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ABSTRACT

ZEOLITE-AMENDED BACKFILLS FOR ENHANCED METALS CONTAINMENT VIA

SOIL-BENTONITE VERTICAL CUTOFF WALLS

Low hydraulic conductivity K), soikbentonite (SB) vertical cutoff walls are commonly
usedto contain contaminated groundwater in geoenvironmental applications. The dbthe
SB cutoff wallsis attributed, in part,to the high swelling property of the bentorcmponent of
the backfill In addition the high cation exchange capaciGHC) of the bentonitgtypically on
the order of 80 to 158mol./kg, imparts some intrinsiattenuation capacitio the backfill for
cations €.g., metals)via cation exchangeHowever, due to the low amounts of bentorite
typical SB cutoff walls {.e.,, <10 % by dry weight)this attenuation capacity is limiteid
traditional SB cutoff wallsTherefore,consideration has been given to amendyiy backfills
with zeolites to enhancéhe attenuationor adsorption capacity. Zeolites are naturaltgurring
aluminosilicates witthigh CEC (180to 400 cmol./kg) anda cagelike structure thatllow the
zeolites to perform as a moleculareveandasadsorbentéor ammonium, heavy metals, cations,
and radioactive wastewater.

In this study, three types of zeobtéwo types of chabazite aralclinoptilolite) were
usedas amendments for SB backfills to enhance the adsorption capacity with resjveat t
metals viz,, potassium(K) and zinc (Zn). The results of measurements of tekimp,
consolidation behavipandk of the unamended armoliteamended SB backfillaith < 10 %
zeolite (by dry weight) confirmed that the zeolitamended SB backfdl exhibited similar

physicalproperties compared to those for the unamended SB baakdiliding thelow k (<



1.0x10° m/s) typically required for SB vertical cutoff wall§he resultsof batchequilibrium
adsorption tests (BEAT#)dicatedthat the added zeolite increasbd adsorption capacitf the
SB backfill butthe effectiveness differed falifferenttypes of zeolite andhe different metab
(i.e,, K and Zn). The results of numerical simulations fsansport of K and Zn through a
hypotheticall-m thick model cutdfwall based on the results of the BEAihslicated thathe
barrier containment durationsicreasedrelative to that for the unamend&B backfill by as
much as108 yrand 228 yr for backfills with 5 and 10 % zeoldenendmentrespectively.
Finally, the esults oflongterm column tes$ (1.05 to 3.75 yry indicated that theetardation
factor Ry) for K with the 5 % zeoliteamended SB backfills weéa4 to 3.2 timegreater than
that for the unamende®B backfill, whereasRy for Zn was 1.4 to 2.2 timegreater than that for
the unamended SB backfill. Based on the results of this study, the addition of soatitsuof
zeolite (< 10 % by dry weight)to traditional SB backfills carsignificantly enhance the
adsorption capacity of thé&B backfills for metad, thereby enhancing the containment
performance of vertical cutoff walls comprising zecht@endedSB backfills. However,the
magnitude of any enhanced containment is dependent on both the adsorption capacity and the
adsorption behavior of the specificetal with the specific backfilland will be dependent on

both the type and amount of the addedlite
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CHAPTER1 INTRODUCTION

11 BACKGROUND

Soil-bentonite (SB) verticatutoff walls are used extensively &s situ containment
barriers to prevent or control subsurface migratiocarftaminated groundwatee.d., USEPA
1984; Ryan 1984, 1987; Daniel and Koerner 19@8nasserceet al. 1995 Rumer and Mitchell
1995 Rumer and Ryan 1995; LaGreghal 20QL; Mitchell et al 2007;Fanet al 2014; Du et
al. 2015;Hudak2016). These barriers are constructed by excavating a trench to a desired depth,
typically using a backhoe for shallower depths and a clamshell for deeper depthmgy plac
bentonite slurry comprising a mixture of water with 36 (dry weight) sodium bentonite into
the excavated trench to maintain trench stability, mixing the trenched spoils witienkonite
slurry to achieve a desired slump of 100 to 150 (B8r@ to 5.9 in), and backfilling the slurry
filled trench with the slurry mixed trench spofi., backfill), thereby displacing the slurry from
the trench and forming a relativelgw-permeability barrier thatimpedesgroundwater flow
(Xanthakos 1979, D'Appolonia 1980, Spooatrl 1984, Ryan 1987, Millett al. 1992, Evans
1994, Rumer and Ryar9®5). The width of SB vertical cutoff walls generally is the same as the
width of the trenching equipment, which typically is on the order o106 m. Depths on the
order of 50 m are possible.q., Ryan and Spaulding 2008), although shallower depti3 (m)
are more common.

The preferred use of SB vertical cutoff walls relative to other options such st
treatment technologies results from several considerations. First, SB Iverto#f walls
typically arecheaper than treatment systems. 8d¢8B vertical cutoff wallause less risk of
contaminant exposure during construction. Th8B vertical cutoff wallcan be usetb contain

contaminated groundwatantil more efficient and/or more cost effective treatntenhnologes



are developed (Shackelford and Jefferis 200Bor cases in which treatment etibsurface
contaminationcontained with SBvertical cutoff walls is not feasible due to a lack of cest
effective treatment technologigbe performance period requiréat cutoff wallsto dfectively
containthe contaminant®ften is undefined (Inyang and de Brito Galvao 9004thesecases, a
cutoff wall may be expected to perfofor a longperiod €.g., a decade or moy.g-or this reason,
increasingly greateconsideration is being giveto contaminant attenuatiowithin the SB
backfill due to physical, chemical, and/or biological reactiédtihhough most SB vertical cutoff
walls have some intrinsic capacity to attenuate specific contaminants duriragiomghrough
the walls (e.g., via adsorption of metals to the bentonite portion of the backélnilable
evidence suggests that this intrinsic attenuategpacity is limited (Shackelford 1892014). As
a result, the concept of designing SB vertical cutoff walls with enhancedatiten capacities,
often referred to as "reactive barriers," has emerged over the past fewdeaadBierck and
Chang 1994; Evanst al. 1997; Evans and Prince 1997; Patkal. 1997; Rabideaet al. 1999;
Shackelford 198, Malusiset al. 2009, 2010; Hongpet al. 2012, 2016). In the case where the
primary attenuation mechanism is adsorption, for example via cation exchangenehded
barriers are referred to more specifically as "sorbing" barreays Rabideatetal. 2001; Matott
et al 2009) Barriers with enhancedadsorption capacitycan delay solute (contaminant)
breakthrough for prolonged periodsd, Malusiset al. 2010), and a number of different sorptive
amendmentbave beertonsideredor earthen containment barrieracludingzeolites (Evangt
al. 1990, Allertoret al. 1996, Evanst al. 1997).

Zeolites arenaturally occurringhydrated aluminosilicatenineralsformed by alteration
of glassrich volcanic rocks (tuff) with fresh or saline wai&vanset al. 199Q Baileyetal. 1999

Badillo-Almarazet al. 2003 GebremedhirHaile et al. 2003 Castaldiet al. 2008) The zeolites



are commonly used as adsorbents for ammonium, heavy metals, cations, and radioactive
wastewater treatmen{®ernal and LopeReal 1993 Jacobs and Forstner 1999uan et al.
1999; Erdemet al. 2004; Inglezakis 2005Castaldiet al 200§. The adsorption mechanism of
zeoliteis known to becaion-exchange, due to the relativedligh CECs of zeolite typically on

the order of180 to 400 cmol/kg, and cagdike structure thatallows zeolites to perform as
molecular sieve Evanset al 1990; Colella 1996Mumpton 1999 Bish 2006§. Factors that
affect the cation exchange of zeolite aoncentrationsize and charge of the cation, the anion
associated with the cation, temperature, solvent sinettural characteristicsif., size and
geometry of the pores, cavities and intraminenalrochannelspr cagestructureof the zeolite
framework(Mondaleet al. 1995 GebremedhirHaile et al 2003). Compared to clay minerals,
zeolites have similar surface chemiskwyt in naturecan occur ag& mm-size particles and are
free of shrinkswell behavio{GebremedhirHaile et al 2003) In nature, there anmore than 40
different species of zeolitic mineralsjth clinoptilolite, mordenite, ferrierite and erionibeing
found abundantly (Zamzowet al. 1990).

The potential useof zeolite amendmerst for compacted sandentonite mixtures or
compacted clays liners for waste containment applications has been evaluated in a limited
number of studiegEvanset al 1990, Kayabali 1997, Tuncaet al 2003, Kaya and Durukan
2004).The results of these studies suggest that amending SB backfill with zeolitesaglbe
useful as a means to enhance the sorption capacity of SB cutoff walls for inoggaamioants,
such as heavy metale.g, Cd”*, zr*"). However, ew studies have evaluated zeolites as
amendmentgo enhance thattenuationcapacity ofbackfills for vertical cutoff walls, all of
which have been limited in scope (Bradl 1997; Evans and Prince 1997; &wan$997). Such

evaluations typically requir®éatch adsorptiontests and/orcolumn tests with barrier specific



materials and sitgpecific chemicasolutions to determine the viability and optimum amounts of
reactive materials considered for use in the reactive barriers.

For example, the study by Bradl (1997) included experimental adsorptionsidstwath
sorbents containing % of two zeoliteswith respect tdwo potential contaminantsjz. lead and
toluene However, no adsorption or transport modeling based on the adsorption test results was
evaluated. Evans and Prin@@97) evaluatedhe use of different amounts of one type of zeolite
with respect tothe sorption ofcadmium (Cd®*) over a limited concentration range where the
adsorption behavior asconsidered lineaAlso, Evanset al. (1997) evaluadtwo zeolites with
respect to Cd and zinc (ZA"), with sorbents containing only 5 % zeolite, and the concentration
ranges of the contaminants were limited to the extent that the adsorption telb&@d" and

Zn** were considered lineam support ofanalytical transport modeling.

12 GOALSAND OBJECTIVES

Given the aforementioned backgrounakg primary goal of thisresearchwas to evaluate
the existence and persistenceeohancedttenuatiorcapacity for zeoliteamendedSB backfills
compared to the unamended SB backfill. This goal awesomplishedby evaluating the

following hypothess:

Because of the high cation exchange capacities offered by netofigds, the addition of
small amounts<{ 10 % by dry weight) of zeolite to an otherwise dmhtonite(SB)
backfill will result in enhanced performance of the backfill with respeektendingthe
duration of containment of metals without significantly affegtthe other engineering

properties of the backfill such as compressibility and hydraulic conductivity.



This hypothsis was evaluated by completing the following objectives:

(1) evaluate theapplicability of zeoliteamendedSB vertical cutoff wallsas hydraulic
barriess;

(2) quantfy the enhancedhttenuation oradsorption capacity of theeoliteamendedSB
backfills compared to the unamendsB backfill;

3) compare thedelay in solute transport througha hypotheticalvertical cutoff wall
comprisingthe unamendedr zeoliteamended®B backfills via numerical modelin@gnd

(4) confirm the enhanceddsorption capacitgf the zeoliteamendedB backfills relative to
the unamended SB backfill by performirigngterm column testing under flow

conditionscomparable tohose for aractual cutoff wall

The primary goal of this research was achieved by characterizing the physical an
chemical properties of theeoliteamendedSB backfills in comparison to the unamended or
traditional SB backfill. The physicalcharacteristics ofhe zeoliteamended SB batikKs with
different types and amounts of added zeolite were evaluatezfms of slump, consolidation
behavior, and hydraulic conductivity The enhancedadsorption capacity with respect to
potassium (K) and zinc (Zndf the zeoliteamended SB backfills win different types and
amounts of added zeolitwas verified experimentallyin terms of both batch equilibrium
adsorption tests (BEATSs) and column tests.

The results of thisresearchextend the results of previous studies by including the
adsorption behaviors of two metals over a wider range of concentrations and for a widr varie
of zeoliteamended backfills than have previously been evaluéteaddition,the duration and

uniqueaspects othe longterm column testswhich lastedfrom 1.05 to 3.75 yr, conducted in



this studyhave not heretofore been attemptédthough the BEAT and column tesésults
confirmed the potentialise of zeolite amendment tmcreasethe attenuation capacity of SB
backfills for enhanced metals containmehe extent of improvement was affected by the testing
conditions and theelectivityof the added zeolite.

Overall, heresults of thigesearcltconfirmedthe proposed hypothesisthatthe zeolite
amended SB backfdl exhibied similar engineering propertidsit greater adsorption capacities
that would equate to longer containment durations of both K and<a. result, this research
advance®ur present understanding the performancef the zeoliteamendedB backfills and
contributego the base of knowledge needed towandsrporatingzeoliteamended SB backfills

in the design o6B vertical cutoff wallgor subsurfacehemical containment.

13 OVERVIEW OF DISSERTATION

This dissertation includes six chapters. Chapters 1 and 6 providintreuction"and
"Conclusions,"respectively, for the overall study. The substantive results of the study are
included in Chapters 2 through 5.

Chapter 2on "Consolidation and Hydrawi Conductivity" presentshe results of a
comparison of the measurstlimp,consolidation behavipand hydraulic conductivityk) of an
unamendedB backfill and the same SB backfill amended w&o (by dry weight)of two
different types of natural zeolite, referred tochgabaziteUB and clinoptilolite and 0, 2, 5and
10 % (dry weight) of a zeolite referred to aBabaziteLB. The results show thaalthough the
slump, consolidation behaviandk of the zeoliteamended SB backfill differeslightly relative
to that for the unamended SB backfill, all of the testmlite-amended SB backfillsatisfiedthe

low k < 1.0x10° m/stypically requiredfor manygeoenvironmental containment applications.



Chapter 3on "Adsorptive Behavior" includagsultsof batch equilibrium adsorption tests
(BEATS) using unamended and zeolimmendedSB backfills with 5 and 10 % of the
aforementionedthree types of zeolites the sorbents andCl and ZnCl, solutions with
concentratioarangng from 0.1 to 1,000 mMas the sorbateShe BEAT results wereegressed
usingthe Langmuir and Freundlicddsorption model® obtain the adsorption parameters which
wereusedsubsequently as inpédr numericalmodel simulations itChapter4. The results show
thatzeolite amedmentsignificantlyincreasedhe adsorption capacity of the SB backflf each
metal, although the increase in adsorption capacity for K was grbatethat for Zn, all other
factors being equalThe greaterincrease in adsorption capacity f&r relaive to Zn was
attributed tathe preferential selectivity of the added zeolitesKorAlso, the adsorption behavior
of both K and Zn was consistent with cation exchange as the dominant mechanismdprovide
chemical speciation (complexation) of Zn was taken into account.

Chapter 4on "Numerical Modeling' presens the resuls of model simulations foa
hypotheticall-m-thick cutoff wall comprisingthe unamendedr zeoliteamendedSB backfills
with 5 or 10 % ofthe aforementioned three types of zealised to contaichemical solutions of
KCI or ZnCl, at constant concentrationsf 100, 1,000,and 10,000 mg/L.The regressed
parameters for the Langmuir and Freundlich model obtained in Chapter Biseeles inputfor
modeling the adsorption behavior of K and Zn during migration through the barher
simulation results werevaluatedn terms of flux breakthrough curves and breakthrough tione
K and Zn The results show that treesorptioncapacity of the backfills depleted faster as the
source concentration increasedsulting in an earlier solute breakthroughe breakthrough of
K through thebarrier increased with increasing zeolite contemhereasan increase in

breakthroughwith increasing zeolite contemiccurred for Zn only in the case of the highest



source concentration for ZnCof 10,000 mg/L.The earlier breakthrough in Zn for the zeolite
amended backfills relative to the unamended backfill resulted directly fronartbmalous
adsorption behavior faZn at the two lower source concentrationg.{ 100 and 1,000 mg/L)
whereby the maximum adsorbedncentration of Zn generally was greater for the unamended
backfill relative to the zeolitamended backfills due to the overlap in regressed adsorption
behaviors at the lower concentrations.

Chapter 50n "Long-Term Column Testing" presens the resultsof longterm column
tess for the unamended and zeolaemendedSB backfills comprising 5% of chabaziteUB or
clinoptilolite, or 5 and 10 % ofchabaziteLB, permeated with solutions of KCI, ZnClor a
mixture of KCl and ZnC}. Different methods for analyzing tlegfluent concentratiordatawere
evaluatedwith the conclusion that the cumulative mass rdfivR) analysis produced the most
reliable results The hydraulic conductivity when permeated with the salt solution increased,
exhibiting some incompatibility, still all of the backfills satisfied tber hydraulic conductivity
requirement for geoenvironmental containment applicaioask < 1.0x10° m/s) The increase
in the adsorption capacitpf the metalscorrelatedwell with the measured cation exchange
capacity CEQ of the backfills, supporting the conclusion of Chapdethat the primary
mechanismof adsorption for the metalswas cation exchange. Comparison of the column test
results with the BEAT resultsfrom Chapter3 confirmed that the excess soluble salts and
selectivity of the added zeolitesterferedwith the adsorptionof Zn for the zeoliteamended
backfills forthe BEATS, such that wheithe interferencevas removed for the column tgsthe

adsorption of Zn caoectly reflected th€ EC for chabazitdJB and clinoptilolite.
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CHAPTER 2 CONSOLIDATION AND HYDRAULIC CONDUCTIVITY

21 INTRODUCTION

Soil-bentonite (SB) vertical cutoff walls historicalhave been used &s situ barriersto
control groundwateduring constructiorfLaGregaet al 200J). Thetypical construction process
of SB slurrytrench cutoff walls involve excavating a trench into subsurface sailsd
simultaneously filling the trench with bentonite@ater slurry to maintain the stability of the
trench prior to backfilling. Trench spoils or imported materials are mixed withdamentis €.g,
dry bentonite) and backfilled into the trench, and mixed wittb#rgonitewater slurry to create
a backfill with consistencto providea low hydraulic conductivityk (i.e., k < 1.0x108m/s),and
impede groundwater flow (Xanthakos 19T8Appolonia 1980 Spooneet al 1984 Ryan 1987
Millet et al 1992; Evans 1994; Rumer and Ryan 1995).

The application of SB cutoff wallsfor geoenvionmental containment to preveat
control subsurface migration of contaminagdundwaterhas been prevalelftt SEPA 1984)
andis becoming more common, as these vertical barriers are typically cheaper thaertteatm
systemsgcause less risk of contaminant exposure during construction, and can be usedro contai
contaminated groundwatantil a more efficient and/or more cost effective treatment technology
is developed Shackelford and Jefferi00Q. For cases in which treatmie of subsurface
contaminationcontained with SB cutoff walls is ndeasible due to a present lack of eost
effective treatment technologigbe performance period requiréat cutoff wallsto dfectively
contain the contaminants often is undefineydng and de Brito Galvao 20P4In these cases,
the cutoff wall may be expected to perforfor a long period (years to decadesuch that

contaminant diffusion may adversely impact the containment performancecoftdtiievall.
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For this reason, increasingly greater consideration is being givecorttaminant
attenuation €.g, adsorption capacity) as an important mechanism for improving thetérng
performance of SB cutoff wallssed for geoenvironmental containméng, Shackelford 199;
Danielset al 2004 Malusiset al 2009).Barriers with enhanceddsorption capacitgandelay
solute (contaminant) breakthrough for prolonged periadg, (Malusis et al 2010), and a
number of different adsorptive amendmenthave been considered for earthen combaint
barriers, including zeolites (Evaasal 1990; Allertonet al 1996; Evangt al 1997).

Zeolites are crystalline, microporous aluminosilicates with relatively high cation
exchange capacitie€EGCs), typicallyin the order ofL80 to 400cmol./kg (Dyer 1988; Evanst
al. 199Q Colella 1996; Mumpton 1999; Bish 2006). As a result, zeolites commonly are used
commercially as adsorberttsremo\e cations from wastewater (Jacobs and Forstner 1999; Yuan
et al. 1999; Erdenet al 2004; Inglezakis 2005). The potential use of zeolite amendments for
compacted sanbdentonite mixtures or compacted clags liners for waste containment
applications has been evaluated limited number of studies (Evaesal 1990, Kayabali 1997
Tunanet al 2003 Kaya and Durukan 2004). The results of these studies suggest that amending
SB backfill with zeolitesmay be useful as a means to enhanceatBerption capacity of SB
cutoff walls for inorganic contaminants, such as heavy metajs Cdf*, zr’).

However,adding zeolite teenhance thadsorption capacity of a SB cutoff wahould
not compromise the integrity of theutoff wall in terms of traditional design properties, most
notably the consolidation behavior akdf the backfill. For example, the backfill should provide
a relatively rigid skeleton with smaller particles filling the voids to minimize settlerseepage,
and piping (D'Appolonia 198(Ryan 1987 Evans 1994 Evanset al. 1995. In addition,k <

1.0x10° m/s typically is specified for vertical barriers used in geoenvironmenteghinment
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applications, regardless of any enhanced reactivity exhibited by the basateriah ¢.g,
LaGregaet al. 2001).Based on these considerations, the objective of thdyy svas to evaluate

the influence okeoliteamendment on the consolidation behavior and hydraulic conductivity of a
model SB backfill. The evaluation included an assessment of the effects mdrdiienounts of a
specific zeolite in the backfill, as wels the effects of the same amount of three different types

of zeolite minerals.

2.2 MATERIALSAND METHODS
2.2.1 Constituentaterials

The backfillscomprisedclean, fine sand, powdered sodium bentonite, and omlerexd
types of zeolite The sand was the same as that used by Mahtised (2009 to represent
construction of a slurry trench cutoff wall through a sandy aquifer. The powdedagms
bentonite isavailablecommercially under the trade name NATURALGE[Wyo-Ben, Inc.,
Billings, MT). NATURALGEL® is commonly used in slurry trenching, diaphragm walls, and as
a soilmixture additive, and previously has been used as a constituent of model SBhaokall
et al. 2005a,bMalusiset al 2009). The three zatds were commercially available from GSA
Resources, Inc. (Tucson, AZ) and included two types of product ZS&@é#azite, referred to
as chabaz#tupper bed (chabazidB) and chabazittower bed (chabaziteB), and one type of
clinoptilolite (productnameZS403H).

The particlesize distributions of the constituent materials are showkfigare 2.1, and
the physical and chemical properties and mineralogical compositions afrtbiwent materials
are summarized in Table 2.1. In terms of parsie dstributions (Figure 2.1), all three zeolites

are dominated by siltized particles, with distributions ranging between those of the bentonite
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and the sand. In terms of physical properties (Table 2.1), the zeoktesharacterized by
relatively low specik gravities (2.35 < Gs < 2.37) and measureable Atterberg limits, with the

two chabazites being classified (ASTM D248%TM 2008 as high plasticity clays (CH) and
the clinoptilolite being classified as a low plasticity clay (CL). In terms of chemicaiepties
(Table 2.1), the exchangeable and soluble metals of the zeolites and the bentonitereaedomi
by sodium (N&). The pH of the two chabazites and the bentonite are essentially theisame (
pH ~ 8), whereas that of the clinoptilolite is more bgdpH = 9.5). Also, the two chabazites are
significantly more electrolytic than the other constituent materials. In termsnefralogy,the
chabaziteLB and chabazit¢JB are dominated by the minerbla-chabazite (3838 %) with
significant amounts of thenineral clinoptilolite (820 %) and amorphous material {2% %),
whereas the clinoptilolites dominated by the mineral clinoptilolite (& %) with significant
amounts of amorphous material (20-26).

The specific surface areas for the chabazRRe chabaziteUB, and clinoptilolite used in
this study are 521, 350, and 46/gy respectivelyTable 2.1) The significantly higher specific
surface areas for the two chabazites relative to the clinoptilolite are in stowaréhe similar
particlesize distrbutions for all three zeolites (Figure 2.1), and are attributepletater internal
specific surface areas for the chabazites relative to that for the clifitgtiltve highelCEGCs for
the two chabazites relative to the clinoptilolite and the differematassifications between the
two chabazites relative to the clinoptilolite (see Table 2.1) also cattrilmited, at least in part,
to the greater specific surface areas for the two chabazites relative torttieg clinoptilolite

and the aforementioned differences in mineralogy of the zeolites as indicdigble 2.1
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2.2.2 Base Mixtures for Backfills

The base mixtures used to prepare the backfills included an unamemddzestonite
mixture and zeolitamended andbentonite mixtures containir@y 5, or 10 % chabazHeB, 5 %
chabaziteUB, or 5 % clinoptilolite(by dry weight) The unamended base mixture comprised air
dried sand mixed with 4 % sodium bentonitey dry weight) and tap water to adjust the
gravimetric moisture content to 4.8 %he zeoliteamended base mixtures then were made by

mixing the required amount of a given zeolite with the unamended base mixture.

2.2.3 Bentonite-Water Slurry

Bentonitewater slurry (5 % bentonite by weight) was prepared by mixing bentonite and
tap waterin a Cuisinart blender for five minutesThe measured pH and electrical conductivity,
EC, of the tap water at 26 were 6.6 and 1.35 mS/m, respectively. The slurry was allowed to
hydrate for a minimum of 24 h prior to usifter hydration, the measured density and Marsh
funnelviscosity of the slurry were 1.08g/m® and 46s, respectively, and the measured pH and

EC of the slurry at 2%C were 87 and 114.0nS/m, respectively.

2.2.4 Backfill Slump Testing

The bentonitavater slurry was mixed with each ohet base mixtures in various
proportionsusing a KitchenAifl six-quart stand mixer to determine the amount of slurry and
corresponding water content required to create backfills with a slump (ASIA3-ASTM
2005 of 125 mm (5 in), as the required slufigp SB backfillsis 100 to 150 mm3.9 to 5.9in)
(Evans 1998 Three slump tests were performed for each backfill at any given watentaot

evaluate the variability ithemeasured slump and the corresponding backfill water comignt,
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2.2.5 Backfil Preparation

Bulk volumes of unamended arze@oliteamendedSB backfills used for consolidation
and k testing were prepared separately following the procedures describdddlusis et al
(2009). The masses of sand, bentonite, zeolite, \matérwere adjustedo maintainthe zeolite
content {(.e,, 0, 2, 5, or 10 % by dry eigh{) andtotal bentonite content (5.8 By dry weighi) of
each backfillwhile adjusting the water content to obtain the slumithin thetarget rangef 100
to 150mm @.9 t05.9in), based on the slump test resultiis method was chosen to eliminate
bentonite content as a variable in the testing program. Further details pfoitedure for

preparing the backfills are providedMalusiset al (2009).

2.2.6 Consolidatioesting

Each backfill was subjected to edanensional consolidation.¢., confined compression)
using a fixedring oedometer cell and incremental loading following the procedures deklioyibe
Yeo et al (2005a) and Malusist al (2009). The tests were conducted in accordance with
ASTM D2435 ASTM 2004),except that the hydraulic conductivity,was measured at the end
of each loading increment, prior to placement of the subsequenelgad/€o et al. 20053.

Each specimen of prepardxhckfill was placed in a fixedng oedometer, rodded to
eliminate large voids, and subjected to a small seating load for a minimum of 24 hoprior
initiating an incremental loading sequence. The loading began at 24 kPa (3.5 psi di) @ua® ts
was subsquently doubled after each loading stage, up to a maximum vertical effexctsgeast
of 1,532 kPa (222 psi or 16 tsf). The specimens then were unloaded by reducing the loading

incrementallyby a factor of four for eacktage (Yeaet al 2005a; Malusiet al 2009.
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After deformation was complete for each stage of the loading sequgnca fninimum
of 24 h after the loading), the specimens were permeated with tap water esfadinig-head
procedure until the termination criteria described in ASDBD84 ASTM 2004) for flexible-
wall k testing were achievede., (1) the results of thesk values were within 25 percent of the
mean, (2) the ratio of the inflow rate to the outflow rate was between 0.75 and 1.25, and (3) no
distinct upward or downward trend knwas observed. The maximum hydraulic gradients ranged
between 30 and 50 for adpecimens, anl was calculated using the final (pattformation)

thickness of the specimens after each loading increfientet al. 2005a; Malusigt al. 2009.

2.2.7 FlexibleWall Hydraulic Conductivity Testing

Flexiblewall k tests using tap water dahe permeant liquid also were conducted on
duplicate specimens of each backfill, in accordance with the falling heaehgatg tailwater
method (Method C) described ASTM D5084 ASTM 2004).The experimental procedures and
testing apparatus were thearsaas those describég Malusiset al (2009), and involved the use
of a customfabricated, rigid acrylic cylinder placed around the flexible membrane to provide
lateral support for the soft backfill prior to consolidati@miefly, test specimens weregmared
by depositing the backfill within the stretched membrane in three lifts, with each iy be
rodded several times to eliminate large voids before the top filter paper, stooes and end
cap were set in place. The cell was assembled and flifeta cell pressure of 34.5 kPa (5 psi)
was applied for a minimum of 24 h.

Prior to permeation, each specimen was khaelssured under a constaritof 34.5 kPa
(5 psi) by increasing the cell pressure and jaaier (back) pressure in equal increments over

several hours until B value of > 0.95 was achieved in accordance wABSTM D5084 ASTM
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2004) To ensure that an averag/eof 34.5 kPa (5 psi) @ha hydraulic gradient less than 30 were
maintained during permeation (as required by ASTM D5@8&TM 2004) for k < 1.0x10°

m/s), the hydraulic gradient was applied by setting the cell pressud® kP& 60 psi) and the
headwater (bottom) pressure3&tl kPa (%6.5psi), and leaving the tailwater (top) pressure at 300
kPa (43.5 psi) Each specimen was permeated until the aforementioned termination criteria
described in ASTM D5084ASTM 2004)were achieved. Further details on the procedures for

performingthe flexiblewall hydraulic conductivity tests can be foundVvalusiset al (2009.

23 RESULTS
2.3.1 Slump

The measured values of the slumpaH (= H, — H¢, whereH, andH; are the initial and
final heights, respectively, of the specimen in the slump cone), are plotsedweifor all of the
backfills in Figure 2.2. As indicated in Figure 2a?, increase iwg results in an increase #aH
for a given backfill compositian

As shown in Figure 2.2a, the valuewa$ corresponding teAH = 125 mm (5 in) for the
unamendedandbentonitebackfill tested in this study was 42.1 %, which is close to the value
for wg of 43.2 % at-AH = 128 mm (5 in) for the same unamendsandbentonitebackfill
reported by Malusigt al (2009). The results in Figure 2.2a for the unamersdedibentonite
backfill used in this study also are shown to be similar to those reported by Yeo (@0@3) f
backfill consisting of the same bentorated slurry but a different sand.

As shown in Figure 2.2b, the valuesvaf at—AH = 125 mm (5 in) for theandbentonite
backfills amended with 2, 5, and 10 % chabakzBewere 39.8 %, 40.1 %, and 41.3 %,

respectively, whereas those for tlsandbentonite backfills amended with either 5 %
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clinoptilolite or 5 % chabazit&)B shown in Figure 2.2c were 38.1 % or 43.0 %, respectively.
Thus, the value ofvg required to achieve a slump of 125 mm (5 in) for the unamesaed
bentonitebackfill was affected only glhtly by the addition of 2 to 10 % zeolite.

Finally, thewg value at-AH = 125 mm (5 in) for each backfills was greater than the
measured liquid limitlL.L (see Table 2.2). This relative difference is expected on the basis of the
liquid consistency required of backfills to properly displace the bentonitey slithin the

excavated trench during backfilling (USEPA 1984).

2.3.2 StressStrain Behavior

The stressstrain curves resulting from the consolidation tests are plotted in the form o
void ratio, e, versus logarithm of the consolidation effective stress,or e-log ¢” curves, in
Figure 2.3.As expected with remolded soils, no stress histbey, (preconsolidation stress) is
apparent in the results. The compression and swell indiean(d Cs, respectively) listed in
Figure 2.3 represent the slopes of the loading and unloading portions efdpes” curves,

respectively, for each backfill.

2.3.3 Hydraulic Conductivity

Thek values measured in the fixethg oedometer cells at the end of eémdding stage
of the consolidation tests are summarized in Tablea@d3plotted as a function ef in Figure
2.4. As illustrated in Figure 2.4he measurel of a given backfill decreased with increassig
as expected based on the inverse relatipnbetweens” and e (Figure 2.3. The kentonite
distributionwithin the pore space between the larger sand particles is a critical faetimaff

the k of sandbentonitemixtures (Kenneyet al 1992, and inadequate bentonite a primary
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reason for higtk values and lack of correlation betwdeandcs” in sandy SB backfillsYeo et
al. 2005a). Thus, the low measurkdalues and the trend of decreaskwith increasings’
suggest that the bentonite distribution was sufficiently unifimmeach backfill.

The results of the flexiblevall k tests for all of the backfills are summarizediable 2.4.
Theduplicatespecimens prepared from a given backfill exhibited similar values of pofokity
dry unit weight(yq), andk. Also, as shown in Figure 2.5, thalues ofk measured using the
flexible-wall cells Table 2.4 at an average’ of 34.5 kPa (5 psi) generally were similar to those
measured using the fixathg oedometer cellsT@ble 2.3 at similar values o6” (i.e., 24 kPa
(3.5 psi) and 48 kPa (psi). The notable exception in Figure 2pertains to the backfill
containing 2 % chabazHeB, where thek values measured using the fixedg oedometer cells
ranged from 38 to 74 % of the geometric mean of the duplicasues measured using the

flexibleawall cells. However, these differences in measlrack not significant.

2.3.4 Coefficients of Consolidation

Coefficients of consolidatiorg,, computedoy both the Casagrande (logarithofitime)
and Taylor (squareoot-oftime) methods are displayegtaphically in Figure 2.6Both the
Casagrande and Taylor methods yieldgdalues that are similar in rangee(, between 18 and
10" m%s) and increase with increasiog These results and trends are consistent with those
reported byYeo et al (2005a)for a sandy SB backfill anMalusiset al (2009) for the same
unamende®&B backfill as evaluated in this study as well as3$Bdbackfill amended with 2 to 10
% activated carbon. The increasing trendcinwith increasings” is attributed to a geder
decrease in the coefficient of volume compressibility, with increasings” relative to the

decrease ik with increasing’ (Yeoet al. 2005a; Malusiet al 2009.

21



24  DISCUSSION
2.4.1 Effect of Zeoliteon Slump

The effects of the zeolite contenfz, and type of zeolite on the backfdlurry water
content,wg, required to achieve a slumpAH, of 125 mm (5 in) based on the results of the
slump testgFigure 2.2) are shown in Figure 2.7. For a given amount and/or type of zeolite, the
possible range iwg values based on the variability in the measured data indicated in Figure 2.7
was determined by assuming lines with the same slopes as tH# lesar regressions shown
in Figure 2.2through each data point, and determining the resulting minimum and maximum
values ofwg corresponding toAH = 125 mm (5 in).

As indicated in Figure 2.7a, the valuesvg§ corresponding te-AH = 125 mm (5 in)
based on the linear regressions to the slumpn¢esesults for the chabazitdB amended
backfills (Figure 2.2b) increased slightly from 39.8 to 41.3 %Xasncreased from 2 to 10 %,
respectively. However, this range in valueswgf corresponding te-AH = 125 mm (5 in) is
within the range in variabtly associated with the unamended backfik.(39.5 % < wg <
43.7 %). Thus, amending the samehtonite backfill with chabazieB had little effect on the
resultingwg corresponding to aAH of 125 mm (5 in).

As shown in Figure 2.7kfor the backfills amended with the same amount (5 %) of
different types of zeolites, the valuesvef corresponding to aAH of 125 mm (5 in) fell in the
order:clinoptilolite (wg = 38.1 %) < chabaziteB (wg = 40.1 %) < chabazit&B (wg = 43.0 %).

Both of these values o¥g for the two backfills containing 5 % chabazite are within the range in
variability of wg associated with the unamended backiil.{39.5 % < wg < 43.7 %), whereas
the value ofwg for the 5 % clinoptilolite was slightly lower than this range. Therefamn@ending

the sanebentonite backfill with 5 % of either chabazite also had little effect on the reswiing
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corresponding to aAH of 125 mm (5 in). These results are in contrast to those reported by
Malusis et al (2009) for the same base sand and bentonite, but a different amendeent,
activated carbon (AC) instead of zeolite, in thatwlerequired to achieve a slump of 125 mm (5
in) increased significantly with an increase in the amount of R. differences in the results
are undoubtedly relatito the differetcharacteristics of the two different amendment materials.
For example, the AC used alusiset al (2009)is inherently hydrophobic, whereas
the zeolites used in this study are inherently hydrophilic. Thus, similar torikest thezeolites
would tend to attract water, whereas the AC would tend to repel water. Alsough the
particle sizes of the AC used Malusiset al. (2009)were coarser than those of the zeolites used
in this study, the specific surface areas of the granular AC (1286 end the powdered AC
(1140 nf/g) as reported bMalusis et al (2010)were significantly greater than those of the
zeolites useé in this study (see Table 3,Xue to the dominance (> 80 %) of an internal (intra-
particle) surface areamssociated with the two AC#élusis et al 2010). This difference in
surface area suggests that the AC, despite being hydrophobic, would haventnaguariicle
capacity available for storing water. Regardless of the actual mechanismg ¢dhastifferat
results, the primary conclusion is that different amendments to an otherwisealdeackfill can

result in significantly different behaviors.

2.4.2 Effect of £olite on Compression and Swell

Values of the compression indeZ,, and the swell indexCs, for the backfills amended
with different amounts of chabazitd3 are plotted in Figure 2.8a as a functionXgf The values
of C. for the zeoliteamendedsB backfills increased slightly from 0.20 to 0.23)8sincreased

from 2 to 10 %, respectively, although all of these value€.olvere slightly lower than the
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value ofC. (= 0.24) for the unamende&sB backfill (i.e., Xz = 0). In contrast, the values Gf
steadily decreased from 0.016 to 0.00&ascreasedrom 0 to 10 %, respectively.

As indicated inFigure 2.8bthe trend inC. is consistent with the water content of the
backfill, wg, i.e., the compressibility of the mixture tended to increase with increasg.iim
contrast, the swelling behavior ofettthabazitd B-amendedSB backfills tended to decrease
with increasingvg, except for the unamend&B backfill at the highest value favg of 42.1 %,
which correlated with the overall highest value @rof 0.016. The correlation betweéh and
Wwg is consistent with a weakening of the backfill with increasiggwhereas the reason for the
lack of correlation betweel®s and wg is not entirely clear, especially since all backfills
contained the same amounte( 5.8 %) of highswelling bentonite. Nonetheless, the results
indicate thatC. correlated better witlvg thanXz, wherea<Cs correlated better witi; thanwg.

The effect of amending tH&B backfill with the same amount (5 %) of the three different
types of zeolite is illustrateligure 2.9aThe differences in the values ©f andC; for different
types of zeolite amendmeate relatively minor, with the only apparent trends being @hat
decreased in the order chaba#it > chabaziteUB > clinoptilolite, wherea€s increased in the
order clabaziteLB < chabazitdUB < clinoptilolite. As indicated irFigure 2.9b, no apparent
trend existed betwee@. or Cs and wg based on type of zeolites, likely due to the relative
similarity among the values f&@; andCs.

Overall, the value ofC; tends to increase with increasing initial void rate,
independent of the amount or type of zeolite amendment, as shown in FigureTlad0.
relationship betwee@. ande, is common for natural soil& (g, seeRendonHerrero1980), and
illustrates further that the compression behavior of the backfills wastedfenore by the initial

void ratio than by the amount or type of zeolite in the amended backfill.
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2.4.3 Effect of Zeolite oiydraulic Conductivity

The measured values of hydraulic conductiviky, for the backfills amended with
different amounts of chabazitdB are plottedn Figure 2.11as a function oKz, with the results
based on the flexiblevall tests shown iFigure 2.11aand the results based on the fixet)
oedometer tests at thredwes ofc” shown in Figure 2.11[@he values o&” for whichk values
are reported ifrigure 2.11lrepresent the minimum, maximum, and geometric mean of the range
of 6" applied in the consolidation tests.

Regardless of method of measurement or valug,dhe trends in the measurkdalues
in terms ofXz are identicalj.e. the value ok decreases in the orddrat Xz;=2 % >katXz=0 %
>k at Xz=10 % >k at Xz=5 %. However, as shown in Figure Z1ihe geometric means of
the k values measuredsing flexiblewall cells variedonly by a factor of about two over the
entire range inNXz evaluated in the study, whereas thealues measured using the fixadg
oedometer cells varied only by a factor of about 1.4 over the same raige as showrnn
Figure 2.11d. Thus, amending the backfill with 2 to 10 % of chabhBitkad little effect ork,
regardless of method of measurement or magnitude of effective stress.

The effect of amending the backfill with the same amount (5 %) of the threeediffe
types of zeolite on the measuidedalues isllustrated Figure 2.12, with the results based on the
flexible-wall tests shown ifrigure 2.12a and the results based on the fikegloedometer tests
shown in Figure 2.12lRegardless of the method of measurement or the valoe tife values
of k always were in the ordek for chabazitedUB > k for chabazited B > k for clinoptilolite.
However, regardless of method of measurement or magnitude of effectisg lsvaried by a
factor of < 3.2 in all cases, indicating that amending the backfill with the same amount of the

three different types of zeolite had little effectlon
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The relative insensitivity irk to amount or type of zeolite in the backfills can be
attributed to the dominance of the bentonite component of the backfills in governing the
hydraulic behavior of the backfills. Although the zeolites used in this studypredeminately
silt-sized particlesKigure 2.1) the zeolites do not exhibit the same Kkiwg behavior as the
bentonite and, therefore, do not contribute to reducingktbased on swelling in the same
manner as the bentonite component. Thus, because the bentonite content in all of e backf
was held constant at 5.8 %, theof the backfis also was relatively constante(, all other

factors being the same).

2.4.4 Effect of Zeoliten Coefficient of Consolidation

The values of the coefficient of consolidatiar, based on Casagrande and Taylor
methods for theésSB backfills amended withlifferent amounts of chabazitd8 are plotted as a
function of Xz in Figure 2.13a and Figure 2.13lespectively. The variability in the, values as
a function ofXz obtained by the Taylor method is noticeably greater than that obtained by the
Casagrandenethod. However, as shown in Figure 2.11Be c, values for thezeoliteamended
SB backfills based on the Casagrande method vary at most by a factor of three e lduatddr
the unamende®&B backfill. In terms of the Taylor method of analysis, the upper limit in the
range of the, values for theeoliteamendedB backfills relative to that for the unamendsd
backfill is only about a factor of two (Figure 2.33d&hereas the lower limit ithe range of the
cy values for thezeoliteamendedSB backfills relative to that for the unamend88 backfill is
significantly greater by a factor of about 20. Nonetheless, amendii@Bthackfill with 2 to 10 %
of chabazite.B had little effect on theesulting values ot, regardless of the magnitude of

effective stress, especially when consideringaghgalues based on the Casagrande method of
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analysis. Again, this relative insensitivity @ to the amount or type of zeolite in the backfill
implies hat thec, value is dominated by the hydraulic conductivity of the backfill which, as
previously noted, is also relatively insensitive to the amount or type of zeoliie backfill,i.e.,

due to the constant content of bentonite in the backfills.

25 SUMMARY AND CONCLUSIONS

The objective of this study was to evaluate three types of zeolileschabazitd B,
chabaziteUB, and clinoptilolite, as amendments to a typiS& backfill on the consolidation
behavior and hydraulic conductivity, of the backfill. The purpose of the zeolite amendment is
to enhance thadsorption capacity of the backfill for inorganic contaminasetg,( Cd*, Zn*)
and, thereby, improve the lotgrm sustainability in the containment function of the backfill
usedin a vertical cutoff wall. The backfills consisted of clean sand mixed with dry bestonit
zeolite € 10 % by dry veigh), and bentonitevater slurry to achieve a slump 10 to 150mm
(3.9 to 5.9in) with a total bentonite content of 5.8 % (by drgigh). The zeoliteamendment
was 2, 5, 10 % chabazitd3, 5 % chabazitéJB, or 5 % clinoptilolite.

The consolidation test resultadicated that addg zeolitehad little impact on either the
consolidation behavior or theof the SB backfill, regardless of #hamount or type of zeolite.
For examplethe compression indeX;, for the unamende8B backfill (i.e., 0 % zeolite) was
0.24, whereas values @f; for the zeoliteamendedSB backfils were in the range 0.19 < C; <
0.23. Similarly, thek for the unamende8B backfill based on flexiblevall tests wa.4x10
m/s, whereas values &ffor zeoliteamended SB backfills were in the rangex1L@™ < k <
3.9x10™ m/s. Finally, values of the coefficient of consolidatiag, for the chabazit&B-

amendedsB backfills based on the Casagrande method of analysis varied at most by a factor of
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three relative to that for the unamendibackfill. VVariability in ¢, based on the Taylor method
of analysis was somewhat greater. Similarly, the same an{bu®i) of the three different
zeolites had little or marginal impact of the valuesCgf k, andc, relative to those for the
unamendedSB backfill. Overall, the results of the study suggest,tipaesumingthat adding
zeolite will enhancehe adsorption apacity, zeolite amendment to typi&B backfills will not
likely to have significant effect on the consolidation behaviok of the backfill, provided that

the amount of added zeolitessall € 10 %).
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Table 2.1 Physical and chemical propertiemd mineralogical compositions of constituent
materials used for backfills.

Constituent Material
Property Standard |Mortar Bentonit Type ofZeolite
Sand Chabazitel B | ChabaziteUB | Clinoptilolite

Specific GravityGs ASTM D854 | 2.69 2.67 2.35 2.35 2.37
Liquid Limit, LL (%) ASTM D4318| NA 511 75.2 714 48.9
Plastic Limit,PL (%) ASTM D4318| NA 54 29.2 13.1 31.0
Plasticity IndexP!I (%) ASTM D4318| NA 457 46.0 58.3 17.9
Classification ASTM D2487| SP CH CH CH CL
Specific Surface (fig) a NA NA 521 350 40
Principal Minerals (%): b NA

Montmorillonite 69

Cristobalite 14

Quartz 12 0-1 0-1 2-7

Plagioclase Feldsp#Albite) 2 2 4

Calcite 3 5-7

Herschelité{Na-Chabazite) 3338 32-35 0

Heulandite (Clinoptilolite) 8-16 12-20 2845

Analcime 19 25

Albite 0-2 0-3 0-12

Mixed-Layered lllite/Smectite 0-5 0-3 2-10

Chlorite 1-9

Microcline 0-4

Erionite 0-4 0-4 0-3

Kaolinite 0-1 0-1 0-4

lllite/Mica 0-1 0-1 1

K-FeldspatMicrocline) 5

Gypsum 2

Amorphous 2545 21-40 20-30
Cation Exchange Capacit§EC c NA 83.4 259 240 182

(cmol./kg)
Exchangeab.le Metals c NA

(cmol/kg):

ca* 4.9 30.9 19.9 20.6

Mg** 8.8 14.5 21.6 0.3

Na" 73.4 194 188 114

K* 11 71 6.8 37.6

Sum 88.2 246.5 236.3 172.5
Soluble Metals (mg/kg): c NA

ca” 46.1 231 175 33.2

Mg?* 15.3 199 144 530

Na" 2042 3797 3707 1506

K* 58.4 71.8 76.6 143
Soil pH ASTM D4972| 6.8 8.1 8.0 8.2 9.5
E"(er‘]’qtgfg') %Jg‘éufg’:“y’ EC c 65 | 200 1450 1570 150

2 From GSA Resources, Inc., Tucson, ;AZBased on Xay diffraction (XRD) analysis performedor bentonite

(2007) and zeolite2012 2016 by Mineralogy Inc., Tulsa, OK® Soil, Water, and Plant Testing Laboratory,
Colorado State University
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Table 2.2. Atterberg limis (ASTM D4318ASTM 2009 of backfills with compositions
corresponding to those for a 18%n (5in) slump

Amount and Type Atterberg Limits
of Zeolite
Amendment Liquid Limit, LL (%) Plastic Limit,PL (%) Plasticity IndexPI (%)

0 % (Unamendejl 31.2 10.5 20.7
2 % Chabazité-B 31.3 7.3 24.0
5 % Chabazité-B 30.0 6.7 23.3
10 % Chabazité-B 34.1 19.0 15.1
5 % ChabazitéJB 32.1 20.1 12.0
5 % Clinoptilolite 30.7 4.8 25.9
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Table2.3. Measured hydraulic conductivitk)(and porosity rf) in fixed-ring oedometer cell as a function of consolidation effective
stress zeolitamended backfills with a total bentonite content of 5.8 % by dry weight.

