DQDOR.DEG WEHHSHW KUL®DWE QDR G)DRQRLHOV

,Q )LIXUH WKH VHPL SHUPHDEOH HG@WEUDXOW ILKSHRIWP M
WR VROXWHA DBEDVHVDW WKH VDPH WHPSHUDAN KM HZ KIKHHSUH®

WKH SUHVVXBH IRQESBWVHTXLOLEULXP 7KH HTXDWLRQ RI FI
BUDXVWQLW] HW DO

P P

KHUALY WKH FKHPLFDO SRWHQWLDO WKDW LV JLYHQ E\
PP (T.19)

> Poe(T,® ) RTIna S

KHUsHLV WKH DFWLYLW\ ZKLFK LV UHORW KNG WR) VM KK HNWRKH R V |
DFWLYLW\ FRMNILVFWHKHWP ROOCHGIUDFWLRQ

JRU D SXUHV\;{%O)QL@KHUHV WKH PRODU YROXPH $VVXPLQJ
G o

YROXPH GRHV QRW YDOQFRERWKHYWVHEXNKRUIKD XLG ZH K

pure p P pure p P ‘%ure X S



(TXDWLRQ FDQ EH UHZULWWHQ DV

S)Sure
RT

Ina

.l WKH VROXVBLRY GROXMDARORVH WR XQUWM DLGDV R/ KEIDWR VHHY MGRWX

(T EHFRPHYV
S
In x e
RT
'KH® Jnx In( x) x (T | EHFRPHYV
SX,. XRT
%HFDXVHn nandx |~ (T EHFRPHV
n
S/ nRT

KHWH n X LV WKH WRWDO YROXCHVDRDVYROEKWH WR

ure

(TXDWLRQ LV WHUPHG DV LGHDO QRIWWP RWLFHTXBWDRWH FR
RVPRWLF SUHVVXUH UHODWLRQ ZDV GH SIHWHG DR UOVY W\W H\P \(
VHOHFEWLYH RU IRWHMROWWREQWHR IPEREFY SUHWKHI RV HOD W L
PRUH FRPSOH[ LQ FDVH RI WKH SUHVEQFHRKRV FIRQG P\W DR F
GHVFULEHG E\ D 8 M/XELHQY HRW X & KREBH G WEWW WY RESDUWYV E\
WKDW LV LRQ VHOHFWLYH ZKLFK PHDKQHN IWRKQH PHP EORD W R OF
LQKLELWLQJ RWKBUVKL)YIKDNH RWDWQWRHVKBWOMFWULFDO
IRU HDFK Rl WKH SKDVHV LQ WKH PKEEEHHT K Q WLGRGELW LR HA
FKHPLFDO SRYHQWLDONW 3RO



Initial State Equilibrium State =

Membrane Membrane

D E
JLIXUH 2VPRWI1EFDSUHD V XUIHVE DD GGVEW XIP B WD W H

1RZ FRQVLGHU DQ DTXHRXV V\VWHWR @ DRFKDXHEH §DW WYW
$ DQG SKDVH % E\ D PHPEUDQH DV VKRZQV LAQR QL ¥XDHH F W LYKH DR

VROXWLRQ FRQWDLQMW DV & OHMH®GR K AAMBWALGI\DQLRQ ZKLFK L\

WKRBQ 7KH LRQ VHOHFWLYH PHPEUDDH QBE N WP HW BHOYHLWRHIUDP
W R

,Q LQLWLDO FRQGLWLRQ SKD DKG IFR (PR D DRV FREE H DIWUID!
DQE DQG SKPREWDLQV RQID 2RIDUINDRREODU FRRFBQ®WUDWL
F., .Q WKLV LQLWLDRGFRQBULILRY BOFFWHV WKDW

CA,i CA,i D Q 6‘2; Ci]l

Na R

7R DFKLHYH HTXLOLEULXP WKH LRQWEZYP P IPREFWDW KU RYX
VWDWH CQREZSOHWHQW WKH FKDQJHDLDQOWIED MRHFEXPE Q QW WR Q

PRYH WKURXJK WKH PHPEUDQH IURPHR A GHHWY R DKWL R QY KK
% LVC

$W HTXLOLEDIOXPR /KHHQMWQDWLRQV DUH
,Q SKDYH ¢ G MM G

Cl R R

,Q SKDY¥H c &G G

Cl Cl R



7TKH HTXDWLRQ RI BKXPPULRDONKHXYROKFHQW LV

p B

S S

‘KHUHUHSUHVHQWY VROYHQW

7KH UHODWLRQV KH BLEBDW ZSRVOH\Y MDF® LS UWV \EXDDHE B GG Q RW H
AP, p* PRTO®D X

5 p. p® PRTOS X

S S

KHU® LV WKH VWDQGDUG VWDWH ZKHUHXMWXHKN RFEHRQWD OW K/
WHPSHUDWXUH DQG JHUR SUHVVXUH

6XEVWLWXWLQJ (TXDWLRQV DQG LQWR (TXDWLRQ \|
RT 58

S A B —O s
P X %@

7KH DFWLYLW\ FRHIILFLHQW RI ZDWHG H&D D RODTOANHLIRXQY X3WR
'"HE\H +XFNHO OLPLWLQJ ODZ

Ga
In(XHO HO) 'MWHOVMKCI _qz Z'\/—U a/_l T E
:KHUH
a 0
Vy — v Iny — »
y Y- Ya

+HUMNVN LV WKH PROHFXODU AHWKKWR P BVHKWH FVIR®BRVHIOWY H DQG C
PRODOLW\ RI WKH YHD@HHRNF IR ORVVRER.FV VWWULHQ DWKQFWLRQ DQC

A UCFRQVWDQWV

7TKH PHDVXUHG RVPRWLF SUHVVXUH REWDPIL®@H®® RIQREHD
PHPEUDQH LV GLIITHUHQW IURP WKH WKHU KRG QD PTLXxDW OR B
6WDYHUPDQ 7KH FRPSDULVRQ RG WHKE X\M K HARIURIWPLRF\D DF D
ZLOO GLVSOD\ WKH PHPEUDQH HIILBM QFYHALWHKUPHDEICCH WK



+HUH WKH PHPEUDQH HIILFLHQF\ GMNRQGNWWHKHLREL ® RWM FRH
LOQOWHUDFWLQJ ZLWK LRQLF 10XLG W T7XHO PW R ERJDH) H | HO OL® LLHRQ@)I
LV VWRSSHG 7KHUHIRUH WKH PHGLEEUD @H SHAKHHHAYUWDH MU SJ
GHWHUPLQH WKH PHPEUDQH HIILFLHOQKAMWVRYDVRRRDHIVDBPIB®HEWHW
WR =KDQJ HW DO

)LUVW ODERUDW RU\L FI/X GIDHWHR Q DIRY\RR/@ ® WK HZ H U H FGAR Q H
6LWWHU +H VXJIJHVWHG WKDW DELOQ @D FHAR OV W HG/L B HVH
PHPEUDQH WR H[SODLQ WKH VDOLQLQ@\GABWEIHMO VYR VKEWXU
SURSRVHG WKDW WKH FRQQDWH ZBWHOWHDOLLGYL W L FAD ®W HL R\
SHUPHDEOH PHPEUDQHYV

,Q %HUU\ GHWBIWRPQQRG WKH DESDEHQ®NKLAOUWR & HQ®D C
EDVLQ DV RVPRVLV .HPSHU DQG DOVR LQ DQRWKHU V
VKRZHG WKH H[FOXVLRQ RI WKH VD O2) LR QROB\RX VAR VB XFEI\D \
DO FRQGXFWHG H[SHULPHQWY WR VKRZ WKH LQKLELWLR
JUDGLHQW DQG XVLQJ EHQWRQLWH PHPEUDQHV ,Q +L
DQRPDOLHV LQ WKH 6DQ -XDQ EDVLQDRREBD OMYLER PQEHWW E
DUH WKH UHVXOW RI RVPRVLV $OVR G=WWRDI) & LIKQEFKDEZ SUH V'
ZLWK RVPRWLF SUHVVXUH PD\ WULJFBUR S\RMH B YW KIDWK LQV WS H
ZKHUH WKH QHJDWLYH FKDUJH RQ WK HFEDID®L\R RV RO R Q&/DHQ
WKH WUDQVIHU RI GLVVROYHG V DIOW VW HEDRW HD OLAR WIKQ ¥ W KVHWZLF
VL]IHG VPDOO SRUHV DUH DFWLQJ D®PZWHIRH BMBRWDE OHR FRAF

OHPEUDQH EHKDYLRU RI FOD\V KDV EBNQ NQRZ®QHIWRW\ D O
KDYH VKRZQ WKDW WKH K\SHUILOWUBWLRQHHD Q6 LAHREA HQWDU Dr
WHPSHUDWXUH PHPEUDQH SRURVLVW\ RRE& W\SH WIIURYWSHGR
WKH VRPH RI WKH GRPLQDQW LRQLF #BDHRLBHE 10QFWKID Q TXD
FRQWUROOHG E\ KW EKUIQA® R U /W HREROBKWHKRHP DO\ R Q

7TKHUHIRUH WKH WKHRU\ RI FOD\V DRWLYJXMW& WPR 5 [FSWOH
VDOLQLWLHY DQG WKH FKHPLFDO FRWSRNVQQRW QEH RH [ BROWDAIMA
ZDWHU URFN LQWHUDFWLRQV 7KXWFMWXHAH PLHHWD ORR \ FRIQ M
GLVFXVVLQJ WKH VHPL SHUPHDEOH MWMHWPEUDQH EHKDYLRU RI |



&OD\ OLQHUDORJ\

&0OD\ PLQHUDOV DUH D FRPELQDWLRQRRW IVRIRGXRIQW Y QRS
WHWUDKHGURQV 7KH\ DUH FKDUDFWHUL]HG E\ WKH DUUDQJI
DWRPLF ODWWLFHYV DQG LVRPRUSKRXYWUWXEFWX WK WLRH) RIFW ]
VLIHV DQG WKH\ KDYH QHJDWLYH FKDAMRWYSIKLEX BIU FDE\DLAR
VROXWLRQV OLWFKHOO DQG 6RJD *ULP

7KH RFWDKHGURQ LV PDGH XS RI WZR VKHHWYV RI WLJKW
DOXPL@®P LYURQ RU PDIQHDVILHPERXQGHG WR WKHP LQ RFWDI

J)LIXUH , Q WKD-DXBHQ’)HRQHN-IKHIIRIHMD{I]O-I[RUUR\@KELZ)@QEH DV
WKDW UHVHPEOHV JLEEVLWH 7KH OBNRWHL QW WW VBRI WD R OH (
RI PDJQHVLXP RU LURQ WKH IRlJPZ)G—CiIg ZR.X‘HOZE%QFF?%N-H DV %

PDIQHVLXP EHDULQJ RFWDKHGURQ VHVOMNRE WHW EM & FIL W H UPLK
FOD\ PLQHUDO VWUXFWXUHV 7KHGUKHRUWHW L FHP®I WWURR Q BIVW
6RJD *ULP

Octahedron Unit Octahedron Sheet

' Hydroxyls

. Alluminum, Magnesium,or Iron

J)LIXUH 2FWDKHGUDO XQLW DQG VKHHW VW



7KH VLOLFD WHWUDKHGURQV DUH FRIPG RWKHE FRHIQIV M UOK B RIQQ |
GLVWDQFH IURP WKW WRKMMWRD\UJH Q @ \BEBBDWDLKRHG Y DDX BRR 7K
R[\JHQ DWRPV DUH VKDUHG ZLWK W KQ®J DG KB FH®\Y D/OH QVH\D KH
IXUWKHUPRUH FRQQHFWHG LQ D VK HRHINWKAHUWK MKW HV KIKW LM C

VLOLFD WHVWBURPKHKEH RHMHEVURF /G IPKVKBHW LV HPOR@FRG E\
R[\JHQ DWRPV E\ K\GUR[\OV WKHUHDRDA P PNLQR W KR RHIQHQ

ZLWK D SRVLWLYHO\ FKDUJHG VKHI®W "WKDWKK RV HDWGE E D & UMK
WHWUDKHGURQ LV $QJVWURP OLWFKHOO DQG 6RJD *L

Tetrahedron Unit Tetrahedron Sheet

€
( Hydroxyls
Silicon

J)LIXUH THWUDKHGURQ XQLW DQG VKHHW VYV

&OD\ PLQHUDOV DUH IRUPHG E\ WZR RW KNWKIHHL LR W\IREK U7 X K N
FDQ EH FORVHO\ VWDFNHG RU WKH\ PD\ KDYH D ZDWHU OD\
PLQHUDOV GLIIHUHQW FDWLRQV ROFFXS\DWHKW RAMKHID WHK® QDWW |
LGHDO VWUXFWXUH ZLWKRXW FKDQJLQJ WKH FU\WVWDO VWL
VXEVWLWXWLRQ 7KHRWLYIRFFDROU SIKD PUISMOXE O WRIMQXXVWPLEB RS DFL Q.
PDIQHVLXP UHSODFLQJ DOXPLQXP DQGLXRAUURKVLVBRRUBHK
VXEVWLWXWLRQRIHILQHYDWKIHOQWASGB\ VXEJURXSV



