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Abstract

Polymer based materials have been utilized widely for applications that can be
of benefit to human health and the environment. This thesis covers the general scope
of polymer materials on bases of star-shaped polymer and temperature-responsive poly
(N-isopropylacrylamide) (pNIPAm) microgels, their co-functional polymers, their
assemblies, and their applications as an anti-fouling coating layer on membrane
surfaces in water remediation systems.

Chapter 1 gives a brief introduction of anti-fouling membrane and stimuli-
responsive polymers, their assemblies and applications, and the background on
polymer material coated anti-fouling membranes.

Chapter 2 focuses on investigating the anti-fouling properties with the filtration
system using star-shaped polymer composed membranes. Star-shaped polymers with a
silica core have been designed to enhance the coating stability and anti-fouling
properties. The anti-fouling performance could be tuned by varying the star-shaped
polymer compositions in the membrane.

Chapter 3 focuses on optimizing the pNIPAm based microgel coating on a
polyethersulfone (PES) membrane through a new coating strategy. In this work, the
microgel coating stability was investigate by tuning the microgel sizes and coating
processes. With optimized microgel sizes and coating procesess, the anti-fouling
performance also was optimized by varying the charge group (acrylic acid, AAc)
compositions in the microgel. A long-term filtration was operated to confirm the
coating stability with an AAc composited microgel coated membrane. As a further
study of the AAc composited microgel coating in water remediation applications,
Chapter 4 discussed the idea of microgels as sorbents during the filtration process.

Chapter 4 focuses on investigating the absorption capacity of pNIPAm based
microgel coatings for water remediation application. The interactions between the
microgel and metal ions were studied by observing the microgel shrink/swell behavior
in the metal ion solution. The metal ion concentration changes obtained from ICP-OES

during the filtration reveal the absorption capacity.
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CHAPTER 1

' QWURGXFWLRQ WR $QWL IRXOLQJ )LO
DQG 6WLPXOL 5HVSRQVLYH OLFURJHO\

‘DVWHZDWHU WUHDWPHQW KDV EHHQ DW WKH IRUHIURQW
JURZLQJ FRQFHUQ RYHU HQYLURQPHQWDO SROOXWLRQ

LQGXVWULDOL]DWLRQ DQG KRXVHKROG DFWLYLWLHV QH
IUHTXHQWO\ 6LQFH D ILOWUDWLRQ PHPEUDQH QHHGV WF
DQG RXWSXW ZDWHU TXDOLW\ ZLOO EH FRQVLGHUHG DV
GLVFXVVHV WKH JHQHUDO EDFNJURXQG RI ILOWUDWLR(
WUHDWPHQWY DQG KHDY\ PHWDO LRQ UHPRYDO XVLQJ VV

1.1% DFNJURXQG RI $QWL IRXOLQJ OHPEUDQF
OHPEUDQH WHFKQRORJ\ LV FRQVLGHUHG D IHDVLEOH DQ

GHVDOLQDWLRQ DQG ZDNVNMFDZOMHBI WWKHD WP HIQWRVW R
PHPEUDQHV PRGLI\LQJ SRO\PHU PDWHULDOV WR JHQHU
PHPEUDQHV KDV EHHQ RQH Rl WKH PRVW YLEUDQW DUHD
%HFDXVH RI WKH ORQDPWREBDREHURWORQIRSKHQRPHQD |
PDMRU SURBOBWDLQLQJ WKH IXQFWLRQ RI D DBDHUREUDQH

FDXVHG PDLQO\ E\ WKH DGVRUSWLRQ RI SDUWLFOHV RU
WKH PHPEUDQH VXUIDFH RU HYHQ $RFXWXDBRUWRYD RIl \X B W
FRQWDPLQDQWY RQ DQG LQVLGH WKH PHPEUDQH OHDGYV
PHPEUDQH VXUIDFH DQG EORFNV WKH VWUXFWXUH LQVLG
GHFQQWKH ILOWUDWLRQ IOX[ DQG VKRKWH G KMIQHR FPHEEQ L
FRPPRQO\ DSSHDUV LQ WKH RLO VDQG SURGXFHG ZDWHU
VDQG SURGXFHG ZDWHU FRQWDLQV KLJKO\ VWDEOH HP X
IRXODQWY HQFRXQWHUHG LQ PHPEUDQMNIBXOHGFB\WLRQ
HPXOVLILHG RLO QHHG SHULRGLF FOHB@EZ®LPKVPOQJ YDUI
GDPDJH WKH PHPEUDQH VXUIDFH LQFUHDVH WKH FOHD
ZDVWHLO\ ZDVWHZDWHU LV WKH PDMRU VRXUFH RI ZDV\
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$OEHUWBD PDMRU FRPSRQHQWYV RI WKH RLO\ ZDVWHZDWH L
XVXDOO\ ORQJ FKDLQ DONDQHV DQG WRWDO GLVVROYF
LRQV DQG PLFURDVHIEQRQHWWKHVH IDFWV UHVHDUFKHUV K
PHPEUDQH VXUIDFH PRGLILFDWLRQ WHFKQLTXHV WR DFK
RLO HPXOVLRQ ZDVWHZDWHU WUHDWPHQW

&KHPLFDO JUDIWLQJ RI IXQFWLRQDO PDWHULDOV RQ
PDMRU GLUHFWLRQ IRU VXUIDFH PRGLILFDMIARQ WRH DQ
IRXOLQJ SKHQRPHQRQ LV FDXVHG PDLQO\ E\ WKH K\GUR:
EHWZHHQ RLO PROHFXOHV DQG WKH PHPEUDQIRRU7KH JUDI
DQWL IRXOLQJ PHPHEURQSE\ IDEVWHZWWRQY WUHDWPHQW Z
K\GURSKLOLF RU FKDUJHG PROHFXOHV WKDW FDQ SUR
LOQOWHUDFWLRQV EHWZHHQ WKH ZDWHU FRQVWLWXHQWYV
K\GURSKRELF+K\GURSKRELF LQWHUDFWLRQ EHWZHHQ RL
JUDIWLQJ LV FRQVLGHUHG DV DQ HIIHFWLYH ZD\ WR PDN
VWLOO VRPH GLVDGYDQWDJHV 7KH PDMRU GUDZEDFN L
PHPEUDQH EHFDXVH WKH JUDIWLQJ SURFHVV UHTXLUHV |
ZKLFK LQIOXHQFHYV WKH SHUPHDWLRQ SURSHUWLHV LI Wt
ORUHRYHU WKH JUTD@HQUHBDWBWHBOMIRP WKH PHPEUDQ
ORQJ WHUP RSHUDW L RIQXX QK MAXE D8 VRURBGXVMVAGDOLW\ D!
FRVW IRU ILOWUDWLRQ &KHPLFDO FRDWLQJ QHHGV FRY
PDWHULDOV RQ WKH PHPEUDQH VXUIBNERIKLOK\ WLKB OS K
FRDWLQJ RQO\ QHHGYV LQWHUPROHFXODU IRUFHV OLNH K
IDEULFDWH DQWL IRXOLQJ PDWHULDOV RQ WKH PHPEUDQ

3K\WLFDO FRDWEQIRSHRFARYWWROOHG DQWL IRXOLC
PHPEUDQHV ZLWKRXW DIIHFWLQJ WKH SHUPHDWLRQ SUR
SURSHEBRPSDUHG ZLWK FKHPLFDO JUDIWHG PHPEUDQHYV |
GRHY QRWHPHEWGLYFHA RU GHVWUXFWLYH JUDIWLQJ FKHPLF
PHPEUDQH VXUIDFH 3K\VHLWD® FRDWRQW SREREHBVPRUH |
FKHPLFDO UHPHRPERQQHRXUIDFH 3RO\HOHFWURO\WHV F
FRDWLQJ PDWHULDOV IRU DQWLQRBOLGROPHPEEWQR®



K\SHUEUDQFKHG SREKBOHFG/ URGUNEBRD B EFROQN 8 D RRW X EH V
DQG JUDSKHO@WHRMWGHG IRU IRXOLQJ UHVLVWDQFH +RZH)
KDYH OLPLW DBMVLIRIIWVL R MMKH FRDWLQJY PHPEUDQH UHD
PHPEUDQH VXUIDFH URXJKQHVV ZKLFK PD\ FDXVH WKH D]

6WDU VKDSHG %ORFN &RSRO\PHU &RI
OHPEUDQH

SHFHQWO\ D QHZ W\SH RI DQWL IRXOLQJ FRDWLQJ PDWHF
63V ZDV LQWDRKGXERBGODNFRDWLQJ PDWHULDO IRU PHPI
SURFHVVHKWHVH W\SHV RI PDWHULDOV FDQ FRQWDLQ ERWt
FRPSRQHQWY DW WKH VDPH WLPH 7KH K\GURSKRELF SD
PDLQWDLQ WKH FRDWLQJ RQ WKH PHPEUDQH VXUIDFH
K\GURSKLOLF SDUW RIIHUV KLJKO\ DQWL IRXOLQJ SURSH
SURFHVV

/I D\BUOD\HU $VVHPEOHG &RUH VKHOO %ORFN
,Q 'LHS HW DO GHVLJQHG D VWDU VKDSHG EORFN |

K\GURSKRELF SRO\WW\UHQH 36 FRUH DQG D FKDUJF
GLPHWK\ODPLQRHWK\O PHWKDFU\ODWH 3'0$(0$ RU SRO
DUPW%3V ZHUH FBMRWHG LRRLDO SRO\VXOIRQH 36) PHPEUD
E\ OD\HU VHOI DVVHPEO\ PHWKRG 7KH PRGLILHG PHPEU
SURSHUWLHYV DJDLQVW PRGHO ZDVWHZDWHU SROOXWDQW
KXPLF DFLG DQG RLO HPXOVLRQ

$VVKRZQ LQ )LIXUH 63V FRQVLVW RI D K\GURSKRE
3'0$(0%$ RU 30$$ DUPV

\w \
JLIXUH&KHPLFDO VWUXFWXUHV RI WKH FRUH VKHOO 6BVQWH®6 E 3'0%
DGDSWHG ZLWK SHUPKRRELRIQ KYRPHYHHU /WG

3



7KHVH 63V VKRZ KLJK FRDWLQJ VWDELOLW\ RQ WKH
K\GURSKRELF+K\GURSKRELF LQWHUDFWLRQ EHWZHHQ WK
DQG WKH K\GURSKRELF PHPEUDQH VXUIDFH ,Q DGGLW
EHWZHHQ WKH FDWLRQLF DUPV RQ 63V DQG D SDUWLDOO)
DOVR SURYLGHV D KLJK FRDWLQJ VWDELOLW\ %HFDXVH F
KLJK DQWL IRXOLQJ SURSHUWLHYV FDQ EH DFKLHYHG ZLV
PHPEUDQH VXUIDEH

7R FRDW 63V RQ D K\GURSKRELF PHPEUDQH VXUIDFH
FRQWDLQHG 36 E 3'0$(0$ ZKLFK FRQWDLQV FDWLRQLF D
IRUFH EHWZHHQ WKH FDWLRQ DUPV RQ 63V DQG WKH SDU
WK3IBE 3'0$(0$ VWDU VKDSHG EORFN FRSRO\PHU ZLOO K
VWDELOLW\ DORQJ ZLWK WKH K\GURSKRELF+K\GURSKREL
PHPEUDQH PDWHULDO $OWKRXJK FDWLRQLF 63V FDQ ERQ
WKH PRQROD\HU FRDWLQJ ZLWK DPLQH JURXSV LV QRW \
IRXOLQJ SURSHUWLHV VLQFH SRVLWLYH FKDUJHV EDQ I
IRXO/DAWH KXPLF DFLG 7KHUHIRUH DQRWKHU OD\HU RI [
WKH DQWL IRXOLQJ SHUIRUPDQFH DV VKRZQ LQ )LJXUH

N N

NNR \\\§ DN ) M ON

)LJXUH SBURFHGXUHB\RDOHUHWVHPEO\ RI FDWLRQLF EOXH FRORU DQG
VKHOO VWDU EORBDBBI6F PHPEWPHQN BAISULQWHG DGDSWHG ZLWK SHL
&RS\ULJKW (OVHYLHU /WG



36E 30$$ VWDU VKDSHG EORFN FRO®RBFRQUY DOQMAL P R
IRXOLQJ OD\HU RQ WKH PHPEUDQH VXUIDFH 'XH WR WKH
DQG DQLRQLF 63V WKH VHFRQG IVBMHR QR IDQQLRQDFVEBR @
ILUVW OD\HU RI FDWLRQLF 63V FUHDWLQJ D PXFK PRUH V

7KLV OD\HU E\ OD\HU FRDWLQJ WWMD\HDIQ R LI HRX O Q
VHSDUDWLRQ OD\HU 7KH QXPEHU RI GHSRVLWHG OD\HU
VHOHFWLYLW)\ IRU WKH TH/ VXWEDFHPERWBGWLDO DQG PF
FDQ EH WXQHG E\ WAHKLLW W MFRKOQWROIRJIADQ UHGXFH WKH ZDV
PHPEUDQH VLJQLILFDQWOHDQGRFRPARKDON QDQRILOWUDW
$OWKRXJK WKLV FRDWLQJ VWUDWHJ\ RITHUV ERWK VWDEI
RIWHQ UBSRVWHMAHSRVLWLRQ WUHDWPHQW WKDW LV QR
PHPEUDQH PRGLILFDWLRQV

$QRWKHU WHFKQRORJLFDO FKDOOHQJH LV WKH GH
PHPEUDQHV )RU H[DPSOH LQ D VWHDP DVVLVWHG JUDYL
LV D WKHUPDOO\ HQKDQFHG KHDY\ RLO UHFRYHU\ PHWK]I
$OEHUWD ZDWHU LVp®\SHEDOGDWLW®& RI WKH FRDWLQJ
PHPEUDQHV DW KLJKHU WHPSHUDWXUHY DOVR FDQ EH D F
LQ RLO VDQG LQGXVWU\

7TKHUPDOO\ 6WDEOH &RUH VKHOO %ORFN 3RO
TKHB3VZLWK SXUH FKDUJHG K\GURSKLOLF DUPV VKRZ O

WHPSHUDWXUH ILOWUDWLRQ EHFDXVH RI WKH KLJK FKDU.
HOHFWURQ UHSXOVLRQ IRUFH RQ WKH 63V DUPV K\GURSES
PDLQWDLQ DQWL IRXOLQJ SURSHUWLHY DW KLJKHU WHPS
GHJUDGHG DQG WKH UHPDLQLQJ K\GURSKRELF FRUH LQ
FDXVHG PRUH IRXODQW RQ WKH PHPEUDQH VXUIDFH

7R DGGUHVV WKH LVVXHV DVVRFLDWHG ZLWK ZDWHU S
DQRG WKHUPDO VWDELOLW\ % 6ROWDQQLD HW DO XVHC
JO\FRO PHWKDFU\ODWH 3(*0$ DVVRFLDWHG ZLWK FKDU
30$$ DV WKH K\GURSKLOLF DUPV RI WKH 63V



YLIXUH VKRZV WKH LPSURYHG 63 VWUXFWXUH 63V
FRUH DQG K\GURSKLOLF DUPV +\GURSKLOLF DUPV DUH D
FKDUJHG PRQRPHUV 3'0%$(0$% RU 30%% DQG KLJKO\ K\GUR
3(*0%$ 3(*0% FDQ LPSURYH WKH WKHUPDO VWDELOLW\ RI
TXDOLW\ Rl DQWL IRXOLQJ SHUIRUPDQFH DW WKH VDPH W
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Crosslinked PS Core Crosslinked PS Core
PS, PDMAEMA, and PPEGMA Arms PS, PMAA, and PPEGMA Arms.

(=] 5
7

*x @
@

w O,

KHOO36BV D 36 E 3
(OWIHR'Q HUR® W H I

V
b

7KHLU UHVXOW LPSO\ WKDW WKH LQWHUDFWLRQ EH
K\GURSKRELF PHPEUDQHVY DUH VWURQJ HQRXJK WR EH X\
7KH WKHUPDO DQG FKHPLFDO VWDELOLW\ RI WKH FRDW
FKDQJLQJ WKH FRUH DUP PDWHULDO )RU H[DPSOH VLOL
FDQ EH XVHG EHFDXVH RI WKH KLJK WKHUPDO VWDELOL)
GLVEXVVHV D QHZ W\SH RI VLOLED FRUH SRO\PHU DUPV
DQG LWV SHUIRUPDQFH DV DQ DQWL IRXOLQJ FRDWLQJ

ILOWUDWLRQ

6WLPXOL UHVSRQVLYH 3RO\PHUYV
6WLPXOL UHVSRQVLYH SRO\PHUV DUH PDFURPROHFXOHYV

UHVSRQVH WR DQ H[WHUQDO HQYLURQPHQW FKDQJH :Kt



QHWZRUNV DUH K\GURSKLOLF WKH\ IRUP K\GURJHOV
K\GURJHOV DUH XVHG ZLGHO\ DV DQWLIRXOLQJ FRDWLQJV
FKDSWHU GLVFXVVHV WKH JHQHUDO EDFNJURXQG RI VW
LVRSURS\ODFU\ODPLGH 1,3%P PRQRPHUV

6WLPXOL UHVSRQVLYH +\GURJHOV DQG OLFUF
+\GURJHOV DUH FRPSRVHG RI K\GURSKLOLF SRO\PHUV WK

FURVVOLQNHG LQWR LQVROXEOH \HW K\GURSKLOLF VWU
LQ WKHLU WKUHH GLPHRWKR®DDQWGWW KF KW\ RH WS HLR G U\
DTXHRXV HQYLURQPHQW ZLWKRXW GLVVROXGMLRQSEHFD X"
LQ WKH PRQRPHU RU FURVVOLQNHU RI K\GURJHOV +\GU!|
DOORZLQJ RWKHU FKHPLFDOV WR EH WUDQVSRUWHG LQ F

+\GURJHOV FDQ EH GHVLJQHG WR UHVSRQG WR VPDO
VKDUS WUDQVLWLRQ RI WKHLU WUDQVLWLRQ UDWLR ZKL
SHU JUDP RI D K\GURJHO PDWUL[ 7KH HTXLOLEULXP VZH¢
LQ D VXLWDEOH VROYHQW LV REWDLQHG ZKHQ WKHUH LV
WKH VROYHQW LQVLGH DQG RXWVLGHQHKH X5 URKHAUR O
7KH )5 WKHRU\ DVVXPHV WKDW WKH HQWKDOS\ RI PL[L!
HODVWLF IRUFHV LPSRVHG E\ WKH FURVVOLQNHG FKDLQ
'KHQ D K\GURJHO LV VRDNHG LQ ZDWHU RVPRWLF SUHV\
GLIIXVH LQWR WKH K\GURJHO PDWUL[ FDXVLQJ H[SDQVLR
SRO\PHU FKDLQV DUH KHOG WRJHWKHU E\ FURVVOLQNHU\
E\ DQ HODVWLF UHVWRULQJ IRUFH 7KH HTXLOLEULXP FD
EDODQFHG

FwWRWOBBHODVWTPL[LQJ

(TXDWLRQ VKRZV WKH EDVLF SUEQNL®®H RLEEY W
I[UHH HQHUJ\ :KHQ WKH H[WHUQDO VWLPXOL LQWHUUXSW
DQG HODVWLF UHVWRULQJ IRUFH WKH K\GURJHO ZLOO
DOWHUQDWLQJ LWV VZHOOLQJ UDWLR ZKLFK FDQ UHVXC
EHKDYLRU FDQ EH REWDLQHG ERWK ZLWK SK\VLFDO WHP!



ILHOG DQG FKHPLFDO S+ VDOW ELRPROHFXOHV VWL
VROYDWLRQ VWDWHV K\GURJHOV FDQ FKDQJH WKHLU F
UHIUDFWLYH LQGH[ UHYHUVLEO\

7KH VSHHG RI WKH UHVSRQVH LV DQ LPSRUWDQW
K\GURJHOV LQ UHDO ZRUOG DSSOLFDWLRQV (TXDWLRQ
DQG )LOOPRUH LQ

R L %4e¢&

7KH FKDUDFWHRWYWWLK\GURHICRTY YROXPHWULF FKDQJH L
WR WKH VTXDUH RI WKH JHO VL]H 5 DQG LQYHUVHO\ SUR
' 7R PLQLPL]H WKH UBYXBROR/IHWLRHGWBRRIHOV ZLWK V
GLPHQVLRQV PLFURJHOV KDYH EHHQ GHYHORSHG &RPE
SDUWLFOHVY DQG VWLPXOL UHVSRQVLYH PLFURJHOV \LH
FROORLGDO VWDELOLW\ JRRG ZDWHU DEVRUSWLRQ SUR
VWLPXOL UHVSRQVLYLW\ OLFURJHOV DUH XVHG ZLGH(
PLQLDWXUL]HG GHYLFHV HPXOVLRQ VWDELOL]JHUV DQG I

THPSHUDWXUH 5HVSRQVLYH 3RO\PHUYV
7HPSHUDWXUH UHVSRQVLYH SRO\PHUV FDQ EH VHSDUDW|
RQ GLIIHUHQW WHPSHUDWXUH GHSHQGHQW EHKDYLRUV
H[KLELWLQJ D ORZHU FULWLEDO VROXWLRQ WHPSHUDW X
XSRQ KHDWLQJ H[KLELWLQJ DQ XSSHU FULWLFDO VROXW

+\GURJHOV H[KLELWLQJ DQ /&67 EHKDYLRU JHQHUDO
K\GURSKLOLF JURXSV 0DQ\ PRQRPHUV KDYH EHHQ GHYH«
DQ /&67 IRU H[DPSOH 1 LVRSURS\ODFU\ODPLGH 1,3$P
DQG 1 1 GLHWK\ODFU\ODPXGH '(8KRZV WKH FKHPLFDO VV
PRQRPHU VWDWHG DERYH 21 WKH YDULRXV VWLPXOL
LVRSURS\ODFU\ODPLGH S1,3$P KBUVARMHUHG DQ WKH |
SRSXODU RQH RYHU WKH SDVW IHZ GHFDGHV 31,3$P KDV
YROXPH SKDVH WUDQVLWLRQ WpHRSHKEDMKXUW Q800 VDKH DU
RI SK\WVLRORJEFAD®7UHOHYDIQQHG DV WKH WHPSHUDWXUH
VZHOOLQJ FKDQJHYVY GUDPDWLFDOO\ 6SHFLILFRQO\ EHOR
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WKH HIWHQVLRQDUWOQW®WRIP RRUFALQDERYH WKLV WHPSHUDW
FROODSVHG VWDWH IRUPLQJ D JOREXODU FRQIRUPDWLR:

HN/EO K - /\N"(o
A\ p

NIPAM VCL DEA

JLIXUHORQRPHU VWUXFWXUHV RI W\SLFDO SRO\PHUV ZLWK D /&67

6LQJOH FKDLQ S1,3%P KDV EHHQ VWXGLHG WR H[SOD
SKDVH WUDQVLWLRQ EHKDYLRU LQ SRO\PHUV XVLQJ WKH

¢)Lber F 625

ZKHUHWKH *LEEV IUHH HQHY1\VIRUK I L/Q R OO \RQ W UR S\
FKDQJH FDXVHG E\ WKH LQWHUDFWLRQ EHWZHHQ VROYHQ
DQGLY WKH WHPSHUDWNXU H \R IQWXHWMLWW HPKH SRO\PHU G
VSRQWDIQHRXW SRVLWLYH WIOHD ORBOLY H) GRIVZEOH LQ WKF

6LQFH S1,33P KDV ERWK K\GURSKRELF LVRSURS\O JU
JURXSV WKH /&67 UHVSRQVH RI S1,33P DQG RWKHU VLP
GLHWK\ODFU\ODPLGH LV GXH WR WKH EDODQFH RI WKH
VROYDWH WKHVH JURXSV $W D WHPSHUDWXUH EHORZ /&6
VWURQJ LQWHUDFWLRQV ZLWK ZDWHU PROHFXOHV ROQH
JURXS DQG WKH RWKHU RQH LV WKH FODWKUDWH OLNH
LVRSURS\O JURXSV DQG SRO\PH WiD\GH® RIMU W R.Q VE OFHNIDR\Q
DQE5 YDOXHV FDQ EH REVHUYHG EHFDXVH WKLWWK\GUDWL
QRW QHHG H[WHUQDO KIHID/D G QN UBR WR @LRVRIVGEHUHI G L Q
%HWZHHQ WKHVH WZR IRUFHV WKH HQWKDOS\ HIIHFW LV
LOQHJIDWL YD OXBVYBEGWDQHRXYV K\GUDWLRQ SURFHVV $V
DERYH WKH /&67 WKH K\GURSKRELF JURXSV LQWHUDFW 2



WKH K\GURSKLOLF JURXSV DOVR IRUP K\GURJMH@QGERQGYV
.5 YDOXHV FDQ EH REVHUYHG EHFDXVH WKLV GHK\GUDW
HIWHUQDO KHDW HWHUPRWR REWHYBGW®HQ WKH VI\VWHP  +]
WHPSHUDWXUHVY WKH HQWURS\ WH D8 REH RWLAYHB\O GHR P L QD (
DQG DQ XQIDYRUDEOH GHK\GUDWLRQ SURFHVV

%DVHG RQ WKH DERYH WKHRU\ WKH VONRSKXEDW X UH
VWDWH WR DQ LQVROXEOH VWDWH FDQ RFFXU $W WHPSFH
WKH SRO\PHU+ZDWHU LQWHUDFWLRQV WR SRO\PHU+SRO\
FROODSVH E\ VTXHH]LQJ RXW WKH ZDWHU WKH\ DEVRUEH

/&67 LV WKH XQLTXH WHPSHUDWXUH RI D W\SH Rl SRO
RI PRQRPHU 7KHUH DUH VHYHUDO IDFWRUV WKDW FDQ
QHWZRUN )RU H[DPSOH /&67 FDQ UILWVHQEN P GVKIHQK \BRRH H
SRO\PHU EDFNERQH ZKLOWZP® OHBRRYWHRIS KEEHIVA G H
EDFNERQH K\GURBRUWFOQFHYW WKKH SRO\PHUVY FURVVOL
PROHFXODU ZHLJKW DQG LWV DUFKLWHFWXUH FDQ LQIO>

31,3$P EDVHG 7TKHUPRUHVSRQVLYH 3RO\PHU
S1,3P LV WKH PRVW ZHOO NQRZQ WKHUPRUHVSRQVL

SRO\PHUL]DWLRQ JHQHUDOO\ LV XVHG WR VI\QWKHVL]H W
PL[LQJ PRQRPHU LQLWLDWRU DQG FURVVOLQNHUV WR.
UHDFWLQJ WKHP DW KLJK WHPSHUDWXUH $PPRQLXP SHU
KLIJK WHPSHUDWXUH WR JHQHUDWH IUHH UDGLFDOV WR L
1 17 PHWK\OHQHELVDFU\ODPLGH %,6 LV WKH PRVW FR
S1,3$P EDVHG PLFURJHOV EHFDXVH RI LWV VLPLODU VWU}
PLFURJHOV FDQ IRUP FROORLGDOO\ VWDEOH SDUWLFOHYV
&RPSDUHG ZLWK WKH EXON\ FRXQWHUSDUWV S1,3$P EDV
WHPSHUDWXUH UHVSRQVLYH SURSHUW\ ZLWK D KLJK ZDW
DPXFK IDVWHU UHVSRQVH EHFDXVH Rl WKHLU VPDOOHU V|

S1,3$P EDVHG PLFURJHOV FDQ EH GHVLJQHG WR UHV
DGGLQJ YDULRXV IXQFWLRQDOL]HG FRPRQRPHUV GXULQ.
FKDUJHG PROHFXOHV FDOS-EHHVERY MV RP B WRYL GRIQ FKHO|
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FDQ EH DGGHG WR SURYLGH D PHWDO LRQ UHVSRQVH D
DGGHG WR SURYLGH D OLJKW UHVSRQVH %HVLGH IXQFW
WKH PRUSKRORJ\ RI BKRORRZOFWUWHFHR KBWMKHOO VWUXFWXU

S+ GHVSRQVLYH 3RO\PHUV
S+ UHVSRQVLYH K\GURJHOV DUH SRO\HOHFWURO\WH JHO
EDFNERQH 7KH VZHOOLQJ UDWLR Rl SRO\HOHFWURO\WH
WKH QHXWUDO FKDUJHG JHOV EHFDXVH Rl WKH &RXORP
JURXSV DQG WKH DGGLWLRQDO RVPRWLF SUHVVXUH IUF
PRQRPHUV VXFK DV DFU\OLF DFLG $$F PHWKDFU\OL
DPLQRSURS\O PHWKDFU\ODPLGH K\GURFKORULGH $308$-
GXULQJ WKH PLFURJHO SRO\PHUL]DWLRQ

7KH PRVW XVHG PRQRPHU LQ WKLW RIKEVLV LKHS$SF 2
S+ LQGXFHG YROXPH WUDQVLWLRQ RI ZHDN 3(V JHQHUDO
SoRI WKHLU LRQL]DEOH PRLHWLHY EHFDXVH WKHLU GHJU
S+ YDOXHV $V D UFHRYKPO WL FSUR3$MOV DUH QHXWUDO FKDUJF
DQG QHJDWLYHO\ FKDUJHG ZKHQ S+ ! $W S+ | W K
DUH GHSURWRQDWHG 7KH QHJDWLYH FKDUJH IURP WKH F
GULYH WKH ZKROH JHO WR H[SDQG ,I 1D2+ LV XVHG WR P
WUDSSHG LQ WKH PLFURJHO DOVR FDXVLQJ WKH H[SDQ\
VDPH SULQFLSOH DW S+ WKH FDUER[\OLF JURXSV L
UHSXOVLRQ IRUFH GRHV QRW H[LVW ZLWKLQ WKH PLFURJ
ZKROH JHO QHWZRUN

7KHUH DUH VHYHUDO SDUDPHWHUV WKDW LQIOXHQF
SRO\PTHKBHL FURVVOLQNLQJ GHQVLW\ K\GURSKLOLFLW\ DQC
FKDLQV FDQ LQIOXHQFH WKH VHQVLWLYLW\ RI WKH S+ UH
LQIOXHQFH WKH S+ UHVSRQVH SURISSIUQV\ EWKRQ $DQWHU
FRQVWDQW DW ORZHU LRQLF VWUHQJWKY WKH GROKQDA Y
SDUDPHWHU WKDW FDXVHV WKH VZHOOLQJ RI WKH JHOV
WKH FDUER[\OLF JURXS H[FKDQJH ZLWK WKH PHWDO LRC
VZHOOLQJ EHKDYLRU $W KLJK LRQLF VWUHQJWK 'HE\H

11



ZKROH JHO ZLOO GHVZHOO

&KDQJLQJ WKH PRUSKRORJ\ RI WKH S+ UHVSRQVLYH !
DQHZ EHKDYLRU WR ILWSG LUHMERQWV KB IBRDQRAW FDQ EH OLC
RU KDYH D FURVVOLQNHG QHWZRUN DV VKRZQ LQ )LJXUH

a)

——— ApH
e
bock copolymer micefe iiorse: milcalie
c)
ApH
i
deswelling
e)
f)
-\Hll’ 1
. ApH
% X ST L ApH
TAA
deswelling due deswelling
swelling
)]
I.I_"I.
star block
copolymer haliow
micelle

JLIXUHS+5HVSRQVLYH SRO\PHUV RI GLIITHUHQW D UFXAW BDEMEXEHYV S+
GHFUHDVH IURP ULJKW WR OHIW D XQLPHUHPIHGWOBGH PEFPREHOWOF
G KROORZ UHYHUVH KROORZ H GHQGHOPHUPRIUSKRBB B J& UKX@REXIHHE
ZRUP OLNH WFRGRRBRO®ERZZLWK SHUPIKRIWRQIKMRP 5HI7TKH 5R\DO 6RFLH!

