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Effect of cation exchange on colloid transport in saturated porous media

Rikutaro HIGASHI', Shoichiro HAMAMOTO! and Taku NISHIMURA!

Abstract: Since colloidal particles in soils are known to
act as a carrier of contaminants, understanding the trans-
port behavior of colloidal particles in the soil is an impor-
tant issue. This study investigates the transport behavior
of colloidal particles during the cation exchange reaction
between Ca’" and Na™ at the surface of porous media.
One-dimensional column experiments were conducted us-
ing Toyoura sand as the repacked porous media and car-
boxyl latex particles as the model colloid, respectively. It
was found that colloidal particles deposited on the surface
of the Toyoura sand during the cation exchange reaction,
regardless of the amount of exchanged cation and the par-
ticle size of the applied colloids. The deposited colloidal
particles were released when the ionic strength of the pore
water decreased after the cation exchange reaction. The in-
teraction energies between the latex particles and the sand
surface were calculated based on the DLVO theory, sug-
gesting the contribution of the attraction in the secondary
minimum to the colloid deposition during cation exchange
reaction.

Key Words : colloid transport, saturated porous media,
cation exchange, DLVO theory

1. (FLC®HIC

THEAEKT AR5 5, K 1om 25 10 um O
Bk, 3o R LTaEEINns (B - AH,
2003). Lo aoq MR FI2I, MY Tk
<, JEHE, Bk 7V I = A% EDEEDBILY P K
ftnigEnsg. £/, VALARANZFYT Vo T2
WEME IO FEYEE L TARINS (E, 2010).
auA MR FIREREEIKE S, REFHRSIGR A A
VEMGIZ & o TA A VIREREE RS 2, au A K
KrAEREYE (BEeE, B BEEmERY) of
B (Fr)7—) LLTEKZEPHISNTWS (BT
- 74 H, 2003; McCarthy and Zachara, 1989). i I£E&{b
777k, REDOERREE (COOH » OH 72 ¥) I
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2021 9 A 1 HER 2022 4F 1 H 4 HZHL

ko TEBEA 4> (Cu®t, Zhouetal., 2016 ¥ Pb>* %
7212 Cd**, Jiangetal., 2018; Yin et al., 2019) Z#fi#E L
7-DBLABRKREITILE L, #HARE U Tk ZEE T
5. ¥7-, 7xF v bbby (CiuHy) 7% EDHEEY)RETS
PWIE DS, 77 VT NT = IVA IR TS, KIS
CilkoTEEao A M-S L, EHRYE D%
ERAETZZ 2R ESINTWS (Ling et al., 2021; Liu
etal., 2019). VERTBORMEFIDOZO, ARHIZa
O RRT2RERICEATEI L EH B, Y offighs
JRTE, WEREAEPRVE/AE Tz VR YD
AW, © 3, 8, B, 20LREDERES AV ERTT
5728, HEFRIZAWSNTE Y (Karn et al., 2009),
Yoflight / kira2EATDILIC& D LEO v EHY
NREINZRED DS (Gil-Dias et al., 2016). ZD &
202, 384 NRF%23H 5 Wz TEERL 2 Rdb s
5 EThH, HEAICEBIF S a1 T Okt os
fRVBE LIRS,

ZABEAFICB IS 301 NRFOMEEZEZ D
kT, a8 FRTOWE - BT o ADNEETDH
% (Shen et al., 2012; Torkzaban et al., 2013). 2@ -1 K
Dk - BEEzFS5 T2 ERIZBE L TldH% < 0B
DFENH 5. HlZE, FER P30S NKFOR
(Bradford and Bettahar, 2006), [EFR/K D #E (Torkzaban
etal., 2015), MBUKDILZRRE, $7b5 pH ® 1 4
Vg (IS) (Liu et al., 2018; Wu et al., 2020), 20
NRL 7D KL B R AT — 1 (Torkzaban and
Bradford, 2016) = EMRZEIF o5, Kz, MRAKD IS
METRT DL, ana NRT &S ABEBARERDE OFE
KNSR E D, I8 A1 NRTOMEDHIE F 721,
BN e X NB L WO HENH S (Zhou et al., 2011).

