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Executive Summary

Motivation and Objectives

Geosynthetics clay liners (GCLs) are factory manufactured products consisting of a thin layer
(< 10 mm) of natural or activated sodium bentonite (Na-B) either glued to a geomembrane or
sandwiched between two geotextiles by an adhesive or fibers and have gained widespread use as
alternative to compacted clay liners in waste containment facilities mainly due to ease of
installation and increase in waste storage capacity (because of their relatively thinness). Municipal
solid waste incinerator (MSW-I) ash is being co-landfilled in MSW landfills or mono-filled in
several states in the U.S. Leachates from MSW-I ash landfills typically have elevated
concentration of salts which can be detrimental to the performance of conventional bentonite (CB)
GCLs as effective hydraulic barrier. To resist these high ionic strength leachates, polymer-
modified bentonite (PMB) GCLs containing a blend of Na-B and various polymers have been
introduced in recent years. To date, only a limited number of studies have been performed on PMB
GCLs, and the effects of the aggressive leachates on the performance and design of these second
generation GCLs have not been well understood.

The first objective of this study was to develop new alternative index tests or criteria to predict
the long-term hydraulic performance of the PMB GCLs. The second objective was to
mechanistically understand how aggressive leachates like MSW-I ash leachate affect the

performance of these second generation GCLs.

Key Findings
Effect of Specimen Preparation on Index Properties of Polymer-Modified Bentonite GCLs

Based on the results of the swell index (SI) and loss on ignition (LOI) the following
conclusions can be deduced:

e There are limitations in application of the ASTM D5890 standard procedure for preparing
specimens for swell index (SI) testing, particularly for PMBs. For both the Na-B and PMBs
used in the study, <100% of the specimen passed through the #100 sieve regardless of the
amount of crushing performed using a mortar and pestle. For the Na-B, 0.2% of the initial
mass of the specimen was retained on the #100 sieve, whereas up to ~4% of the specimen

was retained on the #100 sieve for the PMBs.



The SI and LOI of the portion of the PMBs passing #100 sieve was comparable to that of
the Na-B, whereas the portion retained on #100 sieve had high SI (~50 to 550 mL/2 g) and
LOI (~40 to 84%). These observations indicate that grinding and sieving of the PMBs per
the ASTM D5890 lead to segregation of polymer.

Alternative specimen preparation methods investigated in this study showed that unlike
Na-B, crushing and sieving have significant influence on the SI of PMBs. However, the
effect was more profound for PMBs containing crosslinked polymer due to the high
swelling capacity of superabsorbent polymers.

The results of this study suggest that, to measure representative SI values for PMBs, SI
tests should be performed using uncrushed polymerized bentonite received from the

manufacturer or retrieved from the GCL.

Hydraulic Conductivity of Polymer-Modified Bentonite GCLs to MSW-1 Ash Leachates

Based on the findings of the study, the following conclusions are drawn:

Hydraulic conductivity of the PMB GCLs permeated MSW-I ash leachates depends on the
ionic strength of the leachate, the polymer loading as well as the type of polymer (i.e.,
whether the polymer is linear or crosslinked).

The PMB GCLs used in this study had hydraulic conductivity lower than 1.0 x 101° m/s
when permeated with the MSW-I ash leachate with ionic strength of 174 mM (regardless
of the polymer type or polymer loading), whereas the CB GCLs had hydraulic conductivity
greater than 5.0 x 10 m/s when permeated with the same leachate.

However, all the PMB GCLs used in this study had hydraulic conductivity greater than 3.0
x 107'% m/s when permeated with MSW-I ash leachate with ionic strength exceeding 600
mM.

Similar to CB GCLs, prehydrating PMB GCLs with water improves the compatibility of
PMB GCLs to MSW-I ash leachates. Prehydration with water seem to improve the
performance of PMB GCL with higher polymer loading. The effect of polymer loading
and polymer type on the hydraulic conductivity of water-prehdyrated PMB GCLs is
currently being investigated.

The relationship between swell index (SI) and hydraulic conductivity of PMB GCLs, a
strong correlation existed between SI and hydraulic conductivity of PMB GCLs when the



PMB specimens used for the SI tests were not subjected to any form of crushing and
sieving. This suggests that SI (measured using polymerized bentonite retrieved from the
GCL) can be used to assess the compatibility of PMB GCLs at least qualitatively
preliminarily to MSW-I ash leachates under low effective stress (< 40 kPa).

e Atsimilar polymer loading, LPB GCLs have lower hydraulic conductivity than CPB GCLs
when permeated with the same MSW-I ash leachate. This is because linear polymers easily
dissolve and diffuse uniformly in the bentonite matrix, therefore are more efficient than
crosslinked polymers in blocking flow during permeation.

e However, polymer elutes from LPB GCLs during permeation, regardless of the chemistry
of the permeant solution (i.e. whether permeated with DI water or MSW-I ash leachate).
This is because, unlike crosslinked polymers, linear polymers are water-soluble, therefore,
easily migrate with the leachate during permeation.

e Polymer elution affected hydraulic conductivity of the LPB GCLs used in this study when
permeated with MSW-I ash leachates with ionic strength > 622 mM but had negligible
impact on hydraulic conductivity of the LPB GCLs permeated with the MSW-I ash
leachate with ionic strength of 174 mM.

e The results of this study also suggest that the polymer blockage mechanism previously
hypothesized to control the hydraulic conductivity of PMB GCLs is only applicable to
PMB GCLs containing crosslinked polymer because crosslinked polymers are water-
insoluble therefore do not easily migrate with the permeation solution as linear polymers
do. A study was conducted to investigate factors that influence polymer elution from LPB
GCLs and the mechanism containing the chemical compatibility of LPB GCLs (after

polymer elutes).

Investigating Factors Influencing Polymer Elution and the Mechanism Controlling Chemical
Compatibility of a Polymer-Modified Bentonite GCL containing linear Polymer
Based on the findings of the study, the following conclusions are drawn:
e The linear polymer gel eluted during permeation of the LPB GCL, regardless of the
permeant chemistry (i.e. whether with DI water of salt solution). However, the rate at which

polymer eluted and the effect of polymer elution had on the final hydraulic conductivity of



the LPB GCL depended on the concentration and valence of the dominant cation in
permeant solution.

The rate at which polymer eluted from the LPB GCL increased with the cation valance and
concentration of the dominant cation in the permeant solution. When permeant with CaClz
solutions, polymer eluted at a rate nineteen times faster than with the NaCl solutions. This
is because divalent cations can contract the polymer chains by crosslinking the functional
groups within a polymer chain and/or between individual polymer chains which
consequently reduces the polymer ability to absorb water, resulting in a lower viscosity
polymer gel.

The rate at which polymer eluted also increased with the average hydraulic gradient used
during permeation. However, hydraulic gradient did not have any impact on the measured
hydraulic conductivity of the LPB GCL.

Free swell tests coupled with chemical analysis suggest that the long-term chemical
compatibility of the LPB GCL is due to the ability of the polymer to scavenge cations from
the solution which allows the bentonite to undergo osmotic swelling during the initial

hydration period.

Compatibility Testing of Polymer-Modified Bentonite GCLs: Recommendations

Eluted polymer can clog the effluent tube of the permeameter during permeation and cause
an apparent decrease in measured hydraulic conductivity. Therefore, both the effluent and
influent tubes require periodic check for potential clogging by eluted polymer when during
hydraulic conductivity testing of LPB GCLs. A large diameter tubing (preferable > V4 in
inner diameter tube) is recommended for the influent and effluent lines of the permeameter
to reduce the risk of polymer clogging. The volumetric flow ratio (Qout/Qin) can be used
along with the trend in measured hydraulic conductivity to check for polymer clogging,

with Qout/Qin < 0.75 suggesting clogging.



Table of Contents

EXCCULIVE SUIMIMATY ..viiiiiiiieiiiee et ettt e ettt e et e e st e e s ste e e sbeeeaseeensseesnnaeesnneeennnes 1
TaADIE OF CONENLS .....eeeeieeieeeteee ettt ettt et et e et e sab e et e e s aee et e e ssbeenseesneeenbeannne 5
LSt OF FAGUIES ..ttt ettt et et et et e e bt e eabeeseesnbeenseesnbeenseennseenseennne 7
LSt OF TADIES ..ottt ettt sttt et a et e ae e et et s e bt et e et e saeenee 12
I TETOAUCTION . ...ttt ettt ettt e ettt e st e et e et e e bt e snseenseesnaeens 13
1.1 Motivation and ODJECIVES ......c.cecieriieriieiieeiie et eieeeeeeiteeteeitesteeseesereeaeeseaeesaesnneens 13
1.2 BAaCKZIOUNG ....ooiiiiiiiiiecie ettt ettt ettt e beestb e et e e sabeesseessseensaesnnaens 15

1.2.1  Polymers used in polymer-modified bentonites and bentonite-polymer composites

15

1.2.2  Compatibility indicator: Limitations of the traditional ASTM D890 procedure for

measuring swell indeX 0f PMB GC LS ......ccc.iiiiiiiieiiieiecieeeeee et 16

1.2.3  Mechanism proposed in literature for improved chemical compatibility of PMB
GCLs 18

2 RESUILS QNA DISCUSSION ..eeeveeeieeeieieieeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeerereeeeasereeerereenreneneneennnnes 21

2.1  Effect of Specimen Preparation on Index Properties of Polymer-Modified Bentonite
GCLs 21

2.1.1  Specimen preparation MEthOdS ..........ceerieiiieiieiiieieee e 22
2.1.2 SWEIL INAEX TESES .ttt sttt st ettt e s ens 23
2.1.3  L0SS ON [ZNIHION TESS...eeouvieiiiiiiieiieeie ettt ette ettt ettt e eite et e aeesaesana e 25

2.1.4  Results of tests performed on specimens prepared following the ASTM standard
method 25

2.1.5 Results of tests performed on specimens prepared using alternative methods....... 30
2.2 Hydraulic Conductivity of Polymer-Modified Bentonite GCLs to MSW-I Ash
LEACKHALES. ...ttt ettt ettt et h ettt b e et 36

2.2.1  Hydraulic conductivity test TESUILS.......cccveriieriieriieiieeie et 40

2.2.2  Free sWell test TESUILS ....couiiiiiiii e 48

2.2.3  Relationship between swelling and hydraulic conductivity of PMB GCLs............ 50

2.2.4  Mechanism controlling hydraulic conductivity of polymer-modified bentonite
GCLs to MSW-T ash 1€aChates.........cccuiiiiuiieiiiiicciie e 52

2.3 Investigating Factors Influencing Polymer Elution and the Mechanism Controlling
Chemical Compatibility of a Polymer-Modified Bentonite GCL containing linear Polymer.. 59

2.3.1 Hydraulic conductivity and free swell test results ..........ccceeveiieniiniiienieniiciienee 59



2.3.2  Observations on the evolution of hydraulic conductivity of polymer-modified
bentonite GCLs containing linear POLYMET..........cccueeriieiiieiiierieeieeeie ettt 64

2.3.3  Polymer elution and hydraulic conductivity of linear polymer-modified bentonite
GCLs 67

2.3.4  Proposed mechanism controlling long-term chemical compatibility of polymer-
modified bentonite GCLs containing linear polymer ............cccoeevverierciienieniiieiecieeiee e 75

Summary and CONCIUSIONS ........cccueeruiieiiieriieeitieeie et eeee et eeeebeeseeeseessaeebeessseensaessseenseensns 80

3.1  Effect of Specimen Preparation on Index Properties of Polymer-Modified Bentonite
GCLs 80

3.2 Hydraulic Conductivity of Polymer-Modified Bentonite GCLs to MSW-I Ash
LEACKHALES. ... eiieiieeiee ettt e et et e et a e e et e e ba e e raaeeeabeeetaeeeaaeeenraeeeanes 81

3.3 Investigating Factors Influencing Polymer Elution and the Mechanism Controlling
Chemical Compatibility of a Polymer-Modified Bentonite GCL containing linear Polymer.. 83

Materials and MEthOdS. ......ccueeiiriiiiiiiiiiiieeeee ettt 85
4.1 GeoSynthetic Clay LINETS.......ccveiiieiiieiieeiierie et eeiee et esieeeveesieesveeeeesveesseessseensaesnseens 85
4.2 MSW-T ASh LeacChates .......c.ceeeuiiieiiiieiii ettt e e e e e 91
4.3  Hydraulic ConductiVity TeSES........eeruierieeiiieiieeiieriieeieeriee et esiee et eeee e sbeesreeseesnee e 95
4.4  Total Organic Carbon Analysis (Quantification of Polymer Elution) ............ccccceeuneen. 96
4.5 VISCOSILY TESES ...eieuiiiiiieiieiie ettt ettt ettt ettt e ettt e st e et e sabe e bt e saeeeseesnneens 97

ACKNOWIEAZEIMENLS.........viiiiiiiiieiieeieeeie ettt ettt et et e e be e st eesbeesaaeenseessaeenbeessseenseas 98

RETEIENICES ...ttt ettt et ettt e saaeeas 99

Appendices: List of Publications and Conference Presentations..........c.cceeevvveveeneniennnene 107
7.1 PUBLICAIIONS ...ttt ettt et sb e sttt et sbe e saeen 107
7.2 Conference PreSentations ..........cocueiveeiieeiiiiniiiieeiieeieeste ettt 107



List of Figures

Figure 1. Relationship between swell index and hydraulic conductivity of conventional bentonite
(CB) and polymer-modified bentonite (PMB) GCLs [Note: CB GCLs data from Jo et al. (2001);
(Kolstad et al., 2004b); Lee et al. (2005); Katsumi et al. (2008); Setz et al. (2017); and Wang et al.
(2019); and PMB GCLs data from Tian et al. (2016); Tian and Benson (2017); Tian et al. (2017);
Chen et al. (2019); and Tian et al. (2019)]. Figure adapted from Wireko et al. (2020)................ 17

Figure 2. Hydraulic conductivity as a function of cumulative mass of polymer eluted from a
polymer-modified bentonite (PMB) GCL with 5.1% polymer loading (by dry mass) during
permeation with different inorganic salt solutions and leachate [Note: Data from Geng (2018). R
= Anion ratio; defined as the ratio of the molar concentration of C1 to SO42. The reported hydraulic
conductivity values were measured at an average effective stress of 20 kPa and hydraulic gradient
of 130. Cumulative mass of polymer was calculated based on total organ carbon concentration in
effluent samples collected during permeation]. ..........ccceeecvieruieriieiieeiieeieecie et 20

Figure 3. Comparison of swell indices of B-P7 specimens before (a and b) and after (c and d) swell
test, prepared following ASTM standard method which includes the specimens passing the #100
sieve (ASTM-P) and retained on the #100 sieve (ASTM-R). (Note: above the 57 mL mark of the
graduated cylinder for the ASTM-R there 1S N0 €Xtra Water). ........cceeuveervieerieeeriee e ceeeeiee e 24

Figure 4. Comparison of swell indices of Na-B and PMB specimens prepared following ASTM
standard method which includes the specimens passing the #100 sieve (ASTM-P) and retained on
the #100 sieve (ASTM-R) (Note: the swell index of ASTM-R (in mL/2 g) was predicted based on
swell index measured using 0.2 g of specimen; the swell index of the ASTM-R specimen for Na-
B and B-P1 was not measured due to limited quantity of the specimen retained on the #100 sieve).
....................................................................................................................................................... 27

Figure 5. Images of ASTM-Retained #100 (ASTM-R) specimens of B-P3 and B-P7 before (a and
b) and after (c and d) SWEll INAEX tEST. ...ccuuiviiiiriieiiecieeieeeee et 28

Figure 6. Loss on ignition (LOI) of Na-B and PMB specimens prepared following ASTM standard
method for the specimen passing the #100 sieve (ASTM-P) and retained on the #100 sieve (ASTM-
R ettt ettt ettt 29

Figure 7. Images of Na-B and B-P6 specimens prepared following ASTM standard method for the
specimens passing the #100 sieve (ASTM-P) and retained on the #100 sieve (ASTM-R) before
and after 10SS 0N IZNILION tEST. ....eevuiieiieiiieiie ettt et ettt et e et e e saeeebeesateeseesaeaens 30

Figure 8. Comparison of swell indices of Na-B and PMB specimens prepared following ASTM
standard method (ASTM-P) with alternative 1 (AL1) and alternative 2 passing the #100 sieve
(AL2-P) and retained on the #100 sieve (AL2-R). ..cccvieriiiiiiiieieeeeeeeee e 32



Figure 9. Images of Na-B, B-P3 and B-P7 prepared following the ASTM standard method (ASTM-
P) and the alternative 1 (AL1) after swell indeX test. .......ccveviieviiiriieiieeieeeeeie e 33

Figure 10. Comparison of loss on ignition values of Na-B and PMB specimens prepared following
ASTM standard method (ASTM-P) with the alternative 1 (AL1) and alternative 2 [i.e. passing the
#100 sieve (AL2-P) and retained the #100 sieve (AL2-R)]..cccoioooiiiiiiieieeeeeeeeeeeeeee e 34

Figure 11. Images of B-P6 specimens prepared following alternative 1 (AL1) and alternative 2
(AL2-P and AL2-R) before and after 10ss on ignition test. .........cceeevvieerieeeiieeeiieeeie e 35

Figure 12. Hydraulic conductivity, volumetric flow ratio, influent and effluent EC and pH as a
function of pore volumes of flow for (a) LPBB-4.4 and (b) CPBA-5.5 permeated with CD-MAX
(/=1097 mM) (Note: The numerical suffix in the PMB GCL designation is polymer loading given
in percent dry mass of bentonite. CD = Co-Disposal, Max = Maximum, / = ionic strength). ..... 41

Figure 13. Hydraulic conductivity of the GCLs used in this study as a function of (a-c) ionic
strength (/) of incineration ash (IA) leachates and (d-f) initial polymer loading of GCL specimens
permeated with the IA leachates (Note: Hydraulic conductivity of the GCLs permeated with DI
water plotted 0N 0 MIM).......oooiiiiiieiiiie ettt ettt ettt et e sabe b e snbeenraes 44

Figure 14. Cross sections of (a) linear polymer-bentonite composite (LPB) and (b) crosslinked
polymer-bentonite composite (CPB) GCL specimens after permeation with AM-AVG (/ = 1018
mM) [Note: The scale each image is the mm. The numerical suffix in the GCL designation is
polymer loading in given percent dry mass of bentonite. AM = Ash monofill, AVG = Average, /
= ionic strength, £ = Hydraulic conductivity]. ........cccceeriiiiiiiiiiiiieie e 46

Figure 15. Comparison of hydraulic conductivity of leachate-hydrated (hydrated with AM-MAX)
and water-hydrated (hydrated with tap water) and polymer-modified bentonite (PMB) GCL
specimens permeated with AM-MAX (I =~1978 mM) [Note: wr = final water content. AM = Ash
monofill, Max = Maximum, / = ionic strength. In the GCL designation, the first letter(s) indicates:
B = Bentonite, LPB = Linear polymer-bentonite, CPB = Crosslinked polymer-bentonite. The last
letter in the GCL designation indicate the manufacturer (A or B), whereas the numerical suffix in
the bentonite-polymer composite GCL designation is polymer loading in percent dry mass of
DENLOMILET. 1uviieiiieeetie ettt e et e et e e e tae e eaaeeeeasaeeasbee e aseeessaeesseesnsseeesaeeenreeenareeas 47

Figure 16. Comparison of the swell indices of the conventional bentonite (CB) GCL to the swell
indices of polymer-modified bentonite (PMB) GCLs containing (a and b) linear polymer and (c)
crosslinked polymer hydrated with DI water and MSW-I ash leachates [Note: For the CB GCL,
specimens used for swell index testing were crushed and sieved according to ASTM D5890,
whereas uncrushed specimens were used for the PMB GCLS]. .....ccoooviviiieiieniienieiieeeeeeeee, 49

Figure 17. Hydraulic conductivity (k) as a function of swell index (S/) for (a) only polymer-
modified bentonite (PMB) GCLs and (b) both conventional bentonite (CB) and PMB GCLs
permeated with MSW incineration ash leachates. [Note: For the CB GCLs (BA and BB),
specimens used for swell index testing were crushed and sieved according to ASTM D5890,
whereas uncrushed specimens were used for the PMB GCLS]. ......coceviiiiiiiniincnicnicccicne 51