@ Hvdroxyls

€@ Alluminum, Magnesium ,or Iron
Silicon
(/:‘ AN Tetrahedral J i?’ Octahedral
£\ Tetrahedral Sheet I ¥ Octahedral Sheet

JEW 10 Unir } { 2:1 Unit

Kaolinite Smectite Illite

) = ¢

l k Water +ions
A =

J)LIXUH 6WUXFWXUH RI PDLQ FOD\ PLQHUD

.DROLQLWHV FRQVLVW RI D VWURQKDWEIRQ ERBERQHGWHL
DOXPLQD RFWDKHGWD® WHKHHHHW V2 B B/ HHR DRIQ 19 R WWIK HDLWRS O D Q
VLOLFD WHWUDKHGUD WKDW DUH SRVLWLRQHG DV WLSV GF

VWUXFWXUDO IRUP2XO BL ISROU2 W KHK HN DCRLA LHKQUW MM W

NDROLQLWHYV DUH BURWGKXREEG EQ WHHY WINQ ENWERH BIRUDWLRQ F
LRQV LQ RFWD K HIBW B DFWK WH\W\Q GWEKB-RUH W R2RWPREIHUV GLFNL
FRPPRQ PLQHUDO DQUWDRGNW RQ H\D R@H QLW IHY K DFKD DJE HWH O L
VXEVWLVSROWILRMEKRD VLOLFD WHWUDKHGUDO RU RFMODIWMIEE® DR

WKH EURNHQ BRKHM ¥ ®IHRVRKR.EKQIJUMR DGVRUSWLRQ RI FDWLE
VHFRQG WKHRU\ LV FRKHUHQW ZL @ kG IMKISUBHEDKDY R R B HRQ WD D,\Q



ORZHQYLURQPHQW WKH HGJHV Rl WKHFKDR OH G L\EXWS D QWKLLF
HQYLURQPHQW WKH\ DUH QHJDWLYGHDV AXPHUHE FDRLIVRED IR B +
RI LVRPRUSKRXV \DREOWDLWXW L R RHHQ BIL F ¥ Q/WWD/ORILPHG NDROL

P 7KLV WKLFNQH %R RUHFU FHD\WEGHMDEKHED. VB QG 6 RJD
*ULP

€ Oxygen

€ Hydroxyls

@ Alluminum, Magnesium,or Iron

Silicon

J)LIXUH .DROLQLWH VWUXFWXUH GLDJUDP

6PHFWLWHYVY VXFK DV PRQWPRU L OKOHRGQUDIMNH VKR g WIW W KROIW
WLSV SRLQWHG WRZDUG WKH FHQWHHGE U WK I KKHH W HKHWH D
VDQGZLFK OLNH VWQXAWRRM D WK W YRH\MKLFSUBIOVWMKHH MAM Y DUH '\
RFWDKHGUDO VKHHW )LJXUH UK HRUIF XYWL FIRQOW KHH XA\

2+ 6L$O0 2 Q+ 2

6PHFWLWHY KDYH KLJK FDWLRQ H[FKDQDI® DG YKIEW W E W/
ZKLFK DUH FDXVHG E\ WKH H[WHQV IKYP IWRPWRUB KR XD/OXRE QW
RFWDKHGUDO VKHHW PD\ EH VXEVWLANXNCHGEWRDIRHRUXRW
DQG VLOLFRQ LQ WKKIHHWWVWPHDW B Bl KUHHGBXIBOCE R G VE \ 7TIKGIXWPH V XOW L Q¢
QHW FKDUJH IURP WKH LVRPRUSKRX\HNXDWWHWKW@WH RFD WY RED



SUHVHQW EHWZHHQ GLIITHUHQW X Q RWGDH MLAK ME&Q FINGG B R JLD/
*ULP

€ Oxygen

Hydroxyls

€ Alluminum, Magnesium, or Iron

Silicon

J)LIXUH O R QW RWLWDXORRMXUH GLDJUDP

,OOLWHV VXFK DV WAL W W KODFIMXBI YA W R Z\W K H WV P\HRER\H
VLOLFRQ LV UHSODFHG ZLWK DOXHAIHEBXE\ BRE DWR/H XXFQ L RQRK D L
7KHLU HOHFWULFDOO\ QHX2#UD 06 IV WODOX BW XU D @ KIFRR UFEDXANOLOR Q VH |

FDSDFLW\ RI LOOLWHVY LV OHVV WEKOQLWHIN DB BOLLIY/NF WAHOKD!
DQG 6RJD



. Potassium

¢ Oxygen
€ Hydroxyls

€@ Alluminum, Magnesium,or Iron

Silicon

J)LIXUH OXVFRYLWH VWUXFWXUH GLDJUDP

6HPL SHUPHDEOH %YHKDYLRU RI &0D\V

7KH QHJDWLYHO\ FKDUJHG FOD\ PLIRHPDON. PQV DAY AW WR
WKHLU HOHFWULFDO QHXWUDOLWRO BK L\OXHU BUAHHWH D ® R@J & KW K
FDWLRQV IRUPHG D OD\HU ZKLFK LV\KMWHUPKIG KLV KID\GER® W HY
DGVRUEHG FDWLRQV ZLOO WU\ WRWXH | RR & FLHQWRU VW H RZD W1 U
+RZHYHU WKLV WHQGHQF\ WR HVFDSH DQG GLIIXVH WR WKH 3
WKDW LV LQFUHDVLQJ FORVH WR WKRKQNJDWKLHY HRQ FKLDWA Y IGE
FDWLRQV GHFUHDVHV ZLWK WKH LQFUHDVLQJ GLVWDQFH IUR|
PROHFXOHV LQ WKH DWPRVSKHUH KKH(WH \WHKDN H WDW WKGIDID ¥



IURP HVFDSLQJ 7KH LGHDOL]HG LBQHGEO DAUV E X VWDIFRHQL b GUKIRFZE

Clay Platelet Clay Platelet
— Concentration
+ _
+ _
|+ o+ -
_ + -
+
+
|+ - - S
= _ | Bquilibrium o
+ - ;
_ +— + _ Concentration
+ T _
.
Distance to clay surface
YLIXUH 'LVWULEXWLRQ RI FDRQARQSODWGHDEWRQV [

7KH WKHRU\ RI WKH GHVFULSWLR@WIWRKMWKR KD GLN®/ VI
ILUVW SURSRVHG E\ *RX\ DQRG &XBRBRDOQGHYHORSHGE D&
WR GHVFULEH WKH UHSXOVLYH H@®HEBHM ¥V BD@AER ILRALFG % ORU W Q MC
DQG /DQGDX DQG 9HUZH\ DQG 2YHUEHHN

,Q D KLJK SRURXV PERQWE BDWHYJ D/MDWKM BDFVROMNHG K U
UHODWLYHO\ ODUJH FKDQQHOV EHWVZHGQPWERW ZUDIOQKEH TKTHK B
VLGH Rl WKH FOD\ PHPEUDQH EHFDXNHQWKRO®L VRHPE B EHW
+RZHYHU GXH WR FRPSDFWLRQ WKWK K& IQHN D QRN H IF&O WGIHHRU
PLQHUDOV LQKLELW WKH DQLRQV WE\DWH O G ORW W MKIAVPL Q11 IV
7KLV HIIHFW LV WHUPHG *QHJDWLYHRDR& VFRUB WWRQO ARROQD Q|
PHPEUDQH KRZHYHU WKHLU PRYHPARQ® LZALEDO UBEH E3HMZWR
VLGHV Rl WKH PHPEUDQH LQ ODWH W MWA® HF ROWFLK@XUH MR ZDDWVI L
LQFUHDVLQJ WKH VDOLQLW\ RQ W KHK H GHJ 8 WU\LIPGIH) W V WKKHD WOID
E\ OF.HOYH\ DQG 0LOQ@BJ FRPEUKVVHGZEECQWRRQWWHKHVKBROLC
EHWZHHQ LQSXW DQG RXWSXW VLGHVWR WKH FHFRBBQH V VUHE



WKDW KDV D ORZ FRQWHQW RI FDWURWLHR[AKDQJILQWRFOD\V
UHSUHVHQWYV WKRQWHYQMD R L WEKWILARD FHK PIOIHQRB D QJHR HORW LY H O
PRYHPHQW RI GLVVROYHG VDOWYV

Cations

Concentration

Clay Platelet

* Equilibrium

—| Concentration

&
|

Anions

o

Concentration
Clay Platelet

Compaction

—| Concentration_ _ =

Anions L

Distance between clay platelets

J)LIXUH 2YHUODS RI GRXEOH OD\HUV

*HRORJLFDO 6WXGLHVEOH 6HPRERVWDWMH EHKDYLRU RI &0D\V
7KH VHPL SHUPHDEOH PHPEUDQH EHKDNQRUHRHDPBOBKWY O
VHYHUDO VFLHQWLVWY WR H[SODERPWSR M LMEURXBWWWKIDON. @LUM\ |
IRUPDWLRQ ZDWHUWW,IQU VXIHHYWIBGYVWE&DRWH QWW KDDHTHVDO!
WKDW SUHYHQWYV WKH SDVVDJH RIPRDEBWXIORHYV B M WXS®RMURLIWLVE



FRQFHQWUDWLRQ +DQVKDZ D Q G GHDHIBY KLIDIWLIIRSD B B/ (RHDQY
XVLQJ FRPSDFWHG PRQWPRULOORQLWH DQG LDIODWHNPHPEGG D

VKRZHG WKDW RNKMH HHPLEFUBIQF\ LW K. QF K HDWVGIBUHD VH R
SUHVVXUH

%LRFKHPLVWYV VXJJM VRS GHYWLXQH RFPIREDHVIVR @ VS I B WEALHG H L
PROHFXODU ZHLJKW RI SDUWLFOHV LQ D SURWHLQ VROXWLR
PRGLILHG 9DQYW +RIl HTXDWLRQ (T LV XVHG WR TXDC
FRQGXFWHG RQ SURWHLQ VROXWLRQV

p RT—— Bc
MW

KHUB LV WKH RVPRWRFRODHVYBVHFRRYVROMOMH WHPSHUDWX

FRQFHQWWDWHRQJH PROHFX®PRQXMIDRQW IRQGHDFK VROYHQW
WR WKH GHYLDWLRQV RI WKH V\VWHP IURP WKH LGHDO VROX!

