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Hydraulic conductivity of conventional mock sodium bentonite (Na-B) and bentonite-polymer (B-P) geo-
synthetic clay liners (GCLs) were evaluated with three synthetic leachates that are chemically representative of
aggressive leachates from coal combustion product (CCR) (I = 3179 mM), mining waste (MW) (I = 2127 mM, pH
= 2.0), and municipal solid waste incineration ash landfill (MSWI) (I = 2590 mM). The mock B-P GCLs were
created by dry mixing bentonite with branched, linear, or crosslinked polymer. The polymer loading of mock B-P
GCLs ranged from 3 to 15%. Comparative tests were also conducted with Na-B GCLs. The mock Na-B GCLs
cannot maintain low hydraulic conductivity to aggressive CCR, MW, and MSWI leachates. Mock B-P GCLs with
10% branched polymer had low hydraulic conductivity (< 1.0 x 107'° m/s) to synthetic MW and MSWI
leachates at 20 kPa effective confining stress, whereas the hydraulic conductivity of mock B-P GCLs with 10%
linear or crosslinked polymer ranged from 1.5 x 10~° to 1.4 x 10~/ m/s. As the effective stress increased, the
B-P GCLs branched polymer showed a faster decreasing trend than that of Na-B and B-P GCLs with linear or

crosslinked polymer.

1. Introduction

Geosynthetic clay liners (GCLs) are manufactured hydraulic barriers
comprising a thin layer (5-10 mm) of sodium bentonite (Na-B) sand-
wiched between two geotextiles. GCLs have been widely used in com-
posite liner systems in waste containment facilities due to their low
permeability, ease of installation, and relatively thin thickness (Shack-
elford et al., 2000; Bouazza, 2002; Jo et al., 2001, 2005; Kolstad et al.,
2004; Bradshaw and Benson, 2014; Scalia IV et al., 2014; Bradshaw
et al., 2016; Tian et al., 2016, 2019; Setz et al., 2017; Bouazza et al.,
2017; McWatters et al., 2019). The hydraulic performance of GCLs is
controlled by the Na-B layer (Koerner 2012). The Na-B in GCLs pri-
marily consists of Na-montmorillonite, which has a large surface area
and high cation exchange capacity (Mitchell and Soga, 1993). When
hydrated with water or dilute solutions, the Na-B undergoes osmotic
swelling, which results in narrow and tortuous pathways for liquid flow.
This leads to a low hydraulic conductivity of a GCL (< 10 1%m/s) (Scalia
IV et al., 2014; Tian et al., 2019).

However, leachates from coal combustion products (CCR), mining
waste (MW), and municipal solid waste incineration ash (MSWI) may
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have high ionic strength (I > 300 mM), predominantly polyvalent cat-
ions, and/or extreme pH conditions (< 3 or > 12), which can inhibit the
osmotic swelling of Na-B and lead to high hydraulic conductivity of
Na-B GCL (> 10710 m/s) (Athanassopoulos et al., 2015; Salihoglu et al.,
2016; Chen et al., 2018; Tian and Benson, 2018; Zainab and Tian, 2020;
Li et al., 2021; Wireko and Abichou, 2021). Therefore, the Na-B GCLs
have been modified by blending bentonite with organic molecules or
polymer to improve chemical compatibility (Ashmawy et al., 2002;
Kolstad et al., 2004; Katsumi et al., 2008; Di Emidio et al., 2015; Scalia
IVetal., 2014; 2018; Athanassopoulos et al., 2015; Mazzieri and Emidio,
2015; Tian et al., 2016, 2019; Ozhan, 2018; Chen et al., 2019; Prong-
manee and Chai, 2019; Li et al., 2021; Norris et al., 2022; Wireko et al.,
2022). These polymer-modified GCLs, also known as bentonite-polymer
(B-P) GCLs, comprise of bentonite-polymer composites (BPC) or a
mixture of polymer and bentonite (e.g., dry mixing, dry sprinkling, and
wet mixing) (Scalia IV et al., 2014, 2018; Di Emidio et al., 2015; Tian
et al., 2016, 2017, 2019; Chen et al., 2019; Zainab et al., 2021; Li et al.,
2021; Norris et al., 2022). Polymers used in B-P GCLs include anionic
polymers such as sodium carboxymethylcellulose (CMC) (e.g., Di Emidio
et al., 2015; Norris et al., 2022) and poly (acrylic acid) (PA) (e.g., Scalia
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IV et al., 2018; Chen et al., 2019; Prongmanee and Chai 2019; Tian et al.,
2019; Li et al., 2021; Norris et al., 2022).

Hydraulic conductivity of B-P GCLs permeated with leachates from
solid waste disposal facilities such as CCR leachates, MW leachates, and
MSWI leachates were investigated and reported in previous literature
(Athanassopoulos et al., 2015; Salihoglu et al., 2016; Donovan et al.,
2017; Tian and Benson, 2018; Chen et al., 2019; Tian et al., 2019; Zainab
etal.,, 2021; Li et al., 2021; Wireko et al., 2022). In a study conducted by
Chen et al. (2019), B-P GCLs with polymer loading >1.9% can signifi-
cantly improve chemical compatibility compared to Na-B GCLs to CCR
leachates. In a study conducted by Li et al. (2021), B-P GCLs with
polymer loading >7.5% were shown to maintain a low hydraulic con-
ductivity to hyperalkaline bauxite liquors from Chinese red muds (pH >
12, I = 77-620 mM). The low hydraulic conductivity of B-P GCLs is
attributed to the polymer hydrogel clogging mechanism (Tian et al.,
2016; 2019; Zainab et al., 2021; Norris et al., 2022). However, the
addition of different types of polymers to B-P GCLs may cause different
types of clogging mechanisms (Zainab et al., 2021; Chen et al., 2023a).
Zainab et al. (2021) concluded that linear polymers create a glue-like
substance that binds bentonite particles and crosslinked polymers
form small three-dimensional hydrogels that clog the pore spaces be-
tween bentonite particles. Chen et al. (2023a, 2023b) concluded that
different polymer types might have different characteristics (e.g., tor-
tuosity and roughness) in B-P GCLs permeated with bauxite liquor
leachates (I = 622.5 mM), leading to a low hydraulic conductivity.
However, limited studies focus on the hydraulic conductivity of B-P
GCLs with branched polymer, i.e., linear polymer with side chains.