Figure 18. Schematic of GCL containing (a) conventional granular bentonite (CB) (d) linear
polymer bentonite (LPB) composite (e) crosslinked polymer (CPB) bentonite composite when
hydrated with MSW-I ash leachate [Note: (a) large intergranular pores due to suppressed osmotic
swelling of bentonite. (b) The permeant solution mixes with linear polymer to form a viscous
polymer gel which occupies the bentonite intergranular pores as shown in (d). (¢) Crosslinked
polymer imbibes the permeant solution, swells and fill the bentonite intergranular pores in as
SHOWIL TN (€)]. +.vveeeiiieeeiiie ettt e ettt ettt e et e e et e e et e e e ataeeeabaeesssaeesseeesssaeessaeeensseesnsseessseeennseeans 54

Figure 19. Conceptual models of physicochemical mechanism controlling the hydraulic
conductivity of conventional bentonite (CB) polymer-modified bentonite (PMB) GCLs containing
crosslinked polymer when permeated with (b) water or dilute solution (ionic strength of 50-200
mM), (d) moderately aggressive solution (ionic strength of 50-200 mM), and (d) aggressive
solution (ionic strength 200-2000 MM). .....ccoiuiiiiiiieiiie e e e s e e e e snee e 55

Figure 20. Raw images (a-c) and processed images (c-f) of hydrated bentonite extracted from CPB-
5.5 which contains a blend of bentonite and crosslinked polymer (Note: k£ = hydraulic conductivity;
I = ionic strength. Images c-f were processed and analyzed using Image] software. The sizes of
the particles in images c-f were estimated by approximating the shape of the particles with
SPIETES ). 1eneveeeiiie ettt et ee ettt e ettt e ettt e et e e et e e e ta e e e teeeaatae e st aeeatbee e tbeeetbaeentaeeentteeanaeeanneeennneeens 56

Figure 21. Effect of polymer elution on the hydraulic conductivity of polymer-modified bentonite
(PMB) GCLs containing linear polymer when permeated with MSW-I ash leachate (Note: LPB =
Linear polymer DENTONILE)........ccuuieiiirieeiieiieeieesiieeiteeite e e seteeteesaeeebeesaaeesbeessaeensaessseenseessseenseas 57

Figure 22. Hydraulic conductivity as a function of (a) pore volumes of flow and (b) percentage of
initial polymer eluted from specimens of LPBA-0.5 (a PMB GCL containing linear polymer)
permeated with CD-MIN (/ = 174 mM) and CD-AVG (I = 622 mM) [Note: The percentage of
initial polymer eluted is calculated as the cumulative mass of polymer eluted as a percentage of
the initial mass of polymer. The cumulative mass of polymer eluted is determine by integrating
....................................................................................................................................................... 58

Figure 23. Results of the free swell (a and b) and hydraulic conductivity (¢ and d) tests performed
on a polymer-modified bentonite (PMB) and conventional bentonite (CB) GCL specimens using
NaCl solutions and CaCl, solutions. (Note: Results of the test performed using DI water is shown
on 1 mM for comparison. For the CB GCL, specimens used for swell index testing were crushed
and sieved according to ASTM D5890, whereas uncrushed specimen were used for the PMB GCL)
....................................................................................................................................................... 63

Figure 24. Hydraulic conductivity as a function of pore volumes of flow for specimens of a
polymer-modified bentonite GCL containing linear polymer permeated with (a) DI water, (b) 200
mM NaCl, and (c) 50 mM CaCl; solution (Note: The black filled arrows indicate points where the
effluent tube was UNCIOZZEA). .....coviiiiiiiieiiece e ebe e 65

Figure 25. Influent and effluent from hydraulic conductivity test on specimens of a polymer-
modified bentonite GCL containing linear polymer (LPBB-4.4) permeated with (a) DI water, (b)
S50 MM CaCly SOIULION. c.coiiiiiiiiiiii 66



Figure 26. Rate of polymer elution from specimens of a polymer-modified bentonite GCL
containing linear (LPBB-4.4) as a function of NaCl or CaCl, concentration with DI water shown
on 1 mM [Note: The rate of polymer elution was calculated by dividing the total mass of polymer
eluted (in mg) by the cross-sectional area of the GCL specimen (in m?) and the test duration (in
seconds). Shows only data for GCL specimens permeated using comparable hydraulic gradient
(263 = 305) ]ttt bttt bt bbbttt ettt nae st 68

Figure 27. Apparent viscosity of slurries of bentonite extracted from a conventional bentonite (i.e.
BB) and a polymer-modified bentonite GCL containing linear polymer (i.e. LPBB4.4) slurries
(1:10 solid to liquid ratio) as a function of concentration of NaCl or CaCl, with DI water shown
on 1 mM (Note: the shaded region represents additional viscosity induced by the presence of the
POLYIMNIET). ..ottt ettt et et e et e et e e teeeabeessaeesbeeseeesseessaessseesseeesseensaessseenseessseenseas 68

Figure 28. Hydraulic conductivity versus hydraulic gradient for specimens of a polymer-modified
bentonite GCL containing linear polymer used in this study and conventional bentonite (CB) GCL
from literature. [Note: CB GCL data from Petrov (1995). The reported hydraulic conductivity
values for both CB and BPC GCLs were measured at an average effective stress of 34-38 kPa].
....................................................................................................................................................... 70

Figure 29. Hydraulic conductivity as a function of (a) pore volumes of flow and (b) time elapsed
for specimens of a polymer-modified bentonite GCL containing linear (LPBB-4.4) permeated with
50 mM CaCl; at an average hydraulic gradient (iavg) of 490 or 957. [Note: Hydraulic conductivity
of the conventional bentonite (CB) GCL (i.e BB) permeated with 50 mM CacCl, is shown with a
dashed line in a and d respectively for compariSOn].........ccccveeevieriieriiieniienieesie e eiee e eieeeaeens 71

Figure 30. Rate of polymer elution from specimens of a polymer-modified bentonite GCL
containing linear (LPBB-4.4) permeated with 50 mM CaCl, solutions at different hydraulic
gradients. [Note: The rate of polymer elution was calculated by dividing the total mass of polymer
eluted (in mg) by the cross-sectional area of the GCL specimen (in m?) and the test duration (in
SCCOMAS )| cuvvieeerieeetie ettt ettt e ettt e ettt e e etteeeeteeeetaeeeaaeeeabaeeeaseeeaabaeeasseeetseeetseeetaeeenaeeanaeeeneeearaeens 72

Figure 31. Hydraulic conductivity of polymer-modified bentonite (PMB) GCL specimens as
function of (a) the total mass of polymer eluted and (b) the percentage of polymer eluted after
permeation with NaCl and CaCl; solutions. [Note: The total mass of polymer eluted was calculated
by integrating the product of the total organic carbon (TOC) concentration (in mg/L) and the
volume of effluent (in L) samples collected during permeation. Percentage of polymer eluted was
estimated by based on the total mass of polymer eluted and initial mass of polymer in the GCL
SPECTIIMECTL [ wervtieiiteniie et ette ettt et e et e et e et eebeesateesbeesaseenseesabeesseassseensaessseenseassseensaessseanseansseensaennseans 74

Figure 32. Hypothesized mechanism of interaction between polymer-modified bentonite
containing linear polymer and hydrating SOIUtION ..........ccceevuiiiiieiieiiiieeeeeeee e 76

Figure 33. Method used to prepare the supernatant of the bentonite-polymer composite (BPC)

specimens for cation analysis after free swell tests performed on 2 g of bentonite extracted from
the PMB GCL using 50 mL Of SOTUtION. ...ccuiiiiiiiiieiieciieieece ettt 78

10



Figure 34. Results of cation analysis performed on supernatant retrieved from the flocculation tests
performed by hydrating 2 g of conventional bentonite (CB) and bentonite-polymer composite
(PBC) specimens in 50 mL of NaCl (a) or CaCl, (b)solutions of varying concentrations........... 79

Figure 35. (a-c) Images of water-hydrated bentonite extracted from a conventional bentonite (CB)
GCL or a bentonite-polymer composite (BPC) GCL containing linear polymers (LPB GCL) or a
PMB GCL containing crosslinked polymers (CPB GCL) and (d-f) images of a CB or LPB or CPB
GCL specimens permeated with synthetic incineration ash leachates [Note: The granules of
hydrogel on top of the GCL in image (f) were manually extruded from the exposed peripheral of
the GCL for visualization purpose. The numerical suffix in the PMB GCL designation is the
polymer loading in percent dry MaSS]........cccueerieriiienieeiierie ettt ettt 89

Figure 36. Granule-size distribution of conventional (in black) and bentonite-polymer composite
(in color) GCLs (Note: In the GCL designation, the first letter(s) indicates: B = Bentonite, LPB =
Linear polymer-bentonite, CPB = Crosslinked polymer-bentonite. The last letter in the GCL
designation indicate the manufacturer (A or B), whereas the numerical suffix in the bentonite-
polymer composite GCL designation is polymer loading in percent dry mass of bentonite)....... 90

Figure 37. Relationship between RMD and ionic strength of synthetic MSW-I ash leachates used
in the study [Note: RMD = Relative abundance of monovalent and divalent cations in the solution,
MSW-I ash = MSW incineration ash, CD = Co-Disposal, AM = Ash monofill, MIN = minimum,
AVG = Average, Max = Maximum, MSW = Municipal soil waste. AM and CD leachate data from
Ashmawy et al. (2002) and Townsend et al. (2015). The classification of the synthetic MSW-I ash
leachates as either MIN, AVG or MAX was based on the ionic strength of the leachates. MSW
leachate data from Bradshaw and Benson (2014) and Townsend et al. (2015)]. ....ccceccvverivennnnn. 94

11



List of Tables

Table 1. Amounts of 25.0 g Na-B and PMB specimens retained and passing the #100 sieve after
22

Table 2. Specimen preparation methods used in this StUdy ........cccceeveeveriiniininiincncceeee, 25

Table 3. Swell index and loss on ignition (LOI) test results of specimens prepared following ASTM
standard MELhOd .........co.ooiiiiii ettt 26

Table 4. Swell index and loss on ignition results of Na-B and PMB specimens prepared following
the alternative methods 1 and 2 ...........cocoiiiiiiiiiiiec e 32

Table 5. Summary of hydraulic conductivity tests on GCLs and free swell tests on bentonite
eXtracted frOmM the GCLS. ...ttt ettt et te et e s ateebeesaaeens 37

Table 6. Summary of hydraulic conductivity and free swell tests on a PMB GCL containing linear

polymer and a CB GCL using DI water, NaCl and CaCl, SOIUtionsS .......c.cecuevveniervienienieeienneene 61
Table 7. Properties of GCLs used in this StUdy .........ccceviiiiiiiiiiiiiiieiiceeeee e 87
Table 8. Chemical properties of synthetic MSW-I ash leachates used in study ..........cccceevenneee. 92

12



1 Introduction

1.1 Motivation and Objectives

Incineration of municipal solid waste (MSW), also known as waste-to-energy (WTE), has
become a popular method for managing MSW due to the ability to significantly reduce the mass
and volume of waste (by ~60 % and ~90% respectively), saving landfilling space (Chandler et al.,
1997; Dou et al., 2017), and generating electricity and heat in the process (Allegrini et al., 2015).
In countries like Sweden, Denmark, and Germany, more than 50% of MSW incinerator (MSW-I)
ash by WTE plants is reused as a substitute for light aggregates used in construction applications
(Dou et al., 2017). However, in the United States (US), majority of MSW-I ash is either disposed
alone in an ash monofill or co-disposed with regular MSW (Oehmig et al., 2015; Moody and
Townsend, 2017; Joseph et al., 2018; Li et al., 2019). MSW-I ash can contain high concentrations
of heavy metals, chlorides and organic pollutants (Chandler et al., 1997; Sabbas et al., 2003; Lam
et al., 2010). Thus, to protect groundwater quality, regulatory agencies in the US require MSW-I
ash landfills to have at least a single-composite liner system consisting of a geomembrane
overlying a 0.6 m thick compacted clay liner (CCL) having hydraulic conductivity < 1.0 x 10
m/s (Qian et al., 2001; Bonaparte et al., 2002). Regulatory agencies also allow the use of an
alternative liner material if demonstrated to be “technically equivalent” to a CCL (Qian et al.,
2001; Bonaparte et al., 2002). Geosynthetics clay liners (GCLs) are factory manufactured products
consisting of a thin layer (< 10 mm) of natural or activated sodium bentonite (Na-B) either glued
to a geomembrane or sandwiched between two geotextiles by an adhesive or fibers, and have
gained widespread use as alternative to CCLs in waste containment facilities mainly due to ease
of installation and increase in waste storage capacity (because of their relatively thinness) (Qian et
al., 2001; Koerner, 2012; Rowe, 2020).

In the absence of a geomembrane, the hydraulic conductivity of conventional GCLs is
primarily controlled by the Na-B (Petrov et al., 1997a; Shackelford et al., 2000; Jo et al., 2001;
Kolstad et al., 2004b; Lee and Shackelford, 2005; Setz et al., 2017; Chen et al., 2018; Rowe, 2020).
The dominant mineral in the Na-B used in GCLs is montmorillonite, which has Na* as the
dominant interlayer cation (Norrish, 1954; Grim and Guven, 1978). When hydrated and permeated
with water or a dilute solution, Na-B undergoes osmotic swelling due to “chemico-osmosis,” i.e.,

the flow of H20 from lower ion concentration (higher H2O chemical potential) outside the
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interlayer region of the montmorillonite particles (tactoids) to higher ion concentration (lower H20
chemical potential) inside the interlayer region of the montmorillonite particles, which results in
the formation of a thick layer of ions and water molecules (so-called “diffuse double layer”) around
the montmorillonite particles (Norrish, 1954; Olphen, 1963; Grim and Guven, 1978; McBride,
1994). Repulsive forces between individual hydrated particles causes the particles to form the so-
called “house-of-cards” structure, an arrangement which minimizes repulsion between the
particles (Olphen, 1963). This house-of-cards structure of the montmorillonite particles reduces
intergranular pores spaces of the bentonite fabric and yields a tortuous flow path for the permeant
solution, resulting in low hydraulic conductivity (<1.0 x 107! m/s) (Mesri and Olson, 1971;
Shackelford et al., 2000; Jo et al., 2001; Ashmawy et al., 2002; Kolstad et al., 2004b; Chen et al.,
2018).

However, when Na-B is hydrated and permeated with aggressive solutions (i.e. solutions with
high ionic strength and/or predominance of polyvalent cations like Ca** and Mg”*), osmotic
swelling of Na-B is suppressed due to the low concentration gradient between the permeant
solution and the interlayer region of the montmorillonite particles and/or due to cation exchange
(i.e. replacement of the native Na® cations by polyvalent cations in the permeant solution)
(McBride, 1994). This results in large intergranular pore spaces within the bentonite fabric and
consequently high hydraulic conductivity (> 1.0 x 1071 m/s) (Petrov and Rowe, 1997; Shackelford
et al., 2000; Jo et al., 2001; Katsumi et al., 2001; Jo et al., 2004; Kolstad et al., 2004b; Jo et al.,
2005; Lee et al., 2005; Bradshaw and Benson, 2014; Bradshaw et al., 2016; Chen et al., 2018;
Wang et al., 2019). Leachate from landfills containing IA can have elevated concentration of salts
(Ashmawy et al., 2002; Xia et al., 2015; Moody and Townsend, 2017; Li et al., 2019), which can
be detrimental to the performance of conventional GCLs as effective hydraulic barrier.

Significant research has focused on improving the chemical compatibility of Na-B to
aggressive solutions by chemically modifying or blending bentonite with organic molecules and
polymers, which are hypothesized to either activated osmotic swelling, limit cation exchange or
physically clog the intergranular pore spaces of the bentonite fabric, yielding low hydraulic
conductivity (Onikata et al., 1996; Onikata et al., 1999; McRory and Ashmawy, 2005; Katsumi et
al., 2008; Di Emidio, 2010; Scalia et al., 2014; Guler et al., 2018; Ozhan, 2018; Prongmanee et al.,
2018; Salemi et al., 2018; Pandey et al., 2019; Prongmanee and Chai, 2019; Yu et al., 2019; Chai

and Prongmanee, 2020). Most manufacturers sell GCLs containing bentonite dry blended or
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treated with proprietary polymers (Ashmawy et al., 2002; Scalia et al., 2014; Athanassopoulos et
al., 2015; Salihoglu et al., 2016; Tian et al., 2016; Donovan et al., 2017; Tian and Benson, 2017;
Tian et al., 2017; Chen et al., 2019; Tian et al., 2019; Zainab and Tian, 2020). These second
generation commercial GCLs are collectively referred to herein as polymer-modified bentonite
(PMB) GCLs. To date, only a limited number of studies have been performed on PMB GCLs, and
the effects of the aggressive leachates on the performance and design of these second generation
GCLs have not been well understood.

The first objective of this study was to develop new alternative index tests or criteria to predict
the long-term hydraulic performance of the PMB GCLs. The second objective was to
mechanistically understand how aggressive leachates like MSW-I ash leachate affect the

performance of the second generation GCLs.

1.2 Background

1.2.1 Polymers used in polymer-modified bentonites and bentonite-polymer composites

Various types of polymers have been used as amendments for bentonites proposed for
containment of aggressive solutions (Di Emidio, 2010; Scalia et al., 2014; Guler et al., 2018;
Ozhan, 2018; Prongmanee et al., 2018; Salemi et al., 2018; Scalia et al., 2018a; Pandey et al.,
2019; Prongmanee and Chai, 2019; Yu et al., 2019; Chai and Prongmanee, 2020; Fan et al., 2020).
Polymers that have been used in literature for sealing applications can be generally grouped into
two main categories, depending on the basic structure of the polymer, i.e. as linear polymer or
crosslinked polymer.

Linear polymers are polymers in which monomeric units are covalently linked together to
form a chain. Linear polymers (whether naturally occurring or synthetic) have a unique ability to
disperse and swell in water to form a viscous polymer gel due to the presence of hydrophilic
functional groups in their repeating units. For this reason, linear polymers are loosely referred to
as water-soluble polymers (Chatterji and Borchardt, 1981; Billmeyer, 1984; Williams, 2007;
Kadajji and Betageri, 2011; Rivas et al., 2018). Tian et al. (2019) used Fourier transform infrared
(FTIR) spectroscopy to identify the polymer blended with bentonite in one commercial PMB GCL.
The FTIR spectra of the polymer used in the PMB GCL matched (up to 80%) the spectra of anionic
polyacrylamide, which is a commercial linear polymer. Sodium carboxymethyl cellulose (Na-

CMC) polymer which was used by Di Emidio (2010) to develop “HYPER clay” also has a linear
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structure, and therefore classified as a linear polymer (Chatterji and Borchardt, 1981; Williams,
2007).

Crosslinked polymers are a network of linear polymer chains bonded together either
physically (using methods such as heating/cooling, and etc.) or chemically (using special
crosslinking agents or grafting techniques) (Buchholz and Graham, 1998; Zohuriaan-Mehr and
Kabiri, 2008; Behera and Mahanwar, 2020). Unlike linear polymers, crosslinked polymers are not
soluble in water due to presence of the crosslinkers but are capable of imbibing large amount of
water when hydrated to form discrete polymer hydrogels, hence are commonly referred to as
superabsorbent polymers (SAPs). However, SAPs also have a soluble fraction (so-called
“extractables’) which consists of residual monomers and low molecular weight polymer chains
that were not successfully incorporate into the polymer network during manufacturing. The soluble
fraction of SAPs is typically less than 20% (Buchholz and Graham, 1998; Zohuriaan-Mehr and
Kabiri, 2008; Behera and Mahanwar, 2020). Scalia and Benson (2016) and Salemi et al. (2018)
have experimented with blending sodium-polyacrylate (a commercially available SAP) with

bentonite for aggressive leachate containment applications.

1.2.2 Compatibility indicator: Limitations of the traditional ASTM D890 procedure for
measuring swell index of PMB GCLs

The hydraulic conductivity of GCLs typically is measured in the laboratory as per ASTM
D6766. Based on these standards, a hydraulic conductivity test is continued until hydraulic and
chemical equilibrium are achieved in order to reflect the long-term hydraulic conductivity of
GCLs, which may require the test durations lasting from a few months to years (Petrov and Rowe,
1997; Shackelford et al., 2000; Katsumi et al., 2001; Kolstad et al., 2004b; Jo et al., 2005; Katsumi
et al., 2007; Katsumi et al., 2008). The time required to reach chemical equilibrium can be even
longer for PMB GCLs (Scalia et al., 2014; Razakamanantsoa and Djeran-Maigre, 2016; Tian et
al., 2016; Donovan et al., 2017; Chen et al., 2019). Hence, quick and inexpensive index tests are
often performed on the bentonite component of GCLs to assess indirectly the chemical and
hydraulic compatibility of the GCL with the permeant liquid (Jo et al., 2001; Lee et al., 2005;
Katsumi et al., 2008; Rosin-Paumier et al., 2010).

