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Abstract

JHUULK\GULWH RIWHQ SUHEQLWRWHY ZLh WK KIXREW IDFL GVK
WKH VWDELOL]DWLRQ RI KXPLF DFLG DQG WKH DJOQRQHSU!
IHUULKRGBLWH$)K DFLG ZLWK YDU\LQJ & ORDGLQJV KDV EHHQ
VXUIDFH SURSHSURMULIHPORHYROV KDYH EHHQ FKDUDFWHUL]JHG !
LRQV RWRDYX EHHQ VWXGLHG 7KH UHVXOWY LQGLFDWHG D
-OLQH )K GRPLQDWHGQPQQHVD®SSHKBDVHXW ZLWK LQFUHDVL(
FU\VWDOOLQLW\ JUDGXDOO\ ZHDNHQHG SDUWLRDMY\EHKDBRD
Rl O|]VVEDXHU VSHFWUD FRQILUPHG & ORDGLQJ FRREQHEHG W
SHUIRUPHG JRRG DGVRUSWLRQ SURSHUWLHV WR 3E B KL.
) K+ 3$B S+ KDG JUHDW HIIHFW RQ /HDG XSWDNH WKH S+ FlI
FRPSHWLWLYH LRQV LQ VROXWLRQV EXW DOVR WKH GLVVRF
VXUIDFHRI GRUSWLRQ NLQHWLFV FDQ EVMHFRQC RRGHOHRBR BH |
SURFHVYVY ZDV FRQWUROOHG E\ ILOP DQG LQWUDSDUWLFOH DC
FDQ EH ZHOO GHVFULEHG E\ )UHXQGOLFK LVRWKHUP PRGHO
3E | VSHFWUD EHIRUH DQG DIWHU OHDG DGVRUSWLRQ VKRZ}F
OLIJDQGV RFFXYIMXUIPGH)KIRUPLQWS KMWWDH CAHR LSAHHU %\ FRP
Ol[VVEDXHU VSHFWUD DQG 7(0 LPDJHV LW UHYHDOHG D VOR
SKDVHV+B6@EW\VWHP FRPSDUHG WR SXUH IHUULK\GULWH ZLW
WR D FRPELQDWLRQ RI IHUULK\GULWH JRHWKLWH DQG KHPL

&)H LQWHUDFWLRQ 3E -HBWHQIGQ WOUXHIVARG FDWKRQ RI IHUULK\

1
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1.Introduction

/IHDG 3E LV SUHVHQW DW HOHYDWHG FRQFHQWUDWLRQ'
HPLVVLRQ IURP D YDULHW\ RI DQWKURSRJHQLF VRXUFHV LQ
PLQLQJ DQG SURFHVVLQJ DRFaGeal,P01E XADWKRR'D OF VG YRIWLLIK Q V
PRVW RIWHQ HQFRXQWHUHG PHW DADJéIwsHéEd et AR20MDG Z BW H3IE D i
FRQFHQWUDWLRQ LQ VRPH VRLO VDPSOWangleDalgR19Q 3VZ DV X
QR@HIJUDGDEOH SROOXWDQW 3E KDV D KLJRUMRR &hQa0¥®\ ELR
$FFXPXODWLQJ H[SRVXUH Rl OHDG SRVHV H[LVWLQJ DQG SR
HFRORJLF ¥Bany BtI&.)8019 LWV WR[LFLW\ UDQNV YLHOWK KL RKIL FMK
UHSRUW KWWS ZZZ DUVGU FGF JRY VSO

JHUULK\GULWH )K DV SRRUO\ RUGHUHG )H PLQHUDOV
DTXDWLF HQYLURQ PG \ét ARPAWAX LWRKXKKB\SUHFXUVRU RI VRPI
R[LGHV 1DWXUDOO\ )K FDQ DGVRUE PHWDO LRQV DQG RUJDC
HIITHFW RI D ODUJH VSHFLILFCdriglHDal[2Q0& DUKILMIKOU HR B WH.G LW U U
PRVWO\ HIILFLHQW DGVRUEHQW NQRZZhul®4&l., DE0 MV | AW L=@J W¥
IDWH DQG PRELOLW\ LQ WKH DTXHRXV SKDVH ,W SOD\V DQ
UHPHGLDW L K@gvEdétLay ROVT; Bhén et al., 2019

7KH ZLGHO\ GLVWULEXWHG RUJD®LEVRIYWILMK LURQDEXI®
FRPSOH[DWLRQ R BafRStAHIEE LAXPWEPELG DV D W\SLFDO UHS
FRQWDLQV RI FDUER[\O DURPDWLF SKHQROLF IXQFWLRQDO

WKURXJK K\GUR[\O JURPAH UDRW - FRBERRER2G0Y & ORDGLQJIV
3
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FKDQJH VXUIDFH DQG VWUXFWXUH SURSHUWLHV RI LUR® K\GC
VXUIDFH DQG PRUH DYDLODEOH VLWHV IRUPHG E\ FRSUHFL
DGVRUSWLRQ SURSHUWLHYV TRérg3Ealk20Q WR K B UELKKNQUIRXIQ GV
DQG UHWDUG FU\VWDOOL]DW L RCpri2ieGal WWATH QustaRssoR Bt\.I2R0Z S U R
DOWHULQJ JHRFKHPLFDO UHDFWLYLW\ RI IHUULK\GULWH ,W
ORDGLQJ FDQ VLJQLILFDQWO\ DOWHU ;5' SDWWHUQV DQG 0
PD[LPXP DFKLHYHG & ORDGLQJ LV OLPLWHG PJ & DQG