H R KT X Ca?t e Mg?t R ED 2 i1 A vk
Nat 222D 1 {liDkg1 A v HEAELTHE D (Atekwana
and Richardson, 2004), K71 A VIBE RO A A v
MR OEBAEBNEL D Z b5, MBADA A VAR
EEAIRDRZLIZE T, ZABBARRmHIZENT
g1 A VR BRInDECEZ b, Znhaaa R
b FOBHIZ 5 2 2EBIZDOVWTHIERAH S (Roy
and Dzombak, 1996; Bradford and Kim, 2010; Torkzaban
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etal., 2013; He et al., 2019). Torkzaban et al. (2013) IZ,
SEYARIZE 270 um O % FRIE U 72 BIRI 2 FLBE ARG, K
Z1-10nm DR T Ky MRET2EAT2HEBREZT- 72,
CaCl, KEWIZHEY 727 VIOV CRIEM T L 7z CdTe 2
O RRF2BMLUTaves NRBERZERL, 8o
RREIE, #K, NaCl KEEDNEIZF7 5 LKL 7.
ZTOFER, CaCly 24T 301 FNRREE K O < M@
Kizidan A FRFORHBIBR oo, —T
T, ZDO&D NaCl KEWHEKFIZEIF a1 Fhi+
OFENR SNz, 5 1%, NaCl KEHHEKFIZ, Z1L
BN T Nat & Ca>t D51 A v Z#AED, Ca’t
ZHLzavAa N7 RER TREMOBEGA 4 445
PELRo 2RI T NREFARH L2 EFR L.
Fkk7 5Bk & U T, Bradford and Kim (2010) 1%, ¥
K 360 um DA EWMFREN F LoDt a1 Nh
T (hif% 0.76-2.39 um) OyHIFEREZFERL 7. #H 5D
KBTI, Ca’t FEFTIEL Tz an 1 RR7IE,
for < MK B OF NaCl KSR FCTHHH L e o 72,

ZDESIT, BaA A&V ZHBOSIZES an A N1 D
EEZOWTR—HLUZRRIEONTE ST, Ehd
FEERRFEDABETH 5. HIZE, BGif Ao RigEe o
O MR OBEREBOBEMRY, Jua FRFARIZES
BB B OB VR E 12O W TR I ATV,
ZZTCAMETIE, B E2RELZATLZH VWD
O A N SRR % 17\, KB OB A VIBE RO D
O NRFOREDENDGA A VR RZEMAEDS a0
A4 FRFORMHBHINIGZ 5B EZHONITEI L%
HiyE U7,

2. ERAE

2.1 A EEE

P2 AL AR & U TR 200 um O B (B
WA TEMARH) 2AWE. SRR OBRED -
®, HE 5 (2008) KU Bradford and Kim (2010) D /5%
H5EIL, REOREEITo77-. £7, B 300g %
6 % DERILKZFEKILITIREL, 70 °C IZHiF LTS5 H
RIfE U7z, @ {bkFEKREZREL#Z, 55°C T 500
mol m—3 @ NaCl KIAWRIZIRIE L, 60 4385 il ve i
BiTo7-. TORKE LU EEAZREL, Bi1 A 2K
THH U7z, BE B R OB A v kiz & B P%EIE E
BABDELIZEE (EC) A 1mSm~! 2 F[Eb, HEE
MAINTU A FIZ25 £ THYIKELZ (EC & : LAQUA
twin B-711, HORIBA, &5 : HI93414, HANNA). %
Ve DB LA A v KICIRE S THRE L 7.

2.2 O01 RHFRUOBER

amA RR+2 LT, ¥R 500617 nm £ 72
X 200£12 nm DA IVKRF Y 5 F v 7 Ak T+ (CL)
(C37269/C37486, Thermo Fisher) % fi\ 7z, 2 mol m ™3
%7213 0.5 mol m 3 @ CaCl, KIAW AL, JEE 10.25
mg L~ O3 REEH (CLRER) % fEk L ERIC

MWz, aoAa FR1FORZIZDOWTIE, 0468 um DR
VAFLYITY I ARANTH T LEKERE TR -
7z Roy and Dzombak (1996) %#£&&\Z L, MREEHC
& o TLE U TGRS DS HIE o] BE 22 P CHEE U 72,

23 -9 ELAIE

WMENEM RO Y — XBAHPELEE (ZetaCAD, CAD
Instruments) % W T, ERDRM OREIEN % #llE L
7-. Z Z Tl Helmholtz-Smoluchowski ® & % (K& L,
HMEREOY — 2 EAMEBEH LU~ 2molm—3, 1 mol
m—3, 0.5mol m—> @ CaCl, K& £ 721, 15 mol m3,
10 mol m—3, 5 mol m—3 ® NaCl K& % F\WTHIZE L
7. TNEFNDOKEWIE 0.4 mol m3 @ NaHCO; % ik
LT pH 7.8 IZFH%E L 7=.