The swell index (SI) test (ASTM D5890) is a commonly used index test to assess the hydraulic

performance and the chemical compatibility of GCLs to leachates. Two grams of bentonite are
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ground until 100 % passes the No. (#) 100 mesh, and a minimum of 65% passes the #200 mesh
U.S. standard sieve. Numerous studies have shown that a correlation exists between SI and
hydraulic conductivity of CB (Jo et al., 2001; Jo et al., 2004; Kolstad et al., 2004b; Olsta et al.,
2004; Lee et al., 2005; Katsumi et al., 2008; Guyonnet et al., 2009; Chen et al., 2018). For CB
GCLs, SI> 14 mL/2 g generally correlates to hydraulic conductivity < 1.0 x 10'° m/s, whereas SI
< 14 mL/2 g generally correlates to hydraulic conductivity > 1.0 x 1071 m/s (Jo et al., 2001; Lee
et al., 2005; Chen et al., 2018). However, the SI and hydraulic conductivity of PMB GCLs are not
well correlated. For example, as shown in Figure 1, PMB GCLs with SI < 10 mL/2 g can still
maintain low hydraulic conductivity (< 1.0 x 10'° m/s) (Scalia et al., 2014; Salihoglu et al., 2016;
Shen et al., 2016; Tian et al., 2016; Scalia et al., 2018a; Chen et al., 2019; Tian et al., 2019). In
contrast, the hydraulic conductivity of PMB GCLs can be greater than 1.0 x 10'° m/s when SI of
PMB exceeds 20 mL/2g. The poor correlation between hydraulic conductivity and SI for PMB
GCLs may be an indication that the procedure and specimen preparation for the SI test are not
appropriate for PMB GCLs. For example, during sieve analysis of a PMB GCL, Oren et al. (2018)
observed some gel-like materials retained on the #200 sieve which they attributed to the polymer
additive(s) in the bentonite.
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Figure 1. Relationship between swell index and hydraulic conductivity of conventional bentonite

(CB) and polymer-modified bentonite (PMB) GCLs [Note: CB GCLs data from Jo et al. (2001);

(Kolstad et al., 2004b); Lee et al. (2005); Katsumi et al. (2008); Setz et al. (2017); and Wang et al.

(2019); and PMB GCLs data from Tian et al. (2016); Tian and Benson (2017); Tian et al. (2017);

Chen et al. (2019); and Tian et al. (2019)]. Figure adapted from Wireko et al. (2020).
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1.2.3 Mechanism proposed in literature for improved chemical compatibility of PMB

GCLs

Studies conducted on PMB GCLs show they can have improved hydraulic performance as
compared to CB GCLs when permeated with aggressive liquids (Salihoglu et al., 2016; Tian et al.,
2016; Tian and Benson, 2017; Tian et al., 2017; Chen et al., 2019; Tian et al., 2019). For instance,
Athanassopoulos et al. (2015) measured the hydraulic conductivity of a PMB GCL and CB GCL
permeated with a bauxite liquor (with pH = 13 and ionic strength = 2350 mM) and a trona ash
leachate (with pH = 11 and ionic strength = 1050 mM). The hydraulic conductivity of the PMB
GCL to the bauxite liquor and trona ash leachate was less than 1.0 x107'° m/s, whereas the CB
GCL had hydraulic conductivity greater than 1.0 x 10 m/s. However, the mechanism controlling
the chemical compatibility of PMB GCLs is still not well understood mainly because polymer(s)
used in PMB GCLs are proprietary, meaning crucial information about the specific polymer(s)
used is not provided by the manufacturer (Razakamanantsoa et al., 2012; Razakamanantsoa and
Djeran-Maigre, 2016; Tian et al., 2016; Scalia et al., 2018a; Chen et al., 2019; Tian et al., 2019);

Based on scanning electron microscope (SEM) images of PMB specimens hydrated with
deionized (DI) water and CaCl, solutions, Tian et al. (2016) and (2019) hypothesized that
hydraulic conductivity of PMB GCLs is controlled by blockage of the bentonite intergranular pores
by the viscous polymer gel. However, the mechanism of polymer blockage does not totally explain
the observed behavior of PMB GCLs reported in literature because, the migration of the polymer
gel from the GCL (i.e. polymer elution) have been reported to occur during permeation of PMB
GCLs regardless of the chemistry of the permeant liquid (Chen, 2015; Salihoglu, 2015; Tian and
Benson, 2017; Tian et al., 2017; Geng, 2018; Reybrock, 2018; Chen et al., 2019; Tian et al., 2019).
However, the impact polymer elution has on the hydraulic conductivity of PMB GCLs seem to
depend on the chemical characteristics of the permeant.

Figure 2 shows hydraulic conductivity as a function of total mass of polymer eluted from a
PMB GCL during with various salts solutions and synthetic trona leachate by Geng (2018). The
PMB GCL had 5.1% polymer loading. Geng (2018) determined the total mass of polymer eluted
using total organic carbon (TOC) concentration of the effluent samples collected during
permeation. As shown in Figure 2, specimens of same PMB GCL can have significantly different
hydraulic conductivities even when similar amount of polymer elutes during permeation. For

instance, the final hydraulic conductivity of the PMB GCL specimen permeated with 300 mM
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NaCl was ~8.0 x 107! m/s) whereas hydraulic conductivity of the specimen permeated with 50
mM CaCl, was ~3.3 x 107 m/s (more than 100 times higher), even though similar amount of
polymer (925 mg versus 950 mg) eluted from both specimens during permeation. Moreover, there
is no correlation between the hydraulic conductivity and mass of polymer eluted from the PMB
GCL during permeation as shown in Figure 2. For example, hydraulic conductivity of the PMB
GCL specimen permeated with 50 mM Mg [with anion ratio (C1/SO4?), R = 20] was more than
three orders-of-magnitude higher than that of specimen permeated 50 mM CaCl, (2.0 x 107 m/s
versus 3.3 x 107 m/s even though more polymer eluted from the specimen permeated with 50 mM
Mg [with anion ratio (C1/SO47?), R = 20] as shown in Figure 2.

Similarly, Salihoglu (2015) measured the hydraulic conductivity of two PMB GCLs
permeated with various CCP leachates and one MSW-I ash leachate. Salihoglu (2015) also
quantified the amount of polymer eluted using TOC concentration of the effluent samples collected
during permeation. For one of the PMB GCLs, the final hydraulic conductivity of the specimen
permeated with a synthetic CCP leachate (with ionic strength of 177 mM) was 9.8 x 10> m/s
whereas hydraulic conductivity of the specimen permeated the MSW-I ash leachate (with ionic
strength of 1042 mM) was 1.3 x 1071% m/s, even though the percentage polymer eluted from both
specimens were almost the same. These aforementioned discrepancies suggest that some other
mechanism may be responsible the improved chemical compatibility of PMB GCLs relative to CB

GCLs even when polymer elutes.
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Figure 2. Hydraulic conductivity as a function of cumulative mass of polymer eluted from a
polymer-modified bentonite (PMB) GCL with 5.1% polymer loading (by dry mass) during
permeation with different inorganic salt solutions and leachate [Note: Data from Geng (2018). R
= Anion ratio; defined as the ratio of the molar concentration of Cl to SO472. The reported hydraulic
conductivity values were measured at an average effective stress of 20 kPa and hydraulic gradient
of 130. Cumulative mass of polymer was calculated based on total organ carbon concentration in
effluent samples collected during permeation].
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2 Results and Discussion

2.1 Effect of Specimen Preparation on Index Properties of Polymer-Modified

Bentonite GCLs

Note: A manuscript containing majority of the text, figures and tables in the section has been

accepted for publication in Geotextiles and Geomembranes Journal:

Wireko C.!, Zainab Z.2, Tian K.3, Abichou T.!, 2020. “Effect of Specimen Preparation on the

Swell Index of Bentonite-Polymer GCLs”

'Department of Civil and Environmental Engineering, Florida A&M University- Florida State

University College of Engineering, 2525 Pottsdamer St., Tallahassee, FL, 32310-6064, USA;

Tetra-Tech AAI, Orlando, FL, USA; *Department of Civil, Environmental and Infrastructure

Engineering, George Mason University, Fairfax, VA 22030, USA.

This section describes a study conducted to investigate the influence of crushing and sieving
on the swell index (SI) of PMBs. Tests were conducted on seven PMB specimens prepared
according to the ASTM standard method (D5890) and two other alternative methods. SI tests were
performed using type II deionized (DI) water. Loss on ignition (LOI) tests were also conducted to
quantify polymer content of the prepared specimens, in support of the explanations for the
measured swell indices.

Seven PMBs designated herein as B-P1, B-P2, B-P3, B-P4, B-P5, B-P6, and B-P7 were
investigated in this study. All the PMBs were produced by dry mixing of granular Na-B with
proprietary polymer(s). Though the specific polymer(s) used in the PMBs was(were) not disclosed,
the manufacturer specified that the bentonites used in B-P1, B-P2, B-P3, and B-P4 were blended
with different linear polymer(s) (i.e., water-soluble polymers) at different polymer contents,
whereas B-P5, B-P6, and B-P7 were comprised of crosslinked polymer(s) (i.e., superabsorbent

polymers). Distinct swelling characteristics of the two classes of the PMBs were observed in this

study, as demonstrated in subsequent sections.
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2.1.1 Specimen preparation methods

2.1.1.1 Standardized swell index testing

The Na-B and PMB specimens were first prepared following the ASTM standard for the SI
test (ASTM D5890). Twenty five grams of each specimen was ground to pass the #100 sieve using
a conventional pestle and mortar. However, after extensive and iterative grinding and sieving, a
small portion of PMBs would not pass through the #100 sieve. Of the portion that passed the #100
sieve, more than 65% also passed the #200 sieve, as required by the ASTM D5890. The portion
that passed the #100 sieve is referred to herein as “ASTM-Passing #100 (ASTM-P)”, whereas the
portion that was retained on the #100 sieve is referred to herein as “ASTM-Retained #100 (ASTM-
R)”. The amounts of ASTM-P and ASTM-R for all seven PMBs are shown in Table 1. The mass
of ASTM-R as percentage of the initial mass of specimen ranged from 0.1 to 4% for both Na-B
and PMB specimens.

For the PMBs, the ASTM-R were white granules and had a gel-like texture, unlike the ASTM-
P which were powder and grayish brown as shown in Figure 3a and b for B-P7. Oren et al. (2018)
reported similar results for a sieve analysis of a PMB GCL. The physical appearance and texture
of the ASTM-R suggested the material could be the polymer additives (Williams, 2007;
Zohuriaan-Mehr and Kabiri, 2008; Mahon et al., 2019; Behera and Mahanwar, 2020) which was
segregated from the PMBs during sieving. To verify this, free swell tests (using DI water) and loss

on ignition (LOI) tests were performed on the ASTM-R.

Table 1. Amounts of 25.0 g Na-B and PMB specimens retained and passing the #100 sieve after
Crushing

Mass passing Percentage mass retained
Mass retained #100 sieve # 100 sieve # 100 sieve
Material (2) (g) (%)
Na-B 0.05 24.95 0.20
B-P1 0.03 24.97 0.12
B-P2 0.54 24.46 22
B-P3 0.41 24.59 1.6
B-P4 0.99 24.01 4.0
B-P5 0.56 24.44 22
B-P6 0.60 24.40 24
B-P7 0.50 24.50 2.0

22



2.1.1.2 Alternative swell index methods

Observations of the specimens prepared following the ASTM standard method revealed that
crushing and sieving the PMBs, as required by ASTM D5890, resulted in the retention of some
material on the #100 sieve (Table 1), which appeared to be the polymer additives (see Figure 3b).
Hence, alternatives to the standardized method as defined in Table 2 were explored as possible
specimen preparation methods for SI testing of B-P GCLs.

For Alternative 1 (AL1), specimens of Na-B and PMBs were not subjected to any crushing
and sieving to prevent the potential separation of polymer and bentonite, i.e., the specimens were
used as they were received from the manufacturer. Specimens prepared using this method are
referred to herein as “AL1 specimens.”

For Alternative 2 (AL2), 50 g of each specimen was ground and sieved until approximately
half of the specimen passed the #100 sieve. This method was developed to assess the influence of
the #100 sieve on polymer segregation. The portion that passed the #100 sieve is referred to herein
as “Alternative 2-Passing #100 (AL2-P),” and the portion that retained on the #100 sieve is referred
to herein as “Alternative 2-Retained #100 (AL2-R).”

2.1.2 Swell Index Tests

Swell index (SI) tests on the ASTM-P, AL1, AL2-P and AL2-R specimens were performed
following the procedure outlined in ASTM D5890. Two grams of the specimen was oven-dried
and added into a 100 mL graduated cylinder filled with 90 mL of DI water or synthetic leachate.
The specimen was added in increments of 0.1 g into the graduated cylinder. The cylinder then was
filled to the 100 mL mark with the same hydrating liquid. The SI (mL/2g) was measured as the
volume of the swollen specimen in the graduated cylinder after 24 h. For the Na-B and all the
PMBs, SI tests were conducted in triplicates, and averages were reported.

For the ASTM-R specimens, an earlier attempt to measure the SI following the traditional
procedure resulted in the clogging of the top of the graduated cylinder. This further suggested that
the portion of the PMBs retained on the #100 sieve was polymer, because unlike bentonite,
polymers have a much lower density (0.9 — 1.3 g/cm?) (Billmeyer, 1984), and therefore settle at a
slower rate. Based on this observation, the procedure adopted for the ASTM-R specimens was as

follows: 0.2 g of ASTM-R specimen (due to the small quantity of specimen) were added to an
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empty 100 mL graduated cylinder and then DI water 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.

ASTM-P ASTM-R

Before Swell

After Swell

Figure 3. Comparison of swell indices of B-P7 specimens before (a and b) and after (c and d) swell
test, prepared following ASTM standard method which includes the specimens passing the #100

sieve (ASTM-P) and retained on the #100 sieve (ASTM-R). (Note: above the 57 mL mark of the
graduated cylinder for the ASTM-R there is no extra water).
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Table 2. Specimen preparation methods used in this study

Method Method Components Designation Crushing and Sieving
. Passing #100 sieve (min 65%
ASTM ASTM-Passing #100 ASTM-P passing # 200 sieve)
Standard ASTM-Retained #100 ASTM-R Retained #100 s1eve.(Rernnants
of ASTM specimen)
Alternative 1 Not applicable ALI None
. : 5
Alternative 2-Passing #100 AL2-P Passing #100 sieve (50% of
Alternative 2 total AL2 specimen)
v Alternative 2-Retained ALD-R Retained #100 sieve (50% of
#100 total AL2 specimen)

2.1.3 Loss on Ignition Tests

The loss on ignition (LOI) test is widely used to determine the polymer content of PMBs
(Scaliaetal., 2014; Tian et al., 2016; Scalia and Benson, 2017; Chen et al., 2019; Tian et al., 2019).
LOI tests were conducted in this study to determine the polymer content of the specimens prepared
by different methods (i.e., ASTM-P, ASTM-R, AL1, AL2-P, and AL2-R). The specimens obtained
from each preparation method were first oven-dried to a constant mass at 105 £ 5 °C. The
specimens then were ignited at 550 = 5 °C for 4 h using a muffle furnace. During the LOI test,
polymer additives were assumed to be the only constituents that are combusted completely. The
percentage of mass loss of the specimen was reported as the LOI.

Three replicate tests were conducted using approximately 5 g of the ASTM-P, AL1, AL2-P,
and AL2-R specimens. LOI tests were also conducted on the ASTM-R specimens to quantify the
polymer content of the portion of PMBs segregated by the #100 sieve when following the ASTM
D5890. However, the mass of the ASTM-R specimens used for the LOI tests varied from 0.1 to

0.2 g due to the limited quantity of the specimen, as shown in Table 1.

2.1.4 Results of tests performed on specimens prepared following the ASTM standard
method

Results of the SI and LOI tests conducted on Na-B and PMB specimens prepared following
the ASTM standard method (ASTM-P and ASTM-R) are summarized in Table 3. SI results given
in Table 3 were performed using DI water. Images of the SI tests performed on the ASTM-P and
ASTM-R specimens for B-P7 are shown in Figure 4. The ASTM-P specimen (Figure 3a), when
hydrated, formed a grayish brown gel (see Figure 3c), whereas the ASTM-R specimen (Figure 3b)
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formed a clear gel (see Figure 3d). To compare SI results of the ASTM-P and ASTM-R specimens,
the measured SI of the ASTM-R specimens (mL/0.2 g) were linearly converted to mL/2 g by
multiplying the measured SI of the ASTM-R specimens by a factor of 10 as given in Table 3. For
instance, because the swell volume of 0.2 g of the ASTM-R specimen for B-P7 was 55.0 mL (see
Figure 3d) and 43.6 mL for 2 g of the ASTM-P specimen (see Figure 3c), 2 g of the ASTM-R

specimen was projected to have a swell volume of 570.0 mL.

Table 3. Swell index and loss on ignition (LOI) test results of specimens prepared following ASTM
standard method

ASTM-P ASTM-R

Material Swell index LOI Swell index Proj eifgélxswell LOI
(mL/2 g) (%) (mL/0.2 g) (mL/2 g) (%)
Na-B 28.7 1.3 NM NM NM
B-P1 28.7 1.2 NM NM 50
B-P2 30.3 1.2 5.0 50 46
B-P3 30.3 1.4 9.0 90 72
B-P4 31.0 1.3 15.0 150 71
B-P5 31.0 1.9 7.0 70 44
B-P6 50.1 2.9 40.0 400 54
B-P7 46.3 4.0 57.0 570 84

Note: NM = Not measured due to limited quantity of specimen.

2.1.4.1 Swell index

The SI of the ASTM-P and ASTM-R specimens are compared in Figure 4. The SI of the
ASTM-R specimens of the PMBs were significantly greater (2 to 11 times) than the SI of the
ASTM-P specimens. For instance, for B-P4, the SI of the ASTM-P specimen was approximately
31 mL/2 g, whereas the SI of the ASTM-R specimen was approximately 150 mL/2 g. Similarly,
for B-P6, the SI of the ASTM-P specimen was approximately 51 mL/2 g, compared to 400 mL/2
g for the ASTM-R specimen.

Visual inspection of the ASTM-R specimens before and after the swell tests also suggested
that two distinct types of polymers were used in the PMBs investigated in this study (see Figure
5). ASTM-R specimens for B-P2, B-P3, and B-P4 formed a viscous gel when hydrated with DI
water (as shown in Figure 5c for B-P3), suggesting that B-P2, B-P3, and B-P4 comprised linear
polymer(s) (water-soluble polymers). Water-soluble polymers have a unique property of

modifying the viscosity of aqueous solutions (Williams, 2007). On the other hand, ASTM-R
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specimens for B-P5, B-P6, and B-P7 formed discrete non-viscous hydrogels when hydrated with
DI water (as shown in Figure 5d for B-P7). This indicates that the Na-B contained in B-P5, B-P6,
and B-P7 were blended with crosslinked polymer(s) (SAP). A granule of SAP can absorb and
retain a large amount of water to form a discrete hydrogel (Buchholz and Graham, 1998;
Zohuriaan-Mehr and Kabiri, 2008; Mahon et al., 2019; Behera and Mahanwar, 2020).

The difference in polymer type explains the difference in SI between the ASTM-R specimens
for the PMBs. For example, the SI of the ASTM-R specimen for B-P7 was more than 3 times the
SI of the ASTM-R specimen for B-P4 (550 mL/2 g vs. 150 mL/2 g). SAP (crosslinked polymers)
have higher swelling capacity compared to water-soluble polymers (linear polymers) (Buchholz
and Graham, 1998; Williams, 2007). For instance, Scalia et al. (2014) reported that a commercial
SAP had an SI of approximately 1790 mL/2 g in DI water. Results of the SI tests and examination
of the swollen ASTM-R specimens revealed that the portion of the PMBs retained on the #100

sieve mainly comprised polymer (as shown in Figure 3 and Figure 5).
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Figure 4. Comparison of swell indices of Na-B and PMB specimens prepared following ASTM
standard method which includes the specimens passing the #100 sieve (ASTM-P) and retained on
the #100 sieve (ASTM-R) (Note: the swell index of ASTM-R (in mL/2 g) was predicted based on
swell index measured using 0.2 g of specimen; the swell index of the ASTM-R specimen for Na-
B and B-P1 was not measured due to limited quantity of the specimen retained on the #100 sieve).
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Figure 5. Images of ASTM-Retained #100 (ASTM-R) specimens of B-P3 and B-P7 before (a and
b) and after (¢ and d) swell index test.