,Q ODWHU VWXGLHV LW KDV EHH® KOHMIH W KXW W R HAUKHH DR
RI LRQV WKDW DUH DGGHG WR W K HO YA RFOHPELRD® M KTUKRLYI 1§ KMHIQHR
GHILQHG E\ 'RQQD@QOHEBXRQ@DIQVOHPERJDQH (TXLOLEULX

'KLWH PDGH DQ DQDORJ\ EHWZHHQ WKH PHPEUDQH E
RUJDQLF SURWHLQ HVRROXQOL® QFVH MELUD HR H FSIQRO@HPMP EUD Q
H[SHULPHQW WKH PHPEUDQH KDV ORUJMPBAO0H\R QK EWW Q8 R/
WKH ODUJH LRQL]HG FROORLGDGCHBBKMG& RIHE RVDKV Y DGIHY IRT XN
'RQQDQ FRQGXFWHG DQ H[SHULPHQW XRHUWK K N DX&\W G- D OVCRHIGX \
WKDW LV XVHG DV D FROORLGD O 1HDBMR /XK DR HE XAK VAHS DV VR
SHUPHDEOH PHPEUDQH )LJXUH 7 KHD WHIPML. SVHHU® HLIVELORHS IR ¢

WR &RQJR 5HG DQLRQV EXW SHUP HD\EDGHWW RWD DO RRENHIHUY H & Q/

DQ&OLRQV GLIIXVH WR WKWLERRIDDXXROAEBEG DMK HY WDWHU KH X\
UHVXOWY WR PRGHITXDKHLBQOWR FRRDIRWL+DWWIP\D @ HKD



Initial State Equilibrium State

I\
N

Na* Membrane

YJLIXUH 'RQQDQ PHPEUDQH H[SHULPHQW

'RQQDQ DOVR FRQGXFWHG WKH VDPHLRS HUIDR YW 6K |
,Q WKLV FDVHN&/RFRRQRIGULKIKKVH WKURXJK WKH PHPEUDQH IUR
VLGH WR WKH SXUH ZDWHU VLGH OKLYVGIDBUOLRD RMXERW K
PHPEUDQH 7KHUHIRUH ZDWHU PROHERXEK WKL PHPBED QH L

&RQJR 5HG VROXWLRQ VLGH XQWLD QKB QHB H¥MOLERDLX FE VGMDXC
+DUWPDQ

" KLWH VXJIJHVWHG WKDW WKH E HKHD ¥FIRPLS IRU HRAO DA R
'RQQDQ OHPEUDQH H[SHULPHQWYVY +H WR ERMX EH® WIQDW HG LI
URFN ZLWK DEXQGDQW FKDQQHOV ERHONWZEH QQWAIHWSIRIU Bl Q\GS 2 B
SDVV WKURXJK WKH JUDLQV 7KH H[SHWPWNQDA KWMIG SFHDW |
PHPEUDQHYV

%URNHQ ERQGV DW WKH PLQHUDO VRUIORE YDDRMJFHL WK
ZLWKLQ WKH PLQH WDKH YIDDD PR I IERDIMAM R/ KWDIDHF ) AEDUJH |
DQG *ULP 7KUY W B FBWLIKYDH) JH QW W Q COFQW M OMKERV BRW LR H V
FRYHUV WKH VXUIDFH RI WKHVH FOD\V +RZHYHU WKH FRQF}



DZD\ IURP WKH PLQHUDO VXUIDFH L§WRPSRY IR KRH WKIHY GRI
FKDUJHG OD\HU RIDW K H B IGQFH\WW OR®XMWK DW LV DWWDFKH

7KH GRXEOH OD\HUV LQ VDQGVWR QHW KW YH @D W WOHD WRED
SRUH VSDFHV FRPSDUHG WR WKH WREFRN®MV\LQVFRIDW K HF & RX
WKLFNQHVV RI WKH GRXEOH OD\HURDI\) 6 R BXBIUW R OMKW RG WKW
VSDFHV E\ FRPSDFWLRQ 7KH VROXWURRBK WRFW KHKSRU HV VSDF
DOO LQIOXHQFHG E\ WKH GRXEOHL® IRFHRX DV HKFHH @ WIDE&W WRR \
DQLRQV WR HQWHU WKH FOD\ SROXWELDRD D QWD MUWKIHP A D &K
DUH DGMDFHQW WR FOD\ VXUIDFH EMRRKXM GRP L YKEWZILRD® W
WKH FDWLRQV IURP HQWHULQJ WK H RRID\ HSRHUMHWVU DFDDHQO OQ H
PROHFXOHV FDQ SDVV WKURXJK WKH SHRWARHHD E-GI PHH PEQD\YHD
VROYHQW FRPSRQHQWYV WR SDVV EXWHLQKLEGWWRD MK ID UHR Q
PHPEUDQHYV DV WKH\ SHUPLW WKH SDVWDK HVRUVWV & RW\WWK/HDND
VDQGVWRQHY GXH WR WKHLU VPDOO SRUH VL]HV

K LWH GHVFULEHV WKDW QPBPEUDQH L QV K HE&LP H
URFNV WKDW WKH\ FRQWLQXH WR D®W®& R R X\IKP & DRJIJ MK H. (DVQH
RSHQLQJV +RZHYHU WKHVH LQW H UHF FDQ/QW RW LIRRPS D E JHIVR Q HF
UHVXOWLQJ LQ D QHDUO\ SHUIHFW ©HWE LRIQQ W KB QIGQ § WU WD
PHPEUDQH +RZHYHU QRW DOO WHK<H \B FDNY DW KHMKIHHFEDWP R WL
PHPEUDQHY EHFDXVH RI WKH HVFDSMN URXWKHV GHALU MRV B DRU J)
VRPH SDUWV Rl WKH VHGLPHQWDU\ RIRWKW XU LOND\UR H & LBL
VSDFHV RI VKDOH PD\ GLIIHU LQ VRO DG WRUEHSHQRZ DR QQN |

,Q VHGLPHQWDU\ EDVLQV VDOLQLW\ LQFUHDVHV ZLWK D
XSOLIWHG DIWHU WKH HQG RI WKH. E®UWM\DRS WRIG GNFHQHPY@ E
FRPSDFWLRQ GHFUHDVHV ,Q WKLV FQWHR WHKEN W K W R H YV EQXR\V
EXW ZLWK K\GURVWDWLF SUHVVXUH 7KHQ LQ WKLV V\VWHP
VDOLQH EULQHVOYRZGIRWH G LWK IDWIDW K H KLGKHRO BDLUFWAV W H P
WKH HQHUJ\ QHHGHG IRU WKH VDOWQVVYRFHQSD UWN URII RAUKH W
FRQWLQXH WR LQFUHDVH



$QRWKHU GLVFXVWIURQVRADWHKM O KYIRAN \BTKLDRCHAD WE\H D ) D E
FRQVWLWXHQWY RI WKH VROXWLR QWL RQVWKRHY N DWPKIUR X J ¥ HHH P
ILQH JUDLQHG VHGLPHQWYV HDVLHUNKHK HRROW KA KAIDYHQ R @/ L P |
HITHFW WKDW ZKHQ WKH SRUH WKURDW UDGLL GHFUHDVH VL.
SDVV WKURXJK ODUVKDOO DQG BRMBE HV KOG G XKE QMR W
PHPEUDQHYV KDYH GLITHUHQW SHUPLWWLQJ UDWHV IRU GLIIHL

,Q UHFHQW \HDUV WKH VWXGLHV RQ WKH PEHOEK@MWR\ R QF
FKHPLFDO FRPSRVLWLRQV WKDW DUH URYXE8DBUE®HAR RI) KR D
RVPRWLF SUHVVXUH RQ RLO SURGXFWLRQ



CHAPTER4 *(2/2*,&$/ '(6&5,37,21

7KH FRUH VDPSOHV XVHG LQ WKLV NVWXQ& ZRGHUORM QYEGE W\
RI WKH '- %DVLQ 7KXV WKH UHJLRDDUDH®MWNQR AHXP- Yo WL
SUHVHQWHG LQ WKLV FKDSWHU

5HIJLRQDO 6HWWLQJ LQ '- %DVLQ

7KH 'HQYHU %DVLQ H[WHQGV PRUH WKDQ VTXDUH
VRXWKHDVWHUQ :\RPLQJ DQG VRXW KRHYGIHLL ¥ HRE WD K/IM DH QLY
DUH WKH )URQW 5D@& X W DWXW BQ AR XZSHO/WW +DQ) WK IHOQ R U WK |
DUFK RQ WKH QRUWKHDVW /DV $QLRNYDXSDF K SFOL MK R QV RIKW |

+LJOH\ DQG &R] ,W LV DQ DV\PRAWOHFDWU/ ORNMDRPUBE ER
VWUHWFKHG QRUWK WR VRXWK ZISWK IR ®&/H{GE DPO\GGIIDSESALWH G! Z
DQG D JHQWO\ GLSSLGHHDHIHW |OBHQRHU 6RQQHQEHUJ

West East

Sea Level

8 Tertiary
2000 B2 Niobrara
WL [ — m Greenhorn
Cretaceous sandstones
4 = 1 Cretaceous Shales

" 7 [ Jurassic
MILES E@l Triassic
B3 Permian
B2 Pennsylvanian
B8 Pennsylvanian-Permian Arkoses
Bl Mississippian

YJLIXUH &URVY GHFW ROV RQ ' 6RQQHQEHUJ



1LREUDUD 3HWUROHXP 6\VWHP

7KH 1LREUDUD )R U PDW.IRQGIQR @ R AWHKIHD' F\@ IY ¥ SEDDAVQL Q

7KH &RGHOO VDRWY WHR®@ KV R A FSXWWPIEDY BRIHDMDH SRR G X F L Q
1LREUDUD DQG *UHHQKRUQ %RWK R{SWXMW HUFBUERYDWIHRQN
RI FKDONV DQG P DHKIHOWH GH B B VZ DAMHHREUHBEFRSRNQ & VRD@MG VAW R QH L
UHSUHVHQW D ORZHULQJ Rl VHD OHYHO EHWZHHQ WZR RI W}
WKLFNQHVV RI &RGHOO DYHUDJHVWEKWY HHQRZ WR VL VW L)L WK
DQG S\ULWH FRQWHQW 7KH VRXUFR}HURFN Y UIHOHLOBIRMIHE. REDHEOM(
WKH DGMDFHQW 1LREUDUD )RUPDWLRQ,, 7RHOVBXBBH EMIGWRD
W\SH Rl VRXUFH EHREWKDRLIDHDEGDWNM 6RQQHQEHUJ

7KH 1LREUDUD IRUPDWLRQ LV RQH ®XFMWMKLHY I LLQHWKKRHU LPRWQ
DUHD Rl & RORUDGR ZKLFK SURGXFHRHRILIR EIDDU D QRAU PDW ERC
DSSUR[LPDWHO\ ELOOLRQ EDUUHOV,RI 5WRYKG JWHD\GHKU ¥ |
FRQVLVWY RI IRXUZLAKIO GWNK USWHQWHUW BQNVQD ®6 WOALPHVWRQ
DIRUHPHQWLRQHGGXW RW\Q DEUHV FHQKUDQMEN RUGE $ BD WBOF % FKD
PDUO & FKDON DQG & PDUO ' FKDOMWROQM 0% B Q B 2WMK K H)\RHU W W
WKHUH OLHVY WKH &RGHOO 6DQGVWRQH )LJIXUH

Typical
Pay Zone(s) Depth

PIERRE FM. ]

L-RR MBR.

3 TERRY MBR. 4300° } PIERRE FM
PIERRE Fil {

¥* HYGIENE MER. 4800'

PIERRE FM.

SR .
ke G 6800’
SR (I
=
¥ SR NIOBRARA Fi

son

SR

; FT HAYS LIMESTONE )
JUANA LOPEZ 7100
CODELL SAND MBR CARLILE FM
CARLILEFM |
BRIDGE CREEK LS MBR
'*' | HARTLAND SHALE GREENHORN FM
LINCOLN LS MER
- L 7600
.« MOWRY FM.
* JEM ) oo _NF,// 7800’
SR [ Fiesae DAKOTA GP.
R 3 DAKOTA SAND.
JLIXUH $ W\SLFDO VWUDWLJUDISKKQR 6 ERBGX®RQ H\Q RXIKOHW L [B\W

DQG VRXUFH URFN 1L @WYHHIMND KORDBRRRVWHRD) L IHHW 6RQQHQEHU.
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)LIXUH '"HQYHU %DVLQ 0ODS .HQW DQG 3RUWH



JRXU WUDQVJUHVVH®HGKEFEOMN VREFXUVLWREUDUD F\FORWKF
GHSRVLWLRQ RI WKWR&HW&+BKD QNP HF KIKDND N QGG YDOV ' X |
WUDQVJUHVVLYH F\FOHV KLJKH U BR{XIDMH. YH PKH DDOHMHO | DR P
LQYDGH WKH DUHD RI WKH &:,6 ZKLF K LLWHQR E GGHR\O R/RRGIRS T B
WKH 1LREUDUD F\RORWKMKIR GUHE\RVQMIINR PDRIOWEHPDBO % PD
PDUO LQWHUYDOV /RQJPDQ HW DO VKR®DMIMDY FKH P)LWXU
WUDQVJUHV VLY HYURHJIW K W DILE/RFEBRORAIXHH U P
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7KH W\SLFDO ORJ UHVSRQVHV RI 1LR FKDON RQY® PW URQL g

DQG WKH &RGHOO VDQGVWRQH DUH WKHKRZ QVKB % PKDHON &7Kk
+D\V OLPHVWRQH DQG &RGHOO VD QG QW RQ@HWHHRZN MOKWHHHKI\GRC
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YJLIXUH 7KH FERU DFHWBERQVWVFR U WKWMLRQ E.DPWX]]DPDQ

7KH WKLENQHVV RI ' FKDON LV DERXW$3,IKRWW Y5DYPDG XHV I
DURXQG RKP P QHXWURQ SRURVLW\7KH DQ O G LVO\F IR
YDOXH ZLWK GHFUHDVLQJ GHSWK LV HDQI UQ®LFOKDOWN RW R