BRIKE AL — X BAHEREE (ZEECOM ZC-M1
series, ¥ 2705 vy . =F4v) ZHWT, CLOEX
KEDEE A HE Uz, S EOEIESRMICE W TR T2 85%
BEKEBOEIIZHRTREVWEEZSNS D,
Smoluchowski D X% & L T CL ¥ — X Ehi = FHH
U7. 2mol m3, 1 mol m™3 @ CaCl, K&K £ 7213,
50 mol m—3, 20 mol m—3, 10 mol m—> ® NaCl /K& %
FIWT CL OE % fEpk (J2 1025 mg L) UHlE
U7z, FNEH0BEHIE, 0.4 mol m3 @ NaHCO3 %
WU TpH 78 IZHHE L. U EOHIEIX 25 °C O
WEIZBWT 3 NETITF- 7.

2.4 H5 LBKEER

EHfScm, @I 6ecm D7 7 VNVEA T LI, B
ZHEIBREN 038 &b L IKPEELEZ., AT7LD
RO T IZIE, SHRORE <o, B E
TOum OF A BV Ay ¥ akFHitz. RYVARKY S
(AC-2120, ATTO) ZH\WT, 77 LD TUiHS LD
FIANZ —E DK 6.0x1073 cm s~ TE#AK L7z, AFEER
2B Bl R | E R O B RE KRR FE I, ]
RE LR OY > 7)) v IR EBEE L TIREL .

Table 1 (2R3 & 512, CLEEHE 72 IXBMERK%E
FAWT, 45 TH I LEKREREIT-7Z. 715 LK
EERPIBATONE Y LT, BEIZEENETIVAH YR
DEMHIT 572 1 mol m™3 @ HCl KA %2 1-2 R
777 L \Zi@sK U 7= (Litton and Olson, 1993). FD%&, i
HE D pH 28T 5 £ T, CL 24 72 WEME KA
W, Ny o750y RAKEKR (BGKER) % 15.5-17.5
R @A L7z, W CTEMWREIC CL 2B I 57
%, FEEHIE LT 0.4 mol m™3 ® NaHCO; % %ML,
pH 7.8 IZFA% L 7= CL &K% 8 X7 AV a—LA (PV:
UROAKE / RE) 7 7 LI@EAKLZ (Phase 1). 72
B, pH&ME, av1 N TO&EL, RBALVY T L
DB ZEIMZ BEE 75 &5 %E L7, i< Phase
2 Ti¥, Phase 1 ® CL 8¥EW &5 L\ pH KOIS & 72
X507, 2molm 3 £7213 0.5 mol m3 @
CaBrp /KW (BG KBHK) 247 LIZHEAK U, fl
THIBKD IS 2 FiF 5720, 6-9PV Offik (IS ~0mS
m~!) AL 7= (Phase3). ZD#%, EHMEIIZEWL
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Table 1 7 5 L@ KSEERS .
Conditions for column experiments.

EERRM CL RS Phase 1

Phase 2 Phase 3 Phase 4 Phase 5

Exp. 1 500nm  10.25mgL~' CL +2 mM CaCl,
Exp. 2 500nm  10.25mgL~' CL +2 mM CaCl,
Exp.3  500nm 1025 mgL~! CL 4+ 0.5 mM CaCl,
Exp. 4 200nm  10.25mgL~ ! CL+2 mM CaCl,

2 mMCaBr, itk 10 mM NaCl  fitizk
2 mMCaBr, ffi’k  50mMNaCl ik
0.5 mM CaBr,  fifik 10 mM NaCl  fiizk
2  mM CaBr, flizk 10 mM NaCl  ffizk

T Ca?t & Nat D1 A v inz L IE54-

10 mol m—3 & 7z1% 50 mol m~3 @ NaCl ki M%éﬂl
715 Z3EIK U7z (Phase 4). #5212 Phase 5 & LT, il
K% 10-16 PV i@k L 7=.