The objective of this study was to evaluate the hydraulic conductivity
of B-P GCLs with three different polymer additives (e.g., branched,
linear, and crosslinked) to aggressive CCR, MSWI, and MW leachates.
The polymer loadings of the B-P GCLs tested ranged from 3 to 15%.
Hydraulic conductivity tests were conducted on mock GCLs with three
synthetic leachates at an effective stress of 20 kPa. After chemical and
hydraulic equilibrium were reached, the effective confining stress was
increased to 100, 250, and 500 kPa to mimic the stresses induced by
waste mass placed in a landfill. As a control, comparable hydraulic
conductivity tests were also performed on Na-B GCLs. This study
investigated the relationship between hydraulic conductivity of B-P
GCLs and (1) polymer type (e.g., branched, linear, crosslinked), (2)
polymer mass loading, (3) chemical composition of permeant liquid, and
(4) the effect of confining stress on B-P GCLs.

2. Materials and methods
2.1. Polymers used in this study

Three proprietary anionic polymers (e.g., branched, linear, and
crosslinked) were evaluated in this study, named as polymer A, B, and C,

respectively (Table 1). Polymer A is a branched polymer that can be
visualized as a linear polymer with side chains of the same polymer

Table 1
Properties of polymers used in this study.
Polymer Charge” Structure” LOI (%) Viscosityb SI° (mL/
(mPa.s) 2g)
Polymer Anionic  Branched 82.01 + 144.2 600
A 0.72
Polymer Anionic  Linear 78.69 + 96.2 120
B 0.82
Polymer Anionic  Crosslinked  96.97 + 14.0 140
C 2.29

@ Reported by the manufacturer.

b The viscosity of polymers was measured in DI water with concentration of
3000 ppm (shear rate = 200 rpm).

¢ The swell index tests of polymer were conducted using 0.2 g of oven dried
specimens and projected to mL/2 g.
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attached to the main chain (McKeen, 2017), as shown in Fig. 1. Polymer
B is a linear polymer, in which monomeric units with hydrophilic
functional groups are covalently linked together to form the polymer
chain (Chatterji and Borchardt, 1981). The linear (and linear branched)
polymer can disperse and swell in the solution to form a viscous polymer
gel, which are referred to as water-soluble polymers (Williams, 2007;
Rivas et al., 2018). Polymer C is a crosslinked polymer, which is a result
of bonding polymer chains through crosslinking. The crosslinked poly-
mers can swell in solutions to hold a large amount of water when hy-
drated to form discrete polymer hydrogels. Polymers A and C were finer
than polymer B. More than 75% of polymers A and C passed the #100
sieve, and only a small portion of polymer B passed the #100 sieve
(Fig. 1 and Fig. A1).

The initial loss on ignition (LOI) of the three polymers ranged from
78.67% to 96.97% (ASTM D7348). The swell index of polymer A in DI
water was approximately five times higher than that of polymer B and
Polymer C (e.g., 600 mL/2 g vs. 120-140 mL/2 g). The viscosity of the
polymers was measured in DI water following ASTM D2196. The tested
polymer concentration was 3000 ppm, and the shear rate was controlled
at 200 rpm (Gao, 2013; Geng et al., 2016, 2022; Devrani et al., 2017).
The viscosity of polymer A was slightly higher than polymer B (144.2
mPa.s vs. 96.2 mPa.s), and the viscosity of polymer C was the lowest (e.
g., 14 mPa.s). This result indicates that polymer A and B showed strong
interaction between the polymer and water molecules and extensions of
the polymer chains, which results in greater shear resistance and a
corresponding higher viscosity. The linear polymers undergo a central
scission in strong flow due to buildup of stress from fluid drag, whereas
the branched polymer showed higher shear stability against such scis-
sion with a corresponding higher viscosity value (Xue et al., 2005).

2.2. B-P GCL

B-P composites were created by dry mixing Na-B and polymer
(Norris et al., 2022). The calculated quantity of dry bentonite was dry
mixed with each polymer and then tumbled at 50 rpm for a minimum of
24 h to allow uniform mixing. The polymer loading in GCLs used in this
study ranged from 3% to 15%. B-P composite was spread uniformly on
the carrier non-woven geotextiles, and then another non-woven geo-
textile was placed on the top to create a mock GCL. The mass per unit
area of the mock GCLs was 4.0 kg/m2 The B-P GCLs were named
B-P-A-3, B-P-B-3, B-P-A-5, B-P-B-5, B-P-C-5, B-P-A-10, B-P-B-10,
B-P-C-10, and B-P-A-15. The capital letters “A, B, and C” indicate the
polymer type, and the numeric digits indicate the polymer loading of the
B-P GCLs.

2.3. Permeant solutions
The permeant solution was characterized based on the ionic strength

(D), relative abundance of monovalent and polyvalent cations (RMD),
and pH. Ionic strength is defined as:

1¢ )
szZciz,-
2i:1

where C; = molar concentration of ith ion in solution; and Z; = valence of
the ith ion.
Kolstad et al. (2004) quantified the RMD in permeant leachate:

€9)

My

VMp

where My, = total molarity of monovalent cations; and Mp = total
molarity of divalent cations.

