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9% B Aloxe AESLF HIE 23S 95| A 572 HE(kaolinite, montmorillonite, bentonite)S THAFS. 2 FZHA
(sodium fluorescein) L H] S2FA](chloride, fluoride) 822 ARg-5lo] S AW /é??:] 2 AAEIALE 829 H= oty A (break
through curves, BTC)Z} 13+ HAL A 8)| 2] Bl S B3 A 420 R LS 2345g o, AFL20 AR 7] Yol Akt
AT BASIGT, 5] T4 828 ALa ok ] A7 A3, £ BRAOE 219] bentonited] BT =7} 7 A Lot
© ™ montmorillonite®} kaolinite®] BTCE5x=7} £X1&8 0 2 UErgth 24 8348 AMSH 39, Ao Y §&340] 2
montmorillonite®] BTCE =7} 7} A el on, A3 $32] A % 99 Hol YA £ AE = WA © =2 ben-
tonite®] BTC =7} 7 A Uehgth 49 B+ vaes 320 %H“ SHA] gh= 5ol BICE: Aot 4 A2 U
Eren], 2 UREE ARsae] 2uy) UEs S7145 2aske u] AR vhulal) A} ehie) 2 QAR A
Fhzol Any] UES o) AR NRES AGY S YE L ANGACH, O 27 UHL Bo) 24E HFEo
F7tAEZ 82 5 Utk

FQ0]: OIZE, HEAZ il 1X2] s, X|d A

ABSTRACT: Diffusion chamber experiments were conducted using three types of clays (kaolinite, montmorillonite, bentonite) with
adsorptive (sodium fluorescein) and non-adsorptive (chloride, fluoride) solutes to estimate the tortuosities of low-permeability layers. The
tortuosities of the low-permeability layers were estimated by comparing the break through curves (BTCs) of solutes with the one-dimensional
diffusion analytical solution, and the relationship between the bulk density of the low-permeability layers and tortuosity was analyzed.
Experimental results of diffusion chamber using non-adsorptive solutes showed that the BTCs of bentonite were the highest due to its high
expansion characteristics, while kaolinite showed the lowest BTCs. For the adsorptive solute, the BTCs of montmorillonite, which has low
expansion characteristic with the highest adsorption on solute, showed the lowest BTCs. Bentonite exhibited the highest BTCs due to its
high expansion rate despite having similar adsorption properties to kaolinite. The estimated average tortuosity followed the same order (T
k=0.23, TM=0.60, T5=0.86) as the anion BTC results, where no adsorption occurred, showing an exponentially decreasing relationship with
an increase in the bulk density of the low-permeability layer. This tortuosity-density relationship can be applied to estimate the tortuosity
without a diffusion chamber experiment and can be used for the verification of estimated tortuosity.

Key words: tortuosity, low permeability layer, back diffusion, 1-D analytical solution, retardation factor
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of olFs}ul AFLES} Zo AHOR Eio] $&
3ol A= o] F(advection) & 53, HES}F 22 AFA
o] Wellxl= ghil(diffusion)2 53 T2 o] 53HH(Foster,
1975; Gillham et al., 1984; Mackay and Cherry, 1989). &
AhE A9 =7 B2 AR A B2 AF LR o] 53
= @eE, F XY w7t HFol o|27|7HA] AR
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Fick®] A1, 2 {2 o2 FdE 4= glow, o uj/fjHs
2 4 ol

B2} AL Ald(molecular diffusion coefficient, Dy)=
o] EXEHA| Y= et B oA 22X FEY A
o] oJsjAut WAYsH= T4 A= UET 82 ZHA|
O] Af3k gholoth. o7]of AT wiA W) 84 ol F B=
o] B2t A& Ut T2 ( 9k AT WA W
|49 seha/Ee) A Foatgol ot gt A A
= W5t AQAFRIE LT 2N FA A A
(effective diffusion coefficient, D) & E&3 4= 9JtiRowe
et al., 1988; Shackelford and Daniel, 1991a, 1991b; Fetter
et al.,2018). A AA=9] - AU 2 APS 53l 54
2 29l Aot AR wiA e 22914 E4s S ALt
T Qe AR, AR EE S2 Rl wet ohstA
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Dong, 2009; Jacops et al., 2013; Rezk et al., 2022). 718
U & dolxe 8249 84S AREsto] JES 22
AT/ wiA W gt A st Q17| diizel sie
whRE o] ol Mg E ol thas ofelgo] Sl

A A &2 o2 gt Aol AR EE
RS 2ge] Slo) $00) T4 91 HA B4k A
o] 5 Bk A% W) (0/0) B ABS B 23
gk AR gt Al E Uetille 2R7] g4 A9 (apparent
diffusion coefficient, Da)2] ¥|(D,/D,) & =&3lH.2oH 3
T HlET WE, 23, U T A A o 1%}

o] AHAIS BAIE ALK Blewett ef al., 2003; Revil and
Jougnot, 2008; Bourg and Tournassat, 2015), 2E3-S E35}
295 BAL Aeks A8SIo] WEEES 29515 Altmann
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Fig. 1. Schematic illustration of 2-D flow chamber system for forward and back diffusion experiment with 200mg/L of chloride
and fluoride and 2,000 mg/L of sodium fluorescein in three different types of low-permeability zone (kaolinite, montmorillonite,