HBEEBTIE 7 I aryalb s &x— (SF-2120, 7 KA
YT IR EHWTHREBE 2 22ty Ty v
Z'U, pH, EC, CLIBE, 1 4 VIEEDRIE %217 o 72, il
WD CLIBE XY EFH (UVmini-1240, SHIMADZU)
ZHWWT, & 420 nm Chif% 500 nm @ CL) & 7213 R
350 nm CRzf% 200 nm @ CL) 1281 2N EZ2HIET
5ZLIT&koTRDE. FHERZITV, CLIEEEE
ERIZB W 2BOLEDOMIM 2R L 2. E2RHED
1A VIRERA Ay oa~x 57 4 — (CDD-10AVp,
SHIMADZU) %\, Ca?t, Na*, CI-, Br E¥%
HIE L 7z,

Phase 3 £ TIZiL&E L7 CL ®> %, Phase 4-5 iZH W
THiH U7-El& (FRE4s (The Fraction of Mass Recovery
of the Retained Colloids)) ZMAFDOXNTHH L 7-.

MRys

FREys — 100 1
45 = 100 — MRy, — MR; - M

Z 2T MR (Mass Recovery) [%] & 1%, Phase 1 25\ T
715 Lz U7z 6 PV O CL K& £ 5 CL kL
FOMRERIZNT 5, MEOEKERE TR L 72 CL A
TOHERIETHY, MR, MR3, MRys I$Z N Z 1 Phase
1-2, 3, 4 5BV THE LA CLOEAEEZKT.

BRI D E, WEMNE Qe ZUTORITE ST
HH U7z (Harvey and Garabedian, 1991).

2 d
3(1=5)Lno

2 Td [m] IZEHB ORI, fIZFBRE, Lm] &7 75
LEZKRT. n FBLAMNBRFHZEHALZEBEHDHE—
AL R —RTFITATHHRMETH Y, XA SHKD
7z (Tufenkji and Elimelech, 2004).

Oexp = — ln(MRIQ) 2

No = 2.4Ag l/BNR70.08]NP670.7]SNVDWO.OSZ
+0.554sNR PN (3)

+0.22NR—0.24NG 1.1 leDW0.053
Ag IXMEBRRICKEFET BT, N 3281 FR+F&

AV R—RTDRBZEDLL, Npe BRI D L% R
TRIVE, Nopw &7 7 TV 7 — )V AMHE/E-H T %
NF—CBGEBT ANV F—DH, Nay 377050 —
WABI S HR T DL, No 13k T OILMHEE & s
WThs. &35 A — X DfElF Tufenkji and Elimelech
(2004) (ZHEWEH L 7.

2.5 DLVO #3f

DLVO #5ild Derjaguin & Landau (1941), Verwey &
Overbeek (1948) (2 & > THESI X Nz aa A NIFHDE
EHIZETsMmTH L. Hold, 21 FRIZBITS
KFHOMEFHTA VY —%, 77TV T =LA
Fl 5 e BBEBLMFEHOME UTRE L~ (Masliyah and
Bhattacharjee, 2006). Z ® DLVO &% HW\WT, CL &
SR K & DM EAEH T 3V ¥ — 2 Fi % DEESRIET
FRELU-.

3, HREFEHREREERIZEHL 77 T AVT =V A

IZ&BTRVF¥— (Upw) Z2IRATHEH LU (Gregory,
1981).

UmwA<a+ @ g ) @)
6 \d d+2a d+2a
Z 2T d 3k THEERE [m], a[m] iZaoA RR 70O}
B, AN ENIA—ERTH D, RFEIZEWTIE, »
< A1 —EH A I3 CHkE (Prieve and Russel, 1988) &£ »
1.37x10720J & U 7=.

Wiz, BBEMRMHEERTRALVF — (UgL) 20558
U7z (Hogg etal., 1966).

UgL = megya

{ZCC21 1 +exp(—xd)