UHVSHFWLYHO\ LQ VR P HusSdihdes eRak 2008; Kaiser RIAER0BR DVHG RQ WK
LV QHFHVVDU\ WR VHW SURSHU & )H UDWLR UB® FIR RU MK IS LLVQ
H[SHULPHQWYV )BFWDKHGURQ LV FKDUDFWHULVWLF VWUXFW,
FKDLQV IRUPHG E\ WK XBOGW WUHRBQRVYY Rl RFWDKHGURQ WF
VSHFLILF )H DUUDQJHPHQW LQ IHUULK\GULWH VWUXFWXUH L\
WKDW ZKHQ WKH KXPLF DFLG DGVRUEV RQWR WKH LURQ K\G
GRQRUV RI WKH +$ UHDFWV ZLWK )H Ku@URHLBY XQGHU DFLG

$PRQJ WKH H[LVWIDQJ etal 2018 WEF KtHV,2019; Lei et al.,2018; Chen et

al.,2007; LW LV QRWHG WK D-WS$\8EH/ L\QWHU D B\ L\R RHRH IKI FW R1 D\
RQ JHRFKHPLFDO UHDEFEWLYLW\ RI IHUULK\GULWH RQ WKH PR
IDFLOLWDWH WKH GHDUWK Rl UHJDUGLG$ NRRKRUZ B HLCSIHN DWKHIV S:
& ORDGLQJV & WR )H PRODU UDWLR LV KD\
DQG VWUXFWXUD O3 BER PHHDQMHRI BIL)KUDFWLRQ ;5' 7UDQVP

PLFURVFRSH 7(0 DQG %(7 bDQG O|VVEXDHU VSHFWUD %DWF
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DQDO\]H 3E VRUSWLR@S$SEHKIDYRRO BQB RDIRHWLF PRGHOV ZHL
GHWDLOHG UHDFWLRQ @WD\WQR WEREMOHWIEW BW HUIDFH 7KH PF
ERQGLQJ FKDUDFWHULVWLF DRBSPRIPISRYVDWGRWKHRDBEG EDV
EHHQ GHWHUPLQHG WR FKDUDFWBHEUWHUW R H \L\D\W Wb P FRRIAREQ\D
RI WHFKQLTXHV VXFK DV :36 O|VVEDXHU 6SHFWURVERS\ 7K
EHWWHU XQGHUVWDQGLQJ RI WKH 3E$PIRE IFRIQWDPQGDWWGE B
DOVR IDFLOLWDWH RXU NQRZOHGJH DERXW WKH ZD\ IHUULK\C

3E DGVRUEHG

2. Materials and methods

$O00 UHDJHQWY DQG FKHPLFDOV ZHUH RI DQDO\WLFD3® JUD
ZDWHU ';: « FRO &2ZDV ULJRURXVO\ H[FOXGHG WR SUHYH
R-FDUERQDWH DTXHRXV FRPSOH[HV RU SUHFGEG IIENDAWUHY PBWR |
E\ GLVVROYLQJ PHWDO VDOWYV LQ '",: +$% ZDWISXQE R DV H & KILURF
ZDV GLVVROYHG ZLWK 0 1D2+ 7KH WRWDO & FRQWHQW LQ

XVHG IRU DOO VIQWKHVLV VWHSV ZDV UIRQWVB® IO DNUNMRDKNGME

LQ ',:

6\QWKHVtEY RRYKUHFLSLWDWHYV

SXUH-OMZRH IHUULK\GULWH$ FRSD&BL BLYWHD WKH V

SUHSDUHG DFFRUGLQJ WR WKH SURFHGXUHV DGDSWHG IURP



85

86

87

88

89

90

91

92

93

94

95

96

97

98

99

100

101

102

103

104

&RUQHOO ,Q EULHI )K ZDV V\QWXH Vi &G LEX BWCUIRSOAW H VZ
UDSLGO\ DGMXVW VROXWLRQ WR S+ a XVLQJ IUHVKO\ SUHS
VXEVHTXHQWO\ ZDV ZDVKHGG FLHHBNV YR BRI EGHBFQSL WIHWHY LU\
VROXEOH LQ VRGLXP K\GUR[LGH ZDV DGGHG DQ & DROLWH &RDLXM
FRQWDLQLQJ HOHYDWHG LQLWLDO & FRQFHQWUDWLRQV WKH
RSHUDWHG LQ WKH VDPH ZD\ DV SUHSDUDWkRB G SR FHIGSLWD R
WHUPHG KHUHDIWHU DV & )HB & YHB & YHB & JHB D«
SUHSDUHG J)K$ DAH®HKXVHG DV D VWDQGDUG IRU PHDVXUHP

HISHULPHQWYV 6XUIDFH FKHPLVWU\ ZDV FKDUDFWHUL]JHG E\ ;¢

/IHDG DGVRUSWLRQ H[SHULPHQWDO GHVLJQV

$00 3ER DGVRUSWLRQ H[SHULPHQWYV ZHUH SURFHZD/HG D
XVHG DV WKH EDFNJURXQG HOHFWURO\WH 7KH DIIHFWHG ID
FRQFHQWUDWLRQV DQG DGVRUEHQW GRVDJH ZHUH LQWURG
DGVRUSWLRQ RFFXUULQJ FRQGLWLRQV )RU HDFK IDFOMRAJ UF
WR GHWHUPLQH WKH RSWLPDO DGVRUSWLRQ DTXHRXV HQY
DGVRUSWLRQ LVRWKHUPV WKH DGVRUSWLRRPRRQWEL®HGR
DGVRUGMMRUODSWLRQ NLQHWLFVY FRPPRQ IXQFWLRQV RI FRPE
DFFRXQW ,Q WKH GXUDWLRQ RI WKLV H[SHULPHQW VDPSOL(
FROOHFWHG GXULQJ DGVRUSWLRQ UHDFWLRQ DW PLQ Pl