Amount and Type of Zeolite Amendment

EtffectNEa 0% 2% 5 0 10 % 5 % c o
[EFEE?S;)] (Unamended) Chabazite-B Chabazite-B Chabazitd-B ChabaziteJB Clinoptilolite

k (m/s) n k(m/s) n k (m/s) n k (m/s) n k (m/s) n k (m/s) n

24 (35) | 2.6x18° | 0.532| 2.9x18° | 0.513 | 2.1x1®° | 0.516 | 2.3x18° | 0.519| 2.7x18° | 0.503 | 1.2x18° | 0.496

48 (7) 2.2x10° | 0.520| 2.8x18° | 0.499 | 1.7x18° | 0.499 | 1.9x18° | 0.503| 2.5x108° | 0.488 | 1.0x18° | 0.481

96 (14) 2.0x108° | 0.498| 2.5x10° | 0.483 | 1.4x18° | 0.483| 1.6x10° | 0.484| 2.3x10° | 0.471| 8.8x18' | 0.467

192 (28) | 1.6x1%° | 0.480| 2.2x1®° | 0.466 | 1.2x18° | 0.463| 1.3x18° | 0.465| 2.0x18° | 0.453 | 6.9x18" | 0.449

383 (56) | 1.5x18° | 0.459| 2.2x18° | 0.448 | 1.0x18° | 0.443| 1.1x18° | 0.445| 1.7x18° | 0.436 | 6.2x10' | 0.430

766 (111) | 1.2x1¢ | 0.440| 1.5x10° | 0.428 | 8.4x10" | 0.421| 1.0x18° | 0.422| 1.5x18° | 0.413 | 5.1x10' | 0.412

1532 (222)| 1.1x1® | 0.415| 1.5x18° | 0.408 | 7.8x10' | 0.397 | 9.4x18' | 0.398| 1.3x18° | 0.392 | 4.1x10' | 0.392
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Table 2.4. Flexiblewall hydraulic conductivity test results for replicated specimens of zeolite

amended backfills with a total bentonite content of 5.8 % by dry weight.

_ _ Dry Unit Hydraulic Conductivityk (m/s)
Amount and Type of Zeolite Porosity, | Weight,yq4
Amendment n [kN/f3ns Measured | Arithmetic | Geometric
(Ib/ft*)] Value Mean Mean
0.469 13.8 4.3x10'°
(87.6) 10 0
0 % (Uhamende) 140 2.8x10 2.4x10"
. 10
0.482 (89.3) 1.3x10
> 9% Chabazited 0.403 (ég'g) 4.3x10'°
o Lhabazl 14'0 3.9x10° | 3.9x10%
. 10
0.462 (89.0) 3.5x10
0 Chabasite B 0.467 (g';) 2.7x10%
oLhabazl 14'3 2.0x10° | 1.9x10%
. 10
0.477 (90.8) 1.4x10
10 % Chabazité-B 0455 (5133.3) 1.9x107
o Lhabazi 14'4 2.0x10'° | 2.0x10%
. 10
0.441 (91.9) 2.2x10
% Chaba 0.362 (3‘21'% 2.1x10M
5 % ChabazitéiB 13-1 2 5x10%° 2 4x10W
. 10
0.533 (83.6) 2.8x10
0.443 14.0 1.4x10%
o (89.2) 10 0
5 % Clinoptilolite o 1.2x10 1.2x10"
. 11
0.442 (96.8) 9.5x10
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Figure2.9. Compression and swell indices fogoliteamendedackfills amended with the same
amount (5 %) of different types of zeolites: (a) effect of type of zeoliegifect of backfill

water content.
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CHAPTER 3 ADSORPTIVE BEHAVIOR

31 INTRODUCTION

Attenuation refers to the reduction in the rate and/or magnitude of contaminaationig
due to physical, chemical, and/or biologicahctions €.g., Shackelford and Nelson 1996).
Geochemical attenuation specifically refers to attenuation resulting freochgmical
interactions between natural geological materials and chemical constitughts pore water
(Rouse and Pyrith 1993). Sormpessible geochemical attenuation mechanisms include cation and
anion exchange with clays, adsorption of cations and anions on hydrous metal @gidesr(
and manganese oxides), adsorption within or onto organic matter or organic carbortapogcipi
and/or ceprecipitation of metals from solution (Rouse and Pyrith 1993; Shackelford 1999;
Shackelford and Jefferis 2000).

Most low-permeability soil barriers used for chemical containment,(compacted clay
liners, soitbentonite vertical cutoff waljshave some intrinsic attenuation capacey.( Rouse
and Pyrith 1993; Thorntoat al. 1993; Shackelford 1999; Bello and Osinubi 2011). However,
the concept of designing chemical containment barriers with enhanced atteruagiamities,
often referredd as reactive barriers, has received considerable atteafipnHvanset al. 1990,
1997 Mott and Weber 1992; Bierck and Chang 1994;etal. 1994 1997 Smith and Jaffe
1994; Gray 1995; Parkt al. 1996 1997; Evans and Prince 1997; Kayabali 198obs and
Forstner 1999Rabideauet al. 1999; Shackelford 1999; Kayabali and Mollamahngluitd?000;
Gullick and Weber 2001; Lo 2001, 2003; Lo and Yang 2001a,b; Voudrias 2002; Teinakn
2003; Inyang and de Brito Galvao 2004; Kaya and Durukan 2004; afachd.o 2004; Bartelt
Hunt et al. 2005, 2006;Malusis et al. 2009, 20100ren et al. 2011, Hong et al 2012). The

design of such reactive barriers requires knowledge not only of the physical ipsoegt,
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hydraulic conductivity) but also the chemicabperties {.e., attenuation mechanisms) of the
barrier materials that will affect the migration rate of the contaminants in teenater (Cherry

et al. 1984). Thus, an understanding of the potential attenuation mechanisms for the principal
chemical spaes of interest is required.

Thorntonet al. (1993) identified the principal attenuation mechanisms for many of the
inorganic chemical solutions of concern as ion exchange, precipitation, dilution, and
neutralization. However, the two primary attenuatmachanisms with respect to heavy metal
migration are ion exchange and/or precipitation, both of which have been referred to as
adsorption mechanisms (Reardon 198or example, cation exchange can be enhanced in a
barrier by using additive materials thatrease the overall cation exchange capa€tyQ of
the barrier, whereas precipitation can be enhanced by adding materials snoh @alD) that
will increase the pH of the pore water.

The potential use of zeolites with relatively higieC on the order of 180 to 400
cmol./kg (180 to 400 meq/100 g) as a barrier amendment for the purpose of increasing the
adsorption capacity of a containment barreeg.( compacted clay liner, vertical cutoff wall) has
been evaluated in several studies (Evatral. 199Q Colella 1996;Evanset al. 1997 Allertonet
al. 1996; Bradl 1997; Evans and Prince 19%gyabali 1997; Jacobs and Forstner 1999;
Mumpton 1999Kayabali andMollamahmutoglu 2000; Tuncaret al. 2003; Kaya and Durukan
2004; Bish 20060renet al.2011; Honget al. 2012; Obiri-Nyarkeet al. 2014). Such evaluations
typically require batch equilibrium adsorption tests (BEATsS) and/or coluntae wath barrier
specific materials and sHgpecific chemical solutions to determine the viability and optimum

amounts of reactive materials being considered for use in the reactive barriers.
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However, only a limited number of the aforementioned studies have focused specifically
on the enhanced attenuation of backfills for vertical cutoff walks,(Mott and Weber 1992;
Bierck and Chang 1994; Bradl 1997; Evatsl. 1997; Evans and Prince 1997; Patlal. 1997;
Rabideatet al. 1999; Malusiset al. 2009, 2010; Hongt al.2012), and a fewer number of these
studies, all of which have been limited icope, have evaluated the potential use of zeolites as
adsorption amendments (Bradl 1997; Evehsal. 1997; Evans and Prince 1997; Hoegal.
2012). For example, the study by Bradl (1997) included experimental adsorptiosstetst for
each of two zedles in terms of two potential contaminantz, lead (Pb) and toluene. However,
Bradl (1997) evaluated only 5 % zeolite content, and no adsorption modeling based on the
adsorption test results was conducted. The study by Etag1997) also includedvaluations
of two zeolites with respect to two metalg., cadmium (Cd) and zinc (Zn). However, this study
evaluated only 5 % zeolite content, and the concentration ranges of the contaweants
limited to the extent that the adsorption behaviors of both Cd and Zn were consideradearbe |
allowing for the use of analytical transport modeling. Finally, the studyvan$€and Prince
(1997) evaluated the adsorption behavior of Cd to backfills amended with 2, 4, 6, and 8 %
contents (by dry weight) ainly one type of zeolite (Cehabazite), with all concentration ranges
being limited such that only linear adsorption behavior was observed.

The study in Chapter Zocused on evaluating the consolidation and hydraulic
conductivity behaviors of five zeoli@mended backfills, three of which contained one type of
zeolite (chabaziteLB) at three different contents (2, 5, and 10 %), with the other two backfills
containing 5 % of two different types of zeoli{ebabaziteUB and clinoptilolite) The behaviors
of these five backfills were compared versus those for an unamended backéihcanthe

same bentonite content of 5.8 % (by dry weight). The results indicated tlzalditienof zeolite
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had little impact on either the consolidation behavior or the hydraulic conduckyityf, the
backfill, regardless of the amount or type of the zeolite. Furthermore, basednosation with
tap water, values dfor zeoliteamended specimens were in the range 1.2%2®& < 3.9x10*°
m/s, indicating that the zeolt##mended backfills would be suitable for use aspaimeability
containment barriers in the absence of any significant incompatibility wehceéimtainment
liquids.

Given the aforementioned considerations, the purpose of the present study was to
evaluatea subset of the same backfills previously evaluatedhapter 2n terms of the ability
of these backfills to provide an enhanced adsorption capacity for two metals, pot@gSsamd
zinc (Zn). This evaluation was facilitated by conducting BEATs using mixtures of the soli
backfill constituents i(e., sand, bentonite, and zeolite) as the sorbents and salt solutions
containing a wide range of KCl or Zn{toncentrations as the sorbates. The resulting adsorptive
behaviors of K and Zn with respect to the backfill sorbents were evaluated usimgpminear
adsorption models,.e, the Freundlich and the Langmuir modeaDverall, the results of this
study exénd the results of previous studies by including the adsorption behaviors of two metals
over a wider range of concentrations and for a wider variety of zaeotiemded backfills than

have previously been evaluated.

3.2 MATERIALSAND METHODS
3.2.1 Sorbents

The sorbents evaluated in this study were prepared to represent a subset of the backfil
evaluatedn Chapter 2 Thesebackfill sorbents consisted of fine sand, sodium bentonite, and 0,

5, or 10 % of one of three types of zeolite, including two types of chabazite referred to a
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chabazitdower bed ¢habazite.B) and chabaziteipper bed¢habaziteUB), and a clinoptilolite
(Chapter2). These zeoliterepresent two of the major categories of naturally occurring zeolites,
chabazite and clinoptilolite, commonly used in a wide variety of commercial and rinust
applications (Evanst al 1990).The sand was cleafine mortor sandandthe bentonite was a
powdered sodium bentonite (Malugsal. 2009; Honget al. 2012. The backfill sorbents were
prepared by mixing dry masses of the fine sand, sodium ben(értéo) and the specified
amounts of a zeolitéd, 5, or 10 % The purg(100 %)zeolites also were evaluated as sorbents to
provide an upper limit in comparing the adsorption capacity for each type oflbadé&ivever,

the highk associated with zeolites likely precludes the sole use of zeolites as bdokfidsv-
permeabity cutoff walls. In fact, zeolites have been used as the reactive media in high
permeability reactive walls fom situ treatment of radionuclide contaminated groundwater
(Rabideatet al 2005).

All three zeolites are dominated by slzed particles, wh distributions ranging between
those of the bentonite and sai@hapter 2 The physical propertiesof the zeolites are
characterized by relatively low specific gravities (2.35 < Gs < 2.37) and measureable Atterberg
limits, with chabazitd.B and chabaz&UB being classified as high plasticity clays (CH) and
clinoptilolite being classified as a low plasticity clay (GRASTM D2487-ASTM 2006).

In terms of the chemical properties, the exchangeable and soluble metals of itks zeol
and the bentonite are dominated by sodium (N&lues of CEC for the chabazitelB,
chabaziteUB andclinoptilolite based on the product literature are 259, 240, and 182./&qpol
respectivelyThe pH values of chabazitdB and chabazité)B and the bentonite are essentially
thesame (e, pH ~ 8), whereas that of the clinoptilolite is more basic (pH = Bis}her details

on properties of the constituent materials are providé€thapter 2
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3.2.2 Batch Equilibrium Adsorption Tests (BEATS)

Stock solutions (1 M) of the two metals, K and Zn, were prepared by mixing the
appropriate amount of either K@tertified A.C.S.;Fisher Scientific, Fair Lawn, NJ) &nCl,
(A.C.S. grade, Analytical Reagent; Mallinckrodt Chemical Works, St. Louis,) M@h
deionized water (DIW)These two metals were selected to contrast any differences between the
adsorption behaviors of metals that typically are expected to exist prinmagilgnonovalent (K
versus divalent (Zf) form, as well as to evaluate the behavior of a toxic, heavy metal (Zn) that
is relevant to actual contamination problems. The chemical solutions used for the BEEATS
were prepared by serial dilution of the stock solutions to provide target salt catioestof 0.1,

0.5, 1, 5, 10, 20, 30, 40, 50, 100, 150, 250, 500, z@DIMM, with the higher concentrations
representing an attempt to exhaust the adsorption capacity of the sorbents.

In preparing the ZnGlsolutions theformation ofwhat appeared to be a whieecipitate
was observed. For example, as showFRigure 3.1a, the source solution (first tube on the left)
was murky, and a thin layer of white precipitate appeared above the layer of ¢debiasifill
sorbent (adjacent tubes). As showrFigure 3.1b, a thick layer of white precipitate formed in
both the source solution and the solution that was mixed with the backfill sorbent. Thas whit
precipitate was likely in the form of zinc oxychloride, such as zinc chlorideokiytly
monohydrate, tetrabasic zinc chloride, basic zinc chloride, and zinc hydrosigen|O'Neilet al.
2006). As a result, 37 % hydrogen chloride (HCI) was added to the, Zoitions in100uL
increments until precipitation was no longer observed (compgtees3.1c and 3.1d). As the
addition of HCI for the stock solution was prepared separately for the BE#iducted using
lower target concentrations€, 0.1— 50 mM) versus those using higher target concentrations

(i.e,, 100— 1000 mM), the resulting values of pH for the chemical solutions were differt=at, A
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the values of pH for the Zn&kolutions (0.9 < pH < 5.5) were lower than those for the KCl
solutions (3.9 < pH < 7.7), as precipitation was not observed in the KCl solutions.

The procedure for the BATs followed the guidelines described in Relyal. (1992).
Threesorbent cases were evaluatéh): the base case corresponding touthamendedbackfill
(0 % zeolite) (2) the case of aeoliteamendedackfill with either 5 %or 10 % of one of the
three zeolites; and (3) the pure (100 %) zeolite case.pa&rChapter 2, the unamended and
zeoliteamended backfill sorbents all contained 5.8 % bentonite by dry mass, to eliminate the
bentonite content as a variable.

A soil-to-solution ratio ofl-to-4 (1:4) by mass was used, consisting1@f g of sorbent
(by dry weight) in 40 mL of chemical solutiond., assuming a liquid density of 1 g/mlBoyet
al. (1992) evaluated the effects of a wide rawfesoil-to-solution ratios, and recommended
against using ratios lower than 1dg(, 1:2) due to limitations in mixing. The samplegre
duplicated andagitated in a rotating, eraverend tumbler at 30 rpm for 48 h in a constant
temperature roon2¢°C). Kaya and Oren (2005) found that ahténixing period was sfitient
to achieve steadstate (equilibrium) adsorption of zinc to bentonite, whereas Iskastdatl.
(2011) reported a mixing period of only 2 h for adsorption of zinc and manganese to natural
zeolite and bentonite. After the 48mixing period, the sanigs were centrifugedEC Centra
CL2, Thermo Fisher ScientifidiValtham, MA at 3,000 rpm to separate the soil and solution.
The concentration of K or Zn in the resulting supernataa¢ measured using inductively
coupled plasmatomic emission spectrometror ICRAES (IRIS® Advantage/1000 ICAP
Spectrometer, Thermo Jarrel Ash Co., Franklin, MA), and the measured concentradi used
to determine the solipphase (adsorbed) concentration of the sorliaten accordance witlthe

following equation:
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C. =2~V (3.1)

whereC;s is the solidphase (adsorbed) concentration defined as the mass of the sorbate (K or Zn)
per unit mass of sorbent (mg/kg)s is the mass of sorbent (ovened basis) added tthe
reaction containeri.€., 10 g),C, is the initial aqueouphaseconcentration before exposure to

the sorbent (mg/L)C is the aqueous-phaseoncentration at equilibrium after exposure to the
sorbent (mg/L), an® is the volume of the safiolution added tohe reaction container.g., 40

mL).

3.2.3 Evaluating BEAT Results

Although there are a wide variety of adsorption modets, Kinniburgh 1986.Limousin
et al 2007), the Langmuir and Freundlich models are probably the two most commonly applied
models for describing nonlinear adsorption of contaminants through porous neaglja (
Domenico and Schwartz 1990; Fetter 1993; Shackelford 1993). In particulatatigenuir
model has been used extensively to describe the adsorption of heavy metals (Cd, Cub¥yb, Zn)
soils and zeolitegHarter 1979; Travis and Etnier 1981; Kinniburgh 1986; Rbyal. 1992;
Bernal and LopeReal 1993; Mellah and Chegrouche 1997; Gullick and Weber 2001; &heta
al. 2003; Erdenet al.2004; Kaya and Oren 2005; Prasdcl. 2008; Motsiet al.2009; Iskander
et al.2011; Musscet al.2014). Accordingly, the results of the BEATs were regressed using both
the Langmuir and Freundlich nonlinear adsorption models.

The Langmuir model originally was developeddescrile the adsorption of gases on flat
surfacesRoy et al. 1992) based on the assumption that adsorption occurs at identical sites with

each site retaining one molecule of the solute that is energetically and stendaggndent of
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the amount of adsorption (Harmsen 1979; Wedtaal. 1992; Limousinet al. 2007; Yadlaet al.
2012; Musscet al. 2014. The Langmuir model can be expressed as follawggs, (Kinniburgh

1986; Shackelford 1993; Limousat al 2007 Malusiset al 2009, 2010):

C - QKC
* 1+K.C

(3.2)

whereK, is the Langmuir constant, representing the affinity or binding strengthghergy of
adsorption) of the solute (Kinniburgh 1986; Retyal. 1992; Weberet al. 1992; Fetter 1993;
Jacobs and Forstner 1999; Limoustral. 2007; Malusiset al.2010; Muss et al.2014), andQ_

is the maximum adsorbed concentratiog.,(adsorption capacity) of the sorbent for the sorbate
(Davidsonet al. 1976; Domenico and Schwartz 1990; Rayal. 1992; Webeet al. 1992; Fetter
1993; Jacobs and Forstner 1999; Gullick and Weber 2001; Limeusin2007; Malusiset al.
2010; Yadlaet al. 2012; Musscet al. 2014). As the equilibrium concentratio@, approaches
zero, the slope of the Langmuir isotherm model becomes linear (Kinniburgh 1986; inrabus

al. 2007), as follows:

lim dc, =lim QK.

c-0 dC C—>0(1+ KLC)

> =Q|_ KL = Kd (3.3)

whereKy is the distribution coefficient associated with linear adsorption behadoCs = K4C
(e.g., Freeze and Cherry 1979). Also, in the limit as the equilibrium concentration es/€as
approaches the limiting valu€,, as follows (Davidsoret al. 1976; Travis and Etnier 1981;

Melnyk 1985; Fetter 1986; Jacobs and Forstner 1999; Limetisin2007):
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lim C, =lim [QL J lim| —/—2—1=Q =C (3.4)

Cow Cox»| ]

whereCs maxrepresents the maximum sefithase concentration.

The Freundlich model has been used extensively to describe the adsorption of solutes by
soils (Davidsoret al. 1976; Travis and Etnier 1981; Kinniburgh 1986; Webieal. 1992; Khan
et al. 1995; Mellah and Chegrouche 1997; Gullick and Weber 2001; $hata?003; Erdenet
al. 2004; Cabreraet al. 2005; Kaya and Oren 2005; Prasetdal. 2008; Motsiet al. 2009;
Iskanderet al. 2011; Musscet al. 2014). The Freundlich model is an empirical power function
that can be represented as follovesy.( Kinniburgh 1986; Fetter 1993; Shackelford 1993;

Limousinet al 2007 Malusiset al 2010):
C.=K,c" (3.5)

whereK; is the unit adsorption capacity parameter (Suffet and McGuire 1980; \&tedlet 992;
Gullick and Weber 2001; Malusiset al. 2010; Mussoet al. 2014), also referred to as the
adsorption equilibrium constant (Yaddaal. 2012), andN; has been referred to as the Freundlich
exponent (Webeet al 1992; Malusiset al. 2010), the adsorption intensity constant (Yaatlal.
2012; Mussocet al. 2014), or the dimensionless site energy heterogeneity (or linearitpy fact
(Gullick and Weber 20D). The parametdr; has been considered to be a measure of both the
relative magnitude and diversity of adsorption energies for concave, nonliNeas ()
adsorption(Weber et al 1992; Malusiset al. 2010), and an indicator of the intensity of

adsorptim or how the capacity of the sorbent varies with the equilibrium solute concentration
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(Suffetand McGuire 1980). FoN; = 1, the Freundlich model is the same as the linear model

such thaK; = Ky (Domenico and Schwartz 1990; Jacobs and Forstner 1999).

3.2.4 Cation Exchange Capacities of the Sorbents
The CEC of a given sorbent theoretically represents the upper limit or maximum
adsorption capacity of the sorbent for catievisen the primary mechanism for adsorption is
cation exchangeTherefore, th&€€EC s a useful parameter for comparing the results of BEATS
in that the maximum adsorption capacity of a given sorbent for a given sshioald be limited
by theCEC of the sorbent,e., if the dominant mechanism for adsorption is cation exchange.
The CEC for each sorbent evaluated in this study was measured in accordance with
ASTM D7503(ASTM 2010), and the results are shown in Téble The measure@EC values
for the chabazit¢.B, chabaziteUB, and clinoptilolite of 232, 250, and 180 cnikb were
similar to the aforementioned product literature values 259, 240, and 182lamoéspectively.
Also shown in Table8.1 are the calculated values ©EC based on the assumption of a linear
relationship between the measured valuEBE of thepure (100 %) bentonite of 83cnol./kg
as reportedn Chapter 2and the measured values of the pure (100 %) zeolites (see3lBble
For example, the€CEC of the unamended backfill sorbent was calculated by multiplying the
content of bentonite with th@éEC of bentonite i(e., 0.058x83.£mol./kg = 4.84 cmal/kg). The
results indicate a close agreement between measured and calCi&edlues for the backfill
which implies that the bentonite and zeolite constituents did not interfere with thachoany

significant extent in terms of cation exchange.
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3.3 RESULTS
3.3.1 Adsorption Results

The results from the BEATS for each sorbent are shoviagures3.2 —3.5. The bestit
values of the Langmuir and Freundlich parameters were obtained by undeighaigsquare
regression of thesothermsas recommended bkinniburgh (1986¢. The resulting regressed
parameters for the Langmuir and Freundlich modedsthe associated values for the coefficient
of determination @) are summarized ifiable3.2.

For all of the sorbents except the unamended backfill sorbent, both adsorption models fit
the experimental data reasonably well, based on the regressed values for fibeerdoef
determination, ¥ > 0.836. However, the adsorption models fit the data for theunamended
backfill sorbent somewhat poorer (0.518 < 1* < 0.666 for K and 0.721 < 1* < 0.934 for Zn), which
is consistent with other studies involving adsorption of metals to bentonite (Skyrman 1997;
Banatet al. 2000; Kaya and Oren 2005; Lake and Rowe 2005; Maktsis. 2010). Since the
measuredEC of the unamended backfill sorbent was relatively lae,(4.65 cmol/kg) due to
the low bentonite conterf6.8 %), the full adsorption capacity likely was depleted at relatively
low concentrations. Also, the upper limits for measurement of the metals conoasttat the
ICP were 3.8 mM (150 mg/L) for K and 1.5 mM (100 mg/L) for Zn. As a result, some of the
samples for chemical analysis of the higher concentrations had to be dilutelddipr as high
as 625, such that small differences in the measured concentrations of the dilutedGowand
equilibrium solution(C) likely resulted in significantly geger differences (or scatter) in the

calculated values @olid-phase (adsorbed) concentrati@g,
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3.3.2 Mechanisms for Metals Adsorption

As noted by Reardon (1981), adsorption of metals can result from several mechanisms,
including ion exchange, precipitation, and/orprecipitation. Although the primary mechanism
for adsorption of the two metals evaluated in this study was expectedcitibe exchange,
precipitation and/or co-precipitation also could have been active mechanisms.

One way to estimate the likelihood of cation exchange as the dominant mechanism for
adsorption is to compare the regressed value for the maximum adsorpticitychpan the
Langmuir modelQ,, with the maximum soligphase concentration based on the meadDEd
Cs.max Accordingly, the measured values@EC (Table 3.1) for the backfill sorbents and pure

zeolites were converted to valueSQafnaxfor both metals, as follows:

i cmol, | & f‘XMW{ y J mol, 1000
C, | RECEHON_ g CMOL | < mol] | L1000 mg
’ kg-soll kg-soil| 4= mol, 100 cmaql g
4 mol

(3.6)

whereMW, is themolecularweight of the sorbate; is the valence (charge) of the catifinis
the fractional composition of the existing chemical speciesaqueous solution, amdlis the
number of chemical species contributingdgmax In general, considering all possible chemical
species (complexes) in solution, thie = 1 at any given pH. However, sin€g max@s given by
Eq. 36 is based only on cation exchange, only catispecies (complexes) should be included
in the calculation, such that 0 <X fj < 1.

In the case of Zrthe results of Reichlet al. (1975) and Powe#t al (2013) indicate that
various hydroxide complexes of Zn exist, depending on the pH of the chesulaéibn, as

follows: Zrf* for pH < 10, Zn(OH] for 6 < pH < 11, Zn(OH), for 7 < pH < 13, Zn(OH)3™ for 9 <
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pH, and Zn(OH)* for 11 < pH (see Appendix C). For example, at pH £:&por Zn** is 0.383f

for Zn(OH)" is 0.559,f; for Zn(OH), is 0.058, and, andfs for Zn(OH)™ and Zn(OH)?Z,
respectively, are less than “L0However, since only Z# and Zn(OHJ contribute to cation
exchange, th& f; is equal to 0.942. Thus, the fractional composition of each Zn hydroxide
complex present during the BEATs would have been a function of the pH.

In reality, the pH varied during each BEAT. For example, as shovigure 3.6, the
final pH after equilibrium generally was greater than the initial pH of the daltians for each
BEAT, presumably due, in path the natural buffering capacity of the constituent materials for
each sorbente(g., Yong andPhadungchewil993). In the case of the BEATs performed with
ZnCl, solutions, the initial values of pH of the ZnGblutions were 0.9 < pH < 5.5, whereas the
final values of pH after equilibration were 4.4 < pH < 9.3. Thus, for the higher equilibrium
values of pH é€.g., 6 < pH < 9.3), zinc likely existed in the form of both Zn** and Zn(OHJ.
However, the actual system of chemical species was more complexhétgoittrayed by this
analysis, due to the existence of other salts in solution that would have been grgsdrahle
3.3). Thus, the actual initial conditions and conditions during testing were variable.

The situation for K adsorption is simpler th#imat for Zn adsorption becaugsbe
dominant chemical species for K over a wide range of pH is monovald@'Keil et al. 2006).
Thus,Cs maxcan be based only on'Ki.e., MW= 39.0983 g/moln=i =1,z=+1,X f; = 1).

As a result of the aforementioned considerations, only the limiting valu€s @kfor
adsorption of either Zf (i.e., MW = 65.38 g/molz = +2,f, = 1) or Zn(OH]J (i.e., MW = 82.40
g/mol, z = +1,f, = 1) were determined, to provide an indication of the possible range.isx
due only to hydroxide complexation of ZnThe resulting values fas maxfor Zn** (Cs max.zz+)

and Zn(OHJ(Cs max.znor), as well as the values for'KCsmaxx), are shown irFigures3.2
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through 3.5, and the respective value€pfCs maxfor each chemical species are summarized in
Table 3.4 and shown as a function of zeolite contenfigure 3.7. Most of theQ,/Cs max<+
values were less than unity, indicating that the actual adsorption capéiti” were lower
than those based on the measud8C values. As a result, the primary mechanism for
adsorption of K was likely cation exchange of kn contrast, all of thealues ofQ,/Cs max.za+
with the backfill sorbents were greater than unity, whereas all of thes/afQ,/Cs max znor
with the backfill sorbents were less than unity. Thus, cation exchange could havehbke
dominant adsorption mechanism for Zn, provided chemical complexation of Zn is considered.
Another possible reason for values@f/Cs max,za+ > 1 for the unamended and zeolite
amended backfill sorbents is precipitation. In this regard, there aficttog results as to the
pH at which precipitadbn of Zn will occur. For example, Semmens and Seyfarth (1978) indicated
that Zn may precipitate as Zn(Ofg) or ZnQg) from a 1 mM Zn(NQ)»-6H,O solution at 6.98
pH < 7.63. Ouki and Kavannagh (1997, 1999) found that, for solutions containing 10 nijl.. of
Cd, Cu, Zn, Cr, Ni, or Co, precipitation would not occur until>p®1.7, which was sufficiently
high such that precipitation was negligible and the predominant mechanism foremedgaél by
two zeolites (chabazite and clinoptilolite) was attributedon exchange. However, Oren and
Kaya (2006) stated that 2.5 to 20 mg/L ofZm solution may form complexes with Ok the
form of Zn(OH), Zn(OH)", and Zn(OH)* at pH >6, such that these zinc hydroxyl species may
precipitate onto the zeolite. Thus, based on the final (equilibrium) range in pH for thesBEAT
involving zinc as the sorbatee., 4.4 < pH < 9.3, zinc hydroxyl species in the form of Zn(OH),
and/or Zn(OH}™ may have precipitated onto the sorbents. Also, Brunehet (1983) showed
that, as the concentration of Zrincreases, the pH at which Zrprecipitates decreases, such

that precipitation may occur at lower pH for higher concentrations Bf Zn
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Precipiation of Zn viasulfatereducing or metateducing bacteriaunder neutral or
anaerobic conditionalso wasunlikely sincesulfate was not included in the addsadt solutions
or backfill sorbents (Crawford and Crawford 1996; Stapleton and Singh 30@fiet al. 2009)
Also, dthough some of the measured pHtloé backfill and solution mixturgwerein a range
that isoptimum for biosorptiorfor Zn (i.e, 4 < pH < 5), reducedbioavailability was expected
due to the highCEC of the bentonite and zeolite of the backfifStapleton and Singh 2002;

Singhet al 2009).

34  DISCUSSION
3.4.1 Effect of Zeolite Content on Fittééingmuir Model Parameters

The besfit values of the Langmuir constarfs andQ,, and the values for the product
of these two parameter& Q., are summarized in Tabl@2 and plotted versus the zeolite
content inFigure 3.8. All of the Q. (maximum adsorption capacitypr the zeoliteamended
backfill sorbents(Q. amendeg for both K and Zn were greater than the respectiyefor the
unamended backfill sorbef®. unamende}s indicating an increase in the adsorption capacity for
the backfill sorbents amended with zeolite. However, there is no consistent ti¢ndenergy
of adsorption) for K with increasing zeolite content among the three types ofegedior
example K, increased from 0 to 10 % and then decreased from 10 to 100 % for chalfgzite
increased from 0 to 5 % and decreased from 5 to 100 % for cteab&; and decreased from 0
to 5 % and then increased from 5 to 100 % for clinoptilolite. The only consistentfoedlis
thatK, for all three pure zeolites were less thanKhdor the unamended backfill sorbent.

For Zn,K, for the zeoliteamendedackfill sorbents and pure zeolites were less than the

K. for the unamended backfill sorbent, with a slight increas&,inas the zeolite content
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increased from 5 to 100 %. Since greater value¥ofgenerally indicate more favorable
adsorption such thdhe increase ICs is greater for the same increasedr{(Fooand Hameed
2010; Hamidpouret al 2011), this observation is contradictory relative to the trends in the
values ofQ, which increased as the zeolite content increased. However, the Langmair mod
assumes an identical site which is energetically and sterically independdm ambunt of
adsorption (Harmsen 1979; Welatral. 1992; Limousiret al.2007; Yadlaet al.2012; Musscet

al. 2014. As a resultK, is affected by the concentration avalence(i.e., ionic strength) of the
cations in the solution, where@s is an innate property of the sorbent that is not affected by the
energy of adsorption. Thus, an increase in the concentrations of soluble metastinh¢he
zeolites, especiallila” (Table 3.3), due tothe increase in the zeolite component of the sorbent
likely would havecausedncreaseccompetition with the various chemical species of Zn for the
available exchange sitead., Reynoldset al. 1982), resulting in lower values Kf for Zn with
increasing zeolite content. This same effect apparently was not as domirthaetdase of K
adsorption, presumably due to more favorable exchahlferelative to competing metals.§.,
Table3.5).

Finally, values ofK Q. (= Kq4 at low concentrations) for the zeoldénended backfill
sorbents were greater than those of the unamended backfill sorbent for K, whereas tite oppos
conclusion is apparent in the case of Zn. Thus, at low concentrations where thed3tAs are
approxmately linear, the zeolitamended backfill sorbents would likely be more effective in
adsorbing K, whereas the unamended backfill sorbent would be more effective than tee zeoli

amended backfill sorbent in adsorbing Zn.
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3.4.2 Effect of Zeolite Contemn Fitted Freundlich Model Parameters

The besfit values of K; (Freundlich unit adsorption capacity) amgf (Freundlich
exponent) are summarized in TaBl@ and plotted versus the zeolite contenFigure 3.9. All
of theN; were less than unity, indicating concave (favorable), nonlinear adsorptio; TdreK
adsorption to the zeolt@mended backfill sorbents were greater tharkihior the unamended
backfill sorbent. In contrast, the; for Zn adsorption to the zeolimmended backfill sorbents
were lower than th&; for the unamended backfill sorbent.

As shown inFigures3.2 —3.5, extrapolations of the Freundlich model beyond the range
of measured concentrations for each sorbent resulted in an overestimation of tim sorbe
adsorption capacities, because a limiting (maximum) adsorption capacity sheatrit in the
Freundlich model (Davidsoet al 1976; Travis and Etnier 1981; Melnyk 1985; Kinniburgh 1986;
Royet al 1992; Fetter 1993; Johnson 1994; Limowdial 2007; Matottet al 2009, 2015). For
this reason, the Freundlich model should flieonly to the range of measured data that
corresponds to the applicable concentrations of interest (Davwdsdn1976; Travis and Etnier
1981; Melnyk 1985; Kinniburgh 1986; Rast al 1992; Fetter 1993; Limousiat al. 2007,

Matottet al 2009, 2015).

3.4.3 Effect of Zeolite Content on Adsorption Capacity

The effect of zeolite content€., 0, 5, 10 %) on the adsorption behaviors forrid @n
with each type of zeolite is shown figure3.10. For K, an increase in the adsorption capacity
resulting from a 10 % zeolite amendment relative to a 5 % zeolite amendment s ajparent
in the case of the two chabazitdagiures3.10a,c), whereas for the clinoptilolite, the 10 %

amendment provides only a marginal increase in adsorption capacity relative ©® %
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amendmentRigure 3.10e). In contrast, for Zn, the effect of increased zeolite content (5 % to
10 %) on the adsorptiocapacity is marginal for all three zeolitésgures3.10b,d,f), although
the increase in adsorption capacity is more apparent for clinoptilBligeré 3.10f). Thus, the
benefit in terms of an increase in the adsorption capacity resulting fromcegase in the
amount of zeolite amendment is a function of both the type of zeolite and the speaficl et
extent of increase in adsorption capaciiythe unamendedersuss % zeoliteamendedackfill
was greaterthan that for the 3% zeoliteamended &rsus10 % zeoliteamended backfi|l
probably due to the increase in zeolite content resulted in limadeekss to the surface area of the
added zeolite and increased excess soluble cations associated with the alitdemhteei@red
with the added solute for adsorption which will be discuss later.

The effect of the zeolite amendment can be evaluatederms of the ratio
QL amendedQL unamended The resultingQL amendedQL unamended@re plotted as a function of zeolite
content in Figure 3.11 amsbmmarzed in Table3.4. All of the values ofQ| amendedQL unamended
for the zeoliteamended backfill sorbents were greater than unity, indicating that the omaxim
adsorption capacity increased by adding zeolite. For K, the valu@s 8fndedQL unamendedfOr
the backfill sorbents with 5 % zeolitanged from 6.2 to 7.3, whereas those with 10 % zeolite
ranged from 7.5 to 13.5. For Zn, the valueQofmendedQL unamendedOr the backfill sorbents with
5 % zeoliteranged from 2.8 to 3.4 with 5 % added zeolite, whereas those with 10 % zeolite
ranged from 3.1 to 3.7. Thus, the increase in the adsorption capaagityreasng the amount of

zeolite amendment is a function of both the type of zeolite and metal.
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3.4.4 Effect of Type of Zeolite

The adsorptiorbehaviors of each type of zeolite are compared directligare 3.12.

For the zeoliteamended backfill sorbents, a distinction in results based on type of zsolite i
apparent only for the case of 10 % added zeolite with respect to K adsoFpgjore3.12c). In

this case, K adsorption appears to be in the order chah& techabazitdJB > clinoptilolite.
Otherwise, there was little difference in the effect of type of zeolite oadberption of K or Zn

for the zeoliteamended backfill sorbentsg,, chabazitel.B ~ chabazite-UB = clinoptilolite). For

the case of the pure (100 %) zeolites, adsorption for K was irelde/e order chabazité.B =
chabaziteUB > clinoptilolite (Figure3.12e), which is consistent with the measut&s (Table

3.1), whereas adsorption for Zn was in thedative order clinoptilolite > chabaziteB =~
chabaziteUB. These results are consistent with those previously noted.

Values of QL amendedQL unamended@re shown as a function of the type of zeolite for each
backill in Figure 3.13.Values ofQL amendedQL unamendedfOr @dsorption of K to backfill sorbents
with 5 % zeolite were in the order clinoptilolite > chabatit® > chabazitd B, whereas those
for backfill sorbents with 10 % zeolite were in the order chabdift > chabazitd B >
clinoptilolite (Figure 3.13a,c). Thusclinoptilolite was more effective for backfill sorbents with
5 % zeolite, whereas chabazite was more effective for backfill sorbents witlz&0l#e.

Values of QL amendedQL unamendedfOr adsaption of Zn to the backfill sorbents with 5 %
zeolite were in theelativeorder chabazit®)B > clinoptilolite > chabazite.B, whereas those for
backfill sorbents with 10 % zeolite were in tredative order clinoptilolite > chabazite)/B >
chabazitelLB (Figure 3.13b,d). These results are approximately opposite to those for K, in that
clinoptilolite was more effective than chabazite for the backfill sorbents Wi# Zeolite while

chabazitedUB was more effective than clinoptilolite for the backéidrbents with 5 % zeolite.
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The measure@€EC s in therelativeorder chabazit®&/B > chabazite-LB > clinoptilolite
(Table 3.1), which agrees with the values @ amendedQL unamended fOr the 10 % zeolite
amendment regarding K, but not for the other results. The explanation for this lackerhagt
between the relative values GEC for the zeolites and the correspondi@gamendedQL,unamended

may be due the selectivity of zeolite, which is discussed in the followingsecti

3.4.5 Effect of Type of Sate

The adsorptive behaviors for K and Zn are compared directiigare 3.14 for the
unamended backfill sorbent and the pure zeolite sorbents, drigure 3.15 for the zeolite
amended backfill sorbentsor the unamended backfill sorbent, about thmrees more Zn was
adsorbed than K. For the pure zeolites, the amount of K adsorbed was greater than thiatrfor Z
the two chabazites, but less than that for Zn for the clinoptilolite. For the zawléeded
backfill sorbents, the difference between #rmounts of K and Zn adsorbetiQ, (= QLzn —
QLk), tended to decrease with increasing zeolite content for the chabBzitghereas for
clinoptilolite, AQ, tended to increase with increasing zeolite content. For the zapigaded
backfill sorbent withchabaziteUB, the Q_ z/Q.x was 1.9 for 5 % zeolite, whereas the
QLzv/QLk was 0.96 for 10 % zeolite.

For a given backfill sorbent, the values of Qe for Zn were greater than those for K
(Table 3.2, Figure 3.8c¢,d). Thus, regardless of the mechanism(s) for adsorption, the adsorption
capacities for the backfill sorbents in terms of mass for the Zn wertegtban those for K.
However, the relative increase in adsorption capaclyafendedQL unamende) resulting from
zeolite amendment was greater for K relative to Zn. This relative differere&n more clear

based on the results shown Figure 3.11 for the pure (100 %) zeolite sorbents, where the
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QL amendedQL unamended@nged from 43 to 8fr K, veraus only from 7.1 to 14 for Zn (Tabk4,
Figure3.11a,b).

Considering the pure zeoliteall three zeolites were less effective in adsorbing Zn
relative to K (compare Figures 13e andAlso, even though th€ECs for the two chabazites
were greater thathe CECfor the clinoptilolite, adsorption of Zn by the two chabazites was less
than that by the clinoptilolitéFigure 3.13f). These differences in adsorption behavior relative to
Zn for the two basic types of zeolitese( chabazite versus clinoptilolite) may be due, in part, to
factors affecting the relative sorptive affinities for the two metals.

For example, consider the selectivity (replaceability) series summanzé&dbie 3.5.
Based on these selectivity series, the preferential adsorption sequeckatiazitds K* > P
> Zrt* and K > Na" > C&"*, whereas that for clinoptilolite is'> Na" > C&* > zrn**. Therefore,
for both chabazite and clinoptilolite, the selectivity series for the princgigons of interest in
this study is expected to be in the ordérKzn** and K > Na" > C&"*. Of course, these series
do not recognize the potential role of chemical speciatan, the existence of both Zhand
ZnOH'. This oveall preference for K adsorption is in accordance with the greater charge
density of K relative to ZA" (e.g., Ouki and Kavannagh 1997; Sherry 2003; Wingenfesdel
2005). For example, based on the charge densities shown in J.@plthe expected cation
selectivity for zeolites is in theslativeorder K > Na' > Zn?".

Also, because Zn is not preferentially adsorbed relative to other cations, ¢netiadsof
Zn should have been affected by the soluble metals associated with the sebemMNs’] to a
greater extent thanKwhich has been reported in other studies (Zameal 1990; Ouki and
Kavannagh 1997; Yuaet al 1999; Cabrerat al 2005; Wingenfeldeet al 2005; Motsiet al

2009). Since the soluble metals associatétl the constituentnaterialsof the sorbents were
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redissolved intahe solution upon mixing with the KCI or Znglsolutions, the soluble metals
represent competition for the exchange sites of the sorbents with the dissolved K or Zn.

For example, Reynoldst al (1982) found that the adsorption parameters for cesium and
strontium based on batch testing were lower than thosedadmklated from column testing.
They attributed this difference to ion competition with redissolved sosdile in the case of the
batch tests, which was not the case for the column tests because the liquid flow theug
columns had flushed the redissolved soluble salts from the columns, reducing catiotiticompe
for available adsorptive sites.

As a resit of this consideration, the concentrations of soluble metals in the added
solution for each sorbent were calculated (TaBl8). These calculated soluble metal
concentrations were based on the soluble metal concentrations assodiatedciconstituent
material {.e., bentonite and zeolite) as reported in Chaptan@ the amounts of each material
comprising the sorbent based on the-gw#olution ratio of 1:4i(e., 10 g sorbent + 40 mL
solution), assuming all of the soluble metals of the sorbents dissolved in the added 40 mL of
solution. As shown in Tablg.3, the dominant soluble metal for each backfill wa$, idad for a
given amount of zeolite amendment, the solublé dncentrations associated with the two
chabazites were significantly greatlean that associated with the clinoptilolite. Therefore, based
on the aforementioned selectivity series, wherebyalsorption is preferred relative to Na
adsorption, which in turis preferred relative to Zf adsorption, preferential adsorption of K
relative to the Zn species in the case of the two chabazites may have been due, inneatgrto g
concentration of dissolved Nain the BEATS involving the chabazites relative to the
clinoptilolites. However, as Reynolag al (1982) noted, this conclusiatoes not necessarily

mean that an actual cutoff wall constructed with a chabaniended backfill would be less
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effective compared to that with clinoptilokamended backfill, because the soluble metals will
be removed from the backfills via groundwatiem, resulting in less cation competition upon

introduction of the contaminant metals into the backfill.

35 SUMMARY AND CONCLUSIONS

The potential use of three zeolitég,, two chabazites (chabazitd and chabazitéJB)
and a clinoptilolite, asmendments fobackfill to enhance the adsorption capacity with respect
to two metals, potassium (K) and zinc (Zn), was evaluated¢onductingbatch equilibrium
adsorption test (BEATS) The sorbents included an unamended backfill comprising a fine sand
mixed with 5.8 % bentonite, and zeol&enended backfills comprising the unamended backfill
sorbent with either 5 or 10 % of one of three zeolites. The pure (100 %) zeolites also were
evaluated as sorbents to provide an indication of the limiting case. The resultsBEAfMs
were evaluated using the Freundlich and Langmuir nonlinear adsorption models.