2.1.4.2 Loss on ignition

The LOI results for the ASTM-P and ASTM-R specimens for the Na-B and the PMBs are
shown in Figure 6. The Na-B had an LOI of 1.3 %, which is similar to the LOI of Na-B (~1.6%)
previously reported (Scalia et al., 2014; Tian et al., 2016). The LOI of the ASTM-P specimens for
the PMBs containing linear polymer (i.e., B-P1, B-P2, B-P3, and B-P4) was similar to the LOI of
the Na-B (1.2 to 1.3 %), whereas the LOI of the ASTM-P specimens for the PMBs containing
crosslinked polymer (i.e., B-P5, B-P6, and B-P7) ranged from 1.8 to 4.0%. The ASTM-R
specimens for all the PMBs showed significantly higher LOI (>40%) than the ASTM-P specimens.
The significantly higher LOI of the ASTM-R specimens for the PMBs indicates that the ASTM-R
specimens were primarily composed of polymer. The results of the LOI tests on the ASTM-P and

ASTM-R specimens agree with the results of the SI tests (compare Figure 4 and Figure 6).
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Figure 6. Loss on ignition (LOI) of Na-B and PMB specimens prepared following ASTM standard
method for the specimen passing the #100 sieve (ASTM-P) and retained on the #100 sieve (ASTM-
R).
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Images of the ASTM-P and ASTM-R specimens for the Na-B and B-P6 before and after the
LOI test, shown in Figure 7, support the contention that polymer was segregated from the PMBs
during the grinding and sieving process. The ASTM-P specimen for Na-B before and after the LOI
test looked similar, and no ash was seen in the ignited specimen, as shown in Figure 7a and d.
Fewer ash residues were observed for the ASTM-P specimen of B-P6 after the LOI test (Figure
7e), whereas the ASTM-R specimen for B-P6 turned from white-gray granules to black ash after
the LOI test, indicating burning of polymer (Fina and Camino, 2011). These observations correlate
with the results of the LOI tests seen in Figure 6, i.e., the LOI of the ASTM-P specimens for the
PMBs is similar to that of the Na-B, whereas LOI of the ASTM-R specimens for the PMBs is
significantly higher than that of the ASTM-P specimens.

Overall, these observations indicate that polymer was segregated by the #100 sieve during
crushing and sieving of the PMBs as per the ASTM D5890 specimen preparation method. The
polymer segregation resulted in unrepresentative measured SI, which may explain the poor

correlation between SI (performed in accordance with ASTM D5890) and hydraulic conductivity

29



of B-P GCLs previously observed in literature (Scalia et al., 2014; Salihoglu et al., 2016; Shen et
al., 2016; Tian et al., 2016; Scalia et al., 2018a; Chen et al., 2019; Tian et al., 2019).
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Figure 7. Images of Na-B and B-P6 specimens prepared following ASTM standard method for the
specimens passing the #100 sieve (ASTM-P) and retained on the #100 sieve (ASTM-R) before
and after loss on ignition test.

2.1.5 Results of tests performed on specimens prepared using alternative methods

The SI and LOI results for the alternatives AL1, AL2-P, and AL2-R for the Na-B and PMBs
are summarized in Table 4. The SI results given in Table 4 were based on tests performed using

DI water.
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2.1.5.1 Swell index

The SI using Na-B specimens prepared with all the different methods had similar results,
ranging from 28.5 mL/2 g to 31.0 mL/2 g (Figure 8). Scalia et al. (2018b) showed that the SI of
Na-B is not sensitive to the granule size of the specimen. In contrast, the SI for the PMB specimens
prepared by AL1 were higher than that of the AL2-P specimens but lower than the SI of the AL-
R specimens, as shown in Figure 8. The SIs of the ASTM-P and AL2-P specimens for the PMBs
containing liner polymer (i.e., B-P1, B-P2, B-P3, and B-P4) were similar to the SI of the Na-B
specimens, whereas the SI of the AL1 and AL2-R specimens were slightly higher. Sato et al.
(2017) showed that linear polymer (water-soluble polymer) enhances the swelling capacity of
bentonite.

Images of specimens for Na-B and B-P3 after SI testing are shown in Figure 9. A glass rod
(see Figure 9) was used to demonstrate the stickiness (which relates to viscosity) of the swollen
specimen. For the Na-B specimens, the swollen gel of the ASTM-P and AL1 specimens did not
stick to the glass rod as shown in Figure 9a and b. This suggests that the Na-B specimens formed
a low viscosity gel after swelling. For B-P3, visual examination of the swollen ASTM-P and AL1
specimens, shows that the AL1 specimen was more viscous than the ASTM-P specimen (compare
Figure 9c and d).

The SI of the PMBs containing crosslinked polymer (B-P5, B-P6, and B-P7) varied for
specimens prepared with the different methods (see Figure 8). For example, the SI of ASTM-P
specimens for B-P5 and B-P7 were similar to that of the Na-B specimens, whereas the SI of the
ALT1 and AL2-R specimens were much higher than the SI of the Na-B specimens.

Swollen ASTM-P and AL1 specimens for B-P7 are compared in Figure 9. The hydrogels
formed in the ASTM-P specimen were significantly smaller (see Figure 9¢) compared to the
hydrogels formed in the AL1 specimen (see Figure 9f). This explains why the AL1 and AL2-R
specimens had significantly higher SI than the ASTM-P and AL2-P specimens.

The results of the SI tests performed on the specimens obtained from the alternative methods
show that the polymer additive(s) in the PMBs were screened out by the #100 sieve during the
sieving process, which affected the measured Sls. This effect was more profound for the PMBs

containing crosslinked polymers due to the high swelling capacity of SAP.
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Table 4. Swell index and loss on ignition results of Na-B and PMB specimens prepared following
the alternative methods 1 and 2

ALl AL2-P AL2-R

Material Swell index LOI Swell index LOI Swell index LOI
(mL/2 g) (%) (mL/2 g) (%) (mL/2 g) (%)

Na-B 28.5 0.9 31.0 1.2 29.3 1.1
B-P1 30.6 1.3 29.2 1.1 31.3 2.0
B-P2 314 2.0 29.3 1.4 35.5 3.5
B-P3 31.8 2.2 29.0 1.4 34.2 3.5
B-P4 37.7 4.5 29.2 1.9 352 7.7
B-P5 40.1 2.5 29.5 1.4 40.3 6.4
B-P6 51.4 4.6 29.7 1.4 61.8 8.7
B-P7 52.4 5.9 30.7 1.8 66.3 11.2

Note: The swell index tests were performed using DI water.
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Figure 8. Comparison of swell indices of Na-B and PMB specimens prepared following ASTM
standard method (ASTM-P) with alternative 1 (AL1) and alternative 2 passing the #100 sieve
(AL2-P) and retained on the #100 sieve (AL2-R).
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2.1.5.2 Loss on ignition

The LOI of the specimens prepared by the ASTM standard method and the alternatives are
shown in Figure 10. The LOI of Na-B specimen prepared following the ASTM standard method
(ASTM-P) was similar to the LOI of the specimens obtained following alternatives (AL1, AL2-P,
and AL2-R), indicating that the specimen preparation methods used in this study did not have any

influence on the measured LOI of the unamended Na-B.

Method of preparation
ASTM-P AL1

Type of polymer
Linear- polymer No Polymer

Cross-linked polymer

Figure 9. Images of Na-B, B-P3 and B-P7 prepared following the ASTM standard method (ASTM-
P) and the alternative 1 (AL1) after swell index test.
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Figure 10. Comparison of loss on ignition values of Na-B and PMB specimens prepared following
ASTM standard method (ASTM-P) with the alternative 1 (AL1) and alternative 2 [i.e. passing the
#100 sieve (AL2-P) and retained the #100 sieve (AL2-R)].

However, for the PMBs, the LOI of the AL1 and AL2-R specimens were significantly higher
than the LOI of the ASTM-P and AL2-P specimens (see Table 4 and Figure 10). The LOI of the
AL2-P specimens for the PMBs were similar to that of the Na-B, whereas the LOI of AL2-R
specimens were much higher than the LOI of the AL2-P specimens. For example, the LOI of the
AL2-R specimen for B-P6 was ~8.7%, whereas the LOI of the AL2-P specimen was ~1.4% (which
is comparable to the LOI of the Na-B). This result shows that, after screening approximately half
of the initial mass of the AL2 specimen through the #100 sieve, the portion of the specimen that
passed the #100 sieve mainly comprised bentonite, whereas the polymer was retained on the #100
sieve.

Images of the B-P6 specimens before and after the LOI test are shown in Figure 11. The AL2-
P specimens before (Figure 11b) and after (Figure 11e) the LOI test looked similar. The same
observation was made for Na-B specimens after the LOI test (see Figure 11a and d). However, the
AL1 and AL2-R specimens had a significant amount of ash residues after the LOI test (see Figure

11d and f), which as previously stated indicates polymer combustion (Fina and Camino, 2011).
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Figure 11. Images of B-P6 specimens prepared following alternative 1 (AL1) and alternative 2
(AL2-P and AL2-R) before and after loss on ignition test.
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2.2 Hydraulic Conductivity of Polymer-Modified Bentonite GCLs to MSW-I
Ash Leachates

Note: A manuscript containing majority of the text, figures and tables in the section is

currently under review in Waste Management Journal:

Wireko C.!, Abichou T.!, Tian K.?, Zainab B.%, Zhang Z.!, 2020. “Effect of Incineration Ash

on the Hydraulic Conductivity of Bentonite-Polymer Composite Geosynthetic Clay Liners”

'Department of Civil and Environmental Engineering, Florida A&M University-Florida State

University College of Engineering, 2525 Pottsdamer St., Tallahassee, FL, 32310-6064, USA;

2Department of Civil, Environmental and Infrastructure Engineering, George Mason

University, Fairfax, VA 22030, USA; *Tetra-Tech AAI, Orlando, FL, USA.

This section describes a study where hydraulic conductivity of six needle-punched PMB
GCLs was evaluated using five different synthetic leachates representative of leachates from
landfills where MSW-I ash is either disposed alone or co-disposed with MSW. The PMB GCLs
were obtained from two manufacturers and were identified to contain either linear polymer or
crosslinked polymer dry blended with granular Na-B at different polymer loading (ranging from
0.5 to 5.5% by dry mass). As control, comparable hydraulic conductivity tests were also performed
on two CB GCLs (one from each manufacturer) containing the same untreated Na-B as the
bentonite used in the PMB GCLs. The effect of the polymer type on the temporal behavior of the
PMB GCLs and some factors that influence the compatibility of PMB GCLs to MSW-I ash
leachates are also discussed in this section. Free swell tests were also performed on bentonite
extracted from the CB and PMB GCLs using the permeant solutions. Bentonite extracted from the
PMB GCLs were not crushed or sieved to avoid loss of polymer additives as shown in Section 2.1.

Table 5 summarizes results of the hydraulic conductivity and free swell tests performed in this
study. The hydraulic conductivity and pore volumes of flow (PVF) values reported in Table 5 were
calculated using the final thickness and dry mass of the GCL specimen, except for the ongoing
tests where the initial properties were used. The cumulative mass of polymer eluted during
permeation of the PMB GCLs is also reported in Table 5. The cumulative mass of polymer eluted

is expressed as a percentage of the initial amount of polymer in the GCL (which was estimated

using initial polymer loading and the dry mass of bentonite) and also reported in Table 5.
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Table 5. Summary of hydraulic conductivity tests on GCLs and free swell tests on bentonite extracted from the GCLs

ASTM D6766 Cumulative  Percentage

Termination criteria mass of of initial

Swell met? polymer polymer

Hydrating Permeating index® Average Average Time k¢ eluted® eluted®
GCL solution solution (mL/2 g) o’ © elapsed? (m/s) PVF® Hydraulic EC pH (mg) (%)
BA DI water DI water® 24.5 20 kPa 196 110.0 days  2.2x 10" 12.6 Yes N/A  N/A N/A N/A
CD-MIN CD-MIN 8.3 30 kPa 160 1.0h 3.2 x107 9.2 Yes Yes Yes N/A N/A
CD-AVG CD-AVG 8.2 30 kPa 177 0.1h 5.3 x107 6.1 Yes Yes Yes N/A N/A
AM-AVG AM-AVG 7.7 30 kPa 165 02h 42 x107 7.1 Yes Yes Yes N/A N/A
CD-MAX CD-MAX 7.2 30 kPa 160 02h 4.6 x 107 7.0 Yes Yes Yes N/A N/A
AM-MAX AM-MAX 6.0 39 kPa 231 0.1h 4.4 x107 5.1 Yes Yes Yes N/A N/A
BB DI water DI water? 26.5 39 kPa 277 39.0 days 20x101 58 Yes N/A  N/A N/A N/A
CD-MIN CD-MIN 6.0 30 kPa 177 3.1h 3.0 x 107 5.5 Yes Yes Yes N/A N/A
CD-AVG CD-AVG 5.5 30 kPa 177 0.1h 3.7 x107 6.0 Yes Yes Yes N/A N/A
AM-AVG AM-AVG 5.5 30 kPa 160 0.2h 6.7 x 107 7.1 Yes Yes Yes N/A N/A
CD-MAX CD-MAX 53 30 kPa 160 0.2h 9.5 x 107 9.5 Yes Yes Yes N/A N/A
AM-MAX AM-MAX 5.0 39 kPa 290 0.1h 4.2 %107 5.0 Yes Yes Yes N/A N/A

LPBA-0.5 DI water DI water? 31.2 20 kPa 153 119.0days 2.2 x 101! 4.6 Yes N/A  N/A - -
CD-MIN CD-MIN 24.8 39 kPa 220 53.0 days 6.7x101 117 Yes Yes Yes 12.0 5.4
CD-AVG CD-AVG 8.5 30 kPa 126 84h 1.7 %108 11.0 Yes Yes Yes 1.7 0.7
AM-AVG AM-AVG 83 30 kPa 121 120h 1.9 %108 6.6 Yes Yes Yes 0.6 0.2
CD-MAX CD-MAX 7.5 39 kPa 265 0.1h 1.3 x107 5.1 Yes Yes Yes 2.0 1.0
AM-MAX AM-MAX 6.0 39 kPa 232 0.1h 3.8 x107 5.5 Yes Yes Yes 1.0 0.5
LPBA-1.5 DI water DI water® 333 20 kPa 187 395.0days 7.8 x 1012 108 Yes N/A N/A - -

CD-MIN CD-MIN 27.0 30 kPa 174 98.0 days 2.4 x 101 6.9 Yes Yes Yes 58.4 13.3
CD-AVG CD-AVG 9.8 30 kPa 150 2.6 days 1.5 %107 11.0 Yes Yes Yes 15.8 2.9
AM-AVG AM-AVG 8.8 39 kPa 290 1.0h 22x10% 54 Yes Yes Yes 48 0.9
CD-MAX CD-MAX 8.8 39 kPa 257 1.2h 1.3x108 4.5 Yes Yes Yes 53 0.9
AM-MAX AM-MAX 7.0 39 kPa 261 0.1h 2.9 %107 2.7 Yes Yes Yes 4.1 0.7
Tap water AM-MAX N/A 30 kPa 162 52.0 days 2.1x10°  29.1 Yes Yes Yes 33.9 6.2

Note: ¢' = Effective stress, i = Hydraulic gradient, kK = Hydraulic conductivity, PVF = Pore volumes of flow, N/A = Not applicable, - =
Not measured, D. = Duplicate. Gravity heads were used to apply cell pressure (20 kPa) and hydraulic gradient for long-term testing of
the GCL specimen permeated with DI water
In the GCL designation, the first letter(s) indicates: B = Bentonite, LPB = Linear polymer-bentonite, CPB = Crosslinked polymer-

bentonite. And the last letter indicates the manufacturer (A or B)

bTest still ongoing

‘For the CB GCL, specimens used for swell index testing were crushed and sieved according to ASTM D5890, whereas uncrushed
specimen were used for the PMB GCL based on results of the study described in Section 2.1 of this report
dCalculated based on the final thickness and dry mass of the GCL (except of ongoing tests where the initial properties were used)
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‘Does not include the period of hydration (2 days) and the time in-between readings (required to refill the influent canister with the
permeation solution)

fCalculated by integrating the product of the total organic carbon (TOC) concentration (in mg/L) and the volume (in L) of effluent
samples collected during permeation. And the percentage of initial polymer eluted was estimated based on the initial mass of polymer
in the GCL specimen

Table 5. (continued)

Cumulative  Percentage

ASTM D6766 mass of of initial
Swell Termination criteria met? polymer polymer
Hydrating Permeating index® Average  Average Time K4 eluted” eluted”
GCL? solution solution (mL/2 g) o' i elapsed® (m/s) PVF¢ Hydraulic EC pH (mg) (%)
LPBA-3.7 DI water® DI water® 353 20 kPa 155 107 days 2.4 x 102 2.0 Yes N/A  N/A - -
CD-MINP CD-MINP 30.0 30 kPa 126 51 days 3.5 x 1012 1.3 Yes No No - -
CD-AVG CD-AVG 12.8 39 kPa 237 1.2 days 1.6 x 107 17.7 Yes Yes Yes 49.3 3.1
AM-AVG AM-AVG 10.0 39 kPa 217 2 days 1.9 x 107 12.8 Yes Yes Yes 18.4 1.4
CD-MAX CD-MAX 11.8 39 kPa 237 1.0h 22x10% 49 Yes Yes Yes 14.2 0.8
AM-MAX AM-MAX 10.0 39 kPa 234 0.1h 2.5x107 2.1 Yes Yes Yes 0.9 0.1
LPBB-4.4 DI water DI water 30.0 20 kPa 239 348 days 6.6 x 10712 104 Yes N/A  N/A - -
CD-MIN CD-MIN 23.3 - - - - - - - - - -
CD-AVG CD-AVG 8.0 39 kPa 310 46 days 3.4 x 101 456 Yes Yes Yes 82.2 4.6
AM-AVG AM-AVG 7.0 39 kPa 295 61 days 1.9 x 107 25.7 Yes Yes Yes 365.8 20.3
AM-AVG AM-AVG (D) N/A 39 kPa 244 9.8 days 2.1 x107° 17.8 Yes Yes Yes - -
CD-MAX CD-MAX 6.3 39 kPa 269 78 days 1.3x107 44.4 Yes Yes Yes 214.8 14.0
AM-MAX AM-MAX 4.8 39 kPa 265 0.5h 4.6 x10% 5.0 Yes Yes Yes 14.3 1.1
CPBA-3.4 DI water? DI water? 38.8 20 kPa 163 102 days 5.1x107'2 3.4 Yes N/A  N/A - -
CD-MIN CD-MIN 28.5 39 kPa 234 96 days 3.9x10" 134 Yes Yes  Yes - -
CD-AVG CD-AVG 9.5 39 kPa 212 2.5h 1.3 x10% 39 Yes Yes Yes - -
AM-AVG AM-AVG 9.3 39 kPa 228 04h 1.0 x 107 5.0 Yes Yes Yes - -
CD-MAX CD-MAX 8.5 39 kPa 217 0.1h 1.2 x 107 3.2 Yes Yes Yes - -
AM-MAX AM-MAX 7.0 39 kPa 215 0.2h 2.8 x 107 2.8 Yes Yes Yes - -
Tap water AM-MAX N/A 39 kPa 224 65days 1.7x101° 39,0 Yes Yes  Yes
CPBA-5.5 DI water® DI water® 55.0 20 kPa 153 388 days 9.3 x10712 12,0 Yes N/A  N/A - -
CD-MIN CD-MIN 30.5 39 kPa 185 131 days 2.6 x 1011 15.0 Yes Yes  Yes - -
CD-AVG CD-AVG 10.0 39 kPa 223 10h 2.6 x107° 7.5 Yes Yes Yes - -
AM-AVG AM-AVG 10.0 39 kPa 210 12h 7.2 %108 9.7 Yes Yes Yes - -
CD-MAX CD-MAX 10.3 39 kPa 217 6.0h 9.4 x10% 7.0 Yes Yes Yes - -
AM-MAX AM-MAX 8.0 39 kPa 201 0.2h 7.4 x 107 2.0 Yes Yes Yes - -

Note: ¢' = Effective stress, i = Hydraulic gradient, kK = Hydraulic conductivity, PVF = Pore volumes of flow, N/A = Not applicable, - =
Not measured, D. = Duplicate. Gravity heads were used to apply cell pressure (20 kPa) and hydraulic gradient for long-term testing of
the GCL specimen permeated with DI water
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In the GCL designation, the first letter(s) indicates: B = Bentonite, LPB = Linear polymer-bentonite, CPB = Crosslinked polymer-
bentonite. And the last letter indicates the manufacturer (A or B)

bTest still ongoing

‘For the CB GCL, specimens used for swell index testing were crushed and sieved according to ASTM D5890, whereas uncrushed
specimen were used for the PMB GCL based on results of the study described in Section 2.1 of this report

dCalculated based on the final thickness and dry mass of the GCL (except of ongoing tests where the initial properties were used)
‘Does not include the period of hydration (2 days) and the time in-between readings (required to refill the influent canister with the
permeation solution)

fCalculated by integrating the product of the total organic carbon (TOC) concentration (in mg/L) and the volume (in L) of effluent
samples collected during permeation. And the percentage of initial polymer eluted was estimated based on the initial mass of polymer
in the GCL specimen
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2.2.1 Hydraulic conductivity test results

2.2.1.1 Temporal behavior and ASTM D6766 termination criteria

Figure 12 uses LPBB-4.4 and CPBA-5.5 permeated with CD-MAX (/= 1097 mM) as
examples to compare the observed trends in measured hydraulic conductivity values,
polymer elution and termination criteria exhibited by the LPB GCLs and CPB GCLs used
in this study during permeation with the synthetic IA leachates with ionic strength > 622
mM. Both GCLs exhibited different trends in hydraulic conductivity evolution (compare
Figure 12a to Figure 12c¢), but a similar trend in termination criteria as shown in Figure 12b
and Figure 12b.