Fig. 2 shows the relationship between ionic strength and RMD of the
CCR, MSWI, and MW leachates compiled from literature (Ashmawy
et al,, 2002; Abdelaal et al., 2011; Athanassopoulos et al., 2015;
Townsend et al., 2015; Ghazizadeh et al., 2018; Tian and Benson, 2018;

RMD = (2



astm:D2196

D. Liet al

Geotextiles and Geomembranes 52 (2024) 900-911

(a) Polymer A

A
- - ﬁ
i =

A

>

Branched Polymer

(b) Polymer B

Linear Polymer

DN -

Crosslinked Polymer

Fig. 1. Images of polymer used in this study (a) polymer A, (b) polymer B, (c) polymer C.
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Fig. 2. Ionic strength versus RMD of CCR, MSWI, and MW leachates in liter-
ature, along with the synthetic leachates in this study. (Note: Data from liter-
ature was obtained from Ashmawy et al. (2002); Abdelaal et al. (2011);
Athanassopoulos et al. (2015); Townsend et al. (2015); Ghazizadeh et al.
(2018); Tian and Benson (2018); Zainab et al. (2021); Li et al. (2021); Wireko
et al. (2022)).

Zainab et al., 2021; Li et al., 2021; Wireko et al., 2022).
The CCR leachate data was collected from 130 disposal sites located
within the United States. The ionic strength of CCR leachates ranged
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from 0.42 mM to 4685 mM, and the RMD ranged from a minimum value
of 0.002 M'/? to a maximum of infinity (leachate samples without
divalent cations) (Zainab et al., 2021). Synthetic CCR leachate in this
study was selected to represent a leachate with high ionic strength (I =
3179 mM, RMD = 32.0 MY/?), as reported in Zainab et al. (2021) and Li
et al. (2021). MW leachates include gold, copper, and bauxite mining
leachates (Ghazizadeh et al., 2018). The bauxite mining leachate con-
tains elevated concentrations of aluminum (Al) and sodium (Na), with
high pH (>12 in some cases) (Tian and Benson, 2018; Li et al., 2021).
The copper mining leachates were more aggressive than bauxite mining
leachates, with ionic strength up to 2580 mM and pH of 2.0 (Ghazizadeh
et al., 2018). The synthetic MW leachates were representative of copper
mine-process leachates with low pH = 2.0 and high ionic strength (I =
2580 mM, RMD = 0.012 M*/2) as reported by Abdelaal et al. (2011). The
MSWI leachates are representative of landfills, where incineration ash is
either disposed alone in an ash mono-fill or co-disposed with regular
MSW in the United States (Wireko et al., 2022). The ionic strength of
MSWI leachates ranged from 182 to 2128 mM, and RMD ranged from
0.077 to 2.63 M2, reported by Ashmawy et al. (2002), Townsend et al.
(2015), and Wireko et al. (2022). The synthetic MSWI leachates were
representative of leachates from an ash mono-fills with the highest ionic
strength (I = 2128 mM, RMD = 2.62 M'/2) (Townsend et al., 2015). The
concentration of major cations, anions, and the bulk properties (I, RMD,
and pH) of synthetic leachates selected are given in Table 2. All the
synthetic leachates were prepared by dissolving reagent-grade NaCl,
KCl, CaClz-2H,0, MgCl,-6H20, MgSO4, and K2SO4 in Type II DI water
per ASTM D1193. The synthetic MW leachate was titrated with HCIL
solution to adjust to the target pH.

2.4. Hydraulic conductivity test

Hydraulic conductivity tests were conducted on 152.4 mm (6-inch)
circular GCL specimens in flexible wall permeameters using the falling
headwater and constant tailwater method in accordance with ASTM
D6766. All the mock GCL specimens were first hydrated in the
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Table 2
Properties of synthetic leachates.
Leachate Ionic strength RMD Major cations (M) Major anions (M) pH EC
M) M2 Na* K* Mgt Ca%* clr S0%7 (mS/cm)
CCR 3.18 30.54 2.28 0.02 - - 0.59 0.86 8.2 86.8
MSWI 2.13 2.63 1.34 - 0.03 0.23 1.87 0.00 8.0 75.9
MW 2.58 0.01 - - 0.64 0.01 0.13 0.60 2.0 50.3

permeameter with the specific leachate at an effective confining stress of
20 kPa for 48 h with a hydraulic head of 1.30 m. Effluent was collected
in 70 mL polyethylene bottles and effluent pH and EC were periodically
measured. The tests were continued until hydraulic and chemical
equilibrium were achieved in accordance with ASTM D6766. Once both
the chemical and hydraulic equilibrium were reached, the effective
confining stress was increased to 100, 250, and 500 kPa to mimic the
stresses induced by waste mass placed in a landfill.

2.5. Swell index test

The swell index (SI) of mock Na-B and B-P GCLs was measured using
DI water and synthetic leachates in accordance with ASTM D5890. The
SI was measured as the volume of the swollen specimen in a graduated
cylinder after 24 h (in mL/2 g). To avoid possible loss of polymer mass
during sieving processes, the B-P composite was prepared by mixing dry
polymer with Na-B that passed the #200 sieve (Wireko et al., 2020). SI
tests of polymers were conducted using 0.2 g of oven dried specimens
which were added to an empty 100 mL graduated cylinder. Leachate was
gradually added in increments of 1 mL every 10 min. The tests were
performed until no swelling was observed after adding the water and the
SI (mL/0.2 g) was then recorded as the final volume of the swollen
specimen. The swell index of polymer was then projected to mL/2 g
(Wireko et al., 2020).