~exp(—xd) + (CIZ + C22)1n(1 exp(21<d))}

5
ZIZTGVIIEREFa[ml @anA REFRIOY — X
B|BhL, & [V] i%’v%h%ﬂ%h%%\?ﬁ@t XA, € 13

BOHFEER, g IZEZOFER, k FEK_BEFEOE
é@RET%%?A4E@@ﬁ[’HT%D,MT@ﬁ

TEHINS.
[2 2]
_ 000N e ©)
egkT
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A F i8E A4 i8E
0.0 5.0 10.0 15.0 20.0 0.0 20.0 40.0 60.0
0.0 L . L 0.0 ! 1
O caCl, A CaCl, (500 nm)
@ NaCl A NaCl (500 nm)
-10.0 A+ A [J CaCl, (200 nm)
>'-200 - o) W NaCl (200 nm)
E AC
o 0© 200 A
 -40.0
I 2300 A
’-?-' 30.0 m
; i ®
600 o 400 ’ u
®
-80.0 (a) -50.0 (b)
Fig. 1 (a) S##>, (b) CLAFRMMOD Y —XEAL & A A >~ IRE O BIR.
Relationship between ionic strength and zeta potentials of (a) Toyoura sand and (b) CL particle surfaces.
Phase 1 Phase 2 Phase 3
0.70 — 070 <& — 0 -w{ Phase > 16
0.60 @] o0s0 | (b)
" 0.50 OCL| o050 -
22 0.40 0.40 -
g 0.30 0.30 -
0.20 -
0.10 -
I 0.00 : ‘ :
0.0 5.0 10.0 15.0 0.0 20 4.0 6.0 8.0
PV PV
Fig. 2 B8 1 (25135 CLIERE & Ca®t EEOW ISR (a) Phase 1-2, (b) Phase 3, (c) Phase 4-5. Ca’" 1%

Phase 4-5 D AfER 2R3 (Fig. 2 (c)).

Breakthrough curves of relative concentration of CL and Ca?t concentration in Exp. 1 during (a) Phase 1-2, (b) Phase 3, and
(c) Phase 4-5. It is noted that the results of Ca?* are shown only during Phase 4-5 (Fig. 2(c)).

ZZTNa 7 RH RaE8 [mol ], e IFELHER[C],
LA A Vi mol L™, kIdALY v V@ JK],
T (3R E (K] 2% 9. Upw & UgL ©F1% DLVO #
HEAT R LVE—2 L7=.

MHEMT AV X —3HEP S/ 6N 5 ZIRIB/NDHEX
775, Bradford etal. (2012) (Z&D &, Z¥f/M~A~D O
O NRTDILEMHER Ogee ZAROATHE U 72,

4 |‘Dsec‘

Olgec = erf( V |q)sec|) -

I T, P FRMB/NZBITBHEFET I LF —
[KT] TH 3 (kiZF Y~ @i, TIEModimee).

exp (q)sec ) (7

3. BREER

31 HMFREDE—F BN

Egl@)@i? I, BHEORGA A Y OfiEAF LT
HiE, 1S ARV IF L EHIP R E O ¥ — X EAL DA E
BAREL RBMEADP A SN, 72 2 fliDd Ca?t ITEHAR
T 1 fli> Nat 2MELE S B 5ol T — R B DA ED
REL oz, Zh 6 ORI Fig. 1 (b) @ CLk¥#£

WO —REMIZDVWTHFEBRTH -7, IS &L, %
flit A YDIFAET 22 2T, MBREEHED T A 2 FH
L[DEM L2 E 2 o, BEOMERE L —HT

% (Zhouetal.,2011). Hif% 500 nm & 200 nm @ CL T
%, ¥—XBEMICHERZTR SN o7z,

3.2 CL m#matisit

Fig. 2 1= Exp. 1 T35 17 CL ORI (FHiEo
CLIRE /CL BE D CLIRE) Fihiifi% R7. Fig.
2 (a) KU Table 2 127”89 & 512, Phase 1 tf D &AM
BED 0.04, Olexp DIED 0.82 TH->7-Z &H 5, Phase
1-2 TR L 72 CL 0% < P& RE IR & L

= Z Db Bb. #\WT Phase 3 IZ2HB W THliKZ @KL
72 ZA, —I® CL MEJHpRm» S WML, ¥RHih
RIZHISTE 053 D — 7 DE U2 (Fig. 2 (b)), #lik
WK CL OB L S N0k, HBAKD IS DT
2R CL R OV B3 i D ¥ — R BALDMSHE A K Z
<7b (Fig. 1), #BLANLRKENRE -2 LITLD
EEZo60% (Zhouetal., 2011).

Phase 4 © NaCl /KiATR & 38/K U 7=, #iHEO Ca>"
JEEEIX 145 molm™> £ TEF L~ (Fig. 2 (¢)). Phase
3 OFAGEKFTIE, Cat FHHLTWAEL 572
(57— % IEH#), Phase 4 BAREIZHEHI T % Ca?t |2 R
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Table2 #7x—XZH1I5 3040 NEEFINE,

R, ROWGA A vl g,

Wi auA FOFLES, kFoOWwEs)

Colloid mass recovery, fraction of mass recovery of the deposited colloids, collision efficiency
of the colloids, and cation exchange ratio for each phase of Exp. 1-4.