PLQHUDORJ\ REWDLDNGRUERM (5 DG B WIIHWVRHV F OFWHER V TXD
DQG 72& 7KH YLWULQLWH UHIOHFWDQFH 5R DQG 7PDJ[
ZHUH IRXQG WR EH DQG f& UHVSHFWLYHO\

7KH WKLFNQHVYV RI BHRADMU MU KRY BMRQVWUHNV DV *5 YDOXHV L
EHWZHHQ J$3, DQG UHVLVWLYLW\+RZEQ YIHQU BHWWHHR® S



DQG GHQVLW\ SRURVLW\ VKRZ PRUH RU OHVV FORVH YDOXH)\
RYHUO\LQJ DQG FURDVGQ Ul HHDHF G R WIHIHRAVEKWM VS UK VIHQYRMH R K\ C
DQG PRVW SUREDEO\ RLO 7KH YDU\LQJ ORJ UHVSRQVH YDOXF
DQG PDUO DW WKH HGJHV RI WKH LQRM Y5 D®DWRHRR@MUDD R
RI FDUERQDWHYV FOD\V TXDUW]Q IDVQKE UH I TR EBW DIQH H
7PD[ YDOXHV IURP WKH VWXGLHG FRUBIQWGDP S ®& W AM B HF\R X QK
KLJK 72& YDOXH PDNHV & PDUO WKH EW\HWIL K REWDU FRRUP U R/X E
LQ WKH '- %DVLQ /RQJPDQ HW DO

7KH WKLFNQHVV Rl & FKIBI®MW LVYWDEBRYUM Y BRAVWHORDV *5 YI
UDQJLQJ EHWZHHQ J$3, EXW D VKOQU 8 POL@JI H7 KHR B HV K ¥
UDQJLQJ EHWZHHQ RKP P 7KH QHOXXWHM R1SRUR\DIQNE G W QA
SRURVLW\ YDOXHV VKRZLQJ YDOXHWRIRYHU XXWKHD WILQ Q LWIKH
RI JDV LQ KHUH *® WD QI MWKIDRIG |URIPURQ GKM Q5L QD& D VKR
DYHUDJH RI FDUERQDWHYV FOD\W7KH YXWUMQLWE&GJHIOH:
DQG 7PD[ YDOXHV IURP WKH VWXGLHG ARG VDPS QMW IHIFRMLIN

7KH WKLFNQHVV RI % PDUO LV DERXW IHHW ZLWK SDUI
XQLWYV *5 UHVSRQVH UDQJHV EHWZHHQHV SR QUYV$B QHDMVWKWX K LF
WKH XQLW VXJIJHVWLQJ DQ LQFUHWVH WL Q@ /VADL.AH ERIQM H B @
DQG QHXWURQ DQGrBO RN WD RRUIGHIDDQ G UHVSHFWLYHO\
YDOXHV RI QHXWHKIRXX ISE&R WRKVOLQV WK BIFE B R YXHX DQ@® \B HIKRRHE U JH Q F
EHWZHHQ GHQVLW\URRUBRUWR YV DW\GFX® KW GAXRBEBEVERQJFRQWH
LQWHUYDO 7KH ;5 DOMHMWD MKREV DED FEMOVWHY TXDUW] DQG
72& 7KH YLWULQLWH UHIOHFWDQFHXBR HBQRR UMDY Y POXHYV ZUHR)
EH DQG f& UHVSHFWLYHO\ (YMQORIZWKHMW KD& RV KWK & VP ]
SRVVHVVHV D MR & 5 DWMHRXW EBIOUR F N

7KH WKLFNQHVV RW % FKBWN. QWBHERWBGBWG ZQW K BKDOURF
IRQJPDQ HW DO 7KH *5 JUDG X DKO DH VE\H M KIDDDHR\Z [ K H Q RP
RI % PDUO DQG UDQJL QW3 E HVKZ N HLQD WW KR IKQ NKKIR/AW UHVLVWLY
FRPSDUHG WR WKH XQGHUO\LQJ XQLWV ZKHUH LW UDQJHV EH
VKRZLQJ YDOXHV RI DQG GHQVLW\ SRURVLW\ YDOXHYV



VLIQLILFDQW FURVYV RYHU VXJJHVIKIHQ S WEBWD NKRQY HD R 1 DIDH
FDUERQDWHYV ROD\WQG TXD72&L WHKHIMLOWHWAWDQFH 5R |
YDOXHV IURP WKH VWXGLHG FRUH VDPSQ8HWY HVHIHF WVRXYG® W R [

7KH WKLFNQHVV RI $ PDUO LV DERX@FUHIDMVHIANG Z KH Q BVIK\H
JHWV VKDOORZHU DQG UHDFKLQJ LVEW W DHHX B KYCDUORH 605W LVQKI
7KH RYHUDOO *5 YDOXHV UDQJH EHWUBEQLQJ EHWEZHMHDG UH\RL
7KH QHXWURQ SRURVLW\ UDQJHV EHWDHHQQJ EHWWQBE HXHQV LW
SRURVLW\ FXUYHV DUH FURVVLQJ RPDOW DWVGHEUIRNNHROWH B\H SW

SUHVHQFH RI K\GURKH YU RED WP KHKUWRHR/A D Q FEDHEURDQBIW H V FC
DQG TXDUW] 7KH YLWULQLWH UHIORPWW & HHV W GD-(GE 7/PH
ZHUH IRXQG WR EH DQG f& UHKMSIKFWLY H&\L FK2 & OFNRHQW

LQWHUYDO RQH RIRWKH. @ HI\.\R EALRXMUUIFARQ FDWDRQ /RQ

Quartz
19%

D Chalk Quartz

Carbonate
47%

Carbonate
B1%

. TOC
Quartz 2.5%

Quartz Clay %8%

Carbonate
64%
Carbonate
80%

Quartz

A Marl
14%

Carbonate

49 %
Clay

23 %

J)LIXUH ;5' OLQHUDORJ\ GDWD IRQ HDFK LQWHUYDO



CHAPTERS5 /$%25$725< (;3(5,0(176

7KH H[SHULPHQWY ZHUH FRQGXFWH G LLGF KV IGH CKRLH W W/($ HFHR(
SOXJV ZHUH XVHG Y @ RKSW HMUIWX G GAUVHKRY MWK W KH SGIVWBPH QWD O

7KLV FKDSWHU LQFOXGHYV FRUH FOBBQRYIW\ DEGXL
SHUPHDELOLW\ PHDVXUHPHQW H/TXALES PHIQ W XXMPG QR PSS
IOXLGY DQG WKH FRUHV XVHG LQ WKH H[SHULPHQWYV

&RUH &OHDQLQJ

&RUH SOXJV DUH H[WUDFWHG IURP FRUIHQ NIOPRSWHYV LDQF K
GLDPHWHU 7KHQ WKH\ ZHUH FXW WEGVDRBSURSWKBWH GHQLW
PDMRULW\ RI UHVHUYRLU FRUH VDRSQRW B UH VHUAKIHU DSAR BDGC
DQG JHW DFFXUDWH UHVXOWYV IURFDBWRYRNWWR QSH WBA-H.DOPLHILW
EH FOHDQHG 7KH FOHDQLQJ SURFHSQOXWVVIHGEBH?HGRPRPKGFH
IURP WKH GULOOLQJ PXG QDWLYH RLO DQG FRQQDWH ZDWH

$3, 53 SURYLGHV D OLVW RI PHWKRGV IRU FOHDQL(

rr eROYHQW )OXVKLQJ E\ 'LUHFW 3UHVVXUH

rr )JOXVKLQJ E\ FHQWULIXJH

r *DV GULYHQ VROYHQW H[WUDFWLRQ

r 'LVWLOODWLRQ HIWUDFWLRQ 6R[KOHW ([WUDFWLRQ
r /ILTXHILHG JDV H[WUDFWLRQ

&RUHV VKRXOG EH FOHDQHG E\ XV IR@JI TR DW D\ME \§ R R DAR
UHPRYH DOO WKH UHVLGXDO 10 XL GWH W KRHW VPLU K IVH Q W FBVQ IX |
SURFHGXUHV 1RQGRVRO YWR OWHQ W JR WO FROBRIDHINQ VB R ORDIU
GLVVROYH WKH KHDY\ FRPSRQHQW S IRW RW®E ® O R Q W ¥ LIW R FZ DR\
JRU FOHDQLQJ SURFHGXUHV WROXHQW FRPPIR® QRO BERIDRWUHFK
DQG PHWKDQRO HWKDQRO GLFKORURWR®KDQW\D BN X\IKGHOR RD
VROYHQW LV WKH ILUVW WR EH XQUHSUW RHFEOHIMQ IAKKLHF KE RV H R_(
SRODU VROYHQW



,Q WKLV UHVHDUFK 6R[KOHW H[WUDBDNMKRG EVHFBORWH Q VD
FKHDSHVW DQG WKRXMWKIRANMKM PIRWRBEQWORRR HEGHFHWRO FRL
SODFHG LQ WKH VDPH FKDPEHU DQG LI GHOLFDWH VDPSOHYV
KLIJK WHPSHUDWXUH FDQ EH FOHDQHG E\ XVLQJ FRRO 6R[KOH

6R[KOHW H[WUDFWRHWFQ® DX YH®MEFERNG IRQJFRQYHVKH VL
FRUH VDPSOHV DQ& W RB STKDPE KV GE& WMRWON RWIKE LR N ZKLF
KHDWLQJ PDQWOH LV ILOOHG ZLW RKMKHWKRIOFRIIQON. Q:X B R L\@ MH
7KH HYDSRUDWHG VDPSOH WUDYHOV XSLWRHEKHLWKQBRIQ@W |
FLUFXODWHG FROG ZDWHU 7KH VROLSW ®RZRQWRQVKN ERDW I
KROGV WKH FRUH VDPSOHV $V W KEH NRIDMNH Q/\K H LFIROANH W B IP FX|
VRDNHG WKURXJK WKH SRUH VSDFHWRVMXKDUDPXQBV DQG €
VDOWY :KHQ WKH OHYHO RI WKH WKGEYHROW HOWFEKOE WKH GL
LQ WKH FKDPEHU ZLOO UHIOX[ WR WERKHQR X\QH ER AR B LI®D \
OHDYLQJ WKH GLVVROYHG IOXLGV ERLW K& JERRLYRP A DIDK &I HEH
FRUHV ZLOO EH H[SRVHG WR IUHVK \HHDSER WDMPHIG DKIUR K RK @/HK
SURFHVV WKH FRORU FKDQJH LQ W&H PRWWRFH OB XHQYW K H¢
RU FKDQJHG LI QHHGHG

&OHDQLQJ 3URFHGXUH

$00 WKH FRUHV WKDW DUH XVHG KQHWKHW\\WR B RDU LB
BROYHQWY WKDW DUH XVHG DUH WHDRUB Q\WR PBWBQQ®D DOOWG
VHOHFWHG IRU FOHDQLQJ DUH ZHLGX HD® & S WHFLERW PW & G UHD\

JLUVWO\ WROXHOQB MK MVAHRU MAR FRE HWERFODCH@H ISR L Q Wf &

7ROXHQH UHPRYHV WKH KHDY\ FRMSRRHQERLRL ®LGRDQ
UHPRYHV WKH UHVLHG KIWODZDWHU HRZKMHU DV WROXHQH KDV
DQG SRWHQWLDO WR GDPDJH WKH FOD\ PLQHUDOV DV LW FC
WROXHQH H[WUDFWLRQ NHSW UXQ@GMVD NV REPH URKWG ZLGDKW R R
FKDPEHU IRU ZHHNV PRUH ZLWKRXWOQRR @WNQNXRXMOAKE @ Y 8
UHJXODUO\ GHSHQGLQJ RQ WKH GLVYKROR WPLWLR QVK:HWK | MKW
BR[KOHW H[WUDFWLRRQ RFF GUYVHBDHRMMAKH EHKROQOLQJ RI WKH
WKH UDWH GHFUHDVHG DIWHU GBENWHU7RB GHEDWDWYBH RKQDO



FRPSDUHG WR &RGHOO VDQGVWRQH VIXRSNDIHY WKKH GLRAFHR\O R
PLQLPL]JHG +RZHYHDVWRKWRSBEREHVWWR WZR DOWH NXUNRWM U GD |
WKH FRUH WKDW FDQQRW EH VHHQ E\ WKH QDNHG H\H