2.6. Viscosity test

The viscosity of a B-P slurry is indicative of polymer-bentonite
interaction when the B-P is hydrated with a specific solution and can
reflect the chemical compatibility of B-P GCLs (Geng et al., 2016, 2022).
Viscosity tests were conducted following a procedure outlined by Geng
et al. (2022) and Vryzas et al. (2017). The B-P and Na-B suspensions
were prepared by gradually adding 15 g of air-dried B-P composite or
Na-B (in increments of 1 g) to a beaker already filled with 300 mL of
corresponding solution (solid-liquid ratio = 5%) and stirred using a
magnetic bar stirrer at approximately 720 rpm for more than 180 min.
The beakers were covered with Parafilm and hydrated for 24 h. The
suspensions were then stirred using a magnetic bar for no less than 120
min prior to conducting the viscosity tests. The viscosity of the sus-
pensions was measured using a ViscoQC 100. Spindle type and rota-
tional speed were selected so the viscosity reading fell within 10-90%
torque as recommended.

2.7. LOI test

Loss on ignition (LOI) tests are commonly used to determine the
polymer content of B-P GCLs (Scalia IV et al., 2014; Tian et al., 2016;
Gustitus et al., 2021; Li et al., 2021). LOI tests were conducted with pure
polymer, Na-B, and B-P composite. The known mass of pure polymer,
Na-B, and B-P composite specimens were ground to pass a No. 20
woven wire sieve (ASTM E11; ASTM 2013) and dried for 24 h in the
oven at 105 °C to remove moisture in the test specimens. 3 g of
oven-dried specimens were placed in a furnace at 550 °C for 4 h, which
exceeds the decomposition temperature of polyacrylate (= 200 °C).
After, the specimens were removed from the furnace and allowed to cool
in a water-free atmosphere, the samples were weighed using a micro-
balance with an accuracy of 0.1 mg (ASTM D7348).
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With the measured component (e.g., Na-B and pure polymer) and
the B-P composite LOI values, the polymer loading of B-P composite
was determined by discounting the LOI of Na-B from the LOI of polymer.
Residual polymer loading of B-P GCLs (i.e. polymer loading after
conclusion of the hydraulic conductivity tests) were determined using a
similar procedure. The Na-B and B-P composites were extracted from
three spots on mock GCL samples after the termination of the hydraulic
conductivity tests. The residual polymer loading of B-P GCL samples
was calculated based on the LOI of Na-B GCL samples that were
permeated with the same leachates, because the LOI of Na-B after
permeation may differ compared to the LOI of fresh Na-B due to the
cation exchange process (Gustitus et al., 2021).

3. Results and discussions
3.1. Swell index

The swell index test results of Na-B, pure polymer, and B-P com-
posite in DI water, synthetic MSWI, MW, and CCR leachates are shown in
Fig. 3. The swell index of Na-B to DI water was 28 mL/2 g and decreased
to 2.0-3.5 mL/2 g when hydrated in synthetic MSWI, MW, and CCR
leachates, where only crystalline swelling occurs (Norrish and Quirk
1954; Jo et al., 2001). The B-P composite had a higher swell index than
that of Na-B when exposed to the same leachate due to the high swelling
of the polymer hydrogel. This result is consistent with conclusions re-
ported by Chen et al. (2019) and Zainab et al. (2021). The swelling of all
three polymers in DI water ranged from 120-600 mL/2 g and decreased
to 50-260 mL/2 g in synthetic leachates (Fig. 3b), which were much
higher than that of Na-B at the same testing conditions. However, the
swelling of polymer hydrogels was also suppressed in synthetic leach-
ates due to the high ionic strength and low pH (e.g., MW leachate). As a
result, the swelling of B-P composite specimens ranged from 5 to 14
mL/2 g in synthetic leachates, and the swelling of B-P composite spec-
imens gradually increased as the polymer loading increased.

3.2. Hydraulic conductivity

A summary of the hydraulic conductivity tests performed on the
Na-B and B-P GCLs using the synthetic leachates is shown in Table 3.
Test durations were up to 477 days. All mock Na-B and B-P GCL spec-
imens permeated with synthetic leachates achieved both hydraulic and
chemical equilibrium.

The hydraulic conductivity of Na-B and B-P GCLs to synthetic CCR,
MSWI, and MW leachates as a function of initial polymer loading is
shown in Fig. 4. A higher hydraulic conductivity was measured for Na-B
GCL permeated with CCR leachate as shown in Fig. 4a (e.g., 7.1 x 107/
m/s). The B-P GCLs (e.g., B-P-A, B-P-B, and B-P-C) with 3% or 5%
polymer loading had higher hydraulic conductivity (e.g., ranging from
46 x 10" m/sto1.1 x 1077 m/s), which showed a similar hydraulic
conductivity to Na-B GCLs permeated with CCR leachate. This result is
consistent with Zainab et al. (2021), who reported that B-P GCLs with
polymer loading < 5% cannot maintain a low hydraulic conductivity (<
1 x 107'% m/s) to leachate with CCR aggressive leachates (I > 473 mM).
As the polymer loading increased to 10%, the hydraulic conductivity of
B-P-A and B-P-C GCLs decreased by two orders of magnitude, ranging
from 1.2 x 102 m/s to 1.5 x 10~° m/s, whereas mock B-P-B-10 GCL
still showed similar hydraulic conductivity with that of the Na-B GCLs
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Fig. 3. Swell index of (a) Na-B and B-P composite, (b) pure polymer in CCR,
MSWI and MW leachates.

(1.4 x 1077 vs. 7.1 x 1077 m/s). When the polymer loading was
increased to 15%, the B-P-A GCL maintained lower hydraulic conduc-
tivity to CCR leachate (e.g., 1.1 x 10 mys).