VDPH VDPSOLQJ WLPH LQWHUYDO IRU GHVRUSWLRQ DQG WK
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ILQLVKHG SURFHVVLQJ VXVSHQVLRQV ZHUH LPPHGLDWHO\ DC(
UHPRYH DGVRUEHQW SDUWLFOHV WKH VXVSHQVLRQV ZHUH
SXULILHG WKURXJK XP PHPEUDQH ILOWHUV 7KH 3E R FR
XVLQJ DQ DWRPLF DEVRUSWLRQ VSHFWURVFRS\ DIWHU DSSUF
*HUPDQ\ DQG DOO UHVLGXDO GHQVH SDVWH ZDV IRU DQDO\)

HTXLSSHG ZLWK (QHUD\ L¥ISHWVRYHRS\ (';

;36 DQG O0|]VVEDXHU 6SHFWURVFRS\ DQDO\VLYV

:-UD\ SKRWRHOHFWURQ VSHFWURVFRS\ :36 LV XVHG WR L
WKH+BK 7KH ;36 VSHEFWUD RI WKH SUHFLSLWDWHY WKDW UHD
.UDWRV $[LV VSHFWURPHWHU .UDWRYV $QDO\WLFDO ODQFKH)
$0 -UDGLDWLRQ ZLWK DQ H[FLWDWLRQ HQHUJ\ RI H9 6X
HQHUJ\ RI H9 DQG D VWHSHWIREXRVLRIQIVEDIQLIRU 2 & )H D
DFTXLUHG ZLWK D SDVV HQHUJ\ R H9 DQG D VWHBHYHH R
FDOLEUDWHG E\ UHIHUHQFH \\WeBnéNKaH,2806V SHHD N3 ® W SHFWHID Z H
DQG DQDO\]HG E\ PHDQV Rl FXUYH ILWWLQJ SURJUDPL@DVD]
WUDQVPLVVLRQ JHRPHWU\ &P $QR3KQDQI VIRXUBKVRILGDO YHO
SURSRUWLRQDO FRXQWHU HTXLSSHG ZLWK VLQJOH FKDQQHO
SKRWR SHDN DQG WKH HVEDSH SHDN -DDWVX \OH'GY BIRX 8 H WHSFHW
FDOLEUDWLRQ ZDV SHUIRUPHG DW URRP WHPSHUDWXUH XVLC

HOLPLQDWH FRQWULEXWLRQV IURP WKH VHFRQG RUGHU 'RS.
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&R5K VRXUFH NHHSLQJ WKH VDPH WHPSHUDWXUH DV WKH LC
JHRPHWU\ HIIHFW HOLPLQDWBGH DAQGY KW KBHQV \OLHDOBV VG LV W U LE

SDUDPHWHUV )XUWKHU GHWDLOV RI WKH GLVWULEXWLRQV ZI

3.Results and discussion

VXUIDFH DQG PRUSKRORJ\

JHUULK\GULWH GLVSOD\V QDQRPHWHU VL]HG SDUWLFOHYV L
Rl a B GHWHUPLQH®L QRIVUINMKHH.K\GULWH LV VXS®R&IWHG E\
al., 2003 $O0OGC-PKSUHFLSLWDWHY KDG PXFK VPDOOHU 66%$ DQG SRL
,Q SUDFWLFH WKH FRPELQHG HIIHFW RI FKDUJHHMW@EQ LY BW
VLIHV-R$ MROORLGDO SDUWLFOHV LQ VRLOV DQG DTXHRXV HQ

)K DQG VHYHUDO )H SUHFLSLWDWBGEGVRDWWURDIMWG'GRB 8 W 1V
FDSDFLW\ XQGHU ORZ SUHVVXUH LV KLI9PB GY¥RIUSW DR QHSLNWAMHE
LQGLFDWRU WKBW WVBEPBGE@QGBWOOHKSRURXY PDWHULDOV ZLWK P
Rl PLFURSRUHYV )LJ DQG WKH UHVXOW LV FRQVLVWHQW
LQFUHDVLQJ & A RXIQMVWEKEBHLPLQHUDO SRUH YROXPH RI )H S
FRPSDUHG WR SXUH )K

7KH ;5" RI WKH VIQWKHWLF IHUULK\GULWH DW a QP DQG
-/ )K )LJ 7TKHLU GLIIXVH VKRXOGHUY DUH SUHVHQW LQ VPI

QP ZKLFK DFFRUGV WR VWDQGDRG FRFBHILWBEVQRRWHY GL

8
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SDWWHUQ JHW ELJJHU ZLWK DQ LQFUHDVLQJ & )H PRODU UDYV
VRPH WLQ\ SHDNV DW QP QP QP DQG QP ZHD
FKDQJH LPSOLHG D VWURQJ LQWHUDFWLRQ EHWZHHQ )K DQ
DQLRQLF OD\HUV LQGLFDWLYH RI IRUPDWLRQ RI FURVVHG
SUHFLSLW D WiuRBt@l.,30UR FHVW GHJUHH RI VWUXFWXUDO GHIRUPD
DIIHFBAFARPSRVLWLRQ DQG D ERSKAWSBlAIPRDGHG +$