For LPBB-4.4, hydraulic conductivity to CD-MAX was initially (<1.0 x 10! m/s)
but increased sharply to the 10"1°m/s range after (20 days of permeation) as shown in Figure
12a. This abrupt increase in hydraulic conductivity is attributed to polymer elution based
on visual analysis of the effluent collected immediately after the jump in hydraulic
conductivity. The concentration of polymer in effluent was estimated to be ~655 mg/L
(corresponding to ~37 mg of polymer and 2.4 % of the initial mass of polymer in the
specimen). Hydraulic conductivity remained steady (within the 10'°m/s range) until about
12 PVFs where hydraulic conductivity started to decrease to the 10'?> m/s range (Figure
12a). The decreasing trend in hydraulic conductivity continued (for 30 days) until about 15
PVFs when hydraulic conductivity began to increase back into the 10'°m/s range. During
the period of decreasing hydraulic conductivity, the volumetric flow ratio (Qout/Qin) was
mostly < 0.75 as shown in Figure 12a, which suggested that the decrease in hydraulic
conductivity was due to clogging of the effluent tube (s in inner diameter tube) by the
eluting polymer gel. TOC analysis of effluents collected between 12 and 18 PVFs showed
a spike in the concentration of polymer in the effluents compared to the effluent collected
prior to the drop in the hydraulic conductivity. Steady state conditions were achieved after
35 PVFs with an average hydraulic conductivity of about 1.3 x 10 m/s, which is
approximately three orders-of-magnitude higher than the initial hydraulic conductivity.

In contrast, the hydraulic conductivity of CPBA-5.5 permeated with CD-MAX was
initially high (~3.3 x 10”7 m/s) but decreased gradually into the 10® m/s range (Figure 12c¢).
This gradual decrease in hydraulic conductivity of CPBA-5.5 can be attributed to the
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gradual swelling of the crosslinked polymer hydrogels during permeation, which decreases

the size of intergranular flow channels within the bentonite-polymer composite matrix.

SAP have been shown to swell at a slower rate when ionic strength of the hydrating solution

is high (Lee and Wu, 1996; Zhu et al., 2014). Hydraulic conductivity of CPBA-5.5 to CD-

MAX, however, remained steady at approximately 9.0 x 10 m/s, after 3 PVFs.

Hydraulic Conductivity Evolution and Termination Criteria
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Figure 12. Hydraulic conductivity, volumetric flow ratio, influent and effluent electrical
conductivity (EC) and pH as a function of pore volumes of flow for (a) LPBB-4.4 and (b)
CPBA-5.5 permeated with CD-MAX (I = 1097 mM) (Note: The numerical suffix in the
PMB GCL designation is polymer loading given in percent dry mass of bentonite. CD =
Co-Disposal, Max = Maximum, / = ionic strength).
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Interestingly, there was not much difference between the EC and pH of the influent
leachate and effluents collected during permeation of either LPBB-4.4 or CPBA-5.5 with
CD-MAX as shown in Figure 12b and Figure 12d. This suggests that chemical equilibrium
was achieved immediately after permeation was initiated. A similar trend in the chemical
equilibrium evolution was observed in this study for all the PMB GCLs permeated with
the MSW-I ash leachates with ionic strength > 622 mM, and have also been reported in
literature for both CB and PMB GCLs permeated with aggressive solutions (Jo et al., 2005;
Lee and Shackelford, 2005; Chen, 2015; Salihoglu, 2015).

2.2.1.2  Effect of MSW-I ash leachate chemistry on hydraulic conductivity

The hydraulic conductivity data in Table 5 are plotted in Figure 13a as a function of
ionic strength of the permeant solutions for all GCL specimens used in this study.
Hydraulic conductivity of the GCL specimens permeated with DI water are assigned an
ionic strength of ~ 0 mM. As shown in Figure 13a, hydraulic conductivity of the CB GCLs
(BA and BB) was greater than 1.0 x 107 m/s when permeated with all the MSW-I ash
leachates used in this study, which is more than three orders-of-magnitude higher than
when permeated with DI water. Similar hydraulic conductivity values have been reported
in literature for CB GCLs permeated with leachates with ionic strength >100 mM
(Ashmawy et al., 2002; Shackelford et al., 2010; Chen et al., 2018). The high hydraulic
conductivity of the CB GCLs can be attributed to the shrinkage of the double layer
thickness of Na-B associated with high concentration of monovalent cations and abundance
of divalent cations in the MSW-I ash leachates used in this study (Petrov and Rowe, 1997,
Shackelford et al., 2000; Jo et al., 2001; Jo et al., 2005; Lee and Shackelford, 2005). These
limitations of Na-B are the driving force behind the development of modified bentonites
and BPCs that can be more compatible with aggressive solutions.

Figure 13a shows that the hydraulic conductivity of the PMB GCLs was consistently
lower than that of the CB GCLs when permeated with the MSW-I ash leachates, except for
the PMB GCL specimens permeated with AM-MAX (/ = 1978 mM), where only PMB
GCLs with polymer loading > 4% had a relatively lower hydraulic conductivity than the
CB GCLs (compare Figure 13b and Figure 13c). All the PMB GCL specimens permeated
with CD-MIN (I = 174 mM) had hydraulic conductivity lower than 1.0 x 10 m/s (see
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Figure 13a). However, all of the PMB GCLs used in this study had hydraulic conductivity
greater than 1.0 x 107! m/s when permeated with MSW-I ash leachates with ionic strength
> 622 mM. This dramatic increase in hydraulic conductivity of the PMB GCLs with ionic
strength can be partly attributed to the Cl-rich nature of the MSW-I ash leachates used in
this study (see Section 4.2).

In a study conducted by Chen et al. (2019), hydraulic conductivity of one PMB GCL
with polymer loading of 1.9% was approximately 1.0 x 10"'® m/s when permeated with
CCP leachates with ionic strength of 755.0 mM. Whereas in this study, hydraulic
conductivity of PMB GCL with polymer loading up to 5.5% was greater than 3.0 x 1071
m/s when permeated with CD-AVG (with ionic strength of 622.4 mM). Tian et al. (2017)
found that hydraulic conductivity of a PMB GCL (with polymer loading of 5.1%)
permeated with pure Na2SOs solution with 300 mM Na® was 3.1 x 10712 m/s, whereas
hydraulic conductivity of duplicate specimens of the same PMB GCL permeated with pure
NaCl solution with 300 mM Na* was 4.5 x 10°m/s and 6.1 x 10"1°m/s (which is more than
two orders of magnitude higher). This suggest that the reason for the lower hydraulic
conductivity of the PMB GCL (with polymer loading with 1.9%) permeated with CCP
leachate with ionic strength of 755.0 mM in Chen et al. (2019) may be because, that

particular CCP leachate consisted of only SOZ species (with no CI” species).

2.2.1.3 Effect of initial polymer loading and polymer type on hydraulic conductivity

Hydraulic conductivities of the PMB GCLs permeated with the MSW-I ash leachates
are plotted as a function of polymer loading in Figure 13d-e to highlight the effect initial
polymer loading has on the compatibility of PMB GCLs to MSW-I ash leachates.
Hydraulic conductivities of the CB GCLs permeated with the same MSW-I ash leachates

are also shown in Figure 13d-e for comparison.
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Figure 13. Hydraulic conductivity of the GCLs used in this study as a function of (a-c)
ionic strength (/) of incineration ash (IA) leachates and (d-f) initial polymer loading of
GCL specimens permeated with the IA leachates (Note: Hydraulic conductivity of the

GCLs permeated with DI water plotted on 0 mM).
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As shown in Figure 13d-e, hydraulic conductivity generally decreases with increasing
polymer loading, regardless of the polymer type. For instance, hydraulic conductivity of
LPBA-0.5 (with only 0.5% polymer loading) was more than three orders-of-magnitude
lower than that of BA when permeated with CD-MIN (/ = 174 mM). This result indicate
that the polymer additives increase the chemical resistance of PMB GCLs to the MSW-I
ash leachates. However, more polymer is required to maintain low hydraulic conductivity
(< 1.0 x 107'%m/s) as ionic strength of the MSW-I ash leachate increases (compare Figure
13d to Figure 13f). Tian et al. (2016) and Chen et al. (2019) have reported a similar
decreasing trend of hydraulic conductivity with increasing polymer loading for PMB GCLs
permeated with LLW and CCP leachates respectively.

The trends in measured hydraulic conductivities of the PMB GCLs shown in Figure
13 also indicates that, the type of polymer blended with the bentonite has significant
influence on the compatibility of a specific PMB GCL to a given MSW-I ash leachate. For
example, even though LPBA-3.7 and CPBA-3.4 had similar polymer loading (3.7% versus
3.4%) and contained the same untreated bentonite, geotextiles and reinforcement, the
hydraulic conductivity of LPBA-3.7 was consistently lower than that of CPBA-3.4
(compare the trend lines in Figure 13b), except for the specimens permeated with DI water
and AM-MAX where the hydraulic conductivities of both GCLs were comparable.
Similarly, hydraulic conductivity of LPBB-4.4 was consistently lower than that of CPBA-
5.5 when permeated with MSW-I ash leachates with ionic strength > 622 mM (see Figure
13¢ and f), even though CPBA-5.5 had higher polymer loading than LPBB-4.4.

The reason for the relatively lower hydraulic conductivity values measured for the
LPB GCLs is possibly due to the difference in nature of swelling of the polymers. A visual
comparison of the cross section of LPBA-3.7 and CPBA-3.4 after permeation with ASH-
AVG in Figure 14 shows that, linear polymers easily dissolve and diffuse uniformly within
the bentonite matrix as shown in Figure 14a, however, crosslinked polymers form discrete
polymer hydrogels, therefore require more polymer to guarantee even distribution within
the bentonite matrix as shown in Figure 14b. Thus, at the similar loading, linear polymers
were more efficient in blocking flow than crosslinked polymers for the PMB GCLs and

MSW-I ash leachates used in this study.
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PMB GCL specimens permeated with AM-AVG (/ = 1018 mM)
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Figure 14. Cross sections of (a) linear polymer-bentonite composite (LPB) and (b)
crosslinked polymer-bentonite composite (CPB) GCL specimens after permeation with
AM-AVG (I = 1018 mM) [Note: The scale each image is the mm. The numerical suffix in
the GCL designation is polymer loading in given percent dry mass of bentonite. AM = Ash
monofill, AVG = Average, [ = ionic strength, £ = Hydraulic conductivity].

2.2.1.4 Effect of initial hydrating liquid on hydraulic conductivity

Hydraulic conductivity of all the PMB GCLs used in the study was high (> 1.0 x 10
9m/s) when hydrated and permeated with the MSW-I ash leachates with ionic strength >
622 mM. Hence, additional hydraulic conductivity tests were conducted on selected GCLs
to investigate the effect of the initial hydrating liquid on the compatibility of PMB GCLs
to MSW-I ash leachates. Figure 15 compares the hydraulic conductivity of GCL specimens
of LPBA-1.5 and CPBA-3.4 directly hydrated and permeated with the strongest MSW-I
ash leachate with ionic strength of 1978 mM, i.e., AM-MAX (leachate-hydrated
specimens) to specimens of the same GCLs which were hydrated with tap water before
permeating with AM-MAX (water-hydrated specimens). As shown in Figure 15, hydraulic
conductivity of the water-hydrated specimens was at least two orders-of-magnitude lower
than the leachate-hydrated specimens all the GCLs.

As shown in Figure 15, the final water content of the water-hydrated specimen was
higher than that of the leachate-hydrated specimen for both GCLs. This suggest that the
lower hydraulic conductivity of the water-hydrated specimen can be attributed to the

increased water associated bentonite and polymer due to initial exposure to water which

46



results in a more tortuous flow path of the permeant liquid which has been widely reported
in the literature for CB GCLs as well as PMB GCLs (Daniel and Shan, 1993; Petrov et al.,
1997a; Ruhl and Daniel, 1997; Vasko et al., 2001; Ashmawy et al., 2002; Jo et al., 2004;
Katsumi et al., 2004; Shackelford et al., 2010; Chen et al., 2018; Chen et al., 2019).

An interesting observation in Figure 15 is that, hydraulic conductivity of water-
hydrated specimen of CPBA-3.4 was one order-of-magnitude lower than that of LPBA-1.5
(2.1 x 10° m/s versus 1.3 x 101 m/s), even though both GCLs has similar hydraulic
conductivities (both ~3.0 x 1077 m/s) when directly permeated with AM-MAX. This
suggests that much lower hydraulic conductivity values can be achieved for water-hydrated
specimens of PMB GCLs with higher polymer loading (>3.4%) when permeated with the
same leachate. The effect of polymer loading and polymer type on the hydraulic

conductivity of water-hydrated GCLs is currently been investigated.
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Figure 15. Comparison of hydraulic conductivity of leachate-hydrated (hydrated with AM-
MAX) and water-hydrated (hydrated with tap water) and polymer-modified bentonite
(PMB) GCL specimens permeated with AM-MAX (I =~1978 mM) [Note: wr = final water
content. AM = Ash monofill, Max = Maximum, / = ionic strength. In the GCL designation,
the first letter(s) indicates: B = Bentonite, LPB = Linear polymer-bentonite, CPB =
Crosslinked polymer-bentonite. The last letter in the GCL designation indicate the
manufacturer (A or B), whereas the numerical suffix in the bentonite-polymer composite
GCL designation is polymer loading in percent dry mass of bentonite].
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2.2.2 Free swell test results

The swell indices of bentonite extracted from PMB GCLs are compared in Figure 16
to the swell indices of bentonite extracted from CB GCLs from manufacturer A and B. As
shown in Figure 16, swell index (SI) of the bentonite in BA and BB, decreased from 24.5
mL/2 g and 26.5 mL/2 g in DI water to 8.3 mL/2 g and 6.0 mL/2 g respectively in CD-
MIN (I = 174 mM). This dramatic decrease in swelling of the (untreated) bentonite in BA
and BB can be attributed to the inability of the bentonite to undergo osmotic swelling due
to the low concentration gradient between the interlayer regions of the montmorillonite
particles of the bentonite and the hydrating liquid (Shackelford et al., 2000; Egloffstein,
2001; Jo et al., 2001; Kolstad et al., 2004a). In contrast, the swell indices of the PMBs were
greater than 20 mL/2 g when hydrated with CD-MIN (/ = 174 mM). Furthermore, for all
the liquids used in this study, the swell indices of the BPCs were consistently higher than
the CBs except for MSW-I ash leachates with / > 622 mM where some of the PMBs and
CBs had comparable swell indices as shown in Figure 16.

The improved chemical resistance and swelling of the PMBs in the synthetic MSW-I
ash leachates can be attributed to the polymer additives because, for each manufacturer,
the untreated bentonite used in the CB GCL is the same as the bentonite used in the PMB
GCLs. Other researchers have made similar observations regarding the effect polymers
have on the swelling of bentonite in aggressive liquids (Katsumi et al., 2008; Di Emidio et
al., 2011; Scalia et al., 2014; Sato et al., 2017).

The trends in the swell indices shown in Figure 16 also indicate that, for the same
bentonite and the same hydrating liquid, SI increases with polymer loading. For example,
the SI of LPBA-0.5 (with 0.5% polymer lading) hydrated with AM-MAX was ~6.0 mL/2
g (comparable with that of BA), whereas the SI of LPBA-3.7 (with 3.7% polymer lading)
was ~10 mL/2 g in the same leachate. This suggests that the chemical resistance of the
untreated bentonite increases with as the quantity of polymer added to the bentonite
increases. Sato et al. (2017) and Di Emidio (2010) reported similar increase in swelling of
bentonite with increasing polymer dosage in single- and multi-species salts solutions and
sea water. However, SI of all the PMBs was lower than 14 mL/2 g when hydrated in the
synthetic MSW-I ash leachates with /> 622 mM.
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Figure 16. Comparison of the swell indices of the conventional bentonite (CB) GCL to the swell indices of polymer-modified bentonite
(PMB) GCLs containing (a and b) linear polymer and (c) crosslinked polymer hydrated with DI water and MSW-I ash leachates [Note:
For the CB GCL, specimens used for swell index testing were crushed and sieved according to ASTM D5890, whereas uncrushed
specimens were used for the PMB GCLs].
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2.2.3 Relationship between swelling and hydraulic conductivity of PMB GCLs

Figure 17a shows the relationship between swell index (SI) and hydraulic conductivity of the
PMB GCLs used in this study. SI and hydraulic conductivity data for the CB GCLs reported in
Table 5 were also included and shown Figure 17b. The trend lines in Figure 17a and Figure 17b
were obtained through nonlinear regression analysis of the SI and hydraulic conductivity data
reported in Table 5.

The trend line in Figure 17a shows that, similar to CB GCLs, hydraulic conductivity of the
PMB GCLs is inversely related to SI of the bentonite component of the GCL (also see Figure 17b).
Generally, SI >20 mL/2 g corresponds to hydraulic conductivity < 1.0 x 101°m/s, whereas SI <14
mL/2 g corresponds to hydraulic conductivity > 1.0 x 10"'°m/s. Katsumi et al. (2007) and (2008)
reported as similar trend in the relationship between SI and hydraulic conductivity for conventional
bentonites and modified bentonites permeated with single-species salts solutions, multispecies
salts solutions and real inorganic waste leachates.

This result shows that, SI (measured using uncrushed specimen retrieved from the GCL) can
be used to at least qualitatively asses the compatibility of PMB GCLs to MSW-I ash leachates
under low effective stress (<40 kPa). The trend lines in Figure 17 also suggests that the previously
reported poor correlation between SI (measured per ASTM D 5890) of PMBs and hydraulic
conductivity of PMB GCLs, shown in Figure 1, can be attributed to the segregation of the polymer

additive from the composite material during specimen preparation.
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Figure 17. Hydraulic conductivity (k) as a function of swell index (SI) for (a) only polymer-
modified bentonite (PMB) GCLs and (b) both conventional bentonite (CB) and PMB GCLs
permeated with MSW incineration ash leachates. [Note: For the CB GCLs (BA and BB),
specimens used for swell index testing were crushed and sieved according to ASTM D5890,
whereas uncrushed specimens were used for the PMB GCLs].
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2.2.4 Mechanism controlling hydraulic conductivity of polymer-modified bentonite GCLs
to MSW-I ash leachates

A simplified schematic of the CB and PMB GCLs used in this study is shown in Figure 18 to
illustrate the distribution of bentonite granules and polymer in the GCLs used in this study when
hydrated with the MSW-I ash leachates. Hydrating a CB GCL with MSW-I ash leachate resulted
in the formation of large intergranular pores of the bentonite granules in the GCL as shown in
Figure 18a. Hydrating the a PMB GCL with MSW-I leachate results in the formation of a viscous
polymer gel in the case of LPB GCL (see Figure 18b) or discrete polymer hydrogels in the case of
CPB GCLs (as shown in Figure 18c). The viscous polymer gel or discrete hydrogels occupy the
intergranular pores of the bentonite granules as shown in Figure 18d and e.

During permeation, the large intergranular pores in the bentonite fabric are responsible for
conducting flow (Mesri and Olson, 1971; Shackelford et al., 2000; Jo et al., 2001; Ashmawy et al.,
2002; Kolstad et al., 2004b; Chen et al., 2018), which typically results in high hydraulic
conductivity immediately after permeation with MSW-I ash leachate as depicted in Figure 19.
These intergranular pores will be physically occupied by discrete granules of polymer hydrogel
for CBP GCLs which yields a more tortuous flow path for the permeant solution, reducing the
flow rate and resulting in low hydraulic conductivity. However, because swelling capacity of
crosslinked polymer (SAPs) diminishes rapidly in high ionic strength solutions and solutions rich
in divalent cations (Lee and Wu, 1996; Zhu et al., 2014) (see Figure 20), more polymer is required
to occupy all the intergranular voids in the bentonite fabric as shown in Figure 19.