All of the valuedor the Freundlich exponentl;, were less than unity, indicating concave
(favorable), nonlinear adsorption over the range in salt concentrations (either KGCb)
evaluated in this study. Als@ comparison of the results of the BEATs with the maximum
adsorbed (soligphase) concentratiorC{ .y of the backfill sorbents based on the measured
cation exchange capaci{CEC) for each backfill sorbent revealed that the adsorption behavior
of the two metals was consistent with cation exchange as the dominant mac¢haonsded
chemical speciation (complexation) of Zn was taken into consideration. The ptyssbil
precipitaton of Zn also was considered. However, based on the relatively low values of pH for
the BEATS, the available evidence from the literature suggested thadiaten likely was not

a significant adsorption mechanism in this study.
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Values for the Langmuimaximum adsorption capacit®,, for both K and Zn were
greater for the zeolitamended backfill sorbents than for the unamended backfill sorbent,
indicating an increase in the adsorption capacity for the backfill sorbentsladheiith zeolite.
The incremental increase @ for K resulting from increasing the zeolite content from 5 % to
10 % was readily apparent for the two chabazites, but only marginal fofiribptitolite. In
contrast, the incremental increaseé)nfor Zn resulting from increasing ttzeolite content from
5 % to 10 % was marginal for all three zeolites.

Also, although the&Q, for the backfill sorbents were greater for Zn relative to K, the
relative increase in adsorption capacity representedBymendedQL unamendedresulting from
zeolite amendment was greater for K relative to Eor example, dependingn the specific
zeolite, the addition of only 5 % zeolite increa§@dimendedQL unamendeddy @ factor ranging from
6.2 to 7.3 times for K and from 2.8 to 3.4 times for Zn, wherén$olzeolite amendment
increased)| amendedQL unamendeddy @ factor ranging from 7.5 to 13.5 for K and 3.1 to 3.7 for Zn.
Thus, the benefit in terms of an increase in the adsorption capacity refutign increase in
the amount of zeolite amendmenaitunction of both the type of zeolite and the specific metal.

Except for the case of 10 % added zeolite with respect to K adsorption, theretle/as lit
difference in the effect of type of zeolite on the adsorption of either K oioZthé zeolite
amendedackfill sorbentsi(e., chabazitd B ~ chabazite-UB = clinoptilolite). The Q, for each
type of zeolite was within the range of about 50 to 100 percent of the me&gtbr K.
However, adsorption of Zn by the two chabazites was less than that by the clinepileh
though theCEGs for the two chabazites were greater thanGE€ for the clinoptilolite. These
differences in the adsorption behavior between K and Zg at#ributed to the greater selectivity

(adsorptive affinity) of K relative to that of Zn, and competition foaikble exchange sites
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between Zn and other soluble metals, primarily,Nasociated with the bentonite and zealite
the backfill sorbents.

The results of this study indicate that the containment function of vertical cuad§ w
with respect to metals can be significantly enhanced by amending the baitkfidlsilittle as 5
or 10 % of a higlCEC zeolite. However, thenhanced adsorption cagtg will be a function of
both the metal and the type and amount of zeolite, such that maperatic adsorption studies
will be required for practical applications. Alsgjven the welrecognized limitations in
extending the results of BEATSs to fielpplications, such as unrepresentative-teegdolution
ratios in the BEATS relative to the field and the existence of static (ng @omditions in the
BEATSs, prudence dictates that additional evaluation may be warranted Hafbszale
implementationis undertaken. Such evaluation may include laboratory column testing,

contaminant transport modeling, and/or pilot-scale demonstration.
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Table 3.1 Comparison of the measured and calculated catahange capacities for the
sorbents evaluated in this study.

Sorbent Amendmer@haracteristics Cation Exchange CapacitgEC (cmol./kg)
Type ofZeolite | Amount of Zeolite (%) | Measured Calculated | Measured/Calculated
NA® 0 4.65 4.84 0.96
Chabazite-B 5 17.4 16.4 1.06
Chabazitd-B 10 25.2 28.0 0.90
Chabazitd-B 100 232 - -
ChabaziteJB 5 16.0 17.3 0.92
ChabazitdJB 10 26.2 29.8 0.88
ChabazitdJB 100 250 - -
Clinoptilolite 5 14.5 13.8 1.05
Clinoptilolite 10 27.3 22.8 1.20
Clinoptilolite 100 180 - -

“ASTM D7503 ASTM 2010)

P Calculatel CEC = 5.8 %/100 % >CE Coentonite + (0, 5, or 10 %)/100 % €EC,eites Where the measured
CEC of the bentonite = 83c4nol./kg based orChapter 2
°NA = Not applicablei(e., unamended backfill sorbent).
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Table3.2. Fitting parameter values for adsorption testing results

So(r:bheeagi\{gﬁg;ijgent Final Adsorption ModeFitting Parametefs

TBé?e Amo?cunt Metal (EquiFI)igrium) Langmuir Model Freundlich Model

Zeolite Zeolite (%) KL (L/mg) | Qu(mg/kg) | KLQL(L/Kkg) | r* | K (L/kg) Ny r’

NAP 0 K 6.9-8.0 0.00301 813 2.4 0.666 250 0.13 0.518
Chabazite-B 5 K 7.7-8.0 0.00379 5,080 19.3 0.954 638 0.24 0.912
Chabazite-B 10 K 75-7.9 0.00464 8,230 38.2 0.960 934 0.25 0.919
Chabazite-B 100 K 73-7.9 0.000977 66,800 65.3 0.977 1090 0.44 0.928
ChabaziteJB 5 K 7.7-8.2 0.00305 5,460 16.7 0.946 608 0.25 0.923
ChabaziteJB 10 K 6.8-8.1 0.00202 11,000 22.2 0.952 635 0.32 0.972
ChabaziteJB 100 K 7.5-8.3 0.00122 61,200 74.7 0.964 1490 0.39 0.859
Clinoptilolite 5 K 7.4-8.1 0.000813 5,930 4.8 0.915 221 0.35 0.929
Clinoptilolite 10 K 7.9-8.2 0.00223 6,120 13.6 0.881 477 0.29 0.931
Clinoptilolite 100 K 8.1-9.0 0.00219 35,200 77.1 0.958 1420 0)35 0883

NAP 0 Zn 53-6.8 0.00379 3,110 11.8 0.721 473 0.21 0.934
Chabazite-B 5 Zn 48-5.6 0.000468 8,680 4.1 0.872 300 0.34 0.942
Chabazite-B 10 Zn 48-5.9 0.000561 9,740 55 0.859 370 0.34 0.930
Chabazitd=-B 100 Zn 47-7.9 0.000594 22,200 13.2 0.968 553 0.39 0.988
ChabazitdJB 5 Zn 47-55 0.000271 10,500 2.8 0.937 107 0.46 0.965
ChabaziteJB 10 Zn 49-59 0.000374 10,600 4.0 0.955 170 0.42 0.953
ChabaziteJB 100 Zn 44-8.1 0.000424 26,300 11.2 0.965 391 0.44 0.969
Clinoptilolite 5 Zn 51-57 0.000251 9,380 2.4 0.861 97.1 0.45 0.836
Clinoptilolite 10 Zn 51-5.8 0.000317 11,400 3.6 0.958 146 0.44 0.933
Clinoptilolite 100 Zn 4.7-9.3 0.000613 43,300 26.5 0.929 1290 0.36 0.968

4K, = Langmuir constanf, = maximum adsorbed concentration for the solute of interesB(&gK; = Freundlich unit adsorption capacity
= Freundlich exponent (E8.3); P = coefficient of determination.
®NA = Not applicablei(e., unamended backfill sorbent).
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Table3.3. Equivalent liquidphase concentrations of exchangeable metals and soluble metalsarkers.

Sorbent AnendmentCharacteristics Equivalent LiquidPhase Soluble Metals Concentrations (mty/L)
Type ofZeolite Amount ofZeolite (%) ca* Mg?* Na' K* Sum
NAP 0 0.35 0.11 29.6 0.85 30.9
Chabazite-B 5 3.00 1.72 115 1.58 121
Chabazite-B 10 5.66 3.33 201 2.32 212
Chabazitd-B 100 212 129 6,850 58.7 7,250
ChabaziteJB 5 1.78 1.88 141 2.02 147
ChabaziteJB 10 3.20 3.66 253 3.20 263
ChabaziteJB 100 114 142 8,920 93.8 9,270
Clinoptilolite 5 1.03 1.99 42.1 5.69 50.8
Clinoptilolite 10 1.70 3.87 54.6 10.5 70.7
Clinoptilolite 100 54.1 151 1,000 387 1,590

@Calculated based on the measured exchangeable and soluble metals of themomstterials as reported in Chaptem2 the added amount of
the constituent materials in each sorbents, and then converted to the expecesdraiion for the BEATs test.€, 10 g sorbent + 40 mL
solution).

®NA = Not applicablei(e., unamended backfill sorbent).
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Table 3.4. Comparison of Langmuir adsorption capacities versus maximum-gwdise concentrations based on meas@EQ@
values

So?f;;ﬁgﬁgggem Langmuir SOTige;);Zgngfgé?;&n, Adsorption Capacity Ratios
) Metal | Sdsorpuon Comax (MG/kQ) QU/Co e
ype of Amount of Capacity,Q. ' ' QL amended
Zeolite Zeolite (%) (mg/kg) K* 72 ZnOH' K* 72 ZnOH QL unamended
NA? 0 K 813 1818 - - 0.45 - - 1.0
Chabazite-B 5 K 5,080 6803 - - 0.75 - - 6.2
Chabazite-B 10 K 8,230 9853 - - 0.84 - - 10
Chabazite-B 100 K 66,800 90747 - - 0.74 - - 82
ChabaziteJB 5 K 5,460 6256 - - 0.87 - - 6.7
ChabaziteJB 10 K 11,000 10244 - - 1.07 - - 14
ChabaziteJB 100 K 61,200 97589 - - 0.63 - - 75
Clinoptilolite 5 K 5,930 5669 - - 1.05 - - 7.3
Clinoptilolite 10 K 6,120 10674 - - 0.57 - - 7.5
Clinoptilolite 100 K 35,200 70377 - - 0.50 - - 43
NA? 0 Zn 3,110 - 1520 3831 - 2.1 0.81 1.0
Chabazite-B 5 Zn 8,680 - 5689 14334 - 151 0.6Q 2.8
Chabazite-B 10 Zn 9,740 - 8239 20760 - 1.2 0.47 3.1
Chabazite-B 100 Zn 22,200 - 75885 191122 - 0.29 0.12 7.1
ChabaziteJB 5 Zn 10,500 - 5231 13181 - 2.0 0.80 3.4
ChabaziteJB 10 Zn 10,600 - 8566 21584 - 1.2 0.49 3.4
ChabaziteJB 100 Zn 26,300 - 81607 205950 - 0.32 0.13 8.5
Clinoptilolite 5 Zn 9,380 - 4741 11945 - 2.0 0.79 3.0
Clinoptilolite 10 Zn 11,400 - 8926 22490 - 1.3 0.51 3.7
Clinoptilolite 100 Zn 43,300 - 58851 148284 - 0.74 0.29 14

#NA = Not applicablei(e., unamended backfill sorbent)
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Table3.5. Reported selectivity series for zeolites and bentonite.

Type Zeolite Reference Selectivity Series
Barreret al.(1969) TI*>K">Ag" > Rb" > NH," > PF* > Na' = B&* > SP* > Cd* > Li*
KesraouOuki et al.(1994) TI*>Cs > K">Ag" > Rb" > NH," > P > Na" = B&" > S > C&* > Li*
_ Ouki and Kavannagh (1997) PE* > Cdf* > zn** > Cd* > CUf* > Ni?* > CrP*

Chabazite Torraccaet al.(1998) NH,* > K" > P> Na
Ibrahimet al.(2002) Ni?*> Cr*> CU* > F&¢* > Zn??
Manufacturer Product Info TI*>Cs > K">Ag" > Rb > NH," > P > Na" = B&" > SF* > C&* > Li*
Blanchardet al.(1984) P> NH," > C#*, Cd* > Zr?*, C* > Ni** > H*
Cabreraet al.(2005) CU* >> Zrf* > Ni**
Colella (1996) K*>NH,"> Na' > C&* > Mg?*
Czaréaret al.(1986) K*> NH*, > Ag" > Pb** > Na' > C&* > Li*
Faghihiaret al.(1999) P > Cdf* > B&" > SF* > Cs > Ni**

| KesraouiOuki et al.(1994) Cs' > K'>SF" =B > Cd*>> Na > Li*; P > Ag" > Cd* =~ Zn** > CU* > N&'

Clinoptilolite Motsi et al.(2009) FE* > zn?t > CUE* > Mn??

Mumpton (1999) Cs' > Rb > K">NH," > B&" > SF" > Na > Cd" > Fe >Al > Md" > Li*
Ouki and Kavannagh (1997) Pb>Cu>Cd>2Zn>Cr>Co > Ni
Yuanet al.(1999) P > C?* > zn?* >
Zamzowet al.(1990) PE* > Cd?* > Cs" > Cu** > CP* > zn?* > Ni** > Hg??
Manufacturer Product Info PK* > K'> NH," > c&" > cd* > C/* > Co* > zZn** > Ni?*
Gast (1969) Cs'>Rb">K">Na > Li*

Sentonite Kubilay et al.(2007) Zn** > cu* > cd*
AlvarezAyusoandGarcia-Sanchezg2003) | Cr** > Cu* > Cdf* > Ni** > zré*
Bohnet al (2002) Th*'>H(AI*") =~ La® > B&*~ SP* > C&* >Mg*" =~ Cs" >Rb" >K"=~NH," > Na'~Li*
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Table3.6. Hydration ion charge density for the principle cations of this study.

lon Hydrated lonic Radius,, (A)? Hydrated Charge Density,, (eq/A%)°
ca* 4.12 0.0068

K* 3.31 0.0066
Mg?* 4.28 0.0061

Na’ 3.58 0.0052
zZn* 4.30 0.0006

4From:Volkov et al (1997).
2

%nrh?’

b

Pc=
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(b)

(d)

Figure 3.1. Formation of precipitation in zinc chloride solution: (a) after batch test for esourc
concentration of 98 mMvithout acid addition; (b) after batch test for source concentration of
124 mM without acid addition; (c) stock solution with target concentration of 200 mM before
acid addition (pH 5.27); (d) stock solution with target concentration of 200 mM after addition of
1 mL of 37 % HCI (pH 2.76).

82



Equilibrium Concentration, C (mM) Equilibrium Concentration, C (mM)

5 5
4 2000 %2299 290, 200 290 300 320 R
é [ Cs,max,K+ =1818 —--- (a) T g/ [ Cs,max,KJr =90,747 - -~ _(_ki)’=
) » _—'—- 1
80,000 | .- 7
© 1500F : © i 1
5 C,=2.4C/(1+0.00301C) ] IS5
= i (r? = 0.666) 1 T 60,000 :
£ 1,000 o - = ]
@ - Q _ .
3] o S S 40000fF / .-~ C,=653C/(1+0.000977C)
c 8 3 4 2 —
8 [ ] S [/, (2 = 0.977)
500 C,=250C 013 7 d \ ]
k5 *(? = 0.518) ] @ 20,0008 C,=1090C 1
2 : g *(r? = 0.928) ]
< 0 5,000 10,000 15,000 < 0 5,000 10,000 15,000 20,000 25,000
Equilibrium Concentration, C (mg/L) Equilibrium Concentration, C (mg/L)
. Equilibrium Concentration, C (mM) R Equilibrium Concentration, C (mM)
(2] o
£ 1000007192200, 390, 400500 600 £ 100,000%199.,299_300_400 500 600
c
E [ c,,./+=97,589 © S [ @
) ' ' )
®) 80,000_‘ b @) 80,000_‘ ]
g —___-"‘_—_ ] g __ Cs,maxK =70,377 _______.:
'*§ 60,000} iy T 60,000F C_=1420C %% 7
€ i 1 = i (P=0883) \, ___.-3
© 40,000 .~ C_=74.7C/(1+0.00122C) 1 e 40,000F e o -
- 'l _ L O o -
S o (?=0.964) | o : /‘
B 20,0004 C_=1490C3° ] § 20,000 >-" C_=77.1C/(1+0. 00219c) 7
£ (r2 = 0.859) = (2 = 0.958)
% PR T YT SR I SN SR T S NN TN ST S T NN S T S S A SO S S 1 % U ST SR S NS S S [N T N T T N TN TN TN T [N Y T T
< 0 5,000 10,000 15,000 20,000 25,000 < 0 5,000 10,000 15,000 20,000 25,000

Equilibrium Concentration, C (mg/L) Equilibrium Concentration, C (mg/L)

Figure 3.2. Fitted Freundlich (dashed line) and Langmuir (solid line) adsorption models for
potassium (K)adsorption: (a) unamended backfill sorbent; (b) 100 % chakagijt¢c) 100 %
chabaziteUB; (d) 100 % clinoptilolite.
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Figure 3.3. Fitted Freundlich (dashed line) and Langmuir (solid line) adsorption modeisrfor

(Zn) adsorption: (a) unamended backfill sorbent; (b) 100 % chakblaRitéc) 100 % chabazite
UB; (d) 100 % clinoptilolite.
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Figure 3.4. Fitted Freundlich (dashed line) and Langmuir (solid line) adsorption models for
potassium (K)adsorption to zeolitamended backfill sorbents: (a) 5 % chabakBe (b) 10 %
chabaziteLB; (c) 5 % chabazit®#JB; (d) 10 % chabazite)B; (e) 5 % clinoptilolite; (f) 10 %
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Figure 3.5. Fitted Freundlich (dashed line) and Langmuir (solid line) adsorption mode&sror
(Zn) adsorption to zeolitamended backfill sorbents: (a) 5 % chabakBe (b) 10 % chabazite
LB; (c) 5 % chabazit®JB; (d) 10 % chabazit&B; (e) 5 % clinoptilolite; (f) 10 % clinoptilolite
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CHAPTER 4 NUMERICAL MODELING

4.1 INTRODUCTION

Soil-bentonite (SB) vertical cutoff walls are used extensivelyinasitu containment
barriers to prevent or control subsurface migratiocarftaminated groundwatee.d., USEPA
1984; Ryan 1984, 1987; Daniel and Koerner 1993; Rumer and Mitchélj Re@ner and Ryan
1995; LaGregat al 200L; Mitchell et al 2007; Hudak 2016)hesebarriersare constructed by
excavating a trench to a desired depth, typically using a backhoe for shalleptbs and a
clamshell for deeper depths, placing a bentonite slurry comprising a enoftwater with 30 5
% (by dry weight) sodium bentdte into the excavated trench to maintain trench stability,
mixing the trenched spoils with the bentonite slurry to achieve a desired slump of 100 t;mm150 m
(3.9 to 5.9 in) and backfilling the slurry filled trench with the slurry mixed trench spaoigs, (
backfill), thereby displacing the slurry from the trench and forming a relgtiow-permeability
barrier to subsurface contaminant migration. The width of SB verticalfaustis generally is
the same as the width of the trenching equipment, which typically is on the order of 1.0+0.5 m.
Depths on the order of 50 m are possildeg.( Ryan and Spaulding 2008), although shallower
depths (< 30 m) are more common.

Although most SB vertical cutoff walls have some intrinsic capacity to attemetdic
contaminants during migration through the wadlg).( via adsorption of metals to the bentonite
portion of the backfill), available evidence suggests that this intrinsic ati@mua@pacity is
limited (Shackelford 1999, 2014). As a result, the conceplesigning SB vertical cutoff walls
with enhanced attenuation capacities, often referred to as "reactive barriers,"engsdeaver
the past few decades.d., Bierck and Chang 1994; Evaes al. 1997; Evans and Prince 1997;

Parket al. 1997; Rabideaetal. 1999; Shackelford 1999; Malusés al. 2009, 2010; Hongt al.
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2012, 2016).In the case where the primary attenuation mechanism is adsorption via cation
exchange or other adsorption mechanisats,(hydrophobic partitioning), the amended barriers
arereferred to more specifically as "sorbing" barriezg.( Rabideatet al. 2001; Matottet al
2009).

For examplethe potential use of zeolites with relatively high values of cation exchange
capacity, CEC, on the order of 180 to 400 crgidg (180 to 400 meqg/100 g) as a backfill
amendment for the purpose of increasing the adsorption capacity of SB vertichlvaltdbr
targeted metals has been evaluated in several stiliasget al 1990; Colella 1996Evanset
al. 1997; Evans and Prince 19%Mumptan 1999; Bish 2006; Honegt al.2012, 2016; Faet al,

2014; Duet al. 2015). Such evaluations typically have included laboratory characterization of
the consolidation, hydraulic, and/or adsorptive behawbiSB backfill mixturesin some cases
with limited evaluation of the potential for improved performance based on analytical
contaminant transport modeling that assumes linear adsorption behavior @Evaind997;
Evans and Prince 1997).

Given the aforementioned considerations, the purpose of the present study was to
evaluate the potential for improved performancérms of the containment of two metals,,
potassium (K) and zinc (Zn), via a hypothetical, ek SB vertical cutoff walcomprising the
zeoliteamended backfills previously characterized in terms of consolidatnehhydraulic
behavior (Chapter 2and adsorptive behavior (Chapter Bhe backfills comprised a fine sand,
5.8 % py dry weight) sodium bentonite, and 0, 5, or 10 dry weight) of one of thetypes
of zeolite, including two types of chabazite referred to as chaHawts bed ¢habazitelB)
and chabaziteipper bed ¢habaziteUB), and a clinoptilolite Chapter 3 The evaluation was

based on numerical simulations of solute transport using a previously developed sodpiartra
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model that included nonlinear, equilibrium adsorptive behavior (Malesial. 2010). The
adsorptive behavior of each metal was included by using the results of thesBEpgdrted in
Chapter 3 as input parameters fag thodel simulationsConditions typical of those expected for
actual SB vertical cutoff wallse(., initial and boundary conditions, thickness and hydraulic
conductivity of the cutoff wall, etc.) were assumed for the simulations, so thasthésrcould

be considered representative. Comparison of the simulation results based on #éxarneolited
SB backfills versus those for the unamended SB backfill provided a relativetimaich the

potential benefit for enhanced metals containment offered Betiige amendedSB backfills.

4.2 METHODS
4.2.1 Solute Transport Model

The solute transport model used in this study was originally developed by Mslasis
(2010) for evaluating phenol migration through SB cutoff walls amended withatetti carbon.
In brief, the model is based snlvingthe governing masisalance equation for ordémensional
solute transport due to advection (hydraulically driven solute transport) and diffusion
(chemically driven solute transport), assuming stestdie seepage with equilibrium adsorption,

as follows (Shackelford 1993):

o’C__ac

V. — 4.1
ox>  °ox (4.1)

oCc .
~_D
R’@t

whereRy is the retardation factor that accounts for instantaneous, equilibrium adsorption of the
migrating soluteC is the solute concentration within the pore water of the sisilfime, D’ is

the effective diffusion coefficient defined as per Shackelfordemel (1991),x is the distance
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of transport, ands is the seepage velocity equalkitn, wherei is the hydraulic gradienandn
is the porosity of the porous mediunMechanical (hydraulic) dispersion of the solute was
assumed to be negligible because of the short distance of transport (m) and the low
seepage velocity resulting from the product of thekdire,, < 1.0x10° m/s) and lowi (i.e., -1 <
I < 1) commonly associated with SB vertical cutoff walls (Sleep et al. 2006; Shackelford 2014).
Finally, Eq.4.1 implicitly assumes that the porous medium does not exhibit semipermeable
membrane behavior, which has been shown to be practically negligible for tgfcartical
cutoff walls (Yeoet al. 2005; Henninget al. 2006; Evanset al. 2008). This assumption of
negligible membrane behaviaiso has been shown to result in somewhat conservative (high)
estimates of solute mass flux through clay barriers (Malusis and Shadkzdiot).

For the general case of nonlinear, equilibrium adgsmpRy can be expressed as follows

(Shackelford 1993):
R, =1+ p?d K, (4.2)

wherepgq is the dry density of the soil, ag is the partition coefficient defined as follows:

oC
K,=— 4.3
* oC (4-3)

where Cs is the solidphase (adsorbed) concentration of the solute. For a nonreactive (non

adsorbing) soluteCs = 0 such thaK, = 0 andRy = 1 (Shackelford 1993).
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The relationship betwee@s andC is given by several functions or adsorption models
(e.g., Kinniburgh 1986), but two of the more commonly used functional relationships are the

Langmuir and the Freundlich adsorption models defined as follows (Shackelford 19%9BetHon

al. 2016):
- KQC (4.4)
1+K.C
and
c.=K,Cc" (4.5)

where K. and Q_ are the Langmuir adsorption model parametepresenting the binding
strength of the adsorption sites for the solute and the maximum adsorbed concentrdugon of t
solute, respectively (Malusist al. 2009; Honget d. 2016),and K; andN; are the Freundlich
adsorption parametersferred to as the unit adsorption capacity and the relative magnitude and
diversity of adsorption energies, respectivéleperet al. 1992; Honget al 2016). Values oN;

less than unityN; < 1) represent the case of concave (favorable), nonlinear adsorption, which is
the common situation for adsorptive media (sorbents) with finite adsorption eapacith as
clays (Shackelford 1993; Horgg al 2016). The combination of Hgtiors 4.2— 4.5 results in

the following general expressiorisr Ry based on the Langmuand Freundlich adsorption

models (Shackelford 1993):
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K, Q
-1 L4 L <L 4.6
= (1+K.C) (4.6)

R, =1+’O—r;1 K, N, C"* (4.7)

The solutions for solute transport with nonlinear adsorption were obtained by sutggtituti
Eq. 4.6 or Eq. 4.7 into Eq. 4.1, andmericallysolving the resulting expression subject to the

following initial and boundary conditiong.§)., Malusiset al. 2010):

C(0< x< L,t=0)=C, (0< x< L,t= 0)= C (4.8a)
C(x=0,t>0)=C, (4.8b)
C(x=Lt>0)=0 (4.8¢)

The initial condition (Eq. 4.8a) corresponds to an initially uncontaminated barrt@ckfesd..

The upper or entry boundary condition (Eq. 4.8b) assumes a constant source congebgration
whereas the lower or exit boundary condition (Eq. 4.8c) represents a perfectiyglbhshindary,
whereby the temporal contaminant concentration at the exit end of the ,béxti), is
maintained as zero due, for example, to the divergence of the local groundwatextéowar to

the boundary being extensively more rapid than the rate of contaminant omgratugh the
barrier €.g., see Figire 4.1a). Rabideau and Khandelwal (1998) showed that these boundary
conditions are the most appropriate or conservative boundary conditions for evaluatiag solut
transport through vertical cutoff walls. The numerical solutions represehgngptute transport
model were developedsing theMATLAB (Mathworks, Inc., Natick, MA) partial differential

eqguation solver as described in more detail by Maktsis. (2010).
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Because the lower boundary condition does not allow for an exit concentration greater
than zero, presenting the results of the medrulations in the form of traditional concentration
breakthrough curves (CBCs) is not possildgy.( see Shackelford 1994, 1995a,b). Thus, the
simulation results were expressedterms of dimensionless flux breakthrough curves, FBCs,
representing the meporal trend in theelative flux, RF, defined as follows Rabideau and
Khandelwal 1998; Rubin and Rabideau 2000; Malusis and Shackelford RidDd4sis et al.

2010):

(4.9)

whereJ(L,t) is the temporasolute mass flux emanating from the barrier, aul) is the value

of J(L,t) at steady state, or

P

L

=————J4«
1-expER ) ™7

J(L)

(4.10)

whereP (= vsL/D" = kiL/nD’) is the barriePéclet NumberandJyss (= nD Co/L) is the steady
state mass flux basexh purely diffusive transport (Shackelford 19&®abideau and Khandelwal
1998;Malusiset al.2010) The FBCs are made fully dimensionless by defining the elapsed time
in terms of the dimensionless diffusive time factBi(= Dt/L?) (Shackelford 1993Rabideau

and Khandelwal 1998; Maluset al. 2010; Shackelford 2014%inceJ(L,t) < Js{L), RFis in the
range 0 < RF < 1, such that the resulting FBCs show a similar trend as the more traditional CBCs

representing the temporal trendG(L,t)/C, (Shackelford 199&,b).
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4.2.2 Simulation Scenarios

As illustrated in Figure 4.1Db, three different containment scenarios wergl@®uson
the basis of the magnitude and direction of the hydraulic gradient across the hatekned as
—Ah/L, where—Ah is the head loss across the bar(gralusis et al 2010) viz.: (1) solute
transport with advection occurring in the same direction as diffusien ¢o-advection) for a
hydraulic gradient of unityie., -Ah = 1 m,i = 1); (2) purely diffusive solute transpoitg,, -Ah
=0 m,i = 0); and (3) solute transport with advection occurring opposite to the direction of
diffusion (.e., counteradvection) for a hydraulic gradient of negative unitg.(-Ah =-1 m,i =
—-1). All three scenarios are commontpnsidered with respect to modeling solute transport
across SB vertical cutoff walls, and the latter two scenarios, in partianéarelevant for vertical
barrier systems in which the groundwater level on the source (contaminated)tbied®airier is
lowered by pumping to eliminate the hydraulic gradient or to create an inwaeds@g gradient
that reduces the outward contaminant mass {fBiRackelford 1988, 1989; Manassero and
Shackelford 1994; Devlin and Parker 1996; Neville and Andrews 2006; $teap 2006;
Mitchell et al 2007; Malusist al.2010; Shackelford 2014).

The value fork was assumed to be 1.0%1n/s in all cases, consistent with the design
requiement ofk < 1.0x10° m/s for SB vertical cutoff wallsapplied for geoenvironmental
containmeniMalusiset al. 2010), as well as with the results of laboratory tests indicating that
the values ok for the backfills considered in this study based on permeation with tap waeer wer
less tharl.0x10° m/s (Chapter 2 Becausehe actual measedk values for the backfills based
on permeation with tap water were lower than 1.0%f0s the use ok = 1.0x10° m/s in the
simulations represents some allowance for incompatibility (ine., an increase iR) resulting

from adverse interactions between the contaminants and the backfill duringionighabugh
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the cutoff wall 9., Ryan 1987). Also, values farandpq of 0.5 and 40 Mg/m®, respectively,
were assumed based thre results oChapter 2

Simuations were performed assuming either potassium chloride (KCI) or zinddehlor
(ZnCl,) as the sources of the solutes of interest. Potassium chloride readily déssatia
chloride (Cl) and monovalent potassium ik whereas ZnGlreadily dissociatesto CI' and
divalent zinc (ZA"), although chemical complexation can result in other forms of Zn depending
on pH, such as zinc hydroxide (Zn(GHJChapter 3. A comparison of the results for K versus
those for Zn will provide for an assessment of the effect of adsorptiorpfonarily monovalent
metal (K*) relative to that for a primarily divalent mei@n?®"). Both CI and Zn are considered
by the U.S. Environmental Protection Agency as secondary drinking watemaosuds with
recommended limiting (maximum) concentrations of 250 and 5 mg/L, respectively (Eode
Federal Regulations 205 he CI typically is considered a nonadsorbing tra¢ey £ 1) in that
CI" should not readily adsorb to the predominantly negatively charged surfaces of tateent
and zeolite particlegzinally, to cover a broad range of source concentrations, simulations were
conducted assuming, of 100, 1,000, and 10,000 ng/

The input parameters required to describe the effect of adsorption of the two (iKetals
and Zn) with respect to each of the adsorption models Eg.4.4 and Eq.45) based on the
measured adsorption data reportedChapter 3are summarized in Tablé.l. Initially, an
attempt was made to regress the adsorption data consistent with the range ofratiote
corresponding to th€, values assumed for the simulationg.(C < C,) as recommended by
Matott et al. (2009). However, issues related to insufficient data for the case of thd [Gyves
(i.e,, C < 100 mg/L) with the unamended backfill for K and the 5 % chabazieB-amended

backfills for Zn precluded following this approach for these cases. As a,réselinput
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parameters summarized in Table 4.1 correspond to those resulting from osgdsall the
adsorption data regardless of thgused for the simulation in order to provide a consistent basis
for all model simulations.

Valuesfor D* werecalculated in accordance with the relationsBips= taDo, Wheret, is
the apparent tortuosity fact@nd D, is the diffusion coefficient for the solute in aqueous
solution (Shackelford and Daniel 1991A value fort, of 0.35 was assumed for the backfills
based on the study by Malugsal. (2010), and the value @, used for KCI was the limiting
free-solution (aqueous) diffusion coefficient for KCI at 25°C of 1.2B3° m%s (Shackelford
and Daniel 1991). For Znglthe value forD, was determined in accordance with the Nernst

Hartley expression as follows.g., Robinson and Stokes 2Q0bntturi et al.2008:

— D01D02 (V1+ VZ)
Vl D02 + V2 Dol

D

o

(4.11)

whereDy andDg; are the limiting seldiffusion coefficients of the individual solutes resulting
from complete dissociation of the salt, andandv, are the stoichiometric coefficients for the
respective individual solutes. For example, for complete dissociation db 4n€, ZnCl, —
2CI + Zn?"), if solute 1 is designated as @hd solute 2 is designated asZithenv, = 2 andv,

= 1.GivenD, = 2.03x10° m?/s andD, = 7.0%10"° m?s for Cl and Zrt", respectively, at 2&
(Shackelford and Daniel 1991he D, for ZnCl, based on Eq..21 is 1.2%10° m?s. Thus, the

D" used in the simulations for K was 6:d8'° m?/s based on the assumption that K exists
primarily as K, whereas the value @ used in the simulations for Zn was 436"° m?/s

based on thassumption that Zn exists primarily as’Zms previously noted, a fraction of Zn
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may exist in the form of complexed species, such as Zni(®d) this fraction was expected to
be small based on the results of Chaptesi&h that the effect of such comphtion on the
diffusion of Zn wasassumedo be minor. Thus, based on these value®faand aforementioned
values fork (= 1.0x10° m/s),L (= 1 m), anch (= 0.5), the values d?_ used in the simulations
ranged from 1.43 (cadvection,j = 1) to—1.43 (counter-advection= —1) for K and 2.29 (co
advectionj = 1) to—2.29 (countesadvectionj = 1) for Zn. Since the focus of this study was on
comparison of the effect of the zeolamended backfills relative to the unamended backfill on
the migrationbehavior of K and Zn through the cutoff wall, simulations involving the migration

of the nonreactive tracer @lere not included in the evaluation.

4.3 RESULTS
4.3.1 Flux Breakthrough Curves for Potassium

The FBCs for K based on <@mvection e, i = 1, P. = 1.43) for each source
concentrationC, (= 100, 1,000, 10,000ng/L), type of zeolite (chabazieB, chabaziteUB,
clinoptilolite), zeolitecontent(0, 5, 10 %), and adsorption model (Freundlich and Langmuir) are
shown in Figure 4.2. For all cases, increasing the amount of zeolite amendment delay
retarded breakthrough of K in the order 10 % > 5 % > 0 %, as expected based on the relative
magnitudes 0| amendedQL unamendeaShOwn in Table 4.1, representing the maximum adsorbed
concentration of the metal based on the Langmuir model regression for the-amelitded
backfill relative to that for the unamended backfth@pter 3. That is, the greater the adsorption
capacity of the backfill, the higher the value @f amendedQL unamended@nd the longer the time

required for the contaminant to migrate through the barrier.
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For a given backfill, the shapes of the FBCs based on the Langmuir adsorption model
generally were more dispersive than those based on the Freundlich modeCat but became
similar with increasingC,. The reason for the difference in the shapes of the FBCs is related to
the nonlinearity in the adsorption behavior of the solute and the role of dispersion viamliffius
solute migration, as described subsequently.

The Langmuir and Freundlich adsorption behaviors for the two metals considered in this
study were nonlinear and concave (Chapj)eBy definition, the slope of a nonlinear, concave
adsorption isotherm as given by the partition coefficiéty) (decreases as the concentration
increases€g., Shackelford 1993). Therefore, sinRg s directly proportional td, (Eq. 42), a
given chemical species at a lower concentration is retarded to a greater extehetsame
chemical species at a higher centration. In contrast, linear adsorption results in a constant
value of Ry that is independent of the solute concentration, such that the chemical species i
retarded to the same extent regardless of the concentration. Also, thes modespersion via
diffusion tends to spread out the distribution of the chemical species during amgsatch that
lower concentrations of the chemical species are displaced ahead of the advedtivehéeas
higher concentrations of the same chemical species lagdathigiradvective front.

Based on these considerations, the concentration at the front of a migrating plume of a
contaminant with nonlinear, concave (favorable) adsorptive behavior is refdtiveldue to
dispersion, resulting in relatively high retardation, whereas the centbe gflum with higher
contaminant concentration migrates with relatively low retardation.efdrey, the center of the
plume migrates faster to catch up with the more retarded front, resultingtéepmng of the
contaminant front that is referred to dset"seltsharpening” or "fronsharpening” effect

(Melnyk 1985; Shackelford 1993). Thus, greater (concave) nonlinearity in the adsorptive
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behavior of the chemical species results in a greater tendency fshagdeningront of the
FBC.

In order to evalate quantitatively the extent or degree of nonlinearity, the relative
nonlinearity §) of the adsorptive behavior was calculated following the procedure described by
Emancipator and Kroll (1993). Based on this approach, the greater the valge A < 0.5),
the greater the nonlinearity of the adsorptive behavior, with a valueé fdrzero ¢ = 0)
corresponding to linear adsorptive behavior corresponslivege the constaid, is expressed as
the distribution coefficienty (e.g., Freeze and Cherry 19) T he resulting values df for both
adsorption models and metals are summarized in Table 4.2.

As shown in Table 4.2, for each backfill, the valuesiobased on the regressed
Freundlich adsorption model were the same for all vaigebecause the valw# A is a function
of only N; (Appendix D). In contrast, the value obased on the Langmuir adsorption model is a
function of K, Q_, and C, (Appendix D, such that different values of are obtained for
different C,. For example, the values affor the regressed Langmuir adsorption model were
closer to zero at the loweSt, (i.e., the adsorptive behavior was closer to linear) and increased as
C, increased, reflecting a greater degree of nonlinear adsorptive behahianasasingC,.

In an attempt to explain the aforementioned differences in the FBCs based on the
Langmuir and Freundlich adsorption models for differ€gf consider the results shown in
Figure 4.3, where the results of the adsorption model regressions to the measuptiadsta
for the unamended backfill with K based Ghapter 3are shown for the range of concentrations
less than or equal to the source concentrations usbé imodel simulations.€., C < C,). The
secardbased distribution coefficient&q secant represating linear adsorption behaviok & 0)

over the range in concentrations up to @eused in eaclsimulation {.e., K4 secant= Cs0/Co,
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whereCs, = Cs @ C = C,) also are shown in Figures 4.3a,c,e and the valués; @fancare
summarized in Table 4.3. Note thas the adsorption data were nonlinear and concave, the
values forKy secantShown in Table 4.3 decrease with increadihg all other factors being the
same.For C, = 100 mg/L, the values &, (i.e., theCs at C = 100 mg/L in Figure 4.3&)ased
on theregressed_angmuir and Freundlich modetliffered significantly Also, the regressed
Langmuir model was almost line@ = 0.05), such that thi€, were close tdqsecant Whereas
the regressed Freundlich model was clearly nonlinear 0.43). As shown in Figure 4.3b,
breakthrough for the model simulatiofts C, = 100 mg/L based on the Freundlich model was
delayed relative to that based on the Langmuir model due to the greater adsoap@city
associated witlC < C, (= 100 mg/L), and the shape of the FBC for the Freundlich based
simulations was seBharpening (steeper) due to the greater nonlinearity (highassociated
with the Freundlich model to the measured adsorption datagee Shackelford 1993).

In Figure 4.3c, the values @f at C = 1,000 mg/L based on the regressed Langmuir and
Freundlich models were almost the same, but the regressed Langmuir raeddbser to linear
(A = 0.24) relative to the regressed Freundlich molet 0.43).Therefore as shown in Figure
4.3d for the model simulations with, of 1,000 mg/L, the difference in breakthrough based on
the Freundlich versus Langmuir models was less than that for the caseGylveass 100 mg/L
(Figure 4.3b), although the FBC based on the bangmodel was still more dispersive than that
based on the Freundlich model.

Finally, in Figure 4.3e, both the values@fat C = 10,000 mg/L and the nonlinearity in
the Freundlich and Langmuir modeise( A = 0.43 vs. = 0.47) were similarAs a resilt, both
the temporal location and the shape of the FBCs based on both adsorption models for the case

whereC, was 10,000 mg/L also were similar (Figure 4.3f).
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4.3.2 Flux Breakthrough Curves for Zinc

The FBCs for Zn based on-ealvectioni(e., i = 1,P_ = 2.29) for eaclt, (= 100, 1,000,
10,000mg/L), type of zeolite (chabazHeB, chabaziteUB, clinoptilolite), zeolitecontent(0, 5,
10 %), and adsorption model (Freundlich and Langmuir) are shown in Figure 4.4. lotéhms
relative shapes and barridreakthrough times of the FBCs based on the Langmuir and
Freundlich adsorption modelhe same general observations pertaining to the case of K also
pertain to the case of ZRHowever, there is one significant difference in the resaadtociated
with the relatively lowC, values of 100 and 1,000 mg/L, where breakthrough for the zeolite
amended backfills clearly occurred earlier than the breakthrough for thendadbackfill. The
reason for this counterintuitive result is the difference in the adsorptive behbemed on the
regressed adsorption models at the lower concentrations.

For example, consider the adsorption model regressions and simulation results shown in
Figure 4.5 for the backfills amended with chababkii ForC < 100 mg/L, the relative trend in
the values ofCs, at C = C, = 100 mg/L shown in Figure 4.5a was in the same order as that for
the FBCs withC, of 100 mg/L shown in Figure 4.5he., increasingCs, resulted in increasing
retardation of the FBC. Also, the Langmuir model regi@ns were almost linear, whereas the
Freundlich model regressions were clearly nonlinear. Therefore, the afhitneeFBCs based on
the Langmuir model were more disperse, whereas the FBCs based on the Frenodétwere
steeper due to the greater noaehrity associated with the regressed Freundlich model (Figures
4.5a,b).

For C < 1,000 mg/L (Figure 4.5¢), the regressed adsorption models intersected each other
over the concentration range of interest, and the Langmuir model regressions for #mel 3.06%

zeoliteamended backfills were still close to linear (8eealues in Table 2), whereas all the
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other Langmuir and Freundlich model regressions were nonlinear. For examplemoshe
dispersive and earliest breakthrough occurred for the 5 % zaoigéaded backfill based on the
Langmuir adsorption model regression (Figure 4.5d), which also correlatedlogéto linear
adsorptive behaviori(= 0.044) and the overall lowest adsorption capacity for the majority of
equilibrium concentrations (Figure 4.5c). In contrast, the latest breakthrougfnesttor the 10 %
zeoliteamended backfill based on the Freundlich adsorption model regression (Figure 4.5d),
with the overall highest adsorption capacitye.( highestCs,) and the greatest relative
nonlinearity § = 0.224). Therefore, fo€, of 1,000 mg/L, the counterintuitive breakthrough
behavior associated with the 5 and 10 % zealiteended backfills is directly related to the
relatively low adsorption capacities and linearity associated with thgnhair adsorption model
behavior for these two backfills based oniteasured BEAT dat&hapter 3.

Finally, for C < 10,000 mg/L, the values of Cs, at C = C, = 10,000 mg/L were in the
relativeorder of 0 % << 5 % < 10 %, although the adsorption model regressions intersected each
other atC ~ 1,500 mg/L (Figure 4.5¢). Similarly, the retardation in the FBCs fQ; of 10,000
mg/L (Figure 4.5f) was generally in the order of 0 % << 5 % < 10 %, as expected.

Therefore, the results for the lower valuesGgfof 100 and 1,000 mg/L that indicated
earlier breakthrough of Zn for ¢hzeoliteamended backfills relative to that for the unamended
backfill can be attributed to the combined effect of the lo@gy and the)\ of the regressed
adsorption models. Although both regressed adsorption models clearly indicated thaddbhe va
of Cs, for both K and Zn increased with increasing amount of a zeolite in the backél loas
the full range of experimental concentrations, value€gf for Zn based on the Langmuir
adsorption model regressions for the backfills amended with 5 and 10 % zeolite gemerally

lower than that that for the unamended backfill over the lower range in concentratians. Thi
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behavior was previously indicateith Chater 3 where values ofK Q. for Zn at low
concentrations, which are approximately equivalent to valu&g,ofvere lower for the zeolite
amended backfills than for the unamended backfill (see Table 4.1). This anomalous adsorptive
behavior was attributea tthe greater scatter in the measured adsorbed concentrations of Zn for
the unamended backfill, which likely affected the accuracy of the adsorptiorl regdessions,

and the greater extent of competition betweedissolved soluble salts versus Zn foaiable
adsorption sites that occurred at the lower equilibrium concentratiivepter 3. The overall
conclusion from this evaluation is that, although the valu&3, @fendedQL unamendedOr Zn were

greater than unity for all zeold#®mended backf#l (Table 4.1), the zeoli@mended backfills

were less effective than the unamended backfill in delaying the breakthrodghatiowerC,,

due to overlap in the regressed adsorption models resulting from the scatter ieadhean
adsorption data for the unamended backfill, such that the adsorption of Zn to the unamended

backfills was greater than that to the zeediteended backfills at the lower concentrations.

4.3.3 Effect of Magnitude and Direction of Hydraulic Gradient on Flux Breakthrough Curves
The effect of a different magnitude and direction of the hydraulic gradiéntl, 0,—1)

on the FBCs for K and Zn, the lowé&3§ of 100 mg/L, and backfills amended with 5 % zeolite is

illustrated in Figures 4.6 and 4.7 based on the Langmuir and Freundlich adsorption models,

respectively. The results in Figures 4.6 and 4.7 are presented in the farmverfsusJ(L,t)

normalized with respect to the steaatgte mass flux based on purely diffusive transgggt, or

J(L,}), as follows:

J(Lt)= JSL’ H_ J(n;*g' = (4.12)

d,ss
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Normalizing J(L,t) with respect tQly s iInstead ofls(L) as per Eq. 4.10 was preferred, because
the magnitude odq4 ssis independent af whereas the magnitude &f(L) is a function of (i.e,

P. =kiL/nD’). Also, normalizing)(L,t) with respect tdg ssresults in different limiting or steady
state values of (L,t), J'ss which are a function of onlf,, as follows (Rubin and Rabideau

2000; Malusiset al 2010):

* PL

J =—t
== 1 expP ) (4.13)

Note that, for the case wheire 0, the value fod'ss defaults to 1.0i.e., Js(L) = Jg.ss (Rubin and
Rabideau 2000; Malusist al 2010). Also, a®, is not a function of zeolite amendmedit;s is
independent of the type of backfill. However, the type of backfill does affect theitondey oftg
(Figures 4.6 and 4.7).