$W WKH HQG Rl WROXHQH FOHDQLQSUHFD $H WBRWHHG ADIPCS\
RI WKH HIWUDFWHG IRUPDWLRQ ZDR\PHSIR QHIDAMRY ZR P K HWSKIHH ¥
&KORURIRUP PHWKDQRO DJHRWURSH W MWK QHJIWG/W DUBWLR A
FOHDQLQJ SURFHGXUH $Q D]JHRWUR®SNHYWY PLKMXSBRE R W R
FRPSRQHQWY DUH QRW DOWHUHG ZKH® KHR IGQ. M &/ L ™ & B W IDRB® $ U
SURSRUWLRQ DV WKH XQERLOHG PLMYQHILFRDMYGIUO RVAHLY PH
WKDQ WKH LQGLYLGXDO FRPSRQHQWY ,QGLYLGXDOO\ FKORUT
KDV f& +RZHYHU WKH DJHRWURSH WK AKORWRIRRP DQW P}
ERLOLQJ SRLQW ZLOO EH GHFUHDVHEDNR LQ W& H7BRDGILQJ S
QHHGHG QRW WR GDPDJH WKH FOD\ PLQHUDOV LQ WKH FRUH
IRU D ZHHN XQWLO WKH GLVFRORNMIKMWERDRVAHRV BY V F\WR QR UPDBEWL
RQ WKH FKDON VDPSOHV EHFDXVHPE D WHKG MJRWWD & &WW RSRHUH
SURFHVV VWRSSHG DIWHU RQH ZHUW & RP B OH\D QQ © 1 G-R W KRF RU
EH VHHQ E\ QDNHG H\H

7DEOH 3URSHUWLHV RI FOHDQLQJ VROYHQWV 0
BROYHQW %RLOLQE3RLQW 6ROXELOLW\
7ROXHQH 2L0
OHWKDQRO ':DWHU DQG VD
&KORURIRUP 2L0

&KORURIRUP OHWKDQRO 2LO ZDWHU DQG VDC

$]HRWURSH




Heater
Round bottommed flask containing solvent
Core chamber

Condenser unit

Output port for circulated cold water

Input port for circulated cold water

Siphon arm

QPO®OOO

JLIXUH 6FKHPDWLF RI D 6R[KOHW DSSDUDW

&RUH 'U\LQJ

$IWHU FOHDQLQJ WKH FRUHV WKH\ DUH SODFHG LQ DQ F
WKH UHVLGXDO VROYHQWYV E\ GU\LWKMN KRP HYKBIUFHOPR \PW QGHX
VWDJH DQG H[WHQVLYH FDUH VKRR®BUEH Y& NRIYH @B KU UIKQW P
WR WKH GHVWUXFWLRQ RI WKH FORV RDQ@HWHYV WHKKIH EQIFQ
SHUPHDELOLW\ RQ ODWHU VWDJHDD\XPL®WRUBIOM WKHX W HIRHS HE
RYHQ LV NHSW DW EHORZ f & DWW DIVOZW Y PRHR/Q LAK R U JKHA
D FRQVWDQW ZHLJKW WKDW LV ZLWKHQGWWHJ VW D JH UDEN H\
GHSHQGLQJ RQ WKH W\SH Rl WKH FRUHYV



SRURVLW\ DQG BHUPHDELOLW\ OHDVXUHPHQWYV

3RURVLW\ SHUPHDELOLW\ DQG SRUH YR@QIRHHZDV PHOH/>
FRUH SOXJ LV ORDGHG WR WKH FRDE GROBM @ HEW VR IFDURX V/
DSSOLHG WR WKIFRFERIWPISOXSVHYNHYH ZDV DUUBYILIHEU 1LREU
DQG &RGHOO FRUH SOXJV 7KH H[SHBUPB®WQZDRWUGSHUIRRPO R
GHFUHDVLQJ RUGHU WR LGHQWLI\ WKH K\WWHUHVLYV

&06 XVHV QLWURJHQ WR DSSO\ QHWOFRIQIH QB R I RAWY WH
PHDVXUHG E\ DOORZLQJ WKH KHO LXSOXIVZWWR KH \SKOHD B XWKOUHRAX )
+HOLXP JDV ZDV LBRIGIHF\S B & JLDW R WEBMHI FDVWHUMARD ILQLQJ VW
.OLQNHQEHUJ SHUPHDELOLW)\ ZDV G HNDNUP LQRIFS VE K B \ALHIDIL WK
SUHVVXUH GHFD\ FXUYH ZKLFK LV EDVHGSRQPHIEHL\OLW\ D\
FDOFXODWHG IURP WKH .OLQNHQEHUJ SHUPHDELOLW\ OF3KH

J)LIXUH &RUH&MERURYRWHBDGE\ VWHWHSEBHBRHPRWHU OF:
DO



&DSLOODU\ 3UHVVXUH &RQFHSW DQG OHDVXUHPHQWYV

&DSLOODU\ SUHVVXUH LV WKH SUHN@WUSKGOG IVIHN URH QDF E HEW
D QRQ ZHWWLQJ SKDVH DW HTXLOLEULXP 7KXV WKH FDSLOO

P P Py

,Q D SRUH VSDFH WKDW LV RFFXSLMAQLWR R ZHWWYW GQID
UHVSHFWLYHO\ WKH IOXLG VDWXUDWLRQVY DUH GHILQHG DV

S8

7KH NQRZOHGJH Rl FDSLOODU\ HIITHEWY RIKMWKH PRIDMMULF
JUDGLHQWYV RI GL IDHSRUHN QIHKDZARIN IPXD W IV \BHKOQWHDI® RZ WK U R
PHGLD 7KH UHODWLRQVKLS EHW ZNIDQ MMKHWAIRSL Q'O YW WHIDH W'V
FKDUDFWHULVWLFNMXR| DAKH KIRRZU W X YA ZSHIGEV H M SEHKLYH RQH DQF
UHODWLRQVKLS EBWIEZRIQ @ QGXE DSV DWXKRU RXVHRINEUKPLYKDW L
E\ RLO DQG ZDWHU LV GHILQHG LR IXVNHWEGHLQ YHBUHY HQW,)
FXUYH ZKHUH WKH QRQ ZHWWLQJLSXDYKID\RH OZ DLW H3LL V I @& B FI.R)
PD[LPXP FDSLOODU\ SUHVVXUH D QG ORH. @ DRWXPU BDMNOUMMMN IRFQ

UHSUHVHQWY WKH VSRQWDQHRXVVISFCH)ELQWL R QOF XUW K RV Y
RI WKH ZDWHU /LQH LV IRUFHG KPEQEUWDRQGVZEHWK ZDQWUWHRHD
SUHVVXUH XQWLO LW UHDFKHV WKH UHVLGXDO RLO VDWXUDW

7KHUH DUH WKUHH RDIQ\ POWHIGR GG GEREBHDP R BIL WK HV RD |
SUHVVXUH FXUYHV PHUFXU\ PHWKRWV L BRIHRKNWSKCRIGN ) HPUHFAKK
LV D TXLFN PHWKR R EWKD MQ\LFEDSIABEXISHR (GHD WAKULLFEDXWY LARLQY D Q G
OHYHO KHWHURJHQHLW\ 3RURXV SRB B SFLHOWIDRIG $ YV HXAVKE M
VDWXUDWLRQ UHODWLRQVKLSV E\ RULPRQILL QW WV W Q HDPE RH C
SVL 7KH VDPSOHR UNWB W DRHWXRIGG\KHFDEL® KDY BEER8SH PG



)LIXUH 6FKHPDWLF RI &DSLOODU\ 3UHVVXUH

7KH FHQWULIXJH PHWKARGHQ\ PRUMHGUQWVRGDONVKBERH YW B
RI FDSLOODU\ SUHVVXUHV VLQFH WKH HDUO\ V. ([SHULPH
VDWXUDWHG ZLWK RQH RU PRUH IOXLG 7KH URWDWLRQ RI WK
WRZDUGYV WKH FHQWHU RI URWDW LLRO® BHH BK FOKE HDVZ DAKIK [RGH
RI URWDWLRQ DQGHWH BDOLRM EB\ WOKRRUKRRH\VQ WU U KXUIHD O | 7KH
SURGXFWLRQ LV UHHRYKBHLE HIXW LRQ GWWRY b Q WDRWIPW GRQQY D O
VDWXUDWLRQ YDOXHV YHUVXV FDISG @D WAKHUIHYY H WHI YIDHD RH V
DW YDULRXYVY DQJXODU VSHHGV



J)LIXUH 6FKHPDWLF RI &§HQWULIXJH

7KH FDSLOODG)\ BWHY \GLMMRPO¥ KH FHOQWHU RI URWDWLRQ
$\DSSD HW DO

p. — UZr r

"KHUHLYVY WKH GHQVLW\ GLIIHUHQB ) JEXHFOW T RO W W BWBHKHD VBIR'P
FHQWHU RI URWDWLRQ WR WKGLRXWWQOQBEHDEPR AR WWKH HRWH UDR

7KH FHQWULIXJH FDSLOODU\ SUHVRKWHK H \F R H B V2UWHKG WK
DVVXPSWLRQ VWDWLQJ WKDW FDSLIDFRD B! WEKHVFRUH LAK HRBIRI
FDQ EH UHZULWWHQ DV %HQWVHQ DQG $QOL

. Wl wu I— '

KHUH LV WKH URWDWQRQIWSHRGWKHGVDPSOH



8OWUD +LJK 6SHHG &HQWULIXJH

%HFNPDQ XOWUD $R(BW FHQWKLDXJHRWRWULW\\XWHB WR U
GLDPHWHU FRUHV SOXJV ZDV XVHG URXUWKH F190Q B KXIPXIHS HHE
LPELELWLRQ DQG GMDLQDJHSP\AHs D SHFWSLPY WGV 'UDLQDJF
LPELELWLRQ F\FOHV DUH GRQH E\ M\AX®) D GG IFRUHQKR @ & FINH

$ FRPSOHWH F\FOH RI FHQWULIXJH\NKSHUNPRIQ WG ERQ § DV W \F \FE|
LPELELWLRQ

J)LIXUH & RUHS$/&(B R U DXNDRMWMB K LIKI XX SHHG FHQWU

&HQWULIXJH &DOLEUDWLRQ 3URFHGXUH

7KH FHQWULIXJH KDV WR EH FDOLEUW WG AR HD VKRGRIDI
WKH FDPHUD FDSWXUHV WKH LQW® W IB\FB & GLRQUUB FAR OO G ¥ 8 DE
DQG GHFDQH RQ HDFK UHFHLYLQJ FK 8 KHR LQQW-DUQ B IF HWEK\H WFHDHE
RSDTXH GLVF WKDW IORDWY EHWZHKB BN EWNQBUBQED G BB
DFFXUDF\ RI J $IWHU WKH URMRWH\SDVVRRWOING DQB
SFXS GDWD’' 3WH\Q/WG SWHDRHWHUWXEN 2RO HBXMBYUWHG L.