In the case of the LPB GCLs, due to the mobility of the polymer gel formed during hydration,
some of the polymer gel eventual elutes during permeation as reported in Table 5. Polymer elution
from the LPB GCLs used in this study, resulted in two possible outcomes as shown in Figure 21.
Outcome 1 (Figure 21b): polymer elution resulted in high hydraulic conductivity either
immediately during permeation or after some time (see Figure 12a). Outcome 2 (Figure 21c).:
Hydraulic conductivity of the LPB GCL remains low even after polymer elutes from the GCL
Figure 21c.

The evolution of measured hydraulic conductivity for LPBA-0.5 specimens permeated with
CD-MIN (I = 174 mM) and CD-AVG (I = 622 mM) is shown in Figure 22 to illustrate the two
possible outcomes depicted in Figure 21. As shown in Figure 21 hydraulic conductivity of the

specimen permeated with CD-AVG increased immediately after flow was initiated and remained
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in the 10 m/s range until termination after ~11.8 PVFs. The estimated total mass of polymer
eluted from the specimen was ~1.7 mg which corresponds to only 0.7% of the initial mass of
polymer that was in the specimen (see Table 5). however, for the specimen permeated with CD-
MIN, hydraulic conductivity of the was initially ~2.0x 107! m/s, then, decreased slightly to ~7 x
10""'m/s which is only 2.8 times lower [which is within the range of reproducibility identified by
Daniel et al. (1997) for hydraulic conductivity testing of GCLs], and then remained in the 10" 'm/s
range even after more than 5% of the initial amount of polymer in the specimen eluted. Similar
observations were made for all the LPB GCLs used in this study and suggests that the impact that
polymer elution had on the final hydraulic conductivity of the LPB GCLs depended on the
chemistry of the permeant solution. Polymer elution was detrimental to the hydraulic conductivity
of the LPB GCLs when ionic strength of the permeant solution is high.

The results of this study also suggest that the polymer blockage mechanism previously
hypothesized to control the hydraulic conductivity of PMB GCLs is only applicable to PMB GCL
containing crosslinked polymer because crosslinked polymers are water-insoluble therefore do not
easily migrate with the permeation solution as linear polymers do. A study was conducted to
investigate factors that influence polymer elution from LPB GCLs and the mechanism containing
the chemical compatibility of LPB GCLs (after polymer elutes). The result of that study is

discussed in the next section (i.e. Section 2.3)
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(b) Viscous polymer gel
(a mixture of linear polymer and permeant solution)

(a) CB GCL hydrated with MSW-I ash leachate

Remnant bentonite
Geotextile granules

Large intergranular pores

(c) Granules of hydrogel
(crosslinked polymer hydrated with the permeant solution )

| (d)LPB GCL hydrated with MSW-! ash leachate |

Intergranular pores of the bentonite occupied
by viscous of polymer gel

(e) CPB GCL hydrated with MSW-I ash leachate

Intergranular pores of the bentonite occupied by
discrete polymer hydrogels

Figure 18. Schematic of GCL containing (a) conventional granular bentonite (CB) (d) linear polymer bentonite (LPB) composite ()
crosslinked polymer (CPB) bentonite composite when hydrated with MSW-I ash leachate [Note: (a) large intergranular pores due to
suppressed osmotic swelling of bentonite. (b) The permeant solution mixes with linear polymer to form a viscous polymer gel which
occupies the bentonite intergranular pores as shown in (d). (¢) Crosslinked polymer imbibes the permeant solution, swells and fill the

bentonite intergranular pores in as shown in (e)].
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Figure 19. Conceptual models of physicochemical mechanism controlling the hydraulic conductivity of conventional bentonite (CB)
polymer-modified bentonite (PMB) GCLs containing crosslinked polymer when permeated with (b) water or dilute solution (ionic
strength of 50-200 mM), (d) moderately aggressive solution (ionic strength of 50-200 mM), and (d) aggressive solution (ionic strength
200-2000 mM).
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Figure 20. Raw images (a-c) and processed images (c-f) of hydrated bentonite extracted from CPB-5.5 which contains a blend of
bentonite and crosslinked polymer (Note: k£ = hydraulic conductivity; / = ionic strength. Images c-f were processed and analyzed using
Imagel software. The sizes of the particles in images c-f were estimated by approximating the shape of the particles with spheres).
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(a) LPB GCL after 48 h of hydration with
MSW-I leachate
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Figure 21. Effect of polymer elution on the hydraulic conductivity of polymer-modified bentonite (PMB) GCLs containing linear
polymer when permeated with MSW-I ash leachate (Note: LPB = Linear polymer bentonite).
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Figure 22. Hydraulic conductivity as a function of (a) pore volumes of flow and (b) percentage of
initial polymer eluted from specimens of LPBA-0.5 (a PMB GCL containing linear polymer)
permeated with CD-MIN (/ = 174 mM) and CD-AVG (I = 622 mM) [Note: The percentage of
initial polymer eluted is calculated as the cumulative mass of polymer eluted as a percentage of
the initial mass of polymer. The cumulative mass of polymer eluted is determine by integrating
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2.3 Investigating Factors Influencing Polymer Elution and the Mechanism
Controlling Chemical Compatibility of a Polymer-Modified Bentonite GCL
containing linear Polymer

Note: A manuscript containing majority of the text, figures and tables in the section is
currently under review in Geotextiles and Geomembranes Journal:
Wireko C.!, Abichou T.!, 2020. “Investigating the Mechanism Controlling the Chemical
Compatibility and Hydraulic Conductivity of a Bentonite-Polymer Composite GCL”
'Department of Civil and Environmental Engineering, Florida A&M University-Florida State
University College of Engineering, 2525 Pottsdamer St., Tallahassee, FL, 32310-6064, USA;
Based on the observations made during the study described in the previous section (i.e. Section
2.2), a study was conducted to investigate factors that influence polymer elution and the
mechanism controlling chemical compatibility of PMB GCLs containing linear polymer (LPB
GCLs) by performing a series of hydraulic conductivity and index tests on one commercially
available LPB GCL with 4.4% polymer loading (LPBB-4.4) using DI water, varying
concentrations of NaCl and CaCl; solutions. Comparative tests were also performed on one CB
GCL (BB) produced by the same manufacturer. The CB GCL contained the same (untreated)
granular bentonite and had the same physical properties as the LPB GCL (see Table 7 in Section
4 of this report). Polymer elution during permeation was quantified using the TOC concentration
in the effluent samples collected during hydraulic conductivity testing of the LPB GCL.
Physicochemical factors that affect polymer elution were investigated by performing viscosity
tests on slurries of bentonite extracted from the LPB GCL and duplicate hydraulic conductivity
tests on LPB GCL using varying average hydraulic gradient (at an average effective stress of 39
kPa). Based on the results of the hydraulic conductivity and index tests, a new mechanism
controlling the observed long-term chemical compatibility of LPB GCLs was proposed and

supported with additional cation analysis.
2.3.1 Hydraulic conductivity and free swell test results

Results of the hydraulic conductivity and free swell tests performed on the LPB GCL and CB
GCL are summarized in Table 6 and also plotted in Figure 23 for comparison. The total mass of
eluted polymer reported in Table 6 was calculated by integrating the measured mass of polymer in
each effluent sample, while the percentage of polymer eluted was estimated based on the initial
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polymer loading (4.4%) and the dry mass of bentonite in the LPB GCL (after subtracting the
measured dry mass of the geotextiles). The final water content and change in bulk GCL height are
also reported in Table 6.

The trends in measured swell index and hydraulic conductivity in Figure 23 shows improved
chemical resistance and hydraulic performance of the LPB GCL (as expected) relative to the
performance of the CB GCL when hydrated and permeated salt solutions (especially in the NaCl).
For example, the hydraulic conductivity of the CB GCL to 500 mM NaCl was ~2.0 x 107 m/s,
whereas that of the PMB GCL to 500 mM NaCl was ~1.4x 107! m/s, an improvement of more
than three orders-of-magnitude (see Table 6). Also, the hydraulic conductivity of the PMB GCL
to both 50 and 200 mM CaCl, was more two orders-of-magnitude lower than that of the CB GCL.

This improved chemical resistance and hydraulic performance of LPB can be attributed to the
linear polymer additive because the LPB GCL was manufactured using the same (untreated)
bentonite in the CB GCL. As shown in Figure 23a and b, the presence of the linear polymer seems
to increase the swelling capacity of the bentonite [also compare the final water content and relative
change in bulk GCL height of the LPB GCL (reported in Table 6) to that of the CB GCL]. Other
researchers have also reported improved swelling of bentonite treated with linear polymers (Di
Emidio et al., 2008; Katsumi et al., 2008; Di Emidio, 2010; Di Emidio et al., 2011; Scalia et al.,
2014; Sato et al., 2017; Prongmanee et al., 2018; Xu et al., 2018; Prongmanee and Chai, 2019; Yu
et al., 2019; Chai and Prongmanee, 2020; Fan et al., 2020).

As reported in Table 6, polymer eluted from the LPB GCL regardless of the chemistry of the
permeant solution (either with DI water or salt solution). However, the rate at which polymer
eluted and the effect of polymer elution had on the final hydraulic conductivity of the LPB GCL
depended on the concentration and valence of the dominant cation in permeant solution. The
underlying mechanism for the observation made on hydraulic behavior and chemical compatibility

of the LPB GCL will be discussed later.
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Table 6. Summary of hydraulic conductivity and free swell tests on a PMB GCL containing linear polymer and a CB GCL using DI
water, NaCl and CaCl, solutions

Cumulative
ASTM D6766 mass Percent
Termination criteria of initial
Swell met? polymer  polymer
index®  Average Kk AHY e eluteds eluted®
GCL? Permeant solution  (mL/2 g) i Duration! PVF® (m/s) Hydraulic Chemical (mm) (%) (mg) (%)
LPBB-4.4 DI water® 30.0 219 91 days 1.4 3.7x107" Yes N/A N/A  N/A 191.4 14.8
500 mM NacCl 10.5 284 62 days 17.6 1.4 %1070 Yes Yes 0.0 99 487.7 33.8
2000 mM NaCl 3.0 308 3.8h 9.7 1.7x10% Yes Yes -0.1 81 224.0 15.8
50 mM CaCl, 11.0 263 40 days 10.0  1.5x10° Yes Yes 0.8 124 279.8 20.5
50 mM CacCl, (D1) 11.0 490 48 days 167 22x10° Yes Yes 0.7 107 336.8 23.6
50 mM CacCl, (D2) 11.0 957 9 days 328 2.6x107 Yes Yes 0.5 113 239.8 17.3
200 mM CaCl, 7.5 265 14.6 h 107  1.9x10° Yes Yes 0.4 87 683.7 44.0
500 mM CacCl, 5.0 293 1.5h 209 5.8x10°8 Yes Yes 0.3 86 450.4 353
BB DI water® 26.0 234 39 days 43 20x10M Yes N/A N/A  N/A N/A N/A
200 mM NaCl 9.5 278 0.2h 54  13x107 Yes Yes 0.2 107 N/A N/A
500 mM NaCl 6.0 327 0.4h 257 2.0x107 Yes Yes 0.0 99 N/A N/A
1000 mM NaCl 5.0 316 0.4h 28.0 2.9x107 Yes Yes -0.2 89 N/A N/A
50 mM CacCl, 7.0 272 0.1h 4.1 1.9 x 107 Yes Yes 0.1 101 N/A N/A
200 mM CaCl, 5.5 314 0.4h 26.7 23 x107 Yes Yes -0.1 115 N/A N/A
500 mM CaCl, 5.0 272 0.2h 7.6 2.1x107 Yes Yes -0.3 84 N/A N/A

Note: i = Hydraulic gradient, £ = Hydraulic conductivity, PVF = pore volumes of flow, N/A = Not applicable, D = Duplicate AH =
Change in bulk GCL thickness, wr = final water content . All & tests were conducted under an average effective stress of 39 kPa

In the GCL designation, the first letter(s) indicates: B = Bentonite, LPB = Linear polymer-bentonite, And the last letter indicates the
manufacturer (A or B)

®Tests with DI water still ongoing

‘For the CB GCL, specimens used for swell index testing were crushed and sieved according to ASTM D5890, whereas uncrushed
specimen were used for the PMB GCL as recommended by Wireko et al. (2020)

4Does not include the period of hydration (2 days) and the time in-between readings (required to refill the influent canister with the
permeation solution)

°Calculated based on the final thickness of the bulk GCL specimen (except of ongoing tests where the initial thickness was used)
fCalculated as the difference between the initial and final thickness of the bulk GCL specimen
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£Calculated by integrating the product of the total organic carbon (TOC) concentration (in mg/L) and the volume (in L) of effluent
samples collected during permeation. And percentage of initial polymer eluted was estimated based on the initial mass of polymer in
the GCL specimen
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Figure 23. Results of the free swell (a and b) and hydraulic conductivity (¢ and d) tests performed
on a polymer-modified bentonite (PMB) and conventional bentonite (CB) GCL specimens using
NaCl solutions and CaCl, solutions. (Note: Results of the test performed using DI water is shown
on 1 mM for comparison. For the CB GCL, specimens used for swell index testing were crushed
and sieved according to ASTM D5890, whereas uncrushed specimen were used for the PMB GCL)
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2.3.2 Observations on the evolution of hydraulic conductivity of polymer-modified

bentonite GCLs containing linear polymer

Hydraulic conductivity versus PVF for the LPB GCL specimens permeated with DI water and
50 mM CacCls; solutions is shown in Figure 24 to highlight how chemistry of the permeant solution
affects evolution of the hydraulic conductivity of the LPB GCL. As mentioned before, polymer
elution occurred during all the hydraulic conductivity tests on the LPB GCL regardless of
chemistry of permeating solution. However, the consistency of the eluting polymer appeared to
be different for the different permeant solutions. For instance, the effluent tubes of the
permeameter were clogged with a highly viscous (thick) polymer gel eluting from the LPB GCL
when permeated with DI water which resulted in an apparent decrease in hydraulic conductivity
(see Figure 24a). During that test, the effluent tubes were unclogged to allow for flow into the
effluent side of the GCLs. (Note: the closed black arrows in Figure 24a indicate events where the
effluent tubes were unclogged). The eluting polymer from the specimen permeated with 50 mM
CaCl;, on the other hand appeared significantly less viscous and did not cause clogging of the
effluent tubes. However, hydraulic conductivity increased gradually (from ~2.2 x 10! m/s, to 1.5
x 107 m/s) as the test progressed due to polymer elution. Reybrock (2018) also reported that during
hydraulic conductivity testing of two BPC GCLs, tests with dilute leachates required periodic
unclogging of effluent tube whereas test with aggressive leachates did not require unclogging of
effluent tubes.

Figure 25 shows images of influent and effluent samples from hydraulic conductivity test on
LPB GCL specimens permeated with DI water (Figure 24a) and 50 mM CaCl, (Figure 24b)
solution. The turbidity of the effluent as compared to the influent is an indication that the polymer
gel migrated from the LPB GCL during permeation. One can also visually observe the difference
in consistency between the effluents from each test indicating that the viscosity of the eluting
polymer gel is a function of the chemistry permeating solution, as will be discussed in the next

section.
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Figure 24. Hydraulic conductivity as a function of pore volumes of flow for specimens of a
polymer-modified bentonite GCL containing linear polymer permeated with (a) DI water, (b) 200
mM NaCl, and (¢) 50 mM CacCl, solution (Note: The black filled arrows indicate points where the
effluent tube was unclogged).
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Figure 25. Influent and effluent from hydraulic conductivity test on specimens of a polymer-
modified bentonite GCL containing linear polymer (LPBB-4.4) permeated with (a) DI water, (b)
50 mM CacCl, solution.
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2.3.3 Polymer elution and hydraulic conductivity of linear polymer-modified bentonite

GCLs

2.3.3.1 Effect of cation concentration and valance on the rate of polymer elution

Figure 26 shows the rate of polymer elution as a function of concentration for hydraulic
conductivity tests performed on LPBB-4.4 using the NaCl and CaCl: solutions. The rate of
polymer elution was calculated by dividing the total mass of polymer eluted (in mg) reported in
Table 6 by the cross-sectional area of the GCL specimen (in m?) and the test duration (in seconds).
All tests had a non-zero polymer elution rate, suggesting polymer elutes regardless of the chemistry
of the permeant. However, the rate at which polymer eluted increases as the concentration of the
permeant solution increases. Moreover, the slope of the rate of polymer elution curve for
specimens of LPBB-4.4 permeated with the CaClz solutions is approximately nineteen times that
of the NaCl solutions (as shown in Figure 26), which is an indication of the difference in
interactions between the polymer and the Na* and Ca** cations. Polyvalent cations can contract
the polymer chains by crosslinking the functional groups within a polymer chain and/or between
individual polymer chains (Peng and Wu, 1999). This consequently reduces the polymer ability to
absorb water resulting in a lower viscosity polymer gel, which is less resistant to flow (Katchalsky,
1964; Mungan, 1972; Martin, 1975; Muller et al., 1979; Durst et al., 1981; Huber, 1993; Peng and
Wu, 1999; Schweins and Huber, 2001; Schweins et al., 20006).

Figure 27 shows the results of the viscosity tests performed on slurries of bentonite extracted
from BB and LPBB-4.4 (1:10 solid to liquid ratio) prepared with DI water and solutions with
increasing NaCl and CaCl, concentrations. The difference in polymer elution rate is associated
with viscosity of the gel formed by the polymer and the permeating solution. The additional
viscosity provided by the polymer decreases dramatically for CaCl, solution as the concentration
reaches 50 mM. For the NaCl solutions, however, viscosity of the LPB slurries was high than the
viscosity of the CB with DI water until the concentration of Na was greater than 200 mM. The
difference in viscosity between the CB and LPB is a manifestation of the additional viscosity
provided by the polymer (see the shaded regions in Figure 27). This difference in viscosity of the
polymer gel (i.e. the polymer-influent mixture) formed in the pore space between the bentonite

granules in the GCL significantly affects the rate at which polymer elutes from the LPB GCL.
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Figure 26. Rate of polymer elution from specimens of a polymer-modified bentonite GCL
containing linear (LPBB-4.4) as a function of NaCl or CaCl, concentration with DI water shown
on 1 mM [Note: The rate of polymer elution was calculated by dividing the total mass of polymer
eluted (in mg) by the cross-sectional area of the GCL specimen (in m?) and the test duration (in

seconds). Shows only data for GCL specimens permeated using comparable hydraulic gradient
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Figure 27. Apparent viscosity of slurries of bentonite extracted from a conventional bentonite (i.e.
BB) and a polymer-modified bentonite GCL containing linear polymer (i.e. LPBB4.4) slurries
(1:10 solid to liquid ratio) as a function of concentration of NaCl or CaCl, with DI water shown
on 1 mM (Note: the shaded region represents additional viscosity induced by the presence of the
polymer).
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2.3.3.2 Effect of hydraulic gradient on the rate of polymer elution

The results of the duplicate hydraulic conductivity tests reported in Table 6 are shown in
Figure 28 along with data from Petrov (1995) for a CB GCL permeated with distilled water, tap
water and NaCl solutions at different average hydraulic gradient (but comparable average effective
stress). As shown in Figure 28, hydraulic conductivity of the LPB GCL permeated with 50 mM
CaCl, at average hydraulic gradient of 263, 490 or 957 was practically equal (1.5 —2.6 x 10”7 m/s).
This result is consistent with the observations in literature for GCLs (Petrov, 1995; Petrov and
Rowe, 1997; Petrov et al., 1997a, b; Shackelford et al., 2000) and implies that the range of
hydraulic gradient used in this study (including Section 2.2) did not have any significant influence
of the final hydraulic conductivity reported for the LPB GCLs.

However, hydraulic gradient had a profound influence on the rate at which polymer eluted
from the LPB GCL and the duration of the test. To illustrate this, hydraulic conductivity is shown
as a function of PVF and the time elapsed in Figure 29a and b for specimens of the LPB GCL
permeated with 50 mM CaCl, solution using an average hydraulic gradient 490 and 957. As shown
in Figure 29a and b, the temporal behavior and final hydraulic conductivity of the specimens
permeated with an average hydraulic gradient 490 and 957 were comparable to that of the
specimen permeated using an average hydraulic gradient 263 which is shown in Figure 24c (also
see Figure 28 and Table 6). However, the hydraulic conductivity of the specimen permeated with
average hydraulic gradient of 490 was with the order 102 m/s for 32 days before starting to
increase and eventually reaching steady state after 48 days, whereas hydraulic conductivity
reached steady state after just in 7 days for the specimen permeated with average hydraulic gradient
of 957.