&KHPLVWU\
7TKHLU UHVSRQVHV WR S+ DV ZHOO DV WKHLU VWUXF

HIDPSOH D S+ FKDQJH FDQ FDXVH SURVYBORWEWRQQE@HSUF
SRO\PHU QHWZRUN LW DOVR FDQ FDXVH WKH SUHFLSLWI
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HIWHQVLRQ 7KH VDPH S+ FKDQJH FDQ UHVXOW LQ VHOI D
$UFKLWHFWXUHV VXFK DV EORFN FRSRO\PHUV EUDQFKH
ZLWEB+ UHVSRQVLYH EORFN UHVSRQG LQ VRPH GHILQHG :
7KH FKDQJHV REVHUYHG LQ SRO\PHUV RI GLIIHUHQW DUF
VROXWLRQ DUH VKRZQ LQ )LJXUH

$OQOWL IRXOLQJ &RDWLQJ ZLWK 6WLPXOL
7KH K\GURSKLOLF QDWXUH RI S1,3$P EDVHG SRO\PHUV F
IRXOLQJ FRDWLQJ LQ RLO\ ZDVWHZDWHU WUHDWPHQW |
PHPEUDQHV E\ PHDQV RI K\GURSKLOLF SRO\PHUV LV SUH
RU LUUHYHUVLEOH 'LITHUHQW FOHDQLQJ PHWKRGV FDQ H
RULJLQDO IOX[ 3K\VLFDO FOHDQLQJ PHWKRGV DUH HIIH
VXFK DV EDFNZDVKLQJ DQG DLU IOXVK +RZHYHU SK\VI
DGGLWLRQDO PHFKDQLFDO SURFHVVHV ZKLFK LQFUHDYV
VLIQLILFDQWO\ &KHPLFDO FOHDQLQJ PHWKRGV LQFOXG
OLNH VXUIDFWDQWY FDQ GDPDJH WKH PHPEUDQH FUHDYV
PRUH IRXOLQJ RQ WKH PHPEUDQH VXUIDFH 7KH GHPDQG
GHFUHDVH PHPEUDQH IRXOLQJ GXULQJ RLO\ ZDVWHZDWH
DQG HIIHFWLYH FOHDQLQJ PHWKRG $VRL,3HR PEDDMEH UH
SRO\PHU LV WKH SUHIHFW PDWHULDO WR DFKLHYH WKLV
UHVSRQVLYBPREGRSIHUWDQWLIRXOLQJ PHPEUDQH FDQ VKR
SURSHUW\ DQG D VHOI FOHDQLQJ EHKDY LR HU HF KO L QJ
PDQ\ ZD\V WR PRGLI\ S1,3$P EDVHG SRO\PHUV RQ WKH K\C
ZLWELIIHUHQW PRUSKRORJ\ Rl S1,3%$P EDVHG SRO\PHUYV

6 3RXU]LDG BWXD®FX¥VIHBLWLDWHG DWRP WUDQVIHU
6, $753 PHWKRG WR JUDIW S1,3%3P DQG 3(*0$ RQ WKH ¢
39') PHPEUDQH S1,33P ORZHU EORFN ZDV DUDIWHG
WHPSHUDWXUH UHVSRQVLYH SURSHUW\ LQ RUGHU WR SUTJ
SURSHUW\ DQG VHOI FOHDQLQJ EHKDYLRU 3(*0$ XSSHU
LPSURYH WKH DQWL IRXOLQJ SURSHUW\ IRU WKH PHPEUI
SRO\PHU DQG FDQ HQKDQFH WKH DQWL IRXOLQJ SURSHI

13



S1,3$P E 3(*0$ PRGLILHG PHPEUDQH KDG D GHFUHDVH L
WR WKH XQPRGLILHG 330WRRRKEK DRROWIHQUI FKDLQ RQ W
VXUIDFH RI WKH PHPEUDQH LV HIIHFWLYH WR DFKLHYH
EHKDYLRU 6, $750FRWS O GROGKWHUL]DWLRQ SURFHVV WR
WKH PHPEUDQH 7KLV UHDFWLRQ VKRXOG EH RBHUDWHG
FDWDO\VW ZKLFK FDQ FDXVH SUREOHPV GXULQJ WKH
LQFUHDVLQJ WKH VIQWKHVLV FRVW, $7KB VB URFWYXY P\D IQR \
XVHG ZLGHO\ LQ ODUJH VEDOH PHPEUDQH VXUIDFH PRGLI

7R DYDBEIRPSOH[ SRO\PHUL]DWLRQ SURFHVV GLUHFWO\
DQ LQRUJDQLF PDWHULDO JUDIWHG WHPSHUDWXUH UHVS
IRXOLQJ DQG VHOI FOHDQLQJ FRDWLQJ IRU RLO\ ZDVWH:
KDYH EHHQ DSSOLHG ZLGHO\ LQ PRGLI\LQJ 39') PHPEUD
RSHUDWLRQ JRRG K\GURSKLOLFLW\ DQG H[FHOOHQW \
$OWKRXJK WKH VLOLFD QDQRSDUWLFOH PRGLILHG 39') F
DQG SHUPHDELOLW\ WKH VPDUW VHOI FOHDQLQJ IRU G\Q
DFKLHYHG IXUWKHU < =KDR HW DO GHYHORSHG S1,3$F
DFKLHYH WKH DQWL IRXOLQJ DQG VHOI FOHDQLQJ EFH
SRO\PHUL]DWLRQ $753 LW WKHGQW®RR YDQWKROH 7KH (
QDQRSDUWLFOH FRDWHG 39') PHPEUDQH VKRZHG HQKDQF
YDOXHV LQ LUUHYHUVLEOH IRXOLQJ UDWLR FRPSDUHG ZL

&RPSDUHG WR VLOLFD FRUH SRO\PHU VKHOO QDQR
PLEURJHDKL KIDFB YROXPH FBECHQUW HUWD WZ RCDOQ GKULQN EHKD
DEHWWHU VHOI FOHDQLQJ SHUIRUPDQFH RQ WKH IRXOHG
XVHG WHPSHUDWXUH UHNMKRKQWDIOMA PRRHROBOHW LQG FOF
VWLPXOL LQGXFHG VL]H FKDQJHV RI WKH PLFURJHOV WR
VXOIRQH 3(6 PHPEWNQWKRZQIDEOH) LIXUH
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Stirring at 38°C
(First cleaning)

Stirring at 38°C Stirring at 20°C Stirring at 38°C
(Extra cleaning)

Filtration at 20°C

HA + CaCl. +
b HAT CaCls P(NIPAm-co-SBMA)
1* cleaning extracleaning 1% cleaning extracleaning

WKH ILOWUDWLRQ DQE&VHIHDWLQJ S|
H EOXH FLUFDWYV UMSURWHQW V
UH S UHH/SHORNH @K W W KON W [ VOUHDD E
H QWS KHH WIULDV W/ HIFRIY @&/
LQW&FGS\DGDOWHG ZL

S1,33P EDVHG PLFRRSHBRWIZWHE LQ WKH IHHG VROXW
KXPLF DFLG BXGE D&KL OWUDWLRQ FDXVLQJ WKH FDNH R
UHGXFH WKH ZDWHU IOX[ 7KH WHPSHUDWXUH VWLPXOL L
GLVWDQFHV IURP WKHLRHPE WHE@R WEK WMBIHHVRLKN IRXODQW
PHPEUDQH VXUIDFH &R GHSRVLWLQJ S1,3%$P EDVHG PLFU
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UHYHUVLELOLW\ ZKHQ D WHPSHUDWXUH ZDV DSSOLHG
,Q &KDSWHU DQWL IRXOLQJ DQG VHOI FOHDQLQJ S
VWHS SUHVVXWFIRNHE BLFASRIJHO FRDWLQJ RQ 3(6 PHPEUDQ

.DWHU 5HPHGLDWLRQ E\ 31,3%P %DVHG O
2QH RI WKH PDMRU SUREEGBMXUDAMQWKMHKI®DFN RI FOHDQ
ORUH WKDQ D WKLUG Rl WKH ZRUOGYV SRSRIZDWIRQ OD
XUEDQL]DWLRQ DQG LQGXVWULDOL]JDWLRQ GHPDQGV P
WHFKQRORJLHY WR DYRLG UHOHDVLQJ SROOXWDQWYV LQ\
ZDVWHZDWHU TXDOLW\ PDLQO\ EHFDXVH WKH ZDVWHZDW
RWKHU RUJDQLF SROOXWDQWYV $OWKRXJK WKH H[DFW LP
GLVHDVH LV XQNQRZQ DERXW % RI GLVHDVH ULVN
HQYLURQPI QWKLY UHJDUG UHVHDUFKHUV DUH SXWWLQ.
UHPHGLDWLRQ WHFKQRORJLHV ORVW RI WKH SROOXWDC
WUDQVSRUWHG WKRXJK WKH IRRG FKDLQ KXPDQ EHLQJV
PHWDO LRQV DUH D KXJH SDUW RI WKH SROOXWDQWYV IUI
DUH WR[LF RUARNURKXBRQHEHLQJV

OHUEXU\ LV D QHXURWR[LQ FDSDEOH RI EDXVLQJ
SHULSKHUDO QHUNKRXVQKNWMWNRQ RI PHUFXU\ YDSRU FD
HIITHFWV RQ WKH QHUYRXV GLJHVWLYH DQG LPPXQH V\V\
IDWDO +LJK PHUFXU\ FRQFHQWUDWLRQV UHVXOW LQ LPS
DQG G\VSQHD

/JHDG LV WKH PRVW FRPPRQ KHDY\ PHWDO SROOXWDQ'
+XPDQ H[SRVXUHV RFFXU WKURXJK LQKDODWLRQ RI FRQW
RU E\ LQJHVWLQJ FRQWDPLQDWHG IRRG DQG ZDWHU /HD
NLGQH\V OLYHU KHDUW EUDLQ VNHOHWRQ DQG WKH Q
SRLVRQLQJ DVVRFLDWHG ZLWK H[SRVXUH WR OHDG PD\ L
ORVV DQG LUULWDELOLW\ /HDG SRLVRQLQJ PD\ FDXVH ¢
DQG DQHPLD

&KURPLXP LV XVHG ZLGHO\ LQ PHWDOOXUJ\ HOH
PDQXIDFWXULQJ RI SDLQWV SLJPHQWV SUHVHUYDWLYHV
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LQWURGXFWLRQ RI FKURPLXP LQWR WKH HQYLURQPHQW L
7KH DGYHUVH KHDOWK HIIHFWV WKDW DUH DVVRFLDWHG
LQ KXPDQV LQFOXGHV SRVVLEOH FDUFLQRJHQV GDPDJH
GDPDJH RI GHYHORSLQJ IHWXVHV KLJK EORRG SUHVVXUH
VNQ UDVKHV DQG HKH UNUGWOMQIRY IRU &DQDGLDQ ZDWHU
PHWDO LRQV DUH JLYHQ LQ 7DEOH 'DWD REWDLQHG I
&DQDGLDQ 'ULQNLQJ :DWHU 4XDOLW\26XPPDU\ 7DEOH :D\
+HDOWK\ (QYLURQPHQWY DQG &RQVXPHU 6DIHW\ %UDQEK

7 D E O HGuidelines for Canadian Drinking Water Quality for the Above Heavy Metal lons

+HDY\ PHWIL OD[LPXP DFFHSWDEOH FHR

OHUFXU\

IHDG

&KURPLXP

‘LWK VWULQJHQW UHJXODWLRQV LQ SODFH LW LV C
UHPRYLQJ DQG UHXVLQJ WKHVH KHDY\ PHWDOV 'LITHUHQ
HISORUHG RYHU WKH \HDUV VXFK DV FKHPLFDO SUHFLS:S
HIFKDQJH IORWDWLRQ HOHFWURFKHPLIFBHP WDWIB® PHQ
PLFURJHOV FDQ EH GHVLIJQHG WR EH XVHG LQ WKH ZDWt
GRQRU DWRPV LQ WKH PLFURJHO FDQ GRQDWH WKH IUHF
RUELWDOV LQ WKH KHDY\ PHWDO LRQ WHWIREWKWHXBK,3$
DV FDUER[\OLF DFLG DQG FURZQ HWKHUV DOVR FDQ EH
PRUH HIIHFWLYH DEVRUEHQWYV IRU UHPRYDO RI KHDY\ PH

< 6 .LP HW DO GHYHORYHOG HOAWLKLK B 1L BYP HEDVHG K\
WR H[WUDUWFRW /EDVWHEKBWHKYHG PHWKDFU\OR\OR[\PHWK\C
0 & IXQFWLRQDO JURKISIK ¥YKIOAHFEWDRY HW\/DQIBY VHQV LWL
FRSRO\PHU GXULQJ WKH K\GURJHO V\QWKHVLV 7KH K\(
DGVRUSWLRQ HIILFLHQF\ ZLWK D KLJK VHOHFWLYLW\ DPI
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DUWLILFLDO ZDVWHZDWHU DQG D PTHUPXR\BGRRWSC WEKQ H
ZLWKLQ PLQ

S1,33P EDVHG SRO\PHUV VKRZ KLJK HIILFLHQF\ DQG
PHWDO LRQV IURP ZDVWHZDWHU D SURFHVV WKDW DOVR
7KLV PHWDO LRQ DEVRUSWLRQDBHREHDQ H DIQOBHI BRX 8Q Hs
WR HQKDQFH WKH PHPEUDQH VHSDUDWLRQ SHUIRUPDQFH
GHWHFW DQG UHPRYH WUZDAH GHYHO RRH)E E3E= /LX 3
LVRSURS\ODFRDWVODPRGBIDPLGREHQ]R FURZQ FRSRO\PH
RQ Q\ORQ PHPEUDQHV )LIJXUH VKRZV WKH GHWHFWLQ.
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31,3$P %DVHG OLFURJHO 6\QWKHVLYV

'LIIHUHQW PHWKRGVY KDYH EHHQ GHYHORSHBUWHR IDEULF
UDGLFDO SUHFLSLWDWLRQ SRO\PHUL]DWLRQ LV WKH PHW
GLVEXVVHG QH[W LQ GHWDLO 7R V\QWKHVL]H S1,3$P P
1,33P FRPRQRPHUV DQG %, & RVUSIPRIpE QO WRZHG WR KHIE
D WHPSHUDWXUH ZKLFK LV IDU DERYH S1,3$PTV /&67  +
VROXWLRQ RI $36 LV DGGHG WR LQLWLDWH SRO\PHUL]DW|
WR UHPRYH DQ\ ODUJH DJJUHJDWHY DQG SXULILHG YLD F
D VXUIDFWDQW VXFK DV VRGLXP GRGHF\O VXOIDWH 6"
GHFUHDVH VLQFH 6'6 KHOSY VWDELOL]H PLFURJHOV DW V|
SRO\PHUL]DWLRQ KDV EHHQ VKRZQ WR EH DGYDQWDJHR X
SUHSDUHG PLFURJHOV LV QDUURZ DQG WKH VWUXFWXUH
NH\ SUHUHTXLVLWH IRU WKH VXFFHVV Rl WKLV DSSURDFK
LQ ZDWHU ZKLOH WKH FRUUHVSRQGLQJ SRO\PHU LV LQV
$V VKRZQ LQ )LIXUH DW KLJK WHPSHUDWXUHV $36 ZL
WR UHDFW ZLWK PRQRPHUV DQG FURVVOLQNHUV WR LQLYV
DQ /&67 DERYH D FULWLFDO OHQJWK JURZLQJ S1,3%P F
SUHEXUVRU SDUWLFOHV ZKLFK VHUYH DV QXFOHL IRU SE
SDUWLFOHY DUH QRW FROORLGDOO\ VWDEOH DQG FDQ FR
DOVR FDQ GHSRVLW RQWR WKH VXUIDFH RI WKH SDUWLFO
6LQFH WKH UHDFWLYLW)\ IRU %,6 LV KLJKHU WKDQ IRU W
S1,3$3P PLFURJHOV LV QRW KPR K QHRXY FOURS WAKLHONL Q J
WKH FRUHV FRPSDUHG WR WKHLU VKHOOV

&RQFOXVLRQ
,Q WKLV FKDSWHU ZH LQWURGXFHG VWDU VKDSHG SRO\F

VRPH FRQFHSWY DQG DSSOLFDWLRQV RI WKH WHPSHUDW)
VRPH FRQFHSWYV RI WKH DQWL IRXOLQJ DQG ZDWHU UHP
UHVSRQVLYH SRO\PHUV 7KHUH DUH GLIIHUHQW IRUPDW
K\GURSKLOLF SRO\PHUV LQ DQWL IRXOLQJ DQG ZDWHU U
SRO\PHU FRDWLQJ JUDIWHG SRO\PHU FKDLQV DQG PLFL
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VKDSHG SRO\PHU DQG PLFURJHO FRDWLQJ DQWL IRXOLQ
D FKDOOHQJH 7KH K\GURSKLOLF QDWXUH DQG FKDUJH U
DQG GHFOLQH RI DQWL IRXOLQJ IRU VWDU VKDSHG SRO\P
ZDVWHZDWHU WUHDWPHQW DQG ZDVKLQJ SURFHVYV

,Q WKLV WKHVLV ZH ZLOO GLVFXVV VRPH DQWL IRXOLQJ
FDQ SURYLGH KLJK VWDELOLW\ 6SHFLILFDOO\ VWDU VKD
WR SUHSDUH WKH DQWL IRXOLQJ PHPEUDQH $OWKRXJK V
WR GHYHORS DQ DQWL IRXOLQJ FRDWLQJ XVLQJ K\GURS
SRO\PHU ZH ZLOO GLVFXVV VLOLFD FRUH VWDU VKDSHG
LQYHVWLIJDWHG WKHLU DQWL IRXOLQJ SURSHUW\ ZLWK |
PLFURJHOV ZHUH XVHG WR SUHSDUH DQWL IRXOLQJ PHP
IRXOLQJ FRDWLQJ DQG LQYHVWLIJDWHG WKHLU FRDWLQJ
FRDWLQJ SURFHGXUHV DQWL IRXOLQJ SURSHUWLHV ZLW
FRDWLQJ DELOLW\ DPRQJ ORQJ WHUP RSHUDWLRQV $0OW
UHSRUWHG ZWIRK KLQK DPORSHUWLHYV WKH FRDWLQJ VWD
FKDOOHQJH ,Q WKLV WKHVLV ZH ZLOO GLVEXVV WKH SU
FRDWHG PHPEUDQH ZLWK RSWLPL]JHG FRDWLQJ VWDELO
WXQQLQJ WKH PLFURJHO VL]HV FRPSRVLWLRQV DQG FRI
PLFURJHO FRDWLQJ ZDV DOVR LQYHVWLJDWHG IRU ZDWH !
7KH EHKDYLRUV Rl PLFURJHOV ZLWK GLIIHUHQW FRPSRVL
GLIIHUHQW PHWHIO DEGWIBEROXWLRQ 7KH PHWDO LRQ U
IXUWKHU GLVFXVVHG IRU ZDWHU UHPHGLDWLRQ DSSOLFD
7KLV WKHVLV ZLOO PDLQO\ IRFXV RQ WKH PHWKRGRORJL|
IRU PHPEUDQH ZLWK KLJK VWDELOLW\ DQWL IRXOLQJ S
EHKDYLRU ZKLFK ZLOO SURYLGH VRPH QHZ LGHDV WR EH
EHWWHU SHUIRUPDQFH
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CHAPTER 2

*HQHUDWLRQ RI D +LJKO\ (IILFLHQW $¢
RI 6LOLFD 1DQRSDUWLFOH &RUH 3RO\F
6KDSHG 3RO\PHUYV

7KLV FKDSWHU GHVFULEHV KRZ VLOLFD FRUH SRO\PHU D
VIQWKHVL]HG DQG FKDUDFWHUL]JHG $QWL IRXOLQJ PHPE!
WKH VWDU VKDSHG QDQRSDUWLFOHY ZLWK WKH PHPEUDC
SURFHVV 7KHLU DQWLIRXOLQJ SURSHUWLHV ZHUH FKDU
ZLWK DZBWAHU HPXOVLRQ 7KH ILOWUDWLRQ IOX[ ZDV UHF
WKH IOX[ GHFOLQH LOOXVWUDWHYV WKH GHJUHH RI IRXOL
WKH PHPEUDQH $W WKH HQG WKH IOX[ UHFRYHU\ DIWH!I
UHYHUVLELOLW\ RI WKH IRXODQW RQ WKH DQWL IRXOLQJ

 QWURGXFWLRQ
,QRUJDQLF PDWHULDOV KDYH EHWWHU WKHUPDO VWDEL

QDQRSDUWLFOHV KDYH EHHQ XVHG SUHYLRXVO\ IRU V
PHPEUDQHV EHFDXVH RI WKHLU K\GURSKLOLFLW\ ZLGHV:!
9DULRXV IXQFWLRQDOL]HG VLOLFD QDQRSDUWLFOHV KDY|
RQ GLIIHUHQW W\SHV RI PHPEUDQHV )RU H[DPSOH
QDQRSDUWLFOHV ZHUH JUDIWHG RQ WKH QDQRILOWUDYV
K\GURSKLOLFLW\ DQG DOQWYUX&KNO LKQG BRRISIHUVFLHMOLFD O
RQ D PHPEUDQH VXEVWUDWH WRDKIG D BVQSH RRX DLW W ISU
VLOLFD EDVHG QDQRJHOV ZDV FRSRO\PHUL]HG RQ D SRO
HIILFLHQW DQWL |RXOKH IV ISUFPHRRGHYHG PHPEUDQHYV
H[FHSWLRQDO DQWL IRXOLQJ SURSHQ@WNWHM HDXQWIMR QDY
FRQWDLQLQJ YDULRXV SROOXWDQWYV 7KH IOX[ UHFRYHU
FDQ EH YHU\ KLJK DIWHU VHYHUDO F\FOHV RI ZDVWHZDW|
&RDWLQJ VLOLFD EDVHG PDWHULDOV RQ PHPEUDQH \
YDULRXV PHWKRGV LQFOXGLQJ JUDIWLQJ FRYDOHQW E
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OD\HU E\ OD\HU DVVHPEO\ WR WXQH WKH PHPEUDQH SHL
URXJKQHVV DQG GHOD\ PHPEUDQH IRXOLQJ ZLWKRXW F
VWUXFWWH[DPSOH D OD\HU RI VLOYHU FKORULGH ZDV
VXUIDFH E\ DSSO\LQJ VXUIDFH PLQHUDOL]DWLRQ WHFKQ!
DOWHUQDWH VRDNLQJ SURFHVV WR LPSURYH WKH IRXOL

$OWKRXJK LQRUJDQLF QDQRPDWHULDO FRDWLQJ F
HIWHQVLYHO\ WR LPSURYH WKH DQWL IRXOLQJ SHUIRUF
FRPSOH[ FRDWLQJ SURFHVV ODUJH TXDQWLWLHV RI PDV
VWHSV ZLWK H[FHSWLRQDOO\ FKDOOHQJLQJ RSHUDWLQ
SURFHVVHV OLPLWHG WKHLU VFDODELOLW\ ORUHRYHU
GLUHFWO\ FRPSDWLEOH ZLWK K\GURSKRELF PHPEUDQH
SRO\HWKHUVXOIRQH 3(6 E\ SK\VLFDO GHSRVLWLRQ EH
EHWZHHQ LQRUJDQLF PDWHULDO DQG PHPEUDQH

7KHUH DUH WZR VWUDWHJILHV WR PRGLI\ LQRUJDQI
PHPEUDQH VXUIDFH $ FKDUJHG SRO\HOHFWURO\WH FDC
QDQRSDUWLFOHV WR KDYH K\GURSKRELF+K\GURSKRELF
PDWHULDO DQG WKH PHPEUDQH 2U WKH FRDWLQJ PDWH !
FKDUJH PRGLILHG PHPEUDQH VXUIDFH 7KHVH FRDWLQJ V
HOHFWURVWDWLF LQWHUDFWLRQ DQG ODUJHO\ GHSHQG |
VXUIDFH SRWHQWLDO DQG IXQFWLRQDO JURXSV ZKLFK R
GHSRVLWLRQ WQHBWBHQWWR DGGUHVV WKH LVVXH DV
SHUPHDELOLW\ DQWL IRXOLQJ SURSHUWLHY DQG WKHUP
PHPEUDQHV VLOLFD FRUH SRO\PHU DUP QDQRSDUWLFO}
IRXOLQJ FRDWLQJ RQ WKH K\GURSKRELF PHPEUDQH VXUII

,Q WKLV FKDSWHU DQ HIIHFWLYH PRGLILFDWLRQ D¢
SRO\PHU DUP VWDU VKDSHG SRO\PHU QDQRSDUWLFOHV
GHVLJQHG 7KH UHDFWLRQ VFKHPHV DUH GLVFXVVHG LQ W
7KH PDWHULDO V\QWKHVLV ZDV GRQH E\ PH DQG 'U 0XK
FKDUDFWHUL]DWLRQ ZDV GRQH E\ -DH \RXQJ &KR 7KHOQ
EOHQGHG ZLWK WKH PHPEUDQH PRQRPHUV LQ WKH VRO
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SURFHVV ZKLFK LV WKH SURFHVV RI WUDQVIHUULQJ WKF
PHPEUDQH 7KH PHPEUDQH V\QWKHVLV ZDV GRQH E\ 'U O0;
IRXOLQJ SURSHUWLHV ZHUH WHVWHXD WWHLLD H RXQVDR®Y D QR
DQWL IRXOLQJ H[SHULPHQWY ZHUH GRQH E\ PH DQG 'U O0;

([SHULPHQWDO 6HFWLRQ
ODWHUEOOWHDIHQWY ZHUH SXUFKDVHG IURP 6LJPD $0GI

XQOHVV VSHFLILHG RWKHUZLVH $PLQRSURS\O WULH
EURPRLVREXW\U\O EURPLGH %, % % WULHWK\O
KHIDPHWK\OGLVLOD]DQH +0'6 PHWK\O LVREXW\O NF

1 1 1 1ee 1¢e SHQWDPHWK\OGLHWK\OHQHWULDPLQH
SRO\ HWK\OHQH JO\FRO PHWKDFU\ODWH 3(*0$ DY

EURPLGH &X%U FRSSHU , EURPLGH &X%U FR
SRO\HWKHUVXOIRQH 3(6 PHWK\O S\UUROLGLQRQ
ZDWHU FPOIURP D OLOOL 4 30XV VA\VWHP )LVKHU = 46

&DQDGD ZzZDV XVHG IRU DOO H[SHULPHQWYV

6WDU VKDSHG 3RO\PHU 6\QWKHVLV
6\QWKHVLV RI VLOLFD EDVHG $753 LQLWLDWRU 7KH DWI
$753 LQLWLDWRU ZDV SUHSDUHG E\ UHDFWLQJ DFWLYH E

WULHWKR[\VLODQH DV VKRZQ LQ )LJXUH %ULHIO\
WULHWKR[\WVLODQH $37(6 DQG PPRO WULHWK\ODPLQH
DQK\GURXVY GLFKORURPHWKDQH '&0 LQ D P/ URXQG E

7THIORQ FRDWHG VWLU EDU DQG LPPHBWFRG RQ DQ LFF
EURPRLVREXW\U\O EURPLGH %,%% ZDV DGGHG GURSZLV
$IWHU DOO WKH %,%% ZzDV DGGHG WKH UHDFWLRQ ZDV DC
IRU K 7KH E\ SURGXFW WULHWK\ODPPRQLXP EURPLGH
WKH VROYHQW '&0 zDV UHPRYHG E\ URWDYDSRUDWLRQ 71
QDPHG DV $37(6 %U

23



(0] TEA ~o0

~N ~N

\O o + Br —_— O\SII H Br
~ i E DCM -0 \/\/N

|
~o S~ NH; Br
o)

Figure 2-1. Schematic of the synthesis of atom transfer radical polymerization (ATRP) initiator.

Immobilization of Initiator onto Silica particles: After the ATRP initiator was
synthesized successfully following the above process, the ATRP initiator had to be
immobilized on the silica nanoparticles surfaces, as shown in Figure 2-2. Briefly, 13 g
of 30 w/w% silica nanoparticles in methyl isobutyl ketone (MIBK) were added into a
round bottom flask under an argon atmosphere. Then, 6.75 mmol APTES-Br were
dissolved in 5 mL of MIBK and added into the reaction flask dropwise with vigorous
stirring (around 500 rpm). The reaction was refluxed at 110 °C and 250 rpm for 24 h
under argon protection. After the reaction time have reached, the reaction mixture was
cooled down to room temperature and precipitated by adding hexane. The precipitated
functionalized silica nanoparticles were collected after a 10 min 4400 rpm
centrifugation, and the top layer was decanted.