MR\3 (%] MR3 (%] MRys (%] MR [%) FREss (%] Oexp Ca®' [%]
Exp. 1 2.7 4.4 37.1 442 40.0 0.82 10
Exp. 2 3.0 5.8 48.4 57.2 53.1 0.79 20
Exp. 3 61.0 4.4 79 73.3 22.8 0.11 9.4
Exp. 4 1.8 9.1 41.0 52.0 46.1 091 12.1
Phase 1 Phase 2 Phase 3 Phase 4 Phase 5
0.70 J‘
060 - A (a)
050 | # ¥ v OExp. 2
o i * mEp3
& 0.40 - " | AExp.4
E 030 -
0.20 - :
0.10 "

Fig. 3 824128105 CLIREOHREIEEMAR (a) Phase 1-2, (b) Phase 3, (c) Phase 4-5.
Breakthrough curves of relative concentration of CL in Exp. 2—4 (a) Phase 1-2, (b) Phase 3, and (c) Phase 4-5.

ELEIZEEL TV 2HDTH Y, Phase 4 IZ28WTEIH
WHRE T Ca?t & Nat DB 4 VR IGH A Uiz &
Ezohd. HA-FM (1986) 12 XiE, kKD pH
2 5.4-5.8 DEHW DG 4 v LR (CEC) 129.82
cmol. kg~! TH 5. Phase | R TH T LN B #
HA 4T Ca?t TRHAML TWEEIRELZEE, Wil
7z Ca?t @ CEC IZX 3 % #4132 10 % Td > 7= (Table
2). —JiT Phase 4 O CL OigfidiEzRE T, 1 A
VRS IGDETH, CLIXEIHPRImIZIE L T\,

% D14 Phase 5 12 B W THiKZMEAKT 5 & FIXHEE
340 2¥—2 235 CL OB 572, ZDHFRE,
MRys5 13371 % £ @ WMEZ R U 72, BRI MRy (B
U7z CL 0B &IZT 2 EBREA TR L7z CL 0%
BHEA) 12442 %, FRE4; 1340.0% L7020, FEEK T4
HIHRIM U2 CL D 50 % PAEDH T LHIZTES LT\,

33 BAAVRBERVHEANAIOA NERXICEZ 2

Fig. 3 12 Exp. 2-4 T35 17z CL O FExHE i it
##%&R3. Exp. 2 2B \T Phase 4 T 50 nm ® NaCl /K
BREEKURES, B4y ZHKEIGIZE > T Nat
WCEHE 7z Ca?t D#ElAIE, CEC D20 % TH o7
(Table 2). B 4 > R#EIT Exp. 1 &L TH 2 £
BU7=—7%7T, Fig. 3 (¢) /"3 & 512, Phase4 T
I CL O R S e hr o 72, Exp. 1 H
#, Phase 5 THfiZkziB/K UKD IS 2 FiFs &, #
W 419 2 —2 2§55 CL ORHEPHER I Nz, &
$&I72 MRyoga1 1% 57.2 %, FRE451%53.1% TH Y, Exp.

1 YARRIZ, WINU7Z CL OB & Z R0 I3 EBRKTHES
EHORENCIEE LI-EETH > 72,

Phase 1 Ta w1 NEEEEF D CafE %K N7
% (0.5mol m™3, Exp. 3), #HED CL AHXI I % 0.50
25 0.60 ETHEMML (Fig. 3 (a)), Exp. 1, 2, 4 & kiK
LC%< D CL A%t U7z (Gegp = 0.11, Table 2). [H]
KD CalEMME RT3 Tang RRFRTI L
IR —RTFREDY — REMOMSERREL L7122
ehs (Fig. 1), 204 NRF & AERTFREMEO KT
MPEL, a0/ NRFOWENHEINZEEZO6ND
(Zhou et al., 2011). Phase 3 X CTIZiiIIL 7z CL D 65 %
DLEBHEELTE Y, B4 RS Sln EE
I LT\ CL ORI, Exp. 1, 2 &L THES
BETH--7-Z2i124h5. ZOLDIZ, Exp. 1, 2 &Lk
# L C Phase 1-2 Ok T xS 238 W5 TH Phase 4
IZHBWT CL Ot xR S e h - 7= (Fig. 3 (¢)).
Exp. 3 TO Ca’t S I3 B MM ORABERD 9.4 %
THY, Exp. 1 LRABETH -7z, xFLT MRys 1279
%, FRE;51322.8% MDERE V/NSREERL.
F 72 MR W22 WTIE MR, DEEGRKREL, 733 %
EDER L D KELfl%EZ R L7 (Table 2).