As shown in Figures 4.6 and 4.7, reversing the applied hydraulic gradient froml1 to
results in a lower steaeltate mass flux]'ss, and later breakthrough of the FBC, as expected. In
terms of the simulation results for-advection i = 1), the loweD" for Zn (4.36x10°° m?/s)
relative to that for K (6.98x18 m?/s) resulted in a great for Zn (2.29) relative to that for K
(1.43) Thus, the contribution of advection relative to diffusion for Zn was greater thaotitkat
resulting in a greater value dfs for Zn relative to that for K. In terms of the simulation results
for counteradvection ( = —-1), where inwardly directe@ddvection works against outwardly
directed diffusion to reduce the contaminant mass flux through the barrieowded” for Zn
relative to that for K resulted in a lower (more negatRgfor Zn (-2.29) relative to that for K

(-1.43), which resulted in lower outwardly directed diffusion and a Idugffor Zn relative to
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that for K. In addition, the FBCs based on the Freundlich model tend to be steeper (more self
sharpening) than those based on the Langmuir model due to the greater nonkssadtated
with the Freundlich model and the greater influence of dispersion via diffusion for tbe FB

based on the Langmuir model.

4.3.4 Barrier Flux Breakthrough Times
The dimensionless barrier flux breakthrough tiffies is defined as the dimensionless
time, T, corresponding to when the exit fluXL,t), is a specified fractiorf, of the steady state

exit flux, Js{L), as follows €.9., Malusiset al.2010):

Te=T[ILY/I (D= f] (4.14)

Malusis et al. (2010) determined g for anf of 0.05 as a reasonable estimate of the earliest
breakthrough flux of the contaminant. However, otliecan be assumed, and given the
aforementioned differences noted for the FBCs, diffefenay resul in different conclusions
pertaining to chemical breakthrough.

Values of he dimensional barrier breakthrough tirhe, corresponding t@ g (Eq. 4.14)
based ori = 0.05 for ceadvectionie.,i=1,P_=1.43 for K,P_ = 2.29 for Zn) are summarized
in Table 4.4 for eacl, (= 100 1,000, 10,000ng/L), type of zeolite (chabazHeB, chabazite
UB, clinoptilolite), added amount of zeolite (0, 5, 10 %), and adsorption model (Freunadich a
Langmuir). Thetg corresponding téhe nonadsorbing tracer represented by chloridg i&Calso
included in Table 4.4. Thig for both metals werall greater tharthatfor the tracer, indicating

that the unamended backfill had some inherent attenuation capegitysbackelford 1999).
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For K, tg in all cases increased as the zeolite content increased. For examglg,ofor
1,000mg/L, the simulation results based on the Freundlich adsorption model indichied a
25.0 yr for the unamended backfill, whergéagor the 5 % zeolitamerded backfill was 108 yr
with chabaziteLB, 110 yr with chabazit®JB, and 71.7 yr with clinoptilolite, anig for the 10 %
zeoliteamended backfill was 165 yr with chabadi®, 165 yr with chabazit®B, and 108 yr
with clinoptilolite.

Similar observationgan be made with respect to thefor Zn (Table 4.4). However,
unlike the simulations of K, thg based on the FBCs assumifg = 100 and 1,000ng/L
indicate that, for a significant number of the simulations, the unamended backfilnaras
effective in retarding the migration of Zn than the zedaiteended backfills. As previously noted,
the earlier breakthrough of the zeol#gmended backfill compad to the unamended backfill can
be attributed to the difference in the regressed adsorption behavior for the unamendéd backf
relative to that for the zeolt@mended backfills at the lower concentrations.

In an attempt to isolate the effect of inciegsonlinearity on adsorption.€., increasing
1) from the contrasting effect of dispersion, consideration was given to valligs aridtg at an
f of 0.50, where the effect of dispersion should be relatively less, and the results merigach
in Table 45. The results in Table3 show that changinfyfrom 0.05 to 0.50 resulted in a slight
reduction in the number of simulation cases where breakthrough occurred eatler Zeolite
amended backfills relative to the unamended backfd, (from 20 to 16simulation cases),
indicating that one reason for the earlier breakthrough associated with the-aeditded
backfills relative to the unamended backfill was the effect of dispersiowettr, the results in
Table 45 also indicate that there westill numeroussimulation cases where breakthrough

occurred earlier for the zeolimmended backfills relative to the unamended backfills for the
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simulations based on the lower source concentratiams@, = 100 and 1,000ng/L). In these
cases, earlier breakthrough for the zedaditeended backfills can be attributed to the lower values

of Cs, at the lower concentration ranges.

4.4 DISCUSSION
4.4.1 Effect ofAmount andl'ypeof Zeolite

The effect of the amount and type of zEplamendment off g andtg are shown in
Figure4.8 as a function o€, and the adsorption model used in the simulations. In terms of K
(Figures4.8a,c,e), the values df g andtg increased with increasing zeolite content, regardless
of the type of zeolite. These results are consistent witlQth@endedQL unamendehownin Table
4.1, which ranged from 6.2 to 13.5 for K indicating an increasing adsorption capacity ftin K wi
increasing zeolite content. For a givey, theT g andtg based on the Freundlich modeére
greater than those based on the Langmuir model due to the greater effepeasion on the
FBCs based on the Langmuir model as previously noted. However, thend® in T g andtg
based on the two adsorption models deckasth increasingC,, because the difference in the
FBCs based on the two models diminishes with increa@in@.g., see Figure 4.3). Finalli{, g
andtg were lowerfor higherC,, because increasir@, resultedin decreasing the time required
to fill the available adsorption sites with K terms of type of zeolite, thE g andtg for the two
chabaziteamended backfills (Figuregl.8a,b) were somewhat greater than those for the
clinoptilolite-amended backfills, all other factors being equal. This result is consistentheith
generally higherCEC values for the two chabazitenended backfills relative to the
clinoptilolite-amended backfills (Chapter 3), resulting in greater adsorptapacities as

reflected by the highé®| amendedQL unamended(Table 4.1) for the chabazitenended backfills.
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The results in terms of Zn (Figuré$b,d,f) are similar to those in terms of K, except that
T’ andtg for the zeoliteamended backfillsended to be lower than those for the unamended
backfill for the two lowerC, of 100 and 1,000 mg/L. Thus, the zechteiended backfills were
less effective than the unamended backfill in delaying the breakthrough of Zn atQgwas
previously noted (Figure 4.5), this counterintuitive result occurred due to overlap @agthesed
adsorption modelst low concentrationgesulting from the scatter in the measured adsorption
data for the unamended backfill, such that the adsorption of Zn to the unamenddts beakfi
greater than that to the zeolaenended backfills. Thus, the relative breakthrough for Zn was a
function of not only the relative adsorption capacities of the backfills but also #iveeln
adsorption of the backfills over the range of concentrations considered for thetisinsula

The improvement in containment performance achieved by adding zeolitdecan
assessed on the basis of the incremental increase in the valige®othe zeoliteamended
backfills ¢ amended relative to those for the unamended backffil,famendel or Atg (= tsamended—
ts.unamendel (Table 4.6) For K, Atg ranged from 1B yr for a backfill amended with 5 %
clinoptilolite based o1, of 10,000 mg/L and the Langmuir adsorption model (TableMdobire
4.8e) to 759 yr for a backfill amended with 10 % chabalzBebased orC, of 100 mg/L and the
Freundlich adsorption model (Table 4.6, Figure 4.8a). Also, based on the simulatiofocZses
that indicated improvement in containment, Atg ranged from only 0.70 yr for a backfill amended
with 5 % clinoptilolite based o, of 10,000 mg/L and the Langmuir adsorption modelbe
4.6, Figure 4.8f) to 138 yr for a backfill amended with 10 % chabaBtbased orC, of 100
mg/L and the Freundlich adsorption model (Table 4.6, Figure 4.8b).

The FBCs of the unamended and zeedreended backfills with 5 and 10 % for the two

different types of metalsyiz., K versus Znandi = 1 are compared in Figure®94- 411. All the
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results shown in these figures indicate that the first arrival was in the orélex &n for the
unamended backfill, and Zn K for the zeoliteamended backfills. The reason the zeelite
amended backfills appeared less effective for Zn than K is due to the dealig@ption of Zn
resulting from two effectsi.e.,, competition for adsorption sites resulting fromdresolved
solude metals associated with the sorbents used in the BEATS, apdgsbiblespeciation of a
fraction of Zn in the form of Zn(OH)versus Zf", as discussed in detail in Chapter 3.

The effect of the type of zeolite on the FBCsiferl is shown in Figurd.12for K and
Figure4.13for Zn as a function of the type of zeolite. For K, #esliteamended backfills were
more effective than the unamended backfill in delaying the breakthrough, witbldaheeorder
in the values ofl g generallybeing chabazit¢B-amended backfill > chabazite-UB-amended
backfill > clinoptiloliteeamended backfill > unamended backfill (Tablet, Figure 4.12).
However, for Znthe zeoliteamended backfills were less effective than the unamended backfill
in delaying the breakthrough of Zn at lov@y. The relativeorder in the values of g among the
zeoliteamended backfills were chabazitB-amended backfill > chabazitéB-amended
backfill > clinoptilolite-amended backfil(Table 44, Figure 413). This relative orér in T g of
the zeoliteamended backfills for K and Zgenerally corresponds directly with the relative order

in thecation exchange capacit¢EC) of the three zeolite<Chapter2).

4.4.2 Influence of Magnitude and Direction of Hydraulic Gradient

The effect of the magnitude and direction of the hydraulic gradientl( 0,—1) on thetg
for unamended and 5 % zeoldenended backfills is shown in Figure 4ds<la function of the
backfill type, metal (K or Zn)C, (100, 1,000, 10,000 mg/L), and adsorption model (Freundlich

or Langmuir) and the values dg aresummarized in Table 4.7. Note that then Table 4.7 and
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Figure 4.14are based oaJ'(L,t) of 0.015 in accordance with Malusisal (2010) as different
values ofi result in differenP_ andJs(L) (Egs. 4.9 and 4.10).

For each backfillig increased asdecreased, as expectgdgure 4.14). Also, for a given
i and a given backfillig based on the Freundlich adsorption model was always greatetzthan
based on the Langmuir adsorption model, due to the relative effects of adsorptionamnibyline
and solute dispersion on the FBCs (Figure 4.3).

For a giveni, tg for K migration throughthe zeoliteamended backfills were all greater
than tg for the unamended backfill, as expected. However, for Zn migratien,relative
differencein tg was only evident for the simulations based on Freundlich adsorption model for
Co = 1,000 mg/L and the backfill amended with chabakzi2e(Figure 4.14l) and forC, =
10,000 mg/L with all three zeoldt@mended backfillsHigure 4.14f), due to the aforementioned
issues related to the difference in adsorption behavior between the unamended &md zeoli
amended backfills at lower concentratioGhgpter 3.

Incrementalchanges in flux breakthrough time based on the reversal in the direction of
the hydraulic gradient\tg;, defined as the difference betwdgrbased on a hydraulic gradient
of -1, tg;=_1, versus that based on a hydraulic gradient &L, (i.e., Atg; =tgj=—tgj=1),
are summarized in Tablé.8 All Atg; were greater than zero, indicating that changing the
direction of advection from eadvection to countesidvection resulted in an increase in flux
breakthrough time regardless of metal, adsorption m@delr zeolite type and conteMalues
of Atg; ranged from 1.8 yr for K with the unamended backfill (basedCgr= 10,000 mg/L and
the Langmuir adsorption model) to 1,113 yr for Zn with the unamended babkkd orC, =
100 mg/L and the Freundlich adsorption model). Finally, all other factors bensgaobAtg

for K based on the zeolit@mended backfills were greater thatg; based on the unamended
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backfills in all cases, whereagg; for Zn based on the zeolismmended backfills were lower
thanAtg; based on the unamended backfills in the migj@f cases. Thus, zeolite amendment
enhanced the effect of reversing the gradient on the containment ddoatibrwhereas zeolite
amendment generally diminished the effect of reversing the gradient on thagwent duration
for Zn. This difference can beéueto the lower adsorption capacity for low€g of Zn for the
zeoliteamended backfills relative to the unamended backfill.

The effect of zeolite amendment on flux breakthrough tisméurther elucidated by
considering the resultin Figure 4.15 which show the ratio oftg; for zeoliteamended backfill,
Atg i amended relative to that for unamended backiltg ; unamended(i-€., Atg i amendedAts,i.unamended @S
a function of zeolite content. In Figures 4al&e,Atg; amendedAls,i unamendedOr K increased with
increasing zeolite content in all cases, indicating that zeolite amendment enfiaeced
containment of K associated with a reversal in the hydraulic gradient. Thesigo#icant
increases INAtg; amendedAts, unamended resulted from the simulations based on the Langmuir
adsorption model for backfills amended with 10 % zeolite. Valuest@famendedAts,i unamended
generally were in the order chaba4itB > chabaziteUB > clinoptilolite, which is the same
order as the adsorption capacities for the zeahtended backfills in Tablé.1l. However, as
shown in Figures 4.15b,d,f, with few exceptions, zeolite amendment diminished containment of
Zn associated with a reversal in the hydraulic gradieat Atg; amendedAts i unamended< 1). AS
previously described, this counterintuitive behaviatusto the reduced adsorption capacities of
the zeoliteamended backfills for Zn relative to that for the unamended backfill over the lower

range in concentrations $&d on regression of the laboratory adsorption data.
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4.4.3 Effect of the Source Concentration

The effect ofC, (= 100, 1,000, 10,000ng/L) on theT g for f = 0.05 and the FBCs for=
1 is shown in Figures.#6 — 4.17for K and Figures 48 — 4.D for Zn. For all cases[ g
decreased &S, increasedbecause higher source concentrations result in quicker exhaustion of
the finite adsorption capacity and earlier breakthrough.

Also, all of theT g and the shapes of the FBCs based on the Langmuir versus Freundlich
adsorption models differed significantly for the two lo@&yrof 100 and 1,000 mg/L, but were
similar for the highesC, of 10,000 mg/L. As previously noted (see Figui® 4the difference in
the shapes of the FBCs based on the type of adsorption model is related to thecdiffetg,
for a given range of concentrations, and/or the difference in the relative nabjireathe
regressed adsorption modek( 1). As the difference in th@ g based on the Langmuir versus
Freundlich adsorption models differ significantly for the low&y;, caution is required when
applying theBEAT resultsto simulate the solute transpoftis difference islue to applying the
Langmuirand Freundlich parameters fitted to the BEAT result<fer10,000 mg/L to simulate
the solute transpoffor a lowerC, of 100 or 1,000 mg/LTherefore, ideayi, using the BEAT
results with theC closer to theC, of interest will exhibitresults where th@ g based on the
Langmuir versus Freundlich adsorption models agree better than when using gheiicaand

Freundlich parameters fitted to the BEAT resultsGar 10,000 mg/L.

45 SUMMARY AND CONCLUSIONS
The longterm performance of laypotheticall-m-thick soitbentonite vertical cutoff wall
comprising a santientonite backfill amended with 0, 5, or 10 % (dry weight) of one of three

types of highcation exchange capacitClEC) zeolites,viz.,, chabazitd B, chabaziteUB, or
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clinoptilolite, with respect to the migration of two metals, K and Zn, was evdluaeumerical
simulations. The simulations were conducted using a previously developed solup®rtrans
model that included nonlinear, equilibrium adsorptive behavior, and the adsorptiveobetiavi
each metal with respect to each backfill was based on the results of a praviyusablving
laboratory batch equilibrium adsorption tests (BEATS) with the metals anddkidlba

The results of the numerical evaluation indicated ttieg improvement in the
containment of a metal as reflected by an increase in the barrier flux boeikthiime,tg,
generally increased with decreasing source concentraigrof the metal, because a high&y
exhausted the adsorption capacity of taekfll for the metal more quickly, resulting in a lower
ts. Also, model simulations with the Freundlich adsorption model versus the Langmuir
adsorption model resulted in higher valuest®f(all other factors being equal), because the
greater nonlinearityconcavity) associated with the Freundlich model tended to offset the effect
of dispersion on the flux breakthrough curves, resulting in moresksatpening (steeper) flux
breakthrough curves. Finally, as expected, a greater zeolite cargerit)( % versus 5 %) and/or
use of the highe€EC chabazites versus the Iow@EC clinoptilolite also resulted in highég
(all other factors being equal), due to an increase in the adsorption capacity eblike z
amended backfills for a given metal.

The improvement in containment duratiom,, Atg, generally was greater for K versus
Zn, even though K was expected to exist primarily as a monovalent cafipwifisreas Zn was
expected to exist primarily as a divalent cation?{ZrAlso, for the model simulatits with Zn,
several of the results indicated that the ze@iteended backfills actually performed worse than
the unamended backfills.€, Atg < 0) at the lower values f@&, of 100 and 1,000 mg/L. These

counterintuitive results were a direct reflectamfrthe results of the BEATs with Zn used as input
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for the model simulations, which indicated preferential adsorption of K relaiivn tdue to
chemical complexation of a fraction of the Zng(, Zn(OH)" vs. Zrf*) and greater competition
for available exchange sites between Zn and other soluble metals, primarigsbiaciated with

the bentonite and zeolite the backfills. Thus, the model simulations were highly dependent on
the results of the BEATs and influenced by the limitations associatednegh tesults.

Given the aforementioned results, improvement in containment of K due to zeolite
amendment, Atg, ranged from 11.3 yr for a backfill amended with 5 % clinoptilolite (based on
Co = 10,000 mg/L and the Langmuir adsorption model) to 759 yr for a backfill amended with 10 %
chabaziteLB (based onC, = 100 mg/L and the Freundlich adsorption model). Based on the
model simulations for Zn that indicated improvement in containment, Atg ranged from only 0.70
yr for a backfill amended with 5 % clinoptiltdi based o€, = 10,000 mg/L and the Langmuir
adsorption model to 138 yr for a backfill amended with 10 % chablaBiteased orC, = 100
mg/L and the Freundlich adsorption model.

The simulation results pertaining to the scenarios where the directiorvexdtiath was
reversed via a change in the hydraulic gradignfrom outward i( = 1) to inward ( = -1)
indicated that inward seepage enhanced containment of both K and Zn by delaying tfh@xmass
breakthrough and reducing the steatigte mass flux of thhmetals, as expected. In addition, the
effect of delayed mass flux breakthrough for K was enhanced with the zeokieded backfills
relative to the unamended backfill, whereas the opposite was generally the cZse Tiis
difference in behavior was attributed directly to the results of the BEATs upih ¥he model
simulations were based, whereby K was preferentially adsorbed relatin,t and the
adsorption capacity for Zn with the unamended backfill was greater than that fazolite- z

amended ackfills at lower solute concentrations.
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Overall, the results of this study indicate that containment of metals may beediom
the order of a century or more with zeclmended SB cutoff walls. However, the magnitude of
any enhanced containment is highly dependent on both the adsorption capacity and the

adsorption behavior of the specific metal with the specific backfill.
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Table4.1.Regressed parameter valdiesn results of batch equilibrium adsorption tgsksta fromChapter 3.

Backfill Adsorption ModeRegresse®arametefs
Metal Langmuir Model Freundlich Model Quamenae
W | Seonetom o
g | mikg | Ly | ¢ |k N i
NAP 0 K 0.00301 813 2.4 0.666 250 0.13 0.518 1.0
Chabazitd-B 5 K 0.00379 5,080 19.3 0.954 638 0.24 0.912 6.2
Chabazitd-B 10 K 0.00464 8,230 38.2 0.960 934 0.25 0.919 10.1
ChabaziteJB 5 K 0.00305 5,460 16.7 0.946 608 0.25 0.923 6.7
ChabaziteJB 10 K 0.00202| 11,000 22.2 0.952 635 0.32 0.972 13.6
Clinoptilolite 5 K 0.000813 5,930 4.8 0.915] 221 0.35 0.929 7.3
Clinoptilolite 10 K 0.00223 6,120 13.6 0.881 a77 0.29 0.931 7.5
NAP 0 Zn 0.00379 3,110 11.8 0.721 473 0.21 0.934 1.0
Chabazitd-B 5 Zn 0.000468 8,680 4.1 0.872 300 0.34 0.942 2.8
Chabazitd-B 10 Zn 0.000561 9,740 5.5 0.859 370 0.34 0.930 3.1
ChabaziteJB 5 Zn 0.000271 10,500 2.8 0.937 107 0.46 0.965 3.4
ChabaziteJB 10 Zn 0.000374| 10,600 4.0 0.955 170 0.42 0.953 3.4
Clinoptilolite 5 Zn 0.000251] 9,380 2.4 0.861 97.1 0.45 0.836 3.0
Clinoptilolite 10 Zn 0.000317] 11,400 3.6 0.958 146 0.44 0.933 3.7

4K, = Langmuir constanf, = Langmuirmaximum adsorbed concentratifun the solute (Eg4.4); K; = Freundlich unit adsorption capacity;
= Freundlich exponent (E4.5); F = coefficient of determination.
® NA = Not applicablei(e., unamended backfill)
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Table4.2 Values of relative nonlinearity.] based on data from Table 4.1 for unamended and zeolite amended backfills.

. . A
Source Relative Nonlinearity)
Type of Concentration
Metal | Adsorption ' Chabazite-B Chabazite-UB Clinoptilolite
C, (mg/L)
Model Unamended
(C<Cy)
5% 10 % 5% 10 % 5% 10 %
100 0.048 0.058 0.069 0.048 0.034 0.014 0.037
Langmuir 1,000 0.240 0.267 0.290 0.241 0.195 0.107 0.20p
K
10,000 0.468 0.483 0.494 0.469 0.439 0.353 0.446
Freundlich 10106 é’(%’o' 0.434 0.341 0.333 0.333 0.285 0.266 0.305
100 0.058 0.008 0.010 0.005 0.007 0.005 0.006
Langmuir 1,000 0.267 0.070 0.081 0.044 0.058 0.041 0.05D
Zn
10,000 0.483 0.291 0.312 0.228 0.265 0.219 0.246
Freundlich 10106 éggo' 0.364 0.272 0.272 0.203 0.224 0.208 0.21
20 (linear) <A < 0.5 (Emancipator and Kroll 1993).
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Table4.3. Values of the secant distribution coefficieK secans based on data from Tabdel for unamended and zeoliéenended
backfills.

Source Secant Distribution CoefficienKy secant
Type of Concentration
Metal | Adsorption C L ' Chabazite-B Chabazite-UB Clinoptilolite
Model o (MY/L) Unamended
(C=Co) 5 % 10 % 5 % 10 % 5 % 10 %
100 1.9 14 26 13 18 4.5 11
Langmuir 1,000 0.61 4.0 6.8 4.1 7.4 2.7 4.2
K 10,000 0.08 0.49 0.81 0.53 1.1 0.53 0.59
100 4.6 19 30 19 28 11 18
Freundlich 1,000 0.61 3.4 5.3 3.4 5.8 25 35
10,000 0.08 0.58 0.93 0.61 1.2 0.56 0.69
100 8.6 3.9 5.2 2.8 3.8 2.3 35
Langmuir 1,000 2.5 2.8 3.5 2.2 2.9 1.9 2.7
. 10,000 0.30 0.72 0.83 0.77 0.84 0.67 0.87
n
100 12 14 18 8.9 118 7.7 11
Freundlich 1,000 2.0 3.1 3.9 2.6 3.1 2.2 3.1
10,000 0.33 0.69 0.85 0.74 0.81 0.61 0.84
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Table4.4. Redicted barrieflux breakthrough timesor CI', K, and Znwith a 1-m-hick (L = 1 m) soil-bentonite vertical cutoff wall

comprising unamended or zeolaenendedackfills as a function of source concentration and type of adsorption meuhgdata
from Table4.1.

Type of Source BarrierFlux Breakthrough Timetg (yr) [T &]?
Chemical| Adsorption| Concentration, Chabazite-B Chabazite-UB Clinoptilolite
Model Co (mglL) | Unamendeq—"0, 10 % 5% 10 % 5% 10 %
cr NA Moo | 24100081 241008] 241 0.05] 241[005] 241[0.05] 241[0.05] 2.41[005]
100 18.6 [0.41]| 127[2.80] 247 [5.43h 112 [2.46] 150[3.29] 35.0[0)77] 93.6[2.06]
Langmuir 1,000 13.6[0.30]] 83.6[1.84] 177[3.29] 77.3[1.70] 116[2.54] 31.8[0/70] 70.0[1.54]
10,000 6.4[0.14]| 23.2[0.51] 355[0.78] 23.6[0.52] 38.6[0.85] 17.7[0/39] 23.6[0.52]
“ 100 155[3.40]| 600[13.2] 914([20.1] 591[13.0] 777[171] 300[6.59] 536 [11.8]
Freundlich 1,000 25.0[0.55]] 108[2.38] 165[3.63] 110[2.42] 165[3.63] 71.4[1/57] 108 [238]
10,000 6.4[0.14]| 22.3[0.49] 33.2[0.73] 23.6[0.52] 38.2[0.84] 19.1[0/42] 24.1[0.53]
100 122 [1.67]| 48.0[0.66] | 61.8[0.85] | 34.9[0.48] | 46.6 [0.64] | 29.1[0.40] | 42.9 [0.59]
Langmuir 1,000 77.1[1.06]| 44.4[0.61]| 56.8[0.78] | 32.7[0.45] | 44.4[0.61] | 28.4[0.39] | 40.7 [0.56]
10,000 21.1[0.29]] 27.6[0.38] 32.7[0.45] 24.7[0.34] 29.1[0.40] 21.8[0/30] 28.3[0.39]
2" 100 546 [7.50]| 554[7.62] 684 [9.40| 286[3.93] | 402[5.52] | 255[3.51] | 365 [5.01]
Freundlich 1,000 95.3[1.31]] 126[1.73] 155[2.13 86.6[1.19] | 111[1.52] | 76.4[1.05] | 106 [1.45]
10,000 21.1[0.29]] 32.0[0.44] 38.6[0.53] 29.1[0.40] 33.5[0.46] 24.7[0/34] 33.5[0.46]

2 Dimensionless barrier flux breakthrough tirfieg (= D’
0.05) D" = 7.11x10"° m%/sfor CI, D" = 6.98x10° m¥sfor K, D" = 4.36x10° m?/s for Zn.

t/L%) for an exit mass fluxJ
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Table4.5. Redicted barrieflux breakthrough timefor Zn based on different criteri@d = 0.05 orf = 0.50)with 1-m-thick (L = 1 m)
vertical cutoff wall as a function of source concentration and type of adsorptidel osingdata from Tablel. 1.

Barrier Flux Breakthrough Timeg (yr) [T ]

Type of Source
f Adsorption| Concentration Chabazite-B Chabazite-UB Clinoptilolite
Model | C,(mgiL) | Unamended—— 10 % 5 % 10 % 5% 10 %
100 122 [1.67]| 48.0 [0.66]| 61.8 [0.85]| 34.9 [0.48]| 46.6 [0.64]| 29.1 [0.40]| 42.9 [0.59]
Langmuir 1,000 77.1 [1.06]| 44.4 [0.61]| 56.8 [0.78]| 32.7 [0.45]| 44.4 [0.61]| 28.4 [0.39]| 40.7 [0.56]
10,000 21.1 [0.29] 27.6 [0.38] 32.7 [0.4p] 24.7 [0.34] 29.1 [0J40] 21.8 [0.30] 28.3 [0.39]
005 100 546 [7.50]| 554 [7.62] 684 [9.40 286 [3.93] | 402 [5.52] | 255 [3.51] | 365 [5.01]
Freundlich 1,000 95.3 [1.31]] 126 [1.73] 155 [2.14 86.6 [1.19]| 111 [1.52] | 76.4 [1.05]| 106 [1.45]
10,000 21.1 [0.29] 32.0 [0.44] 38.6 [0.58] 29.1 [0.40] 33.5 [0l46] 24.7 [0.34] 33.5 [0.46]
100 268 [3.69]| 116 [1.59] | 150 [2.06] | 83.7 [1.15]| 112 [1.54] | 71.3 [0.98]| 103 [1.42]
Langmuir 1,000 114 [1.57] | 96.8 [1.33]| 122 [1.67]| 76.4 [1.05]| 96.8 [1.33]| 64.8 [0.89]| 91.0 [1.25]
10,000 24.0 [0.33] 40.7 [0.56] 46.6 [0.64] 41.5 [0.57] 45.1 [062] 37.1 [0.51] 45.8 [0.63]
050 100 554 [7.62]| 592 [8.13] 728 [10.0 342 [4.70] | 457 [6.28] | 301 [4.13] | 429 [5.89]
Freundlich 1,000 99.0 [1.36]] 136 [1.87] 165 [2.27] 106 [1.45] 127 [1.] 91.0 [1.25]| 126 [1.73]
10,000 23.3 [0.32] 36.4 [0.5Q] 44.4 [0.601] 37.1 [0.51] 40.7 [0/56] 32.0 [0.44] 41.5 [0.57]

2Dimensionless barrier flux breakthrough tirfies (= D t/L?) for an exit mass fluxJ (L,t), equal to 5 %f(= 0.05)or 50 %(f = 0.50) of the steady
state exit mass flyD” = 7.11x10" mP/sfor CI, D" = 6.98x10° né/sfor K, D" = 4.36x10° n¥/sfor Zn.
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Table4.6. Increment in the predictedarrier flux breakthrough timéor CI', K, and Znwith a :m-thick (L = 1 m) soitbentonite

vertical cutoff wall comprising a zeold@mended backfill relative to that comprising an unamended backfill as a function o sour
concentration and type of adsorption model usiat from Table.4.

BarrierFlux |Increment in Barrier Flux Breakthrough Time, Atg (yr) [AT g]° for Zeolite Amendeq
Breakthrough Backfills
Type of Source Time, ts (yr)
Chemical| Adsorption| Concentration, [T jangr Chabazitd-B Chabazite-UB Clinoptilolite
Model Co (mg/L) UnaBménded
Backfil 5% 10 % 5% 10 % 5% 10 %
. 100, 1,000, L
Cl NA 10.000 2.41[0.05] 2.41[0.05] 2.41[0.05] 2.41[0.05] 2.41[0.05] 2.41[0.05] 2.41][0,05]
100 18.6 [0.41] 108 [2.39] 228[5.02] 93.4[2.05] 131[2.88] 16.4[0/36] 75.0[1.65]
Langmuir 1,000 13.6 [0.30] 70.0[1.54] 163[2.99] 63.7[1.40] 102[2.24] 18.2[0j40] 56.4[1.24]
10,000 6.4 [0.14] 16.8[0.37] 29.1[0.64] 17.2[0.38] 32.2[0.fr1] 11.3[0}25] 17.2[0.38]
K

100 155 [3.40] 445[9.80] 759[16.7] 436[9.60] 622[13|7] 145[3.19] 381 [8/40]

Freundlich 1,000 25.0 [0.55] 83.0[1.83] 140(® | 85.0[1.87]| 140([38] | 46.4[1.02] | 83.0[1.83]
10,000 6.4 [0.14] 15.9[0.35] 26.8[0.59] 17.2[0.38] 31.8[0.f0] 12.7[0}28] 17.7[0.39]

100 122 [1.67] |-74.0 F1.01]|-60.2 [0.82]|-87.1 [-1.19] -75.4 [-1.03] -92.9 [-1.27]/-79.1 [-1.08]

Langmuir 1,000 77.1[1.06] |-32.7 [-0.45]-20.3 [-0.28]|-44.4 [-0.61] -32.7 [-0.45] -48.7 [-0.67]{-36.4 [-0.50]

10,000 21.1[0.29] 6.50[0.09] 11.6[0.16] 3.60[0.05] 8.0010.l 0.70[0.01]| 7.20[0.10]

Zn

100 546 [7.50] 8.00[0.12] 138[1.90 -260 [-3.57]| -144 [-1.98]| -291 [-3.99]| -181 [-2.49]

Freundlich 1,000 95.3 [1.31] 30.7[0.42] 59.7[0.84-8.70[-0.12] 15.7[0.21]-18.9[-0.26] 10.7 [0.14]

10,000 21.1[0.29] 10.9[0.15] 17.5[0.24] 8.0QiM.| 12.4[0.17]| 3.60[0.05]] 12.4[0.17]

2Dimensionless barrier flux breakthrough tirfieg (= D t/L?) for an exit mass fluxJ (L,t), equal to 5 % of the steady state exit mass flux (

0.05) D" = 7.11x10" nf/sfor CI, D' = 6.98x10° m?/sfor K, D" = 4.36x10° m?/sfor Zn.
b AtB (yf) = tB,amended(yr) - tB,unamendet{yr); ATXB = -IJB,amended_-IJB,unamended
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Table 4.7. Predicted barrierflux breakthrough times for potassiunK)( and zinc Zn)
corresponding td (L,t) = 0.015with a :m-thick (L = 1 m) soitbentonite vertical cutoff wall
comprising unamended or zeoldenended backfilles a function of type of adsorption model,
source concentration, and magnitude and direction of hydraulic gradient.

Type of Source Hydraulic Barrier Flux Breakthrough Timetg (yr)"

Metal | Adsorption| Concentration| Gradient, Chabazitel B | ChabaziteUB | Clinoptilolite
Model | Co(mg/L) | Unamended T T 006 | 5% | 10%] 5% | 10%

1 13 91 177 77 105 | 25 64

100 0 15 100 | 196 91 118 | 28 73

-1 17 118 | 227 | 105 | 136 | 32 86

1 11 64 123 59 86 23 55

Langmuir 1,000 0 12 77 141 68 100 26 59

-1 14 91 168 82 118 | 31 73

1 55 21 34 22 35 15 21

10,000 0 6.4 28 45 28 44 17 27

K -1 7.3 36 59 35 55 21 33
1 155 600 | 914 | 591 | 777 | 300 | 536

100 0 214 814 | 1218 | 800 | 1023 | 386 | 705

-1 323 1164 | 1736 | 1141 | 1386 | 518 | 973

1 25 109 | 164 | 109 | 164 | 73 | 109

Freundlich 1,000 0 33 146 | 218 | 146 | 218 | 91 141
-1 50 205 | 314 | 205 | 296 | 118 | 196

1 6.4 22 33 23 38 19 24

10,000 0 7.7 29 43 30 50 24 31

-1 10 40 59 41 64 31 41

1 87 31 42 23 31 20 28

100 0 102 38 52 28 38 23 34

-1 131 50 67 36 50 31 44

1 61 31 39 23 30 19 28

Langmuir 1,000 0 73 37 48 27 36 23 34

-1 102 48 62 35 47 30 44

1 20 22 27 19 23 16 22

10,000 0 28 27 34 23 28 21 26

7n -1 42 36 44 30 36 28 34
1 546 553 | 684 | 284 | 400 | 255 | 364

100 0 888 815 | 1004 | 393 | 560 | 349 | 509

-1 1659 1346 | 1688 | 582 | 873 | 517 | 764

1 95 124 | 153 87 109 | 73 | 102

Freundlich 1,000 0 153 182 | 226 | 116 | 153 | 102 | 146
-1 284 298 | 371 | 175 | 233 | 153 | 218

1 21 32 39 28 33 25 33

10,000 0 31 44 55 38 44 33 44

-1 51 71 87 55 67 47 66

2For K, P, = +1.43 fori = +1; For Zn,P, = +2.29 fori = +1; For both K and Zr?, = 0 fori = 0.
® Barrierflux breakthrough timetg, corresponding to exit flux] = 0.015.
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Table 4.8 In*cremental change ibarrier flux breakthrough time due to reversal in hydraulic
gradientfor J (L,t) of 0.015.

Incremental Chage in Barrier Flux Breakthrough Time due to
Type of Source Hydraulic Gradient Reversaitg; (yr)?
Metal | Adsorption| Concentration, ChabazitelB | ChabaziteUB | Clinoptilolite
Model Co(Mmg/L) | Unamended
5% 10 % 5% 10 % 5% 10 %
100 4 27 50 28 31 7 22
Langmuir 1,000 3 27 45 23 32 8 18
10,000 1.8 15 25 13 20 6 12
< 100 168 564 822 550 609 218 437
Freundlich 1,000 25 96 150 96 132 45 87
10,000 3.6 18 26 18 26 12 17
100 44 19 25 13 19 11 16
Langmuir 1,000 41 17 23 12 17 11 16
10,000 22 14 17 11 13 12 12
zn 100 1113 793 1004 298 473 262 400
Freundlich 1,000 189 174 218 88 124 80 116
10,000 30 39 48 27 34 22 33

®Atg; (yr) =tgj =1 (Y1) —tg=1 (Yr)
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Figure4.1. Schematic okoil-bentonite vertical cutoff wall scenarios for model simulations: (a)
plan view showing divergent groundwater flow; (b) cresstional view ofcutoff wall
illustrating boundary conditions.
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10 %), and source concentratid@y): (a) chabaziteLB, C, = 100 mg/L, (b) chabaziteLB, C, = 1,000 mg/L; (c) chabazHeB, C, =
10,000 mg/L. (d) chabaziteuB, C, = 100 mg/L; (e) chabaz#e€B, C, = 1,000 mg/L. (f) chabaziteUB, C, = 10,000 mg/L; (Q)
clinoptilolite, C, = 100 mg/L; (h) clinoptiloliteC, = 1,000 mg/L; (i) clinoptilolite C, = 10,000 mg/L.
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Figure4.3. Effect of adsorption behavior on potassium flux breakthrough curves for unamended
backfill based on different adsorption mod@langmuir andFreundlich): (a), (c), (e) adsorption
behaviors for concentration ranges of 100, 1,000, and 10,000 mg/L, respectively; (b)fl(xK), (f)
breakthrough curvedor a source concentrationC{) of 100, 1,000, and 10,000 mg/L,
respectively.
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Figure4.11 Effect of potassium (K) versus zinc (Zn) on the flux breakthrough curves for ndachend zeoliteimended backfillas
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Figure4.13 Effect of the type of zeolitentheflux breakthrough curve for unamended backfill versus zealitended backfill for a
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CHAPTER 5 LONG-TERM COLUMN TESTING

5.1 INTRODUCTION

Soil-bentonite (SB) vertical cutoff wallsre used extensively to prevent or control
subsurface migration of contaminated groundwader,(USEPA 1984; Ryan 1984, 1987; Daniel
and Koerner 1993; Manassegbal. 1995; Rumer and Mitchell 199 Rumer and Ryan 1995;
LaGregeet al 200L; Mitchell et al. 2007; Faret al. 2014; Duet al 2015; Hudak 2016Relative
to in situtreament systems, SB vertical cutoff walls typically are less costly and reledsk
of contaminant exposure during construction (Shackelford and Je#e@i§. Also, in the
absence of an effective and/or efficient treatment technology, SB ventitcdf walls offer the
ability to contain contaminated groundwatamtii more efficient and/or more cost effective
treatment technologies are developed (Shackelford and Jefié&ds

Since containment may be required for prolonged peripgsars to decades)
consideration has been given to enhancing the attenuation capacity of backfills forti&s ve
cutoff walls for targeted contaminants to provide more sustainable contaireenMott and
Weber 1992; Bierck and Chang 1994; Bradl 1997; Eara. 1997; Evans and Prince 1997,
Parket al. 1997; Rabideaet al. 1999; Malusiset al. 2009, 2010; Hongt al. 2012, 2016). This
enhancement typically is achieved by amending the SB backfill with low amounts (typically < 15
% by dry weight) of a reactive or sorlgimaterial, depending on the contaminant. For example,
amendments that have been considered include fly ash to enhance the sorption of lovamolecul
weight organic contaminants (Mott and Weber 1992), activated carbon to enhancetiba ebr
hydrophobicorganic compounds (Bierck and Chang 1994, Malasial. 2009, 2010), ground
tires to enhance the retardation of volatile organic compounds €PatkL997), zero valent iron

(2VI) to enhance the degradation of trichloroethylene (Rabiddaal 1999), and zeolites to
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enhance the sorption of metals (Bradl 1997; Eared. 1997; Evans and Prince 1997; Hoelg
al. 2012, 2016; Detal. 2015).

With few exceptions€g., Parket al 1997), most of the studies conducted to evaluate the
effectiveness of thenaendment materials have been based on the results of batch experiments,
whereby the unamended and amended backfills are mixed for a specified pericall{t@d or
48 h) with solutions of targeted contaminants to determine the extent of enhanceuh swrpt
degradation. Although the results of these tests provide proof of concept, theoexteEntie
results to practical applications is limited e conditionsinherent in the testing, such sistic
(no flow) conditions and setb-solution ratios thaaresimilar tothose of soil suspensions. For
these reasons, column studies whereby the backfill is permeated witthahecal solution
typically are considered to be more representative of practical applicdRensaldset al 1982;
Colombaniet al 2015. However, because of the added complexity of column studies and the
potentially longer test durations, few column studies to evaluate the effads/@f backfill
amendments have been conducted.

This study represents an extension of previous st(Gieapters 2 and 3) focused on the
potential use of zeolites with high cation exchange capacBE€Y) as amendments to &B
backfill for the purpose of enhancing the sorption of potassium (K) and zinc (Zn). dkfdl ba
comprised fine sand with 5.8 % (dry weight) sodium bentonite and 0, 5, or 10 % (dry weight) of
one of three types of zeolites. The results of Chapter 2 indicated that the addigatiteflad
little impact on either the consolidation behavior or théraylic conductivityk, of the backfill,
and that values df for all zeoliteamended specimens measured in flexidd! permeameters
were in the range 1.2x18< k < 3.9x10° m/s based on permeation with tap water. Thus, the

zeoliteamended backfillavere considerecuitable for use as lowermeability containment
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barriers in the absence of any significant incompatibility with the containmantdiqThe
results of Chapter 3 based on batch equilibrium adsorption tests (BEATS) indict¢ueSB
badfill amended withS or 10 % zeolite significantly increased the adsorption capacity for K by
a factor as high as 7.3 or 13.5, respectively, and for Zn by a factor asshigd ar 3.7,
respectively. Also, the adsorption behaviors of both K and Zn were shown to be consistent wit
cation exchange as the dominaatption mechanism. However, the results of Chapter 3 are
limited by the static (ndlow) condition of the BEATs and the sdt-solution (soil:solution)

ratio of kto-4 (1:4) by mass, consisting df0 g of backfill (dry weight) in 40 mL of chemical
solution.

In this study longterm column tests were conducted on specimenshefsame
unamended and zeoltenended SB backfills as evaluated in Chapter 3,abudoil:solution
ratios andunderadvectve (hydraulic) flow conditions that were more representative of those for
practical applications. The permeant liquids included solstwdrKCI, ZnCl,, and a mixture of
KCI and ZnC} to further evaluate the ability of theeoliteamended backfills to enhee the
retardation and, therefore, containment of K and Zn. Ten column tests lasting.@®to 3.75
yr were conducted. Each column test specimen was evaluated for both physicaigsr gt
dry density and porosity) ankl and the effluent chemistry was monitored and analyzed for

chemical transport parameters of the major solutes, including chloriglelCGind Zn.

5.2 MATERIALSAND METHODS
5.2.1 Liquids
The liquids used in this study included-idaized water (DIW)and three salt solains

with target concentrations 86 mM KCI, 20 mM ZnC}4, and a mixture of 17.5 mM KCI and 10
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mM ZnCl,. The measured pH and electrical conductividi§Z, of these liquids are summarized in
Table 5.1.The mean and standard deviations of the actual measonegntratios for the salt
solutions are given in Table F.1. The DIW was used as a permeant liquid and thefeoltrent
salt solutions, which also were used as permeant liquids. Solutié{@l @nd ZnC} were used

to allow for comparison of the results in this study with those reported in Clgagtsernoted in
Chapter 3, these two metals ofi@m®encountered in contaminated groundwaters (Sparks)2003
Also, use of these two metals allows for comparison of the migration behaviors of a pigyncipa
monovalent metal (K) versus a principally divalent metal Zh The mixture oKCl and ZnC}

was used to evaluate the effect of competition betweamd Zn for available sorption sites
associated with the bentonite and zeolite components of the backfills. The cormenwéthe
single salt solutions.g., 35 mM KCI and 20 mM ZnG) were chosen to be sufficiently low so
as to be within the linear range of batch equilibrium adsorption data based on theimesults
Chapter 3, yet sufficiently high to overcerthe soluble metalsf the backfills (Table 3.3). The
target concentrations of thmixed salt solutior(i.e.,, 17.5 mM KCI plus 10 mM ZnG) were
chosento havesimilar CI concentratioras for the single salt solutions while maintaining the
relative concentration differences between the K and Zn based on the single salt soligions (
35 mM KCl and 20 mM ZnGlvs. 17.5 mM KCI plus 10 mM Zng).

The chemical solutions were prepat@d mixing the appropriate amount of either KCI
(certified A.C.S.;Fisher Scientific, Fair Lawn, NJ) &nCl, (A.C.S. grade, Analytical Reagent;
Mallinckrodt Chemical Works, St. Louis, MO) with DIWFor the ZnCl, solution, asmall
amount of 37 % hydrochloric acid (HCI) was added to remove visible precipitation orthef
zinc oxychloride as described in Chapter 3. The resulting pH of 1.83 for the 20 myl \Wa<|

less than the limiting value of 2 where dissolution of soil particles may occuk@foad 1994).
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However,this low-pH solution was expected to be buffered bg backfill specimenand the

solution can be considered as representative of acid mine drainage.

5.2.2 Constituent Materials for Specimens

The backfills for the column tests were preparedefmresent a subset of the backfills
evaluatedn Chapters 2 and. Ihesebackfills comprised finanortorsand,5.8 % (by dry weight)
of a powdered sodium bentonite, and 0, 5, or 10 % (by dry weight) of one of three types of
zeolite (Malusiset al. 2009; Honget al. 2012 2016). The zeolites weteo types of chabdtze
referred to as chabazitewer bed (chabaziteB) and chabaziteipper bedc¢habaziteUB), and a
clinoptilolite. Although the zeolites ardominated by sifsized particleswith relatively low
specific gravities (2.35 < Gs < 2.37), the two chabazitedassified(ASTM D2487ASTM 2009
as high plasticity clays (CHyhereaghe clinoptilolite classified as a low plasticity clay (CL)
The exchangeable and soluble metals of the zeolites and the bentonite are dominatédrby s
(Na). The pH of the two chab#s and the bentonite was 8, whereas the pH of the
clinoptilolite was 9.5 (Table 2.1) The measuredCEC of the chabaziteLB, chabaziteUB and
clinoptilolite were 232, 250, and 180 cratilg, respectivelyTable 3.). Further details on the
physical and aobmical properties and mineralogy of the constituent materials aredpdoun

Chapter 2 (Table 2.1).

5.2.3 Testing Apparatus
The testing apparatus used for the column tests comprised-adloyw system similar to
that described by Redmond and Shackelford (1994) connected to a fleaibleermeameter

containing the test specimen (see Figures 5.1 and 5.2 for the schematic and ph@dioof t
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pump apparatus, respectively). Fipwmp systems maintain a constant volumetric flow rate,
offering two primary advantages relative to the more traditional coAs¢aat or fallinghead
methods of permeating specimens (Shackelford and Redmond 1995). First, ats&sttady
conditions (no volume change), the constant flow rate correlates with a constagesedpaity
which allowsanalyticalmodels describing solute transport through porous ntedie used to
analyze for the transport erties of the solutesSecond, the volumetric flow rate is not
affected by changes kithat can result fromdverse permeant liqugbil interactions.