Test results of Na-B and B-P GCLs to MSWI leachate are shown in
Fig. 4b. The hydraulic conductivity of Na-B GCL was 6.7 x 10~/ m/s.
The hydraulic conductivity of B-P-B and B-P-C GCLs, with 3 and 5%
polymer loading, to MSWI leachate, was slightly lower than that of Na-B
GCLs (e.g., 2.1 x 107 -5.8 x 1077 vs. 6.7 x 1077 m/s), whereas the
hydraulic conductivity of B-P-A-3 and B-P-A-5 GCLs were approxi-
mately two order of magnitude lower than that of the Na-B GCL (e.g.,
43 x107-1.1 x 1078 vs. 6.7 x 1077 m/s). As the polymer loading
increased to 10%, both B-P-B-10 and B-P-C-10 GCLs still showed
higher hydraulic conductivities to MSWI leachate (e.g., 1.9 x 107% to
1.2 x 1077 m/s). In contrast, B-P-A-10 GCL maintained a low hydraulic
conductivity to MSWI leachate (e.g., 8.9 x 1072 t0 1.4 x 107 my/s).

Hydraulic conductivity tests conducted with MW leachate had a
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similar trend to tests conducted with CCR and MSWI leachates (Fig. 4c).
B-P-B and B-P-C with 3%, 5%, and 10% polymer loading had higher
hydraulic conductivities to MW leachate, ranging from 4.2 x 1077 to
8.6 x 10~ m/s, which were approximately 1.2-8.8 times lower than
that of Na-B GCL at the same testing condition. In contrast, B-P-A-5 GCL
showed much higher chemical compatibility than B-P-B and B-P-C
GClLs, i.e., the hydraulic conductivity of B-P-A-5 GCL was slightly higher
than 1 x 1071% m/s, which is two orders of magnitude lower than that of
the B-P-B-5 and B-P-C-5 GCLs. As the polymer loading increased to
10%, only B-P-A-10 GCLs maintained a lower hydraulic conductivity to
MW leachate (e.g., 1.0 x 1071 2 7.5 x 107! mys).

3.3. Hydraulic conductivity vs. swell index

The relationship between swell index and hydraulic conductivity of
Na-B and B-P GCLs is shown in Fig. 5. The Na-B GCLs showed higher
hydraulic conductivity (e.g., 4.9 x 1077 to 7.1 x 1077 m/s) due to low
swell index (2.0-3.5 mL/2 g) when permeated with all three synthetic
leachates. This result is consistent with conclusions reported by Chen
et al. (2019) and Tian et al. (2019). The hydraulic conductivity of B-P
GCLs decreased from 5.8 x 1077 to 8.9 x 1072 m/s as the swell index
increased from 5 to 14 mL/2 g. However, decoupling behavior between
the swell and hydraulic conductivity was also observed for B-P GCLs.
For example, the hydraulic conductivity of B-P GCL ranged from 1.3 x
10710 mys (e.g., B-P-A) to 3.2 x 1077 m/s (e.g., B-P-C) with a swell
index around 10 mL/2 g. Additionally, both lower hydraulic conduc-
tivity (< 107% m/s) and higher hydraulic conductivity (> 10~:% m/s) of
B-P GCLs were shown at a similar swell index (e.g., 12 mL/2 g). These
results agree with previous studies that both swelling and polymer
clogging mechanisms control the hydraulic conductivity of B-P GCLs
(Scalia IV et al., 2014, 2018; Tian et al., 2016, 2019; Zainab et al., 2021;
Lietal., 2021; Norris et al., 2022). In comparison with B-P-B and B-P-C
GCLs, the B-P-A GCL showed a faster decreasing trend in hydraulic
conductivity as the swell index increased. For example, the hydraulic
conductivity of B-P-A GCLs decreased to 10~ m/s, as the swell index
increased to 12 mL/2 g, whereas B-P-C GCLs maintained higher hy-
draulic conductivity (e.g., 10~° m/s) with a swell index of 12 mL/2 g.
This observation illustrates that the B-P-A GCL has higher chemical
compatibility than that of B-P-B and B-P-C GCLs at the same polymer
loading. This indicates that the type of polymer hydrogel affects the
chemical compatibility of B-P GCLs.