and bentonite).
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Table 1. Input parameters of 1-D diffusion model.
Parameter Symbol  Value Unit Reference
Molecular diffusion coefficient of CI° Dy a 2.03%x10° m%/s Fetter et al. (2018)
Molecular diffusion coefficient of F~ Dy r 1.46x10° m?/s Fetter et al. (2018)
Molecular diffusion coefficient of sodium fluorescein Dy Fiuo 1.00x107 m%/s Tucker and Nelken (1990)
Freundlich adsorption coefficient of kaolinite Kr 0.055 L/g
Freundlich adsorption coefficient of montmorillonite Kr m 1.9 L/g
Linear adsorption coefficient of bentonite Kas 0.001 L/g
Mean bulk density of kaolinite Pb K 0.618 -
Mean bulk density of montmorillonite Pb M 0.549 -
Mean bulk density of bentonite Pb B 0.064 -
Aquitard porosity 7 0.6 - Yang et al. (2015)
Aquitard depth of kaolinite and montmorillonite z 4 cm
Aquitard depth of bentonite z 6 cm
Interfacial area Ay 60 cm?
Cross sectional area A, 10 cm’
Flow rate q 0.17 mL/min
Solute loading time for anion T 27 d
Solute loading time for cation T 6 d

"Bulk densities of 3 clays were calculated based on the weight of clay introduced into each diffusion chamber and the volume

of low-permeability zones.

Aquitard depth, interfacial and cross sec/tional area of chamber were measured manually.
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2 B7FE 93] coefficient of efficiency (E)S AME-3}
on, A =7} #E&4F F7I8IAL 1.0FE —co71R] 9
£ 7} th(Nash and Sutcliffe, 1970).

R (13)
Y (0-0)?
i=1
o}7]d Pe RAYL B3 &gk 0= A, 0=

3ol BEE ofolatet

. BA A 2T TS M

ol §A2Ql sodium fluorescein®] F2 AF 2}
montmorillonite”} TFE F JER T} QFolL 828 ol
FoIE Aoz Uehdth 2 AW 2AF 1 £ 8
d T=E 247 2000 mg/Lo| A A3, e v
7} kaolinite2} bentonite 2] 739 Z+Z} 1785, 1748 mg/L=E
S = o(1H 3a, 3¢), FES §& FaFo| 447} 2.15,
2.51 mg/ge. 2 YEtt) ¥PH montmorillonite 2] 73-9- AF
59 BE7F 174 mg/ll 2 S (1Y 3b) HES F
7ol 18.28 mg/L2 ThE F+ HEET} of 8uj) o2 oF
o 8¢ FATHE A0 Lehdeh. 1319 it o)
P =55 97 & 5229 Bl 23, kaolinite
2} montmorillonite= 4§ 275 =7} 27185 HEQ
E2lEFo] A} 7rAaste(19 3a, 3b) Freundlich 223}
=7} 71 ESEOT(E = 0.94, 0.97), bentonite®] - 2

O Measured data

\ === Simulated data

Back diffusion time

Fig. 2. General break through curves (BTCs) from forward and back diffusion experiment with different types of clay media during
(a) entire experiment period and (b) partial experiment period for a tortuosity estimation by comparing measured data to simulated

data from analytical diffusion model.
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Table 2. Estimated clay tortuosities of anions (F°, CI') and cation solutes (sodium fluorescein) and estimated retardation factors

of sodium fluorescein.

Parameter Clay type Solute type Value Mean
Fluoride 0.22
Kaolinite Chloride 0.21
Fluorescein 0.25 0.23
Fluoride 0.66
Tortuosity Montmorillonite Chloride 0.49
Fluorescein 0.65 0.60
Fluoride 0.89
Bentonite Chloride 0.81
Fluorescein 0.88 0.86
Kaolinite Fluorescein 2.11
Retardation Factor Montmorillonite Fluorescein 25.5
Bentonite Fluorescein 1.14
(a) (b) (©
3.0 Kaolinite 20 Montmorillonite 30 Bentonite
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— Linear

----- Freundlich

Lo
o>

—— Langmuir

=3

Amount of sodium fluorescein absorbed (mg/g)

o
o>

-
-

E=0.95

0 500 1

Sodium fluorescein aqueous equilibrium concentration (mg/L)

000 1500

2000 O 50

100 150 200

Sodium fluorescein aqueous equilibrium concentration (mg/L)

500

1000 1500 2000

Sodium fluorescein aqueous equilibrium concentration (mg/L)

Fig. 3. Adsorption test results of sodium fluorescein solution with initial concentration of 0, 1, 10, 100, 500, 1,000, 2,000 mg/L
for (a) kaolinite, (b) montmorillonite, and (c) bentonite. Measured amount of absorbed solute were plotted with circle and linear,
Freundlich, and Langmuir adsorption isotherms were marked in straight and dashed lines.
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Appendix Table 1.
Clay type Chemical formula Visible reference code  Score Compound name Scale factor
Kaolinite Al2 Si2 O5 (OH)4 98-006-8698 64 Kaolinite 0.674
Montmorillonite Si 02 98-016-2490 73 Quartz 0.854
K AI2 Si3 AIO10 (OH)8  96-901-4961 55 Muscovite 0
Bentonite Si 02 98-006-7121 65 Quartz 0.693
AIPO-4 98-009-1671 30 Zeolite 0.369
AINaO8Si3 98-000-9831 28 Albite 0.350
(a)
; } h _.| Ay | lm JM: | ||.|||||IJ iy m A
(b)
[ ! i
(c)

Supplementary Fig. 1. XRD results of (a) kaolinite, (b) montmorillonite, and (c) bentonite.