7(0 LPDJHVY DQG FRUUHVSRQGLQJ VHOHFWHG DUHD HOHFW
VDPSOHV DUH JLYHQ LQ )LJ )K IRUPV DJJUHJDWHV ZLWK G
ZLWK KH[JRQDO HGJHV DQ6 PPQI/Q \GN Y FRH VBIDW WAKLOMHKFRA QF LG
66$ Rl a JP 7DEOH ,W KDV EHHQ UHSRUWHG WKDW WKH GF
DUH LQGLEFWRU RI )K ZL W Kikattalef &.12008W UKXLFONHX W P D OFOHAH §ID U W L
WKH SUHVHQFH RI +$ LQ VSLWH RI LWV VPDOOHU 66$% LW F
DJJUHIJDWHV E\ WKH DVVRFLDWHG +$ UHVXWKMXMG ALV YD WUXIGIX
GHWHFWHG 7KH 6%$(' SDWWHUQ RI DOO VDPSOHV LV LQGHJ[}F
|HUULKJI@hhey\dtdl.,2000 :LWK LQFUHDVLQJ & ORDGLQJ WKH FRUU
GLVWLQFW GLIIXVHG ULQJV 7KH LPDJHV FRPELQHG ZLWK ;&
SDUWLFOH HLWKHU LQ KH[DJRGHO Z)KVKRD -V §H BPIRADHD &/ DR DI
OHVV RUGHUHG ,Q VXPPDU\ RXOLIMMDOHVUHVKERQLMWIH G VWKL
SKDVH LQ FRSUHFLSLWDWHY & ORDGLQJV DIIHFWHG DQG FKI

PRUSKRORJ\
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O|[VVEDXHU VSHFWUD DQDO\VLV

$00 VSHFWUD UHFRUGHG DW DPELHQW WHPSHUDWXUH FR(
SRVVHVVLQJ LVRPHU VKL)WJ ,6 RKH LEPHPQWLFDO PHDQ VKLIW
LQ DFFRUGDQFH ZLWK WKH MFOXVVHY D @ IRRFNWHOXFHHG R D ® LR K\ JH
Eusterhues et al.,2008 FRQVLGHULQJ WULYDOHQW )H LVBanQoftueb QJH
al.,1974 Cardile et al.,1988 4XDGUXSROH VSOLWWLQJ 4V ZDV ZHOC
*DXVVLDQ GLVWULEXWLRQ 7DEOH ,QFUHDVLQJ 4V YODOXH
FRRUGLQDWLRQ BRBQGEHWQMHWRPAPWDKHGUDO VWUXFWXUH DURXQ
GLVWRUWHG 6RPH UHVHDUFK LQGLFDWHG WKDW DW . WKF
ZLWK & )H UDWLRV LQFUHDVHG WKH PHDQ PDJQHWLF K\SH!
GHFUHDVLQJ SDUWLFOH VL]H DQG FU\VWDOOLQLW\ O0O|VVEDX
VKRZHG WKDW WKH )H FRPSRXQGV LQ DOO SUHSDUHG VDP:
SUHVHQFH RI JRHWKLWH RU KHPDWLWH GHULYDWLYHV & OR
PRUSKRORJ\ RI IHUULK\GULWH EXW DOVR WKH PLFURVFRSLI

PRUH & ORDGHG VWURQJHU HIITHFW JHQHUDWHG

, VRWKHUPYV

8SWDNH GDWD RI 3E B DGVRUEHG WR FRSUHFLSLWDWHYV L
7KH 3E DGVRUSWLRQ FDSDFLW\ LQFUHDVHV HYLGHQWO\ ZL
VXJIHVWLQJ DONDOLQH HQYLURQPHQW LV IDYRUDEOH IRU 3E

DSSOLHG /DQJPXLU DQG J)UHXQGOLFK LVRWKHUP PRGHOV DQ

10
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7KH /DQJPXLU LVRWKHUP LV JLYHQ DV

% Avig Yp
5> Avp

.S,
ZKHBH PPRO UHSUHVHQWY WKH PD[LPX{P PRER/ARUSYWLRKQ BPPRR®
DGVRUEHG 3E-$H#WW RITXKOLEULKPNVNKIHQGDQJIJPXLU FRQVWDQW
LVRWKHUP LV JLYHQ DV
%L‘¢0/5%Dé ¥
ZKHYHD QG Q bUH UHODWHG WR WKH DGVRUSWLRQ FDSDFLW\ I
2QH FDQ VHH WKDW )UHXQGOLFK \LHOGV D EHWWHU ILWWL
FRPSDYILYDIOXHYVY ZKLOH /DQJPXLU PRGHO RY BEHW RXLUUI DLW RRW K
JUHXQGOLFK LVRWKHUP LV DQG UHVSHFWLYHO\ DW
DILTHFWV WKH DPRXQWV RI FRPSHWLWLYH LRQV LQ VROXWL
GLVVRFLDWLRQ DQG SURWRQDWLRQ RI-+$QBWEROQ®IOQJURK YD (
ILWWLQJ WKH DG¥RARPROLRQHFD BRDFFQRXV WKH RUGHU S+ | S+
ZDV QRUPDOL]HG WR WKHLU YDU\LQJ DFWLYH VLWHV GHQVL'
FDUER[\OLF DQG SKHQROLF JURXSV LQ KXPLF DFLG ZWBH Gl
FRPSOH[ 3E LRQV ORUHRRDOXHWRIESKR IKH UV.RW KH ULRQ GLWVWW WQ {
YK+$ SUHFLSLWDWHYV KDV VWURQJHU $HIDQIGWW KRIUUHE XIO WL F®R
WKDW REWDLQHG LQ GHVRUSWLRQ H[SHULPHQ¥ DLW KKIKKWIE

,Q VXPPDU\ WKH LVRWKHUP UHVXOWYV UHYHDOHG WKBW® 3E D!