After the initiator was immobilized successfully on the silica nanoparticle
surface, there still are unreacted hydroxy groups on the silica nanoparticles surfaces,
which can cause interferences in further reactions. The initiator immobilized silica
nanoparticles were reacted further with 2.3 mL hexamethyldisilazane (HDMS) at 35 °C
for 16 h to substitute the hydroxy group with trimethylsilyl groups. On completion of
the reaction, the mixture was cooled down to room temperature and precipitated by
adding hexane. The precipitated silica nanoparticles were collected after a 10 min 4400
rpm centrifugation, and the top layer was decanted. The final product was dried under

a vacuum.
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Figure 2-2. Schematic of the immobilizing ATRP initiator onto silica nanoparticles.

Grafting polymer arms on silica nanoparticles: Polystyrene (PS) and poly
(ethylene glycol) methacrylate (PPEGMA) were grafted from ATRP-initiator
immobilized silica nanoparticles for the synthesis of the final amphiphilic star-shaped
polymers using conventional Cu(I)-catalyzed ATRP, as shown in Figure 2-3. Briefly,
500 mg of the product synthesized above and 0.29 mmol N,N,N',N"/N"-
pentamethyldiethylenetriamine (PMDETA) were dissolved into 6.9 g styrene in a
Schlenk flask. Then, three freeze-pump-thaw degassing cycles were used to remove all
the oxygen in the reaction mixture. After the last freeze-pump-thaw cycle, 0.13 mmol
of catalyst CuBr were added to the reaction under a rapid argon flow. The reaction
mixture warmed up to room temperature after two more freeze-pump-thaw cycles. The
Schlenk flask was transferred to a pre-heated oil bath at 90 °C, followed by stirring at
250 rpm for 30 h. After the reaction time had been reached, the materials were
precipitated by adding methanol. The materials were purified by methanol and water

washing and collected by gravity filtration, followed by vacuum drying for 24 h.

N
\/Si< Nt
O o. o N
0 ~ o
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0=sii o~ — — @ 0=si__~_N H

Figure 2-3. Schematic of grating polystyrene and poly(ethylene glycol) methacrylate onto silica
nanoparticles.

The materials have been grafted further with highly hydrophilic polymer
PEGMA. 500 mg of the product synthesized above were dissolved in 25 mL of anisole
and sonicated for 10 min in a Schlenk flask. Then, 0.29 mmol PMDETA and 3.62 g
PEGMA were added to the reaction. Next, three freeze-pump-thaw cycles were
performed, and 0.13 mmol ground powder of CuCl beads were added to the frozen

mixture under a rapid argon flow. The reaction mixture warmed up to room temperature
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DIWHU WZR PRUH IUHH]H SXPS WKDZ F\FOHV 7KH B6FKOHC
KHDWHG RLO EDWK DW f& IROORZHG E\ VWLUULQJ DW
KDG EHHQ UHDFKHG WKH UHDFWLRQ PL[WXUH ZDV FRROH
WR DLU 7KHQ PJ RI K\GURTXLQRQH UDGLFDO LQKLELW
DLU EORZQ IRU K XQGHU VWLUULQJ WR LQKLELW WKH L
SRO\PHU DUPV 1H[W WKH SRO\PHU ZDV SUHFLSLWDWHC
VWLUUHG KH[DQH 7KH UHGGLVK EURZQ SUHFLSLWDWH 2z
DQG SUHFLSLWDWHG E\ VORZO\ DGGLQJ LW LQWR YLJRUR
GLVVROXWLRQ DQG SUHFLSLWDWLRQ IURP HWKHU ZHUH
SUHFLSLWDWH 7KH SUHFLSLWDWH ZDV UHGLVVROYHG LQ
XV H

&KDUDFWHUL]DWLRQ 7KH K\GURG\QDPLF GLDPHWHU
JUDIWHG VLOLFD QDQRSDUWLFOHYV DQG 3(*0$ DQG 36 JL
DTXHRXV VROXWLRQ ZHUH PHDVXUHG E\ G\QDPLF OLJKW
=HWDVL]HU 1DQR =6 ODOYHUQ ,QVWUXPHQWYV /WG DW
GLDPHWHU ZDV FDOFXODWHG DJDLQVW VLOLFD QDQRSDU!
VHULHV Rl  PHDVXUHPHQWY ORUHRYHU LPDJHV WDNHQ
6(0 XVLQJ -60 /$ -(2/ 3HDERG\ 0% FRQILUP WKH ILC

OHPEUDQH 3UHSDUDWLRQ
7KH PHPEUDQHV XVHG LQ WKLV VWXG\ ZHUH SUHSDUHG E\

DUH IRXU EDVLF WHFKQLTXHV XVHG WR FUHDWH SKDVH L
WKH YDSRU SKDVH SUHFLSLWDWLRQ E\ FRQWUROOHG F
VHSDUDWLRQ DQG LPPHUVLRQ SUHFLSLWDWLRQ 7KH LPI
SURFHVV LV WKH PRVW ZLGHO\ XVHG PHPEUDQH SUHSDU
LQFOXGLQJ RUJDQLF VROYHQW LV FDVW RQ WKH SURSH
LQ D FRDIJXODWLRQ EDWK FRQWDLQLQJ WKH QRQVROYHC
H[FKDQJH SUHFLSLWDWLRQ DSSHDUV RQ WKH VXSSRUW
VHSDUDWLRQ DQG PDVV WUDQVIHU FDQ DIIHFW WKH PHPI
K\GURSKLOLF SRO\PHUV DUH DGGHG WR WKH RULJLQDO ¢
LQWR QRQVROYHQW WKH SRUH VL]H RQ WKH VXUIDFH DC
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WKDQ WKH QRQ K\GURSKLOLF SRO\PHU DGGHG PHPEUDQH

,Q WKLV VWXG\ VWDU VKDSHG SRO\PHU FRDWHG 3(6 S
PDGH IROORZLQJ WKH LPPHUVLRQ SUHFLSLWDWLRQ SURF
3(6 DQG JIRUO O DQG O UHVSHFWLYHO\ DQC

DQG JIRUO O DQG O UHVSHFWLYHO\ DV VKRZQ
LQ J RI RUJDQLF VROYHQW 103 XQGHU VORZ VWLUULQJ
WKH RUJDQLF VROYHQW DQG SUHSDUH D KRPRJHQHRXV
KRPRJHQHRXV VROXWLRQ ZDV SRXUHG RQ WKLFN IODW J

P WKLFNQHVV 7KHQ LW ZDV LPRHURWHGKINVEQL QYMNHRL
DQG ULQVHG VHYHUDO WLPHV ZLWK OLOOLSRUH ZDWHU W

HQG WKH PHPEUDQHYV ZHUH SODFHG LQ OLOOLSRUH ZDW't

Disperse on
glass standard

-: : . =. — ‘ ’,

Nanomaterials Casting Coagulation bath
dispersed
polymer solution

7KH K\GURSKLOLFLW\ RI WKH 63 EOHQGHG 3(6 PHPE
PHDVXULQJ WKHLU XQGHUZDWHU Q KHI[DGHFDQH FDSWLYF
PHDVXUHPHQWY ZHUH SHUIRUPHG XVLQJ D FRQWDFW
,QVWUXPHQWYV *PE+ ZLWK /| Rl D FDSWLYH QFRH[DGHFDC
ZLGH PHPEUDQH VWULS ZDV SODFHG IDFH GRZQ LQ D
PHPEUDQH KROGHU DVVHPEO\ ZDV DFFRPPRGDWHG LQ D
PHPEUDQH ZDV LPPHUVHG IXOO\ LQ ZDWHU $ KLJK VSHHG
IRFXVHG RQ WKH PHPEUDQH VXUIDFH DQG DW OHDVW WK
RQ WKH PHPEUDQH VXUIDFH XVLQJ D VV\WWLQJH ZLWK DQ
VDPSOHV ZHUH NHSW XQGHU OLOOLSRUH ZDWHU DQG ULQ
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FXW LQWR WKH VDPH VL]H DV WKH ILOWUDWLRQ FHOO DC
ILOWUDWLRQ FHOO ZDV ILOOHG ZLWK PO ', ZDWHU 11
ZDWHU WKURXJK WKH PHPEUDQH DW SVL WR REWDLQ D
RI WKH PHPEUDQH ZDV FDOFXODWHG XVLQJ WKH IROORZL
-z P 1$"W
ZKHYHYV SXUH ZDWHWRIOWKHH @HPEUDQH SHLW K\RXHJ P DOV
Rl WKH SHUPHDWWH ZDWHW GHQ¥MLW\WKB PMITHFWLYH DUHD
PHPEUDQH DWWV WKH WLPH RI SHUPHDWLRQ K
7TKH DQWL IRXOLQJ SHUIRUPDQFH RI EDUH DQG PRC

VWXGLHG XVLQJ VXUIDFWDQWZDWBBELBRXHDG IKRHQ DEBH FLKQHH \
RLO\ ZDVWHZDWHU 7R SUHSDUH VXUIDFWDQ@DWMWDELOL]
HPXOVLRQ GURS a PJ RI 7ZHHQ VXUIDFWDQW ZD\
ZDWHU 7KHQ J RI KH[DGHFDQH ZHUH EOHQGHG LQ W
PLIWXUH ZDV KRPRJHQL]J]HG ZLWK D KRPRJHQL]JHU DW WKF

P/ Rl ', ZDWHU ZHUH DGGHG WR WKLY HPXOVLRQ DQG K
WR JHQHUDWH -y S $ RY D M[ID G HIPIX@N [RLQ@

7R HYDOXDWH WKH DQWL IRXOLQJ SHUIRUPDQFH W

PHPEUDQHY ZDV WXQHG WR WKH VDPH YDOXH E\ FKDQJLC

PLQV Rl FRQVWDQW LQLWLDO SXUH ZDWHU IOX[ DURXG
RLO HPXOVLRQ ZHUH DGGHG WR WKH FHOO DQ&PWKH ILO!
WR UHFRUG WKH SHUPHDWH I0OX[ ZKLOH WKH FHOO ZDV L
$W WKH HQG RI RLO ILOWUDWLRQ DIWHU UHFRUGLQJ WKI
WKH RLO HPXOVLRQ ZDV GLVFDUGHG DB/GRWKHPWPRBUDQF
IRU PLQ DW uUsP 7KHQ UHFRYHUHG SXUH ZDWHU 10
HYDOXDWH WKH IOX[ UHFRYHU\ 7KH IOX[ GHFOLQH UDWL|
SHULRG DQG WKH IOX[ UHFRYHU\ UDWLR )55 DIWHU D

(TXDWLROQ DQG
)'5 -tz 1
)55 -z1-zL 1

$V WKH HTXDWLRQ GHPRQVWUDWHY WKH )'5 LV WKH
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LQLWLDO SXUAd WIRWWKH GX[UPHDWH 10X[ BIVRU YV WHBIG\ V
LQLWLDO SXUHLZEWHRK IKBXKOSY WR GHWHUPLQH WKH H[W
ILOWUDWLRQ RI WDUJHWHG ZDVWHZDWHU 6LPLODUO\ )5
-z1 DIWHU ZDVKLQJ RYHU WK+ LQKWHHK & DSOHNX-O b W M UWIKOEK
IOX[ UHFRYHU\ DIWHU DQ LQWHUPLWWHQW ZDVKLQJ F\FOI

SHVXOWY DQG 'LVFEXVVLRQ
7KH 6(0 LPDJHV DQG '/6 GDWD LQGLFDWHG WKDW WKH S

VXFFHVVIX0OO\ IROORZLQJ WKH VIQWKHVLY SURFHGXUHV I
K\GURG\QDPLF GLDPHWHUV RI * “ “ QP IRU EDL
JUDIWHG VLOLFD QDQRSDUWLFOH DQG 36 DQG 3(*0$
UHVSHEWLYHO\ 7KH EDUH VLOLFD QDQRSDUWLFOHV VKR
JUDIWLQJ 36 SDUWLFOHV JUHZ IURP QP WR QP DIWHU
36 DUPV 7R YHULI\ WKH VL]H RI WKH SDUWLFOH DQ 6(0 LF

%DVHG RQ WKH 6(0 LPDJH VWDU VKDSHG QDQRSDUWLI
7KH GLDPHWHU UHVXOW EDVHG RQ 6(0 LV VPDOOHU WKDQ
SRO\PHU DUPV DUH H[WHQGHG XQGHUZDWHU IRUPLQJ D
RYHUDOO VL]H

JLIXUH6(0 LPDJH IRU ILQDO VWDU VKDSHG SRO\PHUV
7TKH DQWLIRXOLQJ FRDWLQJ PDWHULDO IRU WKH PH
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ZKLFK EULQJY FKDOOHQJHYV ZLWK WKHLU FRDWLQJ RQ WK
'XULQJ WKH SKDVH LQYHUVLRQ SURFHVV VWDU VKDSHG
ZLWK WKH SRO\PHU VROXWLRQ DQG VWLUUHG RYHUQLJKW
VROXWLRQ 7KH DLU EXEEOHV LQ WKH PHPEUDQH VROX
PHPEUDQH DIWHU SKDVH LQYHUVLRQ SURFHVV 7KH PHPE
VXSSRUW DQG WKHQ VXEPHUJHG LQ D ', ZDWHU EDWK ')
HIFKDQJH SUHFLSLWDWLRQ DSSHDUV RQ WKH VXSSRUW
VKDSHG SDUWLFOHV ZHUH SDUWLDOO\ LQVLGH WKH VROL
WKH LQVROYHQW ZDWHU %HFDXVH RI WKH K\GURSKLOL
K\GURJHQ ERQG DQG GLSROH GLSROH LQWHUDFWLRQ E
PROHFXOHV GULYHV WKH VWDU VKDSHG SRO\PHU PROHFX
WKH K\GURSKRELF K\GURSKRELF LQWHUDFWLRQ EHWZHH
WKH VWDU VKDSHG SRO\PHU WR VWD\ LQ WKH VROLG PHF
RI WKH SRO\WVW\UHQH %HFDXVH WKH VWDU VKDSHG SRO
PHPEUDQH VXUIDFH GXULQJ WKH SKDVH LQYHUVLRQ SUR
FDQ ERQG ZLWK WKH ZDWHU PROHFXOHV LQ WKH VROXWI
RQ WKH PHPEUDQH VXUIDFH ZKLFK FDQ FDXVH WKH DC
ZDVWHZDWHU ILOWUDWLRQ

$OWKRXIJK WKH VWDU VKDSHG SRO\PHUV KDYH EOH
LOQYHUVLRQ SURFHVV WKHUH DUH VWLOO FKDQFHV IRU W
WKH ', ZDWHU ZDVKLQJ 7KH PHPEUDQHV ZHUH VRDNHG D
DOO WKH XQERQHG VWDU SRO\PHUV 7KH ROHRSKRELFLW
PHPEUDQH VXUIDFHV ZHUH HYDOXDWHG IURP WKH XQGHU
FRQWDFW DQJOH PHDVXUHPHQWY DV VKRZQ LQ )LJXUH
: DQG “ f ITIRU O 0 DQG O UHVSHFWLYHO\ 7KH L
LQGLFDWH LQFUHDVLQJ K\GURSKLOLFLW\ RQ WKH PHPEU
VKDSHG SRO\PHUV WKDW ZHUH FRDWHG SDUWLDOO\ RQ \
K\GURSKLOLFLW\ RQ WKH PHPEUDQH VXUIDFH ORUHRYHU
VWDU VKDSHG SRO\PHUVY DGGHG LQWR WKH PHPEUDQH VR
RQ WKH PHPEUDQH VXUIDFH ORUH VWDU VKDSHG SRO\PHL
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GHQVLW\ RI VWDU VKDSHG SRO\PHUV DQG KLIJKHU K\GURE

JLIXUH (YDOXDWLRQ RI WKH EOHQGHG 63 PHPEUDQH IDRHA UHSUHVH
FDSWLYH EXEEOH FRQWDFW DQJOHV PHDVXUHPHQW VBD%%HD&H 3(6 P
SRO\PHU PRGLILHG 3(6 PHPEUDQH DQG F Z Z VWDW VKDSHG SRO\P

7KH DQWL RLO IRXOLQJ SURSHUWLHV RI WKH PHPEUD
KLIJIKO\ FRQFHQWUDW®G \WHUDIBM¥FOQIHRRLFIKH RLO HPXOVL
FDUULHG RXW XQGHU D FRQVWDQW ZDWHU IOX[ PRGH 7K
DV VKRZQ LQ )LIJXUH $W WKH HQG RI WKH K RLO HPXO
IOX[ ZDV UHFRUGHG DIWHU VWHDG\ VWDWH IRXOLQJ RQ W
UDWLR )'5 FDQ EH FDOFXODWHG E\ (TXDWLRQ 7KH
PHPEUDQH LV /0 + ZKLOH WKH IOX[ GHFUHDVHG RC
E\ 10+ IRU ZZ DQG Z Z VWDU VKDSHG SRO\P
PHPEUDQHV UHVSHFWLYHO\ $ DQG WLPHV ORZHU IOX
3(6 PHPEUDQH LV RXWVWDQGLQJ IRU WKH XOWUDILOWU
HPXOVLRQ VLQFH WKH IRXOLQJ SKHQRPHQRQ UHGXFHYV
UHSUHVHQWY WKH SHUFHQWDJH Rl UHGXFWLRQ LQ ZDWt}
IRXOLQJ SURSHUW)\ LV HQGRZHG E\ DQ DQWL IRXOLQJ ED
DQG K\GURSKLOLF 3(*0$ DUPV

$QRWKHU LPSRUWDQW IDFWRU LQ GHWHUPLQLQJ WKF
LV WKH IOX[ UHFRYHU\ UDWLR )55 ZKLFK LV WKH SHUFH
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DIWHU WKH LQWHUPLWWHQW ZDVKLQJ F\FOH 7KH )55 LQ«
LUUHYHUVLEOH $IWHU D K RLO HPXOVLRQ ILOWUDWLRC
ZDWHU IRU PLQ DW USP DQG ULQVHG WKUHH WLPHV
7KH ILQDO ZDWHU IOX[ ZDV UHFRUGHG IRU DQRWKHU P
QR IOX[ UHFRYHU\ ZzZDV REVHUYHG IRU WKH EDUH 3(6 PHF
YDOXH RI )55 YDOXHV DUH DQG Z Z DMQWGDU VKIRYHGD(
SRO\PHU EOHQGHG 3(6 PHPEUDQHVY UHVSHFWLYHO\ 7KH
PRVW RI WKH IRXOLQJ LV UHYHUVLEOH +RZHYHU WKH ZD
7KH PDLQ UHDVRQ PLIJKW EH WKH VXUIDFWDQW LQGXFHG
RI VWDU VKDSHG SRO\PHU SDUWLFOHV IURP WKH PHPEULI
IURP PHPEUDQHY ZDWHU SHUPHDELOLW\ LQFUHDVH G:
SKROORZHU" ZKLFK FDXVHV WKH LQFUHDVLQJ IOX[ DIWHU

QJ S

L IRB BWWUHHP B OVILRYWZ KWKD G®
RLO H

X O M LROIQWVIH @ WQHXO[WULHRER YHHAUQ R

vCc
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&RQFOXVLRQ
,Q VXPPDU\ VWDU VKDSHG SRO\PHUV ZLWK VLOLFD FRU
K\GURSKLOLF SRO\ HWK\OHQH JO\FRO PHWKDFU\ODWH D
RSWLPLIH D VWDEOH DQG YHUVDWLOH DQWL IRXOLQJ 3(6
LQ WKH PHPEUDQH SURYLGHG VXEVWDQWLDO HQKDQFHPI
DOQWLIRXOLQJ SURSHUWLHY DJDLQVW D PRGHO RUJDQLF
VKDSHG SRO\PHU FRPSRVLWHG 3(6 PHPEUDQHYV H[KLELWH
ORZHU IOX[ GHFOLQH SURSHUWLHY DJDLQVW RLO HPXOVL
FRPSRVLWLRQ RI VWDU VKDSHG SRO\PHU FDQ UHVXOW
PHPEUDQH VXUIDFH 7KH Z Z VWDU VKDSHG SRO\PHUV
SURYLGHG WKH EHVW DQWL IRXOLQJ SHUIRUPDQFH +R
SRO\PHUV IDOO RII GXULQJ WKH ZDVKLQJ SURFHVV ZKLF
LWV DQWL IRXOLQJ SURSHUW\ DQG LQFUHDVH WKH FOHI
FKDSWHU S1,3%P PLFURJHO FRDWHG 3(6 PHPEUDQHYV KDY
DQWL IRXOLQJ SHUIRUPDQFH DQG VHOI FOHDQLQJ SURSH
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CHAPTER 3

PSURYHG $QWL IRXOLQJ DQG 6HOI FO
3RO\HWKHUVXOIRQH OHPEUDQHV &RDW
EDVHG OLFURJHOV IRU 2LO\ :DWHU 7UF

7KLV FKDSWHU GHVFULEHV KRZ GLIITHUHQW VL]HV DQG FR!
PLFURJHOV KDYH EHHQ V\QWKHVL]J]HG DQG FKDUDFWHUL]
RSWLPL]JHG E\ WXQLQJ WKH PLFURJHO VL]HV DQG FRDWLQ
KDYH EHHQ PDGH WKURXJK D VWHSZLVH SUHVVXUL]HG FR
PLFURJHOV ZLWK GLIITHUHQW FRSRO\PHU FRPSRVLWLRQV
FKDUDFWHUL]HG E\ FRQ VWMV HUXHPX@OWURYLRRHRILRMA
ZDV UHFRUGHG GXULQJ WKH ILOWUDWLRQ DQG WKH I10X][
RQ WKH PHPEUDQH VXUIDFH DQG LQVLGH WKH PHPEUDQ
FKDUDFWHUL]J]HG E\ WKH LPDJHV EHIRUH DQG DIWHU ORQ.
SURSHUWLHYVY ZHUH FKDUDFWHUL]HG E\ FRPSDULQJ WKH
DOWHUQDWLYH ZDUP+FROG ZDWHU ZDVKLQJ 7KH SXUH Z
DIWHU ', ZDWHU ZDVKLQJ DQG WKH IOX[ UHFRYHU\ LOOXYV
WKDW KDV EHHQ UHPRYHG IURP WKH PHPEUDQH VXUIDFH)

 QWURGXFWLRQ
7KH FURVV OLQNHG QDWXUH RI VWLPXOL UHVSRQVLYH S|
PHPEUDQH VWUXFWXUH DQG DOORZV IRU VHOHFWLYH P
QHWZRUN 'XH WR WKHLU K\GURSKLOLFLW\ VHOHFWLYL!
UHVSRQVLYH SRO\PHUV KDYH EHHQ VWXGLHG LQWHQVLY
UHVSRQVLYH SRO\PHUV KDYH EHHQ WHVWHG IRU YDULR
PHPEUDQBI®G DQWL IRXOLER IPROWWQPKOL UHVSRQVLYH S
EHHQ DSSOLHG LQ PHPEUDQH VFLHQFH DV IXQFWLRQDO
VXFK DV SRO\PHU EUXVKHV K\GURJHOV DQG PLFURJHOV
FURVV OLQNHG QHWZRUNV Rl VWLPXOL UHVSRQVLYH SR
SURSHUWLHV Rl WKH K\GURJHOV OLNH PHVK VL]HV VWLF
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EH WXQHG E\ FKDQJLQJ WKH SRO\PHUL]DWLRQ FRQGLWL
GHVLUHV )RU H[DPSOH PHVK VL]HV FDQ EH WXQHG E\ FK
WKH SRO\PHUL]DWLRQ +\GURJHOV ZLWK GLIIHUHQW PHYV
SURYLGH DGMXVWDEOH SHUPBREHOK\WEWU B XHQ QRIH PLEDUMDQIHW
VKRZQ VZLWFKDEOH SHUPHDELOLW\ DQG DUH XVHG IRU F
7KH PHFKDQLFDO VWDELOLW\ IRU K\GURJHO PHPEUDQH\
ZDVWHZDWHU WUHDWPHQW DSSOLFDWLRQ EHFDXVH RI W
7KHUHIRUH K\GURJHOV FRPSRVHG RI FRQYHQWLRQDO PHI
LQ WKH ILHOG RI RLO\ ZDVWHZDWHU WUHDWPHQW +RZH
PHPEUDQHY KDYH VKRZQ VORZ UHVSRQVH DQG UHODWLY
,Q FRQWUDVW WR WKH EXON K\GURJHO FRPSRVHG PHPEUL
VKRZ RXWVWDQGLQJ DQWL IRXOLQJ DQG VHOI FOHDQLQJ
OLFURJHOV DUH VSKHULFDO K\GURJHOV ZLWK FROORLCGC
DGYDQWDJH RYHU EXON K\GURJHOV 7KH PLFURPHWHU \
EHWWHU IOH[LELOLW\ VLQFH PLFURJHOV FDQ EH XVHG DV
DQG IDVWHU UHVSRQVH EBDAMRD RBHMKMHWKIRI K, HUPHPEIDEF ® -
PLFURJHOV SOD\ D UROH LQ WXQLQJ PDVV WUDQVSRUW D
EHKDYLRU DQG FRQW URSWOLLRQIO & HUHPAHIRQ VILYWH PLFURJHO
UHYHUVLEOH YROXPH SKDVH WUDQVLWLRQ E\ WKH H[WH
IRFXV Rl FRQVLGHUDEOH VFLHQWLILF LQYHVWLJDWLRQ G
GHOLYMHQVLQJ ELBYBQNQ®L IRXOLKH VFRDMX®@L UHVSRQ!
EHKDYLRU LV Rl VSHFLDO UHOHYDQFH IRU WKH PHPEUDC
PLFUR VFDOH PHPEUDQH E\ VHOHFWLYHO\ PDVV WUDQVSF
7KH PRVW LQWHQVLYHO\ VWXGLHG VWLPXOL UHVSRQVLY!
LV SROAWRSURS\ODFU\ODPLGH S1,3$P ZKLFK LV NQRZQ
SKDVH FKDQJH DW D ORZ FULWLFDO VROXWLRQ WHPSHUD)
VZLWFKHV IURP WKH IXOO\ ZDWHU VROXEOH IUHH FRLO

FROODSVHG JOREXODU VWDWH DERYH f& OLFURJHOV
DQG VZROOHQ ZKHQ WKH VROXWLRQ 7 f& ZKLOH WKH
VROXWLRQ DW 7 ! f& $ VFKHPDWLF UHSUHVHQWDWLRQ
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EHKDYLRU LV GLVSOD\HG LQ )LJXUH 7KH FR SRO\PHUI
HQDEOHV WKH DGMXVWPHQW RI WKH YROXPH SKDVH WUD
DGGLWLRQOBHWSRIOPM.YH HOHPHQWY ,QFUHDVLQJ WKH |
FRSRO\PHUV LV NQRZQ WR ORZHU WKH /&67 ZKLOH LQFU
WHQGV WR UDLVH WKH /&67 WR D KLJKHU WHPSHUDWXUH
$$F ZLWK B S OHDGLQJ WR DQ LQFUHDVH RI WKH 97
K\GURSKLOLFLW\ DQG D S+ UHVSRQVLYH VZHOOLQJ DERY
PRQRPHUV FDQ LQFUHDVH WKH K\GURSKLOLFLW)\ RI PLEUF
EHWWHU DQWL IRXOLQJ SURSHUWLHY DV D PHPEUDQH F
WUHDWPHQW ORUHRYHU WKH FKDUJHV RI WKH JHO LWVF
SHUIRUPDQFH RI WKH PHPEUDQH IRU FKDUJHG VROXWHYV

JLIXUH 6ZHOOLQJ KULQNLQJ PHFKDQLVP RI S1,3%P FIKBMKHY LQ PLF
FRQIRUPDWLRQDO FKDQJH LQGXFHG E\ WHPSHUDN\L)FL(DI-H‘FKDQJHV RQ S

$ YDULHW\ R UHVHDUFKHUY KDYH H[SORUHG UHQGHULQJ
DGVRUSWLRQ 6WLPXOL UHVSRQVLYH SRO\PHUV KDYH Et
VXUIDFHV IRU IRXOLQJ UHPRYDO E\ EOHQGLQJ PLFURJHO
SUHSDUDWDRWLQJ PLFURJHOV RQ WKH PHPEUBRQYH VXUIL
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FURVVOLQNLQJ PLFURJHOV DIWHU GHSRVLWLQJ WKHP RQ
FRDWLQJ VWIPELHOUDWY XUH ZDV XVHG DV WKH PRVW FRPF
LVRSURS\ODFRDPD\WLUGH DFLGRSSE,3PRFURJHO ZDV WKH F
FRPPRQO\ XVHG VWLPXOL UHVSRQVLYH SRO\PHU DV DQ [
DELOLW\ WR SUHYHQW RU UHPRYH IRXODQWVY GXH WR L
FKDQJH ZLWK WHPSHUDWXUH RU S+ VWLPXEREYF OHPEUDGC
PLFURJHOV KDYH EHHQ VKRRDOWKR FO HOUQY DEQQEWRID® W H U
GURSOHWNEWLYHO\ XSRQ FOHDQLQJ ZLWK DQ DOWHUQDW
WKH /&67 Rl WKH SRO\PHU

'XH WR WKH UHSXOVLYH IRRSBFVPERAWRZHHIL/ SYI3BHPOH DGVR
D VWDEOH PLFURJHO OD\HU RQ WKH PHRZEHYMHEH REWWD FI
FKHPLFDO SURWRFROV IRU PHPEUDQRR$$6 FRLER@DBOM W L
QHHG DGYDQFHG FRDWLQJ SURFHGXUHV )RU H[DPSOH %
FRPSRVLWHG 3(6 PHPEUDQH ZLWK D FURVVOLQNHG S1, 3¢
ZHUH FURVVOLQNHG ZLWK HDFK RWKHU DIWHU GHSRVLWI
$OWKRXJK FKHPLFDO FURVVOLQNLQJ SURYLGHV D KLJK
PHPEUDQH VXUIDFHV WKH H[WUD FURVVOLQNLQJ SURFH\
WKH PHPEUDQH VXUIDEFHV 6LQFH PLFURJHO QHWZRUNV I
KROG ZDWHU LQVLGH FKHPLFDO UHVLGXDOV SURFHVVHG
RQH Rl WKH PDMRU FRQFHUQV IRU WKHVH SKHWKFRIGZV ,Q\
FRDWLQJ SURFHVVHV FDQ RIIHU FRQWUROOHG DQWL IRX
DIIHFWLQJ WKH SHUPHDWLRQ SURSHUWL VWK IWKFKBPBWH L
D VWDEOHFBH$B$PLFURJHO FRDWLQJ KDV EHHQ GHYHOT
SUHVVXUL]HG FRDWLQJ SURFHVV FRI$SHHP GE U R UHMW ZWAHIU H
XVHG WR LQYHVWIDBRHHK DKIHR BLEXBUQJ WKH SUHVVXUL]H
)XUWKHUPRUH WKH DQWL IRXOLQJ SHUPHDELOLW\ DQ
H[SORUHG )RXU GLIIHUHQW $$F FRPSRVHG S1,3$P EDVHG
ZLWK S1,3$P FR $$F PLFURJHOV FRDWHG PHPEUDQH VKF
SURSHUW\ )LQDOO\ WKH PLFURJHO FRDWHG PHPEUDQHYV
WR H[SORUH WKHLU FRDWLQJ VWDELOLW\ IRU LQGXVWU\
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([SHULPHQWDO 6HFWLRQ
ODWHUUDIOWRSURS\ODFU\ODPLGH 1,3%P PRQRPHU ZDV S

SRUWODQG 2UHJRQ DQG SXULILHG E\ UHFU\VWDOOL]DW
(0" *LEEVWRZQ 1- EHIRUH XVH 1 171 OHWK\OHQHELVDFU)
DFLG $$F DPPRQLXP SHUVXOIDWH $36 - VRGLXF

DQRG VRGLXP K\GUR[LGH 1D2+ ZHUH REWDLQHG IURI
2QWDULR DQG ZHUH XVHG DV UHFHLYHG +\GURFKORUL
&DOHGRQ /DE *HRUJHWRZQ 2QWDULR :KDWPDQ SDSHI
+HDOWKFDUH 8 . 2LO HPXOVLRQ ZDV SUHSDUHG E\ Q KF
&DQDGD DQG WZHHQ VXUIDFWDQW %LR 5DG +HUFXOH
D UHVLVWLYLWR RDV REWDLQHG IURP D OLOOL 4 30XV V\V
DOO H[SHULPHQWYVY 3RO\HWKHUVXOIRQH 3(6 PHPEUDQH
VLIH ZLWK SRO\SURS\OHQH EDFNLQJ ZDV SURYLGHG E\ 6R
DQG ZzDV XVHG WR VWXG\ WKH HIITHFW RI PLFURJHOV FRD\

31,33P EDVHG OLFURJHO 6\QWKHVLYV
OLFURJHOV ZHUH V\QWKHVL]HG E\ IUHH UDGLFDO SUHFLS

SUHYLRXVO\ SXEOLVKHG SURFHGXUH 7KUHH GLIIHUHQW
RI DFU\OLF DFLG $$F PLFRUJHOV ZHUH VI\QWKHVL]HG %!