3.4. Viscosity

The viscosity of Na-B and B-P composite suspensions in synthetic
leachates is shown in Fig. 6. The viscosity of Na-B suspensions ranged
from 7.5 to 8.0 mPa.s, whereas the viscosity of B-P composite suspen-
sions ranged from 10.3 to 38.2 mPa.s. The higher viscosity of B-P GCL
was attributed to the bonding between the polymer and water molecules
(Geng et al., 2016). Also, adding polymer may lead to more effective
bridging (i.e., due to attraction between polymer and bentonite parti-
cles) among the bentonite particles, and voids between the bentonite
particles were closed which resulted in more shear resistance (Guler
et al., 2018). For B-P GCLs with the same polymer type, with the in-
crease of the polymer loading, the viscosity of B-P composite to same
leachate also increased. For example, the viscosity of B-P-B-5 com-
posite was 17.5 mPa.s when hydrated with CCR leachate, whereas the
B-P-B-10 showed higher viscosity to CCR leachate (e.g., 26.6 mPa.s).
This can be explained by the presence of more polymer chains and more
intensive hydrogel formation (Geng et al., 2016). In addition, the vis-
cosity of B-P-A composite was similar to the B-P-B composite but higher
than the B-P-C composite when exposed to the same leachates. The
difference in viscosity is attributed to the different polymer types among
the B-P-A, B-P-B, and B-P-C composites. Crosslinked polymer (Polymer
C) takes part in hydrogel swelling, lacks entanglement among the
bentonite particles and slightly extends to the viscosity of the bentonite
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Table 3
Hydraulic conductivity of GCLs permeated with synthetic leachates.
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GCL Permeant liquid PVF Total test Termination criteria Hydraulic conductivity (m/s)
Time (days) Hydraulic equilibrium Chemical equilibrium 20 kPa 100 kPa 250 kPa 500 kPa
Na-B CCR 326 42 Yes Yes 7.1 x 1077 2.9 x 1077 1.6 x 1077 6.2 x 1078
MSWI 402 59 Yes Yes 6.7 x 1077 4.4 x 1077 9.7 x 1078 7.8 x 107°
MW 36.7 61 Yes Yes 4.9 x 1077 5.3 x 1077 8.8 x 1078 2.4 %1078
B-P-A-3 CCR 32.4 106 Yes Yes 42x1077 7.8x1071%  82x1071 5.6 x 10712
MSWI 205 102 Yes Yes 1.1 x10°8 7.1 x 1071 4.9 x 1071 4.1 x 10712
MW 255 147 Yes Yes 51 x10°8 3.5x 101 2.5 x 1071 6.4 x 10712
B-P-A-5 CCR 33.7 124 Yes Yes 1.1 x 1077 11x1071°  34x107M 3.2 x 10712
MSWI 31.4 144 Yes Yes 4.3 x107° 3.9 x 1071 4.6 x10712 3.4 x10712
MW 19.5 114 Yes Yes 1.3 x 10710 6.7 x 10712 4.2 x 10712 2.1 x 10712
B-P-A-10 CCR 385 148 Yes Yes 1.2 x107° 5.3 x 1071 81x107'2  47x107'?
MSWI 24.6 138 Yes Yes 1.4 x 1071 45x10712  32x10712 22x10712
MW 333 190 Yes Yes 7.5 x 1071 3.0 x 1071 7.0 x 10712 41 x 10712
MSWI (Duplicate) ~ 39.7 472 Yes Yes 8.9 x 10712
MW (Duplicate) 26.2 467 Yes Yes 1.0 x 1071
B-P-A-15 CCR 743 477 Yes Yes 1.1 x 1071
B-P-B-3 CCR 36.5 48 Yes Yes 4.6 x 1077 8.3 x 1078 7.6 x 107° 43 x1071°
MSWI 38.7 51 Yes Yes 41x1077 1.5 x 1078 1.3 x 107° 8.6 x 10°1°
MW 355 47 Yes Yes 4.2 x1077 5.0 x 1078 6.2 x 107° 5.4 x107°
B-P-B-5 CCR 31.2 55 Yes Yes 3.1x1077 1.5x10°8 1.2x107° 1.6 x 10710
MSWI 35.5 47 Yes Yes 2.1 %1077 21 x10°8 3.9x10°° 1.4 x 10710
MW 29.2 112 Yes Yes 3.2x1077 5.1 x 107° 38x1071%  51x1071
B-P-B-10  CCR 288 92 Yes Yes 1.4 x 1077 4.4 x 1078 25x1071%  50x10712
MSWI 299 97 Yes Yes 1.2x 1077 4.8 x 107° 54x1071% 44 x107'?
MW 34.1 114 Yes Yes 1.0 x 1077 1.1 x 1078 2.7 x 1071 2.9 x 10712
B-P-C-5 CCR 296 63 Yes Yes 4.2 x1077 8.6 x 107° 2.7 x 107° 7.5 x 10710
MSWI 32.2 57 Yes Yes 58 x 1077 42x10°8 1.5 x 1078 1.7 x 10710
MW 348 84 Yes Yes 8.6 x 1078 1.6 x 1078 5.7 x 107° 1.4 x 10710
B-P-C-10  CCR 31.4 114 Yes Yes 1.5 x 107° 6.1 x 10711 8.4x10712  45x10712
MSWI 30.8 128 Yes Yes 1.9x10°8 31x107° 5.6 x 10711 7.2 x 10712
MW 206 177 Yes Yes 5.6 x 1078 2.8 x 1078 2.0 x 107° 1.2 x 1071

suspension. The viscosity of polymer A (branched polymers) was higher
than that of polymer B (linear polymers) (144.2 vs. 96.2 mPa.s in DI
water). Caminade et al. (2019) and Zhang et al. (2013) reported that
linear-branched architectures are more favorable for the interaction
with clays compared with the linear polymers due to branched polymers
having a better ability to catch smaller bentonite particles than that of
linear polymers.

The relationship between viscosity and hydraulic conductivity of
Na-B and B-P GCLs is shown in Fig. 7. The Na-B GCLs showed high
hydraulic conductivity to all three leachates (e.g., 4.9 x 1077 to 7.1 x
1077 m/s) with low viscosity (e.g., < 8.0 mPa.s). The hydraulic con-
ductivity of B-P-B GCLs were also higher than 107° m/s with the vis-
cosity ranging from 9.7 to 28.0 mPa.s, whereas the hydraulic
conductivity of B-P-A GCLs decreased from 4.2 x 10~ to 1.1 x 107!
m/s as the viscosity increased from 18.9 to 32.1 mPa.s. This indicates
that entanglement between polymer and bentonite in B-P-A GCLs were
better than B-P-B GCLs, which resulted in higher viscosity in the pore
fluid and lower hydraulic conductivity. The high viscosity of B-P-A
suspension (e.g., B-P-A-10 to MSWI and MW leachates, and B-P-A-15 to
CCR leachate) was associated with well-developed polymer hydrogel
and more effective polymer bentonite entanglement (Caminade et al.,
2019), which resulted in narrower pore space and lower hydraulic
conductivity.

3.5. Polymer elution

The comparison of initial and residual polymer loading of mock B-P-
A, B-P-B, and B-P-C GCLs to CCR, MSWI, and MW leachates is shown in
Fig. 8. The residual polymer loading of all B-P GCLs was lower than the
initial polymer loading, which indicates that polymer was eluted from
all three polymer types of B-P GCLs during permeation. The polymer
eluted more from mock B-P-B than that of mock B-P-A GCLs when
permeated with the same leachate. The polymer loading of B-P-A-10
GCLs decreased from 10.0% to 7.5% when permeated with MW
leachate, whereas the polymer loading of mock B-P-B-10 decreased