WKH DFLGLF EDVH VWDWH KDYH JUHDW HIIHFW RQ QRW RQO\

11
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225

.LQHWLFV

W KDV EHHQ GHSLFWHG LQ )LJ WKUHH GLITHUHQW NLG
DGVRUSWLRQ NLQHWS W RF L3EL B/ DRVGHYKVAK HR S G\HHIFRRY/G1 RGRS H U
LQWUDSDUWLFOH GLIIXVLRQ IRUPXODV DUH JLYHQ DV D

ZNpF N; L ZWpF G-
ZKHUHPD / UHSUHVHQWYV DGVRUSWRQRX FD\6DFKMW\UDW HVERR YV
DGVRUSWLRQ W\SH
5
o
ZKHNH/ PJJ UHSUHVHQWYV WKH UDWH FR@@W D QVE \RR WSKNHL B @ H |
ML GPE %
ZKHWH PJ K UHSUHVHQWYV WKH UDWH FRQ® WD QWD LRRQWY VI
7KH WHVWHG SDUDPHWHUV FDQ EH VHBY RERWDUIQEGHIF
SVHNGRRYEGHU NLQHWLF PRGHO FRPSDUHG WR WKH RWKHU
DGVRUSWLRQ SURSHIUW PRV HR QW RO )IQ H VALAMBRQUG/KY SBWHGR[S L
ZKLFK LQGLFDWHV WKH LRQV FRQFHQWUDWLRQ DW WKH DGVF
2EYLRXVO\ GXULQJ WKH ZKROH DGVRUSWLRQ SURFHVV WZR
DQ6 K UHVSHFWLYWWDJIH KSHORWZR/XJIJHVWV 3E DGVRUSWLRQ
DGVRUSWLRQ DQG LQWiU® §[201% L POEHREQGRUSODRQU HIIHFW IF
ZKLOH SRUH GLIIXVLRQ VEdfivelsvtal. 2605 R QICGH \DNF BVHFDON URWEIL Q J

LQYROYHG LQ WKH DGVRUSWLRQ FDQ EH GHWHUPLQHG E\

IROORZLQJ HTXDWLRQ ZDV HPSOR\HG

12
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(LsF 13 :§P
ZKHUH ) LV WKH IUDFWLRQDO DWW DABW HDQRD B F XJ X WRILGE B DXWK
IXQFWLRQ RI ) GHULYHG | URRiehdnbdrd-et &l.QISBWBN Q WD BEQMHQ DV
$;LFZss F(Fray{{

%W YV W DV SURSRVHG E\ (T DQG ILWWHG DQG SORW!
GLVWLQJIXLVK ZKLFK PHFKDQLVP SUHGRPLQDWHYV ILOP GLIIX!
ZKLFK IDFWRU FRQWUROV WKH DGVRUSWLRQ NLQHWLFV %DV
WKH LQWHUFHSW & ZDV QRW JHUR DQG WKH SORW LV QRW D
WKH ILOP GLIIXVLRQ FRQWUROOHG WBaskaRlByam 6taM20EEGUpta W H
et al.,2006; Wang et al., 2006 %DVHG RQ DMOKHHY WZR SORWWHG SRUWL
PHFKDQLVPWDWKH SKULYV KLIJIKHU WKDQKWHKRDMVILRQ WKH JHV W |

LOQWUDSDUWLFOH GLIIXVLRQ GRPLQDWHG CHhHeiepaM2BI DGVRUSYV

'HVRUSWLRQ

$V VKRZQ LQ )LJ LQ WKH G H\DRPIRXWQMR G HANRIIIEH GV K®IF B L
RI WKH DPRXQW HWHBEWLRQ DY H{SHFWHG EXW WKH GLIIHUF
DPRXQW ZHUH QRW GUDPDWLBHMR BI$SHRQHGH MMUKHDSEG DV S+
FRPSDUHG ZLWK DGVRUSWLRQ VWDJH S+ KDG UHODWLYHO\
UBGVRUSWLRQ UHDFWLRQV VWURQJ FRRUGLQDWLRQ LQIOXHC
DQG PXFK BBVRUSWLRQ EXW VORZ DQG VPDOO GHVRUSWLRC

VWURQJ DIILQLW\ IRYVIEKIHRQVQRYBRQFHOWUDWLRQV DQG S-

13



246

247

248

249

250

251

252

253

254

255

256
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258
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260

261

262

263

264

265

GHVRUSWLRQ HIIHFW ZDV PRUH REYLRXV WKLV FDQ EH H[SOI

DQG VWURQJ VTN et¥l. 20R7 3 E

OHFKDQLVP RI 3E FRPSOH[ IRUPHG DQG SKDVH HYROXWLRQ

7KH LQWHUDFWLRQ PHFKDQLVP W\SIPQ ® I3ERP SOH]H VG E MM
36 $V VKRZQ LQ )LJ D E VXUYH\ VSHFWUD LQGRFDWH
DGYHQWLWLRXV FDUERQFR@® BHEO AKIHBB UD DEFTXLUHG$BIWHU
ZDV SUHVHQWHG LQ )LJ G 2EYLRXVO\ 7KH VSHFWUD RI Wk
ZLWK VWDQGDUGEVWHFAWAED FIRWHYHO VSHFEWUD KDYH KLJK FFR
UHJXODU GRXDOWKDISH RR[OJHDGFRP SR XQBNWDQGHEBRDIG et
al.2017 LQGLFDWLQJ WKDW WKH 3E LRGV ED\ERPEHGS HGWIKQ W
IXQFWLRQDO -H$RXBY RD BK;36 VSHRMBHIFLHY LQ LURQ R[\K\G
FRQILUPHG IRU LW W\SLFDO VSHFWUD PRGH D PD[LPXP DW
VDWHOOLWH SHDN DW a  HO9Gbsverer & B V26804 YHG! FIDWHIRO FRP!
RI WKH SRVLWLRQ Rl WKH FRUH OHYHO SHDN VHHPLQJO\ LQ¢
HQHUJ\ DIWHU 3E LRQV DGVRUEHG 7KXV \IKRH BVYEPR W DEG R/
WR VSHFWUD RI )H S DQG 2 V LV FOHDUO\ FRQILUPHG KHUH