Two types offlow pumps referred to as Models 940 and q#arvard Apparatus,
Holliston, MA) were usedBoth flow pumpscomprisediwo stainlesssteel syringegactuators)
on separate tracks, where each syringe was connected to one test specimen. Rosétinty
the pistons inside each syrinderced liquids (.e., DIW or salt solution) through the tes
specimen from bottom to top at a constaisplacement rate,,, and the effluent was collected
separately (Figures 5.1 and 5.2). The two flow pump models differed only in terms bflitlye a
to controlry,, with Model 940 consisting of 12 incrementalues ofr, ranging from a low of
1.04 — 1.07mm/ to a high of5.20 — 5.35 m/hand Model 944 allowing for a variable control
ranging fromO to 100 % ofeachincrementak, valuefor Model 940 The slight variation i,
from 1.04 to 1.07 mm/h is likely due to mechanical issues, as the displacement of thefplunge
the two syringes attached to the flow pump was not exactly the same, and @ilyasien
bearings would get loose or the plunger forcing flow through the specimen wouldigjet st
Eight of the 10 column tests (Test Nos= 8) in this study wereonductedusing Model 940
whereaswo of the 10 column tests (Test Nosard 10) were performed using Model 944.

Eachflow pump was operated in a reciprocating maraseffollows. First, the plunger

(piston) used to force liquid from the syringe (actuator) was displaced in oneodirEcting

171



permeant liquid through the column specimen while fresh permeant liquid was sioudigne
refilling the syringespace behind the plung@rhen,at the end the displacement, the direction of
displacement wageversedvirtually instantaneouslguchthat the plunger forced the permeant
liquid within the previously refilled side of the syringe through the column specimda thbi
opposite side of thplunger was refilled with fresh permeant liquid (Figure 5.1). This approach
allowed for essentially continuous permeation of the specimen throughaestitherations.

Flexible-wall permeameters were desired to minimize the possibility ofvsadideakaye
(short circuiting) during column testing, as such siddl leakage has been known to occur with
rigid-wall cells (Danielet al 1985; Daniel 1994; Bohnho#t al 2014). As described byalusis
et al (2009) and in Chapter 2,caistomfabricated, rigidacrylic cylinder was placed around the
flexible membrane within thgopermeameteito provide lateral support for the soft backfill
specimengrior to consolidation (see Figure A.2 for further details).

For the constadliow method of permeatiork is calculated in accordance with Darcy's
law as follows €.g., Redmond and Shackelford 1994; Shackelford and Redmond 1995; ASTM

D5084-ASTM 2004):

. q q p,9L (5.1)

iA (-Aulp,g)A AU A

whereq is the volumetric flow rate through the specimers the hydraulic gradientA is the
total crosssectional area of the specimen perpendicular to the direction of-ftan(> 0) is the
induced pressure difference across the specimgn,s the mass density of watere, 1.0
Mg/m®), g is acceleration due to gravity€, 9.81 m/§), andL is the length of the specimetdse

of Eg. 51 implicitly assumes that the difference in elevation head across the specimen is
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negligible relative to the difference in pressure head, which was taercss study. Alsathe
density of thepermeantliquid is assumedequal to the density of water, which typically is
acceptable for dilute aqueous chemical solutions used in this study.

At steadystate flow through the specimemis equalto the volumetric flow rate through

the syringe of the flow pumgp, as follows:

q=0q,=rA (5.2)

whereA, is the constantcrosssectional area of the plunger perpendicular to the direction of
displacementThus, the magnitude &fin Eq. 5.1 is directly proportional tg. Accordingly,k

was determined by measuringhu either with a differential pressure transducer (Validyne
Engineering Corp., Model DP15, Northridge, CA) as shown in Figure 5.1 or two gauge
transducergmodel No. PX181100G5V, Omega Engineering Inc., Stamford, CT) located on the
inflow and outflow lines connected to the specinfeot shown in Figure 5.1). The transducers
were connected to a data acquisition system comprising a circuit board-g8CHRatonal
Instruments, Austin, TX) and a data acquisition device (National Instruments),AlX), and
recording of-Au was facilitated using theabVIEW software (National Instruments, Austin,

TX).

5.2.4 Specimen Preparation
The unamended and zeolaenended backfills were prepared by combining thasses
of sand, bentoniteand zeolite tomaintain a constantiotal bentonite content (5.8 %y dry

weighi with the specified zeolite contente(, 0, 5, or 10 %by dry weighj for each backfill,
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while adjusing the gravimetric water conte(w) to obtainthe slump within thearget rangef
100 to 150mm 3.9 to 5.9in) based on the slump test results reported in Chapldre2backfill
specimens for column testing wereepared usinghe sameroceduresas described by Malusis
et al (2009) andin Chapter 2 for flexiblavall hydraulic conductivity testingln brief, the
backfill wasdeposieéd within the stretched membrane supported byritdiel acrylic cylinderin
three lifts, with each lift rodded sevétanes to minimize large voids before the top filter paper,
porous stone, and end cap were set in placep&hmaeametewas assembled and filledth the
confining watey and aconfining stressadgll pressurg o, of 34.5 kPa (5si) was applied for a
minimum of 24 h. |Bch specimethenwas backpressured under a constant effective confining
stressc’, of 34.5 kPa (5 psi) by increasing and theporewater (back) pressures, in equal
increments over several hours achieveB value of > 0.95 in accordance wittASTM D5084
(ASTM 2004).

Prior to permeation, the initial effective stress in the specimen, o'i, IS equal to the
difference between o, anduy, at the end of the bagikressure saturation sta@iee., ¢'i = 6¢ — Up).
However, once permeation begins, the poater pressure on the influent side of the specimen
increases due to the hydraulic resistance of the specimen, and eventually attcadystegte
value, Auss (> 0), based on the steadtate flow rateq. As a result, the effective stress at the
inflow side of the specimen decreases during permeation to a final effective stress, o',
represented by the difference between ¢'; and -Auss (i.e., o't = 6'; — (-Ausg)). However in order
to keep the flexiblenembrane intact witthe specime@, ¢’s cannot be zero such thie limiting
magnitude ofAussis ¢'; (i.e.,, Auss < ¢'i). Thus, the maximum value efAuss is limited by ¢'j,
or the minimum value of ¢'; is limited by—Auss. As indicated by Eqgs. 5.1 and 5.2, the magnitude

of —Au and,therefore-Auss, is inversely proportional tk and directly proportional to, (or qp).
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Thus, the magnitude ofAuss and, thereforeg’s can be minimized by minimizing, (or qp)
andor maximizing k. Unfortunately, the magnitude of (or qp) is limited by the flow pump
equipment, and the magnitudekat based on the hydraulic characteristics of the specimen.
The maximum-Auss for the tests conducted in this studss estimated using Eg. 5.1
based on theesults offlexible-wall k tess reported inChapter 2and thepossiblevalues ofr,
for the flow pumps used for column testifitherefore to estimate the maximumuss during
permeationthe lowestpossibler, based on the column tests using flow pump Model &4
the lowest measurddof 1.2x10" m/s from the results in Chapter 2 corresponding to ¢’ of 34.5
kPa (5 psi) wasised This lowestvalue ofk together withthe lowestr,, for flow pump Model
9400f 1.04 — 1.0/mmh, which corresponded togy (= q) of 7.86 — 8.05mL/d, resulted inan
estimatednaximum value forAugs of 136kPa (19.7 psi) Since this value ofAuss was greater
thantheo’; of 34.5 kPa (5 psifpollowing backpressure saturatiomembrane separatiobl¢wout)
during permeation was anticipatethereforejn order to prevent membraseparatior(i.e, o's
< 0) during permeation, th&; was increased from 34.5 kPa (5 psi)l&8 kPa (20 psi) prior to
permeation. Although this'; of 138 kPa (20 psi) is significantly higher than the effective
stresses typidly encountered in practical field scenariegy(, Evanset al 1995; Filz 1996; Let
al. 2015), the highes’; of 138 kPa (20 psi) was necessitated due to the limitations in the flow
pump equipment used in the study and the expected hydraulic behavior of the backiilik.
be shown subsequently (sectiB.2), the actual magnitudes eAuss for Test Nos. I 8rangel
from 26 kPa (3.7 psi) td25 kPa (18.1 psi)Thus, the estimated maximumuss of 136 kPa
(19.7 psi) prior to the start of column testing proved torbasonabldor thesecolumn tests
However,for Test Nos. 9and 10, initial permeation with DIWusing ¢’; of 138 kPa (20 psi)

resulted in-Auss close to 138 kPa (20 psindicatingthat thek of the specimens &velikely to
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be lower than th& of 1.2x10"° m/sthat was used to estimate the maximuings, leading to the
possibility of the membraneseparatin for these two column test#As a result,thesetwo
specimens were connectedt@ Model 944 flow pump which allowed, to be reduced to 25 %
of that used for the other column teste.( 0.25(1.04 — 1.07)mm/h = 0.26 —0.27 mm/l).
Although this slower displacement ratsignificantly prolongedthe durations of these two
column tests, theesulting—Auss were maintained less than 138 kPa (20 psi),41 kPa (5.9 psi)
and130 kPa (18.8 psi), such that membraaparation was preventedthout the need to further

increase o'; for these two column specimens.

5.2.5 Testing Procedure

Based on the assumption that the cutoff wadluld be installeddowngradientof the
contaminant plumgFigure 5.3) the initial flow through the cutoff wallikely would be
relatively clean groundwater. Therefoadter consolidationthe column specimensitially were
permeated with DIW to establish a basekrer the specimewith respect to DIWKpw) and to
simulate the effect of fresh groundwater in advance of the contaminant plume flashibtg
salts from the placed backfill prior to the arrival of the plume. Although the usévéfwias
expected to result in the lowest possibShackelfordet al. 2000; Lee and Shackelford 2005),
DIW was preferred to reduce the influence of the background solute concentrations on the
subsequent chemical analysis of the effluent (Redmond and Shackelford 1994; Stthekelfor
Redmond 1995Permeation with DIW wasontinueduntil the effluenteC waswithin the range
of EC estimatedfor typical groundwater (see Table 5.2fter which the specimens were
permeated with the desired salt solut{oa., 35 mM KCI, 20 mM ZnCl, or 17.5 mM KClplus

10 mM ZnCh) continuowsly until termination of the tesfThe k of eachspecimen based on
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permeation with the salt solutigks,) wasthenmeasuredTheincrementalvolumes of effluent

AVe, were collected sequentially and continuously throughout the duration of perm&ation
thatall of the effluent was collected’ he concentrationsf various chemical speci@athin each

AV were measuredsing ion chromatography or IC (Dionex® 4000i IC Module, Dionex Co.,
Sunnyvale, CA) for the anions.§., CI), and inductively coupled plasraomic emission
spectrometry, or ICRAES (IRIS® Advantage/1000 ICAP Spectrometer, Thermo Jarrel Ash Co.,
Franklin, MA) for the metals (e.g., Na, Ca K, Zn). Thus, the measured concentrations
represented average concentratiohshemical speciewithin eachAV. (Shackelford 1994a,

1995a,b).

5.2.6 Methods of Chemical Transport Analysis

The measured effluent concentrations were regressed using two methods of amalysi
order to determine the relevant transport parameters associated with taeomuaf CI, K, and
Zn through the backfill specimens. Badwo methods included the traditional, concentration
based breakthrough curve (BT@halysis €.g., Shackelford 1994a), and the cumulative mass
analysis proposed by Shackelford (1995a,b). Bothhetd methods are based on the same
analytical solution to the advectiaspersionreaction equation (ADRE) for orgimensional
solute transport through saturated porous media. Therefore, analyses by both methods
theoreticallyshouldprovide the same results. However, the cumulative mass analysis has several
advantages relative to the more traditional, concentrétased analysis, particularly for column
tests that are conducted at low flow rates, such as in this study (Shatkeaa,b).

First, the cumulative mass analysis can distingeigslicitly between early breakthrough

of a nonadsorbingnonreactive)soluteor tracer(e.g., CI) resulting from diffusiorddominated
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transport versus the existence ofedifective porosity i) that is lower than thetal porosity £)
(i.e,, ne < n) (e.g., see Shackelford 1993)he effective porosity represents the interconnected
void volume relative to the total volume of the specimen, such that only a fraction of ¢he por
spaceis available for solute mass transpadlhe existence af. < n can occur for examplejn
densely compacted clays duedeadend pores and/or the attraction of fluid molecules to the
surfaces of the clay particles (Shackelford 1993; Shackelford and Moore 2013). Second, the
value of the retardation factdRy, for reactive (adsorbing) solutese(, Ry > 1) determined via
the cumulative mass analysis is based on the correct;baaed definition corresponding to the
relative holdup, or the area above the tradaloBTC as illustrated inFigure 5.4a €g9., see
Shackelford 1994a, 1995a,b). Third,andRy can be determined directly from plots of the test
results. Finally, the influence of the increment A%, on the analysis is removed from
consideration, since all data are plotted at the cumulative elapsed time (®indd@94a).

For the traditional BTC analysis, thelative concentrationsRCs) representing the
effluent concentrationsC(L,t), normalized with respect to the source concentraiityy,were

regressed using the following analytical solution to the ADRE:

_CLy_1
C, 2

(o]

RC [ erf &) +exp(&,) erf¢s,) ] (5.3)

where erfc is the complementary error function, and &, &,, 3 are dimensionless arguments

defined as follows (Shackelford 1994a, 1995a,b):

_RjL_Vst_ I%_T
R0l 2RTIE

& (5.4a)
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&="—2-=R (5.4b)

3 R,L+vst_ R+T

s 2/R,Dt 2/RT/P

(5.4c)

whereRy is based on instantaneous, linear, and reversible sorptias the seepage (average
linear) velocity,t is elapsed timd) is thehydrodynamic dispersion coefficieft,(= vst/L) is the
dimensionless timeandP, (= vsL/D) is thedimensionless column Pécletimber.The seepage

velocity is related to the volumetric flow rate as follows

Lo

= A (5.5)

& | <

wherev (= ki) is the Darcy velocity, liquid flux or specific dischar@@eeze and Cherry 1979).

However, due to the small amount of clay and soft consistency of the slumped backfill

specimensevaluated in this stughall of the pore space in the specimens was assumed to be

conductive such that. = n was considered reasonable in this study.

In classical advectiodispersion theoryD represents dispersion (spreading) tbé
migrating solute front due to diffusion antechanical dispersion such tiiaxt D + D, where
D" is the effective diffusion coefficient arid, is the mechanical dispersion coefficierty(,
Bear 1972; Shackelford 1993)he effective diffusion coefficient idefinedby Shackelford and
Daniel (1991) as the product of the apparent tortuosity factor of the porous megiamd the
aqueous pfreesolution diffusion coefficient of the solut®, (i.e, D" = taD,), whereadD,, is

defined as the product of the longitudinal dispersion coefficeentyhich is assumed to be a
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characteristic property of the porous medium, @an@.e., D, = avs). Thus,Dy, is a function of

Vs, whereasD™ is independent ofis. As a result Dy, increases aws increases, such that
mechanical dispersion plays an increasingly greater role in conmigbati D, while the
contribution of diffusion to dispersion diminishése., asvst, D/Dm — 1 and D'/D — 0). In
contrast, asvs approaches zero, diffusion becomes more dominant relative to mechanical
dispersioni(e., asvs — 0, Dp/D — 0 and D'/D — 1).

The column Péclehumber,P_, represents the relative effect of advection wiato
dispersiorvia D (Shackelford 1994). At relaively highP, (e.g., > 50), advection dominates the
transport process, whereas dispersion via diffusezomes increasingly more significdot P
<20 and dominantfor P, <5 (Shackelford 1999a

Application of Eq. 53 is based on the assumptions t@gtandvs are constant. Both of
these assumptions were reasonably achideedhe column tests conducted in this study by
frequently replenishing thpermeant(source)solution and by using a flopump system to
maintain a constant flow ratBor constantss, T is equivalent to pore volumes of floR\{F).

Based on continuity, Eq. Brepresents a continuous distribution of an infinite number of
instantaneous concentrations. However, in this sttidy measured effluent concentrations
represented averagementrations equivalent to the incremental solute meass,within AVe
(i.e,, C = AmM/AV,) collected over a finite (incremental) sampling intendl, (= Ttinal — Tinitiar)-
Shackelford(1994a) showed that reasonably accurate valuéRyand P, could be determined
by regressing Eqg. 3.versusthe measured average concentrations provided the concentrations
were plotted versus the elapgade (T) corresponding téhe middle ofAT (i.e., T = (Thina +
Tinitia1)/2), andAT is < 0.25. However, sincéT was< 0.33 for the column tests conductedn this

study, some error in the regressed valuesRgfand P, was expected. Based on the results
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reported by Shackelford (1994a), this efroRy andP, was expected to be 1 % and< 6 %,
respectively Thus, for the traditional BTC method of transport analysis, the measureeneffl
concentrations were plotted versus Theorresponding tad .

For the cumulative mass analysis, the measured effluent concentrations werteddover
values of theeumulative mass rati€CMR, representing the accumulated solute mass normalized
with respect to the equilibrium solute mass within the pore water of the specimeadytstate

transport (Shackelford 1995a,b), or :

CMR= 12 (5.6)

whereV, is the pore(void) volume of the column specimen, ape the number of effluent
samples upon which the value 6MR is based. The resulting values MR were plotted
versus the elapsed pore volumes of flow corresponding to the end of the sampling in¢erval (

= Tsinal), and then regressed using the following solution to the ADRE (Shackelford 1995a,b):

CMR=—L[(&,-&,) erf &) +(£,+ &, exp(&,) erfdE )] (5.7)

where &1 = TPL/Ryq. As shown schematically in Figure 5.4b, the trendCMR versusT is
initially nonlinear corresponding to a transient transport stage, followed djysteate transport
corresponding to complete solute breakthrough and indicated by a slirsgin¢lationship

betweenCMR and T (= Tsna) With @ 1:1 slope (Shackelford 1995a,b). The extension of this
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straightline relationship to th@-axis, designated &g, represents the retardation faciog,, Ry
=T, (Figure 5.4b).

Finally, Shackelford (1995a,b) also showed tlaatsolutetransport approacheseady
state, the value of — CMR plotted as a function of (= Tsna) asymptotically approaches the
value ofRy. As a resultRy can be determined without regression simply by determining the
steadystate value off — CMR or (T — CMR)gs, as illustrated schematically in Figure 5.4c. The
R4 based on botfi, and T — CMR)gs are theoretically the same, and represent the true- mass
balancedRry corresponding to the relative holdigpresentinghe area above the BTC at steady
state(Figure 5.4), whichis independent of the value Bf .

The values ofD (via P ) and Ry for the RC and CMR analyses were obtained by
regressingthe measured data using the analytical moslgiressed inEgs. 53 and 5.6
respectively These regressions were performasing the curve fitting functions within
KaleidaGrapfi (Version 4.03, Synergy Software, 2457 Perkiomen Ave. Reading, PA 19606) and
MatLab™ (R2013a, MathWorks, Inc., 3 Apple Hill Drive Natick, MA 01760), and the solver
functionwithin Microsoft® Excel’ (2010, Microsoft, 7595 Technology Way, Denver, CO 80237).
The D and Ry results obtained from Exceloccasionally did not match those from
KaleidaGrapfi and MatLab™, which were always identical. Therefore, all tfe results
presented hereafter were obtainesing KaleidaGrapfi. The values oRy obtained from the
linear (steadystate) portions of the plots &@MR versusT (i.e., Ry = T,) andT — CMR versusT
(i.e., Ry = (T—CMR)s) were based on simple linear regressions of the measureegaiangr?
> 0.9995. The T, was calculated from the linear fit of tiBMR versusT plot with * > 0.9995,
and the T—-CMR)sswas the averagef theT — CMRfor eachAT within this linear portiorof the

data Finally, based on the BTC datthe time requiredto reachRC = 0.5, tps5, andthe
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correspondingdimensionless timeTy s, were calculated byinterpolatingbetween thenearest

neighboringRCdata.

5.2.7 Consideration of Other FactoPotentially Affecting Analyses

Since the influent source solution athe column specimen are separated by tubing and a
porous stone, the influent side of the soil column is not in direct contact with the periopédnt |
Therefore, when the permeant liquid is switched from DIW to a chemical solutiomfltrent
solution can mix with the remnant DIW in the tubing and porous stone and become diluted.
Rabideau and Khandelwal (1998) ribthat the length of the mixing zone can affect the spatial
distribution of the solute concentration within the porous medium, whereas there idyirtual
effect on the effluent concentratidBince only the effluent concentration data were evaluated in
this studythis mixing zoneeffect was considereak not applicable.

Another consideration was whether the porous stones should be anatyizageis
adjacent to the column specimetth different seepage velocities. However, the porosity of the
porous stonewere0.426, whichwassimilar to thefinal porosities)n; of the tested soil columns
ranging from 0420to 0449 (Table 5.4). Therefore, for the constant flow rates applied in this
study, the seepage velocities for the backfill specimens and the porous stongsastcally
the same. Also, since the porous stones have no attenuation capacity, accounting for the volume
of solution (influen or effluent) contained in th@ores of the porous stone as described
subsequently was considered sufficient.

The effect of the residual volume of the effluent within the column test systefmeon t
chemical transport analysis was evaluated/lagzierietal. (2015). When bladder accumulators

are used to provide the source solution and to collect the column effluent, a portion of the
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effluent remains in the bladder, such that the collected effluent concentratioxeis with the
remnanteffluent fromthe previous samplingMazzieri et al (2015) compared the results of
column tests where the effluent concentrations were corrected for the resitluake, Vies,
defined as the sum of the void volume of the porous stbaesolumes of the connecting tubes
and the volume of the effluent remaining in the bladder accumula¥ss € Vstone + Viupe +
Vpiadder), Versus those when.s = 0. The difference between the correcfed, Vs # 0) and
uncorrectedi(e., Vies = 0) results increased with the relative magnitud®gfto Vp; i.e., asVyed
V), increased, the erram the uncorrected values DfandRy increased.

However, bladder accumulators were not used for the column tests in this stidihet

Vies © ¥%,Vp. As a result, any effect ofes was assumetb be minor.Nonethelessin orderto

confirm whether this assumption was correct, analyseéwmfcolumn tests with different flow
rates (i.e, g = 7.86 mL/d and 2.06 mL/dyere performed The resulting corrected and
uncorrected values oRy and P_ for V. are compared in Table 5.3cor CI, the
Ry, corrected Rd,uncorrecteddased on th€MR analysis wa®7.0 %for q = 7.86 mL/dand99.0 %for q
= 2.06 mL/d whereas th@®|_ corrected PL uncorrectedbased on th€ MR analysis wagl6.6 %for q =
7.86 mL/dand68.2 %for g = 2.06 mL/d.For K', the Ry corrected Rd,uncorrecteabased on th€ MR
analysis was 97.8 % fog = 7.86 mL/d and 99.2 % fog = 2.06 mL/d, whereas the
PL corrected PL uncorrectedPased on th€ MR analysiswas 95.0 % fog = 7.86 mL/d and 98.2 % far
= 2.06 mL/d. Thus, the overall difference in thecorrected and correctdgly for Vies was
considered to be acceptable, whereas the errét ifor CI" associated withV,es was more
significant Also, the ratio ofP. based orthe RC analysisrelative to thathased on th€MR
analysis P rd/PL cmr, for CI' was 65.6 % fog = 7.86 mL/d and 185.6 % fay= 2.06 mL/d for

the uncorrected data, wherdsgd/PL cvr Was 112.7 % fog = 7.86 mL/d and 158.5 % fay =
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2.06 mL/dfor the corrected datdor K, the P rd/PL.cvr Was 114.5 % fog = 7.86 mL/d and
85.1 % forg = 2.06 mL/d for the uncorrected data, wherBagd/P.cvr Was 114.3 % foq =
7.86 mL/d and 85.3 %or q = 2.06 mL/dfor the corrected data hus,the P_ based on th®C
andCMR analysesgreed bettefi.e., P, rc/PL cvr Was closer to 100 %yhen corrected foV es.
Therefore the elapsed times for each column test were corrected by subtracting ¢neeimicin
time required for displacement d&fs (i.e, AT = Vidq) from the actual elapsed times
corresponding to the effluent sampling. The corrected increment in thkhe&T( required for
displacement o¥/.s are listed in Table F.2.

The final factorconsidered to potentially affect tmegressd transport analysisesults
wasthe assumption inherent in the analytical solutions for chemical transport ar{&gsi 53
and 56) that sorptiorwaslinear, reversible, and instantanepsischthat Ry could be considered
as a constant valués previously noted, th€, for the chemical solutions used in conducting
the column tests were chosen to be relatively low in an pttearcomply with this assumption.
To evaluate this compliance, the regressed valueRydirom the column test results were
compared with secant values Rf (i.e., Rysecan) based on previously reported BEAT results

(Chapter 3), and presentedsiection5.3.5.

5.2.8 Testing Plan

The variables that were considered in developing the column testing plan included the
type of zeolite (chabazikeB, chabaziteUB, and clinoptilolite), the zeolite content (0, 5, 10 %),
and the composition of thealtsolutionsused as the permeant liquide( 35 mM KCI, 20 mM
ZnCl,, or 17.5 mM KCI plus 10 mM ZnG). The resulting testing conditions are summarized in

Table 5.3.The effect of type of zeolite (unamended, backfills amended with 5 % chab&ite
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or 5 % clinoptilolite) is evaluated by comparing the results for Test Nos. 1, 3, &% 6\
KCI), and Test Nos. 2, 4, and 7 (20 mM ZpCTThe effect of the zeolite content (0, 5, and 10 %)
is evaluated by comparing the results for Test Nos. 1, 9, and 10 (unamendeids lzeckhded
with 5 or 10 % chabazieB). The effect of type of metdK and Zn) is evaluated by comparing
the results for Test Nos. 1 and 2 (unamended backfill), Test Nos. 3 datkfills amended
with 5 % chabazitéJB), and Test Nos. 6 and backfills amended witlb % clinoptilolite).
Finally, the effect of competingetal(i.e., 35 mM KCI and 20 mM ZnGlvs. 17.5 mM KCI plus
10 mM ZnC}) in the permeant liquid is evaluated by comparing the results for TesBNds.
(backfills amended with 5 % chabazltB) and Test Nos. 6- 8 (ackfills amended with 5 %

clinoptilolite), with theRy secantbased on thBEAT results(Chapter 3).

5.3 RESULTS
5.3.1 Physical Characterization

Upon completion of the column testsetltolumns were disassembled and the test
specimens were measured for physical prope#isshown in Figure 5.5, the final shapes of the
specimens wereomewhatsimilar to that of an hourglas3his shape suggests that the flow
through the specimens was not entirely -dimaensional, although the deviation from ene
dimensional flow likely was minimal.

As a result of the shape of the specimens, the diameter was estimated as the mean of th
measurements using a caliper of the diam(gbeat the top, middle, and bottom of the specimen,
whereas the heiglth) was estimated as the mearfair measurement§.he mean and standard
deviations othese measurements as well as the resulting calculatesidhtale ofeach column

specimeny/, are given in Table F.3.
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The initial andfinal physical properties of the specimens are summarized in Table 5.4.
The variation in the initial water content;, of the backfill specimens reflects tivater content
required to achieve the targgdtmpof 100 to 150mm (3.9 to 5.9in) for each type backfil{e.g.,
Chapter 2 The initial porosity ;) refers to the porosity that resulted upon setting up the
specimens witim the permeameters.e., based on the inner volume of thgid acrylic cylinder,
and the measured masg, and specific gravityGs) of the backfill. The final porosityn¢) was
calculated based on the measurements of the test specimen after the test was cantptbeed
column was disassemblédiable F.3) The volume of voidsV,, was calculated by subtracting
the volume of solidsVs, from Vr, or V, = V1 — Vs, whereVs was calculatedased orthe
measurediry massof the column specimems, andthe specific gravity Gs, of the backfill(i.e.,
ms = pwGsVs, Wherepy, is the density of waterTheGs of the backfillswerecalculated based on
the added amoustand Gs of the constituent materialsee Table 2.1 for th&s of sand,
bentonite and zeolite)f each backfill (see Table F8r values oiGs of the backfillg.

Since permeation via the flow pump results in a buildup of-p@ter pressure at the
influent end(bottom) of the specimen, and a concomitant decreas#, ithhe decrease infrom
n; to n; indicated in Table 5.4an be attributeg@rimarily to consolidation of the specimess o’
was increased from 34.5 kPa (5 psi) to 138 kPa (20 psi) after back pressure satudatinara
to permeation (Figure 5.5). As a result, the value® oéported in Table 5.4 were considered to
be more remsentative of the porosities of the specimens during the permeation stige of
column tests, such that the results presented hereafter in this study were basedhhres ofy,
i.e., assuming all of the voids were filled and contributed to liquid flow through the specime

The measured values of the final degree of saturaBofor all of the specimens except

those for Test Nos. 5, 7, and 10 satisfied the criterion in ASTM D5084 (ASTM 2604)
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flexible-wall k testing of saturated specimetgat95 < & <105 %. The value fo& of 93.5%
for Test No. 7 and 94.8 % for Test N is attributed more to the difficulty associated with the
measurement than a reflection that the specimen was not saturated. In the caseeairtten sp
for Test No. 5which was stopped due to leakagethe testing systemthe test specimen fell
apart when disassembled (Figure 5.5), resulting in an unhkefsuredalue for& of 62.7 %.

Finally, the test durations noted in Table 5.4 indicate that the column tests for the
unamended backfills (Test Nos. 1 and 2) lasted 1.05 and 1.37 yr, respectively, wheseder
the zeoliteamended backfills lasted from 1.47 yr (Test No. 7) to 3.768gst Nos. 9 and 10)
The significantly longer test durations for Test Nos. 9 and 10 are attributed torilieaangy
lower flow rates imposed for these two column tastpreviously discussed in section 5.@de

Table 5.3).

5.3.2 Hydraulic Propdres

The hydraulic properties of the column test specimens are summarized irbTablaée
q and v for Test Nos. 1to 8 of 7.86to 8.05 mL/d and 2.7610° m/s to 3.0210° m/s
respectively, were approximately four timegher than those for Test Nos.a@d 10 of 2.06
mL/d and 0.7%10° m/s respectively, due to the differentused in the testSincetheactualr,,
varied slightly from 1.04to 1.07 mm/h (section 5.2.3) was calculated based dhe actual
> (AVe) and > (At) for eachflow pump (i.e,, q = Y(AVe)/>(At)). This variation inq was
considered minor in that the differencesreless than 2.4 %.

The steadystate hydraulic gradientss, was higher than maximumof 30 for materials
with k less than Dx10° m/s required byASTM D5084 (ASTM 2004), as application of an

excessively high leads to high seepage forces that result in consolidation of the specimens
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during permeation and measurement of unconservative (low) medsurevever,since the
lowest possible, of 1.04to 1.07 mmh was used for column Test Nostd.8, lower hydraulic
gradients were not possible for these tests. Evdimifing i to 30 had been possible, the
resulting test durations would have been considerably longer, all other factoysebeial. For
example, bBsed on theteadystatevalues ofi, or i, reported in Table 5.6, arof 30 would have
resulted in column test durations lasting frarilto 15.3yr, i.e., instead of the actual durations
rangingfrom 1.05to 3.75 yr (Table 5.4).

The temporal trerglin measured-Au (> 0) across the specimens are shown in Figures
5.6 —5.9. Since the effluent and influent reservoirs were subjected to a back pressure of 207 kPa
(30 psi), reversal of the direction of the plunger to maintain continuous permeation of the
specimes was reflected byepeated, virtually instantaneodscreaseand subsequent increase
in —Au back to the magnitude that had been established prior to reversal of the plunger direction.

Due to the extensiveestdurations, some anomalous behavio—Au occurred during
some of the tests as a result of a variety of issues, including slight varietitims pressure
supply system used to provide the back pressure and issues related to the flow pump and/or
computers for data acquisition. In particular, for Test Nos. 4 and 7;-Alledecreased
periodically during the earlier stages of the test, as if the plufogeing flow through the
specimerhad becomestuck (see Figures 5.7b andlh). As a result, the plunger displacement
cycle for these testsvas changed from 5 d to 4 d to avoid extending the plunger through the
region where the plunger appeared to get stwbich rectified the issue.

In spiteof the aforementioned anomalies, the overall measuteg; weresimilar for the
two unamended backfills when permeated with different liquids DIW versus 35 mM KCI or

20 mM ZnC}) (Figure 5.6). However, for the zeolisanended backfills;Auss was lower when
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permeated with the salt solutione(, 35 mM KCI, 20 mM ZnC{, 17.5 mM KClplus 10 mM
ZnCl,) than when permeated with DIW, except for the backfill amended5Mihclinoptilolite
whenpermeated with 35 mM KCI. Sinee\u is inversely proportional t& (Eg. 51), a decrease
in —Au correlates with an increaseknall other factors being equdlhus, the slight increases in
—Au during permeation with the salt solutions relative to permeation with DIW likelysepra
small measure of incompatibility between the test specimens and salt solutions.

The temporal trends ik based on the measuredlwes of-Au (Eq. 51) are shown in
Figures 5.10-5.13. The resulting steagbfate values df based or-Auss are shown in Table 5.6.
For comparisonthe measured reported in Chapter 2 based on permeation with tap water of
specimens either within an aadeter cell at ¢’ = 192 kPa (27.8 psi) or within a flexible-wall cell
at o' = 34.5 kPa (5 psi) are shown as the shaded areas in Figures 5.10 — 5.13. The values ok
measured from the column tests agree well with the previously measiued otk (Chapter 2)
except in the casder the backfill amended with 5 % chabazit#B permeated with thenixed
salt solution,and forall cases fothe backfill amended with 5 % clinoptilolite, where the values
of k wereless than one order of magnitude higher than the previously measured vakues of
However, in all cases, the measured valuek stisfied thetypical requiremendf < 1.0x107
m/s forhydraulic barriergor contaminant containment.

The values ofkso/kpw are shown in Figure 5.14 and summarized in Table 5.6. The
resultingkso/kpiw were less than unity.€., kso/kpw < 1) for both unamended backfill specimens
(Test Nos. 1 and 2), and for thackfill amended with 5 % clinoptilolitand permeated with 35
mM KCI (Test No. 6), indicating no incompatibility between the permeant liquidstlaad
backfill specimens. In all other testssmall measure of incompatibility was observee.( 1.06

< ksolkpiw < 1.94). However,the extent of this incompatibility was relatively minarthat all
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observedor 40 % (= 2b) of testsfor columnspermeated witl35 mM KClI, 67 % (= 2/3) of tests
for columnspermeated witt20 mM ZnCl,, and 100 % (= 2/2) of tests for columpsrmeated
with 17.5 mM KCI plus 10 mM ZnGl (Figure 5.14).The relative compatibility between the
permeant liquid and test specimens can be attributed to the relatively dilute salt solusieds
as permeantduids and the relatively higle’ of 138 kPa (20 psi) of the test specimens prior to

permeation€.g., Fernandez and Quigley 1991; Shackelford 1994b

5.3.3 Effluent Chemistry
5.3.3.1 Breakthrough Curves

The temporal trends in the measured sokdecentrations of the primary chemical
species within the effluent of the column tests are shown in Figures 5.18B. For all backfills,
breakthrough of Cloccurred relatively quickly, whereas the breakthrough of the metals of
interest,i.e., K" and/orzn**, was delayed, as expected on the basis of adsorption of these two
metals (Chapter 3). Once steagtgte transport of Chad been established, further measurement
of CI' in the effluent was deemed unnecessary. Except for Test Nos. 9 and 10 (Fi§)re 5.
measurement of Kand/or ZA* concentrations was continued until steatstetransport othese
metals had been achievddhe significantly lower flow rates imposed fest Nos. 9 and 1(3ee
Table 5.3, section 5.2.3) resulted in extensive delay in the breakthroughaoflkexceedingly
long test durations of 1370 d (3.75 yr). As a result, the tests were continued untilatheede
K™ concentrations were at least 50 % of the source concentration(io. k> 17.5 mM K°).

For the unamended backfill (Figure 5.15), Bieakthrough occurred first, followed by
elution of primarily C4", and then breakthrough of eithef KFigure 5.15a) or Zi (Figure

5.15b). The dominant elution of Eaelative to N& for the unamended backfill was unexpected
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5.15b). The dominant elution of Eaelative to N& for the unamended backfill was unexpected
on the basis that the predominant soluble and exchangeable metal associated heittottniee
component of the unamended backfill was®.NHowever, since thainamendedbackfill
contaned only 5.8 % bentonite, the mass of bentonite in ldhekfill was low, such that
permeation with DIW prior to the start of the column testing stage apparentlgufisent to
leach most of the soluble Nassociated witthe unamended backfill. The subsequent elution of
Cd" after the start of the column testing stage of the tests can be attributédoro 2
exchange for CA initially held electrostatically to the bentonite particles comprising the
unamended backfill. This aelution isexpectedo satisfy a portion of the charge balance with
CI" in accordance with the electroneutrality requirement, thereby affetténmobility of K or
zZn*.

For all of the column tests conducted with the ze@iteended backfills (Figures 5.16
5.18), Na" was eluted first, followed by breakthrough of @hd then elution of Ga and/or
breakthrough of K andbr Zr?*. This difference in behavior can be attributed to the additional
soluble N& within the zeoliteamended backfill due to the presence &f #eolite, such that
permeation with DIW prior to the start of column testing was not sufficient to redacguted
Na’ to insignificant concentrations. As in the case of the column tests with the uremend
backfill, the elution of residual soluble antceangeable Naand C&" affects the mobility of K
and/or Z" based on the electroneutrality constraint.

The temporal trends in thmeasureceffluent solute fluxeg= CAV/AsAt) of the major
chemical species appearing in the effluent are shown in Biguit®— 5.22. The limiting values
corresponding to the purely advective solute flux at steady siates vC, = nvsC,) for the

chemical species in the influente., CI, K* andor Zn?*, also are shown in Figures 5.1%5.22
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and in Table F.1. In general, the trends in the soliéssfluxes mimic those previously

presented in terms of effluent solute concentrations in Figures 5.15 — 5.18.

5.3.3.2Charge Balance

The charge balance of the effluent for each column testassessselly comparig the
absolute value of the summation afion equivalentgelative tothe summation of cation
equivalentsi(e., | Yanions| = Ycations), and the results are shown in Figures 5:2826. In
general, the closure on the charge balance was excellent. Aatrement (< 20 ppm) of nitrate
(NO3) and phosphate (P®) appeared after each calibration stage of the instrument and
therefore nitrate (NQ) and phosphate (P®) were excluded from the charge balance
calculation. The disagreement in the charge balance for the initial stagles st may be
attributed, in partto elution ofnitrate (NQ") and phosphate (P®) during the early stages of
the test, and the possibilibf other ionic chemical species that may have been present but were

notmeasured

5.3.3.3 Electrical Conductivity and pH

The temporal trends in the measuEed of the column effluent for each column test are
shown in Figures 5.2% 5.30, whereas those fpH are shown in Figures 5.315.34. The final
values ofEC corresponding to the end of the initial DIW permeation s{&g&w ) and at the
end of the column testing stageGso ) for each column test are summarized in Table 5.6,
whereas the finalalues of pH corresponding to the end of both the initial DIW permeation stage
(pPHoiwf) and at the end of the column testing stage,{pHor each column test are summarized

in Table 5.7. All of theECpw+ values were within the estimated rangeEsT for typical
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groundwater (Table 5.2) as previously noted. Complete breakthroug@ during permeation
with the saltsolutions, ofECsq /ECso10 = 1, was practically achieved for all of the column tests
involving permeation with either 35 mM KCI or timixed salt solutior(17.5 mM KClplus 10
mM ZnCl,). In contrast, none of the tests involving permeation with 20 mM ZaChieved
complete breakthrough in electrical conductivayECso {ECsol o < 1, With ECsq {ECso10 Values

of either 0.63 (Test No. 2) or 0.62 (Test Nos. 4 and 7), despite complete effluent bregktfrou
both CI and Zrf* in these tests (see Figures 5.189120b, and 5.21b). THECs {ECsoio < 1 for
column testsnvolving permeation with 20 mM Zngwasprimarily due totheinitially low pH

of the 20 mM ZnC] (pH = 1.83, Table 5.1)as HCI| was addedo prevent the formation of
precipitates in th&ZnCl, solution (Chapter 3). As shown by Shackelfatdal (1999), high
concentrations of protons {Hor hydroxides (OB correspading to low pH or high pH,
respectively, contribute significantly to tHeC of a chemical solution. As shown in Figures
5.31b, 5.32b, and 5.33b and Table 5.7, the natural buffering capacity of the backfills (see Chapter
3) presumably buffered the pH of the 20 mM Zn@&blution, such that pH equilibrium.€,,
PHsol #PHsoi,0 = 1) was never achieved, resulting ingpialways being greater and more neutral
than pHoio (i.€., 1.53 < pHsol/PHsol,0 < 2.04). As a result, the contribution of H* to theEC of the
effluent was reduced throughout the column testing stage. Although the effluent phke fo
column tests involving permeation with either 35 mM KCI or the mixed salt solaksanwere
buffered relative to the respective influent ple,, pHso /pHsoi0 > 1 (Table 5.7), this effect was
minimized in these column tests (Test Nos. 1, 3, 5, 6, 8, 9 and 10) because of the mdre neutra
pH of the source solutions (see Table 5.1), such that the contributiontotike sourc&C was

less significant.
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In terms of the temporal trends in pH (Figures 5:33.34), despite a few periods for
some column tests where pH data were either missing or the trends in the ppipeatieed to be
anomalous€g., Figures 5.31a, 5.32c, 5.33a), the overall trends in thedakh were generally
consistentsuch that the final pH of the effluent when permeated with chemical solutions were
higher than the source pH of the chemical solutions (@ pH pHsol0). FOr Test Nos. 2, 4, and
7 involving permeation with the lowH 20 mM ZnCl, solution (.e., pHsoi o= 1.83), the final
effluent pH were all greater than Re(, 2.80 < pHso0 < 3.74), such that dissolution of the
minerals comprising the backfill constituents likely was not prevalent (Slhack&994b). Such
dissolution could result in significant increaseskinwhich also were not observed for these tests
(seesection 5.3.2 and Table 5.6). Also, for these same tests, the relatively lgwspiggest that

the hydroxide complexes of Za.g., ZnOH) were minimal such that Zn likely existed primarily

as Zrt* (Chapter 3).

5.3.4 Chemical Transport Analyses

Theresults of theanalyses of the column effluent data to determine the values arid
P_ for all 10 column tests are illustrated in Figures 5:3%.45 These arlgses included
regressions of thRC andCMR data shown in the (a) and (b) plots of each figure, respectively,
values ofRy from theT, andT — CMR analyses shown in the (c) plot of each figure, and values
of Tos illustrated in the (a) plot of each figur€or theT, analyss, only the data that were
considered to represent stealgte transport are shown. The results shown inr&i§.37
represent r@analysis of the results shown in &ig5.36 for Test No. 2 to correct for porosity as
explained subsequently. Finallgy from the aforementioned analyses are compared in Figure

5.46,P, from theRCandCMRregressions and the resulting value®afalculated fronP, are
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compared in Figure 5.47, and all the results together with the valugs art summarized in
Table 5.8.

For Test No. 2, th&y for CI" was greater than unity (see Table 5.8), ranging from 1.13
(RCregression) to 1.18r( analysis), indicating sorption of CIThese results suggested that the
n; used to determin€ andvs was incorretfor this test because (a) this was the only column test
that resulted iRy values substantially different than unity for @hd (b) there is no known
mechanism for Clsorption to the constituent materials comprising the unamended baickfill (
sandand bentonite). An error in; could have resulted from an error in the measured final (wet)
weight of the column specimen, which would have affected the calculationy Bovdn;. Since
an overestimation iRy for CI also resulted in an overestimationRmfor Zn’*, n; was corrected
using theRy of 1.15 from theCMR regression and th& — CMR analysis, as this value was
considered the most reliable. This correction was made by multiplying the ectedm; of
0.424 by 1.15, resulting in a correctedof 0.488 {.e, 1.15x0.424 = 0.488). The values for
and vs then were corrected based on theof 0.488 and the resulting corrected data were
reanalyzed. The original (uncorrected) results are shown in Figure 5.8fgashthe corrected
results based omnx of 0.488 are shown in Figure 5.37, and both sets of results are summarized in
Table 5.8. The resultinGMR regression and — CMR analysis of the corrected data provide an
Rq for CI' of unity, as expected. Therefore, the subsequent discussion for Test No. 2 wadéconsi
only the results based on the correctedf 0.488 in Figure 5.37.

Given the aforementioned considerations, several conclusions can be drawn from the
results shown in Figures 5.355.45and summarized in Table 5.8. First, in all casesom the
CMR regression was higher thahfrom the RC regression, reflecting better model fits to the

measuredCMR data. This differencin r° resultedbecause (a) analysis of tR&€ data plotted at
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the middle of the sampling interval represents@ra@ximation (Shackelford 1994a), and (i
cumulative nature of thEMR dataresults in lesscatter in thelata (Shackelford 199%b

SecondRy from theRC regression was < Ry from the CMR regression Ry rc < Ry.cmr)
for the majority of analysefor CI', K" and Zf* (16/22 = 73%), although the differences
betweenRy generally wereminor (< 0.212 for CI', < 0.300 for K*, and< 0.790 for Zn*"). The
cases with greater differences can be attributed to not establigtaalystate transport (Zfor
Test No. 4), or diffusion significant transp@t of P, < 4.51 for the zeoliteamended backfills
permeated with thenixture of 17.5 mM KCI plus 10 mM ZnGl(Test Nos. 5 and 8). They
from RC regressios slightly greater(< 0.080 for CI" and< 0.800 for K*) thanRy from CMR
regressios (Rqrc> Rycmr) for six analyses (Cfor Test Nos. 3, 4, 6, and"Kor Test Nos. 6, 9,
10) can be attributed, in part, to the error in fR€ regression resulting from plotting the
measured values &C at the middt of the sampling intervalAT, and the use oAT ranging
from 0.25 (Test No. 4, when the plunger displacement cycle was changed from 5 d to 4 d, section
5.3.4 to 0.33 (Test Na. 3, 5,6, 8,9, 10 that were greater than the maximuni of 0.25
recommended by Shackelford (1994a).

Third, Ry from theCMRregression generally was identical to two significant figures with
R4 from theT — CMR analysis, which reflects establishment of stestdye transport conditions
for the majority of the tests. For the limited cases where this observationvalidpthe column
tests wereeitherterminated prior to the establishment of steatdye transportK™ for Test Nos.
6, 10, Zrf* for Test No. 4 or subjected to diffusion significant transpol (< 4.51 for CI for
Test Nos. 5, 8, 9, 10).