GLITHUHQW VL]HV 1,3%P PPRO DQG %,6 PPRO ZH
ZLWK P/ ', ZDWHU LQ D P/ EHDNHU 7KH PL[WXUH ZD\
SODWH DQG ILOWHUHG WKURXJK DQ PILOWHU LQWR L

ZDV HTXLSSHG ZLWK D UHIOX[ FRQGHQVHU D WHPSHU
LOQOWURGXAIQLQAWR WKH UHDFWLRQ PL[WXUH 7KH UHDFW
1 JDV DQG KHDWHG WR  f& IRU KO0*6'6 1*  1* PPRO
DQG 1* UHVSHFWLYHO\ ZDV GLVVROYHG LQ P/ RI ', ZL
PLIWXUH LQ RQH DOLTXRW 7KH SRO\PHUL]DWLRQ ZDV LQ
RI $36 PPRO LQ P/ RI ', ZDWHU 7KH VRDEWLRQ W)
LQGLFDWLQJ WKH VXFFHVVIXO LQLWLDWLRQ 7KH SRO\PH!
IRU K XQGHHRDIQURQPHQW 7KH UHVXOWLQJ VXVSHQVL
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RYHUQLJKW ZLWK FRQWLQXRXV VWLUULQJ IROORZHG E\ |
DQ\ ODUJH DJJUHJDWHV 7KH 0* PLFURJHO VROXWLRQ ZC
DQG SXULILHG YLD FHQWULIXJPMQLRUR DRU®L D SHO HRW &F
E\ UHPRYLQJ WKH VXSHUQDWDQW DQG UHVXVSHQGLQJ WK
SURFHVV ZDV UHSHDWHG VL[ WLPHV 7KH 1* 1* DQG 1
SODFHG LQWR D GLDO\VLV EDJ N' 6SHFWUD &$ DQG G
ZLWK SHULRGLF ', ZDWHU UHSODFHPHQW HYHU\ K )RU

FRSRO\PHU FRPSRVLWLRQV 1,3%P DQG PF
$$F $$F 0* UHVSHFWLYHO\ DQG %,6 PPRO ZHUH
ZLWK P/ ', ZDWHU LQ D P/ EHDNHU 7KH PL[WXUH ZD\
SODWH DQG ILOWHUHG WKURXJK D P ILOWHU LQWR D

ZDV HTXLSSHG ZLWK D UHIOX[ FRQGHQVHU D WHPSHU
LOQWURGXAIQLQAWR WKH UHDFWLRQ PL[WXUH 7KH UHDFW
1 JDV DQG KHDWHG WR f& IRU K $$F DQG

$$F DQG $$F 0* UHVSHFWLYHO\ DQG 6'6 PPRO ZH
UHDFWLRQ PL[WXUH LQ RQH DOLTXRW DQG WKH SRO\PH!
WKH DGGLWLRQ RI $36 PPRO LQ P/ RI', ZDWHU 7KH
WR SURFHHG DW & IRQYLKRQ@RGHUNDG@KH UHVXOWLQJ \
DOORZHG WR FRRO RYHUQLJKW ZLWK FRQWLQXRXVO\ V
SXULILFDWLRQ E\ FHQWULIXJDWLRQ $00 WKH PLFURJHO
IUHH]H GULHG IRU IXUWKHU XVH

6WHSZLVH SUHVVXUL]HG &RDWLQJ
7KH QP SRUH VL]H 3(6 PHPEUDQH ZDV SUHWUHDWHG W

OD\HU E\ VRDNLQJ LW LQWR LVRSURS\O DOFRKRO IRU F
uLQvLQJd ZLWK ', ZDWHU DW OHDVW WKUHH WLPHV 7R F
DVVLVWHG PHWKRG D SUHWUHDWHG 3(6 PHPEUDQH ZDV
GHDG HQG ILOWUDWLRQ FHOO DQG P/ RI ', ZDWHU ZHL
XQGHU SvVL WR UHPRYH WKH H[FHVV LVRSURS\O DOFRK
PHPEUDQH $W WKH VDPH WLPH WKH PLFURJHO VROXWLF
PJ IUHH]H GULHG PLFURJHOV ZLWK P/ ', ZDWHU LQ D
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VROXWLRQ DQG DQRWKHU P/ ', ZDWHU ZHUH SODFHG R
$IWHU P/ Rl URRP WHPSHUDWXUH ', ZDWHU KDG SDV
PHPEUDQH WKH ZKROH GHDG HQG ILOWUDWLRQ FHOO ZI
ZDWHU DQG WKH UHVW RI WKH f& ', ZDWHU ZDV SDVVH
WR KDYH D VWDEOH FRDWLQJ WHPSHUDWXUH 7KHQ WKE
WKURXJK WKH PHPEUDQH DW SVL DW USP $IWHU WKH
PLQ WKH SUHVVXUH ZDV LQFUHDVHG WR SVL 7KH SUH
SVL DIWHU WKH SHUPHDWH IOX[ EHEDPH FRC

IOX[ ZDV UHFRUGHG DIWHU WKH PLFURJHO VROXWLRQ ZI
KDYH D VWDEOH SHUPHDWH IOX[ 1H[W WKH PLEFURJHO
PHPEUDQH ZDV NHSW XQGHU PLQLVRWRGH Y S U HYYXWKHR U
RI URRP WHPSHUDWXUH ', ZDWHU ZHUH DGGHG JHQWO\ L
VZHOOLQJ IRU K 7KHQ WKH PHPEUDQH DQG WKH FHOO Z

R P/ R URRP WHPSHUDWXUH ', ZDWHU WR UHPRYH W
PHPEUDQH VXUIDFH 7KH PHPEUDQH ZDV NHSW XQGHU
ZDWHU DQG VWLUULQJ DW USP IRU G ZLWK SHULRGLF

7KH PHPEUDQH ZDV ULQVHG JHQWO\ ZLWK ', ZDWHU EHIR
ILOWUDWLRQ WHVWYV

2LO\ :DVWHZDWHU )LOWUDWLRQ
7KH EDVLF RLO\ ZDVWHZDWHU ILOWUDWLRQ SURFHGXUH

%ULHIO\ PHPEUDQHYV DQG ILOWUDWLRQ FHOOV ZHL
WHPSHUDWXUH ', ZDWHU WKUHH WLPHV 7KRH@®RIWKH ILOWL
ZDWHU 1LWURJHQ JDV ZDV XVHG WR SUHVVXUL]H ZDWHL
REWDLQ D VWDEOH SXUH ZDWHU IOX[ 7KHQ WKH QLWUR
FRQVWDQW LQLWLDO SXUH ZDWHU IOX[ DURXQG /0+ K
RI WKH TXDQWLWDWLYH DQWL IRXOLQJ SHUIRUPDQFH R
PLFURJHO FRDWHG PHPEUDQH :KLOH ZDLWLQJ IRU WKt
VXUIDFWDQW VWDELODBW HUH HPRHRALLRK ZIDYY SUHSDUHG
RLO\ ZDVWHZDWHU VDPSOH 7R SUHSDUH D VXUIDFWDQW
LEZDWHU HPXOVLRQ GURS a PJ RI WZHHQ VXUIDF
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RlI''", ZDWHU 7KHQ J RI KHI[DGHFDQH ZHUH EOHQGHG LC
PLIWXUH ZDV KRPRJHQL]HG ZLWK D KRPRJHQL]JHU DW WKF

P/ RI'", ZDWHU ZHUH DGGHG WR WKLV HPXOVLRQ DQG Kk
WR JHQHUDWH SSP RH[DGHFEOWHULMWPXOVLRQ $IWHU U
WKH SXUH ZDWHU IO0OX[ IRU PLQ P/ Rl D KH[DGHFDQH
FHOO DQG WKH ILOWUDWIDRN) ZDVSPHWRUPFHEBUBUWNKH SH
ZKLOH WKH FHOO ZDV UHILOOHG ZLWK WKH SHUPHDWH R
DIWHU UHFRUGLQJ WKH SHUPHDWH IOX[ IRU WKH IRXOH
GLVFDUGHG DQG WKH PHPEUDQH ZDV ULQVHG ZLWK P
UsP 7KHQ WKH UHFRYHUHG SXUH ZDWHU IOX[ ZDV UHFR
UHFRYHU\ 7KH IOX[ GHFOLQH UDWLR )'5 DW WKH HQG RI
UHFRYHU\ UDWLR )55 DIWHU D ', ZDWHU ZDVK ZHUH XV
SURSHUWLHYV

/IRQJ WHUP )LOWUDWLRQ 6WDELOLW\ 7THVWYV
7KH FRDWLQJ VWDELOLW\ ZDV LQYHVWLIJDWHG E\ D ORQJ

RLO ILOWUDWLRQ H[SHULPHQW RSHUDWHG DERYH DQRW
ZHUH DGGHG WR WKH FHOO 7KH ILOWUDWLRQ ZDV NHSW
DQG USP VWLUULQJ IRU D ZHHN ZLWK D SHULRGLF RLC
$IWHU D ZHHN WKH PHPEUDQH ZDV VRDNHG LQ P/ RI
VROXWLRQ DW USP IRU K WR H[DPLQH WKH UHPRYDO |
GHFDQWLQJ WKH VXUIDFWDQW VROXWLRQ DQG WKUHH W
P/ RI SSP WZHHQ VXUIDFWDQW VROXWLRQ ZHUH
WKURXJK WKH PHPEUDQH WR UHPRYH WKH PLFURJHOV
PHPEUDQHV ZHUH ULQVHG JHQWO\ ZLWK ', ZDWHU EHIRUF

6HOI FOHDQLQJ E\ DQ $OWHUQDWLYH :D
/HPSHUDWXUHYV

TR LQYHVWLIJDWH WKH VHOI FOHDQLQJ EHKDYLRU ILOWU
DQG DERYH WKH /&67 WHPSHUDWXUH RI WKH SRO\PHU

DOWHUQDWLQJ WHPSHUDWXUHV )RU WKH ILOWUDWLRQ R
IOX[ ZHUH UHFRUGHG 7KH SUHVVXUH DOVR ZDV WXQHG W
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$IWHU PLQ UHFRUGLQJ P/ Rl ITUHVKO\ SUHSDUHG KI
DGGHG WR WKH FHOO DQG WKH ILOWUDWLRQ ZDV SHUIF
SHUPHDWH IOX[ ZKLOH WKH FHOO ZDV UHILOOHG ZLWK W
WKH RLO ILOWUDWLRQ WKH PHPEUDQH ZDV ULQVHG ILUV
WLPHV IROORZHG E\ ZDVKLQJ ZLWK PRQRDW f&WIP, ZD
TKHQ WKH PHPEUDQH ZDV ULQVHG ZLWK P/ Rl URRP WF

IROORZHG E\ ZDVKLQJ ZLWK P/ R URRP WHPSHUDWXU
UsSsP 7KLV ZDVKLQJ SURFHVYV ZDV UHSHDWHG WKUHH WL
ILQLVKHG DQRWKHU P/ RI f& ', ZDWHU ZHUH DGGHG

KRW ZDWHU IOX[ ZzDV UHFRUGHG ,Q WKH HQG DQRWKHU
ZDWHU ZHUH DGGHG LQWR WKH ILOWUDWLRQ FHOO DQG
)')5 DW WKH HQG RI WKH RLO ILOWUDWLRQ SHULRG DQG
ZLWK GLIITHUHQW WHPSHUDWXUH ', ZDWHU ZDVKLQJ ZHUFE
EHKDYLRU $IWHU WKH ZDVKLQJ SURFHVV WZR PRUH ILO)
DQG f& 7KH )55 ZzDV XVHG WR GHWHUPLQH WKH FRDWL:
SURFHVYV

&KDUDFWHUL]DWLRQ RI OLFURJHOV DQG OHPE
7KH K\GURG\QDPLF GLDPHWHUV RI PLFURJHOV ZHUH PHD\

'/16 XVLQJ D ODOYHUQ =HWDVL]HU 1DQR =6 O0DOYHUQ ,Q
86% HTXLSSHG ZLWK D QP OLJKW VRXUFH 7KH DYHUDJ
ZDV UHSRUWHG DV WKH DYHUDJH YDOXH RI WKUHH PHDVX
* VFDQV ZLWK DQ DFTXLVLWLRQ WLPH RI * VHF 7KF
GHWHFWHG DW f
7KH ROHRSKRELFLW\ RI WKH PLFURJHO FRDWHG 3(6 PHPE!
WKHLU XQGHUZDWHU Q KH[DGHFDQH FDSWLYH EXEEOH
PHDVXUHPHQWY ZHUH SHUIRUPHG XVLQJ D FRQWDFW
, QVWUXPHQWYV *PE+ ZLWK D | FDSWLYH Q KH[DGHFDQH
PHPEUDQH VWULS ZDV SODFHG ILUVW IDFH GRZQ LQ D
PHPEUDQH KROGHU DVVHPEO\ ZzDV DFFRPPRGDWHG LQ D
PHPEUDQH ZDV LPPHUVHG IXOO\ LQ ZDWHU $ KLJK VSHHG
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IRFXVHG RQ WKH PHPEUDQH VXUIDFH DQG DW OHDVW WK
RQ WKH PHPEUDQH VXUIDFH XVLQJ D VV\ULQJH ZLWK DQ
VDPSOHV ZHUH NHSW XQGHU ', ZDWHU DQG ULQVHG EHIR!I
7KH WRSRJUDSK\ RI XQPRGLILHG DQG PLFURJHO FRDWH
DVVLVWHG PHWKRG DQG QRQ SUHVVXUH DVVLVWHG PHWK
ZHUH VSXWWHU FRDWHG ZLWK $X 3G IRU V DW $ SU
PRUSKRORJLHV XVLQJ 6(0 7KH 6(0 ZDV RSHUDWHG DW N
$ HPLVVLRQ FXUUHQW RQ DQ XOWUD KLJK UHVROXWLRQ
6(0

SHVXOWY DQG 'LVFEXVVLRQ
7R FRQWURO WKH ILQDO VL]HV RI PLFURJHOV LQRUJDQLF

RI DJHQWY WKDW DUH XVHG 7\SLFDOO\ D KLJKHU FRQFHC
VL]HV ZKLOH D KLJKHU FRQFHQWUDWLRQ RI VXUIDFWDC
%DVHG RQ WKH VXUIDFH HOHRVQF UMDY IGRXWEH ORQHE WW
FDXVH WKH GHFUHDVH Rl WKH GRXEOH OD\HU WKLENQHV
LQGXFHV WKH DJJUHJDWLRQ WR ODUJHU SDUWLFOHV 66Xl
DQG SUHYHQW DJJUHJDWLRQ UHVXOWLQJ LQ VPDOOHU
VIQWKHVL]HG E\ IUHH UDGLFDO SUHFLSLWDWLRQ SRO\PH!
VXUIDFWDQW PHDVXUHG DQG FKDUDFWHUL]JHG E\ '/6 7K
PLFURJHOV LQ ', ZDWHU ZHUH PHDVXUHG XVLQJ '/6 DW

FDQ EH IRXQG LQ 7DEOH 7KH PLEURJHO VL]HV GHFEUHI
FRQFHQWUDWLRQ 'XULQJ WKH PLFURJHO V\QWKHVLV L
PLFURJHO SDUWLFOH VXUIDFHVY DQG VROYHQW ZDWHU 7K
WKH PLFURJHO VXUIDFH EHFDXVH RI LWV DPSKLSKLOLF
JURZLQJ DIWHU WKH VXUIDFWDQW RFFXSLHV WKH ZKROH
RI WKH VXUIDFWDQW KDV DGVRUEHG RQ WKH PHPEUDQH
K\GURSKRELF DERYH /&67 ZKLOH WKH QHJDWLYHO\ FKDU
FRYHUHG WKH PLFURJHO VXUIDFH 7KH KLJKO\ QHJDWLYH
UDGLFDO RQ WKH HQG RI SRO\PHU FKDLQV UHVXOWLQJ
KLJKHU VXUIDFWDQW FRQFHQWUDWLRQ FDQ LQKLELW WK
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WKH VPDOOHU PLFURJHOV KDYH D KLJKHU VXUIDFH DUHD
WR LQKLELW WKH VXUIDFH UDGLFDO O* HIKLELWV D K\(¢

f& DQG “ f®P/LNHZLVH 1* VKRZHG D GLDPHWHU

f& DQG “ QP f& 1* VKRZHG D GLDPHWHU RI
DQG “ QP f& DQG 1* VKRZHG D GLDPHWHU RI  *
QP f&

7R RSWLPL]H WKH FRDWLQJ DELOLW\ RI PLFURJHOV RQ W
VXUIDFH IRXU GLIITHUHQW PLFURJHOV ZLWK GLIITHUHQW V
ZHUH VWXGLHG WR REVHUYH WKH PLFURJHO EHKDYLRUYV
7KH SHUPHDWH IOX[ ZDV UHFRUGHG GXULQJ WKH FRDWL
EHKDYLRU GXULQJ WKH FRDWLQJ SURFHVV DV VKRZQ LQ

7D E O HHydrodynamic Diameter and Standard Deviations for the Investigated Microgels

+\GURG\QDPLF 'LDF +\GURG\QDPLF 'LDP
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JLIXUH 7KH SHUPHDWH IOX[ GXULQJ VWHSZLVH SUHVWXUIHG FRDWLC
DQG G 1* DW SVL UHG UHJLRQ EOSHLUWHHQRRZ UHIYRQJUHHG/IUH.
SVL RUDQJH UHJLRQ SVL JUH\IWIRQLRQ DQG SVL SXUSOH UHJ

7KH GHWDLOHG VWHSZLVH SUHVVXUL]J]HG FRDWLQJ SURFI
%ULHIO\ D f& PLFURJHO VROXWLRQ ZDV ILOWHUHG WK
LQFUHDVLQJ SUHVVXUH IURP WR ILQDO
SXUH ZDWHU IOX[ DW SvL ZHUH UHFRUGHG WR ZDUP X
IOXFWXDWLRQ RI SXUH ZDWHU IOX[ GXULQJ WKH ILUVW
', ZDWHU )RU WKH ILOWUDWLRQ RSHUDWHG LQ WKLV VHF\
QLWURJHQ JDV SUHVVXUH DQG ZDWHU SUHVVXUH LQ WKH
ZDWHU SUHVVXUH GHFUHDVHG ZLWK WKH IHHG VROXWLR
GHFUHDVHG SUHVVXUH DQG IOX[ $IWHU UHILOOLQJ WKH
IOX[ VXGGHQO\ LQFUHDVHG ZLWK WKH ZDWHU SUHVVXUH
f& SXUH ZDWHU IOX[ KDYH EHHQ UHFRUGHG D f& PLF
DW SVL )RU 0* DV VKRZQ LQ )LJXUH D WKH SHUPHLI
DIWHU WKH PLFURJHO VROXWLRQ ZDV DGGHG VLQFH VRP
RQ WKH PHPEUDQH VXUIDFH $IWHU WKH IOX[ ZDV VWDELC
ZDV LQFUHDVHG WR SVL ZKLFK FDXVHG WKH GUDPDWLF
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EHHQ UHDFKHG DW SVL WKH ILOWUDWLRQ V\VWHP ZDV
SVL SUHVVXUH ZDV DSSOLHG WR WKH ILOWUDWLRQ V\V
SUHVVXUH FKDQJH )LQDOO\ DIWHU PLQ RI PLFURJHO
FRPLQJ WKURXJK WKH PHPEUDQH
7KH SRUHV RQ WKH PHPEUDQH VXUIDFH Rl WKH ELJJHVW
ZLWK WKH UHVXOW WKDW WKH SUHVVXUH FKDQJH FDQQ
FRPHVY WKURXJK WKH PHPEUDQH LQ WKH HQG $OWKRXJK
LW LV QRW VXLWDEOH IRU IXUWKHU H[SHULPHQWY EHFDX
ELJJHVW PLFURJHO 1* DVEVKWE® LQX[LYXMLKWO LQFUHD
FKDQJH WR D KLJKHU SUHVVXUH DIWHU LQFUHDVLQJ WKH
VDPH OHYHO/OBURR®EO SVL 7KLV UHYHDOV WKDW WKH
KDV D KLJK VWDELOLW\ DQG UHWDLQV WKH SHUPHDELOL)
WKH VHFRQG VPDOOHVW PLFURJHP® WKH D®XKRZGHE )D JC
WLPH WR VWDELOL]JH ,Q WKH EHJLQQLQJ WKH IOX[ GHF
ZHUH SDVVLQJ VORZO\ WKURXJK WKH PHPEUDQH 'XULQJ
VRPH RI WKHP UHPDLQHG RQ RU LQVLGH WKH PHPEUDQH
UHVXOWLQJ LQ D VORZ GHFUHDVH LQ WKH SHUPHDWH 10X
WR DQG SVL DOO WKH PLFURJHOV WKDW UHPDLQHG
WKURXJK WKH PHPEUDQH UHVXOWLQJ LQ D VXGGHQ LQF
SVL LQGLFDWHY WKDW WKH FRDWLQJ LV QRW VWDEOH

VPDOOHVW PLFURJHO 1* DV VKRZQ LQ )LJXUH G W
VXGGHQO\ LQFUHDVHG E\ FKDQJLQJ LW WR SVL 7KHQ '\
DQG SvL 7KH REVHUYDWLRQ LQGLFDWHYV WKDW 1*

PHPEUDQH DW SVL +RZHYHU PLFURJHOV IDOO RXW E\ \
WR SVL 6LQFH WKH 1* PLFURJHOV FDQQRW FKDQJH WK
IOX[ LV VWDELOL]J]HG DW D KLJKHU IOX[ OHYHO 0* KDV W
ZKLOH 1* DQG 1* FRDWLQJYV KDYH KLJK SHUPHDELOLW:!
IRXU PLFURJHOV ZLWK GLITHUHQW VL]HV 1* LV WKH EHV
VWDELOLW\ DQG WKH PHPEUDQH SHUPHDELOLW\ IRU IXUW
1* ZDV LQYHVWLIJDWHG IXUWKHU E\ WKUHH GLIITHUHQW F
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VWHSZLVH FRDWLQJ SURFHVV FDQ SURYLGMHPD3(OQLIRUP D
PHPEUDQH )LUVWO\ 6(0 LPDJHV IRU DQ XQFRDWHG 3(6 PF
JURXS 7KH SUHWUHDWHG 3(6 PHPEUDQH ZDV VRDNHG DW
SHULRGLF ', ZDWHU UHSODFHPHQW HYHU\ K DQG ULQV
VKRZQ LQ )LIXUH D 7KHQ FRQVWDQW SUHVVXUL]HG
VWHS ZLVH SUHVVXUL]HG FRDWLQJ IROORZHG E\ GU\LQJ
D XQLIRUP DQG VWDEOH FRDWLQJ RQ WKH PHPEUDQH VXI
ZHUH WKH VDPH %ULHIO\ PJ RI IUHH]H GULHG PLFURJ}
RI ', ZDWHU DQG KHDWHG W&R PLF&R JHK® ¥ XWEKHQVLRQ ZD
WKURXJK WKH PHPEUDQH XQGHU SUHVVXUH )RU WKH FF
FRQVWDQW  SVL SUHVVXUH ZDV DSSOLHG GXULQJ WKH 2
RI WKH FRDWLQJ RQH PHPEUDQH ZDV ULQVHG LPPHGLDW
XQVWDEOH PLFURJHO D\E VERRWKBU)PHKREUDQH ZHQW V
DGGLWLRQDO GU\LQJ SURFHVV XQGHU SVL SUHVVXUH |
ULQVH DV VKRZQ LQ )LJXUH F %RWK PHPEUDQHV ZHL
URRP WHPSHUDWXUH ', ZDWHU DQG FRQWLQXRXV VWLUUL
', ZDWHU UHSODFHPHQW HYHU\ K DQG ULQVHG IRU IX
LPDJHV LQ )LJXUH E DQG F UHYHDOHG WKDW WKE
VXFFHVVIXOO\ RQ WKH PHPEUDQH E\ WKH FRQVWDQW SUH
QRQ PLFURJHO FRDWHG 3(6 PHPEUDQH +RZHYHU WKH 1
VKRZ KLJK XQLIRUPLW\ DQG VWDELOLW\ 'XULQJ WKH FF
PLFURJHOV ZHUH FRDWHG RQ WKH PHPEUDQH XQGHU SU
DQG K\GURSKRELF QDWXUH RI PLFURJHOV EHORZ DQG DE
DERYH /&67 DW f& FDQ LQFUHDVH WKH K\GURSKRELF=*|
WKH PLFURJHOV DQG PHPEUDQH $IWHU WKH WHPSHUDWX
WKH PLEFEURJHOV VKRZHG D K\GURSKLOLF QDWXUH DQG ZH
'LWK f& ', ZDWHU ZDVKLQJ WKH ZHDNO\ FRDWHG PLF
UHVXVSHQGHG LQ ZDWHU UHVXOWLQJ LQ D ORZ FRDWLQJ
VOLJKWO\ HQKDQFHG WKH K\GURSKRELF+K\GURSKRELF LC
PHPEUDQH EHFDXVH PLFURJHOV XQGHUJR DQ H[WUD GHI
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ERQGYV LQ ZDWHU EHWZHHQ WKH FDUERQ\O DQG WKH VI
PROHFXOHV ZHUH EURNHQ GXULQJ WKH GU\LQJ SURFHVYV
WKH PLFURJHO DQG VRPH DJJUHJDWHY RQ WKH PHPEUDQF
HDVLO\ ZLWK ', ZDWHU ZKLOH WKH VXUIDFH WKDW LQW
WKHUHIRUH LW FDQQRW EH ZDVKHG RIl HDVLO\ IURP WK|
RI WKH PLFURJHOV FDQQRW IRUP DJJUHJDWHYV GXULQJ W
RII FDXVLQJ WKH XQXQLIRUP FRDWLQJ RQ WKH PHPEUDQ
YRU WKH VWHSZLVH SUHVVXUL]HG FRDWLQJ D VWHS ZLVH

WR WKH ILQDO  SVL GXULQJ WKH FRD
GU\LQJ SURFHVV XQGHU SVL SUHVVXUH IRU PLQ 7KH
ZLWK URRP WHPSHUDWXUH ', ZDWHU DQG VWRUHG LQ WKF

', ZDWHU DQG FRQWLQXRXV VWLUULQJ DW USP IRU
UHSODFHPHQW HYHU\ K DQG ULQVHG IRU IXUWKHU FK
J)LIXUH G UHYHDOHG WKDW WKH VWHSZLVH SUHVVXU