$if% 200 nm @ CL % f\7z Exp .4 Tl¥, Phase 1-2
D CL OFHEIX Exp. 1, 2 XD /NS> T
B9 (MRy» 7 1.8 %), Phase 3 ® CL D H &% Exp.
1, 2X 0D KRELH>TWZ (MR3 9.1 %) (Table 2).
Phase 1 128 W T% < % L 724 Phase 3 @ il & »3 1
A= eNEZS5NS. —J Phase 4 IZB W T, CEC
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600
3, === 2mM Ca (500 nm) —— 2mM Ca (200 nm)
500 H: S 10 mM Na (500 nm) = 10 mM Na (200 nm)
. ';:--SOmMNa(SDDnm)
400 K

HEEBIRLF— k]

(b)

25
EEEE [nm]

45

Fig. 4 fBKDLZEMIZIE U 72 CL & i RmEE# © DLVO MHE/FH T 2 V¥ — 0Btk (a) 0-20nm, (b)

5-50 nm.

Relationship between distance between CL and Toyoura sand surface and DLVO interaction energy with variable pore
water chemistry at the distance for (a) 0-20 nm and (b) 5-50 nm.

Table3 HRMRGAFIZHET 2 T IVF —REBEDAE, —IRMUNDfE & B, B O RN D

KL DA .

The value of the energy barrier, the value and location of the secondary minima, and the
probability of particle deposition to the secondary minima for each solution condition.

@
@ [KT] e Osec
X [KT] PR [nm]
2 mM CaCl, 9.07 351 17,4 0.93
500 nm 10 mM NaCl 559.46 ~2.79 23.5 0.87
50 mM NaCl 144.84 ~9.34 7.9 1.00
2 mM CaCl, 15.13 —0.88 21.1 0.38
200 nm
10 mM NaCl 201.58 ~0.82 23.8 0.35

D 12.1 % O Ca*™ OFHHHER S N7z H DD CL I Eil
WREIZIEE L72EETH -7 (Fig. 3 (¢) KU Table
2).

3.4DLVO HEFAI XL F—

Fig. 4 1% Phase 1, 2 %48 U 7z Ca /K¥A# & Phase
4 2EL Na KB FIZBIrdan04 R &
WEREE OMEMFHT VX —%2RT. 72720, 50
mol m—3NaCl KEH M Tld, B 0¥ — 2 BALH
EIZBWTEE LU EMERIEONLR P 572728, 15 mol
m 3 NaCl /KIS O HIEFEFR % FIF L 72, Fig. 4 (a)
M5, BTN KO T )V X — [REEDIF(E D
RTED., TXNF-EEEOF L, Na KEBEMED
F Ca/KiE & D 10 5 ERE 4 fl %R L7z (Table
3). ZOKEHRIX Fig. 1 10RT &1, Ca>t OFET &
Y Nat OFELE N CEl KU CL £ D ¥ — X ELD
M AR E <, Tuq N1 Sl REMIZE T 2
FADPKEL oz Z LIZERT 5.

Fig. 4 (b) TR & 512, BKBEEMIZEWTIIX
WUNBSTFIES B Z & D HEGR T & 7z. Shenetal. (2007) IZ
I, TANF-EEEDRE T (Dpax) & UMD B
& (|@gec]) D3 (AD = By + [ Pec|) 7% 10KT & DK

WA, 3041 PRFIE—RE/NERIC RS TE R
ELTW5. Table3 &V, Exp. 1 ® Phase 1 T, 500 nm
@ CL 732 mol m™3 @ Ca /K&K Lfm 2 12 BE
THLE, AD=556kT <10kT TH5Z 55, CL
B R O — RN IZIRE TE e ER LN
b. FT-Z DN Ogee DIES 093 &K E L, ZIRMU/NE
BIZBWTE CLIZHRENTVWEZEARBINS.
Phase 4 Tl ®pax DIERICKERIEEZRLZ—HT, =
UAB/INE Ca KBTS L AEDOEI ZEFLTE D,
Olsec DD 0.87 & ED o7z, L7=H> T Phase 4 T, &
W RIIZH T Ca2t & Nat L DG A F ¥ 2 5 A8
A U 72 B8 CLAE ZWRIUNEISIZ RS LT Wiz Z 2 93E X
572, Exp. 3 ® Phase 4 (25T 50 mol m—> ® NaCl
KB VT ERET > 2B E, Pgpe=—-9.34kT &
TURRUNDIFAED A S I, CLIZEHMREIZIEETE
7meEZOoNS.