The rate of polymer elution is shown in Figure 30 as a function of the average hydraulic
gradient used for the duplicate hydraulic conductivity tests performed on the LPB GCL using 50
mM CaCl; solution. As shown in Figure 30 the rate at which polymer elutes increases as the
average hydraulic gradient increase, which consequently had significant impact on the duration of

the hydraulic conductivity test (see Table 6).
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Figure 28. Hydraulic conductivity versus hydraulic gradient for specimens of a polymer-modified
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from literature. [Note: CB GCL data from Petrov (1995). The reported hydraulic conductivity
values for both CB and BPC GCLs were measured at an average effective stress of 34-38 kPa].
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50 mM CaCl; at an average hydraulic gradient (iavg) of 490 or 957. [Note: Hydraulic conductivity
of the conventional bentonite (CB) GCL (i.e BB) permeated with 50 mM CacCl, is shown with a
dashed line in a and d respectively for comparison].
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Figure 30. Rate of polymer elution from specimens of a polymer-modified bentonite GCL
containing linear (LPBB-4.4) permeated with 50 mM CaCl, solutions at different hydraulic
gradients. [Note: The rate of polymer elution was calculated by dividing the total mass of polymer
eluted (in mg) by the cross-sectional area of the GCL specimen (in m?) and the test duration (in
seconds)].
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2.3.3.3 Effect of polymer elution on hydraulic conductivity of liner-polymer bentonite modified
GCLs

As reported in Table 6, polymer eluted from the LPB GCL regardless of the chemistry of the
permeant solution (either with DI water or salt solution). However, the impact that polymer elution
had on the final hydraulic conductivity of the LPB GCL depended on the chemical properties of
the permeant solution. The hydraulic conductivity results plotted in Figure 31 as a function of the
total mass of polymer eluted from each LPB GCL specimen permeated with DI water, the NaCl
and CaClz solutions. As mentioned before, hydraulic conductivity of the PMB GCL is not at all
correlated with the total mass of polymer eluted from the GCL. For instance, hydraulic
conductivity of the LPB GCL specimen permeated with 500 mM NaCl was ~1.4 x 1071° m/s,
whereas hydraulic conductivity the specimen permeated with 2000 mM NaCl was ~1.7 x 10 m/s
even though twice as much polymer eluted from the specimen permeated with 500 mM NaCl
(487.7 mg) compared to the specimen permeated with 2000 mM NaCl (224.0 mg).

Moreover, hydraulic conductivity of the LPB GCL specimen permeated with 500 mM NaCl
was more than two orders of magnitude lower than the specimen permeated with 500 mM CacClz
even though similar amount of polymer eluted from both specimens as shown in Figure 31 (also
see Table 6). This suggests that the same LPB GCL can have different hydraulic conductivities
even when the same amount of polymer is retained in the GCL. Salihoglu (2015) also made similar
observations (also see data reported in Figure 2). Therefore, the improved hydraulic performance
of the LPB GCL cannot be explained by the polymer blockage mechanism previously
hypothesized by Tian et al. (2016) and (2019). A new hypothesis or mechanism of bentonite-
polymer-permeant interactions is proposed in the next section to explain the improvement in

chemical compatibility and hydraulic conductivity of the LPB GCL (even when polymer elutes).
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Figure 31. Hydraulic conductivity of polymer-modified bentonite (PMB) GCL specimens as
function of (a) the total mass of polymer eluted and (b) the percentage of polymer eluted after
permeation with NaCl and CaCl; solutions. [Note: The total mass of polymer eluted was calculated
by integrating the product of the total organic carbon (TOC) concentration (in mg/L) and the
volume of effluent (in L) samples collected during permeation. Percentage of polymer eluted was
estimated by based on the total mass of polymer eluted and initial mass of polymer in the GCL
specimen.].
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2.3.4 Proposed mechanism controlling long-term chemical compatibility of polymer-

modified bentonite GCLs containing linear polymer

2.3.4.1 Proposed mechanism

Based on the results of the hydraulic conductivity and index tests, the following mechanism,
conceptually depicted in Figure 32, is proposed to explain the long-term chemical compatibility of
LPB GCLs (containing a blend of bentonite and linear polymer) as compared to CB GCLs (without
polymers): when the LPB GCL is hydrated with weak liquid (with low to moderate ionic strength
and/or low concentration of divalent cations), the polymer scavenges cations from the permeant
solution (see Figure 32c) and mixes with the solution to form a gel. During this initial stage, two
different liquid phases occupy the void space between the bentonite granules: (1) a newly formed
polymer gel (polymer-permeant) that has a higher concentration of cations associated with the
polymer (Figure 32c), and (2) an additional solution that fills the remainder of the void space
(Figure 32d). This second solution is characterized by lower ionic strength and lower cation
concentration than the incoming permeant, because some of the cations in the permeant solution
become associated with the polymer gel (see Figure 32c¢). This more dilute solution (not associated
with the polymer) is available for the bentonite granules to hydrate and swell. During this initial
stage, the montmorillonite particles can undergo osmotic swelling due to the reduced cation
concentrations in hydrating pore solution (as shown Figure 32¢). As the polymer gel is pushed out
of the pore space during permeation by the moving permeant (at a rate dependent on the viscosity
of the polymer gel) the so-called “house-of-card structure” attained by montmorillonite particles
(Olphen, 1977; Ashmawy et al., 2002; Katsumi et al., 2004) and increase in tightly bound water
molecules due to osmotic swelling of the bentonite (Jo et al., 2004) that occurred during the initial
hydration period controls the hydraulic conductivity of the GCL. This phenomenon is analogous
to the improvement in the hydraulic conductivity of CB GCLs when they are prehydrated with
water or dilute solution before permeation with waste leachate. However, when the PMB GCL is
hydrated with very aggressive liquid, as shown Figure 32f, the amount of polymer may not be
enough to scavenge all the cations (see Figure 32g and h). Therefore, osmotic swelling of the
bentonite is suppressed (see Figure 321), causing significant increase in hydraulic conductivity

when the front of polymer gel breaks through the GCL during permeation.
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Figure 32. Hypothesized mechanism of interaction between polymer-modified bentonite containing linear polymer and hydrating
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2.3.4.2 Theory behind proposed mechanism

The ability of linear (water-soluble) polymers to scavenge cations is well studied in
literature due to their application in environmental and industrial applications like recovery
of metals from waste water (Rivas et al., 2003; Rivas et al., 2009; Mukherjee et al., 2018;
Rivas et al., 2018). In a polymer-cation aqueous system, functional groups of the polymer
interact with the cations mainly through electrostatic forces and the formation of
coordination bonds (Rivas et al., 2003; Rivas et al., 2018). Intrinsic properties of the
polymer like the physical structure of the polymer, the molecular weight of the polymer,
and the nature of the functional group have significant impact on how the polymers
interacts with cations (Rivas and Moreno-Villoslada, 2000; Rivas et al., 2003; Rivas et al.,
2009; Rivas et al., 2011; Rivas et al., 2018). External factors like the surrounding pH,
temperature and the valence of the cation can also influence polymer-cation interactions
(Moreno-Villoslada and Rivas, 2003; Rivas et al., 2003; Rivas et al., 2009; Rivas et al.,
2011). Generally, water-soluble polymers have a stronger affinity to polyvalent cations
than monovalent cations (Moreno-Villoslada and Rivas, 2002; Rivas et al., 2003).
However, in a very low pH (<3) environment, interactions between the polymer and
polyvalent cations is limited due to charge screening of the functional groups on the
polymer chain by abundant H" ions (Rivas et al., 2003; Rivas and Aguirre, 2007).
Increasing concentration of polymer (i.e. polymer mass per unit volume solution) increases
the number reactive sites available for the polymer to bind cations (Rivas and Moreno-

Villoslada, 2000; Rivas et al., 2011).

2.3.4.3 Support for proposed mechanism: Free swell tests coupled with cation analysis

To demonstrate the mechanism of polymer scavenging cations, free swell tests were
performed by gradually mixing 2 g of PMB or CB GCL (in increments of 0.5g) with 50
mL of NaCl or CaCl; solution in centrifuge tube. After allowing the bentonite to swell and
settle for 24 h, the supernatant (i.e. the liquid above the bentonite gel) was decanted and
analyzed for Na* or Ca?*. For the LPB, the supernatant, believed to be a mixture of polymer
gel and the hydrating solution as shown in Figure 33a, was decanted into a different
centrifuge tube (see Figure 33b) and then centrifuged for 6 h to separate the polymer gel

77



Bentonite gel

from the hydrating (free) solution (i.e. the solution not associated with the polymer) as
shown in Figure 33c.

Figure 34 shows the results of the cation analysis performed on the hydrating solution
retrieved from free swell tests on the LPB and CB specimens performing using 50 mM,
100 mM and 500 mM NaCl, and 10 mM, 20 mM and 50 mM CaCl, solutions. The result
shows the mass of Na* or Ca®" in the supernatant (hydrating solution) relative to the initial
mass of the Na* or Ca’' in the test solution. The mass of cation was determined by
multiplying the concentration of cation by the volume of the supernatant. As shown in
Figure 34a and Figure 34b, the relative mass of Na* or Ca" in the hydrating solution of the
LPB was consistently lower than the CB for all the test solutions, and supports the
hypothesis that the polymer binds to some of the cations in the test solution making them
unavailable to the bentonite during initial hydration. The results of the free swell tests
coupled with cation analysis explains the observed chemical resistance and relatively lower
hydraulic conductivity of the LPB GCL compared to the CB GCL shown in Figure 23 (also
see Table 6).

(a) LPB + Solution (b) Supernatant

(c) Centrifuged supernatant

Polymer gel
+

Hydrating solution Hydrating

solution

Polymer gel

Figure 33. Method used to prepare the supernatant of the bentonite-polymer composite
(BPC) specimens for cation analysis after free swell tests performed on 2 g of bentonite
extracted from the PMB GCL using 50 mL of solution.
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Figure 34. Results of cation analysis performed on supernatant retrieved from the
flocculation tests performed by hydrating 2 g of conventional bentonite (CB) and
bentonite-polymer composite (PBC) specimens in 50 mL of NaCl (a) or CaCl, (b) solutions
of varying concentrations.
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3 Summary and Conclusions

The first objective of this study was to develop new alternative index tests or criteria to
predict the long-term hydraulic performance of the PMB GCLs. The second objective was
to mechanistically understand how aggressive leachates like MSW-I ash leachate affect the
performance of these second generation GCLs. This section showcases how these

objectives of the study were achieved.

3.1 Effect of Specimen Preparation on Index Properties of Polymer-

Modified Bentonite GCLs

The study presented in Section 2.1 (Section 2.1.1.1 and Section 2.1.1.2) of this report
was conducted to investigate how specimen preparation (crushing and sieving) affects the
swell index (SI) of PMB GCLs. SI tests were conducted on seven PMBs and the base
sodium bentonite (Na-B) obtained from one GCL manufacturer using DI water. The PMBs
contained granular Na-B dry blended with proprietary polymer. Based on information
provided by the manufacturer, four of the PMBs contained linear polymer (water-soluble
polymer), whereas the remaining three contained crosslinked polymer (superabsorbent
polymer). The PMBs and Na-B were prepared using the ASTM standard method (D5890)
and two alternative methods prior to SI testing. LOI tests were performed to estimate the
polymer content of the prepared specimens.

Based on the results of the SI and LOI the following conclusions can be deduced:

1. There are limitations in application of the ASTM D5890 standard procedure for

preparing specimens for SI testing, particularly for PMBs. For both the Na-B and
PMBs used in the study, <100% of the specimen passed through the #100 sieve
regardless of the amount of crushing performed using a mortar and pestle. For the
Na-B, 0.2% of the initial mass of the specimen was retained on the #100 sieve,
whereas up to ~4% of the specimen was retained on the #100 sieve for the PMBs.
2. The SI and LOI of the portion of the PMBs passing #100 sieve was comparable to
that of the Na-B, whereas the portion retained on #100 sieve had high SI (~50 to
550 mL/2 g) and LOI (~40 to 84%). These observations indicate that grinding and

sieving of the PMBs per the ASTM D5890 lead to segregation of polymer.
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3. Alternative specimen preparation methods investigated in this study showed that
unlike Na-B, crushing and sieving have significant influence on the SI of PMBs.
However, the effect was more profound for PMBs containing crosslinked polymer
due to the high swelling capacity of superabsorbent polymers.

4. The results of this study suggest that, in order to measure representative SI values
for PMBs, SI tests should be performed using uncrushed polymerized bentonite

received from the manufacturer or retrieved from the GCL.

3.2 Hydraulic Conductivity of Polymer-Modified Bentonite GCLs to
MSW-I Ash Leachates

The study presented in Section 2.2 of this report was conducted to evaluate the
hydraulic conductivity of PMB GCLs permeated with five synthetic MSW-I ash leachates
with ionic strength ranging from 174 mM — 1978 mM, using DI water as a reference
solution. Six PMB GCLs containing a dry blend of bentonite and proprietary polymers
were used in this study. The polymers used in the PMB GCLs were classified to be either
linear polymer (LP) or crosslinked polymer (CP) based on visual analysis of the swelling
characteristics of specimens extracted from the GCLs. Bentonite extracted from PMB
GCLs containing linear polymer (LPB GCLs) formed a viscous polymer-bentonite gel
when hydrated whereas bentonite from PMB GCLs containing crosslinked polymer (CPB
GCLs) formed a less-viscous bentonite gel with randomly distributed discrete polymer
hydrogels. The polymer loading of the PMB GCLs ranged from 0.5 — 5.5% (by dry mass
of the bentonite). Two CB GCLs (one from each GCL manufacturer) were also investigated
for comparison. Hydraulic conductivity tests were conducted on GCL specimens hydrated
and permeated with synthetic MSW-I ash leachate at average effective stress of 30 kPa —
39 kPa.

Based on the findings of the study, the following conclusions are drawn:

1. Hydraulic conductivity of the PMB GCLs permeated MSW-I ash leachates depends

on the ionic strength of leachate, the polymer loading in the GCL as well as the type

of polymer (i.e., whether the polymer is linear or crosslinked). The polymer loading
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of PMB GCL can be verified by performing loss on ignition (LOI) test on extracted
bentonite from the GCL, while a simple free swell test on the extracted bentonite
can be used to identify the type of polymer as shown in this study.

. PMB GCLs used in this study had hydraulic conductivity lower than 1.0 x 107! m/s
when permeated with the MSW-I ash leachate with ionic strength of 174 mM
(regardless of the polymer type or polymer loading), whereas the CB GCLs had
hydraulic conductivity greater than 5.0 x 10 m/s when permeated with the same
leachate.

. However, all the PMB GCLs used in this study had hydraulic conductivity greater
than 3.0 x 10! m/s when permeated with MSW-I ash leachate with ionic strength
exceeding 600 mM.

Similar to CB GCLs, prehydrating PMB GCLs with water improves the
compatibility of PMB GCLs to MSW-I ash leachates. Prehydration with water
seem to improve the performance of PMB GCL with higher polymer loading.

The relationship between swell index (SI) and hydraulic conductivity of PMB
GCLs, a strong correlation existed between SI and hydraulic conductivity of PMB
GCLs when the PMB specimens used for the SI tests were not subjected to any
form of crushing and sieving. Which suggests that SI (measured using polymerized
bentonite retrieved from the GCL) can be used to assess the compatibility of PMB
GCLs at least qualitatively to MSW-I ash leachates under low effective stress (< 40
kPa) during initial investigations.

. At similar polymer loading, LPB GCLs have lower hydraulic conductivity than
CPB GCLs when permeated with the same MSW-I ash leachate. This is because
linear polymers dissolves and diffuse uniformly in the bentonite matrix, therefore
are more efficient than crosslinked polymers in blocking flow during permeation.

. However, polymer elutes from LPB GCLs during permeation, regardless of the
chemistry of the permeant solution (i.e. whether permeated with DI water or MSW-
I ash leachate). This is because, unlike crosslinked polymers, linear polymers are

water-soluble, therefore, easily migrate with the leachate during permeation.
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8. Polymer elution affected the hydraulic conductivity of the LPB GCLs used in this
study when permeated with MSW-I ash leachates with ionic strength > 622 mM
but had small impact on hydraulic conductivity of the LPB GCLs permeated with
the MSW-I ash leachate with ionic strength of 174 mM.

9. The results of this study also suggest that the polymer blockage mechanism
previously hypothesized to control the hydraulic conductivity of PMB GCLs is only
applicable to PMB GCLs containing crosslinked polymer because crosslinked
polymers are water-insoluble therefore do not easily migrate with the permeating

solution as linear polymers do.

3.3 Investigating Factors Influencing Polymer Elution and the
Mechanism Controlling Chemical Compatibility of a Polymer-

Modified Bentonite GCL containing linear Polymer

A study was conducted to investigate factors that influence polymer elution and the
mechanism controlling chemical compatibility of PMB GCLs containing linear polymer
(LPB GCLs) by performing a series of hydraulic conductivity and index tests on one
commercially available LPB GCL using DI water, varying concentrations of NaCl and
CaCl; solutions. The LPB GCL contained a blend of granular bentonite and proprietary
linear polymer (with 4.4% polymer loading dry mass). Control tests were also conducted
on a commercially available CB GCL from the same manufacturer, containing the same
untreated bentonite and having the same GCL physical properties (geotextiles and bonding)
as the LPB GCL. Polymer elution during permeation was quantified using the TOC
concentration in the effluent samples collected during hydraulic conductivity testing of the
LPB GCL. Physicochemical factors that affect polymer elution were investigated by
performing viscosity tests on slurries of bentonite extracted from the LPB GCL and
duplicate hydraulic conductivity tests on LPB GCL using varying average hydraulic
gradient (at the same average effective stress).

Based on the findings of the study, the following conclusions are drawn:
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The linear polymer gel eluted during permeation of the LPB GCL, regardless of the
permeant chemistry (i.e. whether with DI water of salt solution). However, the rate
at which polymer eluted and the effect of polymer elution had on the final hydraulic
conductivity of the LPB GCL depended on the concentration and valence of the
dominant cation in the permeant solution.

The rate at which polymer eluted from the LPB GCL increased with the cation
valance and concentration of the dominant cation in the permeant solution. When
permeated with CaClz solutions, polymer eluted at a rate nineteen times faster than
with the NaCl solutions. This is because divalent cations can contract the polymer
chains by crosslinking the functional groups within a polymer chain and/or between
individual polymer chains which consequently reduces the polymer ability to
absorb water resulting in a lower viscosity polymer gel, which is less resistant to
flow.

The rate at which polymer eluted also increased with the average hydraulic gradient
used during permeation. However, hydraulic gradient did not have any impact of
final hydraulic conductivity of the LPB GCL.

There was no correlation between the final hydraulic conductivity and the mass of
polymer retained in the GCL. For instance, measured hydraulic conductivity of the
LPB GCL specimen permeated with 500 mM NaCl was ~1.4 x 107'° m/s, whereas
hydraulic conductivity the specimen permeated with 2000 mM NaCl was ~1.7 x
10" m/s even though twice as much polymer eluted from the specimen permeated
with 500 mM NaCl (487.7 mg) compared to the specimen permeated with 2000
mM NaCl (224.0 mg).

. Moreover, hydraulic conductivity of the LPB GCL specimen permeated with 500
mM NaCl was more than two orders of magnitude lower than the specimen
permeated with 500 mM CaClz even though similar amount of polymer eluted from
both specimens. This suggests that the same LPB GCL can have different hydraulic
conductivities even when the same amount of polymer is retained in the GCL. this
also implies that the improved chemical compatibility of the LPB GCL can be not

attributed to previously hypothesized polymer blockage mechanism.
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6. Free swell tests coupled with chemical analysis suggest that the chemical
compatibility of the LPB GCL, is due to the ability of the polymer to scavenge
cations from the solution, which allows the bentonite to undergo osmotic swelling
during the initial hydration period. Analogous to the mechanism for improved
hydraulic performance of CB GCLs prehdyrated with water, the dispersed structure
of the bentonite fabric and the increase of adsorbed water molecules, attained
during osmotic swelling, controls the long-term hydraulic conductivity of the LPB

GCL (even after the polymer is eluted).