7KURXJK :36 SHDN VHSDUDWLRQ DQG VLPXODWHLRQZDWKH F
GLYLGHG LQWR WKUHH VXESHDNV )LJ HYHU\ VXESHDN LV
WKH FU\WWD@)BDWWLFHHOHYV IRU R[\JHQ IRMNPLRU 2EREQRY DV

VLPSO\ R[\JHQ LQ WKH +$ DQG a H9 LV IRU R[\JHQ LQ FD!I
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279
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282

283

284

285

286

Tan et al.,2008 7KH FRPSRQHQW DW a H9 ZDV FDOFXODWHG
DGVRUSWLRQ ZKLOH WKH FRPSRQHQWYV DW a H9 DQG a
LQWHQVLW\ DQG DUHD LV-BRQW-RL DXYEHE] ER XVIHKWH SWWRWERRHD W H
LQWHUDFW ZLWK 3E \VREWUHP BERPLISIDIH [ EGMZ HHE) | R H P B GL RIK\W
UHVXOW DOVR SURYHG & ORDGLQJ FDQ SURPRWH KHDY\ PHWL

:KHQ 3E DGVRUEHG RQ IHUULK\GULWH KHRDW LKADH HRY HBH \
FRRUGLQDWLRQ HQYLURQPHQWY GLVWRUWHG WULJRQDO S\L
VXUIDFH R[\JHag® kbtldd,(0¢NV 7KHUH DUH WKUHH W\SHV IXQFWLR
VXUIDFH OR[\3HQV DUH WULSO\ GRXEO\ DQG VL@H2\ BRQGH
xP2+@ D)PG2» @ VLWHV UHVSHFWLYHO\ &RQV LERQE @R EWHY
3EDUH QRW DEOH WR FRPGKMW IWR YWH\OURDH®D ERHRGMGDEVRUE
IHUULK\GULWH IROORZ WKH IROORZLQJ UHDFWLRQV

3EDT (A2 1 +2 XAKB2@E2+ +

BEDT [ )H 2+ ]| XAS2 @ 2[)H2+@(A52@ 3E2+ +

3EDT [)H 2+ @ 2[)H 2+ @ 3E2+ +

*HQHUDOO\ IRU WKH DERYH UHDFWLRQV ZKLFK SUHGRPLQ

RI(K¥%22 @ DQG2*)H®@/LW3IE/ LRQV DUH DGVRVEBHGLY@R RMQAG.
IHUULK\GULWH IRUPHG PRQRQXFORMPWDKRIGIWL F® H RIMDE ML R
VSHFLHV IRUPHG DUH LOOXVWUDWHG LQ+4% DIWHUK3E 0Dp\GWRL
VKRZQ LQ )LJ %DVHG RQ WKH GDWD 7DEOH WKH )H UHF

VWUXFWXUH FKDQJHG FRPSDUHG WKDW EHIRUH 3E DGVRUSWL

15



287

288

289

290

291

292

293

294

295

296

297

298

299

300

301

302

303

304

305

306

307

XQLW VWUWKRVWXUHQDO FKHPLFDQ+ERRQIA* VXFK HDWH)HHSODFH
)H2-3E -&223E DQB3% UHVSHFWLYHO\ UHVXOWHG LQ FKDQJH F
ERQG HQHUJ\ %DVHG RQ WKH IDFW WK-H $L QW NWUWIUFRRADLIMQ B\H
EHWZHHQ K\GUR[\O KA URIHT GIQGELRQ VLWH KHWHURJHQHL)\
FRPSOH[DWLRQ DIILQLW\ DQG DGVRUSWLRQ GHQVLW\ WKH F
XQLW VWUXFWXUH

7KH 7(0 LPDJHV HTXLSSHG ZLWKDQNSHFWYBWERSYH('; R
VDPSOH DIWNWBRBEWLRQ ZDV GHWHUPLQHG 7KH HOHPHQW DQ
ZHOO ZLWK WKH ;36 VXUYH\ VSHFWUD 7KH 7(0 LPDJHV VKRZ"
SDUW FRQYHUWHG WR DFLFXODU JRHWKLWH SDUW WR VS
)LJ BV JLYHQ LQ )LJ F FOHDU GLIIUDFWLRQ VSRWV LQ
FU\WWWDOOLQLW\ RI JRHWKLWH DQG KHPDWLWH QDQRSDUWLF
GLIIUDFWLRQ SDWWHUQ VXJIJHVWV WKDW ZLWK WLPH WKH )
FU\WWWDOOLQH SKDVH +RZHYHU DV VKRZHG LQ )RD WIH 7D
LPDJH DQG 6$(' SDWVBHBGLSLWDOWH VDPSOH DIWHU D SHULR
SURFHVV WKH IHUULK\GULWH VWLOO GRPLQDWHG LQ PLQHU
IHUULK\GULWH KDV EHHQ LQKLELWHG ZKHQ DVVRFELDWHG ZLW

W FDQ EH FRQFOXGHG WKDW WKH 3E DGVRUSHIR Y REFEGR U
FRPSOH[ WKLV FDQ H[SODLQ ZK\ & ORDGLQJ LQ D FHUWDLQ
UHGXFHG 66$ QHZ DFWLYH VLWHV IURP +$ FDQ EDODHQFH W