from 10.0% to 5.8%. The results indicate that increasing the number of
branches on the polymer chain decreased the disparity in the lengths of
the surfactants and a polymeric arm, thus promoting entanglement be-
tween the polymer and clay (Singh and Balazs 2000). As a result, the
polymer elution from B-P-A was much less than that of B-P-B at the
same testing condition, as shown in Fig. 8. In contrast, the polymer
eluted from B-P-C-10 GCL decreased from 10.0% to 5.5% when
permeated with MW leachate. The 3D polymer hydrogel is mainly me-
chanically entrapped in bentonite, leading to clogging of the pore spaces
within the bentonite, resulting in a low hydraulic conductivity (Scalia IV
et al., 2014; Tian et al., 2019; Zainab et al., 2021). However, the 3D
polymer hydrogel could be highly inhibited due to very aggressive
leachate (I > 2000 mM) (Tian et al., 2019). Therefore, substantial
inhibited 3D polymer hydrogel can be eluted from the large intergran-
ular pores (Tian et al., 2019). Chen et al. (2023a) also concluded that
polymer type affects the polymer elution of B-P GCLs during the hy-
draulic conductivity tests and can change other characteristics, such as
tortuosity and roughness.

The relationship between the hydraulic conductivity of B-P GCLs
and residual polymer loading is shown in Fig. 9. The initial polymer
loadings of the B-P GCLs tested ranged from 3 to 15 %. All B-P tests
showed high hydraulic conductivity (e.g., higher than 1071 m/s) to
synthetic leachates with residual polymer loading lower than 6.0%. In
contrast, only B-P-A GCLs with a residual polymer loading higher than
7.0% can maintain a low hydraulic conductivity to synthetic MSWI and
MW leachates. The results show that polymer retention is critical to
maintain the low hydraulic conductivity of B-P GCLs.

3.6. Effect of effective stress

Hydraulic tests were conducted with B-P GCLs to synthetic leachates
at elevated confining stress to mimic the stress induced during land-
filling. Temporal behavior of the mock B-P-A-5 GCL permeated with
CCR leachate is shown in Fig. 10. Hydraulic equilibrium was achieved at
the early stage of the test where the Quu/Qin Was within 1 + 25%
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MW leachate.
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(Fig. 10a). The chemical equilibrium was reached around 12 PVF, i.e.,
both EC and pH of the effluent leveled off and fell within the 1 4+ 10% of
the EC and pH in the influent (Fig. 10b). The effective confining stress
was then increased from 20 kPa to 100 kPa, 250 kPa, and 500 kPa. The
hydraulic conductivity of mock B-P-A-5 GCL decreased from 1.1 x 1077
m/s to 1.1 x 1071° m/s when the confining stress increased from 20 kPa
to 100 kPa. At 250 kPa, the hydraulic conductivity of mock B-P-A-5 GCL
decreased approximately one order of magnitude (e.g., 3.4 x 10~ m/
s). As the confining stress increased to 500 kPa, the hydraulic conduc-
tivity of mock B-P-A-5 GCL further decreased to 3.2 x 1072 m/s.
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Fig. 9. Hydraulic conductivity of B-P GCLs to synthetic leachates as a function
of residual polymer loading after permeation.

A summary of the hydraulic conductivity of B-P GCLs to synthetic
leachates at elevated confining stress is shown in Table 3. As the effec-
tive stress increased to 500 kPa, the hydraulic conductivity of Na-B and
B-P GCLs to synthetic leachate exhibited a decreasing trend. However,
the decreasing trends vary depending on polymer loading and polymer
type in GCLs. A comparison of the hydraulic conductivity of Na-B and
B-P GCLs permeated with synthetic CCR leachate as a function of
effective confining stress is shown in Fig. 11. The hydraulic conductivity
of Na-B GCLs to synthetic CCR leachate decreased as the effective stress
increased from 20 to 500 kPa, but still was higher than 1071° m/s even
at 500 kPa. All the B-P GCLs showed a faster decreasing trend than that
of Na-B GCLs as the effective confining stress increased. In addition, the
hydraulic conductivity of B-P GCLs with higher polymer loading
decreased at a faster rate compared to B-P GCLs with the same type of
polymer. For example, as the effective stress increased from 20 to 500
kPa, the B-P-B-10 showed low hydraulic conductivity (< 1071° my/s)
when permeated with CCR leachate, whereas the hydraulic conductivity
of B-P-B-5 was higher than 1071% m/s at 500 kPa. Li et al. (2021) also
reported a comparable observation that B-P GCLs with higher polymer
loading showed a faster decreasing trend when permeated with CCR
leachate as the effective stress increased from 20 kPa to 500 kPa. In
addition, this study reveals that the polymer type of B-P GCLs also af-
fects the beneficial effect of increasing effective confining stress in
decreasing of hydraulic conductivity of B-P GCLs. The B-P-A GCL
(branched polymer) decreased faster than B-P-B (linear polymer) and
B-P-C GCL (crosslinked polymer) with the same polymer loading as the
effective stress increased. For example, the B-P-A-5 maintained low
hydraulic conductivity (< 107!° m/s) when permeated with CCR
leachate at 250 kPa, whereas the hydraulic conductivity of B-P-B-5 and
B-P-C-5 GCLs were still higher than 1071° m/s at 500 kPa.