XQLIRUP DQG VWDEOH FRDWLQJ OD\HU 7KH VWHS ZLVH S
D PRUH FRPSUHVVHG FRDWLQJ OD\HU RQ WKH PHPEUDQH

ZDV FRDWHG RQ WKH PHPEUDQH DW ORZ SUHVVXUH $IW]
PHDQV WKDW WKH G\QDPLF PLFURJHO DGVRUSWLRQ LV D
FDQ FRPSUHVV WKH ILUVW OD\HU RI PLFURJHOV FDXVLQJ
OD\HU RI PLFURJHOV ZDV GHSRVLWHG RQ WRS RI WKH IL
KDG EHHQ FRPSUHVVHG 7KHVH FRPSUHVVLQJ DQG FRDW|
WLPHV WR REWDLQ D XQLIRUP DQG KLJK VWDELOH FRDW
FRDWLQJ JHQHUDWHG E\ WKH VWHS ZLVH FRDWLQJ SUF
PHPEUDQH DUHD EHFDXVH WKH PLFURJHO OD\HUV DOUHD
GU\LQJ SURFHVV 7KH GU\LQJ SURFHVV GLG QRW OHDG W
WKH ERWWRP OD\HUV DOUHDG\ KDG EHHQ FRPSUHVVHG 7
GXULQJ WKH UHK\GUDWLRQ SURFHVV VLQFH WKH VWHS Z
LOQWR D WKUHH GLPHQVLRQDO QHWZRUN 7KH PLFURJH
PHPEUDQH VXUIDFH ZDV OHVV K\GUDWHG EHFDXVH RI L\
ZKLFK DGKHUHG WR WKH PLFURJHO FRDWLQJ QHWZRUN
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PLFURJHO OD\HUV ZHUH K\GUDWHG IXOO\ IRU IXUWKH!I
SHUIRUPDQFH

YLIXUH7KH 6(0 LPDJHV IRU D DQ XQPRGLILHG 3(6 PHPEWD@HDQG DQ
YLD E FRQVWDQW SUHVVXUH FRDWLQJ F UFR@N WDINDBN G UWWWSIZH VA
SUHVVXUH FRDWLQJ IROORZHG E\ GU\LQJ

7R RSWLPL]H WKH DQWL RLO IRXOLQJ SURSHUW\ LRQLF |
PLFURJHOV WR HQKDQFH K\GURSKLOLFLW\ DQG DQWL IF
IXQFWLRQDOLW\ WR PLFURJHOV FDQ EH DFFRPSOLVKE
FRSRO\PHUL]DWLRQ DQG LQGLUHFW SRVW SRO\PHUL]L
DSSURDFK IXQFWLRQDO PRQRPHUVY DUH FRSRO\PHUL]HG
1,33P GXULQJ WKH IUHH UDGLFDO SRO\PHUL]DWLRQ SU
SUHIHUUHG LQ FDVHV ZKHUH D VPDOO PROHFXOH ZKLF
SDUWLFOH LV SUHVHQW ZLWK WKH GHVLUHG IXQFWLRC
SRO\PHUL]DWLRQ DSSURDFK DUH XQIDYRUDEOH WR WKH I
K\GURSKLOLFLW\ RI PLFURJHOV DFU\OLF DFLG $$F ZzZDV
1,33P )RXU VHWV RI PLFURJHOV ZHUH SUHSDUHG ZLWK 1,

DQG $$F FRPRQRPHUV GXULQJ SRO\PHUL]DW
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$$F $$F DQG $$F UHVSHFWLYHO\ WR RSWLPL]H WKH
RLO ILOWUDWLRQ

$V WKH FRDWLQJ DELOLW\ KDV EHHQ RSWLPL]JHG E\ PLFI
PLFURJHOV IRU IXUWKHU ILOWUDWLRQ ZHUH GHVLIJQHG W
SRO\PHUL]DWLRQ PPRO RI VXUIDFWDQW DOVR ZHUH X\
EHVW FRDWLQJ SHUIRUPDQFH IRB PHDV®P K 61 WM ¥ ELLLDELHF
K\GURG\QDPLF GLDPHWHUV RI ! : “ DQG
$$F DQG $$F UHVSHFWLYHO\ DW S+ 7TKH LQFU
FRPSRVLWLRQV ZHUH FDXVHG E\ WKH HOHFWURQ UHSXO
DFU\OLF JURXSV LQ WKH PLFURJHO )7,5 VSHFWUD DOV
S1,33PR$$F PLFURJHOV DQG WKH UHVXOWY DUH VKRZQ |
YLEUDWLRQDO IUHTXHQFLHV IURP )7,5 DQDO\VLV DUH VKEF

JLIXUH)7,5 VSHFWUD RI $$F EODFN $$F UHG DQG $$F EOXH
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QFWLYH ,5 YXQFWLRQDO *URXSV DQG 7KHLU 5HSUHVHQ
LF

)XQFWLRQDO JU ‘DYHQXPEHUYV

1+VWUHWFKLQ

2 + VWUHWFKL

& + VWUHWEFKL

& + VWUHWEFKL

FDUER[\OLF DFLG &

DPLGH & 2 VWUH

1 + EHQGLQJ

& + EHQGLQJ

& 2 VWUHWFKL

%DVHG RQ %HHUfY ODZ WKH DEVRUEDQFH LV WKH SUR
FRQFHQWUDWLRQ RI FKHPLFDO VSHFLHVY DQG SDWK OHQ
ZLWK D .%9U SHOOHW WKH PRODU FRQFHQWUDWLRQ DQG
DEVROXWH DEVRUEDQFH LV QRW UHOLDEOH WR HVWLPDW
FR$$F PLFURJHOV 6LQFH ZH QHHG RQO\ WKH LQIRUPDW
PLFURJHOV WKH UDWLR RI WKBIUERYVROUEDQFIHGDW?2 UHPUF
IRU 1,3$P WR WKDWHIMWH & BPUHSUHVHQWLQJ IRU $$F F
$$F FRPSRVLWLRQ LQ WKH PLFURJHO %DVHG RQ WKH UH
$$F FRPSRVLWLRQ LQ WKH PLFURJHO VI\QWKHVL]HG DERY
VKRZV WKDW WKH DFWXDO FRPSRVLWLRQ LV IRU WKI
DGGHG GXULQJ WKH VIQWKHVLYV 7KLV UHSXKOW LAK DRV UH
UHSUHVHQWY WKH FDUER[\OLF DFLG & 2 LV WRR ZHDN DC
7KH RWKHU WZR PLFURJHOV VKRZ D ORZHU DFWXDO FRPS
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WKH VIQWKHVLY EHFDXVH QRW DOO WKH $$F KDV EHHQ S
WKH $$F PRQRPHUV GLG QRW SRO\PHUL]JH LQ WKH PLFUR.
SXULILFDWLRQ SURFHVYV

7TDEOH7KH 1,3%$P WR $$F ORQRPHU 5DWLRV LQ 'LITHUHQW $$F &RPSRVEL

OLFURJ $EVRUEDC $EVRUEDC 5DWI $FWXI
FP FP &RPSRV

$$F

$$F

$$F

$00 IRXU VHWV Rl PLFURJHOV ZHUH XVHG LQ IXUWKHU RL
DERYH VLPLODU VL]HG PLFURJHOV ZHUH XVHG DV FRDWL
VXUIDFH 7R FKDUDFWHUL]H WKH ROHRSKRELFLW\ RI WKF
XQGHUZDWHU Q KH[DGHFDQH FDSWLYH EXEEOH FRQWDFW
YLIXUH 7KH FRQWDFW DQJOHV DUH  * “ “ D
3(6 PHPEUDQHYV DQG $$F $$F DQG $%$& IRU PLFURJHO
FRQWDFW DQJOHV RI WKH $$F FRDWHG PHPEUDQHV KC
EHFDXVH WKH Q KH[DGHFDQH GURSOHW FRXOG QRW EH
FRQWDFW $ PHFKDQLFDO IRUFH KDG WR EH DGGHG WR
PHPEUDQHV FDXVLQJ WKH LUUHJXODU EXEEOH VKDSH DQ
WKH FRQWDFW DQJOH PHDVXUHPHQW LV EHFDXVH WKH Q
E\ WKH PHPEUDQH VXUIDFH HYHQ ZLWK DGGLWLRQDO |
LQFUHDVH f LQ FRQWDFW DQJOH ZDV REVHUYHG IR
IROORZHG E\ $$F FD f DQG $$F FD f FRDWHG P
PLFURJHO FRDWHG 3(6 PHPEUDQHV H[KLELW D PXFK KLJK
FRDWHG PHPEUDQH VXUIDFH $V KLJKHU $$F FRPSRVHG
VXUIDFH K\GURSKLOLFLW)\ ZDV REVHUYHG 7KH LQFUHDVL
K\GURSKLOLFLW\ RQ WKH PHPEUDQH VXUIDFH ZKLFK PD\
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GXULQJ IXUWKHU H[SHULPHQWYV

YLIXUH (YDOXDWLRQ RI WKH PLFURJHO FRDWHG P HPH[DGHF DQRP UHSL
FDSWLYH EXEEOH FRQWDFW DQJOHV PHDVXUHPHQRMRDWHG®6BWBH 3(6 P
PHPEUDQH F $$F PLFURJHO FRDWHG 3(6 PHPEUDQHE DM@EHG $$F P

7KH DQWL RLO IRXOLQJ SURSHUWLHYV RI WKH PHPEUDQHYV

FRQFHQWUDWHG FD 5 @D WH] DIGARHFEFDVQIHR RLOKH RLO
ILOWUDWLRQ ZDV FDUULHG RXW XQGHU FRQVWDQW LQLW|
IOX[ UHFRUGLQJ IRU K DV VKRZQ LQ )LJXUH 7TKH LQL

E\ VOLIJKWO\ FKDQJLQJ WKH SUHVVXUH WR WKH /0+ OH
IROORZLQJ H[SHULPHQWV $W WKH HQG RI DQ RLO HPXOV
GHFOLQH IRU XQPRGLILHG 3(6 PHPEUDQH ZDV /0+

RQO\ E\ /0+ /0+ /0+ DQG /0+ I
$$F $$F $3F DQG $$F FRDWHG 3(6 PHPEUDQHYV UHYV
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YLIXUH (YDOXDW LRQ RI DQWLIRXOLQJ SURSHIMWMHBIVHPYXOVQRY XWID
XQPRGL(&REPEU QH EODFN DQG $$F UHG $$F EQNHHQ $$F SLQ
FRDWHG 3(6 PHPEUDQHV

7KH 3(6 PHPEUDQH LV RQH RI WKH PRVW VXVFHSWLEOH P
RLO LV NQRZQ DV RQH RI WKH PRVW VHYHUH RUJDQLF IRX
UDWLR WKDQ WKH XQPRGLILHG 3(6 PHPEUDQH LV RXWVYV
KLIKO\ FRQFHQWUDWHG RLO HPXOVLRQ 6XFK D KLJK DQYV
PHPEUDQHYV LV HQGRZHG E\ DQ DQWLIRXOLQJ EDUULHU
PLFURJHO OD\HU DQG QHJDWLYHO\ FKDUJHG VXUIDFH SR
GHWHUPLQLQJ WKH PHPEUDQHYV DQWLIRXOLQJ SURSHUW
WKH SHUFHQWDJH RI IOX[] WKDW FDQ EH UHFRYHUHG DIW
IOX[ UHFRYHU\ ZDV REVHUYHG IRU WKH XQPRGLILHG 3(6
UHFRYHU\ UDWLR ZDV DQG IRU $$F $$F $$
3(6 PHPEUDQHVY UHVSHFWLYHO\ $00 WKH PLFURJHO FRD
ZKLFK LQGLFDWHV WKDW PRVW RI WKH RLO IRXOLQJ RQ
+RZHYHU WKH IOX[ UHFRYHU\ UDWLR IRU $$F FRDWHG
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JLUVW WKH VXUIDFWDQW ZKLFK LV XVHG WR VWDELOL]H
RQ WKH PHPEUDQH WR LQFUHDVH WKH K\GURSKLOLFLW\ R
FDXVLQJ D KLJKHU UHERYHU\ 10X] $QRWKHU UHDVRQ P|
PLFURJHO FRDWLQJ IURP WKH PHPEUDQH VXUIDFH ZKLFI
DIWHU ZDVKLQJ &RPSDULQJ WKH VORSH IRU WKH PLQ
PHPEUDQH KDV WKH IODWWHVW IOX[ DQG WKH $$F FRD\
LQFUHDVH LQ WKH IOX[ %HFDXVH RI WKH KLJK FKDUJH GF
UHSXOVLRQ IRUFH EHWZHHQ WKH PLFURJHOV RQ WKH FRE
PLFURJHO RQ WKH WRS OD\HU WR GHWDFK IURP WKH FR
QHWZRUN 7KH GHWDFKPHQW RI PLFURJHOV LQFUHDVHC
PHPEUDQH UHVXOWLQJ LQ D VLIQLILFDQW LQFUHDVH LQ
%RWK WKH $$F DQG $$F FRDWHG PHPEUDQHV ZHUH FKF
VWDELOLW\ IRU ORQJ WHUP RSHUDWLRQ %DVHG RQ WKH

$$F FRDWHG PHPEUDQHV KDYH VLPLODU LQFUHDVLQJ |
PHPEUDQHV DQG $$F FRDWHG PHPEUDQHYV H[KLELW D V
DIWHU WKH RLO ILOWUDWLRQ H[SHULPHQW RSHUDWHG DE
IRU D ZHHN XQGHU DWPRVSKHUH SUHVVXUH ZLWK SHULF

K OHPEUDQHV ZHUH ZDVKHG E\ D VXUIDFWDQW VROX
PLFURJHO DQG VRDNHG LQ ', ZDWHU IRU DQRWKHU K E
VKRZQ LQ )LIJXUH
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JLIXUH 7KH 6(0 LPDJHV IRU D $$F FRDWHG 3(6 PHPEGHIXHHND EHIRU
ILOWUDWLRQ XQGHU DWPRVSKHUH SUHVVXUHHDRWH 3@6 F&DOMMG 3 (B Q
ZHHN ILOWUDWLRQ XQGHU DWPRVSKHUH SUHVVXUH

&RPSDULQJ D DQG E LQ )LIXUH $$F PLFURJHOV VYV

3(6 PHPEUDQH VXUIDFH 7KH PLFURJHO FRDWHG VXUID!
ZDVWHZDWHU ILOWUDWLRQ $IWHU D ORQJ WHUP RSHUDW
EHFDXVH WKH PHPEUDQH VXUIDFH KDG EHHQ IRXOHG E\ C
D FOHDU PLFURJHO FRDWLQJ OD\HU RQ WKH VXUIDFH O
J)LIXUH E 6RPH DUHDV RQO\ URXJKO\ VKRZHG WKH J
ZLWKRXW D FOHDU ERXQGDU\ EHWZHHQ PLFERJIJHK®»Y OLN
RLO\ IRXODQW RQ WKH PHPEUDQH VXUIDFH FDQ FDXVH Wk
FRYHUHG RQ WKH FRDWLQJ VXUIDFH %\ FRPSDULQJ F I
FRDWLQJ GLG QRW VKRZ D KLJK VWDELOLW\ GXULQJ WKH
FRDWHG WLJKWO\ RQ WKH PHPEUDQH DW WKH EHJLQQLQJ
ZDVKLQJ LQ ', ZDWHU IRU K +RZHYHU DIWHU RQH ZH
IROORZHG E\ VXUIDFWDQW ZDVKLQJ DOPRVW DOO WKH P
VXUIDFH ZKLFK FRQILUPV WKH REVHUYDWLRQ RI WKH VL.
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UHFRYHU\ SURFHVV %DVHG RQ WKH GHWDFKPHQW IDFW |
$$F FRDWHG 3(6 PHPEUDQHV ZHUH XVHG IRU WKH IXUWK
7KH VHOIl FOHDQLQJ EHKDYLRU ZDV VWXGLHG E\ REVHUYL
DOWHUQDWLYH ', ZDWHU ZDVKLQJ ZLWK f& DQG f& W
FOHDQLQJ EHKDYLRU ZLWK DQ XQPRGLILHG 3(6 PHPEUD
PHPEUDQH ERWK PHPEUDQHV XQGHUZHQW D ZDUP FROG
WKH XQPRGLILHG 3(6 PHPEUDQH ZDV ZDVKHG E\ DOWHUQ
DIWHU WKH f& RU f& RLO ILOWUDWLRQ 1R IOX[ UHER
WKH XQPRGLILHG 3(6 PHPEUDQH DV VKRZQ LQ )LJXUH
PHPEUDQH D SXUH ZDWHU IOX[ PMQ U F &KAD D IWHFR W& GOIA
ILOWUDWLRQ ZLWK WKH VDPH SUHVVXUH DSSOLHG IRU
SUHVVXUH ZDV NHSW FRQVWDQW IRU WKH IROORZLQJ H[!
ZDWHU ZDV XVHG WR ZDVK WKH PHPEUDQH IROORZLQJ
H[SHULPHQWDO VHFWLRQ 7KH SHULRGLF IOXFWXDWLRQ
f& ', ZDWHU )RU WKH ILOWUDWLRQ RSHUDWHG LQ WKL
WZR SDUWV QLWURJHQ JDV SUHVVXUH DQG ZDWHU SUH\
ILOWUDWLRQ WKH ZDWHU SUHVVXUH GHFUHDVHG ZLWK W
FDQ FDXVH GHFUHDVHG SUHVVXUH DQG IOX[ $IWHU WKH
SUHVVXUH FDXVHG D KLJKHU IOX[ ZKLFK UHVXOWLQJ LQ
ZDWHU IOX[ DW f& DOVR ZDV UHFRUGHG WR LQYHVWLJC
RUAZDWHU ILOWUDWLRQ ZDV RSHUDWHG DW WKH HQG WF
DIWHU ORQJ WHUP RSHUDWLRQ $V VKRZQ LQ )LIJXUH F
RLO GXULQJ WKH ORQJ WHUP RSHUDWLRQ EHFDXVH WKH
DURXQG +RZHYHU DIWHU ZDVKLQJ DW f& DQG f&
VKRZHG D KLJK UHFRYHU\ UDWLR Rl DURXQG ZKLFK LC
RQ WKH FRDWLQJ VXUIDFH KDV EHHQ UHPRYHG GXULQJ W
ZDVKLQJ ZLWK WKH WHPSHUDWXUH EHORZ DQG DERYH /&¢
WKH PLEFURJHO FRDWHG VXUIDFH 7KH PHEFKDQLFDO IRUFH
PHPEUDQH GULYHV WKH IRXODQW GHWDFKPHQW IURP WK
IOX[ UHFRYHU\ UDWLR +RZHYHU WKH IOX[ LQFUHDVH FD
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RI PLFURJHO FRDWLQJ DV GLVFXVVHG IRU $$F FRDWHOC
ILOWUDWLRQ F\FOH DW f& DQG f& ZDV RSHUDWHG WR
WHUP RSHUDWLRQ DQG ZDVKLQJ SURFHVV DV VKRZQ LQ
J)LIXUH E 7KH IOXFWXDWLRQ RI IOX[ DW f& FDQ EH
ZLWK WKH ZDWHU SUHVVXUH FKDQJH GXULQJ WKH UHILC
IROORZHG E\ ZDVKLQJ WKH ZDWHU IOX[ KDV LQFUHDVHG
LQFUHDVH FDQ EH FDXVHG E\ WKH IXUWKHU GHWDFKPHC
GXULQJ WKH ZDVKLQJ SURFHVV 7KH IOX[ GLG QRW NHHS 1
WKH FRDWLQJ KDV RXWVWDQGLQJ VWDELOLW\ HYHQ DIWFE

JLIXUH (YDOXDWLRQ RI VHOI FOHDQLQJ EHKDYLRU ZLWRJIJDIRWHUQDWL
D DQ XQPRGLILHG 3(6 DQG E D $$F FR DNV&HIEX B (DR HPHEFWNGH G L W\HV
UHJLRQ 7KHQ DQ RLO ILOWUDWLRQ ZDV R SHUDQRVGKEW RLP&I L\ OE
DW f& EOXH UHJLRQ $W ODVW WKH fRXDBIVZDMWHRU GHG DIW HEHRQV K H
F 7KH SHUFHQWDJH IOX[ UHFRYHU\ EH IRf&H" ,DXOBNDHIW B DVIXQ @ H UG DW R®
E\ IXUWKHU f& DQG f& RLO ILOWUDWLRQ F\FOHV

&RQFOXVLRQ
,Q VXPPDU\ PLFURJHOV ZLWK YDULDEOH VL]H ZHUH V\C

FRDWLQJ SURFHVVHV WR GHYHORS DQG RSWLPL]H D VW
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PHPEUDQH ZLWK D QP SRUH RQ WKH VXUIDFH 7KH 1*

EHVW FRDWLQJ VWDELOLW\ DPRQJ WKH RWKHU WKUHH VL
0* EORFN WKH SRUHV RQ WKH PHPEUDQH OHDGLQJ WR
WKH VPDOOHU PLFURJHOV OLNH 1* DQG 1* SDVVHG W
D ZHDN FRDWLQJ GHQVLW\ DQG VWDELOLW\ 7KH VWHSZL
FRDWLQJ VWDELOLW\ DPRQJ FRQVWDQW SUHVVXUH FRDW
ORUHRYHU PLFURJHOV ZLWK YDULDEOH $$F FRPSRVLWLR
RSWLPL]H D VWDEOH DQG KLJKO\ DQWLIRXOLQJ VWDEOH
RQ D K\GURSKRELF 3(6 PHPEUDQH ZLWK D QPRSRUH RQ
$$F PLFURJHOV FRDWLQJ SURYLGHG VXEVWDQWLDO HQKD
DQRQG DQWLIRXOLQJ SURSHUWLHY DJDLQVW D PRGHO RU.
31,3%$P EDVH PLFURJHO FRDWHG PHPEUDQHV H[KLELWHG

IOX[ GHFOLQH DQG UHFRYHU\ SURSHUWLHV DJDLQVW R
FRPSRVLWLRQ LQ D PLFURJHO OLFURJHOV ZLWK D KLJKF}
DQWL IRXOLQJ SURSHUWLHV 7KH $$F DQG $$F FRDWLC
WHUP ILOWUDWLRQ IROORZHG E\ ZDVKLQJ ZLWK D VXUIL
FRDWLQJ ZDV ORRVHO\ ERXQG RQ WKH PHPEUDQH VXUIDF
FRDWLQJ SURYLGHVY WKH EHVW VWDELOLW\ DQG VHOI FOl
DERYH DQG EHORZ /&67 7KLV VWXG\ SURYLGHV YDOXDEC
IRXOLQJ UHVLVWDQW PHPEUDQHYVY E\ WDLORULQJ WKH VL]
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CHAPTER 4

3RO\ 1 ,VRSURS\ODFU\ODPLGH EDVHC
BRUEHQWV HRIULD®E &SWHPRYDO IRU
JLOWUDWLRQ $SSOLFDWLRQ

BUHYLRXVO\ WKH 6HUSH JURXS KDV XVHG SRO\ 1 LVRSL
DQG WKHLU DNVGHEP/RUEBHQWVIRU WKH UHPHGLD® WKRE RI R
FKDSWHU WKH PLFURJHO EHKDYLRUV KDYH EHHQ VWXGLF
RI PLFURJHO FRPSRVLWLRQV RQ PLFURJHO EHKDYLRUYV
PHWDO LRQ FRQFHQWUDWLRQV ERWK LQ WKH VROXWLI
PLFURJHOV ZHUH VWXGLHG DV VRUEHQWYV IRU WKH UHPR
ZDVWHZDWHU +XVDQG3&EY PRGHOV 7KH KHDY\ PHWDO LRC
VWXGLHG LQ VROXWLRQ DQG RQ D SHUPHDEOH PHPEUDQF

 QWURGXFWLRQ
7KRXJK QDWXUDO FDXVHV H[LVW LQFUHDVHG LQGXVWUL
KDYH EHHQ WKH PDMRU FRQWULEXWRUV WR HQYLURQPH
XUEDQL]DWLRQ FDXVH D VFDUFLW\ RI TXDOLW\ ZDWHU 7K
RQH PLOOLRQ SHRSOH GLH HDFKRFRBWY | WRP \YDQ R OZHD/QH B
VDQLWDWLRQ FRQWULEXWHY WR LPSURYHG KHDOWK DQC
GLVHDVHV $V ZH IDFH WKH &29,' SDQGHPLF PRUH WKD
FULWLFDO WR WKH KHDOWK RAKIHD BIUMHMHQ B H RRYI QKCH BYYK\HP |
ZDVWHZDWHU DOVR KDV EHHQ LQFUHDVLQJ ZLWK WKF
DQWKURSRJHQLF DFWLYLWLHY HJ SODWLQJ DQG HOHF
PLQLQJ LQGXVWU\ UD\RQ LQGXVWU\ PHWDO ULQVH SURF
ELRUHDFWRUV WH[WLOH LQGXVWU\ PHWDO VPHOWLQJ S
HOHFWURO\VLVY%O-SEIOOAD WL RKH QRQ ELRGHJUDGDEOH DC
KHDY\ PHWDOV DUH FODVVLILHG DV WR[LF DQG FDSDEOH |
WKURXJK WKH IRRG FKDLQ DQG FDXVH GLVHDVHV DQG GL\
6RPH Rl WKH HPHUJLQJ FRQWDPLQDQW\WRUBXHDWJIJRQFH
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DQG FKURPLXPQ@UWWULDO ZDVWHV IURP OHDG VPHOWL
SULQWLQJ DQG UXEEHU SURGXFWLRQ KDYH FRQWULEXW
ZDVWHZDWHU DQG WKHVH VRPHWLPHV ILQG WKHLU ZD\
KLJKHU OHDG OHYHOV LQ GULQNLQJ ZDWHU FDQ FDXVH ¢
NLGQH\V OLYHU KHDUW EUDLQ OWNHWHGHWRQWBQE DBHWWR
IURP D YDULHW\ RI VRXUFHV LQFOXGLQJ GHQWDO SUDEW
SDLQWY GRPHVWLF ZDVWH LQSXWV JURXQGZDWHU LQI
FROQOWULEXWILRRVPHUFXU\ FRQFHQWUDWLRQ LQ WKH KXF
LPSDLUPHQW RI NLGQH\ IXQFWLRQ FKHVW SDLQ DQG G\\
IRUP RI FKURP LEXHPF DX \BHJ IMKOHO &EH R[LGL]HG Q) VUG OL B\ 2
&KURPLXP LV XVHG ZLGHO\ LQ PHWDOOXUJ\ HOHFWURSC
SDLQWVY SLJPHQWVY SUHVHUYDWLYHV SXOS DQG SDSHU
OXQJV NLGQH\V DQG GHYHORSLQJ IHWXVHV DQG KLJK E
DQG GLDUUKHD VNLQ UDVKHV DQG H\H LUULWDWLRQ

+HDY\ PHWDO FRQWDPLQDWLRQV RI WKH DTXDWLF V\
LVVXH 7KHUHIRUH WKH GHYHORSPHQW RI DQ HIILFLHQV
WHFKQRORJ\ WR UHPRYH KHDY\ PHWDOV IURP ZDVWHZDYV
HYLGHQFH LQ WKH QXPHURXV ZRUNV WKDW KDYH EHHQ G
WHFKQRORJLHV IRU ZDVWHZDWHU LQSONBLIIWDWRRQD
FRDJXODWDRRQDEVRUSMRIZRAY HU PRVW RI WKH WHFKQROI
DGGLWLRQDO FKHPLFDO WUHDWPHQW ZLWK KLJK FDSLWD
SURGXFWV ZLWK SRWHQWLDO KD]DUGV IRU GULQNLQJ ZD\
DEVRUSWLRQ KDV EHHQ RSWLPL]HG DV WKH PHWKRG RI F
RI LWV KLJK HIILELHQF\ ORZ FRVW DQG HDVH RI RSHUD
XVHG IRU WKH UHPRYDO RI KHDY\ PHWDOV ERWIEWRWIS®/ L R
FDUERROLRMOD\ PLQH WDV ELREBRBWRI WKH JUHDWHVW GU
WR WKHVH PDWHULDOV LV UHXVDELOLW\ 7KH FRVW RI U
FRPSDUDEOH WR SURGXFLQJ IUHVK DEVRUEHQWY UHVXO
WLPH DQG LQFUHDVLQJ WKH FRVW

OLFURJHOV FDQ EH LQYHVWLJDWHG DV VRUEHQWYV E
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VIQWKHVLY DQG UHXVDELOLW\ '"XH WRRW®&KPIRUBWVY R HDN):
UHYHUVLEOH YROXPH SKDVH WUDQVLWLRQ QDWXUH RI D F
EHN®&RZQ WR UHPRYH KHDMHAWIURIRQWKUHH GLPHQVLEF
VWUXFWXUH HQWUDSV FRQWDPLQDQWYV DW WHPSHUDW X
WHPSHUDWXUH /&67 RI f& &RQWDPLQDQWY DUH SXVK
RI WKH FROODSVH RI WKH SRO\PHU FKDLQV LQ WKH PLFUF
K\GURSKRELF LQWHUDFWLRQ LV GRPLQDQW EHWZHHQ WK
PROHFXOHV FDUU\LQJ FRQWDPLQDQWY DUH SXVKHG RXW
DV D FDSWXUH DQG UHOHDVH V\VWHP IRU FRQWDPLQDQW'
RI RXU WDUJHW KHDY\ PHWDO LRQV QHJDWLYHO\ FKDUJ}
FRSRO\PHUL]HG ZLWK 1,3%$P PRQRPHUV WR LQFUHDVH WK
LRQV 7KH DGGLWLRQDO HOHFWURVWDWLF UHSXOVLYH IF
WR EH FRQVLGHUHG EHVLGHVY WKH WKHUPDO UHVSRQVLY|
VFKHPDWLF UHSUHVHQWDWLRQ RI WKH PLFURJHOVY EHKI
WR S+ YDULDWLRQV LV GLVSOD\HG LQ )L>PRWW RO W:HKHHQ
FDUER[\OLF DFLG JURXSV LQ $$F DUH GHSURWRQDWHG
GHSURWRQDWHG FDUER[\OLF DFLG JURXSV FDXVH PLFUR
FKDUJH UHSXOVLRQV LQ WKH PLFURJHO VWUXFWXUH DC
+RZHYHU ZKHQ WKH VbWRORWWRRI SMKH SSFSDUER[\OLF DFLG
SURWRQDWHG DQG WKH PLFURJHOV VKULQN %DVHG R
DEVRUEDELOLW\ RI KHDY\ PHWDO LRQV LV DOVR S+ GHSI
KDV .b Ra PLFURJHOV FRPSRVHG RI $$F DUH QHJDWLY
WKHUHIRUH WKHVH PLFURJHOV DUH LRQL]JHG DQG SUHVH
DEVRUSWLRQ ORUHRYHU WKH GHSURWRQDWHG FDUER]\
DEVRUSWLRQ RI PHWDO LRQV WKURXJK FRRUGLQDWLRQ T
7KH DEVRUSWLRQ FDSDFLW\ RI PHWDO LRQV FDQ EH LQFU
WKH Bl $$F ZLWK WKH GHSURWRQDWHG QDWXUH DV VKRZ
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JLIXUH D 6ZHOOLQJ VKULQNLQJ PHFKDQLVP RI DFU\OLMVRROHFXOHYV
FRQIRUPDWLRQDO FKDQJH LQG X FAHR$ $F\ B+ BRD A OHYDR@ BAQ3I$WY E 7KH
PHFKDQLVP RI PLFURJHOV LV GULYHQ E\ WKH L Q@& HKWDFNW IPRIQVEBW Z H
LRQV