HDFK GHVLUHG USP SURGXFWLRQ FXWDQG&E VODWH W RIKPG 8§ IG[ HVOR
FDOFXODWHG E\ XVLQJ WKH YDOXWNH UFDRD MBUDWWDRDELOL]HG

J)LIXUH 3D UDIPRGRAY IRB KWOQAWULIXIH VRIWZDUH

,QLWLDO 6DWXUDWLRQ

$00 FRUHV ZHUH LQLWLDOO\ VDWH UWIDWWG DAL W B WWXKU-D VRLLRF
VDPSOHV ZDV SHUIRUPHG E\ XVLQJ WKH LPELELWLRQ VHWXS
RI VDWXUDWLQJ W IFRQW HFQW HR QDION XK DIFQX PF X BR'H ZHH FIHLL O O H
IRUPDWLRQ EULQH IRU WKH VDWXUDWLRQ BWOH NNGE WRKHW
7KH ZHLJKW GLIIHUHQFH EHWZHHQ BEMWIRRIQ ADW XV B & WVRR) DX
LQLWLDO VDWXUDWLRQ RI WKH FRUHV

'UDLQDJH &\FOH

$IWHU WKH FDOLEUDWLRQ SURFHGXWKH GQDWQD OH VW DNX X
SOXJV DQG WKH FRUH KROGHU DG QH FHLUXIUMHI FXS7TEBRHHZ HLAE
GUDLQDJH EXFNHWYV ZDV EDODQFHG® WR@WQUD PEXHJUBRYWRZIDUH S



SURGXFWLRQ GDWD SORWWHG YHUBXW G ZPN R & OHEHW S GRIB\K K

USP WR USP ZLWK DQ LQFUBPIQW SRIHVV XU S PHI[BH UFLD
H[SHULPHQWV ZDV UXQWRO MIXFHK ESBLOQHVS WRGXF WRRQQIHW R
530 7KH WROHUDQFH IRU WKH S URKODXFIMLRQ WK B VOID X DWW 4
JDYH D IODW EFXUYH RQ WKH SURGXFWLRQ ZLQGRZ

J)LIXUH ‘UDLQDJH EXFNHW VHWXS

$IWHU FRPSOHWLQJ WKH H[SHULPHQMVN HUWR @0 WKW B ®&/ lGRDQV |
530 ZDV FDOFXODWHGGELI BUWIQEGHQR IVM\KKGI KR GRAVMHLRBRO XPH V
SRUH YROXPH WKDW LV PHDVXUHG E\HODWHG |'RKL Y BRKR B BI@ X
UHVLGXDO ZDWHU VDWXUDWLRQ ZDV UHDFKHG

JRU WUDSSHG JDV H[SHULPHQWYV VLPLOOWWHPGBRRH&XU®JZE
FXSV ZHUH QRW ILOOHG ZLWK DQ\ IOXLG DQG OHDYLQJ WKH F
7KH JDV VDWXUDWLRQ ZDV FDOFXWBW HIG SIRWL IR B DRV VES HGLGY DG



SURGXFWLRQ WR WKH SRUH YROXPH WKDW JURPHBEN PHEZ D X UU
IRU HDFK 530 XQWLO WKH UHVLGXDO ZDWHU VDWXUDWLRQ ZD

YRUFHG ,PELELWLRQ &\FOH

JRUFHG ,PELELWLRQ F\FOH ZLWK FHQWHELEKWH RROFOROW &
LV GHVFULEHG RQ WKH IROORZLQJ WBIG WELRMWHG DIOH HRW U
FXSV LQ D VLPLODU ZD\ WKDW LV GRIFH ISULRUFXBVGIDW D DU A
EULQH ZLWK D VPDOO DPRXHIHBG GHFRQHWKH WR]JH RI WKH FX
RI DLU WR SURGXFH FRQWUDVW EH WIZ 8 W& UWHIGH EL\ QMKHHU FIHFOHAVU\
YLIXUH

JLIXUH JRUFHG ,PELELWLRQ EXFNHW VHWX

7KH ZHLJKW Rl WKH LPELELWLRQ EXFNRHWV ZDV JE30OW 8B+
DVVHPEOLQJ WKH URWRU LQVLGH WWKHR @ HQMAH | X KHD QIGJ KW
LQWHUIDFHVY ZHUH LPPHGLDWHO\ FDSWKXU@ GDE\QWKH FRB O H U
LQFUHDVH ZDV VHOH¥WRG DV 5Q6UMWPDUSBDQNRURP 530 7KH



WROHUDQFH IRU WKH SURGKKWQRH LFKHDANKH AADNVNW FP KRXUV
FXUYH RQ WKH SURGXFWLRQ ZLQGRZ

$IWHU FRPSOHWLQJ WKH LPELELWLRQOFYDOMH F ZO MWHILD WIH\
DGGLQJ WKH SHUFHQWDJH RI SURGERKPWIURDDWRK WDKWHL B B UM KYDRA(
RQ WKH VSRQWDQHRXV LPELELWLROQARBEGA DIQG/WKH PN R RIXF
SURYLGHG @ KRH @O W\DIWVGEXUDD WLRQ

JRU WUDSSHG JDV H[SHULPHQWYV VLIPQOWHDSURFHKV¥XQHB G
FXSV ZHUH ILOOHG ZLWK WKH EURDWLQ Q@ ® B\RKYH RASKOH XM IGQ WV X
WKH LQWHUIDFH FDSWXUHG E\ WKH FDPHUD

6SRQWDQHRXV ,PELELWLRQ

6SRQWDQHRXV ,PELELWLRQ ZDV PHDVXDI®® EKH V)LQ X DH)
,Q WKLV PHWKRG WKH FRUH SOXJ LVLWXQD WRK)LEDODQRH I
VXEPHUJHG LQWR WXRIUEHIGL Q@ BV EBWWHE EMHKGIREZKWRBHVLQ ZHL.
WKH LPELELWLRQ PVQXIFIR RHS KHY FIR/® §X\WWH GV WRWNIKH EDOD
VDPSOH VKRXOG EH LPPHUVHG LQWR WKH EULQH DQG LW VK
WKH VLGHV 2WKHUZLVH EXR\DQF\MROWHWVY PD\ OHDG WR LQD]

J)LIXUH 6FKHPDWLF RI VSRQW IM@HERXI\D WREBILNELWLRQ



JOXLGYV DQG &RUHYV
7KH I1OXLGY DQG WKH FRUHV WKDW W HGH @WHIGL Y QV WKW Y R\

JOXLGV

%ULQH ZDV SUHSDUHG E\ XVLQJ YD ULRKS L EDRRELON¥ YWRKIH.
WDUJHW EULQH FRQFHQWUDWLRQ FRQVLGHULQJ 1LREUDUD I
WKH H[SHULPHQWY WKH IRUPDWLRQWWRQHHP NDOXQHW)\ ZQE W\
EULQH ZDV VHOHFWHG DV SSP QMR ERPR EMUW Y WV KR UH WHFWG R
GHFDQH ZDV XVHG GXH WR LWV ORIRW GIHQ\DLON V)ICR YLV G B
FRQWUDVW EHWZHHQ EULQH DQG GHFD QH G )XGUHQ 6 LIRQWSDLG K
5HG 2 ZKLFK XECRQDQ BGRIGDQH ZDV XVHG

7TDEOH SBURSHUWLHV RI EULQH

YOKL 6D OL GISW "H QAN
+UK 6DOLQH %ULQH
JRZ 6DOLQH %ULQH

7TDEOH SURSHUWLHYV RI GHFDQH

)OKL \H FBBQPFHQWUDWLRQFBESP 'HQVLW
"HEDQH

&RUHV

JRXU FRUHV ZHUH XVHG LQ WKLV VWXBHNPEHAHR RR UHR EAHI
IRUPDWLRQ DQG WZR FRUHV ZHUH IURPO&REHA& O PDD/MLRQN R QI
7KH ,'V GHSWKV DQG GLPHQVLRQV I BEWHKH FRUHV ZHUH SUH\

7TDEOH 'LPHQVLRQV RI WKH FRUH VDPSOHV
&RUH ' JRUPDWLRQ JHEWK |TWHK/:HLLDPHWHU LQ
% FIKDO
$ % HKDO

$ &RGHOO VDQGVWRQH
&RGHOO VDQGVWRQH




J)LIXUH &RUHV IURP &RGHOO IRUPDWLRQ



75$33(' *$6

$Q LPSRUWDQW WRSLF IRU JDV FRQGWR&WDWHDSBHMBU YR
VDWXUDWLRQ ZKLFK FDXVH WKH JDMGBODRGXFX\LLRQ MWR XEKHS G4
JDV UHVHUYRLU ZIDQWHRJ X KB QI DV BEEWXDEISW HGK HR QIHV DRRR O H F X |
FKDSWHU LQFOXGRVYHUYILHREORIJMPOORRYWKOR, )IRHUPP® WREQ DQG
GHVFULSWLRQ RI IOXLGY DQG FRUBWXVHG LQ WKH H[SHULPH

*HRORJLFDO 2YHUYLHZ RI %XOR %XOR )LHOG 5RERUH ,,, )

7KH FRUHV WKDW DUH XVHG IRU WUBBBHG,J DM\ WHIH RILRH
%XOR %XOR ILHOG %ROLYLD 7KHDUMHYHRY®\L WU RRUPDOWH®R Q PRI
DQG VDQGVWRQHV 7KH %XOR %X OWK HL B DGUDN BR BWQRWLLRICFLHD H
IRUPDWLRQ 5RERUH LV GLYLGHG LOMNFGWKRRIGIFDWBREBBBWLI
WKH 5RERUH , WR DFW DV D K\GURFARDELS JVWROLDR/WD WKRI UH
IRUPDWLRQ LV GHSRVLWHG LQ D VKD Q@QRZDWVADL FSXIIDNI RAUHS R
PDUJLQDO PDULQH HQYLURQPHQW GRPLQDWHG E\ VWRUP ZD
JUDLQHG ORZ SRURVLW\ VDQGVWRQMMW BEKIDRK KDV TXDUW] DV

7KH W\SLFDO ORRERVBRQVRWRDWLRQXUHH VKRAEDWQLV O
IURP WKH VDPH ZHOO WKDW WKH FRUH SOXJV DUH DFTXLUHG
ILQH WR ILQH JUDW@HB WXEG W\ R Y BWXEDWK X\DKDU § ODYEVV 7
FRQVLVWYV RI TXDUW] IHOGVSDU DDGIGWKMOFDOWH PREBDBDOW H
IRUPDWLRQ 7KH GRPLQDQW SR UH WHKIRSRW WV ] D HD/GY'OW KD R W K
EXW PHVRSRUHV DQG PDFURSRUHYV DUH DOVR SUHVHQW



J)LIXUH 7\SLFDO ORJ UHVSRQVHNYIDRPRSRERUH ,,, IR

SRERUH ,,, LV DQ RMHUIWWVRULHYV Y KXW K CUEHHIQDWILBIQ V6 LRHVV X ¢
J)LIXUH 1DWXUDO IUDFWXUHV HGQG VWKH WKW H P WH MV R IB FRLDF
WR DOORZ WKH IOXLG WR IORZ HYWY G WHKWRXQIW SHRIAMLYDHQ PLW
WKDW GXULQJ SURGXFWLRQ WKH WFBDWWONRDQ G OHWD\GIU W RG MK
WKH QDWXUDRG MIDESWXWHW BURGXFWLRQ



)LIXUH SUHVVXUH &RPSDUWPHQWY LQ %XOR %XOF

'"HVFULSWLRQ RI )ORYEG® DOQGWNEKRUHYHUOMHQW DQG 5HVX

JRU WKH WUDSSHG JDV VDWXUDW LR Q@HS HYVY PHHOWM V¥ WIIRG H
SSP $LU ZDV XVHG WR PLPLRROXKMHVKXGHRFDW BDRQYDIDNVN LQJUHG
WDUJHW VDOLQLW\ IRU WKH EULQHRUKBPRGI FRERQWDNVXW HE W
DQG DLU GXULQJ FHQWULIXJH H[SHULPHQWYV

([SHULPHQWDO 3URFHGXUH

7UDSSHG JDV H[SHULPHQWY IROORZHG DSUHWPLODH SL
H[SHULPHQWYV EX®JLOWRMDHIHG RX X\ ZW ¥ HD Q R WO KIL@GBOBIGG OHDY
FRUH SOXJV ZLWKRXQGRQV IWKHE VRQLUFIDYFXD\W WHIBWIIR U HD F K
WKH HQG RI WKH MLSHQUPWRW EUV LGKH SIFREK F\R DK@ HVW KD W Z
PHDVXUHG E\ &06 7KLV ZDV UHSHDMVHG XRO HDMKH B 37 DIDXA
ZDV UHDFKHG )RU IREPHG ARPEVY ZIHWWMHR A @ O HGHZ IDMG WKH RSD
WKDW LV IORDWLQJ DERYH WKH EULQH XVHG WR HQKDQFH Wk



SHVXOWYV

2QH FRUH VDPSOH IURP %XOR %XOR )HBWOGUHPWY XWM G 7IKRH
FRUH WKDW LV XVHG LQ WKLV VWX®R\ WREB RLIHRIUL PHOLIFAW XUHYV

7KH FRUH ZDV LQLWLDOO\ VDWXUDWWIGQZLIMK XOWUBSIRL J¢
VSHHG FHQWULIXJH IRU WZR GD\V DWWXUBMPRO@QAOWD[LPXP .
UHDFKHG 1H[W WKH DLU ZDV XVH®URUVW R B OGU CHLQ DV W -V MCH
LOQWR WKH FRUHY DWSVLUUSIRBBXFLEOH ZHWHRU VDWXDNMWLRQ
UHDFKHG DW § USBVISW WKH HQG RI WKH GUDLQDJH F\F!