Fourth, for the vast majority of the analysBgfrom theT, analysis.e.,, Ry = To = Ry 10)

were< Ry from theT — CMRanalysis Ry = (T —CMR)ss = Ry 1- cmr). Lower Ry 1o thanRy 1- cmr
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likely reflects inadvertent inclusion of some transient stage effluent databased on the
criterion for establishing the steady state dat& Bf(:9995 for the linear fit to the CMRdata. In
the few cases wheRyto > Ry7-cwvr (Cl for Test Nos.9 and 10) the lowestflow rate was
imposed(see Table 5.3, section 5.2.3), such ti&t effluent wascollectedonly every 20 d
allowing only three samples to be analyzed every 68sla consequence, the resultdeyiation
in measured concentratiqgee Table F.1) may have been affectedHsy limited number of
CMRdata in the linear portiofor theT, andT —CMRanalyses

Fifth, for all analyses of Glthe values offo 5 were less than unityT¢s < 1). Values of
Tos less than unity for nonadsaniy solutes (tracers) such as Gave been attributed to two
effects,i.e., effective porosity and diffusiedominated transport (Shackelford 1993). However,
as previously noted, theMR method distinguishes between these two effects, suclRjfar
tracers based on the value O CMR at steady statd.¢., Ry = (T — CMR)so) represents the
effective porosity ratione/n, separate from any effect due to diffusion (Shackelford 1995b).
SinceRy (= (T - CMR)ss) was unity for all testsy. was the ame as the final, total porosity;,
that was used to determine the value3 ¢(bhackelford 1995b). Thus, valuesTafs for CI less
than unity likely reflect diffusiordominated transport (Shackelford 1994a). This observation is
supported by the regressed valuesPpf(< 9.26) for CI. As noted by Shackelford (1994a),
diffusion becomes significafbr P < 20, and becomes domindot P < 5. The majority of the
values ofD (16/20 = 80 %) for CI" were lower thaD, for KCI (= 1.99x10° m%s) andZnCl, (=
1.25x10° m%/s) (Chapter 4), suggesting negligible mechanical disper$tom four cases where
D for CI were greater thab, (RC and CMR regressions for Test No. £MR regression for
Test Nos. 5 and 8)suggest that some mechanical dispersion may have contributed to the

transport of Cl(i.e.,, Dy # 0).
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Sixth, allTos for K* and zrf* were lower tharRy from theRCregression and thearious
CMR methods of analysisi.¢., CMR regression,T,, T — CMR). As in the case of Clthe
regressed values & for K* or Zn** were < 20 for the majority of thRC and CMR analyses
(16/24 = 67 %) and < 5 for somef these analyseHfe4 = 21 %). Thus, in these analyses,
diffusion was a significant, if not dominant, transport prodes&* andZn?*. Regressed values
of P, for K* andor Zn** > 20 were obtained for Test Nos. 5 ande&cept for theCMR
regression for Kfor Test No. 8) and for theMRregression for Test No. 9. However, silkés
inversely proportional t®,, the backcalculated values d in these cases were all < 2.10x<10*°
m?/s. These values d less tharD, for KCI of 1.99x10° m%s and ZnCl, of 1.25x10° m?/s
suggest that diffusion was the dominant transport process in these cases (SdatkéHa.
Similarly, dl of the D for K from RC and CMR regressions of effluent data for columns
permeatedvith 35 mM KCI (Test Nosl, 3,6, 9, 10 werelower thanD, for KCI of 1.99x10
m?/s, whereas the majority of th@ (4/6 = 67 %)for Zn** from RC and CMR regressions of
effluent data frontolumnspermeated witl20 mM ZnC} (Test Nos. 2, 4, 7) were lower thBr
for ZnCl, of 1.25x10° m?s. Thus, diffusion likely was the dominant transport process for K
and Zri" in these tests.€., Di = 0).

In summary, the results from ti@MRregression are considered the most reliable for the
following reasons. First, the column tests were performed in accordaticehe cumulative
mass approach, such that all of the effluent was collected and analyaéidbfdhe solute mass
exiting the column specimenBhevalues of T for the CMRregressions were consistently higher
than those for th®Cregressions, because (a) BEIR data were correctly plotted at the end of
the sampling interval, and (b) the cuative nature of th&€€ MR data reduces the scatter in the

data relative to that for thRC data (Shackelford 1995b). Second, most ofRhdrom theT —
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CMR analysis generally provided essentially the s&nas theCMR regression, which support
the accurag of theCMRregression. The few analyses whereRydrom theT — CMR analysis,
which are based on the establishment of stassate transport, were different than those based
on the CMR regression can be attributed to not fully establishing stetadg transport
conditions in these tests. Finally, the results fromTthand T, s analyses were considered less
reliable due tothe apparent inclusion of some transient transport data, and the inability to
separate the effects of diffusion versus retardatiespectively. Based on the aforementioned
considerations, the transport paramet&g P, andD) based on th€MR regression are used

for comparisorhereafter, as these results were considered to be the most accurate.

5.3.5 Linearity of Adsorption

The primary assumption made in the aforementioned analyses was that theo/&yes
for the adsorbing solutes {Kand Zrf*) determined from the column test data reflected linear
adsorption. According to the experimental data of adsorption with diffemhtossolution
(soil:solution) ratios reviewed by Rast al. (1992), for lower soil:solution ratios.e., greater
amount of sorbent relative to the amount of solution, most of the solute will be adsorbed.
Manassercet al (1998) also analyzed BEAT results based on the Freundlich adsorption model
and soil:solution ratios ranging from 1:4 to 1:0.75 and extrapolated to 1:0.333. They showed that
the Freundlich exponentys (Eq. 3.5) was approximately 0.8i.é., the adsorption behavior
approached linearitypf soil:solution ratios of 1:0.286 to 1:0.333 (Figure &)4Bor the column
tests conducted in this study, the soil:solution ratios based ¢re., w;*) ranged from 1:0.30
(3.33:1) to 1:0.27 (3.70:1). Thus, the high soil:solution ratind)(for thecolumn tests of this

study tend to support the assumption of linear adsorption behavior.
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In order to further evaluate this assumption of linear adsorption, values of titeuticsh
coefficient,Ky, were backcalculated from theariousRy derivedfrom dfferent analysesf the
column test results assuming linear adsorptiem, Kq = n; (Ry — 1)/pq 1, Wwheren; andpq s were
the final, measured values for each column te&igo, K4 from the BEAT data previously
reported in Chapter 3 and the resultRg(i.e., Ry = 1 +pqKa/ns) were calculated. ThRy and
Kq based on the column test and BEAT datasam@marized in Table 5.9. The secKptfor a
maximum equilibrium concentration corresponding to the source concenti@gofgr K or
Zn**, can be determined based on the Langmuir (Eq. 3.2) and Freundlich (Eq. 3.5) adsorption

model equations as follows (Freeze and Cherry 1979; Shackelford 1993etin2016):

(5.8)

CSO £
&:??zKpfl (5.9)

whereCs, is the adsorbed concentration correspondinthéoequilibrium concentration @,,
K. andQ_ are the regressed values for the Langmuir adsorption model (Table 3.K); andl
Nt are the regressed values for the Freundlich adsorption model (Table 3.2).

The values oRy andKq4 from the column tests are compared with those from the BEAT
results based on method of analysia,(RC andCMR regressionT,, T —CMR) in Figure 5.49,
type of solute (K and zrf") in Figure 5.50, and type of solutioing(, 35 mM KCI, 20 mM ZnG},
17.5 mM KClplus 10 mM ZnCb) in Figures 5.51 and 5.52. TiRy based on the column tests
(RC andCMR regressionyelative to that based on the BEAT resyltangmuir and Freundlich

model), Ry coumdRd seaT, Was in the range. 5 <Ry coumdRa geat< 15 for K* (Figures 5.50a,b),
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and 10 < Ry coumdRa gear< 2.0 for Zn** (Figures 5.50c¢,d). For K, Ry columdRa,seat> 1.0for 57 %
(8/14)of the column testgvolving KCI (i.e., 35 mM KCl and 17.5 mM KCI plus 10 mM Zng|
(Test Nos. 1, 3, 5, 6, 8, 9, 1Gyhereas for Zi, Ry coumn> Ry.seat for 100 % (10/10) of the
column testsegardingZnCl, (i.e.,, 20 mM ZnC} and 17.5 mM KCI plus 10 mM Zng)l (Test
Nos. 2, 4, 5, 7, 8). Thus, in the majority of calE24 = 75%), thd&ky gear underestimated the
Rd.coumn One possible reason By coumn> Ra.seaTis the flushing of excess soluble cations from
the pore water of the backfill specimens due to permeation of the backfill speeimtieri3\W
prior to permeating with the salt solutiowhich reduced the relative competition between the
soluble cations and the migrating Endor Zn** for the available exchange sites on the backfill
constituent materials (bentonite and zeolite). For exarRagnoldset al (1982) showed thaty
based on BEATs were lower th{ based on column tests due to removal of competing metals
during permeation with water to establish steatfye flow prior to the start of the column tests.
However, for the column tests involving pexation with the mixed salt solutigifest Nos. 5
and 8) Ry coumn< Ragearfor K¥, whereadRy coumn™ Ry gearfor Zn*, such that the adsorption of
K* was affected by the existence ofZnwhich is discussed in section 5.4.5.

Finally, predicted breakthrough curves (BTCs) were compared with the measured BTC
where the predicted BTCs were generated usiniR¢tabtained from the BEAT resul{&®q gea7)
(Table 5.9) and the regresdedfrom the column test(Table 5.8), so as to focus the comparison
on the effect of adsorption relative to the effect of diffusion and/or dispersion. Thes refsul
these comparisons are shown in Figures-H=110. The poor fit for Test No. 4 (Figure F.4) is
likely due to the uncharacteristic dispersassociated with Z migration for this column test
(D >23.7x10""° m?s). An Ry based on the predicted BTRupredictes that is less than the actual,

measuredRy, Ry measured O Rdpredicted < Rdmeasured indicates that the predicted behavior is
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conservative. fie use ofRy based on the BEATSs resulted in similar or conservative transport
behavior in 64 % (= 9/14) dhe column testfor K* (i.e., 35 mM KCl and 17.5 mM KClI plus 10
mM ZnCl,) (Test Nos. 1, 3, 5, 6, 8, 9, 10), and in 90 % (= 9/10h@tblumn testior Zn* (i.e.,

20 mM ZnCh and 17.5 mM KCI plus 10 mM Zng)l (Test Nos. 2, 4, 5, 7, 8AS Ry predicted Was
calculated based on th®onlinear (concave) adsorption models (Freundlich and Langmuir)
Rapredicted< RdmeasuredfOr 75 % (=18/24) of the column tesinalysesupportghe assumption of

linear adsorption behavior.

5.4 DISCUSSION
5.4.1 Effect of Type of Zeolite on'GInd K Migration
The effect of type of zeolite amendment on the migration ofa@i K through the
unamended backfill (Test No. andbackfills amended wittb % chabazitdJB (Test No. 3)or
5 % clinoptilolite (Test No. 6) is illustrated in Figure 5.53. The closeness in thamsppsed
breakthrough curves for QFigures 5.53a,b) suggests excellent reprodutilmfithe test.
Themigrationof K* (Figures 5.53c,d) through theackfills amended with 5 % chabazite
UB or 5 % clinoptilolitewas retarded to a greater extent relative to the unamended backfill. The
Ry for K™ was 13.0 for the backfill amended with 5 % chabazil®, 9.77 for thebackfill
amended witlb % clinoptilolite and4.01for the unamended backfill, such that tRg for the
zeoliteamended backfill relative tBy for the unamended backfilhr Ry amendefRd,unamended fOr
K" was 3.2 for the backfill amended with 5 % chabalziBand 24 for the backfill amended
with 5 % clinoptilolite(Figures 5.54a,bTable 5.8). These differencesRy correlate reasonably
well with the CEC of the backfills (Figure 5.54c), supporting the previous conclusion that the

primary mechanism for Ksorption to the backfills was cation exchange (Chapter 3).
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The P. and D for the three backfills are compared in Figures 5.55a,c 5abfb,d,
respective}y. TheP, of 3.92 and 2.70 for Clor thebackfillsamended witlb % chabazitéJB or
5 % clinoptilolite were lower than the_ of 6.56 for CI" for the unamended backfilFigure
5.55a, Table 5.8). SincB is inversely proportional td®_, dispersionassociated with ClI
migration through the backfills amended with 5 % chabdzBear 5 % clinoptilolitewas greater
than thatfor the unamended backfill (Figure 5.55bhe exact reasons for the difference®in
and D for CI' are unknown. ldwever, one posibility is that the addition of the zeolite
amendment made the migration pathways at the pore scale more tortuous, sincecalechan
dispersion at the microscopic or pore scale has been attributed to variations in tizgsoaad
pore interconnectivitye.g., Shackelford 1993). Since the zeolites are primarily-graened
particles (Chapter 2), replacement of 5 % sand with an equal amount of edfiez kkely
resulted in a slight variation in the pore structures of the backfills amende® @6t chaazite
UB or 5 % clinoptiloliterelative to the unamended backfill, which could have increBsefithe
backfills amended with 5 % chabazltd or 5 % clinoptiloliterelative to that for the unamended
backfill. However, the overall differencesf andD for CI" are less than a factor of 10.

The P, for K" for the backfill amended wittb % chabazit&JB was 11.2, which is 2.5
times that of 4.47 for the unamended backfill, wheread$thef 4.28 for thebackfill amended
with 5 % clinoptilolite was almost idéical to that for the unamended backfill (Figure 5.55c,
Table 5.8). The reason the dispersion associated withmigration through thebackfills
amended wittb % chabazitdJB is not greater than that associated withnkigration through
the unamended backfill is unknown.

The D for CI relative tothe D for K™ (D¢-/Dk+) was 0.68 for the unamended backfill,

2.9 for thebackfill amended wittb % chabazitéJB, and 1.6 for thdackfill amended witlb %
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clinoptilolite. Thus, Cldispersion was greater tharl Hispersion in the backfills amended with
5 % chabazitdJB or 5 % clinoptilolite whereas the opposite was true for the unamended
backfill. These differences can be attributed, in part, to the more tortuous poreknatwio

greater sorption capacity of theoliteamended backfills relative to the unamended backfill.

5.4.2 Effect of Type of Zeolite on Gind Z¥* Migration

The effect of type of zeolite amendment on the migration of@ Zf* through the
unamended backfill (Test No. ahdthe backfills amended witls % chabazitéJB (Test No. 4)
or 5 % clinoptilolite (Test No. 7) is illustrated in Figure 5.56. As in the case mrtdhts
conducted with KCI, the similarity in the superimposed breakthrough curves’ fior Cblumns
permeated with ZnGl(Figure 5.56a,b) suggests excellent reproducibility of the test specimens.

The migration of Zfi" (Figure 5.56c,d) through the backfills amended with 5 %
chabaziteUB or 5 % clinoptilolite was retarded to a significantly greater extdative to the
unamended backfill. ThRy for Zn** was15.0 for the backfill amended with 5 % chabatit®,
9.67 forthe backfill amended with 5 % clinoptilolitand6.88 for the unamended backfill, such
that Ry amendeRd.unamendedOr Zn** was 2.2 for the backfill amended with 5 % chabaliR:and
1.4 for the backfill amended with 5 % clinoptilolite (Figures 5.57&&ble 5.8). These
differences inRy correlate reasonably well with ti@EC of the backfills (Figure 5.57¢), again
supporting the previous conclusion that the primary mechanism féis@mption to the backfills
was cation exchange (Chapter 3).

The P. and D for the three backfills are compared in Figures 5.58a,c 5ab8b,d,
respectively. Thé®> of 2.09 and 4.29 for Cfor the backfills amended with 5 % chabazitB

and 5 % clinoptilolite, respectively, were lower than Eheof 8.37for CI" for the unameded
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backfill (Figure 5.58a, Table 5.8). Thus, similar to #t@umn tess involving 35 mM KCI
(Figure 5.55b), the dispersion associated with @igration through the zeoldt@mended
backfills was greater than that through the unamended backfill (Figure 5.58b). Asuphe
mentioned, the differences P andD for CI' may be due to the addition of the figmined
zeolites. However, the overalifferences inP. andD for CI" for the unamended and zeolite
amended backfills weress than a factor of 10.

TheP, for Zn** for the backfill amended with 5 % chabazil® was 1.54, which is 0.16
times that of 9.93 for the unamended backfill, wherbad>t of 10.9 for the backfill amended
with 5 % clinoptilolite was almost identical to that for the unamended backigu(& 5.58c,
Table 5.8).The uncharacteristically low, for the backfill amended with 5 % chabazu®
(Test No. 4)s related to theignificant dispersion{ > 23.7x10™° m?/s) associated with the Zh
migration through this backfill evident in Figure 5.39a.

The D for CI relative to that for Zfi" (Dg-/Dzn2+) was 1.2 for the unamended backfill
versus 0.74 and 2.5 for the backfills amended with 5 % chalaBitand 5 % clinoptilolite,
respectively. The atypically loM¢-/Dzq2+ for the backfill amended with 5 % chabazi@&
(Test No. 4)is directly attributat# to the significant dispersion for Znmigration shown in

Figure 5.39a.

5.4.3 Effect of Amount of Zeolite

The effect of amount of zeolite amendment on the migration cdr@ K through the
unamended backfill (Test No. 1) and the backfills amended 5vitr 10 % chabazité.B (Test
Nos. 9 and 10respectivelyis illustrated in Figure 5.59. The superimposed breakthrough curves

for CI" in terms of elapsed time do not agree (Figure 5.59a), since the backfills amended with 5
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or 10 % chabazitéB were permeated atsagnificantly lower flow rate relative tahat forthe
unamended backfillseeTable 5.3, section 5.2.3). However, when the effect of the flow rate is
removed and the breakthrough curves for &¢é plotted in terms of dimensionless tinig, (
exellent reproducibility of the test specimens is indicated (Figure 5.59b).

TheRq for K" was 4.01 for the unamended backfill, 9.60 for the backfill amended with 5 %
chabaziteLB, and 18.9 for the backfill amended withl0 % chabaziteLB, such that
Rd,amendeliRd.unamendedOr K™ was2.4 for the backfill amended with 5 % chabazitB and 47 for
the backfill amended with0 % chabaziteB (Figures 5.60a,bTable 5.8) These differences in
Ry correlate reasonably well with ti&EC of the backfills (Figue 560c), againsupporting the
previous conclusion that the primary mechanism forsiirption to the backfills was cation
exchange (Chapter 3).

The P andD for CI' and K" are shown in Figures 5.61aaad 5.6b,d, respectively. In
terms of Cl, theP_ andD for both zeoliteamended backfills are lower and higher, respectively
than the values for the unamended backfills, whereas the opposite is truecasehef K. As
previously mentioned, the differences”p andD for CI' may be due to the addition of the fine
grained zeolites. Nonetheless, the overall differencd? iandD are less than a factor of 10.
The D¢-/Dk+ was 0.68 for the unamended backfill, 29 for the backfill amended with 5 %
chabaziteLB, and 9.9 for the backfill amended with 10 #abaziteLB. These differences can
be attributed, again, to the more tortuous pore network and greater sorption capéaiegy of

zeoliteamended backfills relative to the unamended backfill.
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5.4.4 Effect of Type of Metal

The migration of 35 mMKCI (TestNo. 1) and 20 mMZnCl, (Test No. 2) through the
unamended backfill are illustrated in Figure 5.6Phe closeness in the superimposed
breakthrough curves for Céuggests excellent reproducibility of the test specimens (Figures
5.62a,b). In terms of migration, Znwas retarded to a greater extent thdn(fgures 5.62c¢,d).
For CI, P, for KCl was less thaR, for ZnCl,, such thaD for KCI| was greater thab for ZnCl,
(Figures 5.63a,b). Thy for migrationof 35 mM KCI (Test No. 1) and 20 mM Zng(Test No.

2) through the unamended backfill was 4.01 fér #d 6.88 for Zfi, which is 1.7 times that for
K* (Figure 5.63c, Table 5.8). The differenceKinbased orthe column test resultsomewhat
correlate with th&)_ based on the BEAT results for each metal (Figure 5.63d)PT laadD for
K* and Zrf* are compared in Figures 5.68ed5.63, respectively. The value dd¢-/Dx+ was
0.68 wherea®¢j-/Dzn2+ was 1.2.

The migratios of 35 mM KCI (Test No. 3) and 20 mM Zn£(Test No. 4) through the
backfills amended with 5 % chabazit are illustrated in Figure 5.64. The closeness in the
superimposed breakthrough curves for @Gliggests excellent reproducibility ohet test
specimens (Figures 5.64a,b).terms of migration, Zii was retarded to a greater extent thdn K
(Figures 5.64c,d), which is the same trend for the unamended hae&filCl, P, for KCl was
greater tharP, for ZnCl,, such thaD for KCI| was greater thab for ZnCl, (Figures 5.65a,b),
which is theoppositetrend for the unamended backfillhe Ry for migration of 35 mM KCI
(Test No. 3) and 20 mM Zngl[Test No. 4) through the backfills amended with 5 % chabazite
UB backfill was 130 for K', and 15.0 for Zfi, which is 1.2 times that for K(Figures 5.6c,
Table 5.8. The differences iiKq based on the column test results correlate witlQ¢hbased on

the BEAT results for each met@#igure 5.65d). Th&_ andD for the backfill amended witlb %
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chabaziteUB for K* and Zrf* are compared in Figures 5.65e &6, respectively. The value
of D¢i-/Dk+ was 2.9, whered3¢-/Dzn2+ was 0.74.

The migratios of 35 mM KCI (Test No. 6) and 20 mM Zn£(Test No. 7) through the
backfills amended with 5 % clinoptilolite are illustrated in Figure 5.66. Theewéss in the
superimposed breakthrough curves for @liggests excellent reproducibility of the test
specimens (Figures 5.66a,b). Unlike the unamended backfill and backfill amended with 5 %
chabaziteUB, the migration ofZzn®** was retarded to a slightly lesser extent thanfdt the
backfills amended with 5 % clinoptilolitg-igures 5.66¢,d}-or CI, P_for KCl was less thaR_
for ZnCl,, such thaD for KC| was greater tha® for ZnCl,, which is the same trend for the
unamended backfill (Figures 5.67a,b). TRefor migrationof 35 mM KCI (Test No. 6) and 20
mM ZnCl, (Test No. 7)through the backfill amended with 5 % clinoptilolite backfill was 9.77
for K*, and 9.67 for Zf, which is 0.99 times that for 'K(Figures 5.8c, Table 5.8. The
differences inKy based on the column test results again correlate wittQthbased on the
BEAT results for each metéFigure 5.67d). Th&_ andD for the backfills amended with %
clinoptilolite for K" and zrf* are compared in Figures 5.67e @@7, respectively. Thd¢-
/Dk+ was 1.6wheread¢j-/D zn2+ was2.5.

In summary, the dispersianf CI" associated with KCI migration was greater than that
assoa@ted with ZnC} migration for the unamended backfill and the backfill amended with 5 %
clinoptilolite, whereas thepposite trenaccurredfor the backfill amended with % chabazite
UB. TheRq of Zn** relative to that for K (Ry z2+/Rq k+) was 1.7 for the unamended backfill, 1.2
for the backfill amended with 5 % chabazil&®, and 0.99 for the backfill amended with 5 %
clinoptilolite. The differences Ky correlatedreasonablywith the Q. for each metabased on

previously performed BEATsThe D¢-/Dg+ < Dgj-/Dzn2+ for the unamended backfithnd
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backfill amended with 5 % clinoptilolitewhereasD¢-/Dk+ > Dg-/Dzn2+ for the backfill

amended with 5 % chabazitéB.

5.4.5 Effect of Cation Competition

The effect of metals competition was evaluated for lihekfills amended witlb %
chabaziteUB or 5 % clinoptilolite wherpermeated with the mixed salt solutiare.( 17.5 mM
KCl plus 10 mM ZnC}) by comparing the transport parameters foralid Zif* (Figures 5.68-
5.69) with the previously discussed results forsamebackfills permeated with the single salt
solutions (.e., 35 mM KCI or 20 mM ZnG)).

For the backfill amended with 5 % chabaditB and permeated with the mixed salt
solution, theRy was 14.1 for K, and 13.6 for Zfi. In contrast, th&y based on permeation with
the single salt solutions wak3.0 for K*, and 15.0 for Zn®*. Thus,the Ry for K* increased
whereas thé&Ry for Zn’* decreased when permeated with the mixed salt solution avewhfio
when permeated with the single salt solutiddso, the Ry for Zn?* relative to that for K
Ra.zn2+/Rqk+, was0.96 when permeated with the mixed salt solution and 1.2 when permeated
with the single salt solution (Figures 5.64c,d, 5.65c, 5.68a). Thus;atn@etition between
K* and Zn?* in the mixed salt solution apparentigflected the preferential adsorption of
K™ relative toZn?* compared to when permeated with the single salt solution.

The Ry based on th&€MR regression relative to they based on the BEAT#r the
Langmuir and Freundlich modar Ry cmr/R4 seat; for the backfill amended with 5 % chabazite
UB was 1.1 and 1,3espectivelyfor K* (Test No. 3) and 1.8 and 1,%espectivelyfor zn**
(Test No. 4) when permeated with the single salt solsitibhese values dRy cmr/Rdseat> 1

support the assumption that the influence of competing solubleasatisiated with the backfill
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in the BEATSs were flushed out in the column tests (Reynelds 1982).Also, Ry cvr/Rd seaT
for Zn** greaterthanthosefor K* suggestshat removal of competing soluble sdftsainly N&)
associated with the backfiesultedin increased adsorption for Znas indicatedn Chapter 3.

The Ry cmr/R4 seat Of the backfill amended with 5 % chabazil® when permeated with
the mixed salt solution (Test No. 5) was 0.76 and 0.90 fpaid 1.2 and 1.5 for 2} such that
the values oRy cur/Rageat for K™ and Zid* when permeated with the mixed salt solutioerev
lower than that when permeated with the single salt solution. As the removal of icgmpet
soluble salts associated with the backfill is equivalent for all column tests, weas Value of
Ra.cmr/Ra.sear When permeated with the mixed salt solution cared to when permeated with
the single salt solution indicate that competition existed between the addedi Krf* in the
mixed salt solution.

The P for the backfill amended with 5 % chabazil® was 11.2 for K and 1.54 for
Zn** when permeated with the single salt solution, whereaB\tiveas 3.1 for K* and 29.5 for
Zn** when permeated with the mixed salt solution (Figure 5.68c, Table T8}, the P, for
both K" and Zrf* increasedvhen permeated with the mixed satilution ®mpared to when
permeatedwith the single salt solution. Also, the for Zn’* relative to theP, for K*, or
PLk+/PL zn2+, was 7.3 for the sngle salt solutiorand 1.2for the mixed salt solution, in thahe
difference betweef, for K* versus that foZn?* was diminished when the mixed salt solution
was used as the permeant liquid relativese ofthe single salt solutian

For the backfill amended with 5 % clinoptilolite and permeated with the mixed salt
solution, theRy was 10.3 for K, and 14.1 foZn**. In contrast, th&y based on permeation with
the single salt solutions was 9.77 fof,kand 9.67 for Zfi. Thus, theRy for K* and zif*

increased when permeated with the mixed salt solution compared to when perwidatde
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single salt solution. fie Ry zn2+/Ryk+ was 0.99 when permeated with the mixed salt solution and
1.4 when permeated with the single salt solution (Figures 5.66c,d, 5.67c, 5.68a). Thus, the
competition between ¥and Zrf* in the mixed salt solution apparentiflectedthe prefeential
adsorption of Krelative to ZA* compared to when permeated with the single salt solution.

The Ry cmr/Ra seat for the backfill amended with 5 %inoptilolite was 1.0 and 1.Zor
K* (Test No.6) and 13 and 14 for Zn** (Test No.7) when permeated with the single salt
solution. TheRycvr/Rageat Of the backfill amended with 5 %linoptilolite when permeated
with the mixed salt solution (Test N8). was0.95 and 0.97or K*, and 1.5 and 2.for Zn**, such
that the values oRycmr/Raseat decreasedor K* but increased foZn®* when permeated with
the mixed salt solutionompared to when permeated with the single salt solution. Agaithea
removal of competing soluble salts associated with the backfill is equivalaait émlumntests,
these values oR4 cmr/Rasear When permeated with the mixed salt solution compared to when
permeated with the single salt solution indicate thaicompetition between the added Knd
Zn** in the mixed salt solutioresulted in reduced adsorptifor K* and increased adsorption for
zZn*.

The P, for the backfill amended with 5 % clinoptilolite w28 for K and 10.9 for Zfi
when permeated with the single salt solution, whereas théwass13.1 for K and 22.7 for
Zn** when permeated with thmixed salt solutionRigure 5.69c, Table 5.8). Thus, tRe for
both K" and Zrf* increased when permeated with the mixed salt solution compared to when
permeated with the single salt solution. AlBp«+/P. zn2+ was0.39for the single salt solution
and 0.58or the mixed salt solution, in that the difference betweefor K* versus that for Z
reduced or P k+/Pzn2+ approached unity, when the mixed salt solution was used as the

permeant liquid relative to use of the single salt solutions.
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In summary, fothe backfills amended with 5 % chabaditB or 5 % clinoptilolite the
Ry zn2+/Rg k+ Wwhenpermeated with the mixed salt solution was lower than when permeated with
the single salt solution, indicating that the competition betweeand Zrf* in the mixed salt
solution apparentlyeflectedthe preferential adsorption of ielative to ZA* compared to when
permeated with the single salt solutidfor the backfill amended with 5 % chabaiiB,
Ra.cvr/Ra geatfor K™ and Zrf* when permeated with the mixed salt solution were lower than that
when permeated with the single salt solutievhereas for the backfill amended with 5 %
clinoptilolite, Ry cme/Ra,seat decreased for Kbut increased for Z# when permeated with the
mixed slt solution compared to when permeated with the single salt solutior® kKRéP | zn2+
approached unity for the mixed salt solutmmparedo when permeated with the single salt
solution indicating that the difference betweRn for K* versus that foZn?* reduced when the

mixed salt solution was used as the permeant liquid relative to use of the dirgiéusians.

5.5 SUMMARY AND CONCLUSIONS

Longterm column tests were performed wgpecimenscomprising unamendednd
zeoliteamended sandentonite(SB) backfills permeated with single salt solut®aof either 35
mM KCI or 20 mM ZnC} and a mixed salt solution of 17.5 mM KCI plus 10 mM Zndlhe
pH of the 20 mMZnCl, solution was adjusted with a small amount of HCI to 1.83 to remove
visible precipitation in the form of zinc oxychloride and to simulate the pH dfracie drainage.
The kackfills comprised finemortar sand, 5.8 % (by dry weight) of a powderesbdium
bentonite, and 0, 5, or 10 % (by dry weight) of one of three types lifezetw., chabazitd B,
chabaziteUB, or clinoptilolite, with the backfill water content adjusted to achieve the target

slump of 100 to 150mm (3.9 to 5.9in) for each backfill The backfillcolumnspecimens were
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prepared inflexible-wall permeametsrand permeated with denized water (DIW)prior to
permeation with the single or mixed salt solutiarssng flowpump systems that maintain a
constant volumetric flow rat@). The test duration for th&0 column testsangedfrom 1.05 to
3.75 yr. Each column test specimen was evaluated for both physical propertiesaaddthe
effluent chemistry was monitored and analyzed for chemical transport paramé chloride
(CI), K, and Zn.

The final porosity if;) of the specimens upon completion of the column teatslower
than that upon installatiom;), and thefinal shapes of the specimens were somewhat similar to
that of an hourglasd.he n; < n; resulted fromconsolidation of the specimdrom an effectie
stressgp’, of 34.5 kPa (5 psi) following baehressure saturatido an ¢’ of 138 kPa (20 psi) prior
to permeationTherefore n; was considered to be more representative of gbeosity of the
specimens, such thahalyse®f the effluent concentrationsane based ons.

The k based on permeation with salt solution kso) was greater than that based on
permeatiorwith DIW (kpw) for 70 % (7/10) of the column specimens. However, the increase in
ksol relative tokpw was relatively minori.e., 1.06 < kso/kpw < 1.94, and all resulting values of
kso were < 1.0x18 m/s. The small measure of incompatibility and léw values were
attributed to the dilutsalt concentrationsf the permeanliquids and the relatively high ¢’ of
138 kPa (20 psi) imposed on the specimens prior to permeation.

The elution'breakthroughof the primary chemical species in the effluent were in the
generalorder Nd > CI' > C&* > K" or Zr**. The delayed breakthrougif K* and Zrf* was
attributed primarily to preferentiaation exchange of Kand zif* relative toexchangeable Na
and/or C4& initially bound to the exchange sites of the bentonite and zeolite components of the

backfills. The charge balance wassesselly comparing thebsolute value of the summation of
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anion equivalentgelative tothe summation of cation equivalerfi., |Zanions| = ) cations)

in the effluents from the column specimefi$ie resulting charge balamscgenerally showed
good agreemerior all column testsThe final measureBC of the effluent approached the value
for the permeant solutiofiC,) except for thdow pH (1.83),20 mM ZnC}, solution wherethe
buffering capacity of the backfill specimensducedthe contribution of Hto the EC of the
effluent resulting in a slightincrease in theeffluent pH (2.80< pH < 3.74) As a result
dissolution of the minerals comprising the backfill constituents was unlijgely> 2), butthe pH
wasstill sufficiently low to preventprecipitation in the form of zinc oxychlorides andnimiize
the formation of hydroxide complexes of Zg(, ZnOH).

The transport paramete®q( P, andD) for CI', K* and Zrf* were determinethased on
analysis of the measured effluent breakthrough cumvesthe form of either relative
concentrationsRCs) or cumulative mass ratioCMRs). The methods of analysis basedtbe
RC approach includedegressing theneasuredRC data using an analytical model based on the
advectiondispersionreaction equation (ADRE) governing edemensional solute transport
through saturated porous media under stesate flow conditions together with appropriate
initial and boundary condition§.e., RC regression)and the dimensionless time required to
achieveRC= 0.5 {.e, Tos). The methods of analysis based on@hR data included regressing
the data using an analytical model based on the same ADRE and initial and boundamynsonditi
asimposed for theRC analytical model(i.e., CMR regression)and two alternative methods
based on th€MR data referred to as thk, and T — CMR methods of analysi®Overall the
results from theCMR regressiornwere considered the most reliabler two reasons. First, the
column tests were performed in accordance with the cumulative mass approacinasubh t

CMRdatawere more accurdterepresentedelativeto theRCdata Secondmost of theRy from
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theT —CMRanalysis generally providegsentially the samiy as theCMRregressionthereby
providing consistent results. Alsthe T, and Ty s analyses were considered less reliable due to
issues related to the inclusion of some transient transporinddiaT, analysis, which is based
on the assumptioaf steadystate transpoytand the inability to separate the effects of diffusion
versus retardatiom the Ty s analysis.Therefore, the transport parameteRg, P. andD) based

on theCMRregressiormethod of analysigereusedfor comparisorof results.

The Ry for the zeoliteamended backfill relative t&y for the unamended backfill, or
Rd.amendedRd unamended fOr K was 3.2 for the backfill amended with 5 % chabalziB2and 2.4 for
the backfill amended with 5 % clinoptilolit€or Zrf*, the Ry amendelRd unamendedvas 2.2 for the
backfill amended with 5 % chabazi#B and 1.4 for the backfill amended with 5 % clinoptilolite.
In terms of amount of added zeolitbetRy amendelRd,unamendedfor K™ was 2.4 for the backfill
amendedwith 5 % chabazit¢B and 4.7 for the backfill amended with 10 % chabakzie
These differences iRq4 correlated reasonably well with tiREC of the backfills, supporting the
previous conclusion that the primary mechanism forakd Zrf* sorption to the ackfills was
cation exchange, in that the zeolite amendment with higbe€C zeolite (chabazite >
clinoptilolite) or increased amounts bigh CEC zeolite (10 % > 5 %) resulted mgherRy for
the backfill. Thus, the zeolitamended backfills evaluated this study were effective in
enhancing the retardation of the two metlsandZn, evaluated in this study.

In terms of different types of metal (K vs ZnhetRy of Zn** relative to that for K
(Ryze+/Rqk+) was 1.7 for the unamended backfill, 1.2 for the backfill amended with 5 %
chabaziteUB, and 0.99 for the backfill amended with 5 % clinoptilolitear the backfills
amended with 5 % chabazitéB or 5 % clinoptilolitepermeated with the mixed salt solutjdime

Ry,zn2+/Ryk+ was lower than when the backfills were permeated with the single salt splution
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indicating that the competition betweeri &nd Zif* in the mixed salt solution apparently
reflectedthe preferential adsorption of Kelative to ZA* compared to when permeatwith the
single salt solutionAlso, for the backfill amended with 5 % chabaditB, Ry cmr/Ra,seat fOr
both K and Zrf* for permeationwith the mixed salt solution were lower than ttat
permeatiorwith the single salt solution, whereas for the bilckfnended with 5 % clinoptilolite,
Ra.cvr/Raseat decreased for Kbut increased for Zi for permeation withthe mixed salt
solutionrelative to permeatiowith the single salt solutiorThus,the relative adsorption df”
andZn®* for permeatiorwith eitherthe single salt solution dhe mixed salt solution differed for

different types of zeolite amendment.
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Table5.1.Source bemical properties of the permeant liquids used for column testing.

Permeant Source Ectrical Source lonic Strength
Liauid Source pH, Conductivity,EC, I, (MM)? '
q pH, (mS/m) °
Deionized Water (DIW) 6.91 0.046 NA
35 mM KCI 5.92 496 35
20 mM ZnC}, 1.83 715 60
17.5 mM KCl + 10 mM ZnGl 4.85 462 47.5

&lo (MM) =1 ¥Ciz° whereC; is the molar concentration of tith ion, andz is the charge of thieh ion.

218



Table5.2. Estimated electrical conductivity of typical groundwater.
ConcentrationC (mM)? CZ (mM)
Element Chargez - -
Min Max Min Max Solvef
Ca +2 0.025 3.743 0.100 14.971 4.852
K +1 0.026 0.256 0.026 0.256 0.026
Mg +2 0.041 2.057 0.165 8.229 1.513
Na +1 0.022 5.220 0.022 5.220 1.279
+2 0.000 0.179 0.001 - —
Fe +3 0.000 0.179 - 1.612 -
Cl -1 0.028 1.974 0.028 1.974 1.974
NO; -1 0.003 0.323 0.003 0.323 0.323
SO, -2 0.031 1.561 0.125 6.246 5.869
F -1 0.005 0.263 0.005 0.263 -
Sr +2 0.001 0.046 0.005 0.183 -
lonic Strength| (mM) © 0.346 25.205 10.314
Electrical Conductivity,EC (mS/m)° 5.09 200.82 83.57
Electroneutrality’ 0.300 42.023 0.000

& Sparks (2003).
®ForNa', K*, C&*, Mg?", CI, SO,%, NO5, used Excel solver to achieve electroneutralitgero.
® lonic Strength| (mM) =% X C;z®
4 Griffin and Jurinak (1973)EC (mS/m) =[I (mM) + 0.3/0.127
° Electroneutrality == anion + X cation
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Table 5.3. Test condition summary for colutasting.

Zeolite Amendment

Plunger (Piston

Volumetric Flow

L%St Amount Source Solution Displacement Rate,
' Type (%) Rate,r, (mm/h) q (mL/d)?

1 NAP 0 35 mM KCI 1.04 7.86

2 NAP 0 20 mM ZnC} 1.06 8.00

3 | ChabazitddB 5 35 mM KCI 1.06 8.00

4 | ChabazitdJB 5 20 mM ZnC} 1.05 7.91

5 | ChabazitddB | 5 17.5mM KCl + 10 mM 1.05 7.95
ZnCl,

6 | Clinoptilolite 5 35 mM KCI 1.07 8.05

7 Clinoptilolite 5 20 mM ZnC} 1.06 8.01

8 | Clinoptilolite | 5 17.5mM KCI + 10 mM 1.04 7.87
ZnClZ

9 | Chabazitd-B 5 35 mM KCI 0.27 2.06

10 | Chabazite-B 10 35 mM KCI 0.27 2.06

31 mL/d = 1.16x10" m’/s.

® NA = Not applicablei(e., unamended backfill).
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Table5.4.Physical properties of the column test specimens.

Initial Column Specimen , . ,
oot Amendment Specific Properties Final Column Specimen Properties Test
Test Gravity Duration,
No. O-f Water Porosity Dggity Water Porosity D(L,Drgity S(Earcotisosn Degree of ¢
Amount Solids, Content, by , . '| Content, : ' ’ , Sector Saturation] [d (y1)]
e ey | WO gy | MO0 T gin) |20 | S 9

1 NA® 0 269 | 407 | 0540 1.24 206 0437 150 3.26 109 (f%%)
2 NA® 0 269 | 408 | 0530 1.26 289 0424 155 3.2p 105 (503%
3 | ChabazitadB | 5 267 | 444 | 0566 116 200 0439  1.50 3.07 109 (g?;i)
4 | ChabazitasB | 5 267 | 423 | 0530 1.26 303 0447 148 3.38 100 (27%%)
5 | ChabazitadB | 5 267 | 413 | 0538 123 16.4| 0444 | 1.48 3.10 647 (15‘157)
6 | Clinoptiolite | 5 267 | 383 | 0525 1.27 273 0420 155 3.28 100 (163;3)
7 | Clinoptilolite | 5 267 | 394 | 0538 123| 276 0441  1.49 3.28 935 (15‘157)
8 | Clinoptiolite | 5 267 | 394 | 0525 127 278 0437  1.50 3.10 9517 (f‘;%)
9 | Chabazita-B°| 5 267 | 393 | 0533 125 271 0438 150 331 9500 (%3377%
— 1370

10 | Chabazite8®| 10 | 265 | 390 | 0535  1.23 202 0440 L4p 3.30 948 3 75)

@ Total elapsed time from setup to breakdown of the specimen, including pansetli& to minor experimental tasks.
® NA = Not applicablei(e., unamended backfill).

¢ Test was stopped due to leakage in the flow pump system, which resultedrin@meS;.

4Tested with a slower flow rate.
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Table5.5. Comparison of thehemical transport parameters corrected for the residual volgge,

Replacement Retardation FactoRy Péclet NumberP,
Zeolite Amendment .| Time for the
Volumetric .
Residual .
Test Flow Vol v Chemical
No. Rate,q o l(JrrT:]Le)'a res Species Ry uncorrected Ry corrected P uncorrected Py corrected
Amount| (mL/d)
Type (%)
d AT RC | CMR |T-CMR| RC |CMR|T-CMR| RC | CMR | RC | CMR
Cr 1.03| 0.993| 1.00 |0.962| 0.963| 1.00 101 | 154 | 8.09 | 7.18
1 NAP 0 7.86 1.348/0.08%
K* 3.96| 404 | 405 | 3.88| 3.95| 3.96 575 | 5.02 | 5.45 | 4.77
cr 0.961 1.03 1.03 [0.979| 1.02| 1.00 206 | 1.11 | 1.20 | 0.757
9 Chabazitel B® 5 2.06 5.170|0.0872
K* 9.90| 9.68 9.61 | 9.82| 9.60| 9.54 189 | 22.2 | 186 | 21.8

%V es/0, WhereV es = Veone (= 10.5 ML) +Vype (= 0.15 mL) = 10.65 mL.
®NA = Not applicablei(e., unamended backfill)
“Tested with a slower flow rate.
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Table5.6. Hydraulic properties of the column test specimens.

Measured Valueat Steady State Duration
Zeolite Amendment |y/glumetrid Darcy
Test Flow |Velocity, .| Pressure . | Hydraulic EC ECG/ | Ksod
No. Rate,q |v(x10° Permeant Liquic Difference, H&gﬁggf Conductivity,| Time PVE (mS/my EC, Ko
Tvoe Amount| (mL/d)* | m/sf ~AUgg ok k (d)
yp (%) kPa, [psih)| ' | (x10%°m/s)
) DIW 61[8.8] 87 3.2 105 | 6.7 | 42.9 | 0.09
1 NA 0 7.86 2.79 0.91
35mMKCl | 66[9.6] 95 2.9 385 | 17.5 | 501.0 | 1.01
DIW 52 [7.6] 75 38 85 | 57 | 50.9 | 0.07
2 NA" 0 8.00 2.88 0.2
20mM ZnCh | 5818.4] 83 35 415 | 27.8 | 449.0 | 0.63
_ DIW 125[18.1]| 180 17 9 | 58 | 51.3 | 0.10
3 | ChabaziteUB 5 8.00 3.02 1.06
35 MM KCl | 117 [16.9]| 167 1.8 545 | 35.3 | 523.0 | 1.05
_ DIW 114 [16.5]| 163 19 105 | 6.6 | 857 | 0.12
4 | ChabaziteUB 5 7.91 2.75 1.47
20mM ZnCh | 70[10.1] | 100 2.8 645 | 40.2 | 441 | 0.62
DIW 58 [8.4] 83 3.6 85 | 54 | 133.8| 0.29
5 | ChabaziteUB 5 7.95 2.97 175 mMKCl + 1.94
10mMzney | 30[43] 43 7.0 450 | 28.6 | 466.0 | 1.01
o DIW 26 [3.7] 36 7.9 9 | 6.1 | 355 | 0.07
6 | Clinoptilolite |5 805 | 289 oo MKel | a1[60] | 59 4.9 545 | 37.1 | 5260 | 1.06 | %2
o DIW 66 [9.6] 95 3.0 50 | 3.1 | 105.8| 0.15
7 Clinoptilolite 5 8.01 2.87 1.47
20mM ZnCh | 46[6.6] 65 4.4 500 | 32.2 | 442 | 062
DIW 79[11.5] | 114 2.5 85 | 54 | 77.1 | 017
8 Clinoptilolite 5 7.87 2.85 | 17.5 mM KCI + 1.44
10mMzncy | 55 8] 79 3.6 460 | 29.4 | 463.0 | 1.00
. DIW 54 [7.8] 77 0.93 110 | 1.9 | 1235 0.25
9 | ChabaziteLB 5 2.06 0.72 1.29
a 35mMKCI | 41[59] | 59 1.2 1260| 21.2 | 550.0 | 1.11
. DIW 130 [18.8]| 187 0.39 110 | 1.8 | 162.0| 0.33
10| Chabazitd 8 | 10 2.06 | 0.72 e MKCT | 83[12.4] | 120 0.62 1260 | 205 | 520.0 | 1.07 | T

21 mL/d = 1.1&10* m¥s; ® Darcy velocity (liquid flux or specific discharge),= o/As (Table 5.4)F i = -Ausd(Lpwg), whereL = 71 mm = 0.071 mpy, =
density of water (1 Mg/f), andg = acceleration due to gravity (9.81 fAf$ PVF = pore volumes of flow? Electrical conductivityEC, at 25C; " EC, = EC of
the salt solution (Table 5.1 compatibility ratio kso/Kow, Wherekg is the steadystatek when permeated with the salt solutiom.( 35 mM KCI, 20 mM ZnG,
or17.5 mM KCI + 10 mM ZnGJ); "NA = Not applicablei(e., unamended backfill)
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Table5.7. Evaluation of the measured pH of the column test effluents.