$ YDULHW\ RI UHVHDUFKHUV KDYH H[SORUHG VWLP
PHPEUDQH VXUIDFHV ZLWK D VSHFLILF PHWDO GHWHFWLR
SRO\'1 LVRSURSFRDFU\ORROAMGAMHLGREHQ]R FURZQ FKDLC
RQ D PHPEUDQHAKWXUIPEFRZQ FURZQ HWKHU KDV D KLJK D
3E LQ WKH VROXWLRQ EHFDXVH RI WKH FKHODWLQJ HIIH
FURZQ +RZHYHU WKLYV JUDIWLQJ SURFHVV UHTXLUHG DC
SRO\PHU FKDLQV RQ WKH PHPEUDQH VXUIDFH ZKLFK XVX
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SURFHVV KLJK RSHUDWLRQDO FRVW E\ SURGXFWV UHV
KD]JDUGV IRU GULQNLQJ ZDWHU ,Q FRQWUDVW SK\VLFDC
PRUH HDVLO\ WKDQ FKHPLFDO UHDFWLRQV RQ D PHPEUDC

$V VKRZQ LQ &KDSWHU WKH $$F FRPSRVHG PLFUR
PHPEUDQH VXUIDFH E\ D SK\WVLFDO VWHSZLVH SUHVVXUH
7KLV FKDSWHU GHPRQVWUDWHVY KRZ WKLV PLFURJHO GL
GLIIHUHQW EHKDYLRUV DJDLQVW+KHDQY G RHVWDPLER RYH ® X F
VKULQN VZHOO EHKDYLRU ZDV VWXGLHG ZLWK GLIITHUHQW
DQG LQ D PLFURIOXLGLF VIVWHP OLFURJHOV PDGH RI YD
$$F ZHUH V\QWKHVL]HG E\ IUHH UDGLFDO SUHFLSLWDYV
FKDUDFWHUL]JHG SUH YIKRIX®OR URY @ EESHKBYLR WD QBRQJ 3E
&U ZDV LQYHVWLJDWHG E\ WKH PLFURJHOV LQ WKH VROXW
DQG PLFURJHOV FRDWHG RQ D PHPEUDQH DW GLIIHUHQW
TXDQWLILHG XVLQJ DQ LQGXFWLYHO\ FRXSOHG SODVPD |
2(6

([SHULPHQWDO 6HFWLRQ
ODWHULUDOWRSURS\ODFU\ODPLGH 1,3%P PRQRPHU ZDV ¢

3RUWODQG 2UHJRQ DQG SXULILHG E\ UHFU\VWDOOL]DW
(0' *LEEVWRZQ 1- EHIRUH XVH 1 191 PHWK\OHQHELVDFU
DFLG $$F DPPRQLXP SHUVXOIDWH $36 - VRGLXF

DQG VRGLXP K\GUR[LGH 1D2+ ZHUH REWDLQHG IURF
2QWDULR DQG ZHUH XVHG DV UHFHLYHG +\GURFKORUL!
&DOHGRQ /DE *HRUJHWRZQ 2QWDULR :KDWPDQ SDS
*( +HDOWKFDUH 8. 7KH KHDY\ PHWDO IHHG VROXWLRQ
3E&O- 7 %DNHU PHUFXU\EKPR $IOGH L F K& O DQ
FKURPLXP FKORUZGHDEH&O . Q %IUQ @ HO &\ B QWHAG |
WKH K\GURO\VLV Rl FKURPLXPLR® Y DXHR R VL & RIODCONVU B SL G
E\ 2LQ WEKIHWKIRURW $U SURWHFRMURBG ', ZDWHU ZLWK D U
RI OFP ZDV REWDLQHG IURP D OLOOL 4 30XV V\VWHTF
H[SHULPHQWV $ S+ PHWHU -(1&2 6DQ 'LHJR &$ ZD)
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VROXWLRQ S+ 7KH PLFURIOXLGLF FKLSV DQG VHDOLQ.
PLFURIOXLGLF &KLS6KRS -HQD *HUPDQ\ &U IODNHV
(63, $VKODQG 25 DQG $X ZDV REWDLQHG IURP 05
$% 3RO\HWKHUVXOIRQH 3(6 PHPEUDQH RI DYHUDJH
SRO\SURS\OHQH EDFNLQJ ZDV SURYLGHG E\ 6ROHFWD PHI
XVHG WR VWXG\ PLEFURJHOV DV KHDY\ PHWDO LRQ DEVRU!|

31,3$P EDVHG OLFURJHO 6\QWKHVLV
OLFURJHOV ZHUH V\QWKHVL]J]HG WKURXJK IUHH UDGLFDC

GLVFXVVHG RQ &KDSWHU ULHIO\ IRXUFRBBAHUHQW F
PLFURJHOV ZHUH V\QWKHVL]HG 1,3%$P DQG

$$F DQG $$F 0* UHVSHFWLYHO\ DQG %,6 PPRO
GLVVROYHG ZLWK P/', ZDWHU LQ D P/ EHDNHU 7KH |
RQ D VWLU SODWH DQG ILOWHUHG WKURXJK D P ILOWEF
IODVN ZDV HTXLSSHG ZLWK D UHIOX[ FRQGHQVHU D WH
LOQWURGXBVQUOQWR WKH UHDFWLRQ PL[WXUH 7KH UHDFWI
1 JDV DQG KHDWHG WR f& IRU K $$F PPRO
DQG $$F 0* UHVSHFWLYHO\ DQG 6'6 PPRO ZHUH DG
PLIWXUH LQ RQH DOLTXRW 7KHQ WKH SRO\PHUL]DWLRC
DGGLWLRQ RI $36 PPRO LQ P/ Rl GHLRQL]J]HG ZDWH
DOORZHG WR SURFHHG DWHQF¥&URQPHQXWQGKH DEVIXOWLQ
ZDV DOORZHG WR FRRO RYHUQLJKW ZLWK FRQWLQXRXYV V)
DQ\ ODUJH DJJUHJDWHV 7KH PLFURJHO VROXWLRQ ZDV C
SXULILHG E\ FHQWULIXJDWLRRQDWRalRUPUBPSHROWHAW IRO
UHPRYLQJ WKH VXSHUQDWDQW DQG UHVXVSHQGLQJ WKH
ZDV UHSHDWHG VL[ WLPHV $00 WKH PLFURJHOV VI\QWKH
GULHG IRU IXUWKHU XVH

OLFURJHO %YHKDYLRUV LQ 6ROXWLRAQ
$ PJ P/ $$F PLFURJHO VRAKWKRQR@PW YWUHQJIWK P

SUHSDUHG E\ DGMXVWLQJ WKH S+ ZLWK 0 1D2+ DQG )
'LITHUHQW FRQFH QWU D\WGRERWORWIRQV ZHUH SERASDUHG Il
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VWRFN VROXWLRQ E\ DGMXVWLQJ WKH S+ WR ZLWK

PLFURJHO VROXWLRQ ZHUH VSLNHG LQWR P/ Rl GLIIHUI
VROXWLRQV 7KH PLFURJHO EHKDYLRUV LQ D VROXWLRQ .
PLFURJHOV ZLWK ILQDO KHDY\ PB®/MP® OZKRON WLHKRD VXVURPQ'
ZHUH DOORZHG WR VWLU RQ D J\UDWLRQ VKDNHU IRU K
WR LQWHUDFW IXO0O\ ZLWK WKH PHWDO LRQV 7KH PLFUR.
DEVRUEDQFH VSHFWUXP REWDLQHG IURP WKH 89 YLV VSH

OLFURJHO %HKDYLRUV RQ $X 6 XEVWUDWH
7KH PLFURJHO EHKDYLRUV KDYH EHHQ VWXGLHG IXUWKH

VIVWHPV $ W\SLFDO )DEU\+3pURW HWDORQ FDQ EH XVH
EHKDYLRU RI PLFURJHOV RQ VXEVWUDWHY 7KH VFKHPDW
HWDORQ LV GLVSOD\HG LQ )LJXUH D W FRQVLVWYV
VHSDUDWHG E\ D WKLQ GLHOHFWULF OD\HU 7KHLU RSWL
EHDP LQWHUIHUHQFH EHWZHHQ WKH WZR UHIOHFWLQJ V)
PXOWLSOH LQWHUQDO UHIOHFWLRQV UHVXOWLQJ LQ FR(
VSHFLILF ZDYHOHQJWKV Rl OLJKW EHLQJ UHIOHFWHG V
EHWZHHQ WZR UHIOHFWLRQ VXUIDFHV FDXVHG E\ WKH PL
SDWK OHQJWK GLIIHUHQFHV EHWZHHQ WKH WUDQVPLWW
LQWHUIHUHQFH RFFXUV ZKHQ WKH WUDQVPLWWHG UHIOH
EH SUHGLFWHG XVLQJ (TXDWLRQ
P GFRYV

ZKHUHV WKH PD[LPXP UHIOHFWHG RVUY Q/® LMDMHG HZD YR
FRQVWUXFWLYH LQWHUIHUH@AN \WRKHRUIGHUW FRV LY HI Q W
GLHOHFWUGHR \P DWKHHUGD®OWDQFH EHWZHHQ WEKH WZKRI UH 1O |
DQJOH RI LQFLGHQW OLJKW 7KH VWLPXOL UHVSRQVLYH |
PDWHULDO ZLWK WKH WXQDEOH DQG FRQWUROODEOH GL!

7R REWDLQ HWDORWQWNU JOPRVHYV PP WKLEFNQHVYV
XVLQJ HWKDQRO ', ZDWHU DQIEDSULKBQRY HQP RV WL\HDP RIC
OD\HU DQG QP $X ZHUH GHSRVLWHG RQWR WKH FRYHU
VIVWHP 7RUU ,QWHUQDWLRQDO ,QF 1HZQGQGVRW 1< D!
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UHVSHFWLYHO\ 7KH $X FRDWHG JODVV VXEVWUDWHYV ZI
& ZKHUH DQ DOLTXRW RI / R WKH GHVLUHG FRQFH!
GHSRVLWHG DQG SDLQWHG RQ WKH VXEVWUDWH JODVYV V.
IXOO\ 7KH PLFURJHO ILOP ZDV DOORZHG WR DLU GU\ IR
FRSLRXV DPRXQW RI ', ZDWHU WR UHPRYH DQ\ H[FHVV PL|
ZHUH LQFXEDWHG LQ ', ZDWHU RYHUQLJKW DQG ULQVHG
D VWUHDPDRI $ VHFRQG OD\HU RI QP &U QP $X ZDV GH
PP HWDORQ RSWLFDO GHYLFHV 7KH VWUXFWXUH RI WKH

W\SLFDO )DRUMW3pURW HV
DEQG1 ONHKELYE B IOFH P YD VIRHY LGL |
W KEHD YWD, ODRQQG DY) B I9UD
LYALDMOMGHG HYW UXFWL Y
REJHOK BE DM GXIFWROR R

SHIOHFWDQFH VSHFWUD ZHUH XVHG WR FKDUDFWHU
HWDORQ 7KH UHVXOWLQJ HWDORQV VKRZHG FKDUDFWHU
LQ )LIXUH D WKH\ DUH PRGXODWHG E\ WKH DFWXDO P
JRU HI[DPSOH IURP (TXDWLRQ WKH SHDNV LQ WKH UH
VKLIW WR KLIJKHU ZDYHOHQJWKYVY UHG VKLIW ZKHQ WKH
SHDNV DUH H[SHFWHG WR VKLIW WR ORZHU ZDYHOHQJWK
VKULQNYVY DV VKRZQ LQ )LJIJXUH E 6LPLODUO\ YDU\
DERYH EHORZ WKH PLFURJHOVY /&67 FDQ OHDG WR EOXH
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UHVSHFWLYHO\

JLIXUH D 5HSUHVHQWDWLYH VSHFWUD |IRRERDSY IRPWHDDRIPKEHR P SRVHG R
SHDNV VKLIW WR KLIKHU ZDYHOHQJWKYV UHG VKL MKLIEWHORWIKREZ RUF L
ZDYHOHQJWKYV EOXH VKLIW ZKHQ WKH PLFURJHO OD\HU VKULQNYV

7KH HWDORQ GHYLFHV PDGH DERYH ZHUH SODFHG LQ
WKH PLFURJHO EHKDYLRU XVLQJ D UHIOHFWLRQ VSHFWUR
7KH PLFURIOXLGLF VI\VWHP ZDV GHVLJQHG DV VKRZQ LQ )
LQ WKH VPDOO FKDPEHU LQ WKH PLGGOH RI WKH PLFURI
FKDQQHOV DQG RQH RXWOHW FKDQQHO WR OHW WKH P}t
FKDPEHU WKDW FRQWDLQV WKH HWDORQ GHYLFH 7KH L
FRQWDLQHG D WDUJHWHG KHDY\ PHWDO VROXWLRQ ZKL
EHDNHU $ VIULQJH SXPS ZDV XVHG WR GULYH WKH VROXYV
$IWHU WKH PLFURIOXLGLF VIVWHP ZDV DVVHPEOHG ', ZD\
WKH ZKROH PLFURIOXLGLF FKDPEHU DORQJ ZLWK WKH H\
VRDNHG LQ ', ZDWHU RYHUQLJKW WR DOORZ WKH PLFURJF
DQG RXWOHW FKDQQHOV ZHUH ZUDSSHG DQG VHDOHG ZLW
GLIIHUHQW FRQFHGQW UDQMLRROXRN LFEQYV ZHUH SUHSDUHG L
VWRFN VROXWLRQ E\ DGMXVWLQJ WKH S+ WR ZLWK

PP ZLWK 1D&0 7KHQ WKH KHDY\ PHWDO VROXWLRQ ZLV
ORDGHG LQWR D V\ULQJH DQG SXPSHG WKURXJK WKH PL
ZKLOH WKH UHIOHFWLRQ VSHFWUXP ZDV EHLQJ UHFRUGH
EDVHG HWDORQ V\WWHP PD\ WDNH PRUH WKDQ PLQ W
VSHFWUXP KDG QR VLJQLILFDQW SHDN VKLIW RYHU =
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UHFRUGHG 7KHQ WKH VROXWLRQ ZLWK D KLJKHU FRQFF
DQG SXPSHG WKURXJK WKH PLFURIOXLGLE V\VWHP DW
VSHFWUXP ZDV EHLQJ UHFRUGHG LQ UHDO WLPH PRGH
VWDELOL]JHG WKH UHIOHFWLRQ VSHEWUXP ZDV UHFRUGH
KLIJIKHVW FRQFHQWUDWLRQ KDV EBIQI@ WRHDXW HBEQI RTUK H DSHKE
VKLIW LQ WKH UHIOHFWLRQ VSHFWUXP KDV EHHQ XVHG W
VXEVWUDWH

X
-
=

LF GHYLFIE GRWDIGGHE ZLWK |

JLIXUH D 6WU LG
H H HQW EDVLF VHWXS

YLHZ RI WK

'LUHFW $EVRUSWLRQ ([SHULPHQW
$ PJP/PLFURJHO VROXWLRQ DW S+ ZLWK LRQLF vwU

DGMXVWLQJ WKH S+ ZLWK 0 1D2+ DQG WKH LRQLF VWU
WKDW FRQWDLQIGPSISIP@E SSZEBW SUHSDUHG IURP D
VWRFN VROXWLRQ E\ DGMXVWLQJ WKH S+ WR ZLWK
PLFURJHO VROXWLRQ ZHUH VSLNHG LQWR P/ RI IHHG VR(
E\ ORDGLQJ WKH IHHG VROXWLRQ ZLWK PJ PLFURJHO
J\UDWLRQ VKDNHU IRU K DQG WKHQ FHQWRLIXKIHG DW
VXSHUQDWDQW ZDV UHPRYHG FDYUHIRQQO\BMLQ&3IXYO O\]HG |
DIWHU DFLGLILFDWLRQ Z&WBLEURWLR®LEXUYHV ZHUH HV
VWDQGDUGE IE@EE VROXWLRQV WR HVWLPDWH WKH DFWXD¢
LQ WKH VXVSHQVLRQ DQG WR FDOFXODWH WKH DPRXQW F
UHPRYDO SHUFHQWDJH RI KHDY\ PHWDO LRQV E\ WKH PL
ZKH&HV WKH LQLWLDO FRQFH&WWDWEKRQHRXLCRUEED\
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FRQFHQWUDWLRQ
8SWDNH. +8&; & 1

JLOWUDWLRQ $EVRUSWLRQ ([SHULPHQW
7KH PHPEUDQH ZDV REWDLQHG E\ WKH VWHSZLVH SUHVV)

&KDSWHU %ULHIO\ WKH QP SRUH VL]H 3(6 PHPEUDQF
SURWHFWLYH FRDWLQJ OD\HU 7KH SUHWUHDWHG 3(6 PHP
P/ GHDG HQG ILOWUDWLRQ FHOO 7KHQ WKH f& PLFU
WKH PHPEUDQH XQGHU SVL DW USP $IWHU WKH SHUI
PLQ WKH SUHVVXUH ZDV LQFUHDVHG WR SVL 7KH SUHWV'
SvL DIWHU WKH SHUPHDWH IOX[ EHFDPH FRQVYV
IOX[ ZDV UHFRUGHG $IWHU WKH PLFURJBULVRQUXWRIR@ KD
WR KDYH D VWDEOH SHUPHDWH IOX[ WKH PLFURJHO VROX
ZDV NHSW XQGHU QLWURJHQ SUHVVXUH IRU PLQ IRU C
WHPSHUDWXUH ', ZDWHU ZDV DGGHG JHQWO\ LQWR WKH
IRU K 7KHQ WKH PHPEUDQH DQG WKH FHOO ZHUH ULQV
P/ Rl URRP WHPSHUDWXUH ', ZDWHU WR UHPRYH WKH XQF
VXUIDFH 7KH PHPEUDQH ZDV NHSW XQGHU URRP WHPSF
VWLUULQJ IRU G ZLWK SHULRGLF ', ZDWHU UHSODFHPH
JHQWO\ ULQVHG ZLWK ', ZDWHU EHIRUH IXUWKHU H[SHULF
$ IHHG VROXWLRQ WKDW FESRVDDQKGC SSPPIRE
SUHSDUHG IURP D SSP VWRFN VROXWLRQ E\ DGMXVWLC
7KH VRUEHQW GRVH ZDV VWXGLHG IRU WKH ILOWUDWLRQ
DQG SVL P/ RI IHHG VROXWLRQ ZHUH DGGHG WR W
SHUIRUPHG XQWLO DOO WKH VROXWLRQ SDVVHG WKURXJ
PHWDO LRQ WR LQWHUDFW IXO0O\ ZLWK WKH PLFURJHO R
ZDV FROOHFWHG DQG I XU\ KBI® CGCOWHRR YHO® IRMUFHQWDJIH E
2(6 DIWHU DFLGLILFDWLRQ ZHKWHKHPRZYDPO $HUFHQWDJH RI
LRQV E\ WKH PLFURJHO ZDV FDOFXODWHG E\ (TXDWLRQ
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SHVXOWY DQG 'LVFEFXVVLRQ
$V VKRZQ LQ &KDSWHU  WKH PLFURJHOV PDGH RI YDU\L

$$F ZHUH V\QWKHVL]HG E\ IUHH UDGLFDO SRO\PHUL]DWL
SUHSDUHG ZLWK 1,3%P DV WKH PDLQ PRQRPHU ZLWK
FRPRQRPHUV GXULQJ SRO\PHUL]DWLRQ QDPHG DV $$F
UHVSHFWLYHO\ 7KH\ ZHUH FKDUDFWHUL]JHG SUHYLRXVO
LQGLFDWHYV K\GURG\QDPLF GLDPHWHUV RI : “
IRU $$F $$F $$F UHVSHFWLYHO\ DW S+ 7TKH LQ
FRPSRVLWLRQ DUH FDXVHG E\ WKH HOHFWURQ UHSXOVLR
JURXSV LQ WKH PLFURJHO 7KH DFWXDO FRPSRVLWLRQV
E\ WKH UDWLR RI WZR DEVRUEDQFH SHDNV IURP WKH &
1,33P WR WKH & 2 JURXS IRU WKH FDUER[\OLF DFLG JURX!
LQ 7DEOH WKH DFWXDO $$F FRPSRVLWLRQV LQ WKH F

IRU $$F $$F DQG $$F UHVSHFWLYHO\

2QH RI WKH K\SRWKHVL]HG VRUSWLRQ PHFKDQLVPV
H J 3 DQG &OHNNG WKH PLFURJHOV LV HOHFWURVWDWL
J)LIXUH D OLFURJHOV FRPSRVHGIRUWISFE$&E VZHIDOGDW
VKULQN DWIBY $&F a 7KH FDUER[\OLF DFLG JURXSV |
SURWRQDWHG VWDWH DW S+ ZKHUH WKH PLFURJHOV
WKH FDUER[\OLF DFLG JURXSV IURP $$F DUH LQ WKH GHSL
DUH QHJDWLYHO\ FKDUJHG 7KH DGGLWLRQDO HOHFWURYV
FKDUJHG PLFURJHO DQG WKH SRVLWLYHO\ FKDUJHG PHW
FDYLW\ $00 PLFURJHO EHKDYLRU DQG DEVRUSWLRQ DEL
S+ ZKHUH WKH FDUER[\OLF DFLG JURXSV ZHUH GHS|
PHWDO LRQ LQWHUDFWLRQ 7KH RWKHU K\SRWKHVL]HG V
PHWDO LRQV DQG WKH PLFURJHOV LV WKH FKHODWLRQ E
WKH PHWDO LRQ DQG WKH PROHFXOHV LQ PLFURJHOV D\
FKHODWLRQ LQYROYHV WKH IRUPDWLRQ RU SUHVHQFH RI
EHWZHHQ HOHFWURQ GRQRU JURXSYV ZLWK IUHH ORQH SD
DWRP %DVHG RQ WKH /LJDQG ILHOG WKHRU\ WKH ORQH ¢
IURP WKH 1,3%P PRQRPHU DQG %,6 FURVVOLQNHU ZHUH G
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RUELWDO RQ WKH FHQWHU PHWDO DWRP

BURSRVHG
PLFU

H D DQ HREBFDWQURVWDWL
Q WKH

P IRU
RUG LERQRWH BRY,BHM QW CE RR G

%HFDXVH Rl WKH LQFRUSRUDWLRQ Rl WKH LQWHUDF\
FRPSRVHG ZLWK $$F DFWHG GLIIHUHQWO\ DPRQJ GLIIHUH
LRQLF VWUHQJWK 7KH GRPLQDQW LQWHUDFWLRQ FDQ EF
+6$% 7KHRU\ 3+DUG” DSSOLHV WR VSHFLHV ZKLEK DUH V
DQG ZHDNO\ SRODUL]JHG 36RIW° DSSOLHV WR VSHFLHV ZK

DQG VWURQJO\ SRODUL]HG LAK & HIK BPIGF B0 3K DU VIVQ
(TXDWLRQ

T ("1 i=
7KH FKHPLFDO KDUGQHVV LV GHILQHG DV EHLQJ SURSE
RI WKH WRWDO HQHUJ\ RI D FKHPLEDO V\VWHP ZLWK UH
HOHFWURQV LQ D IL[HG QXFOHDU HQYLURQPHQW %DVHG
HYHQWXDO PHWDO LRQV LQ WKH VROXWLRQ WKDW , LQY
+J | 3E I &U JROORZLQJ WKH VDPH WKHRU\ DOO
VROXWLRQ LQBOKRLMQPYG2WKH HOHFWURQ GRQRUV 2 DC
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FODVVLILHG DV KDUG DFLGV +RZHYHU WKH /HZLV EDVHV
H[KLELW KLJKHU VRIWQHVV WKDQ WKH LRQV LQ WKH VR
JHQHUDO KDUG DWRPV LQWHUDFW ZLWK PRUH HOHFWUR
ZLWK PRUH FRYDOHQW FKDUDFWHU ZKLWF R PP QIVY W K D B/O'
WR WKH HOHFWURVWDWLF LQWHUNFRRRI) IDYRUDED H RV
FRRUGLQDWH FRYDOHQW ERQG

7R LQYHVWLJDWH WKH PLFURJHO EHKDYLRU ZLWK |
PLFURJHO ZDV VRDNHG LQ VROXWLRQV FRQWDLQLQJ GL
FRQVWDQW S+ DQG LRQLF VWUHQJWK PO 7KH DEVR
LQ HDFK FRQFHQWUDW RQ “EVHGUR ORI & B & LDRA) W K H
IURP WKH 89 YLV VSHFWURPHWHU FDQ EH GHILQHG LQWR
DQG VFDWWHUHG OLJKW LQWHQVLW\

$ DO 20
ZKH$HLY WKH WRWDO DEVRUEDQFH RXWSBHWYVIWXKH WKH
DEVRUSIWLYIMWMWH QXPEHU RI SDUWL QMW RHL S DWKH OMXQU BV
WKH FHOO 7KH UHODWLRQVKLS EHWZHHQ WXUELGLW\
(TXDWLRQ
2  FRQVWPI@M it

ZKHGHLV WKH SDUWLFIOHV GURR HVOHFWU GHRGY OLJKW ZDYHO!
DEVRUEDQFH FRQWDLQV ERWK DEVRUEHG OLJKW DQG VFD
DEVRUEHG OLJKW RQO\ FRQWDLQV VFDWWHUHG OLJKW

$V VKRZQ LQ )LJIXUH D WKH VSHFWUXP IURP
HVWLPDWH WKH PLFURJHO EHKDYLRU LQ D PHWDO LRQ \
GRHY QRW DEVRUEL\D QG FFRRHI GRW RWR (TXDMWLROQQG DQG
WKH PLFURJHO FRQFHQWUDWLRQ LV FRQVWDQW WKH WR\
RI WKH PLFURJHO VL]H DW WKH VDPH ZDYHOHQJWK )RU
FDQ FDXVH DQ DEVRUEDQFH GHFUHDVH LQ WKH DEVRUED
QP IRU S+ DQG LRQLF VWUHQJWK PO VROXWLRQ ZL
DV D VWDQGDUG IRU IXUWKHU FDOFXODWLRQV 7KH UD
SURSRUWLRQDO WR WKH VTXDUH RI WKH UDWLR RI WKH P
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PLFURJHO GLDPHWHU UDWLR ZDV FDOFXODWHG IXUWKHU

DEVRUEDQ®HR IDW VKRZQ LQ )LJXUH E F DQG G
JLJXUH D 5HSUHVHQWDWLYH DEVRUEDQFH VSHFWUXPLRKPWDLQHG RI
VROXWLRQ ZLWK GLITHUHQW FRQFHQWUDWLRQV [I®H PHWDRIHRQGLD!
FRQFHQWUDWLRQ ZHUH FDOFXODWHG E\ WKQPVIRAD lEH RIBBEEW RI WKH LC
DQG G +1J

$V WKH S+ DQG LRQLF VWUHQJWK DUH FRQVWDQW V
PLFURJHO VL]HV LV WKH PHWDO LRQ $V VKRZQ LQ )LJIXL
PLFURJHO ZDV UHVSRQVLYH WR DOO WKH PHWDO LRQV
SK\WLFDO RU FKHPLFDO FRQIRUPDWLRQ RI WKH PLFURJH!
FKDQJH )XUWKHUPRUH ZH REVHUYHG GLIIKDUW®MUPLFU]
/JHZLV DFLGQWHUPHGLDWH DHZLV DIMLKGU3E ZLY DFLG +J

$V VKRZQ LQ )LJIXUH E  WKH PLNMRROMOLEG KIDAL R
DVVHVVHG E\ PRQLWRULQJ WKH DEVRUEDQFH RI WKH DE\
89 YLV VSHFWURPIKWHG RUWFURJHO VL]H GHFUHDVH )ROOR
ZH ZHUH H[SHFWLQJ D KDUG+KDUG LQWPBQBFWKR QHZHW ZH
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EDVH LQ WKH VROXWLRQ RU PLFURJHO 7KH REVHUYDWLR
VROXWLRQ VXSSRUWHG WKLV K\SRWKHVLV %HFDXVH WK
LQWHUDFWLRQ LV PRUHLFRY RW R BOMHIDW MYKHO R BKDUJHG
$$F JURXSV LQ WKH PLFURJHO LQWHUDFWHG ZLWK WKH
FRPSOH[ DW S+ 7KH OLJDQG H[\WUDFQGE RQR VW E W WL
6LQFH WKH PXOWDROGCGN +Q WKH &U ,,, FRPSOH[ FDQ EH VX
&22 IDWWHG DV D FURVVOLQNHU LQ WKH PLFURJHO EDVH
LQ WKH PLFURJHO VKULQNDJH 6LPXOWDQHRXVO\ WKH QI
DW S+ ZDV QHXWUDOL]HG FEQ WKH IVZWEODOW HED ¥ H C
HOHFWURQ UHSXOVLRQ DW S+ ZIIRQ D Z K H DKV FIDQX WHKGH |
IXUWKHU VL]H GHFUHDVH RILR®H PQFH Q WD VIR KLH RUH |
VKULQNDJH ZDV FDXVHG E\ WKH LQFUHDVHG FURVVOLC
GHSURWRQDWHG $$F JURXSVLRQW B G D EWIRERQDION. GG RMW &
LQIOXHQFH WKH PLFURJHO