A E®D & 512 DLVO HEih &, Na AKIAWHE KR (Ca’t
& Nat OB A VRIS 12, Z /N TFTo CL
DILENE Z o5Ni-. —iT, NakEmsK (Phase 4)
%, WiAGEKEE (Phase 5) I2FE CL 2SR HIT % /%0,
—#DiAK (Phase 3-5) THETD CL ANRH L2V
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IZ2\W T, DLVO TP REETH b 5B OM
HETH 5.

ki 200 nm @ CL % W74 (Exp. 4), 500 nm O
CL 2\ /=354 L iR L T Ca KBRS, Na KIS
Sl e BT ZIRBNDBE I DL A2 o7z (Table 3). Z
NER 4) ITREULE LSS, 27BN Upw 22 a d
FWANESTINE L oI EIZ X BHEBETHDEER
505, Shenetal. (2007) &, 201 NKiFORED
INE WY Qee DIEHNS K725 L WO FERZHL LT
BY, REOERE—T 2. £/, F /31 XDk
T, M 7Y A XK FIZHARTaa A FRTF &7
T 7R OMBEEAT R VF —TH LN D — IR
INBIZIEE L9 <, TEIBRUK DO FRR ST 2 HIE R 2L
READHEEZZIFIZL VWE WO IRENH S (Petosa et
al., 2010; Wang et al., 2019). 4 [EDOEERSMFTIEREA 2
VR 72 CL ORI R T E o725 D
D, Xo/NIRFEOan 1 N+ %2HBAWZERTIE,
au A MRS 2 el REMEARIZ X 7z,

4. B IC

ARWFZETIERG A A >V RGO Z ALBERR O 3w 1
R FOEEMEEZIHS M A2 e 2 HIE LENA
T LFERRET o T2 TORER, ARFEBRSM TIREHER
EIZH1F 5 Ca’t 55 Nat ADGA A 2 2SI -
72 CL O IRMER T E R - 72, KEBRSMOHIPHN
T, EHMERMIZE TS Ca®t & Nat D51 A 2
BOGEFTH, B A VIRERX a0 A N TORRIZES
T CL X EHMERmIZILE T EZ Wbtz —A,
715 DTHIKRZ @KL 728556, HIBRAKD IS A v
CL D2 HEZET & 7. DLVO HiZz 3> < HHEAMEH
ITRIF—h5, MBRAKH Ca KIEHRDOKE, EiHPE
M2 B W T CL & — RN R O IR/ IEE LT Wb
ZEeDRBEINT. 2, FTOH Na KBKZEAKL T
Ba (BB A VRIS T, CL & RIS/
HLTWBZeNEZ SN, U EOMAIL, B A
RHEMNEINL 7235 4%, CL ORENNSWEATE
FkRIZA SNz, LA L, Na KEBRTOIKB/ND
FEE oo FREPNSIWIEEER»-7-. 5%, F+
M EEMEE (AFM) ZiEM U7z aa o N & Rk 1
KM & OHAEAEHDORER, <1 7 0iiikzHw7:
CL X80 EEBE 5, WKEBROLZER D ZA
M CL O - MR ENIC 5 2B ODWTE5R 5
FERWIIRV BT B 5ND.

B
ARSI SRS S SE B, TSPS RIS 2l

4 (18HO01530) D=2 £ L7, T ZiIZi L THAL
HU EIFET.
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anAq NEFIRTEREOXEARE UL TE 22 osh Ty, TEhoaoq RNhroifsit
MRS L L REETH L. AWETIE, ZAEKRNOD Ca®t & Nat L OB~ 4 VRS a1
R FOWEEEC G5 X 5B E2HASMITEIE2EHME Uz, B ABEAE LBz, £
FThaARA RREFIZHNVEF NI Ty 7 AR ERAWT—IRIGH 7 MBAKERET 72, T ORER,
A4 v ana RRFORBRIZE ST, BA AU RBEISETRORSE 301 NRF OB -
WHIER OBl o7z, ME L TWAZaaA NRTIE, B1 A4 ok 74, BBRKD 1 A4 V58 MK
T2 L BiftL 72, DLVO Hii iz O <A EAEH T 2V X — DOFHREORER, ZIRIUNESOFED, B
A A VRBISRFIZB TR a0 RIREICFSTE I WA RBINT.

F—7U—F: oo Nk, fEMLAEEE, B A4 >, DLVO Mg