FRPSOH[DWLERUESBK- QLYK H[ SHFWHG WR IRUP VWHDG\ PRQHF
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317

318
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320

321

322

323

324

325

326

327

ELGHQWDWHW WRRASWMUHPHO\ ORZ 3E GHVRUSWLRQ DPRXQW
KXPLF DFLG FDQ LPSURYH PRUSKRORJ\ VWDELOLW\ RI IHUUL
PLQHUDO WUDQVIRUPDWLRQ 7KH SUHVHQW UHVHDUFK FRQFC
WR QXFOHDWLRQ VLWHY UHVXOWHG LQubta.Q®Z HUKHW\WMDE Ot
FRSUHFLSLWDWHG ZLWK )HUULK\GULWH FDQ EH XVHG DV HII
PROHFXODU OHYHDH \@KWHWRWWDHKGE GQDWKH SUHVHQFH RI KXP
JHRPHWULF VWUXFWXUH WKH 7(0 ZLWK 6%(' LPDJHV SURYLC
OLQHUDO WUDQVIRUPDWLRQ RFFXUUHG RQ )K ZLWK DJLQJ WL
VWDWH \LHOGHG JRHWKLWH RU KHPDWLWH +RZHYHU ZKLFK
IHUULK\GULWH WUDQVIRUPDWLRQ KDV QRW EHHQ GHWHUPLQ
EHIRUH DJLQJ SURFHVV ILQLVKHG $ IHZ UHVHDUFKHV KDYH I

SURGXFW DQG S+ FRQGLWLRQ GXUKiQét&.2013J SURFHVYV RI ITHUI

4 .Conclusions

7KLV SDSHU GLVFXVVHG WKH FRSUHFLSLWDWLRQ SURSH
WHFKQLTXHV DQG O|VVEDXHU VSHFWUD IXUWKHU HIS®RUHG
DQG GLVWLQJIXLVKHG WKH FKD-Q$HEHDRWGH DIQ G JDRW HK PGS/ D)k
O|VVEDXHU DQG RWKHU FKDUDFWHUL]DWLRQ WHFKQLTXHV UF
KDYH D FOHDU LPSDFW RQ VXUIDFH VL]H DQG VWUX&EWMKUDO
WKH LQWHUDFWLRQ EHWZHHQ +$ DQG IHUULK\GULWHBHLV LQI

RFWDKHGUD VWUXFWXUH +$ FRSUHFLSLWDWHG ZLWK @& DIIH
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329

330

331

332

333

334

335

336

337

338

339

340

341

342

343

344

345

346

347

ZDWHU 7KH SUHVHQFH RI +$ UHVXOWYV LQ LQFUHDVHUIW\W K HD
KLJKHU QHJDWLYH VXUIDFH FKDUJH WKHUHE\ SRVVHW KB JR
3E DGVRUSWLRQ -@HSH[XEHDQWYDSVRUSWLRQ EHKDYLRU DQG
QHXWUDO DQG DONDOLQH S+

,Q SDUWLFXODU WKH 2 V ;36 VSHFWUXP ZDV LQYHVWLJDW!
SUREH IRU VRUSWLRQ SURFHVVHV $ VWDEOH PRQRQXFOHDU
LRQV DOFV )KRUPHG $JLQJ SURFHVV Rl IHUULK\G UU KNG WIHWE C
JRHWKLWH DQG KHPDWLWH +$ LQKLELWHG WKH WUDQVIRUPD
UHODWLYHO\ 7KH VWXG\ UHYHDOHG KRZ WKH YDU\LQWBPR X
H[FHOOHQW $K+RSSWHRIGMRIWERIE LRQV DQG WUDQVIRUPDWLRQ ¢
REVHUYDWLRQV DQG FRQFOXVLRQV ZRXO G+$D.YHRBREQ W IDIKLVDHD @

VLWHYV

Appendix A. Supplementary data

7KH IROORZLQJ DUH WKH 6XSSOHPHQWDU\ GDWD WR WKLV

'HFODUDWLRQV
(WKLFVY DSSURYDO DQG FRQVHQW WR SDUWLFLSDWH 7KLYV
&RQVHQW IRU SXEOLFDWLRQ ,QIRUPHG FRQVHQW ZDV R
LQFOXGHG LQ WKH VWXG\
$YDLODELOLW\ RI GDWD DQG PDWHULDOV $00 GDWD JHQH

LQ WKLV SXEOLVKHG DUWLFOH >DQG LWV VXSSOHPHQWDU\ LC
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349

350

351

352

353

354

355

356

357

358
359

360

361

362

363

364

365

&RPSHWLQJ LQWHUHVWVY 7KH DXWKRUV GHFODUH WKDW W
RU SHUVRQDO UHODWLRQVKLSY WKDW FRXOG KDYH DSSHDUH!

)XQGLQJ 7KLV ZRUN ZDV JUHDWO\ VXSSRUWHG E\ D *UDQ\
&KLQD

$XWKRUV FRQWULEXWLRQV $00 DXWKRUV FRQWULEXWH{
SUHSDUDWLRQ GDWD FROOHFWLRQ DQG DQDO\VLV LAHUIH SH
'LDQJEDQJ OD /LDQJZHL +DQ 6KXTL *XDQ DQG =KL\XDQ /LQ
ZULWWHQ E\ =KXDQMXQ =KDR /LZHL <DR DQG DOO DXWKRU
PDQXVFULSW $00 DXWKRUV UHDG DQG DSSURYHG WKH ILQDC

$FNQRZOHGJHPHQWY ZH ZRXOG OLNH WR EH JUDWHIXO W

DQG HIIRUWYV LQWR FRPPHQWY RQ WKLV SDSHU
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Table 1. Specific surface areas and pore sizes measurectactessible BET method