$V VKRZQ LQ )LJIXUH G WKH PLAURIXWLRIQKDI VR
DVVHVVHG E\ WKH VOMHOBH®KRGURIHO VL]H LQFUHDVH
WKHRU\ ZH ZHUH H[SHFWLQJ D VRIDQ@&RMX H. QNZH VY DEDWLHR
WKH VROXWLRQ RU PLFURJHO 7KH REVHUYDWLRQ RI Pl
VROXWLRQ VXSSRUWHG WKLV K\SRWKHVLV $OWKRXJK Wi
DQG %,6 DUH FODVVLILHG DV KDUG WKH\ ZHUH WKH VRI\
EDVHV LQ WKH VROXWLRQ %HFDXVH WKH FRRUGLQDWH F
WKH +RQ WKH ORQH SDLU HOHFWURQV IURP 1,3$P DQG ¢
DUH GRQDWHG WR WKH HASMW\ WRERWD OV AIRR WKIHQ PWH F
LQ WKH PLFURJHO 7KH HPSW\ VSDFH LQ W#JIH IPRGURJHO
E\ FRRUGLQDWH FRYDOHQW ERQGV UHVXOWLQJ LQ WKH
PLFURJHO DOVR FDQ EH FDXVHG E\ WKH FKDUJH UHSXOVL
LRQ LQ WKH PLFURRHOFBYPMIKQMY WD W LR Q LLRQFW RBYXSL PR U
WKH VSDFH LQ WKH PLFURJHO UHVXOWLQJ LQ IXUWKHU V
FDSWXUHG DLQR@ W KIHG SLIVRIRQ B DG+QRW LQIOXHQFH WKH P

$V VKRZQ LQ )LJXUH F WKH PLNMRROXVOL EE KDDL R
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DVVHVVHG E\ WKH ADRE GPHWRFRPSOH[ PLFURJHO EHKDYL
VKULQNV ZLWKRQRHEQIEUDWLRQ DQBRQOEFHQOM DW LR QHL BE L
%HFDXVH RI +6$& WKHRU\ ZH ZFDJH QP SHEWR GEIRW K DO BE
LQWHUDFWLRQ DQG D FRRUGLQDWH FRYDOHQW ERQG ZLW
%HFDXVH ERWK W\SHV RI LQWHUPFEWWRKO DS$ID U YIRO\ ¥
GHSURWRQDWHG $$F JURXSY DQG WKH ORQH SDLU HOHF\
DQG %,6 ERWK LQWH UDRE® H{N ZD VORQFRE WEBEWH® @ VLY
FURVVOLQNHU LQ WKH PLFURJHO EDVHG RQ WKH FKDU
VKULQNDJH S$M KR BEHQWUDWLRQ LQFUHDVHG DOO W
QHXWUDOL]HG E\ WKH SRVLWLYH FKDUJH. RQRPDPWMMUWD O
HOHFWURVWDWLF DWWUDFWLRQ ZHUH FDSWXUHG E\ WKH
FRYDOHQW ERQGV UHVXOWLQJ LQ WKH VZHOOLQJ ZKLF}
IRU PLFURJHO ZLWK WRE&FHPWHDWHR@® 3E
7R IXUWKHU YHULI\ WKH S1,3$P EDVHG +RLMURIHO EHK

3E PLFURJHOV ZLWK GLIIHUHQW $$F FRPSRVLWLRQV ZHU
TXDQWLWLYHO\ FKDUDFWHUL]H WKH PLFURJHO VL]H FKD
PLFURIOXLGLF VI\VWHP ZDV FRPELQHG ZLWK D UHIOHFWD
VL]H FKDQJH RQ $X VXEVWUDWHY $FFRUGLQJ WR (TXDWL
FRQVWDQW WKH PD[LPXP UHIOHG WY GS WRDRUWW L RGNS ¥
GLVWDQFH EHWZHHQ WKGE IWZLR K HIKDFHUFMMHY GIWP MMKUHR B VF U R
(LWKHU PD[LPXP UHIOHFWHG RU WUDQVPLWWHG ZDYHO}
PLFURJHO EHKDYLRU LQ HWDORQV ZKHUH WKH PD[LPXP 1
WKH FUHVW DQG WKH PD[LPXP WUDQVPLWWHG ZDYHOHQ
VSHFWUXP 7KH EOXH VKLIW GHFUHDVHG LQGLFDWHYV V
UHG VKLIW LQFUHDVHG LQGLFDWHY WKH PLFURJHO VL

D VKRZV D UHSUHVHQWDWLYH EOXH VKLIW IRU WKH HW
WR D ORZHU YDOXH E\FIR@QFHODWULDRW MWRKH &KH SHDN VKLIW
E\ WKH DFWXDO ZDYHOHQJWK IRU WKH SHDN PLQXV WKH
WKH PLFURJHO LV DW VWDQGDUG S+ DQG LRQLF VWU
SHDN VKLIWV UHSUHVHQW WKH EOXH VKLIW ZLWK WKH PL
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VKLIWVY UHSUHVHQW WKH UHG VKLIW ZLWK WKH PLFURJH
DIDLQVW WKH PHWDO LR ® JF RQFH fEV WIKRZRQL R YL &XU H
F DQG G

J)LIXUH D 5HSUHVHQWDWLYH UHIOHFWDQFH VSHIFWR XRYXWEZRQJ D EC
ZLWK LQFUHDVH LQ FRQFHQWUDWLRQ 7KH $$HPE YBKENVYV IXSEPUGIG I HU |

$$F JUHHQ DQG $$F EOXH DORQJ ZLWKQLRWHDVEQIEPHWDO LRC
DQG G +J

7KH PLFURJHO EHKDYLRUV LQ KHDY\ PHWDO VROXWI
VKRZQ LQ )LIJXUH E F DQG G PLFURJHOV ZHUH UH
H[SHFWDWLRQ EDVHG RQ +6$% WKHRU\ %UVHRRUHWKH |
IDYRUDEOH WR LQWHUDFW ZLWK WKH QHJDWLYHO\ FKDUJ|
UHVXOWLQJ LQ PLFURJHO VKULQNW PR UMKID YRUW BO HHZR
ZLWK WKH 1 DQG 2 DWRPV E\ FRRUGLQDWH FRYDOHQW ER
WKH ERUGHUOLQHLYHIMLWRDPIE® BENR ERWK LQWHUDFWLRQ
VKULQNLQJ DW ORZ FRQFHQWUDWLRQ DQG VZHOOLQJ DW
WKH PLFURJHO EHKDYLRU ZDV FRQILUPHG IXUWKHU ZLW
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6SHFLILFDOO\ DV VKRZQ LQ )LJXUH E WKH $$F PLFUF
&U %HFDXVH Rl WKH DEVHQFH RI $$F LQ WKH $$F PLFUR
DQ\ QHIJDWLYH FKDUJHG JURXS 7KH $$F PEFFERXYVG® ZDV
WKHUH LV QR HOHFWURVWDWLF LQWHUDFWLRQWIKQG OLJD
LQFUHDVLQJ $$F FRPSRVLWLR @ D@ LVOKAHH B DFWR ZH @ K WPHRHU
FKDUJHV DQGOWXKMQ&2RPQ WKH PLFURJHO ZKLFK PHDQV W
KLJKHU FURVVOLQNHU GHQVLW\ ZLWK WKH KLJKHU $$F FR
FDXVHV PLFURJHO VKULQNDJH WR D VPDOOHU VL]H ,Q FF
PLFURJHOV ZLWK KLJK $$F FRPSRVLWLRQ7EBUB®K ZHUH
PLFURJHO ZLWK QR $$F KDV WKH ELJJHVW UHVSRQVH $$I
RQO\ E\ 1,33P PRQRPHU DQG %,6 FURVVOLQNHU KDG WKH
/HZLV EDVH %HFILRQY WKH +DYRUDEOH WR IRUP FRRUGL
ZLWK WKH 1 DQG 2 DWRPV IURP 1,3%P DQG %,6 WKH RF
UHSXOVLRQ IRUFH GULYH WKH $$F ZLWK WKH KLJKHVW
ELJJHVW VZROOHQ VL]H 7KH GHFUHDVHG UHVSRQVH ZLW
FDXVHG E\ WZR UWRRDWVRERDSWIUHG E\ WKH 1,3$P DQG %,6 D
WKH QHJDWLYHO\ FKDUJHG $$F JURXS WKH GHFUHDVH
GHFUHDVHFDGDHLW\ LQ WKH PRRYRIHNOVKRZBEQ )LIXUH
PLFURJHOV FRPSRVHG ZLWK $$F VKRZ VKULQN VZROOHQ [
VOLJKW VZHOOLQJ $W WKH PLFURJHOQFKQWUNDINIHR Q HUV. |
PLFURJHOV ZLWK D KLJKHU $$F FRPSRVLWLRQ KDYH D
HOHFWURVWDWLF LQWHUDF®RDRE QARPL\Y DRV GHHWDANE ¥
GHQVLW\ LQFUHDVHG ZLWK WKH $$F FRRS/RAOLLVQINHQY LGH Q \F
DOVR LQFUHDVHG UHVXOWLQJ LQ GHFUHDVLQJ PLFURJH
ZKHUH WRERR@EHQWUDWLRQ LV ORZ WKH PLFURJHO ZLWK I
VKRZV D KLJKHU VZROOHQ UDWLR EDVHG RQRMMXH HOHF)
FDSWXUHG E\ WKH 1,3$P PROHFXOHYV

%PHG RQ WKH PLFURJHO EHKDYLRU LQ KHDY\ PHWDC
DEVRUEDELOLW)\ ZDV LQYHVWLJDWHG IXUWKIPU+BROXWLR
DQG SSPDBESH+ DQG LRQLF VWUHQJWK PO ZHUH X\
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7KH PHWDO LRQ DEVRUEDELOLW)\ ZDV LQYHVWLJDWHG ZL
PHPEUDQH FRDWHG ZLWK PLFURJHO 7KH KHDY\ PHWDO F
LQGXFWLYHO\ FRXSOHG SODVPD RSWLFDO HPLVVLRQ VS
EHHQ JHQHUDWHG ZLWK VWDQGDUG VROXWLRQV DV VKR.

JLIXUH &DOLEUDWLRQ FXUE HVDIR® B XEEHG WR TXDQWLI\ WKH DPRXQ\
+J DQG ¥YRUEHG E\ WKH PLFURJHOV 7KH VWUDLEKKWG O IWMPHXMR QHID F K
2ULJLQ/DE 3UR YHUVLRQ SURJUDP VRIWZDUH

%DVHG RQ WKH PLFURJHO EHKDYLRUV GLVFXVVHC
DEVRUEDELOLW\ FDQ YDU\ LQ GLIIHYHQW $&-6HEMORYZ WU
LQWHUDFWLRQ EHWZHHQ WKH PLFURJHO DQG KHDY\ PHWI
E\ WKH SURWRQDWHG RU GHSURWRQDWHG $$F JURXSV |
LPSRUWDQW WR LGHQWLI\ WKH UROH WKDW S+ SOD\V LQ
7KH HIITHFW RI S+ RQ WKHJID BORKUBEWM. R RG 18HIG DW S+ YDO
DQG 7R VWXG\ WKH HIIHFW RI S+ RQ PHWDO LRQ DEVF
WKH PLFURJHO VROXWLRQVY ZHUH DGMXVWHG WR S+ D Q
VWUHQJIJWK WR PO &DOLEUDWLRQ FXUYHV DV VKRZQ LC
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VWDQGDUE@ &G YROXWLRQV IURP ZKLFK AWKBQIEPRXQW V
3E DEVRUEHG ZHUH FDOFXODWHG 7KHQ WKHBHUFHQWD
DQG 3EEVRUEHG E\ PLFURJHOV ZDV FDOFXODWHG XVLQJ (

%HFDXVH RI WKH LQFRUSRUDWLRQ RI $$F JURXSV LQ
SOD\HG D FULWLFDO UROH LQ WKH DGRSWLRQ FDSDFLW\
VROXWLRQ S+. DERXYWHW KMKS GHSURWRQDWLRQ RI WKH F
7KHUH ZDV DQ RYHUDOO LQFUHDVH LQ DEVRUSWLRQ FD
HOHFWURVWDWLF LQWHUDFWLRQ 7KH SURWRQDWLRQ RI
RQO\ FRRUGLQDWH FRYDOHQW ERQGV IURP WKH 1 DQG
PLFURJHOV WR FDSWXUH WKH KHDY\ PHWDO LRQV LQ WKI
FDSDFLW\ DW S+ $W WKH VDPH WLPH WKH ORZ ELQ
FDXVHG E\ WKH FRPSHWLWLRQ EHWZHHQ K\GURQLXP LRQ"
WKHLU DFWLYH VLWHV LQ PLFURJHOV .Q IBRQWUDVW DV \
KLJK DEVRUSWLRQ FDSDBMNISHV ZHUHFREYHWYWGRQ IUF
HOHFWURVWDWLF UHSXOVLRQ IRUFH DQG WKH K\GURQLX
LQFUHDVH LQ XSWDNH HTIKIEY HW\QUFN @® \Z RE HHENFVBHG EHFI

WKH PLFURJHOV DUH LQ WKHLU GHSURWRQDWHG VWD
HOHFWURVWDWLF LQWHUDFWLRQ

6SHFLILFDOO\ WKRHJ RLLFURJHO FRPSRVLWHG ZLWK $$
VLIJQLILFDQWO\ KLJKHU DEVRUSWLYLW\ WKDQ WKH PLFU]
H[SHFWHG EDVHG RQ WKH PLFURJHO EHXK@W KR I& DV KX YK
DIILQLW\ IRU WKH HOHFWURVWDWLF$R WHKIUKF @R R § \Q R MW
FRQWDLQ WKH $$F JURXS VKRZHG ORZ DEVRUSWLRQ FD
EHFDXVH QR HOHFWURVWDWLF LQWHUDFWLRQ DSSHDUV
WKDW H[KLELW LQFUHDVHG DEVRUSWLRQ FDSDFLW\ ZLWK
WKH LQFUHDVH RI QHJDWLYH FKDUJH GHQVLW\ ZLWK WKF
IRU &UQ WKH PLFURJHO 7KH DEVRUSWLRQ FDSDFLW\ DC
EHFDXVH RI WKH GHSURWRQDWLRQ RI WKH $$F JURXSYV
GHSURWRQDWHG DQG JHQHUDWHG PRUMHQQ WXMHV\ R 8 XFKIDRX
,Q FRQWUDVW $$F JURXSV ZHUH SURWRQDWHG DQG FRC(
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ORZHU DEVRUSWLRQ FDSDFLW\DWKB+a DENRUBSK ER® VR G
WKH LQFRPSOHWH SURWRQDWLRQ RI $$F JURXSV LQ WK
JURXSV ZLWK QHJDWLYH FK DL MWK MWIRIDX WDREDSWXUH &

YRU +JWKH PLFURJHO FRPSRVLWHG ZLWK $$F JURXSV
DV WKH PLFURJHO ZLWKRXW $$F JURXSV ZKLFK ZDV HJ
EHKDYLRU GLVXVHBQIWER®MH +J) KLJK DIILQLW\ WR IRUP F
ERQGV ZLWK WKH ORQH SDLU HOHFWURQV IURP 1 DQG 2 |
ZLWK YDU\LQJ $$F FRPSRVLWLRQV FRQWDLQHG VLPLODU
7KH\ VKRZHG VLPLODULWLHY DPRQJ HDFK RWKHU EHFDX!
FRYDOHQW ERQG FDQ IRUP +RZHYHU WKH DEVRUSWLYH
LQFUHDVHG $$F FRPSRVLWLRQ EHFDXVH WKH 1,3$P FRP
FRPSRVLWLRQ LQFUHDVH /RZHU 1,33P FRPSRVLWLRQ FI
FRYDOHQW ERQGV IRUPHQ WRH UBWXWHRQK HKH DEVRUSW
LQFUHDVHG ZLWK S+ EXW ZLWK O HADN HGFR @ DWKIHFIR® IS BW |
UHSXOVLRQ IRUFH EHWZHHQ WKMKK\GBROHXNR.WRRY BRE Z
SRVLWLYHO\ FKDUJHG LIREMRBBWVRG WHKSIDFLW\ WR GHFU
K\GURQLXP LRQV KDYH KLJKHU FRQFHQWUDWLRQV DW OR
+J LRQV LW LV HDVLHU IRU K\GURQLXP LRQV WR HQWHU

$V GLVFXVVHG DERXBYMRH ZEV LQIOXHQFHG E\ ERW
LQWHUDEWLRQV DQG FRRUGLQDWH FRYDOHQW ERQGV 7K
VKRZV VLJQLILFDQWO\ KLJKHU DEVRUSWLYLW\ WKDQ WKF
S+ ZKLOH WKH PLFURJHO ZLWKRXW $$F JURXSV VKRZV V
PLFURJHO ZLWK $$F $W S+ WKH DEVRUSWLRQ FDS
LQFUHDVLQJ $$F FRPSRVQWHREIFIRWRESY ZHUH GHSURW
JHQHUDWHG PRUH QHJDWLYH RKDWKH WRR X\ SRUX UHR WH
HOHFWURVWDWLF DWWUDFWLRQ IRUFH LV QRW WKH RQO
3E LRQV DOVR ZHUH FDSWXUHG E\ WKH FRRUGLQDWH FRY
ERQG FDSPWRWDWGLQKLELW WKH HOHFWURVWDWLE LQWHUD
JURXS DQEBHBEXVH Rl WKH HOHFWURVWDWLF UHSXOVLRQ
HOHFWURVWDWLF LQWHUDFWLRQ DQG FRRUGLQDWH FRYI
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DEVRUSWLRQ FDSDFLW\ $W S+ WKH DEVRUSWLRQ FIL
LQFUHDVLQJ $$F FRPSRNHWLQRSURRMRGPDWHG $$F JURXSV
FKDUJHV FDQ AMSWXHHRBRBDXWLRQ ZKLOH WKH K\GURQLXF
WKH BEVBXUHG E\ WKH HOHFWURVWDWLF LQWHUDFWLRQ |
ODUJH LRQ GLIKVHE VORZHHWXKIOML GU LQ ORZHU DEVRUS
WKDQ®UVKH VDPH DPRXQW RI WLPH

JLIXUHS+ FRPSDULVRQ RI WKH UHPRYDO HIILRUHEXFXHDWHIE D DQC
DQG 3EODFN $ VRUEHQW GRVH RI PJ R| WDRURRIDX ZHD&DX WHKG IS@G D
SSP +JDQG SSPQIBNLDO FRQFHQWUDWLRQV RI WKH LRQV

7KH KHDY\ PHWDO LRQ DEVRUSWLRQ FDSDFLW\ ZD°
PHPEUDQH VXUIDFH $V VKRZQ LQ &KDSWHU PLFURJHOV
DW WKH VL]H RI a QP ZLWK WKH VWHSZLVH SUHVVXUL]H
PDGH IROORZLQJ WKH FRDWLQJ SURFHVV GLVFXVVHG LQ .
PHPEUDQHY ZHUH XVHG WR ILOWUMDBWH WK $SPHGE VROXWL
DQG SSPWEVHG RQ WKH UHVXOW GUWHFWIVG/HNG IDPRF¥FK K34J
DEVRUSWLRQ FDSDFLW\ WKDQ S+ 7KH ITHHG VROXWLF
E\ DGMXVWLQJ WKH LRQLF VWUHQJWK WR PO 'XULQJ WK
SHUPHDWH ZHUH FROOHFWHG IRU PHWDO LRQ DEVRUSWLF
PD\ HOKDQFH WKH LQWHUDFWLRQ EHWZHHQ WKH PLFURJ
LPSRUWDQW WR LGHQWLI\ WKH UROH WKDW SUHVVXUH S
LRQV GXULQJ ILOWUDWLRQ 7KH HIITHFW RI SUBVVXUH RQ
DQG 3&GXULQJ ILOWUDWLRQ ZDV VWXGLHG DW DWPRVSKH
FDOLEUDWLRQ FXUYHV DV VKRZQ LQ )LIJXUH +J ZHUH HV
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DQG 3EROXWLRQV IURP ZKLFK WKB Q@QZF REQYWVERIG&THUH
FDOFXODWHG 7KHQ WKH SHUFHQWDJIHQGESBMPVMIRHIRH®PRX
E\ PLFURJHOV ZDV FDOFXODWHG XVLQJ (TXDWLRQ

%DVHG RQ WKH ILOWUDWLRQ D KLJKHU SUHVVXUH FL
PHPEUDQH $V WKH PLFURJHO KDV D KROORZ VWUXFWXU'
WKURXJK +RZHYHU XQGHU ORZ SUHVVXUH WKH H[WHU
RVPRWLF SUHVVXUH LQVLGH WKH PLFURJHO ZKLFK UHYV
WKURXJK WKH PHPEUDQH RQ WKH VLGH RI WKH PLFURJHO
VXUIDFHV FDQ FDSWXUH WKH KHDY\ PHWDO LRQV LQ WKI
ZKLFK LV KLJKHU WKDQ WKH RVPRWLF SUHVVXUH LQVLG
VROXWLRQ WR SDVV WKURXJK WKH PLFURJHO OROHFXOH
LQ WKH DEVRUSWLRQ RI KHDY\ PHWDO LRQV $V VKRZQ L
SVL VKRZHG VLJQLILFDQWO\ KLJKHU DEVRUSWLRQ FDS
DWPRVSKHUH SUHVVXUH ZKLFK VXSSRUWV WKH K\SRWKH

6SHFLILFDOO\ WKH DEVRUSWLRQ FDSDFLW\ DPRQJ
PLFURJHOV ZDV VLPLODU WR WKH GLUHFW DEVRUSWLRQ |
DEVRUSWLRQ FDS@FUWDVRYV ZUWK WKH LQFUHDVHG $$F F
WKH LOQFUHDVLQJ HOHFWURVWDWLF LQWHUDFWLRQ EHWZ
&U 7KH DEVRUSWLRQ GEEDHADWHYRULWIK WKH LQFUHDVHG
EDVHG RQ WKH GHFUHDVLQJ FRRUGLQDWH FRYDOHQW ER
1,33P LQ PLFURJHO 7KH DEVRVOWIKRWOR OLSIFRIHND\VIHRWW EBHEF C
LOQOFRUSRUDWLRQ RI HOHFWURVWDWLF LQWHUDFWLRQ |
DEVRUSWLRQ FDSDFLW\ EHKDYLRU DPRQJ WKHVH IRXU W
ORZ SUHVVXUH 7KH DEVRUSWLRQ PHFKDQLVP IRU ILOWU
VDPH zD\ DV WKH GLUHFW DEVRUSWLRQ EHFDXVH PHWDC
FRQWUDVW ILOWUDWLRQ DW KLIJKHU SUHVVXUH KDV D VL
%HFDXVH WKH SVL SUHVVXUH LV KLIJIKHU WKDQ WKH R
PHWDO LRQ VROXWLRQV VLPSO\ GLG QRW GLIIXVH LQWR
ZDV IRUFHG E\ SUHVVXUH WKURXJK WKH PLFURJHOV RQ W
WKDW PRVW PHWDO LRQV KDG FKDQFHV WR FRQWDFW WKI
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LQ D VLIJQLILFDQW LQFUHDVH LQ DEVRUSWLRQ FDSDFLW\

J)LIXUH 3UHVVXUH FRPSDULVRQ RQ UHPRYDO HIILFIEEHQFSYLWK D DW
IRU &BOXH UHG DE®BEN $ VRUEHQWPGRWVRJRIO FRBWHG PHPEUDQH
XVHG LQ D P/ WRWDO &ROSB8P +ZDQPE SSERBEWLDO FRQFHQWUDWLR
WKH LRQV

&RQFOXVLRQ

,Q VXPPDU\ BRt48$PPLFURJHOV VRUEHQWY KDYH EHHQ V\Q\
IRU WKHLU PHWDO LRQ ELQGLQJ DELOLW\ 7KH SRURXYV
DWWUDFWLYH IRU WKH UHPRYDO RI FRQWDPLQDQWYVY ZK
SUHVHQWHG ELQGLQJ VLWHV IRU KHDY\ PHWDO LRQ XSV
H[SODLQHG XVLQJ WKH +6%$% WKHRKDV/RHKEKR WG L/PLZWYV B
KDUGHU /HZLV EDVH $$F LQ WKH PLFURJHO ZKLOH HOF
7KH 3VRIW™ /HZLXDDWIDGK+JK DIILQLW\ WR WKH VRIWHU /H.
% ,6 LQ WKH PLFURJHO ZKLOH WKH FRRUGLQDWH FRY
LOQWHUPHGLDWH FDOQLY Q@QWHGOGDIEW ZLWK ERWK D KDUGHU /I
VRIWHU /HZLVY EDVH 1,3%3P DQG %,6 7TKH LQFRUSRUDWLR
FRRUGLOQDWLRQ LQIOXHQFH WKH RPH FJERIMODS B/H IRDY E B 8 DAL
VWXGLHG IXUWKHU ZLWK YDULRXV S+ DQG ILOWUDWLRQ
FDUER[\OLF JURXSVY LQ PLFURJHOV LQFUHDVHV WKH PH\
QHIJDWLYH FKDUJHV 7KH SVL SUHVVXUH GXULQJ ILOWL
FDSDFLW\ RI SSP PHWDO LRQV EHFDXVH WKH H[WHUQDC
SUHVVXUH LQVLGH WKH PLFURJHO
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Chapter 5
&RQFOXVLRQV DQG )XWXUH 2XWORRN

7KLV WKHVLV ZDV SULPDULO\ IRFXVHG RQ WKH XVH RI
PDDWHULDOV IRU ZDWHU UHPHGLDWLRQ DSSOLFDWLRQV
ZDV GHVLIQHG WR HQKDQFH WKH DQWL IRXOLQJ SURSHUV
6LOLFD FRUH SRO\PHU DUP VWDU VKDSHG SRO\PHUV ZH
VWDELOLW\ DQG DQWL IRXOLQJ SURSHUWLHV 7KH VLOLF
JO\FRO PHWKDFU\ODWH DUPV SURYLGHG VXEVWDQWLD
K\GURSKLOLFLW\ DQG DQWL IRXOLQJ SURSHUWLHYV DJDLC
SRO\WWW\UHQH FKDLQV LQ WKH DUP SURYLGH KLJK FRDW
K\GURSKRELF LQWHUDFWLRQ ZLWK WKH PHPEUDQH ,W ZLC
FRPSRVLWHG 3(6 PHPEUDQH H[KLELWHG DQWL IRXOLQJ
ZHWWDELOLW\ DQG ORZ IOX[ GHFOLQH +RZHYHU VRPH
UHPRYHG IURP WKH PHPEUDQH DV D UHVXOW RI WKH ILOW
LQ WKH LQKLELWLRQ RI WKH DQWL IRXOLQJ SURSHUWLHYV
WKH FRDWLQJ VWDELOLW\ DQG IXUWKHU HQKDQFH WKH I
DVVHPEO\ SURFHVV FDQ EH XVHG 7KH VWDU VKDSHG SR«
ERWK SRVLWLYH RU QHIJDWLYH FKDUJHV LQ WKH SRO\PHU
D KLJKHU DIILQLW\ WR WKH PHPEUDQH VLQFH WKH PHPEL
FKDUJH 7KHQ DQRWKHU OD\HU RI QHIDWLYH FKDUJHG V'
WKH PHPEUDQH VXUIDFH WKURXJK WKH HOHFWURVWDWLF
OD\HUV %HVLGHV FKDUJH JURXSV RQ WKH PHPEUDQH
K\GURSKRELFLW\ DQG VXUIDFH ZHWWDELOLW\ ZKLFK FD
SURSHUWLHV )XUWKHUPRUH RWKHU LQRUJDQLF FRUH PD
VKDSHG SRO\PHU PRUH IXQFWLRQV DV UHTXLUHG )RU H
XVHG DV WKH FRUH RI WKH VWDU VKDSHG SRO\PHU 7KH
FRDWHG RQ WKH PHPEUDQH XVLQJ D PDIJQHWLF ILHOG ZK
7LWDQLXP LV DOVR D FDQGLGDWH IRU WKH FRUH RI WKH
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SURSHUWLHYV

,Q &KDSWHU D S1,3%P EDVHG PLFURJHO FRDWHG PHP
DQG RSWLPL]JHG ZLWK KLJK DQWL IRXOLQJ SURSHUWLHYV
PLFURJHOV ZHUH FRDWHG RQ 3(6 PHPEUDQHV WKURXJK
SURFHVV ZLWK WXQHG WHPSHUDWXUH 7KH FRDWLQJ ZD
S1,3%PYV /&67 WR IRUFH WKH PLFURJHOV WR IXO0\ GHK\G
RI WKH PHPEUDQH 7KH PHPEUDQHV ZHUH VRDNHG LQ ', ZI
/1&67 WR IRUFH WKH PLFURJHOV WR EH IXOO\ K\GUDWHG
OLFURJHOV ZLWK GLIITHUHQW VL]HV ZHUH XVHG WR RSWLF
SURFHVVHYV ZHUH DOVR FRPSDUHG WR JHQHUDWH WKH EF
SUHVVXUL]HG FRDWLQJ SURFHVV H[KLELW WKH EHVW FR
SURFHVVHVY ORUHRYHU ZLWK WKH RSWLPL]JHG PLFURJHO
$$F FRPSRVLWLRQV ZHUH XVHG WR GHYHORS DQG RSWLP
FRDWLQJ ZLWK VHOI FOHDQLQJ EHKDYLRU OLFURJHOV ZlI
EHWWHU DQWL IRXOLQJ SURSHUWLHYV $$F DQG $$F FR
WHUP ILOWUDWLRQ IROORZHG E\ ZDVKLQJ ZLWK VXUIDFW
VWDELOLW\ DQG VHOI FOHDQLQJ EHKDYLRU YLD DOWHUQ
,Q WKH IXWXUH SRVW FRDWLQJ WUHDWPHQWY FDQ EH X'
SURSHUWLHV %HFDXVH WKH FRDWLQJ VWDELOLW\ GH
FRPSRVLWLRQV $$F FRDWLQJ VKRZV ORZ VWDELOLW\ G
LW VKRZV WKH EHVW DQWL IRXOLQJ SURSHUWLHV 7R RE
DQG FRDWLQJ VWDELOLW\ SRVW FRDWLQJ WUHDWPHQWYV
LQ WKH PLFURJHO FDQ IXUWKHU UHDFW ZLWK JO\FLG\O P}
RQ WKH PLFURJHO VXUIDFHV 7KH YLQ\O JURXSV FDQ EH
WR JHQHUDWH IUHH UDGLFDOV DQG FURVVOLQN HDFK RV
ZKLFK LQFUHDVHVY WKH FRDWLQJ VWDELOLW\