GDPDJH RQ WKH FRUH VDPSOH 'XULRRBHVKHUVEREBRDOMHYHREKWQL
FRUH VDPSOH 7KH ZDWHU VDWXUDWDRQLPELDQUIW ILIRD) WRW HQ
)LEQDOO\ WKH FRUH ZDV SXW LQWR WKH FHQWULIXJH IRU WKF
FDSLOODU\ SUHVVXUH FXUYH DIWHU VSRQWDQHRXV LPELELW|

J)LIXUH SUHVHQWY WKH IXOO F\F®OWH RI FDSROB D/D\PS O

J)LIXUH &DSLOODU\ 3UHVVXUH & XXKMWYH IRU WUDSSHG



5(68/76 $1' ',6&866,21

,Q WKLV VWXG\ WKH SURFHGXUH WRR PRHHDD/NXOUUHH WVRKVHP R\B\S D E
VSRQWDQHRXV LPELELWLRQ RI ORRPHUEVWQR@LWAD HWLA@MHUD GG+
LQ FRUHV VDWXUDWHG ZLWK GHFDO@H /O XUDKVVRQL QRXW EBH
XVHG LQ WKLV VWXG\ WZR FRUHV IURPP1&EREHDUODVBKRIYNVRQE
FKDSWHU WKH UHVXOWYVY RI WKH H[SHULPHQWY ZLOO EH SUH®

OHDVXUHPHQW RI 2VPRWLF 3UHVVXUH ([SHULPHQWYV

7KH SURSHUWLHV RI WKH FRUHV ZHUH PABN XSWHG KUWHHRY

UHSRUWHG LQ 7DEOH 7KH FRUHW WXRWPDDOL REJBPW XOUIHRW P D W L
7TDEOH SRURVLW\ DQG SHUPHDESL@MHW\ PHDVXUHP|
&RUH ' JRUPDWLRQ\ SRARRML.WROXPBHEPHDEGOLW
% FKDON
$ % FKDON

$ &RGHOO VDQGVWRQH
&RGHOO VDQGVWRQH

$00 WKH FRUHV ZHUH VDWXUDWHG ZLWK SSP .&0 EU

VDWXUDWLRQ ZDV QRW HVWDEOQVWHBOL @ DARWW VRO WAKKUHD W
HDFK FRUH LV UHSRUWHG LQ 7DEOH

7DEOH , QLWXDOWRWEAY BD FRUH VDPSOHYV
&RUH ' JRUPDWLRQ ,QLWLDO :DWHU 6DWXUDW
% FKDON
$ % FKDON
$ &RGHOO VDQGVWRQH

&RGHOO VDQGVWRQH

$IWHU WKH LQLWLDO VDWXUDWLRQVL®UDW R B JGIUD\E@HJ & Dv
WKH XOWUD KLJK VSHHG FHQWULIXX WKWKGUQEQEDWLRRUWS
FDSLOODU\ SUHVVXUH FXUYHV :KHQ UHDAKKGLERKW H\D\EHUHVY
WR VSRQWDQHRXV LPELELWLRQ VHVEXBELP EE® INHB WQWKLEDP HT XH.
UHDFKHG )ROORZLQJ WKH VSRQW D QUWHRXIYU HRE LEU WA IRKD | MOKH



HVWDEOLVK WKH FDSLOODU\ SUHWKXU 8 HXIUWKW SIRHRINFHGWHPE L
HDFK FRUH LV GLITHUHQW WKH UHWXOHNWIVY R QDL PO MSH B G HW
FRUH RQ ERWK IRUFHG LPELELWLRQ DQG GUDLQDJH F\FOHYV

&RGHOO 6DQGVWRQH

7KH & RGHOO VDQGVWRQH LV D PHPBHDWH WER BRUB L\CDHF
&RGHOO $ DQG &RGHOO XV H® G.IQOW K\HD B [B\HW R B H QFARW
XVHG LQ WKLV VWXGW 2R WHZ L Q/IKRXDVO DWOLAMW EOH Q DWOU H

D &RGHOO $ E &RGHOO
J)LIXUH , QLWLDO VWDWH RI WKH &RGHOO VDQ

%RWK RI WKH FRUHV ZHUH LQLWLDBOL YD WX XD MWHGDL WE&!
KLIK VSHHG FHQWULIXJH IRU WZR GDNHDWDWXWBWLRQG PDJL

ZDV UHDFKHG IRU &RGHPO 4 FFRR & R ®HXA0 FRUH

1H[W GHFDQH ZDV XVHG IRU WKH GOB L HIFIH) H\ ¥ O/HD URVUH B |
LOQWR WKH FRUHY DW SVLUB®G S USPSVL IRU WKH &RGHOO

DQG &RGHOO FRUH VDPSOHV UHDAMSKEBPWRRQ\ ,UDMG XFLE
UHDFKHG DW S USPSVL DQG ZDV UHDFKHG DW
S SVL IRU WKH &RGHOO $ DQG &RG/HBGIGWLYHRUBW

RI WKH GUDLQDJH F\FOH WKHUH ZBWDRDRS®GBFDJIJH RQ HLWKHU



JRU WKH LPELELWLRQ SURFHVV &RGRO®RZ $DEORWHWDPB

&RGHOO FRUH VDPSOH ZDV XVHECRURU WIKH WIDALLGLLWM\ FFID
.&0 EULQH ZDV XVHG IRU &RGHOO $SRFRYG FDPGO HZ DY &V H
&RGHOO FRUH VDPSOH

'XULQJ WKH VSRQWDQHRXV LPELELWH® ROQHWKHQFRYH &B
&RGHOO $ 7KH ERBEOMKDZHDKDW EBD RE FRUWHSORQV )LJ
VKRZV WKH FRUH DIWHU VL[ GD\V RW W8 RDMDXQUDRXIVR QP E K B QWH
VSRQWDQHRXV LPELELWLRQ ZDV IRU $ FRUH VDPSOH
YJLIXUH 6SRQWDQHRXV LPELELWLURQ RRZ&ERBEGIOMLWD QG V\

EULQH VXUURXQGDYHOG ERWK VDW SSP EULQH

'XULQJ WKH VSRQWDQHRXV LPELELWLR @ QI MKHU FRIFD QRIG
FRPSDUHG WR &RGHOO $ JLIXUWHU VVY[VXRZXLAI WSKRD
LPELELWLRQ 7KRQBWDHQJWDMWX WKW QBEREV®RRQY ZOQNR



YJLIXUH 6SRQWDQHRXV LPELELWRR QK RIK &FOHQQ WD Q GV \
EULQH VXUURX®GD@YWHO ERWK VDW SSP EULQH

)LQDOO\ ERWK RI WKH FRUHV SXMGLIQRER BA MH. FE® GWALLLH X\A
WKH ILQDO FDSLOODU\ SUHVVXUH FXUYH DIWHU VSRQWDQHR)

YJLIXUH SUHVHQWY WKH IX0O0 F\FIRU RIREMHSL@®ODU$ SH
VDPSOH

J)LIXUH &DSLOODU\ BUHVVXUH &RXRHYIERRBHM®RZ VHOLQI



7KH FDSLOODU\ SUMKN XRGCHROYH INRBIFRKRZ LS YLH XUH

J)LIXUH &DSLOODU\ BUHVVXUHWDRISOMHERGHOAQOK VDOLC

&RPSDULVRQ RI 4RGHOO 6DQGVWRQH &RUH 6DPSOHYV

YJLIXUH VKRZV WKH FRPSDULVRQ RIIWRP WHKSIL®ZRU&RI
VDQGVWRQH FRUH SOXJV 5HG FXUWYH \FX BB VRIQ W KAHK A DR/OHS |
EULQH DQG EODFW MXUHY KV JK HSUEHDWHP B QMWIHR /GLSWHY LR XV
VDWXUDWLRQ GLIIHUHQFH DW WKH KIQ&HU RORQRZD §B QXY HL I
&RGHOO $ 7KH GLIIHUHQFH ZDVIDSISQRHLEBEWHBEBNQ W KAK |
LQFUHDVHY FRQWLQXRXVO\ LQ WKH SIRIODRY LRQJ WIKSIL OROLFUHGS
FXUYH



J)LIXUH &DSLOODU\ 3UHVVXUH &X WRHOMHIRRAW 662.Q K \DWPRSQ/HR
6DPSOHV

7KH HITHFW RI RV PRWHH BXBHYWX UHI®& XKF MDKIHW K HWE BRWFIR U +
7R VKRZ WKLV HIIHFW WKH FXUYHV DUH PRGLI§,HGSRRQWID W

ZLOO FRLQFLGH WKH GUDLQDJH FXUYHV DUH QRW VKRZQ LQ
IRU KLJK VDOLQLW\ FDWHW &R GWDXOPGHL B Q WHDLD X/ W X UKDLW K HU W K
VDOLQLW\ FDVH &RBEOOGLIIHUHEWHHZDY BKWK/DDVYBLW) Rl W
ZDV XVHG LQ WKH LPELELWLRQ F\® GHN VAMXHIHH FRQHE KV K H\S RSV
SUHVVXUH

7KH RVPRWLF SUHVVXUH LQ WKLV H[BKHNLWK®W UHNWLHTDVO
SUHVVXUH XVLQJ WKH (T DQG (T IRU WEW LRXOQEBUDRYHV W KD
SSP DQG SSP FRE¥VFBRWWDYHIARQ 7KH LQSXW SDUDPHWHUV



7TDEOH , QS XW RFDEDWX HVDIRR R WWPKROVMDLW LRIHVV XUH FDC

3DUDPHWHU 8QLW
&RQFHQWUDWLR®SP

OROHFXODMWZHLJIKRR O
1XPEHU RINEROHRRO

OROD ®IL W\ PRO NJ
$SFWLXLW\ XQLWOHVV

7KH UDWLR RI WKH PHDVXUHG YDOXBHNKOMDRV MG W R/ K'EKR QNN
PHPEUDQH HIILFLHQF\ RI &RGHOO VDQGVWRQH VDPSOHYV

Membrane Efficiency Theasured pS! _
‘%eoretical pSI
JLIXUH &DSLOODU\N 3UHVVXUH X WBYROHRW 66.Q K \DVWRSQ/HR

6DPSOHYV



% FKDON
TKHUH ZHUH WZR FRUH VDPSOHV % FKDON DQG % FKI

%RWK % &KDON FRUHV WKDW DUH XQWHF WQZWW KVVRWH GALY HE
IUDFWXUH

%RWK RI WKH FRUHV ZHUH LQLWLDOO\ VDWXUDWHG ZLW|
KLIK VSHHG FHQWULIXJH IRU WZR GDWHMWYDWXUBRLRQG PD

ZDV UHDFKHG IRU % FKPON | FR YH FXKQ@® N $ FRUH

1H[W GHFDQH ZDV XVHG IRU WKH GOB L HIFIHQ H\ ¥ O/HD URVUH B |
LOQWR WKH FRUHY DW SVLUBG S USPSVL IRU WKH % FKDO

DQG % FKDON $ FRUH VDPSOHV UHDMXKBIWWRRQ\ ,ZWDHWGXFL
UHDFKHG DW S USPSVL DQG ZDV UHDFKHG DW
S SVL IRU WKH % FKDON D Q GV% WFKK\DSOH\F W L 8 HR\U I$ W

RI WKH GUDLQDJH F\FOH ERWK RI WNKWH RAFFXHW HE U H RPPU BYKNH|
IUDFWXUHV )LJXUH

D % FKDON E %
J)LIXUH % FKDON FRUHVY DW WKH HQG RI GUDL

JRU WKH LPELELWLRQ SURFHVV % FIRDOGRZ \$DFORLWH WD P B
% FKDON FRUH VDPSOH ZDV XVHCGRUIRU WIKIHK WHDMLL@LULWA\ RFID



.&0 EULQH ZDV XVHG$IRRU¥ MDPG®H SSP Rl .&0 EULQH ZDV
FKDON FRUH VDPSOH

'XULQJ WKH VSRQWDWHK R XD/P RXELVE LRAWLERHERIHQ € HO/WRWR B QY W
REVHUYHG RQ WKH &RGHOO VDQGVWWRH HREKDWOMNP S O$ ¥ RILH X
GD\V Rl VSRQWD Q HKRX ¥ D\W BIUE Y VW K VKXW LRGFRIDYI R MD Q H R X \
ZDV IRU $ FRUH VDPSOH

JLIXUH 6SRQWDQHRXV LPELELWORQ RW OR EKLDAN. QL W\FR
EULQH VXUURX®RGD@YWHO ERWK VDW SSP EULQH

'XULQJ WKH VSRQWDQHRXV LPELELVWLRQ VOKH/ ¥ RAUHF BQFHK ¢
FRPSDUHG WR % FKDON $ JLIXUHNHU VY[VEKRFIL QI WSRQ)
LPELELWLRQ 7KRQ@BWBDQJWDIWX WKW W QB ERIEVER QW ZONR
FRUH VDPSOH