Test Zeolite Amendment ' pH?
No. Source Solution
Type Amount (%) PHpiw; PHow,/PHbiw,o PHsol¢ PHsol,f /PHsol,0

1 NA® 0 35 mM KClI 7.33 1.06 8.14 1.38
2 NAP 0 20 mM ZnC} 7.89 1.14 2.80 1.53
3 ChabazitddB 5 35 mM KCI 8.93 1.29 8.01 1.35
4 ChabazitdJB 5 20 mM ZnC} 8.55 1.24 3.61 1.97
5 ChabazitddB 5 17.5 mM KCI + 10 mM ZnGl 9.17 1.33 6.31 1.30
6 Clinoptilolite 5 35 mM KCI 8.34 1.21 8.09 1.37
7 Clinoptilolite 5 20 mM ZnC} 8.60 1.24 3.74 2.04
8 Clinoptilolite 5 17.5 mM KCI + 10 mM ZnGl 8.73 1.26 6.55 1.35
9 Chabazitd-B 5 35 mM KCI 9.06 1.31 7.13 1.20
10 Chabazite-B 10 35 mM KCI 9.24 1.34 7.05 1.19

% pHpw,o is the pH of the DIW = 6.91pHs, is the pH of the chemical solution (Table 5.aHow; is the final measured pH for the DIW
permeation staggiHs, is the initial pH for the chemical solution permeation stadty, ¢ is the final measured pH for the chemical solution

permeation stage.
®NA = Not applicablei(e., unamended backfill)

224




Table5.8. Chemical transport parameters of the column tested specimens of the unameénésdita-amended backfills.

Seepage . . . Dispersion
Zeolite Amendment (Average . T'mf to Retardation Peclet Coefficient D
Test . Source Chemicall C/C,=0.5 Factor,Rqy Number,P, 10 2
Linear) : : (x10™° m/s)
No. X Solution Species
AMOUnT Velocity, vs n
Type %) (x10%m/sf Tos (35)3 RC |[CMR| T, |[(T-CMRs RC |CMR| RC | CMR
CI | 0.905| 14.2 | 1.01| 1.01|0.954] 1.00 |6.54]| 6.56| 6.93 | 6.91
b

! NA 0 6.38 | S MMKCl I T s T 51.0 | 3.93| 4.01| 3.96| 402 | 523| 447 866 | 10.1
CI | 0979| 147 | 1.13| 1.15| 1.18| 1.15 | 9.46| 8.33| 509 | 5.78

2 NAP 0 6.78 20 mM ZnC
MM ZnCh 1= o674 | 101 | 7.71| 7.01| 7.94| 7.5 |11.2] 9.96 | 430 | 4.83
CI | 0852| 14.7 |0.983 1.00| 1.03| 1.00 |9.26| 8.37| 5.20 | 5.75

2° NAPC 0 5.90 20 mM zZnC
MM ZnCh I o587 | 101 | 6.71] 6.88| 6.92| 6.91 | 11.2] 9.93| 4.30 | 4.85
CI | 0836] 132 | 1.02| 1.01|0.924] 1.00 |4.14| 392 118 | 125

3 | ChabaziteUB | 5 688 | 35mMKCl
abazl m K* | 11.8 | 183 | 12.9] 13.0| 13.0| 130 | 126 11.2| 3.88 | 4.36
CI | 0619] 987 | 1.09] 1.01| 1.02| 1.00 |1.22| 2.09| 358 | 209

4 | ChabaziteUB | 5 6.15 |20 mM znC
abazl MM ZnCh > o112 | 178 | 14.4| 150 12.8| 128 | 1.84| 1.54| 23.7 | 28.4
175mMKCll CF | 0580] 9.17 |0.753/0.965/0.658] 1.00 | 4.35|0.726] 10.9 | 653
5 | ChabaziteUB | 5 6.68 + K* | 134 | 211 | 14.1] 14.1| 14.1| 141 | 389361 1.22 | 1.31
10mM ZnCh [ z® | 12.4 | 196 | 13.5] 13.6| 13.6| 13.6 | 28.9]| 295 1.64 | 1.61
- CI | 0828| 121 | 1.04| 1.03|0.902] 1.00 |333| 2.70| 147 | 181
6 | Clinoptilolite 5 6.88 | 35mMKCI K* | 797 | 117 | 997] 9.77]| 960| 961 | 4.45| 428| 11.0 | 11.4
CI | 0.773| 13.3 |0.932] 1.00|0.900] 1.00 |8.47] 429 5.47 | 108

7 | Clinoptilolit 5 652 | 20mM znC
inoptiiofite MM ZnCh > 5804 | 125 | 8.88| 9.67| 9.68| 9.68 | 13.4] 10.9| 3.45 | 4.25
175mMKCl| CF | 0.640] 10.1 |0.849[0.998/0.900] 1.00 |451] 1.03| 10.2 | 45.0
8 | Clinoptilolite 5 6.53 + K* | 948 | 148 | 10.0| 10.3| 10.3| 103 | 298| 131| 1.56 | 3.54
10mM ZnCh [z | 12.8 | 201 | 13.8| 14.1| 14.0| 140 | 221 22.7| 2.10 | 2.04
CI | 0611] 363 |0.979] 1.02| 1.12| 1.00 |1.20|0.757| 9.82 | 156

9 | ChabazitelB?| 5 166 | 35mMKCI
abazl m K* | 933 | 553 | 9.82| 9.60| 9.54| 954 |18.6| 21.8| 0.631| 0.539
CI | 0.488] 30.0 |0.947] 1.01| 1.22| 1.00 |205| 1.21| 554 | 9.39

L Rpd

10 | Chabazitel B 10 1.60 | 85SmMKCl I e e 1139 | 19.7| 18.9] 13.9 - 109 12.0 | 1.04 | 0.947

2D = v,L/P., whereL = 71 mm.
®NA = Not applicablei(e., unamended backfill)

° Results based on adjusted valued @dr revised final porosityn;, of 0.49.

dTested with a slower flowate.
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Table5.9. Comparison of the chemical transport parameters calculated from the baildbriemn adsorption test (BEAT) with the
chemical transport parameters of the column tested specimens of the unamendeditaraended backfills.

Adsorption Parameters from BEAT Results Af‘rdosrzrg%?SmPnaggifsrs
Zeolite Amendment
Test Chemica Pd,f/ng D|strf|fk_)u_t|on Retardation Retardation Factor, Distribution Coefficient,
No. Species|(Mg/m’)* Coefficient, Factor,R’ Ry Kq (L/kg)®
A Kq (L/kg) ’
mount
TPe (o)
Langmuir Freundlich Langmuir|Freundlich RC |CMR| T, |T-CMR| RC |CMR| T, |T-CMR

1 NA' 0 K* 3.43 0.48 0.48 2.65 2.65 |3.93|4.01] 3.96 | 4.02 |0.85/0.88| 0.86 | 0.88
2 NA' 0 zZn?* 3.52 1.63 1.80 6.74 734 | 771|791 794 | 7.95 |1.91/1.96| 1.97| 1.97
20 NA"9 0 zZn?* 3.18 1.63 1.80 6.18 6.72 |6.71/6.88| 6.92 | 6.91 |{1.80/1.85| 1.86| 1.86
3 | ChabaziteUB 5 K* 3.41 3.22 2.70 12.0 10.2 | 12.9(13.0/ 13.0 | 13.0 |3.49| 3.52| 3.52 | 3.52
4 | ChabaziteUB 5 zZn?* 3.29 2.10 2.22 7.91 8.30 | 14.4|15.0| 12.8 | 12.8 |4.07| 4.26| 3.59 | 3.59

K* 3.24 5.39 4.54 18.5 157 |14.1(14.1| 141 | 14.1 |4.04|4.04| 4.04 | 4.04
5 | ChabaziteUB 5

zZn?* 3.24 2.42 3.23 8.85 115 | 135|13.6| 13.6 | 13.6 |3.85/3.88| 3.88 | 3.88
6 Clinoptilolite 5 K* 3.69 2.28 2.02 9.41 8.45 |9.97|9.77| 9.60 | 9.61 |2.43|2.38| 2.33| 2.33
7 Clinoptilolite 5 zZn?* 3.39 1.77 1.88 6.99 7.37 | 8.88|9.67| 9.68 | 9.68 |2.30| 2.56| 2.56 | 2.56

K* 3.41 3.10 3.17 10.6 10.8 | 10.0(10.3| 10.3 | 10.3 |2.64| 2.73| 2.73 | 2.73
8 Clinoptilolite 5 o

Zn 3.41 2.02 2.75 6.89 9.38 |13.8|14.1| 14.0| 14.0 |3.75/3.84| 3.81| 3.81
9 | ChabaziteLB" 5 K* 3.51 3.11 2.64 11.9 10.3 | 9.82(9.60| 9.54 | 9.54 (2.51|2.45| 243 | 2.43
10 | ChabaziteLB" 10 K" 3.25 5.20 4.15 17.9 145 | 19.7|18.9| 13.9 - |5.75/5.,51| 3.97 -

2y is the final porosity, and py; (Mg/m°) is the final dry density (Table 5.4).

® Based on secant formulation.

‘Ry =1+ QadniKq.

4Based on regression analysis of column testing data, averageRafftben RC, CMR, and -CMR).
*Ka = (Rg = D/(pany).

"NA = Not applicablei(e., unamended backfill)

9Results based on adjusted value¥ &dr revised final porosityy;, of 0.488.

"Tested with a slower flow rate.
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Figure5.1.Schematic of testingpparatus.
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Figure5.2. Pictorial views of (a) Apparatus No. 1 (Model 944); (b) Apparatus No. 2 (Model 940)
(c) Apparatus No. 3 (Model 940).
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Figure 5.3. Schematic scenario for placement of dmhtonite (SB) vertical cutoff wall down
gradient from a migrating contaminant plume.
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Figure5.5. Pictorial view of the finished column test specimens.
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Figure5.20 Temporal trends in effluent solute flux for colosof backfills amendeavith 5 %

chabazitedUB and permeated with different salt solutions: (a) 8 KCI (Test No. 3); (b) 20
mM ZnCl, (Test No. 4); (c17.5 mM KCI plus 10 mM ZnGl(Test No. 5).
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Figure5.21 Temporal trends in effluent solute flux from for awmlus of backfills amendeavith

5 % clinoptilolite andpermeated with different salt solutions: (a) 35 mM KCI (Test No. 6); (b)
20 mM ZnCk (Test No. 7); (cL7.5 mM KCI plus 10 mM ZnGl(Test No. 8).
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Figure 5.22. Temporal trends in effluent solute flux for columns of backfills amended with
different amounts of chabazitd8 and permeated with a solution of 35 mM KCI: (a) 5 %
chabaziteLB (Test No. 9); (b) 10 % chabazite-LB (Test No. 10).
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Figure5.24 Temporal trends in effluemharge balance for catins ofbackfills amendeavith
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Figure5.25 Temporal trends in effluemharge balance for catins ofbackfills amendedvith

5 % clinoptilolite andpermeated with different salt solutions: (a) 35 mM KCI (Test No. 6); (b)
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253



Time, t (weeks)
0 4 8 12 16 20 24 28 32 36 40 44 48 52 56 60 64 68 72 76 80
LA B B B L I LA L B T T

/é\ 800rF | L L UL A A B L ™ T T T
) F (@115
£ ——— 35 mM KClI
Q 600f,
R | EC, (35 mM KCI) = 496 mS/m
= 1.0
= [}
2 | m
g 400} -~
= I m
5 Ll O
S epg e e e J105
< 200F 1
£ & Flow Pump Repair & Flush Lines
3
& 0.0

0 28 56 84 112 140 168 196 224 252 280 308 336 364 392 420 448 476 504 532 560

Time, t (days)

Time, t (weeks)

0O 5 10 15 20 25 30 35 40 45 50 55 60 65 70 75 8 8 90 95
/é\ 800 T \ Trororrrrrrrrrrrr e e e T T T T T T T T T T T

2 EC, (20 mM ZnCl,) = 715 mS/m ®) 10

8 600 F :—> 20 mM ZnCl,

z

= | m
B 400F -~
3 +- {05 =
c o @)
o )
O

< 200F

2

g

ks

(I}

0.
0 35 70 105 140 175 210 245 280 315 350 385 420 455 490 525 560 595 630 665

Time, t (days)

Time, t (weeks)

0 3 6 9 12 15 18 21 24 27 30 33 36 39 42 45 48 51 54 57 60 63 66

g 800 1 T T T T T T T T T T T

%) a (0)715

S F——"17.5 mM KCI + 10 mM ZnCl, '

O 600 |

. F! EC, (17.5 mM KCI + 10 mM ZnCl,) = 462 mS/m

2 ! ° 1.0

3 : 0 m

é 400 : 2
m

5 ! O

3} T los

< 200F 1

2 |

ks |

0 21 42 63 84 105 126 147 168 189 210 231 252 273 294 315 336 357 378 399 420 441 462
Time, t (days)
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Figure 5.29 Temporal trendsn the electrical conductivity othe effluent for colmns of
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mM ZnCl, (Test No. 4); (c17.5 mM KCI plus 10 mM ZnGl(Test No. 5).

258



Time, t (weeks)
0 5 10 15 20 25 30 35 40 45 50 55 60 65 70

14“‘H‘\‘“‘\‘“‘\“"\H“\““\H“\H“\H“\“H\““\H“\“H\“

T 8 - -
= > p
6 H—@ ® ° PHy, (35 MM KCI) = 5.92—————————
4 : ..‘ .. [ ] ]
I etgte ©
|
21, 1
|
0
0 35 70 105 140 175 210 245 280 315 350 385 420 455 490
Time, t (days)
Time, t (weeks)
0 4 8 12 16 20 24 28 32 36 40 44 48 52 56 60 64 68
14 ‘ T T T T T T T T T T T T T T T T (b)
—
12} 20 mM ZnCl, |
|
10 | 1/ PHp =860 i
8 JF b..‘“ . 1
5 |1 e PH = 7=
L _
| pHsoIf =3.74
401
! 9009000009007 000000usassnstsst?esssssssss# VU000 s iagsty
|
2 PH,;, (20 MM ZnCl,) = 1.83—]
! ,
0 b ool
0 28 56 84 112 140 168 196 224 252 280 308 336 364 392 420 448 476
Time, t (days)
Time, t (weeks)
" 0 3 6 9 12 15 18 21 24 27 30 33 36 39 42 45 48 51 54 57 60 63 66
' T T T T T T T T T T T T T T T T T T T T T
12| F——*17.5mMKCl + 10 mM zncl, ©]
|
10 ’J‘pHDIW,f =873 1
A pH=7 H_ , =655\ |
T 8 |1 TS e0t000000000000e8ee.,_________________ \ _____________________________ p _______________
o |
6 1 7
Al : PHy o (17.5 MM KCI + 10 mM ZnCl,) = 4.85 ]
|
|
21, 1
e i
0

0 21 42 63 84 105 126 147 168 189 210 231 252 273 294 315 336 357 378 399 420 441 462
Time, t (days)

Figure5.33 Temporal trends in the pH tie effluent for colmnsof backfills amendeavith 5 %

clinoptilolite permeated with different salt solutions: (a) 35 mM KCI (Test No.l§)20 mM
ZnCl;, (Test No. 7)(c) 17.5 mM KCI plus 10 mM ZnGl(Test No. 8).

259



14
12
10

pH

o N b~ O ©

14
12
10

pH

o N b~ OO ©

Time, t (weeks)

0 10 20 30 40 50 60 70 80 9 100 110 120 130 140 150 160 170 180
T ‘ T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T

| ()
- 35 mMKCI 7

|
- pH, . ;= 9.06 ,
o . .DIW,f pH=7 pH,, ;= 7.13

| :
[ |0 ®%eecceceeccescesceccccsee / _9_9_9_999_99999_9_999_9_9999_9_!9!,...}u

|

f pH, , (35 MM KCI) = 5.92 :

! :
L a

|
Lo i

|
Lo

0 70 140 210 280 350 420 490 560 630 700 770 840 910 980 1050 1120 1190 1260

Time, t (days)
Time, t (weeks)

0 10 20 30 40 50 60 70 80 9 100 110 120 130 140 150 160 170 180
T ‘ T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T

| (b)
- 35 mMKCI N

| pHy,, = 9.24 |

oo

pH, = 7.05

wenesd

pH=7

pH, (35 MM KCI) = 5.92

70

140 210 280 350 420 490 560 630 700 770 840 910 980 1050 1120 1190 1260

Time, t (days)

Figure5.34 Temporal trends in the pH the effluent for columns of backfills amended with
different amounts of chabazitd8 and permeated with a solutiasf 35 mM KCI: (a) 5 %
chabazitelLB (Test No. 9); (b) 10 % chabazite-LB (Test No. 10).

260



=
o

Relative Concentration, C/C
o
(63}

=
o

T - T
To570.905 Tos

Td =1.01, P_ = 6.54 (2 = 0.998)

=3.25

R, =3.93,P =523 (2 =0.995)

0 1 2 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18
Dimensionless Time, T
2571 ®) ]
%ﬁ i -©-cJ ]
O 20 B+ ]
S I
T
x 15|
@ [
g ] R,=1.01, P =6.56 (2= 1.00)
s 10}
= |
8 i
2 s |
3 i O — R, =4.01, P_=4.47 (> = 1.00)
0 1 — ,‘ -y L L L L L L L L L L
0 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18
Dimensionless Time, T
10 T T T T T T T T T T T T T T L T T PZ 14
c) 4
- @ CI (CMR) ( )_ 12
8| #K* (CMR) - g
B CMR =-0.937 + 0.982T -7 110
6l (2= 1.00)\ -7 O cI (T-CMR) | -
[0 P P 18
= - O k* (T-CMR 0
3 T, =3.96 - P ( )11° 2
' | - = T T I I I I I I Ir1rrrrr7r 16 X
- | I 2 e 1T §
SN 14
- CMR = -3.94 + 0.995T (12 = 1.00) 1
R, =1.00 ]2
L 1 1 1 1 1 1 1 1 1 L O
8 9 10 11 12 13 14 15 16 17 18 19

Dimensionless Time, T

Figure5.35 Chemical transport analyses for determination of column Péclet nuRbear(d/or
retardation factorRy) for unamended backfill permeated with 35 mM KCI (Test No. 1): (a)
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Figure5.38 Chemical transport analyses for determination of column Péclet nuRear(d/or
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Figure5.39 Chemical transport analyses for determination of column Péclet nuRbear(d/or
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Figure5.44 Chemicaltransport analyses for determination of column Péclet nurfpgiaad/or
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Figure5.49.Comparison of the retardation fact®y) and distribution coefficient{y) based on
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Figure5.50.Comparison of the retardatioadtor Ry) and distribution coefficient{y) based on
the CMR regression to the column test and batch equilibrium adsorption tests (BEATS): (a)

Ra.seat (Langmuir model) versuRy coumn (D) Ry seat (Freundlich model) versuBy coumn (C)
Kg geat (Langmuir model) versusy coumn (d) Kqseat (Freundlich model) versu§y column
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Figure 5.51. Comparisorof the retardation factorRj) based on th€&€MR regression to the
column test and batch equilibrium adsorption test (BEAT)R{@kat (Langmuir model) versus
Rd.coumn for 35 mM KCI; (b) Ry geat (Freundlich model) versuRy coumn for 35 mM KCI; (c)
R4 seat (Langmuir model) versu&qy coumn for 20 mM ZnCh; (d) Rqseat (Freundlich model)
versusRy coumn for 20 mM ZnCh; (e) Ry geat (Langmuir model) versuBRq coumn for 17.5 mM
KCI plus 10 mM ZnC4; (f) Rq.geat(Freundlich model) versuRy coumnfor 17.5 mM KCI plus 10

mM ZnCl,.
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Figure 5.52. Comparison of the retardation factd{qf based on th&€€MR regression to the
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CHAPTER6 SUMMARY AND CONCLUSIONS

6.1 SUMMARY

The results ofan investigation into the applicability of zeolite asmendmentto
conventional soibentonite(SB) vertical cutoff walls for geoenvironmental containment were
presented. The physical, chemical, dodgterm performance oftinamended anaeolite
amended SB backfills were compairiedtierms of latch equilibrium adsorption tests (BEATS)
numerical simulationbased on the BEATesults and column tests with regard moonovalent

(K™) or divalent (ZA") cations, andor different types and added amounts of zeolite.

6.2 CONCLUSIONS

(1) Comparison of theneasureghysical propertiesf the unamended and zeolaenended
backfills indicated thaadding a small amount okalite € 10 % by dry weight}o the
traditional soibentonite (SB) backfill had littleeffect on the slump, consolidation
behavior and hydraulic conductivitk)( For example, he compression indefC.) was
0.24for theunamendedand 0.19< C. < 0.23 for the zeolitamended backfillsAlso, k
measuredin flexible-wall permeameter was 2.410'° m/s for the unamended, and
1.2x10" < k < 3.9x10'° m/s for thezeoliteamended backfillssuch that all backfills
satisfied the required low of < 1.0x10° m/s typically requiredfor SB vertical cutoff
walls used for contaminant containment.

(2)  The batch equilibrium adsorption tes{BEAT) resultsindicated thatthe adsorptive
behaviors of K and Zn tboth theunamended and zeolitanendedbackfill sorbents
were nonlinear over the concentration ranges of intédekt-1,000 mM KCI or ZnC)).

Depending on the specific zeolite, the addition of 08&l\¥6 zeolite incresed the
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3)

(4)

adsorption capacitselative to that for the unamended backfill sordgna factor ranging

from 6.2 to 7.3for K and from2.8 to 3.4for Zn, whereas 10 % zeolite amendment
increased the adsorption capacity by a factor ranging from 7.5 to 13.5 for K and 3.1 to 3.7
for Zn. The lower increase in adsorption capacity for Zn relative to K was attribmted t
preferential selectivity of Krelative toZn and the competingoluble salts dationg
associated with the added zealifehe adsorption behavior of both K and Zn was
consistent with cation exchange as the dominant mechanism, provided chemical
speciation (complexation) of Zn was taken into account.

The containment performance of lypothetical 1-m-thick SB vertical cutdf wall
comprisingunamended or zeold#@mended SB backfillgith respect to the migration of

K and Znwas evaluated via numerical simulatiamsing the BEAT results as input for

the modeling The improvement in the containment of a metals reflected byan
increase in the barrier flux breakthrough time,For K, tg increased with decreasirig,
andincreasing zeolite content. The results for Zn were similar to thos€ é&xcept at

lower values ofC, (i.e,, 100 and 1,000 mg/L), where anomalous adsorghemavior
resulted in better performance with the unamended backfill relative to thgeze
amended backfillsHowever, & the input for the numerical model was based on the
BEAT results the béter performancef the unamended backfill relative to the zeolite
amended backfilldor Zn was considered the reflection of BEAT resultdere the
adsorption of Zn was subjected to competition with the excess soluble and exchangeable
cations associated with the added zeolite.

Long-term column test€l.05 to 375 yr) were performed for the unamended and zeolite

amended backfills under conditionthat were more representative of practical
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applications relative tthose imposed bthe BEATS. The k increasedvhen permeated
with a salt solution i(e.,, 35 mM KCI, 20 mM ZnC{4, or 17.5 mM KCI plus 10 mM
ZnCl,), indicating somancompatibility of the backfills However the k for all of the
column specimens were 1.0x10° m/s such that all the specimens would be suitable as
backfills for SB vertical cutoff walls used for contaminant containmerithe
improvemenin attenuation capacityasreflected by an increase in the retardation factor
(Rg). The Ry for the 5 % zeoliteamended SB backfillselative to theRy for the
unamended backfill, oRy amendedRdunamendes WaSs 2.4 to 3.2or K and1.4 to 2.2for Zn.
The lower increase in attenuation capatiyZn relative to Kis attributed to greateRy

for Zn o 6.88 with the unamended backfilelativeto theRy for K of only 4.01.The Ry
alsocorrelated with the measur&EC of the backfills, supporting the assertion that the
adsorptiormechanism for the backfills wasition exchange. Alsthe Ry for Zn from the
column test were greaterthan thoseobtained from the BEAT resultsyhich was
attributed toremoval of competingoluble salts qationg associated with the added
zeolitevia permeation witldeionized wateprior to permeation with thealt solutionin

the column testsFinally, for the salt solution mixtureof 17.5 mM KCI plus 10 mM
ZnCl,, K was retarded to greaterextent Ry = 14.1for salt mixture vsRy = 13.0for
single salt solution), buZn was retarded to lesserextent Ry = 13.6for salt mixture vs.

Ry = 15.0for single salt solutionjor the SB backfill amended with % chabazitéJB,
whereas for the 5 % clinoptilolt@mended backfilK was retardetb agreater extentRqy

= 10.3for salt mixture vsRq = 9.77 for single salt slition), and Zn wasretardedto a
greater extenfRy = 14.1for salt mixture vsRy = 9.67for single salt solution)lherefore,

competition between K and Zn within the salt mixture for the available sorption sites

303



6.3

affected thaetardationof both K and Zn, but the effect on Zn retardation was different

based on the type of zeolite used as the backfill amendment.

RELEVENCE OF RESEARCH

Theresults of this studgonfirm the hypothesis that the use of zeolite amendneh0 (%

by dry weight) did not havsignificanteffecton the engineering properties and resulted in more

sustainable andhemicalresistant attenuation capacity relative to the conventiamamended

soil-bentonite backfill commonly used in geoenvironmeotaitainment applications

6.4

(1)

(2)

)

RECOMMENDATIONS FOR FUTURE RESEARCH

Batch equilibrium adsorption tests (BEATshould be performed using sorbents
(backfills) with bentonite and zeolites that have been subjected to dialysis to remove
soluble salts to allow for a comparison with the results from Chaptec@firm that the
soluble cations associated with the zealitnended backfills interfergith the adsorption

of Zn.

Additional BEAT results also should be performed to generate data that areestitfici
allow for regressions using the Langmuir and Freundlich adsorption models
corresponding the concentrations ranging from zero to 100 mg/L and zero to 1,000 mg/L
for the purpose of revaluating the anomalous adsorption behavior for Zn based on the
regressions over the entire range of daég £ 10,000 mg/L) as described in Chapter 4.
Additional feld demonstrationshould be performetb addressadditional factors that

may affect the performance of the zechtmended SB backfdllas vertical cutoff wad

for geoenvironmental containment.

304
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TableA.1. Slump test datbor the unamended and zeolite-amended soil-bentonite basdldafitl mixtures.

Unamended 2 % Chabazité B 5 % Chabazitd B 10 % ChabazitéB 5 % ChabazitéJB 5 % Clinoptilolite
wg (%)% | —AH (mm)° | wg (%) | —AH (mm)° | wg (%)* | —AH (mm)° | wg (%)* | —AH (mm)® | wg (%) | —AH (mm)° | wg (%)? | —AH (mm)°

33.06 4 36.50 85 35.50 40 35.70 10 37.80 44 29.20 7
33.13 9 36.60 92 35.60 40 35.20 17 37.80 45 29.80 14
36.30 45 36.80 92 36.00 52 35.10 22 38.20 45 30.10 17
36.30 50 38.00 105 38.60 75 38.80 60 37.50 46 31.90 18
39.54 95 37.90 107 37.80 90 38.80 60 37.20 50 31.20 20
39.54 100 38.10 108 39.20 110 38.80 80 38.20 50 31.70 25
40.07 100 39.30 117 40.90 130 41.70 110 38.60 53 34.80 54
41.92 139 39.60 120 40.70 150 41.00 115 39.00 54 34.70 63
42.15 134 39.50 128 41.00 155 41.00 120 38.10 70 34.30 68
42.38 139 40.00 130 42.30 160 43.40 165 40.70 75 36.80 85

45.97 214 40.30 132 42.10 177 43.90 168 41.30 115 37.10 100

46.20 220 39.80 135 42.50 180 43.90 170 41.00 130 37.10 105

40.10 140 44.50 205 44.00 174 44.26 140 37.50 105

39.50 145 45.10 210 43.50 180 43.98 145 36.50 108

40.00 155 45.40 218 44.10 188 44.20 155 37.60 117

50.10 194 37.90 123

48.10 205 38.00 123

48.30 210 38.30 135

39.70 158

39.60 165

39.70 170

2 Backfill water contentwg (%)
® Slump, ~AH (mm)
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Table A.2 Consolidation test data for SB backfill-slurry mixtures preparg@sanm slumps.

Effective \Void Ratio,e

stressp’ Unamended 2% 5% 10 % 5% 5 %

[kPa (psi)] ChabaziteLB | ChabaziteLB | ChabazitelB | ChabaziteUB | Clinoptilolite
(3?45) 1.143 1.058 1.069 1.085 1.019 0.987
48
20) 1.09 1 1 1.02 0.96 0.931
96
a9 1 0.938 0.94 0.946 0.897 0.88
(12982; 0.93 0.878 0.87 0.876 0.836 0.819
3586?; 0.8565 0.82 0.804 0.807 0.78 0.76
(ﬁ?) 0.794 0.758 0.738 0.737 0.7126 0.707
1532
(222 0.72 0.699 0.672 0.668 0.652 0.651
3586?; 0.73 0.7 0.679 0.673 0.6588 0.66
(22) 0.74 0.715 0.685 0.678 0.6655 0.67
(3?45) 0.743 0.719 0.689 0.68 0.67 0.674
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Figure Al. Constituent materialused in this study.
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Figure A.2. Pictorial view of the acrylic cylinder used for the flexivhdl setup.

309



10—7 o 10»6 [ 3 10_8

10-8 :',- 10-7 S : ] 10-9

: ; : Unamended
lo_guu\u I i L . 0_11

0 5 10 15 20 25 30 35 40 60
Elapsed Time, t (days)

Hydraulic Conductivity, k (cm/s)
(syw) 3 ‘Auanonpuo) alnelpAH
Hydraulic Conductivity, k (cm/s)
(sjw) % ‘Auanonpuo) alnelpAH

10—8 0—10

10”7 I ] 10° 107F

108} 108F:

5 % ChabaZ|te LB 10 % Chabazne LB

(s/w) 3 ‘AuAnanpuod olneipAH
Hydraulic Conductivity, k (cm/s)
(syw) 3 ‘Auanonpuo? olnelpAH

Hydraulic Conductivity, k (cm/s)

109 b — 101t 100l L 101t
0 5 10 15 20 25 30 0 5 10 15 20 25
Elapsed Time, t (days) Elapsed Time, t (days)

10'7 ,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,, 7110° 10-6 108

107F 10°

(s/w) 3 ‘AuAnonpuod olnelpAH

Hydraulic Conductivity, k (cm/s)
Hydraulic Conductivity, k (cm/s)
(s/w) % ‘AuAnonpuo?d olnelpAH

OO O U O OO O O
0 5 10 15 20 25 30 35 40 0 5 10 15 20 2

Elapsed Time, t (days) Elapsed Time, t (days)

108

(31
o
A
o

Figure A.3 Measured hydraulic conductivityfor duplicate specimens in flexibigall
permeameter@s a function of elapsed time for each unamended and zawolgeded soil
bentonite bekfill s prepared at 125+12.5 mm slump.

310



10° 10°

107 F 107 =
F 24 kPa - —O— Unamended
—8— 2% Chabazite-LB
—-5% Chabazite-LB [ 10™°
——10% Chabazite-LB
—0—5% Chabazite-UB

—&— 5% Clinoptilolite

—O— Unamended
—8— 2% Chabazite-LB
—~ 5% Chabazite-LB ] 10™°
—— 10% Chabazite-LB
—0—5% Chabazite-UB

—— 5% Clinoptilolite

108 108

10° 101t 10 1011

1010 | 1012 1010 ; 1012

Hydraulic Conductivity, k (cm/s)
(s/w) 3 ‘AnAnonpuo? alnelpAH
Hydraulic Conductivity, k (cm/s)
(s/w) 3 ‘AnAnonpuo? alnelpAH

101

10-11””\””““\““““710’13 10-117””\””””\””

0 5 10 15 20 25 0 5 10 15 20 25
Elapsed Time, t (hrs)

107

—O— Unamended
—8— 2% Chabazite-LB
—-5% Chabazite-LB § 10™°
——10% Chabazite-LB
—0— 5% Chabazite-UB

—O— Unamended
—8— 2% Chabazite-LB
—0—5% Chabazite-LB § 10™°
——10% Chabazite-LB
—O— 5% Chabazite-UB

108 108

10°

Hydraulic Conductivity, k (cm/s)
(s/w) 3 ‘AuAnonpuo? alnelpAH
Hydraulic Conductivity, k (cm/s)
(s/w) 3 ‘AuAnonpuo? alnelpAH

—e—5% Clinoptilolite ~ § 10™ 10° —e—5% Clinoptilolite ~ § 10™
10710 ' 1012 1010 7 .| 1012
11 L . L _ 10-13 11 L L ) 10»13
1075 510 15 20 25 1075 5 10 15 20 25
Elapsed Time, t (hrs) Elapsed Time, t (hrs)
107 e 10° 107 = 10°
383 kPa —O— Unamended 766 kPa —0—Unamended

[ (56 psi)

(111 psi) - —8—2% Chabazite-LB o
—1-5% Chabazite-LB § 10°
——10% Chabazite-LB

—0—5% Chabazite-UB

—8— 2% Chabazite-LB
—~5% Chabazite-LB § 10™
—— 10% Chabazite-LB
—O0—5% Chabazite-UB

108 108

(s/w) 3 ‘Ananonpuod olnelpAH

(s/w) 3 ‘AiAnonpuo) alnelpAH
Hydraulic Conductivity, k (cm/s)

Hydraulic Conductivity, k (cm/s)

10° —e—5% Clinoptilolite  § 10™* 107 —e—5% Clinoptilolite  § 107
1010 ' 1012 1010 4 1012
acl 1013 11 T A R 1013
10 0 5 10 15 20 25 10 0 5 10 15 20 25
Elapsed Time, t (hrs) Elapsed Time, t (hrs)

107 F——— — 10°
—O—Unamended
—8— 2% Chabazite-LB
—O-5% Chabazite-LB § 10
——10% Chabazite-LB
—0—5% Chabazite-UB "
—&— 5% Clinoptilolite 10

[ (222 psi) -

108

10°

101

Hydraulic Conductivity, k (cm/s)
(s/w) 3 ‘Ananonpuo? alneipAH

-11"‘H\‘“‘\““\““\““«10-13
10, 5 10 15 20 25

Elapsed Time, t (hrs)

Figure A.4 Measured hydraulic conductivityn fixed-ring oedometer cells as a function of
elapsed time for each unamended and zeatitended soibentonite backfil prepared at 125
mm slumpsat different consolidation effective stress (c').

311



0.000 — 0.045 ; T
o OOSL i Unamended: ¢ = 24 kPa (3.5 psi) L ‘ Unamended: o' = 48 kPa (7.0 psi)
) o
£ 0010 *e g 0.050 \
S
= 0015F w = .
> 0.055
= 0.020 | \.\ =
S S »
= 0.025F \o\ =
g g 0.060 N
5 0030} \R 5
() [
J 0.035 |- o O 0.065 h
.040 . h
0040 T\‘\Q_ gl
0.045 RN 0.070 i Pl
0.1 1 10 100 1,000 10,000 0.1 1 10 100 1,000 10,000
Elapsed Time, t (min) Elapsed Time, t (min)
0.065 T - - 0.105 ]
¢ | Unamended: ¢ = 96 kPa (13.9 psi) . Unamended: o = 192 kPa (27.8 psi)
0.070 |44 : 0.110
F e 1107
g 0.075¢ € 0.115f
£ 0,080} E i
o : b\ < 0.120f
= 0.085F - F
S E S 0125} ;
g 0.090 2 E Q
5 0.095| g 0'1305
2 0.100 g 0135}
0.105F 0.140F
3 ; il Tee b Do
0.110 . . : -
0.1 1 10 100 1000 10000 ™37 1 10 100 1,000 10,000
Elapsed Time, t (min) Elapsed Time, t (min)
0.135 0.170 ‘1‘: :
Unamended: ¢ = 383 kPa (55.5 psi) o (lilUnamended: ¢ = 766 kPa (111.1 psi)
0.140 0.175 b
£ 0145 @ £ 0180 ‘\\
S 0.150 S
= = 0185 ",
© 0.155 \ 2
IS \ T 0.190
£ 0.160 £ Na,
S L 0.195 A
8 0.165 \ 8 *‘-.7‘\.\'
0.170 . A 0.200
| e
0.175 e 0.205
0.1 1 10 100 1,000 10,000 0.1 1 10 100 1,000 10,000
Elapsed Time, t (min) Elapsed Time, t (min)
0.195 T T T
Unamended: o' = 1532 kPa (222.2 psi)
0.200 =Y
£ 0.205 &
S 0.210f
c b
.© 0.215¢
T r
€ 0.220}
£ E
8 0.225 i
0.230f ' T\‘*
0235+ il e

0.1 1 10 100 1,000 10,000
Elapsed Time, t (min)

FigureA.5. Results of settlement as a function of égpsedime for the unamended SB backfill.

312



I L T B B L L R B S ) B LA 0045 A L I R A R A IR B A
Unamended: ¢ = 24 kPa (3.5 psi)] s Unamended: ¢ = 48 kPa (7.0 psi
g g 0.050:3 :
© T 0.055[
§ § |
=] *(E L
g £ 0.060
o o [
L = 7
a O 0.065}
g [ ; : T
| e [ RN i | e
i } ‘" I i s e = =27 W 0.070 i i T . i
5 10 15 20 25 30 35 40 0 5 10 15 20 25 30 35 40
Elapsed Time, t¥2 (min) Elapsed Time, t2 (min)
0.065 R HO””“‘d‘a_‘ ‘,“_”g‘ei("‘:““ié‘g“h.‘ L A B B B B B L B A
0070 " namended: o = a(1s.9 psl Unamended: ¢ = 192 kPa (27.8 psi)
£ 0.075 * € E
£ 0.080 E
= 0.085 * =
c U I
<] S
< 0.090F =
£ * £
5 0.095} ¥ S
A 0.100} 8 1o
0.105 }«,r_,__ . | T_ i
0110k Y : :

0 5 10 15 20 25 30 35 40 10 15 20 25 30 35 40

Elapsed Time, t“2 (min) Elapsed Time, t2 (min)
— T 0.170 T R N R R R LR I
Unamended: o' = 383 kPa (55.5 psi 1758 Unamended: o' = 766 kPa (111.1 psi)]
- o ‘ 1
£ £ 0.180]
~ =
- - 0.185["
S §
® < 0.190
: : .
] (o)
S s 0.195 b\‘\
a] a) o9 g ]
L 0.200 il -1
. f__‘r____ : EERERERE N /
L : ‘ i 0.205 :
5 10 15 20 25 30 35 40 0 5 10 15 20 25 30 35 40
Elapsed Time, t2 (min) Elapsed Time, t2 (min)

Unamended: ¢ = 1532 kPé 2222 pSI

Deformation, d (mm)

el ]
MR
5 10 15 20 25 30 35 40

Elapsed Time, tY2 (min)
FigureA.6. Results of settlement as a function of squareelapsedime fortheunamended SB
backfill.

313



T Cvbme LB g A wPa Gopey| OO T
: ~> P i\ 2% Chabazite-LB: ¢ = 48 kPa (7.0 psi)
— 0.015@< g i
E 00050 —0-¢.. £ 0.020 \
©
< R = 0025
S . 4| S b\
@ T 0.030
£ vo10 e, £
S o.
% A Y £ 0.035
@) .. o)
.04
Pee no fhingubd
0.015 : L 0.045 i il i
0.1 1 10 100 1,000 10,000 0.1 1 10 100 1,000 10,000
Elapsed Time, t (min) Elapsed Time, t (min)
0040 T T N | . 0070 ‘ R T T HER R o T
6_ . 2% Chabazite-LB: o' = 96 kPa (13.9 psi) ®—a_ 2% Chabazite-LB: o = 192 kPa (27.8 psi
0.045 . 0.075 %
N .
£ 0.050 £ 0080
© © *
g 0.055 = 0.085
g 0.060 \ § 0.090 :
S S
£ 0.065 £ 0.095 .
a .kl 3 0 o.
T0-g. 10—
0.070 T—O ' 0.100 e
0.075 AR 0.105
0.1 1 10 100 1,000 10,000 0.1 1 10 100 1,000 10,000
Elapsed Time, t (min) Elapsed Time, t (min)
0.100 0.125 T
2% Chabazite-LB: o = 383 kPa (55.5 psi) o 130L 2% Chabazite-LB: ¢ = 766 kPa (111.1 psi)
_.0.105 — \
e .\‘ € [
£ £ 0135} ‘
Z0.110f - w = : \
g - 0.140
c < [ b\
50115} 2 ;
g \ g 0145 eI i i R
50120 5 o1s0] -
© o, 3] : e
[a) al b h ¥
0.125 3 0.155f B e
| e, : T* e
0.130 s 0.160" e
0.1 1 10 100 1,000 10,000 0.1 1 10 100 1,000 10,000
Elapsed Time, t (min) Elapsed Time, t (min)
0.155 e T T T T
i\ 206 Chabazite-LB: o = 1532 kPa (222.2 psi)
0.160f g
3 E ?
£ 0165 &
o ;
= 0.170f
S :
T 0.175f
€ E
£ 0.180f \mi
a I \&**_
0.185} .-
0.190k e
0.1 1 10 100 1,000 10,000

Elapsed Time, t (min)

Figure A.7. Results of settlement as a function of log time for SB backfill amended with 2 %
chabazitel B.

314



0.000
F 2% Chabazite-LB: o' = 24 kPa (3.5 psi
’g 3
~ 0.005 é
© ©
c c
el o
o IS
IS £
5 0.010 5
@ ©
) a
\T“~T-——__
O'0150 5 10 15 20 25 30 35 40
Elapsed Time, t2 (min)
0040 A L L ) B B L L B ISP L L DL I S U N IR A |
2% Chabazite-LB: ¢ = 96 kPa (13.9 psi
0.045
IS IS
£ 0.050 é
© ©
< 0.055 =
§e] §e]
T 0.060 I
£ £
o (]
< 0.065 2
) a
0.070 O g °
0.075, 5 10 15 20 25 30 35 40
Elapsed Time, t2 (min)
0100 LR B L B L D I A A IO L A B I M BRI |
2% Chabazite-LB: ¢' = 383 kPa (55.5 psi)]
_.0.105 1
E IS
— 0.110 é
© ©
c c
© 0.115 o
g g
5 0.120 5
3 3
0.125
Tt
0.130 Ll : : .
5 10 15 20 25 30 35 40
Elapsed Time, t¥2 (min)
0.155 A L S B L L I I L B B S LN H ISR
2% Chabazite-LB: ¢' = 1532 kPa (222.2 psi
0.160
IS
£ 0.165
©
= 0.170(9
K] i
T 0.175
£
o
E’ 0.180
@
0.185 @ g
0.190 3 5 3
0 5 10 15 20 25 30 35 40

Elapsed Time, t*2 (min)

0.010 [~

UL
2% Chabazite-LB:

¢ =‘4‘8 kPa (7.0 psi

0.015@

0.020 [}

0.025 |-,

0.030

0.035

0.040

. ; *

0.045

o

5 10

15 20 25 30 40

Elapsed Time, t“2 (min)

35

0.070

206 Chabazite-LB: o = 192 kPa (27.8 psi

0.075

)

0.080

0.085[

0.090-¢

0.095[~

e o

5 10 15 20 25 30 40

Elapsed Time, t“2 (min)

35

T L
2% Chabazite-LB: o' =

66

kPa (111.1 psi)

0.135

0.140F;

0.145f 4

0.150

0.155

0.160

5 10 15 20 25 30 35
Elapsed Time, t“2 (min)

40

FigureA.8. Results of settlement as a function of square root time for SB backfill achenth
2 % chabazité.B.

315



0.000 . - 0.010 T
5% Chabazite-LB: ¢ = 24 kPa (3.5 psi) L i 111i5% Ch 8 kPa (7.0 psi)
0.0159— @@ b S e
E £ 0.020
£ 0.005 E0 i\
© ©
g— g 0.025
g » ‘é 0.030 \
S 0010 e S 0035
a e , a
0.040
0.015 0.045 | T 609 o
0.1 1 10 100 1,000 10,000 0.1 1 10 100 1,000 10,000
Elapsed Time, t (min) Elapsed Time, t (min)
0-040 L T “‘M“. L LM i T AR i “‘-m 0070 T T T mEER:! —rrT T T T T
5% Chabazite-LB: ¢ = 96 kPa (13.9 psi L | 159 Chabazite-LB: ¢ = 192 kPa (27.8 psi)
0.045¢+- 0.075@—q
€ e o
£ 0.050 £ 0.080 \
'2 0.055 © 0.085
c
S \ S 0.090 \
< 0.060 5]
£ \\ £ 0.095
Lo S
o 0.065 ‘© 0.100 \
e al .
0.070 el 0.105
\._—“__"' *—& Hile @
0.075 i L 0.110 i L i
0.1 1 10 100 1,000 10,000 0.1 1 10 100 1,000 10,000
Elapsed Time, t (min) Elapsed Time, t (min)
0.105 T AR AR 0.135 1
‘\ i 5% Chabazite-LB: ¢ = 383 kPa (55.5 psi) L 5% Chabazite-LB: ¢' = 766 kPa (111.1 psi)
S P @ i
0.110 \ 0.140F =@
E 0.115 E 0.145
< 0120 I © 0150 LY
c
2 \\ © 0.155 ..
© 0.125 IS
£ £ 0.160 ®e
S S Ne.
« 0.130 u= n W
0.135 i 0.170 e
HEREH H\i“-"“.
0.140 o e 0.175
0.1 1 10 100 1,000 10,000 0.1 1 10 100 1,000 10,000
Elapsed Time, t (min) Elapsed Time, t (min)
0.165 T T T
F 5% Chabazite-LB: ¢ = 1532 kPa (222.2 psi)
0.170¢
E 0175 "\ ‘
g R 3
- 0.180 /
S 0185
©
£ 0.190
o
© 0.195
a
0.200 - rg \
0.205 AN S

0.1 1 10 100 1,000 10,000
Elapsed Time, t (min)

Figure A.9. Results of settlement as a function of log time for SB backfill amended with 5 %
chabazitel B.

316



0000 L A N S L L B A IS LR B B U H IR | OOlO T T T T T T T T e
r 5% Chabazite-LB: ¢ = 24 kPa (3.5 psi 5% Chabazite-LB: o' = 48 kPa (7.0 psi)
0.015
E | E 0.020 |
~ 0.005[ -
© Fia °
= = 0.025
§e] RS [
T T 0.030[
IS | £
5 0.010F"Ng 5
S . o g £ 0.035
[a} T e a
0.040F
I e e B
0'0150 5 10 15 20 25 30 35 40 O'0450 5 10 15 20 25 30 35 40
Elapsed Time, t¥2 (min) Elapsed Time, t“2 (min)
0045 LRI R I B L U I I S LA L B B U H IR H‘“‘\w“\.\w”‘\‘\“\H\:\“‘MV“.J
‘ 5% Chabazite-LB: ¢' = 96 kPa (13.9 psi) 5% Chabazite-LB: ¢' = 192 kPa (27.8 psi
__ 0.050 -
é 0.055 ~
© ©
c j c
S 0.060[ S
5] ‘ 5]
IS IS
5 0.065 5
© ©
a o
0.0704 |
R 8 ’ : : T——_— ; i
0.075 - ‘ ‘ ‘ . ‘
0 5 10 15 20 25 30 35 40 10 15 20 25 30 35 40
Elapsed Time, t2 (min) Elapsed Time, t“2 (min)
0.105 T L T L B B L L B B S L T m\w.\\ww\lm‘\ LS L
5% Chabazite-LB: ¢ = 383 kPa (55.5 psi) 5% Chabazite-LB: ¢' = 766 kPa (111.1 psi
0.110
€ Fl IS
€ 0.115 g
© E ©
= 0.120F g
2 e S
T 0.125[\ ©
£ a £
(o) L (]
w5 0.130f S SUs
a - e
0.135F — L]
F f -’_— ———— :
0.140" flhiand ‘ : :
0 10 15 20 25 30 35 40 10 15 20 25 30 35 40
Elapsed Time, t2 (min) Elapsed Time, t¥2 (min)
0.170 B I B L ) I L L L B S L B L L O BRI
; 5% Chabazite-LB: ¢' = 1532 kPa (222.2 psi
0.1751%
= ‘
é 0.180 !
o
= 0.185
R :
T 0.190[ ¢
£
(]
5 0.195[+
e @
0.200 I e S S
0'2050 5 10 15 20 ‘ 25 30 35 ‘ 40

Elapsed Time, t2 (min)

FigureA.10. Results of settlement as a function of square root time for SB backfill amertted

5 % chabazité.B.