Sample SSA (nt g?) Pore size (nm) Zeta potential (mV)
Fh 309.7 2.8043 51.93
Fh-HA-0.5 258.9 2.8054 78.55
Fh-HA-1.0 230.5 2.9927 -33.33
Fh-HA-1.5 196.6 2.9990 -9.88
Fh-HA-2.0 183.3 3.0500 -40.3

Fh-HA-2.5 140.8 3.1763 -41.43
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Table 2. Moéssbauer parameters of ferrihydrite and coprecipitates determined from spectra
collected at room temperature

OHDQ TXDGUXSR QM4
Sample OHDQ LVRPHU VKLI

(mm/s)

Fh 0.364 0.774
C/Fe_0.5 0.366 0.804
C/Fe_1.0 0.366 0.811
C/Fe_1.5 0.368 0.824
C/Fe_2.0 0.369 0.873

C/Fe_2.5 0.364 0.925
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Table 3. Parameters of adsorption isotherms of Ph(on Fh-HA at different pHs

JUHXQC /IDQJPXL

) Q 5 TP C

S+
S+
3+
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Table 4. A comparison of pseudo-first-order, pseudo-second-order, and intraparticle diffusion kinetidemrate constants from

experimental data.

Co (mmol/L) Pseudo-first-order Pseudo-second-order Intraparticle diffusion
Oe k r2 O ko r? ki C r?
mgLh (b mg L (L mg?) (mg g'h?) (mg L)
0.5 100.96 8.2 0.999 101.38 0.92 0.999 1.47 98.63 0.764
1.0 199.36 5.4 0.995 202.88 0.10 0.998 10.97 181.77  0.526
2.0 331.61 2.7 0.985 313.62 451 0.911 63.45 225.02 0.697
4.0 476.08 3.1 0.989 456.34 1.29 0.944 73.37 35436 0.711
8.0 1001.36 6.6 0.999 995.18 6.80 0.998 26.46 958.40  0.609

16.0 2471.23 9.2 0.999 2467.09 7.61 0.999 21.97 2436.55 0.790
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7TDEOH O] VVEDXHU SDUDPHWHUV RI

IHUULK\GULWH DQG
FROOHFWHG DW URRP WHPSHUDWXUH

Sample OHDQ LVRPHU ' Mean quadrupole splitting
(mm/s) Y% & Gmm/s)

pH=4 0.352 0.844

pH=6 0.351 0.834

pH=8 0.377 0.775
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)LJ 7TUDQVPLVVLRQ HOHFWURQ PLFURJUDSKYV RI WKH IF

VWXG\ VHOHFWHG DUHD HOHFWURQ 6%$(' SDWWHUQ DUH VKR
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adsorbed Pb (mg/L)
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)LJ 2 V ;36 VSHFAWUDFRSYKIFLSLWDWH EHIRUH D DQG

SE R DW S+
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)LJ 7(0 LPDJHVY DQG 6%$(' SDWWHUQV -RISB/KH GK N DP B/OHU E

DGVRUSWLRQ HTXLSSHG ZLWK D ('; PDSSLQJ
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)LJ O VVEDXHU VSHFWUD Rl IHUULK\GULWH WDNHQ DW L

YDULRXV S+
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)LJ 7KH UHDFWLRQV WDNLQJ-$® BR B UGDFULISQ W\DRAUHB\DMBETR) QR
)K+$ DQG HYROXWLRQ RI IHUULK\GULWH
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Figurey V I W

Figure Y V|

2 EHWSVTXMSR HIWSVTXMSR MWS¥IMY¥QXWMERHST S\LI BARVH FIH Mo W



Figure2 V|

4S[HIV \ VE] HMJJVEGXSKVEQW SEIRKXLG STV @& MTHWABENIWLW]R XLIW N

TEVIRXLIWIW VIJIV XS XLI QSPHVI'GM WEXBOSIVEJ KRP GHHIMIIVEGXSK
GSRWXERX ZEPYI



Figure 8 V |

SVERWQMWWMSR IPIGXVSR QMGMSKKE TAS BIIG MO IMN E X ML YHW ME M|
IPIGXVSR 7%)( TEXXIVR EVI WLS[R JSV EPP WEQTPIW



Figure ¥ V|

10WWFYEIV WTIGXVE SJ *L ERH *QIRoEXSVY S S@QMX INDI EXEW YXH



Figure 8 \V |

7TSVTXMSR MWSXLIVQW SJ PIEH fMSRMEIRZENV M GBTIVIGMTME A !
1

Figure 8 V|

IMRIXMGW SJ 4F EHWSVTXMSR SRI*EHWW®VHRM SRXOQI HIIPX\L ?' *IC
! 1

Figure Y V |



&X ZW X TPSX JSV 4F -- EHWSEMAIMXE XSIRVXS *L ,% GSTVI

Figure 8 V |

% GSQTEVMWSR SJ EQSYRX SJ 4F EX\WBVMISIYBMRH, HIWSVFIH



Figure g \V |

E 7YVZI] WTIGXVE F ' W &G WINTIGXVEHS3dFL ,% WEQTPIW EJXI

Fiure YO/ |

3 W <47 WTIGXVE SJ *L ,%C GETWHEM BUXEKXI FIXIVIFMRHMRK



Figure YV |

8)1 MQEKIW ERH 7%)( TEXXIVRW SJERH *L WEQTPH FI @JXIV 4F
IUYMTTIH [MXL E )(< QETTMRK



Figure Y2/ |

10WWFEYIV WTIGXVE SJ JIVVML]HIWMXYXEEBIKIFX4FSS@HWZEVTXM S



Figure Y3/ |

8LI VIEGXMSRW XEOMRK TPEGI| MYSBRKIGEBVRUXKEMBR 3F *L WSVTX
IZSPYXMSR SJ JIVVML]HVMXI