JLIXUH 6SRQWDQHRXV LPELELVORIR B X %4 K K/DON Q L WE R U
EULQH VXUURXRXRGD@WHO ERWK VDW SSP EULQH

J)LQDOO\ ERWK RI WKH FRUHV SXMGLIQPRER BA KMH. FFQ G-WHRICLH X\A
WKH ILQDO FDSLOODU\ SUHVVXUH FXUYH DIWHU VSRQWDQHR>

J)LIXUH SUHVHQWY WKH IXO0 FWORIUR% FIX®IOONOD U % SU
VDPSOH

J)LIXUH &DSLOODU\ 3UHVVXUB RSQH H% FKDARNY VDO LQ



7KH FDSLOODU\ SUKH YoX BKIDIOXNJ Y H FRYVKRY QPIS@® HLO X UH

J)LIXUH &DSLOODU\ BUHVVXUWDPOOHH ¢/MRBKKOLAK VDOLC(

&RPSDULVRQ RI % FKDON &RUH 6DPSOHV

JLIXUH VKRZV WKH FRPSDULVRQHRI IWRA WIKS$IL &R ULLR
% FKDON FRUH SOXJV 5HG FXUYHV EXSWHIW HRW WWKKH FFDD/SH. RO
EULQH DQG EODFW MXUHY KV JK HSUEHDWHP B QMWIHR Q/GLSWHY LR X V
VDWXUDWLRQ GLIIHUHQFH DW WK HKHQIGHR | RS PRE D/QIOR QW LERU
FKDON $ 7KH GLIIHUHQFH ZDV DSHURHLEEBWBRBOMQ W KHK M :

LQFUHDVHY FRQWLQXRXVO\ LQ WKHSIRIO@WRY LRQ WEKSL OROLFUHGS
FXUYH



J)LIXUH &DSLOODU\ 3UHVVXUH I&XU Y%HVKIRAN+& B K HD @ B P/$

7KH HITHFW RI RV PRWHEHH BXHYWX UHI® XF MOKIHW K HWE BRWFIR U +
7R VKRZ WKLV HIITHFW WKH FXUYHV DUH PRGLI§ HGSRRQWID W

ZLOO FRLQFLGH WKH GUDLQDJH BRXUXWW DUH DRWFDISRDO D Q\
IRU KLJK VDOLQLW\ FDWHWKXH KDOGN ZDWHU VDWXUDWLRQ YD
VDOLQLW\ FDVH % FKDON $ 7KW RM\O WEHI NMLAIQFHWVL R E R/\
ZDV XVHG LQ WKH LPELELWLRQ F\® GGHM\H VAKHIHH FRWHE AV K H\S RSW YV
SUHVVXUH

7KH RVPRWLF SUHVVXUH LQ WKLV H[BKHLW K@ W ULH/WRH-D\O*
SUHVVXUH XVLQJ WKH (T DQG (T IRU WEW LRXOQEBUDRYHYV W IKSD
SSP DQG SSP FREVBRWWDYHIARQ 7KH LQSXW SDUDPHWHUV



7TDEOH , QS XW RFDEDWX HVDIRR R WWPKROVMDLW LRIHVV XUH FDC

3DUDPHWHU 8QLW
&RQFHQWUDWLR®SP

OROHFXODMWZHLJIKRR O
1XPEHU RINEROHRRO

OROD ®IL W\ PRO NJ
$SFWLXLW\ XQLWOHVV

7KH UDWLR RI WKH PHDVXUHG YDOXBHNKOMDRV MG W R/ K'EKR QNN
PHPEUDQH HIILFLHQF\ RI &RGHOO VDQGVWRQH VDPSOHYV

‘%easured S V L
'%eoretical S V L

Membrane Efficiency

J)LIXUH &DSLOODU\ 3UHVVXUH I1&XU YHVKIRAN+& B K HD @ B P/$



&21&/86,216

,Q WKLV WKHVLYV L% Kb HSRM MDD LMD RRBYAHRWMIUR QRO VKD O+
EHFDXVH RI WKH RVPRWLF SUHVVXDWY I YBOMNHEBHBGL D, W KDM E

DQG WLPH FRQVXPLQJ WR PHDVXUHVRWRRWLVF S KHDWWHXUGWLR B!
ODERUDWRU\ WHF KRRYIPIRWL W 5 PHH\DWXWHAHRREYBUWORRWHY XVLC
VSHHG FHQWULIXJH 6SHFLILFDOO\ G RRABENVKIUMLRHRBKDDIDHR\)
IOXLGY DW VHYHUDO VDOLQLWLHVLUQ HFRUHEOHDWXUQW HVD X
HISHULPHQWY ZHUH &ERQBRPWHIQ & VWPROQHK DQK ARRHEHUDMDS OH

SSP UHSUHVHQWHG WKH KLJK VDOLQLW\ EULQH ZKLFK
UHSUHVHQWHG WKH ORZ VDOLQLWFKFREUEQXYV /KEIVI RO VKA LVQW KH

x 2VPRWLF SUHVVXUH LQ D SHUPHDEOH SRURXV PDWHULDC
WKH IOXLG LQVLGH DMK N RS R/KRXWDWIORNHY (R @ R GYHHQ W UD F U F
VXUIDFH 2VPRWLF SUHVVXUH LV DW RAKOH RD/AR RYW. S SRISIV
IXQFWLRQ RI WKH PRODU FRQFHQWUDWLRQ Rl WKH VRC
LQVWDQFH GLVVROYHG VRGLXP FKORULGH ZLOO EH UHS
DQG VRGLXP LRQV ,W VKRXOG BHGHOMIDE MW \R ¢ D\SKHD @
RI WKH LQWHUQDO VXUIDFHV RI SRH WD \URGDWKR QWD LQL W
2Q WKH RWKHU KDQG RVPRWLF SZHWOXS B UWLIFKGHF WR R © HF
RXWVLGH DQG LQVLGH WKH SRUHV RI WKH FRUH

X OHDVXUHG RVPRWLF SUHVVXUH RI 1LRHEDBIUDL W FKIDON

PG ZDV RI WKH FDOFXODWHGHRWP R WRE UDDHV X X
DFWLYLW\ FRHIILFLHQW $FFRXQWILW & Ll R UNKHKID ®RIUWR/OKKER ;
WKH FDOFXODWHGRRVEPRXW. F S B H WADDIRHELDD MU | H F W

Xx OHDVXUHG RVPRWLF SUHVVXUH RI &R GIHDEQ OLIWQ GRIW R Q H

PG ZDV DERXW RI WKH FDOFXODWHG SHUIHFW P}



5()(5(1&(6

$0 $WWDU + + ODKPRXG 0 < DQG 6POURLHK)BIRRGOQJ LQ/
&DUERQDWH 5HVHUYRLU ([SHULPHOQWD® ®SSORDAF® | HUWHQ
DQG ([KLELWLRQ LQFRUSRUDWLQJ 63pP(XUBRSMNPB H REBGRQ
06 KWWS G[ GRL RUJ 06

$VKUDI $ +DGLD 1 DQG 7RUVDHWHUY H¥WHWDIMLRQ RI/DER
'DWHUIORRGLQJ DV 6HFRQGDU\ 5HFRYWUY\ BWRFHYWHQAIB
63( 2LO DQG *DV ,Q G & RLIEHIWAIORFG OXPEDR X,.0UBL B 3 (
06 KWWS G[ GRL RUJ 06

$XVWDG 7 B5H]DHLGRXVW $ DQGOIHFXWIOUVRARG /RZ 6D O&IQH N
JORRGLQJ LQ 6DQGVMROMHGWHWIBUDRL WK2IL G 35 H,PBYHRWY\H
6\PSRVLXP 7X0VD 2NODKRBBSULO 63( 06
KWWS G[ GRL RUJ 06

$\DSSD . * '‘DYLV + 7 DQG 'DYLV U{ SUHWVXOH &HQWIILDXO]
UHYLVLWHG $PHULFDQ ,QVWLWXWH RI &KHPLFDO |
KWWS G[ GRL RUJ DLF

%HQWVHQ 5 * DQG $QOL - 8 V LIQQ LIDXWIVP HRV & R QY MWL\R DSV
'DWD ,QWR D &DSLXODNU\ 38HVV-RXM QRO 3$ 63
KWWS G[ GRL RUJ 3%

%YHUQDUG * * (IMMTHFW RI )ORRGZDWHO BDROAL@GRWHR ERBE W
&OD\V 3UHVHQWHG DW WKH 63( &DOJHPBYLEDEILRQPIOD (
2FWREHU 63( 06 KWWS G[ GRL RUJ 06

%3 8. &ODLU 5LGJH KWWS ZZZ ES FRH AHHQ BSH X DWW HIER R
VHD QRUWK VHD PDMRU SURMHFWVOFODLU ULGJH KWPO

&DOOHJDUR & %DUWRVHN O DQG DRELAPLS OH PH\Q WOBDW L R Q
6DOLQLW\ :DWHUIORRG LQ D 1RUWK $WUMADH) RN RAKD BL
, QWHUQDWLRQDO 3HWUROHXP ([KLELQYLWG G @GD&R@IHILH
2 1RYHPEHU 63( WWS$ K[ GRL RUJ 06

&KDSPDQ '/ $ PR R W/KLIHE WW HR QD RO UHOWH F W URFD/RIQGRQ (|
DQG 'XEOLQ 3KLORVRSKLFDO 0DJD]LQH DQG -RXUQDO RI

'DQJ & 7 4 1JX\HQ 17 % DQG &KHAUSOV DQBBDEQWEEDOHER
IRU 6FUHHQLQJ ,PISOIHIFH QWBWLRMLPL]DWLRQ RI /RZ 6DO
3UHVHQWHG DW WKH 63( :HVWHUQ 5HJLRQDO OHHWLQJ
-DQXDU\ 63( 06 KWWS G[ GRL RUJ 06

'H 6LWWHU [/ 8 'LDJHQHVLV Rl 280OV)RHLDGN I%RUL RH V3 H3NP!
*HRORJLVWY %XOOHWLQ 2



'"HUMDJXLQ % 9 DQG /DQGDX [/ 7TKHRU\ RI WKH VWDELOL
DQRG RI WKH DGKHVLBOHB I S/DANUVNRLGFIBOH WE B FWWRUIRON WRIQYY 3 U

6 XUIDFH 6FLHQFH 2 KWWS G[ GRL RMUJ
'RQQDQ ) * 7KH HRPHERDWQRI (I XLOLBWLYDHZYXHPLFDO?
KWWS G[ GRL RUJ FU D

(,$ 8 6 &UXGH 2LO DQG 1DWXUDO *DV 3URYHG ©5HV
KWWSV ZzZZ HLD JRY QDWXUDOJDVSEUX ®HFRHYVHGHUY $¥Y

)DNFKDURHQSKRO 3 .XUWRJOX %KHDQGHFIWHPL2WPRWLBD QU+
,PSURYH 2LO 5HFRYHU\ IURP )UDFWXUH®WKW®&H BRUP
8QFRQYHQWLRQDO 5HVRXUFHV &RQIHUHQBIBUIZ®H 6:RRGC

06 KWWS G[ GRL RUJ 06

JDUULQJWRQ 5 $ DQG3BQVHQVX®LEULD ,Q 3K\VLFDO &KHPLV
2 1HZ <RUN 1HZ <RUN -RKQ :LOH\ 6RQV

*RX\ * 6 XU OD FRQVWLWXWLR Q/ XU BOHH KXW HH Gl KDAHVIF WRJA
3K\VLTXH +

*ULP 5 ( &OD\ OLQHUDO 2UJDQLERBRHDFRDLRQPYV ,Q &OD\1HLZ
<RUN 1HZ <RUN OF*UDZ +LOO %RRN &RPSDQ\

+DQVKDZ % % OHPEUDQH SURSHUWLGW RHUPARPWDRWYHGI
8QLYHUVLW\ &DPEULGJH ODVVDFKXVHWWYV

+DQVKDZ % % DQG &RSOHQ 7 % FWSHGWROD L 6 WRIBWDLQRHY E\ (
LRQ H[FOXVLRQ DW YDULRXV LRQLF VWUHQJWKV *HRFK
2 KWWS G[ GRL RUJ

+DUWPDQ 5 - 'LDO\VLV DQG 88RWILWVDNUOKRKDBWRQ [/ RIRRX
.LQIJGRP 7KH S5LYHUVLGH 3UHVYV

+LJOH\ '. DQG &R[ ' 2 2L0 DEHY HDR $HH 8 QRUDOR @D VDIQH
LQ WKH 'HQYHU %DVLQ Rl &RORUDGR 1HEUDVND DQG :
3HWUROHXP V\VWHPV DQG DVVHVVPHQWKR| MQBHUF®RDN
3URYLQFH &RORUDGR .DQVDV 1HEUDA8MP6 8R RWIKQ MR\
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