4 Materials and Methods

4.1 Geosynthetic Clay Liners
Six PMB GCLs were used in this study. The GCLs were supplied by two major

manufacturers and contained a dry blend of granular Na-B and proprietary polymer(s).
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Two CB GCLs (one from each manufacturer) containing only granular Na-B were also
included in this study for comparison. For each independent GCL manufacturer, the PMB
GCLs were manufactured using the same bentonite used in the CB GCL. Table 7
summarizes the properties of all the GCLs used in this study.

The polymers used in the PMB GCLs were broadly classified to be either linear
polymer (LP) or crosslinked polymer (CP) based on information given by the
manufacturers and visual analysis of the swelling characteristics of specimens extracted
from the GCLs, even though the name of specific polymers were not disclosed by the
manufacturers. The PMB GCLs used in this study are designated herein as LPBA-0.5,
LPBA-1.5, LPBA-3.7, LPBB-4.4, CPBA-3.4, and CPBA-5.5, while the CB GCLs are
designated as BA and BB. For the first letter(s) in the GCL designation, “B” denotes
“bentonite”, “LPB” denotes “linear polymer-bentonite”, and “CPB” denotes “crosslinked
polymer-bentonite”, whereas the last letter indicates the manufacturer (A or B). The
numerical suffix in the PMB GCL designation is the polymer loading (content). Based on
information given by the manufacturers, all the CB GCLs and LPB GCLs commercially
available, whereas the CPB GCLs are new line of products that are in the
commercialization process. The intended industry application of each GCL is also reported

in Table 7.
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Table 7. Properties of GCLs used in this study

Geosynthetic clay liners

Conventional Bentonite-polymer composite
Property BA* BB LPBA-0.5° LPBA-1.5 LPBA-3.7 LPBB-44 CPBA-3.4 CPBA-5.5

Upper geotextile NW NW NW NW NW NW NW NW

Carrier geotextile W  SNW NW NW NW SNW NW NW
Reinforcement NP NP NP NP NP NP NP NP
Bentonite mass per unit area® (kg/m?) 4.3 4.1 5.4 4.8 5.5 4.1 54 4.9
Initial thickness (mm) 6.3 6.3 8.1 6.6 8.0 6.4 7.6 7.8
Initial water content (%) 185 7.7 15.8 19.3 17.5 7.4 19.6 19.4
Median granule size, Dso (mm) 0.9 0.5 0.7 0.8 0.8 0.5 0.7 0.8
Loss on ignition? (%) 1.6 1.6 2.1 3.1 53 6.0 5.0 7.1
Polymer loading® (%) - - 0.5 1.5 3.7 4.4 3.4 5.5
Polymer type® - - LP LP LP LP CP CP
Intended industry application® CON CON CAR CLR CLR CAR AL AL

Note: NW = Nonwoven, SNW = Scrim nonwoven, W = Woven, NP = Needle-punched fibers, - = Not applicable, LP = Linear polymer,
CP = Crosslinked polymer, CON =Conventional, CAR = Coal ash resistant, CLR = Chloride resistant, AL = Aggressive leachates

In the GCL designation, the first letter(s) indicates: B = Bentonite, LPB = Linear polymer-bentonite, CPB = Crosslinked polymer-
bentonite. And the last letter indicates the manufacturer (A or B)

®The numerical suffix in the bentonite-polymer composite GCL designation is the polymer loading in percent dry mass

‘Determined following ASTM D5993

dDetermined following ASTM D7348

°Estimated based on the loss on ignition (LOI) of bentonite-polymer composite after correcting for the LOI of the untreated bentonite
{Classified based on visual inspection of swelling characteristics of specimens hydrated with DI water
£Based on information provided by the GCL manufacturers
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Loss on ignition (LOI) test is commonly used to quantify the polymer loading of bentonite-
polymer composites (Scalia et al., 2014; Tian et al., 2016; Scalia and Benson, 2017; Chen et al.,
2019; Tian et al., 2019; Wireko et al., 2020). Polymer loading of all the PMB GCLs used in this
study was determined using LOI test performed in accordance with ASTM D7348. Specimens
extracted from the PMB GCLs were first oven-dried to a constant mass at 105 £ 5 °C. The
specimens then were ignited at 550 + 5 °C for 4 h using a muffle furnace. During the LOI test,
polymer additives were assumed to be the only constituents that are combusted completely. The
average percent mass loss of three replicate specimens sampled from unique locations in the GCL
was reported in Table 7 as the LOI. Polymer loading of the PMB GCLs was estimated using of the
average LOI of the PMB specimen after correcting for the LOI of the bentonite fraction (i.e. LOI
of the bentonite extracted from the CB GCLs). The LOI of the BA and BB reported in Table 7can
be attributed to loss of strongly bound water and impurities such as calcite and organic matter
(Scalia et al., 2014; Tian et al., 2016; Scalia and Benson, 2017; Tian et al., 2019; Wireko et al.,
2020). In addition to the GCLs, manufacturer A also provided samples of the raw bentonite and
bentonite-polymer composites used in making the GCLs and specified the measured LOI and
polymer loading of the samples. The LOI and polymer loading of the samples matched that of the
specimens extracted from the GCLs (reported in Table 7) and manufacturer specified LOI and
polymer loading values.

Figure 35a-c shows images of swollen bentonite extracted from BA (no polymer), LPBA-3.4
(containing linear polymers) and CPBA-5.5 (containing crosslinked polymers) after performing a
free swell test (ASTM D5890) on 2 g of the as-retrieved specimen (specimen not subjected to any
crushing or sieving) using DI water (hydrating for 24 h). Unlike, the untreated bentonite from BA
(which formed a non-viscous bentonite gel as shown in Figure 35a), bentonite extracted from PMB
GCLs containing linear polymers (LPB GCLs) formed a viscous polymer-bentonite gel when
hydrated (compare Figure 35b to Figure 35a). However, bentonite extracted from PMB GCLs
containing crosslinked polymers (CPB GCLs) formed a non-viscous bentonite gel with randomly
distributed discrete polymer hydrogels as shown Figure 35c. Based on information given by the
manufactures, all the CB GCLs and LPB GCLs commercially available, whereas the CPB GCLs

are new line of products that are in the commercialization process.
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Figure 35. (a-c) Images of water-hydrated bentonite extracted from a conventional bentonite (CB) GCL or a bentonite-polymer
composite (BPC) GCL containing linear polymers (LPB GCL) or a PMB GCL containing crosslinked polymers (CPB GCL) and (d-f)
images of a CB or LPB or CPB GCL specimens permeated with synthetic incineration ash leachates [Note: The granules of hydrogel
on top of the GCL in image (f) were manually extruded from the exposed peripheral of the GCL for visualization purpose. The numerical
suffix in the PMB GCL designation is the polymer loading in percent dry mass].
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The granule size distribution of bentonite extracted from the GCLs, shown in Figure
36, was obtained through mechanical sieve analysis following ASTM C136/C136M. Based
on the Unified Soil Classification System (USCS), bentonite extracted from all the GCLs
used in this study had granule size distribution similar to poorly graded sands (i.e. SP).
However, the bentonite in the GCLs supplied by manufacturer “A” had a medium granule
size (Dso) ranging from 0.7 — 0.9 mm, whereas bentonite from GCLs from manufacturer
“B” had practically the same granule size distribution with a medium granule size (Dso) of

0.5 mm (see Table 7).
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Figure 36. Granule-size distribution of conventional (in black) and bentonite-polymer
composite (in color) GCLs (Note: In the GCL designation, the first letter(s) indicates: B =
Bentonite, LPB = Linear polymer-bentonite, CPB = Crosslinked polymer-bentonite. The
last letter in the GCL designation indicate the manufacturer (A or B), whereas the
numerical suffix in the bentonite-polymer composite GCL designation is polymer loading
in percent dry mass of bentonite).
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4.2 MSW-I Ash Leachates

Five synthetic leachates were created for this study. The synthetic leachates were
representative of landfills where MSW-I ash are either disposed alone (i.e. ash monofills)
or co-disposed with MSW (i.e. co-disposal landfills). The chemical composition of the
synthetic MSW-I ash leachate was determined based on chemical analysis of real MSW-I
ash leachates collected and characterized by Li et al. (2019). The predominant cations in
real MSW-I ash leachates are Na*, K*, and Ca®*, whereas CI  is the predominant anion
(Townsend et al., 2015; Moody and Townsend, 2017; Li et al., 2019). Therefore, for
simplicity, Na* and Ca®" were used to represent all monovalent and divalent cations
respectively, while ClI" was the only anion species considered in this study. This was
considered conservative because, Tian et al. (2017) and Geng (2018) showed that unlike
CB GCLs, solutions containing only CI” species have more adverse effect on the hydraulic
conductivity of PMB GCLs than solutions containing a mixture CI” and other anion species
like sulphate (SOZ).

Two representative leachates were created for ash monofills (AM) landfills, and three
were created for co-disposal (CD) landfills. A summary of the measured chemical
properties of the synthetic MSW-I ash leachates used in this study are given Table 8. The
target concentration of Na* and Ca?" in the synthetic leachates was based on the minimum
(MIN), average (AVG) or maximum (MAX) concentrations of monovalent and divalent
cations of the overall leachate database for AM or CD leachates, whereas the target organic
content of the synthetic leachates was based on measured AVG or MAX total organic
carbon (TOC) concentration of AM or CD leachates in the database. The synthetic
leachates were prepared by dissolving reagent grade powdered sodium chloride (NaCl)
(> 99% pure, MilliporeSigma, St. Louis, Missouri), powdered calcium chloride dihydrate
(CaCl;-2H,0) (= 99% pure, MilliporeSigma, St. Louis, Missouri) in DI water. A technical
grade powdered sodium humate (< 90% pure, MilliporeSigma, St. Louis, Missouri) was
also added the synthetic leachates to present the TOC. The average carbon fraction of the
sodium humate was estimated to be 45.5% (by mass) based on TOC measurements of

sodium humate solutions prepared at different concentrations.
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The concentrations of major cations in the MSW-I ash leachates were verified using
microwave plasma atomic emission spectroscopy (MP-AES 4100, Agilent Technologies,
Santa Clara, California), following the ion chromatographic method in Rice et al. (2012).
And TOC of the synthetic leachates was measured using a Shimadzu TOC-VWS analyzer,
following the APHA method 5310C in Rice et al. (2012). Samples of the synthetic
leachates were filtered using 0.45 pum syringe filters before the cation and TOC
measurement. Triplicate samples were used in the measurement and the average was
reported. The electrical conductivity (EC) and pH of solutions were respectively measured
using an Orion 4-cell EC probe (Thermo Fisher Scientific, Waltham, Massachusetts) and

a pH sensor (Vernier Software and Technology, Beaverton, Oregon).

Table 8. Chemical properties of synthetic MSW-I ash leachates used in study

Measured cation Ionic
TOC? concentration (mM) CI® EC  strength® RMD¢
Designation (mg/L) Na* K' Ca** Mg?»* (mM) pH (S/m) (mM) (M)

CD-MIN 40 1150 09 190 02 1543 6.8 1.6 173.5 0.8
CD-AVG 40 3600 0.8 &87.0 0.2 5352 6.1 49 622.4 1.2
CD-MAX 119 5580 1.3 1790 0.1 863.0 6.1 7.9 1096.6 1.3

AM-AVG 10 551.0 1.4 1550 03 9175 6.0 6.9 1018.3 1.4
AM-MAX 11 1220.0 2.4 251.7 0.2 17262 6.0 12.5 1978.1 2.4

Note: CD = Co-Disposal, AM = Ash monofill, MIN = minimum, AVG = Average, Max
=Maximum, TOC = Total organic carbon, EC = Electrical conductivity, RMD = Relative
abundance of monovalent and divalent cations in the solution

®Represented with a technical grade powdered sodium humate purchased from
MilliporeSigma (St. Louis, Missouri)

Estimated based on anion—cation charge balance

“Calculated as I = 0.5 Y.c;z?, where [ is ionic strength, ¢; and z; are the concentration and
the valance of the i-th ion respectively

dCalculated as RMD = M,,/ M5, where M,, is the total molarity of the monovalent
cations and M}, is the total molarity of the divalent cations.
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The ionic strength (/) of the MSW-I ash leachates given in Table 8 is calculated as /=
0.5 Yc;z?, where ¢; and z; are the concentration and the valance of the i-th ion
respectively. Kolstad et al. (2004b) quantified the relative abundance of monovalent and
divalent cations by the parameter RMD which is calculated as RMD = M,,;/M3>, where
M, is the total molarity of the monovalent cations and Mj, is the total molarity of the
divalent cations.

Figure 37 shows the relationship between ionic strength and RMD of the synthetic
leachates used in this study. Data of the MSW-I ash leachates characterized by Li et al.
(2019) is also show in Figure 37 along with MSW-I ash leachate data from Ashmawy et
al. (2002) and Townsend et al. (2015). MSW leachate data from Bradshaw and Benson
(2014) and Townsend et al. (2015) are also plotted on Figure 37 for comparison. As shown
in Figure 37, MSW-I ash leachates typically have ionic strength > 100 mM. The ionic
strength of the synthetic AM leachates, i.e. AM-MAX and AM-AVG is ~1978 mM and
~1018 mM respectively. And ionic strength of the synthetic CD leachates, i.e. CD-MAX,
CD-AVG, and CD-MIN is ~1097 mM, ~622 mM and ~174 mM respectively. The synthetic
MSW-I ash leachates (in Table 8 and Figure 37) were classified as either MAX, AVG or
MIN only based on ionic strength because all the leachates used in the study had ionic
strength > 100 mM. Kolstad et al. (2004b) reported that ionic strength had a greater
influence than RMD on hydraulic conductivity of CB GCLs permeated with leachates with
ionic strength > 50 mM. Similarly, Chen et al. (2019) reported that for PMB GCLs
permeated with CCP leachates with ionic strength ranging from 39.5 mM — 975 mM, ionic
strength had a much greater impact on the hydraulic conductivity of the PMB GCLs as
compared to RMD for the leachates with ionic strength > 50 mM.
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Figure 37. Relationship between RMD and ionic strength of synthetic MSW-I ash leachates
used in the study [Note: RMD = Relative abundance of monovalent and divalent cations in
the solution, MSW-I ash = MSW incineration ash, CD = Co-Disposal, AM = Ash monofill,
MIN = minimum, AVG = Average, Max = Maximum, MSW = Municipal soil waste. AM
and CD leachate data from Ashmawy et al. (2002) and Townsend et al. (2015). The
classification of the synthetic MSW-I ash leachates as either MIN, AVG or MAX was
based on the ionic strength of the leachates. MSW leachate data from Bradshaw and
Benson (2014) and Townsend et al. (2015)].
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4.3 Hydraulic Conductivity Tests

Hydraulic conductivity tests were conducted on the GCLs in flexible-wall
permeameters using the falling headwater-constant tailwater method in ASTM D5084 and
ASTM D6766. The permeameters used in this study had ' in tubing and fittings. The GCL
specimens were hydrated with tap water or MSW-I ash leachate for 48 h with the effluent
line closed. After hydration, the GCLs were permeated with MSW-I ash leachate under an
average effective stress of 30 — 39 kPa and average hydraulic gradient of 120 — 310
(depending on the final bulk GCL thickness). High hydraulic gradient (ranging from 50 up
to 2800) is frequently used in hydraulic conductivity testing of both CB and PMB GCLs to
shorten test duration (Daniel and Shan, 1993; Petrov and Rowe, 1997; Petrov et al., 1997a,
b; Ruhl and Daniel, 1997; Shackelford et al., 2000; Shackelford et al., 2010; Tian et al.,
2016; Chenetal., 2018; Tian et al., 2019; Zainab and Tian, 2020). Shackelford et al. (2000)
showed that hydraulic conductivity of GCLs is not sensitive to hydraulic gradient. Gravity
heads were used to apply cell pressure (20 kPa) and hydraulic gradient for long-term testing
of the GCL specimen permeated with DI water.

No backpressure was applied during permeation to facilitate the collection of effluents
for periodical electrical conductivity (EC) and pH measurements. Termination criteria for
the hydraulic conductivity tests were defined according to the ASTM D6766. The hydraulic
termination criteria require hydraulic conductivity to be steady and the ratio of outflow to
inflow to be within in 1.0 £ 0.25, and chemical termination criteria require that the ratio of
effluent to influent EC and pH to fall within 1.0 + 0.1. All the tests met the hydraulic and
chemical termination criteria except for LPBA-3.7 permeated with CD-MIN which is still
ongoing and has not met the chemical equilibrium criteria due to low pore volume of flow
(PVF). Hydraulic conductivity of the GCLs permeated with DI water was used as reference

therefore chemical termination criteria were not deemed important for those specific tests.
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4.4 Total Organic Carbon Analysis (Quantification of Polymer Elution)

Effluent from the hydraulic conductivity tests on the PMB GCLs containing linear
polymers (LPB GCLs) was visually more viscous than the influent regardless of the
chemistry of the permeant solution (i.e. whether permeated with DI water or MSW-I ash
leachate), which indicated that polymer eluted from the LPB GCLs during permeation.
Similar observations have been reported in the literature for PMB GCLs permeated with
leachates and salts solutions (Tian et al., 2016; Tian and Benson, 2017; Tian et al., 2017,
Chen et al., 2019; Tian et al., 2019). However, no visual evidence of polymer elution was
observed during permeation of the PMB GCLs containing crosslinked polymers (CPB
GCLs). Image of one LPB GCL specimen (LPBA-3.7) permeated with a synthetic MSW-
I ash leachate is compared in Figure 35 with a CPB GCL specimen (CPBA-5.5) which has
also been permeated synthetic MSW-I ash leachate. Image of one CB GCL specimen (BA)
permeated with a synthetic MSW-I ash leachate is also shown in Figure 35 d for
comparison. As shown Figure 35 e, there are strains of polymer gel between the surface of
the LPB GCL specimen and the adjacent geotextile used for flow distribution, which
indicates polymer elution. However, for the CPB GCL shown in Figure 35f, no such
observed was made. This is because unlike linear polymers, crosslinked polymers are not
completely water in soluble (compare Figure 35b and Figure 35 ¢), so do not migrate during
permeation.

To quantify the total mass of polymer eluted from the PMB GCLs during permeation,
the total organic carbon (TOC) concentration in each effluent sample was measured using
a Shimadzu TOC-VWS analyzer in accordance with APHA method 5310C in Rice et al.
(2012). Five calibration standard solutions were prepared by diluting 1000 mg/L anhydrous
potassium hydrogen phthalate with DI water. Prior to analysis effluent samples were
diluted 25 times in 40 mL glass vials to keep the carbon content within the range of the
standard solutions. DI water was randomly place in between samples as check to ensure
accuracy of measurements. The measured TOC concentration was corrected to account for
the TOC concentration of the influent leachate. And the mass (in mg) of eluted polymer in
the effluent sample was calculated as the product of the corrected TOC concentration (in

mg/L) and the volume of effluent sample (in L).
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4.5 Viscosity Tests

Linear or water-soluble polymers like Na-CMC, PAA and PAM used in polymer-
modified bentonites and mixtures proposed for aggressive liquid applications have
hydrophilic functional groups such as carboxylic acid and amide groups that have the
ability to form coordination bonds, therefore making them soluble in aqueous media
(Chatterji and Borchardt, 1981; Rivas et al., 2003; Williams, 2007; Kadajji and Betageri,
2011; Rivas et al., 2018). The conformation of the polymer chains of water-soluble
polymers depends on the concentration and the valence of the predominant cation of
hydrating liquid, and is directly related to viscosity of the polymer gel (Katchalsky, 1964;
Mungan, 1972; Martin, 1975; Muller et al., 1979; Chatterji and Borchardt, 1981; Durst et
al., 1981; Billmeyer, 1984; Huber, 1993; Peng and Wu, 1999; Schweins and Huber, 2001;
Schweins et al., 2006).

Hence, to investigate the effect of cation valence and concentration on polymer
elution, viscosity tests were conducted on bentonite slurries prepare by mixing bentonite
extracted from the PMB or CB GCL with NaCl and CaCl, solutions. A Brookfield Digital
Rheometer (Model DV-III+, AMETEK Brookfield, Middleborough, Massachusetts) was
used to measure the apparent viscosity of PMB and CB slurries. The viscometer applies
torque to rotate a spindle by a motor through a calibrated spring. The deflection of the
spring measures the drag on the spindle. The slurries were prepared by gradually adding
20 g of air-dried PMB or CB (in increments of 1 g) to a plastic bottle already filled with
200 mL of the permeant solution and shaking vigorously until the slurry homogenized. No
mechanical mixer was used to prevent break down of polymer chains. The slurries were
aged for 24h and then shaken vigorously before viscosity was measured. The speed of the
viscometer was fixed at 250 RPM and the spindle number was selected so the viscosity
reading fall within 10-90% torque as recommended. All the viscosity measurements were

performed at room temperature.
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