,Q &KDSWHU WKH PLFURJHO VRUEHQWY ZHUH LQYHV
DELOLW\ 7KH SRURXV QDWXUH RI WKH PLFURJHOV PDGH
ZDWHU UHPHGLDWLRQ DSSOLFDWLRQV OLFURJHOV EHKD
PHWDO LRQV IROORZLQJ WKH +6%$% UXOKHDUGUIHHADY ERWV HKK
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$$F JURXSV LQ PLFURJHO KDYH KLJK DIILQLW\ WKURXJK
WKH PLFURJHO VKULQN )RBRIWVRIWZEHUVEDVH RB$RB DQGCG %, ¢
LQ PLFURJHO KDYH KLJK DIILQLW\ WKURXJK FRRUGLQDWH
JRU LQWHUPHGLDWHRPHRVRDUICRQ B& VRIW /HZLV JURXSV L
PHWDO LRQ :LWK WKH FRRSHUDWLRQ RI ERWK LQWHUDF\
VZROOLQJ EHKDYLRU ZIFWRFIHOAWWHDWLRY 3HWK WKH VDF
PLFURJHOV ZHUH LQYHVWLJDWHG DV VRUEHQWY LQ D PH
ZLWK D PLFURJHO FRDWHG PHPEUDQH 7KH DEVRUSWLRC(
VROXWLRQ S+ 7KH PLFURJHOV KDYH KLJK PHWDO LRQ F
GHSURWRQDWHG $$F JURXS ORUHRYHU WKH PLFURJHO
FDSDFLW\ DW SVL WKDQ DW DWPRVSKHULF SUHVVXUH G
KLIKHU WKDQ WKH RVPRWLF SUHVVXUH LQVLGH WKH PLF
LOQOWHUDFWLQJ ZLWK WKH ZKROH PLFURJHO DQG KLJK DEV
LRQV RQO\ GLIIXVHG LQWR WKH PJHO UHVXOWLQJ LQ OfI
PLFURJHO EHKDYLRUVY DPRQJ GLIITHUHQW PHWDO LRQV H
DUUD\V FDQ EH GHVLJQHG 7KH FRPELQDWLRQ RI HWDOR!
IXQFWLRQDO JURXSV ZKLFK UHDFW GLITHUHQWO\ ZLWK P
PHWDO W\SHV LQ WKH VROXWLRQ )XUWKHUPRUH WKH L
VHOHFWLYLW\ WR PHWDO LRQV FDQ EH GHVLJQHG IRU VS
WKH SRO\PHUL]DEOH FURZQ HWKHU DFU\ODPLGREHQ]R
PLFURJHO WRVWSBFWL¥EW\ WR WKH PLFURJHOV ORUHRY
WR DQDO\]H WKH GHWDLOV RI WKH UHVSRQVH NLQHWLFV
LRQ H[FKDQJH ZLWK WKH SRO\PHU RFFXUV
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SHIHUHQFHYV

6KDQQRQ 0 $ %RKQ 3: (OLPHOMFKLQ@DV*HRUJLODBHW $* 0 6FLH
DQG 7THFKQRORJ\ IRU :DWHU 3XULILEDWXHB® LQ WKH &RPLQJ 'HFDGHV

=KDQJ ' . HPUNRKRWGU]DGHKXQGDW 1DUD)IREULFDWLRQ RI DQWLIRX
DQG DQWLEDFWHULDO SRO\HWKHUVXOIRQH 3(6 PAHHREQDIRMH QDQRF
OHPEU 6FL +

.KRUVKLGL % +DML@BDMULDFKDOWUMHH 6 6DGU]JDGHK 0 7KHUP
HOHFWULFDOO\ FRQGXFWLYH 3(6 ;70 @PRRFERASRVLWH PHPEUDQH

-KDYHUL -+ OXUWK\ =93 $ FRPSUHKHQQRNRPSRY LMWZH PG DRWDLQ H
SUHVVXUH GULYHQ PHPEUDGIN VOISODWWRE®E SURFHVVHYV

*RRVHQ 0)$ 6DEODQL 66 $0O $D®BDX¥KI$O052EHRIGINRQ RI
UHYHUVH RVPRVLY DQG XOWUDILOWBBSMNRQ6PHPEHUMKIHRO+D FULWLFL

3DVPRUHRGG 3 6PLWK 6 %DNHU ' 6LQPHDQVVEHL Q(IFHFWERRRQV
XOWUDILOWUDWLRQ PHPEUDQH VXUIDFH SURSHQMWYHYWRRQ3VRIX GRR
SXUSRVH RI UHG XFLQHPELR IRKLO L QtJ

+XDQJ 6 5DV 5 6MLHRIFMHOLUHFW $QWLIRXOLQJ PHPEUDQHV IRU RL
LQWHUSOD\ EHWZHHQ ZHW W&)XQUUD QS LRH RRERUCDOR. GR XOMU IDFH 6F L

<XDQ 7 OHQJ - +HRKDQIPQFDODEOH PHWKRG WRZDUG VXSHUK
XQGHUZDWHU VXSHUROHRSKRELF 39') PHPEUDQH\W $R6B HSISIEWLYH RL
ODWHU ,QWHUIDFHW

*RURXHKIIDGU]DGORKDPPDGLFURILOWUDWLRQ RI RLO\ ZDVWHZDWHU X
PHPEUDHMWDOLQDWLRQ #

*HEUHVODVH * $ %RXVTXHW * %RX\HWKH |I56WIUHDAIVRRQPRP BT X
EDVHG VROXWLRQ RLEOOHPEZDWHU HARDEKDLIRRD

OLOOHU ' - 3DXO '5 )UHHPDQ % ' D3RHLPBGRIYAGWLIRQKRG SRU
ZDWHU SXULILFDWRRQPPRHPEUDQHYV

/IDX :- ,VPDLO $) OLVGDQ 1 .DVNQPNVKLEY BLORFAHRPVS BULRN H HP\HVF
D UHYHNDOLQDWLRQ =

5DQD ' ODWSWUXNDBH PRGLILFDWLRQV IREKBHI@WEHYXOLQJ PHPEUD
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+

$UDKPDQ 1 OXO\DWL 6 )DKULQD $ OXFKWIPLD 6+ <XRXGLQ 7D!
1 $ + %LODG 0 5 ,PSURYLQJ :DWHU 3HUPHDBLGUWSRUHGGYIRBKL
%OHQGLQJ ZLWK 2UJDQLF DQG ,QRUJDQLFORHAXIOHW IRU +XPLF $FL

6KDPDHL / .KRUVKLGL % ,VODP 0D¥WIHDGUQDQGHXY DQ,®CGWY WK
&RDWLQJ IRU WKH 7TUHDWPHQW RI 2LO\ :DVWEDBWRH U&UMREBWLQJ :HDO

+RQJ 6 8 %UXHQLQJ 0 / 6HSDUDWLRQ RIHWP BRR $HQGFOLPR B UMK
1IDQRILOWUDWLR@WOPPEUBRIHV i

=KX = )HQJ ; B3HQOLGLV $ 6HOI $VVHPEOH®SRVQR IBWUXFW
OHPEUDQHV IRU 3DMWBSRUMAVI(R® i

'DQJ / -L 6 :DQJ 1 =KDQJ 5 S6SKHMHSI6HOI/BVVHPEDQHDEULFDW
$PSKLSKLOLF +\SHUEUDQFKHG 3RO\PHU &RPSRVL@HRWHPEUDQH IU]
'HVDOLQDOHREU 6FL i

+XDQJ $ &KHQ / + .DQ & & +WX. 7 <7IXQXJ 6. ( )DEULFDWLRQ
=LQF 2[LGH 1DQRVWUXFWXUH &RDWHG OHPEUDQIHPERU GFILFLHQW 2L

i

2PL ) 5 @&KRXGKXU\ 0 5 $QZDU 1 %DNUJKSO\5&RBIBKIFADLY H 0
B8OWUDILOWUDWLRQ OHPEUDQH YLD EDBXXP "HORWULIW RRQRS V) X IQFWH & ¢
&DUERQ 1DQFONXBHV&KHP 5HV i

&KRL : &KRL - %DQJ E\/DHHU $VVHMEBURI *UDSKHQH 2[LGH 1DQ
3RO\DPLGH OHPEUDQHV IRU 'XUDEOH $&%HS\GHD 20D RV $GW 6 UFDMH\R

i

'LHS - 7HN $ 7KRPSVRQ / )URPPHUG6O\ :DQUD 5<EBLXDQRMD
/ID\HU $VVHPEOHG &RUHi6KHOO 6WDU %ORFN &RSRO\PHUV IRU )RX
OHPEUD3IRDAPHU i

BROWDQQLD % ,VODP 0 $ &KR - X 3JRKDPPD GIVHE DBO P)D QDRR
= 5DVWJDU 0 O0\OHV $ - /D < + 6DGU]DGHK OHBKWORBEO\ 6WD

&RSRO\PHUV IRU $QWLIRXOLQJ (QKDQFHPHQWORPEWMWHBREL3XULILFDWLR
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7RNDUHY 6 6OMILPNKOL UHVSRQVLYBRIVG ORWHDHWKLQ ILOPV

JORU\ 3 - B5HKQHU - 6WDWLVWLFDO OHFKDQ L F5/X RE HJORANH O L ¢
(ODVWLRIKHP 3K\V

+DUDJXFKL . /L + - $QJHZDQGWH &KHPLH ,QWHUQDWLRQDO (GL

LP - + /HH 6 % .LP 6 - /HH < OHYBRDR®HVRPSRURWX WD BLQ
SRO\ 1 LVRSURS\ODFUBRIDRPEH K\GURJHOV

&KHQ/LY /LQ =KDQDD7- 6RQJ </ ZKBIQPDO UHVSRQVLYH K\GURJHC
WXQDEOH ZHWWDELOLW\ DQG DGKHVERQNVWR\RWH DW WKH ZDWHU VRC

7DQDND 7 )LOOPRUH ' - .LQKWLRX®RQNZHI®RKHPRFDA®BK\VLFV

6DXPGHB 9LPPHOWRIHO SDUWLFOHV DV PRGHO FROORLGV WKHRI
$GYDQFHV LQ &ROORLG DQG ,QWHUIDFH 6FLHQFH

6D[HQD 6 +DQVHQ & ( /\RQ / $ OLFURIHGEFHRIDWOQVLFRI LQ E
&KHPLFDO 5HVHDUFK

*DR - = ®26WLFDO 3URSHUWLHV RI 1 ,VRSURS\ODFDQAPRLGH OLFUR

6FKLOG + * 3RO\ 1 LVRSURS\ODFU\ODPIGIF BWRRIDHVRHIQQV WK
3RO\PHU 6FLHQFH

ODHGD < 1DNDPXUDGUDWMRQDDQG 3KDVH %HKDYLRU RI 3RO\ 1 YL
3RO\ 1 YLQ\OS\UUR OQISRUERP RAH FOXVOHHY

/JHH 1 /RGJH 7 3 /RZHU FULWLFDO VROXWLRQSWRBP SHW RVOXDH /&
R[LGH LQ LRDHW RXXQDBY Rl 3K\VLFDO &KHPLVWU\ /HWWHUV

+HVNLQV 0 *XLOOHW - ( 6ROXWLRQ 3URSHWFURVPMRO 3R\ 1LV
&KHP

&KR ( & /HH 5RO&KRI %RXQG :DWHU DQG +\GURSKRELF ,QWHUDF
RI 3RO\ 1 LVRSURS\ODFU\OD PDGHRPRCHRO BROXWLRQ

/LX + =KRZHU FULWLFDO VROXWLRQ WHPSHUDWXUHV RI 1 VXEV\
DTXHRXV VRROXWHEQV

)XU\N 6 =KDQW¥FRVWDWL]&UHPHU 3 6 %HUJEUHLWBULW\( (IIHFW

DQG PROHFXODU ZHLJKW RQ WKH ORZHU FUNVREPRGS\VRBRPXWIDRPQ GWH
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-RXUQDO RI 3RO\PHU 6FLHQFH 3DUW $ 3RO\PHU &KHPLVWU\

'DONDV * 3DJRQLV &RQWRRIODRI WKH ORZHU FULWLFDO VROXW
FRQRQVROYHQF\ SURSHUWLHV RI SRO\ 1 LVRSURSEXWHMW\WRBREHK L
FRSRO\PHULVDWLRG@ROQWK DFU\ODPLGH

6HQIl + BS5LFKWHWHQIFH Rl FURVV OLQN GHQVLW\ RQ UKHRORJLF
VHQVLWLYH PLFURRODRKESHRA\RGY 6FLHQFH

6XQ 4 HQY VLWX VIQWKHVLV RI WHPSHUDWXUH VHQVLWLYH KR(
SRO\PHULRXWIQD® RI WKH $PHULFDQ &KHPLFDO 6RFLHW\

%HUQGW , 3HGHUVHGQHP S6H UBHNDMMWMUY ) RRUH+6KHOO OLFURJHO -
'HQVH 6KHOO $QJHZDQGWH &KHPLH ,QWHUQDWLRQDO (GLWLRQ

%HUQGW , : SLREXEVHAULHRISHUDWXUH 6HQV LW DD WRRARHI HEFKXHOOHO/ O L F

.UDW] . +HOOZHJ, QIOXHPHY Rl FKDUJH GHQVLW\ RQ WKH VZHOOL
LVRSURS\ODFRDVWODPLEHDFLG RPOGRIRGVMONQG: 6XUIDFHV $ 3K\VLFRFK
(QJILQHHULQJ $VSHFWYV

7RNDUHY $ 6OMLPNKOL UHVSRQVLY H KNG WDRIHWOHWKLQ ILOPV

.RFDN * 7XQFHU & %XWXQ 9 3ROGMHVSKRHP/LYH 3RO\PHUV

3RXU]LDG 6 2PLGNKDKO QPSURMEROQMMIRXOLQJ DQG VHOI FOH
39') XOWUDILOWUDWLRQ PHPEUDQH JUDIWHG ZLWKRSRQDP® RIEUXVK
,QGXVWULDO DQG (QJLQHHUL®J &KHPLVWU\

/LDQJ 6 .DQJ < 7LUDIHUUL $ *LDQQHDLWLJKO\ HXBQRSKLQOE
SRO\YLQ\OLGHQH IOXRULGH 39') XOWUDILOWUDWLRQXUABPFHEUDQHYV
WDLORUHG VLOISRHD GBHA S OMWHBO HQMH U

=KDR < :HQ - 6XQ + 3DQ 'DRXDRBURR WBYSRQWK'H VHSDU
PHPEUDQH ZLWK VPDUW DQWL IRXO I&KHPIF® & HQ U IFQHIDWQLL@I SHMHTHL
'"HVLJQ

$NVR\ & .DQHU 3 $VDWHNLQ &R H&RO LD L(R® FRIQ6VEBLRXOL 5HVS
OLFURJHOV ZLWK )RXODQWV 'XULQJ SOWUDILGWEE HEERQ TDMWHE U)RXO
,QWHUIDFHV i

6FKZDU]JHQEDFK 5 3 (JOL 7 +RIVWHWWHORED® :D'\RRU*3Q B QW
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DQG +XPDQ$QH®OWKY (QYLURQ 5HVRXU

5DSSDSRUW 6 0 6PLWK 0 7 (QYBBRQ®FHW DQG 'LVHDVH 5LVNV

=DKLU ) 5L]ZL 6 - +DT 6 . .KDQ R}LFLWRD QRVHXPHWQF%HD QW
(QYLURQ 7R[LFRO 3KDUPDFRO

3DSDQLNRODRX 1 & +DW]LGDNL ( * %BWMOINQLIW $6 0 7]BHRONI
7R[LFLW\ 8SGDWH GHGUIBHFIL5ORQHIVE$S 5%

.LPEURXJK ' ( &RKHQ < :LQHU BXQ@L &UHBHARAMNQLFDO BYVHVVP
&KURPLXP LQ WKH&WW URMWY HQWLURQ 6FL 7HFKQRO

)X ) / :DQJ 4 5HPRYDO RI KHDY\ PHWBO HLHRQY LUR® 2DD\QMKEEAD W F

.LP < 6 J/HH + 0 .LP - + -RR\\GUREKBRRGVRUEHQWYV RI
1LVRSURS\O FRPNOKDLFAH O R\O RFUPRAPK\OIRU /L UHFRYHU\ SUHSDUHG
PLFURIOXA85 BEBY +

JLX = /XR ) -X ; - =:LH 5: 6&KX </ < *D@LQJ PHPEUDQHV IRU
WUHDWPHQW GHWHFWLRQ DQG UHPRYDO Rl WUBF$R®EP HLLR X DEDV HG
WUDQVLWLWAU &KHP $ =+

=KRX 6 %&&KWQWKHVLV DQG 9ROXPH 3KDVH 7UDQVRWLRQ RI 3RC
LVRSURS\ODFU\ODPLGH 0L FUKRJHOX BDD\G LEIOHI \LIQF IDOWEKIHP LV W U\ %

3HOWRQ 5 OERDRHMHO 6XVSHQVLRQV )XQGDPHQWDOV DQG $SSOLFI

-LQ 7 OD < ODWVXGD : ODVXGDD <. 1DINIDWRIND 70 ) XKINXRMLD -
'DLNR < <D]DZD 7 3UHSDUDWLRQ RI VXRHPEW PRISVYIDOG FHEDIDW
PHFKDQLVP RI WKHLU SHUYDSRUDWLRQ SURSHUWLHY 'HVDOLQDWLR(

'LQJ / *XR 1 =KDQJ < =KDEOD\#KDIUXHG DRRYBWIXQRILOWUDW
E\ EOHQGLQJ ZLWK SRO\ VRGLXP VW\UHEBHIRXGRQOXWH [IEDWLRG 66
3XULI 7HFKQRO

=KDQJ / /LQ < :X + &KHQJ<DQ8X® <D@DV&L <RVKLRND 7 O0DW
+ $Q XOWUDWKLQ LQ VLWX VLOLFLILFDWLRQ OD\HUUGWYHORBHG E\
XOWUDKLJK SHUIRUPDQFH RLO+*+ZDWHU HPXOVLR® VHSDUDWLRQ - O

'DHU 6 $NWKHU 1 :HL 4 6KRQ + . +DNOQRSDBUWLEOMHVHEBHW
GHVDOLQDWLRQ SHUIRUPDQFH RI IRUZDUG RVPRPWIRORO\EHQ]LPLGD
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I+

+XDQJ . 4XDQ ; /L ; 7H]HO )IPFHIK\GURBSURYFIGWYXIQG DQV
SURSHUW\ Rl QDQRILOWUDWLRQ PHPEUDQH ESDUWLWD®Y 18R ONEO FWEF
7HFKQRO +

/L ; 1D\DN . 6WDPP 0 7ULSDWKL % 3 [2ZGEWRBDULRQIRQMLO
QDQRSRURXV PHPEUDQHV IRUPHG E\ LQ VIRW)SPHWKRG IRU ZDWHU WL

$NWKHU 1 3KXQWVKR 6 &KHQ <HFHCDNI XY DRFHKR@ QDQEPD
PRGLILHG SRO\DPLGH WKLQ ILOP FRPSRVLWHVRHREUDCHPELRBFRUZDU

+

-LQ + B5LYHUV ) <LQ + /DRVUDRD\$XULQ®B D /.K<X 3 6\QWKIH
$J&0 PLQHUDOL]JHG WKLQ ILOP FRPSRVLWH SR®HD PQGHDRHWPIEIRXQH @ J\
SURSHUWLHV LQ IRUZDUG RVPRVLV ,Q6 (QJ &KHP 5HV

+XDQJ $ &KHQ / + .DQ & & +VX 77XQJX .6 ()DERQBDWLRQ RI ]

R[LGH QDQRVWUXFWXUH FRDWHG PHPEUDQHYV 6RU HIILFLHW RLO ZD\

X 0 % =KDQJ & 3L - . /ILX . &&HOIOXIORVH; QDORFU\VWDOV D
QDQRPDWHULDOV IRU VHSDUDWLQJ FUXGH RIO® WHRP &RKHAREY HPXOV
+

7TKRPDV 6 3DVTXLQL ' J/HX 6 < *RSDNXPDWHU 3$XUDKQRDMOLARH (

<DQJ 4 $GUXV 1 7RPLENL ) 8OGHWERWDO KRE\PRIWLLWW HKARU R X
SRURXV PHREUDWHV &KHP +

IRKDXV 7 LW 3 .DWKHU 0 OHQQVVOL®RBQMHV/XIQDEB®HFRHYPHDE
DQG VHOHFWLYLW\ KHDWDEOH LQRUJDQLF SRURRV LKRIOPIRZU RUBHOU P
FRDWLQBPEU 6FL +

'DL : %DUEDUL 7 +\GURJHO PHPEUDQHV ZLWK UDHOLKH Q'W]H DV\
FURVVOLQNLQJ RI SROOMHWLEQAO6BIDFRKRO

)IQJHU & :DFN + B8OEULFKW 0 OMDMFRSRDRKEHSRAGURMRGW R
DGMXVWDEOH VL]H ppu&XW RIITY IRU WKH HIIEERPOWURPROHRAXEHVL

ODFURPRO %LRVFL*
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/L - ORRQH\ ' - '"HVLIQLQJ K\GURJHOVDMRUS5HRFQWDWEOHG GUXJ

TULSBOWKL "XEHV 1 & 6wbDPP 0 +ROORZ PLFURJHO EDVHG XOW
PHPEUDQHV IRU VHSDUDWLRQ V\QWKHVEYS® QD WHWD RWHE IDFSHOLF

+

'LHWH 1LU 2 A\S\WVHN SRNHUQ / HVVOLQJIJPHPERXQH®JI PLQL
KDYLQJ D G VXUIDFH WRSRORJ\ ZLWK- FOLHFRIERJUHEFL DV &/ RIW PRGHO FR

OXUD 6 1LFRODV - &RXYUHXU 3 6WLBXXU GHNOS\RKBNBLY H QD Q

ODWHULDOV

BWXDUW 0 $ & +XFN : 7 *HQ]JHBWDPR-@OHEAXNKROENBYS&* %
6]OHLIHU , 7VXNUXN 9 9 B8UEDQ 0 (RHYBRQVDSECSFEOWHRQRDRMH!

1DWXUH ODWHULDOV
LD < &KHQJ & :DQJ 5 +H RQVWMUXFWLRMRREPKRFURJHOV HPEH
XOWUDILOWUDWLRQ PHPEUDQHV IRU KI&K®O R GHF XY HD EHR DG KH V L R
+
&KHQ ; =KDR % =KDR / %L 6/ #*DRSHUDMXQUH DEXHG+ UHVS]
SURSHUWLHY Rl SRO\ YLQ\OLGHQH I0XRULGHP IFHFREIBIDFBY | XQFWLR
+
OHQQH3LWVFK ) :RQJ -( $ 3LFK 0 :HVVOLQJ |IZOWSHDWLRRUH PQ.
PLFURJHO IXQFWLRQDOL]HG$QRODRZKHEHQWHREUDQHYV
=KRX 6 ;XH $ =KDQJ < /L 0 :DQJ)DEUI=KDWRLRQ RUIQ¥HPSHUD
UHVSRQVLYH =U2 WXEXODU PHPEUDQHV JUDIRUGY K LFKK LISRO\ | RIUL \
SURWHLQ UHPRYDO -DQEPEDN\6FOHDQLQJ
&KHGH 6 (VFREDU , )RXOLQJ FRQWURO X\RISQQ DW H PCSIHRIDGMX U |
1,3$$P PHPEUDYQHMNRQ 3URJ 6XVWDLQDEGH (QHUJ\
ORQGDO 6 :LFNUDPDVLQJKH 6 3KRWR LYBXBRS\OUDFW\S R B LFHIU
WKLQ ILOP FRPSRVLWH PHPEUDQH 3URGXFHG BBI\E HYXW UIHD'WPKQRWOD (
i
+H\HV '0 %UD ND $ & ,QWHUDFWLRRMWEGDIWZWHQ PLFURJHO SDU

%HOO ' - /IXGZDQRZVNL 6 IXNHQ $ H&NVOLNQD\DO %t+\G:DRIMAKOH L
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PHPEUDQHY PDGH IURP FURVVOLQNHG PLFURRKOQMO WILOBPHWD @HW
6FLHQFH

*RRGZLQ - : 2WWHZLOO 5 + 3HOWRQ 51 SDDWHPOHR Vi]H<D MM
IRUPDWLRQ RI SBQNPMUVA&DBWORAMU -RXUQDO

3DUDVXUDPDQ ' 6HUSH 0 - 3RO\ 1 MRBEUBSDQDFU\E DFHRERHY DOQ F
I[URP :D$&HBUBSSO ODWHU ,QWHUIDFHV

3bDuDVXuDPDQ 6HUSH 0 - 3RO\ 1 MVR&HR SVOMHREODIRPY GIRRU |
2UJDQLF '\H 5HPRYDNZ 6 LBFESECDWBWHU ,QWHUIDFHYV

3DUDVXUDPDQ ' /HXQJ ( 6HUSHODPLGHR@LFURVROWRBVEIBFIMVH

IRU 2UJDQLF '\H 5HPRYDO IURP :DWHGEROFRIRG BEOLNPPBHMHU (IIHFWYV

3DUDVXUDPDQ 6DUNHU $ . 6HUSHLGH -%BRBG 10 /\WWRIRU R S\O [DF
7KHLU $VVHPEOLMARORBXAOH DGO PRYRRAHRRR\VFWHP

3DUDVXUDPDQ ' 6DUNHU $ . 6HUSHSWRS\GEHFWODPLGHWP RF SR]
EDVHG DVVHPEOLHV IRU RUJD QIRFOGRL G HBBRFOX B O6IFIRP ZDWHU

'RUOG +HDOWK 2UJDQL]DWLRQ DQG 81,&() -BUR W BIRY LRR ULLGUNI QR
‘DWHU DQG 6DQLWDWLRQ 8SGDWH DQG 0'* $VVHVVPHQW

4DVHP 1 $ $ ORKDPPHG 5 + /DZDO ' 8/ S5HRRYDOWHXNUMUPD
FRPSUHKHQVLYH D QES MU&@H B Q QDWW H Z

+DUJUHDYHV $ - O9DOH 3 :KHODQ&DUWRGDOWD QWHYFE X&\ DRW URQ
LQ ZDVWHZDWHU | EDMWHH D GG UNGJRHLDON PRIQOK W

$0 5DVKGL % $ 0 -RKQVRQ ' - +LODRQY EBHPRYPIQ CRN UDWDIYR
'HVDOLQDWLRQ

$EGXOODK 1 *RKDUL 5 - <XVRI-1 /DXPDLO $9DWVXXKDQLI
3RO\WWXOIRQH +\GURXV )HUULF 2[LGH B8OWUDILOWUDWLRQ OL[HG

&KDUDFWHUL]DWLRQ DQG LWV $GVRUSWLYH GHRKRYDOQQRI fHDG ,, IUF

$OYDUH] 0 7 &UHVSR & ODWWLDVVR®@ Q@6 3B HF LIBWWDHNLFRQ VFEID
8VLQJ %LRJIJHQLF +\GURJHQ 6XOILGH IURP WEKHPRVSKBWLRQ Rl 9ROL
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&KHQ 4 [/XR = +LOOV & XH *  7\UHHW DO 3 UH RIPS 1DAV/DWHIZRDQV R
8VLQJ 6LPXODWHG )OXH *DV 6HTXHQW $GGLWLRMWHRI 568V$VK /LPH L

*XSwWD 6 7DL 1 + &DUERQ ODWHULDOV DV PIQE 63HWHR Q WD/Q BHE H Y
- ODWHWP &K

/IL % =KRX ) +XDQJ . :DQJ < 7 0HLIKO\ fKRRLHKQWLEHPRYDO RI
DQG &DGPLXP 'XULQJ :DVWHZDWHU ,UULJDWLRQ 8VIHBFID SREG\HWK\OH

/JHH & * -HRQ -: +ZDQJ 0 - $KQ:. FHH3DUN /8D GIRIG FRSSH!
UHPRYDO IURP DTXHRXV VROXWLRQ VK¥X\QROJAKBPERSKRDA GHULYHG |1
+
ODQHHFKDNU 3 .DUQMDQDNRP 6 DRCRESVW|.RRQEBRWYYRWHR IF)
6XUIDFH FKHPLVWU\ LVRWKHUP NLOQH&KHPDQKGHWRRGPRGWQDPLF VWX

BHWUXV 5 :DUFKRO - . +HDY\ PHWDO UHPRWXGS\ELE PXDRBIW L O
FRPSRQHQWDWWW HRHW

I+

%DMGD 7 .ODS\WD = $GVRUSWLRQ RV AKURPDW ARIGIRP HIST X HR
FOLQRSWLOROLWH JODXFRRSEION & OMGEFRQWPRULOORQLWH

%DMGD 7 6]DOD % 6ROHFND 8 5HPRYDODXRIRGNDER ORWGELRKRN §
RUJDQR VEHFWIERWQH 7THFKQRO +

'DQJ << /LX <; [IX + + <DQJ SHWLYWL.YH 6GVRBBWLRQ RI 3E ,
DQG =Q ,, LRQV RQWR K\GUR[\DSDWLWW ¥R R KKBR QDD B WDOMSHR &KW R |

+

6QRZGHQ 0 - 7KRPDV ' O9LQFHQW % 8VH BIWLRMORILGHDYOLFUR
OHWDO DQG 2WKHU ,RQV BURPOSTYTWHRXV 6ROXWLRQ

ORUULV * ( O9LQFHQW % 6QRZGHRXQV RQ VR VRINSRELLRRES \FOID/HD\G
DQG $FU\OLF $FLG &RSR@ERBGORILG URWHIQVYDFH 6FL

3HDUVRQ 5 * &KHPLFDO +DUGQHVV DQRUIREKGEPLVVRFLDWLRQ (Q

%U\QLOGVRQ 0 ( %DNDF $ DQBRU\DSHARQREQ+RPRO[VLGHHBOMKZD\
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5HOHDVH LQ WKH '"HFRPSRVLWLRQ RI WKH 8RSBRKRPRFRRFRPLXP ,,, ,RC(
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