3.7. Mechanism controlling hydraulic conductivity of B-P GCLs with
different polymer types

Based on past conceptual models for mechanisms controlling the
hydraulic conductivity of B-P GCLs (Scalia IV et al., 2018; Tian et al.,
2019; Norris et al., 2022), the conceptual model of the mechanisms
controlling the hydraulic conductivity of B-P GCLs with different



D. Liet al

. r . . : : : .
10'4;I ‘ O Hydraulic Conductivity (m/s)
F120 kPa
— 4_> 1100 kPa 1
- 10-6 l I 1
é ::!:DDDD | ]
.*E‘ 10'8; i 1250 kPa 12
£ 2 | ]
510-102 Wk%j go
c E 1 ™=
3 1042g‘—'——‘——'——'——'ﬁryr—'—j}' N &
- ]
L FVIRIVIVNUNN-IN. ‘\A V& 11
S 14 E iy i
_g 1014 ;r__________AA_ ___:
% a6 F ]
10 ? 4 QOut/QIn 125% ]
10'18 E....l....|....|....|....1....1....|.‘.._0
0 5 10 15 20 25 30 35 40
PVF
12 ""I""I""I""I""I""I""I""_300
L pves [
' 1250
1200
m
] (9]
1503
] (7]
1, g
{100=
1 50
['Influent EC = 86.8 mS/cm j
I EC
sl el

: d 0
10 15 20 25 30 35 40
PVF

o Lo
0 5

Fig. 10. Hydraulic conductivity, ratio of outflow to inflow (Qout/Qin), pH, and
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polymer types is illustrated schematically in Fig. 12. Under dry condi-
tions, the interior of Na-B GCL consists of granular Na-B separated by
relatively large intergranular pores. Permeation with very aggressive
leachate (I > 2000 mM) significantly constrains osmotic swelling, e.g.,
SI for Na-B < 5 mL/2 g as shown in Fig. 1. Consequently, the inter-
granular pores cannot be filled up and the Na-B GCL has a high hy-
draulic conductivity, e.g., K > 1 x 10~7 m/s at normal stress of 20 kPa in
Table 1, which is consistent with the report from Shackelford et al.
(2000), Kolstad et al. (2004), Zainab et al. (2021), and Wireko et al.
(2022).

Prior to hydration, GCLs containing dry bentonite-polymer mixtures
have granules of polymer (linear, branched linear, and crosslinked)
interspersed in the intergranular pores between bentonite granules.
During permeation with very aggressive leachate (I > 2000 mM),
hydrogel formed in B-P GCLs can fill in interaggregate pores, i.e.,
clogging mechanism, leading to a lower hydraulic conductivity
compared with Na-B GCLs. The clogging mechanism in B-P GCLs has
been proven and comprehensively discussed by Tian et al. (2019) and
Guarena et al. (2024). As for B-P GCLs with crosslinked polymer,
permeation with leachates induces the formation of a 3D matrix of
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Fig. 11. Hydraulic conductivity of GCLs to synthetic leachates as a function of
effective stress to CCR leachate.

interconnected polymer hydrogel which can maintain its shape. In
contrast to crosslinked polymer, linear polymers form a viscous,
glue-like substance that can adsorb to the surfaces of bentonite particles,
effectively entangling the bentonite together, leading to a lower pore
space within the bentonite (Zainab et al., 2021; Geng et al., 2016, 2022;
Norris et al., 2022; Chen et al., 2023a; 2023b). Similarly, branched
polymer hydrogels may also entangle bentonite particles, leading to a
decrease in the available pore space within the bentonite. In addition,
the entanglement between branched polymer with clay may be stronger
than that of linear polymer. This is because the side chains of the
branched polymer hydrogel improve the ability to catch smaller
bentonite particles (Zhang et al., 2013). The variation in clogging
mechanisms governing B-P GCLs with different polymer additives is
supported by the observation of minimal polymer elution but maximal
viscosity in B-P GCLs containing branched linear polymer, as illustrated
in Figs. 6 and 8. However, further study should be conducted to inves-
tigate the major factors of polymer retention in B-P GCLs with different
polymer additives.

4. Summary and conclusions

Hydraulic conductivity of Na-B and B-P GCLs with three different
polymer additives (e.g., branched, linear, crosslinked) to synthetic CCR,
MSWI, and MW leachates were evaluated in this study. The mock B-P
GCLs contained Na-B dry blended with polymer and had various poly-
mer loadings ranging from 5% to 15%. The hydraulic conductivity tests
were conducted at 20 kPa until reaching hydraulic and chemical equi-
librium, and then the effective confining stress was increased incre-
mentally from 20 kPa to 100 kPa, 250 kPa, and 500 kPa to mimic field
conditions. Based on the findings from these tests, the following con-
clusions and recommendations are drawn:

e The mock Na-B GCL showed high hydraulic conductivity to synthetic
CCR, MSWI, and MW leachates with an ionic strength ranging from
2127 mM to 3179 mM,, illustrating that Na-B GCL may not be
adequate to manage these aggressive synthetic leachates.

e Mock B-P-A GCLs with 10% branched polymer had low hydraulic
conductivity (< 1 x 107 m/s) to synthetic MW and MSWI leachates
at 20 kPa effective confining stress, whereas the B-P-B GCLs with
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Fig. 12. The conceptual model of the mechanisms controlling the hydraulic conductivity of B-P GCLs with different polymer types.

linear polymer and B-P-C GCLs with crosslinked polymer cannot
maintain low hydraulic conductivity at the same testing condition.
This observation illustrates that the polymer type affects the chem-
ical compatibility of B-P GCL.

The B-P-A GCL permeated with synthetic CCR, MW, and MSWI
leachates showed less polymer elution than that of B-P-B and B-P-C
GCLs at the same testing condition. The lower polymer elution of
polymer A may be attributed to the strong bonding between
branched polymer and bentonite. The high polymer retention rate in
B-P-A GCL let the polymer hydrogel clog the intergranular pore
space effectively as the swelling of bentonite was suppressed in
synthetic leachates, resulting in low hydraulic conductivity and high
chemical compatibility.

The hydraulic conductivity of all Na-B and B-P GCLs decreased as
the confining stress increased. The hydraulic conductivity of B-P
GCLs decreased faster than that of Na-B GCLs as the effective
confining stress increased. The beneficial effect of increasing effec-
tive confining stress on the reduction in hydraulic conductivity of
B-P GCLs was affected by the polymer type and polymer loading. B-P
GCLs with branched polymer showed the fastest decreasing trend in
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hydraulic conductivity compared to B-P GCLs with linear or cross-
linked polymer.
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