317



0.000

10% Chabazite-
H 1‘ :

LB: & = 24 kPa (3.5 psi)
0.005

e

o
o
=
o

)
o
o
=
3

Deformation, d (mm)
o o
o o
N N
(6] o

.

Deformation, d (mm)

10 100 1,000
Elapsed Time, t (min)

10

,000

psi)

10% Chabazite-LB: ¢/ = 96 kPa (13.9

b

\

Deformation, d (mm)

10 100 1,000
Elapsed Time, t (min)

1 10,

000

10% Chabazite-LB: o' = 383 kPa (55.5 psi)

e

.

d (mm)

Deformation

o

10 100 1,000
Elapsed Time, t (min)

10,

000

10% Chabazite-LB: o' = 1532 kPa (222.2 psi)

™

Deformation, d (mm)

10 100
Elapsed Time, t (min)

1 1,000

FigureA.11. Results of settlement as a function of log time for SB backfill amended with 10 %

chabaziteLB.

10,000

318

110% Chabazite-LB: o' = 48 kPa (7.0 psi)
| ;

o ©°
o o
a a
a O

0.060

[ _H\’_m_.
10 100 1,000
Elapsed Time, t (min)

0.065
0.1

1 10,000

0.090

0.095 :

10% Chabazite-LB: ¢' = 192 kPa (27.8 psi)

0.100
0.105
0.110
0.115
0.120
0.125
0.130

0.135
0.1

b\

g

» Qs-

10 100 1,000

Elapsed Time, t (min)

1 10,000

0.160
(N

0.165

psi)

10% Chabazite-LB: o' = 766 kPa (111.1

I

0.170

0.175

0.180

0.185

0.190 ..
-0 ¢

0.195 @

0.200
0.1

1 10 100

Elapsed Time, t (min)

1,000 10,000



0.000 R L L L L L B L B | 0.030 R L L L L L B B A L B A |
10% Chabazite-LB: o' = 24 kPa (3.5 psi 10% Chabazite-LB: ¢' = 48 kPa (7.0 psi
0.005 0.035
€ e £
g 0.010[°%: £ 0.040(
° w 5 g
< 0.015¢ < 0.045
§e] F §e]
T 0.020f T 0.050
E £
[e) [ (]
o 0.025: 5 0.055
a ; b\ a
0.030f b g 0.060[
: T T TTTe T ®
0.035 ‘ ‘ : : 0.065 : L . : :
0 5 10 15 20 25 30 35 40 0 5 10 15 20 25 30 35 40
Elapsed Time, t2 (min) Elapsed Time, t“2 (min)

10% Chabazite-LB: ¢ = 192 kPa (27.8 psi

10% Chabazite-LB: o' = 96 kP

a (13.9 psi

Deformation, d (mm)

Deformation, d (mm)

_—W“—_ ‘ ]

5 10 15 20 25 30 35 40
Elapsed Time, t“2 (min)

5 10 15 20 25 30 35 40
Elapsed Time, t2 (min)

M L L R L U L I I L B B S I L UL B BT UL A B B S N BT
10% Chabazite-LB: ¢' = 383 kPa (55.5 psi 10% Chabazite-LB: ¢’ = 766 kPa (111.1 psi

Deformation, d (mm)
Deformation, d (mm)

_‘_—T——“__

5 10 15 20 25 30 35 40 5 10 15 20 25 30 35 40
Elapsed Time, t*2 (min) Elapsed Time, t¥2 (min)

o T LR A
10% Chabazite-LB: ¢' = 1532 kPa (222.2 psi

Deformation, d (mm)

e
a e

02300510 15 20 25 30 35 40

Elapsed Time, t¥2 (min)
FigureA.12. Results of settlement as a function of square root time for SB backéihded with
10 % chabazité-B.

319



0.000 T L L R L B R AL B I RS 0.030 " 1) s e R LI 2 s w2 man
L | |1:5% Chabazite-UB: o' = 24 kPa (3.5 psi) L i |115% Chabazite-UB: ¢' = 48 kPa (7.0 psi)
0.005T ~®~g i 0.0357™ \
€ ‘ T h
3 0.010 £ 0.040
© ©
= 0.015 = 0.045 .‘\
o o
T 0.020 T 0.
£ £ 0.050
£ 0.025 . £ 0.055 .
fa e, a g
0.030 e ee, 0.060 e
r\. e
0.035 — i . L ; ;
0.1 1 10 100 1,000 10,000 0 06%.1 1 10 100 1,000 10,000
Elapsed Time, t (min) Elapsed Time, t (min)
0.060 N e 1 4] M 4 0.090 T - -
"\Q 5% Chabazite-UB: ¢ = 96 kPa (13.9 psi) ®.__ 5% Chabazite-UB: ¢ = 192 kPa (27.8 psi)
0.065 0.095 %
3 £
£ 0.070 £ 0.100 *
© ©
= 0.075 = 0.105
2 i) »
T 0.080 ® 0.110
E E \
(=) _ ]
g 0.085 \ -g 0.115 .,
0.090 *a—e—e—.r_.* ‘e 0.120 **‘*'*’T‘*Q---~i
0.095 SIS IR 0.125 i
0.1 1 10 100 1,000 10,000 0.1 1 10 100 1,000 10,000
Elapsed Time, t (min) Elapsed Time, t (min)
0.115 T T 0.145 T T
5% Chabazite-UB: ¢' = 383 kPa (55.5 psi) &\ 5% Chabazite-UB: ¢' = 766 kPa (111.1 psi)
0.120 0.150
3 3
£ 0.125 —\ £ 0.155 .
© ©
= 0.130 < 0.160
S » S 1
© 0.135 bbb bbbl Ll L T 0.165 bt bbb bbbl L L L L]
£ £
(=) (]
£ 0.140 % 0170
) a)
0.145 o 0.175
: b T‘i—m—. : ; *T.“~
0.150 i i R 0.180 H R ; "“‘.
0.1 1 10 100 1,000 10,000 0.1 1 10 100 1,000 10,000
Elapsed Time, t (min) Elapsed Time, t (min)
0175 L] T T T T Tt
5% Chabazite-UB: ¢ = 1532 kPa (222.2 psi)
0.180
€
€ 0.185
< 0.190
5 .
® 0.195
£
(]
5 0.200
a)
0.205
e
0.210 - ‘ [ire

0.1 1 10 100 1,000 10,000
Elapsed Time, t (min)

Figure A.13. Results of settlement as a function of log time for SB backfill amended with 5 %
chabaziteUB.

320



0000 L L L A L L e B
5% Chabazite-UB: ¢ = 24 kPa (3.5 psi
0.005 =
B f 3
£ 0010/ ® E
gl F ko]
S 0.015E i S
S r c
g 0.020} g
S F o
£ 0.025}- T
A i A
T T e
0035510 15 20 25 30 35 40
Elapsed Time, t“2 (min)
0.060 . IR L L L L L L L L
: 5% Chabazite-UB: ¢ = 96 kPa (13.9 psi
0.065]
€ :l IS
£ 0.070} £
© : ©
= 0.075} =
2 F 9o
T i T
g o.oaoE g
[e] I o
S 0.085 £
a N a
0.090 ol
0095, =510 15 20 25 30 35 40
Elapsed Time, tY2 (min)
0115 L L L L A L O T B A A A BT |
5% Chabazite-UB: ¢ = 383 kPa (55.5 psi
0.120
= €
£ 0125 3
© ©
= 0.130 =
2 9
T 0.135 T
£ £
o o
5 0.140 5
a a
0.145 g
Haihine *
0150="5 10 15 20 25 30 35 40
Elapsed Time, t2 (min)
0175 ' AR I M L I DAL B L LN B R B UL S LN I SR U N B |
| 5% Chabazite-UB: ¢ = 1532 kPa (222.2 psi
0.180%
S
E o185
=
= 0.190
S i
T 0.195
g i
(@] !
G 0200/
a )
0.205 [~
B ‘:-——f———_
0.210 L : : :
0 5 10 15 20 25 30 35 40

FigureA.14. Results of settlement as a function of square root time for SB backfill amerttied

Elapsed Time, t2 (min)

5 % chabazitdJB.

321

0.040H

0.045}

0.050

0.055F

0.060

0.065

0.090g
0.095
0100}
01051
0.110F;

0.115}+

0.120

0.180 ‘ 5 ‘10 15

Elapsed Time, t¥2 (min)

' 5% Chabazite-UB: ¢ = 48 kPa (7.0 psi

5 10 15 20 25 30 35
Elapsed Time, t2 (min)

5% Chabazite-UB: o = 192 kPa (27.8 psi

.o ‘ £

5 10 15 20 25 30 "20

Elapsed Time, t¥2 (min)

35

5% Chabazite-UB: ¢! = 766 kPa (111.1 psi

20 25 30 35



0.000

T T T T
5% Clinoptilolite: ¢ = 24 kPa (3.5 psi)
€ 0.005 P
E ha\
< L
S 0.010 \.4\.\
5]
£ A
£ .
8 0.015 N\'\_‘.
0.020
0.1 1 10 100 1,000 10,000
Elapsed Time, t (min)
0.040 T T T T T T T T
L 5% Clinoptilolite: ¢ = 96 kPa (13.9 psi)
_ 004598 |
ki
é 0.050
©
: \
S 0.055
©
e \
5 0.060
3
0.065 .
Ll TTeTre
0'0700.1 1 10 100 1,000 10,000
Elapsed Time, t (min)
0.095 U s S e o s
5% Clinoptilolite: ¢' = 383 kPa (55.5 psi)
0.100
o <
£ 0.105
©
= 0.110
o
© 0.115 ‘
£ \
o
5 0.120 'Y
o “\_.
0.125 R ==
i : \?’"‘-
0.130 SHBMRE Hiih.
0.1 1 10 100 1,000 10,000
Elapsed Time, t (min)
0150 T T HREARL T o T Tl T T
5% Clinoptilolite: o' = 1532 kPa (222.2 psi)
_ 0-155¢
£
\E/ 0.160 \
©
= 0.165 .\
Qo
T 0.170
é .
@]
5 0.175
a »
0.180
[*ttree e
0185 HTl N H il
0.1 1 10 100 1,000 10,000

Elapsed Time, t (min)

Deformation, d (mm) Deformation, d (mm)

Deformation, d (mm)

O.OlSL

5% Clinoptilolite: o' = 48 kPa (7.0 psi)

0.020

0.025

0.030

0.035

0.040

0.045

i

tee e

0.1

10 100 1,000
Elapsed Time, t (min)

10

,000

0.065 w
0.07OL

5% Clinoptilolite: ¢ = 192 kPa (27.8 psi)
Hl

0.075

.
\

0.080

0.085

0.090

0.095

0.100

> 600 o . L@

0.1

100 1,000

10
Elapsed Time, t (min)

1

10,000

0.125
O.lSOi\‘

59 Clinoptilolite: ¢ = 766 kPa (111.1 psi)]

0.135

"

0.140

N

0.145

0.150

0.155

0.160
0.1

10 100
Elapsed Time, t (min)

1 1,000

10,000

Figure A.15. Results of settlement as a function of log time for SB backfill amended with 5 %

clinoptilolite.

322



0.000 0.015
5% Clinoptilolite: o' = 24 kPa (3.5 psi 5% Clinoptilolite: ¢ = 48 kPa (7.0 psi
= . 0.020 1
E 0005 £
= ~ 0.025 71
© ©
c c
.2 0.010 .2 0.030 &
o ©
IS E
S 5 0.035 .
@ 0.015 e EREN P SN R a
= T e 0.040 1
i e
3 0.045 e
0.020, 5 10 15 20 25 30 35 40 ' 10 15 20 25 30 35 40
Elapsed Time, t2 (min) Elapsed Time, t“2 (min)
LRI A L e B A B 1 S 0.0653 I L L I L S AL S
5% Clinoptilolite: ' = 96 kPa (13.9 psi) s 5% Clinoptilolite: ¢ = 192 kPa (27.8 psi)
0.070
€ £ 1
1S é 0.075[
© ©
= = 0.080
RS RS |
g @ 0.085 ¢
E E
@] (=]
S < 0.090
a) [a}
e 0.095[
\ ; -‘H_———‘-’\_————_____——__—'l_ 0.100 ; w L _’—__—!_____ i
10 15 20 25 30 35 40 ' 0 5 10 15 20 25 30 35 40
Elapsed Time, tY2 (min) Elapsed Time, t¥2 (min)
LT I L s B L A B 1 R 0.1253 L B o L B B L O B L L |
5% Clinoptilolite: o' = 383 kPa (55.5 psi i 5% Clinoptilolite: o' = 766 kPa (111.1 psi
0.130
IS IS
E £ 0135
© © :
= = 0.140(9
2 o PY]
b= T 0.145
£ £
(] (]
5 % 0.150 o lo
[a) L [a) | o | il 1
Poeig 0.155 L4
; . —ﬁ—_—‘--’_—__———___““——'.
0.130 B S . : : 0.160 :
0 5 10 15 20 25 30 35 40 0 5 10 15 20 25 30 35 40
Elapsed Time, t2 (min) Elapsed Time, t¥2 (min)
0.155 LKA e e B B o
5% Clinoptilolite: o' = 1532 kPa (222.2 psi)
__ 0.160
E |
— 0.165
©
c
© 0.170
g
5 0175
3
0.180[
‘;““r————
0.185—t : 3 i
0 5 10 15 20 25 30 35 40

Elapsed Time, t¥2 (min)

FigureA.16. Results of settlement as a function of square root time for SB backfill amertted
5 % clinoptilolite.

323



APPENDIXB. SUPLIMENTARY DATA FOR CHAPTER 3

324



Final Suspention pH Final Suspention pH

Final Suspention pH

10

10 ——

10 ——

. O 0%
W 5%
O 10%

A 100 %]

4 6 8
Initial Solution pH

10

.’ O 0%
B 5%
O 10%

A 100 %]

4 6 8

10

.’ O 0%
m 5%
O 10%

A 100 %]

4 6 8
Initial Solution pH

10

Final Suspention pH Final Suspention pH

Final Suspention pH

10 ——

(b) ]
- A AA ///, -
£ o
g oo
O 0%
I ) m 5%
/,’ O 10%
- A 100 %]
i L1 A T B R
2 4 6 8 10
Initial Solution pH
10 LI | L DL L AL L LR R L L LY
: @]
- A‘AAA ]
B A C5)§ ]
@A O ‘
O 0%
I ) W 5%
/,’ O 10%
, A 100 %]
i L1 A T B R
2 4 6 8 10
Initial Solution pH
10 LI | T T T T
- AA ®
A ' L
4 Ko
5 o &
A L’
O 0%
I ) W 5%
’,’ O 10%
- A 100 %]
i L1 A T B T
2 4 6 8 10

Initial Solution pH

Figure B.1. Change in initial solution pH after the experiments for the unamended, zeolite
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The relative distribution of each hydroxginc species is derived based on the stability
constant. As the sum of each species should equal to the total concentr@ijorthe
concentration of each species for the correlating pH can be calclatdlde reported stability
constants differthe calculated zinc speciation differs. The pH rangmtefest for thisstudyis

marked as the shaded area in the figure.

1. Stability constants reported by Sillén and Martell (1964, 19@1ptability constants.” Spec.
Publs. 17, 1964, and 25, 1971, Chemical Society, London.

Total Zn(OH), concentrationC+

Solubility Product:  Zn(OH),, = Zrn** +20H [Zn*"][OH]? =K,

Complex formation: Zn*+OH = ZnOH' _[znoHT] _ K

[Zn*][OH] *
[Zn(OH), g ] _K

ZnOH' +OH = Zn(OH),,, ZnoH oH]

[Zn(OH):]  _
[Zn(OH),,, IOHT °

Zn(OH),,y *OH = Zn(OH),

Zn(OH); +OH = Zn(OHF [Zr[fg(lj;_“])[é L_] _K,

Wate ionization: H,O0= H"+OH [H'][OH] =K,
— K, =10""=1.4x 10; K, =1x10; K,=10""=1.3x 10; K,=10*=1.8x 10

Mass balance of zinc in solutio@; =[zn?]+[ZnOH “1+[Zn(OH),,, 1*[Zn(OH); ]+[Zn(OH)3 ]

[Zn*] 1
CT - 1+ Kle + KlKZKW2 + K1K2K3Kw3 + K1K % 4( AKW4
HT  [H1? H1° HT*
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[ZnOH'] 1
- + 2 3
CT [H ] +l+ K2|fw + K2K3K2W + K2K3K 43KW
KK, HT [H] [H ]
[Zn(OH)Z(aq)] _ 1
- +12 2
G, T HT g, KKy KKK,
KlKZKw KZKW [H ] [Hq

[Zn(OH);] 1

+13 2
G HT 17 H1 KK,
KlKZKSKW KZKSKW K:J<W [H ]

[Zn(OH),”] _ 1

c H1 . H1° _H1® HT
KKK, KKKK KKK KK,

1.2 B ]
i Zn(OH)42‘ ]
i Zn%* )
1.0 | Zn(OH); \
_ 08} A .
s .l WA
= | [ \ \ ]
-lg 0.6 i ! “'-
T I Zn(OH),
04 \ \ 1
| \ \
I ! \ !
02 - Zn(OH)+ ,I \\ .
i / \ '
0.0 N Lot D R
4 6 8 10 12 14

pH

FigureC.1. The relative distribution of each hydroxyl-zinc species is based on thaystabil
constants reported by Sillén and Martell (1964, 1971).
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2. Stability constants reported by Reickleal (1975) in "Zinc Hydroxide: Solubility Product

and Hydroxycomplex S$ability Constants from 12-55 °C." Canadian Journal of

Chemistry 53(24), 3841-3845.

Total Zn(OH), concentrationC+

Solubility Product:  Zn(OH),, = Zrn** +20H

Complex formation: zn(OH),,, = ZnOH +OH

Zn(OH)z(c) = Zn(OH)Z(aq)

Zn(OH),, +OH = Zn(OH})

Zn(OH),, +20H = Zn(OH§’

Water ionization:  H,0= H"+OH

[Zn(OH); ]

[Zn**][OH]? = Ko
[ZNOH' JJOH ] =K,

Zn(OH), =K,

[OH'] ’

[Zn(OH); ] _

[OH]? ¢

[H[OHT] =K,

— @ 25.0 °CiK,, =1.74x 107; K, =2.54x 10"; K,=2.62x10; K, =1.32x 10; K, =6.47x 10

Mass balance of zinc in solutiol; =[zZn?*]+[ZnOH*1+[Zn(OH),,, I+[ZN(OH); 1+[Zn(OH); ]

[Zn*] _ 1

CT 1 KlKW KZKw2 K3KW3

KK,

TKJHT KA KA KT

[ZnOH*] 1

KolH" ’ ;
G M1 KZKY L KK, 2 KK, :
KK K[HT KHT" KH]
[Z0(OH),ap] _ 1
C KolH'T" | Ky[H] KK,/
KZKW2 KZKW KJH 1\] ?
[Zn(OH), ] _ 1
G KolHT®  KIHT? KHT . KK,
K3KW3 KSKw2 K3KW KS[H +]
[Zn(OH)] 1
G KolH'T'  KHT  KIHT? KJHT
KK, KK KKZ KK,
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1.2

Zn%*

1.0 Z”(OH)S'\ .

Fraction, fi

FigureC.2. The relative distribution of each hydroxyl-zinc species is based on thaystabil
constants reported by Reicldeal (1975).
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3. Stability constants reported bjorel and Hering (1993)n Principles and applications of

aguatic chemistryWiley-Interscience, New York

Total Zn(OH), concentrationC+
Solubility Product:  Zn(OH),, = Zr** +20H [Zn*"][OH]? =K,

Complex formation: Zn*+OH = ZnOH' %z K,
[Zn*"][OH]
ZnOHze] _

ZnOH" +OH = Zn(OH}(aq) [ZnOH' J[OH ] =K,

[Zn(OH):]  _
[Zn(OH),,, IOHT

Zn(OH),, *OH = Zn(OH),

[Zn(OH?]
[Zn(OH),JJOH]  *

Zn(OH), +OH = Zn(OH}

Water ionization:  H,0= H"+OH [H'][OH] =K,
—K,=10°; K,=10°*=1.26¢< 16; K, =10*° = 3.16¢ 16; K, =10=1.58< 10

Mass balance of zinc in solutio@; =[zn*]+[ZnOH "1+[Zn(OH),,, 1*[Zn(OH); ]+[Zn(OH)3 ]

[Zn*] 1
CT 1+ KlKW 4 KlKZKWZ 4 KlK 2}<3|<W3 4 KlK % f!< J(W4
HT  [H1? H1]° HT*
[ZnOH'] 1
G [H] 1+ KoKy n KszKw2 n KKK 4Kw3
KK, H]  [H7? H1°

[ZN(OH),eq)] _ 1
C H1* |, [HT . KK, KKK/
KlKZKw2 KZKW [H +] [H 1 2

[Zn(OH); ] 1

+13 2
C HT | HIT (HY ) KK,
K1K2K3KW KZKBKW K4<W [H ]

[Zn(OH).?] _ 1

C, HT . W1 H1° HT
KKK K, KKK KKK KK,
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FigureC.3. The relative distribution of each hydroxyl-zinc species is based on thaystabil
constants reported by Morel and Hering (1993).
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4. Stability constants reported biPowell et al (2013) in "Chemical speciation of

environmentally significant metals with inorganic ligands. Part 5: TH&+Z@H", CI', COs~,
SO,*, and PQ* systems (IUPAC Technical ReportRure and Applied Chemistry Pure Appl.
Chem, 85(12), 2249-2311.

Total Zn concentratin: Cr: T =298.15 Kp = 100 kPal,, = 0 mol/kg

. [ZnOH"JH"] _

Complex formation: Zn* +H,0= ZnOH + H' g ke -
[Zn*][H Q]

Kl — 10—8.96

- [Z0(0H), 0 1 _

Zn* +2H,0= Zn(OH),,+ 2H [Zn? 1.0 K,=10""%
2
Zn* +3H,0= Zn(OH} + 3H : [Z[r;(‘zﬁ])ﬁ_' ][C';];]S K, =107
n 2
2- +714
Zn* + 4H,0= Zn(OHY + 4  ;ENOMTHT 4 pa0m

[zn*'][H 0]*
Etc: Zn,OH*, ZnO, ZNCQaq), ZNCOss), ZN(CDs),>, ZNHCOs™, €, B, P2, v, 8-ZN(OH)y(s)

C; =[Zn*"[+[ZnOH" +[Zn(OH), () ] +[Zn(OH); 1+[Zn(OH),* ]

[Zn2+]: 1
CT 1+ Kl + K2 + K3 + K4
HT HT* H1°[H1?

[ZnOH"] _ 1
Cr HT,, K . K | K,
Ky K[HT K[HT* K[HT?
[Zn(OH),] _ 1
G HT°, KMHT,,, K K,
K, K, KJIHT KJHT?
[Zn(OH); ] _ 1
G [H°, KHT  KIHT . K,
KS K3 K3 K3[H+]
[Zn(OH),*] _ 1
C [H]* KIHT  KIHT®  KHT
K, K, K, K,
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FigureC.4. The relative distribution of each hydroxyl-zinc species is based on thaystabil
constants reported by Powetlal (2013).
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The adsorption isotherm can b#herlinear or nonlinear, where the nonlinear isotherm
can be either concave or convex. The concave isotherm is common for soil where the slope of
the isotherm decreases as tmacentration increases, whereas the convex isotherm represents
infinite adsorptionWhen the soligphase adsorbed concentration of the sqlQtg is expressed

as a function of concentration, @; = f(C), f"(C) < 0 for the concave nonlinear isother@mnce
the retardation factpRy, is1+22 f '(C), theRy for the concave nonlinear isotherm decreases as

the concentration increase<=., f"(C) < 0). Therefore, th&y at low concentration is larger than
theRy at high concentration, meaning high concentration transports faster thaonogntration.
For a migrating plum of contaminants, the front and tail of the plum has lower cotioendrad
travel slower due to the higRy, whereas the as center of the plum travels faster due to the lower
R4. However, since the higher concentration center cannot travel past the tmveentration
front, the concentration profile forms a steep front (or concentration stiéip)awstrongly
retarded tail, which is called theelf-sharpening or frorsharpening effect (Melnyk 1985;
Shackelford 1999).

All the BEAT results show nonlinear concave isothermd\¢as 1), however,thef"(C)
for both Langmuir and Freundlich was calculated for verification. The first antdeeriative

of the Langmuir and Freundlich is as follows:

: K,QC , K, . 2K ?
Langmuir: C, = f(C):%—) f (C):ﬁ% f (C):_(1+K|L<—?:)3 (D.1)

Freundlich:C, = f(C)= K,C" - £(0)= K, N, ¢ 5 (9= Kk N( N-1) &7 (D.2)
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The calculated "(C) is summarized in Table 1 f@&,, showing that the fitted isotherm
for Langmuir and Freundlich is nonlinear conca¥é(C) < 0) for all cases. However, this
approach is not sufficient to explain the difference in the shape of the gendrated f
breakthrough curves using the BEAT results. In order to quantify the nonlineatitg 8EAT
results, the method suggested by Emancipator and Kroll (1993) was usedthEirkhear
function g(C) is assumed for the nonlinear functif§f@) where 0 < C < C,, or 0 < f(C) < Cs. In

this caseg(C) = K4C, whereKj is the secant distribution coefficieasfollows:

C,-0_KQGC 1 _ KQ (D.3)

Langmuir: K, =
J ¢ C,-0 1+KC C, 1+ K.C,

C.-0 K,C"™
C,-0 C

(0]

Freundlich:K, = = KfCO(N’_l) (D.4)

For the range of interest in this stu@y< C < C,, or 0 < f(C) < Cy), the nonlinearityl() is

defined as:

o (D.5)
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Since the calculation for the nonlinearity {s complicated, the?is derived first as follows:

Langmuir :L* = - 2Q In(K.G,+1) {QL +ﬁ}

KLCO I‘<L D 6
1 1 2 K 2C.2 (5-0)
+Q21KC+KTfWu:+&Q'?_Q+ %O
L~o L 0 L~ L
K .2 2N 2~ 2 2K.K (Ne+1)
Freundlich 12 = — S KGR G (D.7)

1+ 2N, 3 2+ N,

For the range of intere < C < C,, or 0 < f(C) < Cy) in this study, the relativeonlinearity,i (0

<A <0.5) is defined as:

S L2
Ay (C,-0) C’?

S

(D.8)

For the case wheré(C) becomes linear (or(C) = g(C)), the relative nonlinearity =

0. The general form of A can be obtained by substituting (D.1), (D.3), and D.6) into ©.8) for

Langmuir, and (D.2), (D.4), and (D.7) into (D.8) for Freundlich as follows;
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Langmuir:

2
Langmuir:1 =

c?
KLQL KLZQL2 C 2
_2Q In(K.G,+1) 1+K, G, 2] 1 1 K.Q 2_ (l+7KLC°)2 i
K.C, QA+ K, *Q {1 K.C,+ KZCZ KLCO}+1+ KLCOQ‘{ K, Q}+ 3
= KL2QL2C02
(1+K.C,)*
| _2(2+K.C,)In(1+ KLCO){(1+K c )+]}+(1+ K.G)* L 1 Ll wke)f2 01
- K.’C? Lo K,2C? K.C,(1+K.C,) K.C, KC? | K °[ 3
(D.9)
KC™ K,2c™ g2 2k,2c™)
2 1+ 2N 3 2+ N
Freundlich 2 = L2 = f — |t 12
C, K, 2C?" 1+2N, 3 2+N,

(D.10)
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Table D.1. The second derivative of the fitted BEAT results with the Langmuir aedn@lich model as a function of source

concentration @, = 100, 1,000, 10,00éng/L for K, C, = 100, 500, 1,000, 5,000, 10,084y/L for Zn) usingdata from Honget al.

(2016).
Second Derivative," (C) ?
Type of Source - - - —
Adsorption | Concentration, Chabazitel B ChabaziteUB Clinoptilolite
Model C, (Mg/L) Unamended
5% 10 % 5% 10 % 5% 10 %
100 -0.0066899 -0.0556518 -0.1129386 -0.0457078 -0.0516907 -0.0062005 -0.0332745
Langmuir 1,000 -0.0002285 -0.0013279 -0.0019753 -0.0015292 -0.0032592 -0.0013154 -0.0018063
10,000 -0.0000005 -0.0000025 -0.0000033 -0.0000033 -0.0000094 -0.0000103 -0.0000048
: 100 -0.0051452 -0.0351435 -0.0553794 -0.0360500 -0.0603160 -0.0251984 -0.0373400
Freundlich 1,000 -0.0000694 -0.0006107 -0.0009848 -0.0006411 -0.0012602 -0.0005641 -0.0007281
10,000 -0.0000009 -0.0000106 -0.0000175 -0.0000114 -0.0000263 -0.0000126 -0.0000142
100 -0.0340703 -0.0033147 -0.0052047 -0.0014234 -0.0026561 -0.0010972 -0.0020864
500 -0.0036823 -0.0020235 -0.0029200 -0.0010534 -0.0017731 -0.0008290 -0.0014736
Langmuir 1,000 -0.0008129 -0.0012019 -0.0016118 -0.0007511 -0.0011432 -0.0006037 -0.0010030
5,000 -0.0000113 -0.0001020 -0.0001113 -0.0001181 -0.0001254 -0.0001031 -0.0001326
10,000 -0.0000015 -0.0000207 -0.0000212 -0.0000302 -0.0000278 -0.0000273 -0.0000316
zn 100 -0.0206399 -0.0322214 -0.0397397 -0.0221073 -0.0286501 -0.0190895 -0.0272894
500 -0.0011576 -0.0022277 -0.0027475 -0.0018541 -0.0022530 -0.0015754 -0.0022162
Freundlich 1,000 -0.0003347 -0.0007049 -0.0008694 -0.0006376 -0.0007536 -0.0005380 -0.0007516
5,000 -0.0000188 -0.0000487 -0.0000601 -0.0000535 -0.0000593 -0.0000444 -0.0000610
10,000 -0.0000054 -0.0000154 -0.0000190 -0.0000184 -0.0000198 -0.0000152 -0.0000207
2
a f"(C):—% (for Langmuir) ;f (C)= K, N, (N, -1 ¢ ( for Freundiich.
+ L
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Figure E.1L Effect of Péclet numbeR, on flux breakthrough curves with a constant source
concentrationC, = 100 mg/L for: (a) unamended with potassium (K); (b) unamended with zinc
(Zn); (c) amended with 5 % chabazitB with potassium (K); (d) amended with 5 % chabazite
LB with zinc (Zn); €) amended with 10 % chabazitB with potassium (K); (f) amended with

10 % chabazite-LB with zinc (Zn), all based on the Freundlich adsorption model.
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Figure E.2 Effect of Péclet numbeR,, on flux breakthrough curves with a constant source
concentrationC, = 1,000 mg/L for: (a) unamended with potassium (K); (b) unamended with
zinc (Zn); (c) amended with 5 % chaba4if® with potassium (K); (d) amended with 5 %
chabaziteLB with zinc (Zn); (e) amended with 10 % chabag#i#® with potassium (K); (f)
amended with 10 % chabazit® with zinc (Zn), all based on the Freundlich adsorption model.
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Figure E.3. Effect of Pélet number,P., on flux breakthrough curves with a constant source
concentrationC, = 10,000 mg/L for: (a) unamended with potassium (K); (b) unamended with
zinc (Zn); (c) amended with 5 % chaba4if® with potassium (K); (d) amended with 5 %
chabaziteLB with zinc (Zn); (e) amended with 10 % chabazii with potassium (K); (f)
amended with 10 % chabazit® with zinc (Zn), all based on the Freundlich adsorption model.
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Figure E.4. Effect of Péclet numbeR,, on flux breakthrough curves with a constant source
concentrationC, = 100 mg/L for: (a) unamended with potassium (K); (b) unamended with zinc
(Zn); (c) amended with 5 % chabazitB with potassium (K); (d) amended with 5 % chabazite
LB with zinc (Zn); (e) amended with 10 % chabadit with potassium (K); (f) amended with

10 % chabazite-LB with zinc (Zn), all based on the Langmuir adsorptioelmod
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Figure E.6. Effect of Péclet numbeR,, on flux breakthrough curves with a constant source
concentrationC, = 10,000 mg/L for: (a) unamended with potassium (K); (b) unamended with
zinc (Zn); (c) amended with 5 % chaba4if® with potassium (K); (d) amended with 5 %
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Figure E.7. Effect of Pélet number,P., on flux breakthrough curves with a constant source
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(Zn); (c) amended with 5 % chabaz# with potassium (K); (d) amended with 5 % chabazite
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10 % chabazite-UB with zinc (Zn), all based on the Freundlich adsorption model.
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Figure E.8 Effect of Péclet numbeR,, on flux breakthrough curves with a constant source
concentrationC, = 1,000 mg/L for: (a) unamended with potassium (K); (b) unamended with
zinc (Zn); (c) amended with 5 % chabazi® with potassium (K); (d) amended with 5 %
chabaziteUB with zinc (Zn); (e) amended with 10 % chabatit® with potassium (K); (f)
amended with 10 % chabazit#B with zinc (Zn), all based on the Freundlich adsorption model.
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Figure E.9. Effect of Péclet numbeR, on flux breakthrough curves with a constant source
concentrationC, = 10,000 mg/L for: (a) unamended with potassium (K); (b) unamended with
zinc (Zn); (c) amended with 5 % chaba4itB with potassium (K); (d) amended with 5 %
chabaziteUB with zinc (Zn) (e) amended with 10 % chabazi® with potassium (K); (f)
amended with 10 % chabazit#B with zinc (Zn), all based on the Freundlich adsorption model.
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Figure E.1Q Effect of Péclet numbeR., on flux breakthrough curves with a constant source
concentrationC, = 100 mg/L for: (a) unamended with potassium (K); (b) unamended with zinc
(Zn); (c) amended with 5 % chabaz® with potassium (K); (d) amended with 5 % chabazite
UB with zinc (Zn); (e) amended with 10 % chabatit® with potassium (K); (f) amended with

10 % chabazite-UB with zinc (Zn), all based on the Langmuir adsorption model.
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Figure E.11 Effect of Péat numberP., on flux breakthrough curves with a constant source
concentrationC, = 1,000 mg/L for: (a) unamended with potassium (K); (b) unamended with
zinc (Zn); (c) amended with 5 % chaba4itB with potassium (K); (d) amended with 5 %
chabaziteUB with zinc (Zn); (e) amended with 10 % chabati® with potassium (K); (f)
amended with 10 % chabazit#B with zinc (Zn), all based on the Langmuir adsorption model.
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Figure E.12 Effect of Péclet numbeR., on flux breakthrough curves with a constant source
concentrationC, = 10,000 mg/L for: (a) unamended with potassium (K); (b) unamended with
zinc (Zn); (c) amended with 5 % chabazi® with potassium (K); (d) amended with 5 %
chabaziteUB with zinc (Zn); (e) amended with 10 % chabatit® with potassium (K); (f)
amended with 10 % chabazit#B with zinc (Zn), all based on the Langmuir adsorption model.
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Figure E.13 Effect of Péclet numbeR., on flux breakthrough curves with a constant source
concentrationC, = 100 mg/L for: (a) unamended with potassium (K); (b) unamended with zinc
(Zn); (c) amended with 5 % clinoptilolite with potassium (K); (d) amended with 5 %
clinoptilolite with zinc (Zn); (e) amended with 10 % clinoptilolite with potassium (K); (f)
amended with 10 % clinoptilolite with zinc (Zn), all based on the Freundlich adsorptioh mode
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Figure E.14 Effect of Péclet numbeR., on flux breakthrough curves with a constant source
concentrationC, = 1,000 mg/L for: (a) unamended with potassium (K); (b) unamended with
zinc (Zn); (c) amended with 5 % clinoptilolite with potassium (K); (d) amended with 5
clinoptilolite with zinc (Zn); (e) amended with 10 % clinoptilolite with potassium (K); (f)
amemded with 10 % clinoptilolite with zinc (Zn), all based on the Freundlich adsorption model.
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Figure E.15 Effect of Péclet numbeR., on flux breakthrough curves with a constant source
concentrationC, = 10,000 mg/L for: (a) unamended with potassium (K); (b) unamended with
zinc (Zn); (c) amended with 5 % clinoptilolite with potassium (K); (d) amended 5vith
clinoptilolite with zinc (Zn); (e) amended with 10 % clinoptilolite with potassium (K); (f)
amended with 10 % clinoptilolite with zinc (Zn), all based on the Freundlich adsorptioh mode
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Figure E.16 Effect of Péclet numbeR., on flux breakthrough curves with a constant source
concentrationC, = 100 mg/L for: (a) unamended with potassium (K); (b) unamended with zinc
(Zn); (c) amended with 5 % clinoptilolite with potassium (K); (d) amended with 5 %
clinoptilolite with zinc (Zn); (e) amended with 10 % clinoptilolite with potassium (K); (f)
amendéd with 10 % clinoptilolite with zinc (Zn), all based on the Langmuir adsorption model.
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Figure E.17. Effectof Péclet number?, on flux breakthrough curves with a constant source
concentrationC, = 1,000 mg/L for: (a) unamended with potassium (K); (b) unamended with
zinc (Zn); (c) amended with 5 % clinoptilolite with potassium (K); (d) amended with 5
clinoptilolite with zinc (Zn); (e) amended with 10 % clinoptilolite with potassium (K); (f)
amemded with 10 % clinoptilolite with zinc (Zn), all based on the Langmuir adsorption model
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Figure E.18 Effect of Péclet numbeR., on flux breakthrough curves with a constant source
concentrationC, = 10,000 mg/L for: (a) unamended with potassium (K); (b) unamended with
zinc (Zn); (c) amended with 5 % clinoptilolite with potassium (K); (d)eaded with 5 %
clinoptilolite with zinc (Zn); (e) amended with 10 % clinoptilolite with potassium (K); (f)
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Figure E.19 Relationship between Péclet numby, and predicted flux breakthrough times
corresponding td” (x = L) = 0.015 with a constant source concentrati®g) of 100 mg/L for
the unamended and zdelamended cutoff wall with 5 % chabazli8: (a) potassium (K)
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Langmuir; (b) zinc (Zn), Langmuir; (c) potassium (K), Freundlich; (d¢ ZZn), Freundlich.
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TableF.1 Basis for defining the source concentrat{®),and the according advective solute fliix, for each backfill.

. Advective Solute Flux at
Source Concentratiois, (mM) SteadyState Ja (mg/nt-d)°
Test Type of | Amount of Darcy Permeant Chemical
ype . Velocity, v o . Measured Measured
No. Zeolite Zeolite (%) (x10° ms}’ Liquid Species T T
arget Standard|Number of Target Standard
Mean - Mean .
Deviation Data Deviation
Cr 35 38.3 3.9 30 2990 3270 333
C
1 NA 0 2.79 35 mM KCI K* 35 29.9 4.7 30 3300 2820 443
cr 40 42.2 2.6 17 3530 3720 229
C
2 NA 0 288 | 20mMZnCk 7 o 20 17.6 0.8 24 3250 | 2680 | 130
. cr 35 38.3 3.9 30 3240 3540 361
3 |ChabaziteUB) 5 3.02 35 mM KCI K 35 29.9 47 30 3570 | 3050 | 479
. Cr 40 42.2 2.6 17 3370 3550 219
4 |ChabaziteuB) 5 2.15 | 20mMZnCh 7 20 17.6 0.8 24 3110 | 2730 | 124
ol Cr 37.5 38.4 1.9 13 3410 3490 173
5 |ChabaziteUB 5 2.97 17.5 mM KCl + K* 17.5 17.0 1.5 17 1760 1710 150
10 mM ZnC}, >
Zn 10 9.1 0.9 17 1680 1530 151
. . Cr 35 38.3 3.9 30 3100 3390 345
6 | Clinoptilolite 5 2.89 35 mMKCI e 35 299 a7 30 3420 2920 259
. . cr 40 42.2 2.6 17 3520 3710 229
7 | Clinoptilolite 5 2.87 20 mM ZnC}, 7 20 176 08 24 3240 2850 130
| cr 37.5 38.4 1.9 13 3270 3350 166
8 | Clinoptilolite 5 2.85 17.5mM KCl + K* 17.5 17.0 1.5 17 1680 1640 144
10 mM ZnC} >
Zn 10 9.1 0.9 17 1610 1470 145
. Cr 35 38.3 3.9 30 772 845 86.0
9 | ChabaziteLB 5 0.72 35 mM KCI K 35 312 58 2 851 59 141
. Cr 35 38.3 3.9 30 772 845 86.0
10 | ChabaziteLB 10 0.72 35 mM KCI K 35 312 5 3 851 759 121

2Darcy velocity (liquid flux or specific discharge)= g/As (Table 5.4)° Advective solute flux at steady stadg, (= vC, = nvsC,); °NA = Not applicablei(e.,

unamended backfill)
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TableF.2.Replacement time corrected for the residual volihe,

Replacement Time for the
Test Type of Amount of | Volumetric Flow Residual VolumeY/es (ML)°
No. Zeolite Zeolite (%) | Rate,q (mL/d)?
At (d) AT
1 NA‘ 0 7.86 1.348 0.0859
2 NA® 0 8.00 1.331 0.0891
3 ChabaziteUB 5 8.00 1.331 0.0861
4 ChabaziteUB 5 7.91 1.348 0.0841
5 ChabaziteUB S 7.95 1.331 0.0845
6 Clinoptilolite 5 8.05 1.315 0.0895
7 Clinoptilolite 5 8.01 1.331 0.0858
8 Clinoptilolite 5 7.87 1.348 0.0861
9 | ChabaziteLB 5 2.06 5.178 0.0873
10 | ChabaziteLB 10 2.06 5.177 0.0841

21 mU/d = 1.16x18" m’/s; ® V,es/q, WhereV,es = void volume of thés.2 mmporous stong¢10.5
mL) + 50 cm of tube (0.15 mL) = 10.65 mE;corrected time in terms of pore volume of
flow; “NA = Not applicablei(e., unamended backfill).
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Table F.3 Basis for defining the volume of the column specimen.

Diameter d (x10? : )
. m) Cross Height h (x10"m) Total
Amount | Specific ;
Test . . : Section Volume,
Type of Zeolite| of Zeolite| Gravity,
No. (%) G Area, A V1
s Standard (x10° nv) Standard| (x10° m)
Mean L Mean L
Deviation Deviation
1 NA°® 0 2.69 6.43 0.33 3.26 6.99 0.09 227.7
2 NA° 0 2.69 6.40 0.34 3.22 7.15 0.02 230.2
3 | ChabaziteUB 5 2.67 6.25 0.41 3.07 7.06 0.02 216.5
4 | ChabaziteUB 5 2.67 6.51 0.15 3.33 6.98 0.04 232.3
5 | ChabaziteUB 5 2.67 6.28 0.39 3.10 7.23 0.05 224.1
6 Clinoptilolite 5 2.67 6.41 0.31 3.23 7.11 0.01 229.7
7 Clinoptilolite 5 2.67 6.41 0.26 3.23 7.12 0.07 230.0
8 Clinoptilolite 5 2.67 6.38 0.24 3.19 7.34 0.05 234.6
9 | ChabaziteLB 5 2.67 6.50 0.25 3.31 7.01 0.01 232.3
10 | ChabazitelB 10 2.65 6.47 0.19 3.30 7.07 0.06 233.6

& Calculated based on ti& and added amount of the constituent materiads éand, bentonite, zeolite) for each
backfill.
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Figure F.1. Comparison of the measured column effluent data for potassijimefius the
model simulation usingy based on the BEAT results aRgd from regression of the measured
column effluent data for the unamended backfill permeated with 35 mM KCI (Test)N@)
relative concentrationrRC) data; (b) cumulative mass ratiGNIR) data. Note: dashed lineRy
based on Freundlich adsorption model; solid lifgydased on Langmuir adsorption model.
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Figure F.2. Comparison of the measured column effluent data for ziAt (@msusthe model
simulation usindgry based on the BEAT results aRd from regression of the measured column
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375



=
o

=
o

o
o

Relative Concentration, C/C

o
o

0 2 4 6 8 10 12 14 16 18 20 22 24 26 28 30 32 34

Dimensionless Time, T

Cumulative Mass Ratio, CMR

Dimensionless Time, T

Figure F.3. Comparison of the measured column effluent data for potassiyineisus te
model simulation usingy based on the BEAT results aRgd from regression of the measured
column effluent data for thbackfill amended witltb % chabazitéJB and permeated with 35
mM KCI (Test No. 3): (a) relative concentratioR() data; (b) cumulativenass ratio CMR)
data. Note: dashed line Ry based on Freundlich adsorption model; solid linBs=based on
Langmuir adsorption model.

376



=
ol

=
o

)
o)

Relative Concentration, C/C

/
0.5 d SO
g ",
| 2

ORS00 0IRY oK CIRISORONLEEERS
S

‘\s

10 12 14 16 18

20 22 24 26 28 30 32 34 36 38 40

Dimensionless Time, T

30

20|

Cumulative Mass Ratio, CMR

12 14 16 18 20 22 24 26 28 30 32 34 36 38 40 42

Dimensionless Time, T

Figure F.4. Comparison of the measured column effluent data forZiA9 ¢ersus the model
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Figure F.5. Comparison of the measured column effluent data for potassiyan(kzinc (ZA"
versus the model simulation usiRg based on the BEAT results aRd from regression of the
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Figure F.6. Comparison of the measured column effluent data for potassijimefius the
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Figure F.7. Comparison of the measured column effluent data for ziAf (@msus the model
simulation usindgry based on the BEAT results aRd from regression of the measured column
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adsorption model.

380



=
ol

=
o

o
o

Relative Concentration, C/C

o
o
oL

N
D
o
foe
= L
o

12 14 16 18 20 22 24 26 28 30

Dimensionless Time, T

Cumulative Mass Ratio, CMR

Dimensionless Time, T

Figure F.8. Comparison of the measured column effluent data for potassiyan(Kzinc (ZA"
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Figure F.9. Comparison of the measured column effluent data for potassijimefius the
model simulation uag Ry based on the BEAT results aRgd from regression of the measured
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